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SMART SENSOR BASED TOUCHLESS FINGERPRINT SYSTEM

Abstract

his paper introduces a touchless fingerprint recognition system, offering a hygienic alternative to conventional
touch-based systems. The primary objective is to develop and evaluate a comprehensive solution that addresses
hygiene-related concerns and mitigates the risks associated with disease transmission, particularly in the context
of the ongoing Covid-19 pandemic. The proposed system utilizes a state-of-the-art touchless sensor to capture
intricate fingerprint images, subsequently processing, storing, and retrieving them for matching purposes. By
eliminating the need for physical contact, the system effectively tackles issues related to inconsistent pressure and
prolonged collection times. The touchless fingerprint technology showcased in this system holds great promise for
diverse applications that demand secure and hygienic fingerprint recognition. The proposed method overcomes
the limitations inherent in touch-based systems, making it well-suited for environments where health and safety
considerations are paramount. The integration of this touchless technology not only enhances security but also
contributes significantly to public health by reducing the risk of cross-contamination in shared touchpoints. As the
world navigates the challenges posed by the pandemic, the adoption of touchless fingerprint recognition systems
represents a crucial step toward creating safer and more hygienic environments.

Key words: Touchless fingerprint technology, Touch-based systems, Hygiene, Disease Transmission, Security,
Accuracy.

Introduction

Biometrics, a field that harnesses unique biological or physical attributes to authenticate
individuals, encompasses various technologies, such as fingerprint mapping, facial recognition, and
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retina scans. Biometrics can be categorized into three primary types: biological, morphological, and
behavioral [1].

Among the morphological biometrics, fingerprint recognition stands out as a highly reliable,
cost-effective, rapid, secure, and efficient method for authentication. It involves comparing captured
fingerprint patterns with stored samples, exploiting the distinct ridges and grooves that characterize
individual fingerprints. The minutiae points, which represent specific features like the endpoints
of ridges or the locations of scars, play a pivotal role in creating a minutiae template for matching
purposes [2]. Fingerprint recognition finds applications in a myriad of domains, including border
control, banking, attendance management, elections, identification, law enforcement, and criminal
investigation [3].

While fingerprint recognition systems have achieved widespread use, they often rely on touch-
based interactions, which introduce certain limitations, such as elastic deformation, extended data
collection times, and hygiene concerns. The COVID-19 pandemic has underscored the need for
secure and hygienic fingerprint identification systems. To address these shortcomings, a touchless
fingerprint identification system has been proposed.

The touchless system seeks to circumvent the drawbacks associated with touch-based systems
by employing intelligent sensors capable of capturing fingerprint images without physical contact.
This comprehensive system encompasses the entire fingerprint recognition process, from fingerprint
acquisition to storage, retrieval, and matching.

The touchless approach offers a multitude of advantages, including enhanced safety, accuracy,
speed, and efficiency. By eliminating the need for physical contact, it reduces the risk of disease
transmission and ensures a hygienic method of fingerprint recognition. This system holds promise
for various applications that demand dependable and secure fingerprint identification.

The development of a touchless fingerprint identification system is instrumental in enhancing
both user experience and public health, offering a trustworthy and safe solution for fingerprint
recognition across diverse domains.

Literature Review

Touch-based fingerprint recognition has been a subject of extensive research for several decades,
initially finding applications in law enforcement and forensics and later expanding into the mobile
market and nationwide systems [1-3]. Despite their prevalence, touch-based systems face challenges
such as low-contrast signals, latent fingerprints, and distortions caused by finger pressure, along with
concerns related to the acquisition process and hygiene [4]. Particularly, the COVID-19 pandemic
has accentuated the need for secure and hygienic fingerprint identification systems. To overcome
these limitations, touchless fingerprint identification systems have been proposed.

The pioneering touchless fingerprint recognition scheme by Song et al. in 2004 marked the
inception of a growing body of research aimed at improving the reliability and user-friendliness
of these systems [5]. Contributions by Parziale and Chen [6] and Khalil and Wan [7] distinguished
between 2D and 3D acquisition technologies, processing strategies, and quality considerations, with
additional insights into presentation attack detection (PAD) schemes. However, existing reviews lack
a comprehensive discussion of current approaches. Notably, Malhotra et al. [8], Mil’shtein and Pillai
[9], and Labati et al. [10] have explored various facets of touchless fingerprint recognition, providing
valuable insights into mobile touchless recognition, comparative reviews, and a comprehensive
overview of the entire recognition pipeline.

The touchless system aims to address the drawbacks of touch-based systems by employing
intelligent sensors capable of capturing fingerprint images without physical contact. This approach
offers advantages such as enhanced safety, accuracy, speed, and efficiency, eliminating the risk
of disease transmission and ensuring a hygienic method of fingerprint recognition. Its potential
applications span diverse domains, promising a trustworthy and safe solution for fingerprint
identification.
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The increasing popularity of mobile biometric technology, displacing more expensive scanners,
is evident in law enforcement’s preference for biometric traits such as fingerprints, face, and iris
[11-14]. Leading players like Samsung, TBS, TruelD, and Diamond Fortress are incorporating
touchless fingerprint recognition features into their products, advancing the integration of cutting-
edge biometric technologies.

Studies [15-23] investigating finger image capture with smartphone cameras and various
segmentation techniques have demonstrated progress. For instance, researchers [16] successfully
captured finger images using smartphone cameras under uncontrolled conditions, emphasizing
different techniques for feature extraction and minutiae analysis. Another study [17] utilized non-
conventional scale-invariant texture features (SURF) for matching finger images, evaluating a dataset
captured under uncontrolled conditions. However, smartphone-captured touchless finger photo
databases face challenges such as preprocessing requirements, increased processing time, storage
costs, and vulnerability to cyberattacks [21].

Figure 1 — An illustration of unrestricted fingerprint scanning

In the realm of touchless biometric systems, our research paper presents an innovative
touchless fingerprint recognition system that marks a significant advancement in security compared
to conventional touchless alternatives. Our approach integrates state-of-the-art touchless sensors,
facilitating the capture of intricate fingerprint images. This system ensures rapid processing, efficient
storage, and seamless retrieval for matching purposes. Noteworthy is our unique standalone device
capturing and storage methodology, setting our approach apart as a secure alternative in contrast to
touchless fingerprint recognition systems reliant on smartphones. This distinctive feature enhances
the overall security and reliability of our proposed method.

Key Provisions
Materials and Methodology

In the conventional fingerprint recognition paradigm, the process typically involves three
sequential stages: image preprocessing, feature extraction, and matching. Image preprocessing
techniques enhance fingerprint image quality, while feature extraction identifies unique traits like
minutiae points, ridge patterns, and texture. The matching stage compares extracted features with a
stored fingerprint database to determine a match [2, §].

Our proposed touchless fingerprint recognition system comprises three fundamental components:
fingerprint scanning, storing, and retrieving. For touchless fingerprint capture, we employ optical
devices, which may be modified general-purpose devices or specialized prototype hardware designs.
These devices incorporate features such as LED illumination for optimal contrast and reduced
external disturbances, with the additional use of colored lights to enhance fingerprint trait visibility.
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Figure 2 — Hamster Air — SecuGen’s New Contactless USB Fingerprint Reader

In instances where the capture system lacks on-screen guidance or dedicated hardware-based
finger guiding, a finger detection algorithm is imperative. This algorithm serves as the foundation
for an automatic capture system by detecting the location and direction of the finger. The fingerprint-
containing area is then clipped and segmented, utilizing techniques like sharpness, shape, contrast,
color, and image depth information [1]. Figure 1 illustrates an unrestricted fingerprint scanning.

Fingerprint recognition poses two main challenges: verification and identification. While
verification involves a 1:1 comparison, identification requires a database search and a 1:N comparison,
which is the focus of this paper. Identification outcomes include positive matches, false positives,
rejections, or false rejections. Achieving accuracy in identification is challenging due to the need for
multiple correct verifications and the risk of a single failure leading to a wrong identification.

Our touchless fingerprint system employs a structured methodology for accuracy and reliability.
We utilize SecuGen fingerprint readers (Figure 2) known for consistent performance and security
across various applications. These readers have a strong reputation backed by industry-leading
warranty, extensive field use, and proven reliability in extreme conditions.

The process begins with the sensor detecting the fingerprint upon insertion. Once identified,
the system captures its image, utilizing sophisticated image processing techniques to assess clarity
and integrity. If the image meets quality standards, the system proceeds to extract unique fingerprint
features using advanced algorithms and pattern recognition techniques. If the fingerprint is not
registered, the system securely stores the captured image and associated information.
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Figure 3 — Flow chart illustrating the methodology
for a smart sensor-based touchless fingerprint system
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In cases where the fingerprint is already registered, the system performs a matching process by
comparing the extracted features with the registered template, determining similarity or dissimilarity.
Throughout the process, strict adherence to quality standards is maintained. If image quality falls
below criteria, the system initiates a new attempt, returning to the detection stage for an improved
image capture. For a visual representation of the process, refer to Figure 3, displaying a comprehensive
flow chart of the touchless fingerprint system’s step-by-step execution.

The Proposed System: Sensor-Computer Interface, Desktop Application Design, and Database
Construction.

Sensor-Computer Interface: The initial step involved finding a suitable driver to establish
compatibility between the sensor and the computer. Subsequently, we obtained the software
development kit (SDK) to facilitate sensor integration and enable programming of the desktop
application.

Sensor Testing on Demo Website: After successfully connecting the sensor to the computer, we
conducted tests on a demo website to verify the sensor’s functionality, assess image resolution, and
determine if image processing was required.

Designing the Desktop Application: The desktop application was developed using the Java
programming language, incorporating essential features to enable seamless interaction with the
sensor. The user interface components of the application are illustrated in Figure 4.

Capturing Function: The «Capture R2» button initiates the process of capturing the user’s
fingerprint image using the SecuGen fingerprint device and extracting a template for subsequent
processing. The steps involved in this function include retrieving the current image buffer, obtaining
the fingerprint image, evaluating image quality, extracting relevant finger information, performing
image quality checks, creating a template, and assessing template quality.

Matching Function: The «Button Register Action Performed» function within the biometric
system facilitates the registration of fingerprints by comparing two captured fingerprint images.
The steps encompass image comparison, determination of image matching, displaying registration
success or failure, and adding the fingerprint to the database.

Sensor-Application Connection: The Main() function, acting as a constructor for an unspecified
class, initializes and configures various user interface elements. Key actions performed by this
function include initializing components, enabling or disabling buttons, connecting the SecuGen
sensor device, retrieving device information, and updating the device’s connection status.

Database Construction: Upon successful verification, this process updates fingerprint details for
specified user(s) in the database. It involves retrieving user ID(s), modifying relevant fields in the
employee table, executing SQL queries, displaying success or failure messages, and creating a new
instance of the Biometric class.

Connecting the Database to the Application: The getUser() method retrieves user information
from the employee table in a MySQL database. This process includes loading the MySQL driver,
establishing a database connection, executing an SQL query, extracting column values, adding them
to a table model, terminating the connection, and handling any exceptions that may arise. For a visual
representation of the desktop application and its user interfaces, please refer to Figure 4 (p. 15),
which showcases the front page, user information registration, biometric verification, and identity
matching interfaces.

Results and Discussion

Having successfully integrated all the essential functions, the touchless fingerprint system is
now fully operational, with seamless integration of both hardware and software components. This
integration empowers the system to proficiently capture, match, and store fingerprint images in the
database.

The integration of capturing functions involves a series of crucial steps. It commences by detecting
whether the object inserted into the sensor is indeed a fingerprint. The LED is judiciously controlled
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to ensure optimal illumination for precise image capture. The system captures the fingerprint image
with correct dimensions and conducts a quality test to ensure alignment with the required standards.

The database functionality has been successfully integrated and subjected to rigorous testing.
This ensures the accurate storage of individuals’ information, associating the captured fingerprint
image with the corresponding data. As an additional security measure, the information is encrypted
and securely stored locally.
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Figure 4 — (a) Front page of the application displaying the initial interface. (b) User-interface for registering
the personal information of the user, allowing input of necessary details. (c) User interface for biometric
verification, utilizing the biometric data registered in (a) to authenticate the user. (d) User-interface for
identity matching, prompting the user to place their finger for identity verification
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Figure 5 — (a) Front page of the application displaying the initial interface. (b) User-interface for registering
the personal information of the user, allowing input of necessary details. (c) User-interface for biometric
verification, utilizing the biometric data registered in (a) to authenticate the user. (d) User-interface for
identity matching, prompting the user to place their finger for identity verification

For matching purposes, the capturing process is iterated and thoroughly tested. The system
performs a comparison between the captured fingerprint image and the stored image in the database,
subsequently verifying and retrieving the user’s previously saved information. At this stage, the
application undergoes comprehensive final testing, confirming the correct functioning of all
application functions. The provided figures visually demonstrate the successful execution of these
functions.
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During the verification stage, users select an unverified ID, capturing their fingerprint image
twice to enhance image quality, and proceed to register their personal information along with their
fingerprint in the database.

In the retrieval stage, the system prompts users to insert their fingerprint for image capture. Upon
capturing the image, users press the «Get User» button to retrieve their personal information from the
database. Figure 5 provides a visual representation of the successful functioning of these integrated
functions.

Conclusion and Future Work

In conclusion, the successful culmination of our touchless fingerprint system represents
a significant milestone, addressing critical aspects and adhering to specified standards, all while
considering the heightened importance of hygiene, particularly in the context of the ongoing
COVID-19 pandemic. The system stands out for its precise and dependable fingerprint capturing,
matching, and storage capabilities, all of which align with the current emphasis on touchless
technologies for public health and safety.

We envision extending the reach of the developed system to cater to the requirements of both
government services and private enterprises, acknowledging the demand for touchless solutions
that align with hygiene standards. This expansion aims to provide a diverse user base with access
to advanced capabilities, thereby contributing to heightened security and streamlined identification
processes.

In our continuous pursuit of innovation, our future endeavors involve advancing the touchless
fingerprint system even further. This includes exploring additional features and potential applications
across various domains such as law enforcement, access control, and identity verification. Through
ongoing research and development efforts, we strive to remain at the forefront of technological
evolution, offering solutions that not only meet but redefine the standards of fingerprint recognition
technology in the ever-evolving landscape, with a heightened awareness of hygiene concerns.
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BECKOHTAKTHASA CUCTEMA OTHEYATKOB ITAJIBIIEB
HA BA3E MHTEJIJIEKTYAJIBHOI'O JATYUKA

AHHOTALUA

B cratpe mpencraBneHa OeCKOHTaKTHAs CHCTEMa PAcllO3HABAHUS OTIIEUATKOB MAJNBIIEB, MpeIararomas TH-
TUEHUYHYIO alIbTEPHATUBY TPAJAUIIMOHHBIM CEHCOPHBIM cucTeMaMm. OCHOBHOM 1IEJIbI0 SABIISIETCS pa3paboTKa U OIeH-
Ka KOMILJICKCHOTO PEIICHUs, KOTOPOE MO3BOJUT YCTPAHUTH MPOOIEMBbI, CBSI3aHHBIC C TUTUCHOMN, U CHU3UTh PUCKH
nepeadn 3a0oJeBaHuil, 0COOCHHO B CBs3M ¢ mpopoinkarotneiicss mangemueit Covid-19. [pemnmaraemas cucrema

17



HERALD OF THE KAZAKH-BRITISH
No. 1(68) 2024 TECHNICAL UNIVERSITY

I/ICHOJ'II)3yeT COBpeMeHHLIﬁ 6eCKOHTaKTHLIfI JAaTUYUK JIs 3aXBaTa CIIOXKHBIX 1/13o6pa>1<eH1/H71 OTIICYATKOB ITAJIBICB, UX
MoCIIeNyoIIei 00padOTKU, XPAaHCHHUS M U3BJICUCHUS JAHHBIX JUTS TATBHEHIIICIO COTOCTABICHHS. YCTPaHsisi HCO0X0-
JUMOCTB (PU3MYECKOTO KOHTAKTa, cucTeMa 3(h(hEeKTHBHO peraeT MpoOIeMbl, CBSI3aHHBIC ¢ HEITOCTOSIHHBIM JIaBIICHU-
€M U JUTMTEJIbHBIM BpeMeHeM cOopa JaHHbIX. BeCKOHTAKTHASI TEXHOJIOTUS OTIICYATKOB MANBIEB, PESICTABICHHAS B
ITOM cucTeMe, UMeeT OOJIBIINE MTEPCIISKTUBBI ISl PA3IHMYHBIX PUIIOKEHHH, TPEOYIOINX 0€30MacHOr0 U TUTHEHNY-
HOTO paclo3HaBaHMUs OTIIEYATKOB MajblieB. [IpemiaraeMplii METO IIPEO0IEBACT OTPAHUYCHUS, IIPUCYIIHAE CEHCOP-
HBIM CHUCTEMaM, YTO JEJAacT €ro XOPOIIO MOAXOIAIINM YIS CPEIl, TJe BOMPOCHI 30POBhS U OC30MACHOCTH UMCIOT
MIEPBOCTEIICHHOE 3HaUeHUE. MIHTerpanus 3Toil 06CKOHTAKTHON TEXHOJIOTHHU HE TOJIBKO MOBBINIACT OE30MaCHOCTh, HO
¥ BHOCHT 3HAYUTEIBHBIA BKIIAJ B 37[PAaBOOXPAHCHIE 32 CUCT CHIYKEHUS PUCKA MTEPEKPECTHOTO 3apasKeHUS B OOIIHX
TOYKaX COMPUKOCHOBEHUsI. B TO Bpemsi Kak MHUp TPEOI0IeBACT MPOOIEMbI, CBI3aHHBIC C TAHAEMHEH, BHEIPEHHE
OECKOHTAKTHBIX CHCTEM pACIIO3HABAHMS OTIEYATKOB MAJbIIEB IMPEACTABISICT COOON PEHIAIOIIMI IIar Ha MyTH K
co31aHuIo OoJee 6€30MacHON U TUTHEHUYHOMN CPEJIbI.

KinwueBbie ¢JjI0Ba: OECKOHTAKTHAsS TEXHOJIOIHS OTIICYATKOB MnajableB, CCEHCOPHBLIC CUCTCMbI, T'HMT'UCHA,
nepeagava 3a6OHeBaHHI>'I, 6€3OHaCHOCTL, TOYHOCTD.
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SUSITKEPTIK JATYUKKE HETT3IEJII'EH
CAYCAK I3IHIH BAUJAHBICCBI3 KYHUECI

Angarna

Makanaaa J9CTYpIli CEHCOPIIBIK JKYylHenepre rUrueHablk 0anama YChIHAThIH OaliTlaHBICCHI3 caycak i3iH TaHy
JKyieci YChIHBUIFaH. bacTbl MakcaT — TMrMeHara OaiaHbICTBI MACEJeNepAi XKOATBIH KOHE aypylblH, ocipece
Kanracein xatkaH Covid-19 manpeMumsichiHa OaiiaHBICTHI BHPYCTApABIH Tapaly KayIliH a3alTaTblH KeMIeHIl
mrenriMal d3iprey skoHe Oararnay. Y CHIHBUIFAH JKYHe KypZeli caycak i31 KeCKiHAepiH TYCipy, omapasl eHJey, opi
Kapaii COMKeCTCHIIPY YIIIH ACPEKTEP/i CaKTay MEH ailya KeTULMIPIIreH OailIaHbICChI3 CEHCOP/IbI TalqaiaHa b,
Ousnkanblk OaillaHBPIC KOKETTUIIMH JKOI apKbUIBI JKYHE TYPaKChI3 KBICBIMMEH JKOHE JEepEeKTepAl >KUHAYbIH
Y3aKTBIFBIMEH OailJIaHBICTBI Macelnesiepai THiMal memeni. byn kyilene ychlHbUIFaH OalIaHBICCHI3 caycak i3i
TEXHOJIOTHSICHI caycak i31H Kayilci3 )KOHEe TUTHEHAIBIK TaHyIbl KaXKET €TCTiH dpTYpIIi Oaraapiiamanap YIIiH YIKeH
MepCIIeKTUBaFa He. Y CHIHBUIFAH 9Jic CEHCOPIBIK JKyleliepre ToH HISKTEyNIepl 'KEHE OTBIPHII, JACHCAYIBIK IIeH
Kayimnci3mik Macenenepi OipiHII Ke3eKTeri opTana KoMailiel KypainFa aiHary MyMKiHzirine ue. by OaitnaHsicchI3
TEXHOJIOTHSIHBI OIPIKTIPY KayilCi3MiKTI apTThIPBIN KaHa KOiMaii/ibl, COHBIMEH KaTap OpTaK OaiiflaHbIC HyKTeJepiH/ie
aiikacnanbsl MHEKIUs KaylliH a3aiiTy apKbUIbl JIEHCAyJbIK CaKTay cajachlHa alTaplibIKTail yiec Kocajbl. OleM
TIaHJIeMUSIMEH OalIaHBICTBl KUBIH/IBIKTAPbI XKEHICH YaKbITTa, OalIaHbICCHI3 caycak i13iH TaHy >KYHelepiH eHri3y
KayiIci3 »KoHe TUTUCHAIIBIK OPTaHbI KYPY YKOJIBIHIAFbI IISIYIIi KagaM 0omabl.

Tipek ce3nep: OailaHBICCHI3 caycak 131 TEXHOJOTHSACHI, CEHCOPIBIK JKYHenep, TUTHEHa, aypyablH Tapaysbl,
KaylIci3miK, ToIIIK.
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MAT'HHUT OPICI KOMEI'IMEH CYT CAIIACBIH BAKBIJIAY
ZKIOHE BACKAPY TEXHOJIOI'MACHI

AHaaTna

Ounjipicte HU3MKAIBIK )KOHE XUMISUIBIK TaJIay apKbUIbl OHIPUICTIH OHIMHIH carnachlH OaKbUIayAblH opTYpII
ozicTepi etin apTeiiasl. COHFBI KBULAAPHI a3bIK-TYJIIK OHIIpicl Ke3iH/Ie TEXHOIOTHUIBIK IIponeccTepi backapy
MeH OaKkpUIay Ke3iH/e SIPOIBIK MATHUTTIK pe3oHaHc (IMP) KyOBUTBICHIHBIH IPUHITUIIH KEHIpeK Maianany KoJFa
aNblHy/a. bepiireH >KYMbICTa CYT calachlH MAarHUT ©pici apKbUIbl aBTOMATTAHABIPHUIFAH Oackapy MakcaTblHa
SIPOJIBIK MArHUTTIK PE30HAHC KYOBLIBICHIH KOJIJaHY MYMKIHIIKTEpi KapacThIpbUIFaH. ATanraH eHiMHIH SIMP
CICKTPJICPIHIH M30TONTAPBIH 3¢PTTEH OTBHIPHIN OHIMHIH TaOUFM HEMECE KOCIa CKCHIH, SFHH OHBIH KYHIBUIBIFBI
MEH CarachlH aHbIKTayFa Oonaabl. COHmal-aK Oy )KYMBICTa TEXHOJIOTHSUIBIK MPOIECCTIH KYPhUTBIMIBIK ChI30aChI
YCBIHBUIBII, aBTOMATTaHIBIPBUFaH 0acKapy JKYHeciHIe AIEKTPOMArHUTTEPAIH KOMETIMEH MarHUuT OpiciH TymbIpa
oteIpeilt SIMP-71iH curHanmapbiH KaOBUTIAI, OHBI OHICYAIH OpPHEKTEpiHE TYCIHIKTEME OepilireH. ATaIMBIII dIic
TEeK IporeccTi OakpIIam KaHa KolMaii, CYT JKOHE CYT OHIMIepiHiH (H3UKAIBIK KACHETTEPiHIH ©3TrepyiHe BIKIAT eTe
OTBIPBITI, CAITachblH apTThIPYFa MYMKIHAIK Oepemni. O yIIiH TyApIphUIFaH MarHUT OPICIHIH OHTANIBl MOHIH TaHJAIl,
OPHBIKTBIPBIN JIFAHHAH KEeHiH OHBI ©TE YKOFaphl AQJIIKIICH OaKbUIAIl YCTall TYPY Ka)eT. MarHuT epiciHiH TaHJaJIbIn
AJIBIHATBHIH MOHI OHIMHIH op (PH3HUKAJIBIK KACUCTIHE OAIaHBICTBI ©3TEPIll OTHIPYBI KAXKETTITIH aiiTa KTy KepeK.

Tipek ce3aep: MarHUT OPICi, CYT canachlH OaKbLIay, SIPOJIBIK MAarHUTTIK PE3OHAHC, aBTOMATTAHJIBIPY JKOHE
Gackapy.

Kipicne

CyibIK 6HIM/II MAarHUTTEYTe apHaJIFaH KYPbUIFbIIAp/a CYTTIH (PU3MKO-XUMUSIIBIK KACHETTEPIH
YKAKCHI )KaKKa e3repTy YIIiH OipHele maManapsl Typakranabipy Kaxer [1]. [siFbic mapameTpiiep-
JIH TYpaKTaHFaH MOHJICPIH aly YIIIiH Oip )KaFbIHAH TYTIKTSH OTIIT )KaTKaH CYTTIH aFy JKbUITaM/IbIFbIH
©Te JKOFaphl TNIIKICH KaJaFaaln )oHe OHbl 0ipa3 yakbIT OObI ycTam Typy Kepek Ooica, eKiHIi
JKarblHAH OHIMIE dCEep eTYyIli MAarHUT OPICiH Jie KhIParbUIBIKIICH OakpLIam TYpy KaKeT. ATaifaH
1raMasnap KOHABIPFBIHBIH TUIIHE OaliIaHbICTBI ONTl Oip eeMaep/i FaHa e3repre anajsi [2].

KyOp1p 601bIMEH CYHBIK aFbIHBIHBIH KBUTIAMIBIFBIH TYPAKTHI YCTAIl TYPYABIH OPTYPIIi KOJIJaphl
Oap [3, 4], mbicanbl, MonuduKanusaIanFaH MapHuOTT TYTIKTepiH KonmaHy. bepinreH skymbicta To-
KIpUOETIK KOHABIPFBIAA TYPAKTAHIBIPBUTIFAH CYHBIKTHIK aFbIHBIH aJTy/IbIH JKaJIblIaMa TICiI Kapac-
THIpBUTFaH [5].

JKaspiFaH FRITBIMA MaKaJaHBIH HET13T1 MIHJAETi: SJIPOJIBLIK MarHUTTIK PE30HAHC KYOBUIBICHI-
HBIH NPUHIMITIH KOJJAAaHa OTBIPBIN CYT JKOHE CYT OHIMAEpIHIH camachlH Oakpuiay MeH Oackapy
MaKCcaThIHa aBTOMATTaH IBIPBIIIFaH OacKapy KYHeCiH Kypy.

Heri3sri epesxkeJiep
I-cypeTTe KOHIBIPFBIHBIH KYPBUIBIMABIK ChI30achl YebIHbUTFAH [6]. CyT hepmanapbiHaH KeJreH

CYT Kesem/i bibicKa (1) KyHbutaasl, 01 KYOBIp (2) apKbUIbI peTTeyill KYpbUTFbIFa (3) Kelir xKeTe/l,
Oy1 Genik KyObIpJIaFbl CYHBIKTBIH aFbIC KbUIIAMBIIIBIFBIH OACKApPbIT OTHIPATHIH JATYMKKE JKaJTFaH-
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raH (5) aBToperTeyin )xyieciMeH (4) »abapIKTanrad. Apbl Kapai CyT MarHuT ©pIiCiHIH TybIH/IaTaTbIH
KOC KBaJ[pamyJibi JIUH3a1apsl (6) apKbUIbl aFbI OTE/I1, aJl OHBIH [IaMachl MAHUT OPICi KEPHEYIITiHIH
naryurine (8) jkaJFaHraH aBTOMATTaHBIPBUIFAaH Oackapy KyieciMeH (7) peTTeNin OThIpabl.

Pesepyap

1

_________ ——— 'T_\-FI" . Bobon

Y TN\ »

Cypet 1 — KOHIBIPFBIHBIH KaJIIbI KYPBUIBIMIBIK CBI30aChI

A 4

Bys1 MmarHuTTeNny *KyHeciHe Kelil TyCKeH eHiMHIH Temreparypackl 3—4 °C 6omybl kepek. Ocbl
Makcarta [lenbTe a(pdekTiciHiH HETi3iHAeTi CYHBIKTBI PETTey JKyhecl KoJJaHbUIaibl. Perrterim
[lensre snemenTiHiH (9) KOMEriMeH CalKbIHAATHIN TYPAaThIH Kypaa KYOBIPABIH illIiHE OpHATbUIFaH
XKa3blK Mapajuleib aTIOMUHHHICH jkacanFaH IutacTuHanapiaad (12) typaael. On xepreri >korapsl
Temmeparypa KyObIpJIbIH CHIPTHIHA OpHAJIACKaH ayaHbl CaJKbIHIATHII TYPAThIH panuaTopasH (14)
KOMETIMEH CBIPTKA MIBIFAPBUILINT OThIpaabl. KyObipmarbl CyTTiH Temmeparypackin 3+0,5 °C
apachlH/Ia YCTall TYPY YIIiH TeMIepaTypa PeTTETilIiHiH Ti30eriHe KipeTiH TepMUSUIBIK Keaeprijiep
peTiHAe KOJAAaHbUIAThIH TeMmieparypa naruukrepine (10, 11) kocburan »1eKTpoHABI Oackapy
Kypbutrbichl (13) maiinanansuiazst [7].

Marepuangap MeH dicTep

Cy#BIKTBIH MarHUTTENy O6JIIMiH KapacThIpaibIK. SIAPOIBIK MArHUTTIK IIBIFBIHIAP/bI JIFAIIKBI
TYPJACHIIPTil €Ki 06JiKTeH Typabl: B MHAYKIMATIBI TYPaKThl MArHUT OPICIH TYABIPAThIH MOJISpU3a-
Top MeH JlapMop KMINITiHIH alHBIMaJIbl MAarHUT OPICIHIH dcepl apKbLIbl TYBIHIAUTBIH SAPOJIBIK
MarHuTTiK pe3oHaHcTsl (SIMP) tybiHmatateiH pe3onarop. Ilomsipu3aTop MeH «pe30HATOPIBIHY
apachlHa SIPOHBIH MarHUTTENTyl BEKTOPbIHA 9CEp €TETIH HyTaIlUs KaTyIIKachl OPHATBHUIABI KOHE
onbIMeH SIMP-1iH cUTHAITBIHBIH MOHI €MeC, OHBIMEH OaiylaHBICThI KeHOip Oacka mamMaap, MbICaIbI,
HYTAI[MOH/Ibl KaTyIIKaJarbl TOK Kymni Hemece onaH SIMP curHanblH KaOBUIIANTHIH KaTylIKara
JEH1HT1 OHIMHIH KO3Faly YaKbIThl CUSIKTBI TapaMeTpIiep emeHeni [8].

[Monsipuzarop M CYHBIKTBIH MarHUTTEIY BEKTOPBIHBIH TYPAKTBUIBIFBIH KOHE KETKUIIKTI KO-
Fapbl MOHIH KaMTaMachl3 €Till TYpaTblH MarHUTTEH TYpaTbIH 00Jica, ajl pe30HaTop OeJIiri TypaKThl
MarHuTTeH, €Ki MOAYJISIINS KaTyIIKachIHAH, SIPOJIBIK MATHUTTIK PE30HAHC CUTHAIJAPBIH KaObLU1AAI
aNbIIN, OJIapAbl KO3IBIPATHIH KaTyIIKaAaH KypacTeIpbulFaH. CYHBIK aFbIll ©TETIH KYOBIPIBIH €Ki
JKarblHa KOH/BIPBUIFAH MOIYIALMS KaTyIIKACKI TOMEHIT JKHLIIri (0 TeHepaTopiaH KOPeK ajibill
oTblpazbl. OcblHAAN KHUUIIKTE Oy KaTylkajaap Bp TYpPaKTbl MarHUT OPICIHIH WHAYKIHICHIH
e3repTe ajajbl, EHICIIe, OHBIH PE30HAHCHI KHUUIIK [IaMachl o =Y OonareiHait esrepeni. byn IMP
CHUTHAJIBIHBIH Iy MEH KEIEPTiJIeH O PE30HAHCHI apKbLIbl OOJIHYIH JKEHUIAETY YIIIH jKacauasbl.
M MarHuTTEIy MPOCKIMACHIHA MPOMOPLIMOHAL JKoHEe B - epiciHe meprneHanKyIsp OONbIT KeeTiH
KaOBlIIJaM OTBIpaThiH Karymkagarsl SIMP curnaniapsin any yuiin B epicine mepreHIuKyIspib!
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TYpZie OaFpITTalIFaH OP PE30HAHCTHI KHUUTIKTE OONAThIH alfHAIMAJbl MATHAT OPICIMEH CYHBIKTBIKKA
9CepiH TUTI3y Kepek [9].

MarHut epiciH TyIbIpYyIIbl KaTyIIKadapabl eki O0elieKk KOJNJAaHFaH Ke3Je, CYWbIK arblll )KAaTKaH
KYOBIP/IbI KOPIIIAI TYPFaHbI KaOBUIIAYBIII, all OipiHII aTanFaH epic MeH epiCcTiH Bp WHYKUHSCBhIHA
HNEepHEeHIUKYIIAP OaFbITTANIBINT TYPFaHbl KO3ABIPFbIM peiiH arkapansl [10]. Ko3neipymis! kaTyika
KYOBIP/IBIH €Ki JKaFblHA OCKITIITEH €Ki CeKIUSIIBI OOTIKTEeH TYpaibl. Apbl Kapait 0J1 )KOFaphl )KULTIKTI
TeHepaTopra KaJFaHa OTBIPHIT MP KUALTIKTET1 Pe30HAHCTHI MATHUT OPICiH TybIHIATa bl KaOblmarsiin
KaTyIIKa 30paiTKbIMIKA skanraHaibl. OHBIH Y3bIHIBIFBI KO3ABIPFBIN KaTyIIKaZaH KbICKa OOJFaH
ceOenTi o1aH OTKEH Ke3/Ie CYHBIKTBIH SAPOJIBIK MAarHUTTENIY pellaKcalus dCEpiH a3alWTyFa bIKHall
erezti. Oubi [, y3pHABIFBIH [ <<T v mIapThIHAH TaHJaraH KOH, MyHJarbl I’ — pelakcalus yaKbIThl,
V — CYMBIKTBIH OpTAIlla KbIIIaM/IBIFbI.

Tarer 6ip onmici Oip MeserTe © IKHUTIKTErI PE3OHAHCTEI OPICTI KO3ABIpaThiH, opi SIMP
CUTHAJJIAPBIH KaObUTIAl alaThlH KYOBIPIBI KOPIIAIl TYpFaH Oip KaTymIKaHbl KoyigaHy Tocim [11].
COHFBICHI PE30HAHCTHI OPICTI KO3IBIPATHIH KaTyIIKara >KaJFaHFaH JKOFapbl KHUUIIKTI TeHepaTop
TyABIPaThIH KePHEY/IIH (POHBIH/IA KaObUTIaHA b, AJIIBIHFBI JKaFAaiiaa ekl Typii karymika yurin IMP
CUTHAJIaphl KO3/BIPFBIII KaTyIIKaHBIH Keepri (OHbIHAA OaiiKatabl.

Exi >xarnmaiima na (oHHaH cUTHANIBI OKIIaynaay YIIiH ¢aszara cesiMTan Ti30eKTep Kosja-
Hbeaab! [12]. Mynnars! Gonsr 6ap da3agarbl CUTHAT KOMIOHEHTI a0COpOIMSIIBIK CUTHAMT, all (a3a
OolibIMEH T/2-T€ BIFPICKAH KOMIIOHEHT AMCIIEPCUSUIBIK CUTHAJ JICT aTalajIbl.

HOJ’IHpHS&TOpI{HH MaFHI/ITiHiH Ka)KeTTi I Y3bIHABIFBIH OHBIH HIBIFBICBIHAATBI MArnuTTCITy

BEKTOPBIHBIH Mn >KeTKUTIKTI MOHIH airy IapTEIHAH aHBIKTayFa 6onaapl. CYHBIKTHIH MO PU3ATOPFa

i

n . . .
XKETY YaKBITHI t = V, /Qg, all MYHJIAFHI I, = — MOJISIPU3ATOp MAarHUTIH/ET1 KYOBIPIIBIH KoJIeMi

JIeT aJicak, OHJIa TOMEH/IETiIel opHeKTI amaMbI3 [13]:
M,=M,(1—e™™) (1)

myHaarsl m = V, /Qo Ty .

Erep m=2 Gonca, onma M =0,865M xome m=3 kesinne M =0,95M OGonanwl. [emex, M,
MarHUTTENy BEKTOPBI MOJIAPH3aTOPAAH IBIKKaHIaFbl M, -Ke TeH I1aMachIHbIH MYMKiH IIEKTI MOHHIH
95%-nan kem OonmaiTeiHmail V, = 3QyT; HeMece l, = 3vTy TEHCI3IKTEPIH KaHaFaTTaHIbIPy
KaQXET, V — KyObIpJIaFbl OpTallia XbUIIaMIbIK.

byn aiiteumranmap Tek TypOyAEHTTI aFbic KE31HIE OpBIHIBI, aj JIAMUHApJbl aFblH Ke3iH7e
V KBUIIAMIBIFBIHBIH Oip/ielt MoHi1 Oipaeit OonFaHIBIKTAH CYWBIKTBIH MarHUTTENyl a3 Ooyaipl.
ConabIKTaH v, JKOHE /| 1IaManapblH aHBIKTAy YIIIH TOMEHIETIIEH TEHCI3MIK YChIHBLIA/IBL:

V, = 4Q,Ty ul, = 4vTy 2)

Byn epHekteri Qpmqy 6CKEH CaliblH [ Y3BIHJBIFBIH Y3apTy KEPEK HEMECE IMAMETPIH YIIFaHUTy
kepek. bipak quaMeTpi yikeH 6osica KYIITI MarHUT ©PICiH TybIHIATy KMbIHFA COFaIbl, a1l MAarHUTTIH
[ Y3BIHIBIFBIH KOCA OTBIPBII V XKBLILIAM/IBIFBIH aPTTBIPFAHHBIH 03 mIeTi 6ap. Con ceOGenTi AIPOIbIK
MarHUATTIK IIBIFBIH OJIIICYINT quamMeTpi Kimri KyOwipimapaarsl (omette 100—150 MM-1eH acnaiiThiH)
INBIFBIH/IBI OJIIIEYTE FAHA )KapaM/ibl. V aFbIH KbUIIAM/IbIFbI OEPIITeH MOH/IE KOJI JKETKi3yre 60J1aThiH

€H MaKcHMaJl 00JIaThIH @y, gy IBIFBIHBI KEJIEC1 OPHEKIICH Oepiei:
UTL
Qmax = . (3)

mT;

Byl WIBIFBIHHBIH MakcMMal MOHIH M maMachiH 1,5-2-re neiiin TemenjaeTe OThIpbIT M,
MarHUTTEeIy BEKTOPBIH a3aiTy apKbUIbI apTThIPYFa OOsabl.
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Kerneci tanmantap noisipu3aTopabl «pe30HATOPMEH» OalIaHBICTHIPYIIBI, CYHBIKTHIH KEJIIl XKETy
YaKpIThl 1=V /0 6onaThiH KYOBIPIBIH [ Y3bIHIBIFBI MEH V KoIeMiHe KOHbLIaabl. B HHIyKIMACH
Oap MmalIbIpaHKbI OPICTE OpHATacKaH Oyl TYTIKTErl SAPOJapAbIH SO pU3AIMICHIH a3alTy YIIIH
t yaKbITBIH a3aliTyFa YMTBIITYbIMbI3 KEpEK.

M, mMarnuTTeNyiHiH OaiIaHBICTHIPYLILI KYOBIPIBIH IIBIFHICBIHIAFBI TOYEIIUIINT KENEC OPHEK-
nieH Oepinesni:

M¢ = xoB.(1—e™) + Mpe™ (4)

myHaarel 1 = V. /QoTy, X — cTaTUKAIBIK SAPOJIBIK MATHUTTIK CE3IMTaIIBLIBIFLL.

Erep B, <_<C B, exeHin eckepeTin 6oncak, Mc = Mpe ™ mamacein anamei3. Onma n=0,1 xe3inme
Mc=0,9M , an n=1 xeinge M =9 M _ten Gonanpl.

BaiinaHpICTRIpYIIIBI KYOBIP/IBIH IIBIFBIHBIH a3aMTKAH CAWbIH OHAAFbl CYHBIKTHIH IIIIHIE KiTIpy
t YakbITBI y3apa/bl J1a OHBIH MYMKIH 001y Qi MUHUMAJ LIBIFBIHBIH MBIHAH/IAH TEHJEY apKbUIBI
Tabyra Ooma b

V.
Qmin = I'I—'Ic'l (5)

Erep @, —11 Qi —Fa GoseTin Gosicax:

Qma.x/Qmin = nk/m (6)

TEHJIIriH anambi3, MyHaarsl K = V, /V..

Oniey 1uana3oHbIH KEHEUTY YILIiH K-HbIH MOHIH apTThIPy Kepek, Qmax/ Qmin = 10-ra Ten
oonca, k = 10n/m MoHiH anambI3.

M Bexropbinbie QT /V;, KarbiHACH MEH k MIaMachiHa TOYENALIIT 2-CypeTTe KOPCETiITeH.

Mc/xOBn
0,8
3
04 < 7
0

2 # QTI/VR

Cyper 2 — M, = x,B,, MarHuTTEIly BEKTOPHIHBIH
op Typai k =V, /V, 1 — k=1; 2— k=2; 3— k=10 Monieri IIbIFbIHFA TOYEILIIK rpaduri

k-HBIH MOHIH yIFaliTKaH caiibiH Qonr a3as OTRIPEIT M MoHiHE KeTefli. @, MaMaChIH KOHE OFaH
coiikec M MOHIH TOMeHJETriel GopMyIaMeH aHbIKTayFa 00JaIbl:

Qonm = Vo/T. In(1 + k) .
M e = XoBrk/(1 + k)(lﬂ:]f:: ©

@y IIAMACBIMEH CATIBICTHIPFAHJIAFbI MIBIFBIH/IBI a3aUTy OailTaHBICTRIPYIIBI KYOBIPIAFbl CYMBIKTHIH
NETONSPU3AIMACBIHBIN M IEHI€liH TOMEHIETEN], all YIIFaily — MOJISIPU3aTOPIAFbl CYHBIKTBIH TYPY
YaKbITBIHBIH KbICKapybIHa OaiIaHbICThl M TOMEHIeH 1.
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Qonm MAMACHIMEH CAJIBICTBIPFAHIAFbl NIBIFBIH/IBI a3aiTy OalIaHBICTHIPYIIBI KYOBIPIarsl CYMBIKTHIH
JETONAPU3ALMSACHIHBIH M JI€HIeliH TOMEHIETE, all YIFAK0 — MOJISPU3ATOPIAFbl CYWBIKTBIH TYPY
YaKbITBIHBIH KBICKApYbIHA OAHIaHBICTHI MC TOMEHACH .

HoTm:xenep MeH TaaKbliIay

JKorapeiza TaJIaHBIN KapacThIPbUIFaH KYHEIi MarHUT epici KepHEYIIriHIH MOHIH 63repTe OThI-
PBII, CUBIP CYTiH CHIPTHIHAH KaTyIIKaJlIap OPHATBLIFAH KYOBIp JKETiCIHEH aFbI3bIIl OTKI3TeHHEH KeHiH
OHIMHIH CanajblK KOPCETKIIITEPiHIH ©3repiCiH aHbIKTay MakKcaThiHAAa AJMAaThl TEXHOJOTHSIIBIK
YHHUBEPCUTETIHIH «OHJIPICTIK TaFaMAap/blH calachkl MEH KayillCi3AiriH Oaranay» 3epTXaHachlHIa
«Jlakran 1-4 My aHanm3aToOphIH KOJIJaHA OTHIPHIIT, SKCIIEPUMEHTTIK TaJAayinap xacayasl. XKacanran
TaayIapAblH XpoMaTorpaMMaiapbl CYHbIK, Ta3 XpOMOTOTpaHsICHIH JKOHE YIBTPaKYJITiH alMaKTa
KOPIHETIH CIEKTPOCKONHS Xyhenepin Oackapyra apHanran Agilent ChemStation Garnapiaamanbik
nakeTi apkbuibl anbiHAbl [15]. TeMmenne ycwhiHbUTFaH | >KOHE 2-KecTenepjie MarHUTTIK OHJEY/ICH
OTKEH CUBIP CYTiHIH Kei0ip KOpCeTKIITepiHe TUTI3TeH dcepi KOPCETUIreH:

Kecte 1 — MarHut epiciHeH ©HJEYICH OTIIETeH CYTTiH KOpCEeTKImTepi

MainsUIBIFBIHBIH %0-1BIK KMCK-HbI1H TBIFBI3IbIFbIHBIH, IIIAMACHI, JIAaKTO3aChIHBIH I11aMaChI,
IraMachbl %-IIBIK TITAMaChI rpam/ o r/ 100 M
3,72 8,50 29,26 9,500

Kecre 2 — MarautTik eHI€yICH OTKI3UITeH CYTTIiH KOPCETKIMTepi

OepinreH TypaK albIMalIbl Marnurt epicinig | Maimeuibik, | KMKC | TBIFBI3ABIK, | JIaKTO3a
KEpHEY | Thl TOKTBIH TOKTBIH UHIYKIUS %-0eH %-0eH rpaa/n r/100MI
MOHJIEP, MOHJIEpi MOHJIEPI, BEKTOPBIHBIH MOHI,
U,B I,A L,A B, Tn
11,24 5,77 3,96 8,54 29,23 13,740
11,20 5,24 3,87 8,57 29,40 11,479
1136 8 5.75 8,66 3.93 8.2 29.83 13215
11,36 5,71 391 8,49 29,07 25,683

CyTTiH MarHWTTIK OHJCYre JCHIHTI oHE KCWIHT1 jKarJaiblHa OalIaHBICTBl YCHIHBIIFAH €Ki
KECTEH1 CaJIBICTBIPBIN KapacThIpaThlH 00JICAK, KOPCETKIITEepiHAe e3repicTep 0ap ekeHi Oaiikanabl.
Meicanel, enjaeyre Jelin cyTTiH Kypambiaaa 9, 500 r/100 mu jmakro3a 0oJica, MarHUT OpPICiHIH
ocepiHeH keiiH 25,683 r/100 mu mamacheiH Kypan Typ. by e3repic karymikara 11,36 B kepHey meH
5,71 A aifHBIMaITBI TOK Ke3iHJE TybIHAaFraH 8,66 Ti MarHuT epiciHiH ocepi xoHe T.c.c. [15].

KopbIThIHABI

Hemex 013 Oyi1 ’KyMbICTa OHIIPUIETIH OHIMHIH CalachlH aHBIKTay/a *KOFaphl ASJIIKKEe ne 0oJ-
rauapikTad SIMP-1b1 KonmpaHa OTBIPBIN, CYT calachblH aBTOMATTAHIBIPBUIFAH Oackapy >KyieciH
KYPYZbIH THIMJI €KeHiH KepceTyre ThIPHICTHIK [ 14]. CoOHbIMEH KaTap KaTyIlKajiap TyAbIpFaH MarHUT
epici opTara OMOJOTHSITBIK OesIceH 1l (haKTop PETIHIE /I 9Cep eTill, 3aIalIChI3IaHIbIPy KbI3METIH Je
aTkapa ananpl. by 3 ke3erinae aTaaMblll OHIMHIH Y3aFbIpaK CaKTalybIHa BIKIMAJIbIH THTI3eAl [15].
CoOH/IBIKTaH KOFapbIIaFbl SJICTI CYT XOHE CYT OHIMJEpl OHEPKICIOIMEH ailHaNIbICAThIH KIIITipiM
OpBIH/Ap/a, COHJIali-aK, CYT camachl MEH Kayirnci3airin Oakpliay »oHe Oaraliay 3epTXaHallapbIHJIa
KoJITaHyFa 0oJabl.
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Ocbl MakcaTTa CYT CalachlHBIH MapaMeTpiepiH (MaiaplH MaccalblK yieci, KYpFaK MaicChI3-
JAHJBIPBUIFAH CYT KaJBIFBIHBIH MAacCaJbIK YJIECi, THIFBI3IBIFbI, KOCBUIFAH CY/IbIH MacCabIK YJeci,
CaJIKbIHJAy TEMIIEpPaTypachl, aKybI3[bIH MACCaJbIK YJIE€Cl, KbIIIKbUIIBIFbI KOHE TYTKbIPJIbIFbI) Oac-
Kapy YILIiH aBTOMaTTaHAbIpbUIFaH Oackapy xyieci xacanast (ABX) [16, 17, 18].

DKCIIEPUMEHTTIK 3€pPTTEYJIep KYprize Kejle MarHuT epici apKbUTbl OHJEYIEH OTKI3y IIBIHBIMEH
Jie CYTTiH (U3WKaJIBIK KacHeTTepiHe dcepiH TurizeTiHi O6enruti 6ommer [15]. ER ke acepi 16 mTn
IIaMachIH/1a KbIIKBUIIBIFRIHA, 11 MTI MOHIHIIE TYTKBIPIIBIFBIHA BIKITAT €TKeHi Oaikanms [19, 20].
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TECHNOLOGY FOR CONTROL AND MANAGEMENT
OF MILK QUALITY USING MAGNETIC FIELD

Abstract

In production, various methods are used to control the quality of manufactured products due to physical and
chemical effects. In recent years, the principle of the phenomenon of nuclear magnetic resonance (NMR) has been
increasingly used in the management and control of technological processes in food production. This paper examines
the possibility of using the phenomenon of nuclear magnetic resonance for the purpose of automated control of milk
quality by a magnetic field. By studying the isotopes of the NMR spectra of the specified product, it is possible to
determine whether the product is natural or artificial, that is, its cost and quality. This work also provides a block
diagram of the technological process and explains the expressions for receiving NMR signals and processing them
with the creation of a magnetic field using electromagnets in an automated control system. This method allows not
only to control the process, but also to determine the physical properties of milk and dairy products, contributing
to changes in quality. To do this, it is necessary to maintain the optimal value of the generated magnetic field with
very high accuracy.

Key words: magnetic field, milk quality control, nuclear magnetic resonance, automation and control.
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TEXHOJIOI'USA KOHTPOJISA U YIIPABJIEHUA KAYECTBOM MOJIOKA
C UCHHOJB30OBAHUEM MATHUTHOI'O IIOJA

AHHOTaLMA

B npousBoacTBe NCHONB3YIOTCS PAa3IUYHBIE METOABI KOHTPOJIS Ka4e€CTBA ITPOU3BOJUMMOM MPOMYKIMH 3a CUET
(hU3MUECKOro U XUMUYECKOTO BO3ICHCTBUS. B mocinenHue ropl Bce IMPe UCIIONb3YeTCsl IPUHLIUII SIBJICHUS siliep-
HOTO MarHUTHOTO pe3oHaHca (SIMP) mpu ympaBieHHH M KOHTpPOJIE TEXHOJOTHUECKUX MPOIECCOB MPH MPOU3BO-
CTBE NPOAYKTOB NMUTaHUs. B nanHOW paboTe paccMOTpeHbl BO3MOKHOCTH IPUMEHEHUS SIBJICHUS SIIEPHOTO Mar-
HUTHOT'O PE30HAHCA C LEIbI0 aBTOMATU3UPOBAHHOIO YIPABJICHUS KAY€CTBOM MOJIOKA MarHUTHBIM nosieM. M3yuas
n3oTonsl cnekTpoB SAMP ykazaHHOTO MPOAYKTa, MOXKHO OINPENENNTh, SBISETCS JIH MPOAYKT HATypalbHBIM HIIH
HCKYCCTBEHHBIM, TO €CTh €T0 CE0eCTOMMOCTb M KauecTBO. Takke B JaHHOH padoTe MpUBEICHA CTPYKTypHas cXeMa
TEXHOJIOTHYECKOTO MpoIiecca, AaHbl 00bsICHEHHS! BbIpakeHn il npuema curnanos SIMP u ero o6pabotku ¢ coznanu-
€M MarHuTHOTO MOJIS ¢ MTOMOIIBIO 3JIEKTPOMarHUTOB B aBTOMAaTU3UPOBAHHOM cucTeMe ynpaBieHus. JJaHHbIH MeTox
MIO3BOJISIET HE TOJBKO KOHTPOJIMPOBATH MPOLECC, HO M ONPENCIATh (PU3NUSCKHE CBOWCTBA MOJIOKA M MOJIOYHBIX
MIPOAYKTOB, CIIOCOOCTBYSI M3MEHEHHIO KadecTBa. [IJIs1 3TOro HEOOXOANMO IOICPKUBATh ONTHMAIFHOE 3HAUYCHHE
€03/1aBAEMOT0 MarHUTHOTO MOJISl C OYEHB BBICOKOI TOYHOCTBIO.

