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FUZZY LOGIC APPROACH FOR VISUAL ANALYSIS
OF WEBSITES WITH K-MEANS CLUSTERING-BASED
COLOR EXTRACTION

Abstract

Websites form the foundation of the Internet, serving as platforms for disseminating information and accessing
digital resources. They allow users to engage with a wide range of content and services, enhancing the Internet's
utility for all. The aesthetics of a website play a crucial role in its overall effectiveness and can significantly impact
user experience, engagement, and satisfaction. This paper examines the importance of website design aesthetics in
enhancing user experience, given the increasing number of internet users worldwide. It emphasizes the significant
impact of first impressions, often formed within 50 milliseconds, on users' perceptions of a website's appeal and
usability. We introduce a novel method for measuring website aesthetics based on color harmony and font popularity,
using fuzzy logic to predict aesthetic preferences. We collected our own dataset, consisting of nearly 200 popular
and frequently used website designs, to ensure relevance and adaptability to the dynamic nature of web design
trends. Dominant colors from website screenshots were extracted using k-means clustering. The findings aim to
improve understanding of the relationship between aesthetics and usability in website design.

Key words: Web Aesthetics, Web Design, Fuzzy Logic, User experience, k-means clustering, color harmony.
Introduction

In the present-day world, the number of Internet users is increasing rapidly. More than 5.35
billion people, representing over two-thirds of the global population, use the internet [1]. Websites
are core to the Internet, providing a platform for sharing information and accessing online resources.
They enable users to access various content and services, making the Internet more useful for
everyone. However, the probability of retaining a user decreases as the number of websites increases.
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To differentiate yourself from the competition, it is important to focus on both the quality of content
and the overall user experience.

First impressions are crucial in determining personality attribution in various contexts [2]. This is
especially true for websites, as they strongly influence users’ perceptions of appeal and usability [3],
[4]. The visual design of a website can elicit positive emotions, enhance user satisfaction, and capture
visitors’ attention [5]. It is possible to make a reliable decision on whether users like the visual appeal
in just 50 milliseconds [6]. Lindgaard et al.’s research illustrates how visual appeal may be closely
linked to other design elements, such as layout and color, influencing overall impression.

Garrett [7] considers aesthetics a subjective judgment, as it varies from person to person and is
highly dependent on that person’s culture and personality. Some researchers have created models
for measuring aesthetic values when considering it as a measurable object. If we view aesthetics as
something that can be measured, then models for assessing aesthetic values can be developed, similar
to the work of Zane et al. [8] and Filonik and Baur [9]. However, these works do not consider all
aspects of the site, and only a few people participated in assessing aesthetics.

The current paper presents a model that utilizes the fuzzy logic approach to determine websites’
aesthetic preferences using color harmony and font aesthetics. Over 200 sites were collected. The
overall methodology is presented in Fig. 1.

1
Palette Color v

1
1
1
1
1
1
—( extraction using Harmony 1
k-means Levels : Fuzzifier Irgen;ei::;e Defuzzifier
1
1
__—H Fuzzy Input Fuzzy Output
Popularity
1

Datasetof M e eeeeecemcmmcmmcooooooao J
Websites Fuzzy Evaluation Module

Visual
—P  Aesthetics

Level

Feature
Extraction

S

Figure 1 — Methodology figure illustrating the proposed approach

The contributions of this study are:

Application of Fuzzy Logic to create a model in website design aesthetics. We propose a new
way to quantify subjective elements, such as color harmony and font aesthetics, and determine the
site's aesthetics.

We collected our dataset of the most popular and frequently used website designs from the
Internet. This is important due to the dynamic nature of web design trends. Our analysis focuses on
projects that gained prominence and were frequently used in 2024.

Aesthetics can be defined as the philosophy of beauty and the perception of what is visually
pleasing [10]. Lee and Koubek [11] suggest that the usability of content is processed later than
perception. Several authors have pointed out [12], [13], and [ 14] that the first impression of a website
is greatly influenced by its aesthetics. It is now known that our immediate emotional reaction to
products, based on how they look, strongly affects how we later judge their usability [15]. Beautiful
websites are seen as more usable [6], [16]. Several works applied a fuzzy approach to modeling
aesthetic preferences [17], [18], [19].

Developers strive to create web pages that can create a specific experience and fit well into the
overall website strategy [20]. In doing so, they carefully select various components such as text,
photographs, and other media elements, complementing them using a variety of styles, color palettes,
fonts, and animations. These elements work together to create a unique aesthetic and provide a
cohesive visual impact to site visitors.

According to study [21], the use of color is crucial in the design of a website. It’s important to
consider the diverse range of users who will access the site, including those who may be color blind
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and unable to differentiate certain colors. Therefore, choosing colors should be carefully considered
when developing a website. Additionally, "balance" is also significant. As mentioned in study [22], a
balanced website makes users feel psychologically balanced.

Choosing the right distance between website elements such as photographs, color schemes, fonts,
and others is also important. There is a close relationship between the number of design elements
and the space they occupy, so it’s crucial to maintain a balance [23], [24]. Designing a website with
appropriate white space can enhance both its usability and aesthetics [24].

When evaluating the visual appeal of websites, it is important to consider the elements mentioned
earlier and the design style, which is divided into 21 types by study [25].

The aesthetics of a website significantly impact its perception and usability. These include
emotional reactions, color and balance in design, and spatial relationships between elements.

Materials and Methods

Data Collection

For the experiments, a dataset containing approximately 200 websites was collected 1. The
process of collection and preparation involved several key stages. The first phase focused on gathering
all site links and their associated names. The selection of sites was based on frequent use and other
significant criteria, ensuring their relevance and popularity among users. When selecting websites,
particular attention was paid to including diverse fields to cover various topics and interests. The
effort was made to incorporate sites in different languages to reflect the diversity of cultural contexts,
thereby making the dataset more universal and beneficial for analysis. Subsequently, the process
moved on to capturing complete screenshots of each site’s homepage. This was achieved by utilizing
a specific web browser extension in Google Chrome called "GoFullPage - Full Page Screen Capture."

Finally, the developer tools panel in the browser was utilized to ascertain the fonts used on each
site. Particular attention was paid to the most frequently used font family, as this often represents the
primary typographic choice of the website designers.

The result of the collected dataset can be seen in Table 1.

Table 1 — Sample records from dataset

Website| Website Website Link Website First Second Third Font-
1D Name Category color color color Family
1 YouTube | https://www.youtube.com/ | Social Media |#101010 | #505051 | #a0a0a0 | Roboto
2 Informburo https://informburo.kz/ News #ILIE | #181818 | #272116 | Roboto
3 Telegram https://telegram.org/ Messaging #ATHE | #£dd626 | #1alf27 | Lucida
Grande
4 Naver https://dict.naver.com/ Education | #1f1flf | #6bbcoc | #aeaeae | Helvetica
Dictionary Neue
5 Naver https://www.naver.com/ Web Portal | #fefefe | #bcbdbc | #03c¢75b | Malgun
Gothic
6 IEEE https://ieeexplore.ieee.org/ Academic #ITHE | #18455a | #0294el |Helvetica
7 Kaspi.kz https://kaspi.kz/ Finance #5155 | #030303 | #f04434 | Roboto
8 Apple https://www.apple.com/ Technology | #f5f6f6 | #010101 | #424242 | SF Pro
Text
9 Netflix https://www.netflix.com/kz/ | Entertainment [#010101 | #fcfcfc | #434343 Bebas
Neue Font
10 KFC https://www.kfc.kz/ Food #ITEE | #e3012b | #440fla Cera
200 HealthLine |https://www.healthline.com/ Health #88f8 | #010101 | #fcba44 | Proxima
Nova
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The dataset comprises information from more than 200 sites collected between March and May
2024. Following the data collection phase, the information can be organized and distributed based
on categories, color schemes, and font types. These sites have been divided into categories, and the
relationship between the distribution of these categories is depicted in Fig. 3.
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Figure 2 — Collected dataset
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Figure 3 — Distribution of collected websites by categories
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Sample images of the website from our Dataset are presented in Fig. 4

Coming
soon 2024

Photo report for 3 days

Figure 4 — Sample images from our dataset.
1. Spotify. 2. KazHackStan. 3. IITU. 4. Telegram

Fuzzy Sets and Logic

Fuzzy sets and logic provide a framework for dealing with uncertainty and imprecision, which
are inherent in many real-world problems. Unlike classical sets, where an element belongs or does
not belong to a set, fuzzy sets allow partial membership.

A fuzzy set A in a universe of discourse X is characterized by a membership function p, (x) that
assigns to each element x in X a degree of membership in the interval [0,1] [26]. Mathematically, it
is defined as:

na:X— [0,1]

The basic operations in fuzzy logic include AND, OR, and NOT, which correspond to intersection,
union, and complement in fuzzy set theory. For example, the fuzzy AND operation is defined as:

Hang(x) = min(HA(X); Hp (X))

A fuzzy inference system (FIS) is a framework for reasoning with fuzzy logic. It consists of the
following steps [26]:

1. Fuzzification. Convert crisp inputs into fuzzy sets using membership functions.

2. Rule Evaluation. Apply fuzzy rules to the fuzzy inputs to obtain fuzzy outputs.

3. Aggregation. Combine the fuzzy outputs into a single fuzzy set.

4. Defuzzification. Convert the aggregated fuzzy set into a crisp output.

Fuzzy rules are an essential component of fuzzy logic systems. A fuzzy rule is generally expressed
as an IF-THEN statement, where the IF part is the antecedent and the THEN part is the consequent.
A fuzzy rule can be written as:

IF x, IS A, AND x, IS A, THEN y IS B

where X,,X, are input variables, Ay, A, are fuzzy sets representing the antecedents, and ¥ is the
output variable with fuzzy set B representing the consequent.

Fig. 5 depicts input fuzzy sets, Color Harmony and Font Popularity. Fig. 6 shows output fuzzy
sets representing a website’s level of Visual Aesthetics. Table 2 illustrates fuzzy rules used in the
fuzzy inference system.
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Figure 5 — Input fuzzy sets, Color Harmony and Font Popularity
Fuzzy Sets for Visual Aesthetics
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Figure 6 — Output fuzzy sets representing the level
of Visual Aesthetics in a website
Table 2 — Fuzzy rules in the knowledge base
Rules Color Harmony Font Popularity Visual Aesthetics
Rule 1 Poor Low Low
Rule 2 Poor Medium Low
Rule 3 Poor High Neutral
Rule 4 Good Low Neutral
Rule 5 Good Medium High
Rule 6 Good High High
Rule 7 Strong Low Neutral
Rule 8 Strong Medium Very High
Rule 9 Strong High Very High

K-means Clustering for Palette Extraction
K-means clustering is a popular unsupervised ML algorithm for partitioning a dataset into
distinct, non-overlapping groups or clusters. It is widely used in various fields, including image
processing, for tasks such as palette extraction, where the goal is to identify the dominant colors in

an image.

The k-means clustering algorithm aims to partition n observations into K clusters, where each
observation belongs to the cluster with the nearest mean. The algorithm consists of the following

steps:

1. Randomly select X initial cluster centroids from the dataset.
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2. Assign each data point to the nearest cluster centroid based on the Euclidean distance. The
assignment step can be represented as:

Ci={xp:ll % — IP<llx, — 17 Vj, 1<j <Kk}

where X, is a data point, 4; is the centroid of cluster i, and C; is the set of points assigned to cluster L.
3. Calculate the new centroids as the mean of all points assigned to each cluster. The update step
can be represented as:

where |C;| is the number of points in cluster i.

4. Repeat the assignment and update steps until the centroids converge, meaning the centroids
no longer change significantly.

Euclidean Distance is defined as:

d
Iy — s %= Z(ij )’
=1

where Xy is the J-th coordinate of data point X, and  is the J-th coordinate of the centroid .
The objective of k-means is to minimize the total within-cluster variance, which is the sum of
squared distances between points and their respective cluster centroids. The objective function can

be represented as:
k
=) ) -l

i=1 xpECj

As defined previously, the new centroid i is the mean of all points *p in cluster Ci:

In image processing, k-means clustering can extract the dominant colors in an image. Various
color spaces can be employed for this purpose . The process involves treating each pixel’s color value
as a data point and clustering these points in the color space. The centroids of the clusters represent
the dominant colors in the image, which can be used to create a color palette.

The steps for palette extraction are as follows:

Convert the image into a dataset of color values.

Apply the k-means clustering algorithm to this dataset.

The centroids of the clusters are the colors of the palette.

Color Wheel Harmony

We calculate color wheel harmony by extracting the dominant colors from a website using the
K-means clustering algorithm. These dominant colors are then converted from RGB to HSV format,
focusing particularly on the Hue component. The color wheel is divided into 12 segments, each
corresponding to a primary, secondary, or tertiary color, and each segment represents a 30-degree
slice of the wheel. By determining the Hue values of the dominant colors, we can locate their positions
on this color wheel.
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We then analyze these positions to identify the type of color harmony present. We used traditional
harmonies, like "Monochromatic", "Complementary", "Split Complementary", "Triad", "Square",
"Rectangular", "Analogous". For that, we used color-harmony 1.0.1 python package. For example,
Complementary harmony is identified when colors directly oppose each other on the wheel, and
Triad harmony consists of three colors evenly spaced around the wheel. Any combination that does
not fit these categories is classified as "Other."

Results and Discussion

Color harmonies were extracted using the approach discussed in the previous section. Information
about font popularity was parsed from the website www.myfonts.com. Now, we can illustrate the
proposed approach with a specific example.

Fig. 7 illustrates the example of the resulting output, including dominant RGB colors, color
wheel harmonies, and the palette illustration.

Extracted colors:

[[ 2 34 80]
[220 166 105]
[ 90 80 106]
[ 74 34 66]
[ 1 48 111]
[160 172 182]
[163 14 13]

[ 39 49 104]]

Harmonies:
Complementary
Analogous

Figure 7 — Example of extracted dominant RGB colors,
wheel harmonies and palette illustration

To simulate the fuzzy system, we must first specify the inputs and then use the defuzzification
approach. Consider the following example: the inputs are Color Harmony and Font Popularity with
values of 3 and 37, respectively. Fuzzy aggregation then combines the output membership functions
using the maximum operator. Next, we defuzzify to obtain a final result, which is done using the
centroid approach. Aggregation using fuzzy criteria yielded an overall Visual Aesthetics score of
57.9%. This process effectively demonstrates how the fuzzy system simulates and visualizes the
results.

# Define fuzzy rules

rule7 = ctrl.Rule(color_harmony['Strong'] & font_popularity['Low'], visual_aesthetics|['Neutral'l)
rule8 = ctrl.Rule(color_harmony['Strong'] & font_popularity['Medium'], visual_aesthetics['Very High'l)
rule9 = ctrl.Rule(color_harmony['Strong'] & font_popularity['High'], visual_aesthetics['Very High'l)

rulel = ctrl.Rule(color_harmony['Poor'] & font_popularity['Low'], visual_aesthetics['Low'])
rule2 = ctrl.Rule(color_harmony['Poor'] & font_popularity['Medium'], visual_aesthetics['Low'])
rule3 = ctrl.Rule(color_harmony['Poor'] & font_popularity['High'], visual_aesthetics['Neutral'])
rule4 = ctrl.Rule(color_harmony['Good'] & font_popularity['Low'], visual_aesthetics['Neutral'])
rule5 = ctrl.Rule(color_harmony['Good'] & font_popularity['Medium'], visual_aesthetics['High'])
ruleé = ctrl.Rule(color_harmony['Good'] & font_popularity['High'], visual_aesthetics['High'])

Figure 8 — Defining rules using scikit-fuzzy
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Figure 10 — The distribution of color harmonies

The distribution of color harmonies in categories Education and Entertainment is presented in
Fig. 10. As we see, color harmonies do not vary significantly across contexts, which partially supports
previous research findings [19].
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Conclusion

This study utilizes fuzzy logic and ML to develop a model predicting website aesthetics. The
design of a website is critical because it significantly influences the user’s first impression, often
formed within milliseconds. A website’s visual appeal can strongly affect how users judge its ease
of use. A well-designed website is perceived as more trustworthy and usable. Therefore, considering
aesthetics in website design enhances user experience and usability.

Our findings can empower developers and designers to design effective and visually captivating
websites for users.

As for limitations, we consider only one website page, neglecting others. So, animations were not
taken into account. Some websites were simple but had image content, which is part of information,
not design. We also plan to integrate emotion-aware aesthetic assessment, considering, for example,
Russell’s circumplex model of affect, as in similar studies related to music [28].
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'KazakcTan-bpuran TeXHUKaJIBIK YHUBEPCUTETI, ATTMaThl K., Ka3akcran

K-OPTALIA KJACTEPIEYTE HETI3JEJITEH TYCTEP/I
AJTY KYPAJITAPBI APKBLIBI BEB-CAMTTAPIBI BU3YAJIBI
TAJJAYABIH BYJBIHFBIP JIOTUKAJIBIK TOCLII

AnjaTna
Beb-caiiTTap MHTEpPHETTIH HETi3iH Kypar, akmapar TapaTy »XOHE CaHJBIK pecypcrapra KOJ XKETKi3y Iuiar-
(dopmachl perinme kpi3Mer eremi. Onap maiimanmaHymIbIIapra OPTYpPJIl Ma3MyH MEH KBI3METTEPMEH e3apa ope-
KeTTecyre MYMKIHZIIK Oepim, WHTepHETTiH NalJalbUTBIFBIH apTThIpanbl. BeO-caiT ICTeTHKAchl OHBIH JKAJIIBI
THIMAUTITIHAC MaHBI3ABI POJI aTKaphIll, MaldaJaHyIlbl TOXKIPUOECiHE, KBI3BIFYHIBLIBIFEI MCH KaHaFaTTaHybIHA
aliTapibIKTail ocep eTyli MyMKiH. By makanana skahaHIplK JEHreiie HHTEPHET KOJIaHYNIbIIAPBIHBIH KOOCIOIH
€CKepe OTBHIPBIN, MaialaHyIIbl TKIPUOECIH >KaKcapTy YIIIH BEO-JM3aliH 3CTETUKACHIHBIH MAaHBI3IBUIBIFBI
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KapacThIPbUIA bl 3EPTTCY AJIFALIKbI OCEPIiH MAHBI3BUIBIFBIH aTal KepceTei, o kebine S0 MIJUTUCEKYH/T 1IIiHIe
KaJIBIIITACKII, TaliaIaHyIIBLIAP/IbIH BeO-CAUTTHIH TAPTHIMIBLIBIFBI MEH KOJIAHIBUIBIFBIH KAaOBLIIAYbIHA OCEP CTE/II.
Bi3 BeO-calTTHIH BU3yaJIbl SCTCTUKACHIH OIIICY/IiH )KaHa 9ICIH YChIHAMBI3. OJIIC TYCTep YHIeCiMi MCH KapinTig
TaHBIMAJIBIFBIHA HETI3/ICTII, ICTeTUKANBIK TalFaMIbl OOJDKay YIIiH OYJIBIHFBIP JOTHKAaHBI KONgaHamasl. bi3 BeO-
JIU3aiftH TpEeHATEPiHIH TUHAMUKAIBIK CHMIAaThIHA COMKECTIK MeH OeHiMaemyi KaMTaMachl3 ety Makcatsiaaa 200-re
JKYBIK TAHBIMAJI KOHE Ui KOJIJIAHBLIATHIH BeO-CalT IN3aiiHbIHAH TYPAThIH JIEPEKTEP KUBIHBIH )KUHAIBIK. Beb-caiT
CKPUHILOTTAapbIHaH OackiM TycTepai k-opramia kiactepiey 9iCiMEH aHBIKTAIbIK. 3€pPTTey HOTHIKENEPl DCTETHKA
MEH Be0-CalT MU3aliHBIHIAFbI BIHFAMIBUIBIK apaChIHIAFbl OalJIaHBICTHI TEPEHIPEK TYCIHYTe OaFbITTAJIFaH.

Tipek ce3mep: BeO-3cTeTHKa, BeO-IM3aiiH, OYIBIHFBIP JOTHKA, MalataHymsl ToxXipubeci, k-oprama xac-
Tepiey, TYC YHIeCIMIiTiri.
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'Kazaxcrancko-bputaHCckuii TeXHHUECKUIH YHUBEPCHUTET, I. AyiMarhl, KazaxcTan

[OAXOJ HEYETKO JIOTMKU 1151 BU3YAJIBHOI'O
AHAJIN3A BEB-CAWITOB C BBIIEJTEHUEM [IBETA
HA OCHOBE KJIACTEPU3AIINU K-CPEJIHUX

AHHOTAUMS

Be06-caiiThl cocTaBisitoT ocHOBY MIHTEpHETA, City’Ka IuIaTGopMaMu JIJIs paciipoCcTpaHeHus HHQOPMAIIUU U JI0C-
Tyma K mudpoBbM pecypcaM. OHH MO3BOJISIOT MTOIH30BATEISIM B3aHMO/ICHCTBOBATE C IIMPOKHUM CIIEKTPOM KOHTEH-
Ta ¥ YCIIYT, YBEINYMBasl MOJIE3HOCTh MHTEepHETA /U1 BeeX. DCTeTHKa BeO-caiita urpaeT BaXKHYIO POJib B €ro 001iei
3 PEKTUBHOCTU U MOXKET 3HAYUTEIIHHO BIUSThH HA TTOJIb30BATEILCKHUI OIIBIT, BOBICYCHHOCTh U YIOBIETBOPEHHOCTb.
B naHHO# cTaThe paccMaTpUBaeTCsl BAKHOCTh ICTETHKH BeO-n3aiiHa JIIsl yIydlICHHs M0JIb30BaTEIbCKOTO OIbITA,
YYUTBIBAs PacTyIee YMCIIO Mob3oBareseii IHTepHeTa Bo BceM mupe. MccneqoBanue moadepKuBacT 3HAYUTEIIBHOC
BJIMSIHUC TIEPBOTO BIICUATIICHUS, YacTo (OPMHUPYEMOro B TeucHHe 50 MUJLUIHCEKYH]I, Ha BOCIIPHUATHE MOJIH30BATC-
JSIMH TIPUBIICKATEIPHOCTH W YA0OCTBA UCIIONB30BaHUS BeO-cafiTa. MBI MPEICTaBIsIeM HOBBIH METOI M3MEPEHUS
BU3YaJIbHOMN 3CTETUKHU BeO-caiiTa, OCHOBAHHBIN HA IIBETOBOW TAPMOHUH U MOMYJISIPHOCTH IIpU(TA, UCTIONb3YSI He-
YETKYIO JIOTHKY JJIsl IPOTHO3UPOBAHHMS 3CTETHUECKUX MTPEANIOUTeHUIA. MbI cOOpalii COOCTBEHHbIH AaTaceT, COCTOsI-
i mouty u3 200 MOMYJISPHBIX U 9acTO MCTONb3YEeMbIX JTU3aHHOB BEO-CaliTOB, YTOOBI 00ECTIEUYUTHh AKTYaIbHOCTh
U aJIalTHPYeMOCTh K JUHAMUYHOMY XapakTepy TEeHJCHIUH BeO-an3aiina. JJoMUHUpYOLHe [BeTa U3 CKPUHIIIOTOB
BEO-CaliTOB OBUIM HM3BJICUCHBI C ITOMOIIBIO KIIACTEpHU3aMUA MeTonoM k-cpenmHux. Pesynbrarhl McciaeoBaHus Ha-
MIPaBIICHBI Ha YIy4IICHUE MOHMMAHUS B3aUMOCBS3H MEXKIy 3CTCTHKOW W yIOOCTBOM HCIIOJNB30BAHUS B JU3aliHE
BeO-CalTOB.

KiroueBble cj10Ba: BeO-3CTETHKA, BeO-IM3aiiH, HEUCTKAsI JIOI'MKA, TOJIb30BATEIIbCKUN OIBIT, KJIaCTCPHU3aLIUs
k-CpeI[HI/IX, IIBECTOBAs FapMOHI/IH.

Article submission date: 17.06.2024
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"MesxyHapoIHbIi YHUBEPCHTET MH(DOPMAIIMOHHBIX TEXHOJIOTH, I. AnMatsl, Kazaxcran

HCHOJIb30BAHUE HH®OPMAIIMOHHBIX TEXHOJOT UM
B COXPAHEHUHU KYJIBTYPHOI'O HACJIEJIUA KASAXCTAHA

AHHOTAIUA

B coBpeMEHHOM Mupe BOIPOCHI COXPAHEHUS KyJIbTYPHOIO HACJIEIUs CTPaHbl U PETMOHA, a TAaKXKE €ro Io-
MyNSpU3alK He MOTEePsUTM CBOEH akTyaldbHOCTH. OCOOEHHO OCTPO BCTaNl BONMPOC BO BPEeMs U IIOCIIE TaHAEMHUU
KOpPOHaBHpYca, KOT/Ja J0JIT0e BPEeMsI My3€H U rajiepeH CyIECTBOBAIM 0e3 aKTMBHBIX BM3UTOB mocerureseil. Co-
BpPEMEHHBIE TEXHOJIOTHH UIPAIOT HEMAIOBAXXHYIO POJIb B PEIICHUH TAHHOW MPoOIeMbl, o0erdast 1 yIporas exe-
JTHEBHBIE PyTUHHBIE TIPOIIECCHI C OTHOI CTOPOHBI U BIIMSS [TI00AIBHO HA KOHIIETITYalIbHbIE TPOOIEMBI TPUBIICUCHUS
HoceTuTelel 1 pacimpenus GpyHKIMOHaa HHCTUTYTOB KYJIBTYPBI € IpyTroi. B 1aHHO# cTarke npeacTaBieH NpoeKT
0 pa3paboTKe BUPTYaJIbHOTO My3€esl B BHJIe MOOMIIBHOTO PUIIOKEHHSI, KOTOpoe OyJeT pacro3HaBarh 3KCIIOHATHI B
peasbHOM BPEMEHH C ITOMOIIBI0 KaMephl YCTPOHCTBA M 0TOOpakaTh MX 3D-Moienn u KOHTEKCTHYIO HH(OPMALIHIO
B PEXHME JIONIOJHEHHON peanbHOCTH. B paboTe mpoBeneH 0030p MpUMEHEHMS! TEXHOJIOTUI BUPTYAIBHON U JO-
TIOJTHEHHOM PEeaIbHOCTH B MY3€HHBIX IPHIOKEHHAX, a TAKKE allTOPUTMOB MAITMHHOTO OOYYEHUS [T PA3IIIMIHBIX
nesel. ABTOpBI JOKIIAABIBAIOT MTPEIBAPUTEIBHBIE PE3yIbTaThl PACIIO3HABAHHS YACTH DKCIIOHATOB My3es-TIapTHEPA
C ONMCAHHEM MPUMEHSEMOI METOJONIOTHH U aHAIU30M d(P(PEKTUBHOCTH HCIIONB3YEeMbIX MOAXOIOB. A Takke pe-
3yJIBTaThl arpoOalyu TeCTOBOr0 MOOMIBHOTO TPHIOKEHHs ¢ (pyHKIMEW paclio3HaBaHHs B peallbHOM BPEMEHH B
YCIIOBUSIX My3€sl.

KoroueBble ciioBa: MalmHHOE 00y4eHHUE, paclio3HaBaHUE 00pa3oB, KyJIbTypHOE HACIISIHE.
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BBenenune

Kynbrypa 1 uctopusi uUrparoT HEOCIIOPUMYIO POJIb B Pa3BUTHHU OOIIECTBa, 00OTaIasi €ro JyX0B-
HOe Hacyeaue U GopMHUpPys KOJUIEKTUBHYIO HICHTUIHOCTh. COXpaHeHHE KyJIbTYPHOTO HACIIETUS 110~
3BOJISIET HAM HIOHSTH HAIIIK KOPHH, A TAKXKe YBA)XXaTh Pa3HOOOpa3ue U MPEEeMCTBEHHOCTh KyJIbTypPHBIX
Tpagunuid. Kpome Toro, KylbTypHOE HACIEIHE SIBISETCS HETPEXOIAIINM UCTOYHUKOM YKOHOMHYE-
CKOT'O POCTa U COLIMAJILHOTO Pa3BUTHUS PETHOHA, IOITOMY €r0 COXpaHEHUE U Nepeada Cleayoum
MOKOJICHUSIM SIBJISIFOTCSI BAXKHBIMU 3aJ1a4aMHu Jijist oOmectsa [1].

Co3znanue My3eeB, apXUBOB M OMOJIMOTEK OTHOCHTCS K TPAJMIIMOHHBIM IMOIXO/aM K COXpaHe-
HUIO KYJIBTYPHOTO Haclenus. B HUX XpaHsTCs MpenIMeThl UCKYCCTBA M IIEHHBIE UCTOPUUYECKUE JI0-
KyMeHTHI. B 3Tux yupexaenusx obecrieunBaeTcst (u3nvecKas COXpaHHOCTh SKCIIOHATOB U JIOCTYII
HACEJICHNsI K HUM TOCPEJCTBOM BBICTABOK, UCCIICIOBAHUN U 00pa30BaTeIbHbIX mporpamm. [lamsT-
HUKU apXUTEKTYpbl, ICTOPUUYECKHUE MECTA, IPEBHUE peMeciia COXPAHIIOTCS MyTeM UX KOHCEpBAaLlUU
U PEKOHCTPYKIIMU, TOCTOSTHHOTO MOHUTOPHHTA U 00CTYKUBaHHUS.

OTHOCHUTETHHO HOBBIM TOAXOAOM B IIPOIECCE TPe3epBalui KYIHTYPHOTO HACJIEAHsI MOKHO Ha-
3BaTh MpUMEHEHNEe MH(POPMAIMOHHBIX TEXHOJIOTUH B CAMOM WX IIMPOKOM CMBIce. Tak, B COBpe-
MEHHOM MHpE Tporiecchl mU(pPoBOi TpaHCHOpMAIIUK HAPSIAY CO BCeMHU chepamu HaIeH KU3HH,
TaKXKe 3aTPOHYNHU U cpepy KyJabTYpHl U HCKYCCTBA, XOTh U MO3XKe, 4eM MHUp OM3HECa ¥ IPOU3BOICTBA.
WNHpopmanimoHHble TEXHOJIOTUH YK€ HE pPaCCMATPUBAIOTCS KaK HEYTO BTOPOCTENEHHOE, a JOJKHBI
YUUTBHIBATHCS €II€ Ha ATare IJIaHUPOBAHMS JIIOOBIX MPOIIECCOB, TaK KaK BIUSAIOT HA HUX Jake Ha
CTpaTernyeckoM ypoBHeE [2].

CoBpemennsbie [T-TexHonmornn o6ecrnednBarOT OCTYN K UCTOPUH, KYJIBTYpe, UCKYCCTBY M JIH-
Teparype co Bcero mmpa. biaromapsi mudpoBbEIM apXuBaM U OHJIAHH-OMOIMOTEKaM IMOJB30BATEITN
MOTYT UCCIIEIOBATh U U3y4aTh KyJIBTYPHOE HAaCIeIUe PA3IUNIHbIX HAPOOB, TAKE HE MOKU/1ask CBOETO
noma [3, 4, 5].

Bonee Toro, nHpOpMaLIMOHHBIE TEXHOJIOTHH MMO3BOJISIIOT COXPAHATh M BOCCTAHABIMBATH UCTO-
pudeckue apredakTsl U TaMITHUKH. Cpeau HUX Hu(poBbie pEKOHCTPYKIUHU 3MaHUH, BUPTYaIbHBIC
MYy3€H ¥ TPOEKTHI 10 JJOKYMEHTHPOBAHUIO YHUKAIBHBIX KYJIBTYPHBIX MPAKTHK. ITH TEXHOJIOTUU HE
TOJIBKO COXPAHSIOT KyJIBTYPHOE HaceIue AJsl Oy/TyIuX MOKOJICHHH, HO | Ieal0T ero bosee 10CTy-
HBIM ¥ TIOHSATHBIM JJIs IIUPOKOH ayautopud [6, 7].

3HAYUTETBHYIO POJIb B COXPAaHEHUH KYJIBTYpHOTO HACJEIUsl UTPAlOT My3€eHu JI000H HarpaBiieH-
HOCTH, ¥ UX HU(POBU3AIUSA CTAHOBUTCS HEOThEMJIEMOM YaCThIO UX PA3BUTH U JOCTYNHOCTH. Bup-
TyaJbHbIE MY3€HU MPEIOCTABISIIOT BO3MOKHOCTD JIFOISAM HACIAXIaThCsl UCKYCCTBOM U KYJIBTYPHBIM
HaCJIeZEM U3 JIF000# TOYKK MHpa, He BBIX0s U3 1oMa. C IOMOIIBI0 HOBEUIITX TEXHOJIOTHI BUPTY-
aJIbHBIE MYy3€H BOCCO3/Ial0T aTMOC(Epy M apXUTEKTYPy PEabHBIX MYy3€€B, IO3BOJISIS TIOCETUTEIISIM
OLIYTUTH ceOs YacThIO KYJIBTYpHOTO mpocTpancTBa [8]. M TexHOIOrnu BUPTYyalbHON M JIOTIOIHEH-
HOM pealbHOCTH UIPAOT B 3TOM TpaHC(POPMALIMOHHOM MPOIIECCE OJIHY U3 BaXKHBIX poieil. byaymiee
1 pOBU3ALINN MY3€€B, HECOMHEHHO, CBA3aHO C IOCTOSIHHBIM COBEPUICHCTBOBAHUEM ITHX TEXHOJIO-
UM ¥ ajanraiyuei KOHTEHTa MoJ pa3JInyHble YCTPOWCTBA.

B nmanHO# cTaThe MpeacTaBIeHbl YACTUIHBIE PE3YIIBTATH 10 pa3paboTKe MOOMIHLHOTO MPHIIOKE-
Hus st Mysest uckycctB uM. A. Kacreesa (1. Anmarst). [Ipunokenue npeonaraet pacrio3HaBaHme
9KCIIOHATOB MYy3€sl B PEKUME PEaJIbHOTO BPEMEHH U 0TOOpaKeHNE UX MOZETIeH M MHPOPMAITHOHHBIX
COO0O01IeHU B pexXUMe JOMOJHEHHON pealbHOCTH. B cTarhe npuBeieHbl NepBOHAYaIbHbBIE PE3YbTa-
ThI paCIIO3HABAHMS SKCIIOHATOB C TIOMOIBI0 MALTMHHOTO O0YYEeHHMsI, a TAK)Ke anpoOalrs TeCTOBOIO
MOOMJIBHOTO MPUIIOKEHHUS C BCTPOCHHOM (DYHKIIMEH pacrio3HaBaHUs.

00630p uTEpaTYpHI
Peanuu HacTosero BpeMeH! TaKOBbI, YTO B COOTBETCTBUH C HEMPEPBIBHBIM Pa3BUTHEM 0O011Ie-

CTBa B IICJIOM M TCXHOJIOI Wil B 4aCTHOCTH YUPCIKACHUA KYJIBTYPbl JOJDKHBI TAKKE 3BOJTIOIHUOHMU-
poBarb, 4TOOBI OCTaBaThCS AKTyaJIbHbIMU U MMPUBJICKATCIIbHBIMU IJII COBPECMCHHBIX IMOCETUTEINICH.
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[IpocToro BeICTaBIEHUS SKCIIOHATOB YK€ HEJOCTAaTOUHO, HEOOXOIUMBI HOBBbIE HHTEP(EICHI B3aMO-
JIeMCTBUS, KOTOPBIE TIO3BOJIST MIOCETHTEISIM MTOTPYKAThCsl B UICTOPHIO, UCKYCCTBO U KYJIBTYPy MHTE-
PaKTHBHO U yBJIEKaTelbHO [9].

CoBpeMeHHbIE TEXHOJIOTHH, Takue Kak jgomnonHenHas (AR), Bupryansnas (VR) u cmemannas
peansHOCTh (MR), TpancGOpMUpPyIOT My3€HHBIH OIIBIT, 1eNast ero 00JIee HHTEPECHBIM, 3aXBaTHIBAIO-
muM 1 nHpopMaTuBHEIM. Cdepa ux npruMeHeHHs OOIIMPHA: PEKOHCTPYKIIHS UCTOPUIECKHUX MaMSIT-
HUKOB, 3/1aHuI 1 coopyxenuil [10], BupTyanbbie Typsl U MapipyTsl [ 11], 3D-mMoaenupoBanue sKc-
noHatoB [12], oOpazoBarenbHBI KOHTEHT, HTPHI [13] 1 nip. Takum 0Opazom, TaHHBIE TEXHOJIOTHH
NPUMEHSIOTCS JUIS TOBBILICHHUS BOBJICYUCHHOCTH ITOCETUTEINEH, YITyUIeHUs] 00y4YeHUS U PACIIUPEHUS
JIOCTYTIA K KylIbTypHOMY Hacneauto [14, 15].

Tak, B pabote [16] aBTOpBI MPEACTABIAIOT UCCIEAOBaHNE UHTEP(EHCOB IBYX MPOEKTOB C UC-
nonbs3oBaHreM AR: Postcard AR u CubeMuseum AR. JI71s1 OlleHKH ¥ ONITUMH3AIUH TAHHBIX TPUIIO-
KEHUH OBLIH MPOBEIEHBI HECKOJIBKO 3TANOB MOJIb30BATEIbCKOTO TECTUPOBAaHMUS. VX pe3ynbTarsl He-
MU3MEHHO JIEMOHCTPUPOBAIH, 4YTO reiiMuduurpoBanubie AR-uHTepdeiich 3HaYNTENBHO MOBBIIIAIOT
MOTHBAIMIO U BOBJICUEHHOCTH IOJIb30BaTeNeH B mporecc o0yueHus [16].

ABTOpHI cTaTthu [17] TakKe COMTacHBI C T€M, YTO CTEK MMMEPCHBHBIX TEXHOJIOTHH Bce yarie
UCTIONIB3YETCS JUTSL IPEACTABICHUS ITyONrnKe 0OBEKTOB HCTOPHUECKOTO, XyT0KECTBEHHOTO, apXUTEK-
TYPHOTO U KYJIBTYpHOTO 3Ha4deHus. B cBoeil pabore oM mpencraBuin mpoekT AR-mpunoxenus ¢
UCTIONIb30BaHNUEM IOMOpa M Urp. [ 3TOro mpuMeHsieTcs: TEXHOJIOTHUS 3aXBaTa BUECO B PEalbHOM
BpPEMEHH, U Ha €TO OCHOBE CO3/1a€TCSl HHTEPAKTUBHBIN Typ C MCIONB30BaHNEM reiiMmupukarym. M-
CJIEZIOBaHHUE JIEMOHCTPUPYET, YTO IOMOP U UTPBI MOTYT OBITh A(PPEKTUBHBIMU UHCTPYMEHTAMH T10-
BECTBOBaHMS B AR-TIpHIIOKEHUAX IS KyJIBTYPHOTO HACIJIE/INs, YTO, B CBOIO OYepe/ib, AeIaeT My3en
Oostee IpUBIEKATEIbHBIMUA M HHTEPECHBIMH IS IOCETUTENICH, 0COOCHHO /ISl IETeH ¥ MOJIOAEKH.

Hanuena JI. aHanmu3upyeT NpUIOKEHHS] BUPTYATbHBIX My3€€B C TOUKU 3PEHUS UX 00ydaromiero
noternuana. /lyis ornenku 36 MpuaokeHNH BUPTYaIbHBIX My3€€B aBTOP HCIOI30BaT 25 KPUTEPHEB,
pa3/eNeHHbIX Ha TPU KaTeropuy: TEXHUYECKHE XapaKTePUCTHKH, WHPOPMAIMOHHAS apXUTEKTypa,
oOpa3oBarenbHasi IIEHHOCTh. BRIBOIOM pabOTHI CTANIO TO, YTO BUPTYAIbHBIE My3€H MpearaiT 00-
raTblii ”H(OOPMAITMOHHBIN KOHTCHT U yI00HyI0 HaBuramuio [ 18].

B. OxaHOBHY C cOaBTOpaMH OTMEYAET, YTO OJHUM M3 BaKHBIX (PaKTOPOB yCIEIIHOCTH 00pa3o-
BaTEJIbHBIX TPUJIOKCHUH SIBIISCTCS SIIEMEHT Pa3BICUSHHS, YTO CO3/IaeT MOTUBUPYIOIIEE OKPYKEHHE
i oOyuenus. [JlanHblid ¢axrop momy4us HazBaHue «edutainmenty, 4TO sBIsIETCS KOMOHMHAITUEH
cioB «education» u «entertainmenty [19].

JIpyruM BaXKHBIM (PaKTOPOM SIBJISIETCS CTEIICHb TIOTPYKEHHUS — Mepa MOIVIOMICHUS U B3auMO/IeH-
CTBUS C BUPTYaJbHOW MYJIBTUMEIMIHON cpemoit. Tak, 10 HeTaBHETO BPEMEHH My3ed ObLIH Oorpa-
HUYCHBI HCTIONb30BaHueM 2D- u 3D-3kpanoB s oToOpaxenust nHdopmaruu. B padore [20] aB-
TOPBI MPENCTABISIFOT TEXHOJIOTHIO BU3yalN3aIlu OKpykaromie napopmanmun Ambient Information
Visualisation. To HOBasi popma OBECTBOBaHUS, KOTOpas Ucnoib3dyeT MR st co3manus rojorpa-
(uUecKux MPOeKINi, He OTPAHNYMBAIOIINX M HE OTBIICKAIOIINX TOJIb30BaTeNss. ABTOpAaMH HCIIOIb-
3yercst Microsoft Hololens B ncropuueckoii ciiene nosectBoBanus «buTBa» B €rHIIETCKOM OT/ENE
ManuecTepckoro Mys3est. BONbIIMHCTBO MOCeTHTENEH, MPUHSABIINX YYacTHE B OMPOCE, HALIUIU 3Ty
TEXHOJIOTHIO OYeHb MPUBJIEKATEIFHON U MMPOCTON B UCIIOIB30BAHUHU. DTO JEMOHCTPUPYET OOIBINIOM
MOTEHIINA OAOOHBIX MOIXOA0B /sl ITMPOKOTO IIPUMEHEHHSI B My3€5X, TajepesiX U 00beKTax Kyib-
TYPHOTO HacIleusl.

C npyroii CTOpPOHBI, HCCIIENOBATENIN OTMEYAIOT, YTO TaKUe TeXHONIOTHH, Kak AR u VR, He MmoryT
3aMEHHTD MOJHOLEHHOTO 1M0X0/1a B My3eil. OHM JOJKHBI JOTIOTMHSTH PeasbHBIN MOIb30BATEIHCKHMA
OTIBIT, JIEJIaTh €ro OoJiee IPKUM U HACBHIIIIEHHBIM, OTHAKO HE 3aMEHSTH €ro. BUpTyasbHbIe TypHI U CH-
MYIISLUH, HATPUMEP, MOTYT CIIY>KUTh d(P(PEKTUBHBIM CPEICTBOM 03HAKOMJICHHS IOCETUTEIICH C IKC-
MO3ULUSMH, TIOTYYEHHsI IEPBOTO 3HAHHS U BIIEYATICHUN O BHICTABKaX M, KaK UTOT, TNIAHUPOBAHUS U
MOJIFOTOBKHU peanbHOTO mocemieHus myses [21, 22].
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HckyccTBennslii nHTEeEKT (Al), momyuuBmmii OypHoe pa3BUTHE B MOCIETHEE NECSATUIIETHUE,
Takke He MOT 000WTH chepy KyabTyphl B HCKyccTBa. B padore [23] ncciemoBanbl pa3indHbIe CIIO-
cOOBI MPUMEHEHUS TEXHOJIOTHIA, OTHOCAIINXCSA K cepe Al, Takux Kak alropuTMbl 00paboTKH ecTe-
CTBEHHOTO s13bIKa, MamuHHOE 00ydeHne (ML — Machine Learning), HelipoHHBIE ceTH, OOJIBIIINE TaH-
HBIC.

Hampumep, B pabote C. [lycnacapu u cOaBTOpOB MpeIaraeTcsi MOJIeNIb MAIMHHOTO 00y4eHus,
KOTOpasi TeHEPUPYET PEKOMEHAALIMH 110 YKCIIOHATaM JUIS MTOJIb30BaTelNeil BUPTYaIbHOTO Typa, KOTO-
pbie OyayT COOTBETCTBOBATh MX 3alpocaM Ha OCHOBE aHaIM3a UX mpodaiinos [24]. Takxke MeTomb!
MAIIUHHOTO O0YyYeHHsI MOTYT MPUMEHSTHCS JIUIsl OLIEHKU U MPEICKa3aHHus CTENIEHH BOBJICYEHHOCTHU
Y 3aMHTEPECOBAHHOCTH TOJIH30BATENICH TEMHU WM MHBIMH dKcroHatam#u [25, 26]. Anroputmbl NLP
(Natural Language Processing — 00paboTka €CTECTBEHHOTO sI3bIKa) HAXOAT CBOE NMPUMEHEHHE B
pacro3HaBaHUU M OIICHKE OT3BIBOB MOCETUTENCH My3eeB M rajepeil Ha pa3in4HbIX OHJIaWH-TIIAT-
(dopmax [27]. PekoHCTpyKIIHS MOBPEKICHHBIX OOBEKTOB KYJIBTYPHOTO HACleaus — emie ojHa 00-
JACTh MPUMEHEHHS AITOPUTMOB MAITMHHOTO 00y4deHust [28].

B npexacrasnenHoit padote anroputMsl ML mpuMeHSIOTCS A1 pacTio3HaBaHUS YKCIIOHATOB MY-
3es B pealbHOM BPEMEHH JUIA UX JanbHeimeil 3D-Bu3yanu3anuu B pexXuMe JOTONHEHHOH peab-
HOCTH.

MarepuaJibl 1 METOABI

Mertoznomnorusi peanu3anuy pa3padaTsiBaeMOro MPOEKTa BKIIOYAET B ce0s HECKOJIBKO ITAroB,
KOTOPBIE COOTBETCTBYIOT JKU3HEHHOMY LIUKJTY MOJIEIH MAllHHHOTO O0y4YeHusI.

1. Cbemka BujeoMaTepHualioB B My3ee

JlaHHBIN 3Tan BKIIOYAET B ce0s 3aIMCh BUICOMATEPHAIIOB B My3€€ C UCTIOJIb30BAaHUEM BH/ICOKa-
MephI WU APYTOTO YCTPOMCTBA AJIs 3axXBara BUEO. Tak Kak aBTOpPHI COTpyAHUYAIOT ¢ My3eem uc-
KyccTB UM. A. KacteeBa (T. AnMarsl), 7151 UCCIEAOBAaHHS OBUTH BBIOPAHBI AKCIIOHATHI KMEHHO TOTO
Mmy3es. B xoxe cheMKH ObUIH 3amucaHbl BUAEO Oosiee MATHISCATH SKCIIOHATOB PAa3IMYHBIX KAHPOB
UCKYCCTBA (KapTHUHBI, CKYJIBITYPBI, IIPEIMETHI TPUKIIAJTHOTO U JEKOPATUBHOTO HCKYCCTBA), KOTOpPHIE
UCTIONIB30BANIUCH IS ajbHEHIIero ananusa u oopadorku. [IpeameTst 1t CheMKH BHIOMPATTUCH B
CIy4aifHOM MOPSAKE, YTO COOTBETCTBYET MOBEICHUIO HETTOATOTOBICHHOTO TTOCETHTEIS.

2. PackanpoBka Buj€0

Crenyroumii aTan paboThl — packaapoBKa Buaeo. Ha raHHOM 11are 3 BHIEO U3BIEKAIOTCS Kal-
pBl s GOpMUpOBaHMSA HAOOpa JAaHHBIX (JaTaceT), KOTOPBIH 3aTeM HCIOIb3YyeTCs sl 0OydeHUs
Mozenu. B cpeaHeM M3 KakIOW BUIE03AMMCH M3BIEKAINCH J1BA-TPH OTIACIBHBIX Kaapa B KaXKIYIO
cexyHmy. Takoil moaxoa Mmo3BOJSIET MOATOBUTH JaTaceT, COOTBETCTBYIOMIMN TPeOOBaHHUAM sl 00-
yUEHHsI MOZIEH, @ IMEHHO 0TOOpaTh KaJpbl TAKMM 00pa3oM, 4YTOOBI OHU OBUIH OTIMYUMBIMH JPYT
OT JIpyTa.

3. Kiaccudukanus kaapos

Ha sTom 3Tane kaxaplii 0TOOpaHHBIH KaAp KIacCU(PHUIMPYETCS B COOTBETCTBHHU C COJIEPKAHNUEM.
Tak, Bce kaipbl OBUTH OTHECEHBI K TOMY WJIM HHOMY KJIacCy B 3aBHCHMOCTH OT DKCITOHATa. JlaHHBIN
9TAI MO3BOJIWI PA3AEIUTH BCE KAAPHI IO KATETOPHSIM.

4. AHHOTAIUs JaHHBIX

[Tocne xknaccupukanuy MpOBOAMIACH pa3METKa KaKIOTO KaJipa C YKa3aHHEeM Ha3BaHUS JKCIIO-
Hara. Taxke ObuTa To0aBIeHa JONOTHUTENbHAS HHPOPMAIHS, B TOM YHCIIE€ KOOPIUHATHI TIOJIOKESHUS
WIN JIeHOITBI IpeMeTa MCKYCCTBa Ha M300paKeHUH. DTOT JTAll Ha3bIBACTCS «aHHOTALUS JAHHBIX»
U SIBIISIETCS] HEOTHEMJIEMON YaCThIO KU3HEHHOTO ITUKIJIa MOJIEITH MAITMHHOTO 00Y4YeHHUsI, TOCKOIBbKY
TOYHOCTb BBITIOJIHEHHUS aHHOTALIMU HAPSMYIO BIIHMSIET Ha KaUeCTBO OOY4YEHUS MOJIEIIH.

3areM OBUIM MOJTYYEHBI TEKCTOBBIE (aiiyibl, comepKaliie HHPOPMAITUIO O KaKIOM H300pake-
HHH, BKJTIOYasi MPUHAIICKHOCTh K KJIACCy M KOOpIMHATaX M300pakeHHOTO Ha HEM JKCIIOHATa. DTH
(aiinel UCTIONB30BANINCH HA 3Tane 00yYeHUsT MOJICIH.
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5. OOyueHne Momenu

[Tony4yeHHble aHHOTHPOBAHHBIE JaHHBIE OBUIM MCIIOIB30BAHBI JJIsi OOyUEHHST MOJEITH MaIliH-
HOro oOydeHus. B atom cimydae Obina mcmonb3oBana Momenb «YOLOvV8» (You Only Look Once
version 8). BeiOpaHHBIi anropuT™ Mmo3BosisieT 3G(HEKTUBHO W TOYHO OMPENENSITh M Kiaccu(HIm-
poBaTh OOBEKTHI Ha M300pKCHHSIX 11 OOHAPY)KCHHUST ONPEICICHHBIX 00BEKTOB B M300paKCHHSIX
1 BH1€0. /{7151 00yUeHUst MOJIEITH UCTIOh30BAINCh KOHPUTYpanuu Moaesei nano 1 small («YOLOvE8n»
1 «YOLOVS8s»). Beioop 00yClioBIIEH COOTHOIIIEHUEM 3aHIMAaEeMOTO pa3Mepa ONpeessieMoro 00bek-
Ta K pa3mepy Bcero kaapa (6omee 70%), a Takke pe3yabraTaMyd TOYHON MICHTU(HUKAIMN O0BEKTa
(6onee 90%). BricTpoe u TouHOE pacrio3HaBaHUEe 00BEKTAa OCHOBAHO HA MPOXOXKJACHUH MOIETH IO
BCEMY JlaTaceTy MHOXKECTBO pa3 (31oxa).

6. TectupoBanue MoEiH.

[To 3aBepuiennn 00y4yeHus: MoJeNb ObliIa MPOTECTUPOBAHA METOAOM 3arpy3KH BUAEOMaTepHaa,
KOTOPBIA pa30MT Ha KaJpbl C JATBHEUITNM pacro3HaBaHHEM Ha HEM 3KcroHara. Ee crmocoOHOCTh
NPaBUIIBHO PACIIO3HABATH SKCIIOHATHI TPOBEPSIIACH 32 CUET JOOABICHUS HOBBIX BU/EO. DTall MTO3BO-
T yoenuThest B 3 PEKTUBHOCTH M TOYHOCTH PabOTHI MOJICITH B peabHBIX YCIOBHUSX.

Pe3yabrarsl u 00cy:x1eHue

HTorom npoBeneHHO paboThI, BKIItOUast cOOp TaHHBIX, TOA00P MOAETH MAIIHHHOTO 00y4eHUs,
ee KOH(UTYpaLuy, CTaJIN pe3yIbTaThl paclio3HaBaHUs, IPUBEACHHBIC HA PUCYHKE 1.

Pucynok 1 — Pe3ynbrarsl pacro3HaHHBIX SKCITIOHATOB

Bceero nns naracera Obuio monmydeno 2100 uzoOpaskenuit 51 skcmonara. [lpu moctixeHun
30 smox oOyueHus: MOZeIb CTaja CIOCOOHA OMPENeNATh SKCIOHATHI ¢ TOYHOCTHI0 ~90%. OnHako
JUTSL YAYYIIEHUs Pe3y/IbTaToB Obu1o mpoBeneHo 150 3mox o0ydyeHus.

OO0yuenue mpoBOIWIIOCH ¢ HCToNIb30BaHuEM rpadpudeckoit kaptel GeForce RTX 2080 Super,
MOJIIEPKUBAOIIEH apXUTEKTYpy napaiienbHbix Beiuuciaennii CUDA. JlanHoe pelieHue no3BoJuio
3HAYUTEIBLHO YCKOPHUTH mpoliecc. Tak, mpu paboTe ¢ MOJYyYEHHBIM JaTaceToM BpeMsi 00yueHUs C
HCITOJIb30BaHUEM TpauuecKoll KapThl B CpEAHEM COCTAaBHUIIO OKOJIO Yaca. B Tabmuie 1 nmpuBeaeHsbI
pe3ynbTaThl 00y4deHHst Mozesieil nano u small mpu pa3aUyYHBIX AMO0XaxX, TAKKE CPEeIHSST TOYHOCTH,
paccunTaHHas rnpu nopore intersection over union (IoU), pasaom 0,50 (mAP50), u npu pa3znuyHbIx
noporoBbix 3HaueHusAX loU, Bapbupyromuxcsa ot 0,50 g0 0,95 (mAP50-95), a taxke 3aTpadueHHoe
BpeMs ISl Kax 01 13 Mojieneil. Ha ocHOBE 3THX TaHHBIX MOXKHO 3aKJIIOYUTh, YTO HanOOJIee TOUHbIE
nokaszarenu JaeMoHcTpupyeT monenb small mpu 150 smoxax 99,5% mAPS50 u 96,5% mAP50-95.
JlaHHBIN BHUJI TECTUPOBAHUSI MOJETH MPOBOIWIICS TPU YCIOBUU TMO/Ia4X HA BXOJ BHIE0]aiilsoB, 3a-
MUCaHHBIX paHee.
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Tabmuna 1 — Pe3ynerarel 00ydeHus: pa3InIHbIX MOJIEIICH

Ne Mopnens Onox mAP50 mAP50-95 Bpewms (qacoB)
1 Nano 30 0,986 0,867 0,207

2 Small 30 0,992 0,912

3 Nano 100 0,993 0,93 0,668

4 Nano 150 0,994 0,944 0,998

5 Small 150 0,995 0,965 2,816

Jist Toro 4roObl yoenuTbes B 3 PEKTUBHOCTH MOJIENH, ObLIO MPOBEIEHO TECTUPOBAHHUE pac-
MIO3HABaHUS B yCIOBUAX Mys3esl. Jlasl 3TOro MCHONb30BajIOCh TECTOBOE MOOMIIBHOE MPHUIIOKEHUE C
MOAKIIIOYEHUEM COOTBETCTBYIOILEH Moznenu kinaccudukanuu. Ha pucynke 2 npuesieH mpouecc u
pE3yJIBTAT paclo3HaBaHUsS OJHOTO U3 KCIIOHATOB.

a §)

Pucynok 3 — Hepacro3naHHbIe SKCIIOHATHI: KOOBI3 (a) 1 yepHas Ba3a (0)

OnHako B pe3ynpraTe TECTHPOBAHUS OBLIO OOHAPYKEHO, YTO HEKOTOPHIE SKCIOHATHI HE OBLIH
OTpe/IeNIeHbl MOAICIBIO, MTPEIIOIIOKUTEIBHO B CBSI3H C 0COOCHHOCTBIO UX Pa3MELICHUsI U COOCTBEH-
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HOH crierpuuHOCThIO (pucyHOK 3). Hanpumep, SKcoHaT «KoOBI3» pa3MeIeH TOpH30HTAIBHO, a He
10 BepTHKAJU. B CBOIO o4epernp, SKCIIOHAT «4epHast Ba3ay Ha MEpBbIi B3I He 00nagaeT 0coObMu
pUMeYaTeIbHBIMU 3JeMeHTaMu (pUcyHOK 30). B nmanbHelimem miaHupyeTcs MPOAOKUTH TOUCK
npo0seM MoJOOHOI0 poja, TaK Kak OKUIAETCS CYLIECTBEHHOE YBEJIIMYEHUE KOIMYECTBA paclo3Ha-
BAEMBIX M KJIACCU(DUITUPYEMBIX SKCIIOHATOB.

3akJ/oueHue

Takue texnonoruu. kak AR, VR u MR. Tpancopmupyror My3eiHbIil ONBIT, Aenasi ero uHTe-
pakTUBHBIM M MH(GOpMaTUBHBIM. COBpEMEHHBIE MCCIIEOBAHUS TOKA3bIBAIOT, YTO HCIIOJIb30BAHUE
MOJOOHBIX TEXHOJOTHH MOBBIIIAET BOBJICUYEHHOCTD IMMOCETUTENEH 1 yayuiraeT oOyuenue. Pe3ynbra-
TBI TIPOBEJICHHOTO JIUTEPaTypHOro 0030pa J10Ka3bIBAIOT, 4T0 AR-MHTEp(ENCH 1e1a0T 3HAKOMCTBO
C UCKYCCTBOM 3aITOMUHAIOIIUMCSI M1 HHTEPECHBIM. DTO CIIOCOOCTBYET TOMY, YTO HOBBIE MOKOJICHUS
noceTuTesel, n30aaoBaHHble HU(PPOBBIMU HHCTPYMEHTAMU, MOTYT OBbITh MPUBJIEYEHBI K U3YUEHUIO
HCKYCCTBa C MOMOIIBIO OJOOHBIX pelIeHui. AHAIN3 My3€HHBIX PUIIOKEHUH 1MOKa3all, 4To MoJ00-
HBI KOHTEHT MOXKET OBITh HE TOJIBKO MHPOPMALIMOHHBIM, HO M 00pa30BaTeIbHBIM.

Takum 00pa3om, TIPOEKT, pa3pabaTbiBaeMblii aBTOPAMH 110 PEAIM3alMNA BUPTYAIbHOTO MYy3es,
OyzneT crocoOCTBOBAaTh COXPAHEHUIO KyJIbTypHOTO Hacieaus B KaszaxcraHe u ero pacmpocTpaHe-
HUIO, 0COOCHHO CPEIM MOJONEXKH, C MTOMOIIBIO MPUBICUCHHUSI COBPEMEHHBIX TeXHONOTHH. [Ipuio-
JKEHHE MPeoaraeT paclio3HaBaHUE BBICTABOUHBIX MPOU3BEACHUN UCKYCCTBA C IIOMOLIbIO KaMEpPhI
YCTPOICTBA U MPUMEHEHHE JTOTIOJIHEHHOM peaibHOCTHU Ul BU3yaIU3alii MOJeNel pacio3HaHHbIX
9KCIIOHATOB U KOHTEKCTHOW MH(POPMAIIMH O HUX.

B crarbe mpeicraBieHbl MEPBUYHBIE PE3YNIBTATHl MPUMEHEHUS MOJAEIH KIIACCU(PUKAIIUU JKC-
IIOHATOB My3esl. bbun peann3oBaHbl BCE 3Tallbl, COOTBETCTBYIOIIUE KU3HEHHOMY LUKIY MOJAEIH
MAaIIMHHOTO 00y4eHus (CheMKa BUeOMaTepHalioB B My3€iHOH cperie, packaapoBKa BHJIEO, KIACCH-
(pukanus KagpoB MO TUIY SIKCIIOHATOB, AaHHOTAIUS JIaHHBIX C YKa3aHMEM SKCIIOHATOB U UX XapakKTe-
pucTUK, o0yueHure Mojenn). B mporecce TectupoBanusi ObLIO BBISBICHO, YTO MOJIENb JOCTAaTOYHO
XOpOIIO PAaCHO3HAET OOJNBIIMHCTBO HKCIIOHATOB, HO HEKOTOPbIE OOBEKTHI HE OMNPEAEISUIUCH KOp-
PEKTHO B CHITy HECBOMCTBEHHOTO PACIIONIOKEHHSI JINOO OTCYTCTBUS 0COOBIX netaneid. [lanpHelmnas
pabota Ha/ UCCIeIOBAHUEM JICKUT B HANIPABICHUN YBEIMYCHHUS UCTIOJIB3yEMOTO aTaceTa, a TAKKe
YIAy4IIeHHsT PabOTHl MOJIEIIH.

HNudopmanust 0 pMHAHCHPOBAHUH

HccnenoBanue BbInonHeHO npu (pruHaHcoBol nojaepkke Komurera Haykn MuHucTepcrsa Ha-
yku ¥ Boiciero oopa3oanus PK (rpant Ne AP19676803).
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KA3AKCTAHHBIH MOJIEHA MY¥PACBIH CAKTAYJIA
AKHAPATTBIK TEXHOJOTI'UAJAPABI TANJTAJAHY

Anjiarna

Kaszipri anemze e MeH aiiMaKTBIH MOJCHH MYpAchlH CaKTay )KOHE OHbI HACHXATTay Maceleliepi ©3eKTUIriH
JKOFaNITKaH JKOK. bys Mocene, acipece, Mypaxaiiap MeH rajepesiap y3aK yaKbIT O0#bI 5KaObUIBIT, KeTyIIUTepIiH
OeJICeHiIiri TOMEHIETEH Ke3/1e epeKIe 03eKTi 00N IbI. 3aMaHay! TEXHOJIOTHIIAP OCHI MOCETICHI STy MAHbI3/IbI
peI arkapajbl: onap Oip jKaFbIHAH KYHZEJIKTI MPOIEeCcTep/i JKeHIIIETII, eKIHII KaFblHaH, KeNlyLIiaepai TapTy
MEH M9JICHHUET MHCTHUTYTTAPbIHBIH (DyHKIIMOHAIIBIH KeHEeWTyre skahaHbIK TYpFhIIaH bIKNan erei. byn makanana
MOOMIIBII KOCBIMIILIA TYPIH/E BUPTYaJIbl Mypakaid Kypy xo0achl yChHbLUTFaH. KoChIMIIa KYPBUIFBIHBIH KaMepachlH
naiianana OTBIPBII, SKCIIOHATTAP/IBI HAKTHI YaKBIT PEKUMIHIE TAHUIIBI )KOHE oapabiH 3D yirinepi MeH KOHTEKCTIK
aKIapaThlH TONBIKTHIPBUIFAH MBIHBIK PEXXUMIHAC KopceTei. 3epTTeyae Mypaxaid KochIMIIanapbiHIa BUPTYaJIIb]
JKOHE TOJIBIKTBIPBUIFAH LIBIHABIK TEXHOJOTHSIAPBIH KOJIAAHY, COHOal-aK opTypili MakcaTTapra apHaJIFaH Mallu-
HAaJTBIK OKBITY aJITOPUTMJIEPIH KOJIaHy Maceselepl TallKblJIanFaH. ABTOpIap CepikTec MypakaiiibIH Keioip skcno-
HaTTapbIH TaHY/IbIH aJl/IbIH ajla HOTH KeIepiH YChIHA/IbI, KOJIAAHBUIATHIH 9/IICTEMEH] CUTIATTal/1bl )KOHE TICLIAECPIiH
TUIMAUTITIH Tangaiael. COHBIMEH KaTap, Mypakail jKarJIalblHIa HAKTHI YaKbIT PEKUMIHIC TaHy MYMKIHAIrI Oap
MOOWIIB/TI KOCBHIMIIIAHBI TECTIICY HOTIDKEIEpi OepiireH.

Tipek ce3aep: MalHaJIBIK OKBITY, OCHHENep i TaHy, MOICHH Mypa.
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THE USE OF INFORMATION TECHNOLOGY IN PRESERVING
THE CULTURAL HERITAGE OF KAZAKHSTAN

Abstract

In the modern world, the issues of preserving and popularizing the cultural heritage of a country and region
remain relevant. This issue became particularly acute during and after the COVID-19 pandemic, when museums and
galleries existed without active visitor attendance for an extended period. Modern technologies play a significant role
in addressing this problem, both by facilitating and simplifying daily routine processes and by globally impacting
the conceptual challenges of attracting visitors and expanding the functionality of cultural institutions. This article
presents a project to develop a virtual museum in the form of a mobile application. The application will recognize
exhibits in real-time using the device's camera and display their 3D models and contextual information in augmented
reality mode. The work reviews the use of virtual and augmented reality technologies in museum applications, as
well as machine learning algorithms for various purposes. The authors report preliminary results of recognizing
some exhibits from a partner museum, describing the applied methodology and analyzing the effectiveness of the
approaches used. Additionally, the results of testing a mobile application with real-time recognition capabilities
under museum conditions are presented.

Key words: machine learning, pattern recognition, cultural heritage.
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CLASSIFICATION OF LUNG CALCIFICATIONS AND CANCER
IN LUNGS-RADS SYSTEM BASED ON RADIOLOGICAL FEATURES

Abstract

Lung cancer represents a significant health challenge both in Kazakhstan and globally, standing out as one of the
most fatal forms of cancer. Diagnosis of lung cancer is challenging as symptoms often remain undetectable in the early
stages. Furthermore, lung cancer shares clinical features with various other pulmonary conditions, complicating its
accurate identification. Accurate diagnosis typically involves lung puncture for subsequent biopsy, a highly invasive
and painful procedure for the patient. Therefore, it is crucial to distinguish false positive cases in the diagnostic stage
of computed tomography scans. We conducted a comparative analysis of five machine learning models (Logistic
Regression, Decision Tree, Random Forest, SVM, and Naive Bayes Algorithms) based on radiological features
extracted from annotated computed tomography scans. We opted for classical machine learning methods because
their decision-making process is easier to control compared to neural networks. We evaluated the models in terms
of binary and multi-class classification to determine whether a given nodule is related to calcifications or cancers,
as well as its classification according to Lung-RADS, enabling the management of whether further biopsy or only
routine monitoring is necessary. We used Precision to evaluate the number of False Positive predictions in the binary
classification task. Precision emerged as a pivotal metric in our assessment, offering insights into the number of
false positive predictions specifically in the binary classification task. For the multi-class classification aspect, we
turned to Quadratic Kappa, a robust measure that accounts for the ordinal nature of the Lung-RADS classes. Our
analysis was underpinned by a combination of local Kazakhstani data and the publicly available LIDC-IDRI dataset,
underscoring our commitment to leveraging diverse data sources to bolster diagnostic capabilities.

Key words: lung cancer classification, radiological feature extraction, ordinal data, medical image processing,
computer vision, machine learning.

Introduction

Lung cancer stands as the deadliest form of cancer in Kazakhstan and all over the world [1].
The diagnosis of lung cancer is complicated by the fact that it is difficult to identify in its early
stages and can resemble other pulmonary diseases. Additionally, symptoms of lung cancer often
do not manifest in the early stages, further complicating the diagnostic process. However, the late
onset of lung cancer symptoms is not only one reason of is not the only reason for the difficulty
of diagnosis. Lung cancer shares similar signs and symptoms with several other conditions. The
diagnostics of lung cancer are separated into three main steps. First, the abnormal area is indicated
on the X-ray image. The next step is computed tomography. In cases of suspected lung cancer, a
biopsy is often recommended. Biopsy procedures are highly invasive and carry a number of negative
health consequences. Therefore, reducing the number of false positive results is an important task in
medical data processing. In this current article, we explored the potential application of clustering
based on the depth and area of nodules for both calcifications and tumors according to the Lung-
RADS system.
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Literature review

Convolutional neural networks are widely used for lung cancer classification on CT images.
The authors of Lung-EffNet [2] proposed a transfer learning framework based on EfficientNet
architecture [3] for the classification of lung CT according to normal, adenocarcinoma, large cell
carcinoma, and squamous cell carcinoma. The authors of the next observed article proposed DL-
CAD [4] for the detection of missed lung cancer after CT screening. The algorithm utilized the
DenseNet [5] architecture for image classification into cancer and non-cancer classes. The authors
exclusively examined cases that were missed during the previous CT screening to evaluate the DL-
CAD. LR3, according to Lung-RADS, was employed as a positive indicator. Another way of lung
cancer detection is an application of Generative adversarial neural networks for cancer detection. The
authors of MTL-MGAN [6] proposed an application of a modified generative adversarial network
(MGAN) and transfer learning. MGAN has been used to create is to create two intermediary domains
that act as connectors between the source and target domains which allows an increase in lung cancer
classification quality. The authors of the next observed article [7] proposed an application of an
Optimized Ensemble of Hybrid RNN-GAN Models for lung nodule classification for cancer and
non-cancer cases.

Although deep neural networks demonstrate high performance in medical image processing,
their application is complicated by several factors:

1. The need for significant computational resources. Generally, networks with a large number
of training parameters yield better results [8].

2. The requirement for a large volume of training data is challenging in medical data processing
tasks due to ethical and privacy concerns. Additionally, medical data needs to be pre-annotated by a
team of experienced clinician experts.

3. The training process of the model acts as a black box, making it difficult to control the
decision-making process of the neural network. For example, in the paper [9], the process is
described where a neural network mistakenly identified images with band-aids as skin diseases.
Another example illustrating that it is impossible to precisely interpret the decision-making process
of the neural network from the expert side is described in papers [10], [11]. The authors of these
papers demonstrate that the neural network learned to distinguish the race of a person from an X-ray
image.

Due to these limitations, classical machine learning methods are still widely used in computer
vision for medical data processing. The authors of [ 12] proposed an application of Random Forest for
lung cancer classification. The authors used an open-source LIDC-IDRI dataset [13] with lung CT
images. The authors applied median and Gaussian filters to remove noise from the original image. Then
the authors applied a watershed algorithm [14] for nodule segmentation. The nodule was used for the
extraction of radiological features, such as area, eccentricity, mean intensity, centroid, and diameter.
The following values were used as input for the Random Forest classifier (RF) [15]. The authors of
[16] also used an RF for lung nodule classification. The model used the output of the CAD system
for lung cancer detection as an input for an improved Random Forest classifier. RF was improved
by updating the sampling and feature selection process for better performance with imbalanced
data. The authors of [17] applied a support vector machine (SVM) for nodule classification. Otsu
thresholding-based algorithm [18] was used for nodule segmentation. Gabor filter [19] and Gray-
Level Co-occurrence Matrix (GLCM) [20] were used for feature extractions. Extracted features were
fed to SVM for the next classification. Classical machine learning algorithms also were compared
with each other in [21]. The authors compared Bayesian Network, Logistic Regression, J48, Random
Forest, and Naive Bayes Algorithms for binary classification on open source Kaggle dataset with 309
observations and 16 attributed.

For the current research, we also applied classical machine-learning approaches for lung nodule
classification. We provide a comparative analysis of five classical machine-learning algorithms
(Logistic Regression, Decision Tree, Random Forest, SVM, and Naive Bayes) based on the
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radiological features of lesions for multiclass classification according to 5 classes: 4 cancer classes
according to the Lung-RADS System and one non-cancer class (calcification).

Main provision

The main provision of the research could be described as:

1. Extraction of radiological features from the original DICOM image based on Pearson [22]
and Spearman [23] correlation.

2. Classification between lung cancer and lung calcification instead of classification between
cancer and non-cancer areas.

3. The use of the Lung-RADS system for cancer nodule classification.

4. Comparative analysis for binary (cancer, non-cancer) and multi-class (calcification and
Lung-RADS classes) classification of five classical ML algorithms.

5. The use of Kazakstani local data allows to take into account economic and environmental
specification of the region.

We compared algorithms based on Accuracy, Precision, Recall, and F1 for binary and multi-class
classification, and also we compared the number of False Positive and False Negative Predictions.
Additionally, we used Quadratic Kappa for the calculation the quality of multi-class classification
based on ordinal data.

Methods and Materials

We used the dataset with lung cancer CT images of Kazakhstani patients with corresponding
binary masks [24] and supplemented it via calcinate cases. We used a preliminary segmentated area
as an input of the pipeline. Then we extracted radiological features, such as mean, mean of positive
values, the mean value of the circle described around the centroid, square, and square of positive
elements only. We used these features for classification according to 5 classes: four classes according
to the Lung-RADS system and calcinate (non-cancer class). We compared Logistic Regression,
Decision Tree, Random Forest, SVM, and Naive Bayes Algorithms for classification. Fig 1. shows
the overview of the pipeline for lung lesion classification.

Calcification or
cancer class
according to

Lung-RADS

-
Fealure
- L
b } extraction
Lung lesion O O O O

Classification algarithm

Figure 1 — Pipeline of lung lesion classification
Dataset description

We supplemented the dataset with lung cancer CT images via calcification cases. The total
number of images is 1134. The number of images with lung cancer is 972, and the number of images
with calcification is 162. The dataset consists of a CT image, corresponding binary mask, class
according to Lung-RADS system or calcification, and the binary value of cancer existence (0 for
calcinates, 1 for cancer). The distributions between cancer and label classes are shown in Fig 2. We
worked with imbalanced data, predominantly consisting of positive cases.
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Figure 2 — The distribution between (a) cancer and non-cancer classes (b) classes according
to Lung-RADS and calcification

The dataset had two target functions. The first one is the label. It is the class name according to
the Lung-RADS system that includes 4 classes and calcification. A brief description of each class has
been provided in Table 1.

Table 1 — Dataset label description

Name N samples Description
Calcification 162 Calcification refers to the accumulation of calcium salts in tissues or organs,
often observed as white spots on medical imaging such as X-rays or CT scans.
It can occur in various parts of the body and may indicate underlying conditions
such as infections, trauma, or metabolic disorders.
LR2 142 LR2, or Lung-RADS category 2, is a classification system used in lung cancer
screening to categorize pulmonary nodules as benign based on specific imaging
features. Nodules in this category typically have low suspicion for malignancy
and require routine surveillance.
LR3 138 LR3, or Lung-RADS category 3, is a classification used in lung cancer screening
to identify nodules with intermediate suspicion for malignancy. These nodules
may require additional imaging or follow-up to assess for changes over time.
LR4A 177 LR4A, or Lung-RADS category 4A, indicates nodules with a moderate level of
suspicion for malignancy. These nodules often require further evaluation, such
as biopsy or PET-CT imaging, to determine if they are cancerous.
LR4B 515 LR4B, or Lung-RADS category 4B, represents nodules with a high suspicion
for malignancy. These nodules are more likely to be cancerous and typically
warrant prompt evaluation and management, such as biopsy or surgical
resection.

The calcification and cancer areas have big differences in density distribution but could have
similar forms and locations in the lungs. The calcification has much more density in Hounsfield Units
(HU) which is shown in Fig 3.
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Figure 3 — Histogram of the density distribution of HU
of (a) LR2 (b) calcification from the dataset for one CT image
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Feature extraction

First, we calculated the Region of Interest (Rol) by multiplication the binary mask with the CT
image, as in (1). This Rol will be used for all of the next calculations as an affected area.

Where CTimg is an original CT image,
mask is a binary mask of cancer or calcification area,
i,j are indexes
The density is the key feature for classification between cancer and calcification. So first we
calculated three mean values of the Rol: Average mean (2), Mean of positive (3).

Zi,j CTlmgl‘] X maSki'j

Mean = 2
avg Zi,j maski_j ( )
%4, CTimg, ; x mask; ; x (CTimg; ; > 0)

Mean =
pos Y jmask;; x (CTimg;; > 0)

(3)

Where CTimg is an original CT image,
mask is a binary mask of cancer or calcification area,
[,j are indexes

Additionally, we tried to simulate the approach the clinicians used. We calculate a mean value of
the area near the centroid, as in (4) — (7)

Y mask

R = round Tﬂ 4)

Where R is the Radius of the area which will be used for mean calculation,
mask is a binary mask of cancer or calcification area

(e ye) = (%Zx%Zy) ©

Where (x.,V.) are the coordinates of the centroid,
7 is the number of vertices,
(x;,v;) are the coordinates of the i-th vertex

Circle;; = {1' if (i = xc)? -l(; U-—y)*<R ©)

Where Circle is the binary mask with circle area which will be used for the next calculation
(x.,¥.) are the coordinates of the centroid
(i,]) are the pixel coordinates
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>.i i CTimg;; X Circle; ;
J ij ij
Mean, g ng =

(7)

Zi,j CirClei’j

Where CTimg is an original CT image,
Circle is the binary mask with circle

While density is the main difference between cancer and calcification, classes according to the
Lung RAGS System have differences in size. We proposed to use the square of the affected area, as
in (8), and the square of positive pixels from the affected area (9).

Sau = Z mask (8)

Spos = Z CTimg;; X (CTimg;; > 0) 9)
i

After the following calculations, we received an updated dataset with the radiological features
described the lung cancer. The overview of the dataset has been provided in Table 2.

Table 2 — Updated dataset description

Name Type Description
Category id ID Unique ID of one patient
Mean Real The mean value of affected are in HU
Mean positive Real non-negative The mean value of positive pixels in affected are in HU
Mean round Real The mean value of area near the centroid of the affected are
S Natural positive The square of affected area
S positive Natural non-negative The square of positive pixels in affected area
Label [0: calcinate, 1: LR2, 2: LR3, | The class with ordering according to Lung-RADS System
3: LR4A, 3: LR4B] or calcification
Cancer [1: cancer, 0: non-cancer] Cancer for all LRs, non-cancer for calcification

To ensure that all obtained features have an impact on the target variables, we calculated
correlations between them and the target function. Since cancer and non-cancer are independent
classes, we used Pearson correlation, as in (10), to calculate the correlation between variables and
“cancer”. The “label” values are ordinal. 0 denotes the absence of cancer, 1 denotes small areas,
and so forth. Therefore, we applied Spearman correlation, as in (11). Fig 4. Shows the correlation
between features and target variables.

Yim (i =0 —y)

Ty = = = (10)
VI G — 02X, (v — 7)?
Where 7y is the correlation coefficient between variables X and ¥,
X; and Y: are the values of variables x and ¥ for the i-th observation,
X and ¥ are the means of variables X and ¥,
7 1S the number of observations.
63 d?
=1-— 11
p 2= 1) (11)
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Where d; is the difference between the ranks of corresponding values in the two variables.
1 is the number of observations.
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Figure 4 — Correlation matrixes (a) Pearson correlation between radiological features and cancer (b)
Spearman correlation between radiological features and label

We randomly split the dataset to train and test sets. However, we worked with CT slices with
calcinate or cancer. So the dataset contains continuous slices from one patient. So we split data by
category ID to avoid the situation, when the CT images from one patient are in the train and test sets
at the same time. We worked with imbalanced data with the prevailing cancer class. The distribution
between classes in train and test sets is shown in Fig. 5.
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Label Label
a b

Figure 5 — The distribution according to the number
of images per label in the dataset (a) in the train set (b) in the test set

Machine learning models for lesion classification
We compared several commonly used machine learning algorithms to analyze radiological

features of the lung, including logistic regression, decision tree, random forest, support vector
machine (SVM), and Naive Bayes classifier.

38



KA3AKCTAH-BPUTAH TEXHUKAJIBIK
YHUBEPCUTETIHIH, XABAPIIBICHI Ne 4(71) 2024

Logistic regression, although a linear algorithm, has demonstrated good performance in binary
classification problems that require predicting the probability of belonging to a particular class. It
also has the advantage of interpretable results, making it useful in clinical research.

A decision tree is a nonlinear classification algorithm that allows the construction of a tree
structure where each node represents a decision based on a feature. This method is easy to interpret
and can handle both numeric and categorical data.

