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RESEARCH ON TECHNOLOGIES FOR ACCESSING RELATIONAL DATABASES
USING MS SQL SERVER

In the modern world, hundreds of large projects are developed every day, and thousands of startups with a wide variety
of topics appear, developers start creating their projects, companies modernize old projects. Each of these activities has
something in common - the way they store and manipulate data. Almost all modern projects have a database, because it
becomes simply impossible to interact with the client without it. Now, no matter what your application, service, game
or anything else is, it is necessary for the user to be able to have his account page, save progress, anything that needs to
be saved locally or in the cloud or on the server. And a modern developer can use the database directly or through special
database access technologies, including through ORM or Micro ORM. The subject is the study of access technologies
for working with relational databases. The goal is to compare the efficiency, flexibility and use of various access technolo-
gies when working with the MS SQL SERVER database. Task: to investigate access technologies to MS SQL SERVER.
Collect the technical characteristics of queries when using different database access technologies. Compare the results.
Methods: analysis of MS SQL SERVER access technologies, experimental research, statistical analysis of results. Results:
it is shown how access technologies such as ORM Entity Framework, Micro ORM Dapper and ADO.NET differ in use,
it is shown that the performance is most effective in ADO.NET, followed by Dapper and in third place among the access
technologies used in terms of efficiency is Entity Framework . But it is shown how the type of request contributes to the
efficiency of execution by various technologies. Conclusions: ORMs are used in cases where it is necessary to work with
a database using an object-oriented approach. ORM transforms data from the database into objects in the application,
which facilitates interaction with the database and reduces the amount of code that must be written to work with the
database. Micro ORMs are used when the speed of execution of requests to the database is required, or if the project
is small in scope and does not need the full functionality of ORM. Micro ORM is smaller, faster and easier to use than
ORM. ADO.NET is recommended when direct interaction with databases is needed. ADO.NET allows you to create
multithreaded and distributed applications, interact with databases using transactions, and manage data security. It is
more extensible and scalable than ORM and Micro ORM, but requires more code to interact with the database.

ACCESS TECHNOLOGY; DATABASE; MS SQL SERVER; ENTITY FRAMEWORK; DAPPER; ADO.NET.

0.0. Maz3yposa, P.III. Pama3zanoB. /locizKeHHS T€XHOJIOTIi JOCTYIMy 10 pesiauiifHuX 0a3 JaHUX MiJ KepyBaHHIM
MS SQL SERVER. ¥ cyuyacHOMY CBiTi KOXXHOTO JHS PO3pPOOJISIIOThCSI COTHI BEJIMKHUX MPOEKTIB, 3’ SIBJISIOThCS TUCSYi
cTapTaniB i3 Halipi3HOMaHITHIIIMMU TeMaTUKaMU, pO3POOJISTIOTHCSI HOBI TPOEKTH Ta MOJIEPHE3YIOTh CTapi. Maiixe Bci
MOAiOHI MPOEeKTH MaroTh 0a3y JaHuX, 00 30epirat Ta 0OpoOAATH JaHi O0e3 Hei cTae MPOCcTo HeMOXIMBO. CyJacHUiA
PO3POOHUK Ma€ 3MOTY BAKOPHUCTOBYBATH 0a3y JaHUX Yepe3 CrielliaabHi TEXHOJIOTii JOCTYITY 10 HUX, B TOMY YMCITi Yepe3
ORM a60o Micro ORM. IlpeaMeToM AOCTIIKEHHST € TEXHOJIOTIN JOCTYITy 10 pelsauiiiHuX 0a3 naHuX, sKi 3aiiMaloTh
3HAUMMI TTO3ULIil B MPOrpaMHUX pillieHHsIX. MeTa poOOTU — TMOPIBHSATU MPOAYKTUBHICT BUKOPUCTAHHS HAMOIbIL
e(eKTUBHUX Ha ChOTOIHI TEXHOJIOTIi JoCcTyIy a0 0a3u gaHux mig kepyBaHHsaM MS SQL SERVER Ta po3pooutu pe-
KOMEeH/Iallii, 1110 J03BOJISITh PO3POOHKMKAM 3pOOUTH OLIbII IPYHTOBHUIA iX BUOip. MeToau: aHasi3 TEXHOJIOTii JOCTy Iy
1o 6a3 nanux MS SQL SERVER, ekcniepuMeHTaIbHe 1OCTIKEHHSI, CTATUCTUYHUMI aHali3 pe3ybTaTiB. PesyabraTu:
3i0paHO BaroMi METPUKMU Mill Yac eKCIePUMEHTATBLHOTO JOCTIKEHHS MPOAYKTUBHOCTI TAKMX TEXHOJIOTIi JOCTYIY SIK
ORM Entity Framework, Micro ORM Dapper ta ADO.NET; po3po6ieHo pekoMeHallii CTOCOBHO BUKOPUCTaHHS LIUX
TEXHOJIOTil Ta BUOOPY HaibibII e(heKTUBHOTO BapiaHTy B 3aJIEXKHOCTI BiJl BUiB 3aMUTiB 10 0a3 naHux. BucHoBKu:
Micro ORM 6isiblll peKOMEHI0BaHa 0 BUKOPUCTAHHS, KOJIM KPUTUYHOIO € IIBUAKICTh BUKOHAHHS 3aIUTiB 10 06a3u
JlaHuX, abo SIKII0 MPOEKT MAa€ HEBEJIUKUI 00csT Ta He moTpedye noBHOro GyHkiioHary ORM; ADO.NET pekomeH-
JIOBAaHO B pa3i, KOJIM NOTPiOHO mpsiMa B3aeMois 3 6azamu naHux; ADO.NET no3BoJisie cTBoproBaT 6ararornoTouyHi
Ta PO3MOMAiJIEH] 10aTKW, BUKOPUCTOBYBAaTU MEXaHi3M TpaH3aKlliii Ta KepyBaTu 0e3IeKolo AaHuX. BiH € Oinbli po3-
IMpeHUM Ta MaciTaboBaHuM, Hixk ORM ta Micro ORM, ajie Bumarae 6iJibliie Komy It B3a€MOIIi 3 6a3010 TaHUX.

TEXHOJOI'TA AOCTVYITY; BASA JAHUX; MS SQL SERVER; ENTITY FRAMEWORK; DAPPER; ADO.NET.
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Introduction

In today's world, the development of almost any soft-
ware application is closely related to the use of databases
(DB) [1, 2]. Regardless of the type of application, service,
or game, there is always a need for users to have their own
accounts, store progress, or other information locally, in
the cloud, or on a server. Therefore, a modern developer

must choose and utilize a specific database access tech-
nology, including ORM or Micro ORM, when working
with databases in their projects.

For developers, the question arises as to which data-
base access technologies are best to use and which ones
are most suitable for their system. Traditional analysis of
documentation on various database access technologies

3
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and general recommendations provided by developers of-
ten do not provide a detailed description of the technical
characteristics regarding the usage of these technologies
within a specific stack of software tools.

One of the widely adopted solutions for working with
relational databases is developing on the .NET platform
using the Microsoft SQL Server database management
system (DBMS) [3-4]. Currently, the most popular da-
tabase access technologies in such an environment are
Object-Relational Mapping (ORM) tools like Entity
Framework, Micro ORM solutions such as Dapper, and
the well-established ADO.NET technology.

When designing a system that interacts with SQL da-
tabases, it is crucial for the developer to have a clear un-
derstanding of the database's logic and the tools offered
by the chosen database access technology [1, 5]. Due to
limited practical information available about specific soft-
ware connections, many commercial projects hesitate to
adopt new database access technologies, as implementing
such a transition requires significant time for performance
modeling and data migration [6].

Therefore, a relevant direction for research is to es-
tablish clearer, practically validated recommendations for
using database access technologies based on experimental
measurements and comparisons of significant database
performance metrics [7].

1. Analysis of the problem and existing methods

Relational databases have been widely used until now
for developing applications that require strong support for
ACID transaction properties, such as in the fields of bank-
ing, healthcare, and so on. With the emergence of the first
technologies for accessing relational databases, many new
trends and improvements to existing approaches have ap-
peared [8, 9].

On the .NET platform, there are several ORM frame-
works (Object-Relational Mapping) [10-11] that allow for
easy and convenient interaction with relational databases.
A thorough analysis has been conducted on several of
them, namely:

— Entity Framework (EF) is an ORM framework de-
veloped by Microsoft for the .NET platform. EF allows
developers to work with databases using an object-orient-
ed approach rather than writing SQL queries. It supports
various relational databases, including Microsoft SQL
Server [12-13], Oracle, and MySQL;

— NHibernate is a popular ORM framework for the
NET platform. It allows developers to work with data-
bases by mapping objects to database tables, making the
interaction much simpler;

— Dapper is a lightweight ORM framework developed
by StackExchange. It falls under the category of Micro
ORM and enables developers to have more precise control
over the database interaction process by using simple SQL
queries;

4

— DevExpress XPO is an ORM framework that pro-
vides a wide range of functionality for interacting with re-
lational databases, including code generation based on the
database schema.

These frameworks enable developers to interact easily
and conveniently with relational databases on the .NET
platform, while also providing support for various func-
tional capabilities such as data caching, lazy loading, data
migrations, and more.

The rapid and widespread adoption of ORM and
Micro ORM is driven by their simplicity. They allow pro-
grammers to work with databases using familiar objects
and programming languages, instead of complex SQL
code. ORM enables developers to interact with databases
through an object-oriented interface, making the process
more intuitive. Additionallyy, ORM automatically gener-
ates SQL code for interacting with the database, making
the development process faster and less error-prone.

Micro ORM is a simplified version of an ORM that
provides only basic database interaction functionalities.
This makes it even simpler and easier to use, resulting in
faster execution of database queries and reduced memory
consumption.

As a result, the simplicity of working with ORM and
Micro ORM [14] allows developers to focus on develop-
ing program functionality rather than spending time writ-
ing and testing complex SQL queries to the database.

Additionally, the well-established object-oriented
technology ADO.NET [15-16], which is part of the .NET
Framework, is quite commonly used on the .NET plat-
form. ADO.NET enables developers to establish connec-
tions with a database, execute SQL queries, and retrieve
query results in the form of a DataSet or DataReader.

During the selection of an access technology, one can
rely on research dedicated to the characteristics of ac-
cess technologies and their architectural features. For in-
stance, in a three-tier architecture, ORM such as Entity
Framework resides in the Data Access Layer and serves as
a wrapper that communicates with the database and maps
data from the database to the data layer model used by
the developer. This accelerates development and data ma-
nipulation processes.

In addition to the architectural considerations, de-
velopers can also rely on analyzing current trends in da-
tabase development [1, 17]. When considering the .NET
platform, the two most popular ORM technologies are
Entity Framework and the micro ORM Dapper. Until re-
cently, Dapper and ADO.NET were comparable in terms
of performance, but with each new version of .NET de-
veloped by Microsoft, the efficiency of development us-
ing Entity Framework has been increasing and, in some
cases, may surpass Dapper and ADO.NET. The availabil-
ity of open-source products has fostered a large commu-
nity of developers dedicated to the advancement of not
only Entity Framework but also other ORM and micro
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ORM solutions. However, it is unfortunate that some ac-
cess technologies are not open-source. ORM has become
so prevalent that some developers may not be familiar with
SQL and rely solely on ORM for writing queries. This can
be a significant problem because such developers become
heavily dependent on a single ORM and may not recognize
alternative options or understand the criteria for selecting
more efficient technologies for specific software solutions.

2. Objective of the Work

The purpose of this article is to conduct an experi-
mental investigation of database access technologies on
the .NET platform, specifically focusing on a relational
database managed by the MS SQL Server DBMS. The
goal is to evaluate their productivity and develop practi-
cal recommendations for their effective usage in various
software projects.

For the experimental research, the most popular rep-
resentatives of their respective classes have been selected:
the ORM Entity Framework, the Micro ORM Dapper,
and the object technology ADO.NET.

This research requires the following steps to be con-
ducted: Analysis of the domain-specific application area
and designing a database based on it for further experi-
mental research.

— Development of software solutions based on Entity
Framework, Dapper, and ADO.NET database access
technologies.

— Conducting experimental research on the perfor-
mance of implemented database access technologies and
providing recommendations on the suitability of using
these technologies.

The evaluation of the effectiveness of using database
access technologies should be conducted considering the
following metrics: query execution speed (in milliseconds),
query execution speed (in ticks), and consumed resources
of the working memory (in bytes).

3. Materials and Methods

The chosen subject area for designing the database for
the research is the field of e-commerce. E-commerce, or
electronic commerce, refers to the process of buying and
selling goods and services over the Internet. It can include
online stores, internet auctions, digital goods (such as mu-
sic and videos), online booking and payment services (such
as hotels, airline tickets, etc.), electronic marketplaces,
and more. For conducting the experiments, a simplified
database [18] for an online clothing store was designed.

A database containing the following basic concepts
and their interrelationships has been developed for con-
ducting experiments:

Season: Can be described by attributes such as "name"
and "start date" (modeled by the "Seasons" table);

— Catalog: Within a season, there can be multiple
catalogs of different categories (the "Catalogs" table);

— Category: Has an attribute "name" (the "Categories"
table);

— Product: Can be described by attributes such
as name, price, color, description, and category (the
"Products" table);

— Good: Represents the relationship between a prod-
uct and a catalog (the "Goods" table);

— Order: References the user who placed the order
and the products included (the "Orders" table);

— User: Can be described by attributes such as name,
email, and phone number (the "Users" table).

Classes were designed [16] for the use of Entity
Framework and Dapper technologies based on the de-
veloped database model. The Code First approach was
employed during the creation of software solutions using
these technologies. The diagram of the developed classes
can be seen in Fig. 1.

The solutions for the research were developed as web
applications using ASPNET Core Web API. In general,
the architecture of ASP.NET Core Web API allows for the
development of fast, scalable, and reliable web services that
can be integrated into various applications and platforms.

Experimental research planning was conducted, and
queries were developed as the basis for measuring perfor-
mance metrics and investigating the productivity of access
technologies.

The following queries were developed and used for
conducting series of experiments:

— GetUsers query: retrieves all fields from the Users
table.

— GetUserWithOrders query: retrieves data that
requires joining the Users, Orders, Products, Goods,
Catalogs, and Seasons tables (see Fig. 2).

— GetSeasonsQuery: retrieves the count of products
present in a season; this query utilizes join operations be-
tween tables and the aggregate function Count() (see Fig. 3).

— ultiple aggregate functions.

— CreateCategory query: creates a new category with
a specified name.

— DeleteCategory query: deletes a category with a
specified name.

4. Research results and their discussion

Let's consider the results of executing queries for the
investigated technologies: Entity Framework, Dapper,
and ADO.NET. MS SQL Server was used as the database
management system, and the tables in the database con-
tained 1000 and 10,000 records, respectively.

For the purpose of conducting a pure research study,
caching was disabled for Entity Framework. Caching al-
lows Entity Framework to execute the same query in
a very short time, which is one of the advantages of an
ORM. By disabling caching, we can observe the actual
performance of Entity Framework without the influence
of cached results.
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| Season
Class

4 public
& Catalogs
F Date

K ud
F Name

| Product
Class

4 public
Category
Categoryld
Color
Description

Goods

SELECT users.Name as UserName, products.Id as Productld,
products.Name as ProductMame, orders.Count, seasons.Date

SELECT seasons.Name AS Seasonllame, seasons.Date, catalogs.Id AS Catalogld, COUNT(goods.CatalogId) AS GoodsCount

Id
Name
Price

Trerrrererer

Sex

FROM Users as users,
Orders as orders,
Products as products,

Goods as goods,

Catalogs as catalogs,
Seasons as seasons

WHERE orders.UserlId
AND orders.GoodId =

| Category A | User
Class Class
4 public 4 public
K Catalogs & Email
& ud F
K Name K& Name
F Products & Orders
& Phone
| Order A | Good
Class Class
4 public 4 public
K Count F Catalog
F Good F Catalogld
K Goodld &
K Id & Orders
K User & Product
K Userld & Productld
K Value

( Catalog

Class

4 public
Category
Categoryld
Goods

Id

Season

Yrerrhe

Seasonld

Fig. 1. Class diagra

users.Id
goods . Id

AND goods.Productld = products.Id

AND goods.Catalogld

catalogs.Id

AND catalogs.Seasonld = seasons.Id
AND seasons.Date < GETDATE()

GROUP BY users.Name, products.Id, products.Name, orders.Count, seasons.Date

FROM Seasons AS seasons

Fig. 2. Query GetUserWithOrders

J0IN Catalogs AS catalogs ON catalogs.Seasonld = seasons.Id
J0IN Goods AS goods ON goods.(Catalogld = catalogs.Id
J0IN Products AS products ON products.Id = goods.Productld
GROUP BY seasons.llame, seasons.Date, catalogs.Id

In the research, it was also decided to measure the
performance metrics of queries for Dapper and ADO.
NET, taking into account the resources spent on data-
base connection and excluding the connection time. This
is reasonable because, in the case of Dapper and ADO.

6

Fig. 3. Query GetSeasonsQuerry

NET, the database connection is established explic-
itly by the developer when executing queries. Therefore,
the measurement of query performance includes the
time required for establishing the database connection.

Let's also note that the first query to the database takes
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longer to execute compared to subsequent queries because
there may be additional tasks to perform before executing
the query, such as query plan preparation and query opti-
mization. Query plan preparation is the process of creat-
ing an execution plan that outlines the necessary steps to
execute the query. It involves selecting the access method
for database tables, determining the join method for table
joins, and deciding the order of operations in the query.
Query optimization is the process of improving query per-
formance by modifying the query or utilizing additional
indexes to speed up data retrieval and selection. The ex-
ecution speed of the first query depends on the MS SQL
Server and the time it takes to establish a connection to
the database. The average query execution time for the
server and database residing in the same physical space
depends on the hardware and was computed based on
1000 runs in a series of experiments. Considering the con-
sumed resources is important to understand how much

memory is required for executing a specific query and to
properly configure the database server.

The performance evaluation of the queries was con-
ducted taking into account the following metrics:

— speed of execution of the first launch (ticks);

— speed of execution of the first launch (ms);

— average request execution time (ticks);

— average request execution time (ms);

— spent RAM resources (bytes) when executing the
request.

Fig. 4 shows the results of a series of experiments on
the GetUsers request. We see that the average execution
time is equal to one for all access technologies, taking
into account the execution of the request with and with-
out connection to the database server. This means that the
request is running too fast to be measured in ms, which
shows us how beneficial it is to use more precise units of
measurement like ticks.

Request Getlsers

Entity Framework |Dapper |Dapper W/O connection [ADO.NET |ADO.NET W/O connection
First run (ticks) 2005217(|3851348 3392629| 3216040 206956
First run (ms) 182 400 352 321 20
Average execution time (ticks) 5623 5806 6181 4702 3209
Average execution time (ms) 1 1 1 1 1
Spent memory (bytes) 8512 4571 4384 4544 704

Fig. 4. Results of experiments with the request GetUsers

The first query run takes significantly longer than all
other queries. If we take the ratio of the speed of the first
request in ticks, then in ADO.NET w/o connection the
execution speed is the best. This means that the server
took less time to process the first request in ADO.NET
w/o connection than for other access technologies. Also,
the experiment made it possible to observe significantly
lower costs in ADO.NET w/o connection for the first
start in ms.

If we look at the average execution time in ticks, we
will see that it will be less for ADO.NET and ADO.NET
w/o connection than for Entity Framework. Dapper by
this metric remains the longest running.

In terms of memory consumption, ADO.NET w/o
connection consumed significantly less resources, namely
704 bytes. Then comes Dapper w/o connection, followed
by ADO.NET and Dapper, and Entity Framework re-
quired the most resources, almost twice as much as ADO.

NET and Dapper.

Fig. 5 shows the results of experiments with
GetUsersWithOrders queries. Execution of this request
is also faster than can be measured in ms. Let's look at
the measurements in ticks. The first run shows the same
ratios as the GetUsers query, namely ADO.NET w/o
connection is the fastest, followed by Entity Framework
and ADO.NET, followed by Dapper w/o connection and
Dapper. The same behavior for the first run can be seen
in the execution speed in ms. If you look at the average
query execution time in ticks, then ADO.NET w/o con-
nection is in first place, followed by ADO.NET, Dapper
w/o connection and Dapper, and Entity Framework took
the longest time to execute this query. According to the
consumed memory resources, it can be found that ADO.
NET with and without connection requires much less
memory than Dapper, and Entity Framework consumes
the most of this resource.

Request GetUserWithOrders

Entity Framework |Dapper |Dapper W/O connection |ADO.NET |ADO.NET W/O connection
First run (ticks) 255544214138181 4002818| 3283229 244381
First run (ms) 260 391 352 346 27
Average execution time (ticks) 15413| 12814 11782 11867 8633
Average execution time (ms) 1 1 1 1 1
Spent memory (bytes) 12496| 10552 10329 1731 1324

Fig. 5. Results of experiments with the request GetUsersWithOrders
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Fig. 6 shows the results of experiments with the
GetSeasonsQuerry query. The speed of execution of the
first run is similar to the GetUsers and GetUsersWithOrders
queries. But according to the average request execution
time, it can be emphasized that ADO.NET w/o con-
nection and Dapper w/o connection are executed the

fastest, followed by ADO.NET and Dapper, and Entity
Framework, which executes in almost 9 times longer than
ADO.NET w/o connection. According to the used re-
sources, we can also say that ADO.NET and Dapper use
3 times less memory resources than Entity Framework.

Request GetSeasonsQuerry

Entity Framework |Dapper |Dapper W/O connection |[ADO.NET |ADO.NET W/O connection
First run (ticks) 2510343|4273887 3499499| 3447487 246980
First run (ms) 248 414 355 351 40
Average execution time (ticks) 44839 8590 6888 7092 5319
Average execution time (ms) 1 1 1 1 1
Spent memory (bytes) 5048 1720 1688 1688 896

Fig. 6. Results of experiments with the request GetSeasonsQuerry

Fig. 7 shows the results of experiments with the
GetSeasonsTotalPrice query. In terms of the speed of the
first run, the situation is similar to the previous requests,
judging by the metrics in ticks and ms. In terms of av-
erage execution time, ADO.NET w/o connection and

ADO.NET lead, followed by Dapper w/o connection and
Dapper, and the Entity Framework query took the long-
est, which lagged behind ADO.NET w/o connection by
almost 2 times.

Request GetSeasonTotalPrice

Entity Framework |Dapper |Dapper W/O connection |ADO.NET |ADO.NET W/O connection
First run (ticks) 2083407|4065444 3811651 4184960 199574
First run (ms) 281 441 359 349 27
Average execution time (ticks) 13621 9117 9328 8586 7400
Average execution time (ms) 1 1 1 1 1
Spent memory (bytes) 9992 3022 2978 2764 1586

Fig. 7. Results of experiments with the request GetSeasonsTotalPrice

Fig. 8 shows the results of experiments with the
CreateCategory request. Technologies can be divided ac-
cording to the execution time of the first launch as follows:
ADO.NET w/o connection, Entity Framework, ADO.
NET, Dapper w/o connection and Dapper. According to
the average execution time in ms, you can see that Entity
Framework lags behind significantly. A more revealing

ratio can be obtained by comparing the average execution
time in ticks, where it can be seen that ADO.NET w/o
connection is 2.6 times faster than Entity Framework.
According to the used memory, similar to previous re-
quests, Entity Framework uses 3 times more resources
than other access technologies.

Request CreateCategory

Entity Framework |Dapper |Dapper W/O connection |[ADO.NET |ADO.NET W/O connection
First run (ticks) 1592580|3900297 3601395( 3294704 214774
First run (ms) 161 421 329 313 16
Average execution time (ticks) 26597 11690 11098 10710 9817
Average execution time (ms) 2.5 1.5 1 1 1
Spent memory (bytes) 7664 2554 2474 2468 1238

Fig. 9

Fig. 8. Results of experiments with the request CreateCategory

shows the results of experiments with

This can be seen by the average execution time in ticks

DeleteCategory queries. By the time of execution of the
first run, the same sequence of technologies is preserved,
as in the previous requests. But in terms of average execu-
tion time, Entity Framework is now the fastest: 5 times
faster than Dapper and 4 times faster than ADO.NET.

8

and ms. In terms of memory usage, everything is similar
to the previous queries, where Entity Framework uses
many times more memory than the other investigated
technologies.
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Request DeleteCategory

Entity Framework |Dapper |Dapper W/O connection |ADO.NET |ADO.NET W/O connection
First run (ticks) 2949541(3714834 3741236 3655405 196057
First run (ms) 273 375 318 329 17
Average execution time (ticks) 15092 77176 73560 71484 63049
Average execution time {ms) 1.3 7 6.9 6.4 6.7
Spent memory (bytes) 9064 2288 1934 936 772

Fig. 9. Results of experiments with the request DeleteCategory

Based on the analysis of the results of the experiments
and taking into account the provided functionality, sepa-
rate recommendations can be formulated for each of the
technologies.

ADO.NET technology has shown itself to be very re-
source-efficient compared to the ORM and Micro ORM
studied. The execution of the request is almost the fastest
for almost all types of requests. Certain problems can arise
only due to the incorrect writing of queries in the SQL
language. That is, the use of this technology requires the
developer to have some experience with SQL. Other com-
plications may arise when it is necessary to take the data
returned from the database, because there is no internal
automapping in ADO.NET.

Dapper technology showed itself very well in the speed
of execution of requests, where there was almost no lag
behind ADO.NET. This Micro ORM outperformed
Entity Framework by several times. You can see from the
memory consumption why Dapper is considered a light-
weight Micro ORM. It consumes resources in almost the
same way as ADO.NET. As with ADO.NET, Dapper re-
quires SQL knowledge to use, but it has no problem with
automapping extracted data. This is a very useful tool that
even allows you to populate fields in custom classes from
Dapper extracted data belonging to other classes.

Entity Framework is a very popular ORM and it is ful-
ly confirmed by experiments why this is so. Thanks to the
internal functionality, you can use different development
approaches, such as Code First, DataBase and Model
First, perform database migrations, easily write queries
that the ORM will automatically send to the DB server.
But there are disadvantages to this. As you can see, the
more complex the query, the longer it took to use Entity
Framework compared to other access technologies. But
when the queries are simple, Entity Framework took less
time than Dapper.

5. Conclusions

In the work were investigated such database access
technologies as ORM Entity Framework, Micro ORM
Dapper and ADO.NET from the point of view of perfor-
mance when working with the popular RDBMS MS SQL
Server. A series of experiments was conducted to measure
the performance of database queries.

To conduct the research, a software solution was de-
veloped using the .NET platform, C# 7, ASPNET Core

Web API, Swagger. To conduct experiments, a relational
database in the field of e-commerce and a set of requests
for performing CRUD operations were designed, the per-
formance of which was investigated.

During the experiments, metrics were used regarding
the speed of the first request and the average speed in mil-
liseconds and ticks, the amount of memory spent on the
request (byte).

The research showed that none of the technologies
used can be called unequivocally the best. Based on the
results of the experiments and taking into account the
features of the functionality, we can conclude that if the
development of a simple application is planned or it is
necessary to speed up the execution of requests to the da-
tabase as much as possible, it is better to use Micro ORM
Dapper. If a large and complex program is being created,
and at the same time it is planned to use an object-ori-
ented approach, then ORM Entity Framework may be
the best choice. ADO.NET is more efficient for executing
complex queries, especially if they require optimization
or use special database functions, ADO.NET works at a
lower level of abstraction compared to Dapper and Entity
Framework and provides direct control over transaction
management, i.e. the ability to manually start, commit or
cancel transactions, which gives you more flexibility and
control over this process.
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BUKOPUCTAHHA MALUMHHOIO HABYAHHS AN ONTUMISALIT AOCTYNY
A0 AAHUX B NIBPUAHOMY CXOBULLI 3OBPAXKEHDb

PobGota mpucesgueHa AOCTIIKEHHIO MOXIMBOCTEN iHTEerpallil MAIIMHHOTO HAaBYAHHS JI ONTUMI3alil JOCTYy
IO TaHWX B TIOPUIHOMY CXOBUII 300paxkeHb. OCHOBHA 3a/1aua TMOJISITAE Y TIONIYKY CXOXUX 300pakeHb cepell BETUKOL
KiJTbKOCTI Bi3yaJIbHUX JaHMX, 1110 30epiraloThCs y TiOpUIHOMY CXOBUILi. Byio po3pobieHo cucteMy, sika BAKOPUCTO-
BYE METOJIU IIIMOMHHOIO HaBYaHHS I/ BUJIyYEHHSI O3HaK 300paxeHb, 30KpeMa Mozaenb ResNet50, sika 3a0e3reuye
BUCOKY TOYHICTb BWJIYYEHHSI O3HAK 3aBASIKW CBOill IMOUHHIN apXiTekTypi. s e(heKTUBHOTO MOUIYKY CXOXMX 30-
OpaxeHb 3acTocoByBasicss MongoDB s 30epiraHHs 300paXkeHb Ta MeTagaHux, a Takox ElasticSearch st Buakoi
iHIeKcallii Ta MonryKy 3a BeKTopaMmu o3Hak. [IpoBeneHo ekcriepruMeHTaTbHI JOCTiIKEeHHS 3 BAKOPUCTAaHHSIM aTaceTy
300paKeHb Pi3HUX TBAPUH 151 OLIHKY TTPOAYKTUBHOCTI 3aIIpOIMOHOBAHOTO TiaXxoay. Pe3yabraTu 1ocaiiKeHHs oKa-
3aJIM, 1110 OOpaHuii Miaxia 3a0e3rmevye BUCOKY IIBUAKICTh Ta TOYHICTD MOIIYKY CXOXKHUX 300paXkeHb, MiATBEPIKYIOUN
JIOLUIBbHICTh BUKOPUCTAHHS MOPUIHUX CXOBUILL 3 BUKOPUCTAHHSM METO/IiB MAILIMHHOIO HAaBYaHHS JUIs1 €(DeKTUBHOTO
YIPaBTiHHS BETMKUMU 00CSITaMU Bi3yaTbHUX TaHWX. BUKOpUCTaHHS TTOTIepeTHhO HAaBYSHUX MOJIEIe 3HAYHO 3HIDKYE
BUTPaTH Ha OOYMCITIOBATIbHI pecypcy Ta Yac, HeOOXiMHMIA TSl HaBYaHHSI, 3a0€31eUyI0UH MPU IIbOMY BUCOKY TOUHICTh
i e(peKTUBHICTb PE3yJIbTaTIB.

IBPUIHE CXOBUIIE 30BPAKEHb, IOCTYII 10 JAHUX, MAILIMHHE HABYAHHS, HEMPOHHA
MEPEXA, ELASTICSEARCH, MONGO DB, PYTHON

K.S. Smelyakov, I.V. Kyrychenko, G.Yu. Tereshchenko, D.P. Panasenko. Using Machine Learning to Optimize Data
Access in Hybrid Image Storage. This work is dedicated to exploring the integration of machine learning to optimize data
access in a hybrid image storage system. The primary task is to search for similar images among a large volume of visual
data stored in the hybrid repository. A system has been developed that employs deep learning methods for feature extrac-
tion from images, specifically using the ResNet50 model, which provides high accuracy in feature extraction due to its
deep architecture. For efficient image search, MongoDB was used for storing images and metadata, while ElasticSearch
was utilized for fast indexing and vector feature search. Experimental studies were conducted using a dataset of various
animal images to assess the performance of the proposed approach. The research results demonstrated that the chosen
approach ensures high speed and accuracy in searching for similar images, confirming the feasibility of using hybrid
storage with machine learning methods for effective management of large volumes of visual data. The use of pre-trained
models significantly reduces computational resource costs and the time required for training, while still providing high
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accuracy and efficiency in the results.

HYBRID IMAGE STORAGE, DATA ACCESS, MACHINE LEARNING, NEURAL NETWORK, ELASTIC-

SEARCH, MONGO DB, PYTHON

Betyn

B cyyacHoMy cBiTi 0Ocsir JaHUX MOCTIiHO 3pocTae
i 3HaUYHY YaCTUHY IIUX JAHUX CTAHOBJIATH 300pakKeHHS.
BaxnuBicTh e(peKTUBHOTO 30epiraHHsl, YIpaBaiHHS Ta
JIOCTYITY 10 Bi3yaJlbHUX JAHMX BaXKKO MEPEOLIHUTH, OCKiJIb-
KM 1Ii 3a7a4i BUHUKAIOTh Y Pi3HUX Tally3s1X, BKJIIOYalO4u
MEIUIIMHY, 0e3IeKy, KOMEPIito, HAyKOBi TOC/iIXKEHHS Ta
0araTo iHILIUX.

30epiraHHs Ta ynpaBJiHHS 300paXXeHHSIMU € Bax-
JIMBUM 3aBIaHHSIM, IKe MOTpeOye e(eKTUBHUX PillleHb.
3BUyYaiiHi pelisiiiiHi 6a3u JaHUX Y4acTo He 3a0e3IeUyoTh
JIOCTATHBOI MPOAYKTUBHOCTI IJIs 30epiraHHs Ta 00poOKHU
BEJIMKUX OOCSITIB Bi3yallbHUX AaHUX. JIJ1s1 TaKMX 3a1a4 Mif-
XOISTh HOBI Timxoau, Taki ik NoSQL 6a3u naHux, 06'eKTHi
CXOBMIIIA Ta TIOPUIHI CXOBUIIIA.

lopuaHi cxoBUIlla MOEAHYIOTH Pi3HI TUIIM CXOBUIII,
HaJal04M MOXJIUBICTh 30€piratv 1aHi B ONTUMAIbHOMY
¢dopMarTi B 3aJIEXKHOCTI BiJl iX XapaKTepUCTUK Ta BUMOT JI0
nocryny. Hanpukian, MetaaaHi 300pakeHb MOXYTh 30e-

piratucs B pesiliiiHuX abo JOKYMEHTHUX Oa3zax JaHuX,
TOZI IK caMi 300pakeHHSI MOXKYTh 30epiraTncst B 00'€KTHUX
cxoBulax. Lle 3abe3rneuye eheKTUBHE YIpaBIiHHS Ta 10-
CTYI 10 TaHUX.

MainHHe HaBYaHHsI 3HaYHO 3MiHIOE MiIXOau 10 00-
poOKM BidyaibHUX gaHuX. ML mozaeni MoXyTb BUKOPHUC-
TOBYBATHUCS JJ151 aBTOMATUYHOTO BUTSITaHHSI O3HAK 300pa-
>KeHb, Kilacuikallii, po3rnizHaBaHHs 00'€KTIB, TOKpaIeH-
HsT IKOCTi 300paxkeHb Ta Oararo iHioro. Bukopucranus
TTOTIepeTHRO HABYCHUX MOJIEJICH O3BOJISIE 3HAYHO 3HU3UTU
yac Ta pecypcu, HeoOXiJHi 1151 HaBYaHHSI, 3a0e3Meuyoun
MPU LIbOMY BUCOKY TOYHICTb i €(DEeKTUBHICTb.

lNopuaHi cxoBMIA JaHUX Y TIOEAHAHHI 3 MeTOAAMU
MAaIIMHHOTO HaBYaHHS HAJAIOTh MOTYKHUI iHCTPYMEHT
sl epeKTUBHOTO YMpPaBJiHHS BEJIUKUMU OOCsIraMu Bi-
3yaJIbHUX JaHUX.

Takum yMHOM, CydJacHi miaxoau go 30epiraHHs Ta 00-
pOOKM 300pakeHb 0a3yI0ThCs HA BUKOPUCTaHHI MOPUIHUX
CXOBMUIII Ta METO/1iB MALIMHHOTO HaBYaHHSI, 1110 3a0e3Ieuye
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edekTUBHE ynpaBIiHHS Bi3yalbHUMU JAHUMU, MiIBUILLYE
LIBUAKICTh Ta TOYHICTh JOCTYIY 10 HUX, & TAKOX JO3BOJISIE
BUPIIIlyBaTU CKJIaAHi 3aBIaHHS B Pi3HUX raIy3sX.

1. TiopuaHi cxoBUIa 300paxkeHb

I'iopuaHi cxoBuIlla JaHUX MPEACTaBISIOTh COO0I0
KOMOiHalIIi10 Pi3HUX TUITiB CXOBHUIII, SIKi MPALIOIOTh Pa30M
ISt 3a0€3TeYeHHSI ONTUMAaJIbHOI ITPOAYKTUBHOCTI, MacCIl-
TabOBAaHOCTI Ta THY4YKOCTi [1]. BoHU moenHyI0Th mepeBaru
pensiuiitHux 6a3 naHux (SQL) Ta HepensLiiHuX 6a3 JTaHUX
(NoSQL) n151 3a10BoJIeHHS Pi3HUX MOTPeO y 30epiraHHi Ta
00poOI1Ii TaHUX.

OcHOBHa iest TIOpUIHOTO CXOBUIIA TTOJIATAE B TOMY,
00 BUKOPHMCTOBYBATH HaWKpaIllli BIACTUBOCTI KOKHOTO
TUITY CXOBUINA JUIST BUPIIMIEHHS KOHKPETHUX 3aBIaHb.
Hanpuknan, pensiiiliHi 6a3u g1aHUX BiAMiHHO MiIXOISITh
IS TpaH3aKLIMHUX CUCTEM, [€ BaxKJMBa LIUIICHICTh Ta
KOHCHUCTEHTHICTb 1aHuX, ToAi 1K NoSQL 6a3u mannx, Taki
sk MongoDB, 3a6e3neuytoTh BUCOKY MPOAYKTUBHICTb Ta
MacIITabOBaHICThb 151 30epiraHHs BEIMKUX OOCSTIB JaHUX,
0CO0JIMBO HECTPYKTYPOBaHUX a00 HAIiBCTPYKTYPOBAHUX.

OCHOBHI 0COOJIMBOCTi BAKOPUCTAHHS TIOPUIHUX CXO-
BUII] 300pakeHHSI.

THyukicTe y BUOOpi TexHoutoriii: ['iopuaHi cxoBuila 10-
3BOJISIIOTh BUKOPUCTOBYBATH Pi3Hi 031 JaHUX IS Pi3HUX
tumiB gaHux. Lle o3Hauae, 1110 MoXKHaA BUOpaTH HaliKpaluit
IHCTPYMEHT JJIsl KOXKHOI KOHKPETHOI 3a7ayi.

MaciraboBaHicTh: Bukopucranas NoSQL 6a3 maHmx,
Takux sk Mongo DB, no3BoJisie ierko MaciutabyBaTH CXO-
BUILIE IJ11 00pOOKM BeJUKUX 00csriB naHux. Lle ocobauBo
BaXJIMBO ISl MOAATKiB, SIKi MAlOTh CIIPaBy 3 BEJIUKUMU
o0csiraMM HECTPYKTYpOBaHUX TaHUX.

Bucoka npoaykTuBHicTh: ['iOpuaHi cxoBulla 3abe3mne-
YYIOTh BUCOKY IIPOAYKTUBHICTH 32 paXyHOK BUKOPUCTAHHS
NoSQL 6a3 gaHUX 1151 IIBUAKOT'O TOCTYITY 0 BEJIMKUX 00-
CSITiB JaHUX Ta peJIALiiHUX 0a3 JTaHUX JUIS 3a0e3MeUeHHS
LiJTiICHOCTI TpaH3aKIIiH.

3abe3nedyeHHs LiJIicHOCTI AaHux: Pensuiiini 6a3u
naHux, Taki sk PostgreSQL, abo MySQL, 3a6e3neuyroTh
LTICHICTh JAaHUX Ta MIATPUMKY CKJIaIHUX TPaH3aKIIii, 1110
€ BaXXJIMBUM JIJII KPUTUYHO BaKJIMBUX TOAATKIB.

3HIKEHHS BUTpaT: BukopucTtaHHs TiOpMIHNIX CXOBUIIL
JI03BOJISIE 3BHU3UTU BUTPATU 32 paXyHOK ONTUMi3allii BUKO-
pucTtaHHs pecypciB. Hanpuknan, 4acTo BUKOPUCTOBYBaHi
JlaHi MOXKYTb 30epiratucs y liBUaAKoaocTyrmHux NoSQL 6a-
3ax JaHUX, TOJi SIK MEHIII YaCTO BUKOPUCTOBYBaHi IaHi MO-
XKyTb 30epiraTucs y AeleBIIMX pesaliiiHux 0a3ax 1aHUX.

ITpoGaemu, siki BUpILIYIOTh FiOPUIHI CXOBUIIIA.

VnpaBniHHS pi3HOMaHiITHUMU TUnaMu gaHux: [i-
OpUIHI CXOBMIIA JO3BOJISIIOTH €(DEKTUBHO YIPABIISTH SIK
CTPYKTYpPOBaHMMHM, TaK i HECTPYKTYPOBAaHMMU JaHUMH.
Lle 0co6iMBO KOPUCHO AJis1 10JATKiB, sIKi 0OpOOJISIIOThH
Pi3HOMAaHITHi TUIK JAaHUX, TaKi SIK TEKCTOBI JOKYMEHTH,
300pakeHHsI, Biigo Ta iHILI MyJIbTUMEIiiHi JaHi.

Buakuit noctyn oo naHux: Bukopucranus NoSQL
0a3 maHWUX MO3BOJISE 3a0€3MEYNTH IMBUAKUAIN TOCTYII IO
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BEJIMKUX OOCSTiB NaHUX, 10 € KPUTUYHO BaXKJIMBUM IS
JIOAATKiB 3 BACOKMMU BUMOTAMU JO MPOAYKTUBHOCTI.

MacuraboBaHicTb: 'OpUaHiI cXoBMIIA JIETKO MacIil-
TaOy1OThCH, 110 M03BOJISIE 3a0e3neynuTu b6e3nepediiiHui
JOCTYM 10 JAHUX HaBITh IpU 30i/IblIEHHI OOCSTIB JaHUX.

3abe3neuyeHHs Oe3neku maHux: Pensiiitai 6a3u ga-
HUX 3a0€3MeuyI0Th BUCOKUI piBeHb O€3IeKU JaHUX, 1110 €
BaXKJIMBUM JJ151 JOJATKIB, SIKi 00pOOJISIIOTE KOHDiAEHITiIHY
iHdopMallito.

3arasioM, ribpuHi CXOBUIIA 320€3MeUyIOTh THYYKICTb,
NPOAYKTUBHICTh Ta MaclITabOBaHICTh, 11O POOUTH 1X
iZeaIbHUM pIllIEHHSIM 17151 0araThbOX Cy4yacHUX 3aBlIaHb,
MOB'sI3aHUX 3 00POOKOIO Ta 30epiraHHsIM JaHuX. [0puaHi
CXOBMIIIA TO3BOJISIIOTh €(DeKTUBHO YIIPaBJISTU Pi3HOMAHIT-
HUMM TUMIAMU JaHUX Ta 3a0e3MevyBaT IBUAKUI TOCTYIT
0 HUX, 110 € KPUTUYHO BaXXJIUBUM Y CYJaCHOMY CBITi
BEJIMKUX TaHUX.

2. 3acToCyBaHHS MAIIMHHOTO HABYAHHS

MaimHHe HaBYaHHS CTa€ Aeai BaXXJIUBIILIAM iHCTPY-
MEHTOM Y pi3HUX cdepax, ae 30epiraloTbcsi Ta 00po0JIs-
OThCS BEJIMKi 06CATH 300paxeHb. Moro 3actocyBaHHS B
MO€IHAHHI 3 TIOPUIHUMU CXOBULIAMU 300pakeHb J103BO-
JIsle BUPIITYBaTU HU3KY CKIATHMX 3a/1ad, 110 BUMAaralTh
aBTOMAaTM3allil Ta MTiABUIIIEHOI TOYHOCTI.

Ocb KiJIbKa MPUKIIAAIB 3a1a4, IKi MOXYTb OyTU e(heK-
TUBHO BUPIllIeHi 32 JOIMTOMOI'0I0 MalllMHHOTO HAaBYaHHS B
KOHTEKCTi TIOPUIHUX CXOBUII 300paKeHb:

— aBTOMaTMYHa KJlacuikallisi 300paxkKeHb: MalllMHHE
HaBYaHHSI MOXe OyTM BHKOPHCTaHE IJIT aBTOMATUYHOI
Kacuikarlii 300paxkeHb y BeJIUKilt 6a3i jaHux [2];

— aHaJi3 i 06poOKka 300paxkeHb: aATOPUTMU Ma-
IIMHHOTO HaBYaHHS 3[aTHi aBTOMaTUYHO aHasi3yBaTU
300pakeHHs [IJIsT BUSIBJICHHST [IEBHUX 00'€KTiB 200 0CO0 M-
BOCTE;

— CcerMmeHTalis 300paxeHb: y chepi o0Opodbku 30-
OpaxkeHb BaXXKJIMBO BMIiTH CEIrMEHTYBAaTU 300paKeHHS,
TOOTO PO3MINATH Oro Ha 3HAUyIli YACTUHU, MAlIMHHE
HaBYaHHS MO3BOJISIE aBTOMAaTUYHO BUALUISITU 00'€KTU Ha
300paXKeHHSIX;

— TIONIYK CXOXMWX 300pakeHb: 11e OJHa 3 HAWUTIOIIN-
peHilux 3a1a4, sIKa MOXe OyTH BUpIllIeHa 3a JOMTOMOTOI0
MAaIIMHHOTO HaBYaHHS — CUCTEMa, 1110 BUKOPHUCTOBYE ajl-
TOPUTMU MAIlIMHHOTO HaBYaHHS, 3MaTHA IIBUAKO 3HAUTHU
CX0Xi 300pakeHHsI B 0a3i JaHMX Ha OCHOBI IXHiX O3HAK;

— aHOTAallisI Ta po3ITi3HaBaHHs 300paXkeHb: MallTMHHE
HaBYaHHS MOXe aBTOMAaTUYHO J0JaBaTy aHOTallii 10 30-
OpaxkeHb, PO3ITi3HAIOYN 00'€KTH a00 CIICHH i 1Ie CITPOIIYE
Mpoliec opraHizauii Ta MoIyKy 300paxkeHb y BEJIUKUX
0aszax JaHMX.

BuxkopucTaHHsS MalIMHHOIO HaBYaHHSI B KOHTEKCTi
riOpUAHUX CXOBMIL 300paXXeHb MO3BOJISIE 3HAYHO MO-
KpalmuTu e(HeKTUBHICTb Ta TOUHICTh 0OPOOKH Bi3yaIbHUX
TTaHUX.
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3. ITocranoBka 3agad4i

Po3zibpaBiiuch B 0COOIMBOCTSIX IOCTYIYy A0 AAHUX
B TiOpUAHUX CXOBHUILAX 300paxeHb i mpobieMamu sIKi
BOHU BUPIIIYIOTh, IJISI €KCIEPUMEHTaJIbHOI iHTerpaiii
MaIllMHHOTO HaBYaHHSI OYJIO BUPIIIEHO B3SITU TTOKA30BY
3a/1a4y, sIKa BUPILIYETbCS 3aBIsSKU MAIMHHOMY HaBYaH-
Hio. OnHi€lo 3 HaaKTyaJbHIIINX 3a7a4d B Iiif 00JacTi €
MOIIYK CXOXUX 300paxkeHb. g 3amaua monsirae B ToMy,
00 3HAUTU BEJIUKY KiJIBKICTh 300paXK€Hb, CXOXUX Ha
3a7laHe, cepe iHIIMX 300paXkeHb B TiOPUAHOMY CXOBUILI
300paxeHb. [TolyK cXoXux 300pakeHb € 1y>Ke MpakTUy-
HOIO 3a/1auelo, BUPILIEHHS K01 MOXe MPUHECTU 3HAYHY
KOPUCTH Y pi3HUX chepax.

ITpobGnema, sika BUPILIYETbCS B JaHiil poOOTi, MoJs-
ra€e B ONTUMi3allii Mpolecy NOIIYKY CXOXUX 300paKeHb y
riOpUIHOMY CXOBMILII.

OcHOBHa MeTa IIbOTO IOCTIIKeHHS] — BUSHAYUTH, SIKi
METOJI MAIlIMHHOTO HAaBYaHHSI MOXYTb OyTU iHTETpoBaHi
B [IPOLIEC MOLIYKY IS HiABUIIEHHS MOTO €(heKTUBHOCTI.

Baxx1uBo TakoX OUIHUTHU, SIK caMe BUKOPUCTAHHS
riOpUaHOrO CXOBHUILIA BIUTUBAE HA €(PEKTUBHICTD PillIEHHS
JlaHOi 3aJa4i, a TAKOX SIKi MMepeBaru 3acCToCyBaHHS TAaKOTO
miaxomy.

4. Bu6ip MeToxy MAIIMHHOTO HABYAHHS

Bubip nigxomy no iHTerpailii MalllMHHOTO HaBYaHHS
€ KPUTUYHO BaXKJIMBUM €TarloM JTaHHOTO MOCTiIKEeHHS,
OCKIiJIbKM CaMe METO/IM MAllTMHHOTO HaBUYaHHSI BU3HAYAIOTh
e(eKTUBHICTb i TOYHICTh MOILIYKY CXOXHUX 300pakeHb y
ribpuaHoMy cxoBulli. [CHY€E KiTbKa MOMYISPHUX METO/TIB
i MoJesIei, sIKi MOXYThb BUPIIIyBaTH 1110 3agayvy [3].

Cepen HaOLIbII MOIIUMPEHUX MiAXOAIB JJI MOUIYKY
CXOXMX 300pakeHb MOXHa BUIUIUTU HACTYITHI METOIU
MAaIIMHHOTO HABYaHHS.

ABTOKOIyBaibHUKM (Autoencoders) [4]: i HepoOHHI
MepeXi MOXXYTh HABUMTHUCS CTUCKATH JIaHi 10 JJATEHTHOTO
MPOCTOPY MEHIIOI PO3MipHOCTI, 30epiratoun BaxKJIMBY
iHdopmMailito. BoHM 4acTO BUKOPUCTOBYIOTHCS MJISI BU-
JIy4YEeHHSI O3HaK i MOXYTh OyTH 3aCTOCOBaHi IJIsI MMOPiB-
HSTHHST CXOXOCTi 300paxkeHb. ABTOKOIYBAJIbHUKU MOXYTh
MpaloBaTh 3 HECTPYKTYPOBAHUMM JaHUMU i BUIYyYaTU
3HAYYIIli 03HAKU, aJie BOHU MOXYTh OyTH MEHIII TOUHUMU
y MOPiBHSTHHI 3 OiJIbII CKJIAAHUMU MOJEISIMU, TAKUMU SIK
CNN ab6o ResNet.

CseprouHi HeitpoHHi Mepexi (Convolutional Neural
Networks, CNNSs) [5]: CNN mupoKo BUKOPUCTOBYIOThCS
IIJISI aHaJti3y 300paxkeHb. BoHM MOXXYTh BUJTydaTy CKJIaaHi
03HaKM 3 300pakeHb, 1110 pOOUTD X ileaTbHUMM JJIS 3a/1a4
Kacudikaii Ta mouyky cxoxux 300paxkeHb. CNN 31aTHi
BUJIyYaTH CKJIa/IHI Ta 3HAUYILi 03HAKU 300paKeHb, 1110 PO-
OUTH iX BUCOKOe(EeKTUBHUMM 7151 3aAa4 Kiaacudikallii, ane
HaByaHHsI CNN Moxe OyTU pecypCOMiCTKUM Ta BUMaratu
BEJIMKOI KiJIbKOCTi TaHUX.

Mepexi MMOMHHOTO HaBYaHHS JIJ1s1 BUJTyYEHHS O3HAK
[6] (Deep Feature Extraction): Lleii minxin mosisirae y BUKO-

pUCTaHHI MONEPEeTHbO HABUEHUX MoJiesieit, Takux sk VGG,
Inception a6o ResNet, njist BUTy4eHHS 0O3HaK 300paXkeHb,
SIKi TIOTiM BUKOPHUCTOBYIOTBHCS JJIsI TIOPiBHSIHHST CXOXKOCTI
[7]. BukopucTtaHHS nonepeaHbOo HABYCHUX MOJAEJEl 10-
3BOJISIE 3HU3UTU BUTPATH Ha OOUYMCIIIOBAJIbHI pecypcu Ta
yac Ha HaBYaHHSI, a TaKOX 3a0e3Ieuy€e BUCOKY TOYHICTb
pe3y/bTaTiB, ajie MOXYTh BUHUKATU MPOOJIEeMHU 3 afarnta-
1ieto a0 crielpiyHuX 3aBAaHb a00 TaHUX.

3i0paHi 1aHi MPO METOAW MAIlIMHHOTO HaBYaHHS IS
TMOLIIYKY CXOXUX 300paXeHb, 0yJ10 3BEACHO B TOPiBHSIbHY
TaOJIULIIO.

Taomng 1
ITopiBHsAHHA MeTO/IB MAIIMHHOTO HABYAHHS
Meton IlepeBarn Henoniku
[IpaiotoTh 3 HECTPYK-
ABTOKOIY- OBaHUMM JTaHUMU .
Y P .~ | Menu TouHi
BaJIbHUKH BWJTYYalOTh 3HAUYIIL
O3HaKH
BuyuaroTs ckiaaHi PecypcomicTki, mo-
CNN Ta 3HAUyIlli O3HAKHU, TpeOyIOTh BEJIMKOI
BUCOKA €(PEKTUBHICTh | KiJIbKOCTI JaHUX
3HUXEHI BUTpAaTU
Ha o0YMCJIeHHs Ta Ha- | MoXJIuBi rpo0sie-
[ubunHe .
BUYAHHSI, BAKOPUCTAHHS | MM 3 afanTalli€lo
BWJTyYCHHS .
OBHAK MOTepeIHBO HABYCHUX | O crienudiuHux
MojeJieli, BUCOKA TOUY- | 3aBHaHb UM JaHUX
HICTh pe3y/IbTaTiB

Buxonsium 3 mpoBeAeHOro aHaiizy Oyl1o BUpPIIIEHO
IIJIST iHTerparlii MaITMHHOTO HABYaHHS B CHCTEMY TTOIIYKY
CXOXXMX 300paskeHb 00paTH METO/I TTTMOMHHOTO BUTYUCHHS
O3HaK, TaK SIK BiH HalOiIbLI MiAXOAUTH JJIsT TIPOBEICHHS
TAHOTO OOCIIIKCHHSI, He BUMarae BUTpaT Ha HaBYaHHS,
yepe3 BUKOPUCTAHHS TTONepeIHhO HABUCHUX MOIEeH, a
TaKOX HaJa€ BUCOKY TOUHICTh pe3yJIbTaTiB.

Cepen mux MeTomiB MU obpanu moneirb ResNet50
(Residual Networks) [8]. ResNet50 € onHi€eto 3 Haimony-
JISPHILIMX MOJENeH IS BUTyYEHHST O3HaK 3aBIsSKKU CBOIl
BUCOKilf TouHocTi. Monenb ResNet50 Bxke morepeaHbo
HaBYCHA Ha BEJIMKOMY JTaTaceTi 300pakeHb, 1110 TO3BOJISIE
BUKOPUCTOBYBATH 11 JUIs1 BUITYUEHHST O3HAK 0e3 10AaTKO-
BOTO HaBYAHHSI, 3HIDKYIOUM BUTPATHA Ha OOUYMCIIIOBAIbHI
pecypcu. Kpim Toro, ResNet50 3ab6e3neuye BUCOKY TOU-
HiCTb pe3yabTaTiB, 1110 POOUTS ii ifeaTbHUM BUOOPOM IS
HAIIIOTO JOCITiIKCHHSI.

ResNet50 — e riindoka HeiipoHHa Mepexa, sika CKJia-
naeTtbes 3 50 mapiB i BUKOPUCTOBYE KOHIEMIIIIO "3aIMIII-
KoBUX 0710KiB" (residual blocks) mj1st mogoraHHsI Tpo0IeMuU
3aTyXaHHS FpaJi€eHTIB y INTIMOOKUX Mepexxax. OCHOBHA ifiest
3aJIMIIKOBUX OJIOKIB IMOJISITAE B TOMY, 1110 KOXKEH OJIOK He
HaMara€eThCsI BUBYUTHU TOYHY KapTy BiloOpaskeHHS BXiTHUX
JMTAHUX 00 BUXiTHUX, a 3aMiCTb IIbOTO BUBYAE Pi3HUILIIO (3a-
JIMIIOK) MiX BXiTHUMM Ta BUXiZIHUMU JaHUMMU.

Konn 300paxkeHHs nmogaeTbcd Ha BXim ResNet50,
BOHO TIPOXOIUTH Uepe3 KiJIbKa 3roOpTKOBUX IIapiB, IIApiB
migBubipku (pooling layers) i MOBHO3B'sI3aHUX IIapiB.
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Ha xoxHomy eTarni Mepexxa BUIyda€e Bce OUIbII adCTpak-
THi O3HAKM, 110 AO3BOJISIE MOAEi OyayBaTu Garartolia-
poOBe MpeacTaBAeHHsT BXiZHOTO 300paxkeHHs. Ha Buxosi
ResNet50 mu otpuMmyemo BekTop o3Hak (feature vector),
SIKUA MOXKHA BUKOPUCTOBYBATH JLJIsI TOPiBHSTHHS CXOXKOCTI
3 iHIIMMU 300pakeHHSIMU.

JInst IOpiBHSIHHST CXOXOCTiI MixX BEKTOpaMHU O3HaK
MU BUKOPUCTOBYEMO METPUKY KOCHHYCHOI MOAIOHOCTI
[9]. KocunycHa momiOHiICTh BUMIPIOE KyT MiK JBOMa BEK-
TOpaMM Y BEKTOPHOMY IIPOCTOPi i BU3HAUA€, HACKIJIBKH
LI BEKTOPU CXOXi Mixk cobor. BoHO 00uncitoeTbes 3a
dopmyroro 1:

o A-B
similarity = cos (0) = m, (nH
ne Ai B — nBa BEeKTOpH.

KocunycHa nonioHicTh HaOyBae 3HaueHb Big —1 10 1,
nme 1 o3Haydae, 110 BEKTOPH ideaabHO BUPIBHAHI (MaKCH-
MaJjibHa CXOXicTb), (0 03HaAYae, 1110 BOHU OPTOTOHAJbHI
(Hemae cxoxocTi), a —1 o3Hayae, 110 BOHU iaeaqbHO
npotuiaexHi. Ut 3a1a4i MOLIyKy CXOXKUX 300pakeHb MU
3a3BMYall po3rsaIaEMO 3HAUEHHSI KOCMHYCHOT MOAIOHOCTI
Bim 0 1o 1.

5. Buoip riopuaHoro cxoBuiia 300paxeHb

Buxonsum 3 mpoBeaeHOTo aHasi3y, BU3HAUYCHOI 3a1avi
i 00OpaHOro METOMy MAIIMHHOTO HaBYaHHSI, BU3HAYMMO
110 (PYHKIIIOHAJIBHICTIO TIOPUIHOTO CXOBUIIA 300pakeHb
Mae OyTH: 30epekKeHHS 300pakeHb Ta TOIITYK 32 BEKTOPOM
o3Hak. BuGip B/l mist BUKOHAaHHS ITOCTAaBJICHOI 3a/1a4i ITPo-
BEIEMO 3a JaHOI0 HEOOXiTHOIO (PYHKIIIOHAJIBHICTIO.

BuniaumMo roiaoBHi BUMOTHY A0 30epekeHHs1 300paXkeHb:

— MiATpUMKA BEJIUKMX OOCSTIB JaHUX;

— THyYKa cxema 30epiraHHs sl pi3HUX hopMaTiB
JlaHUX (300paXkeHHsI, MeTaJaHi);

— BHCOKa MPOAYKTUBHICTb MpPU 3aIMUCi i YMTaHHI
JIaHUX;

— MaciTaboBaHICTh i HAMIHICTD.

Buxonsum 3 BUMor no 36epexkeHHs 300paxkeHb, b/,
SIKi BIAIOBiJAaIOTh UMM BUMOTaM, MOXYTb OyTU Taki B/l
gaK: MongoDB, Cassandra ta Couchbase [10]. B sikocTi B/,
715 30epeKeHHSI 300paskeHb IJTI BUKOHAHHST JOCTTiIKCHHST
Oys10 oopaHo MongoDB, Tak sik BoHa SIBJISIETCS HAMO1TbILT
MOMYJISIPHOIO, 3 BEJUKOIO CITIJIBHOTOI0 KOPUCTYBAYiB.

BuainuMo rojloBHi BAMOTHY A0 MOIIYKY 3a BEKTOpaMu
O3HaK:

— IWIBMAKA iHOEKcallisl Ta MOLIYK 3a BEKTOPHUMU
O3HaKaMM;

— MiATpUMKA CKJIaAHUX 3aIUTIB i arperailiii;

— BUCOKA NPOAYKTUBHICTh MPU OOpOOLII BEIUKUX
00CSTiB TaHUX;

— MacIITaboOBaHICTh i HAIMHICTb.

Buxopasiun 3 BUMOT A0 TOIIYKY 32 BEKTOpaMU O3HaK,
b/, sxi BiAMoBigalOTh LIUM BUMOTraM MOXYThb OyTH, Taki
b/, six: Elasticsearch Ta Faiss [11]. B sskocTi BI s 3miii-
CHEHHS MOIIYKY 3a BEKTOpaMy O3HaK JJisi BUKOHAHHS
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nociimxeHHs 0yno odpano Elasticsearch. Elasticsearch e
ONTUMAJIbLHUM BUOOPOM JUISI TIOIIIYKY 32 BEKTOpaMM O3HAK
3aBASIKM CBOiMl BUCOKIili IIBUAKOCTI MOIIYKY, IIBUAKINA
iHAeKcallil, MATPUMII CKJIaJHUX 3alUTiB Ta arperaiiii, a
TaKoX po3nonijeHiit apxitektypi. Kpim Toro, Elasticsearch
Ma€ BEJIMKY Ta aKTUBHY CIIUJIBHOTY, 10 3a0e3Ieuye M-
TPUMKY Ta PO3BUTOK TEXHOJIOT1I.

6. Omuc mporpamMHOro pilmeHHs

IIporpamue pilieHHs1 0a3yeThCSl Ha BUKOPUCTaHHI
JIBOX TOJIOBHUX KOMITOHEHTIB. [lepiiia KOMmoHeHTa — 11e
posropuytuit Docker Compose, IKuii BiAIoBiga€e 3a KOH-
TeliHepu3allilo TriOpUaIHOTrO CXOBHILA 300paxeHb. Jpyra
koMnoHeHTa 1e Python — nomarok y JupyterLab, skuii
BUKOPHUCTOBYETHCS UISI BUKOHAHHSI OCHOBHOTO KOy Ja-
HOTO NOCJIII>KEHHSI.

B sikocTi riopuaHoro cxoBuila 300paxkeHb 0yJ10 oopa-
HO BUKOPUCTaHHS KOMOiHalii 1Box 6a3 nanux — MongoDB
ta ElasticSearch.

MongoDB — 11e tToKyMeHTO-0OpieHTOBaHa Oa3a TaHUX,
sKa 3abe3rneuye edekTuBHE 30epiraHHs Ta TOCTYIT 10 Be-
JIMKNX 00cATiB faHux. Lle HalibiIbII e(DeKTUBHUIA CTIOCIO
30epiraHHs 300paxeHb y 6a3i nanux. Koxhe 300paxeHHst
36epiraeThbcs y hopmati BSON pazom 3 iHopmaltieto mpo
iloro MeTanaHi, Taki sIK Ha3Ba (paiiny, po3Mmip Ta popmar.

Taxk sk 3amaya 1aHOTO AOCIIKEHHSI BUMAarae IoliyK
CXOXHUX 300pakeHb 3a JOMOMOI'0I0 BEKTOPHMX IMOIi-
OHocTeil, 0yn0 odbpaHo ElasticSearch. ElasticSearch — 1ie
HalKpaIuii iHCTPYMEHT TSI IITBUIIKOTO ITOIITYKY BEKTOPIB
03HaK 300pakeHb, Tak sIK B Liii B/l mpucyTHs iHaeKcalis
ta Elasticsearch minTpumMye notyxHi GyHKILii, 110 pOOUTH
OTO imealbHUM BHOOPOM IUISI BUKOHAHHS JTaHOTO 3a-
BIaHHs [12].

Docker Compose BUKOPHUCTOBYEThCS JIJIsI YIIPaBIiHHS
KOHTelHepaMH, 1110 3a0e3neuyoTs podoty MongoDB Ta
Elasticsearch. Ile mo3Bossie JerKO po3ropTaTé Ta MacIil-
TaOyBaTU CUCTEMY, 3a0€3MeUyIOUH i30JIS1IiI0 cepeloBUILa
BUKOHAHHSI U1 KOXKHOTO KOMITOHEHTA.

Python-nonmatok ckinagaeTbcs 3 KiIbKOX (PYHKIIIO-
HaJIbHUX MOJIYJiB, SIKi 3a0e3Me4Yy0Th BUKOHAHHS Pi3HUX
GyHKIIT.

Monynb 3aBaHTaxk€HHSI 300paXKeHb: BiAIMOBiga€ 3a
3aBaHTaXXCHHS 300pakeHb y TiOPUIHE CXOBUIIC TaHUX.
Bin 00po0isie 3aBaHTaxKeHi 300paXkeHHsI Ta 30epirae ix y
MongoDB i ElasticSearch.

MongoDB-kiieHT: 3a6e3mneuye B3aeMoilo 3 023010
naHux MongoDB nns 36epiraHHsI Ta OTpUMaHHS 300pa-
>KEHb Ta iX MeTagaHuX.

ElasticSearch-knienT: Binnosinae 3a iHaekcauiimo Ta
MOIITYK BEKTOPIiB 03HaK 300paxkeHb y Elasticsearch.

ML—monens: BUKOpUCTOBYETBCS [U1s1 FeHepallii BeK-
TOpiB 03HaK 300paxkeHb. byno o6paHo monenb ResNet50,
sIKA 3aBaHTAXYETHCS 3 MOIMEPEIHbO HABYCHUMU BaraMu
ImageNet [13]. 3a tonmomoroo naHoi MojeJi Big0yBaeThCs
MOPIiBHSHHS CXOXOCTi 300paXkeHb.
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Puc. 1. Jliarpama KoMnoHeHTiB
MPOrpamMHoi peaizamii 10CJiKeHHs

Llg apxiTekTypa 3a06e3Me4nTh e(PEKTUBHY 0OPOOKY,
30epiraHHs Ta MOIIYK 300paXkeHb, BUKOPUCTOBYIOUM TIEpe-
Baru o0OpaHUX HAMM Cy4aCHUX TEXHOJIOTi! Ta iIHCTPYMEHTIB.

Jltg yenilHo1 peastizailii mpoekTy 0yso oopaHo -
POKMIA CIIEKTP TEXHOJIOTi# Ta IHCTPYMEHTIB, SIKi 3a0e3I1e-
YYIOTh €(DeKTUBHY PO3POOKY, TECTYBaHHS Ta IIPOBEICHHS
SIKICHOTO JOCJIIKeHHS. Y LIbOMY PO3iii Oyne aeTaJibHO
PO3IIISTHYTO KOXHY 3 00paHUX TEXHOJIOTii Ta MOSICHEeHI
MPUYMHU iX BUOODY.

OCHOBHOIO MOBOIO TIPOTpaMyBaHHSI JIJIsT IIPOBEICHHS
JIOCiKeHHs, 0y10 00paHO MOBY porpamyBaHHs Python.
Python Bimomuii cBo€ MPOCTOTOIO Ta YUTAOETBHICTIO
KOy, 110 POOUTH OTO AyKe 3pyYHUM iHCTpyMeHTOM. Kpim
toro, Python mae BenuKy KibKicTh 6i01i0TeK 17151 pOOOTH
3 JaHUMM Ta MallMHHOTO HaBYaHHS, 110 JOTIOMOXKE BH-
KOHATH MOCTaBJIeHY 3a1ayvy.

s po3podku OyJv BUKOPUCTaHI HACTYIHI 0ibJtio-
TEKMU.

Tensorflow Keras [14]. 115 peani3aliii Ta TpeHYBaHHS
MoJigJieii MallMHHOTO HaBUaHHSI BAKOPUCTOBYEThCS 0i0Ti-
oreka Keras 3 6ekennoM TensorFlow. Lle no3Bosnio Bu-
KOPHUCTATU MOJEIb HEMPOHHOI MepexKi, Taky sk ResNet50,
siIKa BUKOPUCTOBYETHCS JUISI BUSHAYEHHST BEKTOPiB O3HAK
300pakeHb. BukopucTaHHs morepeaHbO HaTPEHOBAHOL
Moneni ResNet50 3HauHO CITPOCTUIIO POIIEC MAIIMHHOTO
HaBYaHHS 1J1s1 00pOOKM 300paskeHb Ta ITiABUILIWIIO TOUHICTh
pe3yJbTaTiB JaHOTO TOCTiAXKEHHSI.

Pandas Ta NumPy [15]. Bukopucranns nanux 6i6io-
TEK J0oIloMarae Jyxe 3py4Ho 0OpOOJIsSITH i MaHIMyJIFOBaTU
JIaHUMU, OaraTOBUMipHUMM MacUBaMU i YMCJIOBUMU O0-
YUCIICHHSIMU.

PyMongo Ta elasticsearch-py. lani 6i6mioTeku Bu-
KOPUCTOBYBJIMCH y SIKOCTi KJII€EHTIB IS 3a0€3MeYeHHS
JIOCTYITY A0 JAaHWX y CXOBHIIA JaHUX.

Matplotlib [15]. dns Bizyani3zanii pe3yJbTaTiB Ta aHa-
JIi3y faHux oopaHa Gidmioteka Matplotlib. Bona no3Bouisie
CTBOpIOBaTH rpadiku 1151 Bi3yaJIbHOTO MTPEICTaBICHHS pe-
3yJIBTATiB €KCIIEPUMEHTIB, @ TAKOXX BUBOJAMTU 300paskeHHSI
y BikHO BuBoay IDE.

Sklearn. 3 maHoi 0i0JIioTEKM BUKOPUCTOBYBaJach
¢byHK1ig cosine similarity m1st BU3BHaYeHHSI KOCUHYCHOL
MOJiOHOCTI BEKTOPIB.

Po3pobka BukoHyBanace B Be6 IDE — JupyterLab, mo
€ IHTepaKTUBHUM CepeIoBUINEeM UIsT poboTu 3 Python.
JupyterLab mo3Bojisie BUKOHYBAaTH KO, MeperiasgaTu
pe3yJbTaTu Ta BidyallizyBaTH AaHi y peaJbHOMY Yaci, 1110
3HAYHO CIPOILIYE MPOLEC AOCTIAXKEHHS Ta TeCTYBaHHS
MoOJesiell MallIMHHOTO HaBYaHHS. Lle cepenoBulie € oco-
O0JIMBO KOPUCHUM IJisI pOOOTU 3 JAaHUMU Ta MOOYI0BU
eKCIIEpUMEHTIB.

Jlnsg peanizauii mocTaB/eHOI 3a1a4ui TAKOX HEOOXiTHO
CTBOPUTHU TiOpUIHE CXOBUIIE 300paxkeHb. B sskocTi riopu-
HOTO CXOBHIIA 300paskeHb BUKOPUCTOBYETHCS KOMOiHAITisSI
MongoDB ta ElasticSearch.

MongoDB — 11e tokymMeHTO-0OpieHTOBaHa 0a3a TaHUX,
sika 3a0be3Ieuyye BUCOKY THYYKiCTh Ta MacITabOOBaHICTb.
MongoDB no3BoJsie 30epiratu BeJIuKi 00CsATU JTaHUX
y dopmari JSON Ta nerko ix o6po6asitu. MongoDB
B JJAaHOMY AOCJIiI>KEHHI BAKOPUCTOBYEThCS [J151 30€piraHHs
300pakeHb Ta MOB'sI3aHUX 3 HUMM MeTaJaHuX.

ElasticSearch — 11e moiykoBuil pyiiii 3 BinKpuTum
BUXiIHUM KOJIOM, SIKMI crieliali3yeTbCsl Ha MOBHO-
TEKCTOBOMY ITOLIYKY Ta aHai3i BEJIMKUX OOCSTIB JaHUX
y peanbHOMY 4Yaci. ElasticSearch mo3BoJis€e MBUAKO MPO-
BOIUTH ITOILITYK CXOXUX 300pakeHb 3a TOITOMOI'0I0 METO/IiB
MaIllMHHOTO HaBYaHHSI Ta MiATPUMYE iHIEKCallilo Ta MOIIYK
BEKTOPHUX JaHUX.

Kibana BukopuctoByBasach B sskocti Be6 GUI mng
pob6otu 3 ElasticSearch.

MongoDB Compass BUKOpUCTOBYBaBCS B SIKOCTi
neckron GUI pst pobotu 3 MongoDB.

s 3a06e3nedeHHs 3pyYHOr0 PO3rOpTaHHS Ta yIpaB-
JIiHHS iHQpacTpyKTyporo MmpoekTy OyB oOpaH Docker.
Docker no3Bosisie CTBOpIOBaTU KOHTEHMHEPHU, SIKi 130110~
I0Th CEepeOBMIIEe BUKOHAHHS M0JATKiB, 3a0e3Ieuyouu
iXHIO TOPTATUBHICTh Ta JIETKiCTh po3roptaHHs. Docker
Compose OyB BUKOPUCTAHUWI JUTS CIIPOIIEHHS YITPABJIiHHS
0araTocepBiCHOIO apXiTEKTYpO10, 1110 BKiItouae MongoDB,
Elasticsearch ta Kibana.

7. IIpoBeneHHs eKCIIEPUMEHTIB

Pesynbsraramu MmpoBeIeHUX €KCIIEPUMEHTIB MaloTh
OyTu naHi nasg aHai3y i popMyBaHHS BUCHOBKIB LIOAO
IOIUTFHOCTI BUKOPUCTAHHS 00PaHOTO METOMY MAIIIMTHHOTO
HaBuaHHs ResNet50 3 TiOpuIHUM ITiaIX0m0M 10 30epiraHHs
300paXkeHb y BUPilLIEHHi MPo0JieMU — IIBUIKOTO MOIIYKY
CXO0XMX 300pakeHb B CXOBUIILI JaHUX.

15t IbOTO BU3HAYEHO TPOBECTU TIOPIBHSIHHST TPHOX
PI3HUX MiAXO/iB U151 BUPiLLIEHHS L€l TPOOIEMU.

IMepmmii miaxin. 36epexxeHHsT 300pakeHHS B ETUHOMY
cxoBuili MongoDB. ITpu nmonryky cxoxux 300paxeHb Ie-
pebpatu yci 300paXkeHHsI 31 CXOBUILIA, PO3paxXyBaTU BEKTOP
03HAaK i BUpaxyBaTu KOe(MilliEHT IXHbOI CXOXOCTI.
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Hpyruii nigxia. 36epexeHHs: 300paXXeHHs B EAMHOMY
cxoBullli MongoDB 3 nonepenHiM MpopaxyHKOM BEKTOpPY
03HaK 300pakeHHs i 30epeskeHi iX B LIboMy 3K cxoBUILi. [Tpu
MOIITYKY CXOXUX 300pakeHb IepedpaT yci 300paXkeHHSI 31
CXOBMUIIIA, B3SITU BEKTOP O3HAK 3i CXOBHUIA i BUpaxyBaTU
Koedili€eHT IXHbOT CXOXKOCTI.

Tperiit minxin. 36epexeHHs] 300paKeHHsT B CXOBUILL
MongoDB. ITonepenHiit mpopaxyHOK BeKTOpa 03HaK 30¢e-
piraetbes B ElasticSearch. {7151 moiyKy cxoxux 300paxkeHb
pobumo 3anut B ElasticSearch, momyk BinOyBaeTbcsl Ha
CTOPOHI CXOBUIIIA.

IIpoBeneHHsI eKCIepUMEHTY Ma€ BinOyBaTUCh 3 BU-
KOPHMCTAaHHSIM IIUX TPHOX MiAXOAIB IJisI BUSHAUCHHS iX
e(eKTUBHOCTI.

J1J1s1 IKiCHOTO TIPOBEIEHHS €KCITEPUMEHTY HEOOXiTHO
BUKOHATH 1Ii TPU TECTU Ha Pi3HUX 00csATax JTaHUX.

Heo0xigHo 3po0uTH 3aMipu Yacy BUKOHAHHS KOXXHOTO
ekcriepuMeHTy. Lle i 0yme roToBHUM KpUTEPIEM JIJI51 OLIIHKHA

ExcriepyMeHTH OYIyTh IIPOBOAUTHCH Ha JIOKAJTEBHOMY
koMm’toTepi 3 8 sapamu npouecopa M1 Apple Silicon,
8 I'b omepaTtnBHOI TTam'siTi, BUKOpUCTOBYI0OUM Python
3.8, MongoDB Bepcii 4.4, Elasticsearch Bepcii 7.10 Ta
TensorFlow Bepcii 2.4.

B gkocTti TecToBUX 300paxkeHb, HEOOXiAHO OyJ10 00-
paTH BEJIMKUIA JaTa-ceT 300paskeHb, TAPHOI IKOCTi, OAHOTO
dopmarty, Ijis SIKiCHOTO i 3py4HOTO ITPOBEIACHHS €KCIIEPH -
MeHTiB. 300paXkeHHs MaloTh OyTU, SIK pi3HOMaHiTHi, Tak i
MaTH IeBHY CXOXKICTb (IesIKi 3 HUX), 111 HAOYHOTO OaueHHS
KOPEKTHOCTI pOOOTU MpOrpamu.

byno o6paHo nara-cet 3 300pakeHHSIMU Pi3HUX TBAPUH
3 Kaggle [16]. Januii nata-cet Haiiuye 5400 306paxeHs 90
BUIiB TBAPWH PO3TOIIJICHUX 32 OKPEMUMHU TUPEKTOPISIMHU.
300pakeHHs SIKiCHi B (hopMari .jpg.

ITig yac BUKOHAHHSI €KCIIEPUMEHTIB JaHUI naTa-ceT
OyJe 3aBaHTaXKEHO B CXOBUILIE i HA OCHOBI HHOTO Oy/Ie Bif-
OyBaTHCS MOIIYK CXOXKUX 300paXkKeHb.

[IpaBuUABHUM pe3yJabTaTOM BUKOHAHHS TECTOBUX
nporpam Oyje, Te 110 pe3yJbTyIoui cX0Xi 300paxkeHHSs
BiTHOCSITHCS IO OMHOTO THUITY TBAPUH.

ExcnepyuMeHT Oyne MpOBEeNeHO Ha pi3HUX oOcsrax
naHux. BuzHaunmo HacTynHi oocsru ganux — 10, 20, 50,
100, 500, 1000, 5400. dna uboro Oyae B3ITO HEOOXiIHY
KiJIBKiCTb BUTMIAAKOBUX 300pakeHb 3 LIbOTO JaTa-CeTYy.

ITpoBeneHo BU3HAUYEHI €KCITIEPUMEHTH.

Test 1 (Mongo without pr

ng) tine: 541.729

Original image
2 = Score: 0.73
g m

Score: 0.74

Score: 0.74

Test 2 (Mongo with preprocessing) tine: 3.2542 seconds

Score: 0.75

Score: 0.73

Score: 0.74
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Test 3 (Mongo + Elastic) time: 0.2086 seconds

Original image __score: 0.80

Score: 0.73
Score: 0.74

A

Puc. 2. Pe3ynsraT HoCTiIzKEHHS

IMopiBHSBIIM Yac BAKOHAHHS KOXKHOTO €KCTIEPUMEHTY,
BapiaHT 3 BUKOPUCTAHHSIM TiOPUAHOIO CXOBMIIA 300pa-
>KE€Hb BUSIBUBCSI HailO1Ib1I e(heKTUBHUM. Yci 3aikcoBaHi
pe3yabTaTh TPhOX EKCITIEPUMEHTIB MPEACTaBICHO B TAOJIULII.
Pesynbratu mpeacraBieHi y ceKyHaax.

Tabmmus 2
Pe3ynsraTi BAKOHAHHS eKCIIEPUMEHTIB
ExcrniepuMeHT 10 50 100 500 1000 5400
MongoDB 0.881 1.591 4.008 7.54 38.126 81.656 541.729
MongoDB 3 nonepeaHiM mpopaxyHKOM 0.08 0.095 0.113 0.143 0.442 0.687 3.254
MongoDB 3 ElasticSearch 0.156 0.120 0.173 0.138 0.391 0.289 0.208

Pesynbraty mpoBeAeHUX eKCIIEPUMEHTIB IMOKa3yloTh
3HA4YHi BiAMIHHOCTiI y IIBUJIKOCTI MOIIYKY CXOXUX 30-
OpaxkeHb MixX TpbOMa MiaAX0AaMU: BUKOPUCTAHHS TiTbKU
MongoDB, BukopuctanHst MongoDB 3 monepenHim rpo-
pPaxyHKOM BEKTOpPiB O3HaK, Ta BUKOPUCTaHHS TiOPUIHOTO
cxoBuIIa y sikocTi koMOiHalii MongoDB 3 Elasticsearch.

J11s1 po3yMiHHSI 3aJIeXKHOCTI Yacy BUKOHAHHSI TTOIITYKY
Bim 00CsITiB JaHMX TOOYIyeMO Tpadik (IuB. puc. 3).

