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Ku63yn Anapeit UBanoBu4
31.07.1951 — 06.05.2026

Ot pepakuumn

6 mas 2026 roma ymén W3 JKM3HHM WIEH Halled peIKOIUIerHH, Mpodeccop, TOKTOp
¢usnko-maremaTinueckux HayKk Auapeii UBanosuy Kuo3yH.

Just xypHana «MopennpoBaHue ¥ aHajdu3 JaHHBIX» OH ObUI HE MPOCTO PELEH3EHTOM
WM OKCTIEPTHBIM TosiocoM. OH OB YeJIOBEKOM, Oraromapsi KOTOpOMY pas3zieibl o CToXa-
CTHYCCKOMY MOJICITHPOBAHUIO M aHAIIN3Y HEOIPEACNEHHOCTEeH 00pey Ty TIyOnHY, KOTO-
PYIO LEHST HAIlli aBTOPBI ¥ YUTATEIIN.

Bces xxus3ap AHapest iBaHoBrYa Obiia cBsizaHa ¢ MOCKOBCKMM aBHAIIMOHHBIM WHCTHUTY-
ToM. Jlonrue roasl oH Bo3naBisil Kadenpy 804 «Teopust BEpOsSTHOCTEH W KOMIIBIOTEPHOE
MOJICIIMPOBAaHUE», BEN OOIBIIYIO HAYYHYIO paboTy, SBISUICS YWICHOM KiTy0a BBIITYCKHHKOB
MAMW, Bune-npe3uenToM KoHcopunyma aspokoCMUUECKUX By30B PO.

OH co3man U pyKOBOIWII HAYYHOH MIKOJIOH MO ONTHMH3AINN CTOXaCTHUECKUAX CUCTEM
C BEPOSITHOCTHBIMU U KBAaHTUJILHBIMU KPUTEPUIMU — €TUHCTBEHHOU B Poccuu B obnactu
CTOXaCTUYECKOTO mporpaMmupoBanus. [Tox ero pyxoBogcTBoM 3ammiieHo 10 TOKTOpcKux
u 20 KaHAUOATCKUX auccepranmid. Aunpeir MiBanoBuy omyOnukoBan 6onee 350 meyaTHBIX
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pabor, Bkitodast 4 MoHOTpaduu, 8 yIeOHBIX mocoouil u 142 cTaThi B POCCHICKUX H 3apy-
OeXKHBIX XKypHaJax.

Ocoboe MecTo B €ro JesTeIbHOCTH BCET/la 3aHNMalla PelaKIIMOHHAs 1 O0IIECTBEHHO-
HayyHasi pabora. OH ObUT YWICHOM PEIKOJUICTUH psifa BEAYIINX HayYHBIX XKYPHAJIOB, Ylle-
HOM 3KcriepTHoro coera BAK 1o ynpasieHuto, BEIMUCINTEIBHON TEXHUKE U MH(POPMaTH-
Ke, 4wieHOM Hay4Ho-MeTosn4eckoro coBera o Maremaruke npu MunoopHayku PO.

Jist MEHOTHX U3 HAac AHpei IBaHOBUY ObLT yUHTEIEM, HACTABHUKOM U TPUMEPOM PE/I-
KOTO COYETAHMUS CTPOTOCTH, T00POKETATEIBHOCTH U CTPATETHUECKOTO MBIIIUICHHUSI.

CaerJjiasi NnaMATh.

I nasnwiii pedaxmop Kypasckuii Jlee Cemenosuy
Peoronnezus sicypnana «Mooenuposanue u anaiusz OaHHbIX»
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Andrey Ivanovich Kibzun
July 31, 1951 — May 6, 2026

From the Editorial Board

On May 6, 2026, we mourn the passing of Andrey Ivanovich Kibzun, a member of our
editorial board, Professor, and Doctor of Physical and Mathematical Sciences.

For the journal Modeling and Data Analysis, he was far more than a reviewer or an
expert voice. He was the driving force behind the depth and rigor of our sections on sto-
chastic modeling and uncertainty analysis, a contribution deeply valued by our authors
and readers alike.

Andrey Ivanovich’s entire professional life was closely tied to the Moscow Aviation
Institute (MAI). For many years, he headed Department 804 ‘“Probability Theory and
Computer Modeling”, conducted extensive research, and actively contributed to academic
life as a member of the MAI Alumni Club and Vice President of the Consortium of
Aerospace Universities of Russia.

He founded and directed a scientific school dedicated to the optimization of stochas-
tic systems using probabilistic and quantile criteria — the only research group of its kind
in Russia within the field of stochastic programming. Under his supervision, 10 doctoral
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and 20 PhD (Candidate of Sciences) dissertations were successfully defended. Andrey Iva-
novich authored over 350 publications, including 4 monographs, 8 textbooks, and 142 arti-
cles in Russian and international journals.

Editorial work and academic service always held a special place in his career. He served
on the editorial boards of several leading scientific journals, was a member of the Ex-
pert Council of the Higher Attestation Commission (VAK) for Management, Computing,
and Informatics, and participated in the Scientific and Methodological Council for Math-
ematics under the Ministry of Science and Higher Education of the Russian Federation.

To many of us, Andrey Ivanovich was a teacher, a mentor, and a role model who
embodied a rare blend of intellectual rigor, genuine warmth, and strategic vision.

May his memory be eternal.

Lev S. Kuravsky Editor-in-Chief
The Editorial Board of Modeling and Data Analysis
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Affect and behavior in preschoolers

during a tablet-based assessment: insights from
observational coding of BELLA use

H. Kilani'% E.L. Grigorenko' >3 <

! Department of Psychology, University of Houston, Houston, TX, USA

2 Texas Institute of Measurement, Evaluation and Statistics, Houston, TX, USA
3Moscow State University of Psychology and Education, Moscow, Russia

P4 elena.grigorenko@times.uh.edu

Abstract

Background. Despite widespread tablet use in early childhood education, children’s
affective and behavioral experiences with digital assessments remain understudied.
This study addresses gaps in understanding how preschoolers emotionally and
behaviorally respond to a tablet-based learning tool. Methods. We employed
a mixed-method approach analyzing observational data from 161 children (ages
3—6) across three Houston preschools using the Bilingual English Language
Learner Assessment (BELLA). Behavioral coding adapted from SPAFF and DPICS
frameworks examined affect, engagement, digital skill, and social dynamics across
sessions. Statistical analyses included descriptive analysis, McNemar tests for
session comparisons, and multiple linear regression. Results. During first exposure,
engaged affect was most prominent (40.6%), with 51.6% demonstrating good
digital skills. Between sessions, engaged affect significantly increased (y*> = 10.42,
p < .01) while detached affect decreased (y*> = 4.02, p <.05). Digital proficiency
improved across all levels. Multiple linear regression (R? = .497, p <.001) revealed
positive affect and digital skill as significant performance predictors, with age as the
strongest covariate (f = .357, p <.001). Discussion. Digital assessments capture both
cognitive competency and real-time indicators of self-regulation and engagement.
Findings highlight digital literacy’s critical importance in early childhood education
and demonstrate that emotional engagement significantly contributes to learning
outcomes in technology-mediated environments. Limitations/Future Directions.
The study was limited by observational data and suburban private school sampling.

© Kunanu X., I'puropenxo E.JL., 2026 oS

BY_nC

CC BY-NC
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Future research should incorporate structured protocols, video coding, time-stamped
data collection, and more diverse samples to enhance generalizability and capture
dynamic learning processes.

Keywords: education technology, emotional regulation, behavior and affect,
kindergarten readiness, mixed-methods, preschool
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Ad¢exT 1 moBegeHHE JOMIKOJIbHUKOB MPHU
NMPOXO0KACHUU TMATHOCTUKH HA IUIAHIIETE:
AHAJIU3 JAHHbIX HA0JII0ACHU U NIPU UCII0JIb30BAHUH
uHcrpymenta BELLA

X. Knitann'-2, E.JI. T'puropenko’ 3 D<

! @akyabpTeT MCUXOIOTHH, XbIOCTOHCKHUT yHHBEpCHUTET, XbiocToH, Texac, CIITA

2 TexaccKuii HHCTUTYT H3MEPEHHH, OIIEHKH U CTATUCTHKH, XbiocTOH, Texac, CIIA
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Pe3zrome

AKTyalbHOCTh. HecmoTps Ha IIMpOKOE HCHOJNB30BaHHE  IUIAHIIETOB
B JIONIKOJIEHOM O0Opa3oBaHMM, ad@(EeKTUBHbIE M IIOBEAECHYECKHE  ACICKTHI
B3aUMOJCHCTBUS JeTel ¢ IMQPOBEIMH JHATHOCTHYECKUMH HHCTPYMEHTAMH
OCTAIOTCSl MAJION3YYEHHBIMH. J[aHHOE HCClIeJOBaHNE HAIPaBJICHO Ha BOCIIOIHEHUE
Mpo0eIoB B MOHMMAHHUU TOTO, KaK JOIIKOJHHUKH SMOIMOHAIBHO U MOBEACHUCCKH
pearupyioT Ha IUArHOCTHYECKMH WHCTPYMEHT, pPEealH30BAHHBIM Ha IUIaHIIETE.
Metoabsl. Hamu ObUT HMCHONB30BaH CMEIIAHHBIM AM3aliH U1 aHANIM3a JaHHBIX
HaOmromeHmii 3a 161 peGenkom (B Bo3pacte 3—6 JeT) B TpeX IOUIKOIBHBIX
yupexaeHusx XpoctoHa ¢ mpumeHenueM uncrpymenra BELLA (Bilingual English
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Language Learner Assessment — JMarHOCTHKA il OMJIMHIBOB, H3yYarol[HX

AQHIIMHCKUE  3bIK). KoampoBaHWe TIOBENEHHs, aNalTHPOBaHHOE Ha OCHOBE
cucteM SPAFF u DPICS, no3sommio npoaHanu3upoBatb aQdekT, BOBICUEHHOCTb,
muQpoBble HABBIKM M COLHUATBHYI0 TUHAMHUKY Ha MPOTSDKEHHH JHATHOCTHYECKHX
ceccuif. CraTHCTHYECKWil aHANN3 BKIIOYAl JECKPUITHBHBIN aHAJIN3, KPUTEPHI
MakHemapa i cpaBHeHHs cecCUM M MHOXKECTBEHHYIO JHHEWHYIO pPErpeccuio.
Pesyabrarel. Bo Bpems mepBoro HCHOJIB30BaHUS HHCTPyMEHTa Hambosee
pacnpocrpaneHHBIM 0bUT adpext BoBnedennoctu (40,6%), mpu stom 51,6% nereit
HPOJEMOHCTPHPOBAIM XOpOIINe LU(POBbIC HaBBIKU. [Ipu mepexone OT HEpBOi
KO BTOPOH ceccHu HaOIIOanoch 3HaYMMOE yBenmdeHue ad(exra BOBICUCHHOCTH
(x> =10,42, p < 0,01) u cumxkenue adpdpexra orcrpanentoctu (x> = 4,02, p < 0,05).
[udpoBass KOMHETEHTHOCTh YIydIIWIach Ha BCEX YPOBHAX. MHOXXECTBEHHas
nuneiinas perpeccus (R? = 0,497, p < 0,001) mokasasia, 4T0 MO3UTHUBHBINA addext
U [OUQPOBBIC HABBIKM SBIIOTCA 3HAUMMBIMH IIPEANKTOPAMH  yCHENIHOCTH
BBIMIOJTHEH U 33IaHHH, TIPH TOM BO3PACT BBICTYIHII HaUOOJIee CUITbHOM KOBapHaHTOM
(B = 0,357, p < 0,001). Auckyccust. LlnppoBele TUarHOCTHIECKHE HHCTPYMEHTHI
MO3BOJISIOT OLIGHHBATh HE TOJIBKO KOTHUTHBHBIE CIIOCOOHOCTH, HO U CHIOMHHYTHBIE
MOKa3aTell  CaMOpETY/SIIMM M BOBJICUEHHOCTH. [loydeHHBIE  pe3yNbTaThl
HOJYEPKUBAIOT KPUTHYECKYIO Ba)XHOCTb LU(POBOH IPaMOTHOCTU B JIOLIKOJIBHOM
00pa3oBaHUM M JEMOHCTPUPYIOT, YTO SMOIMOHAJIBHAS BOBJICYCHHOCTH BHOCHT
CYILIECTBEHHBIH BKJIAJ] B PE3YIbTaThl 00yUeHHs B TEXHOJIOTHUECKH ONOCPEA0BaHHON
cpene. OrpaHuyeHust ¥ Hanmpas/ieHus Oyaylmux uccienoBanuii. VccnenoBanue
ObUIO  OTPAaHMYEHO HCIOJB30BAHMEM JaHHBIX HAOMIONEHWH W BBIOOPKOM
W3 MPUTOPOJHBIX YACTHBIX MIKON. JladbHEeWIINe HCCIeOBAHNS JOJDKHBI BKIIIOYAThH
CTaHIapTU3UPOBAHHBIE TPOTOKOIBI, BUIEOKOJUPOBAHHE, COOP TaHHBIX C MPUBSI3KON
KO BpeMeHH M Ooyiee pa3HOOOpa3HbIe BBIOOPKH U MOBBIICHHS 0000IIaeMOCTH
PE3yABTATOB U U3y4YEHHs AUHAMHYIECKUX MPOLECCOB HayIECHHS.

Kniroueevie cnosa: O6pa3OBaTCHBHLIC TEXHOJIOTMH, OMOUMOHAJIBHAA PEryJisanusd,
IOBCJICHUEC U a(b(beKT, TOTOBHOCTD K IIKOJIC, CMCIHIaHHbIC METObI, JOIIKOJIbHUKH

®unancupoBanue. CO0p TaHHBIX JUIS JTAaHHON PYKOIUCH OBbLT MOJJIepkaH (PHMHAHCHPO-
BanueM MHcTtuTyTa nenarorudecknx Hayk (UITH) CILIA B pamkax rpanta R305A160402
(rmaBHbIi uccnenoBarenb: Enena JI. ['puropenko). Vcmonnutenu, padoTaroriue Ham
MOJOOHBIMH MPOEKTAMH, TOOMIPSIOTCS K CBOOOJHOMY BBIPaXKEHHUIO CBOEro mpodeccu-
oHabHOrO MHeHus. Takum 00pa3oM, colepiKaHue JaHHOW CTaThH HE 00s3aTENbHO OT-
paxkaet nosurwro win nonutuky UITH, n xakas-m6o opunmanbHas moaaepKka He To/-
pasymeBaetcsl.

BaarogapuocTn. ABTopbl BhpaxkaroT OnarogapHocts M.B. Pa3o 3a momors B cbope
JaHHBIX, 10KTOpY X. Mommuaa u nokropy M.T. TaH 32 KOHCYIbTUPOBAaHUE, a TAKXKE LIKO-
naM XBIOCTOHA 32 y4acTHe.

Jas uurupoBanus: Kunann, X., ['puropenxo, E.JI. (2026). AddexT u moBegeHNE JOIIKOIb-
HUKOB IIPH MPOXOXKJCHUH JUAarHOCTHKU Ha IUIAHIIETEe: aHaIN3 JaHHBIX HAOIIOAEHHH C UCIIONb-
3oBanueM nMHCTpyMeHTa BELLA. Mooeruposanue u ananus oannwvix, 16(2), 11—41. https://doi.
org/10.17759/mda.2026160201
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Introduction

This study investigates the use of tablet devices (TD) in classrooms and the TD-
child interactions focusing on co-use recommendations, child-caregiver relationship,
and child behavior. It relies on the Bilingual English Language Learner Assessment
(BELLA) application, used as an English only kindergarten readiness assessment.
Prior work with BELLA validated its psychometric properties and domain coverage
(Kilani et al., 2024; Tan et al., 2023), but the affective and behavioral experience of
children during digital play remains unexamined — particularly the evolution of ex-
periences over repeated sessions and exposures. To address this gap, the study adopts
a mixed method exploratory convergent approach to a secondary dataset using quali-
tative observations of children engaged with BELLA and their BELLA performance
scores. Three research questions motivate and guide the study: (1) What affect and
behavior are observed when children first interact with BELLA; (2) Do we observe
significant changes in the affect and behavior of the children between the first and
second sessions; and (3) How might children’s affect and behavior inform our under-
standing of performance scores in BELLA? In other words, to what extent do observed
affect and behavior predict children’s performance on BELLA tasks, and what patterns
might this reveal about the role of emotional and digital readiness in assessment set-
tings? The following literature review contextualizes the study and addresses the rise
of tablet use in childhood, learning in early childhood, affect and behavior relating to
a child’s experience, identified research gaps, and a short overview of BELLA and oth-
er early assessments.

Rise of Tablet Use in Childhood

Across the world, children are increasingly surrounded by TD and other screens
(e.g., televisions, computers) and mobile devices (e.g., cellphones). In fact, 98% of
children aged 8 years or younger have mobile devices at home, with the majority be-
ing smartphones, followed by tablets in the home, and a child’s own personal tablet.
In 2011, fewer than 1% of children in this age group owned their own tablet, compared
to 42% in 2017. Tablets in the home stood at 78% in 2017 (Rideout, 2021). The same
report from Common Sense — a nonprofit organization focusing on building a more
healthy, equitable, and empowering future for all kids in the digital age — reveals that
not only are there more devices in homes, but the time spent using mobile devices has
dramatically increased going from 5 minutes a day in 2011, to 15 minutes a day in 2013,
and 48 minutes a day in 2017 (Rideout, 2021). These numbers are reflected in other
studies (Kabali et al., 2015), where more than 96% of children under 4 years old had
used a mobile device, with many starting before the age of 1, and most having used one
by the age of 2. These patterns are stronger and more salient in low-income families
(Kabali et al., 2015; Rideout, 2021). For example, a seven-country study of European
nations reported that tablets were children’s favorite device, thanks to the appeal of the
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touchscreens and portability — even within a family where a child does not own one
(Chaudron et al., 2015). These numbers clearly demonstrate that screen devices are an
integral part of the daily lives of many children and their families. The trend is evident-
ly increasing, with no sign of stopping in sight. Parents are the primary driving force
behind the trend, finding a use for TD in caregiving.

It is currently a routine practice to utilize these screen-based portable devices as part
of caregiving (TD in particular), as pacifiers, engagers, or distractors. This is despite
the mixed attitudes towards screen time for children communicated by child-focused
professional organizations, public figures, and parent advocates. A recent study (Wartel-
la et al., 2013) demonstrated that parents, while concerned over their children’s media
use, often rely on these tools to soothe their child, calm them, or aid them for bedtime.
In other words, portable devices are used by parents as a way to manage everyday rou-
tines with children, even though these same parents complain about screen ‘over-usage’.
It is natural to rely on new technologies to help with daily life; however, this over-usage
can have a direct impact on children. In short, screen-based media is an almost unavoid-
able component of modern parenting, and it is likely to remain and expand its presence.

The pervasiveness of screens and parents’ reliance on them in early childhood direct-
ly goes against the recommendations of the American Academy of Pediatrics (AAP). The
recommendations warn against screen time for children under the age of two. This is be-
cause, according to the AAP, the early months are critical for cognitive, language, motor,
and social development, requiring environmental input that children cannot gain from
screens or TD as they would from a caregiver or interacting with their surroundings.

Moreover, it is argued (Hill et al., 2016) that children have difficulty transferring
knowledge gained from screens into their three-dimensional experience. It is advised
that parents use screens with their young children (starting at 15 months of age and
older) and ensure they reteach the content. Moreover, 24-month-old children can learn
new words from live-video chatting with a responsive adult. This happens as early as
15 months old; however, learning new words during live-chat only occurred when using
specially designed applications that are not commercially available (Hill et al., 2016).
Ultimately, co-viewing is the primary recommendation for older children (2 years old
and above), with a statement that the content needs to be age-appropriate and of high
quality. In particular, preschool-aged children (3 to 5 years old) can improve their
cognitive, literacy, and social outcomes when presented with very well-designed tel-
evision programs (e.g., Sesame Street), as per the AAP policy statement (Hill et al.,
2016). Young children engage with TD independently and regularly, particularly in low-
income households (Kabali et al., 2015; Rideout, 2021). Thus, the AAP guidelines do
not align with reality; they are not widely known to the public, as only about 20% of
parents are familiar with them (Rideout, 2021).

Early childhood screen use is no longer exceptional; it has become the norm. Debates
regarding appropriate limitations for young children continue to occur; however, there has
been insufficient investigation into both their detrimental and positive impacts. The focus
is on caregiving, as it should be. However, it also needs to focus on children, particu-
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larly on their experiences with screens. According to sociocultural theory (Taber, 2025;
Vygotsky, 1978, 1994a, 1994b), young children development is mediated through inter-
actions with cultural tools: objects and symbols such as language, routines, and today,
digital devices. Tools like TD are not passive; they are part of the cultural environment
and actively shape how children learn, communicate, experience and resolve challenges,
especially when used in isolation, or without adult scaffolding. These devices can become
a child’s primary mediator when caregivers are absent, which further stresses the impor-
tance of understanding a child’s emotional and behavioral experience during TD use. Self-
regulation frameworks emphasize the deep ties of early learning to the development of
emotional and behavioral control. Zimmerman (2002), and Kubsch and colleagues (2025)
describe how self-regulated learning involves a child’s ability to plan, monitor, and ad-
just cognitive and emotional processes during a task. These skills are just emerging in
preschool years. Expressed emotions, such as frustration, curiosity, disengagement, or de-
light, are central indicators of a child’s regulatory strategies and readiness to learn. Kopp
(1982) offers a complementary developmental framework by tracing the ontogeny of self-
regulation across early childhood. She outlines the progression from external control (e.g.,
compliance with caregiver directives) to self-control and eventually self-regulation. These
regulatory capacities emerge in stages, beginning with basic inhibition and culminating in
the child’s ability to self-monitor, delay gratification, and adjust behavior in the absence
of adult guidance. Even though TD can act as a mediator, a caregiver presence is critical
to mediate this progression of self-control and self-regulation.

Together, these perspectives underscore the importance of observing and interpreting
a child’s engagement with screen-based technology as part of their broader developmen-
tal trajectory, particularly in an educational setting where they will spend the majority
of their time. As TD are being implemented in schools, they need to be studied within
an educational context across all ages, with particular attention to the often-overlooked
pre-kindergarten age bracket (up to five years old).

Early Childhood and Learning

Early childhood is a critical time for cognitive, social, and emotional development.
Technology and screen-based portable media are ever-present in early childhood and
have created a new context for development, shaping the contemporary learning envi-
ronment. As sociocultural theory (Taber, 2025) suggests, digital tools should be viewed
as cultural artifacts that participate in and transform developmental processes. When in-
troduced early, they shape and organize the structure and pacing of interaction, learning,
and meaning-making.

Digital literacy — the ability to effectively use digital devices and navigate inter-
active content — emerges as an increasingly recognized essential skill that needs to be
carefully investigated. In fact, the increasing presence of screen-based technologies at
home and in classrooms creates a stronger need to nurture this skill in schools (McManis
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& Gunnewig, 2012; Neumann, 2016, 2018). In support of that, interactive applications
and digital tools can offer a unique opportunity for multimodal learning that strengthens
the emergence of literacy, numeracy, and other academic domains, as well as executive
functioning. Executive functioning refers to a set of cognitive skills that include working
memory, inhibitory control, and cognitive flexibility. These skills support goal-directed
behavior and adaptive problem-solving (Kolloff et al., 2025). They begin developing in
early childhood and are crucial for self-regulation and academic success.

Digital tools also provide scaffolding and feedback loops that, when designed devel-
opmentally, can support children’s agency and learning progressions (Plass et al., 2015;
Plass & Kaplan, 2016). They enable personalized learning experiences that can be tai-
lored to individual learning needs at their specific developmental stage (Huber et al.,
2018; Zaranis, 2016). In fact, Strouse and Ganea (2017) revealed that electronic books
improve vocabulary retention more than their paper counterparts by being more interac-
tive and maintaining interest in reading.

Learning in childhood is complex and goes beyond cognitive dimensions and knowl-
edge. There are affective and behavioral experiences that are to be considered. Cogni-
tive and emotional engagement is foundational for meaningful learning outcomes in
technology-mediated settings. Emotions such as curiosity, confusion, and enjoyment are
not just temporary states., they are active contributors to the deep processing and inte-
gration of information children experience during learning (Halverson & Graham, 2019).
Knowing this, researchers must account for the interplay of skill development, motivation-
al states, and socioemotional functioning to fully grasp the impact of TDs on early learning.

Affect, Behavior, and Child Experience: Their Role In Children’s Learning

Emotional states, particularly at very young ages (0 to 5 years old), contribute to
a child’s learning experience and learning outcomes. Emotions such as enjoyment, frus-
tration, engagement, and distraction can reflect underlying cognitive and motivational
processes that may not be immediately visible. For example, mind-wandering or distracti-
bility, combined with concentration, permits the emergence or the incubation of creativity
(Khalaf et al., 2022). The flow of emotions, which refers to the sequence and transition of
affective states during learning, is grounded in dynamic systems and emotion regulation
theories. It emphasizes that emotions unfold over time and influence subsequent cogni-
tive processing and behavioral responses (Camras, 2011; Pekrun & Linnenbrink-Garcia,
2014). Emotions inform the learning process and can provide overlooked indicators of
learning to teachers. While typically negative emotional states such as disengagement or
frustration may adversely influence a child’s motivation and overall learning efficacy (Hu-
ber et al., 2018; Madigan et al., 2019), as part of a flow of emotions, negative emotions
can be part of learning if followed by positive affect (Zhukova et al., 2020).

Additionally, as the guidelines (AAP) suggest, while supported by observation-
al research, social dimensions are critical. Co-use is a cornerstone of TD use among
young children and relies upon caregiver-child interactions. The caregiver has a role in
affecting children’s emotions, learning behaviors, and educational experiences (Barr,
2019; Strouse & Ganea, 2017). Emotional exchanges during co-use may help regulate

17



Kvmanm X., I'puropenxko E.J1. (2026) Kilani H., Grigorenko E.L. (2026)

Addexr u rnosezieHme JOIIKOILHIKOB TPV Affect and behavior in preschoolers during a tablet-
TIPOXOXKIEHNN IMarHOCTVUKY Ha IUIAHIIIETe: .. based assessment: insights from observational coding...
Mopermmpoanvie v aHayms JaHHbIx, 2026, 16(2), 11 —41. Modelling and Data Analysis, 2026, 16(2), 11 —41.

frustration or recover from it, sustain engagement and persistence, or interpret content
more meaningfully. Thus, carefully designed observational approaches can offer a valua-
ble lens for analyzing the characteristics of caregiver-child interactions and their interplay
with affective and behavioral learning indicators, thereby refining educational strategies.

Research Gaps

Given the increase in screen or TD-based exposure and learning and the develop-
mental environment they create, significant research gaps remain. Our understanding
of young children’s emotional, behavioral and social experiences using tablet-based
education is incomplete. For example, two systematic reviews highlight the extreme
lack of qualitative observational research that is focused on these dimensions (Grif-
fith et al., 2020; Herodotou, 2018). Specifically, Griffith (2020) identifies uncertainties
on the impact of interactive applications on social-emotional development, despite the
evident cognitive and academic benefits. Social and emotional development, in fact, is
often overlooked, particularly with pre-kindergartners. Older reviews, such as Herodot-
ou’s (2018), underline the challenges in understanding the learning and developmental
impacts of tablet use.Blumberg’s (2019) review of recommendations and policies on
digital games as a context for children’s cognitive development emphasize the need to
investigate digital games and applications, both for cognitive and socio-emotional im-
pact in younger populations.

Additionally, despite benefits such as emergent literacy (Neumann, 2016, 2018) and
executive functioning (Huber et al., 2018), research seldom considers external influ-
ences like digital proficiency and environmental disruptions, or the specific context in
which digital use occurs (Chiong & Shuler, 2010; Madigan et al., 2019). McPake and
colleagues (2013) highlight the lack of research into how informal digital/screen media
experiences (at home, or outside the educational setting) translate into structured educa-
tional spaces. Applications such as BELLA offer an opportunity to address these gaps by
providing structured, context-rich data on children’s emotional, behavioral, and social
engagement during screen-based learning.

Digital assessment in early assessment: BELLA

BELLA is a tablet-based app designed for preschoolers which serves as a school read-
iness assessment. Specifically designed for children between the ages of 3 to 5 years old,
BELLA is both an assessment and a learning tool. It addresses skill development in ma-
jor domains including early numeracy, early literacy, early science, and social-emotional
development. Thus, BELLA covers critical domains for early education, as well as the
social-emotional element that is often overlooked, and cognitive skills. These cognitive
skills, precursors to higher-order cognitive competencies, include analytical, creative,
and practical. More on the cognitive skills, items, and performance in the assessment is
available in the associated publications (Kilani et al., 2024; Tan et al., 2023).

18



TIPOXOXKIEHNN IMarHOCTUKY Ha IUIAHIIIETe: ... based assessment: insights from observational coding...

Kwmanm X., I'puropenxko E.J1. (2026) Kilani H., Grigorenko E.L. (2026)
i Addexr u nosezieHme JOIIKOILHIKOB TPV Affect and behavior in preschoolers during a tablet-
MopermmpoBanme v aHayms JaHHbIx, 2026, 16(2), 11 —41. Modelling and Data Analysis, 2026, 16(2), 11 —41.

BELLA has a library of more than 700 items, which arms preschools with a variety of
engaging questions that can be used throughout the years. Users can select a set of items
that focus on the learning materials relevant to the student at a given time. The sessions
can be repeated, which allows teachers to gauge performance and learning over time.
BELLA can be a supportive tool for learning, providing activities that teachers can rely
on after conducting their lesson plan to reinforce the material covered.

BELLA is one of its kind as a kindergarten entry assessment (KEA). It distinguishes
itself from other assessments with its unique integration of socio-emotional assessment
alongside the assessment of literacy, numeracy, and science. BELLA is designed to adapt
item difficulty to the individual child’s performance, and its interface is child-friendly
and interactive. Its competitors — commonly used KEAs — in the United States in-
clude tools such as Teaching Strategies GOLD (TS-GOLD), Brigance Early Childhood
Screens 111, and the Standardized Test for Assessment of Reading-Early Literacy Enter-
prise (STAR-EL).

TS-GOLD is used as a formative, observation-based assessment for children from
infancy to 3 grade. It focuses on evaluating skills through ongoing teacher observa-
tions within everyday activities, requiring teacher input. It covers 11 domains but fails
at capturing dynamic and spontaneous child responses. TS-GOLD is comprehensive in
its assessment of socio-emotional skills, however, the main weakness remains that the
teacher must observe and document behaviors during regular classroom days, which
can be overwhelming and prone to human error — affecting accuracy and consistency
(Teaching Strategies, 2022). Brigance is teacher-led and includes a set of developmen-
tal screeners from infancy through first grade. These are short, and performance-based
tasks that target academic, cognitive, language, and physical skills. Brigance is ideal for
its valuable insights into developmental milestones, however, it does lack a digital or
adaptive element, which makes it less suitable for schools relying on interactive, screen-
based assessments (French, 2013; Yun et al., 2021).

STAR-EL is a digital competitor of BELLA. It is adaptive and targets early literacy
and numeracy. It is designed for preschool through grade 3. Similar to BELLA, it is
intended to be taken independently on a computer or a tablet. The application primarily
focuses on traditional academic skills and does not specifically assess broader cognitive
domains or socio-emotional skills. STAR-EL fails to fully leverage DM interactivity to
support deeper engagement (Shapiro & Gebhardt, 2012).

These tools are compared with BELLA by Tan and colleagues (2023), who distinguish
BELLA from other KEA programs by its combination of academic content, cognitive
skill assessment and social-emotional evaluation. BELLA is not teacher administered,
although it is teacher informed; and directly engages children through interactive and
adaptive tasks to maximize engagement and minimize observational biases. Compared
to STAR-EL (DM-based KEA), BELLA specifically focuses on preschoolers and takes
a holistic (a comprehensive range of domains evaluated) approach to which academic,
developmental, and cognitive domains it covers. This puts BELLA ahead of currently
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used KEAs, and serves as a tool for further research in pre-school TD use. It is a practical
format, particularly valuable for studying child-TD interactions in an educational setting.

Materials and methods

Participants

The data presented in the study were collected from students attending three private
preschools in the greater Houston, Texas, in 2022. Eligible participants were children in
pre-kindergarten classrooms, comprising 161 children aged 3 to 6 years old, 74 (45.96%)
girls. Table 1 shows stratification by sex and age. Racial/ethnic demographics were
not collected. The participating schools collected parental consent for the participating
classrooms. The participants were part of a larger study, the results of which have been
published in Tan and colleagues (2023) and Kilani and colleagues (2024). The analyses
presented below have not been featured in any other context.

Table 1 / Tabauua 1
Stratification of the Sample by Sex and Age

CrpaTudukanus BHIOOPKH MO MOJY U BO3PACTy

Age Boys Girls Total
3 1 1 2
4 32 34 66
5 44 32 76
6 10 7 17
Total 87 74 161
Procedures
Setting

The children were removed from their classrooms and taken to a quiet room. No
more than two children were tested at a time. Disruptions were recorded, and included
events such as occasional traffic into the room, hallway noise, or sharing the room with
a speech therapist.

Data Collection

The data were collected by a trained observer who administered BELLA to children in
English. Each child was given a digital tablet and had a profile created in the application.
When ready, children were asked to complete a pre-assigned pilot path (a set of 33 items,
including six literacy, six math, 18 science, and three social/emotional items); each path
took about 20 minutes to complete. The goal was to accomplish a total of 2 pilot paths.
No more than one pilot path could be completed within a day. During the evaluation, the
tester provided minimal guidance to the children to encourage their independent use of
BELLA. Children were allowed to interrupt the session at any point. Sessions were either
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paused (e.g., for bathroom breaks) and resumed when the child returned or paused and
saved (e.g., when the child could not or would not continue) and resumed on a different
occasion. Children could not have more than three sessions. They returned to their class-
rooms at the end of each session. All sessions took place in the morning.

Observer/Tester Assignment and Positionality

The tester was a female psychology undergraduate student. They were in charge of the
primary data collection of the study, working with the participating schools in Texas, and
using her robust training in administering BELLA. They were middle-aged, and had ex-
perience with caregiving as a mother. Their personality shone through a few of the obser-
vations where they occasionally strayed from their formal note-taking style. For example,
the following sentence shows subjective commentary in the use of the word ‘Cute’:

“Child needs a lot of assistance. Asks my permission before answering every ques-
tion. It is very cute the way he expresses delight at some of the pictures.”

Regarding social dynamics, it was not always possible to remain consistent with full
attention, such as in this example:

“People keep coming in and out of this room. It’s somewhat distracting. The child
seems focused, but it is distracting me from paying attention to him. Child has trouble
with dragging questions. He appears to know what he is supposed to do; he seems un-
able to physically do it. Child mostly refuses to answer questions in which he does not
know the answer. He lets the time run out and ignores my encouragement to take a guess.
This room is like a weigh station! At least 20 interruptions in 30 minutes!”

Nevertheless, the tester continued with their task and tried to keep engaging while
maintaining good and truthful record of the session.

The tester acted as the observer; they are referred to as the observer from this point
on. They had been trained in behavioral observation and behavioral coding in a prior re-
search project. They independently took the initiative to record written observations for
each session they conducted with the children. These handwritten observations primarily
focused on the child’s experience with BELLA, recording their affect, social behaviors,
distractibility, digital tablet skills, and performance. Although not formally structured,
observations were guided by a previous two-month-long training received by the ob-
server for a prior project involving behavioral coding of a case study of a 28-month-old
using an iPad (Khalaf et al., 2022; Zhukova et al., 2020). The recorded observations
are open-ended and have no systematic structure. However, a preliminary reading of all
observations identified recurring themes, affect, and behavior which are discussed under
Behavioral Coding.

Materials and Measures
Behavioral Coding
The behavioral coding scheme used to code the observations was designed to con-
sider child affect, engagement, digital skill, and social dynamics. It was adapted from
the Specific Affect Coding System, SPAFF (Coan & Gottman, 2007), and the Dyad-
ic Parent-Child Interaction Coding System, DPICS (Eyberg & Robinson, 1981), both
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of which were used in the above-mentioned case study (Zhukova et al., 2020). The lead
researcher of the present study read the qualitative observations written during the sessions
and identified the behaviors that the observer commonly noticed Specifically, three broad
categories of observations were identified: affect, behaviors, and environmental events.

Regarding affect, four specific affective states were coded for using binary coding, yes
or no, signifying the presence or absence of: (1) detached affect where the observer notes
that the child is displaying signs of distraction or boredom; (2) engaged affect where the
observer notes that the child is displaying signs of concentration; (3) positive affect where
the observer notes that the child is displaying signs of happiness such as smiling or cheer-
fulness; and (4) negative affect where the observer notes that the child is displaying signs
of frustration, anger, or sadness. Frequency of occurrence could not be extracted.

Behaviors were coded in three levels where the lowest is a negative observation,
the highest is a positive observation, and the midpoint is the absence of an observation.
These include two categories: (1) digital tablet skill, where the observer notes a child’s
level of proficiency in using the tablet, navigating it, understanding the activities and
such; and (2) social dynamics where the observer notes the nature of interactions the
child has with the observer. Frequency of occurrence could not be extracted.

Finally environmental events were coded on a binary, yes or no. They are designed
to keep track of events outside of the observer’s control and include three types: (1) en-
vironmental distraction, which is when the observer makes note of an event occurring in
the testing room or outside of it that may disrupt the child’s focus; (2) distraction type
which defines the nature of said disruptor; and (3) session glitch which keeps track of
the occurrence of a technological disruption such as the app freezing or shutting off. Fre-
quency of occurrence could not be extracted.

Table 2 / Tabnuma 2
Description of affect, behaviors, and other variables

Onucanue adpexra, noBegeHUs M APYrux nepeMeHHbIX

Observation Description

Positive Affect (happy) The observer notes that the child is happy or displaying signs of
happiness. These include: smiling, cheerfulness, motivation,
sharing their success.

Examples:

“Child became very excited at getting correct answers. Child would
speak in a high-pitched, loud voice: I did it! I got the answer! “
“Child is delighted that the mouse «eats all the cheese» when she
gets a correct answer. She told me that this is fun.”

“Child is focused on tablet and seems to be enjoying it. He answers
promptly and is smiling as he works.”

Negative Affect The observer notes that the child is frustrated, angry, or sad. These
(angry, frustrated, sad) include: moving around/fidgeting, getting irritated, giving up,
hitting the tablet, fussing, aggressively disengaging, crying, refusal
to work while being upset.

Examples:
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Observation Description

“Child refused to answer questions alone. If I looked away, would
hit my arm repeatedly. Wanted me to look at every answer, would
not press cheese unless instructed. Refused to continue at the
crocodile/toothbrush question. Laid on floor and wouldn’t get up.”
“Child seems impatient. He wiggles around in his seat a lot and
repeatedly taps the tablet while questions are asked. Twice he has
told me he doesn’t know how to answer a question before it had
been asked, but when I told him to listen and he did, he got the
answer right. Now he is making excuses as to why he cannot answer
questions, eg., he needs a different chair. I think he simply does not
want to do this. When he actually pays attention to the questions, he
seems to get the answers right.”

Engaged (focused)

The observer notes that the child is focused or showing signs of
focus. These include: eyes locked on the tablet, answering promptly,
leaning forward, ignoring distractions.

Examples:

“Child is moving about but seems focused (eyes on screen,
answering promptly, not talking, not displaying affect)”

“Child is mostly attentive: eyes on tablet screen, answering
promptly. Glances at me if I move around but quickly returns focus
on the screen.”

Detached Affect
(bored, distracted)

The observer notes that the child is distracted, displaying signs of
distraction, or displaying signs of boredom. These include: looking
around the room, disengagement from the game, moving around,
sighing, and asking if they are done.

Examples:

“I cannot tell if the child is concentrating on the app. He is mostly
looking at the screen and is answering questions promptly, but his
body movements are lackadaisical: slouched posture, holding tablet
with one hand but flopping it about. About 1/2 way through —
sat up straight, grasped tablet with both hands, facial expression
changed to concentrated frown.”

Digital Tablet Skill — Good

The observer notes that the child demonstrates proficiency in using
the tablet, navigating applications, performing tasks, understanding
the game rules or understanding the game objectives. This can be
generalized to proficiency with the tablet and the game. Descriptors
include: efficiently opening applications, appropriate tablet
manipulations (swipe, drag, tap), ability to interact with on-screen
elements, not needing to be assisted or prompted more than once,
correctly explains how to play the game. Additionally, assign this
code if a child shows an improvement in any of the above after
receiving feedback.

Examples:

“Quickly learned to press cheese to skip questions.”

“Child immediately (1st question) understood how to operate the
application (listen to question, choose answer, tap cheese.)”

Digital Tablet Skill — Neutral

The observer does not make any note of digital tablet skill.
Examples:
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Observation Description

“Attempted to resume. Saved file was not there. I had to start over.
Child is communicating with me in English. Perhaps the teacher did
not realize how much English this child knows.”

“Child is quiet and focused — eyes on tablet, answering promptly,
not interacting with me.”

Digital Tablet Skill — Poor

The observer notes that the child demonstrates difficulty with
using the tablet, a lack of understanding of the game, inefficient or
inappropriate manipulations. Descriptors include: trouble locating
icons, difficulty understanding and using the proper manipulations
(even when guided), trouble validating responses, trouble following
game instructions, a consistent need for help, help-seeking behavior.
Examples:

“Child did not navigate the app well. Needed to be reminded to
choose an answer and press the cheese many times.”

“Child still needs guidance: some instruction on how to pick an
answer and reminders to touch the cheese after choosing answer.”

Social Dynamics — Good

The observer notes that the child is enthusiastic, actively participating,
shows eagerness or seeks engagement with the caregiver. Descriptors
include: eagerly answering questions, showing interest, initiating
conversation, sharing success/failures, expressing affection,
attention-seeking (different from help-seeking).

Examples:

“Child is not very focused. She is very friendly and keeps talking to
me. I redirect her, but she still talks to me.”

“The child likes to entertain. She makes silly faces and voices,
waiting for me to laugh. She is answering questions, but her full
attention is not on the task.”

Social Dynamics — Neutral

The observer does not make any note of engagement dynamics.
Examples:

“Child did not complete session before lunch. I saved it and will
resume tomorrow.”

“Child is mostly attentive: eyes on tablet screen, answering
promptly. Glances at me if I move around but quickly returns focus
on the screen.”

Social Dynamics — Poor

The observer notes that the child is reticent to do the assessment
or to interact with the observer. Descriptors include: hesitating to
participate, avoiding eye contact, actively avoiding engagement,
intentionally closing the application, refusing interaction, resisting
care/advice.

Examples:

“He is hesitant to try if he does not know an answer. He will
sometimes just let the timer run out without making an attempt.”
“Child seems impatient. He wiggles around in his seat a lot and
repeatedly taps the tablet while questions are asked. Twice he has
told me he doesn’t know how to answer a question before it had
been asked, but when I told him to listen and he did, he got the
answer right. Now he is making excuses as to why he cannot answer
questions, e.g., he needs a different chair.”
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Observation Description
Environment Distraction If an environmental distraction was mentioned, such as a child
interfering, noise in the room, speech therapist present and such.
Examples:

“These children are feeding each other’s enthusiasm. It’s a lot of
fun to watch them.”

“Child is mostly focused. We are in the teacher break room, and
there is constant traffic, but she is looking at the tablet and answering

promptly.”
“There is a speech therapist in the room, working with another
child.”
Distraction Type If the above is yes, please summarize in a few words the distraction
Session Glitch The observer notes that there was a mechanical issue during the

session. For example, they must bring a session to an end or restart
because of a crash, or when a child causes the game to crash.

Performance Indicators

BELLA was used to evaluate children’s pre-academic, social-emotional, and cogni-
tive skills. One pilot path was given per session, with the goal of each child complet-
ing a total of two. In addition to the domains (early literacy, numeracy, science, and
social-emotional development) that constitute the pilot path, items varied in cognitive
skill (analytical, creative, and practical thinking) and difficulty level (easy, medium, and
hard). All pilot paths follow the same structure and item order. The items, while differ-
ent, measure the same domains and cognitive skills. The difficulty level varies between
items across pilot paths while maintaining a balanced approach. At the end of a session,
the data are saved and each item is given a score between 0 and 100. The total average
was calculated for each child as a representation of their overall performance.

Interrater Reliability

Three research assistants were trained in coding the observations. The supervising
graduate student provided the training and participated in the coding. A total of 20 ob-
servations from the dataset were used for training. The group discussed discrepancies,
refined the coding system, and proceeded with coding the full dataset. The process un-
folded across multiple weeks during an academic semester. Fleiss’ kappa was used to
calculate consistency across coders. The coding lead made the final decisions in cases
of disagreement. The complete dataset was coded, and consistency across coders showed
k values ranging from .36 to .89. Interrater reliability indicated almost perfect agree-
ment for positive affect (x = .89), fair agreement for negative affect (k = .36), nearly
perfect agreement for engaged affect (k = .86), substantial agreement for detached affect
(k= .74), substantial agreement for digital skill (x = .63), moderate agreement for social
dynamics (k = .47), and substantial agreement for environmental distractions (k = .70).

Statistical Approach
Descriptive Analysis. A descriptive analysis of the sample, performance scores, ob-
served affect, and behavior during the first session of BELLA was conducted. The analysis
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utilized contingency tables to calculate the frequencies and proportions for affect (bi-
nary) variables, nominal behavior variables, and environmental distractions (binary).
A stratification was conducted to illustrate the distribution of variables across sex, age,
and both sex and age. Fisher’s Exact Test was applied to explore initial associations be-
tween affect and behaviors, as well as between demographics and affect and behaviors.
Fisher’s Exact Test is considered appropriate due to the small sample size. The results
are shown in Table 11.

Comparative Analysis. A comparative analysis was conducted to evaluate whether
changes in affect and behaviors were significant from session one to session two. Partic-
ipants who had only one session and those who had a session interrupted were excluded.
The McNemar-Bowker test was applied. Digital skill was converted into three variables:
good digital skill, neutral digital skill, and poor digital skill. Social dynamics were sim-
ilarly converted into good social dynamics, neutral social dynamics, and poor digital
skill. Both variables were converted post-coding. The McNemar-Bowker test was ap-
plied against the following null hypothesis: there is no difference in proportions between
the two paired observations.

Multiple Linear Regression Analysis. A multiple linear regression was conducted to
examine whether affect and behaviors predict the changes in performance scores con-
trolling for age. Variables were manipulated to fit into a multiple linear regression model.
Positive and Negative affect were combined to create the emotion variables. Engaged
and Detached affect were combined to create the focus variables. These are described
in Table 3. Digital skill and social dynamics were also converted into binary variables.
These are described in Table 4. Neutral levels across all variables were used as a baseline
comparison. These changes are reflected in Tables 3 and 4. Only a completed session 2 is
used for these analyses. The first exposure is considered a training session. To determine
the appropriate sample size, an a priori power analysis was conducted using G*Power
(version 3.1.9.7). We assumed a medium effect size (Cohen’s f2 = .15) with a = .05 and
a desired power (1 — B) = .80. The statistical test selected was a multiple linear regres-
sion, fixed model, R? deviation from zero, with 11 predictors. The power analysis indi-
cated that a minimum of N = 123 participants was required to achieve adequate power
(power = .84) while fitting this model. For a higher confidence (power = .95), N = 178
participants would be required. Given the study’s sample size, this is adequate to detect
effects of medium strength above the .80 threshold.

Table 3 / Tabnmma 3
Combinations of Affect to Create Emotion and Focus Variables

Komounauuu agpexToB 1151 co31aHUSA NepeMeHHBIX IMOIUI U (pokyca BHUMAHUSA

Positive Affect | Negative Affect | Engaged Affect | Detached Affect

Positive Emotion X -

Mixed Emotion X X

Negative Emotion - X
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Positive Affect | Negative Affect | Engaged Affect | Detached Affect
Neutral Emotion - -
Positive Focus X -
Mixed Focus X X
Negative Focus - X
Neutral Focus - -
Table 4 / Tabnuua 4

Digital Skill and Social Dynamics Levels

Ypomm [[I/l(l)pOBbIX HaBBIKOB U COIMAJILHON THMHAMHUKH

Digital Skill Social Dynamics
Good Poor Good Poor
X - X -

- X - X
Results

Sample Description

The sample included 161 children. Of these, 87 were boys and 74 were girls. Their
ages ranged from 3 to 6 years old, with the majority being 4 and 5 years old (66 and 76 par-
ticipants, respectively). Only 2 participants were age 3, and 17 were age 6. The mean age
of the sample was 4.65 years old, with a standard deviation of SD = .76.

Each session number and its sample characteristics were reviewed, and participants
that never completed a full session were removed. Session three is unique in that it is the
session where children who faced difficulty during one of the first two sessions had to
have a third session. The numbers of occurrences of each affect and behavior are report-
ed in the Tables 5—10 below.

Session 1
Table 5 / Tabnuua 5

Counts of Affect During Session 1

KosamnuecTBo Bo3aeiicTBHil BO BpeMs ceanca 1
Affect and Distraction Positive Count Neutral Count

Positive Affect 24 131
Negative Affect 25 130
Engaged Affect 63 92
Detached Affect 45 100
Environment Distraction 31 124

Participant Total: n = 155
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Table 6 / Tabnuma 6
Counts of Behaviors During Session 1
KonuyecTBo noBenenuii Bo Bpems ceanca 1
Behaviors Good Count | Neutral Count Poor Count
Digital Skill 80 41 34
Social Dynamics 48 90 17
Participant Total: n = 155
Session 2
Table 7 / Tabmauua 7
Counts of Affect During Session 2
KoanuectBo ciayuaes adpdexra Bo Bpems ceanca 2
Affect and Distraction Positive Count Neutral Count
Positive Affect 28 124
Negative Affect 31 121
Engaged Affect 82 70
Detached Affect 59 93
Environment Distraction 36 116
Participant Total: n = 152

Table 8 / Tabmaura 8

Counts of Behaviors During Session 2

KosanuecTBo IIOBeI[eHPIfI BO BpeMs CeaHCa 2

Behaviors Good Count | Neutral Count Poor Count
Digital Skill 41 90 21
Social Dynamics 41 101 10

Participant Total: n = 152
Session 3
Table 9 / Tabaura 9
Counts of Affect During Session 3
KoanuectBo ciyuaeB adpdexra Bo Bpemsi ceanca 3
Affect and Distraction Positive Count Neutral Count
Positive Affect 1 12
Negative Affect 3 10
Engaged Affect 3 10
Detached Affect 6 7
Environment Distraction 1 12
Participant Total: n = 13
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Table 10 / Tabmuua 10
Counts of Behaviors During Session 3

KonuyecTBo noBegenuii Bo Bpems ceanca 3

Behaviors Good Count | Neutral Count Poor Count
Digital Skill 3 4 6
Social Dynamics 2 7 4

Participant Total: n = 13

First exposure to BELLA

Contingency-table analyses were conducted to identify the affect and behavior pro-
files children exhibited during their first exposures to BELLA. A total of 155 children
were included. The attrition was due to children with incomplete first sessions, who
had been removed. The most frequently displayed affect was engaged affect (n = 63;
40.6%), followed by detached affect (n = 45; 29%). Positive affect was observed in
24 children (15.5%), while negative affect was reported in 25 children (16.1%). Regard-
ing digital tablet skills, 80 observations (51.6%) reflected it to be good, 34 (21.9%) —
poor, and 41 (26.5%) neutral. Social dynamics showed a majority of neutral observations
(n = 90; 58.1%), while good and negative social dynamics accounted for 48 (30.9%)
and 17 (11%) observations, respectively.

Notable groupings were observed within the contingency-table, with no statistical
analyses attempted. When comparing the occurrence of affect with the occurrence of
behavior, we see that a positive affect frequently occurred with good social dynamics
(n = 21) and least often with poor social dynamics (n = 0). Engaged affect commonly
occurred with good digital skill (n = 42), whereas detached affect showed mixed asso-
ciations, often paired with neutral or poor digital skill. Negative affect did not show any
clear pairing with behavior.

The data were also grouped by age and sex, revealing the following: 5 year-olds were
the most likely to show positive affect (n = 17), followed by 4 year-olds (n = 4) and
6 year-olds (n = 3). Engaged affect was similarly highest in 4 and 5 year-olds. Detached
affect similarly shows a high prevalence in 4 (n = 21) and 5 (n = 17) year-olds. Sex dif-
ferences were subtle, with girls showing slightly lower rates of affect and boys showing
higher rates of good digital skill while simultaneously being more likely to display poor
digital skill. In terms of social dynamics, girls had slightly more good interactions, while
boys had more neutral and negative interactions.

Correlations and Dependency Between Variables
To explore associations between affective states and behavioral observations further,
a series of pairwise Spearman’s rank correlation were conducted, and significant corre-
lations are reported. The analysis revealed that age is positively correlated with social
dynamics (rho = .276; p < .001) and positive affect (rho = .188; p < .05). Digital skill
negatively correlated with negative affect (rho = .291; p <.001) and positively correlated
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with positive affect (rho = .291; p < .001). Social dynamics also had a strong positive
correlation with positive affect (rho = .488; p <.001). These findings indicate that older
children are more likely to show good social engagement and positive affect, and that
higher digital skill is linked to both greater engagement and reduced negative affect.
Fisher’s Exact Test was applied to identify dependency or relatedness between affect and
behaviors, with six significant relationships. All tested variables are reported in Table 11.

Stratification by age or sex is not reported in Table 11. Findings reveal that amongst
4 year- olds (n = 62), positive affect was associated with social dynamics (p < .05), neg-
ative affect was associated with digital skill (p < .05) and social dynamics (p < .05) as
well. Engaged affect was associated with digital skill (p < .05), and detached affect was
associated with social dynamics (p <.05). Amongst 5 year-olds (n = 74), the association
between positive affect and social dynamics persisted (p < .001) as well as the associa-
tion between negative affect with digital skill (p < .05). Detached affect was associated
with both social dynamics and environmental distraction. Digital skill was also associ-
ated with social dynamics. Finally, the 6 year-old group (n = 17) revealed no significant
associations. This may be due to the smaller number of participants in that group. Sex-re-
lated findings aren’t significant, but we observed a few trends within the sample where
being a boy had a modest association with negative affect and digital tablet skills. Being
a girl was associated with both positive affect and good social dynamics, as well as en-
gaged affect and good digital tablet skills.

Table 11 / Tabnuma 11
Fisher’s Exact Test: Relatedness Between Categories

Tounblii TecT PUIIepa: B3aUMOCBA3b MEXKIY KATETOPHUAMHU

Variable 1 Variable 2 p-value

Positive Affect <.05

Negative Affect 475

Age Engaged Affect 287
Detached Affect .348

Digital Skill <.05

Social Dynamics <.05

Positive Affect 376

Negative Affect 126

Sex Engaged Affect 254
Detached Affect .860

Digital Skill 323

Social Dynamics 547

. Digital Skill 101
Positive Affect Social Dynamics <.001
. Digital Skill <.001
Negative Affect Social Dynamics .080

30



Kwmanm X., I'puropenxko E.J1. (2026) Kilani H., Grigorenko E.L. (2026)
Addexr u nosezieHme JOIIKOILHIKOB TPV Affect and behavior in preschoolers during a tablet-

TIPOXOXKIEHNN IMarHOCTUKY Ha IUIAHIIIETe: ... based assessment: insights from observational coding...
MopermmpoBanme v aHayms JaHHbIx, 2026, 16(2), 11 —41. Modelling and Data Analysis, 2026, 16(2), 11 —41.
Variable 1 Variable 2 p-value
Digital Skill <.001
Engaged Affect g :
Social Dynamics 371
Digital Skill 493
Detached Affect g :
Social Dynamics <.001

Change in Affect and Behavior from Session 1 to Session 2

To assess whether affect and/or behaviors changed between the first and second ex-
posure to BELLA, a McNemar test was applied to paired data from 133 participants.
These participants completed both sessions without glitches or interruptions. Findings
revealed that engaged affect (y*> = 10.42, p < .005) significantly increased, and detached
affect significantly decreased (y* = 4.02, p < .05). Positive and negative affect exhibited
no significant changes and remained relatively stable across sessions.

Regarding behavior, results show that all three levels of digital skill significantly
shifted between sessions. Specifically, poor digital tablet skills decreased (¥* = 6.50,
p < .05) while neutral (¥*> = 28.90, p < .0001) and good digital tablet skills increased
(x*=13.43, p <.001). Overall, this indicates that children’s use of BELLA and the tablet
generally improved across just two sessions. Social dynamics show no significant chang-
es across its three levels, suggesting that the social engagement of children remained
relatively stable across sessions.

Linear Regression: Performance

Sample and Scores

The sample used for the linear regression included 148 participants. The smaller sam-
ple size is due to children missing performance scores, children that only had one ses-
sion, and children with incomplete sessions. Only a complete second or third session for
each child was included in this analysis. The first session is considered a training ses-
sion. The sample completed a total of 33-items, similar across pilot paths. Performance
scores were calculated as percentages to reflect the number of correct answers. Perfor-
mance scores ranged from 20.24 to 93.39. The median is 66.12 and the mean is 63.96.
The standard deviation is 15.63.

Dummy-Coding

New variables were created in line with Tables 3 and 4. Positive affect and Negative
affect were combined to create an Emotion variable. Emotion has four levels: positive
affect only, negative affect only, mixed positive affect and negative affect, and neutral
affect. Neutral affect served as the comparative baseline for the regression. Engaged af-
fect and detached affect were combined to create a Focus variable. Focus has four levels,
similar to Emotion. Neutral Focus served as the baseline. Digital tablet skills and Social
dynamics each have three levels. Each level has been decomposed into Good, Poor, and
Neutral, giving three levels for each variable. Neutral is used as the baseline.

Regression
Overall, the regression model was statistically significant, F(11, 136) = 12.23, p <
<.001, and explained approximately 49.7% of the variance in BELLA performance scores
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(R? = .497). Specifically, two of the predictors were statistically significant. Children
who displayed positive affect without negative affect scored higher on BELLA (B =.168,
p <.05). Children observed to have negative digital tablet skills (e.g., incorrect tablet ma-
nipulations) scored substantially lower (f =—.403, p <.001). Age was a strong covariate
(B=.358,p <.001). No other emotion, focus, or social dynamic combinations were sta-
tistically significant. See Table 12 (below) for the full set of regression coefficients. Giv-
en the number of predictors, multicollinearity was examined using pairwise correlations
(Table 13) and variance inflation factors (Table 14). The strongest pairwise correlation
was between positive affect and positive social dynamics with r = .55. All other predictor
pairs were below .40. These do not meet the threshold of .7 for potential multicollinearity
concerns. Variance inflation factors ranged from 1.04 to 2.29, with all tolerance values
above .43, confirming no problematic collinearity. The adjusted R? for the full model was
.457. A reduced model retaining only the three significant predictors (positive affect, poor
digital skill, and age) yielded an adjusted R? of .414. Model comparison indicated that the
full model provided a significantly better fit, F(8,136) =2.41, p <.05.

The results show that only negative digital skill and positive affect significantly
contributed to the performance scores. The non-significant results, however, still show
trends that can inform further investigation. Specifically, the presence of a negative af-
fect and detached affect seemed to be associated with lower scores, while engaged affect
was associated with higher scores. Good digital tablet skills trended negatively, which
may be due to noise in the data. Positive social dynamics were associated with lower per-
formance but not as strongly as negative social dynamics. The nature of observed social
interactions needs to be more specific in order to differentiate between disruptive social
interactions that take away from the task at hand, or interactions that are task oriented.
Age remains the most critical factor influencing performance. Given the age range (3 to
6 year-olds) and the fact that it is a critical developmental period, this is expected.

Table 12 / Tabmnuma 12

Multiple linear regression results: performance change

Pe3yabTaThl MHOKECTBEHHOM JIMHEHHOI perpeccum:
H3MeHeHHe MPOM3BOIUTEIbLHOCTH

Predictor B SE t P
Intercept 67.59 2.78 24.32 <.001
Emotion — Mixed affect -.014 11.77 -0.23 .822
Emotion — Positive affect 168 3.16 2.18 .031*
Emotion — Negative affect -.047 2.60 —0.73 464
Focus — Mixed -.117 3.65 -1.53 128
Focus — Positive .091 2.79 1.03 305
Focus — Negative -.133 3.23 —-1.45 150
Digital — Good -.047 2.29 -0.71 477
Digital — Poor -.403 2.95 -5.99 <.001*
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Predictor B SE t P
Social — Good -.044 2.66 —0.58 561
Social — Poor -.080 4.41 -1.13 259
Age (Centered) 358 1.55 5.58 <.001*

Note: «*» — Significant p-values at the 0.05 level.

Table 13 / Tabnuua 13

Pairwise Pearson Correlations Among Regression Predictors

Ilapusbie koppeasinun ITupcona Mexkay NpeMKTOPAMH perpeccun

Predictor 1 2 3 4 5 6 7 8 9 10 |11
Emotion —
Mixed affect o
Emotion —
Positive affect -0.04)—
Emotion — o
Negative affect -0.041-0.227) —
Focus —
Moo 20.03]0.04 |0.12 |—
Focus — 20.07[-0.02 [-0.03 |-0.32"" | —
Positive
Focus — 0.13 [-0.13 [0.04 [-024" |-0.52"" | —
Negative
Digital — 20.05/0.07 000 [-0.01 |0.14 |-029""|—
Good
Digital — 20.04[-005 [0.11 [0.05 [-029""(0.13 [-027"|—
Poor
Social — 20.05]0.55™ [-0.15 [-0.01 [-0.09 [0.05 [0.05 [-0.06 |—
Good
Social — 20.02[-006 [0.257]-0.03 |-0.23" [0.39" |-0.17 [0.23"|-0.17" | —
Poor
Age 0.03 [0.16 |-0.14 [-0217 [0.01 [0.05 |-0.02 [-0.16 |0.11 |-0.12|—

Note: * p<.05, **p <.

01, *** p < .001.

Table 14 / Tabnuma 14

Variance Inflation Factors and Tolerance Values for Regression Predictors

Koa¢ppuuuenrsl nHGISIUUH JUCIIEPCUH U J0IIyCTUMbIE

3HAYeHHs 151 IPeIUKTOPOB Perpeccuu

Predictor VIF Tolerance (1/VIF)
Mixed Affect 1.04 .96
Positive Affect 1.61 .62
Negative Affect 1.13 .89
Mixed Focus 1.59 .63
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Predictor VIF Tolerance (1/VIF)

Engaged Focus 2.10 48

Detached Focus 2.29 44

Digital Skill — Good 1.19 .84

Digital Skill — Poor 1.23 .82

Social Dynamics — Good 1.58 .63

Social Dynamics — Poor 1.36 73

Age (Centered) 1.11 .90

Note. VIF > 5 indicates concern; VIF > 10 indicates serious multicollinearity. Tolerance < .20 is
concerning. All values are within acceptable ranges.

Discussion

The study examined affective and behavioral patterns exhibited by children when
using BELLA in an isolated setting external to their regular classroom. The goal was to
explore the behavioral and emotional user experience of the TD based assessment, and
the learning process as they unfold during the sessions, which has been long overlooked
in preschoolers. There were three steps to evaluating affect and behaviors: (1) an initial
descriptive analysis to grasp what characterizes children’s first time experience when
exposed to a tablet-based assessment; (2) a comparative analysis to identify the change
in children’s experience with BELLA from the initial session to the second session; and
(3) a regression analysis to identify which affect and behaviors contributed to children’s
performance on BELLA items.

Descriptive Analysis

Studies have scarcely investigated the emotional and behavioral experience of pre-
school age children during digital media use, focusing on cognitive outcomes (Hu-
ber et al., 2018) or narrow learning domains such as literacy only (Neumann, 2018).
The descriptive analysis offered insight into how preschoolers experience digital media
within the educational context, extending current knowledge. Additionally, the observa-
tions are made during the first experience with BELLA, offering a chance to observe how
the child adapts to a new task, with multiple knowledge and cognitive domains admin-
istered on a digital tablet. The observed responses reflect both developmental readiness
and the degree to which children are familiar with navigating digital environments inde-
pendently. Good digital skill is important, and was linked with increased positive affect
and decreased negative affect, suggesting that procedural fluency may buffer emotional
dysregulation and promote learning enjoyment. The evidence demonstrates that digital
skill matters for more than task performance; it matters for children’s affective experi-
ences, which are associated with their overall performance.

Positive affect was closely associated with good social dynamics and engaged focus,
suggesting that emotional, social, and behavioral components jointly contribute to how chil-
dren approach digital tasks. Previous research supports the role of emotionally supportive
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engagement in learning. (Denham & Liverette, 2019), and Strouse & Ganea (2017)
demonstrated that positive affect and attention mediated vocabulary learning in toddlers
interacting with electronic books. However, the findings were obtained in controlled lab
settings with parent-child dyads, rather than in naturalistic contexts where children may
interact with digital tools independently. This study extends the affect and learning link
to a school-based setting in which the preschoolers navigated a tablet assessment without
direct adult scaffolding in their first time exposure. Given the interdependence patterns
identified, it is evident that an engaged (focused) child is more likely to have good digital
skill, while a detached (distracted) child is less likely to. This holds for both a lab and
a familiar school setting. Teachers should promote engagement and make sure that chil-
dren have adequate digital skills to be able to maintain their focus. Such a pattern may
also indicate that both emotional and behavioral readiness shape how children approach
digital tasks. The associations identified were more robust for the 4—>5 years old range,
although that may be explained by most of the sample being in that age range, while 3-
and 6-year-olds were a minority. Sex on the other hand did not have significant relation-
ships and only suggests that boys have more behavioral extremes (good vs poor digital
skill), and girls showed slightly more positive social dynamics.

Overall, the analysis suggests that children were able to concentrate and fully pay
attention to the application, and that half of them had good proficiency with the tab-
let interface. Specifically, the first experience with BELLA evokes positive affect for
some, and difficulty for others when they do not display good digital skill. The asso-
ciations identified strengthen the idea that age 4 to 5 is a key developmental period
for emotion-behavior integration in digital contexts (Kolloff et al., 2025; Zimmerman,
2002). Children in this range appear to be sensitive to both internal states and external
task challenges. Age is a critical driving force that affects every child’s experience.

Comparative Analysis

When comparing children’s affective and behavioral responses between their first and
second sessions, clear patterns emerged. Engaged affect significantly increased, while
detached affect significantly decreased, suggesting that upon the second exposure, chil-
dren were more focused and less bored or distracted. These shifts align with research on
learning engagement and self-regulatory development in early childhood, which shows
that familiarity with a task can reduce cognitive load and improve sustained attention
(Kubsch et al., 2025; Zimmerman, 2002). In parallel, digital skill improved. The total
number of children showing poor digital navigation decreased, while neutral and good
digital skill increased. Even a brief repeated interaction with the tablet was sufficient to
support perceptible digital skill learning. BELLA’s interface could be a contributing fac-
tor to the ease of navigation and control of the application. The familiarity with the tool
could have helped children struggle less while navigating the screen, showing less errors
related to BELLA use, as opposed to errors with manipulating a tablet.

In contrast, social dynamics remained unchanged across sessions. This can be interpret-
ed in different ways. Children’s social interactions with the observer may be more resist-
ant to change because children need more time to become familiar with new individuals,
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or could be due to inconsistencies in the collection of behavioral data. Nevertheless,
while social engagement in early childhood is often context-dependent and is typically
particularly affected by digital media (Blumberg et al., 2019; Herodotou, 2018), interac-
tions with the caregiver were relatively brief and confined by the nature of the activity.

Predictive Analysis

The multiple linear regression analysis examined whether affective states and behav-
ioral observations during the session were associated with children’s performance scores
on BELLA. The overall model was statistically significant and explained nearly half of
the variance in performance, suggesting that observable emotional and behavioral cues
meaningfully contribute to academic outcome in digital assessments. Specifically, three
predictors stood out. Children who displayed positive affect, without concurrent negative
affect, had significantly higher scores. Those with poor digital skills scored substantially
lower. Age was the strongest predictor in the model, with older children performing bet-
ter overall. This echoes findings in Tan and colleagues (2023) where item performance
increased with age. Age, however, is not the sole metric that needs to be included in
future studies. Specifically, we propose that emotional positivity and digital skill con-
tribute independently to positive performance, and highlight the importance of a child’s
positive experiences with regards to enjoyment and skill in early childhood assessment.
The emotional and behavioral attributes of an experience are as important to account for,
particularly in this age group that is still learning self-regulation.

Other emotion and focus combinations did not reach statistical significance, but re-
vealed meaningful trends. Negative affect and detached affect were generally associated
with lower performance, while engaged focus was associated with higher performance.
This pattern is consistent with emotion-cognition interaction models, which suggest that
sustained attention and affective engagement support deeper processing and task comple-
tion (Halverson & Graham, 2019; Pekrun & Linnenbrink-Garcia, 2014). Negative emo-
tion or disengagement may disrupt cognitive flow or increase off-task behavior (D’Mello
& Graesser, 2014; Tan et al., 2021).

Interestingly, social dynamics were not predictive of performance at all. This could
be due to the fact that the observer tried not to intervene, or observation inconsistencies.
It could also be that social interactions are simply not a contributor to performance when
using a tablet-based assessment that was designed for independent use with minimal car-
egiver intervention.

Overall, findings point to the importance of emotion and digital skill in predicting
children’s success with digital assessment tools. Age remains the dominant contributor,
however, it is not operating on its own. Age influences these behavioral and affective
dimensions, particularly given the early developmental period examined.

Implications

The findings carry several implications for early childhood education. First, the ob-
served relationships between affect, behavior, and performance underscore that digital as-
sessments like BELLA do not only capture competency and learning; they elicit real-time
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indicators of readiness, self-regulation, and engagement. Emotional cues such as engaged
affect or negative affect (e.g., frustration), and behavioral observations such as digital skill
and fluency provide essential context to the child learning process. The findings align with
sociocultural perspectives that emphasize digital tools as influential cultural mediators in
development (Taber, 2025), and support the idea that children’s responses to digital envi-
ronments are dynamically shaped by both internal and contextual variables.

Second, the predictive value of digital skill for performance reinforces the arguments
that digital literacy is now a common developmental skill. Digital readiness shapes how
children access, navigate, and benefit from digital learning. Teachers should not assume
that preschoolers already know how to use TD. Digital literacy should be supported
through practice and scaffolding, especially when children have limited access at home
(McManis & Gunnewig, 2012; Neumann, 2016).

The link between positive affect and higher performance supports the evidence that
emotional engagement, or focus, facilitates cognitive processing and deeper learning.
These affective experiences are part of what makes digital learning effective, when
well-designed. Educational technologies for children shouldn’t only measure knowledge.
They should be designed to facilitate emotional regulation, and to allow for a level of
co-use with the caregiver. The latter component is critical with digital screen use in edu-
cation, although the results in this study do not support it.

From a research standpoint, the results affirm the value of a mixed-method approach,
capitalizing on observational information. There is already much that relies on paren-
tal reports, performance data, and other measures. Children’s inherent affective and
behavioral experience is overlooked although it is part of critical dimensions of early
development.

Limitations and Future Directions

The study is limited by its use of secondary observational data. While the data are
rich in naturalistic insights, they were relatively free-form, and subject to the observ-
er’s bias. A systematic naturalistic strategy is needed, with strict control and consist-
ency in the types and scope of observations to be collected. To our knowledge, such
research is limited, and this work presents an example of the information that might be
obtained from such observational studies. Additionally, the observations were not able
to capture the dynamic nature of the BELLA sessions and the flow of emotions and be-
havior. A careful, time-documented data collection plan needs to be utilized in future
research. This would also allow researchers to demonstrate the influence the caregiver
has on emotions, learning behaviors, and overall educational experiences, given the em-
phasis on social dynamics. In the current study, the data are limited and cannot fully sup-
port this claim. In addition, while the regression model accounted for a relatively high
proportion of variance in performance, collinearity diagnostics indicated no problematic
shared variance among predictors. However, a reduced model with only the three signif-
icant predictors explained nearly as much variance, suggesting that the non-significant
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predictors contributed modestly beyond the core three. Future studies may benefit from
a more parsimonious model or a larger sample to improve the predictor-to-participant
ratio.. Another limiting factor is that the study did not evaluate the pre-existing digital
skill of children or their current educational competencies. The sample was also from
a private suburban pool of preschools, which limits the generalizability of the results.
Future studies should incorporate structured observational protocols, video coding, and
perhaps screen-capture of the tablet manipulations in order to maximize the information
recorded. Time-stamping behaviors and affect are critical to reveal the dynamic nature
of learning-related behaviors and emotions. A more diverse sample needs to be studied,
including public and lower-income schools from across states to increase generaliza-
bility. Finally, a clear breakdown of the affect and behaviors of interest will add a level
of detail that can differentiate between specific emotional states such as happiness and
excitement, or sadness and anger.
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U TUIIOB JIeITeJIbHOCTH NUJIOTOB
HA OCHOBE KBAHTOBBIX NPe/CTABJICHUN
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Pe3rome

[IpencraBieH HOBBII METOJT ONIPEIENICHHs] COCTOSHUI U THIIOB JIESTEILHOCTH ITMIIOTOB
C MTOMOIIBIO KBAHTOBBIX MPEACTABICHHH, TOCTPOSHHBIX HA OCHOBE aHAIN3a MAPKOBCKIX
MPOLIECCOB,  MPEJCTABIECHHBIX MAaTPHIAMH  BEPOATHOCTEH TMEPEXONOB  MEKIY
BBITIOJTHSICMBIMH TUIIAMH DJIEMEHTAPHBIX OIlepaliii ¥ COCTOSIHMH BO3IYIIHOTO CyAHa
(BC). [omyuyeHHBIE OLEHKU MO3BOJSIOT TOBOPUTH O CYHIECTBEHHBIX MPEUMYIIECTBAX
HOBOTO MOJXO/a IO CPAaBHEHHIO C METOJOM B3aUMHBIX IPABIOMOJO0MIH U METOIOM
CTaIlMOHAPHBIX PACIHpEIEICHN BEPOSTHOCTEH IOBTOPEHUSI TUIIOB SJIEMEHTAPHBIX
onepanuii u cocrosauii BC. Iloka3aHO, 9YTO OCHOBHOI MPUYMHON, OMPEAEIIOIeit
9TH NPEUMYIIECTBA, SIBISICTCS BO3MOXKHOCTb aHaiM3a HaONIOICHUH BO BPEMEHHOMN
JMHAMHKE, KOTOPasi KPUTHIECKH BayKHA JUTSI KOPPEKTHOW AMArHOCTHKH JIEATEIbHOCTH
MTUJIOTOB U UTHOPHPYETCS B CITydae TPAAUIIMOHHBIX TTOAXOIOB.

Knrouesvie cnosa: kBaHTOBBIE NPEaACTaBJIICHUS, MAPDKOBCKHE IMMPOLECChI, AMAarHOCTHUKA
JACATCIIBHOCTH ITHUJIIOTOB, HCI/IXO(l)I/ISI/IOJIOFI/I‘{CCKOG COCTOSAHHE

s nurupoBanus: Kypasckuii, JI.C., I'pemnuxos, V.M., Opumenxo, B.A., Opsesa, H.E.,
Opses, I'A., Maxoptos, 1.A., Epmakos, C.C., Cokonos, A.B., 3axapsueBa, A.A. (2026).
JluarHocTKa COCTOSIHUI M THIIOB [ESTEIBHOCTH MHIIOTOB Ha OCHOBE KBAHTOBBIX MPE/I-
craBieHui. Moodenuposanue u ananuz oaumwix, 16(2), 42—66. https://doi.org/10.17759/
mda.2026160202
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types basing on quantum representations
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Abstract

A new method is presented for determining the states and types of pilot activities
using quantum representations constructed based on the analysis of Markov
processes represented by transition probability matrices between the performed
types of elementary operations and aircraft states. The obtained estimates allow
us to speak of significant advantages of the new approach compared to the method
of mutual likelihoods and the method of stationary probability distributions of
the repetition of types of elementary operations and aircraft states. It is shown
that the main reason determining these advantages is the possibility of analyzing
observations in temporal dynamics, which is critically important for the correct
diagnostics of pilot activities and is ignored in the case of traditional approaches.

Keywords: quantum representations, Markov processes, pilot activity diagnostics,

psychophysiological state

For citation: Kuravsky, L.S., Greshnikov, LI., Orishchenko, V.A., Yuryeva, N.E., Yuryev,
G.A., Makhortov, I.A., Ermakov, S.S., Sokolov, A.V., Zakharycheva, A.A. (2026).
Diagnostics of pilot states and activity types basing on quantum representations. Modelling
and Data Analysis, 16(2), 42—66. (In Russ.). https://doi.org/10.17759/mda.2026160202

BBeaenue

B nacrosiee BpEMsA B aBUAITMOHHBIX ITPUIIOKCHUAX OCOGyIO 3HAYUMOCTDb HpI/IO6peHI/I

3aJia4u 00BEKTUBHOI KOJMYECTBEHHOW OLEHKH YPOBHsI C(hOPMUPOBAHHOCTH Hpodeccro-
HaJIbHBIX HABBIKOB ITPU IIOATOTOBKE ITUJIOTOB. ITo JaHHBIM IIOCJICAHUX JICT, HA Ka)K}:[BIﬁ qac
nonéra rpaxkaanckoro BC mpuxoauTcst BCero 5 MUHYT pydHOTO MHUIOTHPOBAHUS, OTHAKO
3a 9TO BpeMs MPOUCXOauT 67% NETHRIX npoucmiecTBUi. TakuMm o0pazoMm, IieHa Hepopabo-
TOK B IPO(hECCHOHAIBHOMN MOJrOTOBKE IKHIAXKa OUSHb BBICOKA.

WucTpyMeHTapuii, OICHUBAIONINHA YPOBEHb MPOQPECCHOHATFHON IIONTOTOBKH, MIJTH-

TEIBHOC BPEMsI OITUPAJICA Ha TTOAXOMT, Ha3bIBaCMBII COBpCMeHHOI;‘I Teopneﬁ TECTUPOBAHU,
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u mozensb [ Pama. OpHako 3TOT MOIXOA UMEET PsiJi OTpAaHWYEHHH, BKIIOYAst CTATHYHOCTD
OIICHOK, HEBO3MO)KHOCTD YUETa BPEMEHH BBHITIOTHEHUS 3aJaHUH M HEOOXOIMMOCTb TPEIb-
SIBJICHHSI OOJIBILIOTO YHCIIA 3a/IaHHH.

[TosTomy 66U pazpaboran HOBEIH moaxox (Kypasckwuii, 2017), popmanmsyronuii npen-
CTaBJICHUE TUATHOCTUYECKHUX MPOIEAYp KaK HACHTU(QHUIMPYEMBIX CIy4YaifHBIX MapKOB-
CKHX IIPOIIeCcCOB C OalleCOBCKMMH OIIEHKaMU MCHBITYeMbIX. [1o3/1Hee OblIM pa3paboTaHbl
METOMBI M CPENICTBA THATHOCTHUKH, 0OCCTICUMBAIONIIE KOMOMHAIINIO aHAIN3a CITyYalHBIX
MIPOLIECCOB B IIPOCTPAHCTBE BEHBIIET-KOA(D(UIIMEHTOB 1 MHOTOMEPHOTO CTATUCTUYECKOTO
anamu3a. Ha 6ase 3toro moxxoma co3maHo MHCTpyMeHTanbHOE cpencTBo «The Intelligent
System for Flight Analysis» (Kypasckuii, lOpbeBa, OpbeB u ap., 2021).

HepeméanpiMu  ocTanuchk npoOiieMbl, CBsi3aHHbBIE ¢ (opmanmuzanuel npodeccro-
HaJILHOM ESTEIbHOCTH ITMJIOTOB, HEOOXOAMMOCTHIO HAKOIUIEHHS OOJIBIIOr0 O0OBEMA dM-
MMUPUYECKUX JTAHHBIX M Pa3pabOTKOW MaTeMaTHueCKUX METOJIOB, CIIOCOOHBIX HM3BJICKATh
13 JaHHBIX OOJIBINE TTOJIC3HOW WH(POPMAITUHL.

B 2022—2023 rogax pa3paboTaH NpOTOTHIT aJalITUBHONW CUCTEMBI ¢ (DYHKI[MEH HHTE-
nekTyanpHoro momorHuka (Kypasckuii, 2017), a Takke HOBBIH MOAXOA K PEIICHUIO JHa-
THOCTHYECKHX 3a/1ad IMyTeM CBEPTKH MPHKJIAIHBIX MapKOBCKHX ITPOLIECCOB B KBAHTOBHIC
npexacrasnenus (Kuravsky, 2021; Kuravsky, 2022; Kuravsky, 2024). [IpenmyiecTBom Ta-
KHUX TIPE/ICTABICHUH SBISETCS TO, YTO YUCIIO KYOWTOB OTPEACISACTCS YHCIOM KIacTepOB
COCTOSIHUE MOJIeJIM, KOTOPOE KPAaTHO MEHBIIIE YKHCIIa COCTOSHUN B MCXOJHOM MapKOBCKOM
mporecce. KBaHTOBBIC MPECTABICHUS TTO3BOJISIOT UCCIIEA0BATH BHYTPEHHIOK CTPYKTYPY
HaOJII0IaeMOT0 Tpoliecca B YaCTOTHON 00IacTH.

VYkazaHHBIH 1oaxo] pa3BuT B padorax (Kuravsky, Greshnikov, Kozyrev and etc., 2024;
Kuravsky, Greshnikov, Orishchenko, 2025; Kuravsky, Greshnikov, Yuryev, Zlatomrezheyv,
2023; Kuravsky, Orishchenko, Greshnikov, 2026) u moka3ai CyIeCTBEHHBIC MPCUMYIIIC-
CTBa IO CPaBHEHUIO C alIFTEPHATHBHBIME CIIOCO0aMu OIleHOK. Heo0XoanMocTh mpruMeHe-
HUsI KBAHTOBBIX NPEJICTABICHHUH 00YCIIOBIEHA TEM, YTO OHU OOECIIEUHBAIOT HCCIIEI0BAHUE
HaOJIONICHNH B MIpOIIecCce IBONIOLMHM, a HE BCCH BBIOOPKH Cpa3y, YTO KPUTHUECKH BaXKHO
IIpH aHAIIN3E ACATEIFHOCTH IMMJIOTOB «BO BPEMEHHOM pa3BEPTKE».

[prmMeHnsieMble KBAaHTOBBIE IPE/ICTABICHHS PEATU3YIOTCSI Ha KJIACCHUECKOM KOMITBIOTEpE,
BO3MO)KHOCTB 4ero 000CHOBBIBaeTcs Teopemoii [ orrecmana—Kuammna (Nielsen, Chuang, 2010).

Janee paccMOTpEHBI YHUBEPCATIBbHBIN CIIOCO0 MpencTaBicHus MPO(heCCHOHATBHOM JIe-
SITETTPHOCTH TJIOTOB B BHJC MAaTPHUI] BEPOATHOCTEH MEPEXOJ0B MEXKIY THIIAMHU DIICMCH-
TapHBIX ornepaiyii u cocrosuuii BC n MeTon aHanmn3a 3TUX MaTpull HA OCHOBE KBAHTOBBIX
MpeICTaBICHUA.

HoswusHa pe3ynsraTtoB 00yCIIOBICHA TEM, UTO:

— YYHTBIBAIOTCS JUCKPETH30BaHHbBIE MapaMeTpPhl, XapaKTeprU3yIoIne MpoCTPaHCTBEHHOE
nonokeHne BC, 4ro memaeT npencTaBieHNE NS TENEHOCTH TUIOTOB F €TO aHAIIN3 CYTIe-
CTBEHHO 0oJiee MOJNHBIM (paHee YYUTHIBAINCH TOJBKO IMOKA3aTEeNu INIa30/(BUraTeIbHON
AKTUBHOCTH, OTPAKAIOIIHE TOCIIEA0BATEIbHOCTh IPOCMOTpa 30H HHTEpeca Ha KOMaHHO-
MMAIOTXHBIX WHIUKATOPAX ¥ TUCKPETH30BaHHBIC BO3ICHCTBUS MHIJIOTAa HA OPTaHBI
ynpasnenuss BC (Kuravsky, 2024; Kuravsky, Greshnikov, Kozyrev and etc., 2024));

44



Kypascxn, J1.C., T'perrauxos, VI.VI., Opuinenxko, B.A., Kuravsky, L.S., Greshnikov, LI, Orishchenko, V.A.,

IOpnesa, H.E., FOpres, I'.A., Maxoptos, VLA, ... (2026) Yuryeva, N.E,, Yuryev, G.A., Makhortov, LA, ... (2026)
JIMarHoCTrKa COCTOSTHUM U TUTIOB 1€ TeJTbHOCT TIVJIOTOB. .. Diagnostics of pilot states and activity types basing...
MopermpoBanmie v aHams JaHHbIX, 2026, 16(2), 42 —66. Modelling and Data Analysis, 2026, 16(2), 42— 66.

COTIOCTaBJICHUE CPAaBHUBAEMBIX BAPHAHTOB JICSTEILHOCTH ITMJIOTOB CTPOUTCS HA OCHOBE
TexHUKH 1poBepku runore3 (Cramer, 1999; Lloyd (pex.), 1984; Rao (pex.), 1980—1999),
MPUHSATON B MaTeMaTHYECKOW CTATUCTHKE, U IOBOAUTCS 10 BEPOSTHOCTHBIX OLICHOK;
MIPEUMYILECTBA HOBOTO T0/IX0/1a 00O0CHOBBIBAIOTCS CPABHEHUSIMH C aJIbTEPHATHBHBIMH
KJIACCUUECKMUMHU METO/IaMH — METOJIOM B3aHMHBIX MPABIONOA00NIT 1 METOOM CTallH-
OHApHBIX PACHPEICIICHUH BEPOSTHOCTEH MOBTOPEHHS THUIIOB 3JIEMEHTApHBIX OTNEpariii
u cocrosuuii BC.

OCHOBHbBIE KOMIIOHEHTBI METO0Ja KBAHTOBBIX HpeIlCTaBHeHHﬁ

TeOpCTI/I‘leCKI/Ie OCHOBBI ME€TOJa paCCMOTPEHBI JaJIe€ B pa3aciic 3. OCHOBHBIE KOMIIO-

HEHTHI TTOIX0/Ia TIPUBEACHEI Ha pucyHKe 1. [TocmenoBaTenbHO BEIYUCIIIOTCS:

KJIaCTEPBl COCTOSHUI MapKOBCKOTO IIPOLIECCa;

TpaeKTOpUH 00X0/Ia KIIaCTEPOB;

MaTpHIBI TIOTIAPHBIX CPABHEHUH TPACKTOPHUH B CIIEKTPAIHON METPHKE;

TpaekTopuu 00Xoma KIIacTepoB B TmpocTpaHcTBe ImkaimmpoBanus (Lloyd, 1984;
Morrison, 1976);

KOJINYECTBEHHBIE OTIINYMSI CDABHUBAEMBIX BAPHAHTOB JIESITEIEHOCTH.

BrImonHAIOTCS citeyonye YKpyITHEHHBIE ONlepainm:

MHoToMepHoe mKkanupoBanue (Borg, Groenen, 2005; Cox, Cox, 2001; Lloyd (pen.),
1984; Morrison, 1976) TUMOB 5JeMEHTApHBIX omepanuid U coctosHuid BC, yum-
THIBAEMBIX B MarpHIle BEPOSTHOCTEH NEpEeXOJ0B, Ul CPaBHUBAEMBIX BapHaHTOB
JIeITeNIbHOCTH;

MMHTAIMOHHOE MOJICTMPOBAHNE IIEPEXOJOB MEXAY COCTOSHHUSAMH MapKOBCKOTO
polecca;

TIoTIapHble CPaBHEHUS TPAEKTOPHUiT 00X0/1a KJIACTEPOB B CIIEKTPAILHOI METPHKE;
MHOTOMEpHOE IIKAJIMPOBAaHUE TPACKTOPHH 00X0Aa KIACTEPOB COCTOSIHUM, yUHTHIBA-
e€MBIX B MaTpHUIle TIOMapHBIX CPAaBHEHHU TPAaeKTOPHH 00Xoma KIIACTEpPOB COCTOSHHIN
B CHEKTPaIbHON METPUKE;

BBIYKCJICHUE CTATHCTHK YHIIKCa U F-OTHOIIEHUH sl CpPaBHUBAEMBIX MHOJKECTB TPAeK-
TOpHiA 00X0/1a KITACTEPOB COCTOSTHHH.

Teoperndyeckne 0CHOBbI METO1a KBAHTOBBIX NPeEACTABJICHU

OcHoBHOE OpeUMYIICCTBO NPUMEHCHHA METO4a KBAHTOBBIX HpeﬂCTaBJ’IeHI/Iﬁ AJIg pe-

IICHUS TUATHOCTHYECKHX 3a/ad 00yCJIOBICHO TeM, YTO OHHM pacCMaTPHUBAIOT HaOiome-
HMS BO BpEMEHHOM JUHAMMKE, KOTOpasi UTHOPUPYETCS B CIydae KJIACCUUYECKUX TOJIX0/I0B,
KOTZIa aHAJTU3UPYIOTCS «CTATHYCCKUE» BEPOSTHOCTHBIC pPacIpeesieHus: 0e3 yuéra «Bpe-
MEHHOM DPa3BEPTKW» TOSBIEHUS SMIUpPHUUECKUX NaHHbIX. Kak mokazamu nmpoBenEHHBIE
HCCIIEN0BaHUs, I PELICHUs] THAarHOCTUYECKUX 3a/1ad, CBSI3aHHBIX C OLIEHKOM COCTOS-
HUS 1 TPO(HECCUOHATBHON MESTEILHOCTH MAJIOTOB BO3AYIIHBIX CY0B, YYET BPEMEHHOIO
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(axTopa oxaspiBaeTcsi Kpurnueckn BaxHbIM (KypaBckuii, Ko3bipes, I'pemrnukos, 2024;
Kuravsky, 2024; Kuravsky, Greshnikov, Kozyrev u np., 2024). TIpumeHsieMblil MOIX0/,
[pY KOTOPOM METO/IOM KBaHTOBOI'O HPAaBIONOJO0MS HICHTU(PHUIUPYIOTCS 4aCTOThI 3BO-
JIIOIUH TIPECTABIAIONINX KYOHTOB, a MOJEIMPYEMble BapHAHTHI JHHAMUKH HaOmomae-
MOTO IIPOLIECCa CPABHUBAIOTCS B CIIEKTPAIbHOW METPUKE, IIOJYUYEHHON Ha OCHOBE TaKOM
naeHTH(GUKanuK, (HAaKTHYECKH aHAJOTWYEH CHEKTPAIbHOMY aHAlU3y CIIydalHbBIX IpPO-
LIECCOB, MOCTPOSHHOMY Ha OCHOBE mpeobOpazoBanus Pypre. B obonx ciydasx ananms
BO BPEMEHHOI 00JIaCTH 3aMEHSETCsI aHAJIM30M B 4acTOTHOM oOnactu. KBaHTOBBIC TIpen-
CTaBJICHUS JIyUIlle CONIACYIOTCS C TPOLIECCOM SMIIMPHUYECKUX MCCIEI0BaHNMN, YeM TPaIH-
LIUOHHBIE BEPOSTHOCTHBIE XapaKTEPUCTHUKH.