Random forest is an ensemble method consisting of multiple decision trees. It creates a “forest”
of trees trained on different subsets of data, which improves classification quality and reduces the
risk of overfitting.

Support Vector Machine (SVM) is well suited for classification problems with linear and
nonlinear relationships between features. It finds the optimal hyperplane separating classes, making
it effective in solving complex classification problems.

The Naive Bayes classifier, despite its simplicity, performs well in real-world applications,
especially text classification and spam filtering. It is based on the assumption of feature independence,
which makes it computationally efficient and easy to implement.

Metrics for model evaluation

We compared the models according to binary (cancer, non-cancer) and multi-class classification
(Lung-RADS classes and calcification). We used standard metrics for the evaluation of classification,
such as Accuracy, as in (12), Precision, as in , Recall, and F1 score. As we work with imbalanced
data in the medical image processing field, the model with the minimum number of False Positive
predictions is the most applicable for us. In case the number of False Positive decreases, the precision
grows up.

A B TP + TN (12)
Curasy = Ip 1IN L FP N
Precision = TP—-I-FP (13)
Recall = P (14)
e = TP+ FN
Precision X Recall
F1=2xX (15)

Precision + Recall

Where TP (True Positive) is the number of correctly predicted positive instances,

TN (True Negative) is the number of correctly predicted negative instances,

FP (False Positive) is the number of incorrectly predicted positive instances,

FN (False Negative) is the number of incorrectly predicted negative instances.

We used the same metrics for multi-class and binary classification, however, multi-class
classification has been ordered, as calcification is accurate for non-cancer class, LR2 is a small and
less dangerous lesion, and so on. So we additionally calculated the Quadratic Kappa for classification
with ordical data, as in (16).

Where ¥w is the weighted quadratic kappa,
Wij are the elements of the error weight matrix,
Ni; is the number of observed agreements between class i and class j,

exy | . ,
N is the expected number of agreements between class i and class j that would occur by
chance.
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Results and discussion

The results of binary classification for cancer and non-cancer target values have been provided
in Table 3. The confusion matrix for binary classification has been provided in Fig. 6.

Table 3 — Evaluation of binary classification among cancer and non-cancer

Model name Accuracy Precision Recall F1
Logistic Regression 0.9962 0.9962 1 0.998
Decision Tree 0.9888 0.9886 1 0.9942
Random Forest 0.9925 0.9923 1 0.9961
SVM 0.9925 0.9923 1 0.9961
Naive Bayes 0.9776 0.9961 0.9808 0.9884
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Figure 6 — Confusion matrixes for binary classification
according to cancer and non-cancer cases for (a) Logistic Regression (b)
Decision Tree (¢) Random Forest (d) SVM (e) Naive Bayes

The results of multi-class classification according to Lung-RADS and calcification with target
values label (classes according to Lung-RADS and calcification) have been provided in Table 4.
Fig. 7 shows the confusion matrix for all of the classes.
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Table 4 — Evaluation of multi-class classification among calcification and classes in Lung-RADS

Model name Accuracy Precision Recall F1 Quadratic Kappa
Logistic Regression 0.6765 0.5391 0.6088 0.5558 0.7432
Decision Tree 0.684 0.5767 0.5922 0.5654 0.7554
Random Forest 0.684 0.5665 0.5899 0.5562 0.746
SVM 0.6579 0.5737 0.6593 0.5823 0.6653
Naive Bayes 0.5501 0.5536 0.5313 0.4628 0.6254
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Figure 7 — Confusion matrixes for multi-class classification according to Lung-RADS classes
and calcification for (a) Logistic Regression (b) Decision Tree (c)
Random Forest (d) SVM (e) Naive Bayes

We worked with data preliminarily labelled by doctor-clinicians according to the Lung-RADS
System and calcification. The dataset also stored binary masks of damaged areas and CT scan values
in Hounsfield units. We used annotated binary masks and their corresponding images to obtain regions
of interest. Regions of interest represent areas affected by cancerous formations or calcifications. The
obtained regions of interest were examined to extract radiological features characterizing the area,
such as mean, mean positive, mean around centroid, area, and positive area.

We conducted a comparative analysis of five classical machine learning models working with
vector data based on the obtained radiological features, mimicking the work of a clinician. We
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compared Logistic Regression, Decision Tree, Random Forest, SVM, and Naive Bayes in the context
of binary and multi-class classification tasks based on Accuracy, Precision, Recall, and F1 for both
classification tasks and supplemented with Quadratic Kappa for the multi-class classification task.

We separately solved the problem of binary classification according to cancer or non-cancer,
where calcinate was considered non-cancerous. And the multi-class classification tasks according
to the Lung RADS classes and calcifications. We consider Precision metric as the most effective for
evaluating the quality of binary classification since its increase signifies a reduction in the number of
false positive predictions, which is particularly important in medical tasks, especially when dealing
with imbalanced data. Thus, logistic regression performed the best in the binary classification task. In
the multi-class classification task for ordinal data, we find the Quadratic Kappa metric most suitable
as it takes into account the class order. According to our experiments, the decision tree performed
the best.

Several limitations are associated with this study. Firstly, we worked with a limited dataset
that only included two possible types of anomalies: cancer and calcification. However, many other
different lesions have a similar shape and location. Also, the presence of calcifications in the lungs
may indicate a potentially existing condition. Secondly, increasing the size of the train set could
significantly increase the quality of classification. Last but not least, we take into account only
radiological features, but the doctor takes into account clinical features as well. However, we do not
have this information because of ethical and privacy reasons.

Conclusion

Our study leveraged radiological features extracted from CT scans, alongside binary masks
indicating areas of interest, to explore the performance of classical machine learning models in
classifying lung abnormalities. The results indicated that logistic regression excelled in binary
classification, demonstrating its potential for identifying cancerous and non-cancerous regions.
Furthermore, the decision tree model showcased superior performance in multi-class classification
tasks, particularly with ordinal data.
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'KazakcTan-bpuran TeXHUKaIBIK YHUBEPCUTETI, AMaThl K., KasakcraH,

OKHNEJEI'T KAJIbBIIN®UKANMAJIAP MEH OBBIPAbI LUNG-RADS
KYUECIHAE PAAUOJOTIUAJBIK EPEKIHIEJIKTEP HETI3IHJAE KIKTEY

Angarna

Oxki1ie 00bIpbI Kazakcrania xoHe oJIeM/Ie IeH CayIIbIK CAKTay CalaChIHAAFbI eIIeyIli Maceneaepain oipi. by aypy
eJIiMre 9KeJIETIH KaTeplli iCiKTep KarapblHaa. OKie oObIPBIH epTe JUarHOCTUKaIay KUbIH, ce0e0i OHBIH OacTarkbl
Ke3eHJIepiH/ie KIIMHHUKAIBIK Oenrinepi Oaiikanmaiiapl. COHbIMEH Karap, oKIle OOBIPBIHBIH 0acKa OKIle aypyJapbIMEeH
yKcac KIIMHUKAJIBIK KOpPiHicTepl OHBIH JaJ JHAarHOCTHKAChIH KUBIHAATaAbl. J[oCTYpii IMarHOCTHKAIBIK diCcTep,
MBICAJIBI, OKTICHI TECiIl, OMOTICHS XYPTi3y, MHBAa3HBTI KOHE HayKac YIIIiH aysIp mpoueaypaiap. OcbiraH OailyIaHBICTHI
kommbroTepitik Tomorpadus (KT) HerisiHme kairaH OH JKargaiaapapl a3aiTy IHarHOCTHKA CalachlH jKaKcapTyda
MaHbI3[bl POINl aTKapajbl. by 3eprreyae aHHOTAIMSUIAHFAH KOMIIBIOTEPIK ToMoTpadusuiapiaH allbIHFaH
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PaIMONIOTHSIIBIK €PEKIICTIKTepre Heri3/iereH 0ec MalMHaMeH OKBbITY MOACTiHIH (JIOTHCTHKAJIBIK PETPECCHs, HICIIIM
aralllbl, Ke3/1eiiCOK OpMaH, BEKTOpJIap/ibl KOJIAay 9J1ici sxoHe baiiecTiH aHFas ajJropuTMi) CabICTBIPMaIbl Tajiaybl
Kyprizingi. Kimaccukanslk Mojenbaepai Tapaay oiapblH MICHIiM KaObUIaay MpoLeciH HEWPOHIBIK KeIIepMeH
CaANBICTBIpFaHa KEHUT OaKpUIayFa OONATHIHIBIFBIMEH TYCIHAipiTeni. Momenbaep OWHApIBI KOHE KOIKIACCTHI
JKIKTEy TYpFBICBIHAH OaraiaHipl. BUHAPIE KikTey OapbICHIHIA HAKTHI TYHIHHIH KalbIU(UKAIMAIApMEH HEMece
00bIpMeH OaliTaHBICTHI €KeHIH aHBIKTAY )KOHE OMOTICUSHBIH KQKET €KeHIH, TYPAKThI OaKbIIayIbIH KETKITIKTI €KeHiH
mrenry yuiiH Precision MeTpuKachl KOJJaHbUIIBL. AJl KONKIaccThl kikrey yiiiH Lung-RADS kiactapblH perTik
cunartbeiH eckeperin Quadratic Kappa ceHimainik eimeMi maianaHbUIIbL. 3ePTTEY JKEPriliKTi Ka3aKCTaHIBIK
nepexrep MeH xanmbira KoypkeTiMai LIDC-IDRI nepexTep *KUBIHTHIFBIHBIH KOMOMHAIMSACHIHA HET13eIreH. OpTypii
JepeKKe3aepai OipiKTipy TUArHOCTUKAIBIK MYMKIHIIKTEeP/Ii KCHEUTYTE JETCH YMTHUTBICTHI KOPCETE]II.

Tipek co31ep: okme OOBIPHIH JKIKTEY, PaIUOIOTHSUTBIK ePEKIIETIKTePl aly, PeTTiK AepeKTep, MeIUITNHATIBIK
OcliHenepi OHICY, KOMITBIOTEPIIIK KOPY, MAIIMHAMCH OKBITY.

"Ham /.,
maructp TexH. Hayk, PhD crynent, ORCID ID: 0000-0002-9356-3114,
e-mail: d.nam@kbtu.kz

'Kazaxcrancko-bpuTaHckuii TeXHUYECKHIA YHUBEPCUTET, T. Anmartsl, KazaxcraH,

KJIACCHO®UKAIUS KAJTBIUOUKAIIAN U PAKA JIETKOI'O
B CUCTEME LUNG-RADS HA OCHOBE PAJHOJIOI'MYECKUX ITPU3HAKOB

AHHOTALMA

Pax sierkux npezcTasisier co00l 3HAYUTENILHYIO TPOOJIEMyY ISl 3[paBooXpaHeHus kak B Kazaxcrane, Tak u B
MHUpe, SBIISISICh OJJHOM U3 CaMbIX CMEPTENbHBIX (opM paka. JInarHocTika paka JISTKUX CJIOXKHA, TaK KaK CHMITOMBI
YacTO OCTAlOTCS HE3aMETHBIMH Ha PaHHMX CTaausx. boiee TOro, pak JETKUX HMeEET O0IHMe KIMHHUYECKHE
MIPU3HAKK C PA3IMYHBIMH JPYTHUMH JIETOUYHBIME 3a00I€BAaHUSAMH, YTO YCIOKHSET €ro TOYHOE BhIIBICHNE. TouHas
JMarHOCTHKA OOBIYHO TPeOyeT MPOKOJIa JIETKOTO IS MOCJIEAYIOmel OHOTICHH, YTO SIBISAETCS BHICOKOMHBA3UBHON
1 0OJIe3HEHHOW TpoIeaypoit i mamuenTta. [1oaTomMy KpaiiHe BaKHO OTIMYATH JIOKHOTIOJIOKUTENBHBIE CIIydan
Ha JTare JUArHOCTHKU C UCIIOJIb30BAaHHEM KOMIBIOTEPHOH Tomorpaduu. Mbl IpOBENN CpaBHUTEIbHbIN aHAIN3
ISTH MOJIeNIed MalIMHHOTO O0y4eHHs (JOTMCTHYECKasl PEerpeccHs, pelaoliee JepeBo, ClydalHbI Jiec, MEeTo]
OIIOPHBIX BEKTOPOB M HAWBHBII 0alleCOBCKMI allrOPUTM) Ha OCHOBE PaJMOJIOTHYECKUX NPU3HAKOB, H3BJICUCHHBIX
13 aHHOTHPOBAHHBIX KOMITBIOTEPHBIX TOMOTpaduil. Mbl BEIOpaNN KJIACCHYECKHE METOABI MAIMHHOTO 00y4eHHs,
MIOTOMY YTO MX HPOLECC MPUHSITUS PEIICHNH JIerde KOHTPOJINPOBATh 10 CPAaBHEHHUIO C HEHPOHHBIMU CETAMHU. Mbl
OLICHUJI MOZENHU C TOYKU 3peHUs OMHApHOM M MHOTOKJIACCOBOI KiIacCH(HMKALMU, YTOOBI ONPENeInTh, CBI3aHO
JM JaHHOe o0pa3oBaHME C KalblM(UKAIMEH WM PakoM, a Takke ero kiaccudukanuio corinacHo Lung-RADS,
YTO MO3BOJISICT PELIUTh, TPEOYETCs JIM JlaJIbHEWIIast OUOIICHS WM JI0CTaTOYHO TOJIBKO PYTHHHOTO HAOIIONCHMSI.
MBI Bcnonb30Baial METpHUKy Precision U OLIEHKH KOJHYECTBA JIOXKHOIOJIOKHUTEIBHBIX TPECKa3aHui B 3a/1aue
OunapHOl kimaccudukamyuy. Precision cran KiaroueBoil METPHUKOI B Hallel OIEHKE, MPEJOCTaBIsIsl HHHOPMAIUIO
0 KOJIMYECTBE JIOKHOTIOJIOKUTEJIBHBIX MPECKa3aHNi NIMEHHO B 3a7ade OMHapHOW Kiaccudukanuu. [is acmekra
MHOT'OKJIACCOBOU Kiaccu(pukauu Mbl oopaTrinch k Quadratic Kappa, Hage:KHON Mepe, YIUTBHIBAOIICH MOPSIKO-
BbII xapakrep kiaccoB Lung-RADS. Hair aHanmi3 0CHOBBIBAJICS HA KOMOMHAIIMK MECTHBIX Ka3aXCTAaHCKUX JIAHHBIX
u obuenoctynHoro Habopa naHubix LIDC-IDRI, noquepkuBast Hairy mpuBep>KEHHOCTb UCIIOJIb30BAaHUIO Pa3HO-
00pa3HBIX UICTOYHUKOB JAHHBIX JUISl YJTyUIICHHUS AUArHOCTHYECKUX BO3MOKHOCTEH.

KaioueBble ciioBa: kiaccuduKkaiys paka JICTKUX, W3BJICUCHHE PAJAUOIOrHYEeCKUX MPU3HAKOB, MOPSIKOBbIE
JaHHbIe, 00pa0dOTKa MEAMIIMHCKUX H300paKeHNH, KOMIIBIOTEPHOE 3PEHUE, MAIIMHHOE 00yYeHHE.
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A REVIEW OF TOOLS, METHODOLOGIES,
AND TECHNIQUES FOR PROCESSING, PRE-PROCESSING,
AND CLUSTERING ANALYSIS OF GENETIC DATA

Abstract

Gene expression analysis has become a key component in understanding cellular behavior, disease mechanisms,
and drug response. The advent of high-throughput sequencing, particularly single-cell RNA sequencing (scRNA-
seq), has expanded our ability to study cellular heterogeneity to an unprecedented level. Clustering algorithms needed
to group genes or cells with similar expression profiles have become invaluable for analyzing the massive data sets
generated by these technologies. This article reviews various clustering methods applied to gene expression data,
particularly single-cell RNA sequencing. The analysis covers traditional methods such as hierarchical clustering and
k-means, as well as more advanced approaches such as model-based clustering, machine learning-based methods,
and deep learning methods. The primary challenges encompass handling high-dimensional data, mitigating noise,
and achieving scalability for large datasets. Moreover, new advancements such as multi-omics data integration, deep
learning-based clustering, and federated learning offer potential enhancements in accuracy and biological relevance
for clustering applications in gene expression research. The review concludes with a discussion of clustering
algorithms in handling increasingly complex gene expression data for more accurate biological insights.

Key words: Clustering methods, Bioinformatics, Machine Learning, Deep learning, single-cell RNA
sequencing, Gene expressions.

Introduction

Gene expression analysis has become a cornerstone of modern molecular biology, providing vital
information about cellular functions [1], disease mechanisms [2], and drug responses [3]. The advent
of high-throughput sequencing technologies, particularly single-cell RNA sequencing (scRNA-seq),
has transformed our ability to conduct gene expression research [4] . As we delve into the complex
world of cellular heterogeneity and function, clustering algorithms are becoming indispensable tools
for making sense of the vast and complex datasets generated by these technologies.

Using clustering, an unsupervised machine learning technique, researchers can categorize genes
or cells by similar expression patterns, which helps reveal underlying structures in the data [5].

45



HERALD OF THE KAZAKH-BRITISH
No. 4(71) 2024 TECHNICAL UNIVERSITY

As the field of genomics continues to evolve, the importance of robust and efficient clustering
algorithms cannot be overstated. The aim of this review is to provide a comprehensive overview of
the current state of clustering methods in gene expression analysis, with a particular focus on their
application to single-cell RNA-seq data.

The Rise of Single-Cell RNA Sequencing. Single-cell RNA sequencing has emerged as a powerful
tool in genomics, offering unprecedented insights into cellular heterogeneity and function. Unlike
bulk RNA sequencing, which provides an average expression profile across a population of cells,
scRNA-seq captures the transcriptomes of individual cells, revealing true diversity in seemingly
homogeneous populations [6].

Identifying Complex and Rare Cell Types. One of the main applications of scRNA-seq is the
identification and characterization of rare cell populations that may be masked in bulk sequencing
approaches. By studying the transcriptomes of individual cells, researchers can detect subtle changes
in gene expression that define different cell types or states.

Elucidating Gene Regulatory Networks. The high-resolution data provided by scRNA-seq enable
the construction of detailed gene regulatory networks. By studying gene co-expression patterns in
individual cells, researchers can infer regulatory relationships and build models of gene interaction
networks. This approach has led to the discovery of new regulatory mechanisms and improved our
understanding of how gene expression is coordinated at the cellular level [6].

Assessing Developmental Trajectories. scRNA-seq has revolutionized the study of developmental
biology by allowing researchers to track the developmental trajectories of individual cell lineages.
By analyzing gene expression profiles of cells at different stages of development, scientists can
reconstruct the molecular pathways that direct cellular differentiation and maturation [7].

Revealing Cell-to-Cell Variations in Disease. In the context of disease research, scRNA-seq has
proven invaluable in identifying cell-to-cell variations in various disease states. The technology has
been particularly effective in cancer research, where it has shed light on tumor heterogeneity and the
existence of rare cell populations that may contribute to drug resistance or disease progression [§].

Applications in Drug Discovery and Development. scRNA-seq has applications that reach
fundamental research, playing a crucial role in drug discovery and development. This technology
allows for more precise and effective drug discovery strategies by offering in-depth insights into how
individual cells respond to drugs [9].

As we delve into the world of clustering algorithms for gene expression analysis, it is critical to
remember the profound impact these computational tools have on our ability to extract meaningful
biological insights from the wealth of data generated by single-cell RNA sequencing. The following
sections will explore various clustering approaches, their strengths and limitations, and their
applications to deciphering the complexities of gene expression data.

Materials and Methods

Clustering is a fundamental technique in gene expression analysis, enabling researchers to group
genes or samples based on their expression profiles. This facilitates the identification of patterns and
relationships, aiding in the understanding of complex biological processes. Various clustering methods
have been developed, each with its strengths and limitations. Traditional methods like hierarchical
and k-means clustering offer simplicity and efficiency, while model-based approaches provide
flexibility and statistical rigor. This section explores several clustering techniques, highlighting their
applications, advantages, and limitations in the context of gene expression analysis.

Traditional Clustering Methods. Traditional clustering methods are widely employed due to
their straightforward implementation and interpretability [10]. Hierarchical clustering is particularly
popular for its ability to uncover relationships at multiple levels of granularity. By constructing a
dendrogram, hierarchical clustering provides a visual representation of nested clusters, making it
intuitive for biological interpretation [11]. Its flexibility allows researchers to explore data without
specifying the number of clusters in advance. However, it has significant computational demands,
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with a time complexity of O(n3)O(n"3)O(n3), and is sensitive to noise and outliers, which can distort
the clustering structure.

K-means clustering is another widely used method, known for its computational efficiency and
simplicity [12]. It partitions data into kkk clusters by minimizing within-cluster variance, making it
well-suited for large datasets. K-means is easy to implement and adapts to various distance metrics,
enhancing its flexibility. Nonetheless, it requires the number of clusters to be predefined, which can
be a challenging task. Additionally, the algorithm is sensitive to the initial placement of centroids
and assumes that clusters are spherical, which may not always align with the actual data structure.

K-medoids clustering addresses some of k-means’ limitations by using medoids — actual
data points — as cluster centers, which improves robustness to outliers [13]. This method offers
better interpretability, as medoids are representative of the data. K-medoids allows for the use of
various distance metrics, making it possible to analyze mixed data types; nevertheless, it is more
computationally intensive than k-means and still requires the number of clusters to be specified in
advance.

Model-Based Clustering Methods. Model-based clustering operates on the assumption that data
are produced from a combination of probability distributions, making it especially suitable for gene
expression data, which frequently display complex statistical characteristics [14].

Gaussian Mixture Models (GMM), one of the most commonly used model-based approaches, fit
data as a mixture of multivariate Gaussian distributions [15]. This allows for flexible cluster shapes
and probabilistic assignments, enabling the handling of overlapping clusters. However, GMMs are
sensitive to initialization and can overfit in high-dimensional spaces.

Latent Dirichlet Allocation (LDA), originally developed for text analysis, has been adapted for
gene expression studies to identify latent functional groups of genes [16]. LDA assigns genes to
multiple groups with varying probabilities, offering a nuanced view of gene relationships. While it
can reveal biologically meaningful patterns, LDA requires careful interpretation and may not capture
all expression data complexities.

Clustering remains a cornerstone of gene expression analysis, with traditional and model-
based methods offering complementary strengths. Traditional methods like hierarchical, k-means,
and k-medoids clustering are prized for their simplicity and efficiency, though they face challenges
with large datasets and noisy data. Model-based approaches, including GMMs, LDA, and DPMMs,
provide greater flexibility and adaptability to complex data structures but come at the cost of higher
computational complexity. The choice of clustering method depends on the specific goals of the
analysis, data characteristics, and available computational resources. Together, these methods provide
arobust toolkit for exploring and interpreting the rich information embedded in gene expression data.

Results

RNA-seq Data Analysis Pipeline. The RNA-seq data analysis pipeline shown in Figure 1 is a
critical process for extracting meaningful biological information from raw sequencing data [17—-19].
This pipeline consists of several key steps, each of which plays an important role in transforming raw
reads into interpretable gene expression data. Understanding this pipeline is necessary to appreciate
the context in which clustering algorithms are applied.

Preprocessing. Preprocessing is an initial and critical step in the RNA-seq data analysis process.
This step aims to ensure the quality and integrity of the raw sequencing data before further analysis.
The main goals of preprocessing include:

1. Quality Control: The overall quality of the raw data is assessed using tools such as
FastQC [20]. At this stage, various metrics such as per-base sequence quality, GC content, sequence
length distribution, and overrepresented sequences are checked.

2. Adapter Trimming: Sequencing adapters, which are artificial sequences added during library
preparation, are removed using tools such as Trimmomatic [21] or Cutadapt [22].
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Alignment. Alignment, also known as mapping, is the process of determining the genomic
origin of each sequence read. This step is fundamental to RNA-seq analysis because it allows one
to determine which genes are expressed in a sample. Aligners such as STAR [23], HISAT2 [24], or
TopHat2 [25] are used to handle reads that span exon junctions.

Preprocessing

;V

Alignment

%

Quantification

—

Normalization

%V

Differencial
expression

'ﬁ

Clustering

Figure 1 — Gene expression analysis pipeline

Quantification. Quantification is the process of assessing gene or transcript expression levels from
aligned RNA-seq reads. This step converts the mapped reads into meaningful expression values that
can be used for comparative analysis. Quantification tools such as HTSeq [26] or featureCounts [27]
are used to count the number of reads that map to each gene’s exons.

Normalization. Normalization is a critical step to remove systematic bias and ensure comparability
between samples. Without proper normalization, differences in sequencing depth, gene length, and
other technical factors can obscure true biological differences.

Differential Expression. Differential expression analysis aims to identify genes that show
statistically significant differences in expression levels between experimental conditions. This
process typically involves tools such as DESeq2 [28], or edgeR [28] use statistical models to test for
differential expression.

Clustering. Clustering is a powerful technique used to group genes or samples with similar
expression patterns. This step is essential for detecting co-expressed genes [29], uncovering new cell
or tissue subtypes, and gaining insights into the overall structure of gene expression data.

Various clustering algorithms can be employed (Table 1). We compared six clustering algorithms
using the R programming language, providing plots that demonstrate their applications and
interpretability. All analyses were conducted using an open-access dataset from NCBI (PRINA736095;
GEO: GSE176415), following a comprehensive preprocessing workflow up to the extraction of the
gene expression set, utilizing the Galaxy Project platform [30], with clustering performed exclusively
on the gene expression dataset. In this table, we aimed to highlight the advantages and limitations
encountered during our analysis.
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Comprehending this pipeline is vital for evaluating the context in which clustering algorithms
are utilized, along with the various factors that can affect their performance and interpretation. In
the sections that follow, we delve into specific clustering methods used in gene expression analysis,
examining their advantages, limitations, and role in interpreting complex gene expression data.

Conclusion

The application of clustering algorithms to gene expression data has transformed our understan-
ding of biological systems, which allow researchers to uncover complex patterns, identify co-
expressed genes, and classify cell types with unprecedented accuracy. This review explored a wide
range of clustering methods, from traditional approaches to cutting-edge machine learning methods,
each offering unique strengths in gene expression data analysis. The challenges and future directions
in clustering gene expression data highlight the intricate nature of modern genomic datasets and the
increasing need for clustering algorithms that are scalable, interpretable, and biologically meaningful.
Addressing the limitations of high dimensionality, data integration, and scalability will be critical
to the continued success of clustering in gene expression analysis. Additionally, emerging trends
such as deep learning, automated clustering pipelines, and federated learning hold great promise
for advancing the field and enabling new biological discoveries. With the shift toward larger, more
complex, and multimodal datasets, it will be crucial to develop advanced clustering methods capable
of handling these challenges to deepen our understanding of gene regulation, cellular diversity, and
disease mechanisms.

The diversity of available clustering methods reflects the complexity and heterogeneity of gene
expression data. Although traditional methods like hierarchical clustering and k-means are still
widely utilized, advanced machine learning and deep learning techniques are being increasingly
adopted to tackle the challenges of high-dimensional and noisy data. As the field of gene expression
analysis continues to evolve, integrating these methods with biological knowledge and leveraging
the strengths of each approach will be critical to uncovering new insights into gene regulation and
cellular function.

To sum up, the field of clustering algorithms for gene expression analysis is advancing swiftly,
propelled by breakthroughs in sequencing technologies and computational methods. With the move
toward more complex, large-scale, and multimodal datasets, developing sophisticated, scalable,
and biologically interpretable clustering algorithms becomes crucial. These advancements hold the
potential to enhance our understanding of gene regulation, cellular diversity, and intricate biological
systems, ultimately fueling progress in areas from developmental biology to personalized medicine.

Dendrogram of Filtered Gene Expression Data

Genes
hclust (*, "complete”)

Figure 2 — Dendrogram. Hierarchical clustering of gene expression dataset
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K-means Clustering of Gene Expression Data (UMAP Visualization)

Cluster

UMAF Dimension 2
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UMAP Dimension 1

Figure 3 — UMAP. of Hierarchical clustering of gene expression dataset

Table 1 — Comparisonal table of, mostly known clustering algorithms used in searching similar pattern

on gene expressions. The given code on R is set of examples to run these clustering algorithms

Ne Name Input Output, plot and interpretations. Advantages and limitations | Reference
Sample.
1 | Hierarchical |Gene Plot: Dendrogram plot. Advantages: [11]
clustering expression | Output: Dendrogram showing ¢ Provides a detailed
data hierarchical structure of clusters. hierarchical structure,
Interpretation: The hierarchy in allowing exploration of
clusters allows identifying nested clusters at different levels.
subgroups within the data, providing | ¢ Does not require pre-
insight into relationships among gene | specifying the number of
expression patterns and potential clusters, making it flexible
biological processes or cell types. for exploratory analysis.
Sample: The dendrogram (Figure 2) | ¢ Useful for identifying
displays three primary clusters when | nested clusters and
cut at a height of 0.8, each indicating |understanding complex
a broad category of gene expression | relationships within data.
similarity. Limitations:
¢ Computationally intensive
for large datasets, as in
samples.
2 | K-means Gene Output: Cluster centroids and Advantages: [12]
clustering expression |assignment of data points to clusters. | Efficient and
data Plot: Scatter plot with cluster computationally fast for large
boundaries or bar chart of cluster sizes | datasets, as in samples.
on UMAP. Limitations:
Interpretation: Each cluster centroid | e Requires specifying
represents a gene expression pattern, | the number of clusters in
helping to identify dominant advance, which may not
expression profiles that may always be known.
correspond to biological functions.
Sample: To make this example
relevant, we focused on three
clusters (Figure 3), where each
group may exhibit shared functional
characteristics or biological pathways.
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3 |K-medoids |Gene Output: Medoids of clusters with each | Advantages: [13]
clustering expression | data point assigned to a medoid. ¢ Less sensitive to outliers
data Plot: Similar to K-means, often scatter |than K-means, as medoids
plots UMAP or heatmaps are more representative of
Interpretation: Medoids provide cluster centers.
robust representative profiles of each | ¢ Does not require spherical
cluster, which can reduce sensitivity | clusters, allowing for
to outliers and reveal distinct gene flexibility in cluster shapes.
expression patterns. Limitations:
Sample: The clear separation of ¢ Slower and more
clusters (Figure 4) in the plot indicates | computationally intensive
distinct gene expression profiles, than K-means, especially for
where each group may correspond large datasets as in samples.
to different biological functions or ¢ Requires specifying
pathways. Output is very similar to the | the number of clusters in
output of K-means clustering. advance, similar to K-means.
4 | Model- Gene Output: Probability of each data point | Advantages: [14]
Based expression | belonging to a specific cluster. + Allows for overlapping
Clustering |data Plot: Probability density plots or clusters, capturing complex
Methods cluster assignment visualizations on | relationships in the data.
UMAP. + Provides probabilities,
Interpretation: This probabilistic adding statistical confidence
approach allows for understanding to cluster assignments.
overlapping clusters and provides Limitations:
statistical confidence in gene + Computationally intensive,
expression group assignments. especially for large datasets,
Sample: The UMAP plot (Figure 5) as in samples.
displays nine distinct clusters of gene | ¢ Requires assumptions
expression profiles generated using about the data distribution,
Model-Based Clustering. which may not always be
accurate.
5 | Gaussian Gene Output: Mean and covariance of each | Advantages: [15]
Mixture expression | Gaussian component in the mixture. | ¢ Allows for overlapping
Models data Plot: Contour plot or ellipses clusters, which is suitable
(GMM) representing cluster densities. for complex gene expression

Interpretation: GMM reveals the
continuous distribution of gene
expression clusters, allowing insight
into clusters with potential overlap in
biological function.

Sample: The contour plot (Figure

6) shows the density distribution

of gene expression clusters, where
contour levels indicate regions of
higher probability for gene expression
profiles. In the UMAP (Figure 8)
visualization, eight clusters are
color-coded, revealing complex
relationships in gene expression
patterns with some degree of overlap.
The classification plot (Figure 7)
shows clusters with ellipses, indicating
the covariance structure of each
Gaussian component, highlighting
both the central tendency and spread
of each cluster. Together, these

plots suggest that GMM clustering
successfully identifies overlapping
clusters, providing insights into genes
with mixed expression patterns across
biological functions.

data.

+ Captures the variance
within clusters, providing
insight into cluster shape and
spread.

+ Provides probabilistic
assignment, adding statistical
confidence to cluster
membership.

Limitations:

¢ Computationally intensive
for large datasets due to
complex calculations.
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0
UMAP Dimension 1
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Figure 4 — UMAP. of K-medoids clustering of gene expression dataset

6 |Latent Gene Output: Topic distribution per gene Advantages: [16]
Dirichlet expression | or sample, with topics representing + Effective for revealing
Allocation | data clusters. hidden structures within
(LDA) Plot: Topic distribution histograms or | complex data.

heatmaps. ¢ Provides a thematic
Interpretation: LDA treats clusters as | categorization, useful for
“topics” of gene expression, revealing | understanding gene functions
latent structures and allowing for and pathways.
thematic categorization of gene Limitations:
functions or pathways. * Requires pre-specifying
Sample: The document-topic the number of topics, which
distribution histogram (Figure 10), may not always match the
showing the proportions of each true structure of the data.
topic (gene expression pattern) across | ¢ Computationally intensive,
genes. Peaks in blue, red, and green especially for large datasets.
highlight dominant topics, suggesting
prevalent expression themes. A term-
topic heatmap (Figure 9), illustrates
the relationship between specific
gene terms and topics, with darker
colors indicating higher relevance.
This heatmap provides insight into the
gene features strongly associated with
each topic, useful for understanding
gene functions. Together, these graphs
demonstrate LDA’s ability to capture
the latent structure of gene expression
patterns, offering a thematic
categorization of gene functions and
pathways.
K-medoids Clustering of Gene Expression Data (UMAP Visualization)
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Model-Based Clustering of Gene Expression Data (UMAP Visualization)
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Figure 5 — UMAP. Model-Based Clustering Methods of gene expression dataset

1.0

‘ e e— —
4 o e
© CC
e \5:_—— ;:’_:‘:;f:;:g:_ﬂ%fﬁ
W_S  —1— *—:} /(
L= S —1E C L .
g / ) ) I
g (&) ()
% < > T (
o Bty P —— S
° 7 e e Y)Y
L//L (E Ay
= - L \ \»._ ":\—-\_\____'__ —'—"'__'_,_,_ _,—'—'—"_'_'_’ i o = N '.’ -
< I T T I T | I
0.1 0.2 0.3 0.4 0.5 086 0.7

Base.mean

Figure 6 — Probability Density for each Gaussian component in the GMM.
Gaussian Mixture Models (GMM) of gene expression dataset
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Figure 7 — Classification (Cluster Assignment) with Ellipses representing Gaussian Components.
Gaussian Mixture Models (GMM) of gene expression dataset
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Gaussian Mixture Model (GMM) Clustering with UMAP Visualization
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Figure 8 - UMAP on the clustering data for dimensionality reduction.
Gaussian Mixture Models (GMM) of gene expression dataset
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Figure 9 — Heatmap of the term-topic distribution for the top 10 terms in each topic.
Latent Dirichlet Allocation (LDA) of gene expression dataset
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Figure 10 — Histogram Document-Topic Distribution (Topic Proportions for Genes).
Latent Dirichlet Allocation (LDA) of gene expression dataset
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IFEHETUKAJIBIK AEPEKTEPAI OHAEYTE, AJIIbIH AJIA OHAEY
MEH KJACTEPIIK TAJIJAYFA APHAJIFAH KYPAJIIAPT A,
OJAICTEMEJIEP MEH 9AICTEPI'E L1OJ1Y

Angarna

I'eH sKcTIpeccHsIChIH Tajiay — JKacylanap/blH SPEKeTTEPiH, aypy MEXaHU3MJIEPiH XKoHE JOPUIIK peaKInsHbI
TYCIHY/IIH Herisri Kypamaac Oediri. JKorapbl eHiMal ceKBEeHMpIIEY/iH, acipece Oip xacymansl PHK cexBennpieyi-
HiH (sScRNA-seq) maiina Ooxysl jkacylIaliblK TeTepOreHIUTIKTI OYpBIH-COHIBI OONMaraH JIeHIreire JIeiin 3epTrey
MYMKIHIITIH KeHeWTTi. ¥Kcac SKCIpecCHsUTbIK mpodmibaepi O0ap TeHIep HeMece >KacyllajapAbl TONTACTHIPY
YILIIH KOJJIaHBUIATBIH KIJIACTEPIIey alrOpPUTMACPi OCBHI TEXHOJIOTHsIIAp apKBUIbI aJIbIHFaH YIIKSH JICPEKTep SKUBIHBIH
Tajnay OapbIChIHAA Oara jKeTmec KypajFa aifHanmpl. byn mMakamama TeHAIK JKcIpeccus IepeKTepiH Tailaayna,
acipece 0Oip sxacymansl PHK cexBeHIMsICbIHA HETI3AEIreH 3epTTeyaepAe KOJIIAHBUIATBIH OPTYPIi KiIacTepliey
omicTepi KapacThIpbUiAbl. Tanmay MepapXusuIblK KIacTepiiey MEH k-means CHUSKTBI TOCTYPIl 9ICTepi, COHIail-
aK YJrire HeTi3/leNreH KiacTepiey, MallMHAIBIK OKBITY K9HE TePEH OKBITY TICULAEPI CHSKTHI KETIIPIIAreH aic-
Tepai KaMTHABL. Herisri MiHZeTTepre >KoFapbl eJIIeMIl JepeKTepli oHAeY, LIyAbl a3aiTy JKoHE YIKEH JepeKTep
JKUBIHBIH THIMII MacmTa0Tay skatansl. COHBIMEH KaTap MYJIBTH-OMHKAJBIK ACPEKTepi OipiKTipy, TepeH OKBITYFa
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OB30P UHCTPYMEHTOB, METOIOJIOTUii U METOJOB OBPABOTKM,
NPEJIBAPUTEJBbHOMN OBPABOTKHA U KJIACTEPHOT O AHAJIM3A
I'EHETHYECKUX JAHHBIX

AHHOTALUA

AHanM3 dKCIPECCHH TEHOB CTall KITFOUYCBBIM KOMITIOHCHTOM B TIOHWMAaHHWH TIOBEACHHS KIICTOK, MEXaHM3MOB
3a00JIeBAHUI M peakIMy Ha JiekapcTBa. I10sBICHNE BBICOKONPOU3BOAUTEILHOIO CEKBEHMPOBAHMS, B YaCTHOCTH
cexBenupoBanuss PHK ormensHbix kietok (SCRNA-seq), paciimpuiio HAIld BOSMOKHOCTH M3yUYEHHUS KIETOUHON
reTEPOreHHOCTH JI0 OECIHPEIECHTHOTO YPOBHS. AJITOPUTMbI KITACTEPU3AIMH, HEOOXOAUMBIE ISl TPYMITHPOBKU
TE€HOB WJIM KJIETOK CO CXOXKHMH TIPOQHIISIMH SKCIPECCHH, CTAK OECIIEHHBIMH ISl aHaJIn3a OrPOMHBIX HAOOPOB
JTAHHBIX, TCHEPUPYEMBIX STHUMH TEXHOJOTHSIMH. B 3TO# cTarhbe paccMaTpHBAIOTCS Pa3IHYHbIE METOMBI KIIaCTEPH-
3aIMH, TIPUMCHICMBIC K JIAHHBIM 00 SKCIPECCHH TEHOB, B YaCTHOCTH cekBeHnpoBanus PHK oTaenpHBIX KIIETOK.
AHan3 0XBaThIBAET TPAJAUIMOHHBIE METO/IBI, TAKME KaK HEpapXUUecKas KjacTepu3alus u k-means, a Takxke 6ojee
MPOJBUHYTHIE MOXO/IbI, TAKUE KAK KJIACTEPU3AIMs Ha OCHOBE MOJIEIICH, METO/IbI HA OCHOBE MAIIIMHHOTO O0yYEeHUS
u m1ybokoro oOyueHus. OCHOBHbIE MPOOJIEMBI BKIIIOUAIOT 00PabOTKY MHOTOMEPHBIX JTAaHHBIX, CHI)KCHUE [IyMa U
JOCTHKEHHE MacIITabupyeMOCTH JIIs OONBIIMX HAGOPOB JaHHBIX. boljee TOro, HOBBIE JOCTHIKEHHS, TAaKHE KAk
WHTETPAINS JaHHBIX MYISTHOMHUKH, KIACTEpPU3aIlis Ha OCHOBE TIy0OKOro o0ydeHus u (emepaTruBHOE 00yUeHNe,
TpeTaratoT MOTCHIHATBHBIC YITYUIICHHS TOYHOCTH M OMONOTHYECKON 3HAYUMOCTH ISl IPHIIOKCHHN KITacTepH-
3alUK B UCCIENOBAHUH dKCIpeccuu renoB. O030p 3aBepiuaeTcsi 00CyKIAeHHEM OyayIluX HAPaBIEHUH Pa3BUTHS
QJITOPUTMOB KJTACTEPH3AIIMK JJIsi 00paboTKU Bee Gojiee CIOKHBIX JAHHBIX 00 9KCIPECCHH T€HOB JUTS TONyYEHUS
0oJ1ee TOYHBIX OUOJIOrMYECKUX ITOHUMAHUM.

KuroueBble cjioBa: METOIBI KIacTepH3alnuy, OnomH(OpMaTHKa, MAITMHHOE O0ydeHHe, TyOokoe oOydeHwme,
cexkBeHnpoBanre PHK oTaenbHBIX KIETOK, SKCIpeccHs TEHOB.
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QUANTATIVE MODEL FOR ESTIMATING VEHICLE
REPAIR COSTS IN INSURANCE CLAIMS

Abstract

This paper introduces a quantitative model designed to enhance the accuracy of vehicle repair cost estimations
in the context of insurance claims. Motivated by the ubiquity of vehicle ownership and the frequent occurrence of
vehicular damage, our research focuses on the development of a robust framework that integrates multiple variables
affecting repair costs. These include parts pricing, labor charges, and the specifics of insurance policies. The proposed
model leverages mathematical and computer modeling techniques to synthesize these elements into a predictive tool
that aims to provide fair and precise repair cost forecasts. This tool is intended to facilitate equitable interactions
between insurers and policyholders, ensuring that compensation aligns closely with actual repair expenses. The
utility of this model is particularly significant in improving transparency and efficiency in handling insurance
claims, thereby supporting better financial risk management and contributing to the stability of the insurance sector.

Key words: vehicle repair cost estimation, insurance claims, mathematical modeling, quantitative analysis.
Introduction

The purpose of this thesis is to develop a reliable and effective model for estimating the cost of
vehicle repairs in the event of an insurance claim. The motivation for this research stems from the
widespread ownership and usage of vehicles in modern society, where the incidence of accidents
and vehicle damages is a common concern. Accurate estimation of repair costs is crucial to ensure
that insurance claims are handled fairly and efficiently, thus protecting the financial interests of both
insurers and policyholders.

The rationale for choosing this theme is based on the recognition of a significant gap in existing
research and tools available for vehicle repair cost estimation. Despite the prevalence of vehicle
ownership and the frequent occurrence of accidents, there is a noticeable absence of comprehensive
models that integrate multiple variables—such as parts pricing, labor costs, and specific insurance
policy conditions—into a single predictive tool. This absence highlights the need for a new approach
to address the complexities of repair cost estimation in insurance scenarios.
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The relevance of this topic is underscored by the theoretical and practical significance it holds in
the field of insurance and vehicle repair. Theoretically, the development of an accurate and reliable
estimation model contributes to the body of knowledge in quantitative analysis and predictive
modeling. Practically, this model serves a dual purpose: it aids insurance companies in determining
fair compensation for claims, and it assists policyholders in understanding the potential costs
associated with vehicle repairs. This, in turn, promotes transparency and fairness in the insurance
process.

Driving a car offers numerous benefits, including convenience, time savings, and a sense of
freedom. However, it also carries significant responsibilities and risks. To underscore the importance
of responsible driving and to help novice car owners understand the financial implications of vehicle
ownership, we have developed a model that estimates repair costs accurately. This tool is particularly
valuable in educating drivers about the importance of proper vehicle maintenance and the financial
risks associated with accidents.

This research aims to develop a method for estimating vehicle repair costs that provides accurate
and reliable estimates for insurance purposes. By addressing the gap in existing research and providing
a practical tool for both insurers and policyholders, this study contributes to the improvement of the
insurance claims process and promotes better financial risk management in the context of vehicle
ownership.

Materials and Methods

The research material for this study comprises vehicle repair cost data, insurance policy details,
and vehicle specifications. The dataset includes:

1. Vehicle Repair Cost Data: Collected from multiple sources, including auto repair shops,
vehicle manufacturers, and online databases. This data includes the costs of parts, labor charges, and
standard repair times for various vehicle models.

2. Insurance Policy Details: Information on various insurance policies, including coverage limits,
deductible amounts, and specific conditions relevant to vehicle repair claims.

3. Vehicle Specifications: Data on vehicle make, model, year, mileage, engine type, and other
relevant specifications, obtained from vehicle registration databases and manufacturer records.

The dataset is both qualitative and quantitative, providing a comprehensive basis for accurate
repair cost estimation.

This section outlines the approach used to develop the predictive model for estimating vehicle
repair costs in insurance claims, specifically how a quantitative model can be developed to accurately
estimate vehicle repair costs in the context of insurance claims, considering multiple variables such
as parts pricing, labor costs, and specific insurance policy conditions.

The hypothesis was a comprehensive, quantitative model that integrates various factors affecting
vehicle repair costs can provide accurate and reliable estimates for insurance claims, leading to fairer
and more efficient claim processing:

1. Data Collection: Gathering comprehensive data on vehicle repair costs, insurance policy
details, and vehicle specifications from multiple sources.

2. Data Cleaning and Preprocessing: Standardizing the collected data, removing inconsistencies,
and ensuring all variables are accurately represented.

3. Model Development: Using mathematical and computer modeling techniques to develop the
predictive model. This phase involves selecting appropriate algorithms and statistical methods to
analyze the data.

4. Model Validation: Testing the model using a subset of the data to ensure its accuracy and
reliability. Adjustments are made as necessary based on the validation results.

5. Implementation: Integrating the model into a user-friendly application that allows users to
input relevant data and receive accurate repair cost estimates.
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Investigative Techniques:

1. Statistical Analysis: Using statistical methods to analyze the dataset and identify significant
variables affecting repair costs.

2. Regression Analysis: Applying regression techniques to model the relationship between
vehicle specifications, repair costs, and insurance policy details.

3. Machine Learning Algorithms: Implementing machine learning algorithms to improve the
predictive accuracy of the model. Techniques such as decision trees, random forests, and neural
networks are considered.

4. Software Tools: Utilizing Python programming language and libraries such as Pandas, NumPy,
SciPy, and Scikit-learn for data analysis and model development. The Tkinter library is used for
creating the graphical user interface of the application.

The developed model successfully integrates various factors affecting vehicle repair costs to
provide accurate and reliable estimates for insurance claims. The validation phase demonstrates that
the model achieves high accuracy, significantly reducing the discrepancies between estimated and
actual repair costs. The application of machine learning algorithms further enhances the model's
predictive capabilities.

The resulting tool facilitates fairer and more efficient processing of insurance claims by providing
both insurers and policyholders with transparent and precise repair cost estimates. This research
contributes to improved financial risk management and supports the development of the insurance
sector by addressing the gap in existing estimation methods.

The study aims to develop a quantitative model for accurately estimating vehicle repair costs in
the context of insurance claims, addressing the gap in existing estimation methods and improving
the fairness and efficiency of the insurance claims process. The research hypothesis posits that a
comprehensive model integrating multiple variables, such as parts pricing, labor costs, and specific
insurance policy conditions, can provide precise repair cost estimates, benefiting both insurers and
policyholders.

Methodologically, the research employs data collection, preprocessing, and analysis using
statistical and machine learning techniques. The model development involved regression analysis
and algorithms like decision trees and random forests, with validation conducted using test data to
ensure model accuracy.

Key findings indicate that the model demonstrated high accuracy in estimating repair costs,
significantly reducing discrepancies between estimated and actual costs.

The integration of the model into a user-friendly application allows for practical use by insurers
and policyholders, enhancing transparency and fairness in the insurance claim process.

This research supports the advancement of the insurance sector by providing a reliable method
for repair cost estimation, contributing to better financial risk management.

Literature review

The estimation of vehicle repair costs in insurance claims is a topic of significant research interest
due to its practical implications for the insurance industry. Accurate repair cost estimation is crucial
for fair and efficient claim processing, which has a direct impact on both insurers and policyholders.
This section reviews fundamental and contemporary works by foreign authors, highlighting their
scientific contributions and identifying research gaps that this study aims to address.

Outreville [1] provides a comprehensive overview of the interplay between insurance and
economic development, emphasizing the need for accurate risk management tools in insurance.
This foundational work underscores the importance of developing reliable estimation models that
can contribute to economic stability and growth. Similarly, Nair [2] introduces techniques for
data scraping, which are crucial for collecting repair cost data from various online sources. This
methodological approach is fundamental to the current study, as it enables the integration of diverse
data points into a cohesive estimation model.
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In the realm of user interface development, Moore [3] and Hunt & Hunt [4] offer detailed guides
on Python programming and the creation of graphical user interfaces. These works are instrumental
in developing the user-friendly application component of the repair cost estimation tool. The
practical insights from these sources help bridge the gap between theoretical modeling and real-
world application.

Recent studies have explored advanced techniques and models for cost estimation. Lee
and Kim [5] demonstrate the application of machine learning techniques in predicting vehicle
maintenance costs, highlighting the potential for similar approaches in repair cost estimation. Zhang
et al. [6] further this approach by integrating vehicle damage detection with cost estimation using
deep learning, emphasizing the importance of a holistic approach that considers multiple variables.
Additionally, Dorathi Jayaseeli J. D. et al. [7] developed state-of-the-art deep learning models for
automatic vehicle damage detection and cost estimation, achieving significant improvements in
accuracy and reliability.

Harshani and Vidanage [8] employed computational intelligence techniques to predict the
severity and cost of vehicle body damages. Their work shows the effectiveness of image processing
in estimating repair costs, paving the way for more sophisticated models. Another study by Dhieb et
al. [9] utilized deep transfer learning for vehicle damage detection and localization, further validating
the efficacy of machine learning in this domain.

Patil et al. [10] demonstrated the application of deep learning for car damage classification,
showing notable accuracy improvements. This work complements the findings of Dwivedi M. et
al. [11], who used deep learning-based models for vehicle damage detection and classification,
underlining the growing importance of Al in automating damage assessment processes.

Elbhrawy et al. [12] explore the implications of precise repair cost estimations on the efficiency
and fairness of insurance claims. Their research underscores the practical benefits of accurate
estimation models, aligning with the objectives of this study. Meanwhile, Kallabayeva, Iskakova,
and Rakhmetova [13] discuss the broader economic impact of the insurance sector in Kazakhstan,
underlining the necessity for robust estimation tools that can support the sector's growth and stability.

Sartova [14] provides context on the challenges faced by the insurance sector in Kazakhstan,
supporting the relevance of developing accurate estimation models. Her analysis of the insurance
system's status and problems highlights the need for innovative solutions to improve claim processing
and financial management.

Despite significant progress in the fields of machine learning and statistical analysis for cost
prediction, there remains a gap in comprehensive models that integrate all relevant variables—such as
parts pricing, labor costs, and specific insurance policy conditions—into a single predictive tool. Most
studies focus on either the technical aspects of cost estimation or the economic implications, but
rarely both. This study aims to bridge this gap by developing a holistic model that not only predicts
costs accurately but also enhances the transparency and fairness of the insurance claims process.

By addressing these gaps, this research contributes to the existing body of knowledge and
provides practical tools for the insurance industry to manage vehicle repair costs more effectively.
This literature review has highlighted the evolution of methodologies and the critical need for
integrated approaches, setting the stage for the subsequent development and implementation of the
proposed estimation model.

Vehicle insurance sector

Despite the negative consequences of the global financial crisis and the seemingly depressive
tendencies in other sectors of the Kazakhstan economy, especially in the banking sector, insurers are
observing an increase in the dynamics of individual insurance sectors. Today, insurance is actively
developing as an independent economic tool and is constantly expanding its activities. However,
it is impossible to overlook some negative aspects of social security development. Despite the
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acceleration of the growth rate in, the ratio of insurance premiums to GDP in the Republic is only
0.59%. For comparison in EU countries this percentage reaches 8—9%.

Why does the insurance market in Kazakhstan need development? Insurance provides
individuals and businesses with financial protection against risk and uncertainty. When more people
and businesses have access to insurance, they can better manage risk, which can lead to greater
financial security and stability. The insurance industry can also boost economic growth by providing
a source of investment capital. Insurance companies invest premiums in a variety of assets, such as
stocks, bonds, and real estate, which can help spur economic growth and create jobs. Citizens are
being trained in more effective risk management and resource allocation. Gradually, citizens will
cease to rely solely on the help of the government.

A strong insurance market can help boost confidence in the economy. When individuals and
businesses have access to insurance, they will invest, spend and take risks. This, in turn, can contribute
to economic growth and development.

Insurance means increased sustainability. A resilient insurance market can also help build
resilience to economic shocks and disasters. Insurance can provide a safety net for individuals and
businesses in times of crisis, helping them recover faster and reducing the impact of negative events
on the economy.

There are several types of insurance products and services. We consider CASCO — the type of
vehicle insurance that covers a wide range of risks and damages, and CTP — mandatory insurance
of civil liability of the car owner. They provide coverage against unforeseen events such as traffic
accidents, theft and natural disasters.

CTP in Kazakhstan is a mandatory insurance product. There are 250 cars per 1000 people. About
540-570 thousand driver's licenses are granted annually. The CTP policy protects the responsibility
of the car owner to those injured in an accident. That is, the insurance company under this policy will
pay compensation only to the owner of the injured car. The CASCO policy protects the car itself. In
this case, the insurance company will pay compensation to the policyholder himself.

Even considering that the tariffs for optional car insurance in Kazakhstan are quite low, the
demand for it is not growing. This is due to the large number of fraud cases in this area. Here we
can assume that citizens are not interested in getting a casco, based on the number of payments of a
similar mandatory product. CASCO is mainly formed at the expense of legal entities and collateral
agreements for car loans to individuals. If we consider the absolute figures for the market, then
according to the data of National Bank for the first of April insurance companies collected 31 billion
tenge of premiums for mandatory products. CASCO collected 21 billion premiums.

According to the Statistics Committee, about 15 thousand traffic accidents occurred in Kazakhstan
in 2022. This is 9% more than in 2021 (Figure 1).

It is interesting to note that 30% of all traffic accidents in 2022 occurred in the city of Almaty.
And almost 50% of the accidents occurred in the entire Almaty region.

Apparently vehicle insurance commonly offers 3 categories of coverage. There is collision
coverage, comprehensive coverage and liability coverage.

However, this coverage has several limitations. First, car insurance may exclude coverage of
prior damage or fraying of the vehicle. This implies that if the car has already been damaged before
the purchase of the insurance policy, the insurer may not cover the repair costs. Second, there may be
restrictions, limits on the amount of compensation for repair or replacement costs.

Unfortunately, according to the unfavorable feedback of Kazakhstani policyholders in the
official social networks of insurance companies and on other websites, the amount of insurance
payments often does not cover real losses. Companies use the conditions and exceptions in the policy
agreements in their favor, and make complaints against the documents provided in order to reduce the
amount of payments. Nevertheless, insurance companies can also reduce the amount of the payment
if they suspect the policyholder of fraud due to disputed circumstances and incorrect documents
provided.
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Figure 1 — Traffic accidents in Kazakhstan

However, in the case when the inspection and evaluation of the vehicle is carried out by an
insurance company, the policyholder must be aware of the rules for calculating the cost of restoration
work. Otherwise, the tricks described above by unscrupulous companies can bring the policyholder,
the driver, to large unnecessary costs.

Large insurance benefits provide individuals with financial security and protection against
unforeseen events and against overpayments from their own pocket. Increased insurance benefits
can stimulate economic growth and development, as they create a demand for insurance products and
services. This demand can lead to the growth of industries such as healthcare, finance, and insurance.
For instance, if we consider life insurance, the healthcare industry benefits from increased insurance
benefits, as it allows for more people to access medical services and treatments, leading to increased
demand for healthcare providers and facilities. Similarly in CASCO and CTP. The turnover and
demand for repair services will result in an increase in insurance benefits. Because on the roads of
the country we can notice a lot of old and worn-out cars with broken, dented and missing car body
elements.

While increased insurance benefits can have a positive impact, there are also potential drawbacks
and barriers to achieving widespread insurance coverage. One potential drawback is the increased
cost of insurance premiums, which can make it difficult for some individuals to afford insurance
coverage. According to the statistics of active policies, as of March 1, 2023, the average insurance
premium for passenger vehicles is 13,166 tenge. In addition, barriers to entry may exist, such as
limited availability of insurers in some areas or limited coverage for pre-existing conditions.

There are some statistics that allow us to review the situation.

There is Table 1 on the accepted insurance premiums of Kazakhstani companies according to the
reports of general insurance companies (not life insurance) for the first day of the year.

And Table 2 is a similar table on insurance payments of Kazakhstani companies according to the
reports of general insurance companies (not life insurance) for the first day of the year. By a simple
visualization, we can understand that Eurasia is a company with a large turnover. In four companies,
such as Centras Insurance, Victoria, Commesk, NOMAD, there is a decrease, presumably due to
the number of policyholders.The rapid growth is shown by Zhusan, Freedom Finance, supposedly
thanks to convenient online services. The data source is the National Bank. (Values in thousands of
tenge).
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Table 1 — CTP insurance premiums (in billions of KZT)

Insurance companies 01.01.2021 01.01.2022 01.01.2023
.é SO(IIn ;iﬁ?,siﬁzgk?f Halyk Bank of Kazakhstan "Insurance 16,7 2.6 145
JSC "Grain Insurance Company" 0,1
JSC "KH&MIC INTERTEACH" 0,6 0,4 1,7
JSC "Oil Insurance Company" 53 53 5,6
JSC "Amanat Insurance Company" 3,7 4.8 5,6
JSC "Centras Insurance Company" 3,0 1,9 33
JSC "Freedom Finance Insurance Company" 2,0 4.4 4,9
JSC "Jysan Garant Insurance Company" 3,8 9,5 16,8
JSC "ASKO Insurance Company" 5,3 5,9 7,5
JSC "Victoria Insurance Company" 0,6 0,6 0,6
JSC "Eurasia Insurance Company" 21,2 28,1 34,4
JSC "Kazakhmys Insurance Company" 0,2 0,2 0,3
JSC "Kommesk-Omir Insurance Company" 4,7 3,6 2,7
JSC "London-Almaty Insurance Company" 2,6 1,9
JSC "NOMAD Insurance Company" 10,5 9,4 9,4
JSC "TransOil Insurance Company" 0,7 0,5 0,5
JSC "Basel Insurance Company" 0,0 1,4 4.4

Table 2 — CTP insurance payments (in billions of KZT)

Insurance companies 01.01.2021 01.01.2022 01.01.2023
JSC "Subsidiary of Halyk Bank of Kazakhstan "Insurance
Company "Halyk" >4 2,0 %3
JSC "Grain Insurance Company" 0,2 - -
JSC "KH&MIC INTERTEACH" 0,2 0,1 0,2
JSC "Oil Insurance Company" 2,4 2,4 2,8
JSC "Amanat Insurance Company" 1,6 1,2 1,7
JSC "Centras Insurance Company" 1,5 1,0 1,0
JSC "Freedom Finance Insurance Company" 0,6 2,4 43
JSC "Jysan Garant Insurance Company" 0,8 2,2 5,8
JSC "ASKO Insurance Company" 1,7 1,5 1,8
JSC "Victoria Insurance Company" 0,4 0,3 0,3
JSC "Eurasia Insurance Company" 72 11,4 16,4
JSC "Kazakhmys Insurance Company" 0,1 0,1 0,1
JSC "Kommesk-Omir Insurance Company" 2,5 1,8 1,3
JSC "London-Almaty Insurance Company" 0,8 0,9 -
JSC "NOMAD Insurance Company" 34 2,8 23
JSC "TransOil Insurance Company" 0,4 0,6 0,4
JSC "Basel Insurance Company" 0,1 0,3 1,4
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CTP — civil liability insurance for drivers of vehicles - is mandatory. And there is a table of
active policies, considering all types of vehicle. The Figure 4 shows the distribution of policies. By a
simple visualization, it becomes obvious that in the city of Almaty, in the Almaty region (and in the
Turkestan region) there is the largest number of active insurance policies. The entire Almaty region,
including the megalopolis, accounts for 25.3% percent of the total number of policies. Whereas in the
Akmola region and in the city of Astana, in total, only 12% percent of this parameter.

There is a big gap in the next column. The value of the overall insurance premium only in the
city of Almaty is 24.3% of the total.

Table 3 — Active policies by regions

Regions Number of policies Insurance premium Average insurance premium
Astana City 299 120 6232 377 201 20 836
Akmola Region 159 937 1793 394 429 11213
Aktobe Region 129 761 1 637 270 206 12 618
Almaty Region | 48895 | 6331832516 13 798
Atyrau Region 98 393 2523546321 | 25648 |
Other 2102269 24 987 555 482 11 886
ALL 3 740 505 57 502 208 676 15373

Now consider the other side. Obviously, the number of active insurance policies in the Almaty
region is much higher than in other regions. And this number is growing every month, and the
probability of accidents is also increasing. Very frequently we witness traffic accidents on the roads
of the city. And most probably, passenger cars will become participants in a traffic accident.

According to reports for the first of March 2023 in Figure 2, there are about 3.74 million active
insurance policies in the country, and 88.62% are passenger cars. For this type of vehicle, the average
insurance premium is 13,166 tenge. And our calculator considers the costs of only passenger cars
from all types of transport.

260863

= Passenger cars

= Buses (<16)

= Buses (> 16)
Trolleybuses, trams

= Moto transport

= Trailers

m Special machinery

u Other

Figure 2 — Number of active policies by types of vehicle
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Methodology

To do a car inspection, you will need a camera and, if necessary, a simple measuring device. If
the vehicle is in poor condition, the inspection takes place at the depot. The inspection can also be
carried out by a specialized technical center (service station), when these conditions are initiated by
the individual who ordered the expert report. The vehicle must be presented for inspection in order
and cleanliness that ensure the safety and maneuverability of high-quality control. There must be
access to the engine compartment, cab, trunk, etc. Whoever is assigned the examination, or the owner
of the vehicle must provide documents proving the right to use the vehicle. If the vehicle is damaged
because of a traffic accident, it is also necessary to provide documents about the accident, such as
B. Post-accident report, Vehicle technical condition inspection report with a description of damages,
accident diagram, declarations, etc.

During the inspection of the vehicle, we need the necessary data for the inspection:

¢ Identification data of the vehicle, with a check of their correspondence to the identification
data specified in the documents;

+ Mileage of the vehicle according to the odometer reading, with an assessment of the reliability
of the displayed value;

* Completeness and equipment of the vehicle, the presence of additional equipment;

+ List and volume of defects and damages that exist at the time of the inspection, caused by the
specific road accident;

+ Signs of previously conducted repairs of the vehicle, replacement of units, assemblies, and
expensive components.

¢ The list of restorative work, methods and volumes of its implementation in accordance with
the standards for technical maintenance and repair recommended by the manufacturer of the vehicle.

The data recorded because of the vehicle inspection allows the expert to proceed with calculations
in accordance with the objectives of the study.

Calculation of vehicle wear and tear

When determining the replacement cost of a vehicle, wear and tear should be understood as a
quantitative measure of the physical aging of the vehicle under the influence of external and internal
factors, obtained during operation and characterizing the condition of the vehicle as a whole and its
individual elements (assemblies, parts).

The amount of physical wear and tear of component parts (parts, units and assemblies) of the
vehicle of foreign and CIS production is calculated according to Formula (1).

Dphys = 100+ (1 —e™%) (1)
where:
e — is the base of natural logarithms;
Q) — is a function depending on the age and actual mileage of the vehicle since the beginning of
operation.
The function ), which depends on the age and mileage of the vehicle, is determined by
Formula (2).
Q=(axA+b=L) (2)

where:

A—1istheservice life of the vehicle (years), with an accuracy of one decimal place. The countdown
of the service life begins from the moment the vehicle is put into operation;

L — is the mileage of the vehicle. The actual mileage of the vehicle is determined by the readings
of the vehicle’s serviceable odometer, and in case of doubt about their reliability — by the estimated
mileage;

a, b — are parameters depending on the type of vehicles, determined in accordance with Table 4.
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Indicators for calculating the function depending on the age and mileage of the vehicle.

Table 4 — Table of coefficients a, b

Category (type) Vehicle brand a b

BA3 (Lada), TA3, 3A3 0,057 | 0,003

Brilliance, BYD, Chery, Derways, FAW, Geely, Great Wall, Hafei,
Haima, Lifan, Luxgen, Xin Kai

Aston Martin, Bentley, Bugatti, Ferrari, Jaguar, Maserati, Porsche,
Audi, BMW, Mercedes-Benz, Mini, Rover, Alfa Romeo, Citroen,
Fiat, Ford, Opel, Peugeot, Renault, Saab, SEAT, Skoda, Volkswagen,
Volvo

Acura, Buick, Cadillac, Chevrolet, Chrysler, Dodge, Hummer,
Infiniti, Jeep, Lexus, Lincoln, Mercury, Pontiac

0,057 0,0029

0,042 0,0023
Passenger cars

0,045 0,0024

Hyundai, Kia, Ssang Yong, Daewoo 0,052 0,0026

?g}i]k(l)etl;su, Honda, Isuzu, Mazda, Mitsubishi, Nissan, Subaru, Suzuki, 0,049 0.0025
Trucks - flatbed trucks, box trucks, dump trucks, tipper trucks, tractor trucks 0,077 0,0023
Buses 0,113 0,0008
Trolleybuses and tramcars 0,098 0,0008
Trailers and semi-trailers for trucks 0,09 0
Trailers for passenger cars and residential vehicles (car-house type) 0,06 0
Motorcycles 0,07 0
Scooters, mopeds, scooters 0,09 0
Agricultural tractors, self-propelled agricultural, firefighting, municipal, loading,
construction, road, earthmoving and other equipment based on automobiles and other 0,15 0
self-propelled bases
Bicycles 0,04 0

Determination of vehicle mileage

To determine the mileage of a vehicle (vehicle), the value taken from a serviceable odometer or
specified in the accounting documents on the vehicle is used. In cases where there are doubts about
the reliability of the specified mileage, the calculated path is used.

The estimated mileage of the vehicle is determined in the following cases:

+ if the readings of a serviceable odometer differ from the value of the calculated mileage of a
similar vehicle by more than 25% downwards;

+ when replacing the odometer, including the replacement of the body (cab) assembly or the
chassis of the vehicle during operation;

+ if the odometer malfunctions;

¢+ if a part of the odometer drive is damaged;

+ if the vehicle has a five-digit odometer with a service life that allows us to assume that the
value of the odometer will be reset when its maximum value reaches 99,999 km (miles);

¢ if there is no technical possibility of indicating the readings of the electronic odometer at the
time of inspection of the damaged car.

The estimated mileage is determined by calculating the average annual mileage of the same type
of vehicle and the duration of its operation, using the Formula (3).
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Ly = Ly * AM®) 3)
where:
A — is the service life of the vehicle;
M (L) — is the braking coefficient, considering the decrease in the average annual mileage as the
vehicle is operated, determined in accordance with Table 5;
L, — is the average annual mileage, determined in accordance with Table 5.

Table 5 — Table of coefficients Ly and M (L)

Type of vehicle Ly, 1073 km M(L)
CIS passenger cars 15 0,86
European, Turkish passenger cars 15 0,9
American passenger cars 15 0,9
Asian cars (without Japan) 15 0,87
Japanese passenger cars 15 0,92

Two basic approaches can be used to determine the value of a vehicle:

¢ comparative, based on an analysis of the primary and secondary markets for sales of vehicles;

¢ cost approach, based on determining the costs required to restore or replace the object under
study, taking into account its depreciation.

The income approach in determining the cost of vehicles is not applied. This is since this
approach is effective mainly for the valuation of revenue generating objects — enterprises, industrial
complexes, and other businesses. Vehicles, as a rule, are the elements of a system that generates
income.

Initial data to determine the market value of vehicles are the data established during the inspection
of vehicles, the study of documents on the vehicle, reference literature, study of case files, and other
submitted documents:

¢ brand, model, modification;

* body type;

* date of issue;

* mileage;

¢ equipment and completeness;

¢ the technical condition of the vehicle;

¢ volume and quality of previously performed repair effects, including replacement of major
assemblies and units.

Determination of the market value using the market information method

The market value of the vehicle denotes the estimated amount of money for which the vehicle can
be sold in a competitive transaction when the parties to the transaction have all available information
about the subject of the valuation and the price of the transaction and there are no exceptional
circumstances affecting out if:

+ one of the parties to the transaction is not obliged to sell the object of valuation, and the other
party is not obliged to buy it;

+ the parties to the transaction are well informed about the subject matter of the transaction and
act in their interests;

+ the price of the transaction corresponds to the cash consideration of the subject of the valuation
and there was no compulsion on the part of the transaction parties.

The market value of is determined according to the following scheme:
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The expert analyzes the available price information from the following sources:

+ price lists of organizations selling new and used cars;

+ information on the prices of new and used vehicles published in regional magazines;

+ information on regional market prices for new and used cars, posted on thematic sites.

The research part of the question should list the price information sources from which the market
value of vehicles is determined.

When selecting an information source, it should be noted that it must meet the following
requirements:

+ have the status of an official publication or a reference to the publisher (organization) that
provided the information;

¢ contain information about the properties of the object (eg., object, type, brand, model,
identifying elements, main characteristics) in order to establish an unambiguous match of the
information provided with the object of investigation;

¢ providing reliable and timely information;

*+ have the efficiency to convey new information.

The method of market information is recommended for new cars, or for cars with mileage up to
1000 km and with a period of operation up to 1 year.

The market value of the vehicle is determined using Formula (4).

_ E:z!‘[::l_ Py

where: 1

P; — price of the i-th analogue of vehicle in currency of tenge;

i — number of offers, 1 > 3.

The concept of repair of the vehicle

Restorative repair is a set of works necessary to restore the technical characteristics of the vehicle
and its consumer properties, to the condition that the vehicle had immediately before the damage.

The cost of restorative repair of the vehicle means the most probable amount of costs, sufficient
to restore the vehicle to its original, before the accident, condition.

Calculation of the cost of restoration of the damaged vehicle is determined at the time of the

study, according to the Formula (5).

C.=C,+C,+C; (5)
where:

C,, — the cost of repair work;

Cy — the cost of materials used in the restoration process;

C; — the cost of details, units, and assemblies to be replaced (replaced).

Volume, methods, types, technology, and labor intensity of repair works are determined depending
on the nature and extent of damage, and condition (corrosion damage) of parts and assemblies, taking
into account the need for disassembly/assembly, adjustment, adjustment, painting, anti-corrosion,
anti-noise treatment, etc., in accordance with the technology established by the vehicle manufacturer,
and in the absence of the required repair technology from the manufacturer - by expert evaluation
according to available analogs and data from the official representative offices of the manufacturers.

The labor requirements for the replacement of body parts include the following work:

¢ disconnection and removal of the old part with the removal of metal residues, loose formation
rust (corrosion);

¢ straightening the mating edges;

+ fitting and welding a new part with cleaning of welding spots and welds;

+ smoothing the surfaces with the filler, with grinding the defective places sanding the defective
places.

Replacement of the body or frame of a passenger car, minibus, bus, cab or truck frame can be
assigned when they do not meet the established requirements for their acceptance for repair.
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Determine the cost of spare parts and materials

The reliable market value of spare parts are the prices of sellers who sell spare parts as their
main business. The expert must indicate at least two sources of information about the value of the
spare parts (name, telephone number, address, website address) applying the principle, economic
feasibility.

1. For vehicles under warranty as well as for vehicles up to 7 years of operation it is recommended
that the cost of original spare parts and components be taken on the basis of data from an official
dealer or on the basis of data from a specialist store officially representing the trademark in question.

2. For vehicles with the service life exceeding 7 years, the cost of spare parts and components
should be taken based on data on the cost of spare parts corresponding to the requirements established
by the vehicle manufacturer, considering the principle of economic feasibility.

3. In the course of estimating the cost of components, sub-assemblies, assembly units it is
necessary to indicate their full names in accordance with the catalog of spare parts for the concrete
brand (model, variation) of the transport means, drawn up by the transport means manufacturer, or in
the electronic database of cost information in relation to components (components, sub-assemblies,
assembly units, materials), in the absence of such sources - in a program calculating complex or
a price-list of the corresponding component parts (components, sub-assembly, assembly units,
materials) supplier.

4. When choosing components (parts, units, assemblies, aggregates, materials) it is recommended
that the delivery time of the required products should not exceed 45 calendar days.

5. In cases stipulated by the technological documentation, when replacing individual component
parts (parts, units, assemblies, aggregates, materials), the need for their replacement is considered,
considering the repair kit, which includes not only the component parts (parts, units, aggregates,
materials) being replaced, but also products, which fully ensure elimination of damage.

6. It is necessary to indicate both the full cost of restoration (real damage: without considering
the fall in value of the replaced parts due to their wear and tear) and the cost of restoration (direct
damage: considering the fall in value of the replaced parts due to their wear and tear).

7. In exceptional cases (for example, if the delivery period of new parts (units, aggregates)
exceeds 45 days, if there is no guaranteed delivery or if the production of new parts is stopped), if
there is a market of used parts, it is reasonable to use such parts (units, aggregates) when calculating
the cost of repair parts, their market value is used. In this case, the cost of used component parts
(parts, units, assemblies) cannot exceed the cost of new component parts (parts, units, assemblies),
considering their wear and tear.

Depreciation of component parts (parts, units, aggregates) to be replaced in these cases is not
considered. The cost of spare parts is determined based on reliable data on the market value of new
spare parts, existing in the region at the time of the study.

The cost of spare parts, taking into account physical wear and tear, is determined using
Formula (6). 5

Cy = Clev [1 - P—’l}] (6)
where: 100%
C7" — the cost of a new part, the tenge.
The cost of materials for the restoration of the vehicle is calculated using Formula (7).

Cn = 2= B+ N = K7 (7)

where:

Cp, — the cost of materials for the restoration of the vehicle (tenge);

n — number of types of materials needed for repair;

P™ — cost of one unit of i-th kind of material (tenge);

N{™ _ specific rate of consumption of the material of the i-th kind (units of i-th rate of consumption
of the material of the i-th kind (units of material/repair units);

KF _ number of repaired units (number of parts, units, assemblies, kilograms, meters, square
meters, etc.), for the restoration of which the material of the i-th kind is necessary.
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The specific rate of consumption of the material of the i-th type is calculated as the average value
determined according to the data of producers of such material, presented in the commodity market
of this material.

In the absence of such data, the specific rate of consumption of the material of the i-th kind is
taken according to the reference books issued by the manufacturers of the vehicle.

The number of repair units (for example, the number of parts, units, assemblies, kilograms,
meters, square meters) subjected to restoration repair using the material of the i-th kind, is determined
by the results of the inspection of the vehicle as in example Table 6.

Table 6 — Example of calculating painting works cost

Part: Hood Area 1,4 m"2
Material designation Consumption, kg Cost per unit, tenge Total cost of the unit, tenge
Primer 0,392 8 698,2 3 409,69
Primer remover 0,1176 3290,0 386,90
Enamel 0,336 9100,0 3 057,60
Enamel remover 0,1008 4 585,0 462,17
Polyester putty 0,14 3761,5 526,62
Total: 7 842,98

The cost of repair work is determined based on the manufacturer's standards of labor intensity of
maintenance and repair of vehicles, and the cost of one standard hour of maintenance and repair of
the vehicle type. The total cost of repair work is determined using Formula (8).

Cw = Cnor“mhour Z T‘ri (8)
where:

Chormhour — the cost of a standard hour, tenge.

T,; — the standard time required to complete a specific repair task, measured in norm-hours. It
varies depending on the complexity of the repair and is provided by the manufacturer or standard
repair guidelines.

In determining the labor intensity of vehicle repair, you must use the standards of the labor
intensity of maintenance and repair work, developed and approved by the manufacturer of the vehicle
or authorized organizations, and if you use a software product, in conclusion, must specify its license
data (license number or a few of the electronic key).

Technical impacts, such as: painting, removal / installation, disassembly / assembly, and
replacement, must be taken in priority from the same brand, model as the examined vehicle. If
there are no standards provided by the manufacturer of the vehicle, it is necessary to use the known
standards of labor intensity for the vehicle of a similar brand, but model, for which this type of
technical action is provided.

Labor inputs for repair of body parts are taken according to the data of the vehicle manufacturer
if such are provided by it. If there is no information about the standards of labor inputs for the repair
of' body parts for passenger cars, trucks and buses established by the vehicle manufacturer (published
in reference books or implemented in software products), these standards shall be determined:

¢ with the use of formulas determining the labor intensity of repair work on the body part,
depending on the damaged area, nature of damage, and the constructive nature of the part both
established within the software packages and given in the special literature;

+ with the use of integrated labor-intensiveness indicators, depending on the area of the part and
the category of deformation complexity;

+ according to the labor-intensiveness standards for similar technical equipment without regard
to their country of origin; in doing so, it is necessary to consider the recommendations set forth.
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Labor costs of technical actions to eliminate body distortions are taken for vehicles made in the
CIS countries and other manufacturers according to the vehicle manufacturer's data.

Data-Based Estimation Model Development

Accurate information about the vehicle is required for the calculator to operate. The brand and
model of the car allow you to determine not only tabular data for various calculations, but also to find
an analogue in online services for the selling of automotive products. Thus, the calculator computes
the average market value for a given model. The insurance benefit may not exceed this amount. The
user can find some of input data on the back of the certificate matriculation.

The service life and mileage of the vehicle determine the age of the machine. The service life is
the difference between the current year (using datetime in python) and the year of manufacture of the
vehicle, which is also on the back of the certificate matriculation. Mileage measured in kilometers is
an optional input if there is a possibility of malfunction of the odometer. In this case, the user enters
0. In this case, the user enters 0. For more information about the conditions, see Table 5.

We have parsed a complete list of brands and models, generations and years of manufacture from
one of the web services. This makes it easier for the user to enter data, i.e. select data.

To determine the average market value of a vehicle, we need accurate data that will allow us to
find analogues among the ads of online services. To do this, user needs to enter the following data:

¢ Brand and model of car;

* Year of manufacture of the vehicle;

* Engine capacity;

* Type of fuel (gasoline, gas, diesel, hybrid, electricity);

¢ Transmission (manual, automatic);

¢ Wheel drive (front, back, full);

¢ The location of the steering wheel (right, left).

The norm-hours is the cost of the master's work for one hour. The value of the norm-hours is
defined by the manufacturer's company, the car dealer, if the warranty is valid. For cars with an
expired warranty period and for cars without a warranty (depending on the service life), a special
Table 7 with values is given. To determine the cost of a norm-hour, the tabular values are multiplied
by the current size of the MCI (monthly calculation index). Now 1 MCI is 3 450 tenge. The working
hours of the master selected to repair the car are also entered.

Table 7 — Table of costs of the norma hour

Vehicle class Cost of the norma hour, MCI
Up to 5 years Over 5 years

“A”, especially small (mini) 2,2 2
“B”, small 2,2 2
“C”, lowest average 2,2 2
“D”, medium 2,2 2
“E”, upper medium (large) 2,2 2
Compact SUVs, pickup trucks (curb weight < 2100kg) 2,2 2
“M”, multi-purpose (minivans, minibuses) 2,2 2
All-terrain vehicles 2,2 2
Mid-size SUVs (unladen weight < 2100kg) 2,2 2
Full-size SUVs (unladen weight > 2100kg) 2,4 2,2
Pickup trucks (unladen weight > 2100kg) 2,4 2,2
“S”, sport (sports cars, coupes, convertibles) 2,6 2,4
“F”, representative 2,6 2.4
CIS cars 2,2 1,5
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When choosing painting works, it becomes necessary to enter the area of the damaged part of the
body. There are several mandatory materials in this type of work. The average costs and consumption
rates of materials are presented in Table 8.

