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Introduction

The Common Digital Space for Scientific 
Knowledge (CDSSK) is being formed with the aim of 
supporting and developing services in the field of sci-
ence and education in the modern digital environment. 
[1 -4] The CDSSK includes heterogeneous informa-
tion objects tested by the world scientific community. 
All over the world and in Russia, in particular, there 

are many both global and local information systems 
focused on solving various problems. In this regard, 
CDSSK should be considered as an integrator that al-
lows you to solve complex information problems at 
the intersection of sciences and areas of application of 
existing information systems. maximum use of infor-
mation resources accumulated in them. In particular, if 
we talk about Russia, then there are and are developing 
a number of state information systems in the digital 
environment, for example, the Russian Encyclopedia 
[5], the National Electronic Library [6], the Common 
State Register of Legal Entities [7], State catalog of 
geographical names [8], Russian Science Citation In-
dex [9] (Fig. 1).

Информационные технологии

Classes of objects and relations in the Common Digital 
Space of Scientific Knowledge*

N.E. Kalenov, I.N. Sobolevskaya, A.N. Sotnikov

Joint Supercomputer Center of the Russian Academy of Sciences — Branch of 
Federal State Institution “Scientific Research Institute for System Analysis of the 
Russian Academy of Sciences” (JSCC RAS — Branch of SRISA), Moscow, Russia

Abstract. All over the world there are many both global and local information systems focused on solving 

various problems. As an integrator that allows you to solve complex information problems at the intersec-

tion of sciences and application areas of existing information systems. to the maximum extent using the 

information resources accumulated in them, the Common Digital Space of Scientific Knowledge (CDSSK) 

can be considered. The article provides the structure of the CDSSK, the requirements for its functionality 

and the structure of the software shell, corresponding to the principles of the Semantic WEB. All objects 

reflected in the CDSSK are divided into two classes – universal and local. Relationships between objects 

are also divided into two groups – universal and specific. The paper proposes a list of universal classes 

of objects, defines universal types of relations between them, gives examples of specific relations and 

approaches to identifying local classes and subclasses of objects in a particular field of science.

Keywords: сommon Digital Space of Scientific Knowledge, Semantic WEB, codification, objects classes, 

object reference, object relations, entity reference, relationships between objects, ontology.

DOI: 10.14357/20790279230101

*  The research is carried out by Joint SuperComputer Center of the 
Russian Academy of Sciences – Branch of Federal State Institution 
“Scientific Research Institute for System Analysis of the Russian Acad-
emy of Sciences” within the framework of a state assignment topic 
FNEF-2023-0014.
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Classes of objects and relations in the Common Digital Space of Scientific Knowledge

Fig. 1. CDSSK is an integrator for scientific purposes 
of the state information systems

1. The common digital space  
of scientific knowledge object classes

Formation of CDSSK as a semantic WEB-space 
includes the following tasks:
– � selection and structuring of scientific objects pre-

sented in existing information systems and contain-
ing reliable and comprehensive information about 
scientific achievements in various fields of knowl-
edge;

– � metadata profiles formation of objects presented in 
information systems;

– � link start-up and registration of various kinds con-
nections between dissimilar objects;

– � formation of RDF triplets within the chosen field of 
knowledge.

Using OWL and RDF objects representations, 
their properties and relationships, and SPARQL-based 
data manipulation tools, you can build an information 
system containing multifaceted scientific information, 
backed by citations from reliable, time-tested, infor-
mation-based sources. systems that are constantly be-
ing updated [10-12].

2. The common digital space of scientific  
knowledge general ontology construction

When constructing CDSSK common ontology, it 
is necessary to implement the following steps:
1.  Allocation of universal classes of objects.

Currently, these include:
– � Persons;
– � Groups of persons (people united by a certain crite-

rion, for example: “high school students”, “students 
studying in a given specialty”, “geologists”, “resi-
dents of a given country or city”, etc.);

– � Publications. This object contains subclasses such 
as: monographs, collections, serials, etc .;

– � Qualification works (dissertations and abstracts, 
copyright certificates);

– � The documents. This class contains physical units 
such as a specific book, handwritten materials, ar-
chival documents;

– � Museum items. In particular, rare editions should be 
treated as museum pieces with appropriate relations;

– � Events;
– � Location (geographic characteristics);
– � Time characteristics;
– � Organizations;
– � Scientific directions;
– � Thesauri (subject ontologies);
– � General laws of nature from all scientific fields (the 

law of universal gravitation, the three laws of New-
tonian mechanics, the laws of Lomonosov, the laws 
of thermodynamics, Zipf’s law, etc.).

2. � Development of metadata profiles of objects of 
each class (subclass), including:

a. � Formation of a list of metadata elements;
b. � Define the characteristics and acceptable values ​​of 

metadata, including:
– � type of data – text, number (range of numbers), 

date (dates range), link to another object, e-mail 
address, URL of an external object;

– � mandatory or optional;
– � unique or repetitive;
– � presentation format;
– � selection from permissible values linear table ​​

(single or multiple);
– � choice from a hierarchical structure (single or 

multiple);
– � free value (in accordance with the established 

view) with possible formal control within the 
view (text – according to dictionaries, number 
– for the validity of characters, date – for the es-
tablished format, link – for checking the existing 
id, URL – for structure and accessibility).

3. � Relations type establishing between objects. I.e., 
normalized tables formation of relations values ​​be-
tween objects inside and outside each class;

4. � Development of the data warehouse structure and 
the relations organization between them;

5. � Development of a customizable administrator inter-
face that implements the attributes list formation, 
tuning tables, data types selection, control type;

6. � Development of an operator interface for entering 
metadata objects;

7. � Development of the system internal organization 
(the formation of the name space of objects and re-
lations (URN), the space of identifiers (URI), the 
formation of RDF triplets).

When defining metadata profiles for universal 
classes objects, it makes sense to focus on semantic re-
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lations with international and domestic organizations 
(ResearchGate, ORCID, RSCI – for persons, RAR and 
USRLE for organizations, RSCI and WEB of Science for 
publications, SCGN for geographic objects) [13, 14].

3. Universal relations types

1. � Equivalence. For persons it means different spell-
ings of surnames and first names;

– � for publications – translated versions of one publi-
cation, reprints of books (stereotyped);

– � for organizations – different names of the same or-
ganization. For example, Moscow State University 
– Lomonosov Moscow State University – Moscow 
University, etc.;

– � for temporal characteristics;
– � for geographical names. For example, RF Russian 

Federation – Russia.
Each object has required attributes:

– � a unique identifier;
– � name and relations of a given type with other ob-

jects.
Synonyms in subject ontologies. It is possible to 

select one of the equivalent objects as the base (de-
scriptor), while the rest of the equivalent objects have 
enough three attributes – id, the name and the relation-
ship of the type “equivalent” with the base.
2. � “To be part of” (subordination of terms in subject 

ontologies). For organizations it means subordina-
tion of subdivisions;

– � for publications: article – journal, collection; 
– � for geographical objects: country – continent, city – 

country, street – city, sea – ocean;
– � for museum items: object – collection;
– � for archives: document – inventory.
3.  Contains (the prototype of “To be part of”).
4. � Intersects (subject ontologies are intersection of 

classification indices, country and natural zones, 
desert on the territory of several countries; riv-
ers and countries; international organizations and 
countries, etc.).

4. Specific relations

Specific relations exist in both generic and local 
classes [15].

Examples of specific connections.
“Publication” – “Person”:

– � author;
– � editor;
– � compiler;
– � interpreter;
– � painter;
– � sponsor;

– � contains information about a person (in the library 
terminology “about him”);

– � reviewer;
– � other roles (technical editor, proofreader, etc.)

“Publication” – “Organization”:
– � author (collective author – in library terms);
– � publishing house;
– � contains information about the organization;
– � sponsor.

“Qualification work” – “Person”:
– � author;
– � scientific adviser;
– � opponent / reviewer.

“Qualification work” – “Organization”:
– � place of work performance;
– � leading organization

“Document” – “Person”;
– � author;
– � owner;
– � contains information about the person;
– � the document contains notes of this person.

“Document” – “Organization”:
– � author;
– � owner + location specification (for archival docu-

ments – the number of the document, case and in-
ventory, for the library the storage code, for the mu-
seum – the inventory number).

– � mentioned in the document
– � sponsor.

“Museum Item” – “Person”:
– � author – manufacturer;
– � collection author (for natural science collections)
– � source of income (donor / seller)
– � restorer
– � is associated with this person (photography, 

film-video, audio recording, etc.).
“Museum item” – “organization”:

– � author – manufacturer;
– � owner (+ clarification of location – inventory num-

ber)
– � source of income (donor / seller)
– � is associated with this organization (photography, 

film-video, audio recording, etc.).

5. The common digital space of scientific  
knowledge subspace structure

The factographic basis of each thematic CDSSK 
subspace (its subject ontology) is structured encyclo-
pedic concepts related to each other and to objects of 
universal classes. The structure of subject ontology can 
be based on the sections of existing heading lists of sci-
entific information. For example: UDC (for general sci-
entific) [16], INIS (for nuclear physics) [17], etc. 
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Below is an example of structuring the subject 
ontology of the thematic subspace “Astronomy” on 
the State Rubricator of Scientific and Technical Infor-
mation [18] basis.
ASTRONOMY
General problems of astronomy
Theoretical astronomy. Celestial mechanics
Astrometry
Astrophysics
Solar system
Sun
Stars
Nebulae. Interstellar medium
Star systems
Cosmology

Observatory. Instruments, devices and methods 
of astronomical.

Each of the 11 sections highlighted at the second 
level of the hierarchy is subdivided into subsections of 
the third level. In particular, the following subsections 
are highlighted in the “Solar system” section:
Solar system
General problems of solar system research
Structure and origin of the solar system
Planets and their satellites
Moon. Lunar eclipses
Comets
Meteors. Zodiacal light. Interplanetary environment.
Meteorites

Within each subsection of the third level, subsec-
tions of the next level or individual objects are allocated. 
Each section (subsection) of a subject ontology is an ob-
ject of the CDSSK. For each object, universal and specif-
ic connections are established with other objects of this 
subspace, other subspaces and with objects of universal 
classes. For astronomical objects, these can be connec-
tions with persons of the form “discovered”, “described”, 
“calculated”; with publications -relations of the form 
“first published”, “textbook for school”, “the most com-
plete monograph”, etc .; with objects from the subspace 
“Mathematics” – connections of the type “described by 
equations”, etc. Objects of the subclass “Astronomical 
observatories” included in the last section of the second 
level of the subject ontology of the software program 
“Astronomy” are connected with objects of the “Loca-
tion” class by the obligatory link “located in”, etc.

 Location (geographic objects) as a universal class 
contains general information about an object, not de-
tailed from the point of view of geography, but allowing 
to determine the location with varying accuracy (from 
the mainland to the house number and coordinates with 
an accuracy of seconds). The purpose of distinguishing 
this universal class is to process generalized queries 
such as “archaeological excavations in Peru,” or “her-

baria collected in Altai,” or “astronomical observations 
carried out in Chile,” and so on. despite the fact that 
the description of the object of archaeological finds may 
indicate “Machu Picchu” or “Easter Island”, when de-
scribing the herbarium, the surroundings of Biysk were 
indicated, and in astronomical observations, the Ataca-
ma Desert was indicated.

Objects of the universal class “location” are as-
sociated with elements of the thematic subspace “Ge-
ography”, which contains comprehensive descriptions 
of geographic objects. The location class includes the 
subclasses Land and Water, which in turn include the 
following subclasses.

Land.
– � continent
– � part of the world;
– � natural area;
– � part of the land that has a geographical name;
– � country
– � subject of the country
– � locality (city, town, village)
– � the named part of the settlement (district, street, 

square, etc.)
– � address
– � coordinates

Water space.
– � oceans;
– � seas;
– � lakes;
– � rivers;
– � other bodies of water that have a name (waterfalls, 

swamps ...).
Along with universal connections, specific con-

nections of the type “washed” (connection between 
a continent or country and the sea or ocean), “is an 
inflow” (connection between rivers), “stands on” (con-
nection between a city and river), etc.

Conclusions

When software development for a particular sci-
entific direction, it is necessary to move along the path 
of identifying classes and subclasses of objects, forming 
objects metadata profiles of each subclass, establishing 
relations between objects of this class, within this soft-
ware and with objects of universal classes. The result of 
the design should be a set of RDF triplets, which will 
allow implementing mechanisms for finding answers to 
complex queries based on the SPARQL language.
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Introduction
Keeping the content of the institutional reposi-

tory up to date is an important task that requires sig-
nificant time and human resources. The quality of the 
content of any information system is one of the key 
factors that makes it attractive to end users and able 
to meet their changing information needs. The way 
to organize such laborious work is to ensure the pro-
cess of continuous curation of bibliographic metada-
ta (the main digital objects of such kind information 
systems) and include a set of actions and measures 
aimed at updating, managing and preserving this 
metadata throughout their entire life cycle. The tasks 
of curation include: search and analysis of missing 
bibliographic metadata (not included in the repos-
itory at the current time for some reason); search 
and analysis of missing metadata of bibliograph-
ic descriptions uploaded to the repository; tracking 
changes of the publication’s status (made earlier pre-
print can be transformed into an article published in a 
peer-reviewed journal); detection of input errors; up-
dating user account data; updating data on the struc-
tural divisions of the organization, etc.

Currently, JINR is implementing an institu-
tional repository based on the Invenio-JOIN² soft-

ware platform [1; 2]. Closed beta testing is under-
way now.

This paper considers the issues of identifying 
missing bibliographic descriptions of JINR staff publi-
cations, adding bibliographic descriptions of reference 
books (grants, experiments, persons); enrichment of 
metadata (their clarifications and additions) entered 
into the JINR institutional repository with data from 
external sources: the bibliographic and abstract data-
base Scopus, the information platform in the field of 
high energy physics INSPIREHEP [3]. These tasks 
can be partially automated. As a solution, a set of util-
ities and services has been developed to facilitate the 
implementation of some specialized standard curation 
processes for the JINR Publications Server. 

1. Approaches and Practices for the Curation of 
Institutional Repositories

Most literature on the research topic presents the 
implementation of IRs from the viewpoint of end users. 
Thus the description is restricted by the front-end com-
ponent of such IS, that is only “iceberg tip” and does not 
give a complete picture of the complexity of such infor-
mation systems. Detailed structured descriptions of activ-
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ities related to the management of research data, the needs 
and actions of various categories of users, used tools are a 
good basis for developing best practice guidelines and in-
frastructure templates for IRs [4]. These knowledge tools 
can then be used by institutions that are currently imple-
menting institutional repositories. In many respects, the 
approaches and practices of IRs content curation depend 
on their specifics and the specifics of the institution that 
holds the content [5]. The resources management of an 
institutional repository includes the task of curation [6; 
7]. The JOIN2 project pays a lot of attention to the issue 
of curation. All instances provide updating authority 
records Persons and Institutes in automatic or semiau-
tomatic mode [2]. One more example: curation process 
to enrich data in JOIN2 repository with Metadata from 
PubMed. The script produces several output-files that 
are uploaded in batch and make updating records [2]. 
The implementation of curation processes depends on 
the set of protocols and authentication tools used by the 
institution. The project ISTINA [8] uses back-end al-
gorithms to find sustainable teams of authors, research 
performance evaluation, authorship disambiguation 
and so on. The paper [4] describes data curation and 
use activities in IRs, their structures, roles played, skills 
needed, contradictions and problems present, solutions 
sought, and applied approaches. 

2. Utilities and Services for JDS-JOIN²  
Prototype

To solve the above tasks, the following set of 
useful utilities has been developed: New Grants, Peo-

ple&Institutes Corrections, Inspire Corrections, HAC 
List. Services are implemented as a backend solution 
for the JINR institutional repository and are executed 
as server processes with a given frequency 一 tasklets. 
Publications Server is carried out as an Open Access 
archive of JINR scientific output [9].

2.1. Utility New Grants
To reflect the information about grant support of 

the research work, resulting or describing in a publi-
cation, it is necessary to add the appropriate metadata 
to bibliographic description of this publication. Grant 
metadata is stored in the Authority Collection Grants 
(fig. 1) – catalog of research funding sources (JINR 
Themes/Projects, RFBR and RSF grants).

The Authority record of the Grant “РФФИ 
18-02-40125_мега” contains the title, coordinator 
name, grant period, as well as a list of publications 
loaded into the system and linked (logical connec-
tion of the publication belonging to this funding 
source) to it. To specify the relationship between 
publication and Grant, the submitter should enter 
the necessary metadata in publication through the 
web-Submit tool (fig. 2).

The input subsystem, using the import module 
by the values of digital identifiers (in this case, DOI), 
recognizes public bibliographic metadata and distrib-
utes them among the form fields. In the Grant name/
Funding sources section, the user selects the desired 
grant from the drop-down list (it must first be loaded 
into the system).

Information about JINR projects, funded by 
the Russian Foundation for Basic Research and the 

Fig. 1. Authority record of grant “РФФИ 18-02-40125_мега”
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Fig. 3. Interaction of the server, module New Grants and content manager of institutional repository in the 
scenario of generating and loading metadata about new grants

Fig. 2. Web-form for entering a publication
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Russian Science Foundation is the source of data 
for the New Grants module. This information is 
presented on the official website of JINR (http://
www.jinr.ru/grants/) [11]. The New Grants module 
receives a text file with data about grants as input, 
and generates an output file in MARCXML format, 
which is loaded into the system in batch loading 
mode by the content manager of the JINR publica-
tions server (fig. 3).

This utility implements the following functions:
• � Extract grant metadata from source file.
• � Checking for duplicates (whether there is an entry 

with an identical number in the Grants authority 
records collection).

• � Generation of a marcxml file with a description of 
the grant for subsequent loading into the system 
(see Listing 1. ー an example of the description of 
the Grant authority record for the RSF project 19-
75-20121 in marcxml format).

Using the New Grants utility, 270 records of 
RFBR grants for the period 2013-2022 and 60 entries 
about RSF projects for the period 2014-2022 were up-
loaded to the JINR Publications Server.

2.2. Service People&Institutes Corrections
This application updates the authority records 

of People and Institutes – collections – directories of 
JINR employees (potential authors of scientific publi-
cations) and JINR structural divisions of all levels of 
the hierarchy, respectively (fig. 4).

The main functions of People&Institutes Correc-
tions:
• � Updating data about working employees: modify-

ing email, adding SSO login, adding identifiers of 
various external author identification systems like 
Inspire, ORCID, Scopus (if available).

• � Deleting authority records of non-working (dis-
missed) employees.

• � Making authority records of new (hired) employees.

Listing 1. Example Authority Record Grant РНФ 19-75-20121
<record>
<datafield ind1=”7” ind2=” “ tag=”024”>
<subfield code=”a”>G:(Ru-JINR)19-75-20121</subfield>
<subfield code=”0”>I:(Ru-JINR)_400000</subfield>
<subfield code=”d”>19-75-20121</subfield>
</datafield>
<datafield ind1=” “ ind2=” “ tag=”035”>
<subfield code=”a”>G:(Ru-JINR)19-75-20121</subfield>
</datafield>
<datafield ind1=” “ ind2=” “ tag=”150”>

<subfield code=”a”>Новые гибридные и углеродные аэрогели – синтез и анализ 
структуры методами малоуглового рассеяния (на ИБР-2)</subfield>

<subfield code=”y”>2019-2022</subfield>
</datafield>
<datafield ind1=” “ ind2=” “ tag=”371”>

<subfield code=”a”>Горшкова Ю.Е.</subfield>
<subfield code=”0”>P:(Ru-JINR)P002369</subfield>
</datafield>
<datafield ind1=” “ ind2=” “ tag=”450”>
<subfield code=”a”>РНФ 19-75-20121 Проведение исследований на базе существующей научной 

инфраструктуры мирового уровня</subfield>
<subfield code=”y”>2019-2022</subfield>
<subfield code=”w”>d</subfield>
</datafield>
<datafield ind1=”1” ind2=” “ tag=”510”>
<subfield code=”a”>Российский научный фонд</subfield>
<subfield code=”0”>I:(DE-588b)1228775-1</subfield>
<subfield code=”b”>РНФ</subfield>
</datafield>
<datafield ind1=” “ ind2=” “ tag=”980”>
<subfield code=”a”>G</subfield>
</datafield>
<datafield ind1=” “ ind2=” “ tag=”980”>
<subfield code=”a”>AUTHORITY</subfield>
</datafield>
</record>
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• � Updating data when an employee moves from one 
department to another.

• � Updating data on current structural divisions (renam-
ing, transferring to another level of hierarchy, etc.).

• � Deleting authority records of liquidated structural 
divisions.

• � Entering authority records of new (newly created) 
structural units.

Deletion of the record happens after attaching 
a specific tag, the record becomes inactive (invis-
ible to the user) but is not destroyed from the da-
tabase.

This service is currently running weekly. On 
average, the volume of corrective entries is: 25-35 
updates (including dismissed and hired people) per 
week, 3-4 updates for departments per month. When 
the institutional repository is set to production mode, 
the service will be launched daily.

2.3. Service Inspire Corrections
INSPIRE (https://inspirehep.net/) is the trusted 

information hub for the high energy physics communi-
ty [3]. It serves as a one-stop information platform for 
the HEP community, including 8 interconnected data-
bases of literature, conferences, institutions, journals, 
researchers, experiments, jobs, and data. INSPIRE-
HEP works in collaboration with CERN, DESY, Fer-
milab, IHEP, IN2P3 and SLAC and has been serving 
the scientific community for nearly 50 years.

Experience has shown that reports on publication 
activity often lack publications for a given reporting 
period from subject repositories such as INSPIRE-
HEP. This information platform has collected more 
than 35 thousand publications of JINR employees for 
the period from 1956 to the present (fig. 5).

Fig. 5. JINR Publications in INSPIREHEP (2017-2021)

Over the past five years, the number of publica-
tions of JINR staff members stored in INSPIREHEP 
has been at the level of 850 ÷ 1000 per year.

To identify missing (missing descriptions in the 
institutional repository) INSPIREHEP publications, 
the Inspire Corrections service was developed, which 
performs the following functions:
• � Retrieve bibliographic metadata from the INSPIRE-

HEP hub using the public API (https://github.com/
inspirehep/rest-api-doc) for a specified period, as an 
example: for the last month (configurable options).

• � Duplicate Check: Checks for the publication meta-
data retrieved from INSPIREHEP and stored at the 
JINR Publication Server.

• � Sending an email notification to the co-author (or 
responsible person performing archiving by proxy) 
about unloaded INSPIREHEP publications with ref-
erences and INSPIRE’s IDs. Using this information, 
an employee can easily submit these publications 
to the JINR Publication Server by using the Import 
Data function of the web-submit module (fig. 6).

Fig. 4. Update People and Institutes Catalogs
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2.4. Utility HAC List
The experience of pre-production prototype of 

institutional repository “JINR Publications Server” 
showed that one of the frequent types of user queries 
is the search for publications in journals registered in 
various international and national catalogs and data-
bases (Database Coverage). For example, the search 
of publications published in the Directory of Open Ac-
cess Journals ( DOAJ) indexed by Scopus, or journals 
included in the List of Higher Attestation Commission 
a list of leading peer-reviewed scientific journals in-
cluded by the Higher Attestation Commission of the 
Russian Federation, recommended for publishing the 
main scientific results of a dissertation for the degree 
of candidate and doctor of science) [12].

The functionality of the Invenio-JOIN2 software 
platform, on which the JINR Publications Server insti-
tutional repository prototype is deployed, allows the 
filtering of publications described above. To do this, 
the Statistics key – special Authority Record, should 

be created and associated with the necessary journal. 
Then all publications of this journal entered into the 
system will be indexed as belonging to this Statistics 
key, and can be found by the search attribute StatID = 
value. Authority Record with internal value 2002 was 
added to the Statistics keys catalog. The aim of it is to 
indicate that the article is/was published in a journal 
from the LIST of the peer-reviewed scientific publica-
tions, approved by the Higher Attestation Commission 
under the Ministry of Science and Higher Education of 
the Russian Federation. 

The HAC List published at the official website in 
a pdf file (the latest up-to-date version – 04/27/2022 
includes 2679 journal titles). The file contains a table 
with columns: No.; Name of the journal; ISSN; Scien-
tific specialties and branches of science corresponding 
to them, in which academic degrees are awarded; The 
date of inclusion of this journal in the List. The content 
of the pdf-file in its original form is not suitable for 
machine processing. An application was implemented 

Fig. 6. Web-form for new submissions

Fig. 7. Extraction of structured data from source HAC List
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that extracts data from this pdf-file and structures the 
data according to the above columns, and generates a 
text csv file (fig. 7).

The resulting csv file is fed to the input of anoth-
er application execute the following functions:
• � Checking the journal for duplicates by ISSN: 

whether there is a record with an identical ISSN 
value in the Journals authority collection.

• � Checking if an authority record has a HAC List Statis-
tics key label, which means that the journal is identi-
fied in the system as belonging to the HAC List.

• � Creating the corrective chunk with HAC List Sta-
tistics key in its absence.

• � Generation of journals authority records metadata 
absened in a system, in marcxml format for up-
loading with Statistics key HAC List.

Fig. 8. illustrates it. 
An example of this approach is presented in fig. 

9. The authority record of the journal Computer re-
search and modeling displays a list of publications 
published in it. The Database Coverage block displays 
the HAC List label.

Fig. 8. Indication journals records by statistics key HAC List

Fig. 9. Authority record of journal Computer research and modeling
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Conclusion
Updating the content of an institutional reposi-

tory is a complex and multifaceted task that requires 
continuous curation by the accompanying staff. Cura-
tion is organized on the basis of typical business pro-
cesses, some of which can be automated. Automation 
consists in the implementation of a set of specialized 
utilities (auxiliary scripts that complete the functional-
ity of the software platform in order to perform typi-
cal curation tasks) and information services. The work 
shows the usage of this functionality on the JINR Pub-
lication Server as an example. In particular, the New 
Grants Utility, Service People&Institutes Correc-
tions, Service Inspire Corrections have been imple-
mented and included in the pre-production version of 
the system. The Utility HAC List is implemented with 
limited functionality and is still under development. 
The relevance to continue the development of Scopus 
Corrections Service with functionality similar to In-
spire Corrections Service is discussed.
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Introduction

The Meshcheryakov Laboratory of Information 
Technologies (MLIT) of the Joint Institute for Nuclear  
Research (JINR) is actively working to streamline the 
licensed software used. There are various aspects of 
work related to optimizing the use of licenses. For  
example, choosing the optimal consistent set of licen- 
ses for complex open source projects [1]. In our work, 
we primarily consider the issues of optimizing the use 
of licensed products in terms of the cost of their ac-
quisition, and for the same purposes, the collection 
and accounting of information on the use of licenses.  
The variety of types of purchased licenses creates a 
potential difficulty in considering and choosing the 
optimal licensing conditions for the specific needs of 
the Laboratory. There are many types of licenses, such 
as personal, local, pre-installed software, full package 
product, volume licensing, group, network, etc. To se-
lect the required types of licenses, it is necessary to have 
information on both existing licenses and the needs 
of users. Additional difficulties arise when solving  
the problem of collecting dynamic information on the 
use of network licenses. Licenses of this type are pur-

chased for a certain number of users who have the 
right to simultaneously use the license. The cost of 
network licenses used in the Laboratory is quite high 
and varies greatly depending on the number of users 
it is purchased for. Therefore, detecting the maxi-
mum number of concurrent users is an important task 
for future license renewal. To solve this problem, 
it is necessary to collect data on the beginning and 
end of the use of the license by the user. The corres- 
ponding license usage and release requests are sent 
from different user machines, and license managers 
are third-party products from which it is not always 
possible to obtain license usage information. Based 
on this, and also taking into account the high costs 
of acquiring licensed software products, the obliga-
tion to comply with the rules of the licensing policy 
and the need to plan and optimize the purchase of 
licensed software, it was proposed to automate the 
processes of license management. It resulted in the 
development and most of the implementation of the 
LMS. The architecture of the system, the database 
object model schema, the Web Interface design and 
implementation are presented in this paper below.

Development of an Information-analytical System  
for the Support and Maintenance of Licenses at MLIT JINR
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Abstract. The License Management System (LMS) was developed at the JINR Information Technology 

Laboratory. The purpose of creating an LMS is to automate the management, acquisition, maintenance 

and use of licensed software products. The system consists of a network licensing system (NLS), 

databases and a web interface. NLS provides network license management, collects and transmits to the 

time series database information about which network license was used by the user and at what time. The 

features of collecting this type of data are given. This data is used in monitoring implemented on the basis 

of the Grafana platform. The main LMS database stores data related to corporate, private, and other 

types of licenses. It also stores the necessary data regarding license users. The database is implemented 

in PostgreSQL. The system provides the ability to process workflows such as ordering new licenses that 

users need, ordering to add to the catalog of purchased licenses, and other functions. The LMS web 

interface is implemented in the development environment of the Electronic Document Management 

System "EDMS Dubna" using the LegoToolkit web application. A website has been developed and 

created for LMS users.
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1. Architecture of the LMS

The LMS consists of three parts: Network 
Licensing System (NLS), databases and Web Services.

The general architecture of the LMS is shown in 
fig. 1.

Important parts of the system are Web ser-
vices and the associated database implemented in  
PostgreSQL. The database contains all information on 
purchased licenses, licensed software product (LSP), LSP 
owners, main and auxiliary catalogs, LSP development 
companies, vendors and other necessary information. 
Based on this information, personal accounts of the user, 
operator and auditor, the corresponding forms and docu-
ments are formed. The monitoring of Network Licenses 
Usage information is based on data stored in the Influx data- 
base (InfluxDB). This data is used directly by the Grafana 
Server [2] and its plugin implemented within the LMS. 

The external, public part of the Web services is 
a Web site [3] built on the Drupal 9 platform. The site 
contains up-to-date data on software licenses available 
in the Laboratory, the terms and conditions of their 
use, and also provides access to the distributions of 
server software products. The private part of the Web 
services is a personal account that allows various cate-
gories of users to manage the purchase and distribution 
of licenses, as well as to make changes to the database.

The NLS is a separate subsystem of the LMS. It 
consists of a separate network segment with private net-
work addresses and a system of access to them based on 
the general entry into the pool of virtual machines and 
the transfer of a request to use a license to the corres- 
ponding virtual machine via the ports specified inside 
the request. This is done in order to protect (secure) the 

pool of virtual machines with license managers. Each 
virtual machine contains the manager of the corres- 
ponding LSP and the manager’s log analyzer for ob-
taining information on monitoring the use of the LSP.  
When installing a software package, the user specifies a 
single entry point as the name of the license server, and, 
depending on the selected package, the required port. 
When the software package is launched on the user’s 
computer, the license server is contacted, a connection 
is established with a proxy server, which, depending on 
the incoming ports, forwards the connection to the ap-
propriate virtual machine with the required license ma-
nager, and the license is granted. Accordingly, at the end 
of using the software package, the license is returned 
to the pool of available licenses. Thus, the developed 
structure of the licensing system allows organizing a 
single entry point for users, easily updating versions of 
the license manager, and also provides a sufficient level 
of protection against external intrusions. The manager 
usually writes into a log file all activities concerning 
granting and releasing licenses, including the time of  
license occupation and release, as well as the user’s 
name who requested the license. The log file can be used 
to collect information about license usage. MLIT has 
network licenses, all of which use the FlexNet Publisher  
license manager [4]. In any log, one can select key-
words to search for the username and time when the 
license was granted, as well as another entry with the 
username and time when the license was returned. An 
example log file for Maple can be seen in fig. 2. The 
above keywords are “license granted” and “license  
accepted”. The output of such a parse is the same for all 
license managers. The structure of the InfluxDB time 
series database is in the center of fig. 2.

Fig. 1. General architecture of the LMS
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InfluxDB records have the following structure: 
TimeStamp (always required for a time series data-
base), tags, and values. The tag means the string type, 
and the value means the numeric type of the corres- 
ponding parameter. The tag part has the following pa-
rameters: User, Host, FamilyName (license family), 
Name (license name). The value part has only one  
value: 1 for a license grant operation and 0 for a li-
cense release operation. The numbers show the corres- 
pondence between the log lines and database entry 
parameters. The corresponding Log Analyzer runs 
as a daemon on each virtual machine. It checks the 
size of the log file, and if the size is changed, it reads 
the log file, detects the unprocessed part of the log 
file and parses it finding log records that reflect the  
user’s activity on request or release of licenses. The Log  
Analyzer writes the parsed data to the InfluxDB. It can 
parse 2 types of logs: Maple and common flexlm used 
by Matlab, Comsol, etc. This information is used by 
the Grafana server to generate network license dash-
boards at the request of users. 

2. Database object model

The developed object model of the LMS is shown 
in fig. 3. The LMS database keeps permanent data con-
cerning licenses and their usage, users and their roles, 
software products and companies that produce it, ven-
dors that provide software licenses, as well as other 
information necessary for the implementation of the 
project. All information is structured and represented 
by the corresponding related entities (objects).

The ‘license’ object keeps parameters that de-
scribe a license. The ‘license’ object stores parameters 
that describe information about the license, such as 
the name of the license, vendors contact information, 
vendor code, license purchase date, who purchase the 
license, price, and license description. The object also 
stores important parameters describing the license  
validity period and other relevant information.

The ‘license’ object has associations with the  
‘license_type’ object (parameter ‘license_type’ in 
use), the ‘software’ object (parameter ‘software_id’ in 
use) and the ‘provider’ object (parameter ‘provider_id’ 
in use). The ‘license_type’ object has ‘license_type_
name’ parameter that describe the type of the license. 
There is a set of license types such as Public (infor-
mation about the license is available to any user of 
the system), Closed License (license information is  
available only to those who use it and to special users), 
Personal License (a license intended for a single user), 
Local License (a license intended for local installation 
on a single computer), Group License (a license in-
tended for multiple users or local installation on mul-
tiple computers, and the number of computers cannot 
be limited). 

A highly important type is the Network License, 
which is obtained through a special license server. The 
network license entitles the user to install the product  
on several computers, but the number of concur-
rent users must not exceed the number of purchased  
licenses. Preinstalled Software (OEM) is also a type 
of licenses. The user of such software purchases the 
software together with a personal computer (PC) or a 
server, and it can only be used on the purchased PC. 
The last type of licenses used is the Boxes product or 
Full Package Product. The purchase in this case of one 
“box” gives permission to use the software product on 
one computer. Users are allowed to reinstall the product  
on another PC, but only a certain number of times. 

The ‘provider’ object describes the license pro-
vider. The ‘software’ object represents the licensed 
software using its name and description. This object 
has an association with ‘company’ objects that describe 
the license owner company. The ‘sys_users’, ‘license_
use’, ‘computer’ and ‘computer_type’ objects describe 
such essences that are connected with users who use 
the license and the computer on which it is installed. 
Only the ‘license_use’ objects are associated with the  
‘license’ object (‘license_id’ parameter in use).

Fig. 2. Structure of an InfluxDB record
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The LMS database schema also contains other 
objects not shown in fig. 3. They provide the func- 
tioning of various subsystems of the LMS:
• � storage of parameters describing information about 

users, their roles and their registration in the system;
• � functioning of the subsystem “Reference books”;
• � integration with other JINR information services, 

in particular, with “EDMS Dubna” [5].
The main database is implemented on the  

PostgreSQL platform.
The database that keeps monitoring data is a 

separate database. This is not an SQL database, and 
it keeps such data as time series with data in the  
InfluxDB for Grafana.

3. Web interface design and implementation

The Web interface is designed as a set of per-
sonal accounts (PA), which differ depending on user 
rights or roles. The JINR single sign-on (SSO) is used 
to authenticate the user and his role when entering the 
personal account of the LMS. 

The LMS defines four roles: user, auditor,  
operator and administrator. The personal account 
view depends on the role of the client. The user with 

the user role can see information about all public 
licenses, any information about own licenses and 
their expiration period, as well as receive notifi-
cations about new licenses. The user can request a 
new license from the list of existing licenses or a 
renewal of the old one. The user may request that 
a new license be added to the catalog of available 
software for purchasing licenses. The operator has 
all user rights and can additionally enter into the DB 
all data concerning licenses, their owners and other  
information that should be presented in the LMS 
database. The auditor, additionally to the operator’s 
rights, can also see any information concerning any 
licenses, including their cost and any analytical in-
formation. The administrator performs any actions 
available in the LMS database. The administrator 
has the same rights as the auditor, but with additional  
purely administrative capabilities. The view of the 
auditor’s personal account is presented in fig. 4. The 
user account has a set of TABs at the top of the Web 
page, and any TAB can also have a set of SUBTABs 
below the corresponding TAB. 

The implementation of the context of tabs and 
subtabs for different types of user roles is the same 
with rare exceptions (nested tabs may differ in the  

Fig. 3. Object model of the LMS database
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presence of some buttons), thus, the pages differ main-
ly only in the presence of certain tabs and subtabs.

The view of user personal licenses in the user’s 
personal account page is shown in fig. 5 as an example 
of the subtab context. 

Work to exchange information with other JINR 
information services, such as “EDMS Dubna”, is also 
underway.

The LMS Web interface is implemented in the 
development environment of the electronic document  

management system “EDMS Dubna” using the entire 
Web Application LegoToolkit (WALT) [6]. This toolkit 
was developed at MLIT JINR and has been successfully 
used in other systems for a long time. WALT is a template- 
oriented platform designed for the development of Web 
applications of various degrees of complexity, and the 
main idea of WALT is to provide transparent, extensible, 
and modifiable tools for solving some specific problems 
that arise when developing Web applications. The use of 
WALT for the LMS proved to be highly effective.

Fig. 5. View of user personal licenses in the user’s personal account

Fig. 6. View of the network license monitoring page

Fig. 4. View of the page of the auditor’s personal account
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Monitoring the use of network licenses is the 
basis for analyzing the use of network licenses and 
the possibility of obtaining a cheaper set of network  
licenses in the future. The view of the monitoring page 
is illustrated in fig. 6. The left graph in fig. 6 shows the 
number of network licenses that users use for Maple. 
The use of Combobox allows the viewer to set a list 
of watched users. The right graph shows the number of 
network licenses that users use for Comsol and Matlab. 
These programs have several components with sepa-
rate licenses for each.

The monitoring page can be used as a separate 
Web page and as the content of a tab of any user’s 
personal account.

The initial version of the LMS release was im-
plemented and is presented above. The current version 
implementation does not include some workflows, 
such as ordering for supplementing the catalog of pur-
chased licenses or notification concerning license ex-
piration. Work to develop the system according to the 
design is underway.

Conclusion

The architecture and object model of the LMS 
database were developed. The design of the Web inter-
face of the system was completed. The initial release 
of the LMS was implemented. The system consists of 
the NLS, Web services and databases. The NLS is a 
separate LMS subsystem responsible for automati- 
cally issuing and releasing network licenses, as well as 
is a pool of virtual machines, each of which runs the ap-
propriate license manager and log analyzer, supplying 
monitoring information to the Influx database. Moni-
toring data is visualized using a plugin for the Grafana 
server. The Web services consist of the external pub-
lic part, which contains up-to-date data on software  
licenses and other corresponding data, and the private 
part of the services containing personal user accounts. 
The next version of the implementation is under con-
struction.
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Introduction
According to the Digital 2021 report, more than 

half of the world’s population (56%) lives in cities [1]. 
According to UN forecasts, the city population will 
continue to increase further to 6.3 billion (about 65%) 
by 2050 [4]. According to the study [17], population 
density affects the quality of life. It is very important to 
compensate for the negative impact of urban popula-
tion growth on the comfort of their inhabitants. One of 
the concepts that make the life of urban residents more 
comfortable is the concept of a smart city. A smart city 
is a concept for managing the resources and infrastruc-
ture of a city with the widespread use of information 
technology and Internet of Things technologies. In 
article [13], a smart city is defined as a well-defined 
geographical area, in which high technologies such as 
ICT, logistics, energy production, and so on, cooperate 
to create benefits for citizens in terms of well-being, 
inclusion, and participation, environmental quality, in-
telligent development. It is governed by a well-defined 
pool of subjects, able to state the rules and policy for 

the city government and development. Public transport 
is one of the main components of the urban infrastruc-
ture that provides a comfortable city life. In [15], the 
authors emphasize that smart projects in a technocity 
should be aimed at transport improvement. To build 
an easy-to-use public transport system, it is necessary 
to take into account the transport needs of citizens. In 
a time before information technology penetrated ev-
eryday life, surveys and censuses were used to study 
the needs of citizens. The collection of such data is 
expensive, requires the participation and time of citi-
zens, and the data obtained quickly become outdated. 
In the modern world, new data sources describe the 
movements of citizens. They provide data at a lower 
cost and with accuracy and speed that was not possible 
with the methods of the past. One such data source is 
mobile phones. During their operation, mobile phones 
and smartphones exchange information about signal 
strength and delay with base stations. This informa-
tion is stored in base stations and can be used to deter-
mine the location of devices. The main advantage of 
these cellular operators is mass character. According 
to [1], the penetration rate of mobile phones is more 
than 65% and is constantly increasing. In large cities 
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and developed countries, according to [3], almost the 
entire population is subscribers of mobile networks. 
The important advantage of cellular operators’ data is 
collecting at the operators’ base stations, centrally and 
not visible to users. The disadvantages of such data 
include their low spatial accuracy, which is sufficient 
to determine, for example, the area of departure and 
arrival, but not a specific object. The data of cellular 
operators are convenient for analysis and mostly used 
in the form aggregated by city districts and time inter-
vals. Example of aggregated transport data is present-
ed in Table 1. Thus, researchers have access to data 
on the number of people in each of the city districts. 
Traffic flow data between each pair of districts for each 
time interval is also available. Due to the presence of 
base stations of cellular operators in the subways of 
some cities, for example, in Moscow, it is possible to 
measure the traffic flow of the subway separately. The 
development of data analysis algorithms also makes it 
possible to obtain information on the number of people 
traveling from home to work and from work to home. 

Table 1
Aggregated transport data example

Timestamp Source  
district 

id

Destination  
district id

Count  
of customers

20/01/22 10:00 1 2 1012

20/01/22 10:00 1 3 1258

20/01/22 10:30 1 2 521

20/01/22 10:30 1 3 620

An overview of cellular operators’ data analysis 
methods is presented in the article [10]. Our paper [8] 
presents an anomaly detection method for aggregated 
data of cellular operators. Such anomalies correspond 
to important social events. These events do not need 
to be predicted. They are either known in advance (for 
example, large concerts, social events) or are unpre-
dictable (for example, major accidents, fires). City 
authorities need to respond to such events on time 
and take measures to improve the traffic situation, so 
it is necessary to identify changes in traffic flows and 
measure them. The paper [9] proposes a method for 
clustering city districts based on aggregated data from 
cellular operators. As a result of clustering, the city 
areas were divided into five clusters (from residential 
to working areas). Urban infrastructure in districts of 
different clusters should have various development 
vectors to meet the needs of citizens living in these ar-
eas. This article is devoted to an overview of methods 
for analyzing individual transport data. Such data, in 
contrast to aggregated data, make it possible to obtain 
more accurate and granular information about the na-
ture of movements in the city.

1. Main Part
Most modern mobile phones are smartphones. 

They have many sensors such as GPS [20] and accel-
erometers. Unlike location data received by cellular 
operators, data from GPS sensors has higher spatial 
accuracy. It is important to note that GPS data has a 
lower penetration rate than cellular data, as not all mo-
bile phones have a GPS sensor. To transfer data, you 
need to use a special application. Crowdsensing can 
be used to motivate smartphone users to install appli-
cations. It is the provision of some bonuses to users, 
for example, additional free Internet traffic or free ac-
cess to content, in exchange for data. The collection 
of trajectory information can also be embedded in 
applications that provide transportation services, such 
as a taxi/bus depot application. The data received by 
smartphone accelerometers are also collected on the 
user’s side. It can also be obtained utilizing crowd-
sensing. These data are successfully used to predict the 
type of activity of a smartphone user and the type of 
transport they use [35] [29]. The solution to such prob-
lems helps to understand the distribution of the traffic 
flow between different transportation modes. It allows 
city governments to organize better the transport net-
work of the city. It is possible to use data from smart 
card validators to analyze the movements of public 
transport passengers. Smart cards (transport cards) 
are a popular means of payment in transport systems. 
Such cards are used to pay for travel in cities such as 
Moscow, Beijing, Melbourne, and many others. They 
record information about the balance or the number 
of remaining trips. Admission to public transport is 
carried out after passing the validation process. If the 
cost of the trip depends on the travel distance or the 
endpoint, then the smart card can also be validated at 
the end of the trip. This solution is less convenient for 
passengers. The data of the validators, in this case, al-
lows researchers to accurately determine the trip des-
tination. If destination data is not available, there are 
heuristics to retrieve it. The paper [33] is devoted to 
an overview of the data formats collected by the vali-
dators and some processing methods. The advantages 
and disadvantages of using data from various sources 
are presented in the Table 2.

Data type Advantages Disadvantages GPS data 
Ability to obtain trajectories with high spatial accura-
cy, the ability to determine the speed. Low penetration 
rate, the need to install special applications to obtain 
Accelerometer data High accuracy in solving transpor-
tation mode prediction problems Low penetration rate, 
the need to install special applications to obtain, do not 
contain information about the location, a narrow range 
of tasks to be solved Smart card data Collected central-
ly, high penetration degree, accurate spatio-temporal 
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marks Reflect only data on the traffic flow in public 
transport, the endpoint of the trip and the exact trajec-
tory are not always known

Table 2
Advantages and disadvantages of using data from 

various sources

Data type Advantages Disadvantages

GPS data Ability to obtain 
trajectories with 
high spatial ac-

curacy, the ability 
to determine the 

speed

Low penetration rate, 
the need to install 

special applications 
to obtain

Accelerometer 
data

High accuracy in 
solving transpor-
tation mode pre-
diction problems

Low penetration rate, 
the need to install 

special applications 
to obtain, do not 

contain information 
about the location, 
a narrow range of 
tasks to be solved

Smart card 
data

Collected cen-
trally, high 

penetration de-
gree, accurate 
spatio-temporal 

marks

Reflect only data 
on the traffic flow in 
public transport, the 
endpoint of the trip 

and the exact trajec-
tory are not always 

known

2. GPS data

GPS data are collected from smartphones or 
navigators using specialized applications. Such an 
application can be installed on the device by the user 
himself to exchange his data for some bonuses or use-
ful functionality. Also, applications that collect GPS 
trajectory data are often installed on the devices of em-
ployees of transport companies.

Taxi fleet data. There are two main directions in 
the analysis of taxi fleet data on trajectories collected us-
ing GPS. The purpose of the first direction is to optimize 
the operation of taxis. Taxi companies are most interested 
in the development of this area. It includes a behavior 
analysis of drivers, an analysis of passenger demand, and 
other tasks. The solution of these tasks will reduce costs 
and increase the income of taxi services. The second 
direction is the analysis of the transport network of the 
city. Within the framework of this direction, the tasks of 
assessing the total transport flow and its characteristics 
on the city streets are being solved. The possibilities of 
reducing harmful emissions from transport services are 
being analyzed. The latter challenge is especially rele-
vant in some metropolitan areas where high levels of CO2 
emissions harm the health of citizens.

In the study [22], the authors, based on the anal-
ysis of GPS data on the trajectories of taxi cars, pro-

posed a method for optimizing taxi ranks, taking into 
account the spatio-temporal distribution of passen-
ger demand and the waiting time for taxi customers. 
The proposed methodology is demonstrated on 204 
hours of trajectory records in Shenzhen (China). The 
research materials in this paper are useful to city au-
thorities when planning taxi stops, taxi companies to 
predict demand, as well as taxi drivers and users who 
can better estimate the waiting time for a taxi. In [24], 
GPS data on the trajectories of Beijing taxis are used 
to study the influence of network companies such as 
Uber and Didi on taxis in the city. It is concluded that 
with the advent of taxi network services, the number 
of trips per day per taxi decreased by 18.08%, and the 
average daily income by more than 19%. The authors 
also compare strategies for searching and delivering 
passengers by taxi drivers with high and low efficiency 
in different periods. Research [48] is devoted to the 
detection of anomalous trajectories. According to the 
authors, anomalous trajectories are trajectories chosen 
by a small number of drivers that differ from the nor-
mal trajectories chosen by other drivers. Such trajec-
tories can serve as signals of incidents in urban traffic 
systems or fraudulent activities on the part of drivers 
and passengers. The researchers propose an anomaly 
detection algorithm based on hierarchical clustering of 
different trajectories with the same source-destination 
pairs. They identify four main patterns of abnormal 
behavior. Computational experiments show the effec-
tiveness of the proposed method for detecting fraud-
ulent routes and adverse road events. The study [12] 
examines the impact of precipitation on taxi demand. 
The authors introduce the concept of a high-income 
passenger to study the demand for a taxi and the driv-
er’s efficiency. The researchers show that increased 
rainfall intensity has the opposite effect on passen-
ger demand for taxis during weekday peak hours and 
off-peak hours. It is noted that a deeper study of the 
activities of a taxi is possible using data from taxi call-
ing applications, sensors, as well as financial reports 
of drivers. Data on the taxi trajectories obtained from 
GPS sensors also are used to estimate the congestion 
of city roads. The study [30] proposes a method for 
calculating the road congestion factor based on the 
average speed of taxi drivers. As a result of a com-
putational experiment carried out using data on the 
trajectories of Beijing taxi drivers, the authors set the 
time limits for the morning and evening rush hours. 
They estimate the intensity of traffic on the city roads 
at various time intervals. It notes that the workload in 
the morning peak hours is higher than in the evening. 
There are no peak hours on weekends. In the study 
[28], GPS data on the trajectories of taxi drivers in the 
city are also used to estimate traffic intensity. Based 
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on this assessment, a model for the analysis of urban 
transport emissions is proposed. The territory of the 
city is divided into traffic analysis zones (TAZ). With-
in them, instantaneous emissions of CO2, NOx are es-
timated. The authors show the relationship between 
the density of roads and the number of emissions in 
the TAZ. They conclude that the highest emissions 
are in TAZs with large business centers. The authors 
show that within Beijing’s fifth ring road, emissions 
are higher in the north than in the south. The results 
of this study can be used by the city authorities for 
lowcarbon urban transport planning, the promotion of 
alternative energy vehicles, and the design of charging 
stations. The article [52] is also devoted to the study 
of emission levels in megacities. The authors analyze 
data from more than three million GPS trajectories 
of mobile subscribers obtained in Setagaya, Tokyo. 
They propose a method to reduce harmful emissions 
by changing the bike-sharing system. The proposed 
method showed a reduction in emissions by more than 
6% compared to previous methods. The materials of 
this study are useful in the design and improvement of 
bicycle-sharing systems around the world. The study 
[40] is devoted to the comparison of harmful emis-
sions from classic taxis and taxi drivers working with 
aggregators. In it, the authors compare the trajectories 
of Didi taxi drivers with ordinary taxi drivers work-
ing without an aggregator. The study found that DiDi 
drivers drive less in search of passengers, heading di-
rectly to the pick-up point. Fuel consumption and car-
bon monoxide emissions, nitrogen oxides, and hydro-
carbons per passenger-kilometer are about 1.36 times 
higher in classic taxi rides.

Bus fleet data. GPS data on vehicle trajecto-
ries are massively collected not only in taxi services 
but also in bus networks. A model for reducing pub-
lic transport emissions based on GPS trajectory data 
using the concept of individual buses is proposed in 
[50]. During a computational experiment conducted 
on trajectory data recorded by mobile phones in To-
kyo, 29 potential individual bus routes are calculated. 
The researchers identify three types of routes: radial, 
circular and suburban. The estimated emissions re-
duction is 13%. The authors find convenient places 
for the proposed stops of individual buses. This study 
may be useful to city authorities in the implementa-
tion of the concept of individual buses. In [27], the 
relationship between critical driving events (long stop, 
hard acceleration, and hard deceleration) and crashes 
is investigated. The authors use Spearman’s rank cor-
relation coefficient based on data on the trajectories 
of 300 Orlando buses. They find that sudden accelera-
tion and long stops are positively associated with traf-
fic accidents involving pedestrians and cyclists. The 

authors of the article propose to use the materials of 
their research in the design and implementation of pro-
active traffic safety management systems. Paper [53] 
proposes a framework for evaluating the performance 
of bus routes based on GPS trajectory data collected in 
Jinan, China. Several important bus performance met-
rics are studied, including route times, stop times, idle 
times, and groupings of buses. The results show that 
the travel times of the routes follow a correct skewed 
distribution. In addition, the passage time of a section 
between two successive stops varies at different peri-
ods and is longer during the evening peak hours. The 
article [41] is devoted to the solution to the problem 
of planning dedicated lanes for buses. The authors 
formulate the problem of planning dedicated lanes 
for buses as a multiobjective optimization problem in 
which road conditions, traffic flow, bus lane connectiv-
ity, and construction cost act as constraints. The use of 
the road and the punctuality of the bus are taken as ob-
jective functions. A method based on an evolutionary 
algorithm is presented for solving the problem. The 
operation of the method is illustrated by a computa-
tional experiment conducted on GPS data from buses 
in Shenzhen, China. Often the trajectories of buses fol-
lowing a fixed route are stored in a compressed form. 
The data includes only relevant bus station arrival and 
departure records. The article [37] presents a BVI sys-
tem for visual data analysis. This system contains four 
data analysis modules. The first module cleans and 
displays sparse trajectory data. The second module is 
responsible for analyzing the state of global traffic and 
traffic patterns of road sections. In the third module, 
an analysis is made of bus station congestion patterns, 
and in the fourth, an analysis is made of the impor-
tance of bus stations in a complex public transport net-
work. The authors demonstrate the performance and 
efficiency of the proposed system in three experiments 
using a data set of real bus GPS trajectories.

