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Abstract

Objectives. The need to apply methods and models to support the educational process at universities including
the formation and management of academic discipline programs (ADPs) is determined by the growing need for the
active implementation of various automation tools including integrated information systems, which arise in response
to a number of regulatory and legal factors. Such social factors result in the significant increase in the volume
and categories of information circulating within business processes of an educational organization, as well as the
expansion of the requirements for ensuring the protection, storage, and transmission of information. In recent years,
the Government of the Russian Federation has approved the national “Digital Economy” and “Education” projects
(including the Federal Project “Digital Educational Environment”) emphasizing the growing role of informatization
and digitalization processes in education. In this connection, an obvious discrepancy arises between the theoretical
characteristics of information flows existing in educational organizations and the methods of its collection,
processing, storage, analysis, and application used in practice. One of the most important conceptual components
of the educational process in higher education institutions is the ADP, which organizes the relationship between
various components of the educational process: curriculum, competencies, training areas, learning technologies,
and methods for conducting the control check of students’ knowledge. The labor-intensive and variable nature
of ADP development and implementation requires the introduction of information technologies. Thus, the aim of the
present work is to analyze the volume and structure of institutional educational programs in order to identify the
necessary software requirements.

Methods. The classification of learning management systems according to various criteria, key requirements for
academic disciplines, and ADP structure is considered.

Results. An analysis of links between the ADP and key entities of the educational process is presented. The
functionality of the self-developed ADP module forimplementing at RTU MIREA is aimed at providing interconnection,
transparency, and availability of links between academic discipline parameters and its sections.

Conclusions. Introducing the ADP module allows reducing the time spent on developing the program by providing
universaltemplates of academic disciplines, along with the possibility of autofilling the academic discipline parameters
and tracking the current status of ADPs, as well as increasing the level of awareness of participants in the educational
process.

Keywords: educational process, data management, digitalization, educational environment, information systems
to support the educational process, educational programs and standards, academic discipline program
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HAYYHAA CTATbA

Pa3pa0doTKka KOMIIOHEHTA yIPaBJICHUSA
JAHHBIMHU MPOTrPAMMbI Y4€OHOU M CUMIIJINHbI
I MHGOPMAIUOHHON CUCTEMbI YIIPABJICHUS

o0pa3oBareIbHOM Cpeaoit

10.B. Crapuukosa @, U.E. Poros, B.C. TomawueBckas

MUP3A — Poccuiickunii TexHosorn4deckuii yamsepceutet, Mocksa, 119454 Poccus
@ AsTOp Ana nepenvcku, e-mail: starichkova@mirea.ru

Pe3iome

Llenu. NMoTpebHOCTbL B NPUMEHEHUV METO40B U MOAENEN NOAAEPXKKN y4eOHOr 0 nNpoLiecca B 06pa3oBaTesibHbIX Opra-
HU3auusX BbiCLLEro 06pa3oBaHus, B T.4. POPMUPOBAHUS 1 YNIPABAEHUS NporpaMmamm y4ebHbix aucumnnund (MYQ),
onpenensieTcs pacTyLiein HeoBX0AMMOCTbIO akTUBHOIO BHEAPEHNS CPEACTB aBTOMaTM3aLMN, BKIOYas KOMMJIEKC-
Hble MHGOPMALMOHHBIE CUCTEMbI. OTO BbI3SBAHO HAIMYMEM HOPMATMBHO-MPABOBbIX U COLMasbHbIX GakTOpPOB, Npu-
BOASILLNX, C OOHOW CTOPOHBI, K CYLLLECTBEHHOMY YBEIMYEHWIO OOBEMOB 1 KaTeropuii MHGopMaLmMn, LMPKYINPYIOLLEN
B pamkax G13Hec-npoLeccoB 06pa3oBaTefibHOM OpraHM3aumnn, a ¢ APYro CTOPOHbI, K pacLUMpeHnto TpeGoBaHN,
npenbsaBAsSeMblX K 06ecrnevyeHunio 3amTsl HGopMaLMK, ee XxpaHeHuto 1 nepegade. B 2018-2019 rr. MpaButens-
cTBOoM Poccuiickon depepaumm yTBepXaeHbl HaLMoHanbHble NpoekThl «Lndposas akoHoMuka» n «ObpasoBaHue»
(B T.4. pepepanbHbili NpoekT «Lndbposas o6paszoBaTtenbHas cpena»), nogyepkmsatoLLme pacTyLLyto posb Npouec-
coB nHdopmaTnzaumn 1 umdposmsaummn B obpasosaHnn. Cnenyet OTMETUTL OYEBUAHOE HECOOTBETCTBME MEXAY
XapakTepucTMKaMin CyLLECTBYIOLLMX B 06pa3oBaTesibHbIX OpraHn3aumsax MHGOPMaLMOHHbBIX MOTOKOB 1 crnocobamm
nx cbopa, 06paboTKM, XpaHEHWS, aHaNn3a 1 NPUMeHeHMs Ha nNpakTuke. OOHOM U3 BaXHENLLNX COCTaBNASIOWNX 00-
pasoBaTesibHOro npoLecca B opraHmM3auusx Boicliero obpasosaHus sensetca MY/, no3sonsiollas opraHn3oBaTb
B3aVIMOCBSI31 MEXAY Pas3NyHbIMN COCTaBNSOWMMKN y4ebHOro npouecca: y4ebHbIM NIaHOM, KOMNETEHLMAMMU, Ha-
npaeneHNs M NOArOTOBKM, TEXHONOMMSMN 00y4eHUs U crnocobamm OCYLLECTBIIEHMS KOHTPOJIbHOM NPOBEPKM 3HA-
HUI obyyatomxcs. PazpaboTtka n peanndauus MY/ asnseTcs Tpyo0EMKMM Y BAPUATUBHBIM NPOLECCOM, KOTOPbIN
TpebyeT BHeAPEHUs MHDOPMALMOHHBLIX TEXHONOMMIA. Lienb paboThbl — aHanM3 ob6bema 1 CTPYKTypbl 06pa3oBatesib-
HbIX MPOrpamMM yuypexaeHus Ans BoiSBleHUs TpeboBaHui K He06X0AMMOMY NPOrpaMMHOMY 0OECNEYEHNIO.
MeTopabl. PaccmoTpeHa knaccudurkaums cMcTeM ynpaBrieHs 00y4eHEM MO pPa3INyHbIM NPU3HaKkam, KoveBble
TpeboBaHuMs K y4ebHbIM aucumnnmHam n ctpyktypa My,

PesynbTatbl. [TpoBeaeH aHanna ceazei MY/, 1 kno4eBbIX CyLLHOCTEN y4ebHOro npolecca. PaccMoTpeHbl GyHK-
LMOHaNbHblE BO3MOXHOCTU Moayns cobcTBeHHoN paspadotku MY ans sBHeapenus B PTY MUPOA, HanpaBneHHble
Ha obecneyeHne B3aMMOCBS3U, MPO3PAYHOCTUN U JOCTYNHOCTU CBA3E Mexay napamMmeTpamm y4ebHOM ANCUUMNIVHDI
1 ee pasgenamu.

BbiBoabl. BeeneHvie moayns MY/l no3BonnT yMeHbLUWTbL BPEMEHHbIe 3aTpaThl Ha pas3paboTKy NporpamMmbl NyTem npe-
[OCTaBNEHNS YHUBEPCaASIbHbIX LLIABMOHOB YYEOHbIX AVCLMMIVH, BO3MOXHOCTW aBTO3aroJSIHEHMS X MapaMeTpoB, OTCe-
XunBaHus TekyLlero craryca MY/, 1 noBbIcUT ypoBEHb MHDOPMMPOBAHHOCTY YHaCTHUKOB 0Opa30oBaTeNbHOro NpoLecca.

Kniouesble cnoea: 06pasoBaresibHbIii NPOLECC, yrpasieHne AaHHbLIMKU, obpasosaTesibHas cpeaa, MHhGOoPMaLOHHbIE
CYCTEeMbI MOOAEPXKM YHeOHOro NpoLecca, 06pasosaTesibHbIE MPOrpaMMbl U CTaHAAPTbI, MPOrPaMMbl y4eBHbIX ANCLIMMINH
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np03pa‘-lHOCTb d)MHaHCOBOVI AedaTesibHOCTU: ABTOpr HEe NnMetoT q)l/lHaHCOBOI7I 3anMHTEepPeCcoBaHHOCTW B npeacTaB/leH-

HbIX MaTepunasiax nin Mmetogax.

ABTOpPbI 3a5BASAIOT 06 OTCYTCTBMM KOHMIMKTA MHTEPECOB.

INTRODUCTION

Information technologies are widely used in all
spheres of human activities including education.
The introduction of information systems (IS) into
the educational process contributes to its rational
organization and the creation of the unified information
space for the educational institution and direct
participants in the learning process.

The information educational environment is the
systematically organized set of information technologies
as well as hardware, software, and methodological
support along with electronic educational resources for
organizing the educational process wherein a person
plays the role of the subject [1, 2]. The digitalization
of the following areas is required for the functioning
of the information educational environment in a higher
educational institution (HEI):

¢ information and methodological activities,

e planning the learning process and resource
provision,

e placement and storage of training materials,

e monitoring,

e distance education [3].

The need to digitize these areas of activities has
given rise to the special type of IS being the Learning
Management System (LMS). This term implies the use
of IS to provide support to the e-learning process in terms
management, monitoring, and documenting, as well as
providing the learning content and control [4]. This IS
support may be distinguished into methodological,
administrative, and technological strands. The ISs
themselves comprise software or platforms aimed at
providing teachers and students with the necessary tools
to organize and conduct the learning process including
distributing the reference and lecture materials, as well
as generating reports.

The functionality of modern LMSs may be
complemented by software products such as
the Training Management System (TMS) for
implementing the learning process under the teacher
control and the Learning Record Store (LRS) for
tracking and recording user actions. LMSs find
application for solving various tasks ranging from IS
providing means for online courses up to systems of
the corporation level which functionality is regulated

by GOST R 52653-2006! and GOST R 52655-20062
standards.

DOMESTIC AND INTERNATIONAL
EXPERIENCE IN IMPLEMENTING IS
INTO EDUCATIONAL ACTIVITIES

By the early 1980s, personal computers had already
become much more accessible to users, resulting in the
increasing use of software in the educational process.
The first IS supporting the educational process and its
components appeared in 1980. Among the most popular
IS, the ToolBook and TenCORE authoring systems
were used to create interactive content for learning. The
computer managed instruction (CMI) systems FirstClass
and TrainingPartner?, which were among the first IS for
automating educational process components, use formal
language and specifications to create training courses
and integrate them into the distance learning system. The
first tools for working with email, forms, and interactive
whiteboards were also introduced in FirstClass and
TrainingPartner.

A complex of automated management systems for
higher education institutions already being developed
in Russia at that time would go on to become the first
IS to support the educational process. This software
developed by the Research Institute of Higher Education
Problems of the USSR covered the entire learning
process ranging from admission to the university up
to the completion of education [5]. According to the
centralized implementation process, the system went on
to be integrated into more than 50 different educational
institutions deemed as having the greatest technical and
intellectual potential.

Along with the development and growth of the number
of IS supporting the educational process components,

I GOST R 52653-2006. Information and communication
technologies in education. Terms and definitions. Moscow:
Standartinform; 2007 (in Russ.).

2 GOST R 52655-2006. Information and communication
technologies in education. The integrated automated control
system of the high professional educational system. General
requirements. Moscow: Standartinform; 2007 (in Russ.).

3 LMS-Timeline. https://www.rockymountainalchemy.com/
cudenver/INTE6750/Emergence/LMS-Timeline.html. Accessed
April 15, 2022.
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various standards governing the processes of their
development and implementation become the subject of
active development. An example of this type of standard is
the Sharable Content Object Reference Model (SCORM)?,
which focuses on the requirements for the formation of
educational literature for distance learning systems. Here,
the key idea is to compile electronic resources from shared
content objects [6]. SCORM aims at implementing the
interoperability of all elements of the education programs
with all LMSs and virtual learning environments [7].
In accordance with this standard, educational materials
are presented in the form of blocks, allowing them to be
included in different courses and disciplines and providing
the possibility of their independent use as part of a distance
learning system. Since essentially consisting of a set
of technical rules focused on providing the reader with
knowledge about course design and lesson structure, as
well as the description of the principles of interaction with
the system, SCORM becomes relevant to programs within
academic disciplines (ADPs). This standard puts forward
the following three key requirements for the learning
program components:

e the presence of manifest file containing the complete
description of the course and all its components;

e course metadata represented by the image, video
file, or HTML page should be associated with the
specific metadata file;

e the presence of the program interaction language
to implement communication between the learning
organization system and the learning program.

Such educational support systems as Moodle’,
Sakai®, ATutor’, ILIASS, and others are implemented
using this standard.

Today, the most preferable solutions for educational
institutions are not off-the-shelf solutions but the systems
providing flexible tools to support the learning process,
which may be further improved in the future [8, 9].

IS ROLE OF ADP COMPONENT IN SUPPORTING
THE EDUCATIONAL PROCESS

Although many LMSs offer similar functionality,
individual systems may differ significantly in a number of
key parameters, thus complicating the decision-making
process for using a particular system in the educational
institution. In order to identify different types of LMS,
the following characteristics may be used as classifiers:

e license type;
¢ functionality;
e modularity;

https://scorm.com/. Accessed April 17, 2022.
https://moodle.org/. Accessed May 15, 2022.
https://www.sakailms.org/. Accessed May 11, 2022.
https://atutor.github.io/. Accessed May 13, 2022.
https://www.ilias.de/. Accessed May 15, 2022.

e requirements imposed by the customer to the system;
e the system physical location features [8].

LMSs can also be classified into three types
according to the type of license: free, partially paid, and
paid. Free systems are characterized by their cost-free
distribution. Partially paid systems are characterized by
the presence of a minimal free functionality, which may
be expanded upon payment of a fee.

Moodle is an example of one of currently most
popular free LMSs. The system provides users with
tools for both creating courses and monitoring the
learning process. The key advantages are its simplicity
and ease of use, while offering extensive opportunities
for organizing the educational process and monitoring
the knowledge of students, as well as its relative user-
friendliness to third-party developers allowing their
integration into the system [10].

The partially paid system may be exemplified by
the eFront® system having a wide starting set of tools:
glossary, testing, forum, chat, calendar, etc.

The paid systems include Dnevnik.ru'®, Moiuniver!!,
YaKlass!2, SharePointLMS!3, BlackBoard!4, Desire2Learn
(D2L)'5, and others.

Classifying IS by functionality, two types of LMS
may be distinguished:

1) aimed at supporting the learning process upon the
whole;

2) aimed at providing educational material and testing
the knowledge of students only.

Examples of the first type are Moodle, Sakai,
e-University'®, Education Elements!’, Ilias, Odijoo'8,
ScormCloud'?, Dnevnik.ru, My University, YaKlass, and
eFront.

The systems belonging to the second type may be
exemplified by Claroline?’, Dokeos?!, LAMS??, Learn
eXact?, and Coursera?*.

° https://www.efrontlearning.com/. Accessed May 12, 2022.
0 https://dnevnik.ru/. Accessed May 15, 2022 (in Russ.).

T https://moi-univer.ru/. Accessed May 21, 2022 (in Russ.).
2 https://www.yaklass.ru/. Accessed May 15,2022 (in Russ.).
13 https://www.sharepointlms.com/. Accessed May 15, 2022.
14 https://www.blackboard.com/. Accessed May 15, 2022.
15 https://www.d2l.com/. Accessed May 15, 2022.

6 https:/dic.academic.ru/dic.nsf/ruwiki/1428198. Accessed
May 26, 2022 (in Russ.).

17 https://www.edelements.com/. Accessed May 26, 2022.

18 https://rusticisoftware.com/blog/taking-scorm-to-odijoo/.
Accessed May 15, 2022.

19" https://rusticisoftware.com/products/scorm-cloud/?utm _
source=google&utm_medium=natural search. Accessed May 15,
2022.

20 https://www.claroline.com/. Accessed May 15, 2022.

21 https://www.dokeos.com/. Accessed May 15, 2022.
https://www.lamsfoundation.org/. Accessed May 15,

—_

—_

—_

23 https://www.exactls.com/. Accessed May 15, 2022.
https://www.coursera.org/. Accessed May 15, 2022.
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Using the modularity criterion for classifying LMS,
the autonomous and modular types of systems may be
distinguished. The autonomous LMS is characterized
by implementing all tools for the activities in one
application. Modular LMSs are independent subsystems.

In terms of requirements, LMSs implemented as an
off-the-shelf product or made on order in accordance
with the needs of the customer organization may be
distinguished.

In terms of physical location, the local, server, and
cloud systems may be identified.

The local and server-based LM Ss may be exemplified
by Moodle, Tandem University?>, Ilias, ATutor, and
WebTutor?®. Cloud LMSs include Coursera, iSpring?’,
Ed-modo?®, Odijoo, Scorm Cloud, TalentLMS?°, and
Docebo’.

In addition to the basic requirements for modern
LMS such as reliability, convenience, and low cost
for the educational process participants, the following
additional requirements based on the classification
features discussed above may be formulated:

¢ availability of flexible tools allowing the educational
institution to implement the necessary functions
within the educational process;

e support of SCORM or Tin Can API standard’! to
migrate content from one IS to another;

e adaptability.

The main trend in the LMS development is the
transformation into the Next Generation Digital Learning
Environment (NGDLE) being the ecosystem consisting
of learning tools and components developed by general
standards [11]. For proper functioning, NGDLE requires
implementing the following functional features:

o the ability to analyze and evaluate the learning process;

e compatibility and the ability to customize the
learning environment;

o simplicity and usability of the tools for both students
and academic teaching staff (ATS);

e cnsuring interaction and integration between
different learning programs.

e The above functional features allow identifying four
key dimensions for NGDLE:

e it should be possible to exchange learning content
between all components of the system presented in

a common format;

25 https://tandemservice.ru/products/tandem-university. Accessed
May 15, 2022 (in Russ.).

26 https://webtutor.ru/_wt/main_web. Accessed May 15, 2022
(in Russ.).

27 https://www.ispring.ru/. Accessed May 15, 2022 (in Russ.).

28 hittps://soware.ru/products/edmodo. Accessed May 15, 2022
(in Russ.).

29 https://www.talentlms.com/. Accessed May 15, 2022.

30 https://www.docebo.com/. Accessed May 15, 2022.

31 Tin Can API is a specification of programs in distance
learning, which allows training systems to communicate with
each other by tracking and recording training classes of all types.

o theintegration process should be easy and convenient
to reduce the time costs and simplify the process of
capacity building-up for the users;

o the learning environment should be the main source
of data retrieval for the learning process;

e NGDLE should allow creating new interoperability
standards in ways being compatible with its other
standards to maintain overall consistency.

The NGDLE personalization covers two aspects:

e cquipping and configuring the learning environment
which is used then for building pathways to complete
learning tasks and achieve learning goals;

e adaptive learning in which the automated system
provides students with coaching and suggestions
tailored to each student needs.

There has been significant recent momentum in
adaptive learning, and this should be a feature of the
NGDLE landscape. As with other NGDLE functional
areas, integrating adaptive learning tools capable of
providing data on student to support analytics would be
crucial.

Within the context of NGDLE for analytics, two
main components may be distinguished:

e learning analytics characterized as the measurement,
collection, analysis, and reporting of student data
in order to understand and optimize the learning
process itself and the environment wherein it occurs;

e integrated planning and advising systems defined
as the institutional capacity to make educational
progress by creating a common space for all
participants in the educational process. This space
should contain the information and set of services
necessary for a certain level of education.

It should be noted that most of the major LMS
platforms have built-in functionality to perform learning
process analytics based on data from IS and LMS.
Based on this, such modules may be considered as first-
generation attempts. Future analytics modules may be
placed outside LMS, while their dashboards can be
accessible for viewing in LMS or other applications
using the Interoperability specification (the protocol
describing interaction of learning platforms that is
Learning Tools Interoperability, LTI). The results of the
transition to NGDLE would be an increase in the amount
of stored data; integration of appropriate tools aimed at
improving the work quality; the ability to use analytical
functions for evaluating the learning process.

SELECTING AN IS MODEL FOR ORGANIZING
THE EDUCATIONAL PROCESS AT RTU MIREA

Educational programs offered at RTU MIREA were
analyzed in the context of selecting the appropriate IS
model (Fig. 1) [12]. The following key factors were
identified:
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B Secondary vocational education
W Bachelor’s degree

Master’s degree

Specialty
B Postgraduate study

40

Fig. 1. Number of RTU MIREA educational programs

o territorial—conditioned by the location of
classrooms and basic departments;

e quantitative—reflecting the number of students to
include those who will only enter the university,
i.e., making allowance for the dynamics of their
enrollment (Fig. 2);

e implementation—degree of integration of current IS
into the institution activities, as well as the level of
their interdependence [13, 14].

As a result, it was decided to allocate the ADP
management subsystem as a specialized LMS component.

The learning process at RTU MIREA is carried
out in accordance with the basic educational programs
reflecting its key components [14, 15]. As well as
defining the learning process itself, the working ADP
reflects the following key components:

e thematic focus of the discipline;

e competencies to be obtained by the student according
to his or her achieved results;

e number of hours and order of lectures, practical,
and laboratory classes, including independent work
carried out by the student

e the classroom hardware and software;

e format and methods for testing and control of the
student knowledge;

e recommended literature;
e questions for test or exam, etc. [14, 15].

The process of ADP development, formed in
accordance with the needs of the labor market, is
regulated by Federal Law No. 273-FZ of December 29
“On Education in the Russian Federation”.3> When
creating an ADP, it is necessary first of all to be guided
by its purpose. The educational process is aimed at
ensuring that a student master a set of key skills and
competencies provided by the training area or specialty.
There should be a relationship between all types of
obtained competencies by determining the place of the
academic discipline in the learning process to provide
the future specialist with a complete picture of his/her
chosen specialty.

The ADP design and implementation process should
be guided by three key principles: interconnectedness,
transparency, and accessibility.

The first requirement is an attribute of any
learning process reflecting the relationship between
the various elements of the learning process including
curriculum, competency map, educational standards,
etc. The second requirement refers to the processes of
agreeing and approving the learning program. The third
requirement implies the program should be accessible
to all participants in the learning process, i.e., including
teaching staff and students.

Today, although LMSs are used at almost every
university, the main disadvantage is the lack of a “boxed
solution” that would reduce the load on the teaching staff
by taking over most of the tasks related to creating a
working ADP. In future, such a solution should offer the
following:

32 http://pravo.gov.ru/proxy/ips/?docbody=&firstDoc=1&last
Doc=1&nd=102162745. Accessed May 15, 2022 (in Russ.).
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Fig. 2. Dynamics of the number of students enrolled in RTU MIREA
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o compensate for the increased teaching staff workload in
drafting documents supporting the educational process;

e reduce the document flow;

e accelerate the process of ADP creation;

e form the competency matching matrix of academic
disciplines;

e provide the development of work programs with
allowance for the sequence of the studied disciplines
and the formation of competencies;

e analyze the interrelation of the disciplines involved
in the process of the future specialists training;

e synchronize the list of recommended literature for
mastering the discipline with the list of literature of
the university library;

e provide the possibility of the working ADP
individualization;

e reduce the number of mistakes made by teachers;

e automatically identify discrepancies and contradictions;

o track the requirements for the material and technical
support of the learning process;

o ensure flexibility to changes in documents governing
the development process;

e ensure that working programs comply with the
requirements of Federal State Educational Standards
for higher education;

e form working programs as separate editions;

e ensure the transparency of the processes of agreeing
and approving the ADP formal and substantive
parts;

e cnsure storage, versioning, and accessibility of all
working ADP versions;

e cnsure a high level of quality management in
developing the working ADP;

e cnsure the working ADP availability to all
participants in the educational process;

o ensure the collection of statistical data on the current
status of the working ADP.

IS KEY ELEMENTS
AND THEIR FUNCTIONALITY

When automating the ADP development process, it
is necessary to implement the functionality to allowing
both the creation and editing of the working ADP and its
key elements:

e creating, editing, searching, and using off-the-shelf
programs (provided they are available in the database);

e creating and editing templates of working ADP;

e filling the sections of the working ADP based on
regulatory requirements;

e adding new documentation;

e ability to integrate with digital library catalogs;

e work with competencies (individually and by
creating a common list) implying creation, editing,
and automatic generation;

o formation of the teaching load, manually or
automatically.

In view of the above, it has been decided to
develop the proper module for working with ADP to be
further implemented at RTU MIREA. The formalized
description of functional requirements for the ADP
module may be presented as shown in Fig. 3.

Tools
User
Roles
Unit List Unit Template
General
Templates

Fig. 3. Basic functionality of the ADP module for forming
ADP approval templates

Tools provide the user with various functionalities
including navigation between templates and printing.
Unit List displays the hierarchical structure of units
from Faculty to Department level. Unit Template
contains information regarding the current template.
User Roles contain links to reference information about
ADP developers and those responsible on behalf of the
Department and Methodology Department. General
templates contain links to departmental programs.