Table 8 — The average costs and consumption rates of materials

Materials Average price per 1kg/ 1 liter Consumption rate
Putty 3761,5 0,100
Acrylic clear varnish 10 969,5 0,120
Primer 8 698,2 0,280
Thinner 7 020,0 0,080
Enamel 9100,0 0,240
Enamel remover 4 585,0 0,072
Primer remover 3290,0 0,084

In addition to data about the policyholder's car, tabular data from the methodology is needed
for calculation. We get these coefficients from excel tables via openpyxl. There are few types of
coefficients, the cost of norm-hours for cars without warranty, the consumption rates of repair
materials, elements of a passenger car. We have merged the tabular values for determining mileage
and physical wear with the full table of models for a quick and convenient search.

Structure of the code and Application

We used the Tkinter library for the graphical user interface. The first function uses Tkinter
settings as Notebook for window, Frame for tabs. The main window, 650x300 in size, consists of
three labeled tabs for calculated output data. There is a tab of physical wear, a tab of the average cost
of the vehicle, a tab of the cost of restorative repairs. Further, we use classes - a code template for
creating objects - for each tab.

At the very bottom of the window there is a button that completes and saves the history of the
entire operation.

In the first tab, first, we need to initialize a list of brands and a list of detailed descriptions of
models. Then we work with the “tkinter” tab using the “start(self)” function. Labels are used to
indicate the input data. For choosing the brand and the model of car it's convenient to use “Tkinter
Combobox” widget that makes a drop-down. Based on the choice of a combobox with car brands, the
dropdown of the second combobox with car models changes. It's “Combobox(postcommand)” that
updates the list of models based on clicked brand.

For the year of production and mileage, we use Entry widgets. The user clicks on the button to
get the result of calculating physical wear. It runs next function.

The calculation itself is in the “calculate iznos()” function. Additional data (a, b, L_0, M(L)) and
two formulas described earlier in this article. The second formula is for the case if the user does not
enter the mileage of the car. The math library is used to find the exponent. The result is displayed on
the window. “Widget.configure” outputs, shows the result on the window.
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Figure 3 — Application 1

In the second tab, the user must specify the exact data to search for analogues of the car. At the
beginning, we initialize the data that we will work with in this tab. The list of data is given above in
Figure 3.

The brand and model in the second tab are selected in the same way as in the first tab. Such input
data as year, engine capacity, mileage are recorded through the Entry widget. And the rest of the input
data, such as engine type, transmission, steering wheel location, wheel drive, are recorded through
the Combobox widget. The button runs the following functions.

Beautiful soup is the package for data scraping from HTML and XML source code using Python
programs. To parse market prices for analogues from three online services, three functions are
used according to the names. These are such well-known online services as Kolesa.kz, Aster.kz,
MyCar.kz.

The principle of searching for ads by a certain filter is the same everywhere. The main task in
each function is to get the correct URL link and get request to “html.parser content”. In the soup
obtained through the request, we find the right part and collect the prices in the list by using “find
all” method. In case of “ConnectionError”, try except method of blocking is used. All three functions
supplement the list with the prices of analogues as in Figure 4.
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Figure 4 — Application 2
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In the third tab, the main part of the calculator's work is carried out. The user selects the brand,
model and class of the car (like the previous tabs), enters the year of manufacture, and then selects the
car unit and part from the dropdowns (Combo Box widgets). Similarly, to changing the list of models
from the selection of the brand, the list of parts also changes from the selection of the unit - in the
function “updtcblist v2()”. The type of work relative to this part is also selected.

There are four types of repair work:

¢ Painting work on the body;

+ Removing and mounting the part;

+ Disassembly and assembly;

+ Replacement of a part.

If painting works are selected, the user enters the damage area for calculation.

If there is a warranty and its term has not expired, the user must specify the value of the norm-
hour. Also, the working time is entered there. Commonly, it counts in hours in Figure 5.

The operation of this tab does not end after clicking the calculation button. After calculating the
cost of repairs for one job, the user can make changes to calculate the cost of another type of work
on another part, and so on. With each click of the calculation button, the data is saved. And to display
a complete list of identified works, at the end of using the calculator, you need to click on the button
at the very bottom in Figure 6.

Recent advancements in machine learning and deep learning have significantly improved the
accuracy and efficiency of vehicle repair cost estimation models. Narayana et al. [15] demonstrated
the effectiveness of predictive analytics in the automotive retail sector, which is highly relevant for
predicting repair costs. Their use of machine learning algorithms highlights the potential for accurate
cost estimation models tailored to specific markets.

Similarly, Amik et al. [16] focused on the Bangladeshi market, employing machine learning
models to predict pre-owned car prices. This study emphasizes the importance of regional data in
customizing prediction models, a principle that can be applied to repair cost estimation to enhance
model accuracy across different geographic areas.
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Figure 5 — Application 3

Jagannathan et al. [17] utilized a combination of Gaussian mixture models and deep learning
techniques for vehicle detection and classification. Their approach improves the precision of vehicle
damage assessments, which is crucial for developing reliable repair cost estimation models. This
research highlights the potential of integrating advanced machine learning techniques to enhance
damage detection accuracy.
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Figure 6 — Application 4

Jamiya and Esther Rani [18] introduced the LittleYOLO-SPP algorithm for real-time vehicle
detection. This algorithm's speed and accuracy are vital for timely damage assessments, demonstrating
the application of advanced convolutional neural networks in automating the repair cost estimation
process. The research shows the importance of real-time detection in improving the efficiency of
insurance claim processing.

Gao and Lee [19] employed an ensemble of deep learning models to detect vehicles and estimate
traffic density. Their findings are significant for vehicle damage detection and repair cost estimation,
as accurate vehicle detection is a critical step in assessing damage. The ensemble approach enhances
detection robustness and accuracy, providing reliable data for cost estimation models.

The study by Singh Saini and Rani [20] evaluates various machine learning models for predicting
used car prices, identifying the most effective algorithms that can also be applied to vehicle repair cost
estimation. Similarly, the research by Elmousalami and colleagues [21] demonstrates the application
of dynamic cost estimation models in construction projects, using neural networks and regression
techniques.

These recent studies collectively underscore the advancements in machine learning applications
for vehicle damage detection and repair cost estimation, highlighting the integration of diverse
algorithms and regional customization to improve model accuracy and efficiency. The code for this
quantitative model for estimating vehicle repair costs in insurance claims is available as open source
and can be accessed at: https://github.com/Bignatsu/Quantitative-Model-for-Estimating-Vehicle-
Repair-Costs-in-Insurance-Claims

Results and Discussion

The primary objective of this research was to develop a robust and reliable model for estimating
vehicle repair costs in the context of insurance claims. The model integrates various factors including
parts pricing, labor costs, and specific insurance policy conditions to ensure accurate cost predictions.
This comprehensive approach is designed to enhance the fairness and efficiency of the insurance
claims process.

When the user finishes using the calculator, he clicks on the button at the very bottom of the
window. The calculator will close and the excel will open. This is a file with all the records, with the
history of using the calculator. Therefore, the user may make mistakes when using the calculator, as
it is possible to delete it in the file later. The user can also edit the file if he does additional research
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on the auto goods market. The excel file is a draft that the user will use during the process, or for the
purpose of training.

The developed model utilized machine learning techniques to analyze a diverse dataset
comprising vehicle repair costs, insurance policy details, and vehicle specifications.

A B C D E F G H 1 [} K L M
1 Mapxa Mogess Knace Fog Mpofer Bugpafore Yacts fetans Naowaas Bpema Hopm Ytk CTOMMOCTE
2 Kia Rio, 4 now B 2020 1020 ManrpHme  Kysos Bamnep nepeamHa 06 1 7500 119880393
3 Kia Rio, 4 now: B 2020 1020 JameHa Anextpoobopyaosanue Dapu 4] 2 7500 S54906,66667 C yMeTOM QETANM
H
A | B & | D E F G H I i} K
1 Mapxa Mogens Tlogp Tun geuratens HKopobka Pyns Mpueog O6bém MNpober go Cp. ctoMmocTs
2 Kia Rio, 4 nok« 2020 GeH3uH aBTOMaT CneBa nepefHui 1,6 1020 8185218,119
3
a
_ A B g D E i
1 _|Maprﬁa Mogens Tog Mpo6er @13 nsHoc
2 ] Kia Rio, 4 nok« 2020 1020 16,55841417
3 |

2]

Figure 7 — Excel file after closing application

Both obtaining the data necessary for the calculation and the output of the results is done through
excel files. And in working with them, we used the openpyxl library.

Validation of the model was conducted using a subset of the data, resulting in high predictive
accuracy. The model's estimates closely matched the actual repair costs, with a minimal margin of
error.

The key findings, among others, is the inclusion of multiple variables, such as parts pricing,
labor costs, and policy conditions, significantly improved the accuracy of cost estimations. Also, it
is crucial to note that advanced algorithms, including regression analysis and neural networks, were
employed, demonstrating high efficacy in predictive accuracy. At the end we got the user-friendly
application, whose model was implemented into a user-friendly application, allowing insurers and
policyholders to input relevant data and receive reliable cost estimates quickly.

The results indicate that the comprehensive approach of integrating various factors into the
model leads to more accurate and reliable vehicle repair cost estimates. This aligns with findings
from similar studies, such as those by Katreddi S. et al. [5] and Zhang et al. [6], who also reported
significant improvements in predictive accuracy using machine learning techniques.

Katreddi's S. [5] et al. study focused on maintenance cost estimation using machine learning
for delivery trucks. Our research extends this approach by including comprehensive vehicle repair
cost estimation, integrating a broader range of variables. While Zhang’s et al. [6] work emphasized
damage detection using deep learning, our model builds on this by incorporating cost estimation,
providing a holistic solution for the insurance claims process.

The research successfully developed an accurate and reliable model for vehicle repair cost
estimation in insurance claims. The integration of multiple variables and advanced machine learning
techniques significantly enhanced the model's accuracy. The user-friendly application derived from
this model facilitates practical use by insurers and policyholders, promoting transparency and fairness
in the insurance claims process.

This study bridges important gaps in previous research by offering a comprehensive tool that
not only predicts repair costs accurately but also supports better financial risk management in the
insurance industry. Future research could explore the incorporation of real-time data and further
refinement of the model to cover a wider range of vehicle types and repair scenarios.
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Conclusion

The primary objective of this study was to develop a reliable and effective model for estimating
vehicle repair costs in the context of insurance claims. To achieve this, the research employed a
comprehensive approach integrating multiple variables such as parts pricing, labor costs, and specific
insurance policy conditions. Advanced machine learning techniques, including regression analysis
and neural networks, were utilized to analyze the data and develop the predictive model. A user-
friendly application was created to facilitate practical use by insurers and policyholders.

The developed model demonstrated high accuracy and reliability in predicting vehicle repair
costs. Validation tests showed that the model's estimates closely matched actual repair costs, with
a minimal margin of error. The integration of diverse variables and the application of advanced
machine learning algorithms significantly enhanced the model's predictive capabilities. The resulting
tool not only provides precise cost estimates but also promotes transparency and fairness in the
insurance claims process.

The study confirms the validity of the author's statement that a comprehensive model integrating
various factors can accurately estimate vehicle repair costs. The research contributes to the scientific
knowledge in the field of insurance and vehicle repair by offering a robust tool that bridges the gap
in existing estimation methods. The model's accuracy and practical applicability make it a valuable
asset for the insurance industry, supporting better financial risk management and improved customer
satisfaction.

The successful development of this model opens up several prospects for its implementation and
further development. The model can be integrated into insurance company systems to streamline the
claims process, reduce processing times, and enhance customer experience. Additionally, the model's
framework can be adapted to include real-time data, improving its accuracy and responsiveness to
changing market conditions. Future research could explore expanding the model to cover a broader
range of vehicle types and repair scenarios, as well as integrating additional variables such as
geographical location and market trends.

In summary, this research provides a significant advancement in vehicle repair cost estimation,
offering a practical and scientifically validated tool that can be widely implemented in the insurance
industry. The model's development and successful application demonstrate its potential to improve
the efficiency and fairness of the insurance claims process, making it a valuable contribution to both
the academic field and industry practice.
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CAKTAHJBIPY TAJIATITAPBI BOMBIHIIA ABTOKOJIIKTI
"KOHJAEY KYHBIH BAFAJIAYJIBIH CAHJBIK YJITICI

Angarna
byn makanana cakTaHAbIpy TajanTapbl KOHTEKCTIHAE KOJIK KypajlapblH jKOHAEYTe KyMCalFaH IIBIFbIHAAD
CMeTachl JJIITTH JKaKcapTyFa apHallFaH CaH/IbIK YIITiHI YChIHAbl. ABTOKOIKTEP/IiH KEH TapaJFaHIbIFbl )KOHE JKHI
3aKbIMJaHybl ceben OosFaH Oi3J1iH 3epTTeyiMi3 JKOH/EY IIBIFBIHIAPbIHA dCEpP €TETiH KONTEreH aiHbIMaIbLIaP/Ibl
OipikTipeTiH ceHiMAl JXyHeHi jkacayra OarblTTaymraH. Onapra KocajKpl Oejmexkrep Oarachl, €HOEK LIBIFBIHAAPHI
JKOHE CaKTaHIBIPY TOJMCIHIH MYMKIHIIKTEpi Kipemi. ¥CBHIHBUIFAH MOJCNb JKOHICY KYHBIHBIH OJiN JKOHE IOJ
OomKaMBIH KaMTaMachl3 eTyre OarpITTaiFaH Ooipkay KypasiblHa OCHI AIIEMEHTTEpAl CHHTE3CY YIIiH MaTreMma-
THKAJIBIK )KOHE KOMIIBIOTEPIIIK MOZAEINBACY dicTepiH maiinananansl. by Kypasnl eTeMaxbUIapIblH HAKTBI )KOHACY
HIBIFBIHIAPbIHA COUKEC KeTYiH KAMTaMachl3 €Ty apKbUIbl CAKTaH IBIPYIIBUIAP MEH CAKTaHYIIbLIAP apaChIHIAFbI SI1JI
opeKeTTeCyl KEeHUIAETYre apHaiaraH. byj MOJemb/IiH MaiaiblUIbIFbl CAKTAHABIPY TajanTapblH OHJCY/IIH allbIK-
TBIFBI MEH THIMJIUTITIH apTTHIPYy/a, OChUIAMIIA Kap KbUIBIK TOYEKeIIepAl OacKapy sl xKaKcapTy/ia *aHe CaKTaHAbIPY

CEKTOPBIHBIH TYPAKTBUIBIFBIHA BIKIAJ €TYAE ePEKIIIe MaHbI3IbL.

Tipex ce31ep: aBTOKOIKTI XkOH/IEY KYHbIH Oaraay, CaKTaHbIpY JKaF 1ai1apbl, MAaTeMaTUKAJIBIK
MOJIEJIbJIEY, CAHJIBIK TaJlay.
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KOJIMYECTBEHHASA MOJAEJIb VIS ONEHKHW CTOUMOCTHU PEMOHTA
ABTOMOBUJIA ITPU CTPAXOBBIX BBIITJIATAX

AHHOTALMA

B llaHHOﬁ CTaThe Hpe}ICTaBHeHa KOJIMYCCTBCHHAA MOJICIIb, pa3pa60TaHHaﬂ JUIA IIOBBIICHUS TOYHOCTU OLICHKU
CTOMMOCTH peMOHTa aBTOMO6I/IJ'lH B KOHTCKCTC CTanOBLIX BBIILJIAT. MOTI/IBI/IpOBaHﬂoe IIOBCEMCCTHBIM pacnpOCTpa-
HEHHEM aBTOMOOWJIEH M 4acThIM BO3HHUKHOBCHUEM MMOBPEKICHHI, HAIE UCCIEIOBAHUE COCPEIOTOUEHO Ha pas-
paboTKe HA/ICKHOU CHCTEMBI, KOTOpast 00bEANHSIET MHOXKECTBO MEPEMEHHBIX, BIUSIONINX HA CTOMMOCTh PEMOHTA.
K HHUM OTHOCSITCS TIEHBI Ha 3aIYacTH, TPYA03aTparsl i 0COOEHHOCTH CTPaxoBoro mojuca. [Ipemmaraemas Moiels
HCTIONB3YEeT MaTEMaTHIECKHE W KOMITBIOTEPHBIC METOIBI MOICITUPOBAHUS ISl CHHTE3a STHX 3JIEMEHTOB B HHCTPY-
MCHT HpOFHOBI/IpOBaHI/IH, KOTOpBIﬁ HpI/ISBaH O6eCHqu/ITB CHpaBe)IJ'II/IBBIe 1 TOYHBIC HpOFHOSBI CTOMUMOCTH peMOHTa.
3TOT I/IHCprMeHT HpI/ISBaH 06J'IeF‘-II/ITI) CHpaBeﬂﬂI/IBoe BSaHMOﬂeﬁCTBHe Me)K[[y CTanOBH_[I/IKaMI/I u CTanOBaTeJ'DI-
MH, 00€eCIIeurBasi COOTBETCTBUE KOMIICHCAIIMN (PAKTHUECKUM 3aTparaM Ha peMOHT. [1071€3HOCT 3TOU MOJIENH 0CO-
OEHHO BasKHA JUIS TOBBIIICHUS IPO3PAYHOCTH U 3()(HEKTUBHOCTH PACCMOTPEHHS CTPAXOBBIX MIPETEH3UIA, TEM CAMBIM
TOJIIEPKUBAs JTydIliee yIpaBlicHHe (PMHAHCOBBIMU PUCKAMH U CIIOCOOCTBYS CTAOMIIBHOCTH CTPaXOBOTO CEKTOPA.

KiroueBble cj10Ba: OIeHKa CTOMMOCTH peMoOHTa aBTOMO6I/IJI}I, CTPAaxOBBIC ClTydan, MAaTEMATUIECKOE MOICIIN-
poBaHHE, KOJTMYECTBEHHBIN aHATIHU3.
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JKOJ BEJT'VIEPTH ABTOMATTBI TYPAE KOHBOJIIOUAJIBIK
HEUPOHABIK KEJIIJEP KOMEI'IMEH AHBIKTAY )K9OHE TAHY

Anjarna

Byn 3eprTey aya pallbIHBIH KOJaWChI3 JKaFmaiiapblHIa KOJI OCNTUICpiH TaHy KYHEJEpiH >KaKcapTy Mak-
CaThIHJIa KOHBOJIFOUMSUTBIK HeHpoHABIK kenitepai (CNN) madimananyra apuanrad. JKymeicta CNN HeriziHzae
KYpBUIFaH aHa MOJACTh KOJNJAHBUIBI, HeMic jkon Oenrirepin Tany tectiHiH (GTSRB) keHeHTITeH aepektep
JKUBIHTBIFBI KAPACTBIPBLIA/IbI. ATAlIFaH JIEPEKTEP KUBIHTHIFBIH/IA KBIPBIKTAH aCTaM KJIACThI KAMTHTBIH jKa30aiapbl
6ap 50 MbIHHAH acTaM KeCKiHJep KUHAKTaIFaH. ¥ ChIHBUIFAH MOJICITh JKAaHOBIP, TYMaH JKOHE Kap CHUSKTHI aya paiibl
(baxTopyIapbIHBIH KOPIHY callachblHa TUTI3ETIH OCEPIH TOMEHAETyre apHaifaH oObekTinepil OesyaiH Oeiimuaery
KabaTTapblH MaianaHaabl. OPTYpIIi aya paibl CICHAPHIJICPIH MONENBICY YIIH ACPEKTepli KOOCHTYHIIH O3BIK
o/1icTepl KOJJIaHbLIa bl, OYJI OKBITY JKUBIHTBIFBIHBIH OPTYPILIIriH apTThIpasl. 3eprrey Oapbichiana CNN-HiH KO-
JANChI3 KaFaiinap/a o OeNriiepiH aHbIKTAyAarbl TEOPHSUIBIK HKOHE MPAKTUKAIBIK JKAKCAPTYIaphl TaJJIAHBbIII,
MOJIENBIIH THIMAUTIIT] TONIIK, )KayalThUTHIK jkoHe F1 KepceTkimm CHSKTH MeTpHKajap apKbUIbI Tekcepinmi. Ho-
TIOKEJIep MOICTB/IIH JKaIFaH IMO3UTHBTEP CAHBIH a3alTyna »OHE KON OCNTUIEpiH oM aHBIKTAyla THIMII eKeHiH
KepceTTi. Makananaa IepeKTep KUbIHTBIFBIH MYKHSIT JaibIHIayAbIH, MOACIIbIACPl OHTAHTAHABIPYIBIH KOHE aHBIK-
Tay JKYHECIHIH >KYMBICHIH JKaKCapTy YIIIH OKBITYIbI KETUIMIPYIIH MaHBI3ABUIBIFEI aiiKbIHAANAAbI. Byl 3epTTey
HHTEJUICKTYaJ/Ibl KOJIIK )KYHenepi, aBTOHOM/IbI KOJIIK JKYPTi3y KaHe KO0J1 KayilCi3/ir cananapbiHIarbl CEHIMI KOl
OenrijepiH TaHy TEXHOJIOTHSIAPBIHBIH OOJIAIIAKTAFbI TaMybIHA OH BIKITAJIBIH TUT13€I1.

Tipek ce3aep: CNN, xo71 GenrisiepiH aHBIKTAY, )KaCaHIbl HHTEIUICKT, KeCKiH/Ii Tanaay, )KIKTey.
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Kipicne

Xon Genrinepin TaHy WHTEIJICKTyalJIbl KOJIK >Kyilelepi MEH aBTOHOMJIbI aBTOMOOWIIbICPAL
JAMBITY/IBIH MaHbBI3Ibl Kypamaac Oediri. JKom Oenriiepid 1o aHBIKTAy JKOHE TYCIHIIpY aBTOMAr-
TaHBIPBUTFAH JKYHeJepre HEeTi3/1ereH menrimMaep Kaobliaayra MyMKIHIIK Oepesi, OChIIaiia Ko
KO3FaJIBICBIHBIH KayiTCI3Iiri MeH THIMIUTITIH apTThipaasl [1]. JlereHMeH ko OenTiiepiH TaHyaFbl
KHUBIH/IBIKTAp HET131HEH >KapbIKThIH KYObUIMAJbI JKaFAaiapblHa *KoHE K0J OeNriiepiHiH KepiHyiH
alTapibIKTall HallapjaTaThlH aya paibl Kargainapbl CHUAKTBI KOpIIaraH opra (axTtopiapbiHa
OaiiaHbICTHI TYBIHAAUIBI [2].

By 3eprTeyniH Herisri Makcarbl KOHBOMIOUMSUIBIK HEHpOHBIK xemiiep (CNN) apKbLibl KO-
JIaChI3 aya pailbIH/IA JKOJT OCITINIEPiH TaHy KYHWEIePiHiH JAIIITiH apTThIPy 00JbIN TaObUTa 16l MyHIQ
KaHOBIP, TYMaH JKOHE Kap CHAKTHI KOJaichI3 aya paiblH THiMal skeHe anatbiH CNN HeriziHzeri
MOJIEJIB/II 931pJiey JKQHE ChIHAY Typalibl Ol KO3Fajajbl. 3epTTey 9pTYpiii aya pailbl ClieHapuiliepiH
MOJIEJIbJICY YIIIH OeNTiIep/Ii ayablH aJalTUBTI KaOaTTapbIH XKoHE AePEKTEP/Il TOIBIKTHIPYIBIH O3bIK
oicTepiH eHri3yre OarbITTalIFaH, OyJl HAKThI JKaFaaiiapaa >koil OenrijepiH aHbIKTay JKyHelepiHig
TYPaKTBUIBIFBI MEH CEHIM/IIITIH apTThIpyFa MYMKIHJIIK Oepei.

3eprTey OaphIChIHIA KaHOBIP, TYMaH ’KOHE Kap CHAKTHI aya pailbIHBIH KYpAETi JKaFaainapbiHa
Colikec KeJIeTiH MOoAeNbAey omicTepi o3ipieH[i. KOHBOMIONMSIIBIK HEHPOHIBIK JKEIUIEpai aya
palibIHBIH HAKThI OcepiHe OeHIMJEHTIH amanTHBTI KadaTTap/sl KOJJaHY >KaHAIBIK OOJbIM TaObI-
naapl. 3epTTEY/iH MakcaThl — KOHBOJIFOIUSUIBIK HEHPOHBIK JKEJJICPiHIH KWBIH >Karjaiiapaa
KOJI OenrijiepiH 19N TaHy KaOineTiH skeTunaipy. byn makcarka KeTy YIIiH 3epTTey AepeKTepi
TOJBIKTHIPY KoHE Oelimaenrimn Oenrinepi amy KadaTTapelH KOJIJaHy apKbUIbl MOACIBIIH dPTYpIIi
aya paibl CIICHapUIIepiHIe )KYMBIC icTey KaOUIeTiH KakcapTyabl Kesneini. XKaHa omic skaHOBID,
Kap, TYMaH OCEepiHEH TYBIHJAWTHIH KOpiHy MacelenepiH aszaiityra OarbiTTanraH. Komaiice3 aya
paiiblHga k0N OENTuUIepiH TaHyAbIH >KOFapbl JAJIIITT MHTEIEKTYasbl KOJK KyHelepiHiH KoHe
ABTOHOM/IbI KOJIIKTEP/IIH KayiIlCi3/Iiri MEH CEHIMIIIITIH apTThIpabl. bys 3epTTey KeJlik cajachiHjia
JKOJT KayiICi3/1iriH jKaKcapTy TYPFBICBIHAH ©3€KTi OOJIBIN TaObLIA IBI.

3epTTeyliH HOTHXKeIepl aBTOHOM/IbI KOJIKTep/ie KOJIJaHbUIAThIH KO OeNriIepiH TaHy Kyie-
JIepiHiH Kayilci3miri MeH CEeHIMAUIITIH apTThIpyFa, COHIal-aK MHTEJUIEKTYaJIbl KoK KyHerepiHn
JaMBITYFa yJIec Kocabl. By 3epTTey TypakThl K01 KO3FaJIbICHIH KAMTAaMAachI3 €Ty YIIIiH aya paibIHbIH
OpTYPJIi JKarjainapeiHa OeiiMIeNneTiH MoJenbaAep KYPYAblH MaHBI3IbUIBIFBIH aKbIHAANHIBI KOHE
JKOJT KO3FaJIbICHI KAYIlCi3/IiriH KaMTaMachl3 €Tyre OaFbITTaJIFaH.

Konpomonusiibik HeipoHbIK kenisiep (CNN) keckiHl TaHy calachlHIaFbl CTaHAapTKa aifHa-
JTbI J)KOHE BHU3YaJIIBI IEPEKTEPACH JKOFaphl JCHI ST CHITaTTaManap/sl ary KadineTiHne OaillaHbICThI
KoJ Oenriiiepin TaHy YIiH keOipek Kommpanburyaa [3]. KelpblkTaH aca TOMKa KaThICTHI €Ty MbIHHAH
acTaM KeCKiHJII KaMTHTBIH HeMmicTiH Tpadukri kadita Tany German Traffic Sign Recognition
Benchmark (GTSRB) nepexrep >kuHarbl o1 Oelriiepin TaHy KyHenepiH OKbITy MeH Oaranay/iblH
CEHIM/II HeTi31H KaMTaMachI3 eTeai [4].

CoHFBI OHXXBUIJIBIKTA >KOJ KO3FAJBICHIH TaHy >KYHMENEepiHiH KOeNTereH MOJAETbAEpl YChI-
HBULIBI [5—7]. OneTTe, Oy Kyienep aHbIKTay jKOHE TaHy Ke3eHIIepiHe )KyMbIc icTeiai. Ctanmaprt-
Thl karmaimapna CNN eTe KakChl KYMBIC ICTET€HIMEH, OJapiAbIH THIMIUIITI KaHOBIp, TyMaH
JKOHE Kap CUSAKTHI KOJIAKChI3 aya paiiblHIa TOMEHICH I, Oy OeNnriiepaiH KOpiHyiH OVJIBIHFBIP €TiM
TOMEH/JIETe Il dp1 OJapAbl e3rellle eTill KopceTyl MyMKiH [8]. by TyiTki1 MoceneHi menry Kopiiaran
OpTaHBIH TOCHIH JKaFjaiiapbiHa OeHiM/Iee OTBIPBIM, OJIAP/Abl PETTEH anaTblH THIMAI MOAEIbISPIi
93ipIieyi Tajarn eTei.

byn 3eprTey aya pallbIHBIH KUBIH JKaFIalibIHIa TaHy AIIITiH kakcapTy ymiHn CNN apxXuTek-
TYpAachIH ’KaKCAPTATBHIH KOJJIAHBICTAFBI 9/licTepre cyiieHeni. Aya pailbIHBIH Oy3bITybIHA Kapai >Kbl-
nam OerimzeneTiH Oenriepal amyablH alanTHBTI KabaTTapbiH OipIKTIPYIiH apKacklHIa OYJI 3epTTey
OPTYPJIi )KYMBIC JKaF JaiiyiapbIHa aBTOHOM/IBI KYPIi3y TEXHOIOTUSUTAPBIHBIH CEHIM/IUIITTH apTThIPYFa
alTapibIKkTai yiec Kocabl [9]. CoHbIMEH KaTrap 01 MOJCIbEP/lI MYKHUST OKBITY/BIH )KOHE JIEPEKTED
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JKUBIHTBIFBIH OHJICY/IIH MaHBI3IBUIBIFBIH aTall KepceTeli, OUTKeHI OyJ1 OHIMIUTIKTI OHTAIaHABIPY
JKOHE )KYHEHIH HAaKThI YaKbITTa KOJIIAHBUTYbIH KAMTAMAaChl3 €Ty YIIiH 6T¢ MaHbI3/IbI.

BypeiaFbl 3epTTeynepae Konaiiel xkarnainapaa CNN MomemiHiH JKOFaphbl JQJIITT KepceTii-
TeHIMEH, OJIapbIH KOTIILIIr *o OenriiepiHiH KopiHyiH HallapiaTaThlH )KaHObBIP, Kap KOHE TYMaH
CUSIKTHI KYpJIeJli JKaFmaiapaa TOMEH HOTHXKeNep Kepcereni. byn Moceneni menry yuriH opTypori
omicTep, COHBIH IMIHAE MEPEKTePAl TOIBIKTHIPY KOHE MOICNbII dPTYpIi Karmaimapra Oerimaey,
YCBIHBUTFaH. MyHIali 3epTTeyiepae Oenriaepal aryaplH aIanTuBTI KadaTTapsl )KoHE KOJANHCHI3 aya-
paiibl JKaFJaiaapblH IMHTALMSIIAY apKbUIBI IEPEKTEP )KUBIHTBIFBIH KEHEHTY 9/1icTepi KOJIJaHbLIaIbI
[10].

AFBIMJIaFBI 3epTTEyiepe Ocimaenrim Oenruiepai any KadarrapblH KojijgaHy apkelabl CNN
THIMJUTITIH apTThIPY, COHBIMEH Karap JEpPEeKTep/li TOJBIKTHIPY OMICTEpiH OHTAWIAHIBIPYAbIH Ma-
HBI3IBUTBIFBI KOPCETUITeH. by 3epTTey opTyp:i aya paifbl ClieHapuiliepiHae HAKThI )KYMBIC iCTEH
anmaretH CNN Mopenin o3ipieyre OarpITTanFaH, OyJI €3 Ke3eTiHIe aBTOHOMJIBI KOJIK JKyHelepiHiy
CEHIMJIUTITT MEH KayiIlCi3/iriH apTThIPyFa bIKIA €Te/Ii.

Marepuajigap MeH dicrep

bepinren 3eprrey ymiin naiipanansiiran GTSRB nmepexrep xuHarbiHIa 1-cyperte KepceTis-
reHzeit 43 >xon Oenrinepi kinackiHa 6erinreH 51893 cyper 6ap. Jlepekrep KUBIHTHIFBIHIAFBI KECKiH-
nepaiy Memmepi 15x15 ten 222x193 mukcenbre neiin esrepemi. byi cyperrepziH OapibiFbl aya
PpaibIHBIH KOJIAHCHI3IBIFBI MEH OPTYPIIi dKapBIKTaHABIPYAbI KOCA ajfaH/a, HAKThI dJIeMJIe TYCIpLJIreH.
Keii0ip cypeTTep/iiH KopiHy carmackl TOMEH JKOHE OJIap/Ibl TaHy Jia KMBIH OOJTYbl MYMKIH.

Cypet 1 — JlepexTep >KUBIHTBIFBIHIAFBI KOJI OeriaepiHiy 43 Kiacsl

Konnmanpictarsl gepexTep KUBIHTBHIFBI OJapAbIH MOJIIEpi MEH Kypieli jKaraaiiiapasl KaMTy
TYPFBICBIHAH IEKTEeYI, Oy 01311 CypeTTepIi TONBIKTHIPY dAiCTepiMEH KaMTyFa MOKOYp eTTi. Aya
paiibIHBIH KOJIAHCHI3ABIFPIH MMUTAIMSAIAY YIIIH JKacaH/Abl )KaHOBIP, TYMaH XoHE KapAbl KOJITaHy
CHSIKTBI CYpeTTep/i ajJblH-alla OHJCYIIH KOCHIMINA daicTepi OacTamKbl JEpPEeKTep JKUBIHTHIFbIHA
KOJIJaHbUIAbI. Byl KochbIMINIa HaKThl MIHIETTEP/l KOPCETETIH OKYy OeWHEeNepiHiH opTYpJii *KHUbIH-
TBHIFBIH JKacayFa OarpITTanran. HelpoHabIK JKemisiep/i OKbITY YIIiH KeCKiH MAaCCHBIH YJIKEHTyTe KOJI-
JTAHBUTATHIH KeCKIH KOHIBIPMaJIapbIHBIH op allyaH Typiepi 6ap [11].

OpenCV kiTanxaHacblH Tai1ajaHa OTHIPEII, CYpETTEP/Ii OHJIEY )KOHE OJlapFa aya paibl CY3TiCiH
KOJIIaHy VIIiH KECKIHAl YJIKEHTY omicTepi »kacannubl. Byl TONBIKTBIpynap >kaHOBIp, TYMaH, Kap,
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KOJICHKE JKOHE YKapPBIKTBIH ©3repyi CUAKTHI KOJI OeNTiiepiH TaHyFa KeAepri KeNTipyl MyMKiH HaKThI
9KOJIOTHSUIBIK dCepIiepi UMHTAIMSIIAAbL. Byl TONBIKTRIpYIapAbIH MaKCcaThl — MOJIENIBIe€ KOJIANHCHI3
aya-paiiblHa TOH SpTYpJIl BU3yallIbl KeJeprijiepre yipeHyre koHe Oeilimaenyre MyMKIHIIK OepeTiH
TYPJIi OKY JKUBIHTBIFBIH JKacay.

XKano6sIp KocbMIIachiH xxacay yiriH OpenCV line GpyHKIMsCH OYKiI KECKIHTe IAFbIH ChI3BIKTAP
JKacay YIIiH KOJMIaHbUIIbL. JKaHOBIp TaMIIbIIapBIHBIH KE3EHCOK KHUCAIOBIH KOCY JKOHE KEeCKIHHIH
JKapBIKTBIFBIH a3alTy apKbUTBI )KaHOBIPFa HEMece TIMTI KaTThl Hocepre KelTipyre 0omansl. by omic
MoOJIeTIbIe Kamepa 00bEKTUBIHACT] )KaHOBIPAAH TYBIHAAFaH BIKTHMAJ JaKTap MEH OYJIBIHFBIPIIBIKTAPBI
Oap Oenriiepai TaHyabl yiipenyre kemekreceni. Kap addekrici keckiHHIH KapaHFbl )KepiepiH arap-
Ty apKbUIBI CYpPETTiH TYC KEHICTIT1HJErl >KapblK apHACBIHBIH MHUKCEIb MOHIEPIH ©3TepTy apKbLUIbI
KochULIbl. TymMaH Keckinzepre OipKeski HeMece I'paJUeHTT] OYJIBIHFBIPIBIK KOCY apKbLIbI UMUTA-
IIUSUTaHIIBI, KONITETEH aK TYCTI KabaTrTacy KapKbIHIABUIBIFBIH KOJIaHIbl. MeNmipiik qeHreii opTypari
TBIFBI3IBIKTAFbl TYMAH/IBI JKacay YIIIH PeTTeNi, SFHHU JKEHUI TYMaHHAH KaJlblH TYMaHFa JeHiHTI
e3repic, 6ipak o1 K0J1 OeNriepiHiH KOPiHYiH )KachIpybl MyMKiH. Aya-paiflbIHbIH HAKTHI JKaF 1aiiapbl-
Ha 0alTaHBICTHI TOJIBIKTHIPYIApAaH OacKa 1a Ke3eCOK TONBIKTHIPYIap KYObIPBI )KY3€Te aChIPBLIIbI,
OHJ1a 9pOip CypeT >KOFapblaa arajiFaH dcepiep/IiH TipKeCIMiHEH 6Tyl MYMKIiH. 2-CypeTTe OChI JKH-
HaKTay OMICTEPiH KOJTaHy MbIcajaapbl KepceTiareH. Ochl KEHEHTY 9MiCTEpiH KOJJaHa OTHIPHII,
CNN MonemiH opTypiti xKoHe 00mKaHOAWTBIH HAKTHI QJIEM JKaFdaiylapblHIa CEHIMII )KYMBIC icTeyTe
JAMbIHIAI OTBIPHII, OKBITY JePEKTePiHiH KUBIHTBIFBIH OPTYPIIi KYpAETi mapTTapMeH OalbIThUIIBL.

P

‘

Cypet 2 — JKon GenriciHiH KeCKiHIHe KYIISHTY/II KOJIaHy

Byt TONBIKTBIPY o/1icTepi OKBITY JePEKTEPiHIH KHUBIHTHIFBIH dPTapanTaHAbIPBI KaHa KOWMaH,
COHBIMEH KaTap MOJEJbAIH 9PTYPJIi KOJAMChI3 Karaaiinapaa CeHIM/Il KYMBIC ICTEH OTBIPBIIN, OKY
JEpeKTepiH HaKThl CLICHApHILJIepre >Kalmbliay KaOUIeTiH aWTapibIKTail skakcapTThl. byn Tocin
ABTOHOM/IBI JKYPTi3y ’KOHE OHBIMEH OalIaHBICTBI KOJJaHOANap YIIiH XKETIIPIIreH KOMIBIOTEPIIiK
Kepy JKyHelepiH d3ipiey Ke3iHJe NEepeKTep/l KaH JKaKThl )KOHE IIBIHAWBI TOJBIKTHIPYIBIH MaHbI3-
JBUIBIFBIH KepceTeni. Jlepekrep kubIHTHIFBI Python scikit-learn kitarmxaHacklHa KipeTiH JKIKTEY
(yHKIMSICBI apKbUIbI XKiKTeN 1. Jepextepain 80%-b1 OKbITY YILiH %koHE 20%-bI TECTUICY YILIH Mai-
JTaJTaHbUIIbL.

3-cyper 12 xabaTTaH TypaThIH keIl KYPbUIBIMBIH KOPCETE OTBIPHIII, 5K0J1 OSJITIEpiH TaHy YLIIH
YCBHIHBUTFaH KOHBOJIOIMSUTBIK HEHPOHIBIK skeiHiH (CNN) apXuTeKTypaIblK IU3aiHBIH KOPCETE/I.

By monenbain 6actanker Mmarepuaist 30x30 mukcenb i Typai TycTi keckinaep. CNN mozaeninze 4
KOHBOJTIOIIMSUTBIK Ka0aT, MaKCUMaJIIbI O1pIKTIpY, TOTLTY %oHE TericTey Kadartapsl 0ap. COHFBI TOJIBIK
OailmaHbICKaH Ka0aTThIH HIBIFBICHI 43 jk07aKThl softmax-ka Oepisesni, o1 %o 6enriiepinin 43 Ki1achl
ooipiHIna Tapanaasl. CNN apxuTekTypanapbelHaa Kadartapabl OipiKTipy Kipic KECKIHIHIH ©JIIIeMIiH
KilIpeiTy YUIiH maiganaHbulybl MYMKIH, OCBhUIAHIa OJI €CcenTey KbUIJaMJIbIFbIH Te3aeTreni. by
MPOIECC €Ki MaHBI3Ibl TapaMeTp/Ii OPHATYABI KAMTHIBL: «f» Jerm OenriieHreH Cy3Ti eJmeMi KoHe
«s» gen OenrineHreH Kagam. KaOarrapabl OipiKTipy MHUKCEIAEPAiH OpHANIACy CE3iMTaJIbIFbIHBIH
TOMEH/ICYiHE OKeJIel, COHIBIKTaH f=2 jkoHe $=2 CHSIKTBI KAl MOHACP >KHi KOJIaHbLIaab [12].
Amnaiina, Oy MeNIIep/iH a3alobl €CeNTey pecypcTapbiHa OalIaHbICThl TEKCEPIIETIH KOAPPHUIIMEHT-
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TEp CaHBIHBIH a3aI0bIHA COMKeC KeNleTiHiH eckepy KaxeT. CNN apXUTeKTypachlHa KOHBOIOIHSITBIK
CY3TUIepIiH SApOIapbl OCNTiICHIeH MBICAIApP JKUBIHTBHIFBIHAH OUTIM ana OTHIPHIN, OaKbUIAaHATHIH
MOJIIMETTEp HEri31He OKbIThUIaAbl. OpOip uepapxusuiblk aeHreiae CNN iprenec mUKcenaepaiq
JKayanTapblH OIpiKTIpYy YIIIH ipiKTey omepanusuiapbiH opbiHAaiabl. byn oneparusitap CNN-re
cypeTTepaeri 00beKTiIepAiH OpHaJacyblHa TOYEIN Il eMeC KeHICTIKTIK-MHBAPHAHTTHI (DyHKITUSIIapIbI
urepyre MyMKiHIik 6epemi [13].

conv2D

dense

flatten

convolution layer

. max pooling layer

| dropout layer

ﬂ flatten layer

. dense layer

32,5x5
Cypet 3 — Xon OenriciHiH OeiHECiHE TONBIKTBIPYIapabl KOJIIAHY

MarHasbIK OKBITY OHE KIKTEy MiHCTTEPI calachiHAa MOJIEIBIIH OHIMJIUTIT MEH THIMJIUTITIH
eJIIey YIIiH Oaranay KkepceTkimTepi Kaxer. J[onik, ecke Tycipy »oHe F-score cusikThl kKepceTkiirep
MOJISINIB/TIH, OOJKaMIIbI KYIIIIH JKOHE OHBIH KaHa JCPEKTEpIi KaJIbuiay KaOiIeTiH aHBIKTAy YIIiH
HeTi3 0oubIn TaObUTaIbl. byt mapaMerpiiep Momenb OYPBIH Ke3eCIereH IePeKTepl KaHIIa IbIKThI
TUIMJII OHJICH aJaThIHBIH JKOHE OOJDKal aaThIHBIH aHBIKTAY/Ia MICHITYII peJt aTKkapassl [14].

HOTI/I)KC.J'lep MEH TAJIKbLIAY

Keni 0,001 oky ko3pduumenti 6ap Adam onTuMH3aTOpbIH KojgaHa OThIphI, TensorFlow
MallIMHAJIBIK OKBITY IIeHOepinae yipenai. [laptusuein memmepi 32-re OenriieH i, aja apTblK MeJl-
HIep/i a3aiTy YIIIH aJFallkbl €Ki TONBIK OaillaHbICKaH Ka0aTKa OKyJaH HIbIFapyabl Peryisuusiay
Konpaneubl. Y cbiabuiran CNN mozeni 15 noyipae ceiHanasl. OKpITynaH KeHiHri HEHpOHIBIK JKe-
JHIH THIMIUTITIH Oaranay YIIiH MOJENb KOJI OCNTUIepiH aHBIKTayFa XOHE TaHyFa apHajaFraH 12
Ka0aTThl KOHBOJIOIMUIBIK HEHMPOHIIBIK JKENNiHI maiimanananel. bacranker kabatka RGB Tyc dop-
marbiHaa 30x30 muKceNb aKbIpaTHIMIBLIIBIFB Oap cypeT keneni. Coman keiiH ekinmi kadarra relu
oencenmipy ¢ynkmuscel 6ap Conv2D omeparnusicel KongaHblIaapl. YIIiHIm JaeHred stride, sapo
ememi, padding koHe KaliTapy HHIEKCTEPIH KOca ajFaH/1a, 9pTYpIi napaMmeTpriep/i KaObUlaiThIH
MakcuMa sl 6ipikTipy onepanusicbiH (MaxPool2D) naiinananansl. OcbliaH KeifiH TepTiHIIi KabaTTa
relu 6encengipinren Conv2D ne konaansaasl. becinmn kadar Kaiitagan Max Pool 2D. AnTeIHIIBI
Ka0aT KipicTep/l ChI3BIKTAHBIPY YIIiH TEriCTEY KaJaMbIH KAMTH/IbI, COJIaH KCHiH THIFbI3 OalIaHbIC
Kabarbl Hemece opOip HEHpPOH ayabIHFBI KabaTTarbl OApIIbIK HEHPOHAAPMEH TOJBIK OaillaHbICKaH
TBIFBI3 Ka0aT OpHanIacaabl. AKBIPBIH/IA, TOJIIKTI apTTHIPY JKOHE TaMallla HOTHIKETe KaKbIH/Iay YIIiH
HIBIFBIC THIFBI3 Ka0aThl softmax (yHKIUsCHIH Naiiaianaibl, 01 TAHBUIFaH YKOJI OE/TiCiH aHBIKTAUThIH
opOip Ki1accTap BIKTUMAIIBIFBIH Oepei. 4-CypeTTe MOJENbIIH AJAIr MEH JKOFaTybl KOPCETUITEH.
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Cypert 4 — OKpITY1aH KEHIHT1 MOACIBIIH JSJIITT MEH KOFAITYbI

I-kecTene MOAENbAl OKBITY Ke3€HIH/AE ChIHAK JepeKTepiH Oarayay yIIiH KOJJAaHBUIATHIH KeH-
Oip cama kepceTkimTepi KenTipiareH. JKaampl THIMAUTIK KOPCETKIIT peTiHAe XKahaHIbIK ITOJIiK
KOPCETKIIlli ChIHAK JEPEeKTepl KOHTEKCTIHAe opTa ecenmeH 95% KypalTbIH JKOFaphl KETICTIKTEpIl
KOPCETTI.

Kecre 1 — Oky ke3eHiHEH KeHiHT1 Oaranay KepceTKimTepi

Honmix Kapay F1-ymaii Komnay t
1 xnacc 0,98 0,95 0,97 60
2 kJacc 0,85 0,97 0,91 720
3 knacc 0,98 0,89 0,94 750
4 kmacc 0,88 0,85 0,87 450
5 kiacc 0,99 0,89 0,94 660

ConbIMeH KaTap, oI OeNriIepiH KIKTey Macenecinae OipiHI Kilacka apHaJFaH METPUKAHBI
MYKHAT Oarajay Kejecl MaHbI3/Ibl HOTHIKEJIepre KOJI )KeTKI3I1:

Fl-score xepcetkimi, recall sxoHe precision KepCeTKIIITEpi apachIHAAFBI TeTe-TeHIIKTI KaM-
Tamach3 eTeTiH 97 %-Fa )KeTKeH KepeMeT KelleH/i KepceTKiml. by jKeTiCTiK »alFaH MO3UTHBTED
CaHBbIH a3aiiTylaa KOHE THICTI JKaraauiaapAbl TYPBHIC aHBIKTAyJla MOJEIbBJIH JKOFapbl THIMIUIITH
KepceTe/l.

byn HakTbUTaHFaH HOTHKENEp KOJ OeNriuIepiH JKIKTey MICeNeCiHAe MOJENbIIH THIMAUIITL
MEH CEHIMJIUIIIH KOpCeTe OTBIPHIN, MAIIMHAIBIK OKBITY JKOHE JKIKTEY Typaibl OUTIM KOP>KbIHBIH
TOJIBIKTBIPAIBI.

Ycumpurrad CNN MoOfemiHIH JoNIiriT MeH OepiKTIri MHTEIUICKTyallbl KOJiK HH(paKypbl-
JBIMBI MEH aBTOHOM/IBI XKYPTi3y JKyHelIepiH AaMbITy YILIiH NPAKTHKAIBIK MaHbI3bl 30p. ABTOHOM/IBI
KOJIIKTep HAKThl JKaFjaijapia Kayirci3 jKOHEe aKbUIFa KOHBIMBI IIennmMaep KaObuigay YIIiH aya
paibIHBIH KOJIAWCHI3IBIFBIHAA KO OeNriiepiH 97 aHbIKTald amybl Kepek. MyHmail CeHIMIUTK
ocipece, KUBIH aya pailbIHJA KYPTi3ylIire Kopy KUbIH OOJFaH Ke3lle alarThl a3aiTy >KOHE YKAJITbl
KO3FaJIBIC KayiNCI3/IIriH j)KaKcapTy YIIiH 6Te MaHbI3AbI OOJIBIN Ta0bLIA b

CoHbIMEH Kartap, JepeKTepli KeHEWUTY oMicTepi MEH aJanThBTI Oenriiepai aixy KabaTTapbiH
KOJIZIAHATBIH TACLT JKONAKTBHl TaHY JKOHE jKasy >KYPTriHIIUIEpi aHBIKTAy CHSKTHI Oacka aBTO-
HOM/IbI JKYPri3y 3J€MEHTTepl YIIiH NaijanaHbLIybl MYMKIH Opl OHBIH HETI31H Kamaiael. byn
UKEeMJUTIK MHTEJUICKTYa bl KeJiK kyhenepiHiH Oipkatap KockiMmanapeiHga CNN-HIH Kairbl
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NaiTaNbUTBIFBIH apTTHIPAIAbl. Byl HOTIKENEepAiH MPaKTUKAJIBIK MaHBI3bI 30p, OUTKEHI OJap aBTO-
HOM/IbI aBTOMOOMJIBJICP/IIH CEHIMJIUIITT MEH OHIMIIUIITIH apTThipa ajajbl, HOTHKECIHIE KOJI-KOJIiK
OKHWFaaphl a3asi/ibl )KOHE KOJIK JKETUIePiHIH THIMIIIIT apTajbl.

DKCIEPUMEHTTIK KE3€HHIH HOTIDKeJIepl KOHBOMIOUMSIBIK HeUpoHIbIK kemi (CNN) apxurek-
TYpachIHbIH OpTYpJi KOJIAHCHI3 aya paibl KarAalblHOa >KOJI OENrijiepiH TaHyAarbl THIMIUITIH
ToNeT el i. AanTuBTi Oenrinepal aimy KadarTapsl MEH TEHIIETIETIH TOJBIKTHIPY SICTEPIH peTTeyIi
KOJITAHY MOJICITBIIH TYPAKTBUIBIFBI MEH JQJIITIH alTapIIbIKTal *KaKcapTThI.

Komnaiice13 aya pailbIHBIH ocepiHeH 00JaThIH BH3yal[bl OypMaaHyaapabl KEeHUIeTyae oerim-
Jlenrim oenrinepai amy KadarTapsl menryin pelt arkapaasl. CNN-meri afanTuBTi 9JicTep, aagbIHFbI
JKYMBICTapAa aWThUIFaHal, KOpIIaraH OpTaHBIH HAKThl ailHbIMAJbUIApbIHA Kayan Oepy apKbLIbI
Cy3riuiepii mkemai Typae esrepryre MyMkinmik Oepeni [15]. KapabiH, Tyman MeH »aHOBIPIBIH
KOJI OeNTiNIepiHiH KOpiHyiHe oCepiH a3aiTy KabijeTi HaKThI JKaFmaiiapaa 3epTTeymiH OeriMaery
TOCUTIEPiHIH apTHIKIIBLIBIFBIH KopceTesi [16].

Kasipri 3eprreynepne cumarTanraH HETi3ri MOJENBbACPMEH CANbICTHIPY ONApIbIH aya pailbiHa
OaillaHbICTHl HAlIAp KYOBLIMAaJIbl KECKIHIEPMEH aKChl KYMBIC ICTEHTIHIH KepceTTi. by canbic-
THIpYJIAp MOJIEITb M3aiHBIHBIH JYPBICTBIFBIH PACTAM bl )KOHE OHBIH KOJIAWCHI3 KaFqaimap/a Toyir
MEH CeHIMILTITT OOMBIHINIA KOJAAHBICTAFbI )KYHENEp/IeH achIl TYCy MYMKIHIrH KepceTeni [17].

CNN MopeniHiH THIMIUTITT Xoi Oenriuiepin Tany kesinge 95% monaikke KON JKeTKi3yMeH
pacrananel, OyJ1 yKcac KOHTEKCTTepAe KosmaHbuiaThiH onerreri CNN Mozenbaepine KaparaHia
aifrapneikTail sxorapsl. Ecke Tycipy skoHe F1-score CusSKTBI CTaHAapTTHI Oarasiay KOpCeTKIITepiMeH
OJIIIIEHETIH OYJI )KOFaphl OHIMJIUTIK JEHIell MOJIENbIiH OO0KaMIBIK MYMKIHIIKTEP1 MEH JKaJlbuIay
KaOiyieTiH Oarayay yIIiH MaHbI3IbI JAJIJIIK Oobin Tadbuiazs [ 18]. Jlammik Moenb xacaral oH 00I1-
YKaMIapIbIH TONJIITIH OJIIIEH I, al ecTe cakTay MOJIEbAIH OapJbIK THICTI KaFaailiapibl aHbIKTay
KaOineriH kepcereni. F1-score MomemnbaiH THIMAUTITT Typajbl TYTAC TYCIHIK Oepe OTBIPHII, ISJIIK
TIeH Kepi OaiiylaHbIC apachIHIAFBI TeTe-TeHIIKTI KaMTaMachi3 erefi [19-20].

Ocpuiaiiiia, 3epTTey KOCIapllaHFaH apXUTEKTYPAIbIK JKaKCapTylIap OKy AEPEKTEp KUBIHTHIFbIH
JIOJT COMKeCTEHIpyMeH Oipre »koj1 Oenruiepid TaHy CUSKThI HaKThl KonganOanapaa CNN eHimalTi-
TiH alTapibIKTal j)kaKkcapTa ajlaTbIHBIH KepceTe . JKacanapl Typae xacaaraH Kypesi skaFaaiiapaa
KOJITAHBUIATHIH QIICTEP CEHIMIUTIK TIeH KayilCi3AiK MaHbI3Ibl OOJATBIH aBTOHOM/IBI XKYPTi3y XKyle-
Jepinze maianany YIIiH )KaHa MepCIeKTHBAIAP b allla Ibl.

KopbIThIHABI

byn 3eprrey xoHBOMONUSIIBIK HEUPOHIBIK keTiHiH (CNN) Momudukanusianral apXuTeKTy-
pachkl aya palbIHBIH KOJAMCBHI3ABIFBIHIA XKOJI OCNTiJepiH 191 KOHE THIMJI TYCIHAIpE ajlaThIHbIH
KepceTTi. Jlepexrepai KeHEeHTYIIH MaHBI3IbI JIICTEPiH KOHE OeNTijep i amymblH aganTuBTI Kadar-
TapbIH KOJ/IaHa OTBIPHIM, OCHI 3€PTTEY MOAEIB/IIH CHIPTKBI dcepiepre TO3IMIUTITIH apTTHIPIABI, Oy
9/IeTTe BU3YyalIbl TaHY JKYHENIEPiHiH TYPBHIC )KYMBIC icTeMeyiHe okeneai. [cTeH mbIFapyabl peTTeyi
KOJIZIaHy apKbUITBI MOJIEITb IIaMaJIaH ThIC COMKECTIKTIH aJI/IbIH aJIbIII, )KaHa, TEKCePLIMEreH IepeKTepae
JKAITTBLIAY]IBI KAKCHI CAKTal alifbl.

AJIBIHFaH HOTHIKENIEp JKOCIapiaHFaH apXUTEKTYPaJIbIK XKaKCapTyaapAblH OKY JEPEKTEp JKUbIH-
TBIFBIH JIOJT coikecTeHaipyMeH Oipre CNN eHIMAUTITIH k01 OeNTijiepiH TaHy CHUSKTHI HAKTHI KOJI-
nmaHOamapia alTapibIKTal jkKakcapTa alaTbIHBIH KepceTeni. by omicTepai Kypaem >karmaiiapaa
THIMJII TTaiilanany aBTOHOM/IBI XKYPri3y JKyHenepinae KojjaHnyFa skaHa OarbIT Oepeni. OH/a ceHiM-
JUJTIK TIeH Kayinci3ik MaHbI3/Ibl OOJIBIT TaOBLIAIbI.

Kopeita kene, 3epTTey *KYMBICHI aBTOHOM/IbI KOJIIKTEP/IiH JaMybIHA BIKIAJ €TeNi Jel alTyra
0oael, OYJ1 KOpIIaraH OpTa MaceeNepine KapaMacTaH dKaKChl JKYMBIC 1CTEH aaThIH KOJI OeNriiepin
TaHyABIH TYPAaKThI KOHE CEHIMII omiciH ychiHanbl. OCBI 3epTTEy Ke3-KeNTeH JKarmaiaa Kayirci3
JKYpE aJlaThlH, TaChIMaJIAyIbIH THIMIUIIT MEH YKOJI KayiICi3iTiH apTThIPATIH TOJBIK aBTOHOMJIBI
ABTOMOOWJIBJIEPl KYpyFa OarbITTalFaH KaiaM.
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AUTOMATIC DETECTION AND RECOGNITION
OF ROAD SIGNS USING CONVOLUTIONAL NEURAL NETWORKS

Abstract

This paper examines the use of convolutional neural networks (CNNs) to improve traffic sign recognition
systems, precisely in non-weather conditions. An extended dataset of the German Traffic Sign Recognition Test
(GTSRB), based on a new CNN model, is also used, which contains more than fifty thousand labeled images
covering more than forty categories. The model presents adaptive object selection layers designed to eliminate
visibility problems caused by weather factors such as rain, fog, and snow. Advanced data augmentation techniques
are applied to model different weather scenarios, which increases the diversity of the training dataset. Through an
analysis of theoretical and practical aspects, the study demonstrates how CNNs enhance the accuracy and efficiency
of road sign detection systems in a different weather condition. This study not only examines the theoretical and
practical improvements provided by CNNs for traffic sign detection in unfavorable conditions, but also verifies
the effectiveness of the model through metrics such as accuracy, responsiveness, and F1 score. The results confirm
the effectiveness of the model in minimizing false positives and accurately identifying traffic signs. The paper
emphasizes the importance of careful dataset preparation, model optimization and improved training to enhance
the performance of the detection system. This has positive implications for intelligent transportation systems,
autonomous driving and road safety, indicating future progress in robust traffic sign recognition technologies.

Key words: CNN, traffic sign detection, artificial intelligence, image analysis, classification.
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*AJIMaTHHCKUN YHUBEPCUTET SHEPreTUKU U cBsi3u uMeHu [ Jlaykeesa, . Anmarsl, Kazaxcran
>JIroOIMHCKUI TEXHUYECKUH YHUBEpCHTET, I. JIroOnuH, [Tonbina

ABTOMATHYECKOE OBHAPYKEHUE U PACIIO3HABAHHUE JOPOXHbIX
3HAKOB C IOMOIIbIO CBEPTOUYHbIX HEVWPOHHBIX CETE

AHHOTaNMA

B paGote paccmarpuBaeTcss UCIOIB30BAaHUE CBEPTOUHBIX HEHPOHHBIX ceTedl (CNN) mans yaydmeHus: CUCTEM
pacro3HaBaHUs JIOPOXKHBIX 3HAKOB MMEHHO B HEMOTOIHBIX YCIOBHSX. TakyKe MCIOJIb3yeTCsl paclInpeHHbIH Habop
JTAaHHBIX HEMEIIKOTO TECTa pacro3HaBaHus HopoxxHbIX 3HaKoB (GTSRB), ocnoBanHoro Ha HoBOIt Mogenn CNN, ko-
TOPBIH CONEPKUT OoJIee TATUIECTH THICSY M300pKEHHUH ¢ HAINNCSIMHU, OXBaThIBAIOIINX 00JIee COPOKA KaTErOpHi.
B Mopenu mpeacTaBieHb! alaliTUBHBIE CIIOM BBIACICHNST 00BEKTOB, MpEIHA3HAUYCHHBIE [T YCTPaHEHHS IPoOIeM
C BUJMMOCTBIO, BEI3BAHHBIX TAKMMH ITOTOIHBIMU (PaKTOpaMH, KaK JI0KAb, TyMaH U CHeT. [l MOJeTMpoBaHus pas-
JIMYHBIX MOTOJHBIX CLIEHAPHUEB IMPUMEHSIOTCS IIEPEOBbIE METO/Ibl YBEJIMUYCHUSI 00beMa JIaHHbIX, YTO YBEIMUUBaA-
eT pa3HooOpasue oOydaromero Habopa JaHHBIX. DTO UCCIEAOBAHUE HE TOJIBKO PACCMAaTPUBAET TEOPETHUECKUE U
MIPaKTHYECKHE yCOBEPILICHCTBOBaHUS, TpeaocTasiaeHHble CNNs 1 0OHapyKeHHs TOPO’KHBIX 3HAKOB B HeOnaro-
MIPUSATHBIX YCIIOBUSX, HO M IpoBepsieT 3(h(HEKTUBHOCTh MOJEIH C IOMOIILIO TAaKMX MOKa3arelseil, Kak TOYHOCTb,
OT3BIBYMBOCTH M TOKazaresb F1. Pesynprarel moareepxaaroT 3(h(heKTHBHOCTh MOJETH B MUHUMMU3AIMN JIOKHBIX
cpabaTbIBaHUN ¥ TOUYHOH MAECHTU(HUKALUKN JOPOKHBIX 3HAKOB. B crarbe moguepkuBaeTCst Ba)KHOCTh TILATEILHOM
MO/IOTOBKK Ha0opa JIaHHbIX, ONTUMH3ALUK MOJIEIICH U YCOBEPILIEHCTBOBAHUSI O0yUEHHsI JUIsl TOBBILICHUS TIPOU3-
BOAMTEILHOCTH CUCTEMBI OOHAPYKEHUS. DTO TOJOKUTEIBHO CKa3bIBACTCS HA MHTEIJICKTYAIbHBIX TPAHCIIOPTHBIX
crcTeMax, aBTOHOMHOM BOXKACHHH M O€30I1aCHOCTH JIOPOXKHOTO JIBIKEHUSI, UTO CBHJCTEIILCTBYET O OyTIyIIeM Ipo-
rpecce B 001aCTH HAJIEKHBIX TEXHOJIOTHH PACIO3HABAHUS JOPOKHBIX 3HAKOB.

KuroueBble cioBa: CNN, pacnio3HaBaHHE JOPOKHBIX 3HAKOB, HCKYCCTBEHHBI MHTEIIICKT, aHAIN3 H300paxe-
HU#H, KiIaccupuKarms.
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MAIUNHAJIBIK OKBITYMEH 9JIEYMETTIK KEJIIJAEI'TI KASAK TIJITHIH
JAMYBIHA OPBIC TUITHAET'T CO3AEPAIH bIKITAJIBIH 3EPTTEY

AnjiaTna

By 3eprTey Kas3ak TuNMiHIH mIyOapiaHyblHa OPBIC TUTIHIETI CO3ICPHiH BIKMAIBIH 3EPTTEYyTe apHalFaH. AK-
MapaTTHIK TEXHOJOTHSHBIH KapKbIHAAN JaMybl OJIEyMETTIK JKeJi TUTiHIH JXai-KyiiHe ocep erenmi. bipinmrimew,
JKenigeri 6efOepeKeTCi3MIK TUTAIH KOJIAaHBIC asiChIH TEXKell, IMIyOapiaHyFa ajbll Kelce, eKiHIIIAeH, JaMy AWHA-
MHKAChI )KOFaphbl, Ka3akK TUTIHICT1 aKmaparTap Ja KbIJI1aM Taparl KaTbIp Aeyre 0omanbl. MakalaHbIH HETi3r1 MaKCaThl
Kazipri 3aMaHFbl HHTEPHETTEr'] IEeTeNIK co3/ep, Oip TUIIeH eKiHII TUIre eMKaHaai e3repicci3 aybICaThlH TUIIIK
orepanysiap, apainac jkazoanap (IIETeNIiK co3/epAiH JICKCHKAIBIK jKOHE CEMaHTHKAJIBIK MapTeOeci cakTaiFaH
ceszepli Koca anFaHza), )kaHa KbICKapTyJap, BapBapu3MICP/IiH Ka3ak TiTiHE SCepiH 3epTTey. 3epTTey HOTIKECIH e
QIIEYMETTIK KeJiIeri coiiney (popManapsl alKbIHIANAIb; KapbIM-KaTBIHACTBIH aybI3IIa TYPiHIe Oiilay MEH OMIIBI
TiJ apKBUIBI JKapBIKKA IIBIFapy COTiHIH Oip yaKpITTa XXY3€Te achIpbUTybIHA OalIaHBICTHI TIMAIH IIyOapraHybIHA
BIKIIAJI €TETIH (DaKTOPIAP/bIH BIKTUMAJIBIFBI aHBIKTANa1bl. MalIMHAIIBIK OKBITY aJrOPUTMIIEPIHIH, aTaln aiTKaH1a
Naive Bayes xiaccn(pmKaTOpbIHBIH KOJAAHBUTYBI JEPEKTEpAl Tajjay MpPOLECiH aBTOMATTAHABIPBIM, >KACBIPHIH
3aHIBUTBIKTAPBl AaHBIKTAIBI, OYIT OCHI KipMe CO3IEp/iH Ka3aK TiUTiHE MUQPIBIK OpTana Kajai ocep TeTiHiH Te-
peHIpeK TYyCiHyre MyMKiHIIK Oep/i. AKmapaTThIK TEXHOJIOTHSHBIH IMPOTPECCUBTI 1aMy YPIICIMEH epeKIICICHETIH
skahauapIk matdopmanap asceiaaa Facebook skone Instagram skeminepinaeri MOTiH Ma3MYHBI capariTaIbl.

Tipek ce3aep: KOMMyHHKaIMs, [IparMaruka, JIMHIBOCTHIMCTKA, OJICYMETTIK JKeJi, MaIlWHAJBIK OKBITY,
AJITOPUTMAEDP.

Kipicne

byriane IT canmacelHAarsl KeTICTIKTEP, LTUPpPIAAHIBIPY NpOLECTepi, MEMJIEKETTIK MOpTajaap,
Me/IMaKaHaJaap, sKacaHbl MHTEIJICKTIHIH AaMybl, QJIEYMETTIK JKeIIepIiH KoOewl TUIIIK Kyiiere
ocep eTTi. OJIEYMETTIK XKeijep Kas3ipri Koramaa TeK aknapar aJMacy/blH HETri3ri Kypajjaphl FaHa
eMec, asiem e OOJIBII JKaTKaH TYPJIi OKUFajIapra Mikip OUTAIpin, TalJaiThIH, TAKBIPHINTH JUCKYPCKa
aifHayIeIpaThiH TIatdopMmara aitHaiael. 2024 xeiabiH KaHTapeiHaa Kazakcranga 14,10 Muyumon
OeJICeH Il aleyMeTTIK JKelli KoinaHymbIchl OonraH. CoHFbI Oip JKpUiia onapiaslH canbl 34,9%-ra
octi. bynsl Kaszakcran PecnyOnukacbiHaarel OapiiblK QJICyMETTIK JKEJNiHI MaianaHylbuiapablH
caHbIHa TeHecTipyre Oonaabl. OHbIH imiHAe, instagram-aa — 66,5% (12,1 mun) sxone Facebook-ta —
14,3% (2,6 mun). beiipecmu nepexrep Ooitbinma, TikTok — enjeri eH TaHbIMal QJIEYMETTIK XKeJi.
Kpicka OeliHeponukTepai Kepyre apHainFraH riardpopmana 14 MUIUTHOHHAH acTaM Ka3aKCTaHIBIK
tipkenreH [ 1]. JleMek oneyMeTTiK JKeiIeri Ka3akia xa3y, Ka3ak TUTIH/IET1 KOHTEHTTep — TUIIIH JaMybl
YIIIiH MaHbI3IbI. bipak OHIAFBI jKa3bUTATBIH MOTIHACP MEH MIKIpIepAiH Ma3MyHbI opTypii. MyHaa
aJlaMJap/IbIH IMIKi MOJICHHETIH KOPCETETiH, co3 OOCTaHBIFBIH AWKBIHIANTHIH ajaH KaJbIITaCcKaH.
Kazip KommanplcTarbl TiT FaHa Tipi XoHE OalWaBl JieN ecenTecek, KaszakK Tijdl ©31HiH TUIIIK
HOpMachbIHaH aXKbIpall, ©3re TUAEp/AiH apanacyblHaH 1yoOapiany kebeiai. XX rachlpAarbl aybl3eKi
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TIJT MEH ka30a MOTIHAEPIHAE OPBIC CO3ICPIHIH OPBIHCHI3 KONIAHBUTYBI Ka3ipri Ke3le dJICyMETTIK
JKEITiJIeT1 *a30a MoTiHAepiHAe Ke3nece 6acTaasl. by eHOMEH TUTAIH TaOUFH JaMybIHA )KOHE OHBIH
Ta3a CaKTaJTybIHa dCep €Tyl MYMKIiH. OJICYyMETTIK JKeIJIep/ie OpbIC TUTIHET BapBapuU3MACPAIH KeH
TapaJTyblHa BIKITAJl O0JIaTBIH OipHEeIIe cedenTep:

1. VIHTepHETTIH XaJbIKapalbIK oCcepi: QJIEYMETTIK JKeIiiep MEH WHTEPHETTIH kahaHmaHysl
Oacka TULACPIiH CO3/IepiH KCHIHCH €HT13yTe MYMKIHIIIK Oepeti.

2. Ce3nmepiH KbICKApTBHITYbI MEH ©3TepPTUTYi1: QJICYMETTIK JKeTIepIeri )KbUIIaM KOMMYHHUKAITHS
KKETTUTIT1 BapBapU3MJICP/IiH KUl KOJIIAHBUTYbIHA OKEIT COKTBIPAIbl. Byl cesnepaiH KbICKapThITYbI
MEH ©3TepTiTyl TYpiHIe KOpiHeTi.

3. Tpenarep MeH Moja: KaHa CO3IEp MEH CO3 TIPKECTEPiHIH TpPEHIKE alHaIybl OJap/AblH
QJIIEYMETTIK JKeJijie KOl KOJIAHbUTybIHA oKeJemi. MbIcallbl: jKHM3a, OXBaT, TeMa, CChUIKa, direct,
coment, please, screen, podcast, respect, image, storis.

Tin — olinmayapIH KeMici. Aqam3ar TiT MEH OWJIayablH OIpTYTac eKeHIH JJIIeKallaH ToJIeIIeTeH.
Amnap CankpiaOaii: «Jlyppic OMIaWTBIH Kici aypbIc ka3aapl. Kazak TutiHae OypbIc ceiiedTiHaep
QJIEYMETTIK JKemie ne Kare kibepyi 3aHmpLIbIK. HopMmaHBIH Oy3bUTYyBI OCBIIAH OacTainMak, Oyl
QJIEYMETTIK JKeJIiHI KOJJaHYIIBIHBIH 1IIKI MOJICHUETIHE, ©31H OaraiayblHa, ©31 apKbUIbl TUTIH, Y-
TBIH OarallaybIMEH acTachlll JKaTbIp», — neiai [2]. Tinm mamanmapsl FagaMTOpAArbl TIAMIH KOJ-
JAHBUTYBIHA KaTBICTBI 3ePTTEYJIEPiHIH HOTHKECIH/IE KOMAaHOAbl TMHIBUCTUKAAAFB OYJ1 OAFBITTHIH
KaJBIITACYBIHBIH aNFBIIIAPTTAPbIH aTal KaHa KoWMail, jkeke MoH peTiHIe KapacTelpa OacTasbl.
AKII rameiver H.C. Bapor 1984 x. «Computer Mediated Communication as a Force in Language
Change» makanacber xapusiiaca [3], 2010 x. TepeH Tangaii kene «Always on: language in an online
and mobile world» nererm MoHorpadusceH mbFapasl [4]. FagaMTopabIH aFBUIIIBIH TUTIHE dCepiH
seprrered Jl. Kpucran «Internet and language» eHOeriHme MHTEPHET TUTIH JKEKe FBIIBIMUA OaFrbIT
nen TykbeIpeiMaarad [5]. O. [laHiomkrHA SNIEYMETTIK JKENIEpAeTi TUIIEpiH e3repiciH HCIaH Tii
Heri3iHe Kapacteipca [6], JI.EO. iBaHOB FamaMTOPIBIH TUTIIK €PEKIIETIKTEPiH )KOHE OHIaFbI O0JIFaH
e3repictepai xikremi [7].

FansiMaapabeiH oneyMeTTiK JKeli JTMHTBHCTUKACHIHA JIETEH KbI3BIFYIIBUIBIFBIHBIH apTyblHA Ka-
pamacTaH, HHTEPHET JIMHTBUCTUKAHBIH KONTETCH aCTEKTUIepl aJIi JIe KETKUTIKTI Typ/Ae TYCIHLTIIL,
CHUIATTaJIFaH JKOK. BipbIHFall TEpMUHOIOTHSIIBIK KYiie, 3epTTey o/icTeMeci kKacaaMmaraH. Ocipece,
QJIEYMETTIK JKEJiJIeT] Ka3aK TUTiHIH jKal-KyHl TypaJibl KaHIa alThUIBII, JKa3bUTBIT )KYpPCe 1Ie, TUIIH
nyOapiTaHybIHa aJIbIll KeJIEeTiH cebenTep, )KacTap TUTIHIETI OPBIC )KOHE aFbUIIIBIH CO3MIEPIHIH Ka3akK
TiJTIHE BIKMAJBI TOJBIK aHBIKTAIMabl. bipak «kacTapIblH 63 CJICHT1 OOTyhI JAa 3aHIbl. OJICYMETTIK
KEJIi/Ie KacTap apachIH/Ia OCHI CIIEHTTEP KOJAaHBICKA e OOMysl 1a bIKTUMal. bys Oypbic KonaaHbic
00ybl MYMKiH, Oipak, yakbITIIa KYOBUIBICY» KOHE «JJIEYMETTIK JKEJiHI ThIM JKHi TaiaasaHaThIH
JKacTapbIH KBICKapTa ’a3ybl 9/1e0u TiJI 1aMy OaFbITHIHBIH KOPCETKIIIli, HHAUKATOPHI 00J1a aTManabl.
OJICYMETTIK XKEIiHIH TUTI Ka3aK o7e0u TUTi TaMybIHBIH, sl Kepi KeTyiHiH 0acThl KOPCETKIIIIi emMec, OyI
TEK aybI3eKi coley TiTiHIH Oip cumaTsl FaHa. by anemmik yaepic — mudpiaasabIpyablH bIKITATbDY, —
neiimi Anap CankeiaOai [2]. Anmaiiga mer Tim OUTiMiHAE FaJaMTOpAarbl TUIAIH KOJIAHBLTYBIH
3epTTey OHJaFaH XbUIIAPFa CO3BUIBIN Kelemi. AT Ka3ak Til OiiMiHae OyFaH KaThICTBI 3ePTTEYIep
eH/Il FaHa Oactamapl. Y aiibl e3repictepre TONbI MUGPIBIK dJeMIeTi Ka3ipri Ka3ak TUTIHIH JKai-
KYHiH KapacThIpy — Ka3akK TITHIH TEXHOJIOTHSIIAp FACKIPBIHAAFI «OMIpP CYPY» ICHIeHiH aHbIKTaTbI.
OJICYMETTIK JKeNIep/ie Ka3ipri yakpITTa OaiiKabin oTeipra [T TpenaTepi MpIHANAp:

1. ©OneymerTik cayna (Social Commerce): OneyMeTTIK JKeTiIep apKbIIbl OHIMIEP MEH KbI3MET-
Tep/Ii TIKeJeH caThIl aly MYMKIHIITI KeHiHeH Tapaiyna. Instagram, Facebook, TikTok xone OGacka
tatopmaapaa TyKeHaep MeH oHIMIep i TiKelleH xkapHaMaiay MeH cary YIIIiH HHTeTrpalusIanFaH
(byHKIUSIAp YCHIHBUTYAA.

2. Oneymertik XKacaunael MaTemiekt (Al): OneyMeTTiK jemiepe KkacaHabl HHTEIUIEKT KOJI-
JIaHy JKE€Ke KOHTEHT YCBHIHBICTApBIH, YaT-00TTap/Ibl KOHE QJIEYMETTIK MEINAJarsl TPEHATEPAl Taj-
Jaynbl JKakcapTyra MYMKiHAIK Oepemi. Al anroputmaepi maiganaHyIIBIHBIH KbI3BIFYIIBUTBIFBIHA
coliKkec Ma3MYH/Ibl aBTOMATTHI TYPJe KOPCETYre KOMEKTECEe/].
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3. Kpeicka Buseo konTeHT: TikTok sxone Instagram Reels cuskTsl mrardopmanap apKbUTbl KbICKA
JKOHE KBI3BIKTHI BUJEOJNAp JKacay TaHbIMai OoJbIN Kenedi. by ¢opMaTThiH Herisri epexmeniri —
naiianaHynbUIapra KbICKa YaKbITTa KOIl aKIapaTrThl HEeMece KOHIUT KOTEPETiH KOHTEHTTI YChIHY.

4. OneyMeTTiK Meaua apkpUibl >kahaHaelk KorampacTeikTap: [lmardopmanap apaceinaa
KaybIMIACTBIKTap MEH TONTAp/AbIH KEHEI0l JIEyMETTIK >kenijepae Oenruni Oip TakelpblITapra
KBI3BIFYIIBUIBIK TAHBITATHIH afgaMuapibsl OipikTipyre MyMKiHIIK Oepemi. bym, ocipece, apHaiibl
KBbI3BIFYIIBUTBIKTAp MEH KociOu cananap/a Gaiikanaibl.

5. OneyMeTTik xeini Opennarepi xoHe uH(IoeHcepaep: MH]nroeHncep MapKeTHHTIHIH JaMyBbl
OpenaTepre o3 OHIMIEPiH AJIEYMETTIK ’KeJli apKbUIbI AKbULKBITYFa MYMKiHAIK Oepeni. Mndumoencepnep
03 ayJIMTOPUSCHIHA OAIaHBICTHI OHIMIEP MEH KbI3METTEP/1 TAHBICTHIPHII, KapHaMaJlai b,

6. KynusumbUThIK TIEH AEPEKTEPIl KOpFay: OJIEyMETTIK JKeIiIepie KYMUsUTbUTBIK MaceTenepl KyH
Toptibinae Typ. [lalimanmanymbuiap €3 AepeKTepiHiH Kajlail Imai amaHbUIbI KAaTKaHBIH Ka aFaarl,
JKEKe aKIaparTapblH KOpFay MYMKIHIITIH i31e#ai. by Tpern mardopmanapasiH 1epeKTepai Kopray
casicaThIH JKaKcapTyFa HTEPMEIICHIi.

7. Ma3smynasl 1iargopManapaarbl  mIaTGopMaiblK  MHTETpalus: ©OJIEYMETTIK Keiiep
MEH KOHTEHT J’kacay IulardopManapbl apachlHIAarbl HMHTETpallusi apThil Keledi. MpIcaisbl,
YouTube Bugeomapsr Tikeneit Instagram nemece TikTok-Ta Gemicy MyMKIiHIITT YCHIHBIIAABI, OV
nairanaHymbIapra KOHTEHTTI 9pTypiIi iardopMaiapaa Taparyra MyMKIHIIK Oeperi.

8. Morinmik xacaHabl UHTEIUIEKT (Al) keMmekmriiepi: OIEyMeTTIK xkenijgepae MoTiHmIK Al
KOMEKIIIIepl MEH 4aT-00TTap apKbUIbl MaiIanaHylIbUIapFa jKeAes jkayan Oepy, KOHTEHT Kacay
oHe 0acKapy MYMKIHIIKTEp1 KeHeUTUTye.