KiroueBble cjioBa: MarHuTHOE TI0JI€, KOHTPOJIb Ka4dye€CTBa MOJIOKA, ﬂHepHHﬁ MarHUTHBIN pe30HaHC,
aBTOMaTHU3alus U YIIPaBJICHUEC.
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DEVELOPMENT OF A PROCESS AUTOMATION SYSTEM
FOR HEATING, VENTILATION AND AIR CONDITIONING
FOR THE FOOD INDUSTRY ON THE BASIS
OF HONEYWELL EQUIPMENT

Abstract

Currently, the development of industrial automation makes it possible to implement high-precision control
systems that consider the dynamic properties of complex objects. The construction of distributed control
systems based on modern software products provides decentralized management of technological processes. The
modernization of existing control systems with the help of modern industrial equipment makes it possible to increase
the productivity of enterprises and safety at work. This study is devoted to the development of an automated control
system for heating, ventilation, and air conditioning processes for the food industry. In this study, a heat exchanger
was selected as the control object. A mathematical model of the control object for stability, controllability, and
observability was investigated. A PID regulator was synthesized, and its coefficients of the PID regulator were
obtained. A comparative analysis of the behavior of the system dynamics at different regulator coefficients was
carried out. The results of the modeling and experiments were carried out using real industrial equipment at the
Honeywell laboratory at JSC KBTU. Software implementation was carried out using the Experion PKS distributed
control system. The configuration of the C300 controller is presented. A Safety Instrumented System (SIS) was
developed for the safe and trouble-free operation of the system. SIS was also developed using the Safety Manager
and Safety Controller tools. Risk reduction factors (RRF) and Safety Integrity Level (SIL) were calculated and
analyzed. A process-controlled mnemonic was developed.

Key words: Heating, ventilation, and air conditioning, food industry, manufacturing, programmable logic
controller, complex object.

Introduction

It is crucial to understand the effects of condensation on food-processing plants before delving
into remedies. Surfaces, equipment, and even air handling systems can experience condensation.
Increased moisture encourages the development of bacteria, moulds, and fungi, which can taint food
and harm human health. The slippery conditions for plant employees can result from condensation
on floors and other surfaces.

Dehumidification systems play a vital role in mitigating excess moisture, averting condensation-
related issues, and maintaining optimal humidity. These systems function by directing air through a
cooling coil to extract moisture, thereby creating a dry, conducive environment.

The conditions found in food processing plants are notoriously complicated, involving a wide
range of machinery and equipment that must operate at various temperatures and humidity levels.
Condensation is one of the major problems faced by these facilities. Significant problems such as
mould growth, contamination, and equipment malfunction can result from condensation formation.
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Investing in efficient HVAC systems yields various benefits including enhanced product
quality, regulatory compliance, energy conservation, and improved worker comfort and safety. This
translates into extended shelf life for food products, adherence to industry regulations, reduced energy
consumption, operational cost savings, and a safer working environment. Effective management
of condensation-related challenges in food processing facilities necessitates the implementation of
expert HVAC strategies. By prioritizing elements such as systematic system design, incorporation
of dehumidification systems, insulation practices, and implementation of routine maintenance, food
processing establishments can ensure a secure and optimal working environment. Investment in
efficient HVAC systems not only safeguards product quality, but also guarantees compliance with
industry standards while simultaneously reducing energy consumption and operational costs.

Literature Review

In the modern world, it is important to design modern systems for the automatic regulation
of air ventilation across diverse production environments. However, in the course of development,
novice specialists may encounter confusion when confronted with terms such as Air Handling Unit
(AHU) and Heating, Ventilation, and Air Conditioning (HVAC), leading to uncertainty regarding
their distinctions. In [1], the authors indicated that there is no difference between HVAC and AHU,
as AHU is a subsection of the HVAC system, where the main focus is on the movement of air
around the room. For any HVAC system, there are four basic requirements: primary equipment,
space requirements, air distribution, and piping. Each of these requirements was discussed in the
research [2]. Modern hardware and software tools are widely used for HVAC systems. Various
solutions have been offered for the creation of HVAC systems. In particular, a study on automated
design for HVAC layouts [3] proposed a new methodology for an algorithmic method that fully
automates the HVAC air system's air duct design, selection, and hydraulic computation. This study
presents a strategy that can increase designer productivity, reduce human error in design, and provide
code-compliant air duct designs. Additionally, [4] examined the basic concepts of HVAC and its
components, which provide the necessary means to maintain indoor environments at comfort levels
according to American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE)
standards, including temperature, humidity, and air quality measurements. It examines how the
standards are supported by regulating the amount of clean air and heat supplied to the heaters and
removed from coolers. The authors of [5] discussed the importance of monitoring the internal HVAC
environment (temperature, humidity, and wind speed) to determine optimal control. In addition,
evidence that operating conditions are important for humidifier performance was found in [6], and a
parameterization and optimization study of a new drying system consisting of a large solid binderless
humidifier with water cooling and heating devices was explored.

Paper [7] showed that many HVAC systems in existing buildings use high energy, with older
buildings being particularly affected. To reduce energy consumption in the building sector, it
is important to prioritize upgrading the HVAC systems in existing buildings. Some research [§]
examined recent research in the HVAC sector to improve system efficiency and provide occupants
with more thermal comfort in climate-controlled interior spaces. A recent study on thermal modelling
[9] underscored the pivotal role of HVAC systems in humidity and temperature control to ensure
production quality in manufacturing processes. Despite the relatively stable energy consumption
of the machinery sector, escalating production demands necessitate a strategic focus on energy-
efficient management, with HVAC systems identified as a key area for potential energy reduction.
Another study [10] highlighted the effectiveness of asynchronous optimization in coordinating
manufacturing and HVAC schedules, achieving a notable 15.1% reduction in peak energy demand
without compromising manufacturing productivity. This innovative approach presents an energy-
efficient management methodology for manufacturing facilities. The developed model demonstrated
a high level of accuracy, with 96.5% precision in predicting energy consumption and the ability to
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accurately identify patterns in energy profiles. Additionally, a study on energy dynamics in hotter
regions [11] provides an overview of the energy dynamics in tropical insular regions. This paper
argues that the abundant renewable resources in these areas make them suitable for smart microgrids
and energy storage technologies, with a notable 40% of energy consumption dedicated to space
cooling owing to consistently high temperatures.

However, this is not the only problem. Paper [12] pointed out that desiccant regeneration is
only 28.2%, and that there are significant heat losses when utilizing a conventional system with an
adsorption drier. Heat loss was minimized in this study by directly heating the adsorbents through
the unique electrothermal adsorption of the installation. According to an article [13], solid desiccants
are economical, have a high rate of moisture removal, as well as a low regeneration temperature
and stability, which makes the dehumidification process environmentally friendly and effective in
all senses. There are other types of air conditioning systems. One such type is the goal of this study
[14]. This study evaluated the performance of vapor compression refrigeration installations and
developed a prototype dehumidifier based on it. Vapor-compression refrigeration, also known as
a vapor-compression refrigeration system (CRS), is a refrigeration cycle in which the refrigerant
changes phases. It is the most popular type of air-conditioning system in buildings.

HVAC systems are an important aspect of the food industry. Any errors in the system can have
severe consequences. The authors of [15] made recommendations to improve the existing systems
in the food industry. For example, in rooms with significant heat emissions, the air supply to the
work area should be provided by standard air diffusers, emissions from the upper areas should be
concentrated, and drying sections should be provided with local exhaust air conditioning. Moreover,
a review of the relationship between HVAC systems and the Coronavirus disease (COVID-19)
pandemic [16] emphasizes the need to update crucial components in air conditioning systems to
mitigate virus transmission risks.

Some studies have proposed methods that use artificial intelligence and machine learning. For
instance, a study on high-temperature generators [17] sought to use Al approaches to analytically
depict the absorption chiller performance while accounting for solar intermittency, whereas some [ 18]
investigated various HVAC and weather combinations using fuzzy-based approaches and Building
Information Modelling (BIM) to reduce uncertain variables. Additionally, a review on natural
ventilation [19] explored approaches for validating Computational Fluid Dynamics models and
investigating the natural ventilation of large air masses, while others [20] proposed a domain-specific
technique that can operate HVAC systems while adapting to changes in the building environment.

By optimizing energy efficiency in manufacturing processes to address challenges in existing
buildings, studies emphasize the need for continuous advancements and innovative solutions in the
field.

Statement of the problem is to develop a ventilation system that maintains a certain temperature
and humidity in the food production sector using Honeywell equipment.

Main provision

Before understanding dehumidification, it is crucial to understand the basics of psychometrics,
that is, the study of the properties of air and how they relate to human comfort and HVAC processes.
Psychrometric charts are valuable tools for HVAC engineers to assess air conditions including
temperature, humidity, and enthalpy.

The primary principle behind dehumidification is cooling the air below its dew point temperature.
When the air is cooled, it reaches its dew point, causing moisture to condense into liquid water. This
condensed moisture was then collected and drained away, leaving air with reduced humidity levels.

Temperature control via an HVAC system can be achieved in two ways. The first method is Air
Heating. The HVAC heating unit should be turned on if air heating is required. Electronic heating
components are used in the heating function of the HVAC system. The heating element may be a
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thermostat, induction coil, electronic heater, etc. In the route of the suction air, the heating element
creates a heated zone; when the air flows through the heated region, it heats. In this manner, warm
air was introduced into the space. The second method is Air Cooling. The cooling unit was turned on
to chill the air. Air is carried via a coil, which is a component of the heat exchanger, in the cooling
unit. The heat exchangers may be of the cross-flow coil or shell and tube type. The refrigerant in the
exchanger unit expels heat from the suction air, and only the cooled air is introduced into the space.
The compressor that liquefies the refrigerant is built into cooling units.

T&H &M Dy air to further cooling
i T 0.010 KguulKgar) Room Supply Air

Ambient Air )
o ZN ‘t
B 2
b :
HEX T - 5_
L4
SC
SH \—T_.
T T
| <
~ %
?I Q RG

sl D Room return Air
Hot and Humid Air | (27°C & 0.12Kgwsee/Kar)
T&H

Figure 1 — Structural scheme of the dehumidification process

For a better understanding, the following symbols of the liquid desiccant air conditioning system
coupled to the chiller technological process diagram are used: HEX — air solution heat exchanger;
SH — solution heater; DH — dehumidifier; RG — regenerator; SC — solution cooler; CC — cooling coil;
ST — solution storage tank.

Description of technological process

Air conditioners function by taking heat from the surrounding air and releasing it from the space.
This produces cool air that is subsequently circulated around the space, ultimately chilling it. The
heat exchanger oversees this function, and the effectiveness of the AC component defines the cooling
capability of the unit.

A heat exchanger is a device that transfers heat between two fluids, without mixing them. The
dynamics of a heat exchanger depend on many factors, such as the temperature difference, heat
transfer area, flow rate of fluids, and flow patterns. Heat exchangers are widely used in a variety of
sectors, including petroleum, food, petrochemicals, power generation, nuclear energy, and spacecratft.

Shell and tube heat exchangers are arguably the most popular forms of heat exchangers that
can operate over a wide range of temperatures and pressures. It offers a higher surface-to-volume
ratio than double-pipe heat exchangers and is simple to construct for a wide range of sizes and
configurations. The shell and tube heat exchanger can withstand high pressures, and its design
allows easy disassembly for routine maintenance and cleaning. A shell-and-tube heat exchanger is
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a variation of the double-pipe design. A shell-and-tube heat exchanger, as opposed to a single pipe
within a larger pipe, is composed of a bundle of pipes or tubes contained within a cylindrical shell.
In a shell-and-tube heat exchanger, one fluid flows through the tubes, whereas another fluid flows
through the shell. One fluid passed through the tubes, and a second fluid flowed between the tubes
and shell in the shell and tube heat exchanger.

The role of HVAC systems is undeniable and pivotal in the field of food processing. These
systems not only provide the essential environmental conditions necessary for food safety and quality
but also contribute significantly to energy efficiency and overall operational sustainability.

The HVAC systems in food processing facilities maintain precise temperature and humidity
levels, thereby ensuring that food products are stored, processed, and preserved under optimal
conditions. This is critical for preventing spoilage, extending the shelf life, and adhering to strict
industry regulations and standards.

Materials and Methods

Mathematical modelling is a fundamental part in implementation of serious control processes,
especially in analysis and design stages, and results of such a model are present through the whole
development of the project.

In constructing a mathematical model [21], the system’s behaviour and characteristics are studied
and represented using mathematical equations, particularly it is described with differential equations.
In this document a control plant, specifically, a heat exchanger is considered. Heat and mass transfer
processes in the heat exchanger are described using a set of nonlinear equations:

dTgi
GoiipoiicoiE(ToiE - Toi!.in) + moiECoiI ?I-l_ aoiIFim(ToiE - Tpipe) =0 (1)
dTpipe
m’pipscpips di - aoiEFins(Tpipe - Tai:r') =0 (2)
Gairpaircair (Tai:r' - Tai‘r.mj = aai‘rFex(Tpipe - Tai‘r) (3)

The parameters used in the equations are described in the Table 1.

Table 1 — Parameters of the equation

Parameter Description
1 2
G volumetric flow rates of oil
Gair volumetric flow rates of air
Poil densities of oil
Pair densities of air
Coir heat capacities of oil
Coir heat capacities of air
Moi mass of oil
Mair mass of pipe
Xyl heat transfer coefficient from the oil to the tube wall of the heat exchanger
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Continuation of table 1

1 2
X ir heat transfer coefficient from the tube wall of the heat exchanger to air
Fi. internal heat exchange areas
F,. external heat exchange areas
T, average value of oil temperatures at the outlet of the air-cooling device
Tir average value of air temperatures at the outlet of the air-cooling device
T iLin average value of oil temperatures at the inlet of the air-cooling device
Toirin average value of air temperatures at the inlet of the air-cooling device
Toipe average temperature of the pipe
t time

The first and third equations in the system represent the conservation of power for the heat flows
of oil and air, respectively. The second equation is a heat balance, accounting for the heat supplied
to the tube, heat given to the air, and heat accumulated in the heat exchanger material. In the oil air
cooler, the input control is the volumetric air flow rate, controlled by the average oil temperature at the
heat exchanger outlet. Perturbing factors include changes in the oil temperature and air temperature
at the inlet of the air-cooling device, as well as variations in the volumetric oil flow rate.

Equation system demonstrates that the heat exchange process in the oil air cooler is a nonlinear
control object. Nonlinearity primarily arises from the multiplication of variables such as G,; and
Gai‘r, as well as Toi{ and Taw

A linearized system of equations describing the dynamics of the heat exchange process in the
air-cooling device is obtained by transitioning in equation to increments, breaking down the primary
nonlinearities using a Taylor series expansion, and limiting the expansion to the first terms:

(Moi Coutl + Goi1PoitCoit + AoitFins)ATo5 — Qo FinsATpip. = 0 “4)

pipe

(m*plps pl‘psp + aanFms)‘ﬂ pipe oaIF ‘ﬂTmI + aal‘r"ce ‘ﬂTpape - aaw‘Fs ﬂT =0 (5)

paircair (Tairﬂ - Tair.inﬂ)-ﬂGair + (Gairopaircair + aairFex)-'ﬂTsx =
aalrFe ‘ﬂT‘pape (6)
These calculations are useful when it comes to Laplace method by marking

T,:(p) = L{AT,;}, G, (p) = L{AG,;,-}, we will find the transfer function of the heat exchange
process concerning the control input:

Tai (p) Egirz
Wa.irz (?9) = 2= (7)

Tair.in @) app®+a, p+l

Where k,;,-» is represented as below:

OIEF a’ﬂ-lT’FQ Gﬂ-l‘l"ﬂpﬂ.li"cﬂli"
G Cor + iy Fon

aird pal‘r air air

al FZ2
(Goiipoiicoii + ﬂ'oiEFins)( oaIF + aalrFe G E‘w + o F ) anFE

airopm‘r air air’ ex

k (8)

air2 —
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Indeed, for an oil air cooler with the following parameters of those represented in Table 2 below.

Table 2 — Values of the parameters

Parameter Value
Gairo 13.6m? /s
G, 0.0166m3/s
Poit 843kg/m?
Dair 1.1839kg/m?
Cou 1670]/kgK
Cpipe 460] /kgK
Coir 1005//kgK
My 434kg
Myipe 1215kg
@y 286W /m?K
® iy 11W /m?*K
Tairo 36.83°C
Tairino 25°C
Fin 144m?
A 1135m?

The transfer function will take the following form:

0,1781
286,0733p2+50,1418p+1 (9)

W, () = -
According to the results of the Routh-Hurwitz analysis shown in Table 3, the system is stable.

Table 3 — Routh-Hurwitz table of the system

s2 286.1 1
sl 50.14 0
s0 1 0

From the calculations, it was concluded that the PID coefficients were as follows: P = 9.4737;
I =0.32842; D = 32.1799. Figure 2 (p. 35) shows the difference in the step response, comparing
controller usage with modified parameters.

Through the mathematical model, an optimization of the design and operation of the heat
exchanger has been made possible, with factors such as fluid flow rates, heat transfer coefficients,
and material properties being considered. This optimization can lead to significant energy savings,
decreased operational costs, and enhanced overall performance of HVAC systems.

34




KA3AKCTAH-BPUTAH TEXHUKAJIBIK
YHUBEPCUTETIHIH, XABAPIIBICHI Ne 1(68) 2024

Step Responses

Original PI

Increased P & |
Decreased P &1 | |
Without controller

Amplitude

0 50 100 150 200 250 300
Time (seconds)

Figure 2 — Plot of the modified step response

Results and Discussion

The experiment was conducted at the Honeywell Laboratory at the Kazakh-British Technical
University, as shown in Figure 3.

1. C300 controller configuration and HMI realization
For this system, a Honeywell C300 controller was programmed. The logic of fan control module

code can be seen in Figure 4 (p. 36)
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Figure 4 — Fan control module logic

The HMI panel in the HMI Web Display Builder is depicted in Figure 5, showcasing the process
of air and desiccant solution flow through the regenerator, solution heater, and heat exchanger, as
well as auto and manual modes and tabs for trend representation of the tuned parameters. The figure
displays the outcomes of the PID controller implemented through a digital signal processing device,
the coefficients of which were equal to those of the mathematical model.

H100

y LT
Hest LTI

Figure 5 — HMI display with a dynamic trend for PID tuning
2 Safety System realization

The Safety Manager, a second-generation safety platform, adopts the Quadruple Modular
Redundant (QMR) architecture seen in its earlier predecessors. Operating on a fully redundant
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(2004D) architecture, Safety Manager seamlessly integrates process safety data, applications, system
diagnostics, and critical control strategies. It executes SIL-defined safety application logic, ensuring
a robust safety framework.

Figure 6 below presents the structural diagram of the safety function implementation on the
control object with additional valves.

140_V_001

140_V_002

| 7140_FN_002 | | 140_FN_001 |

1Y

—O=

140_SOV_002

A

Figure 6 — Structural scheme of the safety function

Calculating RRF is necessary to determine SIL. RRF is a measure of the effectiveness of a risk
mitigation or control measure in reducing the risk of a particular event or outcome. Using the created
Fault Tree Analysis (FTA) diagram RRF can be calculated by formulas. In this process RRF = 11.327.
After that, we can measure the SIL, which is used to quantify the level of risk reduction required to
achieve an acceptable level of safety. The higher the SIL, the greater the required risk reduction.

Table 4 — SIL Determination

Safety Integrity Probability of Failure on Safety Availability Risk Reduction Factor
Level (SIL) Demand (PFD) (1 -PFD) (1/PFD)
4 0.0001 —0.00001 99.99 —99.999% 10000 — 100000
3 0.001 —0.0001 99.9 —99.99% 1000 — 10000
2 .01 -.001 99 —99.9% 100 — 1000
1 0.1-0.01 90 —99% 10-100

In this analysis, SIL 1 emerged as the most appropriate level to achieve an acceptable balance
between risk reduction and the associated costs and complexities of safety measures. The determination
of SIL 1 reflects a nuanced consideration of the specific context, aiming to implement effective
safety measures without unnecessary over-engineering. This decision aligns with the overall goal of
maintaining a safe and reliable system while optimizing resources and ensuring a pragmatic approach
to functional safety.

Figure 7 (p. 38) shows how the safety function that is connected to Control Builder works.
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Figure 7 — Simulation of the safety function in HMI

The implementation of the program on the Honeywell Experion Process Knowledge System
(PKS) has proven to be a pivotal step in enhancing control and automation within the system.
Leveraging the advanced features and robust capabilities of the Experion PKS platform, that have
successfully incorporated intricate logic, such as the 2003 voting principle, to ensure efficient and
reliable field control.

Conclusion

The creation of HVAC systems for food industry course projects has been a thorough endeavor
to explore the complex procedures related to polycondensation. Careful monitoring of the project's
temperature, coolant flow, and material supply is necessary to guarantee the creation of an excellent
product that complies with the specifications. The undertaking became even more complicated when
random disturbances affecting the system dynamics were considered.

The utilization of mathematical modelling, particularly through the MATLAB software, plays
a pivotal role in understanding and optimizing the control system. The study involved examining
the mathematical model of the heat exchange process, incorporating the principles of physics-
thermodynamics, and the specifics of air cooling. Acknowledging the prevalence of nonlinear
differential equations in real-world scenarios, the mathematical model was appropriately simplified
for practical application. Further scrutiny of the model's stability using the Hurwitz criteria, along
with the synthesis of a regulator, demonstrated a systematic approach to the control system design.

The selection of programmable logic controllers from reputable manufacturers, such as
Honeywell and various vendors, underscores a commitment to reliability and functionality. The
development of control system software using Experion PKS and Safety Manager showcased the
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seamless integration of theoretical knowledge into practical implementation. The operator's control
panel, featuring real-time control graphs and various indicators, adds a crucial dimension to monitor
and manage the polycondensation process.

The project's documentation, including the technological process scheme, automation
scheme, technical instrumentation, and electrical schemes, provides a comprehensive resource for
understanding and replicating the developed system. In essence, this HVAC system course project has
not only explored the technical intricacies of polycondensation but has also successfully translated
theoretical knowledge into a practical, automated control system with economic viability and safety
considerations at its core.
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HONEYWELL XKABJABIKTAPBIHIA
TAMAK OHEPKOCIBI YIHIH KBIJIBITY,
KEJNIETY KOHE AYAHbBI BAIITAY HNPOLECIH
ABTOMATTAHJIBIPY KYWECIH 93IPJIEY

AnjiaTna

KazipriyakpITTa ©HEpKICINTIK aBTOMAaTHKAHBIH IaMy ACHI €11 KYpAeIi 00bEKTUICP I H THHAMUKAIBIK KACHETTEPiH
©CKEepETiH JKOFaphl MAIIIKTETi OacKapy >KyHenepiH j)Ky3ere acklpyFa MYMKIHIIK Oeperni. 3amaHayn OaFmapiaMaiblk
OHIMJIep HETi3iH/Ie TapaTbUIFaH OacKapy JKYHenepiH KYpy TeXHOJIOTHSIIBIK MPOIECTEPAl OPTaTBIKTaHIBIPhIIMaFaH
Gackapyasl KamTamacer3 etesi. Kasipri 3aMaHFbI ©HEPKOCINTIK KaOIBIKTaPIbIH KOMETIMEH KOJIAAHBICTAFbI OacKapy
JKYHeNepiH JKaHFBIPTY KOCIMOPBIHAAP/BIH OHIMIUIIT MEH OHIpicTeri KayinCi3miKTi apTThIpyFa MYMKIHJIK
Oepeni. Makana Tamak OHEpPKSCiOl YIIIH KBUIBITY, JKEJJIETy JKOHE ayaHbl Oamnray NpolecTepiH OacKapyablH
aBTOMATTaHJBIPbUIFAH JKYHECiH o3ipieyre apHanraH. Makanaga 0ackapy OOBEKTICI KBUTYy alMaCTBIPFBIIITHI
Tagmanapl. backapy 0OBEKTiCIHIH TYpaKTBUIBIKKA, Oackapyra, OakpuliayFa apHallFaH MaTeMaTHKAIBIK MO
seprrenni. PID perrerimm cuaTe3nmenmi, PID perreriminig KoapduuueHTTepl anmsiHAbl. PerTerimTiy opTypii
K03(hUITHMEHTTEPIHACT] KY€ TUHAMUKACBIHBIH MiHE3-KYJIKbIHA CAIBICTRIPMAIIBI TaNAay JKyprisinai. Moaensaey
MeH skcnepuMenTTepain Hotmkenepi «KBTY» AK sxanbianarsl «Honeywell» 3epTxaHachiHbIH 0a3achbIHIa HAKTHI
OHEPKACINTIK )kabAbIKTap Oa3ackinaa Kyprizinai. barnapnamansik sxacakrama Experion PKS raparsuiran 6ackapy
KyHecinae »kysere acelpbuiibl. C300 KoHTpoUIepiHiH KOH(Urypanuschl ycbiHbUIFaH. JKyieHiH Kayinci3 sxoHe
aKayChI3 KYMBIC ICTEy1 YIIiH aBapusFa Kapchl aBTOMATTHI Kopray kyieci (AKXK) azipmenni. AKX conpiMen karap
Safety Manager >xone Safety Sontroller KypaJbsIHBIH KeMeTiMeH jkacamaisl. Toyekemnai TOMEHACTY (aKTopIapsl
MEH KayilCi3liK TYTacTHIFBIHBIH JI€HTelll ecemrenim, TanmaHaabl. [Ipomecti 6ackapyablH MHEMHKAIBIK CXEMAaChI
Kacaibl.

Tipek ce3mep: KbIIBITY, XKEJJIETY J)KOHE ayaHbl OarTay, TaMak OHepKacioi, oHIey eHepKaciOi, OarapiamanaHa-
TBIH JIOTHKAJIBIK KOHTPOJIIEP, KYPAEIi HbICaH.

40



KA3AKCTAH-BPUTAH TEXHUKAJIBIK
YHUBEPCUTETIHIH, XABAPIIBICHI Ne 1(68) 2024

!Camuryauna 3.1.,
PhD, ORCID ID: 0000-0002-5862-6415, e-mail: z.samigulina@kbtu.kz
'Kypmamesa A.K.,
6akanaBp, ORCID ID: 0009-0008-9570-0021, e-mail: kurmasheva-2002@mail.ru
I*Ka3oex M.K.,
6axanasp, ORCID ID: 0009-0009-7573-2429, *e-mail: mad kazbek@gmail.com

'Kazaxcrancko-bpuranckuii Texauyeckuit yauepcutet, 050000, r. Anmarsl, Kazaxcran

PABPABOTKA CUCTEMbBbI ABTOMATU3ALUU ITPOLECCOM
OTOIVIEHUSA, BEHTUJIALIUN U KOHAULHIUOHUPOBAHUA
BO3JIYXA JIJISA NUIIEBOW MPOMBIIIJEHHOCTH
HA OBOPYJOBAHUU ®UPMBbI HONEYWELL

AHHOTAIUA

B HacTosimee Bpemst ypoBEHb Pa3BUTHS MPOMBIIUIEHHONW aBTOMAaTHKH MO3BOJISIET PEaIU30BaTh BEICOKOTOUHBIE
CHCTEMBbI YIPaBJICHHS, YUNTHIBAIOUINE TUHAMHYECKIE CBOMCTBA CIOXKHBIX 00BEKTOB. IlocTpoenue pacnpeneicH-
HBIX CHCTEM YIPaBICHUS HA OCHOBE COBPEMEHHBIX IPOrPAMMHBIX IIPOTYKTOB 00€CIIEYNBACT ACLEHTPAIN30BAHHOE
yIOpaBJIeHHE TEXHOJIOTMYECKUMH TporieccaMu. MoaepHHu3anys AeHCTBYIOIINX CHCTEM aBTOMAaTH3AIIUH C TIOMOIIIBIO
COBPEMEHHOI'0 MPOMBIIIJICHHOTO 000pPY/IOBaHHSI TTO3BOJISIET TIOBBICHTH MPOU3BOJUTEIILHOCTD MPEANPHUITHH 1 Oe3-
OIAaCHOCThH Ha Npou3BojcTBe. CTaThs MOCBAIIEHA pa3paboTKe aBTOMATH3MPOBAHHOW CHCTEMBI YIPaBJICHUS IIPO-
LeccaMM OTOIUIEHUS], BEHTWISALMU U KOHIUIMOHMPOBAHUS BO3/1yXa I MHUIIEBOM MPOMBIIUIEHHOCTH. B craThe
00BEKTOM yTpaBJICHUS BBIOpaH TEIII000OMeHHHK. VccinenoBana MaremMaTHdeckas Mozienb 00beKTa YIpaBICHHs Ha
YCTOMYUBOCTH, yNpaBlsieMOCTh, HabmomaeMocts. CunTtesupoBan I1M]] perymarop, momydeHsl Ko3(QPHUIHEHTEHI
[TU]] perynsitopa. [IpoBefieH cpaBHUTENBHBIN aHANIN3 MTOBEACHHUS TUHAMHUKH CUCTEMbI IPU Pa3HBIX KOY(DHIINEeH-
Tax peryisropa. Pe3yasraTsl MOIEIMPOBAaHUS U SKCIIEPUMEHTOB MPOBOJAMINCH Ha 0a3e pealbHOr0 MPOMBIIUICH-
Horo obopynoBanus sadboparopun «Honeywell» npu AO «KBTVY». IIporpamMmuast peanuzanus ocyliecTBIsIIACh
Ha pacrnpeneseHHoH cucreme yrpasienus Experion PKS. Ilpencrasnena kongurypamus kontposuiepa C300. Pas-
paboTaHa cucTeMa MpOTHBOaBapuitHON aBToMarndeckoi 3amuThl (ITA3) mis OezomacHo 1 6e30TKa3HON pabOTHI
cucreMsl. [TA3 Takke BBIITOTHEHA C MpUMeHeHneM HHCTpyMeHTa Safety Manager u Safety Controller. Paccunransr
U TIPOAHATM3UPOBAHBI (HDAKTOPHI CHIKECHUS PUCKA M YPOBEHb ILEIOCTHOCTH Oe3omacHocTH. Pa3paborana MHEMO-
cXeMa yIpaBJICHUs MTPOLIECCOM.

KuroueBble c10Ba: OTOIUIEHUE, BEHTUIIAMS U KOHIUIHMOHUPOBAHUE BO3/yXa, MUIIEBAs MPOMBIIIIEHHOCTb,
00pabaThIBaroIas MPOMBIIUICHHOCTD, TPOTPAMMHPYEMBIH JIOTHYECKUI KOHTPOJUIEP, CIOKHBIA OOBEKT.

41



HERALD OF THE KAZAKH-BRITISH
No. 1(68) 2024 TECHNICAL UNIVERSITY

UDC 374.1
IRSTI 14.15.23

https://doi.org/10.55452/1998-6688-2024-21-1-42-53

'*Zhumabayeva N.,
Master student, ORCID ID:0000-0003-3477-2781
*e-mail: n.zhumabayeva@kbtu.kz
'Mezin A.,
Senior junior researcher,
e-mail: a.mezin@kbtu.kz
'Knysheva A.,
Master of Arts in Media Studies, ORCID ID: 0000-0001-6644-7778,
e-mail: a.knysheva@kbtu.kz

'Kazakh-British Technical University, 050000, Almaty, Kazakhstan

THE IMPACT OF GAMIFICATION WITH AN EMPHASIS ON EXTERNAL
MOTIVATION IN MOOCS FOR STUDENTS IN EMERGING REGIONS FROM
AN UNDERPRIVILEGED GROUP: A CASE STUDY OF THE LEVEL UP
COURSE BY GAMELAB KBTU AND UNICEF IN KAZAKHSTAN

Abstract

This paper examines the impact of gamification and external motivation on the engagement and completion
rates of Massive Open Online Courses (MOOCs), with a focus on underprivileged groups in emerging regions.
The research centres around the “LEVEL UP” course, a gamified MOOC designed to enhance STEM skills
among young women in Kazakhstan, developed by GameLab KBTU in collaboration with UNICEF. Utilizing a
combination of quantitative data analysis and literature review, the study investigates the efficacy of gamification
strategies in increasing course completion rates, which are traditionally low in MOOCs. The findings indicate
that the inclusion of gamification and external motivational elements, such as competitive elements and rewards,
can improve completion rates. The LEVEL UP course, for example, achieved a completion rate of 10%, which
is higher than the average completion rate of MOOC courses, which 5-8%. However, the study also highlights
the complexity of balancing external and internal motivational factors to sustain long-term engagement and deep
learning. Limitations encountered, including technical issues and platform constraints, underline the challenges of
implementing such strategies effectively. Recommendations for further research include exploring the long-term
impact of gamification, the optimal balance of motivational elements, and the customization of gamification to
individual learner needs. This paper contributes to the growing body of evidence supporting the use of gamification
in education, emphasizing the need for nuanced approaches that enhance both engagement and learning outcomes,
particularly in the context of democratizing education for learners worldwide.

Key words: gamification, massive open online courses (MOOCs), external motivation, STEM education,
underprivileged groups, emerging regions, course completion rates.

Introduction

The burgeoning utilization of Massive Open Online Courses (MOOCs) has become a
transformative vector in disseminating knowledge, especially within underprivileged groups
in emerging regions. Such online educational platforms promise a democratization of learning,
potentially reaching vast numbers of students. However, a significant challenge emerges in the form
of course completion rates; traditional, non-gamified MOOCs see completion rates languishing
below 10% [5, 17, 18]. This paper posits gamification, with a focus on external motivation, as a
potential solution to enhance student engagement and course completion. This paper will examine
the efficacy of gamification with an emphasis on external motivation through the lens of the LEVEL
UP project data, evaluating its impact on the completion rate of the course.
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Literature review

Gamification in Informal Education

Gamification is the application of game design elements in non-game contexts. [1, 2, 3,4, 13, 20]
Research shows that gamification helps to increase students’ learning engagement and motivation [1].

The application of gamification in non-formal education, including online platforms, significantly
improves student satisfaction, enjoyment of the learning process and intention to participate in future
activities, and positively affects knowledge acquisition [2].

Despite the positive results of gamification in MOOC:s, the paper also identifies several research
gaps, particularly the focus on developed countries [2, 21, 22, 23, 24] and the lack of evidence
regarding gamification’s effectiveness in developing country contexts. This oversight becomes
even more critical considering that learners from developing countries tend to have lower MOOC
completion rates [7, 8], highlighting an urgent need for research and targeted interventions to bridge
these educational disparities. Additionally, further research is essential to understand how external
motivation can be effectively integrated within gamified learning environments. [12]

This paper emphasizes the need for comprehensive research on the effects of gamification on
MOOC:s for students from underprivileged groups in developing regions. It is particularly important
to examine how external motivational factors integrated into gamified MOOCsS can influence learning
engagement, motivation and academic success.

MOOC as a means of informal education in emerging regions

Massive Open Online Courses (MOOCs) have transformed the landscape of education, offering
scalable and accessible learning opportunities worldwide. In emerging regions, MOOCs play
a pivotal role in bridging educational gaps and providing informal education to underprivileged
groups, facilitating skill development and lifelong learning.

Studies emphasize the importance of digital competencies for the successful completion of
MOOC:s, highlighting that individuals with higher digital skills are more likely to complete courses.
This underscores the digital divide in emerging regions, where limited access to technology and
internet connectivity can hinder the effectiveness of MOOC:s [5].

The social aspect of MOOC:s, including peer interactions and community engagement, is critical
for learner retention and success. This dimension is especially significant in emerging regions, where
educational resources are scarce, and MOOC:s can provide a sense of community and shared learning
experience [6].

While MOOC:s offer considerable opportunities for informal education in emerging regions,
challenges remain in maximizing their impact. There is a need for more targeted research on effective
strategies to support learners from underprivileged backgrounds, ensuring that MOOCs are not only
accessible but also inclusive and equitable.

This review highlights the complex interplay between technology, social factors, and educational
outcomes in the context of MOOCs in emerging regions. By addressing the identified gaps, future
research can contribute to the development of more effective, contextually appropriate MOOC
offerings that truly democratize education for all learners, regardless of their geographical or socio-
economic status.

External motivation in informal education

External motivation, as conceptualized within the framework of Self-Determination Theory
(SDT), plays a crucial role in informal education settings, particularly in the context of gamification.
Unlike internal motivation, which stems from an individual’s internal desires and interests [10],
external motivation involves external rewards or pressures [9, 11] that influence an individual’s
engagement in learning activities [12]. This segment of the literature review focuses on the role
of external motivation in enhancing learning experiences and outcomes in informal educational
contexts.

A critical examination of gamification practices reveals a common misapplication of motivational
strategies, where excessive reliance on external rewards may undermine internal motivation,
potentially leading to decreased long-term engagement [13].
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Research on gamification design grounded in SDT suggests that while external motivators can
be effective in initiating engagement, they should be carefully balanced with strategies that support
autonomy, competence, and relatedness to foster internal motivation [12].

Studies have highlighted the nuanced impact of external motivation on learning, indicating that
while it can drive initial participation, its effectiveness in sustaining engagement and promoting deep
learning is limited. This underscores the importance of integrating external motivators with internal
motivational elements [10].

The literature on external motivation in informal education underscores a complex interplay
between external rewards and internal desires. While external motivators are effective in drawing
learners into educational activities, their potential to detract from the internal value of learning poses
a significant challenge. Furthermore, there is a gap in understanding how external motivators can
be optimally designed to complement rather than detract from internal motivation, particularly in
gamified learning environments.

There is also a need for empirical research focused specifically on the impact of external
motivation in informal education settings, such as MOOC:s or gamified learning platforms, especially
in emerging regions or among underprivileged groups. Such studies could provide deeper insights
into how external rewards influence learner engagement and achievement in these contexts.

This review highlights the critical need for a balanced approach to incorporating external
motivation in informal education, emphasizing the design of motivational strategies that not only
attract learners but also support their internal motivation and foster meaningful engagement with
the learning material. By addressing these gaps, future research can contribute to more effective and
sustainable educational practices that leverage external motivation to enhance, rather than undermine,
the learning experience.

Underprivileged groups and emerging regions

The term “underprivileged groups” refers to social groups that face systemic barriers to accessing
resources, opportunities, and rights. These barriers may be related to economic status, race, ethnicity,
gender, or place of residence [27]. Women are often included in this category because of historical
gender stereotypes and discrimination that limit their access to quality education and professional
opportunities, especially in male-dominated fields such as Science, Technology, Engineering, and
Mathematics. [28]

The concept of “emerging regions” refers to geographic and economic areas that are on the
path to rapid socio-economic development but still face key challenges in education, health, and
infrastructure. Kazakhstan, with its rapid economic growth and urbanization, is classified as an
emerging region. [25, 26]

Studies aimed at analyzing and improving educational opportunities for underprivileged
groups in emerging regions like Kazakhstan are of particular importance. They contribute to the
development of strategies and approaches that address the unique challenges and needs of these
groups, including women seeking STEM education and professional development. Gamification
and digital learning technologies can play a key role in increasing motivation, engagement, and
learning success among these groups by providing innovative and accessible pathways for learning
and professional development. Such research not only helps to narrow educational and professional
gaps, but also supports broader goals of social justice and equal opportunity. [29]

Research methods

About online course LEVEL UP

The “LEVEL UP: Introduction to Video Games and Gamification” course, developed by
GameLab KBTU in collaboration with UNICEF, forms a component of a global initiative to enhance
STEM skills among young women. This educational program in game development and gamification
is aligned with the broader mission to foster inclusive educational opportunities. The curriculum,
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designed to be accessible to all interested individuals, culminates in a selection process where 50
exemplary participants are chosen to partake in a three-day hackathon at the KBTU campus in Almaty,
Kazakhstan. This event focuses on the gamification of the UniSat educational program, another
UNICEF endeavor aimed at assembling nanosatellites, further providing participants with a practical
application of their learning and an introduction to potential career paths in STEM. The course’s
lectures, delivered by KBTU faculty and industry experts, provide a comprehensive overview of the
gaming industry, game development processes, and the educational potential of gamification, with a
particular focus on the UniSat program as the primary object of gamification. Through this course,
students are equipped with the tools to create their own games and explore engaging methods of
learning, thereby expanding their skills and opening new vocational avenues.

The course was structured in the format of a Massive Open Online Course (MOOC), embodying
distinctive characteristics such as the absence of live interaction with instructors, pivoting instead
on an online model for content dissemination. This digital pedagogical approach facilitated a broad-
reaching, inclusive educational experience, allowing participants from diverse geographical locations
to engage with the curriculum at their own pace. Furthermore, the course content was hosted on the
Learning Passport platform [31], a digital learning environment developed in collaboration between
UNICEF and its partners.

Participants

The research focuses on the impact of gamification, particularly emphasizing external motivation
in MOOC:s designed for students in emerging regions of Kazakhstan, targeting underprivileged groups,
specifically women. This demographic is critically important due to the global underrepresentation
of women in STEM (Science, Technology, Engineering, and Mathematics) fields [14, 15], a disparity
more pronounced in developing regions of Kazakhstan.

In2023, the Global Gender Gap Report highlighted that women constitute only 29.2% ofthe STEM
workforce across 146 nations, compared to nearly 50% in non-STEM occupations, underscoring the
significant gender gap in these critical fields. This gap is not just a matter of workforce diversity but
also reflects broader issues of access, opportunity, and equity in STEM education and careers for
women, particularly in developing and emerging economies [14].

The participants for the LEVEL UP course by GameLab KBTU and UNICEF in Kazakhstan,
were chosen aiming to address these disparities by engaging young women from underprivileged
backgrounds in STEM-related learning through MOOC:s. This initiative recognizes the importance of
providing equitable access to quality STEM education as a means to empower women and encourage
their participation in these fields, thereby contributing to reducing the gender gap.

Despite the fact that the gaming industry is a young and quite progressive industry when it comes
to gender equality, even here women face underrepresentation and some barriers that prevent them
from being realized in the industry [15]. Studies and reports, including those analyzing the esports
industry, highlight the persistent gender disparities, with women often facing barriers to entry and
progression [ 16]. These barriers are not just about access but also involve cultural and societal norms,
stereotypes, and a lack of visible role models and mentors for young women aspiring to enter STEM
fields.

By focusing on courses for underprivileged young women in Kazakhstan, this research aims to
shed light on the specific challenges and opportunities that gamification and external motivational
strategies present in informal educational settings. It seeks to understand how these approaches can
be tailored to effectively engage and retain female students in STEM courses, thereby contributing to
broader efforts to build a more inclusive and diverse STEM workforce.

Particularly, participants from emerging regions are at the heart of this initiative, with an
appended table below showcasing the cities of those participants who successfully completed the
course, further illustrating the geographic diversity and reach of this program within underprivileged
demographics.
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Figure 1 — Cities of participants and the number of participants from each city

Research design

Structure of course

The “LEVEL UP” course is segmented into three distinct parts, each comprising several sections
that are further broken down into units or lessons. The structure is as follows:

Part 1 encompasses a general course overview, an in-depth look at the gaming industry, and the
foundational elements of game development. Part 2 transitions into the creative aspects, covering the
basics of game design, and extends into the practical applications of serious games and gamification.
Part 3 is the technical culmination, providing a detailed exploration of the tools and technologies
used in the field, alongside alternative methods and practices. The course concludes with a wrap-up
in Section 8.

Table 1 — Course structure and topics

Part 1 Part 2 Part 3
Section 1 Course overview Section 4 Game Design Basics Section 6 Tools and Technologies
Section 2 Game Industry Section 5 Serious Games & Section 7 Alternative Techs and
Gamification Methods
Section 3 Game Development Section 8 Course wrap up

For successful course completion, students are required to navigate through all three parts.
Assignments within the course are designed to be skippable and self-regulated, offering flexibility to
accommodate various learning paces and styles. The entire course content is intended to be completed
over a two-month period, allowing for a measured yet consistent progression through the material.

Education cycle

The educational methodology of the “LEVEL UP” course is bifurcated into minor and major
educational cycles. The minor cycle is the foundational element, comprising a self-regulated
assignment leading to a fully automated quiz, ensuring reinforcement of learned concepts. This is
supplemented by a richly illustrated article and concluded with a video lecture, offering a multifaceted
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approach to learning. The major cycle encapsulates the minor cycles, culminating in a comprehensive
section quiz that integrates all previously encountered quizzes with additional questions to assess
cumulative knowledge. The pinnacle of this structure is the project assignment, which is an integral
part of the course project, allowing students to apply their knowledge in a practical, project-based
context.

Major educational cycle

Section quiz
» (with all section quizzes +
additional questions)

Project assignment
(part of the course project)

Quiz Video lecture
(fully automated) (or lectures)

Minor educational cycle

Assignment Article
(self-controlled) (with graphics and links)

Figure 2 — Education cycle

Elements of gamification

In the “LEVEL UP” course [31], gamification was strategically implemented to enhance
engagement through competitive elements, acting as external motivators. The course’s structure
incorporated a merit-based selection mechanism where the top 50 performers, as evidenced by
their course outcomes and certification, were granted the opportunity to participate in a specialized
hackathon. This incentivized participation by offering comprehensive logistical support, including
transportation to Almaty, accommodation, and sustenance, thereby removing potential barriers to
entry.

The post-course hackathon, centered on the gamification of the UniSat nanosatellite assembly
and launch course [32], presented a time-bound challenge to devise innovative project ideas. The
competitive environment of the hackathon, characterized by its awarding of the best project proposals,
not only provided a platform for the practical application of the course’s teachings but also served
as a powerful external incentive, propelling students towards higher achievement and engagement
within the educational framework.

Data analysis

Average completion rates of MOOC

The completion rates for MOOCs have been a focal point of educational research, revealing
a broad range of outcomes. Studies show that average completion rates for MOOCs without
gamification strategies linger between 5% to 8% [5, 17, 18] underscoring the challenge of keeping
students engaged through course completion. However, when gamification strategies are applied,
a notable increase is observed, with completion rates rising to an average of 14.43% compared to
6.162% 1in courses lacking these elements [17].

These findings are primarily based on data from developed countries, which may not fully
represent the experiences of underprivileged groups in developing regions such as Kazakhstan. Our
study targets this demographic, specifically focusing on young women, to assess whether competitive
gamification mechanics emphasizing external rewards can influence completion rates differently.
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It is imperative to acknowledge that our research was not conducted under uniform conditions.
The course utilized to evaluate the impact of gamification, while distinct from others in its content
and objectives, adhered to the Massive Open Online Course (MOOC) format, incorporating its
specific attributes as detailed in Section 3.1. This context underscores the necessity to consider the
unique structural and delivery mechanisms of MOOCs when interpreting the outcomes of our study.

Completion rates of LEVEL UP course

This section investigates the completion rates of the LEVEL UP course [30], focusing on
participants’ successful course progression. A total of 500 individuals registered for the course, with
completion defined as successfully finishing all three parts of the course and obtaining a certification.
Particular attention is paid to the distribution of completions across course segments. Out of the 500
participants, only 50 completed all three parts, resulting in a 10% overall completion rate. Further
analysis reveals varying completion rates for each segment, with Part 1 showing the highest rate at
13.6%, followed by Part 2 at 10.2%, and Part 3 at 10%.

Comparison of completion rates of course with external motivation with average completion
rates of course without external motivation

In the context of examining the impact of gamification strategies on MOOC completion,
analyzing the completion rates of the LEVEL UP course where competitive and external motivation
elements were applied compared to the average completion rates of courses without these elements
reveals visible differences. Based on the data provided, the average completion rates of MOOCs
without gamification strategies fluctuate between 5% and 8%, highlighting the difficulty of keeping
students engaged until the end of the course. In contrast, the LEVEL UP course demonstrated a
completion rate of 10%, a marked improvement.

This increase in completion rate can be attributed to the implementation of gamification
mechanics emphasizing external motivation and competition, which is hypothesized to increase the
level of engagement and motivation among students. These findings support the assumption that
gamification can serve as a powerful tool to increase course completion rates, especially in MOOC
contexts where students may feel less motivated due to the lack of direct interaction and support.

However, it is important to keep in mind that these findings on average MOOC completion rates
are predominantly based on studies conducted in developed countries and may not fully reflect the
experiences of underprivileged groups in emerging regions such as Kazakhstan. Our study targets
this demographic, particularly young women, to assess whether competitive gamification mechanics
emphasizing external rewards may affect completion rates differently.

In summary, the results point to the benefit of using gamification elements with external
motivation in MOOC courses to increase completion rates among participants. This highlights the
potential of gamification as a strategy for improving educational outcomes in digital environments,
especially for students from emerging regions and underprivileged groups.

Results

In conclusion, our research underscores the positive impact of gamification, particularly with
competitive elements and a focus on external motivation, on the completion rates of MOOC courses,
evidenced by at least a 2% increase. This finding is significant within the broader discourse on
educational engagement and retention strategies, especially in emerging regions where MOOCs
serve as pivotal platforms for democratizing education. The nuanced application of gamification
strategies, while beneficial in enhancing course completion, warrants cautious implementation to
avoid undermining internal motivation and learner engagement.

Our investigation into the LEVEL UP course reveals that while external motivators can indeed
foster initial engagement, their long-term effectiveness in sustaining participation and deep learning
remains limited [12]. This aligns with the literature, suggesting that while external rewards can draw
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learners into educational activities, their potential to detract from the internal value of learning poses
a significant challenge [9, 13]. Therefore, a balanced approach, integrating both external and internal
motivational elements, is essential for designing effective and engaging educational experiences.

Our study highlights the potential of gamification in the setting of emerging regions, offering
insights into strategies that could mitigate the digital divide and promote inclusive and equitable
learning opportunities. Carefully designed gamification strategies, which consider the specific needs
and challenges of learners in emerging regions, can significantly enhance engagement and completion
rates.

Looking ahead, the prospects for using gamification and external motivation in education,
particularly in emerging regions, are promising. As we continue to explore these methodologies, it is
crucial to adopt a nuanced approach that respects the complex interplay between different motivational
drivers. Empirical research focused on diverse contexts, especially among underprivileged groups,
will be pivotal in refining our understanding of how gamification can best be utilized to support
equitable and engaging learning experiences.

Our findings contribute to the growing body of evidence supporting the efficacy of gamification
in education. They underscore the need for ongoing research to optimize gamification strategies,
ensuring they not only attract but also retain learners, fostering meaningful engagement and
enhancing learning outcomes. As the educational landscape continues to evolve, leveraging the
potential of gamification and external motivation in a balanced and thoughtful manner will be key to
democratizing education and enabling learners worldwide to realize their full potential.

Discussion

Limitations

This study was subject to several limitations that may have affected its outcomes and
interpretations. First, technical difficulties related to platform authentication impeded some students’
access to their accounts, resulting in participant dropout. Moreover, the division of the course into
three segments, necessitated by platform constraints, marked a departure from its intended design
as a unified course. Additionally, platform-related glitches, including the loss of course progress
that required students to repeat sections, contributed to student dissatisfaction and further dropout.
Furthermore, a limitation of our analysis was the absence of proprietary data on course completion
rates in the absence of gamification strategies. Consequently, we resorted to comparing with the
average completion rate observed in similar educational settings.

Recommendation for further research

The findings of this study contribute insights into the potential of gamification and external
motivation to enhance engagement and completion rates in MOOC:s, particularly for underprivileged
groups in emerging regions. However, several avenues for further research have emerged, which are
crucial for deepening our understanding of these mechanisms and optimizing their application in
informal education settings. These recommendations include:

1. Comparative studies across different regions: While this study focused on underprivileged
groups in Kazakhstan, further research should explore the impact of gamification in MOOCs across
various geographical and socio-economic contexts. Comparative studies could reveal nuanced
understandings of gamification’s effectiveness, accounting for cultural differences and varying levels
of digital literacy.