GPS data from other sources. The study [7] is 
devoted to ensuring safety at construction sites based 
on the analysis of GPS trajectories of builders. The 
paper proposes a system that processes GPS data, cal-
culates stopping points, trajectory intersections, and 
provides this information to safety managers. The 
main distinguishing feature of the proposed system is 
that it does not use the GPS data directly, but the pro-
cessed spatio-temporal trajectory data. The materials 
of this article are useful to identify potentially unsafe 
behavior at construction and other facilities. In [16], a 
method for transportation mode prediction based on 
GPS trajectory data is presented. The main part of the 
proposed method is preparing data for classifiers (ran-
dom forests, decision trees, nearest neighbors, Naive 
Bayes). It consists of five stages. At the first stage, 
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points of GPS trajectories are grouped. Then points 
signs of trajectories are generated. Trajectory charac-
teristics (percentiles, medians, etc.) are highlighted. 
Noise is removed from the obtained data. Normaliza-
tion is carried out. Classifiers built on prepared data 
show higher accuracy, surpassing classifiers built 
using other data preparation methods. City authori-
ties need to create a comfortable urban environment 
for pedestrians. Active walking helps to improve the 
health of the city’s population and improve the qual-
ity of life in the city. The study [38] is devoted to the 
analysis of pedestrian behavior. The authors use GPS 
data on the trajectories of pedestrians collected using a 
special application for smartphones. The authors show 
the influence of various street attributes, which, as is 
known from previous studies, influence the choice of 
a walking route. Unlike most studies where the data is 
limited to a specific type of destination (such as public 
transit stops), this paper examines a set of trajectories 
from a wide range of destinations and geographic re-
gions. To evaluate the choice of paths, a new method 
of alternative path creating is used. The proposed ap-
proach obtains information about the attributes of the 
route using Google Street View image analysis.

The paper [55] proposes a system for construct-
ing a city pedestrian network. This system includes 
three key modules. The first module is filtering data 
on walking trajectories. The second is building a pe-
destrian network and the third is its evaluation. Data 
for analysis is obtained using crowd-sensing from the 
GPS sensors of phones. The authors conduct an exper-
iment showing that the pedestrian network extracted 
using the proposed system is accurate and complete. 
The work [25] is devoted to modeling the trajectories 
of pedestrians in the city. An important problem in the 
analysis of pedestrian trajectory data is large errors 
in positioning caused by large buildings and frequent 
stops, and direction changes. The authors proposed a 
system for modeling pedestrian trajectories that solve 
such problems. The paper describes in detail the archi-
tecture of the system, and the tools necessary to im-
plement such an architecture. The study [46] proposes 
a method for people crowds detection based on GPS 
movement trajectories data. The main feature of the 
proposed method is resistance to noise and missing 
data, which is typical for data collected in urban areas. 
The results of the computational experiment show that 
the method accuracy of detecting crowds and isolating 
their members is 91.3

3. Smart card data

Currently, smart cards are widely used to pay 
fares in the transport systems of many cities. Data on 

the validation of transport cards are collected by special 
systems and are utilized mainly for invoicing. These 
data can also be used to solve other applied problems. 
Example of individual transsport data is presented in 
Table 3 A large number of individual transport contrib-
utes to an increase in the number of harmful emissions 
into the atmosphere. The main alternative to individual 
transport is public transport. The use of it is more en-
vironmentally friendly. For increasing public transport 
use, it is necessary to identify the reasons why urban 
transport is not attractive to citizens. The study [36] 
is devoted to identifying factors contributing to the 
public transport use reduction. The authors built a Cox 
regression model on features obtained from smart card 
data. These features include for each passenger the 
share of weekdays using public transport, the number 
of pairs of places of departure and arrival, the share of 
tram use, the type of transport card, and others. Based 
on the analysis, the authors propose incentive mea-
sures to maintain and increase the use level of public 
transport for various population groups.

Table 3
Smart card data example

Timestamp Validator 
id 

Smart 
card id

Balance

20/01/22 09:30:55 0 125558 500

20/01/22 09:31:32 1 136472 362

20/01/22 09:32:05 0 123657 414

20/01/22 09:32:55 0 130058 580

In Brisbane, Queensland, Australia, smart cards are 
used to access CityCat ferry transport. The article [39] 
provides a detailed study of the data of more than 1.5 mil-
lion smart card data transactions. The authors establish 
that, despite the presence of only one route, more than 
2% of trips on public transport are made on these fer-
ries. The article notes that the use of ferries is mainly for 
going to work and school during rush hours. The ferry 
use level at the weekend remained at the same level. A 
cluster of users using the ferries for one-time recreation-
al purposes is identified. A high degree of integration of 
the CityCat system with other transportation modes is es-
tablished. More than 15% of trips continued using other 
transportation modes. The paper [54] is devoted to the 
transfer identification problem. This paper investigates 
transfers between subways and bike-sharing systems. 
An important difficulty in conducting such studies is the 
use of various transport cards for metro travel and bicy-
cle rental. The authors proposed a method for comparing 
data from smart cards of two different transport systems 
for one passenger. In the computational experiment, this 
method showed an accuracy of 100% for 573 passengers 
under study. The authors examine the identified transfers 
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and conclude the movement of passengers. The authors 
note that 2/3 of bike-to metro transfers and vice versa 
take place during peak hours, and bike-to-bike and bike 
trip times account for an average of 27% of the total trip 
time. For the correct distribution of transport resources 
in the city and the prompt response to various incidents, 
the city administration needs to understand how traffic 
flows change during the day, and in emergencies. The ar-
ticle [51] is devoted to the subway daily traffic fluctuation 
study. The authors use data from more than a million trips 
over five working days with normal weather conditions 
in Nyanzhin city. The researchers identify the coefficient 
of increase in traffic during peak hours, analyze and com-
pare passenger traffic on different metro lines and at dif-
ferent stations. The authors use thermodynamic diagrams 
to visualize the inflow and outflow of passengers at sta-
tions. This representation allows researchers to identify 
congestion in the metro in the city. Also, it helps to visual-
ize the features of passenger traffic in the city. The article 
[34] is devoted to the accident impact study on the city 
transport system. The authors found that medium-term 
disruptions can have long-term consequences for the 
travel patterns of long-term users of the affected infra-
structure. They note that their method is one of the first 
in this area, using passively collected data. Other studies 
in this area use data from questionnaires or surveys that 
require participation from passengers. One of the main 
problems of modern megacities is their monocentric. Ac-
cording to our study [9], the working districts of Moscow 
are concentrated in the center of the city. This leads to the 
fact that urban residents from peripheral areas are forced 
to spend a lot of time traveling to their places of work and 
also stimulates the use of personal transport. This leads 
to an increase in harmful emissions into the atmosphere 
in the city center. The study [31] is devoted to identifying 
spatiotemporal patterns of trips to work for public trans-
port passengers in Beijing. Using one month’s smart card 
validation data, the authors identify the places of work 
and residence of individual passengers, as well as the 
time of their departure. Visualization of the obtained data 
showed significant differences between workplaces and 
residences in Beijing. The study materials are useful to 
build a balanced transport system in a monocentric city. 
The validator data contains not only information on gen-
eral traffic flows and individual traffic behavior, but also 
indirect features describing the transport network users. 
For example, information on the smart card validation 
can also be used to obtain socioeconomic features de-
scribing their users. Such data are useful for the rational 
allocation of social subsidies, the detection of potential 
fraud with social smart cards, and for solving other ap-
plied problems. Modern methods for assessing socio-
economic behavior are based on data on the behavior 
of users in cyberspace, for example, on data from social 

networks [6]. Article [14] proposes an approach to assess 
the socioeconomic status of a smart card user based on 
deep learning. This approach combines the mass nature 
of modern methods based on data, but at the same time 
works with data on real, not virtual, user behavior. The 
paper illustrates the application of the proposed method 
on the Shanghai SCD dataset containing data on more 
than a million smart card users. Data similar in nature 
to smart card validator data can be collected in other 
ways. The paper [19] proposes an approach for calculat-
ing travel time based on data from Wi-Fi scanners. With 
this approach, passenger devices with a Wi-Fi receiv-
er, such as a smartphone or tablet, act as a smart card, 
the MAC addresses of their devices act as a passenger 
identifier, and a Wi-Fi scanner acts as a validator. This 
approach makes it possible to obtain data that can be 
used for analysis by the methods described above and 
expand their scope. It is important to note that modern 
mobile operating systems may prevent such tracking of 
device owners to increase privacy. When connected to 
Wi-Fi, such devices generate random MAC addresses, 
which limits the application of the method proposed 
above. Alternatively, an approach can be proposed that 
uses unique Bluetooth addresses instead of Wi-Fi MAC 
addresses. Quite a lot of popular wearable wireless de-
vices use this technology (wireless headphones, fitness 
bracelets, and others), while the Bluetooth address of 
these devices does not change when connected. Cur-
rently, the development and implementation of alterna-
tive payment methods to smart cards are underway. An 
example is the introduction of a payment system using 
face scanning in the Moscow metro. When using such 
systems, data on the validation of the transport system 
user is also saved, so smart card data analysis methods 
will not lose their relevance. Let us summarize all the 
presented methods for analyzing individual transport 
data in the Table 4.

Table 4
Problems and bibliography

Problem Bibliography

Taxi research and 
optimization

[22], [24], [45], [48], [12]

Public transport research 
and optimization

[27], [53], [41], [37], [39], 
[36], [51], [34], [31

Identification and research 
of transfers

[23],[54]

City road congestion  
assessment

[30], [28]

Reducing harmful emissions 
in megacities

[28], [52], [40], [50]

Transportation mode pre-
diction 

[7], [16], [35], [29]

Pedestrian network research [38], [55], [46], [25]



30 Труды ИСА РАН. Том 73. 1/2023

Информационные технологии M.V. Bulygin, D.E. Namiot, O.N. Pokusaev

4. Discussion
Our literature review shows that there are many 

methods for solving urban transport management 
problems. In addition, there are ready-made platforms 
that combine groups of such them. Typically, such 
platforms, for example [18], con tain a fixed set of 
algorithms that solve some previously known set of 
problems. Other platforms, such as [26], fix a specif-
ic problem-solving method. In [26], an architecture 
based on neural networks is fixed for solving regres-
sion problems. Such algorithms have low explainabil-
ity and can be difficult to tune. We propose a new ap-
proach to the platform architecture for data analysis in 
digital urbanism. Amount of tasks that arise in urban 
infrastructure management reduces to the tasks of find-
ing deviations from some given “normality”. Thus, to 
solve them, the platform must provide modules for 
working with the initial data, and modules for describ-
ing/obtaining normality and searching for deviations 
from it. There are two data processing modules. The 
first is for reading and loading data, storing it, and also 
checking the correctness of the data type. It is import-
ant to note that in urban studies, most of the analyzed 
data can be reduced either to correspondence matrices 
(cellular operator data, aggregated GPS, or smart card 
data) or to a form similar to that presented in Table 
1 (individual GPS data, smart cards). This feature al-
lows you to work with data from different sources in a 
unified way. The second module is responsible for the 
semantic validation of the submitted data according to 
heuristic rules. The third module of the platform pro-
vides some standard ways of describing normalities 
and methods for detecting deviations. As an example, 
the normality model presented in [8] can be taken. 
The API module will allow developers to define their 
own “normalities” and deviation-detecting methods. 
This module will allow the platform to overcome the 
limitations of existing platforms in the form of a fixed 
range of tasks to be solved and a fixed architecture for 
their solution since new normality and deviation-de-
tecting methods can be defined on any data of one of 
two standard types. The results of the algorithms must 

be visualized in a form convenient for perception. The 
platform must contain a data visualization module to 
do this. One of the important parts of such a platform is 
methods for implementing visualization on city maps, 
and graphs. Ready-made solutions, such as [2], can be 
used as the basis for such methods. The platform ar-
chitecture diagram is shown in Fig. 1

According to this architecture, it is possible to 
create a comprehensive platform for data analysis in 
urban studies. The main advantages of such a platform 
are the ability to work with different data sources, and 
the ability to dynamically expand the base of platform 
analysis methods using the API, which will eventually 
expand the range of tasks to be solved with low labor 
costs.

Conclusion

In this article, individual transport data analysis 
methods are considered. Many of these methods can 
help cities design transportation systems. Data sourc-
es, combined with new methods of analysis, help to 
better understand the transport needs of urban resi-
dents and improve the comfort of their movement, 
as well as reduce travel time. Modern data sources 
allow answering questions about when, where, and 
how citizens move. We propose a platform architec-
ture that will allow us to combine many urban data 
analysis algorithms from different sources. This ar-
chitecture allows developers to describe the concept 
of normality and deviations themselves, which makes 
it possible to dynamically expand the range of avail-
able algorithms. The next step in the development of 
transport systems in the cities of the future may be the 
development of self-driving vehicles, which will pro-
vide a higher quality of service and lower operating 
costs. In recent years, the development of robotic cars 
[11], as well as the concepts of their interaction with 
regular cars driven by people and pedestrians [43,47], 
are actively carried out. In many respects, this be-
came possible due to the development of algorithms 
for computer vision [21,42], depth estimation [32,44], 

Fig. 1. The platform architecture diagram
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and three-dimensional object detection using LiDAR 
data (3D-object-detection) [49]. With the widespread 
use of self-driving vehicles, there will be opportunities 
for building automated logistics systems (autonomous 
logistics), where artificial intelligence solves not only 
the tasks of traffic flow planning but also the direct 
transportation of goods or passengers [5].
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Введение

Задача имитации сигналов, рассматриваемая 
в рамках цифровой обработки сигналов, становит-
ся особенно актуальной в условиях цифровой эко-
номики. Имитация позволяет не только проводить 
экономически выгодное натурное моделирование, 
посылая реалистичные сигналы на проектируемое 
оборудование, но также моделировать состояния 
различных систем в задачах калибровки суще-
ствующего оборудования, тренировки персонала 
и прогнозирования [1, 2]. Существуют различные 
методы имитации сигналов. Распространенные 
методы имитации сигналов предлагают выбирать 
между качеством имитации и экономией вычис-
лительных ресурсов [3]. Одним из перспективных 
направлений исследований является исследование 
гармонических методов имитации сигналов, пред-
ставляющих возможность совмещения качества 
и экономного расхода вычислительных ресурсов 

для определенных типов сигналов. Гармонические 
методы имитации разнообразные, и поэтому ста-
новится целесообразным рассмотрение различных 
гармонических базисов и различных подходов к 
имитации в рамках гармонической имитации [4].

Коллективная разработка новых методов и 
инструментов цифровой обработки сигналов ну-
ждается в организации хранилища результатов: 
математических выкладок, результатов их экспе-
риментальной проверки и алгоритмов реализации 
методов имитации сигналов и процессов, часть из 
которых защищена авторскими свидетельствами на 
Программы для ЭВМ [5 – 8].  Вследствие необхо-
димости их анализа предлагается разработать хра-
нилище сымитированных эталонных сигналов и 
сопутствующих материалов: теоретических выкла-
док, кодов алгоритмов, лицензионных документов.

Разработка современного хранилища опира-
ется на совершенствование алгоритмов, структур 
данных и их взаимодействия. Тенденции вроде 
кэш-осознанности и энергетической осознанно-
сти, параллельные и облачные вычисления отра-
жают требования, предъявляемые современным 
технологиям, и мотивируют поиск способов со-
вершенствования базового канона алгоритмов 

Хранилище сымитированных типовых сигналов как
основа разработки быстрых алгоритмов*

И.И. Дейкин, В.В. Сюзев, Е. В.Смирнова, А.В. Пролетарский
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и структур данных общего назначения [9]. Осо-
бенно важна организация устойчивого развития 
в фундаментальной для современного общества 
сети Интернет, работа которой требовательна к 
вычислительным и, значит, к энергетическим ре-
сурсам [10]. Хотя стандартные алгоритмы и про-
стые структуры данных полезны при разработке 
новых систем и составляют основу для будущего 
развития, существует потребность в новых умных 
способах организации взаимодействия данных и 
алгоритмов.

Проект #22-11-00049 при поддержке Рос-
сийского Научного Фонда, включающий срав-
нительный анализ различных методов имитации 
сигналов, требует организации взаимного доступа 
исследователей к результатам исследования этих 
методов. Разрабатываемое хранилище призвано 
позволить исследователям, работающим над раз-
ными методами, проверять себя и коллег путем 
отработки методов на одинаковых эксперимен-
тальных настройках и сравнения полученных ре-
зультатов. Также предполагается доступ третьих 
лиц к результатам научной деятельности команды.

1. Возможные подходы

Существует множество различных подходов к 
организации открытого доступа к научным резуль-
татам [11 – 20]. Используемые в них алгоритмы и 
структуры данных соответствуют базовому канону 
алгоритмов и структур данных общего назначения, 
что эффективно для ресурсов малого масштаба, но 
может представлять проблему в их дальнейшем 
развитии. Однако такой простой подход создает 
базу для дальнейшего совершенствования. Анализ 
существующих решений позволил систематизиро-
вать их по методу доступа к данным и выделить 
следующие виды хранилищ:
– � хранилище как отдельное программное прило-

жения;
– � хранилище как интерактивное Интернет-при-

ложение;
– � хранилище как опубликованный в сети Интер-

нет набор данных.
Все три вида нуждаются в рассмотрении 

по-отдельности, в выделении позитивных и нега-
тивных черт с целью дальнейшего сравнительного 
анализа.

Отдельные приложения позволяют получать 
имитационные результаты лицам, имеющим до-
ступ к этим приложениям. При этом люди нередко 
не доверяют приложениям неизвестных разработ-
чиков и не готовы запускать такие приложения на 
своем оборудовании. Такая проблема не возника-

ет при обмене приложением в команде разработ-
чиков-коллег, но может мешать распространению 
научных результатов за пределами команды разра-
ботчиков. Приложения не предоставляют откры-
того доступа к исходному коду методов имитации. 
Несмотря на то, что различные инструменты могут 
использоваться для извлечения этого кода, подоб-
ные риски малы, когда речь идет об узкоспециаль-
ном программном обеспечении.

Разработка приложения является отдельной 
проблемой. Исследование методов имитации 
сигналов в различных базисах сопровождает-
ся созданием их программной реализации. Так, 
участниками команды были разработаны про-
граммные системы имитации сигналов в базисе 
Фурье, в базисе Хартли и в других базисах [11, 
12]. Разработка проводилась отдельными разра-
ботчиками под определенные задачи, что приве-
ло к гетерогенности результатов: использовались 
разные языки программирования, разные техно-
логии, разные среды разработки. Объединение 
таких разрозненных продуктов в единую систе-
му имитации является важной задачей и потре-
бует анализа имеющихся результатов, перевода 
части программного кода на другие языки про-
граммирования, проектирования обновленного 
интерфейса и структуры системы.

Размещение веб-приложения в сети Интернет 
позволяет обеспечить доступ к результатам науч-
ной деятельности третьим лицам. Среди положи-
тельных черт можно обозначить поддержку инте-
рактивности приложения, доступ из любой точки 
мира и с любого устройства, отсутствие необходи-
мости настройки системы на оборудовании поль-
зователя. Интерактивность находит применение в 
исследовании спектров атомов различных веществ 
и спектров космических тел в ресурсе университе-
та Вашингтона и ресурсе NIST [13, 14]. Особенный 
интерес предоставляет внедрение тетрадей Jupyter 
Notebook в веб-сайты с возможностью как их запу-
ска с последующей интерактивной работой, так и 
просмотра их программного кода [15].

Организация веб-приложений, тем не ме-
нее, также имеет негативные черты. Разработка 
веб-приложений отличается от разработки обыч-
ных приложений и требует от команды разработ-
чиков иных компетенций. Применяются другие 
языки, системы и парадигмы разработки, необхо-
димо выбрать между поддержкой приложения на 
стороне клиента или на сервере, что потребует 
настройки и поддержки такого сервера. Широта 
доступа подразумевает самодокументированность 
веб-приложения и его предсказуемое поведение, 
обработка возможных ошибок ввода и информа-
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ционная безопасность ресурса. За счет задержки, 
существующей при передаче данных в сети Интер-
нет, страдает скорость работы приложения.

Простейшим способом распространения ре-
зультатов имитации сигналов может считаться ор-
ганизация публично доступных наборов данных 
или же обычная публикация файлов в сети Интер-
нет. В таком случае доступ к исходному коду возмо-
жен, только если разработчики сами разместят его, 
но и доступ к результатам неинтерактивен. Только 
опубликованные данные оказываются доступны-
ми посетителям набора данных. Возникает задача 
определения важности тех или иных данных и их 
структуризация. При этом обмен файлами являет-
ся одним из традиционных применений сети Ин-
тернет, поэтому существует множество различных 
простых способов реализации этой функции.

Отдельные разработчики публикуют свои 
наборы сигналов на ресурсе GitHub, который 
обычно предназначен для контроля версий раз-
рабатываемого программного обеспечения, но 
также успешно справляется с задачей публикации 
наборов данных. Например, набор коммуника-
ционных сигналов для автоматической класси-
фикации модуляции, представленный на GitHub, 
включает одиннадцать типов сигналов модуляции 
одной несущей с различными шумами [16]. Он 
собран из сигналов с различными отношениями 
сигнал-шум на основе реальной географической 
среды. Набор данных содержит 22 000 выборок, и 
каждая выборка состоит из сигнала во временной 
области и метки. Изначально информация о набо-
ре была опубликована в журнале Sensors с откры-
тым доступом в 2018 г. в статье исследователей 
из Китая «Автоматическая классификация моду-
ляции на основе глубокого обучения для беспи-
лотных летательных аппаратов» [17].

Следующий пример – сжатый набор радар-
ных сигналов RadarCommDataset, размещенный 
на Github. В статье “Multi-task Learning Approach 
for Automatic Modulation and Wireless Signal 
Classification”, в частности, говорится, что набор 

данных о беспроводных сигналах выпущен для 
публичного использования в соответствии с ли-
цензией некоммерческого использования [18, 19]. 
Отсутствие существующих многозадачных разме-
ченных наборов данных для машинного обучения 
в области беспроводной связи и явилось основной 
причиной  выпуска этого набора данных.

Публикация на ресурсе GitHub снимает с раз-
работчиков задачу обеспечения бесперебойной 
работы файлового сервера и предоставляет ряд 
дополнительных преимуществ. Одним из преиму-
ществ является контроль версий, который позво-
ляет сохранять различные итерации разработки 
набора данных. При этом, конечно, GitHub, как 
универсальное решение, ограничен с точки зрения 
гибкости организации хранилища – не позволяет 
реализовать собственные способы структуриза-
ции и поиска данных. Другой негативной чертой 
является ограниченный набор доступных лицен-
зий, который требует согласования со стандарта-
ми, принятыми в отдельных странах – в Россий-
ской Федерации в данном случае. Традиционным 
способом публикации данных является публика-
ция на собственном сайте, где разработчики име-
ют большую творческую свободу по организации 
хранения и поиска данных. Примером является 
раздел публикации разнообразных наборов дан-
ных общества обработки сигналов IEEE, который 
показывает, что в большинстве ситуаций такая 
гибкость оказывается невостребованной, так как 
все ограничивается простой публикацией файлов 
с простой древовидной файловой иерархией и без 
специфических инструментов поиска, применяе-
мых, например, в базах знаний [20].

Описанные рассуждения записаны таблице 1 
в рамках сравнительного анализа рассмотренных 
способов организации доступа с целью выбора 
способа, который следует применить в проекте, 
выполняемом авторами статьи.

В табл. 1 рассмотрены следующие характе-
ристики: интерактивность, закрытость исходного 
кода, гибкость, сложность разработки и доступа, 

Табл. 1
Сравнительный анализ подходов к организации доступа к результатам имитации

Подход, пример Преимущества Недостатки

Отдельное приложение
1D Fourier basis signal simulation system [4]

Интерактивность;
Закрытый код;

Гибкость.

Сложность разработки;
Сложность доступа.

Веб-приложение
UW cosmic spectra [10]; NIST atom spectra 

[11].

Интерактивность;
Закрытый код;

Гибкость;
Легкий доступ.

Сложность разработки;
Сетевые проблемы;
Поддержка сервера;

Безопасность.

Набор данных
RadarCommDataset [16]

Закрытый код;
Простота разработки;

Простота доступа.

Нет интерактивности;
Мало гибкости.
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безопасность и, в случае веб-приложений, специ-
фика веб-разработки. Интерактивность подразуме-
вает взаимодействие с пользователем, открытость 
пользовательскому вводу. Гибкость подразумевает 
возможность точного подбора результатов под кон-
кретную задачу.

Реализация метода имитации сигналов в 
любом случае приведет к разработке отдельно-
го приложения. Такое приложение отвечает кри-
териям интерактивности и гибкости, защищает 
исходный код. В промышленных сферах приме-
нения имитации сигналов веб-приложения неце-
лесообразны по причине наличия задержки в сети 
Интернет. Даже при игнорировании задержки в 
исследовательских задачах сложности при разра-
ботке веб-приложения не оправдывают преиму-
ществ по сравнению с отдельным приложением. 
Разработка отдельного приложения должна быть 
намечена на будущее, однако соответствующие 
трудозатраты могут быть чрезмерными на ис-
следовательском этапе. Вариант набора данных 
позволяет обмениваться результатами имитации 
разными методами, элементами исходного кода, 
сравнивать эффективность разных подходов.

В результате сравнительного анализа было 
принято решение публиковать данные научных 
экспериментов в виде набора данных на ресурсе 
GitHub. Подготовка такого набора предполагает 
структурирование имеющихся данных, что так-
же необходимо и при разработке объединяющего 
приложения в его отдельном или Интернет пред-
ставлении.

2. Структура данных

Как указано выше, при построении набора 
данных важным становится структура набора – 
данные должны быть организованы в древовидную 
иерархию. Используются данные, необходимые 
для описания процесса гармонической имитации и 
получаемые в результате его выполнения: 
– � формулы, задающие функцию спектральной 

плотности энергии (ФСПЭ); 
– � исходные параметры: параметры дискретизации 

N1, N2; периоды сигнала T1, T2; граничные ча-
стоты ω1, ω2; 

– � графики и таблицы значений полученных сигна-
лов, ФСПЭ, теоретической, алгоритмической и 
экспериментальной автокорреляционных харак-
теристик. 

Цель публикации данных – сравнение ре-
зультатов имитации на одинаковых и сходных 
параметрах исследователями, обзор результатов 
имитации третьими лицами, подготовка основы 

для дальнейшего построения онтологии на набо-
ре данных.

Структурирование данных проводится по 
экспериментам - папка эксперимента с конкретны-
ми начальными значениями содержит соответству-
ющие данные. Параметры эксперимента решено 
вынести в имена папок для упрощения навигации. 
Фрагмент полученной иерархии показан на рис. 1.

Рис. 1. Структура набора данных сымитированных 
сигналов

Описанная на рис. 1 структура достаточна 
для формирования и публикации набора данных и 
отвечает поставленной цели публикации данных. 
В целях гомогенизации данных результаты экс-
периментов решено представить в виде таблиц, 
содержащих значения, формата «.csv» и рисунков 
различных форматов. При публикации рисунков 
приоритет предоставляется векторным рисункам 
формата «.svg», что мотивировано перспективой 
применения рисунков в научной деятельности и их 
публикации, так как векторные рисунки выигрыва-
ют по качеству. Рисунки и таблицы располагаются 
в папках, описывающих эксперименты. Исходные 
параметры каждого эксперимента указываются в 
именах соответствующих папок с целью организа-
ции автоматизированного поиска. Параметры ω1, 
ω2 могут быть записаны как w1, w2 для упрощения 
дальнейшей автоматизации, так как английский 
алфавит доступнее в средах программирования. 
Папки экспериментов в свою очередь организуют-
ся в разделы, посвященные конкретным методам 
имитации.

Для организации онтологии на наборе данных 
предложенной структуры предлагается добавить 
сущность «задача», описывающую конкретную за-
дачу реального мира [21]. Отношение между сущ-
ностями «метод», «эксперимент» и «задача» пока-
зано на рис. 2.



38 Труды ИСА РАН. Том 73. 1/2023

Информационные технологии И.И. Дейкин, В.В. Сюзев, Е. В.Смирнова, А.В. Пролетарский

Рис. 2. Взаимоотношение сущностей в онтологии

Сущность «задача» связана с эксперимен-
тами, так как эксперименты принимают на вход 
параметры, соответствующие конкретным зада-
чам реального мира. Также сущность «задача» 
связана с методами, так как конкретные методы 
оказываются наиболее полезными при решении 
определенных задач. Включение сущности «за-
дача» выводит хранилище за пределы обычного 
набора данных, но позволяет автоматизировать 
подбор методов имитации под конкретные зада-
чи. Автоматизированный подбор состоит из сле-
дующих этапов:
– � сопоставление экспериментов и методов путем 

сравнения значений автокорреляционных функ-
ций, определяющего точность эксперимента 
имитации сигнала;

– � сопоставление экспериментов и задач путем вы-
числения вероятностей значений входных пара-
метров имитации для каждой задачи;

– � формирование правила вывода или ассоциации, 
связывающей задачу и метод, основываясь на 
предыдущих сравнениях, в целях поддержки 

решения по применению отдельного метода для 
решения конкретной задачи.

Обработка больших объемов данных может 
приводить к необходимости применения методов 
работы с большими данными. Первые два шага 
направлены на создание экспертной подсистемы. 
Формирование правил вывода, характерных для 
онтологий, должно учитывать возможные неопре-
деленности входных данных в случаях новых задач 
или ранее не проводимых экспериментов. Закончен-
ное хранилище должно представлять собой гибрид-
ную интеллектуальную систему, основанную на 
онтологии, объединяющей экспертные подсистемы.

3. Результаты

Формирование репозитория под названием 
Simulated-Signals-Dataset произведено на ресурсе 
GitHub [22]. Итоговый вид верхнего каталога ре-
позитория показан на рис. 3.

Репозиторий содержит разделы, соответ-
ствующие трем методам имитации сигналов. Со-
здана отдельная папка для хранения имеющихся 
в научной команде свидетельств государствен-
ной регистрации разработанных программных 
продуктов. Также имеется раздел, посвященный 
отдельным фрагментам математической состав-
ляющей метода имитации. На данный момент в 
репозитории наиболее полно представлены ре-
зультаты экспериментов по имитации двумерных 
сигналов в базисе Фурье, расположенные в разде-
ле “2D Fourier”. Содержимое раздела показано на 
рисунке 4. Название каждой папки эксперимен-
та содержит значения всех входных параметров, 
описывающих этот эксперимент.

Рис. 3. Набор сымитированных сигналов на GitHub
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В разделах, посвященных отдельным мето-
дам, хранятся кроме экспериментов фрагменты 
программного кода, реализующего эти методы. 
Планируется расширение имеющегося раздела 
репозитория, а также добавление других методов 
имитации и их результатов.

Заключение

В рамках проекта с помощью разработанного 
ПО были получены результаты имитации сигналов, 
сформированные наборы сигналов были опубли-
кованы на GitHub [22]. В результате работы науч-
ная команда и третьи лица могут получить доступ 
к научным результатам. Статья описывает процесс 
выбора подхода к организации доступа, процесс 
построения структуры хранилища и сам набор дан-
ных. Приведены принципы построения онтологии 
на основе созданного набора данных. В будущем 
планируется расширить и усовершенствовать набор 
данных, дополнить его новыми результатами, разра-
ботать отдельное приложение для работы с различ-
ными методами гармонической имитации сигналов. 
Будет проводиться разработка онтологии на основе 
существующего набора данных.
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Введение
AutoML является современной тенденцией в 

сфере машинного обучения. Данное направление 
активно исследуется научным сообществом, что 
подтверждается существованием и разработкой 
различных программных систем автоматизирован-
ного машинного обучения.

Специалисты в области машинного обучения 
регулярно сталкиваются с задачей выбора подхо-
дящего алгоритма с оптимальными гиперпараме-
трами для описания исследуемого набора данных. 
Для этого они обычно выполняют и оценивают 

множество конфигураций методом проб и ошибок. 
Однако для начинающих аналитиков данных это 
трудоемкая задача. Последние достижения в обла-
сти исследований AutoML решают эту проблему 
путем автоматического поиска подходящего ал-
горитма с соответствующими гиперпараметрами. 
Основной задачей автоматизированного машин-
ного обучения (AutoML) является автоматический 
поиск алгоритмов предварительной обработки 
входных данных и обучения выбранной системой 
модели с наилучшей производительностью обоб-
щения на целевой (обрабатываемой) выборке.

Интеллектуальный анализ 
данных

AutoML: исследование существующих программных  
реализаций и определение общей внутренней  

структуры решений

И.А. Попова Г.И. Ревунков, Ю.Е. Гапанюк

Федеральное государственное бюджетное образовательное учреждение 
высшего образования «Московский государственный технический универ-
ситет имени Н.Э. Баумана (национальный исследовательский университет)», 
г. Москва, Россия

Аннотация. В статье рассматриваются различные программные реализации автоматизации 

процесса машинного обучения для решения задачи регрессии. Рассмотрено внутреннее устройство 

и возможности ряда существующих и обширно используемых инструментов автоматизированного 

машинного обучения таких, как LightAutoML (LAMA), TPOT, Auto-Sklearn, H2O AutoML, MLJAR. 

Возможности данных программных систем были исследованы для решения задачи регрессии 

на нескольких наборах данных. В результате исследования была выведена общая структура 

программного решения автоматизированного машинного обучения, которая может быть взята за 

основу при дальнейшем проектировании и разработке собственного программного продукта, а 

также проанализирована точность, с которой системы предсказывали значения целевого признака.

Ключевые слова: автоматизированное машинное обучение, LAMA, TPOT, Auto-Sklearn, H2O 

AutoML, MLJAR, регрессия.
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Современные системы AutoML помогают ав-
томатизировать практически весь процесс построе-
ния модели. На данный момент подлежат автомати-
зации следующие этапы моделирования: подготовка 
данных, обзор признаков, построение модели ма-
шинного обучения и оптимизация гиперпараме-
тров, валидация построенной модели, построение 
отчетов, внедрение разработанной модели.

Алгоритмы машинного обучения для обра-
ботки и анализа данных комбинируются в кон-
вейер, то есть применяются последовательно к 
обрабатываемой выборке. Далее происходит опти-
мизация этих алгоритмов путем подбора моделей 
и значений их гиперпараметров, причем большин-
ство подходов выполняют оптимизацию всех пара-
метров модели одновременно.

Однако стоит отметить, что системы автомати-
зированного машинного обучения широко примени-
мы только для решения задач машинного обучения 
с учителем, то есть классификации и регрессии [1].

Каждая система отличается внутренней ар-
хитектурой, рядом возможностей, которые может 
использовать конечный пользователь и набором 
решаемых задач. Соответственно существующие 
решения по-разному могут справляться с одной и 
той же задачей машинного обучения. 

На сегодняшний день направление AutoML 
развивается очень быстро, о чем свидетельствует 
большое количество публикаций. Примером со-
ответствующих исследований являются [1, 3, 4, 7, 
16, 17, 18]. Эти статьи не рассматривают произво-
дительность систем AutoML в отношении решения 
проблемы регрессии. Они не сравнивают оконча-
тельные модели, построенные системами на набо-
рах данных, предназначенных для регрессии. Неко-
торые статьи [1, 3, 4, 7] описывают общие принципы 
концепции AutoML, но не учитывают конкретные 
системы AutoML либо авторы очень кратко приво-
дят информацию в сравнительной таблице о некото-
рых системах AutoML. В работах [4, 7] даны очень 
краткие сведения о некоторых системах AutoML, 
которые более подробно рассмотрены в нашей ста-
тье (например, TPOT, H2O AutoML, Auto-Sklearn). 
В нашем исследовании даны рекомендации относи-
тельно применения рассмотренных систем AutoML 
при решении практических проблем. Вклад нашей 
работы заключается в том, что мы исследовали ра-
боту современных систем AutoML на примере за-
дачи регрессии, описали подробно используемые 
системы, а также рассмотрели отечественное реше-
ние – LightAutoML в сравнении с существующими 
современными системами AutoML. Мы сравнили 
точность предсказания модели линейной регрессии 
с предсказаниями моделей, предложенных слож-

ными системами AutoML. Чтобы оценить точность 
конечной модели, мы используем метрики MAE, 
RMSE, MedAE и R2.

1. Цель исследования

В данной статье мы проведем сравнитель-
ный анализ ряда существующих программных си-
стем автоматизированного машинного обучения: 
Light AutoML (LAMA), TPOT, Auto-Sklearn, H2O 
AutoML, MLJAR. Рассмотрим эффективность рабо-
ты выбранных систем при решении задачи регрес-
сии в нескольких предметных областях, используя 
ряд метрик точности (RMSE, MAE, MedAE, R2).

2. Описание задачи

Основной задачей AutoML является авто-
матизация составления композиции моделей ма-
шинного обучения и дальнейшая параметризация 
подобранных алгоритмов, чтобы максимизировать 
значение выбранной метрики точности [4].

В данной статье сфокусируемся на использо-
вании различных систем AutoML для решения за-
дачи машинного обучения с учителем – линейной 
регрессии.

В процессе разработки модели машинного обу-
чения с учителем необходимо предоставить на вход 
алгоритму набор признаков dχ ⊆   и целевую пере-
менную y. То есть модель обучается на образцах с из-
вестным значением целевой переменной y [3].

В сценариях машинного обучения использу-
ются подготовленные для последующего анализа и 
обработки статистические данные. Набор данных 

{ }( , ) | ,D x y x y Yχ⊂ ∈ ∈  является конечным отношени-
ем между пространством экземпляров и простран-
ством меток, и мы обозначаем как D множество всех 
возможных наборов данных. Разработанная модель 
должна выдавать точные результаты для любых но-
вых образцов данных. То есть, обобщающая способ-
ность является важнейшим свойством аналитиче-
ской модели, приобретаемым в процессе обучения.

Зачастую процесс разработки модели машинно-
го обучения представляет собой итеративный цикл 
обработки данных, обучения модели и ее оценки. 
Для того, чтобы получить на выходе удовлетвори-
тельную производительность модели, необходимо 
детально экспериментировать с различными ком-
бинациями методов обработки данных, алгоритмов 
модели и гиперпараметров. Данный процесс доста-
точно затратен по времени и требует от исполнителя 
хороших знаний в области анализа данных.

Каждый этап приведенного на рис. 1 цикла 
разработки модели можно автоматизировать. При 
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этом движение данных между модулями системы 
будет напоминать конвейер, состоящий из множе-
ства модулей: модуля обработки данных, выбора 
модели, построения отчетов, внедрения и т.д.

Основная цель машинного обучения с учите-
лем состоит в том, чтобы найти конвейер, который 
минимизирует ошибку прогнозирования, усреднен-
ную по всем экземплярам выборки. Зачастую для 
оценки точности построенной модели используются 
такие метрики, как коэффициент детерминации (R2), 
среднеквадратичная ошибка (RMSE), медианная 
абсолютная ошибка (MedAE), средняя абсолютная 
ошибка (MAE), AUC ROC, F1, log-loss и другие [7].

У каждой системы автоматизированного 
машинного обучения поиск и оптимизация алго-
ритмов осуществляется по-разному, о чем свиде-
тельствуют различия во внутреннем устройстве 
систем. Исследование внутренней архитектуры 
систем автоматизированного машинного обучения 
позволит выявить общие закономерности в их по-
строении, обнаружить места, которые могут быть 
усилены алгоритмами машинного обучения либо 
оптимизированы для обеспечения лучшей произ-
водительности решения.

3. Конвейер AutoML 

Задачу AutoML можно сформулировать как 
процесс поиска f, который лучше обобщается в 
любом возможном T с минимальным вмешатель-
ством пользователя. Где f может быть композицией 

нескольких функций, которые могут преобразовы-
вать входное пространство признаков, обрабаты-
вать входные данные, строить модели и т. д. Такую 
композицию в контексте AutoML называют конвей-
ером, который можно формализовать (формула 1).

( ) ( ( ))
T

f x T x
υθ θυ=                      (1)

В данной формуле υ  – модель машинного 
обучения, T – механизм преобразования призна-
ков с гиперпараметрами υθ  и Tθ  соответственно 
[2]. Причем каждая из этих моделей может быть 
композицией других моделей.

Как показано на рис. 2 конвейер AutoML со-
стоит из множества процессов обработки данных: 
предварительная обработка выборки, отбор при-
знаков, генерация модели и ее оценка.

Первый этап включает в себя «добычу» инфор-
мации, которая помогает повысить производитель-
ность сгенерированных моделей, создавая допол-
нительную информацию для изучения. На втором 
этапе к набору данных применяются различные ме-
тоды работы с признаками: устранение пропусков 
в данных, кодирование категориальных признаков, 
масштабирование и нормализация признаков, об-
работка выбросов в данных. Далее подготовленные 
данные подаются на вход модулей, которые занима-
ются поиском наиболее эффективной архитектуры 
модели. Построение модели машинного обучения 
можно разделить на поиск пространства решений и 
оптимизацию гиперпараметров. Пространство по-
иска определяет принципы проектирования моде-

Рис. 1. Обобщенный цикл разработки модели машинного обучения
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лей машинного обучения, которые можно разделить 
на две категории: традиционные модели (Linear 
Regression, SVM) и нейронные сети.

Методы оптимизации подразделяются на ги-
перпараметрическую оптимизацию (HPO) и оп-
тимизацию архитектуры модели (AO). HPO оп-
тимизирует параметры, связанные с обучением 
(например, скорость обучения и размер пакета), а 
AO оптимизирует параметры, связанные с моде-
лью (например, количество слоев для нейронных 
архитектур и количество соседей для модели KNN) 
[5]. Завершающим этапом является тестирование 
производительности и выбор лучшей модели.

Зачастую первая часть конвейера не является 
последовательностью операций обработки дан-
ных, она имеет древовидную структуру с несколь-
кими параллельными препроцессорами, которые 
затем объединяются. Оптимальный конвейер мо-

жет быть реализован как строгий порядок, в кото-
ром должны применяться различные алгоритмы 
обработки данных, а также использоваться не бо-
лее одного препроцессора каждого типа.

4. Обзор современных систем AutoML

Прогресс в области AutoML привел к появле-
нию множества систем, которые автоматизируют 
проектирование и разработку моделей машинного 
обучения с учителем на разных этапах.

Рассмотрим ряд систем AutoML, которые ис-
пользуются в современных проектах машинного 
обучения.

4.1. LightAutoML 
LightAutoML (LAMA) представляет собой ре-

шение с открытым исходным кодом, разработанное 
Sber AI Lab. Данная система позволяет автоматизи-

Рис. 2. Общая схема конвейера AutoML системы
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ровать процесс построения модели для следующих 
задач: бинарная классификация, многоклассовая 
классификация, регрессия.

Разработанный конвейер дает возможность 
выполнять следующие операции: обрабатывать 
данные и автоматически настраивать гиперпара-
метры, строить отчеты, описывающие процесс 
разработки модели, конструировать собственные 
конвейеры из предоставляемых системой модулей, 
запускать модель в режиме предсказания.

Предлагаемая система LAMA работает толь-
ко с двумя типами моделей - gradient boosted 
decision trees (GBMs) и линейными моделями, 
что значительно сокращает время без ущерба для 
производительности для решаемых типов задач 
и данных. LAMA состоит из модулей (пресетов), 
которые ориентированы на end-to-end разработку 
моделей для типичных задач ML. В настоящее вре-
мя LightAutoML поддерживает следующие четыре 
предустановленных модуля:
1. � TabularAutoML – фокусируется на классиче-

ских задачах ML, работает с табличными набо-
рами данных;

2. � WhiteBox – решает задачу бинарной класси-
фикации с использованием простых интер-
претируемых алгоритмов (логистическая ре-
грессия);

3. � NLP – способен комбинировать конвейер для 
обработки табличных данных с алгоритмами 
NLP (специальные средства извлечения при-
знаков или предварительно обученные модели 
глубокого обучения);

4. � CV – модуль для обработки изображений.
На рис. 3 представлен конвейер, который ре-

ализован в системе LightAutoML. Обязательными 
элементами конвейера являются: 
• � считыватель, который принимает на вход дан-

ные и выполняет их предварительную обработ-
ку, также на вход подается задача, которая под-
лежит решению с помощью системы; 

• � наборы данных, которые содержат метаданные 
и используются для валидации результатов; не-
сколько конвейеров ML, которые складываются 
и / или усредняются с помощью Blender для по-
лучения единого прогноза.

Конвейеры ML могут быть вычислены неза-
висимо на одних и тех же наборах данных, а затем 
объединены вместе с использованием усреднения 
(или взвешенного усреднения).

4.2. TPOT
TPOT (Tree-based Pipeline Optimization Tool) 

является проектом на Python с открытым исход-
ным кодом. TPOT автоматизирует конвейеры ма-
шинного обучения с помощью генетического про-
граммирования (GP), хорошо известного метода 
автоматического построения программ. В данной 
системе конвейер машинного обучения полностью 
автоматизирован и для определения оптимальной 
модели применяется генетический алгоритм.

Основное внимание в этом проекте уделяется 
обучению с учителем, а именно задаче классифи-
кации с поддержкой ста пятидесяти алгоритмов 
ScikitLearn [4], включая алгоритмы предвари-
тельной обработки. Система, как и Auto-Sklearn 

Рис. 3 Общая схема конвейера cистемы LAMA.
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представляет собой надстройку над библиотекой 
Sklearn, однако использует собственные алгорит-
мы регрессии и классификации. 

Отобраны двадцать лучших конвейеров с точ-
ки зрения максимальной точности перекрестной 
проверки и минимизации количества процессов, 
которые видоизменяются для создания конвейеров 
нового поколения. Каждый из конвейеров произ-
водит еще пять с помощью перекрестных методов 
или случайных вставок и усадок. Алгоритм выпол-
няется для 100 поколений для каждого из обновля-
емых решений.

На рис. 4 представлен пример конвейера TPOT.
Система сохраняет копию набора данных и 

распараллеливает процесс обработки признаков и 
снижения размерности данных.

На данный момент TPOT не может работать с 
естественным языком и категориальными призна-
ками.

4.3. Auto-Sklearn
Система написана на Python и использует 

алгоритмы и методы из программной библиотеки 
Scikit-Learn (15 алгоритмов классификации, 14 
методов обработки признаков, 4 метода предвари-
тельной обработки данных) [10]. Auto-Sklearn ре-
ализует алгоритм SMAC для настройки гиперпа-
раметров. Система умеет генерировать признаки, 
выбирать модель, настраивать гиперпараметры. 
Auto-Sklearn представляет два новшества: исполь-
зование метаобучения для запуска процедуры бай-
есовской оптимизации и шаг построения ансамбля, 
который использует более одной конфигурации, 
найденной в процедуре оптимизации. 

Auto-Sklearn запускает процедуру байесов-
ской оптимизации, предоставляя начальные экзем-
пляры из конфигураций, которые дали наилучшие 
результаты для аналогичных наборов данных [6].

На рис. 5 представлен пример конвейера Auto-
Sklearn. Настройка гиперпараметров и предвари-
тельная обработка данных частично выполняются 
с помощью метаобучения. Результаты метаобуче-
ния предопределяют пространство поиска. Кон-
вейер AutoML использует это пространство поиска 
итеративно, начиная с процессора данных, за кото-
рым следует препроцессор обработки признаков, 
за которым следует обучение классификатора либо 
регрессора. Результаты оцениваются, и гиперпара-
метры оптимизируются с помощью байесовского 
оптимизатора. Зачастую лучшие значения произ-
водительности показывают ансамблевые модели. 

4.4. H2O AutoML
H2O является системой машинного обучения 

с открытым исходным кодом, с распределенной па-
мятью и линейной масштабируемостью. Текущая 
версия системы AutoML может обучать и выпол-
нять кросс-валидацию для случайного леса, гра-
диентного бустинга, глубоких нейронных сетей, а 
затем обучать составной ансамбль, используя все 
модели. H2O AutoML автоматизирует процесс по-
строения большого количества моделей, чтобы вы-
явить наиболее эффективную модель.

Ключевые особенности H2O AutoML: среда с 
открытым исходным кодом, которая предоставляет 
распределенные реализации методов машинного 
обучения; система реализована на Java, однако есть 
API для таких языков, как Python, R, Scala, а также 

Рис. 4. Общая схема конвейера TPOT.
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доступен веб-интерфейс; H2O AutoML работает на 
таких платформах, как Hadoop, Spark, AWS.

4.5. MLJAR
Систему AutoML MLJAR можно использо-

вать для создания полного конвейера машинного 
обучения с конструированием признаков и на-
стройкой гиперпараметров. MLJAR поддержива-
ет следующие алгоритмы машинного обучения: 
нейронные сети, XGBoost, Catboost, LightGBM и 
другие. MLJAR строит несколько моделей в зави-
симости от выбранных алгоритмов и рассчитывает 
окончательный прогноз путем объединения в ан-
самбль или стекинга моделей.

На рис. 6 представлен пример конвейера 
MLJAR.

4.6. Сравнительный анализ AutoML  
систем
Системы AutoML различаются по своему 

внутреннему устройству и, соответственно, функ-
циям, которые они предоставляют пользователю. 
Выделим отличительные особенности рассмо-
тренных систем и дадим краткие рекомендации по 
их применению:
• � Система LightAutoML эффективна для решения 

таких задач, как бинарная или многоклассовая 
классификация, а также регрессия, где вход-
ные данные могут содержать одновременно 
различные типы признаков: числа, тексты, ка-

тегориальные данные, даты. Можно применять 
LightAutoML в качестве инструмента быстрой 
проверки гипотез, а также построения моделей 
машинного обучения, которые будут описаны с 
помощью линейных моделей и деревьев реше-
ний с градиентным бустингом. Также возможно 
расширять систему собственными модулями 
обработки данных, таким образом настраивая 
LightAutoML под решение новых задач.

• � Система TPOT не может обрабатывать пропу-
ски в наборе данных, а также не может работать 
с нечисловыми признаками. Пользователь дол-
жен предварительно обработать данные, только 
потом подавать их в систему. На предварительно 
обработанных данных TPOT позволяет строить 
модели классификации или регрессии, исполь-
зуя алгоритмы Sklearn. Поэтому данная система 
подойдет вам, если вы работаете с табличными 
данными, не содержащими пропущенные зна-
чения, а также все признаки объектов выборки 
являются числовыми. Иначе требуется предва-
рительная экспертиза и обработка данных.

• � Система H2O AutoML предоставляет метод 
импорта файлов, который позволяет загружать 
табличные данные, состоящие из категориаль-
ных и числовых признаков, а затем, используя 
внутреннюю эвристику, делит данные на под-
выборки для обучения и тестирования целевой 
модели. Данная система автоматизирует такие 
этапы, как предварительная обработка данных, 
обучение и настройка модели, объединение 
различных моделей, чтобы выбрать модели с 
наилучшей производительностью (зачастую 
данные описываются ансамблями GBM, GLM, 
DNN моделей). H2O предоставляет удобный 

Рис. 5. Общая схема конвейера Auto-Sklearn

Рис. 6. Общая схема конвейера MLJAR
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пользовательский интерфейс H2O Flow – ин-
терактивную веб-среду, которая позволяет со-
вмещать выполнение кода, математические 
вычисления, графики и мультимедиа в одном 
документе. Использовать данную систему ре-
комендуется, если выборка содержит пропуски, 
категориальные и числовые признаки, также 
если необходимо проанализировать предложен-
ные системой модели, представленные в виде 
таблицы с метриками качества (RMSE, MSE, 
MAE и др.).

• � Система MLJAR довольно быстро справляется 
с построением и обучением целевой модели на 
выборках разного размера. Она может создавать 
отчеты с помощью разметки Markdown, содер-
жащие сведения о процессе обучения моделей, 
работая со множеством разных моделей машин-
ного обучения, обрабатывать пропуски в данных 
и работать с большим количеством типов при-
знаков. Если вам нужно быстро построить мо-
дель машинного обучения на данных, содержа-
щих пропуски и большое количество признаков 
различных типов, то вы можете выбрать MLJAR.

• � Auto-Sklearn не может обрабатывать пропущен-
ные значения, но быстро справляется с задачей 
выбора самой эффективной модели машинно-
го обучения. Эта система построена поверх ал-
горитмов машинного обучения из библиотеки 
Sklearn. Auto-Sklearn сочетает в себе методы, ко-
торые помогут создать модель с настроенными 
гиперпараметрами, но пользователю придется 
предварительно предобработать входные данные. 
Auto-Sklearn использует байесовские методы оп-
тимизации для поиска наиболее производитель-
ного конвейера для заданного набора данных, 
поэтому вычисления даже на больших наборах 
данных будут производиться достаточно быстро. 

5. Исследование систем AutoML для задачи 
регрессии

Мы сравнили рассмотренные выше системы 
AutoML, решая задачу регрессии на нескольких на-
борах данных, и оценили при помощи ряда метрик 
точности конечные результаты работы систем. 

Для экспериментальной части исследования 
были выбраны два набора данных:
1) � cars – выборка, содержащая 301 объект, в каче-

стве целевого признака выступает цена автомо-
биля;

2) � powerplant - набор данных, содержащий пара-
метры 9568 предприятий, где в качестве целе-
вого признака выступает почасовая выработка 
электроэнергии (МВт/ч).

Набор данных cars опубликован на ресурсе 
Kaggle [11], а набор данных plants опубликован в 
репозитории машинного обучения UCI [12].

Исходные данные были обработаны 5 си-
стемами автоматизированного обучения: LAMA, 
TPOT, Auto-Sklearn, H2O AutoML, MLJAR.

В итоге данными системами был построен 
конвейер для обработки данных, определены ста-
тистические модели и настроены их гиперпараме-
тры. Затем нами была произведена оценка точно-
сти каждой итоговой модели.

Опишем метрики, которые были использова-
ны для оценки точности конечной модели, постро-
енной выбранными системами AutoML:
1. � Средняя абсолютная ошибка (MAE). Эта метри-

ка не чувствительна к выбросам в наборе дан-
ных, но она не нормирована.

2. � Среднеквадратическая ошибка (RMSE). Данная 
метрика чувствительна к выбросам.

3. � Средняя абсолютная ошибка (MedAE). Данная 
метрика не чувствительна к выбросам в наборе 
данных.

4. � Коэффициент детерминации (R2). Выбросы су-
щественно влияют на коэффициент детермина-
ции.

Соответственно, чем ближе значение метрик 
к нулю, тем точнее работает модель (кроме метри-
ки R2, которая принимает значения в диапазоне от 
0 до 1, чем ближе значение R2 к единице, тем точ-
нее модель).

В работе используются библиотечные реа-
лизации описанных выше метрик, которые предо-
ставляет модуль metrics пакета sklearn.

5.1. Анализ выборок
Для того, чтобы предварительно оценить вну-

треннюю организацию данных и построить гипо-
тезы, визуализируем экспериментальные выборки.

Рис. 7а и 7б отображают корреляционную 
матрицу, которая содержит коэффициенты корре-
ляции между парами признаков из набора данных. 
Матрица корреляции содержит на главной диаго-
нали единицы, то есть является симметричной. В 
данном случае при расчете матрицы корреляции 
использовался коэффициент корреляции Пирсона. 
Для удобного восприятия корреляционной матри-
цы используем «тепловую карту», где при помощи 
цветов окрашены ячейки, содержащие коэффици-
енты корреляции.