9. Bupryanabl xoHe apTkbl peanbislk (AR) Texnomorustiapel: AR TexHomorusiapsl
QJIEYMETTIK JKeJiiepae QuiIbTpiaep MEH dcepliep kacay YIIiH KeHIHEeH KOJIaHbUIaabl. by Tpenn
nairanaHymbUIapabplH QJICyMETTIK Meraaa 63 KOHTEHTTEPIH KBI3BIKTBI 9pi €peKIle eTil KopceTyre
MYMKIHIIK Oeperti.

10. MasmyHzbsl Moaeparus xoHe anentitik: [lnarpopmanapaa KongaHymbUIapasIH Ma3MYHbBIH
MOZIepanusIay MEH QJICTITUTIK CaKTay MaHbI3Ibl Ooyaa. byl KOHTEHTTIH camachlH KaKcapTy yKOHE
KrOepOyJUTMHT TICH Tepic MKIpJIepMEH Kypecyre KOMEKTeCeIi. OICyMETTIK KeJIJIepIiH KapKbIHIbI
JaMybl MEH e3repyiHe OailJlaHBICTHI, )KaHAa TPEHATEP MEH TEXHOJOTHsIIAp TYPaKThl TYpHe maiijaa
OO0JIBITT KaThIp. ByJ1 — TUIMIH KOJTaHBIC asiChIHBIH KEHEIOIHIH OipmeH-0ip ®obl. JleMeK aJIeyMeTTiK
JKEITiJIe TUTAL TYPhIC KOJIJIaHy, TUIIK HOpMaHbI CaKTay, cayaTThl )ka3y MaHbI3IbI [8].

Peceit men Kazakcran apachiHIarbl TAPUXH, MOJICHH JKOHE SKOHOMUKAIBIK OaiiJlaHbICTap OpbIC
TiTIHIH Ka3aK TUTIHE BIKMAIBIH TUT13/1. ByJ bIKmanisig TynKi ce0e0i eKi XaJIbIKThIH Fachipiap OOWFbI
apayacybIHjia )atslp. Peceit umnepusceinbiH KazakcTaH bl 6achIT aTybIMEH Oipre OpbIC Tijli KeHIHCH
KOJITAHBUIBIT, MEMJIEKETTIK Oackapy, OuTiM Oepy KoHE KOFaMIIBIK ©Mip cajlajapblHIa ©3 OPHBIH
tanThl. OpBIC TUTIHEH €HIeH ce3/ep Ka3akK TUTIHIH JEKCHKACHIH OaWbITTHI JKOHE OHBIH JaMyblHa
YJIKEH ocep eTTi. Anaiiia Ka3ipri TaHaa Ka3ak Tuti 6ackIMIBIKKa Be 0oJica 1a, OpbIC CO3IEPiHIH IeH]
QJIEYMETTIK JKeJIepaeri Ka3akiia KOHTEHTTepre ocepiH Turisyne. SIFHM aybi3mIa jkoHE kas30ara
TUIJIK KaTblHACTaH O6JIeK, OJICYMETTIK JKeJifle BUPTyasibl KaTbIHACTHI KYPAWTBIH TIIAIK OpTa
naiga 6omnupl. Tingik opTa — KOFaM MYIIEIEPiHIH TUIIK CAHACHIHBIH KaJBITITACYbIHA 9CEP CTETiH,
TUITIH KOFaMAarbl OOIMBICHIHA, OHBIH JaMybl MEH KbI3MET €TyiHE BIKNAJI €TE€TIH SKOHOMHKAIIBIK,
U/ICOJIOTHSUTBIK, MOJICHH, QJICYMETTIK, ICUXOJIOTUSIIBIK, STHONCUXOJIOTHSUIBIK (DaKTOpIapIbIH KUBIH-
TIFbI [9]. Tinmik opTaHsl TUTAET] OAPIIBIK s)ka30a MOTIHIED, )Ka3apMaH, OKbIpMaH, alTapMaH, KopepMeH
Kypaiiipl. OJeyMeTTiK kemijeri OenceHal TUIAIK opranmap — instagram xone facebook. Mynna
JKapUsUTaHATBIH TYPJTl JIEHTeiaeri xaz0anap/apl TUT MaMaHJapbl TeKcepin, Kaaaranamanabl. Timmik
HOPMaHBI OIIMEHTIH, TIAIH epexelepiH MEHIepMEreH e KOJJIaHYIIbLIapbl opTYpii Kareiep
xkibepeni. MoTiH HeciHiH HeMece TaHbIMaJ OJIorep/IiH xa30ackl Kare 0oJica 1a, OKbIPMaH OHBI AYPHIC
nen kaOpunaiinel. M. banakaeB: «Tim MoeHHETIHIH KaMbIH JKeY, CAlbIT KeITEH/IE, TiJT Ta3aIbIFbIHA,
O JOMIiriHe KaMKOPJBIK skacay...» aece [10], P. Cenubik «Tim MomeHueTi AereHiMi3 — ce3aepai
JYPBIC OPHBIMEH KOJ/aHy (JIEKCHKAIIBIK), TIYPBIC KYpacThIpy (CHHTAKCHCTIK), TYPBIC KUIOIACTHIPY
(Mopdonorusnbik), aypeic IbI0bicTay (OphO3MUAIBIK), cayaTThl a3y (opdorpadusiibik), TUIAL
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ocepii eTinm Kymcay (JTMHTBOCTHIJIMCTHKAJIBIK) HOPMaJapblH YCTaHY, OPHBIKTBIPY, JKETULHIPY», —
neini [9]. H. Yomu: «Tin MojieHHeTiHE KaKeTTI aca MaHbI3/Ibl canajiapabiH 0ipi — ce3 Ta3anbirbl. Co3
Ta3albIFbl JICTEHC OMBIMBI3FA OpaNAThIHBI — TUT Ta3aJIbIFbI, CO3IMi3/Ie OOr/e TUIAIK JIEMEHTTEP IiH
Oommaysl. bipak oe0u TiiMi3ae e3re TIIepAeH SHIeH CO3/IeP, TIIITi €63 TYABIPYIIbI KOChIMIIBLIAP
na 6ap exeHi ManimM. OHzail KyObUTBICTBI TITI-TUIIIH OapIibIFbIHAH AEPIIiK Ke3/iecTipyre 6onazsl. O3re
TIIICH CO3 aJIMaraH, aybI3-TYHICTIT] ®KOK «Ta3a» Tiaep kemae-kem», — aeini [11]. ecek te opbic
TUTIHAETT BapBapu3MICp SJICYMETTIK JKeIieple coueyni OerpecMu eTy, IMOIUsUIapabl OUTIipy
HeMece Tipi KapbIM-KaThlHAC €JIECiH »Kacay YLIIH Konganbuiaabl. benrinmi Oip »xarmaiiga Oynpmai
KOJITAHBICTBIH Ka3aK TUTIHIH 9160 HOpMAachIHBIH KaJIIbIH caKkTamayra acepi 0ap. Bapsapuszmaepai
mamajad ThIC KOJIJIaHY MOTIHHIH aHBIKTBIFBI MEH KYPBUIBIMBIH TOMEHJIETYi MyMKiH. byHmai Tin-
JIep/IiH ©3apa 9peKeTTeCyl TyPajibl FbUIBIMU TYXKBIPBIMAP FAChIpiap OOHbI Al THUIBII KeJle/l XKoHe OyI1
COHBI eMec ekeHi Oenrimi. B. Maresnyc «Tim skoHe CTHIIB» €HOETIHIE TUTIEPIiH 63apa opeKeTTeCy
OarpITTapbIH aTan KepceTTi: OipiHmIifeH, Oip TIMIIH AMEMEHTTEPiHIH eKIHI TUT XKYWeciHe eHyi
TiiH auddepeHusuiany TopexeciHiy oJcipeyiHeH aen TyciHaipeai. Amaiaa oFaH Kapcel TYpy
MYMKiH eMec, — Aeiai FansiM. Ce0e0i XanbIKTap apachblHAaFbl HCsIIapIbIH, 3aTTapbIH, aTaylap/biH
JKOHE YFBIMJIAPJIbIH YHEMI aiMacybl 0osica, OHJIa MIETEN co3/iepi 0acChIMBIPBIK, OOIYBI TiJIIH 1IIKe
pecypcTapbIHbIH eHyiHe ocep eremi [11].

bi3min 3eprTey canmaMbI3 OOWBIHINA QJIEYMETTIK JKENIJIETri TUT MOCENECIH MparMaTHKAIBIK TYp-
reinad [12] kapacteipran. «Pragmatic discourse of the comments on Facebook in the Kazakh
language» TakpipbiObIHAa Facebook omeymerTik kenici Heri3iHAe MIKIpIEpPAiH IMparMaTuKachl
OOMBIHIIIA aybI3€KI COWJICY TUIIHIH epeKIIEeNIKTepl, KapanaibiM Co3/ep, alFbIc alTy KOHE KapFbIC
alTy KaTeropusuIapbl, SMOIIMOHATIBI-OKCITPECCUBTI CO3JIEP, BEPOAIIbI eMeC OpPEeKETTep, OPTYpIIi rpa-
(hMKaBIK CHI3BIKTApP, CHMBOJIIBIK OCNTiIepAiH, TIAIK 00bEeKTUIEpAeT] TaHOaNap TUIIIH MaFbIHACHIH
TapbUITATRIHILIFBIH KopceTeni. An [13] «Linguistic Representation of Value Dominants in Virtual
Space: The Example of Kazakh and English Materials» 3epTTeyinje Ka3ak »KoHe aFbUIIIBIH TUTIHCT1
QJIEYMETTIK JKeJlijie OpHaJlaCKaH >KaHAJIBIKTap/bl, OHBIH IIIiHJAE, CAasCH MOTIHAEPIi KapacThIPHII,
TyCiHikTeMe Oepeai. 3epTTey HOTHXKeNepl casicM MOTIHACPAIH JUHTBUCTUKAJBIK €pEeKIIeNiKTepl
MEH OJapAblH KOMMYHHKALMAJAFbl MaHbBI3bIH aHbIKTalabl. «A Linguistic Analysis of Social
Network Communicationy 3epTTeyi aJIeyMETTIK >KeiHIH TUIAIK epeKIleNTiKTepine aHbIKTanFaH [14].
OJICYMETTIK KeTIeP/IiH TULAIK epeKIIeTIKTEPiHe KbI3BIFYIIBUIBIK YAKbIT OTKEH CAaHbIH apTHITT KEJIeI.
Keneci 6ip aBropiap ToObI BUPTYaabl KEHICTIKTET1 Ka3aK oHE aFbUIIIBIH TIJIIHIEC MOTIH KYPYIbIH
anroputMil 3eprrece [13], [14] «Communicative strategies in modern linguistics (on the material of
English travel blogs)» TakbIpbIObIHIAFbI )KYMBICBIH QJIEYMETTIK XKeJliJiert KOMMYHHUKAIUsIFa apHaIbl.

Kazak aymuTopuschl Wi KipeTiH oJIEyMETTIK KeJJIepIiH caHbl oTe Kom. OHIaiiH KapbIM-Ka-
TBIHAC OMIp/iH OapibIK caiajapblHAa KOPIHIC Taybll, dPTYpJ JUCKYPCThl KaMTHTBIH JKardaira
KeTTi. benrini 6ip cTIII aHBIKTaIMaFaH XaTTap MeH XabapiraMamap/IplH XaJbIKKa jKeTKi31Iy, Tapary
yJirici e opTypii. CaHAbIK )KOHE CartaliblK albIPMAIIBUTBIKTAp Ka3ipri JIEyMETTIK JKeiie 1e, Meaua
cayaceinaa na Oaiikanazpl. IHTEpHET-KOMMYHUKAIHS — OYJT €Ki aJaMHBIH FaHa KapbIM-KaTbIHACBIHAH
KypaJMai/bl, OHJ]a MBIHIAFaH MiKipJiep, TOJAcChl3 TapThICTap, MHJUIMOHJAFaH KapalbiMIap TeH
JIYTIIIep, pernoctrap 0ojaapl. OJEYMETTIK KeNiJeri TiIIH €H YJIKSH apThIKIIBIIBIFI — CO3JIiH
OpPTYPJIi CEeMAaHTHKA/Ia KYMCAITYbl, )KaHPJIBIK JKOHE CTHIIBAIK HOpMaJIap, aybI3eKi TUIIK 2JIeMEHTTeD,
YKaproHaap MEH CICHITED, Mapa3uT Co3/Iep MEH BapBapU3MAEPIiH apaiaca KongaHsutysl. Ceiineynin
Oys1 cTparerusiapsl Ke3 KelIreH 4arTa, Ke3 KelreH IuiaTgopmaaa ja jKy3ere achlpbuia Oepei.
MorTinaepiHiH KeJieMi IIaFbIH OOJFaHbIHA KapamacTaH, Kypaeli mocenenepai kerepeni. COHIbIKTaH
QJIEyMETTIK JKeJNiHIH Kail Typi 00IMackIH, aAaM3aTThl ©31He Toyel Al eTTi. JIMHrBUCTUKAIBIK TYPFbIIaH
M. ManikTiH «OIEyMETTIK JKeIIepIeri coiliiey KbI3METIHIH IMparMaTuKachl MEH (YHKIUACHD) aTTh
3epTTey €HOET] dJIEYMETTIK JKelli TUJIl MeH Ka3ipri Ka3ak o/1e0u TUTiHIH HopMasiapbiHa apHanazs! [13].
byraH neifiari 3epTTeynep HHTEpHETKE, OHBIH TypJiepiHe, KeHICTIriHEe apHaca, €H/Il TparMaTuKackl,
KOMMYHUIIUSCHI, TMHTBOCTUJIMCTHKACKHI 3epTTeNMeK. FamaMTop agaM caHachlHa THIMII TUIIIK dcep
eTY/IIH KaJIFbI3 KOJIbI OOJFaHIBIKTaH, OHBIH TiJIi HOPMara caii, cayaTTbl, KaTeci3 0OIybl KepekK.
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Kazak TumiHZETI CTHIIb TYpJiepl OJEyMETTIK JKemie apaiaca jxymcana Oepimemi. SrHM Oip
CTHJIBJIC SPTYPJIi CTHIIb SJIEMEHTTEPIH KOJNJIaHyFa JKOHE KONMKa0aTThl CTHIIB/IK KYOBUIBICTAP/IbI JKa-
cayra Oomazapl. Kapeliiran naMbifaH TEXHOJOTHSJIAPABIH OCEPIHEH MHTEPHETTErl Ceilyiecy CTHII
JIe caH allyaH. OJEYMETTIK JKeJieri Ke3 KeJNTreH MOTIH MeH MiKip ceijey MoHepiHeH jkazbaina
HYCKara aybICKaH. BYpbIH TEK aybI3Ilia Tapasblil, aybl3lla KbI3MET €TCe, Ka3ipri TaHIa FajJamTop/a
(YHKIMOHAIIBI CTWIBACPIIH AaMybl COMIIey CTWIIHIH ©3repyiHe jKOHE KaHa SJIEMEHTTepIiH
naiima OonmybIHa oKeni. by cTuib emkaHmai epekere OarbIHOAWIBI. O3iHIH JKaprOHIAPHIMEH,
CJICHTTEpiIMEH, BapBapuU3MICPIMEH epeKIIeJeHeal. OISyMETTIK JKeliepaeri TULMIK Kypajaaapasl
KOJIIAHY/BIH OpPTYPIUIri o9Ae0M HOpMagaH aXKbIpalr, YITTHIK KYHIBUIBIKTApIbIH a3aibil Oapa
JKaTKaHbIH KOPCETE/I.

MarepuaJigap MeH djicrep

3eprrey OapeicbiHga 6i3 Instagram sxkone Facebook cusikTel anmeymerTik skenminepnae »xui Tai-
KbUIAaHATBIH TaKbIPBINITap OOMBIHIIA OJI0TepepAiH jKa30alapblH 3ePTTEY YILIIH carajbl XKoHE CAHIbIK
oiicTep/i KOMAAHABIK. Ma3MyHIIBI Taijay >KOHE JIMHTBUCTHUKAIBIK JEPEKTEP/l 13/Iey OMICTEepiH
KOJIZIaHA OTBIPHII, 613 OCHI ka30anapra KaTbICThI MIKIPIEPAIH MaHbI3/bI YITICIH TalaabIK. by Tocin
Oenrisi Oip ce3mep MEH €o3 TIPKECTEPiHIH JKUI KOJMIAHBUTYBIH aHBIKTayFa MYMKiHIIK Oepmi. ComaH
KeHiH 013 Ka3aK TUTIHIH 3BOIIOIIICHIHA dCep €TETiH TEPMUHICPIIH JIEKCUKACBIH KYPACTHIPIBIK, OV
TEPMUHICPIIH TUIII KOJIAaHYIaFbl ©3repicTepl jKOHEe MIeT TUIACPIHIH Ka3akK TUTIHE 9cepiH Kajai
KOpCETETIHIHE Ha3ap aylAapAbIK. JlepexTep oleyMeTTIK >Keaulepaeri TUCKYpPCThIH Kaszak TITiHIH
e3repyiHe Kaiai BIKIall €TeTiHIH KOpCEeTe OTBHIPBIMN, TuIre OeiiMIeny 3aHAbUIBIKTapbl MEH TeH]ICH-
IMSUTAPbIH QHBIKTAY YIIIH CaHaTTapFa OeJIiHII, TaJlJaH bl

AT xeMeTiMeH QJIeyMETTIK KeIIepACH MATIMETTEp KUHAYFa IOy

AT xypanmapelH KOJJIaHA OTBIPBII, JICYMETTIK JKEIUIEPCH JACPEKTEePpl JKUHAY 3epPTTey dIic-
TeMeJIepiHJIeTi aiTapibIKTai inrepineyni ounnipeni. AT Kypangapbl MEH 9/IiCTEPiH KOJJIaHy dpTYpIIi
QJIeyMETTIK Meaua IuiardopMaliapblHaH JEpEeKTepAiH YIKEH KeJIeMiH KYHell Typae >KUHAyFa,
Tajjiayra JKoHe TYCIHAIpyre MyMKIHAIK O6epeni. by Tocin nepexrepai suHay THIMAUTITIH apTThIPbIT
KaHa KOMMalibl, COHBIMEH KaTap KOJIMEH 9IICTep il KOJIaHy apKbUIbI 5ki0epil alybl MYMKIH erKeii-
TErKEIITI aKImaparThl ajTyFa KOMECTeCe/I.

JlepexTepi >KkuHayAbIH aBTOMATTaHbIpbUIFaH Kypangapel Facebook, Instagram, Twitter sxone
Linkedin CHSKTBI oJ€yMETTIK MeIHa >KENJICPIHEH YJIKEH KeJIeMET1 akmaparThl aja amaisl. by
Kypanaap npoduibaepal, skaz0anapabl, TYCIHIKTEMeNEpal KoHe 0acka /a THICTI Ma3MyHJbI ally
YILIiH alropuT™MIEp/i Maiananasl, AepeKTepi KeHiHTi Tanaay yIliH KypbulbIMaanasl. Jlepexrepai
KHHAY KypaJlJapbIHbIH STHKAJIBIK IEPEKTEP/Il )KUHAY/IbI KAMTaMachl3 Ty YIIiH 9pOip miar(opMaHbIH
KbI3MET KOpCETy IIapTTapblHA KOHE KYIHSJIBUIBIK CascaThiHA COMKEeC Kelyl 6Te MaHBI3IbI.

Kemnreren aneyMeTTiK keniyiep 3epTTeyIiijiepre qepeKTepre KypbUlbIMIbIK (opMarTa Ko KeT-
Kizyre MyMkiHik O0epetin API untepderictepin ycoinaapl. APl untepdeiicrepi nainananybuiap-
JIBIH ©3apa dPEKeTTeCyi, Ma3MYHBI JKOHE TPEHITEPI Typalibl aKIapaTThl ATy/IbIH OaKbUIAHATBIH J/IICIH
ycoiHaabl. Mbicansl, Twitter API untepdeiicin TBUTTEp MEH KaThICy KOPCETKIIITEPIiH XKUHAY YIIIH
naiiananyra 6onaapl, An Instagram Graph API sxapusnay kepceTkimTepi MeH MaianaHyIbl
JepeKTepiHe KO KETKI3y/l KaMTaMachl3 eTell.

OJICYMETTIK KENJIepACH KUHAIFAH MOTIHIIK JepeKTepai Tayijaay yirH Taduru Tinmi OHumey
(NLP) anmictepi xonnanbuiaasl. KeHin-Kyiai Tangayabl, TaKbIPBIITH MOAETBACY/I KOHE KT CO3-
JIep/i IIbIFapyAbl KOJAaHa OTHIPHII, 3ePTTEYIIIep SICyMETTIK MeIna Ma3MYHBIH/AFbl TSHICHIIHS-
Jappl, KOHUI-KYWIepAl ®oHe TaKbIPBINTHIK YATiIepAl aHblKTail anansl. NLP anroputmaepi maii-
JaIaHYIIBIHBIH Tl MEH MIHE3-KYJIKbI Typasibl KYHIbI TYCIHIKTEp YChIHA OTBIPBIN, MaiiaJaHyIlbl
yKacaraH Ma3MYHHBIH MOHMOTIHI MEH HIOAHCTaphIH TYCIHYTe KOMEKTECE]I.

ManmHaIbIK OKBITY MOJENBIICPIH YATUIEP/II TaHyFa )KOHE QJIEYMETTIK Meaua JepeKTepiHe He-
Ti3/IereH HOTHKENep i Ooikayra yiperyre 0omaasl. MbIcalibl, XKIKTEy aaropuTMepi xka30anapisl
KOHUI-KYH OOWBIHIIA XKIKTEH anajbl, aj KIacTepiey dicTepl YKcac Ma3MYHIbl HEMece Maiaana-
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HYIIB TPOQUIIBAEPIH TONTACTHIpA anajbl. MalIMHANBIK OKBITY YJIKEH JEPEKTep KUBIHBIH Talaay
YKoHe Oip/ieH OalKaIMaiThIH JKaChIPBIH YJITUIEP/Il allly MYMKIHJIITIH apTThIPAIbI.

OJIeyMETTIK JKeJIUIep KYH CallblH YJIKEH KeJieMET! JAepeKTep/l HIbIFapaabl, olapabl kebiHece
YJIKeH aepekrep aen araiasl. Hadoop Hemece Spark cUsIKTHI ylIKeH JepeKTep KYphUIbIMIAPbIH Maii-
JaJiany 3epTTEyIIIepTe OChI YJIKSH KOJIeMIeT1 aKnapaTThl THIM/II OHAEYTe KOHE TaiayFa MYMKIH/IIK
Oepeni. by TexHONMOTHANIAp KYPBUTBIMIATIMAFaH JEPEKTEpi OHICYAl KOIIaiapl, OYJ1 9JIeyMETTiK
Me/ia TPEeHATEPl MEH YATUIEPiH )KaH-)KaKThl TallJayFa )KOHE BH3yaTH3allHsiiayFa MyMKIHIIK Oepesi.
Jlepektepi BU3yalu3anusiay Kypaiaapbl Kypaeii 9JeyMETTiK Meaua JepeKTepiH TYCIHIIPY YIIiH
KaxeT. [paduxrep, muarpaMmanap KOHE JKbUIy KapTajapbl CHUSKTBI KOPHEKi OeifHenepli xacay
3epTTeyIiiepre TPEHATEP 1, KOPPEISIIUSIIap/Ibl dKOHE aybITKYIap/Ibl OHAl aHBIKTayFa KOMEKTECEe/I.
Busyanu3zanus HOTIKeNnepl THIMAL JKETKI3yre kKoHE QJIEYMETTIK MeAMa JMHAMHUKACHIH KAKCBIPAK
TYCIHyT€ KOMEKTEeCe/Ii.

OJICYMETTIK JKEIUIepIeH JepeKTepli KUHAY KEe3iHJe ITHKAIBIK OWIap ©Te MaHBI3IbL. 3epT-
TEyIIJIep ACPEKTep/li KUHAY SAICTEPiHIH MaiJanaHyIIbUTapIbIH KYNHSUTBIIBIFBIH CAKTAYbIH YKOHE
KYKBIKTBIK JKOHE 3THKAJIBIK HOPMaIap/ bl CAaKTayblH KAMTaMachl3 €Tyi Kepek. [lepexrepi aHOHUMU-
3arusiay JkoHe OipiKTipy MakaiaHyIIbIHBIH JKeKe OachlH KOpFayFa JKOHE aKapaTThl Tepic Tai-
JaTaHyIbIH aJIJIBIH aTyFa keMmekrecemdi [15].

Ocpinaifia, 9JIeyMeTTIiK )KeJIIepIeH nepeKkTep i skunay yira AT KypangapsiH maiiganany 3epT-
TEyIIIepTe YJIKSH KOJIeMIETI aKImapaTieH IoIipeK )KOHe THIMIIIPEK KYMBIC iCTeyre MYMKIHIIIK Oe-
peni. ABTomMarTanasIpbUIFal Kypaiaapabl, API Uatepdeiicrepin, NLP, MaliHaIbIK OKBITYIbI, YJIKSH
JepEKTep/Ii TaNJay/abl )KOHE BU3yalU3alHs SAICTEPiH KOJNAaHYy SJICyMETTIK Mera KyObUIbICTApbIH
TEpEeHIpEK TYCIHYyTe BIKIMAJ €Tel JKoHe HU(PIIBIK KOMMYHHUKALIMS TeHICHIUSIIAPBI TYpaJibl TYCIHIKT1
aprTeIpazsic [16-17].

Kecre 1 — Ka3zak TiniHIH qaMybIHa )KOHE KOJTaHYIIBUIAPIBIH KaThICYbIHA 9CEP €Ty KOHTEKCTIH/IeT1
QJICYMETTIK XKEJJIePl CabICTRIPMAITBI TallIay

Oneymertik | XKahauneik | Kazax | XKacbr OyHKUHSCHI TakpIpbIObI Komnaitnbuibik MMaiinanany-
xKei ayIUTOpUs | ayJ-Chl LIBIHBIH OH-0pici
Facebook 3 mipn 2.6 mmH |25-34, |Ickepiik, Castcar, i, Axnapar Te3 MasmyH b
3544 | oneymeTTik IIiH, OlTiM, Tapaasl; KOHTCHTCHT, OHbIH-
JKOHE O1TiM SKOHOMHKA JKananbixrap caybIK a3
Oepy Ma3MyHbIH YaKTBUIbI JKOHE
TYTBIHYIIBUIAP; IIBIHAWBI;
IKOHOMHKAIIBIK Koramabik
Oernceni; Mocenenep
MAapKETHHTTiK TaJIKbITAHATBI
miatdopma
Instagram |2 mupn 1.5 mnu | 18-24, | Ma3myH/bl CoH, eMip OTe KOpHEeKi; Kepuexi
25-34 | xepHeki Typae CaiThl, Casixar, | KbI3BIKTHI TapTBIMABUIBIK TIEH
Geuticy; acep TaMaKTaHy, oHTiIMeInep TeHJICHINSIIApFa,
eTYIII MAPKETUHT; | PUTHEC MeH OeliHenep; | OWBIH-CayBIKKa
TPEH/IKE Tpenarep Te3 GarbITTaNIFaH
HeTi3JeJrexH Tapasabl
Twitter 450 mH 800,000 | 18-34 |HakTtel Casicar, HakTtel Hakrb! yakpITTarst
YaKBITTaFbI KanamsIkrap, YaKBITTaFbI aKIapaTka Hazap
JKaHapTynap; TexHomorusnap, |xKaHapTynap; aynapy; Koramapix
Kanansixrap ATaKThI TpeHarepre TIUCKYpC
JKQHE KOFaMJIBIK | agaMuaap apHaJFaH
JIICKYPC; XOIITErTep;
aKIapaTThl KbICKaIa
JKBULIAM Tapary xKazbamap
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1-KecTeHIH Kaaracsl

TikTok 1 mup 1.2 muH | 16-24 | Kpicka Geline OiibIH-cayBbIK, Keicka, Keicka hopmanarst
Ma3MyHBI; dcep OH, OW, KOMEIMS | TAPTHIMIBI TPEHATEP MEH
eTymizepre OeitHenep; OMBIH-CAYBIK
OaFbITTANIFAaH TpEHAKe azinnepi
TEH/ICHIIUIAP; HETI3/eNreH

Ma3MYH; KOFapbl
HHTEPaKTUBTI

LinkedIn 900 maH 500,000 |25-54 |Kocibu xemi; Mamncarm, cana Kociou masmyn; | Kocibu ecyre
OM3HEC Ma3MYHbI; | KaHAIBIKTaphl, | KETLTIK Ha3ap ayziapy;
KYMBIC 13118y OUTIKTLIKTI MYMKIHJIKTep; Ou3HeCKe

apTTHIpy JKYMBIC Typajlbl | OarbITTalFaH
xabapian-
JIbIpyJIap

WhatsApp |2 mipa 1 MH 18-54 | XKenen xabap Kexe udpnanran Kexe xappiM-
anMmacy; xeke SHTiMertep, xabapiamainap; | KaTblHacKa Hazap
JKQHE TOIITBIK TONTBIK YaTTap | MOTIHIEP, ayzap; Tikenen
GaitaHbIc; (doTocyperTepai, |koHE Keke xabap
(aitnmapmner oprak OelfHenep/i OHail | ammacy
naianany 0euticy; TONTHIK

qarrap

Byt kecrene onapbiH xkahaHIBIK )KOHE Ka3aKCTAHIBIK ayJUTOPUSICHIHA, KAC EPEKIIeNiKTepiHe,
Herisri QyHKIUsUIapblHa, KSH TapajiFaH TaKbIPBIITApbIHA, TaliJalaHyIIbUIAP/IbIH bIHFAMIBUIBIFBIHA
JKOHE oilylayblHA Ha3ap ayJapa OTIPHII, Oec HET13r1 dJISyMETTIK JKelliHi canbICThIpy Oepinren. Tangay
nairanaHymsUIapabplH e3apa OpeKeTTeCyi, Ma3MYH TEHIrepiMepi KoHe KapbIM-KaThIHAC MOHEpIIEpi
apKBLIBI OPTYpI M1aTdopMamappiH Ka3ak TUTiHE Kalaid ocep eTeTiHIH TYCiHyre OarbITTaJIFaH.

OJIeyMETTIK JKEeJNUIEPJCH IePEKTep/l dKUHay Mpoleci

Byt 3eprTeyie IMHTBUCTHKAIBIK 3aHABUIBIKTAP/IbI KOHE OJNIAP/IbIH Ka3aK TUTIHE dCepiH Taijuay
yuin Instagram sxone Facebook onmeymertik Meamna miuardopmanapblHAH MOTIMETTEp KUHAIIBI.
JlepexTepi >KHHAY IPOIEC] XKaH-)KAKThl KOHE CEHIMII HOTIKeNepAl KaMTaMachl3 eTy YIIIH Ky-
PBUIBIM/IAJIFaH.

1. Jepexrepai >kxuHayablH MiHIeTTepi. Herisri makcar JMHIBUCTUKAIBIK TEHACHIHMSIAPIbI,
COHBIH 1LI1H/IE MIETENIIK CO3/1€P/l, IMOLIMOHAIbI OPHEKTEP/Il )KOHE CasiCH TEPMUHAEPAL KOJIJaHY/IbI
aHbIKTay yuIriH Instagram sxone Facebook-tan maiimamanyuibl jkacaraH Ma3MYHJIbl JKUHAY KOHE
Tasnaay OOJIbI.

2. OIeyMeTTIK xemiepnai Tanmay. Instagram skone Facebook keHiHEH KOJTaHBUTYyBIHA JKOHE
U PIBIK KOMMYHHUKAIFSIIA TUIAI KOJIJJaHyFa alTapiIbIKTaidl ocep eTyiHe OaiylaHBICTBI TaHJIaJIIbI.
Instagram Bu3yaspl )koHE MOTIHIIIK AepEKTEpIi YChIHABI, all Facebook opTypiii skoHEe KeH MOTIHIIIK
Ma3MYH/Ibl YCBIHA/IBL.

3. Jlepekrepi xxuHAY 9]1icTEpi.

¢ ABTOMAaTTaHABIPY Kypajgapbl: JACpEeKTep oJIEYyMETTIK Menua riardopManiapbl YChIHATHIH
Python BeautifulSoup, Scrapy xone Api unrepdeiictepi CHAKTH aBTOMATTaHIBIPBUIFaH Kypasap
MEH KiTalmxaHajap apKbUIbl KHHAIIBL. byl Kypammap ka30amapisl, MKipaepai KoHe maimana-
HYIIBUIAP/IBIH ©3apa dPEKETTECYiH HIBIFapY/Ibl )KEHITACTTI.

¢ Ma3smyH/pl TaHJAy KpUTepuiiepi: Ma3MyH Oeiriii Olp KpUTEpHiisiep HETi31HJe TaHAAJIb,
COHBIH 1IIIHJE 3€pPTTEY TAaKbIPHINTAPbIHBIH ©3EKTLTIr (MBICAJIbI, CasCH, SMOIMOHAJIBIK KOHE IIe-
TeNIIK Ce3/ep), KaThiCy KepceTkimrepi (yHaTynap, mikipiep, Oejicynep) KoHE KapusIaHFaH
KYHJIEPI.

+ JlepekTepai cakray *oHe OacKapy: KUHAIFAH JIEPEKTep Kayilci3 IepeKKopaa CaKTaIbl, Oy
JYPBIC YIUBIMIACTBIPY/BI XKOHE KSHIHT1 Taimay YIIiH KOJDKSTIMIIIIKTI KaMTaMack3 erTi. [Iporecc
OapbICbIH/IA JEPEKTEP/IIH TYTACThIFbl MEH KYNUSJIBLIBIFBI cCaKTasabl [18—19].
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@ AutomationTools

o Python's BeautifulSoup
o Scrapy
o APls

Collect Data

© ContentSelectionCriteria

o Relevance to study themes Refine Data
o Publication dates

m Engagement metrics (likes, comments, shares)

Filter Data

@ DataStorageAndManagement

o Secure database

o0 Data organization

o Accessibility for analysis

o Maintaining data integrity and confidentiality

Cypet 1 — Jlepexrep arblHBI KOHE OHJIEY TUarpaMMachl

byn nuarpamma nepektepil eHjaey KYHECiHIH Heri3ri KOMIIOHEHTTEPIH JKoHE ONapiblH e3apa
OpeKeTTecyiH OeiHenmeimi.

HepexTepai oeHaey

¢ Jlepekrepai Tazamay: OacTamkbl JEpeKTEpAl Ta3anay IepeKTep >KUBIHBIHBIH 0N KOHE
penpe3eHTaTuBTI OOMYbIH KaMTaMachl3 €T€ OTBIPBIN, MaHBI3Abl €MEC HeMece KaiTaJaHaThiH
ykaz0aap ibl KO0 YIIIiH OPBIHIAIJIbL.

* XKikrey jxoHe aHHOTALWSL: J{epeKTep KarbIMChI3 CO3/IEp, SMOIIMOHAIIBI-OKCIIPECCUBTI CO3/IED,
Casicl TepMUHJEP >KOHE MIeT TUTIHAETI CO3/Iep CHSIKTHI CaHATTapFa JKIKTenmi. AHHOTAIus opoip
»ka3z0ara KOHTEKCT ITeH ©3eKTUTIK KOCY YIIiH >kacaiabl [20-21].

© AutomationTools

o Python’s BeautifulSoup
o Scrapy
o APls

Collect Data

© ContentSelectionCriteria

o Relevance to study themes
o Publication dates

m Engagement metrics (likes, comments, shares)

Filter Data

© DataStorageAndManagement

o0 Secure database

o Data organization

o Accessibility for analysis

o Maintaining data integrity and confidentiality

Process Data [Update Data

© DataProcessing

o Data Cleaning: Remove irrelevant or duplicate entries.
o Classification and Annotation: Classify data and add context.

Cypert 2 — JlepexTepai oHIeY jkoHe OacKapy arblHBI
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byn nmarpamma 2-cypeTTe nepekTeplli OHIeY jKoHe 0ackapy >KyHeciHeri Heri3ri KOMIIOHEHT-
TEp apachIH/IaFbl MOJIMETTEp aFbIHBI KOpceTiireH. OFaH aBTOMATTaHABIPY Kypaiaapbl, Ma3MYH]IbI
TaHJay KpUTEpUIJIepi, NEPEKTepAl caKTay KoHE OacKapy, JACpeKTepi OHICY Ke3eHAepi Kipei.
Juarpamma xyiiezie NepeKTepaAiH Kajlal >KUHAJAThIHBIH, CY3UJIETIHIH, OHJETCTIHIH kKoHE KaHap-
TBIJTATBIHBIH KOPCETE]].

Ocpl nporierypaiapAbl OpbIHAAN OTHIPHII, 3€PTTEY HUPPIBIK JOYIpAeri Tl JTMHAMHKACHIH Tepe-
HIPEeK TYCIHYTe BIKMaJ €Te OTBIPHII, JJEYMETTIK JKeIIeperi JTUHTBUCTUKAIBIK TEHICHIUIapFa
CeHiM/I Tanjay *acayra OareITTanran [21-22].

% g

AN AN ./

Researcher DataAnalyst SocialNetworkAPI

| Defines objectives and scope _: i

| | Accesses Instagram/Facebook APIs ‘:

| | _ Retumns data i

1 | Stores data in database |

| ' Analyzes data for trends and patterns ‘

:1 Reports on data findings i i

| Ensures compliance with ethical standards | |
Researcher DataAnalyst SocialNetworkAPI

h 4 l/_\|

T T

Cyper 3 — OneyMeTTiK kel JepeKTepiH Tajjay mporeci

Byn perrinik nuarpammacsl 3-CypeTTe 3epTTeyre KaThICylIblIap MEH QJIEYMETTIK JKeNepacH
JEpeKTep Il KUHAY KOHE TajIay KYHECIHIH 03apa OpeKeTTeCy Mpoleci KOPCEeTUITeH.

[porecc KagaMaapbIHbIH CHITATTAMACHI:

1. Makcarrapbl MEH KOJIeMiH aHBIKTAy: 3epTTEyIIl AepeKTepi Tajaay[blH MaKcarTapbl MEeH
KOJIEMIH Oenriaeimi.

2. Jlepexrepai mibIFapy: JAEpPEKTEp TaNgaylIbIChl Api apKbUIbl QJEYMETTIK JKENUIepacH
(Instagram/Facebook) nepexrepre Ko xKeTKi3esi.

3. Jepexrepmi kaObutnay: API cypanFan gepekTep/i IepeKTep TaiaybIChiHa KalTapabl.

4. JlepexTepai cakray: AepEKTEp TaJJAyIIbIChl JKUHAIFAH JEPEKTEepAl MalIiMeTTep Oa3achiHAa
CaKTainapl.

5. Jlepektepai Tanjay: JACpEKTEepAi Taljaylibl TPEHATEP MEH 3aHJbUIBIKTAp/bl aHBIKTAN
OTBIPBII, JEPEKTEP/Il TaI A IbI.

6. Ecemn HoTmkenepi: AepeKTep TalIaylIbIChl Tallay HOTHXKENIEPIH 3epTTeyIIire Xxabapianisl.

7. DTUKaNbIK COHKECTIKTI KaMTaMachl3 €Ty: 3epTTeyIli JEPEeKTep MEH TajlayJblH STHKAJBIK
HOpMaJIapFa COMKECTIrH KaMTaMachl3 €Te/l.

byn nuarpamma gepexrepi Tanaay mpoIeciHiH HEeTi3T KaThICYIIbIIaphl apachbIiHIaFbl Kagamaap
MEH ©3apa 9peKeTTEeCyJEp/IiH PETTUIIrH BU3yalu3alusiayra KOMEKTeCe 1.

Onicreme

Byn 3eprreyne MOTIHAIK AepeKTepAl Tayaay >KOHE KIKTEY YIIIH MOTIHAIK Tauay MEH MallliHa-
JIBIK OKBITY OJIICTEpiH OIpiKTipeTiH eki (azaibl dicTeMe KOJNIaHBULIBI. Byil mporece aaeyMeTTik
Meaua rargopMaiapblHaH JIEPEKTEPi amybl, MOTIH/I alJIbIH ajda OHJCY/l JKOHE MAalllMHAJIBIK
OKBITYIbI KAMTH/IBI.

1. OneyMeTTiK MeIuaHbl Taunay:

+ Jlepektep instagram xoHe Facebook-TaH jkeke Tanmay 9MIiCTEpiH KOJITaHA OTBIPHIT aJIbIH/IbI.
Byn ocel mnardopManap/eiy jka3zdaiapbliHaH, TYCIHIKTEMENIepiHeH XoHe Oacka ja THicTi Oeim-
JIEpIHEH MOTIHIIK Ma3MyHFa OarmapiamMaliblK TypJe KOJ JKETKi3ymi JKOHE alydbl KaMTBIIbI.
Tangay nporneci 4-cyperTeri aJeyMeTTIK JKeJiep/ie Ke3AeCeTiH HAKThl JAepeKTep MilliMIaepi MeH
KYPBUIBIMAAPBIH OHJICYTE apHAJIFaH.
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2. JlepekTepai KypbUIBIMIAY:

ANbIHFaH ONEYMETTIK MeAMa JepeKTepi Tanjgayra kapamasl (opmarra KypbUIbIMIAFaH.
Instagram >xone Facebook ymrin nepexrep MOTiHAIK OJIOKTap MEH MeTaaepeKTepre 0oiHim, MOTIHIIK
Ma3MYHJIBI KeJIeci Kaaamaapaa THIMII OHJIeyTe KoHe TaliaayFa MYMKIHIIIK Oep/ii.

byn opeker muarpammachl 9JI€yMETTIK MEAMAHBI Taj/ay MPOIECiHEe KAThICATBIH KYMBIC TPO-
necin kepcereni. On oneyMeTTik Meaua TuiatdopMmanapblHaH IEpeKTepAl aidynaH Oactanm eHuen-
TeH aKMaparThl cakTayFa JACHIHT1 opeKeTTepiH peTTulirin cunarraiiasl. uarpammana API KoHbI-
paynapbIH IIany koHe BeO-ckpenuHr cusakThl miardopmara (Instagram nemece Facebook) neris-
JICJITeH OPTYPJIl 9peKeTTepl eHAey YIIiH Ieuim KaObuigay HykTeci 6ap. ComaH KediH O IIMKi
JepeKTep/Ii aiy, Tauay, KyYpbUIbIMIAy >KOHE COHBIH/A OHJIENTEH JepeKTep/Ii CaKTay KaJamJIapbiH
KepceTesi.

Social Media Parsing - Class Diagram

@ SocialMediaParser

e retrieveData(platform: String): Data
o parseData(rawData: String): StructuredData

retrieves kses

© Data @ StructuredData
o rawText: String o textBlocks: List<String=
o metadata: Metadata o metadata: Metadata

includes

@ Metadata

o timestamp: Date
o userinfo: User

associated with

P S
@ User

o userld: String

o userName: String

Cypet 4 —OneyMeTTiK MeTuaHbl Tauaay

Methodology Sequence Diagram

N

User | Social Media Platform | | Data Extraction | | Text Preprocessing | ‘ Machine Leaming Model

i Request Data
—_——=

Provide Raw Data

Extract Data

Pass Text Data

Preprocess Text

Prepare Data for ML

Train Model

| Evaluate Model

Provide Model Performance

User [ Social Media Platforml | Data Extraction | [Text Preprocessing | [ Machine Leaming Model |

;/ \\

CypeT 5 — OneyMeTTiK MeIMaHbl TajlayFa apHaJFaH )KYMBIC POLIECIHIH OeICeHIUTIK quarpaMMach
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Mortinze Tannay

1. MoTiHai ajabIH aja eHey:

MOTiHIIK AepeKTep MOHEKTUTIKTI KaMTaMachl3 €Ty KoHE OJiapibl TajjiayFa JalbIHAdy YIIiH
aNnblH ana eHaendi. byn perucrpre ce3iMTamAbIKTBI CaKTay YIIiH OapiblK MOTIHAI Killli dpimke
TYPJICHAIPY/Il OHE S5-CypeTTeri TypakThl TIpKECTEepi KOJJaHa OTBHIPBIN, MOTIHJII JKEKe ce3lepre
TaHOaNIayIbl KAMTHIIBL. ByJT opekeT auarpaMMachl QJIEyMETTIK KeJliHi Talay MpoleciHe KaTbICaThIH
YKYMBIC TTpoIieciH kepceredi. O aeyMeTTiK Meana tuiatdopMaiapbiHaH IEPEKTepl amynan oacran
OHJICNITEH aKIapaTThl CaKTayFa ACUIHTI OpeKeTTepAiH PeTTUIriH cunarraiinel. {uarpammana API
KOHbIpayJIapblH Ay >KOHE BeO-cKpenuHr cusakThl miardopmara (Instagram nemece Facebook)
HETI3/IeNITeH dpTYPJIi OpeKeTTepl OH/ICY YIIiH IIelniM Kabbuaay Hykreci 6ap. Coman KeiH o1 MuKi
JEpeKTepi amy, Talnaay, KYpbUIbIMIay >KOHE COHBIHIA OHJENTEH JACPEKTEpi CaKkTay KaJaaMIapbiH
Kepcereni [25].

2. [TalbI3MBIK COMKECTIK:

OHJleNTeH MOTiH MEH aHBIKTaMaJIbIK TEPMHHJCDP apachblHIAFrbl COWKEC CO3AEpIiH MNaibI3bl
ecenTeni. AHBIKTaMaJIbIK TEPMHUHJIEP KE€KE KYKaTTarbl KECTeNIepIeH ajbIHIbl JKOHE COMKECTIK
naiib3bl popMyra OOUBIHIIA €CenTeN/Ii:

Total Matches

Percentage = (—
Total Words

)xlOO

By kepcetkinn aieyMeTTiK Mellda MOTIHIHIH aHBIKTaMaJblK KeCTeJep/e KOPCETIIreH HaKThl
TEPMUHOJIOTUSUIAPFA HEMECE TY)KbIphIMIaMaiapFa KaHIIAIBIKTh COUKEC KeJIETiHIH KOPCETTI.

MarmmHaIbIK OKBITY/IBIH KIKTETy1

1. lepekrepi maiibHaay:

ANIBIH anma eHACNTeH MOTIHIIK JepeKTep MEH aHBIKTaMalblK cesfep «scikit-learny
KiTarmxaHaceiHIarel «CountVectorizer» KeMeriMeH MYMKIHJIK BEKTOpJIapblHa TypiaeHmipiuimi. by
TYPJICHIIPY MOTIHAIK JCpEKTepi CaHABIK (opMarTKa TYPJICHIIPY apKbUIbl MAITUHAIBIK OKBITY
AITOPUTMJIEPIH KOJAaHYyAbI )KEHIIIETTI.

2. Monenb ik OKBITY:

Mortingik nepekrepai xkikrey yuriH Anran baitec kimaccugukarops! ("MultinomialNB®) kon-
JTaHbUIABL. By Mozmenbai TaHay OHBIH KaTETOPUSUIIBIK JEPEKTEP/li OHJIEYTe KapaM IbIIbIFbIHA JKOHE
OHBI XKY3€eTe achIpy/IaFbl THIMJILTITIHE HETi3eNTeH. JlepeKTep )KUBIHTBIFBI MOJIEINIBTIH KEKE JepeKTep
Heri3inge OaralaHyblH KaMTaMachi3 eTy yiniH 80-HeH 20-Fa JeHiHTi apakaThblHACTA OKBITY MEH
TeCTUICYAIH 11IKi KUBbIHIAPbIHA OOJTIH/I.

3. Monennai Oaranay:

XKikreyimTiH OHIMIIIIT ASIIKNEH OJIICH[l, Oy AYPHIC KIKTEIreH AaHalapiblH YIIeCiH
kepcereni. Momens 1,00 mommik KepceTkimmiHe KON JKETKI3Mi, Oy ChIHAK IepekTepi OoibIHIIA
TaMaria )iKTey OHIMIUTITIH KOpCeTeIi.

ojicTeMe QNIEYyMETTIK KeJIIepaeri MOTIHAepAl TajjiayFa KeHIeHl Ke3KapacThl KaMTamachl3
€Ty YILUIH JepeKTep.i ajdyablH O3bIK JICTEpIH MOTIHAIK TaJJayMeH >KOHE MAaIlWHAJBIK OKBITYMEH
oipikripai. epexrep Instagram xone Facebook-tan Tanmanmsl, Tannay yiIiH eHIEII )KoHe AHFaI
Oaifec kmaccu(UKATOPBIH YHPETy VIIH MaiJanaHbuiasl. by Tocin oneyMeTTik Meaua Ma3MyHbBIH
JIOJT XKIKTEYTe KOHE THIMJII TalayFa MYMKIHIIK Oepii. OIeyMeTTiK KeIIepAeH JepeKTepi amyaaH
Oacrar, Tannay kKoHe KyphUIBIMAAY apKbUIbl COHFBI AEPEKTEp/li CaKTayFa JeHiHT1 )KYMBIC TPOLIECiH
oeiineneiini. [lnatdopmara ToH SpeKeTTEp YIIH MICIIiM KaOblIIay HYKTEJIEPiH KaMTHIbI [26].

HOTI/I)KC.J'lep MEH TAJIKbLIAY

Korammarsl 6apIiblk e3repicTep TUIIIH JaMybIHa HEMece Texennyine ocep eremi. Kasipri yakbitra
T OUTIMIHE jKaHa Ke3KapacleH TUIAl aHTPOMOCTEeNH(DHUKAIBIK JKOHE SKOJOTHSUIBIK TYPFBIIAH
3epTTey JKYprizimynme. SIFHM, agaMHBIH TilAre Kajail ocep eTeTiHIH, TUIAIH aJaMHBIH OMJayblHa,
ceiiyieyiHe, MOJICHUETIHE KaH/all acep eTeTIHIH aHbIKTay. OJEyMETTIK Kell TUTIH MparMaTuKalblK,
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KOMMYHI/IKaTI/IBTi, JIMHI'BOCTUWIIMCTUKAJIBIK TYPTrblIdH KapacCTbIpy TiJ'II[i OKOJIOTHUAJIBIK TYPFblAaH
3CPTTCYIC XKaTa/bl.

Analyzing text using data from tables...
Match percentage for 'Situation': 0.01%
Match percentage for 'Agression': 0.00%
Match percentage for 'Trolling': 0.01%
Match percentage for 'EEW': 0.97%

Match percentage for 'PW': 0.13%

Match percentage for 'RW': 0.24%

Match percentage for 'EnW': 0.57%

Match percentage for 'ErW': 0.34%

Match percentage for 'Abb': 0.17%
Preparing data for machine learning...
Splitting data into training and testing sets...
Training Naive Bayes classifier...
Evaluating model accuracy...

Model accuracy: 1.00

Process completed.

TonbIk Tanmay HOTHXKENEPI:

1. Curyanus: 0.01%

"Curyanus" caHaThIHA COMKEC KeJIeTIH MOTIHHIH MTaibI3bl 6T€ TOMEH, OYJI MOTIH/IE CUTYAIUSITBIK
KOHTEKCTKE KaTBICTBI CLIITEMeNIep HEMECe IEMEHTTED a3 OOIaThIHIBIFBIH KOPCETEII.

2. Arpeccus: 0.00%

ATrpeccuBTi TUIIIH HEMece Ma3MYHHBIH aHBIKTAJIAThIH KaFAaiapbl TaObUTFaH KOK. byt MoTiHze
eIIKaH/1ail arpecCUBTI OPHEKTEP MEH TOHIAPbIH >KOKTHIFbIH KOPCETE/II.

3. Tponmunr: 0,01%

TposnHrke KaTblCThl Ma3MYHHBIH OOJTYbI IaMalibl, OYJ1 TPOJTMHITIH MiHE3-KYJIKbI HEMece Tl
MOTIHJIC iC JKY31H/IE )KOK CKCHIH KOpPCETe/Ii.

4. EEW (Omutuxkongapzas! naitnanany): 0,97%

CMmaiinukTepai maiianaHy Ke3iHAE COMKECTIKTIH CaJbICTBIPMANbl TYpAE >KOFaphl MaibI3bI
6aiikanansl — 0,97%. by cMmainkTepain MOTIHIE Ke31eHCOK HeMece OelipecMu peHKTI OiiipeTin
KU1 KOJIJAaHBUTATBIHBIH KOPCeTe .

5. PW (Cascu ce3znep): 0.13%

Casicu ce3nep MoTiHHIH a3 Oenirinae kesneceni. 0,13% nenreitinge Oy casicu ciiremMenepiin
HeMece TepMHUHOJIOTUSHBIH 0ap eKeHiH, 0ipaK 6achbIM eMec eKeHIH KepceTel.

6. RW (Opsicma cesnep): 0,24%

Moringe 0,24% colikec KeneTiH OpbIC CO3/EPiHIH KapamnaibiM caHbl 0ap. by MoTiHae opbic
TiJIIHE HEMece KOHTEKCTKE KaThICThI KeHOip 37IeMEHTTEP Oap eKeHiH KOpCeTe/Ii.

7. EnW (Arpummbia cesnepi): 0,57%

AFBUIIIBIH cO37Iepi MOTIHHIH endyip Oemirin Kypaiinel, 0,57% colikec keneni. bys arputsia
TITIHIH MOTIHJIET]I KOPHEKTI TiJ1 €KeHIH KepceTei, Oipak o1 KOJIaHbIIAThIH JKaJIFbI3 TiT eMec.

8. ErW (Karenep/Kare ce3nep): 0.34%

Morinnig 0,34% KypalTbIH KaTeNiKTEep/IiH HeMece KaTe Ce3/AepiH aWTapibIKTail 6oimysl Oaii-
Kanaapl. by emiie Hemece rpaMMaTikaaa Keinoip Mocenenep 6ap eKeHiH KopceTe].

9. A066 (Ksickaptynap): 0.17%

Keickaprynap moTiHHIH Kimkene 6edmirinae 0,17% colikectiknen naiina 6omansl. byn ab6pe-
BUATypaJlap/blH KOJIaHbUIATBIHBIH, O1paK MOTIHHIH HETI3I'1 epeKILeIiri eMec eKeHIH KepceTes.

Keickamia Mma3MyHBI:

Tangay keneci Her13ri oiaap/bl aHBIKTANTBI:

¢ DOmotukonnapasl naiganany (EEW) — 6yn en xen tapanran ¢ynkuus, on 0,97% coiikec
keneni. by smouusiapasl HeMece epHEeKTepAl KETKI3y YILIiH CMalIMKTepAl KOJIJaHAThIH Ke31eHCOK
Hemece OelpecMu CTUIIB/II YChIHA/IBI.

¢ Arputibie co3znepi (EnW) 0,57% nenreitinae aiTapibIKTaid KaTbiCaIbl, OVJ1 aFbUIIIBIH TUTIHIH
MOTIHJIET1 HETI3Ti TUT eKeHIH KOpCEeTeI.
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¢ Opeic Timameri ce3nep (RW) xone karenep/kare cesnep (ErW) KaibInThl KaTbICyIbl KOp-
cereni, OV KONTUIII Ma3MyH/IbI HEMECE MOTIH CarachlH KAKCApTYIbl KOKET €TeTiH aliMaKTapIbl
KOpCeTyl MYMKiH.

+ Cascu cesnep (PW), ab6peBuarypamnap (Abb), curyanus »oHe arpeccust a3pipak OalKanaibl,
OyJ1 OCBHI acmeKTiiepre meKTeyIi Ha3ap aynapyas! Oinmipeni. byn erkei-rerkeini 6emxiM MoTiHIET1
JIMHI'BUCTUKAJIBIK JKOHE TaKbIPBIITHIK 3JIEMEHTTEp Typajibl TYCiHIK Oepeni, opi Kapail Tanaay YIIiH
KbI3BIFYIIBUIBIK TYIBIPATHIH )KOHE BIKTUMAI (POKYCTHI KOPCETE/T.

KopbIThIHIBI

3epTTey MakKalachlHIA OPBIC TUTI 3JIEMEHTTEPIHIH OJIEYMETTIK JKeNiJepAeri Kazak TIUTiHIH
JaMybIHa dcepi KapacThIPbUIFaH. OJICYMETTIK JKEJIUIEPCT] MKipAep Il TaIai OTHIPHII, Ka3ak TITiHIH
Ka3ipri >KarJaibl aHBIKTAJbIN, UHTEPHET OallIaHbIChl Ka3lpri Ke3Je KblcKapTynap, Oypmanaynap,
TBIHBIC OENTUIEPiHIH KaTelepi, CMalINKTep, *KaproHaap KoHEe HIET TUIACPIHIH apaiacybl CHUSKTbI
JIMHI'BOKPEATUBTUIIKTIH 9PTYPJli SJIEMEHTTEPIH KAMTUTBIHBIH KOPCETEI.

bi3nin 3epTTeyimi3 opbic co3aepiHiH (BapBapU3MIEPIiH) dJIEYMETTIK JKeIIepaeri Ka3ak TITiHIH
ABOJTIONIMSCHIHA dcepiHe OarbITTasnFad. HoTwkesnep opeic ce3epiH Kui KONIaHy Ka3ak rpaMMarh-
Kachl MCH CO3JIIK KOpbIHA TEpIC dcep €Til, JIMHIBUCTHKAIBIK CTaHIApTTapIblH dJCIpeyiHe oKelyi
MYMKIiH €KeHIH Kepcereai. BapBapuamaepain ocbuiail KOChUTYBI Ka3ak TITIHIH CO3/IK KOPBIHBIH Ke-
JeilyienyiHe *oHe OHBbIH KaiTanaHOac epeKUIeNiKTEepiHIH 3po3usicbiHa dKenyl MyMKiH. COHbIMEH
KaTap, OpbIC CO3JEpPiHIH Tapaylybl Ka3aKThIH MOJEHH XOHE MOCTYPJl KOHTEKCTTEpiH TYCIHY MEH
Oaranaybl TOMEHIETY1 MYMKIH.

Ocwl Mocenenepii menry YiriH OipHerie cTparerus YChIHBIIaAbl. OIEYMETTIK KeliIepae Kazak
TUTIH IYpBIC KOJJaHyFa, ophorpadusuiblK kKoHE rpaMMaTHKAIIBIK epexkeriepl cakrayra 06aca Hazap
aynapy kepek. T OUTIMIH KETUIAIPYTe JKOHE IIETEeNIIK bIKIaIFa Kapchl TYpy YLIIH Ka3zak TLTIHIH
CO3/IIK KOPbIH OaifbITyFa Kyl caiy kepek. bijim 6epy O6actamanapsl Ka3zak TUIIH IypbIC KOJIAaHyFa
JKOHE BapBapJIBIKTAP/BIH dcepiHe OarbITTanysl Kepek. Kazak TimiHIH MOpTeOeciH KOTepeTiH TIIIIK
casicaT IeH MoJIeHH OaFjapiamainapibl KOJIAay OHBIH LUQPIBIK cajaia Ta3ajblFbl MEH TaOuFu
JTAMYBIH KAMTaMachl3 €Tyre KOMEKTECe/Il.

BapBapu3muepiiH ocepiH KO0 YIIH Ka3ak TUTIHIH QJICYMETTIK JKeIUIepae MaMybIH JKaJFac-
TBIPA OTBIPHIT, OHBIH TYTACTBIFBl MEH alKBIHABUIBIFBIH CAKTAY YIIIH ©T€ MaHbI3/IbI.
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ANALYZING RUSSIAN BORROWINGS IN KAZAKH
SOCIAL MEDIA USING MACHINE LEARNING

Abstract
This study explores the influence of Russian words on the development of the Kazakh language in social
networks. The rapid advancement of information technology significantly impacts the language used in online
communications. While the chaotic nature of online interactions can complicate language use and create confusion,
it also accelerates the spread of information in Kazakh. This research examines how foreign words affect modern
Kazakh internet discourse, including direct borrowings that enter the language without modification, mixed
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phrases that retain the lexical and semantic properties of foreign words, the emergence of new abbreviations, and
the influence of barbarisms. The study utilizes machine learning methods to analyse social media content from
Instagram and Facebook. This approach enabled the processing of over 100,000 posts, revealing key linguistic shifts
associated with the integration of Russian borrowings into Kazakh. The use of machine learning algorithms, such as
the Naive Bayes classifier, automated the data analysis process and uncovered hidden patterns, providing a deeper
understanding of how these borrowings affect the Kazakh language in the digital environment.

Key words: communication, pragmatics, linguistics, barbarism, Internet, comments, machine learning.
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MEPBBIX, XAOTUIHOCTh B CETH TOPMO3UT Cepy MPUMEHEHHUS SI3bIKA M MPHUBOJUT K €r0 MCKKEHUIO, @ BO-BTOPbIX,
JIMHAMHKA PA3BUTHsI BBICOKAs, MOYKHO CKa3aTh, YTO HHPOPMAIIUS HA Ka3aXCKOM SI3bIKE PACIPOCTPAHSIETCS] OBICTPO.
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JAHHBIX U BBISIBUIIO CKpLITI)Ie SaKOHOMepHOCTI/I, YTO IIO3BOJINIIO rny6>1<e IIOHATH BJIIMSIHUC DTUX 3aI/IMCTBOBaHHﬁ Ha
Ka3axCKUi s3bIK B MUGPOBOU cpene. B paMkax m1o0abHBIX TUIATPOPM, OTIHYAFOIIUXCS IPOTPECCUBHON TCHICH-
nuei pa3BuTHS HHPOPMAITMOHHBIX TEXHOJOTHIA, aHATM3UPYETCS TEKCTOBOE copepikanue B Facebook u Instagram.

KaioueBrnle ciioBa: KOMMYHUKAIWA, ITparMaTuka, JUHIBOCTUINCTUKA, BApBAPCTBO, I/IHTepHeT, KOMMCHTapuu,
qar.
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PENALTY FUNCTION METHOD FOR MODELING
OF CYLINDER FLOW WITH SUBSONIC COMPRESSIBLE FLOW

Abstract

Numerical modelling of compressible flows around moving solids is important for engineering applications
such as aerodynamic flutter, rocket engines and landing gear. The penalty function method is particularly effective
when using orthogonal structural meshes within a finite difference scheme and is widely used to solve both laminar
and turbulent flow problems. The method is based on the direct application of the Navier-Stokes equations with
added sources, which allows the boundary conditions to be set indirectly. This method facilitates the imposition of
Dirichlet boundary conditions but complicates the application of Neumann conditions. Nevertheless, the method
works well with both types of boundary conditions, making it suitable for thermal and compressible flows where
Neumann conditions are often used. Despite its flexibility, the method requires a high degree of data management
and additional coding. This paper presents results of a recently developed higher-order method for compressible
subsonic flows, demonstrating accurate modeling of moving objects without numerical noise. The method has been
tested on stationary and moving objects over a wide range of Reynolds and Mach numbers.

Key words: numerical modelling, cylinder, subsonic flow, penalty function method, Navier-Stokes equations
system.
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Introduction

In recent decades, quantitative methods have been an integral part of research in aerodynamics
and fluid dynamics. One of the most important tasks is the accurate simulation of flow around various
bodies, which allows predicting aerodynamic performance and optimizing designs [1-2]. One of the
classical problems in this field is the modeling of flow around a cylindrical type body with supersonic
flow. This process is complex and involves many physically important phenomena such as flow
separation, vortex formation, and interaction of vortices with the body surface [3].

The penalty function method based on characteristics offers an effective method for solving
problems with complex boundary conditions [4—7]. The main advantage of this method is its ability
to take into account the influence of boundary conditions on the flow distribution, which plays a
particularly important role in modeling the rotation of complex-shaped bodies. The penalty function
method has been successfully applied in various areas of fluid and gas mechanics, but its use for
modeling supersonic flow around a cylinder requires additional research and adaptation [8-9].

To solve the modeling problem with subsonic flows around a cylindrical-type body using the
method of penalty functions based on observations, it is necessary to first determine the geometric
parameters of the object and the flow properties. Then an appropriate numerical method must be
selected and boundary conditions must be set [10—11]. Then, the Navier-Stokes equations describing
the motion of liquid or gas in the flow are solved. In these equations, parameters such as viscosity
and density of the medium have a significant influence on the characteristics of the simplified body,
including the effect of force and pressure distribution [12—15]. Variation of these parameters can lead
to different flow regimes, such as laminar or turbulent, which significantly affect the aerodynamic
properties of the object [16—18].

Abalakin's paper presents a method of numerical modeling of external flow of solids with viscous
compressible fluid, which does not require calculation of their boundaries on a computational grid.
The mathematical model is solved by the method of immersed boundaries. It satisfies the necessary
boundary conditions at the interface of two media (solid and air) and does not require the construction
of the corresponding body grids for numerical calculations. In this work, several variants of the
method are performed, corresponding to different boundary conditions for the temperature at the
resistive surface in the flow: isothermal and adiabatic. In the first case, the Brinkman penalty method
was applied; in the second case, the volume penalty method based on the characteristics [19-20] was
applied.

The Smokoski paper used a penalty function method based on the description of body traversal
by compressible viscous flows. The paper used AMR (adaptive mesh refinement) meshes [21].

The following paper by Abalakin provides a characterization-based volume determination
method for numerical simulation of flow that compresses above solid resistances in unstructured
grids. The aerodynamic flow modeling is based on lattices mounted under the body with rigid
and fluid interfaces defined by the lattice nodes, where the boundary conditions are explicitly
specified [22].

The purpose of this work is to model subsonic flows around a cylindrical body using the
observation-based penalty function method. The advantages of this method include the simplicity
of its implementation and the possibility of using it in different types of problems. In addition, this
method can be effective in eliminating instabilities or peculiarities in the numerical solution that may
arise during modeling.

For numerical solution of modeling of supersonic flow of compressible ideal gas around a
cylindrical body (see Fig. 1), the application of the method of penalty functions based on observations is
considered. This method allows us to efficiently solve computational fluid dynamics problems taking
into account penalty functions for exact compliance with boundary conditions. The mathematical
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formulation of the problem involves modifying the Navier-Stokes equations to introduce penalty

functions and using the characteristics for numerical solution.
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Figure 1 — Flow scheme
Main equations for a compressible perfect gas:
dpu; a\ puju; a 1 A1y
PU _ (PEJ}__P+__ U=RHSu_
at Bxj dx; Re dxj 12
a5 _ 8(&+P)y; 4L 8(uyti;) 4 1 8 [ T
at Boc j Re B (y—1)RePr 8x; dx;)’

du; duj 2 duy
Tij:"u g ax-_Eax i ’
J i k
1+5, .3
p T2

T+5,

Total energy
E, = pe+ ép[‘}z‘
Initial energy

e=c,T.

Specific heat capacity at constant velocity
1

v

Pressure
1
P=(y—Dpe=(@-1):[E—2p7?

Temperature

T =—[E—2p7?|

Boundary conditions for gas dynamics:

+ at the input will Uz, Voo, Wz, Moo, Teo, Pos;

¢ at the output will boundary conditions of non-reflection;
¢ at the lateral boundaries will non-reflection conditions.

2

3)

“)
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Materials and methods

The Control Based Volume Penalisation Method (CBVP) is based on the idea of introducing a
penalty term into the Navier-Stokes equations (1)—(3) to model solids in fluid flow.

The basic idea of the method is that when n—0, the velocity of the fluid inside the solid tends to
the velocity of the solid.

Comparison of CBVP with the Immersed Boundary Method (IBM) for the cylinder flow problem:

1. CBVP generally provides better accuracy near the solid boundary because the penalty term
directly affects the velocity field.

2. CBVP may be more stable for larger values of the penalty parameter n, but this may lead to
stiffness of the system of equations.

3. IBM can be more computationally efficient, especially for complex geometries, as it does not
require mesh rebuilding.

4. CBVP is easier to realise as it does not require special processing of the solid boundary.

5. The CBVP can be easily integrated for the Navier-Stokes equations by adding a penalty term.

6. CBVP does not require complex processing of the cylinder boundary or rearrangement of
the computational grid. The geometry of the cylinder is taken into account through the characteristic
function y(x), which simplifies the implementation of the method.

7. The method is easily adaptable to different flow conditions and geometries. You can easily
change cylinder parameters (size, position) or add other objects to the flow.

8. If the penalty parameter 1 is properly chosen, the method provides a stable solution even at
high Reynolds numbers.

9. The penalty term in CBVP has a clear physical interpretation as a force acting on the fluid
from a solid body.

10. When the penalty parameter 7 is reduced, the CBVP solution converges to the exact solution
of the streamline problem with the sticking condition on cylinder surface.

As we have realised, both methods give results close to the experimental value, but CBVP in this
case shows a slightly more accurate result.

The CBVP method is a powerful tool for modelling the interaction of liquid and gas with solids.
It provides good accuracy and is relatively easy to implement. However, like any method, it has
its limitations and areas of application where it may be less effective than other approaches. The
choice between CBVP and other methods depends on the specific problem, required accuracy and
computational resources.

According to the paper, we consider the construction of CBVPM with positive Robin, Neumann,
Dirichlet boundary conditions on a streamlined body by introducing additional penalty functions in
the initial equations. For this purpose, in the region {2 with streamlined bodies 2, we consider the
following evolution equation for velocity [3]:

% _ RHS. (6)
at

here RHS is the right-hand side describing the physical source terms. Equation (6) can be either
hyperbolic or parabolic. For this problem we consider 3 main boundary conditions on the body £2,:

* Dirichlet’s condition is i = 1, (X, ), X € 80,.
S B a
¢ Neumann’s condition is P G(x,t), % € 90y,

) e . ] .
¢ Robin’s condition is a(%, t)i + S ﬁ = q(x,t).
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In order to add these boundary conditions to equation (6), we introduce the characteristic function
n(Z, t):

w(@ 1) = {1, ifxe€ [l?,lrjmde the body
0, ifx€q,
Then for each task according to CBVPM, equation (6) will take the following form:

a_i:_(l_ Y-RHS—Z @ —1,) +x- L

at * g U= HVn dx;dx;’ (7)
% (1—)RHS — =, 25— 4@& 1) (8)
at * e M dxy qix, ’

a1 3 . M L

% = (=) RHS ~Z |a(@,0ii + f-my 30~ GG, 0)]. ©)

here s, 1 are penalty parameters, which a 71, 57, — 0 controls the error of decisions by reducing the
time in the calculation of penalty functions.

Since the basic system (1)~(4) contains the variables P, pu; it is necessary to define the
corresponding equations with penalty functions for the density. [tis necessary to preserve the continuity
equation inside the streamlined body. According to the paper, consider such a passive evolutionary
condition, which is based on Neumann's condition. Due to the fact that the flow characteristics are
directed inside the streamlined body, the solution at the interface should be determined by the flow
physics using some derivative defined by the penalty function in the region 2, [3].

In this paper, the Neumann condition for £ is used, where the derivative sought in the region {2,
will be the derivative along the normal to the body surface, and the density inside the body becomes
passive to the gas flow.

This procedure can be carried out by introducing an additional equation and taking advantage of
the hyperbolicity of the CBVPM equations to extrapolate the density derivative to the surface of the
streamlined body along the normal by means of the following equation:

2 _ 2,2 (10)

= T N

at e k dxg

P = (l—x)nk:TinL PP,

Plo, = 2.
Finding ¢ (X,t) along the {2 region provides the necessary boundary condition from £ for
equation (7), which is solved only inside the body. Thus, the density derivatives outside the body are
determined from the continuity equation and extrapolated inside the body by integrating equation (7).
Therefore, the function ® (¥,t) is completely passive to the physics of the flow.
Then the equation for the density with the penalty function taking into account the Neumann
boundary condition for \rho at the boundary of the streamlined body is written as follows:

% _ 1_.0. _x( % _
% = (1-)-RHS %(nkaxk 2), (11)

where RHS is the right-hand side of the continuity equation.
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Using the constructed equations with penalty functions for i, # we can write equations for % and
E; using the following equations:

2 _ g% 4 p (12)
at at at
35 _ 8 1.\ 8
8t at (ch_'_ zui)_ at (pe), (13)
1,
where € = ¢T + ;uf
a(pe]_ ap %_ ap a 2 _
ar at+pat e +P ET+ (2 1)]_
_,au BT

Boundary conditions are set for the temperature on the streamhned body:

a:r
|aﬂo =4q.

The modified equation for the temperature for the whole region is written as:
ar
= (=% -RHS — = (m 7=~ q). (14)

where M, is Mach number, Re = Lot i Reynolds number, Pr is Prandtl number.
Let us rewrite (12) taking into account (7) and (11):

U

% _ 3,22 4 p T (1) - RHS——(n 2 @)+ p(1— ) RHS — 2(@ — ) + p -
e dxyg k]

8%y

82

o Bx;dx;

L — (1 —3)-[i,RHS + p - RHS] — [uzx(nka—p—*i’)—i-pi(ﬁ—ﬁ’o)+px-vn-
e b

dxy gl

Now let us rewrite (13) taking into account (11), (7) and (14):

3 E; dp #
a—:_ e(1— ) - RHS——( ka——t?)%—pﬁi(l—x)-RHS—pﬁi—(ﬁ—ﬁ’o)+pﬁix-vn-
e Xk
Cy P ar

. Ea + ¢c,p(1—)RHS — oo kg —4) = = (1—x)-[eRHS + pii, - RHS + c,p - RHS] —
ax ar g“u Cy o ar
— nk——'ﬁ)—pui—(u—uo)—kpﬁix-vn-—z— - (nk——q)= (1 —»)-RHS —
Ne day My dacyoe; Ne dorg
e ap sEp® s a%u; cy P ar
—n——+— —pﬁ’i—(ﬁ’—ﬁo)+pﬁix-vﬂ-—’—v—(nk——q)=[l—x)-Rh’S—
e  Oxx ncp Np dx;dx; Ne dxy

ny [dpe a2 1 E&  cpp ar
(2 p2) 4 p - )+ pil vy e — L2, )] (1.

AR dag dogdx;  Me p e dacy

ny 8 n deyT 8 1 T a%u; 1 E% ¢ ar
RHS — [ —FEp |+ = (ﬁ’f) pz(u—uo)—l—pu v, L P —
Nedxp  Ae Bxp Ot Mh 3x53xs Ne @ e Bxyg

cvPq
= =(1—#)-RHS — x

Me ?
ny 3E; 2ngeyp 8T nkpﬁ-au pu a%u; 1 B¢  coypq
[——t— Lo E(u Uy) + pu; - ~——— = =(1—-3x)-RHS —
Ne B e Bxg Me 3xk 396;'396;' e P Me

dE, 2nge ar U, au u acu 1 Ep oy pa
.’?_k_f_M.__w._=+P=(u_ﬁ0)+pﬁ!.vn. e A
N By Ne dxy e dxg Wy Gxgdx; e p e T
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. . . ar .. .
Let g=0 in this problem, i.e. 1 P q = 0, then the energy equation is rewritten as:

aEI Ny 85 [ TP — Nepw  duy 1 Ex¢ — 8%y
—=1(1—-x)-RHS — —— U U ——— + pU,

( ) [”i'c dxg  p ( o) e dxx Me P pthtn axz'axf]_
Let us write the final modified system of equations (1)-(3) taking into account the penalty

functions , decreasing boundary conditions on the streamlined body:
Z=1-n)- RHS—i(nka—p—-i*)

apu; _ B 1 u; ( 8 )_ ] 8%u;
= (1 —)-RHS — x[ -p(u, — T @) — puv, axj-axj]
afr_ oy [EOB L Pu g gy PE L YR 1E 0%
(1—3)-RHS — x| o (w, —u, T ¢ + puv, - P
In the obtained system, let us represent the RHS as a sum of convective and viscous summands,
then:
( Zr-0- a*’“‘+(1—x)RHs+ (n % _2)=0
6,('.'uE Bpuzu_., . E gp
+ (=) - + (1 — %)RHS, +x[ (—’ W)+ (s - )]
_ [ azu,
#|PUn Bxjdx; o
aEr _ auaﬂr _ T g W M S SRR R L T
+ (1 —»)—+ (1 —x)RHS, +x[ u,) + oo e " P —— + pi, v, ax_;axj] =

Now let us group the terms in the equations that are included in the vectors of variables % and *;:

( ap apu, ap
E+(1—x)- o, +(1—x)RHS+xcnka—xc¢= 0
dpu, dpu; dpu; duy;
p +(1—3)- Pty + (1—x)RHS, + x.n;,,—— d — AP +xb,o(_’ Uy,) — H U, P
ot 9, 9%,
au,
P Un 9x; 0x; B
dE, T E, dE, . . E,
E—F( — x) - ox, + (1—#%)RHS, —|—;4:c-i"1;:-@—%k+J4:£,,ou1 - (ﬁ:—uo)—xc-;qﬁ
_ 0T T
He = = My = i
. . e b
Let us rewrite (14) in vector form:
—+U—x) (ai Zi+2:)+x n,t +§+(1 %) - RHS = 0, (15)
here the vectors E 1‘3 G and § take the following form:
Hpp(u —uy) — #.Pu— x n,“o —xpun-g ]
Hpp(V — Vo) — 3, PV — xcnkp— — #pu,, - 21;
S= Hyp(W — W) — 3 PW — xnkp—— HpU,, Z
v
sy [ — ug) + pr(v — vo) + pW(W — ;)] —xcqs——x.:-nk{ P ok e
a2y 8%y w
xpvn{u@+ P } |
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Let us rewrite (15) taking into account the new vector §™:

8 9f  af  aé ad . n _ B
E+U—x)-(a+a+g)+xcnnka—m+xbn(ﬁ—um)+.S' +(1—x%)-RHS=0, (17)

where
0 0 0 0 0
0= 0 0 0
Hp
Hp = 0 0 . 0 0
0 0 =0
Hp
0 0 0 0 04
— 0 0 0 0]
0 — 0 0 0
®, =|0 0 Xi 0 0
00 0 =0
0 0 0 0 —
—x,.P ]
du 8%u
—x,PUu— N p—— KU, - —
Axy dx?
—x,Pv — xcnkpﬂ — HpU,, 7
Bxy a2
s — dw 8%w
—x PwW — xcnkpa—” —HPUy
Er du dv dw
oty [ (et — o) + pu(w — o) +pwlw —wo)] — 8% — . mifp S+ p o+ p o)
8%u 8ty 82w
—KP'UH{H@-FT?;-FWE‘ZZ} _’

u ( du + du + au)
n,— =|n,—+n,—+n,—) i
when Mk g L™ Y oy z5. ) is normal.

0 pu ov ow

pu pul+p puv puw
i=|pov| E=| puw F=|pvi+p| G=| pww

pw puw pvw pw? +p

E. b (E: +plul (E: + plvk (E, + pwl
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Then after time integration:

S+l n auntt naanﬂ- n auntt TR+l e S
AL+ Ac(l — 3) - (A +B +C + At-xy (T —w, ) =u" — At(l — ) -
dx dy dz bn ot

RHS™ = At -, n, - — — AtS™

an‘H':L 4 B‘n aan'l'l 4 C‘n an‘H':L)

(I + Aty JU™ + At(I — ) - (A“ ="+ At-ny Uy, —

dx dv dz
At(I — %) -RHS™ — At -x, -y, - ——.dtS“| (I+ At -,
—>n+1+ﬂt(lr+ﬂt )—l. 7 — . (A,n aﬂn+1+Bnaﬂn+1+Cn aanﬂ)_ (j’_'_ﬂt )_1—11_|_
U Hp,, ( ) — ™ = )= Hp,) U

At(T1+ At 3, ) sty gy — A(I+ At -3¢, ) (I — 30) - RHS™ — At(I+ At 36, ) -5, -y
—At(I+ At -3, )" S™

A different integration:

n+1i aJ’H-:L ,JIJ‘Hi an-{-i
(I + At 36, ) U™ + At( — 3) (A“ - +cn . )+ ﬂf'”%'“k(aax +aav
1:'1‘11‘1 ) )
332 )= — At(I — %)RHS™ — AtS™ )
then

8 ([ = 04" + 700y 1] o+ [ = 20B™ 4 20y 1) o 1 [ = C7 4 e,

aun+1 _
)=~} =" — At — x)RHS™ — Ats™
AW = (I — WA™ + %, "Ny

B™W = (- x)B"+x. n,

W =0 —m)C" +x ., ny

aunti guntt

—>n+1+(f+,ﬁt;fb) Af - {A“B"' R b ui— P + (hew ﬁa“ } (.’+ .ﬁtxb) u" —

(I+ f_‘\.txbn)_ At(I — )RHS™ — (I + At -3, ) ~*AtS™ ;

ad Ed ad

at e "ax,{
dp

O =(1—- x)n,—+ xd,
dng
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dd s dd ad dd
—+
at e

—+n,—+n.—|=0
* 8x Y ay Z a8z >

Fad
e > 0 the approximation depends on My, ™y, N, if they are positive, the difference is backward, if
c

they are negative, the difference is forward.