Matpuits BeposITHOCTEH IEPEX0JI0B MEKIY Probability matrices of transitions between
YUIUTBIBACMbIMH THIIAMH SJIEMEHTapHBIX the considered types of elementary operations
oneparnuii 1 cocrosuuii BC s and aircraft states for the compared activity
CPaBHHBAEMbIX BAPHAHTOB JESATEIbHOCTH options
MHuoromepHoe Multidimensional
IIKQTHPOBAHIE scaling
[ KrtacTepsl cOCTOSHHMIT MapKOBCKOTO IIporiecca ] [ Clusters of Markov process states ]
VIMHTaIOHHOE MOJIETTUPOBAHHE Simulation of transitions between
TIEPEX0/I0B MEXK/TY COCTOSHUAMU states of a Markov process
MapKOBCKOTO IIportecca
N N
TpaekTopnu 06X0/1a KIacTepOB COCTOSHHH State cluster traversal trajectories for the
JUTS CPaBHIBAECMBIX BAPHAHTOB JIESTEIbHOCTH compared activity options
J P
TlomapHbie cpaBHEHHUS TPAaeKTOPHI Pairwise comparisons of traversal
06x0/1a KJIACTEPOB COCTOSIHMI B trajectories of clusters of states in the
CHIEKTPAIbHOH METPHKE spectral metric
~
Marpuia HoImapHbIX CPaBHEHHH TPAeKTOPHH A matrix of pairwise comparisons of traversal
006X0/1a KJIacTEPOB COCTOAHHUI B trajectories of clusters of states in a spectral
CIIEKTPaIBHOI METPHKE ) metric )
MmuoromepHoe Multidimensional
IIKaJIHPOBaHHE scaling
TpaekTopHH 06X0/1a KITACTEPOB COCTOSHUE Trajectories of traversing clusters of states for
JUISL CPAaBHHBAEMBIX BADHAHTOB JEATEIbHOCTH the compared variants of activity in the scaling
B IIPOCTPAHCTBE MIKAIHPOBAHIS space
Berunciienne cratucTuK YHiIKca B Calculation of Wilkes statistics and F-ratios
F-oTHOIICHHH U151 CPABHHBACMBIX MHOXKECTB for the compared sets of traversal trajectories
TpaeKTopHii 06X0/1a KJIaCTepOB COCTOAHMIH of clusters of states
BBIBOJI 0 KOJIMYECTBEHHOMH CTETICHH OTIHYHS Conclusion about the quantitative degree of
CPaBHHUBAEMbIX BADHAHTOB JIEATEIILHOCTH, difference between the compared activity
IPEJICTABIICHHBIX MaTPHI[AMH BEPOSITHOCTEH options, represented by probability matrices
TIepeX010B MEK/Ty YUHThIBAEMBIMH THIIAMH of transitions between the considered types of
2JIeMEHTapHBIX ollepaluii u coctosuuit BC elementary operations and aircraft states
Puc. 1. OcHOBHBIE KOMITOHEHTHI METO/IA Fig. 1. The main components
OTIPE/ICIICHNUS COCTOSIHUI U THIIOB of the method for determining the states
JEATEILHOCTH THJIOTOB HA OCHOBE and types of pilot activity basing
KBaHTOBBIX MPECTABICHHIH on quantum representations
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B ciyuae MeTona KBaHTOBBIX NPEACTABICHUN JUArHOCTHKA MHJIOTOB IPHUBS3BIBACTCS
K KOJIMYECTBEHHO N3MEPHUMBIM XapaKTEPHCTHKAM HX JIESITEINbHOCTH. B pesynbrare ero npu-
MCHCHUS BBIABIIACTCA OTHOCHUTCIIBHO He6OHI)HIO€ KOJIMYCCTBO OIPEACIIAEMBIX SKCIIEPTAMHA
KJIACCU(PHUIIMPYEMbIX THIIOB HEAOITYCTUMBIX JCHCTBHUI WIIM TIOBEJICHNS, TIPE/ICTABIISIONINX
npakTHyeckuit nHTepec. [loaxons!, He NCIONIB3YONIIE CPABHEHNS C HAKOIUICHHBIMHU SMITH-
PUYECKHMH JJAHHBIMHM, B CIIy4ae AMAarHOCTHUECKOH 3a/la4yM HE UMEIOT MEPCIIeKTHBBI U3-3a
OTCYTCTBHS ITOJTHOM ¥ a/IeKBaTHOIN HaOMIOCHNAM (HOPMATN30BaHHON MOJIENN ITOBEACHHS
II1JI0TAa, onylpa}omef/ica Ha BBIABJICHHBIC B PE3YJIbTAaTC HAYYHbBIX I/ICCHCHOBaHI/Iﬁ KOJINYC-
CTBEHHBIC TICHXOJIOTHYECKUE U IICUXO(PHU3HOIOTMIECKHE 3aKOHOMEPHOCTH.

AHanu3 AeATeNbHOCTH IUIIOTOB CTPOMTCS Ha OCHOBE HAOJIIOAaeMBIX MPOTOKOJIOB
JEATEIbHOCTH ITHJIOTA, TPEICTABIISIOMNX [OCIEI0BATEIILHOCTH BBINOIHIEMBIX dlie-
MEHTapHBIX omepanuii u coctosHud BC. DTH mpoTOKOIBI MpeoOpas3yloTcsl B MaTPHIIBI
BEPOSTHOCTEH NEPEXOJ0B MEXIy TUIIAMHU 3JIEMEHTapHBIX onepanuid u coctosuuii BC,
pa3Mep KOTOPBIX ONPENEISeTCs] YUCIOM YYHTHIBAEMBIX THIIOB oreparuid. [lomydeHHbIe
MaTpuIbl BepOHTHOCTCﬁ NEPEXOA0B NPECACTABIIAIOT Pa3/IMYHbIC BapUAHTBI ACATCIbHOCTU
ITUJIOTOB, TIO3BOJISIS paccMaTpuBarh MX B INPOIECCE aHAIM3a KaK MapKOBCKHE ITPOIECCHI
C IMCKPETHBIMU COCTOSTHUSMH M IUCKPETHBIM BPEMEHEM (MM MAapKOBCKHUE LIEMH), COCTO-
SIHUSIMH KOTOPBIX SIBJISIFOTCSl YYUTBIBAEMBIE B ITPOTOKOJIAX TUIIBI DJIEMEHTAPHBIX OTEepaLUi
u cocrosganit BC. Pazmmaus B THIax 3JIeMeHTapHBIX orepaiiiii u coctosanit BC Hecyte-
CTBCHHBI, MTOCKOJIBKY IPHU NMOCTPOCHUU NUATHOCTUYCCKUX BBIBOJOB UCIIOJIB3YIOTCA TOJIBKO
BEPOATHOCTHBIE CBS3M MEXKAYy HUMH. B psije nmpukiagHbIX 3a1a4 Juls MOJIy4YeHHsT He00Xo0-
JAAMBIX AUArHOCTUYECCKHUX BBIBOJAOB JOCTATOYHO YYHTBIBATH TOJBKO AHUCKPETU30BAHHBLIC
BO3JICHCTBYS Ha OpPraHbl yrnpasieHus u cocrossHust BC.

O hexkTHBHOCTS peIIeHus] MPUKIATHBIX 3a1ad ONpPEAeIseTCS CTEIEHBIO JeTaIn3a-
LIMM YYUTHIBAEMBIX DJIEMEHTApHBIX OMNepanuii, KOHKPETU3UPYIOUINX aJlaNTalui0 MOJCIH
K IpeIMETHON 00IacTH.

VYuursiBast 3pPpeKTUBHOCTD paccmarpuBaemoro noaxona (Kypasckuii, Koseipes, I'peri-
HUKOB, 2024; Kuravsky, 2021; Kuravsky, 2022; Kuravsky, 2024; Kuravsky, Greshnikov,
Kozyrev u ap., 2024; Kuravsky, Greshnikov, Orishchenko, 2025; Kuravsky, Greshnikov,
Yuryev, Zlatomrezhev, 2023), BKJIIOYarOIIEro KBAHTOBBIH CHEKTPaJIbHBIA aHAIN3 U KBaH-
TOBYIO (PHITBTpaNnio, MHPpOpMAIHH, 3aKTIOYEHHON B MAaTPHUIIaX BEPOSTHOCTEH MEPEXOa0B
MEXJTy THIIaMHU 3JI€MEHTapHBIX onepanunii u coctosHuit BC, kak mpaBuio, 10CTaTOYHO AT
JUCKPUMHUHAIMN PA3IMYHBIX COCTOSHUN M THIIOB TIOBEJICHUS ITHJIOTOB.

[pencTaBneHne AesTEIBHOCTH MHIIOTA C TOMOIIBIO MAaTPHIL BEPOSITHOCTEH MEPEX0JI0B
MEXIY SJIEMEHTapHBIMU ONEPALMSIMU XapaKTepU3yeTcs MPOCTOTONW IOCTPOSHHS Ipen-
CTaBJICHUSI AECATEIBHOCTH 110 IAHHBIM HAOMIOAECHH, JOCTYITHOCTBIO M pa3yMHBIM 00BEMOM
HEOOXOANMBIX U3MEPEHHH, XOPOoIel AUCKPUMHHAIINEH MTPEICTaBISIFONINX HHTEPEC COCTO-
SIHUHM W TUTIOB TTOBEACHUS MHJIOTOB.

AHanu3 JesTeNbHOCTH MHJIOTOB Ha OCHOBE IPOTOKOJIOB JIESTEIBHOCTH OIHMPACTCS
Ha CpPaBHEHUsI MaTPUI] BEPOSITHOCTEH IIEPEXO0B MEKTY JICMEHTAPHBIMH OTICPAIMSMHE JUIS
HCCIIEyeMbIX MATTEPHOB JCATEILHOCTH MM TMIOBEJCHUS C PEJICBAaHTHBIMH MaTPHUIIAMH, T10-
CTPOEHHBIMH JIJIsl HAKOIUICHHBIX B Pe3yJIbTare 3KCIEPHUMEHTOB JJaHHBIX, IIPEJICTABIISIONINX
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pacro3HaBacMbIC CUTYAIlH W UMCIOIINX M3BeCTHYIO uHTepnperanuto (Kypasckuii, Ko3si-
peB, ['perankos, 2024; Kuravsky, 2024; Kuravsky, Greshnikov, Kozyrev and etc., 2024;
Kuravsky, Greshnikov, Orishchenko, 2025). OTu cpaBHCHHS OMHUPAIOTCS Ha PE3yIbTATHI
KBaHTOBOTO CHEKTPATBHOTO aHAIN3a, 00ECIIeUYNBAIOIIECTO KOJMYECTBEHHBIE COMOCTaBIIe-
HUS CTETICHU OMM30CTH B CHEKTPAIBbHOM METPHKE XapaKTEPUCTHK CKPBITHIX MEPUOAUIHO-
CTCH BBIMOJIHCHUS THITOBBIX AJICMCHTAPHBIX OMEPALUi U UX KOJIHYCCTB.

CormacHO OIHOMY W3 TIOCTYJIATOB KBAaHTOBOM MEXaHWKH, HaONrOmaeMbie (H3Mepsic-
MBI€) 3HAYCHHS MOTYT PacCMaTPUBATHCS KaK COOCTBEHHBIE 3HAYCHUS HEKOTOPOTO dPMHUTO-
Ba oreparopa B rmiiboepToBoM npoctpancTie (Petz, 2008). DToT omepaTtop mpeacTasBisieT
ramuwibToHnal H (opManbHOI KBAaHTOBOH CHCTEMBI, KOTOPBIA MOXKHO MPEICTaBUTH Kak
H =EDE", rne D — juaronajbHas Marpuila, Ha JHArOHAIN KOTOPOH CTOAT Habiona-
eMbIe («H3MEepsIeMbIC)») BEIICCTBCHHBIC 3HaUCHUs;, £ — KOMIUIEKCHO3HAUHAs KBaJ[paTHasI
MaTpHIla, CTONONAMHU KOTOPOU SIBIISIOTCS BEKTOpa, 00pasyroIIue OPTOHOPMHPOBAHHBII
6asuc; E* — marpuma, 5pMATOBO compsbkéHHas Kk E. BeiOop Takoro oproHOPMHUpPOBAH-
HoTro 0Oaswuca sBisieTcst cBOOOAHBIM. CToNOIBI MaTpuIbl E SBISIOTCS COOCTBEHHBIMH BEK-
TOpaMHu raMUJIbTOHHaHa H, KOTOPbLIC q)aKTI/I‘IeCKI/I 3a4ar0T JOIMYCTUMBIC BapHUaHTbhI 3TOTO
oreparopa U OIPEICIIIOTCS YI0OCTBOM MPOBEACHUS «U3MEpeHuit». Bridop manHoro Oa-
3Hca OMPEIEISICTCS «HAOMFOIaTeIeM» KBAaHTOBOW CUCTEMBI. «3MepsieMbIe» 3HAaYCHUS, CO-
Jep KaIiecs Ha AUarOHaIN MaTpuilsl D, M XapaKTepUCTUKH «HAOIIOMATENs», 3aIaHHBIC
Marpurei E, onpenensior raMmunsToHnaH H HaOmromaemoll KBaHTOBOW cucTeMbl. Komn-
YECTBO U3BMEPACMBIX 3HAYEHUM SIBJISIETCS IIPOU3BOJIbHBIM, HO KOHCYHBIM. 3T0 I1I03BOJIACT
TOBOPHUTH O KBAaHTOBBIX MPEACTABICHUSIX HAOIIOIACMOI CHCTEMBI C MOMOIIBIO KYOUmos,
AMEIOIIAX — B OTIIUYHE OT KyOUTOB — OoJiee TBYX HAONFOTaeMBIX COCTOSHHU.

Ecmu 3aman rammmsronnad H, TO YHUTapHBIH omepaTrop SBONIOIUH KBAaHTOBOW CH-

d
crembl U(t) ects pemenne ypasuenus pénnurepa ;U (t)=—iHU(t), 3anucanuoro
B OIIEpaTopHOi opme: !

Ut)=e™

Vka3zaHHasI 31eCh HKCIIOHEHTa MOJKET PACCMATPHBATHCS KaK 0003HAUCHHE CXOMAIICHCS
K [peJieNTy CYMMbI H3BECTHOTO psijia:

. 2 . k
em=y gy SHD” CHD +o(t").

2! k!

B BBIYHCITHTEIFHOM OTHONICHHH TAaKOH CIIOCOO OTMCAHMS YBOJIOIMHE CHCTEMBI HEYIIO-
OCH, TIOCKOJIBKY TPeOyeT CyMMHUPOBAHUS MEIJICHHO CXOIAIICrOcs psaa. boiee ymoOHbIM
JUISL aHAIM3a M pacu€TOB SIBISICTCS M30bITOUHOE KBaHTOBOe mpexactaBienue (Kuravsky,
2024), tie Kaxa0e HaOIoIaeMOe 3HAYEHNE ONMMCHIBAETCS OIHUM KYOUTOM, COCTOSIHHS KO-
TOPOTO BBIPAKAIOT (PAKT MOSBICHHUS WIIH OTCYTCTBHUS TAHHOTO 3HAYCHHUS TP HAOIFOICHH-
sx. Uucno kyOUTOB paBHO YHCIYy BO3MOXKHBIX HAONIOaeMbIX 3HaueHU. BeposiTHOCTHAs
CTPYKTYypa, MpeACTaBsieMas KyOUTaMu, ONICHIBACT JUHAMUKY IPEObIBAHUS B HECKOJIBKUX
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KJIACTEpaX COCTOSHUMA, IPHYEM paccMaTpUBAEMBbIi POIEcC B TF000I MOMEHT BpeMEHH Ha-
XOJIUTCS B OJITHOM M TOJIBKO OTHOM M3 M paccMaTpHBacMbIX KITACTEPOB. AMILUTUTY/IBI BEPO-
SITHOCTEH KyOMTOB «3aITyTHIBAIOTCS TI0 M3MEpeHUsAM» (entangling by measuring) o cxeme
«One-vs-Rest» (Kuravsky, 2021; Kuravsky, 2022; Kuravsky, 2024).

MapKoBCKHE TIPOIECCHI, PE/ICTABISIONINE e TeTbHOCTh TMIIOTOB M cocTosiHue BC, 3a-
MeHsIOTCs HaGopamu u3 M KyOuToB {| ¢, }kM:;l , UHCIIO0 KOTOPBIX OTPEIEISIETCS KOTUIECTBOM
KJIaCTEPOB, 10 KOTOPBIM PacIpeieNieHbl COCTOSIHHS ATUX IPOLIECCOB. Kybumosvie npedcmas-
JIeHUs1 UCTIONB3YFOTCS TSl IPEACTABICHHS MIEPEXO0B MEXK/IY KIIACTEPaMH COCTOSIHHM, YHCIIO
KOTOPBIX 3HAYMTEIHLHO MEHBIIE YHCIIA COCTOSHUIM MCXOMHBIX MAapKOBCKHX IMPOIECCOB, YTO
obecrieunBaeT noHmkeHue pasmepHoct 3amaun (Kuravsky, 2024), uto o0ycioBiIeHO TeMm,
YTO YHCIIO KyOWUTOB KPaTHO MEHBIIE YMCiIa COCTOSHHI B MCXOMHOM mporecce. Kiacrepsr
COCTOSIHMI ONpPENENSIOTCS M0 MaTpHLAM BEPOSTHOCTEH MEPEXOIOB MEXIY COCTOSHHUSIMH
M0 PEe3yNbTaTaM TPOLeyphl MHOTOMEPHOTO MIKATHPOBAHMUSI, B Pe3yJbTaTe KOTOPOi B MPO-
CTPAHCTBE IIKATHPOBAHUS OIMKE JIPYT K JPYTY PACTIONATAIOTCS T TTAPBI COCTOSIHIIA MapKOB-
CKOH MOJIEIIH, KOTOPBIE HMEIOT OOJIBIIHE BEPOITHOCTH B3AHMHBIX ITEPEXOJIOB.

[peOpiBaHNEe MAapKOBCKOTO TPOIEcca B OMPEACIEHHOM KIIacTepe COCTOSHUN eCTh Ha-
OnroaemMasi BeMYMHA, MPUHAMAIONIAS CIACAYIONINEe 3HAYCHHs: [, €CITM MapKOBCKHH MpPO-
IeCC HAXOJUTCSI BHYTPH 33[aHHOTO KJIaCTepa COCTOSHUMN, U —/, €CITH MapKOBCKHIA TIPOTIECC
HaXOIMTCS BHE 3aJJaHHOTO KJIACTEepa COCTOSHUM.

[IpeOriBanne B Kiactepe coctosHu k (k=0,...,M —1) mpencraBmseTcss KyOHUTOM
lq,(1)=4, (t)|ak +B, (t)|bk ,Tie ¢t — Bpems; |a, u |b, 00pasyroT Gasuc, HIEMEHTHI KO-
TOPOTO CTAHOBATCS Pe3y/bTaTaMH HaOMIONCHMH 3a cicTeMoi ky6utos; 4, (1), B, (1)eC
(C — MHOKECTBO KOMILIEKCHBIX 4HCEN); |Ak (t)|2 +|Bk (t)|2 =1, rae |Ak (l)|2 eCTh BEpOSIT-

HOCTh IpeObIBaHMS B KJIacTepe COCTOsiHU k comtacHo npasuity bopHa; |Bk (t)|2, COOTBET-
CTBEHHO, €CTh BEPOSITHOCTh OTCYTCTBHUSI B KJIACTEPE COCTOSIHUIL & (Y4TO MHTEPIIPETHPYETCs
Kak TpeObIBaHKE B JIFOOOM JPYTOM JAOCTYITHOM KJacTepe CHCTeMBI j # k, KOTOPBI HE Co-
BIAJACT C KJIACTEPOM I).

CoracHo unTepnperanun GoH Heiimana (von Neumann, 1955), onpenensitorcs npe-
obpasosanua Hopmanusayuy N, , 00eCIIeUUBaIONINE BHIIIOJHEHUE 3aJaHHbIX YCIOBUH AT
A, (1) n B, (1) (k=0,....M —1):

4.(1)

N, (4,(t)|a, + B, (t)b) :W| a, +sign(B, (1))

OBoutonus KaXka0ro Kyoura | g, (t) B 3aKkpuimom pexcume (B OTCyTCTBHE HAOIIONEHUT)
OTHCHIBACTCS yHumaphvim onepamopom seonioyuu U, (to,t)k -# KBAaHTOBOW CHCTEMBI:

lq, (to +t):Uk (toat)“h (to)»

e | g, (to) — TEKYIIEE COCTOSIHUE UCCIIENYEMON 3aMKHYTON CUCTEMBI B MOMEHT BPEMEHH
ty, 1 g, (to + t) — COCTOSIHHE TOM K€ 3aMKHYTOH CHCTEMBI B MOMEHT BPEMEHH #, +1 .
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Omneparop U, (tO,At) YHUTAPHOI 3BOJIOLMY, OTBEYAIOIIUN 3a HBOJIOLUIO B TEUCHUE
MaJjloro MHTepBaja BpeMeHH Af (OT COCTOsHHUA |g, (to) B MOMEHT BpPEMEHH f, 10 COCTO-
stust | g, (¢, +At) B MOMEHT BpeMeHH f,+Af ) npencrapmsercs kak I —iAtH, +o(At),
rae H, — raMuibTOHHaH k-# KBaHTOBOH cucTeMBbl; /| — TOXKIECTBEHHBIH olepaTop, 4To
BBEITEKAET U3 HENPEepBIBHOCTH oneparopa U, (tO,At) C INIABHOW JTMHENHON 4acThIO MpUpa-
menus —iAtH,.

Ecnu ramunsronuan H, WU3BeCTeH, TO MOBEJICHUE k-r0 UCClelyeMOoro Kyoura ompe-
JelsieTcsl pelIeHHeM 3anucanHoro ais oneparopa U, ypasnenus Illpénunrepa, kotopoe
BBIBOAIUTCS, UCHOJIB3YsI HEMPEPBIBHOCTh M YHUTAPHOCTH OIEepaTopa dBOJIOINU:

d .
EU" (to,1)=—iH U, (1,,1).

. _ —iH t
Pemenue s1oro ypasuenns ussecto: U, (1,,1)=U,(1,,0)e ™.

B kadecTBe omeparopa YHHUTapHOH OBOIIOIMU JOMYCTHM OIEPaTop BpalleHHs
(Kuravsky, 2021; Kuravsky, 2022; Kuravsky, 2024):

cost —sint
Ui (10:1) = U, (1:0) sint  cost

CKOpOCTB HBONIONHN PA3THYHBIX KYOHTOB MOXET pa3nudarscs. OmHako B OJHOH CH-
cTeMe BCe KyOUTBI JOJKHBI 3BOJIOIIMOHUPOBATH B OTHOM M TOM K€ MaciiTade BpeMEeHH.
IMosTomy [u1st Kax0ro Kyoura | g, (t) ompesesnseTcsa 4acTOTHBII mapamerp ¢, . Oneparop
BpAIICHUSI [IPU STOM MPUHUMAET BH/I:

cos(2mB,t) —sin(2mO,t)
Ui (t,0) (sin(Znth) cos(2m0,t) )’

e { — obmiee Bpemst; 0, — vacmoma epawenus kyouma. Ilpencrasnennas TakuM oopa-
30M DBOJIIONUSL B PACCMATPUBACMOi 33/1a4e BBHIPAKACT CKPBITYIO IIEPHOANIHOCTD HAXOMKIC-
HISL B KJIACTEPax COCTOSIHUI B TEUSHHE MEePUO/Ia HAOIIONCHUSL.
Wnentrdukauys mapamMeTpoB MPeACTaBICHUH KyOUTOB M COMYTCTBYIOIIHE €if mpobiie-
MBI IpezicTaBieHsl B paborax (Kuravsky, 2024; Kuravsky, Orishchenko, Greshnikov, 2026).
[on cnexmpom wccrenyeMoro mporecca JASsTENbHOCTH MUIOTOB MOHUMAKOTCS 4Ya-

CTOTEI {ek}k:O,.“,M—l 1 HaOIoaeMble KOJUYECTBA {ﬂ} io...y- TOTIANIAHMI B KIACTEPHI
cocrossauii k =0, ..., M —1 B MOMEHTHI BpeMeHHI {tj}‘ ey

J=has,
, - Ilpn aHanuse moBeACHUS KBAHTOBOH CHCTEMBI ONPEACISIOTCS

, Ha3bIBaeMBbIE JAJIEE AM-
naumyoamu {Lk } koo
CKPBITBIC TEPHOIUIHOCTH TIOMAJaHUI B 3TH KJIACTEPhl B TCUCHHE MEPUOa HAOTIOICHUH.
Cnexmpanbras mempuka 1oKa3ana cBor 3PPEKTUBHOCTD MPH CPABHCHHUU CIICKTPOB MPO-

LECCOB JJI Tap BapUaHTOB MMOBEACHUA CUCTCMBI:
M-1 )

<03 (LugLog)
Wuv :M _Zuve = >
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rne u u v(u,v=1,...,Z) — napa MHIEKCOB CPaBHMBAEMBIX Z IPOLECCOB; W, —
pacCToAHUE MEXAYy IpoueccamMu u u v, Zw — KOJIMYECTBO COBIIAAAIOIIMX YAaCTOT

{e;’k}k . {e:’k}k o . © OMHAKOBBIMH WHIEKCAMH k nns cpaBHHMBaeMBIX TPO-
HeccoB u M v (4acToTsl O, M 0,, C OIMHAKOBLIM MHICKCOM k CUMTAIOTCS COBIIAIA-
IOIIUMHU, €CJIM MOAYJIb UX Pa3HOCTH MEHbIIE 3aJaHHOM TOYHOCTH OLEHKU A0, TO ecTb
0, —Gvk|_A9) L,, w L, — aMmarynsl k-ro KyOuTa 1ys MpOIECCOB ¥ W V COOT-
BETCTBEHHO; P > 0 — saMnupuyeckuit ko3QPUIMEHT. YKa3aHHbIN MOKa3aTeIb SKCIIOHSHTI
NPUHUMAET Hanbosbliee 3HaYeHue, ecmu L, , =L, Jns Beex k, TIpU 5TOM PacCTOsHUE
w,, TpPUHAMAcT HAaHMCHBIICE 3HAUCHHC.

[pencrasnenue qeTEIBHOCTH MAJIOTOB C TIOMOLIBIO MAaTPHILL BEPOSTHOCTEN [IEPEXOI0B
MEXIy SIEMECHTAPHBIMH ONEPalUsIMH AT BO3MOKHOCTD, HE MPOBOAS TPYJOEMKHE JKC-
HEePUMEHTBI, TeHEPUPOBATE ITyTEM UMUTAHOHHOTO MOJCIUPOBAHIS BEIOOPKU TPACKTOPHil
IIPOXOXKAEHUS KJIACTEPOB COCTOSHUH, (hOPMHUPYIOLUIMX KBAaHTOBBIC NpeAcTaBieHus. s
9TUX BBIOOPOK B CneKmpanbHOl Mempuke BEIYACISIFOTCS MaTPULBI B3aUMHBIX PAaCCTOSHHUI,
II0CJIE Yer0 MHOTOMEPHOE LIKAJIUPOBAHUE II03BOJIIET IIPEICTABUTh YKa3aHHbIE TPACKTOPUH
B BHJI€ TOYEK B IPOCTPAHCTBE LIKAIUPOBAHUS 33laHHON Pa3MEPHOCTH.

Hapl)l MHOXCECTB TOUCK B IMPOCTPAHCTBE HIKAJIUPOBAHUA, BHIYUCICHHBIC NJIsI CPaBHU-

BaeMbIX MaTpPHUI] BEPOSTHOCTEH MEPEXOI0B MEXK/Y IEMEHTAPHBIMU ONEPALUsIMU, B CBOIO
o4epe/ib, MO3BOJSIFOT BBIYUCIISATH MONAPHBIE Cramucmuky Yunkca, wi A-cmamucmuku.
OTH CTaTUCTHKU MCIOJIB3YIOTCS ISl KOJMMYECTBEHHON OIEHKH KayecTBa AMCKPUMHHAIMN
JUISl yKa3aHHBIX MHOXKECTB TOUYEK. 3HAYCHHSI 3TUX CTATUCTHUK JieKar B uHTepBaie ot 0 a0 /,
npu4éM 3HAYCHUS, OJIM3KKE K HYITIO, YKA3bIBAIOT HA XOPOINYIO JUCKPUMHHAIIMIO, a OIi3-
KHe K eIuHHIE — Ha (DaKTUIECKOE OTCYTCTBHC AMCKPUMHHAIUH. [l0ydeHHBIC OICHKU
SIBIISTEOTCSL «OT(OMIIBTPOBAHHBIMI» OT HCKAKCHHI, BO3HHKAIONIUX BCJICICTBHE OIIMUOOK
B BEIOOPOYHBIX OIICHKAX 3JICMEHTOB MATPHIl BEPOSITHOCTEH TIEPEXOJIOB.

Crarnctukn Yunkca A, 1yist nap TPAeKTOPH IPOXOK/IEHUS KIACTEPOB COCTOSHUH A 1
M BBIUUCIISIIOTCS CJICAYIOIUM 00pa3oM:

/1/“1 = det(Y,m)/det(O./w)

me Y,=y,, — Marpul@ BHYTPUIPYIIOBBIX KOBapI/IaIII/II/I Q, =0, — o0

mas , Marpuiia KOBapUaLuii, Vi = ZZ( i g”wa*)(c; Jap — S ja*),
» ZZ( $ s {ul**)(g”u,jaﬂ—g”w**), ey — SHarerme nepemMenHoit ¢, ams f-it

a=1p=1

creHepHpOBaHHon TPaeKTOPHU ¢ -TO BapHuaHTa, [ € {z ]} G+ — CpPE/IHEE 3HAYCHHE IIe-
PEMEHHON ¢, 1O BCEM BAapUAHTAM TPACKTOPUH, &, .« U &, ,« — CPEIHHE 3HAYCHHUS
MIEPEMEHHBIX ¢ [0 BCEM CICHEPHPOBAHHBIM TPACKTOPHAM Q-I0 BapHaHTa, ¢,

Hil HaJ
U G, — KOOPIMHATBl TOYEK, NPEICTABIAIOIMX CreHEPUPOBAHHBIC TPACKTOPHUH B IIPO-
CTPAHCTBE MIKAJIUPOBAHUS, 77a — YHUCJIO CTCHEPHUPOBAHHBIX Tpa@KTOpHﬁ, OTHOCAIIUXC

K ¢-My BapUaHTy, = — YHCIJIO BApHAHTOB TpaeKTopuil. B paccmarpuBaemoMm citydae = = 2.
JUis omy4eHus: HOPMUPOBAHHBIX OLIEHOK C MOHATHOW MHTEPNPETALUEH MOTyUYEHHBIE
IIPU NOMAPHBIX CPABHEHUSIX 3HAUCHUS /-CTaTUCTUK YUIIKCA IEPECUUTHIBAIOTCS O METOY
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Pao (Rao, 1973; Rao (pex.), 1980—1999) B 3Hauenus F-craructuk (F-oTHOLIEHUIT), pac-
IpeneeHs KOTOPEIX XOPOLIO H3Y4eHbL:

_n—N-m 1-A

F(n—N—m,N—l) N1 A

>
rae n — odmiee yncio HalmoneHni, N = 2 — 4YnCII0 CPaBHUBAGMBIX MaTpPUI] BEPOSTHO-
CTeH mepexoyoB, m = 2 — pa3MEpPHOCTh MPOCTPAHCTBA MIKAIWPOBAHUS. p-3HAUYCHHS, CO-
OTBETCTBYIOLIME STHM CTaTHCTHKAM, PACCMATPUBAIOTCS KaK UHIMeZPAIbHble Pe3YIbmambl
HONAPHO20 CPAGHEHUA dessmebHOCHU nUA0moee. Kak BepOsSTHOCTH, OHH JISKAT B JHAlla-
30He OT 0 10 I, npuuéM / COOTBETCTBYET UOEANbHOMY COOmMEEmMcmeuio, a () — MOIHOMY
OMCYMCMEUIO 63AUMOOCIICHGUA.

JormycTiM anbTepHaTHBHBII TOAXO0M, ONMPAIOIIMKCS Ha OLIEHKH B3aHMHBIX IIPABIOIIO-
J00Mii, TOCTPOCHHBIE C MCIOJIB30BAHUEM MaTPHIl BEPOSTHOCTEH MEPEXOI0B, OJHAKO, KaK
rokasaHo B pazzene 6.1 u padorax (Kuravsky, 2024; Kuravsky, Greshnikov, Kozyrev and
etc., 2024), 3TOT cnocoO peleHus CylIecTBEHHO YCTyaeT 1o 3PPpEeKTHBHOCTH U Ka4ECTBY
MIOJTy4aeMbIX PE3yJIbTaTOB METOAY KBAaHTOBBIX ITPEICTABICHUH.

Onpeuene}me THIIOB COCTOSIHMI M J1eATeJbHOCTH MHUJIOTOB
o pe3yjabTaTaM BBINNOJHEHHUSA MMOCAAKH BC

JleaTenbHOCTh TMIIOTOB NPEICTABISIIACH TPOTOKOIAMH IIEMEHTAPHBIX ONEpaIui U co-
crosuuii BC, chopmupoBanHbix 1no 40 perncTpupyemMbIM HapaMeTpam, KOTOPHIE BKIIIO-
Yalu: TOKa3aTeld TIa30[BUraTeIbHON aKTHBHOCTH, OTPAXKAIOIIUE IOCIEI0BAaTEIbHOCTh
MIPOCMOTPa 30H MHTEpPEca Ha KOMaHIHO-NMIIOTXHBIX HHAWKaTopax (bapabaHmmkos,
XKeramno, 2013), auckpeTn3oBaHHbIC BO3JCHCTBHS MWJIOTA Ha OpraHbl ynpasieHus BC,
MIOCJIEIOBATEIBHOCTh U3MEHEHUS! JTUCKPETU30BAHHBIX MapaMeTPOB, XapaKTEPHU3YIOIIHX
MIpOCTpaHCTBeHHOE MonoxeHue BC.

OmeHka Ka4ecTBa MIJIOTHPOBAHUS M COCTOSHHS ITMJIOTOB MPOBOIMIIACE IYTEM CpaBHE-
HUSI C 3apaHee IOJIOTOBJICHHBIMU ITaTTepHAMH (3TaJOHHBIMHA BapHaHTaMH) BBITOTHEHHS
NETHBIX YIPaKHEHUH, U1l KOTOPBIX yKa3aHHbBIE OIIEHKH OBLIM JOCTOBEPHO MOJYyUYEHBI KaK
9KCIEPTaMH, TaK M C TOMOIIBIO PEIEBAHTHOTO TECTUPOBAHUSA. DTH OIICHKH HCIOIb3YIOTCS
Kak aTpuOyThl IPH BEIOOPE ANArHOCTHYECKHUX PEIICHHH.

JlnarnHoctuueckoe perieHre MPUHUMAIIOCh 110 aTpudyTaM rarTepHa, Hanboee OIH3Ko-
TO K HCCllelyeMoMy (parMeHTy 1ojéra, a UMEHHO: 9TH aTprOyTHI IPUITUCHIBAINCH HCCIIe-
nyemoMy (¢parmenty nosiéra. Kak ykasaHo BblllIe, U TATTEPHBI, U HCCIIEAyeMbIi GparMeHT
moséra IpH CPaBHEHUSIX MPEICTABISINCH MaTPHUIIAMU BEPOATHOCTEH IMEPEXOI0B MEXKIY
YYHUTBIBAEMBIMU TUIIAMH IEMEHTAPHBIX onepanuil u cocrossHuit BC.

B kauecTBe marTepHOB U1 CPaBHEHMs HCIOJB30BaIUCh 4 BapuaHTa nocaaku BC
Ha KOMIUIEKCHOM JIEMOHCTPATOpe TEXHOJIOTHI MHTEIUIEKTYalbHOTO «BHUPTYaJbHOTO BTO-
pOTO IHMIJIOTa», BBHINOJHEHHBIE ONBITHBIM IIJIOTOM aBHakoMmaHun «CHOHMpB», paHee
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paboTaBIIMM ITHIOTOM-MHCTPYKTOPOM B YJIbSTHOBCKOM MHCTHTYTE TPaXKJIAHCKOH aBHALIUH

uM. ['maBHoro Mapmana apuanuu b.I1. byraesa (pucyHox 1):

— IocaaKa ¢ BBICOKUM Ka4Y€CTBOM MHUJIOTUPOBAHUSA, HU3KUMH YCUJIIUAMU CO CTOPOHBI M-
JIOTa U HU3KUM YPOBHEM CTpecca;

— M0CajiKa C HEKOPPEKTHOCTHIO IEPBOTO TUIIA;

— M0CajiKa C HEKOPPEKTHOCTHIO BTOPOT'O THIIA;

— T0Ca/IKa ¢ MPOoOIEMOi ICHXOPHU3HOIOTHIECKOTO THITA (OYCHb BRICOKHH YPOBEHB yCTa-
JIOCTH TI0 CAMOOLICHKE).

Puc. 1. DxcneprMeHTH Ha KOMIUIEKCHOM JIEMOHCTPATOPE TEXHOJIOTHH
HMHTEJUICKTYalIbHOTO «BHUPTYAJILHOTO BTOPOTO ITHAIOTAY

Fig. 1. Experiments on a comprehensive technology
demonstrator for an intelligent “virtual co-pilot”

COOTBGTCTByIOIHI/Ie YKa3aHHbIM JIETHBIM MaHéBpaM MaTpulibl BepOHTHOCTeﬁ Nepexoa0B
B HBeTOBOﬁ IIKaJie BMECTE CO CIICKTPaJIbHBIMU MMOPTPETAMU, MPEACTABICHHBIMU coOCTBEH-
HBIMU 3HAYCHUAMU DTUX MATPUI] HA KOMIIJICKCHOM TIJIOCKOCTH, MOKa3aHbl Ha pPUCYHKE 2.
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Puc. 2. ManI/ILU)I BepOSITHOCTGﬁ TNEPEXOA0B MEKAY YIUTBIBACMbBIMU TUIIAMU DJIEMCHTAPHBIX onepauuﬁ
u coctostanii BC B IIBETOBOM IIKaIe BMECTE CO CIIEKTPAJIbHBIMU IMOPTPETAMH, IMTPEACTABIICHHBIMU

COOCTBEHHBIMHU 3HAYCHUSIMU THX MATPHUIL HA KOMIDIEKCHO# IIOCKOCTH JUISL: (@) MOCAIK! C BEICOKUM
KayeCTBOM IMMJIOTHPOBAHMS, HU3KMMHU YCUIIHSIME CO CTOPOHBI ITHJIOTA U HU3KUM YPOBHEM CTpecca;
(b) mocasiku ¢ HEKOPPEKTHOCTHIO MEPBOT0 TUIIA; (C) MOCAKH C HEKOPPEKTHOCTHEO BTOPOT'O THIIA

Fig. 2. Probability matrices of transitions between the considered types of elementary
operations and aircraft conditions in a color scale, together with spectral portraits represented
by the eigenvalues of these matrices on the complex plane for: (a) landing with high piloting

quality, low effort on the part of the pilot and low stress; (b) landings with an incorrectness
of the first type; (¢) landings with an incorrectness of the second type
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Puc. 2. MaTpuiisl BeposSTHOCTEH EPeX010B MEKAY YUUTHIBAEMbIMU
TUIIAMU 3JIEMEHTapHBIX onepanuii u cocrosuuii BC B 11BeTOBOII 11Kasie BMecTe
CO CHEKTPAIBHBIMU TOPTPETAMH, TIPEICTaBICHHBIMI COOCTBEHHBIMU 3HAUCHUSIMU
9TUX MaTPUI] Ha KOMIUIEKCHOM TuiockocTu mist: (d) mocaka ¢ mpoOieMoit
NICUXO(U3HOIOTHIECKOTO THITA (OYEHb BBICOKHH YPOBEHb YCTAIOCTH MO CAMOOIIEHKE)

Fig. 2. Probability matrices of transitions between the considered types of elementary
operations and aircraft conditions in a color scale, together with spectral portraits represented by
the eigenvalues of these matrices on the complex plane for: (d) landing with a psychophysiological
type of problem (very high level of fatigue according to self-assessment)

JIéTHOE ynpakHeHHe BKIII0Yaio TpH dTana:

— mozaxo K asponopty (Approach), Beicora 1 000—4 000 meTpoB;
— ¢wunaneubii nogxon (Final Approach), Beicora 300—1 000 MeTpoB;
— npusemiieHne (Landing), Beicora 0—300 MeTpoB.

J1o ¥ mocie BBINOIHEHUS JIETHBIX YIPayKHEHUH ISl HUJIOTOB, y4acTBOBABILIHUX B KCIIE-
PUMEHTaX, POBOAMIACH AMATHOCTHUKA TOKa3aresel IMcuXo(yHKIMOHAIBHOTO COCTOSHNS,
IIe — B TOM 4Ymciae — O 3americTBoBaHBl ompocHuKH CAH («CamovyBcTBHE —
AxtuBHOCT, — Hactpoernune») u NASA TLX (Task Load Index — m3mepeHne cyObeKTHB-
HOW KOTHUTUBHOW HAarpy3KH).

B kadecTBe BBIYMCIMTENHLHOTO MHCTPYMEHTA JUISl CPABHEHHWH MaTpHI[ BEPOSTHOCTEH
MIEPEX0JI0B MEKAY BBIIOJIHSAEMBIMH THIAMHU 3JIEMEHTAPHBIX ONEpAIMid HCIIOIb30BaJIaCh
Bepeust 2.0 Humennekmyanvhotl cucmemsl K8anmoso2o mooenuposarus (ISOM), peanmso-
BanHas Ha s361ke G cpenpl LabVIEW (Kuravsky, 2021; Kuravsky, 2022; Kuravsky, 2024;
Kuravsky, Greshnikov, Yuryev, Zlatomrezhev, 2023). Yka3zaHHas BepcHs CHCTEMBI pea-
3yeT MAaKeTHOE CPAaBHEHME YKa3aHHBIX MAaTPUI] B ABYX NEPEKITIOYAEMbIX PEKIUMaX:

— HCCIeayeMbIi (hparMeHT monéra momapHo CPaBHUBACTCS CO BCEMH 3aJaHHBIMH TIaTTep-

Ham (pexum 1);

— BCE MAaTTEPHbI U UCCIEAYeMbIil (parMeHT CPaBHUBAIOTCS MEKIY cO00M MOMapHo C Mo-

CIICAYIOIIMM BBIITOTHEHHEM MHOTOMEPHOTO HIKAJMPOBAHUS TS ITOJYYCHHBIX CpaBHE-

HUH (pexuM 2).
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I/IccneﬂyeMme (l)paFMCHT])I MOJIETOB BKJIIOUAJINA CJICAYIOMNE BaApUAaHTHI MMOCAAKU, BbI-
IIOJIHECHHBIC ITHJIOTOM cpeuﬂeﬁ KBaJ'II/l(bI/IKaL[I/II/II
— YCIEUIHO BBIIOJHEHHYO ITOCAJKY;
— TI0CAJIKy C OITHOKOH, 00yCIOBIEHHON Ka4eCTBOM MUJIOTUPOBAHHUS;
— HeyJauHYIO MOCaJIKY;
— MOCAJIKY, BBIIOJIHEHHYIO B YCIIOBUSX HEPBHOTO HANPSKECHHUSI.

Hccneodyemwtii ppazmenm — ycneuwino 8blnoJHEeHHAA ROCAOKA

Pe3ynbTarel makeTHOTO CpaBHEHHUA B pekume | mokaszanu (puc. 3), 9To MccieayeMbIi
(parMeHT OoJiee BCEro TMOXOXK HA YCIIENTHO BBIMOJHEHHYIO MOCAJKy OMBITHOTO MHJIOTA.
CooTBeTCTBHE MOCAAKE C BRICOKMM KAaueCTBOM MUJIOTHPOBAHUS MMEET BBHICOKYIO BEPOST-
HOCTB, paBHYI0 0,61. Hanbonpmme oTInIns — OT MOCAIKH C TIPOOIeMON ICHX0(pU3UOI0-
THYECKOTO TUTA (BEPOSTHOCTH cOOTBEeTCTBU paBHa 0,03).

Pesynprarel cpaBHEHHS B pekuMe 2 (PUCYHKH 4—5) MOATBEPAMIA TH BBIBOIBI: HC-
CIIeAyeMBbIil (pparMeHT OIKe BCEro K YCIICIIHOM MOCaIKe OIBITHOTO MIIOTa U MMEET Hau-
OOJIBIIFE OTIMYUS OT MOCAAKH C MPOOIIEMOU MCUXO(HU3HOIOTHIECKOro TUIa. Pesymsrar
COITIaCyeTCs C HKCIEPTHBIMU OLIEHKaMH.

3 START WILKS_LAMBDA MATRDCALL NEW 31 Front Panl = G Puc. 3. Mccnemyemsbiii hparMeHT —
YCIICTITHO BBINOJTHEHHAS TTOCa/IKa:
PE3yNBTaThI TAKETHOTO CPABHEHHS
MaTpHIL BEPOSTHOCTEH MEPEX0/10B
B pexxuMe 1. Martputisl BeposiTHOCTeH
[IePEXO0I0B, IIPEACTABIIIOLIEC
4 maTTepHa MOCa/IKN, HAXOIATCS BHYTPH
3eNIEHOT0 0BaJIa; MATPHIIA BEPOSTHOCTEH
MIePEX0/I0B HCCleyeMoro (hparmeHra
T0J1ETa HAXOUTCS BHYTPH KPACHOTO
oBaJia. BeposTHOCTH COOTBETCTBUS
HCCIIeyeMOoro JIETHOTO (hparMeHTa
YeTBIPEM HCTIONB3yEMBIM ITaTTepPHAM
TIOCaIKN HAaXOJISITCS BHYTPH
CHHEro oBaja
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[1] [24pt Appication Font |+ 2=~ ] [&+][©+]
Intelllgent System for Quant

Qubits cmmnng

1€ o o ot o

Fig. 3. The fragment under study
is a successful landing: the results
of a batch comparison of transition
probability matrices in mode 1.
Transition probability matrices
representing 4 landing patterns are
located inside a green oval; the transition
probability matrix of the flight fragment
under study is located inside a red oval.
The probabilities of matching the flight
-| fragment under study to the four landing
|  patterns used are inside the blue oval

Probabilities
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Intelligent System for Quantum Modelling 2.0 ‘ .
= ! CPaBHEHHS MATPHIL BEPOSITHOCTEH

MIepex0/I0B B pexume 2. MaTpuipl
BEPOSITHOCTEH 1EPEX0I0B, IPE/I-
CTaBJLIIOILME 4 ITaTTepHA IOCAKH,
HAXOJATCS BHYTPU 3€JIEHOTO
0BaJIa; MaTPHLA BEPOSTHOCTEH
MIEPEXOI0B UCCIIeLyeMOro (par-
MEHTA MOJIETa HAXOIUTCS BHYTPU
KpacHoro osasia. HopmuposaHHsle
PacCTOSHUSA OT UCCIIEAYEMOrO
JIETHOTO (hparMeHTa JI0 UCTIONIB3Y-
€MBIX NIaTTEPHOB IIOCAIKU HAX0-
JUITCSL BHYTPU CHHETO OBasla

Fig. 4. The studied fragment —
a successfully completed landing:
results of a batch comparison of
transition probability matrices in
Mode 2. The transition probability
matrices representing the four
landing patterns are located inside
the green oval; the transition
probability matrix of the studied
flight fragment is located inside the
red oval. The normalized distances
from the studied flight fragment
to the used landing patterns are
located inside the blue oval
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Hccnedyemulit ppazmenm — nocadxa ¢ owiudKoil, 00yci06/1€HHOI Kauyecmeom

RUNOMUPOBAHUA

Uccnenyemsblii pparmMeHT Oojiee BCEro TOXOXK Ha MOCAJKY ONBITHOTO INHJIOTA C He-
KOPPEKTHOCTBIO TIEPBOTO THIA (BEpOATHOCTH cooTBeTcTBHs paBHa 0,79). CooTBeTcTBUE
TIOCAJIKE C BRICOKMM KadecTBOM muitotuposanus coctasiser 0,30. Hanbonbime ommmans —
OT TIOCAJKH C MPOOIEeMON TCUXO(PHU3UOIOTUIECKOTO THUIA (BEPOSITHOCTH COOTBETCTBHSA
paBHa 0,04). Pe3ynbraT comacyercs ¢ SKCIEpTHBIMU OLIEHKaMHU.

Hccneoyemotit ppazmenm — neyoaunas nocaoxa

Wccnenyemblii pparMeHT Gosee BCEro MOXOX Ha MOCAJKY, BHIIOJIHEHHYIO B CTPECCO-
BOM COCTOSTHHH C BBICOKUMH YCHIIMSMHU (BEpOSTHOCTH COOTBeTCcTBUs paBHa 0,87). Hau-
OoNbIHE OTIHYHS — OT MOCAIKA C BBICOKMM Ka9eCTBOM ITHIIOTHPOBAHHS (BEPOSITHOCTH
cootBeTcTBUs paBHa 0,03). Pesynbrar cormacyeTcs ¢ SKCIEPTHBIMH OI[EHKaMHU.
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Puc. 5. TIpeacraBiieHue MATH BApHAHTOB MOCAIKH (YEThIPE MATTEPHA U UCCIELYEMBbIi
(parMeHT moséTa) B MPOCTPAHCTBE IIKATMPOBaHUs. benast OKpy)KHOCTh yKa3bIBaeT
Ha HCCIIeyeMbli ()parMeHT noséra, KpacHasi — Ha OJIMDKalIIui K HeMy IaTTepH,
a 3eséHas — Ha MOCAJKY ¢ MPoOJIeMOii IICHXO()U3HOTOrMIECKOr0 THIIA
Fig. 5. Representation of five landing scenarios (four patterns and the flight fragment
under study) in scaling space. The white circle indicates the flight fragment under study,
the red circle indicates the closest pattern, and the green circle indicates
the landing with a psychophysiological problem

Hccnedyemwiii  ghpacmenm — nocaoka, 6bINOIHEHHAA 6 YCIO6UAX HEPEHOZ0
HANPANHCEHUA

Hcenenyemslii gpparmMeHT Oosiee BCEro MOXOXK Ha IMOCAJAKY OIBITHOTO HMHJIOTA C He-
KOPPEKTHOCTBIO BTOPOTO THMa (BEPOSTHOCTH COOTBEeTCTBHUs paBHa 0,57). Hambombmrme
OTJIMYUSI — OT TOCAJKHU C MPOOJIEMOil ICUXO(PHU3HOIOINIECKOTO TUIIA (BEPOSITHOCTH COOT-
BercTBua MeHee 0,001). PesynbraT comtacyercs ¢ SKCIEpTHBIMH OLICHKaMHU.

IIpeumymiecTBa HOBOro MeTO/1a Nepe] AJbTePHATHBHBIMH
KJIACCMYECKUMHU MOAX01aMU

PaccmoTpeHHas MOCTaHOBKA 3a/1aud JIOMYCKaeT MPUMEHEHHE JABYX albTePHATHBHBIX
KJIACCHYECKUX TO/IXO/IOB:
— MEeToJa B3aMMHBIX MPAaBIONOA00MH, KOTOPBIKA O HACTOSIIETO BPEMEHH SIBIISUICS Hau-
6onee dPPEKTUBHBIM U JIETKO MHTEPIIPETUPYEMBIM CIIOCOOOM aHaIM3a dSMITHUPUIECKUX
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JIAHHBIX, MPEACTABISIONINX JUHAMUKY JESTEIBHOCTH OIEPaToOpOB CIOKHBIX TEXHUYE-
CKHMX CHCTEM U JIOIyCKaIOIUX (hOPMaAIIU3ALUIO B BUJIE MAPKOBCKUX ITPOLIECCOB, & TAKKE;

— METO/Ia CTAllMOHAPHBIX PACIPEe/ICHUH BEPOSITHOCTEH IIOBTOPEHUSI TUIIOB AJIeMEHTap-
HBIX oneparuii u coctostauid BC.

Cpagnenue ¢ Memooom 63aUMHBIX HPABOONOOOOULL

Ipasnononobue dparmenra nonéra f;, npeacrasnennoro marpuneid U, =u, ,, Bepo-
ATHOCTCU MEPEXOA0B MEKIAY DJIEMCHTAPHBIMU ONCpallUsAMU 3aJlaHHBIX TUIIOB U 3aJIaHHO-
ro HauboJsiee BEpOSITHON HAONIONAEMOM TTOCIIEIOBATEIBHOCTBIO AIEMEHTAPHBIX OIepaluii
u cocrostanii BC V,= {v]’ﬁ 7"2,/;.’---"’1\/,/;.}5 10 OTHOIICHHIO K Ipyromy (GparMeHTy Monéra
J; ecTb ycioBHas BEpOSTHOCTb HAOIIONCHUS YKA3aHHON IOCIICAOBATEIBHOCTH SJICMCH-
TapHBIX onepauuii i cocrositnii BC 3ananubix THIOB ¥, B Cily4ae, KOrAa MOIET Mpel-
crapisiercst marpuue U 5, =y u BEPOATHOCTEN MEPEXOJAOB MEXKAY DIEMEHTAPHBIMU
OTIepaNHsIMH 3aITaHHBIX THIIOB:

N-1

P(Vﬁ |Ufj ) = ll:llu~fka+ka,f, ,Toe i,j € {1,...,n},

Marpuna Z=—1nP(Vﬁ|U_f}) €CTb Mampuya 63auMHbIX Npasoono0odull s HccIe-
JyeMOi BbIOOpKH (parMeHTOB MOJIETOB. MEHbIIINE 3HAYCHUS] COOTBETCTBYIOT OOJIbIIEMY
CXOZICTBY.

Kak BumHO n3 Tabmus! 1, KIaccCHYecKuil METO B3aMMHBIX MPAaBIONOAOONH BBITAET
OJIMH M TOT K Pe3yNbTaT Ui BCEX HCCIEIOBAHHBIX (PParMEHTOB IOCAIKHU, ITOKA3bIBas,
TaKkuM 00pa3oM, oTCyTcTBHE AU PepeHIHany B OLeHKaX. TpH U3 YeTBIPEX OLICHOK HPH
9TOM HEKOPPEKTHBI. B cBOIO o4epenb, METo, UCIONB3YIOMMH KBAHTOBBIC MIPEICTABICHUS
JIeATEIIHOCTH, 00ECIIeUNBACT JUI MMEIOLIMXCSl PE3yNbTaToB HAOIIOCHUH TOJIBKO KOp-
PEKTHBIC PE3yJbTaThl, COIPOBOXKAAIOIINECS BEPOSTHOCTHBIMH OLIEHKAMH HaJI&KHOCTH
pe3yabTaToB, a TaKkke UX JOUKHYI0 auddepennnanuio. Takum 00pa3oM, €CTh OCHOBAHHS
TOBOPUTH O CYIIECTBEHHBIX MPEHMYIIECTBAX HOBOTO TOJIX0/a 110 CPABHEHUIO C METOIOM
B3aUMHBIX IPABIOTIONI00HH.

Tab6muma 1

Conocrapjienue pe3yJbTaTOB AHATHOCTHKH (MOTYEPKHYThI Pe3yJIbTaThl,
corJiacyrommecst ¢ IKCMEePTHLIMU OLlEHKAMHI/CaMOOIeHKaMH Ka4ecTBa
MUJIOTHPOBAHUS U Pe3yIbTATAMHU TeCTOB OIIEHKH/CAMOOLeHKI
nokasareJieii ICUXO(PYHKIHOHAIBHOIO COCTOSIHUA)

IIaTTepHbl MocaaKH,
Hccnenyembie onpesieJéHHbIE ¢ MIOMOLIBIO METO/1A,

¢parMeHThI NOCAAKH HCIIOJIb3YIOIIEero KBAHTOBbIE

NpeICcTABICHHS 1eATeIbHOCTH

IlaTTepHBI NOCAIKH, ONIPeIeIEHHbIe
€ MOMOUIBI0 KJIACCHYECKOT0 MeTo1a
B3aMMHBIX IPaBI0TI0100U i

Tocanka ¢ BBICOKMM KayecTBOM mu- | [Tocajka ¢ HEKOPPEKTHOCTBIO MEPBOrO
YenemHo BEIIOMHeHHAS | IOTUPOBAHKS, HU3KHMH __YCHJINSIMHE | TUTA (HE COMIACYETCSI C IKCIICPTHBIMHE
rnocajka €O CTOPOHBI MUJIOTA ¥ HU3KUM YPOBHEM | OLICHKaMHK/ CaMOOIICHKaM ¥ Pe3yJibTa-
crpecca TaMHU TECTOB)
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IlaTTepHBI MOCA/KH, .
. IlaTTepHBI MOCAIKH, ONPeAeIEHHBIC
Hccaenyembie omnpe/eJIEHHBIE C IOMOIIBI0 METO/A,
Ne € NOMOLIBIO KJIACCHYECKOT0 METO/1a
(pparMeHThI MOCATKH HCIIOJIB3YIONEero KBAHTOBbIE o
B3aMMHBIX IIPABIONIOI00MIi
NpeICTABICHHS IS TeIbHOCTH
TTocanka ¢ omuoOKoii,
. IMocazika ¢ HEKOPPEKTHOCTBIO mepBoro | [Tocajka ¢ HEKOPPEKTHOCThIO MEPBOTO
2 | obycIIOBICHHOM Kaye-
THIIA THIIA
CTBOM ITHJIOTHPOBAHHS
IMocanxa ¢ mpoGremoi neHxobi3Hono- ITocasika ¢ HEKOPPEKTHOCTBIO MEPBOTO
Heynaunas noca/ixa " THIA (HE COMIACYETCsl C AKCIICPTHBIMH
3 THYECKOrO THMa (OYCHb BBICOKMIT ypo-
(mocajika He COCTOsIIaCh) OLICHKaM#/ CaMOOIICHKAM M pe3yibTa-
BEeHb YCTAJOCTH O CAMOOLICHKE)
TaMHU TECTOB)
ITocasika ¢ HEKOPPEKTHOCTBIO MEPBOTO
ITocanka, BbITONTHEHHAS.
IMocajika ¢ HEKOPPEKTHOCTBIO BTOPOIO | ThMa (HE COMIAcyercsi ¢ 9KCIePTHBIMU
4 | B yCIIOBHSIX HEPBHOTO
THIA OLICHKAMH/CAMOOLICHKAM M pe3yJbTa-
HAaMPSKCHUS
TaMH TECTOB)
Table 1
Comparison of diagnostic results
(the results consistent with expert assessments/self-assessments
of piloting quality and the results of tests of assessment/self-assessment
of indicators of mental and functional state are emphasized)
Investigated landing Lar‘ldmg patterns d.etermmed by Landing pa_tterns deterr'mnfed using
Ne using a method using quantum the classical mutual likelihood
fragments N o
representations of activity method
Landing with high quality piloting, low | Landing with the first type of incorrect-
1 | Successful landing effort on the part of the pilot and low [ ness (does not agree with expert assess-
stress ments/self-assessments and test results)
Landing with an error . . . . . .
. Landing with an incorrectness of the | Landing with an incorrectness of the
2 | due to the quality of first tvpe first tvbe
piloting Astiype arstiype
Unsuccessful landing Landing with a psychophysiological | Landing with the first type of incorrect-
3 | (landing did not take type of problem (very high level of fa- | ness (does not agree with expert assess-
place) tigue according to self-assessment) ments/self-assessments and test results)
Landing pe_rfprmed Landing with an incorrectness of the Landing with the first type of incorrect-
4 | under conditions of second tvpe ness (does not agree with expert assess-
nervous tension second type ments/self-assessments and test results)

Cpagnenue ¢ Memooom CmayuOHAPHBIX PACHPeOe1eHll
CrannoHapHOe pacrpeie/ieHHe BEPOSTHOCTEH MOBTOPEHHSI THIIOB IEMEHTAPHBIX OIe-

pammii u cocrosanii BC onpenensercs pelmeHneM p  CIeAyIOMEro ypaBHEeHHs:

p* =M1p*,

e p’ ABIAETCSA COOTBETCTBYIONIMM COOCTBEHHOMY 3HAYEHHIO / COOCTBEHHBIM BEKTOPOM
cmoxacmuyeckoti MaTpULIbl BEPOSTHOCTEN mepexoqoB M, MexIy n paccMaTpUBacMbIMU
THTIAMH AJIEMEHTAPHBIX ornepaiuii u cocrosauii BC B caydae gesarensHoCTH /.

B obmewm cirygae, marpuisl M, SBISIOTCS HECUMMETPUYHBIMH, @ UX COOCTBCHHBIE
3HAYEHUs] — KOMIUIEKCHBIMHU yuciaMu. CToXacTHYECKHE MaTpulbl BCEraa MUMEIOT 006-
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CTBEHHOE€ YHCJIO, paBHOE /, MPUUEM 3TO YUCIO SIBISETCS CHEKTPATIbHBIM PAJIyCOM 3THX
MaTpuiL. Jiis BeIYMCIIeHHs BEKTOpa p MOKHO HCIOJIB30BATh YHPOMEHHBIH MeTox JlaHo-
mra (Wilkinson, 1988).

[TOCKOMBKY 2EMEHTHI BEKTOPOB p  HMHTEPIPETHPYIOTCS KaK BEPOATHOCTH, UX 3HAUe-
HUS TpeOyIoT HOPMUPOBKU:

CpaBHEHHE pa3IMYHBIX BAPHAHTOB MAEATENBHOCTH MHUJIOTOB IOCTPOEHO HA KOJIMYe-
CTBEHHOM COIOCTaBICHUH HOPMMPOBAHHBIX CTAlIMOHAPHBIX pacHpesieNeHuil BEepOsTHO-
CTel MOBTOPEHUS TUIIOB 3JIEMEHTApHBIX omepanuil u cocrosHuil BC mo peneBaHTHOMY
KPUTEPUIO COIVIACHS.

Pacnipenenenust HaOMOIAEMbIX KOJINYECTB {Fk} kel
HBIX omepanuii u coctossuuii BC ompenensiroTcest myTéM pacuéra CTallMOHApHOTO pacrpe-
JieNieHusl BEPOATHOCTEH P , BEIYMCIEHHOTO MO MaTpHIlE BEPOATHOCTEH TepexoioB M,,
KOTOpast, B CBOIO OYepe/lb, MOIYydaeTCs] B Pe3yabTaTe BBHIUMCICHUN BBIOOPOUHBIX OLEHOK
€€ 2JIEMEHTOB M., , UCIIOJIb3Yys SMIMPUUYECKUE AaHHbIE. I OLIEHKU COIVIACOBaHUS C pe-

il
(hepeHTHBIM paclpeAeICHUEM TOBTOPCHUI THUIIOB JIEMEHTAPHBIX OMEPAIHA M COCTOSHHIA

MIOBTOPEHUN TUIIOB 3JI€MEHTAp-

* %
BC {Fk } .., MCTIONB3YETCA KpUumepuii MuHuMyma xu-xeéadpam (ofHa U3 GOpM Kpumepus
MAKCUMATILHO20 NPABOON0000Us), BRIpAKAEMBI cmamucmukot Ilupcona:
N 2
n (F —F n n
2 ( k k) * * * «\T
X =ZT’ rae N:ZF/C :ZPkNaP :(Pl s Pn) — CTallMOHApHOC
k=1 k k=1 k=1

pacrpeesicHie BepOsTHOCTEH MOBTOPSHUSI PACCMATPUBACMBIX TUIIOB 3JIEMEHTAPHBIX OIIle-
pauwmii u cocrostanii BC. Cornacno teopeme Kpamepa [3,6], mpy BBITOIHEHHH psijia 0OIIKX
YCIOBHii, 3HAYEHHS CTATUCTUKH X ., OMUCBHIBAIOTCS pacripesielienueM y~ ¢ n—1 crenens-
MU CBOOO/IBI, YTO MTO3BOJISICT UCIIOIB30BATh 3TY CTATHCTHKY JUTS IPOBEPKHU THITIOTE3HI O TOM,
4TO HCKOMOE PaCIIpeeICHHE COIIaCyeTcsi C pe)epPEHTHBIM ITPHU 3aJaHHOM 3Ha4eHHH N .

B Taénuue 2 conocmaenenvt nammepHvl NOCAOKU, ONPEOEIEHHBIE C NOMOULLIO
H08020 Memooa, UCHONL3YIOWe20 KBAHMOGblE NPeOCMAGIeHUA OeameabHOCHmU,
U nammepHul, ONPEOeNéHHble C NOMOULLIO KIACCUUECKO20 MEmooa CHayUuOHAPHBIX
pacnpeoenenuii 6epoAMHOCHENl NOGMOPEHUA MUNOE IIEMEHMAPHBIX ONEPAYUIl U CO-
cmoanuit BC (N=120). Kax euono uz Taonuuwsl 2, knaccuueckuii memoo cmauuoHap-
HBIX pacnpeoenenuil 6epoAmHOCHmell He blOAEm HUKAKUX Pe3ylbMmamos 011 00H020
U3 UCCTICO08AHHBIX (PPACMEHMO8 ROCAOKU, RPU IMOM 6bLOAEM 00UH KOPPEKMHBLIL U 08d
Hexoppexkmuvix pesynomam. Tpu u3 uemulpéx oyenok Hekoppekmmuul. B ceoro ouepeon,
Memoo, UCHONB3YVIOWUIL K6AHIMOGblIE NPEOCMABIeHUsA OesAmelbHOCmU, obdecneuugaem
0N UMeruuUxca pe3yibmamos HAOIIO0eHUIl MOIAbKO KoppeKnHble pe3yibmamel, co-
npoeodcoaouuecs epPOAMHOCHHLIMU OUEHKAMU HAOEHCHOCIU Pe3yIbMAamos, d makK-
Jce ux oomycnyro oudgepenyuayuro. Takum oopazom, u 30ecv ecmv OCHOBAHUA
2080pUMb 0 CYULECHBEHHBIX NPEUMYU|ECIEAX HOB020 NOOX00A NO CPAGHEHUIO C Memo-
00M CIayUOHAPHBIX PAcnpeoeeHull 8epoAmHOCcmell.
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Tabnuma 2

ComnocrasiieHne pe3yJbTATOB AHATHOCTHKH (MOA4YEPKHYTHI Pe3y/IbTaThl,
COrJIACYIOIINECS € IKCIEPTHBIMH OLIeHKAMHU/CAMOOLCHKAMH Ka4eCTBa
NMUJIOTHPOBAHNS M Pe3yJbTATAMHU TECTOB OLeHKH/CAMOOLCHKHI
nokasareJieil NCUXO(YHKIHOHAIBLHOTO COCTOSITHUA)

IlaTTepHBI MOCAKY, IlaTTepHBI MOCAIKH, ONpeeTEHHbIE
No Hccienyembie onpeeéHHbIE ¢ HOMOIIBIO METO/IA, | € MOMOIBIO KJIACCHYECKOr0 METOAa
“ | dparmentsr mocagku HCIIOJIB3YIOIEr0 KBAHTOBBIE CTALMOHAPHBIX pacipeaeIeH il
npeacTaBJICHUs 1eATCIbHOCTH BepOﬂTHOCTei{‘l
Hocam(a C BBICOKMM Kay€CTBOM ITH- Hocam(a C BBICOKHM Ka4y€CTBOM ITHJIO-
1 ‘VenenHo BBITONMHEHHAS | JOTHPOBAHMS HU3KUMH CUIUAMH | TUPOBAHUSA, HU3KUMH YCUIUAMHU CO CTO-
rnocaaka CO CTOPOHBI IMHUJIOTA U HU3KHUM YPOBHEM | POHBI ITHJIOTA U HU3KWM YPOBHEM CTPEC-
cTpecca ca (X3, =26,87; p>0,92; N =120)
TTocazka ¢ ommOKoM, .
. IMarrepH €O 3HAYUMON  GIU30CTHIO
06yCJ'IOBJ'IeHHOPI Hocam(a C HCKOPPEKTHOCTHLIO IIEPBOTO
2 KAHECTBOM — K UccienyeMoMy (parMeHTy He BbISB-
I neH (p<0,0002; N=120)
MMAIIOTUPOBAHUSA
HOCa,HKa C BBICOKUM Ka4€CTBOM ITAJIOTHU-
o poBaHusl, HU3KUMHU YCUJIIUSAMU CO CTOPO-
Hey,uaqHasI HOCal Ka C H[!O6J'ICMOI/I HCHXO!I)I/I?)I/IOJ'IO-
. HBI MJIOTa 1 HU3KUM YPOBHEM CTpecca
3 | mocasxa (mocaika TCHYECKOrO THIA (OYCHb BBICOKHiA YpO- 2
(X, =48,82;p>0,13;N=120) —
HC COCTOﬂHaCB) BEHb yCTAJIOCTH 11O CaMOOIICHKE) 2
HE COIIACYeTCs C IKCIIEPTHBIMU OLICHKA-
MK/ CAMOOLIHKaM U pe3yJIETaTaMu TECTOB
TMocagka ¢ HEKOPPEKTHOCTHIO IMEp-
2 _ . .
Tocanka, BpmoNHEHRA Ilocaika ¢ HEKOPPEKTHOCTLIO BTOPOTO BOIO ~ THHa (X39 =11,38; p >0,999;
4 | B yCIIOBUSIX HEPBHOTO — N =120) — He coracyercst ¢ 3Kc-
HanpsHKCHAA - TICEPTHBIMA OHeHKaMPI/CaMOOL[eHKaM
H pe3yinbraraMu TECTOB
Table 2
Comparison of diagnostic results (the results consistent
with expert assessments/self-assessments of piloting quality
and the results of tests of assessment/self-assessment of indicators
of mental and functional state are emphasized)
. . Landin rn rmin Landin rn rmin in,
Investigated landing a'dl g patterns d.ete ined by anding Patte s determi efi using
Ne using a method using quantum the classical method of stationary
fragments q A TEer et e
representations of activity probability distributions
Landing with high quality piloting, | Landing with high quality piloting, low ef-
1 | Successful landing low effort on the part of the pilot and | fort on the part of the pilot and low stress
low stress ()(329 =26,87;p>0,92; N =120)
L. i ith . . . A patt ith significant imity t
B.Ildll'lg W1 a.n error Lal’ldll’l with an incorrectness Of the pattern wr significant proximity to
2 | due to the quality of first ge the fragment under study has not been
piloting st ype identified. (p<0,0002; N=120)
Landing with high quality piloting, low
Unsuccessful landing Landing with a psychophysiological | effortonthepartofthepilotand low stress
3 | (landing did not take type of problem (very high level of |( X7, =48,82;p>0,13;N =120) —
place) fatigue according to self-assessment) | does not agree with expert assessments/

self-assessments and test results
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| e | Landing patterns determined by Landing patterns determined using

Ne fraoments using a method using quantum the classical method of stationary
g representations of activity probability distributions
Landing performed Landing with an incorrectness of the first
2 _ . . — P
4 | under conditions of [ocazka ¢ HEKOPPEKTHOCTLIO BTOPOIO | type (X3, =11,38; p>0,999; N =120)

THIIA does not agree with expert assessments/

nervous tension
self-assessments and test results

Kommenmapuii k cpagnenuam
JIOTIOTHUTENBHBINA COJCPKATEILHBIN IPUMED, JEMOHCTPHUPYIOIIHIA TPEUMYIICCTBA HO-

BOTO TOAX0/a, paccMoTpeH B paborax (Kuravsky, 2024; (Kuravsky, Greshnikov, Kozyrev
and etc., 2024)).

OCHOBHOI NPUYMHOHN, KOTOpas ONpenelseT NPenMyILIecTBa paccMaTpHUBaeMOro Me-

TOZA, SIBJISIETCS] BOBMOXKHOCTh aHallM3a HaOMIONeHUH BO BPEMEHHOH JUHAMHKE (BO «Bpe-
MEHHOI1 pa3BEpTKe»), KOTOpasi UTHOPUPYETCs B Clyyae TPaIUIMOHHBIX MOAX0/M0B. Panee
MIPOBEIEHHBIE U TNPEJCTABICHHBIE 37€Ch HCCIEOBAaHUS MOKA3alu, 4TO YYET BPEMEHHOI
JUHAMHMKH HAOJIOIAEMBbIX COOBITHI KpUTHYECKN BaXKEH JUIS KOPPEKTHOM TUAarHOCTUKH Jie-
SITEBHOCTH MUJIOTOB.

OcHOBHbBIE BLIBOABI H pPe3yJdbTaThbl

Pa3pabotan HOBBIII METOA ONpEAETICHNUS COCTOSHUI M THUIIOB IEATEIFHOCTH IIJIOTOB
C TOMOIIBIO0 KBAaHTOBBIX MPEACTABICHUH, TOCTPOSHHBIX HA OCHOBE aHAJIM3a MapKOB-
CKHX TIPOIECCOB, MPEACTABICHHBIX MAaTPUIIAMHU BEPOSITHOCTEH MEPEXOJ0B MEXKIY TH-
MaMH JIEMEHTapHbIX onepauuii u cocrosnuii BC.

JuarHocTuueckue OLEHKH, MOJYYEHHBIE C MOMOULIbIO MPEACTABIEHHOTO METONa, CO-
IJIACYIOTCS C SKCICPTHBIMH OLCHKAMH M pPe3ylTbTaTaMi OIECHKU MCUXO(YHKIINOHAIH-
HOT'O COCTOSIHHSI.

BrimonHeHHbIe cpaBHEHUS! MO3BOJIIIOT TOBOPHUTH O CYIIECTBEHHBIX MPEUMYIIECTBAX
HOBOTO TIO/IX0/1a 110 CPABHEHUIO C METOJIOM B3aMMHBIX [IPABIONO00MIH U METOIOM CTa-
LIMOHAPHBIX pacHpe/eIeHUH BEPOSITHOCTEH MOBTOPEHHSI TUIIOB AJIEMEHTAPHBIX Olepa-
muit u cocrossamii BC.

OCHOBHOW IPUYHHOMN, OMIPEACIISIONICH IMPEHMYIIIECTBA paCCMaTPUBAEMOTO METO/IA, SIB-
JISeTCsI BO3MOKHOCTD aHaJIM3a HAOMIONCHN BO BPEMEHHOM AWHAMUKE, KOTOpas HTHO-
pUpYyeTCs B TPAAUIIMOHHBIX TOAXOAAX.
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VJIK 519.237.8:004.9
AanTUBHAS MHOTO-HHTepBaJbHas mkana (AMIS):
NMOCTPOCHHUE eIMHOT0 METPUIECKOI0
MPOCTPAHCTBA JJIA PA3HOPOJAHBIX JaHHbBIX

I'.T'. KpaBuos

Hayuno-uccnenosarensckuii Lentp «IIpuxiagnas craTucTuka
Pssanb, Poccuiickas ®@enepauns

< 62abc@mail.ru

Pe3rome

KonTteker M akTyaqbHOCTh: CpaBHEHHE M HHTErpaLUs Pa3sHOPOIHBIX METPUK
C Ppa3IM4YHBIMU EIUHMLAMH U3MEPEHUS U CTATUCTHYECKHMHU paclpelelICHUIMU
TpesicTaBseT PyHIaMEHTAIBHYO TPOOIeMy B MK TUCIUTUINHAPHBIX NCCIETOBAHMIX
W TPUKIAJHOM aHaIUTHUKEe, OCOOEHHO B TakKuMX OOIACTAX, KaK IICHXOJOTHS,
conuoiiorust M obOpa3oBarenbHble uccienoBanHus.  CylIecTBYIOIIME  METOJbI
(JTMHEHHOE MIKANTNPOBAaHUE, Z-CTAHJAPTU3ALNS) HMEIOT KPUTHIECKHE OTPAaHHICHIS:
HUTHOPUPOBaHKE (POPMBI pacHpeeTIeHHs, TOTepPs] HHTEPIPETHPYEMOCTH U OTCYTCTBHE
€IMHOT0 METPUUYECKOTO IIPOCTPAHCTBA JUIsl KOPPEKTHBIX apH(hMETHUESCKIX OTIepalnii.
Iean: Pazpaborka 1 mpeacTaBiIeHHe HOBOTO METO/Ia HOpMaIN3alni — AJJANTHBHOM
MHOTO-UHTEpBainbHOW miKanbl (Adaptive Multi-Interval Scale, AMIS) — s
MOCTPOEHHST €IUHOTO METPHUYECKOTO IPOCTPAHCTBA, MO3BONSIOIIETO KOPPEKTHO
COIOCTABJIATh U AHAIU3UPOBATH PA3HOPOJHbIE JaHHBIC.

Metononorusi: AMIS peannsyer HOBBIM MOAXOJ K HOpPMajHW3allMH, CO3JaBas
aaNTHBHYIO IIKaly ITyTeM HTEPATHBHOTO BBIYUCICHHS KOHTPOIBHBIX TOUEK —
LIEHTPOB MAaCC MOCJIEI0BATEIbHO IPOOUMBIX 00JacTeil HCXOMHBIX NaHHBIX. KycouHo-
JUHEeWHOe Ipeobpa3oBaHKe 110 AITUM TOYKaM IPOCHUPYET JaHHBIC HA HHTEPBAILHYIO
mkairy 0—100, B KOTOpOH paBHbBIE OTPE3KH COOTBETCTBYIOT CTAaTUCTUYECKU
PaBHO3HAYHBIM CETMEHTaM JAHHBIX, YTO OOECIIEYNBAET €CTECTBEHHYIO aJaNTaluio
K JII000H (opme pacnpe/iesieHus, BKII0Yas aCHMMETPUYHBIE U C BEIOPOCAMH.
Pesyabrarsr: [Ipakrnueckas sdppexrusaocts AMIS nokasana Ha JByX HpHMepax.
B o0pa3oBaTenbHOI aHAINTHKE METOJ YCTPAHSIET CHCTEMaTHYECKHE OIIMOKH IpH
arperanuy y4eOHBIX OIIEHOK IO Pa3HBIM IIpeAMeTaM, O0ecreunBas KOPPEeKTHOE
BBIYMCIICHHE WHTErpaNbHbIX Tokaszareneil. [lpum pabore ¢ mamnsiMu o BBII
crpan Mupa AMIS obecrneunBaer ajgekBaTHOE IIPEOOPa3OBAHHE PACTIPEHEICHHS
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CC BY-NC
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C OKCTpeMaJbHBIMH BBIOpOCAMH K CIMHOW INKaJe, B OTIMYHEC OT IJMHEHHOM
HOpMaJIM3alliY U Z-CTaHIapTHU3alllH, TOKa3aBIIMX CBOIO HECOCTOSITEIHHOCTb.
BeiBoabi: [lpemnoxennsiii Meton AMIS pemaer 3amady co3paHusi €IUHOTO
HMHTEPBAJIBHOTO MPOCTPAHCTBA U M3HAYAIBHO HECOMOCTaBUMBIX MoKa3zaTeneid. OH
COYETaeT WHTEPIPETUPYEMOCTh, aTaNTHBHOCTh K PACIPEACICHUIO 1 METPUIECKYIO
CTPOTOCTh, HEOOXOJMMYFO JUISi MAaTEMAaTHYCCKH KOPPEKTHBIX OMEpaldii CpaBHCHUS,
YCPEAHEHUsI ¥ B3BeIIMBaHUS. MeToJl MMEeT IIMPOKUE MEePCIEeKTUBbI NPUMEHEHUS,
B IIEPBYIO OYepelb, B MCHXOJOIMYECKHX, COLHOJIOTHUECKUX M 00pa30BaTeIbHBIX
HCCIIEIOBAaHMSX, a TAKKe B KaueCTBE MHCTPYMEHTA MperoOpadOTKH NaHHBIX IS
MAIIMHHOTO O0yYCHHS.

Knrouesvie cnosea: HOpManu3anysi NAHHBIX, aJalTHBHAS IIKald, METPHYECKOE
MPOCTPAHCTBO, HHTETPALUsl PA3HOPOAHBIX JAHHBIX, CTATHCTHYECKOE PACIIpEe/ieICHHE,
KyCOYHO-JIMHEIHasi HHTEPIOJIHS, 00pa3oBaTeNbHasl aHATUTHKA, TICUXOJIOTHYECKUE
U3MEPEHHs], COLMOJNIOTUYECKHE HCCIEA0BAaHUS, MaKpPOIKOHOMHYECKUE IOKA3aTellH,
MAaIIMHHOE 00y4eHHe

JlonoJiHuTEeIbHbIE MAaTepUabl. FICX0IHbIe TaHHbIE, HCTIOIb30BAHHBIE B HCCIIEI0BAHNHY,
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Adaptive multi-interval scale (AMIS):
construction of a unified metric
space for heterogeneous data
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Abstract

Context and relevance: Comparison and integration of heterogeneous metrics
with different units of measurement and statistical distributions is a fundamental
problem in interdisciplinary research and applied analytics, especially in fields
such as psychology, sociology, and educational studies. Existing methods (linear
scaling, z-standardization) have critical limitations: ignoring the distribution shape,
loss of interpretability, and the lack of a unified metric space for correct arithmetic
operations.

Objective: Development and presentation of a new normalization method — the
Adaptive Multi-Interval Scale (AMIS) — for constructing a unified metric space that
enables correct comparison and analysis of heterogeneous data.
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Methodology: AMIS implements a novel approach to normalization by constructing
an adaptive scale through the iterative calculation of control points — the centers of
mass of successively subdivided regions within the source data. A piecewise-linear
transformation based on these points projects the data onto a 0—100 interval scale,
where equal intervals correspond to statistically equivalent segments of the data. This
ensures natural adaptability to any distribution shape, including skewed distributions
and those with outliers.

Results: The practical efficacy of AMIS is proven with two examples. In educational
analytics, the method eliminates systematic errors when aggregating academic grades
across different subjects, ensuring correct calculation of integral indicators. When
applied to world GDP data, AMIS adequately scales distributions with extreme
outliers, unlike linear normalization and z-standardization, which proved inadequate.
Conclusions: The proposed AMIS method solves the problem of creating a unified
interval space for initially incomparable indicators. It combines interpretability,
adaptability to distribution, and the metric rigor necessary for mathematically
correct operations of comparison, averaging, and weighting. The method has broad
application prospects, primarily in psychological, sociological, and educational
research, as well as a data preprocessing tool for machine learning.

Keywords: data normalization, adaptive scale, metric space, integration of
heterogeneous data, statistical distribution, piecewise-linear interpolation, educational
analytics, psychological measurement, sociological research, macroeconomic
indicators, machine learning

Supplemental materials. The source data used in the study are available in the Harvard
Dataverse repository: https://doi.org/10.7910/DVN/BISMON

For citation: Kravtsov, G.G. (2026). Adaptive multi-interval scale (AMIS): construction of
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(In Russ.). https://doi.org/10.17759/mda.2026160203

BBenenune

Heo0xoaumMocTh COBMECTHOTO aHalli3a pa3sHOPOIHBIX IOKa3areliei, MMEIoNIX pas-
JUYHBIC THITHI M3MEPUTENBHBIX MIKaT (Stevens, 1946), enUHUIIBI H3MEPEHUS U CTaTUCTHYC-
CKHUE pacIpeeCHH s, BsIeTCS (PyHIaMCHTaIbHOM PO0JIEMOW B COBPEMEHHBIX HAyYHBIX
HCCIICIOBAHUSX M NIPUKIIAIHON aHaIuTHKe. HecMoTps Ha €€ IeHTpaIbHOCTb, YHUBEPCAIIb-
HOTO METO/[a HOPMaJIM3alluK, KOTOPBIH OJIHOBPEMEHHO COXPaHsU1 Obl HHTEPIIPETUPYEMOCTD
pesyibrara M aJanTupoBaiics K GopMe MCXOMHOIO pachpelesieHus, 1O CUX Hop He Npej-
noxeno (Craposoittos, I'ony0, 2021). [Ipobiema umMeeT U NTyOOKYIO METOHOJIOTHYECKYIO
OCHOBY, CBSI3aHHYIO C KOPPEKTHBIM COIIOCTABJICHUEM Pa3HOTUITHBIX LKA B PAMKaX TEOPUH
n3mepenuit (Opnos, 2012).

Orta 3agaga 0coOEHHO akTyalbHa B 00pa3oBaHuy, cuxonorun (ABaHecos, 2013; T'op-
neesa, CorueB, CugneBa, 2021; IToranuna, Mopocanosa, 2023), COIIMOIOTHUM U DKOHO-
MHKe, T1e TpeOyeTcss HHTerPUPOBaTh JAHHBIC M3 PA3JIMYHBIX MCTOYHUKOB JUIS MOTYyYCHUS
LIEJIOCTHOHM OLIEHKH.
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Cy1iecTByIone KiIacCMUECKHe METO/bl HOpMalIM3alliK, TaKue Kak JMHEWHOE Mac-
mrabupoBanue B auana3oH [0; 100] u z-cranmaptuzaiys, o0IagaloT MPHHIUITHATEHBIMI
orpaHudeHUsAMH. JIMHEHHOE MIKAIMPOBaHHUE, COXPAHSAS HHTEPIPETUPYEMOCTh, UTHOPH-
pyeT dopmy pacmpemereHus, YTO BEAECT K MCKaXCHUSAM IIPH BHIOpOCAX M aCHMMETPHH.
Z-CTaHJaPTH3ALIKs, ONITUMAIIbHASL JJIs1 HOPMAJIbHBIX PACIPEACICHUH, TEPSCT HHTEPIIPETH-
pyeMocTh ¥ (PUKCUPOBAHHBIC TPAHMIIBI TP MPOU3BOIBHON (popMe MaHHBIX U HE CO3aéT
€IMHOTO METPUUYCCKOTO MPOCTPAHCTBA IS ITOKa3arenell pasHbeIX obnmactei. Jlaxe mpoasu-
HyThIe icuxoMmerpudeckue noaxonsl (IRT) He pemaror 3agady WHTETpaIll arperupoBaH-
HBIX JJAHHBIX U3 Pa3HbIX UCTOYHHUKOB (van der Linden, 2022).

Henbro nanHOW pabOTHI sABNIsSIETCS pa3paboTka U MpeAcTaBIeHue HOBOTO METO/a HOp-
MaJlu3aluu — AJIANTUBHOW MHOTO-MHTEepBalbHOM miKaibl (Adaptive Multi-Interval Scale,
AMIS), npenHA3HAYCHHOTO IS IMOCTPOCHUS €AWHOTO METPUYECKOTO MPOCTPAHCTBA, TO-
3BOJIAIONIETO KOPPEKTHO MHTETPHPOBATh W aHATM3UPOBATH pa3HOPOAHBIC HaHHBIC. B cra-
ThE€ M3JIAraeTcsl aJrOPUTM METOAA, IEMOHCTPUPYETCs ero npakrudeckas 3hQGeKTuBHOCTD
Ha MpUMeEpax pelieHus 3a1ad B 00pa3oBaTeIbHON aHATUTHKE U TIPHU paboTe ¢ COIMAIbHO-
SKOHOMHYECKHMU TTOKA3aTEIISIMH, a TAaKXKE MPOBOIAUTCS CPABHUTEIBHBIN aHAIN3 C TpaJIu-
IUOHHBIMH TTIOIXOJIAMH.

A):[al'lTI/IBHaﬂ MHOTO-UHTEePBa/JIbHafA HIKaJJda. Metoa IMOCTPOCHUA

Pa3BuTHe aanTUBHBIX U POOACTHBIX METO/I0B HOPMAaJIM3alMH, TAKUX KaK aJrOPUTMBI,
OCHOBAHHBIC Ha MpeBapuTeNbHON Kitactepusanun (Vinagre, Vale, Pinto, 2025) i Hemu-
HeltHbIX npeobpa3oBanusax (Lu et al., 2016), monTBepxmaeT aKTyaaTbHOCTh MTOUCKA MTOIXO-
JIOB, YCTONUYMBBIX K BbIOpocam. Metonq AMIS passuBaer 3Ty ujero, mpejaras peieHue,
KOTOpO€ He TpeOyeT alpHOPHBIX JOMYLIEHUI O PacIpelesieHHd U aJalTHPYeTCsl K ero
CTPYKType uepe3 UTEPAaTUBHOE BBIUNCIIEHNE KOHTPOJIBHBIX TOYEK.

AMIS — merox HOpManM3alWU JaHHBIX, KOTOPBIH MpeoOpa3yeT UCXOAHbBIC 3HAYCHHS
B YHH(HIHNPOBAHHYIO HHTEPBaIbHYIO mKamy ot 0 1o 100. B ommyne ot auHEHHOTO mIKa-
JIMPOBaHUsI, COMOCTABIISIONIETO 3HAYEHUE C €ro JoJied B aOCTPAKTHOM Juamna3oHe [min,
max], AMIS ompeznenser MO3UIMIO 3HAYEHUS OTHOCHUTEIBHO CTAaTUCTUYECKOM CTPYKTY-
pBl UcxoaHOTO pacnpenenenus. KiroueBoit ocodenHocTeio AMIS sBisiercst ucnob3oBa-
HHUE MEePAPXUUCCKH BBIYUCIIIEMBIX KOHTPOJIBHBIX TOUCK, B KAYECTBE KOTOPHIX BBICTYIIAIOT
cpenHue apudMeTHdeckne 3HAUYCHNWI BHYTPH ITOCIEIOBATENBHO JPOOMMBIX MHTEPBAJIOB
pacnpezneneHns. DTOT NPUHLIUI o0eclieYnBaeT aJalTHBHOCTD IIKaIbl K (POpME MCXOIHBIX
JAHHBIX, BKIIOYas aCUMMETPHIO M HaJIM4YHe BBIOPOCOB, U JICKUT B OCHOBE MOCTPOCHUS
€IMHOTO METPUUYECKOTO IPOCTPAHCTBA.

Anzopumm nocmpoenus wikanvt AMIS

Anroput™ noctpoenust mkansl AMIS ocHoBaH Ha UTEPaTUBHOM CTaTHUCTUYECKOM pas-
OMEeHUN MCXOIHOTO paclpeesieHus] JaHHBIX. Ha KakaoMm mrare Jjis TeKyIIero WHTepBa-
Jla BBIYHCIBICTCS CPEIHEe apU(PMETHUECKOE, KOTOPOE CTAHOBHUTCS KOHTPOJBHOW TOUKON
JUTA TIOCIEAYIOMIeH KycodHo-TuHeHHOH nHTepnonannu (Copokun, 2021) u rpaHumei st
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clletyIoniero ypoBHs pasouenus. KonmuectBo ncnonbs3yemsix touek (3, 5, 9, 17) onpene-
JISIET YPOBEHB JeTAIN3aMN MOJIEIIH, HaXoas OaaHC MEKIy TOYHOCTBIO alpOKCHMAIIUH
(OpMBI pactipesieNleHus. M BEIYUCIUTENFHOM CIIOKHOCTBIO. PekomenayeMblii BBIOOp Moje-
JIU TaK)Ke 3aBUCUT OT 00BhEMa BEIOOPKH (N):
e N =10—19: 3-roueunast AMIS.
e N =20—49: nobasugercs S-toueunas moaeiab AMIS.
e N =50—99: nodasasgercs 9-toueunas moaenas AMIS.
e N> 100: nocTymHbI BCe MOJIENH, BKITIOUast 17-TOYEUHYIO.
WreparnBHas NpUpoAa ajiropuTMa MO3BOJSET TEOPETHYECKH T'CHEPUPOBaTh MOJICIH
C MPOM3BOJILHBIM YHCIIOM TO4YeK 1o (opmyse (21 + 1), rae n — 1enoe 9ucio, onpenessio-
1iee IyOnHy peKypcuBHOTO pazouenus (i 3, 5,9, 17 Touek k =1, 2, 3, 4 cooTBeTCTBEH-
HO). OHAKO AMITMPHUYECKH YCTAHOBJIEHO, 4TO Mozenu ¢ 9—17 Toukamu oOecreunBaroT
ONITUMAJIbHYIO TOYHOCTB JUTS OOJBITMHCTBA PUKJIAJAHBIX 33/1a4.
OO1mas cxema aaropuT™a AJst IOCTPOCHNUS KAl ¢ K KOHTPOJIIBHBIMU TOUYKAMH BKITIO-
YaeT CIIEAYIOIIHE aru:
1. Pacuér 6a30oBbIX cratucTuk: OmnpenereHrue MUHUMYyMa (min), Makcumyma (max)
1 TII00ATBHOTO CPEIHErO (4() UCXOMHOTO Ha0Opa JaHHBIX.
2. UreparnBHOe BBIYNMC/IEHHEe KOHTPOJbHBIX Todek: llocienoBarensHoe pasOneHue
WHTEPBAJIOB, HAYMHAS OT [min, max|, U pacdy€T cpeaHnX apu(PMETHUECKUX 3HAYCHUH
B 00pa30BaBIINXCS MOAMHTEPBANIAX IO MPUHIIMITY, TPEACTABICHHOMY B TabiuIe 1.
IlpucBoeHre HOPMAIM30BAHHBIX 3HAYeHMil: Kax1o0il BBIYMCIEHHOW KOHTPOJIBHOM
TOYKE X, CTABUTCS B COOTBETCTBHE (PUKCHPOBAHHOE 3HAYEHHE ), HA YHUBEPCAIBHOM IIKa-
ne ot 0 mo 100, pacnipenesiéHHOE ¢ MOCTOSHHBIM [IArOM.
HuTepnoasiuus u npeodpasoBanue: [loctpoeHne KycouHo-IIMHEHHOH QyHKIMK npe-
oOpa3oBaHus f(X) Ha OCHOBE IIOIY4YEHHBIX Hap (X,, ¥,) U e€ IpUMeHEeHHe KO BceMy Habopy
JAHHBIX JJISI TOTyYeHHs] HOPMAIM30BaHHBIX 3HAYCHUH.