Для набора данных cars на целевой при-
знак «Selling Price» больше всего влияет при-
знак «Present Price» (коэффициент корреляции 
равен 0,844). В наборе данных plants признак 
«ExhaustVacuumHg» коррелирует с целевым при-
знаком «HourlyEnergyOutputMW» с коэффициен-
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том -0,87. В данном случае важен модуль коэф-
фициента корреляции, который показывает силу 
зависимости между признаками, отрицательный 
знак указывает на обратную связь между призна-
ками, что для рассматриваемой задачи не имеет 
значения.

Проанализировав матрицу корреляции, мож-
но сделать вывод, что данные в выбранных дата-
сетах можно аппроксимировать прямой линией, 
следовательно, можно предположить, что модели 
линейной регрессии будет достаточно, чтобы до-
биться высокой точности предсказаний. 

5.2. Анализ полученных результатов
В результате эксперимента, с помощью опи-

санных выше AutoML систем, были определены 
модели машинного обучения, наилучшим обра-
зом описывающие входные данные. При этом 
каждой из систем AutoML был построен конвей-

ер, который включал в себя все этапы обработки 
данных, подбора модели и настройки ее гипер-
параметров.

На рис. 8-9 представлены гистограммы, на 
которых можно увидеть значения погрешности 
предсказания целевого признака для каждой иссле-
дуемой в работе AutoML системы. На рисунке 8-9 
представлены значения метрик качества для тесто-
вой выборки набора данных cars. Можно заметить, 
что наиболее точной оказалась модель линейной 
регрессии по оценкам MAE, RMSE, MedAE, так-
же хороших результатов позволила добиться мо-
дель, выбранная системой MLJAR (метрики MAE, 
RMSE, MedAE).

На рис. 8 показаны показатели качества для 
тестовой выборки набора данных об автомобилях. 
Видно, что модель линейной регрессии по оценкам 
MAE, RMSE и MedAE оказалась наиболее точной, 

Рис. 8. Значения метрик для набора данных cars

Рис. 9. Значения метрик для набора данных plants

а б
Рис. 7. Корреляционные карты
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а модель, выбранная по системе MLJAR (метрики 
MAE, RMSE, MedAE), также показала хорошие ре-
зультаты. Поскольку мы используем 4 метрики для 
оценки точности окончательной модели машинно-
го обучения, лучшая система AutoML определяет-
ся с помощью анализа Парето.

На рис. 9 показаны оценки качества для те-
стовой выборки набора данных об автомобилях. 
Видно, что модель линейной регрессии по оценкам 
MAE и RMSE оказалась наиболее точной, а мо-
дель, выбранная по системе TPOT (метрики MAE, 
RMSE и R2), также показала хорошие результаты.

Выбранные системы показывают совершенно 
разные результаты при решении задачи регрессии 
на выборках разного размера. Набор данных авто-
мобилей содержит 301 объект, а набор данных рас-
тений содержит 9568 объектов. Наилучшие резуль-
таты показывают системы TPOT и MLJAR (если 
учитывать значения метрик MAE, RMSE, MedAE).

Система LAMA неплохо справляется с зада-
чей подбора и настройки модели, однако автомати-
зация всего процесса занимает длительное время 
(в среднем до 5 минут). Это связано с большим 
количеством различных расчетов, производимых 
системой из-за обилия предоставляемых ею воз-
можностей.

В табл. 1 показано время, затрачиваемое ка-
ждой системой AutoML на выбор и обучение окон-
чательной модели машинного обучения.

Табл. 1
Время работы систем AutoML

Название Набор данных 
cars

Набор данных 
plants

Auto-Sklearn 2 мин 1 сек 1 мин 59 сек

TPOT 31.2 сек 1 мин 30 сек

MLJAR 29.7 сек 54.4 сек

H2O 1 мин 2 сек 1 мин 2 сек

LAMA 3 мин 18 сек 5 мин 40 сек

Linear 
Regression

19.8 мс 6.78 сек

На основании анализа Табл. 1 можно сделать 
вывод, что системе LightAutoML потребовалось 
больше всего времени для построения оптимально-
го конвейера, выбора наилучшей модели и ее обу-
чения. Модель линейной регрессии оказалась самой 
быстрой для построения, а система MLJAR выпол-
няла вычисления быстрее, чем другие системы.

Заключение

Таким образом, в рамках данной работы 
формализован процесс оптимизации построе-
ния конвейеров данных и настройки алгоритмов 

машинного обучения. Рассмотрен ряд автомати-
зированных систем машинного обучения: Light 
AutoML (LAMA), TPOT, Auto-Sklearn, MLJAR, 
H2O AutoML. Исследован процесс построения мо-
дели регрессии с использованием перечисленных 
систем для нескольких наборов данных, содержа-
щих категориальные и числовые признаки.
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Introduction
Over the last decade, the level of application of 

machine learning has grown considerably [1]. Nowa-
days, it is widely used in the areas such as medicine, 
marketing, finance, retail, logistics, robotics and so on 
[2, 3]. Today, almost all companies that collect and 
store large amounts of data have entire departments 
involved in data analysis and machine learning. In ad-
dition, small teams or even individuals are also inter-
ested in using machine learning, because they find data 
analysis techniques useful for developing their proj-
ects and research. For example, scientists who could 
use the existing data to predict possible values of cer-
tain variables or coefficients for conducting scientific 
experiments. 

Simple data analysis such as graph plotting, 
creating charts and calculating some statistical coef-
ficients can be done using the standard tools such as 
Microsoft Excel. But often more complex methods 
involving the use of machine learning models are re-

quired. In this case, not only a comprehensive knowl-
edge of linear algebra, mathematical analysis and sta-
tistics is required, but also understanding of machine 
learning concepts and coding experience, particularly 
in languages such as Python or R, as well as special 
frameworks and libraries are needed. 

Recently, there is a growing number of automat-
ed machine learning solutions that allow training and 
using models for making predictions without writing 
code in a programming language but using visualiza-
tion or other methods of user interaction. Nevertheless, 
some of these solutions, such as Google AutoML have 
been developed for users with significant experience 
and are mostly intended to simplify and speed up the 
work of machine learning engineers and data scientists 
rather than to lower the entry threshold into this area 
for non-expert users. Most of the other solutions that 
can be successfully used by people with basic domain 
knowledge are often designed to solve only some spe-
cific classes of problems, such as computer vision or 
text analysis.

This paper presents an approach that allows users 
with basic machine learning knowledge to train and 
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use different models for obtaining predictions on the 
tabular datasets using a graphical interface. The prob-
lems encountered in creating systems for automated 
machine learning and approaches to solve them are 
also discussed. This work aims to develop a client-serv-
er web application with a graphical user interface for 
data analysis, especially for the supervised learning 
problems such as regression and classification.

The rest of this paper is organized as follows. 
Section 2 discusses related work and common chal-
lenges included in machine learning process. Then, 
Section 3 describes the algorithms and methods used 
in the implementation. Section 4 contains details about 
the implementation of the web application. Finally, 
Section 5 provides the conclusion of the work.

1. Literature review

As previously stated, the popularity of solutions 
for automated machine learning is growing. The paper 
[4] discusses the possible challenges involved in cre-
ating these kinds of solutions.

One of the most challenging problems is the pro-
cess of extracting features from raw data, called fea-
ture engineering. This process often involves handling 
missing values, encoding of categorical variables, 
feature scaling and selection. It is notable that feature 
engineering is not always a simple task even for ex-
perts in machine learning and it is usually performed 
manually by empirical methods.

Missing values are one of the most common 
problems when it comes to preparing data for use with 
machine learning models. Human errors, privacy is-
sues, and other factors can lead to the absence of val-
ues in the dataset. However, missing values require a 
correct handling, since most of the models in the exist-
ing machine learning libraries are not capable to work 
with the data that contain gaps. 

In fact, there is no clear answer regarding how 
to handle missing values in datasets. Although, quite 
several papers discussing the problem of filling gaps 
in a tabular data have been published, most of the pro-
posed solutions were developed for specific tasks and 
may not be as useful in other cases. The standard way 
to solve this problem is to remove features that contain 
many missing values or to fill in the missing values 
with some estimate based on other values of the same 
feature [5].

Most implementations of machine learning al-
gorithms also require all values in the dataset to be 
represented in a numerical form. Because of this, cat-
egorical data must be converted to numerical values 
before being used for model training or prediction. 
The simplest way to encode categorical features is la-

bel encoding (ordinal encoding). The main idea behind 
this method is to associate each category with some 
integer number. This method of encoding is rarely 
used in practice because of its big disadvantage: it can 
add additional dependencies that did not exist in the 
original data, which is critical for linear models, and 
in general can lead to wrong interpretations of feature 
values.

One-hot encoding or dummy encoding is the 
modification that solves the problem of the previously 
discussed approach. In this algorithm, a new variable, 
sometimes called a dummy variable, is created for 
each category of a feature, where a binary value (0 or 
1) denotes that a particular feature belongs to a certain 
category. The main problem with this method and its 
existing modifications is that a new attribute is creat-
ed for each unique value of a category variable. Thus, 
the number of attributes grows quadratically, so naive 
encoding is only applicable when categorical vari-
ables contain a small number of unique values. Anoth-
er problem of naive encoding is that it produces large 
number of binary features in the dataset, which can 
significantly reduce the quality of models when using 
tree-based algorithms (e.g., decision trees or random 
forest). In this regard, this algorithm is not suitable for 
use in systems for automated machine learning, be-
cause the number of unique values in the categorical 
variables in datasets can be quite large.

Another approach to encode categorical variables 
is target encoding. The idea of target encoding is to use 
the statistics of a target variable to encode a categori-
cal value. According to the theoretical justification for 
this approach given in the paper discussing categorical 
feature preprocessing scheme [6], the key transforma-
tion used in this method is a transformation that maps 
each value of a categorical feature to an estimate of the 
probability of occurrence of the target variable.

When categorical features are encoded in the 
training sample, the numerical representation of the 
categorical feature corresponds to the posterior proba-
bility of occurrence of the target feature, provided that 
the categorical variable takes particular value. In the 
case of categorical feature encoding in the prediction 
sample, the numerical representation corresponds to 
the expected value of the categorical variable. Essen-
tially, this means that for each category, the average 
value of the target variable is calculated, with which 
the category is subsequently encoded. This method 
works for both binary classification and regression. For 
multiclass classification a similar technique is used, 
where a categorical variable is encoded with m  –  1 
new variables, where m is the number of classes. It 
should be noted, that although the author of the arti-
cle claims that the statistics of the target variable are 
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used to encode the categorical variable, in fact only its 
mean value is used. Although the mean value is a suffi-
cient statistic for binary classification, it is not suitable 
for regression because it disregards the intra-category 
variance of the target variable. In this regard, this algo-
rithm in its pure form is prone to overfitting, so some 
modifications are often added to software implementa-
tions to reduce the probability of overfitting.

In most cases, not all the variables in the raw 
datasets are useful when building machine learning 
models. Using many redundant features may reduce 
the accuracy of the predictions and the generalization 
ability of the model, as well as dramatically increase 
its overall complexity. 

The paper [7] contains a detailed review of the 
existing methods for feature selection. As stated, there 
are three main types of feature selection techniques: 
filtering, wrapper, and embedded models. Filtering 
methods are a general set of methods that do not in-
volve the use of a specific machine learning algorithm. 
They are based on probability theory and statistical 
approaches and include visual analysis (e.g., construc-
tion of a correlation matrix to identify the features 
that have a weak correlation with the target variable), 
evaluation of features using some statistical criterion 
(variance, correlation, χ2, etc.), and feature ranking 
by significance. In filtering methods, each feature is 
considered separately, so it is not possible to identify 
more complex dependencies in the data, and the re-
sulting subset of features that are most correlated with 
the target will not always be the subset on which the 
prediction accuracy will be the highest.

In addition, the existing implementations of these 
methods often require a choice of a certain threshold 
value to filter out the redundant features, which is quite 
difficult to determine automatically, while ensuring 
equally good quality for datasets that differ in struc-
ture (as in the case of automated machine learning sys-
tems). In general, these methods are more suitable for 
a machine learning process fully controlled by user. 
The main advantage of this class of methods over oth-
er feature selection algorithms is a low computational 
complexity that linearly depends on the total number 
of features and, consequently, high computation speed. 
Moreover, filters can be used when the dimensionality 
of the feature space is larger than the number of ob-
servations in the sample, which is not always possible 
with other methods.

In wrapper methods, the process of feature selec-
tion is based on applying some classifier to different 
subsets of features in the training sample. After select-
ing the optimal subset, the algorithm is tested on the 
dataset that was not involved into selection process. 
This class of methods is divided into two main ap-

proaches: forward and backward selection. In the first 
case, the algorithm starts with an empty subset of fea-
tures to which, at each iteration, the feature that has the 
greatest influence on the quality of the model is added. 
In the second case, the initial subset contains all the 
attributes of the training sample, from which the least 
significant attributes are removed at each iteration. In 
both cases, the process continues until a statistically 
significant improvement in the quality of the model is 
obtained (the stopping criterion is reached). Wrapper 
methods use a greedy search approach to evaluate all 
possible combinations of features using some evalu-
ation criterion (e.g., p-value and determination coef-
ficient (R2) for regression; accuracy, precision, recall 
or F-score for classification), thus having a rather high 
computational complexity. Another problem with this 
approach is that the backward selection method cannot 
be used when the number of features exceeds the num-
ber of observations in the training sample.

Embedded methods combine the advantages 
of filters and wrappers, integrating feature selection 
into the learning process. The most common embed-
ded methods are based on tree-based algorithms. At 
each recursion step, some feature is selected, and the 
sample is divided into smaller subsets. The more child 
nodes in a subset belong to the same class, the more 
informative the feature is considered. In classification 
problems, the partitioning is usually performed either 
according to the Gini coefficient (index) or using the 
information gain, which is based on the concepts of 
entropy and the volume of information. In regression 
problems, the partitioning is performed by a disper-
sion value. In addition to tree-based algorithms, reg-
ularization approaches are also common. The idea of 
regularization approaches to construct an algorithm 
that minimizes not only the model error but also the 
number of variables used. In such cases, both L1-regu-
larization or L2-regularization and their combinations 
are used. These regularization methods reduce some 
model coefficients to zero, which allows removing 
such features from the model. Embedded methods al-
low to identify more complex dependencies in datasets 
and are less prone to overfitting and computationally 
complex than wrapper methods. Even though embed-
ded methods are still more computationally complex 
than filtering methods, this class of methods is best 
suited for automating feature selection.

Another challenge is related to the hyperparam-
eter optimization. Machine learning models often 
include hyperparameters whose values are very im-
portant for achieving high quality models [4]. The hy-
perparameter optimization algorithms work with the 
model as with a black box: only the value of the model 
loss function obtained by training with the considered 
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set of hyperparameters is important, not the algorithm 
itself. In formalized form the problem of hyperparam-
eter optimization can be written in the following way: 
let A be the model of the algorithm characterized by 
hyperparameters . Then, 
the space of hyperparameters associated with it is 

. The goal is to find such set of hy-
perparameters λ* ∈ A with which the given model of 
algorithm A is the most efficient.   

Several methods of automatic hyperparameter 
selection have been proposed by researchers in the 
field of computer science. As stated in one of the pa-
pers discussing the use of automated machine learning 
[8], the simplest ways to optimize hyperparameters are 
grid and random search. Grid and random search are 
uninformed methods, which means that they do not 
learn any information from previous iterations. 

Grid search is a brute-force algorithm in which 
model is trained and evaluated for a complete set of hy-
perparameter combinations. Because of this, increase 
in the size of the hyperparameter search space leads 
to an exponential rise in computational complexity. 
Therefore, this algorithm is often an unsuitable choice 
as it could be inefficient in terms of performance.

In random search a complete set of hyperparam-
eter optimization is replaced by a subset of a randomly 
chosen length. Since length of a hyperparameter set 
is less than in grid search, this algorithm requires less 
computational time, but here comes a risk that the best 
combination of hyperparameters would not be includ-
ed in the tested set.

Recently, such method as Bayesian optimization 
is increasingly used for the hyperparameter optimiza-
tion. Its major difference from the previously present-
ed approaches is that it is an informed method, so the 
tuning algorithm optimizes the choice of parameters 
at each step according to the evaluation of the pre-
vious step. In summary, this method creates a prob-
abilistic model which maps hyperparameters to their 
corresponding estimation probability. Instead of trying 
complete set or subset of hyperparameters, the Bayes-
ian optimization method can converge to the optimal 
hyperparameters. Thus, the best hyperparameters 
can be obtained without examining the entire sample 
space. However, additional time is required to deter-
mine the next hyperparameters to estimate based on 
the results of previous iterations, so this method could 
be slower than random search.

2. Chosen algorithms implementations

The algorithm for preparing a dataset for further 
use in model training consists of four steps:
1.  Imputation of missing values.

2.  Encoding of categorical features.
3.  Feature selection.
4.  Data scaling.

Non-categorical features containing more than 
50 percent of missing values are deleted. Categorical 
variables with more than half of the missing values 
are filled with a special mark. For imputing continu-
ous variables, the k nearest neighbors (kNN) method 
based implementation from Scikit-learn library [9] 
called KNNImputer is used. Each sample’s missing 
values are imputed using the mean value from 5 near-
est neighbors found in the training set. The gaps in the 
remaining features are filled with the most popular 
value using SimpleImputer from Scikit-learn library.

The rows of the dataset are shuffled randomly 
before encoding categorical features, as some data-
sets may be sorted according to the value of the tar-
get variable, which can lead to problems when using 
target encoding algorithm. After random shuffling the 
text processing algorithm to determine whether the 
values of the feature are textual representations of 
integer numbers is applied (e.g., “seven” is convert-
ed to 7). Features containing only one unique value 
are removed since they have low effect on the target 
variable. If a feature consists of only two different val-
ues, then ordinal encoding is applied. In other cases, 
the target encoding algorithm from CatBoost library 
called CatBoostEncoder is applied. 

The features are encoded according to the fol-
lowing formula:

                         (1)

where  is a sum of the target value for that 
particular categorical feature (before the current one), 

 is the constant value defined as the ratio of the 
sum of all values of the target variable in the dataset to 
the total number of observations,  is the 
total number of categorical features observed before 
the current one and having the same value as the cur-
rent one. With this approach, the first few observations 
in the dataset always have the statistics of the target 
feature with much higher variance than the subsequent 
ones. To reduce this effect, many random permutations 
of the same data are used to calculate the statistics of 
the target variable, and the final encoding is calculated 
by averaging across these permutations.

As previously discussed, the best approach for 
selecting the most significant features in machine 
learning systems is the embedded methods, so the 
Scikit-learn implementation called SelectFromMod-
el with ElasticNet estimator for regression problems 
and DecisionTreeClassifier estimator for classification 
problems was chosen. At the first step of the feature 
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selection algorithm, a model based on a training sam-
ple is constructed. Then an approach based on feature 
importance calculation is used. Features are consid-
ered unimportant if the corresponding feature impor-
tance values are below a given threshold parameter. 
The threshold is calculated programmatically using 
the median value of importance of all features multi-
plied by a constant as a heuristic. At the last step of the 
algorithm, the features that the algorithm has marked 
as unsignificant are removed.

Feature scaling is based on Scikit-learn Stan-
dardScaler which standardize features by removing 
the mean and scaling to unit variance. The standard 
score of a sample x is calculated as:

                              (2)

where u is the mean of the training samples and s is the 
standard deviation of the training samples.

For hyperparameter optimization an implemen-
tation of the Bayesian optimization method from 
Scikit-optimize library called BayesSearchCV is 
used. The choice of Bayesian optimization method 
was made for reasons of reducing training time and 
increasing the models’ quality. As mentioned earlier, 
grid search is not a suitable choice for automated ma-
chine learning systems because of its high computa-
tional complexity, as it can lead to an excessive load 
on the system when the system is used by a sufficient 
number of users at the same time. Random search, as 
stated before, may not find the best hyperparameter 
combination in a given number of iterations. 

To prove the above statements, a couple of exper-
iments with different number of hyperparameter com-
binations for random search classifier was conducted 
on the breast cancer dataset (https://www.kaggle.com/
datasets/uciml/breast-cancer-wisconsin-data). The re-
sults of hyperparameter optimization on 2160 hyper-
parameter combinations is presented in the Table 1. 
Default algorithms parameters were not changed. As 
can be seen, the grid search is about three times slower 
than the Bayesian optimization and 62 times slower 
than the random search. However, the grid search al-
gorithm gives the best model score, while the random 
search gives the worst. Therefore, to achieve a balance 
between computation time and model quality, Bayes-
SearchCV is a suitable choice.

Table 1
Comparison of hyperparameter optimization  

algorithms from Scikit-learn library.

Algorithm F1 score Elapsed time 
(seconds / s)

GridSearchCV 0.971874 176.38

RandomizedSearchCV 0.959786 2.83

BayesianSearchCV 0.968036 63.71

For model evaluation the Scikit-learn implemen-
tation of Leave-One-Out cross-validation method is 
used. The advantage of this method is that each object 
of the sample participates in the control sample exactly 
once, and the length of the training subsamples is only 
one less than the length of the full sample. The main 
disadvantage of this method is high resource intensity, 
since the learning process is performed as many times 
as number of objects in the sample. Nevertheless, this 
method is the most accurate among all cross-valida-
tion methods because in most other cases (Hold-Out 
Validation, k-fold cross-validation) the training sample 
is divided into fewer parts.

The algorithm for preprocessing prediction data 
is similar to the dataset preparation before model train-
ing:
1. � Imputation of missing values.
2. � Removal of the features that are not presented in 

the training sample after preprocessing.
3. � Encoding of categorical features.
4. � Data scaling.

3. Web application implementation details

A web service (source code: https://github.com/
sirenescx/fastml-web-application) is a system of five 
interrelated parts (Fig. 1):
1. � Web application with a graphical user interface, 

which is responsible for processing user actions, 
data input and output, and forming and sending re-
quests to the API.

2. � A microservice (API) which processes incoming 
requests from a web application and distributes 
data according to the algorithms selected by user.

3. � A microservice for data preprocessing.
4. � Set of microservices with regression and classifica-

tion algorithms for training and prediction.
5. � A database used for storing user data and algo-

rithms and microservices’ settings.
The microservice architecture was chosen for the 

following reasons:
1. � For implementation of a microservice for data pro-

cessing and microservices for machine learning, the 
Python language was chosen because of significant 
number of tools and libraries for data analysis and 
machine learning. However, when it comes to cre-
ating of web services, Python is not the best choice 
due to its low performance compared to most other 
programming languages, as well as the difficulty of 
testing. The microservice architecture provides the 
ability to use different technology stacks for dif-
ferent tasks and allows to easily connect services 
written in different programming languages into a 
common system.
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2. � The microservice architecture allows to extend the 
system functionality without rewriting the existing 
source code which makes future development eas-
ier and faster. 

3. � On certain datasets, usage of some machine learn-
ing algorithm implementations from libraries may 
lead to an infinite loop. Placing the algorithms in 
separate microservices prevents the entire applica-
tion from crashing by using method execution tim-
eouts. In the case when the specified time for meth-
od execution is exceeded, the task is terminated.

One of the most common tabular data formats for 
use in machine learning is CSV. In addition, Microsoft 
Excel is often used to create and edit tables, where files 
have the extension .xlsx. Therefore, the both XLSX 
and CSV file formats are supported.

The first line of the uploaded dataset should con-
tain the names of the columns, the second and the next 
lines should contain the feature description of the ob-
jects (one object per line). Also, by default, it is con-
sidered that the first column of the dataset contains the 
object name. At the same time, the user can specify 
that the first column of the sample loaded also contains 
the feature description of the objects. The output files 
are in CSV format, with a comma as the separator. As 
with user-loaded datasets, the first line of the output 
file contains the column (feature) names. The column 
containing the result of the target variable prediction is 
marked as “target”.

The graphical user interface is simple and 
consists of a set of HTML pages that requires min-
imum user interaction to create, configure, and use 
machine learning models for prediction. The train-
ing or prediction process involves a step-by-step 
navigation through the several web pages of the 
application.

First page of training process requires dataset 
upload and choice of delimiter character if the data 
is presented as a .csv file (screenshot: https://github.
com/sirenescx/DAMDID-data/blob/master/gui/up-
load_train.png). Next page provides an ability to 
choose problem type, target variable and needed 
machine learning algorithms (screenshot: https://
github.com/sirenescx/DAMDID-data/tree/master/
gui/problem_settings). On this page user is also able 
to set custom model parameters for one or more se-
lected models. After training process is set up, user 
is redirected to a web page on which he or she can 
track the progress of learning process (screenshot: 
https://github.com/sirenescx/DAMDID-data/blob/
master/gui/log.png). Once training process is com-
plete, the user will see a table containing the val-
ues of quality metrics for each of the selected algo-
rithms which could be sorted by algorithms names 
or metrics values (screenshot: https://github.com/
sirenescx/DAMDID-data/blob/master/gui/choice.
png). At this stage, the user is prompted to select the 
best models for saving and further use.

Fig. 1. Web service architecture scheme
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The interface of the prediction process is even 
simpler, the user just needs to select one of the saved 
pre-trained models (screenshot: https://github.com/si-
renescx/DAMDID-data/blob/master/gui/results.png), 

upload a dataset (screenshot: https://github.com/sire-
nescx/DAMDID-data/blob/master/gui/predict.png), 
and wait for the prediction process to complete. Then, 
user can download prediction results to personal com-

Fig. 2. Web pages navigation scheme
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puter (screenshot: https://github.com/sirenescx/DAM-
DID-data/blob/master/gui/prediction_results.png). The 
page navigation scheme is presented below (Fig. 2).

To describe an example usage of the web appli-
cation, a regression dataset containing 29 chemical ob-
jects – chalcospinels with ABCX4 composition – with 
108 continuous features was used for training (raw 
training dataset: https://github.com/sirenescx/DAM-
DID-data/blob/master/training_set.csv). This dataset 
contains data about chalcospinel compounds and their 
properties. The value of the target variable (crystal lat-
tice parameter, a, ranges from 7.419 to 8.635 ).

After data preprocessing one feature (E2-67) 
was dropped as non-informative because of a constant 
value of 1.8 (preprocessed training dataset: https://
github.com/sirenescx/DAMDID-data/blob/master/
training_set_processed.csv). Chosen algorithms set 
incuded three regularization methods (L2, L1 and L1/
L2 regularization) and its implementations in Scikit-
learn: Ridge, Lasso and ElasticNet models.

To evaluate the quality of the obtained models 
standard metrics for regression problems were used: 
the coefficient of determination (R2), mean squared 
error (MSE) and mean absolute error (MAE). As 
can be noticed from the results (application output: 
https://github.com/sirenescx/DAMDID-data/blob/
master/metrics.csv) given in Table 2, after applying 
hyperparameter optimization and cross-validation, 
all of the trained models had sufficient quality be-
cause R2 score is close to 1. However, best algorithm 
is Lasso according to MSE value, and Ridge accord-
ing to MAE value.

Conclusion
The popularity of machine learning is growing 

every year, so programs and web services for automat-
ed machine learning seem to be quite a promising area, 
as they make machine learning accessible not only to 
experts, but also to users with a basic understanding of 
the field. In addition, these systems can simplify and 
speed up development while analyzing data.

This paper presents one of the possible approach-
es to automate and simplify training, evaluation and 
obtaining predictions from machine learning algo-
rithms for tabular datasets. The proposed approach is 
based on the development of the web application with 
graphical user interface. 

Existing approaches for filling in missing data, 
encoding categorical variables, feature selection, and 
hyperparameter optimization were analyzed in this 
work. Chosen algorithms, methods, and implementa-
tions were also provided.

The current result of this work is a web appli-
cation with GUI for the tabular data analysis which 
allows users to upload raw tabular dataset in one of 
the supported formats (.xlsx or .csv) and use Scikit-
learn implementations of classification and regression 
machine learning algorithms to train the models or use 
them for making predictions on structurally identical 
data. Data preprocessing, hyperparameter optimiza-
tion and model evaluation are done automatically by 
the web service. However, it is also possible for user 
to set custom model parameters if required.

As a next step, it is planned to add more complex 
solutions of value imputation, support of more regres-
sion and classification algorithms for tabular data from 
Scikit-learn library as well as to add such models from 
Keras library. Since the system can be easily extended 
due to the microservices architecture, it is also planned 
to provide users an ability to add handwritten models 
at a runtime.

In addition, at the time of writing this paper, the 
web application is being tested by real users, which 
allow us to collect a feedback and use it to improve the 
user interface and overall system performance.
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Введение

Платформа Microsoft .NET Framework и ее 
кроссплатформенные реализации, такие как Mono, 
.NET Core и Xamarin, предлагают разработчику 
широкий спектр инструментов для разработки 
мобильных, настольных и сетевых приложений; 
баз данных. Основной задачей проекта System.AI 
является внедрение в экосистему .NET стека тех-
нологий машинного обучения и анализа данных с 
сохранением при этом возможностей и синтаксиса 
аналогичных решений для Python или JavaScript, 
если это возможно. System.AI на данный момент 
включает в себя реализации библиотек imageio [4], 
PyTorch [5] и convnet.js [6], а также множество рас-
ширений стандартных классов .NET, которые обе-
спечивают гибкое взаимодействие между System.AI 
и .NET. Основными отличиями от предыдущих ра-
бот являются минимализм используемых инстру-
ментов из стандартного пакета .NET, язык C# 5, и 
полностью управляемый код, что делает System.AI 

по-настоящему кроссплатформенным программ-
ным обеспечением.

1. Предыдущие работы

Решения для Python (PyTorch, TensorFlow, 
etc.). Наиболее популярными фреймворками ма-
шинного обучения являются PyTorch от FaceBook 
и TensorFlow от Google [7]. Эти библиотеки для 
языка программирования Python обладают обшир-
ной функциональностью для реализации нейрон-
ных сетей для любой задачи, однако специфика 
языка Python крайне затрудняет его использование 
при разработке мобильных и настольных приложе-
ний. В частности, среда выполнения Python в на-
стоящее время не имеет официальной поддержки 
для известной мобильной операционной системы 
Android. Кроме того, флагманские фреймворки 
машинного обучения не поддерживают 32-разряд-
ные операционные системы, по-прежнему часто 
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использующиеся на домашних ПК. Наконец, инте-
грация среды выполнения Python, базовых библи-
отек и библиотек машинного обучения в конечный 
продукт значительно увеличивает объём занима-
емого дискового пространства, что критично для 
мобильных.

convnet.js и ConvNetCS. convnet.js – это би-
блиотека для обучения свёрточных нейронных 
сетей непосредственно в браузере, написанная 
на JavaScript. Фактически, это первая широко из-
вестная библиотека машинного обучения, предна-
значенная для использования на широком спектре 
устройств. Преимущества включают кроссплат-
форменность и совместимость со многими брау-
зерами и операционными системами. Однако эта 
библиотека предназначена для демонстрационных 
целей и обладает довольно узким функционалом, 
которого недостаточно для реализации современ-
ных нейронных сетей. Кроме того, JavaScript яв-
ляется скриптовым языком для веб-сайтов и редко 
используется для разработки приложений.

ConvNetCS [8] – это порт convnet.js на C#. 
Структура библиотеки позволяет использовать её в 
настольных приложениях, но ограниченная функ-
циональность делает это бессмысленным.

Tensorflow.js (Deeplearn.js). Представляет 
собой библиотеку машинного обучения и линей-
ной алгебры для запуска в браузере [9]. Она ис-
пользует высокооптимизированные алгоритмы и 
поддерживает вычисления на графическом про-
цессоре. Функционал достаточен для разработки 
и запуска практически всех современных нейрон-
ных сетей. Недостатками являются зависимость от 
версии браузера и невозможность использования 
при разработке приложений.

AlbiruniML. Является Tensorflow.js - подоб-
ной библиотекой машинного обучения и линейной 
алгебры с поддержкой автоматического диффе-
ренцирования [10]. Позиционируется автором как 
реализация Tensorflow.js для .NET и является крос-
сплатформенным программным обеспечением. 
Библиотека обладает достаточным функционалом 
для полноценной работы с нейронными сетями, но 
очень низким уровнем оптимизации алгоритмов. 
Последняя версия библиотеки была выпущена в 
2018 году.

SciSharp Stack. Это готовый к использова-
нию высокооптимизированный стек машинного 
обучения и анализа данных для экосистемы .NET 
[11]. Он написан в основном на C# с использова-
нием кроссплатформенных возможностей BCL, но 
многие из наиболее важных библиотек в SciSharp 
используют неуправляемый код (неуправляемые 
.dll или файлы .so), например TensorFlow.NET, или 

вызывают коды на Python, например Torch.NET 
или Numpy.NET. Многие библиотеки в пакете фак-
тически являются API, но не реализациями. Это не 
устраняет трудностей, связанных с использовани-
ем классических фреймворков машинного обуче-
ния.

Demos. Суть проекта заключается в реали-
зации популярных нейронных алгоритмов для 
окрашивания, стилизации и супер-разрешения 
изображений на чистом C# [12]. Каждый алго-
ритм в предлагаемом проекте представлен в виде 
самостоятельного приложения для операционной 
системы Windows с удобным графическим интер-
фейсом. Цель проекта - предоставить возможность 
быстро запускать нейронные алгоритмы на на-
стольных компьютерах. Проект считается преды-
дущим этапом работы над проектом System.AI.

MyCaffe. MyCaffe [13] – реализация библи-
отеки машинного обучения Caffe [14] на C#. Это 
кроссплатформенное и хорошо оптимизирован-
ное программное обеспечение, поддерживающее, 
однако, вычисления только на GPU от NVIDIA. 
Архитектура MyCaffe идеально подходит для ис-
пользования в составе классических приложений 
на .NET, однако невозможность использования 
центрального процессора, а также ограничение на 
поддерживаемые графические процессоры суще-
ственно сужают круг поддерживаемых устройств.

2. Предлагаемое решение

Обзор структуры. System.AI - это набор вза-
имосвязанных библиотек. Все библиотеки из со-
става System.AI можно разделить на 3 глобальных 
типа: библиотеки ввода-вывода, предназначенные, 
соответственно, для обеспечения ввода и выво-
да данных различной природы; библиотеки рас-
ширений, реализующие отсутствующие в .NET 
типы данных (такие как, например, Half, Quarter, 
комплексные числа различной точности и т.д.), и 
обеспечивающие взаимодействие между типами 
System.AI и стандартными типами .NET, а также 
содержащие методы расширения для классов BCL. 
Например, библиотека DotnetExtensions реализует 
метод tobytes() для стандартных массивов. Это по-
зволяет использовать подобный NumPy синтаксис 
для сохранения массивов в двоичной форме. По-
следний класс библиотек System.AI - это библио-
теки машинного обучения, предназначенные не-
посредственно для создания, обучения и запуска 
нейронных сетей.

Для реализации всех компонентов System.AI 
был использован язык программирования C# 5. 
Это позволяет использовать консольный компиля-
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тор C#, встроенный в Microsoft .NET Framework 
в ОС Windows, без необходимости установки 
стороннего программного обеспечения. Учи-
тывая то, что требуемая минимальная версия 
(4.0) Microsoft .NET Framework является частью 
операционной системы, начиная с Windows 8, а 
также может быть установлена в операционных 
системах Windows XP, Windows Vista и Windows 
7, мы можем предположить, что System.AI мо-
жет быть скомпилирован из исходных кодов и 
использован с использованием стандартных ин-
струментов самой распространённой настольной 
ОС – Windows. Кроме того, System.AI использует 
ограниченный набор исключительно кроссплат-
форменных возможностей BCL (Библиотеки ба-
зовых классов .NET), таких как многопоточность 
через System.Threading.Tasks, вывод на консоль 
через System.Console и работа с файлами и по-
токами через System.IO. Это позволяет запускать 
приложения с System.AI на любом устройстве, 
поддерживающем Microsoft .NET Framework или 
его реализацию, независимо от операционной си-
стемы или архитектуры процессора. Трассировки 
кода, выполняемого из System.AI и аналогичных 
решений представлены на рис. 2. Мы можем ви-
деть, что код, основанный на System.AI, напрямую 
взаимодействует с операционной системой и ап-
паратным обеспечением, в то время как исполь-
зование аналогичных решений предполагает один 
или несколько дополнительных уровней. Среда 
выполнения .NET содержит JIT-компилятор, ко-

торый генерирует высокопроизводительный код 
для текущей архитектуры процессора. Таким об-
разом, повышается производительность системы. 
IL-код System.AI и IL-код приложения почти так 
же эффективны, как машинный код. В настоя-
щее время System.AI успешно собран и запущен 
на MIUI (Android) и облачной платформе Google 
Colab [15] (Ubuntu) с помощью Mono, а также на 
Windows (7, 10) с помощью .NET Framework.

В табл. 1 показано сравнение System.AI с ана-
логичными библиотеками.

Рис. 2. Трассировка кода System.AI и предше-
ствующих решений

imageio.NET. imageio.NET - это библиотека 
для ввода/вывода изображений. Она позволяет 
читать файлы в форматах bmp, gif, jpeg, png, psd 
и tga, возвращая изображение в виде трехмерного 
массива байт. Кроме того, библиотека позволяет 
сохранять изображение, представленное трех-
мерным массивом простого числового типа дан-
ных, в формах bmp, jpg, png, hdr и tga. В качестве 
ядра используются переработанные библиотеки 
StbImageSharp и StbImageWriteSharp. imageio.
NET позволяет выполнять обработку изобра-
жений на любом устройстве, поддерживающем 
.NET или любую из его реализаций. Пример кода 
на PascalABC.NET для чтения изображения из 
файла в массив приведен ниже.

Рис. 1. Структура System.AI

Табл. 1
Различия между System.AI и другими решениями. *Ведётся работа.

convnet.js ConvNetCS tensorflow.js AlbiruniML SciSharp System.AI

Оптимизирован × × √ × √ √

Кросс-
платформенность

√ √ ~ √ ~ √

Аппаратная 
независимость

√ √ √ √ ~ √

Готов к 
использованию

× × √ × √ ~*

Для приложений × √ × √ √ √
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{$reference ‘imageio.dll’}
uses System;
uses System.IO;
begin
 � Console.WriteLine(imageio.__version__); // 

current imageio.NET version
 � var im1 := imageio.imread(‘Tuebingen_

Neckarfront.jpg’); // read image as .NET byte array
  Console.ReadKey(true);
end.

System.FloatingPoint. Данная библиотека со-
держит типы данных Quarter (8-битный float), Half 
(16-битный float) и BFloat16 (16-битный float от 
Google Brain). Реализованные типы показаны на 
рис. 3, 4 и 5.

Рис. 3. Структура Quarter

Рис. 4. Структура Half

Рис. 5. Структура BFloat16

Типы данных Half и BFloat16 активно ис-
пользуются в машинном обучении, и их поддержка 
должна быть доступна, по крайней мере, на уровне 
преобразований между встроенными типами .NET. 
Пример кода на VB.NET для работы с System.
FloatingPoint предлагается ниже.
// Reference System.FloatingPoint.dll or System.AI.dll
Module Program
  Sub Main()
  �  Dim a As Quarter = Single.Parse(Console.

ReadLine())
  �  Dim b As Half = Single.Parse(Console.

ReadLine())
  �  Dim c As BFloat16 = Single.Parse(Console.

ReadLine())
  �  Dim e As Object = a * b + c
  �  Console.WriteLine(String.Format(“{0} * {1} + 

{2} = {3}, type = {4}”, a, b, c, e, e.GetType))
  �  Console.ReadKey(True)
  End Sub
End Module

System.Complex. Библиотека реализует типы 
комплексных вещественных чисел, в которых дей-
ствительная и мнимая части представлены зна-

чениями типа Quarter, Half, BFloat16, Single или 
Double. То есть каждому простому вещественному 
типу соответствует комплексный тип. Комплекс-
ные числа используются в машинном обучении и 
анализе сигналов.

PyType.NET. Эта библиотека реализует некото-
рые типы данных языка Python, которые позволяют 
сократить код. Одним из таких типов является ша-
блонный класс объединения (Union), который позво-
ляет передавать значение одного из указанных типов 
данных. Он активно используется, когда необходимо 
передать одно число или пару чисел (например, в ка-
честве параметров двумерного слоя свертки).

warnings.NET. Библиотека является анало-
гом библиотеки предупреждений стандартного 
пакета Python и предназначена для вывода преду-
преждений о некритических ситуациях, возник-
ших во время выполнения программы.

DotnetExtensions. Библиотека содержит ме-
тоды расширения для стандартных классов .NET. 
Задачи обработки данных часто требуют простых 
вспомогательных функций, применяемых, напри-
мер, к числовым массивам. Такие функции могут 
быть использованы для отладки, ввода/вывода мас-
сивов данных и т.д. Подобный функционал также 
встроен в пакет NumPy, который является стандарт-
ным для работы с массивами в экосистеме Python. 
DotnetExtensions расширяет некоторые классы BCL 
функциями, аналогичными тем, которые содержат-
ся в пакетах Python. В качестве примера приведём 
код на C# для сохранения числового массива в файл 
с использованием методов расширения System.
Array.tobytes()  и System.IO.Stream.Write().
// string fname - file name
// arr - (multidimentional) array of basic .NET type 
(such as float or int)
using(var f = File.Create(fname))
{
  f.Write(arr.tobytes());
}

Torch.NET. Torch.NET - это библиотека ма-
шинного обучения и линейной алгебры с под-
держкой автоматического дифференцирования. 
Torch.NET является прямым аналогом библиоте-
ки PyTorch экосистемы Python. Torch.NET, как и 
другие библиотеки в составе System.AI, во мно-
гом копирует синтаксис своего аналога, однако, 
возможности Torch.NET всё же отличаются от 
возможностей PyTorch. Система типов Torch.NET 
значительно богаче, чем у PyTorch: дополнительно 
поддерживаются типы данных Quarter, CQuarter, 
CBFloat16, UInt16, UInt32, UInt64. Квантование на 
данный момент не поддерживается. Важное отли-
чие Torch.NET от PyTorch заключается в том, что 
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все операции со всеми типами данных реализова-
ны для центрального процессора. На данный мо-
мент библиотека Torch.NET активно развивается.

Torchvision.NET. Torchvision.NET - это ана-
лог модуля torchvision, входящего в состав PyTorch. 
Torchvision.NET содержит предобученные нейрон-
ные сети, методы чтения и дополнения данных, 
а также инструменты для работы с датасетами. 
Пример кода, который выполняет классификацию 
изображений с использованием SqueezeNet, по-
казан ниже (Применены библиотеки Torch.NET, 
Torchvision.NET, imageio.NET).
using System;
using System.AI;
using System.Linq;
using System.Collections.Generic;
using models = System.AI.torchvision.models;
namespace Test
{
  public static class Program
    {
    public static torch.Tensor load(string uri)
      {
   �   return torch.tensor(imageio.imread(uri)).

transpose(0, 2).transpose(1, 2).unsqueeze(0).@
float() / 255f;

      }
      #region imagenet_classes
   �   public static string[] imagenet_classes = new 

string[]
      {
      <imagenet classes>
      };
      #endregion
   �   public static Dictionary<int, float> get_

top5(float[] p)
      {
      <get top5 code>
      }
      public static void Main(string[] args)
      {
      var m = models.squeezenet1_1(true);
      var y = m.forward(load(args[0]));
   �   var pred = get_top5(y.squeeze(0).dotnet() as 

float[]);
      foreach(var p in pred)
      {
    �    Con-sole.WriteLine(imagenet_classes[p.

Key]);
      }
      Console.ReadKey(true);
      }
    }
}

Conv.NET. Conv.NET - это реализация convnet.
js для платформы .NET. Несмотря на то, что воз-
можностей Conv.NET недостаточно для реализа-
ции сложных современных архитектур нейронных 
сетей, данная библиотека может быть использова-
на в качестве учебной.

3. Методы

Ключевую роль в успехе и применимости 
фреймворка машинного обучения, как и любого 
другого программного продукта, играет эффек-
тивность кода. Реализация компонентов нейрон-
ной сети в управляемом коде представляет особый 
интерес, поскольку требует использования редко 
используемых специфических особенностей языка 
и платформы. Рассмотрим подход, используемый 
для реализации компонентов System.AI, на приме-
ре матричного умножения.
• � Оптимизация алгоритма с учетом архитектуры 

вычислительной системы: минимизация непосле-
довательных обращений к оперативной памяти.

• � Многопоточность.
• � Прямой доступ к элементам матриц через ука-

затели.
• � Применение арифметики указателей.
• � Векторизация.

Последовательное выполнение упомянутых 
выше оптимизаций позволяет получить прирост 
производительности более чем в 33 раза по срав-
нению с классическим (наивным) алгоритмом. 
Измерения проводились в 64-битном режиме для 
матриц 1000x1000.

Табл. 2
Влияние различных подходов к оптимизации кода 

на время его выполнения

Метод Время, мс Производи- 
тельность

Наивный 3867 517,2 МФлопс

+ Кэш 2633 759,6 МФлопс

+ Многопоточность 903 2.2 ГФлопс

+ Указатели 531 3.8 ГФлопс

+ Арифметика 261 7.6 ГФлопс

+ Векторизация 117 17 ГФлопс

Существует несколько способов дальнейшего 
повышения производительности, одним из кото-
рых является использование .NET 5 или .NET Core, 
что позволит более эффективно, чем в .NET 4.8 с 
System.Numerics.Vector4, использовать векторные 
инструкции процессора.

При разработке System.AI используются ком-
промиссные решения, позволяющие добиться мак-
симальной эффективности по памяти и времени. 
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Зачастую разрабатываются новые алгоритмы и 
подходы. Например, в слоях свёртки используется 
модифицированный алгоритм im2col: вместо из-
влечения всех необходимых для свёртки участков 
входного изображения в матрицу с последующим 
умножением этой матрицы на матрицу ядер свёрт-
ки, как это происходит в известных фреймворках 
глубокого обучения, в Torch.NET каждый отдель-
ный участок изображения преобразуется в вектор, 
который немедленно умножается на матрицу ве-
сов. Это решение позволяет радикально сократить 
объём занимаемой дополнительной памяти для 
вычисления свёртки, а также демонстрирует уро-
вень производительности, сравнимый с уровнем 
классического im2col. Использование таких трю-
ков возможно благодаря тому, что System.AI не по-
лагается на готовые математические библиотеки, 
как это делают многие подобные продукты, вместо 
этого весь необходимый код пишется с нуля на C#.

4. Алгоритмы

Важным условием достижения высокой про-
изводительности программного обеспечения явля-
ются хорошие алгоритмы. При разработке System.AI 
выбираются компромиссные решения для достиже-
ния высокой эффективности по времени и памяти. 
Особое внимание уделяется алгоритмам свёрточ-
ных слоёв. В частности, был разработан новый ал-
горитм patch2vec, который представляет собой ком-
бинацию наивного алгоритма свёртки и матричного 
im2col. Смысл большинства быстрых алгоритмов 
свёртки, таких как im2col или im2row, заключается 
в приведении свёртки к матричному умножению, 
что позволяет оптимизировать операции доступа 
к памяти за счёт использования кэша процессора. 
Однако такие методы требуют буфер для  времен-
ных элементов, что крайне затратно. Предлагаемый 
метод (patch2vec) «на лету» разворачивает каждый 
участок входного изображения в вектор, а затем 
применяет к нему все фильтры свёртки. Этот алго-
ритм не уступает по эффективности классическим 
решениям вроде im2col, а на практике даже превос-
ходит их в некоторых случаях. Буфер для этого алго-
ритма будет иметь размер , что много меньше, чем в 
случае аналогичных методов. Более того, patch2vec 
не накладывает ограничений на параметры свёртки, 
в отличие, например, от метода Шмуэля Винограда. 
Предлагаемый алгоритм трудно вписать в классиче-
ские фреймворки машинного обучения из-за того, 
что они ориентированы на использование GEMM в 
качестве вычислительного ядра. Чистые реализации 
на C# или других языках программирования позво-
ляют легко это сделать. В результате анализа суще-

ствующих статей на тему быстрых свёрток [16] [17] 
было установлено, что предлагаемый алгоритм яв-
ляется новым и ранее не был представлен.

Patch2Vec.

Рис. 6. Иллюстрация операции двумерной свёрт-
ки методом patch2vec.

На рис. 6 показана иллюстрация двумерной 
свёртки с помощью алгоритма patch2vec. Рассма-
тривается случай, когда ядро свёртки квадратное 
и имеет размер 3x3, шаг симметричен и равен 1, 
расширение ядра отсутствует (=1), дополнение 
нулями отсутствует, количество групп равно еди-
нице. Тем не менее, алгоритм работает с любыми 
параметрами, разрешенными для операции свёрт-
ки. Кроме того, этот алгоритм также может быть 
применен для одномерных и трёхмерных свёрток.

Идея patch2vec состоит в том, чтобы из-
бавиться от многократных (равных числу ядер 
свёртки) обращений к одним и тем же элементам 
входного тензора на каждом шаге свёртки. Вместо 
многократного доступа к одним и тем же данным, 
расположенным непоследовательно в памяти, 
предлагаемый алгоритм извлекает значения вход-
ного тензора, необходимые для применения ядра 
свёртки в данной точке, и записывает их в буфер 
(данные расположены последовательно в памяти), 
после чего ядра свёртки применяются не к области 
входного тензора, а к значениям, записанным в бу-
фер. В этом случае все операции доступа к памяти 
при вычислении взвешенной суммы будут после-
довательными. Использование patch2vec уменьша-
ет количество непоследовательных обращений к 
памяти в k раз (где k - количество ядер свёртки). 
Таким образом, алгоритм особенно эффективен 
при большом количестве ядер.

Vec2Patch. Vec2patch - это алгоритм, который 
является противоположностью patch2vec и пред-
назначен для эффективного вычисления транспо-
нированных свёрток и обратного распространения 
ошибки через обычную свёртку. Эффективная 
многопоточная реализация vec2patch сложна, по-
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скольку требует синхронизации доступа к памяти 
при проецировании результирующего вектора на 
область результирующего тензора.

Заключение и дальнейшая работа

На данный момент основной задачей явля-
ется реализация полного функционала PyTorch в 
библиотеке Torch.NET. Бета-версия Torch.NET бу-
дет опубликована в ближайшее время. Ещё одной 
важной задачей является добавление поддержки 
вычислений на графическом процессоре. Для это-
го планируется использовать технологию OpenCL 
- кроссплатформенный стандарт, поддерживаемый 
большинством современных видеокарт.

Исходные коды, двоичные файлы и докумен-
тация, связанные с этим проектом, доступны на 
GitHub под лицензией Apache-2.0: https://github.
com/ColorfulSoft/System.AI
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Introduction

This article is a continuation of a series of publi-
cations devoted to robust machine learning models [1, 
2]. It was prepared as part of the project of the Depart-
ment of Information Security of the Faculty of Com-
puter Science of Moscow State University named after 
M.V. Lomonosov on the creation and development of 
the master’s program “Artificial Intelligence in Cyber-
security” [3].

The special impact on the elements of the pipe-
line of machine learning systems is called attacks on 
machine learning systems. Among such influences, the 
so-called adversarial attacks stand out. This is a spe-
cial change in the input data, designed to change the 
operation of the machine learning system (“cheat” the 
system) or to achieve its desired behavior.

Adversarial attacks rely on the complexity of 
deep neural networks and their statistical nature to find 
ways to exploit them and change their behavior. There 
is no way to detect malicious activity with the classic 
tools used to protect software from cyber threats. Ad-
versarial attacks manipulate the behavior of machine 
learning models. Most of the examples relate to work-
ing with images, but in reality, there are examples of 
attacks on text analysis systems, audio data classifica-
tion (speech recognition), and time series analysis. In 
general, they can be considered as some universal risk 

for machine learning (deep learning) models [2]. There 
are various attempts to explain the nature of their ex-
istence. According to one hypothesis, adversarial at-
tacks exist due to the non-linear nature of the systems, 
which leads to the existence of some data areas not 
covered by the generalization algorithm. According to 
others, it is, on the contrary, retraining of the system, 
when even small deviations from the training data set 
are processed incorrectly.

The term adversarial attack is often used loosely 
to refer to various types of malicious actions against 
machine learning models. And the term adversarial ex-
ample describes the data used in an adversarial attack. 
The formal definition of a threat model for a classifica-
tion problem (it is a typical use case for so-called crit-
ical applications) could be described via the following 
set of statements. Suppose we have an initial data set 
X and a finite set of class labels Y, it is necessary to 
find a mapping f: X → Y. This mapping f is vulnerable 
to adversarial attacks when there is a mapping A such 
that for any x ∈ X there exists )(~ xAx =  for which 

yxf ≠)~( , given that f(x) = y.
The construction of adversarial examples, clas-

sically, is the search for minimal perturbations of the 
correct input data, which change the operation of the 
classifier. In this case, the search for such perturbations 
is performed purely formally (L-norms for images). In 
the article, we consider the issues of meaningful gen-
eration of test cases for machine learning systems in 
the form of so-called counterfactual examples. There 
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are already a fairly large number of publications on 
this topic, but not all of the proposed approaches are 
really useful or even just applicable. The purpose of 
this work is to present exactly the approaches actually 
used in practice.

Common to all machine learning systems is, ob-
viously, only the presence of a pipeline with standard 
stages: data selection (selection), model training, and 
testing (practical use) of the trained model. At each 
stage, developers have a sufficient selection of ready-
made tools. On the one hand, this is undoubtedly a big 
plus. And technically, it’s hard to imagine that there 
will be a single model, a single data cleansing tool, 
and so on. But, on the other hand, the practice of IT 
(and machine learning systems are, of course, IT sys-
tems) suggests that it is necessary to reuse models, 
architectures, etc. For economic success, IT projects 
cannot always be unique and must reuse some solu-
tions (components of other solutions). For machine 
learning systems, an example of such reuse is AutoML 
solutions [36], where solutions are selected (fixed) for 
all individual elements of the machine learning pipe-
line. It is the requirements of reuse (in fact, these are 
economic requirements - the need for rapid imple-
mentation) that make it important to develop practi-
cal recommendations for reusable implementations of 
individual elements of the pipeline. And first of all, it 
is some standard (de facto standard) architectural solu-
tions that are important. For many positions, we have 
many implementations that differ in quite specific as-
pects, and the question of choosing a specific imple-
mentation is not the most important one. Much more 
important is the overall solution architecture. 

In this paper, we consider one of the elements of 
the machine learning pipeline - testing machine learn-
ing systems. Such testing is obviously different from 
traditional software testing. First of all, because the 
nature of the results of a machine learning system is 
probabilistic in nature, the basis for the results (con-
clusions) often cannot be not only verified, but simply 
obtained. The contribution of this article is architectur-
al solutions for the so-called adversarial testing, that 
is, the search for data examples that cause machine 
learning systems to work incorrectly. In addition to 
justifying the architecture itself, we provide examples 
of the use of specific software products. It should be 
noted that, as examples, they illustrate the proposed 
approach, but, of course, are not exclusive. 