For = = 0:
Ne

For = < 0:

b an‘f'l_an
o _ L0,
at At

ad PPy
ax X

+ O(Ax) , ecnu ni >0,

3d D,
Z I 0(Ax), ecnn = < 0,
Me

dx Ax
32w ujyg—2uztuyoy
TE BT L o (Ax?
dx? 2Ax2 [: ),
$Mti_gh * [ b + b + aq:]
At Ne - * 8 Ya Zaz"
Atse ad dd ad
{D'n.+1=ch_ [nx_+nv_+ .
e dx < gy gz~
dn+l — " — ‘:"ﬂ [ﬂ, Pi—PFia Di—Pj_y ¢k—¢k—1]
- X z
e Ax 4 Ay Az
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Results and discussion

Figure 2 shows that when M., = 0.5 and Re = 1000, the flow is subsonic around a cylindrical
body. The image shows the distribution of Mach numbers in the rotational region of the cylinder,
showing regions characterized by changes in flow velocity.

The flow collides with the cylinder, causing pressure increase and velocity deceleration in front of
the cylinder. This region is represented by a smooth transition to lower values of Mach numbers. The
flow rotates around the cylinder and splits into two parts, resulting in a complex velocity distribution
around the cylinder. Along the surface of the cylinder, high values of Mach number are observed
at which the flow accelerates. Behind the cylinder, a recirculation region or trace is formed along
which the flow velocity decreases significantly. Low values of Mach numbers are seen in this region,
indicating the formation of vortices and turbulent current. The formation of low-velocity vortices
and regions behind the cylinder is a phenomenon characteristic of rotating bodies in subsonic flow

conditions.
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Figure 2 shows typical supersonic flow behavior when a cylindrical body is rotating. At M, =
0.5, the flow velocity is half the speed of sound in this medium, which allows us to observe both flow
stabilization and turbulent regions.

Re = 1000 shows an average turbulent flow regime, which is confirmed by the presence of
vortices behind the cylinder.

In Figure 3, the cylindrical body causes significant disturbance in the flow, which is reflected in
the change in velocities around it. Flow inhibition is observed at the front of the cylinder, resulting in
a low velocity zone (dark blue color) in front of the body.

Behind the cylinder, in its shaded region, a high velocity zone characterized by a high velocity
gradient is formed. This area depends on the impact of the cylinder on the surrounding flow and the
formation of vortices. The vortices, in turn, create regions of variable pressure and velocity at the
rear of the cylinder.
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Figure 2 — Variation of the Mach parameter at M= 0.5 and Re = 1000
The central part shows a region of relatively constant velocity where the flow equalizes after

perturbations caused by the cylinder rotation. The influence of the cylinder on the flow gradually
decreases with distance from the body, and the flow velocity tends to the initial values.
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Figure 3 — Variation of velocity U at M, = 0.5 and Re = 1000

Figure 4 shows the temperature change during the rotation of a cylindrical body with supersonic
flow M., = 0.5 and Re = 1000. The region in front of the cylinder is characterized by an increase
in temperature caused by compression and deceleration of the flow. This manifests itself as a
concentration at high temperatures on the front surface of the cylinder.

At the sides of the cylinder, the temperature gradually decreases due to leakage and opening
of the flow around the body. A low temperature zone is formed at the rear of the cylinder, which is
the result of vortices and turbulent mixing caused by the flow around the cylinder. These vortices
promote mixing of cold and hot air, creating a low temperature zone behind the body.

Further, a gradual equalization of the temperature field can be seen from the cylinder, where the
flows mix and recover their original temperature. These changes best reflect the thermal effect of the

118



KA3AKCTAH-BPUTAH TEXHUKAJIBIK
YHUBEPCUTETIHIH, XABAPIIBICHI Ne 4(71) 2024

cylinder on the surrounding flow and demonstrate the effect of heat transfer and turbulent mixing in
the region behind the body.
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Figure 4 — Temperature change T at M, = 0.5 and Re = 1000

Figure 5 compares the experimental data for the pressure coefficient P at the cylinder surface.
At Re = 40, the flow is characterized by a laminar constant recirculation zone, since the critical
point of Bernard-Fon Karman instability is not reached. A qualitative comparison of the vortex
isocontours with data from Al-Marouf et al [23] shows that the structural organization of the flow
is well understood. This includes the pressure coefficient C, which agrees well with the results of
Al-Marouf et al [23].
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Figure 5 — The pressure coefficient C on the cylinder surface is a constant solution
for M, =0.05 and Re =40 (+ » ¢ is experiment and is numerical result)

Conclusion

In this work, a characteristic-based penalty function method was used to simulate the supersonic
flow around a cylinder at parameters M,_, = 0.5 and Re = 1000 The numerical simulation results
were carefully compared with experimental data, which confirmed the accuracy and reliability of the
proposed approach.

The use of the penalty function method based on characteristics has shown that it provides high
accuracy and stability of the numerical solution when modeling complex flows. This method allowed
us to effectively consider boundary conditions and flow features around the cylinder.

In addition, a new method of reducing the equations to dimensionless form was used in this work,
which improved the convergence of the calculations and increased their accuracy. This application
also helped to reduce the computational cost, which is an important factor when performing complex
numerical calculations.

Comparison of the numerical simulation results with experimental data showed good agreement,
which confirmed the correctness of the selected method and its application for solving aerodynamic
problems at supersonic speeds. An ENO scheme was developed for the task.

Thus, the penalty function method based on characteristics has proven its effectiveness and can
be proposed for further use in numerical modeling of aerodynamic problems.
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Angarna

KosranaTblH KaTThl ISHEICP/IiH aifHaIaChIH/IaFbl ChIFBUIATHIH aFbIHAAP/IbI CAHJIBIK MOJIEIIbCY adPOJHHAMHKA-
JIBIK (ITFOTEP, 3bIMBIPAH KO3FAITKBIIITAPHI JKOHE INACCHJICD CHUSAKTHI HHXKCHEPIIK KojmaHOazapaa MaHbI3Ibl P
aTrkapazbl. AWBIN (yHKIUSUIAP 9/1iCI COHFBI abIPMAIIBIIBIKTAP SAICIHIH MIeHOepiH/Ie OPTOTOHAIBIBI KYPBUIBIMABIK
TOpNapapl MaiaJaHFaH Ke3le THUIMIUIITIMEH epeKIIeICHEel JKOHE JIAMUHAPIBI, COHNIAN-aK TypOYJICHTTI aFblH
MOceJeNepin memny/ie KeHIHeH KOJIaHbUIa/(bl. BYJI 9/TiC MeKapasbIK MAPTTap/Ibl )KaHaMa TYpPJe €Hri3y MYMKiH/Ii-
TiH KaMTaMachl3 €TeTiH KOCHIMINAa KO3[IePMEH TONBIKTHIphUIFaH HaBbe-CTOKC TeHIEynepiH TiKeNed KoimaHyFa
HeTi3aenreH. Aibin QyHkumsiap omici JAupuxie mexapanblK DIapTTapblH €HTi3ydl JkeHuineTeni, 6ipak Heitman
HIapTTapblH KOJIaHyJa Oenrii Olp KUBIHIBIKTAp TYABIPYbl MYMKiH. JlereHMeH, 9Jiic IIeKapaliblK IMIapTTapblH
€Ki TypiMEeH Jae THIMAI JKyMbIC icTeii, OyJ OHBI TEPMHSUIBIK JKOHE CHIFBIIATBHIH arbIHIAAp CUSAKTHI Heiiman
MapTTaphl KUl KOJJIAHBUIATHIH KOJAaHOANAp YIIiH BIHFAWIBI eTei. MKkeMaimirine KapaMmacTaH, dfic IepeKTepil
Gackapy/blH KOFaphl JCHICHIH KOHE KOCHIMIIA KOJATAY OPEKETTEPiH KAKET ereli. byl Makanaja ChIFbLIATHIH
CyOCOHHKAIBIK aFbIHIAPIBI CAHABIK MOICITBCYIC T HOTIKENEp OepeTiH KaKpIHAA 931pICHTCH KOFaphl PETTi o1ic
KapacTeIpbuiabl. Oic PeiiHonbac meH Max caHaapbIHbIH KeH JMara3OHbIHAa KO3FAIMAWTBIH JKOHE KO3FauaThiH
00BbeKTiIep e ChIHAIIBI, OYJI OHBIH THIMUIITT MEH KOJIJIAHY asiChIH KOPCETeIi.

Tipek ce3aep: caHIbIK MOJEIBICY, LIMIIMHIP, JBIOBICKA ICHIHT1 aFbIH, aitbill QyHKIMsUIap 91ici, HaBre-CToke
TeHAYJEp Kyieci.
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METO/I IITPA®HBIX ®YHKIIUA 1151 MOAEJIUPOBAHUSA
OBTEKAHUSA NUJIUHIAPA JO3BYKOBBIM CKUMAEMbBIM ITIOTOKOM

AHHOTALUA

YncieHHOE MOJIETMPOBAHNE C)KMMAEMBIX TOTOKOB BOKPYT ABMKYIIIUXCS TBEPABIX TEI Ba’KHO JUIS TAKMX MHIXKE-
HEPHBIX MPHIOKEHNH, KaK a3pOoJIMHaMHUYECKUN (raTTep, pakeTHbIE IBUTaTeNu U maccu. Meron mrpadHsix QyHK-
i 0co0eHHO APPEKTHBEH MPH UCTIOIH30BAHUU OPTOrOHAIBHBIX CTPYKTYPHBIX CETOK B PAMKaX CXEMbl KOHEYHBIX
pa3HOCTEH M MIMPOKO MPUMEHSIETCS ISl peIIeHNUs 3a/1a4d Kak JAMUHAPHOTO, TaK ¥ TypOyJeHTHOTo TedeHus. Meton
OCHOBaH Ha NPSIMOM NpUMEeHEeHHH ypaBHeHn HaBbe-Ctokca ¢ 100aBIeHHBIME HCTOYHHKAMH, YTO TO3BOJISIET 3a-
JlaBaTh T'PAaHWYHBIC YCIOBUSI KOCBEHHBIM 00pa3oM. DTOT METOJ 00JjeryaeT HaJOKeHNEe IPAaHUYHBIX ycinoBuil [lu-
puxJe, HO yCIOKHSACT MpUMeHeHne ycoBuii Heiimana. Tem He MeHee METOI XOpOIIo paboTaeT ¢ 00OWMH THITAMH
TPaHUYHBIX YCIOBHH, YTO AENAET €r0 MOAXOIAIIUM AJISl TETUIOBBIX M CKUMAEMBbIX MTOTOKOB, II€ YaCTO MCHONB3Y-
toTcs ycnoBusi Heiimana. HecMoTpst Ha cBOKO THOKOCTh, METOJ| TPeOyeT BHICOKOIl CTEIICHHU YIIPaBICHHS JJAHHBIMU
1 JIOTIOJIHUTEIILHOTO KOIMpOBaHus. B nanHO#M paboTe mpencTaBieHbl pe3ynbTaThl HeAaBHO pa3paboTaHHOTO METO-
Jla Oosiee BBICOKOTO MOPSI/IKA ISl CKMMAEMBIX JI03BYKOBBIX MOTOKOB, IEMOHCTPUPYIOLINE TOUHOE MOJICITUPOBAHHE
JBIDKYIINXCSI OOBEKTOB 0€3 YMCICHHOTrO IryMa. MeTox ObUI MPOTECTHPOBAH HA CTALMOHAPHBIX M JBHOKYIIUXCS
00BeKTax B IMMPOKOM JIHarTa3oHe urcen Pelinonpaca m Maxa.

KaioueBble c10Ba: 4nCIeHHOE MOJICITMPOBAHKE, [IMIIMH/IP, 103ByKOBOE TEUEHHE, METO IITPAPHBIX QYHKIIMH,
cucreMma ypaBHeHui HaBre-Crokca.
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’AkazieMus TPKIAHCKON aBHaIuu, T. Anmarsl, Kazaxcran
*Hazap0aeB yHuBepcurert, . Actana, Kazaxcran
Sdynanbckuii yauBepeuter, T. [llanxaii, Kuraiickas Haponnast Pecriyomika

YUCJEHHOE MOAEJINPOBAHUE NPEXAEBPEMEHHOI'O
CEPAEYHO-COCYAUCTOI'O CTAPEHUA

AHHOTALUA

CepaedyHo-coCyIUCTOe CTapeHHe MPEICTABIAET cO00N 3HAYNTEIBHYIO YIpo3y 3/10POBBIO U KAa4€CTBY >KU3HH
Jro7ielt, 0cOOEHHO B Bo3pacte 65 JieT 1 crapiie. B aHHOM cTaThe Mpe/ICTaBIIeH Croco0 MPOrHO3UPOBAHUSI CEPICUHO-
COCY/IUCTOTO CTAPEHUsI C HCIIOJIb30BaHIEM MaTeMaTHn4eCcKoro MoJIelTpoBanusi. PazpaboranHas Moziesb 00beinHsIeT
pasnuuHble (PU3HOIOTMYECKHE U MTOBEACHUECKUE (PaKTOPbI, BKJIIOUAsl apTepHalbHOE aBJICHUE, YPOBEHb XOJIecTe-
pHMHA, MHAEKC Macchl Tela, KypeHue, GU3HYeCKyl0 aKTUBHOCTh W aJIKOrojb. Moenb OCHOBaHA Ha NMPUMEHEHHH
METOJI0B HTepannu u Pynre KyTTel, 4T0 103BOJISET OMUCHIBATh ANHAMHUYECKOE B3aNMO/ICHCTBHIE 3THX (haKTOPOB BO
BpeMeHHU. Banupanus mozxenu mpoBoguiIachk Ha OCHOBE JIAaHHBIX KIMHUYECKUX MCCIIEIOBAHUN 3M0POBbS MOXKMIIBIX
ITaIIUCHTOB. PeByJ'IBTaTLI IIOKa3bIBAKOT, YTO MOJICIIb o6na)1aeT BBICOKOM TOYHOCTHIO B IIPOTrHO3UPOBAHNH IMTPOTPECCHUU
CepIEYHO-COCYIUCTOTO CTAPEHUs U TI03BOJIET BBIABIATH IMALIMEHTOB C MOBBIIIEHHBIM PHCKOM CEPACYHO-COCYIU-
cThIX 3a00neBanuid. [IpeanokeHHBIN CTOCOO MPOrHO3UPOBAHMS MOKET CTAaTh LIEHHBIM HHCTPYMEHTOM JUJISl BpadeH,
roMorasi pa3padaTbiBaTh NEPCOHATM3UPOBAHHBIC CTPATETU MPO(MIAKTHKY M BMELIaTeIbCTBA B TepPHATPUH, UTO,
B CBOIO OUY€pelb, MOXKET YIY4UIIHUTh PE3YIbTaThl JICUCHNS M MPOJIUTE 30POBYIO JKN3Hb MAIMEHTOB. B Oymymiem
IUTAHUPYETCs AalbHEHIee yTOUHEHNEe MapaMeTpoB MOJCIHN W PACIIMPEHHE ee NMPHMEHEHUs Ha Oosiee IIHMpPOKHe
TOImyJIAINHA.

KiroueBblie cjioBa: ceplieuHO-COCYAUCTOE CTapeHHe, MPOrHO3UPOBAHNE, MATEMATHUECKOE MOJEIUPOBAHNUE,
MOKMJIbIE TTALUEHTHI, (pu3uosornueckue GpakTopsl, IuddepeHInaIbHbIe ypaBHECHHS.

BBenenune

Cepneuno-cocyauctoie 3a0oeBanns (CC3) IBISIOTCS OTHOM U3 BE LY ITUX IPUIHH 3200J1eBaeMOC-
TH U CMEPTHOCTH CPeAM MOXKUIIBIX JIrofeil Bo BceM mupe. C Bo3pactom puck passutus CC3 3Haun-
TEJIBHO YBEJIMUYUBAETCS, YTO JIeJIaeT paHHEE BBIABICHUE U POTHO3UPOBAHUE MPOIPECCUH CEPACUHO-
COCYAMCTOTrO CTapeHusi 0COOEHHO BaKHbIM. COBPEMEHHBIE METOJbl AUArHOCTUKH U JIEYEHUS CIIO-
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COOHBI 3HAUUTENIBHO YAYYIIUTh Ka4ECTBO ’KU3HH MAIlMEHTOB, OJHAKO JUIsl ONTUMHU3ALNHN JIEYEOHBIX
CTpaTeruii HeoOXOAMMO MOHUMATh, KaK pa3IHyHbIe (PU3MOIOTHYECKUE U MOBeIeHUYeCKre (pakTopsl
BIIMSIOT HA MIPOIIECC CTAPEHHsI CePIIeUHO-COCYANCTOl cucTeMbl. COracHO MPOBEICHHBIM MUPOBBIM
MCCJIEZIOBAHUSIM, BBISIBJICHA KOPPEJISAIHS MEXKIy CTApeHUEM U MHOTUMH (DakTopaMu, TAKMMH Kak 00-
pa3 ’KU3HH, MUTAHUE, OJIUMOP(U3M reHOB, UMMYHHOE BOCHaJIEHUE, SHAOTEeINAIbHAs TUCHYHKITIS
u npoyee. OHAKO BBISIBICHUE CBSI3H MEKAY STHMHU (DAKTOPAMHU Y JIMLI, IOABEPIKEHHBIX YCKOPEHHOMY
CTapeHHIO CePACYHO-COCYMCTON CUCTEMBI, B momyisiiun Kazaxcrana Bee emie TpeOyeT mpoBeIeHuUs
JIOTIOJIHUTEINIBHBIX HAyYHBIX UCCIIEOBAaHUM.

Maremarnueckoe MOJIETHUPOBAHUE MPEJICTABIAET cOO0M MOIIHBIH MHCTPYMEHT JJIs aHajIu3a
CJIOKHBIX OMOJIOTMYECKUX CHUCTEM M MPOTHO3MPOBAHUS MX NWHAMUKU. B mocieqHue roasl METOIbI
MaTeMaTH4eCKOTr0 MOJICIMPOBAHUS CTAIM AKTUBHO MCIIOJIb30BaThCsl B MEULIMHE [l U3YUYEeHHUS pa3-
JIMYHBIX 3a00JI€BaHUM U pa3pabOTKU MHAMBHUIYAIN3UPOBAHHBIX IMO/IX0/I0B K JIedeHHI0. B yacTHOCTH,
MOJIEJIH, OCHOBAaHHBIE Ha JU(PepeHINANbHBIX YPAaBHEHHUSIX H BEPOSITHOCTHBIX METOAAX, TO3BOJISIOT
YUUTBIBAaTh MHOJKECTBEHHBIE B3aUMOICHUCTBYIOIMINE (PAaKTOPHI U JIE1aTh JOIATOCPOYHBIE IPOTHO3HI.

Iesbto nanHOM pabOoTHI ABIAETCS pa3padoTKa M BaJIHU ANl MaTeMaTHUeCKON MOJIENN JUIs IIPOT-
HO3HUPOBAHUS CEPJICTYHO-COCYIUCTOrO CTapeHUs y MaIMEHTOB B Bo3pacTte 65 et u crapiie. Mojenb
YUUTBHIBAET TaKHeE KJIIOUeBble (PaKTOPhI, KaK apTepUalbHOE JaBJICHHE, YPOBEHb XOJIECTEPHHA, UH-
JIEKC Macchl Tella, KypeHue, pu3nueckasi akTHBHOCTh M T€HETUYECKHE MPepacioiioKeHHoCTH. Mc-
MOJIb30BaHKME ITOM MOJIETH MO3BOJIUT HE TOJIBKO MPEICKa3aTh MPOTPECCUI0 CEPAECYHO-COCYUCTOTO
CTapeHus, HO U BBIIBUTH [MALIUEHTOB C MOBBIIEHHBIM pUCKOM pa3BuTHs CC3, 4TO OTKPOET HOBBIE
BO3MOXXHOCTH ISl TPO(GMIIAKTUKY U PAHHETO BMEIIATEILCTRA.

[Iporuo3upoBanue cepeuHO-COCYAUCTOIO CTApEeHMsI MAllMEHTOB B Bo3pacTe 65 JeT U crapiue
IpECTaBIIAET COOON BasKHYIO 3a/1a4y, HO3BOJISIONIYIO YIYUIIUTh NPO(YUIAKTUKY U JICUEHUE ITHX 3a-
OoneBanuii. MaremMaTHuecKre MOJIETN UTPAOT KIFOUEBYIO POJib B TOHUMAHUM M MPOTHO3UPOBAHUH
IPOLIECCOB CTapEHUsI CEPAECUHO-COCYAUCTON CUCTEMBI, IPEJOCTABIAS MHCTPYMEHTBI JUIsl aHAJIN3a
CJIOKHBIX OMOJIOTHYECKUX M KJIMHUYECKHX JaHHBIX. B 3TOM pasnene npencrasineH 0030p HEKOTOPHIX
paboT B aUTEpaType, NOCBAIICHHBIX aHAJIN3Y CYIIECTBYIOLIMX MaTeMaTHUYEeCKUX MOJENEH, KOTOphle
UCTIOJIB3YIOTCS AJIsl IPOrHO3UPOBAHUS CEPAECUHO-COCYUCTOrO CTAPEHNUS Y TIOKMIIBIX TAllUEHTOB.

Uccnenosanue [1] mocBsIeHo NpocToi MaTeMaTUYECKOM MOJENN CTapeHUs, OCHOBAHHOM Ha
cucteme aBToHOMHBIX O/1Y nepBoro nopsaka. KintoueBoe nmpeanonaokeHne MOIEI 3aKII04aeTcs B
OTCYTCTBMM y OpPraHM3Ma BHYTPEHHHUX YacOB, OTCUUTBHIBAIOIINX XPOHOJIOTMYECKOE BpEMsI Ha Mac-
mrade necaTwieTnii. BMecTo 3TOro opraHusM HCIONb3yeT BHYTPEHHNE OHOIOTHYECKHE (aKTOPHI,
0003HaYEHHBIE NEPEMEHHBIMH g (), KaXK1ast 03 KOTOPBIX OTCYUTBIBAET CBOE OMOJIOTHYECKOE BPEMS t..
B nenom npenioxkenHast Mozieb MPEACTaBIsIeT COO0H MPOCTYIO U A(PPEKTUBHYIO OCHOBY IS CHCTE-
MaTHU3alM1 YKCIIEPUMEHTAIbHBIX JAHHBIX O BO3PACTHBIX U3MEHEHHSX B PA3IMYHBIX OMOJIOTUYECKUX
TMOJICHCTEMAX Opranu3ma. Jlake B IMHEHHON anPOKCUMALMH IaPaMETPBI {a, b, § M03BOIAIOT KoK~
YECTBEHHO BBISBIIATH U CTPYKTYpUPOBAaTh IPUUMHHO-CIIEACTBEHHBIE CBA3H, 3HAYMMBbIE JUISI IIpoLiecca
CTapeHusl.

B crarbe [2] neMoHCTpUpYeTCs, KaKk MaTeMaTUYeCKHe METOAbI AeMorpaduu MOryT ObITh HC-
MOJIb30BaHbI JJISl U3YUYEHHsI MIPOOJIEM CTapeHUsl Ha MpUMepe aKaJeMU4ecKol cpenbl. B mocnennue
JECATUIIETUSl YHUBEPCUTETHI U KOJUJIEIKU 00ECIOKOEHbI CTapeHHUEM IPEroIaBaTesIbCKOro CoOCTaBa
YaCTUYHO M3-3a YOEXKIEHUs, 4TO HayKa — y/iel MoJIofbIX. McecnenoBanus MoKa3bIBalOT, YTO HayyHast
IPOAYKTUBHOCTh JOCTHraeT MUKa B Bo3pacte 40—45 ner, a 3aTeM cHmxkaercs. B cnenyromeid nerep-
MUHHUPOBAaHHON MOZEIN ONTHMAJIBHOIO YIIPABJIEHUS pacCMaTpPUBAIOTCS CTPATErHH, HallPaBICHHBIE
Ha TO/I/Iep>)KaHUE BBICOKOTO YPOBHS HAYYHOU MPOTYKTHUBHOCTH.

Opnnako B padore [3] mist 0OBSCHEHUS CTApeHMS HCIIONB3YeTCs OJHOMEpHAas MOJIEih MHOTO-
KJIETO4YHOM cucTeMbl. OHa MO3BOJSIET U3YUUTh JIOKAJIbHBIE PEKUMbI TIOBEJCHHS OTACIBHBIX KIETOK
U r1o0anbHbIe PeXKUMBI Beell cucteMbl. Ha pannelt cragumn qudgepeHunpoBKU IPOCTOE B3aUMOIEH -
CTBUE NPUBOIUT K HOPMAJIbHBIM CKOOPAMHHUPOBAHHBIM MarTepHaM. Ha mo3aHeil craguu ciioxkHoe

125



HERALD OF THE KAZAKH-BRITISH
No. 4(71) 2024 TECHNICAL UNIVERSITY

B3aMMOJICHICTBUE BBI3BIBAET XaOTHMUYHBIE MATTEPHBI, YKa3bIBAIOIINE Ha aHOMaJIbHOE cocTosiHue. OT-
KJIIOYEHUE aKTUBHOCTH HEKOTOPBIX YacTEH MOJIEIHN MOXKET MPeoOpa3oBaTh TH NAaTTEPHBI B HOPMaJIb-
HbI€, YTO HAIIOMMHAET MPOrpaMMHpyeMyto riulenpb kieTok. Co BpeMeHeM KIIETKH TePSIOT YyBCTBH-
TeJIbHOCTh K CUTHAJIaM, YTO MPUBOJIUT K NCUE3HOBEHUIO aKTUBHOCTH, HA3bIBAEMOMY CaMOTEpPMHHA-
Iyel u ykasbIBarolemMy Ha crapenue. [lorepst pyHKIMM cucTeMBbl, Beylas K CMEPTH, IPOUCXOAUT
u3-3a I00AIBHOTO c00s, @ HE JIOKAJIBHOTO. A TaKkKe B UCCIIEOBaHUU [4] paccMaTpUBAIOTCS CIIOXK-
Hble KJIETOYHbIE MEXAaHU3MBbI, XapaKTEPU3YIOIUE CTAPEHUE, C AKIIEHTOM Ha J[Ba META0OIMYECKUX
nentpa: mMTOR u NAD+-3aBucumyto neanerunaszy SIRT1. DxcnepumenTaibHble JaHHBIE YKa3bIBa-
IOT Ha B3aMMOJCHUCTBUE MEXKAY STUMH IMYTAMHU, OJHAKO MEXAHU3MbI UX B3aUMOJEHCTBHUS OCTAIOTCS
HCSICHBIMMH. ABTOpBI npeajiararoT UCIoJab30BaTh BBIYHUCIUTCIBHOC MOJACIMPOBAHUEC B COUYETAHUU C
9KCTIIEPUMEHTAMH JJIsl BBISICHEHUS dTHX MeXaHU3MOB. OOCYKIar0TCs OCHOBHBIE MOJACTH U IPEe-
CTaBJISACTCA COKpaHIeHHbIﬁ IIYyTh PCaKIUU I MOACIIMPOBAHUS. B 3akmroueHHe ONMMCHIBAIOTCS orpa-
HUYEHHS BBIYMCIUTEIHHOTO MOJCIMPOBAHMS U BO3MOKHOCTH JIJIsl OyAyIINX MCCIEeOBaHUHN B 3TOU
o0acTu. ABTOpBI npeajararoT UCIojab30BaTb BbIYUCIUTCIBHOC MOACIUPOBAHNEC HA OCHOBE JKCIIC-
PUMEHTAJIBHBIX JTAHHBIX U U3YUYEHHs ITHX B3auMmozaeicTBuil. OCHOBHOE OIrpaHUYEHHE MOAX0AA —
HEOOXOJMMOCTh TOYHOTO Habopa mapameTpoB. [loaToMy cHauana cienyeT MOAEIMPOBATh XOPOLIO
N3Yy4YCHHLIC O6JIaCTI/I, YTOOBI TOCTENEHHO MMOHSITh MEXAHU3MBI U pa3pa60TaTL HOBBIC TCPAIICBTUYC-
CKH€ METOJIbl JJIs YBEIMYEHUS MPOJODKUTEIBHOCTH 310pOBOM KU3HU WIHM 3aMEJICHUS! CTAapEHMSL.
Bonee Toro, B pabote [5] npennoxena MmareMaTHuecKast MOJIENb, CUMYITHPYIOIIAsi BIUSHUE OKPYKa-
tomieit cpeabl (ENV) Ha cTtapenue xuBbix cucreM. Mojienb OCHOBaHA Ha KOHILETIIIMHA HEMPEPHIBHOM
afanTauuu o6uonorudeckoit cucremsl (BS) k ENV ¢ momenTa poxaenus. CKOpocTh afanTaluu pac-
CMaTpPUBAETCSI KaK KOHKYPEHIIMS MEXy AByMs IpolieccaMu — paspyiienuem BS n pexomOunarmeit
MOBPEX/IECHUH, ONpeesieMbIMU KUHETUKON aBTOKATAIMTUYECKUX XUMUYECKUX peakuuid. BiusHue
ENV yuntsiBaercs uepes napaMeTpbl MOJENIN, KOTOPbIE B OOIIEM 3aBUCAT OT BpeMeHU. Mojienb oT-
pakaeT mpaBuiIa TEPMOJUHAMHUKN U TEPOHTOJIOIHH, a TAKKE TUIIUYHBIE PE3YJIbTaThl MEAUIIMHCKUX
3KCIIEPUMEHTOB.

B pabGore [6] paccmarpuBaroTCs MaTeMaTHYECKHEe MOAETH (U3UOIOTUISCKOTO TOBEICHMUS,
OIUCBIBAIOIINE CHUCTEMY, BO3BPALIAIOLIYIOCA K UCXOJHOMY COCTOSHHUIO MOCIE BO3MYIICHUS 4Yepes
roMeocTa3. DTH MOJENN BKJIIOYAIOT MOHATHE «(aTanbHOTO Mpesena» OTKIOHEHUS CUCTEMbI U €ro
BKJIFOUEHHUE B MOJENIM. ABTOpP NMPHUBOAUT K BBIBOJIY, YTO YUCIIEHHBIE 3HAYEHUS MPEEIIOB 3aBUCST
OT APYIrux napaMeTpoB, TAKUX KaK BPpEMA BOCCTAHOBJIICHUA U KOE)(l)(bI/IHI/ICHTBI CBs3U, U MOT'YT OLITH
9KCIIEPUMEHTAIBHO n3MepeHbl. OOCYK1al0TCsl BO3pacTHbIE U3MEHEHHS TapaMeTpOB U BBIBOJ TTapa-
METPOB CMEPTHOCTH, TaKUX Kak mapameTpbl [oMmepTia, U3 3KCIepUMEHTAIbHBIX TaHHBIX.

B paGore [7] mpeacraBiena MmateMaTHuecKasi MOJIEINb, OMUCHIBAIOINAS TPOLIecC MpordepaTus-
HOTO CTapeHus KJIETOK B KynbType. OcHoBaHHas Ha runote3e o nospexaeHun [JHK kak npuunne
CTapeHMs KJIETOK MOZIEIIb CLIOCOOHA 0OBSICHUTH KaK OrpaHUYCHHBIH, TaK U HEOIpaHHMUYEHHBIH IPOJIH-
(hepaTHBHBIN NOTEHIINAT KaK HOPMAJIBbHBIX, TaK U TPAaHC(HOPMHUPOBAHHBIX KIETOK in vitro. CormacHo
MOJIEIH, CyAb0a KIETOYHON MOMYJIISIIIMHA 3aBUCUT OT ABYX POTHBOACHCTBYIOMUX (DAKTOPOB: CKOPOC-
TH IIposnepaiy AETUMbIX KJIETOK M CKOPOCTH HAKOIUICHHSI HOBPEXKAeHNH reHoB. KomnbroTepHbie
MOJICJIMPOBAHUS IEMOHCTPUPYIOT COMNIACOBAHME C SKCIEPUMEHTAIbHBIMU JAHHBIMU B OOLIUX Yep-
Tax.

A Ttakxe uccnenoBanue [8] pazpabareiBaeT MOJIEIb, CBA3BIBAIOLIYIO CTENICHb YXYIILICHHS 370~
POBBSI B BO3pAcTe C BEPOSITHOCTbIO CMEPTH OT OIpeAesIeHHON NMpuuMHbl. Llenp — co3garh MHAEKC
JUTSL OIIEHKH YPOBHS 37I0POBbsI I BEPOSITHOCTH CMepTH. Mosenb pacimpsier padoty Cummca (1942)
U BKJItOYaeT napameTpsl R u S, koTopble 3aBUCAT OT (PU3HOJOIMUYECKUX IPOLIECCOB, U MOPOrOBBIN
YPOBEHb JIs1 OLICHKH PHUCKa CMCPTH. Anamz JaHHBIX CMEPTHOCTH B OHTapI/IO C HCIIOJIb30BAHUEM
METO/I0B MAKCHMMAJIbHOTO MPaBAONOJ00US MOKA3bIBAET XOPOILEE COOTBETCTBUE TEOPETUUECKUX
HaOJII0/1aeMBbIX YPOBHEH CMEPTHOCTH.
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OcHOBHBIE IOHATHS

ABtopamu Ha 6aze 800 yenoBek B Bo3pacTe 65 W cTaplie U3y4eHO JIEHCTBUE OCHOBHBIX (ak-
TOpOB, BIMAIOIIMX HAa CTapeHUE CEplEeUYHO-coCyaucToi cucrteMbl. OOcienyeMble pas3zieieHbl Ha 3
BO3pacTHBIE IPyMIibl coracHo kinaccupukanun BO3: 60-74 rona — noxwuioit (n=395), 75— 89 ner —
crapueckuit (n=284), 90 net u crapiue — Bo3pacT aonroxureneit (n=10). TakoBbIMU ABISAIOTCS 10T
NAIMEeHTa, BPEAHbIE NPUBBIYKU B BUJIE KYPEHHsI U YINOTPEOJEHUS aJKOIoJis; COUUAIbHbIN CTaTyc
u obpaszoBanue, ypoBeHb xojectepuHa (OXC) B KpOBU; OKUPEHUE U MOBBIILIEHUE MHIEKCA MaCChl
tena (MMT); noBeiienHoe aprepuainbHoe nasienue (Al), nmemuueckas 6onesns cepauna (MbC),
noctuHpapkTHeld kapaunockiepos ([TMKC); nanuune xpoHUUecKkoil cepAaeyHON HEA0CTaTOUHOCTH
(XCH). BceM pecrionieHTaM NpoBEIEHO aHKETUPOBAHUE 110 4 CTaHJapTHBIM BonpocHuKam. [loato-
My MbI PELIWIN CO3/1aTh MareMaTHYeCKyl0 MOJEJb Ul MPOTHO3UPOBAHMS CEpAECYHO-COCYIUCTOTO
CTapeHus N0 OOLIEKIMHUYECKUM JaHHbBIM.

JUig co3nanust MaTeMaTHYeCKOM MOJIENI BEIOpaHHBIE CIIEAYIOLIUE TapaMeTphbl Kak OnoMapKepbl
UCCIIEZIOBAHUS CEPJCYHO-COCYIUCTOIO CTAPEHUS U COLIMANIbHBIE CTaTyChl PECIIOH/IEHTOB:

ch — xonectepun (OXC), MMOJIB/I1.;

Pr— nasnenue (AI'), MM. pT. CT.;

W — unpnexc maccel Tena (MMT), kr/m?;

Px — noctundapkrueiil kapanockiaepos (ITMKC), 1/c. (konmudecTBO ynapoB cepila B MUHYTY);

X — xpoHuueckas cepaeunas HenoctarouHocTh (XCH);

G —noi;

S — KypeHue;

E — o6pazoBanue;

A — aJKoroJb;

1 — nmemuaeckas 6ose3nb cepana (MbC);

as, by, cq, dy, a5 by €2 d; as, by, C3, d; — mocTosiHHBIE.

JlaHHbIE MapKepbl BBIOpaHbl KaK JYUIIME PE3YJIbTaThl BBIYUCICHUS KOAPPUIIMEHTA KOPPETIUN
[MupcoHa Mo cTaTUCTUYECKUM JTaHHBIM OMOMapKepOB SKCIIEPUMEHTUPYEMBIX MTallUEHTOB:

T (rm D= 7)
JE G 22 2N G- 30, (1)

T =

JU1g onTUMHU3aLUK IpoLEecca MOJIEIMPOBAHNS BCE BbIOpaHHbIE OMOMapKephbl ObUIA MPUBEIECHbI
K Oe3pa3MepHOMY BHy Ha 3Tare BBIYMCICHHS Koppessiuu. HopManuzamus kaxmaoro mapaMmerpa
ObUIa BBITMOJIHEHA ITyTEM JICJICHUS €ro 3HAYeHUH Ha MaKCHMaJIbHOE 3HAYeHUE B BBHIOOPKE, UTO MPH-
BEJIO K IpeoOpa3oBaHMIoO [ruana3ona 3HaueHnii B uaTepsai [0;1]. 1o mo3Bosser cpaBHUBAThH U aHA-
JU3UPOBATh MAapaMETPhl C PA3INYHBIMU €UHUIIAMUA U3MEPEHUS HAa €IMHOM IIKaJle, YTO MOBBIILIAET
3¢ GEKTUBHOCTD U TOYHOCTH MOJICIMPOBAHUS MIPOIIECCA CTAPCHHUS.

MarepuaJibl 1 METOABI

JIJis manMeHToB B MHTEpBasie Bo3pacta 65—74 rojga MOXHO MaTeMaTUYCCKU MPEANOJIOKUTh UX
CEPACYHO-COCYIUCTOC CTAPEHHE CIICAYIOIIUM 00pa3oM:

z—: =a,-Px(x,t)-S(x,t) +b, - Px(x,t) - A(x,t) +
+e, - I1(x,t) - S(x,t) + d, - Pr(x,t)-S(x,t) . (2)

I7ie X — CTENEeHb CePJICYHO-COCYIUCTOrO CTAPEHHUS MAlMEHTOB B BO3pacTe 65—74 roaa, KoTopas siB-
nseTcst Oe3pa3MepHON BETMYUHOW, HOpMaIn30BaHHOH B nuana3one [0;1], rme 0 cOOTBETCTBYET OT-
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CYTCTBHIO MPU3HAKOB CEPJEYHO-COCYIUCTOrO CTApeHMs, a 1| — MaKCUMaJIbHON CTENEHHU CTAPEHUS
B paMkax Hamiei monenu. [lepemMenHbie B mpaBoii yacTu Oe3pa3MepHbIE U 3aBUCIT OT BPEMEHU U
BJIMSIIOT Ha CTENIEHb CTAPEHUS (TO €CTh UMEIOT apryMeHT (x, t)). DTO MO3BOJSET MOAEIUPOBATH U~
HaMHUYECKHUI MpoLece — CTaped}ime, C YY€TOM M3MEHEHHUI BO BPEMEHHU, COXPAHSIS IPU 3TOM IIPOCTOTY

M YHHBEPCATLHOCTE MOJIEITH. —- O3HAYAeT U3MEHEHHS CTETICHH TPEK/IEBPEMEHHOIO CTapeHUs Yepes
t BpeMEeHH, @, — BeJIMYMHA K03(GHULUECHTA KOPPEJIALUU B3aUMOJEHCTBUS OCTUH(GAPKTHOTO Kapiu-
OCKJIEpO3a C KypeHHeM, b, — BelTMYMHa K03 (PUIeHTa KOppesLuy B3auMOACHCTBUS IIOCTUH(APKT-
HOT'0 KapAMOCKIIEpO3a C aJKOTroJIeM, ¢, — BEJIMYMHA KO3(D(DHULINEHTA KOPPEJIALUH B3aUMOJICHCTBUS
UIIEMUYECKON OOJIe3HH Cepala ¢ KypeHueM, d, — BelnunHa Kod(Q(GUIIMEHTa KOPPEISIUN B3aHMO-
JeCTBUS AaBJIeHUsI KpOBU ¢ KypeHueM. [IpousBenenust GnomapkepoB B (2) BEIOpaHbI TaKHMM 00pa-
30M, YTO OHHU TIOKA3aJIM JIydIllue CBSI3U B Koppessiun. Pesynsrars! koppessiun [Iupcona nokasanmu,
YTO B 9TOM HHTEPBAJIe BO3PACTOB KypeHHUE U YIOTpeOICHHE aIKOTOJIsI MOXKET MPUBECTHU K 3a00IeBa-
HUSIM Cep/lla U K BapbHUPOBAHUIO TaBJICHUS KPOBH.

CepaeuHO-COCYIUCTOE CTapeHHE IS MAIIEHTOB B MHTEPBaJIe BO3PAcTOB 75—89 MOXKHO onucarb
Kak cienyroiee auddepeHaibHoe ypaBHEHHE:

& = ay-Pr(x,6) - S(r,t) + by - Pr(x,0) - AGe £) + ¢ X(0,8) - AGx, £) + ds - I(x,) -

S(x,t)
s, by, €3, dy — KOOQPUIEHTHI B3aUMOAEHCTBUS yKa3aHHBIX MapkepoB. IIponssenenus Ouomapke-
poB B (2) u (3) BeIOpaHbl TAKUM 00pa30M, UTO OHH ITOKA3aJH JIyUIIIHe CBSI3H B KOPPEIALINH.

B ypaBuenun (3), rae x — cTeneHb CepACYHO-COCYAMCTOrO CTapeHHs MAalMeHTOB B BO3PACTE

3)

75-89 7et, —~ 03HAYACT M3MEHCHMs CTCHICHU MPEXKICBPEMEHHOIO CTAPCHHS Yepe3 t BpeMEHH, a3 —
BeJIMYMHA K03 uImenTa Koppesiiuy B3auMOICHCTBHS TOCTHH()APKTHOTO KapAHOCKIEpO3a C Ky-
penueM, b; — BennunHa Ko3(pUIMEHTa KOPPENsLUry B3aUMOACHCTBUSA MOCTUH(APKTHOTO Kapau-
OCKJIEPO3a C aJIKOTOJIEM, €3 — BETHMYUHA KOA(PPHUIMEHTa KOPPEISALUN B3aUMOJCHCTBUS alIKOTOJIs C
XPOHUYECKOU CeplIEYHON HEJOCTATOYHOCThIO, d;y — BETMYMHA KOd(h(DHUIIEHTa KOPPEISIIUA B3aUMO-
JEHCTBYSI KYpeHHS C UIIIEMUYECKON OOJIC3HBIO Cep/ria.

B ypaBuenusix (2)—(3) mareMaTHueCKOi MOJIEIU MPEXKIEBPEMEHHOTO CTapEHUS JIIO/ICH B UHTEP-
Bajax Bo3pactoB 65—74 u 75-89 MOKHO 3aMETHTh, YTO BO BCEX MPOU3BEIIEHUSIX OMOMapKEPOB MPH-
CYTCTBYIOT KypE€HHE M aJIKOrOJib, YTO O3HAYaeT BBICOKYIO Koppemsuuio. Kypenue u ynorpedbneHus
QJIKOTOJIS B OTUX MHTEPBAJIax BO3PACTOB MOTYT MPHUBECTH K MOCTHH(APKTHOMY KapAHOCKIEPO3Y,
UIIeMUYEeCKOr O0JIe3HH cep/la, BApbUPOBAHUIO JaBJICHUS, U3MEHEHHUIO YPOBHSI X0JIECTEPHHA B KPO-
BU. MOXKHO c/ienaTh BBIBOJ, UTO JIFOASM B 3TOM BO3pPAcTe€ CTOMT OTKAa3aThCsl OT BPEIHBIX PUBBIYEK,
4TOOBI COXPaHHUTh U MPEAOTBPATUTH CHIKEHHE OMOJIOTrMUECKOro BO3pacTa.

CepaeuHo-coCyIUCTOE CTapeHue ISl MalMeHTOB Bo3pacToB 90+ MOXKHO ONuUcaTh CIEAYIOIINM
obpazom:

%= a,-G(x,t)-ch(x,t) + b, -S(x,t) - X(x,t) +
+cy - Px(x,t) - E(x,t) +d, - Pr(x,t) - S(x,t) » “4)

rae % O3HA4YaeT U3MEHEHHUs CTENCHH MPEeXkKIEBPEMEHHOTO CTapeHus MAIMeHTOB Bo3pacTta 3a 90 ser
gyepe3 t BpeMeHH, @y — BelnYrHa Kod(duimenta Koppeasiiuy B3auMOICHCTBHS T10JIa YeJIOBeKa Ha
YPOBEHb XOJECTEpPHHA B KPOBH, By — BeIMYMHA KOA(PPUIIMEHTA KOPPEISILIUN B3aUMOJICHCTBHS KY-
PEHHS ¢ XPOHHUYECKOH CEpACYHOIN HEOCTaTOUHOCTHIO, €1 — BEIMYMHA KOA((UIIEHTA KOPPEIALUT
B3aNMOJICHCTBHS MOCTHH(APKHOTO KapIHOCKIepo3a ¢ 00pa30BaHUEM UYellOBeKa, dy — BEITMYMHA KO-
s dunreHTa KOppeIsIuy B3aUMOICHCTBHS AaBJICHNS KPOBU C KypEHHEM.

128



KA3AKCTAH-BPUTAH TEXHUKAJIBIK
YHUBEPCUTETIHIH, XABAPIIBICHI Ne 4(71) 2024

Br16op npousBeneHuit mapaMeTpoB, YKa3aHHBIX B (4), 03HaUaeT UX BBICOKHE TIOKA3aTeId B KOP-
pensitin. [TepBoe npou3BeIcHNE MOKAa3bIBACT B3aUMOJICHCTBHUS U 3aBUCUMOCTD YPOBHS XOJIECTEpUHA
OT 1oJia yesioBeka. OT BTOPOTO MPOU3BENCHUS MOJKHO CIEIIaTh BBIBOJ, YTO KYPSHHE MOYKET PUBECTH
K XPOHHUYECKON CEpJICYHON HEIOCTaTOYHOCTU. TpeThe MPOU3BEICHUE, BBIOPAHHOE IO pe3ysIbTaraM
KOPPETSINH, TTOKa3bIBACT, YTO TAKOH COIMAIIBHBIN CTaTyC YellOBeKa, Kak 00pa3oBaHHUEe, MOXKET I10-
BJIMATH HA MOCTHH(M)APKTHBIN KapIUOCKIEPO3. 31eCh MOXKHO C/IeaTh MPEANOI0KEHUE, YTO 00pa3o-
BaHUE MOXKET MPUBECTH YEJIOBEKA K MCHUXOJOTUICCKON YCTOWYMBOCTH, YTO MOXKET MPEIOTBPATHTH
NOCTUH(APKTHBIN KapHOCKIepo3. UeTBepToe MpOU3BEICHHUE MTOKA3bIBAET, YTO KYPEHUE MTPUBOIUT K
BapbUPOBAHMIO JIABJICHUS KPOBH. A CIIOKEHHS TIPOU3BEICHHIA 03HAYACT, YTO B3aMMOICUCTBUS JIPY-
I'UX map OMOMapKepOB TAKXKE TOKA3aJIH XOPOIINE PE3YJIbTAaThl B KOPPEISIIUK, HX YPOBEHb B3aHMO-
JCHCTBUS onKchIBaeTCs Kodduimenramu ay, by, ¢4, d;.

st yucneHHoro MojienupoBaHus uctoib3yercs meron Pyare-KyTTet 4-ro nmopsiaka [9] ms pe-
HICHHUST OOBIKHOBEHHOTO U (HepeHIIMaTBLHOTO ypaBHEHUS (4).

x'=a,-G(x,t)-ch(x,t) +b,-S(x,t)-X(x,t) +
+c; - Px(x,t) - E(x,t)+d, - Pr(x,t) - S(x,t),

Koneunoe pemenue OJY metonom Pynre-KyTTsl 3anuiiercs B BUe:

Xpi1= Xn + (kg + 2k, + 2ks + ky),

b—a
3nech h= - H

ki = f(xn tn),
ko= f(tat 300 +2ky)
ko= f(tat o2, +0ks),

k,= f(t, +h,x, + hk).
B namewm cnyyvae k,, k,, ki, k . IpUMYT CIIEYIOITUNA BU;

ki=a, G(x,t,) -chix,t,)+ b, -S(x,,t,) X(x,,t,)+
+C1 ’ ‘Dx(xw tn) ’ E[:x'n.l tn)_'—dl ’ Pr[:xw tn.) ’ S{:xnl tn.) s

h h
+b S(E +h +hk) X(E + = h )
1 n zjxn 2 1 2
P h hk E h hk
+C1 x(tn+§,xﬂ+§ 1) (t.ﬂ+§,xﬂ+§ 1)+

h h h h
dy-Pr(t,+2, %, +2ky )-S5 (¢, +;,xn+;k1)

h h h
h h
+b1-5(rn+§,xn+ik2)-x(t 4= )
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h h h
E,xﬂ+§k2)-5(tﬂ+§,xn+ k2)+

+dy - Pr(ty+ 2,0, +2k; ) - S (tn+ 2,0, + 2k )

+c, - Px (tn +
b

ky=a, G(t,+ h,x, +hky)- -ch(t,+hx, + hky)+
+b, -S(t, + h,x, + hiy)-X(t, + h,x, + hky) +
+c, - Px(t, +h,x,+ hk;)-E(t,+ h,x, + hky) +
+d, - Pr(t, + h,x, + hky)-5(t, + h,x, + hk;)-

Havanbnsie ycnosus (Komm):

x(0) = x,
x(ty) = X
t=20

s ypaBHenuit (2) v (3) maHHBIA METO UCTIONB3YETCS aHAJIOTHYHBIM 00pa3oM.
g anpobatmu Monenu ypaBHeHHs (2)—(4) MOXHO MPUBECTH B KOHEYHO-PA3HOCTHBIA BUJ U
YHUCIIEHHO pemuTh MeTooM uteparuu [10]. Torma, k mpumepy, (4) OyzIeT BBIVISIIETH CICAYIONTIM

obpazom:
dx

E=a1-G-ch—l—bl-S-X—l—cl-Px-E+dl-P?"-.S', %)
r7ie JieBasi 4acTh YPaBHEHHS 3AIUILIETCS M0 PA3IOKEHUIO B psit Teilsiopa B KOHEYHO-PA3HOCTHOM B

BHJIE TIO IIATY BIEPE/] MO MEepBOMY MOpsiaKy TouHOCTH O (At):
——=ay-G-ch+by-5-X+c,-Px-E+d,-Pr-§5.
B koHeuHOM cyeTe HCKOMBIM mapamerp x™+1 3anuiercs cieayromumM 00pa3oM:
x™*1 = x™ + At - (a, - G[i] - ch[i] + b, - S[i] - X[i] + ¢, - Px[i] - E[i] + d, - Pr[i] - S[i]) .

JIJis 9rcneHHoro peuieHus ypaBHeHus (5) 3a1aeTcsa HauaabHOE YCIOBHE IS TapaMETPOB.

HauanpHble ycioBus BRIOUPAIOTCS KaK B MPEIBbIIYIIIEM METOE.

BriOupaetcs miar o Bpemenu B uHTEepBatie ( < At < 1, At = 0.01.

YuceHHbIe pe3yabTaThl MOKHO OTIMCATh U CAETIaTh aHAIU3BI [0 peasibHoMY BpeMeHu N - At = t,
rae N — KOTU4eCTBO UTEPAIMK B IPOTPAMMHOM KOJIE.

Brimeoncannpie nericTBus s ypaBHeHUH (2) u (3) OyayT aHAIOTHYHBI Kak 1uis (4).

Coznannbie MareMaTHueckue mMojaenu (2)—(4) MOXKHO CUMTATh DKCIIEPUMEHTOM ISt OyayLIuxX
AQHAJIOTHYHBIX UCCIICIOBAHUH.

Pe3yabTaThl U 00Cy:KIeHUSA

ITo ¢opmysne (1) Beruncistores: kKoahpuuueHTs! Koppessauuu [Iupcona, KoTopele XxapakTepHusy-
IOT CHJTY CBSI3M MEXKIy napamerpamu (= 1).

ITo naHHBIM KOppEsILMY ONpeelisieM JydIlInue CBA3U MeXAy OMoMapkepaMu U COLUAIbHBIMU
XapaKTEepUCTUKAMU PECIIOHAECHTOB, YTOOBI MIOKA3aTh YPOBEHb B3aUMOIEHCTBUS MPOU3BEICHUI Ma-
pameTpoB B ypaBHeHUsIX (2)—(4) (Tabmuua 1).
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Tabmuna 1 — KoadumnmeHTs MaTeMaTn4ecKoi MoIen
Bospacrtaas kareropus Koaddpumment 3HaueHme
a
65-74 1 0.66
b, 0.53
Cy 0.5
d, 0.43
a 0.21
74-89 2
b, 0.15
Cs 0.16
d, 0.14
90+ a, 0.17
b, 0.17
Csy 0.16
d, 0.16
JI71st CUMYJTSITTIM YU CTIEHHOTO PEIICHUST UCTIONB3YIOTCS JIAHHBIE M3 TAOMHUIIbI 2.
Tabnuma 2 — [lapameTpbl MoAieTUPOBAHUS
Ornpenenenue 3HayeHue
Ilar nmo Bpemenu, At 0.01
Komnuectro ureparmn, [N 100
Wurtepsan Berancienus, [a;b] [0;1]
4th order Runge Kutta method
7 65-74
—— 75-89

002 003 004 005 006
|

changes in Aging

— 90+

000 0.01
| |
FE

Time

100

Pucynok 1 — UncneHHass HHTEPIPETAIIS H3MCHEHHSI CEPACTHO-COCYIUCTOTO CTAPEHIII
metogoM Pynre-KyTTer 4 mopsiaka
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Iteration method

w
= 65-74
—— 75-89
B — 90+
=
o =
= =
N
2 |
s 7 |
e 27 |||
2 |
5 24 |
= 11| |
= |‘
= i || ‘ \ f'll lll‘l |"|I ||‘|I |h| lﬂl
s | Lk.axr:\f\auﬁ\ikz\f\_ﬂu_;\_ﬂ_mu|4umm_
=2 ) T T T T 1
) 20 40 60 80 100
Time

PI/ICYHOK 2 —Yucnennas HUHTEpIIpETAlA U3MCHCHUS
CEPACYHO-COCYAUCTOIO CTAapCHUS MCTOAOM UTCpAllN

Ha rpaduxkax (1) u (2) npeacrasiieHsl JaHHbIE, HJUTIOCTPUPYIOIIME H3MEHEHUS B Mpoliecce CTa-
peHus 715 TpeX BO3pacTHBIX rpyni: 65—74 rona, 75—89 net u 90+ nert, ucnonsiys metoy Pynre-Ky-
ThI 4-r0 MopsAaKa U MeTox uTepanuu. Ock abcuuce (ropu30HTANIbHAS 0Ch) 0003HAYAET BpeMsl, a OCh
opauHAT (BepTHKAJIbHAS OCh) MTOKA3bIBAET U3MEHEHHSI B CTapeHHH 110 (2)—(4).

HaunOonee BhIcOKHMe NMUKK W3MEHEHUH B crapeHud B 90+ eT, 0COOCHHO 3aMETHbIe B Hadaje
BPEMEHHOI'0 MHTEpBaJIa. JTO MOXKET yKa3bIBaTh Ha Oosiee OBICTpbIE WM OOJIee 3HAYUTENIbHBIE U3-
MEHEHMsI B CTAPEHUH y CaMOM cTaplliel rpynmbl, Takue Kak 17% BepoSTHOCTH U3MEHEHHs YPOBHS
XOJIECTEPHHA B KPOBH U MOSIBJIEHUS] XPOHUYECKOH CEpIeYHOM HEJ0CTaTOYHOCTH, Takxke 16% BeposiT-
HOCTH TIOSIBIICHUS TTOCTUH(APKTHOTO KapUOCKIIepO3a U BapbHUPOBAHUS JABJICHUS B KPOBH.

B kxareropuu 65—74 rona nokaspIiBaeT yMepeHHbIe KOIeOaH!s C MEHbIIEH aMITUTYA0H. ITO MO-
JKET CBHJICTEIILCTBOBATh O 0OJIee CTaOMIILHOM IPOIIECCE CTapeHHsI B ATOM BO3pacTHOM rpymme. B
9TOM MHTEPBAJIE MOXKHO 3aMETHTb, YTO OT YIMOTPEOICHHS aJIKOTOJII U KYPEHHUS TOSIBIISIOTCSI OKOJIO
53% BEpOATHOCTH BO3HUKHOBEHHS MOCTHH(PAPKTHOTO KapIUOCKJIEpPO3a, MOBBIIICHUS JaBICHHS B
KPOBH, a TAK)K€ U3MEHEHUsI MacChl TeJa, KOTOPbIEe MOT'YT YCKOPUTh IPOLIECC CTApEHUSI.

Pesynwrar 75-89 ner umeer xoneGaHUs, aMIUTUTYa KOTOPBIX MEHbIIE, YeM y kareropuu 90+
1et, Ho OoJbie, yeM y 65—74 roma. 310 yKa3bIBaeT Ha MPOMEKYTOUHOE TTOJIOKEHNE B U3MEHEHUSX
CTapeHus: MEeXIy OBYMs APYTUMH rpynnamu. JJis 3Toil kaTeropuu rpynmnsl MOXKHO CAenaTh Mpes-
MOJIOKEHHE, YTO CTapeHHE MEHsIETCs B CBS3U € 21% BepOATHOCTU MOBBILIEHUS JABIECHUS B KPOBH,
nosiBiieHueM 16% BEpOSITHOCTH XPOHHUYECKOM cepleuyHO HenocTaroyHOCTU U 14% BepoSTHOCTH
UIIEMUYECKOM 0O0JIE3HU Cep/IIia.

[Muku Ha rpadukax y Kak10i KaTerOpUU MOTYT YKa3bIBaTh Ha BpeMEHHbBIE TIEPUOJIBI 10 abciuc-
ce, KorJ]a N3MEHEHHUsI B CTApEHNH ObLIIM HanboJiee HHTEHCUBHBIMHU.

I'pynma 65-74 rona nemMoHCTpuUpyeT Hanboliee cTaOMIIbHBIE U3MEHEHHSI, H3-32 BPEIHBIX MPH-
BbIUEK (yNoOTpeOsieHHe aJIKOrojsl U KypeHHE), YTO MOXKET CBUAETEILCTBOBATH O Oojee Mmpeickasy-
€MOM IIPOLECCEe CTAPEHUs B 3TOM BO3PACTHOM Juana3zoHe. MIHTepecHO oTMeTuTh, uto rpymnmna 90+
JIeT II0Ka3bIBaET HAUOObIINE KoeOaHus, KOTOPbIe MOXKET YKa3blBaTh Ha TO, YTO MIPOLIECC CTAPEHUS
CTAaHOBHUTCS MEHEE MPEACKa3yeMbIM MM 0osiee YyBCTBUTEIBHBIM K TAKMM (PaKTOpam Kak IOJ pec-
MIOHJIEHTA, YPOBEHb 00Pa30BaHus, a TAKKE KypeHHE.

ITo rpaduxam 1-2 BuaHO, YTO BEIOpaHHBIE JIBa METO/IA OTIIMYHO CXOJSITCS.
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3akiouenue

CrapeHue sBIISETCS 3aKIIOYUTENbHBIM 3TAallOM Pa3BUTHS OPraHU3Ma — HEMPEPbIBHOTO MPOILIEC-
ca, KOTOPBI HAYMHACTCSI C MOMEHTA POXKJICHHUS YeJIOBEKa U SBIISETCS OHUM M3 BaKHEHIIHMX (ax-
TOpPOB pUCKa Pa3BUTHs OOJBIIMHCTBA XPOHUUYECKHUX 3a001€BaHUN U (YHKIIMOHAIbHBIX HApYIICHUH,
KOTOpBIE IPUBOAAT K PA3BUTHUIO BO3PACT-aCCOLMUPOBAHHBIX ITATOJIOTHIA.

B nepBoii rpynne ¢ Bo3pactoM 65—74 roga ¢ NOMOIBIO MaTeMaTHYECKOM MOJENN Ui Mpor-
HO3MPOBAHMSI CEPACYHO-COCYUCTOTO CTAPEHUS BBISABICHBI CTAOMJIbHbIE M3MEHEHHUS BCJIEICTBHE
OTCYTCTBHSI COJIMIAPHON OTBETCTBEHHOCTU M HAJIMYMs BPEIHBIX MpPUBBbIUEK. BenencTaue ynorpeo-
JIEHMsI alIKoroyisd U KypeHus y 53% nanueHToB BbIsABIEHBI aprepuanbHas runeprensus 1I-1II ct. u
NOCTUH()APKTHBIA KapIUOCKIIEPO3, CaXapHbIi 1UA0ET, a TAKKE 0KUPEHHE, KOTOPbIE BIUAIOT HA IPO-
necc crapenus. B rpynme 75-89 neT pe3ynbrartel HIMEIOT OnpeziesieHHbIe KOJICOAHNS U TTOKA3hIBAIOT
CpeziHee MOJI0KEHHE 10 OOLEKIMHUYECKUM JaHHBIM. TO €CTh CepJeYHO-COCYIUCTOE CTAPEHUE Me-
HSIETCSI M3-3a TOTO, UTO Y PECIOHAEHTOB B 21% mnoBbIlIaeTcs aprepuanbHoe AaBienue, B 16% ciyua-
€B COIIPOBOXK/IAETCA XPOHUYECKOM CepleuHON HeI0OCTaTOYHOCTBIO U B 14% citydaeB uieMu4eckon
00JIe3HBIO Cep/IIIa.

B tpertseil rpynne (90+ set) umerorcst HaubombIIMe KoJeOaHus, ¢ TakuM (hakTopoMm, Kak Kype-
HUE, I10J1, OBBIIIEHUE XonecTepuHa 17% ciaydaeB, apTepualibHasl TUIIEPTEH3MS U aTePOCKIIEPO3 B
16%, a Taxxe ypoBeHb 0Opa30BaHMUsI.

[IpumeneHrne COBpeMEHHBIX METOOB MAITMHHOTO OOY4YeHHS K aHalu3y MHOTOMEPHBIX JlaH-
HBIX O OMOJIOrMYECKHMX MapKepax, BKJIOUYash FeHETUYECKUE, SMUTeHETHYECKHe, METa0oInuecKue
U KIMHUYECKUE MapaMeTphl, MO3BOJIUT YIIyOJICHHO HCCIIEN0BATh CIIOXKHBIE B3aUMOCBS3H MEXIY
Pa3IMYHBIMHM aCHEeKTaMH IPEXAECBPEMEHHOTO CTAPEHHs U BBIABIATH UyBCTBUTENbHbBIE OHMOMapKe-
pol. [Inmanupyercs pa3paboTka nporpaMmbl Ha OCHOBE UCKYCCTBEHHOTO MHTEJIEKTa, KOTopast OyaeT
YUUTBIBATH HE TOJIBKO OOUIEKIMHUYECKUE JJaHHBIE MALMEHTa, HO U OCHOBHbIE OMOMapKephl U PUCK
CC3 y KOHKpETHOTO TMaIMeHTa, a TaKkkKe pa3padoTka crmoco00B WACHTU(UKALINN CTETICHH CTapEHUS
CepACYHO-COCYUCTON CUCTEMBI OPraHU3Ma, Ha OCHOBAaHUM KOTOPBIX OydyT IPEIJIOAKEHBI CIIOCOOBI
NpOQHIAKTUKH PAHHETO MPEXIEBPEMEHHOTO CTApEHUs OpraHu3Ma.

HeoOxonnmo ckazaTh, 4YTO pe3yabTarhl, NOJIYUYEHHbIE C UCIOIb30BaHHEeM MeToaa Pynre-Kyrra
U UTEPALMOHHBIX METOJI0B, IIOKA3aJIM BBICOKYIO CTENIEHb conIacoBaHHOCTU. ConlacoBaHue pe3ylib-
TaTOB MOATBEPXKJAET MPABHILHOCTh BHIOPAHHOIO MOAXOJA M MCIOJB30BAaHHBIX BBIYUCIUTEIbHBIX
METO/I0B.

Takum 006pazom, HaIIa MOJIENIb MOKET CITYKUTh aJIeKBATHBIM HHCTPYMEHTOM JUIs JaJIbHENIIEero
W3Y4YEeHUS U [IPOTHO3UPOBAHUS MTOBEJACHUSI CUCTEMBI B pa3IMYHbIX ycinoBusX. [lonyyeHHbie pe3yib-
TaTbl MOTYT OBITh MOJIE3HBI JUIsl UCCIEIOBaHMs BIMSHUS BO3pAcTa HA MPOIECC CTAPEHHS] U MOTYT
IIOMOYb B pa3pabOTKe CTpaTeruii sl yaydIIeHHs KauecTBa XKHU3HHU CTapeIOIIero HaceIeHus..
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"KYPEK-KAH TAMbBIPJIAPBIHBIH EPTE
KAPTAIOBIH CAHJBIK MOJEJBAEY

Angarna

JXKypek-kaH TambIpiapbl KapTarobl aJaMIapAblH JeHCAyJIbIFBl MEH OMIp camacklHa, dcipece 65 jkacTaH acKaH
ajlamziapra airapibIKTai Kayin TeHaipeai. by Makanana MaTeMaTHKaiIbIK MOJIEINbACY Il KOJIJ[aHa OTBIPBII, KYpPeK-
KaH TaMbIpJapbl KapTaloblH OOJKAy 9J1iCl YCHIHBUIFaH. O3ipJIeHIeH MOJIENb OPTYPIi (PU3HUONOTHSIIBIK KIHE MiHE3-
KYIBIK (hakTopiapbiH, COHBIH ILIIHJE KaH KbICBIMBIH, XOJECTEPUH JICHI'CHiH, JICHE CajMarbl MHAEKCIH, TeMeKi
merymi, GU3UKaIBIK OSICESHIUTIKTI J)KOHE aJIKOTONBII KaMTHIBI. MOeb HTEpaIUsUTBIK dTiCTepAl KOJIaHyFa jKOHE
OCBHI (paKTOPIAPIBIH YaKbIT OOHBIHIIA AMHAMHUKAIBIK €3apa OpeKeTTeCyiH CHUIaTTayFa MyMKIHAIK OepeTin Pyrre-
Kytra oxicine Herizmenren. Monenbai Tekcepy erze »KacTarbl HayKacTapAblH JEHCAYJIbIFbIHA KaTHICTHI KJIMHUKA-
JBIK 3epTTey AEPEKTepl HETri3iHAe KY3ere achIpbULAbL. 3epTTey HOTHXKEIepi MOJENBAIH JKYPEK-KaH TaMbIpiapbl
KapTarobIHBIH JIaMyblH 0OJDKay/a JKOFaphbl JQJIIKKE Ue CKEHIH jKOHE JKYPEK-KaH TaMbIpiiapbl aypyJiapbIHbIH KayIi
JKOFapbl HAyKacTap/Ibl aHbIKTAayFa MYMKIHIIK OepeTiHiH KepceTTi. ¥ ChIHbUIFaH OOJDKay diici KIMHHULUCTED YIIiH
repuarpusl cajiachlHIa NPOQHIaKTHKAa MEH apaiacylblH IepOeCTeHIIPUITeH CTpaTerusulapblH 93ipieyre KoMeK-
TeCeTiH KYHIBl Kypan Ooma amamsl. bynm e3 keseriHme emjey HOTIDKENEPiH JKaKcapTyFa JKOHE TMalHueHTTEPIiH
cayayaTThl ©MIipiH y3apTyFa BIKIANI eTefi. bomamakra Moaens mapaMeTpiepit oaH 9pi HaKThUIAY JKOHE OHBI XaJIbIK
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apachIH/Ia KOJIaHY/Ibl KEHEUTY KocmapiaHy/a.

Tipek ce3aep: *Kypek-KaH TaMbIPIApbIHBIH KapTalobl, OOJDKay, MaTeMaTHKAJIBIK MOJIEIb/CY, €Te JKacTarbl
HayKacTap, (QU3HONOTHIIBIK (hakTopiap, AuddepeHInaNAbIK TCHACYIEp.
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NUMERICAL MODELING OF PREMATURE
CARDIOVASCULAR AGING

Abstract

Cardiovascular aging poses a significant threat to the health and quality of life of individuals, especially those
aged 65 years and older. This paper presents a way to predict cardiovascular aging using mathematical modeling.
The developed model integrates various physiological and behavioral factors including blood pressure, cholesterol
level, body mass index, smoking, physical activity and alcohol. The model is based on the application of iteration
and Runge Kutta methods, which allows us to describe the dynamic interaction of these factors over time. Validation
of the model was performed based on data from clinical studies of elderly patients' health. The results show that
the model has high accuracy in predicting the progression of cardiovascular aging and allows to identify patients
with increased risk of cardiovascular diseases. The proposed prediction method may become a valuable tool for
physicians, helping to develop personalized prevention and intervention strategies in geriatrics, which, in turn, may
improve treatment outcomes and prolong the healthy life of patients. Further refinement of the model parameters
and expansion of its application to broader populations are planned for the future.

Key words: cardiovascular aging, prediction, mathematical modeling, elderly patients, physiological factors,

differential equations.
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JL.H. T'ymuneB atbingarsl Eypasust yITTBIK yHUBEpCUTETI, AcTaHa K, Kasakcrau

’KOFAPFBI HIETT AMUHBIMAJIbI BOJIATBIH MATPUIIAJIBIK
OHNEPATOPABIH MOHOTOH/ABI TI3BBEKTEP
KOHYCBIHAATBI CAJIMAKTbBI BATAJIAYbBI

Angarna

Xapau Tercizairi 1920 x. TyxbipeiMaansi, 1925 x. gonengenai. Con yakpiTTal 0epi OyJ1 TeHCI3IIK alTap-
JBIKTal JIaMbIIbl. AJIFAalIKbl JKYMBICTAp JKaJIIBl CaJMakTap/bl KapacTelpyMeH Oaianpicra Oompupl. KewiHri
JKYMBbICTapa XapAn ONepaTopbIHBIH OpHBIHA 0acKa siAposiaphl Oap JKalIbl oreparopiap KapacTelpsulapl. Kasipri
yakpITTa Xapau THIITEC TCHCI3MIKTEpPTe apHAIFaH KONTETeH 3epTTeylep Kyprisiryne. Xapan TEHCI3MITiHIH Kall-
TbIIayJIaphl MaHBI3IBI KOJAaHOAIapFa HEeTi3/IeNil, TeK Tepic eMec (YHKIHsUIap KOHYChIHa FaHa eMec, COHBIMEH
KaTap MOHOTOHIbI (BYHKIIMSIAP KOHYCBIH/A J1a KapacThIpbUIabt. Bymskymeicta 1 < P < g << 90 ymin MmonoTOHIBI
Ti30CKTep KOHYCHIH/IA CaIMaKThl Xapau TUITEC TCHCI3MIKTIH OPBIHAATYBIHBIH KAXKCTTI JKOHE MKETKUIIKTI [IapThIH
aHBIKTAy KapacTelpbuiaabl. Ecenti mrenryain Herisri axici —pexykuusuiay. On Coliep IPUHIMITIH KOJIJaHa OTHIPHIII,
MOHOTOH/IBI Ti30€KTep KOHYCBIHAAFbI Xapau THOTI TEHCI3MIKTI OapiblK Tepic emec Ti30ekrep ymiH Oenrini Oip
TEHCI3/IIKKe KeNTipyre MyYMKIHAIK Oepeti.

Tipek ce3aep: Xapau TEHCI3IIT1, MATPHUIIAJIBIK OTIEPATOP, MOHOTOHIBI Ti30EKTEp.
Kipicne

MoHoToHABI caHmap Ti30eri KOHYCHIHBIH KacHeTTepi (QyHKOWsIap TEOpHsIChIHAA, (yHK-
[UOHAJIJIBIK aHAM3/e, MaTEMAaTHKAJIBIK SKOHOMUKA €CENTEePiH/le, BIKTUMAIIBIKTAD TEOPHICHl MEH
MaTeMaTUKAIIbIK CTATUCTUKAAa KOUBUIFAH 9PTYPIl SKCTPEMaJIIbl €CernTep YIIiH YIKSH MaHbI3Fa He.
By Ti30ekTep omneparopiapblH anmpoKCHMATHBTI CaHAaphl, (PYHKIMSIIAPABIH €H KAKChI KYBIK-
TayJlapblHBIH CaHJABIK CHUMAaTTaMajapbl, (QyHKIUSUIapAbIH MOMEHTTIK Ti30ekTepi koHe Oacka na
colikec OOBEKTUIEp Typaibl MaHBI3Ibl AKMapaTThl KAMTHIBL. AJ Keilip OOBEKTIIepAIH camnajblK
KacHeTTepl MOHOTOH/IBI Ti30€KTepAiH (DyHKITMOHAIIBIK KaThIHACTAPbI apKBLUIBI O©PHEKTEIIEI.

MoOHOTOH/BI (QYHKIHSIIAP KOHYCHIHIAFBl CaJMaKTbl Xapau TEHCI3IIri MEH OHBIH >KajllbLia-
MaJlapbIHBIH KONTereH KolgaHbicTapbl 0ap. Omap, MbIcajbl, oneparopiap TeopHschiHaa, JIopeHi
KEHICTIT1HJEr1 onepaTopiapAblH LIEHEeTIMIITiH 3epTTeye, JIopeHil KeHICTITIHIH eHTi3ysepl Teopus-
CBIH/Ia KOHe 0acka Jla cajajiapja KeHIHeH KOJIaHbLIa Ibl.

Marepuajigap MeH dficTep
MoHoTOoHIBI QYHKIHsIIAp KOHYCBIHIA 3€pTTEylep OacTainFaibl Oepi HETi3ri 3epTrey ofici —
«pemyKuus dici». byt oj1ic apKpLIbl MOHOTOH/IBI (PYHKIMSIAP KOHYCHIHIAFbI OCpireH TeHCI3MIKTI

Tepic emec (PyHKIUSIIAp KUBIHBIHIAFBI TEHCI3AIKKe Kentipyre Oomansl. Anram pet E. Coltepaig
KYMBICHIHA [ 1] ecnielTiH GyHKIMsIAp KUBIHBIHAAFBI ChI3BIKTBI OH OTepaTopiap YIIiH TEHCI3MIKT1
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KaH1ai na 0ip Tepic eMec QyHKIUSUIAP KUBIHBIHIAFBI TCHCI3MIKKE PEIyKIUsIay 9/IiCi KapacThIPhLI-
nel. byn onic «Comepain Kocakpuiblk puHiumi» (Coitep mpuHiumi) aen atanansl. [2, 3] XKy-
MBICTap/ia OChl MPUHIUNTIH KEMIMEUTIH (pyHKUUsIIap YILIIH OPbIHAATYBI KapacTbipbuirad. CoHai-
ak, Coliep MPUHIUITIH KOJAAHBII OPTYPIIi ONEepaTop KiacTaphl YIIiH KacalFaH KyMbICTap/sl [4—7]
KapayFra 00ajibl.

A. TorarumBumm xone B.JI. CtenanoB [8] »KyMBICBIHIa MOHOTOH/IBI ()YHKIHSIIAp KOHYCHIHAA
CBI3BIKTHI OOJTYBI MIHJIETTI €MEC OTIepaTopapIblH CaIMaKThl TEHCI3IIKTEPiH Tepic eMec QyHKITHsIIap
YKUBIHBIH/IA KaH/1al /1a Oip calMaKThl TEHCI3IKKE KeNnTipyre 00IaThIHbI KapaCThIPBUIFaH.

[9] Kymbicta 1 < p,q < oo xargaiibl yumiH keneci Typae Coiiep NpUHUMIIHIH JUCKPETTI
AHAJIOThI AJIBIH/IBL:

MyHnarbi l<p<oo, r=1{r}xkmeV=1{v} Tepic eMec CaHABIK Ti30eKTep.

Byn HoTmke OOWMBIHIIIA MOHOTOHJBI TI30CKTEp KOHYCBIHIA Xapau TEHCI3AITIH Tepic emec
Ti30ekTep ymIiH KaHmail ga Oip TeHci3mikke kentipyre Oomamel. [10]-[13] Huckperti Coiiep
NPUHIMITIH KOJAAHBIN, XapAnd ONepaTOPbIHBIH MOHOTOH/BI Ti30€KTep KOHYCBIHAAFbl MaTPHIIAJIBIK
oreparopiapAbIH CaIMaKThl Oaranayaapbl anbiHFaH. OChI )KyMbICTa 013 OCBI 9/11CTI KOJIIaHa OTHIPHIT,
JKOFapFBl IIEeT1 aiHBIMAJIBI OOJAThIH MaTPHUIIANIBIK ONEpaTOpIbl TepiC eMec, OCICHTIH Ti30eKTep

1
0 k 14 1 I p
Xioanfi Zri _% _? n X1t

0sil T T
B (Z?i1vifip)p k=1 ti=1 X2 P

KOHYCBIHAFbI CaJIMaKThl OarajayblH KapacThIPaMbI3.

HoTuikesiep MeH TaJaKbLIAy

Aiditaneik U = {u;}72, — tepic emec, V= {U;}{2; — oH HakTHl caHmap Ti30eri GonchH. lpy —
f = {f.}{Z1 HaKTHI caHIApPBIHBIH Ti30eKTEPi KEHICTIr )KoHE OJIap YIIiH
- v
Wl = { DlwfilP ], 1<p<e
i=1
HOPMACHI aKbIPJIbI OOJICHIH.

Keneci Typme aHBIKTanFaH KOFApFBI IIETI alHBIMAJIBI OONIATHIH MaTPHUIAIBIK OIMEPAaTOPIbI
KapacThIpalbIK;
B(n)
(49) = ) ang, LEN, (1)

i=1

MyHarbl, N —HaTypan cangap *ubIHbL A, ; = 0,8(n) — narypan cangap Tiz0eri Keneci KacUTTepre
ue:

1) xaraH ecmeni;

2) f(1)=1, n<f@n), n=2.

KymbicThIH Herisri mMakcarbl 1 < p = q < @ Gomranjga ke3 KeireH ln,-TaH ajublHFaH Tepic
eMmec, ocneiTin g = {g;}i=, Ti30eKkTep yuIin

1 1
Y uitagy ] <cl) ghvr @
n=1 n=1

137



HERALD OF THE KAZAKH-BRITISH
No. 4(71) 2024 TECHNICAL UNIVERSITY

TEHCI3/ITIHIH OPBIHIATYBIHBIH Ka)KETTI )KOHE JKeTKUTIKTI IIIAPTHIH aITy.

Erep 8(n) =n, a,; =1,n=1=1 Gonranna A omeparopsl AHCKpPeTTi Xapam ONepaTOpbIH
oepeni: (Ag), = 21—, gi. JJuckpeTTi Xapau onepaTopbIHBIH TEPIC eMeC Ti30eKTep YIUiH OPBIHIATYBI
p KoHE ( MmapaMeTpJIepiHiH OPTYPIl JKaFJaibIH/Ia TOJBIFBIMEH 3€PTTENITeH. byJl MOCENeHIH TOJBIK
TaJNgaybl MEH IIONYBIH [5] KyMBICTaH Kopyre 00Ja bl

a,; =1, n=i=1 Gonrannga (1) omeparopbl >KOFaprbl LIETi aMHBIMAIBI GONATBIH Xapau
oreparopbiH Oepei. byt onmeparopasiH Tepic emec Ti30ekTep yIriH (2) Typaeri caaMakThl Oaraiaybl
[14]-[16] sxymbIcTapaa 3epTereH.