Tabmuma 1/ Table 1

IpuHUMI HePAPXUYECKOT0 BHLIYHCIEHHS
KOHTPOJbHBIX TO4YeK A5 Moaeneii AMIS ¢ paznuyHoii AeTaau3anueii

The principle of hierarchical calculation
of control points for AMIS models with varying levels of detail

Monean KoHTponbHbIe TOUKH Onmucanue

Yuér rientpa (xs)

3-ToueyHas min, Xs, max
Y TPaHHUI] pactpeie/ICHUs

JloGaBneHne cpeTHUX B HIKHEH

5-Toueunas min, X3, Xs, X7, max o
1 BepXHEH MOJOBUHAX JAHHBIX

9-ToueUHas | min, X,, X3, X4, X5, Xe, X7, Xg, max | JleTannsupoBaHHOE pa30uUCHIE HA HHTCPBAJIBI

Bricokas cTeneHb ajganTaiuu

17-toyeunas | min, x4, X, ..., X15, X16, MAX
K (hopMe pacripesiesIeHust

Ilpumeyanue: KoHTPOIbHBIE TOUKU BBIUHCIAIOTCS HEPAPXMUECKU KaK CpefHHEe apudMeTHYECKHe
3HAYCHUH BHYTPU COOTBETCTBYIOLIMX HHTEPBAJIOB PACIPENEICHHs: X — CpeJHee Bcero Habopa
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JAHHBIX; X3 U X7 — CpPeIHUE 3HAUCHUN B MHTepBajax [min, Xs] U [Xs, max] COOTBETCTBEHHO, X3, X4,
Xe, Xg — CPEIHUE B UHTEpBaNax /min, X3/, [x3, Xs/, [Xs, X7] U [X7, max]. [ 17-Toueunoil monenu
MIPUMEHSIETCSI abHelIee 1poOieHHe HHTEPBAIOB 9-TOYETHON MOJIEINH IO TOMY K€ IPHHIIHITY.

Note: Control points are calculated hierarchically as arithmetic means of values within the
corresponding distribution intervals: X5 is the mean of the entire dataset; x3 and x; are the means of
values in the intervals [min, Xs] and [xs, max], respectively; X, X4, X¢, Xg are the means in the intervals

[min, x3], [X3, X5], [Xs, X7], and [X7, max]. For the 17-point model, further subdivision of the 9-point
model intervals is applied following the same principle.

IMomumo knaccuyeckod peanuzanuu, meton AMIS nognepxuBaeT BapuaTUBHBIE MO-
JIENT C 3a/1aBaeMBIMH TOJIH30BaTEIICM T'PDAHHMYHBIME 3HAuCHHUSMU. [laHHAsS BO3MOXHOCTH
KPUTHYCCKU BaKHA IS TPEIMETHBIX 001acTeil ¢ CeMaHTUYECKH (PMKCUPOBAHHBIMH JIU-
arma3oHaMH M3MepeHuid. B 00pa30BaTeIbHOM KOHTEKCTE THITMYHBIM MPUMEPOM SIBIISICTCS
1IKaja y4eOHbIX OTMETOK OT 2 10 5 GaJlioB.

B kadecTBe HarsAHOM JeMoHCTpaluu npuHiuna AMIS paccMoTpuM nocTpoenue 5-T1o-
YCYHOM aJanTHBHON MOJEINH ISl PEaIbHBIX TAHHBIX O CPSIHEM BPEMCHH BBITIOIIHCHHUS 10~
MAaIlHUX 3aJaHui 1o anredpe (B MuHyTax) mis ydamnmxcs 10-x xmaccos. (N = 1039, roe
N — KOIMYeCTBO YHUKAIBHBIX CITydaeB MperofaBaHus «yauTenb-kiacey) (Kpasmos, 20256).

100 g
’,v”‘max
%) e
s
X7| .=~
< 75 —$=
< /7
=
= / x5
S 50
g /
) 4
s /
= x3 |/
s 25 ”
o 7
=] ’
= pd
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0- +” min
100 20 30 40 50 6 70 80

Jlomarnmasasg Harpy3ka (MUH)

Puc. 1. 5-roueqnast Mmogens ATaNTHBHON MHOTO-HHTEpBAIBHON mIKkais! (AMIS)

Fig. 1. 5-point model of the Adaptive Multi-Interval Scale (AMIS)

Ha rpaduke (puc. 1) BepTHKaIbHBIC IMHAH, IPOCIUPYIOIHE KOHTPOJIBHBIC TOYKH Ha OCh
X, HamISIIHO JIEMOHCTPUPYIOT KitoueBoe cBoicTBO AMIS: ucxonHele naHHbIE HEPAaBHOMEP-
HO pacrhpe/iesieHbl Ha UCXOJHOM IIkane (pa3Hble JJIMHBI MHTEPBAJIOB MEXIY MiN, X3, Xs,
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X7, max), TOTAa KaKk Ha HOpMallM30BaHHOU mikaime AMIS 3TiM MHTepBajiaM COOTBETCTBYIOT
CTPOTO paBHBIE OTpe3KH 1o 25 dayutos (0—25, 25—50, 50—75, 75—100). 310 npeodpazo-
BaHUE U CO3/IaCT MHTEPBAIBHYIO MIKATy BHYTPH Ka)KI0TO CETMEHTa, JeNasi pa3andus B Oas-
nax AMIS paBHO3HaYHBIMU € TOYKH 3pEHHS CTAaTUCTHYECKOTO Beca B pacipe/IeIeHHN.

Dopmanvroe onucanue 2UOPUOHO20 MEMOOA HOPMATUZAUUU OAHHBIX

[TycTth 3a1aH HAOOP UCXOMHBIX JAHHBIX X= {xl}, i=1, ..., N c MuHIMyMOM min(X) u MaK-
CUMYMOM max(X).
1. Omnpenensiercs IGHTpaJIbHAsE KOHTPOJIbHASL TOUKA — CPEHEE 3HaUCHNE JJAaHHBIX:

1 N
X5 = WZXI.
i=1

2. Jlanee BBIUHCIIAIOTCS MPOMEKYTOYHBIC KOHTPOJIBHBIC TOYKH KaK CPEIHHE 3HAUYCHUS
10 YacTsAM pactpenenenus (puc. 1):
X,=mean{x [ min(X) <x,<x}
X,=mean{x, [ x; <x <max(X)}
JlononHuTeNbHO AJIs1 9-TOUEUHOM 1IKaJIbL:
x,=mean{x, [ min(X) <x,<x},
x,=mean{x, [ x, < x,<x}
x,=mean{x [x; < x,<x)},
x,=mean{x, [ x, < x, < max(X)}
AmnasornyHo s 17-ToueuHoi Moeln

3. Kaknoi KOHTPOILHOM TOUKE X, CTABUTCS B COOTBETCTBUE (PMKCHPOBAHHOE 3HAYEHHE ),
Ha YHUBCPCAJIBHOM IIKAJIC:
Y € {0,125,25,37.5,50,62.5,75,87.5, 100}

4. ®opMupyeTCst KyCOUHO-TMHENHas (DyHKIMS HOPMANU3aLKH [ X— 10 To4KaM (X, V,),
KOTOpasi UTSI KaXKA0TO XEX BBIYMCIACTCS MHTEPIIONANCH MEXIy OMMDKaHIINMU KOH-
TPOJNBHBIMA TOUYKAMHU:

Ve =20
f(x)=y, +—"—(x-x,), x, <x<x,
( ) k (X xk)( k) k K+l

5. Pesynbrarom siBisieTcss HOpMaIM30BaHHOE 3Ha4YeHHE f(X), KOTOpOE COXpaHseT MPONop-
LMOHATBHOCTH U YYUTHIBAET CTATHCTHYECKYIO CTPYKTYPY HCXOTHOTO paclpeieeHusl.

Ilpozpammnasn peanuszayus ancopumma AMIS

s obecriedeHus MPOBEPKH U MPAKTHYCCKOTO MPUMEHECHHUS allTOPUTMa pa3pabOTaHbI
STAJIOHHBIC pean3anuy Ha si3pikax Python u C# B BHIle OTKPBITHIX OMOIHOTEK U IUIaTWHA
st Excel. VcXomHbIiA KOO U JOKyMEHTANWs JOCTYITHBI B PEHO3UTOPHSIX MpoekTa: AMIS
Normalization Tool (Python) (https://github.com/Famimot/AMIS Normalization Tool)
u AMIS Excel Plugin (C#) (https://github.com/Famimot/AMIS Excel Plugin).
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Ilpaxmuueckoe npumenenue AMIS ¢ oopazosamenvHvlx uccie006anuax

[Ipobrema HECOMOCTAaBUMOCTH PA3HOPOJHBIX METPHK, TAKUX KaK pe3yabTaThl MCH-
XOJIOTHYECKUX TECTOB, 00PAa30BaTEIIbHBIC OIICHKN M JaHHBIE COLMOIOTHYECKUX ONPOCOB
(IToranmna, MopocanoBa, 2023), octaérest onHON M3 HanOoOJIEee aKTyaJIbHBIX B MEXKIUC-
LUIUTMHAPHBIX HccienoBanusx u anaiautuke (Tao et al., 2022), 4To NpUBOIUT K aKTHB-
HOMY HCIIOJIb30BAaHUIO MOJIENEH IOPSIAKOBOM PErpeccuu Ul aHaiu3a TAKUX JaHHBIX
(Biirkner, Vuorre, 2023). Kak moka3pIBarOT NaHHBIC 00pa30BATEIBHBIX HCCIICIOBAHUM,
JlaKe B paMKax OJHOM OIEHOYHOH INIKaJlbl HAONIONAeTCs CUCTEMAaTHYeCKOe CMEIICHUE
pacripefieNieHnii — cpeJHHEe 3HAYSHUs 10 PA3HBIM MIPEAMETaM CYLIECTBEHHO pa3IndaroT-
cs (HampuMep, CBOMHBIN cpemumii 6amt 3.688 mo anredpe npotuB 4.052 mo Gumonorun).
OT0 fenaeT NpsiMoe CpaBHEHHUE 1 BBIYUCIICHHE HHTETPAJIBHBIX ITOKa3aTeNell METOUYECKU
HexoppektHeM (Kpasmos, 2025a).

Pesynomamul Hopmanuzayuu yueonvlx oyenox memooom AMIS

Ha mpumMepe cpemHUX OLICHOK, BBHICTABICHHBIX YYHTEIEM B Kjacce 10 UCTOPHUHU IS
11-x xiaccoB (maHHbIC 1O 879 YHUKAIBHBIM ciaydasm npernogaBanus, N = 879) (Kpasios,
2025a) Op1a MpoBeeHa HOPMAIH3alus ¢ HCIOIh30BaHIEM KiTaccrueckoi moaenu AMIS
C SMIUPUYCCKH OTIpeieIsieMbIMU Tpanuamu (Puc. 2).

CpaBHeHue Mogeneil koHeepTauuu AMIS

T T

100 4-—— 17-TodeuHan Mojiess
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Puc. 2. CpaBHeHHe HOpMAIM3ALUH CPEJHNX OLEHOK 110 ucrtopuu (11-i kiacc)
MetozoM AMIS ¢ SMIMPHYIECKIMH IpaHUIIAMH H JIMHEHHBIM MacIITaOupOBaHUEM

Fig. 2. Comparison of normalization of average History grades (11th grade)
using the AMIS method with empirical boundaries and linear scaling
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Ipumeuanue. I101HBIN KOMIUIEKT MaTe€pUaJIOB Ul BOCIPOU3BEACHUS ITOTO U MOCIEIYIOUIUX PUCYH-
KOB (MCXOZIHBIE JaHHBIE, UCXOAHBII Kox Ha Python n C#, mnarun st Excel) moctynen B apxuse 1po-
ekta Zenodo: https://doi.org/10.5281/zenodo.17588054 B pa3nene «Related works».

Note. The complete set of materials for reproducing this and the subsequent figures (source data,
source code in Python and C#, Excel plugin) is available in the Zenodo project archive: https://doi.
org/10.5281/zenodo.17588054 in the «Related works» section.

ll.]'[ﬂ KOJINYECTBECHHOM OIICHKH pE€3YyJIbTaTOB, IOMHUMO BU3YaJIbHOTO CPAaBHCHUA C JIU-
HEWHOHN HOopManu3aIei, ObUTH pACCUUTAHBI KIIOYEBbIE METPUKH: SHTPOIIHSI pacipenene-
Hus (H) m uHTETpanbHas TIaaKOCTh KpuBod peodpazosanus (S) (Tabmuma 2).

Tabimna 2 / Table 2

CpaBHHTe/IbHBIH aHAJIU3 MOJIeJieil HOpMAJIU3aluu
HA IpUMepe JaHHBIX N0 ucropun (11-ii kaace)

Comparative analysis of normalization models
on the example of History subject data (11th grade)

Moaeab Ourponus | Inagkocrs | Y3asl | Cpennee (mKaJja)
original 2.9625 - - 4.1211

17 _points 3.2940 41217.50 17 50.00

9 points 3.2739 40542.97 9 50.00

5_points 3.1693 37619.89 5 50.00

3_points 2.9914 28967.10 3 50.00
linear 2.9506 28703.36 2 56.05

Amnanu3 TaOmuip! 2 JEMOHCTPHUPYET CIEAYIONINE KIFOYCBBIC PE3YyITBTAThI:

1. HoBblmenue uHGpOpMATUBHOCTH: 3HAYCHHE SHTPOIUU MOCIIEI0BATEILHO BO3PACTAECT
C YBEIUYCHHEM YHUCIIA KOHTPOJIBHBIX Touek momenun AMIS (c 2.9625 s ucXomHbIX
JMaHHBIX 10 3.2940 mis 17-ToueyHON MOJENH), YTO CBHCTCILCTBYET O OOJee paBHO-
MEpHOM U MH(POPMATUBHOM PACIpeeSICHUH JaHHbIX T0CIIe HOPMaIU3alHH.

2. Yayuymenue axantuBHocTH: [Toka3arens maaxocty (S) Takke MOHOTOHHO yBEJTHYH-
BaeTCs, JOCTUTast Makcumyma aiist 17-toueunonr monenu (41217.50 mpotus 28703.36
JUTSI TMHEHHOW HOPMHUPOBKH). DTO TIOATBEPKIAET, YTO aAalTUBHBIE mKaasl AMIS Tou-
Hee CIeqyroT (opMe UCXOIHOTO PacIpeICTICHNUS.

3. KoppekTHocTh HeHTpHpoBaHusi: /s Bcex moneneit AMIS cpemnee 3HadeHne B HOP-
MaJM30BaHHOH mIKajie ctabmibHO paBHO 50.00, YTO COOTBETCTBYET IIEHTPAIHHOM TOUKE
ITKAJTBI ¥ TIOATBEPIKIacT KOPPEKTHOCTH aNTOpUTMa. B oTiIiame oT 3TOTO0, JIMHEeHHAS HOP-
MaJn3aIys JaeT cMeneHHoe cpeaaee (56.05), yka3pBas Ha CHCTEMAaTHIECKYHO OIIHOKY.
JUIs MaHHBIX ¢ KIIACCHYECKON (PMKCHPOBAHHON IIKAJIOW OICHUBAHHS (HAIPUMEp, OT-

METKHM IO JIuTeparype ajis 9-x kinaccoB, N=1379, ¢ TpagulIMOHHON MIKAJIOW OLICHUBAHUS

B JMana3oHe oT 2 70 5 0ayuioB) ObLIa ucciienoBana padota AMIS ¢ jkecTko 3aaHHBIMU

rpanuuamMu. Pesynbrathl (puc. 3) MOATBEPXKIAIOT, YTO METOJ COXpaHseT aJalTHBHOCTDH
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K pacrpeacjiCcHU0 U BHYTPU CEMAaHTUYCCKU 3aJlaHHOTO Jxalla3oHa, 4YTO pacIiupsACT 00-
JIaCTh €ro NpuMCHUMOCTH.

CpaBHeHue Moaeneil KoHeepTaLuuu AMIS

T T
100 +—— 177
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— 5-ToyeyHan Mojenb
—— 3-ToyeyHan MoAesb
® g0l JIHeAHan 3aBUCNMOCTb
E T'—— v=50 (Bbiaeneto)
= & 17-ToueuHbe y3/bl
g # 9-ToYeuHbie y3nkbl
@
2 60
=
=
2
5] L7
=] -
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@ e
=) e
= e
20 —= #
“‘
L / j/
-
2 —
0
2.0 2.5 3.0 35 4.0 4.5 5.0

HcxoaHble JaHHBbIE
Puc. 3. Hopmanu3zanus cpeiHUX OIEHOK I0 JuTepaType (9-if kiacc)
metogoM AMIS ¢ pUKCHpOBaHHBIM JHaa3oHOM [2, 5]

Fig. 3. Normalization of average Literature grades (9th grade)
using the AMIS method with a fixed range [2, 5]

BsiBox mo moapasaeny. [Ipaktnaeckoe npumernerne AMIS k oOpazoBarebHBIM TaH-
HBIM MO3BOJISIET YCTPAHUTh HECOMOCTAaBUMOCTh OLEHOK MO pa3HbIM IpeAMEeTaM MU BO3-
pacTHBIM TpymmaMm, o00ecneduB KOPPEKTHOCTh pacyeTa HHTErpalibHbIX ITOKa3aTeseH.
KonnuecTBeHHBIE pe3ysabTaThl (POCT SHTPONNH, CTAOMIBHOCTh CPEAHET0) MOATBEPKIAIOT
3¢ GEKTUBHOCTh METOMA U €0 MPEUMYIIECTBO Mepe]l JMHECHHONW HOpMalU3aliel, aemnas
AMIS HayuHO 000CHOBaHHBIM HHCTPYMEHTOM JIJIsl 00pa30BaTeIbHON aHAIUTHUKH.

Cpasnumensuslit ananuz mMemooos Hopmanuzayuu Ha npumepe oannvix o BBII

cmpan mupa

3ajavya MIKaJIMPOBAHUS JaHHBIX C aCUMMETPHYHBIM pacIpeleIeHHEM U IKCTpEeMallb-
HBIMH BBIOPOCAMH IMPEACTABISIET METOJMUYECKYIO CIIOKHOCTD U SIBIISICTCS NTPEAMETOM pas-
BUTHUSI pOOACTHBIX CTaTMcTHueckux MeTonoB (Arachchige, Prendergast, Staudte, 2024),
BKJIHOYast pa3pa60TKy AIalTUPOBAHHBIX BU3YAJIU3AIMOHHBIX HMHCTPYMCHTOB, TAKHUX KakK
MOIU(HUIIMPOBaHHbBIC ArarpaMmbl pasmaxa (Bruffaerts, Verardi, Vermandele, 2014; Hubert,
Vandervieren, 2008). Knaccrmueckum npuMepom ciaykut HomuHaIbHBIH BBII cTpan mupa,
r7ie 3HAYCHUsI JIM/ICPOB Ha TOPSAKH MPEBBIIAIOT MEHaHy. DTOT MPUMEP HCIIOIb30BaH ISt
CPaBHHUTEILHOTO aHAJIN3a, TOCKOIBKY OH 3aBEJIOMO MPOOIEMATHUCH AJIsI CTAHIAPTHBIX Me-
TOZIOB HOPMAJTHU3AIMK M HATISITHO IEMOHCTPUPYET aaanTuBHOCTH AMIS.
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Jliist aHanM3a UCIOIb30BAIKCH JaHHbIe 0 HOMUuHaabHOM BBIT 178 crpan 3a 2024 rox',
JUISl KOTOPBIX OBUIM ITPUMEHEHBI JIMHEeHHas HopMasin3anus B auarasoH [0,100] u kimaccuue-
ckasgt AMIS ¢ 3, 5, 9 u 17 xoHTpOabHBIMU TOUKaMHu (puc. 4) (Tabnuma 4).

CpaBHeHue mofenein KoHeepTalun AMIS

100 +

80

60

40 4

e —— 17-ToyeyHas MoOenb
—— 9-ToueyHas MofeNb
- —— 5-ToyeyHas MoOenb

KDHBGpTHpGBaHHIﬂE JaHHbIE¢

20— -
3-Toye4yHaa Moaenb

i JNvHelHan 3aBUCUMOCTL
s Y=50 (BblAeNeHo)
- ® 17-ToueuHble y3nbl
0+ ® 9-ToueuHble y3/ibl

0.0 0.5 l.‘O l.‘S 2.0 2.5 3.0
HcxoaHble TaHHBIE lels
Puc. 4. CpaBHeHre METOI0B HOpManu3anuu TaHHbx 0 BBII ctpan mupa (2024 ropn).
Ha rpaduke npeacraieHbl: HCXOIHBIC TaHHbIC, IMHEHHAS HOPMaTH3aIHs,
AMIS 3-, 5-, 9- u 17-TOYCUHBIE HIKAJIBI

Fig. 4. Comparison of normalization methods for world GDP data (2024).
The graph presents: raw data, linear normalization,
AMIS 3-, 5-, 9-, and 17-point scales

JUJIs IOJTHOTHI CpaBHEHHWsI OBLTAa pacCuUTaHa Z-CTaHAapTu3anus. Ee pesynbrarel Jo-
CTYITHBI B JIOTIOJHUTEIBHBIX MaTepuaiax’ IeMOHCTPUPYIOT HEHNPHIOJHOCTh METOAA IS
JIAHHBIX C BBIOPOCAMMU: TIPH 9TOM a0COIIOTHOE OOJBIIMHCTBO CTPAH OKa3bIBAIOTCS B Y3KOM
nuana3zoHe oT —1 1o 10 ctaHmapTHBIX OTKJIOHEHUH, B TO Bpems Kak 3HaueHue mius CIIA
coctaBisieT ~1752c. Takas mikana JUIIeHa ColepKaTeIbHON HHTEPIPETalliU U HeITPUTO/I-
Ha JIUIsl MHTETpalliy ¢ IPyTUMH MoKazarensiMu. B omndme ot storo, AMIS obecnieunBaer
HHTEPIPETHPYEMYIO MKy ¢ puKcupoBaHHBIME IpaHuaMu 0—100.

' GDP (current US$) https://data.worldbank.org/indicator/NY.GDP.MKTP.CD (mara obparuenus:
0.02.2026).

2 AMIS Excel Plugin https:/github.com/Famimot/AMIS_Excel_Plugin (examples/DEMO
World GDP_2024 Static Values.xlsx) (mara oopamenus: 0.02.2026).
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Tabmuna 3 / Table 3
CpaBHHUTEIbHBI aHAJIN3 MeTOI0B HOpMaJu3anuu J1aHHbIX 0 BBII ctpan mupa

Comparative analysis of normalization methods for world GDP data

IMoxa3zareiib Opurunan JIun. AMIS 3 | AMIS 5 AMIS 9 AMIS 17
Mean 5.75E+11 1.97 14.91 20.61 22.53 22.98
Med 4.98E+10 0.17 431 11.49 15.73 16.30

SD (o) 2.61E+12 8.95 19.83 21.52 20.95 20.84
Kurt 90.58 90.58 1.50 0.67 0.74 0.82
Skw 9.09 9.09 1.46 1.13 1.10 1.12
Min 1.60E+08 0.00 0.00 0.00 0.00 0.00
Max 2.92E+13 100 100 100 100 100

N 186 186 186 186 186 186

Tpumeuanue: 115t AICXOAHBIX JaHHBIX U KaXKJIOTO METO/Ia HOPMAJIN3ALMHU [IPHBEICHBI OCHOBHBIE OIHU-
carenbHBIE cTaTHCTHKN — cpeaHee (Mean), mennana (Med), crangaprHoe otkionenue (SD), skc-
uecc (Kurt), acummerpust (Skw), munnmansHoe (Min) n makcumansHoe (Max) 3HaueHUs, a TaK¥Ke
00beM BbIOOpKH (N).

Note: For the raw data and each normalization method, the main descriptive statistics are provided:
mean (Mean), median (Med), standard deviation (SD), kurtosis (Kurt), skewness (Skw), minimum
(Min) and maximum (Max) values, as well as sample size (N).

AnHanu3 na"HbIX (Tabi. 4) TO3BONISET CAENAaTh CICAYIONINE BBIBOIBI.

1. Cradtuausauusi pacnpeaejaenust 1 podactHocTs. [lo Mepe yBennueHus geTann3ainuu
AMIS (3 — 17 Touek) skcnecc camkaercs ¢ 90.58 mo ~0.8, a acummerpus — ¢ 9.09
1m0 ~1.2. Dro yka3eiBaeT Ha >PQeKTHBHOE W podacTHOE MpeoOpa3oBaHHE HCXOTHO-
rO OSKCIIOHEHIMAIBLHOTO PACIpPE/IENICHUs, COAEPIKAIIETO SKCTPEMalIbHbIE BBIOPOCHI,
B O/IM3KO€ K HOPMAJIBHOMY, YCTOWYHMBOE JUIsl ITOCIEAYIOIIETO aHaIn3a.

2. YiayduieHHe penpe3eHTaTHBHOCTH. MennaHa MOCIeIOBaTelIbHO Bo3pacTaeT oT 4.31
10 16.30, mpudnmxasich K cpeaemy (~23), 9TO CBUACTEIBCTBYET 0 Oosiee cOaancupo-
BAaHHOM pacIIpe/IeJICHUH JaHHBIX B HOPMAIN30BaHHOM MPOCTPAHCTBE.

3. HeagexkBaTHOCTb CTAHAAPTHBIX MeTOAO0B. JINHElHAs HOpMANTHU3aIKs IPUBOANT K Ka-
tacTpoduueckomMy cxaTuro naHHbX (Mean=1.97, Med=0.17), coxpaHss 3KCTpeMasb-
HbIe 3Kcrecc u acummerprio (90.58 u 9.09). Z-crannapruzanms 1aeT MakCUMAaJIbHOE
3HadeHue ~17520, 94TO IenaeT mIKary HeMPUTOIHON TSl HHTePIIPETaIIH.

Takum 00pa3oM, TONBKO ananTuBHbIe Momein AMIS obecrieunBaroT CoaepKATSIBLHYIO
muddepennnannio 00bexToB Ha Beeit mkane 0—100, coxpanss cTaOMIbHbBIE CTaTHCTHYC-

CKHE CBOMCTBA.

Oobcyxnenune

IIpencranennsiii Mmeron AMIS BHOCHT BKJIaJ B pa3BUTHE aJalTUBHBIX METOAOB HOP-
Manu3anuu. B oTauune OT crenuaau3upoBaHHBIX PEIICHWH I MHOTOKPUTEPHAILHOTO
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anammsa (Vinagre, Vale, Pinto, 2025) nnn Onomenuumuackux nanaeix (Lu et al., 2016),
AMIS mnpetaraer 6osee oOmMIA ¥ MHTEPIPETUPYEMbIH MOAXO[, ONUpAIOIINIiCS Ha cTa-
THUCTUYECKYIO CTPYKTYpPY CaMHX AAHHBIX. DTO AENaeT €ro yHHBEpPCAIbHBIM HHCTPYMEH-
TOM JUIsl PEIIeHHs] IIMPOKOro Kpyra 3a/ad, ONMCaHHBIX B 0030pax IO HOpMaH3alUH
(Craposoiitos, ['oiy0, 2021).

[onmy4yeHHBIE pe3yabTaThl IeMOHCTPUPYIOT, uTo AMIS obecrneunBaeT KOHTEKCTyaIbHO-
3aBUCHMOE N3MEPEHHE, YUUTHIBAIOIIEE CTPYKTYPY pacipeieneHus. B omuune ot nnHeiHo-
TO IIKJIMPOBAHUS (10151 B a0CTPAaKTHOM JIMAIla30He ) MM PAHKUPOBAHMS (TOJIBKO MOPSIIOK),
AMIS onpenensier MO3UINIO 00BEKTA OTHOCUTEIBEHO CTATUCTUYECKOH TUIOTHOCTH JaHHBIX,
YTO KPUTHYECKU BAXXHO AJISI MOCTPOEHMS aJICKBATHBIX MIKAI B SKOHOMHUKE, COIMOJIOTHH
1 00pa30BaHuY, IJe PACIPOCTPAHEHBI CKOLICHHBIC U NOIMMOAIbHBIC PACIIPEICTICHHUS.

Knrouesvie npeumyuwiecmea u nayunas nogusna memooa AMIS
AHanu3 pe3ysIbTaToB MO3BOJISIET CHOPMYIMPOBATh (yHIAMEHTAIbHbIC TPEUMYIIECTBA

MeToza:

1. Co3nmaHne eIMHOTO METPHUYECKOTO MPOCTPAHCTBA IJISI PA3HOPOIHBIX JaHHBIX. MeTton
obecrieurBaeT MaTeMaTHYeCKyI0 KOPPEKTHOCTh apu(METHUECKUX orepaiuii (ycpenHe-
HUSI, B3BEIIMBAHUS) HAJl [TOKA3aTEISIMU U3 PA3IMYHBIX ITPEAMETHBIX 00JIacTei.

2. Craructruyecku 000CHOBaHHAS aJalTHBHOCTh. B oTIM4me OT TMHEWHOW HOPMUPOBKH,
AMIS He 3amaéT QYHKIMIO apUOPH, a UTEPATUBHO BBIYHUCISIET KOHTPOJIBHBIC TOUKH
KaK CpeJJHAE BHYTPH CETMEHTOB pacIipe/ieieH s, 00eceyrBasi aBTOMaTH4eCKyI0 aJiar-
TaIMIO K ero popme (aCUMMETpHsl, BBIOPOCHI).

3. CoxpaHeHHe HHTEPIPETUPYEMOCTH U obecIieueHIH HHTepBaIbHOCTH. AMIS couera-
€T ymoOCTBO MPOLICHTHOM 1mKajbl ((pukcupoBanHbie rparuiibl 0—100) co cBoiicTBaMu
WMHTEPBAJILHON HIKAJIbI BHYTPH CETMEHTOB, B OTIIMYUE OT Z-HOPMAaJIM3alluH, TePSIOIEeH
HMHTEPIIPETHPYEMOCTD TP HAJTMYUH BBIOPOCOB.

4. Tlpaxtrmueckas 3¢pdextuBHOCTE. B ommmume ot IRT, TpeOyromel mepBUYHBIX OTBETOB
U CJIOKHOU KanuOposku (van der Linden, 2022), AMIS npenHa3HaveH ajist mpeodpaso-
BaHMS KaK MCXOJHBIX, TaK M arperUPOBAHHBIX PA3HOPOIHBIX METPHUK. DTO ONpe/ernseT
€ro HUIIY B NPHKIATHON aHAINTHKE, T€ BaKHBI CKOPOCTh, POOACTHOCTH U JOCTYII-
HOCTB pe3ysbTaTa il KOHEYHOTO MTOJIb30BaTeNsl.

Ozpanuuenus memooa
Hapsiny ¢ npeumymectBamu, meton AMIS umeeT onpeneneHHble OrpaHuIeHUS

1. YcnoBuasi mHTEepBaIbHOCTD. [IpeobpaszoBanne AMIS — KycouHo-JIMHEHHOE, YTO ra-
PaHTHPYET CTPOTYIO HHTEPBAILHOCTD JIUITh BHYTPH CETMEHTOB MEXIY KOHTPOIBHBIMHU
Toukamu, a Ha mikaise 0—100 3To CBOHCTBO BBIMONHsACTCS MPUOMMKEHHO. C pocToM
YKcia TOYCK (M YMEHBIICHHUEM JUIMHBI CETMEHTOB) IIKaja aCUMITOTHYCCKH PUOIH-
XKaeTrcst K MHTepBalbHOM. [loaToMy apupmerndeckue onepanun Haja Oamutamu AMIS
(YMHOXKEHUE/ IeNleHre 3HaYeHI) HeKOppeKTHRL. OHAKO KITIOYeBas 3ajada MEeTola —
MOCTPOCHHUE JIMHEHHBIX KOMOWHAIMNA W B3BELICHHBIX HHICKCOB M3 PA3HOPOIHBIX IO-
Kazareneil — pemaercs, Tak kKak AMIS co3na€r nis HUX eMHOe MeTpHYecKoe Mpo-
CTpPaHCTBO, aJJalTUPOBAHHOE K (DOpME UX pacIIpe/IeIICHHH.
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2. TpeOoBanue k mHTepnperanuu. AnantuBHocth AMIS TpeOyeTr oT monb3oBarens mo-
HUMaHUsI IPUHLUIA €T0 MOCTPOCHHUS, a MPUMEHEHHE HOPMAIU30BAHHBIX 3HAYEHUH MO-
KET Hy’K/1aTbCs B JIOTIOHUTEIBHBIX TTOSCHEHHUSIX WM AN Talliyi CTAaHJAPTHBIX METOHK.

3akjao4yeHue

B pabore npecraBieH HOBBIH METO/I HOPMaIM3AIMK JaHHBIX — AJaNTHBHAsE MHOTO-
nHTepBanbHas mkana (AMIS), pemaromuii GyHIaMEHTANBHYIO TMPOOIEeMy COBMECTHOTO
aHaJM3a PA3HOPOIHBIX TTOKa3aTeNIeH.

OCHOBHBIE pe3yJIbTaThI:

1. Pa3paboTan MeToj MOCTPOCHUS €AMHOTO METPHUYECKOTO MPOCTPAHCTBA IyTEM HTEpa-
THUBHOTO BBIYMCIICHUS aJallTHUBHBIX KOHTPOJIBHBIX TOUCK.

2. DKCHepUMEHTANbHO Toka3aHa >ddextuBHOCTs AMIS: ycTpaHeHne crcTeMaTHIeCKUX
OLIMOOK MPH arperanyy y4eOHbIX OLEHOK H pOOACTHOE IMIKAJUPOBAHUE JTAHHBIX C IKC-
TpeMasbHbIMU BeIOpocamu (BBII crpan).

3. Omnpenenena crparerndeckass Huma AMIS kak Merona, 3aHMMAIOILETO MPOMEKY-
TOYHOE MOJIOKCHHUE MEXIy MOAXOJAMH: aJalTUBHOCTb K PACIIPEACICHHIO (B OTIH-
Yyhe OT JIMHEHHOro UIKaJIMPOBAHMA), COXPAHEHHE HHTEPIPETUPYEMOCTH (B OTIHYHE
OT Z-CTaH/IapTH3aLMK) 1 00ecriedeHIe HHTEPBAILHOCTH BHYTPH CETMEHTOB (B OTIHYHE
oT mporueHTHieH). J1o menaer AMIS 3¢ dhekTHBHBIM KOMITPOMHCCOM TSI 3a7a9 KOJH-
YECTBEHHOW MHTETPAIINN PA3HOPOJHBIX METPHK.

[lepcriekTHBBI HCCIEIOBAaHUM CBA3aHBI C PA3BUTHEM METOJa I MOTOKOBBIX JAaHHBIX,
MIOCTPOCHUEM Ha €ro 0CHOBE (pOpMaJbHBIX MareMaTHYeCKUX Mojeneil (Hampumep, y4eo-
HOTO IIpoIlecca) M BHEIPEHHEM B KOHBEHEPhl MAIIMHHOTO OOYyUEHHMS ISl MEKANCIIUILIN-
HapHBIX UCCIIEIOBAaHUM.

Takum o6pazom, AMIS npencrapisier o060l METOMOIOTHUCCKUHN 0a3KC sl CO3MaHMS
€IMHOM CHUCTEMBI U3MEPEHHH, a ero OTKpPBITasl IMpOrpaMMHasl peaau3anusi 00ecreynBaeT
JOCTYMHOCTB ¥ BOCITPOM3BOIUMOCTb.

JlocTynIHOCTH JaHHBIX M KO/AA (OTKPBITasi HAyKAa)

[ToyHBIH KOMIUIGKT MaTepHalioB, HEOOXOMMMBIX Ul BOCIIPOM3BEICHHUS PE3YJIbTAaTOB
JaHHOW pabOThl, HAXOIUTCS B OTKPBITOM AOCTYIIE.

Hcxonnbie nanublie. JlernepcoHani3MpoBaHHbIe HAOOPHI TaHHBIX (BKIIFOUas MOKa3are-
1M 110 yueOHbIM npenveram u BBII), ncrnons3oBaHHbIe U1 aHANIN3a, pa3MelIeHbl B Perno-
sutopun Harvard Dataverse: https://doi.org/10.7910/DVN/BISMON.

[IporpammHoe obecnieyeHue:

e ucxomHbiii kox anroputMa AMIS Ha s3pike Python: https://github.com/Famimot/

AMIS Normalization Tool;

e muaruH AMIS mna Excel (peammsamms wHa C#): https://github.com/Famimot/

AMIS Excel Plugin.
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Pezrome

Cratps TOCBAIIEHAa pa3paboTKe M ampoOalud METOJa BBIBICHUS aKyCTHUECKHX
HPEANKTOPOB CTPECCOBOTO COCTOSIHHSI OINEPAaTOPOB CIOKHBIX TEXHHYECKHX CHCTEM
Ha OCHOBE camoopranu3yronmxcs kapt Koxonena (SOM). AKTyanbHOCTb HCCIIEIOBaHUS
00ycloBIIeHa HEOOXOAUMOCTBIO TOBBIIIEHNST 0€30MAaCHOCTH JKCIUTYaTaIUU CIOXKHBIX
TEXHUYECKHX CHUCTEM, B YAaCTHOCTH BO3IYIIHBIX CYIOB, MYTEM OOBEKTUBHOIO
OCCKOHTAKTHOTO MOHHMTOPHHTa MCHXOIMOIHOHAIBHOTO COCTOSIHUS —IIePCOHAIA.
HccnenoBanne MpOBOAMIOCE B paMKaX — HAyYHO-HMCCIENOBATENbCKOH  PaboThI,
HalpaBJICHHOI Ha CO3/aHME IEPCIIEKTHBHOM KaOMHBI TPAKIAHCKOTO BO3IYILIHOTO
CyAHa, OCHAIIICHHOM MHTEIUICKTYaIbHOH CHCTEMOH MOANEPKKH dKHMaxa. KiroueBbim
TpeOoBaHHEM K TaHHOH KaOUHE SBIIETCS 00eCTIeueHUE HeTIPEPbIBHOTO, HEMHBA3UBHOTO
KOHTpPOJIS (PyHKIIMOHAIBHOTO COCTOSIHHS ITMJIOTOB JUISi CBOEBPEMEHHOTO BBISBIICHUS
KPUTHYECKNX M3MEHEHHUH, CBSI3aHHBIX CO CTPECCOM M YTOMIICHHEM.

IIpennoxeH moaxoA, MpU KOTOPOM U3 PEYEBOrO CHTHaja OIeparopa M3BIEKaeTcs
JCBATHUMEPHBI BEKTOpP aKyCTHYECKHMX IIPH3HAKOB (OCHOBHas dactora ToHa FO,
CIIEKTPAIbHBIA IEHTPOHJ, CICKTpajbHas MIMPUHA, CIEKTPAIbHBIA CIAx W IATh
MHUKOBBIX YaCTOT CIIEKTPA MOIIHOCTH), IOCJE Yero ¢ MOMOIIbI0 00y4YEeHHOH KapThl
Koxonena ocymiecTBisieTcst KiIacCH(UKAIMS TEKYIIETO COCTOSHHSI KaK «HOpPMay
WM «cTpecc». s MpoBepKH MPEIoKeHHOTO MoAxofa Oblma pa3paboTaHa ero
nporpammuas  Mozenb  «AudioStressPredictor», peanusyromas HOMHBIA UK
00pabOoTKH: OT CO3AHMS NIEPCOHATN3UPOBAHHOTO IPOGHIISL ollepaTopa U 0OydeHHs
MOJIENH 10 MOHUTOPUHTA YPOBHSI CTpecca B pexknMe peanbHoro BpemeH. [Iposeneno
JKCIIEPUMEHTAIBHOE ~TECTHPOBAHHE, pPE3yNbTaThl KOTOPOTO CBUJETENBCTBYIOT
0 paboTOCIIOCOOHOCTH pacCMaTpUBaeMOro IIOAXOJa M €ro IepCIeKTHBHOCTH
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JUI1 IPUMEHCHUA B aBUALlMOHHBIX y‘l€6HI>IX HCHTpax, a TaKXK€ B Ka4€CTBEC OJAHOI'O
N3 KIHYCBBIX KOMIIOHCHTOB 60pTOBBIX CUCTEM MOAJACPIKKU TPUHATHSA peI_HeHI/If;I
MEPCIICKTUBHBIX BO3AYIIHBIX CYI0B.

Knrouesvie cnosa: camoopraHusymooluecss KapTbl, aHaIU3 CTpecca IO ToJoCY,
oOHapyKeHHE cTpecca, aKyCTHUECKHe IMpU3HAKH, oOpadOTKa pedyeBOro CHUTHAIA,
9acTOTa OCHOBHOT'O TOHA, HEMHBA3UBHBII MOHUTOPHUHT, 0€30MaCHOCTH MOJIETOB

Jas nurupoBanus: Martonus, B.1., ['myxosa, 3./1., I'pemnukos, .1. (2026). Ilpumenenue
camMoopraHmsyromuxcst kapr KoxoHeHa Al MACHTU(QHKANHA aKyCTHUYECKUX NPEIUKTOPOB
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Application of Kohonen self-organizing maps
for identification of acoustic stress predictors
in complex technical system operators

V.I. Matyunin'-2P<, E.D. Glukhova?, I.I. Greshnikov>

' Moscow State University of Psychology and Education, Moscow, Russian Federation

* State Research Institute of Aviation Systems (GosNITAS), Moscow, Russian Federation
< matyuninvladislav1@gmail.com

Abstract

This article presents the development and validation of a method for identifying
acoustic predictors of stress in operators of complex technical systems, based on
Kohonen Self-Organizing Maps (SOM). The relevance of this research is driven
by the need to enhance the operational safety of complex technical systems —
particularly aircraft — through objective, non-contact monitoring of personnel’s
psychoemotional state. The study was conducted as part of a research project aimed
at designing an advanced civil aircraft cockpit equipped with an intelligent crew
support system. A key requirement for this cockpit is the provision of continuous,
non-invasive monitoring of pilots’ functional state to enable timely detection of
critical changes associated with stress and fatigue.

The proposed approach involves extracting a nine-dimensional acoustic feature
vector from the operator’s speech signal — comprising fundamental frequency (FO0),
spectral centroid, spectral bandwidth, spectral roll-off, and five peak frequencies
of the power spectrum — followed by classification of the current state as either
“normal” or “stress” using a trained Kohonen map. To verify the proposed approach,
a software model called “AudioStressPredictor” was developed, implementing the
full processing pipeline: from creating a personalized operator profile and training
the model to real-time stress level monitoring. Experimental testing was carried
out, and the results confirm the viability of the proposed approach and its potential
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for application in aviation training centers, as well as as one of the key components
of onboard decision support systems for advanced aircraft.

Keywords: self-organizing maps, voice stress analysis, stress detection, acoustic
features, speech signal processing, fundamental frequency, non-invasive monitoring,
aviation safety

For citation: Matyunin, V.I., Glukhova, E.D., Greshnikov, L.I. (2026). Application of
Kohonen self-organizing maps for identification of acoustic stress predictors in complex
technical system operators. Modelling and Data Analysis, 16(2), 84—96. (In Russ.).
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BBenenne

BesomacHoCTh aKcmTyaTanuu clokHBIX TexHudeckux cucteM (CTC) — Bo3mymIHbIX
CYJOB, aTOMHBIX 3JIEKTPOCTAHINH, JUCIETYEPCKUX ITyHKTOB — BO MHOTOM OIIPENIEIIsieT-
s TICUXO(U3HOIOTHIECKUM COCTOSHUEM orepaTopoB. [lo maHHBIM MexayHapomHOH op-
raam3anuu rpaxnanckoil aBuammn (ICAQO), genoBedecknuit GakTop SBISETCS MPUIHNHOMN
10 70—80 % amanmonusix HHOUACHTOB (ICAO. Doc 9859, 2018). Ctpecc, BO3HUKAIOIIHI
B HEIUTAaTHBIX CUTYAILUsIX, CHI)KACT KOTHUTHBHBIE CIIOCOOHOCTH OMEpaTopa: yXyAlIaloT-
csl BHUMaHHE, CKOPOCTh peakInu 1 KauecTBo mpuHuMaeMblx pemrenuid (Feigh, Dorneich,
Hayes, 2012). /TanHbIi1 BOIPOC UMEET KPUTHIECKYIO 3HAYMMOCTh IIPH MHJIOTHPOBAHUH Ca-
MOJIETa OJHUM ITMJIOTOM (TaK Ha3bIBAEMBIH «OAHOWICHHBIH JKUITaX»), TIOCKOIBKY B CIIy-
Yae ero HeZIeeCroCOOHOCTH BO3AYIIHOM Cy/iHO ocTaérest 0e3 ynpaBleHuUs, CIeA0BaTeIbHO,
HEO00XO0MMO CBOEBPEMEHHO OIIPEEIUTh (PAKT HEleeCIIOCOOHOCTH MTUIIOTA U MPEIANPHHSTH
COOTBETCTBYIOIIHE ICUCTBUS.

B psine paboT nokasaHo, yro auaraoctuka omneparopoB CTC moxker 3h(heKTHBHO OCY-
LIECTBIIITECS C UCTIONIb30BAHUEM 00y4aeMBbIX CTPYKTYP — HEHPOHHBIX CETEH U BEPOSITHOCT-
HBIX MOJieJIel. B uacTHOCTH, ITPEIoKEHBI METO/IBI PACTIO3HABAHUS aHOMAJIbHOI aKTHBHOCTH
OIIEpaTOpOB Ha OCHOBE COMOCTABJICHHS MATTEPHOB WX NEHCTBUI C THIOBBIMH SMITUpPHUE-
ckumu qaaHeME (Kuravsky, Yuryev, 2020). PazpaboTan KOMIUIEKC MaTeMaTHIECKUX MOJIE-
JIed ¥ IPOTpaMM JUIsi MOJICITHPOBAHUS JIIEMEHTOB WH(OPMAIIOHHO-YIPABIISIIOLIETO OIS
KaOWHBI MWJIOTOB | MOCIIEAYIONIEH 3pTOHOMUYECKOH OLICHKH AeHCTBHIA dkumaxka (I'perrnu-
koB, 2022; Kypasckwuii u ap., 2025). [Toka3zaHa BO3MOXKHOCTh CO3/IaHUsSI JHATHOCTHYCCKHX
METOAMK, OCHOBAaHHBIX HA CONOCTABIEHUU (DPArMEHTOB JCHCTBUH WM MOBEJICHUS C TUIIO-
BbIMH narTepHamu (Kypasckuii u np., 2026, Kypasckuit u np., 2021).

TpaauimoHHbBIe METOBI KOHTPOJIS IMCUXOAMOIMOHAIIBHOTO COCTOSHUS MPENnoiIaraoT
UCTIOJIb30BaHUE KOHTAakKTHBIX AaTtdnkoB (D3I, OKI, kokHO-rasbpBaHHUYECKas peaklus),
410 co3aaér moMexu B pabore omeparopa (Sharma, Gedeon, 2012). AnbrepHaTHBHBIM
MOAXOJOM SIBJISIETCS AHAJIN3 TOJIOCOBOIO CHMI'HAJA, MOCKOIBKY PEYEBBbIE XapPAKTEPUCTH-
KM YEJIOBEKa TECHO CBSI3aHBI C YMOIIMOHAIBHBIM COCTOSIHUEM U MOTYT PETHCTPHPOBATh-
cs mucranimonHo (Frampton et al.,, 2010). Ilpu cTpecce HaOmIOmArOTCS XapaKTEPHEIC
M3MEHEHHsT OCHOBHOM 4yacToThl ToHa (F0), cieKTpanbHBIX XapaKTepHCTHK U TEMIIa Pedd,
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00YyCIIOBJICHHBIE HAINpPSHKEHUEM TOJIOCOBBIX CBS30K M M3MEHEHHEM IIaTTEPHOB JIbIXaHMS
(Giddens et al., 2013).

Camoopranmyromuecs kaptel Koxonena (SOM) — kiacc HEWpPOHHBIX ceTel ¢ 00y-
yernem 6e3 yuuteins (Kohonen, 1982, Kohonen, 2001). SOM o00magarT psAaoM CBOWCTE,
JIETIAIONINX WX IPUBJIEKATEIbHBIM MHCTPYMEHTOM ISl PEIICHUS 3a/ad KiacCU(HUKALUH
B TCHXOAMAarHOCTHKE: CIIOCOOHOCTh K BH3yaJIM3allMM MHOTOMEPHBIX JAHHBIX, yCTOHYH-
BOCTH K IITyMY, HHTEPIIPETUPYEeMOCTh pe3ynbratoB. B (Kuravsky, Baranov, 2001) mpone-
MoHcTpupoBaHa 3(dexrnBHOCTE SOM A AMAarHOCTHKH BHOPOAKYCTHYECKHX CHCTEM.
B (Kypasckwuii u ap., 2006) npemioxkeno Takxe npuMeHsITs SOM COBMECTHO C METOIOM
Momnre-Kapio it oneHkn ajgekBaTHOCTH (DaKTOPHBIX MOjENeil MCHXOJOTHYecKnX JaH-
HBIX. DTH pabOThl CBUAETEILCTBYIOT 00 YHHMBEpCAIBHOCTH KapT KoxoHeHa Kak MHCTpY-
MEHTa aHalli3a JaHHbIX pa3nu4yHoi npupoasl. B (Kypasckwuii u ip., 2026) kaptsl Koxonena
TIPUMEHEHBI JUIsl OOHAPYKEHHsI aHOMaJIbHBIX COCTOSHUM MUJIOTOB MO TaTTepHAM OKYJIOMO-
TOPHOM aKTUBHOCTU IIPU KOJUYECTBEHHON OLIEHKE KOTHUTUBHOW Harpys3Ku.

Lenbro HACTOSILErO MCCIIEIOBAHMS SIBJISIETCS pa3paboTKa U arpodaliys MeToa UIIeHTH-
(buKanuu aKyCTHYECKUX NPEITUKTOPOB CTpeccoBoro coctosiuust oneparopoB CTC Ha ocHO-
BE caMOOpraHu3yroimuxcs kapr KoxoHeHa ¢ nporpaMMHOM peajin3anueil B BUIE CUCTEMBI
MOHHUTOPHHIA PEATEHOTO BPEMEHH.

Metoanl

AKycmuuecKkue npusHaKu peuegozo cuzHana
Jnst omMcaHust TOJIOCOBOTO CHTHANA (POPMUPYETCST IEBITUMEPHBINA BEKTOP MTPHU3HAKOB,

M3BIICKACMBIX M3 K&KIOT0 BpeMeHHOTo cermenTa peun (McFee et al., 2015):

1. OcnoBHas yactora ToHa (F0) — menuana 3nauenuii FO, onpenensemMsIx anropuTMoM
YIN (de Cheveigné, Kawahara, 2002). FO orpaxaer 4actoTy KojeOGaHUI TOIOCOBBIX
CBSI30K W SIBJISIETCSl OJHMM M3 HamOolsiee HaJ&KHBIX HWHIMKATOPOB 3MOLMOHAILHOTO
COCTOSIHUS.

2. CnekTpajbHbIil EHTPOM — «IIEHTP Macc» YacTOTHOTO CIEKTpa, XapaKTepHu3ylo-
MUK CyOBEKTUBHYIO «SIPKOCTHY» 3BYKa!

> (k)-8 (k)

e f(k) — wacrora k-ro wacrornoro Ouna, S(k) — Bemnmunsa crekTpa Ha 3TO¥
qacTorTe.
3. CuexTpajbHasi IIMPHHA — Mepa pa3dpoca CIeKTpa OTHOCUTEIBHO LIEHTPOUIA:

o | X (-0 S ()
S (K)
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4. CrnexkTpaJibHBI cnajx — 4acToTa, HIKe KOTOpOil cocpenoToueHo 85 % oluieit auep-
rum crekrpa. JlaHHbI mapamerp xapakTepusyeT (GopMy CHEKTpaibHOM Orudaroiieii
1 UCTIOJIB3YETCH 1A pasjiIndCHUsA BOKAJIM30BAHHON M HEBOKAJIW30BAHHOM peun:

R

D S(k)= O,SS'ﬁ:S(k)

k=1

rae R — uckoMas 4acToTa CIEeKTPAJIBHOTO CIIaja.

5—9. IIukoBbIe HACTOTHI CMEKTPA MOUTHOCTH — IISITh HANOOJIEe BEIPAKEHHBIX 110 aM-
IJIMTYJE NMUKOB B CIIEKTPaJbHON INIOTHOCTH MOLIHOCTH, OLCHEHHOU MeTonoM Benpya
(Virtanen et al., 2020). DT 4acTOThl MOTYT COOTBETCTBOBATH (POPMAHTAM M JPYTHM
PE30HAHCHBIM XapaKTEPUCTUKAM TOJIOCOBOTO TPAKTA.

[epen mogaveit B SOM BEIIONHACTCS Z-SCOTe HOPMATHU3AIHS:

TI€ 4, U O, — CPEJHEE U CTAHNAPTHOE OTKJIOHEHHE j-IO NPH3HAKa Mo o0y4aromeii
BeIOOpKe. HopManm3zanus oOecrieunBaeT paBHBIN BKJIAJ( BCEX MTPU3HAKOB B €BKIHMOBO
paccTosiHuE.

Anzopumm camoopzanusyiouweiica kapmeol Koxonena

SOM npezcraBnseT coO0H IByMEPHYIO PEHIETKY HEHPOHOB pasMepoM R x C , KaKIbIi
HEUPOH XapaKTepU3yeTCsl BECOBBIM BEKTOPOM @, € R’ (Kohonen, 2001). O6ydenne ocy-
LIECTBISIETCS] HTEPATUBHO:
1. Jlis BXODHOTO BEKTOpa X ompenenseTcs Heiipor-modenutens (BMU):

c= argminH X -, I
1

2. Beca BMU u coceqnnx HeHpOHOB OOHOBIISIIOTCSI:

o (t+))=o,(t)+a(t)-h,(t)-(x-o/(1))

3. DyHKIHSA OKPECTHOCTH:

2
- %
h,(t)=exp 200
rae a(t) — CKOpOCTb 00y4eHUs, a(t) — pazuyc OKpecTHOCTH, 00a mapameTpa Ju-
HEHHO YOBIBAalOT C pocToM umnciia ureparuid. KagyecTBo 0Oy4deHUS! KOHTPOIUPYETCS
T10 CpeTHel OIMOKe KBAHTH3AI[MH — CPETHEMY PACCTOSTHHIO MEXK/Ty BXOAHBIMHU BEKTO-
pamu 1 ux BMU.
Jns ucnons3oBanuss SOM B pexxuMe KiIacCHU(HUKAMU MOCIe OOY4eHMS KaxkKIOMY
HEWPOHY NPUCBANBACTCS CTAaTUCTHKA MPUHAUICKHOCTH K KiaccaM: A OOydaromux
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TIPUMEPOB C U3BECTHBIMU MeTKaMH («HopMa» = 0, «cTpecc» = 1) MoACUNTHIBACTCSI, CKOJTb-
KO IPUMEPOB KaXJI0TO Kjlacca akTUBUPOBAJIO aHHBIM HEHpOH. BeposTHOCTE cTpecca auis
HOBOT'O HAaOIIOICHUS BBIUUCIIACTCS KaK:

n (I’,C)
P(CTpeCCl BMUr’c) = m

rae n, (r,c) u n (r,c) — 4ncno npuMepoB kinaccoB 0 U 1, monaBmmMx B HEHPOH € KOOP-
JVHATaMH (r,c) . Takoii moaxox coueTaeT mpeuMyliecTBa o0yueHus: 6e3 yuuress (BbIsB-
JICHNE KJIACTEPHON CTPYKTYPHI JAHHBIX) C BO3MOXXHOCTBIO TIOCJIEAYIONIEH HHTEPIPETALUH
pE3yIbTaTOB B TEPMUHAX IIEIEBBIX KJIACCOB, YTO COOTBETCTBYET JIOTUKE TUATHOCTUIECKUX
cucreM, onucanHblx B (Kypasckuii, bapanos, Maibix, 2003).

ApXHTeKTypa NPOrpaMMHOro odecrne4eHus

[Mporpammusii komruteke «AudioStressPredictor» peanusoBan Ha s3bike Python 3
U COCTOMUT U3 TPEX MOAYJIEH:

e logic.py — Moaynb OM3HEC-JIOTHKU: M3BICYCHUE aKyCTHYECKHX MPU3HAKOB (Onbimo-
teku librosa, scipy), peanmsanus kiaacca SimpleSOM, oOy4ueHne U IpUMEHEHHE MOjie-
JIe, 3aXBar ayJHoI0ToKa B peasbHOM BpeMeru (PyAudio);

e gui.py — Moxynb rpadudeckoro uatepdetica (PyQt6): ympasnenune npoduisivu ome-
paropoB, CTpaHUIbl 00yUYeHUs, aHaIn3a (ailioB, OHIAHH-MOHUTOPUHTA M CTATHCTHKH;

e main.py — TOuYKa BXOJa B MPHIIOKEHHE.

Apxutextypa coorBeTcTBYeT narrepay MVC u obGecrieunBaeT pasjiesieHue JIOTHKH 00-
paOOTKHM AaHHBIX U MpPEACTaBIeHUs. [y Kax0ro oneparopa co3naéresl NepcoHaI3HPO-
BaHHBIA npodniib, BKIIOYAIOMUI 00y4yeHHyo Monens SOM, mapameTpbl HOpMaIH3aluu
1 UICTOPHIO CECCHUIl, YTO MO3BOJISIET YUUTHIBATh HHIMBHUIyaIbHbIE OCOOEHHOCTH T0I0Cca —
Ba)KHOE ycJioBHe Han&xHoi nuarHocTuku (Kypasckuii u np., 2014).

Pestcum peanvnozo epemenu

3axBar 3ByKa pealn30BaH B OTJCIHFHOM ITOTOKE C MCIIONE30BAHUEM IUKIHYECKOTO OY-
¢epa (5 ¢ npu yacrore muckperusanuu 16 kl'1). Kaxasie 20 Mmc u3 Oydepa u3Biekaercs
CKOJIB3SIIIee OKHO, BEIYMCIIICTCS] BEKTOP MIPU3HAKOB M OI[CHUBACTCSI BEPOATHOCTH CTpecca.
Pesynbrar BU3yanu3upyeTcsl IIBETOBBIM HMHAMKATOPOM M CHEKTPOrpaMMoi (pUCYHOK 1).
Taxoit momxon obecnieurnBaeT 3aaepkKy MeHee 100 MC OT MOMEHTa NMPOU3HECEHUST (Ppasbl
JI0 OOHOBJICHUSI JUArHOCTUYECKOTO 3aKITIOUCHHSI.

Ilapamempuor 3kcnepumenma

Jast arrpoOanyy cHCTEMBI OATOTOBJIEH HAOOP ayuo3anuceil AByX THUIIOB: Pedb B CIIO-
KOMHOM COCTOSIHUM M pe€uYb MPH MMHTAIUU CTPECCOBBIX cuTyanui (pucyHok 2). Ilapa-
MeTpsl SOM: pasmep kaptel 10x10 (100 HelipoHOB), pasMepHOCTh BXoAa 9, HauaibHas
CKOpOCTh 00yueHus ¢, =0,5 , HaUaNbHBIA pagnuyc OKpecTHOCTH O, = 5,0, uncio smox 50.
CermeHTaIys ayamo: JITUTENBHOCTh cerMenTa 2 ¢, mar 1 ¢ (mepexpoitue 50 %).
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7 Audio Stress Predictor (SOM) = o x

Muners:
Obyuenue
Ananws daiing Texyuped nwnor: Tecr_Mnar

Ownzitk wosiToR

Cramcrues

SOM: 10610, oBpasuon: 192 (wopua=98, crpecc=94), crpecc= 0.49, nedipanos: 100, sanaro: 85, cmewanes 15
oyues: 2026-01-11TIR54 7512664

Texyuee cocronnme

Cron

CnekTporpaMma (peansHoe Bpems)

YacToTta (Gun)

[sa oxa anansa (cexl: 200 ~v

Puc. 1. [Ipumep ananmsa pedn B mpsaMoM 3dupe, Bo BKiIaake « OHIailH MOHUTOP»

Fig. 1. Example of live speech analysis in the “Online Monitor” tab

Cxo0umocmp 00yuenusn

KpuBast ommOKy KBaHTH3AIMK JIEMOHCTPUPYET XapaKTepHYyIO JByX(asHyI0 JUHAMH-
Ky: ObIcTpoe CHIDKeHHE Ha mepBhIX 40 smoxax (¢a3a ymopsmaoueHUs) U TUIABHOEC YMEHbB-
IIeHNE Ha TOCIEAYIONINX uTepanuax ((pa3a TOHKOH HaCcTpOikH) (pucyHOK 2). OuHATbHOE
3HaYCHHE OMUOKN KBAHTU3AIMU COCTaBWIIO MeHee 1,0 B HOpMaTu30BaHHOM TPOCTPAHCTBE
MIPU3HAKOB, YTO CBHUJIETEIBCTBYET 00 aJeKBaTHOM IOKPHITHHM IPOCTPAHCTBA MPU3HAKOB
HEHpPOHAMH KapThl.

Knaccugukayusa cocmosanuii

TectupoBanye ToOKa3ajio, YTO CHUCTEMa pasJeNisieT COCTOSHHS «HOPMa» M «CTPECC
JUIsl OOy4eHHBIX pouIIeH onepaTtopoB Oe3 BBISBIEHHBIX oMIMOOK (pucyHok 3). Ha kapre
KoxoHeHa GpopMUpYIOTCSl pa3IHYUMble KJIacTepbl: HEUPOHBI, aCCOLMUPOBAHHBIC IPEUMY-
IIECTBEHHO C KJIACCOM «HOPMay, IPOCTPAHCTBEHHO OTIEIECHBI OT HEHPOHOB, aCCOLMHPO-
BaHHBIX C KJIACCOM «CTPECC, YTO MOATBEPXKIAeT HHPOPMATHBHOCTh BBIOpAaHHOTO Habopa
AKyCTHYECKHX MPU3HAKOB.
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7 Audio Stress Predictor (SOM) - o X
MunoTer Texywwii nunot: Tecr_Munot
Ayanodaiinsi: Hopua (Label 0) Ayanodaiinsi: Crpecc (Label 1)
Otysenne C/Users/matyu/t /i ii cron/ il C:/Users/matyu/OneDrive/PaGounii cron/stress/Tstress.mp3
Aranus paiina Cflsers/matyu/ ! e hme3 Cillsers/matyu/ ! e
CfUsers/r / /P ii cTon/normal/ 1. C:/Users/matyu/OneDrive/PaGounii cron/stress/3stress.mp3
Ornaiin MoHuTOp CifUsers/matyu/ P i CUsers/matyus p I ) mp3
CifUsers/matyu/ /i i .mp3 Ci/Users/matyu/!
Cratncivka
CifUsers/matyu/ /i i mp3 CifUsers/matyu/ /i i
CifUsers/matyu/OneDrive/PaGounii cron/normal/Tnormal. mp3 Ci/Users/matyu/OneDrive/PaGounii cron/stress/Tstress.mp3
C:/Users/matyu/! /i i C:/Users/matyu/!
CifUsers/matyu/ /i i .mp3 CifUsers/matyu/ /i i
CifUsers/r / L it cron/nomal/10: 1. C:/Users/matyu/OneDrive/PaGounii cron/stress/10stress. mp3
C:/Users/matyu/! /i it cron/! 1 C:/Users/matyu/OneDrive/Pabounii cron/stress/1Tstress.mp3
CifUsers/matyu/OneDrive/PaGoumii cren/normal/12nomal.mp3 Ci/Users/matyu/OneDrive/PaGoumii cron/stress/ 12stress.mp3
CfUsers/r / /P ii cTon/normal/1 1. C:/Users/matyu/OneDrive/PaGounii cron/stress/13stress. mp3
C/Users/matyu/ /i ii cron/ 14 C:/Users/matyu/OneDrive/PaGounii cron/stress/14stress.mp3
Ci/Users/matyu/OneDrive/Pabeunii cren/normal/13normal.mp3 Ci/Users/matyu/OneDrive/Pabeunii cron/stress/15stress.mp3
Aobagurs daiiaet Hopma Aobagums daiiner Crpece

Hauate 06yuesme

ObyyeHue SOM: owmbka no snoxam

—— Quantization error

Puc. 2. Cxpunmiot Bxinaakn «O0ydeHne» ¢ rpaukoM OmuoOKy 00ydeHH s

Fig. 2. Screenshot of the ‘Training’ tab with the training error graph

[Tpu ananu3e MIUTENBHBIX aynno(dailyioB cHCTeMa BBISBISET BPEMEHHYIO AMHAMUKY
YPOBHS CTpecca, YTO MO3BOJISCT ONPENEIUTh, MOMCHTHI HAaUOOJBIIIEr0 HATIPSHKCHHUS OTIepa-
Topa. B pexume peanbHOro BpeMeHH CHCTeMa 00ecreYrBaeT HeNpepbIBHBINT MOHUTOPHUHT
¢ OOHOBIIEHHEM MHINKATOPA COCTOSHHS.

Hnpopmamuenocms npusnakos

AHanu3 BecoB 00y4eHHBIX HEHPOHOB ITO3BOJISIET OLIEHUTD BKJIAJI OT/ICIBHBIX IPU3HAKOB
B paszeneHue kiaccoB. Hanbonbiyo TMCKPUMHHATHBHYIO CIIOCOOHOCTh IPOJEMOHCTPU-
poBasm ocHOBHas yactoTa ToHa (FO) M crieKTpanbHbIN HEHTPOU] — WX 3HAUYCHHS YCTOM-
YUBO TOBBIIAIOTCSI TIPU CTPECce, UYTO COTACyeTcsl ¢ JaHHBIMU JuTepatypsl (Frampton,
2010; Giddens et al., 2013). CnexrpanbHas MIUPHHA U CHEKTPANBHBINA CIaJ TAKXKE BHOCAT
3HAUMMBIH BKJIaJ, OTpakasi Mepepacrpe/ielieHne SHEPrul B BBICOKOYACTOTHYIO 00JacTh
CIIEKTpa TIPH CTpecce.

Obcyscoenue pe3yiomamos
[TonmyueHHbIe pe3yabTaThl CONIACYIOTCS C BBIBOJAAMH MPEAIIECTBYIOMINX UCCIEI0BaHUH
0 MEePCIEKTUBHOCTH MPUMEHEHNS HEHPOCETEBBIX METOJOB JJISl THATHOCTUKH ONEepaTopoB
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87 Audio Stress Predictor (SOM) - o X
MunoTsl
OByuerme
Avanus paiina
Ornaiin mormTop
Cratucrka
Texywii nanot: Teer_Munor
normal-sterss.mp3 BuiBpaTs ayauodaiin
JpwrenshocTs cermena (cex: 2,00 A~ Cagnr (cex) 1,00 A~

Ananusuposars daiin

JuHamuka ypoBHa cTpecca no dainy

P(cTpecc)

0.0 T y y y T T
] 20 40 60 80 100

Bpems, C

Puc. 3. [Ipumep anamu3za 3ByKoBOTro (haiiyia Bo BKIaAKe «AHAIU3 (aiiinay

Fig. 3. Example of analyzing a sound file in the ‘File Analysis’ tab

CTC. B (Kuravsky, Baranov, 2001) 6p11a moka3zana 3¢ ¢GeKTHBHOCTh kKapT KoxoHeHa s
JIMarHOCTUKU TEXHUYECKUX CHUCTEM IO BHOPOAKyCTHYECKMM JJaHHBIM; HacTosIas pabora
pacumpsier obnacte npumenennss SOM Ha 3afady JUAarHOCTHUKHU TCUXO3MOIIMOHAIEHOTO
COCTOSIHHUS OTIepaTopa Mo PeueBOMY CUTHally. AHanmorndHoe npuMeHenne SOM juis fneTek-
THUPOBAHUSI TPEBBIIICHUS] KPUTHIECKOTO YPOBHS KOTHUTHBHOW HArpy3KH IMUJIOTOB IO OKY-
JIOMOTOPHBIM ToKazarensim onucano B (Kypasckuii u nip., 2026).

[epcoHan3MpoOBaHHBIN MOAXOJ] K MOCTPOCHUIO MOJIENIeH — 00yueHNEe UHIUBHIYalb-
Hoit SOM JuIsl Ka’kI0ro Oneparopa — SIBISETCS CYIIECTBEHHBIM MPEUMYIIECTBOM Mpe.-
JIO)KEHHOTO MeTofa. VIHIMBHIyanbHbIe 0COOCHHOCTH OIepaTopa UIparoT KIIOYEBYIO POJIb
B JIMarHOCTHKE JIETHOTO COCTaBa MO pe3ynbratraM paboTel Ha TpeHaxképax (Kypasckuii
u ap., 2014). AHaOrn4HO, aKyCTUYECKHE XapaKTEPHUCTUKU T0JI0Ca BHICOKO HHINBUAYAIb-
HBI, 1 YHUBEPCAIbHBIE MOJIECTH, 00yUIECHHBIE HA TETEPOr€HHON BBIOOPKE, MOTYT TEPSITh TOU-
HOCTh (Sharma, Gedeon, 2012).

BaxHO MOAYEPKHYTH CBSI3b MPEATIOKEHHOTO MTOAX0/a ¢ MPOOIeMaTHKON OLCHKH JIeH-
CTBHI JKHIaXa B KOHTEKCTE 0e30MacHOCTH NoNETOB. Pa3paboTaHbl MOEIH OLIEHKH BKIIa-
na genoBedeckoro (akropa B xapakrepuctuku padorer CTC (Kypasckuit u mp., 2025;
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Kypasckwuii u ap., 2021, Kuravsky et al., 2020). MaTerpamus akycTH4eCKoro MOHUTOPHHTa
cTpecca B IOJJOOHBIE CHCTEMBI TIO3BOJIHT TIOBBICHTH TTOJTHOTY JUarHOCTHYECKOM nH(OpMa-
MU HapsAy ¢ aHAIM30M maTTepHoB AevictBuil (Kypasckwii, Kossipes, ['pemankos, 2024)
MOSABIISICTCA BO3MOKHOCTD OOBEKTUBHOMN OIEHKH SMOIIMOHAIBHOTO COCTOSHUS OIepaTopa.

Cpemu orpaHHYCHHUN UCCIICIOBAHUS CIICTYET OTMETUTE: (1) OTHOCHTEIBHO HEOOIBIION
00BEM 00ydaromuX JaHHEIX; (2) OTCYTCTBHE BepH(PUKAIINK HA PEaNIbHBIX 3aMUCSX TEPEro-
BOPOB DKHUIIAXKa B MONETHBIX yCIOBHAX; (3) OorpaHIMUEHHBIN HA0Op aKyCTHYECKHUX MpH3HA-
koB (9 mapameTpoB). B mepcrekTuBe MIaHUpyeTCs paclIupUTh BEKTOP MPH3HAKOB 3a CUET
BKIIFOYCHUS MEJI-4aCTOTHBIX KerncTpaibHbIX Koddduimenros (MFCC) u nokasareneil He-
CTaOMIBHOCTH TOHA (JUKUTTEP, IMIUMMEp), & TAaK)Ke NMPOBECTH BAIMIALMUIO HAa JAHHBIX pe-
aJbHBIX TPEHAXKEPHBIX CECCUM.

3aKjao4YeHue

B pabote npeanioxxeH MeTo1 HACHTU(HUKAIINH aKyCTHYECKHUX IPETUKTOPOB CTPECCOBOTO
coctosinus oneparopoB CTC Ha ocHOBe camoopranusyromuxcs kapt Koxonena. i npo-
BEJICHUS €r0 OILEHKH pa3paboTaHo mporpammuoe obecredeHmne «AudioStressPredictory,
peanusylolee UK OT CO3/aHMsl IEPCOHAIM3UPOBAHHOTO MPOQHIIs oreparopa 10 Mo-
HUTOPHHTA CTpecca B PEXHMME PEabHOIO BPEMEHH. ODKCIEPUMEHTAlbHAs arpoOarus
MOATBEPKJaeT pabOTOCHOCOOHOCTh TOIX0Aa M MH(OPMATHBHOCTH BBHIOPAaHHOTO HaboOpa
aKycTniaeckux npusHakoB (FO, criekTpanbHbIN IEHTpOWA, CHEKTpaIbHAs IIUPUHA, CIIEK-
TpaJbHBIN Caj, MUKOBBIC YaCTOTHI).

Cucrema MHTErpUpOBaHa B KOMIUIEKC MOJIEITMPOBAHUS TIEPCIIEKTUBHOTO BO3LYIITHOTO CY/I-
Ha C OIHOWICHHBIM SKHUITa’KEM U IPOIIIIA ITPEIBAPUTEIBHYIO OIEHKY JIETHBIMHU HKCIIEPTAMH.

PesynbraThl HccneoBaHus MOTYT OBITh HCIONB30BAHBI JUISI CO3JAHHS CHUCTEM IIO[-
JACPKKU TPUHATHSA peLHeHI/Iﬁ B aBHAIlMOHHBIX y‘-Ie6HbIX HEHTpax U CIYKUTb OCHOBOI1 JUIA
OOPTOBBIX CHCTEM MOHUTOPHHIA COCTOSIHUS dKHMaxa. JlanpHeiimee pa3BuTrue padoThl CBsI-
3aHO C paclIMpeHHeM HabOpa MPU3HAKOB, POBE/ICHUEM BAIMAAINH Ha PEaTbHBIX JaHHBIX
1 MHTETpalyell ¢ CylECTBYIOIMMU CUCTEMAMHU OLICHKH IEHCTBUM SKUIIAXA.
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O030p MeTO/10B AaBTOMATH3UPOBAHHOTO CO3/1aAHUSA
OHTOJIOTHI MpeMEeTHBIX 00JI1acTell HAYKHU

I'.B. ®uwmunmos' P4, A.B. Peikamun’?, A.A. Xopourmios' 2, C.J. Uypuios'

! MockoBckuil aBUalOHHBIH HHCTUTYT (HarmoHanbHBIN HCCIIEN0BATEIbCKUI YHUBEPCHTET)
Mockga, Poccuiickas ®eneparust

2 BCepOCCHICKHIT HHCTUTYT HAYYHOM M TEXHUYECKON nH(OpMAIn

Poccuiickoii akanemun Hayk, Mocksa, Poccuiickas @enepanus

P4 german.filippov2000@yandex.ru

Pezrome

KonTexkeT 1 akTyanbHOCTb. COBpEMEHHBIC HHTEIIIEKTYaIbHBIE CHCTEMBI 00pabOoTKH
1 aHaJdHM3a CMBICTOBOTO COAEPKAHHS OTPACIEBBIX TEKCTOB PabOTAIOT C TEKCTOBOM
uH(popManue, coaepiKarieil ThICSYM KJIacCOB OOBEKTOB M HEOTPAHHYEHHOE YHCIIO
CMBICIIOBBIX OTHOIICHUH. Bce 5TM 3HAHMS O BBICOKOTEXHOJOTHMYHBIX OTPACISX
MOTYT OBITH pPEaJIM30BaHBl B OHTOJOTHMYECKHMX CIpaBOYHUKAX. HeobOXoammocTsb
aBTOMATH3UPOBAHHOTO ()OPMHUPOBAHUS TAKUX WHCTPYMEHTOB SIBISCTCS aKTyalbHON
3afauell, B TOM 4HCle Ul OOeCHeueHHsl JOCTyMa HcclefoBaTelel K HayuHBIM
pecypcam. Tem He MeHee, pyuHOe CO3JaHie OHTOJOTUH ISl BHICOKOTEXHOJIOTHYHBIX
oTpaciell Ype3BBIYAfHO TPYHOEMKO, a NPHMEHEHHE «CBIPBIX»  OONBIINX
s3pIkOBEIX  Mogeneit (LLM, Large Language Models) mopoxkmaer mpoGiemst
«TAJUTIONMHAIMIY W HEOJHOPOAHOCTH JAHHBIX. Tak BO3HHKAeT MHMOTPEOHOCTH
HCTIONb30BaHUS ~ THOPHIHBIX ~ METOAOB  ABTOMATU3HPOBAHHOTO  MOCTPOCHHS
OTpACJEBBIX OHTOJOTMH, COYETAIOUIMX TOYHOCTh JIMHTBHCTHYECKOTO —aHajH3a
¢ wmacmrabupyemocteio LLM. Ieab. HccnenoBars cymiecTByMOIIHE MeETOBI
CO3/IaHMSI OHTOJIOTHH M METOJIOB MX COIOCTABJICHHS, PACCMOTPETh BO3HHKAIOIIHE
TIPU 3TOM IIPOOIEMBI U IPEATIOKUTH HOBBIE METO/IBI aBTOMaTH3HPOBAHHOTO CO3AHHS
OTPACIIEBBIX OHTOJOTUI MHpeAMETHhIX oOnactell Hayku. I'mmore3a. MHTerparus
JIMHIBOCTAaTUCTHYECKUX METOJ0B, METOJa KOHLENTYaJbHOTO (hpa3eoIoruueckoro
aHanmM3a W CHeNUaIn3UpoBaHHBIX LLM B €IMHOM IHMKJIE ITO3BOJIHUT ITOBBICHTH
MONHOTY W TOYHOCTH ABTOMATHYECKOTO M3BJICUCHUS IIOHATHH M POJOBHIOBBIX
OTHOIICHUH MEXIy HHUMH U3 HayYHO-TEXHHUYECKOH TOKYMEHTAIWH, CHIKAas TpH
9TOM YPOBEHb «TaJLTIOLUHALMI» U HEOAHOPOJHOCThH PE3yIbTUPYIOIIUX OHTOJOTHH.
Metoasl n matepuansl. MccnenoBanne 06a3upyeTcss Ha aHAJIM3€ YETHIPEX TIPYIIT
METOJIOB: JICKCHUKO-cHHTakcnueckux ImadimoHoB (LSP, Lexical Syntax Patterns),
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CTaTUCTUYECKUX METOJOB YacTOTHOTO aHaNM3a, METOAOB IIyOOKOro 0OydeHHs
(Bxmowass LLM) u ruOpuanbeix moaxomoB. s BepuuKanuu NpemIoKEHHOTO
noxaxozna codpan maccuB u3 3000 MOTHOTEKCTOBBIX AOKYMEHTOB [0 aBHALMOHHOU
tTemaruke. Pe3yabrarsl. B pesynbrare aHann3a cynecTByOIMINX METO0B TOCTPOCHHS
OHTOJIOTHI BBISIBIICHBI KIIFOYEBBIC MX HEJOCTATKH. [IpoBeieHHbIe IpeaBapuTeNbHEIe
HCCIENOBAaHMS TOKa3aldM, 4YTO TPEATIOKECHHBIH METON aBTOMAaTU3HPOBAHHOTO
CO3IaHMsI OTPACIEBBIX OHTOJNOTHH paboTOCTIOCOOEH M 00eCHEeYUT BO3MOXKHOCTH
peUIMTh MOCTABICHHYIO 3a/lady ¢ MHUHHMMAaJbHBIMH TpyJao3aTpaTamu. Pa3zpaboran
QITOPUTM CO3JaHMs OTPACIEBHIX OHTONOTHH, B KotopoM LLM wucnome3yrores
HE W30JIMPOBAHHO, a B CBSI3KE C IPABMWJIAMU JIMHTBUCTHUYECKOTO aHAIN3a. BHIBOABI.
INoka3aHo, 4TO HH OJWH U3 CYIIECTBYIONIIMX KJIACCOB METOAOB ABTOMATHYECKOTO
MOCTPOEHHSI OHTOJIOTHII HE SBIAETCSl YHUBEPCATbHBIM: IMHIBUCTUYECKHE 1Ta0IOHBI
TpeOyIOT py4HO# ajanTaniy, CTATUCTHKA OrpaHHYeHa 10 TOYHOCTH, a HelpoCceTeBbIe
MOZIQJIM CTPajaloT OT «TaJUIIONMHAIMI». Pa3paboTaHHBI THOPHUAHBIN ITOAXO,
B OTJIMYME OT M3BECTHBIX PELICHUH, MO3BOJseT npuMeHsTh LLM He kak «4epHbIi
SIIUK», @ B CBSI3KE C JIMHITBUCTUYECKHMH MpaBHIaMH, oOecrieynBasl 3aMKHYTBII
LUK HUTEPaTUBHOTO yTOYHEHHs OHTonoruu. IlepcmexkTuBsl panbHeiimeil paboTs
BKJIIOYAIOT MaciiTabMpoBaHUE MOAXOJa HA JpPyrue o0NacTh HAyKH W HWHTETPALHIo
C cymecTByIOIIMMH 0a3amMu 3HaHWH. Pesymerarel paboTel OyayT BHEIPCHEI
B TexHonornueckuil nporecc BUHUTU PAH s pemenus 3anad aHanusa TEKCTOB
Pa3THYHBIX MPEIMETHBIX 00IacTel.

Knioueevie cnosa: OHTONOTMH, MAIIMHHOE OOy4YeHHe, AaBTOMATH3HPOBAHHAsS
00paboTka TEKCTOB, OONBINNE S3BIKOBBIE MOJETH, CEMAaHTHKO-CHHTAKCHUYCCKUH
aHaNN3, CMBICIIOBAs CTPYKTYpa TEeKCTa

®unancupoBanue. VccienoBanne BEHITOIHEHO IpH (PUHAHCOBOH moxanepx ke MuHu-
CTepCcTBa HAyKH U BBICIIETO oOpa3zoBanus Poccuiickoit dexepanun B pamkax rocynuap-
crBenHoro 3aganus Ne FFFU-2025-0010.
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Abstract

Context and relevance. Modern intelligent systems for processing and analyzing the
semantic content of industry texts work with textual information containing thousands
of classes of objects and an unlimited number of semantic relationships. All this
knowledge about high-tech industries can be implemented in ontological reference
books. The need for automated generation of such tools is an urgent task, including
to ensure researchers’ access to scientific resources. Nevertheless, the manual
creation of ontologies for high-tech industries is extremely time-consuming, and the
use of «raw» Large Language Models (LLM) creates problems of «hallucinations»
and data heterogeneity. Thus, there is a need to use hybrid methods for automated
construction of industry ontologies that combine the accuracy of linguistic analysis
with the scalability of LLM. Objective. To investigate the existing methods
of creating ontologies and methods of their comparison, to consider the problems
that arise in this case, and to propose new methods for the automated creation of
industry-specific ontologies of subject areas of science. Hypothesis. The integration
of linguistic statistical methods, the method of conceptual phraseological analysis
and specialized LLM in a single cycle will increase the completeness and accuracy
of automatic extraction of concepts and generic relationships between them from
scientific and technical documentation, while reducing the level of «hallucinations»
and the heterogeneity of the resulting ontologies. Methods and materials.
The research is based on the analysis of four groups of methods: Lexical Syntax
Patterns (LSP), statistical methods of frequency analysis, Deep Learning methods
(including LLM) and hybrid approaches. To verify the proposed approach, an array of
3,000 full-text documents on aviation topics has been collected. Results. As a result
of the analysis of existing methods for constructing ontologies, their key disadvantages
have been identified. Preliminary studies have shown that the proposed method of
automated creation of industry-specific ontological reference books is workable and
will provide an opportunity to solve the task with minimal effort. An algorithm for
creating industry-specific ontologies has been developed, in which LLMs are used
not in isolation, but in conjunction with the rules of linguistic analysis. Conclusions.
It is shown that none of the existing classes of methods for automatic ontology
construction is universal: linguistic patterns require manual adaptation, statistics
are limited in accuracy, and neural network models suffer from «hallucinationsy.
The developed hybrid approach, unlike well-known solutions, allows LLM to be
applied not as a «black box», but in conjunction with linguistic rules, providing
a closed loop of iterative ontology refinement. The prospects for further work include
scaling the approach to other scientific fields and integration with existing knowledge
bases. The results of the work will be implemented in the technological process of
VINITI RAS to solve the problems of text analysis in various subject areas.

Keywords: ontologies, machine learning, automated text processing, large language
models, semantic and syntactic analysis, semantic structure of the text
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BBenenune

B Hacrosiiiee Bpemsi BctaeT psj 3a1a4 o0ecrieueHts J0CTyna HCCIIe0BaTelsIM U HC-
CJI/IOBATEIbCKUM KOJUICKTHBAM K HAllMOHAJIBHBIM M MEXAYHAPOIHBIM pecypcam, pesyib-
TaTaM Hay4HBIX MCCJIEIOBaHUI Ha TEPPUTOPUH CTpaHbl. s MX permeHus Bce OOJNBIIYIO
TIOIYJIIPHOCTh MIPUOOPETAIOT TEXHOJOTUH CEMAaHTHYECKOTO ITOJTHOTEKCTOBOTO ITOMCKa,
Gasmpyromrecs Ha CMBICIIOBOM aHann3e mHpopMmarmn (3axaposa, 2009). OgauM U3 Hau-
6omee >h(HeKTUBHBIX HHCTPYMEHTOB, MO3BOJISIOIIMX IIPOBOIUTEH AAHHYIO MOJEIb IIOHCKA,
SIBJISIFOTCSL OHTOJIOTMU. B COOTBETCTBUM ¢ KOHIEMIHEH [ pydepa, OHTOIOTHEH Ha3bIBACTCS
«siBHas crienudukanus koHuenryamusamum» (Gruber, 1995). Konnenryanuszamus — 310
aOcTpakTHas: MOJIeJb MTOHATHHHOTO COCTaBa OTpaciu. SIBHas crierudukanus — 310 Gop-
MaJIbHOE, MAIIMHOYHTAEMOE NPE/ICTABICHNE NOHATUIHOW Mozenu orpaciu. Takum 00-
pa3oM, MOHSATHE OHTOJIOTMH MOXKHO IPEACTaBUTh KaK MAIIMHOYUTAEMOE MPE/ICTaBICHUC
YOPOIIEHHON MOJeNU 3HaHHA, HEOOXOIMMOe TSI TOYHOTO U 3(h(heKTHBHOTO 0OMeHa 3Ha-
HUSIMU B CEMaHTHUECKOH ayTHHE TOM WIX HHOW OTPACIIH.

ITomMumoO 3TOrO, MOHATHUIHAS CHCTEMA BBICOKOTEXHOIOTMYHBIX OTPACIIEl MOKET BKIIIO-
4yaTb COTHH ThICAY KJIACCOB O6’I)€KTOB, KOTOPBIC YYAaCTBYIOT B HCOIpaHUYCHHOM YUCIIC
OTHOILIEHUH U CHTyauHﬁ. He[lOCTaTO‘lHO@ HCIIOJIb30BAHUEC JIMHI'BUCTUYCCKUX U OHTOJIO-
TMYECKMX 3HaHMH ((OpPMaIM30BAHHBIX MPEICTABICHUH TEPMUHOJIOTHH TPEIMETHOH 00-
JIACTH), MCHOJIB3YEMBIX B NPHIOKCHUSAX HH()OPMALMOHHOIO IOMCKAa M aBTOMAaTHYCCKOM
obpaborkn TekctoB (AOT), yacTo He oOecreunBarOT TpedyeMoe KaueCTBO pe3yJbTaToB
00paboTKM 1 aHaIM3a COJepP KaHHs TEKCTOB 110 MPUYMHE BBEICOKON TPYZOEMKOCTH PYYHOH
00pabOTKK TEKCTOB M CO3[AHUSA Ha MX OCHOBE OHTONOTHH. CyIIecTBEHHO MOBHICHTH Kaue-
CTBO MHTEJJIEKTYaJIbHOI 00paOOTKH MOYKHO TOJIBKO ITyTEM BHEIPEHUS B TEXHOJIOTUH aBTO-
MaTHYeCKOM O6pa6OTKI/I TEKCTOB JOIIOJIHUTECIBbHBIX 3HAHUHU O COBPEMEHHOM TEXHHUYCCKOM
OTPACIICBOM $SI3bIKE M 3HAHUH 00 OTPACIEeBBIX TEXHOJIOTHYECKUX IPOIeccax.

Just penieHust 3TuX NpodiaeM He0OXOJMMO HMONYUYUTh M ONUCATh ATH 3HAHMS, a TAKXKe
3a(h)MKCHPOBATh MX B CHENUAIBHBIX OHTOJIOTHYECKUX CHPABOYHHUKAX: TIIOCCAPUSX, CEMaH-
TUYECKUX M KOHLENTYAIbHBIX CIOBapsX, Te3aypycax, OHTOJIOTHAX. VIMEHHO yrOMSHYTbIC
CTIPaBOYHMKHN JIOJDKHBI COZIEPKaTh OMMCAHMS COTEH THICSY OTPAcIEBBIX OOBEKTOB M HX
CMBICIIOBBIX OTHOIICHHH.

PazpaboTurkyu HHPOPMALMOHHBIX CHCTEM OOBIYHO NPHMEHSIOT COBPEMEHHBIE METO/IBI
O6pa60TKI/I M aHaJIn3a TCKCTOB, YUWUTBIBAIOIIHC KaK MNPHUBBIYHBIC JIMHIBUCTHYCCKUEC, TaK
U HeipoceTeBble MeTO/Ibl 00pabOTKH U aHaJIM3a CMBICIIOBOTO COJIEPIKAaHHsI TEKCTOB, B 4aCT-
HOCTH, OYypHO pa3BHBAIOIMECs OOJIbIINE S3bIKOBbIE MOJEH. TeM He MeHee, MX BHEIPEHUE
J00aBIIsIeT psJl TEXHUYECKUX HPOOJEeM, TAKUX KaK AIUCTEMHYECKas HEONpEAeIeHHOCTh
(EU, Epistemic Uncertainty), «rammounHanun» LLM, HEOTHOPOIHOCTH TEPMUHOJIOTHH,
HU3KUH ypOBEHb COMOCTABICHHS OHTOJIOTHIA. Bee 3T0 Takxke HeOOXOMMMO YUHUTHIBATh TIPH
COCTaBJIEHUU OHTOJIOTHIL.
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Kiuacenpukanusi MeToqoB aBTOMATH3HPOBAHHOIO
CO3/1aHHS OHTOJIOTHIl MPeIMEeTHBIX o0J1acTei

OnHO M3 COBPEMEHHBIX MapaJiiT™M UHTEJUICKTYaJIbHOH 00pabOTKH TEKCTOBOH MH(OP-
Malli¥, OMMCHIBAIOIINX 3HAHUS O MHUPE M HPEIMETHBIX O0TACTAX, SIBISIOTCS OHTOJIOTH-
YeCKHe CHPABOYHUKH U (popMasbHbIe OHTOJIOrMU. MHOrME uccienoBarenu B 3Tol chepe
CTpeMATCS pa3paboTaTh CIOKHBIE (POPMATBHBIE MOAXOABI M MPAKTUIECKH aKCHOMATH3H-
poBaHHbIe Teopun. OIHAKO IPU TAKOM ITOJIXO/Ie aBTOMaTnieckasi 00paboTka HeCTPYKTYpH-
POBaHHBIX TEKCTOB Ha €CTECTBECHHOM SI3bIKE 3aTPyAHUTEIbHA BBULY X HEOAHO3HAYHOCTH
n HerouHocTH (Jlykamesny, 2016).

B nHactosimee Bpemst pa3paboTaHO 3HAYUTEIBHOE YMCIIO METO/OB, MTOAXOM0B U TEXHO-
JIOTHH, PEIIAIoIUX 3aJa4l aBTOMaTH3MPOBAHHOIO ()OPMHUPOBAHMS OHTOJIOTHH IperMer-
HBIX oOnacreil. CylIecTBYIOIUE METO/IbI YCIOBHO Pa3/IeisiiOTCsl Ha CIEAYIONIHE TPYIIIbI
B 3aBUCHMOCTH OT MCIOJIb30BaHMsI OCHOBHOTO ITOJIX0/1a:

1) Merofpl, OCHOBAaHHbIC Ha JICKCHKO-CHHTAKCHUYCCKHUX I1a0I0HAX;
2) MeToasl ITyOOKOTO M MAIIMHHOTO O0y4YeHHs, B YaCTHOCTH Ha OCHOBE MCIOJIb30BAHHS

LLM;

3) cTarHCTHYECKHE METOJBI;
4) ruOpuaHBIE METO/IBI.

Memooul Ha 0CHOBE JIEKCUKO-CUHIMAKCUYECKUX WADIOH08

Takue KJIacCHYECKHE METOIbl, OCHOBAHHbIC Ha IpaBHJIAX, MPEAINOJATar0T HCIIOJb-
30BaHUE JIEKCHMKO-CHHTAKCHYECKUX IIa0JIOHOB, KOTOPHIE HWHTETPUPYIOT JIEKCHYECKHUE,
CHHTAKCHYECKHE M CeMaHTHYEeCKUE NPECTaBICHHS I aBTOMAaTHYECKOTO U3BICUCHHS pe-
JIEBaHTHBIX clIoB U (hpa3 u3 Tekcra. ComacHo uccnenosanuio (Sadirmekova et al., 2024),
CYLIECTBYeT BO3MOXKHOCTh aBTOMAaTH4eckoro cosmanust LSP Ha ocHoBe mraGmoHOB mpo-
extupoBanust oHroioruid (ODP, Ontology Design Patterns) (Gangemi, Presutti, 2009).
Ananmu3 >()(EeKTUBHOCTH MOKa3bIBAET, YTO METOIbI HA OCHOBE JIEKCHKO-CHHTAKCHYCCKHX
1a0JI0HOB JIEMOHCTPUPYIOT BBICOKYIO PE3YJIBTaTHBHOCTH JIMIIB MPU PabOTe ¢ TEKCTAMH
Y3KOCTICIATM3UPOBAHHBIX MTPEJAMETHBIX 00NacTel ¢ yHU(UIIMPOBAHHON TEPMUHOIIOTHEH,
IPU 3TOM oOJiaziasi BRICOKAM YPOBHEM IIPO3PAYHOCTH U HE TpeOyst 00yvarommx BEIOOPOK.
OIHaKO KMCIIOJIBb30BAHUE TAKHX METOJOB TPEOyeT TOUYEUHON HACTPOMKH M AOpabOTKH Ia-
OJIOHOB I10JI KOHKPETHYO IPEAMETHYIO OTpacib, YTO BKIIFOYALT B Ce0s HEOOXOIUMOCTb JI0-
OaBieHMs crielupUYeCKUX MOHATHH U CBOMCTB JUIs KaXK10H KOHKpeTHOH 3amaun. Kpome
TOTO, METOBI Ha 0CHOBe LSP noka3sIBaloT HU3KKE OKA3aTeN! MOIHOTHI IPH BapUaTHBHO-
CTH €CTECTBEHHOTO SI3bIKA.