More generally, the task we are solving is to 
build a trusted environment for the development 
of artificial intelligence systems [37]. Such envi-
ronments, in the end, are sets of products (software 
systems) that affect different aspects of the machine 
learning pipeline, designed to increase confidence in 

the results of the developed machine learning models. 
These products include, for example, tools for adver-
sarial attacks [38], formal verification of machine 
learning models [1], data cleansing, and so on. Nat-
urally, testing and adversarial testing are necessarily 
part of such an environment. To avoid being tied to 
specific vendors, and to enable the development of 
critical applications, we consider only systems with 
open source, which can be modified if necessary. The 
article discusses the choice of products for testing 
machine learning systems.

The remainder of the article is structured as fol-
lows. Section II describes the actual approach to using 
counterfactuals. Section III focuses on the use of coun-
terfactuals in machine learning. Section IV compares 
counterfactual and adversarial examples. Section V 
contains direct guidance on practical application.

1. On counterfactual examples

The use of counterfactuals has become a hot and 
popular topic in the machine learning community for 
many reasons such as explainability, interpretability, 
checking algorithmic fairness, etc. The general idea is 
clear enough. If we have a known output of the mod-
el, that is, for a given input, we know the output (the 
result of work) of the model, then we will be interest-
ed in the change in this output (result) when the input 
changes. Under what input data (what changes in input 
data) will the output change? 

So, there are several models (and definitions) for 
the counterfactuals. For example, in the classification 
task, an example counterfactual explanation provides 
the following information: “for an example that be-
longs to class A, what changes do we need to make 
to the input so that the output will be classified as B”. 
As per another definition, if we consider A and B to 
represent events or facts and A precedes B in time in 
the statement “A and B is true”, then the counterfac-
tual statement is ‘If A had not occurred, B would not 
have occurred’. So, a counterfactual analysis can help 
to find whether A is a cause of B (it is by supposing the 
non-occurrence of A and seeking for the effect of this 
assumption on B. 

In NLP a counterfactual example is defined as 
synthetically generated text which is treated different-
ly by a condition model. For example, given the text 
“This program is written in Python”, the counterfac-
tual text becomes “This program is written in Java”. 
If we know how the original sentence was classified, 
then how the counterfactuals will be classified? 

In fact, we are talking about the conclusion that a 
small change in the data changes the output (result) of 
the work. This obviously coincides with the definition 
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of the robustness of a machine learning model. Adver-
sarial examples, in particular, are looking for precisely 
the minimum possible changes in the initial data that 
change the operation of the model. Accordingly, at 
least in theory, counterfactuals can be used to test the 
robustness of a machine learning model as well as for 
studying (checking) the fairness and transparency of 
algorithms. Counterfactual examples as tests should 
be more understandable (interpretable) as we tie them 
to some real conclusion. These examples will be creat-
ed based on the interpretation (explanation) of the real 
conclusion (the result of the model).

In order to discuss counterfactuals, we have to 
turn to causality. The ability to understand causal rela-
tionships and to reason from them is one of the main 
human abilities [4].  Understanding physical causal 
relationships are fundamental to using any tool [5]. 
For example, people to people management (rela-
tions) is based on the understanding of psychological 
causal relationships. In many works, it is noted that 
it is convenient for human psychology to explain any 
conclusions by means of contrasting rather than direct 
explanations. We can explain, for example, a certain 
classification by giving reasons why only a certain 
class is chosen and why others are rejected. In oth-
er words, the explanation can be based on the choice 
and rejection of specific alternatives (results). This 
“discriminatory” explanation is counterfactual. For 
a machine learning system, counterfactual examples 
are input data that changes the result (classification, 
solution). The academic literature notes that this ap-
proach is more in line with emerging regulatory con-
straints, such as the General Data Protection Regula-
tion (GDPR) [20]. The counterfactual approach helps 
to establish three important characteristics of the inter-
pretability of models: 
• � determine how the interpretation of the model was 

made,
• � provides opportunities for correcting unfavorable 

decisions 
• � provides hints for obtaining expected results in 

forecasting
As it is stated in [4], causal understanding thus 

maintains the kinds of cognition that have been pro-
posed as part of the distinctively human cognitive 
toolbox. And in both the physical and psychological 
domains, causal knowledge is linked with sophisticat-
ed inferences about the counterfactual past.  There are 
two distinctive features of causal knowledge, which 
are captured by causal models [4]:
1) � causal knowledge supports a distinctive set of in-

ferences involving interventions and counterfactu-
als. So, causal knowledge supports counterfactual 
claims;

2) � causal knowledge involves not only specific rela-
tions between particular causes and effects but co-
herent networks of causal relations. 

And one of the main statements from [4]: “coun-
terfactual and intervention reasoning, and Bayesian 
learning all involve the same cognitive machinery: 
the ability to consider events that have not occurred”. 
This is, in fact, a direct reference to the basic idea of 
machine learning. We train the network on a training 
dataset with the idea that a generalization will be built 
that will work correctly on the rest of the data, which, 
generally speaking, are unknown to us. We want to 
generalize the learning outcomes for the entire general 
population. That is, train the network to process data 
(events) that do not yet exist.

2. The usage of counterfactuals  
in machine learning 

Counterfactual explanations are gaining attention 
as a way to explain the decisions of a machine learning 
model. There are several technical ways to generate 
and evaluate counterfactuals, such as feature-based 
explanations, prototype explanations, example-based 
explanations, or causal explanations [6].

We define a feature-highlighting explanation as 
an explanation that points to specific features in the 
model that matter to the individual decision. Of course, 
each type of feature-highlighting explanation may de-
fine this “matter” differently. There are two types of 
feature-highlighting explanations: counterfactual ex-
planations and principal reason explanations. Princi-
pal reason explanation is defined in [8] as the reasons 
defined by law. Or more broadly, we could describe 
them as reasons based on some predefined set (some 
vocabulary).

The goal of counterfactual explanations is to ex-
plain how things could have been different, as well as 
provide a set of features changes for reaching a dif-
ferent output of the model in the future. Counterfac-
tual explanations are generated by identifying such 
features that, if minimally changed, would alter the 
output of the model.  For example, counterfactual ex-
planations are trying to find the “nearest” hypothetical 
point that is classified differently from the point cur-
rently in question [7]. 

In other words, identifying the set of features 
results in the desired prediction while remaining at a 
minimum distance from the original set of features de-
scribing the individual [7]. It is illustrated in Fig. 1.

Suppose we are going to present counterfactual 
explanations for classification models, which are func-
tions mapping input feature vectors x ∈ X into label 
c ∈ {C1, C2, … Cn}.  Actually, the most of research 
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papers in this area have applied counterfactual expla-
nations to classification tasks. Given a classification 
model [7]

f : X → { C1, C2, … Cn }, 

we can define the set of counterfactual explanations 
for a (factual) input x̂  ∈ X as CFf ( x̂ ) = {x ∈ X | f(x) ≠ 
f( x̂ )}. In other words, CFf ( x̂ ) contains all the inputs x 
for which the model f returns a classification different 
from f( x̂ ).

For prediction models, this is defined similarly, 
only the mapping will be carried out into the set {0, 1}

Based on the above-defined counterfactual space 
CFf ( x̂ ), we would like to produce counterfactual ex-
planations for the output of a model f on a given input 
by trying to find a nearest counterfactual, which is de-
fined as: x̂ * ∈ argmin d(x, x̂ ) for x ∈ CFf( x̂ )

Fig. 1. Architecture Overview for Model-Agnostic 
Counterfactual Explanations (MACE) [7]

Prototype-based counterfactual explanations 
are discussed in the paper [9].  Since we cannot in-
terpret the black box, our first task is to create an 
interpreted view for it. This is exactly what proto-
typing-based methods do. The work of the black 
box is being prototyped. As a first step, we need to 
find a representative dataset. The maximum mean 
discrepancy (a distance on the space of probability 
measures) is used to calculate the representativeness. 
After that prototype-based explanations provide the 
nearest prototype as explanations for a given test 
instance [10]. In some papers, a similar approach is 
called an example-based explanation: example-based 
approaches seek to find data points in the vicinity of 
the explainee data point. They either offer explana-
tions in the form of data points that have the same 
prediction as to the explainee data point or the data 
points whose prediction is different from the explain-
ee datapoint [11]. In other words, example-based ap-
proaches are another kind of explainability technique 
used to explain a particular outcome. 

In general, the explainability problem for ma-
chine learning systems can be presented as model 
explanation or outcome explanation problems. As per 
definition, a model explanation is about an interpreta-
ble and transparent explanation of the original model. 

As the developed techniques for neural networks 
explanations, we could mention decision trees [12, 13] 
and rule sets [14, 15]. As per software tools, there are 
some model-agnostic packages. For example - Partition 
Aware Local Model (PALM) [16]. PALM allows you to 
study the structure of model conclusions using its ap-
proximation by surrogate models. This is to some extent 
a general approach, also called partial modeling in the 
literature. In such a model, we are trying to approximate 
the general black box with “understandable” models. 
This, in particular, should help in debugging models. 
PALM approximates a neural network using a two-part 
surrogate model, which includes a meta-model that par-
titions the training data, and a set of sub-models that ap-
proximate the patterns (solutions) within each partition. 
The paper [17] describes an approximation algorithm, 
GoldenEye, to select sets of attributes that influence 
the work of the classifier. In fact, this is combinatorics, 
when the possible combinations are sorted out.

Outcome explanation needs to provide an expla-
nation for just a specific prediction from the model. 
This type of explanation does not affect the internal 
logic of the models, but only deals with inferences. 
There are model-specific approaches like Grad-CAM 
[18] and model agnostic approaches like LIME [19] 
have been proposed. All of them are provided either 
feature attribution or model simplification methods.

3. Counterfactual and adversarial examples

In general, the performance (the predictive of 
classification performance) for any machine learning 
model is based on the assumption of a statistical sim-
ilarity of the distributions of training and production 
(testing) data.

Note that in the general case, the general set of 
data is unknown to us. Accordingly, it is unknown not 
only how the training and test data correlate with each 
other, but also how the test and training data separately 
correlate with the general population.

In the classic example [22], we have (an actually 
unknown) some sine curve, the test and training data 
for which just happened to be on different crests (Fig. 
2). Both the training and test data are perfectly (very 
accurately) approximated by some straight line, but 
these are completely different straight lines (different 
angles of inclination).

And in the general case, we cannot assume sim-
ilar distributions. The only way to somehow guaran-
tee this, obviously, involves exhaustive knowledge of 
the population. In some tasks, this is really possible, 
but this is usually the point that is not discussed in the 
works on machine learning, although, of course, it de-
serves separate consideration.
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Since, in fact, when creating a model, we only 
know the training data and, accordingly, their statisti-
cal characteristics, studying the operation of the model 
on data whose distribution differs from the distribu-
tion of the training data looks like a natural process. 
As noted in [23], evaluation of out-of-distribution data 
is a common practice in NLP and image proceedings.

Fig. 2. Training and test samples [22]
 And the reason for this is the different distributions 
of test and training data (Fig.3).

Fig. 3. Distribution shift [22]

One fact may be noted here. Model errors (poor 
generalization) are often associated precisely with 
what is called network overtraining [24]. This happens 
when the models rely on some training dataset-specific 
biases and artifacts rather than intrinsic properties of 
the data. When these biases do not exist in the pro-
duction data, the performance of the models can drop 
dramatically. The keywords here are “intrinsic prop-
erties”. And the way to identify them is just counter-
factual examples. We change the data, the solution of 
the system is reversed, which allows us to assume that 
the changed (deleted) data are the main characteristics 

based on which the machine learning model makes a 
decision.

In ideology, this is similar to competitive ex-
amples, but their search is carried out not through a 
sequential selection of modifications that change the 
solution, but by one-time changes that change the 
“meaning” of the image. The emphasis is on pairs: the 
image and its counterfactual example(s).

In this connection, we could cite works that dis-
cussed generalization from a causal perspective [25, 
26]. To provide generalization, the model must reflect 
the real causal mechanisms behind the data.

One practical example that can be mentioned 
(and actually used) in this situation. 

Fig.4. Attention areas [27]

Using the well-known approach for evaluating 
areas of the image that attract attention [27], one can 
try to build counterfactual examples by removing just 
these areas. In this work, this was illustrated by a ten-
nis player, where attention was drawn to the racket and 
the surface (Fig. 4). Strictly speaking, it was on these 
parts of the image that a person evaluated the image. 
In our case, this was used on a traffic sign recognition 
system (Fig. 5), and images (Fig. 6)

The counterfactual examples constructed in this 
way were used for adversarial training and increasing 
robustness.
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Summarizing these results, we can say that coun-
terfactual examples are adversarial examples built with 
image semantics in mind. If we talk about the classical 
form of constructing adversarial examples, then we 
operate with pixels in the framework of L-norms, and 
not with image fragments. Of course, we should be 
talking about data in general here, but in practice, we 
are talking about images (as in the vast majority of 
works related to sustainable machine learning) and, as 
discussed in the next section, texts.

Note that the analysis of the content of images 
corresponds to the ideas outlined in the pioneering 
work [28], where the authors propose a new model for 
deep learning based precisely on enlarged fragments. 
The current state of research suggests that, within the 
framework of per-pixel processing, the robustness of 
machine learning systems cannot be ensured.

4. On practical examples

Which in the end can be used to prepare counter-
factual examples in practical applications?

A. Counterfactual examples for texts
Counterfactual examples for text represent the 

simplest and most clearly interpretable model. Several 

approaches to generating such examples are described 
in the literature, in a simple form they can be present-
ed:

If we have a sentence in the “Who did what” for-
mat, then building a counterfactual example is, in fact, 
a well-known exercise from foreign language text-
books - “make a new sentence that denies the original 
statement (“No one did it” format)

For example, such negation formats are given in 
[29] for the source text “I am very disappointed with 
the service”:

There is practically no difference between the 
approaches, since technically they do pretty much the 
same thing. As an example of software (a toolkit that 
can be used in your own projects), you can cite, for 
example, Checklist [30].

It is a system built on the basis of templates. Here 
is a typical example (source data https://github.com/
marcotcr/checklist)
import checklist
from checklist.editor import Editor
import numpy as np
editor = Editor()
ret = editor.template(‘{first_name} is {a:profession} 
from {country}.’,
profession=[‘lawyer’, ‘doctor’, ‘accountant’])
np.random.choice(ret.data, 3)
and here is the result:
[‘Mary is a doctor from Afghanistan.’,
‘Jordan is an accountant from Indonesia.’,
‘Kayla is a lawyer from Sierra Leone.’]

To generate the Checklist uses the set of pre-
defined templates, lexicons, generic perturbations, 
and context-sensitive sentences. The main limitation 
of these pattern-based or rule-based approaches is that 
they cannot generate meaningful diversity [29].

Token-based Substitution in Table 1 uses either 
single word replacements or some templates to generate 
multiple test cases. Adversarial examples, as usual, do not 
evaluate the text at all (do not appreciate the meaning).

Other approaches are used, for example, to gen-
erate text GPT-2, BERT, or bag-of-words models [31]. 
In general, we can characterize this direction as quite 
developed from a practical point of view, with ready-
to-use tools.

B. Counterfactual examples for images
Originally, Search for EviDence Counterfac-

tual (SEDC) is the model-agnostic search algorithm 

Fig.5. Road sign: original (left) and counterfactual 
(right)

Fig. 6. Images: original (left) and counterfactual 
(right)

Table 1
TEXT COUNTEFACTUALS

Input Sentence Token-based 
Substitution

Adversarial attack
Controlled

Counterfactual Generation
I am very pleased with the service.
I am very happy with the service.

I am very impressed with the service.
I am very witty with the service.

I am very happy with this service.
I am very pleased with the service.



79Труды ИСА РАН. Том 73. 1/2023

On the Practical Generation of Counterfactual Examples

(SEDC) to find counterfactual explanations for doc-
ument classifications. According to this algorithm, the 
explanation can be considered as an irreducible set 
of characteristics (for example, for text documents –  
words), which, in their absence, would change the 
classification of the document.

The modification presented in [32] as a set of 
characteristics uses segments into which the original 
image is divided. As noted above, for images, again, 
not pixel processing is used, but manipulations with 
significant elements of the image. Accordingly, the 
explanation for an image is an irreducible number of 
segments, the removal of which will change the classi-
fication of the image.

As per [32], consider an image I assigned to class 
c by a classifier C the objective is to find a counterfac-
tual explanation E as an irreducible set of segments 
that leads to another classification after removal. For-
mally:
E ⊆ I (segments in image) 
C(I \ E) ≠ c (class change) 
∀ E’ ⊂ E : C(I \ E’ ) = c (irreducible) 

The counterfactual explanation, in this case, is 
the classification of the image that is obtained after re-
moving the segments.

The original work thus defined the “minimal” 
image, which was still classified as an “airplane” (fu-
selage without wings). Approaches similar to this have 
been illustrated above.

In [33], with the telling title “Explanations based 
on the missing”, this is described as pertinent positive 
(PP) and pertinent negative (PN). The PP is a factor 
that is minimally required for the justification of the 
final decision and the PN is a factor whose absence is 
minimally required for justifying the decision.

The basic implementation of SEDC is represent-
ed by the resource [34]. In the basic case, the image is 
segmented, and then the segments are removed one by 
one until the classification of the remaining “image” 
changes. In a modified version of SEDC-T [32], seg-
ments are also removed one at a time, until the clas-
sification reaches the specified value. In other words, 
SEDC-T gives a more detailed explanation of why the 
image is not predicted as the correct class (removing 
which segments leads to a given misclassification).

As for the actual segmentation of images, many 
approaches can be used here, in addition to the atten-
tion map presented above. In fact, you can use a sim-
ple grid to divide the image into segments or use more 
complex approaches that are widely presented in open 
implementations [35]. The obvious advantages of se-
mantic segmentation are the possible explainability of 
the results and the ability to use the results for physical 
attacks (for example, to hide part of the image with a 

patch). We also note that semantic image segmentation 
is also present in popular packages for machine learn-
ing, such as Keras and Tensorflow [39].

C. Counterfactual examples for sounds
Counterfactual examples for sound classification 

present a more exotic challenge. In practice, we can 
only give an example from [21]. Here, the validity of 
automatic speech recognition (ASR) models was stud-
ied. The same text was recorded in different voices (for 
different ethnic groups, different sexes, and ages). At the 
same time, the work of the recognition system should 
not be disturbed. The paper practically shows that the 
widely used automatic speech recognition systems are 
unfair, since some groups of users had a higher error 
rate than others. One way to define fairness in ASR is to 
require that changing any person’s demographic group 
(for example, changing their gender, age, education, or 
race) does not change the probability distribution be-
tween the possible speech-to-text transformations. In 
the counterfactual justice paradigm, all variables that 
do not depend on group membership (for example, the 
text read by the speaker) remain unchanged, while vari-
ables that depend on group membership (for example, 
the speaker’s voice) change counterfactually. Therefore, 
one can attempt to achieve a fair ASR performance by 
teaching the ASR to minimize the change in the proba-
bilities of recognition outcomes despite the counterfac-
tual change in human demographics.

Conclusion

In this article, we focused on generating adver-
sarial tests for machine learning systems. As we noted 
in previous works, testing machine learning systems is 
robustness testing.

Traditional methods, considered as an optimi-
zation problem of finding the smallest modifications 
that change the results of the classification, give, in 
the end, very limited results in terms of increasing 
stability. And, most importantly, the proposed modifi-
cations are completely artificial by their nature, in no 
way connected with possible attacks. In this regard, in 
this paper, we justified the use of counterfactual exam-
ples for generating tests, since they are related to the 
semantical analysis of data.

The purpose of this paper was to present practical 
reusable solutions for generating counterfactual exam-
ples for various types of input data. The result of our 
research, based on the practical use of various prod-
ucts, is the presentation of a pipeline for constructing 
counterfactual examples in image recognition and text 
classification problems.

Creating counterfactual examples for text clas-
sification is currently a purely technical task. The 
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question is only in choosing the most convenient soft-
ware implementations. The algorithms are quite trans-
parent and can be built into your own applications. 
We propose to use template-based systems, like the 
above-mentioned Checklist.

In terms of building counterfactual examples for 
images, the best choice, in our opinion, is the semantic 
segmentation of images. We propose to use the open 
source implementation of SEDC-T. Alternative meth-
ods to some extent reproduce approaches to construct-
ing adversarial examples and are based on a formal 
assessment of the change in the quality of the system 
when modifying images.

Counterfactual examples for sound classification 
(important, for example, for biometric identification 
systems) are the least developed area. To date, we 
cannot offer practical solutions in this direction. One 
reason for this is the nature of existing classification 
systems, which rely on various artificially created 
characteristics. For example, wavelet transforms, etc. 
With their use, the reverse transition to modifications 
of the original sound characteristics becomes unclear.

We are grateful to the staff of the Department of 
Information Security of the Faculty of Computational 
Mathematics and Cybernetics, Lomonosov Moscow 
State University for valuable discussions of this work.
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Introduction
With the development of Machine Learning(ML) 

and the increase of data size, a large number of ML 
models have been created and utilized in many parts of 
human life, we define these models as Machine-Learn-
ing as a service(MLaaS). Among these models, there 
is a kind of models that utilize personal privacy-sensi-
tive information as training data and provide services, 
such as medical applications(analyze one’s medical 
index and provide medical suggestions) and facial rec-
ognition applications(analyze given figure and return 
name & confidence-value).

Since there are many privacy-sensitive values 
stored in these models, there are also many malicious 
attackers who try to gain this privacy-sensitive infor-
mation from ML datasets (usually we call these attack-
ers Adversaries). Therefore, privacy risk becomes an 
important part of ML models, researchers and MLaaS 
providers start to try to utilize ML to preserve this pri-
vacy-sensitive information from adversary attacks, 
which creates a new section of ML called: Priva-
cy-Preserving Machine Learning(PPML). 

Model Inversion(MI) attack is one of the meth-
ods in PPML, which inverts the process of training 
data into an ML model. The threat, in this case, is po-
tentially exposing data from the training set, which can 
contain private information, to the adversary. Although 
there are many types of MI attack methods that have 
been created, the main issue is: MI attack is unaware 
of the victims. 

Unfortunately, the existing countermeasures can 
only defend against the corresponding attack, which 
means, to improve the ML model’s robustness, we 
have to apply several countermeasures simultaneous-
ly, this is also a passive approach because we can’t 
preserve our model from unrevealed attacks. Since to 
find out if our model is under attack as soon as possi-
ble, maybe we can create a MI attack detector. 

For this detector, we hope we can develop one 
which can detect not only existing attack methods but 
also unrevealed attack methods or behavior that act like 
MI attacks. This will be hard work because attack meth-
ods can upgrade very quickly and their features are var-
ious. In section Summary and Future Works, we discuss 
some attributes that the detector should possess.

This research has been supported by the Interdis-
ciplinary Scientific and Educational School of Mos-
cow University “Brain, Cognitive Systems, Artificial 
Intelligence”.

1. The Model Inversion Attacks  
and countermeasures

1.1. The Model Inversion(MI) attacks
The Model Inversion(MI) attacks are mainly 

aimed at the currently popular MLaaS service model, 
it refers to an attacker extracting information related to 
training data from the model prediction results.

A simple deployment of a model inversion attack 
is presented in Fig.1.

To perform a model inversion attack, the adver-
sarial user will be based on his knowledge of the target 
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model (0 knowledge - black box, has some knowledge 
– grey box or white box), and use some well-prepared 
samples(called adversarial samples) to attack model. As 
result, adversarial users can get the model’s parameters or 
some samples that are used to train this model. 

1.2. Why do we research this kind of at-
tack?

As we said in the Introduction, model inversion 
attack becomes a huge threat to the ML model, and 
so far we don’t have a mature defensive strategy that 
can defend against several existing model inversion at-
tacks. So, for the safety and robustness of ML models, 
we have to learn model inversion attacks, trying to un-
derstand how this kind of attack affects the ML model. 
Then, based on this information and acknowledgment, 
we might be able to create some effective countermea-
sures or improve our ML models.

More mathematical definition for MI attack
In [1] has a more mathematical definition of MI 

attack:
Theorem 1. MI attack is a machine learning problem 
and specified as a triple (Z, H, l), (Z, a sample space; 
H, hypothesis space; l: H×Z -> R, a loss function) with 
the following notations:
1) � Γ: A training algorithm of the learning problem, 

which outputs a hypothesis Γ(S)
 
∈ H on an input 

training set S.
2) � DS : A distribution over the training set S.
3) � τ: The objective function computed by the adver-

sary. For now, one can view it simply as some func-
tion that maps Z to {0, 1}*.

4) � gen, sgen: Auxiliary information generators. They 
map a pair (S, z) to an advice string in {0, 1}*.

The MI-attack world is described by a tuple (A, 
gen, τ, S, DS, Γ), where the adversary (A) is a proba-
bilistic oracle machine. The following game is played 
between the Nature and the Adversary A.

gain (A, gen, τ, S, DS, Γ) = Pr[AΓ(S)(gen(S, z))= τ(z)]  (1)

where the probability is taken over the randomness 
of z~ DS, the randomness of gen, and the random-

ness of A.
The simulated world is described by a tuple (A*, 

sgen, τ, S, DS), where the adversary (A*) is a non-or-
acle machine and sgen is the second auxiliary infor-
mation generator. The game between the Nature and 
A* is:

sgain(A*, sgen, τ, S, DS) = Pr[A* (sgen(S,z))= τ(z)]  (2)

where the probability is taken over the randomness of 
z~ DS, the randomness of sgen, and the randomness of A*.

1.3. Classification of MI attacks
For the needs of taxonomy, typically, we can 

classify client-side access as being either black-box 
or white-box. In a black-box setting, an adversarial 
customer will create prediction queries against a mod-
el, however not transfer the model description. In a 
white-box setting, an adversarial customer is allowed 
to transfer an outline of the model.

1.4. Attacks & countermeasures
The Fredrikson et al. attack Widely accepted, 

the first MI attack was realized by Fredrikson et al. 
in [1]. The Fredrikson et al. attack is to use auxiliary 
information and confidence value given by the model 
prediction to guess the true value of the privacy-sensi-
tive feature. The weakness of the attack is also clearly: 
1) adversary knows the target feature(for example, its 
domain), a large domain means more combinations 
adversary have to try; 2) adversary have to know as 
much auxiliary information as he can, same reason 
as 1), less information about the victim means more 
combinations to try; 3) adversary has infinite access to 
the model because he has to correct the guessing value 
with the help of confidence value, a higher confidence 
value means our guessing value is closer to the true 
value. In a word, the Fredrikson et al. attack can real-
ize only under many restrictions.

The author gives countermeasures for both de-
cision trees and facial recognition. For decision trees, 
the level at which the sensitive feature occurs may af-
fect the accuracy of the attack, and it may be possible 
to design more sophisticated training algorithms that 
incorporate model inversion metrics into the splitting 

Fig. 1. How adversarial users use ML model
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criteria to achieve resistance to attacks without unduly 
sacrificing accuracy.

For facial recognition, one possible defense is to 
degrade the quality or precision of the gradient infor-
mation retrievable from the model, and also, black-
box facial recognition models can produce confidence 
scores that are useful for many purposes while remain-
ing resistant to reconstruction attacks.

MI attack for deep networks Fredrikson et 
al. established that model inversion attacks include 
a smart performance on decision tree and face recog-
nition [1]. However, for deep networks, these proce-
dures sometimes cause unidentifiable representations 
that square measure useless for the opponent [4]. So 
that they introduced a more realistic definition of mod-
el inversion and leveraged properties of generative ad-
versarial networks for constructing a connected low-
er-dimensional manifold.

MI attack: wherever the opponent is attentive to 
the final purpose of the attacked model (for instance, 
whether or not it’s an associate degree OCR system or 
an automatic face recognition system), and the goal 
is to seek out realistic category representations among 
the corresponding lower-dimensional manifold (of, 
separately, general symbols or general faces).

In [4], the approach is based on Generative Ad-
versarial Network. A Generative Adversarial Net-
work(GAN) is a min-max game between two neural 
networks: generator (Gθ) and discriminator (Dφ). The 
generator (Gθ) takes random noise z as input and gen-
erates (Gθ(z)). The discriminator (Dφ) distinguishes 
between real samples x and fake samples coming from 
(Gθ). The objective function for the min-max game be-
tween (Gθ) and (Dφ) is:

          (3)

where Px is the real data distribution, and Pz is a noise 
distribution which is typically a uniform distribution 
or a normal distribution.

Obviously, different images should belong to 
their disconnected manifolds without ant paths of 
“blended” images between them. However, in GAN, 
the generator function maps from a connected distri-
bution space to all possible outputs, which results in a 
connected output set of instances. This is an emblem-
atical disadvantage of GANs and various techniques 
to partition the input into disjoint support sets have 
been used to address this issue. And [4]’s approach is 
to leverage this drawback to search in the low-dimen-
sional space Px (real data distribution) of all possible 
images. 

With some natural knowledge about the underly-
ing target system, an attacker can use this GAN-based 
approach for retrieving representative and recogniz-
able samples of individual classes. For the counter-
measures, the author suggests that a security-based 
biometric identification system might classify away 
the larger set of faces so that the faces that are relevant 
to security verification are effectively hidden sort like 
a needle in a very rick. The key downside here is to 
take care of adequate classifier accuracy because the 
variety of categories will increase. 

Also, in the conclusion, the author proposes a 
prospective research direction is to consider ways to 
develop a robust defense against model inversion at-
tacks without affecting the model accuracy. This could 
be difficult since model inversion doesn’t involve pro-
tecting any specific instance, and the defense should 
protect all the representative pictures that are part of 
the manifold used for training.

Generative Model-Inversion Attack For deep 
neural networks, there is another attack method that 
uses GAN. In [6], the author presents a novel attack 
method, termed the generative model-inversion attack, 
which can reverse deep neural networks with high suc-
cess rates. Rather than reconstructing private training 
data from scratch, the author leverage partial public 
information, which can be generic, to find out a dis-
tributional prior via generative adversarial networks 
(GANs) and use it to guide the inversion method 
(Fig.2). The author also shows that differential priva-

Fig. 2. Overview of the proposed GMI attack method [6]
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cy, in its canonical form, is of little avail to defend 
against their attack.

In this paper, the author focuses on the white-box 
setting, where the adversary is assumed to have access 
to the target network f and employs some inference 
technique to discover the options x related to a particu-
lar label y. To recover those images, the reconstruction 
process consists of two-stage: (1) Public knowledge 
distillation, which trains the generator and therefore 
the discriminators on public datasets to encourage the 
generator to get realistic-looking pictures. The public 
datasets may be untagged and don’t have any identity 
overlapping with the personal dataset;(2) Secret rev-
elation, in which create use of the generator obtained 
from the primary stage associated solve an optimiza-
tion drawback to recover the missing sensitive regions 
in a picture. In stage 1, the author leverage the canoni-
cal Wasserstein-GAN training loss:

                (4)

when the auxiliary knowledge(blurred or corrupted 
version of the private image) is available to the attack-
er, let the generator take the auxiliary knowledge as an 
additional input. In the second stage, the author solves 
the following optimization to find the latent vector that 
generates an image achieving the maximum likelihood 
under the target network while remaining realistic:

              (5)

where the prior loss Lprior (z) penalizes surrealistic pic-
tures and therefore the identity loss Lid(z) encourages 
the generated pictures to own high chance below the 
targeted network. Lprior(z)and Lid(z) are defined as fol-
low:

                    (6)

                  (7)

where C(G(z)) represents the probability of G(z) out-
put by the target network. The experiments show that 
this GMI attack has a better performance than the 
Fredrikson et al. attack, which means it is an effective 
attack method. There are no countermeasures to this 
GMI from the author.

MI attack that using explanations As the ML 
models are widely used, people need not only answers 
from the ML model but also explanations. Explainable 
artificial intelligence (XAI) provides additional info to 
assist users to grasp model selections, however further 
information exposes additional risks for privacy attacks 
[ref5]. In this paper, the author studies this risk for im-
age-based model inversion attacks and identified several 

attack architectures with increasing performance to re-
construct private image data from model explanations. 
And these XAI-aware inversion models were designed 
to use spatial data in image explanations.

Fig. 3 presents architectures of inversion attack 
models:

Here, a) Baseline threat model with target CNN 
model Mt to predict emotion t from face x, and inver-
sion attack model to reconstruct face  from emotion. 
Emotion prediction confidences are input to a trans-
posed CNN (TCNN) for inversion attack (d). b) Threat 
model with explainable target model that also provides 
instance explanation  of the target prediction, and 
XAI-aware multi-modal inversion attack model that 
inputs  via different input architectures: e) Flattened 

 concatenated with , f) U-Net for dimensionality 
reduction and spatial knowledge, g) combined Flat-
ten and U-Net. c) Threat model with non-explainable 
target model and inversion attack model that predicts 
a reconstructed surrogate explanation  from target 
prediction  and uses  for multi-modal image in-
version (e-g). Flattened  concatenated with , f) 
U-Net for dimensionality reduction and spatial knowl-
edge, g) combined Flatten and U-Net. c) Threat model 
with non-explainable target model and inversion at-
tack model that predicts a reconstructed surrogate ex-
planation  from target prediction  and uses  for 
multi-modal image inversion (e-g).

The author divided MI attacks into 3 types: 1) 
model inversion with Target Explanations; 2) model 
inversion with Multiple Explanations; 3) model in-
version with Surrogate Explanations. For type 1, the 
author trained the inversion attack model as a Trans-
posed CNN(TCNN) to predict a 2D image from the 
1D target prediction vector as input to the attack mod-
el. The model is trained with MSE. For type 2, the au-
thor exploits Alternative CAMs(Σ-CAM) by concate-
nating explanations for |C| classes into a 3D tensor and 
training the inversion models on this instead of the 2D 
matrix of a single explanation. There is no information 
about countermeasures.

An inversion-specific GAN for MI attack 
In the paper [7], the author presents a novel inver-
sion-specific GAN that can better distill knowledge 
useful for performing attacks on private models from 
public data. In particular, the discriminator is trained 
to differentiate not only the real and fake samples but 
the soft labels provided by the target model. Experi-
ments show that the combination of these techniques 
can significantly boost the success rate of the state-of-
the-art MI attacks by 150%, and generalize better to a 
variety of datasets and models.

Author focus on white-box setting MI attack. 
The goal of the attacker is to discover a representative 
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input feature x associated with a specific label y. The 
author uses facial recognition as a running example 
for the target network. The proposed attack algorithm 
consists of two steps. The first step is to train a GAN 
to have information concerning the personal catego-
ries of the target model from public knowledge. Rather 
than training a generic GAN, the author customizes 
the training objective for each generator and discrim-
inator thus on higher distill the private-domain data 
concerning the target model from public knowledge. 
In the second step, the author makes use of the gener-
ator learned in the first step to estimate the parameters 
of the private data distribution.

Author tested this threat model on several data-
sets with the baseline. Experiments show that this ap-
proach can significantly improve the performance of 

GMI on all target models. Countermeasures are not 
mentioned in this paper.

MI attack against collaborative inference Most 
studies solely targeted knowledge privacy through-
out training and neglected privacy throughout illation. 
During this paper [8], the author devises a brand new 
set of attacks to compromise inference data privacy in 
cooperative deep learning systems. Specifically, once a 
deep neural network and also the corresponding illation 
task are split and distributed to completely different par-
ticipants, one malicious participant has the ability to ac-
curately recover any input fed into this system, although 
he has no access to different participants’ information or 
computations, or to prediction APIs to query this system.

Author considers a collaborative inference sys-
tem between two participants, P1 and P2. The target 

Fig. 3. Architectures of inversion attack models [5]
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model is split into two parts: . P1 per-
forms earlier layers , and P2 performs . P1 is 
trusted and P2 is untrusted.

Algorithm 1 White-box model inversion attack

1: function WhiteBoxAttack (f01, f01(x0), T, λ,ε)
2: /* f01 – the target model */
3: /* �f01(x0) – the intermediate output of sensitive input 

x0 */
4: /* T - maximum number of iterations */
5: /* �λ – tradeoff between prior and posterior 

information */
6: /* ε – step size if GD */
7: 
8: 
9:  t=0
10: x(0) = ConstantInit()
11: 	 while (t<T) do

12:	      t

t
tt

x
xLxx

∂
∂

∗−=+ )(1 ε

13:	      t = t+1
14:	 end while 
15:    return x(T)

16: end function

In the experiments, the results show that different 
split points can yield different attack effects, so the question 
is: how to split the neural network in the collaborative sys-
tem, to make the inference data more secure? Generally, it 
is observed that the quality of recovered images decreases 
when the split layer goes deeper. This is straightforward as 
the relationship between input and output becomes more 
complicated and harder to revert when there are more 
layers. Besides, it is also observed that the image quality 
drops significantly, both qualitatively and quantitatively, 
on the fully-connected layer (fc1), indicating that model 
inversion with fully-connected layers is much harder than 
for convolutional layers. The reason is that a convolutional 
layer only operates on local elements (the locality depends 
on the kernel size), while a fully-connected layer entirely 
mixes up the patterns from the previous layer. Besides, the 
number of output neurons in a fully-connected layer is typ-
ically much smaller than input neurons. So it is relatively 
harder to find the reversed relationship from the output of 
the fully-connected layer to the input. And the first defense 
method is running fully-connected layers before sending 
out results.

Other possible defenses are making client-side net-
works deeper, trusted execution on untrusted participants 
differential privacy, and homomorphic encryption.

Improving robustness to MI attack In the pa-
per [9], the author proposed the Mutual Information 

Regularization based Defense (MID) against MI at-
tacks. The key idea is to limit the information about 
the model input contained in the prediction, thereby 
limiting the ability of an adversary to infer the private 
training attributes from the model prediction.

The author limits the dependency between X and 
 to prevent the adversary from inferring the training 

data distribution associated with a specific label. The 
author’s idea is to quantify the dependence between X 
and  using their mutual information  and in-
corporate it into the training objective as a regularizer. 
This defense, which is called MID, trains the target 
model via the loss function:

                     (8)

where

     (9)

 is the loss function for the main prediction 
task, and λ is the weight coefficient that controls the 
tradeoff between privacy and utility on the main pre-
diction task.

To deconstruct the proposed regularizer, mutual 
information is as follows:

            (10)

When f is a deterministic model,  
and introducing the mutual information regularizer ef-
fectively reduces the entropy of the model output, i.e., 

. When f is stochastic, the regularizer will addi-
tionally promote the uncertainty of the model output 
for a fixed input, i.e., .

For Linear Regression, due to the deterministic 
nature of the model, the mutual information regular-
izer is reduced to . Approximation of  by a 
Gaussian mixture is:

             (11)

where  is the training set and σ is a free param-
eter. The author utilizes a Taylor-expansion based 
approximation for the entropy of Gaussian mixtures 
described in Huber et al. and derive the following ap-
proximation to :

=   (12)

For the decision tree, the author modifies ID3 
[31] to incorporate the mutual information regularizer. 
Since decision trees trained with ID3 are determinis-
tic, the mutual information regularizer again reduces 
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to . To defend against the MI attacks, the author 
adds –  into the splitting criterion.

For networks, the author gets inspiration from 
the line of work on information bottleneck [32] [33] 
and regard the neural network as a Markov chain 

, where X is the feature, Y is the ground 
truth label, Z is a stochastic encoding of the input X 
at some intermediate layer and defined by 
, and  is the prediction. The author replaces  
with upper bound  in the training object and 
train the neural network with loss function:

                 (13)

The experiments show that this MID approach 
can significantly reduce the attack accuracy and effec-
tively protect the ML model from MI attacks.

A simple additive noise method to defend MI 
attack In [10], the author demonstrates that the attack 
can be successfully performed with limited knowledge 
of the data distribution by the attacker, and show that 
NoPeekNN, an existing defensive methodology, pro-
tects completely different info from exposure, suggest-
ing that a combined defense is important to completely 
shield personal user information.

NoPeekNN may be a technique for limiting 
knowledge reconstruction in SplitNNs by minimiz-
ing the gap correlation between the input data and the 
intermediate tensors throughout model training [34]. 
NoPeekNN optimizes the model by a weighted combi-
nation of the task’s loss and a distance correlation loss, 
that measures the similarity between the input data and 
the intermediate data. NoPeekNN’s loss weighting is 
governed by a hyperparameter . While 
NoPeekNN was shown to cut back autoencoder’s abil-
ity to reconstruct input information, it’s not been ap-
plied to adversarial model inversion attack.

Similar to this work, to defend against model 
inversion attack on one-dimensional ECG data, [35] 
utilizes noise to the intermediate tensors in a SplitNN. 
The authors pack this defense as a differential priva-
cy mechanism [36]. However, in that work, the addi-
tion of noise greatly impacts the model’s accuracy for 
even modest epsilon values (98.9% to roughly 90% at 

). There is also a similar method introduced by 
[37] called Shredder. To minimize mutual information 
between input and intermediate data, this method will 
adaptively generate a noise mask.

In this work, the author considers an honest-but-cu-
rious computation server and an arbitrary number of data 
owners who run the correct computations during train-
ing and inference. At least one party attempts to steal 
input data from alternative parties by employing a mod-
el inversion attack. The attack method is as follows: 1) 
The attackers collect a dataset of inputs (raw data) and 

intermediate data made by the first model phase. 2) To 
convert the intermediate information into raw input data, 
they train an attack model. 3) They collect intermediate 
information made by some information owners and run it 
through the trained attack model to reconstruct the raw in-
put information. This attack is considered a “black-box” 
since the internal parameters of the data owner model 
segment are not used in the attack. The author assumes 
that the model training method has been orchestrated by a 
third party in which there’s just one computational server.

MI attack for large language models In [11], 
the author tries to extract text data from a language 
model trained on scrapes of the public Internet called 
GPT-2. Training data extraction attacks are usually 
seen as theoretical or academic and therefore unlike-
ly to be exploitable in application. This can be even 
by the prevailing intuition that privacy leakage is 
correlated with overfitting, and since advanced LMs 
trained on massive (near terabyte-sized) datasets for a 
few epochs, they tend to not overfit. This paper proved 
that training data extraction attacks are viable.

First, is the definition of committal to memory. The 
author defines eidetic memorization as a special type of 
memorization. Unofficially, eidetic memorization is data 
information that has been memorized by a model despite 
solely showing during a tiny set of training instances. The 
fewer training samples that contain the information, the 
stronger the eidetic memorization is.

Theorem 2. A string s is extractable from an LM 
 if there exists a prefix c such that:

             (14)

Fig. 4 presents the structure of extraction attack:

Fig. 4. Extraction attack. Given query access to a 
neural network language model, we extract an indi-

vidual person’s name, email address, phone number, 
fax number, and physical address. The example in 
this figure shows information that is all accurate so 

we redact it to protect privacy [11]
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Theorem 3. A string s is k-eidetic memorized 
(for k ≥ 1) by an  if s is extractable from  and 
s appears in at most k examples in the training data 

. This threat model is extremely 
realistic as several LMs are available through black-
box APIs. For example, the GPT-3 model created by 
OpenAI is available through black-box API access. 
Auto-complete models trained on actual user informa-
tion have conjointly been created public, though they 
reportedly use privacy-protection measures through-
out training.

The extraction of training data from a language 
model has two-step: 1) Generate text. Generate a large 
quantity of data by unconditionally sampling from the 
model; 2) Predict which outputs contain memorized 
text. We next remove the generated samples that are 
unlikely to contain memorized text using a member-
ship inference attack. These 2 steps correspond on to 
extracting model information (Theorem 2), then pre-
dicting that strings may be k-eidetic memorization 
(Theorem 3).

Fig. 5 presents the workflow of extraction attack 
and evaluation:

In total across all strategies, the author identify 
604 unique memorized training examples from among 
the 1,800 possible candidates, for an aggregate true 
positive rate of 33.5% (the best variant has a true pos-
itive rate of 67%). 

For countermeasures, the author suggests that 
needs to be techniques developed to specifically ad-
dress their attacks. Training with differentially private 
techniques is one method for mitigating privacy leak-
age, however, the author believes that it will be neces-
sary to develop new methods that can train models at 
this extreme scale (e.g., billions of parameters) with-
out sacrificing model accuracy or training time.

Defending MI attack via prediction purifica-
tion In [12], the author proposes a unified approach, 

namely a purification framework, to defend data in-
ference attacks. It purifies the confidence score vec-
tors foretold by the target classifier by reducing their 
dispersion. The setup may be additional specialized in 
defensive a selected attack via adversarial learning.

The model owner trains a machine learning 
classifier F on its training dataset Dtrain and test F on 
validation dataset Dval. Both Dtrain and Dval are drawn 
from the same underlying data distribution  
The attacker aims at performing data inference attacks 
against the target classifier F. Consider that the clas-
sifier F works as a black-box “oracle” to the attacker,  
i.e., the attacker can only query F with its data sample 
x and obtain the prediction scores F(x).  The attack-
er is also assumed to have auxiliary information . 
Given a prediction vector F(x) on some victim data 
point x, the attacker wants to find an attack function 

 for membership inference:

           (15)

for model inversion:

                  (16)

where O(F) represents the attacker’s blackbox access 
to the oracle classifier F.

For purification, the base of purification is purifier 
G. The author designed G as an autoencoder and is used 
to reduce the dispersion of the confidence scores as well 
as to preserve the utility of the classifier. G is trained on 
the confidence scores predicted by F on the defender’s 
reference dataset Dref. The author trained G to also pro-
duced the label predicted by F by adding a cross-entro-
py loss function. G is trained to minimize the function:

 (17)

The author also provides specialized G for MI 
attack.

Fig.5. 1) Attack. We begin by generating many samples from GPT-2 when the model is conditioned on 
(potentially empty) prefixes. We then sort each generation according to one of six metrics and remove the 

duplicates. This gives us a set of potentially memorized training examples. 2) Evaluation. We manually inspect 
100 of the top-1000 generations for each metric. We mark each generation as either memorized or not-

memorized by manually searching online, and we confirm these findings by working with OpenAI to query the 
original training data [11]
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For each classification task, we can see that the 
single purifier is able to concurrently decrease the in-
ference accuracy and increase the inversion error as 
well as preserve the classification accuracy. The pu-
rifier has almost no defense effect against the Label 
attack where the confidence score information is not 
leveraged.

MLPrivacyGuard In [18], the author presents 
MLPrivacyGuard, a countermeasure against black-
box MI attack. In this countermeasure, they add con-
trolled noise to the output of the confidence function. 
The author demonstrates that when noise is injected 
with a long-tailed distribution, the objectives of low 
misclassification error with a strong defense can be 
attained as model inversion attacks are neutralized be-
cause numerical approximation of gradient ascent is 
unable to converge.

MLPrivacyGuard is a measure to forestall model 
inversion attacks that don’t need retraining or any type 
of modification to the ML system’s inner workings. 
MLPrivacyGuard relies on the injection of long-tailed 
distributed errors to the output  of the model, so that a 
model inversion attack can not converge, whilst main-
taining the functionality of the ML system reliable for 
legitimate users. The idea behind MLPrivacyGuard is 
that when the confidential information has some lev-
el of randomness the model inversion attack is unable 
to converge in black-box systems. The reason for this 
is straightforward: since a black-box model inversion 
has to rely on numerical approximations of the gradi-
ent , which are obtained by numerical differentia-
tion of  on each of the features, the attack is unable to 
converge if the value of  is nondeterministic.

To preserve correct classifications for legitimate 
users, the author guaranteed this with the distributions 
picked for the random errors. In the experiments, the 
error size has exponential distribution, i.e. the absolute 
value of the error injected is x with probability λe–λx.

The result of experiments shows that this MLPri-
vacyGuard approach increases the classification error 
rate at most by 2% while defeating adversarial model 
inversion attacks.

MI attack without knowledge of non-sensitive 
attributes In [15], the author proposes a General Mod-
el Inversion (GMI) framework to capture the scenario 
where knowledge of the non-sensitive attributes is not 
necessarily provided. This framework also captures the 
scenario of Fredrikson et al., notably, it enables a new 
type of model inversion attack that infers sensitive attri-
butes without the knowledge of non-sensitive attributes 
by modifying the ML model into a target ML model via 
data poisoning. The GMI attack is defined by a tuple of 
three algorithms: Setup, Poisoning and ModelInversion 
[15]. Fig. 6 presents the workflow of GMI attack:

Fig. 6. Workflow of GMI attack [15]

Leverage the functional mechanism to prevent 
MI attack In [16], the author develops a novel approach 
that leverages the functional mechanism to perturb co-
efficients of the polynomial representation of the objec-
tive function but effectively balances the privacy budget 
for sensitive and non-sensitive attributes in learning the 
differential privacy preserving regression model.

This approach leverages the functional mecha-
nism proposed in [38] but perturbs the polynomial co-
efficients of the objective function with different mag-
nitudes of noise. This approach can effectively weaken 
the correlation between the sensitive attributes with 
the output to prevent model inversion attacks whereas 
retaining the utility of the released model by decreas-
ing the perturbation effect on non-sensitive attributes.

2. Table of MI attacks with their attributes

In this section, we summarize the results of 
our review (Table 1). Presented datasets are: A - 
MNIST, B - MNIST handwritten digit, C - CIFAR-10, 
D - FiveThirtyEight survey (How americans like 
their steak), E - GSS marital happiness survey, F - 
Flickr-Faces-HQ(FFHQ), G - MovieLens 1M Dataset, 
H - FaceScrub, I - Numeric MNIST, J- Fashion MNIST, 
K - ChestX-ray8, L - CelebA, M - iCV-MEFED, N - 
IPWC, O - Purchase100, P - Adult dataset.

As can be seen from this table, attacks clearly 
prevail over defenses. In reality, only the practical fea-
sibility of attacks really protects existing systems. All 
attacks require multiple polling of models. If this is not 
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an MLaaS system, then it will be impossible to carry 
out an attack directly.

3. Summary and future works

From all this information above we find that sev-
eral types of MI attacks have been created and success-
ful test on various datasets like CIFAR-10, MNIST, 
FiveThirtyEight, and so on. But the problem is, those 
existing countermeasures are passive counter, which 
means these countermeasures are just been applied in 
the ML model, and each countermeasure can only de-
fend a specific attack method. Considering there are 
many attack methods and these methods can also be 
iterated, if one ML model wants to survive under those 
attacks, it has to apply many countermeasures simulta-

neously. We think that this approach may lower not only 
the efficiency of the ML model but also the accuracy.

So, if we can build a MI attack detector, and this 
detector can immediately cut off the connection be-
tween user and model when it detects a MI attack(or 
some action similar to an MI attack), it will be great, 
and it can save much cost for MLaaS provider. In our 
opinion, this is a promising direction.

For the detector, we want to start from GAN. In 
GAN there is a generator G and discriminator D, we 
can use G to simulate existing attack methods and let 
D discriminate whether one is a MI attack or not. Also, 
if possible, we can import CNN to our detector. For 
images, CNN can learn its features; and for MI attacks, 
maybe we can transform MI attack into a type that can 
let CNN learn its features.

Table 1
Summary of MI attacks
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Introduction

The main way to check the quality of a clas-
sifier is that it is checked against a control sample. 
If two classifiers showed similar results, it is not 
clear which one to choose. One option is to create a 
new control sample and conduct a new study. As a 
result, we get that the choice of a classifier signifi-
cantly depends on the results on the control sample. 
When constructing and using a classifier in practice, 
much attention has to be paid to the quality (repre-
sentativeness) of the training and control samples. 
It is very difficult. One of the existing ways out of 
this situation is to build an ensemble of classifiers. 
Sometimes it happens that each ensemble classifier 
is built on its own training sample. Its elements may 
contain fewer features than in the original data. The 
final classifier will be a function of the ensemble. 
Voting is often used as such a function. The element 
belongs to the class to which it belongs to most of 
the classifiers from the ensemble. Significant disad-
vantages of this method are the inability to justify 
the decision to classify and the complexity.

To eliminate these disadvantages, this paper pro-
poses first splitting the ensemble of classifiers into 
clusters according to the degree of similarity, and then 

choosing the most typical (stable) classifier. Note that 
the training sample for this classifier will be represen-
tative. When training a classifier for a similar task, it 
will be possible to get by with one classifier, using a 
similarly constructed training set.

Experiments on the construction and compar-
ison of classifiers were carried out on the material 
of the pre-revolutionary magazines “Time” (1861–
1863), “Epoch” (1864–1865) and the weekly “Citi-
zen” (1873–1874). It’s a known fact that F. M. Dos-
toevsky was their editor. It means that he could have 
made his own edits to the texts of articles of other 
authors [1]. The features that distinguish one author 
from another are the frequency of the occurrence 
of certain n-grams (encoded sequences of parts  
of the speech).

1. Decision tree constructing using different 
samples

In the NLP domain it is essential to have as much 
data as possible. In order to fulfill those pre-require-
ments in the circumstances of restricted in a size cor-
pus a few techniques might be considered. Usage of a 
sliding window is one of those. 
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Sliding window breaks one text into several 
chunks which are used further as data (fig. 1). The 
main idea is to enrich training set through partially du-
plicating already existing corpus. The following logic 
might be applied:
– � N and S are chosen where N – sliding window size 

and S – skip window size.
– � K chunks of the original text are created with a dis-

tance between start points of adjacent chunks equal 
to S.

You can calculate K (rounded to the nearest inte-
ger) using the following formula:

,1+−
=

S
NTK

where T – size of a text that is being transformed. It 
is possible to vary both N and S. Basically they can 
be treated as hyperparameters. Varying N you can ob-
tain more chunks with smaller size or less chunks with 
larger size.

Adjusting S governs amount of data as well as 
an intersection rate between two adjacent chunks. For 
example, a choice of N=1000 and S=100 will cause 
chunks #1 and #2 to have 900 words in common, 
chunks #1 and #3 – 800 words in common, etc. It is 
vital to choose this number high enough to save rich-
ness of the data although constructing a larger corpus.

Fig. 1. Parameters are N=5 and S=2. Sliding window 
results with 2 chunks.

The original training-test split was 80%–20%, 
thus 80% of data is used for training and the other 20% 
is used for testing algorithm and calculate metrics. 
Parts of speech are used as features and the purpose 
of a model is to predict an author of a given text using 
given features.

The described procedure was applied to a train-
ing part of a dataset to enlarge the existing corpus. Af-
ter a decision tree [2] with default parameters from a 
Scikit-Learn [3] library is trained with built-in meth-
ods using the obtained training and test sets. 