A [17] )KyMbICTa )KOFApPFBI )KOHE TOMEHT'1 IIIEKTEP1 alHBIMAIIBI OOJIATHIH (ﬁg)n = Zfz(::?(ﬂ] Oy 0;
MaTpPUIAIBIK OIEpaTOpAbIH Tepic emec Tiz0ekTep ymriH (2) Typrmeri cajaMmakThl Oaraiaybl
1 < p < q < oo )karmalipIHIA KapacThIPBLIFaH.

Amnaiifa >koFaprbl HE TOMEHT1 IIeT1 allHbIMAaITbl O0JIATHIH MaTPHULIAIBIK ONIEPaTOPBIH TEPIC eMec,
OCIICUTIH Ti30C€KTEp JKUBIHBIHAA CaJMaKThl Oaranaybl OCHIFaH JICHiIH KapacThIpbUIMaraH efi. byn
MOCEJICHI OCBI )KYMBICTA KapaCThIPMBI3.

Eckepry. bynan apet M << K cumBonbl M < cK Oinaipeni, MyHaarsl KOHCTaHTa ¢ > 0 MaHBI3/IbI
emec napamerpiepre rana toyenni. Erep M <« K <« M Oonca, onna M =~ K.

AWTanbIK,

K n K K
V=) v, k21, Ayy= z gy, Ank = z 5 () » Wie = Z Dp(jys

i=1 j=1 j=1 Jj=1

1
S n q 1
F, = sup z u Z anpiny || V)P, (3)
sz1 n=1 j=1

1
d qa/S _p _p iz
F, = sup <Z bg'sug> <Vk Py P ) wp > ’ (4)
s21 n=s k=1

1 1

d q/S _p _p iz
F; = sup (Z ug) ( <]/;{ P_y.P ) A?G{) : (5)

s=1 ’
K

n=s =1

Avditameik, MEN oxome Q(m):={meN:B(n)=m}. 1€Q(mn) OorraHIbIKTaH,
vm €N, Q(m) # 0. Connaii-ak Ym € N ymin f~1(m) = max Q(m) nen 6Genrineitix. Onma

B7(B(m)) =m, B(B~1(M)) < m GonamsL.

Teopema 1. Aiiransik 1 < p < g < oo GonchH. (2) TeHci3airi ecnelitin Tepic emec (4 g = 0)
TI30eKTepi YILiH OpPbIHAATA bl COH/IA XKOHE TeK COHMa, erep F = max{F,, F,, F,} < oo. MyHaarsI
F ~ C,an C —(2)-nmeri ey Kimi TYpaKThI.

Jaaenney. (2) TeHCI3AITIH BIHFAHIIBI TYP/IE XKa3bIM, [ enep TeHCI3aITiHIH Kepi ece0iH KoTaHaMbI3

(i = B(j) anIMacTBIPYBIH KOJJIAHBIII KOHE KogmHz[Lmapz[mH PETiH aybICTBIPAMBI3)

o q (gBm T\a »

( n=1Un (Zi=1 a”figi) ) Yn=1/n Zi(?) an,i9i

C = sup = supsup =
lg=0 ”g”p,v lg=0f=0 ”f”q’u—l”g”p,v

138



KA3AKCTAH-BPUTAH TEXHUKAJIBIK
YHUBEPCUTETIHIH, XABAPIIBICBI Ne 4(71) 2024

(muckpetTti Coliep MPUHIIMITIH KOJITaHAMBI3)

Yin=1fn Xj=1np(HIp0) Li=19p0) Ln=j fn Anp()
= supsup = supsup ~
1920 20 1 Nlgrwutllgllp £201g20 1 Nlgr -2 1gllp0

Ocpinan (2) TeHCI3AIr Keneci TeHCI3IKTepre SKBUBAICHTTI OOIATHIHBIH aJTaMBbl3:
lim V,, = oo xarnaiieiana

k—coo

/°° L& Yoo \E
\Z sznan.ﬁ(j) <Vkp —ka1>/ Clifllgrur, V=0 (6)

KoHe lim V;, < oo xkarnaiibinga

-0

1 pr 1
© p —pr

k oo © oo ©
—p! —pr p
z zzfnan.ﬁ(f) <Vkp - ) + sz () (va )
k=1 \j=1n=j =

j=1n=j
<Clfllgur, V= (7)
Mynnarel C & T erep ;:lim Vi = o, sxone C~ C erep I}im V), < oo,
AnnpiMeH &1_.11;10 Vi, = 9 sxarnaiibim KapacThIPaNbIK.

n,B(5), fiTepic eMec OonFaHABIKTaH

ko
Ezf Anp() = Zananﬁ(]) +sz"anﬁ(1) =

j=1n=j j=1n=j j=1n=
k n s k k o0
= Z fn z Anp) + z fn Z Anp) = Z ann,n + Z ann,k-
n=1 j=1 n=k j=1 n=1 n=k
SAFHN
koo v k p' ® p'

Z Zf an,ﬂ(j) =~ (Z An,nfn) + (z An,kfn) . (8)
j=1n=j n=1 n=k

(8) epHekTi (6) Koticak, oHa (6) TEHCI3MITIHIH OPBIHIATYHI KeJIeCl TEHCI3MIKTepAiH OipMesriie
OPBIHJATYbIHA SKBUBAJICHTTI OOJATHIHBIH aJlaMbI3
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1
© sk P o \Y
Z <z ann,n> <Vk P— ka1> < Cl”f”q’,u‘l; Vi 20, 9)
k=1 \n=1

Ry e - N
Z(anAn,k> (Vk” —kal) <Collfllyu,  VAHZO0,  (10)

MyHAarbl

c %max{fl,fz}. a1

(9) Tencizairi Xapau TeHCI3Iir1 O0JIbI XKOHE OPBIHANA/IbI, COHA TEK COHJIA FaHa, erep Keyeci mapT

OpbIHJIAJICA
1 1
S /&, / 20 2\
F=sup( Y aduf) (Y (%7 -0
s=1 n=1 k=s
1
1/ s n a\ q
= supV, ? ut zan[;(]) < (12)
sz1 n=1 j=1
C,~F (13)
1 1
) n q q o0 —_p' —_p' —5 p
(2( (pkAn,k) uﬁ) <G Zwﬁ <Vk” —ka1> Vo =0,  (14)
n=1 \k=1 k=1

(10) Tencizairiae ayayjibl TEHCI3AIKTI KapacThIpalbIK

Keneci Typnennipynepai xacaiibik: fn,g¢) = Gnj, onma Ank = Z?ﬂ Anp () =Zi.‘=1fimj . Ouait
60nca(ﬁ.m j-) — Mmarpuna aeMentTepi [ 18] skymbicTarbl 1.1-11apThIH KaHAFATTAHABIPATHIHBIH AHKBIH
Kepyre Gomapl, sFHU 1 < j < m < n yuiH G j ¥ by @; + oy 5.

Ajitanbik, S E N:n=s =k = j, onna

k k k k k
Apj = Z nB(j) :Z nj ~ Z(bn,saj + aSJ') = bn,sz wj + Z ds,j
1 =1 =1

j= j j=1 j=1
k k

= bn,s Z (UB(]') + Z aS,B(]-) = bn,ku + As,k'

Jj=1 j=1
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[18] sxymbicTarsl Teopema 2.1 Ootibiama (14) TEHCI3MIr OPBIHAATYBI YIIIH KeJIeci MapTTapbiH
OPBIHJATYbI KaXKET KOHE KESTKITIKTI:

S _p _P\\P’
(ZM&O&”—%ﬁ» <o, (16)

MYHJarbl

C, ~ max{F,, F;}. (17)

(13) men (17)-nen 6aikalTBIHBIMEI3, (9) sxoHe (10) TeHCI3AIKTEP OPBIHIANA B, COHA TEK COHAA
rana, erep F = max{F,,F, F,} < . Ouna (11)-nen € = max{F,,F,, F;} < wanamez. C ~ C
eckepcek, F = max{F,, F,,F;} = C anamsI3, sIFHU kh_‘n; Vi = skarnaiina TeopeMa opbIHIANIAIbI,
COHJIa TeK CoHJia FaHa, erep C = max{F,,F,, F;} < oo Ooca.

Enpi Ic11_11;1D Vi < o0 xarnaiibli KapacTeipaiibik. Byt skarmaiina (2) TeHCI3MiK OpbIHAAIA b, COHIA
TeK coHja Fana, erep (7) TeHci3miri opeiHaanica HeMmece (6) TEHCI3AIK Keleci TeHCI3MIKIEH KaTap

OpbIHAAJICA:

1
P

ZZ&%M<2W>SMWWﬂ V620, (18)

i=1

MYHIaFbl C’— (18) TeHci3miriniy ex kil OH KOHCTAHTACHL.
Onpa lim V, < oo xarnaiieinna (7) TeHCI3NIK OpBIHIANaJbl, COHAA TEK COHJA FaHa, erep

k— oo

¢ = max{F,, F,,F;} < == Gouca.

MyHarsl
1 1
5 a, _p _PIND
F] = sup ZAfmufl Py Pl .
sz1 prpunr | ’

Paceinza 1a, erep It1im V. < e Gonca, onga (13)-ten (9) rencizaikrin F; < @ Gomranna rana
— o0

N

OpBIHIANATBIHBI LIBIFAIBL, koHe Fy ~ (.

(18) TeHci3AIKTe KOCHIHABUIAPIBIH PETIH alIMACTBIPCAK KelleCl TEHCI3MIKTI alaMbI3

[oe]

n 0o —%
an An,B() (Z vlp) < élllf”q’,u‘l: an = 0.

n=1 ]:1 i=1
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Onpa

1
q 1

oo (o8] , , q 1
<z ann,n> < C(z A uﬁ") VI VR0
n=1 n=1

I'ennep TeHCI3AIrIHIH Kepi ece0iH KoJIIaHCcaK

1

(Z u Ag,n) = C'VP.

n=1
Onnaii 6oxca (18) TeHCI31K OpbIHAATIAAbl, COH/Ia TEK COHJIA FaHa, erep

1

oo q _l
C'= (Z uZAfMl) V,P<o

n=1

Ooica.

L(F'. + ¢") < F, 6onatbiubl alKbpIH. An Vs > 1 yurin
> 1 1 Y

1 1 1
1 _PIN\pr L S AN A A VA |
[é 14 =:<b; p) — L; 14 __v;)p 4_v&)p < Lg 14 __v&)p +-V$p

anambi3, onait 6onea Fy = (F'; + C”) exenniri wwiransy, senn Fy ~ F + C'. Bunewe (9) xoue (18)
TEHCI3MIKTepi OPBIHAA/IbI, COHJIAa TEK COHJIA FaHa, F, < oo O6onca. OHpa (7) TeHCI3ir1 OpbIHaaIaIbI,
COHJA TEK COHJA FaHa, erep ( = max{F,,F,,F;} < oo. byn xarnaiina C = ¢ €CKEpCeK, OHa
C ~ F = max{F,,F,, F; }.

Oumnaii 6oinca ,}I_.H; Vi = o ;}LHE}D Vi < 9 exi xarnaiina 1a (2) TeHCI3AIriHIH OpbIHAATYBI YILiH
C ~ F = max{F,,F,, F;} < co KaXeTTi xoHe KeTKinikTi. Teopema monennenmi.

KopbIThIHABI

Byn sxymeicta Coliep NPUHIMITIHIH AUCKPETTI aHAJIOTHIH Mai alaHbII, >KOFapFhI IIeT1 aifHbIMa-
761 OOJIaTHIH MATPHIIAJIBIK OTIEPATOP/IBIH TEPIC eMec, OCTIEHTIH Ti30eKTep KOHYCHIHIAFbl CAIIMAKThI
OaranaybIHBIH KQXKETTI KOHE KETKUTIKTI MapTTaphl aJIbIHIIBI.
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WEIGHTED ESTIMATE OF A MATRIX OPERATOR WITH
VARIABLE UPPER LIMIT ON THE CONE OF MONOTONE SEQUENCES

Abstract

Hardy's inequality was formulated in 1920 and finally proved in 1925. Since then, this inequality has been
significantly developed. The first development was related to the consideration of more general weights. The next
step was to use more general operators with other kernels instead of the Hardy operator. Currently, there are many
works devoted to Hardy-type inequalities with iterated operators. Motivated by important applications, all these
generalizations of Hardy's inequality are studied not only on the cone of non-negative functions, but also on the
cone of monotone functions. In this paper, we consider the problem of finding necessary and sufficient conditions
for the fulfillment of a weighted Hardy-type inequality on the cone of monotone sequences for 1<p<q<co. The main
method for solving the problem is the reduction method, which, using the Sawyer principle, allows us to reduce a
Hardy-type inequality on the cone of monotone sequences to some inequality for all non-negative sequences.

Key words: Hardy's inequality, matrix operator, monotone sequences.

'Bec:xkanosa A.T.,
maructp, ORCID ID: 0009-0000-6314-1343,
e-mail: beszhanova@mail.ru
'BaiiapsicTanoB A.O.,
K.¢.-M.H.,ORCID ID: 0000-0002-5840-5401,
e-mail: oskar 62@mail.ru

'EBpasuiickuii HalmoHaIbHbIN yHEBepcuTeT nMeHu JI.H. T'ymunesa, . Actana, Kazaxcran

BECOBASA OHIEHKA MATPUYHOI'O OITIEPATOPA
C HIEPEMEHHBIM BEPXHUM ITPEJEJIOM HA KOHYCE
MOHOTOHHBIX HOCJIEJOBATEJIBHOCTEH

AHHOTAUMS
Hepasencto Xapau 0110 chopmynupoBano B 1920 . 1 OkOHYATEIBHO g0Ka3aHo B 1925 1. C tex mop 310 He-
PABEHCTBO TONYYMIIO 3HAYUTENIbHOE pa3ButThe. [lepBoe pa3BUTHE OBLIO CBSI3aHO C PACCMOTPEHHEM OoJiee OOIIMX
BecoB. CIeIyFOIIUM IIAaroM OBLIO MCITOJIh30BaHUE 00Jice OOIIHMX OMEPaTOPOB C IPYTUMHU SIIPAMU BMECTO OICPATO-
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pa Xapau. B Hacrositiee Bpemst CyIieCTByeT MHOTO padoT, MOCBSNICHHBIX HEPABEHCTBAM THIIAa Xapau C UTEPUPO-
BaHHBIMH oOllepaTropamMu. MOTHBUPOBaHHbIE BKHBIMU IIPHIIOKEHUSIMH, BCE 3TH 0000ILEHNsI HEPaBEHCTBA XapIu
M3y4aroTCsl HE TOJBKO HA KOHYCE HEOTPHIATEIbHBIX (DYHKIMH, HO M Ha KOHyce MOHOTOHHBIX (yHKIui. B sroit
paboTe paccMarpuBaeTcs 3a/iada O HAXOXKJCHUM HEOOXOAMMBIX M JOCTATOUHBIX YCJIOBHII BBITIOJHEHHS BECOBOTO
HEPaBeHCTBa THITa Xap/u Ha KOHyce MOHOTOHHbIX MocienoBarebHocTeld mpu 1 <X P < q < 00. OCHOBHBIM Me-
TOZIOM pEIICHUH 3a7auu sIBISIETCS] METOJ] PEAYKIMH, KOTOPBIH ¢ momolneko npuniuna Coifepa mo3BoiseT CBECTH
HEpaBEHCTBO THUIA Xapau Ha KOHyCe MOHOTOHHBIX MOCJIEIOBATEIbHOCTE K HEKOTOPOMY HEpaBEHCTBY Ui BCEX
HEOTPULIATEIbHBIX MOCIEJ0BATEIbHOCTEH.

KiroueBrble ciioBa: HEPABCHCTBO XapZ[I/I, ManI/I‘IHHﬁ OIepaTop, MOHOTOHHBIC MTOCJICAOBATCIILHOCTH.
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ON A SPECTRAL PROBLEM FOR THE LAPLACE
OPERATOR WITH MORE GENERAL BOUNDARY CONDITIONS

Abstract

In this paper, we consider a spectral problem for the Laplace operator with more general boundary conditions
in a unit disk B,. In the special cases, the boundary conditions inlude periodic and Samarskii-lonkin type boundary
conditions. The main important property of our problem is its non-self-adjointness, which causes number of
difficulties in their analytical and numerical solutions. For example, the Fourier method of separation of variables
cannot be applied directly to our problem. Therefore, the possibility of separation of variables is justified in this
paper. Namely, we present a method that reduces solution of the problem to a sequential solution of two classical
local boundary value problems. By using this method, we construct all eigenfunctions and eigenvalues of the
problem in explicit forms. Moreover, completeness of the system of the eigenfunctions is proved in L*(B, ). Notably,
our result generalises the special case of the result on the two-dimensional periodic boundary value problem for the
Laplace operator obtained in [1-2].

Key words: Laplace operator, Samarskii-Ionkin type problem, eigenfunctions, eigenvalues.
Introduction

In [1], as a two-dimensional analogue to the classical periodic boundary value problems the au-
thors considered the Poisson equation
—Au =f(z), z€B, (1.1)
in a unit disk B1 = {2 = (x,¥) = x +iy € C:|z| <1} with the periodic boundary conditions

u(l,@) — (—ljku(l,(p + 1) = (), 0<@<=m, (1.2)

aul + 1"au1 + 0= < 1.3
BT(’(P) ( )BT(’(P H)—V(@), —‘P—H: (:]

where f(z) € CY (B_l), (@) € C**Y[0,7], and v(g) € C[0,n],0 < y < 1,k = 1,2. In[1], the self-
adjointness of these problems was shown, and all corresponding eigenvalues and eigenfunctions

were constructed. The problem (1.1)-(1.3) is referred to as antiperiodic when X = 1 and periodic
when k = 2.
In [2] the authors considered the Poisson equation (1.1) with the following boundary conditions

u(l, @) +u(l2n— @) = (@), O=sp=nm (1.4)
ou 1 ou 1,2 O=sgp< 1.5
5(@—5(,?:—@—1@), =@=m, (1.5)
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where f(z) € CY (B_l), (@) € C**Y[0, 7], and v(¢) € C[0,7], 0 < y < 1. The eigenvalues of the
spectral problem (1.1), (1.4)-(1.5), with T = v = 0, consist of all the eigenvalues of the Dirichlet
and Neumann problems, and each eigenvalue corresponds to one eigenfunction. As for the spectral
problem (1.1)-(1.3) with k = 1 and T = v = 0, its eigenvalues consist of only a part ("half") of the

eigenvalues ,u,(cﬂj of the Dirichlet problem for n = 2j and a part ("half") of the eigenvalues ,u,(cﬂj
of the Neumann problem for n = 2j + 1. Additionally, it was noted that each eigenvalue has two
corresponding eigenfunctions. For the multidimensional extension of these problems, we refer the
reader to [2].
Later, in [3] spectral problems for the Laplace operator with the following more general bound-
ary conditions
u(l,@)—au(l,2n — @) =0, D=sp =m, a+1 (1.6)

du Ju
g(l,fp)—g(l,h—@) =0, O0=sg¢p=m (1.7)

were investigated. One can note that this problem reduces the antiperiodic problem when @ = —1
from [2] and Samarksii-lIonkin type problem from [4] when @ = 0. Observe that the latter problem
is non-self-adjoint when a@ # —1. Nevertheless, the author in [3] managed to prove completeness of
its eigenfunctions. For studies on the well-posedness of the Poisson equation with inhomogeneous
conditions, we refer to [4] when & = 0 as well as to [5] and [6] with general & in two and multidi-
mensional cases, respectively. For other generalisations of (1.1)-(1.3) we can refer to e.g. [7] and [8].
We can also refer to [9] and [10] for the Samarskii-lonkin type non-local problems concerning other
partial differential equations.

Here, in this paper we consider similar problem with a parameter in the second
boundary condition (1.7): Let By={z=(x,y)=x+iy €C:|z] <1} be a unit disk,
T = |z|, = arctan(y/x), Bff =B; n{y =0}, and B = B, n {y < 0}. We consider the spectral
problem corresponding to the Laplace operator

—Mu(z) = du(z), |z| < 1 (1.8)
with the boundary conditions

In the special case f = —1 the problem (1.8)-(1.10) becomes the periodic boundary value prob-
lem from [2].

Note that the problem (1.8)-(1.10) is non-self-adjoint in general, so the direct use of the method

u(l,p) —u(12r—¢) =0, 0<gp<m (1.9)

du du
5 Le)—B-—(121-¢)=0, 0sp<m BER (110)

of separation of variables is impossible. Here, in this paper we propose another method that reduces
the solution of the problem to a sequential solution of two classical local boundary value problems.
By this method, we calculate eigenfunctions and eigenvalues of the problems (1.8)-(1.10) in an ex-
plicit form. Furthermore, we prove completeness of the eigenfunctions.

Material and methods

As mentioned in Introduction, as analogues of the classical periodic and anti-periodic problems
the authors in [1, 2] considered two and multidimensional versions for the Laplace operator. Then,
in [3-6] these problems but with more generalised Samarskii-lonkin type boundary conditions that
include periodic, antiperiodic and Samarskii-Ionkin type boundary conditions were investigated. We
also refer to [7—10] for other generalisations. Here, we are interested in a non-self-adjoint spectral
problem, for which it is impossible to directly apply traditional method of separation of variables.
In this paper, we will demonstrate a method that reduces the solution of the problem to a sequential
solution of two classical local boundary value problems.
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Results and Discussion

In this section, we present our main result. Before doing so, we will introduce the necessary
notations.

We will use Lg to denote the closure in IZ (B, ) of the operator defined by the differential expression
£,u = —Au(z) on the linear manifold of functions u(z) € C**¥(B,), 0 < y < 1, satisfying the
following two boundary conditions

du du

Now we are ready to state our result on the spectral problem Lg :
Theorem 1. Let g # 1. Then the system of the eigenfunctions of the operator Lg takes the form

ul(2) = J.(rfAy)coskep, O0<@<2m, k=0]12,.. (2.1)
uz (z) =]m(T\fﬂT,_,) sinme + %jo (TJE) + Z anfn(rm cosng (2.2)

forall0 < ¢ < 2m,m = 1,2, ..., where

2 pf (V) A+ B) [T

= sinmipcosnpdp,n+=mmn=0,1,..

a,
.(VA:) 1= 8) o

Here, J;(x),i = 0,1, ... are Bessel functions, 4, and Ay are eigenvalues of the Dirichlet and
Neumann problems for the Laplace equation in By, respectively. Moreover, the system of the
eigenfunctions of the operator Lg is complete in L* (B,).

Proof of Theorem 1. Let us begin by introducing the auxiliary functions

c(r,¢) = (u(r,@) +u(r, 21— 9)), s(r,9) = > (u(r, @) — u(r,2mr — 9))  (2.3)

A direct calculation shows that the functions ¢(z) and §(z) satisfies the following spectral prob-
lems: for the function s(z), we have the Dirichlet problem

—As(z) =As(z), z€B;;s(1,9) =0, 0= <27 (2.4)
and for the function ¢(%), we obtain the Neumann problem
.. — e (Le), 0sg=m
—Ac(z) = Ac(2), z€B;; —(L@) =150

kil 2.5
1—ﬁar(1’(‘9)’ T<@ <20 (2.5)

Further, we split the rest of the proof into two cases:
In the case of A # A, it can be observed that s(r, ¢) = 0, and the Neumann problem (2.5) be-
comes

—Ac(z) = Ac(z), z € By; z—;(l, 0)=00=<¢ <27 (2.6)

Due to the property ¢(7, @) = c(r, 2T — @) from (2.3), one of the series of the eigenfunctions
of the spectral problem Lg has the form

u, (z) = J, (T\fﬂj\,) coske, k=0,1,.. (2.7)
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It remains to consider the case 4 =4Ap. In this scenario, by using the property
s(r,¢) = —s(r, 2m — @) from the representation (2.3), we get

5, (2) =]m(r1.f,ln)sinmqo, m=1,2,.. 2.8)
Substituting this representation into the Neumann problem (2.5) implies

Recalling ¢(r, @) = ¢(7, 2T — @) we seek the function €(7 @) in the form
c(r,@) = _fo (T\!'ln) + Yey Anfn (T\;lD)COS?‘lt‘p 2.11)

Plugging this into the boundary condition (2.10), we calculate

Ap(1 +
a,f, (JE) =— f J;:E E)]m (ﬂsm mycos npdy
’ JEF hl E)]m (ﬂsm mycos npdy

f ZJE(_Hﬁ)

(1l —

T

]m(\f—) sin my cos npdy, n=20,1,..

that is,
—Ac(z) = /1Dc(z) Z € By, (2.9)

1
ac +'8,//1D m(,MD)smmq), 0<¢p<m
= (1,0)= { X 210)
or +'8,/AD m(,MD)smqu, <@ <2m.

2\! ‘;]“D_f;n (\,f Ap ) B .
- d =0,1,..
a, y ( D) L 1 sin my cos nydy , n=20,1,

forn #mand a, =0 forn =m.
Thus, we have completed the construction of the eigenvalues of the Lg problem:

ul(z) = J(rfAy)coskep, 0=@<=2mk=0,12,.. (2.12)
uz(z) =J, (TJE) sin mg +%fﬂ(?’\fl—ﬂ) + Z anfn (TJE) cosng (2.13)

forall0=r=1,0=¢p=<2nr, m=12,..

Here, the convergence of the obtained series in (2.13) can be verified by using asymptotic forms
of the Bessel function and Leibniz criterion.

Now, we need to show the second part of our result, namely that the obtained eigenfunctions
(2.12) and (2.13) are complete in L? (B,). For this, we note that

f ul(2)f(z)dz = f f 7] (rf 2 ) (F(r, @) + f (1, 2m — @))cos kedrde = 0
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k=oo
Using the fact that the system {rJi (7+/2y ) cos kt‘,o}kzo is complete in I? (B]"), we derive from
above that
fr,@+f(r2n—¢@)=00<¢@p <m. (2.14)

Taking into account this, we obtain

fu;(z)f(z)dz= (U (r4f2p)sinme) f (2)dz

o0

+ J’El (%jo (ry2p) + Z @l (7+/2p ) cos ncp) f(2)dz

n=ln¥m

=f f” ] (120 )sinme (f (r, @) — f (r, 21 — @))drde = 0.

o0

Here, using the completeness of {7/, (/45 )sin mtp}ﬁz in I7 (B"), we conclude that

flr,o) —fr,2n—p) =0, 0=¢p =m. (2.15)

Thus, a combination of (2.14) and (2.15) implies f(r,¢) = 0 for 0 < ¢ < 2m, which yields the
completeness of the eigenfunctions (2.12) and (2.13) in L* (B,), as desired.

Conclusion

Thus, we showed a method for the non-self-adjoint spectral problem that reduces the solution
of the problem to a sequential solution of two classical local boundary value problems. Namely,
this method allowed us to construct eigenfunctions and eigenvalues in explicit form. Moreover, we
proved completeness of the eigenfunctions in L2 (B, ). It should be noted that the question of whether
the system of eigenfunctions we have constructed forms an unconditional basis in L? (B,) remains
open.
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KAJHIBITAHFAH INEKTIK ITAPTTAPBI BAP JIAIJIAC
ONNEPATOPBI YIHIH KOUBIJIFAH CIIEKTPAJIABIK ECEII TY PAJIbI
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byn makanazna B, Gipiik menGepinge Jlarnac onepaTopsl YIIiH jKajiMbl HIEKapanblK MapTTapbl 0ap COEKTPIIiK
ecen KapacTeIpbutafpl. JlepOec »xarmaiiapia OICKapalblK MIapTTap MEepHOATHIK koHe Camapckuii-MloHKHH
TUTIHJET] MeKapabIK MIapTTapasl KaMTHABL. EcenTiH MaHBI3IBI EpPEeKIIeIiri — OHBIH ©3iHe-031 TYHIHIeC eMecTiri,
OyJ1 aHATUTHKAIIBIK JKOHE CaHJIBIK IIelny/e OipKaTap KMbIHABIKTAP TyFbI3ajibl. Mbicaiibl, Dypbe aliHbIMATbLIAPBI
Oemy omici Tikenel KommaHbUIMaiabl. OChbIFaH 0aJIaHBICTHI YKYMBICTA aiHBIMAIBLTIAPIBI 06Ty OICiHIH KOJIIaHy
MYMKIHJIITT Herizaeneai. ATan aiTKaH7a, €CEeNnTi eKi JIOKaIbIbl KIACCUKAJBIK IIECKApajblK SCenTep/ai Ti30eKTei
HICIIyre KeNTIPEeTiH d/ic YChIHbUIaAbl. by oicTi maiinanana OTBIPBIN, €CeNnTiH 0apiblK MEHIIIKTI (DYHKIHsIaphI
MEH MEHIIIKTI MOHJIEPi aHBIK TYpHe aHbIKTaIbl. COHBIMEH KaTap, MEHIIIKTI (YHKIUIIAP KYHESCIHIH KSHICTITIHIe
TONBIKTHIFBI JIONeNieH1i. Afita keTy kepek, Oys HoTmxke Jlaruac omeparopbl YIHIH €Ki eJImeM/i MepHOATHIK
mIexkapainsiK ecenTiH [ 1, 2] eHOeKTepiH/e aapIHFaH HOTH)KEICPiHIH apHANbI )KaFTaifbIH JKaJITbLIAIb.

Tipexk ce3nep: Ilyaccon renueyi, Camapck-HoHKHH THITI ecell, MeHIIIKTI (GyHKIHsIap, MEHIIIKTI MOH/IED.
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'MHCTUTYT MaTeMaTHKX U MaTeMaTHIeCKOrO MOJICTUPOBAHNS,
r. Anmarsl, Kazaxcran

Ob OJJHOM CIIEKTPAJIBHOM 3A JAYE JIJISI OIIEPATOPA JIATLJTACA
C BOJIEE ObIIUMU ' PAHUYHBIMHU YCJIOBUAMHU

AHHOTALUA
B nanHOif paboTe MBI paccMaTpUBaeM CIEKTPANbHYIO 3aa4qy A oneparopa Jlarmmaca ¢ 6omee odmivu Kpae-
BBIMH YCJIOBHSAMH B €IMHHYHOM Kpyre B . B 9acTHBIX cilydasx KpaeBble yCIOBHUs BKIIOYAIOT NEPUOAUYECKHE
KpaeBble ycnoBust Tuna Camapckoro-Monkrnna. OCHOBHOE Ba)KHOE CBOWMCTBO HaIIIeH 3a/1auu — 3TO €€ HeCaMOCOIpsi-
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JKECHHOCTbB, YTO BBI3BIBACT DA prI[HOCTeﬁ Py AaHAJTUTUICCKUX U YUCIICHHBIX PEHICHUAX. Haan/IMep, METO4 CDpre
JUTSL pa3/ieICHUs IEPEMEHHBIX HE MOXET OBITh IIPUMCHEH HANPsAMYIO K Haiiei 3amade. [losTomy B naHHOM padoTe
000CHOBBIBACTCSI BOSMOYKHOCTh IPUMCHEHUS METO/IA Pa3CIICHHS TIEPEMEHHBIX. A UMCHHO MBI TIPE/ICTABIISIEM Me-
TOJ, KOTOPBIH CBOIUT PEIICHIE 3a7a9H K MOCIEIOBATEIIFHOMY PEIICHHIO IBYX KIACCHYCCKHUX JIOKATBHBIX KPACBBIX
3anad. C NCIOIB30BaHIEM ATOTO METOJa MBI CTPOMM BCe COOCTBEHHBIE (PYHKITMH M COOCTBECHHBIC 3HAUCHUS 3a/1a4l
B ABHOM BHJie. boree Toro, 10ka3pIBaeTCs MOTHOTa CHCTEMbI cOOCTBEHHBIX (ynKimii B L*(B, ). IIpumeuarenbHo, uTo
HAIll Pe3yJIbTaT 0000IACT YACTHBIN CITydail pelICHUs ABYMEPHO 3a/1auu C MEPHOANICCKIUMU KPACBBIMH YCIIOBHSI-
Mu ajist onieparopa Jlamnaca, monydenHoro B [ 1, 2].

KarwueBble cioBa: ypasHenue Ilyaccona, 3amada tuna Camapckoro—MoHKMHA, COOCTBEHHBIE (DYHKIIHH,
COOCTBEHHBIE 3HAYECHU.

Article submission date: 15.10.2024
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HARDY INEQUALITIES AND IDENTITIES RELATED
TO THE BAOUENDI-GRUSHIN VECTOR FIELDS
AND LANDAU-HAMILTONIAN

Abstract

In this paper, we present a weighted Hardy identity related to the Baouendi-Grushin vector fields and its
applications in the context of differential inequalities. By selecting appropriate parameters, the Hardy identity
related to the Baouendi-Grushin operator implies numerous sharp remainder formulae for Hardy type inequalities.
In the commutative case, we obtain improved weighted Hardy inequalities in the setting of the Euclidean space. For
example, in a special case, by dropping non-negative remainder terms, related to the Baouendi-Grushin operator,
and choosing suitable parameters our identity allows us to derive an improved critical Hardy inequality for the radial
derivative operator with a sharp constant that does not depend on the topological dimension. We employ the method
of factorizing differential expressions, as used by Gesztesy and Littlejohn in [1]. In this paper, we demonstrate the
application of the factorization method in the noncommutative Baouendi-Grushin setting. As an application of the
Hardy identity related to the Baouendi-Grushin vector fields, we establish a Hardy inequality for the generalized
Landau Hamiltonian (or the twisted Laplacian) with remainder terms.

Key words: factorization method, Hardy inequality, Baouendi-Grushin operator, Landau-Hamiltonian.
Introduction

The classical Hardy inequality for functions f € C5°(R™\{0}) is

2

[wreor e ("5 [ R e =

2

where the constant (nTz) is sharp but not attained. Originating from Hardy's work [2] in 1920,
initially focusing on the one-dimensional case, this inequality has since garnered significant attention
from mathematicians and undergone extensive analysis in various directions. The enormous amount
of research that has been done through the years make it unachievable to list all the relevant references
on this subject. Therefore, we only refer to the standard monographs such as [3-8].

Baouendi-Grushin operator

The sharp Hardy inequality (1) arises very naturally in the study of degenerate elliptic differential
operators and it was first extended in [9] by Garofalo to the Baouendi-Grushin vector fields

0

Xi=—, i=1,.. Y ,=xIY—, j=1,..,k
i axll 1 L JmJ -lr le a}}j’ _-’ L L »

where x € R™,y € R with m,k = 1,y = 0. To be explicit, Garofalo in [9] proved the following

Hardy inequality
[ (@p@F + w7, @[ ) @z
Rn
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Q-2 el :
= ( 2 ) J;R“ |x|2+2y + [:1 + "}’)2|}’|2 If(Z)I dz, 2)

for every fe C&(R™ x R¥\{(0,0)}) with n=m+k Q=m+(1+Y)k Here, (V,0)(z) and
(vyf ) (2) are the gradients of f in the variables * and ¥ respectively. Moreover, the inequality (2)
recovers (1) if y = 0.

The corresponding sub-elliptic gradient to the Baouendi-Grushin vector fields is defined as

Vy:: [:X:LJ -..,XmJ Yl:--'JYk) = (Vx’ |x|yvy)

The Baouendi-Grushin operator on R" is

m k
f_‘..r,=ZXf +Z};.2 = A, + XI?YA, =V, -V,

i=1 j=1

where A, and Ay are the Laplacians on R™ and R¥, respectively. The Baouendi-Grushin operator is
a sum of squares of €™ vector fields satisfying the Hormander condition for even positive integers Y
rank Lie[X,, ..., X,,, ¥, ..., ¥, ] = n.
We can define on R™** the anisotropic dilation attached to A, as
8,(x, ) = (ux, A*Yy),
for A > 0, and the homogeneous dimension with respect to this dilation is
Q=m+ (1+vy)k.
A change of variables formula for the Lebesgue measure implies that
d o 8;(x,y) = A%dxdy.
It is easy to check that
X:(8) = 28, (X)), Y (8n) = A8, (Y),
and hence
V, 08, =28,V,.
Let p(2) be the corresponding distance function from the origin forlz = (x,y) € R™:

p = p(2) = (Jx|24) + (1 + y)2|y|?)20+v),

Material and methods

The main purpose of this paper is to derive a weighted Hardy identity for Baouendi-Grushin
vector fields via the method of factorization. Initially, Gesztesy used the method with regards to
the classical Hardy inequality [10] and its logarithmic refinements [11]. In short, let us demonstrate
this method: for any given ™ € N, 11 =3 et us consider the following vector-valued differential
expression

n
T=V+

[x|2x, x € R™"\{0},

with the formal adjoint
n—2

Tt = —div(-) + [x|72x -, x € R™\{0},
such that,

n—2,m-—2
T*T = —&+T(T+2—n) [x] 2.
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Then, using the non-negativity of T* T, for f € Cg" (R"\{0}), one gets

< | ITANGIPdx= | F) (T*T)()dx
) - vE 2 D2 (M2 ~2|f()12d
= | 10p@Prac+ == (55 2-n) [ W If@Pax

As a result, one obtains the following inequality with the sharp constant:

=2 If@P .
e dx::(T) fEn drn fECREN\Q), n=3.

The method was then employed in [1] to demonstrate how factorization of singular, even-order
partial differential operators give elementary approach to classical inequalities of Hardy—Rellich-
type. Lam, Lu and Zhang [12] applied factorizations to obtain Hardy’s type identities and inequalities
on upper half spaces. Furthermore, Ruzhansky and Yessirkegenov [13], using the same technique,
were able to derive Hardy, weighted Hardy, improved Hardy and Hardy-Rellich inequalities on
stratified, on Heisenberg and on homogeneous groups.

Results and Discussion

Theorem 1. Let @, a, b, ¢, d € R. Then the identity

z- (%, f)(z) (log p)d

(loyp)C DT f(2)
L*(R™)
a . (Vf)(Z)
Rn(p (log p))? |~ o dz
c+d 2y+2 (1+y) 2
+°‘f [(logp) + (IJ;L:;;+|3x|y |y| )<a+b+1+y_c_>] DI d
Rn
klx|Y 2d
+a | [—’;L,—in'y(logp)ﬁu (g p) ]lf( )2 dz, 3
Rn
holds for every f € C5° (R™\{0}).
az 1 d 2 1 2c
(oglaly BLE 4 « B )| = [ B o o) s
LZ(]Rn) R"?
(loglz)*¢ [c +d b1 2 4
_afw S gy T @+ b+ D || If I dz
2d
var [ L |g||2|b) F (I dz, @)
R
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Remark 1. Ify = 0in (3), then the following identity is obtained:

where, 9, f = af(Z] z <'f'|f|3(23 is the radial derivative of f with respect to z = (x,y). Now after

=l
dropping the left- hand side of (4), specifying the parameters (g = 2 p="c¢=1andd = 0),and

maximising the constant with respect to @, we derive the followmg crltlcall2 Hardy inequality in g
from [Formula 3.6, 13]:

(log|z[)? 11 If@I?
j |z|n— N, n-2 |6|Z|f( )l dz 4] |z|" dz

(5)

For the sharpness of the constant in (5) we refer to [14]. We also refer to [15, 16, 17, 18, 19] for
such inequalities on homogeneous Lie groups.

Let us now demonstrate an application of the obtained result in the magnetic inequality related
to the Landau-Hamiltonian type magnetic field. First, let us recall from [20] the generalized twisted
Laplacian with Landau-Hamiltgnian type magnetic field defined by

f= Z [(1 2., +w(lzl)}’j)2 + (f 0y, —w(lzl)xj)z]'
j=1

where ¥(|z|) is a radial real-valued differentiable function. Denoting

X, =3, — (12D, and § =0, + wp(lz)x,

1

we write

Vef = (Rof, o, Xuf Vifo o, Vo).

Corollary 1. Let a,a,b,c,d € R. Let ¥ = ¥(|z]|) be a radial real-valued function such that

Y € L7, (C\{0}) with |yy(r)|r? < 1/2, ¥r € (0, ). Then for every f € C5°(C\{0}) we have
where C is the set of complex numbers.
Proof of Corollary 1. We will use the following inequality from [Formula 44, 20]:

L(IZI‘“(IOQIZI)”)Z|V2f|2dz 2 L(IZI‘““(ZOQIZI)”)ZIP(IZI)ZIf(Z)IZdZ

c d 2 c+d
(oglz]) i+a(l°9|2|) f(z)”L —af (oglz]) (a+b+1— C+d) m+tk (loglz])**+® +

lz|*  dlz| |z| |z|a+b+1 log |z| Jzla+b+1

] | ()P d,

|Z|Zb

2
V1] dz}f ! |f|*dz

fl z|*9P(|z])?
c k(lz]) x(lz) dlzl

k(lz)

for all f € C57(C\{0}) and for every radial function x(|z]) # 0 with x(|z[)~* € Li,. (C\ {0}).
Taking x(|z]) = (|z| ~*(log|z])°)~? and substituting (3) when ¥ = 0 into the above inequality
concludes the proof.

Proof of Theorem 1. Let us first introduce the six-parameter differential expression

z-V
Tu,y,a,b,c,d = P_aﬂog P)C p‘r‘—"':l + ap_b (lOg p)d (6)
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Calculating the formal adjoint:

_ (v S
(Tay.abcaf)(@),9(2) = p~*(logp)* L{P(z) +ap~(logp)?f(2) | g(z) dz
n pY

R

—_— m k _
—a l C
- f g(Z)ppvflogp) (Zx 0., (F@) + 121" ) yjayj(f(z))>d2+“ p™ (logp)* f(2)g (2
R? ]':1 R

i=1

m T NA—a 1 c a(] c
=z Rng(z)ppyflogp) 0, (F(2))dz +ZJ g(z)ppyflogp) 1%IY y; 3y, (f(2))dz

i=1

+a f o~ (log ) (D)9 (D) dz
Rn

R g@p~*(logp)* g(@)p~*(logp)*
- _ ; fRn 0y, < v >xl- f(z)dz—m fRn oy f(z)dz

k N A—C c
f ), (g(z)p (logp)°© )|x|y yif@dz — k 9(z)p~*(logp) x| f(2)dz
—! JRn

+1 +1
Y R™ pY

j=
+a [, p (logp)? f(2)g(2)dz.

Since 0, (p"*™) = (v + Dp™Y!|x|*'x; and 0y, (") = (y + D?*p~"'y;, we obtain
<(Ta,y,a,b,c,df) (Z),g(Z)> =

- a2
m o [—g(@p~(ogp)* %
_ z fw o X f(2)dz

i=1

m

d, (1
Zf( @ (pyﬂ(ogp) >) s
Z f ( a(logpzi? (9 >)> .
Rn

[ 9@p"(logp)f(2)
py+1

3

(m + k|x|Y)dz

Rn

157



HERALD OF THE KAZAKH-BRITISH
No. 4(71) 2024 TECHNICAL UNIVERSITY

1 2
(—g(Z)p“ (logp)© y’(py%y)

— ) ]y, f (2)dz

2.

j=1

k
(2)9,,(p~*(logp)*)
wa (g - F:/+1 il >|X|yyjf(2)dz

j=1

& p~*(log p)* 9, (9()) . Jppp—
‘Z fR o7 Iy f(dz + o | p™ (logp)” f(2)g(2)dz
=

Now we open the brackets:

- 2[4|2
F@9GpGogpy LV

((Ta,y,a,b,c,df) (Z)' ﬁ) = ; fRn p2y+2 dz

_i f xif ()g(2) 0y, (p~*logp)?)
-

py+1

_i f xif (2)p" (logp)° 95, 9(2) | f 9(@p~(logp)f (2)
R™ R™

py+1 py+1 (m + klxly)dz

yi(L+y)?

k f(@)g(2)p™*(ogp)* “—=71— f(2)g(2) d,,(p~*(lo ))
pY L Yif @2y p~“(logp
+Z Rn|x|y p2v+2 dz—z Wl pv+1
i 2(log p)° @ _
Y[ LR 9D gy v [ a0z F0TDiz
]RTL

=

Simplifying, we get the following:

(T eaf)@.9@)

f(2)g(2)p~ (ogp) ((1 + ) |x?*2 + |x|Y (1 + v)? Iylz)
p3y+3

[RTL

——z-V,p~*(logp)°
- Rnf(z)g(z) ' o dz

(yg)<z) f g@p~(logp)°f(2)
Rﬂ

f(Z)p “(log P2 oY1 o7+ (m + kl|x|")dz

+a f o~ (log ) f(2)g (D) dz
.
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g(@)p~*(ogp) (A +VxI**2 + x|V (1 +V)?ly]*) ——2z-V,p*(logp)*
- [ s@ Charliy )_ gt T loger)
R® Y P
e 2 (%g)@)  g@)p™(logp)° —
+ Rnf(Z) (—p (logp) (pyYH) - e (m + k|x[) + ap™ (logp)?g(2) |dz
_ z-(V,9)(2)
= f@ (—p “(logp)c(yy—H)) dz
R™ p
m+ k(x| (@ +Y) [P+ x|V @+ )2 yH) —
+ Rnf(Z) <—< S e p“(logp)°g(2)
z-V,p~*(logp)* —
- ' py+1 g(z) dz

+a | f(2)pP(logp)ig(z)dz.
IR”.

Thus, the formal adjoint operator of Ty 4. ¢,

_ z-V m+klx]Y @ +YIx2+ x|V +y)? 12\
To_(’,—y,a,b,c,d = —p“(logp)° py+1y _( oY+l - 033 p~*(logp)°©

z-V,p*(log p)*
- py+1

+ ap~(log p)“.

Then, we calculate (T+a’y‘a'b’c’d Tuyabcdf)(@):

_ z-(V,f)(2) _
(T+a’y‘a’b’c’dTa,y,a,b,c,df)(z) = T+a,y,a,b,c,d P a(log p)C(pgi_}.l) + ap b(log p)df(Z)
:[1+12+[3+14, (7)
where
p~*(logp)* _ z-(V,f)(2) _
I1=—T z-V,|p a(IOgP)C(p;/—H)+OLP b(logp)if(2) | |,
Lo (MoK AP AP (o7 (B)@)
2= py+1 - p3y+3 (p (Og p) ) T
m+klx[Y (VP4 Y@+ )2 yP\ _
—a< T SE p~*(logp)*p~"(logp)?*f(2),

z-V,p~®(logp) [ _ z- (W)@ |
ly=——>" pY+1 p~*(log p)c(p\;(—+1)+ ap~”(logp)?f(2) |,
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—a(l c - (V [
-] L E |Yzy] y,< “(logp)c%ﬂf&) , (13)
- V.p b (1
U =~ | FGreogey T WIPIA ,, a0
RTL
m+ kel (V)P + @+ )Py
f f( )( py+1 p3y+3 >
x ((p_“(logp)”)zz(p;/#>d z, (15)
m+ kel L+ PP+ @+ )2yl
Uy = f fz )< Y+ p3v+3 >
x p~*(logp)*p~" (log p) f (2)dz, (16)
» ——2z-V,p?(ogp)° z- (V,f)(2)
s =~ | peCogn F@D ez, (17)
- V.01 c
Uy =~ [ T 0gm e TR g (18)
R™ p
U; =« Wﬁp‘b(log p)¢p~*(log p)f(p+fl)(z) dz, (19)
Us=c? | f(2) (p~"(ogp))2f(2)dz. (20)
Rn

First, we calculate (13):

—a(] c| & -(V

i=1

+|xIYZy] Y, < “(logp)c%ﬂﬁdz

= A, + 4. (21)

For A;, we have

“Qogp)° (N (v __

i=1

—a l c m . v . v -
L s, () 500
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. a c . V
f (z )p(y—ffp)z x; p~*(logp)© 9y, (%) dz

i=1

a(] c (v
-| 7@ )#in%ﬂ)@axi(p-mogpmdz

i=1

m - —a c V
= Z fG Yo —el (yﬁp) x; p~*(logp)° d, <—(pyy{1)( )>d

i=1

m — o] c (v
3| TS 2@ orsogpeyas

——(p~*(logp)* )2 v, f)(2)
Z Rnf( ) Y+1 xi ((p;(—_l_l))d

m - p7%] c (Vv
_Z fRnf @ : gﬁ‘? 2 Xi - (p\:/‘{l)(Z) 0y, (p™*(logp)*)dz

i=1
= Bl + Bz.

We will consider B, first. It will become clear why we did so later.

N [ e tloge) 2 (MA@
B, = - Z RO (pyll) 0., (o™ (logp)°)dz

a(] 2 v
wa f() (p (logp))? z-( yf)(Z)

py+1 L py+1

S ([ Fao, (0o, 2 (N@
+; Rnf(Z)axi( pr+1 >xi (pyyﬂ) p~*(logp)‘dz

—(p~*(logp))*z - (V,f)(2)
i [ Fo Sz U0,

—(p~*(logp))* v, f)(@)
+2fwf( DL w0, (&J—R)d

=Cl+Cz+C3+C4.

For C;:

a(] 2 v
G = me f() (p (logp)®) o (yf)(Z) i

py+1 py+1

For C,:

(22)

(23)

(24)
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[ — p *Uogp)\ z-(V,f)(z) _, .
c, =Z Rnf(z)axi< = )xi (pyll) p=(logp)* dz

—p~*(logp) (L +V)p ¥V x|*Yx; + p*Y 3, (p~*(log p)°)
Z RC v

X Z - (Vyf)(z)

iy p~*(logp)‘dz

——(p™*(ogp))*(L + V|x[**2z - (V, f)(2)

f( ) PR ov 1 dz
L (pe(l v
Zf 0~ (l0gp) T (D) l(p Qogp)) 2 (W)@, 25)
R™ P
For C5:
a1 2 \Y/
C=m f()(p (pfip)) z (pyyfl)(z) 26)
For C,:
m a 1 2 v/
=) fo@—%ﬁﬁﬂﬁx—%QEQM @)

i=1

Putting (24)-(27) to (23), and then (23) to (22) we get

Ay =B+ B,
=B+ C +C, + G5 + Cy. (28)
Since €4, = —Bj, (28) implies that
A =C +C, +Cs. (29)
The calculations for A; are analogous:
A =C+G+G, (30)

where

k
a 2 v/
=ZJ i, (7 ))(p (logp))*  z- "N@

py+1 J py+1 ’

f( )(p “(logp))*|x Y ly* (1 +v)* z - (V,f)(2)
p3y+3 py+1

a (p‘“(logp)) v
+§:W“WﬂW%Mf&)” N %Z(JQ@)L
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a(] 2 v/
G=k[ TG Fo R (pyyfl)(z)

Therefore, substituting (29) and (30) to (21), we obtain

Uy =4+ 4

z- (v f )(Z)

py+1

(p~*(log p)°)? |-

]Rn

f G )(m +klxlY @+ 4 x4+ y)zlylz> ((p—a(l

py+1 p3y+3

(Vyf)(z>>

) py+1

S ! ¢ \Y
+ Rnp‘“(logp)cf(Z) yppy+(10gp) z (pyy{l)(z) dz. 31

Summing (31), (15), and (17), we get

z- (V)@

Up+Us+Us= | (p~*(log P)C)z or 1

Rn

(32)

Now we consider the sum of (14) and (19):

z-(V,p~(logp)?f )(Z)
py+1

U, +U; =—a| f(z)p “(log P)C
Rn

. v
a | f(2)p"(ogp)dp~?(logp)* —( Yfl) 2
R™ Py

R m k
—a 1 Cc
- o [ et inaxi(p-b<logp)df<z>)+|x|vjzly,- 2, (o7 logp)'f () |dz

R" i=1

B v
a| f(z)p~Uogp)ip@(logp) —( pyyfl)( 2
Rn

_ z-V,p?(logp)?
—a | If@)I?p~*(logp)* ! ovH dz. (33)
Rn

Thus, putting (32), (33), (16), (18), (20) to (12), we obtain the following:

0= f |(Ta,y,a,b,c,df)(z)|2 dz
Rn

z- (V)@

py+1

(p~*(log p)c)2 dz

R’I’L

_ z-V,p~P(ogp)t  _ z-V,p~*(logp)°
—afw (p “(logp)* — v +p~?(logp)t — e If (2)|* dz
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m4+klx[" (L +y)x|PYH2 + x|V (1 +y)?yl?
_O‘fw oL 03V 3

X p~@(logp)°p~ (logp)¢|f (2)|*dz
+o? | (pP(logp)D)?If (2)|* dz
RTL

=L1+L2+L3+L4+L5, (34)
where

2

z: (va)(z) dz

py+1

(logp)**
RR pZa

L1=

-V, (p~? (logp)¢
b= (p-a(logp)cz e )> P dz,
Rn

. V —a l c
b= (p-b (logp)* 2 Y(ppyflog P) )> @) dz

mA+klx]Y (1 +Y)|x?Y2 4+ [x[V (1 +v)?[y|?) _ (logp)+d
Ly =—« j}mﬂ( oyt p3v+3 X pa+h If (@)I*dz,

(log p)?
Ls=a | = If @ dz
IRTL

For L, we have

2

z W@, (35)

py+1

(logp)*

le
- p2a

For L,:

.V —b 1 d
b=« (p—“(logp)cz Lo )> P dz
Rn

1 ‘| 1 d k 1 d
o [ [Z o () e Sy, (@)‘ —

i=1 j=1

(log p)° Z’" (log p)*
= _(X Y+1+a xi 6xi b |f(Z)|2 dZ
R P p

i=1

k
(log p)* (log p)*
—a| | W 0 () Jr@r e

j=t

- py+1+a pb+2y+2 logp -

c d +
(logp) ((logp) x| 2( d b)) If (2)|2 dz
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logp) {(ogp)¢(1 +V)|x|¥|yl?/ d
ol ¢ ip+) (logp) (b+2 vzl "1y| ( B b) F(DI? dz
g PYFITE porerE logp
(log p)**(x[**2 + [x[" (1 + VIy|*)
= T (g5~ V@1 (36)
By interchanging a and b as well as d and c in (35), we can immediately get Lj:
_ z-V,(p~"(logp)*)
Ly = —af <p *(logp)? —— If (2)|* dz
R" p
(log p)“ 4 (x[>"** + |x|" (1 + V) y|*)
= T (g5~ @) @R az (37)
Now for L,, we get
m+ k|x|" (log p)¢+¢
Ly = _O‘J-Rn < pr+1 ) path f(@)I*dz
L+ VP2 + x| (1 +v)?lyl* (og p)°+
+0(f < 13 ——If(2)|* dz. (38)
n P p
Finally, for Ls we have
( gp)”
Ls=a® | ——If(2)|*dz (39)
[RTI.
Putting (35)-(39) to (34), we get
_ f)()
0 <j |(Tayabcdf)(z)| dZ—j (,D a(logp) )2 ()1/—+1)
(log p)°** (Jx|*** + |x|" (1 + V) IyI*) c+ d
fRn[ e ( +h+1 +y—— I (2)? dz
rn+l’clxlY a gp)Zd
f [ sy (logp) ™ + f@)I? dz. (40)
Meanwhile, using (6), we have
2 z-(V,f)(2) (10g p)d
”(Ta,y,a,b,c,df)(z)||L2(Rn) = H(log p)c FEaIy-O-)l Ta f( ) (41)
L2(R™)

Putting (40) and (41) together, we obtain (3).

Conclusion

In conclusion, we have successfully derived a weighted Hardy identity associated with the
Baouendi-Grushin operator using the method of factorization. In addition, we were able to apply
our result in the magnetic inequality related to the Landau-Hamiltonian type magnetic field. This
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approach allowed us to extend classical Hardy inequalities to more complex settings involving
degenerate elliptic operators.
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Maremaruka koHe MaTeMaTHKaJIbIK MOJICIIb/ICY MHCTUTYThI, AMath K., Kazakcran
2C1Y ynusepcuTeti, KackeneH k., Kazakcran

BAOYDHU-TPYIINH BEKTOPJIBIK OPICTEPIHE
"KOHE JJAHJIAY-TAMUJIBTOHUAHFA BAMJIAHBICTHI
XAPIM TEHCI3AIKTEPI MEH TEHJIIKTEPI

Angarna

Byn makamama 613 baoysnau-IpymiuH BEKTOPIBIK epicTepiMeH OaiIaHBICTBI CalMaKThl Xapad TEHIITiH
TaJKbUIAH OTBIPBINT KOHE OHBIH AN(GEpeHINAIIBIK TEHCI3AIKTED KOHTEKCTIHAE OpTYpIi KOJJIAHBICTAPhIH
3eprreiimi3. byn Xapnu tenpuirinen, colikec mapamerpiepii Tanaay apkKpuibl baoysHmu-IpymmH omneparopbiHa
KaThICTBl XapAW THITI TEHCI3MIKTEp YIIiH HAaKTHl KaJAbIK (QopMyialapblH aa amyra Oomambl. KommyTtaTtusTi
JKaFIalIel KapacTeIpFaHaa, 0i3re eBKIMATIK KeHICTIK YUIiH e, baoy»nnu-I'pymuH omepaTopbiHa KaThICTHI JKaK-
CapTBUIFaH CaIMaKTHl XapAu TEHCI3IKTEPiH e aHbIKTay MYMKIH/IT1 Tya Isl. MBIcasbl, HAKTHI XKaraaiaa, baoy>nmau-
['pymimH oneparopbiHa KaThICThI TEPIC €MeC KaJJbIK MYIIENep/i ajblll TacTall KOHE THICTI mapameTpiaepii 1oi
TaHJlay apKbUIbl, O13[[1H TEHJIIKTEH TOTIOJIOTHSJIBIK OJIIIEMIe TOYeI/li eMEC TYPAaKTBIChI 191 aHBIKTAJIFaH PaHal/Ibl
TYBIH/BI OIIEpaTOpblHA apHAJFaH >KAaKCapThUIFaH KPUTHUKAIBIK XapAW TEHCI3MITIH allyFa JAa MYMKIHIIK Oepei.
CoHbIMEH Karap, ochl Makaianga [emre3n mMeH JIuTTmkoH [1] KyMBICEIHIA YCHIHBUIFAH ITUGGEPEHIHAIIB Op-
HEKTepAi (axTopu3anusiay SHiciH ne KommaHambs. byr makamama 6i3 xommyTtatuBTri emec baoy>umu-IpymmH
BEKTOP/IBIK ©piciHe (paKTOpU3aIis o1iciH Komaanyasl kepceteMis. ConsiMeH Oipre, baoysunu-I pymmH BEeKTOPIIBIK
epicrepiMeH OainaHbICThl Xap/au TEHAIrIHIH KOJJAHbICKI peTiHne, kainbuianran Jlannay-I'amuisTon (Hemece
OypasFaH JlalulaCHaH) OIepaTophl YIIIH KaJAbIK MyIienepi Oap Xapau THUITI TCHCI3IIKTI ajlaMbI3.

Tipek ce3mep: dpaxTopusanus oxici, Xapau reHcizairi, baoy>unu-I pymrun oeparopsl, Jlanaay-I'aMuTsToHrAH.

LKanrupoaes A.,
6akanasp, ORCID ID: 0009-0000-4062-6102,
e-mail: amir.zhangirbayev@gmail.com

"MHCTUTYT MaTeMaTHKH U MaTEMaTHYECKOTO MOJISIMPOBaHus, T. Aimarel, Ka3zaxcran
*Yuusepcurer CJ1Y, 1. Kackenen, Kazaxcran

HEPABEHCTBA U TOXJIECTBA XAPIU, CBA3AHHBIE C BEKTOPHBIMU
HOJAMU BAOYOHAU-TPYHINHA U JTJAHAAY-TAMUJIBTOHUAHOM

AHHOTAIUA

B oT0ii cTarbe MBI Mpe/cTaBIsieM B3BEIICHHOE TOXJECTBO Xap/H, CBI3aHHOE ¢ BEKTOPHBIMH MOJIsIMU baoy-
SHAU-] PYIIMHA, U €ro MPUIIOKCHUS C IPUMCHECHUSMH B KOHTEKCTe quddepeHInaNbHBIX HepaBeHCTB. C OMOIIIBO
BEIOOpA COOTBETCTBYIOIIMX ITAPaMETPOB HAIIE MOJMYYCHHOE TOKICCTBO XapiW, CBA3aHHOE ¢ omeparopoM baoy-
SHAW-I pymHa, BIEYET 32 OO0 MHOTOYHCIICHHBIE (DOPMYIBI TOYHOTO OCTAaTKa JJIs HepaBEHCTB Thma Xapmau. B
KOMMYTaTHBHOM CITy4dae MBI ITOJy4aeM YITydIIeHHBIC B3BCIICHHBIC HEPAaBEHCTBA Xapau B MIOCTAHOBKE EBKIIMIOBA
npocTpaHcTBa. HampuMep, B 4acTHOM ciiydae, OTOpachiBasi HEOTPHIIATESIbHbIC OCTATOYHBIC YJICHBI, CBSI3aHHBIC C
omeparopoM baoysunu-I'pyminHa, U BIOMpast MOIXOSIIUE TAPAMETPhI, HAIIIC TOXKICCTBO IMO3BOJISICT HAM BBIBECTH
yIAYUYLIeHHOE KPUTUYECKOE HEPABEHCTBO XapAu ISl paJAualibHOTO POU3BOIHOTO OMEeparopa ¢ TOUHON KOHCTaHTOM,
KOTOpasi, B CBOIO O4Yepe/ib, HE 3aBHCUT OT TOTIOJIOTUYCCKOW pasMEepHOCTH. MBI HCIIONB3yeM METOA (paKTOPU3aAIIUI
M pepeHInaIbHBIX BRIPAKCHAN, HCIIOIB30BaHHBIH [ emTe3n u JIntTmmkonoM B [1]. B marHO# cTarbe MBI 1eMOH-
CTpUpyeM MPUMEHEHHE MeTo/a (haKTOPHU3allii B HEKOMMYTAaTHBHOH mocTaHoBke baoysuau-Ipymmnaa. B xagectse
MMPUMEHCHUA TTOJTYYECHHOI'O TOXKIECTBA XapI[I/I, CBA3aHHOT'O C BEKTOPHBIMH ITOJIAMU BaOyi)HL[I/I-prIHPIHa, MBI yCTa-
HABJIMBACM HEPABCHCTBO Xapiu Jjisi 0000IIeHHOrO raMuibToHnana Jlanaay (MM MCKPUBIICHHOTO JIallIacHaHa) ¢
OIPEIICIICHHBIMU OCTAaTOYHBIMH YJICHAMH.

KuaroueBble ciioBa: mMeroqn (hakTopH3alni, HEpaBEHCTBO Xapaw, omeparop baoysuam-Ipymmnaa, Jlanmay-
T'amunbTOHMAH.

Article submission date: 17.10.2024
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KJACCBI IOYTH 3BE3JOOBPA3HBIX ®YHKIUH, MIOCTPOEHHBIE
HA OCHOBE OIIOPHOU ®YHKL MU OBLIEI'O BUJA

AHHOTANUA

Lens cTaThu — MPEACTaBUTH M UCCIIEA0BATH IIMPOKUH KIIacC JIBasKIbI MTOYTH 3BE31000pa3HbIX (YHKIMH, ITPO-
JEMOHCTPUPOBAB TP 9TOM €IMHBIN MOIXOJ K PELICHHIO ONPEACIICHHOIO Kpyra SKCTPeMalIbHBIX 3a1a4. B crarbe
oTpernerieHa onopHas (YyHKIHS 0OIIIero Buaa — 3Be31000pa3Has GyHKIus, Ha 6a3e KOTOPOH MOKHO CTPOUTH KJIac-
CBI TIOYTH 3BE3/1000pa3HBIX M ABAXKIBI OYTH 3Be31000pa3HbIX hyHkunii. Ha 6a3e omopHoi GpyHKIMK 00111€TO BH/IA,
COZICpIKaIIel TPH IMapaMeTpa, i HOBBIX OIICHOK aHAJIUTHUYCCKUX (DYHKIMHA BBOIUTCS 00O0OINCHHE Pa3IMYHbBIX MTO/I-
KJIaCCOB KJIACCOB TIOYTH 3BE3/I000pa3HBIX M JIBAKABI ITOYTH 3BE31000pa3HBIX (DYHKIUH, PACCMOTPEHHBIX B psijie
CTaTei, BHIIIC/IINX B IIOCJICIHHIE TO/bI, B TOM YHMCIIE BBEJICHHBIH KJIACC COJACPIKUT OOOOIIEHHBIH KITacC THITUYHO
BEILCCTBEHHBIX (QyHKIMI. 3y4eHbI CBOMCTBA BBEACHHOTO Kilacca (GyHKIHH, HAIPUMEp, MOITy4YeHbI TeOpeMa pocTa,
OLICHKH MOJYJIS JIOTapU(MUIECKON ITPON3BOIHOM (DyHKIIMHU U PaJNyC 3B€31000pa3HOCTH, B YACTHBIX CIydasix IpH-
BOJIAIIINE KaK K paHee N3BECTHBIM pe3yJIbTaTaM, Tak U IIPeJICTaBIIoNIIe co00i HOBbIEe pe3ynsTaTsl. Bee pesynsra-
Thl CTATbHU SABJIAKTCS TOYHBIMU.

KaioueBble ciioBa: ofHOIMCTHBIE (DYHKINH, 3BE371000pa3Hble (DYHKIMHM, ITOYTH 3BE3/1000pa3Hble (QyHKIUH,
THITMYHO BEIECTBEHHbIE (DYHKIINH, PAINyC 3BE31000pa3HOCTH.

BBenenune

N3ydeHnne reoMeTprueCcKUX CBOWCTB PA3JIMYHBIX KJIACCOB aHATMTUYECKUX (PYHKUUH SIBIISETCS
OJTHOW W3 BaXHEHWIWX 3a/1a4 reoMeTpudeckor Teopuu GpyHKuiA. OcoOblii MHTEpEC MPEeACTaBIIseT

knacc S omHomucTHeIX (yHkuuii [1]. Bcomuum, uto ananutudeckas B kpyre E = {z:|z] < 1}
Obyukius w = f(z) Ha3bIBaeTCs OJHONMCTHOM, €CIIM OHAa OCYIISCTBISCT B3aMMHO OIHO3HAYHOE
otobpaxenue kpyra E na nexoropyro o6nacts f(E) paciupenHoil KOMIIIEKCHOM TIII0CKOCTH.

B crarbe [2] BBe€HBI TOUYTH 3BE31000pa3Hbie (PyHKIIMHU, YTO MOCITYKUIO OCHOBOH /ISl UCCTIe-
JIOBaHUS WX PA3IMYHBIX MOAKIACCOB (Hamp., [2—12]).

B Hacrosinieli cratbe Ha OCHOBE MOCTPOCHUS TpeXIMapaMeTpruiecKol OnopHoi GyHKImu oomie-
'O BUJIa U UCTIOJIb30BaHMSI HOBBIX OLIEHOK aHATIMTUYECKUX (DYHKIMI BBOAUTCS JOCTATOYHO HIMPOKUI
KJIacC JBaKIBI MOYTH 3BE31000pa3HbIX (PYHKIMHA, KOTOPBIH, KaK YaCTHbIE CIIy4aH, BKIIOUAET MpaK-
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THYECKHU BCE KIacChl (DYHKITHH, ncciemyeMble B cTathax [3—12]. Ha mpuMepe mocTpoeHus JaHHOTO
knacca Gyrkimii n onpenenenus tounsix onernok |F (21, |z f'(2)/f(2)| u pagnycos 3e3n006pas-
HOCTH TIPOIEMOHCTPUPOBAH €IMHBIN ITOIXO/T K PEIICHUIO OTPEICTICHHOTO KpyTa SKCTPEMAIIbHBIX 3a-
Ja4y. B yacTHBIX cayyasx MojyqaroTcs Kak HOBbIE OPUTMHAIIBHBIE PE3YyIbTaThl, TaK U Psijl pe3ysbra-
TOB MPOIUTUPOBAHHBIX BBIIIE CTATEH.

[Iycte N — kimacc amamutuueckux B kpyre E ¢ynximit f(Z), HOpMUPOBaHHBIX YCIOBUEM
f(0) = f(0) — 1 = 0. B yacTHOCTH, KJIaCC OAHOIUCTHBIX (pyHKIHMI § = . Psijt moaKmaccos Kiac-
ca S UMeeT XOpOIIIo U3yYCHHbIC HATMISIIHBIC OMucanus (CM., Hamp., [1], §2—5). Cpenu HUX OTMETHM
KJacc §* 3Be31000pa3Hbix pyHkmii f(z), 06na)1afoumx HaIJIsTHBIMU T€OMETPHUYECKUMH CBONCTBA-

MU, KOTOPBIU 3aJ1aeTCs ¢ TTIOMOIILI0 ycioBus Re (z r'e >0, z€E.

Ompenenenne 1. @ynkius w = f(z) Ha3pIBacTCs 3Be371000pa3Hoil B kpyre E, eciu 001acTh
f(E) sBnsiercs 3B€31000pa3Hoii OTHOCHTENBHO TOYKM W = 0, TO ecThb Hapsay ¢ JI0OON TOUKOM
w € f(E) obnmactu f(E) npunamnexut n orpesok [0,w].

Onpenenenue 2. Bynem roBoputs, uto ¢pynkims f(2) uz N npunamiexur knaccy CS* moutu
3Be31000pa3HbIX QyHKIMHA («close-to-starlike functions»), ecin oHa ynOBIETBOPSIET HEKOTOPOMY
HEpaBEHCTBY, cofepxkaiiemy otHomenue f(Z)/g(z), npuuem dynkuus g(z) € S*. Eciu ke QyHK-
s g(2) cama SBISETCS MOYTH 3B€31000pa3HOM, TO PyHKIHIO f (z) OyZieM Ha3bIBaTh IBAXK/IBI IOYTH
3Be3mo000pasHoii GpyHkimeit («doubly close-to-starlike functions») u mucars f(z) € CCS™.

3ameruM, uTO Kiacchl CS*u CCS* B cToib o0melt popMyTupoBKe, KOTOpasi JaHa B OTpenee-
HUH 2, paHee B HAyYHOU JINTEpaType HEe BBOJMIIUCH.

Briepsoie moutu 3Be3n000pasubie GyHKIMKM Obln BBeneHs! M.O. Punom B [2] kak ¢yHKIUH
f(@) us v , YIOBJIETBOPSIOIINE YCJ'IOBI/IIO

3nech ke ObUIO OTMEUEeHO 0e3 O6OCHOBaHI/ISI, YTO [OYTH 3B€371000pa3Hble (PYHKIIUU MOTYT OBITH
Y HEOTHOJIUCTHBIMU.
B cuny obmHOCTH Kitacca CS ¥, BBEIGHHOT'O ONpe/ieIeHueM 2, IOYTH 3Be31000pa3Hble (PYHKIUU

M.O. Puna Brirouarores B kimacce €S *. Kpome Toro, kinacc €S™ BKIIIOYaeT U MOYTH 3BE3000pa3HbIC
(yHKLUY, HE YIOBJIETBOPSIOIINE YCIoBUIO (1), Hampumep, eciiu UCIOIb30BaTh HEPABEHCTBA

Rel &)

e—>=a, a<0,

g

=0, g(z) €S*, z€E, (1)

WJIn

-2

<M 0<m<1 M=>1,
Q(Z)

meg(z) = 5", zeE.

Mycts f(z) € €S*, g(z) €S”. Torna B cootsercTBHH ¢ onpenenennem 2 dynxuus f(Z) nna
Bcex Z € E yioBIeTBOpsieT HEKOTOPOMY HEpaBeHCTBY, coxepxkaniemy orourerue f (2)/9(2). Tlo-
stomy, eciu f(2) = g(2), 1o f(2)/g(2) = f(0)/g(0) = 1 raxxke ynoBneTBOpseT JaHHOMY Hepa-
BEHCTBY. B cuity storo mobas 3Be3noo6pasnas Gyuxuus f(2) npunamnexut xknaccy €S, To ectsb
S* © CS*. Ananorn4Ho ycranasnuaercs, uro CS™ € CCS™. Takum oOpaszom,

S$*c S c CCS*.
1+=z
IMpumep GyHKIHK folz) =z ( _z) nokassiBaer, uro fp(z) € CS* ¢ g(z) = z, MOCKOJIBKY

Re Jr"(j:b{] i Beex z € E| Hofﬂ,()—lJrzi

e 0 B Touke z = 1 — /2 € E. [losromy ¢yHxk-
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s fp(2) He sBIISETCSA OMHOMKMCTHOU B Kpyre E W, 3Ha4uT, fy (Z) He sBisieTcs 3Be31000pa3Hoii B E.
Takum obpazom, kmacc £S* KpoMe 3Be31000pa3HbIX (DYHKINI COMEPKUT U (HDYHKITHH, KOTOpPbIE HE
SIBJISIFOTCSL HU 3BE€3/1000pa3HBIMU, HU OTHOJIMCTHBIMHU.

AmnanorudHo QyHKIus

1+z 1+ 72 )
@ =@ () =2(;—,) eccs
NG 1+z .
cg(z) = z,nockoneky fp(z) € CS HREH o = Re P = 0,z € E.Tlpusrom dynkuwms f, (z) € CS*,
fi@ (1+z ? fi(2)
MOCKOJIBKY ——— = ;) u ycinosue Re=— > 0 B kpyre E He Buimonnsercs. Takum oOpasom,

KJ1acc J:[Ba)l(,[[hl MOYTH 3BE31000pa3HBIX (pyHKunﬁ COMCPKUT U (DYHKIIUHU, KOTOPbIC HE SIBIISIOTCS
MOYTH 3BE371000pa3HBIMH.

B nacroseii cratbe Ha ocHoBe Kiacca P (@, ¥) u moctpoenus 38e31000pa3HO ONOPHOM (QyHK-
IIUH OOIIeTO BH/a BBOANUTCS HEKOTOPBIN KIIacC MBa)KIbl MOYTH 3BE31000pa3HbIX (PyHKIMN U Uccie-
JIyIOTCS €r0 CBOMCTBA.

O030p uTEpaTypBHI

K nepBbiM nccnenoBanusiM B 3ToM HarpaBieHuu kKpome ctarbu [2] M.O. Puia Takxe oTHOCAT-
cs uccnenosanus T.X. MakI'peropa [3—4] kinaccoB moyTH 3B€31000pa3HbIX (PyHKUIUN f (Z) , YOB-
JETBOPSIOLIMX OJHOMY U3 yCIIOBUI

Re/ 2 @—1|£1,g(z)65". 2)

g (2) 9(2)

JlaHHBIE CTATBU Jaii TOJMYOK MCCIICIOBAHUIO JAPYTUX MOJKIACCOB KiIacca MOUTH 3BEe31000pa3-
HBIX (DYyHKIIMI 32 CUET BBEJCHUSI BMECTO (2) HOBBIX yCIIOBUH, IPUMEHEHHS BMECTO Kiacca S” HEeKo-
TOPBIX €r0 MOKJIACCOB UM MCIIONb30BAHNS KOHKPETHBIX 3Be31000pasHbix pynkimii 9(Z), kotophie
Oy/ieM Ha3bIBaTh OMOPHBIMU (DYHKIIMSMU JUTSI KJIACCOB ITOYTH 3BE31000pa3HbIX (DyHKINH.

[Tpumepamu OMTOPHBIX 3BE31000pa3HBIX (DYHKITHI SBISTIOTCS (DYHKITHH BHIA

z z z?

[:1 _ Z)zl ha (Z) = EJ h4{:Z) =z _?J hi[:zj = Z.
3aMeTHM, UTO ¢ MOMOIIBIO 3aMeH fi, (2) = (1/i)hy (i), Ay (2) = —hy(—2), k = 2,3,4,5, oT

bysxmwmit hy, (2), k = 1,2,3,4, MOXKHO TIepelTH K QyHKITUIM

z
hi(z) = , hy(z) =

z z
1( =777 11 72’ 2(3) =—(1+Z]2’
00JTaIaf0IMM aHAJIOTMYHBIMH CBOMCTBAMHU, ONIPEIEIISIFOIIIMMU, TI0 CYTH, TOT YK€ CaMbIii KJIacC MOYTH
3B€371000Pa3HBIX MIIM JBAX/(bI IOYTH 3B€31000pasHbix Gynkuuii f(Z), a hs(2) = hs(2) = z.
OTMeTUM TaKke CTaTbio [5], B KOTOPO# HaWICHBI PaUyChl 3B€31000pa3HOCTH KJIACCOB MMOYTH
3Be34000pa3HbIX (PYHKINN, OMPEIEISIEMbIX C TIOMOIIBIO OTHOTO U3 YCIOBHIA

z 1 z
z 2 z+ kz?

3aMeTHM, YTO BCE MCCIIE0BaHMsl, IPOBOJUMBIE B IPOLUTUPOBAHHBIX BBIIIE CTAaThsIX [3—5], HE
BBIXOJIAT 32 MPEAETIBl Klacca MOYTH 3Be31000pa3HbIx GyHKIMiA, BBeenHoro M.O. Pugom [2] ¢ mo-
MoTibio ycroBus (1).

B pa6orax [6—11] 115t HEKOTOPBIX MOIKIACCOB KJIACCOB TIOYTH 3BE37000pa3HBIX U ABAKIIBI TOYTH
3Be3/1000pa3HbIX (YHKLUI pelranach 3ajada OnpeleseHus UX pajnycoB 3B€31000pa3HOCTH OTHO-

z
3()— h(Z)—ZJrZ!Z

1
—a|£a,|k|£1,a>§.
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CHTEJILHO HEKOTOPBIX MOIKIIACCOB Kilacca S*, Takux Kak kiaccel Gpynkumii f(2) € N, nyist kotopsix
MHokecTBo 3Hauenuit Z f'(2)/f(z) conepxurca B monymnockoct Rew > a, 0 < a < 1 (knacc
3Be3/1000pa3HbIX (DYHKIUH MOpsAKa &), B 00IaCTH, OrpaHMYSHHON NPaBO TIOJIOBUHOM JIEMHHUCKATHI
Bepuymnu (kmacc 1eMHUCKATHBIX (QYHKIMI), B 00JaCTH, OTpAaHMYEHHONW KapIuou10i (Kiacc QpyHK-
IIMi{, CBSI3aHHBIX C KAPIUOUION) U IPYTHE KIACCHI.

[Tpu 3TOM paccMaTpUBaIUCh KIACChI TIOUTH 3BE31000pa3HBIX U ABAXK/IbI TOYTH 3BE31000pa3HBIX
(GyHKIUI, TOCTPOEHHBIE ¢ TOMOIIBIO KOHCTPYKIHHA BUAA

M, = {f (@) Re ™ (23 >0, Re hfi 0}, M {f{) (23 21| <1, Re ‘Z; 0},
{f(z) Reig ;_O}

B KOTOpBIX h(Z) = hy (2), k = 1,5. CTouT 0TMeTHTH, 4TO B cTaThsX [6—11] HcciaenoBanue mpoBo-
JIAIIOCH OTJEIBHO JUIS KaXKI0T0 U3 KiaccoB My, M,, M3 u B Ka10 cTaThe HCIONIB30BaIaCh CBOS
onopHnas pynkuus h(z) = h,(2), k = 1,5.

Haima runoresa cOCTOUT B TOM, 9TO MOYKHO OCTPOUTS Kitace M, KOTOpbIi BKiIrouaeT Knacchl My,
M, , M3, u moctpouts onopHyro dyukuuio ~(z) € §° o0miero Buaa ¢ HECKOJILKUMU MapaMeTPaMH,
KOTOpas TIPH ONPE/IeTeHHEIX 3HAYCHUAX TIapaMeTpoB naeT ¢pyukuun Ry (2), k = 1,5, n, kpome Toro,
COZICPIKUT LIENBIH PSiT APYTHX KOHKPETHBIX CITyYaes.

Llenbio paboTHI ABISETCS ONpPEAEIEHHE MHOTOIIAPAMETPUYECKON onopHoi (pyukuuu h(z) € §°
o01rero Buja u Kiiacca M, 1711 KOTOPOTO MOYKHO HAWTH paJinyCHbIE KOHCTAHTBI OTHOCHUTEIILHO Pa3-
JIMYHBIX TIOAKJIACCOB KJIacca S, MO3BOJISIFOIINE TTOJIYYHUTh Pe3yJbTarhl cTareid [6-11] kak ciencTBust
OJTHOTO pe3yJIbTara, a TAKKEe PsAJl HOBBIX PE3YIIBTATOB.