Ha rpadiky HarsgniHO MOXHa MOOAYUTH JiHIHY 3a-
JIEXHICTh Yacy BUKOHAHHS BiJl KiJIbKOCTi 300pakeHb B Me-
TOJi BUKOpUCTaHHS Tiibku MongoDB 6e3 monepenHboro
npopaxyHkKy. [Tpuyomy gaHuit minxia JOCUTh 3aTPaTHUIA.
Lle rosICHIOETBCSI TUM, 1110 KOXKHOTO pa3y Mif 4yac MOLIyKYy
CXOXUX 300pakeHb CCTeMa ITOBMHHA ITepeOUpaTH BCi 30-
OpakeHHs Ta 00YMCITIOBATA BEKTOPU O3HAK «Ha JTbOTY». Lle
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MPU3BOJIUTH 10 CYTTEBUX BUTPAT Yacy IMPU BEJIMKUX 00cITax
maaux. OIiHKa CKIIagHOCTI anroputMy — O(n).

Yac BUKOHaHHS MOLLYKY CXOXKUX 306paXeHb Bifj 06Csary AaHuX

—e— MongoDB 6e3 nonepeaHsoi 06po6Ki
—e— MongoDB 3 nonepeHiM NpopaxyHKoM

500 1" —— MongoDB 3 Elasticsearch

400

300

200

Yac suKoHaHHs (cexyHa)

100

[ 1000 2000 3000 4000 5000
KinbKicTh 306paxeHs

Puc. 3. Ipadik 3anexkHOCTI Yacy BUKOHAHHS
Bi/l 00CSATIB JAHUX TPHOX MiIXOIB



BUKOPUCTAHHS MALLUMHHOMO HABYAHHS /15 ONTUMI3ALIT AOCTYITY 40 AAHVX B MBPYIAHOMY CXOBULLI 30BPAXEHbB

Jltst 6iblI HATISIAHOT OLIIHKM HACTYITHMX JBOX IMijl-
XOJIiB, OYJI0 IPUNHATO pillIeHHS BUKIIOYUTU LEH TTiaXif
3 rpadiky (IuB. puc. 4).

Yac nowwyKy CX0XMxX 306paxeHb Bia obcary aaHux

—e— MongoDB 3 NonepeaHiM NPopaxyHKom
—e— MongoDB 3 Elasticsearch

ac BUKOHaHHA (cekyHAM)

05

0.0

o 1000 2000 3000 4000 5000
KinbKicTs 306paxets

Puc. 4. Ipadik 3anekHOCTI YaCcy BUKOHAHHS
Bi/l 00CAriB JAHKX JIBOX MiIXO0/IiB

Buxopucranus MongoDB 3 monepeaHiM mpopaxyH-
KOM BEKTOpPiB O3HaK 3HAYHO IMOKpally€e 4Yac BUKOHAHHS
momryKy. Lle mosiCHIOETbCST TUM, III0 BEKTOPY O3HAK BXE
30epexkeHi y 0a3i JaHuX i cucTeMa He BUTpaya€e yac Ha ix
obyMclIeHHs mig yac noinyky. OaHak Bce OAHO MU 0a4uMMO
JIiHiliHe 30iJbIIIEHHS Yacy BUKOHAHHSI BiJl OOCSTiB JaHUX.
Lle MosSICHIOETbCSI TUM 1110 BUKOHYETBCSI TIOBHUI TIepedip
B CXOBHUILI JJIs TOIIYKY HaHOiIbII CXOXUX 300pakeHb.
Ouinka ckiagHocTti anroputmy — O(n).

30BCiM iHIIa 3a7I€XKHICTh 3 BAKOPUCTAHHSIM TiOPUIHO-
ro cxoBuia 300paxkeHp y sikocti MongoDB 3 ElasticSearch.
Ha pesynbratax He BUAHO 3aJIeXKHOCTI yacy BiJ oOcCsTiB
naHux. Ile oOyMOBIIOETHCS TUM 1110, BUKOPUCTAHHS
ElasticSearch mis momyky MakcMmaiabHO e(eKTUBHE i
3a paxyHOK iHAeKcalii Ma€e Jorapu(MidHy CKJIaIHiCTb
—0O(log(n)), nns ko1 0dpaHi AaHi 00’€MU JaHUX 3HAYHO
MaJti.

BukopuctaHHs TiOpuAHOIO CXOBUILA Y SIKOCTi KOMOI-
Hauii MongoDB ta Elasticsearch mo3Bosisie MaKcuMasb-
HO BUKOPUCTATU CUJIbHI CTOPOHM KOXHOI TE€XHOJIOT1i.
MongoDB 3a6e3neuye THyuke Ta HajiiiHe 30epiraHHs
naHux, Tofi gk Elasticsearch Hagae MOTYXHi MOXKJIMBOCTI
e(eKTUBHOTIO IMOIIYKY.

BucHoBkn

B xoni mpoBeaeHHs mocaiaxeHHs 0yJ10 BUKOHAHO
aHaJli3 MpeaMeTHOI 00JacTi Ta PO3IJISTHYTO MOXKJIUBOCTI
iHTerpauii MalllMHHOI'O HaBYaHHSI J1s1 JOCTYITY A0 JaHUX B
riOpuaHUX cXoBUIIAX 300paxeHHs . ONMCaHO iX TPUHLIUITA
po0OTH, BUAIJIEHO OCOOJMBOCTI, OCHOBHI BiAMiHHOCTI,
rnepeBaru Ta HeJJOJiKu.

V npotieci po6oTu OyJ10 MOCTaBIeHO 3aAady peasizy-
BaTU aJITOPUTM TOIIYKY CXOXMX 300pa*keHb B CXOBHIII,
0yJI0 pO3pO0JIEHO Ta IPOTECTOBAHO MPOrpaMHY YaCTHUHY,
sKa peali3ye KiJbKa MiAXOMAiB 10 30epiraHHs Ta MOUIYKY
300paxkeHb, 1110 JO3BOJMUJIO 3pOOUTU BUCHOBKM IIOJO X
e(eKTUBHOCTI Ta JOLIJIBHOCTI BUKOPUCTAHHS B peabHUX
yMOBaXx.

[Nepiu 3a Bce, MU BUBHAYMII, 1110 TPAAULITAHWIN MiIXi,
SIKWM Tosisirae y 30epiraHHi 300pakeHb y EAMHOMY CXOBMIIL
MongoDB 6e3 norepeaHbOro po3paxyHKy BEKTOPiB 03HaK,
€ HaliMeHIll e(heKTUBHUM 3 TOUKH 30PY HIBUIKOCTI TIOIITYKY.
Pe3ynbratu ekcnepuMeHTIB MoKa3aiu, 110 Lieil MeTo1 Mae
3HAYHi 3aTPUMKU ITPU 0OPOOLLi BETUKUX OOCSTIB TaHUX, 110
pOOUTH IOro HEMPUIATHUM TSI 33124, JIe TTOTPiOHA BUCOKa
LIBUAKICTh JOCTYITY A0 300paxkeHb. A TIpU 301IbIIEHI 00-
CSITiB JaHUX YaCc BUKOHAHHS MOIIYKY 30iJbIIYETHCS, 1110
YHEMOXXJTUBITIOE TIOIIYK.

BoaHouac, BUKOpUCTaHHS TTiAXOMY 3 MOTNEPeaHIM pOo3-
PaxyHKOM BEKTOPiB 03HAaK Ta ix 30epiraHHsIM y MongoDB
JIO3BOJISIE 3HAYHO CKOPOTUTHU Yac TOIIYKY CXOXHUX 30-
Opaxenb. Takuil miaxin 3abe3rnedye MIBUMLIMNA TOCTYII
JIO TaHUX 3a paxXyHOK IMOIepeaHboi 00pOOKU 300paXkeHb
i 30epeXeHHs pe3yabTaTiB 00UYKClIeHb, 110 POOUTH MOro
0ibII e(eKTUBHUM PillIEeHHSIM Ha HEBEJIMKUX 00Csrax
naHux. OHaK JaHWM MiaXia BCe OAHO Ma€ JIiHIMHY 3aJ1eX-
HiCTb Yacy BUKOHaHHS Bill OOCSTiB JaHUX, TOMY HE MOXe
BUKOPHUCTOBYBAaTUCH Ha BEJIMKUX 00CsATaX TaHUX.

Haii6inpin eeKTUBHUM BUSIBUBCS TIOpUOHWIA ITijI-
Xin, sIKuil moenHye 306epiraHHs 300paxkeHb y MongoDB
Ta BeKTOpiB 03HaK y Elasticsearch. 3aBsinku iHaekcaii i
TMOTYXXHUM MOKJIMBOCTSIM TTOLITYKY MU TOCSITJIN JIoTapud-
MIiYHOI 3aJIeXKHOCTI Yacy BUKOHAHHS BiJ 0OCSITIiB JaHUX,
1110 poouTs ftoro Lleit MmeTon 103BOJISIE HE TITBKU IIBUAKO
3HAWTHU CXOXi 300pakeHHsI, ajie il 3a0e3reuye THYYKiCTh
y TMOIIIYKOBUX 3alUTaX Ta BUCOKY TOYHICTh PE3YJIbTaTiB
3aBasKU MoxkauBocTaM Elasticsearch. ExcriepumenT miz-
TBEPAWJIM, 11O LIeH MiAXia Mae HARHMKIMM yac BUKOHAHHS
3aITUTiB, OCOOJIMBO TP 0OPOOILIi BEIUKUX OOCSTIB TaHUX.

Takum YMHOM, pe3yabTaTh AOCTIIXKEHHS MATBEPIXKY-
I0Tb IOLLTBHICTh BUKOPUCTAHHS TIOPUIHUX CXOBUIIL 300pa-
>KEHb 3 IHTErpalli€l0 METO/iB MAIIMHHOTO HaBYAHHS TSI
onTuMizauii mpouecy noiyky. Bukopucranusg MongoDB
Ta Elasticsearch y moeqHaHHi 3 monepeaHiM po3paxyHKOM
BEKTOPiB 03HAK J03BOJISIE JOCITTU BUCOKOI e(DEKTUBHOCTI
Ta TOYHOCTI PU pOOOTi 3 BETUKMMHU 00CSTaMU Bi3yaJlbHUX
TaHUX.

BaxJ1MBUM BUCHOBKOM € TaKOX Te, 110 TTPaBUIbHUIMA
BUOIp METOiIB MAaIlIMHHOTO HAaBYaHHS Ta TEXHOJIOTi I 30€e-
piraHHs TaHWX 3HAYHO BIUIMBAE HA Pe3yJbTaTh poOOTU
cucremu. Bukopucranns mozaeni ResNet50 nist excrpakiii
03HaK 300paXeHb Ta AJITOPUTMY KOCUHYCHOI MOAIOHOCTI
IIJISI TIOPiBHSIHHSI BEKTOPIB 03HAK BUSBUIIOCS €(DeKTUBHUM
PpILLIEHHSM [J151 3a/1a4i TOUIYKY CXOXUX 300paKeHb.

3arajom, nMpoBeleHe JOCTiIXKEHHS MoKa3alio, 110
iHTeTpallisg MaITMHHOT'O HaBYaHHS B TIPOIICCH YIIPABIiHHS
Ta 00pOOKM JaHUX Y TIOPUIHUX CXOBUIIAX 300pakeHb BiJl-
KPUBA€E HOBI MOXJIMBOCTI [I7151 MOKPALIEHHS €(heKTUBHOCTI
Ta TOYHOCTI pOOOTH 3 BEIMKUMM OOCSITaMU Bi3yaJlbHOI
iHdopmMmarii. Lle no3Bossie 3a0e3MeYnTH IBUAKUIA Ta Ha-
IIMHUN DOCTYN MO HEOOXimHUX MaHUX Yy Pi3HUX cdepax
3aCTOCYBaHHsI, BKJIIOUAIOYU MEIUIIMHY, Oe3IeKy Ta eJleK-
TPOHHY KOMEPLIiIO.
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Merta 3aBOaHHS JTOCSITHYTA 3a PaXyHOK BU3HAUYCHHS
y po0OTi e(peKTUBHOCTI BUKOPUCTAHHSI METOIiB MalllH-
HOTO HaBYaHHS TS TOCTYITY IO JAHWX B TiOPUIHUX CXOBH -
111aX 300pakeHb. Y pe3yJibTaTi po0oTH 0yJI0 MigiopaHo Hail-
e(eKTUBHILy MOJe/b MAallIMHHOTO HaBYaHHS i riopuaHe
CXOBMUIIIE 300pakeHb 1JISI BUPilLIEHHSI TOCTaBJICHOI 3a1ay4i.

Pe3ynbraTil IbOTo TOCTIIKEHHS MOXYTh OYTU BUKO-
pUCTaHI IJIsI IPUAHSITTS PillIeHHSI IIPO T€, SIKUIA TTiaXia BU-
KOPHMCTOBYBATH [1J1s1 30epeKeHHsI i opraHizallii 300pakeHb y
CXOBMIII i IKWIA aJITOPUTM Ta MOJIETb MAIIMHHOTO HaBYaH-
HS1 BUKOPHCTOBYBATH /IS MOIIYKY CXOXKUX 300pakeHb.

Cnmcok Jiteparypu:

[1] James, Blessing & Asagba, P. (2017). Hybrid Database System
for Big Data Storage and Management. International Journal
of Computer Science, Engineering and Applications. 7. 15-27.
10.5121/ijcsea.2017.7402.

[2] Kyrychenko, 1., Tereshchenko, G. Proniuk, G., Geseleva,
N. “Predicate Clustering Method and its Application in the
System of Artificial Intelligence”, 2023 7th International
Conference on Computational Linguistics and Intelligent
Systems (COLINS-2023), 2023. — CEUR-WS, 2023, ISSN
16130073. - Volume 3396, PP. 395 - 406.

[3] Kyrychenko, I., Nazarov, O., Huliiev, N., Avdieiev, O.
“Selection of Artificial Neural Networks for Disease Predic-
tion”, 2023 7th International Conference on Computational
Linguistics and Intelligent Systems (COLINS-2023), 2023.
— CEUR-WS, 2023, ISSN 16130073. - Volume 3387, PP.
236-248.

[4] Berahmand, Kamal & Daneshfar, Fatemeh & Salehi, Elaheh
& Li, Yuefeng & Xu, Yue. (2024). Autoencoders and their ap-
plications in machine learning: a survey. Artificial Intelligence
Review. 57. 10.1007/s10462-023-10662-6.

[5] Tabian, I., Fu, H., & Khodaei, Z.S. (2019). A Convolutional
Neural Network for Impact Detection and Characterization
of Complex Composite Structures. Sensors, 19(22), 4933.
DOI: 10.3390/519224933.

[6] Asokan, Anju & Jude, Anitha & Patrut, Bogdan & Danci-
ulescu, Dana & D, Jude. (2020). Deep Feature Extraction and
Feature Fusion for Bi-temporal Satellite Image Classification.

18

Computers, Materials & Continua. 66. 373-388. 10.32604/
cmc.2020.012364.

[7] He, K., Zhang, X., Ren, S., & Sun, J. (2016). Deep residual
learning for image recognition. In Proceedings of the IEEE
Conference on Computer Vision and Pattern Recognition
(CVPR), 2016, pp. 770-778. doi:10.1109/CVPR.2016.90.

[8] Meghana, Avuthu Sai. "Age and Gender prediction using
Convolution, ResNet50 and Inception ResNetV2." Interna-
tional Journal of Advanced Trends in Computer Science and
Engineering 9, no. 2 (April 25, 2020): 1328—34. http://dx.doi.
org/10.30534/ijatcse/2020/65922020.

[9] Understanding Cosine Similarity and Cosine Distance in
Depth. URL: https://pub.aimind.so/understanding-cosine-
similarity-and-cosine-distance-in-depth-cc91eac3ef2 (nara
3BepHeHH:T: 29.04.2024).

[10] Matallah, Houcine & Belalem, Ghalem & Bouamrane, K..
(2020). Evaluation of NoSQL Databases: MongoDB, Cas-
sandra, HBase, Redis, Couchbase, OrientDB. International
Journal of Software Science and Computational Intelligence.
12.71-91. 10.4018/1JSSCI1.2020100105.

[11] Znakhur, Serhii & Znakhur, Liudmyla. (2022). Similar goods
search based on FAISS. Bulletin of Kharkov National Auto-
mobile and Highway University. 40. 10.30977/BUL.2219-
5548.2022.96.0.40.

[12] Wong, Wai-Tak. (2019). Advanced Elasticsearch 7.0: A prac-
tical guide to designing, indexing, and querying advanced
distributed search engines.

[13] Russakovsky, O., Deng, J., Su, H., Krause, J., Satheesh, S.,
Ma, S., Huang, Z., Karpathy, A., Khosla, A., Bernstein, M.,
Berg, A. C., & Fei-Fei, L. (2015). ImageNet Large Scale Visu-
al Recognition Challenge. International Journal of Computer
Vision, 115(3), 211-252. doi:10.1007/s11263-015-0816-y.

[14] Keras Applications: ResNet. URL: https://keras.io/api/ap-
plications/resnet/ (nata 3BepHeHHs: 20.04.2024).

[15] Nelli, Fabio. (2018). The NumPy Library: With Pandas,
NumPy, and Matplotlib. 10.1007/978-1-4842-3913-1_3.

[16] Animal Image Dataset (90 Different Animals) on Kaggle.
URL: https://www.kaggle.com/datasets/iamsouravba-
nerjee/animal-image-dataset-90-different-animals (maTa
3BepHeHHS: 04.05.2024).

Haoiitwaa do peokoaeeii 1.06.2023



BIOHIKA IHTEJIEKTY. 2023. Ne 1(99). C. 19-25

YK 004.8:004.9

INTELLIGENCE

0.B. Yana!, €.0. Boraros?

'npodecop kadenpu iHGopMaLiTHUX YIPABISIOIINX CUCTEM,
XapKiBChbKUIi HalliOHAJbHUIA YHIBEPCUTET palioeIeKTPOHIKU, YKpaiHa, oksana.chala@nure.u

ZacucTeHT Kadeapu iHpopMaLiiHUX yIPABIAIOIINX CUCTEM, XapKiBCbKUiT HALIOHATLHUIA
YHIBEepCUTET palioeNeKTPOHIKM, YKpaiHa, ievgen.bogatov@nure.ua

NOBYAOBA MOZAEJI BISBHEC-NMPOLIECY 3 BUKOPUCTAHHAM TEMNOPAJIbHUX

3HAHb NMPU BNPOBALKEHHI MPOLECHOIO YIMNPABJIIHHA

[Tpenmerom nociakeHHs € 0i3HEC-TIPOLIECH, 1110 MTPEACTABIISIIOTH COO0I0 MOCiOBHICTD POOIT, sIKa 3a0€3MeyeThCs
pecypcamy Ta CTBOPIOE MTPOAYKTH Ta MOCIYTH, 1110 MatOTh LIHHICTh I KJII€EHTIB TaKUX MpolieciB. MeToro € po3podKa
Miaxoay A0 BUPIlIEHHS 3a1ay BIPOBAIKEHHS MPOLIECHOTO YMpPaBIiHHS Ha OCHOBI aBTOMAaTM30BaHOTO BUSIBICHHS
TEMITOPAJTbHUX 3HaHb, 110 JO3BOJISIE BCTAHOBUTY YMOBU Ta 0OMeKeHHsI Ha BUKOHAHHS [il TTpolLiecy 3 ypaXyBaHHSIM iX
(haKTUUYHOT yOPSIKOBAHOCTI B Yaci i, TMUM CaMUM, 1a€ MOKJIMBICTh BpaXyBaTH MePCOHAbHI 3HAHHSI BAKOHABLIiB TTPO-
11ecy sIK TIpy TTOOYIOBI, TaK i TP YTOUHEHHi 10TO Moesti. 3aBIaHHS: CTPYKTYpU3allist 3a1a4 MPOIIECHOTO yIIPaBITiHHS
3 ypaxyBaHHSIM B3a€MOii 3aa4 BIPOBAIKEHHSI MPOIIECHOTO YIPaBIiHHS Ta 3a/1a4 YIPaBIiHHS Oi3Hec-TIpolecamus;
po3pobKa MeToay MOOYI0BU MTPOTOTUITY Oi3HEC-TPOLIECY 3 BUKOPUMCTAHHSIM TeMITOpaJIbHUX 3HaHb. BUKopucToByBa-
HUMMU IiIX0AaMU €: METOIM MPOLECHOTO YIIPaBIiHHS, METOIM Process mining, MeToau (GOpMyBaHHS TEMIIOPATIbLHUX
3HaHb. HayKoBa HOBM3HA OTpUMAaHUX Pe3y/bTaTiB MOJsIrae B HACTYynmHOMY. Po3pobiieHo MeTon modyanoBu Moei 6i3-
HeC-TIPOIIECY «SIK €», 10 (haKTMUHO BUKOHYETHCS Ha MiITPUEMCTBI, 3 BAKOPUCTAHHSIM TeMITOPATbHUX 3HaHb. MeTo
MICTUTb eTanu (POpMyBaHHS TEMIOPATbHUX 3HAHb y BUIJISAII MPaBW, 10 BU3HAYAIOTh MMOCIIIOBHICTb [ili TTpoliecy
y yaci, BUAIJIEHHS MiAMHOXWH MPaBWJI, 1110 3a1al0Th MOCiIOBHE Ta MapajeibHe ado albTepHaTUBHE BUKOHAHHS Ail
MPOLIECY, a TAKOXK eTaru MoJieJi Oi3Hec-TIpoliecy y BUIJIsiai rpady MNOTOKiB POOiT, 1110 BpaXOBYE BUSIBJIEHI TEMITOpaIbHi
npaBuiia. B mpakTUYHOMY acrnekTi MeTOJ CTBOPIOE YMOBM JJIsl peajtizallii MOCTiiHOIo YI0CKOHaJAeHHs Oi3Hec-TIpo-
1Iecy Ha OCHOBI iTepaTUBHOTO BUSIBJICHHST Ta TTOJAJIBIIIOTO BUKOPUCTAHHSI HESTBHUX 3HaHb BUKOHABILIB, SIKi 3HANTIUTN
BiOOpaskeHHST Y TEMITOPAITBHUX TTPaBUIIaX.

IHOOPMALIMHA CUCTEMA, BISHEC-ITPOLIEC, [TPOLIECHE YTIPABJIHHS, 3HAHHS, TEMIIO-
PAJTBHE TTPABUJIO, JKYPHAJI ITOAIN, TPUYMHHO-HACJIIKOBUM 3B’ 130K

0.V. Chala, E.O. Bogatov Building a business process model using temporal knowledge when implementing process
management. The article’s subject matter are business processes, which are a sequence of work, which are provided with
resources and create products and services that are valuable for the customers of such processes. The aim is to develop
an approach to solving the problems of implementing process management based on the automated detection of tem-
poral knowledge, which makes it possible to establish conditions and restrictions on the execution of process actions,
considering their actual temporal order, and thus makes it possible to consider the personal knowledge of process per-
formers both in building and refining their model. Objectives: To structure the process management tasks, considering
the interaction between the subtasks of process management implementation and business process management tasks; to
develop a method for building a business process prototype using temporal knowledge. The approaches used are process
management methods, process mining methods, temporal knowledge methods. The scientific novelty of the obtained
results is as follows. The article develops a method for building a model of the business process "as it is", performed in an
enterprise, using temporal knowledge. The method includes stages of forming temporal knowledge in the form of rules
that determine the sequence of process actions in time, selection of subsets of rules that specify sequential and parallel
or alternative execution of process actions, and stages of building the business process model in the form of a workflow
graph that considers the identified temporal rules. In practice, the method creates conditions for the implementation of
continuous improvement of the business process based on the iterative identification and further use of the tacit knowledge
of the performers, which is reflected in the temporal rules.
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Beryn

IIpouecHe ympaBiliHHS MiATPUEMCTBOM OPIEHTOBAHO
Ha 1oOy/I0BY Ta MoAajibllle BAKOPUCTAHHS MoJesieit Oi3Hec-
nporeciB (BIT) [1]. Taxi Momesi BU3HAUaIOTh MOCIiTOBHICTh
BUKOHAHHS poOiT, a TAKOX HEOOXiIHi JJIs LIMX pobiT pecyp-
cu [2]. Ipu BipoBamKeHHi MPOLIECHOTO YIIPaBIiHHS BUIi-
JIAIOTh IT’SITh PiBHIB 3pUIOCTI — BiJl TOYATKOBOTO A0 PiBHS
MOCTiifHOTO ToKpallieHHs1 6i3Hec-TpolieciB [3]. Ha moyart-
KOBOMY PiBHi 3piTocTi mporiecu € HeopMaTi30BAHIMH. [X
BUKOHAHHSI MOBHICTIO 0a3yeThCsl HA 3HAHHSIX Ta iHiLliaTUBi
BUKOHaBLiB. Ha m’ITOMY piBHi BUKOPUCTOBYIOTHCS MOJEI

Oi3HeC-TPOLIECiB, AKi MTOBHICTIO Bif0OpaXkalioTh 0COOIMBOC-
Ti HaKTUYHUX MPOLECIB, 110 BUKOHYIOThCS Ha MiANPUEM-
ctBi. [lepexig Mix piBHSIMU 3piloCTi Iepeadava€e MmocriiiHe
YIOCKOHAJIEHHSI MpoIeCHUX Mozenei. BkasaHe ymockoHa-
JIEHHSI TOTpedye BUSIBJICHHS 3HaHb LIOJO OCOOIMBOCTEN
BUKOHAHHS Oi3Hec-TIpoliecy Ha KOHKPETHOMY ITiIITPUEM-
ctBi. Taki 3HaHHS TIpencTaB/ieHi B SIBHil Ta HesIBHill dop-
Mi. SIBHi 3HaHHS 3a3BUYail 3a[J0KyMEHTOBAHI, a HESIBHI — €
MepCOHAJbHUMU 3HAHHSIMM BMKOHAaBLIB. BukopucraHHs
OCTaHHIX MPUBOAWUTH O 3MiH MOPSIKY POOIT mpoluecy
y 4aci, gKi He BimoOpakeHi B IpolLecHiit moaemi [4].
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IcHytoui migxomu no mMOOymAOBM Mojesieil Oi3Hec-
MpolieciB 0a3yl0ThCsl HA BUKOPUCTAHHI SBHUX 3HaHb, a
TaKOX TOMaTKOBOMY OINMUTYBaHHIO EKCIIEPTiB 3 METOIO
BUSIBUTU HesiBHI 3HaHHS [5]. [Ipore He mpuninsieTbest
JIOCTaTHLO YBaru BUSIBJIEHHIO HESIBHUX TOBENiHKOBUX
3HaHb BMKOHAaBIIiB MPOLIECY 3 METOIO MOAAJbIIOIO BU-
KOPUCTaHHS LIMX 3HAHb IS YIOCKOHAJICHHS IMPOLECHOT
MOJIENTi, OCKiTBbKM TIPEICTaBJIeHHs] TaKUX 3HaHb Yy Bep-
OasibHill (popMi MOB'SI3aHO i3 CYTTEBUMM TpPYTHOIIAMMU.
IIpore HesBHI MOBENiHKOBI 3HAHHS MOXYTb OyTU BU-
SIBJIEHI HA OCHOBIi aHai3y 3aruciB Mpo BUKOHAHHS 0i3-
Hec-mpoueciB [6, 7] Ta BUABIEHHS TEMIIOPaJbHUX 3a-
JIEXXHOCTEU, 10 3aJal0Th YMOPSAKOBAHICTh Map MOAIN
bizHec-mpolecy y vaci. JlocaimkeHHs MiaxoaiB 10 mooy-
JIOBM i TIpEACTaBICHHS TEMIIOPaJIbHUX 3HAHb MPEICTaB-
JieHi B pobotax [8-10]. OmHak B HaBeIeHUX JTOCITiIKEHHS
HE PO3IJISIAAI0THCS MTUTAHHS BUKOPUCTAHHST TEMIIOPah-
HUX 3HaHb JUIS MIATPUMKU BIIPOBAIKEHHS MTPOIIECHOTO
yIpaBIiHHA. 3a3HayeHe CBITYUTDh PO aKTYaJIbHiCTh PO3-
pPOOKM TMiAXOAYy OO0 BIIPOBAIXKEHHSI IMPOLIECHOTO YIpaB-
JIIHHS Ha OCHOBI MOOYI0BU Mojeseil Gi3Hec-TpoLeciB 3
BUKOPUCTaHHSIM TEMITOPAJIbHUX 3HAHb.

1. ITocranoBka 3agadi

MeTo1o cTaTTi € po3podKa MiAXoay 10 BUPIilLIEeHHS 3a-
Jlay BIPOBAIXXEHHS MPOLIECHOTO YIpPaBJIiHHS Ha OCHOBI
aBTOMATU30BaHOI'O BMSIBICHHS TEMIIOPAJIbHUX 3HaHb,
1110 TO3BOJISIE BCTAHOBUTH YMOBM Ta OOMEXKEHHST Ha BU-
KOHaHHS Aifi mpouecy 3 ypaXyBaHHSM iXx (haKTUYHOI
YIIOPSIIKOBAHOCTI B Yaci i, TUM caMUM, JAa€ MOXJIUBICTb
BpaxyBaTH MepCOHaIbHi 3HAHHSI BUKOHABIIiB MTPOLIECY SIK
npu 1oOyaoBi, TaK i MpU YTOUHEHHI 0ro Mojelti.

JUtsT MOCSITHEHHSI METU JOCJiIKEHHSI BUPILIYIOTHCS
Taki 3ajayi: CTPyKTypu3allisl 3aja4y MpOLIECHOro YIpaB-
JIIHHS 3 ypaxXyBaHHSIM B3a€MOJil 3amay BIPOBAIKEHHS
MpPOLIECHOrO YIIpaBJliHHS Ta 3afay yIpaBiiHHS Oi3Hec-
IpoliecaMu; po3poOKa METOmy MOOYIOBU ITPOTOTHUITY

6i3HeC-HpOHCCY 3 BUKOPUCTAaHHAM TEMIIOPAJIbHUX 3HAHb.

2. CTpyKTypu3aiis 3a1a4 NPOIEeCHOT0 YIPABIiHHS

IIpouecHuii migxio no ynpasiiHHS repeadadae opra-
Hi3allilo yNpaBliHHS MiAIPUEMCTBOM 3 BUKOPUCTAHHSIM
MPOLIECHOTO OIMUCY MOTO0 MislIbHOCTI.

TonoBHa imes1 MpoOLIECHOrO YIPAaBJIiHHS TMOJISITAE Y
3MEHIICHHI BUTPAT Ha OpraHi3alliio disIIbHOCTI Iianpu-
€MCTBa LLISIXOM (POpMYBaHHSI TOPU3OHTABHO-OPIEHTO-
BaHUX TOCJiIOBHOCTEI pOOIT, 110 3a0e3MevyloTh edek-
TUBHY B3a€EMO/il0 BUKOHABIIIB 3 Pi3HUX MiAPO3AiNiB IIpu
CTBOPEHHI TOBapiB Ta IOCIYT IS KJIIEHTIB IANPUEM-
crBa. Lli mociinoBHOCTI poOIT € KIIIOYOBUM €J1eMEHTOM
BiIMOBiAHUX Gi3HEC-MPOLIECIB.

besnocepenHs B3aeMofiss BUKOHABLIB pOOIT Ja€
MOXKJIMBICTh CYTTEBO 3HM3UTU BUTPATH Ha ITOCSITHCHHS
LJIell MiAMpUEMCTBA i3 3a0€3MeUYeHHIM 3a1aHOrO PiBHS
SIKOCTi MpoayKilii. AAKicTe MpoayKIlii 3TiIHO MPOLIECHOTO
MMiIXOMy BU3HAYAETHCS TUM, HACKIJIBKU pe3yJibTaTh 0i3-
HEC-TIPOIIECiB CTAHOBJIATH LIIHHICTH IJIT KOPHUCTYBaya.

ITpoiecHuit onuc AiSTBHOCTI MiAMPUEMCTBA MiCTUTh
MoOJIeJli B3aEMOIOB’sI3aHUX Oi3Hec-TipoleciB. Mogeni
Gi3HeC-TIPOLECiB IHTETPYIOTh IMOC/ITOBHOCTI POOIT, 1110
JAI0Th MOXKJIMBICTb IOCSITTU METU JiSIIbHOCTI MiATIpUeEM-
CTBa, HEOOXiJHi U1 UX POOIT pecypcu, a TaKOXK Bpaxo-
BYIOTb OpraHi3aliifHi acriekTu ynpaBiiHHS 6i3Hec-Mpo-
1ecamu.

IIpouecHe ynpaBiiHHS Nepeadadyae BUPILLIEHHS IBOX
rpyn 3amay: YHpaBiiHHS Oi3Hec-TpolecaMu; BIIPOBa-
JKEHHSI TTPOLIECHOTO YITPaBJIiHHS.

YnpaBniHHs 0i3Hec-TIpoliecaMy BKIIOYAE BUPIIIEHHS
TaKMX 3a1ad: YIpaBiHHS MIIIPUEMCTBOM 3 BUKOPUC-
TaHHSIM Mojesiell 6i3Hec-MpolLeciB; MOHITOPUHT BUKO-
HaHHS Oi3HeC-MPoLEeCiB.

BnactuBoCTi 3aga4 MpoOLIECHOTO YIIpaBIiHHS HaBeae-
HO B Ta6ia. 1. 3B’430K MixX 3amadyaM MPOIECHOTO yITpaB-
JIIHHS MPEACTaBJeHO Ha puc. 1.

Ta6mmng 1

3ajayi npomecHoro ynpasJiHHs

Ipyna 3amaq 3amaua

BaactuBocrti

YrpaBiiHHS TiATPUEMCTBOM
3 BUKOPUCTaHHSIM MoJeseit

YnpasninHs 6i3Hec-mpoLeciB

PeanizyeTbcst yrpaBaiHHS 32 BiIXWJICHHSIM.
BuKoOpHCTOBYIOTBCSI TOKA3HUKU Pe3yJbTaTUBHOCTI Ta e(heKTUBHOCTI
JIJISI OLIIHKM Oi3HEC-MpoLecy.

Oi3Hec-
npotiecamu MoHiToOpuHT [TocninoBHICTH Ailt BUKOHAHOTO Gi3HEC-MpoLiecy (hiKCyeThCs Y XKypHai
BUKOHaHHS nofiit. ZKypHai nojiil MicTUTh OKpeMmi 3anucH it KOXHOI peasizaltii
Oi3Hec-TpolieciB Oi3Hec-Tpoliecy.
. DopmyeThes anpiopHO 3amaHa MoJeNb OizHec-TIpotiecy. [laHa Momenb
IToGynoBa i1 ynockoHaJeHHSI PMY . piop . . . P . v A
o . BpaXOBYE SIBHi 3HAHHSI PO iSUTHHICTD MiATIPUEMCTBA i MOXe HE BPaxo-
Mo[esneli 6i3Hec-TpolieciB . . cor
BYBaTHU HEsIBHi 3HAHHSI BUKOHABLIB 11100 Aiif B paMKax MpoLiecy.
BniposajukeHHsA - - -

MPOLIECHOTO q)OpMyeTF;CH MOJieTh 613Hecjnpouecy «IK €» Ha OCHOBI aHATi3y Xyp-
yIIpaBiHHs BunydyeHHst 3HaHb Hany noaiit. JlaHa Moaenb BigoOpaxkae siK sIBHi, TaK i HEesIBHI 3HaHHSI

IUIsI YTOCKOHAJIEHHSI
MojeJieli 6i3Hec-TpolLEeciB

00 TIpoLiecy. Mozienb MOPiBHIOETHCS 3 AMPIOPHO 3aJaHOIO MOJEILTIO
BIl. Ha ocHOBI MOpiBHSIHHS BUSIBJISIIOTHCS HESIBHI 3HAHHS, SIKi 1al0Th
MOXJIUBICTb YIO0CKOHAIUTU Oi3HEC-TpoLIeC.
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OBY/ZJ0BA MOAEJT BIBHEC-NPOLIECY 3 BUKOPUCTAHHSAM TEMIMOPAJIBHVX 3HAHB PY BITPOBALPKEHHI MPOLJECHOIO YINPABJIIHHSA

YnpaBmiHHEA
HiATIPHEMCTBOM 3
BHKOPHCTaHHAM
Mozeneii 6izHec-
TIPOIIECIB

IMILTEeMEHT AL
Mojenei
B CHCTEMi
TIPOLIECHOT O
YIIpaBTiHHA

YropsxoBaHa y
yaci iHdopMania
PO CTaHH
mporecy
Ta BUKOHaHI Jii

IToGynoBa Moeneit
Gi3Hec-IporeciB

MOHITOPHHI BHKOHAHHS
Gi3Hec-IporeciB

|
T ) JKypHamu nopiit,
TemmopanpHi IO BiTOGPaKAIOTH
3HAHHA -
1010 e()eKTHBHOTO S

BHKOHAHHA

2 11010 BHUKOHAHHA
O13HeC-TIpoIeCy

Gi3Hec-TporeciB

BuiTy4ueHH] 3HaHb 11
YAOCKOHAIEHHA
Mozenel Gi3Hec-

TIpOIIECiB

1

Puc. 1. B3aemo3B’30K 32124 IPOIIECHOTO YNPABJIiHHS

IIpu iMmemeHTalLii TIepinoi 3agavi yrnpaBiiHHS 0i3-
Hec-TIpoliecaMy peali3yeTbCsl YIIpaBIiHHS 3a BiIXUJIEH-
HSIM 3TiHO TOCJiIIOBHOCTI POOIT, BUBHAYEHOI Y MOJei
GizHec-miponecy. OlliHKa BUKOHAHHSI MPOBOIUTHCS 3a
MOKa3HUKaMU pe3yJbTaTUBHOCTI Ta e(heKTUBHOCTI.

IMoka3HUK pe3yabTaTUBHOCTI BU3HAYA€E CTYMiHb JO-
CSTHEHHS pe3yabTaTiB 6i3Hec-mpoliecy. I[TokasHuk edek-
TUBHOCTI BU3HAYAETHCI 3 ypaxyBaHHSIM BapTOCTi pe-
cypciB, 110 OyJM BUTpaueHi I/ JOCSATHEHHSI BKa3aHOTO
pe3yIIbTaTy.

3agaya MOHITOPUHIY Oi3Hec-IpoleciB Iepeadavyae
dikcalilo TOCIiZ0OBHOCTEN pOOIT, sKi OyJIM BUKOHAaHIi
MpU peajtizallii IMX MPOoLEciB. 3amuc MOCTiZOBHOCTENH
pOOIT 3a3BMYall BUKOHYETHCS Y JKypHaJIax MOIil (Jiorax).
KypHan nofniii MiCTUTb MHOXXMHY 3aIlMCiB KOXHOI pea-
nizauii bIT.

ITopiBHSIHHS MOCIiTOBHOCTI [iii B XXypHaJli Ta B MO-
neni BIT mae MOXIMBICTb TIEpEBIPUTH BiAIIOBIIHICTh pe-
aJTLHOTO TIPOIIECY Ta HOTO MOJIEJILHOTO OIHCY, 10 CTBO-
PIOE YMOBHU TSI MOCTIAHOTO YAOCKOHAJIEHHS MPOLIECHUX
MOJIEJEN.

ITpu BHpoBagKeHHi MPOIECHOTO YMNpPaBIiHHS BUKO-
HYIOTBbCSI Taki 3amadi: moOymoBa Mopeseil OizHec-Ipo-
11eCiB; BWJIyYEHHSI 3HaHb IUISl YIOCKOHAJIEHHSI MOJeseit
0i3HeC-MIpoLIEeCiB.

ITpu BupilleHH] mepioi 3amayi 3a3BUYail BUKOPUC-
TOBYIOThCSI JOKYMEHTAJIbHUI OMUC MiSIZIBHOCTI IMiAInpu-
€MCTBa, a TAKOX 3HAHHS, 110 MOXYTb OyTH BUJIyYeHi B
pe3yabTaTi Oecin i3 eKcriepTaMu y BiAIIOBiIHIN MpeaMeT-
Hill obnacri.

Ha ocHoBI 111X 3HaHb (DOPMYETHCS aTpiopHa «ieanb-
Ha» MOJE/Jb BUKOHAHHs poOiT Oi3Hec-mporiecy. [Ipote
JlaHa MoJeJb He 3aBXIW BPaXOBYE HESIBHiI 3HAHHS BU-
KoHaB1LiB npouecy. i 3HaHHS B OiABLIOCTI BUIMAAKiB He
MOXYTb OYTM BUJIY4YeHi B pe3yabrarTi Oecif 3 BAKOHABIIS-
MU, TOMY 1110 BOHU € HESIBHUMU MOBEAIHKOBUMMU (tacit)
3HaHHAMU. OCTaHHiI MOXYTh OyTU BUJIyY€Hi 3a pe3yjbTa-
TaMU BUKOHAHHS Oi3HEC-IIPOIIECiB, IO CTBOPIOE YMOBU
IIJIST TIOMAJTBIIOTO YIOCKOHAJICHHS TIPOIICCHOI MOJIETI.

3agaya yoIoCKOHaJIEHHsI MOJesli Oi3Hec-mpoliecy Mo-
JISITa€ 'y BUSIBJIEHHI HEBiIMOBIIHOCTEM MiX MOIEJUIIO Ta
peaTbHUM TIPOIIECOM, IO BUKOHYETHCS Ha ITANIPUEM-
CTBi, 1 moJaNbIIiN aganTaiii mpoiecy 3 TUM, 1100 OCTaH-
Hili 3a0e3reuyBaB JOCSITHEHHS 3aJaHUX MOKA3HUKIB pe-
3yJBTaTUBHOCTI Ta €(PEKTUBHOCTI.

LlinkoBa Momenb Oi3Hec-TIpoliecy B JaHiil 3agadi €
anpiopHo 3agaHow. Mojenb Gi3Hec-mpoluecy, 110 (hak-
TUYHO BUKOHYETHCS, MOXe OyTH c(popMOBaHA MeTOJaM
process mining [11] Ha OCHOBi aHami3y XXypHay Mojiit,
1[0 MIiCTUTh YMOPSAKOBAHI y Yaci 3alUcu Mpo MOCIiT0B-
HiCTb BUKOHAHHS Jiil Gi3HEeC-mpolecy.

IlopiBHSIHHST MOAeeil 1a€ MOXJIMBICTh BUSIBUTUA He-
SIBHI 3HaHHS, 110 BigoOpaXkalTb pillleHHSI BUKOHABIIIB
mnpoliecy, Ta He BpaxoBaHi B LinboBiii moaesni BII. Ilpu
ynockoHajeHHi Mogaeni BIT BpaxoByroTbesl 1i HesIBHi
3HAHHS, OCKIIbKM OCTaHHI BigoOpaxaloTh IpaKTUYHi
NMPUAOMU Ta HABUYKM, IO BiAMOBiAAIOTH KOPHOPATUB-
Hill KyJbTYpi NiANPUEMCTBA i MOXYTh CIIPOLILYBATH iMII-
JIeMeHTallito Oi3Hec-Ipollecy AJIsi BAUKOHABIIIB.

3. MeTtoa no0yoB4 NpOTOTHIY Oi3HEC-TIpoLIECY
3 BUKOPUCTAHHSAM TEMIOPAIbHAX 3HAHD
MPY BIPOBAKEHHI MPOLECHOTO YNPABJIiHHS

3anporoHOBaHUI METO/I aBTOMAaTMU30BaHOI MOOYI0BU
MPOIIECHOI MOJIeJli OPiEHTOBAHWII Ha BUPpILIEHHS 3amadi
BITPOBAJI)KEHHST TTPOLIECHOTO yIpaBJIiHHSI Ha OCHOBI MO-
PiBHSIHHS 3HaHb y alipiopHO 3aJaHiil Mojei 0i3Hec-TIpo-
liecy Ta OTpMMAaHiii Ha OCHOBi aHaJi3y >XypHasly MOMIii
MoJesli 6i3Hec-TIpoLiecy.

J7st oOrpyHTYBaHHSI METOLY PO3IJISTHEMO BepOabHY
ITOCTAHOBKY KOMITJICKCHOI 3amadi BIIPOBAaIKCHHSI IIPO-
LIECHOTO YIpaBJiHHS 3 BUpIilIEHHSIM 3agad MoOymaoBU
MPOLIECHUX MOZEJIC Ta BUIYYCHHS 3HAHb IJIST YIOCKO-
HaJIeHHsI 0i3HeC-MpoLIeCiB.

BxigHumu maHuMu 11 oOyI0BU TIPOLIECHOI MoAei
€ iHdopmMalris mpo pakKTUIHO BUKOHAHI Oi3HEC-TIpoIIecH,
sKa BigoOpaxkae sIBHI Ta HESIBHI 3HAHHS IMPO JOMYCTUMI
MOCTIIOBHOCTI POOIT ST BCiX peasi3oBaHUX E€K3eMILIs-
piB Oi3Hec-Tipouecy. Ilim ek3eMmisipoM Gi3Hec-mpolecy
OyaeMO PO3yMiTU BUKOHAHY Ha IMiANPUEMCTBI MOCTiI0B-
HiCTb poOIT 3rigHo 1iboBOiI Mozaeni bI1. TobTo mporec,
OINMuCcaHMWii B OHIN Moaesi, MOXe BUKOHYBAaTHUCh OaraTo-
pa3oBo, B pi3Hi nepioau yacy. KoxHa iMIijieMeHTalis Ta-
koro BIT po3riasinaeTbes SIK eK3eMILISp MPOoLIeCy.

21



Yana O.B., boratos €.0.

BxinHi naHi npencrasiieHi y popmati KypHaiy Momaii
E sxuit cKitagaeTbesi 3 MHOXUHU 3aITMCIB PO BUKOHAH -
Hsl KOXHOIO €K3eMILIApy OizHec-mpouecy FE; E :{El.}.
Koxna mocninoBHicTh E; KJIalaeThbCs i3 MO 3 MiTKaMu
qacy i, ;

E;=(e,..e r....e,; :(ViV))3t  ee, ). (1)

HasBHicTh MiTOK Yacy 1Sl ol 1a€ MOXJIMBICTb BU-
3HAYUTU 1X TEMIOPAJIbHY YIIOPSIAKOBAHICTb.

CeMaHTHKa TaKOTO TIOMI€EBOTO OITKCY IOJISITAE B TOMY,
IO KOXHAa TIOMisl XapaKTepu3ye CTaH Oi3Hec-TIpoliecy
Mmicasi BUKOHAHHSI OJHIi€l 3 Jili Yy MOCHiIOBHOCTI POOIT.
Ilonii MaloTh BAACTUBOCTI, SIKi BimOOpaXkarOThb BIACTU-
BOCTi eJIeMeHTiB Oi3Hec-TIpoliecy, 1110 Oy/Ju TMOB'A3aHi i3
BUKOHAHHSM [iii. Taki BIacTUMBOCTI, HaIpUKIad, BKJIO-
YaloTh: Ha3BY [Iil; piBeHb BaXKJIMBICTh [ii; HA3BY €JIEMEHTY
OpraHi3zauiiiHoO1 CTPYKTypH, ¢ OYJI0O BUKOHAHO [il0; BU-
KOHAaBIIA [Iii, a TAKOXK pOJIb BUKOHABIIS, CTAH BUKOHAHHS
nii Tomo. Ckjaa BIaCTUBOCTEN MOMii BUSHAYAETHCS IS
KOXXHOTO Oi3Hec-mpoiiecy. €IMHOI0 CMiIbHOIO BIACTU-
BICTIO, SIKa BUKOPUCTOBYETBLCS JJISI OMMUCY BCiX Oi3Hec-
MpOLIECiB B XKypHalaX MOAiii, € MiTKa 4Jacy.

Crig 3a3HauYdTH, IO HA ITOYATKy BIIPOBAIKCHHS
MPOLIECHOTO YIPaBJIiHHS Ha MiANPUEMCTBI Oi3HEC-Mpo-
liecu 3a3Buyaii € HehopmanizoBaHUMU. BoHu 6a3yloThbest
Ha yCTaJIeHUX B paMKaX KOPIOPaTUBHOI KYJIbTYPHU MOCITi-
JIOBHOCTSIX pOOIT 3 BUPOOHMITBA TMPOAYKIIl Ta TTOCIYT,
a TaKOX yCTaJIeHUX IpaBUJIaX B3aEMOJIl MiX CHiBpOOiT-
HuKaMH. Taki Ipoliecu 3a3BMYail BUKOHYIOTHCS JIWIIIE
Ha OCHOBi MEpCOHaJbHUX 3HAHb BUKOHABIIIB MPOILIECY.
3a3HaueHi OCOOJMBOCTI TMPOLIECHOTO OIUCY € Xapak-
TepHUMU IS HAWHMXKYOTO, TEPIIOro piBHS IMPOLIECHOT
3pinocTi. g gaHOTO PiBHS 3piNoOCTi, YIMOPSAKOBAaHICTh
MO B paMKaX OIHOTO €K3eMILISIpY Oi3Hec-TIpoliecy 3a-
3BMYAii He 3aJ1a€ThCS 1 KYpHaI MOAi MiCTUTb IO/l 3 pi3-
HUX €K3eMIUISIPiB pi3HUX Oi3HEC-MPOLIECiB:

E={e,;:(Vivj)3t,; e, }. )

BupimenHs 3amaya BWJIydeHHSI 3HAHb JJIST YIOCKO-
HaJIeHHS MoJesieil Oi3Hec-TpoleciB aBTOMAaTU30BaHUM
CIocoOOM TMOJISITa€ Yy BCTAHOBJIEHHI 3aJIeXXKHOCTI B 4Yaci
MDX [NOBUIBHUMH MONISIMU € ; Ta e, Ui KOXHOrO
eK3eMILIApy OizHec-mporecy. [IpuumHM Takoro mimxo-
Iy TIOJISATAIOTh B TOMY, IO TeMIlopajibHa iH(opMailis €
000B’SI3KOBOIO 7151 OMUCY TOAIM B XypHaJi, a iHhopma-
11isl TIPO MPUYMHU BUKOHAHHSI 3alMcaHOl MOCIiTOBHOC-
Ti moaiit 3a3BUYail He Moxke OyTH BUJIydeHa i3 XKypHauy.
HeMoX/IuBiCTb BCTaHOBJIEHHSI TPUYMH BUKOHAHHS Oilt
i3 3aMuciB XypHaJly € HaCIiIKOM TOTO, 110 KOXHa TOMdis
MiCTUTB JIUIIIE 3aMKC PO MOTOYHI 3HAYEHHSI BJIACTUBOC-
Teil. BaactuBocTi, gKi Oynu NMpUYUMHAMU U1 BUKOHAH-
HS BiTIOBiHOI Ail, OKPEMO B XXYpHaJli HE BUILISIOTHCS.
[Ipore cnim 3a3HaYUTH, 11O TEMIIOpPaIbHi 3aJIEKHOCTI
MiX MOAisSIMU KypHaJy € BinoOpakeHHSIM MPUUUMHHO-Ha-
CIIIIKOBUX 3B'SI3KiB MiX BiIMOBIIHUMU IisIMU IPOILIECY,
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OCKiIbKM 3adikKcoBaHa B XXypHasli MOCHiIAOBHICTb POOIT
Oi3Hec-IpolLeCcy BU3HAYAETHCS 3HAHHSIM IIPO Kay3asbHi
3aJIEXKHOCTI MiXK JisIMM 3 OTpUMaHHS (iHAJIbHOIO MpPO-
IIYKTY 200 TTOCITYTH.

TemriopaibHa yIOPSAKOBAHICTh TOAIA B KypHai
BimoOpaxae K sSIBHI MPUYMHHO-HACTIAKOBI 3ajeXHOC-
Ti, sIKi OyJIM BpaxoBaHi B anpiopHo 3agaHiii momeini BII,
TakK i HesIBHi 3a/IeXKHOCTI, sIKi BimoOpaxkaroTh MepcoHab-
Hi 3HAHHS BUKOHABIIiB. BUSBICHHS IIUX TeMITOPAIBHUX
3HaHb JIa€ MOXJIMBICTb 3HAUTH HETOYHOCTI Ta HEBIAMNO-
BiIHOCTI B iCHYIOUilt MoeJli Oi3HeC-TIpoLIeCy.

TakuM YMHOM, TTOPIiBHSIHHS SIBHUX Ta HESIBHUX 3HAHb
Ha OCHOBI BUIICHUX TEMITOPaIbHUX 3aJI€XKHOCTEU CTBO-
plo€ yMOBU ISl MOOYIOBU YAOCKOHAJIEHOI Monesi 0i3-
Hec-TIpolLIeCcy 3 ypaxyBaHHSIM pO30iXKHOCTEN MixX SBHUMU
Ta HESIBHUMU 3HAHHSIMU.

ToOTO HEOOXiAHO 3HAUTU HAOIP TEeMIOPATIbHUX 3HAHB
{ f”{}, 10 3B’SI3YIOTh j—Ti Ta m—TIONii B €IWHY IIO-
CJIiIOBHICTb, Bil MOYaTKy i JO 3aBeplIeHHS BUKOHAHHS
OizHec-mpoliecy. BunydyeHHs1 BKazaHUX 3aie’KHOCTEM
A€ MOXJIMBICTb TIEPEWUTU BiJl HEYMOPSIKOBAHOI MHO-
KMHU TIOMiN, SKa MICTUTh NOMil 3 AEKUJIBKOX €K3eMII-
JIpiB  Oi3Hec-MpoLecy, 10 MHOXWHU YHOPSAKOBAHUX
MOCTiIOBHOCTE ! MO AJIsT KOKHOTO eK3eMILISIpY Oi3Hec-
MpoLIeCy.

VY Bunagky, SIKIo XypHaJl MOAilA MiCTUTh YITOPSIIKO-
BaHi MOCIIAOBHOCTI MIsI KOXHOTo ek3emIuisipy BII, To
3amaya BUJIYYCHHSI 3HAHb IIOJIATA€ Y BUSBJICHHI TaKUX
3AJICKHOCTEN ,’”{ MLX MOZisSIMH e; ; Ta e; , 110 Oy/u Biz-
CYTHi B anpiopHO 3aJaHiii MPOLECHil MofelTi.

KoxHa moxist e, ; 3ana€TbCsi MHOXHMHOIO 3HA4YCHb
3MiHHUX vf, ;- U MHOXHWHA 3HaYeHb MOXe OyTu Tipen-
CTaBJIeHa BEKTOPOM V ;, IPUYOMY [OYATKOBUM €JIEMEH-
TOM v,.(’(_)f) JTAHOTO BEKTOPY € MiTKa 4acy, TOOTO:

e ; Ef] vf,g) =t ;. 3)

5

MoOXIuBICTh HaBEJAEHOTO BEKTOPHOTO OIMUCY TMOMiil
KypHaJTy OOIPYHTOBYETHCS TUM (PaKTOM, IO KOXKEH 3a-
MUC B XypHaJli moAilt MicTUTh iH(popMallilo Mpo 3HAYEH-
HSI OMHMX i TUX XK€ 3MiHHUX, 1110 BiToOpaxkaioTh BIACTU-
Bocrti noxii. Lli BracTMBOCTI 3amucaHi y OOHOMY i TOMY
X MOPSIIKY JUIsT KOXHOI Mmofii. Tomy iHIEKC eleMeHTa y
BEKTOpi 17” OIHO3HAYHO BM3HAYA€E KOHKPETHY BIIACTH-
BiCTh TTOmii.

BignmosinHo 1o (1) — (3), TemmopanabHi 3a71eXHOCTI
f,’”j MIX TOAISIMM e, ; Ta €, MiX BU3HAYalOTh MOCIi-
JIOBHICTb MEPEXOdiB MiX poboTamu Oi3Hec-mpolecy 3
ypaxyBaHHSIM $IK JIiil, 110 Oe3rocepeIHbO CIiIyI0Th OJHA
3a OJIHOIO, TaK i Milf, MiXK SIKUMU BUKOHYIOTbCSI iHIIII Mii.

JIIsT KOXKHOTO eK3eMILISIpy Mpolecy Li Momii 3amu-
CYIOTbCSl TOCHiTOBHO. OaHAK MOPIBHSIHHSI LIMX 3ajiex-
HOCTe IS IeKIJIbKOX eK3eMILISIPiB Oi3HEeC-TIpoliecy 1a€e
MOXJIMBICTb BCTAHOBMTH TIOCJIiIOBHE, MapajeibHe abo
aJbTepHaTUBHE BUKOHaHHS Aiii bI1. Bka3aHi BimMiHHOCTI

BUKOHaHHA BU3HAYalOTbCA TEMITIOpaJIbHUMMU ITpaBUIaMU
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”{ , IKi TOEHYIOTh 3aJIEXKHOCTI fl' ,,{ i3 3aMucCiB Mpo pea-
Jli3alilo AeKiIbKOX eK3eMILISIPiB Oi3HEeC-Tpoliecy.

Takum 4yMHOM, 3agaya BUJIYYeHHS 3HaHb 11010 BIT
IIOJIATAE Y 3HAXOKEHHI TeMITOPATbHUX TIPABUI f,,{ , 110
BinmoOpakaroThb 3HaHHS PO MOXJIMBI MOCTiITOBHOCTI BU-
KOHaHHS po0iT GiZHeC-mpoLecy.

3agaya moOynoBU Mofeneil 6i3Hec-MpolieciB mepei-
0avyae BUKOHAHHS TaKUX KPOKIiB:

— To0ynoBa y3araJbHEHOTO IIPOILIECHOTO OIUCY Ii-
SUTBHOCTI MiANPUEMCTBA;

— noOyaoBa MoJiesieli OKpeMUX 0i3HeC-MpoLEeCiB;

— BCTaHOBJIEHHS 3B’S13KiB MixX Oi3Hec-TIpoliecaMu.

Ha nepuioMmy Kpolli BUpillleHHSI JaHOI 3ajadi eKc-
nepraMy B IIpeIMETHI 00JIacTi BUAISIIOTBCS OCHOBHI Ta
JTOTIOMIiXXHi TPOLIECH, a TAKOXK Oi3HEC-MPOLIECU PO3BUTKY
Ta ynpaBiiHHs. [ToTiM 11i 6i3Hec-mpolecu BU3HAYal0ThCs
Ha pi3HUX piBHSX JeTajli3allii, 3a3BuyYaii 3 ypaxyBaHHSIM
MOTOYHOI OpraHi3aliiiHOI CTPYKTYypH MiAIIPUEMCTBA.

Ha apyromy Kpolii BUBHa4arOThCS KIIOUOBi €1eMEeHTH
MPOLECHOI MOJIEeJIi:

— poboTu (aii) 6i3Hec-mpoliecy;

— TIOTiK poOIT, IKUi (aKTUUHO TIpeACTaBIsIE COOOIO
aJlropuT™ BukoHaHHs BII;

— 00'eKTH, 3 SKUMU OTIepye Oi3HEeC-TIPOoIIeC; 10 TAKUX
00'eXTIB 3a3BUYAil BiTHOCITh KOMIUIEKTYIOUi, BY3JI1, Ma-
Tepiasu, oOJagHAHHS, a TaKOX eJIeMEHTU opraHizalliii-
HO1 CTPYKTYpU Ta BUKOHABII.

— BJIACHUK TIPOIIECY, SKNI KEPYE PO3IMOMIJIOM pecyp-
ciB miis BIT, a TakoxX MOBHOBaXk€HHS BJIACHUKA;

— Bxoau Ta Buxoau BII, a Takox BimmosigHi mocra-
YaJbHUKU Ta KJEHTH;

— 3HaHHS II0J0 YMOB Ta OOMEXeHb Ha BUKOHAHHS
Oi3Hec-mpoliecy, sIKi 3a3BUYail TpeacTaBiIsIioThes Y hop-
Mi Gi3Hec-mpaBuI.

Ha tpetboMy Kpolli BUpillIeHHS AaHO1 3a1a4i 3B'sI3KU
MiX MpolecaMu 3a3BUUail BCTAHOBJIOIOThCS Yepe3 CITiib-
HUX TTOCTavyaJIbHUKIB/KJIi€HTIB. Ha maHomy erarti Bpaxo-
BYETBCS, 1110 Oi3HEC-TIPOLIECH MOXYTh OyTU 30BHIillIHIMU
Ta BHYTpilIHIMU (B Mexax opradizailii). B apyromy Bu-
MajKy 3B'sI3KM MiX TIpOliecaMyi BCTaHOBIIOIOThCS 3 ypa-
XYBaHHSIM OOMeKeHb, 110 HaKJIaJaloThCsl OpraHizalliii-
HOIO CTPYKTYPOIO TiANPUEMCTBA.

3 ypaxyBaHHSIM HaBEeICHNX CTPYKTYPHUX XapaKTePHC-
TUK Gi3Hec-mpoliecy, pu nepitiil modynosi moneni BIT
CMOYaTKy BUIIMSIOThCS Oi3HEC-TIpaBUia, 110 OOYMOB-
JIIOIOTh TMTPUYMHHO-HACTIIKOBI 3B'I3KM MiX HisIMU TPO-
mmecy, podoru (mii) mpoiiecy Ta 00'€KTH, 3 SKUMHM IIi il
onepyroThb. TakKoxX 3a1a€TbCs PO3MOILT BiAMOBINAIbLHOCTI
IIJIST BTaCHWKA Ta BMKOHABIIIB TIpollecy. B momambmiomy
BU3HAYAETHCS TOTIK poOiT. Ilpu BU3HAYEHHI MOCTiIOB-
HOCTi po0iT BpaXOBYIOThCSI YMOBM Ta OOMEXEHHSI, sIKi 3a-
naroTbes Oi3Hec-mpaBmiamMu. OcKinbKy Oi3Hec-IpaBuUiIa
He 3aBXINM BPaXOBYIOTh HESIBHi 3HaHHS BUKOHABIIiB, TO
MMPOBOIUTHCS YTOUHEHHST MOJIENi 3 BUSBJICHHSIM TEMIIO-
pajlbHUX 3HaHb Ha OCHOBIi aHaJi3y JOTiB (hopMarizoBa-
HUX i HepopmasizoBaHUX Oi3HEC-ITPOLIECiB.

IIpu yrouHeHi Momesi Oi3Hec-mpolecy 3 BUKOPHUC-
TaHHS OTPUMAHMX B Pe3yJbTaTi BUKOHAHHS 3a1avi BU-
JIy4eHHS 3HaHb TEMITOPAJIIBHUX ITPABWII 1Ii TEMITOpaIbHi
MpaBWIa MOPIBHIOIOTLCS 3 Oi3Hec-TpaBUJIaMU Ta Bifgo-
MUMU OOMEXEHHSIMU, 3aKJIaJlecHUMHU Y MOTOLi poliT. 3a
pe3yabraTaMM TOPiBHSIHHS BUKOHYETHCS YTOYHEHHS MO-
JeJi 0izHec-mpouecy abo X Aili BUKOHaBILiB. Jlil BUKO-
HaBLIiB PerjlaMeHTYIOThCS B paMKaX MOCiZOBHOCTI poOiT
ab0 okpeMux poOiT Oi3HeC-TIpoLIeCy.

PosrasiHyTi 0cOOMMBOCTI 3ama4 BIIPOBAIXKEHHS ITPO-
LIECHOTO yMpaBJliHHSI OOYMOBJIIOIOTH HACTYITHI eTamnu
METOJIy aBTOMAaTU30BaHOI MOOYIOBU IMPOTOTUITY Oi3Hec-
TPOIIECY 3 BUKOPUCTAHHSIM TEMITOPAJIBHUX 3HAHb.

®aza 1. BunyyeHHs1 TeMopaJbHUX 3HaHb.

Etan 1. ®opmyBaHHSI TeMIIOpAIbHUX 3aJIEXKHOCTEM
S5 11010 TIOCHITOBHOCTE! BUKOHAHHSI OKPEMMX K-
3eMILISIPiB Gi3HEC-MpOLECY.

Ha naHomy ertarii BCTaHOBJIIOIOTHCSI TeMIOpPaJIbHi 3a-
JIEXXHOCTI MiX TapaMu Tofiil xxypHany. s moOyaosu
3aJIEXKHOCTE BUKOPUCTOBYIOTBCS MIiTKH, 1110 MICTSITh a0-
COJIIOTHE 3HAYEHHS Yacy. 3aJeXXHOCTI BUKOPUCTOBYIOTh
BiIHOCHE 3HAUCHHS Yacy (TOOTO TeMITOpaJbHY YITOPSI-
KOBaHICTb).

J11s1 >KypHaly Ha nepiioMy PiBHI MPOLIECHOI 3piJIOCTi
HaJIeXHICTh MOAil 10 OJHOrO i TOro X Oi3Hec-Mpolecy
BCTAHOBJIIOETHCS 3a CIUJIbHUM MEpelikoM aTpuOyTiB Mo-
TN

Eram 2. ®opmyBaHHS TEMITOPAIbHUX TTPABUII f,,{ Ha
OCHOBI 00'e1HaHHSI 3aseXHOCTe [} .

Ha maHomy eTani ogHaKOBIi 3a71€3KHOCTI 3 Pi3HUX €K-
3eMILISIPiB Oi3HEC-TpoLecy 00’ €IHYIOThCS Y TEMIOPasib-
He MpaBUjIo0. 3aJIeXKHOCTI BBaXKAIOThCSI €KBIBAJICHTHUMU,
SIKIIIO BOHU XapaKTePU3YIOThCS OTHAKOBUMHU BEKTOpaMU
aTpuOyTiB 17, Iz

Eram 3. ®opmyBaHHS MiIMHOXUH F =) F MpaBUII

,,{ , 1110 0OYMOBJIIOIOTH BiIMOBiAHO TOCJIiIOBHE Ta IMapa-
JenbHe (ab0 albTepHaTHBHE) BUKOHAHHS poOIT Oi3Hec-
IIpOIIECY.

Ha nmanomy erami BUKOPUCTOBYIOThCSI MIiTKM abCoO-
JIIOTHOTO Yacy /; ; , 10 1€ MOXKJIMBICTb MOPIBHSITH Y Yaci
peanizawiio mpaBua f) y pi3HUX ek3eMIULipax Gi3Hec-
Ipoliecy. Y BUIAOKY, SKIIO ITapa MPaBulI f,,{ Ta fgk BU-
KOHYBAJIUCh Yy Pi3HOMY MOPSIAKY B PI3HUX €K3eMILISIpax
BIl, To BOHM BimHOCSITbCS OO TMiAMHOXWUHU F (5 napa-
JIEIbHUX MpaBuj. B iHIIOMy BUMNaAKy, SIKIIO IS BCiX Bi-
noMux exk3eMIuisipiB bI1 npaBuia BUKOHYBAJIUCH B OHIl
MOCJiAOBHOCTI, TO 11i TpaBUJia HalIeXaTb 10 F =),

®a3za 2. [TodbymoBa Mozei Oi3HeC-IIpOoLIecy.

Etan 4. YTouHeHHs XXypHay Iofiii 6i3Hec-Tpoliecy 3
ypaxyBaHHSIM TeMIIOPAJTbHUX IIPaBUIL.

Ha paHoMy ertami BUKOHYEThCSI (popMyBaHHS abo
YTOYHEHHS MOCJiIOBHOCTI MOAIN B XypHaIi.

Ha nepiiomMy piBHI MpOLECHOI 3piJIoCTi BUKOHYETh-
cs (opMyBaHHS MHOXWHU MOCIiJOBHOCTEU TMOMii s
BimoMuX eK3eMIUIApiB 0Oi3Hec-mpoiuecy. B pesynbrari
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i3 XKypHaiy Buny (2) dopmyeTbes xXypHai Buny (1), 1o
MICTUTb yITOPAAKOBAHI MOC/iJOBHOCTI nofiil E, .

Ha Buiux piBHSIX MPOLIECHOI 3piIOCTi B yTOYHEHOMY
KypHaJli MOXe OyTM BUAINIEHO MiAMHOXWHY MOCTiI0B-
HOCTEM MOMiii, IKa MiCTUTh HETUIOBI (BiICYTHI B LiTbO-
Biil MofeJTi) TeMITOpasIbHi 3aJIEXKHOCTI.

Etan 5. ®opmyBanHg Mopmeli Oi3Hec-TIpoliecy, IO
BUKOHYETBCS, MCTOJAMM Process mining.

Ha nanomy erami Ha OCHOBI aHasli3y XypHaly MOMAii
CTBOPIOEThCA Tpad MOCHiIIOBHOCTEH POOIT, IO MIiCTUTh
IMIUIEMEHTOBaHI y BUKOHAHUX €K3eMIUisipax Oi3Hec-
Mpoliecy TeMIopaiabHi MpaBua.

PesynbratoM MeTomy € MPOTOTHMIT Oi3HEC-TIPOIIECY,
IO CKJIAJAEThCA i3 rpady MOTOKIB POOIT Ta TeMIIOpaIb-
HUX MOpaBuiI, SIKi BiZoOpaxkaloTb YMOBM Ta OOMEXEHHSI
Ha BUKOHaHH4 Aiil BI1, mo ¢gaktuyHo Oynu peaizoBaHi
npu 6araTopazoBOMy BUKOHAHHi Oi3HeC-Mpoliecy.

OTpuMaHa MOJeIb PO3MISINAETHCS K MPOTOTHUIT 3 Ti€l
MPUYMHMU, 1110 BOHA HE MICTUTh (PopMasi3oBaHUX YMOB BH-
0OOpy Ti€l YU iHIIOT MOCTiAOBHOCTI po0iT. 151 BUBHAYEHHS
TaKMX Kay3aJIbHUX TPaBUI MOTPIOHO JOMOBHUTH TEMIIO-
pasibHI MpaBwiIa iH(GOPMAIIIEIO TIPO Ti 3HAYSHHST 3MiHHUX
v[(,lj,) , SIKi Oy/11 yMOBaMU BUOOPY BiIMIOBIIHUX MiiA.

PosrisiHemo npuxiiaa iMmaeMeHTallii 3alporoHOBa-
HOTO METOY.

BxinHi paHi MeTomy MICTATh XypHasd, KOXXHa TOis
SIKOTO BU3HAYAETHCS TAKUMM KJIIOUOBUMU aTpUOyTaMMU:
KpaiHa; opraHizalisi; BMUKOHaBellb, pOJib BUKOHABLSI;
Nist TIpoliecy; CTYMiHb BaxauBocTi ail s BIT; mponykT,
110 BUMYCKA€e Oi3HeC-Ipoliec; MOTOYHMI CTaH ii; MiTKa
qacy.

KypHan mictuthb iHOpMaLil0O TPO BUKOHAHHS TTPO-
LIECiB CEpBICHOTO 0OCIYyTOBYBaHHS MiXXHAPOIHOI KOMIIa-
Hil.

ITpuknan onucy nmoii B XXypHasli HaBeJEHO Ha puc. 2.

<event>
<string key="org:group" value="V30"/>
<string key="resource country" value="France'/>
<string key="organization country” value="fr"y/>
<string key="org:resource" value="Anne Claire'/>
<string key="organization involved" value="0rg line A2"/>
<string key="org:role" value="A2 4"/>
<string key="concept:name" value="Queued'/>
<string key="impact" value="Medium"/>
<string key="product" value="PRODS5§2"/>
<string key='"lifecycle:transition" value="Awaiting

Assignment'"/>
<date key="time:timestamp" value="2010-04-
06T16:45:07+02:00"/>
</event>

Puc. 2. IIpuknax onucy noxuii y KypHaJi

BxinHi qaHi € mpolieCHO-OpiEHTOBAHUMM i BilMoBina-
JOTb PiBHIO 2 3piJIOCTi MPOLIECHOTO YIPAaBIiHHS.
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Ha dazsi 1, npu BukoHaHi etany 1 Metony GopmMyoTh-
Csl TeMITOpaJIbHI 3aJIEXXHOCTI Buay (4) Ha OOHINA MOCIHTi-
JTOBHOCTI MOJili 3 ypaxyBaHHSIM aOCOJIOTHOTO 3HAYEHHS
yacy:
<event"2010—04—06T16:45:O7+02:00"> - 4
(event"2010—04-08T12:52:23+02:00")

IIpu peanizauii etamny 2 ¢GopMyIOTbCs 3HaHHA Y (pop-
Mi TeMITOpaJIbHUX TIpaBIII BUAY (5).

(event2741) — (event2749). 5)

Lli mpaBuia 3agal0Th MOPSIOK Y Yaci AJ1s Modilt 3 yHi-
KanpHuUMU id =2741 Ta id =2749 . Ha BinMiHy Bin (4),
BUKOPUCTOBYEThLCS BiIHOCHUI MOPSIAOK Momiii. BkazaHi
ineHTUGIiKaTopy BM3HAUYAIOTh MO0 HE3aleXHO Bil
KOHKPETHOI nociinoBHocTi £, . Bei BapiaHTu Takoi nopii
Ha PI3HUX IOCIIIOBHOCTAX £, MaloTb OIHAKOBUI HAOIp
3Ha4YeHb aTpHOYTIB (puc. 2).

PesynbraTom etamy 3 €:

— MHOXWHA 3 TpaBwI BUAy (5), SKi BUKOHYIOTHCS
JIAIIIE TTOCTiIOBHO;

— MHOXWHA 3 MiAMHOXWH TpaBuI (5), sIKi BUKOHY-
IOThCS JIMIIE TTapayieIbHO.

Ipuxian eneMeHTy MHOXMWHU mMapajieabHux (ado
aJIbTepHATUBHUX) MpaBUJ Ma€ BUIJISIT, (6).

(event2741) — (event2749),

(event2741) — (event2751) ©

3rizHo (6), micast moxii (evens2741) s YacTHHA eK-
zeMuisipiB BIT BinmOyBasach mofist <event2749> , a s
iHIIOT YaCTUHU — TMOIist <event2751>. Taka mapa nmpaBui
CBiIUUTH TPO MOXJIMBICTh pPO3IapajieloBaHHS pOOiT,
abo X Mpo cuTyallilo BUOOPY OIHI€T i3 MOXJIMBUX IMO-
JaJIbIIMX TTOCTiZOBHOCTEN POOIT.

B nopanbiomy npaBmiio (6) Moxe OyTM BUKOpPHCTa-
HO aHAJIiTUKOM TIpY MOPiBHAHHI (paKTUUHOI i anmpiopHOi
mozaeni BIT. ToOTo sKIo y anpiopHO 3amaHiii Moaesi 0i3-
Hec-MIpolecy OJHa i3 aJbTepHaTUB BiACYTHS, TO 1€ CBI-
YUTH TIPO 3aCTOCYBAHHS MEPCOHATLHUX 3HAHb BUKOHAB-
1IiB MpU peajti3alii Oi3Hec-TpoLecy.

Ha ¢aszi 2, y BianoBigHOCTI 10 3a1a4 yI0CKOHAJEHHS
BI1, B cknazi Jiory 3aiuiuarTbcsl, HapUKIaI,
JIOBHOCTI po0iT, sKi MicTTh Habopu mpaBui (6).

Ha erani 5 ¢opmyeTbest rpad Mozdeni mpolecy 3 BU-
KOPUCTaHHSM BiIOMUX METOMIB process mining [12].

IMopiBHgHHS Bar ayr rpady i3 npasuiaamMu Bupy (6)
JTa€ MOXJIMBICTb BCTAHOBUTHU TUIl BiIHOIIEHDb [UISI Mapu
MpaBUJI: aJIbTepHaTHBa a00 po3IapajeroBaHHS.

Takum yHOM, OTpUMaHi B pe3yJibTaTi BAKOPUCTAHHS
JMTAaHOTO METOMy TEeMIIOpallbHi TIpaBWIa JAIOTh MOXJIIH-
BiCTh BUSIBUTU MOCJIiTOBHOCTI dili, SIKi BUHUKJIM BHACIi-
IIOK 3aCTOCYBaHHS IIePCOHAJBHUX 3HaHb BUKOHABIIIB Ta
B ITOJATBIIIOMY BpaxXyBaTH IIi 3BaHHS TIPU YIOCKOHAJICHHI
MPOLIECHOI MOAEJT.

TTOCITi-
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BucHoBkn

BukoHaHO CTpykTypM3alilo 3agay MPOLECHOIo
yIOpaBJliHHSI 3 ypaxyBaHHSIM HEOOXiZHOCTi MOCTiHOIO
YIOCKOHAJIEHHsI Oi3HeC-TIpoleciB Mpy MiABUILEHHI PiB-
H$I IpoLecHOi 3pinocTi. [1pouecHe ynpasiiHHS nependa-
yae BUpILLIEHHS 3aja4 yIpaBliHHs Oi3Hec-mpoliecamu Ta
BITPOBAJI)KEHHST MPOLIECHOTO IMiIXOAy Ha MiAMPUEMCTBI.
ABToOMaTM3allisl 3aJa4i BIPOBAJKEHHSI MTPOLIECHOIO ITil-
XoOy Tmependavyae aHali3 XypHaliB MoAiil Gi3Hec-mpo-
Liecy Ta BUSIBJIEHHSI 3HaHb MPO TEMITOpPaJbHY YIOPSIAKO-
BaHICTh il Mpollecy y yaci, 1o notpedye ¢GopMyBaHHS
TEMITOPAJIbHUX 3HAHb.

3aIpoItoHOBaHO METOH ITOOYIOBM Momesli Oi3Hec-
npolecy, 1o (HaKTUIHO BUKOHYEThCS HA MiANPUEMCTBI,
3 BUKOPHCTAHHSM TEeMITIOpaJbHUX 3HAHb. MeTO MiCTUTh
eTarnu (popMyBaHHS TEMITOPAJIbHUX ITPaBUJI ,II0 BU3HAYA-
I0Tb TIOCJIiIOBHICTb [iii TIpoLiecy, BUAIEHHS MiAMHOXWH
MpaBUJI TTOCiIAOBHOTO Ta MapajelbHOro BUKOHAHHS i,
a TakoxX (opmyBaHHS rpady MoOTOKiB poOiT Oi3HeC-TIpo-
ecy. B npakTuuyHOMY IJ1aHi METOJ CTBOPIOE YMOBU JUIsI
MOCTIHHOTO YAOCKOHAJEHHS TMPOLIECHUX MOJEE ILIsI-
XOM BUSIBJIEHHSI TA BUKOPUCTAHHSI HESIBHUX 3HAHb BUKO-
HaBIIiB, SIKi BimjoOpaxkeHi y TeMIopalbHUX MpaBUJIax.
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AHANI3 CKJTIAAHOCTI TA NOBYAOBA KOHLUENTYAJIbHUX TPADIB
MACOBUX BIAKPUTUX OHJIANH-KYPCIB

JlocnigkeHo mpodJieMy IepcoHaai3oBaHOTO HaBYaHHSI, 1110 3AiCHIOETHCS B MACOBUX BiIKPUTUX OHJIAH-Kypcax
(MBOK). 3anponoHoBaHO MiJxi/ 10 TUIaHYBaHHSI CLIEHAPit0 OHJIaliH-HaBYAHHSI Ta MOOYI0BU TEXHOJIOTi1 aBTOMAaTUYHOT
reHepallii mepcoHali30BaHUX LUISIXiB HaBYaHHS. Ha BiiMiHY Biz1 cTpaterii py4HOTro O1liHIOBaHHSI CKJIaJTHOCTi HAaBYaHHS,
Lel Miaxia 103BOJIsSIE aBTOMAaTUYHO OOUYMCIIIOBATU 3arajibHy CyMy 0ajliB 3HaHb Ha OCHOBI MOJIEJTi CKJIaJHOCTI Ta KOH-
LIeTITyaJIbHOTO rpady OHIaliH-HaBYaHHs. PO3MIISTHYTO 0COOJMBOCTI peatizallii 3ampornoHoBaHoro miaxony mist MBOK
3 BUKOPUCTaHHSIM HaBuyaibHOI ruiatpopmu Open Edx 3a pe3ynbsraTamu OLIiHIOBAHHS CTAHY HAaBYAHHSI CTYICHTIB Y PEXUMI
peasibHOTO yacy. HaBeneHo nmpukiiaay nmodyn1oBy Mojiesli CKJIQIHOCTI Ta KOHIENTYalbHOTO rpady OHJIaliH-HaBYaHHS
1151 pecypciB Kypey «LLTyuynuit inTenekT>. OTpuMaHi pe3yabTaTi CIPUSTUMYTh peaizallii IepcoHali30BaHOrO I1a-
HyBaHHSI CLIeHapiiB HaBYaHHS cTyaeHTiB 111 MBOK Ha OCHOBi CBO€UACHOI 1iarHOCTUKM CTaHY YCIIIITHOCTI HAaBYaHHS.

MOJEJb CKJITIAJHOCTI HABYAHHS, KOHLIETITYAJIbHUN I'PA®, HABYAJIbHA ITJIAT®OPMA OPEN
EDX, IIJIAHYBAHHS CUEHAPITIB HABUAHHS, JIATHOCTUKA CTAHY YCIILIHOCTI

V.I Zherebkin, S.G. Udovenko, L.E. Chala, O.E. Hrynova. Complexity analysis and construction of conceptual graphs
of mass open online courses. The problem of personalized training carried out in mass open online courses (MOOC) was
studied. An approach to online learning scenario planning and construction of technology for automatic generation of
personalized learning paths is proposed. In contrast to the manual learning difficulty assessment strategy, this approach
automatically calculates a total knowledge score based on the difficulty model and online learning conceptual graph.
The specifics of the implementation of the proposed approach for vocational education and training using the Open Edx
educational platform based on the results of real-time assessment of students' learning status were considered. Examples
of building a complexity model and a conceptual graph of online learning for the resources of the course "Artificial In-
telligence" are given. The obtained results will contribute to the implementation of personalized planning of students'
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learning scenarios for MVOK based on timely diagnosis of the state of educational success.
LEARNING COMPLEXITY MODEL, CONCEPTUAL GRAPH, OPEN EDX LEARNING PLATFORM,
LEARNING SCENARIO PLANNING, SUCCESS STATUS DIAGNOSTICS

Beryn

B HamioHajqbHUX MPIiOPUTETAX CYCIIIBHOIO PO3BUTKY
YKpainu BinOyBaloTbCsl 3MiHM, 110 OOYMOBJIEHI ii mepe-
XOJIOM JI0 €BPONENCHKOro OCBITHBOTO mpocTopy. e mpu-
3BOIUTHL IO 3POCTAaHHS YCKJIaTHEHHSI YMOB (DYHKIIIOHY-
BaHHSI HaBYAJIBHUX 3aKJaIiB Ta PO3BUTKY HOBHUX (DOpM
HaByaHHA [1].