2. Longitudinal impact of gamification: Investigate the long-term effects of gamification on
learner engagement and educational outcomes. This includes studying the sustainability of external
motivation over time and its influence on internal motivation, to determine whether gamified learning
leads to lasting interest in the subject matter.

3. Integration of internal and external motivational elements: Future research should explore
the optimal balance between internal and external motivational strategies within gamified learning
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environments. This involves designing gamification elements that not only attract and retain learners
but also foster a deeper engagement with the learning material, promoting meaningful and lasting
educational experiences.

4. Customization of gamification elements: Examine how personalized gamification strategies
can enhance learning experiences and outcomes. Research could focus on adaptive gamification
systems that tailor challenges, rewards, and feedback to individual learner profiles, preferences, and
performance levels.

5. Barrier analysis and inclusivity measures: Conduct in-depth analyses of barriers to MOOC
completion among underprivileged groups, including gender-specific challenges in STEM fields.
Studies should aim to identify and address the specific needs and obstacles faced by these learners,
proposing targeted strategies to improve access, inclusivity, and equity.

6. Technological enhancements and platform usability: Given the technical challenges
encountered in this study, further research is needed to understand the impact of platform usability
on learner engagement and course completion rates. This includes the development and testing of
more user-friendly and resilient educational platforms that minimize technical barriers to learning.

7. Impact on career trajectories and skill development: Investigate the long-term career and
educational impacts of gamified MOOCs on participants, particularly those from underprivileged
groups. This research could assess whether participation in such courses leads to improved
employment opportunities, skill development, and increased participation in STEM fields.

8. Psychological and social factors: Explore the psychological and social dimensions of
gamification in education, including how social interactions, community building, and peer
support within MOOCs influence learning motivation and outcomes. This includes studying the
role of gamification in fostering a sense of belonging and community among learners from diverse
backgrounds.

By addressing these recommendations, future research can significantly contribute to the
development of more effective, engaging, and inclusive educational practices that leverage
gamification and external motivation. This will not only enhance learning experiences but also
support broader efforts to democratize education and empower learners worldwide.
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TAMYIIBI AMMAKTAPIAFBI XAJBIKTBIH A3 KAMTBLIFAH
TONTAPBIHBIH, CTYJEHTTEPI YIIIH KAOK-KA CBIPTKBI
MOTHUBAIMSIFA BATBITTAJIFAH TEHMU®UKALIASHBIH OCEPI:
KA3AKCTAHIAFBI GAMELAB KBTU JKOHE UNICEF-TIH
LEVEL UP KYPCBIHA TAKBIPBINITHIK 3EPTTEY

Anjgarna

byn makanaia reliMuQUKaIys jk9HE CHIPTKbl MOTHBALMSHBIH JKamlmail amslk omnaiin xkypcrapra (JKAOK)
KaTBICY JKOHE asKTay KepceTKiITepiHe acepi JaMyInbl aiMakTapaarbl a3 KaMThUIFaH TONTApFa Ha3ap ayaapbuia
OTBIPBIN 3epTTei. 3epTTey opTanbirbinaa STEM canmacklHAAFs! JaFIbUIap sl JaMBITY MakcaThiHAa KasakcTaHHBIH
xkac ofienaepine apaanran KOHUCE®-nien 6ipaecimn GAMELAB KBTU a3ipneren level up rediMudukanusiianraln
JKAOK kypcsl KapacTeipbuiasl. CaHIBIK ISPEKTEPl Tajamay MEH dcOMETTEpIl 0Ny IbIH YHICCIMIH MakanaHa
oteIpbl, 3eprrey JKAOK-Ta nacrypii TYpAe TOMEH KypCThi asKTay JICHIeHiH apTThIpYJarbl relMUQUKaIus
CTpaTerusuIapbIHbIH THIMJUIITIH 3epTTelal. 3epTTey Hammenem rediMudUKaIMs KoHe 0ICEKENECTIK IEMEHTTED
MEH MaparnaTTap CHAKThI ChIPTKbI bIHTJIAH/IBIPY LIbI JIEMEHTTEPIi KOCY KypCThI asKray KepceTKmITepm JKaKcapTyFra
MYMKiHAIK Oepeni gen 6omxkaiiner. Mercansr, LEVEL UP kypcsiabIH asgkray kepcetkimi 10% Kypaiiabl, Oyt xamman
aIlIbIK OHJIANH KypCTap/Ibie 5-8%-Fa TeH opTaiia asKray KepceTKiLuiHeH JKOFaphl. JlereHMeH 3epTrey CoHman-aK
CBIpTKBI JKOHE 1IIKI MOTHUBALUAJIBIK (baKTopnapm)I ¥3aK Mep31M}1] KBISBIFyIHBIHBIKTLI JKOHC TEPECH OKYAbI CaKTayaa
TEHrepiMJIi yCTayIblH Kypaemmrm atamn ereni. Keznecken LIEKTEYIep, COHBIH IIIHAE TEXHUKAJIBIK Macerernep
MeH IuaTdopMa meKTeyIepi MyHaAal cTpaTerusIapabl THIMAL XKy3ere achlpyAarbl KMBIHABIKTAP b KOpceTel. Opi
Kapanrbl 3epTTeyIiep YIIiH YChIHbICTap TeMMU(HUKALUSIHBIH Y3aK MEp3iMAl 9CepiH, MOTHBALMSIIBIK JIEMEHTTEPAIH
ONITUMAIIIBI TEHTEPIMiH KOHE KEKe OKYIIBI KXKETTLUTIKTepiHe apHalFaH TeiMU(UKAIISTHEI OeHiMaey i 3epTTey i
KaMTHUabL. by Makana 6imiM 6epye reiMupuKaIisTHbI KOJIIaHy bl KOJIayFa apHaJIFaH ToJIeTIeMeNep IiH KoOeroine
yJIecC KOcaibl, djieM OOMBIHIIA OKYIIbLIAP YIIIiH OLTIM/II IEMOKPATHSIAYAbIH KOHTEKCTIH/IC KbI3bIFYIIBLIBIK IICH OKY
HOTWOKEJIEPIH apTTHIPATBIH KYPAEIl Tocaepre MyKTaX eKeHIH aTar oTe/l.

Tipek ce3nep: refiMmudurarys, xamnmail amslk onnaaidiH Kyperap (JKAOK), ceiprkel motuBanus, STEM 6inim
Oepy, a3 KAMTBUIFaH TOTITAp, JAMYIITBI aiiMaKTap, KypcTapAbl asgKTay KOpPCETKIITepi.
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BJIUSIHUE TEUMUO®UKAIIMA C AKIIEHTOM HA BHEUIHIOIO
MOTHUBALIMIO B MOOK JUIAA CTYAEHTOB B PA3BUBAIOIIUXCS
PEI'’MOHAX U3 MAJJIOOBECIHIEYEHHBIX I'PYIIII HACEJIEHUSA:
TEMATHYECKOE MCCJIEJOBAHUE KYPCA LEVEL UP
OT GAMELAB KBTU U UNICEF B KAZAXCTAHE

AHHOTAIUA

B nmaHHOW cTaThe paccMmaTpuBaeTCs BIHMsSHHE redMH(UKalMU ¥ BHEIIHEH MOTHBAIMM HA BOBJICUEHHOCTh U
YPOBEHb 3aBEpPIICHHSI MAaCCOBBIX OTKPBITHIX OoHaiH-KypcoB (MOOK) ¢ akmeHTOM Ha MayiooOecreueHHbIe TPyII-
bl HACEJICHUsI B Pa3BUBAIONIMXCs pernoHax. B nenrpe nccnenosanmst kypc LEVEL UP, relimuduipoBaHHbIN
MOOK, pa3paborannsii GameLab KBTU B corpynandectse ¢ FOHUCE® mnst momomsix sxkenmuH Kazaxcrana ¢
ENTBI0 pa3BUTH HaBBIKOB B obmacti STEM. Mcmons3ys coueTaHne KOMHYIECTBEHHOTO aHaJH3a JaHHBIX U 0030pa
JIMTEPATypbl, B UCCIIEIOBAHUN U3ydaeTcst 3pQEeKTHBHOCTD cTpaTernii reiMuduKaiyy B MOBBIILICHUN YPOBHS 3aBep-
HIEHHS Kypca, KOTOpbIi TpaguinnoHHo Hu30K B MOOK. Pe3ynbrarsl oKa3bIBaloT, 4TO BKIIIOYEHHE reiMU(UKaug 1
BHEITHUX MOTHBHPYIOIIMX JIEMEHTOB, TAKUX KaK COPEBHOBATEIILHBIC DJIEMEHTHI M BO3HATPAXKCHUS, MOXKET yITyd-
LIUTH NOKa3aTenu 3aBepiueHus kypca. Hanpumep, kypc LEVEL UP noctur yposHs 3aBepuienus B 10%, 4to Beie
cpenHero ypoBHs 3aBepiuieHus KypcoB MOOC, xotopslif coctasisieT 5—8%. OgHako nccieoBaHne TakxKe Moaaep-
KHBAET CIIOKHOCTb OaJlaHCa BHEITHUX U BHYTPEHHUX MOTHBALIMOHHBIX (DAKTOPOB /IS TIOJIEPKAHUS JOITOCPOUHOI
BOBJICUCHHOCTH M TIIYOOKOTO 00y4eHus. Bo3HUKIIINE OorpaHnveHHs, BKIIIOUas TEXHUYECKUE TPOOJIEMbl U OIpaHu-
YyeHus! 1aT(opMbl, TOMUEPKUBAIOT TPYIHOCTH (P ()EKTHBHON peanu3alnny Takux crpareruil. Pexomenmanuu uis
JATbHEHIINX HCCIIEJOBAaHNI BKJIIOYAIOT M3YyYEHHE J0JI'OCPOYHOTO BO3ACHCTBUS reHMH(UKAINK, ONTUMAIBHOTO
GaraHca MOTHBAIIMOHHBIX 3JIEMEHTOB M aJlallTalluy TeiMHU(UKAINI K MHANBUTYaJIbHBIM ITOTPEOHOCTSIM yUaIHXCSI.
JanHas paboTa BHOCHT BKJIAJ B PACTYyIIEE YHCIO (DAKTOB, MOAJCP)KUBAIONINX HCIIONL30BAaHNE TEHMHU(DHUKAIINN B
00pa3oBaHNH, MOIYEPKHUBAs HEOOXOANMOCTD PUMEHEHHUS] HIOAHCHPOBAHHBIX MOIXOA0B, KOTOPBIE TOBBIIIAIOT BO-
BJICUEHHOCTh M PE3YJIbTaThl 00yUeHHUs,, OCOOCHHO B KOHTEKCTE JAEMOKpATH3alUK 00pa3oBaHMsl ISl y4aIIUXCsl BO
BCEM MHUDE.

KaioueBsbie cioBa: reiiMuguxanusi, MacCoBble OTKpbIThIE oHiaiH-Kypcsl (MOOK), BHemHssE MOTHBanys,
STEM obpa3zoBanue, Maioo0ecTiedeHHbIEC TPYIIIIbI, PA3BUBAIOLIMECS] PETHOHBI, ITOKA3aTEIN 3aBEPIICHNS KYPCOB.
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INITIAL-BOUNDARY VALUE PROBLEMS
TO THE TIME-NONLOCAL DIFFUSION EQUATION

Abstract

This article investigates a fractional diffusion equation involving Caputo fractional derivative
and Riemann-Liouville fractional integral. The equation is supplemented by initial and boundary
conditions in the domain defined by the interval by space 0 < x < 1 and interval by time
0 << t << T.The fractional operators are defined rigorously, utilizing the Caputo fractional derivative
of order [# and the Riemann-Liouville fractional integral of order &, where 0 <Z @@ << [ = 1.The
main results include the presentation of well-known properties associated with fractional operators
and the establishment of the unique solution to the given problem. The key findings are summarized
through a theorem that provides the explicit form of the solution. The solution is expressed as a
series involving the two-parameter Mittag-Leffler function and orthonormal eigenfunctions of the
Sturm-Liouville operator. The uniqueness of the solution is proven, ensuring that the problem has
a single, well-defined solution under specific conditions on the initial function. Furthermore, the
article introduces and proves estimates related to the Mittag-Leffler function, providing bounds
crucial for the convergence analysis. The convergence of the series is investigated, and conditions
for the solution to belong to a specific function space are established. The uniqueness of the solution
is demonstrated, emphasizing its singularity within the given problem. Finally, the continuity of the
solution in the specified domain is confirmed through the uniform convergence of the series.

Key words: fractional derivative, integral equation, the method of separation variables, time-
nonlocal diffusion equation.

54



KA3AKCTAH-BPUTAH TEXHUKAJIBIK
YHUBEPCUTETIHIH, XABAPIIBICHI Ne 1(68) 2024

Introduction

Over the course of millennia, fractional partial differential equations (FPDEs) have evolved into
essential tools for representing complex systems and anomalous phenomena [1]-[3]. A comprehensive
exploration of the applications of these equations across disciplines such as chemistry, technology,
and physics is presented in the book [4]. Notably, the book discusses the utilization of fractional
derivatives to modify the classical diffusion equation, resulting in the equation of fractional diffusion
in time. Additionally, [5] investigates initial-boundary value problems for the diffusion equation with
variable coefficients, considering both Dirichlet and Neumann conditions.

In [6], Luchko extends the maximum principle to the generalized diffusion equation involving a
fractional time derivative. This extension is applied to establish uniqueness and existence results for
the initial-boundary value problem associated with the fractional diffusion equation.

The work in [7] focuses on exploring the generalized solution for the initial-boundary value
problem of the diffusion equation with fractional time. Fractional calculus has emerged as a powerful
tool for modeling and analyzing complex phenomena in various scientific disciplines. In this article,
we delve into the realm of fractional partial differential equations, specifically exploring a novel
equation involving Caputo fractional derivative and Riemann-Liouville fractional integral.

The equation, defined over the domain Q = {(x,1):0 << x < 1,0 <t < T},
accompanied by carefully crafted initial and boundary conditions. Motivated by the intricate nature
of fractional operators, we introduce the Caputo fractional derivative of order § and the Riemann-
Liouville fractional integral of order @. These operators play a pivotal role in formulating and
solving the fractional partial differential equation under consideration. To establish the groundwork,
we present fundamental properties associated with these fractional operators, drawing upon existing
literature [9, 10, 11, 12, 13, 14].

In summary, this article navigates through the complexities of fractional calculus, unraveling
the unique features and behaviors of the presented partial differential equation. The insights gained
here pave the way for a deeper comprehension of fractional operators and their applications in
mathematical modeling.

In this article we consider the following equation

a? .
(Dfﬂ) (1) -z UgxwW)(x) =0,nQ={(x,1):0<x <10 <t<T} (LD
with initial and boundary conditions

u(x,0) = @(x) onx € [0,1], (1.2)

u(0,t) =u(1,t) =0,0=t =T, (1.3)

where 0 << @ <¢ f = 1 and the function ¢ is continuous. The operator D, '8 stands for the Caputo
fractional derivative of order ﬁ c ([] 1) is defined by

(Déiru) (x,t) = I [6‘ u(x, t)] ,8).” (t—s)" 'G—u(x s)ds
and the operator fg_,_ is the Riemann-Liouville fractional integral of order ¢ > 0, defined as

o 1 ‘ a—1
(IGHuw(x t) = @J; (t —s)* "u(x,s)ds,t € (0,T].
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The case when, instead of the operator [ g 4 the time-degenerate diffusive coefficient ¢ P with
B > —aq is used, studied for the one-dimensional linear time-fractional diffusion equation in [9]

(D8 u) () = tPuee(x,t) = 0in (x,1) € R X (0,0).

The authors have found an explicit solution by using the Kilbas-Saigo function. Moreover, the
convergence, the existence and uniqueness of the solution of the problem are confirmed.

Solving such problems may involve using techniques like Laplace transforms, Fourier transforms,
or other integral transforms to handle the nonlocal term. The well-known traits associated with
fractional operators are presented below [15, 16, 17, 18].

Main provisions. Material and methods

The main purpose of this article is to present the key conclusions related to the classical solution.
A central theorem provides an explicit expression for the solution, revealing a series representation
involving the two-parameter Mittag-Leffler function. The uniqueness of the solution is rigorously
proven, contingent upon specific conditions governing the initial function.

Furthermore, we introduce and prove estimates for the Mittag-Leffler function, crucial for
understanding its behavior and ensuring convergence. The convergence of the series solution
is scrutinized, and conditions for the solution to reside in a particular function space are derived.
Emphasis is placed on the singularity of the solution within the given problem.

In the subsequent sections, we delve into the proof of continuity for the solution in the specified
domain, demonstrating its uniform convergence. These results contribute significantly to the broader
understanding of fractional partial differential equations and shed light on the intricacies associated
with the involved operators [19,20]1.

Lemma 1.1. [3,P.95]If0 < B < 1forT € AC[0,T]or T € C'(0,T), then

. [(pd.T) @] =) - T(0)

holds true.
Lemma 1.2. [3,P. 101]Let T € C[0,T].1fa + f = 1, then

15 1gEm O] = (152°1) 0.

Next, we have an estimate of the two-parameter Mittag-Leffler function E, g (—2).
Lemma 1.3. [8, P. 9] For every A = 0 one has the optimal bounds

C
s -
|Ez g (—At )|£1+|,11;$|£C’t20’b20’

A8 |Epp(—2t%)|=C, 0<E <2, BEC

Results and discussion

This section summarizes the key findings of this article.

Theorem 2.1. Let @(x) € C[0,1], ¢"(x) € L,(0,1), then the unique solution of problem
(1.1) — (1.3) is the function u(x,t) € C (), which has the form

u(x,0)=> @ X, (NE, ;5 (~41“") @.1)
k=1
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where

qak—\/_f @(x)sin(kmx)

and Eg ,5’( —Z) is the two- -parameter Mittag-Leffler function.
Proof. In view of the method separation of variables, any solution of problem (1.1)-(1.3) can be
represented as

u(x,r)=ixk(xm(t>, (x.0) € (0,1)x(0,7), 02

and the function @ (x) given in the following form

P =Y 0K, (D), xeO.D),

where @ defined by
1
0% =VZ | 90X,
0

By substituting (2.2) into the equations (1.1)-(1.3), we have a separate problem for the variable ©

(D5, Te) (6) + 4 UETI(® = 0, £ > 0 2.3)

and respect to X
Xp (%) + A X (x) = 0, (2.4)
Xp(0) =X, (1) = 0. 2.5)

It is well-known the orthonormal eigenfunctions and related elgenvalues of the Dirichlet problem
(2.4)-(2.5) are given by X, (x) = sin(kmx) and A, = (km)?, respectively.

Applying I ‘8 to equation (2.3), we have

18, [(pf.1) 0 + 2t TO®] = 0
Using Lemma 1.1 and Lemma 1.2 we obtain the following equation

+

L (167 T ) (8) + Tie(£) = Tye(0), £ > 0.
The integral equation has a unique solution (se [3], P.231)

Tie(t) = Te(0)Egup 1 (— At “*F). (2.6)
Consequently, we obtain the solution the problem (1.1)-(1.2)

u(x,t) = igoka (x)Ea%l(—lkt“*ﬂ ), (x,t)€(0,1)x(0,7). 2.7)
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Next, we consider the function (2.7), where
0<a<pf =1,¢.=(¢ X)), Xe(x) =2sin JA x> A} = (kn)2~

At this stage, we should prove that u(x,t) € C (L) for
Q={(x,t):0 <x<1,0 <t < T} For this, we have to show the uniform convergence of
series (2.7) in a closed domain (). Now, let us estimate the coefficients @. By definition

1 .
0 = (@.X) = V2 [, p(0)sin(kmx)dx 28
Integrating by parts the integral (2.8), we obtain

1
e

cos(kmx)
km

x=1

V2cos(kmx)
=) —

1
+ SJ‘ @' (x)cos(kmx)dx.
0

x=0
If the conditions @(0) = (1) = 0 are holds true, then it yields that

_ 1 (1
Pr =0, (29)
where the function cpil) defined by
q.}}El) = j'(}l V2¢'(x) cos(kmx) dx. (2.10)

In view of (2.9) and Lemma 1.3, also from the inequality | X} (X)| = C, we get

- -
u(x.0| < CYlo|=CY. —|oi"].
k=1 k=1 k

. . el
Therefore, we investigate the convergence of the series Z;| gDIEI)| .

k=1

Using the Cauchy-Schwarz inequality, we have

> ot <

k=1

Moreover, we also know that the system ¥} (x) = {\/E cos(kmx)};._, is orthonormal in
space L, (0,1) and for any function g (x) € L,(0,1) the Bessel inequality holds

0o 1
Y lexl? <l o) 17,= [ 9*()dx
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where

1
o = (@, V) = \’EJ’ @(x) cos(kmx) dx.
0

So, if 1 5
p(x) € L,(0,1) & f @< (x)dx < oo,

0
then

2
Yieq l@pl™ < oo
i.e. the series converges. 1)
r
Further, if @ (X) Esz(U;l), then for coefficients @, ~ of equality (2.10) using Bessel's
inequality, we conclude Z_ w(l) .
k
>l

Thus, if cpf(x) € L,(0,1), then the number series Zw:l|§0,?)| converges, when the next
conditions hold true ak
@(x) € C[0,1], @' (x) € L,[0,1], @(0) = @(1) = 0. 2.11)

Consequently, the series (2.8) converges uniformly in the closed region .

Therefore, the sum of this series, i.e. the function wu(x, ) of equality (2.1) belongs to class
C(Q).

Now let us show that the solution is unique. Assume that U (X, ) and Uy (X, 1) are two
solutions to the problem (1.1)-(1.3). We choose u(x,t) = u; (x,t) — uy(x, t) so that u(x, t)
satisfies the equation and the initial and boundary conditions (1.2)-(1.3). Consider the following
identity 1
T (t) = |, u(x,t)sin(kmx)dx, k €N, t = 0. (2.12)

Noting (2.3), we apply the operator [) g Lo the left side of the equation (2.12)

(5. 1) (0 = f 1 (D§,u) (x, t)sin(kmx)dx
0

1

= —(kn}zlf,ﬂf u(x, t)sin(kmx)dx
0

= —(km)?(I4, T)(t), k EN, t = 0.

As aresult of (1.2) and (1.3) we have

() = |

In view of (2.6) we deduce that
Te(t) = Te(0)Eqsp 1 (4t *F) =0

Since T (0) = 0, whichmeans U (X, t) = 0.Henceu; (X, t) = uy(x,t),and the problem

1 1

u(x, 0)sin(knx)dx = f @(x)sin(kmx)dx = 0.
0

(1.1)-(1.3) has a unique solution.
By applying the operators [} é: and [ g... to the identity (2.7), we get
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(Dyu)(x,t)= D [Z@kX (NE,, 5, (=4t "]

MS T_.‘MS

P X (X)DLLE, 5, (=A™ )] (2.13)

0, X, (X)At°E (=2t

a+pf,a+1

=
I

and
(Lg.u)(x,1) = [Z@kX (DE,, 5, (=24t 7")]

(oo}

- Z¢ka (x)[(()z+[Ea+ﬂ,1 (_ﬂvktwrﬂ)] (2'14)

k=1

— N B
= _Z PX (OE, 5,0 (=4 L5")
5 k=l
By using the operator pYe) to the (2.14), we deduce that

2

( “u)(x,t) = Z(pk 5 X (NE,, 5 (=227

= z(ka (OALE atp, an (&4 fHﬂ)

k=1
Next, we show that D‘B € C(Q)and I§y € C(Q).

Let & be an arbitrary, sufficiently small positive number. Then forall 0 < § << t, from Lemma
1.3, we get

[pfucx, )| = Z @K CONL B v (At ™)

= Z ﬁoka(x}t_ﬁ’lkta_'-ﬁEa+,€,a+l(_"lkta+ﬁ)
Z [

[Ig u(x, t)| = Z X (Ot “Egy g gi1 (— — A t*F)

If\

and

= Z ﬁoka(x}t_ﬁ‘lkta+ﬁEa+ﬁ,a+l(_“:lkta+ﬁ)

=C ZQDH
k=
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o0

If the conditions (2.11) hold true, the series Z|¢k| converges, and then the series (2.13) and

k=1

(2.14) representing the function Dé}l Lu(x, t) and % (I 8‘ " u)(x, t) converges uniformly in any
closed subdomain ) 5 of the domain ). Therefore, due to the arbitrariness of the number &, we have
DE,u € C(Q) and I¢,u € C(A).

Conclusion

In this paper, the main results include the presentation of well-known properties associated with
fractional operators and the establishment of a classical solution to this problem. The key conclusions
are summarized using a theorem that provides an explicit form of the solution. The solution is expressed
as a series including the two-parameter Mittag-Leffler function and orthonormal eigenfunctions of
the Sturm-Liouville operator. The uniqueness of the solution is proved, which guarantees that the
problem has a unique solution.
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VYAKBIT BOUBIHIIA BEMJIOKAJIJAbBI TUDDY3US
TEHJAEYI YIIIH BACTANKBI-WETTIK ECEI

AnjiaTna

Bbyn makanana KarryTo MareIHachIHIarsl OeJIIEK PETTI TybIHIB MeH Puman-JInyBUiLIT MarbIHACBIHAFB! OOl
IIeK PETTI HHTETPaAdy OIepaTopiapbl KaTbICKaH Oemek petTi auddy3us TeHaeyi KapacThIpeiiaasl. TeHaey KeHic-
Tik Ooifprama 0<x<1 KeciHZiciH/e koHe yakKbIT OoiibrHIa 0<t<T KeciHmiciHAe aHBIKTAaJFaH alfMarbIHIa 0acTaIKb
JKOHE IIeKaPaJIbIK IIAPTTapMEH TONBIKThIpbUIFaH. beuntiek oneparopiap 0<a<B<1 apkpLibl, srau B perti KarmyToHbIH
OeJilIeK PeTTi TYBIHABICHI XoHe o peTTi Puman-JInyBuiun Gesiek peTTi MHTerpalibl apKblIbl aHbIKTa 3 bl Herisri
HOTHXKeNep — OeJIIeK orepaTopyiapMeH OalIaHbICThI OSNTil KaCHeTTepAl YChIHY MEH KaJFbI3 MEeNIIMHIH OOJyBI.
Herisri TyXpIpbIMIap menrimMHiH aiKbIH (JOPMAchIH KaMTaMachl3 €TETiH TeopeMa apKbuIbl xkajmbutanrad. [llemnrim
eki mapametpii Mutrar-Jlepdnep pyakimsaceH xone LITypm-JInyBrimt onepaTropsIHEIH OPTOHOPMAIIIBI MEHIITIKTI
(yHKOMSUTApBIH KAMTUTBHIH Kartap Typiae kepcetinemi. IllemiMHIH XKUHAKTBUIBIFB JONETACHAl, OYJI ecenTiH
Oacrankel (GyHKIMs YIIiH Oenriii Oip jkarmaiiiapaa skajaFbl3, HAKTHI aHBIKTAFaH INCIIiMI OOJYbIH KaMTaMachl3
ereni. COHbIMEH Karap Makajiaja )KUHAKThUIBIKTHI Tajay yuiiH, Mutrar-Jledduep pyHKIMsCbIMEH OaiiaHbICThI
MaHBI3IBI OaFaiayiap CHri3iin, ponenneHeni. KatapaplH sKUHAKTBUIBIFBI 3ePTTEINCAl )KOHE MICHIIMHIH Oenriti 0ip
(yHKIIMOHAIBI KEHICTIKKE JKaTy IapTTapbl Oenriieneni. byt ecentin meHOepiHie OHBIH epeKIIeIiriH KOpCceTeTiH
JKaIFBI3 MIemIiM Kepcetiyeni. KepcerinreHn aiiMakTarbl MEMIIMHIH Y3IIKCI3/iri KaTapablH OipKenKi >KHHAKTH 00-
JYBIMEH JTOJETICHI].

Tipex ce3aep: OenmIeKk TyBIHABI, HHTETPAIABIK TEHICY, afHBIMAIBIIAPABI &KBIPATy SIICi, YaKbIT OOMBIHIIA
oeiinokanasl Auddys3ust TeHaeyi.

12Mamo6eron C.A.,
nokropant, ORCID ID 0000-0003-3394-756X,
e-mail: samatmambetov09(@gmail.com

'Kazaxckuit HarioHampHbIN yHUBEpCUTET MM. anb-Dapadu, . Anmarsl, 050040, Kasaxcran
MHCTHTYT MaTEMaTHKH U MaTEMaTHYECKOTO MoJiesiupoBanus, T. Aimarsl, 050010, Kazaxcran

HAYAJIbHO-KPAEBBIE 3AJAYN JUISL YPABHEHWSI
HEJIOKAJIBHOU IO BPEMEHU JU®DY3IUU

AHHOTALUSA
B a70if cTaThe mccaenyeTcs ypaBHeHne ApoOHON muddy3nu, BKIOUaromee Jpo0Hyo mpon3BonHyo KamyTo
U IpoOHbIN nHTerpan Pumana-JInyBumis. YpaBHeHHE JOMOTHEHO HAYAJIBHBIMHU U TPAHUYHBIMHU yCIOBHUSAMH B 00-
JacTu, onpeaenseMoi naTepBasioM 0<x<l mo mpocTpaHcTBeHHOI nepeMeHHoN u 0<t<T mo BpeMeHHO mnepeMeH-
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HOH. J/[poOHBIe orepaTopsl ONpeeseHbl CTPOTro, UCTIOJb3Ys IPOOHYI0 MPOor3BOAHYI0 KaryTo nopsiaka 3 u 1poOHbIit
unrerpan Pumana-JInysusuis nopszaka o, rae 0<o<fB<1. OcHOBHbIE pe3ynbTaThbl BKIIOYAIOT [IPEICTAaBICHUE XOPO-
110 U3BECTHBIX CBOMCTB, CBA3aHHBIX C APOOHBIMH OIIEpaTOpPaMH, U YCTAHOBJICHO EIMHCTBEHHOE PELICHHE TaHHOU
3agaun. KirtoyeBbie BBIBOIBI 0OOOIICHBI ¢ MIOMOIIBIO TEOPEMBI, KOTOpas 00eCHeUnBaeT IBHYIO (OPMY pCIICHHUS.
Pemenue BeipaxkaeTcst B BUAE PAa, BKIIOYAIOIIETO ABYXIIapaMeTpuiecKyto GpyHkuo Murrara-Jleddiepa u op-
TOHOPMHPOBaHHBIE coOcTBeHHbIE QyHKIMU oneparopa Lltypma-JInyBuis. JlokazaHa eAMHCTBEHHOCTD PELICHHUS,
rapaHTHpYIOIIas, 4To 3a/ia4a UMEET eJMHCTBEHHOE, YETKO OINPEACICHHOE PEellICHNE TP ONPE/ISIICHHBIX YCIOBUIX
Jutst icxonHoi (yHKmu. Kpome Toro, B cTarbe BBOJSTCS M TOKA3bIBAIOTCS OLICHKH, CBSI3aHHbIE ¢ QyHKIMEH Mut-
tara-Jledduepa, mpenocTapisist OIIEHKH, HMEIONIHE pelIaloiiee 3HaYeHNe sl aHalin3a cxoauMocth. Vcenenyercs
CXOJMMOCTD psiJia M YCTAHABINBAIOTCS YCIOBHS MPUHAIICKHOCTH PELICHHS ONPEACICHHOMY (DYHKIHOHAIEHOMY
MIPOCTPAHCTBY. JleMOHCTPUPYETCst SAMHCTBEHHOE PeIICHNE, NOIYSPKUBAIOIIEe €ro HEOOBIYHOCTh B PAMKAX JIAHHON
3amaun. HempepbIBHOCTD pemeHys B yKa3aHHON 00acTH IIOATBEPIKAACTCS PABHOMEPHOH CXOAUMOCTBIO Psiia.

KaioueBble cioBa: npoOHasi MPOW3BOAHAS, MHTETPAIBLHOE YpaBHEHHE, METOJ PAa3/eiCHUS] MEepeMEHHBIX,
ypaBHeHue anuddy3un 6eiiiokana o BpeMeHH.
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IHAPAMETPI BAP JU®O®EPEHIINAJIABIK TEHAEY YIIIH
HWETTIK ECENTIH BIPMIOHAI IEMITJIIMALIITT TYPAJIBI

Angarna

AKBIpIIbI MHTEpBaJIIa HapaMeTpliiey oJici Herizinjge mnapamerpi Oap audQepeHuHanIblK TeHJeY YIIiH
CBI3BIKTBIK ILIETTIK ecen 3eprreieni. MHTepBanael Oeiy, 0eiry HyKTeJepiHIE KOCHIMIIA MapameTpiepil KoHe
KaHa (yHKIUSUIApAbI €Hri3y apKbuibl 3eprrengi. [lapamerpi 6ap mETTIK ecen SKBHBAJICHTTI Mapamerpiepi 6ap
KON HYKTENI IIETTIK €CeNMKe KEeNTipinmi. ANBIHFaH KBHBAJCHTTI MICTTIK €CeN jkKaHa (DYHKIMsIIapFa KaThICTBI
Kail muddepeHmanaplk TeHaeyinep ymia Komm ecenrepin kamTtuasl. Komm ecebiHiH mIeNIiMiHIH KefinTemeciH
MICTTIMHIH Y3UTICCI3IK MIapTTapbl MEH MICTTIK MIapTTapblHA KOO apKBUIBl €HTI3UITEeH HmapamMeTpliepre KaThICThI
CBI3BIKTBIK aJIreOpaliblK TeHJeyep Kyieci KypacToipbuibl. [lapamerpiiepi Gap HIETTIK ecenTiH IiemimMin Tady
aNropuTMi KypacTeIpbuLabl. [lapameTprepi Oap meTTik ecenTid OipMoH/II MISHIUTIMIUTITIHIH KEeTKUTIKTI MapTTapbl
Typajbl TEOpPEMaHBIH TY)KBIPHIMBI YCHIHBIIJIBI. bacTankpel MIETTIK ecenTiH Oacramkbl Oepiiimiep TEpMHHIHE
OHBIH OIpMOH[II MICIIUTIMIUTITIHIH KETKUTIKTI MapTTapsl allbIHIBL. TeopeMarapIblH MapTTapbIHBIH OPBIHAATYBIH
KOpPCETETIH MBbICaJ KeATipiIIi.

Tipek ce3nep: napamerpi 6ap nuddepeHIMaNIbIK TEHICY, IETTIK €CeIl, MEIITIMILTIK, MapaMeTpiey dici.

Y CBIHBUTBITT OTBIPFaH XYMBICTa TapaMeTpi 0ap auddepeHmanapiK TeHAey YIIiH MEeTTIK ecen
KapacThIPbLIA bl

dz
= ARz + Ag(Ou+ f(t), te€(0,T), zeR® puek, (1)

BIZ(U) + PLU + CIZ(T) = dl’ dl E Hn, (2)
B,z(0) + Pu + C,z(T) = d,, d, € R, (3)
myHzarsl (M X 1) — emmemai A(t). (n % [) — emuremni Aq(t) marpunanapsi xomne 1 —

enmemni f (t) sexrop — dynkunscet [0, T apaneirsimna vsiniceis, (n X n) — enmemni By, Cy
matpunanaper, (I X 1) —enmewmi By, €y marpunanapst, (1 X [) —emmemzi Py MaTpumach! xome

(I X 1) — onmemni P, marpumact — typaxtes, ||z]| = max|z;|, llz|l; = %%% [EIGI
”!:fq(:t)” =a, ”;;FIO('[,'}” = @y, @, Xy — const. i=1,n )
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(1)-(3) ecebinin memimi nen t € [0, T] apamsrbmna U = [~ wmommepi yurin (1)
anpdepeHImaNIbIK TEHACY H KoHe (2), (3) WweTTiK WwapTTapbid KaHararranasiparst (z°(t), u™)
KYOBbIH aliTaMblI3, MYH/IAFbI 7 * (tyecC 1 ([0, T], R™): p* — IapamMmeTp.

Kipicme

[Tapamerpi Gap muddepeHmanIBIK TEHASYIEp YIIIH METTIK ecemnTep KoimaHOamsl mare-
MaTUKaHbIH, (pU3MKaHBIH, OMOJIOTHSIHBIH, MEIUIIMHAHBIH koHE T.0. cananapna xKonaansiiansl. Co-
HBIMEH KaTap MYHJail ecentep opTyp:i HMpouecTepAl MOAETbICY YIIiH FhIIBIM MEH WH)KEHepHusia
KEHIHEH KOJIIaHbLIa bl

[Tapametpi 6ap nuddepeHMANABIK TEHALYIEp KYHEC] YIIIH METTIK eCenTepil Mmenryae THiM-
Ty SAICTEpiH, aybITKY 9/IICTEPiH, aKBIPJIbI AHBIPBIMIIBIK JIICTEPiH, MAKCUMYM KaFH1aThl MEH TaFbl
Oacka omicTep/i KoJAaHy KONTEereH FalbIMAapAbIH KyMbicTapbiaaa [1-9] kapacteipeutran. CoraH
KapamacTaH, mapameTpi 0ap muddepeHInaNabpK TeHISYJIep KYWeci YIIiH MIETTIK eCenTepiiH
OIpMOHII MEIIITIMAUIITIH OacTankel OepuTIMIEpP TEPMHUHIHJIC TaralbIHAAY KOHE OHBIH JKYBIK
niemimMaepid TabyablH alrOpUTMICPIH Kypy Macesenepi amiblK OOibI KalbIl OTHIP.

[Tapamerpi Gap mieTTiK ecenTepii 3epTTey MEH IIEUIyAiH KOHCTPYKTHBTI oicTepiHiH Oipi
napametpiey aaici. by omic J[.C. XKymabaentsiH [10] sxyMbIcbiHAa xail quddepeHnnanibK TeH-
Jieysep Kyhecl YIIH HIETTIK eCenTepAl 3epTTeyre sKoHe MIeNIyre apHabIN KacajaraH. Apbl Kapai
napamMeTpiey dfici muddepeHnnaIabK TeHACYASPIiH OpTYpii KiIacTapsl YIIiH MIETTIK ecenTepi
merryne [[.C. XKymaGaestoiy [11, 12] sx0HE OHBIH OKYIIBUIAPBIHBIH XKYMbICTapbiHaa [13—22] opbin
aNIbl.

¥ ChIHBUIBIN OTBIPFaH >kyMbicTa JKymabaeBToIH mapamertpiey dici Herizinzae (1)—(3) ecebinig
OIpMOH/II MISTIITIMAUTITIHIH MIAPTTaphI ATBIHBII, OHBIH MICHTIMiH Ta0y/IbIH aITOPUTMIEP1 KYPBIIa/IbI.

MarepuaJigap MeH djicrep

[Tapametpiiey oxicinin cynbecin naiaanansi, [(), 7] apaablFbiH Keneci bemikrepre Oonemik:

N
[0,T) = U[(r — 1D Th).
r=1

Isneningi Z(t) GyHKIMACKIHBIH GOJIHIeH apaIbIKTapFa ChIFBLTYbIH
z.(t), t € [(r— 1)h,vh), r = 1,N, nen 6erineiiix. 4, = z,((r— k) |

r = 1, N, KocbIMIIa napameTpiepin enrisin xone op6ip [(r — LA, vh), ¥ = 1, N,

apansikrapsinaa U, (t) = z,.(t) — A, v = 1, N, anmacteipynaphin jacacak, oHia Kejieci

napamMeTpiiepi 0ap mapa-mnap meTTiK eceOiH aJambl3:

d"‘;’ = AD @, (O +2,)+ A, (Du+ f(©), t€[—Dhrh), r=1LN, 4

u,((r—1)h)=0, r=1,N, (5)
BiA; + Piu+ CiAy + Cltﬂ}’gﬁuh;(t} = d,, (6)
BoAy + Pop + Cody + CztiimDuN(t} = d,, (7)
A+ lm ug(t) = Assy,  s=1L,N -1, (8)

65



HERALD OF THE KAZAKH-BRITISH
No. 1(68) 2024 TECHNICAL UNIVERSITY

MYHJIAFbI (8) — MenTiMHIH Y31UTICCI3AIK MapTTaphl.

(4)—(8) ecebinin wemimi nen (A®, u*[t]) KyObiH aiiTaMbi3, MyHIAFbI
A = (.;‘!,*, *: ey R"r#*) € RHN_'_I

= (W ®,u3(®), ., uy () wp(0) € €1 ([ — Dh,rh),R™) r=1,N,

(1)~(3) xome (4)~(8) ecenrepi napa-nap ecenrep Gonansl. Erep (z*(t), ,u*) xkyOb1 (1)—(3)
ecebiHiH memiMi Oonca, onna kenect (A* y*[t]) *KyObl, MyHIaFbI

A = (2"(0),2"(h), .., z*((N — 1)h), "),
wlt] = (z°(6) = 2°(0),2°(t) = 2" (h), ., 2°(8) — z*((N — 1))
(4)~(8) eceOinin memrimi Oonaael. Kepicinmie, erep (A u[t]) )kyObl (4)—~(8) ecebiniy mremrimMi
Oosca, oHsa
2(t) = A, +1,.(t) t€[(r—Dhrh) r= l,N’
2(T) = Ay + tIiT{r_lol’iN(t)

tenikrepimen anpikranareii (Z(t), f1) xy6er 6acranksr (1)~(3) eceGinin memimi Gomasl, MyHIa
{1 TapaMeTpi /A BEKTOPBIHbIH COHFbI KOMIIOHCHTIHE TCH.

WA T=1N, napameTpiepinid Oexitinren monzepinae (4), (5) Kommu ecentepi keneci
MHTETPaIIBIK TEH/eyepre napa-map 6omas:

u,.(t) = f A(T)(u, (7)) + A,.)dt + f A (T)pdt + 9)
(r—1)i (r—1)i
+ f f(odr, t € [(r— Dhrh), r=1,N.
(r—1)h

Enni nunTerpanblH acTbIHAAFbI U, (1’), r = 1, N, byskuusnapsiabeig opHbIHA (9) TeHAEYiHIH
colikec OH KaKTapblH Koibim, Oyn yxaepicti v (v = 1,2,...) peT KaifTanacak, oHja u-r(t}r
¥ = 1, N, PyHKUMSIApBIHBIH KelleCl KeHiNTeMelIepiH allaMbl3

u'r(:t) = Dy (DA, + Hyr (D + Gvr(u t)+ E,. (1) (10)

MYH/IaFhl

D, (t) = f A(r,)dr, + f A(ty) f A(r,)dr,dt, + -+
(r—1Ji (r—1) (r—1)i

f A(T,) ... {TJ; AT, 1){rJ; A(r,)dr,dr,_, ..dt,,

(r—1)i

Mw::sz& fl Ay (r)dr, + f AT f Ay (T,)dT, ATy + -+

(r—1)i (r—1)k
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f A(T))... fcm:ru ) f Ay (r,)dr, dTy_s ..dTy)
(r—1J4 (r—1) (r—1J5

E,.(t) = f(rydr, + A(Ty) f(r)drdt, + -+
{r[ Jaw |

f A(T,) ... f A(T,_1) f f(r,)dr,dt,_; ...dt,,
(r- 1 (r—1}4 (r—1Jh

Gy () = f A(ty) .. f Aty 1) f AT, (T,)dr, dTy_y - Ty,
(r—1W (r—1)

(10) TennmeynepineH h‘.";.'ll Gu.,. (t} r = 1 N, LIEeKTepre CoMKeC OpHEKTEpJl Taybll, OJapibl

(6)—(8) maprrapeiHa Ko#bl koHE (6), (7) ©pHEKTEepiHIH €Ki arblH Ja ht > 0 xeGeiircex,
U, )[?,, = 1,N , TTapaMeTpIIep YIIiH KeJIeCi TEHAEYNEp KYHECIH anaMbl3:

Q,(MA=—FE,(h)— G, (u,h), A€E€RMW* (11)
MYH/JIaFbl
Qv(h) —

hEB, 0 0 0 he, (1 +D,, (1)) hE + hCy M, (T)

1B, 0 0 0 hC, (I + Dy (1)) hE, + hCy M, (T)
I+D, (R ~I 0 0 0 M, (k)

0 14D, (2R) —I 0 0 M, (2R)

0 0 0 v I+ Dy (N —1R) -1 M, o, (W —1)R)

Fu(h)=( hd, + hC,F,y(T), —hdy + hCyF,y(T), F,y(h),...,Fy - 1((N—1]h))
G, ) = (hC.Gon (u,T), MGGy (W, T), Gyy(u,h), .., Gy s (ut, (N = 1)),

Comsiven Oenricis A = (Aq, Ay,..., Ay, ), mapamerpiepin Ta6v yuriH (11) CBI3BIKTHI
anrebpabk TEHJEylep Kylecin ammblk, an Oenricis U[t] = (ul (1), uy(t), ..., uy (t))
¢bynkuusicoid (4), (5) Komm ecebinen Tabamer3. Exni (4) — (8) ece0iHiH memiMi TOMEH/IET] aTOpUTM
apKbUIbI aHBIKTANATHIH ( AG‘:), u(k) [£]).k =0,1,2,...xynTap Ti30eriHiK WeTi peTiHe i31emiHei.

0-111 Kagam:

a) @, (/1) Marpunace! KaiiTapsIMel e xopamanian, /A mapameTpiepinis GacTarkp! KybIK-
rays @, (M)A = —F, (1) rerneyinen taGambis, srun AO) = —[Q, (W]~ lF (h);

0) TaObUIFaH A(C') kompanbin xoue £ € [(r— 1)h,rh), r= l N, apambikrapenna
A, = ‘Lﬁ), r=1,N.u= #(0} Gonrarna (4), (5) Ko ecerrrepin memmim 14 (%) [t] =
_ (u EJ) ), o, u;ﬂ?} (t}) (yHKIMSITApEIH TAGAMBI3.
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k-1 xagam:

a) TaObuiran u(k_l) [t] = (uik_l}(t}, ---,ug‘:_l)(t)), k=1,2,.., (hyHKIUATAPBIH

(11) CBI3BIKTHI ANIreOpabIK TCHACYJIED KYHECIHIH OH KaFbIHA KOMBIIL,
Q, (WA= —F,(h) — G, (u*Y,n)

TeHIEyiHEH A = (lgk), ,lirk}, M(k}), k = 1,2, ..., napamerpin Tabamsbis;

Ot e[(r—1)hrh), r= ﬁ apansiKTapsiaa A, = A,Ek) r=1,Nu= ’u(k) ,
k =1.2,.., 6onrauna (4), (5) Kowwn ecebin memin u("“}[ t] = ( (k) (t),.. [k) (t))

k=1,2,. (’nvmcnmmam,m TabaMbI3.
enviert (AR 10(6) teci
CoHbIMEH (A [t]), k = 0,1,2, ... )Kyrrap Ky#ecin aiambis.
¥ CHIHBUTBITT OTBIpFaH AJITOPUTMHIH JKy3ere acybl MEH JKaJIFbI3 MICNIIMIe XKHHAKTATYbIHBIH
JKETKUTIKTI IIapTTaphl skoHe (4)—(8) mapamerpi Oap meTTik eceOiHiH OIpMOHII MISTITIMII OOTaThIHBI
Kejeci TeopeMazia KeTIpiIreH:

Teopema 1. Erep xe3 kenren v € N, h > 0 ywin @, (/1) MarpuIachIHBIH Kepi MaTpHIIachl
Oap Oosca xoHe

ITQ, (Ml = v, (1),

v ’jlj
2. () = 1, (D max(L AIC, LG, 1D ] et — S L,

v—1 ;
) af)’
+ayh| e* —Z( ) <1,

j=0
oHJa (4)—(8) ecebi OipMoHAI MIeHIUTIM/I O0JIaIbI.
(1)—(3) xone (4)—(8) ecenrepi nmapa-nap OOIFAHIBIKTAH KEJIECI TYKBIPHIM OPBIH aJaJIbl.

Teopema 2. Erep ke3 kenren v € N, h = () YuIiH QU l:f?] MaTpuIachkl KauTapbIMsl Oosica
JKOHE JKOFaphljia KEJITIPiATeH TeopeMaHbIH TeHCI3AikTepi opbiHaanca, ouaa (1)—(3) mapamerpi 6ap
merTik ecebinin (™ (t), ™) xKanFer3 memnrimi Gomaab xoHe O YIIiH Kelleci TeHCI3iK OPBIH/IBL:

max ([|z*[ly, [lx"1]) = M, (R) max (I, I, lld [l 1£1D,
Mb. I:.Iiljl = {]”L-'::h](l + aohjeahma}f(l,hllclll.h"Cg ”j I:ﬂ'ir?) n l} «

1—gq, (h] V!
(crh]f

X1y, (W) [e“" — 1+ aghe™™] -max| 1+ hllClllz

Jj=0o

= (ah) O (ah)!
1+f1IICgIIZ( .,) .Z( _,) )—Fe“" h+
j=0 J: j=0 )

=~ (ah) = (ah) o (ah)]
+7, (h) max 1”?"51"2(;') ,1+f?||c2||z(j'] ,Z': ")
j=0 j=0

!
=
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1 >)xoHe 2 TeopeManapbIHbIH J9Je/eyi [22] ®KYMBICBIHAAFBI TEOpEMaIapra YKcac J9JeIICHE/I.
HoTukesiep MeH TaJKbLIay

[0, 1] xecingicinme mapamerpi 6ap aubdepeHIManIbK TeHASY YIIiH TOMEHACTIIeH MIETTIK
€CeIITi KapacThIpaibIK

1 t 1 0 t
dz _[4 g 2 4 fi(®) 2 3
4 2 2 3 4
1 2 1 2 4 1 -1 _ dll) (13)
(5 6)Z(D}+(5 6 0)"”(2 U)Z(T} (dlz’
1 3 2 3 4 2 0 dyq
6 7 —3 6 9 -1 1 ds;

[Tapamerpiiey oficiHiH CYJIOECiH €cKepe OTBIPBINT OepiuIreH [0,1] apaJIBIFBIH  Keneciaei

1
bemikrepre  Gemeiiik:  [0,1) = U:?,:l[('r —1)h,rh), wmysmarm h = e [3nemingi
dyskimsiabig - Genimren  apamsikrapra  cepuybiH  Z,.(t) = z(t),t € [(r — 1)h,Th),
r= ﬁ, pen Genrinen, A,. = z.((r — 1)h), r = 1_2, KOCHIMIIIA TTapaMETPJIEPiH €Hri3in
xone opoip Ar = Z-((r — 1)h) + = 1,2, apamsremma w,.(t) = z,.(t) — A,., r = 1,2,

AIMacCTBIPY/IapbIH jkacaibIK. COHBIH HOTHXKECIH/IE Kelleci mapaMeTpi 0ap IMEeTTIiK ecenTi aJambl3:

1 t 1 t

du, (2 3 2 Y 3 fi() B

@ e [, (t) + A,] + S ,u+(f2(t)),te((r Dh,7h),
4 2 2 4

u,((r—=1)h) =0, r=1.2,

1 2 1 2 4 1 -1 1 -1y .. (dy,
5 6)Al+(5 6 0)’“+(2 0)’12+(2 UJtEﬁouz(t)_(dlg)’
1 3 2 3 4 2 0
(0 5)ll+(6 7 U),u—i—(l 1),12+
6 7 3 6 9 11

( 2 0) dyq
+{ 1 1] lim uy(t) =|dys |,
1 1 t—=1-0 d32

.3,1 + h{n ul(t} = .3,2
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: 1
v = 2 Oonrannga Qg (E) MaTpHIackl Keleci Typ/e 0oIaapl:
0.5 1 0.5287 —0.4524 0.7166 1.079 1.9883
2.5 3 1.1359 0.099 2.7568 29913 0.1055
1 0.5 1.5 1.1359 0.099 1.2568 1.4913 2.1055
Q- (E) = 0 —2.5 0.6072 0.5514 3.0402 3.4123 01171
3 3.5 —0.5287 04524 —-1.7166 2921 45117
1.1329 0.0326 —1 0 0.2646 —0.0035 0.0352
0.0114 1.0002 0 —1 —0.0605 —0.1667 0.1252
TeopeMaHBIH IAPTTAPBIHBIH OPBIHAATYBIH TEKCEPEHiK:
1 -1
[Qz (E)] = 12.0884,
(1) 12.0884 I 1 1 (1!4)2 + 1.0833 1 ( 1 1 1) 0.2563 <1
— | = . led — _ . r— | g4 — —_ — = . .
12\ 4 2 2 4

TeopeMaHbIH OapibIK MIAPTTaphl OPBIHAAJIBIN TYp, onail 6osca G6eputren (12)—(14) mapamerpi
0ap MIETTIK eCeNTiH JKAJFBI3 IMIENTiMi OOJIaIbI.