The ADP module aims to solve the following set of
tasks:

1. Storage of created and implemented learning
programs indicating their versions.

2. Access to information about courses and their key

characteristics for ATS.

. Identification of the ADP place in the curriculum.

4. Ability to set the values assigned to the credits
required for the student training areas and the
corresponding specialization for each discipline.

5. Formation of the set of student competences to be
acquired by him/her at the end of the study discipline.

6. Identifying the interrelationships of various
disciplines in the curriculum.

7. ADP status allowing determining its presence or
absence.

8. Determination of intersection cases of ADP sections
with allowance for the chosen training areas and
specialties.

By solving the described problems, three
key requirements for the ADP development and
implementation process are fulfilled: accessibility,
interconnection, and transparency [14—16]. Access to the
ADP created using the module is provided to all persons

W
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Educational process support IS

Educational
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4

w |
!
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for generating
ADP templates

of the current year

ADP module

»  Approved ADP

a Assigned P Reason for adding
discipline new discipline
Ground for

Discipline »| generating ADP > ADP

project template
» User

ATS —

Role

Fig. 4. Relationship between ADP attributes and entities inherent in the learning
process. WC is working curriculum. BC is basic curriculum

involved in the educational process thus ensuring openness
and transparency in organizing the learning process.

Universal templates for generating standard ADP
forms can be divided into two main groups. The first
group contains templates included in the work plan and
assigned to a particular structural unit and ATS. Its main
distinguishing feature is to indicate the presence of the
university-wide elective. The second group is intended
for templates only being planned to be introduced in the
curriculum. Both typified groups of templates created
at RTU MIREA in accordance with the classification of
academic disciplines are accessible to ATS.

The structural content of the template includes two
areas: a functional employee area and ADP area. The
first provides the employee with access to their courses,
material base, ADP, group chat, and additional tool
features. The second area includes the following five tabs
providing information between which the user can switch:
ADP card, content, disciplines, review, and status log.

By integrating the module with IS, two main features
are implemented:

e formation of the academic discipline parameters
with the provision of connection between parameters
conditioned by the curriculum and the sections of
the selected discipline;

e availability of choice between different competences
of the corresponding academic discipline for obtaining
the necessary information formed on the basis of
the data stored in the competence map and specialty
direction (Fig. 4).

CONCLUSIONS

The implemention of the ADP module as a part of the
learning process support IS at RTU MIREA reduces the
time spent by ATS on the ADP development by providing
users with various templates along with the possibility to
fill them automatically in accordance with the discipline
curriculum. The ADP module functionality also ensures
the collection of statistical data on the program current
status and the availability of all ADP versions, as well as
increasing the student awareness level.
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Abstract

Objectives. The problem of providing the interaction of a robotic manipulator with a priori unknown objects in a given
workspace is of great interest both to the research community and many industries. By developing a solution to this
problem, it will be possible to reduce the time taken for robots to adapt to new environments and objects therein.
One of the primary stages of providing the interaction of the robotic manipulator with objects is the search for the
target position of the robot gripper based on the onboard sensor subsystem, which can be carried out by a number
of methods. Methods associated with machine learning and self-learning technologies may not be suitable for some
applications (for example, during rescue operations) when it is necessary to quickly search for the target position
of the gripper for an a priori unknown object, about which there is no relevant information in the robot database.
Therefore, for this problem, heuristic approaches — for example, genetic algorithms — seem to be applicable. The
objectives of this work are to implement a search based on a continuous genetic algorithm for the target position
of the robot gripper including collision avoidance and study its performance under virtual simulation.

Methods. A heuristic search algorithm (continuous genetic algorithm) is used. The complex scene analysis algorithm
uses classical image processing methods. In order to evaluate the effectiveness of the algorithm, virtual simulation
is used.

Results. The possibility of using a continuous genetic algorithm is analyzed in the problem of grasping an object
of an a priori unknown shape avoiding collisions with other objects of a static scene. A complex scene analysis
algorithm and implementation of a continuous genetic algorithm are presented for finding the target position of the
gripper of a Kuka LBR iiwa 7 R800 robotic control system with redundant kinematics. The results of an experimental
virtual simulation of the obtained algorithm are presented.

Conclusions. The conducted research demonstrates the effectiveness of the continuous genetic algorithm
in obtaining the target position of the gripper of the robotic manipulator under conditions when the static scene
represents randomly located objects of various shapes.

Keywords: continuous genetic algorithm, grasping of objects of unknown shape, positioning of gripper, collision
avoidance, robotic manipulator
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HAYHHAA CTATbA

HenpepbIBHBIN NFeHETUHYECKUH AJITOPUTM
B 3a/1a4e 3aXBaTa MAHUNYJISIIMOHHBIM P000TOM 00bEKTA
ANPUOPHO HEU3BECTHOM (POPMbI

A.[.. BopoHkos @,
C.A.K. OuaHe

MWP3A — Poccuiicknii TexHOJIorn4eckuii yHmsepcutet, Mockea, 119454 Poccus
@ AsTOp AN nepenvcku, e-mail: a.voronkov.rtu@yandex.ru

Pe3iome

Llenun. 3apaya B3anMOAeNCcTBMS MaHMMYNSLMOHHOIO pob0oTa ¢ anpuopHO HENM3BECTHLIMU 06bekTaMu paboyer 06-
nacTv npeactaBnseT 6OMbLION MHTEPEC A/ Hay4HOro cooOLLecTBa U MHOXECTBa oTpacrnel. PelweHne aToi 3a-
[a4yu No3BOSINT COKPaTUTL BPEMS afdanTaumm poboTa K HOBbIM cpefam 1 o6bektam B HUX. OAVH 13 rnaBHbIX 3Ta-
NnoB B3aMMOLENCTBMS MaHUMYNSUMOHHONO poboTa ¢ 06beKTaMU CLEHbI — MOUCK LEEIEBOM0 MOJIOXEHWS 3aXBaTHOIO
YCTPOKCTBA HAa OCHOBE BGOPTOBOI CEHCOPHOM MOACUCTEMbI — MOXET ObiTb OCYLLECTB/IEH PAAOM MeToA0B. MeToapl,
CBSI3@HHbIE C TEXHOJIOMMSIMU MALLMHHOIO 00y4YeHMs 1 caMOooBydeHUst, MOryT OblTb HEMOAXOAALLMMU AJ151 HEKOTOPbIX
obnacTei npMMeHeHus (HanpuMep, BO BpeMs aBapuiiHo-cnacaTenbHbiX paboT), koraa TpedyeTcs ObICTPO ocyLle-
CTBUTb MOWUCK LLENEBOI0 MNOJIOXEHNS 3aXBAaTHOIO YCTPOMCTBA A1 anpUopHO HEM3BECTHOIro 06bekTa, MHbopMaumn
0 KOTOPOM HeT B 6a3e aaHHbIX poboTa. NoaToMy s 3Toi 3a4a4m NPeacTaBnsioTCS NPUMEHVMbIMU 3BPUCTUYECKME
noaxoAbl, HAaNpuUMep, reHeTudeckmii anroputm. Llensmmn paboTbl SBASIOTCS peanus3auus novucka LeneBoro noso-
XEHWS 3aXBATHOIO YCTPOMCTBA C M36eraHmemM CTONIKHOBEHWUI HA OCHOBE HEMPEPbIBHOIO rEHETUYECKOro aniroputMa
1 nccnenoBaHne ero paboTocnocoBHOCTY B YCITOBUSIX BUPTYaslbHOMrO MOAEIMPOBaHUS.

MeToabl. /Icrnonb30BaH 3BPUCTUHECKN alTTOPUTM MOUCKA — HEMPEPBIBHLIN FrEHETUYECKMA anropnTMm. B komnnekc-
HOM asIropUTMeE aHasM3a CLEHbl UCMOJIb30BaHbl Kilaccuieckmne MmetToasl 06paboTkmn nsobpaxeHus. Vicnoib3oBaHoO
BUPTYaNIbHOE MOAENNPOBaHNE ANst OLEeHKU 9DPEKTUBHOCTN anroputMa.

PesynbTatbl. B paboTe paccMoTpeHa BO3MOXHOCTb MPUMEHEHWSI HEMPEPLIBHONO FrEHETUYECKOr0 anropmMTMa B 3a-
naye 3axsaTta 00beKTa anpropHO HEM3BECTHOM GOpMbl C M36eraHMeM CTONIKHOBEHWUI C ApYyrMu oObekTamm cTa-
TUYECKOW cueHbl. [peacTaBneH KOMMAEKCHbIN anropuTM aHanmsa CLEHbI U pean3aumns HENPEepPbIBHOrO reHeTu4e-
CKOro anroputma AJisi peLleHns 3aa4m nomcka LesieBoro noJjioXXeHns 3axBaTHOr0 yCTponcTea poboTa N3bbITOHHOM
knHematunku Kuka LBR iiwa 7 R800. NpoBeaeHbl 3KCNEPUMEHTbI U NPUBEAEHbI PE3Y/bTaThl BUPTYASIbHOrO MOAENN-
POBaHUS MOSTYYEHHOrO aNropuTMa.

BbiBoabl. [IpoBegeHHOE nccnenoBaHne no3BONSET YTBEPXAATb, YTO HEMPEPbLIBHLIA FEHETUYECKUIA anropuTM O0-
CTaTO4YHO 3 PEKTUBEH B 3aa4ax Novicka LLesieBoro rnosIoXXeHns 3axBaTtHOro yCTpoMCcTBa MaHUMYJISLMOHHOIO PO-
60Ta nNpun ycnoBusix, Koraa ctatuyeckas CLueHa npeacTaBnseT coboi XaoTUYHO PacroiOXeHHbIe 0ObeKTbl Pa3HOA
bopMbl.

KnioueBble cnoBa: HenpepbiBHbIM FrEHETUYECKNI anropuTM, 3axBaT 0O0BbEKTOB HEVM3BECTHOM GOPMbI, MO3ULMOHN-
poBaHKMe 3axBaTHOIO YCTPOMCTBA, n3beraHne CTONKHOBEHWNM, MaHUMYASILMOHHbI pOoBOoT

* Moctynuna: 17.03.2022 » flopa6oTaHa: 12.04.2022 ¢ MpuHaTa kK ony6nukoeaHuio: 26.10.2022

Onsa uutnpoBaHua: BopoHkoB A.[., OnaHe C.A.K. HenpepbiBHbIN reHeTuYecknii anroputM B 3a7ia4e 3axBaTa MaHU-
NynsuMOHHBIM POOOTOM O6bekTa anpuoOpPHO HeU3BECTHOW dopMbl. Russ. Technol. J. 2023;11(1):18-30. https://doi.
org/10.32362/2500-316X-2023-11-1-18-30

Mpo3payHocTb GpUHAHCOBOMN AEATENIbHOCTU: ABTOPbLI HE UMEIDT PUHAHCOBOM 3aNHTEPECOBAHHOCTW B NPEACTaBNEH-
HbIX MaTepuanax uin meToaax.

ABTOPbI 3a5BNSIOT 06 OTCYTCTBUM KOHGMIMKTA MHTEPECOB.
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INTRODUCTION

Topical tasks of modern robotic manipulators
typically involve the indoor operation of robots. Under
such conditions, a robot may collide with a large number
of objects of a priori unknown shape, color, or texture.
Images obtained using RGBD cameras constitute the
source of a significant amount of initial data used for
solving such robotics problems!. Among the tasks of
manipulation robotics, for which a single RGBD camera
is usually sufficient, the most relevant are: cleaning
up premises, emergency rescue operations, work with
products on a conveyor belt. Such tasks do not require
a top-level control system to determine whether objects
belong to any particular class. Thus, at the moment,
the problem of interaction of robotic manipulator with
objects of the workspace, whose shape, class and texture
are unknown in advance, is relevant. The solution of
this problem would allow robotic manipulators to more
effectively interact with dozens of different objects that
are found in the environment. Correct positioning of the
operating tool of the robotic manipulator plays a key role
in the interaction of the robot with the scene.

It can be argued that models, methods and algorithms
for grasping and transferring a priori unknown objects
based on RGBD images open up wide opportunities in
such areas as service robotics and special robotics for
emergency rescue operations. These capabilities can
be used when the robot is operating in unprepared and
uncontrolled real-world environment.

CURRENT STATUS OF THE PROBLEM

The problem of grasping an a priori unknown object
by a robotic manipulator is complex due to the need to
process data from sensors, undertake scene analysis,
and assess the planned grasp in accordance with certain
criteria, bearing in mind the need to minimize the time
spent on searching for options for the positions of the
gripper. Much research is devoted to solving the problem
of grasping a priori unknown objects while ensuring
collision avoidance [1-4]. The complete solution to this
problem includes the execution of a number of subtasks,
among which may be included: segmentation of a priori
unknown objects in an RGBD image, reconstruction of
the shape of objects, determination of the position and
orientation of selected a priori unknown objects, as well
as synthesis of hypotheses about the optimal gripper
pose with collision avoidance.

The authors of [1, 5] resort to approximation of
the gripper shape using a mathematical model of a

I An RGBD camera is a sensor widely used in robotics that
provides, in addition to a color image of the environment, depth
information, i.e., information about the distance from the camera
to the obstacle for each pixel.

displaced and oriented cylinder, which is subsequently
used to synthesize possible gripper positions and select
the optimal one. It is noted in the papers that most of
the existing approaches that analyze an RGBD image
extract a flat surface of a table or floor on which objects
are located using RANSAC?. By this means, the stage
of segmenting the entire scene using a neural network
to obtain a set of clusters of points that reflect objects
on the surface can be avoided. In addition, the authors
distinguish approaches to scene analysis when grasping
unknown objects into global, where the selection of the
gripper position is performed based on the reconstructed
3D model of the object, and local methods, which rely
on the boundaries or segments of objects in the image.
In this context, the approach in the present paper is
for the most part global, since the search for the target
position of the gripper is carried out on the basis of a
selected subset of the point cloud. Working with three-
dimensional data of a point cloud increases the time for
finding a solution, but allows the possibility of checking
for collisions of the gripper with scene objects.

Information about the segments of all visible
individual objects of a static scene can form the basis for
the synthesis of grasping robot configurations. For this,
the authors of [6] studied the segmentation of objects
without a priori knowledge of their classes. Here, a
hierarchical neural network structure is used. With this
approach, the neural network is able to segment the
visible parts of objects and extract the predicted full
segments of objects, including their hidden parts, as
well as segment the “blocked” areas of objects in an
RGBD image. This hierarchy, comprising the novelty
of the approach, lies in the fact that each new unit of
information is obtained on the basis of the previous ones.
Using such a neural network, a robotic manipulator can
obtain a target item from a pile of items. To do this, it
removes objects blocking the target object one by one,
obtaining the target position of the manipulator using the
Contact-GraspNet neural network [2], which generates
the position and orientation of the parallel gripper, as
long as the target object has “blocked” areas. Thus, the
successive grasp and transfer of objects that prevent
access to the target object is achieved, followed by the
grasping of the target object itself.

Reconstruction of selected objects is also the subject
of a large number of studies. The reconstructed object
model allows synthesizing many options for the location
of the grasping device relative to the object, after which
the optimal option is selected. Thus, the problem can be
solved using approximation of the found subset of the
point cloud with a superquadric model or a primitive-
body model and through reconstruction using the

2 Random sample consensus (RANSAC) is an iterative
algorithm for estimating the parameters of a mathematical
model using random samples from initial data.
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machine learning algorithm that analyzes a part of the
surface.

In [7], an approach is used based on replacing
the selected and processed subset of the point cloud,
reflecting a separate object, with a superquadric body. All
possible configurations of members of the superquadric
family are described by eleven parameters. During the
operation of the algorithm, the plane of the table and
clusters of points belonging to individual objects are
selected. To ensure a robust grasping, two criteria are
used: placing the gripper as close as possible to the
centroid of the superquadric and placing the touching
points in places with the least curvature of the surface.
The grasping of an object is carried out by synthesizing
the set of possible grasps and selecting the first reachable
grasp.

The authors of [8] propose an approach to grasping
objects of any shape by representing them as a set of
primitive bodies, such as spheres, cylinders, right-angle
parallelepipeds and cones. The approach is based on the
logic of human behavior when trying to grasp an object.
The paper also considers a set of rules that describe the
starting positions of the grasping device relative to the
primitive body. Thus, summarizing information about
the desired location of the gripper can be embedded in
the upper-level control system in advance.

In [9], the possibility of reconstructing a scene
obtained based on a depth map from one camera position
is studied. For the resulting incomplete representation of
the scene, the “random forest” algorithm compares each
3D point obtained from the depth map with a prediction
of the values of the TSDF function? for its neighborhood.
An array of such predictions forms the resulting surface.
The training sample is formed from a 3D scene model.
What makes this work interesting is its lack of reliance
on information about the classes of objects that the scene
contains. This is of great advantage in this case due to
the possibility of applying the solution to reconstruct the
shape of a single object.

The continuous genetic algorithm is a classical
version of the genetic algorithm, with the exception
that the genes of individuals are comprised of real
numbers [10]. Thus, the individual of the population is
itself a vector of real numbers that contains the solution
to the problem. This approach makes it possible to search
for a solution in a continuous solution space, which
is preferable for a number of problems. A continuous
genetic algorithm is especially suited for solving the
problem of finding a position and orientation in space
that satisfy some criterion.

3 Truncated signed distance function (TSDF) is a
function for representing a three-dimensional surface as a
voxel grid, each voxel being marked by the distance to the
nearest surface.

The authors of [ 11] propose a method for determining
the position and orientation of an object with a non-
deformable structure from a black-and-white image
of the object and a 3D model of the object known in
advance. The initial data consist in a set of key points
found on a black and white image of an object detected
by the SUSAN* algorithm, including a 3D model of
the object with a set of key points marked on it. The
authors used three Euler angles a, B, y along with three
projections of the transfer vector T , T, T, as genes of
an individual’s chromosome. The fitness function was
calculated as the average value of the distance between
each key point recognized by the SUSAN algorithm and
the key point of the model closest to it projected onto the
image plane. As a result, the genetic algorithm selected
such solutions in which the key points of the modeled
object coincided with the original ones. The criterion for
the end of the algorithm—i.e., the threshold value of the
average distance at which the position and orientation
were visually found correctly—was determined
experimentally. The algorithm scheme used single-
point crossing, selection by roulette wheel rotation,
and elite generational reproduction—the transition of
the best individual of the current generation to the next
generation’.

An example of a local approach in the terminology
of [5] is presented in [12]. Here, the authors used a 2D
depth image as input. The position and orientation of the
robot’s grasping device is determined based on a search
for the faces of objects. The main disadvantage of this
approach is the lack of collision avoidance with other
obstacles, while the main the advantage is the high speed
of work.

The authors of [3] and [13] also use approaches
based on the applications of neural networks. In [3],
based on the TSDF representation of the scene, the
convolutional neural network calculates the expected
grasping quality index, orientation, and width of the
grasping device opening in one pass for each scene
voxel. To do this, the neural network was trained on
reliable data obtained in the simulator. In [13], in order
to achieve the segmentation of a priori unknown objects,
the neural network generates a feature map that reflects
where areas with the same properties are concentrated
in the image. Then, based on this map, the clustering
algorithm determines the number of clusters in the image

4 SUSAN is an algorithm for detecting features in
an image that analyzes brightness changes in the local
neighborhood of the considered point.

5 Batishchev D.I., Neimark E.A., Starostin N.V.
Application of genetic algorithms to solving discrete
optimization problems. Teaching and methodological
materials for the advanced training program “Information
technology and computer modeling in applied mathematics.”
Nizhny Novgorod: UNN; 2007. 85 p. (in Russ.).
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and provides information about the resulting segments.
Data on segments of a priori unknown objects can form
the basis for further analysis of the scene in order to
obtain the target position of the grasping device.

Aspartofsolving the problem of analyzing a complex
scene for the interaction of a robotic manipulator with
a priori unknown objects of the scene, several training
data sets have also been developed, such as the Object
Segmentation Database. This dataset is designed to train
neural networks in the task of segmenting randomly
located unknown objects of various shapes and contains
111 data units, which include the RGB image of the
scene, the depth map, and segmentation information.
Segmented objects are assigned to only one class
comprising “object”; all copies of this class are selected
separately on the training images. Each element of this
dataset consists of an RGB image, a depth map, and
an annotated image with object segments. The scenes
presented in the dataset consist of several randomly
arranged objects of different shapes and textures.

Thus, the task considered in the present paper is
relevant since it enables finding the required position
of the grasping device for several epochs of the genetic
algorithm via a heuristic approach.

APPLICATION OF A GENETIC ALGORITHM TO
SEARCH THE TARGET POSITION OF A GRIPPER
IN A COMPLEX SCENE

In the present work, a continuous genetic algorithm
was used to find the target position of the gripper in a
complex scene with randomly located objects of unknown
shape. The general algorithm consists of several stages,
shown in Fig. 1. As can be seen, at the beginning of
the algorithm, a random scene is generated, consisting
of various randomly located objects. Then the Kuka
LBR iiwa 7 R800 robotic manipulator (manufactured
by KUKA, Germany) moves to a predetermined
configuration such that the optical axis of the RGBD
camera fixed on the gripper is directed perpendicular to
the scene plane. In this position, the RGBD camera takes
RGB and depth shots of the scene. The resulting images
are processed to produce an RGBD image, fed to the
input of a neural network with the U-Net architecture,
the output of which is also processed and represents
a segment of the object closest to the camera, which
is further considered as the target. Based on the depth
map, a point cloud of the scene is constructed; this is
then divided into two subsets based on information
about the segment of the target object. In a subset of the
point cloud of the object and obstacles, unobservable
areas are eliminated using 2D Delaunay triangulation.
Then, using a continuous genetic algorithm, the position
of the gripper is determined in order to grasp the target
object. To reach the target point, the robot first moves to

\ 4

Scene generation

4

Moving the robot to a given pose
above the scene

'

RGBD image of the scene

4

Constructing a scene point cloud

\ 4

Segmentation of the nearest object

v

2D Delaunay triangulation
to eliminate unobservable areas

:

Finding the location and orientation
of the gripper

-

Grasping an object
and transferring it

4

End

Fig. 1. General diagram of the algorithm

the pre-grip position, then iteratively moves the gripper
towards the object until the target position is reached.
The grasped object is then transferred to the target area
for the objects. These steps are discussed in more detail
below.

The initial data comprises an RGBD image from
a camera attached to the robot’s gripper. The result of
the algorithm is a vector of generalized coordinates that
describes the angles of the robot’s drives at which the
grasping of the target object becomes possible.

To create a chaotic scene, 20 objects, comprising
bricks, stones, beams, etc., were modeled. The objects
had a uniform texture and different shapes, including
asymmetric, as well as the corresponding mass
parameters. In the process of generating the scene, the
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(a)

Fig. 2. Creating a chaotic scene:
(a) models of individual scene objects; (b) generated random scene

algorithm randomly selected an object, added it to the
scene, applied rotation and displacement to it, after which
the algorithm waited 10 s for the object to fall and stop
moving in the simulator. Thus, the presence in the desired
area of the scene of a given number of randomly selected
and randomly located objects was achieved. The modeled
objects and generated random scene are shown in Fig. 2.
Following the creation of the random scene, the robot
was moved to an initial position specified by a predefined
vector of generalized coordinates. On the basis of RGB and
depth maps of the scene, a point cloud was constructed and

data were generated to be delivered to the input of a neural
network with the U-Net architecture [14]. The neural
network was preliminarily trained to segment the nearest
object in an RGBD image using a simulator-collected and
annotated training set. Here, it was necessary to process
the data prior to delivery to the input of the neural network
separately from the data received from the output of the
neural network. The corresponding processing stages
are shown in Fig. 3. As can be seen from the figure, pre-
processing consisted in finding a point in the depth map with
aminimum distance value, cropping the image section with

Searching the nearest
point in the depth map

Cropping RGB and
depth maps

Image resizing to
256 x 256 pixels and
normalization

Creating a 4-channel

RGBD image )

Application of erosion
and dilation operations
with a 5 x 5 filter

Image binarization,

threshold 0.5 >

>

Obtaining external
contours and selecting
the largest contour
by area

Creating the image
of original size
with a segment

Fig. 3. Preliminary and final data processing for a segmenting neural network with U-Net architecture
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2D Delaunay
triangulation

Converting
models
with polygons
to point clouds

—>

Fig. 4. Transformation of the point cloud in order to eliminate unobservable areas

this point in the center, forming a 4-channel RGBD image
from RGB and depth maps, scaling to the size of the neural
network input layer 256 x 256, and normalization. Post-
processing was required to eliminate the false segments
detected by the neural network. To do this, the output of the
neural network with a threshold # = 0.5 was transformed
into a binary mask, with morphological dilation and erosion
operators used to eliminate small erroneously segmented
areas, and the segment with the largest area being taken as
the true segment.