IlepconanizoBaHe HaBYaHHS CHOPUSIE YCIIIIHOCTI
OBOJIOIIHHS 3HAHHSIMU CTYIEHTaMU BHACJTiIOK BUKOPHC-
TaHHS CcelialbHO Mii0paHUX HaBYAJIbHUX KapKaciB, 1110
MIPOIIOHYIOThCSI B MAaCOBHUX BIiIKPUTUX OHJIAMH-Kypcax
(MBOK). MBOK, sxi HaOyBaloTb TMOIYJSPHICTb cepes
CTYJIEHTIB Yepe3 HU3bKHUI1 TOpIr peecTpallil Ta BiTbHUI
yac HaBYAHHS, TIEBHUM YMHOM IHTETPYIOTh MOKJIMBOC-
Ti couMepeX, KOJIEKIi BiIKPUTUX OCBITHIX pecypciB
Ta eKCIIepTHOI MIATPUMKHU y BiINOBITHUX Tamy3sax [2].
CTyIeHTH MaloTh CBOOOAY Ta MOXKJIMBICTh BUOMPATU aK-
TyasbHi Ta siKicHi Kypcu. OnHaK fesiki mepelKkoaum, TaKi
SIK HA3BKi TTOKa3HUKHM 3aBEepIICHHS Kypcy, HU3bKi ITOKa3-
HUKM YCHILIHOCTI Ta HU3bKa €(PEKTUBHICTb HaBYAHHS,
nepenKkomKaoTh po3BUTKy MBOK.

CyyacHi miaTdhopMM AUCTAHIIMHOTO HaBYaHHS Ia-
I0Th MOXJIMBICTb BiICT€XXYyBaTH Ta 3alMCyBaTU yci Momil
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OHJIAH-KOPUCTYBAdiB IIiI dYac Teperisamy Bimeodpar-
MEHTIB, BKJIIOYAIOYM ITOBTOPEHHS, IIIBUIKE ITEPEMOTY-
BaHHs Brepen i mponyck. Ilicaa mepernsioy Bimeo cry-
JIEHTU MaloTh BUKOHATU TECTOBY BIIPaBY 3 PO3MIiNY.

BifblIicTh CcyyacHUX CHUCTEM peKOMeHaaliil mnep-
COHAJIiI30BaHMX NUISIXiB HAaBYaHHSI 3aCTOCOBYIOTHCS IO
KOHKPETHOTO Kypcy. binbliie toro, icHytoui ruiatgopmu
MBOK He MOXYTh 3a0€3MeYMTH TMEePCOHATi30BaHi I10-
CJIIIOBHOCTI HaBYaHHSI CTYIEHTIB HaBiTh Ha IEBHOMY
kypci [3]. Takum 4MHOM, AOUIIBHUM € PO3poOKa Mif-
X0y, SIKMI CcOpusTUME peasi3allii MepcoHali30BaHOTO
IUTAaHYBaHHSI HABYAJBHOTO IIJIAXY HA OCHOBI CBOEYACHOI
IIaTHOCTUKM CTaHy HaBYaHHS CTYICHTIB Y CIICHAPisIX Ha-
BuaHHa MBOK. 3 orisiay Ha 1ie TeMa poOOTH € aKTyalb-
HOIO i Ma€ MPaKTUYHY 3HAYYIICTh.

Mertoro poboTu € MmodynoBa Monesi CKJIaaHOCTI Ta
nepcoHani3allii cuieHapiiB oHJaliH-HaBYaHHs 1js1 MBOK
Ha ocHOBi Tiatdopmu Open Edx.

BinmoBigHo 10 mocTaBieHOI METH, HEOOXiIHO BHUpi-
LLIMTYU HACTYITHI 3aBIaHHSI:

— TIOpiBHsUIbHUE aHai3 icHytounx MBOK Ta Binmo-
BiIHUX IUIaT(GOPM HaBUYAHHS;

— JOCHIIKEeHHSI 0COOJMBOCTEl TJIaHYBaHHS IepPCo-
HaJli30BaHUX CIIeHapiiB HaBUYaHHS cTyneHTiB B MBOK;
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— no0yoBa MOAEJTi CKJIAAHOCTI Ta KOHUENTYaJIbHOTO
rpacdy HaBuaHHs 111 MBOK;

— no0ya0Ba aJIropuTMy MepcoHai3allii clieHapiiB Ha-
BUaHHS cTyaeHTiB st MBOK.

1. Cyuacwi TexHosiorii Ta miardopmvu nodoynosu MBOK

¥V 2001 poui MacauyceTchbKuit TEXHOJIOTiUHUI iHCTH-
TyT (MIT) nmpucTynuB 10 CTBOPEHHS MEPILIOro BEJUKO-
ro Pemno3uTopist BiAKPUTUX OCBiTHiX pecypciB (BOP) B
pamkax npoekty OpenCourse Ware. BOP 11e po3mimeni
y BiIKpUTOMY IOCTYITi MaTepiaiu, MpU3HaYeHi st 0e3-
KOILLITOBHOTO BUKOPUCTAHHS B MpPOLECi HaBYaHHSI, aBTO-
PU SIKUX aJIM 3roAy Ha iX BiJibHE BUKOPUCTAHHS 1 MOIU-
dikanito. Moaenb BiZKpUTOI OCBITH TTOJISATAE B TOMY, 11100
BIIKPUTHU TIepen CTyIeHTaMU MaKCUMalbHi MOXJIUBOCTI
HaOyTTS 3HaHb i HABUYOK HE3aJIeXHO Bil reorpadiyHux,
COILiaJTbHO-eKOHOMIYHMX Ta iHIIMX (haKTOpiB. 3a MUHYIIL
POKM Y CBiTi 3'sIBUJIacsl BeIMKa KiJIbKiCTb QUCTAHLIIAHUX
KypciB, 3aCHOBaHUX Ha BiIKpUTOMY 3MiCTi, Ta HaBiTh BU-
HUKJIU YHIBEPCUTETU €JIEKTPOHHOTO HaBuaHHs. Y 2005
polii 3'9BUIacs ifest MBUAKOTO CTBOPEHHS €JIEKTPOHHUX
HaBYAIbHUX KYPCiB 32 paXyHOK BUKOPMCTaHHS CaliB,
MYJBTUMEIIMHUX TMpe3eHTaliid, ¢aem-TexHogorin —
chopmyBaBcd TepMiH «IIIBUIKI TeXHOJIOTIT TUCTAHILIN-
HOrO HaBYaHHSI».

YV 2008 poui Hxopmx CimeHc i CriBeH JlayHc npo-
BEJIM BIAKPUTUI TUCTaHUiMHUN Kypc « KOHHEKTUBI3M Ta
CIIOJIyYHi 3HAHHSI», IPUCBSIYEHUIA MpoOIeMaM HOBOI Te-
opii HaBYaHHS — KOHHEKTUBI3MY. /1151 TOro, o6 oxapak-
TepU3yBaTH YMCJIO TUX, XTO HABYAETHCS Ha Kypci (Oiblie
2000 cnyxauiB), JleiiB KopMm'i i bpaitan Ozxekcanmp 3a-
nponoHyBaiu TepMiH MBOK — «MacoBuii BigkpuTuii
oHynaitH-Kypc» (6o MOOC — Big aHria. Massive open
online course). Konmemtisg crBoperass MBOK nepen6a-
Yyae iHTerpaliio repesar COUMepekK, KOJEKIIil BiTKpUTHUX
OCBITHIX pecypciB Ta MiIATPUMKU €KCIEPTiB y BiAIMOBiI-
Hiit ranysi [4]. B abpesiatypi MBOK «macoBuii» o3Ha-
Yya€e KiJIbKICTh YYaCHUKIB KYypCiB, a TaKOX MOXJIMBOCTI
KypCy 3 TOYKHU 30py JO3BOJIY JOCTYIY O BEJIUKOI Kilb-
Kocti 3axofiB. JIxxopmk CiMeHC BU3HAYUB «MaCOBMIi»
K. «Bce, 1110 € mocTtaTHbO BeluKe, 1100 MoxXHa Oyiio
OTpUMaTU CYOKJIacTepU CaMOOPraHi30BaHUX iHTepeciB.
BigmoBigHUM €TaloHOM MOXe OyTU, HampuKJamd, 4uc-
J0 Pobina Jlan6apa (150 ocib), ToOTO MakCUMyM, TTicCs
SIKOTO TpyIla TOYMHAE CTBOPIOBATH MEHILL Apoou» [5].
«Bigkputuii» 3a3Buuyail o3Havya€e OE3KOLUTOBHMUIA JOCTYI
J10 OKPEMUX KYpCiB, i iHO/I 11€ TAKOX CTOCYETHCS BiIKpY-
Tol TatopmMu BMicTy. «OHIAH» CTOCYETHCS MOXKIIM-
BocTi goctyny 1o MBOK uepe3 IntepHeT. «Kypc» o3Ha-
Yya€ opraHizalilo BUKJIAQJACHHS Y 3aJlaHuii iHTepBaa yacy
KOHKPETHOI IUCIUILIIHU 3 IPEeAMETHOI 00J1acCTi, sIKa Mic-
TUTB HabOip pecypciB 3 UiTKO BUBHAUCHUMU LJISIMU Ta pe-
gynabrataMu. Jlo KiHusg 2013 pokKy OUIbIIICTh MTPOBIAHUX
YHIBEpCUTETIB MOYaIv TponoHyBaTu pisHoBUIu MBOK
Ha 0a3i pi3HUX HAaBYAIbLHUX IUIaTHOPM.

Ilnardgopma edX. OcraHHIM yacoMm TMOILIMPEHHST Ha-
OyBae BMKOpHCTaHHS ruiaTdopmu edX mIsT CTBOpEHHS
oHJIaliH-KypciB. g miaTdopMa Bxke OXOIUTIOE YHUMaTy
KUIBKICTb KYpPCIB 3 pi3HUX rajayseit, 110 OpraHi30BYIOTb-
Csl TIPECTVDKHUMM YHIBEPCUTETAMU 3 MOKJIMBICTIO OTPH-
MaHHS BinmoBigHoro ceptudikata. BoHa mepenbavae
HEOOXiTHICTh MiAKIIOUYEHHS 10 YYaCHUKIB 10 [HTepHETY,
OTPUMAaHHSI yYaCHUKaMM HaBYaJlbHUX MaTepiaiiB, KOH-
cyJbralii 3 BUKJIagayaMu, Ta MOXJIMBICTh OIliHIOBAHHSI
HaOyTUX 3HaHb. ICHYEe YMMano AOCIHIIKEHb, 1110 CTOCY-
1oTbcsl BukopuctaHHsd MBOK Ha ocHoBi miardopmu
edX. Hanpukiazn, B po0oTi [5] MponmoHy€eThCS B paMKax
MBOK peanizyBaTu TBOpYi 3aX0AM 3 OLIIHKOIO iHIMBi-
JNyaJlbHUX OCOOJIMBOCTENd KYpCiB Ta KOMYHiKaTHMBHOIO
NiSIIBHICTIO YYaCHUKIB Kypcy, 11O Tepeadadyae CIIiIKy-
BaHHS MiXX BUKJIagadyaMM Ta CTyAEHTaMHU KypCy, a TaKOX
cepel caMUX yyacHUKiB. OcHOBHe sipo miardopmu edX
MICTUTD TaKi (PyHKIIII:

— iHTepaKTUBHI BileoJeKlIlii 3 CyOTUTpaMu Ta iHAEK-
calli€lo Ha CyOTUTpax;

— OHJIAiH-TECTU Pi3HUX TUIIIB (BIKTOPUHU 3 BOYHO-
BaHUM Bileo, MpakKTUYHi cecil, MPOMIXKHUI Ta BMITYC-
KHUM iCIUTU TOLLO);

— BipTyaJibHi JlabopaTopii 3 IHTepPaKTUBHUM iHTEp-
delicoMm g Mepenisily KOpUCTyBaueM pe3yJibTaTiB MO-
JIeTIOBaHHS,

— CTBOPEHHSI Ta KOHTPOJIb KaJleHHapHoOro rpadiky
KYypCiB;

— baraTroMoBHa ITiATPUMKA;

— IHUCKYCiitHI (hopyMH;

— MOTOYHI 3BiTU MPO Xif poOOTH Ta iHIIIi BUAU BOYHIO-
BaHOI aHAIITUKU;

— Pi3Hi BUAM CUCTEM OLiHIOBaHHSI MOJAaHUX 3aBIaHb
(3amadi 3 BIIKpUTUMU BiATIOBiISIMU; CAaMOOIIiHIOBaHHS);

— JIEKTPOHHI JIMCTU Ta 3aCOOU TOBiTOMJIEHb IS 3a-
PEECTPOBAHUX CTYINEHTIB 3 HalaHHSM pe3yJbTaTiB arec-
Tawii;

— peecTpallisl Ta 3HSTTS 3 KypCY;

— miaTpuMKa Tpadiky CIiaKyBaHHS 3 KOPUCTYBayaMU
Yy IEBHUU Yac.

Ciif 3a3HaYUTH, 1110 iICHYIOTb TAKOX NEsIKi iHIIi T1aT-
¢dopMu, 1110 BUKOPUCTOBYIOThCS 1Jig cTBOopeHHsT MBOK
(3okpema, Moodle, CourseSites by Blackboard, Udemy,
Versal To1110).

Ilnardopma Moodle. Moodle — 1ie cuctema yrnpas-
JIIHHS HaBYaHHSIM 3 BinkputuM KonoMm (LMS — Learning
Management System), siKka [I03BOJISIE KOpUCTyBauyam
CTBOpPIOBATH Ta MPONOHYBATU OHJIAH-Kypcu [6, 7]. Lo
iatopmy, 3a3BrUYaii, MPOCTillle BCTAHOBUTH, Hixk EdX.
Moodle migxoauTh IS OpraHisaiiii, SIKUM IOTpiOHA
MoBHO(MYHKIIIOHaTbHA HacTporoBaHa LMS. BtiM mnpo-
IYKTUBHICTb cucteMu Moodle moripiiyerbcss mpu Ha-
SIBHOCTI BEJIMKOI KiJIbKOCTi cTyAeHTiB. Moodle 103BoJisiE:
CTUMYJIIOBAaTU, PO3IIMPIOBATU Ta 3aIllMCyBaTU AUCKYCIil
1o3a KJacoM; TeCTyBaTH Ta 3BITyBaTM IIPO HaBYAHHS

27



JKepebkiH B.1., YaoseHko C.I"., Yana J1.E., [puHboBa O.€.

CTYJIEHTIB, 320X0UyBaTU CTYAEHTIB 10 HAaBYaHHS i caMo-
MepeBipKy; 3MiAICHIOBATU IPOBEACHHS ICIIUTIB; LIBUIKO
30UpaTU BiITYKW CTYIAEHTIB; CIIPUSITU OOMiHY, 30epiraH-
HIO Ta TIOLIMPEHHIO 3HaHb, OPraHi30BYBaTU IMCKYCiiHi
¢dopymu; 3aBaHTaXyBaTU HeOOXimHiI aiiiu; cTBOpIOBaTU
MUTTEBI MOBIAOMJIEHHS TOLLIO.

B Tabn. 1 HaBemeHO XapaKTEpUCTUKM JESIKUX MO-
MyJISIPHUX O€3KOLITOBHUX IIaTHOPM, 110 BUKOPUCTOBY-
10Thes st ctBopeHHss MBOK.

Taommuga 1
XapaKTepUCTUKHU ICSTKUX MOMYISIPHUX OE3KOIITOBHUX
iatdopm cTBopeHHst MBOK

. AHajiTnka
MaxkcumanbHuit .
[Tnardopmu 03MiD TOVIIH Ta MOXJIMBICTb
p p TPy Gpery
Edx 300000 +
Moodle 10000 +
CourseSites by Besivitrmii }
Blackboard
Udemy besznimiTHuMit -
Versal besnimiTHuMit -

Tabnuis CBiTYMTH TIPO TIEBHI IIepeBarn IUIaThOpM
edX ta Moodle.

OpHak iCHYIOTh JA0JAaTKOBi NMPUUYMHU BUOOpY ILIaT-
dopmu edX 1151 CTBOPEHHS OHJIAH-KYPCiB.

Hanpuknan, edX no3BoJisie KOpUCTYBaTUCSl TMepeBa-
raMyd Macirady iH(GpacTpyKTypu XMapHUX OOYMCIIEHb
Google (Ha caiiti http://mooc.org/ EdX mo3uiioHyeThb-
csl K Oe3KOIITOBHA XMapHa MPOIO3ULLisl 1St Oyab-sIKO1
OCBITHBOI OpraHizailii, sika Xo4ye MPOIMOHYBATU BiIKPUTI
KypcH).

Kpim Toro, yHiBepcuteT (a00 iHIINMIT HAaBYaJIbHUN 3a-
KJam, IO TIPOIIOHYE KypC) MOXe BUOpaTH BapiaHT JIO-
KaJIbHO po3MillleHHs ek3eMIuisipa Edx i He HecTu BUTpa-
TU Ha XOCTUHT Ta 3a0e3Me4YeHHs] MOTPiOHOI MPOMYCKHOI
3natHocTi. Lle Mae 3HU3UTU Gap’epu WIS CTBOPEHHS (Ta
MOLIYKY NOTEHLIMHUMHI YYaCHUKaMH) BIIKPUTUX KYPCiB.

Haii6inbn nepcrieKTMUBHUM € BUKOPUCTaHHS Bapi-
aHTa ratdopmu edX 3 BiIKPUTUM KOJOM, BiIOMOTO i
Ha3Boto Open edX. ITnatdpopma Open edX Hagae TexHO-
JIOTiIO TIPOTPaMHOTO 3a0e3IeUeHHS 1T OHJIAH CUCTeMU
VIIpaBJIiHHS OHJIAiH HAaBYaHHSIM, IIIO TO3BOJISIE BUKJIAIa-
yaM CTBOPIOBATW AMHaMiYHi Kypcu. Buminumo 3arambHi
MPUHLIMITM HaBYaHHS 3a foromoroto Open edX: BiTbHU
rpadik HaB4YaHHS, 3MillaHa MOJIEAb HaBYaHHS Ta He-
TBOpPKIHT. LI HaBYambHa TIaTOpMa BUKOPHCTOBYETHCS
TaKOX B JESIKMX MpoeKTax IriodajlbHUX OpraHisauii, Ta-
Kux sik Microsoft i IBM.

ITpoextoM Open edX Kepye HeKOMepIliiiHa opraHiza-
it NP, mo ovosmoeThest [apBapachbkuM YHIBEpCUTETOM
Ta MacadyceTChKMM TEeXHOJIOTIYHUM iHCTUTYTOM. 30Ce-
peIKyBaTUMETBHCS Ha iHKIIO3MBHOMY HAaBUYaHHI Ta OCBITI.
NP cniBnpalitoe 3 HaBYaJIbHUMU 3aKaaJgaMU, ypsiaaMU Ta
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IHIIMMM OpraHizalissMu JJisi pO3pO0KHU Ta OL[IHKMA HOBUX
MiAXOMiB 1O HAaBUYAHHS Ta IeJaroriku; iHBECTYE B HOBIi
MOJIe/li HaBYaHHsI, a TAaKOX CIIPUSIE BIPOBAIXKEHHIO ITe-
pPenoBOT0 MOCBiAYy B OCBITHOMY KOHTUHYyMi. NP ma-
HYE€ MiATpUMYBATU iHHOBALIIl B iCHYIOUMX CTPYKTypax Ha-
BUYaHHI Ta PO3BMBATHU IIaTHOPMHU JIsI HABYAaHHSI HOBOTO
MOKOJIiHHSI.

2. Crpykrypa miatdopmu Open edX

PosrisiHemo nokiagHille apXiTeKTypy Ta KOMIIOHEH-
™ mnatdopmu Open Edx, 1mo nepeadavyaeTbcsi BUKO-
PUCTOBYBATHU IJIs1 peajlizallii mepcoHaIi30BaHOIO BapiaH-
Ty HaBYaHHS CTYIEHTIB B pamkax MBOK.

IMnatpopma Open Edx cknagaerbcst 3 cUCTeMU Ke-
pyBaHHs1 BMicToM (CMS) s po3poOHUKIB KypcCiB i
CUCTeMU KepyBaHHS HaBYaHHSIM (LMS) mis cryneHTis.
OcHOBHI (yHKIIii, TOCTYITHI TSI BUKJIagadiB i CTYIEHTIB,
BU3HaueHi B KoJoBiil 6a3i muardopmu Edx. Kpim Toro,
ICHYIOTh He3aJIeXXHi 1oaaTKu 11 po3roptaHHs (IDA), sxi
MMOKPAIIYIOTh (DYHKIIIOHAIBHI MOXIJIMBOCTI TIaTHOPMH.

CepBepHuii ko y npoekTi Open edX HanmucaHuil Ha
MoBi Python 3 dpeiimBopkom Beb-nmoaatkiB Django.

CucreMa KepyBaHHS HaBYaHHSIM LMS € KIIF090BOIO
yactTuHOw mpoekTy Open edX. LMS Ttakox Hamae iH-
dopmaliiiiHy maHesb iHCTPYKTOpa, A0 SIKOi KOPUCTYBayi,
SIKi MaloTh POJib aAMiHicTpaTopa abo nmepcoHay, MOXYyTb
OTpUMATU JIOCTYI, BHOpaBmM IHcTpykTOop. LMS BH-
KOpPUCTOBYE psin cxoBull naHux. Kypcu 30epiraioTbesi B
MongoDB, a Bineo nomatotbest 3 YouTube abo Amazon
S3. Jlani I KOXHOTO CTyIeHTa 30epiratloTecsl B 0asi
MySQL. Konu cTyneHTH TpOXOoAsATh KypCH Ta B3aEMOIi-
I0Tb 3 HUMU, MOii MyOJiKyIOThCSI B KOHBEEPI aHAIITUKU
JIJIs1 300py, aHaJTi3y Ta 3BITHOCTI.

Kopa Django Ha cTtopoHi cepBepa B LMS Bukopucro-
By€ TMporpamMHuii gomatok Mako nmst reHepauii ma610-
HiB iHTepdeiicy. Kox Ha cTopoHi Opay3epa HamucaHU
nepeBaxkHo Ha JavaScript. YacTMHM Kooy Ha CTOPOHi
KJIiEHTa BUKOPHUCTOBYIOTh (ppeiiMmBopk Backbone.js, 110
nepemilrye OiIblily YaCTUHY 0a3U KOAY 1 BAKOPUCTaH-
HSI KOpUCTYBayeM 1li€i miathopMu.

ITpoekT Open edX mae mpocTy Mepiry CTOPIHKY IS
Mepernisiay KypciB, a TaKOX OKpeMy JOMAIIHIO CTOPIHKY
Ta CalT MOUIYKY KYPCiB, IKUI HE € BIAKPUTUM BUXiITHUM
KOJIOM.

Kypcu Open edX ckimaparotbest 3 670KiB XBlocks.
BigzHauuMo, 1110 iCHYE MOXJIMBICTb HamMCaHHS KO-
puctyBadyamMu HOBUX XBlocks, sIKi TO3BOJSITH BUKJIama-
yaM pO3LIUPUTHA HaOip KOMITOHEHTIB JISI CBOIiX KYypCiB.
ITnatpopma Open edX TakoxX MiCTUTH KiJlbKa MOJIYJiB
XModules (monepeanukin XBlocks), 1110 reHepyIOTh MeB-
Hi TUIIM BMICTY KYypCY [IJIsl KOPUCTYBauiB SIK JIJIsI CTBOPEH-
H#, Tak i 1y HaByaHHs. Hanpuxkian, icHytotb XModules
115 Bimeo Ta mis pparmentis HTML

XModules cTBOpIOIOTH CKJAAHUK Halip TPOMiX-
Hux cyTHocTeil moBepx XBlocks (yci XModules 3apas
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ycnankoBytoThecs Bin XBlock). B nmepcnekuBsi miaHyeTbes
iX BUJIYYEHHSI B OKpeMi perno3uTopii abo mepeTBOpPEeHHs
B XBlocks, 110 Ma€ CIpOCTUTH Yac BUKOHAHHS 3aBIaHb
Open edX.

Ha nonarox g0 XBlocks € KinbKa crmoco6iB po31mpu-
TH TIOBEIiHKY KypCy, 30KpeMa, pO3pOOHNKN HaBYaTbHO-
ro Kypcy 3 BUKopuctaHHsIM LMS MoxyTbh BOyaIOBYyBaTu
iHctpymeHTru LTI, 106 iHTerpyBatu pi3Hi 3aco0u Ha-
BuaHHS B Kypc Open edX.

B winomy npoiiec cTBOpeHHsT OHNAWH-KYPCY 3 BUKO-
puctanHgaM 3aco06iB Open edX MoOXHa MOIITATY Ha Taki
eTanu, SK: po3podka poboyoi mporpamMu (TeMaTUYHUI
IUIaH), TIPOEKTY CIIEHAPil0 OHJIAH-KYypCY (PO3LIMpEeHU
IUTaH KypCy), CILEHapilo OHJIAiH-Kypcy (HAITOBHCHHS
MarepiaJloM TPOEKTY ClLIeHapilo) i TEeXHIYHUI TepeHOocC
cueHapito B Open edX Studio.

Studio — ue iHcTpymeHT maTdopmu Open edX, Skuit
BUKOPUCTOBYETTBLCS [JI TEXHIYHOI peasizallii 3arniaHo-
BaHOI CTPYKTYPH Kypcy (3 BUKOPUCTAHHSIM iHTepaKTUHOI
B3a€eMO/Iii BUKJIafayviB 3i CTYJAEHTaMMU, BiieopecypciB pe-
CypcH, TTOTOYHOrO aHali3y CKJIaJHOCTI 3aBJaHb TOIIO).
3a oT0 JOIOMOTOI0 MOXHA KepyBaTH PO3KJIAIOM Kyp-
ciB, BU3HAYaTH WICHIB KOMaHIMU KypCY, BCTAHOBIIOBATH
ITOJIITUKY OLIIHIOBAaHHS Ta ONPUJIIOIHIOBATA KOHKPETHU
Kypc.

Koxen kypc mpoekt Open edX mo3Bojisge mpencra-
BUTU y BUIJISIAI AEPEBOBUIAHOI CTPYKTYpM OJIOKIB, SIKY
MOXHa 3MiHIOBAaTU TiJ 4yac CTBOPEHHsI ab0 Moaudikaliii
Kypcy. MiHimanbHUiT Habip OJIOKIB cKJlaJa€e: OfHy TJIaBy;
OIIHY CEKIIil0; OOWH YPOK; OMHE 3aBIaHHS.

Ha puc. 1. npeacrasieHuii IpUKIIaa TUTIOBOI CTPYK-
TypH Kypcy.

Tect

Puc. 1. TunoBa cTpykTypa Kypcy Ha miatdopmi Open edx

Jns 30epiranHs gaHux Kypcey B Open edX Bukopuc-
TOBYETbCSI HepessuliiiHa 6a3a maHux MongoDB, a Bci
orepauii B3aEMOJil BUKOHYIOTbCS 4Yepe3 J0AaTKOBUIA
Monynb Modulestore. TonoBHi yHKIIiI, SIKi BUKOHYE

el Moayib: 30epirae mow’s3aHi 3 KypcoM gaHi Xmodule
i XBlock B pi3HMX cepBepHMX ITporpamax; Keulye JaHi;
Hamae iHTepdeiic CXOBUINA KITIOUiB/3HAYCHHS IJIST ITUX
JIaHMUX; BIIPOBAIKYE CUCTEMY BEpCiil 1St KypciB; 3a0e3-
Tevye 3aco0u il TIepeHEeCeHHs JaHUX KypCY 3 OJHOTO
cepBepa modulestore A0 iHIIOTO.

IMTicns 3amycky cepsepa LMS ModuleStore 3aBaHTa-
KY€ B IaM'sITh KOXXeH 070K KOXHOTO Kypcy. BiH moctyri-
HUI TUTBKU B PEXUMI IS IEPErIsiay i He AO3BOJISIE KO-
pucTyBayaM 3MiHIOBaTH Kypc 0e3 mepe3arnycKy cepBepa.

Bl Mongo noginsie Kypc Ha iHAEKC Kypcy, CTPYKTYy-
py Kypcy Ta BusHaueHHs1 Xblock a0 HarmoBHEHHST Kyp-
cy. IHaeke Kypcy — 1ie CJIOBHUK, B SIKOMY 30€piraloThcs
ineHTudikatopu kypcy. KoxkeH imeHTudikatop Kypcy
CBIMYUTH MPO CTPYKTYpy Kypcy. BkaziBHUK Kypcy mia-
TPUMYE IeKiJTbKa TiIOK Kypcy, TMPUYOMY 751 KOXXHOTO
KypCy € TijiKa K JJis onmyOIiKoBaHOi, TakK i U1 3aIjIaHo-
BaHOI Bepcii Kypcy. TakuM YMHOM, KypC Ma€ IepeBOBU/I-
HY CTPYKTYpY AaHUX, sIKa CKJIAJA€ThCS 3 Pi3HUX OJIOKIB.

BaxunmBoio yactuHolo miargopmu Open edX € mo-
nyab aHanizy HaByaHHs OXALIC, npuszHayeHuit mist
MpeNCcTaBIeHHS OIJISIAY MisSIBHOCTI CTyIEHTa 3 BUKO-
PUCTAHHSM KiIBKOX Pi3HUX METOIiB OOpOOKM AaHUX Ta
Bisyamizauii. OcHoBHa Meta OXALIC — Hagatn pizHUM
rpynaM 3alikaBlIeHUX CTOPiH (TOJIOBHUM YMHOM BU-
KJ1agayaM Ta JOCTiZHUKAM), KOPUCHI OLIIHKYW JaHUX, SKi
30MpaloThes TiJ yac oHJIailH HaBuyaHHs. Lle mocimkeH-
H$I 30CEePEIKYETHCS Ha OMHOMY 3 MOXKJIMBHUX 3aCTOCYBaHb
i€l 3reHepoBaHOi iH(opmalii, a came Ha TrpymyBaH-
Hi CTYIEHTIB 3a IXHbOIO AKTMBHICTIO Ta 3aJly4YeHHSIM 10
MBOK.

Ornsin apXiTeKTypu iHCTpYMEHTa TIPEICTaBIISIE MOTIK
JIaHUX BiacTexXeHHs1 B cucteMi. CrioyaTky JaHi BiacTe-
XKEHHsI 30UparoThes i TepenarThes B cucteMy. [otiM i
JlaHi 30epiraloTbcs B 0a3ax JaHUX, OIHA JUISl TEHEpyBaH-
Hs rpadikiB, a iHIIa 115 3arajibHOI 0OPOOKM JaHUX, IO
MPU3BOJUTH A0 OTPUMAHHS KiJIbKOX YaCTUH iH(OopMallil
npo kypc. Hapemri, us ingopmaiis gopmaryeTbes i
TIPEJICTABIISIETHCS KOPUCTYBaYaM y BUTJISIIIE BeO-CTOPiHOK
3 Pi3HOIO CTATUCTUKOIO Ta rpadikamu.

o6 3po3yMiTM KOPUCHICTh iCHYIOUOI CHUCTEMM,
MOXXHA BUIITUTH KiJibKa IpyN 3alliKaBJeHUX CTOPiH:

— iHCTpYKTOpU;

— CTYIEHTH;

— KOHCTPYKTOPU KYPCiB;

— BJIACHUKU TIJIaT(POPMU;

— MOCTiAHUKH.

OcHOBHa TIpyIa, sIKa OTPUMYE HaANMOINbIIY KOPUCTh
— 1€ IHCTpYKTOpU. BUKOPUCTOBYIOUM 1LI€i iHCTPYMEHT,
BOHM MOXYTb CIIOCTEpIiraTy Mporpec CTYIEHTIB Ta iXHIO
B3aEMO/IiI0 3 Pi3HUMU YacTUHAMU Kypcy. Ha ocHOBI 1€l
iH(opMallii iIHCTPYKTOPU MOXKYTh KepyBaTU IPOrpPecoM
CTYJEHTIB 1 BXUBATW 3ax0[u, 1100 JTOMOMOITH CTYIEH-
TaM TTOKpaIluTH iXHi pe3yabTaTu. Lle nocsiraeTbest 3aBasi-
KU Bi3yajti3alisM, SKi TeHepylThCs LIUISIXOM OO0pOOKU
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JaHMX, 310paHUX T 4ac MOTOYHOro Ta IMOMNepeaHbOTO
IIPOXOMKEHHS KypCY.

Jpyra rpyna — ue cami crygeHTu. g Hux gopmy-
€ThCA iH(opMalliliHa MaHeb 3i 3B€ACHOI0 MePCOHAaNi30-
BaHOI0 iH(hOpMalli€lo MPO MOTOYHI pe3yabTaTh HaBYaHHS
Ha Kypci. Takox Moxe OyTH MpeAcTaBieHa MOAATKOBA
iH(opMallis, Ae HaJaloThCcd peKOMEeHAallil, TIPOTHO3M Ta
pi3Hi BUOM aHami3y, SIKi JOMOMOXYTb CTYJAEHTaM Kpallle
IUTAaHYBaTU XiJl HaBYaHHS Ta BUIPABISITU TOTEHIIiAHI
npooiemMu.

Tperst rpyna — nusaiiHepu KypciB. Crocrepiraioumn
3a iH(popMalli€lo, SIKy TeHepy€E iHCTPYMEHT, pO3pOOHU-
KM KypCiB MOXYTb OLIHUTU €(hEeKTUBHICTh CTBOPEHOIO
HUMM KypCy 3 METOI0 MOro MOXIJIMBOIO IOKpalIeHHS
MPOTSATOM HACTYIMHOTIO Tepioay HaByaHHs. Lo iHdopma-
110 TAKOX MOXXHA BUKOPUCTOBYBATH IIJIsI IUTAHYBaHHS Ta
CTBOPEHHSI HOBUX KYPCiB.

BnacHukiB miatdopm TakoxX MOXKYTh aHalli3yBaTH
naHi, 3reHepoBaHi MoayieM OXALIC nns koHuenTyaaib-
HOTO MOHAIAIITYBaHHSI CTPYKTYpPU BCi€i miatdopmu, a
TaKOX OOCSTy Ta TUIIIB JaHUX, SIKi TeHEPYIOThCs Ta 30€e-
pirarotbcs. TaKuM YMHOM MOXHA MOTEHLIMHO ITiIBUILIM -
TH SIK €(DeKTUBHICTh aHAJIITUKHU, TaK i iH(POPMATUBHICTb
MOTOKIB JaHUX.

Hapeuiri, nocniiHUKKM TaKoX MOXYTb BUKOPUCTOBY-
BaTW JlaHi, 3reHepOBaHi LIMM iHCTPYMEHTOM (30Kpema,
arperoBaHi Ta BiadinbsTpoBaHi gaHi). Lle moxe 3aomanu-
TU Yac IJisl JOCTiAHUKIB Ha OTPUMAaHHS A0JAaTKOBOI iH-
dopmariii, ska Bxe OyjJa aBTOMaTUYHO BiadinisTpoBaHa
Ta YTOUHEeHa Ha OCHOBI LiJIei TOCiIKeHHS

3. ITonepeaHst 00poOKa JaHKUX TA MOOYIOBA MO
CKJIAJTHOCTI OHJIAIH HAaBYAHHSA

[JaHi Kypcy Ta HaBYaHHSI, 1110 30epiraloTbcsl Ha IIaT-
dopmax MBOK, B 0oCHOBHOMY CKJIaJJalOThCS 3 ABOX Yac-
THH: JaHUX TIPO PECYpPCH KypCy Ta JaHMX PO HaBYAJIBHY
noBeaiHKy cTyaeHTiB. KoXeH Kypc MicTUTbh, 3a3BUyYaii,
YUMaJjo po3adiJliB 3 Bieo Ta BIpaBaMu, 110 OOYMOBIIOE
HasIBHICTb i€papXiyHOI CXeMU PecypciB Kypcy.

JaHi B KOXXHOMY 3 po3ailiB ( IJ1aB) Kypcy MOXYTb
OyTM BU3HAUCHI TaKMM YMHOM: 3aTOJIOBKHM Ta CYOTHTpH
BiZleO 3 KypcCy; TECTOBi 3aBAaHHsI; 0OOB’SI3KOBi 3B’SI3KU
MiX TOYKaMU 3HaHb.

ITnardbopmu MBOK BiacTeXylOTh Ta 3alUCYIOTh YCi
MOJii OHJIAH-KOPUCTYBAYiB Mil 4Yac Meperismy Bifeo
KypcCiB, BKJIIOUAIOUM ITOBTOPEHHS, IIBUAKE ITEPEMOTY-
BaHHs1 Brnepen i nmponyck. Ilicist mepernsigy Bigeo CTy-
JIIEHTU MaloTh BMKOHATU BIpaBy 3 po3ainy. HaBuyanbHi
JlaHi KOXXHOTO CTyJeHTa 300paxkeHi TaKUM YMHOM: TTOBe-
MiHKa TIpY MepemisiAi Biieo; MPOMTYKTUBHICTh BUKOHAHHS
BIIpaBW; KOMEHTApi Ta BiAIOBIAi B CEKIlil KOMEHTapiB.

Cxewmy iepapxii 3micty pecypciB kypcy MBOK, 110,
3a3BMYaii BUKOPUCTOBYETHCS B MPOILIECi MAacOBOTO Bil-
KPUTOTO OHJIaliH-HaBYaHHSI, HaBeJIEHO Ha puc. 2.
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Puc. 2. Tunosa cTpykTypa Kypcy Ha miatdopmi Open edX

ITonepenns o6podka manux. /s po3poOKU alropuT-
My MepcoHai3allii KypciB HaBUYaJIbHi TaHi TPOMOHYEThCS
norepeaHbo 0OpoOJISITU B HACTYITHIl MOCIIiIOBHOCTI:

— BUJIJIEHHS KJIIOUOBUX CJIiB 3 3ar0JIOBKIB Bijigo, cy0-
TUTPIB BiIcO Ta BIIPaB IO PO3LIiB;

— Kiacudikauisg BrpaB (ITOPIiBHSHHS KJIIOYOBUX CJIiB
IIJIS BIIpaB 3 PO3AUTY 3 KJIIOYOBMMU CJIOBaMU 3aroJIOBKiB
i cyoTutpiB Bigeo). KoxHa BrpaBa kKinacudiKyeTbcs Ha
TOYKHU 3HaAHb i3 HAMOIIBIIOIO KiJbKICTIO 3yCTpiueil KITio-
YOBUX CJIiB;

— HOpMaJi3allisl pe3yJbTaTiB TECTOBUX 3aBAaHb.

Kypcu MBOK He3asexHi oauH Bil oZHOro, aje Ie
HE CIIpUSIE 3aMuTy Ta 30epiraHHIO MaHUX i MOXe 3Ha-
YHO 30iIbIIMTU KiJbKICTh BUMOI 10 aHOTAlill Mpu Mo-
Ianpliin oopobui. Tomy, 3amisg 30aradyeHHsT acoliaiii
KypcCiB, iX TpynmyBaJiM B CUCTEMM Kiacudikauii mpen-
MeTiB. BimmoBigHo g0 ranmyseil kiacudikaiii Ta Komek-
Cy IOUCLMIUTIH TPU €KCIEepTH IMO3HAvyaloTh Tajlay3b, IO
SIKO1 HaJIeXuTh Kypc. L1100 KOHTpotoBaTH IETalbHICTh
KJiacuikaliii, Bci Kypcu MO3HAUYE€HO 0 APYroro piBHS,
YTBOPUBIIY TaKUM YUHOM JE€PEBO AUCIUTUIIH KypCY.

baraTto nomnynsipHux KypciB MpONOHYIOTHCSI HEOAHO-
pa3oBo. Xoua BOHU MOXYTb OYTH TPOXHY 3MiHEHi, BeJuKa
KIJTBKICTh PecypciB Kypcy OYOJIOETbCS, 110, OYEBUIHO,
MPU3BOAUTHL 0 TaKMX TMPOOJIEM, SIK PO3PiIKEeHICTh aa-
HUX i 3aliBe MapkyBaHHs. Tomy OyJi0 mpoBeaeHO MoyaT-
KOBY (biJIBTpallilo Ha OCHOBI TakKoi iH(opMallii, SK Ha3Ba
Kypcy, BUKJaaay i 11KoJia, 1100 3HalTH MOBTOPHI KypCH.
[ToTtiM TOYHO MOETHAHO BieO Ta BIpaBU, BUKOPUCTOBY-
o4M iX TeKCcTu 3MicTy. 1s1 KoxXHOTo pecypcy (Bigeo Ta
BIIpaBu) ioro mo3HaueHo ccid. Pecypcu 3 TuM caMum
ccid o3HauvarTh Ti caMmi pecypcu, SIKi MOBTOPIOIOTHCS
B TIOBTOpHUX Kypcax. OOcr nenyriikoBaHUX pecypciB
yrouHeHo 10 10,3% Bin ITOYaTKOBOTO PO3Mipy.
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Interpanisi moBeminkm ctyaentiB. Ilnardopma Open
edX mae MOXJIMBICTH BiACTEXYyBaTU Ta 3aluCyBaTH YCi
MOJii OHJIAWH-KOPUCTYBAUiB IMil 4Yac TMeperisay Biae-
o(parMeHTiB, BKJIIOUAIOUU MMOBTOPEHHSI, IIBUAKE Tepe-
MOTYBaHHS1 Briepea i mponyck. Ilicnst mepernisay Bineo
CTYIEHTU MalOTh BUKOHATU BIIpaBy 3 po3ainy. HaBuanbHi
JlaHi 100 KOXHOTO CTYIEHTa CTPYKTYPYIOThCSI TaKUM
YUHOM:

— TMOBeAiHKa TpU TMeperJisi Biaeo;

— MPOIYKTUBHICTh BUKOHAHHS BIIPaBH;

— KOMEHTAapi Ta BiATOBiAi B ceKllii KOMeHTapiB.

JaHi mpo mepemisii Biieo CTyAeHTaMU — 1€ JIOTU
«HeartBeat» 3 iHTepBaJOM y IT’ITb CEKYH]I, TOOTO KOXHi
I’ITh CEKYHJ CHCTEeMa 3allCye, sIKe BiIeo el CTyIeHT
3apas Ieperiisuace Ta sIKy Mo3uIlilo BiH/BoHa BUBYa€E. Taki
JIaHi He 3py4YHi Y BUKOPUCTAHHIi, TOMY Jlajli IPOBOAUTh-
cs1 00po0OKa JaHUX MOBEAIHKM MPU HaBYaHHI B CETMEHTU
TeperIsiay, TOOTO KOXEeH CeTMEHT BKa3ye, SIKMIi CeTMEHT
BilleO y4eHb NMBUTHCS (Yac IOYATKY Ta 3aKiHYCHHS) i
LIBUAKICTh BIATBOPEHHS B Lieii yac. AKio y Bigeo € cTpu-
00K a0o0 may3a, BOHO BBaXKa€THCS HOBUM CETMCHTOM.

Oujinka cKIaaHOCTI OHNalH HaBYaHHd. Ha ocHOBI aHa-
JIi3y 3arajibHO1 €(PEeKTUBHOCTI CTYACHTIB Yy CLIEHApPisX Ha-
BuaHHd MBOK 1eil po3ais cTBOpIO€ MOIETb OLIHKY ISt
BUMIPIOBAHHS CKJIQJAHOCTI KOHKPETHMX PO3AiTiB 3HaHb.
BxinHuMu mapameTpamMu Monesi CKJIQAHOCTI Ha OCHO-
Bi pO3MiJIiB 3HaHb € CEpelHi Oain TeCTy 3a BIPaBU BCiX
VUHiB, SIKi BUBYQJIM PO3Iia 3HaHb. Pe3ynasraTom momei
CKJIAAHOCTi 3HAaHb € PiBEHb CKJIAAHOCTI 3HaHb, JJIsI OLliH-
KU SIKOTO TIPOITOHYETHCSI BUKOPUCTOBYBATU TaKUii Mapa-
METp:

diff (j)=w [1-5 (j) ]+ w,r (J)+wie (J) » (1)

ne 5(j), 7(j) i ¢(j) — cepennst ouiHka Tecty, cepe-
HS KiJIbKiCTh MOBTOPHUX TEPETJISAIIB Bileo Ta CepeaHs
KUJIBKIiCTh KOMEHTapPiB j-TO PO3MAiay 3HaHb BilMOBiIHO;
Wy, w, i wy — Baru BXizHux mapametpis 5 (), 7 (/)
i ¢(/) sinnosinHo.

OueBMIHO, 11O 3HaueHHS diff ( j) MpsSIMO  TIPOIIO-
pLiifHEe CKJIAJHOCTI 3aCBOEHHS j-i KOMIIOHEHTU 3HAHHSI.

3naueHHst apametpis 5(/), 7(/j) i ¢(/j) mporony-
€TbCSI PO3PAXOBYBATU TAKMM YMHOM (3rilHO 3 METOIOM
aHamiTyHOI iepapxii (AHP) BusHaueHHs Bar B Mopemi
OLIIHOK [6]):

Nl_tismry
() -2 @
- history
N]
N/flistary
r\J)= _histary )
Nj
N!_lis/ory
o)) (4)
- history
Nj

e N j’.”'”‘”y — Koe@dilLi€eHT, IO BiAIOBiga€c: a) 3arajbHii
KiJTbKOCTi CTYIEHTIB, SIKi 3aCBOLM j-II PO3Mia 3HAHb (IS

PiBHSHHS (2)); 0) 3arajibHiii KiJIbKOCTI MEPErJsiiiB Biieo
J-TO po3iy 3HaHb Ha BCbOMY Kypci (1151 piBHsIHHS (3)); B)
3arajibHill KiIbKOCTi KOMEHTAPiB 111010 j-T0 PO3/i1y 3HaHb
Ha BCbOMY KypCi (JU1sl piBHSIHHS (4)); s, 7; TA ¢; — OLIIHKa
TECTY, KUTbKiCTh TOBTOPHUX MEPETJISIAIB BiZIcO Ta KiJIbKICTh
KOMEHTapiB i-Tro YYHsI IS j-I0 pO3MAiay 3HaHb BilIMOBiIHO.
sIk mpukman, wis BXinHux mapametpis 5(j), 7 (/)
i E( j) OyB BUKOPUCTAHUI METOJ aHATiTUYHOI i€epapxii
(MAI) 3 MeTo10 BU3HAUEHHS Barv MOJieJi OLliHOK Mpodde-
copaMH, sKi MpaloTh B YHiBepcuTeTax y Kutato, mis
KiJIbKiCHOI OLIiHKM TPYAHOIIIB OBOJIOJAIHHSI 3HAHHSIMU.
B Tabs. 2 HaBemeHO Baru Mojesi CKJIAAHOCTI 3HaHb,
OTpUMaHi 3 BUKopuctaHHsamM MALI.
Tabmus 2
Barosi koediuientn mozeni cknaanocTi (1)

W W, W3
0.633 0.260 0.107

Jnsg uiei mopeni koediuieHT koHcucTeHuii (CR) go-
piBHioe 0,033, o meniue 0,1. Ile o3Hauae, 110 pe3yb-
TaT MPOMIIIOB TeCT Ha KOHCUCTEHLito [8].

Jns miaTBEepIXEHHS Mpale3JaTHOCTI PO3IISHYTO1
MoJei Oyau BUKOPUCTAHI TaHi, OTpUMaHi 3 Habopy Ja-
H1X MOOCCubeX. 3 1poro HabOpy JaHUX JJIsI TTONAThb-
1IOTO TeCTYBaHHSI OyJIO 3aCTOCOBAHO pe3yJibTaTu TEeCTiB
CTYICHTIB 3 TECTOBUMU 3aBIAHHSIMMU, IMOBEIiHKY CTYICH-
TiB Mig yac meperysiay Bifeo Ta JaHi Mpo KOMEHTapi CTy-
JIEHTIB.

JL1st po3paxyHKy CKJIaJHOCTi OyJIM BUKOPUCTaHi BJlac-
HOpPYY 3reHepoBaHi HA0OpU AaHUX, SIKi MOXHa BBaXkaTu
HOpMaJIbHO po3mnoaiieHnuMu. B Tabn. 3 HaBeneHO mpu-
KJIag HaOoOpy JaHUX 3 OL[IHKAMU CTYIEHTIB B KOXHOMY
OKpeMOMY PO3[iJli 3HaHb Ta cepedHiM OajloM 3a BeChb
Kypc.

V naniii BuOIpLi OKpiM NaHMX 3 OLIHKAMU TaKOX
MPUCYTHS iH(oOpMallisi Tpo xapakTep HaBYaHHS (TOOTO
YU € KypcC TJaTHUM abo0 O€3KOILUTOBHUM), MOXJIMBICTb
OTpUMATH cepTU(IKaT Ta 1OTO THUII, a TAKOX aKTyaJTbHU
CTaTyC CTymeHTa (Y1 KOPUCTYBau 3aIllMCaHUil Ha Kypc).

B Tab6n. 4 HaBeneHO MpUKJan HabOPy JaHUX 3 JOAaT-
KOBUMMU MapaMeTpaMu, siKi HEOOXiIHi 151 po3paxyBaHHs
CKJIAIHOCTi KypCy, Ta OKPEMOTO PO3Aiy 3HaHb (CEpPemHsI
KiJIbKIiCTb TIEPErIsIAiB Bileo y KOXHIN CeKlii Ta cepeaHs
KiJTbKiCTh KOMEHTApiB Y KOXHili CeKIlii).

ITicast oTpuMaHHSI HEOOXiTHUX JaHUX, MOXKHA po3pa-
XyBaTU CKJIAJHICTh OKPEeMO JJIs1 KOXKHOTO pO3/illy 3HaHb.

B T1abn. 5 HaBeneHo mpuKIan OOUYMCIEHHS CKJaa-
HOCTIKOXKHOTO OKPEMOTO PO3IiJly 3HaHb 3 TTOYaTKOBOTO
Kypcy.

TakuM YMHOM, B HaBeIeHOMY IIpUKIIAmi Haiiyer-
IIUM 3a CKJAOHICTIO € MepIlIMii po3aill 3HaHb 3 iHAEK-
COM CKJIafHOCTi, sikuii gopiBHioe 0,04. HalicknanHimmm
3 YChOT'O KypCy € MepeaoCcTaHHii, OCTUI po3/iJl 3HaHb
3 iHIEKCOM CKJIaAHOCTI, sIKUii JopiBHIOE 0,2.
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Taommug 3

IIpuknan Habopy KaHUX 3 OMIHKAMM CTYIEHTIB MO KypCy

Assignment Assignment Assignment Assignment Assignment Assignment Assignment

Checklist 1: Checklist2: Checklist3: Checklist4: Checklist5: Checklist6: Checklist7:
Student Grade Assignment Assignment Assignment Assignment Assignment Assignment Assignment Enrollment Verification Certificate Certificate C
ID Checklist Checklist Checklist Checklist Checklist Checklist Checklist Track Status Eligible Delivered
for Module for Module for Module for Module for Module for Module for Module
1 2 3 4 5 6 7
0 3269 0,78 0,85 0,75 0,90 0,80 0,65 0,70 0,70 audit NaN N N
1 3262 0,87 1,00 0,80 0,90 0,70 1,00 0,80 0,75 audit NaN N N
2 3261 0,90 0,90 1,00 0,85 0,90 1,00 0,75 0,80 audit NaN N N
3 3244 0,69 0,80 0,65 0,60 0,60 0,75 0,75 0,70 audit NaN N N
4 3228 0,88 1,00 0,75 0,90 0,70 1 0,90 0,85 audit NaN N N
5 3217 0,96 1,00 1,00 1,00 1,00 0,90 0,85 0,90 audit NaN N N
6 3214 0,93 0,90 1,00 0,85 1,00 0,85 1,00 0,80 audit NaN N N
7 3213 0,73 0,90 0,85 0,75 0,60 0,65 0,60 0,75 audit NaN N N
8 3212 0,93 1,00 0,80 1,00 0,90 0,90 1 0,85 audit NaN N N
9 3209 0,95 1,00 1,00 1,00 0,75 1,00 0,95 1,00 audit NaN N N
Tab6auug 4

IIpuknaa Hadopy AaHUX 3 TOJATKOBMMM NapaMeTPaMu MoJeTi

Subsection Comments amount Video repeats Video Repeats Rate Comments Rate

0 Assignment Checklist 1: Assignment Checklist f...
1 Assignment Checklist 2: Assignment Checklist f...
2 Assignment Checklist 3: Assignment Checklist f...
3 Assignment Checklist 4: Assignment Checklist f...
4 Assignment Checklist 5: Assignment Checklist f...
5 Assignment Checklist 6: Assignment Checklist f...

6 Assignment Checklist 7: Assignment Checklist f...

25,00 50,00 0,05 0,12
32,00 80,00 0,08 0,15
38,00 194,00 0,20 0,18
21,00 78,00 0,08 0,10
43,00 223,00 0,23 0,20
29,00 188,00 0,20 0,13
27,00 146,00 0,15 0,13
Tabmmus 5

Pe3ynbraTu 004MCIeHHS CKJIAAHOCTI PO3/LIIB Kypcy

Subsection Comments amount Video repeats Video Repeats Rate Comments Rate Avg Grade Difficulty

0 Assignment Checklist 1: Assignment Checklist f... 25
1 Assignment Checklist 2: Assignment Checklist f... 32
2 Assignment Checklist 3: Assignment Checklist f... 38
3 Assignment Checklist 4: Assignment Checklist f... 21
4 Assignment Checklist 5: Assignment Checklist f... 43
5 Assignment Checklist 6: Assignment Checklist f... 29
6 Assignment Checklist 7: Assignment Checklist f... 27

IMonioHi oOUYMCIEHHSI BUKOHYIOTbCS IS KOXXKHOTO
PO31iJly 3HaHb Y KOXHOMY KYpCi, 1110 Ja€ MOXJIMBICTb,
ITC/IsT TIOOYIOBM KOHIICTITYaTbHOTO Tpady cCImpaTucs
Ha iHAEKC CKJIaIHOCTi 3 METOI MOJAIbIIOl MoauGiKallil
KOHTEHTY KypCY ISl KOXKHOTO CTYAEeHTa

4. TTo0ynoBa KOHIENTYAJILHOTO rpady OHJIANH HABYAHHS

Crpykrypa koHuentyaabHoro rpady. KonuenTtu Bia-
HOCSITBCS IO Tally3eil 3HaHb, SIKi BUKJIANAIOThCSl B OKpe-
MUX Kypcax (Hampukian, «JlepeBo ABifiKOBOTO MOLIYyKY»
Kypcy «CTpykTypa gaHux»). Lli MOHATTS € MiacyMKOM
HaBUYaJIbHUX PECypCiB 3 TOYKM 30py 3HaHb. OcCTaHHIM
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50 0,05 0,12 0,97 0,04
80 0,08 0,15 0,88 0,11
194 0,20 0,18 0,88 0,15
78 0,08 0,10 0,84 0,13
223 0,23 0,20 0,87 0,16
188 0,20 0,13 0,79 0,20
146 0,15 0,13 0,8 0,18

YacoOM BMKOPHUCTaHHSI KOHILENTyaldbHUX TrpadiB HaOy-
JIO TIOIIMPEHHs B 0araTbOX TeMax, IOB’sI3aHUX 3 amall-
TUBHUM HaBUYaHHSM (30Kpema, 1ie HaB4yaHHS Yy MBOK,
opraHiszailis JaHUX Ha OCHOBiI KOHLENTIB 3HAHHSIMU Ta
KOTHITUBHE MOIeIoBaHHSA Tomo) [9]. OkpeMoro Ipo-
0J1eMOI0 3aCBOEHHSI KOHIIETITIB € BUAICHHS TTOHSTH Ta iX
3B’43KiB i3 HaBuaibHUX TekcTiB [10]. [TonepenHiii eramn
300py iH(popMalil IIpo Kypc Hamae HEeoOXigHi TEKCTOBi
pecypcH, BKIIOYaOUu CYOTUTPHU Biigo, OMUC KypCiB, BU-
KJagayiB, HaBYAJIbHUX MPOrpaM, a TaKoX 3MiCT BIpaB.
OmHak BHCOKOSIKICHE OIepXKaHHS KOHIICNITY 3 ITUX
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TEKCTIiB € CKJIIATHUM 3aBHAaHHSM, apKe IIpalle3aTpaTHi
pyuYHi aHoOTalii € HemocTaTHi A (hOpMyBaHHSI Macll-
TabHux pecypcis MBOK. 1106 BupimumTH 1110 mpooemy,
MOXHA BUKOPHMCTOBYBATH, HAIIPUKJIA, KOHTPOJIbOBAHUIA
MeToA ApiOHOro BUIIICHHS KOHIEITIB, a MOTiM 3aCTOCO-
BYBaTU iHTePAKTUBHMIA MEXaHi3M CIIUIBHOIO HaBYaHHS
IIJISI BUSIBJIEGHHSI HEOOXiIHUX 3B’SI3KiB MiX IOHSITTSIMU
3 MiHiMaJlbHOIO aHoTali€n. KpiM Toro, MoxHa BMKO-
PUCTOBYBATU JIUIlIe TEKCTU BileOCYOTUTPIB SIK IXKEpeo,
OCKIJIbBKM TEKCTU iHIIUX PecypciB 3aHAATO KOPOTKi s
CIPUIAHSTTS KOHLEMTY.

PosrasHemo nesiki aciekt (popMyBaHHS KOHILIETITIB
JUJTSI TIOJAJIbILIOT TOOYI0BU KOHLENTYaabHOTO rpady:

— oOpaHHs KaHauaaTa (KaHIMIATA Ha KOHLENT O0u-
paloThed SIK 00'€eTHAHHS HAMOIIBII peJieBAHTHUX BapiaH-
TiB);

— (bopMyBaHHS KJII04OBUX (ppa3 (yci oTpuMaHi ¢pa3u
€ BUTSIIOM 3 aHOTOBAHUX SIKICHMX TeKCTiB. BoHu 36epi-
raloThecs B TAOJULI peuyeHb TS KOXHOTO Bifieo, 1110 Bilo-
OpakaeThCs B 1oro cyOTUTpaXx SIK KaHAUIAT Ha KOHIIETIT);

Open Edx

— 3B'sI3yBaHHS 00'€KTiB (3B’sI3yBaHHSI O0’€KTIB Mae
Ha MeTi BUSIBUTU MOCUJIAHHS Ha HUX 3 30BHIllIHbOI 0a3u
3HaHb. [ KOXHOTO BiZcO BUKOHYETHCS 3B SI3yBaHHS
cyTHocTei 3a fonomMoroto XLink i o0uparoThCst OB’ s13aHi
CYTHOCTI SIK KaHAUAATU Ha KOHILIEMT, 1[0 MOXe JOMOMOT-
T 00paTV KOHILIETITU 3 MaciuTabHoi 0a3u 3HaHb Xlore
[11]);

— po3mi3HaBaHHSI iMeHOBaHUX OO ’€KTIB (BUKOPHUC-
TOBYIOTLCS TTOTIEpeAHBO HAaBYCHI MOBHiI MO UIST BU-
JIy4eHHSI HepeJIeBaHTHUX KOHIIETTiB. CXeMy HaBYaHHS
MOXHa PO3MISIAATH SIK PO3Mi3HaBaHHS HAa3BaHOI CYTHOC-
Ti 3 ofHIi€I0 KaTeropi€to. st KOXXHOI AUCLUTIIIIHU aHO-
TYIOThCSI KOHLENTH i3 cyoTuTpiB (120—150 Bimeo 20—30
BUMaakKoBux KypciB). IToTiM HanmamToByeThcst Knacudi-
KamiitHa Mepexxa RoBERTa, micisa 4yoro o6’e€aHYIOTBCS
3aroJIOBKU Biieo Tepe CyOTUTpaMu sIK IMiIKa3Ku, po3i-
JIeHi crieliaabHUM Mapkepom [SEP].

[Mpuknam cTpyKTypu KOHIENTyaJbHOTO Tpady Ha-
BYAHHS 3 BUKOPUCTAHHSIM CYKYITHOCTI BUIIICHUX KOH-
LIETITiB HaBeJeHa Ha puc. 3.

Pecypcu Kypcy

— BIES
2l

ol

OnTimiaauin

E N5 E

Open Edx

@

ARoHHIA Mo I

MoeegiHka cTypeHTa
=1 0

/

KoHuenTyansHuin rpady

TpaHcpopMaps

Puc. 3. Crpykrypa KoHnenTyajibHoro rpacgy

OuiHOBaHHA CTaHY HABYAHHS CTYIEHTIB 3TiHO 3 KOH-
HentyajabHuM rpadom. Po3ristHeMo Tpoliec IMHAMIYHOTO
OLIIHIOBAaHHSI CTaHy HaBYaHHS CTYIEHTIB 3TiHO 3 KOH-
LEeNnTyalbHUM IpadoM Kypcy. AHaji3 TOBEIiHKU CTy-
nentiB MOOK min yac nmeperssiny Bigeo ¢pparMeHTIiB Ta
MPOXOJIXKEHHSI BiAMOBIIHUX TECTiB JA03BOJISIE OLIIHIOBATU
IMIOTOYHUI PiBeHb 3aCBOEHHS HUMU 3HAHB 3 BiITIOBITHUIX
po3aimiB. Omuc peKOMEHIOBaHUX TapaMeTpiB MOIeTi
OLIIHIOBaHHS PiBHSI 3aCBOEHHSI 3HAHb CTYJAEHTaMU HaBe-
JIEHO B TaoJI. 6.

Tabmmus 6
ITapameTpu Moeti OLliHIOBaHHST
PiBHS 3aCBOEHHSI PO3/IiJIiB KypCy

. Tun
3MiHHa Onuc
TAHUX
Float HopmoBanuii 6ait i-ro cTyneHra 3a
Sy TECTOBE 3aBIaHHS j-TO PO3Iiia
KinbkicTb mepeMoTyBaHb BIiepe
r Bool i-M cTtyneHToM (200 MPOITYCKIB Ml
yac mneperisiny) Bifeo j-ro po3aity
Int OuiHka onaHyBaHHS i-M CTYIEHTOM
G J-TO po3Miny Kypcy
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Ha puc. 4 HaBeneHO cxeMmy aJaropuTMy OLIIHKM CTa-
Tycy (MOTOYHOTO pPiBHSI 3aCBOEHHSI 3HaHb) CTYACHTA.
JetanbHuii poIeC BUTTISIIAE HACTYITHUM YMHOM:

— CTYIEeHTU BUBYAIOTh IIOYATKOBI PO3MIiIN;

— CTYIEHTW IWMBJISATBCI Bileo, a IMOTiM BUKOHYIOTH
KOHTPOJIbHI TECTOBI 3aBIaHHS 3 PO3JiNy;

— CTaTycu CTYIEHTIB OLIiHIOIOTbCS Ha OCHOBI aJlro-
PUTMY OBOJIOIIHHS 3HAHHSIMU,

— BIOMOBiAHI PO3[iAM 3HaHb PEKOMEHIYIOThCSI CTY-
JIEHTaM Ha OCHOBIi OLIIHKM MOTOYHOIO CTaTyCy IXHbOTO
HaBYaHHSI.

PosrisitHeMo nokiagHillle HaBeAEHY CXEMY OLliHIO-
BaHHSI TTOTOYHOTO CTaTycy (IIOTOYHOTO CTaHY 3aCBOEHHS
3HaHb) CTYAEHTA (JaJli — TPOCTO CTaHY).

HenopMarnbHa noBemiHKa BKIIIOYA€E IIBUAKE ITEPEMO-
TyBaHHS BIiepea abo IMPOITYCK ITiJ Yyac Meperysiay Bileo,
a HopMaJIbHa TTOBEiHKA He Tepembdavyae TaKMX OoIepalliii.

3rigHo 3i cXeMor0, HaBeIeHOIO Ha puc.4, CTaH 3aCBO-
€HHS CTYAEHTOM OKPEMUX PO3/IiliB KypCy MOAiISIEThCSI HA
YOTUPU PiBHI (BIiAIOBITHO: HEBUBYEHWI, HE3aCBOEHMUIA,

) 36epiraHHA | |

HEIOCTAaTHBhO 3aCBOEHMI Ta 3aCBOe€HMIt). «HeBuBUCeHMIT»
(ctaH 1) o3Havae€, 110 HOPMOBAHUIA OaJl OLIHKU PE3Yyib-
TaTiB MPOXOKEHHSI TECTy CTyIEHTOM HyxXunii 3a 0.6
(HampuKIIam, BiH MepeMOTYyBaB Brepeld abo0 IPOIyCKaB
Bileo Mia Yac Meperssiay, 10 He € HOPMaJbHOIO MOBe-
niHkoto). CTyaeHTy MaloTh OyTU MPUCBOEHI BilMOBigHI
Oanu 3HaHb IS mepeBipku. «HeszacBoeHuit» (ctaH 2)
O3HAYae€, 110 HOPMAaTi30BaHUI Pe3yabTaT MPOXOIKCHHS
TecTy HMK4Mii 3a 0.6, ajie Bce Bimeo mepemnisnanoch 0e3
nepeMoTyBaHHS BIiepea ado mpormycky. CTyaeHTy MaloTh
OyTH NPUCBOEHI BiAMOBiAHI Oany 3HAHb [JIs1 TIEPEBIPKU.
«HemocratHbho 3acBO€HMIl» (CcTaH 3) O3HAYa€, IO HOP-
MaJli30BaHUIi pe3y/abTaT IMPOXOMXKEHHS TECTy BMIIE 3a
0.6, anne menmie Hix 0.8. CTyaeHTy TaKOX CJIiJ] IIPUCBOI-
TU BiAIOBiIHI Oajiu 3HaHb IS TIEPEeBipKU. «3aCBOEHUIN»
(ctaH 4) o3Hauae, 110 HOpMaJi30BaHUI pe3yabTaT Mpo-
XOIKeHHsT TecTy mnepeBuinye 0,8 i cTymeHT oTpuMmaB
Oinbiry yacTuHy OaniB 3HaHb. CTYNEHTY MPU IILOMY CITiJT
MPU3HAYUTI HOBUI PO3IIJT TSI BUBYCHHSI.

A i e’:‘n noBeAIHKKW
( i o cTyaeHTa .
MoTosmi ; : Ouirka < 0.6 }—
Lt : ( Yy [Hopmanisauin| .
) o SR OuiHKM 3a & 0.6 < OuiHka < 0.8 ’
! ! i Doy ) Tect :
S Ouluxa >0.8 }
OuWkacrawy | R
cryneHTa 7
Crau 1 4—' HeHopMansHa nosegiHka }4—
@ Cran 2 4—1 HopmanbHa nosegiHka }4—
MponoHyBaHHA' ( 7 i
HacTynHoro | Crau3 :
POo3Ainy 3HaHL .
Cran 4 ]:

Puc. 4. Cxema oliHIOBAHHSI TIOTOYHOTO CTATYCY CTYIEHTA

®parMeHT clieHapio (IUISIXY) MOXIMBOTO BapiaHTY
MPOXOJIKEHHSI CTYIEHTOM PO3/AiliB Kypcy, nepeadayeHuin
peKoMeHIaliIMU BUKopucTaHHs miatgopmu Open edX,
HaBeIeHO Ha puc. 5.

CHEHO ) )
O O O O

Puc. 5. IIpuknaa ctaHIapTHOTO ClIEHAPi0
MPOXO/KEHHSI PO3/ILJIiB Kypcy
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Ha puc. 5 3acTocoBaHO Taki MO3HAUY€HHSI MOTOYHOTO
CTaTyCy CTyIEHTa IiCJIsl YeproBOoro TeCTYBaHHS 3a PO3Mi-
JlaMU: «HeBUBYeHUI» — I; «He3acBoeHmii» — II; «Hemo-
craTHbO 3acBoeHuit» — III; «3acBoenuii» — IV.

B po6Goti [12] 3anponoHoBaHO MOAMGiKyBaTH pPO3-
IJISSHYTAW CTaHJAPTHUM LIUISAX y MEXAaX IMEeBHOTO KypcCy.
ExcriepyMeHTH 3 aJrOpUTMOM IWHAMIYHOTO IIIaHY-
BaHHs NUISIXY HaBYaHHS Oy/lM 3acHOBaHi Ha iHTepdeii-
cax TmpukiaagHoro nporpamyBaHHs1 (API), HagaHux
VhuiBepcurerom Llinxya, maargopmi XuetangX MOOC i
Habopi raHnx MOOCCubeX. CTyneHTH TOTPUMYBAIMCS
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(dyHIaMeHTaIbHOI JOTIYHOI MOCTiNIOBHOCTI 3HaHb (TOOTO
MOYaTKOBOI MOCAiAOBHOCTI IIUISIXY) HA MOYaTKy eKCIepU-
MEHTIB, OCKUJIbKM OBOJIOAIHHSI PO3LIMPEHUMM 3HAHHSI-
MU 3aJIEKUTD BiJl OBOJOAIHHS HEOOXiTHUMM 3HAHHSIMU.
Otxe, MiaXia 10 NePCOHATI30BaHOTO MJIAHYBAHHS LLISXY
HaBUYaHHSI, 3alIPONIOHOBAHUI Y LILOMY JOCJiIKEHHIi, BU-
KOPHMCTOBYBAaB CTPATETiI0 3BOPOTHOTO 3B’SI3KY I (Dop-
MYBaHHSI IEPCOHAIi30BaHOrO LILJISIXy HaBYaHHSI HA OCHO-
Bi CTaHiB HaBYaHHS.

Cxemy Moan@iKoBaHOI TOCTIZOBHOCTI HaBYaHHS 3i
3BOPOTHUM 3B’SI3KOM HaBeIeHO Ha puc. 6 (IO3HAYEHHS
MOTOYHOIO CTaTyCy Ha ILIiii cXemi BiAMOBiZalOTh MO3HA-
YEeHHSIM Ha puc. 5).

|
HOUGOR
O L L. 9

Puc. 6. IIpuknax moaudikoBaHoro cueHapiio
NPOXO/ZKEHHS PO3/LTiB Kypcy

Koam cTymeHTH BBaXKaroTh, IO 3aKiHIWIN BUBUCHHS
po3ainy, iXHii1 cTaTyc OBOJIOMIHHS 3HAHHSIMM aBTOMaTHY -
HO OHOBJIIOETBCS 3a pe3yIbraTaMM ITOTOYHOTO TeCTyBaH-
Hs. CTaTycu TIPUCBOIOIOTHCS CTYIEHTY 3TiTHO 3 OTpUMa-
HUMU OajlaMu Ta (iKCYIOThes Y XXKypHasli HaBuaHHs. banu
3HaHb Ha Pi3HUX PIBHSIX HAaBUAHHSI pO3TalllOBYIOTHCSI Ha
OCHOBI MEPEAYMOBHOTO BiJHOIIEHHS, a 0alu 3HaHb Ha
OJHOMY pPiBHI pO3TalllOBYIOThCS 3a 3pocTaHHsIM. [licnas
O3HAlOMJIEHHS 3i CIIMCKOM 0OajliB 3HaHb Y XypHaJli CTy-
IIEHT MO 3HOBY BHKOHATHU TECT (3 MOXIIHMBICTIO OHOB-
JIEHHS cTaHy). SIKIIo B MOTOYHOMY PO3MiJi CTaTyc CTy-
nIeHTa 1ie Binmosigae craHy I (HeBuBueHuit), crany II
(He3acBoeHMit) abo crany Il (HemocTaTHBO 3aCBOEHMIA),
TO TIPOLIEC MOBEPTAETHCS A0 BiAMOBIAHOTO KPOKY (Koja
Ha cxeMi). SKI1o X y MOTOYHOMY PO3/iJii CTaTyC CTYIeH-
Ta BiAmoBigae ctaHy IV (3acBoeHMIf), TO TIpoliec MOBep-
Ta€ETHCS O MEPIIOTO KPOKY i TPOTOBKYETHCS IO HACTYII-
HOTO 3aITPOIIOHOBAHOTO PO3/IiTY KypCY.

5. Ilepconanizanisa cueHapiiB HABYAHHS CTYJIEHTIB
s MBOK

Heob6poo6usieHi naHi, orpumani Bin Open edX, MaloTh
YyMMaJlo HEJOJIiKiB, 30KpeMa, HU3bKY peJIeBaHTHiCTb
aHaJli30BaHMUX KypCiB, QyOJIIOBAHHS NESIKMX PECYpCiB Ta
HaIMipHO IeTaJbHY CXeMy KOHTPOJISI TIPOIIECY 3aCBOEH-
HsI MaTepiay cryneHTamu. [JIst mogoaaHHs X MpooJiemM
JOLITBHO PO3pOOUTH OKpeMi pillieHHSsT IJisl MOKpaIeHHS
sKocTi manux. CIIparounch Ha TIOMepeIHRO TTOOyI0BaHI
MOJIeJIi OLIIHIOBaHHST CKJIQJIHOCTI HaBYaHHS Ta TTIOTOYHO-
IO CTaTyCy CTyIEHTa, a TaKOX Ha PO3pOOKY KOHIIENTY-
aJbHOTO Tpady M KOKHOTO PO3MIiTy HaBYAJIBHOTO Kyp-
cy, OyJIO CTBOPEHO AJITOPUTM MEpCcoHali3allii KypciB, 110

Moaudikye mpoliec HaBYaHHS cTyaeHTa. OKpeMi KpoKu
peaJizauii bOr0 aJrOPUTMY MOXKHA OMUCATU TAKUM YU-
HOM:

— CTYACHT IIPOXOANTH OHJIAH KypC 3a BU3HAYCHOIO
MOCJIiJOBHICTIO;

— KOJIU CTYICHT YCIIIITHO ITPOXOINUTH TECT 3a IOTOY-
HOIO TeMOIO, TO Oro CTaH aBTOMAaTWMYHO OHOBIIIOETHCS
Ha OCHOBI CXeMU OBOJIOAIHHSI 3HAHHSIMU;

— SKIIO 3a Pe3yJbTaTOM TECTy CTaH 3aCBOEHHS CTY-
JIEHTOM ITOTOYHOI TeMU (200 HU3KU TEM) — «3aCBOEHMI»,
TO BiH Ma€ MPOJOBXUTHU HaBYAJIbHY IMOCJiJOBHICTb, B iH-
1IOMY BMMAAKy CTYICHTY Oylde 3alpOIIOHOBAHO IPONTHU
TEeMH 3 iHIIIOTO KypCy, SIKUI1 Ma€ MEHIITY CKJIaTHICTh, T10-
MepeaHbO IMPOpPaxXoBaHy 3a AOMOMOIOI0 MOAENdi CKIal-
HOCTI;

— SIKIIO CTYACHT IOCSATHE HEOoOXiMHOro PiBHS IMicCJst
TECTy 3 TeM 3 MEHILIMM piBHEM CKJIaAHOCTi, TO BiH MO-
BEpPHEThCSI 10 0A30BOro BapiaHTy, 1100 MPOUTU TOIepe-
IHiA TecT. Konu cTyaeHT He pocsrae nmoTpioHOro CTaHy
OBOJIO/IIHHSI 3HAHHSIMU, TO HACTYITHUI TECT Oyjie 3 Kypcy
3 OiTBII HU3BKUM PiBHEM CKJIQJIHOCTI.

IlepconanizoBaHe HaBYaHHS CIIPUSIE YCIIIITHOCTI
OBOJIOMIHHSI 3HAHHSIMU CTYICHTAMM BHACIiIOK BUKO-
PUCTAHHS CIELiaIbHO Mifi0paHUX HaBYAJbHUX KapKaciB.
Ha puc.7 HaBeaeHO NMpUKIIa ClieHapilo OHJIAaiH HaBYaH-
HS 3a MPOIIOHOBAHUM aJITOPUTMOM, SIKWII MOXKE aBTO-
MaTUYHO TeHepyBaTH MepCOHATi30BaHi IUISIX HaBYaHHSI
3 BUKopucTaHHsAM Tuiatdopmu Open edX 3a pesynbra-
TaMU OIiHIOBaHHSI CTaHy HaBYaHHS CTYICHTIB y peXKu-
Mi peaJbHOro 4Jacy (TT03Ha4eHHS ITOTOYHOTO CTaTyCcy Ha
puc 7 BiIMoBimaroTh MO3HAYEHHSIM Ha pHC.5 Ta puc.6).
AJropuTtM nependavyae MOXKJIMBICTb ajarTalil CLieHapiro
HaBYaHHS 3 TIEpeXoaMu Ha Pi3Hi piBHI CKJIAAHOCTI Kyp-
cy (xypcel, kypc2, kypc 3 — Ha puc.7).

BapTo 3a3HaunTH, 110 JaHUI aITOPUTM Ma€ BPaxo-
ByBaTu He JIMIIE CKJIAAHICTh TIEBHOTO PO3IiJy 3HAHb Ta
CTaHU 3aCBOEHHS MaTepially, a TAKOX i EKOHOMiuHi ac-
nekTH (KOJIM Mil 4Yac MPOXOIKEHHS TEepIIOro Kypcy B
aJITOPUTM TIPOTIOHYE TIPOUTU MOMATKOBMIT PO3IiI 3HAHB
3 iHIIIOTO KYypCY, € BipOTiAHICTh TOTO, 11O CTYAEHT BUPi-
IIATh TIPUIOATH i IIeH Kypc, caMe TOMY IIeil aJrOpUTM
Mae OyTM OiJblI MPUBAOJMBUM IJIsl iHTerpailii Ha Taki
wiatgopmu sk Open Edx).

~® -O-0-0~0-O
s O--O-DFO-O-O-0-O
- O-O-O--O-0-0-0-O
O ©® ® 0

Puc. 7. Ilpuknaa Bu3HaAUY€HHs MEPCOHATI30BAHOTO CIIEHAPIiI0
MPOXO/KEHHSI PO3/ILIiB Kypcy
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Takox B aJlropuTMi nependayeHuit JiMiT Ha TIUOU-
HY peKOMeHAalliil 11010 CLieHapilo MPOXOIKEHHS KYypCy,
1100 YHUKHYTU CHUTYyallil, KOJIU ACSIKi CTYAEHTU MaloTh
MPOXOAUTHU KypC 3aHAATO ITOBTO.

6. Pe3yibraTi eKCIEPUMEHTAIBHOIO A0C/IIKEHHS

B ekcniepMeHTax 3 IUHAMIYHUM TTAaHYBaHHSIM KOH-
TEHTY KypCy 3a JOIMOMOTOIO 3alIPOITIOHOBAHOTO aJITOPUT-
My (Ha mpuknani Kypci «TyyHuii iHTeneKkT») Oyau BU-
KOpUCTaHi iHTepdelicu MNPUKIAAHOTO IMporpaMyBaHHS
(API). CrymeHnTn, 1110 npuitMaay y9acTb B eKCIIEpUMEH-
Tax, JOTPUMYBAINCSI ITOYATKOBOI ITOCITiTOBHOCTI 3aCBO-
€HHS TeM 3 TONAJBIINM BUKOPUCTAHHSIM CTpATETii 3BO-
POTHOTO 3B’SI3KY MJIsi (pOpMyBaHHS TMEPCOHATI30BAHOTO
LIJISIXYy HaBYaHHSI HA OCHOBI aBTOMAaTU30BaHOTO OLiHIO-
BaHHS CTaHiB HaBYaHHSI.

Jisg moOynoBM KOHIUENTYyaJbHOTro Tpada  AUCIU-
wriHn  «lLTydHuii iHTEeJIeKT» aHOTYBaauMCs KOHLEITHA

i3 cyOTUTpIB KypcCiB LIbOro HanpssMKy. IloTiM HanaiTo-
ByBaslacs1 KinacudikauiitHa Mepexkxa RoBERTa st Bcix
BimeocyOTUTpiB i BUOUpanaucss (pparMeHTH, BIEBHEHICTh
sgKuX nepesuiyBaia 0,85, IK KaHAUAATA Ha KOHLIENTH.
ExkcriepyMeHTalbHI pe3yIbTaTé MOKa3yloTh, IO METOI
RoBERTa-NER Bursrye 6iabir ApiOHi KOHUENTH, HixX
CTAaHIAPTHU TIOIIYK i 3B’I3yBaHHSI CYTHOCTCIA.

3aBOgKy MOOYIOBI KOHIICTITYaJIbHOTO Tpada MU MO-
XeMo 30araTuTM acolliallilo TeTepOreHHUX pecypciB
MBOK Ta iHnTerpyBatu OiJibllie THITIB 30BHIllIHIX pecyp-
ciB. Ing HeomHopimHux MOOK-pecypciB mpoBOAUTHCS
aHOTAllisl KOHUEMNTY, 11100 3B’s13aTH iX Y KOHIENTyaJlbHO-
My Trpadi.

Ha puc. 8 HaBeneHO MpUKIaL OMUCY Pecypcy Kypcy
«ITygHnit iHTEIEKT», IO TIPOIIOHYETHCS IS OHJIAH
HaBYaHHS 3 BUKOpHUcTaHHAM Tatdopmu Open edX.

Courseld | CName | Field | Chapterld | Videold VideoText Exerciseld | ProblemId ProblemText PType
Which of the follow
Ex_7552 | Pm_14512 -ing are the research 0
Artificial Al is the intelli fields of AI? A:...
C_1729 | Intelligence| CS | L_4522 |V_59697 | -gence exhibited by What is the AT
machines or software.
Ex 7554 | Pm_14520 | . method. to represent 2
information by symbols
and their relationship?