KopbIThiHBI

Y CBHIHBUIBIN OTHIPFAaH JKYMBICTA MapaMeTpi 0ap auddepeHunanaplk TeHIey YIIiH ChI3BIKTBIK
merTik ecen JKymabaeBThIH mHapaMeTpiiey oici Heri3iHae 3eprTesreH. bactamkel Oepimimuep
TEPMUHIHJIE OHBIH OIPMOHAI MEMIITIMAUTITIHIH KeTKITIKTI IapTTaphl aIbIHFaH.

Kapxplianapipy Typaiabl aknmapar. byn seprreynmepai kysere aceipyna Kazakcran Pec-
nyonmkacel Feutbim xoHe XKoraps! biim MUHUCTpITITIHIH FhUTEIM KOMUTETI Kosay kepceTti (I'pant
BR20281002).
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ON THE UNIQUE SOLVABILITY OF A BOUNDARY VALUE PROBLEM
FOR DIFFERENTIAL EQUATIONS WITH PARAMETER

Abstract

A linear boundary value problem for a differential equation with a parameter is investigated on a finite interval
by the parameterization method. The studied boundary value problem with parameter is reduced to an equivalent
multipoint boundary value problem with parameters by splitting the interval, introducing additional parameters at the
points of splitting and new functions. The obtained equivalent boundary value problem contains Cauchy problems
for ordinary differential equations with respect to new functions. By substituting the solution representation of the
Cauchy problem into the boundary conditions and continuity conditions of the solution, a system of linear algebraic
equations with respect to the introduced parameters is compiled. An algorithm for finding a solution to the boundary
value problem with parameters is constructed. The formulation of the theorem on sufficient conditions of unique
solvability of the boundary value problem with parameters is given. Sufficient conditions of its unique solvability
are obtained in terms of the data of the original boundary value problem. An example showing the fulfillment of the
conditions of the theorem is given.
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method.
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Ob OJJHO3HAYHOM PA3ZPEIIMMOCTH K?AEBOFI 3AJAYHN
A TNOPEPEHIUAJIBHBIX YPABHEHUU C MAPAMETPOM

AHHOTAIHUA
Ha xoHEYHOM MHTEpBaJie METOJIOM MapaMeTpU3alliK UCCIIEAYeTCs JIMHeHast KpaeBast 3aia4a st iuddepeH-
[UALHOTO YPaBHEHUsI ¢ mapamerpoMm. [lyTemM pa3OueHusi HHTepBaia, BBEICHUS IOMOJIHUTEIbHBIX APaMETPOB B
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TOYKaxX pa3OMEHUs] U HOBBIX (PYHKLHMI MCclienyemas KpaeBas 3aja4a ¢ MapaMeTpoM CBOJMTCS K SKBHBAJICHTHOU
MHOTOTOUEUHOHN KpaeBoH 3ajaue ¢ napaMmerpamu. IlonydeHHast SKBUBaJICHTHAs KpaeBasi 3ajada COAEPKUT 3a7a4un
Ko jy1st 00bIKHOBEHHBIX TU((epeHIIHANTEHBIX YPaBHEHNI OTHOCHTEIFHO HOBBIX (PyHKIHI. C ITOMOIIBIO O/ICTa-
HOBKH IPEACTaBIECHUS pelleHns 3a1a4u Koy B KpaeBble yCIOBUS U YCIOBHS HEMTPEPBIBHOCTU PEILIEHHSI COCTaB-
JSIETCS CUCTEMa JIMHEHHBIX anreOpandecKuX ypaBHEHNH OTHOCHTENIBLHO BBEJCHHBIX MapaMeTpos. IlocTpoen anro-
PHUTM HaxXOXK/I€HUs pEeLIeHUs KpaeBoH 3a1auu ¢ mapaMmeTpamu. IIpusesieHa hopMynnupoBKa TEOPEMBI O JOCTATOUHBIX
YCJIOBHUSIX OJIHO3HAUHOM pa3pellnMOCTH KpacBOM 3aJauu ¢ napaMerpamu. B TepMHUHAX JaHHBIX HCXOIHOM KpaeBoil
3aJlauyl MOJIyueHb! JOCTAaTOYHbIC YCIOBUS €€ OJHO3HAuUHON paspemnMocTu. [IpuBoaurcs npumep, NoKa3bIBarOIUil
BBITIOJIHEHHE YCIOBUI TEOPEM.

KoroueBnle cioBa: muddepeHinanbHoe ypaBHEHHE ¢ IIapaMeTpoM, KpaeBas 3aJa4a, pa3peliiMOCTb, METOJ
napaMeTpU3aLHH.
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O MOHATHUAX BBINYKJIOCTU U CJIABOM O-MUHUMAJIBHOCTH
AJIA HACTUYHO YIIOPAAOYEHHBIX CTPYKTYP

AHHOTAIUA

B nmanHOl paboTe MbI paccMaTpuBaeM 00OOIIEHUE MOHATHS CIa00i O-MUHHUMAILHOCTH HA YaCTHYHO YIIO-
psiioueHHbIe MHOXeCTBA. OJIHAKO MOHSATHE C1ab0il 0-MUHMUMAILHOCTH OCHOBAHO HA IMOHSTHU BBIMYKIOIO MHO-
JKECTBA, MPSIMOHU MEPEHOC KOTOPOTro Ha YaCTHYHbIC MOPSIJIKU, KaKk Oy/eT Moka3aHo B paboTe, He SIBISIETCS, Ha HAIIl
B3I 11, CAMBIM y}la'-IHBIM, HOCKOHBKy TOraa B KJj1acce cna60 O-MHUHUMAJIbBHBIX YaCTUYHO yHOpH}:[O'—IeHHBIX CprKTyp
BO3MO)KHO OTIPENICIIUTH JIIO0YI0 MaTeMaTHYCCKYIO CTPYKTYypy. [Ipuuem, kak OyleT Mmoka3aHo, 3TO MOXKHO CIeNaTh
MIPY TIOMOIIY TAKOW MPOCTOHN OMEpaIuy, Kak MmepecedcHrue MHTepBajioB. CTaThs MOCBSIICHA MOUCKY Pa3IMYHBIX
0000IIeHHUIT TOHSATHS BBIMYKJIOTO MHOXECTBA HA YACTUYHbBIC MOPsAKU. Tak Kak BBITYKJIbIE MHOKECTBA HA MPSAMOI
005alatoT U IPyrUMU CBOWCTBAMH, TAKUMH, HAPUMED, KaK BO3MOXKHOCTD MX MPEICTABUTH B BUJIC OObEANHECHUS
WU TIEPECEUCHUS] MHTEPBAJIOB, BBITYKJIbIC MHOYKECTBA CBSI3HBI, BCE ATH CBOWCTBA MOTYT OBITh [TOJIOKEHBI B OCHOBY
onpeueneHI/m BI)II'IyKJ'IOFO MHOXKECTBaA IJII YAaCTUYHO yHOpﬂ}IO‘IeHHBlX CprKTyp. TaK, Hpe)ICTaBHeHI/Ie BI)IHyKJ'IOFO
MHOXECTBA B BHJIC OOBCIUHCHUS BJIOKCHHBIX JPYT B Ipyra HHTEPBaiOB (IIOJYHHTEPBAIOB, OTPE3KOB) JaeT HaM
MOHSATUC BHYTPEHHE BBITYKIIOTO MHOXKECTBA, a MIEPECCUCHUC MHTEPBAJIOB JIACT MOHITHE BHEIIHE BBITYKJIOTO MHO-
secTBa. B crarbe OyayT MOCTPOCHBI IPUMEPBI, KOTOPBIE MOKA3bIBAIOT HEAKBUBAIIEHTHOCTH BBOJIMBIX MTOHSITHH.

KiroueBble c10Ba: JTHHEHHO yNOPSIOYEHHOE MHOXKECTBO, YACTUYHO YIOPSITOYEHHOE MHOXKECTBO, cladast
0-MHUHHUMAaJIbHOCTbB, BBIITYKJIOC MHOXKECTBO.

BBenenune

ITonsTHe cnaboii 0-MUHUMAIBHOCTH OCHOBAHO HA MOHSATHU BBIIYKJIOIO MHOXECTBA, WIU IIPO-
MEXyTKa. BCIIOMHUM, YTO MOAMHOXKECTBO A JTMHEWHO YHOPSIOYCHHOH CTPYKTYpbl M Ha3biBaeT-
Csl 6bINYKIbIM, €CITH JUIS JIIOOBIX 2JIEMEHTOB @, b € A M ¢ € M HEpaBEHCTBO a < ¢ < b BIEYET, YTO
¢ € A. JluneiiHo ymopsiioueHHass CTPYKTypa Ha3bIBaCTCS C1aOO0 O-MUHUMAIbHOU, €CIH JIo0oe ee
(hopMyITBEHOE TTOIMHOKECTBO €CTh KOHEYHOE 00BETUHEHNE BBITYKIIBIX MHOXKECTB [1].

Omnpenenenue 1 (K.K. Kynaitbeprenos [3]). Yactuuno ymopsiioueHHast cTpykrypa M Ha3bIBa-
eTCsl c1ab0 O-MUHUMANLHOU, €CIH J1000€ ee (POPMYIIbHOE NOAMHOXKECTBO SBISETCA KOHEUHBIM 00b-
€IMHEHHUEM BBIITYKIIBIX MHOXECTB.

B pa6ore K.JK. Kynaiibeprenosa [2] OblTH pacCMOTpPEHBI IPYTHe BapUAHTHI ONPEIEICHUS Clia-
00l 0-MHHUMAIIBHOCTH, KOTOPBIE NMPEICTABISIOT WHTEPEC, HO BBIXOIAT 32 PaAMKH 00CYyXaaeMon
3[€Ch TEMBI, IOATOMY MBI UX KacaTbes He OyaeM. Kpome Toro, ciemxyer oTMeTuTh padboTsl [4-5].

ITpu nepexoae OT TMHEHHBIX MOPSAIKOB K YACTUYHBIM IPSIMOJIMHENHBIN IEPEHOC MOHSTHS BbIITY-
KJIOTO MHOXECTBA HECET B ceOe Takue Hey[00CTBa, YTO JIH00ast aHTULETIb SIBJISETCS BBITYKIIBIM MHO-
KECTBOM, a 3TO JIeNaeT KJacc c¢1ado 0O-MUHUMAJbHBIX YaCTUYHO YIOPSAOUEHHBIX CTPYKTYp upes3-
MEpHO OOJIBIINM JJIS UCClIe0BaHMs. J{eiCTBUTENBbHO, UMEET MECTO CIEAYIONINNA OYeBUIHBIN (aKT.
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[pennoxenne 2. [Tycme M = (M, X) — npouseonvhas cmpykmypa cuenamypul £, komopas ne
cooeporeum cumeon =. Toeoa oboeawenue M* = (M, X U {=}) cmpyxmypor M omnowenuem =,
KOMOpoe npouHmepnpemupo6ano max, Ymo coenaoaenm ¢ paseHcmeom. x < y < x = y, A619emcs
€1abo O-MUHUMATLHBIM OMHOCUMENbHO YACTNIUYHO20 NOPAOKA =.

3aMeTHM, YTO €CJIM B CTPYKTYpPE €CTh HECKOJIBKO YaCTHUHBIX MOPSIIKOB, TO OTHOCUTEIBHO OJI-
HOTO TOPsZKA CTPYKTypa MOXKET OBITh CJIa00 O-MHHUMAJIbHOW, a OTHOCHUTEIBHO JIPYroro — Her.
Hampuwmep, (R, =<, =, @), rae = — 3T0 €CTECTBEHHbIN MOPSJIOK Ha BEIIECTBEHHBIX YMCIIAX, = COB-
1a1aeT ¢ PABEHCTBOM, a OJHOMECTHBIH TpeuKar @ BBIIEISET MOIMHOXKECTBO PAIHOHATBHBIX HH-
cest. O4eBUAHO, YTO OTHOCHTEIBHO €CTECTBEHHOTO MOPS/IKA JaHHAasi CTPYKTYpa He ABJsieTCs ¢1abo
O-MUHHMMAJIBHOM, @ OTHOCUTEIBHO = SIBIISETCS.

MBI nipezyiaraeM HeKOTOpbIe BApHaHThl 0000IICHHUS TOHSATHS BBITYKJIOTO MHOXKECTBA HA YaCTHY-
HbIE MTOPsIKK. MIHaue ToBOPsI, CTaThst IOCBSAIICHA CIIOCO0aM OTPEIEICHUS TOHSTHSI BBITYKJIOTO MHO-
YKECTBa HA YaCTUYHBIX Mopsiikax. Kak Oyaer BUIIHO, 9Ta 3aj1a4a 0Ka3anach JOCTaTOUYHO TPYIHOMU, HET
€IMHCTBEHHOIO CIIOCco0a 3a/1aTh TaKoe onpejiecHre. BrioiHe 10mycTuMOo, 4TO MOXKHO MCCIIeI0BaTh
¢11a00 O-MHHUMAJIbHBIE CTPYKTYPBI HA OCHOBE KaXKIOTO U3 MPEUIOKEHHBIX HUXKE OTPEJIeIEHUH BbI-
MYKJIOTO MHOXeCTBa. KpoMe Toro, MOCKOIbKY Ha JIMHEHHOM MOPSIIKE BCE ATH MOHSATHS YKBUBAJICHT-
HBI, IPEJICTABIISICT HHTEPEC OMUCAHUE YaCTHYHBIX MMOPSIKOB, IJIE T€ WM UHBIC MIOHSTHS, BBOAUMBIC
HIDKE, COBIAJIAIOT.

OcCHOBHBIE IOJIOKEHUS

Omnpenenenue 3. B 4acTHYHO yHOPSIOYEHHOM CTPYKTYpe M C YaCTHYHBIM MOPSIIKOM < MHOMKE-
CTBO A Ha3bIBACTCS [-6b1NYKIbIM, €CIIN A BBIITYKIIO M COCTOUT U3 CPAaBHUMBIX 31eMeHTOB. CTpyKTypa
M HazbIBaercs [-cn1abo o-muHumanbHol, eciu 100oe ee GopMynbHOE HOAMHOXKECTBO SBISETCS KO-
HEYHBIM OOBETUHEHUEM [-BBIITYKJIBIX MHOKECTB.

ITo ompenenenuto modast c1ado O-MHHUMAIbHAS JTHHEHHO YIOPSIOUCHHAS CTPYKTYpa SBIISET-
cs [-cnabo o-muHUManbHOU. Takxke [-c1ab0 O-MUHHMAIBHOM SIBISIETCS TU3BIOHKTHOE OOBEInHe-
HHE JI000T0 KOHEYHOTO YHcia ¢1ab0 O-MUHUMAIBHBIX JTHHEHHO YMOpsAIOYeHHBIX CTPYKTYp. [lpn
9ToM [-cnmabasi O-MHHUMAIIbHOCTh HAPYIIAETCS MPH B3SITUU JU3BIOHKTHOTO OOBEAMHEHHs JH000-
ro OSCKOHEYHOro YHcia JUHEWHO YIMOpsAOYeHHBIX CTPYKTyp. Bonee Toro, He siBusiercs [-cimabo
O-MUHHMMAJIBHOM JTF00asi YaCTHYHO YIIOPSI0UEHHAsI CTPYKTYpa ¢ OECKOHEUHOW aHTUIIETIBIO.

Takum oOpazom, Mopiu3arus 000 [-c1ab0 0-MUHUMAIBHON CTPYKTYPBI MPEICTABISACTCS B
BUIe 00BETUHEHUSI KOHEYHOTO YUCIIa C1a00 O-MUHUMAIBHBIX JTMHEHHO yIOPAI0UYEHHBIX CTPYKTYD.
B gactHOCTH, CIIpaBeATIMBO ClIEIyOIIee:

[pennoxenue 4. Juzvionkmnoe ooveounenue ciado o-MuHUMANIbHLIX TUHENUHO YNOPAOOUEeHHbIX
cmpykmyp M;, i € I, l-crabo o-munumansrno mozoa u moavko mozoa, ko2oa moscecmeo I koneuno.

Omnpenenenue 5. YacTUuHO yHopsI04eHHas! CTPYKTYpa M YIOBJIETBOPSET YCI08UIO CPABHUMO-
cmu, ecim o0oe ee OeckoHedHOe (OPMYITHPHOE TIOAMHOKECTBO COIEPYKUT CPABHUMEBIE SJIEMEHTHI.

[Mpennoxenune 6. /{ns ar06oii yacmuyno ynopsoouennot cmpykmypol M = (M, <, ...} credyro-
wue yciosus IKUBALEHMHBL:

(1) M ynoBieTBOpPSET YCIOBUIO CPABHUMOCTH;

(2) moboe GeckoHeuHOE (POPMYIIBHOE MTOAMHOKECTBO B M COAECPKUT OECKOHEUHYIO IIETIb.

Jlokazamenvcmeo. Ummuukanus (2) = (1) oueBuHAa.

(1) = (2). Ilycts nonmHOXecTBO A popmyibHO. [Ipennonoxum, 4to robast enb B MHOXKECTBE
A xoneuna. Torna srobast iers B A comepKUT MUHIMATBHBIH d1ieMeHT. [1oCKobKy MHOXKECTBO A iy
MUHHMAJIBHBIX B A 311eMEeHTOB (OPMYJIbHO, @ MUHHMAJIBHBIE 3JIEMEHTHI ITOTIAPHO HECPABHUMBI, TO
Amin xoneuno. Iycts Apin = {@4,.-, .}, a A, = {a € A:a > a,}. OueBUHO, 4TO OOBEMHEHHE
BCeX MHOXecTB A; maer A, wHaue cymiecTBoBasl Obl AJIEMEHT, IM0J] KOTOPBIM HET MUHHMAJIbHOTO,
HO B 3TOM CJIy4ae Mbl TOTY4YWId Obl OECKOHEUHYIO yOBIBAaIOIIyIO Iemb. Clie0BaTeIbHO, XOTS Obl
OJIHO M3 MHOKECTB A, OCCKOHEUHO, CKaxkeM, A, . [IoBTOpiM HalM paccyxaAeHHsI, 3aMCHIB MHOXKe-
cTBO A Ha A, . [Ipemonokum, 4To0 MHOKECTBO A; . MOCTPOCHO U OeckoHeYHO. II0CKOIBKY MHO-
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KeCTBO (A;, . i )min MUHUMAIBHBIX B A; ;. JJIEMEHTOB (OPMYJIBHO, & MUHUMAJILHBIE JIEMEHTBI
TIONapHO HECPABHUMBI, TO (A;, ;1\ )min KOHEUHO. ITycThb (A; | i ) min = (@i, 0100 Qi oiimzyy S @

fpoipi = 1@ € Ay, 570 > a5 i} OUEBUIHO, YTO OObEMHEHUE BCEX MHOXKECTB A; | ;. ; J1A€T
A > CTIC/IOBATENLHO, XOTA OBl OZHO W3 MHOKECTB A, ;. . OCCKOHEYHO, CKaxeM, A,
UTOT€ MBI ITOJTy9aeM OCCKOHEUHYIO I1eTTh

seenl ol e

a; < a < el A

iy iy.0g P P ’

4TO U TpeOOBAIOCH JOKA3aTh.

ITycTh yacTu4HO ynopsinodeHHas CTpykrypa M = (M, <, ... ) YAOBIIETBOPSET YCIOBUIO CPABHH-
MocTH, a 6eckoHeuHoe MHOXecTBO A & M dopmynpHo. Kak MBI 3HaeM U3 npeioxkeHus 6, MHOXe-
CTBO A colepKUT OeCcKOHEeUHYo 1enb. [Ipeanonoxum, uto A = N X @, a HOpAI0K 3aJaH Cleayto-
UM 00pazoM: umeeT Mecto (M4,41) < (1,4;) Torma U TOILKO TOIJA, KOraa Ny = M, U 3 < qs.
Torna MHOXecTBO A BbIMyK0. HecnoxxHo nokaszars, 4To pa3OMeHHE MHOXKECTBA A HA MHOXKECTBA
{n} X ) paBHOMEPHO ONPEAEIUMO, [I03TOMY OTHOILIEHHE SKBUBAJIEHTHOCTH E Ha MHOXECTBE A, YbH
kiacesl B Tounoctr {1} X Q, dopmynsro. Teneps Ha dakrop-mHONKecTBe A/E, KOoTOpoe 00pasyer
AHTHULETIb, MOXKHO OTIPENENIUTh JIIOOYI0 CTPYKTYPY, U 3Ta CTPYKTypa, KaK He CI0KHO MOHSTb, OyAeT
c1abo o-MUHUMANbHOM. [lomydaeTcs, 4To yCIoBUS CPaBHUMOCTH HEIOCTAaTOYHO, YTOOBI KJIACC clia-
00 O-MHHUMAIIbHBIX YACTUYHO YIOPSIOYCHHBIX CTPYKTYp He ObLT yepecuyp OoraTbiM.

Onpenenenue 7. YacTHUHO ynops10oueHHast CTPYKTypa M yIOBIETBOPSIET YCI08UIO CPABHUMOC-
mu 07151 000PANCAEMBIX INEMEHMOE, €CIIN [UIs JIF0O0r0 OTHOILLIEHUS 3KBUBAJICHTHOCTHU E, TAKOTO YTO
otHomieHue Ha E-xmaccax, 3amanHoe Gopmysoit [a]g < [bg], eciiu @ < b, HE 3aBUCHT OT BBIOOpA
HPEACTAaBUTENS KJlacca SKBUBAJIEHTHOCTH M 3a/1a€T YaCTUYHBINA MOPSAIOK, COPT, MOPOKAAEMBIN OT-
HOIICHNEM SKBUBAJIEHTHOCTH E C MOPSIIKOM <, YIOBJIETBOPSIET YCIOBUIO CPAaBHUMOCTH.

Bynem cumrarb, yTo unTepBain (c, d) BuoxeH B uHTEpBa (a,b),ecima < ¢ < d < b.

Omnpenenenue §. [IoqMHOXKECTBO A YACTUYHO YNOPSJOYEHHOTO MHOKECTBA M Ha3bIBAETCS

1. U-guinykavim, WIH GHYMPEHHE GbINYKAbIM, €CIM OHO SIBJISETCS OJHOMIEMEHTHBIM WU
00beTMHEHNEM BIIOXKEHHBIX JAPYT B IpyTra OTPE3KOB, MHTEPBAJIOB WIIH MTOJyHHTEPBAJIOB;

2. N-8bINYKIbIM, WIHA BHEUIHE 8bINYKIbIM, €CTIH OHO SIBIISETCS] OHOIIEMEHTHBIM WIH IIepecede-
HHEM BJIOKEHHBIX JIPYT B ApYyra OTPE3KOB, HHTEPBAJIOB MU ITOJyHHTEPBAJIOB,;

3. /lsycmoponne binyKivimM, €CIH OHO SIBISIETCS U U-BBITYKIIBIM, H N-BBITYKJIBIM; U

4. Oonocmoponme 8bINYKIbIM, €CIH OHO SBISETCS U-BBITYKJIBIM WX M-BBITYKIIBIM.

Mo:xHO BBeCTH U 00JIee CIIOKHYIO KJIaCCU(UKALIMIO BBIMYKIIBIX MHOKECTB.

Ompenenenue 9. [lonMHOXKECTBO A YaCTHYHO YIOPSAOUYSHHOTO MHOKecTBa M Has3pIBaeTCs

0. £ -6oinyKavim, und [1,-661nyKasim, Wik Ag-66InyKivim, €CIN OHO SABIISICTCS. OTPE3KOM, HHTEP-
BAJIOM WJIM TIOJTYHHTEPBAJIOM;

1.

(@) X,-6bInyKbiM, WA 6HYMPeEHHE 6bINYKAbIM, €CITH OHO ABJIAETCS OJHOSIEMEHTHBIM UM 00b-
€/IMHEHUEM BIIOKEHHBIX JIPYT B pyTra OTPE3KOB, UHTEPBAJIOB MIIU MOJTYUHTEPBAJIOB;

(b) I1,-6vinyKbIM, UK BHEUIHE 8BINYKILIM, €CITU OHO SBJISIETCS OJHOAIEMEHTHBIM WU Iepece-
YEHHEM BJIOKCHHBIX JPYT B IpyTra OTPE3KOB, MHTEPBAJIOB WIIH MTOJyHHTEPBAJIOB;

(c) Aj-6vinykavim, WM 08YCMOpOHHE BbINYKIbIM, €CIN OHO SBISACTCS H X, -BBITYKIIBIM,
u I1;-Beimyxunbiv; n

(d) V,-vinykavim, UIM 0OHOCMOPOHHE GbINYKAbIM, €CIM OHO SIBISETCS I,-BBIIYKIBIM WU
[1, -BBINYKIIBIM.

n+1.

(a) X, .1 -66INYKIBIM, €CITU OHO ABISAETCSA X, -BBITYKJIBIM HJIM OOBEIMHEHUEM BIIOYKEHHBIX JPYT
B 1pyra I, -BBIMYKIIBIX MHOKECTB;

(b) 11, 1 -6binyxavIM, €Cr OHO siBIsieTCs [1,, -BBITYKITBIM MITH TIEpECeUeHHEM BIIOKEHHBIX APYT B
Apyra L, -BBIYKJIbIX MHOXKECTB;

(¢) Ay q1-66INYKABIM, ECIIH OHO SBIAETCA U X, , ; -BBITYKIBIM, U I1,, . 1 -BBITYKIIBIM; 1

(d) 7, ,~66IMYKIbIM, €CIIH OHO SABISICTCS L, , 4 -BBITYKIIBIM WM I1,, . 1 -BBIYKIIBIM.
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3aMeTHM, 4TO B JIMHEHHO yNOPSIIOUYEHHBIX CTPYKTYpax MOHATUS OJHOCTOPOHHEN U IBYCTOPOH-
HEll BBIMYKJIOCTEH COBIMAAtOT. bbl10 Obl HHTEPECHO OMMCATH BCE YACTUYHO YIOPSII0YEHHBIE MHOMKE-
CTBa, B KOTOPBIX UMEET MECTO TaKOE COBIAICHHUE.

PaccmoTpum pemieTky Bcex 3aMKHYTBIX TTOAMHOKECTB MHOKECTBA [R B TOTIOJIOTUH, HHAYIIUPO-
BAaHHOMW €CTECTBEHHBIM MOPSIIKOM, C OTHOIIEHHEM YaCTUYHOTO MOPA/IKA, 33/JaHHOTO KaK «ObITh MO~
MHOXeCTBOM». Kax/10€ 3aMKHYTO€ MHOXKECTBO A MOYKHO IPEACTAaBUTH B BUIE oTpe3ka [@, A]. Torna
OeCKOHEYHOE 00BETMHEHHNE 3aMKHY THIX BIOXKEHHBIX JIPYT B IPYTa MHOKECTB JJA€T HaM ¥ -BBIYKJIOE
MHOXKECTBO. A OECKOHEYHOE NIEpeceueHHe L', -BbIITyKJIBIX MHOXKECTB J1aeT [1,-BbIIIyKJI0€ MHOXKECTBO.
Jlaniee MOJKHO TIEpEHECTH KJIACCU(PUKALUIO0 OOPEIeBCKUX MHOKECTB Ha OIpeeIeHrue *-BBITyKI0C-
tu. Kak u3BecTHO, Kj1acchbl 0OpEIeBCKUX MHOKECTB HUKOT/[a HE CTAaOMITU3UPYIOTCS, TIOATOMY, HAallpU-
Mep, KJ1ace [1,-BBITYKIIbIX MHOKECTB HE COBIIA/IAET C KJIACCOM Y, -BBINYKIIBIX MHOXKECTB.

Omnpenenenue 10. YacTiuHO yropsiioueHHas CTPYKTypa M Ha3bIBaeTCs *-c1ab0 0-MUuHUMANbHOU,
ecnu m060e ee HopMyITEHOE TTOIMHOKECTBO SIBISICTCS KOHEYHBIM 00bEAMHEHHEM *-BBIITYKJIBIX MHO-
JKECTB, TE *E {U, M, OJHOCTOPOHHE, ):[ByCTOpOHHC}.

Omnpenenenue 11. YactuuHo ynopsijoueHHas CTpyKTypa M HasbIBaeTcs “-ci1abo 6yneso o-mu-
HUMAIbHOU, WIIH *-c1a00 6-0-MUHUMATLHOIL, €CITH JTI000€ e¢ GOPMYTBLHOE TIOJIMHOMKECTBO SBIISCTCS
OyreBoit KOMOMHALMEH *-BBIITYKIIBIX MHOXKECTB, [1¢ *€ {U, N, OAHOCTOPOHHE, JAByCTOPOHHE}.

B nuHeiHbIX nopsaKax HEIyCTOe NEPEeCceYeHHEe IBYX MHTEPBAJIOB CaMO SIBIISIETCSI HHTEPBAJIOM.
Bepno 310 1 B pemerkax. B o0mem e ciaydae, mepecekas ABa HHTEpBaa, MOXKHO MTOTYYHUTh U Oec-
KOHEYHYIO aHTHILIETIb, YETO Mbl XOTUM H30€XaTh. J[eHCTBUTENBHO, PACCMOTPUM CTPYKTYPY

M=(M,<)=(QXQU {—ow,+x},<),

rae (a,b) < (¢,d),ecmna < b uc¢ < d B KIaCCHYECKOM CMBICIIE, DJIEMEHT —oo HAUMEHBIIINT, a JJ1e-
MEHT +¢0 HauOoJbIIHMA. 3aMETUM, YTO TAKHMM 00pa3oM 3anaHHbli mopsaok Ha @ X () HazpiBaeTcs
nopsinkoM [Tapero. Beibepem B 3Tol cTpyKType MPOU3BOIBHYI0 OECKOHEYHYIO aHTHIICITh, HAITPUMED,
A ={(q,—q):q € Q}. [ToctpouM Tenepb HOBYIO CTPYKTYpY Clieayroumm oopazom. [{iis MHOKeCTB

- ={beM:Ja € A(b < a)},A* ={b € M:3a € A(b > a)}

CO3/a/IUM UX Hernepecekaonuecs ¢ HuMu kormuu A~ u A% (npu nomomm Guexuuit 7~ u % coot-
BeTcTBeHHO). [lyeth M = AU AU A* U A~ U A*, Ha MHO)ecTBe A~ U A U A* NOPSIOK CTaphbiil.
Onpenenum 6uexiumio T u3 A~ UA U AT B A~ UA U A" kak o6wenunenue -, id u m*. Torna ua-
CTHYHBIHA NOps0K Ha MHOxkecTBe AT U A U A~ unnynuposan nopsiikom Ha A~ U A U A* nipu no-
MO OMeKInH TT. J{1st 3aBepIIeHNs IPOLeTy bl ONpeIeIeHns YacTHUHOTo nopsiaka Ha M ocranocsk
TOJIKO B3STh TPAaH3UTUBHOE 3aMBIKAHWE IIOCTPOCHHOTO BEINIE OTHOIICHMS. Tak kKak — € A™ u
+00 € A*, To cOOTBETCTBYIOIIME MM 3M1eMeHThl B MHOkecTBax A~ n A* 0603naunm —& u +& co-
OTBETCTBEHHO. Torma (—o0, +o0) N (—&, +8) = A, TO €CTh ICPECCUCHNUE TaHHBIX HHTEPBAJIOB JacT
OCCKOHEUHYIO aHTHIICTI.

3aMeTuM, 4TO JIaHHYI0 KOHCTPYKIHIO MOKHO MOAH(HUIIMPOBATH. BeiOepeM npou3BoiIbHOE MO-
MHOXECTBO B © A. JI11s HETO MOJKHO MPOJIENATh BCE TO KE CAMOE, 4TO U JUTst A, 100aBUM K CTPYKTY-
pe M eme muoxectsa A~ u A*, mocrpoenmsie ananoruano A~ i A*, TONBKO ¢ 1e71bI0, 4TOOHI Mepe-
ceyeHue (—oo,+o0) N (—3H, +00) nasaio Obl B. IIoHATHO, 4TO, MPOIOIKASL PACIIUPATH CTPYKTYPY
M, MOXKHO TIOJTyYUTh TAKyIO CTPYKTYpY, T/Ie IepeceyeHrne HHTEPBAIOB IaeT Jr000e Harepe 3a1aH-
HO€ MOAMHOKeCTBO MHOXkecTBa A. IIoCKONbKY AeKapTOBO MPOM3BEACHUE YaCTUYHO YIOPSI0YEH-
HBIX MHOXKECTB CaMo SIBJIETCS YACTUYHO YIOPSA0UEHHBIM, MOKHO IIOCTPOUTH U TAKOE pacCIIMpEHHUE
CTPYKTYpHI M, TIIe TIepeceueHre HHTEPBAJIOB JaBayio Obl II000e Hanepe 3aaHHOE TIOIMHOKECTBO
HEKOTOPOM JIeKapToOBOU cTerneHu MHOKecTBa A. [lomydaem, uTo mo0yio CTPYKTypy MOXHO OTIpese-
JUTh B HEKOTOPOI YaCTUYHO YIOPAJOYEHHON CTPYKTYpPE TOJIBKO MPH MOMOILIH MEPECEUEeHUs] HHTEP-
BAJIOB. SICHO, YTO M3y4YEHHE TAKOrO OOTaTOTo Kiacca HEMPOAYKTUBHO, U3YUCHHIO 00JIee «PYUHBIX)
MOJIKJIACCOB U MOCBAIIEHA JaHHAas paboTa.
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B nuHEHHBIX MOPS/IKaX MEPECEYCHUE BBIMYKIBIX MHOXECTB BBIITYKJIO (MJIH MYCTO, HO ITyCTOE
MHO)KECTBO MbI CUMTAEM BBIMYKIBIM). PaccMoTpuMm mepeceueHre NBYX U-BBIMYKJIBIX MHOXECTB
A = Uie; (ay, b)) u € = U, (¢, d;). Tlockonbky B npencraBnennn Use; (@;, b;) nnreppanst moryt
TIOBTOPSATBCS, MOKHO CUHTATh, 4YTO MHOKECTBA HHIEKCOB | 1 / paBHOMOIIHBI, TOSTOMY BIIPEIb MbI
OyzeM omyckarb ux u nucars npocto U; (a;, b;). Tipeanonoxkum, uto A N C # @, to ecTh

|J @ |n{|] ot |0

Torma s HekoTopwIX i 1 J mepeceuenue (a;, b;) N (¢;,d;) # O. [TockonbKy MbI paccMaTpUBaeM
BO3PACTAOIINE CHCTEMBI HHTEPBAJIOB, TO (&g, by ) N (¢y,dy) # O, tae k = max(i,j). Kpome Toro,
Tak Kak U,z (a;, b;) = (ag, b,), Mbl MOkeM A N C MpeICcTaBUTh Kak

|J @by 0 cua,

npuyYeM, He yMallsis OOIHOCTH, CYUTaTh, 4TO BCce mepeceueHus (a;, b;) N (¢;,d;) He ABustoTCS IMy-
CTBIMH.

Paccmorpum npumep. [lycte M Oyner oOwvenuHennem Hemepecekaromuxcst konuii @ u N, a
OTHOLIEHHE TIOPsAJIKA B CTPYKTYpe M = (M, <) 3a7aHo cieayromuM oopasoM. Ha xonuu Q@ nmeem
€CTECTBEHHBIN MOPSI0K, Ha N TIOPSI0K TPUBHAIILHBIN, TO €CTh HUKAKHUE JBA DJIEMEHTA HE SIBIISIFOTCS
CPaBHUMBIMH, U KayK/IbIi d71eMeHT 13 () MeHbIe kaxoro anementa u3 N. Paccmorpum oborammenue
M, cTpYKTYpBl M OJHOMECTHBIM ITpenuKaToM R, KOTOpbIi BeIAeIseT M. DTO MHOXKECTBO SIBIISCT-
cs N-einykiasiM. OueBuano, uyro R(M)\{a}, rne a € N, apnsercs GopMyabHbIM, HO HE SBISAET-
csl *-BBIMYKJIBIM JIJISl BCEX BapuaHTOB 3HadeHUs *. [loatomy ctpykrypa My He sBisieTcs *-cinabo
O-MUHHMMAaJTbHOM. TeM He MeHee MpU TOMOIIIH TMMUHAIIMKA KBAHTOPOB HETPYIHO J0Ka3aTh, 4To My
SIBJISIETCSL N-C1a00 0-0-MHUHUMAJIbHOW. 3aMeTHM, 4TO mpeaukar K GopMyJeH U B UCXOIHOM SI3bIKE,
JUISL TOTO MO>KHO B3SITh JONOJHEHUE HHTepBana (—oo,a), rne a € N.

[Tpoenem Teneps anau3 U- 1 N-cnaboit o-MUHUMaNBEHOCTH. [Ipeanonoxnm, 4to MHOXKeCTBO A
sBisiercst U-BoIMyKIbIM, TO ectb A = U, (a;, b;). Paccmorpum nononnenue A muoxecrsa A. B cuy
U-c1a00i 0-MUHUMAJIBHOCTH OHO SIBJISI€TCSI KOHEUHBIM O0BEIMHEHNEM U-BBITYKIIBIX MHOXKECTB (;,
coes Cpy T G = Uy (€F,d¥). Torna

n

y U (a,b,) = ,U U (ck, d¥)

=1

a=[) kD
k=1 i

3aMeTHM, 4TO B YACTUYHBIX MOPSIKaX —(X < @) SKBHBAJCHTHO JU3BIOHKIUU GOPMYT X = @ U
x || @, rae x || @ roBopuT, 4TO ANIEMEHTHI X U @ HecpaBHUMBIL. Toraa

Ortcrona noixy4yaem, 4To

Sfc<x<d)ealc<x)Valx<d)e®xzcvxllevd=xvx|d

®opmyny X I ¥ Mbl Gyem o6o3Hauars Takxke P(x,y), Torma MHOKECTBO BCEX pelleHuid (op-
mynsl X || @ B cTpykType M MokHO Oyner o0o3HauuTh Kak P(M,a) (310 ynoOHee 0O03HauCHHs
(x I @)*"). Homyuaewm, uto nononnenue (c, d) uaTepsana (c, d) paBHO

(—oo,clU[d, +o0) UP(M,c)UP(M,d)
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OueBuHO, 4TO aphl MHOKECTB (—20, €] ¥ [d, +o0), (—eo,c] U P(M, c), [d, +o0) u P(M,d) He
nepecekarorcsi. Eciu aneMeHT J1exkuT B (—oo, €], TO B CUIIy TPaH3UTUBHOCTH OH MEHbILIE AJIEMEHTa d,
II03TOMY He JIeXUT B P(M, d), cienoBarensHo, Muoxecrsa (—, ¢] u P(M, d) ne nepecexarorcs.
[To aHAJIOrMYHBIM TIPUYMHAM HE TIepeceKaroTcss MHOXkecTBa [d, +00) u P(M, c). Orcrona cienyer,
yro MHOKecTBa (—2,c]. [d, +90) u P(M,c) U P(M, d) nonapHo He mepeceKkarTcs.

Tenepb MHOKECTBO A MOXKHO NMPEICTABUTE B CIEYIONIEM BHIE:

A =Ngoy N (cf,df) =

= Mi=y Ny (=0, ¢fTU [df,+00) U (P(M, cf) U P(M, df))) =

= Mi=y (N (=0, cfD U (N [dF, +00)) U (N; (P(M, ¢f) U P(M, d))))

= (N; Nizy (—o0, ¢ D U (N Niizy [df,+o0)) U (N NEoy PV, ¢f) U P(M, dF))).

Otcrona noy4aeM cieayonyto JeMMYy.

Jlemma 12. Eciu cmpykmypa M saeisemcs J-c1abo o-MuHUMAIbHOU U 11000e KoHeuHoe nepe-
ceuenue unmepeanos 6 M ¢ 0OOHUM KOHYOM 8 OECKOHEeYHOCIU ABIAEMC UHMEPBALOM, A MHOICECTBA
suoa N; Ni_y UL _ P(M,ck,,) asisiomes koneunvimu obbedunenusmu N-6blnyKIbx MHOICECMS,
mo M saensiemca u N-c1abo o-MUHUMANLHOU.

IIponenaem aHaIOrUYHBIE pacCykIAeHUS i N-c1aboii o-MuHUManbHOCTH. [Ipeanonoxum, 4to
MHOecTBO A siBisieTcst N-BITyKIbIM, TO ecTh A = N, (a;,b;). Paccmorpum nononunenne A MHOXKe-

ctBa A. B cuiy N-cna6oit 0-MUHUMAJILHOCTH OHO SIBIISIETCS KOHEYHBIM 00beIMHEHHEM N-BITYKIIbIX
MHOKeECTB (i, ..., Cp, T1e €, = N; (ck,d¥). Torna

n

y ﬂ (a,b) = ,U ﬂ (ck, db).

=1

a=( .
k=1 i

Teneps MHOXKECTBO A MOXHO MPEJICTABUTH CIIEAYIOIINM 00pa3oM:
A=Np, U; (¢fdf) =
i=1 Ui (o0, cf]U [df, +00) U (P(M, cf) U P(M, d{))) =
fmr ((U; (oo, cf D U (U [, +00)) U (U (P(M, ¢f) U P(M,df))))
= (Ni=y U; (o0, ¢ D U (N2, U, [df,+00)) U (N2 U (P(M, cf) U P(M, dF))).

Jlemma 13. Eciu cmpykmypa M aensemcs N-c1abo o-MuHUMATbHOU U 11000e KoHeuHoe nepe-
ceuenue \J-8bINYKAbIX MHONCECHE ABTIAEMCS KOHEYHbIM 00beduHeHuem J-8bINYKIbIX MHONMCeCms, d
muodxncecmea euoa Ni—, U; P(M,¢;) asnaomesa koneunvimu o6veouHeHusMU \J-8bINYKAbIX MHO-
arcecms, mo M saensemcs u U-ciabo 0-MUHUMATbHOL.

VYyuuteiBas iemmbl 12 u 13, cipaBenusa:

Teopema 14. Ilouamusa U-8binykavix u N-6bINYKIbLIX MHOMCecms Hesasucumbl. Knaccovl N-caa-
00 O-MUHUMANLHBIX U \U-CIAO0 O-MUHUMATLHBIX CIPYKMYP AGIAIOMCA COOCMEEHHbIMU NOOKIACCA-
MU K1Acca 00HOCMOPOHHE Clab0 0-MUHUMALLHBIX CIMPYKIYD, KOMOPbIU, 8 CE0I0 0Yepedb, A6IAEmCs
COOCMBEHHBIM NOOKIACCOM KAACCA CLAD0 O-MUHUMATLHBIX CIMPYKMYP.

Omnpenenenue 15. YacTuyHO YNOPAJOYEHHYIO *-ClIa00 O-MHUHHMAJIBHYIO CTPYKTYpY
M = (M,<,...) Oynem Ha3wIBaTh (*)-c1a00 O-MHUHHMAIBHOM, e€ciH Jito0oe ee OeckoHeuHoe (Hop-
MYJTHHOE BBIITYKJIO€ TOJIMHOXKECTBO COJCPKUT HEKOTOPHI OECKOHEUHBI HHTEPBAJ.

[To onpenenenuto mr006ast crabo O-MUHUMATBHAS CTPYKTY A SIBISIETCS (* )-c71a00 O-MHUHUMATHHOH.

Omnpenenenne 16. B 4acTUYHO yHOPSIIOUEHHON CTPYKTYpE *-8bInyK10t KOMNOHEHMOU MHOXKe-
CTBa A HA30BEM €ro HauOOJbIIEE *-BbITYKIOE OAMHOXKECTBO.

MaxkcumalibHOE BBITYKJIO€ TIOMHOKECTBO MHOKECTBA A HA3bIBACTCS *-8bINYKIOU KEAZUKOMNO-
HeHnmol MHOXKeCTBA A.

Orcrona noiy4yaem, 4To
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[MoamHOXKeCTBO A 4aCTUUHO YHOPSIIOYCHHOTO MHOXKECTBA HA3bIBAETCSI CE53HbIM, €CIIA OHO SIB-
JasieTCst cab0-CBSA3HBIM B CMBICIIE TEOPHH I'padOB, TO €CTh €CJIU IS JIFOOBIX dIeMeHToB @ 1 b € A
CYIIECTBYET MOCIIEIOBATEIBHOCTD @ = Cg, Cy, .., Cp, = D 2IEMEHTOB U3 A, Takast, 4TO JBa COCEIHHUX
3JIEMEHTa MOCIE0BAaTeIbHOCTH CPABHUMBI.

Cewmeiicto nntepBanos J = {I;:j € J} nazeiBaeTcs c6a31bIM, €CIIU JUIS IFOOBIX JBYX €TI0 MHTEP-
BasoB [ 1 I’ CyIIECTBYeT KOHEUHAs [OCIIE/I0BATEILHOCTh ero HHTepBanoB I, ..., I; , HaunHalowascs
¢ I u 3akanumBaromascs Ha I', Takue, uTo JHOObIE J1BA COCEHMX B MOCIIEN0BATEILHOCTH HHTEPBANIA
UMEIOT HeIlyCTOe NepecedyeHue.

Crnenyroas 1eMMa O4€BH/THA.

Jlemma 17. Buympente 8binykioe MHOMCECMBO ABNACMC S C8AZHBIM U GbINYKIbIM.

Jlemma 18. Ilycms M = (M, <) agnsemcs wacmuuno ynopsoouenHou cmpykmypou u A € M
BbINYKIO (8 K1accuieckom nonumanuu, mo ecmo [a,b] € A ons mobwix a, b € A, eciua < b). Toeoa
cneoviowjue yCioeus IKEUBANEHMHbL.

(1) muoocecmeo A ssnsemcs cesazuvinm;

(2) mHoomcecmso A sgnsemces 0obveOuHeHUeM OMpPe3Ko8 U3 HeKOMopo2o CEA3HO20 CeMelicmad
OMpesKoa.

Joxkazamenvcmeo. Ecnn MHOXeCTBO A OTHORIIEMEHTHO, TO JIEeMMa OYEBH/IHA: OJHOAIIEMEHTHOE
MHOKECTBO CBSI3HO, 8 B KAYECTBE CEMEMCTBA MBI BO3BMEM OJIHODJIEMEHTHOE ceMeicTBo {[a, a]} or-
PE3KOB, I7ie MEeMEHT @ Takoil, uto A = {a}. Tak uro Mbl OymemM paccMaTpuBaTh TOJIBKO HEOIHOAIIE-
MEHTHBIC MHOJKECTBA.

Jokaskem umiumakaiio (1) = (2). Ilycts a u b € A — pasusie 2meMeHTbl. Torma CyImecTByeT
TI0C/IeI0BAaTENBbHOCTD @ = Cy, Cy, ..., C,, = b DIEMEHTOB U3 A, Takas, uTO J]Ba COCEIHUX IEMEHTa
MOCJIEIOBATEIFHOCTH CPAaBHUMBI. B CHily BBITyKJIOCTH MHOXKECTBA A moiydaeM, uTo [c;,¢;.4] E A.
B kauecTBe cemeiicTBa BO3bMEM BCE OTPE3KH BUIA [C;,Civ1], KOTOPBIE MONTYYAKOTCS M3 MOCIEN0BA-
TEJIbHOCTEH, BEIOUPAEMBIX ISl IIPOU3BOJILHBIX NIEMEHTOB @ U b € A. J[okaxkeM, 4TO 3TO CEMEWCTBO
CBSI3HO. P&IICCMOTpI/IM JIBa TIPOM3BOJILHBIX OTpe3Ka [¢;,Cip1] U [Cj,,Cj-H’]. [Tapel seMeHTOB C;, Cipq
U Cjr, Cj+1 JI€XKaT, COOTBETCTBEHHO, B IIOC/IEA0BATEIBHOCTSX, COSIUHAIONINX HEKOTOPBIE Maphl Ale-
mentoB @, b u @', b'. TlocTpouMm ele Mocen0BaTENLHOCTD SIEMEHTOB, COSAUHAIONLYIO b U a’, a
3aTeM COOTBETCTBYIOIIYIO ITOCIIEI0BATEIIEHOCTh OTPE3KOB. PaccCMOTpUM KOHKAaTEHAIUIO TTOCIIEA0Ba-
TENBHOCTEH OTPE3KOB, IOPOKAEHHBIX Mapoii a, b, mapoii b u a’ u napoii a’, b’. JIerko NOHSATH, 4TO B
9TOH NOCJIEI0BATEILHOCTU OTPE3KOB IIEPECEUEHNE COCEHUX OTPE3KOB HEIyCTO.

Jlokaxxem oOpatHyro umiummkaiuo (2) = (1). [Tyctes MHOXeCTBO A sBIISETCS 00BETUHCHUEM
OTpPE3KOB U3 CBA3HOTO cemelicTBa uHTepBaioB J. [TycTh @ u b € A, a mOC/IeN0BaTeIbHOCTh @ = Cp,

€y ---» C = b 21eMeHTOB M3 A Takas, 4TO JjBa COCEIHMX AIIEMEHTA IT0CIIE0BATEIbHOCTH CPaBHU-

Mbl. [TockonmbKy A siBIsieTCst OObeIMHEHUEM OTPE3KOB, TO KAXKABIM 3JIEMEHT €; JISKHUT B HEKOTOPOM
orpeske I; € J. Tak kak ceMeicTBO J CBSI3HO, TO Ul KaXKAOW mapbl OTpe3KoB [;, I;, 4 CyLIecTByeT
MOCJICAOBAaTEIbHOCTE OTPE3KOB .fw = fv IM, ceny IL e, = i1 TaK 4YTO JIOOLIE IBa COCEIHUX OTpe3Ka
MMEIOT HEITyCTOE MEPECEUEHHE. DIEMEHT U3 HEMyCToro nepecedennst I; ; N I ;.4 Mbl 0603Ha4MM d
Ha4ayo orpeska I ; 0603Ha4uM b; ;. Torna KOHKaTCHALHS OCIIEN0BATEIPHOCTEH

ijo

{a = ¢p,bp,0,d0,0,00,1,do,1, - do,ko—p bo,ko 3

(€1,b10,d1,0,01 1,85 1, Ay ey —1, D1, )

{Cn— 1: b’ﬂ.— 1,00 d'n.— 1,00 b'n.— 1,1 d'n.— 1,10 =2 dn—l,kn_i—ll bn— Lhp—q? Cn = b}

1 €CTh UCKOMAs.
[pennoxenune 19. Cywecmeyem uacmuuno ynopsaoouennas cmpykmypa, 8 KOMopou GHeuiHe
BbINYKII0€ MHOJCECMBO He ABNAEMC Sl CEAZHbIM U, CLe008AMENbHO, GHYMPEHHE GbINYKIIbIM.
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Jlokazamenvcmeo. Ilyctb M = {—oo} X QU N X QU {+o0} X Q. Temepp B cTpyKType
M = (M, =) 3aganquM 4acTUYHBINA MOPAJIOK cieAyromuM obpa3oM. Ha kaxnoil konuu ( nopsiiox
ectecTBeHHBIA. KaxknipIii anemMeHT u3 {—oo} X ) Menbie mo0oro snemenTa u3 {a} X {, B Tom ciy-
gae, korna @ #* —o. Kaxzplii ameMeHT u3 {+oo} X  Gombure mroboro snementa u3 {a} X Q, rue
a = +oo. Ecimi n # k — dneMents! u3 M, To HUKaKue dJIEMEHTHI U3 m} X Qu{k} X () HC SIBJISIOTCS
CPaBHUMBIMH.