I100x00 Ha ocrHoGe cmamucmuuecKux Menooos

[Moxmxon, Ga3upyrommiics Ha HCIONB30BAaHUM CTATUCTHYECKUX METOIOB, OTHOCHTCS
K METOJaM CTaTHCTHYECKOrO aHaIn3a JaHHBIX Ha eCTECTBEHHOM s3bike (Xopoumios, Hu-
kutuH, bynsko, 2014). [l peann3aiu 3THX METOIOB TPeOyIOTCs OOIbIIHEe OOBEMBI TEK-
CTOBOHM MH(OPMALINN — peTpe3eHTaTHBHbIE KOPITyca TEKCTOB.

Ha nmepBoMm stare B KaxI0H KOJUIEKIUH JOKYMEHTOB BBIAEIISIOT TEPMHHBI-KaHJUAThI
(KaK TpaBWIIO, CYIIECTBUTEJBHBbIE M HMEHHBIC TPYIIIBI), ONIpENeNsercss X 4YacToTa
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BCTpeyaeMoCTd. VICIONb30BaHHE YACTOTHBIX KPUTECPHUEB MO3BOJISACT 3HAYUTEIHHO COKpa-
TUTB YUCIIO MIPEIIOIAraeMbIX KIACCOB MOHATHH.

Ha BTOpOM 3Tarme mpoBOOWTCS PaHKHUPOBAHUE TEPMHUHOB 10 YaCTOTE BCTPEYACMOCTH
U JIPYTUM CTaTUCTHYCCKUM KPUTCPHSIM, OICHUBACTCS MEPECCUCHHUE PAa3IMUHBIX KOJUICK-
LU 110 HCTIOIB3YEMBIM TEPMUHAM.

Oran BBIICTICHAS OTHOIICHUN MEKIY KIacCaMU SIBIISICTCS HAanOolee CIOKHBIM. B paM-
Kax 3TOr0 MOJAXOJa MPEIIONaracTcs, YTO MEPBOHAYAIBLHO CTPOUTCS HE MPOU3BOJIbHAS
OHTOJIOTHS, a T€3aypyC — TAKCOHOMHS C TepMHUHAMH. B kauecTBe Ga30BBIX OTHOIICHUH,
JEHCTBYIONINX MEXIYy TEPMUHAMH, OMPEHCIIIOTCS OTHOMICHUS «is-a» M «synonym-ofy.
Jyis BBIZICTICHUST OTHOIICHUS «iS-2» OOBIUHO HMCIIOIB3YIOT KOJUYCCTBECHHBIM MOAXOM K WH-
¢opmanmu. OH TO3BONISET BBIACIUTH TOJNBKO 0a30BBIE OTHOUICHHS, HEOOXOAWMBIC IS
MMOCTPOCHUS TaKCOHOMUU. OTHAKO BO3MOKHO €T0 PaCIIMPEHUE JUTS BBIACICHUAS U IPYTHX
otHomeHu# (Xopommuios, Kan, @ununmnos, 2024).

OCHOBHOW HEOCTATOK TaKOTO IMOAXO0Aa — HEOOXOAMMOCTh HAIMYHS OTPOMHBIX Mac-
CHBOB TEKCTOBOW MH(OpMAIINH, a TaKKe BBHIONHEHHS TPEOOBAaHUI K perpe3eHTaTHBHO-
CTH 3THX HAO0OPOB TEKCTOB. [IOMHUMO 3TOTO, TIOAXO HA OCHOBE CTAaTHCTUYCCKUX MCTOJIOB
00aaeT HeTOCTATOUHOW CEeMaHTHYECKON TOYHOCTHIO, 0COOCHHO MPH padoTe ¢ PEIKUMHU
TePMUHAMH, a TaKXKe MPUCYTCTBUEM 3HAYUTEIFHOTO YHCIIA THTICPOHUMOB, THITOHUMOB.

Memodvt mawmunnozo odyuenus u neipocemesvie NOOX00bl

B Hactosiee BpeMsi METONbI CO3/[aHUSI OHTOJNOTUH NPEAMETHBIX OTpaciiell Hayku
Ha OCHOBE MallIMHHOTO U IITyOOKOro 00y4eHHs HAOMParOT BCe OOJBIIYIO MOMYJISIPHOCTb.

B pabore (Sivaramakrishnan, Suchithra, 2019) aBTopamu MpeUIOKEHO MPUMEHEHHE
METO/I0B UHTEJJIEKTYaJIbHOTO aHaIu3a JaHHBIX TOCPEICTBOM HCIIOIb30BAHUSA CBEPTOUHBIX
HelpoceTell Ha OCHOBE CEMAaHTHUYECKHX M TeMaruueckux rpados. [Ipemiaraemplii Meton
YCTpaHseT OrpaHWYEHHE Ha ITOMCK KITIOUEBBIX CIIOB, KOTOPHIM 00JaJaroT OOJBIIMHCTBO
KJIACCHUYECKHX TIOJIXO0/0B K pacCMaTpuBacMoii 3a1a4e, MyTeM IPUMEHEHNs] METoa Mpeoo-
pa3oBaHus 3arpocoB. B ero ocHoBe — (opMHUpoBaHre BHYTPEHHEH Maphl «3arpoc — 3Ha-
YEHHE» U MOCIEAYIONIEe BHIBEICHNE CIIMCKA IPEIBIAYIINX 3alPOCOB MONb30BaTENICH, UTO
B UTOTE COKpAIlaeT BPeMs U 3aTparhbl HA BHIYMCIICHUS U TTOBBIILIAET IPOU3BOJUTEIHLHOCTD.
TeM He MeHee, CTONT yYUTHIBATh HEMHTEPIPETHPYEMOCTD Ipoliecca 00ydeHHUs MOJICIH.

Astopamu padots! (Cunoposa, MiBanos, OparHHUKOBA, 2025) MPEIIOKESHO MCTIONB30-
BaHME HEHPOCETEBBIX MOJIENIeil U OOJBIINX SI3BIKOBBIX MOJENEH Ul U3BJICYCHUS U3 TEK-
CTOB TEPMUHOB M CEMaHTHUCCKUX CBsI3e Mekay HUMH. B manHOl paboTe mpeacTaBiIeHb
JUHAMHYECKH (popMUpYyIomuecst HHCTpyKuuH it LLM Ha ocHOBE pe3yabTaToB IpebIay-
KX 3TanoB aHanu3a. O0mas cxema npuHnuna padorst LLM npesicrasnena Ha puc. 1. Pe-
3yJBTAThl SKCIIEPUMEHTOB MOKA3alu Xopolune 3Ha4eHus F1-meps! s 3amad u3BIeUCHUST
TEPMHHOB U CBSI3€H MEXIy HUMH.

OnHaKo MpH MCIIOIB30BAHUKM METO/IOB U MOJIENEH MCKYCCTBEHHOTO MHTEIJIEKTa He00-
XOIUMO YYHTHIBAaTh MPOOJIEMYy HEOJHOPOIHOCTH CO3/1aBaMBIX OHTOJIOTHH, a TaKXKe BBI-
COKYIO BEPOATHOCTB MPOSIBICHUS «rajunonuHanuiiy y LLM. B nensx cHIKeHHUs DaHHBIX
roKazaresneil HeoOXOJMMO ITOJTOTaBIMBATh LEIOCTHBIE OHTOJOTHH, KOTOpPbIE 00JaIaroT
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BHYTPEHHHUM €MHCTBOM, JIOTHUYECKOH CBSI3HOCTBIO U JOCTATOYHOW MOJIHOTOM JJIsi Toce-
IYIOLICH Tepeayu JaHHbIX HelipoceTeBoit Moaenu. Janee OyayT paccMOTPECHBI alrOPUT-
MBI, UCTIOJIb3yEeMBbI€ AJIS PEIICHUs YKa3aHHBIX PoOieM.
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Puc. 1. Cxema npunnumna padotsr LLM
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Fig. 1. LLM operating principle diagram
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Tubpuonvie memoowt

CoBpeMeHHbIE UCCIIE0BAHUS B 00IACTH OHTOJIOIMYECKOTO MHKUHUPHHTA JEMOHCTPH-
PYIOT yCTOHUYMBBII TPpEeHI K THOpHUAM3alNK pa3IndHbIX nmoaxonos (Ghidalia, 2023).

B pa6ore (Uynnos, 2025) paccMaTpuBaeTCsi CHCTEMa TUHAMUYCCKOTO YIIPABICHUS 3HA-
nusimu (CZ1Y3). OHa coCTOUT M3 MOYIIS U3BIICUCHHUS 3HAHUH, OCHOBAHHOTO HA JI0O0y4eH-
Hoit mozenu ruBERT, u norudeckoro nHTEpiperaTopa Ha ocHOBe Prolog.

C/J1Y3 mosBoissier penrarh 3ajadd pacrio3HaBaHHe MMeHOBaHHBIX cymrHocteil (NER,
Named Entity Recognition) n usBnedenus ornonrenuii (RE, Relation Extraction). Paspabor-
YHMKU TPEUIOKUIIN MEXaHN3M 0OpaTHOW CBSI3H, MO3BOJISIONIMNA OOHAPYKUTH TPOTUBOPEUHS
MEX/1y TpeCKa3aHusIMH HEHPOCETH M JIOTMYECKUMH MTPABHIIAMH, TIPOBOIUTEH SKCIIEPTHYIO
KOPPEKLHUIO U JI000yuyarh TpaHchopMep Ha CKOPPEKTHPOBAHHBIX JaHHBIX. OHAKO CIIOXK-
HOCTb HACTPOWKH ITPaBHII TpeOyeT OOJIBIIETO BOBJICUEHHS SKCIIEPTOB B pPaOOTy C CHCTEMOH.

Wnoii momxon peanusoBan B padote (Kukreja, 2025), rne npemtoxken end-to-end maii-
TUTaiiH M3y4YeHus oHToorui, ncrons3ytomuii LLM (GPT-40) nuist u3BieyeHns! KOHLIETITOB
Y OTHOIICHUI B COYETAHUM C TMOPUAHBIM MHTEPIIPETATOPOM IIPUHSTHS PEIICHUI Ha OcC-
Hose multi-factor similarity score. Cuctema BriitouaeT human-in-the-loop unTepdeiic s
BaJIMIAIMK U 00CCIICUNBACT XPAaHCHUE PE3yNIBTaTOB B rpadoBoit 6a3e maHHbIX Neod;).

Jnst mpeojioNieHnsT HeJIOCTaTKOB OTAEIBHBIX METO/IOB CO3[AaHUsI OHTOJIOTMH B HACTO-
sield pabote mpeiaraeTcsi THOPUAHBIA MOAXO0]], BKJIIOYAIOIIUH JIMHIBOCTATUCTUUECKUEC
METO/IbI, METOJI KOHIIENTYaJbHOTO (hpazeosornueckoro aHamusza (Xopommios, Kan, ®u-
nunmos, 2024) u ucnonb3oBanue LLM.

JlaHHBII METOJ JTOJDKEH MO3BOJISITH MOCTPOUTH 3aMKHYTHIH IIMKJI aBTOMaTU3UPOBAaHHO-
TO CO3JIaHMsI OHTOJIOT'MI Ha OCHOBE TEKCTOB PA3JIMYHBIX IPEIMETHBIX 001acTel, B 4aCTHO-
CTH, aBTOMaTHYE€CKOTO YCTAHOBIICHUSI POJOBH/IOBBIX OTHOIICHUH MEX/Ty TIOHSTHSIMH.

AJITOPUTM COCTOMT M3 CJIEIYIOIIHUX JTAIOB:

1. cObop wmaccuBa HayuHO-TexHUuUcckod mokymeHtanumu (HTJ) mo wuHTepecyromeit
TEMaTHKe;

2. mpoBeleHUE OOpadOTKM TEKCTa MOCPEICTBOM pPa3padOTaHHOTO MPOrPAMMHOIO KOM-
TuIeKca 00padOTKHM TEKCTOB, BKJIFOYAIOIIETO CPEJCTBA TOKEHU3AWH M MOpQOIoruye-
ckoro anaim3a (MA);

3. ompexeneHHe CHCTEMbl O0BEKTOB B COOpaHHOM MAacCHBE Ha OCHOBE HCIIOJIb30BaHMS
ceMaHTUKO-cuHTaKkcuueckoro (CCA) n cTaTHCTHYECKOTO aHAJIN3a,;

4. mpoBeleHUE BTOPUYHON 00pabOTKM Ha OCHOBE MPUMEHEHHUSI METO/IOB KOHIICTITYaJIbHO-
ro ananmza (KA);

5. mpeoOpa3oBaHKe NOIYYEHHBIX PE3YJIBTaTOB B OHTOJIIOTMYECKYIO CTPYKTYPY HOCPEICTBOM
reneparu RDF-tpurieroB u umMmnopt B penaktop Protégé yepes OWL-unrtepdeiic;

6. mooOyuenue Heckombkux LLM (B wactHOCTH, Mofeineli cemelictB Qwen u Deepseek)
Ha MacCHBaX TEKCTOB W pe3ysibTarax MpeAblIylux dtarnoB. Kaxnas Moaenb JoDKHA
pemarh CBOIO 33/1a4y B Ipoliecce:

a) Monenb A — TokeHH3auus 1 MOP(HOIOTHIECKUI aHaIIH3;

b) Monens B — craructuueckuii anams,

¢) Monens C — ceMaHTUKO-CUHTaKCUUYECKUIl aHaNN3 (Ha OCHOBE Pe3yNIbTaTOB NEepBOM

MOJICITH ),
d) Mopnens D — koHuenTyanbHbI aHanu3a (Ha ocHoBe pesynbratoB Mozean CCA),
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e) Monens E — ¢dopMupoBaHne OHTOJIOTHYECKONH MOJEIH, TIpeoOpa3oBaHue pesyib-
TaToB KOoHIenTyaapbHOro ananu3a 1 CCA B OHTOJIOTHUECKUE CTPYKTYPBI, B YACTHO-
CTH, B OHTOJIOTUH / Te3aypychl / TakconoMuu B Buje RDF / OWL-(aiinos;

7. TpOBEICHUE TCCTHPOBAHUsSI JOOOYUYECHHBIX MOjeich. B kauecTBe METPUK KauecTBa UC-
MOJIb30BaTh TOYHOCTH, MONHOTY U Fl-Mepy. B mepBbIX uTepanusx MIaHUPYETCs JI0-
cTrub 3HaYcHUs F1-Mepel He HUKE 0,8 HA TECTOBBIX JaHHBIX.

[TonpoOHas cxema ajropuTMma MpeicTaBieHa Ha puc. 2.

CobpaHue maccuBa
HTO
¢ TekcerT,
pasfaerneHHbIn
TokeHusauus HA TOKSHbI
¢ PesynbraThl
Mopdonoruyecknin MA
aHanua
¢ Pesynbrarbl 2
CemaHTuUKo- CCA
CUHTaKCUYECKNi > Hoobyqetne
aHanus mopenen LLM
A
¢ Pe:sy;:‘aru Pesynbrathl
KoHuenTyanbHbIn paﬁoTltl
aHanus Kakaomn
y MoAemm
¢ CTpyKTYpbI TecTupoBaHue 1
leHepauus RDF- RDF/OWL oLueHKa Kaqevcrsa
TpunneToB, pa6oTa B L____mMonenen
Protege

Puc. 2. Cxema anropur™a ruOpUIHOTO TTOAXO0A,
OCHOBAHHOTO Ha JINHI'BOCTAaTUCTHYECKNX MeToxax u LLM

Collection of an array
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technical documents
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Results of MA

analysis
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A
¢ The results
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Generating RDF [ o oo evaluation of
triplets, working in model quality
Protege

Fig. 2. Algorithm diagram of a hybrid approach based on linguo-statistical methods and LLMs
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Ha mannoMm »tame pa0®othl cobOpan MaccuB u3 3000 TMONHOTEKCTOBBIX JOKYMCHTOB
U3 OTKPBITHIX UCTOYHHMKOB I10 ABHAIIMOHHOM TeMaTHKe, peajn3oBaHa o0pabOTKa TEKCTOB
[IPH IOMOIIH CPEJCTB TOKCHU3AIMH U MOP()OIOTHUECKOr0 aHaIM3a.

Kaaccnduxanus MeTogoB conocraBieHus
OHTOJIOTHI NMPeJIMEeTHBIX 00J1acTeil

B HacToAlEeC BpEMsA CpE€A OCHOBHBIX METOJ0B COIOCTABJICHUA OHTOJOTUH peaMeT-
HBIX 00acTel BBIICTAIOT TPAIUITMOHHBIE U YBOJIOIMOHHBIE METOMBI (pHC. 3).

MeToabl
conocTaBneHus
OHTONOrMN
Y Y
TpaAnLMOHHbIe OBOMOUMNOHHbIE
\ 4 ¢ A4
PyyHble PopmanbHble Cratuctuyeckme

Puc. 3. Kitaccudukaryst METOIOB COITOCTaBIICHHST OHTOJIOTHI

Methods for
comparing ontologies

Traditional Evolutionary
Y ¢ A\ 4
Manual Formal Statistical

Fig. 3. Classification of ontology comparison methods

Tpaouyuonnsie memoovl conocmasnenus

TpaauunoHHBIE METO/BI BKIIIOUAIOT Py4YHbIE, ()OPMAIIBHBIC U CTATUCTUYECKUE MOIXO0-
1bl. [TepBbie BKIIFOYAIOT JISKCHKOTPaUIeCcKOe CpaBHEHHE, CPABHEHHE C YUCTOM 3HAYCHUI
U CO3/IaHUC KOHTOJIOTHI BepxHero ypoBHs» (Maedche, Staab, 2002). [IpuMeHeHHE TaKUX
METOJIOB OOBIYHO CONPOBOXKIAETCSI (MHAHCOBBIMU TPYIHOCTSIMH, OJHAKO TO3BOJISET pe-
LIUTh 33/[a4y C OTHOCHTEIILHO BBICOKOM TOUHOCTHIO.
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dopmanbHBIE METO/IBI BKIIIOYAIOT B CE0sl CTPYKTYPHBIH aHalN3 (OI[EHKa CXOJCTBA CBSI-
3ell MEXIy CYIIHOCTSIMU), aHAJIN3 CXOACTBA TI0 MEPEKPECTHBIM CBA3sM (OILICHKA CXO/CTBA
yepe3 MOXOXKNE KIACCHI 1 TUIIBI CBSI3€H B OHTOJIOTHSIX) M JIOTHUECKHUH BBIBOJL (AHAIIM3 CBOM-
CTB KJIACCOB M 3K3EMIUISIPOB KJIACCOB OHTOJIOTHH, C MOMOIIBIO KOTOPBIX U3 MMEIOIINXCS
COOTBETCTBHH JIOTMUECKH BBIBOISITCA Apyrue coorBerctBusi) (Porymmmna, 2017). Taxoi
oAX0/] 00JI1a/1acT BEICOKOW BBIYMCIUTENIBHOM CIOKHOCTBIO M IA€T KaueCTBEHHbIE PE3YITh-
TaTHI IPH padoTe IUIIb C Y3KOCTICHAIN3NPOBAHHON TEPMUHOIOTHEH.

CratucTiueckuil MOAXOM K COMNOCTaBJICHUIO OHTONOTHMH YUYUTHIBAET 4acTOTY BCTpe-
YaeMOCTH TEPMHHOB B KOPITyCaX TEKCTOB M IIPUMEHSIET MEPbI CXOJCTBA, KOJMYCCTBEHHO
OLICHMBAsI, HACKOJIBKO BBISBJICHHBIC CYIIHOCTH NOJO0OHBI. OCHOBHBIE HEJOCTATKH TaKUX
METOJIOB OTIMCAHBI BBIIIIE.

Deontoyuonnvie anzopummosl cCOnOCMasaeHU

DOBOJIIOLMOHHAS ONITHMU3AIINS (METa-CONOCTABICHUE) OCHOBBIBAETCSI HA TTOUCKE OITH-
MaJIBHBIX BECOBBIX KO3()(UIIMEHTOB /1J1st KOMOMHAIMH Pa3IMYHBIX MEP CXO/CTBA (JIEKCHYe-
CKHUX, CTPYKTYpHBIX). OIHAKO MPUMEHEHHE SBOMOMUOHHBIX anropuTMoB (EA) B 3amauax
COTOCTABJICHHUS] OHTOJIOTHH COMPSIKEHO C PSJIOM OrPaHUYEHHH, CPEJI KOTOPBIX MPEXKICB-
pEeMEHHasl CXOAMMOCTh (KOHBEPIeHLMs), NMPUBOASIIAS K CyOONTHMAJIBHBIM PEIICHHSM,
a TaKke HeOOXOIMMOCTh allPHOPHOTO 3a/IaHMS STAJIOHHBIX COOTBETCTBHM JUISl OLIEHKH Ka-
YECTBA HAMJIEHHBIX PELICHUM.

Jlyis ycTpaHeHus JaHHBIX HEJIOCTaTKOB aBTopamu pabotsl (Lv, Jiang, Li, 2021) mpex-
JIO)KEH yCOBEPIICHCTBOBAHHBII MO/IXO0/] K COIIOCTABIEHUIO OHTOJIOTHH Ha ocHOBe EA, B KO-
TOPOM JUISl OLIEHKH Ka4eCTBa PELICHUsSI PECTABICHBI 1Ba PHOINU3UTEIBHBIX OIIEHOUYHBIX
NoKa3zarelisi — IICEBJI0BOCIIOMUHAHUE U NICEBJOTOYHOCTb. B CBOIO ouepenp, sl mpeooe-
HUSI [IPEXKIEBPEMEHHOM CXOIMMOCTH HCIONIB3YeTCsl IallTUBHOE JIaBJIieHne 0TOopa, KOTO-
poe perynupyeTcst B 3aBUCHMOCTH OT CTa/INH YBOJIIOIHH.

B pa6ote (Lv, Jiang, Li, 2021) Beiemnsror npuMeHeHne EA Ha 0OCHOBE BXOJHBIX TaHHBIX
6e3 aranonnoro BeipaBHuBaHus (NRA, No Reference Alignment) u ¢ num (RA, Reference
Alignment). Pazpaboranusiii aBropamu anroput™ Improved EA+NRA ormeuaercst BbIco-
KOW TOYHOCTBI0 00pabOTKH, HO HU3KOH MPOM3BOAUTEIBHOCTHIO 10 cpaBHEHHIO ¢ EA+RA.

[IpuMepoM TPUMEHEHHUS DBOIIOIMOHHOTO aJrOPUTMa MOXHO ykazarh pabory (Kpas-
yeHko M., Kpasuenko 0., Mapxkos, 2020), rae aBTOpbI JJ1s peIIeHus 3a/1a4 COMOCTaBICHUS
KPYIHBIX OHTOJIOTHH NPEUIOKHUIN B HEPCIEKTHBY OMOMHCIMPHPOBAHHBIE AJITOPHUTMBI.
I'mOpunuzanust GakTepHanbHOTO MOKMCKA M aTOPUTMA KyKYIIKH MO3BOJHMIIA UM JOCTHYb
9KOHOMHUH BpeMeHH 110 13% 1o cpaBHEHUIO C TPaJAUIIMOHHBIMI METOJJAMHU COITOCTABIICHHS
pu 00padoTke oHTOMOTHH ¢ 500 000 BepIHH.

3akjaroueHue

[TpoBeneHHbI aHANIN3 CYIIECTBYIONIMX IOIXOAOB K PEHICHHUIO 3aJadd aBTOMAaTH3H-
POBaHHOTO MOCTPOCHHUSI OHTOJIOTUII MIPEAMETHBIX O0NIacTe HAYKM MOKA3aj, 9TO HU OIUH
13 CYUIECTBYIONIIUX KJIACCOB METOOB HE SBISIETCS YHUBEPCATbHBIM:
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® JTUHTBUCTHYCCKHUC MIA0JIOHBI TPEOYIOT TPYIOCMKOM aIanTalluu;
® CTaTUCTUYECKUE METObI OIPAaHUYEHbBI HEJOCTATOUHOM CEMAaHTUUYECKON TOUHOCTBIO;
® HEHPOCETEBBIC MOAXOABI HUMCIOT TPOOIIEMBI C HEXBAaTKOW pPa3MCUCHHBIX JIaHHBIX

W «TAJTIOIUHAITUSME).

B cBsi3u ¢ 5THM, OBUT NPEIOKEH THOPUIHBIN MTOAXO0] aBTOMATU3UPOBAHHOTO CO3/IaHHS
TEMATUYCCKUX OHTOJ'IOFI/Iﬁ HpC}IMETHbIX 06HaCTeﬁ HayKI/I, OCHOBI)IBaIOI_HI/II‘/IICH Ha I/IHTeraLlI/II/I
JUHTBOCTATHCTHYECKIX MeTomoB M LLM. Pa3zpaboran anroputM JaHHOTO IOIXOAA, KOTO-
Pphlii TO3BOJISIET MOCTPOUTH 3aMKHYTBIM UK aBTOMATU3UPOBAHHOTO CO3/IaHUSI OHTOJIOT UK.

B otnune OoT M3BECTHBIX PEIICHUH, AJITOPUTM MO3BOJISIET:

e npuMeHsaTh LLM He Kak «4YepHBIH SIIHUK», @ B CBSA3KE C MPaBUIAMH JJUHIBUCTHYECKOTO
aHaJIN3a,
e o0ecrmeunTh 3aMKHYTBIA LUKJI: OHTOJOTHA — OOyYeHHE MOICIH — YTOYHCHHE

OHTOJIOTHH.

B nmanpHeiimem mtaHEpYETCs MacIITaOMpOBAaHUE TOIXOJa Ha IAPYTHE 00IacTH HAYKH
Y MHTEerparms ¢ 0a3aMu 3HaHUM.

Pesysbrarel paboThl OymayT BHEAPCHBI B TexHojormdeckuit mporecc BUHWUTU PAH
JUTS PEIICHNUS 3a/1a9 aHaJIN3a TEKCTOB Pa3IMYHBIX MPEIMETHBIX 00IacTeil.
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Pe3zome

IIpennokeH HOBBIM MOAXOA K aBTOMATH3aLMM IMPAKTHUYECKOTO IMPUMEHEHUS
HMHTEJJIEKTYaJIbHBIX ACCUCTEHTOB JUISl aHAJIN3a, HHTEPIPETAllMi U KOHCTPYHPOBAHUS
TEKCTOB M MPOMITOB B 3aJaHHOW MPEIMETHOW 0OJACTH MCXOAS U3 UX CMBICIOBOTO
colepKaHusA. ODTOT TOAXOA NPEANoNaraeT BBIABICHHE B 3aJaHHOW MPEAMETHOM
00J1aCTH CMBICIIOBBIX KOMIIOHEHTOB M MOCTYNATOB, ¢ MOCIEAYIOIIUM BBIYHUCICHHEM
COITYTCTBYIOIIUX CMBICJIIOBBIX CIIEKTPOB B 0asHMce TIOJYYECHHBIX CMBICIOBBIX
KOMIIOHEHTOB. CMBICIIOBBIE CIEKTPbI SIBISIOTCS OCHOBOM Ul KOJIMYECTBEHHBIX
CpaBHCHUI 110 3aTaHHBIM KPUTEPUSIM. MHOKECTBO HCCIIEYEMBIX TEKCTOB (hOPMATIBHO
paccMaTpuBaeTcsi Kak MPOCTPAHCTBO JIMCKPETHBIX paclpeiesieHul BepOsSTHOCTEH,
3aMKHYTO€ OTHOCUTEJILHO ACHCTBHUS CTOXaCTUUYECKUX MaTPHUI, KOTOPBIE TPEACTABIISIOT
3aJJaHHBIC MPOMIITAMH TPaHC(HOPMAIMH CMBICIOBBIX TPOdUIEH, CcomepKaTelIbHO
HMHTEPIIPETUPYEMbIE IyTEM JEKOMIIO3ULMU B WHBApPUAHTHBIX HOANPOCTPAHCTBAX
CMBICIIOBBIX KOMITOHEHTOB. OCOOCHHOCTH IMPUMEHEHUS IMPEIJIOKEHHOTO MOAX0Ia
MPOWJITIOCTPUPOBAHBI B paMKaX HapaurmMbl KyJIbTYpHO-UCTOPUUECKOMN ITCHXOIOTHUH.

Knrwuesvie cnoga: soriBieHue rammonuHanuii WU, wuHTepnperanus TEKCTOB,
reHepanysi TeKCTOB C 3aJaHHBIM CMBICIOM, KOJIMYECTBCHHOE CPAaBHEHUE TEKCTOB,
OIIEHKAa KOPPEKTHOCTH TEKCTa, MHTEIUIeKTyanbHble accHCTeHTH (MA), cMbIcioBoi
poQHIbL
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Analysis of the semantic profile of texts
from the point of view of artificial intelligence

L.S. Kuravsky ><, M.A. Mikhailovsky, D.A. Odintsov
Moscow State University of Psychology and Education, Moscow, Russian Federation
4 1.s.kuravsky@gmail.com

Abstract

A new approach to automating the practical application of intelligent assistants for
analyzing, interpreting, and constructing texts and prompts in a given subject area
based on their semantic content is proposed. This approach involves identifying
semantic components and postulates in a given subject area, followed by calculating
the associated semantic spectra based on the resulting semantic components. These
spectra form the basis for quantitative comparisons based on specified criteria.
The set of texts under study is formally considered as a space of discrete probability
distributions, closed under the action of stochastic matrices, which represent
the transformations of semantic profiles specified by prompts, meaningfully
interpreted through decomposition in invariant subspaces of semantic components.
The application of the proposed approach is illustrated within the framework of the
cultural-historical psychology paradigm.

Keywords: Al hallucination detection, text interpretation, generation of texts with
a given meaning, quantitative comparison of texts, text correctness assessment,
intelligent assistants (IA), semantic profile

For citation: Kuravsky, L.S., Mikhailovsky, M.A., Odintsov, D.A. (2026). Analysis of the
semantic profile of texts from the point of view of artificial intelligence. Modelling and Data
Analysis, 16(2), 112—126. (In Russ.). https://doi.org/10.17759/mda.2026160206

BBenenne

B mocnennue rogpl MCMONBb30BAHME WHTEIJIEKTYalbHBIX ACCUCTEHTOB, OCHOBAHHBIX
Ha OOJIBIINX S3BIKOBBIX MOJIECISIX, CTPEMHTEIBHO pacinupsiercs. Takue CHCTEMBI MpHMe-
HSIOTCS JIJIsl aHAJIM3a, HHTEPIPETAH ¥ TeHEepaIlid TeKCTOB B CAMBIX Pa3IMYHBIX IIPEI-
METHBIX oOnacTsax. [Ipm 3TOM 3HAUMTENbHAS YacTh IMOJB30BATENCH WHTEIIEKTYaIbHBIX
ACCHCTEHTOB HE 00aJaeT HU CIIEHUAJIbHOM MaTeMaTHYECKOM IOATOTOBKOM, HH OITBITOM
(GhopMabHOrO aHajiu3a TEKCTOBOM HMH(pOpMaluu. B pesyinbrate BO3ZHHKAIOT MPOOJIEMBI,
CBSI3aHHBIC C HEKOPPEKTHON MHTEPIIPETAICH Pe3yTbTaTOB Pa0OThI HHTEILICKTYaIbHBIX ac-
CUCTCHTOB, a TAK)KE C IMOMBITKAMU UX IPUMCHEHUS 03 JIOCTATOYHOTO MTOHUMAHHUS OTPaHU-
YEHHH MCIIONIB3yEMBIX TEXHOJIOTHIA.

OpnHoit 3 Hanboiee 00CYKTaeMBIX MPOOIEM, COTPOBOKIAIOIINX MPAKTHUECKOE FC-
MTOJIb30BAaHUE WHTEIUICKTYa bHBIX ACCHCTCHTOB, SBIISETCS TEHEpAlus IPaBIOION00-
HOM, HO HEBepHOU HH(OPMAIIMH, IOJTYyYUBIIAs HA3BAHHE «TaJUTIOIUHALNNY. 3BeCTHO,
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YTO MHTEIJUICKTYaJbHBIH ACCHCTEHT MOXKET (hOPMHUPOBATH YOEIMTEIBHO BBINISISIINE OT-
BETbI, HE COOTBETCTBYIOIINE (PAKTHUECKOMY MIJIM KOHLIENTYaJIbHOMY COZIEPYKAHHUIO paccMma-
TpUBAaEMOW MPEIMETHON 0b0sacTu. bosiee TOro, mpu COOTBETCTBYOIEH (HOPMYIUPOBKE
3arpoca OH CIIOCOOEH MOCeI0BaTeIbHO 000CHOBBIBATh YTBEPIKICHHSI, JOTHYECKH TPOTH-
BOpEeYalIye Apyr ApyTy. ITO CYIIECTBEHHO OCIOXKHIET UCIO0JIb30BAHIE HHTEIIEKTYaIbHBIX
ACCHCTEHTOB B 33/1a4aX aHaJIn3a HHPOPMANNH U IPUHATHS PEIICHUH.

B cBs131 ¢ 3THM aKTyanbHOM 3a/madeil CTaHOBUTCS pa3paboTKa METOIOB, MO3BOJISIOIINX
(hopMaM30BaTh aHAIM3 CMBICIIOBOTO COZEPIKAHMSI TEKCTOB, MCHONB3yEMbIX MPU B3aHMO-
JEUCTBUN C MHTEJUICKTYaJIbHBIMH aCCUCTEHTaMH. B 4acTHOCTH, MpENCTaBIsIET MHTEpEC
CO3/1aHH€ MHCTPYMEHTOB, TO3BOJISIOIINX KOJINYECTBEHHO OLIEHUBATh CMBICIIOBOE COJIEpIKa-
HHUE TEKCTOB M IPOMIITOB, CPAaBHUBATh MX MEXIY COOOMH, a TaK)Ke BBISBIISITH OTKIOHEHHS
OT KOHIETITYaJIbHBIX OCHOBaHMH 3aJaHHOM NTPEAMETHOH 00JIacTH.

B nanHoit paboTe npearaeTcs MOAXoA, OCHOBAHHBIN Ha MPECTABICHUN CMBICIIOBOTO
COZIEPKaHUsI TEKCTOB B BHJIE PA3JIOKEHHs 110 HAOOpY 0a30BBIX CMBICIIOBBIX KOMIIOHEHTOB,
XapaKTePHBIX ISl PACCMAaTPUBAEMON MPEAMETHOW 0071acTH. DTH KOMIIOHEHTHI (POpPMHU-
PYIOTCSI C MCIIOTIB30BaHUEM HMHTEIUICKTYaJbHOTO aCCHCTEHTA M Jlajiee MCIONB3YIOTCS Kak
0a3uc 11 MOCTPOCHUSI CMBICIOBBIX CIIEKTPOB HCCIEAyeMBIX TekcToB. HopmupoBaHHBIE
CMBICIIOBBIE CIIEKTPBI, Ha3bIBAEMBIE /aJIe€ CMBICIOBBIMH MPOQIIISIMU, PACCMaTPUBAIOTCS
KaK JIMCKPETHBIE PaCTIPEACICHUS BEPOITHOCTEH.

I/ICHOJILSyeMbIe onpeacjcHus U NOHATHA

MNpegmetHas obnacts

_ =
& = T Ucenegyembli Teker
v TEG
MocTtynatb! CMblcnoBble
Ap(G) = (P} _, KOMMOHEHTbI_
Ac(G) = {C }5:1 OTpuuaHue uccnegyemoro

Texcra T € G

CnekTp nocrynaros

CnekTtp

K
{CFmrk}:zl Tekcra {Cr'k}k:1

1

CnekTp oTpMLaHUA

K
ncenepyemoro Tekera {dr .}, |

u

i _n(T; T;) dns nap

mexkcmos T; u'T;

OueHKa KOPPEKTHOCTM MCCiieAyemoro TekcTa T u ero oTpuuaHus

Puc. 1. Cxema anroputma OLEHKH KOPPEKTHOCTH TEKCTA U €r0 OTPULIAHHS
Fig. 1. Scheme of the algorithm for assessing the correctness of the text and its negation
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Ilon npomnmom nanee monumaercst 3ampoc k WA, comepxkaiuii pekoMeHIaINu
o hopmary pe3ynsTaToB, POPMUPYEMBIX B OTBET Ha STOT 3aIpoc.

[ox cmbicnosvimu Komnonenmamu NOHUMAIOTCS 0a30BbIe KOHCTPYKTHBHBIC HJIEMEH-
Tbl, HA OCHOBE KOTOPBIX CTPOUTCA OITMCAHUC U 00BsICHEHHE COoACpKaHUA HOHﬂTHﬁ, 3aKOHO-
MEPHOCTE! U SBICHUU B ONPEACIEHHON MPEIMETHOM O0IACTH.

[on nocmynamamu nonuMaroTcst GyHIAMEHTAIBHBIC TIOJOKCHHUS, YTBEPKIACHHUS WM
MIPUHINIBI, KOTOpBIE 03 I0Ka3aTenbCTBa MPUHUMAIOTCS B PaMKax JaHHOW NpEeIMETHOH
00J1acTH U CITy’KaT OCHOBOH JJISl A€AYKTHBHOTO IIOCTPOEHUS BCEH pelIeBAHTHOW TEOPETH-
YECKOH CHCTEMBI.

[ycts:

G= {Tl. }ZO — npeaMeTHast 00JIaCTh, MPEACTABIISAIONIAsE COO0H MHOKECTBO TOIMYCTUMBIX KC-
CIIEyeMbIX TeKCTOB T;, 00beAUHEHHBIX 00LIE TEMaTHUKOM;

T € G — uccnenyemblii TEKCT;

A(G) — MHOXKECTBO MIPOMIITOB Ha ()OPMHUPOBAHKE ITOCTYIATOB M CMBICIIOBBIX KOMITOHEH-
TOB B 3aJIaHHOW TIpeIMETHOI o0JacTy;

v(T) — npomnT Ha pOPMUPOBAHKE OTPULIAHHUS 33/[AHHOTO TEKCTA;

,u(T ) — IPOMIT Ha (OPMHUPOBAHKE CIIEKTPAILHOTO PA3JIOKEHUS 3aJaHHOTO TEKCTa;

m

M o
ﬂp (G) = {P }m:l — KOHCYHOC MHOKECTBO IMOCTYJIATOB IIPCAMCTHOU 06J'IaCTI/I G;
K o
/11\7 (G) = {C k } P KOHCYHOC MHOKECTBO CMBICJIOBBIX KOMIIOHCHTOB IIPEAMETHON 06J'IaCT u G;
B K

,u(T ) — MPOMIT Ha (POPMHUPOBAHUE CIICKTPATHHOTO PA3JIOKCHHUS ZCT,,{C . HCCIIeNyeMoro

K
Texcta T 1o cMBICIIOBBIM KommonenTam {C,}, k=l
#(v(T)) — npomnr Ha dpopmuposanue CTICKTPAJILHOTO Pa3IOKCHUS ZdT ,C, orpuua-
Hus Texeta 7' 1O CMBICIIOBEIM Kommionentam {C, )} P
4(P,) — npomnr Ha (hOpMHPOBAHHE CIIEKTPALHOTO PA3IIOKEHHs > ¢p 4C, moctynara P,
10 CMBICJIOBBIM KOMIIOHEHTaM {Ck } i k=1

p(Z,Tj) — CMBICIIOBOE PACCTOSHHE, MTOTYYCHHOE B PE3yIbTaTe MPOMIITa Ha (hOPMHPOBa-
Hue paccrosuuii B tnanasoue [0;1] mexny rexcramu T, u T, (T,,T; € G), Takoe uto 1 cooT-
BETCTBYET HOJTHOMY COBHaIleHI/I}O a 0 — MMoTHOMY HECOBIIAJCHUIO;

@(l,, (G)) — uenrpoun ( Zcp +( ) MHOXCCTBA IOCTYIIATOB PEAMETHOH obmactn G.
m=1 k=1 -
AHanu3 uccieryeMoro TeKCTOBOTro Marepuana {T,.}l__0 BBITTOJIHSACTCS] HA OCHOBE X pas-
" -
JIO)KEHHMS ITO CMBICIIOBBIM KOMIOHEHTaM {C . } 1 » KOTODBIE, B CBOIO 04epeib, YOPMHUPYIOTCs
MHTEJUICKTYaIbHbIM accucTenToM (MA) i 3aganHoil nmpeaMeTHol obmacti G B OTBET
Ha COOTBETCTBYIOIME MPOMNTHL. KoadhuimeHTs! pa3nokeHust 0 CMBICIOBBIM KOMITOHEH-
K K K
Tam {ch’k }k:l , {CT’k}kzl u {quk }k:l , 00pasyIolIe CMbICI06ble CREKMPYL, TIONATAIOTCS

HaxoAAmuUMHUCA B auanasoHe [0;1], 4To yka3plBaeTCs B COOTBETCTBYIOIMX MHCTPYKIHSAX
K K K
k MA. HopMupoBaHHBIE HA €IMHUILLY (ZCPM = I,Zcr’k = I,Zd” =1) CMBICIIOBBIE CIIEK-

k=1 k=1 k=1
TPBl Jajiee HA3bIBAIOTCSA CMBICI08LIMU RpOPuUAAMU, KOTOpbIe OyaeM 0003Ha4daTh Kak

K K K
{me,k}k:] > {stk}kzl 1 {pdjsk}k:l ’
YuureiBas 9TY HOPMHUPOBKY, MHOXCCTBO JOMYCTUMBIX HUCCICAYEMbIX TCKCTOB HcG

nanee GopMaTbHO PACCMATPUBAETCSI KAK HPOCHPAHCIMEO OUCKPEMHBIX PACHpPe)e1eHUil
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eepoamnocmeit W, 3aMKHymoe omHoOCUmMENbHO 0eliCMEUa CHOXACMUYECKUX MAMpPuy,
(MITH 6€pOAMHOCIMHBLIL CUMRIIEKC C MAPKOBCKOU OUHAMUKOIL) — 3TO HE BEKTOPHOE TPO-
CTPAHCTBO B KJIACCUUECKOM IMOHUMAaHHH.

CBs13b IpUBEAEHHBIX BBIIIE TOHATHN W IPOMIITOB MPEICTABICHA Ha pHC. 1.

PaccMmoTpuM 3amaHHBI IPOMITTOM U peaiu3yeMblii ¢ moMompio MA (/-peanm3yembrii)
orneparop O, TpaHCHOPMUPYIOIIUN CMBICTIOBOM PO(UIIL U JCHCTBYIOIIHIA B TPOCTPAHCTBE
TUCKPETHBIX pacIpeneleHuid BeposiTHocTer W. JleficTBHe 3TOTO oreparopa MOXET OBITh
WHTEPIIPETHPYEMO T10 COJCPIKAHMIO, €CIIH, KaK IMOKa3aHo Jlaliee, pacCMaTpuBaTh ero -
(eKT B MHBAPHAHTHBIX MOANIPOCTPAHCTBAX CMBICIOBBIX KOMIIOHEHTOB, YTO MPEACTABISET
HUHTEPEC JUIsl UCCIIEN0BAHU.

[ocnenoBarebHOCTD BO3/ICHCTBUIA ATOTO ONepaTopa Ha CMbICIOBbIC MPO(GUIN MOXKHO
(opMabHO paccMaTpuBaTh Kak MapKOBCKHUH MPOIECC C TUCKPETHBIMH COCTOSIHUSIMH M HE-
MIPEPBIBHBIM BPEMEHEM:

P, =0(p)=M,p,,

rie M, — croxacTtuyeckas MaTpula, IOpejcTaBisiomas i-e JelicTBue omneparopa O
(i=0,1,2,...,N), p, — cMblcI0BO# npoduis mepex i-M aeiicrBueM omeparopa O, p,,, —
CMBICIIOBOHM npoduib nocie i-ro jekicTus oneparopa O. B obmem ciydae, marpuna M,
3aBUCHT OT i. MHOXXECTBO {Mz‘}Zo IIPE/ICTABISIET MTOCIIE0BATEILHOCTD BO3ACHCTBUIL Olle-
paropa O Ha CMbICIIOBbIE TIPODUIIH.

CornacHo ghyHOameHmanbHol CREKMPAiIbHOIl meopeme Ol CHOXACMUYECKUX Md-
mpuy, 1715 KaX0i MaTpuisl M, BEpHO, YTO MHOMKECTBO €€ COOCTBEHHBIX 3HAYEHU JISKUT
B 3aMKHYTOM KpyTe €IMHUYHOTO pajnyca Ha KOMIDICKCHOHW TTOCKOCTH, BCETJa COACPIKUT
BEIIECTBEHHYIO IMHHUILY, IPUUEM 3TH COOCTBEHHBIC 3HAYCHUSI CHMMETPHYHBI OTHOCHTEITb-
HO BEILECTBEHHOM OCH (TO €CTh OHHU IPEJCTABICHBI WM BEIIECTBEHHBIMH 3HAYCHUSIMH,
YJTH KOMIUTEKCHO-CONPSDKEHHBIMA TIApaMH).

U3 apzoouueckoii meopemovt Mapkoea cienyer, 4to Mpu JH0OOM HauaIbHOM CMbICIOBOM
npoduiie U Henpugooumonl u anepuoduueckoii Marpuil M =M, (111 Beex 1) mocieno-
BaTeJIbHOE PUMEHeHne oneparopa O IPUBOIUT K MEPEX0oy B Mpeesie K eANHCTBEHHOMY
CTalMOHapHOMY cMbicioBoMy npodumo p: O'(p,)=M'p, — p" npu i — o (Kuravsky,
Greshnikov, 2021; Lancaster, Tismenetsky, 1985). OnHako p° MOXKeT He CyIIECTBOBATh,
ecni M 3aBUCHT OT i. DTO YaCTHYHO OOBSICHIET IPPEKT CXOMUMOCTH PE3YJIBTATOB 3aIpo-
CcoB, BBIABNICHHEIN B padoTe (Wilkinson, 1988).

Pemaemble 3aga4un

Omnmpasich Ha BBEJEHHBIE BBIIIE ONPE/EICHUS M MOHSTHS, TPEACTaBICHHBIN B 9TOH pa-

00Te MOXOJ MO3BOJISIET PEIlaTh CIISIYIOIIIE OCHOBHBIC 3a1aul:

1) BBUIBIATH «TaJUTFOLMHALIMNY, TeHepupyeMbie UA;

2) aHaJIU3MPOBATh M MHTEPIIPETHPOBATH TEKCTHI N3 33/IaHHOM MTPEAMETHON 00JIaCTH NCXO-
ISl I3 UX CMBICTIOBOTO TIPOQHIIsA (TIpsiMast 3a71a4a);

3) aHanM3MpOBaTh U MHTEPIPETHPOBATH IPOMIITHI UCXOJS U3 33JJaHHOTO MMH W3MEHCHHUS
CMBICIIOBBIX Mpodutelt (psimast 3a/1a4a);
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4) KOHCTPYMPOBAaTh TEKCThI, IMEIOIINE 331aHHBII CMBICIOBOH Mpoduib (0OpaTHas 3a/1a4a);
5) KOHCTPYHpOBaTh HPOMIITHI, 0OECIIEUHBAIONINE 33aaHHOE IIPE0OpPa30BaHUE CMBICIOBBIX
nipoduiieli (oOparHas 3a/1a4a).
B 3aBrCHMOCTH OT 0COOCHHOCTEH MPUKIIATHON 331a41 KOPPEKTHBIH TEKCT OIPEIENseTCs Kak

M

argxegll)r(lr)} 2 (x,Pm) WU argxegl’ll)r(lr)}p(x, (ﬂP(G))) .
PaccMOTpeHHBIH MOIX0/ €CTh albTepHaTHBa «MeToay MastHukay (Wilkinson, 1988).
IIpun ycioBuM KBa3UCTALMOHAPHOCTH, AaNIPOKCHUMALUS CTOXAaCTUYECKOM MAaTpHULIbI

M MoxeT ObITh BBIUMCIICHA TI0 Pe3yJIbTaTaM IOCIeI0BaTeIbHOTO IIPUMEHEHUsI orieparopa

O ¢ noMouUIbI0 aNropuTMa, INpejcraBieHHoro B paborax (Py6mnos, 2020; Kypasckui,

IOpreB, 3nmarompexer, 2019). Dra olneHka, B CBOK O4Yepe/b, MOXKET OBITh YTOYHEHA

10 CMBICIIOBOMY MpoduIo p', eciu oH cymectsyer (Kuravsky et al., 2023).
3HaHMEe OIEHKM MaTpuibl M TO3BOJSET MHTEPIPETHPOBATH JelcTBUE omeparopa O

B IpocTpaHcTBe W myTéM aHaiaW3a WHBAPUAHTHBIX MOIPOCTPAHCTB. [l 3TOrO Cieayer

BBIYHCIINTD COOCTBEHHbIE 3HAYCHMSI MAaTpHIll M U IMOCTPOUTH MHTEPHPETAINIO ACHCTBUA

omneparopa O, OIUpasich Ha CJIEIYIOIIEe YTBEPXKICHHE, CIEIYIONIEe U3 meopembl 0 éeuje-

CHMGEHHOIL H#COPOAH060IL (hopMme VI CHEeKIMPAIbHOIL Meopembl 0151 6el|eCHEEHHbIX MAMpPUy

¢ npocmuim cnekmpom (Kuravsky, Greshnikov, 2021; Lancaster, Tismenetsky, 1985).
YrBep:xaenue. /[ croxacTuueckoi MaTpuilbl C MPOCTHIM CIIEKTPOM BELIECTBEHHBIM

COOCTBEHHBIM 3HAYECHUAM COOTBETCTBYIOT OTHOMCPHBIC HHBAPHUAHTHBIC IOANIPOCTPAHCTBA,

a rmapam KOMILJIEKCHO-CONPSDKEHHBIX COOCTBEHHBIX 3HAYEHUH — JByMEpHbIE WHBAPHAHT-

HbIC BEUICCTBCHHBIC MMOATIPOCTPAHCTBA.

ITostomy netictBue oneparopa O, MPEACTABICHHOTO HERPUBOOUMBIMU U ANEPUOOU-
yeckumu Marpunamu M, KOTopble, Kak IpaBWIIO, BCTPEYAIOTCS B NPHUKIAIHBIX 3aja4ax,
MHTEPIIPETHPYETCS KAK KOMITO3HLIUS CIIEAYIOIIMX KOMIOHEHTOB!

— TOXKAECTBEHHOTO NPeoOpa3oBaHUsl B OJHOMEPHOM HWHBAPHAHTHOM IOANIPOCTPAHCTBE,
COOTBETCTBYIOIEM €IMHUIHOMY COOCTBEHHOMY 3HAYEHHIO,

— cxKaTusA ¢ KOI(PUIMEHTOM #, CMBICIOBBIX HNpoduieit B OAHOMEPHBIX MHBAPHAHTHBIX
TIOATIPOCTPAHCTBAX, COOTBETCTBYIONINX APYTHM BEIIECTBEHHBIM COOCTBECHHBIM 3HaUE-
HUAM 7;, U TIOBOPOTOB Ha yroi ¢, B KOMOMHAIIMU CO CKaTHEM PACCTOSHHUSA JI0 Hayaa
KoopAMHAT ¢ ko3 duLmeHToM 7, <1 B 0asuce U3 BEIECTBEHHOH 1 MHUMOM YacTel KoM-
TJIEKCHOTO COOCTBEHHOTO BEKTOpa B JBYMEPHBIX MHBAPHAHTHBIX MOIMPOCTPAHCTBAX,
COOTBETCTBYIOIIUX IMapaM KOMIUIEKCHO-CONPSDKEHHBIX COOCTBEHHBIX 3HAUCHHUH rl.eﬂe‘
(«Tpanchopmaryis 1o CIupaitny).

B obmem ciyuae, u, B 4aCTHOCTH, Ul Iepuopuueckux marpun M, kosddunuent 7,
MOXKET OBITh PaBEH EMHHMIIE, YTO IPHUBOIUT K YUCTOMY BPAIIEHHIO.

WHTeprperanny, NOCTPOSHHBIE MO 33aJaHHBIM IIPOMIITAM HCXOJS M3 OLEHOK BBI3bI-
BaeMbIX MMH IpeoOpa3oBaHUH CMBICIOBBIX Npoduiell, a Takke WHTEPHPETALUH, I10-
CTPOCHHBIE 110 33J]aHHBIM TEKCTaM ITyTEM ITOCTPOCHHUSI X CMBICIOBBIX Tpoduiie, Oyaem
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Ha3bIBATh CHEKMPAIbHLIMU UHMEPRPpemayuamu, Win S-unmepnpemayusmu, COOTBET-
CTBEHHO, IPOMIITOB U TEKCTOB.

B cBoro ouepenp, yunuTsiBas COBpeMEHHbIE BO3MOkHOCTH M, MOXKHO — myTéM cO3-
JAHWS OMpPEeNEHHBIX MPOMIITOB — CTAaBUTh KaK 3a7adqy KOHCTPYHPOBAHHUS MPOMIITOB,
o0ecIeynBaroINX 3aJaHHbIe IPe0OPa30BaHMsl CMBICJIOBBIX MPOQuIIeH, KaK 1 3a1a4y KOH-
CTPYMPOBAHUSI TEKCTOB, MMEIOLIMX 33/IaHHBIN CMBICIOBOI poduiib. ByJieM Ha3bIBaTh TaKoEe
KOHCTPYHPOBAHHE, COOTBETCTBEHHO, 00pamnoil S-unmepnpemayueil 0nepamopog B 1po-
CTPaHCTBE JUCKPETHBIX PACHPEEICHUN BEpOATHOCTEN U 00pamuoul S-unmepnpemayueil
meKcmoe B 33laHHON MIPEIMETHOM 00MacTu. YUnThIBask TPYIHOCTh KOPPEKTHOTO PEILICHUS
9THX 3a/1a4, X ITPAaKTHIECKas peann3anys TpeOyeT HaKOIUICHHUS OTIPEEIEHHOTO OMbITA.

OuneHka cTOXacTH4eCKO MaTpuIlbl,
npeacTaBsiioniei qeiicTBUe 0nepaTopa B NPOCTPAHCTBE
AMCKPETHBIX pacnpeaejeHuil BepOATHOCTEN

PaccMoTpuM cMBICTIOBOM TPOGHIE P,

P = (pi,lapi,v o Pik )T’

IJI€ 3HAUEHUsI MHAEKca i € {1, 2,...,N } COOTBETCTBYIOT IOCJIEOBATEIIbHBIM IPUMEHEHUSAM
oneparopa O.

VkasanHas Bbiie marpuiia M, =m, ,, pasmepa K x K NpejCTaBiseT JUHAMUKY JIeH-
cTBuii omeparopa O. EE cienyer WACHTUQHUIMPOBATH IO SMIHMPHUYCCKAM AHHBIM,
nofydyeHHbIMH C TToMoIbio MA. TlomaraeTcs, 94To TeMI U3MEHEHUS 3TOH MaTpPHUIIbI, COOT-
BETCTBYIOIIMI OHOMY AeicTBHIO omepatopa O, CyIIECTBEHHO MEHbLIE TeEMIa COOTBET-
CTBYIOIIIETO M3MEHECHHSI CMBICIIOBBIX MTPOQUIICH:

| Ay | < |Apy |, [Amy | < |Apiga| (s mioBix i, K, D).

Bynem Ha3pIBaTh yKazaHHbBIE BbIILIE HEPABEHCTBA YCI06UEM KEAZUCMAUUOHAPHOCIU.

Jist 1ocTaTouHO KOPOTKOM TOCHIeA0BaTeIbHOCTH AeicTBUi oneparopa O, BKIIOYaro-
uieil L Touek M HaYMHAIOLIEHCsl B MOMEHT i, Tie L > K, kBaapaTHyto marpuiy M, MOKHO
amMpOKCUMIPOBATh COOTBETCTBYIOIICH cTarmoHapHOi marpuiieit (Pyomos, 2020; Kypas-
ckuii, FOpneB, 3narompesxes, 2019):

M; .; =M, ,anascexj €{0,1,..,L—1}.

JlomycTUMOCTh YKa3aHHBIX BBIIIE OTPAaHHMUYCHUI HA M3MEHEHUs 3JEMEHTOB MaTPHIIBI
M, noxnTsepkaaeTcsa JOCTYIHBIMH Pe3ylAbTaTaMH 3KCIIEPHMEHTOB.
Ecnu paccmorpers L ypaBHeHUN

m oyt My mio,l

{pf+1 - Mi(’pi}ie{i(,,iu+1,...,i0+L—1}

,meMioz : .. : = ... |

Wkl T ki m,
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TO KaXKAYI CTPOKY m,.TD,,, le{l,...,L} marpuisl M, MOXKHO MACHTH(QHIMPOBATH KaK

nceeoopewtenue COOTBETCTBYIOIIETO MaTPUYHOTO YPaBHEHHS, KOTOpOE B OOILIEM Cilyyae
ABTISICTCS nepeonpedeneHHbIM:

iy

Q, m ., =q;.;>

Pia e P,
. . . T
rne Qi0 = : i : S (pi0+l,l’pi0+2,l" . "pio+L,l) .
i tk-11 T iy +K—1,M
b, b ,

Kaxmoe u3 ykazaHHBIX K TIepeonpe/ieICHHBIX YPaBHEHUH MOXKET OBITh PEICHO Ipsi-
MBIM METOJIOM MOCJIE€ YMHOXKEHHUS €ro JIEBOI U MPaBOW 4acTeil Ha MaTpUILy QZ, a UIMEHHO:

T T
QioQiu miu,l = Qi(,qiu+],l'

370 ypaBHEHHE JAET pEIHICHHE, KOTOPOe 00CeCIIeYNBACT MUHUMAIIBHYIO Pa3HOCTh MEKILY
JIEBOW U MPaBOI YacTSAMH UCXOHOTO NEPEONPEAEICHHOTO YPABHEHUSI B €BKJINIOBON METPHKE
(Kuravsky, Greshnikov, 2021). Takum 00pa3oM, HCIIONIB3YsI H30BITOYHYIO HH(POPMALIHIO, OITpe-
JICISICTCS. BCE DIIEMEHTEI HIeHTHHImpyemoii Marpuisl M, =M, kotopas paccmarpisaercst
KaK KBa3UCTALIMOHAPHAS alpOKCUMAanys MaTpHul M, IIpu JOCTaTOYHO KOPOTKOM MOCIIE0Ba-
TEIBHOCTH JIecTBUi oneparopa O. CyIIECTBEHHO, YTO CHCTEMa JIMHEHHBIX areOpanvecKux
YpaBHEHU UCTIONB3YETCs /IS OTIPE/ICIIEHUS HE BEKTOPA PELLIEHH, & CaMOW MaTpPHUIIbl CUCTEMBI.

[ockonbKy YHCICHHBIN METO HIACHTH(UKAIINHE MaTPHUIIEI MOXKET HE COXPAHATH €€ CTO-

XaCTU4YHOCTD, ITIOCJIE BBIYUCIICHUA BCECX DJICMCHTOB PIL[GHTH(l)HHpreMOfI Marpulbl Ml.0 =M
K

CIIeTyeT BBITIONHHTH HOPMHUPOBKY, COXPAHSIOIYIO CTOXACTHUeCKHe cBojicTsa: VI| » m, =1|.
k=1

I/IJ’[J’[]OCTpaIII/Iﬂ NMPUMEHEHUS PACCMOTPEHHOI'0 ITOAX0AA

[MponmmocTpupyeM pelIeHne yKa3aHHBIX OCHOBHBIX 3aja4 Ha MPUMEPE TapaJurMbl
KyJBTypHO-HCTOpHYecKoi ncuxonoruu (Pyoros, 2024; Kypasckuii, OnunioB, Muxaiinos-
ckuit 2025). Idnst pemienust 3amau npumensuicss UA DeepSeek. Briirou€éHHBIC B TPOMIITHI
OTpaHUYEHUSI Ha KOJIMYECTBO CMBICIIOBBIX KOMIIOHEHTOB U ITOCTYJIATOB CJIENIaHBbI [UIS HAITISA-
HOCTH JIEMOHCTPAIMH TTOXO0/A U HE SBIISIOTCS MPUHIMITHAIBHBIMA (K = M =5).

Ipomnm 1
Tot — skcnepm 6 obracmu ‘Kynemypno-ucmopuyeckasn ncuxonozus’. Hazosu poero

5 Kn10UesbIX CMBICI08bIX KOMNOHEHINOE DMOL NPeOMemHOU 0Onacmu.
Omeem [

Buicuue ncuxuueckue ghynxkyuu (C).

Onocpeocmsosanue (C,).

Hnmepuopuzayus (C,).

3ona onuorcatiwezo pazsumus (C,).

Coyuanvuasn cumyayus pazeumus (Cs).

NAEE I

119



Kypasckmit J1.C., Muxavosckiit MLA., Onimrios [1.A. (2026) - Kuravsky LS., Mikhailovsky M.A., Odintsov D.A. (2026)
AHaJIVI3 CMBICJIOBOTO ITPOWIISE TEKCTOB C TOYKM 3peHNsT Analysis of the semantic profile of texts from
VICKYCCTBEHHOTO MHTeJIJIeKTa the point of view of artificial intelligence
MopermmpoBaHue v aHayms JaHHbIx, 2026, 16(2), 112 —126. Modelling and Data Analysis, 2026, 16(2), 112—126.

Ilpounm 2
Oyeru cemanmuyeckyro 1u30cmes MeKCma K KaicOOMy U3 5 CMbLCIOBbIX KOMNOHEHMOS.

Texcm: «Cosnanue popmupyemcs uepes Kyavmypy U COYUaIbHble OMHOUEHUS).
Komnonenmul:

Buicuue ncuxuueckue gynkyuu

Onocpedcmeosanue

Humepuopusayus

3ona bruscaniuieco pazgumus

Coyuanvras cumyayus pa3eumus

s kascooeo oaii oyenxy om 0.0 (ne céazano) 0o 1.0 (nonnocmuio céazaro).
@opmam: monvko 5 uucen uepes sanamyro. bez noscrenuil.

Omeem 2

0.8,0.7,0.6,0.3,0.9

Iocne nopmuposku: (0.242; 0.212; 0.182; 0.091; 0.273)

RAEE el e

Ipoynm 3

Tor — skcnepm 6 oonacmu ‘Kynemypro-ucmopuueckas ncuxonoeust’. Chopmynupyui
PO8HO 5 hyHOaMEHMATbHBIX NOCmyAamog smou npedmemnoti oonacmu. Ilocmynamor —
9mo 6azoevie ymeepicoenus, npunumaemvle 6e3 00Ka3amenbCmed i Caylcawue 0CHOBOU
0J11 NOCMPOEHUsL MeOPEemUYecKoll cucmemvl 0aHHoU oonacmu. Dopmam: HYMEPOBAHHbIIL
CRUCOK, O OOHOMY nOcmynamy Ha cmpoxy. Tonvko cnucok, 6e3 nosicHeHul.
Omeem 3
Icuxuxa uenosexa popmupyemcs 6 npoyecce coyuanbHo2o e3aumooelicmsus (B ).
Buicume ncuxuveckue @ynkyuu umeiom coyuanvhoe npoucxosxcoenue (P, ).
3uaku u cumeonvt onocpedyiom ncuxuyeckue npoyeccul (P,).
Obyuenue seoém 3a coboii passumue (P, ).
3ona bnudcatiuwe2o pazsumust onpeoeiaem nhomenyuan ooyuenus (P, ).

AN

JU1st KaxJoro nocryaara p, ¢ HOMOLIbIO poMnra (p,, ) (AHAJIOTMYHOTO IPOMIITY 2)
BBIYHCIISIETCSl  CIIEKTPAJIbHOE PA3JIOKEHUE 110 KOMHOHEeHTaM. CMBICIIOBBIE IMPOQHIH
K
{ Pp A} TIpUBEJICHBI B Ta0M. 1.
mE ) k=1

Tabumua 1 / Table 1

NOCTYJ/IATOB NPeAMETHOM 00/1acTH

K

CMbIcI0BbIe NPOdUIN {pl’,..,k }k:l

K
Semantic profiles {Ppm,k }H of postulates of the subject area

q c, C, C, C,

R 0.268 0.058 0.321 0.259 0.094
P, 0.036 0.257 0.228 0.234 0.245
P, 0.075 0.182 0.091 0.371 0.281
P, 0.191 0.079 0.183 0.189 0358
P, 0.221 0.293 0.173 0.071 0.243

120



Kypasckmit J1.C., Muxavosckiit MLA., Onimrios [1.A. (2026) - Kuravsky LS., Mikhailovsky M.A., Odintsov D.A. (2026)
AHaJIVI3 CMBICJIOBOTO ITPOWIISE TEKCTOB C TOYKM 3peHNsT Analysis of the semantic profile of texts from
VICKYCCTBEHHOTO MHTeJIJIeKTa the point of view of artificial intelligence
MopermmpoBaHue v aHayms JaHHbIx, 2026, 16(2), 112 —126. Modelling and Data Analysis, 2026, 16(2), 112—126.

HeHTpOI/I)I @ BBIYUCIIACTCA KaK CPEAHCEC «CBIPBIX» CHEKTPAJIbHBIX KOB(I)(l)I/IIII/IeHTOB
K
{e, k}H no Bcem M =5 mocrynaram: ® = (0.396; 0.452; 0.515; 0.549; 0.586). Crek-

m>

TpaJbHOE Pa3IOXKEHUE UCCIeAyeMoro Tekcra I (IpoMnT 2, MPUMEHEHHBIM K UCXOAHOMY
Tekety): ¢, = (0.709; 0.549; 0.717; 0.495; 0.518), mocne HopmupoBku: p,, = (0.237;
0.184; 0.240; 0.166; 0.173).

Lpownm 4
Chopmynupyii Hosoe camocmosimenvHoe svickasvléanue (1—2 npednogicenus), komopoe

10 CMBICY NPOMUBOPE UM OAHHOMY MEKCHy, HO 0CMAémecs 8 pamKkax motl Jce npeomem-
Hou 06J1acmu, COXpAaHss Katoueeble NOHAMUS U USMEHASL MOJIbKO OMHOWEHUs Meofa)y HUMU.
He ucnoxzwyzi Memas3nlK. BepHu MOJIbKO MeKCn HOB0O20 6blCKA3bIBAHUA, 683 I’lO}lCHeHMﬁ.

Omeem 4

CosHanue s815emcst 8POAHCOEHHBIM CEOUCTNBOM UHOUBUOA U He 3A8UCUN OM KYVIbIYPHO-
20 KOHmexkcma u COoyualbHo20 OKPYIHCEeHUA.

Cwmbicnooii crektp {d;, }K orpunanmst v(T): (0.442; 0.120; 0.186; 0.125; 0.609).

k=1
Cwmbici10Boi mpoduis { pd,T,k}: (0.298; 0.081; 0.126; 0.084; 0.411).

OneHnM KOppeKTHOCTh TekcTta 7. CeMaHTHUeCKHe pacCTOSHUS p(x, Pm) JUIs
xe {T,U(T)} NIPUBEJICHBI B Ta0M. 2.

Tabnuma 2 / Table 2
Cemantuuyeckue paccrosuus T u v(T) 10 mocryaTos

Semantic distances T and v(T) to postulates

P(T.E,)  p(v(T).F,)

R 0.653 0.337
P, 0.246 0.374
P, 0.297 0.758
P, 0.685 0.580
B 0.723 0.682
Py 2.604 2.731

Paccrostaus T u U(T ) JI0 LEHTPOUJa COCTaBIAIOT, cooTBeTcTBeHHO, 0.706 m 0.739.
[Ipu sTom T Gmroke K mOCTyaaTaM, 9eM Z)(T ): CYMMAapHbIE€ PaCCTOSIHUS COCTABIISAIOT, COOT-
BETCTBEHHO, 2.604 u 2.731. Takum 00pa3om, M0 000MM KPUTEPHUSAM KOPPEKTHBIM CIICAYCT
MIPU3HATH TEKCT 7, a HE €ero OTPHULIAHUE U(T )

[omyunM OIeHKy cToXacTHdeckoil Marpuilsl M mms omepatopa O, TpeacTaBIAIONIe-
ro MpOMIT «BbIMomHN nepeopMyITHpPOBKY BXOIHOTO TEKCTA 10 CICAYIOIUM MpaBHIaM:
KaX[blil aOCTpaKTHBIA TE3UC MpeoOpasyil B KOHKPETHOE JEHCTBHE C SIBHBIM CyOBEKTOM
1 TJIAroJIOM; TEOpeTHYeCKHne OOOOIIEHHsS 3aMEHM Ha M3MEPHMBIE IIArd WIN TIPHMEPBI;
CTPYKTYpY, TOH 1 00bEM opUruHaia coxpanu.» npu K =5 u L = 10.
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o K
[ocnenoBarenbHOCTb CMBICIOBBIX MTpOQUIeH { Pra }H, MOJyYCHHAS B pe3yJbTare Jie-
CATUKPATHOTO MpUMEHEHHs oneparopa O, MpuBeIeHa B Ta0M. 3.

Tabimma 3 / Table 3
K

IMocaenoBaTeIbHOCTL CMBICJIOBBIX NpOod e {pT’k}k:l’ MOJIy4eHHas

B pe3yJbTaTe JecATHKPATHOr0 NpUMeHeHus oneparopa O
K

The sequence of semantic profiles {pT,k }k:l, obtained as a result
of tenfold application of the operator O

Pr, Py Prs Pra Prs
0 0.627 0.286 0.034 0.031 0.023
1 0.530 0.281 0.077 0.052 0.060
2 0.483 0.259 0.096 0.095 0.068
3 0.460 0.262 0.092 0.082 0.105
4 0.418 0.239 0.106 0.132 0.105
5 0.363 0.244 0.145 0.116 0.133
6 0.358 0.225 0.145 0.131 0.141
7 0.335 0.234 0.131 0.161 0.140
8 0.309 0.217 0.165 0.168 0.141
9 0.296 0.214 0.169 0.150 0.171
10 0.281 0.243 0.156 0.165 0.155

Ormenka cToxacTHUecKkol MaTpuIlbl M, COOTBETCTBYIONICH YKa3aHHOW ITOCIICAOBATENb-
HOCTH CMBICTIOBBIX IIpoduiel, mpuBeneHa B Tabd. 4 u Ha puc. 2. CoOOCTBeHHBIC 3HAYCHUS
Marpuisl M ¢ KOMMEHTapUsIMH TIPUBE/ICHBI B Ta0J. 5 ¥ Ha puC. 3.

Ta6nuna 4 / Table 4
Ouenka croxacrtuyeckoii marpuubl M 1iist oneparopa O

Estimation of the stochastic matrix M for the operator O

C C, C, c, C,
of 0336 0.501 0.431 0.000 0.000
c, 0.539 0.000 0.288 0.075 0212
C, 0.000 0.260 0.000 0.451 0.093
o 0.000 0.239 0.000 0.090 0.634
C; 0.125 0.000 0.281 0.383 0.061
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Puc. 2. Ouenka croxacruyeckoir MmaTpuisl M muist oneparopa O B IBETOBOM IIKaJie

Fig. 2. Estimation of the stochastic matrix M for the operator O in the color scale

Tabauua 5/ Table 5
CoOcTBeHHbIE 3HAYEHUSI MATPULBI M

Eigenvalues of the matrix M

ColOcTBEeHHOE 3HAYeHHe KommenTapuii
1.000 ToxnecTBeHHOE IPeoOpa3oBaHue
0.452 Cxarue ¢ ko3¢ ¢punuenrom 0.452
—0.301 £ 0.253i Bparmmenne no crimpanu co cxxaruem ¢ koadounuentom 0.393
—0.361 Cxarne ¢ koadpunmentom 0.361

14 | I I I | [ I [ [ 1
-1 08 06 -04 02 0 02 04 06 08 1

Puc 3. CoOcTBeHHbIe 3HaUeHUS MaTpUIlbl M Ha KOMIUIEKCHOM IIJIOCKOCTH

Fig. 3. Eigenvalues of the matrix M on the complex plane
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OcHoOBHbBIE BBIBOABI H pPe3yJdbTaThbl

1. TlpennoskeH HOBBIA MOAXOM K aBTOMATH3AIMH MTPAKTUIECKOTO UCTIONb30BaHms MA, mo-

3BOJISTFOILUH PEIIaTh CIEeIYOMNE 3aJa4u:

— BBIIBILITH «TJUTIOIIMHALNNY», TeHepupyemble MA;

— aHaAIM3MPOBaTh M MHTEPIPETUPOBATH TEKCTHI M3 3aJaHHOW NPEAMETHOW 00IacTH
HCXOMS U3 UX CMBICIIOBOTO MpOodmits (TIpsiMast 3a1a4a);

— aHaAJM3MPOBAaTh M MHTEPIPETUPOBATH MIPOMITHI HCXO/S U3 33/IaHHOTO UMH U3MEHE-
HUS CMBICIIOBBIX Ipodrie (mpsmas 3a1a4a);

— KOHCTPYHpPOBAaTh TEKCTHI, UMCIOIINE 3aJaHHBI CMBICIOBON mpodmis (oOpaTHAs
3a/1a4a);

— KOHCTPYHPOBAaTh MPOMIMTHI, 00ECIICUNBAIOIINE 3a/JaHHOE [IPE0OPa30BaHNE CMBICIIO-
BEIX IpoduIieit (oOpaTHas 3aa4a).

2. TlpennokeHHBIN MOAXOA NpEAINoNaraeT BBIIBICHHE C moMmomipio MA B 3amaHHOI
MIPEAMETHONH OOJIACTH CMBICIOBBIX KOMIIOHEHTOB W IIOCTYJIATOB, C MOCIEAYIOIIUM
BBIYHMCIICHUEM CMBICIOBBIX CIIEKTPOB HCCIEAYEMbIX TEKCTOB M IIOCTYJIATOB B Oasu-
CE TMOJIyYCHHBIX CMBICIOBBIX KOMIIOHEHTOB, TAKX€ BBIIOIHIEMBIM C momMomipio MA.
CMBICIIOBBIE CHEKTPHI U MPOQUIN SBIAIOTCS OCHOBOH Ul KOJINYECTBEHHBIX CpaBHE-
HUH 10 33JaHHBIM KPUTEPHAM.

3. MHOXeCTBO AOIYyCTUMBIX HCCIEAYEMBIX TEKCTOB (DOPMAIBHO PAacCMaTpHBAETCA Kak
MIPOCTPAHCTBO AUCKPETHBIX PACIPEICICHNI BEPOSTHOCTEH, 3aMKHYTO€ OTHOCHUTEIHHO
JEUCTBHS CTOXACTHYECKUX MATPHIl. DTHU MATPUIIBI IPEJCTABISIOT 3aJaHHBIE IIPOMIITa-
MU H peau3yemMbie ¢ moMonisio A TpaHchopMannu CMBICTIOBEIX PoduiIeii, KOTOphIe
COZIEPXKATEIBHO MHTEPIIPETUPYIOTCS MyTEM MX JEKOMIIO3UIMN B WHBAPHAHTHBIX IOA-
MIPOCTPAHCTBAX CMBICTIOBBIX KOMIIOHEHTOB.

4. OcobeHHOCTH MPUMEHEHHUS TPEIOKEHHOTO TIOIX0/a MPOMLUTIOCTPHPOBAHBI B PAMKax
TapasinTMbl KyJIbTYPHO-UCTOPUIECKON IICUXOJIOTHH.
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Pe3zome

Knaccuduxarmys Bu3yansHO OIU3KHX KaTeTOpHil 0CTaeTcsl OJHON U3 Hanbolee Tpy/-
HBIX 337124 aHAJIN3a H300pa)KeHNH, TOCKOIBKY MEKKJIACCOBBIE PA3IMYHSI 4aCTO MAJIbI,
a BHYTPHKIIAacCOBas BAPUATUBHOCTH, HAIPOTUB, BeIHKa. Lenb nccaenoBanus cocTos-
JIa B OLICHKE TOTO, KaK PEKUM aIalTalUK 3apaHee 00yudeHHOM HEWPOCETEeBON MOIENIN
BIIUSIET HA KAa4€CTBO PACIO3HABAHUS B 33Jjau€ BHICOKON BH3yalbHOI CIOXKHOCTH MpU
(UKCUPOBAHHON APXUTEKTYPE M SANHBIX YCIOBHAX 3KCIiepuMeHTa. Pabouas runore-
3a IpeJiosaraia, YTo 4acTU4HOe 1000y4YeHHEe BEPXHUX CIIOEB 3apaHee 00y4eHHOMH
CBEPTOYHOIT HEHPOHHOI ceTH acT OoJiee BHICOKHI PE3yIbTart, YeM PeXKUM, IPU KOTO-
POM CBEPTOYHAs OCHOBA OCTAaeTCsl 3aMOPOXKEHHOI, a 00y4eHHe 3aTparuBaeT TOJIBKO
3aBepIIaronnii Kaccu(uKannoHHbIN O0K. B kadecTBe cTanIapTH3NPOBAHHOTO HC-
MIBITATEIBHOTO TTOJIMTOHA UCTIONB30BaH OTKPHITHIM Habop PlantVillage, Brirodqarommuii
54 303 n3o0pakenus u 38 Ki1accoB; MpeaMeTHast o0acTh Habopa paccMaTpHUBaach
Kak y/00Hast MOZIENb CIIOKHOH KIacCH(HUKAINN BH3yanbHO OIU3KUX cocTosHMiL. ba-
30BOH apxuTekTypoil ciyxkmia MobileNetV3Small. ConocraBusimce 1Ba pexnMa
aJlanTaluy: 3aMOPOJKEHHAsi CBEPTOYHAS] OCHOBA M YaCTHYHOE J000yUeHHE BepXHEH
YaCTH MPHU3HAKOBOTO siApa. OCHOBHOM pe3ynbTaT MONy4YeH MPH YaCTHIHOM 1000Y-
YEHUHU: TOYHOCTh Ha MPOBEPOYHON yacTH BeIOOpKH Bo3pociaa ¢ 0,9707 mo 0,9816,
a 3HayeHue QyHKIHUK noteps cHU3MIOCh ¢ 0,0929 no 0,0576. [loknaccoBblii aHAIN3

© Myrxana A.C.A., JIanynuosa E.B., 2026
CC BY-NC

127


file:///F:/%d1%80%d0%b0%d0%b1%d0%be%d1%82%d0%b0%20%d0%b2%d0%b5%d1%80%d1%81%d1%82%d0%ba%d0%b0/25-26/%d0%9c%d0%b8%d0%90%d0%94%20%e2%84%962%202026/%d0%98%d1%81%d1%85%d0%be%d0%b4%d0%bd%d0%b8%d0%ba/1_%d0%90%d0%bd%d0%b0%d0%bb%d0%b8%d0%b7%20%d0%b4%d0%b0%d0%bd%d0%bd%d1%8b%d1%85/ 

Myrxana A.C.A., Jlsmynriosa E.B. (2026) Muthana A.S.A., Lyapuntsova E.V. (2026)
PexyMbl aiarrrarm sapasee 00y YeHHBIX HeTIpoceTeri B Adaptation regimes of pretrained neural networks
3aj1aue K1accuuKaImm BU3yaibHO OJIM3KIX KIIacCoB: .. in visually proximate class classification: ...
MopermmpoBanue v aHayms JaHHbIx, 2026, 16(2), 127 —145. Modelling and Data Analysis, 2026, 16(2), 127 —145.

JTy4Illeil MOJeIH Ha WTOTOBOW YacTW BBIOOPKHM IMOKa3al, 4to y 33 u3 38 kiaccoB
mepa F1 npessicuia 0,95; Hanbonpiie TpyIHOCTH BO3HHUKIIH B TPYIIIaX C BBICOKOH
BH3YyaJIbHOW ONM30CTHIO, IJle MUHUMANbHBIe 3HaueHust Mepsl F1 cocrasmmm 0,8889
u 0,9078. Hayuynast HOBH3Ha MCCIIEIOBAHUS 3aK/II0YaeTCs HE B CaMOW Hjiee 4acThy-
HOTO 1000ydeHns 3apaHee 00ydIeHHOH CBEPTOUHO CETH, TOCKOIbKY JaHHBIH MOIXO
IIMPOKO TMPUMEHSETCS B 33adaxX KOMITBIOTEPHOTO 3PEHHUS, a B SKCIIEPUMEHTAIEHOM
COIOCTABICHUN IBYX pexxuMoB amantanud MobileNetV3Small B ctporo ogmHako-
BBIX ycloBusiX Ha Habope PlantVillage. [TomydeHHbIE pe3ynbTaThl MTOKa3bIBAIOT, YTO
JUISL BRIOPAHHOH apXUTEKTYPBI, (UKCHPOBAHHOTO Pa3OMEHMs JaHHBIX M 3aJa9H Kiac-
CHU(HKAIIMH BU3yaJIbHO ONM3KUX KJIACCOB YaCTHYHOE J000y4YeHHE BEpPXHEH 4acTH
MIPU3HAKOBOTO siipa obecneynBaeT 0ojee BHICOKOE KayeCTBO pacIio3HaBaHUs U Gop-
MHPYET COAEPKATETbHO HHTEPIPETUPYEMYIO CTPYKTYpPY OLIHOOK.

Knrouegvie cnosa: oOyueHHE C TEPEHOCOM, PEXMUMBbI aJanTaluu Helpocereid,
CBEpPTOYHBIC HEHPOHHBIE CETH, YacCTUYHOE J0O0OydYeHHe, KiIacCU(HKaIHs
N300paKeHUH, BHU3YyaJbHO OJM3KHME KJIACCHl, aHAIM3 OIIMOOK, MEXKKIACCOBEHIE
CMEIICHNUS, CTaHJapTU3NPOBAHHBIH Habop naHHBIX, PlantVillage

Jst nurupoBanus: Mytxana, A.C.A., Jlamynnosa, E.B. (2026). Pexumsr agantanuu 3a-
paHee OOy4YeHHBIX HelpoceTed B 3ajade KJIACCU(UKAINHM BU3YaJIbHO OJIM3KHX KIIACCOB:
sKkcriepuMeHT Ha Habope PlantVillage. Mooenuposanue u ananuz dannvix, 16(2), 127—145.
https://doi.org/10.17759/mda.2026160207
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Abstract

Classifying visually proximate categories remains a difficult problem in image
analysis because inter-class differences are often small, whereas intra-class variability
is substantial. The aim of the study was to evaluate how the adaptation regime of
a pretrained neural network affects performance in a high-complexity recognition
task under a fixed architecture and identical experimental conditions. The working
hypothesis assumed that partial fine-tuning of the upper layers of a pretrained
convolutional neural network would outperform a regime in which the convolutional
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backbone remains frozen and only the final classification block is trained. The
open PlantVillage dataset, containing 54,303 images and 38 classes, was used as
a standardized benchmark; its subject domain was treated as a convenient testbed
for complex classification of visually similar states. MobileNetV3Small served as
the base model. Two adaptation regimes were compared: a frozen convolutional
backbone and partial fine-tuning of the upper part of the feature extractor. The main
gain was achieved with partial fine-tuning: validation accuracy increased from
0.9707 to 0.9816, while validation loss decreased from 0.0929 to 0.0576. Class-wise
analysis on the independent test split showed that the F1-score exceeded 0.95 for
33 of 38 classes, whereas the lowest values, 0.8889 and 0.9078, were observed in
groups with high visual similarity. The scientific novelty does not lie in the general
idea of partial fine-tuning of a pretrained convolutional network, since this approach
is widely used in computer vision, but in the controlled experimental comparison
of two MobileNetV3Small adaptation regimes under identical conditions on the
PlantVillage dataset. The results show that, for the selected architecture, fixed data
split, and visually proximate class classification task, partial fine-tuning of the
upper part of the feature extractor improves recognition quality and produces an
interpretable error structure.

Keywords: transfer learning, neural network adaptation regimes, convolutional
neural networks, partial fine-tuning, image classification, visually proximate classes,
error analysis, inter-class confusion, benchmark dataset, PlantVillage

For citation: Muthana, A.S.A., Lyapuntsova, E.V. (2026). Adaptation regimes of pretrained
neural networks in visually proximate class classification: evidence from the PlantVillage
benchmark. Modelling and Data Analysis, 16(2), 127—145. (In Russ.). https://doi.
org/10.17759/mda.2026160207

BBenenune

Knaccudukanms BU3yasbHO OJIM3KMX KaTeropuil OTHOCHTCS K 4YHCIy Haubojee Tpy.-
HBIX 33724 KOMITBFOTEPHOTO 3PEHHMS, KOTJa PasiH4us MEXIy KiacCaMH Malbl, a BapHa-
TUBHOCTH BHYTpPH KJIacca 3aMeTHa JlaKe IPH CTaHAapTH3MPOBAaHHOW cheMke. B o630pax
(Ramanjot et al., 2023) u (Pacal et al., 2024) momoOHBIE TOCTAHOBKH pacCMaTpPUBAIOTCS
KaK XapaKTepHasi 30Ha HaIpsDKSHUs JUIsl COBPEMEHHBIX Mojieliel iry0okoro oOy4eHwus, 11o-
CKOJIbKY HTOTOBOE KQ4eCTBO 31€Ch ONPeNeIsieTCs He TOIBKO apXUTEKTYPOU CETH, HO U CII0-
co0OM ee a/IanTalyH K 11eJIeBOMY Ha0Opy JaHHBIX.

OTKpBITBIE KOJUICKIMH M300paKeHUH JIMCThEB PACTEHUIl YJOOHBI B KauyecTBE JKCIIE-
PUMEHTAJIBHOTO TMOJIMTOHA IS aHaJIM3a TaKuX PeKMMOB ananrtanuu. Habopsr atoro tuna
OOBEAMHSIOT TOCTATOYHO OONBIIOE YHCIIO KIIACCOB, BRIPAKCHHYIO MEKKIIACCOBYIO OIH-
30CTh M XOpOWO (hopMaIM30BaHHYIO pa3MeTKy, Oarofapst 4eMy MO3BOJISIIOT MCCIIEI0BaTh
MOBEJICHNE MOJENH B 3aJade TOHKOTO pasJIMYCHUs BHU3YaJbHBIX COCTOSHHUH. B 0030pe
(Zhao et al., 2025) noguepKuBaeTCs, 4TO UMEHHO CXOJICTBO TEKCTYPHBIX, IIBETOBBIX 1 MOP-
(oornuecKux MpU3HaKoB JeJIaeT M0A00HbIE JAHHbIE OJIE3HBIMU JJISl IPOBEPKH YCTOMYH-
BOCTH aJITOPUTMOB paCIIO3HABaAHU.
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[lepenoc oOyueHHs B paccMaTpUBaeMOM MMOCTAHOBKE BaKEH MPEK/IE BCErO KaK Mexa-
HU3M [IOBTOPHOTO MCIIOJIb30BaHUs paHee CPOPMHUPOBAHHOTO MTPU3HAKOBOTO IIPOCTPAHCTBA.
[TpakTHyeckuii BONPOC 3aKII0YaETCs HE B CaMOM BO3MOXKHOCTH TIEpEeHOCa, a B BBIOOpE pe-
KMMa ajJanTanuy 3apaHee 0Oy4eHHOH CeTH: OCTAaBUTh CBEPTOUYHYIO OCHOBY HEM3MEHHOM
JU0O0 OTKPBITH YaCTh CJIOCB JUIs MOCenyronieil Hactporiku. Pabora (Richter, Kim, 2025)
MIOKa3bIBACT, YTO NIyOMHA TaKOW aJlalTalii 3aMETHO BIIMSIET HA MTOrOBOE Ka4eCTBO JaXKe
TIPY MCIIOJIL30BAaHUU OJJHUX M TEX JK€ OTKPBHITBIX HA0OPOB JaHHBIX, a (Shafik et al., 2024)
CBsI3bIBACT (P (PEKTUBHOCTD MOIX0/A C TEM, HACKOJIBKO TOUHO MOJIEIIb MOACTPANUBACTCS O]
creuQuKy [EeIeBOr0 BU3yallbHOTO MaTepHaa.

CranapTu3upoBaHHbIe HA0OPHI M300paKeHUH JAI0T YIOOHYIO Cpeiy sl COMOCTaBie-
HUSI MOZENCH, OJHAKO MHTEPIpETaIysi pe3ysibTatoB TpeOyeT akKyparHocTH. KoHTpomupy-
eMbli ()OH, KPYIHBIH IJIaH 00BbEKTa M OTPAHUYCHHOE YMCJIO BHEHIHMX ITOMEX YIPOIIAIOT
3aj1a4y KJIacCU(HKAIIMK 110 CPABHEHHIO € OOJIee CIIOKHBIMU CIIEHAPUSIMU PACIIO3HABAHMSI, TIIC
TIPUCYTCTBYIOT OMEHHBIN CJIBHT, BApHATHBHOCTh PAaKypCOB M HEOJHOPOJHOE OCBEIICHHE.
[To aToi MpUUMHE MCCIEeA0BATEILCKUI HHTEPEC B JaHHOW paboTe COCPEeIOTOUEH Ha CpaBHE-
HUM PEKUMOB /IalITAllMK B OIMHAKOBBIX YCIIOBHSX, a ITPeIMETHasi 00iacTh Habopa JaHHBIX
HCIIOJB3YeTCs KaK BOCIIPOU3BOAMMBIN MPUMED 3a/1a91 BHICOKOH BU3YaJIbHOM CII0KHOCTH.

Lenp nccnenoBaHms 3aKJII0YAETCS B OLIEHKE BIMSHUS PEXXUMa aJlalTalluy 3apanee ooy-
YEHHOH HeHpOCeTeBOi MO/IENN Ha Ka4eCTBO KiIacCH(UKAIMU BU3yalbHO OJIM3KHUX KIIACCOB
pyu (PUKCUPOBAHHOW apXWUTEKTYpEe W €AMHBIX DKCIEPHMEHTAJBbHBIX yCIOBUsX. Pabouas
THIIOTE3a COCTOMT B TOM, YTO YaCTHYHOE J10OOyUeHHE BEPXHUX CJOEB 3apaHee oOydeH-
HOW CBEPTOYHOI HEHPOHHOW ceTH 00ecHeYHuT Ooliee BHICOKOE KAaueCTBO PACIO3HABAHUS
T10 CPAaBHEHHMIO C PEKUMOM, ITPH KOTOPOM M3MEHSIETCS TOJIBKO 3aBepIIaIoInii Kiaccudurka-
LIMOHHBINA O10K. /17151 MPOBEPKM TUITOTE3bI COMOCTABICHUE TPOBOANTCS Ha OJJHOM apXHUTEK-
Type, OJTHOM CTaHJapTU3UPOBAHHOM Habope M300paKeHUH, (PUKCHUPOBAHHOM pPa3OUCHUU
BBIOOPKH M 00I1Iel cucTeMe NoKa3arelieif kadyecTsa.

3aaun Mccie0BaHus:

1. OxapakTepu3oBaTh MPUMEHUMOCTb O0YyUCHHUS C TIEPEHOCOM K 3ajiauye KJIacCU(pHUKAIIIH
BH3YyaJbHO OJIM3KHX KJIacCOB HA OCHOBE HEAABHUX HAay4HBIX MmyOimkanuid (Ramanjot et
al., 2023; Pacal et al., 2024; Zhao et al., 2025; Shafik et al., 2024; Richter, Kim, 2025);

2. Peasim3zoBark aBa pexxnMma ajanTaluy 3apaHee 00y4eHHOH CBEPTOUYHON MOJIEIH, BKIIIO-
Yaloure 3aMOPOKEHHYIO0 CBEPTOUHYIO OCHOBY M YaCTHYHOE JI000y4YeHUE BepXHEH ua-
CTH CETH;

3. CpaBHUTH NOJIyYEHHBIE MOJICIIH 110 TOYHOCTH, (PYHKIIUH ITOTEPh U MOKJIACCOBBIM ITOKa-
3aTessiM KauecTBa, a TAKXKe BBISIBUTH TPYIITBI KIIACCOB, B KOTOPBIX MEXKIIACCOBOE CMe-
LIIEHHUE TPOSIBIISICTCSI HANOO0JIee OTYETINBO.