Puc. 8. Ilpuknan ommucy pecypcey Kypey «LLITydanmii inTenekr»

V npuknani nokazaHo MetaiHdopmallito, Ha3By Kyp-
Cy, HOMep 3aBIaHHS, Bileo, BUILJIIEHI KOHLIENTU Ta Bif-
noBigHI TpobaeMu B Kypci «ILITydyHuii iHTenexT».

Ha puc.9 HaBeneHo npukiaja BigoOpakeHHsT MOBEIiH-
KU CTyIEHTa B IIpolieci OHJIaliH HaBYaHHS.

Userld | Courseld | CName | Videold | Exerciseld | Problemld | Answer Comment Reply Time
Is the Turing
V_59697 \ \ \ test complete? \ 2020-04-20 16:57:50
Artificial \ Ex_7552 | Pm_14512 A \ \ 2020-04-21 10:14:13
U_112| C_1729 | Intelligence \ Ex_7554 | Pm_14520 | Symbolicism \ \ 2020-04-23 14:29:06
I think under
-standing and
V_59703 \ \ \ \ intelligence are 2020-04-26 21:35:45
two things...

Puc. 9. Tlpuknan BinoGpaxkeHHs MOBEAIHKH CTYIEHTA B npoueci onaiiH HapuyauHs (Kypc «IIITy4Huii inTeekT»)

VY npukiani mokazaHo MOBEAIHKY Tif Yac Meperssmy
Bileo, MOBEIiHKY BIpaB Ta MOBEAiHKY KOMEHTYBaHHS Ta
BinmoBini ctyneraTa U 112 3 Kypcy «lITydHuMif iHTEIeKT>.

Icaytoui pecypcu MOOK 306epiraoTh Jauiie gyxe
cllabKi 3B’SI3KM 4epe3 CTpyKTypy Kypcy. [loB’sa3yioun
Pi3Hi pecypcH 3 JeTaIbHUM KOHILIENT-rpacdom, € MOXIIHU-
BIiCTb 30araTuTH iXHi 3B’SI3KM Ha piBHI 3HaHb. OCKiIbKU
KOHIIENITA BUTATYIOTbCS 3 CYOTUTpIB Bileo, Bigeo Mpu-
POIHO AHOTYIOThCS TOHKMMM TOHATTSIMU. [Iporte iHimi
TUMU PECYpCiB OCi HE MAaOTh KOHIIETITYaJIbHUX aHOTa-
i, 17151 KOXHOro Kypcy 0oro KOHLENTU € 00’ €IHAHHSIM
10Tro BiJIe0 KOHILIEMTIB.
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JUtst oliHKM e(MEeKTUBHOCTI 3alpONOHOBAHOTO Mif-
xoay Oyyio kiacu@ikoBaHO MOBENIHKY TPYIU CTYIEHTIB
y OHJaliH-HaBYaHHI 3 Kypcy «llTyunuii iHTelekT» Ha
IBi Kareropii: edekTWBHa IOBeAiHKa Ta Hee(eKTUBHA
noBeninka. [ToBeniHka, 110 crpusijia OTpMMaHHIO He3a-
CBOEHUX i HEAOCTATHLO 3aCBOEHUX 3HAHb (3TiAHO 3 Mep-
COHAJIiI30BaHUM ClIeHapieEM HaBYaHHs), OyJja BU3HaueHa
K edeKTuBHA ToBediHKa. B iHIIOMYy pa3i moBemiHKa
CTyJeHTa BU3Havauacs K HeebekTuBHA. EdDeKTUBHICTh
HaBYAIBHOTO IIUISIXy Oyla BU3HAYeHAa HACTYITHUM
YUHOM
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1
ne N — KUIbKICTb CTyneHTiB; U; — NOBXUHA HaBYaJbHO-
ro HUUIsIXy i-ro cryaeHta; U/” — KinbKicThb MOBTOPHUX
3aCBOEHDb 3HAHb HABYAJILHOTO IIIJISIXY i-TO CTYJEHTA.
ITicnst po3paxyHKy cepefHiii MOKa3HUK e(heKTUBHOI
MOBEIiHKM y rpy1ii 3 10 cTyneHTiB ckiaB 6u3bKko 90%.
Lle Bka3ye Ha Te, 1110 3aIIPOTIOHOBAHUI AITOPUTM U~
HAMIYHOTO TIJTAaHYBAaHHS LUISIXY HABYAHHSI MOXE TOYHO
BUSIBUTU €(hEKTUBHI ClLEHapil Ta MiABUIIUTU eDEKTUB-
HicTh HaBYaHHs1 B MOOK.

BucHoBkn

Icaytoui mmatdopmu MBOK He 3aBXXmIm MOXYTb 3a-
0e3rneuynTy MepcoHali3oBaHi IOCIiTOBHOCTI HaBYaHHS
cTyaeHTiB. B maHiit poOOTi 3arponoHOBaHO MiaXil, SIKUi
CIIpUSITUME peajtizaliii epCcoHai30BaHOI0 TIaHyBaHHS
HaBYaJIbHOIO 1IJISIXy HA OCHOBI CBOEYACHOI AiarHOCTUKU
CTaHy HaBYaHHS CTYIEHTIB.

IlepeBarow po3MISIHYTOrO aJITOPUTMY, OKPiM Bpaxy-
BaHHSI CKJIQAHOCTI KOXHOIO MOAYJISl Ta BUKOPUCTAHHSI
iHdopMallii Mpo MOBemiHKY CTYACHTa ISl aHaJli3y 3aCBO-
€HHS 3HaHb, € TAKOX Te, 1110 MePCOHAi30BaHUM TTiaXi
J10 TUIAaHYBaHHS CXeMU 3aCBOEHHST HABUYAJIbHOTO MaTepia-
JIy MOXKe COpUSITU BUKOPUCTAHHIO Pi3HUX BapiaHTiB Kyp-
CiB y TTOOY/IOBI CLIeHapiiB OHJaliH-HaBYaHHS.

[lepcrieKTUBHUM HAIIPSIMKOM PO3BUTKY 3aIIpOIIOHO-
BAHOTO TIAXOAY € BMKOPMCTAHHSI OCTAHHIX NOCSITHEHb
B JM3aliHi OHJAH HaBYaHHS Ta METOMiB PO3LIUPEHHS
miatdopmu Open edX Ha OCHOBI reHepaTUBHUX ITYY-
HUX HEUPOHHUX MEPEK.
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HEMPOMEPEXXEBA CUHEPITETUKA TA NEURONET
ABTOMOBUIbHOINO TPAHC®EPY

[TpoBeneHo noCHiIKEeHHS 3 TOBEIESHHS AOLIJIBHOCTI IEpeHECEHHSI BipTyaJIbHOTO YIIPaBIiHHS aBTOTPAHCIIOPTOM
B XMapHy cepeay K 3 TeXHIYHOI TaK i 3 eKOHOMIYHOI TOYKM 30PY KJIIEHTYPU TPAHCIOPTHUX IIANPUEMCTB. 3 METOIO
PO3ropTaHHS KJIIEHT CEPBICHOT TEXHOJIOTiT pyXOMOTI0 CKJiany aBTOMOOITbHOTO TpaHchepy Oy/iu BUKOPUCTaHi iHCTPY-
MeHTaJIbHi 3acoou — Data center XHALY, Internet Google, Information Services. HaykoBuii pe3yabTar MmoJjsira€ y 10-
BEJCHHI JOITBHOCTI PO3POOKH ITPOrpaMHOI IJIaTHOPMU IMTPOTPaMHOTO0 3a0e3TeUeHHST aBTOMOOITEHUX KOMIT FOTEPHUX
cucteM 3a TexHosoriero Web ta miepexoay mo IT Industry 4.0.

TPAHCO®EP, IT-IHAYCTPISA, WEB, CLOUD COMPUTING, KOHKYPEHTHA CITPOMOXHICTb,
JNELHEHTPAJII3OBAHI CXOBUIIA JAHHUX.

S. M. Neronov, G. A. Pliekhova, M. V. Kostikova. Neural network synergy and Neuronet of car transfer. A study was
conducted to prove the feasibility of transferring the virtual management of motor vehicles to the cloud environment
both from the technical and economic point of view of the clientele of transport enterprises. In order to deploy the cus-
tomer service technology of the rolling stock of the car transfer, tools were used - Data center of the Khnadu, Internet
Google, Information Services. The scientific result consists in proving the expediency of developing a software platform

DOi 10.30837/ bi.2023.1(99).05

for automotive computer systems based on Web technology and the transition to IT Industry 4.0.
TRANSFER, IT-INDUSTRY, WEB, CLOUD COMPUTING, COMPETITIVE CAPACITY, DECENTRA-

LIZED DATA STORAGE.
Beryn

VY 3B’3Ky 3 MOCTIMHUM iH(pOpMaLiiiTHUM PO3BUTKOM
CYCHiJIbCTBA Ta MOro MpOMMCIIOBOI CKJIaIOBO1 HOBi TpaH-
CHOPTHI CUCTEMM i MAILLIMHU JOCSITJIM BUCOKOro iH(pop-
MalliifHOTO PiBHSI TOCKOHAJIOCTi. BimmoBigHo 3’saBMIOCS
HOBE TMPOTUPIUUS MiX CTPIMKHMM PO3BUTKOM 3ac00iB Ta
MEeTO/IiB iH(opMaTHu3allil CKJIaAHUX 00’E€KTIB i cUcTeM Ta
TreTePOreHHUM XapaKTepoM iCHYIOUMX ITiICMCTEeM Ta Jia-
HOK TPaHCIIOPTHOTO KOMILIEKCY YKpaiHu. Po3B’s3aHHS
LILOTO TIPOTUPIUUSI JO3BOJUTH Ha BCiX PiBHSIX TpaH-
CIOPTHOI iHGPACTPYKTYPU MOMIMIIUTHA O0OCTyTOBYBaHHS
MELIKAHIIIB MICT i pErioHiB, YAOCKOHAJIUTW IE€peBi3Hi
MpoLleCH, YHUKHYTH iCHYIOUMX HEraTUBHUX BIUIMBIB.
Sk HacligoK, yCyBalOThCsl: 3001 B opraHizallii pyxy, He-
3aJ0BIJIbHUM CTaH WLIJIAXiB CITOJY4YeHb, HepallioHaJlIbHe
BUKOPUCTAHHSI KOINTiB, IO BHIUISIOTECSI Ha PEMOHT,
eKCIUTyaTallilo Ta 0OJIAIITOBAHICTh TPAHCIIOPTHUX Mari-
crpaneit. Lle Oyne cripusITU MiABUILEHHIO OE3MEKU PYyXY,
MOKpallleHHIO SIKOCTi TPaHCIOPTHUX MOCJYI, 3a0e3Iie-
YeHHI0 KoMGOPTY TIepecyBaHHS JIIO/Ieil Ta 30€peXXKeHHIO
BaHTaXY.

KoHTeHT BiIMOBIiTHUX CEpPBICiB MOBUHEH Oa3yBaTUCS
Ha MPOCTOPOBO-YACOBIiil Opi€HTallil, aJropuMTMizaiii Ta
MapIIpyTH3aLil PyXOMOTo CKJIamy IAIPUEMCTB Ta Opra-
Hizalliit, 110 3a0e3meuyroTh IMepeBi3Hi mpoiecu. OnHak
CbOTOJIHI HEOOXiIHICTh TaKOro KOHTEHTY BipTyajibHa
JIOTiCTHKA JIMIIE AeKJIapy€e, TOMY IO HEe MOXE YCYHYTH
BiIMOBiNHI BapTicHi oOMexeHHs1. Tomy HeoOXigHO 30ce-
peaWTH yBary caMe Ha BIPOBAIKEHHI Ta iMILIEMEHTALlil
OCHOBHHMX ITOJIOKEHB BipTyaJbHOTO YIIPaBJIiHHS TIEPEBi-
3HUMU TTPOIIECAMM.
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MeTor0 BUKOHAHHS 1€l poOOTU € HOBEAEHHS HO-
LIUTBHOCTI MEePEeHECEeHHS BipTyaJIbHOTO YIPAaBIiHHS aB-
TOTPAHCIOPTOM B XMapHy cepeny SIK 3 TeXHiYHOiI Tak i
3 €KOHOMIiYHOI TOYKU 30pYy KIIIEHTYPU TPAHCIIOPTHUX
minnpuemMctB. O0’€KT AOCTIIXEHHSI — MPOCTOPOBO-Ya-
COBa Opi€eHTallisl YYaCHUKIB JOPOXHBOTO pyxy. [Ipenmer
nocruimxeHHss — Cloud Computing aBTOMOOiIIBHOTO
TpaHcdepy. 3aBIaHHSI — PO3TOPTaHHS KJIIEHT CEpPBiCHOI
TEXHOJIOTII PYXOMOTO CKJaly aBTOMOOLUIBHOTO TpaHC-
depy. IncTpymeHTanbHi 3acoom — Data center XHALY
(paitnosuit apxisB XHAIY www.files.khadi.kharkov.ua);
Internet Google, Information Services.

B ocHOBiI pochiigkeHHsST BUOIp XMapu, IMIUIEMEH-
Tallisl TiMOTe3W MpPO 3HMKEHHSI BTparT, 1110 MOB’sA3aHi 3
PO3BUTKOM KOMIT IOTEPHOTO pecypcy aBToTpaHchepy,
3 Industry 4.0 B 3amavax ITOBHMINCHHS KOHKYPEHTHOI
CIIPOMOXKHOCTI JTOPOXKHIX TPaHCIOPTHUX ITiAIMPUEMCTB
YkpaiHu.

TosloBHE B yIOCKOHAJIEHHI MEPEBI3HOTO MPOLECY IS
JIaHLIora BUPOOHMKA, MPOMMCIOBOCTI, MEPEBI3HUKA,
OTpUMyBaya € 3aJaya HaJaHHS ydyacHUKaM TepeBi3HO-
ro mpoilecy, ocobam, 10 MPUIAMaIOTh PillIeHHS 3 BipTy-
aJbHOTO YIIPABIiHHS TPAaHCIOPTHUMHU Ta TOPOXHIMU
opratizaiigmMu, iHgopMallilo Tpo MJOPOXHI CHUTYyallii.
PimenHs1 Mae iHCTpyMeHTaIbHUI 3acid — Internet caidT,
KOTHITUBHIA KOMIT' IOTepHOI TexHosorii Web npuitHATTS
pillieHb 11010 palliOHAJIBHOI OpraHizallii aBTOMOOiJb-
Horo TpaHcdepy (Oyab-SIKOTO MepecyBaHHS MacakupiB
ab0 BaHTaXy y MPOCTOPOBO-YaCOBOMY MPOCTOPi MEPEBi-
3HMX MPOIIECIB) 3 ypaXyBaHHSIM CTaHy HOPOXKHBOTO Ce-
penosuiy. Ha BiaMmiHy Bim iCHYIOUOTo CTaHy JIOTiCTHKH,
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XHYPE

OCHOBHMUX 3aKOHIB, MPaBUJI Ta MPUHUUMIB po3BUTKY [T-
IHAYCTpil TependavaeTbCsl iHTEPAKTUBHUIM MOHITOPUHT
SIK aBTOMOOLJII0, TaK i yYaCHUKIB MEPEBI3ZHOTO MPOLECY,
came TOpOTH.

HayxoBuii pe3ynbrar mojsira€ y HayKOBOMY OOTPYH-
TyBaHHI MeXaHi3My caMoopraHi3ailii CHMHEepPreTMYHOro
00’€ITHaHHS KOMIT I0TEPHUX PECYPCiB YCiX YUACHUKIB J10-
POXHBOIO pyXy B €IMHOMY iH(pOpMaLiiHOMY MpPOCTOpi
mobanbHOI Mepexi Internet — Bilm OKpeMOi TpaHCHOPT-
HO1 MalllMHU 10 KOPMOPATUBHOTO PiBHS BipTyallbHiil J10-
TiCTUKM.

g pobGota € moCHiIXeHHSIM OCHOBHHUX 3aKOHIB,
TBEpIXKEHb Ta TMPaBWI CTBOPEHHS aBTOMOOITHLHUX
komir’1otepHux cucteM (AKC). BoHa € ocHOBOIO 3aCcTO-
CyBaHHSI Ha TPAHCIIOPTIi BipTyasibHill JIOTICTUKU Ta PO3-
BuTok IT-inmyctpii. Lle He TinbKM opraHizailis Hammo-
TY>XHUX PO3MOIIICHUX OOUYMCIIeHb, ajie i1 Taka CITiJIbHA
poboTa KOPUCTYBayiB, 1110 HaJJAE MOXKJIMBOCTI JOCTATHHO
noBHoro BukopuctaHHs Cloud Computing. st 11bOro
iZeasbHO TAXOAMTh CyvyacHa Internet-TeXHOJIOTiS THUITY
Web 2.0 (Web 1-4).

B ocHoBi mosisirae Moxenb ontuMizalii iH(ppacTpyK-
typu (I10) Microsoft 3 BUKOprcTaHHSIM JOCBiTy, HAKOITH-
yeHoro sK I T-inaycrpiero, Tak i camoi Microsoft. Mozaenb
1O € nocnigoBHICTIO YOTUPHLOX PiBHIB (ab0 (a3) mocTy-
MOBO 3POCTalOuoi TEXHOJIOTIUHOI 3pinocTi: «ba3zoBuii»,
«CranpaptuzoBaHuit», «PauionanizoBanuit», «JIuHaMiu-
Huit». [nsg Oynb-sIKUX TANIPUEMCTB Ta OpraHizauiii,
¢ipM (mani mpocTo KOMIaHiii) 3 iHOPacTPYKTYpoOlO piB-
Hs1 «ba3oBuii» xapakTepHi py4Hi JoKali30BaHi Mpolecu,
MiHIMaJIbHE LIeHTpali3oBaHe KepiBHULTBO. KommaHito,
iH(pacTpyKTypa IKO1 3HAXOIUTHLCS Ha piBHI «CTaHIapTU-
30BaHUII», MOXHA OXapaKTepu3yBaTH SK TaKy, 10 Ma€E
KepoBaHy iHppacTpykTypy. OpraHizalii 3 iHppacTpyKTy-
poio piBHs «PalioHanizoBaHuli», SIK MpaBUJIO, BXe Bifli-
rpaloTh 3HAYHY POJIb Y MIATPUMII i po3LIUPEHHI Oi3HeCY.
Opranxizauii 3 iH@pacTpyKTypoto piBHS «nHaMiuHUI»
MaloTh YiTKy YsIBY MpO CTpaTeriuHe 3HauyeHHs iHdpa-
CTPYKTYp IJi1 €(heKTUBHOCTI Oi3HECy U KOHKYpPEHTO-
CITPOMOZKHOCTI.

IT-Bigninv opieHTYIOThCS HA MOTpedu Oi3HeCy Ta Ke-
pytoTbcsl HUMU. [loCBia Ta HayKOBi JOCSITHEHHS TIepIIOl
B YKpaiHi HayKOBOi LIKOJU 3 CUHEPreTUKU, MeXaTpOHi-
ku Ta teaeMaTuku XHAJLY n03BoisIIOTH BUBHAYUTU Pi-
BeHb [T Bukopucranusam Cloud Computing Ta Web 1-4
K «KorHiTuBHMii» 0i3HECOBUII piBeHb CUMHEPTETUYHIM
KOMIT I0TE€PHOI 3piiocTi Oyab-sakux [T-kKoMmnaHii.

OCHOBHMM € 0a3yBaHHS Ha MPUHLIMITAX MTPaBUJIBHOTO
MPOCTOPOBO-YACOBOIO CMiBBIAHOIIEHHS CIeliaJbHUX Ta
yHiBepcaJlbHUX pillieHb MaKiMOTO 3 ypaXyBaHHSIM 3aKO-
Hy AMJaJia Ta BiioMoro TBepaxeHHs Mypa. Po3poOHuku
MPOEKTY BUKOHAJIM CKJIANHY IMITJIEMEHTALlil0 iCHYIOUOTO
TpaHcnopTHoro noptany XHAJIY y HOBuUil JjoricTuu-
HUT mopTan iHopMalLiiiHUil caliT arperaTop MOXKJIMBUX
MapLIpyTiB 3riIHO OCOOJUBOCTSIM IEpeBi3HUX IPOLIECiB

B YMOBaxX CTOXaCTUYHOI'O MOMUTY KJIIEHTYPU TPaHCIOPT-
HUX Ta JOPOXHIX MiAMPUEMCTB.

OCHOBHMM JXKepesioM 1Ii€l po3poOKHU € TMOCTaHOBKa
3alayi Ha MiABUIIEHHSI KOHKYPEHTHOI CIPOMOXHOC-
Ti TPAHCIOPTHUX MiANTPUEMCTB B YMOBax po3BUTKY IT-
IHIYCTpil BipTyaJIbHOTO YMpPaBJIiHHS MEPEeBI3HUMU MPO-
Hecamu. Y gocmimkeHHsX [1, 2] BU3HaA4YeHi mpobiieMu
iHTerpaiii TpaHCTIOPTHMX 3aCTOCYBaHb 3 CTBOPEHHSM
iHTeJIeKTyaJIbHUX TPAHCIOPTHUX CHUCTeM. Pesynwsratu
eKCMEepUMEHTIB Ha T1aTdhOpMi TPAHCIIOPTHOTO 3acody
[1] moBomsAThL SIK HAmiifHO BMSIBIASTM TPaHCIOPTHI 3aco-
Ou B peayibHUX TPAHCTIOPTHUX CEPEIOBUILAX. Y CTaTTi [2]
BU3HAYAETHCS CTPATETisI pOOOTH MPOrpaMHOro 3abe3rie-
YEHHS$I, OLIIHIOETHCS BiATOBIAHUI KOHTEHT. BipTyanbHe
YIOPaBJiHHSI PO3IISIHYTO SIK OCHOBA JUISI BUKOPHMCTAHHS
OCHOBHUX TOJIOXEHb PO3POOKU iHGMOPMaLIHTHUX KOMY-
HikawuiitHux TexHonoriii (IKT) came y TpaHCITOpTHUX 3a-
crocyBaHHsIX [3, 4]. ¥V mocnigkeHHi [3] HaBeleHO BUKO-
pUCTaHHS [JIsl IbOTO HEUiTKOI JIOTiKU. ¥ cTaTTi [4] Takox
BUCBITJIEHI pillIeHHS MPOOJIeMU 3aCTOCYBaHHS Helipoma-
TeMaTUKU Y TPAHCIIOPTHMX MOAaTKax. 3arajibHO Teope-
TUYHI Ta OpUKIaaHi 3agadi iHGopMaliiiHOI MiATPUMKU
i€l po3poOKK BUCBITIEH]I pe3yabratamu [5, 6]. Y crarti
[5] HaBeneHo naHi po 3B’3KU Tpadiky.

JloBeneHHsI TBEPIKEHHSI MPO HEOOXiMHICTh YIOCKO-
HaJIEHHS iCHYIOUMX cUCTeM iH(MOpMaLiiHOI CcUCTeMU
MATPUMKU MNPUNHATTS pillleHb € pPe3yJIbTaTOM JOCIi-
mkeHb [7, 8]. Ha BimMmiHy Big 1bOro MPOIMOHYETHCS HE
MPOCTUI MOIENbHUI Miaxin [7], YAOCKOHaJIeHHSI Map-
KETMHIOBUX B3a€EMOBiIHOLIEHb [8], a CcuHepreTuyHe
00’eHAHHSI BHYTPIIIHBOI Ta 30BHILIHBOI TeJIeMaTUKU
PYXOMOTO CKJIay MepeBi3HUKA.

LlinkoBa HacTtaHOBa Iependavae MiaBUILIEHHS edeK-
TUBHOCTI BipTyaJlbHOTO YIpPAaBJiHHS MEPEBI3HUMU MPO-
lecaMy 3a paXyHOK CHHEPIreTHUYHOro o0’€IHaHHSI BHY-
TPILLIHBOI Ta 30BHILLIHBOI TEJIEMAaTUKHA PYXOMOTO CKJIaly
yCiX Y4aCHHKIB TEpPEeBi3HOr0 Mpolecy Ta PUHKY TpaH-
CIIOPTHUX TOCTYT. 3aBIaHHSI CIPSMOBAHO Ha CBOE€YAC-
HEe TPUIHATTS pillleHb Ta iHTePaKTUBHUN MOHITOPUHT
YMOB PYyXy, pallioHaJibHEe PO3MOIiIIEHHSI KOMIT IOTEpHUX
pecypciB y4aCHUKIB TPaHCIIOPTHOTO TIPOLIECY TSI 3HU-
JKEHHST BUTpPAT. TakoX [OCSATAETHhCS palliOHaJbHE CIO-
JIyYeHHS €IUHOrO iH(OpPMAaLiifHOrO MPOCTOPY Ta BUKO-
puctanHs Cloud Computing y BipTyaJIbHOMY yIpaBJliHHi
MepeBi3HMMMU Tpoliecamu. Pe3ynsrat moBMHEH MOJISITaTU
B YCYHEHHi MPOTUPiIY HAsIBHOCTI 3arajbHUX BapTiCHUX
0oOMeXeHb Ta MOTPIOHMX KOMIT' IOTEPHUX pecypcCiB 3 pa-
LIIOHAJIBHOI OpraHizalii KJIi€HT-CepBEPHOI TEXHOJIOTi1
nepesizHoro npoiecy. CBOEPIAHOIO BiJIbHOIO HillIeIO Bif-
MOBIMHUX PO3pPOOOK € CUHEPreTUYHUN, iHhOopMalLliiHu
PO3BUTOK PUHKY TPAHCIIOPTHUX TTOCTYT.

Crnipoba BU3HAUUTU Take 00 €IHAHHS 3alpONOHOBA-
Ha y NPUKIATHUX TOCTIIKeHHIX [9] Ta cTarTi, 110 Tpu-
CBslUeHa onTUMizalii Tpadiky pyxomoro ckiaay [10].
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BoHa nosisirae y noBeAeHHi OOLIIBHOCTI PO3pOOKU
MMPOrpaMHOiI IIaT(OPMHU TIPOTPaMHOTO 3a0e3ICUCHHS
aBTOMOOITbHUX KoMIT 10TepHUX cucteM (AKC) 3a TexHo-
noriero Web ta miepexony a0 IT Industry 4.0. OcHOBHUM
MUTAHHSIM € CUCTEMHE aAMiHICTpyBaHHSI aBTOMOOiJIBLHOT
TeJleMaTUKM B 3ajJadax pO3IOAiTY KOMIT'IOTEPHOIO pe-
cypey, came 3 TpogeciiHOro CTaHOBJIEHHSI aHaJliTUKU
BUMOT, 200 0i3HECOBOI aHAJIITUKU, CUCTEMHOTO alMiHi-
cTpaTopa KOPIIOPAaTUBHOI TEJIeMAaTUKU TPAHCIIOPTHUX
a00 nopoxHix mianpuemcts [11 — 17].

1-i1 eTanm — mocTaHOBKA 3aJa4i Ha CTBOPEHHS Teope-
TUYHUX OCHOB PO3MOMIJICHHS KOMIT'IOTEPHUX pPecypciB
MiX y4YaCHHMKaMM JOPOXHBOTO pYyXY, KOpHUCTyBayaMu
aBTOMOOITbHUX JOpil. JexkiapyBaHHSI aKCioMaTUKU, A0-
CJIIDKEHHSI 3aKOHOMIpHOCTE PO3BUTKY TeJIeMaTUKM Ha
aBTOMOOIJIbBHOMY TPaHCIIOPTi Ta BU3HAYEHHSI OCHOBHUX
MPUHIIMUITIB SIK BUKOPUCTATU HOBITHIO MEPEXEBY TEXHO-
sorito Cloud Computing y TpaHCIIOPTHUX Ta TOPOXHIX
opraHizaiisx. 2-ii eTanm — IPOIMO3ULIi 3 TOBEAEHHS H0-
CSIDKHOCTI, CITOCTEPiraEMOCTi i CTBOpPEHHS KJIi€HTCHKOI
YaCTUHU TeJIeMaTUKU TPaHCHOPTHOI (IO0pOXKHBOI) opra-
Hi3alii, aBToOMOOiII0 — 3ac00iB iH(popMalLliliHOi B3aeMOil
YYaCHMKIB JTOPOXKHBOro pyxy. @isuuHe, iMitaliiiHe MO-
JIeJIIOBaHHS, TECTYBaHHS, BeprdiKallis KoM IoTepu3allii
iHDOpMaLiiHUX TPOLECIB OL[IHKM JOPOXKHIX CUTYyalliil.
IHTEepaKTUBHOCTI TPAHCIOPTHUX MPOLECIB CTalM €KC-
MEepUMEHTAJbHUM IiATBEPIKEHHSIM IUISIXiB BTUICHHS Y
TPAHCIIOPTHUX Ta JOPOXKHIX OpraHizaiisix iHbopMalliii-
HO-KOMYHIKaIliiHOI TEeXHOJOTil yIMpaBliHHS Ha3eMHUM
TpaHcnopToM. Llpomy mepemyBaso po3poOKa Ta CTBO-
PEHHSI BHYTPILIHbO1 aBTOMOOUIbHOT TeJIeMaTUKU, iHTep-
AaKTHWBHA CUCTEMa PEECTpallii, OLiIHKU Ta HAKOUYEHHS,
y3arajibHEHHS JaHUX IIPO ONepaTUBHY CUTYallilo i cepesl-
OBMIIIE JOPOXKHBOTO PyXy. 3-i1 eTan — AOBEIEeHHS AOCTO-
BipHOCTi BHCJIOBJIECHUX TIPUHIMUIIB, 3aKOHOMipHOCTEH
BTiJIEHHSI Y TPAHCIIOPTHUX CUCTeMax iH(popMalliiiHO-KO-
MYHIKaLIiHHUX TEXHOJOTiil CIIOCTEPEXKEHHSI Ta MOHITO-
PUHTY TPaHCIOPTHUX CUTYAIIild.

Lle moBeneHHs1 GasyBasiocsl Ha MPUKJIAAi OLIHKU iH-
BECTULIITHOT MPUBAOJIMBOCTI Ta BOPOBAIXEHHSI B JAep-
JKaBHUX TiANPUEMCTBAX, 3adisIHUX B YTPUMaHHi aB-
TOMOOUTBHUX  JTOpir, iHMbOopMallifHO-KOMYHIiKalliiiHO1
TEXHOJIOTI1 OIJIsI1y aBTOMOOIIbHUX JOPIT.

Lli maHHi TakoX KOPHCHI JIJI9 PO3IJIsIAYy CUHEPTil iH-
dopmauiitHoi gistibHocTi  IT-axiBuiB, colianmizauii
YYaCHUKIB TOPOXHBOTO PYXY.

1. TpancnoprHa indpacTpykTypa

CyyacHa TpaHCIIOpTHa iH(pacTpyKTypa MiCT Ta peri-
OHIB € CYKYITHICTIO iHTeJeKTyaJIbHUX CUCTEM TLJIaHyBaH-
HS Ta MOJIETIOBAHHS TPAHCIIOPTHUX MeEpeK, KepyBaHHS
JMIOPOXKHIM PYXOM Ta TeJeMaTMYHMMHU KOMILIEKCaAMH,
sIKi HagaloTb OnepaTMBHY iH(opMallilo Mpo CTaH A0-
POXHBOIO CepeloBUIA Ta JO3BOJSIIOTh CUHEpPreTUYHE
B3aEMOJISITU i3 BCiMa y4aCHMKaAMU JOPOXKHBOTO PYXY.
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JIist po3BUTKY Ta eKCILIyaTallilo TpaHCIOPTHOI iH(pa-
CTPYKTYpM TIOTPiOHi TIOTYKHi KOMIT'IOTEPHI PECypCH.
MoOXIMBOCTI iX YyIOCKOHAIIOBaHHSI TajibMye Opak Ko-
LITIiB, 110 BJACTUBO MPAKTUYHO yCiM MiCLIEBUM OpraHaM
CaMOBPSIAYBaHHS.

PosnoxineHi KoMIm’loTepHi CUCTEMM HAIOTh MOXKJIH-
BIiCTb BXe€ ChbOrOJIHi OTpPUMATU TaKi PECypcH 3a paxyHOK
BUKOPHMCTAHHSI TIPUHIIAITY PO3MONIIY amapaTHUX, IIPO-
IPaMHMX CKJIaIOBMX Mepex, IMapajeabHOoi podoTHU [e-
KiJIbKOX KopucTyBauiB. KiacTepHi pillleHHsI, BipTyaiza-
1Iis mporpamMHo-anapaTHux 3aco6iB LAN, ontumizaiiis
HaBaHTAXXEHHS BY3JIiB MEPEX — HAIPSIMKU OTPUMaHHS
«IOJATKOBUX» KOMIT'IOTEpHUX pecypciB. Po3misHemo
dopMaNbHUII OMUC apXiTeKTypu Takoi cuctemMu. BoHa
CKJIAIA€ThCS 3 y3araabHEeHOro iHGopmMaliifHOro mpocTo-
py G, axuii € ananoroM WAN. 1o 1IbOro mpocTopy BXO-
natb N; — nokanbHi Mepexi LAN. Yci Mepexi € cykyn-
HICTIO JIOTIYHUX (JIOTIYHO HEMOIbHUX L;) Ta (isuaHmux
(hi3IHO HEMOALTBHUX ay;) BY3JIB.

IcropuyHo cknanocs, 10 y BEJIUMKMUX MicTaX o04YMC-
JIIOBaJIbHI Mepexki OyAb-sIKUX CTaOUIbHO iCHYIOUMX ITilI-
MMPUEMCTB, OpraHizaliii pisHuUX podiiiB OymyBaaKcs 110
Mipi (diHaHCYBaHHSI Ta YOOCKOHAJIEHHSI MOXKJIMBOCTEN
npuadaHHs KOMIT'I0TepHOro objagHaHHs. IIpakTuka
BIPOBAKEHHSI HOBUX TEXHOJIOTIM BUIMEpeIkKyBajla Ha-
YKOBO-TEXHIYHE OOIPYHTYBaHHSI, OLIIHKY €(PEKTUBHOCTI
MPOEKTHUX PillleHb Ta y3araJlbHEHHsSI Pe3yJbTaTiB, SIKUX
OyJIO TOCSTHYTO.

ITocTtymoBo Taki Mepexi MepeTBOprOBaIuCS i3
MPOCTUX OOYUCIIOBAILHUX KOMILIEKCIB [0 B3aEMHO
MOB’I3aHUX CUCTEM KOPITIOPATUBHOIO PiBHS, SKi MalOTh
TaKi KOMIT'IOTEpHi pe3epBH, IO 3a0e3MevyloTh pillleH-
HS TTOTOYHUX 3aBIaHb MEPETBOPEHHS] Ta MOJaHHS KO-
puUcTyBayaM HeoOximHoi iHdopmaliii. Po3risiHeMo KOH-
LieNTyaJlbHe OOIPYHTYBaHHSI OTPUMAHHS JOJATKOBUX
KOMIT'IOTEpPHUX PECypCiB IS PO3BUTKY TPaHCIOPTHOI
iHbpPacTPyKTypH BEJUKOro MicTa abo perioHy 3a paxy-
HOK JTOCTYITY 10 TAKNUX KOMIT IOTePHUX CHCTEM.

Bynp-gKi KOMIT'IOTEpHI pecypcH opraHizaliil Ta mia-
MPUEMCTB, SIKi CTaOILHO pPO3BUBAIOThCS, MAIOTh i TEH-
JIeHIIii PO3BUTKY KOMIT'IOTEPHUX pecypciB. Y ix obuuc-
JIIOBAJIbHOMY  CEpPEedOBHIII MOXJIMBOCTI KOOpAMHALIil
BUKOPUCTaHHSI T€TEPOre€HHUX PO3IOAiIEHUX PECYPCiB
nokinanaioth Ha GRID-TexHomOTIi, SK HalOIABILI TTPOCTi
peanizanii Cloud Computing. BoHn HamaroTb MOXJIU-
BOCTI 3aCTOCYBaHHSI pPi3HOMaHITHUX PeCypcCiB: 00YMCIIIO-
BaJIbHUX, HAKOMWYEHHS JaHUX Ta KOMyHiKauiinHux. Ciin
3a3HAYUTH, 1110 HAMIMHICTh Ta MPOAYKTUBHICTh OKPEMUX
CHUCTEM MOXe OyTU MOPIiBHSHO HEBEJUKOIO, ajie KOPUCTY-
Bay Takol PO3IMOIIJIEHOT CUCTEMU OTPUMYE €AMHY Haiii-
Hy Ta MPOAYKTUBHY IJIaTGOpMy UIsi OOYUCIEHb, OTPU-
MaHHS JOCTYITy 10 0a3 JaHUX Ta 3HaHb, a TAKOX MOXeE
30epiraTy CBOI 1aHi Ta KOPUCTYBaTUCS Pi3HOMAHITHUMU
KOMYHIKALIMHUMU TeXHOJOriIMu. Po3BUTOK TOMOI0-
il 00YMCTIOBAIBHUX MEPEX MPAKTUYHO MPOXOIUTh TPU
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piBHg: Intragrid (BHyTpimuHi GRID) — Extragrid (30-
BHilHIi GRID, mo 06’enHyI0Th BXe AeKilbKa OpraHi-
3alliit) — Intergrid (rymoGanbHi cucTeMu, SIKi 00’ €AHYIOTh
BXe Oarato opraHizalliii, TapTHepiB, KJIaCTEpHUX pi-
wenb). Came neit pisenb GRID noBuHeH BigmosigaTu 3a
PO3BUTOK TPAHCITIOPTHOI iHPPACTPYKTYpU BEJIMKOTO MicC-
Ta abo perioHy. 3BUYAiHO Take O0’€THAHHS KOOPAUHY-
erbcsa GRID-cucremolo, a BinmoBigHa BipTyajbHa Mepe-
>Ka T03BOJISIE TEXHIYHO 00’ €AHATU PO3Pi3HEHI BHYTPIILIHI
Mepexi Ta KjaacTepu y EIUHUI iH(popMaLiiitHUIA TPOCTiIp,
1o KoopauHyeTbesl Bxe enuHor GRID-texHosorieto,
sIKa HAJIA€EThCSl KOPUCTYBAYy Yy BUIVISIAI €IMHOT BipTyasb-
Hoi matdopmu. BinmoBimHa TOMoOTiSI HA HUXHLOMY
piBHI — 1Lie OKpeMa 00YMCIIIoBalibHA J1abopaTopis, Yy sIKiit
KOpPUCTYBau 3aCTOCOBYE MeXaHi3M BipTtyasbHOoi EOM i
Mae noctyn no Intergrid-pecypcisb.

CBo€epinHe 3aHypeHHSI aBTOMATM30BaHUX POOOUYUX
Miclb okpemoi TpaHcrioptHoi WEB-nabopaTopii, iHdop-
MaUiAHOTO BiAALTy MiAMPUEMCTBA OO KOMIT IOTEPU30-
BaHOTO IMPOCTOPY iCHYIOUMX Y BEJIUKOMY MICTi OKpEeMUX
CHUCTeM, 110 MatoTh Intergrid-pecypcu 103BoJIsIE OTpUMA-
TU 3HAYHUI 3UCK Bill BUKOPUCTAHHS 3aJyYeHMX TaKUM
YUHOM JOJaTKOBMX KOMIT IOTEPHUX PECypCiB.

VY 1poMy BUIIaAKy HeMa€ HEOOXiTHOCTi CTBOPEHHS
BEJIMKOI KOPIOPaTUBHOI Mepexi I MiATPUMKU TpaH-
cnopTHOi iHgpacTpykTypu. OnHak, s BU3HAYEHHS
MOXJIMBOCTI OTpMMAaHHSI TaKOTO 3MCKY IMOTPiOHO Mpo-
THO3YBaTH PO3BUTOK BilMTOBiIHOT OKPEMOT KOMIT’ FOTEPHOT
CUCTEMU, BU3HAUUTHU ii MporpaMHy IaatgopMmy, orepa-
LiiiHy cucteMy. SIKI0 mpoaHasizyBaTy TaKy TEHIEHIIiO
BUKOPUCTAaHHS B iCHYIOUMX KOMIT'IOTEPHUX Mepexkax
Pi3HUX OmepaLifiHUX CHUCTeM, TO MOXHa CTBEPIXKYyBaTU
mpo miepeBary Microsoft Windows (Windows XP). Ixumi
Bepcii i€l omepaliiiHOi CUCTEeMU BUKOPUCTOBYIOTHCS
MeHIn yactime. Lle oOymoBiIeHO TUM, IO CTapi Bepcil
MpaIo0Th HA KOMIT' I0Tepax, SIKi MaloTh HEBEJIUKY IMPO-
MYKTUBHiCTh oOuuciaeHb. HoBiTHI Bepcii omnepauiiiHux
CHUCTEM BIPOBAIKYIOTHCS MIOPIBHSHO MOBUIBHO, 3aBASIKU
HeoOXiTHOCTI MiABUILEHHS KBamidikallil KOpUCTyBayiB.
Takox MoOXHa 3aTBepIKyBaTH, 1110 HOBITHI orepaliiiHi
CHUCTEMU, SIK TIPABWJIO, BCTAHOBJTIOIOTHCS HA HOBE 00J1aj-
HaHHS, 1110 TeX OIOCEePEAKOBAHO BIUIMBAE Ha MOMYJISIP-
HIiCTb 1X 3aCTOCYBaHHSI.

OnHak, OiUIbIIICTh peanizauiil po3noaiIeHuX J0JaTKiB
ta GRID-cucrem, abo Cloud Computing cucrem 3apa3
peanizoBaHo s riatopmu Linux. ToMy mouinbHUM €
PO3IJITHYTH 11i CUCTEMU Y SIKOCTi aqbTepHATUBU YU J10-
JIaTKOBOI orepalliiiHoi cucteMu. 3rigHo AOCBiay Morepe-
JIHIX eTariB LbOTO AOCiIXKEHHS BUCTOBUMO HACTYITHE.

VY cepenouiiti GRID-TexHO0TI 3 TPAKTUYHOI TOY-
i 30py HaWOLIbILI 3pyyHUM Ta OGaraTroyHKIiOHATILHUM
oyne muctpudbytuB Instant-GRID (http://www.Instant-
grid.org). Bin 6a3yeTbes Ha cuctemi Knoppix (Live-CD)
ta cucremu Globus Toolkit (mporpamHe 3abe3reueH-
HSI MpPOMixXHOro piBHS — middleware, 1o 3abesneuye

MOXJIMBicTh 3acTocyBaHHs GRID-TexHonoriit). Cucrema
Instant-grid mae 3pyyHuii intepdeiic kopuctyBaua, SKuii
OCHOBaHMI Ha BUKOPUCTAHHI TEXHOJIOTi TMOJaHHS aa-
Hux web-0paysepom. Lls cucTteMa MoeaHye SIK porpamMu,
1110 BUKOHYIOTBCSI Y KOHCOJIbHOMY PEeXUMi, TaK i rpadiu-
Hi fonatku. Y nuctpubyTUBi peasli3oBaHO 0arato pilieHb
Globus Toolkit, Hanmpukian: komnoHeHT WS-GRAM
ISl yIpaBJIiHHS 3alayaMu, 1110 BUPILIYIOTBCS Y CUCTEMI,
cuctema GRIDFTP pna oO6miny ¢aiimamu ta cucteMa
BilgaaeHoro BXoay 10 MalllMH-KJIIEHTIB MO 3aXUILIEHOMY
KaHay.

TakuM YMHOM, MOXHA BM3HAQUWUTW KOHIIEMIIIO 3a-
CTOCYBaHHSI TIpOrpaMHOro 3a0e3revyeHHs ISl PiBHS
LAN, 1o Bxonuth 1o ckiany po3BuHeHoi WAN mepexi
YVHiBepcaJbHOIO TpU3HaueHHs1. B3arani BrpoBamKeHHS
GRID-TtexHonoriit moTpedye BUKOPUCTAHHS MEPEeKeBOi
ornepauiitHoi cucremMu. Ha poboumx craHLisIX MoXXHa
BUKOHATU TIONBiifHY YCTAaHOBKY OIEpaIliiHUX CHUCTEM.
Opnna — Oyne i3 ponuHu Windows, a iHIIa — Ha 6a3i BiJib-
HOI onepauiiHoi cuctemu tuny Linux.

Po3BUTOK reTeporeHHMX KOMIT I0OTEPHUX PECypCiB Ie-
penbdavae MpUHUUN KOHKYPEHILil, 1110 3a0e3Mevye «BUXKU-
BaHHsI» HaWOLIbII e(PEeKTUBHUX 3B’SI3KiB 3TiTHO BIACTU-
BOCTi caMoopraHizauii. ¥ TakoMy BUNaAKy MOXJUBO, 1110
B KOMIT'IOTEPHUX MepekKax — IOJiOHO ToMYy, SIK 1ie Bii-
OYBa€THCS B iHIINX CUHEPTETUIHNX CUCTEMaxX, — BUHUK-
HYTb HOBi OiJibIll e(heKTUBHI 00’€IHAHHS KOMII I0TEPIB,
Ta PO3MO/IiJ 3aBAaHb MiX OKPEMUMHU KOMIT IOTEPAMU.

HagiTb Bi3yanabHUi1 aHaJi3 pe3yabTaTiB MOHITOPUHTY
OKpeMUX BY3JIiB Oy[b-5IKOi MepexXi JoBene, 1110 iIX HaBaH-
TaXXeHHSI TOCUTb HEPiBHOMIpHE Y po3pi3i 100U, TUXKHS,
Mmicsuio. TBepaKeHHsI PO CBOEPIAHY peKyrepalilo pe-
3epPBiB KOMIT IOTEPHUX TOTYKHOCTE, 1110 TOJISITAE Y Ofi-
HOYaCHOMY BUKOPUCTAHHiI KOMIT IOTEPIB [IJIsI BUPiLLIEHHS
3aBJaHb Pi3HUX KOPUCTYBauiB, TMOTpeOye MapaneabHOl
00poOKM iH(opMallii, CUMHEPreTUKU Ta camMoopraHiza-
uii By3na LAN. Takuit By30J1, BKIIOYHO 3 TIPOrpaMHOIO
MIaThOpPMOI0, € CUHEPIeTUYHUM KOMIT IOTEPOM JIOTiu-
HOTO PiBHSI MepeXeBOi CUCTEMU, TIPUHIIUI pOOOTU SIKO-
ro 3aCHOBaHO SIK Ha PO3IMOJiJEHUX OOUMCIEHHSX, TaK i
BU3HAYEHHI BIipTyaJIbHOIO KOMIT'IOTEPHOTO CEepeaOBU-
1Ia KOPUCTYBayiB. Y LIJIOMY 1ie OpraHi3alliiHO-TeXHiu-
Ha cucTema, sika TOBMHHA 0Oa3yBaTMCSI Ha IMPUHIIMIIAX
CTPYKTYPHOI CTillKOCTi, CTPYKTYpPHOTO 30iry, aBTOHOM-
HOCTI Ta edeKTUBHOI peai3allil y ceHci, sKuil 0yao BU-
3HauYeHO paHiuie y mociimkeHHsx [18, 19]. I3 Bmposa-
mxeHHssM GRID-texHosorii Mu ofepXXyeMO He IPOCTO
iHbOpMalliliHY CUCTEMY, a CBOEPITHUI iHTEIEKTyaTbHUI
PeryJsiToOp, 1110 CITOJIYYy€E MepeBaru CUCTEM ITPOTPaMHOTO
KepyBaHHS i3 afalTUBHUMU CUCTEMaMM, 1110 TPAIIOIOTh
Ha OCHOBIi CMHTE3Y KepyrJoro BIJIUBY. Taki BIacTMBOCTI
peryJsitropa o0yMOBITIOIOTh HaIaHHSI BJIACTUBOCTI aHAJIO-
ra iHTeJeKTy IporpaMHoO-arapaTHOi CUCTeMM 3abe3Iie-
yeHHs (yHKIioHyBaHHS1 ckiagoBux GRID-texHosoril.
BoHna Oyne cki1amoBOO YAacTUHOIO iHTEJNEKTyaabHOL
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TEXHOJIOTil YIpaBJIiHHA PYyXOM Ha3¢MHOTO TPAaHCIIOPTY
BEJIMKMX MICT Ta pPerioHiB. 3 0JHOT0 OOKY TaKa cUCTeMa
oyne Bxoautu go npoctopy WAN, LAN, a 3 iH11oro — B
Hel 3aHypeHo LAN Mepexy TpaHCIOPTHOI opraHizaiiii.
OCHOBHOIO BMMOTOIO BITPOBA/KCHHSI HOBITHIX TeX-
HOJIOTIi € 3a0e3IeUeHHsI LiTICHOCTI MTPOrpaMHOTO KOMII-
JIEKCY, 1110 3a0e3Meuye BUKOHAHHS HayKOBUX PO3PaxyH-
KiB, MOJEJIOBaHHSI Ta OOpPOOKM eKCIepUMEHTaIbHUX
IaHUX. Y LbOMY KOMILUIEKCi OOYMCIIOBajibHA Mepexa
TpaHCHOPTHOI oOpraHizauii sBjasie co0010 yHihiKoBaHe
MpoTrpaMHO-anapaTHe CepeloBUIIE, Y SIKOMY Tapalieiib-
HO BHMKOHYVIOTBCSI IIpOTpaMHi MOMyJi: odicHi JOmaTKH,
nporpamHi 3acobu Internet, cucremMu aBTOMaTH3alil
MMPOEKTYBaHHS, MOJC/TIOBaHHS Ta CIICLiaJbHi Iporpam-
Hi komriekcu. OmgHaK, Mics OUTbLI PETETbHOIO aHai3y
0araTbOX 3a1ay, 110 BUPIIIYIOTbCI SIK Y TPaHCIIOPTHiN
oprasisailii a6o Oyab-sIKOi MPOMUCIIOBII CJIiJl BUCTOBUTHU
TBEPCKEHHS PO BEJINKi 00CATA KOMIT' IOTEpHOTO HAaBaH-
TaxkeHHsI KaHaJliB, TIepIIl 3a BCe CIOIyuyeHb 3 Internet.

2. MareMaTHuHmii onmc Ta (hopmaJizamis

Indopmallist y TpaHCIOPTHUX CUCTEMax iCHYE y pi3-
HOMY UMGbPOBOMY YsBI€HHI Ta rpadiuHOMYy i MyJib-
TuMeniiiHomy BunisaAi. LlboMy ySBIEHHIO BilNOBigae
MPOCTOPOBO-YACOBE iCHYBaHHS LIM(PPOBOro KOHTEHTY.
IHdopmariiliHa B3aEMoiisi KOpucTyBaviB BianosigHoi IT-
iH(pacTpyKTypu TPaHCIIOPTHUX OpraHizailiii oCHOBaHa
Ha eJIEKTPOHHOMY JOKYMEHTOOOIry Ha piBHI JOKaJIbHOI
(LAN) a6o rimob6anbHoi Mepexi (WAN) i3 Buxogom 10
Internet. Po3risin BiacTUBOCTEN 1€l B3a€EMOJil MOTpe-
Oye BpaxyBaHHSI SIK CYKYNHOI IIPOAYKTHMBHOCTI BY3JiB
BiIMOBiNHOI Mepexi, Tak i (piHaHCOBMX BMUTpaT Ha 3a-
0Oe3mnevyeHHs BiAITOBITHUX €HEPropecypciB Ta CEpPBICHOTO
o6cyroByBaHHS. ToMy 3aCTOCYBaHHSI Ta BUKOPHCTAHHS
€IMHOro iH(OpMaLiiiHOTO MPOCTOPY TPAHCHOPTHUX OP-
radizauiii morpeOye omnTuMmizalii GaraToKpuTepiaJbHOI
MepexeBoi cuctemu. HaiiOinpmn npuBabauBolO Ijs Ta-
KoOi ornTtuMiszallii € KoHuenuisg web 2.0, o € JoriyHuM
MPOAOBXEHHSIM PO3BUTKY KOJEKTUBHOTO KOPHCTYBAHHSI
pecypcamu Internet. 3acTocyBaHHSI TexHoJioriii web 2.0
3HIMa€e MOTpeOM y mporpamMyBaHHi SIK IJIs BUKOHAHHSI
3aga4 00poOKM iH(opMallii BiAMOBIZHOIO €JIEKTPOHHOIO
JIOKYMEHTOOOIIY, TaK i TPy CTBOPEHHI YYaCHUKaMU PyXy
CBOIX ocobuctux web-pecypciB. OmHaK OOYMCIICHHS Ta
pillieHHsI 3aja4 [U1s1 TPAHCIIOPTHUX JOAATKiB MMOTPEOYIOTh
HasIBHOCTI MOTY>KHUX KOMIT IOTEPHUX CUCTEM.

BupinienHs npoGiemMu amapaTHOro 3abe3rneyeHHs
MMPOOYKTUBHUX OOUYMCIICHb MOXJIMBO 3a PaxXyHOK OTPH-
MaHHS «I0JaTKOBUX» PECypciB Ha 0a3i iCHYIOYMX BeJIM-
KHUX KOMIT IOTEPHUX CUCTEM Ta KOPIOPATUBHUX MeEpex
3a paxyHOK 3acTtocyBaHHSI HOBiTHiX Cloud-TeXHOJIOTiiA.
Lli texHojorii HamalTh 3aco0U IS OpraHizauii €au-
HOro OOYMCIIOBAJBHOTO CEepeOBUIlAa Y TeTEPOreHHUX
posnoniieHux cucremax. OcobnuBicTh (QopMyBaHHS
€IMHOTro iH(MOPMALiiTHOTO TTPOCTOPY 3 BUKOPUCTAHHIM

42

Cloud-TexHoorili mossira€ He TiIbKW Y TeXHiUHil opra-
Hi3alii po3roaieHuX 00YMCIeHb reTePOTeHHOTO Cepe/-
OBMIIIA, aJIe i y CTBOPEHHI MeBHOI COLIiaIbHOI CTPYKTYPH,
JI0 SIKOI 3aJIy4aloThCsl KOPUCTYBayi 1€l CUCTeMU — ydac-
auku pyxy. Tomy GRID a6o Cloud € opranizaliitHo-
TEXHIYHOIO CHCTEMOIO, 1110 Ma€ BUCOKWiIl PiBeHb aBTO-
Matu3ailii. OnepatopHe YSBJIEHHS By3/a TaKOi CUCTEMU
MOXXHa TIPEeNCTaBUTH, SIK

hi(v) = Hlh (D), hy(1), h (D), 1], ey

ne hy(t) — nuHaMiuHa (PyHKUIs, WO BiANOBiIae Mpolecy
(yHKIIOHYBaHHS i-T0 00’€KTa B JOCTIIKYBaHil cCUCTEMI
Ha YaCOBOMY iHTepBaJli T.

ITig o6’extom y (1) cifg po3ymiTH JIOTiYHUIA i-By30J1
LAN. PeanbHa iHTepnperauist /(f) — NPOLYKTUBHICTb
(HaBaHTaxXeHHsI) a00 ITPOIYCKHA 3MaTHICTh By3a GRID,
SKill BiIMoBigae cucteMa 3MiHHMUX: X(f) — HaBaHTaXKeH-
Hs JoriyHux (diznunux) By3niB LAN; y(f) — emHicTh
mam’saTi By31iB LAN; z(f) — nponyckHa 31aTHICTh BY3JIiB
LAN.

Bnposamkennss GRID-texHosoriit (nani 0yzeMo BU-
3HaYaTH TaKi TeXHOJIOTii mpocTo sk WEB) Hamae He mpo-
cTto iH(opmaliliHy CUCTEMY, a CBOEPIIHUI IHTEJIEKTY-
anbHuit WEB-perynstop, 1110 MOEAHYE MepeBaru CUCTEM
MPOrPaMHOIO KepyBaHHS i3 aJallTUBHUMU CUCTEMaMHU,
sIKi MpalIol0Th Ha OCHOBI CUMHTE3y KEpYIOUuoro BILUIMBY.
Taka iHTeleKTyaJqbHa TEXHOJOTiS YIpPaBIiHHS PyXOM
Ha3eMHOTO TPAaHCIIOPTY BEJIMKUX MICT Ta PETiOHIB Oyme
BXoauTu 1o mpoctopy WAN TpaHCIOpPTHOI KopIopallii.
IMopsa 3 uuM y Hel OyAyTh «3aHYpPEeHi» JJOKaJIbHI Mepexi
Pi3HUX TPaHCHOPTHUX OpraHizalliii, 1110 BXOASATH A0 Bij-
MoBigAHOI Kopropauii (00’emHaHHs). Y Ccujay TOro, IO
LAN ta WAN, sK npaBuUIO, € FeTepOreHHUMU CHUCTeMa-
MM, MalOTh Pi3HOPIIHY (Pi3WYHY CTPYKTYpY, iXHill Ommuc
BUKOHYETHCS 3a JOIIOMOTOIO y3araJlbHEeHUX METO/IB.

MaremMaTU4HO 1I€¢ BUMAara€ 3acTOCYBaHHS 3aMiCTh
3BUYAHUX apuU(BMETUKO-JIOTIYHUX CHiBBiIHOIIEHb, 3a-
co0iB (PyHKIIOHAJIBLHOTO aHalidy: Teopii orepaTopiB
i orepaToOpHi CITiBBiIHOIIIEHHS.

BucHoBkn

711 MaTeMaTUYHOTO OMUCY MPOLIECiB, AMHAMIKHU 3Mi-
Hy ctaHy By31iB LAN ta WAN MoxHa 3acTocyBaTu 3a-
TaJIbHi OMepaTOpHi 3aJleKHOCTi, TMOHSTTS METPUYHOTO
MPOCTOPY Ta BU3HAUYEHHS iCHYBaHHS MeEpeXi y MeTpu4-
HOMY MpOCTOpPi YacOBMX MEpeTBOPEeHb. VIMOBipHOCTI
3MiHM cTaHiB ¢iznyHux By31iB LAN, y3araabHeHHS MO-
HSITTS CTaHy CKJIaaHOi cucteMu Ha By3nu WAN Ta 3acto-
CyBaHHS$I OCHOBHMX TOJIOXXEHb Teopil 00CIyrOByBaHHS 3a
aHaJIOTI€I0 «OOCIYrOoBYBaHHSI BEpCTaTiB», IHIMKATOPHI
(YHKIIIT cTaHy OKpPEeMOro By3Jia JO3BOJISIIOTh OLIIHUTHU
ocHOBHI xapaktepuctuku GRID-cuctemu: mporryc-
KHY 37aTHiCTb — z(f), HaBaHTaXeHHS — Xx(f), EMHICTh
mam’aTi — y(7), IK IMHaMiuHi QYHKIIIi.



HEMIPOMEPEXEBA CUHEPIETUKA TA NEURONET ABTOMOB/IbHOIO TPAHC®EPY

3actocyBaHHs sl opMasibHoro aHanizy GRID-
TEXHOJIOTili OCHOBHMX ITOJIOXXEHb TEOpil omepaTopiB €
CIIPaBEIUBOIO.

IIpakTuHuMii pe3yabrar: peKOMeHaallii 3 BUKOPUC-
tagHg Cloud Computing (XMapHUX OOYMCIICHB) IS
CTBOPEHHS €IMHOTO iH(opMaliifHOro MpPOCTOpy TpaH-
CMOPTHUX TOCIYr 0e3 3allBUX KamiTaJbHUX BUTPAT Ha
CTBOpeHHs creuianbHoi IT-iHbpacTpykTypu, 110 €
OCHOBOIO TIiABUILEHHSI KOHKYPEHTHili CIPOMOXKHOCTI
TPAHCIIOPTHUX Ta JOPOXHIX OpraHi3arii.
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BMNJiMB PO3MIPY KAOPY
HA PO3MI3HABAHHSA EMOLIT 3A MOBJIEHHSAIM

INTELLIGENCE

YV 3ajaui po3mizHaBaHHS €MOllii 32 MOBJIEHHSIM, sIK 1 y OUJIbIIOCTI 3aJa4 MallIMHHOIO HABYAaHHS pO3ITi3HABaHHS
3a 3BYKOM, BUKOPHUCTOBYEThCS TaK 3BaHMil (ppeiiMiHr Lle mpoliec momiy BUXiZHOTO ayIioCUTHAITY Ha KaJpy TIEBHOTO
PO3Mipy, KOXEH 3 SIKMX 00pOOIIOEThCSI OKpEMO. Y 11ili CTaTTi MpeicTaBIeHO MOPiBHIHHS BIUIMBY pO3Mipy KaapiB Ha
pe3yJabraT po3nizHaBaHHA eMollii Ha npukiaai CNN mepexi. 17151 ekcrniepuMeHTiB BUkoprctoByBascst HA0ip CREMA-D
i3 ayrMeHTaLlisSIM1, BAKOPMCTOBYIOUM 10JaBaHHSI LLIyMY, PO3TSITYBaHHS y Yaci Ta 3MiHy BUCOTH TOHY. B xoi nocmiakeHb
BIAJIOCS JOCSITTA TOYHOCTI po3mi3HaBaHHS B 98,8% i3 BUKOpUCTaHHIM IUHAMIYHOTO pO3Mipy Kaapy.

AVII10, EMOIIII, KAIP, MAIHIMHHE HABYAHHS, HEMPOHHI MEPEXI, PO3ITI3SHABAHHS, PY-
THON, TENSORFLOW

D.S. Suvorov, 1.V. Afanasieva, K.G. Onyshchenko, O.V. Kalynychenko. The effect of frame size on speech emotion
recognition. Speech emotion recognition task, as well as most audio recognition machine learning tasks, uses the so-called
framing. This is the process of dividing the original audio signal into frames of a certain size, each of which is processed
separately. This article presents a comparison of the effect of frame size on the emotion recognition result usinga CNN
network as an example. For the experiments, the CREMA-D dataset was used with the augmentations using noise adding,
time stretching, and pitch shifting. We managed to achieve a recognition accuracy of 98.8% using dynamic frame size.

AUDIO, EMOTIONS, FRAME, MACHINE LEARNING, NEURAL NETWORKS, RECOGNITION, PY-

THON, TENSORFLOW

Beryn

3 aKTUBHUM 3POCTaHHSIM TEXHOJIOTIl IITYYHOTO iHTe-
JIEKTY, 1Ii XX TEXHOJIOTii Ha0yBalOTh LIMPOKOTO MOIIUPEH-
HS Ha pi3Hi cdepu XUTTI MoauHu. OQHIE0 3 TAKUX Ta-
JIy3ei € TICUXOJIOTIUHMIA aHalli3 CTaHy JIIOAUHU. ICHYIOTh
pi3Hi miAXoAu OO0 TaKOro aHai3y, MpoTe HalOiabLIOro
TOIIMPEHHS Hapa3i HaOyJIn METOIN PO3Ti3HABAHHS €MO-
11i1 32 TEKCTOM, 3 BUKOPUCTAHHSIM MIiMiKU Ta MO3U JIIOIU-
HU, a TaKoX 3a MoBJieHHsM [1]. CaMe po3mizHaBaHHS 3a
MOBJICHHSIM € TEMOIO TIOTOIHOTO JOCITiIKCHHSI.

INonioHmit aHai3 Ja€ 3MOTY 3a HEBEJIMKUM YPHUBKOM
3aIMCy MOBJICHHS JIIOAWHU BU3HAUYUTU E€MOILiI0, 3 SIKOIO
moauHa rosopwia. [logiOHMIA migxXig Moxe MaTu AesKi
rnepeBaru, MoB’si3aHi 3 MOBHUM PO3MAiTTSIM i BiKOBOIO
Bapialieto. Po3pobieHa Moaenb Ha OCHOBI OfHIET MOBU
(HampuKJam, aHIIiChKO1) MOXKe OYTH BChOTO JIMIIE 10—
HaBYEHA 3 BUKOPUCTAHHSM JIOAaTKOBOTO HAOOPY JaHUX
iHII01 MOBM (HampuWKIIam, yKpaiHChKoi). OmHaK, HaBiTh
0e3 I0JAaTKOBOTO PO3IIMPEHHST BUOIpKMU, CTBOpEeHAa MO-
JieJib yXKe MOXe MpalioBaTy 3 pi3HOMaHITHUMM MOBaMU
(xoua ¥ MOXYTh OyTH TI€BHI BUHSITKH, TTOB’SI3aHi 3 KYJIb-
TYPHUMU OCOOJMBOCTSIMU, iACONOTIE€I0 i MPOCTO CHELM-
(iYHOIO rOBIpPKOIO).

IIpore, momibHOro poay aHami3 IpeacTaBisiE [10-
CHUTh TIEPCIIEKTUBHUI TIIXiI IUTS Pi3HUX CHUCTEM, TaKHUX
K pO3yMHi OYIMHKHA a00 CHCTEMM €KCTPEHOTro peary-
BaHHS. Asie He BapTo 3a0yBaTH, IO ISl TTOBHOLIHHO-
0 €eMOLIHOro aHaiizy HeoOXiIHO BUKOPUCTOBYBATU
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OaraTodakTopHUI aHaJli3, SKUI O MICTHUB KilbKa JXe-
pen, 110 gaBajo 6 Oibin 00 €KTUBHY OLIHKY (Bi3yajabHa
indopwmarist, indopmauis YHCC i Tax gaii).

V 3amaui po3srizHaBaHHSI €MOLlil 32 MOBJIEHHSIM BaXK-
JIMBUM MOMEHTOM Y BWJIYYEHHI ITapaMeTpiB 3 aymiocur-
HaJly € MOJiJI IIbOrO0 CUTHaly Ha (pparMeHTH [2], KOXeH
3 SIKMX OKpeMO 00po0sieThest. CaMe el acTIeKT IIoIie-
peaHboi 00poOKM ayaio i Oyae JeTaJbHO PO3IJISTHYTO B
CTarTi, 1100 OTpUMATU MOBHE YSIBJICHHSI BIUIMBY PO3Mipy
Takux ()parMeHTiB Ha TOYHICTh MOJEI.

1. Onuc npeamMeTHOI ramy3i

Ilepmr HixX mepeiTH OO0 Omucy BUJIYYEHHsS IapamMme-
TpiB 3 aymio, IJIs IMOYaTKy PO3IJISIHEMO 3BYK 3arajom
[3]. V Hamomy 3BMYaiiHOMYy (aHaJIOTOBOMY) CBITi, 3BYK
€ Oe3rnepepBHOIO XBUiet (AuB. puc. 1). OgHak, mis1 00-
pob6ku 3a gorromororo EOM HeoOXiTHO aHaIOrOBU 3BYK
ouudpyBaTu.

Puc. 1. AnasoroBa 3ByKoBa XBIJISI

Lle BinOyBaethcs 3a gornomoroto ALIIT — aHanoroBo-
H1¢poBoro nepeTBopeHHs. Todi curHaa MoynmHa€e BUTIS-
JIaTU TPOXHU iHaKIIe (IUB. puc. 2).
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Puc. 2. Iludposa 3BykoBa XBUJIsI

Y yomy x nonsrae npouec AL i yomy curHan crae
CTYIHYACTUM (OUCKPeTHNM)? 3aBISIKUA 3aIlUCYIOUUM
MPUCTPOSIM Ta aHaJOTOBO-LIM(POBUM TIepeTBOPIOBaYaM
3BYKOBa XBWJISI 3UUTYETHCS 3 TMEBHOIO YAaCTOTOIO, BUMi-
proBaHoo B Iepuax (Iir). Hanpuknan, 10 I o3Havae, mo
nepeTBopioBay 10 pa3iB Ha CEKyHIY 3UMTYE 3BYKOBY XBU-
mo. Ane nnst orupyBanHs 3ByKy 10 Ti1 — 11e myke Majo.
Mano Tomy, 110 Oy:Ke BearKa yacTuHa iHgopMauii oyae
3aryosieHa. Tomy mommpeHnMH dactotamu € 22,050 Iig
abo 44,100 Iix. Taka yactoTa 1ae 3MOTy MEPEeTBOPIOBATU
aHAJIOTOBUI1 CUTHAJl Y JOCUTH SIKiCHY LM(POBY Bepcilo.
Yacrota 22,050 [i1 yacTO BUKOPUCTOBYETHCS B MAIlIWH-
HOMY HaBYaHHi, OCKiJIbKM JA€ 3MOTY 3aXOIMUTU JOCTaT-
HbO JIeTalieil y 3Bylli, BOOHOYAC OTPUMYIOUM (aiiiu Bia-
HOCHO HEBEJIMKOTO PO3MipY.

Otxe, yIBiMO, III0 MU 3YUTAJIM CUTHAJI i3 4aCTOTOIO
22,050 Tia. Terrep daiin i3 Takoro yactoTolo (ii Ha3UBaKTh
sample rate) JeXUTb Y CXOBHUII KoMm'totepa. Terep i3
HUM MOXHa npaioBatu. [1o xony onucy metony o6po0-
KU, po3rjisiHeEMO crieli(iuyHy ISl 3BYKY TEPMiHOJIOTiIO.

Mu BxXe TOBOPWIM IIPO TaKe MOHATTS, SIK (peii-
MiHT — pO30UTTS ayaiocurHany Ha ¢pparmeHTu. Li ¢ppar-
MEHTH Ha3UBAIOThCS Kaapamu. AOO, TTO-iHIIIOMY, OCKiJIb-
KA B IU(POBOMY BUIJISIAI CUTHAJI — 1€ MOCTiJOBHICTh
CeMILIiB, TO Kaap — L¢ MiAMOCHiZOBHICTh LIUX CEMILTIB.
Hacamnepen HeoOXiqHO 3pO3yMiTH, JJIs1 YOTO 3aCTOCOBY-
€TbCH 1iel ppeiiMiHT.

3ByK — 1Ie¢ HemocTilitHuit curHan. OgHak 6arato Mme-
TONIiB aHaJi3y CUTHaJy (30Kpema, 3a JOTIOMOTOI0 Tepe-
TBOpeHHs Dyp’e) npu3HadeHi I iHTepripeTalii TUTbKU
MOCTiHUX curHajiB. ToMy, 100 3aCTOCYBaTU METOIU /10
3BYKY, MM MpalloeMO 3 Kaapamu. TpuBallicTb Kaapy BU-
OMpa€eThCs 3aJIEXKHO Bill YIBJICHHS IIPO Te, SK IIBUIKO
3MiIHIOEThCS 3MicT curHaiy. [lepenbavaeTncs, 1110 B Kaapi
CUTHAJI MOCTIMHUI, i TOMy MM MOXEMO 3aCTOCYBaTH JI0
HBOTO TOAIOHOTO poay aHaji3. TakuMm YnHOM, perMiHT
€ 00OB’3KOBMUM iHCTPYMEHTOM MpPHU aHaji3i MpUpOIHUX
3BYKOBMX CUTHAJIiB.

OTtxe, nepunii Kpok B 00poOI1li CUTHATY MU po3idpa-
JI1 — pO30UTTS Ha Kaapu. Aje i1 y LIbOro MPOLECy € 0CO-
OIMBICTb. A came MepeKpUuTTs (AuB. puc. 3).

_ l(_—one audio frame (50% overlap)———>
.prewous frame |
e ANAAAANAAA

urrent frame

VIV

=02

= overlap -

Puc. 3. Ilepekpurrs KaapiB

Buroma mepekpuTTSI TPOSIBISIETECA Ha HACTYITHUX
eranax oOpoOKu. Ajie B 3arajibHUX pucax IMepeKpUTTS
JIa€ 3MOTY:

— 30epiraTu 3aJIeXXHICTh CUTHAJIy IIpU IMEPEexoji Bif
Kaapy J10 Kaapy

— 30epiratu jgaHi
windowing function

SIK1I0 y3araJbHIOBATH, TO MIEPEKPUTTS 3aBXKIU BUKO-
PUCTOBYEThCA TiA yac dpeiminry. dasg po3Mipy Kaapy i
MEPEKPUTTS BUKOPUCTOBYIOThCS TaKi TepMiHM gK frame
size i hop size (abo frame length Ta hop length) (muB.
puc. 4).

CUTHaI1y micst 3aCTOCYyBaHHsA

kop size overlap
-

e S L S S

<+ =

frame size

Puc. 4. Frame size, hop size Ta overlap

S0 yIBUTH, 11O MU 3IiMCHIOEMO (DpeliMiHT 3a H0-
MMOMOTI010 KOB3HOTIO BikHa, TO hop size — 1ie KpOK 3CyBY
KOB3HOTro BikHa. JlocuTh yacto hop size poOJsTh yaBiui
MEHILIMM 3a PO3Mip Kaapy, 110 Ja€ 3MOry 30epertud ao-
CTaTHBO iH(opMallii B 000X Kaapax.

Posrasinemo 3ragaHy Buine windowing function [4].
3apa3 MUMOXilb 3ragaeMo, 10 B Ll poOOTi OyayTh BU-
KOpPUCTaHiI BUKJIIOYHO Mea-4acTOTHI KeIlcTpajibHi Koe-
¢iienTu. Lle o3Hauae, 110 HEOOXiTHO TepeBECTU CUTHA
Yy 4acoBO-YaCTOTHY 00JacTh, JJISI YOTO 3aCTOCOBYETHCS
neperBopeHHst Pyp’e (a came STFT). ¥ mpomy mporieci
MOXe BimOyBaTHCsl Tak 3BaHa spectral leakage, mist ycy-
HEHHS SIKO1 i BUKOPUCTOBYEThCs windowing function.

HaiinommpeHnimmmu Takumu pyHkuisimu € Hamming
i Hann (muB. puc. 51 6).

Hamming window

samples

Puc. 5. Hamming windowing function
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Hann window

samples
Puc. 6. Hann windowing function

Otxe, yomy Xk 0e3 windowing function He Buiine
aJIeKBaTHOTO MEePETBOPEHHS?

BinburicTe pealbHUX aydiOCUTHAJIIB HeTepioguyHi,
TOOTO pealibHi ayJioOCUTHAJIU, SIK IPaBUJIO, HE TIOBTOPIO-
IOTBCS B TOUHOCTI TIPOTSITOM OYZIb-SIKOTO 3a/IaHOTO TIPO-
MiXKy 4dacy. OmHaK MaTeMaTWKa TepeTBopeHHS Dyp’e
MPUITyCKaE, 110 MEePETBOPIOBAHUI CHUTHAI € Mepioauy-
HUM.

st HeBimmoBimHicCTh MiX TpunyiieHHIM Dyp’e TIpo
MePioANYHICTb i pealbHUM (paKTOM, 11O ayJAiOCUTHAJIU,
K MpaBWIO, HETEpioAWYHi, MPU3BOAUTL N0 MOMMIOK
y TIepeTBOPEHHI, fKi i1 Ha3uBaoThed spectral leakage Ta
TIPOSIBIISTIOTBCSL Y BUIJISIAI  HETIPABWIBHOTO PO3IIOILTY
€Heprii 3a CIIeKTPOM IOTY>KHOCTI CUTHAIY.

[Io0 pemio TMOM’SKIIMTU TaKi MOMUIKM B Iepe-
TBOPEHHI MOXXHa IOIEPEIHBRO TOMHOXUTH CUTHAJI Ha
windowing function, po3po0JieHy cIeliaJlbHO IS Ii€l
METH.

ITicns 3acrocyBaHHSI, CHUTHaJ 3araca€ Ha Kpasx
(muB. puc. 7). TyT IposBAsIEThCS Apyra IepeBara peii-
MiHry. Yepe3 Te, 110 Miciasg MHOXEHHS Ha windowing
function maHi curHajly Ha Kpasix 3Ha4yHO 3aryOJieHi, 3a
PaxXyHOK TIepeKpUTTS TijJ, Yyac aHaji3y BCi JaHi BUXiZHOTO
curHaiy OyayThb BpaXOBaHi.

Original signal Windowed signal

1

=)

0

-1

Puc. 7. Curnan micas 3acrocyBanns windowing function

Ha upomy etanmi My MaeMo 151 KOKHOTO ayJioCHUTr-
Hajay Habip KaapiB i3 MEPEeKPUTTSIM i 3aCTOCOBAHOIO
windowing function. Came 4ac pO3rJISSHYTH HapaMeTpu
ayiOCUTHATY, OCKiJIbKM HACTYIMHUM KPOKOM Oye iX BU-
JIy4eHHS.

ITig yac 0OpoOKM aymio BUOKPEMIIIOIOTh KiJlbKa TUTTiB
napameTpiB [5]. KoxeH i3 TumiB oTpUMYIOTh 3i CBOTO MO-
JTaHHS CUTHaJy (4acoBOro, YaCTOTHOTO ab0 4acoBO Yac-
TOTHOTO).
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bazoBuM momaHHSIM (TUM, B IKOMY CITOYATKY IIpEI-
CTaBJICHUI 3BYKOBUI CUTHAJI) € YacoBe mmomaHH. Lle Te,
SIK MU 3BUKJIM 0a4yuTH cuTHas (muB. puc. 8). Bick x Bin-
MOBifa€ 3a yac, a Bicb y — 3a aMIUTITYQy curHamy. 3 Ta-
KOro MoJaHHs MOXHa OTpMMATHU YacoBi MapamMeTpu, A0
SKUX HajiexxaTb amplitude envelope (MakcuMalibHa aMIl-
JIiTya Kaapy), root mean square (CepeaHbOKBagpaTUUYHE
3HAYCHHS aMIUITyaIM) Tomo. I xoua momioHi mapaMeTpu
JAI0Th AesiKe YSBJICHHS TIPO XapaKTep CUTHaiy, ix abco-
JIIOTHO HEAOCTAaTHBO JJIs1 TOBHOTO aHai3y aymio. Y Bcs-
KOMY pasi 0e3 10JaTKOBHUX MapaMeTpiB.

0.2 1

01

0.0

-0.2
0 05 1 15 2 25
Time
Puc. 8. Curnan y yacoomy noaansi
HactyniHe mnomaHHd  Ha3MBAa€eTbCS  YAaCTOTHUM.

AHAaJIOTiYHO 10 YaCOBOTO TMOJAHHS, MPOTE BiCh X BiAIO-
Billa€e 3a 4acTOTY, a BiCb Y — 3a €HEeprilo YacTOTU («KiJib-
KiCTb» 4YaCTOTU B CUTHAaJIi) (IUB. puc. 9).

ToOTo 3aBASIKM TAaKOMY MOJAHHIO MOXHA MpoaHaizy-
BaTW YaCTOTHUI CKJIaI YChOTO CUTHAIY Ta OTPUMATH Pi3-
Hi criekTpaibHi mapameTpu: amplitude spectrum, spectral
centroid, spectral bandwidth tomo. Lli mapameTpu Bxe
OinbII iH(OPMATUBHI Ta MOXYTh MOKa3yBaTW HabaraTo
OibIlle TaHUX MPO CUTHAJI, aJie € 11ie OiIbII OMKUCOBE TO-
JTaHHS.

rwwe

1 e

600 8000

Frequency (Hz)

4000 10000

Puc. 9. Curnan y yacTtoTHOMY NOJAaHHi

YacoBo-4acCTOTHE TTOJAHHS Ma€ BUIJISII CITEKTpOTpa-
mu (ouB. puc. 10). Ile ckimagHima cTpyKTypa, sKa, Of-
HaK, JAa€ 3MOTy OTpuMaTu iHdopMallilo Mpo YacTOTy B
KOHKPETHUI TMPOMIXKOK 4Yacy. [HIIMMU cioBamu, 1ie Te
camMme YaCTOTHE MPEeICTaBACHHS, ajie JUIs Ty>Ke MaJeHbKUX
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¢dparMeHTiB ay1ioCUTHay, a HE BCbOTO CUTHAJy 3arajoM.

CaMe Take IOJAHHSI € HAWOLIbII OMMCOBUM i Ja€
3MOIy OTpMMYBAaTU Hallpenpe3eHTaTUBHIillI IlapamMe-
TpU aylio, Taki SIK CIeKTporpama, MeJ-ClieKTporpamMu,
MFCCs (Men-4acToTHi KercTpaibHi KoedilieHTH).
Came ocTaHHilI mapaMeTp HaityacTillle BUKOPUCTOBYETh-
cs1 B IOAIOHOro poay o0poOLi ayaio, 30KpeMa B 3aBHaH-
Hi po3Ii3HaBaHHS €MOllil 3a MOBJIEHHsIM. Pe3yibraTu 3
BUKOPUCTAHHSIM LIMX KOeDilli€HTIB € HABUILIMMU CEpes
MONIOHUX NOC/IIKEHbD.

Spectrogram

+30dB

+20dB

+10dB

+0dB

Frequency

-10 dB

‘ e e 20 d8

-30dB

- -40 dB

0 - - w e w o
[ 0.15 0.3 0.45 0.6 0.75 0.9
Time

Puc. 10. Curnan y 4acoBo-4acTOTHOMY NOJAHHI

[ToBepHEMOCS O TOrO, IO MM Ha JAHWUU MOMEHT
3pOOUJIM 3 CUTHAJIOM. Y Hac € yacoBe IMOAaHHSI CUTHa-
JIy, po3iJieHe Ha KaJpu 3 MEPEKPUTTIM i 3aCTOCOBAHOIO
windowing function. o6 orpumatn MFCCs, HeoOXin-
HO KOXEH KaJIp MepeBeCTH B 9aCOBO-YACTOTHE IMOJAHHS.
J11s1 1IbOTO BUKOPUCTOBYETHCS BXKE 3ralaHUil paHille Me-
XaHi3M ITiZl Ha3BOIO TepeTBopeHHST Pyp’e.

IMeperBopennss ®yp’e (FT) — me meton, skuii mae
3MOTI'Y PO3KJIACTH CKJIAAHUI CUTHaJI Ha fioro 6a3oBi yac-
TOTU. B OCHOBi LILOTO MeTOAy MOJsITa€ ifes, 110 Oyab-
SIKWI CKJIaMHWUM CUTHAJ MOXHA YSIBUTHU SIK CYMY KiJTbKOX
MPOCTIIIUX CUTHAJIB i3 Pi3HUMU YaCTOTAMMU.