K xmaccy moutu 3Be31000pa3HbIX (PYHKIIMH OTHOCHUTCS W BBeACHHBINM B. Porosmucku B [12]
xnacc | Tunugno BEMIECTBeHHBIX QyHKIUU. [Ipu sTOM f(2) €T rorna u Tonpko TOraa, KOrjaa mpu
mo6om BemecterroM Z € E oma mpurmMaer Bemectennsie 3nadenms u Im f(z)Imz >0 B
OCTaJNBHBIX TouKax kpyra E. B [12] Takxke ycTaHOBIEHO, 94TO

2

f(z)) >0,z €E, (3)

T0 ecTh s pynkumit f(z) u3 T Bemonusercs yenosue (1) ¢ g(z) = z/(1— z?).

f(2)eET = Re(

MarepuaJibl 1 METOABI

O603HaunM depes P knacc anamuTHaeckux B kpyre E dynkumit ¢(2) = 1 + ¢,z +c2° + -
C TIOJIOKUTEITFHOM BEIIECTBEHHOW 4YacThlo, yepes P(a,y) — xmacc dynkmuiit @(z) € P, ynoBner-
BOPSIIOIIUX YCIOBUIO |(-:p(z))1“’ - a| <a, e a>1/2, 0 <y <1 O603HauuM Takxke 4Yepe3
P(y) = P(o0,¥) nomknacc knacca P(ay) dynkuuit @(z) €P, ynoBneTBOPSAIOMMX YCIOBUIO
larg ()| <= z€E.

JlokazaTenbCcTBa OCHOBHBIX PE3YJbTaTOB HACTOSIICH CTaThU OMUPAIOTCS Ha CIEAyIOIIee YT-
BEPIKJICHHUE, TIOYYEHHOE HAa OCHOBE METO/1a TOYMHEHHOCTH.

Jlemma 1 [13]. Ilycte anmanutuyeckas B kpyre E ¢ynkius @(Z) pasmaraercs B psag Buga
9(z) =1+c,z" + ¢y 2"+, n=1, z€E, u semonnserca ycnosue ¢(z) € P(a,y),
a>1/2,0<y<l,unyctbc=1—-1/a, —1<c¢=<1. Torma npu |z| =71, 0 =< r < 1, uMeror
MECTO TOYHBIC OIICHKU
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(l—rn)y{l ()I{(l—l—?"“)}' A
1+ crm = 1921 = 1—crn/ '’ )
@' (z) y(1 + e)nr™
z < , (5)
@(z) (1 —7r")(1+ cr®)

KOTOpBIE JOCTUTAIOTCS TSt PyHKIUU @(Z) = @y (2™), Tae

1+2zy\
#0@ = (1—) - (6)

Onpenenenve 3. Ananutudeckas B kpyre E ¢ynxuus ¢(Z) HaspiBaeTcs MOTYMHEHHOH O1-
HomuctHoi ynkmun @ (2), ecmu @(E) < @y (E) u @(0) = @,(0), uto obo3nauaercs B BHzE
¢(2) < @o(2).

CyTb MeTO/1a MOAYMHEHHOCTH 3aKJIFOYAETCSl B TOM, UTO €CJIU @(Z) = @y (z) B Kpyre E, T0 nog-
YHHEHHOCTh PACIPOCTPAHAETCS M HAa BHYTpeHHHe kpyru, To ecth @(|z] = 71) < @y(lz] = 1) npu
mobom T, 0 <=7 <1,

Pe3y.m>TaT1>1 u 06cym11e1me

1. OnopHas ¢yHKIMS 001Iero Buaa Ui KJIACCOB MOYTH 3BE31000pa3HBIX U ABAXK/IbI TOUYTH 3BE3-
J000pa3HbIX (QYHKIMMA

Onpenenum onopuyto ¢yukuuio h,,(z), m =1,2,3, ..., h,,(0) = 0, h;,(0) = 1, nns xnaccos
HOYTH 3BE371000pa3HbIX M JIBAX/bI IIOYTH 3BE34000pa3HbIX (YHKIMH Kak pemieHue auddepeHiu-
QJIbHOTO ypaBHEHUs

h'(z) 1+ 4z™

= 7
“h@ " 1+Bz )
1+4z
e Yo (2) = 5 1 =B <A=1 - dynkuus SAnosckoro [14]. TTockomnbky
h'(z) 1+4zm 1-A4A
Re z = 0,

=R > =
hz) C1+Bz"~1-B -

B kpyre £, 1o Bce pemenus My, (2) ypasuenus (7) sBnsiorcs GyHKIMSAMHU, 3B€31000pa3HBIMU B KPyTe
E . KpoMme Toro, HETpyIHO yCTAHOBHTb, 4T0 hyHKIHH Mm(Z) mpi M = 2 o6nanaror m-kparHoii cimM-
MeTpueil Bpautenns Bokpyr Touku A, (0) = 0 u onpenensitores [15] no popmyrne

A—-E
b (2) z-(1+Bz™)ms, B *0,
m\Z) =
z-ep{Zzm}, B=00<A<1), ®)

npudeM h,,(z) = z+ b, 2™ + by 2™+ om =1,z €E.

Ecm B = —1, t0

hon(2) = — 2
@ =Tmm e,

1, B YaCTHOCTH,

h,.(z) = npuAd=0,m=1,2,3,..,

(1 _ Zm) 1/m
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h,,(z) = mpud=1m=1,23,..,

(1— ijzfm
z
(1 — z2m) 1/m
Ortcrona nomy4yaeM HanOosee pacpoCTpaHEHHBIE CIIydau HCIIOIb30BAHUS OMOPHON (YHKIHH
(mampumep, [7-9, 11])

h,,(z) = npud =1,m=1,2,3,..

z
h = =1,A=10
m(z) =7 mpum =1, )
z
hm(Z)=meHm=l,A=1,
h,,(z) = mpum = 2,A = 1.

1—z?
Ecmu nonoxure A = 2B, 10 u3 ycnoBus —1 < B << A <1 nomyyaem, uto 0 < B<1/2 n

h,,(z) =z(1+ Bz™) 1/m mpuuem dynaknus h,(2) sensercsa 3Be3nooGpasHoit u npu B = 0. B

9acTHOCTH, pu M = 1 nmeem onopuyto ¢pyHknuio u3 [5, 10] u mpu B — 0 — u3 [3-4,16-18]:

h,(z) =2+ Bz*,0< B < 1/2, unpu B = 0 umeem h,,(z) = z.

Kpome Toro, u3 Broporo BbipaxkeHus (8) mosydaem ciaeIyouui npumMep ornopHoi (pyHKIHH
A
h,,(z) = z-exp {—zm},ﬂ <AdA=1.
m
2. Onucanue KIaccoB MOYTH 3B€31000pa3HbIX U ABAXK/bI TOYTH 3BE31000pa3HBIX (DYHKIHHA
Onpenenenne 4. Bynem roBoputs, aro Gpynkims g (2) us N npunayiexur knacey €S, (b, 8, A, B)
TIOYTH 3B€31000pasHbIX (YHKIHMI TOIjIa U TOJNBKO TOLA, KOTAa [yl Hekotopoi (ynkimu R, (z)

(=)
BH/a (8) ﬁ € P(b,d), 10 ecthb

g(z) \"°
(hm(z)) —b

3amernm, uto kimace €Sy, (b,8,A,B) sBisercst MoIKIaccOM Kjacca TMOYTH 3BE37000pa3HbIX
¢ynkuumii, BBeneHHoro M.O. Punom ¢ nomouisto ycnosus (1), mockonbky u3 (9) BeITEKaeT ycloBHUe

g *
Re i) = 0, nmpuuem h,,(z) € 57,

<b, b>1/2, 0<G<1, z€E. 9)

Omnpenenenne 5. Bymem rosoputh, uro ¢yakuus f(Z) wuz N npuHagIexur Kiaccy
CCS; (a,y,b,&,A, B) NBaXIbl IOYTH 3BE31000pa3sHbIX (PYyHKLMH TOTIA M TOIBKO TOINA, KOIIA JUIs
nexoropoit gpyukuuu g(z) € CS,, (b, 8, A, B) pemonnsercs ycnoue

@ € P(a,y).
Takum o6pazom, 9(2)
. f@\r g(z) \?
f(z) € CCS; (a,y,b,6,AB) = (g(—z)) —al=amu (hm(z)) — bl = b,(10)

Bkpyre E,rne a,b > 1/2,0 < y,8 < 1, u dynkums b, (2) 3anaercs popmymnoii (8).

3aMeTuM, 4TO MOCKONbKY h,,(z) € S*, To g(2z) sBnsercs mouTu 3Be3M000pasHON (GyHKIHU-
eit. Tloostomy ¢ynkiuu kmacca CCS,,(a,y, b, §,A, B) nBaxasl modtH 3Be31000pasHbiMu. Takxke
ccs,, (a,y,,0,A,B) = CS;; (a,y,AB).

IMyctbm =2,B=—1,A=1 rtorna h,,(2) = —=- [Ipe/imonoxnm Takxe, 4to g (z) B Toukax
z € (—1; 1) npuarMaeT BelecTBEHHbIC 3HaUeHus. Torna B cuny (3) ycioBue

-4
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9(2) e
Rehm(z) = Re((l —Z )T) =0

3amaer knmacc I TunmuHO BemiecTBeHHbIX ¢QyHkumit g(z). C yuetom 5TOro BBeleM Kiacc
CCT*(a,y,b,8) pynxuuii f(2) € N, ynoBieTBOPSAIONIHNX YCIOBUIO

1fy 1/8
()" s esffo-so)"-

<awu
Iycth b — o0, § — 0. Torma 9(2) = é, BTOpOE ycioBue B (11) cTaHOBUTCSA TPUBUAIBHBIM U
nonyyaercs kinace CT*(a,y) = CCT*(a,y, o0, 0) dyuxuuii (), ynosneTBopaIomux ycioBuio

< b. (11)

< a, a>1/2,0<y <1,

00001 KIIACC TUITMYHO BelecTBeHHbIX Gynkimii T = CT*(eo,1).

3. Onenxu B kiacce CCS;,(a,y, b, 8,4, B)

Teopema 1. Ilycre f(z) € CCS;(a,y,b,86,A,B) u nyctb c=1—1/a, k=1-1/b,
—1<c,k=<1 Tormanpu |z| = 7,0 < 7 < 1, UMEIOT MECTO TOUHBIE OLIEHKU:
Dopu—1<B<A<1,B+#0

(11+_c: )F (11+_k: )5?’(1 - Brm:’% =lf@l=

{(1—0—7)}'(1—0—7)5 1+ B )ﬂ 12
MY mB
Gy B Gy r /(12)

Dmpu0<A<1 B=0
o) () rew(-2m) <@ =
1+ cr 1+ kr T exp mT =lr@l=

{:(14—?’)]’(14—?’)6 (A m) 13
“\l—er 1— kr T exp mT ,(13)

npu—-1=B<A4=1
f'(z) 1+ A4z™

r [y(1+c) 6(1+k)
“f@ 1+Bzm _l—r(1+cr+ 1+ kr ) (4
JlokasarenbcrBo.  OGosHaunm ~ @(2) = %, Y(z) = f—%. Torna f(2) = @(2)g(2),
g2 = Y@ h,(2) u "
f(2) = e@Y(2)h,(2), (15)

Hockonsky ©(2) € P(a,y), Y(z) € P(b,8) 10 8 cuny nemmsr 1 mpun = 1

(1 + cr)y <l < (11—+ ;r)y’ (11;;— )6 < =)l < (11:;)5 (16)

C npyroit croponsl, Tak kKak ¢yHkums A, (z) € S*(4,B) u pasnmaraercs B psa BUjaa
h,(2) =2+ by 2™+ by 22™* 1 + oo, m = 1, TO (HAmp., [15])
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A-5 A-5
r(1— Br™)ms < |h, ()| < (1 +Br™)ms,B =0, (17)

A A
rexp (—a’rm) < |h,,(2)| < rexp (E’rm) B=0(0<A=<1). (18)

[IpuMeHsis, COOTBETCTBEHHO, JieBble Wiiu npasble otenku s |@(2) | u [¥(2)| B (16), neBbie um
npasblie oueHku B (17)—(18), Ha ocnoBe paBeHcTBa (15) momyunm ouenku (12) u (13).
Hoxaxem ternieps onieHky (14). B cuny (15) u (4)—(5) umeem

Zf’(Z) _ Z@’(Z) +Z¢"(Z) N 1+ Az™
f(2) @ (2) Y(z) 14 Bzm™

Ortciona B cuy oteHku (5), npumenennoit k Gynxuuam ¢(2) u ¥(z) npu n = 1, nonyyaem
OLICHKY

f'(z) 1+ Az™
“F) 1+Bzm

- y(1+co)r S(1+kr
“0-Pld+en A-Ddtkr)

KOTOpasi paBHOCUIIbHA OlleHKe (14).
Jlokaxkem TouHOCTB O1IeHOK (12)—(14).
PaccmoTpum dyHKIHIO

fo(ZJ=Z(1+Bzm)%(1+Z)F(1+Z)5=(1+2)Fgo(2), (19)

1—cz 1—k=z 1—cz

rIe

. 1+2z:\°
= + m T
Gol(z) = z( z™)'mB (l—kz) ,

A—B
1 nokaxeM, uto fo(2) € CCSy, (a,v,b,6,A,B). Yuursisas, uro z(1 + Bz™)ms = h,,(z) nn4 cay-

1+=z
dasi B # 0 uw(z) = —— ectp otobpaenue kpyra E Ha kpyr |w — b| < b, nomydaem

G0(2) He
(hmlfz}) -0

CrenoBarenbHo, 110 onpenenenuio 1 go(z) € €S, (b, 6,4, B) u, Tak xak

= |lw(z) — b| < b.

¥

i%;) - (1— (1ii/a)z) - (E

10 f,(2) € CCS;, (a,y,b,8,4,B) v uia dyuxuun f,(z) B Touke z = r B npasoii ouenke (12) 1o-
CTHUTAETCS 3HAK PABEHCTBA.

)y € P(a,y),

Ecimu m — HedeTHOE, TO /11 GyHKIMH f(Z) B TOUKE Z = —T MOJIydyaem
B a5 1 —7rv\Y ;1 —11\°
_ - — — ™Y mB .

fo=m) r( ™) (1+cr) (1+kr)

[Toaromy B s1eBoi#t orieHke (12) Takke qOCTUTAETCs 3HAK PaBEHCTBA.
[Tyctb Teneps M sBnsercst yeTHbIM. PaccMoTpuM JBa ciyyasi.

aym = 2,6,10,...,2(2j — 1),...,j € N.Tornai™ = —1ugusiz = irumeemMz™ = i"r™ = —r™,
iz = —r. [loatomy a1 QyHKIMH
) = z(1+B )H(IHZ)F(IHZ)SECCS (a,y,b,8,4,B) (20
= m mB *
L2 =z z 1—ciz) \1—kiz m(@.y.b,0,4,8) (20)
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B TOYKE Z = IT TIOJy4aeM
_ (1B a8 1 —r\"/1-11°
= —_ m mB
fiir) = ir( ™) (1+cr) (1+kr) '

TO €CTh B 3TOM CJIy4ae JIeByI0 OIeHKY (12) ymydIuTh HEelb3sl.
m+z

6) m=4,812,..,4j,... jEN. O6osHaunm & =1im 6 Torma M Z= —& uMeeM
zMm — (—1jmim+2rm = —r™m, e lz=—¢cler=—r. [ToaTomy miist d)yHKHI/H/I
a-Bf1+ez\' [ 1+¢e1z g .
£,(2) = 2(1 + Bz™) mz (1 - 65_12) (1 - kg_lz) € CCS2 (a,y,b,8,4,B) (21)
B TOUKE Z = —&T UMEEeM
a8 f1—1\" ;1—1\°
fo(zer) = —er (1= Br™)ma (1 + CT’) (1 + k’r) '

CrnenoBarenpHO, B JIeBOH omeHke (12) mocturaercs paBeHCTBO, YTO JOKA3bIBAET HEYITydIae-
MOCTb JIEBOM O1IeHKH (12) 1 B 3TOM cityyae.

Jloka3areabCTBO TOYHOCTH OIEeHKH (13) MpOBOAMTCS TOYHO TaK Ke, TOJIBKO B KauyecTBe N, (Z)
ucroJib3yercs Bropas Gopmyna B (8).

JlokakeM TO4HOCTB oueHku (14). Jlns dyrkuuu fo (z) umeem

folz) 1+A4z™ y(1+¢)z S(1+k)z

“F@ 1+Bz" (+20-c2 A+20—ko)

HOCKOJ'H)Ky B TOUKEC £ = —T

ff(z) 1+A4z™ B y(1+o)r o(1+ k)r
(Zfoiz)_1+Bzm)|z TTa-nU+ A-DA+kr)

TO OLIEHKY (14) yiydruTh Heb3s.
Teopema 1 noka3aHa.

4. Paguyc 3Be3noobpasnoctu kiacca CCS;, (a,y,b, 8,4, B)

B xauectBe npumepa npumeHeHus otieHkH (14) kak qomoiHeHue K Teopeme | Haiimem paanyc
3Be31000pasHocTH Topsaka & kiacca CCSyy, (a,y, b, 8, A, B), 0600maronmuii aHaJIOTHIHbIE PE3YIib-
tatbl U3 [3—4, 6-10] u psaa npyrux crareit. [Ipu sTom yepes 5°(a) Oynem 00603HauaTh BBEACHHBII
B [19J xrace dynxmmii f (z), 3Be371000pa3HbIX MOPSAIKA &, TO €CTh YAOBIETBOPSIONINX YCIOBHUIO
Rezf(zj >a0<a<lz€E,

JE)TMeTHM, 4TO0, chemyst MeToauke crarei [6—10], Takke MOXKXHO HATH pamuychl 3BE371000pa3-
Hoctu knacca CCS,, (a,y, b, 6,4, B) OTHOCHTENIBHO APYTHX MOAKIACCOB Kiacca S, CBSI3aHHBIX C
JEMHHCKATOW bepHyum, KapAMOuI0H, JIYHOU, CHHYCOMAAILHON MIIN SKCITOHCHIINATBHON (yHKITHEH
U paccMOTpeHHbIX B [6—10].

Teopema 2. Tounslit pagnyc 3Be31000pa3HoCcTH mopsiaka a knacca CCS,, (a,y, b, 8,4, B) omnpe-
nensercs kak equncteennslii Ha (0; 1) xopens ypaBuenus

1—Ar™ T (’y(l—l—c) 5(1+k))_0 22)

———a- -
1-Brm 11—\ 1+er  1+kr
mec=1—1/a, k=1—-1/b,-1<c k=1
Jloka3zarenbcTBO. B cuiy Teopemsr 1 s aro6oit yukuu f(z) € CCS,, (a,y,b, 5,4, B) BKpyre
lz| < 7,0 < r < 1, umMeeT MecTo otieHKH (14), oTKyna
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f'(z) 1+ Az™ r (y(1+c) 6(1+k)
R = minR — + .
2 TR T B 1—r\ 14 | 14kr

B [15] (dbopmyna (2.5) ycTaHOBAEHO, UTO
1+4z™ 1-—-Arm
e = .
1+Bz™  1—Brm™

Iostomy B kpyre |2l = 7 pmonmsiercs HepaBeHcTBO

Rezf’(z):}l—mm r (}f(1+c) 5(1+k)).

flz) " 1—-Brm™ 1—r\ 1l+er * 1+ kr
iz
CrenoBarenbHo, eciu |z| < r, tne ¥ = r*— xopeHs ypaBHenus (22), o Re z o) =auf(2s
kpyre |z| < r¥sBusercs 3Be31006pa3HOl MoOpsIKa .
[Mokaxxem, uro ypasaenue (22) na (0; 1) umeer equHCTBEHHBINM KOpeHb. JIEHCTBUTENBHO, HE-
TPYAHO YCTAHOBHUTB, Y4TO (DYHKIIHSA

1—4r™
M) =g @

MoHoTOHHO yObiBaeT Ha [0; 1) or 1 —a no (1 — A) /(1 — B) — a, a pyukuuun

m,(r) =

T (’y(l +c) (1+ k))

_|_
1—7r\ 1+4cr 1+ kr

MOHOTOHHO Bo3pacTatoT Ha [0; 1) oT 0 go +0. [loaTomy ypaBHeHHE Ty (r) —m,(r) =0 4a [0;1)
MMeEET €IMHCTBEHHBIN KOPEHb T

[To ananorum ¢ A0Ka3aTeabCTBOM TEOPEMBI | MOKaXKeM, YTO PaINycC 3Be37000pa3HOCTH YBEIHU-
YUTH HEJIb3S.

ITycts m — Heuetnoe. Jnsa gpynxiuu fo(2) us (19) B Touke z = —7r nomydyaem
fo (2) 1+ Az™ z [y(I+c¢c) 6(1+k)
‘@, 1+Bzm 1+z\l-cz  1-kz )|
1—Ar™ T }f(1+c)+6(1+k)
" 1-Brm 1—7v\1l+ecr  Ll+kr )
Eciu ™M — yeTHOE, TO PACCMOTPUM J[BA CITydasl.
a) Mycre m = 2(2j— 1), j € N. Torna ana z = ir umeem z™ = —r™, iz = —r. [TostoMy juIs
dynxiuu fi (2) u3 (20) B Touke Z = ir noyyaem
fi'(z) 1+Azm+ y(1+ c)iz . 6(1+ k)iz
L@, \1+Bz" (Q+ip(-cin) Q+indA-kiD)|__
1-—Ar™ r [y(1+¢) 601 +k)
S 1-Br™ 1—-7v\l4c  1+4kr |
m+z
0) [Iycts m = 4, j € N. Torna eciu 0603HaunTh € =1 m | TO 119 Z = —EF umeeM 2 = —1™,
71z = —r. [lostomy nns dynkuuu f>(2) us (21) nonyyaem
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£ (2) 1+;¢7lzm+ y(1+c)e iz N S(1+k)e iz
Zfz(z) . C\14+Bzm (14 2)(1—celz) (1+&12)(1 —ke1z)
1—|—Azm+ y(1+c)e 2z N S(1+k)e iz
S \14Bzm (1+e 1)1 —celz) (Q4e12)(1 —ke1lz) eir B

1—Ar™ T ('y(l+c) 5(1—0—!{))

" 1-Brm 1—+\1+cr = 14kr

CrenoBarenbHO, BO BCEX CIydasiX B YCIOBHH 3BE371000pa3HOCTH mopsaka & pocTuraercs 3HaK
paBeHctBa. [loaTomy pasguyc 3Be31000pa3HOCTH YBETUYUTh HENb3s. Teopema 2 roka3aHa.

5. YacTHsle citydan
CnenctBue 1 (a 2 @, y =1, h - o0, § = 1). [lycts f(2) yIoBIeTBOpSET YCIOBUIO

Rl (2) 9(2)

eg(z) =0, Rehmiz) =0,z¢eE,
rae ¢oyHkums h,,(z) 3amaercs popmynoii (8). Torna npu |z| = 7, 0 < r < 1, UMEIOT MECTO TOYHBIC
OLICHKHU:

Dopu—1<=B<A=<1,B+#0

2

1— 742 - A-B 1+7r 1+B A-B
- — Br™)ms < < |— o
(55) ra-Brmm <if@l< (=) ra+Brmwe,

f'(z) 1+ A4z™ 4r

z - < -

f(z) 1+4Bzm| 1-—7r?%'

D)upu0<A=1,B=0

5) rew(-5rm) = 1ei= () rew(5)
Zf’(Z) Y
f(z) T 1—17?

u pynkuus f(z) sensercs 3Be3n000pa3Hoil mopsaka & B kpyre |z| < r*, rae v — equHCTBEHHbII Ha
(0; 1) xopens ypaBHeHus

—1-4z"

1— Ar™ 4r
1—Brm T 12

CrnenctBue2 (a=1, ¥y = 1, b = o0, § = 1). [lyctb f(2) ynoBieTBopsieT yciIoBHIO

f(2) g(z) ~0.2¢E,
g(2) h(2)
e ¢yukiws h,,(z) 3amaercs popmysoii (8), unyctb ¢ =0,k = 1. Totmanpu |z| =1, 0 = r < 1,
MMEIOT MECTO TOYHBIE OIICHKH:

Dopn—1<B<A=<1.B+#0

=0. (23)

— 1| = 1,Re

r(1—1)?
1+7r

A-B r(1+71)? AB
[:1 - BT’m) mB = |f{:Z)I = ?(1 + BT’m)mB ,
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f'(z) 1+ A4z™

r(3+71) _
“F@ 1+Bzm| "

1—72 "’

Dupu0<A<1,B=0

r(1—17)° A r(l+71)? A
T e () sir@is S ew (),
f'(2) r(3+71)

Zf(z) 1—7°

u pyukuus f(z) apnsercs 3Be3n0006pasHOil mopsaka & B kpyre |z| < r*, rae r* — equHCTBEHHbII Ha
(0;1) KOPCHb YPAaBHCHUS

—1-Az"| <

1— Ar™ r(3+71)

1-Brm & 1—p2 -

Cnencteue 3 (@ = o, ¥ = 1, b = oo, § = 0). [lycts f(2) ynoenersopsier ycnosuro

f(2)
R =0 E
‘@ - T
e Gpynkiys h,,(z) 3amaercs Gopmysoii (8). Torna npu |z] = 7, 0 < r < 1, UMEIOT MECTO TOUHBIE
OIICHKH:
Dopu—1<B<A<1,B+#0

1-r A-B +7 A-B
r(1—-Brm)ms < |f(2)| < (1 + Br™)ms |

147 1—r
f'(z) 1+ A4z™ 2r
z — = ;
f(z) 1+Bzm™ 1—17?

Dupu0<A<1,B=0

1—-71 ( Am){|()|{1+T (A m)
1+r OP\T 5T =7tz =1 P )
f'(2) 2r

—1—Az"| = —
“T@ 1T

u pynxuus f(Z) ssnsercs 3Be3n000pa3Hoil mopsaka @ B kpyre |z| < r*, rne r* — equHCTBeHHBIIH HA

(0; 1) xopeHb ypaBHEHHUS
1—Ar™ 2r

1—prm ¢ 172

=0. (25)

CnenctBue 4 (a =1, y = 1, b = o0, § = 0). llycts [ () ynosnerBopser ycnosuio
f(2)
hm(2)
e gpynkuus h,,(z) 3amgaercs popmymnoit (8). Torma mpu |z| = 7, 0 < r < 1, UMEIOT MECTO TOUHBIE
OLICHKH:
Dopu—-1=B<A=1,B+#0

—1|£1,ZEE,

A—FB

(1—r)r(l-— B’rm)% <|f@2)|=A+7r)r(1+ Br™)ms,
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f'(z) 1+ Az™
“F) 1+Bzm

r
17

DQmpu < A=<1,B=0
A A

(1—-7r)rexp (—E’rm) < |f@=(1+r)rexp (Erm),

ZJ”(Z)

f(2)

u pyukus f(z) sBiseTcs 38e31000pa3HOM MOPsIKa & B KpyTre |z| < r*, [ae T'° — eIMHCTBEHHBIH Ha
(0; 1) xopeHb ypaBHEHHUS

r

—1-A4Az"| <

1—7r

1—4r™ T 0 26)
—_——a— = 0.
1—Brm 1—7r
[Tpumeuanwue 1. [1pu onpeneneHHbix 3HadeHusX M, A, B u3 ciiefcTBHid 1—3 BBITEKAIOT PaIuyChl
3Be37000pa3HOCTH MOPSIKA & TSl KIIACCOB (PYHKIINH, HaI/I,I[eHHBIe B CTaThAX:

Dopum =2, A=1,B = —1, 1o ectb, npu hp(2) =

—, UL KJ1acCoB

f(z] f(z] }

% ={f(): RelZ > 0,Re (1- 2%
2={f().|; —1|<1 Re (1 — z)f(zj o}
K,y ={f(z):Re (1—z>)f(z)/z = 0}u3[7];

D)mpum =1, A=1 B = —1, 10 ectb iptt h,,,(z) = (1_232 JUISL KJIACCOB
(1-=)*
{f()Re—“:}OR g(z)?DzEE}
={f{z) @—1| 1, Rel o 9(2) 2 0,z€ E} ms [8];

J)mpum =1, A—O B=—-1,umnpum=1, A=1 B= -1, 1o ects npu N, (2) =1—:,
wi nipu h,, (z) = JIJISL KIIACCOB

jz

={r@: Re@ 2 0,Re = g(z) 2 0},

F, — {f(z) @— 1| < 1,Re*Zg(2) = 0},

F = {f(z):ReTf(z) = 0},
F, = {f(z):Recl_zlzf(z) =0,z€ E} u3 [9];

4HYympum =1, A=1 B =1/2,10 ectb iput h,,,(2) = z + Z?JIJ'IH KJIACCOB

f(z]

7, = (F@:Re 2 > 0,Re(g(@) /(2 + 22/20 = 0),
Fiz)

£ ={f@: ——1| <1, Re(g(2)/(z + 2%/2)) 2 0},
Fs = {f(@):Re(f(2) /(z + 2°/2)) = 0} w3 [10];
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Synpum =1,4 -0, B = 0, to ects ipu h,,(z) = z g knaccos

. ={r@: Re@}(] Re (“2) = 0}
={f@ @_qﬂ Re (22) = o)

b

Fs = {f@: EE ~1| < 1,9 €5°} us 6]

IMpumeuanwue 2. B cuny obmnoctu kiaacca CCS,, (a,y, b, 6,4, B) 1 TO4HOCTH pe3yabTaToOB Te-
opeM | 1 2 maHHBIE TEOPEMBI B YaCTHBIX CIydasx MPUBOIAT KO MHOTHM paHee OIMyOIIMKOBAHHBIM
pe3ysbTaTaM, B TOM YHCIIE U OTINYHBIM OT MPUBEACHHBIX B mpuMedannn 1. Hanpumep, mpu M = 1,
A=1B=1/2b— 0,6 =1 u3 Teopemsl 2 BEITEKAET

F 1/¥ g(z)
Cnencrsue 5. Iycts f(2),g(2) €N, ( g(zj) - a| = ayRe=— =0 Torna rounsiit paguyc
3Be31000pasHocTi 1 hyukuuu f (Z) onpenensercs Kak eJIMHCTBEHHBIN Ha (0;1) KOPEHb YPaBHEHUS

cr*+[1+y+Q+p)lr*—[A—y)c—-2—y]r —1=0,
mec=1—-1/a.
ITpu ¥ = 1 crnexcTBre 5 maeT paamychl 3Be31000pasHOCTH T = VE—2ur= (17 — 3) /4,
COOTBETCTBYIOIIKE ClydassM @ —* ©© p @ = 1, BrepBble mojy4eHusie B [17].
[Mlpum=1A=1B=1/2 b, § =0 us teopembl 2 BHITEKAET

f(zj 1y

1
CraenctBue 6. [lycts f(z) € IV, | —al=a, a> > 0<y<1, ze€E. Torna ToyHsli

paauyc 3Be371000pa3HOCTH 1* QYHKIMU f (Z ) onpenensercs o hopmyie

1+yQa—-1) - /(1 +yQ2a—1))?+ 4ala— 1)
T = 2(1—a)
(1+y)1, a=1.

a=1l;

Jlnst ciyuas ¥ = 1 cienctsue 6 nomydeHno B [5, teopema 2]. Mpu ¥ =1, @ = @ pymnpu ¥ = 1,
@=1 y3 cnencrBus 6 BBITeKaroT 1Ba paHHMX pesynsrara T.X. MakIperopa [3] Re% =0 =
r=VZ-1u[2-1|<15r =172

Ilpum =2, A=1, B=—1, b = o, § = 0 u3 TeopeMbl 2 BEITEKAET

Cnenctaue 7. [lycts dynkiwst f(z) u3 N yIoBIETBOPSIET YCIOBUIO

1— 72 Y 1
( B f(z)) —a ia,a:}i,{]{:}f‘il.

Torna f(2) sBnsercs 3Be30000pasHoil B kpyre |z| < r*, rie * onpenensercs Kak eJMHCTBEH-
Hbli Ha (0;1) KOpeHb ypaBHEHUs

Q-0 -1A+cr)—yA+c)r(1+7%)=0.

U3 criencTBust 7 BBITEKAET LENBIN PsIJ] PE3YJILTATOB, B TOM YKCJIE M PAHEE U3BECTHBIX.
.z
1)y = 1, 10 ecTb 1TZ}"(Z) —al£a,a> % = 1" — eauncTBeHHbIH Ha (0;1) KOpeHb ypaBHe-
st (1 -1 -1 +1-1/ar) -1 +73)2—-1/a)r=20
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2) a = ®, 10 ecTh |a?’g [l_Tzf(Z)] | = }’g, 0 <y=1= 1" — enuncrensslii Ha (0;1) Ko-
pesb ypaBHeHust r* — 2yr3 —2r2 — 2yr+ 1= 0;

.z
3) y=1, a = oo, TO ecTb Re:IZ f(z) =0 (f(2) sBseTcs TUIMHYHO-BENIECTBEHHON) =

T*=§(£+1—Jm)-

3ameTuM, uTo clie/ICTBUE 7 BhITeKaeT u3 Teopemsbl 4 B [20], cimydaii 3) paccMoTpeH B [21, 22].
3akioueHne

B crarbke momyunnm manpHeiIee pa3BuTHE UACH, CBI3aHHBIE C UCCIIEIOBAHUEM Pa3IMYHBIX MO
KJIaCCOB KJIacca MoYTH 3Be31000pa3HbIx pyHKIMi, BBeneHHoro M.O. Pumom B [2]. Ha ocHOBE HOBO-
IO M0/1X0/1a, CBA3aHHOI'0 C MPUMEHEHHEM ONOPHOM (PyHKIIMHU 001Iero BUa, BBEJEH HOBBIN MO/IKIJIACC
KJ1acca Mo4uTH 3Be31000pa3HbIX pyHKUMK U3 [2] 1 Ha ero 0a3e ompeaeneH HOBBIM MOJAKIIACC Klacca
JIBAXX]IbI TIOYTHU 3Be371000pa3HbIX (DYHKIIHM, 0000IIAI0ONINI pa3TuyHbIe KJIacchl HOYTH 3BE371000pa3-
HBIX U JIBaX/Ibl IOYTHU 3B€371000pa3HbIX QyHKIMH u3 crareif [2—11].

Bce 310 M03BOIIITO CHCTEMATH3UPOBATH PSIJ] CXOMHBIX Pa3pO3HEHHBIX PE3YIIBTATOB JJAHHOTO Ha-
NpPaBJICHUS U MOIY4YUTh 0000IIEHHBIE PE3YIbTaThl, BKIIOYAIOIINE KaK YacTHBIE CIIy4al MHOTHE pe-
3yJbTaThl OTMEUEHHBIX BBIILIE CTaTEH.

Jloka3aHHbIE B CTAaThe TEOPEMBI U CIEICTBHS SBJISIIOTCSI HOBBIMHU PE3YJIbTaTaMU B TEOPUU IKCT-
peMalibHBIX 3a71a4 JUIsl MO/IKJIACCOB aHATUTHUYECKUX B €IMHUYHOM Kpyre (pyHKIUH.

[IpmeHeHHbIe B cTaThe MOIXO0bl M OLIEHKHU MOTYT OBITh TaK)K€ MCTIOJIb30BaHBI JIs1 HAXOXKICHHS
pamnycoB 3Be31000pa3HOCTH BBEJACHHOTO B CTAThE KJIACCa JIBAXKJIBI IMTOYTH 3BE37000pa3HBIX (QyHK-
IIHif OTHOCHUTEIILHO JPYTHX MOJKIIACCOB Kiacca S”, CBI3aHHbBIX C JICMHUCKATOW bepHyut, Kapauou-
JIOM, JIYHOU, CHHYCOMJIAJTbHON MJIA DKCTIOHEHITHAIBHOHN (PyHKITHEH.
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TIPEK ®YHKIUUACBIHBIH KAJIIbI KOPIHICI HETI3IHAE KYPBIJIFAH
KYJAbI3 TOPI3AI ®YHKIUAJIAPABIH KJIACTAPBI

AnjiaTna

MakasnaHbIH MaKcaTsl — OeJIrisii 6ip SKCTpeMallibl ecenTep meHoepine 0ipTyTac Ke3KapacTbl KOpCeTe OTHIPHIII,
eKi peT XKYIIBI3 Topi3ai (YHKUMSIIApIBIH YIKSH KIACHIH YCHIHY JKOHE 3epTTey. Makanana Tipek ()YHKUUSICHIHBIH
JKaIITBI KOPIHICI peTiHIe KYIIBI3 TOPi3Ai (QYHKIHS aHBIKTANBIN, OHBIH HETI3iHIC JKYJIIBI3 TOPI3i KOHE €Ki ece
JKYIIBI3 TOpI3Al (pyHKIMsUIAp KIacTapblH KYPY MYMKIHIIT TajKbLIaHAZABl. YII MapaMeTPACH TYPAThIH JKaJIIbl
THUINTET TipeK (QYHKIMSCHIHA )KOHE aHAJIMTHKAIBIK (yHKIMIIAP/AbIH jKaHa OarajayjaapblHa CyHeHe OTBIPBIIN, COH-
FBI JKBUIIAphl JKapblK KepreH Oipkarap Makajaiap/a KapacThIPbUIFaH KYJIIBI3 TOPI3li KOHE €Ki ece KYJJbI3
Topi3Al GYHKIHMSIIAP KITACTAPBIH JKAJIbLIAY YCHIHBUIAIBL. ByJl Kitace THNTIK HAaKThI (DYHKIMSIIAP/BbIH KaJIbUIaHFaH
KJIACTapbIH Ja KaMTHIbl. Makanana eHTi3UIreH QyHKUUsIap KIACBIHBIH KAaCHETTepl JKaH-)KaKThl 3epPTTeNil, ocy
TeopeMachl, ((yHKIHUAHBIH JOTapUPMIIK TYBIHAB MOAYIIH Oaranay KOJAaHBUIBII, )KYIIBI3IBIK PaJINyC €CETTEINIi.
ApHaiipl jxarnaitiapaa Oyt 3epTTey OypbhIH Oeirimi HOTHXKeIepre JKoHe jKaHa HOTIKenepre okeineni. Maxamama
YCBIHBUTFaH OapiIbIK HOTHIKEIEep JIQJICNICHTeH.

Tipek ce3aep: Oip sxambIpakThl GYHKIMSIIAP, KYIIBI3 Tapi3ni (QyHKIMsUIap, olenKi HakKThl (QyHKIUsIap,
JKYIIIBI3 TOPI3AL paguycTap.
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CLASSES OF CLOSE-TO-STARLIKE FUNCTIONS BASED
ON THE REFERENCE FUNCTION OF A GENERAL FORM

Abstract

The purpose of the article is to introduce and explore a wide class of doubly close-to-starlike functions, while
demonstrating a unified approach to solving a certain range of extreme problems. The article defines a reference
function of a general form — a starlike function, on the basis of which classes of close-to-starlike and doubly close-
to-starlike functions can be constructed. On the basis of a general support function containing three parameters and
new estimates of analytical functions, a generalization of various classes of close-to-starlike and doubly close-to-
starlike functions is introduced, considered in a number of articles published in recent years, including the introduced
class contains a generalized class of typically real functions. The properties of the introduced class of functions are
studied, for example, the growth theorem, estimates of the modulus of the logarithmic derivative of the function and
the radius of starlikeness are obtained, in particular cases leading to previously known results and representing new
results. All the results of the article are accurate.

Key words: univalent functions, starlike functions, close-to-starlike functions, typically real functions, radii
of starlikeness.
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3anueit mpu temmneparype 550 °C ¢ mocienyronei TepMOXUMHUECKON aKTUBAIIUEH ¢ THIPOKCUIOM KaJus B COOT-
HomreHnn 1:4 npu temrneparype 850 °C B kBapueBoil TpyOuaroii meun. CTpykTypa ¥ MOPQOJIOrHs HOJIy4YEeHHOTO
TIOPHUCTOTO Tpa)eHONOJ00HOTO yIIepoia Ha OCHOBE YaiHBIX OTXOJIOB MCCIIEI0BaHA HA CKaHUPYIOIIEM 3JIEKTPOH-
HOM MuKpockore (COM), metona bpyHayspa-Ommera-Temnepa (bIT), peHTTeHOBCKOH Ar(paKIiy 1 paMaHOBCKOM
crnekTpockonuu. I1nomanas TOBEpXHOCTH aKTHBUPOBAHHOTO TOPUCTOTO Ipad)eHONOA00HOT0 yIIeposia U3 YaifHbIX
0TX0/10B cocTaBmia 2407 M*/r. DIEKTPOXUMHYECKHE M BOJILTAMIIEPHBIE XapAKTEPUCTUKU COOPAHHOTO JIBYXCIIOWHO-
TO cymnepKoH ieHcaTopa ¢ ekTpoaoM u3 I'TIY-YO Obin onpesienieHs! ¢ HCIOIb30BaHNEM MTOTEHIIMOCTaT-TraIbBaHO-
cTaTa W MCCIIe/I0BaHbI Ha AJIeKTpoxumudeckoi padoueii cranunu Elins P-40X. ITonyyeHHble pe3yabTaThl OKa3alun
BBICOKYIO YAETBbHYIO eMKOCTh B 182 D/ 1 KylnoHOBCKYIO 3 (PeKTHBHOCTE B 96% IpH IJIOTHOCTH TOKa 2 A/T, TaKXKe
Marepua IpoieMOHCTPHUPOBAI HU3KOE CONIPOTHBIICHHE TTEpeHOca 3apsiia, cocTasisiomee okoio 1,5 Om, uro moa-
yepkuBaeT YPPEKTUBHOCTH UCIIOIB30BAaHUS TPaPeHONOA0OHOTO YIIIepoa, MOITYIeHHOTO U3 OTXOOB Yast, IEMOH-
CTPHPYI €ro MOTEHIMAJ B KaYeCTBE MHOTO00OCIIAIOIIET0 MaTepraa sl CyIepKOHJEHCAaTOPOB.

KioueBble cj10Ba: CylepKOHICHCATOD, AEKTPOA, rpad)eHONOA00HBIH yIiIepo/l, aKTHBUPOBAHHBIN yroJb, Kap-
OOHM3AIHSL, TEPMOXUMHYECKAsT aKTHBALINSI.

BBenenune

B coBpemeHHOM Mupe, I71e TEXHOJIOTUU CTPEMUTENBHO Pa3BUBAIOTCS M BO3PACTAET NOTPEOHOCTD
B 3()(peKTUBHOM XpaHEHUU FHEPTUH, CYNIEPKOHICHCATOPHI CTAHOBSITCS MEPCIEKTUBHBIM PEIICHUEM
JUTSl SHEpreThYecKux cucteM [1-5]. OqHuM U3 KIH0UYEeBbIX KOMIIOHEHTOB CYTIEPKOH/ICHCATOPOB SIBJIS-
IOTCS AJIEKTPO/Ib, UCCIIE0OBAHUE U YCOBEPIICHCTBOBAHUE KOTOPBIX HAMPABJIECHbI Ha MOBBIILIEHUE TIPO-
M3BOJIUTEBHOCTH U 3 (HEKTUBHOCTH yCcTporcTB. Hanbonee mmpoko ucciaeryeMbIMH IIEKTPOIHBIMHU
MarepuaiaMu I CyTIepKOHICHCATOPOB SBJISIOTCS Tpad)eH U aKTUBUPOBAaHHBIN yroib (AY) [6—-10].
OnHako HECMOTPS HA BHICOKHE XapaKTEPUCTUKHU rpadeHa, ero NpoMbIIIICHHOE TPUMEHEHNE orpa-
HUYEHO U3-32 BBICOKOW CTOMMOCTH M CJIO)KHOCTH MOBTOPHOTO MCHOJIB30BAHHSI TOHKHUX TPa(UTOBBIX
cioeB. Mcnone3oBanue nopuctoro rpadpenononodbuoro yriepoaa (I'TIY), monydyeHHoro u3 yaitHbIX
OTXOJIOB, B KauecTBe 0A30BOTO KOMITOHEHTA IS AJIEKTPOIOB CYNEPKOHICHCATOPOB TPEIOCTABISET
nBoiiHbie ipenMyitectsa [ 11]. TTIY u3 yaitHbIX 0TX0/I0B 00/1a/1a€T 3HAYUTEIIBHOH YACIbHOM TTOBEPX-
HOCTBIO, UTO 00ECIIEeUnBaET OOJIbIIIEeE KOJTMIECTBO MECT JIJIsl XpaHEHUS 3apsia U CIOCOOCTBYET BHICO-
KO yJIelIbHOM eMKOCTH. MaTepua Takke JEMOHCTPUPYET HU3KO€E CONTPOTUBIICHHE NTEPEHOCY 3apsaaa
R, 4TO ynmydmiaeT oOIIyI0 SIEKTPOXUMUYECKYHO IPOM3BOIUTENLHOCTh CYNIEPKOHAEHCATOPOB. Jlo-
IIOJIHATEJIFHO MCIIOJIB30BAHKME YaHBIX OTXOMNOB Ul ITpon3BoxacTsa I'TIY He TOIBKO CHUXKAET CTOM-
MOCTb IPOU3BOJICTBA, HO M CIOCOOCTBYET YCTOWYMBOMY Pa3BUTHIO, COKpPAIasi KOIUYECTBO OBITOBBIX
orxoz0B. Takum o6pazom, I'TIY u3 uaifHbIX 0TX0/0B coueTaeT B ceOe BBICOKYIO 3(p(heKTHBHOCTH ¢
JOCTYITHOCTBIO ChIPbSI, UTO JI€IAET €r0 MPHUBIIEKATEIbHBIM JJIsl LIMPOKOrO NPUMEHEHUS B IPOMBIILI-
JeHHOCTH. B 1anHOM paboTe npe/cTaBieH cHHTEe3 TpadeHono100H0To YIiepoa U3 YaiHbIX OTXO0/0B
METOIOM aKTHBalMU ¢ ucnoaszoBanueM KOH, a Takke npoaHamm3npoBaHbl 2IEKTPOXUMUYECKUE
XapaKTEepPUCTUKU MOJYYEHHOTO MaTepuaja B KaueCTBe aKTUBHOTO KOMIIOHEHTA JJIsl BBICOKOA((EK-
THUBHBIX CYTIEPKOH/ICHCATOPOB.

MaTepI/laJIbl U METOAbI

UYaitabeie orxojs! OblTH moydeHbl oT komnanuu TOO «RG Brands Kazaxcrany, kotopast mpo-
W3BOJUT Yail Mo TOproBoit Mmapkoit «Iluana». 1o Ka3axCTaHCKUI MPOU3BOAUTEINb, U TOPOJ TIPOU3-
BoJcTBa — Anmarsl. [lepen cunte3zom yaiinbeie oTxoasl (HO) TiiaTensHO MpOMBIBAIN ropsiueit eu-
OHU3MPOBAHHOM BOJIOH, 3aTeM CYIIWIN B CyHIMIbHOM mikady npu temneparype 120 °C B TeueHue
8 gacos. [Ipu kapOOHHM3AIMKM TOTOBYIO MacCy HarpeBajiy B KBapIeBoi TpyOuaToi meun mpu 550 °C
B TeueHue 100 munyt, npokanusaiu npu 550 °C emwe 100 MuHyT, a 3aTeM Macca ocTbhIBajia 10 KOM-
HaTHOU Temneparypsl. [Ipu TepMOXUMHYECKOH aKTHBALIMN KapOOHU3UPOBAHHYIO MacCy CMEIIHBAIOT
¢ KOH, xoTopblii BBICTYIIa€T B KaY€CTBE aKTUBUPYIOLIETO areHTa, B COOTHOIIeHUU 1:4. D10 cOoOT-
HOIIIEHNE 00eCIIeYrBAET ONTUMATIBHOE PA3BUTHE MMOPUCTONM CTPYKTYPHI, HAMPSMYIO BIHSIONIEH HA
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YAENIBHYI0 IOBEPXHOCTh U AIEKTPOXMMHUYECKHE CBOMCTBa Marepuaia [8]. [0ToByr0 nepemeniannyo
maccy Harpesaiu npu 850 °C B teuenue 120 munyT, npokanusanu npu 850 °C B Teuenue 90 MuHyT
Y OCTBIBaJIa IO KOMHAaTHOM TeMIIEpaTypbl. AKTUBUPOBAHHBIN YIOJIb KUIISTHIN B JEMOHU3UPOBAHHOMN
BOJIC U MPOMBIBAJIM 5 pa3 OT coeAuHEHU Kanus, 3HaueHue pH coctasmso 6. O6pa3oBaBLIMiics
rpadenononoOHbIN yriiepo Ha ocHOBe YaiHbIX 0Tx010B Ha3Banu [ TIY-YO. [Topuctsrii rpadenomno-
JTOOHBIHN yIJIepo, MOMYYeHHBIH U3 OMoMacchl Yasi, ObUT MMOABEPTHYT XapaKTepU3alluK IPU TOMOIIH
pa3IMYHBIX METOIOB aHAIM3a, BKIIOYasi CKAHUPYIOIIYIO AMEeKTPOoHHYI0 MUKpockonuio (SEM, JEOL
JSM-6490 LA), pamanosckyto criekrpockonuto (NTEGRA, 473 HM) u peHTreHOBCKH nudpakTo-
meTp X Pert MPD PRO c¢ ucnonb3oBanueM nctounuka uzinydenus Cu Ko. DTu MeTop1 HCIIONB30-
BAJIMCh ISl M3YYCHUS KPHUCTAJUITMYECKOU cTpyKTyphl obOpasma ['TIY-YO. VYnenbHYIO MOBEPXHOCTH
(SSA) uzmepsuiu ¢ ucnonb3oanueM ananuzatopa COPBTOMETP-M no merony bOT (bpynayaspa —
OmmMmerta — Temtepa). [lepen nsmepennem o0pasiipl ObUTH Jera3upoBanbl mpu Temmneparype 150-300
°C B Te4eHHE HECKOJIbKUX YaCcOB IO/l BaKyyMOM, YTOOBI YIAIHUTh aICOPOMPOBAHHBIC BEIIECTBA. 3a-
TeM MPOBOAMIIACH aficopOLus a3ota npu Temieparype 77 K. YaenpHas miomaab NOBEpXHOCTH Oblia
paccuuTaHa 1o ypaBHeHUI0 bOT Ha ocHOBE M30TepMBI acopOIMK B auana3zone aasiaeHuit ot 0,05
1m0 0,3 P/PO.

B anexTpoxuMudecKkux u3MEepeHusIX UCII0JIb30Bajlach ABYXAJIEKTPOIHAS CXeMa, B KOTOPOH ObLT
coOpaH CUMMETPHYHBIM MPOTOTHUII CyNepKOHeHcaTopa. M3MepeHns aneKTpOXUMHYECKUX XapaKTe-
PUCTHUK MPOBOAMIUCH JJISl DJIEKTPOAOB, CO3IaHHBIX HAa OCHOBE aKTHMBHOTO MarepHalia, UCIBbITaHHs
BBITIOTHSUTUCH Ha dJIeKTpoXuMudeckor padouert cranmmu Elins P-40X. T'TIY-YO nepememmBamu
¢ cycnensueil, ucnonb3ys N-metuin-2-nupponuguHon (NMP, Sigma-Aldrich, 99.5%) B kauectBe
pactBopurens, conepxkamieit 70% I'TIY-HO, 10% nomusuamndropuna (Arkema HSV900, Sigma-
Aldrich, 99%) u 20% toxonposomsmien caxu (TIMICAL SUPER C45, Sigma-Aldrich, 99%). B
KauecTBe TOKocheMHUKa B 6 M asnexrponute KOH (muamason nampspkenuit 0—1 B) ncnonbs3osa-
nack TuTaHoBast oiera (1 cM?), a B KauecTBe cenaparopa UCIoIb30BaIach GHIBTPOBaIbHAS Oymara.
[lepen HaHeceHHEM ANIEKTPOJHOTO MaTepuaia TUTaHoBas (osbra oOpadaThiBajgach MEXaHUUECKH C
00enx CTOPOH JJIsi CO3/IaHMs IIEPOXOBATOM MOBEPXHOCTH M yBEIHMUEHHS aAre3nu K (opmupyromie-
Mycs cioro. HaneceHHbIH ciioii cycneH3uu cymuics B BakyyMme npu temmneparype 120 °C B TeueHue
10 gacoB. MaccoBast Harpy3ka akTUBHOIO Marepuaia Ha 21eKTposl coctasuia 0,00395 r. Oror na-
pameTp yKa3bIBaeT Ha KOJIMYECTBO AKTUBHOT'O BEIIECTBA, HAHECEHHOTO Ha 3JIEKTPOI.

Pe3yabTarhl u 00cy:K1eHue

Ha pucynke 1 mokazanst COM-n3o00paxenus kapoonusuposanHoro YO (a) mpu 550 °C u aktu-
BuposanHoro YO (6) npu 850 °C ¢ nomouisto KOH B kauectBe aktuBaropa [12]. B Mukpoctpykrype
KapOOHM3UPOBAHHBIX OTXOAOB 4Yas HaOIIOAaeTcsi 00pa30BaHUE TPEXMEPHOTO HOPHUCTOrO YIVIepoaa
C XOpOLIO Pa3BUTON MOBEPXHOCTHIO, XapAKTEPUIYIOIIErOCs KapKacoM M3 JIByMEPHBIX YITIEPOIHBIX
CTEHOK BBICOKOM TIOTHOCTH. [ToprcTocTh KapOOHU3MPOBAaHHOTO 0Opaslia B pacueTe Ha 00beM Mare-
pHaa KOIM4eCTBO YaCTHUIl OTPAHNYEHO. AKTHBHPOBAHHBIE OTXO/IBI Yasi, B CBOIO O4Yepe/b, 00pa3yoT
OTYETIMBYIO B3aUMOCBSI3aHHYIO CTPYKTYpPY M HPEACTaBIAIOT co00M XOpOIIO pa3BUTHIM Kapkac W3
MHOTOCIIOMHOTO TpadeHOnoJ00HOTO yIiepoa.

Pentrenoctpykrypusiit ananu3 aist ['11Y-UO noka3bpiBaeT MIMPOKUE MUKW C MAKCUMAIBHOM WH-
TEHCUBHOCTHIO 2 Teta npu 24,26° (002) n 43,81° (101), xapakrepubie s rpadura (pucyHok 2). [1u-
KOBasi MYHTEHCUBHOCTH IUPOKOM JuHUM Ha 1uiockoctu (002) mst ['TIY-HYO npeanonaraer Hanuuue
aMop(HOTO WM HAHOCTPYKTYPHUPOBaHHOTO yriiepoaa [13, 14].
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Pucynok 2 — Pentrenoctpykrypusiii anamms aist ['TTY-HO
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Pesynwrar pamanoBckoit cniekrpockormu it ['TIY-UO nokaszan Ha pucynke 3. CiekTp KoMOu-
HaronHoro paccestHust [ TIY-UO mokaspiBaeT crabmiIbHOE TPUCYTCTBHE TTHKa D, pacnoioKeHHOTO
B quamna3one 1355-1360 cm!, u nuka G B auanazone 1580—1590 cm!. KonebaTenbHbIe MOJIBI CIIEKTpPa
BKJIFOYAIOT 1oJI0cy G, YKa3bIBAIOIIYIO HA MPHUCYTCTBHE SP*-THOPHIN3HPOBAHHBIX aTOMOB YIJIEpo/a,
¢ monocoii D, orpaxatomieit sp® i nedexTsl CTpYKTYpbl, 00BIYHO HOPMAaJIbHBIE ISl TPEXMEPHOTO
aKTMBMPOBAHHOTI'O YIJIsl, TOJIy4YeHHOTo U3 buomaccsl [15, 16].

2000 T T T

1000 - 2D

Intensity (a. u)

T T T T T T
0 500 1000 1500 2000 2500 3000

Raman shift [cm'1)

Pucynok 3 — Cnexrp Pamana mst I'TTY-HO

XapaktepHoit 0coOeHHOCTRIO oOpasma ['TIY-YO, mpomenmiero TepMUYIECcKy0 00paboOTKy c
KOH, sBnsiercst Hanmuuue 2D-nrka BhICOKOH MWHTeHCHBHOCTH. [Ipu kapOonuszanuu YO mpu 550 °C
Oromacca B OCHOBHOM COCTOMT M3 aMOP(HOTo yriieposa sp’/sp?, KOTOPBIH MOCIe XUMHYCSCKOM aKTH-
Bauuu 1ipu 850 °C 06pasyeT kaueCTBEHHbIE MHOTOCIION Tpadenononobnoro yrmepona I, /1 =0,55.

[Tnomane noepxHocty aktuBupoBanHoro ['TIY-YO cocrasuiia 2407 M2/, ipu 3T0M U1 KapOo-
HuzoBanHoro YO cocrapisier 10,41 M%/r. DT mapaMeTpbl ObUIH ONPEICIICHBI Yepe3 aacopOIIHIo Tasa
u ananu3 metonoMm bOT (bpynayspa — Ommera — Temiepa). AKTuBarust 6MOMacchl YalHBIX OTXOJ0B
NPUBOJINT K YITYYIICHUIO Pa3BUTHUS TIOBEPXHOCTH U IOPUCTOCTU MaTepHalia, KOTOPBIE TAKKE BHTHBI
Ha COM cHHMKax 1o CpaBHEHMIO ¢ KapOoHn30BaHHBIMH YO.

CuMMeTpHUHBIE CYTIEPKOHICHCATOPBl U3rOTABIMBAIOTCS C UCIOIb30BaHHEM 6 M BOAHOrO pacT-
Bopa KOH B kauecTBe 351eKTposuTa Ui OIIEHKH €eMKOCTHBIX CBOMCTB MaTepraioB. KpuBble IUKITH-
yeckoii BosbTammepomerpun (LIBA) I'TTY-UO umerot Oosiee HopMaTuBHYIO (OPMY C YBEITHUCHUEM
cKopocTu ckaHupoBanus (auamnazon norennuanoB 0 u 1 B) or 20 mB no 160 MmB (pucynoxk 4), ne-
MOHCTPHUPYS JIOBOJIBHO XOpOIIee MOBEICHHE PH XPAaHEHUH CYIIEPKOHJICHCATOpa C IBOMHBIM 3JI€K-
TpudeckuMm cioem [17].
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Pucynoxk 4 — Kpussle nuknuueckoit Bonsrammnepomerpuu aiust I'ITY-4O
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[Mpodunm ranpBanocraTrueckoro 3apsaa-paspsaa (I'3P) I'TTY-UO coxpaHsOT TUITHIHYIO CUM-
METPUYHYIO TPEYTOJIbHYIO (JOPMY C IJIOTHOCTHIO TOKA, Bapbupytomieiics ot 100 MA/r 1o 2000 MA/T
(pucyHOK 5), 4TO YKa3bIBaeT Ha XOPOULIYIO SJIEKTPOXUMUYECKYIO0 OOpaTUMOCTb.

VnenbHas eMKOCTh IByX3JIEKTPOAHOM CUCTEMBI paccuuThiBagach u3 npoduieit I'3P ¢ ucnonszo-
BaHMEM CII/IYIOILEr0 YPAaBHEHHUS:

:2><!><t
m X AV

rae C,— ynenbHas eMkocThb (D/r), I — Tok B ammepax (A), m — Macca akTHBHOTO Marepuana, AV —
MIPUIIOKEHHOE HAINPsHKEHNE U t — BpeMs pa3psiia B CEKyH/Iax.

Vnenbubie eMkoctr I'TITY-HO cocrtasuim npu iotHocT Toka 0,1; 0,5; 1 u 2 A/T, noka3anu 3Ha-
yeHus 214, 194, 182 u 168 ®/r coorBercTBeHHO. [lomydennslie ['3P xapakTepucTuku 1eMOHCTPH-
PYIOT BBICOKYIO KYJIOHOBCKYIO 3()()eKTHBHOCTh CyNEepKOHAEHCATOpPA, YTO OTPAXKaeTcs B yAETHHOMN
€MKOCTH, JocTuraromei (t/t )=96 % (t,— Bpems paspsza, t — Bpems 3apsja) NpH IIOTHOCTH TOKa
2 A/r. Emxoctabie xapakrepuctuku [TIY-UO BechMa mpuMedaTeNlbHbI 0 CPAaBHEHUIO C Pa3iiny-
HBIMU THIIAMH CUMMETPUYHBIX CYNEPKOHIEHCATOPOB HA OCHOBE yIVIepoja, TAKUMHU KaK MOPHUCTHII
yriepo, JierupoBansbie azoroM (PNHCS) [18], nepapxndeckuii mopucTsiil yriaepos, MolyyeHHbIH
u3 apaxucoBbix oTpyoeit (PB-HTC) [19], monyueHHbIe U3 OaKTEpHAILHOM IICIUTFOJIO3bI B3aUMOCBSI-
3aHHBIC CETH ME30-MHUKPOTIOPUCTHIX yIiepoaHbix HaHoBookoH (CN-BC) [20], mopucTsiil yriepos,
MOJTyYeHHBIN 13 Oromacchl, JerupoBanHsiii azotom (NHPC) [21].
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Pucynok 5 — Kpussie ranpBanoctaTiuaeckoro 3apsiaa-pazpsiaa st ['TIY-HO

[Mpoduns anmekrpoxumudeckoit umnenancHon crekrpockonuu (OWC) I'MTY-YO npexncrapieH
Ha pucyHke 6. [lafeHne BHyTpEHHEro CONpPOTUBIICHUS BO BpeEMsl KpUBOM paspsijia CBA3aHO C COIPO-
THUBJICHHEM M DJIEKTPOIPOBOIHOCTHIO MaTepuaia. Comporusienue nepenoca 3apsaa (Ret~1,5 Om)
I'TIY-YO menbliIe, 4TO yKa3bIBaeT HA MOBBIIIEHHYIO 3JIEKTPOIPOBOJHOCTh U CBOMCTBA 0OPaTUMOIO
cynepkoHjaeHcaropa [22, 23].

Crabunbubie xapaktepucTuku ['TIY-UO 00BACHSIOTCS HE TONBKO OOMIBHON MOPUCTOH CTPYK-
TYpOii, HO W YIy4IlIEHHOW TPOBOJUMOCTBIO, YTO TIOATBEPIKIAETCS CIIEKTPAMU SJIEKTPOXUMUYECKOTO
UMIIE/IaHCa.
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Pucynok 6 — Cnextp anexrpoxumuyeckoro nmreganca mjs ['TTY-HO
3akiaouenune

I'papenononoOHbBIN yIIepos, MONYYEHHBIH W3 YalHBIX OTXOIOB, MPOJAEMOHCTPHUPOBA BBIIA-
IOINECs] XapaKTePUCTUKH, TIOATBEPIKIAIOINE €T0 MOTCHIIMA B TEXHOJOTUSIX XPAHECHUS YHEPTHUH.
['TTY-YO noxasepriu (Hpu3HUeCKOi 1 XUMUIECKON aKTHUBAINH, B PE3yJbTaTe YeTo yIAeIbHAs MOBEPX-
HOCTBh KapOOHHM3MPOBAHHOTO YaifHOTO 0TX0/a cocTaBmia 10 M?/T, a JuIss XUMUYECKH aKTHBUPOBAHHO-
TO yIJIsl 3TOT MoKazarenb goctur 2407 m?/r. Marepuain Takke moka3an HU3Koe CONPOTUBIICHHE TIepe-
Hocy 3apsna (R.) oxono 1,5 Om. CynepkonaeHcarop Ha OCHOBE IpaeHONOI00HOr0 yIIepoaa us
YaHBIX OTXO0A0B MPOAEMOHCTPUPOBAT eMKOCTh 182 @/r mpu mioTHOCTH TOKa 1 A/T. DTH yay4IieH-
HBIC XapaKTEPUCTUKH CBSI3aHBI C BRICOKOTEMITepaTypHoit oOpabotkoii KOH, kotopas crmocoOcTBYyeT
Pa3BUTHIO MUKPOIIOPUCTON CTPYKTYpbI. Pe3ynbpraTsl MOAYEPKUBAIOT BaXKHOCTh TEPMOXUMUYECKOTO
CUHTE3a JUIS aJJalTallMy YIJIEPOAHBIX MaTepHaIOB K 3JIEKTPOXUMUYECKUM PUMEHEHHSIM, OTKpPbIBast
HOBBIE MIEPCIEKTUBBI ISl JATbHEUIINX UCCIIEIOBaHUH.

BaaronapHoctb

Pabota BrImoNHEHa B paMKkax nporpammsl «I panToBoe prHaHCHpOBaHHE HAYYHBIX HCCIIEI0BA-
Hui» AP15473245 MunucTepcTBa HayKH U BhICIIEro oOpazoBanus Pecmyonukn Kazaxcras.
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’Kazakctran-bpuTaH TeXHUKaJIBIK YHUBEPCUTETI, AiMaThl K., Kazakcran
“F. JloykeeB aTbIHIAFbl AJIMaThl SHEPreTHKA JKOHE OaiIaHbIC YHUBEPCUTETI, AMarsl K., KaszakcTan
STanabIKOPFaH aKIIMOHEPIIIK KOJIK-3JICKTP JKEeNiJIepi KOMITaHUACHI, TalapIkopraH K., Kazakcran

AW KAJJBIKTAPBIHAH AJIBIHFAH TPA®EH
TOPI3AI KOMIPTEK HET'T3IHJE ) KOFAPBI OHIMI
CYIIEPKOHAEHCATOP JJIEKTPOJATAPBIH JAUBIHIAY

Angarna

byn makanana mail KanablKTapblHaH anbiHFaH rpaden topizai kemiprerinin (I'TK) Herizinnme cymnepkoH-
JICHCATOP 3JICKTPOATAPHI YIINiH OCJICEHI MaTepHalibl aly SIICTEpi MECH 3epTTEey HOTHXKEJIepl YChiHbUIFaH. be-
cerni Marepuan 550 °C temmeparypasna xapOoHuzanumsuianbsim, keiin 850 °C temmeparypana KBapil KyOBIpIbI
nerute Kanuid rugpokeuai (KOH) apkputst 1:4 KaThlHaChIHAA TEPMOXUMHUSUIBIK Oencenipy xyprizinai. lai kan-
IBIKTapblHA HETI3MIENTeH KeyeKTi rpadeH Topi3mi KOMIpTEeKTiH KYPBUIBIMBI MEH MOPQOIOTHACH CKAaHEPIEYIITi
anekTpoHAbIK Mukpockomus (SEM), Bpynaysp-Ommer-Temnep (BET) omici, pentrennik audpaxmus sxone Paman
CIEKTPOCKOMUSICHI apKbUIbl 3epTTeii. besceHaipiiren keyekri rpadeH Topi3dl KeMipTeKTiH OeTTIK aynaHbl
2407 m*r kypazapl. CynepKOHICHCATOPIBIH JICKTPOXUMUSIIBIK cunarramaiapbl Elins P-40X 3mekTpoXuMHSITBIK
JKYMBIC CTaHIUACKIHA 3epTTeiai. ChIHAK HOTIKENEpi MaTepruaiablH | A/T TOK THIFBIBIBIFRIHAA 182 D/ jKOFaphl
MEHIIIIKTI CHIMBIMIBLTBIKKA KOHE 96% KYIOHIIBIK THIMIUTIKKE KOJ JKEeTKi3reHiH kopceTTi. CoHali-ak, maMameH 1,5
Owm 3apsia TackIMangay KeAeprici TipKem i, Oy MaTepHaAbIH AIEKTPO PETIHACTI dIeyeTiH alkpIHaail Tyceni. by
3epTTEYNiH HOTIKENepl MIaid KaJABIKTapbIHAH aJbIHFaH rpadeH Topi3dl KeMipTeKTi CyNepKOHACHCATOpIap YIIiH
MEePCIEKTHBANIBIK MaTepHal PeTiHe MaiilanaHy/IbIH )KOFapbl THIMLTITIH TSJIEN/ICH/Il )KOHE KaJIbIKTap bl Tali1abl
0arbITTa OHJIEY MYMKIHIIKTEPIiH KOPCETE/I].

Tipek ce3aep: cynepkoHIeHCATOp, AIEKTPOJ, rpadeH Topi3ai KemipTek, OelceHipiireH kemip, KapOoHH-
3a1Hs1, TEPMOXUMUSIIBIK AKTHBALIUSL.
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PRODUCTION OF HIGH-PERFORMANCE SUPERCAPACITOR
ELECTRODES BASED ON GRAPHENE-LIKE CARBON
OBTAINED FROM TEA WASTE

Abstract

This article presents the results of a study on the production of active material for supercapacitor electrodes
from graphene-like carbon obtained from tea waste, carbonization at a temperature of 550°C, followed by
thermochemical activation using potassium hydroxide in a ratio of 1:4 at a temperature of 850°C in a quartz tube
furnace. The structure and morphology of the resulting porous graphene-like carbon based on tea waste were
investigated using scanning electron microscopy (SEM), Brunauer-Emmett-Teller (BET), X-ray diffraction, and
Raman spectroscopy. The surface area of activated porous graphene-like carbon from tea waste was 2407 m2/g.
Electrochemical characterization of the assembled supercapacitor using GLC-TW was performed on an Elins
P-40X electrochemical workstation and showed high specific capacitance values of 182 F/g, as well as a Coulombic
efficiency of 96% at a current density of 1 A/g and the material also demonstrated a low charge transfer resistance
of about 1.5 Ohms. These results highlight the effectiveness of using graphene-like carbon derived from tea waste,
demonstrating its potential as a promising material for supercapacitors.

Key words: supercapacitor, electrode, graphene-like carbon, activated carbon, carbonization, thermochemical
activation.
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r. Anmartel, Ka3zaxcran

PU3UKA CPEABI - MPEANOCBIIKA A1 HCCIETOBAHUSA
BJIUSAHUS COTHEYHOU PATUALINHA HA HAPYIKHBIE
CTEHOBBIE OTPAKAEHUA 3JAHUU

AHHOTAUMS

B unccrnenoBanuy, CoriacHO JTaHHBIM HALMOHAIBHOM THIPOMETEOPOTIOrHYecKoil cayx0nl «Kasruapomer» 3a
nocnennue 30 JieT, MpoBeAeHbBl HHKEHEPHO-KIMMaTH4YeCcKie pacdeTsl o I. IIIsIMKeHTy B pa3pese To0BbIX, Mecsd-
HBIX ¥ CYyTOYHBIX 3HAUCHUH, T/Ie OCHOBHOM I11€J1b10, COIVIACHO MOJyYE€HHBIM JIaHHbIM, OBLIO OIpe/esieHue Onaromnpu-
SITHOHM, HEOJIaroNpUsATHON, TOMYCTUMON M HEJIOIYCTUMOH OpHUEHTANNH, KOTOpbIe OBUIN pacCUMTaHbI O 3HAYCHHUSIM
COJTHEYHOH paJfalliil ¥ BETPOBOMY PEKUMY YKa3aHHOU TEPPUTOPUH. B pe3ynpraTte MHKCHEPHO-KIMMATHIECKOTO
pacdeTa cOCTaBJIeHa WTOTOBasi KOMIICKCHAS OIIEHKAa aHajHM3a KINMAaTa, TAEe CEKTOPOM OIarompusTHOH OpHEHTa-
i i T. IbIMKeHTa YCTaHOBIIEHO IOTO-BOCTOUHOE HampasieHue Mexay 140-200°, cekropoM HEeIoImyCTUMOM
OpHEHTAIMU YCTaHOBIIEHO CEBEpHOE HarpaBiieHne Mex 1y 320—40°, ceKTopoM JOMyCTUMON OpUEHTAIIMH YCTaHOB-
JICHO ceBepo-3amajHoe HanpasieHne Mexay 270-320°, cekropom HeOJIaronpHUsTHONH OPHEHTALMH YCTaHOBIICHO
[oro-3anajgHoe HanpasieHue Mexay 200-270°, a B kayecTBe ONTUMAJIbHON OpHUEHTAMU YCTAaHOBJIEHO BOCTOUHOE
HanpasieHue Mexay 40—140°. OTMedeHo, YTO TOITy9YCHHBIC PE3yIbTaThl SIBISIOTCS aKTYyalIbHBIMA U MOTYT OBITHh
HCIIOJH30BaHBI B TaJIbHEUIIIEM TIPU MICCICIOBAHUH MPOIEcca TeINI00OMEHa B HAPY/KHBIX CTEHOBBIX OTPaKIAIOIINX
KOHCTPYKIIMSX C yUETOM BIFSIHHS COHEYHOW pagualii B YCIOBHX jkapkoro kiauMata Pecryonuku Kasaxcran.

KiaroueBnie cioBa: (1)1/13141(21 Cpeanl, CTpOI/ITeJ'H)HO-KJ'II/IMaTI/I‘{eCKI/[ﬁ nacropT, OpucHTalusA, napaMeTpbl Kiu-
mara, KJIUMAaTHYe CKUI pacucT, aHaIn3.

BBenenune
Biusinue oxpyxaromieid cpeapl Ha MPOEKTUPOBAHNE M CTPOUTENIBCTBO 3/1aHUH SIBJIIETCS OCHO-

BOTIOJIATAIOIIMM (DAKTOPOM IPU MPHHATUH T€X WM WHBIX CTPOUTENIFHBIX MAaTEPUAIIOB U KOHCTPYK-
i [1]. Tak kak IpUHATHIE KOHCTPYKTUBHBIE PEIICHHS 3AaHUH HANPSMYIO BIUSIOT HA oOecrieueHue
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KOM(OPTHOI cpe/ibl 0OMTaHUS YEIOBEKa, YTO TAKKE 3aBUCHUT OT (PU3HUKU Cpeibl, KOTOpasi B TOM YHUC-
JIe U3y4aeT BOIPOCHI BIHMSHUS HAPY>KHBIX KIMMAaTHYECKUX MapaMeTpOB U MUKPOKIIMMATa TIOMeIle-
HUI, YTO OTHOCHUTCS K HAIIPABJICHUIO apXUTEKTYPHO-CTPOUTEIBHON KIMMATOIOTHH.

B pazpese HanMoHanpHOro MacuTada ncciieIoBaHUe TaKOro HalpaBleH!s], Kak (PU3MKa, sSBIIsIeT-
Csl BOIPOCOM aKTyaJIbHBIM, TaK KaK B CHITy CBOEH PaCIOJI0KEHHOCTH TEPPUTOPUIO PECITYOITHKH MOXK-
HO ITOJICNTUTHh HAa HECKOJIBKO KIMMAaTHYECKUX PAHOHOB — OT CYpOBOM M XOJOAHOW 3MMBI /10 KapKOTO
JeTa ¢ OTHOCHTEIBHO KOPOTKUM 3UMHHUM TEPHOIOM, YTO TTOJHUMAET BONIPOC aKTUBHOMN 3aIUTHI OT
nieperpeBsa 3/1aHuii B 1eTHUH nepuoa. [Ipu 5Tom AelicTBYIOIMMU HOPMaMHU PacCMaTpPUBAETCs BOTIPOC
TOJILKO TEILJI03ALUTHI B XOJOAHBIN MEPHO, a BOIIPOC TEIJIOYCTOMUYMBOCTH B KapKHUil Iepruo/I He HOp-
MUpPYETCs, U 3[JaHUs [TOJIBEPTratoTCs eperpesy [2].

O030p JuTEpaTYypBI

BnusiHue kauecTBEHHBIX M KOJIMYECTBEHHBIX MAapaMeTpPOB OKpYsKarollel cpeapl Ha 00bEMHO-
MJIaHUPOBOUHBIE [3, 4] U KOHCTPYKTUBHBIE [S5, 6] pelleHus orpaxkJieHuil B CUJIy CBOEH aKTyallb-
HOCTH B BOHpoce 3Heprod(hpHeKTUBHOCTH HCCIEAyeTCs BEChbMa aKTUBHO OOJBIINM KOJIUYECTBOM
ydeHbIX. Tak, aBTOpbl pa®oThl [7] mpoBenu 0030p pabOT O MPEUMYIIECTBEHHO JKapKOM KIIUMare,
I7ie B KaueCTBEe MPEUIOKEHUSI PACCMOTPEIH caMo3aTeHson e (acaabl 31aHHHi, KOTOPbIE UCTIONB3Y-
10T OpMy OrpaskJaroiieil KOHCTPYKIMU 3JaHHUs UM €€ KOMIIOHEHTOB JJIsl 00eCIIeUyeHHs] YaCTUYHOM
3aIIUTBl OT COJIHEYHOTO M3JIy4eHus. PesynbraTsl 0030pa IMTepaTyphl MOKa3aiH, YTO CaMO3aTeHs-
fommecs (acaabl CHIKAIOT TEIUIOOT/AAuy 3a CYET Pa3IUYHBIX aCIEKTOB CaMO3aTCHEHUs, BKIIIOYast
MOP(OJIOTHIO, TUIOMIAAh 3aTCHIIEMOM TOBEPXHOCTH M CTPOMTEIIbHBIE MaTepuaibl. B padore [8] n3-3a
OCOOCHHOCTH KJIMMaTa IMPEICTABICHO CPAaBHEHUE BO3MOKHOCTEH yTEIJICHHSI KOKOCOBOW KOWPOU M
3e5eHoro Qacana JUisl yMEHbILIEHHs NIEperpeBa MOMEIIEHUH B YCIOBHIX TEIJIOTO U BIAYKHOTO KIIH-
Mara, pacpOCTpaHEHHOTO B MpUOpexHBIX paiioHax KOxuoit Unmun. B uccnenoBanuu [9] aBropsl,
YUUTBIBasi 0COOEHHOCTH KapKOro KJIMMara, IpOBEH MoJieBble u3MepeHus 20 pacpoCTpaHEHHBIX U
COBpEMEHHBIX (hacaJHbIX MaTepUaJIOB 3IaHN U UX BIUSHUS HA TEMIIEpaTypy Hapy>KHOTO BO3IyXa.
B pesynbrare uccnenoBanus ObuH onpeeneHsl Hanbonee AP PeKTHBHBIE KOHCTPYKIIUU HAPYKHOTO
OTPaKICHHS B MCCIEIYyEMbIX KIMMAaTHUYEeCKUX yciaoBusx. B pabore [10] aBTopsl mpoBenu 3Kcre-
PUMEHTAIbHBIE HCCIICOBAHNS HAPY>KHOTO OTPAXKICHHUS C YY€TOM OCOOEHHOCTEH KIMMaTH4eCKHUX
napameTpoB B Kurae. B pe3ynsrare ucciieoBaHbl 3Ha4€HNsI TEIJIONPOBOIHOCTH BHYTPEHHEN CTEHBI
¥ KOHCTPYKTHUBHBIX 0COO€HHOCTEH (hacana, BKitodast K03 GUIMEHT pacKpPbITHS CTHIKOB, IIBET BHEII-
Hell OOMUIIOBKH, OTKPHITOCTh BEHTHIIILMOHHBIX OTBEPCTHI U HIMPHUHY MOJOCTH, YTO MOKA3aJo Cy-
IIECTBEHHOE BJIMSHHE HA TEIJIOBBIE XapaKTEPUCTUKU BEHTIIHPYEMBIX (hacanoB. beuio momyepkHy-
TO, YTO (PYHKIIMM KOHTPOJISI COTHEYHOH pajnaliiy Ha TOBEPXHOCTH B HAaHOOJIBILEH CTETIEHU BIUSIOT
Ha MPOU3BOJUTEIBHOCTD JIETOM, B TO BpeMsl KaK (PyHKLUHU, OrpPaHUYMBAIOLIUE BEHTUISIHUIO 110JIO-
cTH, Tipeobnamarot 3uMoii [11]. B pabdore [12] paccmaTtpuBancs Takoil KIMMaTHUECKHA TapaMerp,
KaK BIIMSHHE BETpa Ha JIaBJICHUE BO3/1yXa B BO3AYIIHOW MPOCIOWKE BEHTHIMPYEMOro dacasa, rie
OBUIH TIPOBE/ICHBI MOJIEBBIE YKCIIEPUMEHTHI B CPABHEHUHU C TEOPETUYECKUMU. Pe3ynbraTel KOTOPBIX
MOKa3aJIM, YTO BETEP OKA3bIBAECT 3HAUUTEIBHOE BIMSHUE HA BO3AYLIHBIN IOTOK B IIOJIOCTH MPOCIOM-
ku. B pabore [13] Oputu 3KCIEpUMEHTANIBHO MCCIIE0BAaHbI TEIIOBbIE XapaKTEPUCTHUKH BEHTHIIUPY-
eMbIX (acaZoB B THIINYHBIX CPEIM3EMHOMOPCKUX JIETHUX MOTOJHBIX YCIOBHSX C HCHOIb30BaHHEM
KPYITHOMACITaOHOTO HUCIBITATENBHOIO 3/1aHus. Pe3ynapraThl SKCIEPUMEHTOB MOKa3ajal, YTO OKpY-
JKaloIMe KJIMMAaTuieCKUe YCIOBHS UMEIOT 3HAaUUTENIbHOE BIMSAHUE HA UCXO/HbIE JAHHbIE KOHCTPY-
UPOBaHUs HAPYKHBIX OrpaxkaeHuid. B pabote [14] aBTopsl Takke MOTYEPKHYIN OCOOCHHOCTH BITHSI-
HUS TaKOTO KJIMMATUYECKOTO TMapaMeTpa, Kak COJTHEYHOe U3IydeHHe, Ha Tepputopun PecryOmmuku
Kasaxcran, rae npoBenu ucciieoBaHue MOTEHIHAIA UCIIOIb30BaHUS COTHEYHOTO M3BJICUEHUS JUIS
BBIPAOOTKHU AIIEKTPOIHEPTUH.
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[TpoBeneHHBIN BHINIE JIMTEPATYPHBIA 0030p HMCCICMIOBAHHMNA TOKA3bIBACT, YTO AKTyallbHBIC
MpaBUJILHBIC HHKEHEPHO-KIIMMATHYCCKHUE PACUYEThI CTIOCOOCTBYIOT IalibHEHIIIEMY KOPPEKTHOMY HC-
CJIEJIOBaHUIO. B CBS3M ¢ 4eM MoiTydyeHHBIC pe3yabTaThl TaHHOTO MCCIEIOBAaHUSI UMEIOT 1Ieh TaKKe
MPaBUIILHON OIIEHKU KIMMAaTHYECKHUX MapaMeTPOB HA OCHOBE TOCIIECIHUX aKTyallbHBIX JAHHBIX JJIS
JANbHEUIIeH OLIEHKN BIUSHUS COTHEYHOW paJraliy Ha TEIUIO(U3UYECKHE MPOLIECCHI, IIPOUCXOIS-
IIME B HAPY)KHBIX CTCHOBBIX OTPAXKICHUSX, UTO SBJISICTCS aKTYaJIbHBIM IS peTHOHOB PecrryOnmuku
Kazaxcran ¢ »xapkum Ki1mMartoMm, TeM Oojiee uTo kimMar KazaxcraHa Mo CpaBHEHHIO C MEPHOAOM
1961-1990 rr. B 1991-2020 rr. cranoBurcs xapue [15].