To increase the speed of the algorithm, only a part
of the point cloud was constructed near the selected
segment. Due to the depth map obtained from a single
camera position being the only source of data for
constructing a point cloud, there were unobservable
areas in the constructed cloud. This could prevent the
genetic algorithm from correctly assessing the fitness of
an individual and searching for the correct position of
the gripper. To solve this problem, the point cloud was
divided into two subsets based on the selected segment:

Object grasping

detectionarea

X model

Approximate
gripper model

Grasp
detection area

(b)

Fig. 5. Gripping device models:
(a) original model; (b) approximated model

one subset of points belonging to the obstacle and another
subset belonging to the target object. Further, using
two-dimensional Delaunay triangulation, the polygons
between the points were completed. The resulting
models with polygons were then sent to the input of
an algorithm that converted the 3D model into a point
cloud. The resulting 2 point clouds, which did not contain
unobservable areas, were consequently suitable for the
operation of a continuous genetic algorithm (Fig. 4).

The position and orientation of the working tool of
the robotic manipulator relative to the base coordinate
system are uniquely described by a six-parameter
vector: three projections of the transfer vector and three
Tait-Bryan angles describing successive rotations of the
object in the ZYX order; these six real numbers make up
the chromosome of an individual. For the operation of
the genetic algorithm, a 3D model of the gripper was
used. The detection area was set within which the target
object for grasping was to be located. To reduce the time
spent on processing the 3D model of the gripper, it was
approximated by a low-poly model having the same
geometry as the original model (Fig. 5).

To calculate the fitness of an individual, the
calculation of the number of points of the target object
and the obstacle located inside the gripper model and
the grasp detection area is used. To do this, we used
an algorithm based on the ray tracing method, which
determines the fact that a point is located inside a closed
three-dimensional surface. In order for the resulting
position of the working body to be oriented vertically, the
desired intervals for the angles of rotation relative to the
X and Y axes were set: —20° < o, < 20°, —20° < Bg <20°.
When calculating the fitness function, going beyond the
boundaries of these intervals was taken into account. The
fitness of an individual was calculated by the formula:

1000 + x,
if O. >0or /.

inside gr inside gr >
500+ x,
F(p) =11f Onside ar = 0 and /j; gige or = 0 and /.

inside vol —
1
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where x is the sum of the absolute values of the excess
of the selected angles o and B over the given intervals;
Oinside o is the number of points in the obstacle point
cloud inside the gripper model; 7, 4. o 18 the number
of object points inside the detection area; [, . .. 18 the
number of object points inside the gripper modelg.

The genetic crossover and mutation operators used
are shown in Fig. 6. As can be seen from the figure, the
crossover operator is an elementwise weighted sum of
the genes of the two original parental chromosomes,
while the weight coefficient is a random number. The
mutation operator, designed to introduce random changes
in the chromosome of an individual, is presented in three
variations: introducing a random change in each gene
of the original chromosome with a probability of 50%,
introducing a change in a randomly selected gene of each
logical subgroup of genes, and initiating a change in one
randomly selected gene. The choice of the mutation
operator is made with equal probability.

The following scheme was used in the implemented
continuous genetic algorithm:

e construction of the initial population near the central
point of the segmented object;

e population size: 34 individuals;

e 16 individuals are selected for crossover: 10 best
and 6 random individuals;

e pairs for crossover are random, with each pair
of individuals interbreeding twice, giving four
offsprings;

o offsprings undergo mutation with a probability of
30%, while the type of mutation is chosen with
equal probability;
elite generational reproduction: the 2 most adapted
individuals of the previous generation are copied to
the next generation and do not undergo mutation;
criterion for terminating the algorithm’s work:
reaching a given number of epochs or reaching a
certain value of the fitness function.
The following conditions were chosen as criteria for
stopping the search for a solution by the genetic algorithm:
e the number of object points located inside the
grasping detection area is more than 40% of their
total number;
e more than 50 epochs have passed.

The criteria for stopping the search were chosen
based on the analysis of the simulation results of the
robotic manipulator. During a series of runs of the
algorithm with different target objects, it was noticed
that the threshold value of the proportion of object points
located in the grasping detection area of the total number
of points, equal to 40%, in most cases ensures successful
grasp of the object. At the same time, the selected
ultimate number of epochs of the algorithm, equal to 50,
provides a balance between the speed of calculation and
the probability of finding a solution; this is despite the
fact that in most cases the search for the position of the
gripper to successfully grasp the object took much less
than 50 epochs.

Al oy | By | Yy | Ta | Ty | Ty
Bl oy [Bo | Yo |To| Tpe| Too
d
C|ay-K+ay(1=-K) | By K+By(1-K) | Yi-K+Yy(1=-K) | T,4-K+T,(1-K) Ty1-K+Ty2(1 =K) | T,1- K+ T,(1-K)
D|ap(1-K +ay K| Bi-(1-K)+ByK | Y4 (1-K)+Yy K | T4 (1-K)+ T K | T;-(1-K)+ T p-K | T,;-(1-K)+T,-K
K =random(O, 1)
(a)
K=random Mutation operator 1
a B \% T, T, T, = | a+K | B+K | Y+K THK| T +K | T,+K
Mutation operator 2
a B Y T, T, T, |:> a B+K \% T, T, |T,*K
Genes responsible Genes responsible
for angles for displacement
Mutation operator 3
a B Y T, T, T, = |a+K| B Y T, T, T,

(b)

Fig. 6. Genetic operators: (a) crossover operator; (b) set of mutation operators
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The target position and orientation of the gripper are
determined by the individual with the highest degree of
fitness (minimal F(p) value) at the end of the genetic
algorithm. Based on these data, the pre-grasp position is
calculated by shifting the obtained position along the OZ
axis by —0.1 m. Then the drive angles for ten intermediate
positions of the gripper between the pre-grasp position
and the target position are calculated based on solving
the inverse kinematics problem. To grasp the object, the
robot approaches the gripper by sequentially setting the
drive angles for each intermediate position. In this way,
approximation along the vector is achieved to avoid
collisions with other objects in the scene. The robot with
the grasped object then moves to a position above the
target area using a predetermined generalized coordinate
vector and the gripper opens. The least squares procedure
of the SciPy Python library was used to solve the inverse
problem of kinematics. This procedure implements the
nonlinear least squares method, in which the search
for the minimum of the objective function of several
variables is carried out:

2

FQ =20 X% (4@ A=)

where A%(Q) is a homogeneous transformation matrix
describing the transition from the world coordinate
system to the coordinate system fixed on the gripper,
calculated based on the generalized coordinate vector Q
found by the numerical method and representing a matrix
of 1 column and 7 rows, the elements of which are the
angles of the joints of a robotic manipulator; A%8-g0al jg
the target uniform transformation matrix computed using
the given position and orientation.

Thus, it is possible to determine the assumptions
made during the development of the algorithm. Here, it
is assumed that the scene objects have a uniform texture
and are not deformable, that one of the dimensions of
each scene object is less than the maximum opening
width of the grippers, that all objects are in the working
area of the robot, and that the approximate gripper model
has the maximum opening width.

EXPERIMENTAL EVALUATION OF THE METHOD

In order to simulate the interaction of a robotic
manipulator with objects of a complex visual scene, a
virtual scene was developed in the CoppeliaSim simulator.
Its original form is shown in Fig. 7. The scene comprises a
model of the Kuka LBR iiwa 7 R800 robotic manipulator
with a 512 x 512-pixel RGBD camera mounted on a
gripper and an ambient lighting module designed to make
the RGB image uniform by eliminating shadows. There is
a source zone for scene generation and a target zone.

In order to study the performance of the continuous
genetic algorithm when searching for the target position of
the grasping device, five experimental runs of the algorithm
were carried out on the generated scene. The process of
grasping one object is shown in Fig. 8. Convergence graphs
of the continuous genetic algorithm are shown in Fig. 9.
As can be seen from the graphs, the algorithm converged
to a satisfactory solution in less than 31 epochs in all
experimental runs. The initial fitness of the best individual
in most cases was high due to individuals of the initial
population being created in the vicinity of the central point
of the segmented object, along with a maximal width of the
opening of the grasping device in the approximated model.
This increased the probability that a part of the point cloud

Robot model
Kuka LBR iiwa 7 R800

Target area
for objects

generation area

coordinate
system

(a)
Fig. 7. Scene for simulation: (a) composition of the scene; (b) robot model

RGBD Camera

Ambient lighting

Manipulator
Modified drives
gripper model

module
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(d)

Fig. 8. The process of grasping one object: (a) the configuration of the robot at the start of the program;
(b) robot configuration for obtaining RGB and depth maps of the scene;
(c) pre-grasp configuration; (d) last intermediate configuration; (e) move to end position;
(f) configuration for dropping the object to the target area

0.06

0.05 +——

Fitness value of the best individual

0

T T T T T T 1

01234567 8 91011121314151617181920212223 24252627282930

Epochs

Fig. 9. Charts of convergence

of the object in the created individual was in the grasping
detection area, and the gripper did not collide with the
object. Since in this case the genetic algorithm needs more
iterations to find the position of the gripper without colliding
with the object’s point cloud, an increase in the convergence
time of the algorithm is associated with an increase in the
size of the target object. The average convergence time was
1.9 s on a computer equipped with an AMD Ryzen 5 3500U
processor; the GPU was not involved.

CONCLUSIONS

On the basis of the developed software for
implementing the analysis of the RGBD image of the
scene, the genetic algorithm is confirmed as suitable for
solving the problem of obtaining the target position of
the grasping device. The advantages of the developed
solution are the ability to work using a point cloud
obtained from one position of the camera, as well as
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the capability to eliminate unobservable areas. An
important role is played by genetic operators and the
implementation of the fitness function since their
calculation directly affects the average time of finding
a solution, which should therefore be minimized.
Therefore, measures were taken to increase the speed of
the algorithm: use of a subset of the original point cloud
and approximation of the gripper with a primitive low-
poly model.

Despite the success of the resulting solution,
there are opportunities for its further improvement. In
particular, the study conducted in [5] clearly indicates
that fixing a camera on the end of the robot offers an
advantage over a camera fixed above the stage, since
it then becomes possible to generate a more detailed
point cloud of the scene taken from several positions
along a predetermined scanning path. Generating a
point cloud based on RGBD images from several
camera positions allows it to be constructed more
informatively to avoid excessive use of Delaunay
triangulation to complete the cloud. Also, in a number
of studies [4, 15] parallelism of actions is used; this
involves the use of calculations to obtain the target
gripper position during the movement of the robot to
some intermediate position above the scene. Finally, it
is of interest to study the optimal scheme of the genetic
algorithm in terms of the number of individuals in the
population for obtaining the most efficient crossover
and mutation operator.

The novelty of the results obtained lies in the study
of the applicability of a continuous genetic algorithm in
the problem of positioning the grasping tool of a robotic
manipulator. The results of the study can be used to solve
the problems of positioning a robotic manipulator in an
environment with a priori unknown objects. Examples
of such tasks include cleaning premises, performing
warehouse operations, and clearing rubble.

Authors’ contributions

A.D. Voronkov participated in the development of the
concept of using a continuous genetic algorithm in the task
of positioning the gripper of the manipulator; developed
algorithmic and software implementing a continuous
genetic algorithm and a complex algorithm for scene
analysis; participated in the drafting of the text and making
edits to the article.

S.A.K. Diane participated in the development of
the concept of the application of the continuous genetic
algorithm; proposed the scenario of the final experiment;
provided scientific guidance; participated in the drafting of
the text and making edits to the article.

REFERENCES

1. Lei Q., Wisse M. Fast grasping of unknown objects using
cylinder searching on a single point cloud. In: Ninth
International Conference on Machine Vision ICMV 2016).
2016. V. 10341. https://doi.org/10.1117/12.2268422

10.

11.

12.

13.

14.

. Sundermeyer M., Mousavian A., Triebel R., Fox D.

Contact-GraspNet: efficient 6-DoF grasp generation in
cluttered scenes. arXiv [Preprint]. 2021. 7 p. Available
from URL: https://arxiv.org/abs/2103.14127

. Breyer M., Chung J., Ott L., Siegwart R., Nieto J.

Volumetric grasping network: Real-time 6 DOF grasp
detection in clutter. In: 4th Conference on Robot Learning
(CoRL 2020). P. 1602—1611. Available from URL: https://
proceedings.mlr.press/v155/breyer21a/breyer21a.pdf
Lippiello V., Ruggiero F., Siciliano B., Luigi V. Visual grasp
planning for unknown objects using a multifingered robotic
hand. IEEE/ASME Transactions on Mechatronics. 2013;18(3):
1050-1059. https://doi.org/10.1109/TMECH.2012.2195500

. Lei Q., Meijer J., Wisse M. A survey of unknown object

grasping and our fast grasping algorithm-C shape
grasping. In: 2017 3rd International Conference on
Control, Automation and Robotics (ICCAR). P. 150-157.
https://doi.org/10.1109/ICCAR.2017.7942677

. Back S., Lee J.,, Kim T., Noh S., Kang R., Bak S.,

Lee K. Unseen object amodal instance segmentation via
hierarchical occlusion modeling. arXiv [Preprint]. 2021.
8 p. Available from URL: https://arxiv.org/abs/2109.11103

. Abhijit M., Federico T., Perez-Gracia A. Grasping

unknown objects in clutter by superquadric representation.
In: 2018 Second IEEE International Conference on
Robotic Computing (IRC). P. 292-299. https://doi.
org/10.1109/IRC.2018.00062

. Miller A., Knoop S., Christensen H., Allen P. Automatic

grasp planning using shape primitives. In: Proceedings
of the 2003 IEEE International Conference on Robotics
and Automation. P. 1824-1829. https://doi.org/10.1109/
ROBOT.2003.1241860

. Firman M., Aodha O., Julier S., Gabriel J. Structured

prediction of unobserved voxels from a single depth
image. In: 2016 IEEE Conference on Computer Vision
and Pattern Recognition (CVPR). P. 5431-5440. https://
doi.org/10.1109/CVPR.2016.586

Gridin V.N., Solodovnikov VI. A continuous genetic data
preprocessing  algorithm  searching coefficients of the
approximating function. Novye informatsionnye tekhnologii v
avtomatizirovannykh sistemakh = New Information Technologies
in Automated Systems. 2018;21:302-306 (in Russ.).

Rossi C., Abderrahim M., Diaz J. EvoPose: A model-
based pose estimation algorithm with correspondences
determination. 2005 IEEE International Conference
Mechatronics and Automation. V. 3. P. 1551-1556.
https://doi.org/10.1109/ICMA.2005.1626786

Jabalameli A., Behal A. From single 2D depth image to
gripper 6D pose estimation: A fast and robust algorithm
for grabbing objects in cluttered scenes. Robotics.
2019;8(3):63. https://doi.org/10.3390/robotics8030063
Xiang Y., Xie C., Mousavian A., Fox D. Learning
RGB-D feature embeddings for unseen object instance
segmentation. In: 4th Conference on Robot Learning
(CoRL 2020). P. 461-470. Available from URL: https://
proceedings.mlr.press/v155/xiang2 1a/xiang2 1a.pdf
Ronneberger O., Fischer P., Brox T. U-Net: Convolutional
networks for biomedical image segmentation. In:
International Conference on Medical Image Computing
and Computer-Assisted Intervention. 2015. P. 234-241.
https://doi.org/10.1007/978-3-319-24574-4 28

Russian Technological Journal. 2023;11(1):18-30

28


https://doi.org/10.1117/12.2268422
https://arxiv.org/abs/2103.14127
https://proceedings.mlr.press/v155/breyer21a/breyer21a.pdf
https://proceedings.mlr.press/v155/breyer21a/breyer21a.pdf
https://doi.org/10.1109/TMECH.2012.2195500
https://doi.org/10.1109/ICCAR.2017.7942677
https://arxiv.org/abs/2109.11103
https://doi.org/10.1109/IRC.2018.00062
https://doi.org/10.1109/IRC.2018.00062
https://doi.org/10.1109/ROBOT.2003.1241860
https://doi.org/10.1109/ROBOT.2003.1241860
https://doi.org/10.1109/CVPR.2016.586
https://doi.org/10.1109/CVPR.2016.586
https://doi.org/10.1109/ICMA.2005.1626786
https://doi.org/10.3390/robotics8030063
https://proceedings.mlr.press/v155/xiang21a/xiang21a.pdf
https://proceedings.mlr.press/v155/xiang21a/xiang21a.pdf
https://doi.org/10.1007/978-3-319-24574-4_28

Continuous genetic algorithm for grasping an object Andrey D. Voronkov,
of a priori unknown shape by a robotic manipulator Sekou A.K. Diane

15. Dune C., Marchand E., Collowet C., Leroux C. Active
rough shape estimation of unknown objects. In: 2008
IEEE/RSJ International Conference on Intelligent Robots
and Systems. P. 3622-3627. https://doi.org/10.1109/
IR0OS.2008.4651005

About the authors

Andrey D. Voronkov, Postgraduate Student, Department of Control Problems, Institute of Artificial
Intelligence, MIREA — Russian Technological University (78, Vernadskogo pr., Moscow, 119454 Russia). E-mail:
a.voronkov.rtu@yandex.ru. https://orcid.org/0000-0003-4688-9346

Sekou A.K. Diane, Cand. Sci. (Eng.), Assistant Professor, Department of Control Problems, Institute of Artificial
Intelligence, MIREA - Russian Technological University (78, Vernadskogo pr., Moscow, 119454 Russia). Scopus
Author ID 57188548666, ResearcherID T-5560-2017, https://orcid.org/0000-0002-8690-6422

Russian Technological Journal. 2023;11(1):18-30
29


https://doi.org/10.1109/IROS.2008.4651005
https://doi.org/10.1109/IROS.2008.4651005
mailto:a.voronkov.rtu@yandex.ru
https://orcid.org/0000-0003-4688-9346
https://orcid.org/0000-0002-8690-6422

Continuous genetic algorithm for grasping an object Andrey D. Voronkov,
of a priori unknown shape by a robotic manipulator Sekou A.K. Diane

06 aBTOpax

BopoHkoB AHppeit JapaweBud, acnmpaHTt kadpenpbl npobnem ynpasneHns VIHCTUTYTa MCKYCCTBEHHOIO UH-
Tennekta ®re0Y BO «MUPBA — Poccuiickuii TexHonornyecknin yiusepcuteTt» (119454, Poccusi, Mockea, np-T Bep-
Hapackoro, A. 78). E-mail: a.voronkov.rtu@yandex.ru. https://orcid.org/0000-0003-4688-9346

Aunane Ceky A6pensb Kagep, K.T.H., [oueHT kadenpbl Nnpobnem ynpasneHns VIHCTUTyTa UICKYCCTBEHHOMO UHTEJ-
nexkta @reQy BO «MNP3A — Poccuiickuii TexHonorndecknin yinsepcutet» (119454, Poccus, Mocksa, np-T BepHaa-
ckoro, . 78). Scopus Author ID 57188548666, ResearcherID T-5560-2017, https://orcid.org/0000-0002-8690-6422

Translated from Russian into English by Evgenii |. Shklovskii
Edited for English language and spelling by Thomas A. Beavitt

Russian Technological Journal. 2023;11(1):18-30
30


mailto:a.voronkov.rtu@yandex.ru
https://orcid.org/0000-0003-4688-9346
https://orcid.org/0000-0002-8690-6422

Russian Technological Journal. 2023;11(1):31-40 ISSN 2500-316X (Online)

Modern radio engineering and telecommunication systems

COBpeMeHHbIe PaANOTEXHUYECCKUE U TCJICKOMMYHUKAIIMOHHBIC CUCTEMbI

UDC 681.883.45
https.//doi.org/10.32362/2500-316X-2023-11-1-31-40 (@)Y |

RESEARCH ARTICLE

Hydroacoustic communication channel capacity

Valery E. Denisov @

MIREA - Russian Technological University, Moscow, 119454 Russia
@ Corresponding author, e-mail: denisov@mirea.ru

Abstract

Objectives. Capacity, describing the maximum rate of information transmission, is an important characteristic of any
communication channel. The main purpose of thiswork is to determine the capacity of a hydroacoustic communication
channel with constrained average intensity of the transmitted signal. An additional aim consists in finding the optimal
spectrum of a transmitted signal and calculate its boundary frequencies. A model of a single-path channel was
considered, which is characteristic of the deep sea with the receiver or transmitter placed at a sufficient depth.
Methods. Concepts of applied hydroacoustics, the theory of random processes, and information theory were used.
Results. An expression for gain in a hydroacoustic communication channel has been obtained. A novel expression
derived for the spectral level of sea noise caused by sea surface waves is based on piecewise linear approximation
of the curves of the spectral levels of noise obtained from four sources: turbulence, shipping, sea waves, and the
thermal noise of the sea. Dependencies of the hydroacoustic channel capacity on communication distance, intensity
of the transmitted signal, and sea state, are characterized. The definition of the optimal spectrum itself is determined
along with the lower and upper boundary frequencies of the optimal spectrum of the transmitted signal. The
dependence of the bandwidth usage on the intensity of the input signal at various communication distances has
been investigated.

Conclusions. On the basis of the Francois—Garrison attenuation coefficient, channel capacity was correlated with
the parameters of the marine environment: temperature, salinity, and pH in the study area. At a given intensity of the
input signal, channel capacity was shown to decrease significantly with increasing distance and sea wave intensity.
Itis also shown that the width of the optimal spectrum decreases with increasing distance. Sea wave noise was noted
to affect significantly the shape of the optimal spectrum and its boundary frequencies. The possibility of cases where
bandwidth usage increases with increasing distance at a given input signal intensity cannot be ruled out.
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Pesiome

Llenu. MponyckHas cnocoBHOCTb ABASIETCSA BaXXHOW XapakTepuCTUKOM Ntoboro kaHana cBa3u, Tak kak onpenens-
€T NnpefesibHyl0 CKOPOCTb nepenayn nHbopmaunm B Hem. OCHOBHas Leflb paboTbl — onpeaesieHne NpPonyckHoM
CMOCOBHOCTW MMAPO0AKyCTUYECKOro KaHasa CBA3M Npu OrpaHMyYeHn Ha CPedHIo MHTEHCMBHOCTL NepenaBaemMo-
ro curHana. JononHnTtenbHOM 3aga4ven aBsiOoCh onpeaeneHne onTumMasnbHOrO CrekTpa nepegasaemMoro curHana
M pacyeT rpaHnyHbIX YacTOT 3TOro cnekTpa. bbina paccMmoTpeHa Moaenb OAHOMYYEBOrO KaHana, xapakrepHas aas
rny6oKoro Mopsi, Koraa npUeMHUK Uin nepenaTymk pacrnosioXeHbl Ha A0CTaTOYHOM rinybuHe.

MeToabl. Icnonb3oBaHbl NOMOXKEHNS NPUKNAAHON rMAPOAKYCTUKN, TEOPUM CAy4alHbIX MPOLLECCOB N TEOPUN UH-
dopmaunn.

PesynbTaTtbl. [10/1ly4eHO BbipaxeHne ona KoadobuumeHTa nepegadm rmapoakycTm4eckoro KkaHana CBs3u n HoBoe
BblpaxkeHune Ons CnekTpanbHOro YPoBHS LLYMOB MOPS, 00YCIOB/IEHHbIX BOSTHEHMEM MOBEPXHOCTM MOpPSA. Ha ocHoBe
KYCOYHO-/IMHENHOM anmnpoKCUMAaLIMK KPUBLIX CMEKTPaSIbHbIX YPOBHEN LYMOB TYPOYNEHTHOCTU, CYA0XOACTBa, BOJ-
HEHMS MOPS 1 TEMJIOBOIO LLyMa MOPS OnpeaeneHa cnekTpasnbHas NA0THOCTb MHTEHCUBHOCTM Wyma mops. ony-
YyeHbl 3aBUCUMOCTM MNPOMYCKHOM CMOCOBHOCTU MMAP0aKyCTUYECKOro KaHana oT AaflbHOCTU CBA3U, UHTEHCUBHOCTU
nepenaBaemMoro curHana n CoOCTOAHNS MOBEPXHOCTM MopS. OnpeaeneHbl HUXKHAS 1 BEPXHAS HaCTOTbl ONTUMabHO-
ro cnekTpa nepenaBaemMoro CurHana v onTumMasbHbIM CNEKTP. MiccnegoBaHa 3aBUCMMOCTb KO3hPULMEHTa NCNOSb-
30BaHUS MOJIOCHI YACTOT OT MHTEHCMBHOCTM BXOAHOIO CMrHana aJ/isi pas3HbiX 3Ha4eHMn 0anbHOCTU CBSA3N.

BbiBOAbl. Vicrnonb3oBaHne koadppuumeHTa 3atyxaHua PpaHcya — FappurucoHa no3BonIo CBA3aTh NPOMYCKHYO CHO-
COBHOCTb KaHasa ¢ napameTpamn MOPCKOM cpeabl: TeMnepaTypoii, CONeHOCTbIO, 3HaYeHEM BOAOPOAHOIO nokasare-
1191 B ccneayemMoM paiioHe. MNpuv 3aaHHON MHTEHCUMBHOCTY BXOOHOMO CUrHasa nponyckHasi CocOOHOCTb CYLLECTBEH-
HO YMEHbLLAETCS C POCTOM AAJIbHOCTU N YCUNEHNEM BOSTHEHMS MOPS. [Toka3aHo, 4TO C POCTOM PACCTOSIHUS LUMPUHA
ONTUMAaJIbHOIO CnekTpa yMeHbluaeTcs. OTMevaeTcs 3HaUNTENbHOE BAUSHME LLyMa OT BOJIHEHUS MOPS Ha GopMy on-
TUMaNIbHOrO CNEeKTPa U 3HAYEHNSA €ro rPaHNYHbIX YacTOT. BbIN0 YCTAaHOBMEHO, YHTO BO3MOXHbI Cily4aun YBESIMYEHUSA KO-
adPpurumMeHTa NCNOIL30BAHNS NONOCHl YACTOT POCTOM Aa/IbHOCTM NMPY 334AHHON MHTEHCUBHOCTW BXOAHOIO CUrHana.