The default Decision Tree algorithm in Scikit-Learn 
is CART [4]. The model is represented as a binary tree 
with a certain criteria in every node. Prediction is made 
by going from the root of the tree to one of its leaf. The 
root is picked by meeting a condition that is represented 
in the node. A right path is picked for a true statement 
and a left one is for the false. For this task we use part of 
speech as data that represents an author, thus we have part 
of speech criteria in nodes. For example: a bigram “noun-
noun” is met in the text more than 49 times?

The tree is built in a following manner:
1. � Choose a node of the tree.
2. � Calculate information gain for every feature and its 

threshold that splits data into two child nodes.
3. � Choose a feature and its threshold for the node with 

a maximum purity.
4. � Repeat until a stopping criteria is not reached.

The most popular impurity measure for CART 
algorithm is Gini index [5], which is defined as fol-
lowing:

where j is the total number of classes, pi is the distri-
bution of the i class in the node. Information gain is 
calculated as follows:

where Dp, Dleft, Dright – parent, left and right nodes re-
spectively, Ni – number of data samples in node i.

2. Metrics on the set of trees

To compare trees, you can use the methods and 
algorithms developed within the graph matching direc-
tion [6; 7]. On a set of graphs a distance is set, which 
allows us to estimate how much these or other struc-
tures are “similar” to each other. One such distance 
is a measure based on editing operations (operations 
of insertion, deletion and replacement of vertices and 
edges in a graph) [8].

The function of error-correcting graph matching 
from G1=(V1, E1, α1, β1) to G2=(V2, E2, α2, β2) is called 
a bijective function ,: 21 VVf ′→′  where 11 VV ⊆′  and 

.22 VV ⊆′  Cost of f define by the following formula:

where Es, Ed and Ei are the sets of edges that are re-
placed, removed and inserted, respectively, and also:
– � cns(u) – the cost of replacing the vertex 1Vu ′∈  with 

2)( Vuf ′∈ ;
– � cnd(u) – the cost of removing a vertex 11 VVu ′−∈  

from G1;
– � cni(u) – the cost of inserting a vertex 22 VVu ′−∈  in G2;
–  ces(e) – the cost of replacing the edge e;
–  ced(e) – the cost of removing the edge e;
–  cei(e) – the cost of inserting the edge e.

At the same time, specific values cns, …, cei are 
selected depending on the specifics of the task being 



96 Труды ИСА РАН. Том 73. 1/2023

Интеллектуальный анализ данных N.D. Moskin, K.A. Kulakov, A.A. Rogov, R.V. Abramov

solved. Graph edit distance d(G1, G2) is the cost of the 
optimal function f from G1 to G2:

In other words, the graph edit distance d1(G1, G2) 
is the minimum total cost of editing operations that 
transform a graph G1 into a graph G2. Note that this 
distance can be used to compare arbitrary graphs, but 
there are measures designed specifically for trees. 
These include, for example, a distance based on tree 
alignment [9; 10]. To align two trees T1 and T2 (fig. 
2), you need to insert empty vertices 0 into them so 
that the resulting trees 1T ′  and 2T ′  have the same 
structure (fig. 3).

Fig. 2. Trees T
1
 and T

2
.

In this case, the labels of the corresponding ver-
tices of the obtained trees 1T ′  and 2T ′  can be different. 
After that, we overlay trees 1T ′  and 2T ′  on each other 
and for each pair of vertices we calculate the measure 
of their difference iµ . The sum ∑ =

= n
i iTTd 1212 ),( µ  

will determine the distance between the trees if it is 
the minimum for all possible alignments of the given 
trees.

Next, consider four metrics for comparing trees, 
proposed in the work [11]. Let T1 and T2 be two trees 
with vertex set V1 and V2, respectively. A bijection 

21: HH →φ  where 11 VH ⊆  and 22 VH ⊆  is called 
an isomorphism of subtrees between T1 and T2 if φ  
preserves the adjacency relations between vertices and 
the connectivity of the compared subgraphs.

Fig. 3. Trees T’
1
 and T’

2
 resulting from alignment

Suppose that σ is some measure of similarity 
between the vertices of the compared trees T1 and T2, 
which, for example, can be based on the values of the 
attributes of these vertices. Then we define a measure 
of similarity )(φσW  between trees based on the iso-
morphism of subtrees φ  and the measure σ:

A subtree isomorphism  is called a maximal 
subtree isomorphism between T1 and T2, if )(φσW
takes the greatest value among all possible subtree 
isomorphisms .φ  For any two trees T1 and T2 define 
the following measures (here |T| denotes the number 
of vertices in the tree T):
– 

– 

– 

– 

The proof of the fulfillment of the metric prop-
erties for can be found in [12]. Another measure of 
dissimilarity on a set of graphs, based on the biotopic 
distance of sets, was proposed in [13]. In particular, 
the author notes that this measure can be used to com-
pare decision trees.

3. Implementation of processing  
and comparison of decision trees in SMALT

As part of the testing of algorithms and pre-
sentation of research results, the implementation of 
processing and comparison of decision trees in the 
SMALT information system was carried out. The in-
formation system “Statistical methods of literary text 
analysis” (SMALT) is intended for processing texts in 
pre-revolutionary graphics and conducting statistical 
research on texts. The system is focused on processing 
texts from the magazines “Time”, “Epoch” and “Citi-
zen” edited by F. M. Dostoevsky. 

As part of the implementation, functions for 
working with the decision tree graph and functions 
for pairwise comparison of decision tree graphs were 
added. To implement the work with the decision 
tree graph, the “controller-model” pattern was used. 
The controller accepted the request, determined the 
required action, loaded the required model, and for-
matted the result. The following operations were im-
plemented in the controller: loading a decision tree, 
editing decision tree metadata, viewing a decision 
tree, deleting a decision tree, viewing a list of load-
ed decision trees. Due to the large number of deci-
sion trees (for example, several decision trees with 
different steps can be obtained within one text com-
parison operation), it was customary to consider all 
downloaded decision trees private, i.e. not available 
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to unregistered users. The user can add other people’s 
private decision trees to the list of favorites or re-
move from it. Also, a user with explorer privileges 
can make decision trees public or remove publicity. 
These operations will allow you to limit the list of 
available trees in the pairwise comparison function 
to your own, selected or public graphs. 

The model was responsible for interacting with 
the database. Decision tree graph data is organized into 
five tables: graph metadata, graph-related texts, graph 
vertices, graph edges, and a list of favorite graphs. 
One of the labor-intensive tasks was the implementa-
tion of parsing a text file with a decision tree graph 
and presenting the data in the database. The complex-
ity of the task was due to the specific file format, the 
large amount of additional ignored data, and the wide 
variety of views. For example, the top of the graph 
should contain a list of parts of speech in the name and 
weight, but the format allowed for no restrictions on 
the name and no weight. 

For graphical representation of a graph, the 
graphviz utility and the GraPHP library (https://
github.com/graphp/graphviz) are used. As vertices, 
n-grams with combinations of parts of speech are 
used (for example, “Verb Pronoun”). If a graph ver-
tex has a weight, then it is additionally displayed in 
the vertex label. If the weight of a vertex is greater 
than zero, then it is highlighted in red. By default, 
the image with the graph is displayed in a reduced 
version, but it can be opened in an additional window 
for a more detailed study. 

Pairwise comparison of graphs is implement-
ed based on the algorithm from [14]. The algorithm 
employs a dynamic programming approach and runs 
in polynomial time. The user can choose one of two 
comparison methods: based on vertex weights or 
based on vertex names and weights. To adjust the al-
gorithms, the user can set the following parameters: 
Cost of adding a vertex, Cost of removing a vertex, 
Cost of changing a close vertex by weight, Level of 
proximity of vertices by weight, Cost of changing a 
far vertex by weight, Cost of changing a vertex with 
a partial match of parts of speech, Cost of changing a 
vertex with mismatch of parts of speech. For exam-
ple, replacing a node (Adverb Verb, weight 0.405) 
with a node (Union Numeral, weight 0.012) with de-
fault settings (proximity level = 0.25, cost of replac-
ing the far node by weight and with mismatch of parts 
of speech = 2, other costs = 1) will be equal to 4 (2 for 
the replacement of far vertices by weight + 2 for the 
replacement with mismatched parts of speech). 

As a result of comparing graphs, the user gets the 
distance between the decision trees. The user can also 
view the final weight table.

4. Analysis of the regularities between  
the parameters of F. M. Dostoevsky’s text  

sampling and decision trees

Let’s study the regularities between the parame-
ters of constructing a sample of texts (the size of the 
fragment, as well as the step of the sliding window) 
and the distances between the decision trees. The com-
plete list of reference texts by F. M. Dostoevsky was 
taken as a sample [15].

Each article was divided into parts with a length 
of either x1=1000 words or x2=750 words. The limited 
number of such fragments forces us to resort to data 
expansion techniques. A sliding window was used as a 
similar technique: W={100, 200, 300, 400, 500, 750}. 
Then decision trees were built. Pairwise comparison of 
graphs was performed using a metric based on editing 
operations, the calculation of which was implemented 
based on the algorithm from [14]. Note that graph edit 
distance is currently one of the most popular similarity 
measures on a set of graphs [16].

Let’s define the following weights of editing op-
erations for G1 and G2:
– � The cost of adding a vertex 22 VVu ′−∈  to the graph 

G2, which is denoted by cni(u);
– � The cost of removing a vertex 11 VVu ′−∈  from the 

graph G1, which is denoted by cnd(u);
– � The operation of replacing two vertices 1Vu ′∈  with 

.)( 2Vuf ′∈  Then the cost of replacement cns(u) is 
the sum of the following components:
• � cost of changing close vertex by weight  

(at the same time, the level of proximity of ver-
tices by weight is set ). That is, if the mod-
ulus of the difference between the Gini indices 
is less than , then the vertex is considered 
“close”, and the cost of the operation is equal to 

;
• � cost of changing far vertex by weight . 

That is, if the modulus of the difference between 
the Gini indices is greater than , then the 
vertex is considered “far”, and the cost of the 
operation is equal to . Note that if the Gini 
indices are the same, then nothing is added to 
cns(u);

• � cost of replacing a vertex with a partial match 
of parts of speech , i.e. in bigrams of two 
pairs of parts of speech, one coincides;

• � the cost of replacing a vertex with a mismatch 
of parts of speech , i.e. there are no com-
mon parts of speech in bigrams. Note that if the 
n-grams are the same, then nothing is added to 
cns(u).

As an example, consider the calculation of the 
cost cns(u) of a vertex replacement operation for three 
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cases with the set parameters  = 1,  = 0.25,  
 = 2,  = 1,  = 2 (as a result, the total 

cost of the vertex replacement operation can be in the 
range from 0 to 4 inclusive):
– � Let’s compare the vertices with the bigrams “Ad-

jective-Noun” (gini=0.348) and “Adjective-Noun” 
(gini=0.398), respectively. Since the n-grams are 
the same, and the difference in gini is 0.05, i.e. 
less than  = 0.25, then the replacement cost is  
cns(u) = 0+1=1.

– � Let’s compare the vertices with bigrams “Conjunc-
tion-Pronoun” (gini=0.262) and “Particle-Pronoun” 
(gini=0.358). Since n-grams coincide in one part 
of speech, and the difference in gini is 0.096, i.e. 
less than  = 0.25, then the replacement cost is  
cns(u) = 1+1=2.

– � Let’s compare the vertices with bigrams “Adjec-
tive-Participle” (gini=0.032) and “Modal word-Ad-
verb” (gini=0.444). Since the n-grams do not com-
pletely coincide, and the difference in gini is 0.412, 
i.e. more than  = 0.25, then the replacement 
cost is cns(u) = 2+2=4.

Table 1 shows an example of a distance matrix 
obtained with the set parameters cni(u) =1, cnd(u) =1,  

 = 1,  = 0.25,   = 2,  = 1,  = 2,  
where the depth of the tree was not limited. The fragment 
size was chosen to be 750 or 1000, and the size of the 
sliding window was 100, 200, 300, 400, 500, and 750 
words. The result of cluster analysis is shown in fig. 4.

To represent a set of close graphs as one that 
would contain basic information about all structures, 

Table 1.
An example of a distance matrix between decision trees.

F 1000 words 750 words

W 100 200 300 400 500 750 100 200 300

1000 words

100 0 129 118 116 109 102 138 128 131
200 129 0 107 99 92 95 129 114 119
300 118 107 0 85 78 74 119 112 112
400 116 99 85 0 72 70 113 106 106
500 109 92 78 72 0 64 109 100 103
750 102 95 74 70 64 0 108 100 103

750 words

100 138 129 119 113 109 108 0 129 131
200 128 114 112 106 100 100 129 0 124

300 131 119 112 106 103 103 131 124 0

Fig. 4. An example of a dendrogram for a distance 
matrix from table 1

Table 2.
Median graphs for nine experiments

Experiment cni(u) cnd(u)
the depth of the decision tree was not limited

1 1 1 1 0,25 2 1 2 716 g_750_1000

2 2 2 1 0,25 2 1 2 1106 g_500_1000

3 1 1 1 0,25 2 2 4 716 g_750_1000

decision tree depth limited to 5

4 1 1 1 0,25 2 1 2 565 g_750_1000

5 2 2 1 0,25 2 1 2 849 g_500_1000

6 1 1 1 0,25 2 2 4 568 g_750_1000

decision tree depth limited to 4

7 1 1 1 0,25 2 1 2 357 g_500_1000

8 2 2 1 0,25 2 1 2 459 g_500_1000

9 1 1 1 0,25 2 2 4 357 g_500_1000
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consider the concept of a median graph [17]. Let the dis-
tance d(Gi, Gj) be given on the set Z={G1, G2, …, Gm}.  
Then we call the median graph on the set Z:

,),(minargminargˆ
1
∑
=∈∈

==
m

i
i

ZGZG
GGdDG

where ∑ =
= m

i iGGdD 1 ),(  – the sum of the distances 
from the selected graph G to all other graphs from 
the set Z. Note that the median graph search prob-
lem is NP-complete. Table 2 describes the param-
eters for conducting nine experiments to calculate 
the median graph (experiments with other parame-
ters showed comparable results). As the calculations 
showed, g_750_1000 became such a graph four times 
(i.e. x1=1000, y6=750), in the remaining five cases – 
g_500_1000 (i.e. x1=1000, y5=500).

Conclusion

In this article on the material of the pre-rev-
olutionary magazines “Time” (1861–1863), “Ep-
och” (1864–1865) and the weekly “Citizen” 
(1873–1874), the problem of the stability of clas-
sifiers, which are built to determine the authorship 
of texts, is considered. The features were the fre-
quency of occurrence of certain n-grams (encoded 
sequences of parts of speech). The decision trees 
obtained as a result of applying the sliding window 
method were compared with each other using the 
tree edit distance (it is currently one of the most 
popular similarity measures on a set of graphs). To 
analyze the results obtained in the SMALT infor-
mation system (http://smalt.karelia.ru/), tools for 
storage, processing and comparing trees were im-
plemented. For graphical representation of graphs 
the graphviz utility and the GraPHP library were 
used. The most stable decision trees (median 
graphs) were identified for several text collections 
using different weights for editing operations.
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Introduction
One of the most important characteristics of a de-

veloped market economy is its cyclical development 
- periodic ups and downs in business activity. Eco-
nomic cyclicality can be traced in the change in the 
main macroeconomic indicators – the volume of real 
GDP, the intensity of investment, the unemployment 
rate, etc.

The cyclical nature was influenced by the deep-
ening of the integration and liberalization processes; 
strengthening the international division of labor; mass

Application and rapid development of informa-
tion and communication technologies, software, nano-
technology, composite materials. Digitalization of the 
economy and covid-19 crisis in the last few years have 
played an important role in the emergence of many 
other services and activities: e-commerce, remote ex-
change trading, mobile banking and others creating 
tons of information to manage hence big data.

The current forecasting literature has focused on 
matching specific variables and horizons with a par-
ticularly successful algorithm. The intersection of ma- 

chine learning (ml) with econometrics has become an 
important research land- scape in economics. Machine 
learning has gained prominence due to the availability 
of large data sets, especially in microeconomic appli-
cations (coulombe et el., 2020). De- spite the growing 
interest in ml, understanding the properties of ml proce-
dures when they are applied to predict macroeconomic 
outcomes remains a difficult challenge.

There are many techniques and methods to ana-
lyze and process this information. Machine learning lies 
at the intersection of mathematics and statistics, com-
puter science and big data. Simply put, machine learn-
ing is a way to put big data analysis into service. With 
the help of such technology, the computer can learn to 
identify certain patterns, to “meet”, with which it will 
perform certain actions - buying or selling stocks, seg-
menting potentially high-yielding customers, or identi-
fying faulty products on the conveyor belt.

Econometrics and machine learning share a 
common goal, namely the construction of a predictive 
model, for a variable of interest, using explanatory 
variables (or features). However, these two approaches 
have developed in parallel, creating two different cul-
tures. The first aims to build probabilistic models to de-
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scribe economic phenomena. The second uses algorithms 
that learn from their errors, for the purpose of predic-
tion or classification. Recently, learning models have 
proven to be more efficient than traditional economet-
ric techniques and are able to handle much larger data 
sets. In this context, it becomes necessary for econo-
metricians to understand what these two cultures are, 
what opposes them and especially what brings them 
together, in order to appropriate tools developed by the 
statistical learning community to integrate them into 
econometric models.

1. Related work

Cyclic booms and busts have been a feature of 
economic life and one of the major arguments against 
capitalism since the eighteenth century. (Ayres, R. 
2020). The cyclical nature of the Russian economy, its 
susceptibility to alternating booms and booms, is still 
poorly understood, although the recent crisis has gen-
erated a flurry of publications covering various aspects of 
the crisis in Russia. These publications, however, are 
largely journalistic in nature and do not yet allow to 
form a holistic idea of the nature of the crisis unfolding 
in the world economy, its driving forces and possible 
consequences, as well as the mechanism for overcoming 
the crisis and the degree of influence of these process-
es on the Russian economy.

The theoretical influence of economic cycles on 
time-varying risk premiums is then explained based on 
two key economic concepts: nominal GDP and adaptive 
expectations. (Raffinot, T. (2017) The economic cycle 
is thus a fundamental yet ambiguous concept, since 
it can refer to conceptually different global economy 
fluctuations.

On the functioning of the economy, many theo-
ries exist on the variables that need to be analyzed in 
order to keep a quick overview of economic trends. 
Ensemble machine learning algorithms, referred to as 
random forest (Breiman (2001)), are applied to quick-
ly and accurately detect economic turning points in the 
United States and in the euro area. Genetic program-
ming (GP) has been successfully used as a machine 
learning tool for automatic problem- solving in many 
areas such as image processing (Harding et al., 2013), 
but very seldom for macroeconomic modelling and 
forecasting (Alvarez-Diaz, 2019, Claveria et al., 2019, 
2020). This article uses an extended set of indicators 
for the forecast: GDP in constant 2010 US $, popula-
tion in absolute values are added to macroeconomic 
parameters, data are added not only on unemploy-
ment, but also on labor force, as well as manufacturing 
production. Exports and imports of goods are added to 
the indicators of the international economy, the analysis 

includes not only foreign direct investment, but also 
portfolio investment, current account balance. More 
financial indicators are used, related to the exchange 
rate, stock markets and cross-border transactions. This 
study does not consider factors that are stable over the 
analyzed period (such as the area of the country, forest 
areas), generalized indicators for the general situation 
in certain sectors of the economy, as well as evaluative 
indicators (such as the political and social atmosphere) 
unlike the study conducted by Chukiat et al, (2019) 
which uses qualitative information, quantitative trends 
and social movement activities. However, the Random 
Forest (RF) algorithm showed high accuracy in pre-
dicting GDP with an accuracy of 0.70 and a Kappa 
coefficient of 0.41 in the study by Chukiat et al.(2019) 
and in ours an accuracy of 0.78 and a Kappa coeffi-
cient of 0.49.

2. The methods of the research

The objective of this paper is to computation-
ally predict economic structural trends in Russia by 
applying machine learning. The data used consists of 
mixed observations such as qualitative survey details 
and time trend data series from 1990 to 2020, that are 
used to perform econometric estimation by artificial 
intelligent approaches. All variables are described and 
presented in Table 1. Technically, the collective vari-
ables used in this paper were collected from reliable 
sources that have managed to store information from 
the world trends for convenient access, for example, 
FRED (Federal Reserve Economic Data), Federal 
Budget of the Russian Federation, World Bank Data-
base, World Trade Organization, Bank of Russia, etc.

The modern economic theory is based on the idea 
that the cycle is primarily about output and employment 
fluctuations. The trend sets the level of potential output 
corresponding to the production capacity of the econo-
my at full employment. The growth in potential output 
is a consequence of the growth of production opportuni-
ties and is described by the models of economic growth. 
Growth is associated with the accumulation of factors 
of production (capital accumulation, growth in the la-
bor force, productivity growth). Growth rates depend 
on long-term trends; therefore, a significant change in 
potential output occurs only in the long run, while in 
the short run it is considered constant. Manufacturing 
capabilities affect aggregate supply.

The cyclical component describes short-term fluc-
tuations in the observed GDP around a trend. The econ-
omy grows faster or slower than the trend, de- pend-
ing on how intensively the resources available in it are 
used. With excessively intensive use, it grows faster than 
the trend, with insufficient intensive use it grows slower.
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In the following research we selected the following 
group of factors:

– National Currency
With an increase in the exchange rate, on the 

contrary, exports become unprofitable, which can lead 
to a reduction in export industries and national produc-
tion in general, and the volume of imports increases. 
The import of foreign investments is growing. The real 
amount of external debt, expressed in depreciated for-
eign currency, is decreasing. The devaluation of the 
ruble taking place today is an ambiguous process. In 
the short term, of course, this affects the population 
and its income. But, on the other hand, this creates 
more favorable conditions for Russian manufacturers, 
because their products are becoming more competitive in 
the domestic and international markets. Traditionally, 
it is believed that the weakening of the ruble is ben-
eficial to exporting companies. But the benefits from 
the weakening ruble for oil companies as exporters of 
raw materials does not outweigh their losses because of 
the growth of the corresponding tax burden tied to the 
national currency exchange rate.

– State finance
This group includes expenses, income, exter-

nal debt, account balance and military expenses, etc. 
Russia is characterized by a high level of state partic-
ipation in the economy. Large companies, with state 
participation dominate on the national market. Gov-
ernment funding and their effectiveness directly de-
termine economic growth and diversification. With a 
significant amount of public external debt, most of the 
federal budget funds are spent on reducing the deficit 
in the consolidated budget, therefore, there is a de-
crease in expenditures for the development and expan-
sion of production within the country, for social needs, 
as a result, everything affects the living standards of 
people. Thus, there is a slowdown in the countryʼs 
economic growth.

– Stock Market
This group includes share market, stock market 

indices, number of registered companies, etc. The 
stock index is the main indicator of the stock market, 
which is based on the prices of a group of securities, 
reflects the state and dynamics of the securities mar-
ket. Stock markets around the world are interconnect-
ed through communication channels, and information 
can spread to investors very quickly. The change in the 
index over time allows us to judge the general di- rec-
tion of price movement. Pessimism in the stock mar-
ket causes a decline in quotations, and optimism or a 
low level of pessimism in the market contributes to 
high trading volumes in the stock market and higher 
incomes. Pessimism and optimism equally affect the 
stock market in accordance with the theory of investor 

sentiment and the theory of timing for an IPO (market 
timing theory).

– Central Bank policy
Includes interest rate, Central Bank assets, etc. 

The interest rate is one of the most effective instru-
ments for national economy regulation. The rate re-
duction will stimulate the economy. Borrowing be-
comes cheaper, in the beginning for banks, then for 
corporations and then for consumers. The demand for 
goods and services is growing. However, the global 
economy develops in cycles. And at a certain stage of 
economic recovery, the market overheats. In order to 
avoid landslide falls, regulatory authorities are taking 
measures to smooth out cyclical fluctuations by slowing 
down of economic processes by raising the interest rate.

– Macroeconomic factors
This group includes GDP, Industrial production 

index, inflation, international trade, etc. Essentially, 
GDP reflects the health of an economy, which can di-
rectly affect investor sentiment. You should also use the 
values of real GDP, which considers the extent to which 
GDP growth is determined by real growth in produc-
tion, and not by price increases. The Industrial Produc-
tion Index is an indicator of business cycles that affect 
price fluctuations in the stock market. The growth of the 
industrial production index reflects the development of 
existing sectors of the economy, which may cause an 
increase in the number of IPOs, and, on the other hand, 
may indicate the development of knowledge-intensive 
industries, whose innovative companies enter the cap-
ital markets in search of investments for development. 
Thus, they contribute to the creation of a higher lev-
el of industrial production. As for structural growth, 
it has been insignificant in the past seven years due 
to the orientation of the economy towards the export 
of raw materials while the share of innovative sectors 
has decreased. Due to the rigidity of prices, the gen-
eral equilibrium in the economy in a short period is 
ensured by changes in quantity. When demand rises, 
firms increase production and hire additional workers, 
and when demand falls, they reduce production and lay 
off workers. Therefore, the observed GDP is greater or 
less than the potential GDP, respectively. In response 
to high inflation, it becomes unprofitable to make sav-
ings, open deposits, so bank clients withdraw money 
from their accounts. Russia is a major participant in 
the system of international trade relations. The de-
velopment of international trade in the XX century. 
turned it into a decisive factor in economic growth for 
most countries in the world.

– Population
Rapid aging of the population is forcing the 

world to rethink fiscal, social and migration poli-
cies. This question is especially relevant for Russia, 
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where, due to the “demographic trap” of the 1990s, 
the birth rate is declining faster than in developed 
countries. In Russia, the echoes of the Second World 
War remain in the demographic pyramid. As well as 
the consequences of the demographic slump of the 
90s. Labor force affects labor productivity and the 
scale of production. As long as the labor market can 
absorb labor, labor productivity will rise. This creates 
the so-called “demographic dividend” of economic 

growth, which contributes to an increase in savings, 
savings and investment.

– Investments
The stock market indicatorsʼ outstripping econom-

ic fluctuations is explained by the desire of investors to 
predict the direction of economic development in order to 
sell assets at their peak or buy them at the lowest price. 
That is why the cyclical development of the stock mar-
ket is ahead of the development of the economic cycle.

Table 1
The different variables and their sources

Variables
Range  

of time series
Sources

Real Effective exchange rate 1990-2008 Federal Reserve Economic Data

Government Expenditures 1990-2008 Federal Budget of the Russian Federation

Government Revenues 1990-2008 Federal Budget of the Russian Federation

Public debt (% per GDP) 1990-2008 Trading Economics

Military expenditures 1990-2008 Trading Economics

External debts stocks total (DOD US $) Russian Federation 1990-2008 The World Bank

Use of IMF credit (DOD current US$) Russian Federation 1990-2008 The World Bank

Stock Market Capitalization to GDP for Russian Federation 1990-2008 Federal Reserve Economic Data

Long-Term Government Bond Yields: 10-year: Main for the 
Russian Federation

1990-2008 Federal Reserve Economic Data

3-Month or 90-day Rates and Yields: Inter-bank Rates for 
the Russian Federation

1990-2008 Federal Reserve Economic Data

Interest Rates. Government Securities. Treasury Bills for 
Russian Federation

1990-2008 Federal Reserve Economic Data

Central Bank Assets to GDP for Russian Federation 1990-2008 Federal Reserve Economic Data

Total Share Prices for All Shares for the Russian Federa-
tion

1990-2008 Federal Reserve Economic Data

National Currency to US Dollar Exchange Rate: Average of 
Daily Rates for the Russian Federation

1990-2008 Federal Reserve Economic Data

Stock Market Total Value Traded to GDP for Russian Fed-
eration

1990-2008 Federal Reserve Economic Data

Number of Listed Companies for RF, Number of Listed 
Companies per Million People, Annual, Not Seasonally 
Adjusted

1990-2008 Federal Reserve Economic Data

Total Share Prices for All Shares for the Russian Federa-
tion, Index 2015=100, Annual, Not Seasonally Adjusted

1990-2008 Federal Reserve Economic Data

External debt stocks, long-term (DOD, current US$) 1990-2008 Federal Reserve Economic Data

GDP (constant 2010 US$) 1990-2008 The World Bank

GDP Growth annual %. 1990-2008 The World Bank

Inflation, %, consumer prices (annual %) 1990-2008 The World Bank

Population 1990-2008 United Nations

Population (growth rate) 1990-2008 Federal State Statistics Service

Labour force, total 1990-2008 The World Bank

Unemployment 1990-2008 The World Bank

Industrial value added. Industry, value added (% of GDP) 1990-2008 The World Bank

Agricultural value added. Agriculture, forestry, and fishing, 
value added

1990-2008 The World Bank

Total Manufacturing Production for the Russian Federation 1990-2008 The World Bank

Total merchandise exports (Russia), annual 1990-2008 World Trade Organization

Total merchandise imports (Russia), annual 1990-2008 World Trade Organization

Commercial services exports (Russia), 1990-2008 World Trade Organization

Commercial services imports (Russia), (Million US dollar) 1990-2008 World Trade Organization

Foreign direct investment, net inflows 1990-2008 The World Bank

Portfolio Investment, net (BoP, current US$) 1990-2008 The World Bank

Current account balance (BoP, current US$) 1990-2008 The World Bank
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3. Forecasting methods and tools

3.1. Optimization of hyper-parameters
Before discussing the forecasting models, it is import-

ant to detail how the hyper- parameters are selected. Let us 
take the example of the auto-regressive model AR

yth = ρ(L)Yt + et                       (1)

where the order ρ(L) is the only hyper-parameter. To 
fix ρ(L), the standard approach is the selection criteri-
on. The Bayesian Information Criterion (BIC) is used 
in this case:  

                  (2)

Where scrpj is the sum of squares of the residuals 
and where pj denotes the choice of auto-regressive or-
der. Since the first term is decreasing in pj , the second 
term allows the BIC to regularize the over-fitting by 
penalizing with the number of parameters to be esti-
mated.

Another way of optimizing parameters that is 
especially popular in machine learning is cross-val-
idation (CV). Like BIC, CV also selects the optimal 
order p, but regularizes using out-of-sample prediction 
performance, whereas BIC selection is based solely 
on in-sample performance. The popularity of CV is 
also due to its simplicity, since it can be practiced 
even when the information criterion is not available. 
There are several approaches to CV, but the most 
popular is based on random resampling (K -fold) 
in the training period. Assume that the number of 
folds (fold) is fixed at five (another second-order 
hyper-parameter). This is equivalent to dividing the 

sample period into five equally sized sub-samples. 
Then, four sub-samples are used in turn to estimate 
model j of the previously presented grid (forming 
the training set in ML language), and one sub-sam-
ple is used to evaluate the out-of-sample perfor-
mance with, usually, the mean square error (MSE) 
as metric. The element j of the grid producing the 
minimum MSE will be the optimal order estimate. 
In this paper we used cross-validation.

3.2. The proposed forecasting models
In this section of the article different models of 

the learning machine are used. These models are: Ran-
dom Drills (RF), K-Nearest neighbors (KNN), Sup-
port Vector Machine (SVM).
•  Random Forests (RF)

A random forest is machine learning algorithm 
that is made up of multiple decision trees to predict 
a result, and this collection of trees is often called 
an ensemble. Itʼs powerful tool that is used in many 
industries to help companies make better decisions, 
reduce risk and maximize success. Itʼs a very pop-
ular machine learning algorithm that can be used for 
classification and regression. The first model using a 
non-linear approximation is the random forest model 
(de Breiman, 2001).

A random forest consists of many decision trees, 
and every tree is built using a four-step process.
Step 1.  Create a ʻRandomʼ Dataset : Bootstrapping
Step 2.  Select ʻRandomʼ Attributes
Step 3.  Select best attribute to split Step 4. Split the 
attribute
Step 2-4 are repeated until a tree is fully constructed.

Total reserves (includes gold, current US$) 1990-2008 The World Bank

Official exchange rate 1990-2008 The World Bank

External debt stocks 1990-2008 The World Bank

Net international investment position 1990-2008 The World Bank

Cross-border transactions of individuals,Transfers from 
Russia, million USD

1990-2008 Bank Of Russia

Cross-border transactions of individuals,Receipts into Rus-
sia, mln USD

1990-2008 Bank Of Russia

Transfers from Russia made through money transfer sys-
tems, mln USD

1990-2008 Bank Of Russia

Transfers to Russia made through money transfer sys-
tems, mln USD

1990-2008 Bank Of Russia

Volume of money transfers, RUB billion (for the period) 1990-2008 Bank Of Russia

Transaction volume, RUB billion 1990-2008 Bank Of Russia

Volume of payments by credit institutions,  
RUB billion

1990-2008 Bank Of Russia
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Technically, the Random Forest algorithm is of-
ten shown as follows:
For b = 1 to B
1. � Create a bootstrap sample, with replacement, B 

training examples from x, y. Label these xb, yb
2.  Train the tree, fb on xb, yb
3. � Average the predictions or take the majority vote to 

arrive a final prediction.
ʻbʼ represents a single tree
ʻBʼ represents the entire forest

Like decision tree, each tree in random forest is 
no different, except that is built from a 100 % unique 
training dataset.

This is accomplished by selecting random exam-
ples from the original training dataset and recreating 
the dataset for each tree. Technically, this is called 
bootstrapping, which is a statistical technique that 
makes use of sampling. A major benefit of random 
sampling is that every piece of training data is likely 
to be included, or represented, in at least one tree in 
the forest.

After a random forest has created a new dataset, 
it randomly selects at- tributes to split. To do this, al-
gorithm does two things:

First, it restricts how many attributes it will use 
for any given branch. To do this, it uses the square root 
of the number of attributes as the maximum of attri-
butes it will consider.

Second, it randomly selects the number of attri-
butes.

Next, the algorithm selects the best attribute to 
split. To do this, it makes use of entropy and informa-
tion gain to determine the ʻpurityʼ of each split. The 
split with the greatest level of purity is selected.

To make a prediction, there are two ways that a 
random forest predicts: majority vote or mean.    

Predicting with a majority vote - One option 
for making a prediction is to simply take a majority 
vote, which means that the class that is predicted 
most often within the forest is selected as the algo-
rithm’s final prediction. This approach works very 
well for categorical classes, such as ʻYesʼ and ʻNoʼ 
or ʻDogʼ and ʻCatʼ

Predicting with the mean - Second option for 
predicting is to use the mean, or average, of the result 
of all the trees in the forest. This is calculated by using 
the following formula:

                          (3)

ŷ: is the  final prediction for the random forest.
yb: represents a single tree.
T: represents the total number of trees in the random 
forest.
x′: represents the prediction of each class for a single tree

Fig. 1. Decision tree with depth of 4.

•  K-Nearest neighbors (KNN)
The K-Nearest Neighbors (KNN) classifier is 

one of the most widely used classification algorithms 
in machine learning that belongs to the supervised 
learning category. This algorithm can be used in re-
gression problems. It records all valid attributes and 
classifies new attributes based on their similarity di-
mension. KNN is a statistical recognition model method 
for detecting different classes in a model. A tree data 
structure is used to determine the distance between the 
point of interest and the points in the training data set.

The attribute is classified by its neighbors. In 
the classification method, the value of k is always a 
positive integer closest to the neighbor. The nearest 
neighbors are selected from a set of classes or property 
values of the object.

Fig. 2. Assignment of observations to clusters of 
classes w1, w2 and w3

•  Support Vector Machine (SVM)
The support vector machine algorithm is used to 

solve classification problems and regression [3]. This 
algorithm is a relatively new approach and has shown 
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good performance in recent years. The support vector 
machine algorithm is based on linear classifiers and in 
line-separated data, this algorithm isolates objects into 
specified classes [4]. It can also identify and classify 
instances that are not supported by the data. The only 
extension of this algorithm is to perform a regression 
analysis to obtain a linear function, and another exten-
sion teaches how to classify items to obtain a classifica-
tion of individual items.

3.3. Model validation
As in econometrics, it is difficult to give better 

results in machine learning. For the validation of the 
model in this article we will use Cohenʼs Kappa co-
efficient (k). [5] Cohenʼs Kappa coefficient is a sta-
tistical tool that measures the agreement between two 
raters, determining to which category a finite number of 
items belong, and represents the degree of accuracy and 
reliability in a statistical classification. The value of 
Kappa can be negative, i.e., less than 0. A score of k=0 
means that there is random agreement between the rat-
ers, while a score of k=1 means that there is complete 
agreement between the raters. Therefore, a score of k 
less than 0 means that there is less agreement than ran-
dom. Cohenʼs co-efficient Kappa remains calculated 
by this formula:

                                (4)

Where p0 is the observed relative agreement 
between raters, which identifies accuracy, and is the 
hypothetical probability of strong agreement. The ob-
served data are used to calculate the probabilities of 
each randomly observable view in each category [5].  
For categories k, a number of elements n and is the num-
ber of time evaluators nki is the number of time evalua-
tors i predicted category k,

                      (5)

4. Empirical results 

4.1. Descriptive information
The figure below shows Russiaʼs economic 

trends through its annual collective GDP from 1990 
to 2008 between actual and forecast. The ranking of 

the reality trends clearly shows that the Russian econo-
my fluctuates considerably. This fluctuation makes pre-
diction more difficult, as traditional econometric tools 
cannot provide the best model, so Newtonʼs method was 
used to extend the explanatory power of the data. The 
empirical results show that the peak period is defined 
at the level, which is above the optimal value (5%). 
The graph below shows the Russian GDP from 1990 
to 2008 between actual and forecast values.

4.2. The results of the machine learning 
algorithm
This step is the comparison of different machine 

learning models. For this com- parison we used cross 
test validation. Three machine learning algorithms 
were used namely K-NN, Random Forest and SVM. 
The data set will be divided into two parts. 75% of the 
data is used to train the models, and 25% of the data is 
used to perform tests.

The results are presented in Table2. In this calcu-
lation Random Forest (rf) is the best model and con-
tains the highest parametric values when selecting by 
accuracy values and Kappa coefficient, which are 0.78 
and 0.49 respectively.

The Random Forest algorithm has the highest 
score among the machine learning algorithms used for 
the prediction of macroeconomic variables in Russia. 
Moreover, the mean absolute error (MAE) of this al-
gorithm is 0.012595 and the root mean square error 
(RMSE) is 0.017032.

Predictions show the following peaks – 1998 
and 2008. We can give a proper economic interpreta-
tion. The recovery of the economy after reforms began 
in 1996-1997. Price liberalization, capital movements 
and large-scale privatization of enterprises at underval-
ued prices led the economy to default in 1998- a deep 
economic recession, the depreciation of the ruble, and a 
drop in income. The devaluation and freed-up capacity 
gave the economy a boost, growing 6.4% in 1999 and 
10% in 2000. From 1999 to 2008, the Russian economy 
showed GDP growth at an average of 7% per year. By 
2008, Russiaʼs GDP had almost doubled, the poverty rate 
had halved, foreign direct investment had risen from $14.3 
billion in 2001 to $121.1 billion in 2007. As a result, 
Russia continued to attract the attention of investors.

Table 2
Summary table of results

Models Hyper-parameters Accuracy Kappa’s Coefficient

Random Forest (rf)

Max-depth = 3
N-estimators = 100

Criterion = gini
Max-features = 0.0693

0.7810 0.4999

SVM (svm)
C = 246.4819

Gamma = scale
Class-weight = balanced

0.7190 0.5

KNN (knn) N-neighbors = 14, p = 3 0.5571 0.125
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Conclusion
We use several economic variables in order to make 

a prediction. Machine learning systems can handle a 
huge number of informative details in databases, in-
cluding qualitative data, quantitative factors and even 
time series trends. In this paper, 30 time series vari-
ables concerning the economic structures of Russia 
from 1990 to 2008 were included to predict the rea-
sonable future trend. due to relative economic stabil-
ity, to exclude external influence on the results. The 
obtained results show that the Random Forest is the 
best selected model. As a conclusion, we can say that 
machine learning is the appropriate solution for mon-
ey-econometric research in Russia. In an unfavorable 
institutional environment, even low inflation can have a 
negative impact on economic growth, allowing more to 
save rather than spend. Let us also pay attention to the 
traditionally ignoring the business cycle nature of Rus-
sian monetary and budgetary policy, which in modern 
conditions is actually becoming pro-cyclical. 

Fig. 3. Russian economic forecasts from 1998 to 
2008.

The dependence of the Russian economy on ex-
ternal demand for raw materials and on world trends 
formed by world economic and political centers is one 
of the reasons for the absence in Russia of the need for 
autonomous forecasts of cyclical fluctuations. Imple-
menting the ML techniques, we were able to increase 
the accuracy of our results. With advanced artificial 
calculations, the empirical result is very precise to real 
situations. We believe that the bunch of ML techniques 
will ensure and support further research in this field.
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Introduction

The future of people and their future living stan-
dards are closely related to the education they receive. 
A higher education level is essential for achieving 
higher living standards. The education system should 
provide equal opportunities for equal success for ev-
eryone, regardless of individual and socio-cultural 
characteristics, socio-economic status, health status, 
pandemics and other factors. Failure to achieve educa-
tional goals will negatively affect a person throughout 
his life. Therefore, it is necessary to take a compre-
hensive approach to the problem of inequality in ed-
ucation. The COVID-19 pandemic is fundamentally 
changed the society, often exacerbating social and 
economic inequalities [2]. It is necessary to devel-
op quantitative models based on modern methods of 

mathematical statistics in combination with BigData 
methods [12] to quantify the impact of the COVID-19 
pandemic on educational systems.

Empirical quantitative analysis in education, psy-
chology, and the social sciences is typically based on 
linear statistical models such as least squares regression 
(OLS), analysis of variance or covariance, or weight-
ed linear models (e.g., at multiple levels) to calculate 
either mean scores of associations between dependent 
and independent variable or group differences in the 
dependent variable that controls the other independent 
variables included to the model. The regression coeffi-
cients obtained with such linear modeling approaches 
are averages, usually corrected for estimates of the ef-
fects of covariates present in the model, especially when 
analyzing observational or quasi-experimental data. In 
OLS regression-based modeling approaches, the regres-
sion coefficients show the “influence” of the indepen-
dent variable x on the mean of the dependent variable y, 
taking into account the influence of the remaining inde-
pendent variables [7,11].
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Quantile regression was introduced nearly 30 
years ago as an extension of the typical regression 
model (OLS) and addresses the shortcomings of the 
typical regression model by allowing to conditionally 
estimate different points (called quantiles) in a score 
distribution [10]. This method has become a compre-
hensive approach in linear and non-linear response 
models for conditional quantile functions. The quan-
tile regression method, based on minimizing the re-
sidual of the “testing function”, allows to evaluate 
all conditional quantile functions, just as the classical 
linear regression methods, based on least squares esti-
mation, offer a mechanism for estimating conditional 
means of functions. In this sense, the regression me-
dian is a special case of the quantile regression mod-
el because the median is the 0.50 quantile (or 50th 
percentile). Thus, the quantile regression method is 
gradually becoming a unified statistical methodology 
and is widely used in education, economics, biology, 
ecology, finance, econometrics, statistics and applied 
mathematics [18]. 

In addition to assessing the impact of variables 
on different parts of distribution, quantile regression 
method has a number of other advantages over OLS. 
Firstly, it gives less weight to outliers of dependent 
variable compared to OLS. Secondly, it is a more re-
liable method because it allows to distinguish margin-
al effects of independent variables in quantiles of the 
dependent variable. Thirdly, when the errors are not 
normal, quantile regression estimates can be more effi-
cient than OLS estimates. Finally, the semi-parametric 
nature of the approach weakens the restrictions on the 
constancy of parameters throughout the distribution of 
the dependent variable [6,7].

In this study, we used quantile regression method 
to study the impact of COVID-19 pandemic on school 
student’s achievements by using a large data set cov-
ering data from all schools of Tatarstan Republic [19]. 
The data includes student’s marks for main subjects 
for grades from 1 to 11, as well as the results of home-
work, tests, laboratory work, practical works, essays, 
tests, answers during the lesson, essays, presentations, 
dictations, etc. The whole database (records from 2015 
till 2021) contains more than two billion information 
units, including information on the progress of more 
than a million students and the professional activities 
of more than 120,000 teachers. 

The main purpose of this paper is to expand the 
quantile regression methodology by using BigData 
methods for using in educational analytics field. We’ve 
used quantile regression methodology to build a mod-
els of academic performance dependence for the entire 
academic year on many different factors: on grades for 
the last academic year and previous mouth, and on 

various teacher characteristics. This work is aimed to 
assess the quantitative factors of influence (regression 
parameters), caused by introduction of distance learn-
ing on the school student’s academic performance. To 
solve this problem, we evaluated quantile regressions 
in the 10th, 25th, 50th, 75th, and 90th quantiles. The 
distance learning format caused by the COVID-19 ep-
idemic was carried out in schools of the Republic of 
Tatarstan in April and May of the 2019-2020 academic 
year, therefore we studied this period in detail. In the 
2020-2021 academic year, the schools of the Republic 
Tatarstan no longer switched to the distance learning 
and studied full-time as usual. 

1. Review of Literature

Recently, a huge amount of various data has been 
accumulated in various in-formational systems and 
such databases exists in educational systems too. The 
analysis of such a large amount of data in the field of 
education analytics has becoming widespread in order 
to improve the educational and methodological pro-
cess [13]. For example, in [17] authors use machine 
learning to perform an analysis of a large amount of 
student’s data, including their academic performance, 
in order to identify those who are at risk of being ex-
pelled before the end of grade 9. Special emphasis is 
placed on the use of modern data analysis technolo-
gies: classification methods based on trees and support 
vector machines, thanks to which the forecast efficien-
cy exceeds 90% [17].

Quantile regression is widely used in statistical 
analysis of educational data. This method is used to 
investigate the dependence of student’s academic 
achievement in mathematics on factors like family 
background [18]. The analysis was based on a large 
sample of data from 2000-2002 years. As a result of 
the analysis, the authors determine the factors that sig-
nificantly affect certain quantiles of the distribution of 
student grades, which makes possible to determine the 
impact of various indicators on their academic per-
formance [18]. Quantile regression is an appropriate 
method for evaluating effects in different quantiles, 
including points in the upper and lower tails of the 
achievement distribution [14]. Therefore, quantile 
scores for multiple predictors can be obtained sepa-
rately in the upper tail of the distribution at the 75th, 
80th, 90th, or 95th percentiles [11].

A distinctive feature of quantile regression in the 
educational field is that it can be used to assess the de-
gree of difference in the influence of factors on weak 
and strong students [20]. In work [1], by using quantile 
regression, the analyzed influence of grades received 
by students in the final year of the school on their per-
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formance in the university. As a result of the analysis of 
a large amount of data, the authors concluded that the 
average grade for the first half of the graduating class 
of the school and the grade in the certificate on aca-
demic performance at the university has a significant 
impact. Moreover, for students in the highest quantiles 
(based on the weighted average score for university 
courses), this effect is stronger than for students with 
poor performance. The authors also compare the re-
sults obtained with the results of a linear regression 
model and concluded that quantile regression allows 
to consider some important aspects of the relationship 
under study in more detail [1].

Also, quantile regression can be used to assess 
the influence of students on each other. The work [15] 
reports the effect of peers on PISA scores by analyzing 
a large sample of statistical data. The average score 
of peers in the class and the heterogeneity of their 
grades is used as independent variables of the regres-
sion model, and as the dependent variable is the result 
of the PISA exam. The authors conclude that for un-
derperforming students these factors have a greater in-
fluence, than for students in the highest quantiles (for 
whom the effect is absent or becomes negative), which 
suggests that diversity is needed to achieve higher av-
erage results.

In addition, the work [4] used the method of 
quantile regression to analyze da-ta from large-scale 
studies of educational data of Italian schools conduct-
ed by the INVALSI institute. The regression model in-
vestigated the dependence of academic performance 
in mathematics and reading on various characteristics 
of both the students themselves and on geographical 
factors. As a result, in this work authors established 
characteristics that significantly affect student perfor-
mance: gender, immigrant status and the distribution 
of performance across all regions of Italy. The authors 
also concluded that quantile regression is a powerful 
tool for building a model for multivariate statistical 
analysis of a large amount of data [4].

Quantile regression is also used to analyze Big 
Data, because big volumes of datasets make the es-
timation of regression parameters extremely difficult 
due to the vigorous computation and the limited stor-
age space. The solution of this problem is described in 
paper [3]. Authors propose an approach, which sim-
ply saves the compact statistics of each data block and 
uses them to obtain an estimate of all the data with 
an asymptotically small approximation error, instead 
of processing all the data together. Another solution is 
proposed in work [21]. Authors use subsampling al-
gorithm for the following use of composite quantile 
regression — an improved quantile regression meth-
od. Data is split into subsamples, and then the optimal 

subsampling is used for computing the resulting esti-
mators. To deal with high-dimensional data in work [8] 
authors developed a new approach by using distribut-
ed computing. In this case, only the master machine 
computes penalized quantile regression estimations, 
while the other machines only compute subgradient of 
the local data. The efficiency of the proposed meth-od 
was confirmed on both the numerical simulation and 
prerecorded Big Data analysis [8].

2. Methods

2.1. Quantile regression
Quantile regression [10] can be considered as an 

extension of the least squares method for estimating 
conditional mean models to estimate an ensemble of 
models for multiple conditional quantile functions, 
by taking into account the effect of a set of covari-
ates on the response variable [4] While the classical 
linear regression model detects the change in the con-
ditional mean of the dependent variable associated 
with the change in covariates, the quantile regression 
model detects changes in the conditional quantiles. 
There-fore, since multiple quantiles can be modeled, 
a better understanding of how response distributions 
are affected by predictors can be gained by gaining in-
formation about changes in location, distribution, and 
shape. By analogy with the classical linear regression 
structure, the linear regression model for the θ-th con-
ditional quantile yi can be expressed as

( )|i i

T
y ixQ xθ θβ=                         (1)

where y – is a scalar dependent variable, t
ix  - vector 

of k × 1 independent variables, β – coefficients vec-
tor, θ – the conditional quantile of interest, and it is 
assumed that

, ,( | ) 0i iQ u xθ θ θ =                       (2)

,iu θ – residual term of the regression model in θ-th 
quantile.

From Equation 1, it turns out that in comparison 
to classical linear regression methods based on mini-
mizing sums of squared residuals, quantile regression 
methods are based on minimizing asymmetrically 
weighted absolute residuals:

min | | (1 ) | |T T
i i i i

T T
i i i iy x y x

y x y x
β ββ
θ β θ β

≥ <
∑ − +∑ − −  (3)

Substituting θ=3, equation (3) gives the medi-
an solution, and by using any θ from 0 to 1 allows to 
study the structure of the dependence anywhere in the 
conditional distribution of the response variable [4].

The estimation of the coefficients for each quan-
tile regression is based on the weighted data of the en-
tire sample [7].
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The  coefficient in linear quantile regression 
models has the same interpretation as in other linear 
models, i.e.

( | )ˆ idQ y x
dx

θ
θβ =                      (4)

means that each coefficient θ̂β  can be interpreted as 
the rate of change of the θ-th quantile of the distribu-
tion of the dependent variable per unit change in the 
value of the corresponding regressor, keeping the rest 
unchanged.

However, important differences between least 
squares regression and quantile regression models re-
lates to monotonic equivariance and robustness to dis-
tribution assumptions in conditional quantiles compared 
to these properties in the conditional mean setting [4].

2.2. Dask-based HPC computational frame-
work
For efficient process of a large amount of unstruc-

tured data we have to use Big Data methods, based on 
the power of computing clusters. In this work we used 
computational cluster containing 4 virtual machines 
(each VM has 1TB HDD, 32 GB RAM, 16 CPU cores), 
with parallel computing framework Dask installed. 
Dask is a flexible parallel big data processing library, 
designed to provide scalability and to extend the capa-
bilities of existing Python packages and libraries [16]. 
The computational framework is based on Dask frame-
work, because it very suitable for processing large data-
sets and Dask is able to perform computations with data 
volumes that are larger than the available memory of 
single computer [9, 5]. Dask has a dynamic task sched-
uler optimized for cluster based HPC computation, and 

“Big Data” collections like parallel lists, dataframes 
and arrays, and extend common interfaces like NumPy, 
Pandas, or Python iterators running on top of dynamic 
task schedulers [16].

We obtained anonymized datasets, describing dif-
ferent entities (grades, les-son topics, timetable, infor-
mation about teachers and students) as separate csv of 
xml files. The total size of raw data files is more than 120 
GB. At the initial pre-processing stage, the raw data-
sets (csv of xml files) were loaded into data structures 
called Dask DataFrames. We used Dask’s DataFrame.
merge() method to merge by some key the data frames 
obtained by loading different data files, be-cause the 
raw data has been scattered in different files. Grouped, 
reduced and aggregated DataFrames obtained from raw 
datasets subsequently were processed by using quar-
tile regression methods in parallel mode (for different 
grades, sub-jects, etc). The analysis was carried out by 
using the quantile regression method implemented in 
the statsmodels.formula.api library.

As an example, here we briefly present Python 
scripts and a diagram describing the process of Dask 
framework based parallel calculation of quantile regres-
sion coefficients for one case (quantile regression coeffi-
cients calculation for specific grade and subject) (Fig. 1).

Data processing in parallel mode is started by 
calling student’s mean marks containing dataframe’s 
apply method, and by specifying the corresponding 
method name (ProcSubjects), which must be executed 
in parallel mode as a parameter of dataframe’s apply 
method. To perform parallel processing for distinct 
grades, the following call to the apply method Process-
Grade is used. The example of one kind of pipeline 

Algoritm1 

Algorithm2 

Fig. 1. Examples of Python scripts for Algorithm1 and Algorithm2
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(Algorithm1) on Dask-based distributed data process-
ing frame-work is shown schematically in Fig. 2.

The calculation process started in Dask cluster 
effectively executed in parallel mode (Fig. 2). The re-
sults presented in these graphs show the acceleration 
of the computing process when using a computing 
cluster in comparison with system based only 1 VM. 
For evaluation of the computational efficiency compu-

tations performed by cluster, we conducted a compar-
ative analysis of the speed of performing calculations 
for Algorithm1 and Algorithm2, using only one node 
(1 VM) and full computational cluster (4 VMs). We 
also analyzed the influence of the npartitions parame-
ter, which sets the number of data partitions into which 
Dask splits the initial dataframe at the beginning of 
processing (Fig. 3). By using a parallel algorithm 

Fig. 2. Dask distributed based computational algorithm architecture for Algorithm 1

Fig. 3. Comparative analysis of computation time for Algorithm1 and Algoritm2 on a computing cluster con-
sisting of 4 virtual machines and one virtual machine
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based on the Dask cluster (with 4 VMs) speeds up the 
calculation process by almost 3 times (from 786 sec-
onds to 280 seconds for Algorithm 2). The value of the 
npartitions parameter greatly influences the speed of 
calculations, with an increase this parameter value de-
creases the calculation time if the full cluster (4 VM) 
is used. Increasing this parameter value in the compu-
tational system containing only using 1 VM leads to 
an increase in the calculation time.  The graphs also 
show that the use of Algorithm2 gives slightly higher 
performance compared to Algorithm1.