MarepuaJjbl 1 METOABI

Karaunor TensorFlow Datasets (TensorFlow, 2024a) ¢ukcupyer st Habopa PlantVillage
54 303 uzoOpaxeHwusi, pacmpeneneHnble mo 38 kimaccam. B Hacrosiem HcCieI0BaHUU
3TOT HAOOP MCMOTB30BANICS HE KaK MCTOYHHK JAHHBIX ISl PUKIAIHON arpOHOMHYECKO
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9KCIIEPTH3bI, @ KaK CTaHIapTU3UPOBAHHBIM MCIBITATEILHBINA ITOJUIOH JJISl aHAJIH3a PEKH-
MOB aJianraiuu Heifpocerell B 3ajqaue Kiaccu(UKAlUK BU3YaJIbHO OM3KUX KaTErOpHil.
Pa6ora (Rahman, Islam, Islam, 2024) Taxxe moka3siBaet, uto PlantVillage ymoGen mms
COTIOCTABIICHHUs 3apaHee OOYYEHHBIX CBEPTOYHBIX ceTell Oiaromapsi BOCIIPOW3BOAUMON
pa3MeTke, OMHOPOIHOM Tojaue 00bEKTa U IOCTAaTOYHOMY YHCITY KlaccoB. B uccienosanue
OblTa BKIIOYEHA Bepcusi Habopa Oe3 kareropun Background without leaves, ncronn3ye-
Mast B peanmzanuu TensorFlow Datasets.

Tabmuma 1 / Table 1

XapakTepucTHKH KCIIEPUMEHTAJILHOI0 HA0opa
JAHHBIX M CXeMa pa30ueHns BLIOOPKH

Characteristics of the experimental dataset and sample splitting scheme

IMoxa3arenn 3HaueHue
Habop nannbIx PlantVillage
Oobuiee 9nciIo N300paKEHHI 54 303
Yucno kareropuii 38
VIcxonHelit pa3Mep H300pasKeHHs 256 x 256 x 3
Pabouwnii pazmep n3o0pakeHus 224 x 224 %3
OO0yuatoiast 4acTh 38012
IIpoBepounas yactb 8 146
HWrorosas 4yacTb 8 145
Jouns obyuaroeit yactu, % 70,0
Jlonst mpoBepovHO# YacTH, % 15,0
Jloiist utoroBoit yactu, % 15,0
DukcrpoBaHHOE HAYaJILHOE COCTOSHHE reHeparopa 42

Tpumeuanue: YNCICHHOCTD YacTell BIOOPKH IOJTy4YeHA MIPH OJHOKPATHOM BOCIIPOHU3BOJMMOM pa3-
OMEHHUM MOJHOTO Ha0Opa TaHHBIX.

BusyanbHblii Marepran HabOpa IEMOHCTPUPYET YINOOHYIO Uil CPAaBHHTEIBHOTO JKC-
MIEPUMEHTa CTPYKTYpY: OOBEKT 3aHMMaeT OCHOBHYIO YacThb KajJpa, (JOH OCTAaeTCsl CpaB-
HUTEJIBHO OJIHOPOJHBIM, & MEKKJIACCOBBIE PA3IMYMS 33/IAl0TCSI COYETaHHEM TEKCTYPHBIX,
LBETOBBIX U MOpdororndeckux npu3Hakos. [lomoOnas kondurypanus nenaet PlantVillage
TTOJIE3HBIM CTaHJAPTHBIM HA0OPOM LTS TPOBEPKH TOTO, KAK PEKAM aIallTalliy HEUPOCETH
BIIHSIET HA KAUeCTBO KIAcCH()MKAINH B YCIOBHUSIX BBHICOKOH BH3yaJbHOM ONHM30CTH KIac-
coB. CorocraBiMbIe BBIBOJBI O POJIM CTAHIAPTH3HUPOBAHHBIX OTKPBITHIX HA0OPOB AaHHBIX
B 3a/1a4ax TOHKOTO pasjimucHus u300paxenuit npusomstes B (Yang et al., 2024; Sambana
et al., 2025). ®parMeHTbl HCXOIHBIX N300paKEHUIT MPUBECHBI HA pHUC. 1.

IIpenoOpaboTka BKITIOUANa M3MEHEHHE pa3Mmepa m3o0pakeHuid mo 224 x 224 Todex,
TIpUBEIICHNE MacchBa MuKceneil k Tumy float32 m coxpaHeHHe eCTECTBEHHOTO JAMana3oHa
siprkocta ot 0 o 255. Odurnmaneuas nokymenrtanus TensorFlow mms MobileNetV3Small
(TensorFlow, 2024b) yka3biBaeT, 4To NpH BKJIIOUYCHHOW BCTPOCHHOW NpenoOpaboTke Mo-
JIeTlb TPUHMMAaeT WMEHHO TaKOM JMamna3oH BXOAHBIX 3HAYEHHH, MOITOMY OT/AEIbHAS
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BHEIIHAS HOpMaJu3alys A0 MHTepBasia oT —1 10 1 He BeImonHsnacek. Pesynerar mpeno-
OpaboTKM IMOKa3aH Ha pHUC. 2; TOCIE YMEHBIICHHS pa3pelieHus KJIacCOBO 3HAYMMBbIC BH-
3yajpHBIC TPHU3HAKH, BKJIIOYas T'PAHHIBI JOKAIbHBIX M3MEHCHHMH, IIBETOBBIC HEPEXOAbI
U 0COOCHHOCTH TEKCTYPbI, COXPAHSJINCh B PA3IMUYMMOM BH/IE.

Mpumeps 13 Ul U3 UCXORHOTO HaB0Pa AaHHbiX
range_Haunglonghng (G o o  bight

oper.bel_heatry

Tomsto_Bactera pot omats_ate gt Sauash_Pondery. midew

Puc. 1. [IpymMepsl HCXOIHBIX N300paXKeHUH
JICTHEB U3 DKCIIEPUMEHTAIFHOTO Habopa naHHbIX PlantVillage

Fig. 1. Examples of original leaf images from the experimental PlantVillage dataset

nocner K y pasmepy
Potato | Late blight

Cherry | Powdery mildew

Soybean | healthy

Pepper bell | healthy

Tomato | Target Spot Soybean | healthy

Grape | Leaf blight (Isariopsis Leaf Spot)

Pepper bell | healthy Tomato | Late blight

Puc. 2. IIpumeps! n300paskeHnH ocie mpegoOopaboTKN U MPUBEACHUS K IHHOMY pazMepy

Fig. 2. Examples of images after preprocessing and resizing to a unified format
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Pa30ueHue Ha 00ydaroIIy0, MPOBEPOYHYIO M UTOTOBYEO YaCTH IPOBOIUIOCH OJTHOKPAT-
HO, B BOCIIPOM3BOAUMOM IOPAIKE, C (I)I/IKCI/IPOBaHHI)IM Ha4aJIbHbIM COCTOSIHUEM I'CHEpATOpPa
CHy‘IaﬁHBIX YHCEII. KOHTpOJ'H) PEOPE3CHTATUBHOCTH BBIITOJIHAJICA YC€PE3 MaKCUMAJILHOE OT-
KJIOHCHHE JIOJIH KJIacca B Ka)KJOH J4acTH BBIOOPKH OT JIOJIHM TOTO JKE KJlacca B TOJIHOM Habo-
pe naHHBIX. BennunHa Takoro OTKIOHEHHS BRIYHCIUIACh 10 dopmyde (1); mis oOydaromeit
gactu oHa coctaBmiaa 0,131 mporeHTHOTO MyHKTAa, 11 ipoBepouHoi 0,448, mis nToroBoit
0,608, 9TO MTO3BOISIET CYNTATH PACTIPENICIIEHIE KITACCOB JOCTATOYHO OIM3KIM K MICXOTHOMY.

D, = max

1<e<C

(1)

pc,s _pc

rie D, — MakcUMallbHOE OTKJIOHEHHE JOJU KJIacca B 4acTH BBIOOPKH s; C — 4uCIIO Kiac-
COB; P, ,— [IOJIs KJIACCA CB YaCTH BBIOOPKU §; p, — JIOJISL KIIACCA C B TIOJIHOM HA0OPE IaHHBIX.
Bazosoii apxurekrypoii Beiopana MobileNetV3Small (TensorFlow, 2024b), mockonbKy
ounmanpHas peanuzanus TensorFlow monnepkuBaer npeaBapuTebHO 00ydeHHBIE Beca
ImageNet u BxonHO# pasmep 224 x 224, a BBIYMCIUTENbHAS CJI0KHOCTh MOJIETIH 0CTaeTCs
yMepeHHo# st 6ecrutatHoit cpenbl Google Colab. Padotsr (Rahman, Islam, Islam, 2024;
Yang et al., 2024; Sambana et al., 2025) moka3sIBaroT, 4TO 3apaHee 00yICHHBIC CBEPTOUHBIC
CETH CITIOCOOHBI COXPAHATh BRICOKHH YPOBEHB KaUeCTBA U MIPU CPABHUTEIHHO KOMITAKTHOM
aApXUTEKTYypPe, ECIIN PEXKHUM aTaNTAINHU K IIeJIeBOMY HaOOpy JaHHBIX BEIOpaH KOPPEKTHO.

TaGmnuna 2 / Table 2
IMapameTpsl ABYX pe:KHMOB aJanTanuu 3apaHee 00y4eHHON HelpoceTeBOl MoaeIH

Parameters of two adaptation regimes for a pretrained neural network model

I Pesxum 1: 3amopo:keHHast Pesxum 2:
apamerp
CBEPTOYHAS OCHOBA YacTHYHOE 1000yueHHne

BazoBast apxuTekTypa MobileNetV3Small MobileNetV3Small
Mpensapurensio ImageNet ImageNet
00yJeHHbIC Beca
Paswep Bxororo 224 %224 %3 224 %224 %3
1300paxeHust

T Knaccuguxannonusrit

OJIBKO

V3mensiemas 4acth ceTn OJIOK ¥ BEpXHSIsl 4acTh

KJ1acCH(MKAIMOHHBII 60K o
CBEPTOYHOIT OCHOBBI

Yucmo OTKPBIBACMBIX BEPXHUX

N 0 40%*
CJIOEB CBEPTOYHON OCHOBBI
Crio#t 106aJ1bHOTO Jla Jla
YCpeIHEHUS
Croi nakeTHOM
Ha Ha
HOPMAaJTH3aiN
CI101 CIy4aitHOTO OTKIIFOUCHHS
Y 0,30 0,30
qacTu HeI/IpOHOB
BrixoaHoli cioii 38 kiiaccos, softmax 38 kiaccos, softmax
ANropuT™M ONTHUMHU3ALIU Adam Adam
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Pesxum 1: 3amMopo:keHHast Pesxum 2:
ITapamerp
CBEPTOYHASI OCHOBA JacTHIHOE 7000ydeHne
CropocTh 00ydeHus 0,001 0,00001
MaxkcumanabHO€ YHCII0 310X 5 5
Kpurepuii coxpanenus To4yHOCTH Ha IPOBEPOUHOU .
. TodHOCTE Ha IPOBEPOUHON YACTH
Jydmreit Moenu JaCTH
JlocpouHast ocTaHOBKa patience = 2 patience =2

[Tpumeuanue. [Ipn gacTnaHOM 1000YyUEHHN [UIS aJaNTalui PACCMaTPUBAIMCH ITOCIIE -
nue 40 cioeB cBeprouHoii ocHOBBI MobileNetV3Small. Crion naketHo#t Hopmanu3auu
BHYTPH 3TOH T'PYIIBI COXPAHSUIUCH B 3aMOPOKEHHOM COCTOSTHHHM, TIOATOMY (haKkTHUECKH
OOHOBJISUTUCH MAPaMETPhI 32 CIIOCB CBEPTOYHOI OCHOBBI.

Vcrionp30Banme OJHOM 1 TOH jke 6a30BOI CETH B 000MX IKCIIEPUMEHTAIBHBIX PEKUMaX
II03BOJIMIIO MCKIIFOYNUTh BIMSHHE apXUTEKTYPHOTO (DaKTOpa 1 CBECTH CpaBHEHHE K IIyOuHe
MOCIIAYIOIIEH HACTPOMKH MOJEIH.

[ToBepx CBepTOUHON OCHOBBHI Pa3MEIIAUCh CIIOW TIIOOATBHOTO YCPEOHEHHUS IO TpO-
CTPAHCTBEHHBIM KOOPJMHATaM, CJIOH NMaKeTHOW HOpMaJIM3alny, CJI0H CIy4aifHOro OTKIIIO-
YeHHs YaCTH HEHpOHOB ¢ BeposATHOCTHIO 0,30 M BBIXOAHOHM MONHOCBS3HBIA clod Ha 38
KJ1accoB ¢ (hyHKIMEH softmax, 3a1aromieil HOpMUPOBaHHOE paclpe/iesIeHne BEPOSITHOCTEH
1o kareropusM. [lepBblii pexxnM 00ydeHNS M3MEHsUI TOJIBKO MapaMeTpPhl 3aBEPIIAOIIETO
ki1accudukanoHHoro 610ka. Bo Bropom pexume ISl aganTalul OTKPHIBAINUCH MOCIE-
aue 40 crnoes cBepTouHOl 0CHOBEI MobileNetV3Small, onqrako cion makeTHOW HOpMau-
3aldd BHYTPU 3TOM IPYIIIBI OCTABAIKMCH 3aMOPOKCHHBIMH. [103TOMY YHCIIO (paKTHYSCKU
J000y4aeMbIX CIIOEB CBEPTOYHOM OCHOBBI COCTaBHJIO 32, YTO MO3BOJISICT COXPAHHUTH CTa-
owitbHOCTh crarucTuk Batch Normalization u omHOBpeMEHHO aJanTHPOBAaTh BEPXHHE
MIPU3HAKK MOJIENHU K LIEJIEBOMY HabOpy M300paKeHUi; aHaJIOTH4Hasi PEKOMEHIALMS TIPHU-
BoxuTcs B pykoBoactae TensorFlow mo nooOyuennto (Chollet, 2023).

[IpoBepouHast yacTh MCIOIB30BANIACH JUIS BBIOOpA JIyYINEH STIOXH M KOHTPOJSI OCTa-
HOBKM OOYYEHHs, a MTOTOBas 4YacTh IOJHOCTBIO HCKIIIOYAaCh M3 HACTPOMKH MOJICIH
Y IIPUMEHsIIach TOJIBKO Ha 3aBEpLIAIOIIEM dTare cpaBHeHns. CoXpaHEeHUe JIydlieii BEpCuu
BBINOJHAJIOCH TI0 TOYHOCTH Ha IPOBEPOYHON YACTH, AOCPOUYHAS OCTAHOBKA BKJIIOYAJIAChH
IIpY OTCYTCTBUU YJIy4ILIEHUS B TeUCHUE ABYX 2110X. [IpakTuka nosranHoro nepexona or 3a-
MOPO>KCHHOH CBEPTOYHON OCHOBBHI K aKKypaTHOMY YaCTHYHOMY JOOOYUYCHHUIO PETYISPHO
NPUMEHSIETCSl ¥ B HEJITaBHUX padoTax 1o quarHoctuke oonesnei pacrenuit (Chollet, 2023;
Sambana et al., 2025).

Or1ieHKa KauyeCTBa CTPOUIIACh Ha OOIIEH TOYHOCTH KiaacCu(UKAIMK, TOYHOCTH, TIOJTHOTE
n mepe F1 ¢ MakpoycpenHenueM, a Takke Ha 3HaYeHUH (YHKIHMHU ITOTEPh MEPEKPECTHON
SHTponHU. MakpoycpeaHeHHe BbIOPAHO M0 MPUYMHE 3aMETHON HEPaBHOMEPHOCTHU KIlac-
COB: 4acTh Kareropuii cozxepkana menee 50 m3o0pakeHunil, Torga xak kiaccel Orange |
Haunglongbing n Tomato | Tomato Yellow Leaf Curl Virus Bkitouanu 6onee 800 Hadmiome-
HU. J[OMOJHNUTELHO PacCUNTHIBAIMCH B3BEIICHHBIE BAPHUAHTHI II0Ka3aTelied U TOKIIacco-
BbIE METPUKH JUIS JIy4IIEH MOZIENH.
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N -
Accuracy = %Zl ( v, = y[j )
i=1

rae Accuracy — J0JIs IPaBUIBHO PACcIIO3HAHHBIX N300paxxeHuil; N — ducio u3odpaxe-
HUI B OLIEHMBAeMOH BBIOOPKE; y, —MCTUHHAsA METKa i — IO U300paXkeHusl; y, — METKa,
npencKazaHHas MoJenbto; /| y, = yij — MHJMKATOp MPABUIBHOTO PACHIO3HABAHUSL.

.. 1& TP
Precision =— ) —"C— 3
macro C ;TB + FPL ( )

rae Precision |, — TOYHOCTb ¢ MakpoycpeaHeHneM; C — 4ucio knaccos; TP, — 4ucio
HCTHHHO IOJIOKHUTENBHBIX PEIEHUH 11 Kacca ¢; [P — 4HCII0 JIOKHOMOIOKHUTEIbHBIX
peleHui 1 Kacea c.

s )

Recall ., = 1
C“STP. +FN,

rge Recall = — monHora ¢ MakpoycpeqHeHueM; FN, — 4YHCIO JIOXKHOOTPHULATEIbHBIX

PeIICHH# IS Ki1acca ¢; OCTalbHble 0003HAUCHHsI COBMAAAIOT ¢ (hopmysoii (3).

C o e
Fl - 122 Precision, - Recall,

— 5
macro C ( )

Precision, + Recall

c=1

e FI mepa F1 ¢ makpoycpemnenmem; Precision, — TOYHOCTH I Kiacca c;
Recall, — nonnora ais kiacca ¢; C — YHCIIO KJIaccoB.

1 N C
L===22 . lp, ©)

i=l c=1

TO

rae L — 3HadeHue QYHKIMU NOTEPb MEPEeKpPecTHOi sHTponuu; N — 4YUCIO M300pake-
HUI B nakere WM BbIOOpke; C — YHCIIO KIACCOB; Y, — MHIUKATOP NPHUHAIEKHOCTH
i-ro U300pakeHus Kiaccy ¢; p, — INPeACKa3aHHAs BEPOSATHOCTb MPUHANIEKHOCTH I-TO
n300pakeHNs Kitaccy .

Marpurna ommb0oK HCIONIB30BANACh ISl MHTEPIIPETalul CTPYKTYPhl HEBEPHBIX pellle-
HUH nocIie BeiOopa yureil mogenu. I1ono0HbIH pa3dop 0cOOEHHO BaxKeH B 3a/1a4e Pacos-
HaBaHUs JINCTOBBIX 3a00JI€BaHMH, T/I€ BU3YaIbHO OJNIM3KHE CHMITOMBI, HAIIPHIMED pa3HbIC
BU/BI TSITHUCTOCTH WJIM OXKOTa JIMCTAa, MOTYT JaBaTh BBICOKYIO OOIIYIO TOYHOCTH W Of-
HOBPEMEHHO CO3/1aBaTh JIOKaJIbHbIE 30HBI MEKKiIaccoBoro cmemenus (Yang et al., 2024;
Sambana et al., 2025). [Iepexon ot 00mIeil TOYHOCTH K TOKIACCOBOMY aHAJIH3Y ITO3BOIISIT
paccMmarpuBaTrh Ka4eCTBO MOJICNIM HE KaK eIMHOE YHCII0, a KaK Pacrpe/esIeHue YCIICIIHBIX
1 IpOOJIEMHBIX CITy4aeB BHYTPH BCeil TAKCOHOMUH 3a00JIeBaHUH.
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Pe3syabTarsl

ComocraBiieHHe JABYX PEKMMOB aJalTaldd IOKA3allo, YTO YaCTHYHOE M000ydeHHe
BEpXHEH 9acTH 3apaHee 0OydeHHOH ceTH maiio Ooliee BEICOKUI pe3ylbTar, 4eM 0OydeHHe
OJTHOTO KJTACCU(PHUKAIIMOHHOTO O11oKa. [To maHHBIM TalI. 3 TOYHOCTE Ha IPOBEPOYHOM YaCTH
BeIpocia ¢ 0,9707 mo 0,9816, a 3HaYeHNE PyHKIHA TOTeph cHU3MWIOCH ¢ 0,0929 mo 0,0576.
[pupoct cocrasuin 1,09 NporeHTHOrO MyHKTA IIPU TOH ke 0a30BOH apXHUTEKTYpE, TOM XKe
Habope MaHHBIX U HEU3MCHHOW cxeMe pa3OueHus BbIOOpKH. ClielyeT yYuThIBaTh, YTO
CPaBHCHHE BBITIOJIHCHO MPU OJHOM (PUKCHPOBAHHOM Pa30MECHUU BBIOOPKU M OJHOM BOC-
MIPOU3BOJMMOM 3aITyCKe IKCIIEPUMEHTa, TTO9TOMY MOJTYUYEHHBIN MPUPOCT paccMaTpUBaeTCs
KaK TIPaKTUYECKH 3HAYUMBIN Pe3yIbTaT B paMKax 3aJaHHOTO SKCIIEPUMEHTAILHOTO KOHTY-
pa, a He KaK OKOHYAaTeJbHasi CTATHCTUYCCKAs OlleHKa ycToiunBocTr 3ddekra. s 6onee
CTPOTOH MPOBEPKHU B JAbHEHIIEM I1eJIeCO00Pa3HO BBIMOJHUTH HECKOJIBKO TTOBTOPHBIX 3a-
ITyCKOB C Pa3HBIMH HadaJbHBIMU COCTOSHISIMH T€HEpaTOpa CIIyYaiHBIX YHCET W PacCdu-
TaTh JIOBEPUTEIbHBIC MHTEPBAIBI [UISI HTOTOBBIX METPHUK. 3HAUCHHS IOOOHOTO TOpsIKa
JUTS KOHTPOIUPYEMBIX HAOOPOB H300paskeHUH JTUCTHEB MIPUBOAATCS U B HEJAaBHUX paboTax
(Natarajan, Chakrabarti, Margala, 2024; Aboelenin et al., 2025), ogHako B HUX UCIIONIB30-
BaJIMCh APYTHe KOHOUTYPAIIUH KIIACCOB M HHBIC DKCIIEPHIMEHTAIIEHBIC TIOCTAaHOBKH, TI0ITO-
My OPSMOE YUCIICHHOE COMOCTaBICHHUE JOIYCTUMO TOJIBKO C OTOBOPKAaMH.

Tabuuna 3 / Table 3
ConocraBJjieHue JABYX Pe;KHMOB MepeHoca
00y4YeHus M0 pe3yabTATAM HA MPOBEPOUYHON YACTH

Comparison of two modes of learning transfer based
on the results of the testing part

3amopo:keHHast YacTuuHoe
Iloxa3arenn M3menenue

CBEPTOYHASI OCHOBA | 1000y4YeHuHe
O011ee 4ncIio mapamMmeTpoB 963 350 963 350 0
Yucno HacTpauBaeMbIX 1apaMeTPOB 23078 731 054 +707 976
UYucno HeHacTpauBaeMBbIX [IapaMETPOB 940 272 232296 =707 976
Uncno q)aKTIquCKH 000y4JaeMBIX CIIOEB 0 3 432
B CBEPTOYHON OCHOBE
UYnco BepXHUX CIOEB CBEPTOYHOM 0 40 440
OCHOBBI, BEIOPAHHBIX VIS a/IalTAINH
Jlyumas smoxa 4 5 +1
ToyHOCTBH Ha MPOBEPOYHON YACTH 0,9707 0,9816 +1,09 ..
DyHKIMS IOTEpb HA IPOBEPOYHOH YacTH 0,0929 0,0576 -0,0353

Tpumeuanue: ]l 000ouX pexKUMOB HCHONB30Balachk apxurekrypa MobileNetV3Small; pazmuuancs
TOJIBKO CIIOCO0 aganTaluy 3apaHee 00yuYeHHOH CBEPTOYHON OCHOBEI. Bo BTopoMm peknme i amar-
Taruu OblIa BeIOpaHa BepxHsist rpynna u3 40 cioeB, OJHAKO CJIOM MaKeTHON HOpMajn3aluu He 00-
HOBJISUTUCH, TOATOMY (haKTHYECKU J000y4aauch 32 CI0si CBEPTOYHON OCHOBEI.
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Poct kayecTBa 10 dM0XaM MMEJ Pa3INYHBIN Xapakrep. PexuM ¢ 3aMOpOXEeHHOH CBep-
TOYHOM OCHOBOM OBICTPO BBIIIEN Ha IJIATO: OCHOBHAS YacTh IPUPOCTa MPHUIILIACH HA MEPBHIC
JIBE SIOXH, 10CJIE YEero YNIy4lIeHHEe CTall0 MUHUMAaJIbHBIM. YacTnuHoe noolOyueHne coxpa-
HSUJIO TIOCTYTIATeNIbHOE JABMIKEHHUE JI0 TISATOH SIOXH, a KprBasi (pyHKIMHU 1TOoTeph yObIBaia 6o-
siee poBHO. ['padukn o0ydeHws:, IpyUBeCHHbIE HAa PUC. 3 U pUC. 4, TIOKAa3bIBAIOT OTCYTCTBUE
3aMETHOTO PACXOXKJICHUsI MEXJy OOydaromieil ¥ TpPOBEPOYHOM YaCTAMH, YTO YKa3bIBaeT
Ha YCTOWYMBYIO HACTPOWKY MOJICIH B TIpe/iesIaX BEIOPAHHOTO SKCIIEPHMEHTAILHOTO KOHTYpa.

[ToknaccoBbIii pacueT Jyist JIydIeil MOJIeTIH MO3BOJIUIT OLICHUTh Ka4eCTBO YK€ Ha He3a-
BHCHUMOU MTOTOBOW YaCTH BBIOOPKH Yepe3 MoKa3are, 3ajaHHbie hopmynamu (2) — (6).
Pacder mo JaHHBIM UTOTOBOH KJTACCHU(PHUKAIIAU Jaj OOy TOYHOCTH Okoio 0,9843, ma-
kpoycpenHeHHyto Mepy F1 okomno 0,9792 u B3Bemennyto mepy F1 oxono 0,9842. Pazuu-
1la MEXJIy MaKpOyCPEJHCHHBIMH M B3BEIICHHBIMU 3HAYEHHSIMH OKa3aJlaCh HeOOJIbIION,
XOTs OoJiee HU3Kasi MAaKpOyCpEJHEHHAsI MOJIHOTa OTpa3uiia HaJIMYHe HECKOJIBKHUX KJIACCOB,
B KOTOPBIX Paclo3HaBaHUE IUTO 3aMeTHO TpynHee. O030p (Salka et al., 2025) crs3biBacT
M0I00HBIE JIOKAIBHBIC TPOCAJIKN C BBICOKOH BH3yalbHOW OJNM30CTBHIO KJIACCOB, HEPABHO-
MEpPHOCTBIO BEIOOPKH M OCOOEHHOCTSIMH CTaHAAPTU3UPOBAHHBIX HAOOPOB M300PaKEHUH.

VI3MereHve TOSHOCTU 110 3M0XaM ANS NepBoit MoRenn VI3MeHeHHe TOSHOCTU 110 3M0XaM MpH HACTUYHOM [1006yseHMn
082
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0980
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0976
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0.968
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—e~ Nposepounan vacts 0966

10 15 20 25 30 35 40 as 50 10 15 20 25 30 35 40 as 50
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Puc. 3. JlunaMuka TOUHOCTH Ha 00yJaromien
U IPOBEPOYHOI 4aCTsAX JAHHBIX TIPH ABYX PEKUMAX MepeHoca 00yueHus:
a — 3aMOpPOJKEHHasl CBEPTOYHAs OCHOBA; 0 — YacTHYHOE 1000yUeHHe

Fig. 3. Accuracy dynamics on the training and validation datasets for two transfer
learning modes: a — frozen convolutional base; b — partial retraining

PacripenienieHuie MOKIACCOBBIX MMOKa3aTeleil OKa3aJoCh COMCPIKATEIBHO HEOMHOPOJI-
HbeiM. Hanbosee Boicokue 3HaueHust Mepsl F 1 3adukcupoBans! y kitaccoB Squash | Powdery
mildew, Blueberry | healthy, Apple | Black rot, Grape | healthy 1 Orange | Haunglongbing,
IJIc pacro3HaBaHUEe MPUOJIIKAIOCH K 0e301M00YHOMY YpoBHIO. [IpobiemMHas 30Ha cMme-
CTHJIACh K IPYIIIAaM C BBICOKOW BHU3yaJdbHOW OJM30CTHIO: MUHHMANbHBIC 3Ha4eHUs Mephl F1
Habronanuck y kimacco Corn | Cercospora leaf spot Gray leaf spot, Tomato | Early blight,
Potato | healthy, Corn | Northern Leaf Blight u Tomato | Target Spot. C meToanyeckoit
TOYKHU 3PCHUA 30€Ch BAXXCH CaM q)aKT JIOKQJIbHOI'O CHMIKCHUA Ka4u€CTBa B TPYAHBIX 30HaX
MPOCTPAHCTBA MPU3HAKOB.

137



Myrxana A.C.A., Jlsmynriosa E.B. (2026) Muthana A.S.A., Lyapuntsova E.V. (2026)
PexxuMBbl ajianTaryy 3apaHee 00y deHHBIX HeVIpoceTer: B Adaptation regimes of pretrained neural networks
3aj1aue K1accuuKaImm BU3yaibHO OJIM3KIX KIIacCoB: .. in visually proximate class classification: ...
MopermpoBate v aHayms JaHHbIx, 2026, 16(2), 127 —145. Modelling and Data Analysis, 2026, 16(2), 127 —145.

VI3MeHeHMe (yHKUMM NOTepb No 310XaM AN Nepsoil Mofen W3MeHerive GyHKUMM NOTEpb NO 3N0XaM NpH YaCTU4HOM 006y eHu
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Puc. 4. [lunamuka QyHKIMY oTeph Ha 00y4aroen
Y NIPOBEPOYHOH YacTsAX JAHHBIX TIPH JIBYX PEXKUMAX MepeHoca 00yueHus:
a — 3aMOpPO’KCHHAsl CBEPTOYHAsI OCHOBA; O — YaCTUYHOE J0OOy4eHue

Fig. 4. Loss dynamics on the training and validation datasets for two transfer
learning modes: a — frozen convolutional backbone; b — partial fine-tuning

Tabauma 4 / Table 4
Iloka3aTenu Jy4iieil MogeJ I HA HTOTOBOI YaCTH BBIOOPKH

Performance of the best model on the final part of the sample

Iloxa3aresn 3HaveHue
OO01ast TOYHOCTh KJIaCCH(UKALIN 0,9843
ToyHOCTBH C MaKpOycpeHEHHEM 0,9812
ITonHOTA C MaKpOyCpeTHEHUEM 0,9776
Mepa F1 ¢ makpoycpenHenuem 0,9792
TOYHOCTB C B3BELICHHBIM YCPEIHEHUEM 0,9843
[lonHOTA C B3BELICHHBIM YCPEITHEHUEM 0,9843
Mepa F1 ¢ B3BeIICHHBIM YCPEAHEHHEM 0,9842
Tabmnuna S / Table 5

Haubo.,1ee 1 HanMeHee YCTOﬁ‘lHBO pacino3HaBaeMbl€ KJIaCChl ﬂqueﬁ MoaeJam

Most and least reliably recognized classes of the best model

Hamnbouiee ycroiiunBbie Yucao Mepa | Haumenee ycroiiunBbie Yuciao Mepa
KaTeropuu u3o0paxenmii | F1 KaTeropuu H300pakeHMit F1
Squash | Powdery mildew 281 1,0000 | €0 | Cercospora leaf spot 86 0,8889
Gray leaf spot

Blueberry | healthy 213 1,0000 | Tomato | Early blight 145 0,9078
Apple | Black rot 107 1,0000 | Potato | healthy 22 0,9302
Grape | healthy 58 1,0000 | Corn | Northern Leaf Blight 153 0,9363
Orange | Haunglongbing
(Citrus greening) 832 0,9994 | Tomato | Target Spot 226 0,9417
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HopmupoBaHHast MaTpua omunOOK JIyulield MOJesIn MpecTaBieHa Ha puc. 5. [nas-
Hag AuaroHajib COXPaHACT BBICOKYIO HACBIIIEHHOCTL IIOYTHU I10 BCceH COBOKYITHOCTH
KJIACCOB, OJIHAKO JIOKAJIbHbIE CMEIEHHS OTYETIMBO BHIHBI Y IPYII ¢ MOP(OIOTrHUeCKn
1 TeKCTypHO OnMM3KMMHU mpu3Hakamu. Hambonee 3aMeTHBIN mpUMep CBsI3aH C KilacCaMi
Corn | Cercospora leaf spot Gray leaf spot u Corn | Northern Leaf Blight. B rpymme to-
MaTHBIX KJIACCOB OCHOBHOE YMCIIO OMMOO0K cocpenorouminochk Mexay Early blight, Late
blight, Septoria leaf spot, Target Spot u Spider mites Two-spotted spider mite. PaGora
(Salka et al., 2025) mog4epKuBaeT, 4TO MMEHHO CXOJICTBO JIOKAIbHBIX BH3yaJbHBIX IaT-
TEPHOB YaCTO CTAHOBUTCS OCHOBHOW MPUYMHON MEXKKIACCOBOIO CMELICHHS B 3agavax
TOHKO# KIIacCU(pHKALIMN H300paKCHUH.

Kaprtuna ommbok B Tabn. 6 mokas3blBaeT, 4TO MOJAENb MyTajia MpexkIe Bcero Onm3-
KHe KJIACChl BHYTPU OJHON MOP(OIOTHYECKH COIIaCOBaHHOW rpymmbl. Ha nepBom Me-
cte okazanoch cmemenne Corn | Cercospora leaf spot Gray leaf spot ¢ Corn | Northern
Leaf Blight, nasmiee 14 omubox, wiu 16,279 % BHyTpHu HCTHHHOTO Kitacca. Clie oM ILTu
napsl Tomato | Target Spot u Tomato | Spider mites Two-spotted spider mite, Tomato |
Late blight u Tomato | Early blight, Tomato | Early blight u Tomato | Septoria leaf spot.
[TomoGHas cTpyKTypa BakHa AJIs OOLICH MHTEPHpPETAalH Pe3y/IbTaToOB, IOCKOJIBKY YKa-
3bIBAaET Ha COJEPIKATeIbHbIE 30HBI TPYJHOCTH B IPOCTPAHCTBE BU3YaJIbHBIX ITPU3HAKOB,
a He Ha CITyYaifHBII XapakTep OMHOO0K.

HopMipoBaKHas MaTpiLia OIMBOK AR NyNIeR Monen

pen

Puc. 5. HopMupoBaHHast MaTpHiia OIKUOOK JIyUIIeH MOJICTH Ha HTOTOBOW YacTH BBIOOPKU

Fig. 5. Normalized error matrix of the best model on the final part of the sample
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Tabmuma 6 / Table 6

HamuooJuiee 4acTble MeKKIaCCOBbIE CMEIICHUS
y Jy4lneil Mo/ieJii B 30HAX BH3yaJbHOI 0J1HM30C¢TH

Most frequent inter-class confusions of the best model in zones of visual proximity

Hcernanas IIpeackasannas Kosmmuectso  Jlosist olInGOK BHYTPH
KaTeropust KaTeropust omMOOK  MCTUHHOI KaTteropuu, %
Corn | Cercospora leaf Corn | Northern Leaf Blight 14 16,279
spot Gray leaf spot
Tomato | Spider mites
Tomato | Target Spot Two-spotied spider mite 10 4,425
Tomato | Spider mites
Two-spotted spider mite Tomato | Target Spot 5 2,000
Tomato | Late blight Tomato | Early blight 5 1,779
Tomato | Early blight Tomato | Bacterial spot 4 2,759
Tomato | Early blight Tomato | Septoria leaf spot 4 2,759
Corn | Northern Leaf Blight Corn | Cercospora leaf 4 2,614
spot Gray leaf spot
Potato | Late blight Tomato | Late blight 4 2,614
Apple | Apple scab Apple | healthy 3 3,125
Tomato | Early blight Tomato | Late blight 3 2,069

O0cy:xneHne pe3yJbTaToOB

IIpupoct Tounoctu Ha 1,09 MPOLEHTHOrO MyHKTa MpPH MEPEXOAe OT 3aMOPOKEHHOM
CBEPTOYHOM OCHOBBI K YaCTHYHOMY JIOOOYYEHHIO MMEET METOJIMYECKOE 3HAYeHHUe, I10-
CKOJIbKY CpaBHEHHE IPOBOAMIIOCH HA OJHOW apXMTEKType, OJHOM Habope n300pa)keHHin
U TP OZIMHAKOBOM cXeMe pa30ueHus JaHHbIX. [10JydeHHBIH BBIMIPBILI YKA3bIBAET HA Npe-
HMYIIECTBO Oojee TTyOOKOM ajamnTaliy MOJENTH K IeJIEBOW 3ajaue B Mpeaesax MpoBe-
JICHHOTO 3KCTepuMenTa. [Ipy 3ToM pe3ynbTar He clielyeT TPaKTOBaTh KaK yHHBEPCAIbHOE
JIOKa3aTeNIbCTBO MPEBOCXONCTBA fine-tuning st Bcex HaOOPOB M300pakeHUA U apXUTEK-
Typ: YCTOWYHNBOCTH BBISIBICHHOTO 3(h(eKTa TpeOyeT MPOBEPKH HA HECKOIBKUX CITyJalHBIX
MHHULUATN3alUsIX, aIbTePHATUBHBIX pa30MEHNAX W BHEIIHUX JaHHBIX. B ctathe (Dong et
al., 2024) BiusHUE pekuMa JOOOYICHHUS TaKKe PacCMaTPUBACTCS KaK OTIACIBHBIN (akTop
Ha/Ie)KHOCTH pacro3HaBanus, a B padbore (Iftikhar et al., 2024) nonacTpoiika Mpu3HaAKOBOTO
SIIpa CBSAZBIBACTCS C YITyUIICHHEM KaueCTBa Ha CIOKHBIX N300PaKCHHUSX.

Xapaxktep 00y4yeHHUs B IByX PEKMMax OKazajcsi HE MEHee Ba)XCH, YeM MTOTOBBIE YHC-
na. 3aMOpOKEHHAsl CBEPTOYHAsi OCHOBA OBICTPO BHINIUIA HA IUIATO, YTO OOBIYHO HAOMIIO/A-
eTCsl B CUTyalUsX, KOTja 3apaHee OOy4deHHBbIE MPU3HAKU JAIOT CHJIBHBIA CTapT, OAHAKO
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MIePECTAIOT AOCTATOYHO TOHKO pa3inyarh OJHM3KHE KaTeropuu IliejaeBoro Habopa. Yactuu-
HOE JI000y4YEeHHE COXPAHUIIO POCT KauecTBa JO KOHIA OOy4eHHs, ¥ MOJ00Has THHAMHKA
xoporo coracyercs ¢ BeiBogamu (Dong et al., 2024), rae BbIOOp mapajurmMsl JOHACTPOH-
KM 3aMETHO MEHSJI KaU4eCTBO KITaCCH()MKANU B TOHKHX MEKKIIACCOBBIX paznuunsix. O630p
(Shoaib et al., 2025) Takxe CBS3bIBACT yCHENTHOCTD MIEpeHOCa 00yUYEHUs ¢ ITyOMHO# ajarn-
TaIMX MOJIENH K CHEU(HKE IIEIEBOT0 BU3yaIbHOTO MarepHuara.

Pacnipenenenne ommMOOK IMOKa3bIBAET, YTO CJaldble MECTa MOJEIH COCPEJOTOYECHBI
B Tpynmax ¢ Oau3Koi Mopdorornei, TeKCTypol U I[BETOBBIM pucyHkoM. Haubonee mpo-
OJIeMHBIMM OKAa3aJICh Mapbl KJIACCOB, € COBMAJAIOT JIOKAIbHAs CTPYKTYpa H3MEHe-
HUSI TIOBEPXHOCTH, KOH(UTYpALUsi 04aroB M XapakTep LBETOBBIX nepexooB. O030pHbIC
pabotsr (Shoaib et al., 2025; Shafay et al., 2025) omuCBIBaIOT Ty XK€ 3aKOHOMEPHOCTE:
HaWJIy4dllIMe MOKa3aTejld OObIYHO JOCTHIAalOTCS HA KOHTPACTHBIX M XOPOLIO OTAEIMMBIX
KaTeropysix, TOTa KaKk CXOIHbBIE M0 BH3YyaJbHOMY HAaTTEPHY KJIACCHI MPOJIOIDKAIOT CO3/1a-
BaTh 30HBI MEXKJIACCOBOTO CMEIIICHHUS IaXkKe Y CHIIbHBIX Mojielieil. C MeTOANYeCKON TOYKH
3peHus MOydeHHas MaTpulia OMKOOK MOATBEPKIAET, YTO SKCIEPUMEHT JEHCTBUTEIHHO
MIPOBEPSUT PEKUMBI aIaNlTAIlNN B TPYAHON 3a/1ade TOHKOW Ki1acCH(UKaLNH.

WHTtepriperanys MONyYeHHBIX 3HAYCHUI TpeOyeT aKKypaTHOCTH U3-3a CBOWCTB CaMOTIo
Habopa PlantVillage. Korrpomupyewmsrii hoH, KpymHEIHA T1aH 00beKTa B OTHOCHUTEIFHO YH-
CTasi BU3yaslbHasl ClieHa YIPOLIAOT 33/1a4y 110 CPABHEHHIO ¢ 00JIee CIIOKHBIMU CLICHAPUSIMU
pacIio3HaBaHusl, I7Ie MPUCYTCTBYIOT TEHH, IEPEKPBITHS, HEOJHOPOIHOE OCBEIICHHUE U eCTe-
cTBeHHBIE MoMexHu. B pabore (Salman, Muhammad, Han, 2025) knaccuduxanms B peanb-
HOW CheMKe pa30upaercss MMEHHO KakK Ciydail JOMEHHOI'O C/IBUTa, TO €CTh M3MEHEHHs
pacupeneneHus n300paKeHNH MEXTy YIeOHOH U MpakTHIecKor cpeoi, a 0030p (Shafay
et al., 2025) paccmarpuBaeT MoJOOHBII Pa3pbiB KaK OJHO U3 IICHTPAJIBHBIX OrPaHUUCHHIA
COBPEMEHHOH JINTEpaTyphl 110 aBTOMATHYECKOMY aHAIN3y n3o0paxenuit. [To sToit npuun-
HE MOJYYEHHBIH pe3ysibTaT KOPPEKTHEE TPAKTOBATh KaK JI0Ka3aTelIbCTBO 3()(PEKTUBHOCTH
BBIOPAHHOTO PEKUMA aJIalTAllU B CTAHAAPTU3UPOBAHHON ITOCTaHOBKE.

3aKpBITHIM XapakTep KJIacCH(HUKALNN 33JaeT CIIe OfHY IPaHMIly IPUMEHUMOCTH IIPO-
BE/ICHHOTO JKkcnepuMeHTa. OOydeHHast MOjeb BBIOMpaia OIMH M3 3apaHee M3BECTHBIX
KJIACCOB, TOT/IA KaK B Ooiee 001eil npakTHKe aHaIM3a H300paKeHUH BCTPEYAIOTCS PEIKuE,
CMEIIaHHbIE U paHee He TpeJCTaBleHHbIe B 00yueHun cocrosuus. Mccnenoanue (Dong
et al., 2024) moka3sbIBacT, YTO PACIIO3HABAHME HEM3BECTHBIX KJIACCOB TPEOYyeT CIICIH-
AIBHOM TOCTAHOBKM 3a7a9d M OTACIHHON MPOBEPKH yCTOWYMBOCTH, a pabora (Salman,
Muhammad, Han, 2025) nemoHCcTpHpyeT, HAaCKOJIBKO CHIIBHO MEHSIETCS! [TOBE/ICHHE MOJICIIH
TIPU TIepexo/ie K JaHHBIM M3 €CTECTBEHHOU cpeapl. Creqyromuii mar 37iech CBsI3aH ¢ Mpo-
BCPKOM JIYYIIIEr0 peKuMa J000ydeHUs Ha 0oJiee CIIOKHBIX BHEIIHUX Ha0Opax IaHHbBIX
U C OLIEHKOM CIIOCOOHOCTH CHCTEMBI KOPPEKTHO BBIAEISATH CIIydaH, Uil KOTOPBIX YBEPEH-
HOE OTHECEHHE K M3BECTHBIM KJIaccaM HEJOIyCTHMO.

3aKja4eHue

YactnyHoe n0o00ydeHne BepXHEH 4acTH 3apaHee OOy4eHHOW CBEpTOYHOI ceTH obe-
criedmsio 0oJee BBICOKOE KauecTBO KIIaCCH(UKAINKU, YeM PEKUM, B KOTOPOM H3MEHSUICS
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TOJIEKO 3aBepIIArONIN KiaccuuKannoHHbIi Onok. [Ipu oqMHaKoBOil apxXUTEKType, enu-
HOM Ha0ope JaHHBIX U (PUKCHPOBAHHOM Pa3OMEHUM BBIOOPKH TOYHOCTH HAa IPOBEPOYHOM
gactu Bo3pocia ¢ 0,9707 go 0,9816, a 3naueHune GyHKIUU mOTeph CHU3WIOCH ¢ 0,0929
10 0,0576. ITokmaccoBelii aHAIM3 JIydIIed MOAEIH IMOKa3al, YTO HAHOOJbIIasl yCTOHYH-
BOCTb JIOCTUTAETCSl Y XOPOIIO Pa3INYMMbIX KJIaCCOB, TOTAA KaK OCHOBHbIC OLIMOKH KOH-
LEHTPUPYIOTCS B TPYIIIAaX C BHICOKOH BU3YalIbHOM OJIM30CTHIO.

Hayunast HOBHM3HA HCCIIEIOBAaHMS CBS3aHA C KOHTPOJIUPYEMBIM SKCIEPHMEHTAIBHBIM
COIOCTaBJICHUEM JBYX pekuMOB ajgantaiuu MobileNetV3Small B 3anaue kinaccudukarm
BH3yaJbHO ONMIM3KUX KiaccoB Habopa PlantVillage. B pabGore He yTBepkmaeTcs MpUHIIU-
MUajbHasi HOBM3HA YaCTHYHOTO JI000YYEHHs Kak METOJa, TOCKOJbKY fine-tuning sipisiercst
pacnpocTpaHeHHOH MPaKTUKOW NPUMEHEHHs 3apaHee 0Oy4YEeHHBIX CBepTOUHBIX cereid. Ho-
BBIM JUISl JAHHOH NOCTAHOBKH SABJIAETCS MTOKa3aHHOE HA €ANHOM SKCIIEPUMEHTAIBHOM CXeMe
MIPEUMYIIECTBO YaCTHYHOTO JI000yUYEHUs BEpXHEH YacTH MPU3HAKOBOTO sipa HaJl PeXKUMOM
W3BJICUCHUS NTPU3HAKOB 0€3 HACTPOWKHM CBEPTOYHON OCHOBBHI. [lomyueHHBIN pe3ynbTar Ba-
JKEH HE TOJIbKO 110 BEJIMYMHE OOLIeH TOYHOCTH, HO U 110 CTPYKTYpe OIIMOOK: YIydIlIeHUE
TIPOSIBUJIOCH HA HE3aBUCHMON MTOTOBOM YaCTH BBIOOPKH M COMPOBOXKJIAJIOCH COJIEPIKATEIIb-
HO OOBSICHUMBIM PACTpEEICHHEM CMEIICHUH B TPYIHBIX 30HAX IIPOCTPAHCTBA IPU3HAKOB.
00630ps! mociennux aet (Upadhyay et al., 2025) 1 paboThl 10 PaCHIMPEHUIO CIIOKHBIX Ha-
60poB m300pakeHwit (Zhang et al., 2025) moATBEpKIAIOT, YTO BOIPOC 0OOOIIAOILH CI10-
COOHOCTH MOJIENN M TIEPEHOCHMOCTH pe3ysibrara Ha 0oJiee CIIOKHBIE JIAaHHBIE OCTaeTCs
LEHTPAIBHBIM, TT03TOMY BBIBOJ O HPEIINOYTUTEIBHOCTH YaCTUYHOTO JOOOYYEHHS HMeEeT
METOAMYECKYIO IIEHHOCTD ISl IOCTPOCHUSI aHAJOTUYHBIX CHCTEM aHajIn3a M300pakeHHMH.

[IpakTHyeckass 3HaYUMOCTH pabOTBHI ONpENeNseTcs] BO3MOXKHOCTBIO HCIOJIB30BATh
MIPEATIOKEHHYIO CXEMY aJanTaluy pU MPOSKTUPOBAHNH CHCTEM aBTOMAaTHIECKON KIIaCCH-
¢duKanuu n300paXKeHui, rae Tpedyercsl pa3indarh ONn3KHe BU3yaJIbHBIE KATETOPHUHU B yC-
JIOBHUSAX OTPAHUYCHHOTO 00BhEeMa IIEIEeBHIX NaHHBIX. DKcIepuMeHT Ha Habope PlantVillage
[OKa3bIBACT, YTO Ja)Ke KOMIIAKTHasl 3apaHee oOyueHHasi apXUTEKTypa CrocoOHa odecrie-
YUTh BBICOKHI YPOBEHb KaudecTBa, €CIIM PEXHMM €€ IOCIeIyIONel HacTpOWKH BHIOpaH
koppekTHo. Hanbomee ocTOpOXKHOTO MPUMEHEHHsI TPEOYIOT TPYMIIBI KJIACCOB CO CXOIHOM
MOpPQOJIOTHEH ¥ TEKCTYPOH, MOCKOIbKY MMEHHO TaM COXPAHSETCSl OCHOBHAsSI JOJISI MEXK-
KIJIACCOBBIX CMEIICHUI.

OrpanuyeHusi WCCICIOBaHUS CBS3aHBI C TpeMsl OOCTOSTENbCTBaMH. Bo-nepBbIX,
WTOTOBAasl TpOBEpKa BBHINOJHAIACK HAa CTAHAAPTHU3HMPOBAHHOM Habope H300paKeHUH
PlantVillage, rne ¢oH, Macmrab 00beKTa U YCIOBHS ChEMKH 3aMETHO YIPOIIAIOT 3aa-
4y 110 CpPaBHEHHIO C OoJiee CIIOKHOM BH3yalbHOH cpenoil. Bo-BTOphIX, 3KCHEpUMEHT
TIPOBOIJICS TIPH OTHOM (PUKCHPOBAHHOM pa30MEHUM BHIOOPKH M OIHOM BOCIIPOW3BOIHU-
MOM 3aIlyCKe MOJEINH, [T0ITOMY BEIWYHMHA MPUPOCTa KayecTBa TPeOyeT JOMOTHUTEIHHOM
MIPOBEPKH Ha IMOBTOPHBIX 3aIyCKAaX C Pa3HBIMM HA4aJbHBIMH COCTOSHUSMH T'€Heparopa
CIIy4alHBIX YUCENI. B-TpeThuX, 4UCIIO H300paKEHUI B OTC/IbHBIX TECTOBBIX KJIacCax 0CTa-
BAJIOCH HEOOJBIINM, M3-32 YET0 MOKJIACCOBBIC OLEHKH ISl PEIKUX KaTerOpHi IOIydain
Oornee AMCKPETHBINH XapaKkTep M CHIbHEE 3aBUCEIH OT €AMHUYHBIX OIIHMOOK. Pacmmupenue
ImyJ1a n300pakeHUH JUIs PEIKNX KJIaCCOB, PAcueT JOBEPUTEILHBIX HHTEPBAJIOB JUIsl METPUK
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Y TIPOBEpKa MOJIENY Ha JIOTIOJHUTEIBHBIX HE3aBUCHMBIX HCTOUYHHMKAX JAHHBIX paccMaTpH-
BAIOTCS KaK IIepBOE HalpapJieHHEe IPONOIDKEHHs paboThl. BTopoe HampasieHne cBsi3aHO
C NIEPEHOCHMOCTBIO pe3yJIbTara Ha 0ojiee CIIOXKHBIEC YCIIOBHSI CheMKH: TIPH IIEPEXO0IC K JIaH-
HBIM C TCHAMHU, NCPEKPBITUAMHU, HCOAHOPOAHBIM OCBCIICHUEM U €CTCCTBCHHBIMU ITOMEXa-
MU 1OTpeOyeTcst MOBTOPHAsI IPOBEPKa YCTOHYMBOCTH MOJAEINH, a IIPU U3MCHEHUH COCTaBa
KJIaCCOB M CTPYKTYpPbI BXOJAHOTO ITOTOKa — PEryJsipHasi IIepeoleHKa KayecTBa Ha HOBBIX
nmarnbix (Upadhyay et al., 2025; Zhang et al., 2025).
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AHauu3 3 PeKTUBHOCTH MHOTOILIATOBOI0 AIAIITUBHOIO
AJIrOPUTMA ONITUMM3ALMH € IPOTHO3UPOBAHUEM

A.B. IIanTenees D4, E.A. XBomIHsIHCKAN

MocKkoBCKH aBHAIIIOHHBIA HHCTUTYT (HAIIMOHAJIBHBIA UCCIE0BATEIbCKUI YHUBEPCUTET)
HHCTHTYT «KoMIbIoTepHBIE HAYKH 1 TPHUKIIaJHAS MaTEMATHKa)

Mockga, Poccuiickas @enepanust
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Pezrome

KonTekeT M aKkTyabHOCTB. 33/1a4M TOMCKA [I00AJIBHOIO AKCTPEMyMa BO3HHKAIOT
IIpU PELICHUU HIMPOKOrOo Kpyra IPHUKJIAAHBIX 3a7ad ONTUMH3AaLUU, B TOM YHUCIIE
IIpY HACTPOHKE MapaMeTpOB TEXHUYECKUX CHUCTEM U HCCICIOBAHUU CIIOKHBIX
MHOTOIKCTpeMaNbHbIX (yHKImi. s Takux 3amgad IpUMEHEHHE KIIACCHYECKHX
JETePMUHHUPOBAHHBIX METOAOB 4YaCTO 3aTPYIHCHO U3-3a HAIM4Msl JIOKAJIbHBIX
9KCTPEMYMOB, CIIO)KHOH CTPYKTYphI LENeBOM (YHKIUM W OTCYTCTBHSI IIOJHOH
nH(OopManuu 0 ee CBOHCTBax. B cB3M ¢ 5THM akTyanbHOIl sBIsieTcst pa3paboTka
MIPOTPAMMHBIX ~ CPEJCTB, pPEANM3YIOIINX aJalTHBHBIE U METa’BPHCTHIECKHE
anmroputMel  ontumm3anuu.  Heas. Ilensio  paGoTel  sBisieTcst  pa3paboTka
1 HCCIIEOBAHUE IIPOTPAMMHOTO O00ECIeueHnsl I pealn3aldd MHOTOIIAroBOTO
aJanTUBHOTO AJATOPUTMa ONTHMHU3ALUK C TMPOTHO3UPOBAHUEM, NPEAHA3HAYECHHOTO
JUISL TIOUCKa TI00abHOTO SKCTpEMyMa I1eeBoi QyHKINH Ha 3aJlaHHOM MHOXKECTBE
JonycTuMbIX — pemieHuil.  I'mmore3a. [lpenmonaraercs, 4YTO  MCHONb30BaHUE
IIPOTHO3UPYEMOT'O IOJIOKCHUS PELICHUS, TaMATU 06 YCHCUIHBIX 1Iarax, afaliTMBHOI0
M3MEHEHUs] BEJIMYMHBI IlIara U TeHEepalud HOBBIX HAYaJbHBIX NPUOIMKCHUN
C IOMOIIBIO pacnpeneseHus JIeBH MO3BOIUT MOBBICUTh YCTOHUMBOCTH IOMCKA
U YMEHBIIUTH BEPOSTHOCTb IPEXKIEBPEMEHHOIO IMONAJaHUs B OKPECTHOCTHU
JIOKAJIBHBIX AKCTpeMyMoB. MeToasl M Marepuanbl. B pabGore paccmarpuBaercs
MHOT'OILIATOBBIH aallTUBHBII aIrOpUTM, OCHOBAHHBIH Ha [IOCIEJOBATEIbHOM IIOHCKE
B OKPECTHOCTH IIPOTHO3HPYEMOTO PEIICHMs, HCIIOIB30BAaHUH MTaMATH 00 yCHEIIHBIX
MOJNOXKEHHUAX U TEHEPallud HOBHIX HAYAJbHBIX MPUONIDKEHUH C IPHMEHEHHEM
pacnpenenenus JleBn. PaszpaGoranHoe mporpaMMHOE oOecledeHHE IO3BOISIET
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3a7aBaTh IENEeBYI0 (YHKIHMIO, O0NacTh JOMYCTUMBIX pPEHICHHH M IapaMeTphl
QJITOPUTMA, BBITIONHATH BBIYHCIUTENIBHBIN SKCIICPHMEHT, a TAaKKe BU3YyalH3MpPOBATh
MpoLecc MONCKAa U TMONydYeHHBIE Pe3ynbrarsl. st MpOBEpKH pabOThl MPOTPAMMEI
HCTIONB30BANNCH ~ OOLICTIPUHATHIE TECTOBBblE (YHKIUHM pA3IUYHOM  CTETeHH
cnoxkHOCTH.  PesynabTarbl. IIpoBeneHHBIE  BBIYHMCIHTENBHBIE — IKCIIEPHMEHTHI
MOKa3add, 4YTO pEealr30BAHHBIM aJITOPUTM IO3BOJSET HAXOAWTH pEIICHUs,
ONM3KMEe K TOYHBIM 3HAYCHUSIM [IOOAJBHOTO OSKCTPEMyMa, Kak Uil TPOCTHIX,
TaK W JUISI MHOTODKCTPEMAIIbHBIX TECTOBBIX (yHKIM. [lomydeHHbIe pe3ynbTaThl
HOATBEPXKJIAT PabOTOCIIOCOOHOCTh Pa3pabOTaHHOIO MPOrPAMMHOIO KOMILIEKCa
Y BO3MOKHOCTb €0 IPUMEHEHMUSI U1 UCCIIEI0BaHUS BIUSHUA IapaMeTPOB aJll'OpUT™Ma
Ha KauecTBO Ioucka. BeiBoabl. PazpaboTanHOe nporpaMMHOE 00€CIIeUeHHE MOXKET
HCTIONB30BATHCS TSI PEIISHUS 3a/1a4 TII00ATBHON ONTHMH3AINHN, aHAIN3a TOBECHHS
MHOTOIIArOBOTO aaNTUBHOTO ajlrOpPUTMa M moxdopa ero napameTpos. [Ipumenenue
MIPOTHO3MPOBAHHS, ATANTHBHOTO N3MEHEHUs IIara U TeHepaliy HOBBIX HAaYaJbHBIX
TOYEK MO3BOJISACT TIOBBICUTH YCTOHYMBOCTH IIOMCKA M CHH3HTh BEPOSTHOCTH
MIPEXAEBPEMEHHOTO MOMAJaHuUsI B IOKAIBHBINA SKCTPEMYM.

Knrwouegvle cnoga: MeTa’dBpUCTUYECKUE AITOPUTMBI, ONTUMHU3ALMS, aJanTaiys,
MPOTHO3MPOBAHKUE, IPOrPAMMHOE 00CCIICUCHIE, TECTOBBIC (PYHKIIMN

JlonoJHuTeNbHbIE AaHHBIe. [IpOrpaMMHBIH KOMIUIEKC TOCTYIEH 1Mo aapecy: https:/
github.com/LizaKhvoshnyanskaya/M A AP-software

Jnst uutupoBanus: [lantenees, A.B., XBommusHckas, E.A. (2026). Ananu3 3¢ dexruBHO-
CTH MHOTOIIIar0BOTO a/IallTHBHOTO JITOPUTMa ONTUMHU3AIMH C TPOTHO3UpOBaHUeM. Mooenu-
posanue u ananusz oannolx, 16(2), 146—165. https://doi.org/10.17759/mda.2026160208

Analysis of the efficiency of a multi-step adaptive
optimization algorithm with prediction

A.V. Panteleev D<, E.A. Khvoshnyanskaya
Moscow Aviation Institute (National Research University)
Institute of Computer Science and Applied Mathematics
Moscow, Russian Federation

P4 avpanteleev@inbox.ru

Abstract

Context and relevance. Global extremum search problems arise in the solution of
a wide range of applied optimization problems, including the tuning of technical
system parameters and the study of complex multi-extremal functions. For such
problems, the application of classical deterministic methods is often difficult due to
the presence of local extreme, the complex structure of the objective function, and
the lack of complete information about its properties. In this regard, the development
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of software tools implementing adaptive and metaheuristic optimization algorithms
is of great relevance. Objective. The aim of this work is to develop and study
software for implementing a multi-step adaptive optimization algorithm with
forecasting, designed to find the global extremum of the objective function within
a given set of feasible solutions. Hypothesis. It is hypothesized that using a predicted
solution position, a history of successful steps, adaptive step size adjustment, and the
generation of new initial solutions via the Lévy distribution will improve the stability
of the search and reduce the probability of prematurely reaching a local extremum.
Methods and materials. This paper considers a multi-step adaptive algorithm based
on sequential search in the neighborhood of the predicted solution, the use of memory
of successful positions, and the generation of new initial solutions using the Lévy
distribution. The developed software allows users to specify the objective function,
the feasible solution region, and the algorithm parameters; perform computational
experiments; and visualize the search process and the results obtained. Benchmark
test functions of varying complexity were used to verify the program’s performance.
Results. The computational experiments conducted showed that the implemented
algorithm allows finding solutions close to the exact values of the global extremum
for both simple and multi-extremal test functions. The results obtained confirm
the functionality of the developed software package and the possibility of its
application for analysis of the impact of parameter selection on the quality of the
search. Conclusions. The developed software can be used for the numerical study of
global optimization problems, the analysis of the behavior of a multi-step adaptive
algorithm, and the selection of its parameters. The use of prediction, adaptive step
size adjustment, and the generation of new initial points makes it possible to improve
the stability of the search and reduce the probability of premature convergence
to a local extremum.

Keywords: metaheuristic algorithms, optimization, adaptation, prediction, software,
test functions

Supplemental data. The software package is available at the following address: https://
github.com/LizaKhvoshnyanskaya/MAAP-software

For citation: Panteleev, A.V., Khvoshnyanskaya, E.A. (2026). Analysis of the efficiency
of a multi-step adaptive optimization algorithm with prediction. Modelling and Data Analy-
sis, 16(2), 146—165. (In Russ.). https://doi.org/10.17759/mda.2026160208

BBenenne

Pemenne MPUKJIAJHBIX 3aJda4 HapaMeTpH‘IeCKOﬁ OIITUMH3AIIUHU TCXHUYCCKUX CHCTCM
1 TEOPHH ONITUMAJIBHOTO YIIPABJICHUS TMHAMAYCCKUMHU CUCTEMaMHU, KaK IPaBUjIO, CBA3aHO
C IPUMCHCHUEM YHUCJIICHHBIX METOAOB ONTUMMH3AIINU, B PA3BUTHUU KOTOPBIX MOXKXHO BbIAC-
JIUTH ABa KIIOYCBBIX ITOAXO1A.

HCpBHﬁ IoaAXoa CBA3aH C peannsauﬂei/i JACTCPMUHUPOBAHHBIX U CTOXAaCTUYCCKUX IIPO-
neayp noruckKa SKCTpEMyMa NpH HAJOKCHUHN PA3JIMYHBIX, HHOTTIa BECbMa CYIICCTBCHHBIX
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OTpaHUYCHUI HA CBOWCTBAa W CTPYKTYpy IejieBoil (yHkimu. OCHOBHOE MPEHMYIIECCTBO
TaKOTO ITOIXOAa 3aKITI0YaeTCs B BO3SMOXKHOCTH MATEMaTHYeCKOTO OOOCHOBAaHHUS CXOIH-
MOCTH aJITOPUTMA U B PSIIC CIIy4acB MOJYUYCHUS TapaHTHIA M0 CKOPOCTH €ro CXOIUMOCTH.
OnHaKO MaHHBIA TOIXO] MPEIbSBISICT BRICOKAE TPEOOBAHUS K YCIOBHUSIM TIOCTAaHOBKH 3a-
JIa4qH, KOTOPhIe HEPEIKO TPYIHO COOMIOCTH B MPAKTHYECKUX MPUMEHEHHUSIX, a TMpPOBEpKa
BBITIOJIHEHHSI 3TUX YCJIOBHU MOXET OBITh KpaliHe 3aTpy[JHCHA W3-3a UX CIOKHOCTH. [Ipu
9TOM TPUMEHSIOTCS CIEAYIOIINE METOIbI M TIOIXOIBI: YHCICHHBIC alTOPUTMEI YIOBICTBO-
peHHMsI HCOOXOMUMBIX YCIIOBHI YCIOBHOTO MK Oe3yciioBHOTO skcTpemyMoB (ITomsk, 1983;
Bazaraa, Sherali, Shetty, 2006), meToas! mTpadoB (BHEIHHX MITPadOB, OAPEEPHBIX PYHK-
Ui, KOMOMHHUPOBAHHBIA METO IITPA(OB, METOT MHOKHUTEIICH, METO TOUYHBIX MITPA(HBIX
¢ynxumit) (Bazaraa, Sherali, Shetty, 2006), MeTonsl BO3MOXKHBIX HampasieHuii (Bazaraa,
Sherali, Shetty, 2006), MeTOIBI, NCTIONB3YIOIINE HIEH MOMEHTOB U aganraruio (Hectepos,
2010), MeTobI Ha OCHOBE YHHUBEPCAIBHOTO rpaaneHTHoro cirycka (I'acaukos, 2018), nu-
aroHajbpHBIC MeTomHI (Sergeyev, Kvasov, 2017), narepBansasie metons! (Hansen, Walster,
2004), meToas! BTOPOTO MOpsAKa M KBa3uHbIOTOHOBCKHE MeToab! (ITomsak, 1983; Bazaraa,
Sherali, Shetty, 2006; ITanTenees, 2025). JlocTaTodHO TOTHOE SAMHOOOpPA3HOE OMTUCAHHE
MetonoB ontumu3zaiuu uMmeercs B (Locatelli, 2021; Floudas, Pardalos, 2009).

Bropoii moxxo/ cBs3aH ¢ MPUMCHEHUEM METa’3BPUCTUYCCKIX METOJOB ONTHMHU3AIUH,
KOTOpBIE OOBETUHSIOT B ce0c¢ OIMH FUIH 00Jee IBPUCTUICCKUX METOAOB, YIIPABISIEMBIX
CTpaTerueil morcka 0ojice BHICOKOTO YpoBHs. OHM CIIOCOOHBI MOKUIATh OKPECTHOCTH JIO-
KaJIbHBIX IKCTPEMYMOB ¥ BBHIIIOIHATH JOCTATOYHO TIOJHOE HCCIICAOBAHUE MHOKECTBA HO-
MyCTUMBIX PeIICHNH. MeTasBpUCTHUCCKHE METOIbI ONTHMH3AINN MTO3BOJISIOT HAXOAUTh
pEIICHUE BBICOKOTO KAauecTBa 3a pPa3yMHOE C MPAKTUYCCKOW TOYKU 3pCHUsS BpeMs. B ot-
JTUYre OT TPAJAWIMOHHBIX METOAOB ONTHMH3AINH, METadBPHCTUYECKHE METOABI MOTYT
MPUMCHSITHCS B CUTYAIIMsIX, KOTIA MPAKTHUCCKUA MOJHOCTHIO OTCYTCTBYET HH(OpMAIUS
0 XapakTepe H cBoiicTBax mccienyemMon pynknuu. Tem He MeHee, C1aboi CTOPOHOH ITO
IPYIIbI METOMOB SIBJISIETCS, KaK MPABUIIO, OTCYTCTBUE (HOPMATIBHBIX OKA3aTEIbCTB CXO-
JUMOCTH ¥ TapaHTHH, YTO HAWJICHHOE PEUICHUE JICHCTBUTEIHHO OMU3KO K TIIOOATBHOMY
skcTpemyMy. Kitaccudukanms MeTa’BpUCTHYECKUX METOIOB B HACTOSIIEE BPeMs HOCHUT
YCIIOBHBIH XapaKTep, MOCKOJIbKY XapaKTepHbIC TPYIIITBI METOIOB 0a3HPYIOTCSI HA CXOIHBIX
HIesX, M IMECTCSl yCTOWYHMBAst TEHACHIN K CO3IaHUIO THOPUIHBIX aJTOPUTMOB, O0BEIN-
HSIOIIUX B ce0e cpa3y HECKOJIbKO XOPOIIO 3apeKOMEHI0BaBIInX celst anroputMoB. Kpo-
M€ TOTO, OIMH W TOT K€ aJITOPUTM MOXET IPUHAICKATh cpa3y K HECKOJIBKUM IPYIIIaM.
MOKHO BBIZACIHTE CIICAYIOIINE TPYIIIBI MECTadBPHCTHUCCKUX METOIOB ONTHMH3AIIAHN: 3BO-
moronHble MeTobl (Gendreau, Potvin, 2019; Alorf, 2023; Tomar, Bansal, Singh, 2024;
[TanTenees, CkaBuuckas, 2023), metomsl «poeBoroy uHTemwiekra (Del Ser et al., 2019;
Niculina Dragoi, Dafinescu, 2021; Tzanetos, Fister, Dounias, 2020; Kapnenko, 2021; ITan-
teneeB, CkaBuHCKas, 2023), MeTonsl, uMuTupytomue ¢usndeckue mnpouecce (Floudas,
Pardalos, 2009; ITanrenees, CxaBuHckasi, 2023), OuouncnupupoBanusie Metons! (Yang,
Chien, Ting, 2015; Kapnienxko, 2021; ITanTenees, Kapana, 2024), MyasTHAreHTHBIC METO-
nel (ITanTtenees, Kapans, 2024; Kapnenxo, 2021), mynsructaptoBeie Merons! (Floudas,
Pardalos, 2009; ITanTenees, CkaBunckas, 2023).
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Pa3zHooOpa3ue METOo/0B ONTHUMHU3AIMK U TIOCTOSHHOE TIOSIBJICHUE HOBBIX AJTOPUTMOB
1 ux Momudukanuii o0bICcHAETCS Xopomno m3BectHOU Teopemoit No Free Lunch (NFL)
(Wolpert, Macready, 1997). Dta Teopema yTBEepKIaeT OTCYTCTBUE YHHBEPCAILHOTO METO-
11a, CIIoco0HOTO (P (PEKTHBHO peraTh BCe BO3SMOXKHBIC 33/1a91 ONTHMHU3AIuH. [loaTOMY BBHI-
00p MeTozIa ompeAeseTCs KOHKPETHOM 3aauell ONTUMU3AIIMK; BHIOM I[EJICBOH (PYHKITHH
1 OTPaHUYCHHH, 3aJAI0IINX MHOKECTBO JOMYCTUMBIX PEIICHHH.

B crarbe npemaraeTcs HOBBIH METOJl ONTHMH3ALUK, KOTOPBIH 00beanHsIeT 00a OIu-
CaHHBIX Toaxona. MccnenoBanue o0MacT! JOMYCTHMBIX PEHICHUH HCIIOIB3YET IEePEIeTh
JleBu (Gutowski, 2001) ¢ rienbro 60pb0ObI ¢ A hexToM «3acTpeBaHuUs» B OKPECTHOCTSIX JIO-
KaJIbHBIX IKCTPEMYMOB. JTall pa3paboTKH MEPCIeKTUBHBIX 00acTell peanmn3yercs u3 mpo-
THO3MPYEMOH TOUYKH, OINPEAEIIEMO KOHEYHOH MaMsAThIO aJITOPUTMA Ha ABYX IOCICIHUX
marax ([Tomsx, 1983; Hecrepos, 2010; 'acamxos, 2018). Ilonck m3 mporHo3npyemoit
TOYKH PEaM3yeT CTPATEruio IOCIIeI0BAaTEIbHOIO COKpAICHNsI 00IacTH MOMCKa C ee He-
TTOJTHBIM BOCCTaHOBJIGHHEM ITOCIe Kakaoro u3 mpoxozos (Luus, 2000). HoBoe monoxenue
pELIeHUs ONpeJIeNsieTCsi CyMMapHBIM BIMSIHUEM MPOTHO3MPYEMOM TOYKH M B3BEHICHHBIM
BIIMSTHUEM PE3ybTaTOB YauHBIX IIaros u3 Hee. [Ipomecc 3aBeprraeTcs mocne J0CTHRKEHHS
3aJ]aHHOTO YHCia MPOXOJ0B. B kayecTBe MPHONMKEHHOTO PEIICHHs 33a7a49d BBIOMPACTCS
HawWJIydIlee penieHne (PemeHns ) 13 MOIyUYeHHBIX B PE3YIIbTaTe PEaIn30BaHHBIX IIPOXO/IOB.
Aunroput™ otHOcuTcs K MHOrommaroBsiM (ITomsik, 1983), Tak kaKk MUCIIOIB3YeT KOHIICTIIHIO
KOHEYHOH MaMsATH O MPEABIIYIINX TOJIOKEHHUAX PEIICHUS.

B pabote paccMarpuBaeTcsi mporpaMMHas peain3alys MHOTOIIATOBOTO a/IallTUBHOTO
anropuT™Ma ontuMm3anuu ¢ nporHosuposanueM (MAAOII). AnropuTM codeTaer mocie-
JIOBaTENIbHBIA TIOMCK B OKPECTHOCTH HPOTHO3MPYEMOH TOYKH, aJalTHBHOE HM3MEHEHUE
BEJIMYMHBI IIara, WCIIOIb30BaHWE HH(OPMAIMK 00 YCIEHIHBIX IOJOKCHUSIX PEIICHHS
Y TeHEpaIMI0 HOBBIX HauaJIbHBIX NPUOIMKEHHH ¢ rToMolbto pacnpenenenus Jlesu. Takoit
TIOXO/] TIO3BOJISIET COBMEIIATH JIOKAJTBHOE YTOUHEHNE PEIICHNS C BO3MOYKHOCTBIO MIEPEXO0-
Jla K HOBBIM ITEPCHEKTUBHBIM 00JIaCTSIM MOUCKA.

MaTepI/laJII)I H METO/bI

Ilocmanoska 3a0auu

PaccmarpuBaeTcs 3amada IOWMCKa YCIOBHOTO TIIOOATBHOTO MHHHMYMa HETPEpPHIB-
HOW 1eneBoit GyHkimu f(x) HA MHOXKECTBE JOIYCTUMBIX pelieHH D, T.e. TAKOW TOYKH
x" e D, aro

S =min £ (x),

e x=(x1,...,xn)T,D={x|xi €la;,b],i =1,...,n}.

Cmpamezus noucka peuienus
Merton wucnone3yer wuaen anropurma Luus—Jaakola ¢ mocnmemoBaTenbsHOW peayK-
Ueld W HEMOJHBIM BOCCTAHOBJICHHEM OOJIACTH HMCCJIEIOBAHUS U YCKOPEHHOTO METOoAa
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HecrepoBa, B KOTOpOM aHTUTpaJMEHT HAaXOAWUTCS HE B TEKylled TOUKe, a B HEKOTOPOil
MIPOTHO3UPYEMOM TOYKE B Tpoliecce MOMCKa. V3 HauanbHOM (TEKylei) TOUKH coBepIla-
€TCsl 3aJaHHOE YUCIIO UTEpallii, B pe3ylbTaTe KOTOPBIX peanusyercs npoxol. HauanbHas
TOYKa JUIsl CIIEAYIOIIETO MPOXoJa MoIydyaeTcsl NPy MOMOIIH pacnpeaencHus JIepu ¢ neibto
HCCIIEIOBAHNUS €llle HeUCCIeN0oBaHHbIX oOnacteil. [louck 3aBepiaercsa mocie OKOHUAHUS
3aJJaHHOTO YHMCJIa MPOXO/IOB. B KauecTBe MPUOMMIKEHHOTO PEIICHHs 3a/1a4l BBIOMpPaeTCs
HawWIydllee perieHne (PeeHns ) U3 MOTyUYeHHBIX B PE3YIbTaTe PEaTM30BaHHBIX IIPOXO/IOB.
CornacHo Kiaccu(MKanuy ajaropuT™M OTHOCHUTCS K MHOTOIIArOBBIM, TaK KaK HCIIOIb3YeT
KOHLIEMIIMIO KOHEYHOW MaMsITH O MPEAbIAYIINX MOJI0KEHHSIX.

Anzopumm pewienusn 3a0auu

Hlar 1. 3agars mapamMeTpbl METO/IA!

MaKCHMMaJIbHOE YUCIIO MOTBITOK U3 TEKyIEeH TOYKU N

MaKCHMaJIbHOE YHCIIO MPOXOAOB P;

YHCIIO0 UTepanuii 3a Bpems npoxoaa K

HauMeEHbIIIasl BeJIMYKMHA 1mara R N

mapaMeTp yMeHbIeHust BernunHbl mara « (0 <o <1);

rapamMeTp BOCCTaHOBJIECHUs BennunHbI mara 77 (0 <77 <1);

BEJIMYMHA IIara, NCIOJIb3yeMOoro TpH nonerax Jlesn f;

napameTtp pacrpezneienus Jlesu 4 (1< A <3).

Illar 2. 3aganue HauanbHOro Mpudmmkenus x* € D:

a) WCIIOJB3YsI PABHOMEPHBIN 3aKOH pacipesieneHus. [J1s 3Toro ¢ moMompio paBHOMEp-
HOTO pachpejieNieHusl Ha eAnHu4HOM oTpeske [0;1] renepupoBats 71 ciydaiHBIX
TOUEK Bo,i =1,...,n. Mcnonw3ysa nuHeliHOEe MpeoOpa3oBaHue, KAKIYIO TOUKY OTO-
6pasuTb HA COOTBETCTBYIOLIMIA eif mpoMexyTok [a,b]: x\” = (b, —a,)P’ +a;

6) nonoxuts x” =%bi

Mlar 3. [onoxutrs p=1 (cyeTynk Ymcia MPOXonoB), MHOXKecTBO Pool = . 3anars

Jg=1,...,n.

HauaJibHYIO BEJIMUUHY I1ara f, = 5 min (b, —a,).
1

=l,...,n
lar 4. [Tonoxuts k =0 (CYCTYUK YUCIIA UTECPALIUN).
lar S. Haiitu nporso3upyemoe peleHue:

k
29 =x® 4 (1= 5) (@ ~x*) rand[0,1],

rne rand[0,1]— ciydvaiiHas BeJIMYHHA, OMKChIBAEMasi PABHOMEPHBIM 3aKOHOM pacrpe-
nenenus Ha orpeske [0,1].

Eciu jutst Kakoro-u60 3HaueHus i He BBINOJNHSETCS OrpaHudeHue, T.e. z\ &[a,,b],
10 MIoNOXKUTE z ¥ = x* .

Ilar 6. Pean3oBark MoMCK B OKPECTHOCTH IIPOIHO3UPYEMOTO PEIICHUSI.

[ar 6.1. ITomoxwutk s =0 (YUCIIO yAaYHBIX MOMBITOK), j =1 (YUCIIO MOMBITOK U3 TOY-
kn), J = (MHOKECTBO HOMEPOB Y/IAYHBIX MOIMBITOK U3 TEKYIICH TOUYKH).

Illar 6.2. TenepupoBats ciayuaiineii Bekrop & =(&/,..,EN", tne & — cnyuaiinas
BEIIMYMHA, PAaBHOMEPHO pacrpeneneHHas Ha orpeske [—1,1], xoTopas momywaercs
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U3 ciydaifHoil BenmuuHbl 77/, paBHOMEpHO pacnipenesienHoii na [0,1], ¢ ucnons3osa-
HHeM npeobpaszoBanus & =27/ —1.
Iar 6.3. Haiitu

e "éf " — eBKJIMJIOBA HOPMA BEKTOPA.

Ilar 6.4. Ecmu y’ €D n f(3’')< f(z%), To mar ynaunslii, monoxurs s=s+1,

HOMEp j BKJIIOUMTH B MHOKecTBO J. Ecrm )/ ¢ D mwmn f(3’)> f(z*), 1o mar

HEyJlauHbIH.

Ecimn j < N, 10 monoxutek j = j+1 u nepeiTu k mary 6.2.

Ecinu j= N, TO npouenypy noucka ¢ TeKyIEel BEJIMYMHON 111ara 3aBEpILNTh.

Ilar 6.5. Ecnmu s =0, npoBepuTh YCIOBHE 3aBEPLICHHS POXO/A:

e eciu ¢, <R, Npoxoa 3aBepIINTh, BKIIOYUTH HAWJECHHOE PELICHHE B MHOXKECTBO
Pool u nepeiitu k wary 8.;

e ecau t, > R, NONOXKUTH f, = t, W IepeiTy K mary 6.1.

Ecim s #0, To ynopsjaounts peienus y’,j€J Mo HeyOBIBAHMIO 3HAYEHHs LIENEBO

dynxumm: y ...,y . 3arem manmyumemy ynaunomy pemenuto y") MOCTaBUTH B COOT-

BETCTBHE BEC, PaBHBIH 1, a Hamxymmemy ', paBHblii 1/, T.e. BceM YIQYHBIM PEIICHUAM

+1-j

o N .
COMOCTAaBUTh 3HAYCHMA BECa, YMCHBIIAIOIIHNEC I10 JIMHEUMHOMY 3aKOHY ————, ] = 1,..., S.
N

IIIar 6.6. Haiitu HOBOE TIOJNIOKEHHE peIICHUA, UCTIOJIB3YSl CPEIHCB3BCIICHHYO BEJIMUNHY:

s .
HS+I—]
2N
N R B S
(s+1)/2
Ecmm x** ¢ D, 1o momoxuts x**" =y,

Hlar 7. ITpoBepka 3aBepleHUs] UTEpALUil B paMKax TEKYLIETo MPoxo/a.

Ecmu k < K, 1o monoxute k =k +1 u nepeiitu k mary 5.

Ecmu k=K, TO momydeHHOE peIlCHHE BKIOUHUTh B MHOecTBO Pool u mepeiitu
K mary 8.

Hlar 8. [IpoBepka 3aBepieHUs YKcCIa POXOIOB.

Ecmu p < P, 10 monoxute p = p+1 unepeitu k mary 9.

Ecmn p = P, npouecc noucka 3aBepmuth. I3 MoxkectBa Pool BeIOpaTh pereHus x *,
COOTBETCTBYIOIINE HANMEHBIIIEMY 3HAYCHHIO IeeBor GyHKIuu f(x*).

ar 9. Peanu3anust cieayoniero npoxosa. 7’

Haiitu HOBOE HayaabHOE 3HAYEHUE BEJIMUMHBI IIara f, = EY min (b, —a,).
i=l,..,n

reHepI/IpOBaTL HOBOE II0JIOXKCHHE HAuyaJIbHOM TOYKH C TIOMOIIBIO PACIIPECACIICHUA JleBu:

xfo) = z,.(k) +£Levy,.(ﬂ.),i =1,..,n,
p

e JUld reHepanuu Benuuunsl Levy,(A) TpeOyercs:
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e TeHepUpoBaTh YrcIo O, C TOMOIIBI0 PABHOMEPHOTO 3aKOHA PacHpeeNieH s Ha OTpe3-
ke [£,b,—a,], £ =107 — koucranra pazIMuMIMOCTH;

e BeUMCIUTh 3HAUeHUA 0, =270, u L, =0, *;
®  BBIUUCIUTD

Levy,(A)=Lsin@,i= 1[%} Levy,(A) =L, cos@,i= [ﬂ +1en.

Eciu x* ¢[a,,b,], npolecc renepaiuy ciemyeT HOBTOPUT.
[epeiitu k mary 4.
3ameuanus.

1. Ha mare 5 HaxomuTCsl MPOTHO3MPYEMOE pEIICHHE C IETbI0 Hadajla MOWCKA W3 HEro,
a He W3 Tekymiero peuieHus. IIpum 5ToM Hcmonmb3yeTcsi cxema JBYXIIAroBOro ObI-
cTporo rpaguentHoro Mmetona [Ilomsk, 1983; Hecrepos, 2010; I'acamkos, 2018].
JIJ'[S[ ykqua HH(bOpMaHPII/I 0 ABYX IMOCICAHUX HUTCpallUAX HUCIIOJIB3YETCA BCIMYMHA

(1-e 5)(x® —x%*M) ¢ BecoBEIM KOA(DUIMEHTOM, OTIMYAIONMMCSH OT H3BECTHOTO
-1
k+r-1
LIUH TIOMCKA (TIPX 3TOM JETEPMHUHUPOBAHHBIN TOIXO/ 3aMEHSETCS CTOXaCTUIECKUM).

2. Ilpu mowucke U3 NPOrHO3UPYEMOI TOYKH Ha mare 6.3 peanu3yercs MeTO CIy4aifHOro
IIOWCKa C BO3BPATOM IIPH HEYJAa4HOM IIare, JOMOJHEHHBIH MPOLENypOi COXpaHEeHHs
B TTIAMSITH YJA9HBIX TOMBITOK M3 JJAHHOW TOYKH, KOTOPHIE PAHKHPYIOTCS 110 BEJINYNHE
reneBoit ¢pyukiuu. Ha mare 6.5 mpu Hax0KIeHUH HOBOM BETUYMHBI I1ara GakTHUCCKU
TIPOBOIUTCS peyKIus 00nacTu morcka, kak B metozne (Luus, 2000).

3. Ha mare 6.6 aBropamu npeayioxkeHa GopMyrna A HaX0XKICHUS HOBOTO ITOJIOKEHUS pe-
LICHMS] C UCII0Ib30BAaHUEM CPEIHEB3BEIICHHON BEJIMUMHBI YIAYHbIX PEIICHUN, HAl1eH-
HBIX Ha miare 6.5.

4. Ha mare 9 peannzyercst mepexos K CIAeayIomeMy Mpoxoxy. [Ipu 3ToM At HaXOKAESHHS
BEJIMYMHBI I1ara Ucnoib3yercs crparerus metona (Luus, 2000) ¢ yacTUYHBIM BOCCTa-
HOBIICHHEM OOJIACTH TIOUCKA (C KOAPPHUIIUECHTOM 77 ).

,¥ > 3. YMHOXKeHue 3Toro ciaraemoro Ha rand[0,1] crnocoOcTByeT akTHBH3a-

IlIpozpammnoe obecneuenue

Ha ocHOBe W3JI0KEHHBIX JITOPUTMOB Pa3padOTaH MPOTPaMMHBIN KOMIUIEKC IOMCKa
I00aTBFHOTO AKCTpeMyMa GYHKIHH. [ ero co3maHus UCTIONb30BasIach Cpeaa pa3pador-
ku Microsoft Visual Studio, si3eix nporpammupoBanust C# (Ilantences, Kapans, 2024).

OmnucaHHBIC B JAaHHOM paszieie METObl COOTBETCTBYET 3ajiauye MONCKa MUHIUMYyMa Iie-
neBol pynkumu. Tak kak 3ajaHHBIE TECTOBbIC (YHKIMU HMEIOT IIOOAIBHBIH MAaKCUMYM,
Ipu pa3paboTKe MPOrpaMMHOI0 00eCIIeueHH sl ATOTO AITOPUTMa ObLT 3aMEHEH 3HAK Tepej
LENIEBBIMH (DYHKIMSMH Ha MPOTHUBOIOJIOKHBIHN.

B03MOXXHOCTH HPOrpaMMHOTO KOMIUIEKCA ITO3BOJISIFOT M3YYHTH AJTOPUTMBI METOJIOB,
a TaKke BIMSIHUE APaMETPOB KaKIO0ro METO/a Ha pe3ysbTaT ero paboTsl. B criucok BbIOH-
paeMbIX (pyHKIMI BKIIIOYEHBI CTaH/IapTHBIE MHOTO3KCTPEMaJIbHBIC TECTOBBIE (DYHKIUH JABYX
TIepEeMEHHBIX, [T KOTOPBIX 3BecTHO TouHOoe pemreHne ([Tantenees, CxaBuHckas, 2023).
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Ha puc. 1 npencrasieHo Im1aBHOE OKHO MHOTONIArOBOTO a/IalITUBHOTO ajiTOPUTMa OI-
TUMHU3AIHUY C IPOTHO3UPOBAHKEM, TJI€ M10JIb30BATENb MOXKET BBIOPATh BUJI LIEJIEBOH (YHK-
oy, 3aJlaTb MHOXKXECTBO AOITYCTUMBIX peHIeHI/Iﬁ " mapaMeTpbl METOZa, IMPOCMATpPUBATH
Pe3yIIbTaThl PA0OTHI.

BeiGop MeToRa:

[Poornos + emn arousrom =

Bromee gare

PorETT Mocranoea sana VisoBpaxervie nonynaLm u kA yposHa @y

[1- s Usewenn ] ¥
Bagana uemesam gymeuma f(x.y) u O (&} @
MHOKECTBO LOMYCTHMSE PEIIeHHH
72y = wsml Jly+ ysin o DCR, D=t(xela, b] yela,.b,])
Tpebyerca naitra:
Sr=pOny = ma f(5y). o

(3D’

MioxecTs0 gomyc v petenvir
b 6007

N 0 Patiors amropuas
v 500 500+
Monywms oTseT PaGoTa no waram MpoToken

Nsparvepes anropnmis oo

PesynsTaTel paGoTsl anropvTva;

Mepatnerpss anropumia ER—
Xepacrepucraca -

N fromsimox) 5 ST 400+
 rpomome) 0| |Pesmeproresmonnonynmam
K frrepausin/npoxon) 2 &y)

[ — 200 -
R fuars war) Ted

Touroe pewerie

apha 085
= o8 , , , , , ,

beta 03 ) 1007900300400 500600 x
lambda 15

Omcronene - exact): 1007

CramveTisa

Crpaska Boxon

Puc. 1. 'maBHOE OKHO IporpaMMbl MHOTOLIAroBOro a{aliTUBHOI'O
AJIropuT™Ma ONITUMHU3AIINU C IIPOTHO3UPOBAHUEM

Fig. 1. Main window of the multi-step adaptive optimization algorithm with prediction

PesyiabTarhl

Ipumep 1. Haiinem rmobanproit makcumyMm ¢yukiuu [laddepa. 3amaaum MHOKe-
CTBO JIOMyCTUMBIX pemieHnit x,y €[—10,10]. Bribepem cnemyromiue mapaMeTpsl alropuT-
Ma: MaKCMMaJbHOE YHCIO TMOMBITOK M3 Tekymied Toukn N =100; MakcuMaibHOE YHCIIO
mpoxonoB P =10; uncio ureparuii 3a Bpems npoxona K = S;HanMeHbIIas BETHYMNHA [I1ara
R=10"*; mapamerp yMeHbIIeHHs BedduHE! mara ¢ =0,95; mapamMeTp BOCCTAHOBIEHHS
BemuuHEI mara 77 =0,89; BennumHa mara, ucmoias3yemMoro npu monerax Jlesu S =0,4;
napameTp pacupenencuus Jlesu A =1,5.

Ha puc. 2 mpexacraBneHa momyasiuusi Ha HadaidbHOW (k =1), HPOMEXYTOYHBIX
(k =40, k =75) n xoneunoii (k =100) ureparmsax. KpacHpiM 0003Ha4eHO HaMIIydIIee pe-
LIEHNE B MOIMYJISILUK Ha JTAHHON HTEepaLuHy.

PesyneraThl paboThl anroputMa: Hawnmyumee pemenne (x,y°)=(0,006;—0,007);
3HaueHue 1ueneBoi ¢Gynkmuu f(x,y")=0,999913; OTKIOHEHHE OT TOYHOTO PELICHHUS
A=8,7*10".
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Puc. 2. HaganpHas, mpoMeXyTOIHast ¥ KOHEUHasl TOITyJISIINH

Fig. 2. Initial, intermediate, and final populations

Ipumep 2. Haiinem miodanpHOi MakcuMmyM (yHKInU Po3eHOpoka. 3amaanuM MHOXKe-

CTBO JIONTyCTUMBIX peIIeHuH X,y €[—2,2]. BriGepem cnenyronue mapaMeTpsl alropurma:
MaKCHMaJbHOE YUCIIO MOMBITOK U3 TeKymed Toukn N =100; MakcHMalbHOE YHCIIO MPO-
xomoB P =20; ymcno urepanuii 3a BpeMs npoxona K =5; HaMMEHbIIas BeIMYUHA IIara
R=10"; mapamerp ymeHbIIeHHs BenMuumHBI mara o =0,9; mapaMeTp BOCCTAHOBJIEHHUS
BenmuuHEI mara 77 =0,89; BenmnunHa mara, UCmoib3yemMoro npu mnonerax Jlesu S =0,4;
napametp pacnpenenenus Jlesn A =1,5.
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Ha puc. 3 mpencraBmeHa mnomymsimus Ha HadanpHOH (k =1), MPOMEXyTOUHBIX
(k=15, k =25) u xoneuno#t (k =40) urepanmsax. KpacHepiM 0003HaueHO HamtydIiee pe-
LIEHHE B MOIMYJISILIUK Ha JTAHHON HTEepaLuHy.