IIpocrilie Kaxyyu, MOXHa YSIBUTH, II0 y Hac €
CKJIQHUM 3BYK, HAIIPMKIIAA, My3WJHA MEJOMisT abo To-
soc. ITepetBopenHst Pyp’e po30MBaE 1eil 3ByK Ha HOTo
CKJIaIOBi YaCTMHM — Bil HAWHVKYMX JO HABUILUX 3BY-
KOBUX YaCTOT, SIKi MMPUCYTHi B LIbOMY CUTHaJIi.

€ kinbka Bapiamiii mporo meperBopeHHs: FT, FFT,
DFT, STFT. Ane Bci BOHU HEOOXiJHi 11 OMHI€ET il —
pO30MTU CUTHAJ Ha YACTOTHI CKJIadOBI.

VY nHamowmy Bumanky, Heooximauii came STFT (Short-
Time Fourier Transform). Lleii pisHOBUA TIepeTBOPEHHS
Jla€ 3MOTY PO30MBaTU CUTHaJl Ha YacTOTU came IJISl He-
BEJIMKUX (PparMeHTiB — KaapiB.

Binbir netanbHO posrasiHeMo TiepeTBopeHHsST Dyp’e
[6]. MoxHa BuminnTH 3 eTanmu:

1. Jlis xoxHOI yacTtoTu repetBopeHHst Dyp'e obumc-
JIIOE KOMITJIEKCHI €KCIIOHEHTH, SIKi € OCHOBHUMHU (DYHK-
LIisIMU CUHYCA i KOCUHYCa

2. KoMruiekcHi eKCITOHeHTHM MHOXAaTbCsl Ha 3HAYeH-
Hs BUXiZHOro curHaiy. lle BimOyBa€eTbcsl i1 KOXHOI 3
PO3TJISTHYTHUX YaCTOT

3. PesyabraTi MHOXEHHSI KOMILIEKCHUX €KCITOHEHT
Ha BUXIOHUI CUTHAJ MiACyMOBYIOThCS IJIsI KOXKHOI 4Yac-
ToTu. Lle cTBOpIoE crieKTpajibHi KOMIIOHEHTH, 1110 Tpe-
CTaBJISIIOTh aMILTITYAM i a3y KOXKHOI YaCTOTH y BUXIil-
HOMY CUTHa.

TakuM 4YMHOM Ha BUXOJi MU OTPUMYEMO B IpaiuHO-
My MOJaHHi criekTporpamy (y pasi 3actocyBaHHs STFT)
(auB. puc. 10).

IMepen Tum, sk orpumat MFCCs € 11e Kinbka Kpo-
KiB. AJle mepen UM pO3IJISTHEMO, 110 Take Men i mist
YOro 1 IIKaJla BAKOPUCTOBYETHCS B ayAio00poOLIi.

IlIxana Men BUKOPUCTOBYEThCSI B ayaioo0poO1i as
MpeNCcTaBIeHHS] YacTOT B OiJbII iHTYITUBHO 3PO3yMilo-
My BUIJISIIi. BoHA I'pyHTYETBCS Ha CIIPUITHSTTI 3BYKOBUX
YaCTOT JIIOAWHOO, BigoOpaxawuyu HeJiHiHUI crocio
CNPUAHSATTS 3BYKY. TOOTO He BCi YacTOTU PiBHOMipHO
posnopineHi. JIIOACbKUIT clyX OifblI YyTJIMBUIA 0 4Yac-
tot Hrxkde 1000 Ii1, Hixk 10 yacToT Buie. Y mKam Men
YacTOTHi Aiana3oHu, IO BiAMOBiAalOTh HU3BKUM YacCTO-
TaM, PO3TATHYTI, a Ti, 1110 BiAMOBiAal0OTh BUCOKUM YacCTO-
TaMm, ctucHyTi. Lle mae 3mory Kpaile BpaxoByBaTU OCO-
OJIMBOCTI CIIPUMHSTTS 3BYKY JIOJIUHOIO.

Illxana Men [7] Oyna po3pobjieHa Ha OCHOBi HO-
CJTIIIDXeHb TMCUX0aKyCTUKM [8], sika BUBYAE CIPUNAHSTTS
3BYKY JIOAUHOI0. TaKMM YMHOM, BOHA Kpallle BiAMoBiga€e
peaIbHOMY CIIPUMHSITTIO YaCTOTHU, HiXK JIiHiMHI mKanu. |
OMHUMMU 3 HANTIOIYJISIPHIIINX TajTy3¢ii, e BUKOPUCTOBY-
€ThCS 114 LIKaJAa, € aHaJi3 ayaioflaHuX.

Otxe, 06 orpumatu HeobdxinHi MFCCs, nmotpidHo,
IIJISI TIOYATKY, iepeTBoputi orpuMany miciasg STFT criek-
TporpaMy B Mell-CIIeKTporpamy.

IlepeTBOpeHHsT yacTOTH f y replax Ha 4acToTy m
y Menax nipeacraBieHo y opmydi 1.

o)
=2595I I+—=—|, 1
m Oglo( 200 o))

ne f—dacrota B [epuax; m — yactora B Menax.

YacroTHuil nianasoH BiJ MiHIMalIbHOI 4acTOTH f,
JI0 MaKCUMaJIbHOI YaCTOTH f . MIUTLCA Ha n Men pinb-
TpiB. Lli GinbETpM po3TaloByIOThCS Ha 1IKajai Mel piBHO-
MipHO.

Koxen Men-oinbTp sBiisie co0010 TPUKYTHUM Db,
SIKMI OXOTUTIOE TIEBHUI Jiama3oH JyacToT. LleHTp ¢inbTpa
BiATIOBigA€ LIEHTPaIbHINM YacTOTi Ha wIKajai MeJ, a iioro
MeXi CXOMISTBCS IO HYJISI Ha CYCIIHIX IIEHTPaTbHUX Yac-
TOTax.

[Mpunyctumo, y Hac € cnektporpama S(f, 1), ae f —
yacroTa, a ¢ — yac. s kKoxHoro dinbrpa H(f) i Kox-
HOT 4acoBOi TOYKM ! PO3PAXOBYETLCS eHepris y (piabTpi
LUISIXOM TTiJICYMOBYBaHHSI 3HA4eHb CIIEKTpOrpamMu, TO-
MHOXEHHUX Ha 3HaueHHs1 dinbrpa. Toni 3a dopmysoro 2
MOXHAa OTpUMATU MaTPULIIO i-ro DiNbTpy y MEeBHUIT Yac.

M(i,t)=>S(f.1)*H,(f), (2
7

ne M — marpuug; i — HoMmep dinbrpy; ¢ — vac; S(f, 1) —
criekrporpama; Hy(f) — Men-dinsrp.
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Jns moninueHHs COpURHATTS W aHalizy IO OTpu-
MaHUMX 3Ha4eHb €HEpril 3aCTOCOBYETHCS JiorapudmiyHa
1IKasia.

TakuM 4YMHOM, MM OTPUMYEMO Mel-CrieKTporpamy
(muB. puc. 11).

Mel Spectrogram

+0dB
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512
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Puc. 11. Mea-cnekTporpama

IMopaneiii Kpoku € (iHATBHUMU I OTPpUMAaHHS
Men-4acTOTHUX KercTpaibHuX KoedimieHTtiB. Lli koe-
diuieHT — e Habip mapaMeTpiB, 5IKi SBISIOTH COOOIO
KOMITaKTHUI Ta iH(OpMaTUBHUI OIUC ayIiOCUTHAITY, 110
BimoOpakae 0COOJIMBOCTI JIIOACHKOTO CIIPUIHSITTSI 3BYKY.
V rpadiuniii penpesenTauii MFCCs MoxHa 300pa3utu y
BUIJISIAI ciekTporpamMu (IuB. puc. 12).

Otxe, mist orpumaniss MFCCs HeobOxinHo 1o Men-
CMEKTPOrpaMu 3aCTOCYBaTU IUCKPETHE KOCUHYCHE Tepe-
tBopeHHs (DCT). Lle MaTeMaTyHe NEPETBOPEHHS, SIKE
BUKOPHUCTOBYETHCS [IJIT TIEPETBOPEHHS ITOCITiTOBHOCTI
yucen y Habip koedilieHTiB. BoHO cxoXe Ha mepeTBo-
peHHst Dyp’e, ajie 3aMiCTh BUKOPUCTAHHST KOMITJIEKCHUX
€KCIIOHEHTIiB BUKOPUCTOBYE KOCUHYCH. Y YOMY X IIepe-
Bara Takoro migxomy?

MFCC

r —100

MFCC Coefficients

I —200

I

[ 0.15 0.3 0.45 0.6 0.75 0.9
Time

=300

Puc. 12. IIpencraBienns MFCCs y Burisizi ciekTporpamMu

DCT 3mMeHIye Kopelsiiio MixX 03HaKaMM, 1110 JTOM0-
Mara€ IOJIIIINUTY MPOAYKTUBHICTh aJITOPUTMIB MaIIIMH-
HOTO HaBYaHHS, IKi BAKOPUCTOBYIOTH 11i O3HAKU.

Takox, ockinbku DCT KoHUEHTpye iH(OopMallilo
B JIeKiJIbKOX Koe(illieHTaX, MOXHa BUKOPUCTOBYBaTU
TUIBKM TIepIlli KiJibka Koe(MilieHTiB, BiAKWAAOUM iHII
0e3 3HauHOI BTpaTH iH(popMallii.
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MFCCs, orpumani 3 BukopuctaHHsaM DCT, MeHIn
CXUJIbHi 10 1IyMYy Ta BUKPUBJIEHD, 1110 POOUTH 1X HaIiii-
HilUMMU 1JIS1 3aBJaHb po3Ii3HaBaHHS MOBU Ta 3BYKIB.

Moo ximpkocTi KoedinientiB MFCC, moxHa cka-
3aTh Take. HeBenmka KinbKicTh KOe(illiEHTIB JTa€ 3MOTy
3MEHIINUTU PO3Mip JaHUX i MiABUILUTU IIBUAKICTH 00-
poOku Takux maHmx. OmHakK, 3HauYHa YacCTWMHA JaHUX 3a
HEBEJIMKOI KiJIbKOCTi Koe(illieHTiB Moxke OyTH 3ary0JieHa.

Benuka x KinbKicTb 30iJbIIyE po3Mip JaHMUX, 3MEH-
LIyE IIBUAKICTb OMpAalIOBaHHS, TPOTE MOXE MiCTUTHU
HabaraTo OinblIe TMoTpioHOI iHdopmalii. Takum YuHOM
BapTO JOCJIIKYBaTH ONTHUMAaJbHY KiJbKiCThb KOe(illieH-
TiB JUIS1 KOHKPETHOTO 3aBAaHHS VISl OTpPUMaHHS HaliKpa-
IIUX Pe3yJIbTaTiB.

[TigbuBaloun MiACYMKU, MU OMUCAIM BCi OCHOBHI
ertanu poboTy 3 ayaio. BusHauumau HeOOXimHY TepMi-
HOJIOTi0, PO3MISIHYJM KPOKM OTPUMAaHHSI MapaMeTpiB 3
ayJaiocUrHaay ISl TMOMAJbLIOr0 iXHLOTO OIpallloBaHHS
B HEUPOHHI Mepexi. MU BU3HAUWIM POJIb (PpeiiMiHTy
Ta KaApiB y nmpolueci 00poOKHM i Mojablili eKCIIepuMeHTH
CHpsSIMOBaHI Ha BUBYEHHS BILIMBY PO3Mipy KaapiB, a Ta-
KOX pO3Mipy 3CYBY/IIEpEKPUTTS Ha SKIiCTb MOJIEeH, sIKi
MOXHa OTpUMATH.

2. IncTpymeHTH pO3pOOKH

s npoBeleHHS €KCIEPUMEHTIB 3 METOI aHasizy
BIUIMBY PO3Mipy KaJApy Ha TOYHICTb MOJENi HEWpOH-
HO1 Mepexi HacamIiepel BUKOPMCTOBYBalM 0i0JioTeKy
librosa, 1o mae BequMKUi (yHKUIOHAT A9 poOOTH 3 ay-
Jlio, 30Kpema:

— 3YWATYBaHHS ayIio

— BWJIyYEHHs TTapaMeTpiB

— ayrMeHTallist

BukopucroByBanacsgs MoBa IporpaMmyBaHHs1 Python i
cepenoBuile po3pooku JupyterLab. A koHpirypatiist cuc-
TeMM, Ha sIKiii MPOBOAMIOCS HABYAHHS MOJIeNIeii, TaKa:

— NVIDIA RTX 3060 12GB

— Ryzen 5 3600X

— RAM 32GB 3200MHz

3. EkcnepuMeHTAJIbHI 10 CTiIKeHHS

[poBeneHHsT €KCNEPMMEHTIB IOYaloCcs 3 BUJIYYEH-
HsI TTapaMeTpiB aydio, TMpo SKi WIIIocs paHille, a came
MFCCs.

Ax Habip manux ans 3agavi 0yyno oopano CREMA-D
— BeJIUKUIA HAOip ayaio- Ta Bi3yaJIbHUX JaHUX IJIs1 3a1adi
po3mi3HaBaHHS eMollil 3a ayaio [9]. Tpoxu aetaneit mpo
Lei Habip:

— MicTuTh aymiosanucu noHan 90 nmpodeciiiHux ak-
TOPiB, KOXEH 3 SIKUX 3auuTye 12 dbpa3 Ha 4 PiBHSIX eMO-
LifiHOCTI

— wmicTuTh 3anucu 6 emolliii (371iCcThb, 1acTs, Bigpasa,
CTpax, CMYTOK i HEMTpaJbHUIA CTaH)

— Mae piBHOMIipHUIA po3MoAis emolid y Habopi Ta
MicTUTb 3arajiom 7,442 aynmio3anucu
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Lleit Habip € ogHUM i3 HaWOILTBII penpe3eHTaTUB-
HUX cepel yCiX MpoaHali30BaHUX HA0OPiB 3HAMIEHUX Y
BIIKPUTOMY OOCTYIi IJISl 3a/ayi pO3Mi3HABaHHS €MOLILil
3a MoBJeHHsM. lleit HabGip GamaHcye MiX JOCTATHBHOIO
KUIBKICTIO TaHUX i SKICTIO LUX gaHuX. Jist mocmimkeH-
Hs1 Oy7a0 B39TO 4 emouii (11acTs, 3/1iCTb, CMYyTOK i Heii-
TpaJIbHUI CTaH), 4Oro OyAe AO0CTaTHbO JISI TTOCTaBIEHOT
3a1ayi.

Otxe, mepen 0Oe3rmocepeHbO MPOBEACHHSIM eKCIIe-
PUMEHTIB OyJIO MPOBEAECHO IMiATOTOBKY, A0 SIKOi BXOIUTH
KiJbKa KPOKiB:

1) Bunyuennst MFCCs i3 3anuciB

2) ayrMeHTallisl JaHUX

3) CTBOpEHHSI apXiTeKTypW MOAENi 3ropTKOBOi He-
MPOHHOI Mepexi

BunyyeHHs 3ByKOBUX MapaMeTpiB Oy10 MTPOBEIEHO 3a
CXEMOl0, orucaHolo padimie. OgHaK, yxXe TYT IS KOX-
HOTO €KCIEepPUMEHTY OyJia CBOSI 0COOIMBICTh. OCKiIbKU
METOI0 JIOCTIIKeHHsI € BUBUEHHS BILJIMBY PO3Mipy Kajipy
Ha TOYHICTh MOJEJi, a po3Mip Kaapy BKa3yeThCs BXKe Ha
LIbOMY eTami, OyJ0 MiAroTOBAEHO Taki HabOpU mapame-
TpIB:

— xazap 2048, 3cyB 1024 (nepexpurrst 50%)

— xaap 2048, 3cys 512 (nepekpurrs 75%)

— xaap 1024, 3cyB 512 (nepexkputrs 50%)

— xaap 1024, 3cys 256 (nepekpurts 75%)

— xaap 512, 3cyB 256 (nepexkputrts 50%)

— xaap 512, 3cyB 128 (nepekpurts 75%)

— KaJap AMHAMIYHUHI, Kaap B 2 pa3u MEHIIUIA 3a po3-
Mip Kanpy (nepexpurrs 50%)

Takum yriHOM, OyJI0 OTpUMAHO 7 HAOOPiB MapaMeTpiB
(MFCCs). dani 0yneMo mo3HavyaTH KOXKEH i3 LIMX Habo-
piB sIK HaOip i3 po3mipoM Kaapy X/IWHaMiYHUM i Tiepe-
KpuTTsIM N %.

OpHoYacHO 3 BWIYYEHHSIM MapaMeTpiB OyJo MpoBe-
JIEHO ayrMEeHTaLIilo JJIs1 KOXKHOTro Habopy IapaMeTpiB.

AyrMeHTalis — 1€ 0COOJUBUM cMoCci®d PO3MUPEHHS
Habopy NaHMX, SIKUi BUKOPUCTOBYE BXKe HasIBHI AaHi 1S
CTBOPEHHSI HOBUX IIJISIXOM 3aCTOCYBaHHSI /IO 1IUX JIaHUX
crieliaTbHUX onepariiit.

OaHMMU 3 HAUMOIIMPEHIINX TaKKUX onepalliii (MeTo-
IiB ayrMEeHTallii) JUIsl ayliogaHuX €:

— JIOJlaBaHHS IIIyMy

— PO3TSATHEHHS i CTUCHEHHS B yaci

— 3MiHa BUCOTH TOHY

Mertoro gaHMX eKCTIIEPUMEHTIB He € BUBUYEHHS BILIM-
BY Pi3HUX METOMiB ayrMEHTAallil Ha SKiCThb OAEPKYyBaHUX
MoJeJIeil, TOMY B eKCIIepUMMEHTaX LIi€i poOOTH BUKOPHUC-
TOBYBaJIUCH BCi TpU MeTOonu. TOOTO 1Sl KOXKHOTO Habopy
napamMeTpiB BuOipky CREMA-D 0yno po3immpeHo 1iis-
XOM JIO/IaBaHHSI IIIyMy J0 KOXKHOTO 3aIliCy, MPUCKOPEH-
HS Ta CIIOBIIBHEHHSI 3aMuCy, MiABUIICHHS Ta 3HUKEHHS
BUCOTHU TOHY.

BaxuymBo 3a3HaumTH, 10 4epe3 (ikcoBaHMIT PO3-
Mip KaJpy HE KOXEH 3aIluiC MOXE IIJIKOM MMOTPAruTH Yy

¢inanpHMil HaGip. Hanpukian, Ko Hall ayaio3anuc
ckimanaeThes 3 1300 cemruti, a frame size i hop size mopis-
HIOIOTH 256 i 128 BinmosinHo, TO TibKK 10 KanpiB MoxKHa
BWJIYYUTH 3 Takoro 3amnucy (128 * 10 = 1280 cemruis).
20 ceMIUIiB 3aMucy MPOCTO He MOTPAIIATh Y HaBYaHHSI.
IlonibHe MoOXHa BUPILIUTH, <«IOPOLIYIOYU» HEOOXiIHY
KiJIBKiCTb CEMIUTIB IS LIJIOrO Kaapy, HanpuKJIa:, HyJIs-
mu. Toni Bech 3anmuc Oyje BpaxOBaHO B HABYAHHI, OJHAK
TaKoX OyJe BpaXxOBaHO i JoJaHi HYJIi, sIKi HE € YaCTUHOIO
3amucy, o, TEOPETUYHO, MOXEe HETaTMBHO BILUIMBATU Ha
SIKICTb MOJEJTi.

ITpote B 1iit poOOTi He OY10 BUKOPUCTAHO JOJAaBaHHS
Hy’aiB. OnHak, OyB IpUIyMaHWil albTepHATUBHUI CITOCiO
BpaxyBaHHsI TIOBHOTO ay/i03aIucy JUisl HABYaHHSI.

Ockinbky Mopnesi, sIKi OyayTh BHUKOpPHUCTaHi, BUMa-
raiotb (iKcoBaHUI PO3Mip MaHUX Ha BXil, HEOOXiTHO
3aJ0BOJIbHUTU 110 YMOBY. fIKIIIO B mepiioMy migxomi
00MEeXEeHHSI BUXOMAATh BiJl po3Mipy Kaapy i (ikcoBaHOI
TPUBAJIOCTI ay1io3amnucy, SKuii MoXXHa OTpUMaTH, TO Ha-
CTYITHUI MiaXiJi HEe BUMara€ BCTAaHOBJTIOBATU OOMEXEH-
HsI Ha TPUBAJIICTh 3aIT1Cy, X04a i nependavae mpuoInM3HO
OIHAKOBY TpUBAIiCTh. TaKUM YMHOM OyJ0 MPUAYMAHO
minxin auHamiyHoro ¢peiiMinry. ¥ takomy pasi ¢ikco-
BAHOIO CTa€ KiJIbKICTh KalpiB, SIKY HEOOXiTHO BUJTYYUTU
3 aymiozamnucy. Y 1IbOMY IOCTiIKEeHHI KiJIbKiCTIO KaapiB
Oyno BcraHoBieHo 128. Lle mayno 3mMory oTpuMmyBaTu Ka-
npu po3Mmipom Big 500 cemmutiB mo 2000-3000 cemruis,
1[0 € AOBOJIi aEKBATHUM PO3MipOM, CIiBMipHUM i3 TUM,
1o OyJ1I0 BUKOPUCTAHO y Habopax 3 (hiKCOBaHMM PO3Mi-
POM Kampy.

Takum yMHOM, HaOOpM mapaMeTpiB i3 (iKCOBaHUM
PO3MipoM KaapiB BpaxOBYIOTh 3alIMCH HE MOBHICTIO, TOAI
SIK HA0OpM 3 IMHAMiIYHUM PO3MipOM KalpiB — MOBHICTIO.
Bapro Haragatu, 1110 po3Mmip Kaapy BUXOIUTH 3 Ti€l TyM-
KM, 10 BIPOJOBXK YChOIO Kaapy CUTHajl CTAaTUYHUH i He
3MiHI0€ThCA. Lle i Oyne nmepeBipeHo.

Otxe, Tic/isi OTpMMaHHS HaOOpiB MapaMeTpiB 3 ypa-
XyBaHHSIM ayrMeHTallii, OyJlo po3poOJEHO apXiTeKTypy
MOJIeNli HeMPOHHOI MepeXi Ha OCHOBI 3rOPTKOBMX II1apiB
[10] (muB. puc. 13).

Mopnenb MiCTUTBh YCi OCHOBHiI KOMITOHEHTH 0a30BOi
3rOpTKOBOI1 Mepexi. 3ropTKoBi OJIOKM (ITOBTOPIOBaHUIA
Habip 1apiB, Oe BimOyBa€ThCs orepalisi 3ropTaHH)
CKJIaJIat0ThC 3:

— 3rOpTKOBUIi map (po3Mip GinbTpiB 5 Ha 5)

— map HopMajizauii (Jae 3MOry MPUCKOPUTU Ha-
BUAHHS)

— 1ap o6’eAHaHHS (SIKUI BUALISIE HAMOLIbII 3HAUY-
1Ii MaTepHU XapaKTEePUCTUK Y TaHUX)

— map BiACIBY (BiIK/ItO4ae nesKi HEMpOHU Mia 4ac
HaBYaHHS, 110 TEPEeIIKOMXA€E TepeHaBYaHHIO HEHPOH-
HO1 MepexXi Ta CIpUsIE MiABUILIEHHIO SIKOCTi MOJIEJIi)

Mogenb MicTUTb 6 TaKMX 3rOPTKOBUX OJIOKIB, ITic-
s akux ine wap Flatten, mist mepeTBopeHHs Mmapame-
TpiB TiCJIs 3rOopTKOBMX IapiB y Bekrtop. [licisg sikoro
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iile TOBHO3B I3HUI 1Iap Mepexi 3 akrtupaliero RelLU.
OcTaHHIM 1IapoM Mepexi € 1ap i3 4 HelPOHiB, KOXEH 3
SKMX BiMoBigae ofHilt 3 emoliii. Lleit ocTaHHiit map i3
¢yHKIieo akTuBalii Softmax Bigmosigae 3a 6e3nocepen-
HbO BM3HAUYE€HHsI HMOBIpHOCTI Kjacy ayaiosanucy [11].

Batch Normalization l
Conv2D
Batch Normalization
Y Max Pooling
Conv2D Dropout
Batch Normalization
Max Pooling v
Dropout
Conv2D
Batch Normalization
A Max Pooling
Conv2D Dropout
Batch Normalization
Max Pooling v
Dropout
Flatten
y
Conv2D
Batch Normalization L 2
Max Pooling
Dropout Dense
Dropout
y
Conv2D A J
Batch Normalization
Max Pooling Softmax
Dropout

Puc. 13. Ipadiune 300paxkenns: apxiTeKTypu
MoieJii HelipOHHOT MepexKi

Bapto onucaTi MeTOAMKY OLIIHIOBAHHSI MOJEJIEiA.

IMo-nepie, miIsg 3HATTS METPUK, SIKi OyayTh OIMM-
cani Hmxde, BuKopucroByBaBcs mimxim K-Fold Cross
Validation. Lleii MeTom OLliHIOBAaHHST MOJIEJi KOPUCTYEThCS
LIMPOKOIO TOIMYJISIPHICTIO B MAalIMHHOMY HaBYaHHI 1 1ae
3MOT'y HAalOIJIbIII 00’€KTUBHO OLIIHUTH SIKiCTh MaTeMaTHUy-
Hoi Mogeri. Lleit MmeTon TakoX MEHII YyT/IMBUA 10 HEPiB-
HOMipHOTO PO3MOJLTY KJIaciB y HAbOpi, SKIIO TaKWH €.

OcCHOBHa CyTb LILOTO MiIXOAY OLIIHKHU MOJISITA€ B TOMY,
110 Habip maHuX po3duBaeThcs Ha K yactuH. Jlani npo-
tarom K itepauiii 1 3 K yacTuH BucTymnae sik TeCToBa BU-
Oipka mis mozeni, a Ha pewTi K-1 yacTMH BUKOHYEThCS
HaByaHHsI. TaKuM YMHOM YyCi JaHi BUKOPUCTOBYIOThCS
IIJIS TECTYBAHHS, IIPU LIbOMY 30€pira€Tbcsl iXHS He3anex-
HiCTb.

Ha xoxHniit i3 nux K itepatiiii 3HiMal0Th METPUKHU, SIKi
MOTIM YyCEepPEeAHIOTh i OMUCYIOTh OLIIHKY SIKOCTI MOJeJi
Ha Habopi naHuX.

VY 1bOMy IOCIIIKEHHI BUKOPHUCTOBYBAIM MOITYJISIpHi
CTaHAApPTHI METPUKMU TIiJl Yyac OLIiHIOBaHHSI MojeJieil He-
UPOHHUX MEPEXK:

— accuracy

— precision

— recall

— fl-score

F1-score (a0o F-mipa) € ogHi€ro 3 Halie(heKTUBHIIIIMX
METPUK, OCKIJIbKM BPaxoBYe i precision, i recall.

OTxe, yci maroroByi etanu onucaHo. [Jaii Oymo mpo-
BEJIEHO 0e3MOoCepeNHbO EKCIIEPUMEHTH, SIKi CKIaAaloTh-
¢ 3:

— HaBYaHHS HEWPOHHOI MepeXi 3 BUKOPUCTAHHSIM
meTtony K-Fold Cross Validation

— 3HSITTS Ta yCEPETHEHHS METPUK

Takum yuHOM, OYyJIO TIpOBeIeHO 7 €KCIIePUMMEHTIB
IUJISL KOXKHOTO Habopy mapameTpiB. i OuIbII KOMITaK-
THOTO BigoOpakeHHsI pe3yJbTaTiB 300pa3uMoO B TaOMMLIi
TibKM f1-score mist Bcix 7 HAOOPiB.

Tabauus 1 MicTuTh 3HaueHHsT F-Mipu a1st 4oTUPbOX
eMOIIilt Ha SIKMX TTPOBOMIIIMCS €KCIIEPUMEHTH.

TakoX 10 KOMipOK TaOJulli 3aCTOCOBaHE YMOBHE
¢dopMaTyBaHHS, 1100 HAOUHO OYJI0 BUTHO KOJIHLOPOM, SIK
caMe 3MIiHIOEThCS SIKICTh MOJEJi B 3aJIeXKHOCTI BiJ pO3-
Mipy Kajipy.

Bapro Takox ckazatu, 1110, HE AUBJISIYUCH HA PiBHO-
MIpHICTb TaHUX Y HAOOpi, TicJisl BUIYYEHHS TTapaMeTpiB
IUIS. TUX YTBOPEHUX HAOOPiB MmapaMeTpiB i3 (ikcoBaHUM
PO3MipOM KaJpy pO3MOIiJ eK3eMILISIPiB KIaciB (€MOILiii)
BX€ HE TaKUi piBHOMiIpHUIA, OCKUIBKM HE YCi ayaio3anu-
CH 3MOIJIM 3aI0BOJIbHUTH YMOBU PO3Mipy Kaapy Ta TpH-
BaJIOCTI 3aIMCy (aymio3ammmc MOBUHEH CKIIaJaT HE MEH-
1Ie 2 CeKyH).

TaGamns 1
ITopiBHSHHSA AKOCTI MozIelIeil po3po0JIeHHX NPy Pi3HOMY po3Mipi Kaapy
frame 2048 frame 1024 frame 512 dynamic frame

overlap 50% 75% 50% 75% 50% 75% 50%
anger 0,956 0,954 0,995
happiness 0,922 0,918 0,913 0,930 0,908 0,922 0,989
sadness 0,934 0,943 0,933 0,945 0,925 0,940 0,986
neutral 0,911 0,921 0,906 0,924 0,899 0,916 0,981
avg 0,931 0,935 0,927 |10.940 | 0,91 0,934 0,988
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Tox, s (ikCOBaHUX KaapiB HaiOiblIa KiJIbKICTh
eK3eMILIPiB [JIsd TECTYBaHHS Oysa il eMOLlili 3710CTi Ta
CyMY, HEUTpaJIbHUIA CTaH WMILOB Ha OCTAHHBOMY MICILIi.

Otxe, SIKi BACHOBKM MOHa 3pOOMTH i3 HagaHOI Ta-
omuui?

IMo-nepiue, BUIHO, 110 3HaYeHHs f-Mipu a5 pikco-
BaHOIO PO3Mipy Kaapy Malike He BiIPi3HSIIOThCS IS YCiX
Bapiauiit kanpiB. ToOTO mIst yciX HUX TOYHICTh MOJeIei
TpUMaEThCs Ha piBHI 92-94%.

ITo-npyre, MoxxHa MOOGAYUTH, 11O 30LTBIICHHS Mepe-
KpuTTa (a00 3MeHIeHHs hop size) mifiCHO MO3UTHBHO
BIUIMBAE Ha SIKicTb Mojaeseit. s ycix nmpoBeieHux eKc-
MEePUMEHTIB SIKICTh MoJeNiell Mpu TepeKpuTTi Ha 75%
BUIIIE 3a Mozeli i3 mepekputTsiM 50%.

[Mo-TpeTe, KO pPO3MISIAATH JIMILE EKCIIepUMEH-
T i3 (pikcoBaHUM PO3MIpOM Kajpy, TO pO3Mip Kaapy B
1024 cemrutv 3 mepeKpUTTIM 75% NEeMOHCTPYE HANBUIILY
SIKICTb MOJEJTi.

PosrasiHemo mopiBHsLIBHUIT TpadiK OTpUMaHUX pe-
3yJIbTaTIB (IUB. puc. 14).

1,00
0,99
0,98
0,97
0,96
0,95
0,94
0,93
0,92
0,91

0,90

50%  75% 50%

2048

50% 75% @ 50% 75%

1024 512 dynamic

Puc. 14. 3navyenns f1-score npu pi3HoMy po3mipi Kaapy
Ta Pi3HOMY NEPEeKPUTTI KaaApiB

3 miarpamMm 4iTKO BHIHA IIepeBara OiIbIIIOTO Iepe-
kpuTTd. TakoX BMAHO, IO AMHAMIYHUI po3Mip Kaapy
Bimirpae 3HayHy poJib i J03BOJSIE TMiABUILIMTU SIKiCTh
oTpuManoi MozeJii Ha 5%. Xoya 1ie 3HaYeHHs MOXKe 3/1a-
TUCS HEBEJMKHUM, i3 TMHAMIYHUM PO3MipOM MU OTpU-
MaJii MOJeJb, sIKa MPOIOHYE TOYHICTh PO3Mi3HABaHHS
Maiixe 99%. 3BiCHO, Ha YOTMPHOX EMOILISIX.

BucHoBkn

YV crarti OyJ10 TpoaHai3oBaHO Pi3Hi MeXaHi3MHU, SKi
BUKOPUCTOBYIOThCS TTiJ 4ac oOpoOKM 3BYKY. bByau pos-
IJISTHYTi OCOOJIMBOCTI Ta TiAXOAW TOIepeIHboi 00pOOKHU
ayJioCUTHAJy JJisl TIOJaJIbIIOTO IXHBOTO aHali3y 3 BUKO-
pUCTaHHSIM HEeWpOHHOI Mepexi. K HeHpOHHY Mepexy
BUKOPHMCTOBYBaJI 3TOPTKOBY MeEpeXKy, Ky CaMOCTIHO
OyJi0 cripoekToBaHO. Pe3dynbraTy mokasanu, 1o ¢Gikco-
BaHWI1 pO3Mip Kaapy AeMOHCTPYE MOKA3HUKU TOUYHOCTI

3HAYHO HWXYi, Hixk nauHaMiyHuit. [Ipu 1uboMy pisHUILS
B TOYHOCTI MiX yciMa mpoTecToBaHUMM ((PiKCOBaHNMM)
po3MipaMu KaapiB nyxe He3dHauyHa. Lle mMoxe cBimuuTH
po Te, 110 AJIs1 3aBJaHHS PO3Ili3HaBaHHS €MOlIil 32 MOB-
JICHHSIM PO3Mip KaJpy Billirpa€e MEHIIY POJIb IS TOUHOC-
Ti, Ha BiIMiHY Bil IOBHOI'O OXOIUIEHHS ayli0CUTHAY JJIsI
HaBYaHHS.

AK mopmanblni AOCTIIXKEHHSI MOXYTh OyTH TpoaHa-
JII30BaHi iHII TUMW 3BYKOBUX XapaKTEPUCTUK Ta iXHil
BILJIUB Ha TOYHICThb, a TAaKOX BIUIMB TUIIiB ayrMeHTaLlil
(iXHill BHECOK) Ha 3arajibHy TOYHICTh HABYEHOI MOJETI.

Crnicok Jireparypu

[1] What is speech emotion recognition? — klu. Design, Deploy,
and Optimize LLM Apps with Klu — Klu.ai. URL: https://klu.
ai/glossary/speech-emotion-recognition (1ata 3BepHEHHSI:
13.04.2024).

[2] Bevor Sie zu YouTube weitergehen. URL: https://www.you-
tube.com/@ValerioVelardoTheSoundofAl (nata 3BepHeHHS:
06.03.2024).

[3] Valerio Velardo — The Sound of Al. Understanding audio sig-
nals for machine learning, 2020. YouTube. URL: https://www.
youtube.com/watch?v=daB9naGBVv4 (naTta 3BepHeHHS:
21.03.2024).

[4] Windowing signals — telecommunication engineering. Tele-
communication Engineering — My WordPress Blog. URL:
https://telecommunicationengineering.softecks.in/535/
(mara 3BepHeHHs: 20.05.2024).

[5] Valerio Velardo — The Sound of Al. Types of audio features
for machine learning, 2020. YouTube. URL: https://www.
youtube.com/watch?v=ZZ9ulvUtclA (nara 3BepHeHHSI:
03.04.2024).

[6] Valerio Velardo — The Sound of Al. Short-Time fourier
transform explained easily, 2020. YouTube. URL: https://
www.youtube.com/watch?v=-Yxj3yfvY-4 (naTa 3BepHEeHHSI:
20.05.2024).

[7] Mel. Simon Fraser University. URL: https://www.sfu.ca/
sonic-studio-webdav/handbook/Mel.html (1ata 3BepHEHHSI:
27.04.2024).

[8] Minard A. Psychoacoustics: understanding the listening
experience. Ansys Blog. URL: https://www.ansys.com/
blog/understanding-psychoacoustics/ (mata 3BepHEHHSI:
11.03.2024).

[9] GitHub — cheyneycomputerscience/crema-d: crowd sourced
emotional multimodal actors dataset (CREMA-D). GitHub.
URL: https://github.com/CheyneyComputerScience/
CREMA-D (nara 3BepHeHHs: 17.05.2024).

[10] Basic CNN architecture: explaining 5 layers of convolutional
neural network | upgrad blog. upGrad blog. URL: https://www.
upgrad.com/blog/basic-cnn-architecture/ (1ata 3BepHEeHHS:
09.02.2024).

[11] Emotional speech recognition using deep neural networks.
PubMed Central (PMC). URL: https://www.ncbi.nlm.
nih.gov/pmc/articles/PMC8877219/ (nata 3BepHEeHHS:
26.05.2024).

Haoitiwaa do pedkoaecii 28.08.2023

S1



BIOHIKA IHTEJIEKTY. 2023. Ne 1(99). C. 52-55 XHYPE

VK 656::004.942::355.41 DOi 10.30837/ bi.2023.1(99).07

C. M. Heponos
XHAJLY, M. XapkiB, YkpaiHa, sernikner@gmail.com, ORCID iD: 0000-0003-2381-1271

MOAENI AOCNIAXKEHHSA NNOTNCTUKU NEPEBE3EHDb
Y NEPIOA BOEHHOIO CTAHY

INTELLIGENCE

CTaBUTBCS Ta BUPILIYETHCS 3a7a4a MOACTIOBAHHS Ta TJIAaHYBaHHS JIOTICTUYHMX MPOLIECIB TIepeBe3eHb Y Mepioj
BOEHHOTIO CTaHy KpaiHU. BimoKpemIol0ThCsi 0COOJMBOCTI TPAHCIIOPTYBAHHSI BAHTAXiB Ta JIOJEH, sIKi I10’BsI3aHi 3 Ha-
SIBHICTIO BiliCbKOBUX 3arpo3 (0OCTpijii, MPUJIBOTU PAKET, aTaKU JPOHIB, TOLIO). AKTYaIbHICTh TEMU JOCIHiIKEHHS
00yMOBJICHA CTBOPEHHSIM OPUTIHAIBHUX ONTUMI3alLliiHUX MOJIEJICH IS ITaHyBaHHS MIepeBe3eHb B YMOBaX OCOOITMBOTO
craHy. Benuky yBary mpuiJieHoO 4acy Ta pu3nKaM IepeBe3eHb B YMOBax BilichKOBMX 3arpo3. HaykoBa HOBU3HA T0CITi-
JKEHHS TTOB’s13aHa 31 CTBOPEHHSIM OPUTiHATbHUX ONTUMi3allifHUX MOJIENIeH, SIKi JO3BOJISIIOTh aHAJTi3yBaTH Ta IJIaHYBaTH
JIOTICTUKY MepeBe3eHb BilChKOBUX BaHTAXIB Ha IepeOBY Ta €BaKyallilo HaCeJIeHHS A0 TUITY.

JIOTICTUKA, TEPEBE3EHHS, BIMCbKOBA 3ATPO3A, OIITUMIBALIMNHA MOJEJD, JIOTICTUYHI
IMOKA3HUKU

S. M. Neronov. Research models of transportation logistics in the period of martial law. The task of modeling and
planning logistics processes of transportation during the period of the country's martial law is set and solved. The fea-
tures of the transportation of goods and people are separated, which are connected with the presence of military threats
(shelling, missile attacks, drone attacks, etc.). The relevance of the research topic is due to the creation of original
optimization models for planning transportation in special conditions. Much attention is paid to the time and risks of
transportation in conditions of military threats. The scientific novelty of the study is related to the creation of original
optimization models that allow for the analysis and planning of the logistics of transporting military cargo to the front

and evacuating the population to the rear.

LOGISTICS, TRANSPORTATION, MILITARY THREAT, OPTIMIZATION MODEL, LOGISTICS INDI-

CATORS

Beryn

BoeHHMii cTaH KpaiHU 3MYCUB MEPETISIHYTH JIOTICTUY -
Hi rpoiiecu niepeseseHsb [ 1 — 9]. 3’ siBunmch HOBi HATTPSIMKU
B JIOTICTULI, SIKi HEOOXiTHO OOCTIAUTH AJIs1 €(heKTUBHOTO
TUTAaHYBaHHS TepeBe3eHb B yMOBaX BiliCbKOBMX 3arpos.
Oco06JMBO BaXXJIMBUMU € HATIPSIMKU JOTiCTUKHM, SKi
MOB’s13aHi 3 TpPaHCHOPTYBAHHSIM 030pO€EHHS Ta BiliCbKOBOT
texHiku (OBT) Ha nmepenoBy Ta nepeBe3eHHs (€BaKyallis)
HaceJIeHHS 10 TUJTY 3 IpUMPOHTOBUX paiioHiB. ToMy, ak-
TyaJibHa TeMa 3aIlpOIIOHOBAHOI MyOIiKallii, B SIKili CTBOPIO-
I0ThCSI ONTUMI3aliiiHI MOJEi 1151 pallioOHAaIbHOTO BUOOPY
1IUISIXiB IepeBe3eHb B yMOBaX BOEHHOI'O CTaHy. MeToro 10-
CJTiIKEHHS € CTBOPEHHS MOJEIel 11 MPUKJIaaHo1 iH(pop-
MaliAHO1 TEXHOJIOTi1 JOCTiIXKEHHS JIOTICTUYHUX MTPOLIECiB
TPaHCIIOPTYBaHHSI BAHTAXKIB Ta JIIOJEH y IepioJ BOEHHOIO
CcTaHy KpaiHu. 3aBAaHHSI, IKi BUPIIIYIOThCS Y POOOTI:

— CTBOPEHHSI ONTUMIi3allilitHUX MOJENeil IS TIIaHy-
BaHHs niepeBe3eHb OBT Ha nepenosy;

— CTBOPEHHS ONTUMi3alliiHUX Moaeel IS TaHy-
BaHHS eBaKyallil HaceJeHHS 10 TULY.

1. OnTuMizamniiiHa MoJeTb ILIAHYBAHHS epeBe3eHb
030pOEHHS TA BilicbKOBOI TeXHIKH HA MepeIoBY

OnHUM 3 aKTyaJIbHUX 3aBlaHb, sTKe TTOB’sI3aHe 3 TIPO-
BEIEHHSM ¢(DEKTUBHUX ONEPAaTUBHO-TAKTUYHUX Miii Ha
noJii 6010, € popMyBaHHS HEOOXiAHUX 3aMaciB 030pOEHHS
Ta BilicbkoBoi TexHiku (OBT) Ha nepenosy. JIiHig ppoHTY
BKJIIOYAE aKTyasJbHi BificbKOBi JJoKanbHi 30HU (BJI3),
B SIKUX MPOBOASITHCS aKTUBHI O0o0iioBi Aii. HeobximHO
copmyBatu y BJI3 notpioni 3anacu OBT aJist mpoBeaeHHS
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VCIIITHMUX OTIePaTUBHO-TAaKTUIHMX Hiii. Tomy, akTyalbHO
3aBJIaHHS TTOLLIYKY BiTHOCHO O€3IeYHMX IIUISIXiB IOCTaYyaH-
Hs OBT Ha nepenoBy B yMOBax BilicbKoBMX 3arpos. Jlis
BUPillLIEHHsI TOCTaBJIEHO1 3a1a4i Oy1eMO BUKOPUCTOBYBATH
METO/I LiiJlourcebHOoro (0yJieBOro) mporpamyBaHHsl. BBe-
JIEMO 3MiHHY X

1, gkuo o6paHo j-i uwsax nocrayanHsg OBT
1o i-i BJI3 3 k-M cKJ1a1oM JIOTiCTUYHUX

Xy = KOMIIOHCHT (nepeBaJika, CKJIaayBaHHS, (1)
PO3MOIiJI, TAMYACcOBa 3yITMHKA TOIIO);
0, B iHIIOMY BUMAKY.
n My
IMpu LIbOMY HEOOXiTHO 11106: szijk =1, 1110 03HAYAE
J=lk=1

000B’I3KOBUII BUOip KOHKPETHOTO IUISIXY MOCTa4YaHHS
OBT o i-1 BJI3 3 k-M ckj1ag0M JIOTICTUMHUX KOMIIOHEHT,
ne N — kinekicte BJI3 Ha JiHii ppoHTy; m; — KinbKicTh
MOXJIMBMX CKJIaiB JOTiCTUMHUX KOMITOHEHT Ha j-V IUISIXY
NIOCTaYaHH:; #; — KUIbKICTb MOXJIMBUX IUIAXIB [IOCTAYaHHS
BiiicCbKOBMX BaHTaxiB 10 i-i BJI3.

BBeneMo 0CHOBHI JIOTICTUYHI MOKA3HUKU JIJIST OLIIHKU
Ta BUOOPY MOXJIMBOTO BapiaHTy TpaHcropTyBaHHsd OBT
Ha TepeaoBy:

1. R — pusuku rioctayanHst OBT Ha mepenoBy, B yMoBax

BiliICBKOBMX 3arpo3.
2. T — yac notpidHuit ang noctayaHHsg OBT Ha me-
peaosy.

3. W— 3anacu 030po€eHHS, SKi POPMYIOTbCS Ha Iepe-
JTOBIH 17151 BAKOHAHHS aKTyaJIbHUX OTIEPAaTUBHO-TAKTUYHUX
3aB/laHb BiliCbKOBOTIO KEPiBHUIITBA.
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IMpeacrtaBumo nokazHuku R, T, W 3 ypaxyBaHHSIM
3MIHHHX X3!

N m M

R= ZZZn,k Xijkc » 2

i=1 j=lk=1

e Fj — PU3UK JOCTaBKH BIICBKOBUMX BaHTaxXiB 10 i-1 BJI3
10 j-y HUISIXY TTOCTayaHHS 3 k-M CKJIaZOM JIOTiCTUUHUX
KOMITOHEHT.

N m M

T= zzztukxl/k ’ (€)

i=1 j=lk=1

Zie 1 — Jac, MoTPiOHUI HA TPAHCIIOPTYBAHHSI BiliCbKOBHUX
BaHTaxiB B i-y BJI3 3a/-M 1IUTIXOM 3 k-M MOXJTUBUM CKJIa-
JTIOM JIOTICTUIHUX KOMITOHEHT.

N mom

W= Zzzwf/k Xk > )

i=1 j=lk=1

1€ Wiy — KUTBKICTb MapTiii OBT, saxi MoXHa TTlepecoByBaTH
3a j-M MOXJIMBUM IUISIXOM ITOCTa4yaHHS 3 kK-M CKJIaloM
JIOTICTUYHUX KOMIOHEHT 110 i-i BJI3.

ChopMyeMo onTuMizaliiiHi Moaei 1Jis1 pillleHHS
3aBIaHHs opmyBaHHs 3anaciB OBT Ha niepenosiii ns
npoBeAeHHS e(PeKTUBHUX OOMOBUX Aili Ha moti 6010.

1. Minimizauis pusukiB ¢opmyBaHHs 3anaciB OBT
B YMOBaX [Iiif BiliCbKOBUX 3arpo3:

N nm m;
min R, R= ZZZ};jkxyk, (5)
i=l j=lk=1
MPY BUKOHAHHI 0OMeKeHb:
N n m;
I<T", T = ZZZtykxyk, (6)
i=1 j=1k=1

ne T° — nonycTuMuii (3amaaHoBaHMii) yac MOCTayaHHs
OBT Ha nepenosy.

N m M

Wl W =335 Wy %)

i=1 j=1k=1
ne W* — zanac OBT, sikuit Heob6XinHO copMyBaT mist
BUKOHAHHS aKTyaJIbHUX OIepaTUBHO-TaKTUYHUX 3aBIaHb
BiliCbKOBOT'O KEPiBHUIITBA.
2. Makcumizamis 3anaciB OBT Ha mepeosiit mis mpo-
BeJIeHHS YCHIITHUX OOMOBUX JIiif:

N nmy
max W, W =333 WyXy @®)
i=1 j=lk=1
pU BUKOHAHHI OOMEKeHb:
N o m
R<R', R= zzzn/kxuk, 9)
i=1 j=lk=1

ne R* — nonmyctumuii pusnk noctayaHHst OBT B ymoBax
Niii BiliCbKOBMX 3arpo3.

N n m;

T, T=33S 1y -

i=1 j=lk=1

(10)

MozknuBa 6araTokpuTepiajibHa MOCTAaHOBKA ONMTHUMIi-
3alliifHOI 3a1a4i 3 BAKOPUCTAHHSIM MOKa3HUKiB R, T, W.

Y oMy BUINagKy He0OXinHO cchopMyBaTH KOMILIEK-
CHUM ITOKA3HUK:

4

K=oagRia, Tray, W, (11)

I OLg, OL7, Oy, — «Barv» MOKA3HUKIB R, T, W, opta oy ~1.
Vv

R — nmpoHOpMOBaHMIi TTOKa3HUK R:

v R-R,,
R=a,———"", (12)
R - Rmin
ne R, — MiHIMaJIbHe 3HAYE€HH [TOKa3HUKa R miciig oro
OTITUMi3allii.

\2

T — NpoHOPMOBaHMI MOKA3HUK Yacy MOCTayaHHS:

. T-T,
T=oy 13
(- (13)

min

e T, — MiHIMaJIbHE 3HaY€HH yacy 7 micist Horo OmnTu-

Mi3allii.
\2

W — npoHopMoBaHUIi MOKa3HUK W:
w,
W oy ——
W *
€ W — MakcumanbHe 3HayeHHd 3arnacy OBT micia

MOoT0 ONTUMI3allii.
Heo0xigHo 3HaiiTu:

(14)

minK =ay R+o; T+a, W=
R—- T-T w_ . —-W
—a Rmm +ay min +ay, max _=
R Rmm T _Tmin Wmax -w
Tk lk
R Rmm i=l j=1k=1 e
N onom (15)
X
o ZZZ e
- Wl X;
Wmax II/lkl A
_ aRRmin _ aTTmin + aWWmax
R* _Rmin T* _Tmin Wmax - W* .

2. OnTumisaniitna MojeJb IJIAHYBAHHS NiepeBe3eHb
030pO€EHHS TA BilicbKOBOI TeXHIKHN HA MIepeIoBY

CyuacHa BiliHa TIpu3Beja 0 eBaKyallii HaceJleHHs
3 Npu(GPOHTOBOI 30HU A0 TUJY. BUHUKIM MirpauiiiHi
npouecu, sl IKMX HeOOXiTHO CTBOPIOBATHU JIOTICTUYHI
JIaHIIOTY eBakyallii. Tomy, akTyajnbHe TOCTiIKEHHS eBa-
KyaliiiHUX MOTOKIB, JJIsl OLIHKM 30aTHOCTi TPaHCIIOPTHOL
MepexXi, Ta BUKOHYBaTH 3aIlJlaHOBaHi ITepeBe3eHHS JIIoei
y TumyacoBi Miciis npoxuBaHHs (TT1). [1pu rmuianyBaHHiI
MPOLIECiB eBaKyallii, HeOOXiTHO c(POpMyBaTU MHOXUHY
Mic1ib (M), SIKi 37aTHI IpUiMaTH HACEICHHS, 3 1X MOKJIHU -
BOCTSIMU 1110710 3a0e3MeveHHs colianbHuX moTped. Jami,
HeoOXimHO copMyBaTH LLISIXU MEPEeBE3EHHS JIIOAEH, B
yMoOBax pu3uKiB (R) BifiChKOBUX 3arpo3, OLIHUTU Bap-
TicTb (W) Ta crimanyBatu yac (7) eBakyauii. ChoopmyemMo
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ONTUMi3alliiiHy MOJie/b, 32 TOMIOMOTOIO SIKOT MOXXHa BU-
3HAUUTHU pallioHaJIbHI LUISIXM eBaKyallii HaceJeHHs (F) 3
MpUOPOHTOBOI 30HU A0 MOXJUBUX MiCllb TUMYACOBOTO
MPOXUBAHHS B YMOBaxX BOEHHOI'O CTaHY KpaiHu. BBeaeMo
LinoyncesbHy (OyJIeBY) 3MIHHY X,y

1, ax10 Oyie MPOBEAEHO MEPEBE3EHHS JIIOIEN
IO p-TO MiCIISl TIPOXKMUBAHHSI 33 TOITOMOTOIO
[-To mIIsIXy TPaHCIIOPTYBAaHHS 3 k-M CKJIaJOM
JIOTiCTUIHUX KOMIIOHEHT (TUMYacoBa
3YMUHKA, MePexil 3 OAHOrO LIJISIXY Ha iHIIWI,
PO3MOALUT MOTOKIB €BaKyallii, TOIO);

0, B iHIIIOMY BUTIAIKY

Xplk = (16)

B sgK0CTi OCHOBHUX JIOTICTUYHUX MMOKA3HUKIB €BaKya-
1LIiliHOTO Tpoliecy, OyneMo PO3MISIIaTH:

1. Yac, noTpiOHMIT Ha eBakyauito Joaei (7).

2. BapricTb nipoluiecy eBakyaliii HaceneHHs (W).

3. Pusuku BilicbKoBUX 3arpo3 (R).

4. KinbKicTh HacesleHHS, siKe Oy/e eBakyiioBaHo (F).

3 ypaxyBaHHSIM 3MiHHUX X, TOTICTUYHI TOKA3HUKH
eBaKyallii HaceJeHHsI MaloTh BUTJISII;

M My

T=2>D X »

p=l1=1k=1

7)

ae m, — KiUJIbKICTb MOKJIMBUX IILISIXiB €BaKyallil HaceJIeH-
H4 110 p-ro Micud TII; n; — KiIbKiCTb MOXJIMBUX CKJIAZIB
JIOTICTUIHWX KOMITOHEHT JIJIsT iX BUKOPUCTaHHS Ha /-y IIITsI-
Xy TIepPEBE3EHb; 1, — Yac, MOTPIOHMIA 1Tsl ePEMILLICHHSI
moneit 1o p-ro micus TII 3 ypaxyBaHHSIM /-ro0 00paHOro
LIJISIXY eBaKyallii Ta k-To CKJIaay JOTiCTUYHUX KOMITOHEHT.

M My ny

W= ZZprzkxpzk ’

p=11=1k=I

(18)

JIe W,y — BapTICTb EPEBE3CHHs1 JIIOAEH 110 p-TO MOXKIMBOTO
micug TTI 3 ypaxyBaHHAM 00paHOro /-ro HIjsxy nepeBe-
3eHHs Ta k-ro CKJIaay JOTICTUYHUX KOMITOHEHT.

M My

R= ZZZF kX pik >

p=11=1k=l

19)

ZIE Iy — PUBHK MEPEBE3CHHS JIIOICH, B YMOBAX BiliCbKOBHIX
3arpos, B p-¢ MoxuBe Miciie TT1 3 ypaxyBaHHSIM 0OpaHOTO
[-ro HUTSIXY TPAHCIIOPTYBaHHS Ta k-TO CKJIaay JIOTiCTUMHUX
KOMITOHEHT.

M My o

F= zzzfplkxplk >

p=11=1k=1

(20)

Ze f, — KUIBKIiCTb HaceJIeHH], siKe Oy/ie CipsiIMOBaHe B p-€
micue TTI 3 ypaxyBaHHSIM 00paHOIO /-T0 HIJISIXY TPAaHCIIOP-
TyBaHHS Ta k-TO CKJIaAy JIOTiCTUHYHUX KOMITOHCHT.
Mo>x11BI TaKi TOCTAHOBKM OINITUMI3aLIiiHOI 3a0a4i, SIKi
MOB’s13aHi 3 eBaKyalli€lo HaceJIeHHSI 10 TUJTY:
1. MiHimizyBaTu 4ac, MoTpiOHUI Ha eBaKyallilo Ha-
CeJICHHS:

M My oy

min T, T=3"">"1,%, »

p=11=1k=1

21
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3 ypaxXyBaHHSAM OOMEXEHb:
M My
WSW' W =33 D Wi

p=ll=1k=1

M ™My o

*
RER, R=2°3 > 1o
p=ll=1k=1
M ™My ny

P>F, F :ZZprlkxplk’

p=11=1k=1

(22)

(23)

(24)

ne W' — 3amaHoBaHa BapTicTh MpoLieCy eBaKyallii Hace-
JIeHH:; R* — MOTTyCTMMMIA pU3MK ITPOLIECyY eBaKyallil, AKNit
OB’ SI3aHUI 3 MOXJIMBUMU JisIMU BiliCBKOBHX 3arpo30; F~ —
3arIaHOBaHa KiJIbKiCTh HAaCEJIEHHS, sIKa Oy/ie eBaKylioBaHa
3 MPUMPOHTOBOT 30HU A0 THUITY.

2. Makcumi3yBaTu KilbKiCTh HaceJIeHHs, sIKe Oyae
eBaKyiioBaHe 3 TPU(PPOHTOBOI 30HU 0 TUJTY:

M My ny
max F, F=>">">"f,u X (25)
p=11=1k=1
3 ypaxyBaHHSIM 0OMEXXEeHb:
M "My
TST*, T:zzztplkxp[k ) (26)
p=11=1k=I
M "My
W<W*, W = ZZpr,kxp,k , 27)
p=11=1k=1
M My
R<R*, R :ZZer,kxp,k , (28)
p=11=1k=1

ne T" — 3aIIaHOBAHMIA Yac Ha €BAKYALI0 HACEJIEHHS.
MiHiMi3yBaTu pU3UKU eBaKyallil HACEJIEHHS:

mp

M ny
min R, R= ZZer,kxplk ,

(29)
p=1i=1k=1
3 ypaxyBaHHSIM OOMEXEHb:
M My
T<T, T=33"3" 0% (30)
p=11=1k=I
M My
W' W =33 W, 0% (31)
p=11=1k=I
M My
BF, F=3S Sy (32)
p=1/=1k=1

MoxBa 6araTokpuTepiaabHa MOCTAaHOBKA OMTUMi-
3alliifHOI 3a/1a4i eBaKyallii HacejeHHs. sl L1boro BBe1eMO
KOMIUICKCHUM KPUTEPill Y BUTTISAMI aTlUTUBHOTO CKIIALy
JloricTUYHMX noka3HukiB 7, W, R, F:

\4

Q=0,T+ay, W+ayR+a, F, (33)

Ie O, Oy, Og, O — «Barn» mokasuukis 7, W, R, F,
orptawtogtor=1; T,W,R,F — 1poHOPMOBaHi 3HaYEHHs
nokasHukiB T, W, R, F:

v T-T.

=, (34)
T _Tm[n

Vf/:w, (35)
W -w .

min
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R=RRuin (36)
R _Rmin
F= F:’“x (37)

Heo0OxinHo MiHIMi3yBaTH KOMILIEKCHUI KpuTepiit Q:

' % ' %
minQ,QzaTT+aWW+aRR+aFF:

mlnzp lz[ lzk lp/kxplk

mmzp lz[ lzk 1 p]kxplk

R Rmmzp IZI lzk lp/kxplk

max zl’ lz/ lzk I p/kxplk

o1,
_ min 38
Ay Wi %)
W* W — aRRmin

min

R Rmm+ FFmax
F*

max

€ Trins Whins Rinins Frnax — €KCTPEMANIbHI 3HAYEHHS I10-

Ka3HUKIB ITiCJTS IX OIITUMI3allii.

BucHoBkn

Y poborti npoBeaeHO AOCTIAXKEHHS JOTiCTUYHUX
MPOIIECiB MepeBe3eHb Y MepioJ BOEHHOTO CTaHy KpaiHU.
BigoxpemieHi akTyanbHi HaOpsIMKU JOCJIIXKEHHS, SIKi
ITOB’s13aHi 3 TPAHCIIOPTYBAHHSIM BilfiIChKOBHMX BaHTaXiB Ha
MepeoBY, a TAKOX €BaKyallil HaceJeHHS 3 MPUMPOHTOBOT
30HMU 10 THTY. ChopMOBaHi OCHOBHi JIOTiCTUYHI TOKA3HU -
KU, SIKi HE0OXiTHO BUKOPUCTOBYBATH [UIS1 OLLiIHKHU IMPOLIECiB
rnepeBe3eHb B YMOBAX JIiil BiiChKOBUX 3arpo3 (4ac nepeBe-
3€Hb, PU3UKU IIEPEBE3EHb, BAPTICTh IEPEBE3eHb, KiJIbKICTh
HaceJIeHHsI, siKe eBaKyloeTbcs1). CTBOpeHi onTumizaliitHi
MoJeJli 11l BUOOpY pallioHaJbHUX IILJISIXiB EpeBe3eHb Ha
nepenoBy Ta 10 Tuiy. I[IpoBeaeHa joKaabHa ONTUMI3aLIist
JIOTICTUYHUX MOKA3HUKIB, 3 ypaxXyBaHHSIM OOMeEXeHb 3a
JIOMYCTUMMM 4acoM Ta pU3MKOM IiepeBe3eHb. CTBOpeHi
OaraTokpuTepiajabHi MOJEi A1 MOLIYKY KOMIIPOMiCHUX
PpILLIEHB JIOTiICTUKU TIEPEBE3EHb.

BukopucTtaHi MaTeMaTU4YHiI METOIU Ta MOJEJi: CUC-
TeMHUI aHaji3, METOAM TPAHCITIOPTHOI JIOTiICTUKHU, LIiJI0-

yucesbHa (OyJeBa) oNTUMi3allisl, baraTOKpUTepiajibHa
OMNTUMi3allisl, MeTOAU eKCIIEPTHOTO OLIiHIOBAHHSI.

HaykoBa HOBM3Ha TOCTiI>KEHHSI TTOB’sI3aHa 3i CTBOpEH-
HSIM KOMITJIEKCY OPUTIHAJIbHUX ONTUMI3aLiiHUX MOJIEJICH,
3a JIOTIOMOTOI0 SIKMX MOXHa aHajli3yBaTH Ta IJIaHyBaTHU
JIOTICTUKY TlepeBe3eHb 030pOEHHS Ta BiliCbKOBO1 TEXHIKHU
Ha Tepe/IoBy Ta eBaKyallilo HaCeJIeHHS 10 TUJTY.

3anpornoHOBaHU MMiIXiZ € OCHOBOIO IUISI CTBOPEHHS
MpUKJIagHOT iHpopMaLliiHOT TEXHOJOTii MJIaHyBaHHS
JIOTICTUKY TIEpeBe3eHb SIK Ha TepeoBY, TaK i 10 TUIY, 3
ypaxyBaHHSIM MOXKJIMBUX BiliCbKOBMX 3arpo3s, y Iepiof
BOEHHOTO CTaHY KpaiHM.
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MATEMATUYHE MOAETIOBAHHSA TA AOCHIAKEHHA TPAHCNMOPTHUX NMNOTOKIB
TA NMPOLECIB TPAHCINMOPTHUX CUCTEM MICT

CTaBUTHCSI Ta BUPILIYETLCS 3aJa4ya MaTeMaTUYHOTO MOJEIIOBAHHS Ta JOCJIIKEHHS TPAHCIOPTHUX MOTOKIB
Ta MPOLECIB TPAHCTIOPTHUX CUCTEM MicCT. Po3risinaloThest 3B°s13aHi poOOTH, METOAM, MOICITIOBAHHSI iIHTEHCUBHOCTI
TPAHCIOPTHOTO MTOTOKY SIK MPOLIECY aBTOPErpecii MepIIoro MOpsiAKY, 3HAXOIKEHHS OLIIHOK ITapaMeTpiB MOIEJTi TIPo-
11ecy 3i CTaHIapTHOIO HOPMATHHOIO BUTTAIKOBOIO CKJIAIOBOIO.

MOJIEJTIIOBAHHS, TPAHCIIOPTHA MEPEXA, TPAHCIIOPTHUN ITOTIK, ABTOPETPECIS, [TAPA-
METP, AELIEHTPAJII3OBAHI CXOBUILIA JAHHUX,CTUCHEHHA 306PAXKEHb

The problem of mathematical modeling and research of transport flows and processes of transport systems of cities
isset and solved. Related works, methods, modeling of traffic flow intensity as a first-order autoregression process, finding
estimates of process model parameters with a standard normal random component are considered.

MODELING, TRANSPORT NETWORK, TRANSPORT FLOW, AUTOREGRESSION, PARAMETER,
DECENTRALIZED DATA STORAGE, IMAGE COMPRESSION

Beryn

TpaHcnopT — 1ie MepeMillleHHs Joeil Ta ToBapiB 3
OIHOTO MicCIlSl B iHIIE 3 BUKOPUCTAHHSIM Pi3HUX TpaH-
CHOPTHUX 3aCcO0iB y pi3HUX iH(MPACTPYKTYPHUX CUCTE-
Max.

SK1110 ciTbchbKe TOCMOJapCTBO Ta IPOMUCIIOBICTh BBA-
JKalOThCS TIIOM KpaiHM, MOXHA CKa3aTu, 1110 TPaHCIOPT
MOXe OyTU HepBaMU Ta BEHAMU €KOHOMiKHU.

30ibIIeHHsT KiJbKOCTI TPaHCIIOPTHUX 3aco0iB 3a
PaxXyHOK 30iJbIIeHHSI JOCTYITHOCTI OiIbIIOI KiJIbKOCTi
MYHKTIiB MPpH3HAYEeHHS J03BOJISIE Kpallle J0CsraTi BUKO-
HaHHSI €eKOHOMIUHUX LIiJIel Ta iHTepeciB Joaei, ajie TAr-
He 3a cO00I0 HOBi BUTPATHU SIK HA iHAWBIIyaJTbHOMY, TaK i
Ha couiaJibHOMY piBHi. HeoOxigHO KepyBaTU pO3BUTKOM
Ta poOOTOI0 TPAHCIOPTY, CTBOPIOBATH TPAHCIIOPTHI CHUC-
TeMHU, TJIAHYBaTH iX (PYHKIIIOHYBaHHS. TakuM 4MHOM,
3MiHIOIOUM AOCTYMHICTb, TPAHCIIOPT Hajga€e (GopMy po3-
BUTKY TE€PUTOPIIA.

Bxigni, BuXigHi JaHi Ta KiHLIEBI pe3yJbTaTU TpaH-
CMIOPTYBAHHS IJI1 MOAEJIe TOCTiMKEeHHS TPAaHCITIOPTHUX
nepeBe3eHb MPeACTaBIsSIOTh TpaauliiiHi pecypcu (iHD-
pacTpykTypa), poboya cuia, HeoOxiIHa JJi1 BUPOOHU-
LITBa Ta OOCIYTOBYBaHHS TPAHCIIOPTHUX 3aCO0IB, 3eMJIS,
IO CIOXMBAETHCS iHPPACTPYKTYpOIO, BUTPATU CHEPTil
Ta iHme. [1poeKkTyBaHHsI CUCTEM, IO TO3BOJISIIOTH Opra-
Hi3yBaTU TPAHCIOPTHI MEepeBE3eHHSs, SIK MacakKupChKi,
TaK i BaHTaXHi, 3HU3UTU YU MiHiMi3yBaTU CHOXWBAaHHS
€Heprii, BUMarae MHUCJICHHS, III0 BUXOAMUTH 11032 Tpamu-
HiAHUX JUCUMILTIHApHUX KOpAOoHiB. HeoOxinHuit aHami3
MpOLIECiB, 10 BiAOYBalOTbCSI B TPAHCIIOPTHUX CHUCTE-
Max, MOJEJIOBAaHHS OKPEMMX YacTUH (DYHKIIOHYBaHHS
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TpaHCHOPTY LIOAO aHaji3y pi3HUX BEJIWUYMH, IO Xapak-
TepU3YIOTh TPAHCIIOPTHI ITepeBe3¢HHS Ta TPAHCIOPTHI
Mepexi, 3 BUKOPUCTAHHSIM SIKMX TPaHCIOPTHI MepeBe-
3€HHS 3[IMCHIOIOThCS. A TaKoX 0e3J1iu 3aBlIaHb BUMara-
I0Th BUPIIIIEHHS 3 BUKOPUCTAaHHSIM TTOOYIOBaHUX MOJIE-
JIeil Ta HaIMCAHHSIM aJirTOPUTMIB 3MiMICHEHHS MPOLIECiB 3
TPAaHCIIOPTHUX TIepeBe3eHb, TUIAHYBAHHS Ta YIIPABIIiHHS
POOOTOIO TPAaHCITOPTY. 3BaXkalouu Ha BUKOPUCTAHHS Be-
JINKUX OOCSITIiB JAaHWX JUIST BUPIIIEHHST MOCTaBICHMUX 3a-
BIAHb 3aCTOCOBYETHCA KOMITIOTEpHA TeXHiKa, a TaKOX
pO3p0o0JIeHI KOMIT'I0OTepHi CUCTEMU Ta TEXHOJIOTII.

TpaHcrnopTHa Mepexka — Mepexka MaricTpaJlbHUX BY-
JIMLb Ta JOPIT, OCHAIEHUX JIiIHISIMUA TPOMaJIChKOIO TpaH-
CIIOPTY.

1. 3B’a3ani podoTn

SIKicTh (YHKIIOHYBaHHS OyIb-SIKOI CHCTEMU BU-
3HAYAEThCS KiJIbKICHUMM TMOKa3HUKaAMU €(PEKTUBHOCTI
il pobotu. Po3pobiieHi BiAMOBiAHI METOAU BU3HAYECHHS
Pi3HUX TOKA3HUKIB, SIKi XapaKTepU3YIOTh IMPOLIECU, 11O
BiIOYBaIOThCS y CUCTEMaX, 1ie Ja€ 3MOTY 3HaXOIUTH Hali-
e(PeKTUBHIIIlYy OpraHi3allifo II1X IIPOLIECIB.

IIpu BupillleHHi 3aBOaHb JOCIIKEHHS TTOTOKY aB-
TOTPAHCHOPTHUX 3aCO0iB BPaxOBYEThCS JBa BMITaJIKOBI
¢dakTOopu — 4Yac HAAXOMIKEHHS aBTOMOOiJST 10 TpaH-
CMOPTHOI MepexXi, SIK 10 CUCTeMU Ta Yac 00CIyTOBYBaHHSI
— nepeOyBaHHS y Mepexi. BaxxinBowo xapakTepucTUKOIO
POOOTU CHUCTEMHU, 11O MOICTIOETHCS ST MOCTIIKEHHS, €
IHTEHCUBHICTbh MTOTOKY IMO/iil, TOOTO iHTEHCUBHICTh HaIl-
XOMXKEHHSI TIOJiii OO0 CUCTEeMM, iHTEHCHBHICTb BXiIHOI'O
MOTOKY, SIKa JIMIIE B OKPEMMX BUITaIKaX PO3IJISIAAETHCS



MATEMATUYHE MOZAEJIFOBAHHS TA JOCTIIAXKEHHS TPAHCIIOPTHUX INMOTOKIB TA NMPOLIECIB TPAHCIIOPTHUX CUCTEM MICT

K TIOCTiliHA BEJIMYMHA, & B OCHOBHOMY 3MIiHIOETHCS 3
yacoM. CaMe 11 XapaKTepUCTUKA i JOCTIIKYEThCS Y il
poOoTi.

Benuka KinbKiCTh MOpOLIECiB, 110 CHOCTEPIrarTheCs
a00 JOCTIIXKYIOThCS, T0OPE OMUCYIOTHCS MOAEILIIO aBTO-
perpecii, TOOTO MOJEJUTIO, Y SIKiii CTaH AMHAMIYHOI CUC-
TeMU y JaHW MOMEHT yacy JIiHiHHO 3aJleXXUTh Bif IO-
MepeaHix CTaHiB i€l X AMHAMIYHOI cUCTeMU. Takum
YUHOM, aBTOperpeciiiHa Momesb — 11e MOJIEIb 9aCOBOTO
psny, PiBHSIMU SIKOTO € 3HAYEHHS AEsIKOI JOCTiIKyBaHOI
BEIMUMHKA a00 XapaKTePUCTHKH, SKa BUKOPHCTOBYETH-
csl IJ1s aHajlidy — BUSBIEHHSI TeHAEHLIl, MepioguIHOC-
Ti, CE30HHOCTI Ta iHIIMX OCOOJMBOCTEIl 3HAUEHb Ta IJIst
IMPOTHO3YBAaHHSI 3MiH BCIMYMHM YW XapaKTCPUCTUKH.
YacTo 4yacoBi psiiv, SIKi MOraHO OMUCYIOThCSI aBTOpE-
rpeciiiHol0 MonesUIlo, Mpu TMeBHiM Momudikalii 3Ha-
YeHb YacoBOro psiay (Hampukiam, JorapudMyBaHHS,
MOTEHIiII0BaHHS a00 PO3IJISI MPUPOCTIB YaCOBOTO PsIIy
JIeSTKOTO TIOPSIAKY) 3HAYHO Kpallle HaKPUBAIOTHCS IIEI0
monemo [1, 2].

OpHak KJJacuYHa aBTOperpeciiiHa MoJelb He Bpaxo-
BYE MePioIUYHICTh 400 CE30HHICTh MMOBHOIO MipOI0, TOMY
1110 11 mapaMeTpu TMOCTiMHI i HE 3MIHIOIOTLCS 3 YaCOM, BiJl
Lboro ii 3acrocyBaHHsI ooOMexeHe. Llboro HemoJiKy mo-
30aBjieHa 3arajibHillla MOIEIb aBTOPErpPeciiHOro TUITY
[3]. MimeTbest ipo Mozesti epioANdYHOI aBToperpecii, ma-
paMeTpu SIKOi 3MiHIOIOThCSI YV Yaci Ha KOXHOMY KpOlli,
aJjie TIOBTOPIOIOThCS uepe3 reBHuii nepioa. [MoaioHi mo-
JieJli MOXYTh 3aCTOCOBYBATHCh B aHaJIi3i Pi3HUX YaCOBUX
PAIIB, Yy SIKUX CITOCTEPIra€ThCsl BUpaXkKeHa CE30HHICTb.

VY Mogeni ctaH npoluecy JIiHiiHO 3aJ1eXUTh Bill CBOTO
nornepeaHboro crany. Ilpu 1iboMy 3HaYeHHS TTapaMeTpiB
3 HACTYIMTHUM KPOKOM 3MiHIOIOTBCSI, aJie TIOBTOPIOIOTHCS
3 MEeBHOIO MnepioanyHicTio. ToOTo Moaesb € JiHiiiHOMWO, i
BOHa MOXX€ BpPaxXOBYBaTH TEPIOIUYHICTH YaCOBOTO DSILY.
Takox y MoJenb JoJaHa BUMAAKOBa CKJIaaoBa, 110 € BU-
MagIKOBUMHU BeIWYMHAMU, PO3MOMIICHUMHU 3a TEBHUM
3aKOHOM.

2. Meroau

JlopoxHiii Tpadik MOXHa po3risiaaTh sIK TMOTIK aB-
TOMAaIlIMH, aBTOTPAaHCIOPTHUX 3acO0iB, 110 MPUIMAIOTh
Y4acTh y JOPOXKHbOMY PYCi Ta 3alKIXKAIOTh Y TPAHCIOPT-
HY MEpPEXY, IO PO3IIISIAAETHCS, i pyXaloThCA MiITHKaAMU
TpaHCIIOPTHOI Mepexi. [ToTokoM mofiii Ha3uBa€eThCS TO-
CJIiIOBHICTh TOil, sIKi BiZOyBalOTbCSl OJHA 3a OJHOIO Y
BUMAaAKOBI MOMeHTH vacy. [ToTik moziit MoxHa 300pa3u-
TH y BUIJISLI MOCIiZOBHOCTI BUMAIKOBUX TOYOK f, 1,
., t,, ... Ha Bici Of, 1¢ n — KiJIBKICTb MOIIA y noroui,
a TOYKM BimoOpaxkaroTb MOMEHTM 4acy HacTaHHS MOMIiid,
B HalUX AOCTIIKEHHSX 1ie MOMEHTH 4acy 3ai3ly aBToO-
MOOIJIIB Ha JUISIHKU JOPII, 110 BXOASATh Y TPAHCIIOPTHY
MEpeXy, 0 PO3MIINaceThcs. BUMMagKkoBi iHTepBaJIM Yacy
MiX LMMM TOYKAaMU BM3HA4yaloOThCs 3a opMyiamu:
Ti=t,~t,, ,=t;~t,, ..., T, | =t,—1 ,...

Hexaii BumagkoBa BenmmamHa X (t,At) — YHUCJIO TIO-
i, 1O 3’IBUJIMCA HA MPOMIXKY (f,/+Af), y siKocTi
MOJIiil PO3IISIAAEThCS 3ai3[ aBTOMOOIIST y TpaHCHOPTHY
Mepexy, a JJIS YMCEJIbHOTO BimOOpaXeHHS (hiKCYeThCS
MOMEHT 4Yacy IIbOTo 3ai3my. AKIo o0urcaoBaTi TpaHu-
110 BiTHOIIECHHS MaTeMaTUYHOTO OYiKyBaHHS IIi€i BU-
MMaJKOBOI BEJIWYMHU IO IOBXWHU IHTepBaJly dYacy, IO
PO3TISIHAETHCS, TIPU TIPSIMYBaHHI 1Ii€l TOBXWHU IO HYJIS
1 IKIIO LS TpaHUIS ICHYE, TO BOHA HA3UBAETbCS iH-
TEHCHBHICTIO OpAMHAPHOIO MOTOKY MOMiii Y MOMEHT 7,
B HAIIMX TOCITIIKCHHSX IIe iHTeHCUBHICTh ITOTOKY aBTO-
MOOiJIeil y TpaHCTIOPTHI Mepexi:

M(X(t At
?»(t): limu. (nH
At—0 At
Takum 4yMHOM, IHTEHCHBHICTIO ITOTOKY Ha3MBA€ETHCS
cepelHE YMCIO MOAil, sKi BigOyBarOTbCS 3a OAUHUILIIO
yacy.

3. MoaenoBaHHs iHTEHCUBHOCTi TPAHCIIOPTHOTO MOTOKY
SIK TIPOLIECY ABTOPErpecii mepmoro nopsiaKy

PosrisamaeTbest Momeb 3HAXOMKEHHS 3HaYCHb PiBHIB
YacOBOTO PsIIy iHTCHCUBHOCTI TPAHCIIOPTHOTO ITOTOKY
Ha MEeBHOMY MaplLIpyTi Ta Ha TMEBHIiil Tpaci ByTW4YHOI 10-
POXXHBOI MEepexi MicTa.

Ao craH Mofeni, a ToOTO i 3HaYE€HHSI 4YaCOBOTO
psily iHTEHCUBHOCTI TPaHCIOPTHOIO MOTOKY MOXHa 3a-
MUcaTu y BUIJISIAL JiHiliHOT (DyHKIIIOHATBHOT 3a1eXHOCTI
HACTYITHOTO 3HAuYeHHS BiIl TOIEPEIHLOTO, ITapaMeTpu
SIKOT T€X 3ajieXaTh Bil 4acy i mpu LbOMY 3MiHIOIOTHCS 3
MEBHOIO MEPIOANYHICTIO, TO MU MAaTUMEMO aBTOPETrpPeciio
MEePIIOTrO MOPSIAKY.

Po3risgsHeMo ofuH i3 caMKX 3pYyYHMX Y 3aCTOCYBaHHI
BapiaHTIB MOJIEJi: TOPSIAOK MOJIENi JTOPiBHIOE OTHOMY,
rnepioa MOAei TOPiBHIOE IBOM.

Toni Moaeb Ma€e BUTJISIL

A, =a(t)kH +¢,%, )
I€e €, — IOCIIiIOBHICTb HE3AJIEXKHUX BUITAIKOBUX BEJIMYNH
TakMX, 110 MaTeMaTU4YHEe OYiKyBaHHS IopiBHIOE 0, quc-
Tepcist TO3UTUBHA.

Mapamerp a(¢) nepionuunmii i3 nepiogom T =2.
ToGro, Vk >0:a(t)=a(t+kT).

G’ (1) Tak camo mepioanunwmii i3 nepionom 7 . Bunu
pO3NoiiliB €, Ta g, ,; OIHAKOBI.

3anuineMo 3HaUYeHHSI PiBHIB iHTEHCUBHOCTI Y BUTJISIIL
OLTBII TIPUOATHOTO TS 3HAXOKEHHS 3HaUYCHb

by =a(t)h,  +e, . 3)
BBeeMO BEKTOpU:
A, = M , E, = o (4)
A, g,
[oGynyemo marpuiio A(r):
0 1
A0=o a@r)): )
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OTxe,
A, =A(t)A_ +E,, A, =A()A(t-1)A,, +A(t)E,_ + E,,

(A (0
el e

PosrisitHemMo MeTon MOCTiZOBHOIO CTaTUCTUYHOTO
aHajizy Npy OLIHLI MapaMeTpiB MOjeJli aBTOpEerpecii:
CIoYaTKy /ISl BUNAAKy OJAMHUYHOI AUCIIepCii, MOTIM s
BUITQJKY 3i 3MiHHOIO JUCIIEPCi€lO.

3HauyeHHs TMapaMeTpiB MOJesi 3MiHIOIOTbCS 3 KOX-
HUM KPOKOM IIPOLIECY, 1110 PO3IJISIAAETHCS, IPU LIbOMY B
SIKOCTi HACTYITHUX KPOKiB OepyThCsl HACTYITHI MOMEHTH,
3HAYeHHsI ITapaMeTpiB IOTiM MOBTOPIOKTHCS 3 MEBHOIO
MNEePIOANYHICTIO.