Ouenzto, 4o N X @ = Ngeq ((—o0,q), (+90,—q)) ABIAETCS BHEIIHE BBIMYKIbIM. TeM He
MEHEee, ’TO MHOXKECTBO HE SIBJISIETCSI CBSI3HBIM.

Crnenyrolee npeayiokeHne 04eBUJTHO.

[Mpemnokenune 22. U-crabo o-munumanshas cmpykmypa sensemcs (J)-caab6o o-munumanbroil.

[pennoxenune 23. Ilycmoe uacmuuno ynopsoouennas cmpykmypa M = (M, <, ...) ¢ nnomnsim
nopsiokom sensiemcs (*)-cnabo o-munumanvroi. To20a ne cyuecmseyem 6eCKOHEUHO20 POPMYIbHO20
HOOMHOJCECMBd, y KOMopo2o Ntooble 08d lleMeHmMa HeCPAGHUMDL.

Jlokazamenvcmeo. IlpennonokuM MNPOTHUBHOE, YTO CYIIECTBYeT OECKOHEYHOe (OpMyIib-
HOE TOAMHOXECTBO A, Takoe, 4TO JIOOBIE €TO JIBa 3IEMEHTa HECPAaBHHUMBL B cwmty (*)-cnaboit
0-MHMHHUMAJILHOCTH MHOXKECTBO A COCTOMT M3 KOHEYHOTO YMCIIa BBITYKIBIX MHOXKECTB, IPHYEM OJIHO
U3 HUX OeCKOHEYHO. [TOCKOIIBKY 9TO MHOXKECTBO (hOPMYJIBHO, OHO COAEPXKUT MHTEpBai (@, ). Ho
Torja a < b, 4To MPOTHBOPEUUT BHIOOPY MHOXKECTBa A.

MarepuaJibl 1 METOABI

OcHOBHBIE MaTepHaIIbl B IPOBEICHHOM paboTe —3TO YaCTUYHO YHOPSII0YCHHBIE anreOpandecKue
CTPYKTYpBl U MX IOAMHOXECTBA, KOTOPbIE MOKHO OBIJIO ObI B TOM WJIM MHOM CMBICIE CUHUTATh
BBIITYKJIBIMH. MeTO/bl, KOTOpble NPUMEHSINCh B MCCIEJOBAaHUM, — 3TO OOIIME METO/bl TEOPUU
MOZEJIEH, METOABI O-MUHUMAIBHOCTH U C1a00 O-MUHMMAJIBHOCTH JJIsl TMHEHHO YHNOPSI0YEHHBIX
CTPYKTYp B MX aJaNTaly K UCCIECI0BAHUIO YACTUYHO YIIOPSAOUYEHHBIX CTPYKTYD.

Pe3yabTarsl U 00Cy:KIeHE

Pe3ynsraToM poBeIeHHOTO UCCIICA0BAHUS SIBISIETCS Psiji 000OIICHNU T TOHSATHS BBIITYKJIOTO MHO-
JKECTBA Ha YACTMYHO YIOPSA0UYEHHBIE CTPYKTYPBI U HEKOTOPBIE CBOMCTBA *-C1a00 O-MHUHUMAJIbHBIX
CTPYKTYp. MbI ObUTH OBI pajibl, €CIM ObI YUTATEIN MPUCOCTUHIIIUCH K 00CYKICHUIO BAPUAHTOB Clia-
00l O-MHMHUMAIILHOCTH JIJISl YaCTUYHO YIOPSJIOYCHHBIX CTPYKTYp, Mepe]] HAMU CTOMT MHO)KECTBO
BOIIPOCOB, B HaCTHOCTH, OIMUCAHUA HACKOJIBKO 3THU KJIACChl COBIAZIalOT, OMMMCAaHNA YUCTBIX YaCTUY-
HBIX MTOPSIKOB, T/I€ BCE MM HEKOTOPbIEC MOHATHS *-CIa00H O-MHUHUMAIILHOCTH SKBHBAJICHTHBI, OITH-
caHMe CBOWCTB OJTHOMECTHBIX (DYHKIUH, B3aUMOAECHCTBHSI TUTIOB U MHOTHE JIPyTHE.

3akiroueHune

B pabote nomyueHsl pe3ynpTrarhl, KOTOPbIE TOBOPST, YTO MEPEHOC ¢1a00i 0-MMHUMAIbHOCTH Ha
YaCTUYHBIC MTOPSAIKH HE SBIISETCS TPUBHAIBLHOW 3a1a4eid, ObIITN TOTYYeHBI Pa3HOOOpa3HbIE KIacChl
¢11a00 O-MUHUMAJIBHBIX YaCTHYHO YIOPSIOYCHHBIX CTPYKTYP, JUIs K&KIOTO U3 KOTOPBIX MOXKHO pa3-
BHUBAaTh CBOIO TEOPHUIO.

HNudopmanust 0 pMHAHCHPOBAHUH

JlanHble uccnenoBanus nojaep:xkanbl Komurerom Haykn MuHHCTEPCTBA HAYKH U BBICILETO 00-

pasoBanus Pecrryonuku Kazaxcran (rpant BR20281002), a Taxxe B paMKax rocy1apcTBEHHOIO 3a-
nanus Uacrturyra maremaruku um. C.JI. Co6oneBa CO PAH, mpoext Ne FWNF-2022-0012.
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JKAPTBIJIAYW PETTEJITEH KYPBLIBIMJIAP YIIIH JIOHECTIK
KIOHE 9JICI3 O-MUHUMAJIBIJIBIK TYCIHIKTEPI TYPAJIbI

Angarna
B¥.H )K¥MI)ICT3. 613 QJ'lCiS O-MUHHUMAJIABUIBIK KOHIICTIITUSACHIH )KapTI)IJ'laf/'I peTTenreH )KI/IBIH}IapFa )Ka.]'[l'lBU'Iay}IBI
KapacTeipambI3. JlereHMEH oJICi3 O-MHUHUMAJIBUIBIK KOHIICMIIUSACHI JTOHEC JKUBIH TY)KbIPhIMIAMachiHA Oi3MiH
OMBIMBI3IIIA HET13/ICNIICH, SFHA OCHI )KYMBICTa YCBHIHBUIFAH ilIiHAPA TiKENICH TachkIMajiay, €H COTTI HICHIIM eMecC.
Ce06e0i eHerie dJIci3 O-MHHUMAIIBI JKapThUIAll PEeTTENreH KYPBUIBIMIAD KIACHIHAA Ke3 KeIreH MaTeMaTHKAIIBIK
KYPBUIBIM/IbI aHbIKTayFa Oouajibl. OHBIH YCTiHE, KOPCETUITeH e, MYHbI HHTEPBAIIAPIBIH KUBLIBICYbl CHUSKTHI
KaparmaibsIM OIeparisl apKbpUIbl JKy3eTe achIpaabl. Makama ilrHapa peTTepre «IoHeC KUBIHY» TYCIHITiHIH opTYpil
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JKaJbLIAYIApPbIH 137Ieyre apHairaH. Ty3ymeri TeHec >KUbIHIAAPAbIH 0acka Ja KacHeTTepi Oap, MbICAJbI, OJapabl
MHTEpBAIIAP/bIH Oipiryi Hemece KHMBUIBICHI PETIHIEe KOpceTy MYMKiHairi. JleHec »ubHIap e3apa OaiaaHbICThI
OONFaHIIBIKTaH, OYJI KaCHETTEPIiH OapIbIFBI iMIIHAPA PETTEITCH KYPBUIBIMIADP YIIiH JOHEC )KUBIHIBI aHBIKTAyFa
Heri3 0oma anael. Ocplaiiia, TeHec )KUBIHBI KipiCTIPIITeH apanbIKTapAbIH (KapThlIaii HHTepBaiIap, CETMEHTTED)
Oipiryi peringe kepceTy 0i3re «IIKi JOHEeC KUBIH» TYCIHITIH, all apabIKTapIbIH KHBLUIBICYBI «CHIPTKEI TOHEC KUBIH
YFBIMBIH Oepesi. Makasiaga eHri3iireH YFBIMIAPAbIH SKBUBAJICHTCI3/IIrH KOPCETETIH MbICATAAp KYPACThIPHUIIBI.

Tipelc CO3/IeP: CBI3BIKTBIK PETTCIIICH XWbIH, >1<apTLma171 PETTCIICH KUbIH, QJICI3 O-MHHUMAJIIBLIBLIK, JOHCC
JKHUBIH.
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ON THE CONCEPTS OF CONVEXITY AND WEAK O-MINIMALITY
FOR PARTIALLY ORDERED STRUCTURES

Abstract

In this paper, we consider a generalization of the concept of weak o-minimality to partially ordered sets.
However, the concept of weak o-minimality is based on the concept of a convex set, the direct transfer of which to
partial orders, as it will be shown in the work, is not, in our opinion, the most successful, since then in the class of
weakly o-minimal partially ordered structures, it is possible to define any mathematical structure. Moreover, as it
will be shown, this can be done using such a simple operation as the intersection of intervals. The article is devoted
to the search for various generalizations of the concept of “convex set” to partial orders. Since convex sets on a line
also have other properties, such as the ability to represent them as a union or intersection of intervals, convex sets
are connected, all these properties can be used as the basis for the definition of a “convex set” for partially ordered
structures. Thus, the representation of a convex set as a union of nested intervals (half-intervals, segments) gives
us the concept of an “internally convex set,” and the intersection of intervals gives us the concept of an “externally
convex set”. In the article, we will build examples that show the non-equivalence of the introduced concepts.

Key words: linearly ordered set, partially ordered set, weak o-minimality, convex set.
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HNCCIEJOBAHUE AJITOPUTMOB INOUCKA NTPUMHUTHUBHBIX
SJIEMEHTOB KOHEYHOI'O ITIOJIA BOJBIIOI'O NMOPAAKA

AHHOTaLUA

O}IHOﬁ Hu3 HaI/IGOHGC Ba’XHbBIX HEPCHICHHBIX U 3aBE€AOMO TPYAHLIX 3a/la4 B BBIYUCIIUTEILHON TCOPUU KOHCYHBIX
HOHCfI SABJISACTCS pa3pa60TKa 6I)ICTpOl"0 ajropuTtMa Jjid MoCTpOCHUsI MPUMUTHUBHBIX KOpHefI B KOHCYHOM IIOJIC. C
,Z[pyFOﬁ CTOPOHBI, JJIS1 MHOTHUX HpI/IJ'IO)KeHI/Iﬁ BMCCTO NPUMHUTUBHOI'O KOPHA JOCTATOYHO 3JICMCHTA BBICOKOI'O MYJIb-
TUIUTHKATUBHOTO TIOPsAKA. TaKue MpHUiIoKeHUs BKITFOYAIOT, [IOMAMO TIPOYETo, KPUITOTpaduio, TEOPHIO KOTUPOBa-
HuUs, reHepauH}o HCeBZ[OCJ'IyFIaI\/'IHBIX qHucelI u KOM6I/IHaTOpHBIe CXeMBI. SIBHBIE HOCTpOGHI/IH DJICMCHTOB BBICOKOT'O
nopsunca 06BI‘IHO ImojJJararoTCsa Ha METOAbI KOMGI/IHaTOpI/IKI/I, KOTOpBIe MOFyT 06CCHqu/ITB ,E[OKa3yeMyIO HUXHIOO
TpaHully mnopsajaka, HoO HC BBIYHCIIAIOT €ro TOYHBIN TMOpAIOK. Brinmonnenue takux HOCTpoeHI/Iﬁ O6I>I‘1HO OCHOBAHO
Ha TOM, 4TO q)aKTopmaum{ nopsaaKa yKe U3BCCTHaA. B nacaje Mbl 10JLKHBI UMETh BO3MOKHOCTD NOJTYYUTD IPUMU-
TUBHBIN JJIEMEHT JUIsL .]'IIO6OFO KOHCYHOTI'O ITOJIA 3a pa3yMHOC BpEMH. OZ[HaKO €CJIn NpocCTad (baKTOpI/ISaL[I/ISI nopsaka
TPYTIITEI HEU3BECTHA, ITOTO CIOKHO NOOUThCA. TakuM 00pa3oM, CTaBAT MEHee aMOMIIMO3HYIO 3a1aqy — 3a/1ady I10-
CTPOEHUS BJIEMEHTA JOCTATOYHO BBICOKOIO MOPsIIKA. B TaHHOM cTaTbe Mbl pacCMaTpUBaEM Pa3IUYHbIE aJTOPUTMBI,
KOTOpre HaXo4AT 3JICMEHT BBICOKOI'O HOpr}]Ka KaK IJ1st 06].[II/IX, TaK U IJ1s1 ClICHUAJIBHBIX KOHCUYHBIX noneﬁ. KpOMe
TOro, B 3TOU pa60Te MBI KacaeMCs TCOPUHU ICPUOI0B Faycca HaJl KOHCYHBIMH II0JIAIMHU, UX O606LH€HI/IHMI/I 1 aHaJio-
TraMH, KOTOPBIC, KaK U3BECTHO, YK€ JJ0Ka3aJii CBOIO MOJIC3HOCTDb JIA pAla pa3InIHbIX HpI/IHO)KeHI/Iﬁ.

KaiodeBble ciioBa: KOHEUHOE IIONIE, NMPUMHUTHUBHBIMA 3JIEMEHT, NMPOCTOE YHCIO, MpocTas (haKkTopu3amnus,
nepuoasl [aycca.

BBenenune

W3BecTHO, YTO MYJIbTUILUIMKATUBHBIC TPYIIBI KOHEUYHBIX MOJICH SBISFOTCS IMKINYECKUMU. VX
MYJIBTHIUIMKATHBHBIE MOPOXKJAIOIINE WHOTJA Ha3bIBAIOT NMPUMHUTHBHBIMH dJeMEHTaMH. BakHoi
po0IeMOii B BBIYMCIUTEIBHOM TEOPUH YU CE IBIISIETCSA ITIOMCK MYJIBTUTUIMKATHBHOTO ITOPOYKIAOIIETO
JUIsl KOHEYHOTo mosist. OOIEen3BeCTHO, YTO 3Ta MpodiieMa CIoXKHA U BCE €I1Ie OCTAeTCS OTKPBITOM.
TpyaHOCTh ee 3aKilo4aeTcsi He B HEJIOCTATKE MPUMHUTHUBHBIX 3JIEMEHTOB. B JeHCTBUTENBHOCTH,
JI0Ka3aHa cjeyomas Teopema.

Teopema 1. Ilycth @ — mpocTas cTerneHb, a F; — KOHEUHOE ToJjIe, cocTosImee U3 § 3JIeMeHTOB.
Yucno IPUMUTHBHEIX 21eMeHTOB B I, T.e. @(q — 1), Gonbie, yem cq/loglogq, rme ¢ > 0 —
abcooTHasE KOHCTaHTa, a ¢ apnsercs pynkuueit Ditnepa [1, masa 1, reopema 5.1].

®ynkuus 1/loglog q sensercs Gynxuueit or pasmepa BXOAHBIX JAHHBIX U O4EHD MEIJIEHHO
npUOIMKAETCS K HYJIIO IO Mepe TOTO, KaK § CTAHOBHUTCS OOJIBIITNM. DTO 03HAYAET, YTO, €CIIU BHIOpAThH
CITy4aiiHBII 2JIEMEHT, €CTh 3HAYUTEIbHAS BEPOSTHOCTH MOJYYUTh IMEHHO NPUMUTUBHBIN AJIEMEHT.
DKBUBAJICHTHO, €ClM BhIOparh crmcok u3 (loglog )™ MHOXeCTBa CIydalHBIX DIEMEHTOB, C
BeposTHOCTRIO 1 — 0(1) B crivcke OyaeT MPUMHUTHBHBIN 2meMeHT. OHAKO OYEHb TPYIHO PEIIHT,
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KaKoii UMEHHO 3JIEMEHT Oy/leT MPUMUTUBHBIM. ETMHCTBECHHBIN M3BECTHBIA OOIINUI METOII OCHOBaH
Ha crexyronieM (Gakre.

IIpeonoocenue 2. Tlycts q — 1= pfi pjz p;m ,rae P1s--Pm — pasHbIC MPOCTHIE YHUCIA.
DJeMeNT & ABJISETCS IPUMHUTHBHBIM B F; TOTIa M TONBKO TOTA, Korna Juis jirodoro p, e 1 < i < m,
BBITIOJTHSIETCS HEPABEHCTBO art9~1/Pi = 1,

Ha ocHoBe 3TuX yTBEpKAEHUI MOXKHO OCTPOUTH PaHIOMU3UPOBAHHbBIN AJITOPUTM JJIs1 HAXOXK1e-
HUS IPMMUTHBHOTO IEMEHTA C IPE/II0JIaraeMoil BDeMEHHOM CIIOKHOCTBIO 40(log!/2 g(logloga)®/?). DTa
CJIIO)KHOCTh paBHA CJI0KHOCTH CaMOT0 OBICTPOTO aJITOPUTMa OOIIETO Ha3HAYEHHS ¢ KO UITUEHTOM
q — 1 u HenpakTUyHa IO Mepe yBenuueHus 4. bonee Toro, HaXoXKaeHNE TPUMUTHUBHOTO dJIEMEHTA
SBISIETCS KpAWHUM CITy4aeM HAaXOXKACHUS 3JIeMEHTa OOJIBIIOro MopsKa.

HanpakTtuke 0coOeHHO MOJIe3HBI OIS C HEOOMBIINMU XapaKTepUCTHKaMU. ECITi XapaKTepuCTHKI
NOJIel MaJibl, TO YacTO MOMCK MPOCTOM (PaKTOpU3AIMHK MOPSAKA SBISETCS 00JIee CI0KHOM 3a/1auei,
YeM MOMCK MOPsIIKA CIIy4YaiHbIX MIPOCTHIX Mojei. B 3ToM koHTekcTe 3a7auy 00 3reMeHTe 00JIbIIOro
NopsiZIKa MOXKHO repedpasupoBarh CIEIYIOMUM 00pa3oM: i1 PUKCUPOBAHHOM MPOCTOi cTeneHun 4
HalTH 91eMeHT B F ;n ¢ O0JIBIINM MOPSIKOM 3a TTOTMHOMHANBHOE 10 M Bpems. Eie onHa akTyasnbHas,
HO IIpM dToM Ooree mpocTas 3ana4a: Tpelyercs HaiTH uncno N, Gonbiee 3anannoro yncna N, n
3JIEMEHT MOPsiZIKa 110 KpaiiHeil Mepe § " B F gn U1l HEKOTOPOH KOHCTaHTHI €. Jlornyeckoe 000CHOBaHHe
3TOr0 BOIIPOCA, HA3BIBAEMOTO NPOONIEMOU CReYuaibHO20 KOHEYHO20 NOS C NIeMEHMAMU 8blCOKO20
nopsioka, COCTOUT B TOM, YTOOBI CHadajla pacCMOTPETh BOIMPOCHI, CBA3AHHBIE CO CIELUATbHBIMU
KOHEYHBIMHU TIOJISIMH, @ 3aT€M IOMNBITATHCS YBEJIWYHUTH «IUIOTHOCTBY» IOCIIENIOBATEIILHOCTH M3 M,
YTOOBI B UTOTE JIJIsl BCEX PACIIUPEHHI KOHEYHOTO TOJISI MOYKHO ObLITO OBI HANTH AJIEMEHTHI BBICOKOTO
nopsinka. Hamomuanm, 4aro niomuocmsio nocreoosamensnocmu (A) no lllnupensmany Ha3bIBaeTCs
TOYHAs HIKHSSA TPaHb BCeX 3HaueHuit apobum A(n)/n, rme A(n) — umcno HaTypanbHBIX YHCEN
nocienosarenbHocti (A), He npesocxomaumx n. IMockosbky 0 < A(n) <n, nosydaem, 4TO
0 < A(n)/n < 1. 3ameTM, 4TO OT HAac He TPeOYyeTCs BBHIYUCIATH TOUHBIN MOPSIOK JIEMCHTA.
BwmecTo 3TOro Ham Hy»HO TOJIBKO MPEIOCTAaBUTH JOKA3aTeIbCTBO TOTO, YTO AIIEMEHT UMEET MOPSIIOK,
MPEBBIIIAIOIINN ONPEICICHHYIO TPAHUILY.

O030p uTEpPaTYpPBI

Pazpaborka ObIcTporo amropuTma il HMOCTPOSHHS MPUMUTHBHBIX AIEMEHTOB KOHEYHBIX
TOJIEH SIBNAETCS CIOKHOW 3a7jaueil B BEIYMCIUTEILHON TEOPUU KOHEYHBIX Tosieil. B 3aBucumoctu
OT KOHKPETHBIX 3aJ]a4 MHOT/A J0CTAaTOYHO M3YyYUTh MOCTPOCHUS 3JIEMEHTOB BBICOKOTO Mopsiaka. B
cBOeli Kiaccudeckoil pabore [2] BaHr mokasai, 4To I IPOCTOro KoHewHOro mois fp HanmMenee
IPYMHUTHBHBIN TeMeHT orpanuueH p/4*%. B pa6ore [3] Illoyn ymydmmn ero pe3ymnsTar. B crarbe
[4] moka3aHo, Kak MOCTpouTh MHOXkecTBO Mommuoctu O(log* p), KoTopoe comepkuT Ho KpaiiHeit
Mepe OIMH NMPUMHUTHUBHBIN AJIEMEHT, OJHAKO 3TO OCTPOEHHE OCHOBAHO HA PACIIUPEHHOM TUIIOTE3E
Pumana. B paborax [5—6] moka3aHo, 4TO B OTE C IPOCTOM CTENEHBIO § NPUMHUTHBHBIM JIEMEHT MOXKET
OBITH HallJIeH C BPEMEHHOM CIIOKHOCTBIO g+ . B cTaThe [ 7] mpuBeIeH METO/ MOCTPOCHHMS SJIEMEHTOB
B Fgn, mopsaaku KoTOphIX GoJbIne JH0G0r0 MHOTOYIEHA OT 71, KOLNA 7 CTAaHOBHTCSA OONbIMM. B
pabote [8] mpUBOAUTCS TIIATETHHBINA AHATTN3 KOHCTPYKITHH YJIEMEHTOB BHICOKOTO TIOPSIIKA B KOHEUHBIX
nonsix, nmpemtoxkeHHon C. ['ao. B cratbsax [9—11] npencraBier 23QpQEeKTUBHBINA alTOPUTM, KOTOPBIi
JUI JTF000TO KOHEYHOTO TMOJISl Majiod XapaKTePHCTUKM HAXOAUT PACHIMPEHHE MOIWHOMHUAIBHO
orpaHuyeHHoi ctenenu. Pabotsl [12—14] ocnoBanbl Ha anroputme AKC (tect Arpaana — Kasuta —
CakceHbl) TECTUPOBAHUS MPOCTOTHI YUCEI.

OCHOBHBIE I10JI0KEHUS

EcnuusBecTHa hakropuszanys nopsiaka, To uMmeeM 3P PpeKTHBHBINA PaHIOMH3UPOBAHHBIN aITOPUTM
JUTSL TIOCTPOEHUSI IPUMUTHUBHOTO JIeMEHTa. MOXKHO JIU IepaHI0MU3UPOBATh aITOPUTM? ITOT BOIIPOC
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CBOAMTCS K 3a/lade MOCTPOCHHS HEOONBIIOr0 MHOXKECTBA, COAEPIKAIIEr0o NPUMHUTHUBHBINA JJIEMEHT.
EcrecTBeHHO, HaunHaeM ¢ HeOomibluX uuces. OmnpeneneHue BepxXHEW TpaHUIbl HAUMEHbBIIETO
MIPUMHUTUBHOTO 3JIEMEHTa SBISIETCA WHTEpPECHOW 3amadeil B Teopuw uucen. Ilpeamomaras PI'P
(pactmmpennas rumnote3a Pumana), Banr [2] nokasai, 94To HaMMEHBIINN TPUMUTUBHBIN KOPEHb B
npoctoM KoHeuHom noine F, orpannuen 0(w®(p — 1) log? p), rie w — oTobpaskenue, nepenaomniee
MOJIOKUTEIILHOE LIEJI0€ YHMCIIO YUCIY €0 Pa3jIM4YHBIX IPOCTBIX AeauTencii. MoXHO JoKa3ark, 4To
w(n) = O(logn /loglogn). Iloyn [3] ymyurmn npussizky k O(w* (p — 1) log? p). 3necs O(f(n))
osnagaer O(f(n) log® f(n)) nns HexoTOpOIi KOHCTAHTEI €.

CnenoBarensHo, eciu PI'P  BepHa, MOXHO CreHEpUpOBaTh MHOXKECTBO, COJEpIKAIIEe
IPUMUTUBHBIM 3JIEMEHT, NIEPEYNCINB BCE YMCia, MeHbIIMe rpaHunsl llloyna, kotopas sBiseTCs
IIOJIMHOMUAJIBHON B 3aBHUCHMOCTH OT pa3Mepa BXOIHBIX NaHHBIX. bax [4] mokaselBaeT, Kak IpHU
npennonoxkeHun uctuiHoctu PI'P noctpouts MHOMKecTBO MomHOCTH O (log* p), KOTOPOE COAEPKUT
0 KpaiiHe Mepe OIMH NPUMHUTUBHBIA 37IeMEeHT. BmecTo TOro 4ro0bl HCIOIB30BaTh TOJIBKO
HEeOOJIbIINE YKCIIa, 3TO MHOXKECTBO COCTOUT M3 00siee KPYNHBIX JIEMEHTOB, KOTOPBIE SBIISIOTCS
IIPOU3BECHUEM MAJEHbKUX MIPOCTBIX YHCET.

Crnyyaii ¢ monsiMu MaJibIX XapakTepUCTHK KaxkeTcs 6onee nmpocthiM. Loy [3] u — He3aBUCHMO —
[napauHcku [5, Teopema 2.4] HOKa3bIBAOT, YTO MOKHO IE€TEPMUHUCTHYECKH TOCTPOUTH MHOKECTBO
pasmepa (np)°™ | koTopoe comepKuT 1o KpaiiHeii Mepe OJMH IPUMHTHBHBIIA 1eMeHT B F ph.

[Imapauacku [6] mokasan, uto B Fy, rae q - CTENEHp NPOCTOro YHCIIa, MIPUMHTHBHBIN 271€MEHT
MOKET ObITh HANJIEH C BDEMEHHOM CII0OXKHOCTBIO s ™. 3aMETUM, UTO HAM Ty YLK 1€ TEPMUHUPOBAHHBIN
aIrOpUTM [T BBIUMCIIEHUs kKodpdurmenta N Tpebyer Bpemenn Na ™.

MaTepI/laJ'Ibl U METOAbI

[Ipexnonoxunm, uro mone 3axaHo kak Fy[x]/(f(x)), tne f(X) — HenpuBOIMMBIN MHOTOWICH
nan Fz. Iycts @ = x (mod f(x)). JIpa pa3sHbIX MHOTOYJIEHA MOTYT HPEACTABIATH OJUH M TOT XKE
snemenT B rioiie. Hanpumep, x + 111 — x® OTHOCATCSI K OZTHOMY M TOMY K€ KJTaCCy 9KBUBAJICHTHOCTH
B F;[x]/(x? + 1). TeMm He MeHee JIETKO TI0KA3aTh CIEYIOIIEE.

Ipeonooicenue 3. Eciin F(xX) ug(xX) ne paBHbI B F [x] u ux crenenu menpLIE 1, TO fla) + g(a).

Bce nocTpoenus cnenyroT U3 BHIIIEH3IOKEHHON cxeMbl. LleneBoii aneMeHT f cupoeKTUpOBaH
TakUM 00pa3oM, YTO Mbl MOKEM HalTH MHOXeCTBO U GOJBIION MOIIHOCTH, COCTOSILEE U3 LIETBbIX
gpcen ot 1 1o g™ — 1, KoTopoe yI0BIETBOPSET CEMYIOIHMM YCIOBUSIM:

1. s mroGoro i € U, snement B* uMeeT pocToe NpecTaBIeHUE TOPSIKa, MEHBILEE 71 B E,[a]
(0OBIYHO MBI TTOJTyYaeM TPEACTABICHUE, UCTIONb3YS TMHEHHOCTD p-il CTEIICHN);

2. Jlns mo6oro i,j € U, ecrm i # j , To B # B7. [lockonbKy cTeneHsb f MMEET IPeICTaBICHHE
MAJIOTO MOPSIIKA, MBI MOJKEM MEPEHECTH SIEMEHT B KOJbLI0 MHOTO4WIeHOB F, [x], re merue nokasars
pa3imyue IByX AIIEMEHTOB.

Ecnu nokaxkeM 3TH JBa YTBEpXKIEHHUS, TO MOXKHO TOKa3aTh, YTO MOILHOCTb MHOXkecTBa U
SIBISIETCA HIDKHEN TPAHUIEN TTOPSAIKA.

Crnenys aToit cxeme, ['ao [7] mpeacTaBul alropuT™M MOTMHOMHUATIBEHOTO BPEMEHU, KOTOPBIN JIJIs
(bPMKCUPOBAHHOW MPOCTOM CTENEHU § W IICJIOTO YUCIIA 71 BBIBOIUT JIEMEHT IMOPSJIKA 10 MEHbIICH
Mepe |

a n
e Toggl= togg) F - (M

OH He J0Ka3all, YTO AJITOPUTM BCETAa BHIBOAUT Takoil aneMeHT. Ho Takoe mpeanonoxeHue
JIOTTY CTUMO. _

Jst muorownena g(x) € F,[x] onpenenum g @ (x) xax I-KkpaTHYIO KOMIIO3MIHMIO (ByHKIUU .
dopmanbHO

g9 =xug? ) =g" P(g(x) mai = 1.
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[TycTe M — HanMeHbIIAsl CTENICHb POCTOTO YucIia g, KOTopas Ooubliie wiu papua n. Meron ['ao
npoBepsieT, umeeT 1 X — g(X) HeNpUBOIUMEI MHOKHTENb CTEMEHH 71 JUIS BCEX MHOTOUJICHOB
crerneHu He Oonee 2 10og, n. Eciu 310 Tak, TO OH BEIBOIUT KOPEHb TAKOI'0 MHOTOUWICHA, 0003HaUaeMOro
gepe3 . OgeBuaHo, uto F; [f] = F,n. a0 mpeamonoxui, 4To Takoil MHOrO4IeH 9 (x) cymecrsyer.

Paccmorpum nopsinok . O603HauuM crerneHs g (x) yepe3 €. MOXHO 1oKa3arb, YTo

™ =g(B),
B = g(B)™ = g(B™) = g @ (B).

[To nHayxMK ﬁmi = g@ (B). Dra crenens ﬁmi pacteT co ckopocTbio €. TTycTs

t—1
logg n )
=|—=—|ul= am |0 < a; <+/n.
2logg =
i=0
t—1 ' - ; :
st n}060r0 u(j— 2izg a;m' € U nonoxwum, uro B* = [[i22 g(‘] (B)%. MOXHO MPOBEPHTH, YTO
muorowreH [ ;25 g (?C)“’ HMEET CTENEHb MEHBIIIE 71.
ITycto
-1

u' = Z a’;ym' € U.

i=0
Jlnst Toro 4ro6sl MOKa3aTk, 4To Juisd aroboro U # U’ € U umeer mecro f* #= %, HeoOxonumo

JA0Ka3aTb HCPABCHCTBO
-1 £-1
Hg(a‘] (@)% = Hg(i] (a)a;_
i=0 i=0

ITO CBOIUTCS K TOMY, 4TOOBI MOKa3aTh

t-1
chﬂ ()% = chﬂ ()%
i=0 i=0

OTO cileyeT U3 yTBEPKICHUS O MYJBTHIUIMKATUBHON HE3aBHCHMMOCTH g (x), nokasammoro
TlNao:
IIpeonooicenue 4. Hpe,I[HOJ'IOH(I/IM 4yto f(x) € F,[x] He SBISCTCS HHM OJHOWICHHBIM, HH

OMHOMHAJILHBIM BHJIA ax® +b. Torna MHOTOUIEHBI
FR,FP0,, fO (0,
SIBJISIFOTCSI MYJIBTHUILTUKATUBHO HE3aBUCHUMBIMH, 8 UMEHHO JUIs1 JTFOOBIX ISIbIX uucen k4, k5, ..., k
(r2m)" (F2)" . (FPw) " =1

TOI/IA U TOJILKO Torja, Korma ky = ky = --- =k, = 0.

bonee tmarensHo mpoananmusupoBaB mnoctpoenue [ao, Kondmurru [8] mokaszan, yto B
HEKOTOPBIX CIydasix HIKHsis TPaHAIa Jutst opsiaka B styurne, dem (1). Tockonbky crerens g& (x)
pacTeT SKCHOHEHIMAIBHO C YBEIMYCHHEM I, 00a pe3ylbTraTa JOKa3bIBAIOT JIMIIb HE3HAYHTEIHHO
CYIEpPIIOJIMHOMHUAIBHBIC HU)KHUE TpaHullbl. Eciin mose o0aaeT OMoMTHUTEIbHBIMUA CTPYKTYPaMH,
TO €CTh JBa METOJA, KOTOPbIC MO3BOJISIOT n30exarb MpoOIeMBl U TMOCTPOUTH 3JIEMEHT MOPSJIKa,
GobLIero, ueM ¢, 1t KoHcTauThl ¢. O6a MeToa paboTarOT TOILKO B CIEMHUABHBIX MOJISX.

OcHoBbIBasick Ha cBoiicTBax nepuoaoB ['aycca, ¢on Lyp I'aren u lllnapnuHcku npeayioxumm
QITOPUTM, KOTOPBII CO3/IaeT IIEMEHT CyOIKCTIOHEHITHAIFHOTO MOPSAKA B HEKOTOPBIX CHEIMaIbHbBIX
nonsix. [Ipeanonoxkum, uro ¥ = 2n + 1 — mpocroe 4ucio, He Aensmee §, a § — IPUMHTHBHBIN
anemeHT B F,. Pasymeercs, r|q?"~ 1. Ilycte & — NpUMHUTHUBHBIA 7-if KOPEHb U3 €AMHUIEI B F 2n.

n

88



KA3AKCTAH-BPUTAH TEXHUKAJIBIK
YHUBEPCUTETIHIH, XABAPIIBICHI Ne 1(68) 2024

PaccmoTpuM 3Hauenme f = & + &1, Taxoke m3BecTHOe Kak nepwon laycca tuma (n, 2). Jlerko
H0Ka3aTh, yto f € Fgn,
[Tycts h = Hﬂ -1,
h
U=1> agtla €01},

i=1
IJIE S; —I[HCerTHLIﬁ sorapudM i o MOIy/I0 T, a uMenHo q; (mod 1) = i, Takum o6pasom, |U| = 2.
Jinau =Y ta,q% € U, umeem

(E+E0 = I]@“+ff‘ Tﬁ?+fﬂm=

— fz?zl(—af] H{fﬂ + 1)@5_

IIycTp

h-1
u' = Z a' ;g € U.

Jlnst mro6bIX ABYX u # u' € U nokaxewm, uto B # ™. [Ipeanonoxum, 4to
R R

a; = ) a,.

Mzl JOJI2KHBI 1OKa3aTb, 4YTO
h
gi?zi(a;f}—i?:i(asl H@?i +1)% — H(g?i +1)% 20,
i=1 i=1
CTCHCHB MHOI'O4JICHA

h h
t(x) = xZimala)-Tin () H(x“ +1)% — H(x“ + 1)
= i=1

Menbie r — 1. [TockonbKy MUHHMAaTbHBII MHOTOWIEH OT & Hax Fy umeeT crenens
7 — 1, HeoOXOAMMO J10Ka3aTh TOIBKO, 4TO B F, [X] MHOTOUNCH £(X) He sABISIETCS HyJICBBIM.

Ecmu XM, a; # X, a}, o1o oueBnano, mockomnsky t(0) = —1.

B nporuBHOM citydae npeanonoxum, uto {i | a; = 1}n{i|a; =1}=0

I[Tycth § — HAMMEHBIIIEE | TaKOE, 9TO @; = 1 min a; = 1. MOKHO TIPOBEPHUTH, 4TO KOIDPUIUCHT
x° B t(x) He paBen Hymo. Ha 5TOM 10Ka3aTeabCTBO 3aBEPIIAETC.

OcHoBbIBasich Ha 3TOM aprymenTe, ¢poH Llyp ['aren u lInapnuacku [9—11] momyuwnu ciaenyromniye
pe3ynbTaThl:

Ilpeonooicenue 5. Tlycts @ — puxcupoBaHHas TpocTas creneHb. s 1o0oro HaTypaabHOTO
ypcna N nenoe uncnon = N ¢cn = O(Nlog N) u snementom @ € F gn TIOpsJIKA HE MEHEE 2(2nJ1f'f2—2
MOET OBITh BBIYHCIICHO 32 MOJTMHOMHAIBHOE 110 N BpeMms.

[To cyrtu, anroputm wuieT mpocroe uucio *, donbiree yem 2N + 1, Takoe, 4uro G sBIsSETCS
IPUMHTHBHBIM 2JIeMeHTOM B F,.. [IpenMyIiecTBo 3TOro alnropurMa B TOM, 4TO ITOTYYCHHBIH 3JIEMEHT
TaK)Ke SIBJIIETCS HOPMAJbHBIM JIEMEHTOM. YOpaB 3TO TpebOBaHUE, JOKaXKeM pe3yibTaT ¢ Oolee
IUIOTHOW TIOCTIEIOBATEILHOCTHIO U3 TL.
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Ilpeonooicenue 6. Tlycts @ — pukcupoBaHHAs TpoCTas creneHb. i 1r000ro HaTypajabHOTO
qucaa Nluenoe yncion =N cn =N + O(N/log°N ) u oneMeHTOM & € Fn nopsjika He MeHee
210q™ " *n/2-25 MojkeT OBITH BHIYMCIICHO 32 TIOJIMHOMHAJILHOE 110 N Bpewms.

CreneHb MHOTOWICHABE TIPEICTABICHUM S | ,[?‘? paBHaZI KoTOpasiiMHeHo pacTeTci. CieqoBarenbHo,
OHM JIOCTUTAIOT CyOIKCITOHEHIINATLHON HUYKHEH TPaHUIIbI 20(/n) I[anee paccMOTpUM pe3yNbTaThl
pabotsl [12], B KOTOPOW CTENIEHh MHOTOYJICHA, TIDCTICTABISIONIETO ﬁ‘? (ukcupoBaHa paBHou 1, u,
CJICIOBATENIbHO, TIOYYaeTCsl HUKHSIS TPaHHIA nt

Pe3yabTarhl U 00Cy:KIeHUS

Hoseiii Meron B anropurme tectupoBanus npoctorsl AKC u ero mocnenyroomux ymydiie-
HusX [13] 3akimodaercs B UCIOJIb30BAaHUM MHOTOUJICHOB MEPBOM CTENEHH JIJIsl TEeHEpaluu 0O0JIbIION
MYJIBTUIUIMKATUBHOM TOATPYIIIBI IO MOAYJIIO IIEJIOT0 Yncia U MHOrowieHa. Yenr [12] oOHapyui
CBSI3b CO CIIELUAJILHON 3ajaueil 00 »JIeMeHTaX BBICOKOTO IMOps/IKa KOHEYHOTO IOJIS U MPUMEHMI
9Ty HJICIO /7SI TTOJTyYSHHS HOBOTO PELICHMS CIeUATBbHOM 3a1a41 00 3IEMEHTaX BBICOKOTO MOPsIKa
KOoHeyHoro noss. Ero pesynbrar mokaspiBaeT 0ojee IIOTHYIO MOCIeI0BaTeNbHOCTh U3 71 U TOPA3I0
0oJiee BBICOKOTO MOPS/IKA.

Paccmorpum pacmmpenne Kymmepa Fon, toe n|q— 1. MoXHO mpeanonoXurs, YTO
Fqn = F[x]/(x™ = b), e x™ — b — nenpuBoumslii MHorowieH Hax F,. Kak 0GbI4HO, mycTh

a= x(mod x™ — b). Ilycts f = a + 1. Paccmorpum HOpSII[OK B. HonyqaeM
-1

ﬁq—(a+1)‘?—a‘?+1—(a“)n a:+1—bn a+ 1.

O003HaAYUM ¢ = b n I/IMeeM
1q ifg—1)

Tycrs (a + 1)‘? =b"n a+l=cla+l.

n n

U— Z a,q' Zlail —n—1|{iia, <0} = [n.zgznj,z la,l = /5]

i=1 i=1 a;=0

o= DG L) =eee,

Nmeem

med_=10.292n] u d = l ;/2] HyCTLH =2, a;q" € U, umeem
. l_[ SIS, A s (C a’+ ljai
= H(cla +1)% = 1 =0

Hlsiim,a.i-::o(c @+ 1)

JlokaxkeM OT NpoTUBHOTO, uto a1 u' =X a’;,q" €U, ecrm u #u', torna B* * Y.
IIpeanonoKuM, 4To STH JBa IEMEHTA PABHBI, HMEEM

H (c'a+ 1)= H (cla+ 1) =

1=i=m,a;=0 151’5m,a.';<0
= H (cla+ 1)™= H (c'a + 1)%,
1zizm.a;<0 lsiSm,a;EO
Tak xax
Yoa+ Y ap= Y (a)+ ) a=m-1
1=zizm,e;=0 1=izm.af<0 1=izm,a;<0 1zizm,a]=0
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Inojay4dacm

H (cix + 1™ H (cix+1)-ﬂ§=

1=i=m,a;=0 151’5m,a:—'=:0
. . r
= | | (clx+1) = | | (ctx + 1)%,
1=zizm,a;<0 1zizm,a]=0

B konbue F5[x]. D10 mporMBOpeunt emuHCTBEHHOCTH (akTOpM3alMM Koibla. Vcromp3oBaHue
OTpHIIATEIbHBIX MTOKa3aTeNeit ObuTo mpemoxeno Bomoxom [14].
Tenepb MOKHO 000OIIUTE PE3yJIbTaThl, BEITEKAIOIINE U3 IPUBEICHHBIX BBIIIE PACCYKICHUI.
Teopema 2. Tlyctb 9 — QuKcHpOBaHHAs MpOCTas cTeneHb. Jlias 10CTaTodHO OOJIBIIOTO
HaTypaJIbHOTO uucia N MOXHO BBIYHCIUTH 3a HOJIMHOMHUANbHOE IO N BpeMms Leloe YHUCIIOo

n € [N,2qN] usnement f € Fyn ¢ nopsaxom Goiblie 5.8ﬂf1°gqn.

B oToii Teopeme mcmonb3yem mocnenosarensHocTs ¢ — 1, 2(g*—1), ..., i(g" — 1), ... B
cienyromieid Teopeme OyleM HCIOJIb30BaTh Oojiee IMJIOTHYIO TOCHenoBarelbHOCTh 2, 6, 20, ...,
p(p — 1),... Tae P nmpoGeraeT BCe MPOCTHIE YNCIA.

Teopema 3. I1yctb  — puKCHpOBaHHAS POCTAS CTETIICHD. MOYKHO BBIYUCIIUTD 32 TOJTUMHOMHUAIBHOE
o N Bpems nenoe yucio n € [N,N + O(N°77)] u snement

B € F n c OPSAAKOM, OOIbIIMM 5.8Vn,

ITpu n = log q nonaraercs, 4To f UMEET NOPATOK qnfr 2, DTa THIOTe3a UMEET BAXKHOE 3HAYCHNE,
YTO pPaHJOMHU3MPOBAHHOE Jo0Ka3arenbcTBO MpocToThl AKC uMeer BpeMEHHYIO CIOXHOCTb
O(log® p), rie P — 1e10€ YuCIIo.

3akiaoueHne

ITockonbKy 3a7a4a ¢ IPUMUTUBHBIMU 3JIEMEHTAMU CJIOXKHA, B OOJIBIIMHCTBE CIy4aeB KPUIITO-
rpaduuecKuX MPUIOKEHUI KOHEUHbIE MOl BEIOMPAIOTCS TAKMM 00pa3oM, YTO M3BECTHBI IIOJIHBIE
Pa3JIoKEHUs TIOPAIKOB TOJIEH Ha MHOMKUTEIH, CJIEI0BATENIbHO, CYIEeCTBYET F3(PPEKTUBHBINA paH/I0-
MH3UPOBAHHBIN AITOPUTM Ul IOCTPOSHUS FEHEPATOPOB IS ATUX Mosiei. Takum oOpa3omM, B paboTe
MBI 0000LIMIN PE3y/bTaThl, BHITEKAIOIINE U3 NPHUBEAECHHBIX BBIIIE PACCYKACHHUH, U MPEIIOKUIN
QJITOPUTMBI, KOTOPBIE HAXOAT SJIEMEHT BHICOKOTO MOPSIIKA KaK Ul OOIINX, TaK U VIS CHEIUaIbHBIX
KOHEUHBIX MOJIEH.
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ZKOFAPBI PETTI AKBIPJIbI OPICTIH NPUMUTUBTI
QJIEMEHTTEPIH I3AEY AJITOPUTMJEPIH 3EPTTEY

AHgarna

AKBIpIIBI ©picTepAl ecenTey TCOPHUSACHIHIAFbI CH MaHBI3/IbI MICHIUIMETEH XOHE KYPIENIi MocelelepiH Oipi
aKBIPJIBI OPICTE aNFamKbl TYOIpiepai KYPYIBIH JKbUIAAM alTOPUTMIH alblHAay. EKIHIN >KaFbIHAH, KONTETCH
KOCBHIMITIAJIAp VIIiH aJFaIlKbl TYOIpAiH OpHBIHA KOFAPHl MYIBTUIUTHKATHBTI PETTI AJIEMEHT KETKUTIKTI. MyHmai
KOCBIMILIAJIapFa KpUIITOrpadus, KOATay TEOPHACHI, IICEBIOKE3ACHCOK CaHaap I'eHepaLHsAChl JKOHE KOMOMHATOPIIBIK
cxemanap Kipeni, Oipak ojapMeH ImIekTeaMmeiai. JKorapbel peTTi AJeMEHTTepAIH aWKbIH KYpPBLIBICTAPhI 9JIETTE
JIOJIEIICHETIH TOMEHTT PETTIK IIeKapaHbl KaMTaMachl3 €Te ajaTblH KOMOWHATOpHKa 9/icTepiHe cyheHeni, Oipax
Oy HakThl perTi ecentemeliai. OHBI OpbIHIAY 91eTTe peTTi (akTopuzanmsiayasl Ouryai O6innipeni. EH aypsichl,
CaHallbl yaKbIT iIIiHAE Ke3 KeIreH akbIpibl epic YIIiH NPUMHUTHBTI JIEMEHTTI ala alybIMbI3 Kepek. Auaiina
erep TONTHIK PETTiH KapamaisiM (haKTOpH3ammsCHl Oenrici3 Oojica, MaKkcaTKa Kanail jkKeTyre OONaThIHBI Oemricis.
Ocpuraiima, MYMKIHZIITIHIIIE )KOFaphl PETTi 3JEMEHTTI Kypy ece0iH KosMbI3. By Makaraa sxanmbl HeMece apHanbl
aKBIPJIBI OPICTEP YILIH KOFapbl PETTi 3JIEMEHTT] TaOaThIH OPTYPIIi AITOPUTMAEDP KapacTbipbuiaabl. COHBIMEH KaTap
YCBIHBUIFaH )KYMBIC aKbIpJIbl epicrepaeri ['aycc ke3eHaepiHiH TeOpHusIChbIHA Tarbl Oip yJIeC KOCaIbl )KOHE OJlap/ibIH
OpPTYPIIi KOCHIMIIIAJap YILIiH Maijaabl eKeHIITH JJIeNIeTeH JKalbUIayIapbl MEH aHajortap 0osabl.

Tipek ce3mep: akbIpibI ©pic, MPUMHUTUBTI JJIEMEHT, JKail caH, KapanaibiM (akropusaius, ['aycc epuoarapsl.
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RESEARCH OF ALGORITHMS FOR SEARCHING
PRIMITIVE ELEMENTS OF A FINITE FIELD OF HIGH ORDER

Abstract

One of the most important unsolved and notoriously difficult problems in computational finite field theory
is the development of a fast algorithm for constructing primitive roots in a finite field. It is known that for many
applications, instead of a primitive root, just an element of high multiplicative order is sufficient. Such applications
include, but are not limited to, cryptography, coding theory, pseudorandom number generation, and combinatorial
schemes. Explicit constructions of high-order elements usually rely on combinatory methods that can provide
a provable lower bound on the order, but this does not compute the exact order. Its execution usually implies
knowledge of the factorization of the order. Ideally, we should be able to get a primitive element for any finite field
in a reasonable amount of time. However, if the simple factorization of the group order is unknown, it is difficult to
achieve the goal. Thus, we set the task of constructing an element, probably of a high order. This article discusses
various algorithms that find a high-order element for general or special finite fields. This work also represents
another contribution to the theory of Gauss periods over finite fields and their generalizations and analogues, which
have already proven their usefulness for a number of different applications.

Key words: finite field, primitive element, prime number, simple factorization, Gauss periods.
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ON THE STRUCTURE OF PUNCTUAL LINEAR
ORDERS ISOMORPHIC TO THE LEAST LIMIT ORDINAL

Abstract

The algorithmic complexity of presentations for various structures receives significant attention in modern
literature. The main tool for determining such complexities is reducibility. It is a mapping that preserves relations
of signature (for example, equivalence relation, orders, and so on). This work is dedicated to the study of punctual
reoresentations of the least limit ordinal with respect to primitive recursive reducibility. We denote this structure as
PR(w). In particular, the paper examines the properties of structures £, consisting of computable copies of the least
limit ordinal with respect to computable reducibility, and Peq, consisting of punctual equivalence relations with
respect to primitive recursive reducibility. We say that the linear arder L i< reducible to the linear order R, if there
exists a total function P such that (x,¥) € L if and only if (P(I):P(}’)) € R, Reducibility is called computable
(primitive recursive) if the function that performs the reducibility is computable (primitive recursive). It is shown
that the degree of @ is not the least degree in PR{ @), as it was in £2. The structure PR{@) does not contain maximal
degrees, and this structure is not dense. Also, an example of an incomparable pair that has the least upper bound is
given.

Key words: primitive recursive function, linear order, primitive recursive reducibility, punctual representations
of linear order, self-full orders.

Introduction

Kalimullin, Melnikov and Ng in [ 1] proposed a general approach to studying punctual structures:
an infinite structure & (on a finite signature @) is punctual, if its domain of the structure & is the set of
natural numbers and all functions and relations of signature ¢ are primitive recursive. Inspired by this
work, various authors began to explore punctual structures. For example, in the work [2] the authors
studied the structure of punctual equivalence relations with respect to primitive recursive reducibility
(They called this structure Peq). Surprisingly, the Peq turned out to be very well-behaved compared
to its computably enumerable counterpart, the structure of Ceers, mainly studied in the works of [3,
4, 5, 6] and many others. That is, the structure Peq turned out to be a dense distributive lattice with
the greatest element Id (where Id is the equality relation on natural numbers). The next fact shows
that the structure Peq is neither rigid nor homogeneous and contains non-isomorphic lower cones.
From the above, one might even think that elementary theory of the structure Peq is decidable, but
this question remains open for now.
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The structure of computable representations of the ordinal ¢y with respect to computable
reducibility was studied in the works of [7, 8], the authors denoted this structure by £2. Note that £2
has the smallest degree — the standard representation of w, has no principal or maximal degrees, and is
only partially dense (in the sense that the density property does not hold everywhere). Following [7],
a linear order L from {2 is self-full if and only if L reduces to L only via an identity function. In [7]
it is proved that the set of self-full linear orders is definable in £2: L is self-full if and only if L has a
strong minimal cover. The work [9] studies the complexities of index sets ) and self-full relations
from £2.

In this paper we will check whether the structure of punctual linear orders isomorphic to the
ordinal @ (we denote this structure by PR(w)) is as good as Peq.

In Section 2 we provide the necessary facts, definitions and agreements for comfortable reading
of the results of the work. Section 3 provides proofs of the main results on the structure of PR(w) . In
particular, it is proved that the degree of the standard copy of the ordinal w is not the least element in
PR(w), unlike in the structure £ (Proposition 1). Properties such as absence of universal and maximal
elements (Theorem 3.1, Corollary 3.2), not being dense (Theorem 3.3) and having incomparable
pairs with suprema (Corollary 3.4) in £ turned out to work in the structure PR(w).