PesynbTathl paGoThl airoputma: Hamwityumee pemenne (x,)")=(—1,006;—1,013);
3HaueHue neneBol pymkimu f(x,y ) =-4,3*¥10"; oTKIOHEHHE OT TOYHOTO pEHICHHS
A=4,3%107.
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Puc. 3. Ha‘IaIIBHaH, MIPOMEIKYTOYHAA U KOHCUHAsA MOIMYJIAUN

Fig. 3. Initial, intermediate, and final populations
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Hpumep 3. OnTuMuzaus KOHCTPYKIUH 3yodaToil nmepenaun (Canarpen, 1988). Pac-
CMaTpPUBACTCS PELyKTOpP, BKJIIOYAIOIIUHM UYEThIPE MIECTEPHM JUIS YMEHBIICHUS YIJIOBOH
CKOPOCTH BeIOMOTO Bajia. Bce mectepan MoryT uMeTh oT 12 mo 60 3yoneB. Llens — mu-
HMMH3ALHA CTOUMOCTU KOHCTPYKLUH. IlepeMeHHbIMU ABIsiOTCS T, = X, — 4UCIO 3yObeB
Benymeil mecrepuu D, T, =x,, T, =x, — uucna 3yObeB IPOMEXYTOUHBIX LIECTEPEH,
T, =x, — 4ucio 3yObeB BeIOMOH wiecTepHH. B pesynbrare moydaeTes KOHCTPYKIMS
C HepeNaToYHbIM OTHOmEeHHeM TR =—4-t

T,
[TocraHoBKa 3a7a41 ONTUMH3ALIUH:

NEEEEO N .
f(x)_(6,931 <x3><x4>J Iy
D=[12: 60]x[12; 60]x[12: 60]x[12: 601,

e () — 1ies1ast 4acTh Yncla.

Pesynerar pemenus ¢ mapamerpamu N =100, P=80, K =30, R=10"°,a =0,7;
n=0,89; f=12; A=15x*=(16; 19; 43; 49)", f(x*)=2,7001x10""*. CpaBrenue ¢ pe-
3yJIbTaTaMu JAPYTAX METOJIOB MOKa3aHo B Tabmuie 1.

Tabnuma 1 / Table 1
CpaBHeHue pe3yabTaToB padoThl aaropurma MAAOII ¢ apyrumu meTrogamMu

Comparison of the results of the new algorithm with other methods

Best
(Sandgren, 1988) [18, 22, 45, 60], 0.146667 5.712 x10—¢
(Kannan, Kramer, 1994) [13, 15,33, 41], 0.144124 2.146 x10—*
(Deb, Goyal, 1996) [19, 16, 49, 43], 0.144281 2.701 x10—12
(Gandomi et al., 2013) [19, 16, 43, 49], 0.144281 2.701 x10— 12
(Garg, 2019) [19, 16, 43, 49], 0.14428096 2.7008571 x10—2
(Nekoo et al., 2022) [16, 19, 43, 49], 0.14428096 2.7008571 x10—"2
MAAOII [16, 19, 43, 49], 0.14428096 2.7001 <1012

Ananu3z yppekmusnocmu memooa

Hccnenyemble MeTOIBl MPUMEHSUTNCH K HEKOTOPBIM (yHKIMSIM M3 Habopa TecTo-
BbIX (QyHkuumit. ns xaxmoi ¢yHKiuu nposomuiack cepust u3 100 pemreHuid oqHOM
U TOM XKe 3a7aud C OJHMMU M TEMM K€ 3HA4eHUsMHU NapaMeTpoB. I MOydyeHHOI

1 2 1
Beibopku  {f', f7,..., '} BBUHCIAINCH CpefHEEe 3HAYEHWE OTKIOHEHHs TOMyuYeH-
100

ﬁzAf[ , TIe Af,- :|f(x*)_fi)|; HanMEHBbIIIEE 3Ha-
i=1

4yeHne OTKIOHeHHs Af,,, =minAf,; cpeTHeKBaJpaTHYHOE OTKJIOHEHHE O s =+ S0 ,
1

HOIro pCeuICeHUss OT TOYHOIO Af:
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_ 1 loo _

rae Shoo =mZ(Afi ~Af)* ; KONMYECTBO YCTIEXOB N, (YyCmexoM CYMTaIoCh MOMaJaHKe
=l max |b, — a,.|

JydIIeil TOYKH B € — OKPECTHOCTh TOYHOTO PEIICHHUS, & = ’ZIIT ).

Pesynbrarhl, HOMydeHHBIE IS KaXK10W (DYHKINH, IPE/ICTaBIECHbI B Ta0I1. 2—4.

Ta6numa 2 / Table 2
AHaJiu3 BbIOopa napamerpoB Metosa. KopHeBasi pyHkmmst

Analysis of method parameter selection. Root function

IMapamerps1 meTona/ Method parameters . _
A
N|P|k|R|a|n|p|a]| ¥ Ve or Myen

40 | 10 15 [10°%| 0,8 | 0,5 | 03 2 | 0,000177 | 0,000000 | 0,000227 100

30 | 10 | 15 |10 0,8 | 0,5 | 03 2 | 0,000227 | 0,000002 | 0,000284 100

50 | 10 | 15 |10%] 08| 05|03 | 2 |0,000182 | 0,000005 | 0,000208 | 100

40 | 20 | 15 |10*| 0,8 | 0,5 | 03 2 | 0,000152 | 0,000002 | 0,000227 100

40 | 30 15 [10®] 0,8 | 05 | 03 2 | 0,000142 | 0,000001 | 0,000168 100

40 | 30 | 25 |10®] 0,8 | 05 | 03 2 | 0,000005 | 0,000000 | 0,000005 100

40 | 20 | 15 [10°] 08 | 05|03 | 2 |0,000146 | 0,000003 | 0,000174 | 100

40 | 20 | 15 |10*| 0,5 ] 0,5 | 03 2 | 0,000001 | 0,000000 | 0,000003 100

40 | 20 15 [10%] 05| 0,9 | 03 2 | 0,000000 | 0,000000 | 0,000000 100

40 | 20 | 15 [10%] 0,5 0,9 | 0,9 | 2 | 0,000009 | 0,000000 | 0,000016 100

Ta6muna 3 / Table 3
AHayin3 BbI0Opa napaMeTpoB MeToAa. MyabTH-(QYHKI U

Analysis of method parameter selection. Multi-function

ITapamerpsl meTona / Method parameters

N|P|K|R|a|n|B |2 = e o7 Myen

40 | 10 | 20 [10°]0,89]0,89| 03 | 1,5 | 0,800518 | 0,000000 | 0,888984 20

40 | 20 | 20 [107°[0,89|0,89| 0,3 | 1,5 | 0,265937 | 0,000000 | 0,420819 32

40 | 20 | 30 [10°[0,89|0,89 | 0,3 | 1,5 | 0,090201 | 0,000000 | 0,227720 41
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Ilapametpsl MeTona / Method parameters

N|P|K|R|a |1 |B |2 = e ©d Myen

40 | 30 | 30 |10°/0,89] 0,89 0,3 | 1,5 | 0,116452 | 0,000000 | 0,329003 | 41

40 | 30 | 30 [10°%[0,89|0,89| 0,3 | 1,5 | 0,171381 | 0,000000 | 0,374197 47

40 | 30 | 30 [10®| 0,5 | 0,89 0,3 | 1,5 | 0,074884 | 0,000000 | 0,191694 47

40 | 30 | 30 [10®| 0,5 | 0,6 | 0,3 | 1,5 | 0,415003 | 0,000000 | 0,457901 23

40 | 30 | 30 [10®] 0,5 10,99 0,3 | 1,5 | 0,064881 | 0,000000 | 0,182047 | 52

40 | 30 | 30 [10%| 0,5 099 0,9 | 1,5 | 0,019978 | 0,000000 | 0,097809 45

40 | 30 | 30 | 10| 0,5 0,99 0,9 | 2,9 | 0,033619 | 0,000000 | 0,123121 47

Tabiuna 4 / Table 4
AHanu3 BbIOOpa napamMeTpoB MeToaa. @®yHkums Po3zenopoxa

Analysis of method parameter selection. Rosenbrock function

ITapamerpsl MeToa / Method parameters

N Pk R|a|n|s|a| ¥ Mo 5 Men

40 5 10 {107°]0,89 (0,89 | 0,3 | 1,5 | 0,061874 | 0,000000 | 0,351095 32

40 | 10 | 10 [107°|0,89]0,89| 03 | 1,5 | 0,000023 | 0,000000 | 0,000083 70

40 5 20 [10°°]0,89 (0,89 | 0,3 | 1,5 | 0,011783 | 0,000000 | 0,101855 78

40 | 10 | 20 [10°| 0,2 |0,89| 0,3 | 1,5 | 0,000138 | 0,000000 | 0,000468 48

40 | 10 | 20 [10°| 0,5 | 0,89 | 0,3 | 1,5 | 0,000007 | 0,000000 | 0,000016 74

40 | 10 | 20 [10°]0,990,89| 0,3 | 1,5 | 0,009835 | 0,000000 | 0,031232 | 16

40 | 10 | 20 [10°| 0,5 | 0,5 | 0,3 | 1,5 | 0,000002 | 0,000000 | 0,000008 96

40 | 10 | 20 |10°| 0,5 | 0,2 | 0,3 | 1,5 | 0,000436 | 0,000000 | 0,002041 46

40 | 10 | 20 [10°] 0,5 | 0,5 | 0,9 | 1,5 | 0,000011 | 0,000000 | 0,000029 67

40 | 10 | 20 [10°| 0,5 ] 0,5 | 0,9 | 0,5 | 0,000025 | 0,000000 | 0,000143 78

AHanu3 paboTel METONA MOKAa3al, YTO C OOJBIIMHCTBOM TECTOBBIX (DYHKIIUH METOJ
crpasisiercs: ycnemHo. B cepun u3 100 3amyckoB ymaeTcs HaWTH T0OaTbHBIN MaKCH-
MyM (YHKIIUH C JOCTATOYHO BBICOKOM TOYHOCTBHIO HJIM BOOOIIE TOYHOE perieHue. Meros

159



ITanTerees A.B., Xpommsinckast E.A. (2026) Panteleev A.V., Khvoshnyanskaya E.A. (2026)
Anams 5¢pdeKTUBHOCTY MHOTOIIIArOBOTO afalITUBHOTO Analysis of the efficiency of a multi-step adaptive
aJIropuT™Ma ONTUMMU3AIINN C IIPOTHO3UPOBaHeM optimization algorithm with prediction
Mopermmpoanmie v aHayms JaHHbIx, 2026, 16(2), 146 —165. Modelling and Data Analysis, 2026, 16(2), 146 —165.

IToKa3saJl, 4YTO yYBCJIIMYCHUC 3HAYCHUMI N, P u K 0OBIYHO MOBBIIIAET HaJE)KHOCTh METOAAa,
HO OAHOBPEMCHHO YBCIIMYNBACT BHIYUCINUTCIIbHBIC 3aTPAThI.

Pexomenoayuu no ev160opy napamempos

Maxkcumanvnoe xonuwecmeo nonvimox N ONPEAEIAET YHCIIO TOMBITOK U3 TOUYKH. Yem
OornbIle MmapamMeTp pasMepa KOJIMYECTBa IMOIBITOK, TEM JIydlle IMOJyYeHHBIH pe3yIbTar,
HO B CHJIy BO3PaCTAlONIMX BBIYMCIUTEIBHBIX 3aTpaT 3aMeJIsIeTCs] aropuTM. Pexomenye-
Moe 3HaueHue N >40.

Maxcumanvnoe uucio npoxo0og P oNpenemnsier, CKONbKO pa3 ajJrOpUTM MOXET MOo-
BTOPHO 3aIlyCKaTh MPOLEIYPYy MTOMCKA C HOBBIM HAa4aJIbHBIM IIPHOIVDKEHUEM. YBEIHYEHUE
P moBbIIaeT BEpPOSITHOCTh HAXOXKACHHs 0OJiee TOYHOTO PEIICHUs], MOCKOJIbKY aJIrOpUTM
MojTy4aeT OoJbllle BO3MOKHOCTEH yTOYHMTH PE3yNbTaT M BBIMTH M3 HEylauHOW obracTu
moncka. [Ipu ManoMm 3HaueHHH P TPOIECC MOXKET 3aBEPIUINTHCS MPEKICBPEMEHHO, 0CO-
OCHHO /711 MHOTOIKCTpeMallbHBIX (QyHKIHMH. PekoMenayemoe 3nauenue P > 10.

Yucno umepayuii 3a épema npoxoda K 3anaer TiryOMHY JTOKaIbHOTO MOWCKA B paM-
Kax ofgHOro mpoxoza. Ilpu yBenuuernn K TMOBBIMIACTCS TOYHOCTh HAWICHHOTO PEILICHUS,
HO BO3pAcTaeT BpeMs pabOThI arOPUTMA. AHAIU3 PE3yIbTaTOB MOKA3all, YTO TPH CIIHII-
KOM MaJioM 3Ha4eHHH K aJITOpUTM HE BCET/a yCIEeBACT MPHOIU3UTHCS K NCKOMOM TOUKE
I00aFHOTO SKCcTpeMyMa. Pekomenmyemoe 3HadeHne K >15.

Haumenvwan eenuuuna waza R WMCHIONb3YeTCsl KaK KPUTEPHUH 3aBepILIEHHs IPOXOAA.
Uem MeHbIne 3HaUeHHE R , TeM Oosiee TOYHBIM MOXKET OBITh HaijieHHoe perieHue. Crmi-
KOM MaJjlo€ 3Hau€HHe MapaMeTpa YBEIMUYUBAET YUCIIO BBIYMCICHUN M MOXET MPUBECTH
K N30BITOYHOMY yTOUHEHHIO. PekomeHyemoe 3HaueHue R € [10’9,10’6}

Iapamemp ymeHnvuenus eenuyunbl wiaea ¢ ONPEJENIeT CKOPOCTh YMEHBIICHNUS I1ara
Ipy HeyJayHoM roucke. [Ipu OONbIIMX 3HAYEGHHSIX ¢ IIar YMEHBIIAETCS MEIJICHHO, YTO
II03BOJIAET OJIBLIE UCCIENOBATh 00JacTh, HO MOXKET 3aMEIUTh CXOAUMOCTb. Pexomeny-
emoe 3HaueHne 0<a <1.

Iapamemp eoccmanosnenus eerudunbl wiaea 1) 3a4aeT YBEIMYEHHE IHara II0CIe
YCIIEIIHOTO TOMCKA. JIaHHBIM TTapaMeTp MO3BOJSET aJTOPUTMY aAaNTHBHO M3MEHATH MIar
W TIPOJIOJIKATh JIBIKEHNE B MEPCIIEKTHBHOM HANpaBieHUH. [Ipy CIMIIKOM MasioM 3Haue-
HUM 7] IIAr BOCCTAHABIMBACTCS HEAOCTATOYHO OBICTPO, @ MPU CIUIIKOM OOJBIIOM BO3-
MOYKHBI Pe3KHe Iepexo/ibl o ob1acTu noucka. Pekomengyemoe 3Hauenune 0 <7 < 1.

Benuyuna waea, ucnonvzyemoeo npu nonemax Jleeu [. Ilondupaercst B 3aBUCHMOCTH
OT 0COOEHHOCTEH pelaeMol 3ajadl ONTUMH3ALUH: Pa3MEPOB MHOKECTBA JOIYCTUMBIX
pelIeHuii, CBOIMCTB 11eneBol (yHKINH.

Hapamemp pacnpedenenus Jlesu A.Pexomennyemoe 3HaueHue 1< A <3.

Oabcyscoenue pe3ynromamos

[Monmy4yeHHBIE pe3yNbTaThl MOKA3BIBAIOT, YTO pa3paboTaHHOE MPOrpaMMHOE olecreye-
HUE TO3BOJISCT HAIVISIIHO MCCIICAOBATh PabOTy MHOTOIIATOBOTO aalTUBHOIO ajlropuT™Ma
ONITUMHU3aHU C MMPOTHO3ZUPOBAHUECM. Ha TecroBbIX (1)yHKLII/IHX AJITOPUTM HaxXoAWJI peUIc-
HUS, OJTU3KUE K M3BECTHBIM 3HAYCHHSIM TII00ATBHOTO DKCTPEMYMa, UTO MOATBEPIKAACT KOP-
PEKTHOCTh €r0 MPOrPaMMHOM pean3alinuu.

160



[TanTeriees A.B., Xsommsacekas E.A. (2026) Panteleev A.V., Khvoshnyanskaya E.A. (2026)
Anams 5¢pdeKTUBHOCTI MHOTOIIIArOBOTO afalITUBHOIO Analysis of the efficiency of a multi-step adaptive
aJIropuT™Ma ONTHMMU3AIINN C IIPOTHO3UPOBaHeM optimization algorithm with prediction
MopermmpoBatue v aHayms JaHHbIx, 2026, 16(2), 146 —165. Modelling and Data Analysis, 2026, 16(2), 146 —165.

ITo cpaBHEHMIO € KIACCUYECKUMU TPAIMEHTHBIMUA METOJIaMU PacCMaTpPUBAEMBbIN alro-
PUTM HE TPeOYeT BBIYMCICHHS MPOU3BOIHBIX 1ICJICBON (DYHKIIUH, TOPTOMY MOXKET IPHUME-
HATBCS K 337[a9aM CO CJIOKHBIM peibe(hoM MOBEPXHOCTEH ypOBHs. B OTiavuuu oT Apyrux
AJTOPUTMOB OH HCIONB3yeT UHPOPMAIUIO 00 YCTIEIIHBIX MOJIOKEHUAX PEIICHHUs, UYTO Je-
JIaeT TMPOIIeCC MOUCKa Ooiee HapaBIECHHBIM.

B cpaBHEHNU C SBOTIOIMOHHBIMU H METOAAMHU «POEBOTO WHTEIUIEKTA MPEIOKEHHBIH
ANTOPHUTM UMeeT Ooliee MPOCTYIO CTPYKTYPY, TaK KaK HE TPeOyeT OmepaTopoB CKpeIInBa-
HUS, MyTallid WA MOJACITHPOBAHUS B3aUMOACHCTBHA YacTuIl. [Ipu STOM HCIIOIR30BaHHE
pactpeneneHus JIeBU MO3BOJSET BEIIONHATH IIEPEXOIBI K HOBBIM 00JIaCTsIM ITOMCKA U CHH-
JKaTh BEPOATHOCTD MPEKIEBPEMEHHOTO MTOTIAJaHNS B JIOKAIIBHBINA SKCTPEMYM.

AHanu3 5KCIIEPUMEHTOB MOKa3all, YTO MapaMETPhl aJropuTMa CyIIECTBEHHO BIHSIOT
Ha KaueCTBO pe3yibrara. YBeauueHue 3HadueHuii N, P 1 K 1oBbIIIAeT BEPOSITHOCTh Ha-
XOXKICHUS TOYHOTO PEIICHUS, OMHAKO YBEIWYMBACT BpeMsl BEIUHCICHUN. BriOop BemmunH
mapaMeTpoB « , 77, f U A TO3BOJISICT PEryIUPOBATh OATaHC MEKIY JIOKAJLHBIM YTOYHE-
HUEM PEIICHHS U MCCIeJOBAHNEM HOBBIX 00JIACTe MHOXKECTBA JIOITyCTUMBIX PEIICHHN.

Taxum 06pa3zoM, pe3yabTaTsl MOATBEPKIAIOT BEIBUHYTYIO TUIIOTE3Y O TOM, YTO COYe-
TaHUE MPOTHO3MPOBAHUS, AMITH 00 YCICIIHBIX IlIArax, aJaliTUBHOTO M3MCHCHHS Iara
Y MIPUMEHEHHE pacrpeneieHus JIeBH MOBBIMIAeT YCTOHYUBOCT aJTOPUTMA IIPH PEIICHUN
3aj1a4 T100aJIbHOM ONTHMH3AIINH.

3akJjaroueHue

B pabore co3mano mporpaMMHOE OOECIIC€UCHHE IS pPeaji3aliyd MHOTOIIArOBOTO
aJIaNTHBHOTO aJITOPUTMa ONTHMM3ALNHU C IPOrHO3upoBaHueM. [IporpamMma mo3Bossier 3a-
JlaBaTh 11€JIeBYI0 (DYHKIHMIO, 00JIaCTh JIOMYCTHMBIX PEILICHUH 1 TapaMeTphl allfTOPUTMa, BbI-
TTOJTHSATH YHCIICHHBIA IKCTIEPUMEHT U BU3YaTH3HPOBATh MPOIIECC MTOUCKA PEIICHUS.

[IpoBe/ieHHbIE YKCIIEPUMEHTHI Ha TECTOBBIX (DYHKIMSX MOKa3ajH, YTO Pea30BaHHbIH
ITOPUTM CIIOCOOEH HAXOAWUTH PELICHHs, ONM3KUE K TOYHBIM 3HaYEHHSIM IJI0OATBHOTO KC-
Tpemyma. Vcronp30BaHe IPOTHO3UPOBAHKS, IIAMSTH 00 YCIICTITHBIX MTOJIOKEHHAX, aTalITHB-
HOTO M3MEHEHHS IIara U pacrpeneneHus JIeBu mo3BossieT coueTars J0KaIbHOE YTOUHEHHE
peLIeHUs C NCCIIeI0BaHIEM HOBBIX 00JlacTell MHOXKECTBA JIOMYCTUMBIX PELICHUH.

[Monmy4yeHHBIE pe3yNBTaThl MTOATBEPKIAIOT PAOOTOCIIOCOOHOCTh pa3paboTaHHOTO TPO-
TPaMMHOTO KOMILJIEKCa ¥ BO3MOXXHOCThH €T0 NMPUMEHEHHs AJIs aHajn3a MOBEACHHUS airo-
puTMa, Tog00pa napaMeTpoB U pelIeHus 3a/1a4 1o0anbHoM ontuMuzanuu. [lepcrniekrBoii
JABHEHITNX MCCIICIOBaHUH SBISCTCS paclIipeHne Habopa TeCTOBBIX (DYHKIUH, CpaBHE-
HHUE C IPYTUMH METa’BPUCTUYECCKIMH METOJAaMH M MPUMEHEHHE MPOrpaMMbI B IPUKIaI-
HBIX 3a/1auaX ONTUMH3ALUU CIIOKHBIX TEXHUUECKUX CUCTEM.

Orpanunyennsi. OrpaHHYCHUEM WCCICIOBaHUS SBIACTCS TO, YTO IIPOBEpPKa IIPO-
TPaMMHOTO O0€CTeueHHUs BBIMOIHIACH HA OTPAHWYCHHOM HA0Ope TECTOBBIX (YHKIUIT
C M3BECTHBIMM 3HAUEHUSIMM SKCTpEeMyMa. DTO MO3BOJSET OLIEHUTh KOPPEKTHOCTh peaju-
3alli{ aITOPUTMA, OJHAKO HE MOJHOCTHIO OTPaKaeT CIOKHOCTH PEATbHBIX MPUKIIAIHBIX
3aja4. Kpome Toro, kauecTBo paboThl METO/Ia 3aBUCHUT OT BHIOOpA MapaMeTPOB aIrOpUTMa,

161



[ManTenees A.B., Xpommsinckas E.A. (2026) Panteleev A.V., Khvoshnyanskaya E.A. (2026)
Anams 5¢pdeKTUBHOCTY MHOTOIIIArOBOTO afalITUBHOTO Analysis of the efficiency of a multi-step adaptive
aJIropuT™Ma ONTUMMU3AIINN C IIPOTHO3UPOBaHeM optimization algorithm with prediction
Mopermmpoanmie v aHayms JaHHbIx, 2026, 16(2), 146 —165. Modelling and Data Analysis, 2026, 16(2), 146 —165.

MO3TOMY IPHU MX HEY/IAaUHOM 3aJJaHUM BO3MOXKHO YBEIMUYCHHE BPEMEHM BBIYMCICHUN WU
CHIDKEHHE TOUHOCTH pe3ynbTara. Kak u gpyrue MeTa’BpHUCTHYECKHE METO/BL, IIPEII0KEH-
HBIH aITOPUTM HE TapaHTUPYET HAXOXKJICHNS ITI00aIBbHOTO SKCTPEMyMa 33 KOHEYHOE YHCIIO
UTEpaluii Ui MPOM3BOJILHOM 1eneBol (yHKIMU. B nanpHeiieM ucciaeqoBaHne MOKET
OBITH PaCIIMPEHO 3a cyeT OoJsiee MOAPOOHOrO CPaBHEHMUS C APYTMMH METOJaMU ONTHMH-
3allUU U IPUMEHEHUs IPOrPaMMBbl B IIPHUKIIAJHBIX 3a7a4ax MOUCKAa ONTHMAJIbHBIX 3aKOHOB
ynpasieHus fuHaMudeckuMu cucremamu (ITantenees, boprakosckuit, 2016).

Limitations. A limitation of this study is that the software was tested on a set of
test functions with known extremes values. While this allows to study the algorithm’s
correct implementation, it does not fully reflect the complexity of real-world application
problems. Furthermore, the performance of the method depends on the choice of algorithm
parameters; therefore, if they are set incorrectly, this may lead to increased computation
time or reduced accuracy of the result. Like other metaheuristic methods, the proposed
algorithm does not guarantee finding the global extremum for an arbitrary objective
function within a finite number of iterations. Future research could be expanded through
a more detailed comparison with other optimization methods and the application of the
software to real-world problems (Panteleev, Bortakovskii, 2016).
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TEeXHOJIOTMH JIJISl AaHAJIN3A MPOYHOCTH KPeNneKHbIX
3JIEMEHTOB IPU PACTHAKEHUHN

A.P. Myxytauuos' D<, A.P. Paumos', T.A. MyxyTauHos>

! @enepanpHOE rocy1apCTBEHHOE OI0/DKETHOE 00pa30BaTEIbHOE YUPEKICHIE

BhIcIIero oOpa3oBanus «Ka3aHCKuil HAIIMOHATBHBINA HCCIEA0BATEIbCKAN

TEXHOJOrn4eckuil yausepcuter», Kasanp, Poccuiickas @enepanns

2 Kazanckuii (ITpuBoiskekuii) Gpenepanbhblil yausepceuret, Kasaub, Poccuiickas ®epeparius
< muhutdinov@rambler.ru

Pe3ziome

KoHTeKkeT M aKTyaIbHOCTB. Pe3yibrarThl HCIIOIb30BaHMs COBPEMEHHBIX HH(pOpMa-
LMOHHBIX TEXHOJIOIHI OT HaYaJIbHOM CTaJIMU POSKTUPOBAHHUs 00bEKTa 10 KOHEUHOH
CTaJMHU BUPTYaJIbHOTO UCIIBITAHUS, @ TAKKE JaHHBIE O 3aKOHOMEPHOCTSX MPOTEKAHUS
MIPOLIECCOB B MOJIETMPYEMBIX AJIEMEHTAX M PE3YIbTaThl BBIYUCIUTEIBHOTO IKCIIEPH-
MEHTa B HAYYHOH JIUTEpaType NPaKTUIECKH OTCYTCTBYIOT. B CBA3M ¢ TeM, akTyanbHa
pa3paboTKa CHCTEMHOIO MOJXOJa K KOMIIBIOTEPHOMY MOZAEIMPOBAHUIO IIPOYHOCTH
KPEMEKHBIX JIEMEHTOB U UMEET HAyYHYIO HOBM3HY M NPAKTHYECKYIO 3HAYUMOCTB.
Hean. PaspaGorars u anpoObupoBaTh METOIMKY KOMIBIOTEPHOIO MOJEIMPOBAHUS
IIPOYHOCTH KPETEKHBIX 3JIEMEHTOB TP PACTSKEHUHU C MCIOJIL30BAHUEM COBPEMEH-
HBIX MH(GOPMAIIMOHHBIX TeXHOJOoTuil. MeToabl 1 MaTepuabl. MeToanka BKII0Ya-
eT coszianue 3D-Mojienn, HaJIOKEHUE PACTAIMBAIOIIMX HArpy30K, TEHEPALHIO CETKU
KOHEYHBIX 3JIEMEHTOB M pacyeT paclpeseneHus HanpspkeHuid u nedopmarmit. s
anpo0anuy METOAUKH HCIIONIB30BaH CTaHAAPTHBIH 00pasell, pe3yabTaTbl MOASIHPO-
BaHMs KOTOPOTO IMOKAa3ajM BHICOKYIO TOYHOCTb M COINIACOBAHHOCThL CO CIIPABOYHbI-
MH JaHHbIMU. Pe3yabrarhl. Paspaborana u orpaboTaHa KOMILUIEKCHAs METOIMKA
KOMITBIOTEPHOTO MOJIEINPOBAaHUs MPOYHOCTH KpenekHoro anemeHta «lllnmumbka»
3a CUeT HCIOJIb30BaHHs COBPEMEHHBIX HH(OPMAILIMOHHBIX TeXHONOrui. Pa3paboran-
Has METOIMKA ITO3BOJISIET PEalM30BaTh MOJHBIA IIUKJI KOMIIBIOTEPHOTO aHaIH3a —
OT TIOCTPOEHUsI TPEXMEPHOH MOZENIH JI0 ONpE/eIe s HalpshKeHUH U aedopmanuii
IIPY TIPHJIOKEHUH PACTATUBAIOIINX HArpy30K. Pe3ynbTaThl Mokasanm, 94T0 Ha OCHOBE
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YCIICIIHOW anpoOairy MeTonKa ObUIa MMPHIMEHEHA K PeabHOMY KPETe)KHOMY dJIe-
MEHTY, IIPU 3TOM MPOBEIEH CPABHUTEIBHBIN aHAN3 MPOYHOCTHBIX XapaKTEPHUCTUK
qust MatepuasioB Cranb 45 u Cranp 451 BeiBoabl. [TokazaHo, 4To MCHonb30BaHUE
marepuana Cranp 450" obecniednBaeT Oosiee BBICOKMI KOI(D(MUIMEHT 3amaca mpod-
HOCTH, MOATBEpk/ast 3Q(HEKTHBHOCTh MPEUIOKCHHON METOIUKHU U WHIKCHEPHOTO
aHaJIM3a U ONTUMU3AIMH KOHCTPYKLIUU M MaTepralia KpernéKHbIX IEMEHTOB.

Knrueevte cnosa: Kommac 3D V23, APM-FEM, 3D-moxenb, HCIBITaHUE
Ha pacTshKeHHUe, KpenexHbli anemenT « U Immnpka», Crans 45, Crans 45T

Jaa nurupoanusi: Myxyrnunos, A.P., Paumos, A.P., Myxyrtaunos, T.A., Myxytau-
HoB, T.A. (2026). [Ipnmenenne COBpeMEHHBIX MH()OPMAIIMOHHBIX TEXHOJIOTHH JUIs aHAJH-
3a IIPOYHOCTHU KPETICKHBIX IEMEHTOB IIPH PACTSKEHUU. Modenuposarie 1 ananus OaHHLIX,
16(2), 166—179. https://doi.org/10.17759/mda.2026160209

Application of modern information technologies
to analyze the tensile strength of fasteners

A.R. Mukhutdinov' D4, A.R. Raimov’, T.A. Mukhutdinov’

! Federal State Budgetary Educational Institution of Higher Education

“Kazan National Research Technological University”, Kazan, Russian Federation
2 Kazan (Volga Region) Federal University, Kazan, Russian Federation

< muhutdinov@rambler.ru

Abstract

Context and Relevance. he results of using modern information technologies from
the initial design stage to the final stage of virtual testing, as well as data on the
patterns of processes in the simulated elements and the results of a computational
experiment, are practically absent in the scientific literature. Therefore, the
development of a systems approach to computer modeling of the strength of fasteners
is relevant and has scientific novelty and practical significance. Objective. To develop
and test a methodology for computer modeling of the tensile strength of fasteners
using modern information technologies. Methods and Materials. The methodology
includes creating a 3D model, imposing tensile loads, generating a finite element
mesh, and calculating the distribution of stresses and strains. To test the methodology,
a standard sample was used, the modeling results of which demonstrated high accuracy
and consistency with reference data. Results. A comprehensive methodology for
computer modeling of the strength of a stud fastener has been developed and tested
using modern information technologies. The developed methodology enables a full
cycle of computer analysis — from constructing a 3D model to determining stresses
and strains under tensile loads. The results showed that, based on successful testing,
the methodology was applied to a real fastener, with a comparative analysis of the
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strength properties of Steel 45 and Steel 45G. Conclusions. Using Steel 45G provides
a higher safety factor, confirming the effectiveness of the proposed methodology for
engineering analysis and optimization of fastener design and material.

Keywords: Kompas 3D V23, APM-FEM, 3D model, tensile test, fastener «Study,
Steel 45, Steel 45G

For citation: Mukhutdinov, A.R., Raimov, A.R., Mukhutdinov, T.A., Mukhutdinov, T.A.
(2026). Application of modern information technologies to analyze the tensile strength
of fasteners. Modelling and Data Analysis, 16(2), 166—179. (In Russ.). https://doi.
org/10.17759/mda.2026160209

BBenenne

B Hacrostiiiee Bpemst Bce 00JIbIIe BO3PACTAET aKTYallbHOCTh HCIIONIBb30BaHUS B MATEpUa-
JIOBEJICHUN COBPEMEHHBIX HH()OPMAIIMOHHBIX TEXHOJIOTHI, B YACTHOCTH CUCTEM aBTOMATH-
3upoBanHoro npoekruposanus (CAIIP) (Kotos u np., 2019, c. 250; I'anun, 2010, c. 360.;
Myxytnuaos, E¢pumos, Baxunosa, 2020, c. 28; MyxyrauHoB u ap., 2021, c. 79; Kyapss-
ues E.M., 2008, 300 c.; dpum, Mockanes,1990, c. 446) (Kotov et al., 2019, p. 250; Ganin,
2010, ¢. 360.; Mukhutdinov, Efimov, Vakhidova, 2020, p. 28; Mukhutdinov et al., 2021,
p- 79; Kudryavtsev E.M., 2008, 300 s.; Dritz, Moskalev,1990, p. 446). Cerogusammaunii
YPOBEHb Pa3BUTHS MPOrpaMMHOro 3D-MoiennpoBaHusi MO3BOJSIET HE TOJNILKO CO3/aBaTh
HEMOCPEICTBEHHO O0BEMHBIE MOJENN OyIylIMX HM3[CIHi U WX YepPTekHU, HO U IPOBe-
CTH HCCIIeNoBaHNe (DHU3UKO-MEXaHHYECKUX CBOWCTB. COBpPEMEHHBIC BBIYUCIUTCIHHEBIC
KOMIUIEKCHI JIAIOT BO3MOXXHOCTH CMOJICITHPOBATh HUCIBITAHHUS JCTATCH ISl OMPEICIICHUS
MIPOYHOCTHBIX XaPAKTEPUCTUK C YUETOM MX KOHCTPYKIIHOHHBIX OCOOCHHOCTEH U CBOMCTB
npuMeHseMbix MarepuanoB (Ipui, Mockanes,1990, c. 446; Maromenos, Anexun, 2010,
c. 1; APM FEM, 2022, ¢. 71) (Drits, Moskalev, 1990, p. 446; Magomedov, Alekhine, 2010,
p- 1; APM FEM, 2022, p. 71).

Ha ocHOBe pe3ynbTaToB MOJEIUPOBAHMS MPOBOIUTCS WHKCHEPHBIH aHAIN3 MPOCK-
TUPYEMOI0 H3/IeIIHsI, YTO IO3BOJISICT BBUIIBISITH IMOTCHIIUATbHBIE 30HBI KOHIEHTPAILUH
HATIPsDKCHUH W TOBBIICHHBIC PUCKU pa3pylicHHs. Takue NaHHBIC Tal0T BO3MOXXHOCTH
ONTUMHU3UPOBATH KOHCTPYKIUIO, U3MCHHUTh MaTepuall Wik (GopMy JeTald emié Ha CTaIuu
npoektupoBanus. [Ipumenenrne CATIP, ucroip3yronmx YUCICHHOS MOJICIUPOBAHKE, JIJIs
peIIeHHs 3a/1a4 MPOYHOCTH U3JCIHU, CYIIECTBEHHO PKOHOMHT BPEeMs U PECypChI, COKpa-
maer 00bEMBI HATYPHBIX HCIIBITAHUN KM MO3BOJSET OOJIee TIIATEIBHO ONTHMH3HPOBATH
KOHCTpYKIHi0. [ToaToMy mprMeHeHHe [IU(PPOBLIX MHCTPYMEHTOB aHaJIK3a MPOYHOCTH CTa-
HOBHUTCSI BXKHBIM JJIEMEHTOM COBPEMEHHOTO MHIKEHEPHOT'O MTOAXO0/IA.

OIHaKO MCIIOJIh30BAHUE COBPEMEHHBIX HH()DOPMAIMOHHBIX TEXHOJIOTHH OT HAYaIbHOU
CTaJIM¥ TIPOCKTUPOBAHMS O0BEKTa JO KOHCYHOH CTAIWU BUPTYAIBHOTO UCIIBITAHUS B JIU-
TepaType OCBEIICHO HEIOCTATOYHO, a TAHHBIC O 3aKOHOMEPHOCTSIX TPOTEKAHHUSI TTPOIICCCOB
B MOJICITUPYEMBIX JIEMEHTAaX M PE3yJIbTaThl BEIYUCIUTEIHLHOIO IKCIICPUMECHTA TPaKTHYC-
CKHA OTCYTCTBYIOT. DTO (hOPMHUPYET aKTyaJbHYI0 HAyYyHYIO U MPAKTHUCCKYIO MPOOJIeMY,

168



Myxytaunos A.P., Panvos A.P., Mukhutdinov A.R., Raimov A.R.,
Myxyrtanuos T.A., MyxyTauos T.A. (2026) Mukhutdinov T.A., Mukhutdinov T.A. (2026)
[TpumeneHve coBpeMeHHBIX MH(MOPMaIVIOHHEIX... Application of modern information technologies...
MopermmpoBaHue v aHayms JaHHbIx, 2026, 16(2), 166 —179. Modelling and Data Analysis, 2026, 16(2), 166 —179.

TpeOyIoLIyI0 pa3paboTKH CUCTEMHOTO IT0IX0/1a K KOMITBIOTEPHOMY MOZCIHPOBAHUIO ITPOY-

HOCTH KOHKPETHBIX KPENEKHBIX 2JIEMEHTOB.

e 1I3BeCTHO, YTO B KOHCTPYKIMAX PA3IMYHBIX CTPOUTEIBHBIX CUCTEM €CTh MHOXKECTBO
AJIEMEHTOB, KOTOpPbIE JOJKHBI HAJEKHO COCIUHATHCA M BBIICPKHUBATH MOCTOSHHOE
JBIDKEHUE U Harpy3Ky. Llmuibka -nocTpoeHre MoBEpXHOCTH U 00bEMa JIeTau;

® 3a3j1aHKE NapaMeTpPOB MaTepraia U (PU3NIECKUX CBOMCTB,;

e TIOJATrOTOBKY MOJAETH K MOCIEIYIOEMY YUCICHHOMY aHaIN3Yy.

Oran 2. [IpoBeneHne YHCIEHHOTO MOAETHPOBAHUS PACTKECHUS
Ha BTOpOM 3Tane BBINONHAIOTCS BUPTYalIbHbIE UCIBITAHUS C UCIOIb30BAHUEM MOJYIS

APM-FEM, Bkirouarormue:

e 3ajaHue rpaHUYHBIX YCIOBUH U 3aKpEIUICHUI MOJeH.

OmnpenesneHne HaPaBICHUS U BEIUYUHBI PACTATUBAIOIIEH CHIIBI.

I'enepanysi CETKM KOHEUHBIX IIEMEHTOB JUISl JUCKPETH3AMK MOAETH.

Pacuér pacnipenesneHust HanpspKEHUH U ieopmanuii.

BbiBon M aHanM3 pe3yibTaToB, BKIIOYas MOCTPOCHHE KapT Kod(pQHIMeHTa 3amaca

T10 MpeJieNTy MPOYHOCTH U BBISIBICHUE KPUTHYECKHX 30H HANPSKECHUH.

Mertonka obecrieunBaeT BOCIPOU3BOJMMOCTh M TOYHOCTh MOJICITUPOBAHHS U MOMKET

TIPUMEHSATBCSL KaK Ul CTaHJIapTHBIX 00pa3lioB, MCIOJIb3YyEeMbIX B J1aOOPAaTOPHBIX HCCIIe-

JIOBAHUSX, TaK U JUIs PeabHBIX KPEMEKHBIX AeMeHTOB. OHa MMO3BOJISET BBISBIATH IOTEH-

LMaJIbHBIE 30HBI KOHILEHTPAIMK HaNpsDKEHHUH, OLEHUBATh MPOUYHOCTHBIE XapaKTEPUCTUKHI

JeTaneil 1 IpUHUMaTh HHXKEHEPHBIE PEIICHUs 10 ONTUMU3ALUU KOHCTPYKIUN WU 3aMEHe

MaTepHaja Ha paHHMX dTanax NPOeKTUPOBAHUS.

Pe3yabTarsl

Anpobayua memoouku Ha mecmogom obpazuye

Jis mepBUYHON TIPOBEPKH PabOTOCIIOCOOHOCTH TPETIOKEHHOW METOINMKH OBLT BEI-
Opan obpazen Il Twma, mpeaHasHAYEHHBIA [UIA WCMBITAHUN Ha PAacTsHKEHHE COTIACHO
I'OCT 1497 (pucynox 1) ('OCT 1497-2023, 2023, c. 33) (GOST 1497—2023, 2023,
p- 33). B xagectBe Marepmana oOpasia MpH BHPTYaJbHBIX HCIBITAHUSIX OblTa BEIOpaHa
Cramnp 45, uto oOecrieynBaeT ajleKBaTHOE BOCIIPOM3BEACHHUE €r0 TPOYHOCTHBIX XapaKTepH-
CTHK B YHCIICHHOM MOZEIHPOBAHUH.

ITpoBepka METOMMKH Jlajiee OCYMIECTBISUIACH B COOTBETCTBHU C Pa3pabOTAHHBIM II0-
PALKOM AEHCTBUMN.

Ha niepsom stane npoBoautcs co3ganue 3D-monenn oOpasia, MPIMEHIEMOTO IS UCIIbI-
Tauusg Ha pacTsoxerue (cortacHo [OCT 1497) B mporpamme Kommac 3D V23 (pucynoxk 1).

BTopbIM 3TarnoM MpoBOASTCS BHPTYaJIbHBIC HCIIBITAHMS HA PACTSHKEHHE KOMITBIOTEp-
HeIX 3D-Mopeneit 0Opa3mnoB n3 Marepuana Crans 45 B mporpamMuaoM Moayine APM-FEM,
SIBIISTFOIIMICS 9acThIo TporpamMMbl Kommac 3D V23:

| mrar: 3arpy3ka B mporpammy co3ganHoit 3D-monenn obpasiia;

2 mar: BRIOOpP MOBEPXHOCTH 3aKPEIUICHUS 00pa3ia;

3 mar: omnpezeneHne IOCKOCTH NPHIIOKEHHS TAHYIIEH CHIIbI;

169



Myxyraunaos A.P., Paumos A.P., Mukhutdinov A.R., Raimov A.R.,
Myxyranuos T.A., MyxyTauos T.A. (2026) Mukhutdinov T.A., Mukhutdinov T.A. (2026)
ITpumMeneHvie cOBpeMeHHBIX MH(POPMAIIVIOHHBIX... Application of modern information technologies...
MopermmpoBatme v aHayms JaHHbIx, 2026, 16(2), 166 —179. Modelling and Data Analysis, 2026, 16(2), 166 —179.

27 N ” i\&/

73 7

]

Puc. 1. Bun o6pasna I1I tuma
Fig. 1. Type III sample view

I'panbto, K KOTOPOIl OymeT mpuiaraTbesi cuia, o003HauYaeM HIDKHUN TOPELl MOJEIH.
3aKIIIOYUTENIBHBIM 3TAIlOM SIBIISIETCSl YCTAHOBJICHUE 3HAUCHUS JEHCTBYIOLIEH CUIIBI M €€
HalpasJIeHUE B NMPOCTpaHCTBE. JlJIst 3TOro B MapaMeTpax CHUIIbI BBOAUM INPOEKIHMIO ITOH
CHJIBI IO OCH X B INIOOAJIBHOM CHCTEME, TEM CaMbIM, 33/1aB KaK 3HAUCHNE, TaK U HaIpaBIie-
HUe IeicTBHA 3ToH critbl. [t aToro B rpade ocu X yKa3elBaeM OTPHUIATEIBHOE 3HAYCHUE
cunel 3000 H (co 3HakoM MHHYC), 9TOOBI HMHTHPOBATh pacTsbKeHHE. BakHO OTMETHTH,
YTO AEUCTBHSI B 3TOM JTalle CllefyeT NOBTOPUTh, HauuHas co 3HadeHus 3000 H no 4000 H
¢ marom 200 H.

4 mar: reHeparysi KOHEUHbIX 3JIEMEHTOB CETKH;

5 miar: NpoBeJIeHUE pacueTa;

6 11ar: BBIBOJ KapThl pe3yJbTaroB (PUCYHOK 2);

Koz 3anaca no

[EAMRM AN

1.008
1.568
213
2693
3.255%
kE: 1l
4373
4841
B.065
6.627
7.188 L
7.752
8.314
8876
8438
10

Puc. 2. Kapra pe3ynbraToB K03 GUIMEHTA 3amaca 110 IpeAelty NPOYHOCTH

Fig. 2. Safety factor results map for ultimate strength
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KoadduimenT 3amaca no npezeny MpoOYHOCTH — 3TO OTHOIICHHE IMPEAeia MPpOoYHo-
CTH MarepHaja K MakCHMallbHOMY pabodeMy HarmpsbkeHuto. KoadduuueHT 3amaca Bcer-
Ja Ooubllie eIUHMIBI JUis Oe30MacHBIX KOHCTPYKIMH. 3HadeHue, paBHOe |, O3Hayaer,
YTO KOHCTPYKIIMSI HAXOAWTCSA HA TPAHM pa3pylICHHUs, a 3HAYCHHE MEHbIIE | yKa3bpIBaeT
Ha TO, YTO pa3pylIeHHE yXKe MPOHU30ILIO MU Hem30exHo mpu ganHon Harpyske (INNER
ENGINEERING, 2025) (INNER ENGINEERING, 2025). Ilo pa3paboTaHHON METOTUKE
3aroJjiHeHa taodnuma 1.

Ta6muna 1/ Table 1
PesysbTaThl pacTsiakeHus: o0pa3na u3 matepuaja Craub 45

Results of tensile testing of a specimen made of Steel 45 material

Harpy3ska, H/ Kos¢puuuenr 3anaca, n/ Hanpsikenue B 00pa3ue, H /mm? /
Load, N Safety factor, n Stress in the sample, N /mm?

3000 1,275 495,9
3200 1,214 513,7
3400 1,148 537

3600 1,079 561,3
3800 1,006 598

4000 0,949 629.,4

Cornacuo 'OCT 1050-2013, mpenen TpoYHOCTH O e (mpenenbpHO JOMTyCTUMOE Hampsi-
xenue) it marepuana Craib 45 cocrasiser 600 H/mm?,

OCHOBBIBasICh Ha PE3yNbTaTax, MOJMYYSHHBIX B XO/I€ BHIYUCIMTEIHLHOTO SKCIEPHUMEHTA
Ha pacTsHKeHUe 00pasiia MaTepralia v ClipaBOMHBIX JaHHBIX, COCTABICHA TA0INIA CPAaBHEHHSI
(Tabnuma 2).

Ta6uuna 2 / Table 2
CpaBHeHHe PACYETHBIX H CHIPABOYHBIX JAHHBIX

Comparison of calculated and reference data

Mozenupyemoe 3HaUeHHe
CrnipaBo4yHoe 3Ha4YeHHe Mpe-
Npe/IeIbHOr0 HANPsKeHNe,

2
Marepuau / H/vn? / JeJIbHOro HampsikeHust, H/vm? /

Material . Reference value of ultimate
Simulated value 2
stress, N/mm

of ultimate stress, N/mm?
600

598 (TOCT 1050-2013, 2015, c. 48) / 0,33
(GOST 1050—2013, 2015, p. 48)

OTHocHuTeIbHASI
MOTPENHOCTD, %o /
Relative error, %

Cranp 45/
Steel 45

Pa3paboranHas MeToJMKa IPOBEICHHS BUPTYaJIbHOIO UCIBITAHHSI 00pa3la Ha pacts-
»keHue B coorBercTBuM (Maromenos, Asnexus, 2010, ¢. 1) (Magomedov, Alekhine, 2010, p.
1) ¢ ucnonezoBanueM nporpammsl Komnac APM-FEM, no3Bonser nNogyuuTh pe3yabTaThl
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ucHbITaHui cornacyromuecs: co crpaBourbiMu(I’OCT 1050-2013, 2015, c. 48) (GOST
1050—2013, 2015, p. 48). Omnbka He Oomnee 1%.

Takum 00pa3om, IPOBEICHHBIC UCCIICIOBAHMUS B IIEPBOIl YacTH pabOThI MOTBEPIKIALOT,
yto nporpamma Komnac 3D V23 no3BossieT NpoBOAUTH KOMIIBIOTEPHOE MOJEIUPOBAHUE
npounoctu obpasna 1l Tuma 1 moydaTh TOYHBIC PE3YIBTATHI.

Ilpumenenue memoouku Ha peanvHol demanu

Yenenrnast anpoOaryst METOIMKH OTKPBIBAET BOBMOXKHOCTH €€ NCTIONIB30BaHMS JUIsl aHa-
JIM3a MIPOYHOCTHBIX XapaKTEePUCTUK PEasIbHBIX KPEMEXKHBIX IIEMEHTOB, a TAK)Ke JUIS OLICH-
KM TIOBBIIICHHS MX TPOYHOCTH 3a CUET N3MEHEHHS MaTepHaa.

B nocaenyronmx pacderax 00bEKTOM HCCIICAOBAHMS BBICTYNACT KPENEKHBINA SIEMEHT
«Inunbkay, a IPEeAMETOM HUCCIICAOBAHUSA €T0 IPOYHOCTS.

HInuabka Obula BbIOpaHa B KaueCTBE OOBEKTA MCCIIEOBAHUS MO HECKOJIBKUM IIPH-
yyHaM. Bo-nepBbIX, OHa SBISETCA MIMPOKO HUCIOJNB3YEMBIM JIEMEHTOM COEIUHEHUI
B CTPOHUTENBHBIX M MHXEGHEPHBIX KOHCTPYKLHSX, II€ HA HeE ACHCTBYIOT 3HAYMTEIIbHBIC
pacTsaruBaroue Harpy3ku. Bo-BTOpBIX, IIMHMIBKH 9acTO MPUMEHSIOTCS B KPUTHYECKHX
y3/1ax, HalpuMep, B KPETUICHUH Ae()OPMAIIMOHHBIX IIBOB MOCTOB, IJI€ OHHU BBIMOIHSIOT
(GYHKIMIO SIKOpEH, yepKnBasi KOHCTPYKIMU TPH JUHAMHYECKUX U TEMIIEPATypHBIX BO3-
JeucTBUsIX. MIX reoMeTpusi 1 KOHCTPYKTHBHBIE OCOOCHHOCTH JIEJIalOT IIIMHIBKH yITOOHbI-
MU JUIsl YUCIEHHOTO MOAEIMPOBAHUS U MPOBEPKU MpeIoKeHHON MeToauku. Hakower,
N3y4YEHUE MPOYHOCTHBIX XaPaKTEPHCTHK ILIMWIBKU TTO3BOJISET OLEHHUTH 3(PPEKTUBHOCTD
Marepuaina, GopmMbl U pa3MepoB JETaM, YTO UMEET NPSMOE NPHUKIAJHOE 3HAYCHUE IS
ONTUMHU3AINN €€ SKCILTyaTaI|H.

Yo6eaupiuce, yro mporpamma Kommac 3D V23 MOXHO HCIOJIB30BaTh ISl MOJCIUPO-
BaHMsI IPOYHOCTH, TIEPEXOAMM KO BTOPOW 4acTh paboThI: MOBBIILIEHUE TPOYHOCTH KPEHExkK-
Horo anemenTa «Llnumpka» 3a cuet 3amMeHbl MaTeprana. OHa BKIIFOYAeT TAKKe J[Ba dTaIa.

[lepBBIM 3TaroM MpoBOAWTCS co3fanue 3D-mMozenu KpenexHoro aemenTa «Lmmms-
Kay, IPUMEHIEMOTO B CTPOHUTENbCTBE B mporpamme Kommac 3D V23 (pucyHoxk 3).

%‘ 272 272 %ﬂ
x N !
! ‘&' I
B45°
2 gacky =
2 chamfers — ] - - 2] -
w0

Puc. 3. Bua kpenexxnoro snementa «Inmibka»
Fig. 3. Type of fastener “Stud”
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BropeiM 3Tanom npoBOAATCS BUPTyalbHBIC UCTBITAHUS HA PACTSKEHUE KOMIIBIOTEp-
HBIX 3D-Mozeneit KpenexkHbIX 37eMeHTOB «1lInunbka» U3 pa3nuyHbIX MapoK CTAJIH B MPO-
rpamMmMHOM Moxayne APM-FEM.

1 war: BeIOOp ¥ 00OCHOBaHKME MaTepuasa, KOTOPBIA 00CCIEUHT JTYUIIHE TPOYHOCTHBIC
XapaKTePUCTHKH M [IEHOBBIC TTOKa3aTenu (Tadmmma 3).

B HacTosmiee BpeMsi B Ka4eCTBE MaTepuana KpenexxHoro sneMenTta «lllmmibka» nc-
monb3yeTcst Crans 45. [l mpoBeneHns CpaBHUTETHFHOTO SKCIIEPUMEHTa BHIOpaH B Kaue-
ctBe npumepa Marepuan Cranp 45T

Tabauua 3 / Table 3

XapakTepuCTUKH JBYX MapoK CTaJIei

Characteristics of two steel grades

CroiicTso / Propert Craab 45/ Cranb 45" / Pa3nuna, % /
perty Steel 45 Steel 45G Difference, %
Ipenen npouHocty, H/mm? /
Tensile strength, N/mm? 600 620 3,3
Ipenen texyuectu, H/mm? /
Yield strength, N/mm? 333 375 >4
48000
(MetannHegTellpoxkar. 45100
N (Metamonpoxkar.
CroumMocTs, pyo./T / Meratyprudeckuii 2025) / 6.1
Cost, RUB/t Xonauar, 2025) / (Mert)e}llilo okat.ru ’
(MetalNefteProkat. 203 5) T
Metallurgical Holding, 2025)

OcrainbHble Mard COOTBETCTBYIOT BTOPOMY 3Tally BUPTYAJIbHBIX UCIIBITAHUN Ha pacTs-
JKCHUE KOMITBIOTEPHBIX 3D-Mofereit 00pa3ios (pUcyHOK 1).
Jnst cpaBHEHUS IBYyX MaTepHajioB ¢ XapaKTePHUCTHKaMH, KOTOpPbIE TPUBE/ICHBI B TaOIIN-
1e 3, npoBeNy BUPTYyaJIbHBIC MCIBITAHUS HA pacTshkeHue 3D-Mozernell KpereKHbIX dlie-
MeHTOB «lInumekay ¢ momoursio Monyns APM-FEM (puc. 4). Pe3ynbrarsl UCTIBITaHUI

MIpUBEJICHBI B TabmIe 4.

Tabimmna 4 / Table 4
Pe3yabTartsl pactsikenuss 3D-mMonenu mnuwibku (Harpyska ¢ marom 500 H)

Results of tensile testing of a 3D model of a stud (load in 500 N increments)

Harpy3ka, H/ Koaddpuumenr 3anaca, n/ | Hampsikenue B o6pasue, H/mm? /
Load, N Safety factor, n Stress in sample, N/mm?
Cranb 45/ | Cranb 45I'/ | Craab 45/ | Craan 451"/ Craab 45/ Craan 451" /
Steel 45 Steel 45G Steel 45 Steel 45G Steel 45 Steel 45G
48000 54000 1,053 1,063 582,8 603,3
48500 54500 1,042 1,049 588,1 609,6
49000 55000 1,031 1,041 594,9 616,1
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Harpy3ka, H/ Kospduunent 3anaca, n/ | Hanpsikenue B o6pa3ue, H/mm? /
Load, N Safety factor, n Stress in sample, N/mm?
Cranb 45/ | Ctans 45I'/ | Craab 45/ | Crann 451"/ Craunb 45/ Craanb 451" /
Steel 45 Steel 45G Steel 45 Steel 45G Steel 45 Steel 45G
49500 55500 1,019 1,032 601,3 621,9
50000 56000 1,010 1,021 607,1 629,2
50500 56500 1 1,007 613,2 636,8
51000 57000 0,9906 0,992 619,2 643,5
Sa]
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Puc. 4. Kapra pe3ynbTaToB 1o mpezeiny npoYHOCTH:
a — 3D-mozenp mmuibky U3 Matepruana Ctanb 45;
0 — 3D-monens mmmbky u3 Marepuana Cranp 450

Fig 4. Ultimate Strength Results Map:
a— 3D model of a stud made of Steel 45;
b — 3D model of a stud made of Steel 45G
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Pe3ynbTarhl BBIYHCIMTEIBHOTO JKCICPHUMEHTA M CIPABOYHBIC JaHHBIC PACTSKCHHS
3D-Mozenu UIMUIbKY U3 Pa3InYHbIX MaTCPUAIIOB MPUBEICHBI TA0IUIA 5.
Ta6muma 5/ Table 5
CpaBHeHHe PACYETHBIX M CIIPABOYHBIX TAHHBIX

Comparison of calculated and reference data

Pacuyernoe CnpaBoyHble 3HAYEHUE
2 2 OrtHocuTebHAs
Marepuasn / | Hanpstzkenue, H/mMm? / | npeaesbHoro Hanpsikenust, H/mm? / HOTDEIIHOCTS. % /
Material Calculated stress, Reference value of ultimate stress, R lp . > o°
N/mm? N/mm? elative error, %
Crams 45/ 6132 600 (INNER ENGINEERING, 2025) / 23
Steel 45 ’ (INNER ENGINEERING, 2025) ’
Crams 45"/ 636.8 620 (I'OCT 4543-2016, 2017, c. 50) / 27
Steel 45G ’ (GOST 4543—2016, 2017, p. 50) ’

Pesynprarel MOIETMPOBAHUS U aHATIN3 TAaHHBIX ITOKa3alr, uto MaTepuan Crams 451 obe-
CIICYMBACT CYIIECTBEHHO 0OJiee BBHICOKYIO IPOYHOCTH, OCOOCHHO B CEPAIICBUHE W3ICITHS
(Omaromapst yIydIIeHHOW MPOKAITNBACMOCTH). DTO KPUTHUYSCKU BaXKHO IS 3JIEMEHTOB, pa-
0OTarOIIUX Ha PaCTSKCHUE.

O0cy:xnenne pe3yJibTaToOB

PazpaboranHas MeTOAMKA MMO3BOJISICT PEATN30BaTh MOIHBIN IIUKJI KOMITBIOTEPHOTO aHa-
JIM3a — OT MOCTPOESHUsSI TPEXMEPHOW MOJIENH 10 OINpEeICHUs HarpshkeHui 1 aedopma-
LU TPY MPUIIOKEHUH PACTITHBAIOIINX HArpy3ok. Kpome Toro, pazpaboTanHas METOHKa
MTO3BOJISIET HE TOJBKO MPE/ICKA3hIBATH TOBEACHUE KPEMEKHOTO IIEMEHTA IO/ PacTATHBao-
LIMMH Harpy3KaMH, HO 1 ONTUMH3HPOBATh KOHCTPYKIIMIO U BBIOOP MaTepuana Ha PaHHUX
CTAaHAX MIPOCKTUPOBAHMSL.

3akjayeHue

B pamkax mpoBen€HHOTO HMCciemoBaHUS ObLTa pazpaboTaHa W ampoOHWpoBaHa KOM-
TUIEKCHAs! METOJIMKA BUPTYaJIbHOTO MOJEIHPOBAHMS TPOYHOCTH KPEMEKHBIX AIEMEHTOB
IIpU pacTsLKeHUH ¢ ucnonb3oBaHueM nporpammbsl KOMITAC-3D V23 u moxyns APM-
FEM. Meronnka ycrenrHo npoluia IpoBepKy Ha crangapTHoM oopasue 111 tuma (cormacHo
I'OCT 1497), nokasaB cornacue pe3yJbTaToB ¢ CIIPaBOYHBIMU TAHHBIMU M MaKCUMaJIbHYIO
ounOKy He Oonee 1%.

[IpuMeHeHHe METOMUKU K pealbHOMY KpemnéxHomy aneMmeHTy «llnmnbka» mo3Bo-
JIMJIO OLIEHHUTh paclpeieieHle HanpsHKeHUH W kod(duImeHT 3amaca MpOYHOCTH JUIs
pa3IMYHBIX MaTepHasoB. BrisicHeHO, uTO mmuiaska u3 Matepuana Crans 451" neMoHCTpH-
pyer Gosee BBICOKMI KO3(HIMEHT 3armaca IPOYHOCTH IIPU PACTSHKEHUH 10 CPABHEHUIO
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C aHaJIOTHMYHOM eTanbio n3 Cranp 45, uto moarBepkaaet 3GpHeKTHBHOCTD MPEATI0KESHHON
METOJMKH U €€ MIPUTOJHOCTD /sl ”HKEHEPHOTO aHaJN3a.

Ha ocHOBe MOJIy4YeHHBIX AAHHBIX JAHO HAyYHO-TIPAKTHUECKOE 000CHOBAaHME 3aMEHBI
Marepuana KpenéxHoix 21eMeHToB ¢ Ctanb 45 Ha Ctanb 451, 4TO MO3BOJISIET MOBBICUTD
HaAEKHOCTb U JIOJITOBEYHOCTD INIMMIEK B KOHCTPYKIUSX, TOJBEPTAIONINXCS] 3HAUUTEIb-
HBIM PacTSATUBAIOIIUM Harpyskam. IIpeniokeHHas MeTouKa MOXET OBITh MCIIOJIb30Ba-
Ha /ISl ONTHMHU3ALUHN KOHCTPYKIUI 1 MaTepHaioB KPEIEKHBIX DIEMEHTOB B Pa3IHUHBIX
WH)XEHEPHBIX CUCTEMaX.
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Pe3ztome

KonTekeT M akTyaabHOCTh. PedrekcuBHBIE TpOIECCH, TO €CTh CIOCOOHOCTH
CHCTEMBI 00lyMBIBaTh CBOM COOCTBEHHBIC ACHCTBHS U COCTOSIHUSL, IaBHO M3Y4alOTCs
B ¢unocopun, NCUXONOTHN W KHOepHETHKe. B COBpEeMEHHBIX HHTEIIEKTYalIbHBIX
CHCTEMaXx IOSBWIIACH NMOTPEOHOCTh B MOJENUPOBAHUN PE(ICKCUH JUISl TTOBBIILICHHS
aIalTHBHOCTH, aBTOHOMHOCTH M 00BSICHUMOCTH UX noBeneHus. Lleasn. Pazpaborars
U UCCIIEZIOBATh KOTHUTUBHYIO apXHTEKTYpPY C SBHOW IOIICPIKKOH peIeKCHBHOTO
MBIIICHHS, paccMaTpuBasi peiekcuio kak 0coOyro 3a1aqy 00paboTKH HHPOPMAIUU
BHYTPH HCKYCCTBEHHOTro uHTellekTa. I'mmore3a. Buenpenme cmos pedrexcun
(METaKOTHUTHUBHOTO KOHTPOJISI) B apXHTEKTYypy HWHTEIUICKTYalbHOH CHCTEMBI
TIO3BOJIHT €if BBISABIATH U KOPPEKTUPOBATH COOCTBEHHBIE OIMMOKHM, aJalTUPOBATHCS
K HCONPEAENEHHOCTY U OOOCHOBBIBATH CBOM PELICHHUS JIydllle 10 CPaBHEHHIO
c cucremoif 6e3 Takoro cios. Metoapl. [loctpoena rubpuaHas KOTHUTHBHAsS
ApXUTEKTypa, BKIIOYAIOIIAsl pEaKTUBHBINH 00bEKTHBIN ypoBeHb (S1) 1 pedaekcuBHbII
YPOBEHB IUTaHUPOBaHUS (S2) ¢ METAKOHTPOJUIEPOM, OIEHHBAIONIINM YBEPEHHOCTD
peleHnii ¥ MOHUTOPHPYIOMIUM pecypchl cucTembl. [IpoBeneHo MomenmpoBaHne
CIIEHApHEB B3aMMOJCHCTBHUS areHTa C BHEIIHEH CPemoi, B KOTOPHIX CPaBHHBAIOCH
MMOBEJICHUE CHCTEMbI C BKIIOYEHHOW W OTKIIOUEHHOW pedrexcueil. Pesyabrarhl.
[oka3aHo, 4TO METAKOHTPOJLIEP 3allycKaeT peIeKCHBHBIIN LIUKII IPU HEJIOCTATOYHOM
YBEPEHHOCTH B peHIeHHH JHO0 HpH OOHApYKEHHM aHOMAJHMH, YTO IPHUBOAUT
K MepecMOTpy Iiejleil U IUIaHOB areHTa. B TecTOBBIX 3ajadax areHT ¢ peduiekcueint
YCIENIHO M30erai JIOBYIIEK M HMCIIPABISLI OIIMOOYHbIC NEHCTBUS, TOIZA Kak areHT
6e3 peduexcun momyckan Gombiie ommbok. BuiBoabl. PeduiexcuBHbIe mporeccs
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MOTYT OBITH 3(Q(PEKTUBHO cHOPMYIHPOBAHBI KaK 3a/aya BHYTPEHHEH 00paboTKH
nHOOpMAlMK B KOTHUTHBHOII cucreme. HMX MOJENMpOBaHHE B apXHUTEKTYpe
HHTEIJUIEKTYaIbHOTO areHTa ITOBBIMIACT HAJEKHOCTh U OOBSICHIMOCTH €r0 paboTEHI,
npuOIKas MOBEICHNE CUCTEMBI K OCO3HAHHOMY M I[eJICHANPaBICHHOMY, YTO
TIOATBEP>KIAET BEIIBUHYTYIO THIIOTE3Y.

Knioueevie cnosa: pedrekCHBHOE MBIIIICHHE, KOTHUTHBHAS —APXHUTEKTYpa,
METAaKOTHUTUBHBIH KOHTPOJIb, WHTEIUICKTYaldbHBIE areHTHI, TyalbHbIE IPOIECCHI,
HCKYCCTBEHHBIH HHTEIICKT
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Modeling reflexive processes as information
processing tasks in intelligent computers

V.R. Gaponov D4, E.V. Lyapuntsova
Bauman Moscow State Technical University, Moscow, Russian Federation
P4 gaponovvr@student.bmstu.ru

Abstract

Context and relevance. Reflexive processes, that is, the ability of a system to reflect
on its own actions and states, have long been studied in philosophy, psychology,
and cybernetics. In modern intelligent systems, there is a need to model reflection
to improve the adaptability, autonomy, and explainability of their behavior.
Objective. To develop and explore a cognitive architecture with explicit support
for reflective thinking, considering reflection as a special information processing
task within artificial intelligence. Hypothesis. The introduction of a reflection layer
(metacognitive control) into the architecture of an intelligent system will allow it
to identify and correct its own errors, adapt to uncertainty, and justify its decisions
better than a system without such a layer. Methods and materials. A hybrid
cognitive architecture was constructed, including a reactive object layer (S1) and
a reflexive planning layer (S2) with a metacontroller that evaluates the confidence
of decisions and monitors system resources. Scenarios of agent interaction with
the external environment were simulated, in which the behavior of the system with
reflection enabled and disabled was compared. Results. It was demonstrated that
the metacontroller initiates a reflexive cycle when uncertainty about a decision is
insufficient or when anomalies are detected, leading to a revision of the agent’s
goals and plans. In test tasks, the reflexive agent successfully avoided pitfalls and
corrected erroncous actions, whereas the non-reflexive agent made more errors.
Conclusions. Reflexive processes can be effectively formulated as an internal
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information processing task in a cognitive system. Modeling them within the
architecture of an intelligent agent increases the reliability and explainability of its
operation, bringing the system’s behavior closer to conscious and goal-oriented,
confirming the proposed hypothesis.

Keywords: reflective thinking, cognitive architecture, metacognitive control,
intelligent agents, dual processes, artificial intelligence

For citation: Gaponov, V.R., Lyapuntsova, E.V. (2026). Modeling reflexive processes as
information processing tasks in intelligent computers. Modelling and Data Analysis, 16(2),
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BBenenune

Baxneiimeir 0COOCHHOCTRIO BBICOKOPA3BUTOTO HMHTEIUICKTA SIBISETCS CIHOCOOHOCTH
K pediexcun. Pedexcnst — 3T0 BayKHEHIINH JIeMEHT KOTHUTHBHOH JIESITEIbHOCTH, UIpa-
IONIMH KITIOYEBYIO POJIb B CAMOOIIGHKE U KOPPEKTHPOBKE COOCTBEHHBIX MBICIUTEIBHBIX
orneparii. OHa MO3BOJISIET CYOBEKTY WIIM CHCTEME CTPOUTH BHYTPEHHIOIO MOJIENIb CaMOTO
ce0st 1 Ha OCHOBE ATOM MOJIENN PEryIUPOBaTh CBOE MOBEICHNUE.

Konremnitust pepIeKCHBHOTO yIpaBieHust 3apoamiach emé B 1960-x romgax. B 1973 romy
JlecbeBp B.A. ompenenmn e€ Kak «CIIOCOOHOCTB BCTATh B MO3UIHIO MCCIIEIOBATENS IO OTHO-
IICHUIO K IPYTOMY «TIEPCOHAXKY», €ro AeHCcTBUAM 1 MBIcIsiM» (Jledesp, 1973). C pazButnem
uaen pedieKCHH 3TOT TePMHUH IMPOHHUKAT B Pa3IMYHBIC 00JACTH YETIOBEUCCKON NIeSTEIHbHO-
CTH, Ha4YMHAsl C TICHXOJOTHH M 3aKaHYMBasi TeOpuel ynpapieHus. B rcuxonorun peduek-
CHsl MHOTOMEpHA U MMEET TPH HAIPABJICHUS U3yYEeHHsI. A IMEHHO TICHXOJIOTHsI pedIercuH,
MBICIIE/ICATEIEHOCTHBIN TTOAXO0J M METOOJIOTHIO PEeIIEKCHH WMHTEJUIEKTYaIbHBIX CHCTEM
(CusukoBa, Bonommna, [Tosemenko, 2016). Anoxun I[1.K. B cBoeli padote «OcobeHHOCTH
addepenTHoro anmapara ycJaoBHOTO peduiekca U UX 3HauCHHUE JUIsl [ICUXOJIOTHN» BBEI Tep-
MHUH aKLENTOp pPe3yJbTaroB JCUCTBHUS — MOJIEIb, MPEACKA3bIBAIONIA PE3YIbTaThl, B BHIE
cetn HelipoHoB. Ecii Kakoi-To BO3OYAUTENH MOMAIAaeT B 3Ty CETh, TO OH MOYKET HAXOIUTHCS
TaM TIPOJOIDKUTEIIFHOE BpeMs, VACPKIBas IIeNb TIOBSCHNUS YenoBeka (AHOXHH, 1955).

o HemaBHero BpeMmeHH HCKyccTBeHHBIH mHTeIuekT (M) doxycuposancs mpeumy-
IIECTBEHHO Ha aJTOPUTMax pEeLIeHHsl BHENIHWX 3ajad (pacrio3HaBaHHE 00Opa3oB, IUIa-
HUpOBaHHE, OOy4YeHHE ¥ Mp.) U ropa3jgo MEHbIIe — Ha BHYTPEHHHX pPe(IIEKCHBHBIX
BO3MOXKHOCTSIX. Kraccuueckne korHUTHBHBIE apxuTekTyphl (Soar, ACT-R, CLARION)
MOJIETUPOBAI MHOKECTBO aCIIEKTOB YEJIOBEYECKOTO ITO3HAHMSA, OTHAKO, KaK MpPaBUIIO,
HE BBIACTSUIN OTAENBHBIA KOHTYDP pediekcruu, KOTOPBIH oTBedan ObI 32 caMOHaOmoneHne
1 TIEpEOIIeHKY COOCTBEHHBIX neiicTBuil (Pasymumkosa, 2023).

B mocnenaue romel yCUIIMBaeTCS MHTEPEC K IMMOCTPOCHHUIO pe(ICKCHBHBIX HHTEIIICK-
TyalbHBIX areHToB. [losBMiMCH paboThI, TAe areHT o0NagaeT BHYTPEHHEH KOTHUTHBHOM
CTPYKTYPOH M MOKET MHTEpIPETHPOBATH COOCTBEHHBIC PEUICHUS Mepe] WX NPUHATHEM
(Lewis, Sarkadi, 2024). Takue cuctembl HaOUpaIOT Bce OOJNBIIYIO MOMYISIPHOCTh U TPH-
MEHSIOTCSI B pa3HbIX cdepax, Hampumep, B oOpazoBanuu (I'amonos, JlsmyHiosa, 2024).
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CTOUT OTMETHUTH, 4TO 3a7a4u 00bsicHUMOCTH VU TpedyroT, uToObI crcTema obnanana ped-
nekcueii. CucremMe BaXHO (pOpMyIHPOBaTh, OYEMy ObLI MPUHSAT TOT WJIM MHOW BapHaHT
peLICHUS], ¥ KaKUEe 3HAHUS [IPU ITOM HCIIOIb30BAIUCH. TakuMm 00pa3om, MpHKIIa(Has 3Ha-
YUMOCTh pe(ICKCUBHBIX MeXaHu3MoB st MM 3axitouaercsi B MOBBIICHUH HAJIS)KHOCTH
U MPO3PauyHOCTH pabOThl aIropuTMOB. Tarke CYIIECTBYIOT MCCIEIOBAHMS, MOKA3bIBAIO-
ue, 4To peIeKCHBHOE MOJICIIMPOBAHIE ar€HTaMU JIPYT JPYra B KOJUIGKTUBHOM cHCTEME
TIOBBIIIAET COMIACOBAHHOCTD OOIIEH MOJIENN CPe/bl 1 HOPM B3aMMOJICHCTBUS, YTO, B CBOIO
odepenp, BeAET K Oonee I3pPEKTUBHOMY COBMECTHOMY PELICHMIO 3a7a4 M aJanTaIiy CH-
CTEeMBI K TUHaMHUYHBIM ycnoBusM (Listopad, Matsoula, Luchko, 2024).

Jlo cuX mop OTCYTCTBYET €IMHBIA MOJAXOJ K peanu3anud peIeKCHBHBIX MPOIECCOB
B KOTHMTHBHOW apXUTEKType HHTEIUICKTYallbHOH CHCTeMbl. B pa3HbIX cHcTeMax HcC-
[OJIB3YIOTCSI Pa3HbIE M METOJbI M 3a OCHOBY O€pyTCsl pasHbIe MATEMAaTHYECKHE MOJICIH
n xomnoHeHTs! (Dong, Franklin, 2014). CrnenoBarenbHo, HEOOXOAMMO TIPEJCTABUTD H 3a-
MIPOrPaMMHPOBATh PEQICKCHIO B HHTEIUICKTYa bHON CHCTEME B BHJE 3a/Jaud 00pabOTKH
UH(OPMALIUK, UHTETPUPOBAHHON B OOIIMII KOTHUTHBHBINA UK paboThl areHTa. Heobxo-
JIMMO OTIPEJICNTNTh, KAKHE KOMITOHEHTHI M aJTOPUTMBI JJOJDKHBI COCTABIISITh TAKOH peduiek-
CHBHBI MOJYJIb U KaK OH JIOJDKEH B3aUMOJCHCTBOBATH C JIPYTUMU MOIYJsiMH. B pamkax
JIAHHOU MPOOJIEMBI MOXKHO BBIJICIUTH HECKOJIBKO KIFOUEBBIX ACIIEKTOB, MPU3HAKH, CUTHA-
JIM3UPYIOIIME O HEOOXOAMMOCTH 3aIycka peIeKCHBHOTO MpoIecca; NpeICTaBIeHUH 3Ha-
HUI 1 Mogienelt st pediiekcuu; B3anMoieiicTBie pedIeKCHBHOTO MOLYJISI C OCTAIbHBIMH
YaCTSIMHA CHCTEMbI. PellieHre 3TUX BOMPOCOB TO3BOJIHUT CHOPMHUPOBATH APXUTEKTYPY WH-
TEIJUIEKTYalIbHOTO areHTa, KOTOpbIi OyaeT 00manarh peuieKCHBHBIME MPOLIECCaMHU.

Lenp HacTOAIIEH PabOTHI — pa3paboTaTh MOIETb MOAYIS IS OAJICPKKH PEPICKCHB-
HBIX MPOIIECCOB, CIIOCOOHYIO0 B3aUMOJICHCTBOBATh BHYTPH areHTa. lIpakTudeckasi 3Hauu-
MOCTh CBSI3aHa C BO3MOKHOCTBIO TIPMMEHEHUS TaKOM apXUTEKTYphI ISl CO3/1aHMs Ooiee
HAJIS)KHBIX aBTOHOMHBIX CHCTEM.

B COOTBETCTBUY C MOCTABICHHOMH LIEIBI0 CHOPMYITHPOBAHA CIIEIYIOIIAs TUIIOTE3a: BKITIO-
YyeHHe PedIeKCHBHOTO KOHTYpa B MHTEIUICKTYAlIbHYIO CHCTEMY YJIYYIINT €€ CIIOCOOHOCTH
K CaMOOILICHKE U KOPPEKINHN JCHCTBHUH, YTO MMOBBICUT 0000IIEHHYT0 3P PEKTHBHOCTH CHCTEMBI.

MarepuaJjbl 1 METOABI

Obwiaa apxumexkmypa. B Xone uccienoBaHus pa3paboTaHa KOTHUTHUBHAS apXUTEK-
Typa nox HazBanueM CogArch, npeaHazHa4eHHAs JUIS MOICIUPOBAHMS PEIICKCHBHOTO
MBIIIUIEHUS. APXUTEKTYpa UMEeT MOIYJIbHYIO OPTaHU3AIMIO U MIPECTAaBIeHa Ha PUCYHKE
1. MOXXHO 3aMETHTb, YTO APXUTEKTypa BKIOYAET CJIEAYIONINE OCHOBHBIE KOMIIOHEHTBI:
TIOZICUCTEMA BOCTIPHATHS, TTAMSTh, OOBEKTHBIN IIUKJI, IIUKJI IUITAHUPOBAHUS, METAKOHTPOJI-
JIep, MOJYJIH OLIEHKH M KOPPEKIMH, MOHUTOP PECYypCOB M reneparop oobsichenuid. [loacu-
cTeMa BOCHIPHATHS 00paldaThIBacT BXOJHBIE JAHHBIC OT BHEIIHEH cpeabl. [lamaTs cocTout
13 JIByX KOMHNOHEHTOB. IlepBblif — pabovast mamsTh, BTOPOH — JOJITOBPEMEHHOE XPaHH-
smie. Paboyast mamsiTh OTBEYaeT 3a XpaHEHHE ONEPATUBHBIX JaHHbBIX, & JOJTOBPEMEHHOE
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XpaHWINIIE — TaMATh (PaKkTOB, MpaBmiI, COOBITHH M ONbITa. TeKylnas KOTHUTHBHAs ap-
XUTEKTypa OCHOBaHa Ha cucteme nyanpHoro MbimuieHust (TAII). Dta Teopust Obuia
copMylIMpoBaHa Ha OCHOBe HccienoBaHuii Yuibsima JDxeiimca u [lanuana Kanemana
U TpeNIoNaraeT, 4YTo CymiecTByeT 2 (popMbl MbBIIUICHHS. A UMEHHO MHTYUTHUBHAs U JIO-
rudeckas (Cumaxus, 2023). OO0BeKkTHBIM UMK NeiicTBuil HanomuHaeT Cuctemy 1 (S1).
OTO MeXaHH3M pPEaKTHBHOTO IOBEJCHUS, HEMOCPEACTBEHHO OTBEYAIOUIMN 3a BBIOOP
1 BBINOJIHEHNE IEUCTBUN B OKpY’KAIOLIEH cpelle Ha OCHOBE TEKYIUX CTUMYJIOB U LIEJEH.
B To Bpems1, Kak UK TIaHUPOBaHUS oTHOCHTCA K Cucteme 2 (S2) u mpeacTaBiseT coboit
MEXaHN3M IUIAHUPOBINUKA TTOBeeHU. OH MOJEIHMPYET pacCyKICHUS «UTO Oy/eT, eCIt. . .»
1 (OpPMHUpYET TOCIEeI0BATEIFHOCT JICHCTBUH ISl JTOCTHM)KEHHS TOCTABJICHHBIX LIEJICH.
MeTakoHTpoJUIEp — KIF0YE€BOW KOMIIOHEHT apXUTEKTYPBI, €r0 TaKKe MOKHO Ha3BaTh ped-
JIEKCUBHBIM ypoBHeM. Ha 3ToM ypoBHe peanusytorcst GyHKIHH peIIEeKCHBHOTO aHaln3a
U BMemarenscTBa B pabory ypoBHel S1-S2. Mopynu OIEHKH M KOPPEKLHH SIBISIOTCS
BCIIOMOTaTeIbHBIMU KOMIIOHEHTAaMH, CBSI3aHHBIMH C METAaKOHTpoJIepoM. MOHHUTOp pecyp-
COB HEOOXOJUM JJIsl TOrO, 4TOOBI OTCIICKUBATH COCTOSIHHE BHYTPEHHUX PECYPCOB CHCTeE-
Mbl. biarogapsi 3ToMy MOJYIIIO MOYKHO PEryJIHpPOBaTh HArPY3Ky BCEil apXUTEKTYPhI, YTOOBI
HE CIPOBOLUPOBATH OOJIBIIOE MOTPEOIEHHE PECYPCOB M3-3a BBINOIHAEMBIX BBIYHCICHUI.
I'ereparop 0OBSICHEHUI — 3TO MOAYIH, (POPMHUPYIOMIHNA OOBICHEHNUS MOTHBOB H PE3YIbTa-
TOB pabOTHI HA OCHOBE JIAHHBIX, IPEIOCTABIAEMBIX METAKOHTPOIIIEPOM U TAMSTHIO.
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HoBu3Hy apXxuTekType MPUHOCHUT METaKOHTPOJUIEp, KOTOPbIM pacmornaraercst Haj Sl
1 S2 ¥ CIEINT, U yIpaBisieT uX paboToi. Ero MOXHO CpaBHUTH C «TPETHHM YPOBHEMY B TEp-
muHojoruu A. CiiomMaHa. 9To ypOBEHb, OTCIIECKUBAIOIINN COCTOSIHAE BCEH CUCTEMBI U CIIO-
COOHBII MTepPEeHACTPANBATH JIPYTUC CIIOU TS YITyUIICHHs 001ero pesyibTrara (Sloman, 1994).

Dyukyuu memaxkonmponnepa. MeTakoHTPOIIEp HENPEPBIBHO NoiydaeT MH(opma-
LIMIO O BBIMOJHEHMS TEKYIIETO IUIaHa U O COCTOSIHUU Cpeibl Yyepe3 pabouyio maMath. Kax-
JIBIH pa3, Korga 0ObeKTHBIM UK S mpezyaraeT HeKOTopoe JeiiCTBUE Uil HEMEIIIEHHOTO
BBITNOJIHEHHSI, METAKOHTPOJUIEp 3aIllyckKaeT MpOoLexypy OLEHKH A3Toro aeicTBus. OueH-
Ka BKJIIOYAET BBIUMCIICHHE CTENEHH YBEPEHHOCTH B MPAaBMUIBHOCTH JAHHOTO ACHUCTBHS
U TIPOBEPKY psina ycioBuid. Hampnumep, coOTBETCTBHE NEHCTBHS JOITOCPOYHBIM LEIISIM,
OTCYTCTBHE KOH(IMKTA C paHee IOJIydYeHHBbIMH (haKTaMH M 3HAHUSIMH, @ TaK)Ke aHaJlu3
BHYTPEHHHX OTPaHWYCHUH. B 9acTHOCTH, METAaKOHTPOJIIEP 3alpaIllnBacT JaHHBIE Y MOHU-
TOpa PECypCcoOB U BBIACHSET, HE HAXOIUTCS JIN CHCTEMA B KpUTHYECKOM cocTostHun. Ha oc-
HOBAHUU ITHUX JAHHBIX METAKOHTPOJUIEP MPUHUMAET PEILIEHUEe — BBINOJIHATh JelcTBUE
HeMeJIeHHO Ha ypoBHE S1 niu nepeiitu k pedekcuBHol (aze o6padboTku (ypoBeHb S2).
dopmanbHO BBOAMUTCS MOPOT yBepeHHOCTH T: ecim noBepue K KaHauaary Hwxke T, Toraa
ycranaBiuBaetcs ¢uar need S2 = True. Dtor urar o3Ha4aeT 0 HEOOXOAUMOCTH CUCTEMBI
oOparuThes Ha ypoBeHb S2. MHaue, npu yCIOBUH, YTO C JISHCTBHEM BCE B OPS/IKE CUCTE-
Ma IpoJoJDKaeT padbory B peskuMe S1. B skcnepuMmenrax, yka3aHHbIX B padote, mopor T
BbIOUpacs paBHbM 0.7 (110 mikane ot 0 10 1) Mo yMOIYaHHIO, @ CTaTyC PECYPCOB CUUTAII-
CSl KPUTHYECKUM TIPH MMAJICHUHN ONpPEAeTIEHHBIX MoKa3aTenei Hike 10%.

Korma merakoHTpomiep BeIsBIsieT HeoOxoauMocTh peduekcun (need S2 = True), oH
WHHULMHUPYET IPOLEAYpPY BMEIIaTelbCcTBAa B OOBEKTHBIA UK. B pabouyio mamsth 3aHoO-
CUTCSl METKa O TOM, YTO HAYMHAETCS METAKOTHUTHBHOE BMEINIATENILCTBO, YTOOBI IpyrHe
MOZYJIH 3HAJIM O CMEHE peknMa. Jlanee MeTaKoHTPOJUIEp U3BJIECKACT U3 MAMSTH TEKYIIyIO
nenb. C 3ToM 1enbl0 METAaKOHTPOJIIEp aKTUBUPYET LUKII MIaHupoBaHust S2. OH nepenaér
1[eNTb B MOAYJb MJIAHWPOBAHUS, MOTy4as Ha BBIXOAC MPEAIONKEHHBIN TUIAH ICHCTBUN Iyt
e€ JOCTIKEHUs. 3aTeM CTeHEPHUPOBAHHBIN IUIaH OTHPABISAETCS B MOIYJb NPOTHO3HPOBA-
HUS TOCIEACTBUM, Iie CUMYIUPYETCSl BBINOJHEHHE IUIaHA U MPEICKa3bIBAlOTCSI BO3MOXK-
HBIE pe3ysbTarhl U mo0ouHbIe 3 GekThl. [TonyyrB MPOrHo3, METAKOHTPOJIEP 3a/ieiiCTBYET
MOAYJIb KoppeKuun. [1an cpaBHUBAETCS C IPOTHO30M, H, €CIIM BBISIBIICHBI HEKEIaTeIIbHbIC
WM IPOTUBOPEUUBBIE MOCIEICTBYS, B IUIaH BHOCATCS KOPPEKTUBBI. ITOrOBBIA CKOppEK-
TUPOBaHHBIN TJIAaH BHOBb COXpaHsieTcsl B pabouyro mamsrth kak s2_ plan adjusted, Bmecte
C MCXOZIHBIM IUIAHOM M NPOTHO30M. Jlanee ympaBlieHHE BO3BpAILACTCS HA YPOBEHb S2.
CKOppEKTUPOBAHHBIN MJIaH Nnepeaaércss UCIOIHUTEIbHOMY MOYIIIO IUTAHUPOBAHUS, KOTO-
PBIi HAYMHAET TOIIArOBOE €ro BBHIMOJIHEHHUE (IIPH 3TOM CaM METaKOHTPOJUIEP MPOAOIKAET
MOHHUTOPHHT). TakuM 00pa3oM, 1Mocie BMEIaTeIbCTBA CHCTEMA JICHCTBYET yXKe He Hampsi-
MYIO PEaKTHBHO, a 10 00J1ee OCMBICICHHON CTpaTeruy.

Ba)XHO OTMETHTB, YTO METAKOHTPOJIIEP HE MOIAMCHSCT COO0H OCHOBHON MEXaHHM3M IPH-
HATHS PEIICHNH, a BHICTYIAeT B POJIM CTPAXOBOYHOTO MPOIIECCA, 3aITyCKAIOIIETOCS TOIBKO
B 0COOBIX City4asix. B 00bIYHOI cuTyaliy, KOrjia peakTHBHBIN BBIOOP AEHCTBUS JJ0CTATOYHO
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YBEpCH U OmpaBaaH, S| JEHCTBYeT CaMOCTOSTEIBHO (3TO obecreurnBacT 3PPEKTUBHOCTH
U CKOPOCTH PAabOThI cUcTeMBl). JINIIb KOrIa CUTyalus HeCTaHAapTHa, THO0 cUucTeMa He yBe-
peHa, 1100 BO3HHKIIA OTTACHOCTH OMIHOKK — BKiIF09aeTcs S2. Takoif moaxo COOTBETCTBYET
NPUHIMITY Pa3yMHOW JO0CTaTtouHOCTH. Peduiekcust TpedyeT 3arpar pecypcoB, HOATOMY OHa
JIOJDKHA paboTaTh BEIOOPOYHO, TaM, IJie HYXKHA, BO N30eKaHHe M3JIHMIIHEH Harpy3KH Ha CH-
cremy. [100OHBIII IPHHLNIT M3BECTEH M B KOTHUTHBHOW IICHXOJIOTHH: YEJIOBEK HE aHAJIN3H-
pyeT DIyOOKO KaXK10¢ PyTUHHOE JCHCTBHE, HO TIPH HEOKUIAHHOCTSIX BKIIOYACT PE(ICKCHIO
n kputnueckoe Mpinuienne (Haroes, Haroesa, [Tienokosa, 2017).

IIpeocmasnenue 3nanuii ona pegaexcuu. Ytodbl METAKOHTPOJLIEP MOT OICHUBATH
YBEPEHHOCTh U aHAJIM3UPOBATH IUIAHBI, QPXUTEKTYpa OCHAIIICHA COOTBETCTBYIOIIMMH MO-
JIeITISIMH TIpeZICTaBICHNs 3HaHUH. B paOoueii mamsaTi XpaHuTcs Habop aTpuOyTOB TEKYIIETro
COCTOSIHUS areHTa: IIeJb, TEKYIIUH IJIaH, KOHTEKCTHBIE TIEPEMEHHBIE, NCTOPHS HEABHUX
nevictBuii. Kpome Toro, 1o xoay paboThl B SMTU30AMYECKYIO MAMSTh 3aHOCSTCS KITIOUEBBIC
SMM30/Ibl, TAKUE KaK, CUTYaIHs, IIPUHATOE PELICHHE U NCXOJ. DTH SMN30/IbI HCIIOJIB3YIOTCS
JUIsl OOydCHHUS Ha OTbITE. METaKOHTPOJIIEP MOKET B OyAyIlleM YUUTHIBATh, HE TIOBTOPSIET-
Csl JIM TIOXOXKasi CHTYallMs, B KOTOPOU MPOIILIOE PELICHUE OKa3aJIoCh HEYJauHbIM. YBEpEeH-
HOCTb PEIICHUS BBIYMCISETCS (DYHKIMEH Ha OCHOBE HECKOJIBKHX (PAKTOPOB: KOJIHMYECTBO
QJIBTEPHATUBHBIX BapHaHTOB JECHCTBHS, paccMaTpHUBaBIIMXCS Ha Sl, CTENEHb CXOACTBA
TEKyIIEel CUTyalluy ¢ TEMH, YTO Y>KE€ YCIIEIIHO PELIAINCh, SBPUCTUIECKAs OL[CHKA OT IO[-
CHCTeMBI BOCIpusiTHs. B paMkax umccienoBanusi Obula MCHOJIB30BaHA MIPOCTasi arperupo-
BaHHasi MeTpuKa yBepeHHOCTH 0 < C < 1, uHTEpHpeTHpys €€ KaK BEpPOSATHOCTb TOTO, YTO
BEIOpaHHOE JeiicTBre PUBEAET K yerexy. [lopor T = 0.7 o3Ha4aeT, 94To €ci MaHe ycrexa
Hiwke 70%, TO Jydlle neperuiaHupoBarh. Pazymeercs, 3Ty (QYHKIHIO MOXHO YCJIOXKHSIThH
B 3aBUCHMOCTH OT 3aJiad.