Kniouesbie cnoBa: FI/ID,DOEIKyCTI/I‘-IGCKVIVI KaHa CBA3U, LLUYMbl MOPS, CriekTpaJibHasd MUHTEHCUBHOCTb LLUIYMOB MOPSA, UHTEH-

CMBHOCTb CUrHasia, nponyckHasa CMOCOBHOCTb, ONTUMAaJSIbHbIN CNeKTP, KO3IDPULMEHT NCMONL30BAHNSA MNOJIOCHI YACTOT KaHana

* Moctynuna: 28.04.2022 » fopa6oTaHa: 21.06.2022 ¢ MpuHaTa k ony6nukoBanuto: 10.11.2022

Ansa uutnpoBaHua: JeHncor B.E. MponyckHas cnocobHOCTb rmapoakycTUieckoro kaHana cesasu. Russ. Technol. J.
2023;11(1):31-40. https://doi.org/10.32362/2500-316X-2023-11-1-31-40

Mpo3spayHocTb pMHAHCOBOMN AeATENbHOCTU: ABTOP HE NMeeT GUHAHCOBOW 3aMHTEPECOBAHHOCTY B NMPeaCTaB/IeH-

HbIX MaTepuanax nim Metogax.

ABTOp 3asB/155€T 06 OTCYTCTBUM KOHDIMKTA UHTEPECOB.

INTRODUCTION

When developing digital hydroacoustic
communication systems, the capacity of a given
hydroacoustic =~ communication channel (HACC),
representing the maximum rate of information
transmission at a given sea noise and given constraints
on the transmitted signal, is of particular interest. Given

knowledge of HACC capacity, it is always possible
to estimate the efficiency of the communication
system under development. HACC capacity has been
estimated by a number of national and international
researchers under various conditions. Works [1-4] are
particularly noteworthy among works in which capacity
determination techniques are described. The closest
approach to that taken the present work is the one
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given in Stojanovic’s study [1], where the capacity of
a single-path HACC was obtained using the frequency
dependencies of the attenuation coefficient and sea
noise. Assuming nonspherical spreading, as it should
be in the case with a point source, the Urick attenuation
coefficient [5], which is notionally independent of the
parameters of the marine environment, was used. Here,
the so-called practical spreading approach was used, in
which the sound intensity taken as inversely proportional
to the distance to the power of 1.5. However, as was
noted [5], if the properties of the marine environment
are insufficiently known, it is recommended to apply
the spherical law instead. The HACC capacity was also
calculated [1] using a special approximating formula for
the spectral noise density [6], which gives somewhat
overestimated values in comparison with the Urick
curves [6]. However, Stojanovic [1] considered only
the case of calm sea conditions. In the present work, the
capacity of a single-path HACC was calculated using
the frequency dependence of the attenuation coefficient
described by the Francois—Garrison formula. Considered
the most accurate at the present time, this formula is
based around the parameters of the marine environment.
In addition, a simple and illustrative piecewise linear
approximation of the spectral level of sea noise was
used. The dependence of the channel capacity on
the intensity of sea surface waves was additionally
investigated. Considering research carried out in recent
years, the works [7-9] should be noted, in which various
hydroacoustic communication systems were analyzed
and their corresponding information transmission rates
estimated.

1. HYDROACOUSTIC CHANNEL GAIN

Inthe emission ofaharmonicsignal, the instantaneous
pressure p(¢, R) in a boundless homogeneous absorbing
marine environment at distance R from a point source
can be represented as follows [10-12]:

c

p(t,R) = x/EP(R)cos{m(t —ﬁﬂ, (1)

where

R
P(R)= P, ?Oexp[—oce (R-Ry)] )

isthe root-mean-square pressure, Pa; o =2mnfis the angular
velocity of the source vibrations, rad/s; ¢ = 1500 m/s is
the speed of sound in seawater; R is distance, m; o, is
the attenuation coefficient in the marine environment,
Np/m; P, is the root-mean-square pressure at reference
distance R, (typically, R, =1 m).

From expressions (1) and (2), the complex gain of
the HACC can be expressed:

R
H(jo)= %exp[—ae (R _RO)_ng} =
= H(o)exp[j3(0)],

where H(w) is the frequency response and v(w) is the
phase response. They are found as follows:

R,
H(@) =|H(jo)| =2 exp ~ore (R= Ry ) |, v(w) =-oRk.

In practice, the attenuation coefficient is typically
expressed in dB/km, and the distance R is expressed
in kilometers. Then, at R, = 1 m, the formula for the
frequency response takes the form

1
H(f)= mexp(—o.l 150R). 3)

As follows from expression (3), at a given
communication distance R, the properties of the
frequency response are completely determined by
the frequency response of the attenuation coefficient.
Therefore, let us dwell in more detail on the attenuation
coefficient of seawater. o has to be calculated using
various semi-empirical formulas obtained on the basis
of theoretical and experimental data. One of such
formulas for calculating o is the Francois—Garrison
formula [13, 14], which was derived by analyzing and
generalizing the known results of measurements in the
ocean, including measurements in the Arctic. The sound
attenuation coefficient o in the frequency range from
200 Hz to 1 MHz to a depth of 5 km can be represented
as follows [13, 14]:

o =0, +a,+a;, dB/km,

where a, is the absorption coefficient due to ionic
relaxation of boron compounds (borates), a, is the
absorption coefficient due to ionic relaxation of
magnesium sulfate (MgSO,), and a; is the absorption
coefficient due to the shear viscosity of fresh water and
the structural relaxation of fresh water molecules. These
quantities are expressed as follows:

_ABASE _APLS

_ 2
1= > Qg = Oy = AP S
f12+f2 f22+f2

In the above formulas, the frequency f'is expressed
inkHz, and 4, (i =1, 2,3), P, (i =1, 2, 3), f, and f, are
written as follows:

4 = 886 jg07spH =5 (dB/km)-kHz ;
C

P, =1, f,=2.8(5/35)%5 - 104~ 12450 kHz;
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bl

A4, =21 .44§(1 +0.0257), (dB/km)-kHz !;
c

P,=1-137-10"%+6.2-107°2;

8.17'108 —-1990/0
©1+40.0018(S -35)°

) kHz;

Py=1-3383" 1073z +4.9 - 1071022,

4.937-104-2.59-1075T +
+9.11-107772 -1.50-107873,
T <20°C,

3.964-1074 —1.146-107°T +
+1.45-107772 -6.50-1071073,
T >20°C,

(dB/km)-kHz 2.

Here, c is the speed of sound in seawater, m/s, which
is approximately calculated as follows:

c~ 1412+ 3217+ 1.195 + 0.0167z;

T is the water temperature, °C; @ = 273 + T is the water
temperature expressed in kelvins, K; S is salinity, %o;
z is depth, m; and pH is the pH of the water in the area
of measurement a. The pH of the ocean water ranges
from 7.5 to 8.4; the pH of the water in a certain area is
available in the literature!.

At frequencies below 200 Hz, the Francois—Garrison
equation may be invalid. The results of attenuation
measurements at frequencies below 200 Hz were
analyzed by Guilysse and Sabathe [15], who argued that
the attenuation of sound at these frequencies is caused
by the scattering of sound by inhomogeneities of the
marine environment. The attenuation coefficient o, in
this frequency range id independent of frequency, but
varies with latitude from 0.004 dB/km in polar waters
to 0.0002 dB/km in the tropics. Stojanovic [1] used
the value a, = 0.003 dB/km. The Francois-Garrison
equation is applicable to all ocean conditions in the
frequency range from 200 Hz to 1 MHz. Using this
equation, the attenuation coefficient can be calculated
with an accuracy of 10%. To obtain an expression for the
sound attenuation coefficient in the frequency range from
10 Hz to 1 MHz, it is necessary to add the attenuation
coefficient a, to the Francois-Garrison attenuation
coefficient. Further, it is assumed that a,, = 0.003 dB/km.
Therefore, the sound attenuation coefficient at frequency
fhas the form: a = o, + a, + 0y + 0.

U Atlas okeanov (Atlas of the Oceans): in 3 v. V. 1. Tikhii okean
(Pacific Ocean). 323 p. V. 2. Atlanticheskii i Indiiskii okeany (Atlantic
and Indian Oceans). 334 p. V. 3. Severnyi Ledovityi okean (Arctic
Ocean). Leningrad: MO USSR; 1974-1980. 188 p. (in Russ.).

To calculate the attenuation coefficient from the
Francois—Garrison formula, it is necessary to know the
water temperature 7, salinity S, pH, and depth z along
the entire sound propagation path.

Urick [5] proposed a simpler formula for the sound
attenuation coefficient at a water temperature of 7=4°C,
which is characteristic of great depths in the deep sea:

44 2
4100 + £2

01147

Oy = +3-1074 72,
U 1+ f2 f

Here, ay; is the attenuation coefficient, dB/km; and
is frequency, kHz.

The Urick formula is also based on the results of
experimental studies, and its components are similar
to those of the Francois—Garrison formula. However,
Urick [5] provided no information on the accuracy of
the approximation of the known expressions for the
attenuation coefficient by this formula. Moreover, the
frequency range in which this formula is valid was not
indicated. It was of interest to compare the Francois—
Garrison and Urick attenuation coefficients. Figure la
illustrates the frequency dependence of the attenuation
coefficient calculated by the Francois—Garrison formula.
Since, on a logarithmic scale, the Urick curve differs
little from the Francois—Garrison curve, the graphs of the
Francois—Garrison and Urick attenuation coefficients and
their differences were plotted on a linear scale (Fig. 1b).

a, dB/km
108 T

10

0.1

10738 /|
0.1 1 10 102

108 f, kHz

a, dB/km
35
30
25 -
20 4—1
15 -
102 1=
AT
10 20 30 40 50 60 70 80 90100 f, kHz
(b)
Fig. 1. Attenuation coefficient a versus frequency f
in the frequency ranges (a) 0.1-108 kHz (Francois—Garrison
formula) and (b) 10-100 kHz (the solid and dashed
curves were calculated by the Francois—Garrison and
Urick formulas, respectively; and the dashed-and-dotted
curve represents the difference ay,(f) — a(f))

\\
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Figure 1b shows that the discrepancies between
the attenuation coefficients at high frequencies can be
significant. The relative error 6, = (a — oy)/a of the
approximation of the Francois—Garrison formula by
the Urick formula in the frequency range from 0.1 kHz
to 1 MHz at a temperature of 7 = 4°C and a seawater
salinity of § = 35%o is 8, = —0.26 at z = 100 m and
8, = —0.42 at z = 1000 m. At § = 30%., |6,| increases
by half. Such error values can hardly be considered
acceptable under these conditions. Therefore, the
HACC capacity should be -calculated using the
Francois—Garrison formula.

Further, let us the express frequency fin hertz. For
this purpose, the factor 1073 should be added to the
formulas for the coefficients 4, and 4,; the factor 1070,
to the formula for 45; and the factor 103, to the formulas
for the frequencies £, and f,.

2. NOISES OF THE MARINE
ENVIRONMENT

The interference considered in this work is the noise
that is characteristic of the deep sea. Its main sources in
this case are ocean turbulence, long-distance shipping,
sea surface waves, and thermal noise generated by the
thermal motion of water molecules [5]. At short time
intervals and moderate depths, the ambient sea noise
can be described by a stationary Gaussian process
and characterized by spectral intensity density. Due
to the variability of the sources, the ambient noise
is characterized by the average spectral intensity
density. The graphs of the average spectral intensities
of turbulence noise, shipping noise, noise from sea
surface waves, and thermal noise in the frequency range
1-10° Hz were provided by Urick [5, Fig. 7.5]. Using
a piecewise linear approximation of these curves, the
following analytical expressions for the spectral noise
levels were obtained.

The spectral level of turbulence noise, N, (f), dB
relative to 1 pPa:

Ny (f) = (107 =30log /) [1(f = 1) - 1(f = 50)].

The spectral level of shipping noise, Ny (f), dB
relative to 1 pPa:

Ny (f; k) = (44 + 9k +20log /) [1(f— 1) = 1(f— 10)] +
+ (64 + 9K)[1(f— 10) — 1(f— 100)] +
(144 + 9k — 40log ) 1(f— 100),
where fis frequency, Hz; 1(/) is the unit step function;

and k=0, 1, and 2 are in the cases of low-, medium-, and
high-intensity shipping, respectively.

The spectral level of sea wave noise, N (f), dB
relative to 1 pPa:

N (/. b) =
= (N, +20logf - 46)[1(f— 1) - 1(f-200)] + (4)
+ N,[1(f—200) — 1(f— 1000)] +
+ (N, +60 — 20log ) 1(f— 1000),

Ny =N(b) =N (f D)ly— 1000 1, =
=44.9 + 13.4In(1 + b).

In the last formulas, » is a numerical quantity,
which characterizes the sea state, measured as wave
forces, and takes values in the range [0, 6]. Formula (4)
was obtained by the least squares approximation of the
sequence of the values N (1000, b) (b =0, 0.5, 1, 2,
3, 4, 6) of the family of curves N_(f, b) presented on
a large scale in [16]. The relative approximation error
does not exceed 4%.

The spectral level of thermal noise, Ny (f), dB
relative to 1 pPa:

Ny(f) =(=75+20log /) 1(f—10000).  (5)

After the determination of the spectral levels of
the noises, their spectral intensity densities can be
found.

For turbulence noise,

Joy () = 1001 V() =
=J101%7 £3[1(f =)= 1(f = 50) ], W/(cm?-Hz),

where J;, = 0.667 - 10722 W/(cm?-Hz) is the reference
value of the spectral intensity, which corresponds to a
root-mean-square pressure of 1 pPa.

For shipping noise,

J g (f k) = Ty 1001 N () =
=Jy 1044+ 09k £211(f—1)-1(f -10) ]+
+J,1064 + 09K [1( £ —10) - 1(f —100)] +
+J, 10144 + 09k £=41( £ -100), W/(cm?-Hz).
For noise from sea surface waves,
0.1N, b) _
J o, (fb) = Jy 1041V (/:0) =
= Jo10%M =46 £2[1(f 1)~ 1(f -200) ]+
+J10%V [1(f = 200) —1(f ~1000)] +

+J 100N+ 6 £21( £ ~1000), W/(cm?-Hz).
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For thermal noise,

J i (f)=Jy 1001V () =

(6)
=J,10773 £2 1(f —10000), W/(cm?-Hz).

Expressions (5) and (6) are valid at a water temperature
of 7' = 4°C. At other water temperatures, the spectral
density of thermal noise is calculated from the formula

Ji(f) = 4nkgOc 2 21( f— 10000), W/(cm? Hz),

where kg = 1.38 - 10723 W/(Hz-K) is the Boltzmann
constant and ¢ = 1.5 - 10> cm/s is the average speed of
sound in seawater.

Figure 2 presents the graphs of the spectral intensity
density of the total noise of the marine environment,

o) =S () +I () + () +Ju(f)

for the case of medium-intensity shipping in various
sea states. The solid, dotted, dashed, and dashed-and-
dotted lines are plotted at » = 0 (calm sea), 1, 3, and 6,
respectively.

Jpy W/(cm?2Hz)
10-10

10-12 ]\

10-14

1016
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10-20 P
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40 h RENE =
N
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1 102 104
(b)
Fig. 2. Spectral intensity density of the total noise

of the marine environment in (a) physical units
and (b) decibels relative to J, = 0.667 - 10722 W/(cm?Hz)

108 £, kHz

3. HACC CAPACITY

The HACC under investigation can be represented
as a low-pass filter with the complex gain H(jo), to the
input of which signal (pressure) p,(?) is applied, and at
the output of which signal p,(7) is received and summed
with nonwhite Gaussian sea noise p (¢). Thus, the
process at the HACC has the form p(?) = p,(¢) + p,(9).
Let us consider the signal p,(f) the realization of a
certain constrained-intensity stationary ergodic random
process. Let the intensity of the input signal at a distance
of 1 m from the source be Ig. Let us determine the
HACC capacity under constraints on the bandwidth (by
the filter) and on the signal intensity. The capacity of a
HACKC-like channel under constraints on frequency and
average power was found using information theory [17],
and it was shown that the capacity is reached if the input
signal is a stationary Gaussian process. In terms of this
work, the formula for the HACC capacity takes the form

Jupper(B)
C= j log{w} df.

%)
fonar® L T

Here, f e (B) and fupper(B) is the lower and upper
frequencies, respectively, of the bandwidth, for which

L) _
H2(f)

B is the solution of the equation

B, ®)

AT)
H2(f)

Jupper (B)
{ } df =1, ©)

flower (B)

and H(f) = |H(j2=nf)| is the the frequency response of the
HACC.

The spectral intensity density Jg(f) of the random
input signal at which the channel capacity is reached is
found by the formula

By (NH D) 1 Ui B) Supee B

J(F) =
s() { 0, / & [ frower (B): fupper (B)]-

Thus, the HACC capacity is determined by two
parametric equalities (7) and (9). The parameter is the
quantity B, which should satisfy inequality (8). By
simultaneously solving equations (7) and (9) under
constraint (8), the C and B values can be found, and then
from formula (10), the spectrum of the optimal input
signal can be determined. This problem can be solved
only by numerical methods on a computer.

Figure 3a illustrates the calculated dependence of
the capacity C(R) on the communication distance at

Russian Technological Journal. 2023;11(1):31-40

36



Hydroacoustic communication channel capacity

Valery E. Denisov

three values of the input signal intensity for the case of
calm sea (b = 0) and medium-intensity shipping (k = 1).

C, bps

107

7

10° -3

108

10

0.1 1 10 100 R, km

C, bps

107

/7;"
/

10° .
| ™
103 N L

10
0.1 1 10

(b)

Fig. 3. HACC capacity versus communication
distance atk=1:(a) b=0and /g = 107 W/cm?
(dashed-and-dotted line), Ig = 1075 W/cm? (solid line),
and /g = 1073 W/cm? (dashed line) and (b) Ig = 107> W/cm?
and b = 3 (dashed line) and b = 0 (solid line)

100 R, km

Figure 3a shows that the capacity decreases with
increasing communication distance, and this decrease
is the faster, the lower the intensity of the input signal.
Figure 3a can be used to estimate the order of magnitude
of the capacity under the given communication
conditions.

Figure 3b presents the dependences C(R) at
I= 1073 W/cm? and various b. It can be seen that the noise
from sea surface waves can significantly decrease the
capacity. For example, in calm sea (b =0) at R =10 km,
C=7-10%bps, and if =3, then C =8 - 103 bps.

Calculations showed that, at a constant intensity of
the input signal, with increasing distance R, the width of
the spectrum of the optimal signal decreases due to an
increase in the lower boundary frequency f, ... of the
spectrum and a decrease in the upper frequency fupper.
Figure 4 illustrates the distance dependences of these
frequencies at k=1 and b= 0.

As an example, Fig. 5 presents two spectra of the
optimal signal at constant intensity of the input signal,
k=1,b=0,Ig=10" W/em?, and two values of the
distance R.

flower’ fupper’ Hz
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—
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Fig. 4. Dependences of the lower boundary frequency
fower (SOlid line) and the upper boundary frequency fupper
(dashed line) of the optimal spectrum of the input signal
on the communication distance at /g of (a) 1077, (b) 107,
and (c) 1073 W/cm?
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/
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Fig. 5. Optimal spectra of the input signal at various
communication distances of R = 1 km (solid line)
and R =10 km (dashed line)
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As can be seen from Fig. 5, with increasing
communication distance at constant intensity of the
input signal, the optimal spectrum narrows, but its values
increase. The spectrum of the optimal input signal is
always limited in frequency.

Figure 6 shows the optimal spectra at & = 1,
Iy =107 W/em?, and R = 10 km in the absence of sea
waves (b = 0) and in the case of sea waves at b = 3. As
follows from Fig. 6, the noise from sea waves leads to a
decrease in the width of the optimal spectrum, a change
in its shape, and an increase in its intensity.

Jgg(f), W/(cm?Hz)

10-9
3.0-10 r : T
2.5.10° | _
2.0:10 9= —
151079 = -
1.010 9= -1
109} ~ N -
0.5-10 - 1
0 {1 1 |

102 103 104 105 108 f, Hz

Fig. 6. Optimal spectra of the input signal at various sea
wave intensities of b = 3 (solid line) an b = 0 (dashed line)
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Fig. 7. Bandwidth usage versus input signal intensity
at various communication distances of R = 0.2 km
(solid line), R =1 km (dotted line), R = 5 km (dashed line),
and R =10 km (dashed-and-dotted line)

As follows from the analysis, the HACC is a
constrained-bandwidth channel. Therefore, from a
practical point of view, it was of great interest to evaluate
the bandwidth usage of the HACC. Figure 7 shows the
results of calculations of the dependence of the bandwidth
usage y = C/( fupper ~ flowep) ON the intensity of the input
signal (in decibels relative to 1 pPa) at four communication
distances. It can be seen from Fig. 7 that, regardless of the
distance, y increases with increasing input signal intensity.
An interesting feature of these dependences is that the

curves at R = 1 and 5 km intersect at a certain intensity
value (in the vicinity of 190 dB). Therefore, there may
be cases where the bandwidth usage at a longer distance
is greater than that at a shorter distance at the same input
signal intensity. From the data in Fig. 7, one can estimate
the order of magnitude of the coefficient y under the
specified communication conditions. For example, the
maximum value of vy is approximately 13 bps/Hz and
occurs at /g =200 dB and R = 0.2 km.

CONCLUSIONS

The main purpose of this work was to determine
the capacity of a HACC with constrained average
intensity of the transmitted signal. A model of a single-
path channel was considered, which is characteristic of
the deep sea with the receiver or transmitter placed at
a sufficient depth. In this case, the sound propagation
to medium distances occurs along “stable” trajectories,
which are unaffected by the sea surface and the bottom.
Such trajectories exist for vertical and near-vertical
(10°-15°) channels.

The comparison of the numerical values of the
Francois—Garrison and Urick attenuation coefficients
showed that Urick attenuation coefficient can differ
markedly from the Francois—Garrison attenuation
coefficient. Moreover, the Francois—Garrison attenuation
coefficient takes into account the dependence of the sound
attenuation on the seawater parameters. Therefore, in
this work, the Francois—Garrison attenuation coefficient
was used. Using it, the complex gain, the frequency
response, and the phase response of the HACC were
obtained.

A new expression was derived for the spectral
level of sea noise caused by sea surface waves. The
expression for the spectral density of the sea noise
intensity used to calculate the channel capacity was
obtained by subjecting Urick’s curves of the spectral
levels of noises from turbulence, shipping, sea waves,
and thermal noise to a piecewise linear approximation.
The Francois—Garrison attenuation coefficient was used
to relate the HACC capacity with the parameters of the
marine environment: temperature, salinity, and pH of the
study area.

The capacity was calculated for the cases of
medium-intensity shipping in calm sea and in Beaufort
force 3 waves. It was found that HACC capacity is
significantly reduced by noise from sea surface waves.
The dependencies of channel capacity on communication
distance and the intensity of the transmitted signal were
calculated. At a given intensity of the input signal,
channel capacity was observed to significantly decrease
with increasing distance.

The lower and upper boundary frequencies of the
optimal spectrum of the input signal were determined
along with the optimal spectrum itself. It was shown that,
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with increasing communication distance, the width of
the optimal spectrum also decreases. A significant effect
of noise from sea waves on the shape of the optimal
spectrum and the values of its boundary frequencies can
be noted.
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Abstract

Objectives. Analysis of the reception noise immunity of multiple phase shift keying (M-PSK) and quadrature
amplitude modulation (M-QAM) signals has demonstrated a significant reduction in the quality of reception of discrete
information due to the presence of various types of non-fluctuating interference in a radio communication channel
including targeted harmonic interference. Therefore, the development of algorithms for compensating the influence
of such forms of interference is an urgent task. While various methods for combatting this kind of interference, these
vary in terms of their effectiveness. The aim of the present work is to synthesize and analyze the optimal algorithm for
the reception of M-PSK and M-QAM signals with incoherent processing of harmonic interference.

Methods. Various statistical radio engineering and computer simulation methods were used in accordance with
optimal signal reception theory.

Results. Synthesis and analysis of the optimal algorithm for receiving M-PSK and M-QAM signals with incoherent
processing of harmonicinterference were carried out. Inadditionto calculating the correlationintegralsinthereceiver,
it is necessary to form weight coefficients, whose value depends on the correlation of the interference oscillation
(extracted from the received mixture) with a sample of the interference stored in the receiver. The dependences of
the bit error probability on the signal-to-noise ratio, interference detuning, and inaccuracy in setting the frequency
and level of the interference sample in the receiver were obtained. It is shown that the higher the gain in the noise
immunity of reception, the greater the intensity of the harmonic interference.