Preliminaries

This work explores questions of linear orders using methods from computabilitv theorv. In
particular, we will deal with sets and functions defined on the set of natural numbers @ = {0,1,2,..}
. We write the value of the standard bijective function of a pair from @ X w onto @ as (x, }’); we also
define the functions [({x,y)) = x and r({x,¥)) = ¥ that restore the left and the right components
of the pair, respectivelv. If f is some function, then range(f) is the set of all possible values of f.

A linear order (L], <1) is called primitive recursive, if the main set |L| and the order relation
<L are primitive recursive. For convenience, we will denote L as the linear order {|L|, < ). A linear
order S is called a linear suborder of order L if Vs1,5, € S

&q ‘::_5' Sz — &1 ‘::L &3,

A linear suborder § is called an interval of linear order L if forany a,b € S, ¢ € [, and

aspc=; b=c€ES

If @ and b are the least and the greatest elements of the interval S, respectively, then we denote
this interval in L as [a, b];.

Following the approach of [ 1, 10], we define the structure of punctual linear orders isomorphic to
the given linear order. Let L and M be primitive recursive linear orders. We will say that the order L
is primitively recursively reducible to the order M, denoted by L =, M, if there exists a primitive
recursive function f such that for any a,b € L

a<;b = fla) <y fb)

As usual, we will write L =pr M if L =, M and M =,, L. A pr-degree of order L is the set
deg, (L) = {M M =, L}.

Note that if L. <, M and M is a primitive recursive order, then L is primitive recursive preorder.
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Definition 1. For a primitive recursive linear order L we define the degree structure

PR(L) = ({degm(M) * M is a punctual linear order isomorphicto L}, = p:r)_

Let L and M be linear orders. We say that L and M are pr-incomparable, denoted by L|,M, if
L %, M and M £, L. For a linear order R and a natural number §, we denote the restriction of
linear order R to S by R I s as follows: dom(R I's) = [0,s] and X =gps ¥ if and only if X <g ¥.

Definition 2. Let P be a partially ordered set (poset) and @ € P. Then an element b € P is called
a minimal cover for a if

l.a<b jea=banda+h,
) (WVeeEP)lasc=b-(c=aV ec=b)]

Anelement b € P is called a strong minimal cover for a, if b is a minimal cover for a and

(Ve € P)le < b - ¢ = a]

Andrews and Sorbi [6] introduced a useful notion of self-fullness for positive equivalence
relations. Later, Kabylzhanova [11] proposed this notion for positive preorders and Askarbekkyzy et
al. [7] proposed for linear orders:

Definition 3. Preorder P is called self-full if for any function f that provides ¢-reducibility from
P to P the following holds

Vydx [y P f(x) & f(x) P yl.

In other words, preorder is self-full iff every reduction to itself hits all classes.

Note that a computable linear order L is self-full if L =, L via only computable permutation.

Let {p.}.e,, be an effective listing of all unary primitive recursive functions. It is well known
that this list is computable, but not primitive recursive.

In the paper, we will often build primitive recursive functions and primitive recursive linear
orders. It is convenient to use the following restricted Church-Turing thesis for primitive recursive
functions: a function is primitive recursive if and only if it can be described by an algorithm that uses
only bounded loops. For example, one can omit using statements “while ... do”, “repeat ... until”,
and “goto” in Pascal-like programming languages. We will often apply the restricted Church-Turing
thesis without explicitly mentioning the thesis itself.

In addition, for a given partial computable function @ (x), we may assume that its standard
approximation @, (x) can be computed primitively recursively. Here, as usual, {@,}.c,, is a
standard numbering of all partial computable unary functions.

Results and discussion

In this section we prove some results about the structure of PR(w).

It is well known that the degree of the standard copy of o is the least in the structure £ (Folklore).
First, we show that this claim does not hold in the primitive recursive setting.

Proposition 1. degy,, (@) is not the least element in the poset PR().

Proof. Fortunately, the order @ is “well defined” in that sense that for any numbers @ and b ,
where a < b, we can readily discern the number of elements that lie between a and b. In the following
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construction we will use this fact. We will define the order L step by step and define helpful functions
r(x) and k(x) that compute the index of the primitive recursive function used at stage.

Construction.

Stage 0. Assume r(0) = 0,k(0) = 0 and L is linear order on one element set {0}.

Stage s + 1. Assume e = r(s), N = k(s). Consider the following cases:

1. If Pe,s (V) is not defined, then we assume that

r(s+1)=r(s)k(s+1)=k(s)and Loy, =L U {(x,s +1):x = s+ 1}.

2. If Pe.s(N) = ¥ and (¥, N) € L then we assume

ris+1)=r(s)+1L,k(s+1)=s+1land L.y, =L U{(x,s+1):x =s+ 1}

3. [fPes(N) = Yo, 0, N) € L (here we can assume that Yo = S) and Pes(N + k + 1) is not
defined (where k = card{x:x = s & (yp,x) € L;}), then

r(s+1)=7r(s), k(s +1) =s,

Leyy = L U{(x,s +1):(x,30) € Ly & x # 3} U {(s + 1,x): (3, x) € Ls}.

4.1f Pe,s(N) = ¥9,(¥9,N) € L (here we can assume that vy < s) and Pe,s(N + k + 1) is not

defined (where k = card{x:x < s & (va,x) € L.}, then
rs+1)=r(s)+1Lk(s+1)=s4+1, Ly =L U{(x,s+1):x =g+ 1}.

End of the construction. We define L as Uggy, Ls.

Informally, in the construction do the following: Take some primitive recursive function with
index € and wait until it converges on its witness (witness is N). While you wait, put new elements
to the right. When the function converges and its image hits an element to the right of N, compute
the number of elements that were listed to the right of the image (we assume this number is k). Then
wait until the function converges on the argument N + k + 1, and stop adding new elements to the
right of p,(N) and start to add new elements to the left of po(N). If p on N + k + 1 converges,
then Pe is not a reduction.

It is clear that L is a primitive recursive order because to determine if the pair (x,¥) belongs to
L it suffices to check if (x, y) € L, where s = max(x, v). Each time when the construction comes
to case 3 number Yo will be greater (in the order L) than ¥o’s from the previous functions. Hence, the
order L is isomorphic to w.®

Next, we show that the structure PR(w) doesn’t have any maximal elements.

Theorem 3.1. For every R € PR(@) there exists L € PR(w), such that R <p, L.

Proof. We construct a linear order L above R, satisfying the following requirements:

Qe: Pe is not a reduction from L to R.

First, we define a primitive recursive function f, that reduces R to L as follows:

f(x) =2x forall x € w.

That is, we assume that all even numbers are already ordered in L at every stage. We will use
only odd numbers in the construction.

Strategy for e.

(1) First, pick @ = 2e and b, such that @ <<; b and there isno Y witha <, y < b;

(2) Wait for Pe(@) and Pe () to converge.

(3) (a) If pe (b) =g pe(a), then the requirement is satisfied. Go to the next strategy.

(b) Otherwise go to (4);

(4) Put sufficiently enough fresh odd numbers between @ and b in L so that the following

condition holds

card[a, b]; = card[p,(a),p.(b)]z +1 (1)
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Construction

Stage 0. Assume L is defined on all even numbers as follows: 2xLo2y xRy,

Stage § + 1. Assume e = I(s). Proceed with the strategy Qe to define Ls+1. In particular, if
strategy Qe reaches (4), then we compute cardinality of the set {X: pe(@) =g x <g p.(b) & x =< s}
and put as many odd numbers after @ in order Ls+1.

The construction is completed. Every requirement will be met since the condition (1) cannot be
true infinitely often due to the fact that R = w. The choice of the strategy [(s) on step s guarantees,
that each strategy is visited infinitely often, thus, eventually meeting its requirement. ®

Corollary 3.2. The structure PR(@) has no maximal elements.

To prove the next fact, we will use the following definition.

Definition 4. A function f is called predecessor for a linear order L, if

[ —is primitive recursive;

f(x) = x if x is the least element in L and otherwise f (x) = ¥ such that

(Az)ly <, z <, x].

Theorem 3.3. The structure PR(w) is not dense.

Proof. To prove this, it is sufficient to construct a linear order from PR(w) that has a minimal
cover. We construct a linear order L satisfying the following requirements:

R.: Pe is not a predecessor function for L.

Q.: if pe(x) # id, then P is not a reduction from L to L.

Strategy for R,.

(1) Choose a witness X¢;

(2) Wait for Pe (xe) to converge. While waiting, we successively put fresh elements to the right

of L.
(3) (a) If P (x) <y X, and
(ﬂ}’) [pe (xe) {L y {L xe],
Then put a fresh number between Pe (x¢) and Xe.
(b) Otherwise, go to the next strategy.

Strategy for Q..

(1) Choose a witness X for the strategy;

(2) Wait for the number N = x, with pe(N) =, N;

(3) Let € = pe(IN);

(4) Wait for pe(€) to converge. While waiting, put fresh elements to the right of L;

(5) When Pe(€) converges, check the condition pe(c) > c;

(a) If pe(€) =1 ¢, then put k many fresh elements after N (here, k = card([c, p.(c)].)).
Initialize low priority strategies with witnesses greater than pe (c).
(b) If p.(c) < ¢, then the requirement is satisfied. Go to the next strategy.
Construction
We order requirements as follows:

Ry < Qo <Ry < Q<

We do not move to the new strategy until the active strategy isn’t completed. We call every R,
strategy active until the requirement R, is not satisfied. A @, strategy is active if the requirement @,
is not satisfied and the stage (1) is witnessed. If a strategy is satisfied at some stage €, we move to the
least active strategy in the ordering above.

The construction is completed. It is not hard to see that every requirement will eventually be met.

Now, we show that a linear order 1 + L defined below is a minimal cover for L:

x(1+L)ye x=0V (x>0&y>0&(x—1)L(y—1)).
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Towards a contradiction, assume that there exists a linear order S such that L =p, § =, 1+ L.
Moreover, let f and g be primitive recursive functions witnessing the reductions L <pr S
and § =,.1+ L respectively. Assume that {ag <147 @; <147 -}, {Sp <5 §; <5 .} and
{by <, by < ...} are ordered elements in 1 + L, S and L respectively. There are three possible
cases:

Suppose the reduction g misses some element ay, i.e., a; & range(g). In this case one can
define a primitive recursive function h with the following property: ag & range(h) and it is still
a reduction from S to 1 + L. Without loss of generality, we can assume that g(s;) = ay_, and

(Si41) = @yy4q forsome i € w. Define a function f as follows: forall x € w

Qe+, X =8 =55,
p(x) = {g (%), otherwise
Then the function 2(X) — 1 is a reduction from S to L a contradiction.
Suppose the reduction f misses some element Si, i.e., Si € range(f). In this case one can
define a primitive recursive function 9 with the following conditions:

Sk ifx = ap =141 @,
q(x) = {f(x —1), otherwise.

Then the primitive recursive function 9 reduces 1 + L to S.

The last case is when g (5;) = a; and f (b;) = s;, that both reductions are onto. Then a primitive
recursive function g ( f(b; )) — 1 is a predecessor for L, a contradiction.

Thus, 1 + L is a minimal cover for L. ®

Corollary 3.4. There exist L, Ly € PR(w) such that L|,»Lg and sup(L, L) = 1+ L.

Proof. Let L be a linear order constructed in Theorem 3.3, then there exists an order Ly <p 1 + L
such that Lo, L.

Let f be a primitive recursive bijection from L onto L, such that £ =1 is not primitive recursive
(the existence of such functions can be found in [12] and [13]). We define a linear order L as follows:

AL N = xQ+1D)y.

First, we show the pr-incomparability of L and Lyg.

Note that in the Q. strategies of the Theorem 3.3 one can replace primitive recursive functions
{Pe}eeq With partial recursive functions {@e }eeew. In this case, however, during the construction we
have to perform the actions of each strategy at the current stage. Hence, we can assume that L is self-
full with respect to =e.

Since, Lg =, 1 + L and 1 + L is a strong minimal cover for L under =, (see Proposition 2.1.
in [7]), then Ly %p, L. The fact that L %, Ly <, 1 + L also follows from the fact that 1 + L is a
strong minimal cover for L under <. Thus, orders . and L are pr-incomparable.

Now we show that a linear order 1 + L is a supremum of L and Lg. Let S be an arbitrary upper
bound for L and Lo and P a primitive recursive function witnessing the reduction from L to S. Assume
that {sy < sy < 5, <+ }and {l; < l; < I, < +++} are ordered elements in § and L respectively. It
is obvious that § #. L, since otherwise we get

L<,1+L=.Ly=,, S=.L

Hence, the reduction p: L <, § misses some class S, i.e. s; & range(p) for some i € w.
Without loss of generality, we can assume that P(ly) = s;—1 and P(lx+1) = Si3+1 for some k € w.
Then the following primitive recursive function reduces 1 + L to S:
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So» ifx =0,
h(x) =<p(x—1)+1, ifx = 0andx <[,
p(x — 1), otherwise.
Hence,1 + L =, Sandsup(L,Ly) =1+L. m

Conclusion

It was shown that the structure PR(@) differs from the structure . We proved that structure has
no maximal elements, and it is not dense and constructed a pair of primitive recursive linear orders
with a supremum.
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EH KIII IIEKTIK OPAUHAJIFA U30MOP®ThbI
NYHKTYAJIAbI CBI3BIKTbI PETTEPAIH KYPbIJIbIMbI
Angarna

3amanayu 9ieOueTTepae TYPl KYPhUIBIMAAP/IBIH KECKIHACPIHIH aITOPUTMIIK KYPACTTIriHEe KOIl KOHLI 06.Ti-
HyJie. ATaiiFaH KypACIUTIKTEep/l aHbIKTay/IbIH 0acThl KYpajbl Keluipyiep. by curuarypa karbiHacTapbiH (MbICaIbl,
SKBHBAJICHTTIK KaTbIHACTAP, PETTEP, T.C.C.) CAKTAUTHIH OeliHeey. Makasia eH Killli IIEKTiK OpIUHAJbIH IPUMHUTHBTI
PEKYPCHBTI KeIIIipyre KaThICThI MyHKTYaN/Ibl KECKIHACPIH 3epTTeyre OarpiTranfad. by kypsutbiMasl PR(w) aen
OenrineiiMiz. Aran aiiTkanzia, Makajiaaa & opIMHAJIBIHBIH €CENTeTIM/l KOIpyre KaTbICThI €CenTeNimM Il KolipMeci
£} KYpBUIBIMBIHBIH KQHE NPUMHTHBTI PEKypCHBTI KOLIIpyre KaTbICTHI IYHKTVAIThl SKBUBAIIEHT KaThIHACTApJaH
TypatbiH Peq KYphITBIMBIHBIH KACHETTEPIHIH OpbIHIaIybI 3epTTenei. Erep (xy) EL< (P (x);PfJf)] € Rumapret
opeIHAanaTeigail P pynkmuscel Tabbuica, L chi3bIkTEI peti B CBI3BIKTHI peTiHe Kemnipineai aem araiimbis. Erep
KOIIipy/Ii OPBIHAAUTHIH QYHKINSA ecenTeiMIi (IPUMHTHB PEKypcuB) Ooica, OyIT Kelipy ecentemimai (IpUMHUTHB
PEKYPCHB) JIET aTanajpl. & PETiHIH CTAaHAAPTTH KOuIipMeciHiH aeHreii £ KyppIIbIMBIHAA eH Killi OOIFaHBIMEH,
PR{w) KYPBUTBIMBIH/A €H Killli eMeC eKEeH/IT] ToIeIeH/II. PR{w) KYpPBUTBIMBIH/Ia MAKCUMAJI JKoHE Oac JeHrenep
JKOK, COHBIMEH Karap OyJ1 KYPBUIBIM THIFBI3 eMec. EH Killli KOFaprbl IIeri 0ap CadbICTHIPHUIMANTBIH KYITTHIH,
MBICAJIBI KEATIPLII.

Tipek ce3ep: MPUMHUTUBTI PeKypCHB (DYHKIHSCHI, CBHI3BIKTBI PET, IPUMHUTUBTI PEKYPCHUBTI KOIIIPY, CHI3BIKTHI
PETTiH MyHKTYyal/Ibl KECKiHJIepi, ©31H-031 TOJIBIKTBIPYIIBI PETTEP.

" Ackap0eKKbI3bI A.,
nokropant, ORCID ID: 0000-0003-0075-4438,
*e-mail: ms.askarbekkyzy@gmail.com
MckakoB A.M.,
maructpant, ORCID ID: 0009-0005-2550-2079,
e-mail: bheadr73@gmail.com
'Kaamyp3saes B.C.,
Ph.D., accom., npodeccop, ORCID ID: 0000-0002-4386-5915,
e-mail: birzhan. kalmurzayev(@gmail.com

' Kazaxcrancko-bpuTtanckuil Texuundeckuil yausepceuret, . Anmarel, 050000, Kazaxcran
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O CTPYKTYPE NYHKTYAJbHBIX JIMHEWHBIX MOPSIIKOB
N30MOP®HbIX HAUMEHBIIEMY HNPEJAEJIBHOMY OPIAUHAJY

AHHOTALMA
AJITOpUTMHAYECKAS CIOKHOCTH TIPEJCTABICHUN PA3IUYHBIX CTPYKTYpP SBISAETCS OOBEKTOM 3HAYHUTEIHHOTO
HHTEpeca B COBPEMEHHON HaydHOU juTeparype. OCHOBHBIM HHCTPYMEHTOM HCCIICIOBAHUS B JTAHHOM KOHTEKCTE
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SIBJISIETCSL  CBOJJMMOCTh. DTO OTOOpa)XEHHE, COXPAHSIOIIEe OTHOILICHUS CHI'HATyphl (Takue Kak OTHOIICHHE
9KBUBAJICHTHOCTH, IOPSIIKa M TaK asiee). JlaHHas paboTa ocBsIeHa UCCICA0BAHUIO Ty HKTYaIbHBIX IIPEICTaBICHUN
HAaWMEHBIIETO MPEIeTBHOTO OPIHHAIA OTHOCHTEIBHO MPUMUTHBHO PEKYPCHBHOM CBOIMMOCTH, 0003HAYUM TAHHYO
cTpyktypy depe3 PR(w). B yacTHOCTH, B paboTe HCCIeAyeTCs BBIMOIHEHHE CBOMCTB CTPYKTYP &2, cocToseil u3
BBIYMCIIUMBIX KOIHH () OTHOCUTENBHO BHIYMCIMMOM CBOAMMOCTH U Peq, COCTOSIIEN U3 MyHKTyalbHbIX OTHOIIEHHUIH
9KBHBAJICHTHOCTH OTHOCHTEIILHO NPUMHUTUBHO PEKYPCUBHOW CBOAMMOCTH. [OBOPUM. YTO JIMHEWHBIH MOPsIOK L
CBOJIMTCS K IMHEHHOMY TIOPSZIKY R, ecnu cymiecTByeT Berofy onpenernennas pynkuus P takas, uto (x,¥) € L Torna
U TOJBKO TOTZA (p{x),p(y}] € R. CBOAMMOCTH Ha3bIBAIOT BBIYUCIMMBIMU (IPHMHUTHUBHO PEKYPCHUBHBIMH), SCIIH
(GYHKLUSL, OCYIIECTBISIOIAs CBOAUMOCTD, SBISCTCS BBIYMCINMON (IPUMHTHBHO peKypcuBHOW). ITokasaHo, uTo
CTEIeHb CTaHAAPTHON KOIIMH TTopsiika (¢ He siBiseTcs HanMmeHblIel B PR{w), kak 910 010 B £). CTpyKTypa PR(w)
HE COJICPIKUT INIABHBIE U MAaKCUMaJIbHbIEe CTEIICHH, U JaHHAst CTPYKTYpa He SABJsIeTCs INIOTHOH. Taroke MpUBOOUTCS
IIpUMEP HECPABHUMOM IIapbl C HAUMEHbLIEH BEPXHEH I'PAHBIO.

KaioueBble cjioBa: MPUMHUTUBHO PEeKypcHBHasi (YHKIMSI, JTMHEHHBIH MOPSIOK, IPUMHTUBHO PEKypCHBHAs
CBOJMMOCTb, IyHKTYaJIbHbIE IPEACTABICHUS INHEWHBIX IOPAIKOB, CAMOIIOJIHBIE TIOPSIKU.
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KOJIBEY KA3BIKTBIKTBIH MATEMATHUKAJIBIK TEOPUSACbI

Anjgarna

Ken6ey JKa3BIKTHIKTAFbl CTATHKAIBIK SKOHE JHHAMHKAIBIK OCEpIEpPIiH 03apa TYpIICHY 3aHIBUILIKTAPEI
KOPCETLIII, JKYMCaJaThlH OCEPAEH YTHIC alyFa HEMeCe Herisri maimajibl scepm yHemzey MYMKIHIIKTEPiHIH
skoHe JKepaiH TapTBUIBICBIH OHAM >KEHy KarJaiapblHbIH MaTeMaTHKAJbIK HEri3fgeMeci YChIHbUIFaH. byiap
TPUTOHOMETPUSITBIK ECENTeyIep MEH JTHHAMHKAIBIK, CTATHKAIBIK TEOPHSLIAP/IbIH HETi3r1 3JIEMEHTTEPIH KOJIaHy
ApPKBUTBI JKY3€re achIpbUIABL. TYpIIEHY 3aHIBUIBIKTApPhIHA KOJOEY *Ka3bIKTHIKTHIH TE€OMETPUSUIBIK OJIIeMIEePiHiH
acepi caJbICTRIPMANBI Type OarananraH. BekTop jkoHe OHBI KYpaylTbUIApBIHBIH apachIHIAarbl OaiiaHsIcTap MEH
CaKTaly 3aHBIH CHIATTANTBIH MaTeMaTHKAIbIK TCHIIKTEpP apKbUIBI KOJIOCy Ka3bIKTHIKTAFBI CTATHKAIBIK KOHE
JUHAMUKAJIBIK TeIe-TCHIIKTePIiH OPbIHAATY epekerepi OenriieHreH.

Tipek ce3aep: TPUTOHOMETPHS, TYPIEHY, KOJIOSYIiK OYPBIIIbI, BEKTOP KYPayIIbIChI, YHKENIC, )Ka3bIKTHIK.
Kipicne

Kenbey xa3bIKTHIK Jen kokxuekke (XKep OeTiHe) OyphIl xacai OpHAIACTBIPBIIFAH TETIiC OSTTIK
KOH/IBIPFBIHBI aiiTaabl. O OPBIH ayBICTHIPYJIAPIBIH CTATUKAJIBIK )KOHE TUHAMUKAIBIK TEOPHsIIAPbI-
Ha ColiKec JieHesep/i )KOoFaphl Kapail KeTepy Ke3iHJeTi )KyMcallaThlH KYIITEeH YThIC alyFa (Hemece
KYIITI YHemzaeyre) kemekreceni. backama aiiTkanma, atamraH KOHIBIPFBI JKepAiH TapThUIBICHIH
OHall keHyre MYMKiHIIK Oepeni. 1586 x. rommanablk uHkeHep Cumen CTEBHH KOHE TpeK Fa-
JBIMBI-MHXXEHEPI ApXuMe]l Ko0ey Ka3bIKTHIKTHIH MEXaHUKAJIBIK YTHIMIBUIBIFBIH AHBIKTAIl, OHBI
KaparaibIM MeXaHU3MJIEP/IiH KaTapblHa JKaTKbI3FaH OosaThiH. by skarmail atanraH FajabIMAapabiH
KOII JKbUTFbI MH)KEHEPITIK 13/IeHICTepiHiH xeMici aecek 0omazpl. Kendey sKa3bIKTBHIKTHIH TEOPUSIIBIK
HETi3/IeMeci TPUTOHOMETPHUSIIBIK €CENTeyJep MEH CTAaTHUKAIBIK JJIEMEHTTepre OalaaHbICThI 0OJI-
FAHBIMEH, OHBIH THIMIIITIK KaFbl WHKCHEPIIK KOHIBIPFBIIAPIbIH Oa3ayIbIK CHUIIAThIHA Ja TOYeNi
ekeHiH Ouryimi3 kepek. Kesbey jka3bIKThIKTa aTKapblUIaThIH MEXaHUKAJIBIK )KYMBICTHI JKEHIIIETETIH
HEMECe MEXaHUKaJbIK dHEeprus eceOiMEeH FaHa KYMBIC aTKapaTblH JKOHE CTATHKAJIBIK KYIITEpAl
TYPJICHAIPETIH KOHBIPFBIIAPABIH TEOPUSIIBIK KYPBIIBIMBI MaTEMAaTHKAIIBIK €CENTeyIep MEH oap-
JIBTH HOTYDKEJIEPIHIH IQJIIrT MEH KYHETUTIriHe 1e Toyen i O0mabl.
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Marepuajigap MeH dicrep

MaxkanaHblH TaKpIpbIOBI MEH Ma3MYHBI KapanailblM MexaHu3Maepre apHairaH. MyHa kenoey
Ka3BIKTHIKTHIH TEOPUSIIBIK HET131eMeCiH KYpalThIH MaTEeMaTHUKAJIBIK alllapaTThIH KOJAAHBLTYbl MEH
aJIbIHFaH HOTHIKEJEPAIH TaJKbUIaHYJIaphl KapacTbIpbUIabl. TaKbIPBHINTHIH MaTeMaTHKaJIbIK Heri3l
MEH 9ICi PETIHJE TPUTOHOMETPUSUIBIK €CenTeyiep, Keuley >Ka3bIKThIKTarbl KYIITEPIiH JWHAa-
MUKAJIBIK KOHE CTaTHUKAJIBIK TYPJICHY 3aHIbUTBIKTAPbI aJTBIH]IBI.

Heri3sri epesxkeJiep

Teric Gerke cyiiip OypbIIITApMEH OPHAIACATHIH JKA3BIKTBHIKTAFbl TYPJICHY MEXaHU3MIEPIHIH
MaTeMaTUKaJIbIK KYPbUIBIMBIH KaJbIITACTBIPYILBl IEMEHTTEPIl XKyilelen KepceTy HIesiChl iCKe
aceIpbUIazibl. TYpieHy 3aHIbUIBIKTAphl, KOJI0ey 7Ka3bIKThIKTBIH T€OMETPHAIbIK OJIIeM/epi, OHJaFbI
JIMHAMUKAJIBIK dKOHE CTATUKAIIBIK 9CEPJICPAIH YHICCIMIIIITT MEH OalIaHbIC €PEeKIICIIIKTEePl JKAIIITbI-
JlaMa CHUIaTTa KapacThIPbUIAIbI.

OJjiedueTKe MOy

Wnxenepnik mexaHWKaHblH [1] HETi3ri TyXbIpbIMAaMajapbl MEH OJIAPJAbIH MPAKTUKAJIBIK
KOJITAaHBICTAPBIHBIH CAH-KBIPIIBI 9/IICTEPi TN IaHFaH. [2] 01eONEeTTeH TEOPHSUTBIK MEXaHUKAHBIH CTa-
TUKAJIBIK 3aHJBUIBIKTapbIHA apHaJIFaH OellimMaepiMeH TaHbICyFa 0oJabl )KOHEMYH/a KOJIIaHOaIIbI
MeXaHUKaFra KaTbICThl THIH HJAEAJap MEH MbIcajjap Ja KeHIHEH KaMmTbuiraH. [[eHeHiH kenOey
YKA3bIKTBIKTAFbI KO3FAJIBICBIHBIH TEOPHSIIBIK 3aHIBUIBIKTAPBIH, TEHICYIIEPIH, 9CEpIIEePiH e3apa Typ-
JeHy TeTikTepin [3—7] mepek ke3nepaeH Tabyra 0omansl. CTaTUKaIbIK €CeNTePAiH MaTeMaTHKAIBIK
anmaparbiHa apHaiFaH maniMerTep [8—11] ogeOuerTepae YChIHBUTFAH. TPUTOHOMETPHUSIIBIK €Cell-
TeyJIepAiH KOJJIAHbUTy E€pEeKIIETIKTepl KOHE KOJJaHOalbl MeXaHWKa, MaTeMaTHKaJIbIK (HU3UKa,
WH)KEHEPITIK 3epTTeyJIep apachlHIaFbl ©3apa OalIaHbICTap KaH-KAKThI TaJIAaHIbl.

HoTu:xesiep MeH TaJaKbLIAY

XKep Oetine (koxKHEKKe) o OYpHINI )acalk opHajJacKaH Y3bIHABIFEI L MeTpre TeH OeTi Teric
TaKTalaHblH (KeJ0ey ’Ka3bIKTHIKTHIH) YCTIHIEC MAaccachl m Ke JeHe OpHaiackaH 0oJchH. [leHeHIH
Karaaibl (kaii-Kyii HeMece OPHBIKTBUIBIFBI) OFaH Oip Me3riie jkacajaTblH OipHeIe oacepiepiiy
(kymrepzin) e3apa Temne-TeHIikTe (O0amaHcTa) OOMybI KoHE OJIap/blH OpOipiHiH TYypIiieHy (e3repy)
3aHJIBUTBIKTapbIHA OaWIaHBICTBI (TOyeN/l). OcepiaepaiH TYPJICHY 3aHIBUIBIFbl TPUTOHOMETPHSIIBIK
KepceTKimTep (COoS,SIN @) apKbUIBI iCKE achIphLIAbl XKOHE OJap JKa3bIKTHIKTBIH KOIOeyIiK
OYphIIBIHBIH () (° —9()° apaybIFbIHIAFBl MOHJCPIHIE a3albil (HeMece KoOeHim) OTBIPYBIH
Oarampman (Oaramamn) oTbipaabl. baramay HoTHKecT KOA(QQUIMEHT HeMece NPOLEHT TypiHe
kepcerineni. Takrailmagarel neHe OipMesriie MbIHagail ocepiepAiH bIKNaJblHAA Oonaibl: mg
—nenenin JXepre tapTteutywl (canmara); N = cosa)mg —TipeK (TaKTaWIIaHbIH KeTepyi HeMmece
TipeyliH caiMakka kepi ocepi); F = (sina mg = ( g cos a)mg = N —1eHe MEH JKa3bIKTBIK
apachIHarbl YHKeNICTIH mamachl. bys Tenaikrepaeri p —yHkemymn OeTTepIiH Marepualibl MEH
TeTiCTiiriHe OaiaHbiCThl OONATBIH yiikenic kodhduuuenti: U =tga<l, sina = pucosa.
Enpiri xeppe ocepiiep apachlHIaFbl TYpJIEHY HPOLECIHIH TEOPUSUIBIK HETi3ZleMeCiHe TOKTaJIaMbl3.
Takraiimanel OXY sxa3bIKThIFBIHAA Oip ymiel O HYKTeciHAe (KoopauHaranap 0achblHAA) )KaTKaH
R BekropriMeH (OarbITTaNFaH KeCIHIIMEH) aiMacThlpailblk. BexTtopasiH exinmi ymbel OXY
*a3pIKThIFBIH 07 —90° apaceIHarsl JOFaHbl OOMIail carar TiJliHe Kapchl OarbITTa KO3Fajia ajajibl
(moraHbIH OOWBIHIA OYPHIMTHIK (TPAAYCTHIK HEMECE paJMaH/IbIK) OJIIeM/IET] IIKala OpHAIacKaH).
BekropabiH exinmn ymbl anramkeia miananein  0° Oenricinme (OKepmin Gerinme Hemece
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OX oceinge) typran 6osca, omma onm 30°,15°,15%,30° kamammen a =0°,30°,45°,60°,90°
OyphIITaphl APKBLIBI KBULKBII OThIPabl (Ka3bIKTHIKTBIH JKep OeTiHeH sKoFaphl Kapail keTepinyi).
R —nin 90°—xa coiikec KeneriH »karmaiibl oHbIH QY ocbinge typranabirbin  (JKep Oetine Tik
(TIepreHAMKYIbSAP) OpHATACKAHABIFBIH) Oinmmipemi. An BekropapiH o =0° sxarmaiiel onbiH OX
OCBiHJIE TYPFAaHIBIFBIH OUIIIpeni, D97 OCHI XKaFaaliaa OChTeri KoopAMHaTanap (ChI3BIKTHIK HEMece
METPIIK IIKajla) KOMETiMEH OHBIH Y3bIH/IBIFbIHBIH L MeTpre TEH eKEHJIr aHbIKTanaabl. ANTaIIbIK
R Bexroper 0° —90” apacwmnarsr o = 0°,307,45%,60°,90° Gypsuurapsiaslg 6ipinae TypraH 60chH
(R, ). XKazpikrbikTars! BekTopablH OX xoHe OY ocwrepinze Kypayuiblaapbl OOnaThiHbl OErifi.
Bexropapis BepTukans (TiK) R,, KypayLIBICHIHBIH MOHI L, ai OHBIH Opu30HTaNb (3Kas3bik) R,
KYPAayILBICBIHBIH 11aMackl L OOJICHIH. R BEKTOPBIHBIH (0’ —90° apajbIFbIHIAFBl KYPIN OTETiH
JIOFACBIH PAINyChI R —re TeH nieHOep/iy Oip Oetiri Hemece muperi (%) nen Kapaimei3. Lleatpi O
HYKTECIH/Ie OpHAIacKaH pajuychl R IIeHOepaiH TeHaeyi R? = x* + y2 JKOHE 0J1 KaHjian ja 6ip o
OyphIIITa TYPFaH painyC IeH OHBIH X, Y KypaylIblIapbIHBIH apachIHIAFbI 0ailIaHBICTHI ICKE aChIPaIbI
(HeMece paznyCThl OHBIH KYPaylIbUIaphl apKbUIbI aHBIKTAayFa MyMKiHiK Oepeni). Onait 6osica, 6ip
yuibl O HYKTeCiHJe OSKIiTiIII, eKiHII YIIbl @ OypbliTa TypFaH R BEKTOPBIHBIH Y3bIH/IBIFBI YIIIH
MBIHAall TEHIIKTI jka3yFa 0omab:

P=L>+L} (1

Byn TeH/IiK BEKTOp MEH OHBIH KYpPayIIbIIApbIHBIH apachblHAAFhl OaiiIaHbICTEl PETTEN OTHIPAIbL.
TpuronoMeTpust TEOpUACHIHIA R BEKTOPBIHBIH Y3bIHIBIFEI 2 -T€ TEH JEM alblHaIb, sFHu L =2.
Bekrtop Men oHbIH Kypaymsiibuiapsiaeiy o = 0°,30°,45°,60°,90° GypbImTapblH COHKeC KeJeTiH
MOH/Iepi TOMEeH/Ier1 1-kecTeie KopceTIreH.

Kecre 1 — Bekrop MeH onbIH Kypaymsuibuiapseiabiy o = 0°,30°,45%,60°,90° Oypsiirapbi colikec
KeJIETIH MOHIepi

a=0° a =30’ a =45° a =60’ a =90°
L, 2 1,733 1,415 1 0
L 0 1 1,415 1,733 2
C=L*+L} 4 4 4 4 4

byn xecrenen mpiHamai TypieHyni O0alikay KMBIH eMecC: BEKTOPIBIH (TasKIIaHBbIH) KeaOeyik
OypbIIbl apTKaH CaiblH OHBIH L, — rOPU30HTaN KypaylUbICBIHBIH MOHI KeMill, L, — BepTHKal
KYpayIUbICBIHBIH MOHI apThin xarslp (L, Kypayusl L —TiH keMyi eceOiHeH keberone). JlereHmen
KypayIbLiap apacblH/ia TYpJIeHy OallaHChl OPBIH/IABII TYD, SFHU €Ki KYpayIIbIHBIH KBaIPATTapbIHBIH
KOCBHIHIBICEI BEKTOp Y3BIHIBIFBIHBIH KBajparsiHa TeH (L’ =4). KypaymsuiapislH MoHAEpiH
BEKTOP/BIH Y3bIHJIBIFBIMEH CAJBICTHIPBINT OEpeTiH HeMece KypaylIbUIBIPIBIH [IaMajJapblH BEKTOP
Y3BIH/IBIFBI APKBLIBI Oaramarn OepeTiH OpHEKTEep/Il Ka3aibIK:

L L, .
—X =cosa koHe —>=sina (2)
L L
L, =(cosa)L xone L, =(sina)L (2A)
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X

L

Conpna (1)-renneyneHn: ( I jz ( I jz
+ b
L

(2)-Hi eckepcek , ,
: 2 t a2
(cosa) +(sm a) =1 Hemece cos a+sin”a=1
2 xoHe 3-kectesepie KenOeyliK OYPBIIIBIHBIH OPTYPIi MOHAEP] YIIIH KypaylIblaapasl BEKTOP
Y3BIH/IBIFBI apKBUIBI Oaranay (CalbICThIpY) YCHIHBUIFAH. baranay HoTmxkenepi ko3((UIMEHTTIK He-

Mece TIPOIEHTTIK KOPCETKIMTepMeH OepiireH.

Kecre 2 — Kenbeynik OypbIIIBIHBIH 9PTYPIIi MOHAEP] YUIIH KYpayIIbUIapibl BEKTOP Y3bIH IbIFbI
apKbLIbI Oaranay

a=0° a=30° a=45° a =60° a=90°
! 1 0,87 0,71 0,5 0
cosa=fx (100 %) (87 %) (71%) (50 %)
I 0 0,5 0,71 0,87 1
sina:Ty (50 %) (71%) (87%) | (100%)
( 2 v 1+0 0,75+0,25 | 0,50+0,50 |0,25+0,75| O+1
cosa) +(sina) =1

2-KecTelleH KOpiln OTHIPFaHbIMBI3IAal, COS( KOPCEeTKill KelOeyaiK OYpbIIIbIHEIH Oenriii Oip
MOHIHE COMKeC KeJleTiH L KypayHbIHbIH L —MeH calbICThIpFaHJarbl OarachlH LIBIFAphIN Oepce,
sin@ Kepcerkimi con Oypeiurarsl L, KypayumbiHbIH L —Te KaTblCTbl GarachiH aHbIKTal Oepeni
ekeH. TaxkTalIaHbIH KOJIOCYIiri apTKaH CailblH COS —HBIH a3aiibin (TakraiimanslH OX ociHeH
KaparaHgarbl L y3BbIHIBIFBIHBIH KBICKAPBII), al Sin @ —HbIH KeOeiin (TakraiimansiH OY ocinen
KaparaHJarbl L, Y3bIH/BIFbIHBIH apThII) JKATKAHIBIFbIH OaiiKaiMbI3.

Kecte 3 — KenbGeyik OypbIIIBIHBIH SPTYPIIl MOH/AEP YIIIH KYPayIIbUIap bl BEKTOP Y3bIHBIFbI
apKBLIBI Oaranay

a=0° a =30° a =45° a =60° a=90°
sz(cosa)L L 0,87 L 0,71 L 0,5L -
Ly:(sina)L a 0,5L 0,71 L 0,87 L

Meican yuiiH, TakraianeiH kesnoeymiri o =30° OoiceiH, Oyn ke3ne oHbiH OX ociHeH
KaparaHaarbl L y3bIHIBIFBI HETI3T1 L y3bIHIBIFBIHBIH 87 % Kypailsl:

L =(cosa)L =|a=30"|=cos30°L =0,87L=0,87-2=1,74
Anonbi OY ocineH kaparaniarbl L, y3biHabirsl L —nin 50 % Te:

L, =(sina)L =|a=30"|=sin30°L=0,50L=0,50-2=1
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Bipak, exi KypaylIsIHbIH KBaIpaTTapbIHBIH KOCBIHIBICH L —TiH KBaJIpaThIHA TCH:
P=L+L> — 22=(174)+(1) — 4=3,03+1

Bekrop jxoHE OHBIH KypaylIbLIapbl apachlHIAFrbl OailJIaHBIC, KypaylIbLIap/blH ©3repy 3aH-
JIBITBIFBI )KaWBIHIAFBI OCHI OasHIAIFaH MATIMETTEp KoJI0ey )Ka3bIKThIKTA TYPFaH JICHEeTe jKacallaTbiH
aceprepaiy

N, =(cosa)mg, F,=(sina)mg, F,=(ucosa)mg=uN, (3)

MOHJIEpiHiH (IlaMaJapblHbIH) TYpJIEHY 3aHIbUIBIFBIH TYCIHyre cenTiriH Turizeai. byn ephekrep
TipeyiH Kepi KoTepyl MEeH YHKEICTIH MOH/Iepl IEHeHIH CaJIMaFbIMEH CaIbICTBIPbLIA AHBIKTAIAThIHBIH
Oingipeni (Hemece acepneplin N, xkoHe F, MoHzepi mg apKplibl OarangaHaTbIH 00abl):

oa o

=sina

=cosa,
mg mg
(3)-ri N, xoHe F, 1maManapblHbIH KeJIOEyTiK OYpBIIIbIHA TOYENUIIK 3aHJbUIBIFEl TOMEHET1
I-cyperTe *)oHe 2, 3-KecTenep YAriCiHAe *KacaufaH 4-KecTe/le YChIHbUIFaH.

Kecte 4 — N, xone F, mamanapbiHbH KeNOeyTik GYphIIbIHA TOYEIIiTiK 3aHIbUTBIFEI

a=0° a=30° o =45° o =60° a =90’

N, =(cosa)mg N =mg N=0,87mg | N=0,7lmg | N=0,5mg N=0

F, :(sina)mg F=0,5mg F=0,7lmg | F=0,87mg | F=mg
F, =(pcosa)mg I = pmg
F
) 90°
60°
30°
N
00
[ 1 N:
mg

Cyper 1 — N, xone F, 1mamanapbiHbIH KOJI0€y/TiK OYpBILIbIHA TOYEIALTIK 3aHABUIBIFbI
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XKorapeinarel 1-cyperre TakTaimaHbH (KeyOey ka3bIKTHIKTHIH) JKep Oerinae (OX ociHze)
TYpFaHaarbl xKaraanel @ =0° coiikec kenemi. by ke3ne yiikenictiH MoHi F = umg , an tipeynin
[IaMachl JIEHEHIH canMmarbiMeH Oipneii: N =mg . Mpbicanbl, JIeHe MEH TaKTaillla apachIHIarbl
yiikenic koaddunmentinig Mmoni 4 = 0,83 Goscein. Omnait Oosica, YHKeTICTIH MOHI JICHE CaJIMaFbIHBIH
83 % Kypaiiabr:

F=umg=|la=30°1=0,83mg

by nenenin XKep Geringeri yiikenici. Opi kapaii takraiirra XKep 6erine a = 0°,30°,45°,60°,90°
OyphIIITap Kacail OTBIPHII JKOFAphl Kapail KOTEpUIreH Ke3ze TipeK (Tipey) IIaMachiHbIH a3aibill,
YHKeInic MOHIEPiHIH KoOCeHEeTIHIH CypeTTeH xoHe 4-KecTeneH Oaiikayra 0onansl. @ =907 OypbiinTa
takraiima JXep OertiHe Tik (meprneHAUKYIsIp) opHanacaasl, 0y karmaiina N =0 (Tipey oK), an
yiiKelic TIeH canMak e3apa TeH: F =mg , srau jeHe JKepre Kapail epkiH KyJlan Tyceli. 4-KecTene
ocepIiepaiH MOH/IEPl apachlHAa CaKTally 3aHBIHBIH OPBIHANBIN KATKAHABIFBIH Oaiikay KHbIH eMec,
SIFHM Tipey MaMachIHbIH KeMYi eceOIHEeH YHKETICTIH apTyhl iCKe achIm karblp. TakTalbIH (TipeyIin)
xes10eyiik OypeiTapsl yuiin N, jkoHe F), mamanapbl 9pTypii OonraHbIMEH, ollap TOMEHJIET1IeH
nrapTKa OarbIHAIbI:

(mg) =N, +F,} *)
TaxrailmanbiH kes6eysiri @ = 60° karxaibisza:
(mg)" =Ny ) +(Fy )
4-kecreeri N, soHe F., wamanapasie o =60° MOHIEPiH KONIAHCAK:
(mg)’ =(0,5mg)’ +(0,87mg)’
(mg) =(0,5"+0,87*)-(mg)’
(mg)’ =(0,25+0,75)-(mg)’

bizs o =60° >xarmaiiel yirs (*)-TEHIITIH TONENAENIK KOHE KOJIOeyiK OYpBIIIBIHBIH 0ackKa
MOHJIepl YIIIH JIe¢ OpBIHAANATBIHBI aKUKAT. AJl erep, KeyIOeyliK OYPBIIIBIHBIH Ke3-KEeJITeH MoHi
ywin N xoHe F, mamanapblH e3apa CalbICTBIpY KaxeT Ooica, onna F' = uN , sina = ucosa
TEHJIKTepIH KONIJaHy KaxeT Oomnaapl. ExiHmii TeHmikTeH: 4 =f{ga . OChIHBI OipiHIN TEHTIKKE

KOHCaK:
F,=(tga)N, (4)

By tenaix kenbeymik OypbIIIBIHBIH Oenrin Oip MoHIHE COHKEC KeJeTiH YHKeNiC IIaMachbIHbIH
OarachlH OYpPBINITHIH COJ MOHIHZIETI TIpEyAiH Iamachl apKbUIbl OaranayFa MYMKIHIIK jKacailibl.
Kenbeynik OYphINIBIHBIH TaHTCHCIHIH MOHAEpi S-kectenme kentipinreH. (4)-ti o =30°,45%,60°
MOH/IEp1 YIIIH jKa3ailbIK:

F,, =(tg30°)N,, =0,58N,, (5)
F45” =(tg45°)N450 :1'N450 (6)
F, =(tg60° )N, =1,73N_, (7)
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Kecre 5 — Kenbeymik OypbINIBIHBIH TAHTCHCIHIH MOHIEPI

a=0° a =30° a =45° o =60° o =90°
0 0,58 1 1,73
iga (58 %) (100%) (173%)
1,73 1 0,58 0
clga (173%) (100%) (58%)

(5)-tenaikren: taxkraima o =30° OypbluIeH OpHAJacKaH Ke3/ie YHKETICTiH MOHI TipeymiH
58 % Ten GonaTbIHBIH Kepyre 60s1aabl. Byl TY>KBIpBIMHBIH aKMKATTBUIBIFBIHA KO3 KETKI3y YIiH (5)-
Ke 4-kecteqeH anbiaFaH N, sxoHe F,, mamanapsiHblH 30° -Fbl

F,,=0,5mg  xoue N,, =0,8Tmg
MOH/IEPiH KOO KepEK:

0,5mg =0,58-0,87mg 0,5mg =0,58-0,87mg
OCBIIIaH 0.5

=0,58
0,87
(6)-TenmikTeH; TakTaima o =45’ OypbIlieH OpHAIACKAH Ke3/Ie YHKeic eH TipeyaiH MoHaepi
Oipneit 6onanpl. llIsiHbIHAA A, (6)-Fa 4-KecTeneH albIHFaH
F_,=0,7lmg, N450 =0,7lmg

45°

MOHEPAl KOATHIH 00JICaK, OHIA
0,71mg =1-0,71mg
OCBI TEHIIKTEH: 0.71

0,71

(7)-Tenmikren Takraiima o =60° OypeININICH OpHANACKaH Ke3je YWKENICTIH MOHI TipeymiH
MoHiHEH 73 % apThiK Oomnabl ekeH. byl TYKBIPBIMHBIH aKUKATTBUIBIFBIHA KO3 KETKi3y YIIiH (7)-re
4-xecteneH ansiaran N koHe F 1mamanapbiHbH 607 -bI

F_,=0,87mg  xoHe N, =0,5mg

60°

MOH/EPIH KOSIMbI3:
0,87mg =1,73-0,5mg
OCBbIJIaH 0,87

0,5

=1,73

Kenbeyimik OypbIIIbIHBIH 9pOip MOHAEPI YIIIIH Tipey/IiH IMIaMachlH YHKETICTIH MOHJEPI apKBLIBI
na Oaranayra 0omapl, sFHU (4)-TeH:

N, = (ctga) F, (®)
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Kenbeyimik OyphIIIBIHBIH KOTAHT€HCIHIH MOH Iepi S-kecTese yesiHburan. (8)-11 a = 307,45°,60°
MOHJIep1 YIIIiH jKa3aibIK;

N, =(ctg30°)F,, =1,73F,, )
Ny =(e1gds") Fpo =1 Fyg (10)
N, =(ctg60°)F,, =0,58F,, (11)

(9)-Tenmikren: TakTaiia = 30° OypsbIlineH opHalIaCKaH Ke3/1eT Tipey/IiH IamMachl YHKeTICTIH
MoHiHeH 73 % apThIK Oonaabl. Byl TYKBIPBIMHBIH aKMKATTBUIBIFBIHA KO3 JKETKi3y yuIiH (9)-ra
4-xecreneH ansiaFan N, xoHe F, mamanapbiabiH 30° -bI

E,=0,5mg F,=0,5mg xoume N, =0,87mg
MOH/IEpiH KOMCaK:
0,87mg =1,73-0,5mg
Ocbl 6pHEKTEH: 0.87

=173
0,5
(10)-TenmikTeH TakTaima o = 45° OyphIIINeH OpHATACKAH Ke3/Ie YHKEITiC [IeH TipeyIiH MoHIepi
Oipaeit GonmarbIHABIFBIH Kepyre Oonanbl. LlIpabIHA 113, (10)-Fa 4-KecTeneH ajbIHFaH
F,=0,71lmg xoue N, =0,7lmg
MOHJIEp/Ii KOSTBIH OOJICAK, OHJIA:
0,7lmg =1-0,71mg
OCbIJ1aH 0,71

0,71

(11)-tenuikren: Takraiima o =60° OypblNeH OpHATACKAH Ke3/Ie TIpey[iH MOHI YHKeTiCTiH
58 % OonarbIHBIH KOpyTe 00J1abl. BYJ1 TY)KBIPBIMHBIH aKUKATTBUIBIFbIHA KO3 JKeTKi3y yIIiH (11)-re
4-xecrenieH anbiaFaH N, koHe F), miamanapbIHbIH 60° -p1

F600 =0,87mg xoHe Naov =0,5mg

MOH/IEPiH KOSMBI3:
0,5mg =0,58-0,87mg
OcbLoan 0.5

0,87

Kenbey »a3bIKTHIK >KOHE OHBIH TEOPHUSUIBIK HETI3IEMECIHIH TPAaKTUKAIBIK (1C—KY3iHIE)
KOJIIaHBLTY aschl. Kenbey xa3bIKThIK KapanaibiM MeXaHU3M/ep KaTapblHa JKaTaTblH OOJIFa/IbIKTaH
OJ1 )KYKT1 >KOFapbl KOTEPII HIbIFapy YIIIH )KYMCAJIAaThIH KYIITI YHEM/IEYT€ KOMEKTECE/I1, SFHU ICHEHIH
CaJIMarblHaH a3 OOJIATBIH KYLINEH JKYKTIH TiK (BEpPTHUKaJb) OarbITTarbl OpPBIH ayBICTHIPYBIH 1CKE
aceIpa anajasl. Makanaia yChIHBUIFAH €CerTeysep OChI JKaFIaiIbIH OpbIHIANy (iCKe acy) TEOpHUsChI
Oonbin TaObuTaEl. Onail Gosca, OChl Makajlaja KOpPCETLIreH TEOPHUSHbI KoJ0ey Ka3bIKThIKTaFbl
KYIITI YHEMJIEY TEOPUSCHI JIeT ataca Aa Oonaabl ekeH. Teopusigarsl YCHIHBUIFAH 3aHABUIBIKTAD MEH

=0,58
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TYKBIPBIMIaMaIap/IbIH MPAKTHKAIBIK (1C-XKY31H/eT1) KOIJaHbUTy asiChIHBIH MBICAJIIAPhI PETIHAE €Ki
’Ka3bIK OeTTI KocaThlH KeJjbey OerimieHi (MaHmyc), TeHI3 KOMIKTepi MEH YIIaKTapra KeTepilin Tyc-
KEH/Ie KOJIJIaHbUIATHIH JKbUDKbIMANbI OacnianiakTap/sl (Tpantap) anyra 6omaabl. 1300 k. Gactanran
KaiiTa epiey Ke3eHiHeH OYTiHT1 KyHre JeHiHT1 HHKEHEpIiK KOHIBIPFbIIap/ia KOJIaHbUIBII JKYpreH
KeJ10ey >Ka3bIKTBIKTap ajgam3aT epKEeHUET! YUIIH Typil adyipiaepal 6actan keuripai. MexaHuKaiblK
KYIITEP/AiH JMHAMHUKACHl KapanaiblM MeXaHU3MJIEp PETiHAE KApacThIPBUIBIN, KYKTI KaHIIAIBIKTHI
OMiK KeTepy MacelIeCiH IenryMeH aHaIbICThI. OCBhIH/AH 13ICHICTeP/IiH HOTHIKECIH Ie MEXaHUKAITBIK
YKYMBIC aTKapy KOHIICTIUACHI maiaa 0onapl. ErumerTik TypreiHAap Keia0ey jka3bIKTHIKTapbIH pam-
ma JIen atajaThlH TYPiH XpaMIap MEH Mupamuaa KypbUIbICTaphIHaa maiaananasl. Kenbey »xa3bik-
TBIKTap/IbIH Ka3ipri 3aMaHfbl KOJJAHBUTY jKafJailgapblHa TOKTajap OoJcak, oJapiblH KaTapblHa
TOMEH/IET1 HHKCHEPITIK KOHIBIPFBUTAP/IBI )KaTKbI3yFa 0OJIa bl

¢ THAPABIUKAIBIK KOTEPrinl (JOMKpar) imiHeri KeOey >Xa3bIKThIK OOWBIMEH KO3FallaThIH
MOPILIEHTe KBICBIM TYCipy apKbUIBI )KYKTI OHall KeTepyre Ooiaibl;

¢ kes0ey KOHBEHEPIIiK JIEHTa apKbUIbI XKYTEp/1 )KOFapbl KOTepill, TOMEH Tycipyre 0omabl;

¢ TYPFBIH YIJIEPIiH €HKINI MAaThIPIaphl Kapiap MEH CyJIap/AbIH )KUHAIIBII Y3aK TYPHIT KaJIMayblH
Oonmapmay YIIiH KOJIaHbLIA b,

¢ KOJIIK XKYPETiH TpaccajapAblH Kejoey OOiybl CyJapIblH >KUHAJBII KaJbII KOIIIIKTEePIiH
naiia OoybIHA KO OepMeiIi.