Anzopumm padomer cucmemst. OOWUI LUK (YHKIMOHUPOBAHHS APXUTEKTYPbI

CogArch MOXXHO NpecTaBUTh B BUAE CIECIYIONINX IaroB:

1. AreHt momy4aer HOBYI0 HH(OPMAILMIO U3 BHEIIHEH cpesbl. /laHHbIe TOCTYNAOT B ITOA-
CHCTEMY BOCTIPHATHS U OOHOBIIIOT pabodyro MaMsTh.

2. OO6wekTHbIN Uk (S1) reHepupyeT AeiicTBHE Ha OCHOBE TEKYIETO COCTOSIHUS U LENH.

3. MerTakoHTpoOJUIEp OLEHUBACT IPEUIOKEHHOE JCHCTBUE, BHIYUCIIISI MEPY YBEPEHHOCTH
C u mpoBepsist OTpaHUICHUS.

4. Ecrm C > T u HapymieHuii He oOHapy>KeHO, ACHCTBHE BBINOIHICTCA HEMEAJICHHO
Ha ypoBHe S1.

5. Ecmu C < T mubo BeIsSBIEHBI TpoOeMbl (ycTaHaBiuBaeTes ¢uar need S2 = 1), 3amy-
cKaeTcs pedIeKCHBHBIN UK Ha ypoBHE S2. MeTakoHTpOIUIep moMedaeT B pabodeit
HaMsITH Nepexo]] B pe(IEKCUBHBIN PEKUM M U3BJIEKAET TEKYIIYIO LeJIb, [T0CIIE Yero Ie-
penaér e€ B IUTaHNUPOBIIKK S2 /ISt HOCTPOCHUS HOBOTO IIJIaHa.

6. TlocTpoeHHBIi mIaH P mpoXoanuT 3Tar MPOrHO3UPOBAHNUS MTOCIEACTBUI: BEIUHCIISIOTCS
nokazatenu pucka R(P) u monesnoctu U(P). Monyib KOppEeKIIMH aHATU3UPYET TPO-
THO3 ¥ TIPH HEOOXOANMOCTH M3MEHSIET IJIaH, (OPMHUPYsI CKOPPEKTHPOBAHHBIN BapHaHT
P’, xoTopsIit coxpaHseTcs B pabodeii mamsITH.
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7. Wcnomnurens S2 MONIATOBO BBIMOIHAET YTBEPKAEHHBIH CKOPPEKTUPOBAHHLII M1aH P’
B TO BPEMsI KaK METaKOHTPOJUIEP NMapaeIbHO IPOAOHKACT MOHUTOPUHT BBITOTHEHUS.

8. Tlo 3aBepiieHNH IMKIIA CHCTEMa BO3BPAIIACTCS B OOBIYHBIA PEXUM U OXKHIACT CIIECIy-
tomero HabmoneHus. [Iporecc nosropsiercs ¢ mara 1 st HOBOrO BXOJHOTO CHTHAA.

Ixcnepumenmanvhvle cyenapuu. Jas NpoBepku pabOThI apXUTEKTYpbl ObLIM CMO-
JICTTMPOBAaHbl YCIIOBHBIC CLIEHAPHHU, OTPAKAIOUINE THINYHBIC CUTYyalWH, TIe pedrexcus
MOTEHIMANIBHO TTosie3Ha. OCHOBHOM ClieHapuii — 3ajia4a n30eranusi yrposbl. ATEHT Iie-
pemeniaercs B Cpeie C MPENATCTBUAMH U JOJDKEH JOCTHYB LIENH, TPU 3TOM B HEKOTOPHIN
MOMEHT Ha €ro ITyTH BO3HUKAcT OOBEKT, PACMO3HABAEMBII CEHCOPAMH KaK MMOTCHIIHAIb-
Hasi ONacHOCTb. PeakTuBHBIN cioif S1 B Takol cuTyanuu cpa3y reHepupyeT JieiicTBue Tumna
«oboiiTn yrposy. 910 neiicTBue pannoHanbHO. Ho B crieHapuii Oblta 3a105KeHa TOTIOTHH-
TEJIBHYIO CJIOKHOCTB. J|aT4MKM areHTa MOTYT OMIMOOYHO TPAKTOBATH OE30IacHBI 0OBEKT
Kak yrposy, 1100 Ha000poT, yrpo3y kak Oe30omacHblil 00beKT. Takxe y areHTa MOXeT OBITh
aNbTepHATUBHAS €N, HapuMep, cobpars nHpopMmannio 06 odbekre. Takum o0Opaszom,
ONTUMaJbHAsI CTPATETHsI MOXKET pa3inyarbcs. B OnHMX ciydasx yrydine AeHCTBUTEIBHO
YHTH ¢ TyTH, @ B IPyTUX — CTOMT CHayasla YTOYHUTh MH(POPMAIINIO, YTOOBI HE TPATUTh
pecypcsl Ha 00X0/1 WITH HE YITyCTUTD BasKHBIH OOBEKT, OIIMOOYHO MPHUHSATHIN 32 YTPpo3y.

Bbu1o mpoBeneHO CpaBHEHHE JIBYX BAapHaHTOB apXWUTEKTYPbI: C BKIIOYEHHBIM ped-
JIEKCUBHBIM CJI0€M M 0e3 Hero (yMpoIi€HHAas apXUTEKTypa, II€ METAKOHTPOJUIEp BCEraa
aBTOMaTH4YeCKH of00psier pemenust S1, He 3amyckas S2). O6a BapHaHTa MHOTOKpPAaTHO
MIPOTOHSJINCH B CLIEHAPUH C PA3HBIMU UCXOIHBIMHU yCIOBUAMHU. [y BoCcipou3BeIeHUS He-
ONPEeAEeIEHHOCTH BBOAWINCH Cily4ailHble BapHaluud. BeposTHOCTH JIOKHOM TPEBOTM CEH-
copoB (~20%), crerneHb ONAaCHOCTH YIPO3bl (BBICOKAs/HU3KAs), HAJIWYHE OTPAaHWYCHUH
II0 BPEMCHM Ha BBIMOJIHEHHE 3aJaudl M T.0. B KakJI0M TecTe (HUKCHPOBAINCH TaKUE TO-
KazaTenu, KakK, JIOCTUT JIM areHT KOHEYHOH IenH (yCIeX/HeyCIeX ), CKOJIbKO IIaroB 3aHsuI0
peleHne 3a1a4u, ObUTH JIM COBEPILICHBI 3aBEJIOMO JIMIIHKE JCHCTBUS (HarmpuMmep, 00Xox
HECYILECTBYIOUIEH OMACHOCTH), CKOJIBKO pa3 areHT NEPEXOIHI B PEKUM PEPICKCHH.

PesyabTarhl

OKcnepriMeHT ObT HampaBieH HA OIEHKY BIHAHUSA DPE(IEKCHBHOTO METaKOHTPOI-
nepa Ha 3(QEKTUBHOCTh PaOOTHI KOTHUTHBHOW apxXuTeKTypbl. OCHOBHAs LieJIb COCTOsUIa
B KOJIMYECTBEHHOM COIIOCTaBJICHHH IMOBEACHUS arcHTa B PeXMMe Oe3 MeTaKOHTpoJuIepa
U C METAaKOHTPOJUIEPOM. 3aa4aMH SKCIEepPUMEHTa ObUIM M3MEPEHHE TOYHOCTU JOCTHIKE-
HUSI [TOCTABJICHHOM LIEJIN B KaXJIOM PEKHME, OIPEAEICHHE POIOIKUTEIILHOCTH JITU30/10B
1 4acTOTy BMELIATeNIbCTBA METAKOHTPOJUIEPa, a TAKKe CPAaBHEHHE YPOBHS JIOXKHBIX Cpa-
OaThIBAHMH TIPH HAJMYUM U OTCYTCTBHU peduiekcuu. Takum o0OpasoM, IO pesyibraram
9KCIIEPUMEHTa MOXKHO ITPOBEPUTH TUIIOTE3Y, YTO J0OABIECHHE CII0s1 pEDIIEKCHH YITyUIlIUT Ha-
JIe)KHOCTb U aJIalITHBHOCTD IIPUHATHS PEIICHUH areHTOM 3a cu4éT MOHHTOPHHIa COOCTBEH-
HOTO COCTOSIHUSI M IlepecMOTpa Ij1aHa npu HeodxonumoctH (Ackerman, Thompson, 2017).

Pexcumobl pabomur cucmemsi. B pexxume S1 (6e3 MmeTakoHTposuIepa) cucremMa (pyHKIH-
OHUPYET UCKIIFOYUTENILHO HA YPOBHE 00OBEKTHOTO LIUKIIA. AJITOPUTM PaOOThI B 3TOM Cliydae
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CBOJIUTCS K TOMY, YTO Ha OCHOBAaHUH TEKYILETO BOCIIPUSITHS CHCTEMa BBIOMpPAET MpsMoe
nevictBue. Ecnu B paGoueii nmamsiti oOHapy)keH NpU3HAK yrpo3bl, TO S1 HEMEeJIeHHO Te-
HEpHUpYeT JACHCTBHE JUIS YKJIOHEHUS OT yrpo3bl. [Ipu OTCYTCTBHM yrpo3bl B BOCTIPHATHH
0a30BBIif IIUKJT HE BUIUT CICIMATIBHBIX YCIOBUH IS IEHCTBUS U BO3BpAIIAeT Oe3/1eHCTBIE
Hukakoil 1OMOJHUTEIBHON OLIEHKH, JHUOO IUIAHUPOBAHMS HE MPOM3BOAMTCA. PerieHue
MIPUHUMAETCs1 OBICTPO, 32 OJMH IIar, OTpaXkasl peakTHBHOE roseaeHue. [loayueHHoe aei-
CTBHE MOXXHO TPAaKTOBATh KaK BBHIMOJHEHHOE MTHOBEHHOE. Tak Kak B KOJIE OTCYTCTBYET
OTAENBHBIA MOIYJb UCTIONHEHUS Ui S1, MO3TOMY cuMTaeTcsl, 4To BBIOpaHHOE JieiicTBUE
S1 HemocpeacTBEHHO 3aBepIIaeT dMU30/I.

B pexnme S1+S2 (¢ MeTakOHTPOJIEPOM) K OITUCAHHOMY BBIIIE 0OBEKTHOMY LIUKITY J10-
OaBisieTcs ypoBeHb peduiekcuu. [Tocie momydyenus kanauaara aeicrsus ot S1 3amyckaer-
Csl METaKOHTpOJUIep. MeTaKOHTPOJUIEP BBIYHMCISIET KOJMYECTBEHHYIO MEPY YBEPEHHOCTH
C TIOMOIIBIO YTUINTHI. [T 1efCTBUS YKIOHEHHUS IO MIPUYIUHE YTPO3bl YBEPEHHOCTD OIle-
HUBaeTcst HU3KO (<0.45). DTOT HU3KUI YPOBEHHb YBEPEHHOCTH CIYXKUT CUTHAJIOM O TIOTEH-
LUaJIbHOM HeonpeeIEHHOCTH WK OMacHOCTH omMOKK. Ecnu paccunTanHast yBepeHHOCTb
HIDKE 3aJIaHHOTO Topora (B paMKax sKcrepuMeHToB — 0.7), METaKOHTpOJUIEp MPUHUMAET
pemenue, yto TpeOyercst akTuBalMs ypoBHs S2. Jlajgee MpOUCXOAUT BMEIIATEIbCTBO, Me-
TAaKOHTPOJIJIEP HHULUHUPYET MPOLECC TIEPECMOTPA IIETH U TUIAHA TOCPEACTBOM.

B xoze BMemarenscTBa cucreMa GpakTHUECKH TEPEXOHUT K BBIOJIHEHHUIO Pe(IeKCUB-
HOTO 1MKJIa. B paMkax 3Toro nukia METakoHTPOJLIEp M3BIEKAET TEKYILIYIO Lelb U3 pado-
Yyel MmamMsTH U C OMOIIBIO TUIAHUPOBIIKKa S2 (GopMHUpyeT HOBBIN IIaH ISl JOCTHKEHHS
neny. [I1aHupoBIIMK BBIAET Pa3BEPHYTHIN IUIAH JICHCTBHUH: CKAaHWPOBAHUE OKPY>KCHUS,
BEIOOp 0E301TaCHOTO HAIPaBJICHUS W JBIDKEHHE B Oe30macHyro 30HY. [laHHBIA 4epHOBHK
IUTaHA 3aT€M OLIEHMBAETCS MOAYJEM MPOTHO3UPOBAHUS MOCIEACTBUN. [ 3TOrO BHIYHMC-
JIIIOTCSL CyMMAapHBIH PUCK U TOJIE3HOCTh KaXJIOTO IIara. B 3aBUCHUMOCTH OT HONTy4€HHO-
TO MPOTHO3a CHCTEMa OmpeselsieT AajbHeimue marn. Moxyinb KOppeKLIuH aHaJIM3HpyeT
MIPOTHO3, ¥ €CIIM PHUCK MpeBbImaeT mopor (0.5 Mo yMoI4aHHIO), TO MOAY/Ib YAAIHUI ObI ca-
MBI ONTACHBIN 3Tall MJIaHa, HHAYE IUIAaH OTMEUAeTCsl KaK yIadHbIH U 0H00psIETCsl MOoyJIeM
KOppeKunu. MeTakOHTPOJIep COXpaHsIeT CTeHEPHPOBAHHBIN IIJIaH M CKOPPEKTUPOBAHHEBIE
apredakTsl (IPOrHO3, CTaTyC) B paboveil mamsITH JUIs UCIIOJHEHHS Ha YpoBHE S2.

[ocne ompeneneHnst IIaHA MCHONHUTENb S2 TOIIATOBO BBIMTONHSET yTBEP)KIEHHBIN
IUIAH Yepe3 M0CIEA0BaATENbHOCTh KOMaH/l. B Xozie BeINoNHEeHNs cCHavasia CKaHUPYETCsl OKpPY-
JKeHHe, 3aTeM BhIOMpaeTcsi Oe30macHoe HarmpapiieHHe. BoiOpaHHOe HampaBiIeHUE COXpaHs-
eTcs B IMaMATh U Jlajiee UCIOIb3yeTCsl Ha ATale JBIKCHUS B 0e30MacHyI0 30HY, I7le CHCTeMa
JIeJIaeT Iar B yKa3aHHOM HarpaBiieHHH. [lociie BBIMOJHEHUs! BCeX IIAroB (GpopMHpYyeTcs
oT4€T 00 yCIHEUIHOM BBINTOJHEHHUN IUIAHA, TAKKE 3aHOCHUMBINA B Pab0Uylo MaMsTh. DMN301
3aBEPINACTCS 3aIMCHI0 B AMU30MYECKYI0 MAMATh COCTOSHMS BCEX KOMIIOHEHTOB. Takum
00pazom, B pe(hICKCHBHOM PEXHUME arcHT JeHCTBYeT MEIIIEHHEE, COBEPILAsi JOMOIHUTEb-
HBIH LMKJI OLEHKHM W IJIAHMPOBAHUS, HO TOTEHIMAIBHO M30€raeT IMOCHENIHbIX OIIMOOK
3a cuér camonpoBepku. Kak ormeuan /I. Kaneman, mojoOHast apXxuTeKTypa Mo3BOJISIET 00-
HApPYXKUBATh U HCIIPABIATH OMIMOKH OBICTpOro HHTYUTHBHOTO ypoBHs (Kahneman, 2011).

Ilogeoenue azenma 6 kaxcoom pexcume. bes pednexcun (S1) cuctema IPoOIEMOHCTPH-
poBajia CTPOrO PEeaKkTHBHOE MOBEICHUE. B 3mm3omax, rjae reHepUpoBajCs CUTHAN YTPO3BI,
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CHCTEMa HEMEJICHHO BBITIOJHIIA IPOCTOE YIPEKIarolee IeUCTBUE YKIOHEHHUS Oe3 A0TI0-
HUTEJIBHBIX TIPOBEPOK. DTO MPUBOIUT K OYEHB OBICTPOMY pearupoBaHHIO, OHAKO TaKOH MO~
XOJI HE YYUTHIBACT KOHTEKCT M MOXKET OBITh M30BITOUHBIM, €CITH CUTHAI OKa3aJICs JIOKHBIM.
Cucrema daktnuecku aedicrBoBana kak Cucrema | B TepMHUHaX AyajbHOH MOJENW MBIII-
nerns (Cumakug, 2023). B curyanmsax 0e3 yrpossl moBeaeHne S1 TpUBHAIBHO — CHCTEMa
OesnetictBoBana. Takum 00Opa3oM, pexuM 0e3 METaKOHTPOJUIEpa XapaKTepHU30BajCs MHHU-
MaJIbHBIM BPEMEHEM TIPHUHSTHUSI PEIICHUSI, HO ¥ OTCYTCTBUEM KaKUX-THO0 KOPPEKTHPOBOK.

C pednexcueit (S1+S2) moBemeHue cUCTEMBI cTalo Ooyiee CIOXKHBIM M aJlalTHB-
HeIM. [Ipy mosiBIeHWU Yrpo3bl 0a30BBIM MUK TaKKe WHUIMHUPOBAI JCHCTBUE YKIIOHE-
HUsI, HO OJnarojapsi METaKOHTPOJUIEPY CHUCTEMa He BBITMONHsIIA €r0 CJIETo, a Mepexoania
B PSXUM TIEPEIIAHNPOBAHMS. DTO BBIPA3MIIOCh B TOM, YTO OHA 3aJepiKHBajia HEMOCpeI-
CTBCHHOC HCITOJTHCHHE YKIIOHEHUS ¥ CHadaIa BBITIONHSIIA TOTOTHUTEIbHBIC KOTHUTHBHEIC
orepanuu. B pesyibrare 9THX m1aroB cucremMa (hakTHYeCKH MOATBEpIKAaia HalTMIUe yrpo-
3BI M BEISICHSAJIA ONTUMANBHBINA cI0c00 yKiIoHeHUS. CTOUT OTMETUTh, YTO METAaKOHTPOJLIEP
JIEHCTBOBAI KaK «BHYTPEHHHUH TOJIOC» CHCTEMBI, IEPEOCMBICITHBAONINI MPUHATOE pellre-
HUE Iepe/l BHITOJIHEHHEM. Takoe MOBe/IEHHE COOTBETCTBYET MPHHIUIAM METaKOTHHTHB-
HOTO KOHTPOJIA, IIPH KOTOPOM CHCTEMa aHAJIM3HUPYeT COOCTBEHHBIN MPOIECC MBIIUICHUS
U 1pu HeoOXomuMocTH BHOcUT m3MeHeHus (Ackerman, Thompson, 2017). Crour orme-
THUTb, YTO CUCTEMa C BKJIIOYEHHOH peduiekcueil neMoHcTpupoBai noseneHne CucreMsr 2
n3 Teopun ayansHOro MeimuteHus (Kahneman, 2011). bonee memnenHoe, 3aTpatHoe 10 pe-
cypcaM, HO OCO3HAHHOE ¥ YYHTBIBAIOIICE HEOPEAeIEHHOCTh 00CcTaHOBKH. Takoe mosee-
HUE 3HAYUTEJILHO TIOBBICHIIO d(P(EKTHBHOCTh B CHEHAPUSX, TJIE MPOCTasl PEeaKiys Mora
0Ka3aThCs He ONTHUMATIBHON MM OIIHO0YHON.

Konuuecmeennuvie pezynsmamal. J{71s1 KOTMUECTBEHHON OIIEHKN OBUTH COOpaHbBI CTAaTH-
CTHKH IO IBYM CEPHSIM IKCIICPUMEHTOB. J{JI1 OCHOBHBIX METPHK OBLIH BEIOPAHBI TOYHOCTH
(moryst yCICIIHBIX 3MU30/I0B), CPEAHSS JJIUHA SMU30a U YKCIO BMEIIATEIHCTB MCTAKOH-
Tpoiiepa. DNH30] CYUTAJICS YCIEUIHBIM, €CIH CHCTeMa IPaBIIBHO JOCTHrana IenH.
JmHa smu304a M3MepsIach YHCIOM IIaroB KOTHUTHBHOTO IMKIIA. BMmemarenbcTBO y4u-
THIBAJIOCH, €CJIM METAKOHTPOJUIEP aKTUBUPOBAJ MEPECMOTP TUIaHA.

Tabmuma / Table

CpaBHenue nokasareJieii 3¢ppeKTHBHOCTH KOTHUTHBHOM
APXUTEKTYPHI B PeKUMAX ¢ METAKOHTPOLIepoM U 0e3 Hero

Comparison of the performance indicators
of the cognitive structure in modes with and without a metacontroller

Metpuxka S1 (0e3 pedrexcun) | S1+S2 (c pedurexcueii)
1. Jlonst yCTITTHBIX 3MU30/10B, % 85% 96%
2. CpenHss AMHA 5MU307a (1I1aroB) 1.0 2.0
3. CpenHee 4HCIO BMEIIATEIBCTB HA SITU301 0 0.5
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B tabnuiie HybKe pecTaBiIeHbl CPeIHHE TI0Ka3aTelH, MOJIyYeHHbIE B pexkuMe 0e3 peduiek-
cuu 1 ¢ pedurekcneii 3a ceputo n3 100 smm30710B, 13 KoTophix S0 6611H ¢ yrpo30it u 50 — 6e3:

Cpennsiss NpONODKUTENBHOCTh 2MU304a B pexkume S1+S2 yBenuumnack HpUMEPHO
BBOE TIO cpaBHEHUIO ¢ S1. DTO 0XKMIAEMO, MOCKOIBKY METAKOHTPOIb T00ABISIET CTaINIO
TUTAHWPOBAHUS M BBHIITOJTHEHNMS IUTaHa. TeM He MeHee yBEeIWIeHHE JUTHHBI SIIM30/]0B OKa3a-
JI0Ch yMepeHHBIM. [loydyeHHbIe 3HaueHNUS! OATBEPIKAAI0T TE3UC, YTO NPUBJICYCHHE MOIYJIS
C OIICHKOH JIefiCTBUI MOBBIIIACT KAUYECTBO PEIICHUHN IIEHON OOJIBIIET0 BpeMEHH 00paOOTKH.

KomnyecTBo BMemarenbcTB METAKOHTpOIIEpa B cpegHeM cocTaBuio ~0.5 Ha 3mu-
30/1, YTO COOTBETCTBYET YaCTOTE cpadaThIBaHUI B MOJIOBUHE CIIy4aeB, KOTOPBIE BKIFOYAIIH
B ce0s yrposy. B pexxume S1, ectecTBeHHO, BMemarenseTB He Ob110. Takum o0pazom, Me-
TAKOHTPOJUIEP aKTHBHPOBAJICS CTPOTO 110 HEOOXOJMMOCTH M HE BBI3BIBAJI JINIIHEH Harpys3-
KM, HE BMEIIIUBASCH B AMN30/IbI O3 YTPO3BI.

Konmponwvnovie 3kcnepumenmst 6e3 yzpo3vl. B KOHTPOJIBHOW CepUU IKCIIEPHUMEHTOB,
T7Ie BO BCEX 3MM30/aX OTCYTCTBOBAJA peabHas yTpo3a, MPOBEPSIACh CIIOCOOHOCTh CHCTE-
MBI U30eraTh JIOKHBIX peakIuid. Pe3ynbraTsl MoaTBEpIHIN KOPPEKTHOCTh paboThl 00enX
KOH(pUTYpaluii B HOPMAJIbHBIX YCIOBHUSIX, OTHAKO BRIBIIIN PA3IMUUS B OTACIBHBIX CITyda-
sx. B pexxume S1 cuctema B OOJBITMHCTBE MTH30]0B IPOCTO Oe3aeticTBoBama. OHAKO 3TO
u TpebOoBaIOCh, TaK KaK yrpo3bl OTCYTCTBOBaJIM. HO CTOMT OTMETHTB, YTO UMEIH MECTO
HECKOJIBKO JIOKHBIX TPEBOT. DTH JIOKHBIE CpabaThIBAaHUS OO0YCIIOBICHBI TEM, YTO 0a30BBIi
ikt S1 He ocymIecTBIsieT BTOPUYHON NPOBepKU. Takas CHUTyalusi MOJCIHPYET JIOXKHO-
MOJIOKUTENbHBIE CUTHAIBI AaT4ukoB. Pexkum S1+S2, HampoTuB, 3a Bech KOHTPOJIBHBII
TIPOTOH HE COBEPIIMI HU OJHOM M30BITOYHON peakmuu. B Tex smm3omax, TAe MCXOTHBIC
JIaHHBIC OUIMOOYHO yKa3bIBAJIM Ha Yrpo3y, Y arcHTa BO3HHMKAJIO COMHEHHE, W BKIIIOYa-
cst pedUICKCUBHBIN IUKI. B pe3ynbraTe MOMOJHUTEIBHOTO aHaIW3a IJIaH YKIOHEHUS MOT
OBITH CKOPPEKTHPOBAH MJIM OTBEPTHYT, IPEIOTBPAINAs BHITIOIHEHUE JIeHcTBHS. Takum 00-
pas3oMm, B IIPUCYTCTBUM METAKOHTPOJIJIEPA areHT MoKa3ajl HyJIeBO ypOBEHb JIOKHBIX Tpe-
BOT B YHCTO 0€30MacHOM 00CTaHOBKE. DTO BaXKHBIN MOKA3aTENb, AEMOHCTPHUPYIOUIHA, YTO
nob6asieHne peuiekcun He MPUBOANT K HEOPABIAHHBIM PEAKIHIM TaM, I7I€ OHH HE HYX-
HbI, & HAITPOTUB MMOBLIIIACT I/I36I/IpaTeJ'II)HOCTI) CHCTEMBI. BKCHepHMeHTbI MOATBEPAUIIN, YTO
METaKOHTPOJHpYyeMasi ApXUTEKTypa BeAET cest KOPPEKTHO U 3(Pp(PEeKTHBHO B YCIOBHSIX OT-
CYTCTBUSI BHEIIHEH OMACHOCTH, HE TepsieT OUTENEHOCTH U HE CO3JaeT JIMIIHNX ACHCTBUIA.

OO0cy:xkaeHne pe3y1bTaTOB

Hecmotpst Ha TO, YTO ISl MCCICAOBAHHS WCIIONB30BAICS IPOTOTUII KOTHHTHBHON
ApXUTEKTYPBI, YK€ PEalTn30BAHHBIH YPOBEHb METAKOTHUTUBHOTO KOHTPOIS HaéT Cylie-
CTBCHHOC YIIY4IICHHE Ka4eCTB MHTEIUICKTYaJIbHOW CHCTEMBI, YTO MOATBEPIKACHO IKCIIe-
PHMEHTAIBHO. A HMEHHO, THIIOTE3a O MOJIC3HOCTH PE(IIEKCHBHOTO CIIOSI TOATBEPAMIACE.
Pednexcus, chopmynupoBaHHas kak ocobas MH(pOpPMAIMOHHAs 3ajiadya BHYTPU CHCTe-
MBI, JEHCTBUTENBHO MOBBINIACT e¢ 3(PPEKTUBHOCTH U YCTONYMBOCTH. DTO MOATBEPIKIA-
eT TEOPETHYECKUE CBEJCHHS U Pe3yJbTaThl paHee M3BECTHBIX Moneneld. Hampumep, emé
A. CnoMaH yKa3bIBaj, 4TO PE(IICKCHBHBIA CIOW MO3BOJSIET CHCTEME MEepeHACTpauBaTh
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CBOM KOTHHTHBHBIE MEXaHU3MBI JUIs yimyulieHus padotsl (Sloman, 1994), yto MBI 1 Ha-
Omromanu. Takke pe3ynbTaTsl SKCIEPHUMEHTA MOATBEPKIAIOT JaHHBIC, KOTOPHIE yKa3aHBI
B pabote Jlenckoro B.E., uto peduiekcust cBs3aHa ¢ 3a7a4aMu YIIPABICHUS M IPUHSATHUS pe-
IeHuH B clokHBIX cucTeMax (Lepskiy, 2021)

Hacrosimast pabota HaXOQUTCsl Ha CTHIKE KOTHUTUBHOTO MOZIEIMPOBAHUS, HCKYCCTBEH-
HOT'O MHTEJUIEKTa, ICUXOJIOTUH TIO3HAHUS U TEOPUU CUCTEMHOro aHanu3a. [IpeanoxenHas
apXHUTEKTypa OCHOBAaHA Ha KIIACCHYECKUX KOTHUTHUBHBIX CHCTEMaX, HO B TO )K€ BPEMs Jie-
naet OOJIBLIMH YIIOp Ha YHHUBEPCAIBHOCTH PEQICKCUBHOTO KOHTYPA.

Crnemyer cpaBHUTH pe3ylbTaT ¢ wHccienoBaHusMH HosukoBa n  Uxapruimsnim
M0 peICKCHBHOMY YIPAaBJICHHIO. B MX MareMaTn4ecKHX MOACSIX pediekcHs paccma-
TPUBAETCS KaK BIOXKEHHBII IPOLIECC MOAETMPOBAHUS JPYroro areHTa, u oka3aHo, 4To oll-
THMAaJIbHOE YIPaBICHHE MOKET TpeboBaTh KOHEUHOTro uncia maroB peduexcun (Novikov,
Chkhartishvili, 2014). B npoTtoTnne KOrHUTHBHON apXUTEKTypbl BMECTO BHEIIHETO OIl-
MIOHEHTA BBICTYNAET BHYTPEHHMI OINMOHEHT B JIMIE COOCTBEHHOW BO3MOMKHOH OILIMOKH.
[Topor yBepeHHOCTH ITPOTOTHIIA MOYXKHO HHTEPIIPETHPOBATH KaK KPUTEPUH, HY)KHA JIH ped-
JIEKCUBHAsI HaJICTPOKa HaJ TEKYIIIMM HYJECBBIM ypOBHEM. TeM caMbIM, apXUTEKTypa MO/~
KPETIIAET BBIBOJL O TOM, YTO PE(IIEKCHIO TIOJIE3HO IPUMEHSTh BBIOOPOYHO M ONTUMAJIBHO.

Takxe croutb ormeruth padory ['M. Mapkosoii u C.U. bapresa, koTopsle Mojelu-
poBamm pedeKkcHio B HeHpoceTeBBIX cucTeMax. OHM TPaKTYIOT pedIekchio Kak Halndre
y areHTa BHyTpEHHEH penpe3eHTalluy BHEITHETO MUpa, BIUsIoIel Ha noBeaenue (Mapko-
Ba, bapues, 2025). Eciu ToBOPHUTE O pernpe3eHTallny BHEITHETO MUPA B MIPOTOTHUIIE, OITH-
CaHHOM B TEKyIIel cTaTbe, TO pabodast M CeMaHTHUECKas MaMATh OTBEYAIOT 3a 3T0. OHAKO
JIONIOJIHUTEIIEHO BBOAWTCSI PENpe3eHTalusi COOCTBEHHBIX JEHCTBHUIL, YTO COOTBETCTBYET
Oonee y3kOMy MOHHUMAHHIO PEQIIEKCHH, TAaKOMy KaK MBIIIJICHHE O CBOEM MBIIIICHHH.
WntepecHo, uro Mapkosa n bapueB nmokasanu cnocoOHOCTh Jake MPOCTBIX PEKyppEHT-
HBIX HEHMPOHHBIX CETeH pemaTh 3a7adu, TpeOyrolre BHYTPEHHETO OTOOpPaKeHUSI CTUMY-
Ja, ¥ OOHApYXWIKM y HUX Ooraryio BHyTpeHHIOK nuHamuKky (MapkoBa, bapues, 2025).
IMonxon B CogArch ne HelpoceTeBoid, a anropurmMudeckuii. Harpumep, BHyTpeHHSIS TU-
HaMHKa CHCTEMBI 000TAINAETCs 3a CUET JOMOIHUTENBHOTO LUK, U 3TO 000TallleHHe IpH-
HOCHUT NOJIB3y. TakuM 00pazoM, TeKyIlee HCCIIE0BaHuUE IONOIHSIET COBPEMEHHBIE Pa0OTBhI,
MIOATBEPKIAsT, YTO PEIICKCHI0 MOXKHO MOJIETUPOBATh Pa3lTNIHBIMA METOJIaMH, U BO BCEX
cllydyasix HaOJIONAIOTCsl HOBBIE KauecTBa MHTEIUICKTYaJIbHOW CHCTEMBbI, HE NPUCYIIHE He-
PpedIEKCUBHBIM MOJIEIISIM.

Kak yxe ynomMmuHamIoCh, TeKyIlas peann3anus orpaHMYeHa OJHUM yYPOBHEM METaKOT-
HUIMHU. YeoBeK crocoOeH K peKypcUBHOM peduiekcuu, B To Bpemst kak CogArch — Her.
MeTaKoHTpOJUIEp CUCTEMBI CaM HE aHAJIM3UpYeTCs HUYeM Bble. J[aHHyo paboTy MOXKHO
YIIyUIINTh MYTEM BBEJCHHUS BTOPOTO MOPs/IKA pe(IeKCHH. DTO MOIIIO ObI ONTHMU3UPOBATH
TIOPOT ¥ CTpaTeTuy pedieKchu B Xoae o0yueHns. MonenpoBaHne TOro, Kak CHCTEMa cama
YUHUTCSl O'PAHUYMBATH IIYOUHY peIIEKCHUH TAKXKe SIBISIETCS] BAYKHBIM BOIPOCOM ISl AJTh-
HEHUIINX UCCIETOBAHUU.

Emé onno HampapieHne I NaTbHEHIINX MCCIETOBAaHUN — pacuIMpeHue (QyHKIHA
pedrekcuBHOTO cinos. B TekyIiei Mosiesin OH BBINOJHSAET B OCHOBHOM KOPPEKTHPYIOIIYIO
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¢yunxmio. Ho peduexcus y mrozeit vMeeT 1 TBOPUECKYI0, KOHCTPYKTHBHYIO CTOPOHY. JTO
O3HAYaeT TeHEPHPOBAHNE HOBBIX WACH, IIOCTAHOBKY HOBBIX II€JICH, IEPEOCMBICICHHE CH-
Tyaluu Ha Ooyiee BBICOKOM ypoBHE aOcTpakmud. [loka 9To METaKOHTpOJUIEp HE MEHSET
camy 1enb. MOXKHO HayduTh CHCTEMY B ONPEAEIEHHBIX CIydasx MepecMaTphBaTh IIeTH.
Harnpumep, 1pu HEIOCTHKUMOCTH TEKYILEH 1IeH TIEPEKIIoYaThCs Ha APYTyIo Wik Gopmy-
JUPOBATh HOBYIO TUIIOTE3Y. J[71s1 3TOTO MOTpedyeTcs 6oee CI0KHOE MPEICTaBICHNE MOTH-
BaIIMOHHOM c(hepbl BHYTPH apXUTEKTYPBI.

CTOMT YNOMSIHYTh O TOTCHIIMAIBLHOH BO3MOXKHOCTH CaMOOOyudeHHUs! pequieKCHBHOTO
ciosi. B mpoBeieHHBIX SKCIIEpUMEHTAaX TTapaMeTpbl METaKOHTPOJLIEpa ObUIN 33/IaHHBIC BPYY-
Hyto. Ho Meranporiecc Mor Obl alanTHpoBaThCsl, HAIIPUMEP, €CJIM CUCTEMA BUJIUT, YTO 4acTO
3pst yXOAUT B peIeKCHIO, OHA MOIJIa ObI CHU3UTh YyBCTBUTEILHOCTD, I HA00OPOT yBEIH-
4uTh ee. Takoil MexaHu3M clienan Obl apXUTEKTYpy el Oosiee aBTOHOMHOM 1 3D PEKTHBHOIA.

3akjaro4yeHue

B xone wuccnenoBanus paspaboTaHa M 3KCHEPHUMEHTAJIBHO MPOBEPEHA KOTHUTHBHAS
ApXUTEKTYpa C MOJJIEPKKOH peIEeKCHBHOTO MBILIUICHHUS, TPAKTYEMbIX KaK 3a7adu o0pa-
60TkM MH(OpPMAIMK B MHTEIUIEKTYaJIbHOM cucTeMe. B apXnTekTypy BBEAEHBI CIICIHAb-
HBI METaKOTHUTHBHBIM YPOBEHb, B BHJIE METAKOHTPOJUIEPA, BBHIMOIHSIOMETO (QyHKIUH
MOHHUTOPHHI'A YBEPEHHOCTH, OLIEHKH PECYPCOB M BMEIIATEILCTBA B PabOTy 0a30BBIX KOT'-
HUTHBHBIX Momynei. [IpeasiokeHHass apXWTEKTypa HMpPOJAEMOHCTPHPOBANIA YIydIICHHbIC
TI0Ka3aTeNy HaJACKHOCTH U aJaNTHBHOCTH areHTa B CPABHEHHWU C aHAJIOTHYHON apXHTEK-
Typoii 6e3 pepICKCHBHOTO CIIOI.

B pamkax paboThI 1OKa3aHO MPUHIMIHAIGHOE YITyUIICHHE paOOThl HHTEIIICKTYaIbHOM
CHCTEMBI TIPH HAJIMINH pedurekcuBHOTO KOHTYpa. Ha MozesibHOM 3a1aue areHT ¢ pediekcu-
€i oCTUrall 1eJM 3aMETHO Yallle ¥ COBEpINaJl MEHbIIE OMMOOK, CBA3aHHBIX C HEONpe/e-
TIEHHOCTBIO M IITYMOM, YeM areHT 0e3 pedIeKcu. ITo HIKCTIEPUMEHTATbHOE TIONTBEPIKICHIE
TIOJIE3HOCTH BHEAPEHUSI MIPOLIECCOB CAMOKOHTPOIIS M caMokoppekunu B M.

Pa3paborana obmas METOZOIOTHS HHTETPAU pedIeKCHN B KOTHUTUBHYIO apXUTEK-
Typy. PednexcuBHbIe nporeccs! (hOpMaln30BaHbl U€PE3 MEXAHU3M METAKOHTPOJLIEPA, ITO
CIlyHT 0a301 AJIs1 KOHCTPYHUPOBAHHS APYTHX WHTEIEKTYalbHBIX CHCTEM C HOIOOHBIMU
cBoiicTBamu. [IpeacTaBieHHBINA MOAXOA MOXET OBITh NMEPEHECEH B Pa3IMyUHbIC TPEIMET-
HBIE 0051acTH, T7Ie TpebyeTcs OataHc MEXAY PEaKTHBHOCTHIO M BAYMUYHBBIM aHATH30M.

[IponeMOHCTpUpOBaHa PEATUCTUYHOCTh HMMHUTAIMA METAKOTHUTHUBHBIX (DYHKITHIA.
ApXHTEKTypa CHOCOOHA BBIIOJIHATH 0a30Bble KOMIIOHEHTHI YEJOBEYECKOW pedIIeKCHH.
Hampumep, oOHapyxeHHe HEYBEpEHHOCTH, MPHUOCTAHOBKY JEHCTBHS, aHAIU3 COOCTBEH-
HOM NaMsATHU U 3HAHUH, [IEPEIUIAHUPOBAHNE U BBIHECEHUE YPOKOB U3 OIbITA. TeM camMbIM
clesaH 1mar K oosiee yenoekononodHomy MU, obnanaroniemMy 3a4aTkaMi CaMOCO3HAHHMS
B (D)YHKIIMOHAILHOM IUIaHE.

BblzenieHbpl OrpaHu4eHus] TEKyLIed pealn3alid W HalpaBlICHUs JalbHEUIINX HC-
cienoBanuii. [lepexox K MHOTOypoBHEBOM peduiekCHM, YCIOKHEHHE MOjeiel yBe-
PEHHOCTH, BKJIIOYEHHE SMOIIMOHAJIBHBIX M MOTHBAIIMOHHBIX ACIEKTOB, caMOoOydeHUe
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METaKOHTpOJIs. PeleHne 3TUX 3a7a4 B OyAyIIMX TPyAaxX MO3BOJIUT CO3/AaTh emié Oolee
COBEPILIEHHBIE KOTHUTHUBHBIE CUCTEMBI.

Takum 00pa3oM, IeNIb UCCIICAOBaHMS TOCTUTHYTA. [IpemiokeHa 1 000CHOBaHA CTPYK-
Typa WHTEIJUICKTYAIBHOW CHCTEMBI, B KOTOPOH PE(ICKCHBHBIC MPOIECCHI YCIEITHO CMO-
JETUPOBAHbl KaK 9acTh WH(OPMAIMOHHOTO OOMEHa. Pesymbrarhl paboTHI BHOCSAT BKIIAT
B pa3BUTUE KOIHUTHUBHBIX APXUTEKTYP M METAKOTHUTHBHBIX CHCTEM, MOAKPEIUISIS HIECIO
0 TOM, YTO CIIOCOOHOCTH AyMaTh O COOCTBEHHOM MBIIUICHIH MOXET M JIOIDKHA OBITH BO-
IUIOMICHA B MAIIMHAX JUIS MIPHOIIDKEHHS X K YEJIOBEYECKOMY YPOBHIO THOKOCTH U TIOHU-
Manus. [Ipogormkaromuiicss mporpecc B 9TOW 00JaCTH HAXOAWTCS Ha MEpeceueHUH UaeH
KI/I6epHeTI/IKI/I PONLIOTr0 M BBI3OBOB HACTOAIICTO, WM MOJTYUYCHHBIC HAMHU JAaHHBIC CIIy>KaT
00BEAMHEHHUIO TUX HAMPABJICHUN HA HOBON TEXHOJOTHYECKON OCHOBE.

Orpannyvennsi. /{751 9KCIIEPUMEHTOB HMCIIOIB30BAJICS MPOTOTHUI, KOTOPBIH oOiamaer
0a30BBIMH HaBbIKAMU PEQICKCHH.

Limitations. A prototype with basic reflection skills was used for the experiments.
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CoBpeMeHHbIE OAX0AbI K HHKJIK3UBHOMY
o0pa3oBaHuIO: afanTanusa (popM NnpeacTaBIeHUs
yueOHOr0 MaTepuaJia TUCHMILINH MATEMATHYECKOT0
U KOMIIbIOTEPHOT0 IUKJIOB VISl CTYJI€HTOB
C HAPYIIEHUSAMH 3PEeHUsI

B.B. Coxogos, B.b. Cugoposa,

E.b. UepBen-Boaaau, C.H. Autunosa <

MocKkoBCKHI TOCYTapCTBEHHBIN IICUXO0JI0TO-TIeAarornyeckuii yansepcuret (MITIITY)
Mockaa, Poccuiickas ®eneparnust
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Pe3zrome

B crarbe paccmarpuBaeTcs poiib HU(PPOBBIX TEXHOJIOT Ui B 00eCIICYSHUH JOCTYITHOCTH
00pa3oBaTeIbHOrO KOHTEHTA JUIS CTYISHTOB C DIyOOKUMH HapyLICHHSIMH
3peHust B Iporecce OOy4eHHsl JIMCLMIUIMHAM MaTeMaTHYeCKOW M KOMIIBIOTEPHOM
HarpaBjieHHOCTH. Oco00e BHUMaHUe yIelseTCst aHaIn3y COBPEMEHHBIX aCCUCTHBHBIX
TEXHOJIOTUH, MPUMEHSIEMbIX B BBICHICH MIKONE Ui 00ydeHus cTyaeHToB ¢ OB3.
OmnuceiBaeTcss pa3paboTaHHBI Ha (akynsreTe HHOOPMALUOHHBIX TEXHOJIOTHH
MPOrPaMMHBIA KOMIUIEKC JUIS IIOATOTOBKH YYeOHBIX MaTepualioB B peibedHO-
TOYCYHOW ¥ ayAualbHOW (OpMax, MOCTYIHBIX sl HE3PSYUX OOYUArOIIHXCS.
B crarbe OTpakeHbl HHHOBAIIMOHHBIE HATIPABICHHS HCIIOIb30BAHMS HCKYCCTBEHHOTO
HMHTEJUIEKTA JUTS CIOBECHOTO OMHUCAaHUs Tpaduaeckux 0ObeKTOB (TpadMKOB (QYHKIIHA,
O70K-CXeM W Jp.), HaBUTallMd B JJICKTPOHHOM Y4eOHOM KOHTEHTE, a TaKKe
B ITOJIFOTOBKE OPHUIHMHAJI-MaKeTOB TAKTHJIBbHBIX M300pakeHuid. B crarbe mokasano,
YTO YCHEUIHOCTh MPUMEHEHHs HHKIIO3MBHBIX (opM 00pa3oBaHUs ISl CTYACHTOB
C FJ'Iy60](I/IMI/I HapyLHeHPlﬂMH 3pECHUA O6eCl’le’~ll/IBaeTCﬂ B TOM YHMCJIC PAa3BUTHEM TAKUX
HaNpaBJICHUH, Kak: TEXHHYECKOe OCHAIleHHe Yy4YeOHOro Ipolecca CpeacTBaMH
ACCHCTHBHBIX TEXHOJIOTHIl; anmanTtauus (GopM IpeJcTaBieHHs 00pa30BaTeIbLHOTO
KOHTEHTA; Pa3BUTHE COOTBETCTBYIOIINX COBPEMEHHBIX IT€IarOrMYECKHUX MOIXOIO0B.

Knroueevie cnosa: o0pa3oBaTeNbHBI NPOLECC, HMHKIIO3MBHOE 00pa3oBaHUE,
1U(POBBIC TEXHOIOTHH

© Coxonos B.B., Cunoposa B.b., Uepsen-Bonanu E.b., Autunosa C.H., 2026
CC BY-NC

197



Coxortos, B.B., Custoposa, B.B., Sokolov, V.V, Sidorova, V.B.,
Yepsen-Bonanm, E.b., Aarunosa, C.H. (2026) Cherven-Vodali, E.B., Antipova, S.N. (2026)
CoBpeMeHHBIe MOIXOIbI K VIHKITIO3MBHOMY 00pa30BaHMIO: ... Modern approaches to inclusive education: ...
Mopermmpoanue v aHayms JaHHbIx, 2026, 16(2), 197 —209. Modelling and Data Analysis, 2026, 16(2), 197 —209.

198

Jas murupoBanus: Coxonos, B.B., Cunoposa, B.b., Uepsen-Bomanu, E.b., AnTumosa,
C.H. (2026). CoBpeMeHHBIE TOOXOABI K WHKIIO3MBHOMY OOpa30BaHUIO: amanTtamus (popm
MIPe/ICTaBICHUs] y4eOHOTO MaTrepHana JUCIHUIUIMH MAaTeMaTH4eCKOTO U KOMIIBIOTEPHOIO
LUKJIOB Ul CTYACHTOB C HApYIICHUAMU 3peHus. Mooeruposanue u ananus oannuix, 16(2),
197—209. https://doi.org/10.17759/mda.2026160211

Modern approaches to inclusive education:
adaptation of forms of presentation of educational
material in the disciplines of mathematical
and computer cycles for students
with visual impairments

V.V. Sokolov, V.B. Sidorova, E.B. Cherven-Vodali, S.N. Antipova D<
Moscow State University of Psychology and Education, Moscow, Russian Federation
< antipovasn@mgppu.ru

Abstract

The article examines the role of digital technologies in ensuring the accessibility
of educational content for students with severe visual impairments in the learning
process of mathematical and computer disciplines. Special attention is paid to the
analysis of modern assistive technologies used in higher education for teaching
students with disabilities. The paper describes a software package developed
at the Faculty of Information Technology for the preparation of educational materials
in relief-point and auditory forms accessible to blind students. The article reflects
innovative directions of using artificial intelligence for the verbal description
of graphic objects (graphs of functions, flowcharts, etc.), navigation in electronic
educational content, as well as in the preparation of original layouts of tactile
images. The article shows that the success of using inclusive forms of education
for students with severe visual impairments is ensured, among other things, by the
development of such areas as: technical equipment of the educational process with
assistive technologies; adaptation of forms of presentation of educational content;
development of appropriate modern pedagogical approaches.

Keywords: educational process, inclusive education, digital technologies

For citation: Sokolov, V.V., Sidorova, V.B., Cherven-Vodali, E.B., Antipova, S.N.
(2026). Modern approaches to inclusive education: adaptation of educational material
presentation formats for mathematical and computer science disciplines for students with
visual impairments. Modelling and Data Analysis, 16(2), 197—209. (In Russ.). https://doi.
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BBenenune

Hudposas Tpancopmanmst oOpazoBaHus mepecTana ObITh BpEMEHHOW MEpOi U cTaja
HEOThEMJIEMOM YacThI0 COBPEMEHHOTr0 yueOHoro npouecca. O4HOE NPUCYTCTBHE B ayiu-
TOPHHU CErofiHsl — JIMILb OJMH M3 MHO)KeCcTBa (DOPMAaTOB MOJNyueHHUsI 3HaHUH. BHenpenue
LU(POBBIX TEXHOJIOTUH M TUOPUIAHBIX (OPMAToB OOYUYEHHsI OTKPBHUIO HOBBIE TOPH30HTHI
JUISL TIEpCOHAIM3AMKM 00pa30oBaHMsl, CAENIaB €ro JOCTYIHBIM BHE 3aBHCHMOCTH OT Me-
CTa IPOXKMBAHMS, 3aHATOCTH MM COCTOSHHS 310pOoBbs. OCOOYyI0 3HAUMMOCTb 3TH H3Me-
HEHUsI MIPHOOPETAOT IS JIIONeH ¢ OrpaHHYeHHBIMH BO3MOXKHOCTSAMHE 310poBbs (OB3).
Jlnst CTyAEHTOB C HApYIICHUSIMH 3PEHHS TPaMOTHO BBICTPOEHHAsS LU(POBasi cpesia — 3TO
HE IMPOCTO aJIbTEPHATHBA, & 3a4acCTyI0 €JMHCTBEHHbIH MOIHOLICHHBII KaHAJ MOIyYeHUS NH-
(bopmaruu, MO3BOJISIONIMN HUBEIMPOBATH OIPAHUYCHUS M 00€CIIeYHBAIOIINI PaBHBIH J10-
cryn k 3HanusM (Ilegep, 2021).

B crarbe paccMOTpeHBl HEKOTOPBIE TEXHOJIOTHUH, UCIIOIb3yeMble B O0OYUYEHUH CTY/IEH-
TOB C HapYIICHUSMH 3peHNs Ha (haKysbTeTe HH(POPMALIMOHHBIX TEXHOIOT U1, BKIIO4asl CO-
BPEMEHHBIE aCCHCTUBHBIE TEXHOJIOTUH U BOBMO)KHOCTH NCKYCCTBEHHOTO HHTEJIICKTA.

Brenpenne nmupoBEIX TEXHOJIOTHH B 00pa30BaTENBHBIN MPOIECC — OMHO U3 MPHO-
PHUTETHBIX HAINIPAaBICHUN Pa3BUTHS COBPEMEHHOW cucTeMbl oOpasoBanus (Kapabembckas,
2017). W3-3a BBeACHMSI peKUMa CaMOM3OJISIIMN BCE OTH MPOIECCHl 3aMETHO YCKOPUITUCH.
Jliist cucTeMbl MHKIIFO3UBHOTO 00pa30BaHusl 3TOT MEPUOJ ChIrpall ABOSIKYIO poiib. C 0JHOI
CTOPOHBI, OH OOHaXXMJI CUCTEMHBIE ITPOOJIEMbI: OTCYTCTBUE JIOCTYITHOI HH(PPACTPYKTYPBI,
TICHXOJIOTHYECKYI0 M TEXHUYECKYI0 HErOTOBHOCTbH IperojaBareiiedl K padoTe co CTy/eH-
TaMH, HYXXJAIOIIUMHCS B aCCUCTUBHBIX TEXHOJIOTHSX, a TaKkKe LU(PPOBOEC HEPaBEHCTBO
cpenu caMux cTyneHToB. C Ipyroi CTOPOHBI, BEIHYK/ICHHBIN MIEPEXO B OHJIAWH 3aCTaBUII
WCKaTh KOHKPETHBIE PELIEHHsI, KOTOPBIE BIIOCIEICTBUH O(OPMIIINCH B CTPOHHYIO METOO-
noruto (Yepsen-Bonamu u np., 2022).

ITomoaHUTH CBOM 3HAHUSI, Y3HATh YTO-TO HOBOE MOXKHO B JIFOOOE BPeMsI U B JII0OOM Me-
CT€, €CJIM €CTh JIOCTYII K KAaKOMY-JINOO AIIEKTPOHHOMY YCTPOMCTBY C BBIXOJIOM B MHTEPHET.
Kaxkiplil y4acTHUK COBPEMEHHOTO 00pa30BaTeIbHOTO Mpoliecca BIOUpaeT jist ce0st Hau-
Oosee ynoOHbIe, IIOHATHBIE U IPOYKTUBHBIE TeXHOI0rnH ([leHuckuna, 2012).

st obecniedeHust TOCTYITHOCTH M KadecTBa 00pa3oBaHMs OOJBIIOE 3HAYCHUE MMEET
IIPUMEHEHHE NHPOPMAIMOHHBIX U KOMMYHHUKAIIMOHHBIX TexHoMoruid (Mertomuueckue pe-
koMmeHmaruu, 2014).

Korza MBI TOBOpHM O ANCTAHIIMOHHOM WM THOPUIHOM OOy4EHHHU AJISI HE3PSIUETO CTY-
JICHTa, MBI IMEEM B BUJly HE IIPOCTO BUICOKOH(PEPEHIIHIO, @ CIIOKHYIO CHCTEMY, B KOTOPOH
KOMIIBIOTEp CTAHOBHTCS €ro IazaMu. JTO 00eCreunBaeTCsi KOMIUIEKCOM HPOrpaMMHBIX
U armnaparHbIX CPeJICTB, KOTOPHIE B CIIELUAIbHON JINTEpaType KIacCU(YUIMPYIOTCS KaK ac-
CUCTUBHBIE TEXHOJIOI'MH, TAKHE KaK:

o KomneHncaropHas ¢yHkuusi. Mcronap3oBaHne acCCHCTHBHBIX TEXHOJOTHH B KauecTBe
BCIIOMOTATENIBHBIX YCTPOMCTB MO3BOJISIET YYAIUMCS ¢ OCOOBIMU NOTPEOHOCTSIMU TIPH-
HUMaTh AaKTMBHOE y4yacTHe B y4eOHOM Iporecce M KOMMYyHHKaruu. Jis He3psunx
CTYAEHTOB 3TO, MPEXJE BCEro, MPOrpaMMbl HEBH3YaJIbHOTO IOCTyNa K MH(MOpPMAIUN
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(Screen Reader), mpeoOpa3syroiue BU3yalbHYI0 HHPOPMAITUIO B PEUb MM TaKTHIILHBIN
mpudr bpais. Hanboee momyssipHbIME CpeICTBaMK JIOCTyNa K MH(OpMaIiK B orle-
paunonHoii cucteme Windows ocratorcss ¢BOOOIHO pacmpocTpaHseMasl mporpaMma
NVDA (NonVisual Desktop Access) u kommepueckuii npoecCHOHaIbHBIN TPOLYKT
JAWS (Job Access With Speech), a Tarxke axpanubIit momonauk Orca miss OC cemeii-
crBa Linux. [lns cna®oOBHISIIMX CTYAEHTOB MCIOJIB3YIOTCSI IPOrPAMMBI SKPAHHOTO
yBenuyeHus, Takue kak MAGic wim ZoomText, KoTopble MO3BOJSIOT YBEJIUYUBATD,

N3MEHSTH [IBETOBYIO MAINTPY, @ TAKXKE YIydIIaTh BU3YaJIbHYIO TOCTYITHOCTh HH(pOpMa-

MM MHOTHIMH JIPYTUMH CIIOCOOAMH.

e Jlnpakrnueckas QyHkuus. MH(bOpMalMOHHBIE W KOMMYHHKAIIMOHHBIC TEXHOJIOTHH
CTAHOBSITCSI MHCTPYMEHTOM, MEHSIOIIUM METO/MKY IpernojaBaHus. Vcrnoib3oBaHue
crieranbHbeIX (opmaros (LaTeX ¢ BO3MOXKHOCTBIO 03BYYMBAHUS, TAKTHIIbHAS rpadu-
Ka, CTPYKTYpHUPOBaHHbIE ayJOMaTEPHAIIbl) O3BOJISIET MUHIMHU3HPOBATh PA3PhIB B BOC-
MIPUSITHN MaTepHaa M1y 3pSUUMH U HE3PSIYUMHU CTYICHTAMH U JIeaeT BO3MOYKHBIM
MIPUMEHEHNE COBPEMEHHBIX T1E€1arOTHYECKUX IIPHEMOB, HAITPABICHHBIX Ha YIy4dIICHUC
B3aUMOJICHCTBUS YUAIIMXCSI MEKy COOOU M C IPEHOAaBaTCIIIMHU.

e KommyHnkaruHas GyHKIHs. TeXHOIOTHHU CITyKaT IMOCPEJHUKOM B OOIIEHHH, obece-
41Basi 0OPATHYIO CBSA3b M B3aUMOJIEHCTBUE B yIEOHOM IPyIIIE U C TIPETIOJaBaTeIeM Ue-
pe3 1oCTyIHbIe HHTEP(EHCHI.

OCHOBHBIE THITBI CPEACTB HH(OPMAIIMOHHBIX M KOMMYHHKAIIHOHHBIX TEXHOJIOTHH,
BKJIIOYAIOT: CTaH/IAPTHbIC TEXHOJOIMU C HAaCTpauBaeMbIM MHTep(eiicoM (onepannoHHbIe
cHCTeMBI ¢ (DYHKIMSMH CIIEHHAIbHBIX BO3MOXKHOCTEH); albTepHAaTHBHBIE (JOPMAThI JIaH-
ueiX: goctynusiiit HTML, DAISY, MathML, taktuinbHas rpaduka; acCUCTUBHBIC TEXHOJIO-
T'MH: IporpaMMbl HeBu3yasibHoro foctyna (JAWS, NVDA, Orca, VoiceOver), OpaiineBckue
(TaKTUIIBHBIC) AUCIUIEH, TPOTPaMMEI SKpaHHOTO yBenmdeHust (Coxonos u ap., 2023).

JUis kax 101 KaTeropuu Mojb30BaTesel, HCTIBITHIBAIOINUX TPYJHOCTH B IIPOLECCe KOM-
MYHHUKaIUH, JTOJDKHBI OBITH MO00PaHbI U aJal THPOBAHbI CIICHAILHbBIC BCIIOMOTaTeIIbHbIC
YCTPOICTBA U IPOrpaMMHOE 00eCIIeueHuUE.

[MapannensHO coxpaHsieT CBOE 3HaUCHNE TaKTHIbHOE yTeHue — mpuT bpaitna. Oxna-
KO, €CIIM U3/IaHUE Xy[J0KECTBEHHOH IUTeparypsl mpudToM bpaiins — yke KoloccaabHBII
TPYA, TO Ne4yarh y4eOHUKOB 110 BBICIIEH MareMaTHKe ¢ UX oOmiueM Gopmyin U rpaduKoB
TpebyeT emé Oonmpmux 3arpar (Hypkaea m ap., 2017). [ToaToMy B COBpeMEHHBIX yCIIO-
BHUSIX OCHOBHOM aKLIEHT JIeJaeTCsl Ha ay/JIMaJIbHOM BOCIIPHSTUH MH(POPMAIIMU B COUETAHUH
C TaKTWJIBHBIM JUT Haubojee CIokHBIX cTpykTyp (Edwards, 2011).

W3zy4yenue MareMaTHki U MHGOPMATUKHU TPAJUIIMOHHO OMHPAETCS Ha BU3YaJIbHOE BOC-
npusiTHe. 3psiUMid YeNloBEK BHIAUT (POPMYITy LIEIMKOM, KaK KapTHUHKY: JUIMHHBIN KOPEHb,
BHYTPH Jpo0b, CBEPXy MHJIEKC, CHH3Y mpenen. He3psuuil cTyleHT CHBIMMT MOCIe 0Ba-
TEJILHOCTh CHMBOJIOB, U YTOOBI 9Ta MOCJIE0BATEILHOCTD CIIOXKHJIIACh B TOJIOBE B ITPABUIIb-
HBIH 00pa3, OHa 0JDKHA OBITh MJICAIbHO CTPYKTYPHUpPOBaHA. AKTYaJIbHBIM HHCTPYMEHTOM
JUlsl pelieHus 9Tou 3agauu ocraéres cucrtema LaTeX.

LaTeX — s3b1k pazmeTk, co3aanHblii JlonansaoMm Kuytom u paszsutseiii Jlecnn Jlam-
IIOPTOM, KOTOPBIH MO3BOJISIET ONHUCHIBATH CTPYKTYpPY MAOKYMEHTa M MaTeMaTH4eCKHX
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dbopmyn nuHEHHO, ¢ moMoInel0 koma. Hampumep, xon \frac{x}{y} 3amaér mpoOb. Dto
CBOMCTBO — JMHEHHOCTH NPEJICTABICHUS — OKa3aJloCh CO3BYYHBIM IPHPOAE CHCTE-
Me penibeHO-ToueuHbIX 0003Ha4yeHuid JI. bpaiiis, kotopas Tawke sIBISIETCS JIMHEHHOM
1 HE JIONyCKAeT CMEIICHHS TEKCTa OTHOCUTEIBEHO OCH CTPOKH.

Hcnonp3ys 3T0 ¢X0ACTBO, HA (akynpTeTe ObUIa pa3paboTaHa U BHEAPEHA IpOrpaMMa-
xouBeprep TeXToBraille. IIpuniun e€ padorsl ocHoBaH Ha cioBape makpocoB LaTeX
1 TIPaBUJI UX 3aMEHBI Ha OMHICATEIbHBIC KOHCTPYKIIUH.

[Mporpamma TeXToBraille (TeX B Bpaiinp) npuHumaer Ha BXox (aiii, pa3meveH-
HbI 1o npaBmiiaM si3bika LaTeX. 3a ocHOBY cuHTaKcuca B3ST A3bIK, ONIMCAHHBIN B KHUTE
C. JIsBoBckoro «Habop u BépcTka B makere LaTeX». Mcnonb3ys ciioBapb MakpoCOB, MPO-
rpaMMa B pe3syabrare o0paboTku (aiiia moacrasisier BMecto Makpocos LaTeX ommca-
TEJIbHBIE KOHCTPYKIIMH HA PYyCCKOM SI3bIKE, NI (POPMHPYET 3aIKCH 110 MPaBHIAM CHCTEMBI
Bpaiins. B obmem Buze pesyiasrar padoThl IporpaMMbl HMeeT Bua: «Hadano BeipakeHus
... BTOpAsi 4acTh BBIPAKCHUS ... TPEThS YaCTh BBIPAKCHHUS ... KOHEI] BeIpaxxeHus» bornee
KOHKPETHBIN mpuMmep: BoIpakeHue «\sqrt{x"2+y”2}» mociae o0OpabOTKH MpeBpaIIacTCs
B BeIpaxkeHHe: «KopeHb U3 X Majoe B CTENEeHHU 2 +y Majioe B CTEIICHH JIBa KOHEIl KOPH».

B nono0OHOM cityuae onucarenbHbIX BBIPAXKEHUN Ha PYyCCKOM SI3bIKE TEKCT MOXKET OBIThH
MIPOCITYIIaH C TIOMOIIBIO IIPOrPAMMHOI0 CHHTE3aTOpa ey Ha MEePCOHAILHOM KOMIIbIOTE-
pe, B cirydae KoHBepTanuu ncxomHoro (aiina LaTeX B cuHTakcuc cuctemsl bpaiins Texer
MOXKET OBITh pacriedyaTaH Ha CIIeIUAIBLHOM IIPUHTEPE JUIS Pelbe(hHO-TOUCUHOH Meyary.

[porpamma TeXToBraille cmocobHa 00pabaTeiBaTh HHTETPAIBI, TPEACITHI, TPOOHEIC
BBIPKCHUSI, BEpXHUE M HIDKHHE MHACKCHI, CTETICHH M KOPHH, YTO MOKPBIBACT MOTPEOHO-
cTH 0a30BBIX KYPCOB BBICIICH MaTeMaTHKH.

Cucrema MOKET HCIIONB30BaThCsl B 00pa30BaTeNIbHBIX OPraHU3alNsAX, B CIICIHATN3APO-
BaHHBIX M3/1aTeNILCTBAX U OMOINOTEKAX, YACTHBIMU JINI[AMH JIJISI TOJITOTOBKH Y4EOHBIX M Ha-
YUHBIX MATEpPHAJIOB 110 pa3zeiaM BbICHICH MaTeMaTHKH JUIA Te4aTd pelbe(hHO-TOUCUHBIM
uipudToM Bpaiiiisi ¢ 1ebo MOCIESAYIONIEro UCIOIb30BAHMS UX HE3PIYUMHU U CIa00BHIs-
IIMMH HIKOJIBHUKAMH, CTY/ICHTaMH, CTICIIMAINCTaMH B X0J1e y4eOHOH itn mpodeccHoHalb-
HOMW JEATENBHOCTH.

W3y4yenne mareMaTH4eCcKUX TEKCTOB C MOMOIIBIO MPOrpaMMbl HEBU3YAJILHOTO JOCTY-
nma k nHpopmanuu. I[Ipn paboTe 3a KOMIBIOTEPOM Y 3PSAUETrO IMOIH30BATENS] OCHOBHBIM
YCTPOMCTBOM BBIBOZA MH(MOPMAIMHU SIBISIETCS MOHMTOP. He3psiuuii CTYJIeHT HCIOJb3yeT
crenuagbHOe IporpaMMHOE oOecriedeHre, OCyIECTRISIONIee 03ByYnBaHne HH(popmam
Ha DKpaHe KOMITbIOTepa. DTH MPOrPaMMBI MTO3BOJISIOT KOHTPOJINPOBATH HH(OOPMAIIHIO, BBO-
JIMMYIO C KJIaBUATYpPbl M BHIBOAMMYIO Ha 3KpaH nepcoHasibHoro IBM-coBmecTnmMoro kom-
IIBIOTEPA B TEKCTOBOM PEKMME. JTO 1a€T HE3PSIUEMY I0Tb30BATEI0 BO3MOKHOCTD PAOOTHI
¢ JOOBIMHU MTPOTpaMMaMH Pa3IMYHOTO HAa3HAYCHUSI, HAITPUMED, C TEKCTOBBIMU U TaOIHY-
HBIMH TIPOIIECCOpPAMH, CHCTeMaMHt IporpaMMupoBanus (Archambault, 2004).

OcHOBHBIE (PYHKIIMHU ITPOTPAMM HEBH3YaJIbHOTO JIOCTYIIA:

e 03ByuMBaHHE HH(OPMAIMH, BBOIUMOH C KIIaBHATYPBI;
e ABTOMAaTHMYECKOE O3BYYMBAHHME TEKCTOBOW MH(OPMANNH, BHIBOAUMOI Ha 3KpaH IPYyTH-

MH IPOrpaMMamH;
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e uTeHHE (ParMEHTOB SKpaHa II0 KOMaHJaM I0Ib30BaTeNs (CHMBOIA, CJIOBA, CTPOKH, 3a-
JaHHOW 001acTu M T.1.) B npouecce GyHKIMOHUPOBAHHS APYTHX MPUKJIAIHBIX U CH-
CTEMHBIX TIPOTPaAMM;

e OTCJIC)KMBAHWE N3MEHEHHMI Ha SKpaHEe U OIOBEIIEHHE O HUX I0JIb30BaTEs;

e aBTOMATHYECKas 3arpy3ka KOH(QHUTYpAIHi, MPUCIIOCOOICHHBIX IS PaOOTHI ¢ KOHKPET-
HOW MPUKIIaJHOW NPOrpaMMOi pH €€ 3aIrycKe.

Hespsuue nonp3oBareny, paboTaroliye ¢ onepaonHoi cuctemord Windows, ncroib-
3yIOT OfHY U3 Takux nporpamMm «JAWS for Windowsy». DTo Ha3BaHUE COCTaBIECHO U3 TIep-
BBIX OyKB (passl: job access with speech (mocTym k pabouemMy MeCTy ¢ OMOIIBIO PEUn).
Tpebyemast uHbopMaLKs 03ByUUBACTCS C IIOMOIIBIO YCTAHOBJICHHOTO IIPOTPAMMHOIO CHH-
Te3aropa peur. Cpeau pycCKUX TOJIOCOB OOJBIIYIO MOIMYJISPHOCT IOMYYHJI CHHTE3aTOp
«speaking mouse» («roBOpsIIasl MBIIIEY). [TaBHBIM PEUMYIIIECTBOM 3TOTO TOJIOCA SBIIS-
€TCsl BBICOKAsi CKOPOCTb PEUH, YTO HE MAJIOBAYKHO MPU YTEHUH TEKCTOB 00JIBIIOr0 00bEMA.
KagecTBO peun OCTaBIIseT XKelaTh JTy4llero, HO BOZMOXKHOCTh CAMOCTOATEIBHO He3psde-
My paboTaTh 32 KOMIBIOTEPOM OTKPBIBACT OOJBIINE TIEPCIICKTUBBI.

Kommblotep mpumensiercss u B mporecce oOydeHus. UreHne y4deOHO# JuTEepaTypsl
C NIOMOIIBIO CHHTE3UPOBAHHOM PeYH BO3MEINAET CTYACHTY HEIOCTAoLIee 3BEHO BOCIPH-
situst uHGopmary. UTeHne auTeparypbl MaTeMaTH4eckoro Kypca TpedyeT JOMOoIHUTEINb-
HBIX Pa3pabdOTOK JUIs KOPPEKTHOTO OCTPOCHUSI PEUYEBBIX EANHHII.

YueOHble MaTepuaJbl B ayano ¢gopmare

W3 DOCTYIHBIX 2JIEKTPOHHBIX MaTepHajioB MO MAaTeMaTHYECKUM JTUCLUILIMHAM OTMe-
TUM JOKyMeHThl (hopmara LaTex. O3ByuMBaHUIO MOJICKUT KO, COEpIaluiics B aii-
e ¢ pacmmpeHueM tex. [Ipu 9TeHnn ¢ TOMOIIBIO CHHTE3aTopa Al YA00CTBA BOCTIPHATHS
CJIO)KHBIX MaTE€MaTHYECKHX BBIPAKCHHUH TpeOyeTcsl OCYIIeCTBUTh 3aMEHY KOHCTPYKIMH
s3pIka LaTex Ha nx COOTBCTCTBYIOIIHE OIMUCATCIIbHBIC BBIPAXKCHUSA.

Takyto 3ameHy MOKeT ocymecTBiIsATh mporpamma TeXToBraille. Paccmorpum BTOpyto
BO3MOYKHOCTbH JJaHHOTO KOHBepTepa. [Iporpamma momyuaer Ha BXox ¢aitn dopmara Tex.
KouBeptep, UCTosb3yst CI0Baph JUIs MOACTAHOBOK, CO3/1aET HAa OCHOBE MOJIy4eHHOTro (aii-
J1a TEKCTOBBIN (haiinl, He ComepIKaIInii 3JIEMEHTOB s3bIKa Tex.

O3By4nBaHNE MaTeMaTHYeCKUX TEKCTOB CHHTE3aTOPOM PEYN NMEET HEOCIIOPUMOE TIpe-
HMMYIIECTBO B CKOPOCTH M JICIIEBH3HE, OJIHAKO CHHTE3MPOBAHHAs peub MEHee pa30opurBa
u OpicTpee yromisier ciaymarens. JKusas pedb IMKTOpa BOCIPUHUMAETCS TOPa3o JIydIe,
HO c03/1a€T MpoOJIeMy HaBHTallMK: KaK OBICTPO HAWTH HYKHBII (hparMeHT B MHOTO4acOBOH
ayuo3anucu?

Juns pemrenust 3Toi mpobnemsl Ha (akynsreTe OblTa pa3paboTtana mporpamma Giper
Sound, peanu3yromas uiero uepapxudeckoit pazmerku aynnodaiinos. I[Iporpamma cocro-
UT U3 ABYX MOAYJEH: MOAYJIb PA3METKU U MOAYJIb BOCIIPOU3BEACHUSL.

Pa3meTka roBopsIeil KHUTH 3aKJII0YaeTCs B TOM, YTO OIBITHBIN CITyIIaTeNb (KeIaTelb-
HO CTICIMAJIMCT B IPEIMETHOM 00J1aCTH, KOTOPOH TIOCBSIIIIEHa KHUTA) B PealbHOM BPEMEHH
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MIPOCIYIIMBAET BCIO KHUTY M B ONpeAeIEHHBIX MecTax (Ha Havajax IviaB, pa3/iesoB, Ia-
parpadoB, Ha Oojee METKHX 3arojloBKax) CTaBUT 3akiaaku. MHpopManms, xpaHsmasics
B 3aKJIaJIKe, COCTOUT M3 TPEX yacTeil: uMs 3aKkianku, ums Qaiiia 1 Bpems ot Hadana daii-
J1a, ¢ KOTOPOTO HAaYMHAETCsI BAKHBIN 3BYKOBOH (pparmMeHT. Bce 3akimagku coxXpaHsIOTCS
B XML-(aiine, KOTOpbIi MOCHe 3aBepIICHHUS] BCEH Pa3METKH JODKEH PacpOCTPaHATHCS
BMeCTE C caMOM ayAMOKHUTOW. B mporecce pasMeTKy 3aKkiajki MOXKHO I'PYNIIHPOBATh,
yCTaHaBIMBas HEPAPXUUCCKUIA MopsaaoK. Hanpumep, Bce 3akmasku, OTHOCSAIINECS K Tapa-
rpadamM nepBOM INIaBbl, MOKHO CTPYIITUPOBaTh B paszneln «llaBa mepas. **% **%, 3a-
KJIaJIKH MOJKHO yCTaHABJIMBAaTh HE TOJBKO HA 3aroJIOBKM pa3[esioB KHUTH, HO M BOOOIIE
Ha Ha4aJjo JIFo00ro BAKHOTO 10 CMBICTY (parMenTa (Hanpumep, GopMyIis).

Moyiib BOCHIPON3BE/ICHHS BKIIIOYAET B ceOsl Tuieep — ISl BOCIIPOU3BECHUS 3BYKO-
BbIX (hailyioB M NPEBOBUAHBIN BU3YyalbHBII KOMIIOHEHT — JUIsl OTOOpaXEHHs HepapXxude-
CKOM CTPYKTYpHI 3akiaiok. [yt paboTsl BTOpOMY MOJYITIO TpeOyeTcst HaJM4YHe 3ByKOBBIX
¢aitnos B popmare MP3 u XML-daiin, co3maHHBIX ¢ TOMOIIBIO IEPBOTO MOIYIIS.

Pabota mosnb30Baresst COCTOUT M3 BYX IIIAroB: HEOOXOIMMO BBIOPATh 3aKJIAKY C MOJ-
XOJSIIIMM Ha3BaHUEM M 3aIlyCTHTh BOCIPOM3BEACHHE 3BYKa. [IporpaMma, moyb3ysch WH-
¢dopmanueit n3 XML-daiina, aBroMaTn4ecK NepeiaéT K HyKHOMY (Paiily U IpOU3BeaET
CMelIeHHe 110 BpeMeHH BHYTpH Hero. KHura OyzneT 3Bydarh HENPEPBIBHO JI0 TEX I10p, IT0Ka
TI0JTb30BATENh HE aKTHBHUPYET JIPYTYIO 3aKJIAAKy WM HE OCTAaHOBHUT BOCIPON3BE/ICHHE.

((FOBOpﬂIHaH KHUT'a» JOJaBHO W YCIHCHIHO HCIIOJB3YCTCA HEIPAUMMU YUTATCIIAIMU-
ciymarensmMi. [Ipu 9reHnn (MpociylnMBaHWM) y4eOHHMKA, YacTO BO3HHMKAeT HEOOXOnu-
MOCTh OIEpPAaTUBHO O3HAKOMHUTBCSI C COJACPKAHHEM OJIHOTO M3 TPEIBLIYIIHX Pa3/IesioB.
WHorna, Hanpumep, Npy NMOBTOPEHHH MarepHaja, MPUXOAWUTCS KOHCIEKTHBHO IPOCITY-
IIMBaTh KOPOTKHE (PparMEeHTHl U3 HECKOIBKUX pa3aenoB. BooOie, Haliis HyKHBIN pa3zaen
10 COJICPKaHMIO (ColiepKaHhe KHUTH OOBIYHO 3aIlMCHIBACTCS B Hayasle WIIM KOHIIE BCEH
ayZINOKHUTH), HaJ0 MEpeiiTh K Havally caMoro pasjesna U HayaTh cirymars. OObIdHO 110008
13 IEPEUUCICHHBIX JACHCTBUN 3aHMMAEeT MHOI'O BpeMEHU. B HacTtoslee BpeMsi IIUPOKOe
pactipoctpanenue nonyaun gopmar MP3 st koMakTHOTO XpaHeHus 3ByKa. HecMmorps
Ha 3HAYUTEIFHOE MPEUMYIIECTBO KOMIbIOTepa (miu ammaparHoro MP3-meepa), momck
(dparMenTa 3anucH HO-TNPEKHEMY SBIISIETCS JOCTAaTOYHO JUINTEIBHBIM TporeccoM. Jlis
MTOVCKA TIPUXOIUTCS TI0 OYEPEIH MPOCTYIINBATh HECKOIBKO JecsaTkoB MP3-aiinos.

CeFOI[HH OTOT MPUHIHUII CTAT O6LLlerI/IH§ITI)IM 1 pcaJin30BaH Ha YPOBHEC COBPEMEHHBIX
Menuaruieepos, miargopm LMS (manpumep, Moodle) u cranmapToB yrakoBKH o0pa3oBa-
TCJIBHOI'O KOHTCHTA, YTO 3HAYUTCIIBHO ITOBBIIIACT 3¢)(beKTHBHOCTB CaMOCTOSITETLHOM pa-
OOTBI CTY/ICHTOB.

Ecnu amst MaTeMaTHKN KIIFOUEBBIM BOIIPOCOM ObliIa «JTMHEapu3anus» GopMyll, TO I
IT-pucummuine TaBHBIM OapbepoM ocTaérest pabdora ¢ rpaduueckumu UHTEpdericamu
cpen paspaborku (IDE) m cnenmanusupoBaHHBIM NPOTpaMMHBIM obecniedeHueM. [lapa-
JIOKCAJIbHO, HO KOHCOJIb, Oy[y4M YHCTO TEKCTOBBIM HHTepdeiicoM, siBisieTcsi HanbOoiee
JOCTYIHBIM HHCTpyMeHTOM. CTyAEHTHI ¢ NIyOOKHM HapylICHHEM 3pEHHUS yCHENIHo pado-
TatoT 1 B Linux, mumryTt ckpuntel Ha Python B TepMuHane, ocBanBaroT agMUHUCTPUPOBA-
nue. OnHako padoTa ¢ rpaduuyeckuMu cperamu, TakKMMHU Kak crapble Bepcuu Delphi uim
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COBpPEMEHHBIC BU3yalbHbIE penakTopbl nHTepdeiicoB (Figma), ocraérest cioxHOM M3-3a

00MIIHsI HEeO3BYUMBaeMbIX deMeHToB (Bigham, 2012).

Cpensr pazpadotku (IDE). ITporpecc B 37011 0bmact oueBuaeH. CoBpeMeHHBIE BEPCHU
IntelliJ IDEA, Visual Studio Code u Eclipse uMeroT miaruHbl ¥ BCTPOCHHbBIC (DYHKIIUU JIJIs
YIIy4IIEHHS COBMECTUMOCTH C MPOrpaMMaMK HEBU3YyaJIbHOTO J0CcTyna. Hamr onbIT 1mo3Bo-
JISIET PEKOMEH/10BaTh CIIETYIOIINE HHCTPYMEHTBHI:

e VS Code: penakrop oka3ajics O4eHb JPYKET00CH K MporpaMMaM HEBH3YaIBHOTO JI0-
cTymna OGrmarogaps MPOAYMAaHHON CHCTEME KJIaBHATypHBIX KOMaH]T («TOPSYHX KIABHUIID),
BCTPOCHHOMY TE€PMHHAIY U IMIOHATHOH CTPYKType (ailiios.

e Jupyter Notebook: mpeansHbIii HHCTpYMEHT Uit 0Oy4eHUs, TaK KaK IO3BOJSIET pas-
OMBaTh KOJI Ha SYEHWKH, CMEIIMBATh €ro C MOSICHUTEIBHBIM TekcToM B Markdown
U TOJTy4aTh MPHOBEHHYIO 00paTHYIO cBsizb. [Iporpamma HEBH3yaabHOTO JOCTYIA BOC-
MIPUHUMAET 3TO KaK CTPYKTYPHPOBAHHBIN JJOKYMEHT.

e Docker: o0ydyeHne pabore c KOHTEHHEpaMH CTPOUTCS Uepe3 KOHCOIBHBIC KOMAaH]IbI
(docker build, docker run), uTo obGecrieunBaeT MOTHYIO MPO3PAYHOCTD U TOCTYITHOCTD.
HOCJ’[C}IHI/IG oAbl aKTUBHO pPa3BUBANOTCA TCXHOJOTHHW HUCKYCCTBECHHOI'O WHTCIIIICKTA,

KOTOpPBIE OTKPBIBAIOT MPUHIMIIHAIBHO HOBBIE BOBMOKHOCTH JJISl HHKJIIO3UBHOTO 00paso-

Banus. bonbine si3pikoBbIe Moaenu (LLM) n MynbTHMoOaaibHbIe HEHPOCETH CTaHOBATCS

JUTSL HE3PSIUETO CTYAEHTA HACTOSIIUM MOMOIIHUKOM, 3aKpbIBasi T€ BU3yaJbHBIC TPOOEIHI,

KOTOPBIC paHbIIC 6BIJ'II/I HEMPCOAOTUMBI. MoxHo BBIACJINTH HECKOJIBKO KIIFOYEBBIX HAIlpaB-

JICHUH TPUMEHEHHSI ICKYyCCTBEHHOTO MHTEIIJICKTA.

ABTOMaTH4YeCKOe TH(PIOKOMMEHTHPOBAHHE H300paKeHU I

Panee onmcanue CIIOXHBIX IpadUKOB, IHarpaMM, apXUTEKTYPHBIX CXeM ObUIO KpaiiHe
TpynoéMKoi pyuaHoii padotoii (Bopommiosa u np., 2017). Cerogsst CTyA€HT WK TIpernoja-
BaTEIIb MOXKET 3arpy3HTh M300paxkeHue (Harmpumep, rpaduk Gpyaxmmn mmn UML-auarpam-
MYy) B MyJIBTHMOJAIbHYIO HEHPOCETh ¢ 3ampocoM: «OIHUIIN 3TO I HE3PSYEro 4esIOBeKa
HOCJIeIOBaTeNbHOY). MoJenb aHalu3upyeT U300pakeHUue U BBLAAET CTPYKTYPHPOBAHHOE
omucanue: «291o Trpaduk mapaboibl, BETBM HampaBieHbl BBepX. BepimHa Haxomurces
B TOuke ¢ KoopauHatami (2, —1). I'padux mepecekaeT och X B Toukax mpumepHo |  3».
Tuduonenaror UL MPOBEPSET U KOPPEKTUPYET PE3YJIBTAT, YTO SIKOHOMHT KOJIOCCAIBHOEC
KOJINYECTBO BPEMEHHU.

HNurenektyaibHas HaBuramusi B koHTeHTe (RAG-cucrembi)

Ha ocnose texnonorun RAG (Retrieval-Augmented Generation) Mbl Ha4ajau co3aa-
Barh JUIsl y4eOHBIX KYpPCOB CIIEIMaIM3UpOBaHHbIC 0a3bl 3HaHUI. Bee nexnuun, MeToandku
W 33/1a4u¥ B TEKCTOBOM BHie «ckapmumBarorcsi» MM-accucrenty. CTyIeHT MOXKET 3a1aTh
royiocoBoi Bompoc: «Hanmomuan onpenenenne nomuMopdusma B Javay mwmn «I[lokaxu npu-
Mep KoJla COPTHPOBKH My3bIPEKOM». ACCUCTEHT UILET HHPOPMALIUIO B aBTOPUTETHOH Oa3e
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(HammMX JIGKLUSIX) ¥ OTBEYAET TOJIOCOM ITPENO/IaBareis, ¢ HallMMHU IIPUMEPaMH, BBICTYTIast
B POJIM [IEPCOHAIILHOTO THIOTOPA, NOCTYIHOTO 24/7.

O0bsicHeHHe M pe(paKTOPHHT KO/Aa

Ha 3aHATHAX MO MpOrpaMMUPOBAHHMIO MCKYCCTBEHHBIN MHTEIIEKT TOMOTAeT CTYIACHTY
paszo0parbcs B Jloruke Kofa. CTyAeHT MOXET OTIPaBUTh (parMeHT Koza ¢ 3anpocoM: «Cre-
Hepupyd komMeHTapuu B ctuie Javadocy, «OObsSCHM MPOCTHIMH CIIOBaMH, Kak paboraer
9Ta pexypeusi» mwin «Haiiam norenuuanbabie omuoOkmy. MW BeicTynaeT TeprenuBbiM Ha-
CTaBHUKOM, TOTOBBIM OOBSICHSTH OJIHO U TO K€ Pa3HbIMHU CIIOBAMH, TI0Ka He OyJeT JOCTHUT-
HYTO ITOHUMAaHHE.

Onucanue nHTEpPeiicoB U reHepanys TAKTHIbHBIX 00pa3oB

BenyTcs 5KkCIIEpUMEHTBI 110 HHTETPALUH UCKYCCTBEHHOTO MHTEJIIIEKTa HETOCPE/ICTBEH-
HO B ITPOTPaMMBbl HEBU3YaJIbHOTO J0cTyna K nHpopMarnuu. CTy[IeHT, HaBeas Kypcop Ha He-
MOHATHYIO 00NacTe mHTep(deiica, MOKET MOIYYHUTh MOACKA3KYy: «ITO OKHO HACTPONKH
MOAKIIIOUEHUS K Oa3e naHHBIX. ClieBa CIIHCOK ApaiiBepoB, CIpaBa IOJs AT BBOJA ajpeca
cepsepa». Kpome Toro, HeMpoCceTH UCIOAB3YOTCS ISl CO3AaHMsI SCKU30B TaKTUIIBHOM Ipa-
(UK (KOHTYPHBIX PHCYHKOB) JUIS MOCIEIYIOIIEH IMedyaTH Ha TEPMOBAKYyyMHBIX TPHHTE-
pax, MO3BOJISIS CTY/ICHTY € TIIyOOKHM HapyIIEHHEM 3PEHHs TaKTHIBHO BOCIIPUHATE (hOpMy
obbekra (Tymonoros, 2014).

Baxno ormeruts, uto M He naeanen (BO3MOXHBI «TaJUTIOLMHAIIMN) M OIIMOKH WH-
TEpIPETALNHN), TOITOMY KIIFOYEBOH HAaBBIK, KOTOPBIN MBI IPUBUBAEM CTYACHTaM — KPHTH-
YeCKOE MBIIUICHHE ¥ YMEHHE NTEPENPOBEPATH MTOIyUYECHHbIE PE3yIIbTaThI.

3akjaoueHue

O0001mast HAKOIUIEHHBIH OMBIT (haKyJIbTeTa WH(POPMAINOHHBIX TEXHOJIOTHHA, MOKHO
cOpMyIIMPOBaTh YCIOBHS K OpraHU3annuy OOy4eHHs CTYIEHTOB C HapyLICHUSIMU 3PCHUS
B IIU(POBOI cpesie, KOTOPbIE aKTyaIbHBI U Il THOPHUIHOTO, 1 JUI O4HOTO (hopMaToB ¢ ax-
THUBHBIM HCIIOJIb30BaHNEM HH(POPMALMOHHBIX 1 KOMMYHHKAIMOHHBIX TEXHOJIOTHI.

TexHuueckoe OCHAIlIEHUE: HAJTHMYUE COBPEMEHHOIO KOMIBIOTEpA ¢ acCUCTUBHBIM I1O
(NVDA/JAWS/Orca), cTaOMILHOTO HHTEPHETA, a Takke OpailJIeBCKOTO AMCIUIES;, aanTH-
POBaHHBIN KOHTEHT: MPEIOCTaBICHHE MaTepHaIoB 3a0JIarOBPEMEHHO B JIOCTYIHBIX (op-
Marax (cTpykrypupoBaHHbIi TekcT, LaTeX ¢ onmucanusiMu, ayauo ¢ oriaBieHueM). BaxHo
poBepsiTh, 4To PDF-(haiinbl SBISIOTCS TEKCTOBBIMH, a HE OTCKAHUPOBAaHHBIMU KapTHHKA-
mu. (Web Content Accessibility Guidelines, 2018).

OOsi3aresibHOE PEYeBOE COMPOBOXKICHUE BCEX BH3YalbHBIX JJIEMEHTOB (IIpe3eHTa-
Ui, MEeMOHCTpaIii Kofa). AKTHBHOE MCIIOJIb30BaHHE uaTa Ui TyOJIMpPOBAaHUS BaXK-
HBIX OOBsIBICHUI M cChUIOK. [IpemocraBieHue 3ammceii 3anstuil. [IpoBeneHue 3aHATHI
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10 JUCHUIUINHAM C YIETOM MOTPEOHOCTEH CTYJCHTOB PAa3JIMYHBIX HO30JOTHUECKUX TPYIII,
4YETKHE CIIOBECHBIC OIMCAHUS U IyOarpoBaHUC HH(OpPMAIIMY TTOMOTAOT HE TOJBKO HE3psi-
YMM, HO U BCCM OCTaJIbHbIM CTy}leHTaM.

OmnbiT daxynsrera «HpOpPMALMOHHBIE TEXHOJIOTHM» yOETUTEIBHO TOATBEPIKIACT,
YTO IPHU IPAMOTHOM HCIIOJIB30BAHWH COBPEMECHHBIX ACCHCTHBHBIX TEXHOJOTHH (IIpo-
rpaMM HEBU3YaJbHOIO IOCTYIA, MPOrPaMM-KOHBEPTEPOB), COOJIOCHUH CTaHAapTOB
JOCTYITHOCTH U, IJIABHOE, TIEPECTPOMKE MEArOTHUECKOr0 MBIILIICHHUS, JUCIUILTHHBI Ma-
TEMATHYECKOTO U KOMITBIOTEPHOTO [UKJIOB CTAHOBSITCS JIOCTYIIHBI JIJIs CTYACHTOB € TIy0O-
KHMH HapyIICHUSIMH 3PCHUSL.

OnbIT, HAKOIUICHHBIN Ha HalieM (hakyabTeTe, TOKa3bIBACT, YTO YCICIIHOCTh OCBOCHUS
I/IH(i)OpMaL[I/IOHH])IX TeXHOJ’IOFI/Iﬁ 3aBUCUT OT 3HaHHI71 " JIOTUKH, a HC OT HAJINYUS UJIN OTCyT-
CTBUA 3peHI/I${.