Conclusions. The synthesized receiver circuit effectively compensates for harmonic interference. However, the
efficiency of its operation depends on the detuning of the harmonic interference relative to the center frequency
of the spectrum of the useful signal. The scheme for incoherent processing of harmonic interference remains
operational even with small (within £10%) inaccuracies in setting the frequency and the level of the interference copy
in the receiver.

Keywords: multiple phase shift keying, quadrature amplitude modulation, harmonic interference, optimal reception,
noise immunity
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HAYYHAA CTATbA

OnrTuMaJabHBIA IPUEM MHOTONO3UITHOHHBIX
curiajios M-@OM u M-KAM ¢ HeKorepeHTHOM
00pa0d0TKOM rApMOHUYECKON MTOMeXHU

r.B. Kynukos 1 @,
Y.T.Oo 1,

A.A. Neniox 2,
B.3. Hryeu 3

T MUP3A — Poccuiickuii TexHONoru4eckmii yumsepceuteT, Mocksa, 119454 Poccus

2 MoCcKOBCKuMii Hay4HO-UCCAen0BaTebCKuii MUHCTUTYT paanocssasdu, Mocksa, 109029 Poccus

3 BbeTHaMCKuii rocyAapCTBEHHbIN TEXHUHECKUI yHuBepcuTeT um. Jle Kyii [lJoHa, XaHou, BeetHam
@ AsTOp AN nepenvcku, e-mail: kulikov@mirea.ru

Pe3iome

Llenu. MNpoBeaeHHbIN B paboTax MHOMVX UccnegoBaTenei aHanma nomMexoycTomynBoCcT npuemMa MHOrono3uLm-
OHHbIX cuUrHanoB ¢ pasoBoii (M-OM) n kBagpaTypHO amMnnTygHo moaynsauvel (M-KAM) nokasarn, 4To Ka4ecTBO
npuema OUCKPETHOM MHGOpMaLMN CYLLLECTBEHHO CHUXAETCH NPU HaNNYUK KPOME LLYMOBOW MOMEXU €LLe U He-
GNYKTYaUNOHHbIX MOMEX padHbIX BUAOB B kaHane pagnocssasn. OaHoin 13 Hanbonee onacHbIX SBASETCS NpuLesb-
Has rapMoHMYyeckasi moMmexa, NoaToMy pa3paboTka aropUTMOB KOMMEHCALMN BAVSIHUS Takol NOMexu ABNsSieTcs
akTyanbHoOW 3apadert. CyLlecTBYIOT pasnnyHble MeToabl 60pbObl C TAaKOro poAa MeLlaloWwyMn BO3LENCTBUAMMU,
obnapatwoLime 60onblUern NN MeHbLLen 3dPeKTUBHOCTLIO. Llenblo HacToswen paboThl ABNSETCA CUHTE3 N aHann3
ONTMMaIbHOrO aIropUTMa NpUemMa MHOrono3MLUNOHHbIX curHanoB M-®M 1 M-KAM ¢ HekorepeHTHOI 06paboTKoi
rapMOHMYECKOMN MOMEXMN.

MeToabl. Vicnonb3oBaHbl METOAbl CTATUCTUYECKOW PaAVUOTEXHUKM, TEOPUM ONTUMASIbHOrO MNpuemMa CUrHanoB
1 KOMMbIOTEPHOE MOLENNPOBAHME.

Pe3ynbTaTthbl. BbINONHEH CUHTES M aHaNIN3 ONTUMAsbHOMO afiroPUTMa NprUemMa MHOrONO3MLMOHHbIX CUrHanos M-®M
1 M-KAM ¢ HekorepeHTHo 06paboTkon rapMoHMYeckon nomexm. NMokasaHo, YTO KPOME BbIHMCSIEHUSA KOPPENALN-
OHHbIX UHTErpasnoB B NPUEMHUKE HEOOX0AMMO POPMMPOBATL BECOBbLIE KOIPPULMEHTLI, BEIMYNHA KOTOPbIX 3aBU-
CUT OT CTEMNeHn KOppensiumm noMexoBoro KonebaHus, BblAeNEeHHOro U3 NPUHMMAeMOn CMeCK, C KOMMein NoMexu,
XpaHsLencs B npMemMHuke. MosyyeHbl 3aBUCUMOCTY BEPOSITHOCTU BUTOBOM OLUMOKM OT OTHOLLUEHUSI CUTHAJT/LLUYM,
PacCTPONKM NOMEXM N HETOYHOCTM YCTAHOBKM YaCTOTbl M YPOBHS KOMUM NOMEXM B MPUEMHUKE. [oKazaHo, 4TO Bbl-
WrpbILL B MOMEX0YCTOMYMBOCTU NpuemMa TeM Bhbile, YeM 60JbLUE MHTEHCUBHOCTb FAPMOHNYECKOM MOMEXN.
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BbiBoAbl. CHTE3MPOBAHHAsS CXeMa NPUEMHMKA NO3BONSET OCTATOHHO 3P DEKTMBHO GOPOTLCA C raPMOHUYECKONA
rnomexon. APPeKTNBHOCTb ee paboTbl 3aBUCUT OT PACCTPOMKN raPMOHMUYECKON NOMEXM OTHOCUTENBHO LieHTpasb-
HOI 4aCTOTbl CNekTpa None3Horo curHana. Cxema HeKorepeHTHOM 06paboTkM raPMOHMYECKON MOMEXN COXPaHAET
pPaboToCnOCOOHOCTbL 1 NP HEBONbLLKX (B npeaenax +10%) HETOYHOCTAX YCTAHOBKM YAaCTOThbl M YPOBHS KOMUM MNO-

MeXn B NpUeMHUKe.

KnioueBble cnoea: MHOronosnunoHHas ¢pasoBas Moaynauus, KeaapaTtypHas aMnavTyaHas MOAYNSUNS, rapMOHU-

yeckasi noMmexa, onTMMarsbHbIN npuem, I'IOMeXOyCTOIZ‘-WIBOCTb

e Moctynuna: 02.03.2022 ¢ Jopa6oTaHa: 05.05.2022 ¢ MpuHaTa kK ony6nukoBaHuio: 24.10.2022

Ang uutnpoeanus: Kynukos I".B., 4o Y.T., Jleniox A.A., HryeH B.3. OnTumanbHbIi NpUeM MHOMOMO3ULIMOHHbIX CUrHaN0B
M-DM n M-KAM ¢ HekorepeHTHoIM 06paboTkon rapMoHudeckoi nomexu. Russ. Technol. J. 2023;11(1):41-50. https://

doi.org/10.32362/2500-316X-2023-11-1-41-50

Mpo3payHocTb hpMHAHCOBOW AeATENIbHOCTU: ABTOPbI HE UMEIOT GUHAHCOBOM 3aUHTEPECOBAHHOCTY B MPEeACTaB/EH-

HbIX MaTepunanax nain MmetTogax.

ABTOPbI 3a5BASIOT 06 OTCYTCTBUM KOHGMIMKTA MHTEPECOB.

INTRODUCTION

Analysis of the noise immunity of receiving
multiple phase shift keying (M-PSK) and quadrature
amplitude modulation (M-QAM) signals demonstrates
a significant deterioration in the quality of receiving
discrete information (up to complete destruction of
communication) due to the presence in addition to
noise of various kinds non-fluctuating interference in
the communication channel [1-10]. This is especially
true in cases where such interference is signal-like, for
example, harmonic [5-7].

There are various methods of dealing with this kind
of interference, which are more or less effective, for
example, those developed in [1, 11-14]. Their technical
implementation can be very complex, as in the case of
the synthesis of optimal algorithms [1], or simpler, as
in [12, 14], but less efficient. The purpose of this work
is to synthesize and analyze the optimal algorithm for
receiving M-PSK and M-QAM signals with incoherent
processing of harmonic interference.

1. ALGORITHM FOR RECEIVING OF M-PSK
AND M-QAM SIGNALS WITH INCOHERENT
PROCESSING OF HARMONIC INTERFERENCE

Consider the optimal reception of M-PSK and
M-QAM signals against the background of white
Gaussian noise n(f) with one-sided power spectral
density N, and harmonic interference

Sint(t’ (pint) = “AOCOS((DintZ + (pint)’ (1)

with relative intensity p, frequency o, , = 2af, ., close
to the useful signal frequency, and random initial phase
@, At the same time, we assume that the initial phase
of the useful signal is known, and the distribution of the
random variable ¢, . is uniform in the range (—=, ]. In
this case, we can speak of incoherent noise processing.

The signal entering the input of the receiver,

X(t) = Sl'(t) + Sim(tﬂ (pjnt) + n(t)a

is a mixture of interference, noise, and M-PSK signal

5;(1) = Ay cos(wgt + @;),

i2m .
(pizﬁ,te(O,Ts],lzo,l, ...,M_l, (2)

or M-QAM signal
s{(t) = A, (Icos wyt — O sin @),

t€(0,T]),i=0,1,...,M—1, 29

where A4y =A4,, =/2E, /T, is the signal amplitude;
E, = kE, is the energy of the channel symbol; £ is the
energy per one bit of information; k = log,M; I, and
0O, are the coefficients that determine the amplitudes of
the quadrature signal components; w, is the carrier
frequency. In the case of M-QAM signal, the energies
and amplitude should be averaged over the ensemble of
signals.

For the sake of simplicity, let us denote the sum of
the signal and interference as

Ssig,int(t’ Ci’ (Pint) - Si(t) + Sint(t’ (Pint)' (3)

Let us specify the a posteriori probability of this
process, and, consequently, the joint a posteriori
probability of the channel symbol C; and phase ¢, , as
follows [15, 16]:

pps [Ssig,int (t’ci’(pint)] = pps(Ci’(Pint) = Kppr (Ci)ppr((pint)x
T, T,

s s

1 g 2
2
N J-Ssig,int @ Ci’(Pint)dt+N J.x(t)ssig,int(t’ci’q)int)dt]'
00 00

xexp[—
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Here, the symbol K denotes the normalization
coefficient, which takes into account all components
that do not contain information about the useful signal
and non-fluctuating noise, while ppr(Cl.) is the a priori
probability of the channel symbol C;, and ppr((pint) =1/2mn.

T,
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where E.  is the energy of interference packets of
duration T; R(¢;,,) is the correlation coefficient between

the signal and interference.
Hence,
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The coefficient K| includes terms that do not depend
on the value of the symbol C; or the phase ¢, ..

To obtain the a posteriori probability of a discrete
symbol C,, itis necessary to average the value ppS(C ' Qi)
over all possible values of the phase ¢, . Then we
obtain:

1
Pp(C) =Ky 5
Ty
2

T
5 :
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Let us introduce the notation for the integrals that
describe the degree of correlation between the received
process x(7) and signal copies for different values of the
channel symbols C;:

etal.
) I
Jo=r j x(1)s;(1,C; = 0)d,
09
4)
Ty
2
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09

Assuming that there is a copy of the interference
8;¢(% 0,0 1n the receiver, then the following integrals, in
fact, determine the degree of correlation between it and
the received interference sample, formed by subtracting
the signal copies from the received process x(f):

T.
2 S
ay =~ [ [x(0) = 5,(1,C; = 0)]sip (1,045, el
(5)
2 7-'S
Ay = j [x(6) = 5,(t,C; = M = D)]s (1,010
00

Then, taking into account (1), (3)—(5), a decision-
making algorithm for the value of the channel symbol C,
can be written using the modified Bessel functions / (*)
as follows:

C, = max { ppS(Cl.)} =

l s
= max {exp(J i)Z I exp(a;)d (Pint} =

—T

= max {exp(Ji)Io (Ui)}’

pps(ci =O)>{pps(cj ¢0)‘j¢i}’ iaj:()’ ] M —-1. (6)

The last expression can be written differently:
eXPU(U) > {expI(U)), 4} ©)
or
J,+1In(f(U)) > {Jj+ ln(IO(Uj))|j¢i}, iL,j=0,...M—1

In the case of M-QAM, when comparing the values
to find the maximum max{-}, the decision thresholds
must not be considered as zero, but as equal to the half-
difference of the energies of the corresponding signal
packets.

The arguments of the Bessel functions are formed
using the quadrature components of the quantities
described by expression (5), for example:
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The decision rule for a channel symbol in the
presence of harmonic interference with a random initial
phase in addition to noise in the communication channel
basically coincides with the decision rule for the receiver
of M-PSK and M-QAM signals against the background
of only white Gaussian noise. However, in addition to
calculating the correlation integrals, it is also necessary to
form weight coefficients for these integrals (in the form
of Bessel functions), the value of which depends on the
degree of correlation between the interference oscillation
extracted from the received mixture x(¢), as well as the
sample copy of the interference stored in the receiver.
The corresponding block diagram of the receiver shown
in Fig. 1 is denoted as follows: 1 — 90° phase shifter;
2 — integrator; 3 — exponent calculation unit; 4 — squaring
unit; 5 —modulus calculation unit; 6 — weight coefficients

formation unit; 7 — maximum selection unit; 8 — circuit
channel symbol estimation; 9 — scheme for generating
weight coefficients; 10 — noise copy generator; 11 — unit
for generating reference oscillations.

As an example, Fig. 1 shows one additional channel;
the rest are constructed in a similar fashion.

2. SIMULATION RESULTS

To evaluate the efficiency of the scheme of incoherent
harmonic interference processing, the simulation of
reception was performed for 2-PSK, 4-PSK (4-QAM),
8-PSK, and 16-QAM signals. The bit error probability
P, was determined depending on the interference
parameters and the receiver settings.

A. Dependence of the bit error probability
on the interference detuning

Modeling of optimal receivers for M-PSK and
M-QAM signals showed the efficiency of the incoherent
interference processing circuit to depend on the detuning
Af;; of the interference frequency relative to the center
frequency of the useful signal spectrum. Figure 2
illustrates the dependence of the bit error probability P,
on the interference detuning Af. 7. at p = 0.5 and the

int” s

I 8 |
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Fig. 1. Block diagram of the optimal receiver of M-PSK and M-QAM signals
with incoherent processing of harmonic interference
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Fig. 2. Dependences of the bit error probability on the interference detuning with (1) and without (2) interference processing:
(a) 2-PSK, (b) 4-PSK (4-QAM), (c) 8-PSK, and (d) 16-QAM

signal-to-noise ratio SNR = 7 dB. Here, it can be seen
that the greatest gain in noise immunity is observed at
the detuning Af; 7, = 0.5. Thus, for the 2-PSK signal,
the error probability decreases by 1.3 times, for 4-PSK
(4-QAM)—by 2.5 times, for 8-PSK—by 2.7 times, and
for 16-QAM—by 2.8 times. With targeted interference
(Af; T = 0), the scheme turns out to be inefficient, while
for Af, T, = 1, there is no gain due to the frequency of
the interference coinciding with the frequency of the first
zero of the signal spectrum; hence, it can be seen that such
interference does not affect reception noise immunity.
Let us now carry out a more detailed analysis of the
case when the interference frequency does not coincide
with the center frequency of the useful signal spectrum, and
when, as follows from Fig. 2, the non-coherent interference
processing scheme provides a gain in noise immunity.

B. Dependence of the bit error probability
on the signal-to-noise ratio

Figure 3 shows the dependence of the bit error
probability P, on the signal-to-noise ratio SNR (dB) at
Afi T, = 0.5. The dashed lines correspond to the case
when the incoherent interference processing circuit
is switched on. For comparison, solid lines show the
curves obtained without interference processing.

The positive effect of such processing is clearly
visible: the probability of bit error is significantly
reduced. This is especially noticeable at high interference
intensities p = 0.5 and 0.9. Thus, for p = 0.5 and
P.. = 1072 switching on the scheme of incoherent

eb
interference processing results in an energy gain of no

more than 0.5 dB, for 4-PSK (4-QAM)—about 2 dB,
and for 8-PSK and 16-QAM—more than 5 dB.

Comparison of the efficiency of the synthesized
algorithm with the adaptive algorithm applied in [12, 17]
showed that the optimal signal and interference
processing provides the best noise immunity parameters
over the entire range of interference level changes.

C. Influence of inaccurate setting of the
frequency of the copy of the interference in the
receiver

Algorithm (7)assumes thatthe interference frequency
in the receiver in known as a sample. Naturally, this
assumption is often not fulfilled. Let us consider how the
deviation of the frequency of the copy of the interference
Afipirec. installed in the receiver affects the value of the
error probability P, . Figure 4 shows graphs illustrating
this dependence for different signals at SNR = 7 dB.
Here, the abscissa shows the value Af, , .. T, normalized
to the symbol transmission rate of the useful signal.

Naturally, the interference processing is the most
effective when the frequency of the interference
Mfiiree Ty = 0 is precisely known in the receiver.
Small inaccuracies in the setting of the frequency of
the interference copy Af, ... T, = £0.1 in the receiver
slightly reduce the noise immunity of signal reception;
although this decrease is stronger, the greater the
intensity of the interference, at u = 0.9 and detuning
Mt ree Ts = +0.5; for 2-PSK, the error probability
already increases by a factor of 5, while for 8-PSK, it
decreases by a factor of 7-10.
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Fig. 3. Dependences of the bit error probability on the signal-to-noise ratio
atp=0(1),u=0.1(2),u=0.5(3), 1 =0.9 (4): (a) 2-PSK, (b) 4-PSK (4-QAM), (c) 8-PSK, and (d) 16-QAM

eb
1071

10-3

05 -04 -03 -02 -01 0 01 02 03 04 054

eb
100

102 2 . - :
-05 -04 -03 -02 -0.1 0 0.1 0.2

(c)

03 04 05

08 .
T, -05 -0.4 -0.3 0.2 -0.1 0 0.1

intrec.’s

int.rec. Ts

Pe b

100

1071+

10_2&/’/

02 03 04 05 T

intrec."s

(b)

Pe b

10,

102 - - )
-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1

02 03 04 05ANM,,.T

intrec.’s

(d)

Fig. 4. Influence of the inaccuracy of setting the frequency of the interference copy in the receiver
atu=0.5(1),0n=0.9(2): (a) 2-PSK, (b) 4-PSK (4-QAM), (c) 8-PSK, and (d) 16-QAM

D. Influence of inaccurate setting
of the level of the interference copy
in the receiver

Algorithm (7) assumes that the interference level in
the receiver is known. Let us consider how the deviation
of the level of the copy of the interference Ap, ...,
installed in the receiver, affects the value of the error
probability P, . Figure 5 shows graphs illustrating this

dependence for different signals at SNR = 7 dB and
nominal interference intensity p=0.9.

From Fig. 5, the value of the error probability can be
seen to be minimal at the intensity deviation Ay, . ... =0.
While small inaccuracies in setting the interference copy
level in the receiver Aw, .. = +0.1 reduce the noise
immunity of signal reception slightly, almost the same
(2-3 times) increase in bit error probability is observed
for all signals at Ap, . . ==+0.4.
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Fig. 5. Influence of the inaccuracy of setting the level of the interference copy in the receiver for 2-PSK (1),
4-PSK (4-QAM) (2), 8-PSK (3), and 16-QAM (4)

CONCLUSIONS

From the analysis of the data obtained, the following

conclusions can be drawn:

1.

. Savvateev

The noise immunity of reception M-PSK and
M-QAM signals is improved by optimal non-
coherent processing of harmonic interference using
an additional threshold correction circuit in the
receiver’s decision-making unit.

. The efficiency of the circuit depends on the detuning

of the harmonic interference frequency relative to
the center frequency of the useful signal spectrum.
The greatest gain in noise immunity is observed at
the detuning Af, T, = 0.5 (energy gain from 0.5 dB
for 2-PSK to more than 5 dB for 8-PSK and 16-QAM
at u=0.5).
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Abstract

Objectives. Since the launch of satellite communication systems in practical use, approaches towards enhancing
their operational quality and durability have been developing in the direction of increased reliability of airborne
transponders. This is mainly achieved by increasing redundancy and using components with a lower failure rate.
In this regard, the creation of new technologies and new materials is a particularly promising direction. However,
since durability testing of complex systems can take several years, the problem of ensuring an effective combination
of redundancy methods and elements having a reduced failure rate remains challenging. The purpose of the work
is to analyze the effectiveness of methods for ensuring the reliability of a communication satellite transponder based
on a proposed methodology for determining the durability index using a mathematical model of the probability
of failure-free operation.

Methods. In order to describe the complex structure of a satellite communication system transponder, a logical-
probabilistic method is used, in which the dependence of the system reliability indicators on the reliability indicators
of the transponder elements is formulated as a logical function of operability. Mathematical models of system
reliability are created on this basis including for redundant systems. Graphs and analytical methods are used
to compare different systems.

Results. The influence of various methods for ensuring the redundancy of transponder devices and the use of more
reliable components on the reliability and durability indicators is considered. A gamma-percentage resource-based
technique for determining the durability indicator based on the constructed mathematical models of the probability
of failure-free operation is presented along with a comparative analysis of measures to increase the gamma-
percentage resource of the transponder.

Conclusions. The presented method for determining the durability index using a mathematical model of the
probability of no-failure operation can be used to determine the time interval within which redundancy increases
the probability of no-failure operation as compared with a decrease in the failure rate of elements. On this basis, the
most effective combination of redundancy methods and approaches for reducing the failure rate of elements can
be identified.
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HAYYHAA CTATbA

AHaau3 3¢ PeKTUBHOCTH METOA0B 00ecCIeYeHUs
HA/IEKHOCTH PETPAHCIAATOPA CIYTHUKA CBSA3H

T.3.Tenbdpman @,
A.MN. NMNupxaeBka,
B.O. CkpunaueB

MUP3A — Poccuiicknii TexHosI0rn4ecknii yamsepceutet, Mocksa, 119454 Poccus
@ AsTOp AN nepenvcku, e-mail: gelfman@mirea.ru

Pe3siome

Llenu. MNoBbilWeHne ka4yecTBa 1 AOJITOBEYHOCTU pabOoTbl CIYTHUKOBBIX CUCTEM CBA3M C MOMEHTa Havana ux npak-
TUYECKOro MCMosb30BaHUs Pa3BMBAETCH B HamnpaBfiEHUN YBEMYEHUS HaOeXHOCTUM OOPTOBbIX PETPaHC/STOPOB.
9710 gocTuraeTcs npuMeHeHneM MeTo40B Pe3epPBMPOBAHUS N UCMOJIb30BAHNEM 3NIEMEHTHOI 6a3bl C MeHbLUer NH-
TEHCUBHOCTbIO 0TKa30B. Hapsiay ¢ pe3epBupoBaHnemM 60sblune nepcnekTnBbl B 3TOM MyiaHe OTKPbIBAET CcO3aaHue
HOBbIX TEXHOJIOIMIA 1 MaTepuanoB. Becbma akTyanbHOW aBnseTcs npobnema addekTMBHOro coyeTaHust MeToaooB
pe3epBMpoBaHNS U CNOCOOOB YMEHbLLUEHUS MHTEHCUBHOCTN OTKA30B 3/1eMEHTOB. McnbiTaHUs Ha A40JIrOBEYHOCTb
CNOXHbIX CUCTEM MOTYT NMPOO0KaTbCA HECKONbKO neT. Llenb paboThbl — aHann3 addekTMBHOCTN MeToa0B obecne-
YeHUS HAAEXHOCTU PETPaHCNATOpPa CMYTHUKOBOW CBA3M HA OCHOBAHWM NPEOJSIOXKEHHON METOAMKU ONpeaeneHmns
nokasaTensl A0JITOBEYHOCTM N0 MaTeMaTUYeCcKor Moaenn BeposaTHOCTN 6e30TKka3HOo paboThl.

MeTopabl. [1na onvucaHns CTPYKTYPbl CIOXHOW CUCTEMbI, B JAHHOM cilydae GOPTOBOr0 peTpaHCnsaTopa CUCTEMbI
CMYTHNUKOBOW CBSA3U, NCMOJSIb3YETCSH JIOFMKO-BEPOSATHOCTHLIM METOA, B KOTOPOM 3aBUCMMOCTb NokasaTenen Hagex-
HOCTW CUCTEMbl OT NokasaTefieil HaaeXHOCTU 3/IeMeHTOB GOoOpPMyYNIMPyeTCs B BUAE NOrnyeckor dyHkumn paboTo-
CnocobHoCTU. 3Ta PYHKUMS OaeT BO3MOXHOCTb CO3[4aBaTb PasfiMyHble MaTemMaTudyeckme MOAENV HaOeXHOCTU
CUCTEM U MOCTPOUTb NX JIOFMYECKNE CXEMbI HAOEXHOCTU, B T.4. OIS PE3EPBUPOBAHHbBIX CUCTEM. [19 CpaBHEHUS
pPasnnyHbIX CUCTEM NPUMEHSIOTCA rpadoaHannTUYeckme MeToapl.