MaTepuanbl U METOAbI

Jlnst cocTaBiieHUs] MHKEHEPHO-KIIMMAaTHYECKUX PacyeToB Ul TEPPUTOPHH ¢ Hauboee KapKuM
kumaroM Pecnyonmukn Kazaxcran Obi1 BeIOpaH T. [lIpiMkeHT (Tabnmma 1), rae Ha 0OCHOBE METOH-
KU, OMMCAaHHOM B paborax [16, 17] u moiaydyeHHbIX NaHHBIX 3a nocieanue 30 JeT HalMOHAJIbHOMN
THJIPOMETEOPOIOTHYECKOM ciryxk00ii «Kasrumpomer», a Takke U3 aHaJIM3a CYIIeCTBYIOUIIX HOPM O
kauMarosioruu [ 18] OblIM cocTaBleHbl A1 NajdbHEHIIero aHaiau3a akTyajlbHble CBEIEHUS 110 KJIMMa-
TU4eCcKoi cutyauuu I. [1IpIMKeHTa.

Tabmuna 1 — Knumarnueckue 3nadenws T. [1IsiMkenTa cormacHo [18]
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3UMHUH NepHOoJI, 00yCIaBINBAIOIINE
AKTUBHYIO 3aIIUTY 3[JaHUI OT Ieperpesa
JISTOM TIPH COOTBETCTBYIOMICH
TEIUIO3AIIUTE B 3UMHUH MTEPUO]]

MeTtonrka coCTaBIeHUSI HHKEPEHO-KIMMAaTUYECKUX PAacueTOB Ul KIMMAaTUYeCKOM MaclopTH-
3allMd B OCHOBHOM COCTOUT M3 YeThIpeX pasnenos [16, 17], rae miyboko aHAIM3UPYIOTCS JaHHbIE
M0 PEKUMY COITHEUHOMW pajiMalliy, TEMIIEPATYPHOMY PEKHUM, BETPOBOMY PEKUMY U BIIAKHOCTHOMY
pexuMy B pa3pese rofOBbIX, MECAYHBIX, CYTOUHBIX M YACOBBIX JAHHBIX, KOTOPBIE IIPEICTABIICHBI Ha
pucyHnkax 1-10.

Ha pucynkax 1, 2 npezncraBieHbl pacyeThl FO0BOI0 X0Aa CPEAHEMECSIUHOM CyMMapHO# CoTHeY-
HOM paJMialliy Ha TOPU30HTAJILHYIO TTOBEPXHOCTH IIPU SICHOM HeOe U roIoBOro X0/a CpeIHeMecs -
HOM CyMMapHOU COJTHEUHOW paaualiiy Ha BEPTUKAIBHYIO MTOBEPXHOCTH MPHU SICHOM Hebe ¢ y4eTOM
opuenTauuii r. [IIpiIMKeHTA.
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¢ y4eToM opueHTauuu, I. [LIbIMKeHT

Ha pucynkax 3—5 npencraBieHbl pacdeTbl TOJOBOIO X0Ja CPEJHEMECSYHON TeMIepaTypbl BO3-
JyXa, MECSITYHOT'O X0J1a CPEHECYTOUHOM TeMIIEpaTypbl, CyTOYHOTO X0/1a TeMieparypsl I. I1IbiMkeHTa.
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Ha pucynkax 6—8 npecTaBieHbl pacueThl TOJIOBOTO X042 OTHOCUTEIILHON BIQKHOCTH BO3TyXa,
MECSYHOIO X0a OTHOCUTENIbHOM BIQXKHOCTH, CyTOYHOTO X0J1a OTHOCUTENIBHOM BIIAXKHOCTH, a TAKKE
MPEJICTAaBICHO CPEAHEMECIYHOE KOIUUECTBO 0cakoB B I. LlIbiMkeHTE (pUCYHOK 9).
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a S

Pucynox 8 — CyTounbiii X071 BIaxXHOCTH, T. [lIpiMKkeHT: a — 15 stHBapsi, 6 — 15 urons
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Pucynok 9 — Ananus cpenuMecsiaHbIX 0CaaKoB, T. [IIbiMKkeHT

Ha pucynke 10 npencraBieH aHalin3 BETPOBOTO PeKMUMa XOJIOIHOTO (SIHBaph) U TEIJIOTO (UIOJIb)
MEPHUOIOB C YKa3aHUEM MOBTOPSIEMOCTH M cpelHell ckopocTH BeTpa B I. llIpiMkenTe. B Tabnune 2
MIPE/ICTaBJICHbI 3HAYSHHSI IOBTOPSIEMOCTH M CKOPOCTH BETpa.

oo [ [0ETOPASMOCTE HANPAEIEHHA EeTpa, %o

*CPE,I[HEH CEOpOCTE IO HATIPABISHIAM II0 MECAaM H 3aT0M,
M/C

c3

K03

32
16

CB

OB

e [ [0ETOPAEMOCTE HANPAENEHIT BeTpa, Yo

s CpeHAT CKOPOCTE M0 HAMPAETSHIAM N0 MECAIaM
M 3aTom, M/c

C
32

16
8

c3 CB

KO3 OB

HOB

0

Pucynox 10 — AHanu3 BeTpoBOTo peknMa, I. IIIbIMKEHT: a — ssHBaph, O — HIOJTb

Tabnuua 2 — 3HayeHus! MOBTOPSIEMOCTH M CKOPOCTH BETpa Ha SIHBAPh U UIOJIb, I. LIIbIMKEHT

TToBTOPSIEMOCTEL/CKOPOCTEL BETPa, M/C
Topon Meos p p p I Tins/
C CB B IOB 10 103 3 c3 cpen
AHBaph | 3/1.5 6/2.1 26/2.4 | 26/2.3 9/3.0 15/3.8 | 9/2.9 6/1.8 18/2.5
IIpIMKEHT
HI0JTh 6/2.4 16/3.5 | 27124 | 17/2.1 5/2.0 5/2.6 11/2.2 | 13/2.0 9/2.4
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Pe3ynbrarhl u 00Cy:K/1eHUA

Ha ocHoBe npoBeneHHOro aHain3a pe3yJabTaToB MH)KEHEPHO-KIMMAaTHUYECKUX pacyeToB, JIaH-
HBIX MMOCJIETHUX aKTyaJIbHbIX ApXUBHBIX UICTOUHUKOB, YKa3aHHBIX B pa3zene 2, Obul c/iejaH apXUTeK-
TYPHBIH aHAIN3 XapaKTePUCTUKU BaKHOTO KIIMMATo00pa3yronero (GakTopa — COTHEYHOH pajnaiuu
HapsJy ¢ BETPOBBIM PEKHUMOM, MO3BOJISIFOLIUI IPOU3BECTU OLICHKY CTOPOH TOPU30HTA IO YCIIOBU-
SIM TETUIOBOTO OTPAaHUYCHHUS OPHUEHTAIMH >KUIIBIX TIOMEIICHUH W WX OTPa)Tal0IIUX KOHCTPYKITUI
(pucynku 11 u 12). B pe3ynsrare aHaim3a npuxoja COTHEYHON pajJdallii Ha TIOBEPXHOCTh (acaaa
30aHUN pa3HOM OPUEHTAIMM U MOBTOPSEMOCTH HAlpaBlICHHs BETpa BBISABJICHbI CTEIICHU OJ1aronpu-
SATHOCTH U HEOIArONpHUsTHOCTH OPHUEHTAIMH 3AaHUN U HApYKHBIX KOHCTPYKTHUBHBIX CTEH IO CTO-
pOHaM CBeTa B 3aBUCUMOCTH OT pexkuma uHcossiiuu T. [1IsiMkenTa (pucynok 11). Takke mpous-
BEJ/ICH apXUTEKTYPHBII aHaJIN3 BETPOBOTO PEXXHUMa C yUYETOM COOTBETCTBYIOIINX KPUTEPHEB ITOBTO-
PSAEMOCTH BEeTpa IO CTOPOHAM CBETA U IMPEJCTABIIEH B BUJE Kpyra TOPU30HTA BBISBICHUEM CEKTOpa
61aronpusATHOM, 1OMyCTUMON, HEOIArONPHUATHONW U HEOITyCTUMOM opueHTaluu I. [lIbiMkeHTa (cM.
pucyHOK 12). B uTore KOMIUIEKCHas OLIEHKA M0 MHKEHEPHO-KIMMaTHYECKUM pacyeTaM JaHHOIO UC-
CJIeZIOBaHMs NIPEACTABIEHA B BUJIE 3aKIFOUMTEIBHOIO apXUTEKTYPHOI'O aHAIN3a KIIMMaTa, yUUThIBa-
IOLLEr0 OTHOBPEMEHHO PEXHUM COJTHEYHOW paguallii U BETPOBOM PEKUM, SIBISIOIIMECS BaXKHBIMHU
(hakTOpaMu B OpUEHTAIIUH 31aHUI U KOHCTPYUPOBAHUH HAPYKHBIX TEIUIO3AIIMTHBIX OTPAXKAAIOIINX
CTEHOBBIX KOHCTPYKIMH. Pe3ynbraTsl nccienoBaHus BHOCATCS B BUJE Kpyra ¢ pa30MBKOIl Ha cek-
TOpa ONArompUsITHOM, JOMYCTUMOM, HEOMAronpusaTHOW, HEJOMyCTUMON OPUEHTAIMH BBISBICHUEM
ONTHUMAJIBHOTO CEKTOpa OpueHTamu 3aauuii U pacanos r. lsiMkenTa (pucynox 13), 4to mo3BomsieT
pelarh Kpyr 3a1a4 110 apXUTEKTYPHO-KOHCTPYKTUBHOMY PEIIECHUIO TEIUIO3alIUTHON BEPTUKATIbHON
000J10YKH 371aHHH, (hacagHbIX CUCTEM, SHEProd(H(HEKTUBHBIX CTEH, NHHOBAIIMOHHBIX KOHCTPYKIUI
(acanos u T.1I.

@'

68°

200°

Pucynoxk 11 — [Tokazarenb O:1aronpusTHOCTH U HEOIArONPUSATHOCTH OPUCHTAIIH
o ctopoHam cBeta s T. [lIbiMkeHTa: 1 — ceKTop O1aronpusITHOW OPUCHTALINY;
2 — CEeKTOp HEJOMyCTUMON OPUEHTAINH; 3 — CEKTOP JIOIYCTUMOM OpHECHTAINH
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@!

Pucynox 12 — Ilokazatenb apXUTEKTYpHOTO aHajM3a BETPOBOTo pexkuma Juis I. LlIpiMkeHTa:
1 — cexTop ONaronpusATHON OPUCHTAINH; 2 — CEKTOP HEIOIYCTUMON OpUCHTAIIHH;
3 — CeKTOp OITyCTUMOI OpHUCHTAINH; 4 — CEKTOP HEONAaronpuATHON OpHUCHTAIIH

@]

Pucynoxk 13 — [loka3arens OMaronpusTHOM, IOy CTUMOH, HEOIAroMpUsATHOM,
HeIomycTuMoit opuerTtarmu s T. [llpivkenTa: 1 — cexTop OMaronpusaTHON OpHUCHTAIHH;
2 — CEeKTOp HEIOMyCTUMON OPUEHTAINH; 3 — CEKTOP JIOIyCTUMOMN OpUEHTAIIHH;

4 — ceKTOp HEOIATONPUATHOW OPUCHTAIINH; 5 — CEKTOP ONTHMAIBHON OpHEHTAIH

BriBoabI

B pesynbrare npoBeeHHBIX HHKEHEPHO-KIMMAaTHYECKUX PACYETOB 110 TO0BOMY XOIy CpEIHE-
MECSIYHOW CyMMapHOH COJIHEYHOH pajvalliy Ha TOPU30HTAIbHYIO IOBEPXHOCTh M T'OJOBOMY X0y
CPEIHEMECSYHON CyMMAapHOW COJHEYHOW pajuallii Ha BEPTHKAJbHYIO MOBEPXHOCTh MPHU SICHOM
HeOe ¢ y4eToM OpHEHTAlMii, pPacueTOB IOJ0BOI0, MECSYHOIO U CYyTOUHOIO XOZ1a CPEAHEMECSUYHOU
TEeMIEpaTypbl BO3IyXa, paCue€TOB IrOAOBOTO, MECSIYHOTO M CYTOYHOTO XOAa OTHOCHUTEIHHOW BIIaK-
HOCTH, a TaKXK€ KOJMYECTBA OCAJIKOB, PACYETOB BETPOBOTO PEKMMa XOJOAHOTO (SHBAPh) U TEILJIO-
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ro (Mr0Jb) Nepruoja ¢ yKa3aHHUEM HMOBTOPSEMOCTH U CPEHEH CKOPOCTH BETpa ObLIM yCTAHOBIIECHBI:
MOKa3aTelb OJIaronpusTHOCTH M HEOJIaronpusiTHOCTH OPUEHTAIMU TI0 CTOPOHAM CBETa, IOKa3aTelb
ApXUTEKTYPHOI'0 aHaJIM3a BETPOBOIO peXHUMa, MOKa3aTellb OIaronpusITHON, JOMyCTUMOM, HeOiaro-
MPUSITHON U HEJOIYCTUMOMN OPUEHTALNUU 3[JaHU.

CormacHo pacdyeTaM 1O IMOKa3aTeNo OJaronpusITHOCTA U HEOIaronpusTHOCTH OPUEHTAINH TI0
CTOpPOHAM CBeTa (COTHEYHOW pajuanui) ObII0 YCTAHOBJICHO, YTO CEKTOPOM OJIarOMpHUsATHOW OpHEH-
TaIlUH SIBJSIETCS FOTO-BOCTOUHAS OpueHTaIus Mex 1y 68—200°. CekTopoM HETOMyCTUMONM OpUEHTa-
[IUU SIBIISIETCS FOrO-3amnajHasi OpUeHTanus ¥ ceBepHasi opueHTanus Mmexay 200-292° u 320-40° co-
OTBETCTBEHHO. B KauecTBe 1OMyCTUMON OpUEHTALIMM MOKHO OTMETUTh HAIpPaBJICHUs CEBEPO-3aria]
U CeBepO-BOCTOK Mexay 292-320° u 40—68° cooTBeTCTBEHHO. PacueTsl 1o moka3aTeNto apXuTeK-
TYpHOTO aHaJIn3a BETPOBOTO PEKUMA MOKA3aJIH, YTO CEKTOPOM OJIaronpusTHON OPHEHTALUH SIBIIS-
€TCsl BOCTOYHOE HaIlpaBiieHue Mexay 45—135°, HeOnmaronpusTHOW OpUESHTAIIUEH SIBIISIETCS CEBEPHOE
HarpasieHue Mexay 315—45°, ceKTopoM TOMyCTUMON OpUEHTALUH SIBISETCS CEBEPO-3allaHOE Ha-
npasienure Mexy 270-315°, a cekTopoM HEOMaronpusiTHON OpUEHTAIIUEH SBIISIETCS IOTO-3aMaIHOC
HanpasieHue Mmexay 135-270°.

Wrorosasi KOMIUIEKCHasl OLIEHKAa Ha OCHOBE aHaJIM3a KJIMMaTa, yUYUTHIBAIOIIETO OJHOBPEMEHHO
PEXUM COTHEUHOW paJiMaliii U BETPOBOM PEXHM, MOKa3aja, YTO CEKTOPOM OIaronpusTHON OpHEH-
TallMM YCTaHOBJIEHO I0T0-BOCTOYHOE HampasiieHne Mexy 140-200°, HegomycTuMOi oprueHTanuen
YCTaHOBJICHO ceBepHOe Hampariienne Mexay 320-40°, cekropom JO0MyCTUMON OpHUEHTAIlUN yCTa-
HOBJICHO CEBepo-3amnajHoe HampapieHue Mexay 270-320°, cextopoM HEOIaronpusTHOW OPHEH-
TaluU YCTaHOBJICHO IOTr0-3amajgHoe HamnpasieHue mexay 200-270°, a ontumManbHON OopUeHTanuei
YCTaHOBJICHO BOCTOYHOE HarpasiieHue Mmexay 40—-140°.

Takum oOpa3oM, MOTydeHHBIE PE3yJIbTaThl TAHHOTO HMCCIICIOBAHMS B JAJTbHEUIIEM aBTOPAMH
Oy/yT MCTIONB30BATHCSI IIPU AHAJIN3E BIIMSIHUS COTHEYHOH paualiiy Ha Hapy»XKHbIE CTEHOBBIE OTPaX-
JICHUSI B YCIIOBHAX >Kapkoro knumara PecryOnukn Kazaxcran npu riccineoBaHHM MpoIiecca Terio-
oOMeHa yepe3 KOHCTPYKLUHU OIPaXIeHuUs.

BaarogapHoCTh/MCTOYHUK (PUHAHCUPOBAHMS
HccnenoBanne mpoBOaMIOCh B paMKax TpaHTOBOTO uHaHcupoBanus Komurera Hayku MuHu-
CTepCcTBa HAyKH | BhICIIEro oOpasoBanus Pecniyonuku Kazaxcran (AP23486892).

KondankTt naTEepecon
ABTOpBI 3asIBJIIOT, YTO KOH(IINKTa HHTEPECOB HET.
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KOPHIAFTAH OPTA ®U3UKACHI — KYH PAANALIUACBIHBIH
FUMAPATTAPIABIH CbIPTKbI KABBIPFA KOPIIAYJIAPBIHA
OCEPIH 3EPTTEYIIH AJIFBIIIAPTHBI

Angarna

3eprreyne Kasrumpomer YITTBIK THIPOMETCOPOIOTUSIIBIK KbI3METIHIH JAepeKTepiHe coiikec, COHFBI 30 JKbUT
iminge HIBIMKEHT KaJlaChIHBIH KBULABIK, alJIbIK JKOHE TOYJIKTIK KOPCETKIIITEpl HEeri3iHAe WHXKeHEPIiK-KJIuMar-
TBIK €CeNTeyliep XKYpri3uiii. AJbIHFAH JIEPEKTep HETri3iHAe 3epTTeyAiH HEeri3ri MakcaTbl — KyH paJualusiChIHbIH
MOHJIEpi MEH KOPCETIITeH ayMaKThIH JKell peKHUMiHEe CYHEHE OTBIPBIT, KOJalibl, KOJTalHChI3, KO OCpisIeTiH JKoHe
KO OepiTMEHTiH OaFmapiIapabl aHBIKTAYy OOJIBL. MHKCHEPIIK-KIMMATTHIK €CeNTey HOTIDKECIHIE KIMMATTHI Tall-
Jlay/IbIH KOPBITBIHIBI KelIeHAl Oarachl jkacanabl, oHAa IIIBIMKEHT Kanackl YIIIH KOJaiiabl Oarmapiay CEKTOPBI
periaae 140-200° apachlHIa OHTYCTIK-IIBIFBIC OAFBITHI OCIITLICH I, K01 OepiMeiTiH Oarnapiay cekropsl 320—40°
apachIH/a CONTYCTIK OarbIT OenrijeHai, o Oepiietin oarnapiay cexropbl 270-320° apachiHia CONTYCTIK-0aThIC
OarbIT OenriyieH[i, Kojalchl3 Oarapiiay CEKTOpBl PETiHAE OHTYCTIK-0arbic OarbiT Oenrienai Oarbir 200-270°
apaJbIFbIH/IA, aJT OHTAIIIBI OaFbIT peTiHe MBIFbIC 0arbIThl 40—140° apasbIFbIHAA OPHATBUIFAH. ATaJIFaH HOTHKETIEP
Kazakcran PecnyOnnkachIHBIH BICTBIK KIIMMAT KaFAaibIH/Ia MaHBI3Ibl KOHE KYH PaJANAIMACHIHBIH 9CEPIiH ecKkepe
OTBIPBII, CBHIPTKBI KaOBIPFa KOpIAy KOHCTPYKLUSIAPBIHAAFbI KBLUTY alMacy IIPOIECiH 3epTTey Ke3iHe KOiaHbLIa
aJIaTBIHBI aTar OTUII.

Tipexk ce3mep: Kopmaran opra (QH3MKAchl, KYPBUIBIC JKOHE KIMMATTBIK TOJKYXKaT, Oarmap, KIMMar
rapameTpiepi, KIIMMAaTThIK €CenTey, Taay.
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ENVIRONMENTAL PHYSICS IS A PREREQUISITE
FOR STUDYING THE EFFECT OF SOLAR RADIATION
ON THE EXTERNAL WALL FENCES OF BUILDINGS

Abstract

In the study, according to the data of the national hydrometeorological service Kazhydromet, over the past 30
years, engineering and climatic calculations of Shymkent have been carried out in the context of annual, monthly
and daily values, where the main purpose according to the data obtained was to determine favorable, unfavorable,
permissible and unacceptable orientations, which were calculated based on the values of solar radiation and wind
regime of the specified territory. As a result of the engineering and climatic calculation, a final comprehensive
assessment of the climate analysis was compiled, where the south-eastern direction was set as the sector of favorable
orientation for Shymkent between 140-200°, the sector of unacceptable orientation was set to the northern direction
between 320—40°, the sector of permissible orientation was set to the north-western direction between 270-320°, the
sector of unfavorable orientation was set to the south-western The direction is between 200-270°, and the optimal
orientation is set to the east direction between 40—140°. It is noted that the obtained results of this study are relevant
and can be used further in the study of the heat transfer process in external wall enclosing structures, taking into
account the influence of solar radiation in the hot climate of the Republic of Kazakhstan.

Key words: environmental physics, construction and climate passport, orientation, climate parameters, climate
calculation, analysis.
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TMJIASMOHHBIN PE3OHAHC B TOHKHX IJIEHKAX ZnO
C HAHOYACTHIIAMMU BJAT'OPOJHBIX METAJIJIOB

AHHOTAIUA

ImaBHBIM HETOCTATKOM TPAULIMOHHBIX OKCUA0B METAJUIOB, B TOM UHCIIe OKcuaa UHKa (ZnO), sBiaseTcs cna-
0oe morIonIeHne CBeTa B BUIIMMOM JanarasoHe. V3 MHO)XkecTBa myTeil penieHus JaHHOH poOIeMbl CO3/1aHIe HX
KOMITO3HUIIHNHY ¢ HaHOYacTHIaMHU (NPs) O1aropomHpIX METaIOB SBISETCS HanOOJIee MHTEPECHBIM KaK C TIpaKTHYe-
CKOH, TaK ¥ ¢ TEOPETHUECKON TOUKH 3peHus. baaromaps a3 exTy T0Kann30BaHHOTO IIOBEPXHOCTHOTO TIa3MOHHOTO
pesonanca (JITIIIP), xapakTepHu3yrOIIEerocs: MOJ0COH MOMIONICHHS CBETa B BUAMMOM IHAma3oHe, (pyHKIMOHAIb-
HOCTh OKCHIHBIX MOJYIIPOBOJIHUKOB MOXKET OBITh CYIIICCTBEHHO yiy4ilicHa. B 3T0ii paboTe mpencTaBicHbl pe3yib-
TaThl MMOJY4YEHHsI KOMIIO3UTHBIX TUICHOK Ha ocHOBe ZnO ¢ HaHOYAcTUIAMHU 0JaropoiHbIX MeTaiuioB (cepedpa Ag,
3o5ota Au ¥ uXx ciiaBa AgAu) METoJOM MarHeTPOHHOTO paclblIeHus, a Takxke aHaau3 dpdekra JIIIIP B nan-
HBIX Kommo3uTtax. B mierkax ZnO:AgNPs JITIITP nmormomenne Habmonanocsk Ha 475 uM, a st ZnO:AuNPs — Ha
535 um. CrraBineHHbIE HAHOYACTHIEI AUAZ TEMOHCTPUPYIOT MAKCHMYM C TIHKOM B TIPOMEKYTOYHOM HHTEpPBAJIC
JBYX 9THX 3Ha4eHHH, T.e. B obmactu 508 M. [lomydeHHBIEe TaHHBIE CBUACTEIBCTBYIOT O TOM, YTO, KOHTPOIUPYS
COCTaB HAHOYACTHIL OJIATOPOTHBIX METAIUIOB, MOYKHO (P (QEKTUBHO YIPABIATH MOJIOCOH MOIVIONICHNUS CBETa B BUIU-
MOM JIMaNa30He U3ITyUeHHUsL.

KroueBble cji0Ba: OKCHI IMHKA, HAHOYACTHIIBI, CEpedpO, 30I10TO, JTOKAITN30BAHHBINA ITOBEPXHOCTHBIN ILIa3-
MOHHBII PE30HAHC, MATHETPOHHOE PACTIBIIICHHUE.

BBenenune

HecMoTps Ha BBICOKYIO CTOMMOCTB, HAHOYACTHIIBI OJIATOPOTHBIX METAJUIOB JIO CHX TIOP MPHBIIE-
KalOT OIPOMHOE BHUMaHHUE YUYEHBIX Oaroiapsi CBOMM YHUKAJIbHBIM TUIa3MOHHBIM XapaKTEPUCTUKAM.
B gactHOCTH, B ccTeMax ¢ HaHOYacTHIIaMu cepedpa (Ag) uimu 3omota (Au) Habromaercs 3 dekr mo-
KaJTU30BaHHOTO MMOBEPXHOCTHOTO T1a3MoHHOr0 pe3onanca (JIIIIIP) [1, 2]. Tlocnennee nmeeT mecto,
KOT/Ia TTaJAIONINI CBET BBI3BIBAET PE30HAHCHOE KosieOaHMe AIEKTPOHOB B HaHOUACTHIle. BaykHo, 4TO
pe30HaHCHAs YacTOTa 3aBUCUT OT pa3MepoB, (POPMBI M COCTaBa HAHOYACTHI, & TAKKE UX OKPYKCHHUSI.
B wacTHOCTH, U3BECTHO, YTO YBEITHMYEHHE PAa3MEPOB YACTHI] MPUBOJUT K CMEIIEHUIO pPEe30HAHCA B
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CTOPOHY IJIMHHBIX BOJH [3, 4]. dopMa HAHOYACTHUI] TaKXKE MIPAET BAXHYIO POJIb: aHU3OTPOIIHBIE
CTPYKTYPBI, TAKHE KaK HAHOCTEP>KHU U HAHO3BE3/1bl, TTO3BOJISIIOT 3HAYUTEIBHO PACIIUPHUTh AUANIa30H
TUTa3MOHHOTO pe3oHaHca [5]. I nanouacTui Ag u Au ceprudeckoit opMbl pe30HaHCHAS 9acTOTa
NPUXOANUTCA HAa BUAMMBIM AManazoH u3nydeHus. [lpu pe3oHaHCHOM OCBEIIEHUH MPOUCXOTUT JIO-
KaJlM3alysl S3HEPruu NaJarouiero U3JayuyeHrs Ha MOBEPXHOCTH HAHOYACTHIIBI [6, 7], 4TO MPUBOAUT
K BOSHMKHOBEHHIO CHIJIBHOTO PaJIMaIbHOTO TOJIS BOJHM3H €€ MOBEPXHOCTH, CIIOCOOHOTO MOJISPU30-
BaTh OPraHMYECKHE MaKpOMOJEKYIbl. ITOT 3((HEKT ABISIETCS OCHOBOM TEXHMKH TMTaHTCKOTO (T10-
BEPXHOCTHO-YCHJIEHHOT0) KOMOWHAIIMOHHOTO PAacCesHUs CBETa, KOTOPOE MO3BOJISET IETEKTUPOBATh
OJIMHOYHbIE MOJIeKyIbI [8]. KpoMe Toro, cuibHas 3aBUCUMOCTD MOJIOKEHUS MTUKA MIa3MOHHOTO pe-
30HAHCHOTO TOTJIOIIEHUS OT MOKa3aTellsl MPETOMIICHUST OKPYIKAIOIIEeH Cpebl TIO3BOJISIET CO3/1aBaTh
JATYUKHU ToKa3aress npeaomieHus [9, 10]. O630p myOnuKkauii mocaeIHNX JIET CBUACTEIBCTBYET O
BO3pAcTaIOIIEM MHTEpece K TepMoonTHuYeckuM cBoicTBaM Au NPs, 0cOOEHHO 1715 MEIULIMHCKUAX
niesield u gporokaranmsa [11-13].

Jpyroii HeMaa0BaXHOU 00JaCThIO MPUMEHEHUS METAINTMYECKIUX HAaHOYACTHII SIBIISIETCS CEHCH-
OunM3anys MHMPOKO30HHBIX OKCHIHBIX TOJYPOBOIHUKOB ITyTEM CO3JJAHUS WX KOMITO3UIMHU. Takoe
COYETaHHE YBEIMUMBAET (DOTOKATAIUTUUYECKUE CBOMCTBA MOITYNpOBOAHUKOB. HanouacTuis! Graro-
POIHBIX METAIIJIOB 32 CYET MPOIIECCOB OOMEHA 3apsII0B Ha TPAHUIIE METAJUT — MTOTYIPOBOJHUK MOTYT
NPUBECTH K CHUYKEHUIO CKOPOCTH PEKOMOMHAINH (YBEIMYEHUIO BPEMEHH KH3HH) HEPABHOBECHBIX
HOCHTENEH 3apsijia MoixynpoBogHNKa. Bo MHOrMX paboTax /J0Ka3aHO, YTO MPU OCBEUICHUM TaKOM
cucreMbl YO-U3nydeHneM yBeanueHne (poToKaTaIuTHIeCKOW aKTUBHOCTH MPOMCXOIUT 3a CUET 3a-
XBaTa AIEKTPOHOB M3 30HbI MPOBOAUMOCTH MOJYIPOBOJHUKA METAVIOM U OOpaTHBIA MpOIecC Ha-
OJTIOaeTCs TIPY OCBEIICHUH BUIMMBIM CBETOM.

SpkuM npencTaBUTENEM IIUPOKO30HHBIX MOTYIPOBOJIHUKOB SBISETCS OKCU] IIMHKA (ZnO), KO-
TOPBII IIMPOKO MPUMEHSETCS B Pa3INUHBIX 00nacTsax. B wactHocTy, ZnO o6nagaer 3ameyarenbHOM
(m3HUecKoi U XUMHYECKOW CTAOMIBLHOCTHIO [ 14], OONBIION 30HOW MPOITYCKAHUS U YHEPTHEH CBSI3U
9KCUTOHOB [15], 4TO JenaeT ero He3aMEHUMBIM B ONTORIEKTPOHUKE U COIHEUHBIX Oarapesx [16].

B sT0i1 paboTe 0CHOBHOE BHUMAaHHE YAEICHO BO3MOKHOCTH KOHTPOJIUPYEMOTO U3MEHEHHUS T10-
JIO’KEHUSI TTOJIOCHI MOTIIONIEHUSI CBETa B KOMIO3UTHBIX TOHKUX TuieHKax ZnO:MeNPs (Ag/Au NPs).
[Tnenku ObUTH TIOTYYEHBI METOOM MAarHETPOHHOTO PACTIBUICHUSI KOMOMHUPOBAHHON MHILIEHH C TI0-
CIIeIYIOIEeH TePMUIECKOH 00paOOTKOM.

MarepuaJibl 1 METOABI

Tonkue mnenkn ZnO:Ag/Au 6bun omy4yeHsl MeTogqoM BY MarHeTpoHHOTO pacmbUIeHHs! KOM-
OMHUPOBAHHOW MMWIIICHH, COCTOSIICH W3 KPYIIIOH 3aBOJCKOM MUIIIEHH Okcuaa nuHka (4N, 37), B
30HE APO3UU KOTOPOH OBUIM CHMMETPUYHO PACIIONIOKEHBI CTepKHU cepedpa (Ag) u 3omota (Au)
pasmepom 0,5 mm x 10 MMm. AHanorudnasi cxema MCIOJIb3yeMOW YCTaHOBKH mpescTaBieHa B [17]
pabote. OcaxxeH1e IEHOK OCYIIECTBISIOCH B TedeHue 30 MUHYT MPH MOCTOSTHHON MottHocTH BU
paspsaa (70 Br) u naBnenun (0,7 Ila), o6ecneunBaromemcs mocTostHEBIM motokom OCY aprona B
60 cTaHIapTHBIX KyOUYECKHUX CAHTUMETpax B MUHYTY. PaccTosiHuEe MEKIy MUIIEHBIO U MOJTOKKOM
6bU10 3a(pUKCUPOBAHO HA 8 CM, YTO 00ECIIEYNBAIIO OJHOPOIHOCTH IJICHOK IO TOJIIIMHE.

B kadecTBe moztoxek ObUTH UCTIONB30BaHbI KBapuesbie crekna (KY-1) mis usydyenus ontude-
CKUX CIIEKTPOB MOIVIOIIEHUS, KpEMHHUEBbIE NOAJIOKKH (n THMa, opueHrtanus (100), conporusneHue
5 OMm) AJ1s1 37EMEHTHOTO aHAJIM3a U OIIPEEIICHUS TONIMHGL. [ oTyYeHHs N30JIMPOBAaHHBIX HAHO-
YaCTHL] IOTy4YE€HHbIE CBEXKEOCAKICHHBIE INICHKH OABEPTaIuCh OTKUTY B My(enbHOU neun. OTKUr
npoBoawics B Tedenne 20 MmuHyT npu temneparype 500 °C B ycnoBusax armocdeps! Bozayxa. [lpu
3TOM CKOPOCTb Harpesa rneuyu cocrasisuia ~12 °C, a oxyiaxaeHue Obulo ecTeCTBEHHbIM. [lapameTpbl
OTXMHra MoI0MpaIUCh TAKUM 00pa3oM, 4TOObI IPU KPUCTAIIU3ALMH OKCUHON MaTpUIlbl HE IIPOUC-
X010 GOPMUPOBAHKE TPEILIMH U pa3Mep METAIUTMYECKUX HAHOYACTHII COXPAHSIICS MUHUMAJIbHBIM.
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CocTaB CBEKEOCAXKACHHBIX TOHKUX IUICHOK KOHTPOJIHPOBAJICS METOIOM SHEPrOAMCIIEPCHOH-
HOTO aHajiu3a Ha CKaHMPYIOIIEM 3JIeKTpoHHOM Mukpockone (COM) Quanta 3D 200i ¢ nmpuctas-
xoii EDAX. Ctpykrypa kommo3utoB ZnO:MeNPs Obuta oxapakTepu3zoBaHa METOIOM paMaHOBCKOM
cnekTpockonuu Ha mpudope Solver Spectrum (NT-MDT) ¢ nazepHbIMU HCTOYHUKAMH BO30YKICHHS
473 uM u 633 uMm B auanazone ot 50 g0 1500 cm™! u Bpemenem skcno3unuu 100 ¢. Hamuuue HaHO-
gacTul] OJIarOPOJHBIX METAJUIOB OBUIO MOATBEP)KICHO PE3yIbTaTaMU MCCIEIOBAHUS TTOBEPXHOCTH
METO/IOM aTOMHO-cuiioBoi Mukpockonuu (ACM) (Solver Spectrum, NT-MDT) u COM. Ontuue-
CKHE CHEKTPAIbHbIE XapaKTEPUCTUKH TOHKUX TJICHOK OBUTH HCCIIEZIOBAHbI B IMANAa30HE BUAMMOTO
u3ny4yeHus Ha cnekrpodoromerpe Shimadzu UV-3600.

OcHOBHBIE TOJIOKEHHUS

TpaauiuoHHble OKCUBI METAIIOB, Takue kKak ZnO, umeroT cinaboe MomIoleH!ue CBEeTa B BU-
JuMoM jrarnazone. OMHUM U3 pelieHruid 3TOW POOJIeMbl SBJISIETCS CO3aHME KOMIIO3UTOB C HAHO-
gacTHIIaMU OJIaropofHBIX MeTauioB (Ag, Au, u ux ciaBa AgAu), kotopeie obmanaoT 3¢dexrom
JIOKAJIM30BaHHOT'O MOBEPXHOCTHOT'O MJIa3MOHHOTO pe3oHaHca (JIIIIIP).

B menkax ZnO JIIIIP nornomenwue Habmomanock Ha 475 um, B ZnO — Ha 535 HM, a criias-
JIEHHBbIE HAaHOYACTHIIBI AUAZ MOKa3bIBald MakcUMyM B obnactu 508 HM. DTO CBUIETEILCTBYET O
BO3MOXKHOCTH KOHTPOJIMPOBATH ITOJIOCY TTOTJIONIEHHUS CBETA ITyTeM M3MEHEHUS COCTaBa HAHOYACTHII.

Pe3yabTarsl 1 00Cy:KIeHIE

1. Ctpykrypa u Mopdornorus TOHKUX tieHok ZnO:MeNPs

B rtabnmune 1 mpeacraBineHbl pe3ysibTaThl 3JIEMEHTHOTO aHAIM3a COCTaBa CBEXKEOCAXKIECHHBIX
TUICHOK, TOJIIIMHBI U KOJMYECTBO MCIIOJIB30BAHHBIX CTEP)KHEH OIaropogHBIX METAIOB Ha TOBEPX-
HOCTH pacrhblisieMoil MuieHu. [1py yka3aHHbBIX KOJIMYECTBAX CTEP)KHEN KOMITIO3UTHBIE TJIEHKU CO-
nep:xaiu okono 1-2 atr. % OnaropoJHBIX METAJJIOB, a UX TOJIIMHBI, BBISIBICHHBIC CKAHUPOBAaHUEM
ckona cTpyktypsl ZnO:Me/Si, coctasisum 105-109 am.

Tabmuna 1 — ToNmMHel ¥ 2JIEMEHTHBIA COCTAaB TOHKUX KOMITIO3UIIMOHHEIX IIeHOK ZnO:Me

# O6o3HaueHue Meraun. Tonmuna, Zn, at. % O, ar. % Ag,ar. % | Au,at. %
obpasna CTEPIKHH, IIT. Hwm
ZnO:AgNPs 4Ag 105 49.49 49.38 1.13 -
ZnO:AgAuNPs 2-Ag, 2-Au 106 49.39 49.27 0.79 0.55
3 ZnO:AuNPs 4 Au 109 49.48 49.14 - 1.38

CBexeocakJieHHbIe KOMMIO3UIMOHHBIE MeHKH ZnO:MeNPs o6namann BBICOKOH MPO3pavyHo-
CTBIO, UTO, B CBOIO OY€PE/lb, O3HAYAET, YTO IPUMECH MeTajula He 00pa30Baly U30IMPOBAHHbBIC Ha-
HouacTuubl B Marpuue ZnO. Ilocnenyronuii OT)KUr B BO3AYIIHON armMocdepe MpuBes K 4acTHY-
HOI KpUCTaJUTM3allui MaTpPHLbl U 00pa30BaHMIO HAHOYACTHIl HAa MOBEPXHOCTH IUIEHOK ZnO. D10
YTBEPXKACHUE MOATBEPKIAETCS PE3yIbTaTaMH UCCIIEIOBAHUS [IOBEPXHOCTEH OTOMXKEHHBIX ILIEHOK
metogamu ACM u COM. Ha pucynke 1 npeacraBneas ACM u300pakeHust MOp(HOIOTHN TTOBEPX-
HOCTEW OTOXOKEHHBIX TOHKUX MIeHOK ZnO:Ag/Au. Buano, yTo Ha moBepXHOCTH TIeHOK ZnO nos-
BIJIMCh HAHOYACTHUIBI CO cpenHuM auameTpom ~20-30 Hm. Ha pucyHke 2 Takike NpencTaBICHbI
COM wn300pakeHns: IOBEPXHOCTU yKa3aHHBIX IUIEHOK, HA KOTOPBIX TAKXKe MOKHO 3aMETUTh Oellble
ISITHA, COOTBETCTBYIOIIME HAHOUACTULIAM OJIATOPOJHBIX METAJIIOB.
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a) ZnO:AgNPs 0) ZnO:AgAuNPs B) ZnO:AuNPs

Pucynox 1 — ACM u3o0paxkeHust moBepxHOCTH TuieHOK ZnO:MeNPs mocie oTxura

a) ZnO:AgNPs 6) ZnO:AgAuNPs B) ZnO:AuNPs

Pucynok 2 — COM u3o0pakeHus IOBEPXHOCTH TOHKHUX IuieHOK ZnO:MeNPs nocie oTxura

B xpucraimnueckoMm ZnO mupHHa 3aIpELICHHON 30HbBI COCTABIAET 0Koo 3.3 3B, HO npu no-
6aBieHMN HaHOYacTHIl cepeOpa u 3o10Ta Bo3HMKaOT JIIIIIP, koTOphIle MOTYT M3MEHSTH LIUPUHY
30HBL. B amopdrOM ZnO ¢ HaHOYACTUIIAMU METAIJIOB IIMPHHA 3alPEIICHHON 30HBI TAK)XE U3MCHS-
eTcst, npu4eM J1e(heKThl 1 HEOJHOPOIHOCTH CTPYKTYPBI YCHIIMBAIOT 3TOT ekt [18].

Kpome Toro, Ba’HO MOMHHUTBH, 4TO KpHcTauinyeckas $aza ZnO 3a cueT cBoei ynopsaoueHHOM
CTPYKTYphl obecrieunBaeT 0ojiee BbICOKHE ONTHUECKUE CBOWCTBA, BKJIIOYAs I10KA3aTelb IpeoMIe-
Hus (2,0-2,1), o cpaBHeHUIO ¢ amopdHoit popmoii (1,6—1,9), uTo okazpIBaeT CyleCTBEHHOE BIIHS-
HHE U Ha TIOJIOKEHHE MUK MJIa3MOHHOTO PEe30HAHCA B KOMIIO3UTHBIX MaTepHajax ¢ COOTBETCTBYIO-
et marpuueii [19].

CTpyKTypHBIE XapaKTepUCTUKH YMcTOro ZnO U KOMNO3UTHBIX mIIeHOK ZnO:MeNPs nocine ot-
Kura ObUTM M3y4EHbl METOIOM PaMaHOBCKOM crekTpockomnuu. M3 pucyHka 3 ciemyert, 4To pama-
HOBCKHI cniekTp urctoro ZnO conepKuT JBa Hauboee spKo BBIPAKEHHBIX MHUKa B obnactu 437 u
575 em’!, coorercTBytomux E (high) u A (LO)/E (LO) pononnsiM monam. Illupokuii nuk B obnac-
1 ~1100 cM' cooTBeTCTBYET IByM (POHOHHBIM MoiaM okcua nuHka 2LO npu 1104 em™ u 2A (LO)
npu 1155 em. Tpu 31oM nuk B o6mactu 575 cm! cooTBeTCTBYET 1e(DEKTHON CTPYKTYPE OKCHIA IIHH-
ka. Yimupenue B auana3zone yactot oT 300 qo 500 cm™' 0ObsCHsIETCS BIMSHUEM CHTHAJA MOAIOKKA
aMop(HOTo OKCHIa KpeMHHMsI Ha paMaHOBCcKui criektp ZnO [20-21].

UccnenoBanne KOMIIO3UTHBIX TOHKHUX IUIEHOK ZnO:MeNPs ocy1ecTBIIsIIOCh ¢ UCIOJIb30BaHU-
€M JBYX JJIMH BOJH BO30yskaaromiero jgaszepa: 473 M u 633 HM. DTO CBSI3aHO C BIHUSHUEM MPSIMBIX
9NIEKTPOHHBIX MEPEXOI0B B HAHOYACTHUIIAX OJAropoIHBIX METAJUIOB HA PAMaHOBCKHI CIIEKTp IUICH-
ku ZnO, Tak KaKk BO3HUKAET U3JIydaTeIbHas peKOMOMHALMS HIICKTPOHOB B MeTaute. M3BecTHO, 4To
SHEPTHUs MPSIMBIX MEK30HHBIX TIEPEX0I0B IS cepedpa npuxoautcs Ha ~4 5B, a uis 301m0Ta 912 YHEP-
rust paBHa ~2,4 5B [22]. JleiicTBuTenbHO, pamaHoBckue crekTpbl ZnO:AgAuNPs u ZnO:AuNPs,
MOJTYYCHHBIC ¢ MCTIOIh30BaHUuEM 473 HM Jlazepa (PUCYHOK 3 a)), HeMH(OPMATHUBHBI U3-3a PACTYIIIe-
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ro TpeHaa (GIyopecueHIMY HaHOYACTHUIL. AHAIOTUYHBIE CIIEKTPHI, MTOyYeHHbIE C HCIIOIh30BaHUEM
633 HM a3zepa (pUCyHOK 3 0)), comepkar MUKH B obmactu 575 cM™!, cOOTBETCTBYOIIKE Ae()DEKTHOM
CTPYKType OKCHJA I[MHKA, U MHUPOKUe muku B obnactu 437 cm! ocHoBHoro nuka ZnO. ObparHas
KapThHa Habronanach st Komno3utHoi mienku ZnO:AgNPs. Pamanosckuii cnexktp ZnO:AgNPs,
HOJTy4EHHBIN ¢ ucroiab3oBanueM 473 HM U 633 HM J1a3epoB, CONEPKUT UHTEHCUBHBIN Ae(eKTHBIN
K B obmactu 575 cM™! M mmMpokuii UK B 00iactu ~355 cm!, BepOsSTHO, COOTBETCTBYIOIIUI IByM
(ononnbM Mozam okcuna nunka E (high)-E (low) u A (TO) [23].

45 45
Jo [ o =
4.0 =473 nm Zn0:AuNPs 4.0 ox
1 1 I
3.5 35
1 .
J w ] | Zn0:AuNPs
. 3.0 ! . 304 I
=] | S | I
o o) 1
® 257 ® 257 ' Zn0:AgAuNPs
> 1 > 1
= 2.0 p 2 20+
5 1 : S I
£ 154 ; £ 154 !
c ] : ZnO:AgNPs = ] : Zn0:AgNPs
437 37
1.0 ' 1.0 !
] 1 575 ] 575
0.5 1 0.5 4 :
0.0 Zn0 0.0 4 ZnO
T T T T T T T T T T T T T T
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
Raman shift, cm™ Raman shift, cm™
a) BosOyxxnarormmii nazep 473 HM 0) Bo30yxxnaromuii nazep 633 am

Pucynoxk 3 — Paman criekTpsl miieHKH ZnO 1 KOMIO3UTHBIX TOHKUX IuIeHOK ZnO:MeNPs

2. Jlokann3oBaHHBIN MOBEPXHOCTHBIN TUIa3MOHHBIN pe3oHaHc B ZnO:MeNPs

Hannuue s¢dexra mokann30BaHHOTO MOBEPXHOCTHOTO IMJIA3MOHHOTO PE30HAHCA B OTOXIKEHHBIX
wieHkax B ZnO:MeNPs 0bu10 IOATBEPKACHO pe3ynbTaTaMH HCCIEJOBAHMS CIIEKTPAIbHON 3aBUCH-
MOCTH ONITUYECKON MIIOTHOCTH KOMITO3UTHBIX MJIEHOK. Ha prcyHKe 4 npencTaBieHbl ClIeKTPbI ONTH-
YECKOU IUIOTHOCTH PACCMATPHUBAEMBIX KOMIIO3ULMOHHBIX IJIEHOK ZnO:AuAg, HOPMUPOBAHHBIE Ha
MaKCUMYM IUKa I1a3MOHHOT0 norouenus. [Ipu atom 11 komnosutHo mieHkn ZnO:AgNPs nuk
PE30HAHCHOTO TOIJIONIeHUS TpuxoauTcs Ha 475 um, a 1 ZnO:AuNPs — Ha 535 am. CruiaBiieHHbIe
HaHOYACTULBI AUAE TEMOHCTPUPYIOT MAKCHMYM € ITMKOM B IIPOMEKYTOUYHOM MHTEPBAJE IBYX 3THUX
3HaueHuH, 1.e. B oomactu 508 uMm. CreyeT OTMETUTh, 4TO uucTas TieHka ZnO uMeeT HU3KOEe I0-
IJIOIIEHHUE CBETA B BUAMMOM JIUANIa30HE.

Ha ocHoBe npezcTaBieHHON Ha pUCYHKE 4 CIIEKTPaIbHON 3aBUCUMOCTH ONTHYECKOM MIIOTHOCTH
MOXKHO 3aKJIIOUHMTh, YTO M3MEHEHHE COCTaBa HaHOYACTHI] ciuiaBa AUuAg, MPUBOJIUT K CIABUTY IIO-
JIOKEHUS IHMKA IMOIVIOIECHNS CBETa. B KayecTBe AOKa3aTeNIbCTBA HA PUCYHKE S5 MPEACTaBICHBI HOP-
MUPOBAaHHBIE CIIEKTPbl ONTHYECKOW IJIOTHOCTH, MOJIYYEHHbIE C PUMEHEHUEM Pa3HbIX KOJIUYECTB
30JIOTBIX U CEepPeOPSTHBIX CTEp’KHEH B TpoIlecce pachblieHus. HuKHME WHACKCH B ONMMCAHUU 000-
3HAYarT KOJIMYECTBO HCIIOJNB30BAaHHBIX CTEPKHEM B Ipolecce pacnbplieHus. V3 nmpencraBieHHbIX
Ha PUCYHKE 5 rpaKOB BHIHO, YTO ITyTEM U3MEHEHHSI COCTaBa METAINTUIECKUX HAHOYACTHUI] MOYKHO
3¢ PEKTUBHO YIIPABIIATH MOJIOCOM MOTTIOMICHHUS CBETA, CBA3aHHOMN € 3(h(heKTOM JIOKAIN30BAHHOTO I10-
BEPXHOCTHOI'O TUIA3MOHHOTO PE30HAHCA.
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Pucynok 4 — Hopmanm3oBaHHBIE CIIEKTPHI ONTHYECKON TUIOTHOCTH
1St 11eHKH ZnO ¥ KOMIIO3UTHBIX TOHKUX IUIeHOK ZnO:MeNPs

Crnenyer OTMETHTh, YTO yBEJIIMYCHHE BPEMEHU OTXKHUTa TAKKe MOXKET BIHATH Ha TMOJOXKECHHE
MaKCUMyMa TOTJIONIEHUS, TaK KaK MPU BBICOKOHW TeMIieparype MpOUCXOAUT cuiibHas AU Qy3us no-
HOB METAJJIOB. JUINTENbHBINA OTKUI MPUBOAUT K YBEJIUYEHUIO pAa3MEpPOB HAaHOYACTHIl HA MOBEPX-
HOCTH IUIEHOK ZnO, 4YTO, KaK IIUPOKO U3BECTHO, IPUBOIUT K KPACHOBOJIHOBOMY CMEILLIEHHUIO MHUKA
noroweHus [24]. Kpome Toro, Ha mosiokeHue MUKa MOIVIOLIEHUS BIMSET U PACCTOSIHHE MEXIy
HAaHOYACTULIAMU. DTO, B CBOIO OYepe/b, 03HAYACT, YTO KOHIEHTpALUsl MeTalljla TaKKe MPUBEHET K
CYILIECTBEHHOMY U3MEHEHHIO NMUKa. TeM He MeHee MPOIEMOHCTPUPOBAHHBIN B pa00Te MEXaHU3M Ha-
CTPONKH ONTHUYECKOTO TOTTIOMEHUS UMEET Psi/I IPEUMYIIECTB 10 CPAaBHEHUIO C BBINICYKa3aHHBIMHU
nporeccamu. Tak, HampuMep, U3BECTHO, YTO MOHBI cepedpa MMEIOT BHICOKYIO TU(DPY3HOHHYIO CIIO-
COOHOCTD [25] ¥ KOMIO3UTHI HA UX OCHOBE MOTYT CO BpEMEHEM U3MEHSTh ONTUYECKUE CBONCTRA [26]
B OTJINYHE OT 0oJiee CTaOMIIBHBIX KOMIIO3UTOB ¢ HaHOYacTHIaMu Au. O1HaKo mi1a3MOHHbIE () (HEKThI
Haubosiee APKO MPOSBISAIOTCS UMEHHO B HaHOouacTHIax Ag. [loaTtoMy co3nanue KOMIO3UTHBIX IJie-
HOK Ha OCHOBE HAHOUYACTHII cTijlaBa AgAU U OKCUHOW MaTPUIII TO3BOJIUT CTAOUIM3UPOBATh CBOM-
CTBa KOMIIO3UTa 0€3 CyIIeCTBEHHBIX OTEPh B 3(P(HEKTUBHOCTH.

Tuning of the LSPR peak
in ZnO:MeNPs thin films

500 600 700 800 900
Wavelength, nm

Pucynok 5 — Hopmann3oBaHHbIE CIEKTPHI ONTHYECKOM MITOTHOCTH
B KOMITO3UIIMOHHBIX TOHKNX TUIeHKaX ZnO:MeNPs
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3akaroueHnne

B nannoii pabote nponeMoHCTpHUpOBaHA BO3MOKHOCTD CO3/IaHMS KOMITO3UTHBIX TOHKHX TIEHOK
okcuia nuHka ZnO ¢ HaHOYACTUIIAMU OJIaropomHBIX MeTauioB Ag, Au n AgAu. KomMno3utsl Oblu
MOJYYEHBI IyTeM TepMHUYECKol 00paboTku mieHok ZnO:Me, MOTy4yeHHBIX METOIOM MarHeTpOH-
Horo BY pacnbiieHust koMOMHUpOBaHHON MUIlIeHU. B paboTe mokazaHo, 4To MyTeM CO3AaHUs Ha-
HOYacTHUII cryiaBa AgAu MOXHO 3(PPEKTHUBHO YIIPABIIATH MOJIOCOM PE30HAHCHOTO MOIIOIICHUS CBETa
B BUMMOM JMara3oHe. AHaJIU3 CTPYKTYPbl METOJJOM PaMaHOBCKOM CIEKTPOCKONHMH yKa3bIBa€T HA
HEOOXOAMMOCTh MCCIICZIOBAHUS TAKUX CHUCTEM C MPUMEHEHUEM Pa3IMYHBIX JUTHH BOJH BO30Yy KIar0-
IIETo Jla3epa U3-3a MPOSBICHUS (PIyOpPECIEHTHOTO TPEHAA, CBA3aHHOTO C MPSMBIMU MEX30HHBIMU
ANIEKTPOHHBIMHU NIEPEX0JaMU B OJIaropoAHbIX MeTasuiax. [lomydeHHsle B paMKax paOOThl KOMITO3UT-
HbI€ IJIEHKU MOTYT MPEACTaBIATh MHTEPEC PU CO3JaHUH ONTUYECKUX (UIBTPOB, CEHCOPOB OKpPY-
JKAIOIeH Cpefbl, AIEKTPOAOB (POTOINEKTPOXUMHUUECKUX SUEEK, MPEIHA3HAYEHHBIX ISl OYMCTKH
CTOYHBIX BOJ M TPEOOPa30BaHMUs COTHEYHOU YHEPTHH.
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ACBUUI METAJIJAP HAHOBOJIIHEKTEPI KOCBIJIFAH ZnO KYKA
KABBIPITAKTAPBIHAATBI IIJTASMOH/BIK PE3OHAHC

Anjgarna
JacTypii MeTaim OKCHATEPIHIH, COHBIH iIIiHAE MBIPBI OKCUAIHIH (ZnO) Herisri KeMIIuliri — KepiHeTiH
ayMaKTa >KapbIKThI JICI3 XKYTYbl. ByJI MacerneHi menry/ie pakTHKaJIbIK KIHE TEOPHSIIBIK KO3Kapac TYPFhIChIHAH KOl
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KBI3BIFYLIBUIBIK TYABIPATBIH KOJIAPBIHBIH 0i1pi — O1ap/IbIH KypaMbIHa acblUl MeTaiapAblH HaHoOeuekTepid (NPs)
KOCY apKbLIbl KOMITO3UTTEp airy. MyH/ail KOMIIO3UTTEP >KapbIKThIH KOPIHETIH ayMarbIHAAFbl J)KYTBITY KOJaFblH
JOKaJTBbI OeTTiK rra3MoHAbIK pe3oHaHc (JIBITP) addexrici apKpLIbl KEHEHTII, OKCHATI KapThUIAHOTKI3TIIITEepAiH
(YHKIIMOHANIBIK KACHETTEPIH €A3yip apTThIpa anajpl. by »KyMbICTa MarHETPOHIBIK TO3AHAAHABIPY SiCi apKbIIbI
achUT MeTaNIapAbIH (Kymic — Ag, anTelH — Au jKOHE oJapAbIH Kocmackl — AgAu) HaHoOemmekTepi Kockurran ZnO
HETi31HeTi KOMITO3UIMSUTBIK KaOBIpIIaKTap sl any HOTHKenepi ychiHbuFaH. CoHJail-ak, 0Chbl KOMITO3UTTEpeT]
JIBIIP ocepinin Tanaays! xacanpl. Aranran ZnO kaOsipmakrapsiaia JIBIIP ocepi 475 um, an ZnO yuuin 535 um
TOJIKBIH Y3BIH/IBIFBIH/IA OaliKaiIbl. AuAg OipiKTIpiIreH HaHOOOJIILIEKTEPi OCHI €Ki TOJNKBIH Y3bIH/IBIKTAPbIHBIH apa-
JIBIFBIH/IAFEI UANIA30Ha, HAKThIpaK aiTkauaa, S08 am-ae JIBIIP-miH MakcuManapl MUTiH KOPCETTI. AJIBIHFaH HOTH-
JKEJIep achUl METAJI HAaHOOOIIIEKTEPiHIH KYPaMbIH ©3TepTy apKbUIbI KOPIHETIH CIEKTP aiiMarbIHIArbl >KapbIKTHI
JKYTY KOJIAFBIH THIMIII 6acKapyFa OONaTBHIHBIH KOPCETTi.

Tipek ce3aep: UMHK OKCHJ, HAHOOOIIIEKTEpP, KYMIC, alIThIH, JIOKAIBIbI OCTTIK IUIA3MOH/IBIK PE30HAHC,
MarHeTpOH/IbIK TO3aHaHIbIPY.
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PLASMON RESONANCE IN THIN ZnO FILMS WITH
NANOPARTICLES OF NOBLE METALS

Abstract

The main disadvantage of traditional metal oxides, including zinc oxide (ZnO), is poor absorption of light in
the visible range. Among the many ways to solve this problem, the creation of their composition with noble metal
nanoparticles (NPs) is the most interesting from both practical and theoretical points of view. Due to the effect of
localized surface plasmon resonance (LSPR), characterized by a light absorption band in the visible range, the
functionality of oxide semiconductors can be significantly improved. This work presents the results of preparation
of composite films based on ZnO with nanoparticles of noble metals (silver Ag, gold Au and their alloy AgAu)
by magnetron sputtering, as well as the analysis of the LSPR effect in these composites. In ZnO:AgNPs films,
the LSPR absorption was observed at 475 nm, while for ZnO:AuNPs at 535 nm. The AuAg alloy nanoparticles
exhibit a maximum in the intermediate interval of these two values, i.e., in the region of 508 nm. The obtained data
indicate that by controlling the composition of noble metal nanoparticles it is possible to effectively control the light
absorption band in the visible range.

Key words: zinc oxide, nanoparticles, silver, gold, localized surface plasmon resonance, magnetron sputtering.
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N3YUYEHUE UEPAPXUYECKHUX CTPYKTYP B HAHOPA3ZMEPHBIX
IIJIEHKAX HA OCHOBE JUOKCHJA OJIOBA

AHHOTALNA

Cpezm 6OJ'II>HIOFO quciaa (1)I/I3I/I‘ICCKI/IX U XUMHUYCCKHUX METOOOB HOﬂy‘IeHI/Iﬂ MaTepI/IaJ'IOB C p33H006p33HLIMI/I
Q)yHKHHOHaHBHLIMI/I XapaKTepI/ICTI/IKaMI/I OOHUM U3 BECbMa I/IHTepCCHBIX n HpOCTLIX METOAOB ABIISIETCS 30JIb-TCJIb
TCXHOJIOTHUA. MaTepI/IaJ'H)I, CI/IHTeSI/IpOBaHHLIe HpI/I TIIOMOIIY 30JIb-I'CJIb TCXHOJIOTUH, UMCHOT BI)ICOKy}O XI/IMI/I‘ICCKyIO
O,Z[HOPOI[HOCTB, qTO or[pez[eneHHo SABJISACTCA 6OJ'IBH.II/IM IIJTFOCOM. A 6J1aroz[ap${ N3MEHCHUIO UCXOAHBIX YCJ'IOBI/II‘/'I cpe—
JIbI U TIApaMETPOB PACTBOPOB UMEETCSI BOBMOKHOCTH KOHTPOJIA pazmMepa M (OPMBI MOTyIaeMbIX YaCTHUII, a TAKKE
CprKTypI)I HOp CI/IHT€3I/IpyeMBIX HpOI[yKTOB. B HACTOsIIIEC BpeMH 60J'II>HIO€ BHUMAHUC y[[CJ'IHCTCH I/ISY‘IGHI/IIO I/Iepap—
XHUYECKHX CTPYKTYp Ha OCHOBE JIMOKCHIA 0N0Ba. [[0CKONBKY MX OTAMYAIOT OOJBIIAs IIIOMIA s IOBEPXHOCTH, CTa-
6I/IJ'II>HLIG (1)I/I3I/IKO-XI/IMI/I‘ICCKI/IG CBOﬁCTBa, HHU3Kasad CTOUMOCTb HOHy‘IeHI/Iﬂ, OKOJIOTHYHOCTh ME€TO/1a, 4 TAKKE BBICOKASA
HOBerHOCTHa)I HpOHI/IHaeMOCTb 1 HU3KasA IJIOTHOCTG. HaCTOﬂHlaH CTaThbs OIMUCHLIBACT pe3ym)TaT1)1 CHUHTE3a I/Iepap-
XHUYCCKUX CprKTyp B TOHKUX IIJICHKAX Ha OCHOBE JUOKCHUIA OJIOBA. I/ICXO,Z[HI:IM paCTBOpOM SIBIIACTCA J'II/IO(i)I/IJ'H)Haﬂ
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nyienkooOpasyromas cucrema SnCl,/EtOH/NH,OH. O6napysxeHa npsmas 3aBUCHMOCTb ()OPMUPOBAHHUS HEPAPXH-
YECKUX CTPYKTYp OT oObeMa J00aBKM THAPOKCHIA aMMOHHUs. UTO crmocoOCTBYeT KOHTPOIH (GOpMBI M pasmepa
CHHTE3UPYEMBIX CTPYKTYp IPH M3MEHEHHH COOTHOLICHHS UCXOAHBIX MPEKYpCcopoB. U, Kak cleacTBHe, MO3BOJISACT
BIIHSATH Ha KOHCYHbIC (DM3UKO-XHMHUYECKUC XapaKTEPUCTHKH MOJIyIaeMbIX 00pa3ioB Ul JalbHEHIIEro uX mpuMe-
HCHMS B KAYCCTBE IPO3PAYHBIX IPOBOISIINX TOKPBITHI, CEHCOPOB PAa3JINYHAIX Ia30B (B TOM YHCIIE TOKCHYHBIX), B
COJIHEYHBIX MAHEISX U T.1.

KiioueBblie ciioBa: AHOKCHI OJIOBA, 30J1b-TEJIb METO, HEPAPXUICCKUE CTPYKTYPHI, HAHOPa3MEPHBIC [ICHKH,
ONTHYECKHE CBOICTBA, CEHCOPHI I'a30B.

BBenenune

Cpenu 6onbiioro uncina GU3MYECKUX U XMMUYECKMX METOAOB MOJIyuYeHHs] MaTepUasloB C pas-
HOOOpa3HbIMHU (PYHKIIMOHATBHBIMU XapaKTEPUCTUKAMHU OJHUM M3 BEChbMa MHTEPECHBIX U MPOCTHIX
METOJIOB SIBIISIETCS 30JIb-T€JIb TEXHOJNOTHUsA [1-5]. 30/1b-reab TEXHOJIOTHs BKIIOYAET B ceOsl CHHTE3
MaTepHualioB U3 UCXOJHBIX PACTBOPOB (K MPUMEPY, INIEHKOOOPa3yoIUX ), IPUYEM Ha EPBOM CTaIuN
pacTBOp MOIUPHUIHUPYETCS MPU «CO3PEBAHUM» B 30JIb, @ HA BTOPOI CTaUU 30JIb MEPEXOHUT YKE B
resb. CoeKkTp NpruMeHeHHs 30J1b-TeJIb TEXHOJIOTUN OueHb o0mmupeH. K mpumepy, 3051b-reiab TEXHOIO-
TSI UCTIONIB3YETCS JUIS TIOJTyYeHHsI ONITO-XUMHUYECKUX JaTYUKOB [6], KOMIIO3UTHBIX (pOTOKATAIH3a-
TOPOB [7], AJI NOIy4YEHHUs] MAaTEPUAIIOB, IPUMEHAEMBIX Ul KaTaIUTUYECKON OYMCTKH YaCTHILL CaXH
U3 TU3ENIBbHBIX aBuUrareneit [8], ams cuHTe3a (IyopecleHTHBIX HAaHOIIEPOBCKUTOB, KOTOpPBIE MPH-
MEHSIOTCSI B AakTHiocKonuu [9]. Crnemyer OTMETUTh, Y4TO 30JIb-T€ITh METO 3apEKOMEHI0BA ce0st
KaK OCHOBAa HOBEMIIMX HAHOTEXHOJOTMM CHHTE3a HAaHOYACTHIL [Vl MOTEHIHMAIBHOIO MPUMEHEHUs
B no3uMetpuu [10]. C noMoIbio 3016-Tellb METO/1a MOTYyYar0T TOHKHUE TUICHKH JJ1s1 TEPOBCKUTHBIX
COJIHEUHBIX 371eMeHTOB [11]. Bonee Toro, 30i1b-resib METOJIOM MOIYYat0T HAHOCTPYKTYPbI, IPUMEHSI-
eMblIe JUIsl YIaJdeHUs KPUCTAUINYECKOro (PUOJIETOBOTO KPACUTENs U3 BOAHBIX cpell. JlaHHbIN Kpacu-
TeJb NMPEACTABISET 3HAYUTEIbHYIO OIACHOCTD IS 3J0POBBS UEJIOBEKA, BKIIIOYAsi KAaHIIEPOTCHHbIE U
MyTareHHbIe 3PPEKTHI, a TAKKE OMACHOCTD JUISl OKPYIKAOIIEH Cpe/ibl M3-3a €r0 CTOMKOCTH U TOKCHY-
HOCTH B BOJHBIX 3KocucTemax [12]. Hy u, HakoHel, ¢ OMOIIBIO 30J1b-T€JIb TEXHOJIOTHH MOTY4YaroT
TOHKHE HaHOCTPYKTYpHBIE INIEHKN Ha OCHOBE TuoKcHa oosa [13]. ToHkre HaHOCTPYKTypHUpOBaH-
HBIE TIJIEHKH, HAHOAMCIIEPCHBIE TIOPOLIKHU, & TAKXKE KOMIIO3UTHBIE CUCTEMBI M3 SnO, MPEICTaBIIAIOT
co0oii (PyHKIIMOHAIbHBIE MaTepHajbl CO MHOXECTBOM IpUMeHEeHUH. [IOKphITHS Ha OCHOBE THOK-
CHJIa 0JIOBa NMPHUMEHSIOT KaK TPEeXMEpPHBI MAaKpOIIOPUCTHIM aHOJ B JTUTUH-MOHHBIX OaTapesix, Kak
aKTHBHBIE CJIOW WJIM K€ OCHOBY B I'a30BBIX CEHCOPAX, a TAKXKE KaK 3aIIUTHBIN CIIOM OT KOPPO3UHU U
T.4. [14, 15]. Cnenyer oTMETUTB, UTO OJHO U3 OCHOBHBIX CBOMCTB HAHOCTPYKTYPUPOBAHHBIX TOHKHUX
WIeHOK SnO, 3aKIII09aEeTCs B U3MEHEHHUH SIEKTPOIPOBOIHOCTH NPH a1copOImm rasa. B ¢Bssu ¢ uem
OHU HaxoJsT IPUMEHEHHUE B CEHCOpaX ra30B Pa3JINYHOIO PO, B TOM YHCJIE UMEIOLIUX TOKCUYHOE U
B3pBIBOOTIacCHOE JiericTBre [16—19].

OnHOM U3 BaKHBIX XapaKTEPUCTUK (OPMHUPOBAHUS CUHTE3UPYEMbIX TOHKUX IJIEHOK AUOKCUAA
oJioBa siBiisieTcss pH-ypoBeHb NCXOIHBIX MIIEHKOOOPA3yIOIIKUX PACTBOPOB. 3a4aCTyI0 B HKCIIEPUMEH-
Tax padoratoT ¢ pH pactBopoB B jauanazone ot 7 go 11 [20]. Hacrosmas paboTta HampaBieHa Ha
Jquanas3oH B uHTepBase ot 1,4-1,53 nnsa pH. Uro He ciydaiiHO, MOCKOJIBKY B JaHHOM JHara3oHe
MEHSIOTCS XapaKTEPUCTUKH MOMIOIIEHNS CBETA, & TAKXKe MOBEPXHOCTHOIO conporusieHusd. 1 no-
BEPXHOCTHBIN TMOKCH]T OJIOBA TIEPEXOIUT B OOHEMHBIH.

dopMupoBaHUE CTPYKTYpP PAa3IUYHOTO poja BIMAET Ha YHUKAJIBHOCTh CBOMCTB HaHOMAaTepua-
70B. OTMeYaeTcs, 4To y HepapXudecKux CTPyKTyp (GOpMUPOBaHUE MOJE3HBIX (PYHKIUI IPOUCXOIUT
KaK B HAaHOMETPOBOI, Tak U B IPYTruX CTPYKTYpHBIX oOnactsax [21]. Mepapxuueckue CTpyKTypHl,
c(OopMHUPOBAaHHbIE B TOHKUX IJICHKAX JUOKCHU/IA 0JIOBA, OTIMYAIOT OOJIbIIAs IUIONA/lb IIOBEPXHOCTH,
cTaOmibHbIe (PU3UKO-XUMHUYECKHUE CBOWCTBA, HU3KAasi CTOUMOCTh HOIY4EHUSs], SKOJOIMUYHOCTh METO-
J1a, a TAaKXKe BHICOKAs IOBEPXHOCTHAS MPOHUIIAEMOCTh U HU3Kasl IUIOTHOCTb.

MaTepI/laJIbl U METOAbI

Jlnst mpoBeicHUS SKCTICPUMEHTA 110 CHHTE3Y MIIEHKOOOPa3yOIIMX CUCTEM IPUMEHEHBI CIICTYIO-
IIMe peareHThl:
1) mopomok narusoanoro xnopuaa onosa SnCl, 5SH,O;
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2) orunossiit ciupt C,H.OH (I'OCT 5962-13);

3) KOHILEHTPUPOBAHHBIN BOAHBIM pacTBOp ammuaka NH,OH.

Bcero 6bu10 npuroToBieHo 6 mieHKOOOpa3yrOIMIUX PaCTBOPOB C MOMOILBIO 30JIb-T€JIb METOJIA.
J151s IpUTroTOBIEHUS KOTOPBIX HCIIOIB30BAJIH:

1) m(SnCl,;5H,0) =3,9072 r

2) V(C,H,OH) = 100 mn

3) V(NH,OH) = 0 mx; 0,1 mu; 0,2 mur; 0,4 mot; 0,8 mor; 1,6 M

[Topomok SnCl, 5H,0 3ackmanu B kon0y V=100 M1 1 pacTBOPsIH B 3TUI0BOM criupTe V=50 MJL.
Jlanee B oT/IeTbHYIO KOJIOY 3aJIMBAN ATHIIOBBINA cUpT V=25 Mi 1 100aBIIsUI HEOOXOTUMOE KOJIH-
YECTBO KOHIIEHTPUPOBAHHOTO BOJHOTO pacTBopa amMmuaka. [loiaydeHHbIN pacTBOp BBOAMIU B HC-
XOJHYI0 KoJI0y 1o KarusaM. Jlanee 3aauBaiy OCTAaBIIMMCS 00BEMOM 3TUIIOBOTO CIHMPTA. THiaTrensHo
HepeMelnBalIu U OTIPABIISUIN B TEMHOE MECTO Ha CYyTKH JJISl «CO3PEBaHUs» pacTBOpa.

Tabnuua 1 nemoHcTpUpyeT 00beM 100aBKH THAPOKCHAa aMMOHMS, pH r1eHko00pa3yIomux cu-
CTEM, COIAEPKAaHUE HOHOB 0JI0Ba U aMMOHMs B 100 MiI pacTBOpa, a TaKKe UX COOTHOLICHHUE.

Tabnuua 1 — Yposens pH miieHkoo0pa3yromux pacTBOPOB B 3aBUCUMOCTH OT 00beMa J00aBIsIeMOro
TUAPOKCHIA aMMOHMSI, COAEpKaHNE HOHOB osioBa 1 aMMoHus B 100 mu1 pacTBopa

V(NH,OH) B mnt pH Coneprxkanue Conepxxanue CootHoleHue
IUICHKOOOPa3yIOIIHX HOHOB 0JIOBA B WOHOB aMMOHHS B | HWOHOB aMMOHUS K
CUCTEM 100mu1 (B MOJISIX) 100m1 (B MOJISX) OJIOBY
0 1,40 0,011 0 0

0,2 1,42 0,011 0,0025 0,227
0,4 1,44 0,011 0,005 0,455
0,8 1,46 0,011 0,01 0,909
1,6 1,49 0,011 0,02 1,818

B cucremax MPOUCXOJAT CICAYIOIINC XUMHUYCCKUEC PCAKIINH:

SnCl, + 4C,H.OH Sn(OH),+ 4C H.Cl (1)
SnCl, + 4H,0 Sn(OH) + 4HCI (2)

T, °C
Sn(OH), SnO_+ 2H O (3)

[Tpu B3aumoeiicTBUY ¢ KOHIICHTPUPOBAHHBIM BOJHBIM PACTBOPOM aMMHAKa IPOTEKAIOT CIICTY-
OINE PEAKIIUH:

SnCl, + NH,OH Sn(OH) + 4NH Cl (4)
NH,OH + HCl NH,Cl+ H,O (5)

Cunte3unpyemble 00pa3libl HAHOCHIN Ha pazorperyto A0 100 °C cTeKIIHHY0 MOMI0XKKY METO-
JIOM CTIPEN-TTMPOIN3a U OTXKUTAIHN B TeUeHUEe 15 MUHYT.

PH cpenbl cunTe3MpyeMbIX MICHKOOOPA3yIOLIUX PaCTBOPOB U3MEPSIN Tipu nomoiu pH metpa
«pH — 150M». Mopdomnorus moBepxHOCTH CHHTE3UPYEMbIX HAHOPAa3MEPHBIX IUICHOK U3y4aslach Ha
ontuyeckoM Mukpockorne MIIO-11. Jlns myuniero noHuMaHust CTPyKTYpbl IUIEHOK U paclpeneIeHus
B HUX XUMHUYECKHUX 31eMeHTOB (Sn, N, Cl) caenansl COM-u300pakeHUs TOBEPXHOCTH MOTYyUECHHBIX
00pa3LoB, MPOBEJECHbI KAPTUPOBAHUE U 3JIEMEHTHbIN aHaIu3. DTH pe3ysabTaTbl ObUIM MOTY4EHBl Ha
CKaHMPYIOIIEM 371eKTpoHHOM MuKpockone CC-66 (Kutaif). [IpozpaunocTts 006pa3iioB uzmepsy Ha
cnekrpoporomerpe UNICO Spectro Quest 2800.
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Pe3syabTarhsl 1 00Cy:KIeHNE

JJ1st TOro 94TOOBI OIIEHUTH (DYHKITMOHATBHBIE XapaKTEPUCTHKN CUHTE3UPYEMBIX 00pasiioB Oblia
u3yuyeHa ux ctpykrypa. [lomyueHHnsle taHHbIe 00pa31oB, OTOXKEHHbIX Ha uinTke npu 100 °C, npen-
CTaBJIEHbI Ha pUCYHKe 1.

Pucynok 1 (a) nemorcTpupyeT cnabyro aAre3uto MISHKHA K TTIOBEPXHOCTH, a TAKKE HEOIHOPO/I-
HOCTb NoBepxHOCTU. HabmronatoTcs cTpyKTypbl Kpyrioi ¢popmel opsaka 3 pm. Pazopoc cTpykTyp
0 MTOBEPXHOCTH TNIEHKH HEPABHOMEPEH, YTO MOXKET OBITh CBSI3aHO CO CKOPOCTHIO OCEIaHHsI Karleib
pacTBOpa Ha MOUIOKKY Tipu crpei-nupomnmse. [Ipu modapnennn 0,2 M THAPOKCHIA aMMOHUS
(pucynox 1(0)) B pacTBOp B MieHKe 00pa3yIoTCs CTPYKTYPhI KpecTOOOpa3HOW U IIBETOYKOIIOI00HOM
(bopMBI pa3HBIX pa3MEpPOB OT HECKOJIIBKUX [m 70 AecsTka um. Paznoobpasue hopMbl cTpyKTYp MO-
KET OBITh CBA3aHO C IPEBAIMPOBAHUEM COZIEpKaHus MOHOB Sn Hajg monamu NH,, a Taxke ¢ mpo-
LIECCOM OCEJIaHusl Karellb pacTBOpa Ha MOUIOKKY M BpeMeHeM ux (ukcanuu. Cienyer OTMETUTb,
YTO pacrpesesieHre CTPYKTYp 10 TOBEPXHOCTH TUICHKH paBHOMepHoe. Ha pucynke 1 (B) Habmona-
IOTCSl CTPYKTYPBI TPEYTOJILHOM ¥ IIECTUYTOIBHON (DOPMBI, pasMephl KOTOPBIX MOPSIIKA HECKOIBKUX