Oco0nMBICTIO TaKUX OIIIHOK € MiHiMi3alisg o0csry
BUOIpKM 3a rapaHTOBaHOI SIKOCTi OLIiHIOBaHHS. Ajie Ha
MoYaTKy OyAYIOThCS HEMOCTiAOBHI OLIIHKM LIJISIXOM Haii-
MEHIIUX KBaapaTiB. OcobyMBa yBara MpUIiISETbCS PO3-
MOy MOCJiTOBHUX OLIIHOK MapamMeTpiB MOAEJII.

4. 3HaxomKeHHS OIIHOK MapaMeTpiB MoJei mpouecy
3i CTAHAAPTHOIO HOPMAJILHOIO BUNAJKOBOIO CKJIAI0BOIO
PosrasiHemMo Monenb MepioguyHOl aBToperpecii nep-
1LIOTO MOPSIAKY 3 MEepioJoM JBa:

Ao=a(t)h,, +g, 120, (7

Jie € — MNOCJiJOBHICTb HE3aJeXHUX CTAaHIAPTHUX HOP-
MaJIbHUX BEJIMYMH.

BaaxarumeMo, 1o mapametp a(f)=a(l), komm ¢ He-
napHo i a(t)=a(2), ko mapxo.

Tenep maemo:

_,0
Myt =@ "Ny + €501

hyy =aPy, |+ ®
Ay, = cz(l)cz(z)k2,_l + a(l)azt +€5,1- )
Tenep npenctaBUMo A, HACTYITHUM YMHOM:
% :(sl(t)a(l) 45, (1)a 1, +e, (10)
e 5 ()= (=1
[1pu 1bOMY BUKOHYIOTHCSI HACTYIHI PiBHOCTI:
5,(£)s,(£)=0, s7(t)=s5,(1), 53(t)=s,(¢). (1)

YV pesynbrati MaeEMoO TaKy CUCTEMY Pi3HULIEBUX DPiB-
HSIHb:

(12)

Po3srisiHemo 1neBHY KiIbKiCTb MOMEHTIB 4acy Bif I10-
YaTKy MOMEHTY PO3IJISIAY iHTEHCUBHOCTI Ta OTPUMAEMO
OLIHKMU JJI mapaMeTpiB Moesi 3a JOMOMOT0 METOMY
HaliMmeHIIux KBaapaTiB. Illykaemo 3HauyeHHsI Mapame-
TpiB, MPU AKUX cCyMa KBaApaTiB 3MiH iHTEHCUBHOCTI Mi-
HiMaJibHa, a BUMAAKOBI BiAXWJIEHHSI MOAEJI TeX MpsMYy-
I0Th 10 MiHIMyMY: =1, N ", a?

N &l b b
N

Z(K, —(s1 (t)a(l)xt_] +5, (t)a(z)kt_l ))2 —min. (13)

t=l1

A, =5 (t)a(l)k,_] +5, (t)a(z)k,_1 +eg,.
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3HaliieMo YaCTUHHI MOXiAHI (QYHKILi1, 1110 ONTUMi3y-
€TbCS, Ta TIPUPIBHAEMO iX IO HYJSI, TOMY IO MOTPiOHA
YMOBa iCHYBaHHSI eKCTpeMyMy (DYHKIIi1 IBOX 3MiHHUX —
1le PiBHICTh HYJIO YaCTMHHUX TMOXiTHMX (QYHKIII 10
3MiHHUM a(l), a?a:

-2i(x, ~(51(1)a"2,, +5,(r)a™,, ))sl ()2, =0, (14)
1=1

-2%(7», -(s1 an, , +5,1)a?l ))sz(r)x,_1 =0. (15)
t=1

CkJ1ageMo i po3B’sKeMO CUCTEMY PiBHSIHb:

N

Z(x, ~(s1 (1)@, +5,(r)an ))s, ()4, =0,

t=1

(16)

N
Z(x, (s (1)@ +53(r)an ))sz ()4, =0

=1

N N

S (1) = z(a“)sf (1)+a%s,(1)s, (:))x,%l,

r;l t]:Vl (17)
5 (MM, = Z:(a(l)s1 (1)s,(1)+ a?s? (t))kf_l.

=1 t=1

BI/IKOpI/ICTOBYIO‘H/I BJ'[aCTI/IBOCTi, MOXKEMO 3allmMcaTtu

S) (t) ) s2(t) :
N L )
Zsl (F)A :Za s (1),
=1

-l (18)
N N
ZSZ (1), = Za(z)s2 (t)?»f»l.
=1 t=1
3Biacu OTPUMYEMO BUPA3U JIs OL[IHOK:
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TakuM 4YMHOM, MU OTpMMAaJM OLHKM IapaMeTpiB
MoJeJli iIHTEHCMBHOCTI pyXy Ha TeBHill AiISHLI Tpacu 3a
N MoMeHTaMu 4acy pO3IJisiAy iHTEHCUBHOCTI, ajie Ipu
LIbOMY CaMi TTapaMeTpu 3ajiexkaTh Bif 4acy Ta 3MiHIOIOTh-
csl, 110 Ja€ MPUCTOCYBAHHS MOJEJi 10 pealbHUX YMOB,
MepepaxyHoK IapaMeTpiB MpU OTPUMaHHiI HOBMX JaHUX
MOJEJI.

PosriisiHemo Temep IOCHiNOBHI OLIIHKM IMapaMeTpiB
IIPOIIECY, 110 BUXOIATH 3a TOITOMOTOIO IesTKOi Moaudika-
11i1 OL[IHOK, OTPMMAaHUX METOJOM HaliMEHIIINX KBaApaTiB.

BuBYeHHST iHTEHCUBHOCTI PyXy MPOBOASITLCS A0 MEB-
HOTrO MOMEHTY 3YMUHKM, TaAKUM YMHOM OOCSAT BUOIpKU
MOXe OyTH BUMAAKOBOIO BEJIMYNHOIO, i B MOMEHT 3YITMH-
KM JOCiIXXKEHb MOXHA BU3HAUUTHU OLIIHKY MapaMeTpiB
mogeni. [TozHaunmo ¢, (n) — MOMEHT 3YITMHKM PO3TJISI-
Jly TIPOLIECY, OCKiJIbKM TapaMeTp MOJesi B 3arajibHOMY
BUMAAKY 3MIiHIOETbCS BiMOBIAHO Yacy, TO BiAMOBiAHO
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TakuM 4MHOM, KOXXHOMY MOMEHTY 4Yacy BiAmnoBizae
MeBHa OLliHKA MapaMeTpiB MOJEsi, TOMY OOUMCIIIOIYU
MOCJiZOBHO OLIIHKM, MU MPUXOIUMO J0 3HAYEHHS OLLiH-
KM, 1110 Hac 3aJ0BOJIbHSE, a MOMY BiAMOBiga€ TMEBHUIA
MOMEHT 3yMUHKH, TOOTO MU MOXEMO JaJli He CIoCTepi-
raTy 3a MpOIECOM, a Ha OCHOBI BUOIpKU JaHUX, 11O Bif-
MOBila€ MOMEHTY 3YIIMHKMU, OyIyBaTH aneKBaTHY MOJC/Ib
3 [IEBHOIO TOYHICTIO.
BuzHaunMo BeTUUMHU, SIKMX HE BUCTAYaE:
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BpaxoByloun Te, IO €, — HE3aJEXHi CTaHAAPTHI
HOpMaJibHi BUIMAAKOBI BEJIMUMHU, SIKi BiToOpaXxaloTh BU-
MaJKoBY CKJIaJlOBY MOOyI0BaHOI MOeJi, MM MOXEMO 3a-
MMcaTu MMOBIPHICTh BiIXWJIEHHSI TOYKOBUX OLIHOK ITa-
paMeTpiB MOAeIi:
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ToO6ToO MOCHiNOBHI OLIIHKM MapaMeTpiB MEepioaMYHOL
aBTOperpecii MaloTb HOPMAJIBHUMN PO3MOAIT i3 cepeaHiM
PIBHUM iCTUHHOMY 3HAUEHHIO MapaMeTpiB Ta AMCIepCi-
€10, sIKa 3aJeXUTh Big mapametpy #. Came LSl BJIaCTU-
BICTb i IEPEeBIpSITUMETHCSI Y MOJIE/TIOBAHHI.

Tpamu at () )

BucHoBku

TakuM YMHOM, pOOMMO BUCHOBOK, 1110 HEMA€ ITiJCTaB
BiIXUJIATHU TiMOTe3y MpO HOPMAJbHUI 3aKOH PO3MOIiTY
BEJIMYMH yt(l) , y,(z) MpU 3aaHOMY PiBHi 3HAUYYILIOCTI.

Cepen ycix 3Ha4eHb MOMEHTIB 3yMTUHKU MPY MEBHOMY
MOJIE/IIOBaHHI BM3HAYMMO CEPEeIHE 3HAYEHHSI MOMEHTY
3yMUHKU, 110 OyAe HaOIMXXEeHO BU3HAYATH ONTUMAJlb-
HUI 00CIT MHOXWHU 3HAY€Hb iHTEHCUBHOCTI PyXy IS
nocnimkens: #,(n)=615, t,(n)=688.
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Introduction

The level of student success in higher education is a
form of diagnosis and prediction of the level of commit-
ment of a future specialist. In turn, student success is an
indicator of the performance of the higher education insti-
tution in solving educational tasks. In order to solve these
tasks as efficiently as possible, constant objective evalua-
tion, adjustment and management are required. However,
management is impossible without forecasting. Therefore,
it is necessary to predict the performance of students at all
stages of education.

Having information about those students who are
most likely to have academic debt by the end of the se-
mester if they do not change the current trend, we can
influence students and thereby improve their academic
performance.

The purpose of this thesis is to create a predictive
model of the academic performance of NURE stu-
dents. The availability of such a model will allow us to
pay more attention to students who are at risk of having
a large number of debts in academic disciplines and, as
a result, will be candidates for expulsion. Early identifi-
cation of such students will allow for more detailed and
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personalized work with them to help them manage their
academic workload.

Based on the objective, this work includes the following
tasks: review the literature on the subject, study the meth-
ods and algorithms used, clean and prepare the initial data,
develop a predictive model, test the results, create a graphi-
cal user interface for the module for predicting student per-
formance.

1. Subject area analysis

Education plays one of the most important roles in any
country. The quality of education in a given society largely
determines the pace of its economic and political devel-
opment and its moral state.

The rapid development of information technologies
makes it possible to automate many areas of human ac-
tivity and increase their efficiency, and education is no
exception. This paper will focus on creating a predictive
model of student performance based on current grades us-
ing data mining technologies.

The measure of the quality of education received by
a particular student is his or her grades in the subjects
passed. When we talk about an educational institution,
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one of the measures of the quality of education it provides
is the aggregate of its students' grades. Timely measures
to help students who cannot cope with the academic load
are one of the main parts of educational work in higher
education institutions that affect the quality of education
in the institution.

Recently, many different changes have been made to
improve the quality of education in higher education in-
stitutions. For example, the transition from a traditional
grading system to a point system eliminates the possibil-
ity that a student who has not attended classes throughout
the semester will simply come and take an exam. To be al-
lowed to take the exam, they must earn a certain number
of points, which in turn requires them to attend classes
and complete current assignments.

This approach has an effective impact on the under-
standing of the study material. According to many stud-
ies, information that has been studied over a long period
of time is retained for a long time, while "cramming" the
night before an exam can only lead to a good result on
the exam, which will eventually be passed, but the student
will have no residual knowledge of the subject. In addi-
tion, there is a milestone control, a date set in the middle
of the semester when a certain part of the material must
be passed.

However, knowing the peculiarities of student life,
many students still leave everything until the last minute.
Some students manage to pass the course, while others are
left with a debt for another semester. The problem is that
the single dean's office of Tomsk Polytechnic University
starts its control activities only after the student has al-
ready incurred debts.

Therefore, these measures cannot be called preventive.
The main task of the predictive model is to identify such
students and conduct certain talks with them before the
problem of academic debt arises. At present, this measure
is partly implemented by the fact that each group of fresh-
men has a tutor, and this tutor accompanies each group
until the second year, and the schedule includes such an
event as the "tutor's hour", where he analyzes the students'
progress.

This is an excellent practice and should not be aban-
doned, but the human factor comes into play. It is not
always possible for a tutor to convey to students the im-
portance of attending classes. The introduction of a new
system for predicting end-of-semester debt based on cur-
rent academic performance is an important step in auto-
mating the educational process.

In this way, a single dean's office will be able to take
control measures against at-risk students much earlier
than a real problem arises. In this way, it will be possible
to help students successfully complete the semester and
develop professional skills, and to expel those who are not
interested in studying earlier, freeing up places for those
who really want and are ready to receive knowledge.

The main focus is on the forecasting system, because
it is not only about monitoring the attendance of students.
The data analysis shows that the final result of the semes-
ter is influenced not only by one factor of attendance, but
by a whole range of different data. For example, there
is a whole category of students who are already working
in their field, mostly masters students and final year stu-
dents. These students do not always have the opportunity
to attend classes, and yet they show excellent results at the
end of the session because they understand many aspects
of the profession at a higher level than their classmates.

In fact, a huge number of factors affect a student's per-
formance, and some of the most important are motiva-
tion to study, morale, relationships with classmates, and
so on, but thanks to the fact that the system will identify
problem students and will be able to work with each of
them in detail, it will be possible to identify what prob-
lems exist with this particular student who risks ending
the semester with a large amount of debt. It is possible
to identify such parameters as motivation, determination,
and psychological data, but this requires a large number
of tests to be conducted on a regular basis. These methods
are not very effective due to the complexity of their im-
plementation, as well as the verification and interpretation
of the results.

Once it is clear that this problem is indeed relevant, it
is worth considering the existing methods for solving it.

At present, there are no publicly available materi-
als devoted to the implementation and use of a system
for predicting student performance in higher education
institutions. Although this idea is not innovative, since
about 2010 there have been articles about predicting the
performance of applicants, predicting the performance of
students in a particular course, where the following pa-
rameters are usually taken as initial data: the level of cur-
rent knowledge of the subject, the number of absences,
intermediate control, grades in the courses that provide
the discipline.

Next, we will consider machine learning algorithms
used to solve similar problems in the area of student per-
formance prediction. The most commonly used methods
and algorithms will be presented, as well as a description
of existing works with specific tasks for which these meth-
ods are used.

Some sources use the clustering method, in our opin-
ion this is not quite correct, since we already have the
right classes, namely the number of debts, so in this case
we should use classification methods. Clustering refers
to unsupervised machine learning methods, and classifi-
cation and regression refer to supervised learning, since
they take markers for each class as input. Cluster analysis
methods for estimating the final grade in a subject have
been applied in [1].
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2. K-Nearest Neighbors Algorithm

The K-nearest neighbor algorithm (KNN) is a type of
supervised machine learning algorithm that can be used
for both classification and regression prediction tasks. It
is one of the easiest algorithms to understand, but it has
been proven effective in a variety of tasks and is not only
used for educational purposes. The Nearest Neighbors al-
gorithm is also called a "lazy" classifier because it does not
build a model during training, but simply stores data. All
computations are started only when it is necessary to clas-
sify new data.

The essence of this algorithm is that the prediction of
new data values is based on their proximity to already la-
beled data in the training set. In other words, if a new data
point has 4 points of class A and 1 point of class B among
its nearest neighbors, then this new point will be defined
as class A. Thus, the k-nearest neighbors algorithm has 2
most important parameters, namely the distance metric
(Euclidean, Manhattan, or Hamming) and the number of
neighbors we will consider. A visual representation of the
algorithm is shown in Fig. 1.
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Fig. 1. KNN Algorithm Operation

This figure shows an array of source points color-
coded according to their class membership. The asterisk
marks the point to be classified. All points are plotted in
two dimensions, along the X1 and X2 axes. If the set num-
ber of nearest neighbors is 3, then the unlabeled object
belongs to class B, if it is 6, then it belongs to class A.

This algorithm has many nuances, for example, we can
add weights to the voting data depending on the proximity
to our unlabeled object. It is these nuances that make the
KNN algorithm relevant for solving a wide range of tasks.

The benefits of this algorithm are:

— Easy to understand and interpret.

— Works well with non-linear data.

— It is a universal algorithm, suitable for both clas-
sification and regression tasks.

— It has relatively high accuracy.

Disadvantages of this algorithm:

— Large memory consumption to store all the data,
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unlike algorithms that use model building.

— Sensitivity to data size.

— Slow prediction for large amounts of data.

— High sensitivity to data noise.

In [2], this algorithm is used to classify the grade of an
individual student in each subject based on his or her pre-
vious grades and the grades of students of previous courses
with the most similar parameters in these subjects. This
article presents a fairly high accuracy of the algorithm for
this task, with a maximum grade prediction error of 0.55
points. However, only 307 students of one subject were
considered, and there was no question of implementing
this methodology in the university system.

This algorithm is also used in [3], where a student's
grade for an exam in a given subject is predicted based
on his or her grades in previous subjects, attendance, and
midterm grades.

3. Support Vector Method

Support Vector Machines (SVM) are a family of simi-
lar learning algorithms for solving classification and re-
gression problems. It is one of the most common learning
methods belonging to the family of linear classifiers. One
of the characteristics of the support vector method is that
it consistently reduces the empirical classification error
and increases the variance. Therefore, this method is also
called the maximum distance classification method.

The basic idea of the support vector method can be
illustrated by an example: there are points on a plane
that are labeled into 2 classes that are linearly separated.
In this case, the resulting function will be the plane that
separates these classes. However, it is possible to draw
many hyperplanes that separate these classes. To find the
optimal hyperplane, you need to find the maximum sum
of the normal vectors from class A and class B. A visual
representation of this method can be seen in Fig. 2. In
this figure, the reference vectors are perpendicular to the
normals.

The formal description of this method is as follows -
suppose we have an instructive example:

{(Xlﬂ Cl)a (X2’ CZ)’ seey (Xn Ci)};

where X;— is a p-dimensional real vector; C; — the value 1
or -1 that the class takes.

Fig. 2. Support Vector Method



PREDICTIVE MODEL FOR ASSESSING PERFORMANCE OF STUDENTS

The support vector method builds a classification
function in the form of:

F(x) = sign([w, x] + b), (D

where [, | — scalar multiplication; w — is a normal vector to
the separating hyperplane; b — auxiliary parameter.

So we can write it all down in the form of an optimiza-
tion problem that has one solution, and only one:

{||w||2—>min; ¢ (w-xi—b)zl,lﬁiﬁn}. ()

This problem is solved by quadratic programming and
using Lagrange multipliers.

The case when there are 2 separate classes has been
considered. In practice, the classes are almost always not
linearly separable, and the task is to classify more than
2 classes. To solve the problem with linearly inseparable
classes, we allow the classifier to make an error on the
training set. Let's write the equation for this assumption.

1 L .
{EHWHZ + CZ&, —min,, ;. ;
i=1

¢(wx,—b)21 & 20, lSiSn}.
where C — method setting parameter, &; — is the value of the
allowable error.

To solve multi-class problems, the generalized support
vector method is used, since the transition to classification
into many classes is made by splitting into 2 classes, such
as the corresponding class and the non-corresponding
class. This strategy is also called "One vs. All" and is used
to apply binary classifiers to multi-class tasks.

Advantages of the algorithm:

— The problem is well studied and has a single solu-
tion.

— The principle of the optimal separating hyperplane
leads to a reliable classification.

— Equivalent to a two-layer neural network, where the
number of neurons in the hidden layer is automatically
determined as the number of support vectors.

Disadvantages:

— Instability to noise, outliers in the initial data di-
rectly affect the construction of the separating hyperplane.

— No feature selection.

— It is necessary to select methods for constructing
kernels and rectifying spaces separately for each task.

This algorithm is used in [3], where a student's grade
for an exam in a given subject is predicted based on his
grades in previous subjects, attendance, and midterm
grades.

3)

4. Neural Networks

In addition to the above methods, neural networks
are also used to predict student performance. There are
a number of references to the possibility of using neural
networks to solve this problem, but there is no informa-
tion about the actual implementation of such predictive
models.

Neural networks are mathematical models based on
the organizational and functional principles of biological
neural networks. Neural networks are trained rather than
programmed in the conventional sense. During training,
neural networks are able to recognize and generalize com-
plex relationships between input and output data. Once
trained, the network is able to predict future values for a
given sequence based on a series of past values.

An illustration of how a neural network works is shown
in Figure 3. A neural network consists of neurons, layers,
and synapses. Neurons are shown as nodes of different
colors. All nodes of the same color belong to the same lay-
er of the neural network. Synapses are lines that connect
neurons in one layer to neurons in another layer. Synapses
have only one parameter, the weight.

Hidden
Nodes

Input

Fig. 3. Neural Network

Each neuron performs a specific mathematical func-
tion, so it receives a set of values as input and a single val-
ue as output. Thus, the output is a specific value produced
by a previously trained neural network.

Advantages:

— Resistance to input noise.

— Self-learning and creativity. Ability to solve tasks
that cannot be solved by other algorithms.

— Adaptation to changes, retraining.

Disadvantages:

— For large networks, it is impossible to estimate the
network training time even approximately in advance.

— Difficulty in interpreting the result.

— Approximation of the obtained answer.

Let's take a closer look at the use of a neural network
to solve the problem of predicting student performance. In
[4], a neural network model is trained to predict whether
a student will be promising. The task of binary classifica-
tion of applicants is solved using input data such as school
number, grades in physics and math, and parents' occupa-
tions. In [5], a neural network is used to predict grades in
a computer science course. Article [6] discusses the task of
classifying students based on NMT results.
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Thus, we have reviewed the algorithms most common-
ly used to solve the problem of predicting student perfor-
mance based on different initial data and solving different
problems, whether it is performance in a particular subject
or a general picture of performance in all disciplines. The
considered examples of prediction are not systematic, but
are only attempts to come closer to solving this problem.
Obviously, to solve this problem successfully, it is neces-
sary to apply several methods and compare their results.

5. Data preprocessing

The quality of machine learning models is highly de-
pendent on the quality of the underlying data. However,
real-world data is often poorly structured, with miss-
ing values, noise, and incorrect values. If the data is not
well prepared, no amount of tuning of machine learning
algorithms can ensure high predictive accuracy of these
models. Data preparation before analysis takes up about
80 percent of a machine learning specialist's time, but this
work is necessary.

In this paper, the methodology described in [7] is used
to prepare the data.

To familiarize ourselves with the data and prepare it
for further analysis, we will use the Python programming
language and its libraries. The choice of the Python pro-
gramming language is due to its high performance in data
processing, simplicity, and a large number of libraries for
machine learning. Python is one of the best languages for
working with data. The following Python libraries are used
in this paper.

— NumPy. This library adds support for large multidi-
mensional arrays and matrices, as well as high-level com-
mands for mathematical functions with very high perfor-
mance on these arrays [7].

— Pandas. A data processing and analysis software li-
brary.

— Seaborn. A data visualization library based on an-
other Python library, Matplotlib.

— Scikit - learn. An open source library for machine
learning.

— PyQt5 is a set of extensions to the Qt graphical
framework for the Python programming language, made
in the form of a Python extension. This library implements
almost all the capabilities of Qt and allows you to create a
graphical interface for programs written in Python.

First of all, in order to work with data using Python,
you need to convert it into a format that this language
and its libraries can work with. In this case, this format is
DataFrame from the Pandas library.

After the conversion, you can familiarize yourself with
the main characteristics of the original dataset.

You can see that some attributes in the tuple have null
values, for greater clarity you should see which attributes
they are in.

You can see that the attribute "Disciplines in which
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unsatisfactory grades were received" itself suggests the
presence of "missings”, while "Profile" and "Country" are
most likely missing values as a result of filling the database.

Next, we will analyze the data in the simplest terms in
order to understand the initial vector of data preparation.

First of all, let's look at the number of debtors (and
therefore the quality, which we will evaluate by the num-
ber of debts).

In order to take into account this attribute (the num-
ber of unsatisfactory grades), it is necessary to further di-
vide this range of attribute values into groups, since the
difference between a student with no debts and one debt is
greater than between students with 18 and 17 debts, where
it is not essential.

It was decided to divide students into 3 groups accord-
ing to the number of debts:

— Group 1 "successful" - 0 debts

— Group 2 "debts" - from 1 to 6 debts

— Group 3 "many debts" - from 7 and more (maxi-
mum 18 debts)

In order to facilitate the analysis of this criterion, an
additional column was created in the dataset indicating
the group to which the student belongs.

6. Machine learning model

Thus, after analyzing all the parameters, the follow-
ing were identified as having a greater impact on student
performance, namely

1. Type of study

2. Qualification

3. Course of studies

4. Specialty

5. Academic leave (valid) - and no / /.

6. Total hours of absence in the semester

7. Total hours of classes in the semester

These parameters will be used in machine learning
with the teacher to classify the student according to the
number of debts.

Let's look at the correlations between the selected pa-
rameters.
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To start training the model, we need to convert all the
parameters into numerical representations. To do this,
we will use the LabelEncoder function, which is already
available in Python from the sklearn.preprocessing library.

After the conversion, we get the following: X is the
data frame of all parameters, already converted to a nu-
meric value, Y is the labels.

To start building the model, we divide our data into
training and test samples.

from sklearn.model_selection import train_test split
x_train, x_test, y_train, y_test = train_test_split(X, Y, test_size=8.3, random_state=0)

The first classifier used is logistic regression.

from sklearn.linear_model import LogisticRegression
1r = LogisticRegression(C=1860.8, random_state=e )
1r.fit(x_train,y_train)

LogisticRegression(C=1000.0, class_weight=None, dual=False, fit_intercept=True,
intercept_scaling=1, 11_ratio=None, max_iter=100,
multi_class="warn', n_jobs=None, penalty="12",
random_state=8, solver='warn', tol-=8.0001, verbose=@,
warm_start=False)

print(1lr.score(x_train, y train))
print(1lr.score(x_test, y_test))

8.6668915500084331
0.5336888154260872

pred y = lr.predict(x_test)

from sklearn import metrics

# Model Accuracy, how often is the classifier correct?
print(metrics.classification_report(pred_y, y_test))

precision recall fl-score support

Bopm 0.84 8.60 8.70 1732

Gararo Boprie B.48 8.74 0.58 433
yCNiWHo 0.40 0.69 0.51 376
accuracy 0.63 2541
macro avg .57 0.67 0.5¢% 2541
weighted avg 8.71 0.63 B.65 2541

This method showed that there is some dependency
and that the parameters were chosen correctly. Next, we
will try other types of classification and compare the re-
sults.

Let's use the support vector method.

from sklearn import swvm
clf = sym.SVC()
clf.fit(x train,y train)

SWC{C=1.8, cache_size=208, class_weight=Hone, coef@=d.a,
decision_function_shapesove', degree=1, gamma="aute deprecated”,
kernel="rbf", max_iter=-1, probability-False, random state=Hone,
shrinking=True, tol-8.881, verbose=False)

print{clf.score(x_tradn, y_train))
print(clf.score(x_test, y_test))

8. E704D610TATTT 166
B T19T953561589525

pred_y = clf.predict(x_test)
from sklearn import metrics
& Model A racy, how often is the classifier correct?

print(metrics.classification_report(pred_y, y_test))

precision recall fFl-scare Lpport

LT 3] 2.8% o568 B.7E& 1564

Garara Gogxin @.54 8.85 8. 66 4z
VT @64 B. 74 B. 69 556
accuracy B. 72 2541
WACTD AV @.68 8.7 8.7e 1541
welghted avg @.76 8.72 8.73 2541

Here we can see that the support vector method is
prone to overfitting, as there is a large 10 percent differ-
ence between the training and test sets in label detection.
However, the result on the test set is almost 10 percent
higher than the classifier based on logistic regression.

Using the 3rd Classifier "Random Forest"

from sklearn.ensemble import RandomForestClassifier
clas = RandomForestClassifier(max_depth=15, random_state=8)
clas.fit(x_train,y_train)

RandomForestClassifier(bootstrap=True, class_weight=None, criterion="gini’,
max_depth=15, max_features="auto’, max_leaf_nodes=None,
min_impurity_decrease=0.@, min_impurity_split=None,
min_samples_leaf=1, min_samples_split=2,
min_weight_fraction_leaf=08.@, n_estimators=1@,
n_jobs=None, oob_score=False, random_state=8, verbose=8,
warm_start=False)

print{clas.feature_importances_)

[6.81858244 ©.83035815 ©.12218839 ©.2179611 0.87945399 ©.31382953
8.21770641]

print{clas.score(x_train, y train))
print{clas.score(x_test, y_test))

@.8775510204081632
©8.7898465171152444

pred_y = clas.predict(x_test)

from sklearn import metrics

# Model Accuracy, how often is the classifier correct?
print({metrics.classification_report(pred_y, y test))

precision recall fl-score  support

Gopra .82 e.78 0.80 1311

Garato Goprie 8.74 8.85 a.79 579
YEnIWHo 0.77 8.76 8.77 651
accuracy 8.79 2541
macro avg 0.78 .80 8.79 2541
weighted avg .79 8.79 8.79 2541

Random Forest showed the best result, although the
spread between the training and test samples is quite large.
The accuracy of the test sample prediction is 79 percent.
This is quite a high accuracy rate. Also, random forests
with different maximum depths were tested, and experi-
ence showed that a depth greater than 15 does not sig-
nificantly affect the test set prediction, which affects the
accuracy.

Thus, we can conclude that the task of determining
student performance based on such parameters as

— Type of study
Qualification
Course of study
specialization
— Academic leave (valid) - and not /

— Total hours of absences in the semester

— Total hours of classes in the semester

The analysis also showed that the most significant con-
tribution to the model is made by 3 parameters, namely

— Total absenteeism hours in the semester

— Total classroom hours in the semester

— Course.

In the future, additional parameters, such as the stu-
dent's hobbies, participation in the social life of the uni-
versity, can also improve the accuracy of the model.
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Conclusions

As a result of the research practice, the following tasks
were accomplished:

1. Analysis of methods used to solve similar problems
in the field of education.

2. Preliminary data processing was carried out.

3. Built a machine learning model capable of predict-
ing student performance at the end of the semester.

4. Identified the most significant features in determin-
ing student performance.

5. Developed a graphical user interface for the student
performance prediction model.

Since the preprocessing of the data used labels to in-
dicate "student performance," the type of machine learn-
ing was supervised. Three supervised machine learning
models were tested: logistic regression, support vector
machine, and random forest. The random forest classifier
performed best on the test sample. This algorithm is opti-
mal because it has the following advantages.

In addition, a graphical interface was created for the
module to predict student performance at the end of the
semester based on current grades.
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STUDY OF ALGORITHMS FOR OPTIMIZATION OF ENERGY MANAGEMENT
IN TRANSPORTATION SYSTEMS FOR REDUCTION OF ENVIRONMENTAL IMPACT

The object of the research is the technology of optimization algorithms for energy consumption management
in transport systems. The purpose of the work is research and analysis of the effectiveness of optimization algorithms
for reducing environmental impact, selection of criteria and methods for comparative analysis. The existing algorithms
for optimizing energy consumption management in transport systems were considered, their advantages and disadvantages
and principles of operation were investigated, methods of comparison were described and demonstrated, and formulas
for calculating numerical indicators were proposed.

TRANSPORT SYSTEMS, OPTIMIZATION ALGORITHMS, ENERGY MANAGEMENT, ECO-FRIENDLY
ALGORITHMS

ITTempukosuy A. /1., Camanuos O.0., Hazapos O.C., Hazaposa H.B. JlociimkeHHs: aaropuTmiB onTuMisanii eHepro-
MeHeZKMEHTY B TPAHCTIOPTHUX CHCTeMax JIisi 3MEeHIeHHs BILIMBY HA HABKOJIMIIHE cepenoBuiie. O6’€eKTOM TOCIiIKEHHS
€ TEeXHOJIOTi1 aJIrOPUTMiB OMTHUMI3allil KepyBaHHSI €HEPTOCIIOXXKUBAHHSIM Y TPAHCTIOPTHUX cUcTeMaX. MeToio poooTn
€ TOCITIIPKEHHS Ta aHasi3 e(eKTUBHOCTI aJITOPUTMIB ONITUMI3allii 1151 3SMEHIIIEHHST €KOJOTIYHOTO BILIMBY, BUMIICHHS
KPUTEPiiB Ta METOIiB /151 POBEICHHS MOPiBHSUIBHOTO aHaTi3y. PO3MISIHYTO iCHYI0Ui alrTOpUTMU ONTUMI3allii KepyBaHHS
€HEeProCroXMBaHHSIM Y TPAHCIIOPTHUX CUCTEMAX, JOCIiIKEHO 1X ITepeBary Ta He0JiKY Ta MPUHLUIIA POOOTH, ONTUCAHO
Ta MPOIEMOHCTPOBAHO METOAM MOPIiBHIHHS Ta 3aIIPOMOHOBAHO (HOPMYJIHU [Is1 OOUMCIEHHS YUCIOBUX TTOKA3HUKIB.

TPAHCITIOPTHI CUCTEMMU, AITOPUTMU ONITUMI3ALIL, EHEPTOMEHEAXKMEHT, EKOJIOTTYHO

YUCTI AJITOPUTMHU

Introduction

In the intricate tapestry of our modern world, the veins
of trade and communication are intricately woven through
maritime and road transportation systems. While these ar-
teries of trade and mobility are essential to global prosper-
ity, they also carry a burden of environmental impact.

The constant demand for movement, whether of goods
or people, has cast a deep shadow on our planet, mani-
festing itself in the rapid growth of carbon emissions and a
significant environmental burden.

The specter of climate change looms, demanding a re-
assessment of how we move around our planet. The oceans
teem with ships carrying goods across continents, and the
roads pulse with vehicles carrying people and goods. But
the fuel that powers these journeys is often too costly for
our environment.

This study examines algorithms for optimizing energy
management in transportation systems from an environ-
mental impact perspective.

The analysis derives the main evaluation criteria and
forms a comparison model.

The goal of this work is to identify methodologies that
minimize energy consumption without compromising the
integrity of transportation systems.

In order to get a result that would satisfy the goal, it is
necessary to solve a series of the following problems:

— analyze existing energy management optimization
algorithms;

— determine the methods and criteria for comparing
algorithms;

— model the conditions for conducting experiments
to evaluate the algorithms;

— use the obtained data to measure the selected met-
rics for comparing algorithms;

— analyze the results obtained;

— formulate recommendations for the use of the algo-
rithms;

— propose a possible extension of the study and char-
acterize the relevance of the work in the future.

The subject of the study is the effectiveness and feasi-
bility of using algorithms to optimize energy management
in transportation systems in terms of environmental im-
pact. The subject of the study are algorithms for optimiza-
tion of energy management.

The research methods are measurement of perfor-
mance indicators by criteria and their calculation using
the proposed mathematical formulas for calculating each
of the indicators. The results of the study can be success-
fully used in the creation or further analysis of new al-
gorithms for optimization of energy management, or in
the selection of the most optimal algorithm under existing
conditions.
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1. Analysis of the subject area

Gasoline, the quintessential energy source for marine
and road transportation, is the cornerstone of global mo-
bility. But behind its ubiquitous role lies a shadow — a
history of environmental impacts that reverberate across
oceans and urban landscapes.

In maritime trade and transportation, gasoline takes its
place among a variety of fuels. While it contributes to the
energy needs of ships, its environmental impact requires
careful consideration. While gasoline-powered ships emit
relatively low levels of sulfur oxides (SOx) and particu-
late matter, they contribute to the global greenhouse gas
burden. Burning gasoline releases carbon dioxide (CO2),
adding to the complex matrix of marine emissions that af-
fect the climate and the delicate balance of marine eco-
systems.

Next, let's talk about gasoline in automobiles. The his-
tory of gasoline's impact on road transportation is similar to
its role at sea. As the primary fuel for internal combustion
engines in cars, trucks and buses, gasoline plays a key role
in ensuring mobility. But that confidence comes at a price.

Gasoline-powered vehicles contribute significantly to
urban air pollution by emitting nitrogen oxides (NOx) and
volatile organic compounds (VOCs). These emissions not
only degrade air quality, but also contribute to respiratory
health problems, especially in densely populated urban
areas.

Next, the cumulative impact. The cumulative envi-
ronmental impact of both marine and road transport fu-
els transcends geographic boundaries. While road trans-
port typically affects local air quality, maritime transport
extends its impact over large expanses of water, affecting
coastal regions and the high seas. The cumulative emis-
sions of CO2, methane, NOx and other pollutants paint a
grim picture — a story of environmental impact that goes
beyond the convenience and necessity of transportation.

On to mitigation and solutions. Tackling the pollution
caused using gasoline in transportation requires a multi-
pronged approach. Tighter regulations enforce emissions
standards and encourage the development of cleaner
engine technologies. The transition to electric vehicles,
hybrid systems, and research into sustainable alternative
fuels offer a glimmer of hope for reducing the environ-
mental impact of gasoline. Innovations in engine efficien-
cy and emissions control offer promising ways to reduce
pollution while maintaining mobility.

Finally, the balance between mobility and responsi-
bility. Gasoline, an indispensable energy source, requires
a delicate balance between progress and environmental
stewardship. As we move toward a transportation-depen-
dent future, the imperative is not to deny mobility, but to
innovate greener solutions. Using cleaner fuels, improv-
ing engine technology, and fostering a collective commit-
ment to reducing our dependence on gasoline are impor-
tant steps toward a harmonious coexistence of mobility
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and environmental responsibility. This balance holds the
promise of a cleaner and healthier planet for future gen-
erations and is shown in Fig. 1.

Marine Auto
Environmental Impact Metrics Transport Transport
(per year) (per year)
Carbon Dioxide (CO2) 120 million | 420 million
Emissions tons tons
Sulfur Oxides (SOx) Emissions 5,000 tons 2,000 tons
Pamculate'M.atter (PM) 300 tons 1,500 tons
Emissions
Nitrogen Oxides (NOx) 2,000 tons | 6,000 tons
Emissions
Volatile Organic Compounds
(VOCs) 150 tons 300 tons

Fig. 1. Balance between mobility and responsibility

2. Problem statement

After analyzing the subject industry, its main needs
and existing problems, it is necessary to analyze what
algorithms exist for optimizing energy management and
formulate criteria for evaluating these algorithms. Possible
criteria for evaluating the performance of each algorithm
may include:

— Energy savings. The effectiveness of the algorithm
in conserving energy while maintaining or improving per-
formance, and the ability of the algorithm to minimize
fuel consumption during transport operations;

— Environmental Impact Reduction. The abil-
ity of the algorithm to reduce greenhouse gas emissions
(CO2, NOx, SOx, VOCs) associated with transportation
activities, and the impact of the algorithm on reducing
pollutants that contribute to air and water pollution; —
Operational Performance. How efficiently the algorithm
uses resources, improving vehicle/ship performance while
reducing energy consumption;

— Scalability and adaptability. How well the algorithm
performs when applied to different scales of transportation
systems, from individual vehicles/ships to entire fleets, the
performance of the algorithm under different conditions,
including weather, traffic, and work shifts;

— Real-time implementation. The speed of the algo-
rithm to provide optimized solutions for dynamic changes
in the environment and operations;

— Computational requirements of the algorithm for
real-time implementation in transportation systems.

— Economic Efficiency. Costs associated with imple-
menting and supporting the algorithm in transportation
systems, ability of the algorithm to provide significant en-
vironmental benefits compared to the cost of implemen-
tation;

— Durability and reliability. Resilience of the al-
gorithm to uncertainties and unexpected scenarios in
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transportation operations, consistency and accuracy of
the algorithm to provide optimized solutions over time;

— Compliance with regulatory requirements. The ex-
tent to which the algorithm helps transportation systems
meet environmental and emissions standards;

— Ease of use and integration. Ease of integration of
the algorithm into existing transportation systems;

- User Adaptability. Convenience of the algorithm for
transport operators and decision makers.

Taking into account all of the above criteria and ana-
lyzing the subject area, the following tasks need to be
solved as part of the study of algorithms for optimizing
energy management in transportation systems to reduce
environmental impact:

— Review existing algorithms for optimizing energy
management in transportation systems,

— Select those that can be used to reduce environ-
mental impact;

— Prioritize the above evaluation criteria;

— Analyze and organize the algorithms according to
the above evaluation criteria;

— Formulate an experimental plan to obtain experi-
mental data, create software test environments for mea-
surements for each of the criteria and algorithms;

— Conduct the experiment, analyze the results, and
document the results;

— Provide recommendations and analysis results for
the use of specific energy management optimization algo-
rithms.

3. Overview of the main algorithms used for optimization

These optimization algorithms offer a variety of ap-
proaches to managing energy consumption in transporta-
tion systems, providing solutions for route optimization,
resource allocation, vehicle scheduling, and energy effi-
cient operation. Each algorithm has its own strengths and
applications, and their choice often depends on the specific
needs and constraints of the transportation context.

The most commonly used algorithms are:

Linear Programming. Used in route optimization, re-
source allocation, and planning in transportation systems.
It aims to maximize or minimize a linear objective func-
tion subject to linear constraints. It is used to optimize
transportation logistics and distribution.

Genetic Algorithms (GA). Used in vehicle routing,
fleet optimization, and energy-efficient vehicle design.
GA mimics the processes of natural selection to constantly
evolve solutions. This is important for finding optimal so-
lutions to complex transportation and logistics problems.

Ant Colony Optimization (ACO). Used to find the
shortest routes in transportation networks and optimize
traffic flow. ACO simulates the behavior of ants foraging
for food and guides algorithms to find optimal routes and
paths. It is effective in solving routing and resource alloca-
tion problems.

Particle Swarm Optimization (PSO). Used in route op-
timization search, vehicle scheduling, and energy-efficient
vehicle routing. PSO models the social behavior of organ-
isms by iteratively optimizing possible solutions. It is useful
for solving complex optimization problems in transporta-
tion systems.

Heating Simulation. Used in vehicle routing, energy ef-
ficient routing, and scheduling. Simulated annealing mim-
ics the annealing process in metallurgy to find optimal so-
lutions by taking worse solutions first before approaching
the optimal one.

Dynamic Programming. Used for optimal control of
vehicle operation and energy-efficient routing. Dynamic
programming breaks down complex problems into sim-
pler subproblems that are suitable for finding optimal so-
lutions over time, such as in route planning and energy
management.

Heuristic Algorithms. Used in vehicle routing, traf-
fic flow optimization, and fleet management. Heuristic
algorithms, including methods such as nearest neighbor,
insertion, and expansion, provide approximate solutions
to transportation optimization problems.

Metaheuristic algorithms. Used in vehicle schedul-
ing, energy-efficient routing, and fleet optimization.
Metaheuristic algorithms include a variety of methods
such as tabu search, genetic algorithms, and simulated
annealing. These methods provide high-level strategies for
finding solutions efficiently.

4. Linear Programming

Linear programming is a cornerstone in the field of
energy management, providing a structured mathemati-
cal approach to optimizing resource use, streamlining
operations, and reducing environmental impact. In the
dynamic landscape of transportation, where efficiency is
key, and sustainability is imperative, linear programming
is becoming a key tool for navigating the complex inter-
play between energy consumption, operational efficiency,
and environmental protection.

At its core, linear programming is a mathematical
technique that seeks to optimize an objective function
subject to a set of linear constraints. In the context of en-
ergy management, this technique is becoming a catalyst
for optimizing fuel consumption, minimizing emissions,
and improving energy efficiency in transportation sys-
tems. Linear programming models provide a systematic
framework for decision making, helping to allocate re-
sources while meeting operational constraints.

Linear programming plays a key role in determining
the most efficient routes for vehicles, ships, or transpor-
tation networks. By taking into account variables such as
distance, fuel consumption, and time constraints, it helps
determine the optimal paths that minimize energy con-
sumption and meet operational requirements.
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The efficient use of resources such as fuel, time, and
vehicle capacity is critical to transportation systems.
Linear programming models help to optimally allocate
these resources across fleets or routes, ensuring that en-
ergy consumption is minimized without compromising
performance.

By optimizing schedules, minimizing downtime, and
balancing load factors, linear programming helps improve
vehicle efficiency. This makes it easier to make strategic
decisions to reduce energy waste and increase overall pro-
ductivity.

Linear programming algorithms provide near-optimal
solutions to energy management problems, enabling ac-
curate resource allocation and operational planning.

These models enable real-time decision making by
providing information for route planning, resource allo-
cation, and operational planning. By optimizing fuel con-
sumption and reducing emissions, linear programming
makes a significant contribution to reducing the environ-
mental impact of transportation systems.

While linear programming provides powerful tools for
managing energy consumption, it is not without limita-
tions. It assumes linear relationships between variables
and constraints, which can oversimplify the complexity of
real-world transportation systems. Future developments
aim to address these limitations by integrating nonlinear
models and advanced optimization techniques to accu-
rately model more complex transportation dynamics.

Linear programming is a fundamental pillar in the
quest for efficient and sustainable energy management in
transportation systems. Its application to route optimiza-
tion, resource allocation, and operations planning paves
the way for reducing energy consumption, minimizing
environmental impact, and increasing efficiency, ulti-
mately leading transportation systems to a future where
progress is seamlessly integrated with environmental
responsibility.

5. Genetic algorithms

Genetic algorithms (GAs) represent an advanced ap-
proach to solving complex optimization problems, and
their application to energy management in transportation
systems heralds a transformative paradigm. Based on the
principles of natural selection and evolutionary process-
es, GAs offer innovative solutions that optimize resource
utilization, reduce energy consumption, and mitigate the
environmental impact of various transportation modes.

GAs mimics the process of natural selection, using
the principles of selection, reproduction, and mutation
to iteratively evolve solutions to complex problems. In the
area of energy management:

GAs excels at finding optimal routes for vehicles, tak-
ing into account factors such as fuel economy, traffic con-
ditions, and time constraints. By developing and refining
potential solutions, they identify routes that minimize
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energy consumption while meeting operational require-
ments.

These algorithms help optimize fleet performance by
determining the best vehicle configuration, scheduling, and
resource allocation to minimize energy loss across the fleet.

GAs play an important role in the development of
energy-efficient vehicles, optimizing engine performance,
aerodynamics, and vehicle weight to improve fuel effi-
ciency and reduce overall energy consumption.

GAs explores large solution spaces and provide near-
optimal solutions to complex problems of optimizing
many variables in transportation systems. They adapt to
changing environments and dynamic conditions, making
them suitable for real-time decision making in transporta-
tion operations.

GAs contributes to innovative solutions by explor-
ing unconventional paths and configurations that may be
overlooked by human-designed algorithms. The compu-
tational requirements of GAs can be intensive, requiring
significant computing resources. Tuning the parameters
for optimal performance and convergence is challenging
but offers opportunities for improvement. Combining the
algorithms with other optimization methods, such as neu-
ral networks or metaheuristic algorithms, increases their
efficiency and effectiveness.

The evolution of GA continues, with promising ad-
vances aimed at addressing current limitations and further
optimizing energy management in transportation systems.
Future developments will focus on improving scalability,
increasing convergence performance, and integrating GA
with new technologies to achieve even greater efficiency
and sustainability.

Genetic algorithms are emerging as a pioneering force
in the revolution of energy management in transportation
systems. Their application in route optimization, fleet
management, and vehicle design heralds a future where
transportation is not only efficient, but also environmen-
tally sustainable. By mimicking the evolutionary processes
of nature, GAs are leading us to a greener, more energy-
efficient future of transportation, where innovation and
nature-inspired algorithms work together to reduce envi-
ronmental impact and increase operational efficiency.

6. Ant colony optimization

Ant Colony Optimization (ACO) is a powerful biologi-
cal algorithm that mirrors the behavior of ants foraging for
food. In the field of energy management in transportation
systems, ACO is emerging as a transformative force, offer-
ing innovative solutions that optimize routes, reduce fuel
consumption, and minimize environmental impact.

ACO algorithms model the behavior of ants as they
communicate and navigate to find the shortest path to
food sources. This approach uses pheromone trails and
heuristic information to iteratively converge on optimal
solutions.
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ACO algorithms are ideal for finding the most energy-
efficient routes for vehicles or ships. By mimicking the
communication between ants using pheromones, these
algorithms determine the paths that minimize fuel con-
sumption, taking into account factors such as distance,
traffic, and energy efficiency.

In urban transportation systems, ACO helps optimize
traffic flow by identifying routes that minimize conges-
tion, reduce idle time, and optimize traffic signals to im-
prove fuel economy. ACO helps optimize the allocation
of resources across transportation networks by schedul-
ing deliveries and vehicle routes to minimize energy con-
sumption and optimize resource utilization.

ACO explores multiple paths and configurations,
providing near-optimal solutions to complex transporta-
tion optimization problems. ACO adapts to dynamic and
changing conditions, making it suitable for real-time de-
cision making in transportation operations. By mimicking
the self-organization and decentralized decision-making
of ants, ACO promotes innovative solutions in energy
management. ACO can be a computationally intensive
process that requires parameter optimization for efficien-
cy. Fine-tuning of ACO parameters is critical for optimal
convergence, opening opportunities for further research
and improvement.

As technology advances, ACO algorithms are expected
to continue to evolve. Future developments aim to reduce
computational complexity, increase scalability, and inte-
grate ACO with new technologies to improve transporta-
tion efficiency and sustainability.

Ant Colony Optimization is an innovative way to re-
think energy management in transportation systems. Its
application to route optimization, traffic flow manage-
ment, and resource allocation heralds a future where
transportation operations are not only efficient, but also
environmentally conscious. Inspired by the principles of
organization in nature, ACO algorithms pave the way for
a sustainable, energy-efficient transportation ecosystem
where biological algorithms guide us to reduce our envi-
ronmental impact and optimize our energy consumption.

7. Particle Swarm Optimization

Particle Swarm Optimization (PSO) is a biological
algorithm that models the social behavior of organisms,
including the flocking and swarming patterns observed in
birds and fish. In the field of energy management in trans-
portation systems, PSO is emerging as a dynamic and ef-
fective tool that provides innovative solutions to optimize
routes, increase fuel efficiency, and reduce environmental
impact.

PSO algorithms are based on the collective behavior
of organisms in a swarm. Individuals (particles) within the
swarm cooperate and communicate by exchanging infor-
mation and seeking optimal solutions through iterative
movement in the solution space.

PSO is well suited for determining energy-efficient
routes for vehicles, ships, or transportation networks. By
simulating the movement of particles, these algorithms
identify paths that minimize fuel consumption, taking
into account factors such as distance, traffic, and energy
efficiency.

By optimizing operations, PSO helps determine the
best vehicle configuration, scheduling, and resource allo-
cation to minimize fleet energy consumption.

PSO contributes to the development of energy-effi-
cient vehicles by optimizing engine performance, aero-
dynamics, and vehicle weight, resulting in improved fuel
efficiency and reduced energy consumption.

Benefits and Impacts.

PSO explores a wide variety of paths and configura-
tions, providing near-optimal solutions to complex trans-
portation optimization problems.

PSO adapts to changing environments and evolving
conditions, making it suitable for real-time decision mak-
ing in transportation operations.

By mimicking swarm behavior, PSO uses collective in-
telligence to find innovative solutions to manage energy
consumption.

Optimization of PSO parameters is critical for con-
vergence and efficiency. PSO can be a computationally
intensive process that requires optimization for scalability
and performance.

Integrating PSO with complementary optimization
techniques can increase its effectiveness in complex trans-
portation systems.

As technology advances, PSO algorithms are expected
to continue to evolve. Future developments will address
computational complexity, increase convergence, and in-
tegrate PSO with new technologies to improve transporta-
tion efficiency and sustainability.

Particle Swarm Optimization represents an advanced
approach to revolutionize the management of energy
consumption in transportation systems. Its application in
route optimization, fleet management, and vehicle design
provides a glimpse into a future where transportation is
not only efficient, but also environmentally sustainable.
By following the natural principles of cooperation, PSO
algorithms pave the way for a more sustainable and energy
efficient transportation ecosystem, where innovative algo-
rithms guide us to reduce our environmental impact and
optimize energy consumption.

8. Annealing simulation

Simulated Annealing (SA) is a powerful optimization
method inspired by the physical process of annealing in
metallurgy. It is a versatile algorithm used in a wide variety
of fields, including energy management in transportation
systems. SA provides a unique approach to solving com-
plex optimization problems to minimize energy consump-
tion, optimize routes, and reduce environmental impact.
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The SA algorithm mimics the annealing process in
metallurgy, where metals are heated and gradually cooled
to reduce defects and produce a more stable structure.
Similarly, SA gradually approaches optimal solutions, al-
lowing for inferior decisions from time to time to avoid
local optima.

SA can find energy-efficient routes for vehicles or
ships. By exploring and gradually cooling the system, the
algorithm identifies paths that minimize fuel consump-
tion, taking into account factors such as distance, traffic
conditions, and energy efficiency.

By optimizing vehicle scheduling, SA helps minimize
downtime, improve utilization, and reduce energy costs
during transportation operations.

SA helps optimize resource allocation across transpor-
tation networks, planning deliveries and vehicle routes to
minimize energy consumption and increase overall effi-
ciency.

Benefits and Impact

SA explores multiple solutions, allowing you to iden-
tify near-optimal paths and configurations in complex
transportation optimization problems.

SA adapts to changing conditions, enabling real-time
decision making in transportation operations.

SA's ability to make worse decisions from time to time
helps avoid getting stuck on local optimal solutions, lead-
ing to better overall results.

Parameter Tuning: Optimizing SA parameters is essen-
tial for achieving optimal convergence performance and
solution quality.

SA can be computationally intensive, requiring opti-
mization for scalability and efficiency.

Integrating SA with complementary optimization
techniques can increase its effectiveness in solving com-
plex transportation optimization problems.

As technology advances, SA algorithms continue to
evolve. Future advances will address computational com-
plexity, increase convergence, and integrate SA with new
technologies to improve transportation efficiency and sus-
tainability.

Simulated Annealing is a sophisticated tool for re-
thinking energy management in transportation systems.
Its application to route optimization, vehicle scheduling,
and resource allocation promises a future where transpor-
tation operations are not only efficient, but also environ-
mentally conscious. By mimicking the annealing process,
SA algorithms lead us to reduce environmental impact
and optimize energy consumption, paving the way for a
more sustainable and efficient transportation ecosystem.

9. Dynamic Programming

Dynamic Programming (DP) is a powerful math-
ematical optimization technique used in a variety of
fields, including energy management in transportation
systems. Known for its ability to solve complex problems
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by breaking them down into simpler subproblems, DP
offers innovative solutions to optimize routes, reduce
fuel consumption, and improve overall transportation
efficiency.

At its core, Dynamic Programming solves a complex
problem by breaking it down into smaller subproblems,
solving each subproblem only once, and storing the solu-
tion. This bottom-up approach allows you to obtain opti-
mal solutions from the optimal solutions of its subprob-
lems.

DP is ideal for finding energy-efficient routes for ve-
hicles, ships, or transportation networks. By considering
converging subproblems, it identifies paths that minimize
fuel consumption, taking into account variables such as
distance, traffic conditions, and energy efficiency.

By optimizing vehicle performance, DP helps reduce
idle time, optimize utilization, and streamline work sched-
ules to minimize energy consumption during transporta-
tion operations.

DP helps to efficiently allocate resources such as fuel
and time across transportation networks, plan deliveries
and vehicle routes to minimize energy consumption, and
increase overall efficiency. Benefits and Impact

DP ensures that optimal subproblem solutions con-
tribute to overall optimal solutions by providing efficient
solutions to complex optimization problems.

DP preserves subproblem solutions, reducing redun-
dant computations and increasing computational effi-
ciency.

DP adapts to changing conditions, making it suitable
for real-time decision-making during transportation op-
erations.

DP may face scalability and computational complexity
issues for larger problems.

Balancing optimal solutions and computational effi-
ciency requires careful consideration of tradeoffs.

The applicability of DP may be limited by compu-
tational resources and real-time constraints in dynamic
transportation systems.

As technology advances, DP algorithms continue to
evolve. Future developments are aimed at solving scal-
ability problems, increasing computational efficiency, and
integrating DP with new technologies to improve trans-
portation efficiency and sustainability.

Dynamic programming is becoming the main tool for
optimizing energy management in transportation systems.
Its use in route optimization, resource allocation, and
operations planning allows us to look to a future where
transportation is not only efficient, but also environmen-
tally conscious. By breaking down complex problems
into manageable subproblems, DP algorithms guide us to
reduce environmental impact and optimize energy con-
sumption, creating a more sustainable and efficient trans-
portation ecosystem.
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10. Metaheuristic Algorithms

Metaheuristic algorithms represent a class of innova-
tive and versatile optimization methods that go beyond
traditional problem-solving techniques. Designed to
solve complex optimization problems, including energy
management in transportation systems, these algorithms
provide dynamic and adaptive solutions to minimize fuel
consumption, optimize routes, and reduce environmental
impact.

Metaheuristics are high-level strategies that guide the
exploration of solution spaces to find near-optimal solu-
tions without guaranteeing the absolute optimum. These
algorithms are characterized by their flexibility, adaptabil-
ity, and ability to efficiently traverse large solution spaces.

Metaheuristic algorithms are ideal for finding energy-
efficient routes for vehicles, ships, or transportation net-
works. Using strategies such as exploration and exploita-
tion, these algorithms determine paths that minimize fuel
consumption by taking into account various factors such
as distance, traffic conditions, and energy efficiency.

When optimizing fleet operations, metaheuristics help
determine the optimal vehicle configuration, scheduling,
and resource allocation to minimize fleet energy con-
sumption.

Metaheuristic algorithms help design energy-efficient
vehicles by optimizing engine performance, aerodynam-
ics, and vehicle weight, resulting in improved fuel effi-
ciency and reduced energy consumption.

Benefits and Impact.

Metaheuristics can solve a wide range of optimization
problems, providing tailored solutions in dynamic trans-
portation systems.

These algorithms efficiently explore large solution
spaces, providing near-optimal solutions to complex op-
timization problems.

Metaheuristics facilitate real-time decision making,
enabling rapid response to changing conditions in trans-
portation operations.

Optimization of metaheuristic parameters is critical for
achieving optimal convergence rates and solution quality.

Metaheuristics can be computationally intensive, re-
quiring optimization for scalability and efficiency.

Combining multiple metaheuristics or integrating
them with additional optimization techniques can in-
crease their effectiveness.

As technology advances, metaheuristic algorithms
continue to evolve. Future advances will address compu-
tational complexity, increase convergence, and integrate
these algorithms with new technologies to improve trans-
portation efficiency and sustainability.

Metaheuristic algorithms are innovative tools for
transforming the management of energy consumption
in transportation systems. Their application in route op-
timization, fleet management, and vehicle design allows
us to look into a future where transportation becomes

not only efficient, but also environmentally conscious.
By using high-level strategies to explore decision spaces,
metaheuristics guide us to reduce environmental impact
and optimize energy consumption, contributing to a more
sustainable and efficient transportation ecosystem.

11. Heuristic Algorithms

Known for their simplicity and efficiency, heuristic
algorithms serve as indispensable tools for solving op-
timization problems, including energy management in
transportation systems. These algorithms provide practi-
cal and intuitive solutions to minimize fuel consumption,
optimize routes, and reduce environmental impact, mak-
ing them a valuable asset in the quest for efficient and en-
vironmentally friendly transportation.

Heuristics are problem-solving approaches that aim to
find near-optimal solutions in a reasonable amount of time.
They emphasize speed and practicality over guarantees of
finding the absolute best solution, making them well suited
to complex and dynamic systems such as transportation.

Heuristic algorithms excel at finding good enough
routes for vehicles, ships, or transportation networks.
Using intuitive rules and strategies, these algorithms de-
termine the paths that minimize fuel consumption, taking
into account factors such as distance, traffic conditions,
and energy efficiency.

When optimizing fleet operations, heuristics help de-
termine efficient vehicle configurations and plan and al-
locate resources to minimize fleet energy consumption.

The heuristic facilitates the efficient allocation of re-
sources such as fuel and time among transportation net-
works, delivery schedules, and vehicle routes to minimize
energy consumption and increase overall efficiency.

Benefits and Impact.

Heuristics provide simple solutions that are easy to
implement and interpret, making them valuable for real-
world applications.

These algorithms are fast, providing practical solutions
in a reasonable time frame for dynamic transportation
systems.

Heuristics adapt to changing conditions and uncer-
tainties, making them suitable for rapid decision making
in transportation operations.

Heuristics cannot always guarantee the best solution,
but focus on acceptable, near-optimal solutions.

Trade-offs: The balance between solution quality and
computational efficiency requires careful consideration.

Combining different heuristic approaches or integrat-
ing them with other optimization methods can increase
their effectiveness.

As technology advances, heuristic algorithms continue
to evolve and find new applications. Future developments
aim to eliminate limitations, improve the quality of so-
lutions, and integrate heuristics with new technologies to
improve transportation efficiency and sustainability.

73



Anhelina Shemrikovych, Oleksandr Samantsov, Oleksii Nazarov, Nataliia Nazarova

Heuristic algorithms serve as pragmatic tools to revo-
lutionize energy management in transportation systems.
Using intuitive rules and practical strategies, heuristics
guide us to reduce environmental impact and optimize
energy consumption, laying the foundation for a more
sustainable and efficient transportation environment.

12. Rationale for Research Methods

Scientific research is the systematic analysis of phe-
nomena and processes, studying their influence of various
factors and interactions in order to arrive at convincing
and useful solutions for science and practice. Research
methods include the use of induction and deduction,
analysis, synthesis, and comparison of both theoretical
and practical aspects.

In this case, the theory explores algorithms for opti-
mizing energy consumption in transportation systems,
including their characteristics, principles of operation,
possible implementations, advantages and disadvantages
to improve system efficiency.

There are several research methods, but in this case an
empirical approach was chosen to compare different algo-
rithms for optimizing energy consumption in transporta-
tion systems. This method is the most appropriate because
it requires real measurements. It allows us to determine
which algorithms work better in practice and to determine
their relative effectiveness in research.

The methodology of this study is a combination of
methods used to describe the research. The main meth-
od chosen was the logical method of cognition, which is
used to solve problems analytically, explain events and
phenomena, describe problems and identify ways to solve
them in empirical and theoretical tasks.

13. Comparison methods for energy saving criterion

Linear programming:

The energy efficiency formula for linear programming
can focus on reducing energy consumption relative to the
baseline or initial energy consumption.

Energy Eff =

_ Init_Energy Cons— Final _Energy _Cons «100%

Init _Energy Cons
Reduce environmental impact:
Envir _Imp_ Reduct(LP)=
= Init_Imp(LP)~ Final _Imp(LP)

Criteria: Operational performance

Execution Time: Evaluate the time it takes each algo-
rithm to solve a given problem.

Record the time in milliseconds or seconds that the
algorithms take to complete their tasks.

Solution Quality: Evaluate the quality or optimality of
the solutions generated by each algorithm.

Define a quantitative quality metric specific to
the problem domain (e.g., distance traveled, fuel
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consumption, etc.) or use objective metrics (minimiza-
tion/maximization).

Composite metric: Create a composite metric that in-
cludes both lead time and solution quality.

Weight the metrics according to their relative impor-
tance.

wlx Exec _Time+w2xSolut _Qual

b

Operat _ Perform =

wl+w2

where wl, w2 represent the weights assigned to execution
time and solution quality, respectively.

Measure and record the execution time of each algo-
rithm for different problem sizes or scenarios.

Evaluate the quality of the solutions produced by each
algorithm based on predefined metrics.

Combine execution time and solution quality using a
composite metric formula to obtain an overall operational
performance score for each algorithm.

Compare the aggregate scores of all algorithms to de-
termine which algorithms perform better in terms of op-
erational performance. This comprehensive evaluation
helps you select the most effective algorithm(s) based on
time efficiency and solution quality.

Scalability and Adaptability.

Scalability: Measure how algorithm performance
changes with increasing problem size.

Evaluate runtime or memory consumption as problem
size or complexity increases.

Adaptability: Evaluate how well the algorithm handles
changes or variations in the problem without significantly
degrading performance.

Test the performance of the algorithm in different sce-
narios or problem variations.

Applications: Linear programming, genetic algo-
rithms, ant colony optimization, particle swarm optimiza-
tion, annealing simulation, dynamic programming, heu-
ristic algorithms, metaheuristic algorithms:

Evaluate algorithm performance metrics (execution
time, memory usage) for problems of varying size or com-
plexity.

Track how these metrics change as the problem scales,
indicating the scalability of each algorithm.

Test the adaptability of the algorithms by making varia-
tions or changes to the problem parameters and observing
how well they handle these changes without significantly
degrading performance.

Analyze and compare the scalability and adaptability
of each algorithm based on observed changes in perfor-
mance as the size or complexity of the problem increases
or under different variations of the problem scenarios.
This evaluation will help you determine which algorithms
scale well and adapt effectively to different situations.

Real-time implementation

Binary evaluation: Determine if the algorithm can sat-
isfy real-time constraints.
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Assign a binary value: 1 if the algorithm can be imple-
mented in real time, 0 if not.

Applications: Linear programming, genetic algo-
rithms, ant colony optimization, particle swarm optimiza-
tion, annealing simulation, dynamic programming, heu-
ristic algorithms, metaheuristic algorithms:

Estimate the execution time of each algorithm under
different scenarios or problem sizes.

Set a threshold or benchmark for real-time imple-
mentation (e.g., execution time less than a certain limit is
considered real-time).

If an algorithm's execution time consistently meets the
defined threshold across all scenarios, mark it as real-time
(1) or not (0).

Compare the binary score of each algorithm to de-
termine its suitability for real-time implementation.
Algorithms with a "1" are suitable for real-time execution,
while algorithms with a "0" may not meet real-time con-
straints. This comparison will help you identify algorithms
that are suitable for real-time applications.

Computing requirements for real-time implementation.

Time complexity: Measure the time complexity of an
algorithm, typically expressed in Big O notation, to un-
derstand how its execution time grows with the size of the
input data.

Space complexity: Estimate the space requirements of
an algorithm by specifying the memory or storage it con-
sumes as the problem size increases.

Applications: Linear programming, genetic algo-
rithms, ant colony optimization, particle swarm optimiza-
tion, annealing simulation, dynamic programming, heu-
ristic algorithms, metaheuristic algorithms:

Analyze the time complexity of each algorithm, deter-
mining its efficiency relative to the size of the input.

Estimate the space complexity by understanding the
memory or storage requirements as the problem grows.

Express the time and space complexity for each algo-
rithm using Big O notation or appropriate mathematical
expressions.

Compare the time and space complexity of the algo-
rithms to determine their computational requirements for
real-time implementation. Algorithms with lower time
and space complexity (e.g., lower Big O values) are gener-
ally more suitable for real-time implementation in trans-
portation systems due to their efficient use of resources.
This comparison will help to identify algorithms suitable
for real-time implementation.

The cost-effectiveness evaluation of algorithms in-
volves evaluating their cost-effectiveness in achieving the
desired improvements. Here is an approach to comparing
algorithms based on the cost-effectiveness criterion:

Criteria: Cost Effectiveness

Cost: Estimate the costs associated with implement-
ing and running each algorithm. This may include initial
setup costs, computing resources, and maintenance costs.

Improvement Achieved: Measure the improvements or
benefits achieved by applying the algorithm, such as re-
duced energy consumption, optimized decisions, or mini-
mized operational costs.

Cost Effectiveness: Calculate the cost-effectiveness ra-
tio, which indicates the cost-effectiveness of the algorithm
in achieving the improvements:

Econom _ Eff = L .
Improv_achiev
Applications: Linear programming, genetic algo-

rithms, ant colony optimization, particle swarm optimiza-
tion, annealing simulation, dynamic programming, heu-
ristic algorithms, metaheuristic algorithms:

Estimate the cost of implementing and maintaining
each algorithm in a given scenario or problem domain.

Measure the improvements achieved by applying each
algorithm by quantifying the benefits or optimizations
gained.

Calculate the cost-effectiveness ratio using a formula
for each algorithm, taking into account the ratio of costs
incurred to improvements achieved.

Compare the cost-effectiveness ratios of the algo-
rithms to determine which algorithms provide the best
cost-effectiveness in terms of improvements. Algorithms
with lower cost-effectiveness ratios, indicating greater im-
provements at lower cost, are considered more cost-effec-
tive. This comparison will help you select the algorithms
that provide the best balance of cost and benefit.

Applications: Linear programming, genetic algo-
rithms, ant colony optimization, particle swarm optimiza-
tion, annealing simulation, dynamic programming, heu-
ristic algorithms, metaheuristic algorithms:

Estimate the cost of implementing and maintaining
each algorithm in a given scenario or problem domain.

Measure the improvements achieved by applying each
algorithm by quantifying the benefits or optimizations
gained.

Calculate the cost-effectiveness ratio for each algo-
rithm using a formula that takes into account the ratio of
costs incurred to improvements achieved.

Compare the cost-effectiveness ratios of the algo-
rithms to determine which algorithms provide the best
cost-effectiveness in terms of improvements. Algorithms
with lower cost-effectiveness ratios, indicating greater im-
provements at lower cost, are considered more cost-effec-
tive. This comparison will help you select the algorithms
that provide the best balance of cost and benefit.

Durability and reliability.

Robustness: Measures the ability of an algorithm to
consistently produce correct and reliable results across
different scenarios or data sets.

Stability: Evaluate the stability of an algorithm by
checking how sensitive it is to changes in input data or
parameters. A stable algorithm provides consistent perfor-
mance despite variation.
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Applications: Linear programming, genetic algo-
rithms, ant colony optimization, particle swarm optimiza-
tion, annealing simulation, dynamic programming, heu-
ristic algorithms, metaheuristic algorithms:

Run multiple trials with different data sets or scenarios
to evaluate the consistency of results produced by each al-
gorithm.

Introduce variations or perturbations in the input pa-
rameters to evaluate the stability of the algorithms.

Quantify reliability and stability metrics for each algo-
rithm based on observed behavior, error rates, or devia-
tions from expected results.

Comparative analysis: Compare the reliability and sta-
bility scores of algorithms to determine which ones con-
sistently produce reliable results across different scenarios
or data sets and exhibit stable behavior in response to
changes.

Algorithms with higher consistency, lower error rates,
and less sensitivity to input variations are considered
stronger and more reliable.

This comparison helps identify algorithms that consis-
tently produce reliable results and are less prone to bias or
error, highlighting their strength and reliability.

Regulatory compliance.

Evaluate the result: Evaluate the results or solutions
generated by algorithms against regulatory standards or
constraints. This may include ensuring that solutions meet
certain legal or security requirements.

Industry Standards: Analyze the extent to which the
algorithm's results are consistent with industry guidelines,
regulations, or best practices. For example, in transporta-
tion systems, algorithms must comply with safety proto-
cols or environmental regulations.

Applications: Linear programming, genetic algo-
rithms, ant colony optimization, particle swarm optimiza-
tion, annealing simulation, dynamic programming, heu-
ristic algorithms, metaheuristic algorithms:

Examine the results or solutions produced by each al-
gorithm in the context of the regulatory requirements ap-
plicable to the transportation system or related domain.

Verify that the solutions provided by the algorithms
comply with established regulations, safety standards, or
industry norms.

Quantify the level of compliance achieved by each al-
gorithm based on the alignment of its results with regula-
tory requirements.

Benchmark: Compare the level of compliance demon-
strated by each algorithm to determine which produce re-
sults that better meet regulatory requirements or industry
standards.

Algorithms that produce solutions that are closer to
the required regulations or standards are considered more
compliant.

This comparison helps to assess the degree to which
the results of each algorithm meet the required regulatory
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requirements or industry standards in the area of trans-
portation systems.

Convenience and Integration.

Ease of implementation: Evaluate the ease and sim-
plicity of implementing each algorithm into existing sys-
tems or frameworks.

Compatibility: Evaluate how well the algorithm inte-
grates with different platforms, technologies, or software
architectures without requiring significant modifications.

Applications: Linear programming, genetic algo-
rithms, ant colony optimization, particle swarm optimiza-
tion, annealing simulation, dynamic programming, heu-
ristic algorithms, metaheuristic algorithms:

Analyze the implementation process for each algo-
rithm, taking into account the ease of adaptation into ex-
isting systems. This may include assessing the complexity
of code integration or program dependencies.

Evaluate the compatibility of the algorithms with dif-
ferent software architectures or platforms. Algorithms that
can be easily integrated with minimal customization are
more convenient.

Quantify the level of usability and integration for each
algorithm based on implementation complexity and com-
patibility metrics.

Benchmark: Compare the usability and integration
scores of algorithms to determine which offer smoother
integration processes and better compatibility with exist-
ing systems.

Algorithms with higher usability and integration
scores, indicating easier implementation and seamless in-
tegration, are considered more usable and compatible.

This comparison will help select algorithms that are
easier to implement and integrate into transportation
systems or related structures, reducing the complexity of
adoption and ensuring smooth integration.

User Adaptability.

User interface and interaction:

Evaluate the accessibility and usability of interfaces or
tools associated with the implementation of these algo-
rithms.

User training and support: Evaluate the ease of learn-
ing and using the algorithms, including the availability of
documentation, tutorials, or support materials.

Applications: Linear programming, genetic algo-
rithms, ant colony optimization, particle swarm optimiza-
tion, annealing simulation, dynamic programming, heu-
ristic algorithms, metaheuristic algorithms:

Evaluate the interfaces or tools provided with each al-
gorithm, considering their intuitiveness, simplicity, and
ease of use.

Analyze the availability and quality of support materi-
als (documentation, tutorials, etc.) to facilitate user un-
derstanding and implementation.

Quantify user adoption for each algorithm based on
UI usability metrics and the availability of comprehensive
support materials.



STUDY OF ALGORITHMS FOR OPTIMIZATION OF ENERGY MANAGEMENTIN TRANSPORTATION SYSTEMS FOR REDUCTION OF ENVIRONMENTAL IMPACT

Comparative analysis: Compare the usability scores
of algorithms to determine which algorithms offer more
user-friendly interfaces and better support resources.

Algorithms with higher usability scores, indicating eas-
ier-to-use interfaces and comprehensive support materi-
als, are considered more user-friendly.

This comparison will help select algorithms that pro-
vide users with interfaces and resources that are easy to
understand, learn, and implement, thereby increasing
overall user adaptability.

Conclusions

In the course of this task, the subject area was ana-
lyzed and algorithms for optimizing energy consumption
in transportation systems were considered. The advantag-
es and disadvantages of the algorithms were described and
evaluation criteria were proposed.

As a result, a research report was prepared, which in-
cluded the formulated measurable criteria for comparing
the algorithms, described in detail and argued the use of
each of them and when they could be neglected. The key
metrics chosen to compare the technologies were

— Energy savings;

— Reduction of environmental impact;

— Operational efficiency;

Scalability and adaptability;

— Real-time implementation;

— Computational requirements of the algorithm for
real-time implementation in transportation systems;

— Economic efficiency;

Durability and reliability;

— Regulatory compliance;

— Ease of use and integration;

— User adaptability.

In the current study, we proposed relevant ways to
measure each of the presented metrics, formulated crite-
ria, and mathematical formulas used to calculate the nu-
merical values of these metrics.
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MOZAEJ1b IHOOPMALLIMHO-KOMYHIKALIMHOI CUCTEMM

INTELLIGENCE

Y poGOTi 3aPONOHOBAHO CUCTEMY 3B’SI3KY B 3ajadi MOMEPeIKeHHS PO MOXJIMBE 3iTKHeHHs. JIis peanizaiiii
0e3apOoTOBOI ITepenadi Ta mpuitomMy iHdopMallii MiXkK aBTOMOOLISIMM OyJia BUKOpHCTaHa TexHosoris V2V. PesynsraTom
po0oTH € OTpUMaHHS iH(hOpPMaLlii Bill TiIKII0YeHUX TPAHCTIOPTHUX 3ac00iB B 30Hi Aii CUCTeMM Ta peaxilist iH(hopMaliiiHOi
CUCTEMM Ha OOpOoOJIeHi JaHi y BUIJISIAI 30BHILIHIX CUTHAJiB. MoJeab 1eMOHCTPYE POOOTY CUCTEMU 3a TIPUHLIMIIOM
«TpuiimMau-riepenaBay» 3 BukopuctaHHssM DSRC-3B’43Ky 3a mormomoroto rnporpamHoro 3a6esneueHHs: MATLAB/
Simulink. OTpuMaHa MoJieJ1b 103BOJISIE TTPOBOAUTHY Pi3HOMAHITHI CUCTeMHI aHaIi3| JIJIsI TTOIAJIbIIIOTO BAOCKOHAIEHHS
iHhOpMaLiitHO-KOMYHIKaIliIHHUX CUCTEM B aBTOMOOLISIX.

V2V, ADAS, MOJEJIb, CUCTEMA, DSRC, AELIEHTPAJII3OBAHI CXOBUILUA JAHHUX,CTUCHEHHA
30bPAXKEHD

B. S. Karpishen, S. M. Neronov, G. A. Plieckhova, M. V. Kostikova, S. O. Petrenko, O. O. Iatsenko. Model of the
information and communication system. The paper proposes a communication system in the task of warning about a
possible collision. V2V technology was used to implement wireless transmission and reception of information between
cars. The result of the work is receiving information from connected vehicles in the area of the system and the response
of the information system to the processed data in the form of external signals. The model demonstrates the operation
of the transceiver system using DSRC communication using MATLAB/Simulink software. The resulting model allows
for various system analyzes for further improvement of information and communication systems in cars.

V2V, ADAS, MODEL, SYSTEM, DSRC DECENTRALIZED DATA STORAGE, IMAGE COMPRESSION

Beryn

CTpiMKUii PO3BUTOK TPAHCIIOPTHUX CUCTEM TMPUHIC
0arato 3py4HOCTEll y Hallle TIOBCSIKACHHE KUTTSI, 103BO-
JIsitour 06e3MeYHO i HaoiliHO MepeBO3UTH JIIOIEH i BaHTa-
i BCepenMHi KpaiHu Ta 3a 11 MexXaMU. 3a OLliHKaMu, Y
CBITi HaJiuy€eTbCsl TOHAA MiJlbsIpJ aBTOMOOILTIB, SIKUMU
BOJIOAIIOTH Jitoau. [lepeadavyaeThest, 0 LSl KiIbKiCTh MO-
JIBOITBCSI TIPOTSITOM OJHOTO-JIBOX eCATWIiTh. OMHAK psif
MUTaHb, TOB’SI3aHUX 3 IIUM 3POCTAHHSIM, BUKJIMKAIOTh
3aHETOKOEHHS. 3 TOUYKM 30py Oesmeku, y 2021 poili B
aBapisix Ha poporax CIIA 3arunyino nmonaza 42 915 oci6
(USDOT, 2023).

3B’I30K MiX JAeKiIbKOMa IMiIKIIOUeHUMHU TPaHCTIOPT-
HuMH 3acobamu (V2V) minBuiiye 0e3rexky Ta eeKThB-
HIiCTb HaIlIMX TPAHCTIOPTHUX CHCTEM.

Lle mocsiraeTbcsl 3aBOSIKM BMKOPHUCTAaHHIO CHCTEM
YIIPaBJIiHHS AOPOXKHIM pPyXoM, SIKi IMOKJIagarThCs Ha
OOpPTOBI JATUMKM Ta 3B’SI30K MiXK TPaAaHCIIOPTHUMM 3aCO-
o6amu (V2V). 3B’430K B OCHOBHOMY Hana€ iHdopmaliito
Mpo cTaH (HanmpuKIIam, MPUCKOPEHHS, IBUIKICTb, Mic-
LIE3HAXOIKEHHS) TIepeIHbOr0 TPAHCIIOPTHOTO 3aco0y
a00 TpaHCHOPTHMX 3aco0iB y peanbHOMY uaci (Z. Wang
Ta iH., 2020).

OLIiHKY 1110710 BaXKJIMBOCTI 11i€1 TEXHOJIOTI1:

ITigBuieHHs1 6e3neku Ha goporax: V2V-3B’s130K 10-
3BOJISIE ABTOMOOUISIM OOMiHIOBaTUCS iH(OpMalli€lo mpo
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CBOE MICLIE3HAXOMIKEeHHSI, IIBUIKICTb Ta iHIII MapamMme-
TPU B peXXuMi peasibHOTO Yacy. Lle momomarae yHUKHYTH
aBapiii, 3MEHIIUTU KiJbKiCTh 3iTKHEHb Ta IMOKpAILIUTU
peaxuio Ha HeOe3neky. Hanmpuknan, cucteMa Moxe I1o-
nepeakaTu BOMIIB PO MOXJIUBI PU3UKU, TaKi SIK aBapiii-
Ha CMTYyalli Ha JIOopo3i, MepelKoau abo HeOe3neyHUid
OOTiH.

3MEHIIEHHS 3aTOpiB Ta IMOKpalIeHHs TPaHCHIOPTHO-
ro ToToKy: TexHomoriss V2V momomarae BoIissM 0OMpaTi
ONTUMATbHUNA MapLIPYT i IIBUAKICTb, 11100 YHUKHYTH 3a-
TopiB. Lle MoXe moKpaluT TPaHCIIOPTHUIA MOTIK i CKO-
POTUTH Yac y A0pO3i.

3MeHIIeHHs aBapiitHocTi: 3aBasiku V2V-kKoMyHikalii
aBTOMOOIJIi MOXYTb OOMiHIOBaTUCS iH(OpPMaLIiE0 MPO
Hebe3MmeuHi JOPoXKHI YMOBH, TaKi SIK CJIU3bKUI achalibT,
oOMexxeHa BUIMMIcTh abo roraHa noroza. Lle nomomarae
BOJiSIM aJanTyBaTH CBili CTUJIb BOMIHHS 1O KOHKPETHUX
YMOB i 3HMXY€e pusuk aBapiii (H. Xie et al., 2022).