PeaynbTaTtbl. PACCMOTPEHO BANSIHME Pa3NYHbIX METOO0B PE3EPBUPOBAHNS YCTPOWCTB PETPAHCAATOopa 1 npu-
MeHeHUs 6oniee HamexXxHolr aneMeHTHOM 6a3bl Ha nokasarteny 6e30TKa3HOCTU UM AonroBevyHocTu. MNpeacTtasneHa
MeToamKa onpeneneHns nokasarens 40JrOBEYHOCTM — raMMa-NpPOoOLEHTHOMRO Pecypca — No NOCTPOEHHbIM MaTeMa-
TUYECKNUM MOAENSAM BEPOATHOCTM 6e30TKka3Hoi paboThl. [poBeaeH cpaBHUTESbHbBIN aHaNN3 MeponpuUATUL No yBe-
JINYEHNIO raMMa-MNPOLLEHTHOrO pecypca peTpaHcnaTopa.

BbiBOAbI. PaccMoTpeHHas MeToauka onpeaeneHns nokasartens 40JIF0OBEYHOCTM N0 MaTeEMaTUYECKON MOAENN BE-
POATHOCTM 6e30TKa3HO PaboThl MO3BOMNSET ONPEeAesMTb MHTepBas BPEMEHM, B Npeaesiax KOTOpPOoro pesepsunpoBa-
HVe OaeT BbIUrpbILL N0 BEPOATHOCTM 6€30TKa3HOoM paboTbl MO CPABHEHMIO C YMEHbLLIEHWEM MHTEHCUBHOCTMN OTKa30B
anemMmeHToB. Takum 06pa3oM BO3MOXHO obecneunTb aphekTUBHOE coHeTaHe MeTOA0B Pe3epBUPOBaHNS 1 CMOCO-
60B YMEHbLLUEHNS UHTEHCUBHOCTM OTKA30B 3/1eMEHTOB.

KnioueBble cnoBa: HageXHOCTb, CnyTHMKOBaaA CBA3b, 60pTOBOI7I peTpaHCcnaTop, pe3epBupoBaHne, raMmma-

NMPOLEHTHbIN pecypc
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npOSpa'-IHOCTb cbvmaucoaoﬁ AeaTesibHOCTU: ABTOpr He NMetoT CI)I/IHHHCOBOVI 3anHTEepPeCOBaHHOCTW B nNpeacTaBieH-

HbIX MaTepunanax nam MmetTogax.

ABTOPbI 3a9BNSIOT 06 OTCYTCTBUM KOHMMKTA MHTEPECOB.

INTRODUCTION

The reliability of satellite communication systems
is determined by their characteristics: efficiency,
durability, readiness, and risk [1]. To ensure high
reliability indicators, it is necessary that the satellite
system meets the requirements for a variety of criteria,
such as the probability of failure-free operation, mean
time to failure, gamma-percentage resource, and
operational availability factor [2]. Enhancement in the
reliability of satellite communication systems since the
beginning of their practical use has been evolving in
the direction of increasing the probability of failure-
free operation of airborne transponders [3—7]. The
lifetime of modern satellite transponders reaches
15 years [4, 8], which is ensured by the use of
redundancy methods and the use of components with
a lower failure rate. To achieve the required values of
reliability indicators, different redundancy methods
are used [1, 9-11]. For example, it was shown in [1]
that with separate redundancy by replacement with
an unloaded reserve, a greater gain in mean time to
failure and gamma-percentage resource is provided,
and with constant redundancy, a greater gain in the
probability of failure-free operation is attained. In
addition, the implementation of permanent redundancy
is less expensive. The use of redundancy leads to
the complication of transponders and, consequently,
to an increase in energy consumption, weight, size,
and cost indicators of systems. Therefore, it is often
necessary to look for the optimal solution that allows
one to obtain a given reliability indicator at minimal
cost, or maximum reliability for given quality
indicators [8, 12—-14]. For example, in [15], the
effectiveness of optimal redundancy by replacement
was evaluated and it was shown that an unloaded
redundancy, compared to a loaded one, provides a
greater gain in the probability of failure-free operation
for any operating time and in average time to failure.
In addition, the cost of a transponder with a loaded
redundancy is higher, because of increased weight,
size, and energy indicators.

Methods for reducing the failure rate of elements are
based on new technologies and design principles [3, 8],
as well as load redundancy associated with facilitating

electrical, thermal, mechanical, and other operating
modes of elements [1, 9]. Increased reliability of
the elements is characterized by patterns that have
pronounced “saturation” areas, determined by the fact
that, following an initial period of a sufficiently effective
impact on reliability, no further actions or material
investments in the development and manufacturing of
elements have a significant impact on the increase in
reliability. This is due to the achievement of the physical
limitations inherent in each class of the components.
However, with new generations of component
technologies, it is possible to sharply increase reliability
levels.

Obviously, the choice of methods for ensuring the
reliability of satellite transponders significantly affects
their weight, size, energy, and cost indicators.

The aim of the present work is to analyze the
effectiveness of combining the methods of redundancy
and reducing the failure rate of components based on
the determination of the durability indicator in terms
of gamma-percentage resource, using a mathematical
model of the probability of failure-free operation.

MATHEMATICAL MODELS OF THE PROBABILITY
OF NO-FAULT OPERATION

Let the reliability logic diagram of the transponder
have the form shown in Fig. 1. The transponder consists
of three sections.

Fig. 1. Logic diagram of the reliability of the transponder

The probability of failure-free operation of the
entire transponder Py, is equal to the product of the
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probabilities of failure-free operation of each section of
the device:

Py, = PPyl (1)

Section I (highlighted in Fig. 1 by a dashed line),
comprising the main receiver, consists of three elements
connected in series, the first having a failure rate A, is
redundant by substitution (unloaded reserve), while the
second element with a failure rate A, is not redundant and the
third element with a failure rate A, has permanent redundancy.

The probability of failure-free operation of the main
receiver is equal to the product of the probabilities of
failure-free operation of each of these three elements,
taking into account their redundancy.

Prec:PIPZP?a (2)
For the first element redundant by the substitution,
B=eM (1+2). 3)
The second element is not redundant,
Py =e2 @)

For the third element with permanent redundancy,

P, =1—(1—e_7“3t)2. (5)

Substituting (3)—(5) into (2), we obtain:

rec

P =e M (1 + Klt)e_k? (1 - (1 —e M )Zj

When the receiver is duplicated, the probability
of failure-free operation of the first section of the
transponder in Fig. 1 is defined by the expression:

Pi=1-(1-P,). (6)
Section II consists of one transmitter with a failure
rate A4, redundant by substitution (unloaded reserve).

The probability of failure-free operation of this section
is determined by the expression:

—A
By =e 4 (14 241). )
Section III consists of one non-redundant element—

the antenna-feeder device of the transponder. The
probability of failure-free operation of this section:

-\
Py =es, (8)

where ?\5 is the failure rate of the antenna-feeder device.

Substituting (6)—(8) into (1), we obtain the
expression for the probability of failure-free operation
of the transponder of the communication satellite for the
case of the duplicated receiver and the redundant-by-
replacing transmitter, as well as when the first element
is redundant by replacing, and when the third element of
the receiver has permanent redundancy:

Py =101 B |7 (1)

Without duplication of the receiver, as well as
without redundancy of the first and third elements of the
receiver, the probability of failure-free operation of the
transponder is described by the formula:

P = oMl el g hst gt (1 + k4t)e_7‘5’.

For the case of redundancy by replacing the first
element and permanent redundancy of the third element
of'the receiver, but without duplication of the receiver, the
probability of failure-free operation of the transponder is
described by the formula:

Ptrp:

=M (14 A1) e (1 ~(1-e )2 jer (14 0yt)e7s".

EFFECT OF REDUNDANCY ON PROBABILITY
OF FAILURE-FREE OPERATION

Let us consider the effect of redundancy methods
on the probability of failure-free operation and the
durability of a transponder when there is a change in
the failure rate of the receiver, transmitter, and antenna-
feeder device. As an indicator of durability, we use
the gamma-percentage resource, which is determined
from the graphs of the dependence of the probability
of failure-free operation of the transponder on time at
Py, =09.

Graphs of the dependence of the probability of
failure-free operation of the transponder on time for
three redundancy methods are shown in Fig. 2—4 for
different failure rates of elements (cascades).

Method 1. Duplication of the receiver and
redundancy by replacing the transmitter, as well as
redundancy by replacing the first element and permanent
redundancy of the third element of the receiver. Graphs
of the dependence of the probability of failure-free
operation on time are presented in Fig. 2. The parameters
of the graphs and the results of calculating the gamma-
percentage resource are shown in Table 1.

As expected, the gamma-percentage resource
increases with a decrease in the element failure rate. So,
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Fig. 2. Dependencies of the probability of failure-free
operation on time for the first redundancy method

Table 1. Graphs parameters and calculation results
(Fig. 2)

Ptrp
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Fig. 3. Dependencies of the transponder failure-free
operation probability on time for the second redundancy
method

Table 2. Graphs parameters and calculation results

Failure rate of elements (Fig. 3)
Curve of the transponder, 10-8/h Gamma percentage )
No. resource, h- 104 Failure rate of elements
o A, Ay Ay As Curve of the transponder, 10~8/h Gamma percentage
No. resource, h-10%
1 20 | 50 |50 | 100 | 1 38.8 7SR IV I VO B W B
2 20 50 | 50 | 200 1 24.0 1 20 50 | 50 | 100 1 8.4
3 20 50 | 50 | 300 1 16.9 2 20 50 | 50 | 300 1 7.1
4 20 50 | 50 | 500 1 9.8 3 20 50 | 50 | 500 1 5.7
5 100 | 200 | 200 | 500 1 8.2 4 100 | 20 | 20 | 500 1 2.1

for example, with a decrease in the transmitter failure
rate by 2, 3, and 5 times, the gamma-percentage resource
increases by 1.6, 2.3, and 4 times, respectively.

Method 2. Redundancy by replacing the transmitter,
without redundancy of the receiver and its elements.
Graphs of dependence of the probability of failure-free
operation on time are presented in Fig. 3. Table 2 shows
the parameters of the graphs and the results of calculating
the gamma-percentage resource.

Analysis of the graphs in Figs. 2 and 3 along with the
data of Tables 1 and 2 shows that, without redundancy
of the receiver and with the same failure rates of the
elements, the gamma-percentage resource decreases
by more than 4 times. However, with more reliable
components without redundancy of the receiver, a less
significant decrease in the gamma-percentage resource
is observed, which does not exceed 1.7 times in the cases
under consideration.

Method 3. There is no general duplication of the
receiver; redundancy of the transmitter, as well as the
first and third elements of the receiver is implemented.

Graphs of the dependence of the probability of failure-
free operation on time are shown in Fig. 4. The results
of the calculation of the gamma-percentage resource and
the parameters of the graphs are presented in Table 3.
As follows from the graphs in Fig. 4 and data of
Table 3, the antenna-feeder device having the highest
reliability has practically no effect on the gamma-
percentage resource: in the case under consideration,
with an increase in the failure rate A by 10 times, the
gamma-percentage resource decreases by less than 5%.
Let us consider the redundancy options of various
methods, in which the values of the gamma-percentage
resource vary slightly. We will evaluate the efficiency
of the transponder redundancy methods for the above
cases in terms of the probability of failure-free operation
by determining the efficiency factor of the redundancy
method K 4 defined as the ratio of the probabilities of
failure-free operation for the variants with the same values
of the gamma-percentage resource. Figure 5 shows the
time dependence of the redundancy efficiency factor of
the compared options. Table 4 shows the parameters of
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Fig. 4. Dependencies of the transponder failure-free
operation probability on time for the third redundancy
method

Table 3. Graph parameters and calculation results
(Fig. 4)

Failure rate of elements i
C;Z‘.’e of the transponder, 10~%/h Dercentage
. M | A | A | A resource, h*10%
1 20 50 | 50 [ 100 1 16.9
2 20 50 | 50 {200 1 13.6
3 20 50 | 50 {300 1 11.1
4 20 50 | 50 (500 1 8.0
5 20 50 | 50 [500| 10 7.6
6 100 | 200 | 200 [ 500 | 1 4.0

the graphs together with the results of determining the
effectiveness of redundancy methods.

From the graphs in Fig. 5, an important conclusion
can be drawn: there is a threshold value of time up to
which redundancy gives a gain in the probability of
failure-free operation of the transponder as compared to a
decrease in the failure rate of elements. For example, the
first redundancy method provides a gain compared to the
third method in the time interval from 0 to 1.69 - 10> h
even with a 3-fold increase in the transmitter failure rate,
as well as an advantage over the second method in the
time interval from 0 to 8.7 - 10* h; this applies even in
the case of an increase in the failure rates of the first
and fourth elements by 5 times, or the second and third
elements—by 4 times.

The third redundancy method provides a gain in
comparison with the second method in the time interval
from 0 to 7.1 + 10* h even with a 5-fold increase in the
transmitter failure rate.

Keff

1.04

1.02

1.00

0.98

0.96

0 5 10 15 20 h-10%

Fig. 5. Redundancy efficiency ratio

Table 4. Graph parameters (Fig. 5) and obtained
effectiveness of redundancy methods

Failure rate of elements Maxi-
Curve | €OmPpared | of the transponder, | Threshold| *
redundancy 10°8/h time
No. 1na | value
methods h-10
M A A | Ay | As of K g
1 20 | 50 | 50 |300] 1
1 16.9 1.018
3 20 | 50 | 50 [100] 1
1 100{200{200|500] 1
2 8.7 1.025
2 20 | 50 | 50 [100] 1
3 20 | 50 | 50 |500] 1
3 7.1 1.011
2 20 | 50 | 50 |100]| 1

When the threshold value of time is exceeded, there
is no gain from redundancy; in this case, the factor that
determines the probability of failure-free operation is the
reliability of the transponder elements.

CONCLUSIONS

The gamma-percentage transponder resource
increases with a decrease in the element failure rate.
Although this durability indicator decreases in the
absence of redundancy of the receiver and its elements,
this decrease is not so significant with more reliable
elements. By using the proposed method for calculating
the gamma-percentage resource using mathematical
models of the probability of failure-free operation, it
becomes possible to determine the time interval within
which redundancy provides a gain in the probability of
failure-free operation in comparison with an increase in
the reliability of elements. Thus, it is possible to provide
an effective combination of redundancy methods and
approaches to reducing the failure rate of elements.
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Abstract

Objectives. Network diagrams are used as an information support element in planning and project management
processes for structuring planned work and calculating project efficiency characteristics. In order to optimize and
balance resources used in projects, it becomes necessary to locate in these models not only the critical path of the
maximum weighted length, but also the subcritical paths closest to it having a shorter length in relation to it. The
aim of the work is to synthesize and analyze an algorithm for finding k-shortest paths between the input and output
network vertices, on which basis the above-mentioned subcritical paths can be identified.

Methods. The provisions of graph theory and group theory, as well as the method of dynamic programming, were
used.

Results. An algorithm for finding k-shortest paths in contourless directed graphs having a strict order relation
was developed. Abstract elements were defined according to group theory in graphs as p-contours, between
which a multilevel structure of relations for implementing the necessary search of paths was then established. For
substantiating the efficiency of the constructed algorithm, the validity of the main provisions was demonstrated
as follows: firstly, the multilevel system of relations is exhaustive; secondly, there is no loss in the final solution during
the operation of the algorithm; thirdly, the paths obtained as a result of the work of the algorithm satisfy the main
required relation between them. Numerically, the algorithm was implemented by the dynamic programming method
extended by means of an additional functional relationship, implying the presence of suboptimal policies.
Conclusions. The conducted runs of computational experiments confirmed the operability and efficiency of the
software-implemented algorithm. The performed analysis demonstrated the good convergence characteristics
of the proposed algorithm as compared with other algorithms of this class applied to network diagrams. On this
basis, it can be recommended for practical use in project management information systems.
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HAYHYHAA CTATbA

AJITOPUTM MOUCKA MOAKPUTHYCCKUX IIyTEH
Ha CeTeBbIX rpagukax
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Peslome

Lenu. MHdopmaunoHHasa nogaepxka npoueccoB NAaHMPOBaHUS U yNpaBieHUs NPoeKTaMn UCMNosb3yeT B Kade-
CTBE MOAenn ceTeBble rpadunkun, NnomorarLwme B GoOpM1MpPOBaHNN CTPYKTYPbI MIaHUpyeMbix paboT 1 pacyeTe xa-
pakTepncTuK 9hPeKkTMBHOCTN NpoekTa. C Lenbio ONTMMU3aumnmy 1 BbipaBHUBAHUS PECYPCOB, NCMOJIb3YEMbIX B MPO-
eKTax, BOSHMKAEeT HEOBXOAMMOCTb HAXOXAEHUSI HA 3TUX MOAENSX HEe TONbKO KPUTUYECKOro NyTu MakCUMaslbHOM
B3BELLUEHHOW OJINHbI, HO 1 BAMXKAALLMX K HEMY MOAKPUTUYECKUX NMYyTEN C MEHbLLEN MO OTHOLLEHUIO K HEMY OJINHOWA.
Llenb paboTbl — CUHTE3 1 aHaIM3 aNiropUTMa Nomcka k-kpaTdyanimx nyTen Mexay BepLinHamMm BXo4a 1 BbiIxoga CeTu,
NMO3BOJIAIOLLENrO MAEHTUDULMPOBATD BbllleHAa3BaHHbIE MOAKPUTUYECKUE MYTU.

MeTopabl. Vicnonb3oBaHbl NOMOXEHUS Teopun rpadoB 1 TEOPUM TPYIM, a TakkKe MeTon, AMHAMUYECKOro nporpam-
MUPOBaHUS.

PesynbTaTtbl. Pa3paboTaH anropmutM nomcka k-kpatyaniimx nyTei Ha OPUEHTUPOBAHHbLIX rpadax 6e3 KOHTYPOB C OT-
HOLLEHMEM cTpororo nopsiaka. C ncnonbL3oBaHneM Teopun rpynn Ha rpadax 6bm onpeneneHbl abCTpakTHbIE 31EMEH-
Tbl — P-KOHTYPbI, MEXAY KOTOPbIMU Oblnia yCTaHOBIEHA MHOrOYPOBHEBAS CTPYKTYypPa OTHOLLIEHWIA, MO3BOMMBLUAS Peaninso-
BbIBaTb HEOOXOAMMBI MOUCK NMyTel. B pamkax 060CHOBaHUS paboToCnoCOOHOCTY NOCTPOEHHOrO alropmUTMa AoKa3aHa
CNpaBe/IMBOCTb OCHOBHbIX MOJIOXEHWIA: BO-NEPBbIX, MHOrOYPOBHEBASI CUCTEMA OTHOLLIEHUI SIBNSIETCS UCUEPTbIBAIOLLIEN;
BO-BTOPbIX, HE MPOVCXOAMT NOTEPb B OKOHYATESIbHOM PELLEHNM B NMPoLLecce paboTbl anroputma; B-TPEeTbUX, MyTH, Haii-
LeHHble B peaynbTate paboThl anroputMa, YA0BNIETBOPSAIOT OCHOBHOMY TPEOYEMOMY COOTHOLLEHMIO MEXAy HUMU. Yumc-
JIEHHO aNrOpPUTM peasiM3oBaH METOA0M ANHAMUYECKOIO NPOrpaMMNPOBaHUS, KOTOPbIM Oblil pacLLUMPEH 3a CHET UCMOJb-
30BaHWS JOMNONHUTENBHOIO GYHKUMOHAIBHOrO COOTHOLLEHUS, MpeanofiaratoLLero Hannmyme noaonTMMasbHbIX MOUTYK.
BbiBoAgbl. MMpoBeaeHHas cepust BbIMUCTIUTENBbHbIX 3KCNEPMMEHTOB noaTeepanna padboTocrnocobHOCTb U adpdek-
TUBHOCTb NPOrpaMMHO peanm30BaHHOIO afiropuTMa. BbINONHEHHbIM aHann3 nokasas XopoLune XapakTepucTukm
CXOAMMOCTU MPEeasIoXXeHHOro anropuTMa B CpaBHEHUM C aIfTOPUTMaMM AAHHOIO Kflacca, NPUMEHSIEMbIMU K ceTe-
BbIM rpadukamM. To No3BONSET PEKOMEHAOBATL €ro K NPakTUYeCKOMY UCMOJIb30BaHNIO B UHPOPMALIMOHHBLIX CUCTE-
Max yrnpaBJieHNs NPOEeKTaMu.

KnioueBble cnosa: yrnpassieHne rnpoekrtamm, ceteBor rpaduk, KPUTUYECKUA NyTb, airOPUTM, BbIHUCIIUTESbHbIN

9KCMNEePUMEHT

¢ Moctynuna: 27.03.2022 » fopa6oTaHa: 06.06.2022 ¢ MpuHATa k ony6nukoBaHuio: 24.10.2022

Ansa umtnpoBanua: AHOEPoB M.A. ANropmtM noncka noaKpUTMHECKMX NYTEN Ha ceTeBbix rpadukax. Russ. Technol. J.
2023;11(1):60-69. https://doi.org/10.32362/2500-316X-2023-11-1-60-69

Mpo3payHocTb GUHAHCOBOW AEeATENIbHOCTU: ABTOP HE MMeeT GMHAHCOBOM 3aMHTEPECOBAHHOCTM B NPEACTaBNEH-

HbIX MaTepunanax nin Mmetogax.

ABTOp 3asB155€T 06 OTCYTCTBUM KOHGDINKTA UHTEPECOB.

INTRODUCTION

Established project management methodologies use
a contourless network-oriented graph as the main model
for displaying the structure of the mutual dependence of
project work stages and calculating the time characteristics
of these stages, as well as those of the project as a
whole [1-3]. In the terminology of network planning and

management, such a model is referred to as a network
diagram, which may be constructed according to one of
two principles. In the first case, typical for the Project
Evaluation and Review Technique (PERT) methodology,
the work in the model display uses graph arcs to represent
the “event-work”™ principle, while the second uses graph
vertices according to the “work-relationship™ principle.
However, both of these approaches involve the definition of
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a critical path on the network diagram, having a maximum
weighted length and connecting a hanging vertex to a dead
end, which may correspond to the beginning or end of
the project. In this case, the length is calculated based on
the value of the critical work execution time displayed by
the active elements of the path (arcs or vertices). The use
of a critical path is an integral part of network planning
and project management methodology, as reflected in
studies at the stage of its theoretical development (an
extensive bibliography of this period is presented in [4])
and subsequent development [5—8].

Actual projects are implemented in various
arcas under conditions of limited material, labor and
financial resources. This implies the development
of project management theory in the direction of
optimizing the structure of the project according to the
criterion of its minimum cost under particular resource
constraints [7—12]. In this case, the question arises of the
need to search the network diagram not only for critical,
but also for subcritical paths in order to implement the
above-mentioned optimization and leveling of resources.
If the critical path Q can be defined as

Q: L(Qo)=é?2>;z{L(Qj)}, )

where L(€) is the length of the critical path, and Q is
the set of all full paths on the network diagram, then the
subcritical paths will form an ordered set of full paths of
the graph {Q, Q,, ...}, characterized as follows:

L(€Qg) = L(Q)); L(€2) = L(; ). 2

To find the critical path, it is sufficient to use any
algorithm to find the shortest weighted path between the
vertices that represent the beginning and end points of
the project on the network diagram after changing the
weights of'its active elements (time to complete the work)
to negative. Such algorithms can be based on dynamic
programming [13, 14] or heuristic methods [15]. When
obtaining subcritical paths, algorithms for finding
k-shortest paths between graph vertices either use
dynamic programming directly [16-22] or with repeated
application of the shortest path search [23-25], or other
contemporary approaches [26-28], as well as those
focused on more complex network designs [29-32].

The present paper describes an algorithm for finding
k-shortest paths on network graphs based on the selection
of elements of a higher order and structuring relations
between them.

STRUCTURING RELATIONSHIPS ON GRAPHS

The performed studies are focused on the use
of network graphs of the “works-connections” type,
using as a model network directed graphs G(X, U)

(Xis a set of vertices, U is a set of arcs) without contours
with a strict order relation, and with division into

layers [33] (Fig. 1).

Fig. 1. Network diagram

Let us construct a free Abelian group P(U) over the
generating set U of all arcs of the graph G = (X, U) as
follows. As elements of P(U) we will consider the set
of formal linear combinations of elements from U with
integer coefficients in the form of

n
P =2 u), pj ePU); u; €Uy, =0, 51,
i=1

where n is the number of graph arcs.
As a binary additive operation, we define the sum of
elements from the set P(U) by the formula:

n n n
:Z(Y,' '”i)"‘Z(Y;' '”i):Z(Y,' +Y;~)'ui-
i=1 i=1 i=1

Similarly, we construct a group H(X) over the set X
of all vertices of the graph, defining its elements as

m
hj :Z(yi -x;), h; eH(X); x; €X;v; =0,£1, ..., where
m is lthle number of vertices. In what follows, when
writing elements of the groups P(U) and H(X), we will
omit their constituent elements that have zero
coefficients.

Definition 1. A differential d of a group P(U) is
called a homomorphism d: P(U) — H(X) defined as
follows:

1)ifu, = (x;, x) then du, = x;
2) 1fp = Zyt u,, then dp = ﬁyt
forp € P(U) u, e U,xl,x] e X.