KopbIThIHABI

KenOey xa3bIKTBIKTA TYpFaH J€HETe jKacalaThblH dcepiep/iH KonOeyiK OyphIlIbIHA TOYEIAUTIK
3aHIBUIBIKTaphl apKbUIBI ACEpNEpIiH ©3apa TYpJCHY MeXaHHU3MiHE MaTeMaTHKAJIBIK Tajjgay
Kacanapl. TPUTOHOMETPUSIIBIK TYPIACHAIPYJIEP MEH BEKTOPJBIK Talljay 3JIEMEHTTEPiH KOJJAaHy
apKBUIBI CTAaTHUKAJBIK dcepiep JIeHe cajJMarbIMEeH CajbICThIpblIa Oaranmanasl. baranmay HoTKenepi
rpaduKanblK KECKiHAEME CypeT KoHe OipHelle Kectenep apKbuibl kepcerinai. Cakramy 3aHbIH
CUIATTaWTBIH MaTEMaTUKAIBIK TEHIIKTEP AapKbUIbl KOJIOey >Ka3bIKTHIKTAFbl CTATHKAJBIK JKOHE
JTMHAMHKAJTBIK TeMe-TeHIIKTEPIiH epesKesepl TaFaibIHIaIIbII, OJIAPIBIH )KYMBIC OPTAChl aHBIKTAJIIIBI.
Kenbey ka3bIKTBIK KOHE OHBIH TEOPUSIIBIK HET13/1eMECIHIH MPaKTHUKAIBIK (1C-KY31H/E) KOJIAaHbLTY
AsICBIH KOPCETETIH Ka3ipri 3aMaHFbl KapanailbiM WHKEHEPIIIK KOHIBIPFhUIAPFA KEKeJIeH TOKTaJbI,
OJIapJIBIH, ©31HIIK epeKIICIIKTepl KopceTia. MakallaHbIH 3epTTey MaKcaTTapbl TOJBIFBIMEH iCKe
acThl JIeT caHayFa 00JaIbl.
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MATHEMATICAL THEORY OF THE INCLINED PLANE

Abstract

The laws of mutual transformation of statistical and dynamic effects on an inclined plane are shown, a
mathematical justification is given for obtaining a gain from the action or the possibility of saving the main useful
action and facilitating the actions of Gravity. All the above statements are carried out using the basic elements of
the theories of dynamics, statics and trigonometric calculations. The influence of the geometric dimensions of the
inclined plane on the transformation of actions is estimated. The mechanism of statistical and dynamic equilibrium
of actions on an inclined plane is substantiated through mathematical expressions of the conservation law and the
relationship between the components of the vector.
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MATEMATUYECKAS TEOPHUSI HAKJOHHOM MJOCKOCTH

AHHOTALUA

[Toxa3aHbI 3aKOHBl B3aWMHOTO IIPE0OPa30BaHMS CTATHCTHUCCKUX M TUHAMUYCCKIX BO3ICHCTBHI Ha HAKIIOH-
HOM TUTOCKOCTH, TIPUBEIEHO MaTeMaTHueckoe 000CHOBAHHE TIOTYUYEHHS BRIUTPBINIA OT ASHCTBHSI MITH BO3MOXXHOCTH
SKOHOMHUH OCHOBHOTO TMOJIE3HOTO JEHCTBUS U 0OJErueHus JeHCTBUI 36MHOTO IPUTSDKEHMsI. Bee BhIllecKa3aHHbIe
YTBEPKJECHUS OCYIIECTBIISIIOTCS C MOMOIIBI0 OCHOBHBIX 3JIEMEHTOB TEOPHIl IUHAMUKH, CTATUKU U TPUTOHOMETPH-
YeCKUX BhIYHCICHAN. OICHEHBI BIUSHUS T€OMETPHUCCKUX PAa3MEPOB HAKIOHHOH IIOCKOCTH Ha MpeoOpa3oBaHUE
neiictBuit. OO0CHOBAaH MEXaHMU3M CTATUCTUICCKOTO U THHAMUYCCKOTO PABHOBECHS JICHCTBUI Ha HAKIIOHHOH TLTOC-
KOCTH Y€pe3 MaTreMaTHYECKHUE BBIPAKEHUSI 3aKOHA COXPAHEHUS U CBSI3U MEX]y COCTaBISIOLIMMU BEKTOPA.

KuroueBnle ciioBa: npeoOpa3oBaHusi, yroJl HAKJIIOHA, COCTABILIONIAs BEKTOPA, TPEHHE, TNIOCKOCTh

113



HERALD OF THE KAZAKH-BRITISH
No. 1(68) 2024 TECHNICAL UNIVERSITY

OU3NKAJBIK FbIJIBIMJIAP
PHYSICAL SCIENCES
OPU3NYECKHUE HAYKHA

VK 666.365; 666.364
MPHTU 29.19.04

https://do1.org/10.55452/1998-6688-2024-21-1-114-122

*Tapanun F0.A.,
nokropant, ORCID ID: 0000-0002-0759-4329, *e-mail: jorge.r2448@gmail.com
'"Mlakup3sinos P.U.,
PhD, ORCID ID: 0000-0001-9908-3034, e-mail: halfraf@mail.ru
12Koznoseknii A.JL.,
PhD, ORCID ID: 0000-0001-8832-7443, e-mail: kozlovskiy.a@inp.kz
LMlaumac 1.H.,
PhD, ORCID ID: 0000-0003-2454-7177, e-mail: shlimas@mail.ru
2Boprekos /I.b.,
PhD, ORCID ID: 0000-0002-9727-0511, e-mail: borgekov(@mail.com

"EBpasuiickuii HaroHa b yHEBepcuTeT M. JI.H. I'ymunesa, 010000, . Acrana, Kazaxcran
2Acranunckuii punuan Uacturyra sipeproit pusuku, 010000, r. Acrana, Kazaxcran

CUHTE3 MHOT'OKOMIIOHEHTHBIX KEPAMUK
ZROZ:WO3:AL203:MGO

AHHOTAIUA

B nmannoii pabore Obu1 MccienoBaH (a3oBBIH COCTaB M MHUKPOCTPYKTYpa MHOTOKOMITOHEHTHBIX KEPaMHK
Zr0,:WO,:Al,O,;:MgO B 3aBUCHMOCTH OT KOHLEHTPAIMH KOMIIOHEHTOB. OTpENEeNeHbl 3aBUCHMOCTH MEKIY
KOHIICHTPAITMECH 2IEMEHTOB B MCXONHOHN MHXTe W (Da30BBIM COCTaBOM, OOBEMHOM YyCaIKOH, IMIIOTHOCTHIO U MU-
KPOCTPYKTYPOH CHHTE3MPOBAHHBIX 00pa3loB. METOJOM PaMaHOBCKOH CHEKTPOCKONHH yCTaHOBICHO, YTO [O-
Oasnenne k ucxonnoi marpune ZrO,:WO, emecu ALO,:MgO He npuBoauT K 00pa3soBaHUIO TBEPJOrO pacTBOpa
ZrO,:WO:AlL,O,:MgO. C ysenuuenuem cozepxkanus Al,O,:MgO mnpoucxoauT yBenuyeHue oObEMHOH ycaaku
¥l TJIOTHOCTH, YTO MOYKET OBITH CBA3aHO ¢ 0OpasoBaHueM xukol (aswl cuctembl WO,:Al O, mpu Temmneparype
1450 °C u, kak cnencreue, 6onee 3dexkTuBHON MHUrpanuu 1mop U aAedeKToB K mosepxHocTu. AHamn3z COM-
M300pakeHMI MTOTIEPEYHBIX CEUSHHH MOMYYCHHBIX 00pa3lioB MTOKa3al, YTO Bce 00pasIlsl 00/1agatoT Pa3BUTON MOp-
(hosorueli ¢ pa3mUIHBIMA (OpPMaMU 3EPEH.

KaioueBble ¢JI0Ba: MHOTOKOMIIOHEHTHbBIE KEPAMHUKH, TBEPAO(A3HBIA CHHTE3, KAPOIPOUHBIE MaTepHAIb,
Zr0,:WO,:Al,0,:MgO.

BBenenue

HCCMOTpH Ha MHTCHCHUBHOC PAa3BUTUC COBPEMCHHOT'O KEPAMUUYCCKOI'O MaT€praIOBEICHNA, Hp06-
JIEMBI, CBA3aHHBIC C U3HOCOM H OJOJII'OBCYHOCTBHIO MUCITIOJIB30BaHUA IleTaJ’IefI, pa6OTaIOHII/IX B YCJIOBUAX
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BBICOKHX TEMIIEpATYp, OCTAIOTCS aKkTyalbHbIMH [ 1, 2]. Biaronapsi cBouM nMpeBOCXOAHBIM CBOMCTBAM
(pexopaHas A1 OKCUAHBIX KEPAMHUK BA3KOCTh pa3pyLIEHHMs], BBICOKHE I0KA3aTEIN H3HOCOCTOMKOCTH
U IIPOYHOCTHU HA U3TUO, a TaK)Ke HU3KUN KO3(PUIIMEHT TPEeHHS 1 BBICOKAsi TEMIIEPATypa IIABICHUS)
JUOKCHI UMPKOHUS (ZrO,) ABISETCS NEPCIEKTHBHBIM MaTEPHAIIOM JUISl HCTIONB30BAHMS B KAYECTBE
MaTpUIbl KaPOMPOUHBIX U M3HOCOCTOMKUX KepaMuk [3, 4]. B To ke BpeMs BbICOKasi TemIepary-
pa CreKaHusi 1 MapTEHCUTHBIH Tepexoil TeTparoHanbHol (asel ZrO, (t — ZrO,) B MOHOKJIMHHYIO
(m — ZrO,) npu temneparype 1000 °C tpeGyroT qanbHeHIEro COBEPIIEHCTBOBAHMS JAHHOTO THIA
kepaMuK. OTHUM K3 NEPCIEKTUBHBIX MAaTEPUAIOB IS TOHWKEHHS TEMIIEPATyPhl CIIEKAHUS MOYKET
okazarbcs okcua Boibppama (WO,). WO, namen npuMeHeHUe TPy MPOU3BOJICTBE TOIIMBHBIX dIle-
MEHTOB, CyTIEpKOHICHCATOPOB, HJIEMEHTOB B (pOTOKaTaIM3€e U BOIOPOIHOM 3HEpreTuke [5—7]. biaro-
Japst BRICOKO# ctabmiibHOCTH mpu Temiieparypax 10 1600 °C u OTHOCHTENIBHO BBICOKOM TBEPIOCTH
(8,5-9 no mxane Mooca) WO, nogxonut s apmuposanus ZrO,. U3 ananusa (ha3oBbIX auarpamm
WO, ¢ 1pyrumMu OKCHUIHBIMH COEIMHEHUAMH yCTaHOBJIEHO, 4TO Jobasnenne Al,O, cnocobeTByer
00pa30BaHMIO 3BTEKTHKH C TEMIIEPaTypoi ruiaBjieHus B auanazone 1200—1300 °C [8], uto momonHu-
TEJILHO TO3BOJIUT MIOHU3UTh TEMIIEPATYPy criekanusi oopasnos. Jlobasnenune Al O, k marpune ZrO,
MO3BOJUT MUHUMH3UPOBATh (PAKTOP pacpOCTPaHEHUS TPEIIUH, BO3ZHUKAIOLIUX NP IKCIUTyaTallul
U3/IeNIU B yCIOBUSIX BBICOKUX TEMIIEpaTyp, €ro 3epHa 3a cyeT OONIbIINX 3HaueHui TBeprocTH (9,5-9
no mkaie Mooca) cnocoOCTBYIOT JUCCUMIALIMY SHEPTUU PACTIPOCTPAHSIOICHCS TPELUHBI B PE3yJib-
TaTe ee OTKJIIOHEHHUS OT HadalbHOTO HampasieHus [9]. OnHako q06aBIeHNE OKCHIOB BOb(pama u
QATIOMHHHS HE PeIaeT MpooiieMy co CTabMIM3aIfei TeTparoHaabHON a3kl OKCHAa MUPKOHUS. J[ist
pelIeHus JaHHON MpoOIeMbl NpUOETarOT K Jternposanuio ZrO, Takumu okcuaamu, kak CeO,, Y,0,,
CaO u MgO [10-12]. Cpeau nepednciaeHHbIX OKCUIHBIX coequHernii MgO obnanaeT HauBbICIICH
Temneparypoii miasnenus (2852 °C), a taxxe obpasyer ¢ AL O, mmnunens MgAL O,, koTopas obna-
JTaeT XOPOIIMMH MEXaHUYECKUMHU CBOMCTBAMHU.

Ha nannbiit MoMeHT HeT uH(popManuu o (Ha30BOM COCTaBE M MUKPOCTPYKTYPE MHOTOKOMIIO-
HeHTHBIX kKepamuk Zr0,:WO,:Al 0,:MgO. Pemenne nanHoi mpoOieMbl METOIAMH YUCIIEHHOTO MO-
JIETUPOBAHUS SIBJISIETCS] BEChbMa TPY0EMKOH 3ajjadeid, B CBSI3U C 4eM HEOOXOJMMO MOIYy4UTh CBEJe-
HUst 0 (ha30BOM COCTAaBE M MUKPOCTPYKTYPE MHOTOKOMIIOHEHTHBIX Kepamuk ZrO,:WO,:Al, O,:MgO
HKCIIEPUMEHTAIBHBIM METOIOM.

MeToabl 1 MaTepuAaJIbI

CuHTE3 MHOTOKOMIIOHEHTHBIX KEPaMHK ITPOBOAMIICS METOIOM TBEPAO(A3HOTO CIIEKAaHHS U3 OK-
cuyos Metamnos ZrO,, AL O,, WO,, MgO. 3a ocnoBy Obuna B3sita cmech ZrO,: WO, ¢ cOOTHOIEHHEM
1:1. Jlng moaroroBku ucxoanoi mmxrel cmemusanu ZrO,:-WO, n A1,O,:MgO ¢ pa3In4HbIMU KOH-
[EHTpaLUsIMU, IIpeJcTaBIeHHbIMU B Tabmuie 1. [Tepex TBepaodazHbiM CriekaHuEM UCXOHAsI CMECh
B HY)KHBIX IPOMOPLHUAX TOMOTEHU3UPOBAIACH B TUIaHETapHOH MenbHuUIle Pulverisette 6 B pexume:
250 06/muH B Teuenue 30 MuH. M3 OTYyYeHHBIX MIUXT MMOATOTABIMBAIN PECC-TIOPOIITKU ITyTEM JI0-
6asnenus 1 macc. % NMoIMBUHMWIIOBOTO cnupTa (maactudukaropa). [ 3TOro HCXOAHBIE MOPOIIKU
CMEIIMBAIN Ha MATHUTHOW MeIlIaJIKe C BOJAHBIM PaCTBOPOM ILIacTU(HUKATOpa. 3aTeM CYCHEH3HsI BbI-
CYLIMBAJIACh J0 MOJYYEHUS CYyXOTro ChIy4ero nopoika. Js noayyeHust oopasuos A TBepaodas-
HOTO CIIEKaHHsI MMOJYYESHHBIC MPECC-TMOPOIIKU MPECCOBAINCH C UCIOIb30BAaHHEM CTAbHOW Mpecc-
(dhopMBI U3 HEep)KaBeroIIel cramu npu npuiaoxkeHHoM aaieHuu 200 MIla B Teuenue 10 cexyH.
[TomyuennbIe 00pa3ipl uMenu Gpopmy TadbiaeTku ¢ quamerpom 12,1 MM u tommmaOK 1-1,8 MM. Crie-
KaHHe mpoBoauiock mpu temmneparype 1500 °C B treuenue 5 yacos B MydenbHOii meun Nabertherm
LHT 08/18 B Bo3aymiHoii atmocdepe ¢ ocThIBaHMEM KaMephl B €CTECTBEHHBIX YCIOBHSIX 10 KOMHAT-
HO TeMInepaTrypsl B TeueHUE 24 4acos.
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Ta6muma 1 — CocTaB SKCIIEpUMEHTATBHBIX 00pa3IoB

Ne o6pasma Maccosas nons Maccoast 1ost Maccosas nons Maccoast 1ost
Z10,, % WO,, % ALO,, % MgO, %

1 50 50 — —

2 — — 50 50

3 47,5 47,5 2,5 2,5

4 45 45 5 5

5 42,5 42,5 7,5 7,5

6 40 40 10 10

7 37,5 37,5 12,5 12,5
OO6bemHas ycajka HOIydeHHBIX 00pa3noB u3mepsuiachk no popmyse (1 -V )-100%

TIOCJIC CIICKaHUs J1I0 CIICKaHHUS

MyTEM U3MEPEHHSI TEOMETPUUECKHUX Pa3MEPOB TAOJIETOK JI0 CIIeKaHHs ¥ ocie. PenTreHoBckue nud-
paKTOrpaMMbl PETUCTPUPOBAIKCH C MOMOIIBI0 audpakromerpa Rigaku SmartLab npu xoMHaTHOM
Temneparype. B kauecTBe HCTOUHMKA PEHTTEHOBCKOIO M3JIy4€HHUs MCIIOJIb30Bajlach MeHas TpyoOka
Cu-Ka (L = 1.5406 A). Cremxa audpakrorpaMMsl MpoM3BoOaAMIack B reomeTpun bperra-Bpenra-
HO (0-0 ckan) ¢ mrarom 0.01° 1 ckopocThio 3°/MUH. AHANMKM3 AUPPAKTOTPAMM BBITTOJIHSIICS C TOMO-
mipio copra DifracEva V.4.2.1. Yrounenue $ha30Boro cocraBa MpoBOAUIOCH METOJOM paMaHOBCKOM
cnekrpockonuu. CrieKTpbl KOMOMHAIIMOHHOTO PAacCeHBaHUs PETHCTPHPOBAIIHCH C TIOMOIIBIO pama-
HOBCKOTo Mukpockona EnSpectr Ha anuHe BosHBI JiazepHOro usinydenus 582 M. [lonepeunsie ce-
YEHMsI CUHTE3UPOBAaHHBIX 00PA3I0B MCCIEI0BAINCH METOJIOM CKaHUPYIOLIEH IEKTPOHHON MUKpPO-
cxormu (COM) Ha ckaHUPYIOIIEM MEKTPOHHOM MuKpockorie Hitachi tabletop TM 3030.

OcCHOBHBIE TOJIOKEHHUS

Ha nanHbIii MOMEHT BpeMEHH HET JJAaHHBIX O ()a30BOM COCTaBE U MUKPOCTPYKTYPE MHOTOKOMIIO-
HeHTHBIX kepamuk ZrO,:WO,:AL,O,:MgO. B T0 e Bpems U3BECTHO, 4TO CBOHCTBA KEPAMHUK BO MHO-
TOM 3aBUCST OT ()a30BOTO COCTaBa M MUKPOCTPYKTYPBI 00pa3uoB. [IpuMeHeHne YHCIeHHBIX METO/IOB
MOZETMPOBAHUS /ISl IPOTHO3MPOBAHUS CTPYKTYPHBIX MapaMETPOB SBISETCS BEChbMa TPYAOEMKOU
3aja4eid, B CBS3U C YeM HeOOXOAMMO MOIYYHUTh JAaHHYIO HH(OPMALIUIO SKCIIEPUMEHTAIbHBIM My TEM.
B nanHol# pabote BpeBbie ObLIT MPOBEICH YKCIIEPUMEHT IO CUHTE3Y M ONIPEICIICHHUIO 3aBUCUMOCTEH
MEX]y COCTaBOM JKCIEPUMEHTaNbHBIX 00pasios kepamuk ZrO:WO,:Al,0,:MgO B 3aBucumMocTn
OT COCTaBa.

Pe3yabTarhl U 00Cy:KIeHUS

Ha pucynke 1 (ctp. 117) npeacraBineHbl peHTT€HOBCKUE AU(PPAaKTOrpaMMbl MOTYYEHHBIX 00-
pasuos. Ha pucynke 1(a) mpencrasnenst muppaxrorpammbl ZrO,:WO, u Al,O,:MgO kepamuk.
ZrO,:WO, KepaMuKa XapakTepHU3yeTCsi NMPEMMYLIECTBEHHBIM COIEPKAHMEM MOHOKIMHHOM (ha3bl
muokenaa uupkonus (PDF 01-070-2491, np. rp. P21/c), a Takke He3HAYUTEIBbHBIM COJAEPKaHUEM
B o0Opasue daswr AL(WO,), (PDF 00-024-1101, mp. rp. Pnca). Hannuune dpaser AL(WO,), B ucxon-
HOM 00pa3siie MOXHO OOBSCHHUTB TEM, UTO U3-3a HU3KOM Touku miasienus (1254 °C) u oOpa3oBaHus
5BTeKTHKU Mexay Al O, u WO, npousonuna nudy3ns aToMOB alOMMHHS U3 THIVISA B KEPAMUKY.
ALO,:MgO kepamuKa XapakTepusyeTcs MCKIrouuTensHo (aszoii MgALO, (PDF 01-073-1959, np.
rp. Fd-3m).

O6pa3ubl Ne 3—7 xapakTepu3yroTcsi MHOTO(a3HOW CTPYKTYpOH C MPEUMYILIECTBEHHBIM CONEp-
’KaHUEM m — ZrOz. B o6pasne Ne 3 mpu gob6aBnenuu 5 mace. % A1203:Mg0 HaOII0MaeTCsl HE3HAYHN-
TeJbHOE CoJiepKaHKe TeTparoHagbHoro auokcuaa uupkonus (PDF 01-078-5751, np. rp. P42/nmc),
crabunmuzuposannoro MgO. Mexny tem ¢ poctom conepxkanus ALLO,:MgO ¢asa t — ZrO, npona-
JaeT BCIIEACTBHE 0OpasoBanus Oonee peaktuBHOM pazet MgWO, (PDF 00-027-0789, nip. rp. P2/a).
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Pucynok 1 — Pentrenosckue qudpaxrorpammel kepamuk ZrO,:WO,:Al,O,:MgO,
rae a(a)) oopazen Ne 1, a(0)) oopazerr Ne 2, 6. 1) obpazert Ne 3, 6(2)) oOpazer Ne 4,
0(3)) obpazens Ne 5, 6(4)) obpazens Ne 6, 6(5)) obpazer Ne 7

Ha pucynke 2 (ctp. 118) mpencraBieHbl paMaHOBCKHE CIIEKTPhI CHHTE3UPOBAHHBIX 00pa3IoB
Zr0,:WO,:Al,0,:MgO ¢ paznbimu konuentpauusmu Al,O, u MgO. Ilpu ananuse CnekTpoB Kepa-
mukn ZrO,:WO, O 00HapyKEHBI MOJIbI, XapPaKTEPHBIE /11 MOHOKJIMHHOM (ha3bl OKCHIA IUPKO-
aus (178, 190, 222, 306, 333, 347, 382, 475, 501, 537, 557, 615, 637 cm!) [13], a Takke mMoma
npu 1049 cm’', otHocsamascs k coerunenuio AL(WO,), [14]. Kak yxe ynomuHanoch paHee, JaH-
HOE COeIMHEHHNE MOIIIO 00pa30BaThCsl B pe3ylibTaTe B3aUMOCHCTBUS MaTepHaa THIVIS ¢ TIOPOIIKOM
npu omxkure. [Tuku npu 210, 306, 403, 669,724 u 765 cM' Ha paMaHOBCKHX CIIEKTpax IMOPOIIKA
Al O,:MgO ykaspiBarot Ha Hanmnaue (aset MgALO, [15, 16]. Ilpn nobasnennn 2,5 macc.% Al O, u
2,5 macc % MgO & ZrO,:WO, noMumMo MOHOKIHMHHOM (ha3bl OKCHIAa IMPKOHUS MOSIBIISETCS TAKKE
TeTparoHajbHas (haza OKCHUIA IUPKOHHUS C XapaKTEePHBIMH MUKaMH 1ipu 152, 267,292 u 418 em™' [17]
u paza MgWO, ¢ mogamu nipu 798 u 913 cm [18]. Jlanbueiinee nosbiuenue coxepxanus Al O,
1o 5 macc. % n MgO 5 macc. % npuBoauT K nosiBiieHHO MUKoB 1pu 709 u 800 cm™!, koTOopble MOTYT
ykaspiBath Ha Hanmnane WO, B nomydennom nopouike [19]. [Ipn konuentpamuu Al,O,-MgO, paBHoii
15%, muku, otHOCsAIMECs K coenunenusaM MgAlL O, n MgWO,, cranoesTcst 6071€€ MHTEHCHBHBIMA.
W3 momy4eHHBIX TaHHBIX CIIEIYET, YTO 00pa3iisl 001a1at0T MHOTO(Ga3HOH CTpyKTypoii. OOpazoBaHme
CTaOUIM3UPOBAHHON TeTparoHadbHOM (ha3bl OKCHIA LIMPKOHUS HAOIIONAETCs TOJIBKO ISl 00pasia
Ne 3. Jlannblit pakT MOKHO OOBSICHUTH TEM, YTO C yBeNndeHueM coaepxanus MgO mpoucxoaut 00-
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pasoBaHue SHEpreTUIecKku Oonee BeIroaHoM pazer MgWO, ¢ sHTanbnuel 00pa3oBaHus B Ipeenax
69-71 kI Mo [20], B TO BpeMs Kak dHTaJbIKs 00pa30BaHUs TETPAroHaIbHOM (pa3bl IUPKOHHS B
pesynbrare cradbuamzanud MgO -36 kJ[x mom! [21].

# — MOHOKIMHHbIA ZrO, A = Al(WO,); * - MgWO,
o — TeTparoHansHbit Zr0g * - MgALO, o - WO,
T T T T T T
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Pucynok 2 — Pamanosckue criekrpbl kepamuk ZrO,:WO,:Al,0,:MgO

B Tabnuiie 2 npencraBieHbl 3HaY€HUSI 00bEMHON YCAJKH U IMJIOTHOCTH B 3aBUCUMOCTH OT COCTa-
Ba CUHTE3MPOBAHHBIX 00pa31oB. M3 npencTaBiIeHHbIX TaHHBIX BHIHO, YTO C YBEIMUYEHUEM KOHIICHT-
paunn Al O,:MgO nabmonaercst yBenMueHne 3HAYE€HNH Kak OObEMHOM YCa/IKH, TaK U TIOTHOCTH.
OnHoli n3 NpUYMH JaHHOTO d(peKTa MOXKET ObITh 0OpasoBanue KuaKkoi paser AL O,:-WO, pu Tem-
neparype 1450 °C u, kak cienctBue, 6osee 3(hGEKTHBHOM IPOLIECCE MUTPALIMHU TTOP K IIOBEPXHOCTH.

Tabnuua 2 — @a30Bblif cocTaB, 00beMHAs ycaKa U INIOTHOCTh CHHTE3WPOBAaHHBIX 00pa3IoB
(Zr0,)) :(WO,) :(AL,0,) :(MgO),

Ne o6pasna

daza

O6wemHas ycanka, %

[TnoTHOCTH, I/CM3

1

m-ZrO,
AL(WO)),

323

2.92

2

MgAl O,

33

2,50

3

m-ZrO,
t-ZrO,
MgWO,
AL(WO ),

34.7

3,10

m-ZrO,
MgWO,
AL(WO,),
WO

34.1

3,79

m-ZrO,
MgWO,
AL(WO,),
MgAlL O,

33.1

3.92

m-ZrO,
MgWO,
AL(WO,),
MgAlL O,

54

3,90

m-ZrO,
MgWO,
AL(WO,),
MgAlL O,

323

4,19
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Ha pucynke 3 npencrasinensl COM-n300pakeHns OMEPEYHBIX CEYCHUH CHHTE3UPOBAHHBIX
00pa3noB B 3aBUCUMOCTH OT KoHuentpamun Al,O, u MgO. Ilpu no6aenennn cmecn Al,0,:MgO x
HCXOJTHOW MaTpuIile HaOomaeTcss 00pa3oBaHUe CTPYKTYpPhI C OOJBITUM HAaOOpOM 3€peH C pa3HOM
Mopdosorueii MOBEPXHOCTH, YTO COITIACYETCS C Pe3yJIbTaTaMHi PAMAaHOBCKON CIIEKTPOCKOITHH.
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TM30309076 2023/1118 1857 A D93 x3.0k
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Pucynox 3 — COM-u300paskeHusI MONEPEYHbIX CEUCHUH U pacIipe/ielieHue pa3MepoB
sepen kepamuk Zr0O,:WO,:Al,0,:MgO, rze a) obpasen Ne 1, 6) obpasen Ne 2,
B) oOpazern Ne 3, r) oopazern; Ne 4, ) oopazer; Ne 5, e) oOpazer; Ne 6, x) obpazer Ne 7

N3 COM-u300paxeHui BHIHO, YTO C yBEIHMYEHHEM conepkanus B coctae AlLO, m MgO
MIPOUCXOJUT YMEHBIIEHHE CPEIHEro pa3sMepa 3€pHa, 4YTO NPHUBOAUT K YBEIMYECHHUIO 3HAUCHUI
IUIOTHOCTH CHHTE3UPOBaHHBIX 00pa3uoB. Kak BuAHO M3 pucyHka 3, cpeaHuil pa3smep 3epHa
YMEHBIIAETCA € = 15 MUKPOH 10 = 4 MUKPOH NIpu yBenudeHun cozpepxanus cmecu Al,O,:MgO.
YMeHblIeHne pa3Mepa MOKHO YaCTHYHO OOBSICHUTH TEM, YTO MPU YBEIMYCHUU B COCTABE IIMXTHI
nopoukooi cmecu Al,O,:MgO uactuuel ZrO, pacnpenensioTcs Tak, YT0 He MOIYT JIOCTAaTOYHO
B3aMMOJICHCTBOBATh MEXy COOOH M HE CIIOCOOHBI «CIIAaMBATHCS» BO BPEMs IPOIECCa CIIEKAHMS.
Taxxe MoxkHO Tpennonoxuth, uro WO, n ¢asbl, conepxaimme Bolb(pam, HEPABHOMEPHO pac-
npezensores Mexay vactuiamu ZrO, u MgALO,. Ilo sToi npuuuHe npu 00pa3oBaHUM JKMIKOM
(ha3pl HE MPOUCXOIUT U €€ PAaBHOMEPHOTO PACIIpeIeICHNs 110 BceMy 00beMy 00pasiia M TeM CaMbIM
HE OKa3bIBaeT dPeKTa «CrIanBaHUs.

3akiaoueHne

B pabore Ob110 Micenenosano Biusaue Konuentpamun cvecu Al,O,:MgO B marpuue ZrO,:WO..
VeTaHOoBIEHO, YTO BHE 3aBUCUMOCTH OT KoHueHTpauuu Al,O,:MgO obpasosanus TBepaodasHoro
pactBopa 3amemmenus ZrO :WO,:ALO,:MgO ne npoucxomut. ®Da3oBblii aHAIN3, BBITOJTHEHHBIH
METOZIOM PaMaHOBCKOHM CIIEKTPOCKOIINH, ITOKA3aJl, YTO MOJyYEHHbIE KEPAMUKH, B 3aBUCUMOCTH OT
cocraBa BKIIOYAKOT B ce0s dasel m-ZrO,, MgALO, MgWO, AL(WO,), t-ZrO,. 3a uckmodeHuem
obpasua Ne 3 crabunusanuu t — ZrO, B o6pa3uax HE Ha6JIIOIIaCTCSI n3-3a 06pa30BaH1/1;1 Oonee «peak-
TuBHOI» (asel MgWO, u, kak CJ'IC,Z[CTBI/IG, HepocraTtka MgO 1t 00pa3oBaHus TBEPIOTO pacTBOpa
Zr, Mg O,. Bce obpasosaiuuecs (asbl 001a1ar0T TEMIIEpaTypoii miasjieHus B quanasone 1400
2400 °C, BciecTBHE Y€r0 MOXKHO YTBEPIKIATh, YTO MOTYYEHHBIE 00pa3Ibl HIMEIOT BBICOKYIO )Kapo-
npouHocTh. C yBenTM4eHHEM KOHIIEHTPAIUU CMECH MPOUCXOAMUT YBEIWYCHUE 3HAYCHUH 0O0BEeMHOM
YCaJKU U IUIOTHOCTH CUHTE3UPOBAHHBIX KEPAMUK 3a CUET YMEHBILIEHHs CPEIHEro pa3Mepa 3epHa.
Anannz COM-u300paxeHHH MONEePEeYHbIX CEYEHNH MOoKa3al, YTO BCE CHUHTE3UPOBAHHBIE 00pa3IIbl
00aaroT BeIpaKeHHOW MOP(HOIIOTHEH TIOBEPXHOCTH.

®unancupoBanue. Vcciaenosanue ¢punancupyercs Komurerom Haykn MuHuCTEpCTBa HayKH
u BeIciero oopa3oBanus PecryOmuku Kazaxcran (rpant Ne BR21882390 «Pa3paboTka TeXHOIOTHI
pelIeHuii co31aHus 1 MOTU(PHUKAIINN BEICOKOTIPOYHBIX, TYTOIIIIABKHX, )KapOMPOYHBIX KOMIIO3UTHBIX
kepamuk 1 TOTD 311eMEHTOB /IS QJIBTEPHATHBHON YHEPTETUKU U TIPUOOPOCTPOCHHUS ).
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ZRO,;:WO_:AL,0;:MGO KOIl KOMIIOHEHTTI KEPAMUKA CHUHTE3I

Angarna

Byn »xyMbICTa KOMIIOHEHTTEP/IiH KoHIeHTpanuschina 6ainanbicTel ZrO,:WO03:Al,0,:MgO Kern KOMIIOHEHTTi
KepaMHKaIapbIHbIH (pazaiblK KypaMbl MEH MHKPOKYPBUIBIMBI 3€pTTenfi. bacTamnkel mMXTafarbl 3JIEMEHTTEPIIH
KOHIIEHTpAUMsChl MeH (a3alblk Kypambl, KOJIEMJIK IIeryi, CHHTE3[ENTeH YJTUIEPAIH THIFBI3ABIFBl MEH
MHKPOKYPBUTBIMBI aDaChIHIAFBI TOYEIIUTIKTEP aHBIKTAIIBL. PaMan crieKTpocKoMusACH apKbuibl 6actanker ZrO,:WO,
marpunackina AlO,:MgO kocnacein kocy ZrO,:WO,:Al,O,:MgO katThl epiTiHiciHiH naii1a 6omybiHa OkenMeHTiHI
anpikTanapl.  ALO,:MgO MemepiHiH KorapbulaybIMEH KOJEMIIK INOIy MEH THIFBI3ABIKTBIH JKOFapbLIaybl
Oatikananel, Oyn WO,:Al O, sxykecinin cyiibik daszacbinbii 1450 °C Temneparypaa naiiaa 60mybIMeH koHE Tepi
Teciri MeH aKayJaap/blH OeTiHe THIMAIPEK KOHBIC aylapybIMeH OaiilaHbICThl OOJIybl MYMKIiH. AJIBIHFAH YJITUICpAiH
KeJIeHeH KuManapsiHelH COM cypeTTepiH Tangay OapisIK YATUIEpAiH IoHHIH opTypii ¢opMmanapsl 6ap naMbiraH
Mopdosorusicel 0ap eKeHiH KOpPCETTi.

Tipek ce3mep: Ken KOMIIOHEHTTI KepaMmuKa, KaTrThl (ha3ajibl CHHTE3, BICTHIKKA TO3IMJI Marepuasiap,
Zr0,:WO0,:A1,0,:MgO.
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SYNTHESIS OF MULTICOMPONENT ZRO,:WO03:AL,0,:MGO CERAMICS

Abstract

In this work, the phase composition and microstructure of multicomponent ZrO,:WO,:Al,O,:MgO ceramics
were studied depending on the concentration of the components. The dependences between the concentration of
elements in the initial charge and the phase composition, volume shrinkage, density and microstructure of synthesized
samples are determined. It was found by Raman spectroscopy that the addition of an Al,0,:MgO mixture to the
initial ZrO,:WO, matrix does not lead to the formation of'a ZrO,:WO,:Al,0,:MgO solid solution. With an increase
in the content of Al,O,:MgO, there is an increase in volumetric shrinkage and density, which may be associated
with the formation of the liquid phase of the WO,:AL O, system at a temperature of 1450 °C and, as a result, more
efficient migration of pores and defects to the surface. The analysis of the SEM images of the cross sections of the
obtained samples showed that all samples have a developed morphology with different grain shapes.

Key words: multicomponent ceramics, solid-phase synthesis, heat-resistant materials, ZrO,:WO,:A1,0,:MgO.
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THE EFFECT OF PLASMA SURFACE
TREATMENT ON THE STRUCTURE
OF THE LEAD SULFIDE FILM

Abstract

In this work, the effect of the substrate surface on the formation of structured lead sulfide films is studied. For
this purpose, the surface of single-crystalline silicon (100) was subjected to plasma treatment in a glow discharge in
an argon atmosphere, at a working pressure of 1 Pa and a potential difference across the electrodes of 2 kV. Lead
sulfide films were obtained on treated and untreated single-crystalline silicon surfaces by chemical deposition from
an aqueous solution of lead nitrate, thiourea and sodium hydroxide at a temperature of 70°C for 30 minutes. The
surface morphology, elemental composition, and crystal structure were studied by scanning electron microscopy,
energy dispersive analysis, and X-ray diffraction, respectively. As a result, the films deposited on pretreated
substrates have a distinctly different surface structure compared to films deposited on untreated substrates. Under
the same synthesis conditions, the growth of crystals on the treated surface occurred predominantly along certain
lines and were grouped into individual particles, while on the untreated surface a continuous film was formed. Thus,
through plasma treatment, crystal growth can be controlled to create nanostructures.

Key words: Lead sulfide films, plasma treatment, chemical bath deposition, morphology, elemental
composition, structure.

Introduction

PbS thin films are widely used in optoelectronics and sensors as materials for IR detectors,
optical switches, efficient solar radiation conversion devices, chemical sensors, temperature sensors,
photodetectors that operate in the infrared wavelength range and photoresistors, temperature-
sensitive sensors, detectors in the infrared range of the spectrum [1-6]. Lead sulfide, a narrow-band
semiconductor, which is the basic thermoelectric materials in the temperature range of 300-950 K
and this material is also a promising material in semiconductor optoelectronics for the creation of
injection lasers [7-10]. In this group, lead sulfide (PbS), which is a narrow-band semiconductor
(= 0.41 eV at room temperature), is widely used in many fields, such as Pb*" ion-selective sensors, in
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micro and optoelectronics, nanotechnology [11-12], in photometric switches [13]. Unlike all other
semiconductors, the temperature band gap coefficient in PbS is positive [14]. Of all the currently used
methods for producing PbS, the method of chemical precipitation from solutions is of the greatest
interest [15]. This method makes it possible to obtain thin films of metal chalcogenides, which
provides great opportunities for the synthesis of new compounds. The study of the properties of the
obtained films is the main task, since this is the main criterion of the material. Lead sulfide is one of
the most promising materials for use in the infrared field. Therefore, the synthesis of semiconductor
PbS films from aqueous solutions is of great interest [16—18].

Plasma treatment is a method of modifying the surface of a substrate that uses plasma to affect
the structure of vegetation on this substrate. Plasma is an ionized gas consisting of charged particles
(ions and electrons) [19]. Plasma treatment can affect the structure of lead sulfide in several ways,
for example, by changing the surface of the substrate, the morphology can be changed. Plasma can
change the shape and size of lead sulfide particles. This can lead to an increase in the surface area of
the material, which can improve its characteristics [20]. Plasma surface treatment can lead to defects
in the structure of lead sulfide. These defects can affect its electrical and optical properties [21-22].

Materials and methods

The substrate of monocrystalline silicon (100) was subjected to plasma treatment in a glow
discharge in an argon atmosphere for t = 5 minutes at a discharge voltage U = 2 kV and a current
strength equal to [ = 0.5 mA.

Thin films of lead sulfide were produced by precipitation from an aqueous solution in a chemical
bath on silicon substrates purified in alcohol. During the experiment, deionized water was used in
solutions. First: Pb (NO,), (lead nitrate) 25 ml 0.18 M (1.525 g), NaOH (sodium hydroxide) 75 ml
0.38 M (1.162 g), the solutions were mixed with a magnetic mixer for 120 minutes in a 150 ml glass.
CH,N,S (thiourea) 50 ml of 0.11 M (0.398 g) was added to this solution [23]. The formula for the
chemical reaction will be as follows:

Ph(NO,), + 2NaOH + CH,N,S —> H,0 + PbS + CH,N,0 + 2NaNO, 0

Then the silicon substrates cleaned by ultrasound were immersed in a glass in a vertical
direction. The temperature of the bath was maintained at 70°C. At the end, the resulting structures
were washed with deionized water. The substrate was placed in the solution for 30 minutes, resulting
in homogeneous thin films of gray color.

The morphology and elemental composition were studied by electron microscopy and energy
dispersive analysis using an FEI Quanta 2001 installation.

The structure of the resulting films was studied by X-ray diffraction (XRD) using a Rigaku
MiniFlex installation. The wavelength corresponds to the excitation of the copper atom on the line.
The scanning speed was deg/min, the angles varied in the range of 10° - 90°.

Main provision

It was revealed that preliminary plasma treatment of the substrate surface affects the growth of
PbS crystals, that is, it allows preserving the individuality of the particles.

Results and discussion

Figure 1 shows the images of a scanning electron microscope and the elemental composition
of the films obtained, 1 (a) — the morphology of the film obtained on the treated surface 1 (b) — the
morphology of the film obtained on the untreated surface. 1 (c) and 1 (d) are the corresponding
elemental composition of the obtained films
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Figure 1- (a) — morphology structure and (c) — energy-dispersion analysis
of PbS obtained on a treated substrate, (b) — morphology structure
and (d) — energy-dispersion analysis of PbS obtained on an untreated substrate

Using a scanning electron microscope (SEM), a sample of lead sulfide (PbS) was magnified
5000 times. The accelerating voltage of the electron beam was 15 kV, the beam current was 10 nA,
the working distance, i.e. the distance between the electron gun and the sample was 15.1 mm. From
the results obtained using a scanning electron microscope, it follows that the plasma-treated surface
promotes crystal growth while maintaining the individuality of the particles and mainly along certain
lines, while a continuous film is formed on the untreated surface. Figure 1(a) shows the results of a
scanning electron microscope (SEM) study of the morphology of lead sulfide (PbS) produced on a
plasma-treated surface. The purpose of the study was to study the effect of plasma treatment on the
structure and properties of PbS films. It was found that plasma treatment leads to a change in the
morphology of PbS films. On a plasma-treated substrate, the PbS film is more uniform and has a
smoother surface. The sizes of the resulting particles are approximately uniform and average 500 nm,
and also had the shape of cubic crystallites. This texture was found in all studied samples. The texture
and morphology of films grown on a silicon surface depends on the time and deposition rate, on the
pH level, temperature, but also, as it turns out, on the substrate surface. Preliminary plasma treatment
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of the substrate apparently leads to an uneven charge distribution on the silicon surface, associated
with the crystalline structure of the surface. This helps preserve the individuality of the particles.

To determine the elemental composition of PbS material samples, the energy dispersive
spectroscopy (EDS) method with an energy of 20 keV was used. The results of determining the
chemical composition and atomic content of the elements Pb and S in the film are presented in the
figure. 1(c) and 1(d). The figure clearly shows the presence of Pb and S peaks in the energy dispersive
spectroscopy of the samples. Energy dispersive analysis shows that the sample is composed of lead
(Pb) and sulfur (S). The Pb/S ratio is 1:1, which corresponds to the stoichiometric composition of
lead sulfide (PbS). Based on the data obtained, it can be concluded that the material under study is
lead sulfide (PbS). Peaks in the energy-dispersive spectrum correspond to the energy that is emitted
by atoms when electrons transition to lower energy levels.

When conducting energy dispersive analysis, it was found that as a result of plasma treatment,
the peak corresponding to lead sulfide (PbS) was lower than the peak of the silicon (Si) substrate.
At the same time, in the substrate untreated with plasma, the PbS peak was higher than the Si peak.
This corresponds to the fact that after treatment the silicon surface had a larger area. In addition, after
treatment, a decrease in the atomic fraction of lead by 1 at.% was revealed.
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< 30000
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o 20000
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10000+ (222) 331 | (511)
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. Y
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Figure 2 — X-ray diffraction of the PbS film

From X-ray diffraction analysis, peaks corresponding to the plane indices (111), (200), (220),
(311), (222), (400), (331), (420), (422) and (511) were identified at angles 26 26.10°, 43.22°, 51.20°
and 53.62°, respectively. It follows from the diffract gram that the film has a face-centered cubic
structure and corresponds to the Fm-3m spatial group. The determination of the lattice parameters is
carried out by fulfilling the Bragg’s law [24].

2d,,,sin20 =mA 2

Where, d,,, — interplant distance, 6 — sliding angle, that is, the angle between the reflecting
plane and the incident beam, A — the wavelength of the X-ray radiation (A(Cu,,) = 1,5418 4 )and
m — the order of reflection and has a positive integer, for cubic symmetry is determined by:

a

—_ 3
N+ R+ ®)

dhkl =
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Where, a — the lattice constant, /,k,! — plane indexes. The lattice constant was calculated, and
it is 5.93 A. The results of X-ray diffraction analysis correspond to world literature data.

Conclusion

In this study, the morphology and elemental composition of PbS films obtained on surfaces
pretreated and untreated by plasma were studied using scanning electron microscope (SEM) and
energy dispersive spectroscopy. Preliminary plasma treatment of the substrate surface leads to a
change in the morphology of PbS films. The PbS film obtained on the treated substrate is more
uniform in size and has an average size of 500 nm, as well as a shape in the form of cubic crystallites.
Thus, we can conclude that treating the surface of single-crystalline silicon in a glow discharge
plasma promotes the growth of crystals on this surface individually and predominantly along certain
lines, while a continuous film is formed on the untreated surface. This indicates that crystal growth
can be controlled using plasma treatment to create nanostructures.
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IJIAZMAJIBIK BETTI OHJIEVYIIH KOPFACBIH
CYJL®UAIHIH TUIEHKA KYPBIJIBIMBIHA OCEPI

Anjgarna

bipereii xacuerrepine OaianblcThl KOprachlH cyibduai (PbS) kasipri yakeiTTa oNieMHIH KONTEreH xe-
TEKIIi 3epTXaHalapblHAa 3epTTeNeTiH Marepuasl. MyHmail kKacuerrepre KYPBUIBIMABIK MOAM(HUKALUS APKbUIBI
ONITUKANBIK >KOHE 3JICKTPOHIBI KACHETTep KaTaabl. by xympicta cyOcTpaT OeTiHIH KOpPFAachH Cynb(UIiHIH
KYPBUIBIMJIBIK TUIEHKAIAPBIHBIH TYy3lTyiHe ocepi 3eprreneni. On ymriH MOHOKpHcTanabl kpemuuiiain (100) Geri
aproH arMocgepachiH/ia CONIFbIH pa3psara, 1 [1a skyMbIc KbICBIMBIH/IA JKoHE 2 KB aiiekTponTapiarsl oTeHIHaIAAP
aiiplpMachlHIa TIa3ManblkK eHjeyneH oTti. Kopracein cyibduainiy mienkanapsl 30 munyT iminge 70°C Tem-
neparypajga KOpFachlH HUTpAThl, THOMOYEBMHA XKQHE HATPHH THUAPOKCHIIHIH CYJbl €pITIHAICIHEH XUMHMSIIBIK
TYHABIPY 9/1iCIMEH MOHOKPHCTAJIABI KPEMHHUIIIH OHJICNTeH KaHe oHJeIMereH Oerrepine anbiaabl. Calikecinre
CKaHEpIICUTIH DIEKTPOHIBI MHUKPOCKOITHUS, SHEPIUs TUIICPCHSUIIBIK TAJIAY JKOHE PEHTTCHIIK KYPBUIBIMIBIK Tallay
omictepiMeH OeTTiK MOP(OIOTHS, SITEMEHTTIK KYpaM KoHe KPUCTAIIBIK KYPBIIBIM 3epTTenmi. HoTmkecinne, anapH-
aja eHJEeJreH cyOcTparTapAarbl ajiblHFAH IJICHKANAp OHJEIMEreH CyOcTparTapra TYH/ABIPbUIFAH IUICHKaJapMeH
CaJIBICTBIpFaH/a alKbIH OCTKI KYpbUIbIMFa He. bipieil cuHTE3 jKarmailblHIa ©HJICAreH OCTTeri KpUCTalAapIblH
ecyi, Heri3iHeH Oenriii Oip chI3bIKTap OOHBIMEH XKYP/i )KoHE Keke OeIIeKTepre TONTaCTIPBUIBI, al OHIEIMEreH
Oerre OipryTac mieHka maiaa 6omael. Ocbllaiilna, HAHOKYPBUIBIMIAP/IBl KYPY YIIIH IUIa3MajbIK ©HJ/ICY apKbLIbl
KpUCTaJAAPIbIH 6CyiH OaKpUIayFa O0Iabl.