3. Results

The analysis of the data was carried out in sever-
al stages, divided according to the objects of the dis-
tinct study, and mostly performed in parallel mode by 

using Dask framework. Basically, we have maximally 
carefully analyzed 25% and 75% quantiles. The most 
significant results are presented in Fig. 4-7. The central 
line shows the values of the regression coefficients, 
dotted lines show 95 % confidence intervals for the 
regression coefficient’s distribution.

At the first stage, we studied the dependence of 
school student’s marks on the characteristics of teach-
ers: age, qualification category, and gender for differ-
ent subjects (Fig. 4). For comparison, we also provid-
ed the values of the quantile regression coefficients 
for the 2018-2019 academic year (full academic year 
without distance learning) Basically, before the of the 
distance learning begin in April month, the distribu-
tion of the quantile regression coefficient is the same 
as for all previous months, which indicates a similar 
distribution of marks for all students in these months. 

Fig. 4. Distribution of quantile regression coefficient describing the influence of the teacher’s characteristics 
on student’s grades for 2018-2019 and 2019-2020 academic years: (a) regressor variable - teacher age, 25% 
quantile, grades 5-8, subject Biology; (b) regressor variable - teacher age 25% quantile, grades 5-8, subject 
Russian language; (c) regressor variable - teacher category 75% quantile, grades 1-4, subject Mathematics; 

(d) regressor variable – teacher’s gender, 75% quantile, grades 9-11, subject Russian language
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Significant differences in quantile regression coef-
ficient appears in April and May months for some 
subjects, and quantiles. In the case of a teacher’s age 
as a regressor variable, differences appear in biolo-
gy (Fig. 4(a)) and foreign language for 25% quan-
tile (grades 5–8, not shown), i.e., for low-achieving 
students. But in other groups considered or in other 
subjects, there is no statistically significant differ-
ences (for example see Fig. 4(b)). By using quali-
fication category as a regressor variable significant 
differences appeared in one of the main subjects: 
mathematics (Fig. 4(c)), geometry and algebra for 
all age groups and quantiles of 25% and 75%, this is 
especially noticeable for the April month. By using 
teacher’s age as a regressor variable we discovered, 
that the distribution of the regression coefficient did 
not change significantly during distance education 
(for example see Fig. 4(d)).

We also noticed, that the values of the regression 
coefficients in the models for 2018-2019 academic 
year, describing the dependence of school student’s 
marks on the characteristics of teachers, are usually 
higher than in the such models for the 2019-2020 aca-
demic year. This fact indicates that after the introduc-
tion of distance learning, the teacher’s features began 
to play a smaller role in the distribution of regression 
coefficients for all students.

At the next stage, the dependence of marks for all 
subjects for the 2019–2020 and 2020–2021 academ-
ic years on marks for the previous academic year was 
studied (student mean marks for the previous academ-
ic year were taken as a regressor variable). In Figure 
5 we present of the regression coefficients values for 
individual months, and for different subjects. It can 
be seen that immediately after beginning of the dis-
tance education (April-May 2020), the dependence of 

Fig. 5. The quantile regression coefficients, describing the dependence of marks on the previous academic 
year marks, for all subjects for the 2019–2020 and 2020–2021: (a) 75% quantiles, grades 1-4, subject Math-
ematics; (b) 75% quantile, grades 5-8, subject Algebra; (c) 75% quantile, grades 9-11, subject Russian lan-

guage; (d) 25% quantile, grades 1-4, subject Russian language
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grades on the grades of the previous year decreased 
significantly (the drop was up to 0.4, see Fig. 5(a)), 
which can be explained by the period of adaptation to 
the new format of education. Maximal drop of regres-
sion coefficient values is observed for 75% quantile 
(Fig. 5(a, b, c)), whereas for 25% quantile the lower 
values of this is drop observed (Fig. 5(d)). This feature 
is observed for all subjects and for different age groups 
of students. For the 2020-2021 academic year, there is 
no such sharp decline, what indicates the normaliza-
tion of the educational process for this time.

А similar analysis of quantile regression coef-
ficients conducted also for different types of assess-
ment without division to subjects (Fig. 6). Here we 
observed a sharp decrease in the quantile regression 
coefficient for students of all age groups for “class-
work” and “homework”, 75% quantile (Fig. 3(a, c)) 
in April and in May of 2019-2020 academic year. At 
the same time, the regression coefficients for “control 
work” remained practically unchanged (Fig. 3(b)). 
Also, the regression coefficients for lover quantiles 

does not changes significantly (Fig. 3(d)). But just a 
year after the introduction of distance learning, the 
regression coefficient did not decrease, and in some 
cases even increased significantly (the increase was up 
to 0.35, see Fig. 3(d)).

At the final stage of the study, we analyzed the 
coefficients of quantile regression model describing 
the dependence of marks in the month of distance ed-
ucation start (April) on marks in the previous month 
(February). The detailed analysis was performed for 
distinct subjects and distinct types of assessment (the 
most characteristic results are shown in Figure 7). Ac-
cording these data, we concluded that during distance 
education for students from the 10%, 25% and 50% 
quantiles, nothing has changed in terms of academic 
subjects and types of assessment. However, for stu-
dents in 75% and 90% quantiles, the transition to dis-
tant education has a critical impact, due to which the 
dependence of grades during distance education on 
grades for the pre-distance period decreased signifi-
cantly (see, Fig. 7).

Fig. 6. The quantile regression coefficients for different types of assessment for 2019-2020 and 2020-2021 
academic years: (a) 75% quantile, grades 1-4, type of assessment «class work»; (b) 75% quantile, grades 5-8, 

type of assessment «control work»; (c) 75% quantile, grades 5-8, type of assessment «homework»; (d) 25% 
quantile, grades 9-11, type of assessment «homework»
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Conclusions
In this paper, we analyzed school student’s 

academic performance in the peri-od before and 
during distance learning caused by COVID-19. The 
analysis per-formed on the basis of data obtained 
from “Electronic education in the Republic of Ta-
tarstan” system. The analysis and interpretation 
of distance education effect is performed by using 
quantile regression approach. The Big Data pro-
cessing framework Dask is used as a basis of data 
processing systems computational architecture. We 
developed high-performance cluster-based data 
processing pro-gram scripts for efficient quantile 
regression coefficients calculation in parallel mode, 
and performed analysis of the proposed algorithm’s 
computational speed.

 In the course of the study, we established that 
after transition to a distance learning, the first two 
months (April and May of 2019-2020 academic year) 
showed the greatest differences in the parameter val-
ues of quantile regression model, what indicate a pe-
riod of adaptation to the new learning model. Statis-
tically significant differences are existing both in the 
dependence of marks on the teacher’s features, and 
for regression model coefficients for different years 
of study. Also, the parameters of quantile regression 
models significantly differ for different quantiles. 
Thus, it was possible to establish that during transi-
tional moment (the period from February to April), the 
quantile regression coefficients for the group of stu-
dents with high academic performance dropped sharp-
ly. This means that the dependence of April grades on 

Fig. 7. Distribution of the 2018-2019 and 2019-2020 quantile regression coefficients de-scribing the depen-
dence of April marks on the corresponding February marks: (a) grades 1-4, subject Mathematics; (b) 9-11 
grades, subject Geometry; (c) grades 1-4, type of assessment «control work» ; (d) 9-11 grades, type of as-

sessment «control work» . The values of quantile regression coefficients were plotted out against to the corre-
sponding quantiles.
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February grades has decreased in the 2019-2020 aca-
demic year, what means that if a student received high 
grades before, then new grades are less determined by 
old ones. These findings suggests that there are signif-
icant alterations in academic performance in different 
groups of students immediately after transition to dis-
tance learning format in April 2020. Moreover, there 
may be differential study-related factors effects at dif-
ferent points in the conditional distribution of school 
students’ academic performance.

Marks in mathematics, geometry, algebra began 
to depend more on the teachers’ qualification category 
for “weak” and “strong” students (changes are insig-
nificant for “average” students). This result shows that 
in the face of unexpected and fundamental changes in 
the educational process, teachers’ qualification is one 
of the stable factors influencing the assessment of the 
academic success of students in the field of technical 
disciplines. We also conclude that older teachers were 
worse adapted to the distance learning format during 
the period of mass digitalization of the educational 
process and assessed the progress of students in a sim-
plified format.

Students did not immediately join the distance 
learning format, this caused them difficulties, there-
fore, their grades in the most difficult and important 
sub-jects decreased. It is easier for students to learn 
mathematics offline. As for the humanities and natu-
ral sciences, they are easier to perceive in a distance 
learning format. It was more difficult to learn such 
subjects as physics, algebra, geometry and the Russian 
language for school students in a distance learning for-
mat. Stronger students who are accustomed to express 
themselves in the classroom lose this opportunity in 
the distance learning format and therefore have lower 
grades compared to last year. Here we can talk about 
how limited the possibilities of the distance learning 
for-mat in the educational process are. This is also ev-
idenced by the fact that by the new academic year the 
educational process has normalized.

During the distance learning format, the oppor-
tunities for the manifestation of each student are lim-
ited. Most likely, there is a distraction factor, when 
online students are more distracted, less focused on 
the educational process. While in the offline learning 
format, each student is in front of the teacher, every-
one is included in the process of education, and strong 
students have more opportunities to actively manifest 
themselves, get involved in the process, and compete 
with each other. Here we can say about the impor-
tance of the influence of the educational environment 
on the manifestation of strong students, so on their 
grades. This confirms the fact that the test scores have 
not changed much. With the introduction of distance 

learning, strong students have sharply decreased their 
motivation to learn. Probably, for successful students, 
the opportunity to express themselves, communicate, 
and be included in the educational process as much as 
possible plays a big role. With the introduction of a dis-
tance learning format, these opportunities are reduced. 
Therefore, those students who had high and very high 
academic performance were no longer included in the 
learning process due to a decrease in interest in it. This 
was especially pronounced in basic subjects, as math-
ematics and the Russian language.

Thus, it can be concluded that the introduction of 
quarantine and distance learning format had a greater 
impact on students with high academic performance. 
This is especially true for such subjects as algebra, ge-
ometry, Russian language. It can be assumed that the 
online format does not allow to fully integrate into the 
educational process, and those students who can be ac-
tively involved in the traditional format, are interested 
in the learning process, lose this opportunity and the 
ability to actively participate in the online format. 
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Введение
РЗС представляют собой звездные си-

стемы, связанные oбщим пpoиcxoждeниeм 
и гpaвитaцией. РЗС являются необходимым 
инcтpумeнтом для изучения эволюции как 

звезд, так и Галактики. Исследование звезд-
ных скоплений позволило предложить схему 
их классификации по внешнему виду (распре-
деление плотности звезд по радиусу скопления 
с выделением ядра и короны) и свойствам, ос-
нованным на виде их диаграммы цвет-величи-
на (ярчайшие звезды, возраст). Данные Gaia 
позволили детализировать эту схему, уточнить 
возрасты и расстояния скоплений от Солнца и 

Методы и модели  
в естественных науках

Структура и эволюция рассеянных звездных скоплений: 
теория и наблюдения на основе данных Gaia*
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Аннотация. Рассмотрено строение и эволюция рассеянных звездных скоплений (РЗС) на примерах 

РЗС Плеяды и группы РЗС в области Меча Ориона. Проведен отбор звезд по данным Gaia. 

Прослежена связь скоплений Меча Ориона с молекулярными облаками по данным космического 

аппарата «Гершель». Показано место рассмотренных объектов в общей схеме эволюции, 

составленной нами ранее. Сделан вывод о назревшей необходимости расширения классификации 

РЗС. Рассмотренная звездная система Плеяд показала наличие обширного звездного гало. 

Найденный в окрестности РЗС звездный поток Рыб – Эридана, вероятно, генетически связан 

с Плеядами и совместно с ним представляет остатки распавшейся ОВ ассоциации. В области 

Меча Ориона наблюдающиеся молодые РЗС, по всей вероятности, связаны с молекулярными 

облаками. Меч Ориона является видимой с ребра дисковой структурой продуктом столкновения 

двух гигантских молекулярных облаков. Данные о РЗС быстро пополняются, число РЗС растет за 

счет их выявления в обзорах Gaia. Анализ данной области может повторяться и расширяться по 

увеличивающемуся со временем объему данных с помощью проверенных методик, укладываясь в 

концепцию управления данными в областях с интенсивным использованием данных.
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изучить структуру как центральной части ско-
пления, так и далекой от центра периферию 
(гало, шлейфы (“копья”), удаленные шлейфы 
(“суперкопья”). Возросшая надежность данных 
о скоростях позволила более точно (на уровне 
точности менее ~1 км/с) изучать кинематику 
звездных скоплений, что важно для наиболее 
полного понимания того, как формируются и 
развиваются РЗС. Эта задача актуальна на дан-
ный момент, так как получив больше данных, 
возможно наиболее глубоко заглянуть в особен-
ности движения молодых скоплений и находя-
щегося вблизи них газа, что может дать ключ к 
наиболее точному понимаю того как образуются 
звездные скопления, как ведут себя после потери 
газа и насколько остаточное присутствие газо-пы-
левой структуры влияет на их свойства. Особенно 
наглядна для этого рассмотренная здесь область 
с несколькими близко расположенными друг к 
другу РЗС.  Кроме того, стало возможно обнару-
живать двойные и кратные скопления. Актуаль-
ность задачи обоснована и тем, что результаты, 
полученные КА Gaia [1], [2] и наиболее крупны-
ми космическими ИК телескопами “Гершель” и 
“Джеймс Уэбб” [3]  делают возможным изучать 
эволюцию РЗС путем сопоставления данных об 
РЗС и газе. Задача актуальна и тем, что данные 
Gaia активно используются для открытия новых, 
ранее неизвестных РЗС [4], [5]. Число выделен-
ных РЗС может увеличиться на порядок и достиг-
нуть нескольких десятков тысяч.

1. Краткая история классификации РЗС

По мере накопления наблюдательных данных 
стали понятны различия между отдельными РЗС, 
которые позволили поставить вопрос об описании 
их многообразия с помощью разработанной клас-
сификации. Поначалу такая классификация строи-
лась на различии внешнего вида скоплений. Клас-
сификация Бэйли 1908 [6] ориентирована на учет 
степени концентрации звезд, пространственную 
форму скопления (правильной, сравнительно пра-
вильной, неправильной, рассеянной) и параметрам 
ярчайших звезд. С помощью каталога РЗС, состав-
ленного Мелотте (1915) [7], построена классифи-
кация РЗС на основе предложенной схемы Бэйли 
[6]. Позднее работа была продолжена Рааб (1922) 
[8]. Вскоре Трюмплер (1925) [9] предложил физи-
чески обоснованную классификацию, основанную 
на диаграмме Герцшпрунга-Рессела (Г Р). При 
этом был использован спектральный класс самой 
яркой звезды главной последовательности. Эта 
классификация была развита в работах Маркаряна 

[10]. Таким образом, основой классификации ста-
ли внешний вид РЗС и диаграмма цвет – звездная 
величина. Современный взгляд на устройство РЗС 
показан на Рис.1.

2. Преимущества данных Gaia

На текущий момент поиск новых РЗС осу-
ществляется в автоматическом режиме. Так как 
большие объемы данных наблюдений не позво-
ляют быстро и качественно отождествлять такие 
источники визуально, к тому же слабонаселенные 
звездами скопления часто сливаются с общим фо-
ном и их удобнее отождествить по совокупности 
нескольких параметров одновременно. Визуально 
нереально просмотреть и выделить на небесной 
сфере РЗС, рассматривая до 1.8 млрд. звезд Gaia. 
Однако, автоматизация поиска новых РЗС может 
приводить к тому, что одно и тоже или известное 
РЗС выделяются повторно. При этом рассматри-
ваются звезды до 20 звездной величины, что на 
несколько величин слабее рассмотренных ранее (в 
каталоге MWSC, Milky Way Star Clusters, Харченко 
и др. 2013 [11]). Использование высокоточных дан-
ных Gaia  позволило говорить о дополнительных 
параметрах классификации скоплений, включая не 
только форму РЗС и особенности диаграммы Г-Р, 
но следующие показатели. Это 1) двойственность 
и эволюционный статус, 2) наличие экзопланет, 3) 
степень развития шлейфов, 4) принадлежность к 
группе скоплений, представляющей родительскую 
ОВ ассоциацию.

3. Современные представления  
о строении РЗС

РЗС состоит из центральной части (ядра), 
короны (полости Роша), шлейфов диссипативной 
природы, или “звездного копья”, включающего по-
терянные звезды и АКП (астероиды, кометы, пла-
неты)  объекты, а также и “суперкопья”. Последние 
включают звезды, покинувшие распавшиеся РЗС, 
и выжившие РЗС распадающейся родительской 
звездной ассоциации. Все перечисленные структу-
ры и строение РЗС показано на Рис.1.

4. Звездные и АКП потоки

Природа движущихся звездных потоков дол-
гое время оставалась неопределенной. Вероятно, 
М. Фламмарион первым обратил внимание на воз-
можное существование линейной цепочки звезд 
“celestial road” Плеяд (Холмс 1894) [12]. Проктор 
(1869) [13] нашел сходство скоростей звезд в Тель-
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це со скоростью звезд Плеяд. С самого начала было 
понятно, что для надежного отождествления звезд-
ных потоков в Галактике вблизи Солнца необходи-
ма надежная информация о скоростях большого 
количества звезд и определение их расстояний от 
Солнца (Эддингтон 1909) [14].

Скорее всего, большинство звезд рождаются 
в звездных скоплениях. Последние, как правило, 
распадаются после потери ими газовой компонен-
ты Тутуков (1978), [15], Рис.2.  В работе Тутуков 
и др. (2021) [16] с помощью простых численных 
моделей проведен анализ формирования и эво-
люции потоков, состоящих из астрофизических 
объектов различной природы, включающих звез-
ды, звездные скопления, астероиды, кометы и 
планеты (Рис.3). Практически все обозначенные 
потоки сейчас наблюдаются. В работе Тутуков 
и др. (2021) [16] построены численные модели 
потоков, генерируемых кометами, астероидами, 
звездами и их скоплениями, галактиками в их 
скоплениях и рассмотрены условия разрушения 
исходных объектов. 

Рис.2. Сценарий эволюции РЗС и формирования 
звездных потоков

5. Природа звездных потоков

Назовем возможные причины разрушения 
астрономических объектов, ведущие к появлению 

потоков и их элементов. Все планетные системы 
пронизывают астероидно-кометные и/или метео-
роидные потоки. Они являются продуктами разру-
шения астероидов и комет. Следует отметить, что 
такие потоки необязательно являются продуктами 
разрушения астероидов и комет. Они могут обра-
зовываться и путем конденсации газопылевых про-
дуктов, яркий пример – планетезимали. 

Как уже говорилось выше, планетные систе-
мы обладают так называемыми “копьями”, пред-
ставляющими собой астероидно-кометные фраг-
менты (пример планетной системы Солнца на Рис. 
3). Длина копий определяется возрастом их роди-
тельских звезд и может достигать галактических 
масштабов, Тутуков и Смирнов [17]. Звездные 
скопления обладают АКПЗ копьями, то есть на-
ряду с АКП объектами включают в свой состав и 
звезды. Распад ОВ ассоциаций ведет к появлению 
широких АКПЗ копий и потоков, включающих в 
свой состав и отдельные скопления, сохранивши-
еся после исходной потери ими газа. Разрушение 
спутников массивных галактик ведет к появле-
нию звездных потоков галактических масштабов. 
Разрушение галактик в ходе столкновений внутри 
скоплений галактик превращает эти галактики в 
широкие звездные потоки, составляющие, в конеч-
ном итоге, непрерывный звездный фон скоплений 
галактик.

Назовем основные процессы разрушения 
наблюдаемых объектов и систем. Ледяные ядра 
комет разрушаются в процессе испарения льда и 
выброса пыли и камней давлением водяного пара 
на горячих орбитах вокруг своих звезд. Астероиды 
разрушаются в ходе их взаимных столкновений. 
Массивные, далекие от своих звезд планеты уско-
ряют АКП своей гравитацией. Зоны HII разруша-
ют большинство молодых звездных скоплений за 
счет ослабления гравитационной связи скопления 
в целом и за счет выметания газа давлением из-

Рис. 1.  Структура РЗС с массой ~103 Mʘ  
с указанием масштабов Рис.3. Структура Солнечной системы
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лучения, а вместе с ним и части массы системы. 
Кроме того, гравитационное взаимодействие звезд 
внутри скоплений ведет к постепенному испаре-
нию скоплений. Вспышки звездообразования и 
сверхновые звезды в сфероидальных галактиках, 
ведущие к быстрой потере газа этими галактика-
ми, могут вести к их разрушению.

6. Межгалактические звездные потоки

Известно, что столкновения галактик между 
собой и приливные взаимодействия между ними 
могут сопровождаться частичным или их полным 
распадом, Вшивков и др. (2011) [18].  Приливные 
хвосты взаимодействующих галактик стали еще 
одним примером звездных потоков, возникающих 
в ходе разрушения их периферийных областей (Та-
наки 1981 [19], Борне и др. 2004 [20]). Со временем 
стало ясно, что часть линейных структур галактик 
являются звездными потоками – остатками галак-
тик низкой плотности, разрушенных приливами 
массивных галактик (Гилмар 2006 [21]). Исследо-
вание плотных частей и гало Галактики показало 
присутствие в нем многих звездных потоков – сле-
дов разрушения ее близких спутников (Малхан и 
др. 2021 [22]) или же вспышками звездообразо-
вания в них. Такие структуры составляют в итоге 
«непрерывную» звездную среду скоплений галак-
тик (Тутуков и др. [16]). Это явление было призна-
но общим в мире галактик. В звездных потоках 
найдены следы звездных скоплений.

7. Звездная система Плеяд

Известны наблюдаемые приливные структу-
ры, которые обнаружены вблизи шаровых скопле-
ний, например, Pal 5 (Оденкирхен и др., 2003 [23]) 
и Pal 12 (Гриллмайр и др., 1995 [24])). Обнаруже-
но, что РЗС Плеяды и альфа Персея представляют 
собой два потока – остатки ОВ ассоциации (Эгген 
1998 [25]).

Нами проведен поиск приливных структур 
в районе 200 пк вокруг центра скопления Плея-
ды на основе Gaia DR2. В качестве инструмента 
поиска использовался метод сходящихся точек, 
описанный ван Лювен 2009 [26]. Он эффективен 
для обнаружения звезд с тангенциальными ско-
ростями, близкими к скорости РЗС Плеяды. При 
отборе также учитывалось положение звезды и на-
правление ее скорости в пространстве. Определен 
возраст скопления и размер находящегося рядом 
с ним звездного потока, который составляет при-
близительно 100 пк. Определено его расположение 
относительно скопления. Получен и каталогизи-

рован список использованных звезд. Процедура 
отбора применена для наиболее качественных из-
мерений, описанных Линдегрен и др. (2018) [27], 
для получения выборки, очищенной от возможных 
артефактов. Кроме того, значение перенормиро-
ванной ошибки единичного веса (RUWE), опре-
деляемое формулой Линдегрен и др. (2018) [27] 
было принято <1.4, в результате чего исключены 
звезды, которые в силу своей неразрешенной двой-
ственности или проблемы с определением астро-
метрических параметров, не подходят для нашего 
исследования. Вдобавок к этому, согласно проце-
дуре, приведенной в Gaia DR2 documentation [28], 
применено «сокращение коэффициента избытка 
потока». В результате получена фотометрически 
и астрометрически чистая выборка. Для повыше-
ния точности результатов пришлось пожертвовать 
звездами слабее G = 15 mag. Таким образом, опре-
делив центр скопления и применив описанную 
выше процедуру отбора, на начальном этапе было 
выделено 610 548 звезд. На Рис.4 показано распре-
деление этой выборки по направлениям простран-
ственных скоростей и распределение в проекции 
на плоскость Галактики XY. В последнем случае 
заметно, что пространственная форма отличается 
от сферически симметричной. Также на правой па-
нели Рис.4 заметен звездный поток, расположен-
ный близко к Плеядам и сходный по кинематике 
и возрасту с ними. Его звезды достаточно сложно 
отделить от звезд скопления в центральной части, 
но сам поток выделяется как сгущение звезд вдоль 
оси Х по обе стороны от скопления.

Рис. 4. Левая панель: Распределение звезд в 
плоскости тангенциальных скоростей.  Квадратом 
в центральной части рисунка показана область от-
бора звезд РЗС Плеяды.  Правая панель: распре-
деление звезд в ZX-плоскости после выделения 

по направлению тангенциальных скоростей

На Рис. 4 нулевая точка — это точка схож-
дения векторов тангенциальных скоростей звезд. 
Прямоугольником ограничена область, в которой 
производится поиск звезд скопления. Избыток 
плотности в левом нижнем углу обусловлен звез-
дами РЗС альфа Персея. Избытки плотности звезд 
слева и справа от скопления Плеяды  – части свя-
занного с ним потока.
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Рис. 5. Движение звезд Плеяд и связанного с 
ними потока (жирные стрелки) среди фона звезд 

(серые стрелки) в галактической плоскости

Рис. 6. Распределение звезд скопления Плеяды 
(область точек в центре – выборка звезд из [29]), 
связанного с ними потока (жирные точки) и потока 
Рыб-Эридана (серые точки справа от Плеяд, звез-

ды из [29]) на плоскости XY

На Рис.5 видна вытянутая пространственная 
форма потока, связанного с РЗС Плеяды, а на и 
Рис.6 также потока Рыб-Эридана, (Розер и др. 2020 
[29]). Однако эти две структуры имеют неодинако-
вое положение относительно друг друга и, скорее 
всего, являются разными структурами.

Для получения распределения звезд, пред-
ставляющих звездные потоки («копья» и «суперко-
пья») в пространстве, представленные на Рис. 5 и 
Рис. 6 применена следующая методика. 

Сначала был определен центр скопления Xc, 
Yc, Zc = (-120.8, 29.1, -54.3) по данным из Конте-Годе 
и др. (2018) [30] и собственные движения также из 
[30], а также средняя лучевая скорость из Галли и др. 
(2017) [31]. Поиск звезд приливных шлейфов (“ко-
пий”) осуществляется в пространстве Галактики, по-
этому параметры центра Плеяд, переведены в бари-
центрические галактические декартовы координаты.

Вокруг указанного центра Xc, Yc, Zc (где X 
направлена на ось вращения Галактики (l=0°, b=0°), 

Y – в направлении вращения Галактики (l=0°, b=0°), 
Z – на северный галактический полюс (b=0°) были 
отобраны звезды из GDR2 в радиусе 200 пк.

Одновременно была применена процедура 
отбора наиболее качественных измерений, опи-
санных в [27] Линдегрен и др. (2018, глава 4.3 и 
Приложение C, рисунки C.1 и C.2), чтобы полу-
чить выборку, очищенную от возможных ошибок 
и артефактов. Кроме того, значение перенормиро-
ванной ошибки единичного веса (RUWE), опре-
деляемой  в [27] было принято <1.4, в результате 
чего из выборки были исключены звезды, у кото-
рых возможна неразрешенная двойственность или 
присутствуют проблемы с определением астроме-
трических параметров, которые также не уклады-
ваются в модель одиночной звезды. Кроме того, 
в соответствии с процедурой, описанной в Браун 
и др. (2018) [32], была применена отсечка «коэф-
фициента избытка потока». В результате осталась 
фотометрически и астрометрически чистая выбор-
ка, также для большей точности результатов при-
шлось пожертвовать звездами слабее G = 15mag.

После такого отбора звезд по их расположе-
нию и по качеству был использован метод точки 
схождения, описанный в ван Лювен (2009) [26]. 
Этот метод хорошо подходит для близких скопле-
ний и ранее успешно применялся для поиска шлей-
фов скоплений  Гиад и Ясли [33] Розер и др. (2019), 
также он применим и к Плеядам. Основным преи-
муществом метода является его применимость при 
недостатке  лучевых скоростей, поскольку он ос-
нован на тангенциальной составляющей скорости.

Для выбора наиболее надежных членов ско-
пления были отобраны только те звезды, лучевые 
скорости которых известны. Это условие позволя-
ет наиболее полно рассмотреть их перемещение в 
пространстве. Для предварительной оценки дис-
персии скоростей скопления с учетом шлейфов 
была сделана выборка из членов скопления по Лоди 
и др. (2019) [34] среди звезд со всеми параметрами 
определения скоростей. По этим данным значение 
дисперсии скоростей составляет около 10 км/с с 
учетом, как звезд скопления, так и шлейфов. Это 
значение кажется завышенным по сравнению со 
средней оценкой дисперсии в рассеянных звездных 
скоплениях, которая обычно принимается равной 
1-3 км/с, Чумак и Расторгуев (2006) [35], а с уче-
том дополнительной дисперсии в шлейфах порядка 
1 км/с может достигать 4 км/с. Также полученный 
здесь результат может иметь место из-за больших 
ошибок в определении лучевых скоростей 

Компоненты пространственных скоростей 
звезд скопления также сводятся к экваториальному 
галактическому преобразованию, объясненному в 
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Джонсон и др. (1987) [36]. Таким образом, средние 
компоненты пространственной скорости скопле-
ния  Uc, Vc, Wc = (6.71, -28.54, -14.18 ) км/с, где 
U направлено к антицентру Галактики, V – в на-
правлении вращения галактики, а W – к северному 
галактическому полюсу.

На рис. 5 и рис. 6 показаны векторы про-
странственных скоростей  UVW на галактической 
плоскости XYZ. Отбор по пространственным ско-
ростям задал ограничение на дисперсию скоростей 
звезд не более10 км/с от средней пространственной 
скорости скопления. Также отклонение направле-
ния векторов скорости (U,V,W) от направления цен-
трального вектора направления (Uc, Vc, Wc) ско-
пления не должно отклоняться более чем на 10 град.

8. Звездно-газовая структура области Меч 
Ориона

Некоторые РЗС содержат, кроме звёзд, облака 
газа и / или пыли. Нами составлена синтетическая 
карта звездно-газового состава области Меч Орио-
на. Она позволила изучить возможные случаи свя-
зи скоплений и газовых облаков.

Метод получения звездной структуры обла-
сти Меча Ориона. Сделана выборка звезд из ка-
талога Gaia EDR3 в области Меча Ориона. В этой 
области находятся РЗС NGC 1981, NGC 1977, NGC 
1976, NGC 1980, Рис.7 (левая панель). Взяты звез-
ды Gaia EDR3, расположенные на расстояниях от 
Солнца от 408 до 377 пк (рассчитаны по параллак-
сам Plx, приведенным в каталоге Gaia [1,2]).  

Метод получения газовой структуры обла-
сти Меча Ориона. Тепловое излучение холодной 
пыли лежит в дальнем инфракрасном диапазоне 
и его анализ может быть использован для получе-
ния физических параметров, например, температу-

ры вещества и лучевой концентрации [38, 39]. На 
Рис. 7 (средняя панель) и более детально на Рис. 
8 показана полученная в данной работе карта ки-
нетической температуры пыли (от 15К до 35К) по 
данным наблюдений космического телескопа «Гер-
шель». Для этого было выполнено моделирование 
спектрального распределения энергии излучения 
пыли по данным «Гершель». Из архивов были ска-
чены карты излучения на 160, 250, 350 и 500 мкм, 
все карты приведены к единицам Jy/pixel, Sν = 2hν3/
c2 (exp(hν/kT) - 1) (1 - exp(-τν)), τν = μH2 mH κν N(H2), 
здесь μH2 – средний молекулярный вес  = 2.8 [41], 
mH масса водорода, N(H2) – лучевая концентрация, 
κν непрозрачность пыли. 

Проведена процедура конволюции, все карты 
приведены к единому разрешению и размеру пик-
селя как на карте 500 мкм. С использованием 4-х 
карт попиксельно (количество пикселей 576050) 
была вписана модель абсолютно черного тела со 
свободными параметрами Td и N(H2) – температу-
ра пыли и лучевая концентрация водорода [40]. В 
результате получены карты распределения данных 
параметров. Размер пикселя в получившихся картах 
14’’, размер получившихся карт 3° * 3.5°, что на рас-
стоянии в 400 пк соответствует площади 21 * 24 пк 
c центром в точке (5h33m36s, -5°02ʹ27ʹʹ).     Получив-
шаяся лучевая концентрация водорода лежит в пре-
делах от 5.6·1017 до 1.9·1023 с медианным значением 
5.30·1020, среднеквадратичное отклонение 2.9·1021, 
rms = 3.25·1021. Медианная температура 19 К, сред-
неквадратичное отклонение 4 К, rms = 20 K. 

Построены по картам телескопа Гершель. На-
блюдения на телескопе ИСЗ Гершель проводились 
на нескольких частотах в диапазоне от 160 до 500 
микрон. Нами получены карты лучевой концентра-
ции водорода  (1-10)·1021 см-3 и кинетической тем-
пературы пыли от 15 до 35 К.  Выполнена следую-

  
Рис.7. Распределение звезд, пыли и горячего газа в экваториальной системе координат. Левая панель 
показывает положение рассмотренных РЗС на небесной сфере. Средняя панель – распределения ки-

нетической температуры пыли, полученные нами по данным космического телескопа “Гершель”, правая 
панель – распределение горячего газа в  по данным VTSS [37], совмещено со звездами левой панели
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щая обработка данных: 1)взяты карты в указанных 
4-х диапазонах, 2)приведены к единому разреше-
нию, 3)для каждого пикселя вписано функция из-
лучения абсолютно черного тела для определения 
температуры и плотности для каждого пикселя.

Рис. 8. Полученное нами детальное 
распределение кинетической температуры 

пыли (справа шкала температуры) по данным 
наблюдений «Гершель»

Рассмотренная группа РЗС в пространстве об-
разует вытянутую с севера на юг структуру Меча 
Ориона размером в проекции на небесную сферу 
около 20 пк. Это плоская структура видимая с ре-
бра. Ее расстояние от Солнца составляет ~400 пк. 
Нами рассчитаны температура и концентрация ча-
стиц на луче зрения для каждого пикселя. Сопостав-
ление распределений звезд и указанных параметров 
излучения межзвездного газа и пыли (Рис.7 и Рис.8) 
позволили сделать выводы об эволюционной ста-
дии цепочки РЗС, входящих в состав структуры 
Меча Ориона. Пыль наблюдается в РЗС NGC 1981, 
NGC 1977, облака горячего газа совпадают по поло-
жению на небе с областью занятой NGC 1976. РЗС 
NGC 1980 вероятно не содержит больших масс газа. 
Пыль связана с самыми молодыми скоплениями, в 
которых еще нет массивных звезд. Горячий газ по-
является после образования в РЗС массивных звезд 
и связанных с ними областей ионизованного водо-
рода HII. Мы видим рождение ОВ ассоциации в ре-
зультате столкновения двух газовых облаков.

9. Двойные скопления

Двойcтвенность РЗС отражает физические 
процессы во время фрагментации газового облака. 
Мы разделили наблюдаемые пары скоплений на 

визуально двойные (ВДРС) и тесные пары (ТДРС), 
Рис.9. Тесные пары – это физически связанные 
скопления, то есть такие объекты, массы которых, 
расстояния между которыми и относительные ско-
рости допускают их гравитационную связанность. 
Анализ современных каталогов РЗС позволяет 
отобрать потенциально физически связанные пары 
и классифицировать РЗС согласно областям, вы-
деленным на диаграмме Рис. 9, Верещагин и др. 
(2022) [42]. Также на диаграмме Рис. 9 показаны 
значения массы пар РЗС (выделены M = 100, 1000, 
10000 M☉). Подставляя указанные значения для 
массы M, последовательно получены зависимости 
δR = GM/(δV)2, где расстояние между скоплениями 
в паре - δR и разность их пространственных скоро-
стей - δV, G – гравитационная постоянная. 

Рис. 9. Диаграмма для пар скоплений, позволяю-
щая классифицировать типы двойственности РЗС. 

Подписаны области, внутри которых находятся 
пары РЗС различных типов. Наклонные прямые, 
показанные штрих-пунктиром, дают информацию 
о суммарной массе скоплений. Основными пара-
метрами, позволяющими классифицировать пары 
скоплений, являются расстояние между скопле-

ниями в паре δR и разность их пространственных 
скоростей δV

Заключение

Для изучения звездной структуры на началь-
ном этапе применяются машинные методы обработ-
ки массовой информации. Например, в [43] исполь-
зован метод (UPMASK) для определение членства 
звезд в скоплениях. Он подготовлен для использова-
ния фотометрии и пространственных положений, но 
может учитывать другие типы данных. Подход, ис-
пользуемый для оценки членства, основан на итера-
ционном процессе, уменьшении размерности, алго-
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ритме кластеризации и оценке плотности ядра РЗС.  
Другой пример – [44] использовали метод OCfinder 
для поиска 628 новых РЗС в Gaia EDR3 с исполь-
зованием среды больших данных. Как первый шаг, 
OCfinder идентифицировал звездные статистиче-
ские сверхплотности в пятимерном астрометриче-
ском пространстве (положение, параллакс и соб-
ственные движения) с использованием алгоритма 
кластеризации DBSCAN. Затем эти сверхплотности 
классифицировались на случайные статистические 
сверхплотности и реальные физические РЗС с ис-
пользованием глубокой искусственной нейронной 
сети, обученной на хорошо охарактеризованных ди-
аграммах G, GBP – GRP цвет-величина. Далее при-
меняются методы фильтрации по параметрам звезд, 
детально рассматривются: положение на небе, па-
раллаксы, цвет, звездная величина и детальные мо-
дели распределения звездной плотности. Ясно, что 
эволюция скоплений тесно связана с пониманием 
природы звездных потоков, АКП и АКПЗ (АКП + 
звезды) копий. Можно выделить структуру данных, 
представленных в разных разделах астрофизики, 
сочетающихся на различных этапах эволюции РЗС, 
Табл. 1.

Tабл. 1
Cтруктура данных РЗС (n – ожидаемое число в 

Галактике, n
кат

  –каталогизировано)

объект состав n n
кат

ГМО 107 103

звезды АКП 1011 109

РЗС звезды АКП 108 104

двойные РЗС РЗС 107 102

ОВ ассоциации звезды АКП РЗС 105 103

звездные 
потоки

звезды АКП РЗС 108 103

Оценки числа РЗС, ОВ ассоциаций и звезд-
ных потоков в Табл. 1 сделаны, исходя из общей 
оценки числа звезд в Галактике. При этом учтены 
именно все РЗС, а не только выжившие.

В области Меча Ориона наблюдающиеся РЗС, 
по всей вероятности, связаны с газово-молекуляр-
ными облаками. По данным космического телеско-
па «Гершель» мы выделили скопления, связанные 
с пылевыми облаками (Т = 15 – 35К) и с горячим 
(10000К) газом.     Ранее построенная диаграмма 
позволяет выделить типы двойных скоплений. Все 
перечисленные в Таблице 1 объекты укладываются 
в предложенную схему эволюции скоплений, Рис. 2.

Нами изучена звездная система Плеяд по дан-
ным Gaia DR2, Рис.4 – Рис.6. Показаны особенно-
сти пространственной формы РЗС Плеяды и рас-
положенного вместе с ними потока. Выделенный 

в [29] в окрестности РЗС звездный поток Рыб-Э-
ридана генетически, вероятно, связан с Плеядами 
и не содержит другого скопления. Скорее всего, 
совместно они представляют остатки распавшейся 
ОВ ассоциации. 

Результаты обработки изображений газовой 
структуры по данным КА «Гершель», Рис. 7 и Рис. 
8 свидетельствуют о том, что различные газовые 
структуры по положению на небесной сфере со-
впадают с РЗС в области Меча Ориона. При этом 
выделяются сочетания РЗС различного возраста с 
соответствующей газовой структурой.

 Наша работа позволяет рассчитывать, что на 
основе накопления данных и их интенсивной обра-
ботки классическая классификация РЗС может быть 
дополнена параметрами «АКП копья» и «суперко-
пья» скопления, характеристиками газа, связанного 
со скоплением и характеристиками двойственности 
РЗС. Также можно говорить о изучении происхож-
дения звездных потоков, которые могут являться 
как галактическими, так и внегалактического про-
исхождения из-за разрушения галактик-спутников 
нашей Галактики. Перспективно обнаружение и 
исследование экзопланет в РЗС различных типов. 
Таблица  1 показывает возможности применения 
интенсивной обработки накопляемых со временем 
данных о разных объектах, связанных с эволюцией 
РЗС. На сегодня данные каталога Gaia являются ос-
новой для эволюционной пространственно-кинема-
тической классификации РЗС Галактики, которых 
на данный момент обнаружено около 10 тыс.
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Abstract. The structure and evolution of open star clusters (OSCs) are considered using the Pleiades OSCs 
and the OSC group in the Orion Sword region as examples. The stars were selected according to the Gaia data. 
The relationship between the Orion Sword clusters and molecular clouds is traced according to the data of the 
Herschel spacecraft. The place of the considered objects in the general scheme of evolution compiled by us 
earlier is shown. It is concluded that there is an urgent need to expand the OSC classification. The considered 
Pleiades star system showed the presence of an extensive stellar halo. The stellar stream Pisces - Eridanus found 
in the vicinity of the Pleiades is probably genetically related to the Pleiades and, together with it, represents the 
remnants of the disintegrated OB association. In the Orion Sword region, the observed young OSCs are most 
likely associated with molecular clouds. Young clusters stand out associated with dust (15 - 35 K) and hot (10000 
K) gas. Data on OSCs are rapidly replenishing, and the number of OSCs is growing due to their detection in the 
Gaia surveys. Analysis in this area can be iterated and extended over time with proven methodologies to fit data 
management concepts in data-intensive areas.
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Introduction
In 2021, there began the implementation of program 

to create a Virtual Observatory [1] based on the Fesenkov 
Astrophysical Institute (FAI). Establishment of a national 
Virtual Observatory designed to enhance the capabilities 
of astronomical research and provide a service to external 
users. Development of methods for processing, storing 
and analyzing Big Data in astronomy for studying ob-
jects of near and far space. Implementing the program 
will increase the efficiency of observational and numeri-
cal studies at the FAI. For external users, a digital portal 
will be created through which they will be able to take 
advantage of the results of all innovations under the pro-
gram, in particular, a) apply for automated observations 
and the use of computing resources, both for numerical 
modelling and for processing and analyzing the received 
data; b) to access the available observational data and the 
results of astrophysical computer simulations. The pro-
cess of using observational and computing resources will 
be fully automated.

One of the program’s objectives is to automate 
the observational process of astronomical sources at 
the institute’s telescopes located at the Assy-Turgen 
observatory and other observation sites. An important 
software component in the system being created is the 

so-called observation planner (OP). This component 
will allow sorting and creating the most optimal tele-
scope operation plan for a particular night from the re-
sulting list of objects and their coordinates and obser-
vation time. The program should take into account the 
moments of sunrise-sunset, the duration of morning 
and evening twilight, the moonrise-set and its phases, 
and the influence of the gradient from the lunar sky il-
lumination. All program calculations should be carried 
out without external Internet resources.

The interpreted high-level language PHP was 
chosen as the primary programming language for cre-
ating the planner, as it is the most suitable for inte-
grating software into the Internet portal of the Virtual 
Observatory and for user interaction.

The development of OP is carried out in several 
parts. In the first part, software was created for numer-
ical calculations of sidereal time, the position of the 
Sun and Moon, and the calculation of their moments 
of rise and set and twilight for a specific date and place 
of observation. The results of the first stage are pre-
sented in the form of an Astronomical calendar and 
posted on the portal of the Astrophysical Institute [2] 
(Fig. 1). Where any user can get the specified data for 
any point on the earth’s surface (at the specified geo-
graphical coordinates).

In the second part of creating the OP, algorithms 
will be implemented to calculate the brightness of the 
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sky background depending on the phase and the an-
gular distance between the Moon and the observed 
source. It will make it possible to exclude from obser-
vations dim objects that are close (by angular distance) 
to the bright Moon. Also, the source sorting algorithm 
will be implemented at this stage.

1. Basic parameters calculation and algorithms.

To calculate the moments of rise and set of the 
Sun and the Moon, the following algorithmic steps are 
implemented (Fig.2):
Step 1. Calculating the equatorial coordinates of the 
Sun and Moon at a specific point in time:
1.1. � Calculation of the position of an object in its or-

bit at a specified point in time. Since the Sun and 
Moon are not point sources, here, the coordinates 
of an object are the coordinates of the center of 
the solar (or lunar) disk.

1.2. � Translation of own orbital coordinates into eclip-
tic coordinates.

1.3. � Calculation of corrections for the change in the 
inclination of the equatorial plane to the ecliptic 
plane at a specified point in time. As well as cor-

rections for precession and nutation of the Earth’s 
axis.

1.4. � Translation of the object’s ecliptic coordinates 
into equatorial coordinates, considering the cor-
rections specified in 4. At the output, we obtain 
geocentric equatorial coordinates at the specified 
epoch.

Step 2. Transformation of the geocentric coordinates 
of the Sun and the Moon into topocentric coordinates 
(corresponding to the place of observation):
2.1. � Calculation of the geocentric parallax of an ob-

ject, taking into account corrections for latitude 
and height (above sea level) of the observer’s po-
sition.

2.2. � Transformation with the help of corrections 2.1. 
from geocentric to topocentric equatorial coordi-
nates.

Step 3. To calculate the moments of rise and set of 
the Sun and the Moon, the algorithm of successive ap-
proximations was used.
3.1. � Calculation of topocentric coordinates at the be-

ginning of the day of interest (see steps 1–2).
3.2. � Through formulas for transforming coordinates 

from equatorial to horizontal. We find the local 

Fig. 1. Interface of developed on-line Astronomical calendar. Available on the link:  
https://fai.kz/calendar/calendar_eng.php 
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Fig. 2. Block diagram for rise-set time calculation for the Sun (the Moon)
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sidereal time of the moments of rise and set of the 
object. That is the fulfilment of the condition that 
the object’s height above the horizon of the place 
of observation is equal to zero (h = 0).

3.3. � Let’s convert the local sidereal time of the ob-
ject’s rise and set into local civil time.
Note: The coordinates of the Sun and Moon 

change significantly even at short intervals due to their 
relative proximity to the Earth (unlike the coordinates 
of distant stars). It means that in step 3.3 we will only 
get an approximate rise/set time. Since, upon reaching 
time 3.3, the Sun and the Moon will have time to move 
in their orbit. So, the next step is to repeat some of the 
points above.
3.4. � Let’s go to step 3.1. - we calculate the topocen-

tric coordinates again, but for the time points ob-
tained in step 3.3. Then we go to step 3.2. and get 
a new approximation of the local sidereal time 
for the moments of rise and set of the object. We 
again convert to civil time (step 3.3.) and get the 
updated civil time of rise and set moments. We 
repeat these iterations until we reach the desired 
accuracy.

3.5. � We calculate corrections for the refraction of the 
Earth’s atmosphere near the horizon and correc-
tions for the spatial disk of the Sun (Moon). Since 
the moments of rise (set) correspond to the time 
when the upper (lower) edge of the disk touch-
es the horizon plane. We make corrections to the 
moments of sunrise and sunset obtained in step 
3.4. We get the local civil time of rise-set (Moon).
To calculate the position of the Sun, a numerical 

solution of the Kepler equation in the two-body prob-
lem is used. In this case, to simplify the calculations, 
we use the relativity of motion, considering the Earth 
to be stationary and located in the focus of the ellipse 
and the Sun moving along this ellipse. With known 
parameters (positions) at a certain point in time (in this 
case, at the beginning of the epoch of 2000), you can 
get the position of the Sun at any point in time in the 
following way:
1) � Having the initial positions of the Sun, we calculate 

the so-called average anomaly.
2) � By numerically solving the Kepler equation by iter-

ation, we obtain the value of the eccentric anomaly.
3) � Through the formula connecting the eccentric and 

true anomaly, we find the latter, which corresponds 
to the orbital longitude of the Sun. Here we do not 
consider the influence of the Moon, planets, etc., 
since these things can be neglected to calculate the 
moments of sunrise and sunset.

Calculating the position of the Moon is a rather 
difficult task due to the significant influence (in addi-
tion to the Earth) of the Sun and nearby planets. An 

algorithm based on Brown’s analytical lunar theory 
was implemented for these calculations. The follow-
ing important corrections and additions are taken into 
account:  
1. � The equation of the center. This correction takes 

into account orbital ellipticity.  
2. � Evection. This lunar inequality considers influence 

of the Sun on a shape of the lunar orbit. 
3. � Variation. This addition takes into account peri-

odical processes of speed-up or slow-down of the 
Moon on its orbit due to the Sun. 

4. � The annual equation. This correction considers 
small periodical changes in lunar orbit, which has 
maximum in perigee and minimum in apogee.  

5. � Parallactic inequality. It is small correction con-
sidering solar parallax.   

6. � Corrections for the influence of Venus, Mars and 
Jupiter, etc.  

To calculate the moments of moonrise and moon-
set, the horizontal equatorial parallax was also taken 
into account since the Moon is close to the Earth and 
moves in an elliptical orbit. As a result, its angular size 
changes when observed from the Earth.

Comparison of the moments of rises and sets of 
the Sun and the Moon obtained during the implemen-
tation of these algorithms with the data of the Astro-
nomical Yearbooks for 1989, 2012, 2022 [5-7] give a 
time discrepancy of no more than 30 seconds, which 
indicates a sufficiently high accuracy. 

2. Sorting for objects

The program (Fig. 3) accepts as input a file with 
a list of objects containing the following information 
(about each object):
1) � Object name
2) � Right Ascension (RA)
3) � Declination (DEC)
4) � Magnitude in V-filter
5) � Exposure time of a single snapshot
6) � Amount of snapshots

In the first stage, the program rejects objects 
with incorrectly entered parameters. For example, 
when the data on the number of frames contains al-
phabetic characters instead of numbers or when the 
coordinates (DEC) indicate that the object cannot be 
observed at this latitude. At the same time, an error 
log is formed, where similar objects are written with 
a description of errors.

In the second stage, calculations are carried out 
according to the time of the culmination of objects and 
then a preliminary sorting by this parameter. Objects 
with an earlier culmination time will be observed ear-
lier because they will have earlier set (descending) 
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time. For small observation fields (when all objects 
are situated in one area with each side does not ex-
ceed 3 degrees) an algorithm of the nearest neighbor 
is realized. This method is based on measurement of 
distances from a one object to others and finding the 
closest neighbor for next observation. 

In the third stage, the moments of sunrise and 
sunset are calculated, as well as three types of twilight 
(civil, navigational and astronomical) for the current 
and next day. Furthermore, the boundaries of the as-
tronomical night are determined, indicating the begin-
ning and end of observations.

In the fourth stage, the heights of objects are 
calculated at the beginning of the astronomical night. 
If the objects are descending and their height at the 
start of observations is below 20 degrees, then they 
are rejected.

In the fifth stage, the moonrise-set times and its 
phases are calculated, and the angular distances be-
tween the moon and the observed objects are calculat-
ed with estimates of the sky background illumination. 
At this stage, objects whose magnitudes are weaker 
than the sky background are rejected. For other objects 
in the list, their angular distance to the center of the 
lunar disk is displayed. The output is a sorted list of 
objects and an error log, which is then taken as input 
by the telescope control program.

3. Other astronomical planners

Nowdays, there are many similar options for as-
tronomical observation planners. The most famous: 
AstroPlanner [8] and Astro Plan [9]. The first one 
works only under MacOS and Windows operating 
systems. Also, this program is paid and closed source, 
which does not allow it to be integrated into the Vir-

tual Observatory environment. An alternative free 
cross-platform program Astro Plan is developed in Py-
thon open-source. However, this program (Astro Plan) 
has some disadvantages:
1. � The calculated times of sunrise and sunset differ 

by more than 3 minutes from the data of the As-
tronomical Yearbooks. For moonrise and moonset 
times, discrepancies can be more than 12 minutes. 
It can be critical for observations of dim objects.

2. � Astro Plan does not realize a sorting algorithm by 
method of nearest neighbor, which can be useful for 
observations of small fields. 

3. � For using Astro Plan it is needed Python environ-
ment. There is no any ready-to-use GUI and it is 
difficult to integrate into web-interface that all us-
ers would be able to use it.

Conclusions

At the moment, the first part of creating an obser-
vation planner has been fully completed – a block for 
calculating the position of the Sun and Moon, as well 
as the moments of their rise and set and the time of 
twilight, working in offline mode. This block also was 
integrated in web-interface and available for all as an 
astronomical calendar. 

The second block of the OP (a sorter of obser-
vation objects) is in the process of completion. Now 
it is ready to use OP realizing an algorithm of the 
nearest neighbor. The completed OP program will 
make it possible to optimally distribute the operat-
ing time of astronomical instruments without hu-
man intervention. This software product will be an 
important element, without which full automation 
of the observational process of astronomical objects 
is impossible.

Fig. 3. Scheme of interaction between a client (user), an astronomical planner and telescope
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Introduction

An undoubted challenge for soil science is ex-
tracting knowledge and relevant information from 
the ever-growing, diverse and complex soil data sets 
[1]. For parameterization and validation of predictive 
models in analytical systems, it is required to identify 
the most complete set of relevant data in the database. 
While the relevance of data is determined by the details 
of their acquisition, i.e., the setting and conditions of 
the experiment, these are not formalized enough to be 
taken into account when choosing data. “Data acquisi-
tion” in the current study includes field descriptions of 
soils, field and laboratory measurements, digitization 
of archive materials (such as, for example, legacy soil 
data, maps and thin soil sections).