Deﬁnmon 2 An element r € P(U) is called a
p-contour if dr = 0. The subgroup R = Ker d c P(U) is
called a subgroup of p-contours.

Lemma 1. The sum of several p-contours is a
p-contour.

Proof. First, the sum Xr; is an element of the group
P(U) as a result of addition of its elements. Second, the
distributivity of the mapping d according to Definition 1
allows us to write down dXr; = Xdr,= 0. The assertion of
the lemma is proved.

Russian Technological Journal. 2023;11(1):60-69

62



Algorithm for finding subcritical paths
on network diagrams

Mikhail A. Anfyorov

Using the generally accepted concept of a path on
a graph as a connected finite sequence of arcs, we will
denote it as

Q= {up, uy, st} 3)

Moreover, if u = (x, x,), T0 X, = u", x, = u". We
will determine the length of this path through the above
numerical weighted estimates of the vertices g(x) by the
expression

L) =)+ Y e(u). 4)

i=1

If the path connects the input vertex x' with the
output vertex x"' of the network, then we will call such a
path complete.

We define the mapping ¢ as follows:

n
(p({Y]uls YZuz’--', Ynun})=ZYiu,-, Yi >0: (5)
i=1

and also, the converse to the above:

Voltgs |y u,b. (6)

n
(P'[Zyi”iJ:{hJ”l’
i=1

Definition 3. The image of a path QQ — U on the graph
G = (X, U) is called a mapping ¢(€2).

Lemma 2. The differential of the image of any
complete path on a network graph is defined as
dp(Q)=x"—x".

Proof. Since the full path Q on the graphs under
consideration is a simple path that does not have multiple
arcs, then its image, taking into account (3), can be
written as @(Q) = u; +u, + ... +u . In accordance with
Definition 1, we obtain either do(QQ) = du; + du, +
+ o+ du, or do(Q)=(uf —uy)+ Uz —uy)+..+

+(u:’v—u;v), or
do(Q) =—uy +(uf —uy)+...+ Wl —uy)+uf. (7)

The incidence property of path arcs implies
uf =u;,,i€[l,w—1]. Therefore, expression (7) can be
written in the form do(Q) =u, —u;” or dp(Q) =x"—x".

Lemma 3. The difference between the images of two
complete paths on a network graph is a p-contour.

Proof. The difference between the images of
the full paths ¢(€2;,) and (p(Qj), being the result
of the additive function of adding two elements
of the group P(U), also belongs to this group. On
the other hand, the differential of this difference

is defined as d[@(Q) — o(2 j)] = do(Q2,) — do(Q j).

However, by the assertion of Lemma 2 do(Q2,) = d(p(Qj).

Hence, d[@(€)) — @(Q j)] = 0, which proves the lemma.
Let us define the mapping o as follows:

a(p)= D v; &), @®)

u;ep

Definition 4. The value of the p-contour r is the
value a(r).

Lemma 4. The difference between the lengths of two
complete paths on a network graph is equal to the value
p of the contour formed by the difference of their images.

Proof. Let Q; = {u;, u,, ..., u;} and Qj =
= {”jp Ups s ujs} be any two complete paths of the graph.

Then their lengths, in accordance with (4), can be

w
written as L(Q;)=&(x") + Zs(u;; , L(Qj) =g(x')+
1=l

S
+ Zs(u}t), and the difference in lengths as
t=1

LQ) - L)) = Ye(ui) - Dewh).  (9)

=1 t=1

On the other hand, in accordance with Lemma 3,
the p-contour defined by the images of these full paths
can be written, taking into account expression (5), as
r=(Q)— (p(Qj) = Tu, .t Uy, = Uy — Uy = e~ Uy
and the value of this p-contour, taking into account (8),
as

a(r) =Y e(u) —Za(u;.,) . (10)

t=1 t=1

Comparing expressions (9) and (10), we conclude
that the lemma is true.

Definition 5. An elementary p-contour g(@?) with
respect to an arc of a graph u = (a, b) € U is an element
of the group P(U), defined as the sum of this arc with
the difference between the images of the shortest
weighted paths connecting the vertices x’ and a, as
well as the vertices x” and b (see Fig. 2). In this case,
the elementary p-contours are oriented to the shortest
paths, since the main goal is to find k-shortest paths of
the graph.

Definition 6. An arc u; is said to be incident to the
path Q at the vertex b if the following conditions are
met:

1) u;, & Qy
2) Ju; € Qy, uf =u;f =bh.

The vertex b is called the vertex of the section of the

path Q (Fig. 2).
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Uyy
U .\. Uy,
<G u \ aeX
’7\ %
o h
X' u, Ug u, beX
o -0 e

Fig. 2. {u,, us, ug, u,, ug} — shortest path between
vertices x’and a.

{uy, Uy, ug, ug} — shortest path between vertices x’'and b.
{ug + ug + u, + ug t Uy — U, — Uy — U,} — elementary
p-contour (g(@), based along the path {u, u,, us, U, ...}
along the incident arc u, at the vertex of the section b:
glab) = phi

Definition 7. An elementary p-contour with respect
to an arc incident to the path Q at the vertex of the
section b € X is called based on this path and is denoted
as r? (Fig. 2).

In connection with the consideration of the full paths
of the graph in the framework of the network planning
problem, the p-contour based on the path €, which
allows us to determine another full path Qg will be
called generating. Based on lemmas 3 and 4, we write
the relations

Q) = 0(Q) + 1, LQ) = L(Q) + a(r?),  (11)
which are further used in the algorithm for finding
k-shortest paths of the graph.

In order to use the models to efficiently solve
numerical problems, an ordered structure of relations
between the complete paths of the network graph can be
constructed on the basis of the introduced mathematical
objects.

With regard to the development of the described
algorithm, we consider the problem of finding an ordered
set of full paths

190, Qs s Q, L(Q) S L(Q,,)), i < [0, A~1].(12)

The system of relationships between paths is built
relative to the full path ), which has a minimum length
Qq: L(Qo)zgménQ{L(Qj)}, can be easily obtained

using one of the well-known algorithms, for example as
givenin [13, 14]. This system is described by a hierarchical
multilevel structure of shortest path €3 generating
p-contours in the form of a graph G = (R, V),
V =R, x R. Here R, is the complete set of generating
p-contours, while V is the set of relations between them
that connect the generating p-contours of adjacent levels.
So, for the upper Oth level, the connection of p-contours?

I Several elementary contours can be based on the vertex b
in the presence of several incident arcs.

2 An additional subscript is introduced to denote the level
number in the system of generating p-contours.

Ry, = {ré’} with p-contours of the next 1st level R, is
represented by the relation

whe =rf +re;a(Pe) =a(d) + a(re),  (13)
where b is the vertex of the section of the path Q; e is
the vertex of the section of the path formed by the
p-contour rob (11) located on this path to the left of the
vertex b (i.e., e < b)>. The grouping by levels defines the

entire set of generating p-contours R, = UR0 7
VA

DESCRIPTION OF THE ALGORITHM

The algorithm is presented below in a less compact
form, excluding loops, in order to visually show the
finiteness of the number of steps performed.

Step 1. Find the full path Q; with the minimum
length.

Step 2. Put the set Ry, = {r,, r,, 75, ...} of generating
p-contours of the Oth level in ascending order of their
values* and exclude from further consideration the
p-contours that are below the kth place in the resulting

sequence; R = R(y. Find the full path Q, through
relations (11) using the p-contour 7|, which is the first in
the sequence.

Step 3. Include in the set R the p-contours of the
next level, determined by the p-contour r, through
relations (13) over all vertices of the section, excluding

the p-contour 7| itself. Order the set R according to the
relation a(r) < a(r,,) and exclude from further
consideration the p-contours that are below (k— 1)
places in the resulting sequence.

Find the full path Q, through relations (11) using the
p-contour ry.

Step(s). Include in the set R p-contours of the next
level, determined by the p-contour r; through relations
(13) over all vertices of the section, excluding the

p-contour 7, itself. Order the set ﬁaccording to the
relation a(r) < ofr,,) and exclude from further
consideration p-contours that are in the resulting
sequence below [k — (s — 2)] place’.

3 This condition is related to the orientation to the input
vertex x’ when constructing elementary p-contours (see
Definition 5).

4 A simplified designation of generating contours was
introduced in order to better understand the operation of the
algorithm. The subscript shows the place of the contour in the
ordered set.

5> The particular case is when the number of elements of
the set R is less than [k —(i — 2)]. In this case, contours are not
excluded from the set, which does not affect the course of all
reasoning and the final result.
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Find the full path Q_ | through relations (11) using
the p-contour 7.

Step (k + 1). Include in the set R p-contours of the
next level, which are determined by the p-contour r,
through relations (13) over all vertices of the section,

excluding the p-contour r| itself. Order the set R
according to the relation a(r,) < a(r;,,) and exclude from
further consideration the p-contours that are below
[k — (k—1)] =1 place in the resulting sequence.

Find the full path €, through relations (11) using the
p-contour r,.

The implementation of the algorithm is based on the
search for generating p-contours and the full path Q,
which has a minimum length. This problem is effectively
solved by the dynamic programming method. The main
Bellman recursive functional relation for the problem of

finding the shortest path® Qgﬁn connecting the input

vertex (x,) with any vertex x, can be written as

L(Qlt

min) = min {e(x) + LQE )} i€, (14)

where I, is a subset of graph vertex numbers defined by

the condition Vx, (i € I) Ju, such that x; =uy, x; = u;.

An element from I, which is the optimal policy defined
by (14), will be denoted as i

To search for generating p-contours based on the
vertex of the section ¢, one more functional relation must
be defined in the form

LQY) =e(x) + L(QY

min

), jed, 3, =1/, (15)

where Qljt is the path connecting vertices x; and x, and
passing through vertex X; (Fig. 3).

—-.— —PathQlt, =Q,

— Path Ql/

min
— Generating p-contour
Q! - p(Qt,)

Fig. 3. Graphical explanation for the above calculations

Relation (15) implies the presence of suboptimal
policies in the dynamic programming method, whose
presence demonstrated by R. Bellman [34]. This relation

6 The superscripts show the numbers of connected vertices.

defines the set of incident arcs {(xj, x)},j€d, {(xj, x)}
at the vertex of the section x, and the corresponding
generating p-contours through the knowledge of paths

1/ ..
Q.. (see Definition 5).

A software implementation of the algorithm in
the Delphi programming language was performed.
The conducted testing of the program confirmed the

efficiency and effectiveness of the presented algorithm.
JUSTIFICATION OF THE ALGORITHM

To prove the efficiency of the constructed algorithm,
it is necessary to verify the validity of the following
provisions:

e firstly, any generating p-contour of the complete

path Q is described by the system G = (R, V);

e secondly, there is no loss in the final solution during
the operation of the algorithm;
e thirdly, the paths found as a result of the algorithm’s

operation meet the condition (12).

The validity of the first proposition is confirmed by
the following theorem.

Theorem 1. Any generating p-contour of the complete
path Q) is described by the system G = (R, V).

Proof. Let r, be an arbitrarily chosen generating
p-contour of the path €, Let us show that this
p-contour is described by one of the levels of the system
G=(R, V).

There necessarily exists an arc u, incident to the
path Q, with the section vertex b, such that u, € @’(r,).
This arc corresponds to an elementary p-contour

gho = 0 based on Q,.
If % = 7., then the p-contour 7, is described by the
system G = (R, V) at the Oth level. If the equality is not

maintained, then oc(rbO)S(x(rx) , which follows from
Definition 5; therefore, the inequality L(QQ)) < L(€)) is
true, where Q; and Q are full paths defined by p-contours

0 and r, through relations (11), i.e.
O(Q)) = 9(Q) + 0, L(Q)) = L(Qg) + (), (16)

O(Q,) = 0()) + 7, L(Q,) = L(Q) + alry). (17)

Subtracting equalities (16) and (17) term by term,
and having transformed the result, we obtain
PQ,) = (@) +(r, —r'0), where (r,=r") s the
generating p-contour of the path Q,. Moreover, its value
(obtained by the same subtraction of equalities (16) and
(17)) is equal to a(r,)—a(r%)>0.

Since u, € Q, then the vertex of the section b, of
the p-contour (7, — rbo) is to the left of b,,.

Let us go to the next similar step of calculations.
There is an arc u, incident to the path Q; with the section
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vertex b, suchthat u; € Q'(r, — rbo ). This arc corresponds
to an elementary p-contour g“1 = ™ based on Q.

If 2 = e — 7%, then p-contour 7, = o 1 e
is described by the system G = (R, V) at the 1st level. If

the equality is not maintained, then OL(rbl ) <olr, — rbO)

or a(r,) = a(r®)+a(?), and, hence, L(Q,) < L(Q,),
where Q, is the full path determined by the p-contour

b through relations (11) as ©(£2,)=@(€2)) + P oor
taking into account (16)

Q) =p(Q) + 70 + 0, L(Q,) =

= L(Qy) + a(rPo + ). (18)
As a result, by analogy, there is a p-contour of the
path Q, generating p in the form

(r, =% =), a(r, = rP0) — a(r7) > 0.

Thus, atany Nth step calculations, the non-fulfillment
of the equality condition

rbN =7, —rbO —rbl —...—rbN—l

19)
leads to the next step. However, since the number of
steps is limited, therefore, at a certain step, equality (19)

will be maintained (i.e., PN will be an elementary
p-contour). This means that the p-contour 7 of the path
Q, will be described by the system G = (R, V) at the
(N-1) level.

The limited number of steps is confirmed by the
following considerations. Firstly, the incident arc chosen
at any step belongs to the path Q ; secondly, as noted
above, the section vertex is located to the left of that
chosen at the previous step. Since the number of arcs of
the path Q_ is limited, the number of steps in the main
reasoning is also limited.

Since the p-contour r was chosen arbitrarily, the
theorem can be considered to have been proved.

To validate the second statement, we introduce into
consideration the vector Q; = [0(ry)), a(ry), ..., @iyl
whose elements are the values of p-contours that make
up the set R when the algorithm works at the stage of
determining the path Qj (the number of the path
determines the second subscript in the designation of
these p-contours). Recall that the elements of the vector
Q. form a non-decreasing sequence.

We also introduce a vector W =[a(r,), a(r(k_l)z), (]
(here, the semantic meaning of the indices corresponds
to the vector Qj), whose elements a(r(kﬂ_j)/) are the
values of p-contours that are at the last place in the set

R at the stage of determining the path Qj.

Theorem 2. The elements of the vector W form a
non-increasing sequence.

Proof. Consider an arbitrarily chosen jth element
of the vector W, i.e., a(r(k +17‘)j)’ which is also the last
element of the vector Q ). We are interested in the process
of transition during the operation of the algorithm from
the vector Q, ) to the vector Q, b1 looking to the appearance
of'a new element o(r ) +1)) of the vector W. It consists
of the following stages

e the first element of the vector Q. is excluded;

e new elements are added to the remaining elements,
corresponding to the lower level p-contours included
in the consideration;

e ordering of the resulting set;

e exclusion from further consideration of extra
p-contours.

Exclusion of the first element of the vector Q ’ cannot
affect the choice of the element a(r(, ;). 1))-

The result of the procedures that should follow will
not change if they are performed in a slightly different
order. To the remaining elements of the vector Q : (their
number now corresponds to the required number of
elements of the vector Q ), +1)» we will add one element of
the new set of p-contour values. After each such addition,

we will arrange the set R and climinate the extra
element.

The elements of the vector Q 1 before adding new
clements are determined as follows: a(r, i +1)) = a(rzj),
(x(r2(/.+l)) = (x(r3j), res a(r(k_j)(].+l)) = a(r(k+1_j)j). For the
added element ou(r ), there are two possible cases: either
(x(ry) > a(r(kﬂ_j)].)? or (x(r(m)j) > (x(ry) > a(rtj), t € [2, k.
In the first case, it is the element o7 ) that is excluded
from further consideration, which will not change the
ordered position of the remaining elements of the vector
Q ). In the second case, following ordering, the element
oc(ry) will take the place of the element a(r([ +1)/.), the
element a(r(t +1)j) will replace element a(r(t +2)j), etc.

Ultimately, the element a(r, k*')i) will take the place
of the element a(r, e 1— ) that will be removed. But,
since a(r )/) a(r(k 1) ) (due to the definition of the
vector Q) then in this case there will be no increase
in the value of the last element either, i.c., the element
(x(r(k e 1)) cannot be greater than the element o7 1 w)

Since an arbitrary element of the vector W was
chosen as the jth element, the theorem can be considered
to have been proved.

Using Theorem 2, it is easy to prove that there are
no losses in the final solution during the operation of the
algorithm. Indeed, losses can occur only in the procedure
of excluding p-contours from further consideration after
they are ordered at each step’. However, at any step of

7 The exclusion of the contour that is the first does not lead
to losses, since on the one hand it is used to obtain a solution, and
on the other hand, all lower-level contours generated by it fall into
consideration.
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the algorithm, the values of the eliminated p-contours
are not less than the element a(r(k +17.)/.) of the vector Qj.
Based on Theorem 2, we can conclude that these values
are also certainly not less than the subsequent elements of
the vector W: (x(r(k,j)(j +1.))’ a(r(k,j,l)(/. +2)), = ary,), 1€,
they should not be considered at the remaining steps of
the algorithm and cannot be included in the final decision.

To validate the last statement, we introduce into
consideration a vector consisting of the first elements of
the vectors Qj,j e[l,kl: W =[ou(ry1),(F5)5 s ()],
participating in the formation of the final solution
through relations (11). Then the validity of condition
(12) is affirmed by the following theorem.

Theorem 3. Vector elements W form a non-
decreasing sequence.
Proof. Consider an arbitrarily chosen jth element

a(rlj) of the vector W . This element is also the first
element of the vector Q.. In the process of transition
from the vector Qj to the vector Qj +1> the added new set
of p-contours is characterized by their values certainly
being not less than a(r, j); this is because they are at the
next level after the p-contour and are determined by this
p-contour through relations (13).

After ordering the set R, the element a(rl(]. +1))
will be replaced by the element o(r, j) or by the smallest
from. the added set amin(radd), Le., a(ry)
= mln{a(rzj), o i(rqq) - But since (x(rzj) > a(rlj),
i (Faga) = a(rlj), then (x(rl(].+1)) > a(rlj). B

Since an arbitrary element of the vector W was chosen
as the jth one, the last inequality proves the theorem.

The performance of the algorithm was evaluated in
comparisonwiththe “doublesweep’ algorithm, according
to which its author conducted serious computational
experiments [35]. Moreover, the analytical performance
assessment for algorithms of this category is far from
real results, since the computation time strongly depends
on the configuration of the networks used; moreover, the
generalized operations performed during the execution
of the algorithm cannot be unambiguously mapped into
elementary operations of addition and comparison. Thus,
for the mentioned algorithm, which belongs to the class
of the most productive algorithms of this category, the
analytical estimated computation time is of the order of
O(kN?) [19, 20], while computational experiments show
other results [35]; instead of a linear one, a polynomial
dependence is observed of computation time t on the
number of shortest paths k:

1=0.8457 +0.1616 k + 0.0260 k.

At the same time, it should be noted that studies [35]
were carried out not on network- but directed graphs,
whose vertices formed a lattice structure with contours.
The dimension of the graphs was taken into account
through the dimensions and configuration of the lattice

formed by the vertices. The weights of the arcs were
generated by random integers in the range up to 100. In
addition, the value of k was significantly limited.

Therefore, in connection with the search for
subcritical paths on network graphs, a series of
computational experiments was carried out on an Intel
microprocessor with a clock frequency of 1.7 GHz in
order to compare the algorithm obtained in this work
with the Double sweep algorithm. The results of the
dependence of the computation time (¢) on the number of
subcritical paths (k) and the dimensional characteristic
of the network graphs (z) are shown in Fig. 4. The
dimensional characteristic z is the product of the total
number of graph arcs and the number of arcs in the path
of maximum length connecting the input and output
vertices of the network.

© 1) Ig(1) =0.0033k - 1.4655, R? = 0.5899
B 2) Ig(t) = -0.0007k2 + 0.0736k — 1.9681, R% = 0.9994

lg(r),c

-0.5 /.
» //

-1.5 < > —°
-2.0

5 10 15 20 25 30 35 40 45
k
(a)

©1)Ig(t) =0.0333Ig(z) - 1.4262, R2 = 0.7356
m2)Ig(1) = 0.8221Ig(z) + 2.8379, R2 = 0.9999

1 —a

_(1) //

o

1.5 2.5 3.5 4.5 5.5 6.5
lg(2)
(b)
Fig. 4. Comparative analysis of algorithms:
(a) z=1600; (b) k=40.
1 — Algorithm used in this work; 2 — Double sweep
algorithm

The higher performance of the algorithm presented
in the paper is explained by its special orientation to
the considered class of network graphs, while other
algorithms, including the Double sweep one, are more
universal in relation to computed graphs.

CONCLUSIONS

The presented algorithm implements the search
for k-shortest paths without contourless directed
graphs having a strict order relation used as models
(so-called network graphs) in network planning and
project management problems. This can be used to find
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subcritical paths on these models in order to align and
optimize the resources used in a project.

The above-described features of the graphs were
instrumental in building a multilevel structure of relations
between specially introduced abstractions (p-contours)
that display the structural elements of graphs. This
served as the basis for the development of the algorithm,
which was numerically implemented by the dynamic
programming method and extended through the use of
an additional functional relation.

The narrow focus of the algorithm on graphs used in
project management determined its high performance,
which was confirmed by a series of comparative
computational experiments. The efficiency of the
algorithm is stable relative to the size of the computed
graphs and the number of subcritical paths. For this
reason, it can be recommended for practical use in
project management information systems.
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Abstract

Objectives. A methodology currently being developed for generalizing and presenting knowledge about studied
subject-oriented areas is based on a “model hypothesis” for determining the distinguished objects and their
relationships. Such system models can be used in any information system to define the knowledge about subject-
oriented areas. Systems engineering methods already make it possible to create information models of real
objects supplemented by virtual components, and vice versa, i.e., models of virtual objects supplemented by real
components. So, for example, the availability of information models of technological and production facilities and
their connections with real equipment allow the creation and management of real-virtual production processes (PP)
in accordance with Industry 4.0 methodologies. From a theoretical aspect, the development of system models of
objects and their connections in subject-oriented areas is based on the problem of a formal consistent description
(grammatical calculus) of the functional regularities of a given set of objects and their relationships. The purpose
of the study is to develop an approach and principles of methodology for system modeling of production facilities
and their connections to provide closed-loop control (forecasting, planning, accounting, regulation, etc.) in the
production environments of machinery enterprises taking the form of their digital twins (DTs).

Methods. The basic provisions of the theory of sets and graph theory—in particular, the provisions of the theory of
categories of sets—are used according to the formal logic and control theories. System Engineering methods are
also applied in the organization and management of machinery production.

Results. The approach to the formation of a metastructure of production process digital twin (PPDT) based on the
models of production facilities and their relationships is substantiated. The procedure and rules for constructing
a PPDT system model are developed along with an approach to the structural and parametric identification of DT
models, taking logical and semantic restrictions into account.

Conclusions. A presented example for identifying the basic set of objects of the organization of the PPDT based on
the logical-semantic analysis of production activities and the provisions of the unified standards of the unified system
for technological preparation of production of machinery production as a researched subject area confirms the main
provisions of the proposed methodology for constructing the PPDT.

Keywords: system models, production processes, information systems, digital twin, decision support system,
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Pe3iome

Llenu. B HacTosILLEE BPEMS aKTUBHO Pa3BMBaETCS MeToa010r1s 0600LWeHNs U NpeacTaBneHns 3HaHui 06 nccrne-
nyemMbIx NpeaMeTHO-0pMEeHTUPOBaHHbIX o6nacTsax (MO0) Ha 6a3e «MoAeNbHOWM rMNoTe3bl» ONPeaAeneHns BblAens-
€eMbIX 0ObEKTOB 1 1X CBA3EN. Takme CUCTEMHbIE MOAENM onpeaensitoT 3HaHus o NOO B nobo NHOOPMAaLMOHHON
cucteme. MeToabl CUCTEMHOM MHXEHEPUWN yXe CeroaHs MO3BONAIOT CO34aBaTb MHPOPMALMOHHBIE MOAENN pe-
aslbHbIX 0OBbEKTOB, JOMOJIHEHHbIE BMPTYaslbHbIMM COCTaBMASIOWNMU, 1 HAOOOPOT, MOAENV BUPTYasibHbIX OOBLEKTOB,
LOMOJSIHEHHbIE PeasibHbIMU COCTaBASIOWMMU. Tak, HaNpUMep, Hannine MHOOPMALMOHHBIX MOAENEN TEXHONOrMYe-
CKWX 1 MPOV3BOACTBEHHbIX 0OBLEKTOB U UX CBA3EN C peasibHbiM 060pYyA0BaHMEM MO3BOINT CO34aBaThb U YNPaBNSaTb
peanbHO-BMPTyasbHbIMU NPOM3BOACTBEHHbIMU npoueccamu (M) B cooTBeTCTBUM C MeTogonornen Industry 4.
B TeopeTnyeckom acnekTe B OCHOBE pa3paboTKy CUCTEMHbIX MoAeneli 00bekToB U Ux ceasdeli B MO0 nexuT npo-
6nema GopmasnibHOro HENPOTMBOPEYMBOrO ONUCaHUS (FPaMMaTUHYECKOr0 NCYUCIEHNS) PYHKLIMOHANBbHBIX 3aKOHO-
MEPHOCTEN AaHHOr0 MHOXeCTBa 0OBLEKTOB U UX CBA3el. Llenb nccnenosaHmsa — paspaboTtatbe Noaxon, v NpUHLMNbI
METOL0NOrMMN CUCTEMHOIO MOZENMPOBaHMS NPON3BOACTBEHHbLIX OOBEKTOB U VX CBA3EN A1 3aMKHYTOro yrnpasJse-
HUS (NPOrHO3MPOBAHWS, MIAHNPOBAHUS, Y4ETA, PErYIMPOBAHMS 1 AP.) B N(POM3BOACTBEHHOM Cpeae MallMHOCTPOU-
TeNnbHOro NpeanpuaTusa B Gopme nx unmdpoBbix ABOMHMKOB (LLA).