[Tonut Ha BAIOCKOHAJEHI CUCTEMU JOIOMOI'M BOIi€Bi
(ADAS) (SAE, 2021) — Ti, 1m0 momoMararoTb BUKOHYyBa-
TU 3aBJAHHS MOHITOPUHTY, MOINEPeIKeHHS, ralbMyBaH-
HS Ta KepPyBaHHS — 3pOCTaTHME IIPOTSTOM HACTYITHOTO
JMECSITUIITTS, 1110 3HAYHOIO MipOl0 3yMOBJIEHO iHTEpECOM
PEeryJISITOPHUX OpPraHiB Ta CIOXWBauyiB g0 mporpaMm 0e3-
MeKU, sSKi 3aXUINal0Th BOMiiB Ta 3MEHIIYIOTh KiIbKiCTh
aBapiit.



MOAEJIb IHOOPMALIIVIHO-KOMYHIKALIMIHOT CUCTEMU

B nanuit yac cucremu ADAS posrasimaioTbesl sIK ra-
JIy3b, IO TIOCTIHO PO3BUBAETHCS, SIKA MPOTOBXKYE BIO-
CKOHAJIIOBATUCS 1 PO3BMBATUCS. XO4ya Ha PUHKY BXe
icHye Oararto pi3Hux cucteM ADAS, BoHU MOCTiiAHO BIIO-
CKOHAIIOIOThCS 1 JOMOBHIOIOTHCSI HOBUMU (PYHKIIISIMU.
Ha eTarmi po3poOKM cucTeMy BUHMKAIOTh Pi3Hi BUKITUKU
i MpobJyieMu, Taki sIK B3a€MO/Iis MixK cCTeMaMM, Oe3neKa
JIaHUX, BiAMOBiIHICTH HOPMATUBHUM BUMOTaM, iHTerpa-
1ig 3 IHIIUMM CUCTEMaMHU 1 KOMITOHEHTAMM aBTOMOOLJIS,
iHTeJIeKTyaJlbHe YIpaBIiHHS JaHUMM Ta iHIII.

Poszpobka cucrem ADAS € ckiiagHuM i 6araTorpaH-
HUM IIPOILIECOM, SIKMII BMMAara€ IeTaJbHOIO BUBUYCHHS
Pi3HUX acCIeKTiB, BiJ TEXHIYHUX MOXKJIMBOCTEH IO COLIi-
aJIbHO-€KOHOMIYHMX i TPaBOBUX aCMEKTiB.

VY 1boMy JOCHIIKEHHI MU 30CEpeaKyeEMOCS Ha I10-
cllyrax, sIKi CTBOPIOIOTh a0 TIOB’sI3aHi 3 OJHOPA30BUMU
MOBiTOMJIEHHSIMU, OCOOJMBO 3 BUKOPUCTAHHSM ILIAT-
dopmu V2V-KoMmyHiKallii.

1. Orsan miteparypu

Ha ocHOBi JiTepaTypHUX [IKepen MU TpeACTaBIs€e-
MO pi3Hi 3acTtocyBaHHs V2V-3B’s13Ky, KiacudikoBaHi 3a
JIBOMA IIMPOKUMU LIISIMU: 11iJ1i Oe3MeKu Ta LiJi, 1110 He
noB’a3adi 3 0e3rnekor. OCHOBHUMM LUJISIMUA B LIl KaTe-
ropii € MiHimizaliist mpo0OJjeM Oe3MeKu LUISIXOM HaJaHHS
BOJIi€Bi BKa3iBOK a0o iHI1I01 iH(bopMallil 11l 3arnobiraHHs
abo TIPOTHO3YBAHHS HOPOKHBO-TPAHCIIOPTHUX IIPUTO]I,
TaKMX SIK iepea- abo MmicisiaBapiiiHi cuTyallii, TPOTHO3Y-
BaHHS CJIINMUX 30H, JOIIOMOTa TIPU TIEPETHUHI MepexpecTh
iT A

OOMiH MOBIZOMJIEHHSIMM MiX TPaHCIIOPTHUMU 3a-
cobamMu Ma€e Ha MeTi MiHiMi3yBaTu TMOTEHLiiHI aBapii Ta
MiABUIIMTU Oe3IeKy BOAIHHS 3a JOIMOMOTOl0 (YHKIIiN
JIOITOMOTH BOMI€BI K IUISI aBTOHOMHUX, TaK i JUISI HeaB-
TOHOMHUX TPaHCIIOPTHUX 3aco6iB. KpiM TOro, 3B’s30K
V2V nocunuth MiATPUMKY Oe3MeKUu B I’ SITUPIiBHEBIil aB-
TOHOMIil B aBTOHOMHHUX TPAHCIIOPTHUX 3ac00ax, JIe MO€EI-
HaHHS IITYIHOTO iHTEJIEKTY, TEXHOJIOTIlt TPaHCITIOPTHUX
3ac00iB, IHTepHETY peueil Ta KOMYHiKaLifHUX MOXJIM-
BOCTEI MPUCKOPUTH MacOBE BIIPOBAKEHHST aBTOHOMHIX
TPaHCIIOPTHUX 3ac00iB y MaiioyrHromy (Ketut, 2021) .

ChboronHi 3aBasiku 3B°513Ky V2V 3a 10MOMOroro Takux
texHosoriit, sk DSRC Ha 6a3i IEEE 802.11p i HOBuX
pimens 5G, craioth MoxiauBumu pi3Hi [FT, ockinbku
TPAHCIIOPTHUI 3aci0 MOXe CIIUJIKYBaTUCS 3 TPAHCIOPT-
HUMM 3acobaMM 3a MeXaMu CBOTo 0e3MocepeaHbOro
oroueHHs (SE Li et al., 2017).

Skiro 6path XapaKTepUCTUKNA CaMOT0 KaHaly Iepe-
Jayi, TO iCHYE MOXJIMBICTb IMOKpAILEHHS 3B’SI3KY IIUISI-
XOM BTpPy4YaHHSI B CTPYKTypy mpotokony 802.11p, sika
OXOIUTIOE TI0JIe, 1110 MA€ 3HAYEHHS po3Mipy iH(popMalliii-
Horo makety. Pobota (Yasser et al., 2021) 3ocepemkeHa
Ha po3po0Ili MOTY:KHO amalTUBHOI CTPYKTYPU PO3Mipy
MaKeTiB, siKa 3aJeXUTh BiJl 3HAUEHHsI BiIHOIIEHHS CUT-
Hai/myMm. IcHYIOTH HelipomMepeXeBi KOHTpOJIepH, SKi
HaBUYalOTbCSl 3a MOTEHLIMHUMU 3HAUYEHHSIMU PO3Mipy

IMaKeTa, 10 BUBOMSITHCS 3 PiBHSHHS, OTPUMAHOTO IIUISI-
XOM TMPAKTUYHOTO TeCTyBaHHSI MHOXWHHOI 3aJIe3KHOCTI
MiX 4acTOTOlO MOMMJIOK i po3mipoM makera (J. Ploeg et
al., 2015). PeryntoBaHHs1 po3mipy iHdopmaliiiiHoro mna-
KeTa MPU3BOIUTH IO 3MEHIIICHHST YaCTOTH IOMUJIOK TIpU
nepeaavi nakeTiB.

V¥ crarri (Li, Kegiang & Bian ta ix., 2020) 3ammporioHo-
BaHO METOJ, MPEIUKTUBHOIO yIpaBliHHS Ha OCHOBI PO3-
noxaineHoi moxaeni (DMPC) s yripaBiiHHS cucTeMamMu
3 JeKiJibKkoMa TPaHCIOPTHUMM 3aco0aMM B KOMYTOBa-
HUX TOTMOJIOTisIX 3B s13KY. ChopMyIbOBAaHO ONMTUMI3alliii-
Hy 3aJadyy 3 pO3iMKHEHUM LUKJIOM, 0 SIKOI BKJIIOYEHO
wtpadu Ta OOMEXEHHS Ha BiIXWIEHHS Cycila Ta caMo-
BiIXUJIEHHS 1S 3a0e3MeUeHHsT CTa0iIbHOCTI. AJITOPUTM
DMPC pospobneHo misi cucteM 3 JeKiJIbKkoMa TpaH-
CIOPTHUMM 3aco0aMM, IO MalOTh TOIOJIOTiIO 3B’SI3KY,
sIKa KOMYTYEThCA. B pesynabraTi CTBOPEHO KOHTPOJIEP
yIOpaBJliHHSI CUCTEMOIO 3 AEKiJbKOMa TPaHCIOPTHUMU
3ac006aMy B KOMYTaLlii{HUX TOMOJIOTiSIX 3B’ SI3KY.

Hanpuknan, MeToro po3poOKu agarTUBHOIO yIpaB-
JIiHHSI cuTHajmamMu Ha ocHoBi moauau (PB-ACA) Oyno
TMOCTiI)KEHHsI ONTUMAaJbHUX IIJIaHiB CUTHAJiB Ha i30-
JIbOBAaHOMY 3’€IHaHHI. Y ILIOMY IOCJIIKEHHi, SIK JIe-
LIEHTpaJli30BaHe KOOPAMHOBAHE YIPaBJiHHS, aJrOPUTM
KOOPIWHOBAHOTO YITPaBJIiHHS CUTHAJIaMU Ha OCHOBI JIIO-
muau (C-PBC) po3Bojsie JIOKaJbHOMY KOHTpOJIEpY Ha
KOXHOMY MEPEXpecTi B perioHi 1O0poXHbOI Mepexi ca-
MocTiiiHo KepyBaTu PB-ACA Ha OCHOBi JaHMX IMiIKJIIO-
YEHOTO TPAHCIIOPTHOTO 3aco0y B MeKaxX 0e3IpOTOBOTO
niama3oHy. IJIs ONTUMi3allil MJIaHiB CUTHAJIiB Ha OCHOBI
rmepcoHaiy. JIIsi KOXKHOTO TIepexpecTs dialta3oH 3B’ 'SI3Ky
BU3HAYAETHCS SIK KOO paaiycom 250 M Bif LIEHTpy Iie-
pexpecTs, i 3arIaHOBaHE TMEPEXPecTs] MOXe OTPUMYBAaTH
JlaHi TITbKY B MEXax LIbOT0 Aiana3oHy 3B’s13Ky (Zongyuan
Wu, Ben Waterson & Bani Anvari, 2022) .

3i CTpiMKMM pPO3BUTKOM TEXHOJIOTili 0e3ApOTOBOIO
3B’SI3KY ITOBEIiHKA BOIisl TIeped aBTOMOOiIeM MoXe Iie-
penaBaTHCsl Ha HACTYIHUI TPaHCIIOPTHUH 3aciO aJis To-
KpalleHHS pOOOTH CUCTEMM.

V wiil crarTi NMPOMOHYETLCS CHUCTeMa TOMNEPeaKeH-
Hs 3iTkHeHHs moniepeny (FCW), sika BusiBisie Hamipu
BOJIisl MOTEPEAHLOr0 TPAHCIOPTHOrO 3aco0y i mepeaac
iH(opMallilo HAacCTYyMHOMY TPaHCHOPTHOMY 3acol0y 3a
JIOTIOMOTO0I0 TeXHoJioriit 3B’ 43Ky V2V. 3anpornoHoBaHui
METOJl po3Mi3HaBaHHs HaMipiB BOJisl 3a0e3reuye Kpaliy
NpoayKTuBHicTL cucteMu FCW i gae HacTyrnmHoMy TpaH-
CIIOPTHOMY 3ac00y JOOATKOBUIA Yac ISl TUTABHOTO Tajib-
myBaHHa (W. Yang, B. Wan and X. Qu, 2020).

VY BciX IMX BUITagKaX MOICTIOBAHHS € BaXKJIMBUM
eTaroM pPO3pOoOKHU Ta TeCTyBaHHs cucteM. Y crarti (Mo,
Chunmei & Li, Yinong & Ling, Zheng, 2018) ommcaHo
MaTeMaTUYHy MoJesb aHali3y V2V, o0roHy ta MiHiMasb-
HO1 JMCTaHLii OOroHy 3 BUKOPMUCTAHHSM HEYiTKOI JO-
riku. ExcriepuMeHTH Oyau po3poOJieHi 3a JOMOMOrolo
PreScan / MATLAB. Mopnens mokasye e(eKTUBHICTh
CTBOPEHOTO aJITOPUTMY.
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V wiit poboTi cuctema nomnepeakeHHsl 3iTKHEHb Oyia
CTBOpPEHa 3 BUKOPHUCTAHHSIM iH(pOpMaliiiHO-KOMYyHiKa-
LifHOT MOAeJIi Iepeadi JaHMX Ha OCHOBI TEXHOJIOTII 0e3-
IPOTOBOTO 3B’s13KY 3a gonomoroo MATLAB / Simulink
(The MathWorks, Inc., 2023) [1].

2. Marepiaiu Ta METOIH

Texnonorist Wi-Fi, Bimoma sik Dedicated Short Range
Communication (DSRC) MiX KOXHUM TpaHCIOPTHUM
3acoboM, i TexHosoria GPS, ska 3abe3reuye nerajibHe
MO3ULIIOHYBAaHHS 1IUISIXOM OOMiHY JaHMMU 3 aHAJIOTiYHO
obagHaHUMU TpaHcIopTHUMHU 3acobamu. DSRC — 11e
creuiaabHUiA 3aci0 3B’SI3KYy, NMpPU3HAYEHUN UIsT TpaH-
CIIOPTHOTO 3aco0y, sIKWii 3a0e3rnedye 3B’SI30K Ha HeEBe-
JIUKIW BiCTaHi 3 CyCiHIM TPaHCHOPTHUM 3aco00M abo
3 HaBKOJIMLIHIM CepejoBULIEM Ul NOCATHEHHS CIIijIb-
Hoi cutyauii mig yac pyxy. DSRC BUKOpUCTOBYE CITEKTP
75 MIi1 aj1s1 aBTOMOOIIBHOTO 3B’SI3KY 1 BAKOPUCTOBYE pa-
niorexHoJjorito Ha ocHoBi IEEE 802.11p 3 nmponyckHo0
3natHicTio Biz 3 1o 27 Moit/c (J. B. Kenney, 2011). 15 3a-
Oe3neveHHs 3B’ 3Ky V2V NoTpiOHO KijibKa KOMITOHEHTIB:

1. DSRC — 1ie crieniayiibHa pagiocTaHIIisl, siKa MPaIioe
K TIpUiiMaY i mepeaaBay qaHUX.

2. GPS-npuitmau (Cheng et al., 2007), 1o Bianosigae
3a BU3HAYCHHS IIOJIOXKEHHS aBTOMOOUIS y MPOCTOpi Ta
yaci; 1i gaHi oyayTb BxinHuMM gaHuMu aist DSRC.

3. OBU (On-Board Unit), sxuii 30Mpae naHi Mpo
CTaH aBTOMOOLJISI, TaKi K IIBUAKICTh, KyT TOBOPOTY Kep-
Ma, MPUCKOPEHHS, CTaH rajbM Tollo. BiH Takox BcTa-
HOBJIIOE A0JATOK i eKpaH IS BimoOpaxkeHHs iHpopmalii
iHTepdericy.

Mu mopentoemo kKomyHikauio (V2V) i OyayemMo Mo-
IIeTb 3a TIPUHINIIOM <«IIpUitMad-nepenaBad». Momuenb €
HEBiJl’EMHOIO YaCTMHOIO MPOEKTY i Ma€ 3a3naleriap mia-
TOTOBJIEHY <«CIEHY» (MOHEIb HOPOXHBOTO TOKPUTTS 3
MepelKogaMy I TepeaaBaya), «CLeHapiil» (MapIpyT
DPYXy) Ta «aKTOpiB» (TpaHCIOPT 3 BU3HAYEHUMM Xapak-
TepUCTHKAMU). Y MOJeJli BUKOPHUCTOBYEThCSI Oa30Be I10-
BinomsneHHss DSRC nipo 6e3neky panionepenaui (BSM)
(SAE J2735, 2022).

KomyHikalliss TOKJIama€eTbCsl Ha  XapaKTepUCTU-
KA KaHady Uil BU3HAUYEHHS WMOBIPHOCTI YCHILIHOTO

OTPUMAaHHS TMOBiTOMJIEHHSI.

IMincuctema Transmitter V2V TeHepye 0a3oBe IO-
BimomineHHs Oe3neku (BSM) niasi KOXHOro ULiJIbOBOTO
TPaHCIIOPTHOTO 3aC0O0Y, BUKOPUCTOBYIOUM OTPUMaHY iH-
dopMalio Npo LbOTo «akTopa». IlepenaBay 3uuTye iH-
dopMallio mpo «akTopa» i nepenae ii yepe3 iHepLiaIbHy
HagirauiiHy cuctemy (INS) i mo6anbHy HaBirauiiHy cy-
myTHUKOBY cucteMy (GNSS) mis HakIaneHHs IIyMy Ha
iHdopMaliito npo «akrtopar. Ilimcucrema Takox TpaHC-
dopmye iHdoOpMmallito PO MPOCTOPOBE PO3TAIIyBAHHS
TPAHCIIOPTHUX 3acO0iB-MillleHe! 3 JeKapTOBUX KOOp-
IUHAT B TeorpadiyHi, BUKOPUCTOBYIOUYM iH(oOpMalliio
mpo «cueHy». [ToTimM mincucrema reHepye BSM ms Bcix
TpaHCHOPTHUX 3acobiB-MilleHeil. biok SendMessage
BCEpeMHI TepemaBaya repeTBoploe curHai y Simulink-
MOBIMOMJIEHHSI 1 AOCTaB/siE MOro OO0 4Yepru oO0’€KTiB.
Yepru opraHizoBaHi 3a MNPUHLUAIIOM <IEPIUUKA TPUIi-
moB — nepiuuit Buiimios» (FIFO).

IMincucrema npuiitmauya V2V pealtizye moBeaiHKY TTpU-
iiMaua 00’ekTa TpaHCIOpTHOro 3aco0y. I[IpuitMau otpu-
MY€E TIOIEepeAHbO PO3PaxOBaHi XapaKTepUCTUKU KaHaIy
SIK TIapaMeTp MacKu Ta nepeaaHy iHdopmatito npo BSM,
CIIEHY Ta aBTOMOOiNb fIK BXigHi gaHi. Konau mepenaBau
JIOCTaBJISIE MOBITOMJIEHHSI 10 YepIru 00’ €KTIB, BiH 3aryc-
Kae migcuctemy npuiimMada V2V. 115 KOXXHOro aBTOMO-
OLIsI-MillIeH] TIpUiiMa4y OOUMCITIIOE BiICTaHb Bil HHOTO 110
CBOro aBTOMOOiJIS, a MOTIM 3HAXOAUTDb BiAMOBIAHY CMYTY
MIPOITYyCKaHHS, BUKOPHMCTOBYIOUN IIOTIEPEIHBO PO3PAXO0-
BaHi XapaKTepUCTUKK KaHaIy.

Konu nponyckHa 31aTHICTh MEPEBUIILYE 3reHEPOBaHE
BUMAAKOBE 4YMCI0, mpuitMauy oTpuMmye BSM i 30epirae
iioro Ha BuxigHii mmHi BSMOut. Yepra FIFO monentoe
iHTepdelic nMpuiloMy IOBIIOMJIEHb, SIKWIl MpaIloe Ha
OCHOBI IOCTYITHOCTi MOBiJOMJIEHbD.

OTpuMaHe MOBIJOMJICHHS [1ajli IEpelaeThcsl Ha OJIOK
00pOOKM TIOBiIOMIIEHDb, SIKMIi TEepeTBOPIOE BXiAHI JaHi
BSM vy ¢iznuni BenuuuHM i popMye 3BiTH TIPO BUSIBIICH-
Hs1 O0’KTiB IJIs1 BXiTHUX JAHUX JUISI BiICTEXXEHHS NeKilb-
kox 00’ekTiB (Kapmumen b. C., 2023).

Mogenb KOMYHiKallii MiXX TpaHCIIOPTHUMU 3aCO0aMU
HajaHa Ha puc. 1.

Characteristics of the car

Actors Info _
~
Route parameters
Scene Origin
Mes..]age
Basic safety V2V Transmitter processing
message T
\ FIFO readBSM()
kBSM] r':; BSM
global
Queuve
Ego Info »
Location of transport in
space
| Scene Ongin
Route parameters
V2V Receiver

Puc. 1. Moaeab KoMyHikauii M2k TpPaAHCIOPTHUMH 32C00aMU
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MOAEJIb IHPOPMALIMHO-KOMYHIKALIMHOT CUCTEMU

3. PesynbraTi
Pesyabratu Mopeni mokasyloTh 3aJeXHICTb MiX Bii-
CTaHHIO Bif MepeaaBaya 10 MpuiiMada Ta CIiBBiIHOIIEH-
HaMm curHan/mym (SNR) (Hasan Farahneh et al., 2020)

IUUISL pi3HUX Jiana3oHiB nepeaadi. Y 1pboMy NPUKIAi MO-
piBHIOEThCS pizHULS B 50 i 150 M.

3ajiexXHiCTh BiICTaHI Ta BiTHOIIEHHSI CHUTHAJ/IIyM
TIpe/icTaBIeHa Ha puc. 2.

Distance vs SNR £ AEORQQ 7
T T T T T T T T
——— 150 m Range
= = =50mRange |
1 I 1 iy el W W W W PN e 1 .
] 100 200 300 400 500 600 700 800 900 1000

Puc. 2. 3anexHicTh BiicTaHi T BiTHOIEHHS CHTHAJ/TITYyM

Mu TakoxX MOXeMO MoOauYMTH 3B 130K MiX BifACTaH-
HIO i TIPOITYCKHOIO 3[JaTHICTIO JJIsl BKAa3aHOIO Jliala3oHy.
ITponyckHa 3maTHICTh O3HAYa€ OYiKyBaHY WMOBIpHICTb
BUSIBJIEHHSI makeTy. Koim manbHicTh CTaHOBUTHL 150 M,
rpadik Tmokasye, 110 HMOBIpHICTb BUSIBJIECHHS TaKe-
Ty Maiike 100 % mo 150 M, a moTiM BOHa IOCTYIOBO

Distance vs fhﬁughput
T T T T T

3MEHIIYETLCSI, TMOKKM He mocsirHe 0 % mnpuOanM3HO Ha
400 M, WMOBIpHICTb BMSBJICHHS IMaKeTy 3MEHIIYEThCS
wBuaie i Ha Bigcrani 150 M HaGmmkaeTbest 10 0 %.

3ajiexXHICTh BiJl TTPOITYCKHOI 3IaTHOCTI TIpeAcTaBIeHa
Ha puc. 3.

£ AEDR QG
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Throughput (%)
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Distance (m)

Puc. 3. 3anexHicTs BiJl MPOMYCKHOI 31aTHOCTI

ITin yac poboTu Mojesb Bidyanidye BaxKJIWBi JaHi Ta
BHUIa€ HACTYIHY iH(pOpMalIifo:

CHiBBiIHOIIEHHS MepeJaHuX Ta OTPUMAaHMX MOBIZO0-
MJIeHb, SIK€ BimoOpaka€e KiJIbKiCTb MepeJaHuX Ta OTpuMa-
HUX MOBiTOMJIEHb Ha KOXKHOMY 4YaCOBOMY KPOIIi.

JaHi 3B’s13ky V2V — BigoOpaxkae iHpopmaliito mpo
nepenady Ta npuitom gaHux BSM Ta cniBBimHOILLIEHHS

Message Transmitted vs Received

CUTHAJI/ITyM TSI KOKHOTO OTPUMAHOTO TOBiTOMJICHHSI.
Otpumane BSM-TIOBiTOMJIEHHST - TIOKA3y€e IIUPOTY,
JIOBTOTY, IBUAKICTh, KYPC, JOBIOTY i IMPOTY UIST KOX-
HOI 11iJ1i, Bix sikoi orpuMaHo BSM-noBigoMiieHHS.
BisyanbHe BimoOpakeHHsI OTpUMaHUX Ta TepeJaHux
MOBiAOMJIEHb Bill «aKTOPiB» MpeACcTaBIeHO Ha puc. 4.

—O— Number Of Transmitted
4= Number Of Received

w}

V2V Communicaion Data

4
time(s)

42.299850
42.300273

-83.698116
-83.698813

19.9

3 10.0

179.8
1793

18
18

47
47

Target ID M Ti by Target| Message R d by Ego Target-Ego Distance (m) | Received Message SNR (dB)
1| 2 ] ] 75.9258 4.8700
| 2 3 ] ] 96.1348 3.1584
3| 4 %) %) 19.6898 14.6607
|4 | 5 %} %} 93,6371 33494
s | 6 @ @ 107.6260 2.33%
6 7 ] ] 111.2922 2.0966
7| 13 ] ] 50,6118 7.8118
‘Received BSM Message _ _ _
TargetID | Latitude (deg) | Longitude (deg) | Speed (m/s) | Heading (deg) | Width (m) Length (m)
12 42300049  -83698656 22 2117 18 47
2 3 42300532  -83.697632 201 922 18 47
3 |4 42300899  -83.698708 7.0 2463 18 47
a5 42300614  -83.697642 199 911 18 47
5 6 42300194  -83.697678 30.0 1784 18 47
"
2

Puc. 4. BizyanbHe Bino0pa:keHHS OTPUMAHHUX Ta MePeIAHUX MOBIIOMJIEHD Bill «aKTOPIB»
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b. C. KapniweH, C. M. HepoHos, I. A. lnexoBa, M. B. KocTikoBa, C. O. lletpeHko, O. O. SueHko

ITicas orpumanHsgs BSM a1 reHepyBaHHSI Tonepe-
JKEHHSI ITPO MOXJIMBE 3iTKHEHHSI pO3PaXOBYIOThCS TPAEK-
TOpii pyXy LiJbOBOro Ta CYCilHiX TPAaHCIIOPTHUX 3acO0iB
3 BUKOPUCTAHHSIM 1X TIOTOYHOTO TMOJOXEHHS, IIIBUAKOCTI
Ta KypcoBHUX KyTiB. Po3paxyHKoOBa TpaeKTOpPisi KOKHOIO
TPaHCHOPTHOrO 3acol0y — lie mpsiMa JiHisl, 1110 3’€IHYE
MMOYaTKOBE MOJIOKEHHST TPAHCIIOPTHOTO 3aco0y Ta MOro
IMpOTrHO30BaHe moyioxkeHHS uepe3 20 cexkyHn. 11106 oiri-
HUTU PU3UK 3iTKHEHHS, aHali3aTop MepeBipsie, Uu mepe-
TUHAETHCS TIependadyBaHa TPAEKTOPISI CYCiTHBOTO TpaH-
CIOPTHOTO 3aco0y 3 nependauyBaHOIO TPAEKTOPIEIO LILI.

V pasi nepeTrHy aHajizaTop MONepeaXeHHs 3iTKHEHHS
00YMCITIOE Yac TPpUOYTTSI «aKTOpa» B TOUKY IEPETUHY i
BU3HAYa€ aOCOJIIOTHY PIi3HUIII0 MiX 4YacoM MpUOYTTA
000X TPaHCMOPTHUX 3aCO0IB B TOUKY MEPETUHY.

Jani yac mpuOyTTSI «aKTopa» i 3HAYEHHSI 4aCOBOTO
iHTepBaJly MOPiBHIOIOTLCS 3 BiAMOBIAHUMM 3a37ajerilb
BU3HAYCHUMHU MOPOTOBMMM 3HAYCHHSIMU. 3a pe3yJbra-
TaMU TIOPiBHSIHHS BCTAHOBJTIOETHCS BiAMOBIIHUI PiBEHb
MonepekKeHHsI.

PiBeHb momnepemkeHHs BiAOBIIHO J0 YaCOBUX YMOB
HaBeIeHUl y TaouI. 1.

Taommuga 1

PiBenb nonepemkenHs BiImoBiqHO 10 YaCOBUX YMOB

Yac npudyTTS «aKTopar.

'YMoBa po3puBy B yaci

PiBeHb monepemkeHHs

YMmoBa
ActArrrivalTime < minArrivalTime timeGap < minTimeGap Bucokuii
ActArrrivalTime < minArrivalTime timeGap >= minTimeGap [MomipHuii
ActArrrivalTime >= minArrivalTime timeGap < minTimeGap Husbkuit
ActArrrivalTime >= minArrivalTime timeGap >= minTimeGap Husbkuit

CepenHiii Ta BUCOKUI1 PiBHI TTonepe KeHHsT BUMara-
I0Th Bill BOMisl 00i3HAHOCTI Ta pearyBaHHSI.

ITincymKu T2 BUCHOBKH

VY wif poOOTi 3ampONMOHOBAHO CUCTEMY 3B’SI3KY
B 3ajayi IOIepeMXKEHHSI IIPO MOXJIMUBE 3iTKHEHHSI.
[TapameTpu 3B’13Ky 3ajeXaTh Bill XapaKTepUCTUK KaHa-
JIy ISl BUBHAUEHHST HMOBIPHOCTI YCITIIIIHOTO OTPUMAaHHSI
nosinomieHHs. st peanizauii 6e31poToBOi nepegayi ta
npuiiomy iHpopMmallii Mixk aBTOMOOiIsIMU OyJla BAKOPUC-
TaHa TexHoJjoriss V2V. Pe3ynsraroM poboTU € OTpUMaH-
Hs iHpopMaLii Bil MiIKTIOYEHUX TPAHCTIOPTHUX 3aCO0iB
B 30Hi il cUCTeMM Ta peakliisl iH(popMaliifHOI cucTeMu
Ha 00poOJIeHi JaHi y BUTJIsIII 30BHIlLIHIX cUTHaJiB. PazoM
3 TUM, JOCJiIXEHHs B JaHiii poOOTi TaKOX MPUCKOPIOE
BUKOPUCTAHHS TeXHoJoTii V2V B 00JIacTi iHTeJIeKTyalb-
HUX TPaHCIIOPTHUX 3aCO0iB Ta MOKpalIy€e 3IaTHICTh iH-
TEJIEKTYaJIbHOTO TPAHCIIOPTHOTO 3ac00y crpuiiMaTH Ha-
BKOJIVIITHE CEPEIOBUIIIE.

IIIo cTocyeTbcst migBUIEHHS €(EeKTUBHOCTI CUCTEM
JIOTIOMOTH BOMI€Bi, TO AEsKi pilleHHSI BXE iCHYIOTh. Y
BUMAAKY 3 BUPILIEHHSIM 3adadi 3a0e3redeHHsl rnepenayi
MOBiMOMJIEHb UISI CHCTEMH IIOIEPEeIKeHHS (hpOHTAJIb-
HUX 3iTKHeHb Oynu BuKopuctaHi TexHonorii DSRC.
Pesynbratu ekcriepumentiB FCW nokaszanu, 1o cucre-
Ma 3a0e3reunsia Oijblll paHHE MOIEePeIKEeHHs, HixX MO-
MepemHiil pe3ynbrat. 3aporoHOBaHa CUCTEMa HE Tillb-
KM HajJaBaja paHHi TOIepeIXeHHs sl 3armoOiraHHs
3ITKHEHHAM 333y, aje ¥ crpusiia OuUtbll e(eKTUBHOMY
ranpmyBaHHIO (W. Yang, B. Wan and X. Qu, 2020).

3aBAsKM HeloJaBHIM MpopuBaM y OE3IPOTOBUX Me-
pexax yrnpapJliHHS, SIKICTb 0€31pOTOBOTO 3B’SI3KY MOXKHA
KOHTPOJTIOBATH TiependadyyBaHUM YnMHOM (Zhang et al.,
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2014), mo BinkpuBae ABEpi W CHIBHOTO MPOEKTY-
BaHHsI 0e3ApoToBOoi aBTOMOOIIbHOI Mepexki (SE Li et al.,
2017).

3aBASIKM CHiILHOMY VIIPaBIiHHIO PYXOM JI€Kijib-
KOX TPaHCIIOPTHUX 3aco0iB, 3’€MHAHMX OE3IPOTOBUM
3B’SI3KOM, MOXJIMBI JAesiki a00 BCi HACTyMHi IepeBaru
TPAHCIIOPTHOI CUCTEMU:

— IlpomyckHa 3maTHICTh TOPOTU MOXe OyTU 30i/b-
1IeHa 3a pPaxXyHOK 3MEHIIEHHSI IMPOMIiXKIiB MiX TpaH-
CHOPTHUMM 3aCO0aMMU.

— CnoxuBaHHS eHeprii Ta BUKUAU 3a0pyIHIOI0YNX
PEYOBMH MOXHA 3MEHIIUTH 32 PaXyHOK 3MEHIIIEHHST He-
MOTPiOHUX 3MiH IIBUAKOCTI Ta aepOIMHAMIYHOTO OIOPY
TPAHCIIOPTHUX 3aC00iB, IO PyXalOThCS CIIiIOM.

— TloreHuifiHO mMiABUINYEThCA Oe3MeKa BOMIHHS,
OCKIJIbKM Yac BHUSIBIICHHSI Ta pearyBaHHSI CKOPOUYETHCS
MOPIiBHSIHO 3 aBTOMOOUISIMU 3 PYYHUM KEPYBaHHSIM.

— Kom@opT cHnoxuBauiB MOXHA ITOKPAIIUTH,
OCKIJIBKM TIOBeiHKa CUCTEeMHU Kpallle pearye Ha 3MiHU
B IOPOXKHBOMY PYCi, a KOPOTILI iHTepBaJIu PyXy MOXYTh
CTPUMYBATH BKJIIOUEHHS iHIIMX TPAHCIIOPTHUX 3aCO0iB
(Z. Wang et al., 2020).

Monenb O1eMOHCTPYE POOOTY CUCTeMU 3a MPUHLM-
MOM <«IIpUiiMad-TiepenaBay» 3 BUKopuctaHHaM DSRC-
3B’SI3Ky 3a JIOIIOMOTOIO IIPOTPAMHOTO 3a0e3IeUCHHS
MATLAB/Simulink. OTpuMaHa MofeIb IT03BOJISIE MPO-
BOAWUTHU PI3HOMAHITHI CUCTEMHi aHaji3u [Jisl IT10JaJb-
LIOTO BAOCKOHAJEHHS iH(hOopMalliliHO-KOMYHiKaliiitHUX
CUCTEM B aBTOMOOLJISIX.

Cnmcok Jitepatypu:

[1] To6muk H. M., Toonuk B. B. MATLAB B iHXeHepHUX pO3-
paxyHkax. Kommn’torepHuii npaktukyM. — JIbBiB: JIbBiBcbKa
noJjitexHika, 2020.— 192 c.
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INTELLIGENCE

DEVELOPING SOFTWARE FOR COMPILING
ELECTRONIC INFLECTIONAL DICTIONARY OF THE SPANISH LANGUAGE

The paper focuses on the technology of creating software for compiling an electronic inflectional Spanish dictionary
using the framework of the L-systems theory by V.A. Shirokov. On its basis all Spanish words were classified into respec-
tive paradigmatic types, groups and classes is made, a formal model of the dictionary is built, and the structure of the
database and the interface of the virtual lexicographic laboratory to work with the dictionary database are determined.
The interface offers a number of functions, including adding, editing, and deleting words and paradigmatic classes.
The developed database structure and data editing software tools contribute to the efficient organization of the process
of creating a word-based Spanish dictionary. The created database can be successfully used in the study of inflection
processes and phenomena.

L-SYSTEM, LEXICOGRAPHIC DATABASE, VIRTUAL LEXICOGRAPHIC LABORATORY, FORMAL
MODEL

Kynpisinos €. Po3podka nmporpamMHoro 3ade3nedeHHs s YKJIAIAHHS €JIEKTPOHHOTO CJI0BO3MIHHOTO CJIOBHHKA icTIaH-
cbkoi MoBU. CTaTTsl NIPUCBAYEHA TEXHOJIOTIT CTBOPEHHS MPOrpPaMHOTro 3a0e3MeuyeHHs JUIsl YKJIagaHHs eJ1eKTPOHHOTO
CJIOBO3MIHHOTIO CJIOBHUMKA iCITAaHCHKOI MOBM 3 BUKOpUCTaHHsIM arapary teopii JI-cucrem B.A. Illupokosa. Ha ii ocHOBi
BUPOOJICHO CIOBO3MIHHY Kilacu®iKallilo icmaHChKUX MOBHUX OIMHUIIb 32 MapagurMaTUIHUMM TUTIAMU, TPYITaMU
i kTacamu, MOOynoBaHO (POpMaNIbHY MOJIENIb CIIOBHUKA, a TAKOX BU3HAYEHO CTPYKTYpY 0a3u JaHMX Ta iHTepdeiic
BipTyaJIbHOI JIeKCUKOTpadiuHoi 1abopatopii mj1s1 podoTH 3 6a3010 TaHUX CIOBHUMKA. IHTepdeiic TponoHye HU3KY
(¢yHKIIi#1, 30KpeMa 1o1aBaHHS, pearyBaHHs Ta BUIyYeHHS CJIiB Ta TapaaurMaTUIHUX KaaciB. Po3pobieHa cTpykTypa
0a3u JaHUX Ta MPOrpaMHi 3aco00M peJaryBaHHs JaHUX CIIPUSIOTH e(DeKTUBHII opraHi3ailii mpoiec CTBOPEHHS CJI0BO-
3MiHHOTO CJIOBHMKA icrmaHchbKoi MoBU. CTBopeHa 0a3a JaHUX MOXe YCHIIIHO BUKOPHUCTOBYBATUCH MPU JTOCTiIKEHHI
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CJIOBO3MiHHUX MPOLECIB i ABUILL.

JI-CUCTEMA, TEKCUKOTPA®IYHA BA3A JAHWX, BIPTYAJIbHA JEKCUKOTPA®IYHA

JIABOPATOPIA, DOPMAJIbHA MOJEJIb

Introduction

The modern period of computer linguistics develop-
ment is marked by a shift in the research paradigm caused
by factors unrelated to linguistics tasks, namely the rapid
development of intellectual information and communi-
cation technologies, as well as natural language’s rapid
acquisition of technological status. These factors neces-
sitate the development of appropriate linguistic resources
that cover the widest possible range of language material
and linguistic phenomena, which, in turn, requires the
development of theoretical and linguistic basics for an in-
tegral description of the language system, oriented to use
in computer linguistics and lexicography, as well as digital
text information processing systems (machine translation,
data and knowledge mining, conceptual and ontology-
based).

These challenges present extremely important tasks
for computer linguistics, particularly the creation of a
universal system of digital lexicographic resources. The
proceedings of the Ukrainian Language and Information
Foundation of the National Academy of Sciences of
Ukraine have made a substantial contribution to the prob-
lem of building integrated lexicographic objects based on
formal models for Ukrainian and some other languages —
the monographs “Information Theory of Lexicographic
Systems”, “Phenomenology of L-Systems”, “Elements

of Lexicography”, “Computational Lexicography” (V.
Shyrokov), “Linguistic and Technological Bases of
Explanatory Lexicography” (V. Shyrokov, N. Zaika, et al.),
“Grammatical Systems” (V. Shyrokov, I. Shevchenko, T.
Liubchenko, K. Shyrokov), 5-volume set “Linguistic and
Information Studies” (V. Shyrokov, et al.). These publica-
tions served as the scientific foundation for the creation of
Ukraine’s National Dictionary Base, the country’s only
linguistic property designated as a national treasure.

1. Related Works

As it is stated in [1], for information systems to func-
tion properly, the language is to be represented as a formal
model. Prof. V. Shyrokov his team mates [2, 3] discuss
in detail the problems of formal modeling of the inflec-
tional system of a language and its representation in soft-
ware tools, such as virtual lexicographic laboratories and
electronic grammar dictionaries. The language system
theory proposed by the researcher has been effectively ap-
plied to modeling the word change systems of Ukrainian,
German, and other languages.

Many works [4-9] are focused on developing a data-
base for different inflectional dictionaries. Among them
are:

— Database of Old Icelandic Inflections (DOII) is
a project that aims to describe the patterns of inflection
in Old Icelandic through computer modeling, currently
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underway at the Arni Magnusson Institute of Icelandic
Studies (SAM) at the University of Iceland. The inflection
models form the basis of the database, and all headwords,
regardless of which category they belong to, are assigned
to one of them. Each noun inflection pattern consists of
two main characteristics: stem type and case endings. The
declined forms are entered manually on separate lines ac-
cording to the inflectional structure.

— Grammar Dictionary of the Polish Language aims to
provide the most complete description of the Polish lan-
guage conjugation: a complete morphological character-
istics and basic syntactic characteristics of Polish words;
for each lexeme, all its declined forms are given with the
meanings of all morphological categories (categories ac-
cording to which the word is declined). In addition, the
values of some syntactic features are given: gender for
nouns, type for verbs, and required case for prepositions.
Due to the large amount of data, the dictionary works us-
ing relational databases, which are a means of storing ele-
ments of the word-changing model. To build all the con-
jugated forms based on the dictionary data, other means,
such as other tools, would be needed. The declined form
in the developed model consists of a prefix, stem, end-
ing, and suffix, which are controlled by several model ob-
jects. Each of these parts can be empty. However, since
the mapping from endings to forms is universal, this com-
plexity does not affect the process of adding new tokens or
checking an existing description. These tasks can be suc-
cessfully performed on a limited set of basic inflectional
forms that are built from stem and ending only.

— UniMorph includes 23 meaning parameters and
over 212 features. Meaning parameters are morphologi-
cal categories such as person, number, tense, and mood.
Each of them represents a coherent semantic space in
inflectional morphology. They include: Participle, anima-
tion, aspect, case, comparison, definiteness, deixis, evi-
dentiality, finiteness, gender, information structure, inter-
rogative, mood, number, part of speech, person, polarity,
politeness, switching, tense, valence, and voice. These
dimensions contain a different number of features, from 2
for definiteness to 39 for case. Features represent the fin-
est differences in meaning that are possible within a given
dimension.

2. Method

All Spanish words are grouped into different paradig-
matic types, i.e., sets of words with the same grammatical
function and inflected according to the same sets of word-
invariant parameters. Each paradigmatic type can cover
several lexical and grammatical classes, i.e., sets of words
united by common grammatical features. In turn, gram-
matical classes are divided into paradigmatic groups, i.e.
groups of words representing a certain type of word-change
paradigm (e.g. regular or irregular paradigm for verbs).
Then, each paradigmatic group falls into paradigmatic
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classes, which are a set of words that use the same set
of endings (quasi-flexions) during paradigm generation.

The inflection system of the Spanish language
distinguishes the following paradigmatic types: nouns and
adjectives T;, verbs T,, personal and reflexive pronouns
T;, articles T, and the irreducible or zero 7|, which
includes the uninflected Spanish words, namely adverbs,
prepositions, conjunctions, interjections. Each of these
paradigmatic types is characterized by a certain set of
inflection parameters.

The inflectional change of a certain word is traditionally
called its inflectional paradigm, i.e., the set of word forms
in all possible grammatical meanings. More formally, a
word change is a correspondence (operator) P, according
to which each word x corresponds to its word-changing
paradigm [x]. Formally, this definition can be presented
as follows:

x = Ix]; [x] = b, X2, ..., xM, X = c(x) *AX),

where x is a word, P is the conjugation operator, [x] = {x!,
x2, ..., xM} is the complete inflectional paradigm of the
word x; x, i = 1, 2, ..., N, are the components of the
paradigm; c¢(x) is the quasi-base (the unchangeable part
of the lexeme x); f(x) is the quasi-flexion of the component
x'. In this case, both the quasi-stem c(x) and the quasi-flexion
f(x) can take on the following values:

— c¢(x) = 0 if the word has a suppletive form, such as
the verb ser (to be) in the second and third person singular
present tense of the active voice: eres, es; the verb caber in
the first person singular present tense: quicro;

— c¢(x) = x if x is an uninflected word, e.g., all plu-
ralia tantum nouns (pantalones, gafas, comicas, esposas,
etc.), all prepositions (a, por, de, con, bajo), neuter pro-
nouns (alguno, ello, lo), conjunctions (que, y, como);
some nouns, e.g., those denoting days of the week (lunes,
martes, miércoles, etc.), etc. etc.), words of Greek origin:
analisis, artritis, crisis;

— fix) = x when all forms are complementary, as, for
example, with the verb ir (to go) in all forms of the pres-
ent tense: voy, vas, va, vamos, vais, van; the verb ser in the
indefinite past tense: era, eras, era, éramos, erais, eran;
the plural form of the masculine definite article: el — los.

Quasi-stem is a common term for an unchangeable
component of a word that can include not just the deri-
vational basis, but also a specific part of it (in some cir-
cumstances, only one letter), as well as the entire word.
A quasi-flexion is a component of a word that varies dur-
ing paradigm building. It can include:

— usual suffixes: comer — como, comes, come; comi-
eras, comiera, comiuramos, etc.;

— a part of the stem: plegar — pliego, pliegas, pliega,
plegamos, plegbis, pliegan;

— the whole word form: orden — yrdenes; ir — voy,
vas, va, vamos, vais, van,

— ending: gato — gatos, mesa — mesas.
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Here are examples of quasi-stem lengths in the table
for the paradigm of the nouns mano and orden, as well as
the verbs bailar, tener, and ser.

Table 1
Quasi-stems and their lengths
x | c(x) | f%) | x — f(x)

mano

mano (sing.) man- -0 3

manos (pl.) man- -0s

orden

orden (sing.) 0 orden 5

ordenes (pl.) 0 ordenes 5
bailar

bailo (1 pers. sing.) bail- -0 4

bailas (2 pers. sing.) bail- -as 4

baila (3 pers. sing.) bail- -a 4
tener

tengo (1 pers. sing.) t- -engo 4

tienes (2 pers. sing.) t- -ienes 4

tiene (3 pers. sing.) t- -iene 4

ser

soy (1 pers. sing.) 0 soy 2

eres (2 pers. sing.) 0 eres 3

es (3 pers. sing.) 0 es 3

Moving on, let us now consider the issue of modeling
the grammatical system of the Spanish language
represented by word change. Formally, the inflection
system can be interpreted as a L-system of a grammatical
type (or grammatical system) where the lexicographic
effect of inflection is induced:

LSORAM = (O( D), AMIQ(D)), PAIC(D)), F', C', H'},
where LSORAM jg [ -system of grammatical type;
AMI9(D)) = {x,} is a set of words in lemma form,
PA(IO(D)) = {[x,]} is a set of paradigms, F' is an operator
that establishes the relationship between a unit and its lemma
form, C’ is an operator that establishes the relation between
a unit and its grammatical content (i.e., a paradigm), H' is
an operator that correlates the lemma form of a word with a
paradigm. In turn, the elements of the lexicographic system
of the grammatical type A*(/2(D)) and PA(/9(D)) can be
decomposed using the recursive reduction mechanism
RRI[V(I9(D))], as shown in Fig. 1.

vA(1(D))

PA(I%(D)) = {ix])

P VAN

AAOl(IQ(D)) pAOl(IQ(D)) APA(IQ(D)) PPA([Q(D))

Fig. 1. L-system decomposition using recursive reduction

M(1%(0) = {xo}

As a result of the recursive reduction, the set of de-
scriptions VA(I9(D)) is decomposed into smaller infor-
mation elements containing relevant information about
the described units of the Spanish language. The left part
AMIQ(D)) of the grammatical description includes a set of
parameters AAY(/9(D)), that determine the place of the
unit in the word-variable system of the Spanish language
according to the classification described in [10], as well as
PMY(JO(D)), i.e., the Spanish units in the canonical form
that correspond to the parameters AA°'(/2(D)). The right
side of the grammatical system PPA(/9(D)), contains both
all the word forms that make up the paradigm PPA(I9(D))
and the parameters representing the set of grammati-
cal values APA(J2(D)) = Q. The components of the set of
grammatical meanings of the Spanish language Q = {Q!,
02, 03 0% Q3 06, Q7 O8, O are:

Q'={o, o,, 05", o,V ={m., £, m yf, m of}is
a set of grammatical meanings of the gender category,
where m is masculine, f'is feminine, m y fis common, and
m o fis indefinite;

Q? = {02, 0,2} = {singular, plural} denotes a set of
grammatical meanings of the number category (singular,
plural);

Q3 ={wy’, o, 0}, 033, 0,3} = (D, presente, pretérito
perfecto simple, pretérito imperfecto, futuro simple} is a set
of grammatical meanings of the tense category (present,
imperfect past, simple perfect past, simple future);

Q= {w*, 0,%, o3, 0,4 = {Ia pers., 2a pers., 2a pers.-
voseo, 3a pers.} designates a set of grammatical meanings
of the person category (first, second, third);

@ = {07, o), 07, o,°} = {indicativo, condicional,
subjuntivo, imperativo} is a set of grammatical meanings
of the mood category (active, conditional, subjunctive, and
imperative);

Q8 = {w,%, 0,°, 0%, 0, = {nominativo, dativo, acusa-
tivo, preposicional} means a set of grammatical values of
the case category (nominative, dative, accusative, local).

Q7 = infinitivo, Q8 = gerundio, Q° = participio are non-
finite forms of the verb: infinitive, gerund, and participle.

Word forms are defined by complexes of grammatical
meanings that together make up the grammatical state
of a linguistic unit. These combinations of grammatical
meanings, or members of sets, define a word form. An ex-
ample of a fragment of the paradigm for the verb hablar
(to speak) is shown in Table 2, and the parameters charac-
terizing its grammatical state are indicated.

Table 2

Parameter values for the grammatical state of the verb hablar
Parameter chain Parameter values in chain Word
form

4 2 3 s {(12 pers., singular,

Kot 0% o, 05} presente, indicativo)} hablo

4 2 3 s {(2? pers., singular, hablas /
oy’ 0% o, 09} presente, indicativo)} hablas
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Parameter chain Parameter values in chain Word
form

402 3 S {(3% pers., singular,

os% o o, 05} presente, indicativo)} habla
4 2 3 5 {(12 pers., plural,

Hor, o), o, 07 presente, indicativo)} hablamos
4 .02 3 5 {(22 pers., plural, o

Ho, 0, o, 07} presente, indicativo)} hablais
42 3 S\ {(3? pers., plural,

{os% o7 o, 07) presente, indicativo)} hablan

3. Dictionary Database

The Spanish inflection dictionary database (as shown
in Fig. 2) was developed using the conceptual model dis-
cussed above. Thus, information regarding paradigmatic
kinds may be found in the “par_types” table:

— ID partyp (paradigmatic type identifier),

— com (paradigmatic type, name),

— ac (comment, word change parameters).

ram_subclass
par types gram_ nom
LB 1D_old -
D_partyp - D n
m part m

Reestr

wom
& Field2

aC

indent
D
type
indent
comment
intcomm

9arp

D_esp-parts —— ™
it group
3 type
Fields
Fields

gram_groups Digt

f 10_group Nom

rop_name nom_old

gram_class

f 0_gals
sign_gcls
name_ls
cod_partyp

X qds

flex

L30)
flex

field2
xmpl
field4
type
part

own
Date
IsDel
[sAdtive
Reverse
[sProblem

=]

Fig. 2. Database scheme of the Spanish language
inflectional dictionary

Parameters and identifiers of grammatical classes in
the table “gram_class” include:

— ID_gcls (grammatical class identifier),

— sign_gcls (grammatical class signature according to
the conceptual classification),
— name_cls (name of the grammatical class),
— cod_partyp (code of the paradigmatic type).
Table “gram_groups”, which contains information
about grammatical groups and includes the following

fields:

— ID_group (grammar group identifier),
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— grop_name (grammar group name),

— gcls (the code of the grammar class to which the
grammar group belongs).

Table “indent” includes the fields that the system uses
to determine quasi-stems by paradigmatic classes:

— type (paradigmatic class number),

— indent (the number of letters to be cut off from the
end of the word to obtain a quasi-stem),

— comment is the conventional name of the
paradigmatic class in the conceptual model.

Table “flex” table contains sets of quasi-flexions for
each case word, organized by the following parameters:

— Reestr (headword),

— Field2 (homonymy number),

— Part (grammatical class code),

— Group (grammatical group code),

— Type (paradigmatic class number).

4. Virtual Lexicographic Laboratory to handle Spanish
Inflectional Dictionary
To work with the electronic dictionary database,
a virtual lexicographic laboratory (VLL) was developed
(Fig. 3), the functionality of which currently allows:
— viewing the grammar dictionary wordlist and the
full paradigm of each word,
— search for words in the register, as well as display
them in forward or reverse order,
— add, delete words from the word list,
— add, delete and edit paradigm classes,
— adding, deleting and editing quasi-flexions in
paradigmatic classes,
— filtering the register by the following features (or a
combination of them): part of speech, paradigmatic class,
homonyms, etc.

) *Grammatical dictionary - Spanish’ DB 07.0403 [BEIES
File Burnsg Croswuc Saransionlientip Butipea [paw. pesmug. ?
J Bcicnoea I | O 5 1] H
nTio e x|H e
[ comn|[ |
Word [+Toid_JP..JO[Al- e -
aguar 0 14 1 aguar—ver @
almorzar 0 13 1
andar 0 43 1
avergonzar 0 15 1
caber 0 4“4 1 Inﬁmth‘ aguar ‘
caer 0 45 1 ‘ ‘
calentar 0 4 1
cazar R VOZ ACTIVA
cegar 0 6 1 MODO INDICATIVO
cefir 0 4 1 f
Singul, Plural
coger 0 21 1 1Ear fa
colgar 0 1" 1 PRESENTE
comenzar 0 5 1 1P lago laguamos
comer 0 18 1 .
conducir 0 3 1/, Zz s s -
foons T4

Fig. 3. VLL main window

The main window of the program is divided into three
zones: the functional area, the register area, and the lexi-
cographic information area. The functional area con-
sists of the following sub-areas: the general menu, edit-
ing tools, tools for executing SQL queries, and the word
search interface. The main menu is intended for selecting
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the display modes of the dictionary, forming a selection
according to certain parameters, and performing opera-
tions with the dictionary database file. The word list area
represents the word list, indicating the number of the par-
adigmatic type, grammatical group and class, and para-
digmatic class. In case of uninflected word, the number
of paradigmatic class isn’t given. Lexicographic informa-
tion area is intended to display information on the word
change of the word selected from the list (full inflection
paradigm).

Paradigm classes, including inflections, are added us-
ing the dialog box (Fig. 4), which is opened by clicking the
“Paradigmatic Classes” button on the editing panel. The
left part of the window displays the numbers of the para-
digmatic type, grammatical class, grammatical group, and
paradigmatic class. In addition, technical parameters are
displayed, such as the length of the quasi-stem of the word
to which the quasi-reflection is to be attached (as shown
in Table 2). The right part of the window contains a list
of all quasi-flexions belonging to the paradigmatic class
selected in the left part. The main functions are: searching
for a particular paradigmatic class, creating a new para-
digmatic class, and adding and removing flexions.

Console =
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Fig. 4. The window for editing paradigmatic classes

To create a new paradigmatic class, click on the “Add
paradigmatic class” button, where you need to enter the
numbers of the corresponding paradigmatic type, gram-
matical class, grammatical group, and paradigmatic class.

Conclusions

The software (VLL) allows compilers to create, edit,
and update electronic dictionaries for any language that

has a developed word change system. The inflectional dic-
tionaries created by the VLL tools provide the ability to
automatically generate a paradigm for any word, display
the whole inflection system together with all its paradig-
matic types, groups and classes, and provide grammatical
characteristics for any word form included in the para-
digm. The developed database structure and software tools
for data editing contribute to the efficient organization of
the process of creating a word-by-word dictionary of the
Spanish language. The created database can be success-
fully used in the study of word change processes and phe-
nomena.
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Introduction

Visual effects (VFX) are a technology that allows you
to create realistic effects such as fire, smoke, water, sparks,
and more using a large number of small objects called par-
ticles. These particles can have different properties, such
as color, size, shape, speed, direction, etc., and interact
with each other and the environment according to cer-
tain rules. Particle simulation systems are widely used in
modern game engines to create immersive visual effects
that enhance the immersion and atmosphere of the game.

The purpose of the study is to analyze and compare the
methods of using particle simulation systems in modern
game engines such as Unity, Unreal Engine, CryEngine
and the possibility of using them in portable devices.

The study focuses on the processes of creating, opti-
mizing and integrating VFX in game projects, as well as
their impact on the graphical quality, performance and
immersiveness of the game.

The study aims to identify the advantages and disad-
vantages of different approaches to VFX implementation
and provide recommendations for their effective use.

In this article, we will review the basic principles and
methods of particle simulation systems, as well as ex-
amples of their application in various game genres. We
will also analyze the advantages and disadvantages of this
technology, as well as the possibilities for its further devel-
opment and improvement.
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1. Description of subject area

The proliferation of tools and technologies for MPE
development is reflected in the computer game industry
[1], interactive cinema, and augmented and virtual real-
ity applications. As development tools evolve, the need
for dynamic model optimization comes to the fore. This
is due to the fact that the simplification of the process of
developing rather complex models has led to a decrease in
developers' interest in multifactor optimization of existing
models - it is easier to build a new model than to optimize
an existing one.

The optimization process can be applied to almost all
elements of modern engines. This is due to the fact that
the engines provide as much functionality as possible to
ensure compliance in the applications they are designed
for. For applications such as the film industry or simula-
tions, where models do not run in real time, optimiza-
tion is not critical because it only affects the comfort of
working with the project, not the final result, which can
go through the rendering process at any time. The main
area where optimization is critical is in real-time software
applications. For this class of applications, the main re-
quirement for the optimization process is to minimize op-
timization-related delays and maximize synchronization
of all used engine elements, since they can run on dif-
ferent hardware and, in the future, be scaled to new por-
table devices. This fact attracts special attention because
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mobility is developing quite actively, and therefore opti-
mizing existing applications for new types of mobile de-
vices becomes more important than ever.

The optimization process remains complex and situ-
ational in its parameters and includes many criteria that
require an individual approach. Modern engines consist
of modules that work together and can influence each
other. Due to this fact, it is often impossible to disable
them: for example, games adapted for virtual reality rarely
use a standard interface module, which requires a lot of
resources for initialization and computation. Also, the
development team often does not include experienced
specialists who can understand the structure of the engine
code and disable a particular module in a way that does
not affect other modules. In some engines, such as Unity,
the engine code is not editable, requiring optimization at
a higher level.

2. Statement of research problem

The article highlights the following tasks to be consid-
ered:

1) analysis and comparison of current tools for devel-
oping particle simulation systems for the game industry;

2) to compare the gaming industry with the film in-
dustry in terms of the creation and use of VFX;

3) review the theoretical foundations of particles and
their classification according to various criteria;

4) analysis of existing methods for simplifying and
optimizing particles for handheld gaming devices, such
as reducing the number of particles, changing their shape
and size, using textures or shaders, adapting to camera
movement;

5) select software for modeling and visualizing par-
ticles using the selected simplification and optimization
methods;

6) conclusions about the advantages and disadvan-
tages of the considered methods of particle simplification
and optimization for portable gaming devices.

This set of questions should be sufficient for a first
overview of the industry, the VFX development tools [2]
and the problems to be solved. The results will also help to
adjust the process of analyzing the results and the meth-
ods that will be used to solve problems with the optimiza-
tion of particle simulation systems.

3. Research Facilities

The game engines listed in the introduction will be
used for the research. In the course of this research, we
will analyze the existing modern engines, review their pros
and cons, and then choose the one that suits us best.

Since we are focusing on portable devices, the most
important parameter of these engines will be the ability to
build projects for mobile devices using modern libraries.

Analyzing optimization for consoles is quite com-
plicated, because it requires the presence of so-called

"devkits" - consoles sent by their owners for development.
This is impossible for the learning process. There are also
personal computers, but the variability of their hardware is
very large, which makes it impossible to adequately evalu-
ate the results of optimization, as video cards of different
generations have fundamental differences.

That's why a personal computer will be used to test in-
termediate results to speed up the analysis process to ob-
tain relative results and formulate optimization methods.
Further testing will be done on a modern smartphone, as
this platform is available and meets the hardware limita-
tions that can reflect the effectiveness of the optimization
methods found.

4. Review and compare modern game engines

Choosing the right game engine is by far the most im-
portant decision a game developer has to make to get the
best results from their product. The first puzzle a game de-
veloper has to solve when creating a game is which game
engine to use to get the best user experience. A game en-
gine helps to create not only classic arcade games [3] like
Ping, Tetris, Snake, but also innovative and advanced lev-
eling games like GTA and Assassin's Creed. Every game
developer has heard of some incredible game engines like
Unreal Engine, CryEngine and Unity3d. These are some
of the most popular and leading game engines for creating
advanced games today. Each of these 3 game engines has
its own qualities and potential. We need to be clear about
the nature of our project, for example, license budget,
game platform, dimensions (2D or 3D), and so on. So,
your goal should be clear before choosing the best game
engine 2023 for our project.

Unity has many contributors in its community who
can help us with the project right away. Another feature
that makes it stand out as one of the best 3D game engines
in 2023 is its ability to support a number of file formats
used in leading 3D programs, including 3D Max, Blender,
CINEMA, Maya, Softimage, and many others. In addi-
tion, game developers have access to more than 15,000
free and paid 3D models, audio, animations, editor ex-
tensions, materials, scripts, and shaders for use in game
development. Unity 3D uses C# or JavaScript, which
is more desirable than C++ because you don't have the
hassle of switching from Java to C# compared to C++.
Nevertheless, Unity 3D has a simple and fast interface
and is light enough to run even on Windows XP with
Service Pack 2 (SP2).

Second on the list is Unreal Engine 4, which is the
latest engine released by one of the largest American
video game and software development companies, Epic
Games. Unreal Engine 4 is the successor of the Unreal
Development Kit, commonly known as UDK in the gam-
ing world. Unreal Engine 4 offers incredible graphics
that add a realistic touch to the gaming experience with
features such as advanced dynamic lighting. What makes
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this game engine even more amazing is its new particle
system, which has the ability to handle up to a million
particles in a single scene.

In addition, UE4 is completely free to use, but you
must pay a royalty of 5% of the money you make from
your Unreal Engine 4 games. In short, Epic Games gets
5% of everything you make, whether it's in-app purchas-
es, in-game advertising, or money you charge users to buy
your game. However, the creators of Unreal Engine 4 al-
low developers to use the full version of Unreal Engine 4
for free if the revenue you make from your game is up to
$3,000 per quarter.

In addition, Unreal Engine 4 uses Blueprint Visual
Scripting technology, which allows you to create games
using Blueprint. However, such games have some limita-
tions. Among other things, the bad thing about this engine
is that it is not capable of developing games for last gen-
eration consoles.

Finally on our list of the best game engines in 2023 is
CryEngine. First introduced by major development com-
pany Crytek in the first Far Cry game, CryEngine is un-
doubtedly one of the most powerful and dominant game
engines we have today. What makes CryEngine worthy of
the list is its graphical capabilities, which eclipse those of
Unity and are equivalent to what Unreal has. Although
CryEngine is a heavy and powerful game engine, it takes
a little time for the user to be able to use this platform ef-
fectively and is a little harder to understand for beginners
who have not used other game engines before.

The CryEngine supports virtual reality and has amaz-
ing visual effects, including a three-dimensional fog and
cloud visualization system that gives clouds a full 3D spa-
tial visualization and realistic rendering for fog and weath-
er effects. Furthermore, the best part of choosing the
CryEngine platform for game development is that it does
not require its users to pay royalties during game devel-
opment. However, to get access to CryEngine, you need
to pay a fixed amount, namely $9.90/- per month. In
addition, CryEngine has a dedicated Q&A forum called
CryEngine Answers that clears all your doubts and queries
and helps you to have the best experience.

While comparing Unreal, Unity and CryEngine, we
came across the best features that these game engines of-
fer us. Comparing the performance of Unity and Unreal,
we realized that Unity is a better platform for developing
mobile and 2D/3D games, while Unreal is best suited
for developing highly graphical and photorealistic games.
This is the main difference between Unreal and Unity.

CryEngine, on the other hand, also has the ability
to create games with high graphics. Furthermore, when
comparing CryEngine to Unreal 2023 on the scale of
providing next-generation platform features with a more
attractive pricing model, CryEngine undoubtedly outper-
forms Unreal with its cost-effective structure. However,
for a beginner, when it comes to CryEngine 5 vs. Unreal
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Engine 4 based on lightness and minimalism, despite the
amazing features that CryEngine has, Unreal Engine 4
and Unity are definitely worth a try.

At the end of this analysis, we came to the conclusion
that the most versatile and high-quality particle simula-
tion system is implemented in Unreal Engine. Moreover,
both systems of this engine have developed tools for op-
timization, not only for the creation of these particles.
Therefore, further analysis should be done on this engine.

5. Industry analysis and Unreal Engine 4-5's place in it

The late 90's saw a monumental development in per-
sonal computers and the games that could be played on
them. Graphics improved rapidly, and although ridiculous
by today's standards, the development of 3D first-person
graphics made video games much more immersive. The
Internet was rapidly spreading to consumers, making it
easier to participate in online games, join discussions on
gaming forums, and even learn how to program games
yourself. And the games released during this time are titles
we still talk about with reverence: Doom, Sim City, Duke
Nukem, Half-Life, StarCraft, Myst, and many others (see
Fig. 1).

Fig. 1. Doom

But Unreal Tournament was in a league of its own: fast
paced, large maps, and Al computer opponents that, for
the first time, actually seemed intelligent. A community
of players began to grow around the game, modifying it,
making it their own, and sharing their creations with the
community. All of this happened thanks to a game devel-
opment company with an extremely bright future and the
software they created called Unreal Engine.

Founded in 1991, Epic Games is one of the few soft-
ware company success stories that has earned a rightful
place in gaming history. Their first few games were com-
mercially successful, but what really put them on the
map came at the end of the millennium when they re-
leased Unreal [4] in 1998, followed by its sequel, Unreal
Tournament, the following year.

The game's gameplay, graphics, and features set it apart
from many other first-person shooters on the market. But
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beyond the game itself, Epic Games made a decision that
made the game legendary. They decided to ship the game
with the same tool - the Unreal Editor - that is used to
create levels and gameplay, allowing players to customize
the game and make it their own. It's one of many game
engines developed over the years, but it's far from the most
successful or widely used.

"If you think of a technology that has stood the test
of time, Unreal Engine is one of the biggest," says Jacob
Feldman, a software and rendering solutions engineer
at CoreWeave who moonlights as an authorized Unreal
Engine instructor. "It has over 20 years of code, so it's a
significant, complex product."”

Realizing that they had a winner with the Unreal
Engine, the Epic team began licensing the software so that
other developers could build their own games on top of it.
Fast forward to 2017, when the studio released Fortnite, a
cultural sensation that would further cement the legacy of
Epic and the Unreal Engine. More recently, the Unreal
Engine has played a major role in another cultural mo-
ment that has propelled the tool into an entirely new in-
dustry: movie production [5] (see Fig. 2).

Fig. 2. Using UE4 in cinema

In 2019, Disney released the award-winning series The
Mandalorian as part of the lineup for its new streaming
service, Disney+. The show became an instant hit, con-
tinuing the long history of Star Wars productions that have
pushed the technological boundaries of the film industry.
"The Mandalorian" demonstrated a giant leap forward in
set design by using real-time set rendering with the Unreal
Engine, effectively making green screen obsolete.

"Unreal made a leap into broader industries like film
after Fortnite came out,"” says Feldman. "It became clear
that a game engine like Unreal, designed for flexibility,
performance, and visual quality, had more applications
than just gaming. This became especially clear as more
powerful hardware began to enable things like real-time
ray tracing and other visual effects that were simply not
possible 5-10 years ago. The visual effects industry has
some of the most stringent requirements of any visual me-
dium, so Epic has made a serious commitment to sup-
porting the kinds of tools that VFX studios need.

Filmmakers have always found ways to trick the audi-
ence's eyes into thinking they are seeing something larger
than what is there - what the industry calls "set exten-
sion. In the early days of Hollywood, this involved literally

drawing scenes that were then seamlessly integrated into
the set to create the effect of infinite space.

Later, green-screen technology became the preferred
method for creating large worlds. However, there are some
significant problems with this method. It can be difficult
for actors and crew on set to perform convincingly against
an empty, bright green background. The actors cannot see
the world around them (see Fig. 3) and therefore cannot
react to it in a way that is convincing to the viewer.

But what if there was a way to create large worlds on
command that actors could see right in front of them? It
would be almost like throwing those actors into a video
game and having them perform in that world, with all the
views available to their own eyes.

Fig. 3. Shooting a movie

Mandalorian creator Jon Favreau approached the
team at Epic Games to see if they could help him do this,
essentially immersing his actors in a video game. Using
massive high-definition LED screens surrounding their
set, the Mandalorian team took the old Hollywood con-
cept of painted sets and brought it into the twenty-first
century. Now these painted sets were living, breathing
environments with dynamic lighting and movement. The
actors could see them and react to them. The physical ele-
ments in the foreground blend seamlessly into the virtual
background.

But it gets even better-using game engine technology,
you can tie camera movement to the background (see
Fig. 4), allowing it to change with the camera to perfectly
match the movements and provide smooth parallax move-
ment that is indistinguishable from the real shot.

Fig. 4. The process of filming «Mandalorian»
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In essence, they created the real-time graphics that
underpin movie production. There is no need to clean up
in post-production; these effects are done in the camera
in real time.

"It's a huge help for the actors and the crew to be able
to see their surroundings as they happen," says Feldman.
"Today, an actor has to imagine what is happening around
them on a green screen. This advancement allows them
to see it."

In addition to making life easier for the actors, the
real-time environment also makes the work of the post-
production team infinitely less stressful. On the green
screen, reflection is a constant battle. Any shiny material
will reflect the green environment and ruin the VFX ef-
fect. These reflections must be removed, and then virtual
light must be added to the tiny reflections in glasses, hel-
mets, or pieces of metal in the environment. Real-time
environments eliminate all of this because the reflections
captured by the camera reflect the world as it should be
in the story.

Epic Games took the wraps off its latest game engine,
Unreal Engine 5, and pretty much broke the gaming-in-
terested part of the Internet. Running on the PlayStation
5 developer hardware version, the results uploaded to
Vimeo looked stunning at first, but when you realized they
were real-time gameplay footage, they were truly impres-
sive.

The visual quality is virtually unmatched by anything
other than today's high-end pre-processed visual effects,
with an incredible level of detail and truly photorealistic
lighting [6]. What's even better, of course, is that the news
about UES5 has lit up the broadcast graphics, movie ef-
fects, virtual studio, and pretty much anywhere else that
high quality visual effects are used.

While other engines like Unity are available, Epic has
done a nice job of combining a leading feature set with
ease of use and a business model that encourages the use
of UE in other software. For example, any game develop-
er using Unreal commercially pays no licensing fees until
gross software revenues reach $1 million (recently raised
from $50,000), and this has helped to drive its widespread
integration across a range of technologies. For non-game
developers, it is 100% royalty free.

Its use in the graphics stack is similar to how connec-
tivity to the IT industry as a whole has accelerated devel-
opment in the broadcast sector; it allows a relatively small
industry to leverage the development efforts of a much
larger one, and the speed of change we're seeing as a re-
sult is impressive.

"When the new Unreal Engine 5 comes out, you
won't be able to tell what's real and what's not," said Phil
Ventre, vice president of sports and broadcast at Ncam
Technologies. "The integration of game engines is demo-
cratizing the way companies use AR and VR, and it won't
just be a tier-one technology for broadcasters in the future."
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While the new demo was created in part to showcase
some of the very smart new technologies in the upcoming
PS5, such as the literally game-changing M.2 SSD, UE5
showcases some new technologies that are dramatically
moving the goalposts for real-time CG work. Two in par-
ticular are worth mentioning: Nanite and Lumen.

Nanite is a new virtualized geometry [7] of micro
polygons that essentially allows artists to create as much
geometric detail as they want. It's translatable and scalable
in real time, which is important to consider when you're
planning an engine that will run on everything down to a
smartphone (see Fig. 5).

Then there is Lumen. This is a fully dynamic global
lighting system that responds instantly to changes in scene
and lighting and is part of the secret to why the game's
graphics look so good on a console. It's capable of repro-
ducing diffuse bounce reflections with infinite bounce
and indirect specular reflections in what Epic calls "vast,
detailed environments on scales from kilometers to mil-
limeters. It's also adaptable: Punch a hole in a wall and
the scene will change to accommodate the light coming in
through the hole.

Fig. 5. Demo scene on UE5S

"The ability to light and render hundreds of millions of
polygons in real time is a quantum shift that will change
the way filmmakers interact with the images they create,"
said Miles Perkins, business development manager at Epic
Games. "These new technologies will allow creatives to
see the fullness of their vision without having to separate
different parts of their shots, viewing animation separately
from lighting, separately from environments and effects.
Everything will be right in front of them, fully control-
lable. Filmmakers will be able to compose and light shots
in real time, whether they are physical, virtual, or a com-
bination of the two."

Perhaps one of the key points here is that the Unreal
Engine, currently running at version 4.25, is already very
good.

"We are currently using Unreal Engine 4 extensively in
both pre-production and virtual production,” said Hugh
MacDonald, director of technology innovation at Nviz.
"For pre-production, the real-time nature of UE4 means
we can get incredibly high-quality images with minimal
rendering time. We're also using it for virtual production,
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which allows for better integration than we could have
done in the past.

Nviz uses Unreal in two main tools that illustrate how
it is being used for pre-production work in the industry
and where it can go. The virtual camera system allows for
virtual scouting of pre-production environments and al-
lows directors and cinematographers to get hands-on ex-
perience with the camera, while the simulcast toolkit is
tightly integrated with Unreal and allows the crew on set
to preview what the shot will look like after visual effects
are added in post.

"Unreal allows us to ensure that it's both flexible and
high quality," says MacDonald. "From what we know of
UES so far, the main leaps will be in geometry detail, as
much higher resolution assets can be used and rendered.
This is a much better fit for the movie VFX workflow, as it
is hoped that assets will require less editing to make them
engine ready. Fully dynamic lighting, which is lumen, will
mean that there will be less need for lighting baking to
get the same result. This will allow us to keep scenes fully
dynamic, allowing us to adjust lighting in real time during
production, if necessary, which is often requested on set as
physical lighting changes from shot to shot."

New Creativity Along with the increase in quality,
which Ventre of NCam compares to the leap from UE3 to
UE4, UES5 opens up the tantalizing prospect of introduc-
ing both new ways of working and new ways of creatively
exploring virtual spaces.

"The Unreal Engine is going to be a big part of the
future of cinema," says CVP's Sam Mir. "It brings back
the ability to get practical in-camera effects, whether it's
interactive lighting on an actor or dynamic background
changes in real time, even if they were created in a virtual
space. The ability to get instant feedback on how some-
thing is going to look is invaluable."

This will find its way into many more living spaces
than before. McDonald mentions theater and events,
where video screens have become part of the interaction
with lighting to create entirely new live spectacles, while
virtual sets will take another leap in quality to become so
indistinguishable from the real thing that only a live au-
dience will influence the decision to use a physical set.
Even these viewers will be able to see completely different
shows, with mixed elements of augmented reality seam-
lessly integrated into the final TX. In the post-covid era,
you can easily get three guests on the couch for a chat
show from the comfort of your own home, and no one
will be the wiser.

And, of course, there's the possibility that this could
accelerate the development of live shots on LED screens,
as pioneered by shows like The Mandalorian.

"While Unreal has been used a few times on LED
screens during shoots, the new updates will hopefully take
it much further and get a higher percentage of finished
shots straight from the camera," MacDonald enthuses.

6. Particle simulation systems available in UES

Cascade and Niagara [8] are two particle systems used
in Unreal Engine to create effects such as fire, smoke,
rain, snow, and sparks. Cascade is an older system intro-
duced in Unreal Engine 3, while Niagara is a newer sys-
tem added in Unreal Engine 4.25. Both systems have their
advantages and disadvantages, which will be discussed be-
low.

Cascade is based on the concept of emitters and mod-
ules. An emitter is an object that generates particles ac-
cording to certain rules, and a module is a component
that changes the properties of the particles, such as color,
size, speed, rotation, etc. Cascade allows you to create
complex effects from multiple emitters and modules and
customize them using a graphical interface. Cascade also
supports features such as GPU acceleration, particle col-
lisions, lighting and shadow interaction, sprite animation,
and more.

Niagara is based on the concept of systems and emit-
ters. A system is an object that manages one or more emit-
ters and their logic. An emitter is an object that generates
particles according to certain rules, but in Niagara these
rules can be specified using graph editors or scripting lan-
guages. Niagara allows you to create more flexible and
dynamic effects with a variety of particle types, including
mesh particles, line particles, ribbon particles, and more.
Niagara also improves the performance and quality of ef-
fects through GPU optimization, fluid simulation, and
interaction with engine functions.

A comparison of Cascade and Niagara can be seen as
follows:

1) Cascade is easy to use and has many default settings
for creating effects quickly.

2) Cascade has limitations on the number and type of
particles.

3) Cascade does not allow you to change the logic of
particle generation or create your own modules.

4) Niagara is difficult to use and requires more pro-
gramming and math skills to create effects.

5) Niagara allows you to create many different types
and shapes of particles.

6) Niagara allows you to modify the logic of particle
generation or create your own functions and modules.

7) Niagara improves performance and effect quality
through GPU optimization and fluid simulation.

7. Cascade

The basic and overarching concept of the cascade is
that of modular particle systems. In some 3D effects pack-
ages, such as Maya, a particle system is created with most
of the necessary properties for the behavior. The user then
modifies these properties to achieve the desired result.

In Cascade, on the other hand, the particle system
starts with just a few basic properties and a few behavior
modules.
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Each module represents a specific aspect of particle
behavior and contains only the properties that control
that behavior, such as color, birth position, motion, scal-
ing, and many others. The user can then add or remove
modules as needed to further define the behavior of the
particles. Since only the modules for the desired behavior
are added, there is no unnecessary computation of unnec-
essary properties.

Best of all, modules can be easily added, removed,
copied, and even tried on emitters in the particle system,
making complex setups very easy to achieve once the user
is familiar with the available modules.

Some modules come standard with a particle emitter.
When a new sprite emitter [9] - a key component of any
particle system - is added to a particle system, it is always
created with the following default modules:

1) Required - contains a variety of properties that are
absolutely necessary for the particle system, such as the
material applied to the particles, how long the emitter
should emit particles, and many others.

2) Spawn - this module controls how fast the particles
will appear from the emitter, whether they will appear
in bursts, and any properties related to the particle birth
time.

3) Lifetime - this parameter determines how long each
particle will live after its birth. Without this module, par-
ticles will live indefinitely.

4) Initial Size - controls the size of the particle at the
moment of its birth.

5) Initial Velocity - controls the movement of the par-
ticle at the moment of its birth.

6) Color Over Life - this module controls how the col-
or of each particle will change during its life.

The Required and Spawn modules are permanent and
cannot be removed from the emitter. All other modules
can be removed at will.

Particle systems are also very closely related to the dif-
ferent materials and textures applied to each particle. The
main task of the particle system itself is to control the be-
havior of the particles, while the specific look and feel of
the particle system as a whole is often controlled by the
materials.

There are many modules that can be added to particle
emitters. To avoid confusion, these modules are divided
into different categories. These categories include those
listed in Table 1.

Two important concepts to keep in mind when work-
ing with particle modules are initial and lifetime. Initial
modules are used to control some aspect of the particle
at the moment of its birth. The Over Life or Per Life
modules are used to allow some aspect of the particle to
change during its lifetime.
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Table 1
Categories of particle emission system modules
Category Description
Modules that control how the acceleration of
Acceleration | particles can be affected by, for example, drag
forces.
Attraction Modules that control particle movement by
attracting particles to different points in space.
Modules that control the movement of
Camera particles in camera space, allowing the user to
make them appear closer or farther away from
the camera.
.. Modules that control how collisions between
Collision .
particles and geometry are handled.
Color Modules that control the color of particles.
Modules that control the activation of particle
Event events, which in turn can trigger a variety of
in-game reactions.
Kill Modules that control the removal of particles.
Lifetime Modules that control how long particles live.
Light MO(.iules that control the light emitted by
particles.
Modules that control the birthplace of
Location particles relative to the location of the Actor
emitter.
. Modules that control the material of the
Material .
particles themselves.
Orbit Modules that provide orbital behavior of the
screen space to add movement to the effects.
. . Modules that allow you to set the rotation axis
Orientation .
of the particles.
Modules that can be parameterized or
Parameter controlled by external sources such as
blueprints and wounds.
Rotation Modules that control the rotation of particles.
RotationRate Modules that cor}trol the change of rotation
speed, such as spin.
Size Modules that control the size of particles.
Modules that add special particle appearance
Spawn rates, such as spawning particles based on
distance moved.
SubUV Modu.les to display animated sprite sheets on
a particle.
Velocity Modules controlling each particle's speed.

For example, the Initial Color module allows you to
set the color of the module at the time of birth, while
the Over Life property allows the color of the particle to
gradually change between the time of birth and the time
of death.

If you change the property to a type of distribution
that changes over time, some modules use "relative time"
and some use "absolute time".

Absolute time [10] is essentially the time that the emit-
ter contains. If you have an emitter set up for 3 cycles of
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2 seconds, the absolute time for the modules in that emit-
ter will go from 0 to 2 seconds three times.

The relative time is between 0 and 1 and indicates the
lifetime of each particle.

As you work with Cascade to create your own particle
effects, it's important to keep in mind how each object
is related to the others. We've already discussed the con-
cept of modules in this document, but they are only one
component of a complete particle effect. In general, the
components of a particle system are modules, emitters,
particle systems, and emitter actors.

Just as there are many types of effects you'll want to
create with your particles, there are also many types of
emitters to help you create exactly what you need. Below
is a list of the available emitter types:

Note that all emitters, regardless of type, are sprite
emitters by default. Various Emitter Type Data modules
are then added to the emitter to change its type to some-
thing else.