The task of formalizing a scientific experiment 
and organizing machine-analyzable data flows coming 
from various sources, is important for the development 
of scientific activity in the digital world. Journals, re-
search institutes, universities and manufacturers of 
laboratory equipment make their own sparse attempts 
[2-3]. However, it is conducted intensively yet only 
from the perspective of increasing the reproducibili-
ty of the results of scientific research, which is only 

one of the goals. Currently, more or less formalized 
templates for describing measurement methods are 
created for shared use and interlaboratory exchange, 
such as, Nature Protocols exchange, OpenWetWare 
Protocol Categories, Protocol Online: Search Pro-
tocols, A secure platform for developing and sharing 
reproducible methods, A peer-reviewed protocol jour-
nal Bio-protocol, Optimized Lab Protocols for Testing 
Soils, JoVe. However, typically they represent a set 
of text descriptions of protocol steps, not suitable for 
automated processing and comparison. We aim for 
a formalization of the measurement protocol which 
would be an unambiguous and machine-readable de-
scription of the necessary conditions for performing 
the measurement, the measurement process itself, the 
results obtained and their mathematical or algorithmic 
processing. Formalization of a measurement method 
together with a detailed protocol of the experiment 
(which includes a certain instrument, its settings, cur-
rent calibration, etc.) allows the reproducibility of the 
results, i.e., increase confidence in the data and make 
data FAIR [4], i.e., it improves and simplifies the ex-
change and development of research methods. At the 
stage of data meta-analysis, this makes it possible to 
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identify and take into account experimental errors. If 
random errors are detected by repeated measurements, 
systematic errors (laboratory, operator, instrumental) 
can only be detected when analyzing large datasets. 
When systematic errors are found in the conduct of 
an experiment, one can also see what results they 
could affect. In some cases, it is possible to recalculate 
(correct) measurement results (for example, by recal-
ibration). Another important goal is to use exactly the 
same information about experimental settings in pro-
tocol steps descriptions and in data processing scripts 
to avoid possible errors.

Existing systems for the formal description of 
experimental protocols – Electronic Laboratory Jour-
nals (ELN) and Laboratory Information Management 
Systems (LIMS), namely, OSF, Labcollector, Hive-
bench, SciCloud, Accelrys (BIOVIA), Elabwtf, SciNote, 
Senaite, Bikalims, Occhiolino (GNU LIMS) are either 
paid or shareware (free limited functionality or limited 
amount of storage, paid technical support), have lim-
ited options for embedding calculation functions, ex-
port options, and are focused specifically on laboratory 
analysis of physical samples, having no soil specificity. 
Abstract field objects, such as “terrain”, “surface” and 
“soil profile” or a “trench”, as well as long-term field 
experiments, for which there may be descriptions and 
measurements, are not included in the formalization 
scheme of such standard systems. Even though existing 
ELNs have convenient constructors for creating formal-
ized protocols of experiments, they are designed only 
for the convenience of each individual user or group 
of researchers with their objects. Therefore, when im-
plementing such a product by research institutes, a da-
tabase collected from a set of ELNs of all employees 
will not be suitable for further effective joint analysis 
of the collected data. Moreover, a detailed formaliza-
tion scheme is needed at least to evaluate existing open-
source software suitability as components of a devel-
oped information system. Thus, soil research requires a 
specific implementation of such an information system 
with at least a soil-specific scripts and models library.

The disadvantage of existing soil and soil-geo-
graphic databases is that, firstly, they do not contain the 
history of the origin of objects and the sequence of ac-
tions on them (both in field, for example, technological 
maps of crop cultivation, and laboratory, for example, 
various treatments and fractionation of samples). This 
leads to data fragmentation and lack of relationships 
(potentially relevant data are lost). Secondly, they do 
not contain details of data acquisition methodology. 
Thus, only data obtained by one widely used method 
are selected, which cuts off all other data obtained by 
other or similar methods. At the same time, different 
experimental conditions are unavoidably mixed. Re-

alizing the existing problem of formalizing laboratory 
measurement details, in the recent years International 
Soil Data Center in Wageningen has started to request 
information about methods steps from each laboratory 
which provided them legacy data, to evaluate datasets 
considering accuracy and precision [5]. While it is 
rather difficult to do it in detail for legacy data, it is 
possible to supply all the newly generated data with 
formalized data acquisition procedures.

The solution may be to have formalized data 
acquisition protocols that allow the maximum use of 
all available related data, for example assigning data 
sources different weights (calculated based on the ac-
curacy of the method, the reliability of the data source, 
experimental errors or processing errors), homoge-
nizing data to comparable values, by introducing cor-
rections for experimental conditions (or experimental 
conditions could be directly used in mathematical 
models) or in other ways taking into account the dif-
ferences in obtaining data. An ensemble statistical ap-
proach, using the entire available data set and models, 
while assimilating data coming from heterogeneous 
sources over time, is considered to be more informa-
tive for predictive modeling and estimating its uncer-
tainties than the use of narrow subsampling [6-7]. The 
presence of links between objects allows combining 
initially independent experiments to analyze soil prop-
erties variability in space and time. For example, to 
make generalizations to obtain regional/global depen-
dencies necessary for predictive models.

Formalized research protocols are published by 
a number of authoritative specialized journals Nature 
protocols, Springer Protocols, Cell Protocols. When 
formalized protocols are used, automatic processing of 
results and calculation of errors is possible. It becomes 
possible to transfer the entire database from one clas-
sification/description system to another according to 
established rules. One can identify intersecting sets in 
soil descriptions, measured properties and experimental 
parameters, as well as have control over consumables, 
the state of the instrument base, workload and etc.

The aim of this work was to develop a concep-
tual scheme for formal description of heterogeneous 
data and methods for its acquisition to ensure the pos-
sibility of organized collection and storage of all soil 
research results. It gives data reliability estimation for 
further analyses and generalizations, while providing 
reproducibility for research studies.

1. Results and discussions

The developed formalization scheme is shown 
in the Figure 1. This scheme shows logical elements 
of the database necessary for the coherent collection 
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of complete and formalized information about experi-
mental studies and further analysis of this information. 
The proposed scheme allows us to formally describe 
standard and non-standard methods as a sequence of 
simple actions (method elements). This scheme makes 
it possible to link descriptions and measurements car-
ried out in the field and in the laboratory according 
to any formally described methods on such objects 
as “terrain”, “soil surface”, “transect”, “soil profile”, 
“soil horizon”, “sample”, “thin section” and etc. a sin-
gle spatial database with a history of filling the object 
with data. This allows different researchers to supple-
ment objects in the system with soil studies at any time 
in an arbitrary order and subsequently carry out me-
ta-analysis on the required spacetime scale.

The database contains four main logical blocks: 
a block of reference information, a block of data, a 
block of methods and a user-specific/inventory block 
(Fig. 1).

1.1. Database structure
Information block
The reference information block contains a sin-

gle expandable list of soil properties and a table de-
scribing various groupings of those properties, as well 
as a list of measurement units and their conversions. 
For example, grouping can be according to an ob-
ject under study (area, profile, sample, etc.), field of 
knowledge (physical, chemical, etc.), description stan-
dard (properties of FAO, EGRPR, WoSIS, WISE etc.). 
In this case, one property can belong to several groups. 
Such grouping structure of soil property is universal 
(compatible with other standards) and is supposed to 
be extensible by adding new groups. Any legacy data 
can be imported “as is”, extending existing templates 
for entry of new data. The idea is not to create another 
new standard and not create data homogenization in 
advance but use homogenization scripts at export of 
data according to user specifications, using the advan-
tage of formalized data acquisition.

Data block
The data block contains information about 

soil samples and other objects and the results of ex-
periments. Data can be entered in any degree of de-
tail, starting from a simple structure as a table “ob-
ject-property-value” to a detailed description of the 
experiment. With a detailed description, all data is 
stored in the form of a history of accumulated events 
(creating a soil profile or a plot, description, sampling, 
incubation, measurement and so on). The database 
does not impose strict requirements on the chronology 
of events, for example, measurements can precede the 
field description of a profile. Each event is described 
by an entry in the e-journal (table “Journal entries”). 
The entry contains information about:

• � described objects (relationship with the “Objects” 
table);

• � created and destroyed objects by the method and 
relations between objects (table “Objects origin”). 
For example, a sample taken from a soil profile 
will be created; the one processed according to a 
sample preparation protocol will be destroyed and 
several new ones created: a reduced initial sample 
and, for example, several fractions;

• � values of soil properties and their relations to ob-
jects through the table “Object-property-value” 
and “Values” of different types;

• � optional raw data (if a processing script is applied 
by the method).

Each journal entry is linked to a method block 
(protocol and protocol steps).

Methods block
The block of data acquisition methods contains 

formalized methods and specific implementation pro-
tocols covering all three stages of data acquisition: 
preparation/preprocessing, measurement and data pro-
cessing. The formalized methodology is described by 
a “Protocol” which consist of “Protocol steps” which 
are grouped and ordered. Each step represents an ap-
plication of some method with certain optional set-
tings and parameters. Each method has information 
on its applicability (types of source and result objects, 
result property), human-readable description, and op-
tional detailed protocol which is recursively formally 
described as a sequence of steps (and listed in “Pro-
tocols”), i.e. each step itself can be represented by 
another protocol. Every step can have its processing 
script (“Model_id” in the “Data processing models” 
table) which acts on raw data. Journal data entries are 
allowed to be associated with a certain protocol or just 
with a single step. When a user changes step parame-
ters a new step is created and is written to the journal, 
while the original step gets the status “modified”. Pro-
tocols can be created from existing base protocol steps 
(from database or from user’s own journal), while new 
protocol steps can be created from methods, adding in-
strumental setting/parameters and a processing model. 
Parameters depend on the calibration and settings of 
the instruments and the conditions of the experiment.

Thus, the whole variety of techniques is reduced 
to a manageable number of basic elements with pa-
rameters (such as temperature, duration, rotation 
speed, reagent, etc.). Each protocol step is associated 
with information about consumables and equipment 
that can be used at this step.

The user interface for data entry is created au-
tomatically based on the formalized method detail. 
The concept allows protocols with any degree of 
detail, assuming continuously increasing formaliza-
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tion down to basic steps. Protocol has a branching 
structure and data entry can be performed by the user 
at any level of detail. However, the final estimates 
of dataset reliability, accuracy and reproducibility 
in the system are assigned according to the extent to 
which raw data were supplied. We believe that due 

to the presence of calculating scripts at each step 
(when required), overall standardization of data in 
e-journal (potential bonuses for automation in anal-
yses), protocol reusability, collaborative mode and 
various “helpers” (statistical quality control, checks 
and availability of templates) will encourage users to 
enter raw data into the e-journal.

Along with standardized methods, in many cases 
of scientific research there is a need to store and use 
non-standard (author’s or temporary), experimental 
methods and modifications. If for standard methods it 

Fig. 1. Logical scheme of formalization for heterogeneous  
experimental data in Crow’s Foot notation1

1  The diagram contains a table “Values (numeric)” for numerical values, 
at the same time, it is provided that the database contains several similar 
tables for values of different types. For example, character strings for use 
in soil descriptions or bibliographic information, geographical informa-
tion (points, contours) for introducing data from soil maps.
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is enough for the user to indicate method name, since 
their formalization can be entered at any time after, for 
non-standard methods – formalization is the responsi-
bility of the author.

It is known that in addition to the information 
described in state standards and other methodological 
manuals, “many different factors can affect the variabil-
ity of measurement results performed using the same 
method, those including: operator; equipment; equip-
ment calibration; environmental parameters; time inter-
val between measurements.” [8]. The proposed logical 
model allows to save all the details of the experiment 
in a formalized form. In recent years, journals such as 
Science and Nature, as well as The Transparency and 
Openness Promotion (TOP) Committee, have been ac-
tively urging scientists to make their work transparent 
so that their experiments can be repeated “at least in 
theories.” They are developing increasingly stringent 
criteria for journal publications regarding the provision 
of formalized methods and detailed experimental proto-
cols to improve the reproducibility of scientific results, 
and are even promoting testing for a pre-published ex-
perimental design (study pre-registration), which re-
duces the bias towards publishing results with a certain 
effect detection relative to experiments with a negative 
result, in which the intended effect was not detected 
with the corresponding study protocol [9-12].

Inventory block
The inventory block contains general lists of 

equipment (table “Equipment list”) and consumables 
(table “Consumables list”), as well as inventory re-
cords. Table “Consumable usage” contains informa-
tion about amount and type of consumables required 
for each protocol step (when linked to protocol step), 
as well as amount, actually used in experiment (when 
linked to journal entry). Information about instrument 
being used in a given protocol step is stored in the 
“Equipment usage” table.

1.2. Advantages
This way of presenting data using the developed 

conceptual scheme differs in that it allows:
– � to create and store any type of described object – 

from plot as a result of field partition to a soil frac-
tion/solution or other objects obtained in complex 
experimental procedures, retaining the full chain of 
objects origin and treatments;

– � to store a complex data structure: during the exper-
iment, many measurements of the same value for 
one sample can be made, all of them can be stored 
in the presented concise scheme. An example of a 
multivariable dependence, or dependence of several 
values from several variables, can be the measure-
ment of various gases emissions at changing soil 
temperature and moisture;

– � to save the history of actions on the object, for ex-
ample, store and update new data in a complex and 
long-term field experiment: the dynamics of carbon 
content in soil during changes in vegetation and fer-
tilizers inputs is recorded as a sequence of single 
actions;

– � to estimate reliability and accuracy of the dataset 
based on raw data provision, methods information 
and usage of automated data processing;

– � to perform various analyses of protocols. For exam-
ple, comparative analysis of by machine learning 
approaches to assess the dependence of results on 
protocol peculiarities, develop protocols, select a 
protocol for a specific task, taking into account such 
characteristics as applicability and accuracy.

In the case when the details of some experiment 
are not available, the database schema also allows to 
store information just as “object-property-value” as in 
most existing databases. Thus, the proposed scheme 
is compatible with known formats, for example, those 
used in the Soil Geographical Database of Russia 
(PGBD RF) [13], the Unified State Register of Soil 
Resources (EGRPR)[14], WISE Soil Property Da-
tabase [15], the International Soil Carbon Network 
(ISCN), an intercontinental aggregator and provider of 
soil data for the Information System (WoSIS) of the 
International Soil Data Center (ISRIC) [16] and etc., 
while creating many new opportunities.

The developed scheme for formalization of het-
erogeneous soil data: 1) increases the reproducibility 
of scientific research results, 2) allows automatic data 
processing, and most importantly, 3) allows effective 
data mining and, thus, is an important base part in cre-
ating analytical systems for modeling scenarios and 
decision making.

1.3. Options for data entry protocols
Data entry is proposed to be carried out in 3 gen-

eral stages – minimal, extend-ed and detailed (Table 1).
The minimal description allows to quickly make: 

an inventory of all the objects, involved instruments, 
a general overview of the methods, and is also used 
to enter data from literary sources when they do not 
contain detailed study protocols.

The extended description information already 
allows to fill up the Unified State Register of Soil Re-
sources. From the point of view of instrumental base, it 
is already possible at this level to monitor the state and 
involvement of instruments in specific research pro-
tocols. It becomes possible to evaluate the types and 
volumes of produced data, workload of devices and 
employees, time ranges and costs of measurements. It 
allows to optimize work and carry out quality control 
(errors and systematic errors of personnel and devices 
with a possibility of its localization and correction).
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A detailed description is produced continuously 
and is the result of a full-fledged electronic laboratory 
journal.

2. Case of implementation (work in progress)

The presented scheme of formalization is being 
implemented for the development of Information system 
that provides integration and multi-level presentation of 

legacy and current data (See Fig. 2). The top panel shows 
user interfaces for data entry, as well as a dashboard with 
reports and statistics, and the bottom panel shows relat-
ed components of the database. Interaction between the 
interfaces and the database occurs through the electronic 
document management system. User (web) and program 
(web API) interfaces are divided into interfaces:
a) � for data entry (such as field soil description helper, 

request forms for laboratory analyzes containing 

Table 1
Types of protocols for data entry from external sources

Description\Type Minimal Extended Detailed

Soil profile or sample 
description (level “data”)

User name;
geolocation;

sampling/description date;
soil name (if description);
measurement or sampling 

depth.

Minimal description; and
Names and depths of soil 

horizons

Minimal description; and
Any properties of the objects 
(location, soil profile, horizon, 

sample)

Methods of data 
acquisition

Method name;
property name;

source object type;
result object type;

file with description.

Minimal description; and
List of instruments with details 

(serial number, condition, 
precision, accuracy, etc.);

list of consumables with usage

Extended description; and
Formalized protocol steps;

Instruments settings;
Data processing model with 

parameters.

Fig. 2. General scheme of the information system
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metadata of soil samples, upload of requests into 
the system and upload of measurement results by 
operator, constructor of methods and a subsystem 
for map recognition),

b) � to search and create a data sample, generate statistics 
and reports, work with models in the information 
panel (data meta-analysis, generate scenarios, etc.).

The database consists of two levels, the first is 
“data” level (Fig. 2), which includes field soil descrip-
tions, laboratory requests, metadata of the analyzed 
samples, the results of measurements, as well as pho-
tographs (profiles, thin sections, maps, microscopic, 
etc.), scans and vectorized maps, maps metadata. The 
second level is “methods of data acquisition” (Fig. 2), 
which includes:
– � methods/schemas of field descriptions, schemas of 

electronic document management processes, meth-
ods of measurements and data processing models, 
methods of digitization and image recognition;

– � detailed protocols for data acquisition with a de-
scription of certain measuring instruments or data 
processing (characteristics and settings of instru-
ments, calibration curves and model parameters) 
and software.

Conclusions

The proposed formalization scheme makes it 
possible to store structured information about soils in 
various levels of detail. Formalization of data acquisi-
tion is the basis for the creation of an electronic labora-
tory journal containing the un-ambiguous formulation 
of a conducted or a planned experiment. The scheme 
provides the ability to search for experimental time 
series or compile pseudo-time experiments to provide 
simulation models with a relevant set of data for ini-
tialization and parameterization. This makes it possible 
to further tackle such an important scientific problem 
as estimating the effects of parametric and structural 
uncertainties in projections of ecosystem models. This 
work is part of the scientific rationale for the creation 
of a multi-level analytical system “Soil and land re-
sources of Russia for agricultural production”.
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Введение
Высший Евразийский экономический совет 

провозгласил о планах формирования ряда единых 
рынков и пространств. Это рынки финансов, энер-
горесурсов, транспортно-логистического простран-
ства, пространства свободного движения товаров 
и рабочей силы, а также единого агропромыш-
ленного пространства. Последние политические, 
экономические, социальные события, усиленные 
пандемией COVID-19 и санкциями, определяют ин-
теграционные процессы в агропромышленном ком-
плексе (АПК) Евроазиатского Экономического Со-
юза (ЕАЭС) в качестве важнейших стратегических 
задач. Помимо решения проблемы обеспечения на-
селения едой и достижения необходимого уровня 
продовольственной безопасности требуется решать 
проблемы нарушения экологии и качества пищи. 

АПК при его технологическом развитии, как 
и транспортная отрасль, энергетический и комму-
нально-бытовой секторы, стало одним из главных 
загрязнителей природы, а растениеводство – источ-
ником наибольших экологических проблем, что обу-
словлено широким использованием различных ядо-
химикатов. Их воздействию подвергаются не только 
вредители, но и контактирующие с ними полезные 
организмы (птицы, черви, насекомые-опылители, 
бактерии и др.). Они либо гибнут, что приводит к 
нарушениям экосистемы, к эрозии, ухудшению 
структуры и плодородия почвы, либо накапливают 
в своих организмах эти ядохимикаты, передавая их 
по пищевым цепям, вплоть до человека. 

По данным департамента мелиорации МСХ в 
России ежегодно деградирует 1,5-2 млн. га земель, 
и потери сельхозпродукции в зерновом эквивален-
те составляют порядка 3,9 млн. тонн. Только из-за 
почвенных эрозий ущерб может достигать 25 млрд 
руб. в год. Потери наиболее богатого гумусом слоя 

Условия результативного применения технологий  
искусственного интеллекта в агропромышленном  
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земли составляют 1,5 млрд. тонн в год, которые 
включают 75 млн. тонн гумуса, 30 млн. тонн азота, 
фосфора и калия. Природное плодородие знамени-
тых чернозёмов в центре России за последние 10 
лет уменьшилось в 1,5–2 раза, количество гумуса в 
почвах сократилось с 8–10% до 3–5% [1].

В республиках Центральной Азии ситуация 
еще хуже. В докладе Евразийского центра по про-
довольственной безопасности [2] отмечается, что 
Западная Европа характеризуется высоким уров-
нем заботы о почве, Восточная Европа с Россией 
характеризуются высокими темпами интенсифи-
кации сельского хозяйства с чрезмерной эксплу-
атацией самых плодородных почв и отказом от 
менее продуктивных земель, а азиатские страны 
ЕАЭС характеризуются самой высокой степенью и 
уровнем деградации почв.

В России основная причина экологических 
проблем – несоблюдение технологий выращива-
ния растений при повсеместном нарушении сево-
оборотных ограничений, норм и правил внесения 
ядохимикатов, которые  попадают в почву, воду, 
воздух и, наконец, в продукты питания.  

Экологические проблемы истощения и за-
соления плодородной земли, эрозии почв, воз-
растания гнетущего состояния флоры и фауны 
все больше привлекают внимание регулирую-
щих органов. А качество пищи вызывает бес-
покойство у населения многих стран. Возраста-
ющие возможности цифровой трансформации 
экономики создают условия для формирования 
единого агропромышленного информационного 
пространства производства продукции. Цифро-
визация управления и логистики на всех этапах 
жизненного цикла производства и доставки бу-
дет вынуждать всех участников обеспечивать 
продукцию надлежащего качества. В статье 
рассматриваются важные вопросы обеспечения 
успешного создания таких средств.

1. Прослеживаемость продукции

Цифровизация управления и логистики на 
всех этапах жизненного цикла производства обе-
спечивает прослеживаемость продукции и това-
ров, что позволяет достоверно информировать 
партнера, контролирующие органы, конечного 
пользователя об изготовителе, сроках, качестве, 
цене и других характеристиках товара. В отдель-
ных отраслях предпринимались шаги по реали-
зации такого подхода. Они носят фрагментарный 
характер, выполняются без полноценного онтоло-
гического моделирования предметных областей, 
не позволяют избежать многократного дублиро-

вания вводимой информации. Так, в АПК еще в 
2018г. была принята федеральная государствен-
ная информационная система (ИС) электронной 
ветеринарной сертификации «Меркурий», в кото-
рой обязаны участвовать все предприятия оборо-
та товаров животного происхождения. В настоя-
щее время в АПК прорабатывается возможность 
расширения списка продуктов, подпадающих 
под реализацию механизма прослеживаемости, 
например, зерна. Однако без разработки цифро-
вых стандартов, исходя из основных принципов 
цифровой экономики (ЦЭ) [3], которые включают 
единые онтологическую и концептуальную мо-
дель предметной области, словари, ограничения 
целостности и прочее, в ЕАЭС появится множе-
ство несовместимых систем. По этой причине 
идет медленное внедрение ИС Меркурий в силу 
отсутствия единых интерфейсов с ИС предприя-
тий, цифровых стандартов на информационные 
ресурсы, на алгоритмы решения задач.

Единая цифровая платформа управления 
(ЦПУ) производством АПК, основанная на соот-
ветствующей математической модели [4], предла-
гается в качестве решения проблемы унификации 
цифрового инструмента прослеживаемости про-
дукции на основе единых цифровых стандартов, 
на основе детального анализа цифровой экосисте-
мы (ЦЭС) АПК [5] и ее составных частей.

2. Структура цифровой платформы управле-
ния АПК в России 

С помощью данной модели и ряда техно-
логий проектирования ИС определены несколь-
ко цифровых подплатформ, которые формируют 
конкретные цифровые стандарты, в сумме пред-
ставляющие единую ЦПУ. Первая – подплатфор-
ма сбора и хранения пооперационной первичной 
учетной информации всех предприятий в единой 
БД (ЕБДПУ), структура которой включает следу-
ющие атрибуты: вид, объем и объект операции, 
место осуществления, субъект проведения, каче-
ственные характеристики, интервал времени про-
ведения, задействованные средства производства, 
объем и вид потребленного ресурса. Необходи-
мость цифрового стандарта на данные первичного 
учета обусловлена также прогнозом возрастания 
количества фиксаций различных действий на циф-
ровизированных предприятиях (к 2050 году до 4,1 
млн. в день) [6]. ЕБДПУ может быть реализована 
как облачная структура. Стандарт распространя-
ется на конечное оборудование, интернет вещей 
(IoT). Он должен использоваться в межотраслевых 
взаимоотношениях между производителями, пе-
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рерабатывающими, логистическими, оптовыми и 
розничными фирмами. Данный стандарт структу-
ры первичного учета был проверен путем анализа 
референтных моделей, объединяющих и система-
тизирующих все знания по отраслевым бизнес-мо-
делям [7, 8] и нашел подтверждение в других 
отраслях народного хозяйства России, а также в 
странах ЕАЭС.

Соответствующие атрибуты из смежных от-
раслей и атрибуты, отражающие бухгалтерскую 
информацию (накладные, акты), а также данные 
статистического учета, плановых и оператив-
ных служб должны найти отражение в цифро-
вом стандарте первичного учета в АПК. ЕБДПУ 
должна строиться в соответствии со стандартны-
ми классификаторами, справочниками, словаря-
ми и во взаимодействии с единой БД техноло-
гического учета (ЕБДТУ) и подплатформой базы 
знаний (рис. 1).

Рис. 1. Цифровой стандарт структуры первичного 
учета

Заметим, что аналогичный цифровой стан-
дарт в последние 2-3 года начал активно внедряться 
в США при разработке подплатформ-агрегаторов 
первичного сбора и накопления сельскохозяй-
ственной информации и прикладных подплатформ 
(управленческих задач) [9].

Подплатформа ЕБДТУ – единая для всех 
предприятий уже некоторой отрасли. Так, на рис. 2 
представлена укрупненная информационная схема 
растениеводства единой для всех хозяйств концеп-
туальной информационной модели растениевод-
ства в составе 946 атрибутов. При этом облачная 
подплатформа ЕБДТУ также должна быть инте-

грирована с соответствующими классификатора-
ми, справочниками, словарями, ЕЬДПУ и подплат-
формой базы знаний.

Третья подплатформа – описания алгоритмов 
управленческих задач (база знаний), единых для всех 
предприятий также определенной отрасли. Сформу-
лировано около 240 задач для растениеводства.

Рис. 2. Укрупненная информационная схема рас-
тениеводства

Разработанные стандарты цифровой плат-
формы управления приобретают особенное значе-
ние в эпоху ЦЭ, когда технологии дистанционного 
зондирования земли (ДЗЗ) и геоинформационные 
системы (ГИС) начинают активно внедряться при 
реализации точного земледелия (ТЗ). ТЗ все шире 
внедряется в новые агротехнологии при высоко-
точном позиционировании на основе технологий 
ДЗЗ и ГИС, а также  дифференцированных высо-
коэффективных и экологобезопасных агротехниче-
ских мероприятий на полях на основе подробной 
информации химико-физических характеристик 
каждого участка.

Появление более совершенного электрон-
но-оптического оборудования, устанавливаемого 
на различных подвижных и стационарных аппара-
тах, специальных инструментов дешифровки спек-
тральных параметров растений дает возможность 
рассчитывать различные вегетационные индексы, 
характеризующие фазы развития и биомассу их во 
временном разрезе. Такой полученный динамиче-
ский ряд данных ДЗЗ обеспечивает анализ прове-
дения большинства агротехнических мероприятий 
с выявлением зараженных болезнями и вредите-
лями угодий с оценкой причиненного им ущерба, 
а также последствий стихийных природных яв-
лений. В этих условиях учет и мониторинг мак-
симально возможного количества сельскохозяй-
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ственных процессов становится основной целью в 
разработке стратегией цифровизации крупнейших 
агропромышленных и машиностроительных фирм 
в мире. Сориентироваться в этом потоке информа-
ции самостоятельно практически невозможно [10]. 
И здесь на помощь должны прийти технологии ис-
кусственного интеллекта (ИИ).

А это требует интеграции огромного объема 
данных для обработки с применением ИИ [11]. 
Сформулированные цифровые подплатформы 
определяют рациональную схему интеграции дан-
ных технологий в ЦПУ АПК [12].

Такая интеграция с внедрением ТЗ будет 
способствовать повышению эффективности про-
изводства продукции, отвечающей необходимым 
ценовым, качественным и экологическим требова-
ниям. Интенсивные исследования в совершенство-
вании этих технологий ведутся во многих странах.

3. Примеры применения технологий  
искусственного интеллекта в точном  

земледелии 

Многие известные технологии ТЗ, включаю-
щие экологическую составляющую, используют 
ИИ, отметим некоторые из них [10, 13]. В России 
также есть отдельные разработки, пока узкона-
правленные, без комплексного подхода. Приведем 
в качестве примера некоторые наиболее продвину-
тые зарубежные решения.

3.1. Машинное обучение при мониторинге 
полей
Израильский продукт Taranis предоставляет 

точную информацию о состоянии растений на ос-
нове показаний полевых датчиков, метеостанций, 
аэрофотосъёмки, что позволяет своевременно вы-
являть негативные факторы в виде идентификации 
болезней и вредителей, дефицита питательных ве-
ществ с выработкой рекомендаций по оперативно-
му вмешательству. 

Платформа Watson Decision Platform for 
Agriculture от IBM дает консультации при возник-
новении рисков поражений кукурузы на основе 
данных ДЗЗ (индекса HD-NDVI) о дозах, типе пе-
стицидов и оптимальных сроках их внесения. Фер-
меры получают прогнозы урожайности и др.

Платформа искусственного интеллекта Health 
Change Maps and Notifications компании Farmers 
Edge оперативно информирует фермера об эффек-
тивности работы техники, состоянии растений, по-
явлении вредителей или болезней, дефиците пита-
тельных веществ и др.

Приложение Field Manager от Bayer на мобиль-
ном телефоне даёт пользователю информацию о воз-

можных рисках с посевами и рекомендации о спосо-
бах их предотвращения на основе обработки данных 
ДЗЗ и большого количества других данных из БД. 

Платформа Hummingbird Technologies обе-
спечивает фермеров информацией о текущем со-
стоянии и объемах растительной массы, наличии 
сорняков, дефиците у растений азота и др. не толь-
ко на основе данных ДЗЗ, но и наземных средств 
мониторинга, снимков БПЛА.

3.2. Технологии ИИ для борьбы  
с сорняками
Активно развиваются работы по примене-

нию ИИ для борьбы с сорняками и вредителями. 
Так, компаниями Bayer и Bosh разрабатывается 
технология умного опрыскивания Smart Spraying, 
которая будет “узнавать” сорняк и определять вид 
и необходимое количество пестицида. «Убийца 
сорняков» от компании EcoRobotix способен само-
стоятельно перемещаться по полю, дифференци-
рованно распознавая и обрабатывая обнаруженные 
сорняки. Утверждается, что технология позволит в 
20 раз сократить объём использования гербицидов.

Автономная система WeedSeeker компании 
Trimble производит точечное опрыскивание со-
рной растительности. Система идентифицирует 
сорняки с помощью светодиодов сканирующих 
поверхность в красном и инфракрасном диапазо-
не. Отражённый свет автоматически анализирует-
ся, при обнаружении растения сигнал подаётся на 
форсунку, которая срабатывает точно над ним.

3.3. Технологии ИИ идентификации  
болезней растений 
Современные технологии ИИ помогают фер-

мерам после идентификации заболевания растений 
выбрать методы их лечения с расчетом экономиче-
ских показателей. Процесс происходит на основе 
фотографий поражённой части растения. Мобиль-
ное приложение Plantix компании Peat предостав-
ляет фермерам возможность идентификации свы-
ше 60 болезней растений. Приложение содержит 
огромную БД снимков с идентификацией по со-
ртам растений, видам бактерий, заболеваний и др. 

Приложение Scouting Bayer-BASF также по-
могает диагностировать заболевания, нарушения 
развития, степень обеспеченности азотом расте-
ний на основе обработки фотоснимков.

3.4. Технологии искусственного  
интеллекта в цифровизации  
животноводства
Опыт цифровизации животноводства во мно-

гих странах показывает, что почти все технологи-
ческие операции в отрасли поддаются цифровой 
трансформации с использованием ИИ. Приведем 
основные направления данной трансформации.
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– � улучшение качественных условий содержания 
животных за счет умных систем управления све-
товым режимом, микроклиматом, кормлением, 
навозоудалением, поскольку комфорт животных 
влияет на их продуктивность;

– � селекция пород. Селекция позволит максималь-
но точно вывести породу по заданным требо-
ваниям и свойствам (отсутствие генетической 
предрасположенности к определенным болез-
ням, мясные и молочные качества, скорость ро-
ста и созревания). В настоящее время большие 
надежды возлагаются именно на методы ИИ, на-
пример, на разработку методов анализа геном-
ной информации для оценки племенной ценно-
сти животного в раннем возрасте. В настоящее 
время ведутся исследования по выбору пола жи-
вотного, молочной продуктивности, толщины 
отруба для стейка;

– � анализ качества молока; диагностика и профи-
лактика заболеваний животных; соблюдение са-
нитарно-гигиенических норм. 

3.5. Опыт использования технологий ИИ  
в сельском хозяйстве России
Вслед за развитыми странами в нашей стране 

стремительно появляется много компаний, предлага-
ющих различные решения в области цифровизации 
сельского хозяйства, в частности, технологий ИИ, 
ведутся интенсивные исследования во многих НИИ. 

Например, в 2021г. ФИЦ ИУ РАН совместно с 
Самарским ГАУ был проведен полевой эксперимент 
по съемке сельскохозяйственной растительности 
на основе нейросетевых алгоритмов анализа муль-
тивременных, мультимасштабных гиперспектраль-
ных данных, полученных с использованием гипер-
спектральной камеры на основе схемы Оффнера. 
Для чего была разработана методология построения 
вычислительно эффективного и компактного описа-
ния характерной (особой) точки изображения. Эта 
технология предназначена для пространственного 
сопоставления изображений с помощью аппарата 
вычисления дискрибирауемых особых точек изо-
бражения и последующего поиска гомографии с 
помощью инфраструктуры RANSAC. Обосновано 
использование специальных обучаемых дескрипто-
ров характерных (особых) точек.

А также был разработан оригинальный алго-
ритм быстрого вычисления сверток в нейросете-
вых моделях на процессорах общего назначения. 
На сегодняшний день задача сегментации цифро-
вых изображений неразрывно связана с методами 
детектирования и классификации целевых объек-
тов. Использование глубоких нейронных сетей для 
задач классификации и особенно детекции огра-
ничивается их большой вычислительной сложно-

стью. В условиях обработки больших объемов дан-
ных, ключевым моментом является применение 
методов оптимизации быстродействия нейросе-
тевых классификаторов. Поэтому был предложен 
оригинальный алгоритм вычисления свертки с бу-
фером фиксированного размера, который не толь-
ко вычисляется быстрее на 10-20% относительно 
классического метода, но и уменьшает объем до-
полнительной памяти, требуемой для вычисления 
дискретной свертки.

Однако, в  сельском хозяйстве остаётся ряд 
проблем, мешающих полномасштабной цифровой 
трансформации отрасли и требующих совместно-
го комплексного решения бизнеса, науки и прави-
тельства. Соответственно, эти проблемы касаются 
и приложений ИИ, которые должны пройти инте-
грационные преобразования в стандарты предла-
гаемой единой цифровой платформы управления 
отраслью. Перечислим некоторые из них. 

Большой интерес к цифровым технологиям 
в развитых странах продиктован все более услож-
няющимися и дорогими традиционными техно-
логиями повышения эффективности и качества 
продукции сельского хозяйства, а наличие боль-
шого резерва России в совершенствовании таких 
традиционных направлений повышения эффек-
тивности отрасли, как необходимость обновления 
парка сельхозтехники при  высокой стоимости вы-
сокотехнологических средств цифровых техноло-
гий и сложности их освоения, а также отсутствие 
квалифицированных кадров в стране не порожда-
ют  «социального заказа» у большинства хозяйств. 
При этом фиксируются большие финансовые и 
продуктовые потери. Комплексное использование 
цифровых технологий могут начать лишь немно-
гие отечественные хозяйства. 

Цифровая трансформация экономики требу-
ет замены или доработки производственного обо-
рудования на цифровое, и этот процесс довольно 
сложен и дорог. Приобретение же дорогостоящей, 
наукоемкой, цифровой техники и оборудования, 
для обслуживания которого нужны профессио-
нальные кадры, могут позволить опять же лишь 
крупные хозяйства. 

В стране слабо развито производство при-
емо-передающих устройств, датчиков, испол-
нительных механизмов и другой аппаратуры, 
необходимых для применения технологий автома-
тического управления технологическими процес-
сами сельскохозяйственной техники.

В отрасли продолжается эпоха «позадачно-
го» фрагментарного проектирования и разработ-
ки ИС с формированием в каждом предприятии 
собственных информационных моделей БД, ин-
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формационно несовместимых, когда у различных 
производителей приобретаются отдельные, так на-
зываемые «готовые» программные комплексы, не 
связанные ни функционально, ни информационно. 
Даже в агрохолдингах созданы оригинальные ИС, 
разработанные под текущие нужды каждого кон-
кретного предприятия со своим информационным 
обеспечением, понятийным аппаратом, алгоритма-
ми решения задач и разнородным программным 
и аппаратным обеспечением. Поэтому оказался 
невостребованным положительный практический 
опыт комплексной информатизации крупных аг-
ропромышленных предприятий Краснодарского 
и Ставропольского краев на базе прообраза ЦПУ 
с внедрением экспертных системы, являющихся 
прототипом современных методов ИИ для выра-
щивания томатов и сахарной свеклы. За 2 года от-
дельные подсистемы были внедрены тогда в более, 
чем 1000 предприятий. При этом в регионах созда-
вались центры внедрения и обучения. 

Комплексное применение ИИ возможно лишь 
при получении реальных данных о каждой отдель-
ной технологической операции, человеке, механиз-
ме, животном, а иногда даже растении. А в настоя-
щее время около 90% всех данных записывается на 
бумаге или вручную вносится в Excel. Использо-
вать такие данные практически невозможно. 

Об этом говорят и результаты указанного 
выше совместного эксперимента ФИЦ ИУ РАН 
и Самарского ГАУ по использованию технологий 
ДЗЗ и ИИ в ряде хозяйств Самарской и Ростов-
ской областях. Так, был сделан вывод о том, что 
руководствуясь лишь данными ДЗЗ, включающи-
ми гиперспектральную визуализацию, рекомен-
довать с высокой долей достоверности о проведе-
нии необходимых технологических мероприятиях 
сложно, так как необходимо учитывать и большое 
множество других источников данных: погодного 
мониторинга, солнечной активности, розы ветров, 
воздействия агрохимикатов, заселенности полей 
насекомыми, агрохимического состава, влагосо-
держания и других характеристик почв. Лишь на-
личие указанной достоверной информации позво-
ляет создавать комплекс математических моделей 
принятия соответствующих решений.

Поэтому в стране необходимо направить уси-
лия на комплексную отработку на основе ЦПУ 
самых совершенных отечественных цифровых 
технологий и компетенций, подобно развитым 
странам, на нескольких эталонных объектах с 
оснащением их современными ИКТ, датчиками, 
приборами, технологическим оборудованием и 
машинно-тракторным парком, совместимыми как 
друг с другом, так и приспособленными к различ-

ным цифровым технологиям, охватывающими 
всевозможные направления их развития в мире, с 
последующим массовым внедрением наиболее эф-
фективных из них по всей стране. На эталонных 
объектах должна быть проверена на практике по-
требность в необходимых специалистах для циф-
ровизации сельского хозяйства, полученная с по-
мощью модели формирования ЦПУ в количестве 
90000 человек с детальным расчетом по специаль-
ностям. На основе опыта комплексной информа-
тизации отрасли в рамках программы электрони-
зации сельского хозяйства внедрение отдельных 
цифровых технологий могло бы начаться через 
полгода при наличии организационной структуры 
генерального конструктора ЦПУ.

4. Единое транспортно-логистическое  
пространство ЕАЭС

Одним из качественных изменений, связанных 
с внедрением ЦПУ АПК в ЕАЭС, станет сдвиг в 
сторону коллективного сознания и кооперативных 
форм взаимодействия взамен индивидуализма ка-
ждой страны. Цепочка производства и сбыта устро-
ена сегодня таким образом, что каждый участник, 
оценивая свои риски, закладывает их в цену своего 
продукта. При этом каждый следующий участник 
цепочки «покупает» риски, заложенные всеми пре-
дыдущими участниками цепочки, прибавляя свои в 
цену продукции. В результате конечный участник, 
например, магазин собирает все риски и «продаёт» 
их потребителю. Таким образом, аккумулирован-
ные риски оплачивает население. Такое взаимодей-
ствие приводит невосприимчивости к цифровой 
трансформации все звенья цепочки, поскольку каж-
дый заинтересован лишь в своей марже, не вникая в 
системность всей цепочки.

Цифровая платформа управления при соот-
ветствующем расширении ее информационной 
базы на основе единых стандартов может обеспе-
чить технологический прорыв в ЕАЭС. Логистика 
производства и доставки продукта до потребителя 
любого вида продукта в ЕАЭС, а не только сель-
скохозяйственного, может формироваться на осно-
ве математической модели формирования единой 
ЦПУ в интересах АПК, логично интегрированную 
в единую производственную ЦПУ. Построение 
ИС на единой ЦПУ логистикой улучшит управле-
ние взаимоотношениями с потребителями, обслу-
живанием потребителей, спросом, выполнением 
заказов, производством, поставкой, разработкой 
продукции и доведением ее до коммерческого ис-
пользования, реверсивными потоками для всех 
стран содружества.
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Производство большинства товаров в совре-
менном мире осуществляется при участии многих 
предприятий из всего большего количества стран. 
Дробление производства растет. Даже появился 
термин – “цепочки добавленной стоимости”. Тех-
нология такого дробления требует информацион-
ной совместимости потока данных по всей цепочке. 
Посредники, которые не создают добавленной сто-
имости, из логистической цепочки в рамках ЦПУ 
логистики исключаются. Переход на электронную 
интегрированную логистику на основе технологии 
распределенных реестров сыграет определяющую 
роль в достижении постоянного контроля за мате-
риальными потоками в реальном масштабе времени 
в режимах удаленного доступа через ЦПУ, и позво-
лит учитывать потенциальные возможности произ-
водства, снабжения, потребления [14, 15].

Как отмечалось выше, аналогичный процесс 
внедрения ЦПУ в виде ЕБДПУ и базы знаний в 
последние годы происходит в США. Компания  
J’son & Partners Consulting, анализируя состояние 
дел, считает, что использование технологий двух 
указанных выше платформ в цепочке формирова-
ния добавленной стоимости аграрной продукции 
(оптовые компании, логистика, розничные сети) 
предоставит возможность перехода к прямым про-
дажам, когда производитель прослеживает конеч-
ного потребителя, объем и структуру его спроса. 
Он производит ровно ту продукцию, которая нуж-
на потребителю, и в нужное ему время при исполь-
зовании математических моделей, в том числе, 
предиктивной аналитики. Управление доставкой 
продукции происходит путем автоматического об-
мена информацией между участниками цепочки 
поставок через облачный сервис и с минимизацией 
использования складской и логистической инфра-
структуры оптовых посредников [9]. Такая цифро-
визация дает возможность исключить из цепочки 
множество ненужных посредников, на которых 
сейчас приходится до 80% стоимости от рознич-
ной цены товара. Такие сервисы будут доступны, 
в том числе, для малых хозяйств, что позволит 
существенно повысить эффективность отрасли и 
снизить риски деятельности для всех участников 
цепочки формирования добавленной стоимости: 
поставщиков ресурсов, потребителей продукции и 
транспортных фирм.

Центральное звено в цифровизации экономи-
ки – цифровая трансформация предприятия, кото-
рая требует пересмотра идеологии и технологии 
управления и их оформления в виде стандартов. 
Наиболее дальновидные эксперты об этом уже 
давно предупреждают. Так, директор Институ-
та экономики РАН Ленчук Е.Б. считает, что надо 

сосредоточиться на цифровизации именно реаль-
ного сектора экономики, где она даст наибольший 
экономический эффект [16]. Видный экономист 
Агеев А.И. утверждает также, что, хотя уровень 
цифровизации банков, связи, государственных 
услуг будет выше, однако степень вовлеченности 
промышленности является индикатором цифровой 
зрелости всей экономики [17]. Для этого требует-
ся единое понятийное поле, единое семантическое 
пространство за счет создания стандартов и соот-
ветствующих систем управления.

ЦПУ и использование технологий ИИ, умных 
контрактов, входящих в БД знаний платформы мо-
гут в корне изменить ситуацию (рис. 3). Современ-
ные инструменты позволяют прозрачным и кор-
ректным образом оценить и учесть вклад каждого 
звена цепочки в себестоимость конечного продукта 
с фиксацией объективного вклада каждого из них.

Рис. 3. Схема прослеживаемости продукции при 
интеграции ЦПУ АПК и ЦПУ логистики

Таким образом, ЦПУ позволяет проследить 
весь жизненный цикл продукции и адекватно 
учесть все транзакции, является основой реализа-
ции умных контрактов, становится выгодна всем 
участникам цепочки, позволяя равномерно рас-
пределить риски между всеми участниками, что 
приводит к снижению издержек и возрастанию 
инновационной восприимчивости участников с 
получением существенной экономической выгоды 
от такой кооперации.

5. ЦПУ АПК и задачи сохранения экологии

Более половины их 946 показателей концеп-
туальной модели растениеводства, укрупненная 
информационная схема которой представлена на 
рис. 2, имеют отношение к экологии. Так, в группе 
«Земля» – 291 показатель, в подгруппе «Севообо-
рот» – 30 показателей. Подгруппа «Участок» груп-
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пы «Поле» содержит показатели: «Запрещающие 
условия использования земельного участка», «Гео-
морфологические характеристики», «Мелиоратив-
ная характеристика», «Грунтовые воды», «Засоле-
ние», «Почва», «Агрофизическая характеристика», 
«Гидрофизическая характеристика», «Состояние 
почвы». Аналогично, в подгруппу «Культура» (108 
показателей) входят следующие показатели: «Эко-
логическая группа сорта», «Поражаемость болез-
нями по видам болезней», «Поражаемость вреди-
телями». Интеграция экологических показателей в 
DCP AIC позволяет комплексно решать экологиче-
ские проблемы (рис. 4).

За счет комплексной экологической оценки 
земель, всего производственного процесса с уче-
том поступающих ресурсов и продукции на выхо-
де, формирования соответствующих управленче-
ских решений, направленных на предупреждение 

проявления и минимизацию последствий прояв-
ления антропогенных и природных факторов эко-
логической опасности можно значительно снизить 
экологическую опасность в АПК ЕАЭС.

В упомянутом выше докладе Евразийского 
центра по продовольственной безопасности [2] 
предлагаются следующие меры для снижения эко-
логической опасности в Евразии, перекликающие-
ся с нашими предложениями:
– � повышение количества и качества почвенных 

данных и информации: сбор данных, анализ, 
проверка, представление, мониторинг и инте-
грация с другими дисциплинами;

– � создание единой базы данных почв Евразии, 
перевод исторических источников в цифровой 
формат, разработка единой системы монито-
ринга почвенного покрова, проведение школ по 
цифровой почвенной картографии;

Рис. 4. Решения экологических задач в единой ЦПУ АПК
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– � внедрение стандартных методов анализов и еди-
ниц измерений, гармонизация методов монито-
ринга, баз данных и картографических матери-
алов.

Заключение

Построение единой системы управления 
производством и доставки продукции на основе 
принципов, разработанных для ЦПУ АПК ЕАЭС, 
позволит снизить себестоимость производимой 
продукции и конечную цену, которую будет оплачи-
вать потребитель при одновременном значительном 
снижении экологической опасности в содружестве. 
Внедрение ЦПУ также обеспечит комплексную 
экологическую оценку земель, экологический мо-
ниторинг их, всего производственного процесса 
с учетом поступающих ресурсов и продукции на 
выходе, даст возможность формирования соответ-
ствующих управленческих решений, направленных 
на предупреждение проявления и минимизацию по-
следствий проявления антропогенных и природных 
факторов экологической опасности.

ЦПУ предоставляет цифровой инструмент 
прослеживаемости продукции, важное условие 
результативного применения которого – унифи-
кация, основанная на единых цифровых стандар-
тах. Первый стандарт отражает структуру и связи 
пооперационной первичной учетной информации 
всех предприятий. Второй – единую для всех 
предприятий некоторой отрасли структуру и свя-
зи технологической информации. Третий стандарт 
отражает описание алгоритмов управленческих 
задач (база знаний), единых для всех предприятий 
определенной отрасли. Эти цифровые стандарты 
должны быть интегрированы как между собой, так 
и с соответствующими классификаторами, спра-
вочниками, словарями. Только при таком подходе 
можно обеспечить структуриризацию и заданный 
уровень надежности необходимого объема данных 
для эффективного применения технологий ИИ и 
обеспечить информационную совместимость по 
всей логистической цепочке перемещений това-
ров и продукции  с возможностью постоянного 
контроля за материальными потоками в реальном 
масштабе времени. 
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Conditions for the effective application of artificial intelligence technologies in the agro-industrial 
complex of the EAEU

V.I. Budzko, V.I. Medennikov
Federal Research Center “Computer Science and Control” of Russian Academy of 
Sciences, Moscow, Russia

Abstract. The solutions for reducing the environmental hazard in agriculture of the EAEU agro-industrial space 
formating are considered. The mechanism for such space formatting is proposed. It allows resolving the emerging 
geopolitical, economic, social, and environmental problems. This is a single digital management platform, which 
includes the possibility of cloud building based on mathematical and ontological modeling, common digital 
standards (the structure of the subplatform for collecting, storing and integrating operational primary accounting 
information of all participants in a single database; the structure of the subplatform for technological accounting; 
the structure of the subplatform of data processing algorithms of the first two subplatforms for the purpose of 
production management). The use of artificial intelligence technologies will bring the greatest effect and will 
ensure maximum cross-industry traceability of products and the negative impact of natural and anthropogenic 
environmental hazards on the environment, on the products of the agro-industrial complex and on the person 
himself will be minimized.
Keywords: artificial intelligence, environmental issues, agro-industrial complex, EAEU, digital standards, 
product traceability.
DOI: 10.14357/20790279230117
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Введение

С каждым годом число биомедицинских па-
тентов и научных публикаций значительно увели-
чивается. Зачастую эти тексты не содержат какие-то 
описательные метаданные, а это, в свою очередь, 
приводит к большому объёму неструктурирован-
ных данных. Следовательно, увеличивается потреб-
ность в инструментах, которые бы могли точно из-
влекать требуемую информацию из таких текстов.

Для извлечения информации из текстов для 
дальнейшей её обработки можно использовать как 
подходы машинного обучения, так и алгоритмы, 
основанные на регулярных выражениях. В работах 
[1, 2] ключевую роль играют регулярные выраже-
ния, и, напротив, в [3, 4] используются достижения 
области глубокого машинного обучения, в частно-
сти модель условных случайных полей. А в [5] 
используется нейросетевая модель-трансформер, 
которая при правильной настройке параметров 

может достаточно неплохо извлекать биомедицин-
ских данные.

Хотя, были созданы инструменты для анализа 
и взаимодействия с неструктурированными данны-
ми, зачастую эти решения основаны на правилах, 
которые применимы к конкретным обрабатываемым 
данным. В этой работе мы предлагаем решение для 
задачи извлечения биомедицинской информации из 
патентов с помощью регулярных выражений. Таким 
образом, полученная структурированная информа-
ция может быть использована для обучения сложных 
нейросетевых моделей, которые позволят корректно 
извлекать информацию из большего числа текстов.

1. Обзор релевантных работ

Существует не так много решений, которые 
решают поставленную задачу. Зачастую, суще-
ствующие алгоритмы разработаны для решения 
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большого спектра задач, поэтому они показывают 
недостаточно высокие результаты для задачи из-
влечения определений из биомедицинских патен-
тов и научных публикаций.

Например, Jinhyuk Lee и его коллеги предста-
вили BioBERT (Bidirectional Encoder Representa-
tions from Transformers for Biomedical Text Mining) 
[5] – нейросетевую модель-трансформер [6], раз-
работанную для автоматической обработки языка 
биомедицинской области, которая предварительно 
обучена на больших биомедицинских текстах. Дан-
ная модель способна извлекать биомедицинские 
именованные сущности, биомедицинские отноше-
ния в тексте, а также может выдавать ответы на био-
медицинские вопросы. BioBERT инициализируется 
со значениями весовых функций, которые были по-
лучены для BERT [7] (данная модель предваритель-
но обучена на текстах из английской Википедии и 
BooksCorpus), после чего BioBERT был дообучен на 
биомедицинских текстах (сюда входят аннотации с 
PubMed и полнотекстовые статьи PMC).

В статье [3] представлен другой подход для 
решения задач NLP из области биомедицины. 
CLAMP (Clinical Language Annotation, Modeling, 
and Processing) для извлечения информации ис-
пользует как методы, основанные на машинном 
обучении, так и методы, основанные на правилах. 
Данный инструментарий позволяет извлекать име-
нованные сущности, разбивать текст на токены, и 
многое другое. В своей программе авторы исполь-
зуют 3 типа токенизаторов (на выбор):
1) � OpenNLP токенизатор [8] на основе машинного 

обучения,
2) � токенизатор на основе разделения слов по за-

данным символам,
3) � токенизатор на основе правил с различными па-

раметрами конфигурации.
А для задачи извлечения именованных сущ-

ностей авторы предлагают использовать:
1) � алгоритм условных случайных полей (condi-

tional random fields – CRF) [9],
2) � алгоритм на основе словаря с большим количе-

ством биомедицинской лексики, собранной из 
разных ресурсов, таких как UMLS,

3) � алгоритм на основе регулярных выражений для 
объектов с общими шаблонами.

OSCAR4 (Open-Source Chemistry Analysis 
Routines) [2] – это открытая система для автома-
тического извлечения химических терминов из 
научных статей. В основе данной работы лежит 
распознавание химических веществ на основе ре-
гулярных выражений и распознавание на основе 
словаря заранее заданных слов. Но для распозна-
вания сложных химических соединений (которые 

состоят из нескольких токенов) – используется мо-
дель Маркова максимальной энтропии.

Ещё, есть работа [1], где авторы использу-
ют морфологию для извлечения биомедицинских 
слов. Система распознавания химических объек-
тов состоит из двух подсистем. Первая извлекает 
химические объекты и помечает их в нормализо-
ванном входном документе с использованием сло-
варя заранее заданных слов и морфологического 
подхода. Основанный на морфологии подход иден-
тифицирует различные элементы в химическом со-
единении и объединяет их для создания конечного 
соединения.

Вторая подсистема – извлекает дополнитель-
ные химические элементы и распределяет все 
распознанные объекты по классам соединений, а 
также имеет такие возможности как расшифров-
ка аббревиатур и исправление орфографических 
ошибок. Для того, чтобы определить является ли 
определённая сущность “химической”, авторы 
собрали статистическую информацию для каж-
дого уникального объекта. Данная информацию 
используется как последний этап извлечения име-
нованных сущностей и предназначен для класси-
фикации извлеченного объекта (либо объект явля-
ется химическим, либо нет).