MeToabl. icnonb3oBaHbl 6a30Bble MOIOXKEHUS TEOPUM MHOXECTB, TEOPUU rPpadoB, 1, B YACTHOCTU, MOJIOXKEHUS
TEOpPUM KaTeropuii MHOXeCTB, MOJIOXEHNSA Teopur GOpPManbHON NOrnku, Teopumn ynpasneHus. NprMeHeHbl MeToabl
TEOPUU CUCTEMHOM NHXEHEPUN, METOAbLI OPraHMU3aLMn 1 YAIPABAEHUS MaLLMHOCTPOUTENIbHBIM MPOU3BOACTBOM.
PeaynbTatbl. O60CHOBaH Noaxon, K GoOpMMpPOBaHNi0 METACTPYKTYPbI LMGPOBOro ABOMHMKA NPOU3BOACTBEHHOIO
npouecca (LA M) Ha ocHoBe moaenel Npon3BoACTBEHHbLIX 0ObEKTOB U UX CBSA3en, pa3paboTaHbl NOPSO0K 1 Npa-
BUSIA NOCTPOEHUS cucTeMHo mogenu L MM, pagpaboTaH noaxon K CTPYKTYpPHO-NapamMmeTpuyeckon naeHTnoumnka-
unn mogenen L, ¢ y4eTOM N10rMKO-CEMAHTUYECKNX OFPaAHNYEHNIA.

BbiBoabl. [peacrasneH npumep naeHTudmkaumm 6a3osoro MHoxecTsa 06bekToB L1 opraHn3dauum MM Ha ocHoBe
NIOrMKO-CEMaHTMYECKOr0 aHanm3a nNpoOn3BOACTBEHHON AEATENbHOCTU U MOMIOXEHNN eQViHbIX CTaHOapToB EamHON
CUCTEMbl TEXHONOrMYECKOM NOArOTOBKM MPON3BOACTBA A/ MALLIMHOCTPOUTENBHOIrO NPOM3BOACTBA Kak uccneny-
€eMoW npeaMeTHOM 061acTu, NOATBEPXAAIOLMI OCHOBHbIE MONOXEHUS NpeaiaraemMoin MeToaoIorum nocTpoe-
Hua LA M.

KnioueBble cnoBa: CUCTEMHbIE MOAENN, NPON3BOACTBEHHbIE MPOLLECCHI, MTHOOPMALMOHHbLIE CUCTEMBI, LMDPOBON
OBOMHuUK, digital twin, cuctema nogaepxkn NPUHATUSA pelleHus, smart factory, cuctema nnaHmpoBaHus
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npOSpa‘IHOCTb d)MHaHCOBOVI AedaTesibHOCTuU: ABTOpr HEe NMetoT ¢)I/IH8.HCOBOI71 3anMHTEepPeCcoBaHHOCTW B npeacTaB/ieH-

HbIX MaTepunasiax nin MmetTogax.

ABTOpPbI 329BASAOT 06 OTCYTCTBMM KOHMIMKTA MHTEPECOB.

INTRODUCTION

Many societies are undergoing processes of
fundamental changes determined by the requirements
of the fourth industrial revolution (Industry 4.0), which
implies an active transformation of existing systems
of industrial production, technology management,
transportation, supply of resources, etc.! As noted in [1],
the basis and primary infrastructure of this new way of
life is formed by information technology (IT). At the
same time, within this framework, it is of fundamental
importance to develop a comprehensive, integrated
understanding of how technologies will change our
lives, implying a transformation of the environment of
our understanding?. According to research conducted by
the analytical company IDC, by 2025 the share of the
digital economy will grow to 58.2% in the total volume
of the world economy [2].

In the context of ever more complex industrial
technologies, increasing competition, and accelerating
the development of new technology, the introduction of
new methods of coordination and interaction both in the
external environment and within individual enterprises
is becoming not only an urgent need, but also the key
to the vital transformation of industrial models [3].
Digital technologies significantly expand interaction
possibilities, increase production and supply efficiency,
improve the distribution and use of resources, as well as
implementing new methods of inventory management.
This implies the concomitant possibility of carrying
out a system-wide optimization of the management of
production processes (PP) and the use of resources.

Inrecent years, the development of IT is increasingly
focused on the formation of technologies for the
development and use of a digital twin (DT). The system
of DTs, unlike traditional solutions focused on periodic
recalculations of plans, can take into account a variety of
emergency situations that can be predicted by analyzing
a huge data stream. The ability to process and analyze

I Artyukhov A.V. Methods and models of the organization
of the production process of a multi-product machinery enterprise
as a control object: Cand. Sci. Thesis (Eng.). Samara; 2017. 20 p.
(in Russ.).

2 Khuzmiev I.K. Information technology is the infrastructure
of the fourth industrial revolution. Russia: trends and development
prospects. 2017;12(3):274-277 (in Russ.).

data on the current state of production in accordance
with plans in real time allows one to quickly respond
to deviations in production and eliminate emerging
problems.

Thus, the DT system will allow modeling not only
the state of the PP, but also its dynamics. The main task
of the digital system is to provide real-time control of all
factors affecting the PP3.

1. PRODUCTION PROCESS DIGITAL
TWIN CONCEPT

The concept of a DT in the science and machinery
production is quite new and does not yet have an
established terminology [4]. For example, the article
entitled “Digital Twin of Organization, DTO”* presents
several options for formulating the concept of a DT:

e a software analogue of a physical device for
simulating the internal processes, technical
characteristics and behavior of a real object under
the influence of interference and the environment;

e a virtual prototype of real production assets—wells,
turbines, wind electrical turbines, etc.;

e a digital representation of an object sufficient to
meet the requirements of a set of use cases;

e a digital model of a specific physical element or
process with connections to data to support the
convergence of physical and virtual states at an
appropriate rate;

e a model that describes as accurately as possible
the real cause-and-effect relationships between the
production, economic, financial and organizational
indicators of the company.

A more general formulation can be given: “A digital
twin is a digital representation of an object or system
of the real world™. If we define the concept of a DT
fully, then a DT is a digital system representation of a
real object, process or system in a virtual environment.

3 Within the framework of this article, we mean the
production process.

4 Digital Twin of Organization, DTO. https://www.tadviser.
ru/index.php/Cratbs:Lludposoit_nsoiinuk_(Digital Twin of
Organization, DTO). Accessed September 23, 2022 (in Russ.).

3> Digital Twin. https://www.gartner.com/en/information-
technology/glossary/digital-twin. Accessed September 23, 2022.
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It is believed that initially the concept of a DT in
management was reported by Michael Greaves at the
Product Lifecycle Management forum at the University
of Michigan in early 2002. The concept was based
on the mutual correspondence and interaction of the
physical system and its virtual display based on virtual
interconnection [5].

If initially there appeared DTs of products that
associatively determine the means and objects of labor
(OLs) in the virtual space of the enterprise, then, when
forming an intellectual enterprise (Smart Factory) or DT
of a production system (DTPS) it becomes necessary to
formalize the production process digital twin (PPDT) [6].
At the same time, the PP can be represented as a process
of interaction of means of labor (MLs), OLs, and labor
resources (LRs) in space and time in order to obtain the
result of the process, i.e., the product (Pr)° (Fig. 1).

Means of labor (MLs)

v

Production process
(PP) j—> Product (Pr)

Objects of
labor (OLs)

i

Labor resources (LRs)

Fig. 1. Relationship of the elements of the production
process

The OLs as PP elements comprise materials,
components, semi-finished products, parts and assembly
units; in essence, and their models are DT-components
(Component Twin). Models of equipment, tools and
LPs are DTs of a resource (Asset Twin). Models of the
result of the PP are the product DT (System Unit Twin).
Models of the process of interaction of these elements
are the PPDT (Process Twin) [5]. As a whole, the totality
of these elements represents DTPS (Fig. 2).

Asset Twin

v

Process Twin

*

Asset Twin

Compgnent _>(
Twin

System Unit
Twin

Fig. 2. Relationship of DTPS elements

As a result, we can agree with the following
formulation of the DTPS concept: “The digital twin of
a production system is a digital model that is constantly
updated and changed as its physical counterpart changes

6 Artyukhov A.V. Methods and models of the organization
of the production process of a multi-product machinery enterprise
as a control object: Cand. Sci. Thesis (Eng.). Samara; 2017. 20 p.
(in Russ.).

in order to synchronously present data on the status,
operating conditions, product configuration, and state
of resources™. The definition of a DT as a software-
hardware complex that implements a complex dynamic
model for researching and managing the activities of a
sociotechnical system allows us to represent the PP as a
control loop, where the PP itself acts as a control object,
and its DT acts as a control process with feedback

(Fig. 3).
4( Management process j<—
Y
[ Feedback j

[ Control action j
A

—»[ Production process )7

Fig. 3. PP as a control loop

»

Proceeding from this provision, the principles for
the formation of a PPDT based on models of traditional
automatic control systems can be formulated as follows:
a DT should reflect the current state of the PP and carry
out a forecast of this state in the form of phase trajectories
(in the space states) of plans based on a detailed analysis
of perturbing influences, with variants developed for the
behavior of the system along with recommendations for
decision-making. In this case, all actions are performed
in real time.

At the same time, it is noted that for the practical
implementation of the DT concept, the most difficult
is the PPDT model, which implements a number of
fundamental functions [6, 7]:

e real-time display of PPs occurring in the PS;

e carrying out calculations for making managerial
decisions;

e implementation of decision support processes, for
example, “what if” based on modeling the behavior
of PPs.

2. PPDT STRUCTURE

The PPDT, defined as a reflection of the process
of interaction between MLs, OLs, and LRs in order to
obtain Pr, basically contains five groups of models:

e a group of product models, including the
composition and relationships of OLs within the
product, including quantitative, temporal, cost and
quality characteristics that determine the use value
of the result of the PP;

e a group of models of labor objects, including models
of materials used in the PP, semi-finished products,

7 PNST 429-2020. Smart manufacturing. Production digital
twins. Part 1. General provisions. Moscow: Standartinform; 2020.
8 p. (in Russ.).
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purchased components, as well as parts and

assembly units that are in the process of production,

fully embodied in the product;

e a group of models of labor means, including models
of characteristics and parameters of each separate
resource within the framework of the participation
of resources in a technological operation;

e a group of models of LRs, including models of
characteristics and parameters of each individual
resource that determine the participation of resources
in a technological operation;

e a group of models of technological processes as
a set or sequence of technological operations,
including quantitative, temporal, cost and qualitative
characteristics of the relationship between OLs and
resources.

Taking into account that in this case the MLs,
OLs, LRs, and Pr models contain only data necessary
for the PP implementation, these models reflect the
technological process that determines the PP static
(structural) organization. The concept of “static” in this
case is relative. Although all the above models support
the changes inherent in the corresponding physical
objects, these changes are reflected within the framework
of the PPDT regardless of its dynamic characteristics.
Accordingly, the formulation of the concept of a
technological process as a complex of models of a
technological process, containing information about
technological processes as targeted actions in order to
change and (or) determine the state of the OL (which
can be attributed to the finished product, its component
or to the methods of processing, shaping and assembly?),
corresponding to the content of the static model of the
PP or the DT of the PP organization.

In general, models are defined as static, describing
objects in stationary modes of their operation, and
dynamic, describing transient processes. The dynamic
nature of the PPDT model is reflected in the standard:
“Digital twin of production allows real-time production
control to dynamically manage production volume
and meet the production plan™. In this case, the time
requirements of the product are input variables, while
the requirements for other resources are output variables;
the model describes the transient mode of the PP.

Quantitative and temporal characteristics of the
interaction of resources in the PP, which are determined
by the demand for finished products, form the initial data
for the planning model or DT of planning the PP.

8 GOST 3.1109-82. Interstate standard. Unified system
of technological documentation. Terms and definitions of basic
concepts. Moscow: Izdatel’stvo standartov; 1981. 15 p. (in Russ.).

9 PNST 429-2020. Smart manufacturing. Twins of digital
production. Part 1. General provisions. Moscow: Standartinform;
2020. 8 p. (in Russ.).

The structure of the planning model primarily
depends on the structure of the initial data generated from
the results of demand planning. An analysis of planning
and management models based on descriptions of
manufacturing resource planning (MRP) algorithms and
enterprise resource planning (ERP) systems allows two
types of demand data to be distinguished—i.e., volume-
calendar and order-based—as well as to determine a set
of PP management models. Correspondingly, the DT of
PP planning can be represented by two linked DTs: the
DT of volume-calendar planning of PP and the DT of
order-based planning of PP, as well as the complex of
feedback and control models by the DT of control of
PP [8].

The volume-calendar planning DT implements the
following main functions:

e enlarged planning of production capacities;

e cnlarged planning of purchased products and
materials;

e creation of the main production calendar.

The DT of order-by-order planning implements the
following main functions:
planning production orders;
power distribution planning;
planning orders for the repair of products;
planning orders for storage and distribution;
planning purchase orders.

The DT of production control implements the
following main functions:

e production accounting;
decision support;
control of direct production costs;
quality control management;
tool distribution control.
The analysis of ERP systems can also be used to
differentiate the PP as a control object in the form of a
set of internally homogeneous, relatively independent,
but interconnected processes:

e PP;
product repair process;
process of storing OLs;
process of formation of costs;
quality control process;
power distribution process;
process of allocating labour;
tool allocation process.
Correspondingly, the expanded model of the PPDT
takes the form of a set of interconnected control loops,
which can be defined as functional areas of a DT (Fig. 4).
Thus, the PPDT comprises a set of DTs:
PP organization;
volume-calendar planning of production;
order-by-order production planning;
production management.
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Fig. 4. Expanded top-level structure of the PPDT
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Fig. 5. PPDT generalized structure

Each DT consists of control loops of the
corresponding functional areas. Within the framework
of a detailed description of the models, each functional
area can contain a three-level structure: processes,
procedures, and steps. Correspondingly, the PPDT
comprises a set of models formed on the basis of the
composition of the functions of each DT, as well as
the corresponding functional area and hierarchical
description of the models (Fig. 5).

3. PPDT IDENTIFICATION

In accordance with Ashby’s law of requisite
variety [9], optimal control is achieved under the
condition that the variety of the control action
corresponds to the variety of the controlled one. This
property is provided by two factors: full knowledge
of the behavior of the controlled system on the part
of the control system and the ability to turn this

knowledge into an adequate reflection within the DT,
i.e., provide the generated models with the requirements
of identifiability and traceability. Identifiability is a
property that a model must satisfy in order to be able to
draw accurate inferences!?. A model is identifiable if it
is theoretically possible to know the true values of the
main parameters of this model after receiving an infinite
number of observations from it. Typically, a model is
identifiable only under certain technical constraints, in
which case the set of these requirements is referred to as
identification conditions.

The concept of system identification can be defined as
a set of methods for constructing mathematical models of
a dynamic system based on observational data'!. Another

10 Identifiability. Wikipedia. https:/ru.wikibrief.org/wiki/
Identifiability. Accessed September 09, 2022 (in Russ.).

11 Systems identification. Wikipedia. https://en.wikipedia.
org/wiki/System_identification. Accessed September 09, 2022 (in
Russ.).
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definition is as follows: identification is the process of
constructing models of objects of various nature. In this
case, the identification process consists of two interrelated
stages: identification of the structure of models and
identification of parameters in models of the selected
structure. When constructing the model structure (or a
set of competing or complementary structures), a priori
information about the object is used. For each class of
objects, banks of structures with related information are
formed!?.

Coming from the features of the content of the
DT, the identification process should be based on the
following fundamental provisions:

o Identification of the DT of the organization of
production, as containing a static model of the PP, is
based on the analysis of the structure and parameters
of the technological process documented in the
standards of the Unified System of Technological
Documentation (USTD).

o Identification of the DT of the volume-calendar
process and the DT of the order-by-order planning
process is based on the structure of processes defined
in the international standards for production planning
and management by the American Production
and Inventory Control Society, the MRP/ERP
methodology and the parameters determined based
on the analysis of the totality of PPs.

o Identification of the DT of production management
processes in terms of production accounting,
analysis and decision-making processes is based on
the Ashby principles [9], which involve ensuring
maximum detail of the planning and accounting
characteristics of the PP that determine the
maintenance of homeostasis of the PS.

Thus, in order to ensure the identifiability of PPDT
models, it is necessary to determine the structure and
set of parameters that provide the identifiability of each
type of PP objects (MLs, OLs, LRs, and Pr), interaction
processes, and a list of technical restrictions that
determine the conditions for identification.

The approach to the identification of the structure
of the PPDT based on the provisions of the theory of
sets, and, in particular, the provisions of the theory of
categories, as well as the provisions of formal logic,
will make it possible to form methods for identifying
the metastructure of the DT based on the formalization
of expert knowledge. At the same time, it is important
to note that the conceptual scheme of the top-level
representation of the DT structure, as a rule, consists
of semantic attributive descriptions in the form of
hypertext and production knowledge bases that form
the basis of the structure of production management
expert systems.

12 Boyko R.S. On modeling discrete-continuous processes.
Young scientist. 2010;4(15):93-98 (in Russ.).

4. AN APPROACH TO DT IDENTIFICATION:
CASE STUDY OF A DT OF A PP ORGANIZATION

Let us consider an approach to the identification of
the DT of the PP organization based on the formalization
of knowledge formulated in the standards of the Unified
System for Technological Preparation of Production
(USTPP)!3- 14 for determining the semantic boundaries
of the studied subject area of the PP based on text
documents using a graph-analytical representation
of PP objects. In this case, MLs (ML), OLs (OL),
LRs (LR), and Pr (Pr) comprise sets of objects, while
the PP represents sets (relations) of morphisms. At
the same time, if we exclude from consideration the
dynamic characteristics of the PP (amount and time),
then we form a graphical representation of the PPDT
organization or a graph of the ontological model that
defines the boundaries of the subject area and the
structure of the PPDT organization. For a more correct
representation of the structure of objects in the MLs,
we can allocate capacities (equipment, warchouses,
and production premises) (Caps) and tools and fixtures
(Tools) (Fig. 6).

S
>

methods (Tmt)

Model of technological

Product model
(price, quality)
(Pr = {Price, Qual})

Specification model
(Spc ={OL, Pr})

—_—

{LR, Caps, Tools})

CZ’@
0,
Resource model (jobs)

(Res

Fig. 6. Graphical representation of the structure
of the DT of the PP organization

At the first stage, the textual and tabular
representation of the data of the sets of objects
reflected in the USTD standards is analyzed.
For example, the set of technological methods

13 GOST 3.1109-82. Interstate standard. Unified system

Jfor technological documentation. Terms and definitions of main

concepts. Moscow: Izdatel’stvo standartov: 1981. 15 p. (in Russ.).

14 GOST 14.004-83. Technological ~preparation of
production. Terms and definitions of basic concepts. Moscow:
Izdatel’stvo standartov; 1983. 8 p. (in Russ.).
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Table 1. Structure of the system model of the PPDT organization. Part 1

Objects of labor models Models
Obi fLabor (OL it Technological methods of technological
jects of Labor (OL) structure operations
Castin,
Item 15
. Molding
Material . .
. . Cutting material
Main material Forein
Auxiliary material Volimftric stampin,
Semi-product OL identification: amping
Sheet stamping
Blank A~ Anonymous OL Surface plastic deformation
Initial workpiece N — Numbered OL Machinilr)l
Stamped product B — Numbered batch of OL g .
. Thermal processing
Casting C — Custom OL . .
. Electrophysical processing MTOl
Forging . .
Electrochemical processing MTO2
Accessory Traceable entry type: . .
Electroplating processing MTO3
Part A-A . .
. Locksmith processing MTO4
Assembly unit A-B .
. Assembling MTOS
Assembly kit A-N .
Welding MTO6
Ready product A-C .
Riveting MTO7
Aggregate B-B .
f Soldering MTO8
Refurbished product B-N .
Gluing MTO9
Blend B-C Coatin
Alloy N-N Techni%al control
Die block N-C Tests
Defective product c-C L
. Acquisition
Technological losses . .
. Dismantling
Secondary material resources ;
Transportation
Used waste
Storage
Unused waste h
. Repair
Irretrievable waste .
Waste recycling

Tmt = {tmt,, tmt,, ..., tmt, } represents a list of elements
of the structure and characteristics of the methods
of interaction of OLs, while the set of specifications
Spc = (spc,, spc,, ..., spc,) represents an interconnected
list of OLs: OL = (OL,, OL,, ..., OL,), i.e., purchased
materials, semi-finished products, purchased workpieces,
as well as manufactured parts and assembly units that are
in operation!. At the same time, for each pair of elements
of'the set Spc and the set Tmt, a set of morphisms is formed:
technological operations Top = {top,, top,, ..., top,},
i.e., Tmt  Top and Spc c Top.

The set of production workers with indication
of their professions and qualification characteristics
LR = {LR,LR,, ..., LR, }, the set of capacities Caps =
= {cap,, cap,, ..., cap,}, the set of tools Tools =
= {tool,, tool,, ..., tool } are included in the set
resources (jobs) LR < Res, Caps < Res, Tools c Res.
Other sets of the presented structure of the PPDT
organization are formed similarly.

At the next stage, the characteristics of each object of
the set are generated on the basis of the graph-analytical
and syntax analysis of the USTPP documents. The result

15 GOST 3.1109-82. Interstate standard. Unified system
for technological documentation. Terms and definitions of main
concepts. Moscow: Izdatel’stvo standartov; 1981. 15 p. (in Russ.).

of identification of models of the PPDT organization is
the formal structure of the system model of the PPDT
organization (Tables 1 and 2)!°.

The PP organization model comprises a metamodel
that combines the elementary models. The metamodel of
the organization of the PP as presented in Tables 1 and 2
also reflects the variety of functional interconnections
of the elements of the PP: elementary OLs, elementary
MLs, and elementary technological processes
(operations), as well as elementary interoperational PPs
that determine the composition and content of the PPDT
organization.

CONCLUSIONS

The main results obtained in the presented work are
as follows:

1. Formulation of logical-semantic requirements for the
creation of system models of logistics, production,
service, and other processes in the form of their DT
comprising the necessary conditions for constructing

16 Artyukhov A.V. Methods and models of the organization
of the production process of a multi-product machinery enterprise
as a control object: Cand. Sci. Thesis (Eng.). Samara; 2017. 20 p.
(in Russ.).
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Table 2. Structure of the system model of the PPDT organization. Part 2

Workpl del
SR e Models of organization Models
Model of organizational structure of technological process of interoperational
E . Workplace Workplace S ! e
operations processes
structure type
Divisions:
- warehouses of purchased OL Group of . Model of a single-object | Models for the formation
. Simple .
- warehouses of sold OL mechanisms worksplace non-reconfigurable of production batches
- warehouses for obsolete OL P process of OL
- warehouses of OL in production Mechanism Models for the formation

- warehouses of finish-processed

and ready-to-assemble OLs Group of
- own consignment warchouses workers

- consignment warehouses not own

- production shops Worker

- production sites

Multi-station

Model of a single-object

of transfer batches of OL

workplace reconfigurable process | Models for the formation
Integrated of safety stock

£ Model of a multi-object | Models of processing-
workplace

reconfigurable process

waiting OL

a cybernetic control model with feedback to meet
the required stability margins and quality.

2. Based on the formalization of the results of
the logical-semantic analysis of the PP and the
management process, an approach has been
developed to the formation of a structural-parametric
model of the PPDT, taking into account the existing
external restrictions (boundaries).

3. Based on the above approach, the metastructure of
the PPDT has been developed; it has been shown
that the existing structures of production facilities
and PP can be coordinated (harmonized) taking
into account the requirements of the international
standards ISO “Smart Manufacturing.”!”

4.1t is shown that the application of the main
provisions of the theory of sets—and, in particular,
the provisions of the theory of categories of sets and
the provisions of formal logic—forms the basis for
an approach to identify the model of the PPDT based
on the formalization of expert knowledge.

5. A case study of identification of the PPDT
organization based on the logical and semantic
analysis of the provisions of the USTPP standards
is presented.

17 https://www.iso.org/standard/81277.html.  Accessed

September 23, 2022.
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