Ceronus 3a/1a4a 3aKII0YAETCS B TOM, YTOOBI CO3AaTh SAMHYIO, THOKYIO W TIEPCOHAIN3H-
poBaHHYI0 00pa3oBaTenbHYIO cpeny (AmexuHa, 2016). B 3T0it cpezne amekTpoHHOE 00yUe-
HUE ¥ TPAJAUIMOHHBIC METO/bI HE IIPOTUBOCTOST, & TAPMOHUYHO JOMOJHSIOT APYT JIpyra,
obecrieurBasi MOUIMHHOE PABEHCTBO BO3MOXHOCTEH It BCeX CTyAeHTOB. JlanbHeiiiee
Pa3BUTHE 3TOTO HATPABJICHUS OyIeT CBA3aHO C YIIYOJICHHOW MHTETpanueil MCKYCCTBCH-
HOTO MHTEJIJICKTA (aBTOMAaTHYECKasl TeHepallys OMUCAHUN, HHTCIUICKTYaIbHbBIC THIOTOPBI),
COBEPILICHCTBOBAHUEM TOJIOCOBOTO yIpaBJicHHs uHTepdeiicaMu U pacnpocTpaHCHUEM
llOCTyl'[HI)IX TAKTHUJIBHBIX JUCIIJICCB, IMO3BOJIAIOIINUX 6yKBaJ'IBHO <<1'IOH_Iy1'[aTB>) MaTeMaTI/IKy.
Pa3BuBas MHKITIO3UIO, MbI JieJlaeM 00pa3oBaHue Jy4Ile JJIs BCeX.
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VJIK 378.147:512.7
AJsredOpanyeckue KpuBbIe BbICIIUX
NOPAJAKOB B NIPENOJAABAHMHU BbICIIEH MATEeMaTHKH.
KyOunueckue kpusbie

E. . Kynanun D<, M.E. Ctenanos

MockoBckHii ToCyIapCTBEHHBIH MICUXO0JI0Tr0-neaarornyeckuii yansepcutet (MITIITY)
Mockaa, Poccuiickas deneparnus

>4 lucas03@mail.ru

Pe3zome

KoHTekcT M akTyadbHOCTh. B paboumx mporpammax auciurminH «leomerpus
u romonorusy, «Maremarnueckuil aHanuzy», «Marematuka» U JIPyTruX, BXOISLIMX
B 00pa3oBarelbHBIC MPOrPaMMBI  CIICHHUAJIBHOCTEH MO0  WH()OPMAIMOHHBIM
TEXHOJIOTHSM, B@KHOE MECTO 3aHHMACT MOHITHC aIreOpanvyeckoil KPHUBOM.
OCBOCHHE 3TOr0 MOHATUS TPeOyeT OT CTYACHTOB CIIOCOOHOCTH K aOCTPaKTHOMY
MBIIUICHUIO U 3aqaCTy}0 BBI3BIBAOT Cy]_LleCTBeHHble 3any}1HeHI/Iﬂ. l_leJ'lL. I_IOB])ICI/ITI)
KayeCcTBO YCBOCHHUS y4eOHOro Marepuaia 1o AUCHUIUIMHAM, CBI3aHHBIM C MOHATHEM
anreOpandeckoil KpHUBOM, HCHONB3ys MPH 3TOM MPOTPAaMMHBIC CPEACTBA IS
BH3yaIN3allMi PA3IMYHBIX aNreOpandeckux KPUBBIX M CEMEUCTB anreOpandecKux
KpuBbIX. EII€ 01HOM HEe MeHee BayKHOM 1IeJIbIO SIBISIETCS OMMCAHUE BOIIPOCOB, KOTOPBIE
MOTYT CTaTh TEeMaMH KypPCOBBIX M JUILIOMHBEIX pabot. I'mmorte3a. Mcmoms3oBanue
MPOTPaMMHBIX CPEICTB Ul BU3YAIM3AIMU PA3IMYHBIX alTreOpandecKuX KPHBBIX
U CEMEICTB anreOpandecKuX KpPUBBIX MO3BOJSICT IMPEIOAABATENII0 MaKCHMAIILHO
MOHATHO TO/IaTh Marepuaj, a CTYIEHTaM JIydlle YCBOUTh Marepuan U IOJIyYUuTb
HABBIKM PCIICHHsS 3aJad Ha IIOCTPOCHUE aireOpanvecknx KpUBBIX. MeTombl
W Marepuajbl. B OONbIIMHCTBE 3aJaHKMil B 3TOH CTarhbe MpENIaracTcsi Hammucarh
KOMITBIOTEPHYIO HPOrpaMMy, BH3YaJIM3UPYIOLIyI0 aiareOpanyeckue KpUBBIE U HX
cemeiicTBa. Pesyiabrarsl. Paspaborana cucrema 3a1aHui, TO3BOJIAIONINX CTYICHTAM
CTpOUTHh KyOMYeCKHE KPHBBIC C MOMOIIBI0 KOMIBIOTEPHBIX MPOrpaMMm. BbIBOABI.
[Ipumenenne pa3paboTaHHOW CHCTEMBI y4eOHBIX 3aJaHHUN MOATBEPAMIO BaKHOCTH
HCTIONTb30BaHMS CIENHABHBIX MPOTPAMMHBIX CpPEICTB JJIsI YCBOCHHS MaTepHaa
10 TCOPUH AITeOPANICCKUX KPUBBIX.

Knrouegvie cnosa: Beicmiee 00pa3oBaHUE, METOAMKA TPENOAABAHUS MATEMATHKH,
aHANMNTHYeCKas TEeOMEeTpHs, BHU3yalbHBIE O00pa3bl, anreOpandeckue KpHBHIC,
KyOHdeckne KpuBbIe, 0COObIE TOUKH ITIOCKHX KPHUBBIX, KJIACCU(PUKAINSI KyOUIeCKHX

© Kynanun E.JI., Crenanos M.E., 2026
CC BY-NC
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KPHUBBIX, Ty4YKH KYOHYECKHX KPUBBIX, METO/IbI TOCTPOCHHUS alreOpandecKuX KPUBbIX,
reoMeTpuyeckre o0pasbl aNreOpandeckux KPHUBBIX, aQ(GHUHHBIE W HPOSKTHBHBIC

npeoOpa3oBaHus

Jost murupoBanusi: Kynanun, E.JI., CremanoB, M.E. (2026). Anrebpanueckue KpHBBIE
BBICIIIUX MOPSIAKOB B NIPENOIaBaHUU BhICIIEH MaTemaTnku. KyOmueckne kpussie. Modenupo-

6anue u anaausz oanuwvlx, 16(2), 210—242. https://doi.org/10.17759/mda.2026160212
Algebraic curves of higher orders
in teaching higher mathematics. Cubic curves

Y.D. Kulanin ><, M.E. Stepanov
Moscow State University of Psychology and Education, Moscow, Russian Federation
4 lucas03@mail.ru

Abstract

Context and relevance. In the working programs of the disciplines “Geometry and
Topology”, “Mathematical Analysis”, “Mathematics” and others, included in the
educational programs of specialties in information technologies, an important place
is occupied by the concept of an algebraic curve. The development of this concept
requires students to have the ability to think abstractly and often cause significant
difficulties. Purpose. To improve the quality of learning the educational material on
disciplines related to the concept of an algebraic curve, while using software tools
for visualization various algebraic curves and families of algebraic curves. Another
equally important goal is to describe issues that can become the topics of term papers
and theses. Hypothesis. The use of software tools for visualizing various algebraic
curves and families of algebraic curves allows the teacher to present the material in the
most understandable way, and students to better understand the material and acquire
the skills of solving problems on the construction of algebraic curves. Methods and
materials. Most of the exercises in this article involve writing a computer program
that visualizes algebraic curves and their families. Results. A system of tasks has
been developed that allows students to construct cubic curves using computer
programs. Conclusions. The use of the developed system of educational tasks has
confirmed the importance of using special software tools for mastering the theory of

algebraic curves.

Keywords: higher education, methods of teaching mathematics, analytical geometry,
visual images, algebraic curves, cubic curves, special points of plane curves,
classification of cubic curves, bundles of cubic curves, methods of constructing
algebraic curves, geometric images of algebraic curves, affine and projective

transformations
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BBeaenue

Crarpst IpoJIoJDKaeT MK METOIMUYEeCKHX pa3padorok aBropos (Kymanun, CrenaHos,
Hypxkaera, 2020); (Kymanun, Crenanos, Hypkaesa, 2021); (Kymanun, Crenanos, 2024);
(Kymanun, Crenanos, 2025).

HemnocpencTBeHHO OHa MPOJIOKAET CTAThI0 «AJNreOpandeckue KpUBbBIE BBICIIMX I10-
PSAAKOB B IIPENOJaBaHUH BBICIIEH MaTeMaTuKU. MeTobl HOCTPOeHHs anredpandeckux Kpu-
BbIx» (Kynanun, Crenanos, 2025). B Heli 00cyx1atoTcst HEKOTOpBIE ITPOoOIIEMBI, CBSI3aHHbIC
C MyTSIMH TIOBBILICHHS KYJIBTYpPbl MAaTEMaTHYECKOTO MBILIUICHUS CTY/ICHTOB-MaTeMaTHKOB.

I'naBHBIM 0OBEKTOM 00CYKICHNSI SIBIISIFOTCS alredpandeckue KpuBbIe TPETheH CTereHH. AB-
TOPBI OITMPAIOTCS HA OMBIT PaboThl Ha (hakynsTeTe MH(OpPMAMOHHBIX TexHomoruit MITIITY.

Wrak, oJHAM M3 HaNpaBICHUH N3YUYEeHUs alreOpanuecKiX KPUBBIX SIBISCTCS N3y4YEHUE
KOHKPETHBIX BHIIOB ATHX KPHBBIX, TO €CTh 3aMeuareibHbIX KpuBbix (CaBénos, 1960), kak
HX MHOT/A Ha3bBaloT. Ho yrke B ciyyae KpUBBIX BTOPOT'O MOPSAKA BaKHEHIIIUM BapHaHTOM
WX U3YYCHHS SIBIISICTCSl pa30MeHne MHOXKECTBA BCEX TaKMX KPUBBIX Ha Kiacchl. OCHOBOMA
pa3OueHunst MOXKeT ObITh, KaK BHJ| KAHOHUYECKUX YPaBHEHUH, Tak U Gopma KpuBbIx. Ecte-
CTBEHHO, BO3HHMKAET MbICIb O KJIACCU(DHUKALUH aNreOpandecKuX KPUBBIX OMPEICIEHHOTO
TopsiJika, Harpumep, KyOM4eCKUX KPHUBBIX.

[Ipexne, yeM TOBOPUTH O KiaccH(UKAIMM KyOMYECKHX KPHUBBIX, PACCMOTPHUM JI0-
CTaTOYHO IMPOCTYIO 3a7ady, COCTOAIIYI0 B ONHCAHWU (POPMBI MHOTOUJICHOB, 3aBUCSIINX
OT OJfHOU TIepeMeHHOoH. [Tpu 3TOM, OueBHIHO, HEOOXOAMMO HCIIOIB30BATH METOIBI MaTeMa-
TUYECKOTO aHalu3a 1 00IIel anreOpsl.

3amanue 1. Onucars GopMy KyON4EeCKHUX MOJIMHOMOB OT OJIHOW TTIEPEMEHHOM.

Pewenue. Tlpexae Bcero HEOOXOAMMO OIPEIEIUTHCS C TE€M, YTO MOIPasyMeBaeTCS
o hopMoil KyOMUECKUX MHOTOWICHOB OT OJHOM nepeMeHnHoi. Hamo nomarars, 4to peusb
MOKET WJITH O CPAaBHEHUH Ipa)MKOB COOTBETCTBYIONIMX (YHKIIMH B JIEKapTOBOW CHUCTEME
xoopauHaT. OOBIYHO 3a7a4eli TePBOCTEIICHHON BAKHOCTH SIBIISICTCS BOIIPOC O KOPHAX MHO-
rowieHa. Ho B jaHHOM cityuae OCHOBHBIM (pakTopoM, onpenelsitomium (Gopmy rpaduka,
ABJISICTCSA HAJIMYKME HMHTEPBAJIOB BO3PACTAHUSA, YOBIBAHUS U SKCTPEMYMOB.

[Ipu sToM mapannensHbIi CABHUT rpaduka B AEKAPTOBOM MIOCKOCTH U OTPAXKECHNE OTHO-
CHUTEIBHO Ocu abciuce GopMbl He MeHseT. Takum 00pa3oM, MOYKHO CUHTATh, 4TO KO3 hu-
LUEHT NMpU KyOHMUECKOH cTerneHu nonoxkureseH. ClieoBaTenbHo, P UKC, CTPEMSIIEMCS
K MUHYC OCCKOHEUHOCTH, (DYHKIMS TaKKe CTPEMHUTCS K MHHYC OSCKOHEUHOCTH. AHaio-
THYHASI CUTyanus! IPU UKC, CTPEMSIIIEMCS K IITIOC OECKOHEYHOCTH.

[TockonpKy MPOU3BOJHON KyOHYECKOTO MHOTOWIEHA OT OJHON TepeMEHHON SBISCT-
Csl KBaApaTHBII MHOTO4lIeH. IMEHHO ero KOpHHM BaXXHBI B JAHHOM ciydae. Eciau y mpo-
W3BOJHOW JICHCTBUTENBHBIX KOPHEH HET WM TOJIBKO ONMH KPAaTHOCTH IBa, TO (DYHKITHS
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MOHOTOHHO Bo3pacTaeT. Eciu ke mpou3BoJHasi UMEET JIBa PA3IUYHbIX JIEHCTBUTEIbHBIX
KOpHSI, TO (DYHKIIUS UMEET Ba SKCTpeMyMa. O4eBHIHO, YTO 3TO MAaKCHMyM U MHHUMYM.

Wraxk, pyHKIHS BO3pacTaeT, JOCTUTAST JIOKAJIbHOTO MaKCUMyMa, yOBIBAeT, ITOKa He JI0-
CTUTHET JIOKaJTbHOTO MHUHMMYMa, U CHOBa HauyMHaeT Bo3pactarh. Bompoc o Tom pasziu-
qaroTcs Ju (popMel TpaduKoB 63 KOPHEH M C OTHIM KOPHEM, PEIIaeTCs 0 YCMOTPEHHIO
CTYIICHTA, BBITOTHSOIIETO 3a[aHHe.

3ajanie MOYKHO Ha3BaTh M3JIMIIHE MPOCTHIM. TeM He MeHee, CaMOCTOsITeNIbHOE €€ pe-
IICHNE CTYACHTOM CTaBUT MEPEe]] HUM Psil HeCTAaHIAPTHBIX BOIPOCoB. [Ipexae Bcero, peun
UAET O TOM, KaK OIPEIeIsATh POpMYy KPUBBIX. UTOOBI peIuTh 3Ty mpolieMy, CTYICHTY He-
00XOMMO MPOSIBUTH TBOPUCCKUH TTOIXKO].

[anee mMoryt pemarbcsi 3alaHHsl C IIOCTENIEHHBIM BO3pacTaHueM cTeneHel. [lepBbiM
[IaroM SIBIISICTCS CIICAYIOMIAs 3aaqa.

3aganmne 2. Omucars GOpMY ITOTHHOMOB YeTBEPTON CTETICHH OT OIHO IMepeMeHHOM.

Pewenue. Hy)xHO CHOBa paccMOTPETh pa3lUYHbIE BapUAHTHl HAJINYMS JIEHCTBUTEINb-
HBIX KOPHEH y IPOU3BOJHOM, KOTOPAs SABISACTCS KyONUEeCKUM MOJTMHOMOM.

Bonee cnoXHBIM BapHaHTOM pPACCMOTPEHHUs (OPMBI TPAa(UKOB SBISETCS H3yde-

f(x)’ ref f(x)

HUE JPOOHO-palMOHANBHBIX (YHKIHMH, TO ecTh (YHKIMH Buaa y =

1 g(x) — MHOTOUICHEL. (x)

Jeno B TOM, 4TO HESIBHOE ONMCAaHWE TakMX (QYHKUMHA NaéTcs MHOIOYWIEHOM OT JBYX
TIepEeMEHHBIX [’ (x)— e g(x) = 0. IIpu sTOM Tpaduk IPoOHO-paAOHANBHON (DYHKINU
MOXET OBbITh MOCTPOEH 0e3 0COOBIX MpOOJIEeM, MPUUEM OH IOKa3bIBAET HEKOTOPHIE 0CO-
OeHHOCTH (HOPMBI MHOTOUWICHOB OT JBYX IIEPEMEHHBIX CTCIICHH BBIIIEC BTOPOW. Peub muér
0 TOM, YTO 3TH JINHUU MOTYT PaclaaaThcsi Ha HECKOJIBKO BeTBeH. [1pu aToM, BBIOHpast mopsi-
JIOK KOPHEH YMCITUTEIIs K 3HAMEHATEJIs, MOXKHO KOHCTPYHPOBATh YKMCIIO BETBEH U UX (opmy.

3amganme 3. [Toctpouts rpaduk ApoOHO-pAIHOHAIBHON (DYHKIUH, Y KOTOPOW YHCIIH-
TEIb ¥ 3HAMEHATEIbh PA3JIOKEHBI Ha [TPOM3BEACHHUE JBYUICHOB MIEPBOW CTEIICHH.

/(%)

Pewenue. Tlycts mns npumepa y QYHKIMH Y ="——, HUMEET MECTO pa3JIOKECHUE
g(x)
anciATens M 3HameHarens Ha Muoxutenn: f(x)=(x-x)-...c(x-x) u g(x) =
= (x —al) e (x —a3) . B roukax { x; } pacnonoxeHs! KOpHH QyHKLKH, @ B TOUKAX {a,} —
BEPTHKAJIbHBIC aCHMIITOTHI.

[Tpn sToM 00mmIas COBOKYHNHOCTb 3THX YHCET YHOPSAOYEHA CIEAYIOIUM 00pa3oM:
X,,Xy,0,X;,0,,X,,Xs,d;. I padux MHOTOUNIEHA MATOI cTeNeH: OyIeM CTPOUTH C IIOMOIIBI0
CKaHMUPOBaHMs KOOPAMHATHOHM MIOCKOCTH. Pesymbrar paboThl HMpOrpamMMBI C YETBIPbMS
BETBSIMH ITOKa3aH Ha puc. 1.
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\- r’/',.,.-"'

Puc. 1. Pe3ynpTaT paboThl IPOrpaMMBbI C YETHIPHMS BETBIMHU

Fig. 1 The result of a program with four branches

Texct nporpammbl

GraphicsWindow. Width = 800
Graphics Window.Height = 600

x0 =300
0 = 300
ed =50

Graphics Window.DrawEllipse(x0-5, y0-5,10,10)
GraphicsWindow.DrawLine(0, y0,800, y0)
‘Kopnu muoeounenos

xl=-+4
x2=-3
al=-2
x3=-1.5
a2=2
x4=25
x5=4
a3=>5

‘Cranupoganue 0ekapmoeou nioCKoCmu

For x =—6 To 14 Step .01

For y =-6 To 6 Step .01

‘Boiuucnenue snavenuil gynkyuu z = F(x, y)

zl = (x - x1)*(x - x2)*(x - x3)*(x - x4)*(x - x5)
72 = y*(x - al)*(x - a2)*(x - a3)*30

z=(zl —z2)
xe = x0 + x*ed
ye =y0 — y*ed

If Math.Abs(z) < 10 Then
GraphicsWindow.SetPixel(xe, ye, “blake”)
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EndIf

EndFor

EndFor

xe =x0 + al*ed
GraphicsWindow.DrawLine(xe,0, xe,600)

xe =x0 + a2*ed
GraphicsWindow.DrawLine(xe,0, xe,600)

xe = x0 + a3*ed
GraphicsWindow.DrawLine(xe,0, xe,600)

xe =x0 + x1*ed

Graphics Window.FillEllipse(xe-5, y0-5,10,10)
xe = x0 + x2*ed

Graphics Window.FillEllipse(xe-5, y0-5,10,10)
xe = x0 + x3*ed
GraphicsWindow.FillEllipse(xe-5, y0-5,10,10)
xe = x0 + x4*ed

Graphics Window.FillEllipse(xe-5, y0-5,10,10)
xe = x0 + x5*ed

Graphics Window.FillEllipse(xe-5, y0-5,10,10)

Oco0ble TOYKH TIOCKUX KPUBBIX

[epexonst K U3y4eHHI0 KyOMUECKUX KPUBBIX, KaK €IMHOTO MHOXKECTBA, MOJ0OHOTO CO-
BOKYITHOCTH KPUBBIX BTOPOTO IOPSI/IKA, BCIOMHUM 00 0COOBIX TOUKaX PEryJspHBIX ILIO-
ckux kpuBbIX (IToropenos, 1974).

He 6y/:[eM BIaBaTbCAd B MATEMATUYECKHUE TOHKOCTU M OTrpaHUYUMCA OIIPEACIICHUEM
Ha oOpa3HoM ypoBHe. Touka Bo3BpaTa — 3TO TOYKA H3JIOMa TIAAKOW JIMHUH. [Ipu 3TOM
JIMHUS BXOJUT B TOUKY BO3BpaTa MO KacaTeIbHON U 10 TO e KacaTeIbHOW UCXOIUT B 00-
patHyto cTOpoHYy (puc. 2). JIerko moHATE, 9TO nHccona Jlmokieca UMeeT TOUYKY BO3Bpara.
A 9TO KacaeTcst KpUBBIX BTOPOTO MOPSIIKA, TO OHU TOYEK BO3BpaTa HE MMEIOT.

VY3510Bast TOUKa — 3TO TOUKA camonepecedeHust KpuBoii (puc. 3). Kpusbie Broporo mo-
psiZIKa HE MMEIOT U y3JIOBBIX TOUEK.

Puc. 3. Y3ioBas Touka

Fig. 3. Nodal point

Puc. 2. Touka Bo3Bpata
Fig. 2. Cusp
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3ananue 4. Hanucars nporpaMmy, KOTopasi CTPOUT JIMHHUIO C TOYKOW BO3BpaTa U JIU-
HUIO C y3JI0BOM TOUKOM.

Pewenue. B yaeorukax muddepeHnnanpHoi reomerpun, Hanpumep, B (Iloropenos,
1974), onuceiBatoTesl MapaMeTpuieckue GOpMyIbl KPUBBIX, HIMEIOIINX 0COObIE TOUYKH CO-
oTBeTCTBYIOLIEro Buaa. [1o aToil mpuunHe nporpammy Jerko Hanucarb. Pucynku 2 u 3 kak
Pa3 ¥ IOCTPOEHHI € €€ MOMOIIBIO.

Graphics Window. Width = 600
Graphics Window.Height = 500
¢ Hayano xoopauHat

x0 =300
y0 =200
‘EauHUYHBIN 0Tpe3oK
ed =100

‘Y3n0Bas TouKa

For t=-3 To 3 Step .001

x =x0 + (t*¥t*t*t — 3*t*t)*ed

y =y0 — (t*t + t)*ed
GraphicsWindow.SetPixel(X, y, “black™)
EndFor

‘Touka Bo3BpaTa

For t=-3 To 3 Step .001

x = x0 + t*t*t*ed

y =y0 — t*t*ed + 2.5%ed
GraphicsWindow.SetPixel(x, y, “red”)
EndFor

JocTaTouHo moapoOHOe onncaHne anredpandecknx KPUBBIX JOJKHO COIEPIKaTh OITH-
CaHNE BETBEH COOTBETCTBYIOLIECH KPHUBOW M HepedncieHne eé ocoObIX ToueKk. Takum 00-
pa3oM, OMCK OCOOBIX TOYEK anreOpandeckol KPUBOM SIBISIETCS OHUM M3 HalpaBiICHUH
U3y4YeHHs] ITUX KPUBBIX.

B xnure (®uxrenronsi, 1962) paccMaTpuBaioTCsl NPUMEPHI KPUBBIX ¢ 0COOBIMH TOY-
Kamu. Ba)kHO OTMETHTB TO 0OCTOSITENIBLCTBO, YTO PACCMOTPEHHE 0COOEHHOCTEH anredpau-
YeCKUX KPHUBBIX B JAHHOM CIIyyae pacCMaTpUBaeTCs B paMKaX MaTeMaTHUECKOr0 aHaIH3a.

C no3wunuii anredpanveckoil TeOMETPUN 3TH 0COOCHHOCTH M3y4aroTcs B KHHTe (YOKep,
1950). B Heil Takxe MPUBOAATCS HHTEPECHBIE TPUMEPHI.

3aganmne 5. Hamucars mporpaMmy, KOTOpas CTPOHUT JMHHUIO C TOUKON CaMOKacaHMs
4 2 2 4
no dpopmyne 2x* —=3x°y+y> =2y° +y* =0.
Pewenue. Pesynbrar paboThl COOTBETCTBYIONIEH ITPOrpaMMBbl [T0Ka3aH Ha pHc. 4.

Graphics Window. Width = 600
GraphicsWindow.Height = 420

x0 =300
y0 =350
ed =150
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9=

For x =-2 To 2 Step .001

For y =0 To 3 step .001

7 = DEXERERHX — BExExty + yFy — DFyFyty + yryEyEy
If Math.Abs(z) < .005 Then

xe = x0 + x*ed

ye =y0 —y*ed
GraphicsWindow.SetPixel(xe, ye, “black™)
EndIf

EndFor

EndFor

3aganue 6. ITocTpouts «KorreobpasHoe octpué» mo ¢popmyine x* +x’y” —2x°y —
—xp*+y° =0.

Pewenue. B npenpitymeil nporpaMme 3aMEHATh (OPMYITY, OITUCHIBAIOIIYIO KPUBYIO.
Pesynbrar nokazan Ha puc. 5.

/; /
r" / /"
Puc. 4. JIunus ¢ Toukol camokacaHus Puc. 5. «KorreobpasHoe octpué»
Fig. 4. Line with self-tangency point Fig. 5. «Claw-shaped point»

3aganue 7. Ha ocHOBe M3JIOKEHHBIX (PAKTOB HAMKCATH IEMOHCTPAIIOHHYIO W 00Y-
YAIOUIYIO MPOTPAMMY, MOCBAIIEHHYIO 0COOBIM TOUKAM anre0panyeckux KPUBBIX.

HccaenoBanue KyOM4eCKHUX KPUBBIX

Jlerko MOHATH, YTO KyOWYEeCKHe KPUBBIE 3HAYUTEILHO 0oJiee pa3HOOOpa3HbI, YeM KpH-
BbI€ BTOPOIo mopdaaka. [TombITaeMcst XOTs ObI MOBEPXHOCTHO O3HAKOMHUTLCS C BO3MOXKHBI-
MU (hopMamMu KyOHIeCKHUX KPUBBIX. ByJieM HCXOnTh U3 TOTO, 4TO, KyOMYEeCKHI MHOTOWICH
OT JBYX IIEpeMEeHHBIX F(X, ) MOXKET SBIATHCSA MPOU3BEICHHEM MHOTOWICHOB MEHBILEH
CTCIICHU, TO €CTh 6])ITI> MIPUBOANMBIM.

[Tpu >TOM BO3MOXHBI Ba BapraHTa. COMHOXUTEISIMH MOTYT OBITH JINOO TPU MHO-
TOYWICHA IIEPBOH CTEIeHH OT ABYX IEPEMEHHBIX, JHOO JMHEHHBIH MHOTOWIEH U MHO-
rO4ICH BTOPOW CTENEHU OT JIBYX MEPEMEHHBIX. B mepBoMm ciydae kybuka F(x, y) = 0
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BBIPOXKJIAETCS B TPHU IpsIMBbIE, BO BTOPOM — OHA paclajacTcss Ha NPSIMYI0 U KPUBYIO
BTOpOTrO nopsiika. Henpuonumas kyouka F(x, y) — ¢ = 0 npu n3MEHEHUU MapaMmeTpa
¢ IPUHUMAET HOBbIE (DOPMBI, KOTOPBIE, OJHAKO, J0CTATOYHO HAIISIAHBIM 00pa3oM CBsi3a-
HBI C UICXOJHOM BBIPO>KICHHON KPUBOM.

3ananmne 8. [locTpouTh KPUBBIC TPETHETO MOPSIKA HA OCHOBE UCXOIHOM JIMHUY, pacma-
JIAIOLIEHCsT Ha MIPSMYIO M DIUIUIIC.

Pewenue. EcTecTBEHHO, YTO TpOrpaMMa CTPOUT KPUBBIC METOIOM CKaHHUpOBaHus. Pe-
3yJbTaT paboThI MPOrpaMMbl TIpHu ¢ OoT —5 10 0 mokaszaH Ha puc. 6, a pu ¢ ot 0 10 5 moka-
3aH Ha puc. 7.

Graphics Window. Width = 600
Graphics Window.Height = 600

x0 =300
y0 =300
ed =100

For x =-3 To 3 Step .002
For y =-3 To 3 Step .002
sl =x*x +y*y —x*y — 1

s2=3*x-y-1
z=s1%s2

xe = x0 + x*ed
ye =y0 — y*ed

If Math.Abs(z) < .01 Then
GraphicsWindow.FillEllipse(xe-3, ye-3, 6, 6)
EndIf

EndFor

EndFor

For ¢ =-5 To 0 Step .5

For x =-3 To 3 Step .002

For y =-3 To 3 Step .002

sl =x*x + y*y —x*y—1

s2=3*x-y-1

z=sl*s2+c

xe = x0 + x*ed

ye =y0 —y*ed

If Math.Abs(z) < .01 Then
GraphicsWindow.SetPixel(xe, ye, “blake”)
EndIf

EndFor

EndFor

EndFor
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Puc. 6. Kpunas, pacnagarommascs Puc. 7. Kpusas, Puc. 8. Kpusas,
Ha IPSIMYIO | JUTHIIC pacrajaromascs pacriafaroIasncs Ha OBal
Fig. 6. Curve disintegrating into Ha MIPSIMYIO ¥ JUTHIIC 1 OECKOHEUHYIO BETBb
straight line and ellipse Fig. 7. Curve disintegrating Fig. 8. Curve disintegrating
into straight line and ellipse into oval and infinite branch

3aganue 9. ITocTpouTh Te KpUBbIE U3 MPEABIAYIIETO 3aJaHHs, KOTOPhIE paclagaroTcs
Ha OBaJl U OECKOHEYHYIO BETBb.

Pewenue. N3mensist napametp ¢ ot —1 g0 1 ¢ marom 0, HOIy4YUM CEMENWCTBO KPUBBIX,
KOTOpOE MOKa3aHo Ha pHc. 8.

MOKHO CYMTaTh, YTO B JBYX IOCIIEIHUX 3alaHUSIX ObUI IPON3BENEH BHIUYMCIUTEIBHBIN
9KCIIEPUMEHT, KOTOPBIN 1TOKa3aJ, 4TO IIPH U3MEHEHUH ITapaMeTpa ¢ OT MUHYC OECKOHEYHO-
CTH /IO MaJIbIX TI0 MOAYJIIO OTPUIATENIbHBIX 3HAYCHUI COOTBETCTBYIOIINE KPHUBBIE HMEIOT
OIHYy OECKOHEYHYIO BETBb.

3arem mosIBIsiCTCs emié OHA OBaJbHAS BETBb, KOTOPAs CHayaja MPEACTABISCT COOOM
TOYKY, a 3aTeM PacTET U 00paIaeTcst B UCXOHBIN AIUIUIIC. 3aTeM, YK€ PH MOJIOKUTEITBHBIX
3HAYEHUSIX ITapaMeTpa ¢, BOSHUKAIOT OBAJIbI BO BTOPOH yacTH sumurca. C pocToM 3TOro mna-
pamMeTpa OBaJIbl CTATUBAIOTCS B TOUKY, a TIOTOM OCTa&TCs TONBKO O/lHa OECKOHEUHAs! BETBb.

OTO0, TaKk CKa3aTh, YMO3PUTEIbHBIC BBIBOABI M3 BBIYMCIMTEIBHOTO SKCIHEPUMEHTA.
XKenarenbHo ObIIIO OB MPOBECTH TEOPETHYECKH OOOCHOBAHHOE MCCIICIOBAHHE COOTBET-
CTBYIOIIEH 3aBUCHMOCTH, HAaIlpUMep, ITO3BOJISTIOIINX BBISICHUTD, IPU KaKUX 3HAUYCHMSAX I1a-
pamMeTpa ¢ OBaJIbl CTATHBAIOTCS B TOUKH.

Tpexke BCEro, HyKHO TOCTPOMTH IMOBEPXHOCTh z=F(x,y). DTO moMoXeT 00b-
SICHUTB XapakTep 3BOJIOLMH COOTBETCTBYIOIIMX KPHUBBIX IPH M3MEHEHUH MapaMmeTpa c.
MoskeT MpOsICHATBLCS. ¥ BOIPOC O TOM, TPH KaKUX 3HAUCHHSAX MapaMeTpa ¢ OBaJbl CTSTH-
BAIOTCSI B TOUKH.

3aganmne 10. ITocTpouTs NOBEPXHOCTh Z = F(x,y) , e F(x,y) =0 Qopmyna KpuBOH
TPETHETO TOPS/IKA, pachaaroeiicst Ha MPSIMYTO U JUIHIIC.

Pewenue. JIns HarsIAHOCTH NIPEATIONIOKUM, 4TO F (x, y) =Xx- (x2 +y° —1). Pesynbrar
paboThI MporpaMMBbl MOKa3aH Ha puc. 9.
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pi = Math.Pi

GraphicsWindow. Width = 600
GraphicsWindow.Height = 600

‘CucreMa akCOHOMETPHUYECKUX KOOPJUHAT
ed =225

x0 =300
y0 =300
k=1/3

ug = pi/8

x1 =x0 + ed* Math.Cos(ug)

yl =y0 — ed* Math.Sin(ug)*k

x2 =x0 + ed* Math.Cos(ug+pi/2)
y2 =y0 — ed* Math.Sin(ug+pi/2)*k
x3 =x0

y3 =y0—ed/2

‘JlexapToBa IIOCKOCTh

For x =—1 To 1 Step .002
Fory=-1To 1 Step .2

z=0

xe = x0 + x*(x1 — x0) + y*(x2 — x0) + z*(x3 — x0)
ye =y0 +x*(yl —y0) + y*(y2 - y0) + z*(y3 — y0)

GraphicsWindow.SetPixel(xe, ye, “green”)
EndFor

EndFor

Forx=—1To 1 Step .2

Fory=-1To 1 Step .002

z=0

xe = x0 + x*(x1 — x0) + y*(x2 — x0) + z*(x3 — x0)
ye =y0 +x*(yl —y0) + y*(y2 — y0) +z*(y3 — y0)

GraphicsWindow.SetPixel(xe, ye, “green”)
EndFor

EndFor

‘[ToBEpXHOCTH TPETHETO MOPsAAKA

Forx =—1 To 1 Step .002

Fory=-1To 1 Step .2

sl =x*x+y*y—1

s2=x

z=sl1%*s2

xe = x0 + x*(x1 — x0) + y*(x2 — x0) + z*(x3 — x0)
ye =y0 +x*(yl —y0) + y*(y2 — y0) + z*(y3 — y0)

GraphicsWindow.SetPixel(xe, ye, “”)
EndFor

EndFor

Forx=-1To 1 Step .2
Fory=-1To 1 Step .002

sl =x*x +y*y—1

s2=x
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z=s1%s2

xe = x0 + x*(x1 — x0) + y*(x2 — x0) + z*(x3 — x0)
ye =y0 +x*(yl - y0) + y*(y2 - y0) + z*(y3 — y0)
GraphicsWindow.SetPixel(xe, ye, “”)

EndFor

EndFor

Puc. 9. [ToBepXHOCTb TPETHETO MOPSIKA

Fig. 9. Third order surface

Pucynox 9 nokassiBaer, uto GpyHKuus z = F' (x, y) HMEET JIOKAJIbHBIA MAKCUMYM U JIO-
KaJgbHbII MUHUMYM. CTaHOBUTCS OYEBUHBIM, YTO OBAJbI CTATMBAIOTCS B TOYKY MMEHHO
B TOYKax HSKcTpeMyMa. COOTBETCTBYIOLINE KPHUBBIE SBISIOTCS CEUEHHEM IOBEPXHOCTH
IIOCKOCTSIMH, KaCalOIIMMUCS MOBEPXHOCTH B TOUKAX IKCTPEMyMa.

3ananme 11. J{ns KpUBBIX TPETHETrO MOPSJIKa HA OCHOBE MCXOAHOM JTMHHUH, pacrajaro-
mieics Ha MPSIMYIO U JUIMIIC, HAUTH T€ KPUBBIE, Y KOTOPBIX OBaJ CTATUBAETCA B TOUKY.

Peuwenue. CornacHo BBIIIE CKa3aHHOMY, 33Jja4a CBOJUTCS K IIOUCKY TOYEK DKCTpeMyMa
GbyHKINH z = F(x,y) . B mamewm cirydae pedb uaér o QyHKOIUU z =X ° (x2 +y° —1). ITo-
CKOJIbKY COOTBETCTBYIOIIAsl TIOBEPXHOCTh CHMMETPHYHA OTHOCHUTENBHO THIOCKoCTH X0z,

oF
TIpY JIIOOBIX 3HAUCHMSX X U 1IpH y = () 4acTHAs IPOM3BOAHAS > =0.

y
Takum 00pazom, UId HAXOXKICHUS SKCTPEMYMOB JOCTATOYHO HAWTH 3HAUEHHMs IEpe-

MeHHO# x Ha ocu Ox (y = 0), PH KOTOPHIX TIPOU3BONHAS QYHKIIMH Z =X’ —X PaBHA HYJIIO.
OueBHIHO, YTO COOTBETCTBYIOIIUE 3HAUEHHSI PaBHBI +—=.
1

NG

4
z =T . 3Ha‘lI/IT, OBaJIbl CTATUBAKOTCA B TOYKY UMCHHO 31€Ch, a COOTBCTCTBYIOIIIAasa q)yHK-

PaccmoTpuM JOKaIBHBIN MakCHMyM, KOTOPBIN gocTUraeTcs B Touke (——=; 0). B Hei

4
IS OTHMCKIBAETCS (OPMYIOH X » (x2 +y° —1) -——=0.

33
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Pesynbrar paboThl MpOrpaMMBl, CTPOSIIIYIO 3TY KPUBYIO MMoKa3aH Ha puc. 10.

Graphics Window. Width = 400
GraphicsWindow.Height = 600

X0 =200
y0 =300
ed =100

r = Math.SquareRoot(3)
GraphicsWindow.DrawLine(x0,0, x0,600)
GraphicsWindow.DrawEllipse(x0 — ed, y0 — ed, 2*ed, 2*ed)
For x =—1 To 0 Step .001

Fory=-1 To 1 Step .001

zZ = X*x*X + x*y*y — x — 4/(3*r)

xe = x0 + x*ed

ye =y0—y*ed

If Math.Abs(z) < .39 Then
GraphicsWindow.SetPixel(xe, ye, “blake”)
EndIf

EndFor

EndFor

For x =0 To 2 Step .005

For y =-3 To 3 Step .005

z = X*x*x + x*y*y — x — 4/(3*r)

xe = x0 + x*ed

ye =y0 —y*ed

If Math.Abs(z) < .1 Then
GraphicsWindow.SetPixel(xe, ye, “blake”)
EndIf

EndFor

EndFor

Puc. 10. Pezynprar paboTel mporpamMmel 3aganus 11
Fig. 10. Result of task program 11
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IToxa MBI UMeNU J1€JI0 C KPUBBIMH, TOPOKIAEMBIMU UCXOJHON KPUBOH, Yy KOTOPOif 311-
JIMIIC U IIpsiMast IepeceKaroTcs. Mbl IPOBEIM BBIYMCIUTEIIBHBIE KCIIEPUMEHTHI U COCTaBU-
JIM [Ipe/ICTaBiIeHue 0 (hOpMe COOTBETCTBYIOIINX KPHUBBIX.

MoHO nepelT K pacCMOTPEHHUIO IPYTUMX BAPUAHTOB B3aUMHOIO PACIONIOKEHUS MIpsi-
MOM ¥ dmunca. M B KakIOM M3 BapUAHTOB ITPOJIENATh AHAJOTMYHBIE BBIYUCIUTEIbHBIE
JKCIIEPUMEHTBI.

3aganue 12. PaccMOTpeTh T€ KpUBBIE TPETHETO MOPSKA Ha OCHOBE MCXOMHOW JIMHUH,
pacrajaromeics Ha PSIMYIO U SJIHIIC, I KOTOPBIX AJUIHIIC M IPsIMasi KaCaroTCsl IpYT JIpyTa.

Pewenue. V3ydenne yka3aHHOTO KJIacca KPHBBIX MOXKHO IPOBECTH C HMOMOLIBIO CO-
OTBETCTBYIOIIEH MOIM(HUKANHU MTporpamMmM U3 3amannii 8—10. @opMa KpUBBIX U BHJ I10-
BEPXHOCTH TTOKa3aHBl Ha puCyHKax 11 m 12.

Puc. 11. Kpussle 3ananus 12 Puc. 12. [ToBepxHocTh 3aanus 12
Fig. 11. Job Curves 12 Fig. 12. Job Surface 12

3ananme 13. PaccMoTpeTh Te KpUBBIE TPETHETO MOPSIKAa HA OCHOBE MCXOJHOW JIMHUH,
pacriajiatoleiicss Ha IpsIMyo U JUTHIIC, U1l KOTOPBIX SJUIMIIC U MPsIMasi He MePeCeKaroTCsl.

Pewenue. V1 31ech 10CTaTOYHO MOTU(DHUIIUPOBATD IPOrpaMmbl u3 3aannii 8—10. Dop-
Ma KPUBBIX M BHJ IIOBEPXHOCTH MTOKa3aHbI Ha pucyHkax 19 u 20.
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Puc. 13. Kpussle 3aganus 13 Puc. 14. [ToBepxHOCTb 3a1aHus 12
Fig. 13. Job Curves 13 Fig. 14. Job Surface 12

Pesynbrarsl 3ananuii 8—13 MOXXHO OOBEIMHNTD B €IMHOE UCCIIEAOBAHUE.

3ananue 14. VccrenoBarh KpUBbIE TPETHErO MOPSIIKA, BO3HUKAIOIIUE HA OCHOBE HC-
XOJIHOM JINHKH, PACTIAIAIONICUCS HA PAMYIO M JUTHIIC. YUECTh Pa3invHbIe BAPUAHTHI B3a-
HUMHOTO PACTIONIOKEHUS TIPSIMOM U SIUIUIICA U OTHUCATh (POPMY COOTBETCTBYIOIINX KPUBBIX.

HccnenoBanne KyOHMUECKMX KPHUBBIX B 9TOM KIJIIOUE MOXET OBITh MPOIOJKEHO. B crie-
JYIOLIMX TPEX 3a7aHusAX OyAeT yKazaHo o0lee HampaBICHHE UCCIICIOBAHHS.

3ananme 15. McciienoBarh KpUBBIC TPETHETO MOPSAKA, BOSHUKAIOIINE HA OCHOBE MCXO/I-
HOH JINHWY, PACIaJaIoIIEeHCs Ha MPSAMYIO M THUIIEpOoiy. YUecTb pa3indHble BAPHAHTHI B3a-
MMHOTO PacIoIOKEHNUS TIPSIMON 1 TUTIEPOOIIBI M OTTHCaTh ()OPMY COOTBETCTBYIOLIUX KPHBBIX.

Toscnenus. Cnexyer UCIONb30BaTh TE K€ MPOTPaMMbl, MOAU(UIMPOBAaB uX. B3anm-
HOE PACIIONIOKEHHE MPSIMOM M TUIepOOsbl MOXKHO XapaKTepH30BaTh CJIOBAMU: Iepeceye-
HHUEC C OI[HOﬁ BCTBbBIO, MEPCCCUCHUEC C JIBYMSA BCTBIMH, KaCaHUC, aCUMIITOTA, OTCYTCTBUEC
MIePECEYCHUSL.

Ceifuac orpaHUIUMCS IOCTPOSHUEM OJTHOM €TMHCTBEHHOM KPUBOM ) * (x2 -y - 1) =2
B KauecTBe NMpHUMepa puc. 15) 1 MOCTPOCHNEM COOTBETCTBYIONIECH MOBEPXHOCTH (pHC. 16).
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Puc. 15. Kpusas 3aganus 15 Puc. 16. IToBepxnocts 3ananus 15
Fig. 15. Job Curve 15 Fig. 16. Job Surface 15

3ananue 16. MccnenoBarh KpUBbIE TPETHETO MOPSIJIKA, BOSHUKAIOIIUE Ha OCHOBE MCXO/I-
HOW JIMHUHM, paclajarolieiicss Ha npsMyto U napadoiy. Y4ecTb pa3inyHble BapHaHThI B3a-
HMMHOTO PACTIOJIOKEHHUS IIPSMOI U TapaboIibl M o1nHcarh (POPMY COOTBETCTBYIOIINX KPHBBIX.

Tloscuenusn. B3anMHOE pacroyioKeHHe MPsIMO U TTapaboJibl MOKHO XapaKTepU30BaTh
CJIOBaMH: IIEpECEUEHHE, KACAaHUE, OTCYTCTBUE NIEPECCUCHUS.

Ha pmaHHBII MOMEHT OrpaHMYMMCS TOCTPOCHHMEM  E€IMHCTBEHHOM  KpHUBO
(x -2 y) . (x - yz) =—1 B KauecTBe npumMepa (puc. 17) ¥ MOCTPOCHNUEM COOTBETCTBYIOMICH
moBepxHOCTH (puc. 18).

Puc. 17. Kpusas 3ananus 16 Puc. 18. [ToBepxHocTsb 3ananus 16
Fig. 17. Job Curve 16 Fig. 18. Job Surface 16
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3ananue 17. MccnenoBaTh KpUBBIE TPETHETO MOPSIIKA, BO3HUKAIOIINE HA OCHOBE HC-
XOJHOW JINHWH, pacIa/laomeiicss Ha TPH MPsSMBbIC. YUECTh Pa3INIHbIE BAPHAHTHI B3ANMHO-
TO PACHONIOKEHUS MPSMBIX U ONHCaTh (POPMY COOTBETCTBYIOIINX KPHUBBIX.

Tosacnenus. B3anMHOE pacrionoXeHHe TPEX MPSMbBIX MOXKHO XapaKTEepH30BaTh CIIOBAMH
B Pa3HBIX BAPUAHTAX: IEpPeCceUCHHE, TapalIeIbHOCTh, COBIAICHNE, YUCIIO TOUEK ITePECEUEHHSL.

B kadecTBe mpumepa OrpaHUYMMCS MOCTPOCHHEM KPHBOMI (x— y- 2) . (x -2 y) .
. (x +y- l) —2=0 Ha ocHOBe TPEX MPSIMBIX, 00PA3YIOLUINX TPEyroibHUK (puc. 19), u no-
CTpocHHEeM noBepxHocTH (puc. 20).

Puc. 19. Kpusas 3ananus 17 Puc. 20. IToBepxHocTs 3ananus 17
Fig. 19. Job Curve 17 Fig. 20. Job Surface 17

KpOMe TOro moaxonaa, KOTOpBIﬁ COCTOAJI B IPUBA3KE K (bI/IKCI/IpOBaHHOMy XapakTepy
COMHOX(HTCHCﬁ, BO3MOXHO HUCIIOJIB30BAHHUC MU HWHBIX HaHpaBJ’IeHI/Iﬁ HUCCICAOBAaHUA Ky6I/I-
YCCKUX KPUBBIX. BMmecTo nmocrosiHCTBa TCOMCTPUUYCCKUX CBOMCTB COMHOMKHMTEICH MOXKHO
paccMarpuBarb anreﬁpanqecme CXOOCTBO comHoxkurenei. [Tokaxem 310 Ha mpumepe.

3aganmne 18. VccnenoBark KpUBBIC TPETHETO MOPSIKA, BOSHUKAIOIINE HA OCHOBE (op-
MyJIBl Y° — (x + 1) . (x2 + c) =0 npu pa3nUUYHBIX 3HAUEHUSIX IapaMeTpa C.

Pewenue. Paccmorpum Bug kpussix npu ¢ =—0,1;¢=0 u ¢ =0,1. [IpuBenénnas Hike
MporpaMma CTPOUT COOTBETCTBYIOIIME KpuBble. OHM MOKa3aHbl Ha puc. 21, 22 u 23.

Graphics Window. Width = 600
Graphics Window.Height = 600

x0 =200
y0 =300
ed =100

=-.1
For x =-2 To 3 Step .002
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For y =-3 To 3 Step .002
z=y*y - (x+ D*(x*x —c)
xe = x0 + x*ed

ye =y0 —y*ed

If Math.Abs(z) < .01 Then

GraphicsWindow.SetPixel(xe, ye, “blake”)

EndIf
EndFor
EndFor

Puc. 21. Kpusas 3amanns 18 (c =-0,1)
Fig. 21. Job Curve 18 (¢ =-0,1)

O

Puc. 23. Kpusas 3amanus 18 (c =0,1)
Fig. 23. Job Curve 18 (¢ =0,1)

Puc. 22. Kpusas 3amanus 18 (c = 0)
Fig. 22. Job Curve 18 (c =0)

F

- 4
o <

M
ANFEBPANHECKASR

EOMETPUA

115 BCEX
YA+ 1)(X%E) VE(x)x?

d

Ok

Puc. 24. Kpussie ¢ puc. 21 — puc. 23
Ha 00oxke kaur (Pux M., 1991)

Fig. 24. Curves with Fig. 21 — Fig. 23
on the cover of the book (Reid M., 1991)
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OTMeTHM, YTO COOTBETCTBYIOIIME KPHUBbIE M300pakeHbl Ha 00nokke kuHuru (Pum M,
1991) (puc. 24).

Ha nepspiit B3 popmyna y° = (x+ 1) . ()c2 +c), OIUCBHIBAIONIAS COOTBETCTBYIOIINE
KPHBBIE, ABJISIETCSI ONHUM M3 YaCTHBIX BapHaHToB. Ho Bckope MbI yBUANM, uTO 00mmast ¢hop-
myna y* = p, (x) , Tie p, (x) — MHOTOYJICH TPEThEil CTeNeHH, SIBISETCS] YHUBEPCAIbHBIM
OITMCAaHUEM KyOMYEeCKHUX KPHUBBIX.

Kiuacenpukanus KyOM4ecKnx KpuBbIX

[epeiiném k Bompocam Kiaccu(HUKAUN KyOMYECKHX KPHBBIX, KOTOPbIC, HECOMHEH-
HO, MOTYT CTaTh COAEPKATEIbHBIMUA TEMaMHU AJIsI KyPCOBBIX U AUIUIOMHBIX paboT. B kHure
(Crpoiik, 1990) ormeuaercst pons HproToHa B pa3paboTke TEOPHH KPHUBBIX TPETHETO II0-
panka. [TpuBeném npocTpaHHyIO IUTATY OTTY/IA.

«HpI0TOH mucan ... 0 MIOCKNX KPUBBIX TpeThero nopsinuka. B «Ilepeuncnenny mmHui
TPEThEro MOPSIKa» OH JaJl KJIACCH(UKALMUIO TUIOCKMX KPHUBBIX TPEThEeW cTerneHu Ha 72
BHUJIa, UCXOMsI U3 CBOCH TEOPEMBI O TOM, YTO KKAYIO KYOUYECKYIO KPUBYIO MOXKHO TOJTY-
YHUTh U3 «PacXoisiieics mapabous» ) = ax’ + bx? + ¢x + d npu LEHTPaIbHOM IIPOEKTH-
POBaHMHU OFHOMN ITUIOCKOCTH Ha APYTYI0. DTO OBUIO MEPBBIM BaKHBIM HOBBIM PE3YIIBTATOM,
TIOJTyYEHHBIM MyTEM MPUMEHEHHUS alreOpsl K TeOMETPHH, Tak Kak BCE MpEAbLIyme pado-
TBI OBUTH ITPOCTO HIEPEBOJIOM ATIOJUIOHHS Ha alreOpandecKuil s3bIK».

Jloka3arenbCTBO TOrO, YTO YpaBHEHHE KyOMYECKOW KPHBOH MOXKET OBITh NPHUBEICHO
K BUIYy V* = ax’ + bx? + cx + d maéres B kuure (Yokep, 1950). OG30p HbIOTOHOBCKO#M
KIaccu(UKaluK KyOMUeCKuX KpuBbIX mpuBomutcs B kuure (Casémor, 1960). ITpu stom
UCTIONB3YIOTCSA HECKOJIBKO MHBIE HCXOIHBIE (DOPMYIIBL, CBOS ISl KQXKIOH M3 TPYIII, Ha KO-
TOpBIE Pa30MBACTCSI MHOKECTBO KyOMIECKUX KPHUBBIX.

1-s1 rpynna. Kpusble omuceiBarotest popmynoit x)* + ey= ax® + bx? + cx + d, npuuém

a>0. CDopMa OTUX KPUBLIX ONPEACIACTCSA BUAOM KOpHeﬁ emé oHOTO YpaBHCHUH, JI€Bas
2

o e
9acTh, KOTOPOTO SBIISICTCSI MHOTOWICHOM YeTBEPTOM cTenenu ax? + bx® + ex? +d x +? =0.

PaccmarpuBaroTCs MATh Pa3IHYHBIX CIy4aeB, M3 KOTOPBIX MbI BBIOEPEM TOJIBKO JBA:

® KOpHH MO0 KOMIUIEKCHBIE, TUOO Pa3IMYHbIC JCHCTBUTEILHBIC,

e [Ba CHCTBUTENBHBIX KOPHS PaBHBI MEXIy COOOH, a Ba IPyruX JHOO0 KOMIUICKCHEIE,
TUO0 OHOBPEMEHHO OOJIBIIIE HIIM MEHBIIE PABHBIX KOPHEH.

3aganue 19. [TocTpouTh KPUBYIO TPETHETO MOPS/IKA, BOSHUKAIOMIYIO HA OCHOBE TIEPBO-
TO CllydJasi.

Pewenue. TTocTpouM BCIIOMOTaTeNIbHBI MHOTOWIEH ¢ KOMIUIEKCHBIMU KopHsMH. Ha-
IIpUMeEp, MOXKHO B3SITh ITPOU3BEACHUE ABYX KBAJPATHBIX TPEXWICHOB 03 IeHCTBUTEIBHBIX
KxopHeii: P(x)= (x2 + 1) . (xz + 4) =x*+5x"+4.

Taxum ob6pazom, a =1,b=0,c=5,d =0 u e=4. 13 3T0TO0 CNIEyET, 4TO YpaBHEHUE Ky-
6ukn umeeT BUA: xp° +4y—x° —5x =0 . [TocTpoum eé MeTon0OM cKaHHpoBaHus (puc. 25).
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3aganne 20. I[TocTpouTh KPUBYIO TPETHETO MOPSAIKA, BO3HUKAIOINIYIO HA OCHOBE BTOPO-
TO ciyyvasi.

Pewenue. ITocTpouM BCIIOMOraTe/IbHbIM MHOTOUWIEH € JBYMSI KOMIIJIEKCHBIMU KOPHSAMU
U ABYMsI paBHBIMH )ICI\/’ICTBI/ITCJ'IBHI)IMI/I. HaHpHMep, MOXHO B34ATb IMMPOU3BCACHUC KBaaApaT-
HOTO TpéxuiieHa 0e3 IeHCTBUTENFHBIX KOPHEH Ha KBAIPAaT IBYWICHA:

P(x):(x2+l)-(xz—2x+1):x4—2x3+2x2—2x+1

Takum obpazom, a=1,b=2,c=2,d =1 u e=2. 13 3TOr0 CICOYCT, YTO YPABHCHUE KY-
6uKu umeeT B xy° +2y—x +2x° —2x+2=0. [TocTpouM €& METOIOM CKaHMPOBAHMS
(puc. 26).

AN

VAN

Puc. 25. Kpusas 3aganus 19 Puc. 26. Kpusas 3ananus 20
Fig. 25. Job Curve 19 Fig. 26. Job Curve 20

Bce kpuBBI€ 3TOH IpyNITBI UMEIOT TPH ACHMIITOTHI.

3ananue 21. Vcnonw3ys onucanue u3 kuuru (Casénos, 1960) noctpoutsh n3odpaxe-
HHE KPUBBIX MEPBO TPYMIIBI U UX ACUMIITOT.

2-s1 rpynna. Kpusble onucsiBatoTcs Gpopmynoit x)? + ey = ax® + bx’ + ¢x + d, Ho B naH-
HOM ciyuae @ <0. U xak u panee GopMa 3TUX KPUBBIX OIPEACIIETCS BHIOM KOpPHEHl
MHOTO4ICHA

2
e
ax? + bx? + ox? +dx+?:0.

31ech TOKE PacCMaTPHUBAIOTCS MATh PA3IMYHBIX CIy4aeB, 1 BHOBb MbI BEIOEPEM TOIHKO
JIBa U3 HUX!
e BcE KOPHM BCIIOMOTaTeIbHOTO MHOTOWIEHA IEHCTBUTEIBHBI M Pa3INYHbI,
e BCE KOPHHU BCIIOMOIaTeIbHOIO MHOTOYJIEHA IeHCTBUTENBHBIL, U JIBa CPEIHUX KOPHS paB-
HBI MEX]Ty CO00I, a U3 IBYX JPYTHX OJHUH OOJIbIIe, a APYroi MEHbIIE CPETHUX KOPHEH.
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3aganne 22. [TocTpouTh KPUBYIO TPETHETO MOPSAKA BTOPOH IPyMIIbl, BO3HUKAOIIYIO
Ha OCHOBE MEPBOTO CIIyyasi.

Pewenue. B 3ananusx 19 u 20 BprurciaeHue KOdQPUIMEHTOB YPaBHEHUS! TPOBOIUIIUCH
3a TMpeneraMu KOMITBIOTEPHON MporpamMmbl. B ciydae NeHCTBUTENBHBIX KOpHEH yao0HO
BCE BBIYMCIICHHS NPOBOJUTH HEMOCPEICTBEHHO B Iporpamme. [l KOHKpPETHOH KpHBOH,
KOTOPYIO TIOCTPOUT MPHUBOANMAsSI HI)KE POrpaMMa, KOPHSIMU BCIIOMOTaTeIbHOI'O MHOTOY-
neHa sBIsoTes yncia = 3, 1, 2 u 4. Kpusas mokaszana Ha puc. 27.

GraphicsWindow. Width = 600
GraphicsWindow.Height = 600

x0 =300

y0 =300

ed =30

x1=-3

x2=1

x3=2

x4 =4

pl =—(x1 +x2)

ql =x1*x2

p2 =—(x3 +x4)

q2 =x3*x4
=-1

b=—(pl +p2)

c=—(ql +pl*p2 + q2)

d=—(pl*q2 +p2*ql)

e = 2* Math.SquareRoot(—q1*q2)

For x =—10 To 10 Step .005

Fory=-10 To 10 Step .005

7 = x*y*y + e*y — a*x*x*x — b*x*x — c*x —d
xe = x0 + x*ed

ye =y0 —y*ed

If Math.Abs(z) <.1 Then
GraphicsWindow.SetPixel(xe, ye, “blake”)
EndIf

EndFor

EndFor
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3aganne 23. [IocTpOUTh KPUBYIO TPETHETO MOPSIKA BTOPOI IPYIITbI, BO3HHKAOIIYIO
Ha OCHOBE BTOPOT'O CiIydasi.
Pewenue. Vicons3yem Ty e nporpammy st kopHer = 3, 1, 1 u 4 (puc. 28).

Puc. 27. Kpupas 3aganus 22 Puc. 28. Kpupas 3aganus 23
Fig. 27. Job Curve 22 Fig. 28. Job Curve 23

Bcee KpUBLIC JTOM rpynrbl UMCIOT OJHY aCUMIITOTY.

3ananue 24. Vcnions3ys onmcanue n3 kauru (Casénos, 1960) noctponts n3odpaxe-
HUE KPUBBIX BTOPOH TPYIIIBI U UX ACUMIITOT.

PaccmoTpenue Bcex TPy KPUBBIX U Pa3IMUYHBIX CIIy4aeB B paMKax KaXKAOH IpyMIibl
TpeOyeT 3HAUUTEIIbHBIX YCUIIUI.

321131-[1)[6 25. Hanummre o6yqa1011me U ICMOHCTPAIIMOHHBIC MTPOTPpaMMBbI, MTO3BOJIAIO-
IIMEC IMO3HAKOMUTHCS C Knaccn(bm(auneﬁ KPUBBIX TPETHETO MMOPAAKA.

CBoiicTBa KyOM4eCKHX KPHBBIX

B craree (Kymanmn, Cremanos, 2025) ommcaH METOX TOCTPOEHHS ITyYKOB BTOPO-
TO MOpsAJKa. AHAJOTMYHBIC TTOCTPOSHHS MOXKHO MPOBECTH M JJSI KPUBBIX TPETHETO I10-
psaka. Cyts MeTona TakoBa. IyCTb 3a1aHbl [BE KPHUBBIC TPEThero mopsiaka F(x,y)=0
u F,(x,y)= 0, Torna nuneiinas komOunauus ypasuennii 4, « F(x,y) +4,+ F,(x,y)=
0 TaxKe ONUCHIBACT KPUBYIO TPETHETO MOPSIIKA.

IIpoBeném cnenyroriee moctpoenne. BribepeM Ha EKapTOBOM TIIOCKOCTH YETHIPE Ma-
TepUaIbHBIX TOUYKU. TO €CTh TOUKH, KOTOPbIE KPOME KOOPIMHAT UMEIOT Maccy. IlycTh 310
OynyT Touku { 4, (x;;y,;m,)} ,tnei=1,2,3, 4.
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HaiinéM KoopauHAThI IEHTPOB TSKECTU CTOPOH YeThIPEXYroabHUKa A A, A, A4, , a 3aTeM
1 KOOPJAMHATHI LIEHTPA TSKECTU BCETO YETHIPEXYTOIbHHUKA.

ITpu BBIUKCIICHUH KOOPIMHAT LIEHTPa TSKECTU CEPEANHBI B, CTOPOHBI A A, UCTIONb3Y-
:xlml + x2m2 " y :ylml +y2m2

10TCs QOPMYIIBL X .
m +m, m +m,

Iycts Toukn B,, B; u B,, ueHTpbl TskecTH CTOpoH A,A4,, A, A, u A, A coorser-
creeHHo. Torza ueHtp TaxecTn C BCEro YeThIPEXYTOIbHUKA COBIAAET C LIEHTPAMU TSKE-
CTH OTpe3koB BB, u B,B, .

Hrak, nomy4eHO AEBATH TOYEK, PACIONOKEHHBIX HA IIECTH NPAMBIX: IEpBasi TpoiKa
AA4,, B,B,, A,A4,;Bropas Tpoiika A 4,, BB,, A,4, (puc. 29).

Puc. 29. [leBats TOueK, pacrnoa0KEeHHbIX Ha MIECTH IPSAMBIX

Fig. 29. Nine points located on six straight lines

PaccmoTpum aBe KyOMUECKHE KpPHBBIE, MEpBast M3 KOTOPBIX paclafacTcsi Ha IEPBYIO
TPOHKY MPSIMBIX, @ BTOpasi — Ha BTOPYIO TPOHKy. Tenepb MOXKHO TIOCTPOUTH MY4OK KyOUK,
TIPOXO/ISIIINX Yepe3 BCE JICBITH TOUCK.

3aganne 26. Hammmmre mporpamMmy MOCTPOCHHS OFHOW M3 KPUBBIX ITydka IPH

A4,=0,25 nnopn A, =1 — A, mng HanOosee MpOCTOro AJsl BBIYMCICHNST KOOPANHAT TO-
YeK cllydas, Korjaa IpsiMble NMEpBOM TPOWKH TOPU30HTANbHBI, a MPSMbIE BTOPOM TPOMKH
BEPTHKAJIbHBI.

Pewenue. IlporpaMma cTpouT H300paskeHNe, KOTOpoe moka3aHo Ha puc. 30.

Graphics Window. Width = 600
Graphics Window.Height = 600
x0 =300
y0 =300
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ed =100
Iml = .25
Im2=1-1ml

For x =3 To 3 Step .002

For y =-3 To 3 Step .002

sl =(x-D*x*x+1)

s2=(y-D*y*(y+ 1)

z =Iml*s] + Im2*s2

If Math.Abs(z) < .01 Then

xe = x0 + x*ed

ye =y0 —y*ed

Graphics Window.SetPixel(xe, ye, “blake”)
EndIf

EndFor

EndFor

Forx=-1To 1

Fory=-1To 1

xe = x0 + x*ed

ye =y0 —y*ed

Graphics Window.FillEllipse(xe-5, ye-5, 10, 10)
EndFor

EndFor

Puc. 30. Kpusas 3aganus 26
Fig. 30. Job Curve 26
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3aganne 27. Hanuuumre nporpaMmy MOCTPOCHHS My4YKa KyOUK.
Pewenue. JlocTtatouHo B NpeAblAyllIed MporpaMMe HMCIOJIb30BaTh LUKI, MEHSIOUIUN
napametp 4, , HaunHas ot —2 10 3 ¢ marom 0,25. Pe3ynbrar mokasas Ha puc. 31.

Puc. 31. Kpusas 3ananus 27
Fig. 31. Job Curve 27

3aganne 28. 3agaiite ueThpe MaTepuaIbHBIX TOUKH {A(x,;y;;m,)}, toe i =1, 2, 3, 4.
Bbruncnanre KOOpAMHATBI OCTAIBHBIX TOUEK, MONYYUTE YPAaBHEHHE ABYX TPOEK IMPSMBIX
1 TIOCTPOMTE ITy4OK KyOHK JUISl 3TOTO CIrydas.

Hmeer mecTo ciemyromas TeopeMa 0 AeBATH TOYKaxX. [lycTe KpHuBas TpEThEro Io-
psZIKa IPOXOAMT Yepe3 BOCEMb TOYEK KOH(UTypanuny, mokasanHoi Ha puc. 29. Torga oHa
MpoXoIuT U uepe3 neBatyro Touky (IIpaconoB, ConoBbéB, 1997). Ha e€ ocHOBE MOMXKHO
Jl0Ka3aTh Kinaccudyeckue teopemsl Ilackans u Ilanma.

Teopema Ilackansi. Touku mnepeceyeHus MPOTUBOINOJIOKHBIX CTOPOH BIIMCAHHOIO
B KPHBYIO BTOPOT'0 MOPSA/IKA MIECTHYTOIBHHUKA JIEXKAT Ha OJHOM HPSIMOit

3aganue 29. Vcronb3ys CBOHCTBAa KPUBBIX TPETHETO MOPsIKA, JOKa3aTh TeopeMy Ila-
CKaJIs JJIsl CITydasi OKPY>KHOCTH ¥ IIOCTPOUTH COOTBETCTBYIOIIHNI 4epTEx (puc. 32).

Pewenue. Bo3pMEM B KadyecTBE BOCHMHU TOUYEK MIECTh TOUEK HA OKPY>KHOCTH U JIBE TOU-
K{ TIepeCceueHHUs IPOTHBOIOIOKHBIX CTOPOH. Torna oKpy»XHOCTh M TIpsiMasi, POXOsIast
Yyepe3 3TU TOYKH, MOTYT paccMaTpuBarhcs Kak Kyouka. [1o Teopeme 0 JeBATH TOYKax 3Ta
npsiMas JOJDKHA MPOXOANTE M YEPE3 TPETHIO TOUKY IEPECEUECHUS ITPOTUBOITONIOKHBIX CTO-
pon. Cremyromias mporpaMMa CTPOUT HYKHBIA 9ePTEK.
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Graphics Window. Width = 600
GraphicsWindow.Height = 600

x0 =300

y0 =250

ed =100

r=1

GraphicsWindow.DrawEllipse(x0 — r*ed, y0 — r*ed, 2*r*ed, 2*r*ed)
pi = Math.Pi

ug[1] =pi+.1

ug[2] = pi/2

ug[3]=-.5

ug[4] =-—pi/4 +.3

ug[5]=-pi/2 -3

ug[6] = —3*pi/4

Fori=1to6

x[i] = r* Math.Cos(ug[i])

y[i] = r* Math.Sin(ug[i])

EndFor

Fori=1to3

j=it4

If j=7 Then

j=1

EndIf

tl =x[i]

pl =yli]

xel = x0 + ed*tl

yel =y0—ed*pl

Graphics Window.FillEllipse(xe1-5, ye1-5,10,10)
t2 = x[i+1]

p2 =y[i+1]

xe2 =x0 + ed*t2

ye2 =y0 — ed*p2

Graphics Window.FillEllipse(xe2-5, ye2-5,10,10)
GraphicsWindow.DrawLine(xel, yel, xe2, ye2)
t3 = x[i+3]

p3 = y[i+3]

xe3 =x0 + ed*t3

ye3 =y0 —ed*p3

Graphics Window.FillEllipse(xe3-5, ye3-5,10,10)
t4 =x[j]

p4=y[j]

xe4 = x0 + ed*t4

ye4 = y0 — ed*p4

Graphics Window.FillEllipse(xe4-5, ye4-5,10,10)
GraphicsWindow.DrawLine(xe3, ye3, xe4, ye4)
Peresech()

EndFor
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GraphicsWindow.DrawLine(xe[ 1], ye[1], xe[2], ye[2])
GraphicsWindow.DrawLine(xe[ 1], ye[1], xe[3], ye[3])
Sub Peresech

k1l = (p2 —pl)/(t2 —tl)

bl =pl —kl*tl
k2 = (p4 — p3)/(t4 — 13)
b2 =p3 — k2*t3

tp= (bl — b2)/(k2 — k1)

pp = k1*tp + bl

xe[i] = x0 + ed*tp

ye[i] = y0 —ed*pp
GraphicsWindow.FillEllipse(xe[i]-5, ye[i]-5,10,10)
GraphicsWindow.DrawLine(xe[i], ye[i], xe2, ye2)
GraphicsWindow.DrawLine(xe[i], ye[i], xe4, ye4)
EndSub

Puc. 32. Unmoctpanus k 3aganuto 29
Fig. 32. Illustration for task 29

3aganne 30. [{oka3ars Teopemy [lackams st cirydast IpOU3BOIBHON KPUBOI BTOPOTO
MOPSIJIKAa U IOCTPOUTH COOTBETCTBYIOIIUN UEPTEXK.

THoscnenue. HeobxoqnMo, UCIIONB3Ys MPOSKTHBHEBIE TTpeoOpazoBanus (AJIEKCaHIPOB,
1979), npeoOpa3zoBarh ypaBHEHUSI OKPYKHOCTH H MPSIMBIX U3 TIPEABIAYIIETO 3aHATHs. J{s
Citydast SJUTUIICA MOXKHO HCIIONIb30BaTh adGuHHbBIE TpeoOpa3oBaHusL.

Teopema ITanna. Ha nepsoii npsimoit B3s1el Touku A, C u E, a Ha BTOpOIl npsmoit —
touku B, D u F. Torga Touku nepeceuenus npsimbix AB u DE, DC u EF, AF u CD nexar
Ha OJTHOU MPSIMOH.
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3aganue 31. Vcnons3ys CBOWCTBAa KPUBBIX TPETHETO MOPSAKA, JoKa3aTh TeopeMy [lam-
T1a ¥ IOCTPOUTH COOTBETCTBYIONINH 4epTEx (puc. 33).

Pewenue. JlokazarenbcTBO TeopeMbl [lanma aHaloOrHMYHO JOKAa3aTeIbCTBY TEOPEMBI
[Mackans. OgHako B JaHHOM Cilydae KyOuKa pacrmazaercst Ha TpH mpsMble. J[Be JaHbl U3-
HavyanbHO. M Ha Kak1oW M3 HUX BBIOMPAIOT IO TPU TOUYKH, TO €CTh BCETO ILECTh TOYEK
(na repBoii A, C u E, a na Bropoii npsimoii B, D u F).

Emé nBe Touku sBustorcs Toukamu nepecedenuss AB u DE, a taxoke DC u EF. Tlpsmas,
MIPOXO/SIIias Yepe3 ATU JIBE TOUKH, JOIOJIHSIET MepBbIe JABE MpsiMble 10 Kyouku. [1o Teo-
peMe o AEBATH TOYKax 9Ta MpsiMas JOJKHA NMPOXOJUTH M Yepe3 TPEThI0 TOUKYy Iepecede-
Hus npsambeix AF u CD. [Iporpamma, KoTopasi CTpOUT HYKHBIN 4epTExX, BO MHOTOM MTOXO0XKa
Ha Tporpammy u3 3aaaHus 29.

Puc. 33. MnmocTpanus k 3aaanuto 31
Fig. 33. Illustration for task 31

Paccmorpum enié jJiBa HarpaBiieHHs H3Y4YeHUsI KPUBBIX TpeThero mopska. IIpexne
BCEr0 PacCMOTPHUM 00OOIIEHHE TOTO METO/IA, C IIOMOIIBIO KOTOPOTO CTPOMIIUCH MTYUYKH KY-
Oouk. Pedb naét o MUHEWHBIX cHcTeMax anreOpamdeckux Kpubbix (Yoxep, 1950). JTrobas
KpHUBasi TPETHETO TOPSIIKA C TOYHOCTHIO J0 IOCTOSTHHOTO MHOXKUTEIISL ONIPEICIIICTCS 1eCs-
TBIO KOA((QHUIIMECHTAMU COOTBETCTBYIOIIETO MHOTOWICHA, KOTOPBIE MOYKHO paccMaTpUBaTh
KaK KOOPJIMHATHI TOYKU B MPOCKTUBHOM IIPOCTPAHCTBE.

MOXHO paccMaTpuBaTh 3TH MHOTOWICHBI W Kak Bekropa. K HHM MPHCOCTUHSIOTCS
Y MHOTOYJICHBI MEHBIIIET0, YeM TPHU Mopsiaka. TakuM 00pa3oM, Ha OCHOBE JIFOOOM KOHEY-
HOW COBOKYITHOCTD aJIr¢OpandecKiX KPUBBIX MOKHO CTPOUTH WX JTMHCHHBIC KOMOHMHAIINH.

PaccMoTpuM clie/lyroNy0 JHMHEHHYI0 KOMOMHAIMIO JIBYX aire0panvyeckux KpUBBIX

F(xy) n B (xy):
A Fl(x,y)+(l—/1) . Fz(x,y) =0.
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W3mensiss A OT HyJs 10 €IMHUIIBI, MOXKHO OCYIIIECTBUTH IIPEOOpa30BaHUE MEPBON KPH-
BOM BO BTOpYI0. Ecin ske pacimpuTh WHTEpBAT U3MEHEHUsT A, TO B Ipolecc mpeodpaso-
BaHMs OylyT BOBJICUCHBI JOTIOIHUTEIILHBIE KPHUBBIE.

3ananne 32. [IpoBecTn npeoGpazoBaHue KyOHUeckoil mapabomisl y =x° B eIMHHYHYIO
OKPYXXHOCTH (puc. 34).

Pewenue. B nporpamme /st OCYILECTBICHUSI TPe0Opa30BaHMs IPUXOANUTCS UCTIONH30-
BaTh JIBa [IUKJIA C PA3HBIM IIATOM JJIsI TapameTpa A.

Graphics Window. Width = 620
GraphicsWindow.Height = 600

x0 =150
y0 =300
ed =100

For x =—1.5 To 4.2 Step .002

For y =-3 To 3 Step .002

xe =x0 + x*ed

ye =y0 — y*ed

zl = (x-3)*(x-3) + y*y — 1

If Math.Abs(z1) <.01 Then
GraphicsWindow.FillEllipse(xe-3, ye-3, 6, 6)
EndIf

72 =y — x*x*x

If Math.Abs(z2) < .01 Then
GraphicsWindow.FillEllipse(xe-3, ye-3, 6, 6)

EndIf

EndFor

EndFor

For Iml =—.1 To 1 Step .025
Im2=1-1ml

For x =—1.5 To 4.5 Step .005
For y =-3 To 3 Step .005

xe = x0 + x*ed

ye =y0 — y*ed

zl = (x-3)*(x-3) + y*y — 1

72 =y — X*x*x

z=1m1%*z1 + lm2*z2

If Math.Abs(z) < .01 Then
GraphicsWindow.SetPixel(xe, ye, “”)
EndIf

EndFor

EndFor

EndFor

For Im1 =1 To 2 Step .01
Im2=1—-Iml

For x =—1.5 To 4.5 Step .005
For y =-3 To 3 Step .005
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xe = x0 + x*ed

ye =y0 —y*ed

zl = (x-3)*(x-3) + y*y — 1
72 =y — x*x*x
z=Iml1*z] + Im2*z2

If Math.Abs(z) < .01 Then
GraphicsWindow.SetPixel(xe, ye, “”)
EndIf

EndFor

EndFor

EndFor

,(H,// P

;,;/ /// L

i \ N
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Puc. 34. Unnroctpanus k 3aganuto 32
Fig. 34. Illustration for task 32

Haxoner, 3HaUNTEIbHBIN HHTEPEC TPEICTABIACT U3yUYEHHE TPYIIIOBOTO 3aKOHA HA Ky-
6ukax (Pun, 1991, IIpaconos, ConoBseB, 1997). [lockoibKy pa3Mepbl cTaTbil HE TIO3BOJIS-
10T PacCMOTPETH 3Ty TEMY HOIPOOHO, OTpaHININMCsT (POPMYITHMPOBKOH 3aJaHNSI.

3aganue 33. Jlate ompeneneHne 3aKOHA CIIOKCHHS HECOBITAMAIONINX TOYEK Ha KyOu-
yeckoi KpuBoil. IToCTpOUTh COOTBETCTBYIOIINE YEPTEKH, IOMOTAIOLINE TOHITh COOTBET-
CTBYIOIIIEE OIIPE/ICIICHHE.

3akjaoueHue

B ,Z[aHHOﬁ CTAaTbC paCCMaTpUBAOTCA BOIIPOCHI, CBA3aHHBIC C yFJIy6J'IéHHBIM HU3y4YCHUCM
KPHUBLIX TPETHETO MOPSJAKA. Ocobo¢e BHUMaHUE YACIAeTCa METoAaM NOCTPOCHUA anre6pa-
HNYCCKHUX KPUBBIX.
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O6cy)KI[eHI/IC COOTBETCTBYIOIIMX BOIPOCOB MOXKET IMOMOYb MOJIOABIM MpEroaaBaTe/IsIM
Py U3y4YCHUU PA3JIMYHBIX Pa3ZiCciiOB BBICIIIE MaTEMAaTUKH. KpOMe TOI0, HEKOTOPbIC pacCMO-
TPECHHBIC TEMbI MOTYT OBITH MPEAJIOKEHBI B KAYECTBE TEM KYPCOBBIX U JUITJIOMHBIX pa60T.

Crnucok ncrounukoB / References

1. Hpenonne, XK. (1972). Jlunevinas ancebpa u snemenmapnas ceomempus. Hayka.
Dieudonné, J. (1972). Linear algebra and elementary geometry. Nauka.

2. Kynanun, E.Jl., Crenanos, M.E. (2022). BcectopoHHee paccMOTpeHHE MAaTeMaTH4eCKUX MOHS-
THH KaK METOAMYeCcKui mpueM. Mooeruposanue u ananus oanneix, 12(4), 67—~84. https://doi.
org/10.17759/mda.2022120405
Kulanin, Y. D., Stepanov, M. E. (2022). Comprehensive consideration of mathematical concepts
as a methodological technique. Modeling and Data Analysis, 12(4), 67—84. https://doi.
org/10.17759/mda.2022120405

3. Kynanun, E.JI., Crenanos, M.E. (2022). 13 onbiTa paGoTHI B pe)KUMe JUCTAHIIMOHHOTO 00y YeHHSI.
Mooenuposanue u ananus oannvix, 12(3), 58—70. https://doi.org/10.17759/mda.2022120305
Kulanin, Y.D., Stepanov, M.E. (2022). From the experience of working in distance learning
mode. Modeling and Data Analysis, 12(3), 58—70. https://doi.org/10.17759/mda.2022120305

4. Kynanun, E.Jl., Cremanos, M.E. (2022). O Bu3yanu3auuy peUICHUH HEKOTOPBIX 3KCTpEeMallb-
HBIX 3ana4. Moodemuposanue u ananuz Oannelx, 12(4), 94—104. https://doi.org/10.17759/
mda.2022120407
Kulanin, Y.D., Stepanov, M.E. (2022). On the visualization of solutions to some extremal
problems. Modeling and Data Analysis, 12(4), 94—104. https://doi.org/10.17759/
mda.2022120407

5. Kynanus, E.Jl., Crenanos, M.E. (2024). BoruncnutenbHblil S5KCIIEPUMEHT B NPETOJaBaHUM BbIC-
el MaTeMaTUKU Ha MpHUMEpe TeopHuu uucel. Mooenuposanue u ananus danuvix, 14(1), 170—
195. https://doi.org/10.17759/mda.2024140111
Kulanin, Y.D., Stepanov, M.E. (2024). Computational experiment in teaching higher
mathematics: The case of number theory. Modeling and Data Analysis, 14(1), 170—195.
https://doi.org/10.17759/mda.2024140111

6. Kynanun, E.JI., Crenanos, M.E. (2024). BerauciauTenbHBII SKCIIEPUMEHT B TIPENOIaBaHHN BBIC-
mei Mmarematuku: KomOuHaTopuka u e€ npuiokenus. Moderuposanue u ananus oaunwix, 14(3),
174—202. https://doi.org/10.17759/mda.2024140310
Kulanin, Y.D., Stepanov, M.E. (2024). Computational experiment in teaching higher mathematics:
Combinatorics and its applications. Modeling and Data Analysis, 14(3), 174—202. https://doi.
org/10.17759/mda.2024140310

7. Kynanun, E.Jl., CrenanoB, M.E. (2024). Hcnons3oBanre 00pa3oB B NPENoIaBaHHH BhICHICH
MareMatuku. Mooenuposanue u ananuz oanuwix, 14(2), 192—225. https://doi.org/10.17759/
mda.2024140212
Kulanin, Y.D., Stepanov, M.E. (2024). Using images in teaching higher mathematics. Modeling
and Data Analysis, 14(2), 192—225. https://doi.org/10.17759/mda.2024140212

8. Kynmanun, E.JI., Crenanos, M.E. (2025). Anre6pandeckne KpUBbIEe BEICIINX HOPSAKOB B MPETIO-
JIaBaHMH BBICIIEH MaTeMaTUKH: METOAbI TOCTPOESHUS anredpandeckux KpuBbIX. Mooenuposanue
u ananus oawnnvix, 15(4), 122—137. https://doi.org/10.17759/mda.2025150408

240



Kynanvn E.JI., Crenanos MLE. (2026). Kulanin Y.D., Stepanov M.E. (2026).
AjtreGpanueckyie KpUBbIe BBICIIVIX TIOPSIIKOB Algebraic curves of higher orders
B ITperojlaBaHuy BBICIITE MAaTEMATUKIA. ... in teaching higher mathematics. Cubic curves
MopermmpoBatue v aHayms JaHHbIx, 2026, 16(2), 210 —242. Modelling and Data Analysis, 2026, 16(2), 210 —242.

10.

11.

12.

13.

14.

15.

16.

Kulanin, Y.D., Stepanov, M.E. (2025). Algebraic curves of higher orders in teaching higher
mathematics: Methods of constructing algebraic curves. Modeling and Data Analysis, 15(4),
122—137. https://doi.org/10.17759/mda.2025150408

Kynanun, E.JI., Crenanos, M.E. (2025). Anrebpandeckue KpUBbIe HU3IINX MOPSIKOB B IIPEIIO-
JaBaHMH BbICIIEH MateMaTuku. Moderuposanue u anaius oannvix, 15(1), 210—251. https://doi.
org/10.17759/mda.2025150111

Kulanin, Y.D., Stepanov, M.E. (2025). Algebraic curves of lower orders in teaching higher
mathematics. Modeling and Data Analysis, 15(1), 210—251. https://doi.org/10.17759/
mda.2025150111

Kynanun, E.Jl., Hryen By Kyanr, Crenanos, M.E. (2019). Ocs3aemast mpeaAMETHOCTb C KOM-
MBIOTEPHON TOAnepKKOU. Modenuposanue u aunaruz Oannvix, 9(4), 145—156. https://doi.
org/10.17759/mda.2019090412

Kulanin, Y.D., Nguyen Vu Quang, Stepanov, M.E. (2019). Tangible subjectivity with computer
support. Modeling and Data Analysis, 9(4), 145—156. https://doi.org/10.17759/mda.2019090412

Kynanun, E.J., Crenanos, M.E., Hypkaesa, .M. (2020). Posxp 00pa3HOro MbInuieHus B Hay4-
HOM MbIIeHuu. Mooenuposanue u ananus oannvix, 10(2), 110—128. https://doi.org/10.17759/
mda.2020100209

Kulanin, Y.D., Stepanov, M.E., Nurkaeva, .M. (2020). The role of imagery in scientific thinking.
Modeling and Data Analysis, 10(2), 110—128. https://doi.org/10.17759/mda.2020100209

Kynauun, E.Jl., Crenanos, M.E., Hypkaesa, .M. (2021). O pa3nu4HbIX MOJXOIaxX K pelie-
HUIO DKCTPeMaNIbHBIX 3amad. Mooenuposanue u ananuz oaunwix, 11(1), 40—60. https://doi.
org/10.17759/mda.2021110104

Kulanin, Y.D., Stepanov, M.E., Nurkaeva, .M. (2021). On different approaches to solving
extremal problems. Modeling and Data Analysis, 11(1), 40—60. https://doi.org/10.17759/
mda.2021110104

Jlynry, K.-H., Hopun, B.II., ITucemennsiii, /1.T., IlleBuenko, FO0.A., & Kynanun, E.J{. (2013).
CoopHux 3a0ay no gvicuiell Mmamemamuke ¢ KOHmpoabHvimu pabomamu (8-¢ uzm., T. 2).

Lungu, K. N., Norin, V. P, Pismenny, D. T., Shevchenko, Y. A., Kulanin, Y. D. (2013). Collection
of problems in higher mathematics with control works (8th ed., Vol. 2).

IIpaconos, B.B. (1997). l'eomempuuecxue 3adauu opesnezo mupa. PA3NUC.
Prasolov, V. V. (1997). Geometric problems of the ancient world. FAZIS.

CagénoB, A.A. (1960). IInockue xpusvie: Cucmemamuxa, ceoiicmea, npumenenus. Locynap-
CTBEHHOE M3/aTe/IbCTBO (PH3HKO-MATEMATHUECKOH JINTEPATyPBI.

Savelov, A.A. (1960). Plane curves: Systematics, properties, applications. State Publishing
House of Physical and Mathematical Literature.

Crenanos, M.E., Kymanun, E.JI. (2025). MHoXecTBa TOUEK, HaXOSIIUXCS HA PAI[HOHAIBHBIX
paccTosHUSX Apyr oT apyra. Mooemuposanue u ananus oannvix, 15(1), 210—251. https://doi.
org/10.17759/mda.2025150111

Stepanov, M.E., Kulanin, Y.D. (2025). Sets of points located at rational distances from each
other. Modeling and Data Analysis, 15(1), 210—251. https://doi.org/10.17759/mda.2025150111

Hugpopmayusn 06 asmopax

Kynanun Escenuti  Imumpuesuy, KaHnunaar (U3MKO-MaTeMaTHYECKUX Hayk, npodec-
cop Kadenpsl TNPHUKIATHOW MaTeMaTHKH, MOCKOBCKHH TOCYIapCTBEHHBIH ICHXOJIOTO-
nenarorunueckuit yausepcuret (PI'50Y BO MITIITY), . Mocksa, Poccuiickas ®enepanus,
ORCID: https://orcid.org/0000-0001-6093-7012, e-mail: lucas03@mail.ru

241


https://orcid.org/0000-0001-6093-7012
mailto:lucas03@mail.ru

Kynanvn E.JI., Crenanos MLE. (2026). Kulanin Y.D., Stepanov M.E. (2026).
AjtreGpanueckyie KpUBbIe BBICIIVIX TIOPSIIKOB Algebraic curves of higher orders
B ITperojlaBaHuy BBICIITEV MAaTEMATUKIA. ... in teaching higher mathematics. Cubic curves
MopermmpoBanme v aHayms JaHHbIx, 2026, 16(2), 210 —242. Modelling and Data Analysis, 2026, 16(2), 210 —242.

Cmenanos Muxaun Eeepagosuy, xaHmunaT nefarornueckux Hayk, DOLEHT, MOCKOBCKHIA
TOCYAapCTBEHHBII mcuxosnoro-niefrarorndecknii  yausepcurer (OI'BOY BO MITIITY),
r. Mocksa, Poccniickas ®enepanns, ORCID: https://orcid.org/0000-0003-4803-8211,
e-mail: mestepanov@yandex.ru

Information about the authors

Evgeny D. Kulanin, Candidate of Science (Physics and Mathematics), Professor of the
Department of Applied Mathematics, Moscow State University of Psychology and Education
(MSUPE), Moscow, Russian Federation, ORCID: https://orcid.org/0000-0001-6093-7012,
e-mail: lucas03@mail.ru

Mikhail E. Stepanov, Candidate of Pedagogical Sciences, Associate Professor, Moscow
State University of Psychology and Education (MSUPE), Moscow, Russian Federation,
ORCID: https://orcid.org/0000-0003-4803-8211, e-mail: mestepanov@yandex.ru

Bxnao aesmopos
Kynanun E.J]. — uieun uccieaoBaHus, HAMCaHKe U 0QopMIIeHHE PYKOIIMCH, pa3paboTKa METOIUKH,
[UIAHUPOBAHKE UCCIICAOBAHMS, BU3YAIM3aLHsl PE3YJIbTATOB UCCICIOBAHMSI.

Cmenanoe M.E. — ven nccienoBanus, HanmucaHue 1 oopMIICHHE PYKOITUCH; pa3padoTKa OMHCaH-
Horo [10, rmiaHupoBaHue UCCIEA0BAHNS, BU3yaIU3aLMs PE3YIbTaTOB HCCIIEIOBAHMUS.

Bce aBTOpBI NPHHSIIN y9acTHEe B OOCY)KACHHH PEe3yJbTATOB M COIIACOBATH OKOHYATEIBHBINA TEKCT
PYKOIHUCH.
Contribution of the authors

Kulanin E.D. — research ideas, writing and formatting of the manuscript, development of the
methodology, research planning, and visualization of research results.

Stepanov M.E. — research ideas, writing and formatting of the manuscript, development of the
described software, research planning, and visualization of research results.

All authors participated in the discussion of the results and approved the final text of the manuscript.

Kongauxkm unmepecos
ABTODBI 3asBIAIOT 00 OTCYTCTBHU KOH(MIMKTA HHTEPECOB.

Conflict of interest
The authors declare no conflict of interest.

Iocrynuna B penakiuio 27.01.2026 Received 2026.01.27
Iocrynuna nocne penensuposanus 10.02.2026 Revised 2026.02.10
IMpunsara k mybnukanmu 12.02.2026 Accepted 2026.02.12
Omy6mukosana 30.06.2026 Published 2026.06.30

242


https://orcid.org/0000-0003-4803-8211
mailto:mestepanov@yandex.ru
mailto:lucas03@mail.ru
https://orcid.org/0000-0003-4803-8211
mailto:mestepanov@yandex.ru

MopenupoBanue u aHaau3 qanHbix 2026. Tom 16. Ne 2.
Hayunb1ii )xypHan

Wsmaéres ¢ 2011 roma

VYupenurens
denepanbHOE TOCYIapPCTBEHHOE OIOKETHOE
00pa3oBareIbHOE YUPEIKICHUE BBICIIETO 00pa30BaHuUs
«MOCKOBCKHUH TOCYTapCTBEHHBII ICUXOJIOT0-MeJaroTnYeCKuil yHUBEPCUTET

Anpec peaKoIeriu:
. Mockga, yi1. CpeteHka, 29, ¢axynbreT HHGOPMAIIMOHHBIX TEXHOJIOTHIA
Ten.: +7 (499) 167-66-74
E-mail: mad.mgppu@gmail.com

Kypnan 3apeructpuponat B ['ocynapctBeHHOM koMuteTe PO no nevaru.
CBHAETENHCTBO O PETUCTPALINH CPEACTB MACCOBON MH(pOPMAINN
TN Ne ®C77-66444 ot 14 urons 2016 roga

ISSN: 2219-3758
ISSN: 2311-9454 (online)

IMoxnucano B nevats: 10.06.2026.
®opmart: 70xX100'/,. apauTypa Times.
Ven. neu. . 15,1. Yen.-usn. 1. 12,4,
Tupax 100 ok3.



	В.Р. Гапонов , Е.В. Ляпунцова
	Моделирование рефлексивных процессов как задачи обработки информации в интеллектуальных системах
	А.Р. Мухутдинов1 , А.Р. Раимов1, Т.А. Мухутдинов2
	Применение современных информационных технологий для анализа прочности крепежных элементов при растяжении
	А.В. Пантелеев , Е.А. Хвошнянская
	Анализ эффективности многошагового адаптивного алгоритма оптимизации с прогнозированием
	А.С.А Мутхана¹ , Е. В Ляпунцова²
	Режимы адаптации заранее обученных нейросетей в задаче классификации визуально близких классов: эксперимент на наборе PlantVillage
	Л.С. Куравский , М.А. Михайловский, Д.А. Одинцов
	Анализ смыслового профиля текстов с точки зрения искусственного интеллекта
	Г.В. Филиппов1  , А.В. Рыкалин1, 2, А.А. Хорошилов1, 2, С.Э. Чурилов1
	В.И. Матюнин1, 2 , Э.Д. Глухова2, И.И. Грешников2
	Применение самоорганизующихся карт Кохонена для идентификации акустических предикторов стрессового состояния операторов сложных технических систем
	Г.Г. Кравцов
	Адаптивная много-­интервальная шкала (AMIS): построение единого метрического пространства для разнородных данных
	С.С. Ермаков1, А.В. Соколов2, А.А. Захарьчева3, 4
	Н.Е. Юрьева1, Г.А. Юрьев1, И.А. Махортов1, 2, 
	Л.С. Куравский1 , И.И. Грешников2, В.А. Орищенко1, 
	Х. Килани1, 2, Е.Л. Григоренко1, 2, 3  
	Диагностика состояний и типов деятельности пилотов на основе квантовых представлений

	Аффект и поведение дошкольников при прохождении диагностики на планшете: анализ данных наблюдений при использовании инструмента BELLA
	Обзор методов автоматизированного создания онтологий предметных областей науки
	Е.Д. Куланин , М.Е. Степанов
	Алгебраические кривые высших порядков в преподавании высшей математики. Кубические кривые
	Е.Б. Червен-­Водали, С.Н. Антипова  
	В.В. Соколов, В.Б. Сидорова, 
	Современные подходы к инклюзивному образованию: адаптация форм представления учебного материала дисциплин математического и компьютерного циклов для студентов с нарушениями зрения