Приведённые методы извлекают информа-
цию из биомедицинских текстов в целом – они не 
направлены на извлечение структур Маркуша [10] 
(см. Рис. 1).

Рис. 1. Пример структуры Маркуша, взят из US 
Patent 20040171623

2. Постановка задачи
Данные, касающиеся различных биомеди-

цинских патентов, находятся в открытом доступе в 
различных патентных ведомствах. Патенты обыч-
но имеют четкую структуру, которая включает в 
себя: название патента, аннотацию, описание, фор-
мулы изобретения (Claims) и библиографическую 
информацию (дата, номер патента, авторы).
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Интересующий нас раздел – Claims (см. Рис. 
2), содержит описание химических соединений, 
которые заявлены авторами патента. На это как 
раз направлена правовая охрана, предоставляемая 
патентом. Раздел Claims может содержать внутри 
себя несколько подразделов, которые содержат ин-
формацию по разным химическим цепочкам.

Рис. 2. Пример данных, содержащихся в разделе 
Claims, взят из US Patent 20120208859

Соединения, представленные в разделе 
Claims, могут быть описаны с помощью структуры 
Маркуша [10] (см. Рис. 1). Для того, чтобы найти 
патенты, у которых структура Маркуша либо такая 
же, либо схожая, – нужно сравнить эти структуры. 
Так как структура Маркуша – сетевая модель, то 
сравнение напрямую таких моделей – очень ресур-
соёмкий процесс. Поэтому, зачастую используют 
так называемые fingerprints, которые отражают в 
себе информацию, представленную в структурах 
Маркуша. Но перед этим нужно извлечь информа-
цию, которая входит в такие структуры, на что и 
направлена данная работа.

Табл. 1.
Примеры химических соединений

Название соединения Молекулярная формула

nitrogen monoxide NO

glucose C
6
H

12
O

6

copper (II) sulfate CuSO
4

carbon dioxide CO
2

dichlorine heptoxide Cl
2
O

7

Задача состоит в извлечении из раздела Claims 
химических соединений (Табл. 1), названий пере-
менных (вместо которых могут быть подставлены 
различные значения), химических элементов, фор-

мул и InChI кодов [11] (Рис. 3) с целью преобразо-
вания данной текстовой информации в некоторую 
структуру формального представления.

Рис. 3. Примеры InChI кодов [11]

В теоретико-множественной аннотации зада-
чу можно сформулировать следующим образом: 
имеются патенты и научные публикации X, где каж-
дый элемент x ∈ X представлен в виде x = x1, ... , xn  
(x1, ... , xn – последовательность слов (токенов)),  
и задано множество классов Y = (y1, ... , y5), где:
y1 – номер Claim,
y2 – переменная, к которой ищем описание,
y3 – описание переменной,
y4 – ссылка на другой Claim,
y5 – в случаях, если токен не соответствует y1, ... , y4.

Необходимо построить отображение F, кото-
рое бы сопоставляло каждому элементу x ∈ X – со-
ответствующий элемент y ∈ Y.

Задача извлечения информации из текста 
представляет собой поиск и классификацию име-
нованных сущностей (Named Entity Recognition), 
имеющихся в неструктурированном тексте, по 
заранее заданным категориям. Именованная сущ-
ность – n-грамма в тексте, для которой определена 
категория (класс, метка).

3. Описание метода

Алгоритм извлечения информации из текстов 
можно разбить на следующие шаги:
1) � составление набора данных,
2) � предварительная обработка входных данных,
3) � векторизация данных и извлечение признаков,
4) � обучение моделей для извлечения необходимой 

информации из текстов.
Составление набора данных включает также 

включает в себя автоматизированную разметку то-
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кенов. В предварительную обработку данных вхо-
дит нормализация и токенизация входных данных. 
Схема алгоритма приведена на Рис. 4.

Рис. 4. Схема предложенного алгоритма извлече-
ния информации из текстов

3.1. Составление набора данных
Данные, с которыми мы работали, взяты из 

базы USPTO [12]. Все данные изначально пред-
ставлены в XML файлах, которые содержат струк-
турированную информацию о патентах: описание, 
аннотацию, библиографические данные и Claims. 
Для разработки алгоритма из файлов берется толь-
ко раздел Claims.

3.2. Предварительная обработка данных
Первым этапом обработки данных являет-

ся извлечение из имеющихся данных – раздела 
Claims. Так как такие данные имеют схожее оформ-
ление, то извлечение выполняются с помощью ре-
гулярных выражений.

После извлечения Claims – необходимо под-
готовить данные для дальнейшей работы. Для это-
го выполняется следующая нормализация строк:
1) � Удаляются лишние пробелы в начале и конце 

строк.
2) � Пустые строки тоже удаляются.
3) � Каждые строки разбиваются таким образом, 

чтобы в них содержалось только одно описание 
переменных. Это выполняется с помощью по-
иска в каждой строке следующей конструкции: 
… variables … definition_verb … definitions … 
definition_end_symbol. При этом, учитывается 
ситуация, когда на этой же строке может быть 
приведено описание вложенных переменных. 
Например, “Z is OR3, wherein R3 is C1-C6 al-
kyl”. В этом случае строка не разбивается.

4) � Если в строке не встретился definition_end_
symbol, то строки объединяются до тех пор, 
пока не найдется нужный символ.

5) � Если строка является начальной для Claim, но 
номера Claim указаны через тире, то последую-
щее содержимое копируется для каждого номе-
ра Claim из указанного промежутка.
Затем полученные строки группируются 

по Claim. Все описанные выше действия по 
нормализации строк, тоже выполняются с 
помощью регулярных выражений.

Применение нормализации позволит обучить 
модель на небольшой выборке более качествен-
но, а также повысит её точность. А группировка и 

разбиение строк упростят последующую разметку 
данных.

Следующим этапом является присвоение ка-
ждому токену метки из возможных:
• � CLAIM – номер Claim,
• � VAR – переменная, к которой ищем описание; 

описание к этой переменной подставляется 
только к последнему месту, где она была упомя-
нута до встречи этой самой переменной,

• � VAR-ALL – переменная, к которой ищем описа-
ние; описание к этой переменной подставляет-
ся во все места, где она была упомянута,

• � DEF – описание переменной,
• � REF – ссылка на другой Claim,
• � O – в случае, если токену не присвоена ни одна 

из вышеперечисленных меток.
Присвоение токенам соответствующей метки 

выполняется с помощью средств разметки ФИЦ 
ИУ РАН. Результатом работы этих средств явля-
ются данные, содержащие токен, его метку, номер 
строки, где он был найден и уникальный номер 
Claim.

3.3. Векторизация данных и извлечение 
признаков
Так как не все модели классификации в каче-

стве входных данных принимают строковые зна-
чения данных, то необходимо векторизовать такие 
признаки. К ним относятся токены и соответству-
ющие метки.

Если каждой уникальной метке сопоставляет-
ся число, то с токенами дело обстоит совсем иначе. 
Для каждого токена строится вектор размерности 
100 с помощью модели Word2Vec [13, 14] для по-
лучения векторных представлений слов естествен-
ного языка.

Word2Vec была обучена на собранном наборе 
данных. Обучение происходило 10 эпох, с разме-
ром скользящего окна равным 8.

Чтобы в дальнейшем обучить модель машин-
ного обучения – необходимо объединить токены в 
списки на основе принадлежности к Claims, а за-
тем подать эти списки на вход Word2Vec. Резуль-
татом работы такой модели будет сопоставление 
каждому токену его векторного представления.

Некоторые алгоритмы машинного обуче-
ния, например основанные на Conditional Random 
Fields, будут лучше работать с признаками, содер-
жащими информацию о соседних токенах, относи-
тельно рассматриваемого.

Поэтому, ещё одним способом представления 
данных, подаваемых на вход таким моделям, – яв-
ляется сопоставление каждому токену набора при-
знаков. Этими признаками являются:
• � сами токены,
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• � последние 2–3 символа токена,
• � флаг, начинается ли токен с заглавной буквы,
• � флаг, является ли токен числом,
• � флаг, содержит ли токен только заглавные буквы,
• � информация о соседних токенах (соседний то-

кен и 3 флага, как в предыдущих пунктах).
3.4. Обучение моделей
В качестве методов классификации, которые 

бы на основе размеченных и векторизованных дан-
ных присваивали бы ранее неизвестным данным 
метки, – использовались как стандартные методы 
машинного обучения (Support Vector Machine [15], 
Conditional Random Fields [9]), так и модели глубо-
кого обучения (Stanford NER [16], BERT [7], BioB-
ERT [5]), которые уже заранее предобучены.

Дообучение BioBERT, BERT и Stanford NER 
производилось на данных, полученных в пункте 3.2 
– токенах, метках и номерах Claims. Для BioBERT и 
BERT, чтобы не происходило переобучение, число 
эпох было выбрано равным 5 (см Рис. 5 и Рис. 6).

Метод опорных векторов (SVM) обучался с 
нуля на векторизованных данных, а метод услов-
ных случайных полей (CRF) – на данных, получен-
ных в пункте 3.3.

Рис. 5. График Epoch vs Loss для модели 
BioBERT.

Рис. 6. График Epoch vs Loss для модели BERT.

4. Результаты экспериментов
В рамках данной работы была проведена серия 

экспериментов для решения поставленной задачи 
классификации. Эксперименты проводились 
на 100 документах с более чем 1700 Claims. 
Обучающая выборка состояла из 70 документов, а 
валидационная – из 30.

Для сравнения результатов использовались 
стандартные метрики качества: precision (точ-
ность), recall (полнота) and F1-score [17]. Давайте, 
рассмотрим их более детально.

Для начала рассмотрим, что такое TP, FP и FN:
• � TP – число токенов, которым классификатор 

присвоил правильную меток,
• � FP – число токенов, которые имеют метку O, но 

классификатор присвоил им другую метку,
• � FN – число токенов, которые имеют определён-

ную метку (не O), но классификатор отнёс их к 
другой группе.

Accuracy (точность) – доля токенов, действи-
тельно принадлежащих конкретному классу, от-
носительно всех токенов, которым классификатор 
присвоил такую метку класса. Данная метрика вы-
числяется по уравнению (1).

                     (1)

Recall (полнота) – доля токенов, которым 
классификатор присвоил конкретную метку клас-
са, относительно всех токенов, имеющих эту мет-
ку. Данная метрика вычисляется по уравнению (2).

                      (2)
F1-score – среднее гармоническое значение 

точности и полноты. Данная метрика вычисляется 
по уравнению (3).

  (3)

Результаты классификации на тестовых дан-
ных приведены в Табл. 2.

Табл. 2
Значения метрик для различных методов класси-

фикации.

Название модели Precision Recall F1-score

SVM 0.5276 0.6340 0.5675

CRF 0.6701 0.6358 0.6378

Stanford NER 0.7530 0.8488 0.7981

BERT 0.8437 0.8978 0.8699

BioBERT 0.8467 0.9012 0.8731

Из проведённых экспериментов видно, что 
классические методы машинного обучения пока-
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зывают результаты намного хуже, чем предвари-
тельно обученные модели глубокого обучения, ко-
торые, в свою очередь, классифицируют токены на 
достаточно хорошем уровне.

Заключение

В статье описан метод решения задачи извле-
чения информации из биомедицинских текстов для 
дальнейшей ее обработки. Этот метод позволяет 
извлекать описание химических соединений, ко-
торые заявлены авторами патентов. Были обучены 
модели машинного обучения, такие как SVM, CRF, 
Stanford NER, BERT и BioBERT, на которых впо-
следствии проводились эксперименты.

В дальнейшем планируется преобразовать по-
лученные данные в формат InChI кодов и написать 
fingerprints которые соответствуют структурам 
Маркуша, заявленным авторами патентов. Также 
планируется провести ещё серию экспериментов 
для улучшения качества извлечения информации 
из текстов.
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Introduction
Segmentation of text or splitting linear text 

into fragments is one of the fundamental operations 
required for most applied NLP tasks. It refers to one 
of the stages of natural language text processing - the 
pre-syntactic analysis of the text[4]. 

Despite a tendency to replace traditional methods 
of NLP with neural-net-based ones in the last years, 
where document analysis might be done without in-
termediate stages, traditional methods are still used in 
some cases. E.g. when we need to calculate statistics 
of words, parts of speech in a document, do some spe-
cific markup, etc. There are multiple implementations 
of text into sentences splitters including open source 
libraries and tools. But the quality of segmentation and 
the performance of each segmentation tool are very 
different. 

Also, we need to take into account a technolog-
ical stack that is used by developers of NLP applica-
tions. In most cases, developers prefer to use libraries 
with API in the same language which is used in their 
applications development.

Let’s take a look at some of the most commonly 
used segmentation tools.

1. Segmentation tools review

1.1. NLTK
NLTK is a set of natural language analysis tools 

written in Python language. It includes a set of librar-
ies for classification, tokenization, word stem finding, 

tagging, parsing, and semantic text analysis. NLTK 
supports many languages depending on the specific 
task. This tool implements the segmentation method 
suggested by S. Bird, etc. [3] using unsupervised learn-
ing (learning algorithm “without a teacher”) to build a 
model of abbreviated words, phrases, and words that 
begin sentences and then find the supply boundary.

1.2. Stanford CoreNLP
CoreNLP is a set of NLP analysis tools written 

in the Java language. CoreNLP allows users to obtain 
linguistic annotations for text, including tokens, sen-
tence boundaries, and many others. Currently supports 
6 languages: Arabic, Chinese, English, French, Ger-
man and Spanish. This software implements a com-
bined segmentation method for text segmentation. A 
combined method means the combination of machine 
learning and rule-based methods. Text processing sug-
gested by C. Manning, etc. [11] executes in the form 
of a pipeline, at each stage in which the user receives 
linguistic annotations. Each stage fulfills its function. 
For example, a pipeline can consist of token boundar-
ies, parts of speech, named entities, and sentence seg-
mentation. Each of these stages can be implemented in 
different ways.

1.3. SpaCy
SpaCy is a set of advanced word processing tools 

written in Python and Cython programming languag-
es. Unlike NLTK, which is widely used for teaching 
and research, SpaCy focuses on providing software 
for production use. With its internal machine learn-
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ing library “Thinc”, SpaCy supports the connection of 
statistical models trained by popular machine learning 
libraries: TensorFlow, PyTorch, and MXNet. SpaCy 
provides models for part-of-speech tagging, depen-
dency analysis, text segmentation, and named enti-
ty recognition. Out-of-the-box statistical models for 
these tasks are available in 17 languages, including 
English, Portuguese, Spanish, Russian, and Chinese. 
There is also a multilingual NER model. Additional to-
kenization support for over 65 languages allows users 
to train models on their own datasets. This tool imple-
ments two segmentation methods: a method based on 
heuristic rules and a method based on machine learn-
ing, namely “decision trees”. The heuristic rules code 
is in the SpaCy documentation [9]. The Dependency 
parser uses a variant of the non-monotonic arc-eager 
transition system suggested by M. Honnibal, etc. [8], 
with the addition of a “break” transition to performing 
the sentence segmentation. The pseudo-projective de-
pendency transformation suggested by J. Nivre, etc. 
[12] is used so that the parser can predict non-projec-
tive parsing.

1.4. Apache OpenNLP
Apache OpenNLP is a machine learning-based 

toolkit for natural language processing. OpenNLP 
supports the most common NLP tasks, such as tokeni-
zation, sentence segmentation, and others. OpenNLP 
does not support languages out of the box. The frame-
work can be used to train a model for any language. 
However, there are adapted models for Danish, Ger-
man, English, Spanish, Dutch, Portuguese, and Sami. 
This tool implements a sentence segmentation meth-
od based on machine learning, namely unsupervised 
learning [2].

1.5. WordTokenizers.jl
Apache OpenNLP is a machine learning-based 

toolkit for natural language processing. OpenNLP sup-
ports the most common NLP tasks, such as tokeniza-
tion, sentence segmentation, and others. OpenNLP does 
not support languages out of the box. The framework 
can be used to train a model for any language. Howev-
er, there are adapted models for Danish, German, En-
glish, Spanish, Dutch, Portuguese, and Sami. This tool 
implements a sentence segmentation method based on 
machine learning, namely unsupervised learning [14].

1.6. Sentencize.jl
This package is also written in Julia and re-im-

plements the Python-based package sentence-splitter 
[1]. The sentence-splitter package is a Python imple-
mentation of the Lingua :: Sentence module [13] – a 
Perl-based extension for breaking text paragraphs into 
sentences. Sentencize.jl supports the following lan-
guages: Catalan, Czech, Danish, Dutch, English, Finn-
ish, French, German, Greek, Hungarian, Icelandic, 

Italian, Latvian, Lithuanian, Norwegian (Bokmål), 
Polish, Portuguese, Romanian, Russian, Slovak, Slo-
venian, Spanish, Swedish, Turkish. This tool imple-
ments a sentence segmentation method based on heu-
ristic rules suggested by P. Koehn, etc. [10].

1.7. Outcomes of the review
Heuristic methods are still widely used in text 

processing. They are easy to use and do not require 
significant memory resources. The advantage of these 
methods is also the stability and predictability of their 
work. The supply boundary is determined by matching 
against a set of rules. However, in texts with a special 
arrangement of punctuation marks (e-mail and phys-
ical addresses), mistakes might occur. The disadvan-
tage of these methods is difficult to modify the rules in 
case of significant changes. Machine learning methods 
are more delicate than rule-based methods. They are 
able to find places with a special arrangement of punc-
tuation marks, as well as various mistakes, and avoid 
them when splitting the text into sentences. However, 
when using the wrong training sample, the behavior 
of the sentence splitter in a given text is poorly pre-
dictable. The advantage of modern pre-trained neural 
networks over all the above is context dependence. 
However, as with statistical methods, the behavior de-
pends on the training sample and is poorly predictable, 
and the training costs may not be justified in relation 
to the quality of the text splitting. Combined methods 
should take into account the shortcomings of machine 
learning and rule-based methods. But these combined 
methods require additional RAM resources, which can 
slow down the process. Let’s test all the above seg-
mentation tools to find the best one.

2. Benchmark

2.1. Julia as an integration platform
Julia language is available for production use 

since 2018. Then, the community is continuously 
growing up [7]. Julia can still be called a new lan-
guage, but it already has impressive functionality. For 
example, even a new implementation of old libraries 
and algorithms to solve the problem of text segmenta-
tion is mentioned above. 

Julia offers packages designed for high perfor-
mance from the beginning. In machine learning, and 
natural language processing an immense advantage of 
Julia is that most packages with similar functionality 
were developed after the creation of popular Python, 
Java, and R libraries. But, at the same time, Julia de-
veloped much later compared with other popular lan-
guage stacks. 

For many years, a common approach for devel-
opment libraries that are applicable for multiple lan-
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guages use was the way of building C/C++ based bi-
nary compiled dynamic libraries with C-style exported 
names. These libraries might be used in scripting lan-
guages with appropriate wrapper code prepared manu-
ally or with tools like SWIG.

In the case of Java, there is an interface JNI for 
calling this kind of library. And there is JSR 223 Java 
Scripting API with multiple 3-rd party execution mod-
ules for exact languages to run a script or code snippet. 
At the same time, a programmer has to do a lot of ad-
ditional operations to even activate non-Java code and 
transfer data to the code e.g. in Python. In the case of 
Python, as a result of the low performance of baseline 
implementation of CPython, there is the fragmentation 
of the language dialects with Cython, PyPy, NIM, etc. 
And, there are the same issues with additional pro-
grammers’ work to integrate any other language into 
a Python project with something other than a binary 
dynamic library. And, even after 30 years of develop-
ment, the main issue of Python is low performance and 
a ponderous toolkit to force a Python code to be a pro-
duction-applicable application. 

Key developers of Julia paid attention to integra-
tion features and implemented a way to execute other 
language scripts with their libraries rather than just 
giving a binary interface. And, moreover, even Julia 
code might be integrated into other applications with 
Julia Embedded API and a system image built on a 
Julia code. 

This allowed us to speak about integration pos-
sibilities of other languages and libraries into a Julia 
code, and take into account all the advantages and dis-
advantages of all the mentioned above packages, as 
well as use ready-made solutions or their parts written 

in other languages. Let’s look at some of its integration 
features. 

Julia can initially (without any “glue” code, code 
generation, or compilation) [6] directly call the C and 
Fortran libraries (fig. 1).

Also, there are special packages to call Python, 
R, Java code. The following sample uses the package 
PyCall (fig. 2). It allows us to call Python functions 
and even to write Python code inside Julia program-
mers.

JavaCall allows only to call Java packages from 
within Julia code (fig. 3). First of all, we need to ini-
tialize the Java Virtual Machine before we can call any 
other functions in this module. After that, we get ac-
cess to all the functions of this package, along with the 
Java program.

In this benchmark, we take into account all the 
Julia possibilities making Julia a perfect tool for com-
parison libraries in different languages under equal 
conditions.

2.2. Benchmark details
The idea of the benchmark is to compare text 

splitting into sentences with the segmentation tools 
mentioned above using the same set of text and a ref-
erence markup of sentences. We illustrate the principle 
of operation in figure 4. In the input section, we have 
a marked-up dataset, on the basis of which we form 
plain text with and without markup. Next, we split the 
text without markup into sentences using each seg-
mentation tool. After that, we make a comparison of 
the obtained sentences with its reference. In the result 

 
Fig. 1. Example of calling C library

 
Fig. 2. Example of calling Python library
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section, we calculate f-measures and the splitting per-
formance time.

We illustrate the benchmark architecture as the 
package diagram in figure 6. Here you can see how 
Julia, Python, and Java packages from its libraries 
connect with each other. SentenceSplitterBenchmark.
jl is our package written in Julia language only. We 
highlight other packages belonging to different pro-
gramming languages.

The benchmark framework developed in this 
work gives a simple way to describe a frame for a new 
library or algorithm for testing. Any specific frame is 
stored in the structure like this: (fig. 5)

For each segmentation tool, its own object with 
the described structure is created. That object de-
scribes a function for doing some work before starting 
the benchmark, a function for running the benchmark, 
and a function for collecting results if these are not 
available directly. That description is looking like a 
declarative form.

It was decided to measure the performance 
(speed of each tool) using BenchmarkTools.jl [5]. This 
solution will solve problems with launch heterogene-
ity by averaging measurements.

In the example above (fig. 8), let’s pay attention 
to the fact that the teardown is set in such a way that 
running the JVM does not affect the result.

Fig. 3. Example of calling Java library

Fig. 4. Principle of benchmark operation
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Then we can call all benchmark objects of seg-
mentation tools sequentially via evaluate_list() with 
specifying the number of samples and the benchmark 
duration after that the trial will be terminated(fig.7). 
Parameters samples = 100, seconds = 40 passed direct-
ly into the BenchmarkTools.jl module which is provid-
ing running of tests and collecting a stable execution 
statistics.

2.3. Setup
Let’s compare the segmentation tools for the 

problem of splitting the text into sentences according 
to the following criteria:

1. Execution performance and required resources. 
2. Quality of text segmentation. 
3. Errors of text segmentation.

It was decided to measure the performance (speed 
of each tool) using the BenchmarkTools.jl [5]. Testing 
will be performed on 5840 sentences from “The 
GUM Corpus” [16]. 

GUM stands for Georgetown University Multi-
layer Corpus, a corpus of English texts with different 
text types. This corpus consists of interviews, news, 
travel guides, how-to guides, academic writing, bi-
ographies, fiction, online forum discussions, sponta-
neous face-to-face conversations, political speeches, 
textbooks, and vlogs. Such a variety of texts allows us 
to test segmentation close to natural conditions when 
we don’t know what is the input text. For example, one 
sentence from the GUM Corpus is presented in fig.9

Each token (word, punctuation mark) has its an-
notation. Our task was to test sentence segmentation, 
so we use GUM annotation only as a reference for sen-
tence boundaries. Thus, we will combine all the sen-
tences of the corpus into plain text without line breaks 
(punctuation will remain) and compare the splitting 
using each of the tools with the reference markup.

We will take average values of the time to obtain 
the execution performance of tools.

The task of text segmentation is the task of clas-
sification (hyphenation might be present or not). The 
effectiveness of the text segmentation tool can be nu-
merically assessed by the quality of predictions for the 

 
Fig. 5. BrenchmarkFrame structure

Fig. 6. Package diagram
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Fig. 7. Example of calling all benchmark objects

Fig. 8. BrenchmarkFrame structure for NLTK and WordTokenizers.jl
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test sample. The forecasts made are considered either 
positive or negative, and the expected judgments are 
true or false. 

Four classes that include all predictions made by 
the segmentation tool are shown in Table 1. Predic-
tions must be made for each token (word, punctuation 
mark) in the sentence. So each token goes to one of the 
four classes (TP, FN, TN, FN) according to prediction.

Table 1
Confusion matrix
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TP, True 
Positive

1 1 Line break where it should be

FP, False 
Positive

1 0 Line break NOT where it should be

TN, True 
Negative

0 1
There is no line break, but there 
should be

FN, False 
Negative

0 0
There is no line break, and there 
shouldn’t be

We use the following general indicators [15]:

2.4. Execution time performance
Table 2 shows the results of measuring the exe-

cution time of the text segmentation tools.

The table is sorted in ascending order of average 
execution time for each tool.

The first three lines are the simplest and the fast-
est algorithms with the supposedly lowest segmenta-
tion quality. Next, the best results are WordTokeniz-
ers.jl and OpenNLP. The difference in the average 
execution time of 100 iterations ranges from 0.1s to 
2s at each benchmark run, with WordTokenizers.
jl having an advantage. Thus, the WordTokenizers.jl 
(Julia-based with heuristics) can be said to perform 
sentence splitting faster than others. At this step, the 
hypothesis about rule-based methods is only partial-
ly confirmed. One of the rule-based tools shows the 
fastest results, the other two show the slowest. It all 
depends on the quality of heuristics. The next step is to 
estimate the quality of the sentence splitting.

Table 2
Performance

Tool Name Iterations Time(ms)

Julia split() 100 0,57

Julia split() with file 100 3,58

SimpleSplitter 100 13,77

WordTokenizers.jl 100 30,20

OpenNLP 100 30,73

NLTK 100 216,07

CoreNLP 100 311.99

Spacy (Rule-based) 43 1036.76

Sentencize.jl 7 6476.84

Spacy (Dependency parser) 6 10690.8

2.5. Text segmentation quality
As each segmentation tool has its own tokenizer, 

the number of tokens (predictions) for each tool might 
be different. Thus, we can compare the quality of seg-
mentation with relative values (accuracy, error, preci-
sion, error, f1).

It is worth clarifying that “Julia split () with file” 
is omitted in this table, since “Julia split ()” and “Julia 
split () with file” are one splitting algorithm, therefore, 
the results of the accuracy estimation will be the same.

The quality of text segmentation is shown in 
Table 3. As we can see, the best quality is shown by 
Sentencize.jl - port of a rule-based Perl extension for 

Fig.9. One sentence from the GUM Corpus
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sentence splitting. At this step, again the hypothesis is 
only partially confirmed. The best quality is shown by 
another heuristic.

2.6. Types of segmentation errors
For a more complete understanding of the work 

of each segmentation tool, it is necessary to take into 

account the nuances of their work. This can be done by 
printing out the markup errors and comparing them to 
the reference markup. During the analysis, we identi-
fied two types of errors: errors in setting the line break 
and errors in recognizing tokens.

Errors of the 1st type are associated with the ab-
sence of punctuation marks in the source text, head-
ings, and enumerations. All segmentation tools make 
similar errors in the same places. There is no point in 
showing them.

Errors of the 2nd type are more exotic. They de-
pend on the segmentation tool and are not repeated in 
the analyzed tools. It is associated with a specific seg-
mentation algorithm (method). These errors consist of 
incorrect recognition of tokens and occur with consec-
utive punctuation marks. Consider some examples in 
Table 5.

Table 3
Comparison metrics results.

Tool Name tp fp tn fn accuracy error precision recall f1

Sentencize.jl 6330 254 107813 1078 0,99 0,01 0,96 0,85 0,905

NLTK 6269 283 107787 1139 0,99 0,01 0,96 0,85 0,898

OpenNLP 6255 276 107791 1153 0,99 0,01 0,96 0,84 0,897

CoreNLP 6278 362 107786 1130 0,99 0,01 0,95 0,85 0,894

WordTokenizers.jl 6140 264 107809 1268 0,99 0,01 0,96 0,83 0,889

Spacy (Dependency parser) 6631 934 107268 777 0,99 0,01 0,88 0,90 0,886

Spacy (Rule-based) 6183 994 107531 1225 0,98 0,02 0,86 0,83 0,848

SimpleSplitter 5760 772 107847 1648 0,98 0,02 0,88 0,78 0,826

Julia split() 5760 878 107780 1648 0,98 0,02 0,87 0,78 0,820

Table 4
Number of 2nd type errors

Tool Name Errors

Sentencize.jl 0

NLTK 3

OpenNLP 0

CoreNLP 84

WordTokenizers.jl 6

Spacy (Dependency parser) 135

Spacy (Rule-based) 458

Table 5
Error examples

WordTokenizers.jl

Reference markup Markup error

- It ‘s a little bit like Achilles and the turtle.\vskip 3pt- ... love 
story and romance and surprises and tragedies and all this 
but alsothis structure interested me a lot.

- It ‘s a little bit like Achilles and the turtle.... love story and 
romance andsurprises and tragedies and all this but also 
this structure interested me a lot.

NLTK

Reference markup Markup error

- A Connecticut Yankee in King Arthur ‘s Court ( solo )\vskip 
3pt- Ed.: See the LibriVox catalog for a full index.

- A Connecticut Yankee in King Arthur ‘s Court ( solo ) Ed.\
vskip 3pt- : See the LibriVox catalog for a full index.

CoreNLP

Reference markup Markup error

- Had they died fast or were they now suffering a fate far 
worse..?

- Had they died fast or were they now suffering a fate far 
worse.\vskip 3pt- .\vskip 3pt- ?

Spacy (Dependency parser)

Reference markup Markup error

- Finally, our study complements Navarro’s (2016) automatic 
metrical analyses of Spanish Golden Age sonnets, by cover-
ing a wider period and focusing on enjambment.

- Finally, our study complements Navarro\vskip 3pt- s (2016) 
automatic metrical analyses of Spanish Golden Age sonnets, 
by covering a wider period and focusing on enjambment.

Spacy (Rule-based)

Reference markup Markup error

- The severe concerns underpinning the alleged crisis have 
several dimensions relating to: (a) the (small) amount of 
published replication research; (b) the (poor) quality of rep-
lication research; and (c) the (lack of) reproducibility, which 
refers to the extent to which findings can (not) be repro-
duced in replication attempts that have been undertaken.

- The severe concerns underpinning the alleged crisis have sev-
eral dimensions relating to: (\vskip 3pt- a) the (small) amount of 
published replication research; (\vskip 3pt- b) the (poor) quality 
of replication research;\vskip 3pt- and (c) the (lack of) reproduc-
ibility, which refers to the extent to which findings can (not) be 
reproduced in replication attempts that have been undertaken.



175Труды ИСА РАН. Том 73. 1/2023

Sentence splitters benchmark

The results in Table 4 shows that CoreNLP and 
Spacy make the most errors of the 2nd type (in recog-
nizing tokens). Because of this, the share of correct pre-
dictions and other indicators were not maximum. It also 
confirms that Sentencize.jl performs segmentation with 
the fewest errors (all tokens were recognized correctly).

Conclusion

In this paper, we compared the results of the 8 
segmentation tools using comparison metrics and cal-
culating performance. It is worth noting that the best 
results in terms of performance (WordTokenizers.jl) 
and quality (Sentencize.jl) belong to Julia tools. The 
benchmark source code is available at https://bmstu.
codes/AnnaZav/sentencesplitterbenchmark. 

The novelty from the technical side is developed by 
our unified benchmarking framework for libraries writ-
ten in different programming languages which allows 
connecting the new libraries into a testing pipeline and 
getting comparison results on both quality and execution 
performance. And, due to the selected Julia language, 
these libraries might be written in different languages, in-
cluding native Julia, Python, R, Java, etc. That work con-
firms that Julia might be used as an integration platform.

This paper is a part of the research work carried 
out within the Bauman Deep Analytics project of the 
Priority 2030 program.
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Introduction
Humanity has accumulated a huge number of 

text documents. The task of extracting the meaning of 
a text from a large number of documents is difficult for 
the user and may require significant time costs.

The task becomes more complicated when the 
user is a decision-maker and must distinguish the 
meaning of incoming texts and make decisions in a 
limited time. One of the common ways to “concep-
tually compress” text information is to use conceptu-
al models. Such models include mindmap diagrams, 
concept maps, and, in part, ontological models. Re-
search is currently underway to develop conceptual 
models presented in complex graph structures, such 
as hypergraphs, hypernetworks, and metagraphs. The 
use of complex graph structures provides a signifi-
cant degree of “conceptual compression”. The use 
of conceptual models in the decision-making task 
involves the sequential implementation of three en-
larged steps:
1. � Synthesis of a conceptual model based on a text 

description.
2. � Conceptual modeling, as a result of which new 

conceptual models are formed.
3. � Analysis of the results of modeling, decision-mak-

ing, and the formation of reports based on the de-
cisions made.

In this regard, the development of methods and 
algorithms for the synthesis of conceptual models 
based on a text description, implementing step 1, and 
generation of text reports based on the models ob-
tained as a result of conceptual modeling in step 3 are 

urgent tasks without solving which it is impossible to 
implement conceptual modeling fully.

This article discusses both the architecture of the 
conceptual modeling system and the principles of im-
plementing the main modules of the system.

1. The Architecture of a Conceptual Modeling 
System

The Architecture of a Conceptual Modeling Sys-
tem is represented in the Fig. 1.

The system under development contains three 
large modules:
1. � The text parsing module.
2. � The text generation module.
3. � The metagraph concepts modeling module.

The operation of the system consists of nine 
main steps:
1. � In “Step I”, a source text document is read.
2. � In “Step II”, “the text parsing module” parses the 

document, extracts concepts and relationships, and 
creates a metagraph structure.

3. � In “Step III”, the generated metagraph structure is 
recorded into “the metagraph concepts storage”.

4. � In “Step IV”, “the metagraph concepts modeling 
module” receives the sourceconcepts for modeling 
from “the metagraph concepts storage”.

5. � In “Step V”, the conceptual modeling is performed. 
The source concepts inthe form of metagraph are 
translated to the destination concepts.

6. � In “Step VI”, the results of conceptual modeling are 
recorded into “themetagraph concepts storage”.
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7. � In “Step VII”, “the text generation module” re-
ceives the destination concepts from “the meta-
graph concepts storage”.

8. � In “Step VIII”, “the text generation module” trans-
forms destination concepts into text form.

9. � In “Step IX,” the output text document is generated.
The system architecture includes “the metagraph 

concepts storage”. The detailed structure of the infor-
mation stored in “the metagraph concepts storage” is 
the subject of a separate research. The main ideas of 
storing a metagraph model in relational, document-ori-
ented, and graph databases are discussed in [15].

Various options for metagraph modeling are the 
subject of a separate study. In this article, we will con-
sider in detail the principles of extracting metagraph 
structures from text and generating text based on the 
metagraph structure, which corresponds to modules 
“The text parsing module” and “The text generation 
module”. We will also consider the basic principles that 
underlie “The metagraph concepts modeling module”.

2. Using Metagraphs for Concepts Modeling

In this section, we discuss the use of a metagraph 
model as a data model for “The metagraph concepts 

modeling module”. We will also compare flat concept 
maps (such as MindMaps and CMaps) with a meta-
graph model.

MindMaps. Probably, the most well-known 
approach to the representation of conceptual maps in 
practice is MindMap or “relationship diagram” [3].

The idea of constructing such a diagram is that 
the main topic (“topic”) is depicted in the center of the 
sheet, in which hierarchical subtopics are nested. Var-
ious views can be used to visualize such a diagram. 
Hierarchically nested concepts can be displayed in the 
form of a tree, can be located on concentric circles, can 
be represented in the form of an Ishikawa diagram [6] 
(which is also known as a “cause-effect diagram”). The 
simplest software products support only one version of 
the representation of the relationship diagram (as a rule, 
this is the “classic” version, in which the concepts are 
located on concentric circles). More advanced software 
products (for example, XMind [1]) support several rep-
resentation options and automatically convert a struc-
ture from one representation to another.

From the point of view of the data model, a re-
lationship diagram is a flat graph whose vertices cor-
respond to concepts and whose edges correspond to 
connections between concepts. Edges in this model 
are considered as non-directional and non-annotated 
(an edge cannot be assigned a label containing aux-
iliary data). It is the property of non-annotability that 
allows automatic transformations between views.

Advanced software products (for example, 
XMind) also allow you to create additional annotated 
edges (actually turning the link diagram model into a 
CMap model), but such edges are not subject to auto-
matic transformations between views.

Concept maps (CMaps). The CMap approach 
was proposed by Professor Joseph D. Novak [10]. The 
CmapTools system is an automated tool developed 
based on Novak’s theory, designed for the formaliza-
tion of subject areas, and is also often used in practice 
as an automated learning tool.

From the point of view of the data model, a 
CMap (like a MindMap) is a flat graph whose verti-
ces correspond to concepts, and whose edges corre-
spond to connections between concepts. In contrast 
to the MindMap diagram, the edges in this model are 
considered as directed and annotated (an edge can be 
assigned a label containing auxiliary data). Unlike the 
MindMap diagram model, it is not possible to per-
form automatic transformations between views for the 
CMap model.

Advantages and Disadvantages of Flat Con-
cept Maps. The main advantages of the existing ap-
proaches to the presentation of concept maps are:
1. � The conceptual map is presented in a graphical 

Fig.1. The Architecture of a Conceptual Modeling 
System
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form, which allows the userto form a complete rep-
resentation of the subject area.

2. � This version of the presentation allows you to un-
derstand the hierarchicalrelationship between the 
concepts.

3. � In the case of using a concept map as a training 
tool, it is possible to graduallyadd concepts and 
connections, which allows the student to form a 
holistic view of the subject area step by step.

4. � The main disadvantages of the existing approaches 
to the presentation of concept maps are:

5. � The MindMap diagram does not allow annotating 
edges, which seriouslylimits the expressive capa-
bilities of the model. This problem is solved in the 
CMap approach.

6. � Both the MindMap diagram and CMap use flat 
graphs to represent conceptual maps. This leads to 
the fact that a concept map with a size of even a few 
dozen concepts becomes almost unreadable. In par-
ticular, this happens due to a violation of Miller’s 
law [13], since at the same time, the user is forced 
to work with a number of concepts that exceeds the 
number 7 ± 2.

To solve the second problem, the CMap ap-
proach uses the concept of nested nodes. But nested 
nodes allow you to combine ordinary nodes only once 
– hierarchical embedding of nested catches into each 
other is impossible in the CMap approach.

Thus, having analyzed the existing approaches 
to the representation of conceptual maps, we can con-
clude that the main problem of the existing approaches 
is using a flat graph as a model for the representation 
of a conceptual map. Next, we will consider the possi-
bility of using complex graphs (metagraphs) as a mod-
el for conceptual maps.

The Metagraph Model for Concepts Model-
ing. The metagraph model is a kind of complex graph 
model. In this article, by metagraph we will understand 
the following: MG = ⟨V,MV,E⟩, where MG – metagraph; 
V – set of metagraph vertices; MV – set of metagraph 
metavertices; E – set of metagraph edges.

It should also be noted that in some versions of 
the metagraph model, there is such an element as a me-
taedge [14]. But in the proposed approach, metaedges 
are not used for conceptual modeling, so they are not 
considered in this article.

Metagraph vertex vi = {atrk},vi ∈ V , where atrk 
– attribute. Metagraph edge ei = ⟨vS,vE,{atrk}⟩,ei ∈ E, 
where vS – source vertex (metavertex) of the edge; vE –  
destination vertex (metavertex) of the edge; atrk – at-
tribute.

The metagraph fragment is defined as  
MGi = {evj},evj ∈ (V ∪ E ∪ MV ), where evj – an el-
ement that belongs to the union of vertices, edg-

es and metavertices. The metagraph metavertex:  
mvi = ⟨{atrk},MGf⟩,mvi ∈ MV , where mvi – metagraph 
metavertex; atrk – attribute, MGf – metagraph fragment.

The main element of the metagraph model is the 
metavertex. From the general system theory point of 
view, metavertex is a special case of manifestation 
of emergence principle, which means that metaver-
tex with its private attributes and connections became 
a whole that cannot be separated into its component 
parts. The example of metagraph representation is giv-
en in the Fig. 2.

The example contains three metavertices: mv1, 
mv2 and mv3. Metavertex mv1 contains vertices v1, v2, v3 
and connecting them edges e1, e2, e3. Metavertex mv2 
contains vertices v4, v5 and connecting them edge e6. 
Edges e4, e5 are examples of edges connecting vertices 
v2–v4 and v3-v5 are contained in different metavertices 
mv1 and mv2. Edge e7 is an example of edge connecting 
metavertices mv1 and mv2. Edge e8 is an example of edge 
connecting vertex v2 and metavertex mv2. Metavertex 
mv3 contains metavertex mv2, vertices v2, v3 and edge 
e2 from metavertex mv1 and also edges e4,e5,e8 showing 
emergent nature of metagraph structure.

Fig.2. The example of metagraph representation

The metagraph model can be useful for describing 
conceptual maps. In this case, we can consider “sim-
ple” and “complex” concepts. At the same time, “sim-
ple” concepts are modeled using ordinary vertices, and 
“complex” ones are modeled using metavertices.

The use of metavertices to describe conceptual 
maps allows us to abandon the representation of a con-
ceptual map in the form of a flat graph and switch to a 
holonic spatial description of a conceptual map in the 
form of a metagraph.

Using metagraph calculus [16], it is possible to 
carry out a formal transformation of the metagraph in 
the process of conceptual modeling.

The process of conceptual modeling is based on 
the sequential transformation of metagraphs using me-
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tagraph agents, which are described in [17]. As a result 
of modeling, an existing metagraph can either be mod-
ified or a new metagraph can be created.

In order to implement “the metagraph concepts 
storage”, the graph model can be transformed into a 
flat graph model as shown in [15]. Also, in accordance 
with [15], the database based on the flat graph model 
or document model or relational model can be used to 
store a metagraph model.

3. The Text Parsing Module

The module is based on the frame approach. For 
researching the frame semantic core transformation, 
the following frame concepts are considered:
– � Zhabotinskaya’s frames[19]. The author of the ar-

ticle proposes frames of a simpler (lower) level, 
which are very close in meaning to syntactic con-
structions (cases, sentence members, etc.) Thus, it is 
not difficult to find a certain set of rules for convert-
ing syntax trees into Zhabotinskaya frames.

– � FrameNet [2] database is a great tool providing 
many frame definitions, semantic roles, and word 
senses. Frames provide structure information. 
Frame instances provide data information. Entities 
in frame instances can be linked, showing that they 

are the same. Due to the nature of frames, entities 
inside some frame can also be frames. The resulting 
data representation is shown in the Fig. 3.

– � FrameBank database is a thesaurus for Russian lan-
guage [8]. Once there were just the Russian version 
of FrameNet [7], it were transformed and adapted 
for Russian, which has more morphological and se-
mantic features than English.

As a result, the FrameNet is considered more suit-
able because of its more flexible structure and acceptance 
worldwide. The Russian version of it will be used in fur-
ther work. In this article, the English version is used.

The general idea of the graph generation algo-
rithm is shown in the Fig. 4.

Initially, the source text is subjected to the reso-
lution of reference links (coreference), which allows 
you to remove leaves that do not carry useful informa-
tion, and also make the future graph more connected.

Then the text gets into the module for convert-
ing text to frames [12]. After that, the received frames 
are linked by target words. Thus, a graph is obtained, 
each node of which is a word. The frame attributes 
are turned into similar nodes. Links between the main 
node and the attribute node are marked with the appro-
priate tag (frame attribute).

Up to this point, we are working with a flat graph 
in which initially parsed low-level concepts corre-
spond to words and phrases of the source text and 
relationships between these low-level concepts corre-
sponds to the links both between the members of the 
sentence and between individual sentences.

Fig.4. Algorithm for text-to-graph transformation

Further enrichment of frames leads to the forma-
tion of high-level concepts based on low-level con-
cepts. But it is impossible within the framework of 
the flat graph structure, so we turn to the metagraph 
model.

Enriched frames can be considered as metaverti-
ces of a metagraph. This is due to the nested structure 

Fig.3. The Data Representation  
of the Frame Semantic Core
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of the resulting frames – frames can be atomic or con-
tain other frames. In this model, metavertices may be 
considered as compositions of low-level vertices.

It should be noted that items of “the metagraph con-
cepts storage” only indirectly corresponds to sentences 
of the source text. The “the metagraph concepts storage” 
stores the high-level concepts of the metagraph model 
that were extracted and enriched based on the source text.

4. The Text Generation Module

The general idea of the text generation algorithm 
is shown in the Fig. 5.

First of all, the generating text system needs to 
know the purpose of generating text. This purpose will 
determine the path of the algorithm. The purpose of 
generating text is considered of these types of input 
information:
– � User request.
– � Meta information i.e., user language, user location, 

history of user request.
It should be noted that the purpose of generating 

text can be supplemented by another kind of informa-
tion, such as another text input from the user explain-
ing how the result text should be like.

This purpose is then analyzed for two main goals: 
find out which parts of the metagraph will be used to 
output the answer, and determine in which format out-
put text will be generated. For simplistic purposes, it 
is supposed that analyzing input information is trans-
forming this input into a semantic representation. That 
way, the purpose of generating text can be presented as 
semantic and manipulated as such.

Fig.5. Algorithm for graph-to-text transformation

After analyzing the purpose of the generating 
text, the algorithm uses this semantic of purpose in 
semantic representation and highlights the individual 
parts of the metagraph.

These results are then compared with a graph to 
find parts of a metagraph. For the general case, it can 
be done in several approaches:
1. � If supposed, that input frame and metagraph are us-

ing the same semanticcore, then this task becomes 
a subgraph isomorphism problem with NPcom-
pleteness, which has too high computational costs. 
It has been solved recently [9], so this approach can 
be used for it;

2. � In case when input frame and metagraph are not 
using same semantic core,then the graph compar-
ison methods can be performed: the target frame 
is matched to search the relevant part of the meta-
graph;

3. � Use unique approaches related to the features of the 
semantic core.

Highlighted parts of the metagraph will trans-
form into text representation with syntactic and mor-
phological transformations.

In the case of using frame semantic core, this 
algorithm became rather deterministic. Text of user 
query transform into semantic frames by the same al-
gorithm, as described earlier, to transform the text into 
a semantic representation with one caveat: the inter-
rogative words will be marked as “blank words”. This 
helps to split the purpose of generating text into two 
categories:
1. � Search purpose, i.e. the user with search query 

wants to find an answer inmetagraph. In this case, 
the model will be like the QnA system.

2. � Descriptive purpose, i.e. the user doesn’t have a 
certain question in the inputquery, rather the user 
wants to learn about something. The algorithm will 
subsequently focus on this category of purposes.

With the use of frame semantic core, using 
unique approaches related to the features of the se-
mantic core is preferable because of the strict and de-
scriptive structure of frames in FrameNet.

In the case of search, the algorithm will look for 
missing values of the vertex in the purpose frame. In 
the case of requests with an ambiguous answer (i.e. 
purpose were descriptive), a multi-frame response is 
obtained, where it is enough to request searches for 
certain vertices, and then search for all frames asso-
ciated with this vertex, getting more than one frame. 
Then all the relevant parts of the metagraph will be 
picked out for the next step.

In both cases, the result is a subgraph of the me-
tagraph representing the response, which is then con-
verted to text. For text transformation, you can use 
both algorithmic approaches and deep neural networks 
(for example, T5 [11]).

For syntactic transformation, the only thing that 
is needed is the following:
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1. � The resulting parts of the metagraph are sorted for 
generating text. This isdone by ATTOrderNet [4] or 
similar models [18].

2. � The frame chain is split into parts that will repre-
sent future sentences. Itcan be done because seman-
tic frames are well-structured, and each one of the 
frames makes one meaning. Sentences are generated 
based on the frame description of FrameNet. With 
the usage of Flesch reading ease scale for natural lan-
guages [5] it can be completed without complex log-
ic: ; 
where ASL is an average number of words per sen-
tence, and ASW is the average number of syllables 
per word. For each language, this formula slightly 
shifts in coefficients, but the variables stay the same. 
It is worth to be noted, that this method of analyz-
ing the complexity of text tends to be a poor cause 
of used mean variables. But in the case of splitting 
frames into sentences, this approach is enough.

3. � Supplementing a chain of frames with punctuation 
marks. In most cases,this will be a comma between 
frames, unless a period is included.

The presented algorithm can generate texts based 
on incoming text queries and constructed metagraph. In 
subsequent works, it is planned to refine the algorithm 
in the direction of generating texts in other languages, 
as well as generating texts with different styles.

5. Experiment

This system will be tested for the tasks of gener-
ating text based on data. A prototype was developed to 
test the performance of the system.

The system receives the user’s input query in the 
form of a text string. According to the rules described 
in paragraph “The Text Parsing Module” a text string 
is converted into a graph. After that, the query sub-
graph is searched in the graph. In case of successful 
finding of the subgraph, the selection of vertices and 
links is called the response subgraph.

Next, the selected response subgraph is sent to 
the text generation module. T5 input must be repre-
sented as text, so we convert the graph to a text string 
according to the following rules:
1. � Selected vertices of the response graph are translat-

ed into the response dictionary.
2. � The root of the dictionary contains the main vertices.
3. � The subtrees of the selected vertices turns into nest-

ed dictionaries.
Suppose we need to find certain information 

about a boat ride in the metagraph. In the Fig. 6 a), the 
input query transforms into syntax tree according to 
parse module. In the Fig. 6 b), the syntax tree parsed 
into metagraph that is called query metagraph. In the 
Fig. 6 c), shows the extraction of the response meta-
graph from the main metagraph by query metagraph. 
In the Fig. 6 d), the response metagraph is converted 
to a dictionary with nested vertex descriptions that is 
called response dictionary.

Fig.6. Example of implementation of parsing and 
generating text

Fig.7. Example of Frame Refining and Sentence 
Representation
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The T5 model [11] is used for transforming re-
sponse dictionary (in text representation) into output 
text. It is worth noting that T5 can be fine-tuned to gen-
erate the desired style of speech, the desired detail of 
the answer. In this experiment, a FrameNet dataset [2] is 
used, consisting mainly of news messages. Detailing of 
answers varies by the number of selected frames.

There were about 5000 frames and their combina-
tions in the original dataset. The dataset was divided into 
training and test samples in the ratio of 90% and 10%.

The response subgraph selection algorithm re-
quires additional research. However, already now it is 
possible to vary the number of vertices and links of 
the response subgraph used to generate the response, 
get more or less detailed answers, control the subject 
of the response, the subject area of the response and 
many other factors of answer generation.

For example, in the Fig. 7 one can see how the 
graph is refined. So, by expanding the meaning of the 
word “boat” to “white boat”, we change the output text.

Table 1
Result of the Experiments.

Metric Name Metric Value

BLEU 0.501

METEOR 0.694

Cosine Similarity 0.813

Results of the test dataset validation are shown in 
Table 1. According to the definition of BLEU and ME-
TEOR metrics, result text theme is the same theme as 
referenced text theme. To confirm that the referenced and 
result texts are similar, cosine similarity is calculated.

The conducted experiment proves the idea of this 
system. The proposed system allows generating text 
based on data. It is worth noting, the FrameNet dataset 
has a relatively small number of sentences and frames. 
In the future, it is planned to increase the dataset with 
other sources, including texts converted into a graph.

6. Related Works and Discussion

The approaches proposed in the article relate to 
several areas of NLP, such as knowledge graph rep-
resentation, natural language generation (NLG) and 
language modelling.

The article [22] proposes a text-enhanced knowl-
edge graph representation model, named BCRL, which 
utilizes entity description and relation mention to en-
hance the knowledge representations of a triple. BCRL 
based on TransE [24] which is an energy-based model 
that produces knowledge base embeddings. It models 
relationships by interpreting them as translations oper-
ating on the lowdimensional embeddings of the entities.

Article [20] implements a system for generating 
the end of a story based on graphs. The implementa-
tion of the answer selection system is implemented as 
follows: several nodes of the graph are selected, each 
of which is weighted in some way, then these nodes 
fall into the answer. GPT-2 [25] and others were used 
as technologies.

The article [21] describes a language model 
based on the transformer architecture BERT [26], but 
with more details about the location of the token within 
the text, such as paragraph index, sentence index, and 
word index. The experimental results demonstrate that 
this proposed method works on both language models 
with relative position embeddings and pretrained lan-
guage models with absolute position embeddings. The 
F1-score on datasets SQUAD1.1 and SQUAD2.0 [23] 
is 92.6 and 85.2 respectively.

Based on the results of the study of related works, 
we see the prospect of modern transformers, so in fu-
ture work we will consider the option of combining 
metagraph concepts and transformers (e.g., BERT or 
GPT-2). Also, in future work it is planned to divide 
the system into three modules for a deeper comparison 
with other models.

Conclusions

The article proposes the conceptual modeling 
system based on a metagraph model that includes three 
main steps: synthesis of a conceptual model based on 
a text description; conceptual modeling, as a result of 
which new conceptual models are formed; analysis of 
the results of modeling, decision-making, and the for-
mation of reports based on the decisions made.

The system architecture includes “the text pars-
ing module”, “the text generation module”, and also 
“the metagraph concepts modeling module”.

Having analyzed the existing approaches to the 
representation of conceptual maps, we can conclude 
that the main problem of the existing approaches is the 
use of a flat graph as a model for the representation of 
a conceptual map.

The “text parsing module” contains the transfor-
mation of the input text using various already existing 
techniques into a graph using frames. The resulting 
graph is enriched with additional data sources for a 
better description of the subject area.

The “Text generation module” is a straight for-
ward algorithm in case of frame semantic core. The T5 
model was used as a model for the experiment. Various 
query subgraphs are fed to the input, the output is a text.

The metagraph model can be useful for describ-
ing conceptual maps. In this case, we can consider 
“simple” and “complex” concepts. At the same time, 
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“simple” concepts are modeled using ordinary verti-
ces, and “complex” ones are modeled using metaver-
tices. The use of metavertices to describe conceptual 
maps allows us to abandon the representation of a con-
ceptual map in the form of a flat graph and switch to a 
holonic spatial description of a conceptual map in the 
form of a metagraph.
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