Not all aspects of a particle system can be defined in
advance. Sometimes certain parts of the particle system's
behavior need to be controlled or changed at runtime.
For example, you may want to create a magic effect that
changes color based on the amount of magic energy con-
sumed during the spell. In such cases, you'll need to add
parameters to the particle system.

A parameter is a type of property that can send or
receive data to/from other systems, such as Blueprints,
Matinee, Material, or many other sources. In Cascade, a
parameter can be assigned almost any property, meaning
that the property can be controlled from outside the par-
ticle system. For example, setting a parameter to control
the rate of creation of a fire effect can allow the player to
increase or decrease the amount of flame emitted during
operation.

Conversely, there are parameter modules that can be
added to a particle system that in turn can control other
things in the level, such as the color used in a particular
material.

Particle systems can easily become very expensive to
compute. Even when using GPU particles, which offload
much of the particle calculation to the GPU, it is impor-
tant to consider the value of calculating particles that the
player is too far away to see or properly evaluate.

For example, consider the fire particle system. If you
look at it up closely, you can see the embers and sparks
rising into smoke. But if you look at it from a distance of
several hundred meters, those embers are so small that a
monitor or screen cannot even reproduce them. So why
calculate them?

This is where Levels of Detail (LOD) come into play.
The LOD system [11] allows you to set your own distance
ranges at which your particle system will automatically sim-
plify. Each range represents a different LOD. Simplification
comes in the form of reduced property values, disabled

modules, or even disabled emitters. For example, in the
bonfire example above, it would be ideal to completely dis-
able the emitter that was adding sparks to the overall effect
when the player was too far away to see them.

Your particle system can have as many LODs as you
need, and you can manually control the ranges for each
one.

Distributions are a set of data types for processing data
in special ways, such as using a range for a value or inter-
polating a value along a curve. Whenever your particle sys-
tem requires randomization or the ability to change some
aspect of the particle over time, you will use a distribution
to control that property.

Many properties found in Cascade modules can have
different distributions applied to them. The actual value of
the property is then set in the distribution.

8. Niagara

Why re-invent visual effects for Unreal Engine? Unreal
Engine continues to expand its user base and is now used
in many industries outside of game development.

Unreal Engine users are more diverse than ever, rang-
ing from design students to small indie developers, to
large professional studio teams, to individuals and com-
panies outside the gaming industry. As they move forward,
Epic's developers will not know everything about every in-
dustry that uses the Unreal Engine. They wanted to create
a visual effects (VFX) system that would work for all users
across all industries.

They wanted to create a new system that would give all
users the flexibility to create the effects they wanted. Their
goals for the new VFX system were:

1. Put complete control in the hands of the artists.

2. The ability to program and customize on every axis.

3. Better tools for debugging, visualization, and pro-
ductivity.

4. Support for data from other parts of the Unreal
Engine or external sources.

Total user control begins with access to data. Epic
Games wants the user to be able to use any data from any
part of the Unreal Engine, as well as data from other ap-
plications. So they decided to give the user everything.

In order to make all this data available to a user,
you need to determine how someone can use the data.
Namespaces provide containers for hierarchical data. For
example, Emitter.Age [12] contains data about an emitter;
Particle.Position contains data about a particle. A param-
eter map is a particle payload that contains all the attri-
butes of a particle. This makes everything optional.

Any kind of data can be added as a particle param-
eter. We can add complex structures, transform matrices,
or boolean flags. We can add these or any other data types
and use them to simulate effects.

There are advantages to both the stack paradigm
(as used in Cascade) and the graph paradigm (as used

95



Maksym Shulha, Dmytro Matvieiev, Oleksii Nazarov, Nataliia Nazarova

in Blueprints). Stacks give users modular behavior and
readability. Graphs give users more control over behavior.
This new effect system combines the best of both para-
digms.

Modules work in a graphical paradigm - we can cre-
ate modules from HLSL in the script editor using a visual
node graph. Modules interact with common data, encap-
sulate behavior, and are compiled together.

Emitters work in a stacked paradigm - they serve as
containers for modules and can be stacked to create dif-
ferent effects. An emitter is single purpose, but it is also
reusable. Parameters are passed from modules to the
emitter level, but you can change modules and parameters
in the emitter.

Like emitters, systems work in a stacked paradigm
and also use a sequencer timeline to control the behav-
ior of emitters in the system. A System is a container for
Emitters. The system combines these emitters into a sin-
gle effect. When editing a system in the Niagara editor, we
can change and override any parameter, module or emit-
ter in the system.

The particle simulation in Niagara works conceptu-
ally like a stack - the simulation flows from the top of
the stack to the bottom, executing the modules in order.
Importantly, each module is assigned to a group that de-
scribes when the module is executed. For example, mod-
ules that initialize particles or act when a particle appears
belong to the Particle Spawn group.

Within each group, there may be several stages that
are invoked at certain points in the system's life cycle.
Emitters, systems and particles have Spawn and Update
stages by default. Spawn stages are invoked in the first
frame in which the group exists. For example, systems in-
voke their spawn stage the first time the system is created
and activated on a level. Particles invoke their spawn stage
whenever the emitter emits a particle, and spawn instruc-
tions are executed for each new particle created. Update
stages are invoked in every frame where a system, emitter
or particle is active.

There are also advanced steps such as events and
simulation steps that can be added to the spawn and up-
date flow. Events are called whenever a particle gener-
ates a new event and the emitter is configured to handle
that event. Where possible, event handler steps occur in
the same frame, but after the original event. Simulation
steps are an advanced GPU feature. This feature allows
you to run multiple sleep and update stages in sequence
and is useful for building complex structures such as fluid
simulations.

By adding each module to a stage (update, spawn,
event, or simulation) in a group (system, emitter, or parti-
cle), we can control when the module runs and what data
it processes. Stack groups are associated with namespaces
that define what data the modules in that group can read
or write.
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For example, modules executing in the System group
can read and write parameters in the System namespace
but can only read from parameters that belong to the
Engine or User namespaces. As execution moves down
the stack from the System group to the Emitter group,
modules executing in the Emitter group can read and
write parameters in the Emitter namespace, but can
only read from parameters in the System, Engine, and
User namespaces. Modules in a particle group can only
read from parameters in the System and Emitter name-
spaces.

Since modules in emitter groups can read parameters
in the system namespace, a simulation relevant to all
emitters can be performed once by modules in the sys-
tem group, and the results of this simulation (stored in the
system namespace) can be read by modules in the emit-
ter group in each individual emitter. This continues with
modules in the Particle group, which can read parameters
in the System and Emitter namespaces.

In other respects, Niagara is very similar to Cascade.
This system is more advanced, more flexible, and has
endless possibilities for extending functionality, although
this makes the process of creating particles more compli-
cated. In this subsection, the main differences and archi-
tectural features between Cascade and Niagara have been
presented, since the process of automated optimization in
these systems is conceptually different.

9. Optimizing particle simulation systems

When creating a game, we can have a lot of variation
in the FX workload depending on the composition of the
scene. Sometimes it may be necessary to take steps to
manage performance, such as dropping instances outside
a certain range or instances that exceed a certain budget.

Effect Type resources allow you to configure a set
of settings once and then apply them to a collection of
Niagara systems.

The Effect Type object allows you to configure several
different methods for selecting systems that exceed your
budget. All of these options are available under the Budget
Scaling heading.

Maximum global budget usage (see Fig. 6): This op-
tion allows you to set a budget above which any system
will be discarded. Typically, this setting is set to a value
between 0 and 1, corresponding to a percentage between 0
and 100%. You can set it to 1.5 if you want the system to be
more permissive. This means that once a system reaches
this percentage of your budget, it will be discarded. This is
the best option if you value performance over appearance.

Maximum Distance Scale by Global Budget
Utilization: This option allows you to customize the curve
to determine how the distance at which you select systems
decreases as your budget usage increases. For example, if
your budget is very high, Niagara will only render those
that are nearby, not those that are far away.
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Max Global Budget Usage

Culled
Systems

Niagara
Systems

Budget Usage
Fig. 6. Maximum global budget utilization

Maximum Instance Scale by Global Budget Usage:
This option allows you to configure a curve that deter-
mines how the number of instances in your tier will de-
crease as budget usage increases. This will scale down all
instances of all systems that are subject to this type of ef-
fect.

Maximum scaling of system instances by global bud-
get usage: This option allows you to customize the curve
(see Fig. 7) that determines how the number of instances
at your tier decreases as budget usage increases. However,
with this option, instead of dropping all instances on all
systems, you drop a certain number of instances for each
system.

Distance or Number of Instances
by Global Budget Usage

N

Culled
,\XL i Systems
.
Distance \
or ~
Number of e
Instances

Budget Usage
Fig. 7. Demonstration of the culling system operation

For each of these three parameters, which take the val-
ues Start X, Start Y, End X, and End Y, these values define
a linearly interpolated curve. Anything above this curve is
discarded. For an example of what the curve will look like,
see the diagram below.

In the grand scheme of things, particle count plays
a very small role in performance. Regardless of whether
the screen is split or not, material complexity and screen
coverage (overdraw) are your clear enemies when it comes
to the overall cost of a given system. A simple emissive
spark, with nothing more than a texture multiplied by

vertex colors and connected to an emissive input in an
unlit material, follows only a handful of instructions. You
can create them in droves all day long, and the overall im-
pact on your productivity is likely to be very small. Sprites
are small, which means screen coverage is low, and the
complexity of the material makes them cheap and fast
to render. The number of vertices isn't really something
you need to worry about in the long run unless you're
reaching really extreme numbers (hundreds, thousands,
or more).

A much bigger impact on overall performance is the
number of instructions for your materials. For materials
like fire and smoke, there are basically two ways to go. The
first is to create a more complex material for your effect.
In the fire example, you would create fewer sprites and let
the randomness and complexity of the advanced material
do the work of bringing the emitter to life. Another op-
tion is to use a cheaper material and spawn more sprites,
keeping the overall cost the same but allowing more par-
ticles to do your job in achieving randomness, as opposed
to a more complex material. Keep in mind that material
costs decrease exponentially with distance (a quadrilateral
drawn on the screen twice as far away from the camera
costs 4 times less due to the fact that the total pixel area
decreases exponentially with distance, reducing the num-
ber of pixels that are dragged).

In our case, we need to analyze how expensive our
materials are, how many sprites we create, and how close
to the screen we will approach these effects. These three
properties are the main decision makers in terms of the
complexity of the emitter, and they all need to be bal-
anced.

In general, focus on reducing the complexity of your
materials as a way to improve performance, and always be
aware of potential drag when you are working with emit-
ters as a whole. Don't get hung up on particle counts un-
less you are generating extreme numbers of particles, or
you are generating meshes using mesh emitters that have
extreme numbers of vertices.

Conclusions

After analyzing the industry, we came to the conclu-
sion that Unreal Engine is the most suitable for our tasks.
Unity is more popular among developers for portable de-
vices, but at the same time it has a less developed VFX
creation system. The system implemented in Unity has
not been globally updated since the creation of the en-
gine, and the capabilities implemented in it are not flex-
ible enough to conduct a pure experiment and analyze
possible optimization strategies. At the same time, Unreal
Engine has the most advanced VFX creation system -
Niagara, which provides the best opportunity to study and
optimize particle simulation systems, as it allows not only
to use ready-made solutions, but also to write code inde-
pendently.
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The comparison of Niagara and Cascade showed a fun-
damental difference in the principles of optimizing parti-
cle simulation systems. Only one principle is relevant now,
as it was before - reducing the number of particles, but as
practice shows, this is often not enough. The change in
the principles of optimization of these systems shows that
the search is still ongoing and the decisions made earlier
by the engine developers are no longer relevant. This sug-
gests that new solutions may also be imperfect, as they try
to solve the optimization problem universally, rather than
in the best way for mobile devices.

For this reason, further analysis of existing optimiza-
tion methods and their improvement or creation of new
ones is a relevant and promising task. To this end, we
plan to study the principles of VFX, existing optimization
methods, and conduct tests on portable devices.
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INVESTIGATE METHODS FOR SMOOTH TRANSITIONS BETWEEN LEVELS
OF DETAIL FOR EFFECTIVE VISUALIZATION OF 3D SPACES

INTELLIGENCE

The object of study is 3D-rendering. The subject of study is providing smooth transitions between LOD models.
The purpose of the work is to increase rendering performance of large 3D-scenes considering smooth transitions between
models with different levels of detail. The study examines existing algorithms for enabling smooth transitions between
levels of detail considering computational complexity and visual appeal of said methods.

3D-RENDERING, ALPHA-BLENDING, COMPUTER GRAPHICS, GEOMORPHING, LOD, NOISE-
BLENDING, POPPING EFFECT

Ilenemernes E.O., Hosikos 10.C., Hazapos O.C., Hazaposa H.B. /locaimkeHHs MeToiB MIABHUX NEPEXOIiB MixK
piBHsIME netarizamnii 1 edexTuBHOI Bizyanizanii 3D-npoctopiB. O6'ekTom nocmimkenHs € 3D-pernepunr. [1penme-
TOM JIOCTIIKEHHSI € TIpollec 3a0e3MeueHHs TIaBHOro niepexony Mixk LOD monensiMmu. MeToro poOOTH € MiIBUIICHHS
edekTUBHOCTI Bidyauizallii Be1ukux 3D clieH i3 ypaxyBaHHSIM TUIABHOCTI TMEPEX0ay MixXK MOJIE/SIMU 3 Pi3HUM piBHEM
neraiizaliii. B xomi poO0TH BUKOHYETBCS JOCTIIKEHHS iCHYIOUMX aJTOPUTMIB IIJIABHOTO MEPEXOIy MiXK PiBHSIMU Jie-
TaJli3allii 3 TOYKU 30py 00UYMCTIOBAIBLHOI CKJIAJHOCTI Ta BidyaJlbHOTO BULJIsiAY. Pe3ynbraT 4OCTiIKEHHS JO3BOISIIOTh
MPUIAHSITY PillleHHSI TIPO 3aCTOCYBaHHSI TOTO UM iHIIIOTO METO/Y TIIABHOTO TMEePEXOy 3 ypaXyBaHHSIM iX CHJIBHUX Ta

CJ1aOKMX CTOPiH.

3D-PEHAEPUHI, LOD, AIb®PA-3MILLIYBAHHA, TEOMOP®IHI, EQEKT ITOIIITIHTY, KOMITIOTEPHA

TPADIKA, IIYMU

Introduction

Levels of Detail (LOD) play an important role in im-
proving the performance of 3D graphics applications by
striking a balance between frame processing speed and user
experience. The essence of this optimization method is that
the further away from the virtual camera, the simpler the
3D models are drawn. This allows you to focus computing
resources on objects that are more important to the user.

Since the camera position is often dynamic, some ob-
jects need to be detailed directly in the user's field of view.
The problem arises of how to smoothly transition between
different levels of detail — replacing simplified models with
highly detailed ones and vice versa.

This paper explores methods for smoothing the transi-
tion between levels of detail to mitigate the notorious "pop-
ping" effect. This effect occurs when the transition between
LODs results in abrupt and noticeable changes in the level
of detail, disrupting the visual coherence of the scene.

By studying and comparing different approaches, this
research aims to provide valuable insights into effective
strategies for preventing or minimizing the popping effect,
which will ultimately help to balance performance and
optimal visual user experience.

Thus, the goal of the work is to improve the efficiency
of the visualization of large 3D scenes, taking into account
the smooth transition between models with different levels
of detail.

The subject of the research is 3D visualization (render-

ing).

The subject of the study is the process of ensuring
a smooth transition between LOD models.

To achieve this goal, it is necessary to solve the follow-
ing tasks

— To analyze existing methods and algorithms for
eliminating the popping effect when transitioning between
levels of detail;

— Study the factors that affect the efficiency of drawing
distant objects;

— Implement and compare methods for smooth transi-
tion between levels of detail;

— Draw conclusions about the appropriateness of using
a particular approach.

Based on the results obtained, it will be possible to draw
conclusions about

— Which algorithm should be used to ensure the highest
performance;

— Which algorithm provides the smoothest transition;

— To what extent it is generally advisable to use a smooth
transition between levels of detail compared to discrete
LODs.

This work is relevant now and will be in the future as
3D visualization becomes more widespread and has many
applications in the modern world.

1. Subject area analysis

Today, 3D visualization has many applications: video
games, graphic design, visual effects, virtual reality, cinema-
tography, visualization, virtual engineering, etc. These fields
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require 3D graphics to look good (realistic or stylized) and to
be efficient. Often these two requirements are in conflict, and
application specialists must find a compromise between the
quality of the image and the cost of generating it. Real-time
3D rendering is particularly challenging from this perspective
when the cost of producing an image is expressed in terms
of frames per second (FPS).

Often, a very effective way to increase the speed of visu-
alization is to use 3D models with different levels of detail.
The essence of this method is to draw simpler geometry and
use faster shaders the further the object is from the camera.

For example, instead of rendering every detail of a very
distant glass skyscraper, you can draw a stretched cube with
a pre-created texture. With this approach, it's important to
balance the amount of detail with the distance to the viewer,
asyou can either lose the effect of immersion in the 3D world
or get a very long frame generation time.

When working with LOD, you should also pay atten-
tion to the smooth transition between levels of detail as the
camera approaches the object. For example, if you decide to
draw distant trees using a square with a texture stretched over
it (the so-called billboard), when the virtual camera quickly
approaches the forest, you can see how the 2D image of the
tree suddenly turns into a 3D model (popping effect). This
phenomenon has a negative impact on the user experience,
as it reveals the falsity of the virtual world.

Several methods are used to eliminate the popping ef-
fect: LOD blending (smooth blending of two adjacent levels
of detail using transparency or noise) and geomorphing (cre-
ating additional intermediate states of the model by bringing
the geometry of one level of detail closer to another).

Although there are a number of methods available today,
each approach has its advantages and disadvantages, and it
is often necessary to find a balance that satisfies the require-
ments for performance and appearance.

2. Work Relevance

This work has significant relevance in the context of 3D
graphics and virtual environments. Its results solve a critical
problem that directly affects user experience and application
performance.

Modern applications and 3D models strive for ever-
increasing levels of detail. In the past, computers could draw
arelatively small number of 3D polygons, but in recent years,
computer-generated images (CGI) have become indistin-
guishable from real photographs. This is largely due to the
use of highly detailed models.

And although modern hardware is capable of drawing
large numbers of polygons, computing resources are not
unlimited (especially in the context of real-time 3D ren-
dering and on mobile platforms), so software developers
still have to make compromises. LOD is still a must-have
method for maintaining the illusion of continuity and op-
timal performance.

Users moving in virtual space often experience the "pop-
ping" effect, which negatively affects immersion. Choosing
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the wrong method to smoothly transition between levels of
detail destroys the user experience, as the viewer's attention
is directed not to what the designer or developer intended,
but to the 3D object that is transitioning to a different level
of quality. By exploring different methods to prevent this
phenomenon, this paper aims to offer practical solutions
that can be applied in a wide range of applications: from
video games to architectural modeling and virtual reality.

In summary, the relevance of the research lies in its abil-
ity to improve the user experience in a variety of applications.
Whether it is games, simulations, or resource-constrained
platforms, the results of this research can positively impact
image accuracy, performance, and user experience.

3. Problem statement

In accordance with the identified problems, we describe
the task for research practice:

— Analyze existing methods and algorithms for elimi-
nating the popping effect when switching between levels of
detail;

— To study the factors influencing the efficiency of
rendering distant objects;

— Perform the software implementation of the studied
algorithms;

— Draw a conclusion about the appropriateness of ap-
plying a particular approach.

Based on the results obtained, it will be possible to draw
conclusions about

— Which algorithm should be used to ensure the highest
performance;

— Which algorithm provides the smoothest transition;

— To what extent it is generally advisable to use a smooth
transition between levels of detail compared to discrete
LODs.

Thus, the study will allow us to choose one or another
algorithm to ensure a smooth transition between levels of
detail, taking into account their strengths and weaknesses.

4. Justification of research methods and stages

The object of research is 3D visualization (rendering).

The subject of the research is the process of ensuring a
smooth transition between LOD models.

The goal of the research is to improve the efficiency of
the visualization of large 3D scenes, taking into account
the smooth transition between models with different levels
of detail.

The empirical scientific method "experiment” is used in
this research: during a series of experiments the parameters
of the selected algorithms for ensuring smooth transition
between levels of detail (the value of the popping effect and
performance) are determined.

Then the theoretical method of "analysis" will be used to
decompose the obtained results separately from each other.
As a result, it will be decided which algorithm is more suit-
able in a given situation and for what reasons.



INVESTIGATE METHODS FOR SMOOTH TRANSITIONS BETWEEN LEVELS OF DETAIL FOR EFFECTIVE VISUALIZATION OF 3D SPACES

This research consists of the following stages

1) Preparation of the study — definition of the purpose,
specification of the subject and object of the study, formula-
tion of the hypothesis and research methodology;

2) Experimental research and data processing — prepar-
ing and conducting experiments, processing the obtained
data;

3) Analysis of research results — drawing conclusions
about the feasibility of using certain algorithms for smooth
transition between levels of detail;

4) Evaluation of the application of the research results.

5. Development of formal mathematical model
of subject area

The study will compare the algorithms for ensuring a
smooth transition between LOD models by two factors:

— the time of image generation,;

— the importance of the popping effect.

Each algorithm studied is characterized by the follow-
ing gray box mathematical model (see Figure 1): it is an
expression of the complexity of two adjacent levels of detail
between which a smooth transition is made (x1 and x2) and
the distance of the object from the camera (d), as well as
a random error & that we cannot control.
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Fig. 1. Mathematical Model of the Gray Box for the Smooth
Transition between Levels of Detail Algorithm

The function f1(x1,x2,d) is a controlled parameter
that indicates the method of smooth transition between
the levels of detail under study. The result of the function is
the parameter z, which denotes a set of instructions to the
GPU to draw 2 adjacent levels of detail at a given distance
from the camera.

The function f2(z,&) denotes the environment that per-
forms the drawing (the operating system and the GPU). This
environment is uncontrolled and a black box. All we can do
with it is pass input commands and data, and the output is
the generated image.

Note that to simplify further calculations of the com-
plexity of the x1 and x2 detail levels, the number of polygons
in the model (triangles that form the object's edge) is taken
without regard to the position of their normal relative to
the camera (when using the back-face culling technique,
polygons that are not visible from the camera, such as the
back of a house, are cut off and do not participate in further
steps of the graphical pipeline).

In the experiment comparing image generation times,
y is the time (in milliseconds) to generate an image, and §
is a random measurement error.

In the experiment to evaluate the significance of the
popping effect, y is the difference between the reference im-
age (the original high-poly model) and the image generated
by the smooth transition algorithm between detail levels.

In this experiment, all random values (noise textures,
etc.) are pre-generated, so the result of the experiment is
completely deterministic (determined by x1, x2, d), and the
error value & is zero.

After conducting the experiments, it will be necessary to
conclude how well the algorithms meet certain criteria and
to give examples of situations in which it is advisable to use a
certain method of smooth transition between levels of detail.

6. Experimental methodology

To perform the experiments, we will create a software
that consists of the following functional modules:

1) a module to measure the performance of the algo-
rithms when displaying a large number of 3D models at
different distances from the camera;

2) a module for measuring the popping effect when
comparing the performance of the method under study with
a reference (high-poly model).

Algorithms for smooth transition between the levels of
detail to be studied:

— Alpha mixing;

— Mixing with noise;

— Geomorphing.

These methods are compared with rendering:

— The original high-poly model with no levels of detail;

— discrete levels of detail without smooth transition.

The experiment to measure the performance of the
smooth transition algorithms will measure the time required
to render a large number of models (50, 250, 500, 1,000, and
2,000 models) at different distances from the camera. The
number of objects should be large enough because modern
GPUs process large 3D scenes very quickly.

The objects are located along the x-axis in the range from
the beginning of the camera's visible range to the distance
required to activate the lowest level of detail at the same
interval, which is equal to (1):

dx = (w — camera,) / n, (D)
where dx is the interval at which objects are placed in the
scene, n is the number of objects, camera, is the camera
coordinate, and w is the distance of the minimum level of
detail.

Accordingly, the camera is oriented along the positive
X-axis.

Also, occlusion culling should be turned off because the
models overlap each other (if occlusion culling is turned on,
the objects in front will overlap the models behind, and the
latter will not be drawn).

As mentioned earlier, this experiment has an error &, so
the time measurement should be performed several times
(we assume that 3600 times is sufficient) and the average
value should be taken.
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Since the experiment is performed on a modern mul-
tiprocessing operating system, we assume that the time
measurement errors are caused by other processes on the
computer, so the average time is the time of the algorithm.

The magnitude of the popping effect is measured as
follows:

1) The 3D model under study is placed on the scene at
the minimum distance from the camera, so that the maxi-
mum level of detail is initially displayed;

2) the object is moved at a constant distance along the
camera's line of sight, passing through all states of detail
levels;

3) after each movement, the resulting image is stored;

4) after reaching the lowest level of detail, the object is
gradually brought back in the same way;

5) Steps 1-4 are performed for the reference model and
the specified algorithm, and the absolute difference between
the pixel values of the images is found. The resulting image
has only one channel, which is interpreted as black (value
0) and white (value 1). Since the input images are multi-
channel (RGB), the difference is the arithmetic mean of
all channels;

6) for each difference image, the root mean square error
(RMSE) is calculated [1].

Asaresult, we get a single number — how much the image
generated by a particular method differs from the reference.

The image obtained in step 4 can be useful for visually
assessing the difference between the algorithms.

As a result of the experiment you will find

— The fastest and slowest algorithms;

— which algorithm has the most pronounced popping
effect.

Based on the results, it will be possible to draw conclu-
sions about

— Which algorithm should be used to ensure the highest
performance;

— Which algorithm provides the smoothest transition;

— the general advisability of using a smooth transition
between levels of detail versus discrete LODs.

7. Nature of Experimental Errors and Uncertainty

The measurement error is present only when performing
an experiment to evaluate the performance of algorithms
for smooth transition between levels of detail. Despite the
fact that the same set of data is passed to the program, the
processing time is different each time.

This is due to the fact that the application is not running
in a separate, isolated environment: many other processes
and threads are running in parallel on the same device.

Hardware and software caching, code interpretation,
and JIT compilation must also be taken into account. Be-
cause of this, the first experiment usually takes a little longer.
Therefore, in practice, before measuring the execution time
of a program, a so-called "warm-up" is performed (prefer-
ably with as many conditional transitions as possible). This
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increases the chance that subsequent experiments will have
approximately the same runtime.

When calculating the size of the popping effect, opera-
tions are performed on floating point numbers (addition and
division operations). It is known that this introduces an error
in the resulting amount, but its relative value is very small and
does not matter when comparing large numbers. Therefore,
to simplify the experiment, its existence is allowed.

8. Alpha blending

One of the easiest methods to implement in software is
the smooth transition method called alpha blending (LOD
blending).

The essence of this method is to simultaneously display
two levels of detail that are mixed using the alpha channel
(transparency channel) according to the transition coeffi-
cient. This coefficient can take values from zero (the begin-
ning of the transition) to one (the end). Conventionally, the
method can be represented by the following formula (2):

Lrosulr = (1 - k) * tk* Lpexrs (2)
where o, — is the transparency of the resulting pixel on
the screen, a,,, — is the transparency of the pixel of the
previous detail level (where the transition started), o,,,,, —
is the transparency of the next (target) detail level, k is the
transition coefficient.

An alpha channel value of one corresponds to a com-
pletely opaque pixel, and a value of zero corresponds to a
completely transparent (hidden) pixel.

As the virtual camera moves and reaches the distance
at which the transition should take place, the old model
gradually fades out and a new model gradually appears in
its place. When the transparency of the old model reaches
zero, the old model is not drawn to save resources.

Visually, the principle of alpha blending is shown in
Figure 2.

Q0000

Fig. 2. Principle of alpha blending, transitioning
from a low quality model to a high quality model

Oprey

When implementing alpha blending, it is important
to make the transition within a small distance range. For
example, if you need to make a transition at a distance of
1m, the start and end of the transition should be 0.95m and
1.05m respectively.

Alpha blending can be combined with billboards because
the virtual structure of the model is not important for this
method. In the context of LOD optimization, billboards
are usually used to improve the efficiency of visualizing the
farthest objects (the lowest quality level).

Billboards are two-dimensional planes or sets of con-
nected polygons that always face the camera, simulating a
three-dimensional object. This technique is used to more ef-
ficiently represent distant or small objects in a scene, reduce
computational load, and improve performance.
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The advantage of billboards is that only two triangles
are needed to represent a plane. Often, multiple planes are
combined to create the illusion of a large object in space
(tree leaves, bushes, clouds, etc.) [2].

This method of smooth transition has two major draw-
backs.

First, visualizing two models at the same time is compu-
tationally intensive. The main reason for using detail levels
is to reduce the number of polygons drawn simultaneously
to speed up the creation of the image on the screen, but the
transition in alpha blending requires drawing both models.
As a result, this method can sometimes be detrimental to
performance.

One way to deal with this drawback is to limit the num-
ber of objects that can transition between levels of detail at
the same time. This helps to avoid jumps in the number
of drawing function calls, which guarantees a more stable
number of frames per second. Keep in mind that delaying
the transition creates a delay that can be detrimental to the
user experience.

Second, alpha blending is very noticeable to the viewer
at close range: in certain situations, the model can look like
a translucent ghost.

Alpha blending works very well at a distance from the
camera, when adjacent layers of detail have a small number
of polygons and the visual effect of blending is not notice-
able enough.

9. Blending with noise

The smooth transition between levels of detail using
noise is very similar to alpha blending.

However, in this method, the transparency of each pixel
is a discrete value: either zero or one. In other words, this
algorithm uses either fully transparent or fully opaque pixels
to create a smooth transition.

Thus, the decision whether to display a particular pixel
with x and y coordinates of each model is made based on the
numerical value of a random variable (noise): if the value of
the transition coefficient k exceeds the threshold set by the
noise function, we use a pixel from the next level of detail,
otherwise — the previous one (3):

Qyesult = Olpexts ifk >f;10ise (x, y)> (3)
Qrosult = Oprevs otherwise,

where £, .i.(X, ¥) — is a noise function that returns a value
between zero and one.

In computer graphics, noise is a pseudo-random value
(one-dimensional or multidimensional) used to add detail
to computer-generated images. Noise is very easy to com-
pute, and its applications are almost limitless: from cloud
and particulate visualization to ocean wave and tornado
simulation [3].

For better performance, noise is pre-computed and
stored as textures. This format is very convenient for GPUs
as they are specialized in sampling data from textures.

So for a smooth transition, we need a two-dimensional
noise value in the range of zero to one, stored in advance as
a two-dimensional texture. Its size doesn't need to be large:
the maximum size is the resolution of the generated image.
Even if you compute a texture that is too small, it can be
re-rendered, and this will minimize the user experience.

Noise texture sampling can be done at the processing
stage instead of separately for each model to be drawn. This
can speed up the algorithm and avoid noise repetition when
objects are too close together.

The most popular noise functions include the follow-
ing [4]:

a) white noise — returns pseudo-random values even for
input values that are very close to each other;

b) gradient noise — interpolates white noise values and
returns close noise values for close parameters;

¢) pearlin noise — a subtype of gradient noise in which
visual details have the same size; it is used to make computer
graphics more realistic;

d) multilayer noise — uses a combination of gradient
noise with different levels of scale and weight; allows you
to get noise that has both high-frequency details and low-
frequency details;

e) voronoi noise — returns a noise value that looks like
a set of cells (or distances between cells).

A separate type of noise is dithering [5]. It is used to
give a random variable the desired stylistic appearance. An
example of a smooth transition using dithering is shown in

Figure 3.

Fig. 3. Principle of noise blending, transition
from low-quality model to high-quality model

The figure shows a useful feature of noise-based blend-
ing — at a certain value of the smooth transition threshold,
only one model can be drawn at a time. This helps to reduce
the load on the GPU. Of course, this trick is not suitable for
all types of models and environments.

Another advantage of this method over alpha blending is
that the designer has full control over the appearance of the
transition: you only need to replace the noise texture, and
you can make certain parts of the model transition faster than
others; you can set the transition direction (from bottom to
top, from edges to center, etc.).

Noise-based transitions between levels of detail have
the same drawbacks as alpha blending: the need to draw two
models at the same time and the obviousness of the transition
when viewed up close.

In practice, however, the noise-based transition is more
efficient in terms of performance [6].

The fact is that the most common way of working with
translucent models is much slower than drawing opaque
objects. Semi-transparent geometry often requires a sepa-
rate graphics pipeline step from opaque objects, where the
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depth test is disabled and transparent polygons are sorted
from back to front [7].

The lack of a depth test causes every pixel to be redrawn
(overdraw), which is very detrimental to performance as the
GPU wastes time on a pixel that is not visible to the user
anyway.

Sorting can be quite expensive when the number of
model triangles is large, which is exactly the case when alpha
blending is used (especially for models of levels of detail close
to the virtual camera).

In practice, noise blending is often used for vegeta-
tion, which is essentially a reflection of random variables
in nature [8].

10. Geomorphing

Geomorphing is another method of smooth transition
between levels of detail. Its essence is to approximate a 3D
model to create intermediate transition states.

The main operations of geomorphing are vertex split-
ting (new vertices are added to the model as the quality of
the model increases) and edge collapse (some vertices are
removed as the quality of the model decreases) [9].

During the transition, not only the number of vertices
is changed, but also their position and other additional at-
tributes: normal, color, texture coordinates, etc. (see Figure
4), which prevents popping.

Q0000

Fig. 4. The principle of geomorphing, going
from a low quality model to a high quality model

Most vertex attributes are linearly interpolated. Nor-
mals, which are 3-dimensional vectors with a length of one
unit, are modified using directional interpolation to preserve
their length.

When implementing geomorphing in software, it is
important to consider the situation when vertex splitting or
edge convolution is performed during an existing transition.
In other words, vertices should be able to perform animations
of transitions that overlap in time.

One way to optimize the geomorphing method is to
perform a smooth transition only for the visible part of the
model (view-dependent LOD control) [10]. This technique
is useful for large models (both in size and number of verti-
ces). The entire mesh is divided into parts (clusters) that have
their own memory buffers. The decision of which cluster to
draw on the screen is based on an optimization technique
called frustum culling.

The term "frustum"” refers to a pyramid-shaped viewport
that covers the visible area of a 3D scene [11]. This truncated
pyramid is obtained by projecting the camera perspective
onto the near and far planes. Frustum culling selectively
renders only those objects that fall within this truncated
area, discarding those that are out of view.
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By eliminating invisible objects early in the visualization
pipeline, we significantly reduce the computational load and
increase overall performance.

During the object removal process, each model in the
scene is checked on a slice to determine if it intersects or lies
outside the field of view. Several algorithms are used to quickly
determine if an object is potentially visible, such as checking
with spheres or Axis-Aligned Bounding Boxes (AABB). Ifan
object is completely invisible, it is excluded from the render-
ing process, eliminating unnecessary geometry, lighting, and
shadow calculations.

This optimization is especially useful in scenes with a
large number of objects, allowing you to focus rendering
resources on rendering only the models that are visible to
the camera.

The main difficulty in dividing the model into clusters is
ensuring a consistent and synchronized transition for vertices
that are on the boundary of two clusters. If this implementa-
tion detail is overlooked, there may be breaks along the edges
of the mesh parts, causing a "popping" effect in some cases.

The easiest way to implement this is to have the transi-
tion performed entirely on the CPU. A list of vertices that
perform a smooth transition can be stored in RAM, and their
attributes need to be updated every frame. However, it should
be noted that this approach is not optimal for a large number
of vertices, since after updating the data in CPU memory, it
must be sent to the GPU, which can cause some delay [12].

Another approach is to store the high and low quality
models in GPU memory. For a smooth transition, a weight
parameter (from zero to one) is used to interpolate vertex
parameters. Models of different quality can be preloaded
with priority. Obviously, this method requires more video
memory, but it significantly reduces the amount of data the
CPU sends to the graphics card for each frame.

The advantage of the geomorphing method is that only
one model is drawn at a time when switching between levels
of detail. Also, a smooth change in the model is Iess notice-
able to the viewer at any distance.

The disadvantages of this method are the complexity
of the implementation and the need to pay special atten-
tion to the placement of the 3D model in memory. Thus,
geomorphing becomes the key factor that determines how
3D rendering is performed.

11. Software implementation

The program for the study is developed using the C#
programming language, the .NET 6 platform, and the
MonoGame video game development framework (DirectX-
based drawing).

Each of the studied smooth transition methods is rep-
resented by a separate class implementing the common
ILodTransition interface. Each class receives models of
detail levels, the degree of transition, the object transfor-
mation matrix, and a reference to the graphics pipeline for
drawing.
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Smooth transitions between detail levels are performed
depending on the distance to the camera.

Alpha blending is implemented using a separate step
for translucent objects and double-pass rendering. Because
the last step of the Output-Merger (OM) graphics pipeline
is rendering, all pixels with a depth value less than the depth
of the z-buffer are not rendered at all. For this reason,
semitransparent objects are usually drawn separately from
opaque objects and then added to the final image with depth.

Double-pass rendering helps reduce the popping effect
on certain models. The depth buffer does not work correctly
when drawing translucent polygons of the same model, and
sometimes transparent triangles can be seen through each
other — resulting in regions of the model having different
alpha values. When mixing levels of detail, it is important
that all polygons of both models have the same transpar-
ency level, which is equal to one. If the transparency is less
than one, the models are transparent. If the transparency
is greater than one, the RGB color is usually different from
the original model color, which is very noticeable to the user.

Therefore, each level of detail is drawn twice during
the transition (a total of 4 draw calls). The first draw should
only capture the depth value. Any changes in the RGB
channels should be ignored. At this stage, a very simplified
pixel shader is used that returns a simple color. This is done
to avoid wasting time calculating the light and color of the
pixels. In the second stage of drawing the model, the values
of the RGBA channels are recorded based on the mixing
factor (formula 4.1). Before that, you must disable writing
to the z-buffer and leave it read-only. Before drawing the
next model, the depth buffer must be cleared, otherwise
the pixels of the second model will be discarded due to the
depth remaining in memory:

private void DrawTransparentModelDoublePass(
LodLevel lod, GraphicsDevice graphicsDevice, float alpha)
{
graphicsDevice.Clear(
ClearOptions.DepthBuffer, Color.Transparent, 1f, 0);
graphicsDevice.DepthStencilState = DepthStencilState.
Default;
graphicsDevice.BlendState = this.blendDepthOnly;
this.mainMaterial.AlphaPass.Apply();
foreach (var part in lod.Mesh.MeshParts) {
graphicsDevice.SetVertexBuffer(part.VertexBuffer);
graphicsDevice.Indices = part.IndexBuffer;
graphicsDevice.DrawIndexedPrimitives(
PrimitiveType.TriangleList,
part.VertexOffset, part.Startindex, part.PrimitiveCount);
}
using var bs = new BlendState {
ColorSourceBlend = Blend.BlendFactor,
ColorDestinationBlend = Blend.InverseBlendFactor,
AlphaSourceBlend = Blend.BlendFactor,
AlphaDestinationBlend = Blend.One,

BlendFactor = new Color(alpha, alpha, alpha, alpha),
Iy
graphicsDevice.BlendState = bs;
graphicsDevice.DepthStencilState=DepthStencilState.Depth
Read;
this.mainMaterial.MainPass.Apply();
foreach (var part in lod.Mesh.MeshParts) {
graphicsDevice.SetVertexBuffer(part.VertexBuffer);
graphicsDevice.Indices = part.IndexBuffer;
graphicsDevice.DrawIndexedPrimitives(
Primitive Type.TriangleList, part.VertexOffset,
part.Startindex, part.PrimitiveCount);

}
}

The noise-based smooth transition implementation
uses the built-in HLSL clip function to discard a given pixel
from further processing. Such a pixel is not written to either
the color texture or the depth buffer. This greatly simplifies
image rendering, since you only need to draw models once,
and you don't need a separate step for transparent objects.
The rules by which each pixel is gradually cut off or appears
are loaded as a 16x16 black and white texture.

Smooth transition based on geomorphing is implement-
ed on the GPU. This helps to reduce the memory bus load,
since the pre-prepared smooth transition mesh is loaded
into video memory only once, and further interpolation
between vertex attributes is performed in the vertex shader
using the progress variable:

MainVertexShaderOutput GeomorphVS(
in GeomorphVertexShaderlnput input) {
MainVertexShaderOutput output;
float3 avgPos = lerp(
input.StartPosition, input.EndPosition, Progress);
float3 normal = lerp(
input.StartNormal, input.EndNormal, Progress);
output.Position = mul(float4(avgPos, 1.0),
WorldViewProjection);

output.Normal = normalize(normal);
return output;

}

The geomorphic feature set is built by finding the clos-
est vertices between high- and low-quality models. Since
3D models often have vertices with the same positions but
different additional attributes (normal, UV coordinates,
etc.), a simple distance between vertex coordinates is not
sufficient: the distance metric must also take into account
normal vectors. If you ignore this property, triangles may
have incorrect illumination and color during the transition,
which negatively affects the smoothness of the transition.

The geomorphic mesh is stored in the cache using the
Least Recently Used (LRU) strategy. When a transition is
generated based on two models, it is added to the cache,
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which allows it to be reused both during the next drawing
call and during the same frame.

Creating a mesh is a slow operation for models with a
large number of vertices. The slowest part is the calculation
of the nearest vertices. Unfortunately, even with the use of
parallelization, the delay in generation is quite noticeable.
In practice, it is suggested to pre-calculate all the nearest
vertices at the compilation stage of the program and just read
them from the file. Another method is to create the model
in the background thread and display it as soon as it is ready.
In the software implementation under study, the delay is
not critical, but it is taken into account when conducting
experiments.

Analyzing smooth transition metrics

Let's measure the performance of discrete and smooth
transition algorithms. The computer on which the measure-
ments are performed has the following characteristics:

— Windows 10;

— Intel(R) Core(TM) i5-8250U 1.60GHz CPU;

— 8 GB OF RAM;

— NVIDIA GeForce MX250 GPU;

— 2 GB VRAM.

The resolution of the drawing window is 800x600 pixels.

The average time for drawing 3D space as a function of
the number of models is shown in Figure 5.

It can be seen that the slowest algorithm for a relatively
small number of objects (50-500 models) is alpha blending.
However, the running time of this method is linear over
the range studied, making it the fastest method for smooth
transitions when visualizing 1000-2000 models.

6

5

50 250 500 1000 2000

e Discrete transition e Alpha blending Noise blending Geomorphing

Fig. 5. Comparison of drawing times for smooth transition ethods

Geomorphing and noise blending have approximately
the same runtime, which increases exponentially with the
number of objects. Using the Windows Task Manager, run-
ning these methods on a large amount of data will load the
GPU to 100% and the CPU to about 8%. It can be assumed
that for a given hardware and software configuration, the
GPU is the bottleneck for these methods.

The discrete transition between detail levels is the fast-
est. Let's analyze the magnitude of the popping effect for
the studied algorithms for transitioning between levels of
detail (see Figure 6).
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Fig. 6. Comparison of Popping Effect Levels

The figure shows that for the Stanford rabbit model
under study, alpha blending is the best method for smooth
transition. Noise-based transition and geomorphing have
approximately the same amount of popping. It should be
noted, however, that all of the algorithms studied are sig-
nificantly smoother than discrete transitions.

Based on the results of the study, the following conclu-
sions can be drawn about the feasibility of using smooth
transition methods for the 3D model under study:

a) Alpha blending, although it gives the best visual ap-
pearance, is the slowest method in 3D spaces with small
and medium number of objects. Alpha blending is the most
efficient transition method when you need to display a tran-
sition for many objects at once;

b) Noise-based transition has an average level of per-
formance, does not require much computing power for
preparation, but is acceptable for drawing a limited number
of models at the same time;

¢) Geomorphing has about the same performance as
noise-based blending, but it has one drawback: it requires
the creation of a 3D mesh for a smooth transition.

Further research

The following areas of activity can be identified for
further research on smooth transition methods:

—to study the work of the algorithms on a larger number
of 3D models of different categories (architecture, land-
scape, vegetation, transportation, interiors, people, etc.);

— determine the effectiveness of each algorithm as a
function of distance from the viewer;

— extend the metrics for evaluating the effect of popping
(distances in CIELAB color space, graphical representation
of popping, consideration of the statistical significance of
the measurement);

— explore the possibility of automatically recommending
transition methods depending on the type of model and the
number of objects in 3D space to obtain the most effective
values of the factors under study;

— to investigate the use of additional visual effects in
combination with levels of detail (textures, normals, reflec-
tions, backlighting, ray tracing, etc.).
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Conclusions

During the research internship, the students studied
methods for smooth transitions between levels of detail
(LOD) for three-dimensional graphics.

The focus was on finding a balance between perfor-
mance and good-looking transitions. In particular, the
research focused on eliminating the "popping” effect that
disrupts visual consistency during transitions between
LODs. A comprehensive analysis of existing methods and
algorithms provided valuable information on strategies to
prevent and minimize this effect.

It was found that alpha blending is the easiest method
to implement for smooth transitions and reduces the pop-
ping effect the most, but is the slowest for a small number
of models.

Noise blending has an average level of performance and
a sufficient level of visual consistency in the image. This
method also allows the most creative freedom in rendering
objects and does not require any model preparation.

Geomorphing has the same performance and image
consistency characteristics, but it is relatively difficult to
implement and requires extensive calculations to prepare a
3D model for blending.

In practice, the results of this study are expected to help
select algorithms that offer an optimal balance between com-
putational efficiency and good looks, taking into account
different circumstances. As 3D visualization continues to
grow in popularity in a variety of applications, this work
remains relevant and provides insights that can be used in
future developments in the field.
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THEORETICAL FOUNDATIONS OF WEB SITE INTERFACE
USABILITY ASSESSMENT

INTELLIGENCE

This paper presents how to redesign a website by applying a set of design principles to enhance the usability. The
main objectives of the study are to find out the usability problems of the targeted interactive system in order to list out
required suggestions to improve the website and to provide solutions by re-designing the existing interactive system. In order
to implement the objectives of the project, we should initially evaluate the interactive system using usability evaluation.
The outcome of the evaluation provides us information about the issues and requirements to design a new system. Based
on the evaluation and its outcome, various methods will be used for resolving the problems while re-designing the website.
This helps in identifying the problems which require usability improvements. The objective of this paper is to provide
a conceptual framework and foundation for systematically investigating features in the Web environment that contribute
to user satisfaction with a Web interface and uses motivation-hygiene theory to guide the identification of these features.
Objects of research are generative systems with associative memory. Purpose is a development of a system for evaluating
the hierarchy and heterogeneity of the interface of web pages using neural network technologies.

NEURALNETWORK, MACHINE LEARNING, MEMORY, GENERATION, GENERATIVE MODELS, TEXT.

Kozea O.[1., Koaecnukos /1.0., Ha3zapos O.C., Hazaposa H.B. TeopeTnuni ocHoBU oliHKH 103a0iiTi iHTepdeiicy
BeO-caiiTy. ¥ 11iii CTaTTi IpeACTaBICHO, SIK TIepepOOUTH BeO-CcaiT, 3aCTOCYBABIIM HA0ip IPUHIIUITIB TU3aHY JUIs T10-
KpaleHHs 103a6itiTi. OCHOBHUMM LUISIMU JTOCTIIDKEHHS € 3'SICyBaHHS TPOOJIeM 103a0iiTi 1IbOBOT iHTepaKTUBHOL
CUCTEMM [IJIs1 TOTO, 11100 chOopMyJIIOBaTU HEOOXiAHI MPOMO3ULii 1040 MOKpallleHHs BeO-calTy Ta 3arpoIoHyBaTU
PpillIeHHS NUISIXOM peIM3aiiHy iCHYI0UOi iHTepaKTUBHOI cucteMu. 17151 Toro, 11100 peastizyBaTH Liijli TPOEKTY, MU IMOBU-
HHi CITOYATKY OLIIHUTU iIHTepaKTUBHY CUCTEMY 3a JOIOMOTOIO OL[IHKM 103a0iiTi. Pe3ynbraTi olliHKM HagaayTh HaM
iH(opMmallito Mpo MpodJieMu Ta BUMOIM 10 TPOSKTYBaHHS HOBOI cucteMu. Ha OCHOBI OLIiHKY Ta 11 pe3yibTatiB Oya1yTh
BUKOPUCTAHI pi3Hi METOM [UIs BUPillIEeHHS Mpo0JieM ITiji yac peausaiiHy BeO-caiity. Lle joromarae BusiBUTU npodJiemMu,
SKi MOTpeOyI0Th MOKPAILEHH 103a01TiTi. MeTolo 1ii€i CTaTTi € CTBOPEHHS KOHLENTYaJbHOI OCHOBU ISl CUCTEMAaTUY-
HOTO JOCTIIXKEHHST 0COOJMBOCTEN BeO-CEpeOBUILIA, SIKi CIIPUSIOTH 3a10BOJIEHOCTI KOPUCTYBaviB BeO-iHTepdeiicom,
a TaKOX BUKOPUCTAHHS TeOpil MOTUBALLil Ta Tiri€HM JUIsi BUBHAYEHHS LUX ocoOimBocTeil. O0'€KTOM JOCIiIKEHHS
€ TeHEepaTUBHiI CUCTEMM 3 aCOLiaTUBHOIO MaM'sITTIO. MeTol poOOTH € pO3poOKa CUCTEMU OLIIHKHU i€EpapXiYHOCTI Ta
reTeporeHHOCTi iHTepdelicy BeO-CTOPiHOK 3 BAKOPUCTAHHSIM HelipoMepekeBUX TEXHOJIOTIiA.

HEMPOHHA MEPEXA, MAILIMHHE HABYAHHS, [TIAM’ATh, TEHEPALIIS, TEHEPATUBHI MOJIEJII,
TEKCT.

Introduction for assessing the quality of user web interfaces, SEO was
highlighted as one of the most important areas.

The author introduces the concept of element hetero-

The Internet has become a medium for a wide range
of activities, including entertainment, communication,

commerce, management, information sharing, and more.
A website has become an integral part of any business,
from retail to manufacturing. Social networks, personal
business sites, web applications are prime examples that
use web pages to display content. Over the past five years,
the number of Internet users and the number of websites
have increased significantly and are expected to continue
to do so for a long time [1].

One of the most important criteria for successful busi-
ness promotion on the Internet in terms of user experi-
ence has become customer acquisition and retention [2].
In the work related to the creation of an applied ontology
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geneity and describes its practical application [3].

From the business point of view, the user interface af-
fects the quality of the provided services, creates a positive
attitude towards the web service and leaves a desire to use
it in the future. The quality of web interfaces is subject to
increasing demands. User preference plays an important
role [4]. Studies support this theory [5, 6, 7].

Technical aesthetics and ergonomics are applicable
to the Web environment and are demanded by users.
Research on the quality of user interface and its ergonom-
ics is regularly conducted [6, 8-10], new theories are pro-
posed, new tools are used to obtain reliable information.
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The goal of the project is to develop a system for eval-
uating the hierarchicality and heterogeneity of web page
interfaces using neural network technologies. To achieve
this goal, it is necessary to solve the following tasks:

1) To study the subject area and conduct a comparative
analysis of existing methods for evaluating hierarchicality
and heterogeneity of the interface;

2) To develop a methodology for evaluating the hier-
archicality and heterogeneity of the Web page interface;

3) design the architecture of a system for evaluating
the hierarchy and heterogeneity of web pages using neural
network technologies.

The project describes the theoretical justifications for
creating a methodology for assessing quality based on the
heterogeneity of elements and the creation of this meth-
odology. It also describes the practical implementation of
a quality assessment system based on current research in
the field of UI/UX quality, using ISO standards, methods
for assessing the heterogeneity of application components
[8,11].

The system under development allows, based on the
operation of a neural network, to determine the degree of
compliance of the user interface with the established regu-
latory characteristics.

1. Subject area description

Today, evaluating the functional usability and visual
appeal of a Web site is somewhat subjective and depends
largely on human perception.

Due to differences in personal preferences and cultural
backgrounds, different groups of website users can draw
very different conclusions about the quality of the user
interface. Therefore, it is difficult to perform an accurate
and error-free usability evaluation using automated tools.

The implementation of the interface for working with
an information system affects the success of that system:
the user is interested in exploring the functionality, re-
ceives aesthetic pleasure, and feels comfortable if the im-
plementation is based on general cultural principles and
expectations. This affects both the duration of user inter-
action with the system and the level of user satisfaction af-
ter interaction with the system, and as a result, the desire
to use the system in the future [6].

Since there are no other measures that provide a high
level of reliability, user satisfaction is considered the most
useful indicator of system success [10]. Satisfied users
spend more time on a website and visit it more often. In
general, user satisfaction can lead to audience retention
and increased trust in the product. Therefore, it is impor-
tant to improve the indicators that increase website satis-
faction [3].

2. Modern methods for evaluating website usability

Modern usability assessment methods include a fair-
ly wide range of methods and tools, ranging from user

interviews and surveys to the use of sophisticated eye
tracking devices and automated usability evaluation sys-
tems.

Modern usability evaluation methods can be divided
into the following categories:

— Methods based on observation of user behavior,

— Methods based on self-evaluation of user behavior,

— Methods based on indirect user involvement [1,6].

In situations where users are directly involved, mis-
interpretation or incorrect answers to questions and low
reliability can affect the reliability of the results. Expert
methods, automated assessments, or process modeling
not only take a long time to implement, but may also miss
important issues and problems, reducing the reliability of
the final assessment results.

Thus, based on the analysis of various usability assess-
ment tools, it can be concluded that neither of the two ex-
isting assessment methods provides a complete, accurate
and reliable usability assessment.

3. Analyzing Methods Used to Assess Interface Quality

Usability evaluation methods are divided into broad
categories [4]:

1) Methods involving direct user participation:

— User observation — collecting information about
the user's behavior and actions in the context of specific
tasks while the user is working with the program.

— Critical event analysis — collecting data on specific
events (positive or negative) that occurred during the us-
er's work with the program.

— Performance measurements — collecting data on
quantifiable performance characteristics to understand
the impact of usability problems.

— Questionnaires — indirect evaluation methods that
collect users' opinions about the user interface in specific
questionnaires.

— Interviews — similar to questionnaires, but with
more flexibility and personal contact with the person be-
ing interviewed.

— Participatory design and evaluation — methods that
allow different types of participants to participate in the
evaluation or design of systems.

— Thought aloud method — users continuously say
out loud all their thoughts, beliefs, expectations, doubts,
discoveries while using the system under test.

— Creative methods — methods that involve identify-
ing properties of new products and systems, usually as a
result of interactions among group members, often with
users as members of such groups.

2) Methods that involve indirect user participation,
which are used when it is not possible to collect usage data
due to the absence of users, or in cases where they provide
additional data and information:

— Model-based approaches — the use of models,
which are an abstract representation of the product being
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evaluated, that allow prediction of user actions.

— Document review methods — the study of existing
documents by a usability specialist to provide a profes-
sional evaluation of the system.

— Automated evaluation — algorithms based on ergo-
nomic knowledge that identify product defects by com-
paring them with specified data.

— Expert evaluation — an evaluation based on a us-
ability specialist's knowledge, professionalism, and practi-
cal experience in the field of ergonomics.

Let's take a closer look at the automatic scoring meth-
ods:

1. Entropy of the RGB profile. The visual complexity
of the system is estimated.

2. Information productivity. The ratio of the mini-
mum amount of information needed to complete a task to
the amount of information the user has to input.

3. Determination of the average time required by the
user according to the GOMS, KLM methodology. Based
on the averages, the average time spent by the user on the
main tasks is calculated. User scenarios are determined
individually for each project.

4. XML tree analysis. The complexity of the structure
of the provided page is checked. This method requires
specialization in web client development and principles of
site optimization.

5. Number of classes into which interface objects can
be divided.

4. Analyzing Methods Used to Assess Element
Heterogeneity

The variety of web elements is one of the important
criteria that make up the satisfaction score. This criterion
affects the ease of assimilation of information, the per-
ception of a web page and the ease of management of the
system.

It is important to note that interfaces usually serve two
main purposes [3]:

1. To provide information to the user.

2. Providing interaction with the system.

The process of creating interfaces is divided into two
stages:

1. User Experience (UX) — shaping the interaction.

2. User interface (UI) — visualizes or materializes the
interaction.

Experimental studies

The paper [4] presents tables describing such impor-
tant attributes as understandability, well presented and or-
ganized information, interactivity, navigation (the ability
to easily navigate between different pages of a resource),
ease of use, which in varying proportions create a measure
of heterogeneity. Their brief decoding is provided in this
paper.

Learn more about the automatic scoring methods.
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1. Understandability — the clarity and completeness of
information on web pages.

2. Well-presented — the quality of information pub-
lished on websites.

3. Ease of use — shows how easy it is for users to use
the website's features.

4. Well organized — controlled (i.e. intuitive organiza-
tion) and structured web environment.

These criteria were used to create a version of the ques-
tionnaire to assess the heterogeneity of the interface of
neural network training sites based on user questionnaires.
Based on these questionnaires, a neural network was con-
structed. The results and the weight of each parameter in
the neural network are shown in Figures 1 and 2.

System  Information  Security-

quality quality privacy
Understandability 0.133 0.854 0.192
Reliability 0.266 0.692 0.253
Usefulness 0.216 0.853 0.137
Access 0.807 0.150 0.247
Friendliness 0.828 0.158 0.174
Navigation 0.770 0.282 0.065
Interactivity 0.653 0.201 0.480
Privacy 0.293 0.255 0.795
Security 0.156 0.206 0.882
Note: Bold values indicate the highest influence weight.

Fig. 1. Neural Network Weights for General Site Criteria

System Information Security-
quality quality privacy
Easy to comprehend 0.099 0.809 0.165
Well-presented 0.117 0.773 0.172
Accurate 0.263 0.738 0.169
Up-to-date 0.271 0.667 0.203
Relevant 0.141 0.817 0.134
Detailed 0.138 0.796 0.192
Speed of access 0.729 0.175 0.169
Availability 0.778 0.088 0.096
Ease of use 0.801 0.174 0.147
Well-organised 0.794 0.168 0.192
Page-loading 0.702 0.168 0.140
Hyperlinks 0.749 0.178 0.091
Two-way communication  0.655 0.192 0425
Active control 0.606 0.109 0.456
Confidentiality 0316 0.267 0.701
Authorisation 0.174 0.222 0.800
Integrity 0225 0218 0.784
Protection 0.130 0.185 0.830
Note: Bold values indicate the highest influence weight.

Fig. 2. Neural Network Weights for Private Site Criteria

As you can see, robustness is rated the highest by the
neural network in the information quality section.

Similarly, well presented, well organized, and ease of
use are highly rated by the trained neural network.

In another paper [3], similar metrics were obtained to
create user interface quality evaluation systems. Figure 3
shows the ontology diagram.
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Fig. 3. User Interface Ontology Diagram
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Based on the task, the directions of the ontology were
determined to create a tool for evaluating attributes such
as readability, comfort, cleanliness, and simplicity [3].

5. Standards and specifications

We managed to formalize these aspects using ISO
standards related to human interaction with displays and
interfaces. It is regulated by standards in the field of us-
ability and human-machine interaction:

1. The User-Centered Interactive Systems Design
Process provides guidance on how to organize the interface
design process and integrate it seamlessly into the over-
all software production process. It describes the usability
methods necessary for: determining the context of prod-
uct use, identifying user and customer requirements for
the system, prototyping and usability testing the product.

2. Ergonomics of human-computer interaction, de-
scription of the process of designing user-oriented in-
terfaces. It describes in detail the maturity model of the
organization in terms of the level of use of the UCD pro-
cess. Recommendations for moving to higher maturity
levels are given.

3. Ergonomics of multimedia user interface software.
Recommendations are given for designing controls for
multimedia products.

4. Human-system interaction ergonomics. Guidelines
for access to human-machine interfaces.

5. Human-system interaction ergonomics. Usability-
based methods for ensuring human-centered design.

Since ISO provide only technical requirements for the
implementation of web pages, the visual and variable part
of the design is outside the scope of the above standards.
It is important to note that the standards define the color
palette and normalize its contrast. This is an important
criterion that can affect the heterogeneity of different
elements together. They also standardize input/output
methods, the basics of element behavior (for example, the
principles of interaction with the "button" element), and
their variability.

Expert research

Nielsen & Norman Group is a large expert firm that
provides services for evaluating and improving UX/UI de-
sign.

Their publications have also been used to develop ex-
pert evaluation methods. In particular, an article that pro-
vides more than a hundred tips for creating a high-quality
Web site [12]. Some recommendations related to the se-
lected metrics were selected for the expert system.

Also, the works of NN Group employees describe pat-
terns, best practices, and obvious mistakes in the design of
web page elements [13-21].

Based on the knowledge gained, it is possible to de-
velop the basis for a method to assess the heterogeneity of
web page elements:

Summarizing the data from the different sources de-
scribed above, we can assume that to assess heterogeneity,
the following criteria should be taken into account: acces-
sibility, quality of the information provided, ease of use,
organization of components, comfort, cleanliness, sim-
plicity.

The example of the implementation of an expert sys-
tem using a neural network capable of assessing the qual-
ity of a web site shows that there is practical evidence for
the quality metrics proposed. The resulting weights for the
criteria give a good idea of the value of each evaluation
criterion. Based on the given task, we can understand that
there are all theoretical prerequisites for creating a system
based on neural networks to assess the heterogeneity of
elements.

The result of the research part is the developed con-
cept of interface heterogeneity. Interface heterogeneity is
the number of objects and their classes.

6. Analyzing and comparing analogues

In the course of studying analogs, we examined web
applications for user interface evaluation that use screen-
shots as input data [12].

UsabilityHub is a web application that allows you to
determine the quality of usability based on an uploaded
screenshot. The analysis provides information on how
easy it is for users to navigate a website page, identifies
the elements that attract the most attention, and creates
a heat map of clicks. The evaluation is based on a user
survey.

UserPlus is a web application that allows you to de-
termine the quality of usability based on an uploaded
screenshot. Each screenshot is independently marked by
the user of the service and then, after the survey, the re-
sult of the usability analysis is published for each marked
interface element.

Usabilla is a web application that conducts user sur-
veys based on uploaded screenshots and pre-prepared
questions and generates analysis based on the results.

ConceptFeedback is an online resource where you can
get a user interface evaluation from professional designers.

Based on the results of the comparative analysis, it
can be concluded that most web applications use ques-
tionnaires and surveys of users and testers as a method of
interface evaluation. A number of programs also monitor
user activity on a web page. None of the existing ana-
logues uses an automatic user interface evaluation system.

User interface evaluation according to the interna-
tional standard is performed only in the UserPlus appli-
cation. However, this evaluation method mainly refers to
the individual elements of the interface rather than to the
overall assessment of the interface usability.

Based on the results of the review of modern meth-
ods of evaluating web interfaces, as well as on the iden-
tified shortcomings among the studied analogues of web
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applications for evaluating interfaces, there is a need to
develop our own method of evaluating the hierarchical in-
terface of web pages and web applications, which provides
work with screenshots based on the developed method.

Characteristics of Analog Selection

There are currently no finished public products avail-
able to users, nor are there any implementations using the
approach presented in this paper. Therefore, it was decid-
ed to study prototypes, the results of theoretical studies,
and related solutions.

The research paper [4] describes theories such as the
two-factor theory, the expectation of refutation theory,
and the three-factor theory. These theories argue that the
impact of a website attribute on satisfaction can have dif-
ferent weights for different characteristics, which means
that their importance depends on their effectiveness. This
fact leads to non-linear and asymmetric relationships
that are difficult to evaluate using traditional methods.
Therefore, successful results are obtained using neural
networks, which are presented below.

The following analogues implement a part of the task
at hand, so the description of each of them is a confirmed
variant of the system component to be implemented, tak-
ing into account the specifics of the task at hand.

Evaluation of an expert system based
on a questionnaire

Paper [3] attempts to determine the relationship be-
tween overall user satisfaction and website attributes. The
paper uses the experimental results of a large question-
naire-based survey. The input data are also questionnaires.
The purpose of the survey is to determine the overall sat-
isfaction of website users by answering questions related to
specific website attributes. The survey asked a set of 370
Internet users to rate the effectiveness of 18 specific and 9
general attributes, and to indicate their overall satisfaction
on a nine-point scale ranging from "very dissatisfied" to
"very satisfied". The results were tested and validated us-
ing reliability and validity procedures, showing that there
is a relationship structure as certain general and specific
website attributes create a link to user satisfaction. In this
article, we try to find out the relationship between over-
all satisfaction and specific website attributes using neural
networks to approximate the functions.

The result of the research is an expert neural network
that shows the results of the value of each criterion on user
satisfaction depending on the quality of that criterion. The
results are shown in Figures 4-7.
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for the Understandability Metric
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Fig. 7. Performance vs. Satisfaction Ratio
for the Usability Metric

These figures allow us to understand the value of each
of the criteria in the process of comparing them with their
results.

It can be seen that these criteria together give an in-
crease in satisfaction in relation to each other. It turns out
that the proposed evaluation method should be productive
for any image quality and the evaluation result should be
intuitive for the system user.

Unfortunately, the system described in this paper re-
quires an expert who is able to reliably convey the initial
evaluation of a web page. In general, the neural network
and its results are for research and exploratory purposes
only and are not suitable for automated image processing.
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Overview of the implementation of Ul element re-
trieval using neural networks

Paper [22] provides comprehensive information on the
performance of neural network models. The comparison
includes Faster RCNN, Cascade RCNN, and YOLOV4 in
Figure 8.

Run ID Model Overall precisionmAP@IoU 0.5|recall@loU 0.5
67413 |baseline Faster RCNN 0.94789 57.2 40.3
67833 Cascade RCNN 0.95035 68.16 53.3
67710 Cascade RCNN 0.94909 64.92 50.5
67722 Cascade RCNN 0.93463 72.33 58.5
67820 YOLOv4 0.93300 73.82 55.6
67707 YOLOv4 0.93125 79.24 59.4
67831 YOLOv4 0.92987 79.11 60
67972 Cascade RCNN 0.95044 71.53 55.6
67706 YOLOv4 0.93437 79.36 59.8

Run 67972: 10000 iterations: Run 67706: 7000 iterations

Fig. 8. Neural Network Performance Results

As you can see, YOLOv4 shows a good performance
result. It should be clarified that when choosing the im-
plementation tools and the technical experiment, it was
decided to use YOLOVS5s, since it returns the answer faster,
which is extremely important for server applications.

We used 2950 images to train the neural network to
search for UI elements: 2363 images were used to train
the neural network, and 587 images were used for testing.

The knowledge gained from the analysis of related
programs allowed us to choose the means of implementa-
tion, the future architecture of the system, the amount of
necessary expert, training, verification and test data.

Selection of the means of realization

The choice of implementation tools is based on the
knowledge of neural networks gained during training, as
well as on the results of project and course work.

We chose the YOLOVS neural network model to clas-
sify web page elements because it is quite compact and ef-
ficient and meets the performance requirements of server
applications. Accordingly, the framework for running the
neural network is PyTorch, the programming language is
Python, and the framework is FastApi. Since some com-
ponents of the system were developed during the intern-
ship and coursework, the second neural network, which
plays the role of an expert, is implemented using the Keras
framework, which was proposed for work during the train-
ing. Heterogeneity is one of the criteria for the quality of
the user interface, so it was decided not to use frameworks
to create SPA applications, as it is obvious that at this
stage of client development it is unnecessary.

For the same reason, the search for tools and tech-
nologies for databases is not taken into account due to the
small functionality of the program — the user simply has
no reason to save images for further work.

The user is given the opportunity to download the cur-
rent result, which is quite enough.

Technical Experiment

Two frameworks were chosen to implement the server
API: Flask and FastApi. Both frameworks are positioned
as easy to understand and easy to use.

To select the optimal framework, a technical experi-
ment was performed: a prototype program was imple-
mented using Flask and FastApi, and standard prediction
models for YOLOvS5s and YOLOv3 were used as a neural
network to classify objects. As a result, the FastApi frame-
work was chosen because of its implementation of asyn-
chrony, the ability to ecasily create parallel threads, and
simple and flexible tools for configuring server endpoints,
such as simple and transparent validation implementa-
tion.

YOLOVS5 was chosen as a preliminary model because it
is a more productive version and requires less memory to
run. An important factor was the speed of training, since
the only place to train a neural network is provided by
Google Colab, which has technical limitations in terms
of resources and time. You can see the difference in the
required resources in Figures 9, 10.
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Fig. 9. Megabyte Model File Size Chart
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Fig. 10. Diagram of Neural Network Training Speed in Minutes

The choice of a simplified model had a positive effect
on the quality of the trained model: more epochs im-
proved the classification accuracy. As part of the task, it
is first necessary to find all the classes represented in the
image.

The accuracy of YOLOv5s is lower than that of
YOLOV3, so it was decided to allow the user to choose
a model if speed is not so important. The choice of
YOLOVv35s is also due to the fact that the latency is accept-
able for mass processing, e.g. object classification of 850
Full HD images (1920 x 1080 pixels) in multi-threaded,
asynchronous mode takes no more than two minutes using
AMD FX-6300 CPU 6 6 threads instead of 4-5 minutes
using YOLOvV3 and full CPU utilization. See the System
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Performance Testing section for more information. At the
time of selecting system development tools, the current
information is sufficient.

Conclusions

The quality of the user interface is a difficult concept
to evaluate. The variety of web elements is one of the im-
portant criteria that make up the satisfaction score.

This criterion affects the ease of assimilation of in-
formation, the perception of a web page and the ease of
managing the system. The relevance of the topic is con-
firmed by many works.

As part of this work, we have developed a web appli-
cation for evaluating the hierarchical nature of web page
interfaces based on the analysis of screenshots.

In particular, the following tasks were solved:

1) A review of existing methods for evaluating user in-
terface usability and existing analogs.

2) Analyzed the requirements, developed a method for
evaluating the hierarchy of web interfaces, and designed
the architecture of the web application.

3) The subject area is studied and a comparative anal-
ysis of methods for evaluating interface heterogeneity is
made.

4) Developed a methodology for assessing the hetero-
geneity of web page interface.

5) Designed the architecture of the system for assess-
ing the heterogeneity of web pages using neural network
technologies.

Further research is planned to solve the following
tasks:

1) Extend the list of features of the hierarchy evalua-
tion.

2) Investigate the relationship between expert opinion
and the value of the metric to be calculated.

3) Combining the modules for hierarchicality and het-
erogeneity evaluation of the web page interface into a sin-
gle system.

In addition to practical and research experience, the
work provided invaluable experience in integrating trained
neural network models and a client-server program.

The tasks of neural network integration and practical
application were completed.

The work itself has further development potential: ex-
tending the evaluation methods, improving the current
solution, publishing the service and providing access to it.
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NMPABUJIA
o OopMIIeHHS PYKONUCIB AN aBTOPiIiB HAYKOBO-TEXHIYHOI0O XXypHany
«BIOHIKA IHTENNEKTY»

HaykoBo-TexHiuHuMii XypHal «bioHika iHTEJIeKTy» Ipu-
iMa€e 10 OpYKy HamucaHi CrelialbHO I HbOTO OpUTiHaIbHi
PpyKOMUCH, sIKi paHillle Hige He IpyKyBaauch. CTpyKTypa pyKo-
nucy MoBMHHA OyTH Takolo: iHaeke YK, Bimomocti mpo aB-
TOPiB, 3arojIOBOK, aHoTallil (Ha TpbOX MOBaXx), KJIIOYOBi CJI0Ba,
BCTYIT, OCHOBHUI TEKCT CTaTTi, BACHOBKU, CTUCOK BUKOPHUCTA-
HOI J1iTepatypu, pe3loMe.

BignosinHo no ITocranoBu BAK VYkpainu Bim 15.01.2003
Ne7-05/1 (bronerenr BAK, Nel, 2003, c. 2), cTaTTsl MOBMHHA
MaTu TaKi HEOOXilHi eJIeMEHTU: MOCTAaHOBKa MpoOJeMU y 3a-
raJilbHOMY BMIJISIII Ta 1 3B'I30K i3 BaXKJIMBUMU HAYKOBUMU YU
NPaKTUYHUMU 3aBIaHHSIMU; aHaJli3 OCTAHHIX JOCIIKEHb i Mmy-
OJrikalii i BUAJIEHHST HE BUPILIEHUX paHillle YaCTUH 3arajJbHOl
npoOJjeMM B JaHiii 00yacTi; (popMyTIOBaHHS LiiJieil Ta 3aBIaHb
TTOCJTiIKEHHST; BUKJIaZ OCHOBHOTO MaTepially J0CHiIXeHb 3 MO-
BHUM OOIPYHTYBaHHSIM OTPUMAaHUX HAyKOBUX PE3YJIBTATIB; BU-
CHOBKM 3 JaHOTO JOCJIIKEHHSI Ta MEePCHEeKTUBU MOJATbLINX
TTOCJTIIKEHD Y JTAHOMY HaIpPSIMKY.

Cratti MaloThb OyTM BUKOHaHi B pemakTopi Microsoft
Word. ®opmart crtopinku — A4 (210x297 MM), ToJst: Bepx-
He — 25 MM, HIXKHE — 20 MM, JiBe, npaBe — 17 mMm. KijibkicTb
KOJIOHOK — 2, 3 iHTEepBaJOM MiX HUMM 5 MM, OCHOBHHUIA
mwpudt Times New Roman, kerib OCHOBHOTO TEKCTYy —
10 TyHKTIB, MiXpsSAKOBUM iHTepBaT — MHOXHUK (1,1),
abzarHuit BincTynm — 6 MM. O6csr pykomnucy — Bix 6 1o 12 cro-
piHOK (MOBM: yKpaiHCbKa, aHIJIilichbKa, pociiichka Ta MOBOIO
opiriHana).

YJIK npykyeTbcsl 3 meplioro psiika, 6e3 BiACTYIiB, BUPiB-
HIOBaHHS T10 JIiBOMY Kpalo.

I11b asmopa (-iB), Ha3Ba CTaTTi, Ha3Ba Ta aapeca yuOOBO-
ro 3aKJjajay HeoOXilHO HaaaTu MOBHICTIO POCICHKOIO, YKpaiH-
CbKOIO Ta aHMJIIICHhKOI0O MOBaMU.

Hazea cmammi npyKyeTbcsl TPOIMMMCHUMM JliTepaMu; pUQT
MPSIMUiA, HaMliBXUPHUIA, KeTib 12.

Haszeu po3dinie HyMepyloTh apabChbKMMU LIMMDpaMU, BUIIIS-
I0Th XKUPHUM LIpudTOM. Bigctynu njist Ha3BU CTaTTi, iHiLlialiB
Ta TIPi3BUILL aBTOPIB, BiIOMOCTEI IMpO aBTOPiB, HA3B PO3/iJiB,
BCTYITy Ta BACHOBKIB, CIMCKY JIiTepaTypu: 3BepXy — 6 1T, 3HU3Y
—3nr

Anomauii (MoBoIO cratTi, a63arr 6—12 psKiB, Kerib 9) po3-
MilllyIOTb Ha TOYATKy CTaTTi, B Hiii Mae OyTU po3MillleHa iH-
¢dopmMallisi mpo OviKyBaHi pe3yJibTaTh OINMUCAHUX AOCHIIKEHb
(Ha TpbOX MOBAX).

Karouosi cnosa (4—10 ciiB 3 TEKCTY CTaTTi, AKi 3 TOUKU 30py
iHGOpMaliifHOTO TMOUIYKY HECYThb 3MICTOBHE HABAHTAXKEHHS)
HaBOJSITH MOBOIO PYKOTIUCY, Yepe3 KOMY B Ha3MBHOMY BilIMiH-
KY, Kerib 9.

Pucynku ta mabauyi (4OpHO-Oii, KOHTPACTHI) PO3Millly-
IOTBCST y TEKCTi ITiCHIsT TIEPIIOTO MOCWIAHHS Y BUIJISIIIE OKPEMUX
00’€KTIB i HyMepYyIOTh apabCbKUMU LUMpaMu HACKPi3HOIO HY-
Mepalli€lo 32 HassBHOCTI OiJiblle HixX ogHOTro 00’exTa. HeBenumki
CXeMU, IO CKJIANaloThes 3 3—4 eeMeHTiB BUKOHYIOTh, BUKO-
PUCTOBYIOUM BCTaBKY 00’ekTa PucyHok Microsoft Word. Binmbin
CKJIaTHI BUKOHYIOTH Yy TpadiyHUX peaakTopax y BUIJISIAI 9Op-
HO-0imux Tpadivnux Qaitnis Gopmaris .tif, .jpg, .wmf, .cdr i3

posaineHHssM 300 dpi. PucyHku MaroThb MiCTUTHCS Yy TEKCTO-
BoMy ailyti if 000OB’SI3KOBO MoAaBaTUCA OKpeMUMU baitiaMu
3 BiIMOBiMHUMHU Ha3BaMu (Hampukiamd, pucl.jpg).

Yci eleMeHTM pHCYyHKa, BKJIIOYAalOYM HAIUCHU, MOBUHHI
OyTH 3rpyroBaHi. Yci Hamucu B pUCYHKaX i TaOIUIISIX MalOTh
Oytu BukoHaHi mpudrom Times New Roman, kerib y pucyH-
kax — 10, y Tabnuusx — 9.

PucyHoOK TIOBMHEH MaTH LIEHTPOBaHWI mignuc (Tmo3a pu-
CYHKOM), pudT 9, Biactynu 3Bepxy i 3Hu3y no 6 nr. [lupunHa
pUCYHKa Ma€ BiAMOBiAaTH NIMPUHI KOJOHKU (200 IIMPUHI CTO-
piHKM).

Dopmyau, cumeonu, 3minHi TIOBUHHI OyTH HaOpaHi B pedak-
Topi hopmyn MathType. Dopmyan po3MilylOTh OCEPEIUHI
psIKa ¥ HyMepyloTh 3a HassBHOCTI IMOCWJIaHb HAa HUX Y PYKO-
muci. Mpudprt — Times New Roman. Bucora 3minHoi — 10
MYHKTIiB, BEJIMKUX i MaJIMX iHIEKCiB — 8 MT, OCHOBHUI MaTema-
TUYHUi cuMBoJ — 12 (10) nT. 3MiHHI, TO3HAYEHi TAaTUHCHKUMU
JliTepamMu, HaOMPAIOTh KYPCUBOM, TPelbKi JIiTepu, CKOPOUESHHSI
POCIIChKUX CJTiB i IM(pPU — TPSIMUM HaMCaHHSIM. 3MiHHi, SIKi
€ B TEKCTi, TAKOXX HaOUPaloTh y peaakTopi hopmyi.

Cnucox aimepamypu BMilllye OIyOJIiKOBaHi Kepesia, Ha SIKi €
MOCUJIAaHHS B TEKCTi, YKJIQJIeHi y KBaapaTHi Ay>XKKHU, APYKYIOTb 0e3
ab3alHOTO BIICTYITY, KeTJIb 9 T, BiICTYI 3Bepxy — 6 NT.

Ilicng cnucky mitepaTypu 3 BiACTymoM 3Bepxy 6 NT 3a-
3HAYalOTh damy nodanus cmammi 0o pedxoaeeii. Yucmo ta Mi-
Csllb 3aJAI0Th JBO3HAUHUMMU 4YMCIaMU 4yepe3 Kpanky. Po3mip
mpudTta — 9 NT, KypcuB, BUPIBHIOBAHHS 1O TIPABOMY Kpalo.

Pesiome (Times New Roman, kersib — 10 myHKTIB,) T0-
aloTh aHTJINCHKOI0 MOBOMO: o0car pestome mo 2000 3Ha-
KiB (OaxaHuii nepeknan). Cmpykmypa pesrome: Background,
Materials and methods, Results, Conclusion.

Pa3owm i3 pykomnucom (Ha apkyirax 6ijoro marepy gopma-
Ty A4 wineHictio 80-90 r/mM2, HaapyKOBaHWiI Ha JIa3epHOMY
MPUHTEPi) HEOOXiTHO MOJATU TaKi TOKYMEHTH:

1. 3asBy, IKy NOBUHHI MiANKXCaTH BCi aBTOPU.

2. AKT eKCTiepTU3H PO MOXIIUBICTH OMYOTiKyBaHHS MaTe-
piaJliB y BiIKpUTOMY JApYLi (SIKIIO MOTPIOHO).

3. PeueHsito, mianucaHy JOKTOPOM UM KaHIUAATOM Hayk.

4. BigomocTi npo aBTOpiB.

5. EnexTpoHHMIT BapiaHT pyKOIMUCY, pe3loMe Ta BilloMOC-
Teil Ipo aBTOPIB.

6. 3pobuTK oruiaTy myoJiKarii.

HeoOxinHO TakoX 3a3HAYUTU ONUH 3 HACTYIHUX TEeMATUY-
HUX PO3/iJIiB, SKOMY BilMOBiAa€ PyKOITUC:

1. TeopernuHi ocHOBU iH(MOPMATUKU Ta KiOEPHETUKM.
Teopis iHTeneKTy.

2. MarematuuHe MopemoBaHHd. CHUCTeMHUI —aHai3.
[TpuitHaTTS pillieHb.

3. InTenektyasibHa 00poOKa iHdopmauii. Po3nisHaBaHHS
o0pasiB.

4. IHdopmalliliHi TeXHOJIOTIi Ta TPOrPAaMHO-TEXHIUHI KOM-
TJIEKCH.

5. CrpykTypHa, IpUKJIaJHa Ta MaTeMaTUYHA JIiHTBiCTUKA.

6. JucKyciiiHi TOBiTOMJIEHHSI.
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