Tipek ce3mep: KOpracblH CyIbGHUIIHIH IUICHKAIAPBI, IUIA3MaJIBIK OHJICY, XUMUSJIBIK BaHHAJAarbl CyJbI
epITIHAIIEH TYHIBIPY, MOP(HOIIOTHS, SIEMEHTTIK KYpaMbl, KYPBUTGIMEI.
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BJIUSHUE TIJIASMEHHOM OBPABOTKH NMOBEPXHOCTH
HA CTPYKTYPY IIVIEHKH CYJIb®UJA CBHUHLA

AHHOTAUMS

brnaromapsi cBoMM yHHKaJIbHBIM cBolcTBaM cyiabdun ceuHua (PbS) sBisercss marepuanoM, KOTOPbBIH B
HacTosiIee BPEeMsl M3y4aeTcss BO MHOTHMX BEAyIIMX Jiabopartopusix mupa. K TakuM cBOWCTBaM MOXHO OTHECTH
ONTHYECKHE W JJIEKTPOHHBIE CBOWCTBA 3a CYET CTPYKTYpHBIX Moaum¢ukanuii. B nmanHOW paboTre m3yuaercs
BIIMSTHHAE TTOBEPXHOCTHU MOAJIOKKH Ha ()OPMUPOBAHHE CTPYKTYPHPOBAHHBIX IICHOK Cynab(uaa cBuHua. st atoro
MOBEPXHOCTh MOHOKpHCTauTiueckoro kpemuus (100) monBepranack ma3MeHHOH 00paboTKe B TICIOMIEM pa3psizie B
armocdepe aproHa, pu pabodyem nasieHuu 1 I[1a u pa3HOCTH MOTEHIMAIOB Ha diekTpoaax 2 kB. Ilinenku cynbdhuaa
CBHMHIIA OBUIM TOJy4eHbI Ha 00paboTaHHbIC U HEOOpaOOTaHHBIE TTOBEPXHOCTH MOHOKPHCTAIIIMYECKOTO KPEMHUS
METOJIOM XMMHYECKOTO OCaX/I€HHUsI U3 BOJHOIO PacTBOpAa HUTPATa CBUHIIA, THOMOYEBHUHBI U THAPOOKCHA HATPUS
npu temneparype 70 °C B teuenne 30 MunyT. BbuTH n3ydeHsl MOpQOIOTHs MOBEPXHOCTH, MIEMEHTHBIH COCTaB
U KpHCTAJUIMYECKAasi CTPYKTypa METOAAMH CKaHUPYIOUIEH 3JIEKTPOHHOH MHKPOCKOINWH, 3HEPrOAMCIEPCHOHHOTO
aHaJIM3a ¥ PEHTT€HOCTPYKTYPHOTO aHAJIN3a COOTBETCTBEHHO. B pe3yiibrare noyyeHHbIe INICHKN Ha TPEABAPUTEIHHO
00paboTaHHbIE MOMIOKKH UMEIOT SIBHYIO OTIMYUTEIBHYIO IIOBEPXHOCTHYIO CTPYKTYPY IO CPAaBHEHHIO C TUICHKAMH,
OCXJICHHBIMH Ha HeoOpaOOTaHHbIC MOAJOKKH. [Ipy ONMHAKOBBIX YCJIOBHSIX CHHTE3a POCT KPUCTAIIOB Ha
00paboTaHHOM MOBEPXHOCTH MPOMCXOANIT NPEUMYIIECTBEHHO BJIOJb ONPECICHHBIX JIMHUNA M CTPYIITUPOBaHbI B
OT/ICJIbHBIC YaCTHIIBI, TOT/IAa KaK Ha HeoOpaOOTaHHOH MOBEPXHOCTH (POPMUPOBAIACH CIUIONIHAS IUICHKA. Takum
00pazom, MyTeM IUTa3MEeHHOI 00pad0TKN MOYKHO KOHTPOJIMPOBATh POCT KPUCTAIIIOB JUIS CO3AaHMsI HAHOCTPYKTYP.

KutioueBble cji0Ba: MICHKH Cyab(huaa CBUHIIA, TNIa3MEHHass 00paboTKa, OCKIESHUS U3 BOJAHOTO pacTBOpa B
XUMHYCCKOI BaHHE, MOP(OJIOTHS, SICMEHTHBIN COCTaB, CTPYKTYypa.
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BJIUAHUE BbIBOPA HCXOJAHOI'O MATEPHUAJIA
HA ®A30BbIM COCTAB U ®A30BYIO CTABUJIBHOCTb YACTHII ZRO,,
CUHTE3UPOBAHHBIX TMAPOTEPMAJIbBHBIM METOAOM

AHHOTAIUSA

B nmannoit pabote ObUT HMcciienoBaH (a30Bblii COCTaB, MUKPOCTPYKTypa U (a3oBas CTAOMIBHOCTH 00pa3IioB
JUOKCHaa HUPKOHUA, ITOJTYYECHHBIX METOAOM I'MAPOTEPMAJIbBHOTO CUHTE3a U3 PA3HBIX UCXOAHBIX MaTCpHUaJIOB. Ycra-
HOBIIEHO, YTO ITPH UCIIONIb30BaHUH B KauecTse ucxoHoro marepuana ZrOCL'8H,O o6pasyrorcst yacTHIIbI JUOKCHAA
IIUPKOHUS C COZIep’)KaHHEM MOHOKIMHHON M TeTparoHaJbHOH (KyOmdeckoil) (hasbl, B TO e BpeMs IPH HUCTIONB30-
BaHWNH B Ka4ECTBE MICXOTHOTO MaTepuaia ZrO(NOS)Z'ZHZO B 00pasiax HACHTU(HUIIMPOBAHA TOIHKO MOHOKIHHHAS
(haza. Pasmepsr OKP, paccuntannsie ¢ mpuMeHeHneM ypaBHeHus Llleppepa, HaxomsaTes B nuama3oHe ot 9 mo 40 HM.
Amnanmz COM-n300pakeHnH SKCIIEPUMEHTAIBHBIX 00pa3II0B ITOKA3al, YTO HAHOYACTHUIIEI 00pa3yIoT KOHIJIOMEPATHI
C pa3Mepamu B HECKOJIBKO MHUKPOH. Mccienosanne pasoBoit crabuinbHocTH t, ¢ — ZrO, (ha3el OT TeMIepaTypHOro
BO3/IEHCTBHA MOKa3ano, 4to t, ¢ — ZrO, spnsgercs MeTacTabuibHoi (asoi ¢ pasmepamu OKP 1o omxura 10 am. [pn
TIOBBIIICHWH TEMIIEPATYPhI OTKHIa MPOUCXOIUT TOCTENIEHHas TpaHC(hopMalus METacTabUIbHOM t, ¢ — ZrO, B MOHO-
KJIMHHYIO, BCJICJICTBHE MPOTEKAHUS IPOLIECCOB N3MEHEHHS IOBEPXHOCTOM SHEPT MU U pa3pacTaHMs YacTHIL, a TAKKE
CIIeKaHHs KOHIJIOMEPATOB B OoJiee KPYITHbIE MOHOJIUTHBIE YaCTHIIBI.

Karouennie cioBa: ZrO,, ruapoTepManbHbIi CUHTES, (a3oBbli cocTaB, (a3oBas CTaOMIBLHOCTD.

BBenenune

Kepamuxka u3 quokenna nupkonus (ZrO,) sBiAeTCs BaXHBIM MATEPHAIIOM B SJ€PHOM SHEPreTH-
K€, IIPY NPOU3BOCTBE TBEPAOTOIIMBHBIX OKCHIHBIX AJIEMEHTOB M JKapOIPOYHBIX MOKPBITUH [1-3].
ZrO, XapakTepu3yeTcsi BHICOKOH KOPPO3HOHHOM CTOMKOCTBIO, TYTOIIABKOCTBHIO M U3HOCOCTOMKO-
CThIO [4—6]. JInoKkcH LUPKOHMSI UMEET TPU Pa3IMUHbIE KPUCTAJUIMUYECKUE CTPYKTYPhI IPU Pa3HbIX
TeMIeparypax: MOHOKIHHHYI0 (m — ZrO,, 1175 °C), Terparonanbnyio (t — ZrO,, 1175 — 2370 °C) u
kyouueckyro (¢ —ZrO,, 2370 — 2680 °C) [7]. IIpu npou3BoacTBE KepaMHUK Ha OCHOBE TMOKCH/IA LIUP-
KOHMs O4€Hb BakeH (a3oBblii cocTas. Tak, ¢ — ZrO, o61amaeT BHICOKOH KHCIOPOIHOM HOHHOM Ipo-
BOJMMOCTBIO U XMMHUYECKOM CTaOUIBHOCTBIO, YTO JIEIAET €€ MOAXOAAIICH /Ui MPUMEHEHUS B Kaue-
CTBE JIJaTUUKOB KHCIOPOJA, TBEPIOOKCUIHBIX TOIJIMBHBIX 2JIEMEHTOB U KaTAIMTUYECKUX CUCTEM [8].
t— ZrO,, B CBOIO 04epenb, 00/1a1a€T CaMbIMK JTyYIIMMH (DYHKIMOHAIBHBIMU CBOWCTBAMHU (M3HOCO-
CTOMKOCTb, KOPPO3UOHHASI CTOMKOCTh, IPOYHOCTh HA U3TM0), YTO OYEHb Ba)KHO IS 3AIIUTHBIX I10-
KPBITUH B pa3inuuHbIX oTpacisix [9, 10].

B nacrosiee BpeMs HaHo- U MUKpodacTHIbl ZrO, IOIy4aroT ¢ MOMOLIBIO 30J1b-T€]lb METO/IA, XH-
MHYECKOTO COOCAXKJICHUS, METO/Ia PACTIBUTMTENILHOTO nuponu3a u Ap. [11-13]. Mcnons3ys MmeTosbl,
NEPEUYHCICHHBIE BBILIE, MOYKHO IIOJIY4YaTh YaCTULLI PA3MEPOM OT JAECITKOB HAHOMETPOB J10 HECKOJIIb-
KHX MUKPOMETPOB. Mex/ly TeM JaHHbIC TEXHOJOIMM CHUHTE3a 00JIa[aloT CyIEeCTBEHHBIMU HEI0C-
TaTKaMH, TAKUMHU KaK: MEUIEHHAasi CKOPOCTh PEaKkIuu, CIOKHBIN U TPYIOEMKHUH Mpoliecc, BHICOKOE
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notpebnenne >uepruu [14]. IlepcrieKTHBHBIM METOAOM MOJTYYEHHUSI HAHOYACTHI] JHOKCH]IA IIUPKO-
HUSI SBJISIETCS TMAPOTEPMANIbHBIN CUHTE3. JlaHHBIN METOJ] OCHOBBIBAETCS HA MSATKOM XMMHYECKOM
CHHTE3€ YaCTHII M3 PacTBOpa B BOAHOM cpejie npu Temieparype ooubiie 100 °C u naBieHun 00JbIe
1 arm. [Iporiecc mpoXoAUT B aBTOKJIABE, U3TOTOBIEHHOM U3 MHEPTHBIX MaTEpUasoB (Jale BCero He-
prkaBeroras ctaib win TeoH). OCHOBHBIE MPEUMYIIECTBA THAPOTEPMAIILHOTO CUHTE3a: BHICOKAs
CTETIeHb CMEIIECHHSI PEareHTOB, OTHOCUTEIHLHO MATKUE YCIOBUS CHHTE3a, MTPOIECC MPOXOIUT B OAUH
sTan. Bapeupys MUHEpanu3aTOpPsl U KUCIOTHOCTH CPEIbl, TEMIIEpaTypy M JaBJICHUE B PEAKTOpe, a
TaKXe MPOIOKUTEIILHOCTh CUHTE3a, MOXXHO U3MEHATH (opMy, pasMep U (a30BbIii COCTAB YACTHII.

HecMotps Ha mocTaroyHo 0OMBIIOE KOIMYECTBO CTATel, MOCBAIICHHBIX THAPOTEPMAITLHOMY
cunresy yactun ZrO, [11-14], TepMudeckas cTaOUIBHOCTh TETPArOHANBHOM (KyOuuecKo) (asbl
ZrO, 10CTaTo4HO HE H3yYeHa.

MeToabl 1 MaTepHAaJIbl

Yactuuer ZrO, ObUIM TOTYYEHBI METOIOM THAPOTEPMAILHOTO CHHTE3a B CTAJIbHOM aBTOKIIABE
C Te()IOHOBBIM PEAKTOPOM 00beMoM 25 miu. Jlns cunTesa wacthy ZrO, MCIONB30BaIM JIBA THIIA
marepuana-npexypcopa. B nepsom cirydae ucnonszosanu 17,5 mi 0,1 Momb/i pacTBOpa HIUPKOHUII-
xiopun okraruapara (ZrOCl,-8H,0) ¢ mucTummpoBanHo# Boo#, a Bo Bropom — 17,5 M 0,1 Mo/
pactBopa 1upkonus (4) okconutpar auruapar (ZrO(NO,),-2H,0). C uenbio npeporspanienus 06-
pa30BaHUs KOHIJIOMEPATOB M3 O0Jiee MEIKUX YaCTHIl B 000HX cliydasx B pacTBop nobasmsiu 0,14 r
PEG6000. B kauecTBe MuHepanuzaropa s moseieHus: pH cpeast 10 9 B pacTBOp BBOAWINA S5 MII
NaOH c xonnenrpanueii 10 mons/n. ABrokiiaB 6b11 3amosHed Ha 90% oT o0bema /17151 ONITUMAIIBHOTO
MPOTEKaHMsI POIEecCOB cuHTe3a. [loydeHHbIi pacTBOp MOABEPraliCs THAPOTEPMAIBHOM 00paboTKe
B TeueHue 12 yacoB npu temneparype 180 °C. B pesynbrare npoTekaHus mpoiecca ruapoTepMaib-
HOTO CHHTE3a ObLI MOTy4YeH Oesblii MOPOILIOK, KOTOPBIA HECKOJIBKO pa3 LIEHTPU(PYTHpOBAJICS B TUC-
THUJUTMPOBAHHO BOJIE ¥ THJIOBOM CIHPTE, MOCIE Yero cymmics npu temmneparype 60 °C.

Pentrenoda3oBblif aHaau3 ObUT MPOBEAEH METOIOM PEHTTEHOBCKOM Au(ppaKkiuy Ha JU(paKTo-
metpe Bruker D8-advance ¢ Cu-K nsnyuennem. Pasmep obnactu xorepentnoro paccesnus (OKP)
Ob1 paccuntal s pedrexcon (111) monoxnmmuano# ¢a3er u (101) TerparonansHoi ((111) xKyOu-
ueckoi) dasbr ZrO,, KOTOpbIE ObUIM MPEIBAPUTEIBLHO alPOKCMMHUPOBAHBI, MCTIONb3Ys (yHKIUIO
IIcerno — Boiina, c momomisio ypasaenus [leppepa [15]:

LS (1)

d — b
XRD Becos8

rae f — mupuHa Ha nomayssicore (FWHM) nna pednexcos (111) monoknunnoi ¢asel u (101) Te-
TparonansHoM ((111) xybuueckoit) daser ZrO,; 0,9 — koopduumenT, yuuThiBarommi Gopmy 4acTHl.

PacueT 1011 MOHOKIMHHOM (a3bl B 9KCIEPUMEHTAIBHBIX 00pa3Lax MPOBOAUIN C UCIOIb30Ba-
HUeM ypaBHeHUs [16]:

¥ - In(T11)45n(111) @)
m @11+, 111+ (101)

i€ Im, I, — uHTEHCHBHOCTH pehIeKCOB Ha AU(PAKTOrPaAMME.

N3o6paxenus Mop}osiorud MOBEPXHOCTH ObUIM MOMYYEHbI Ha CKaHUPYIOLIEM 3JIEKTPOHHOM
mukpockone (COM) Thermo Scientific Phenom ProX G6 Desktop SEM. Pacnpenenenune uactui
ZrO, no pasmepaM ObUIO MOydeHO ¢ momompro aHanuszaropa dactull ANALYSETTE NanoTec.
I[Tepen uccnenoBanueM 00pa3ubl JUCTIEPTUPOBATUCH B AUOHU30BAaHHOM BOJIE U TIO/IBEPraINCh 00pa-
00TKe B yIbTpa3ByKoBOM BaHHE B TeueHHe 30 MUHYT. OTKUT SKCIIEPUMEHTAIbHBIX 00pa31i0B IPOBO-
nuics B Mydenpaoit neur Nabertherm LHT 08/18 nipu tremmeparype ot 100 10 800 °C co ckopocThio
Harpesa 10 °C/MuH. B TeueHHE IBYX 4aCOB IPH KXKOH TeMIeparype.
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OcHOBHBIE ITOJIOKEHUS

CaolicTBa KepamMuKK Ha ocHOBE ZrO, BO MHOTOM 3aBHMCAT OT ()a30BOro cocrasa. Mcnomnbsys
TUIpOTEpMabHbIA MeTON cuHTe3a YacTull ZrO,, BO3MOKHO MOJTy4aTh HU3KOTEMIIEPATypPHYIO TETpa-
TOHaJIbHYI0 (KyOM4ecKyio) asy. Mexmy TeM cTaOUIbHOCTS t, ¢ — ZrO, (aspl Ipu TeMIIEpaTypHOM
BO3JICHICTBUU JIOCTATOYHO HE M3y4YCHA.

Pe3yabrarsl

Metonom peHTreHoBCKOM audpakuun ObLT MccnenoBan (asoBbii coctas yactul ZrO,, moiy-
YEHHBIX M3 pa3HbIX MCXOIHBIX MarepuayioB. M3 pucyHka 1 BUIHO, 4TO, HECMOTPSl Ha OJIMHAKOBbBIE
napameTpsl CUHTE3a, (pa3oBbI COCTAB IMONYYEHHBIX YACTHUI] CYHIECTBEHHO OTIMYaeTcs. YacTuisl
ZrO,, nomyuennnie u3 ZrO(NO,),2H,0, obnanaror uckmounrensro m — ZrO, (PDF 00-065-0687)
npoctpaHcTBeHHast rpynna P21/a(14). B o0pasnax, momyyeHHbIX ¢ UCIOIB30BAHUEM B KayecTBE
craprosoro marepuana ZrOCl,'8H,0, conepxurcs dasa m — ZrO,, a Taxxe t — ZrO, (PDF 00-050-
1089) npocrtpanctennas rpynna P42/nmc(137) unu ¢ — (PDF 01-071-6425) npocTtpancTBeHHast
rpynna Fm-3m (225). U3-3a moxoxkeii cTpykTyphl y t—ZrO, u ¢ — ZrO, [17] METOIOM PEHTIEHOBCKOM
AU(PAKIMK THKETIO I0OCTOBEPHO ONPENENHTD, Kakas u3 (a3, momumo m — ZrO,, NpUCyTCTBYET B 00-
pasue, noydennom us ZrOCl -8H, 0.

VIHTEHCUBHOCTb, OTH.e[.

20 40 60 80 100
20, rpag.

Pucynok 1 — JlupakrorpaMmel HCXOMHBIX 9acTUll ZrO,, TONYYEHHBIX METOIOM
ruaporepmaibHoro cunresa us: 1) ZrOCl,'8H,0 u 2) ZrO(NO,), 2H,0

Pa3meprl obnactu korepentHoro paccesuus (OKP), paccuntanHble ¢ MOMOIIbIO yYpaBHEHHs
[eppepa (1), a Taxke conepaxnue t, ¢ — ZrO, paccuntanupie no Gopmyne (2), NPeaCTaBIEHbI
B Tabnuue 1. M3 npencrapieHHbIX JaHHBIX BUAHO, 4To pasmep OKP mis ZrO,, momydenHoro us
ZrOCl,'8H,0, ne npesbimaer 20 HM, a 15 yactul, noiydenusix u3 ZrO(NO,),2H,0, cocrasms-
er 6onee 30 HM. MOXKHO NPEANONIOKHUTH, YTO OTCYTCTBHE t, ¢ — ZrO, B 00pasie, MoNyYeHHOM U3
ZrO(NO,), 2H,0, cBs3aHo ¢ pasMepHLIM (JaKTOPOM CUHTE3MPOBAHHBIX YacTull. M3BeCTHO, 4TO 115t
MOJyYEHHs TeTparoHaabHOU (ha3bl TMOKCH]IA IIMPKOHUS ITPU KOMHATHOM TeMIieparype HeoOXoauMmo,
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9TO0BI pa3Mep dacTuil He mpesbiman 10-20 am [18], yTo CBA3aHO ¢ MUHHUMH3AIMECH MOBEPXHOCT-
HOM »Hepruu [uid HaHoyacTull. L{upkoHnn xmopun obnamaer 6onee HU3KOM CTENEeHBI0 THAPOIIH3a,
KOTOpasi B3aMMOCBsI3aHa ¢ 00Jiee BEICOKOM CTENEHBIO AUCCOIMAIIMN THIPOXIOPHBIX COSTUHEHHI 110
cpaBHeHMIO ¢ HUTpatHbIMU [19]. B pesynsrare npu ucnonssosanuu ZrO(NO,),-2H,O B kauectBe
CTapTOBOI0 MaTepuaja 3a BpeMsi CHHTe3a HAHOUACTHIIbl YCIIEBAIOT CKOHIJIOMEPUPOBATh, 00pa30BaTh
OoJiee KpyIMHbIe YaCTHIIBI U COBEPIIHTS t (¢) — m (ha30BBIi MEepexo.

Tabmuua 1 — Pasmep OKP u conepkanue TeTparonanbHoi $hasel gactui ZrO, noay4eHHbIX
METOZIOM THIPOTEPMAJIBHOIO CUHTE3A U3 Pa3HbIX CTAPTOBBIX MAaTEPHUAJIOB.

Marepuai-npexypcop t—ZrO, OKP, nm m—ZrO, OKP, um | Conepixanue t — dasbl, %
ZrOCl,'8H,0 9,43 13,96 63,2
ZrO(NO,),2H,0 - 36,00 0

Ha pucynxe 2 npusenens COM-u300pakeHnst HCXOAHBIX YacTull Zr0O,. AHammM3 u300paxeHui
COM nokasaii, YTo BHE 3aBUCUMOCTH OT UCIIOJIb3yEMOI'0 CTaPTOBOIO MaTepuaa sl TiApOTepMalib-
HOTO cHHTe3a YacTHIl ZrO, HAHOYACTHUIIBI IMOKCHIA IIMPKOHHUS TIOJT JICHCTBUEM DJIEKTPOCTATHYECKHX
u Ban niep BanbCoBBIX cHil KOHITIOMEPUPYIOT B OOJIBIINE YaCTHIIBI pa3MEPOM B HECKOJIBKO MUKPOH,
YTO TaKXke MOATBEPKAAeTCS MyOmMKanusaMu Apyrux aBropos [20, 21].

Pucynok 2 — COM-u300pakeHus HCXOAHBIX YacTHI ZrO,, NOTy4eHHBIX U3:
a) ZrOCL,'8H,0 u 6) ZrO(NO,), 2H,O MeTo10M rHIpOTEPMAIBHOTO CHHTE3A

Metonom nasepHoii onTHueCcKol udpakuny ObLIH HCCIEN0BAHBI pasMepbl yacTull ZrO,, moiy-
YEHHBIX U3 Pa3HBIX UCXOIHBIX MaTepuaioB. 3 pucyHka 3 (a) cieayeT, 4To Mpu UCTIOJIb30BaHUH [T
ruaporepmanbioro cuaresa ZrOCL-8H,O nomyyarorcsa wactuupl B auanasone ot 70 go 1200 uwm,
MaKCHUMyM KoToporo Haxoautcs npu ~100 um. B 1o e Bpems npu ucnonbsosanuu ZrO(NO,),2H,0
(pucyHOK 3(0)) 111 THAPOTEPMANBHOTO CHHTe3a 4acTull ZrO, MaKCMMyMbI Paclpee/ieHns Haxo-
nsirest ipu ~200 aM 1 =~1000 aM. [laHHBIE JTa3epHON ONTHYECKOW TUPPAKITNH ITOITBEPKIAIOT MPEI-
MOJIOKEHHE, YTO OoJiee MEJIKHE YacTUIBI 00pa3yloT KoHrIomMeparbl. CTOUT OTMETUTh, YTO TIPH UC-
CJIETOBAHUU pa3Mepa YaCTHUI] METOAOM JIa3€pPHOM ONTUYECKON NU(PAKIIUU HEBO3MOXKHO OTHO3HAUHO
YTBEPXkAaTh, UTO MOJy4YEHHBIE 3HAYEHUSI COOTBETCTBYIOT PEAIbHOMY pa3Mepy 4acTULl. DTO CBA3aHO
C T€M, YTO HAaHOYACTHIIbI, HECMOTPS Ha 00pabOTKy yabTPa3BYKOM, JOCTATOYHO MHTEHCUBHO KOHIJIO-
MEpPUPYIOT.
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KonuyecTtBo 4acTtuy

a)

1000

Pa3swmep yacTuy, Hm

KonuyecTBo yactuy,

Pucynoxk 3 — Pacnipenenenue no pazmepam gactui] ZrO

_ -

y
100 1000 10000
Paamep yacTtuu, HM

6)

i TIOJIYYCHHBIX U3

a) ZtOCl,'8H,0 u 6) ZrO(NO,),"2H,0

Jlns nanpHEWIINX MCCIeNOBaHUN M3MEeHEeHHUs (a30BOTO COCTaBa OT TEMIIEPAaTypHOTO BO3/EH-
CTBHS ObLIM BBIOPAHBI YaCTHIIbI AMOKCH A LMPKOHUs, nonyuennsie u3 ZrOCl -8H,O. Ha pucynke 4
TIPEICTABIEHHBI IM(PPaKTOrpaMmbl 4acTHIl ZrO, mocyie TEPMUYECKOTO OTKHUIA IPH PA3IUIHBIX TEM-
neparypax. M3 npencTaBieHHBIX JaHHBIX BHJIHO, YTO C YBEIMUYCHHEM TEMIIEPATypbl OT)KUTA MPO-
UCXOJIUT YMEHBIIEHUE MHTEHCUBHOCTU PEQIICKCOB, XapaKTEpPHBIX AJISI T€TPAaroHaJbHOIO JUOKCH-
Jla IUPKOHMSA, U YBEIMYCHHE WHTEHCUBHOCTH Pe(IIEKCOB, XapaKTEPHBIX Ui MOHOKJIWHHON (ha3bl
Jauokcua nupkoHusi. @a3oBelii cocTaB 00pa3LioB MOCIE TEPMUUECKOTO OTKUIA, PACCUMTAHHBIN MO
ypaBHeHuU1o (2), npeacrasieH B Tabnuie 2 (ctp. 135). C poctoM TemmepaTypbl OT>Kura HaOonaeT-
Csl 3HAYUTENBHOE YMEHBIICHUE IO TETPArOHAIbHOM (pa3bl TMOKCHAA TUPKOHUS, YTO OOBSICHSIETCS
nporeccaMu (pa3oBOro Nepexoaa B pe3ylpTrare ClieKaHUs YacTHUI] U, KaK CJIEJCTBUE, YBEJIMYECHUS UX

pa3MepoB.

MHTEHCUBHOCTb, OTH.€A.

._,Ju

000 tes o ZrO, nocne 800 °C

. 7r0, nocne 700 °C |

ZrQ, nocne 600 °C |

; Zr0, nocne 500 °C

L ZrO, nocne 400 °C

] 2rO, nocne 300 °C

i Zr0, nocne 100 °C

: .
*-m-ZrOy

o -t c-Zr0y| |

20

40

60
20, rpaa.

80 100

Pucynoxk 4 — Jluppakrorpammel yactun ZrO,, noayuennsix u3 ZrOCl,':8H,0 nocne omxura
npu temmeparypax ot 100 g0 800 °C
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Ha pucynke 5 npeacrabineHa 3aBUCUMOCTh n3MeHeHus pasmepoB OKP mist pedaexca (111) m —
ZrO, u (101) t— ZrO, (umu (111) ¢ — ZrO,) ot Temneparypsl oTkHra. CTOMT OTMETUTB, YTO IIPH Pac-
yete OKP He yunuThIBa10Ch BO3MOXHOE BOZHUKHOBEHHE JIe(OPMAIIIOHHBIX NCKAKEHUH, BO3HUKAIO-
mMX pu oTxure. C pocToM TeMIepaTypbl OTKUTA POUCXOAUT MOCTENCHHOE YBEINYSHHE 3HAYCHUI
OKP s peneca (101) t — ZrO, (umm (111) ¢ — ZrO,). ConocraBus JaHHbIE PEHTIEHO(DA30BOTO
aHanu3a (Tabmuua 2) u paccuntanHbix napamerpoB OKP, MoxHO yTBepKaarh, YTO 1O/ BO3ACHCTBH-
€M TeMIeparypsl HaOMIOAaeTCs pa3pacTaHue YaCcTHIl BCIEACTBHE MPOTEKAHHS MTPOIECCOB, 00yCaB-
JUBAIOIINX U3MEHEHHE IOBEPXHOCTHOW YHEPIHH.

22 T : T I T ! T y T
-0-m-Zr0, /J]
201 -0-tc-210, 5 1
—_— O
/
18 1 /! 4
/
/
S L d i
1_16 g 0
o “ /
- -0
St p--O----- o - n 1
/
g
2L y .
i
/
10 - /Oj .
Q=r0===== 0--0-0
8 | L | 1 | |
0 200 400 600 800
T.°C

Pucynox 5 — 3aBucumocts pasmepa OKP vactui ZrO, oT TemIieparypbl OTKHIa

Ha pucynke 6 (ctp. 136) mpencrasneno COM-uzo0paxkenne yactun ZrO, mocie 0TKUra mpu
temmneparype 800 °C. O6paser mpeacTaBiseT COO0H YaCTHIBI C IBYMS BHIAMH MOP(OIOTHH I10-
BEpPXHOCTH. [1epBbIi BUJI 4aCTHUI] — 3TO OOJIBIINE YACTHUIIBI HEPABUIIBHON (POPMBI pa3MepoM OT 3 110
15 MKM 1 BTOpO# — KOHTJIOMEPATHI YaCTHUI] pa3MEPOM MEHBIIIE 3 MKM.

Tabmuuma 2 — ¢asosblii cocrap yactun ZrQO, mocne OTXKUra IpU TEMIEparypax B AUAla3oHe
100-800 °C

T, °C t, 4. m — daza, % t — dasza, %
0 36,8 63,2
100 36,5 63,5
300 36,9 63,1
400 2 37,2 62,8
500 38,2 61,8
600 449 55,1
700 62,2 37,8
800 72,2 27,8

135



HERALD OF THE KAZAKH-BRITISH
No. 1(68) 2024 TECHNICAL UNIVERSITY

Pucynok 6 — COM-n300paskeHus YaCTHIL ZrO2
nocie orxura mpu T = 800 °C

Js1 Oosiee NeTaabHOIO yTOUHEHUS pa3Mepa YacTUIL II0CiIe MOCIIe OTKUTa CII0Ib30BAIIM Ja3ep-
HYIO ONTHYeCcKyIo audpakiuio. Ha pucyHnke 7 npeacraBieHbl JaHHbIE PAacpeesIeHUs 110 pa3Mepam
gactun ZrO, nocyie orxura ipu T = 800 °C. Ha rpaduke MoxkHO BbIeUTh TpH obnacTy. [Teppas —
KOHITIOMEparbl yacTull B auanazoHe pasmepoB 0,1-10 mxkm. Bropas — wactuisr pazmepom ot 10
10 70 MKM, U TpeThsl — yacTULbl pazMepoM oT 70 1o 150 MkM. MOXHO NPEAIoNoKUTh, YTO IEP-
Basi 00J1acTh B OOJIbIIEH CTENIEHH XapaKTepU3yeT KOHITIOMepaThl HAHOUACTHUIL, a TAKXKE KOHITIOMepa-
Thl, KOTOPBIE MO/ J€HCTBUEM BBICOKOM TeMIepaTyphl CIIEKINCh B MOHOJIUTHBIE YaCTHIIBI Pa3MEpPOM
5-10 mxm. Hannuue BTOpoOii U TpeThel 001acTH MOXKHO YaCTHYHO OOBSICHUTH TEM, YTO Pa3lIndHas
IJIOTHOCTh «HACBIIKW» MOPOIIKA, & TAKXKE HAJIMYUE BO3IYIIHBIX MOP MPUBOIAT K HEPABHOMEPHO-
CTH MPOTEKAHUS MPOIECCOB CIEKAHUS NPU OTXKHIE, YTO B UTOTe 00YCIaBIMBAET HEPABHOMEPHOCTh
pocra uyactuil. Pesynasrarsl COM u na3epHON onTHYECKON MU(paKIUK MOATBEPKIAAIOT HAIUUUE
IIPOLIECCOB CIIEKAHMsI U pa3pacTaHMsl 3€peH, UTO B pe3y/bTare MPUBOAUT K YMEHBIICHUIO MOBEPX-
HOCTHO SHEPrUM YacTHUI] U, KaK CJIEICTBHE, K (ha30BOMY Hepexony t (c) — m.

3,5

30

25

20 - h

CopepxaHwne, %

10

0,5

W

”’lrro,ﬂ" l\h\ ,rl“ |

1 100 1000

Pa3mep, MKm

Pucynok 7 — Jlannsie pacnpenenenus no pasmepam vactun ZrO,
nocie orxura npu T = 800 °C
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3akiouenue

B nannoi pabore nccnenosan (asoBblii cocTap gactul ZrO, B 3aBUCHMOCTH OT MCIIOJb3y€EMO-
Io CTapTOBOIO Marepuana. YCTaHOBICHO, YTO 00pasubl Yactul] ZrO, MONy4eHHbIE METONOM T'Ul-
pOTEepMaNIbHOTO CHHTe3a B TeueHue 12 yacoB npu temmeparype 180 °C u3 ucxomHoro marepuaia
ZrO(NO,), 2H,0, 061asar0T UCKIFOYUTEILHO MOHOKIMHHOM (a3oi. B To ke Bpemst P MCIIONb-
30BaHMU B KauecTBe McxonHoro marepuana ZrOCl -8H,O npu Tex e yclnoBusX CUHTE3a B 00pas-
nax Habmonaercs pasa t, ¢ — ZrO, INosiBieHre BRICOKOTEMIIEPATYPHOH (a3bl IMOKCU/IA IMPKOHHUS B
oOpa3siie 00yCIOBICHO pa3MepHBIM (aKTOpPOM, OJarofaps 4eMy BO3MOXKHO CYIIECTBOBAaHUE JaHHOM
(asel npu KOMHATHOM Temmeparype. [lanpHelnmii ananus cTabmibHOCTH t, ¢ — ZrO, (assl mpu TeM-
nepaTypHOM BO3ZCHCTBUHU ITOKA3aJl, UTO B PE3y/IbTaTe pa3pacTaHus YaCTHUI] U TPOTEKAHUS IPOIECCOB
CIIEKaHMs KOHIJIOMEPATOB HAHOYACTHI] B O0JIe€ KPYIHbIE OJJHOPOIAHBIE YACTUIBI IIPOUCXOIUT (ha3o-
Bast TpaHcdopmanus MeTacTabuibHOM t, ¢ — ZrO, B m — ZrO,. Pasmepsr OKP, paccunranusie ¢ 110-
mopio ypasuenus [leppepa s pednexcos (111) m — ZrO, u (101) t — ZrO, (nnm (111) ¢ - Zr0O,),
MOKAa3bIBAIOT MOCTETIEHHOE yBEIUYEHHE MHUHHUMAJIBLHOTO pa3Mepa YacTHI[ C POCTOM TEMIIeparyphl
omxkura. COM-uzo0paxenne qactul ZrO, ¥ TaHHbIE PACIPEICTEHUS YaCTHIL, ITOIYYEHHBIE METOZIOM
Ja3epHON onTUYEeCKOM audpakimu, mocie orxkura mnpu Temmeparype 800 °C, monTBepkIarT mpo-
TEKaHHUE MPOLIECCOB CIIEKaHus U 00pa30BaHus KPyMHbIX yacTul pazmepom ot 10 1o 150 mxm. Takum
o0pa3oM, METOAOM T'HJIPOTEPMAIbHOIO CUHTE3a MPU 33/JaHHBIX YCIOBUSX CHHTE3a ONTHUMAaJIbHBIM
ucxonubiM MarepuanoM spisiercs ZrOCl-8H,0. Ilpu ncnonpsosanun ZrOCL,'8H,O obpasyrorcs
HaHo4acTuubl ZrO, ¢ MPEMMyHIECTBEHHBIM COIEP)KAHUEM MeTacTaOunbHol (asel t, ¢ — ZrO,. Pa-
30BbIH cocTap yactul ZrO,, coracHo Tabnuue 2, crabuieH B quanazone Temneparyp 100-500 °C.

®unancupoBanme. Vccnenosanue Gunancupyercs Komurerom Haykun MuHHCTEpCTBa HAYKU U
BhIciiero oopazoBanus Pecnyonnku Kazaxcran (rpant Ne BR20081011 «Pa3BuTie HOBBIX HayUHBIX
UCCIIeIOBaHUI B 00JIaCTH paAMalliOHHOTO MAaTePHaIOBEACHNUS, KOHCTPYKIIMOHHBIX MaTepUaiOB, Ha-
HOMAaTepHuasIoB Ha uccleaoBarenbckoM peakrope BBP-K»).
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Anjarna

By sxympicTa opTypi OacTankel MaTepHainapiaH THAPOTESPMUSUIBIK CHHTE3 OMICIMEH allbIHFaH UPKOHUN
JUOKCHUJII YJITiepiHiH (a3aiblK KypaMbl, MUKPOKYPBLIBIMBI %oHe (hasajiblk TYpakThubirbl seprTeni. ZrOCl-8H,0
OacTarkpl MaTrepuall peTiHae NalianaHblIFad Ke3/1e KypaMbIHAa MOHOKJIMHUKAJIBIK )KOHE TETParoHalbIbl (TEKIIe)
(aszanbl nMpKoHME OesekTepi TY3iNeTiHi aHbIKTaabl, coHbiMeH Katap ZrO(NO,),-2H,O Gacrankel mMarepuan
peTinzae nmalianaHblIFaH Ke3/e YITiiepie TeK MOHOKIMHMKANBIK (asza aHbikTanasl. llleppep Tenneyin KommaHy
apkputbl ecenrrenreH KIA emmemaepi 9-man 40 HM-Te meitiH. DxcrepuMeHTTIK ynrinepaiy COM-cypertepin
Tajnay HaHOOONIIEKTepAiH emmeMaepi OipHeNIe MHUKPOH OONaTblH KOHIJIOMEpaTTap TY3€TiHIH KOpPCeTTi.
Temneparypaibik ocepaien t, ¢ — ZrO, dasachiHblH (azaiblk TYPaKThUILIFbIH 3epTTey t, ¢ — ZrO, 10 nm Kyiaipyre
neitin KIITA enmemaepi 6ap meractaduibai hasza ekeHin kepcerti. Kyiinipy TemmneparypachIHbIH KOFapbLIaybIMCH
MeTacTabuibi TeTparonab bl (Texuie) ZrO, (a3achiHbIH MOHOKJIMHTE OipTiHIEN 03repyi, 6€TKi SHEPTUAHBI a3aiTy
JKoHE OeJIeKTepAiH Ko0erol, COHIal-aK KOHITIOMEpaTTap/IblH YIKeH MOHOJIIUTTI OOJIIIEeKTepre arioMepanusuiaHybl
HOTIDKECIHIIE KYPEli.
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THE EFFECT OF THE CHOICE OF THE STARTING MATERIAL
ON THE PHASE COMPOSITION AND PHASE STABILITY
OF ZRO, PARTICLES SYNTHESIZED BY THE HYDROTHERMAL METHOD

Abstract

In this work, the phase composition, microstructure and phase stability of zirconium dioxide samples obtained
by hydrothermal synthesis from various starting materials were investigated. It was found that when using
ZrOCl,-8H,0 as a starting material, zirconium dioxide particles containing monoclinic and tetragonal (cubic)
phases are formed, at the same time, when using ZrO(NO,),-2H,O as a starting material, only the monoclinic phase
was identified in the samples. The CSR dimensions calculated using the Scherrer equation are in the range from 9
to 40 nm. Analysis of SEM images of experimental samples showed that nanoparticles form conglomerates with
sizes of several microns. A study of the phase stability of the t, c — ZrO2 phase from temperature exposure showed
that t, c — ZrO2 is a metastable phase with CSR sizes up to annealing of 10 nm. With an increase in the annealing
temperature, the metastable tetragonal (cubic) phase of ZrO, gradually transforms into a monoclinic one, due to the
processes of minimizing surface energy and particle proliferation, as well as sintering conglomerates into larger
monolithic particles.

Key words: ZrO,, hydrothermal synthesis, phase composition, phase stability.
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ENVIRONMENTAL SUSTAINABILITY
IN CROSS-BORDER ENERGY TRADE:
THE CASE OF THE KAZAKHSTAN - CHINA PIPELINE

Abstract

The article delves into the nuanced realm of environmental sustainability in the context of the Kazakhstan-
China pipeline — a crucial conduit for oil and gas resources spanning borders. Rigorous methodologies, including
Geographic Information System (GIS) mapping and community engagement, unveil the environmental challenges
intrinsic to cross-border energy projects. From habitat disruption and pollution to the potential for oil spills, the
negative impacts demand strategic mitigation. The article advocates for a multifaceted approach, recommending
the incorporation of advanced technologies, strategic route planning, and diversified energy sources. Emphasizing
community engagement, transparency, and international cooperation, the proposed sustainable practices aim to
balance the imperatives of economic growth with ecological preservation. As the world grapples with increasing
energy demands, the Kazakhstan-China pipeline stands as a poignant case study, prompting a collective reevaluation
of our approach to global energy trade. Through proactive measures and collaborative efforts, it is possible to
navigate the delicate equilibrium between energy security and environmental stewardship, fostering a future where
sustainable practices underscore the foundation of cross-border energy endeavors.

Key words: Kazakhstan-China pipeline, oil and gas resources, energy, environment, sustainability.
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Introduction

In the dynamic landscape of global energy trade, the interconnection between economic
development and environmental responsibility stands as a critical junction. One obvious illustration
of this delicate balance is found in the Kazakhstan-China pipeline, a vital conduit for the
transportation of oil and gas resources across borders. As nations seek to meet their energy demands,
the environmental implications of such cross-border ventures cannot be overlooked. This article
delves into the environmental sustainability aspects of the Kazakhstan-China Pipeline, overviewing
the intricacies of its impact on ecosystems and proposing innovative solutions for the transportation
of energy resources in a more sustainable manner.

The Kazakhstan-China pipeline represents a link in the energy cooperation between two
nations — Kazakhstan and China. Stretching over thousands of kilometers, this network of pipelines
facilitates the flow of oil and gas resources, fostering economic collaboration between the resource-
rich Central Asian nation and the energy-hungry giant of the East. The pipeline not only embodies
the interdependence of nations in the global energy market but also poses a myriad of environmental
challenges that demand a careful consideration.

As the Kazakhstan-China pipeline winds its way through diverse terrains, from the expansive
steppes of Kazakhstan to the mountainous landscapes of China, it leaves an indelible mark on the
environment. The extraction, transportation, and processing of oil and gas resources are intrinsically
linked to ecological disturbances, ranging from habitat disruption and soil degradation to air and
water pollution. Furthermore, the potential for oil spills or gas leaks along the pipeline route poses a
looming threat to biodiversity and human communities alike.

In the face of these environmental challenges, the imperative for sustainable practices in cross-
border energy trade becomes evident. The Kazakhstan-China pipeline presents a unique opportunity
to redefine the narrative surrounding the transportation of vital energy resources. By incorporating
eco-friendly technologies, implementing environmental regulations, and encouraging international
cooperation, it is possible to mitigate the adverse effects and pave the way for a more sustainable
energy future.

The following article aims to comprehensively analyze the environmental sustainability aspects
of the Kazakhstan-China pipeline, shedding light on both the challenges and opportunities it
presents. Subsequent sections will delve into specific environmental implications, explore existing
efforts to address these concerns, and propose innovative solutions for fostering a more sustainable
approach to cross-border energy trade. Through navigating the web of both economic growth and
environmental responsibility, the Kazakhstan-China pipeline serves as a microcosm of the global
energy dilemma. By critically examining its environmental footprint and advocating for sustainable
practices, it is possible to highlight a path towards a harmonious coexistence between energy demands
and ecological preservation.

Main Provisions
Literature Review

The intersection of environmental sustainability and cross-border energy trade has garnered
significant attention in scholarly circles, reflecting the growing global concern for balancing
economic progress with ecological responsibility. The literature surrounding this complex interplay
provides valuable insights into the challenges faced by nations engaged in cross-border energy trade
and offers potential solutions to mitigate the environmental impact. This review provides some key
themes and findings from existing research, clarifying the broader context and specific nuances of the
environmental sustainability discourse, with a focus on the Kazakhstan-China pipeline.

1. Cross-Border Energy Trade and Environmental Concerns

As the global demand for energy continues to surge, nations increasingly turn to cross-border
energy trade to secure their supply. However, this transition is not without environmental
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ramifications [1, 2]. There are environmental externalities associated with cross-border energy
transportation, emphasizing the need for comprehensive assessments that go beyond economic
considerations [3, 4, 5]. The Kazakhstan-China pipeline, as a case in point, exemplifies the challenges
posed by traversing diverse ecosystems and raises questions about the long-term ecological
consequences [6, 7, 8].

2. Environmental Impact Assessment along Cross-Border Pipelines

The assessment of environmental impacts along cross-border pipelines has become a focal point in
academicresearch [9, 10, 11, 12]. It was conducted a comprehensive environmental impact assessment
of oil and gas pipelines, including those traversing international boundaries [13, 14]. Their findings
underscored the need for stringent regulations, advanced technologies, and international cooperation
to minimize adverse effects. It aligns with the concerns surrounding the Kazakhstan-China pipeline,
where the varied topography and ecosystems demand a nuanced approach to environmental impact
assessment [15, 16].

3. Technological Innovations for Sustainable Energy Transportation

Advancements in technology play a pivotal role in shaping the environmental sustainability
of cross-border energy trade [17, 18]. The researchers have explored the application of innovative
technologies, such as leak detection systems and eco-friendly materials for pipelines, as means
to reduce environmental risks [19, 20, 21]. Integrating such technologies into the infrastructure
of the Kazakhstan-China pipeline could be instrumental in preventing and addressing potential
environmental incidents [22, 23].

4. Regulatory Frameworks and International Cooperation

The establishment of robust regulatory frameworks and the promotion of international cooperation
emerge as critical factors in ensuring the environmental sustainability of cross-border energy projects
[24]. In their examination of global energy governance, some scholars have emphasized the role of
regulatory bodies in harmonizing environmental standards. The Kazakhstan-China pipeline, spanning
two nations, underscores the necessity for collaborative governance to address shared environmental
concerns effectively [25, 26].

5. Case Studies: Lessons from Cross-Border Energy Projects

Examining case studies provides valuable lessons for understanding the features of environmental
sustainability in cross-border energy trade. The experiences of other pipelines, such as the Baku-
Thilisi-Ceyhan pipeline or the Nord Stream pipeline, offer insights into successful strategies and
potential pitfalls [27]. Drawing parallels and distinctions between these cases and the Kazakhstan-
China pipeline can inform best practices and innovative solutions tailored to the specific challenges
of each project [28].

6. The Role of Stakeholders in Promoting Sustainability

Stakeholder engagement emerges as a key determinant in the success of sustainable practices
along cross-border energy routes [28]. It was explored the role of stakeholders, including governments,
industry players, and local communities, in influencing the environmental outcomes of energy
projects [29]. Understanding the diverse interests and concerns of stakeholders along the Kazakhstan-
China pipeline is essential for crafting inclusive and effective sustainability initiatives [30].

The literature has reviewed here underscores the multifaceted nature of environmental
sustainability in cross-border energy trade. As the world grapples with the imperative to meet energy
demands while safeguarding the environment, the Kazakhstan-China pipeline stands as a pivotal
case study. By building upon the insights from existing research, policymakers, industry leaders,
and environmental advocates can collaboratively work towards sustainable solutions that balance
economic prosperity with an ecological preservation.

Methodology

There are many effective methods to analyze a sustainability of the pipeline. One of the most
qualified tools is the application of Geographic Information System (GIS) mapping to assess and
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visualize the environmental sustainability of the Kazakhstan-China Pipeline [31]. GIS as a powerful
tool for spatial analysis can be employed to integrate diverse datasets and provide a comprehensive
spatial context for understanding an ecological impact along the pipeline route. It consists of six
major stages [32].

The first step involves the collection and compilation of relevant GIS data. This includes
topographical maps, land use data, ecological features, and any available environmental monitoring
data along the Kazakhstan-China Pipeline route. By assembling a rich dataset, the GIS analysis will
be able to capture the complexity of the landscape and identify key environmental indicators.

The second step examines an environmental impact along the pipeline route. Various
environmental parameters, such as soil quality, air and water quality, and biodiversity, will be
geographically referenced and analyzed. This spatial perspective will highlight areas of potential
environmental stress, helping to pinpoint regions that require specific attention in terms of mitigation
strategies.

The third step identifies high-risk areas, which may include ecologically sensitive zones, water
bodies, or regions prone to soil erosion. The GIS analysis will provide a visual representation of the
areas, which are the most vulnerable to environmental disturbances, guiding decision-makers in the
prioritization of mitigation efforts.

The fourth step includes a scenario modeling to be employed to simulate the potential outcomes
of different mitigation strategies. This proactive approach allows for the exploration of various
scenarios, such as the implementation of eco-friendly technologies or the establishment of buffer
zones around environmentally sensitive areas. Through GIS-based modeling, the effectiveness of
these strategies in minimizing the environmental impact can be assessed before implementation.

The fifth step ensures the accessibility of GIS maps to the public. Transparent communication
is vital for building trust and fostering collaboration among stakeholders. The GIS maps, illustrating
environmental data and potential mitigation strategies, will be made accessible through online
platforms, allowing stakeholders, including local communities, to engage with and contribute to the
decision-making process.

The final step involves a continuous monitoring of environmental changes. By implementing a
system for regular updates and incorporating real-time data, the GIS analysis can adapt to evolving
environmental conditions. This iterative approach ensures that environmental sustainability measures
remain relevant and effective throughout the lifecycle of the Kazakhstan-China pipeline.

Based on a format of this tool, it is possible to conduct a brief GIS mapping to see the impact of
the pipeline on the environment.

Results

Considering the statistics and reports from the official site of the Kazakhstan-China pipeline, it
was prepared the list of environmental indicators, which was carefully analyzed. See Table 1 below.

Table 1 — Environmental Indicators of the Kazakhstan-China Pipeline (source: made by the authors)

Location Soil quality Air quality Water quality Biodiversity index
Pre Post Pre Post Pre Post Pre Post
Atasu-Alashankou High | Medium | Medium | Medium | Good | Medium | High | Medium
Kenkiyak-Kumbkol High High Medium | Medium Good Good High High

Considering the results of Table 1 it is seen that the construction and operation of pipelines
can have several negative impacts on various environmental indicators. While advancements in
technology and regulatory frameworks aim to minimize these impacts, challenges persist.

First, a construction of pipeline often requires clearing land, leading to habitat disruption and
fragmentation. It can affect local flora and fauna, especially in ecologically sensitive areas.
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Second, this is a soil disturbance as excavation and installation activities can disturb the soil,
leading to erosion and soil compaction. It can result in changes to soil structure, nutrient composition,
and water retention capacity.

Third, pipeline construction and maintenance activities can introduce pollutants into nearby
water bodies. Accidental spills, leaks, or improper disposal of construction materials can contaminate
rivers, streams, and groundwater, affecting aquatic ecosystems and water quality.

Fourth, construction activities, particularly those involving heavy machinery, can release
pollutants into the air. Dust, particulate matter, and emissions from machinery contribute to air
pollution, potentially impacting local air quality.

Fifth, the pipeline’s operational activities generate noise and vibrations, which can disturb
wildlife, affecting their behavior and communication. This disruption can be particularly impactful
in areas with sensitive or endangered species.

Sixth, one of the major concerns associated with oil pipelines is the risk of spills. Accidental
releases of oil can lead to extensive environmental damage, affecting soil, water, and wildlife.
Cleanup efforts may not fully restore the affected ecosystems.

Seventh, the extraction, transportation, and combustion of fossil fuels, which pipelines facilitate,
contribute to greenhouse gas emissions. This situation contributes to global climate change and
associated environmental impacts.

Further, pipeline can impact local communities and populations, affecting their traditional lands,
livelihoods, and access to resources. Disruptions to cultural practices and potential conflicts over
land use may arise.

In addition, the associated infrastructure can alter the visual landscape, particularly in pristine or
scenic areas. This alteration may affect the aesthetic value of the environment and impact tourism.
In this regard, the presence of any pipeline can lead to long-term changes in land use, restricting
certain activities or altering land accessibility. It can have cascading effects on local economies and
lifestyles.

It is essential to note that the severity of these impacts can vary based on factors such as pipeline
design, construction practices, regulatory oversight, and the sensitivity of the local environment.
Mitigation measures and adherence to environmental regulations are crucial for minimizing the
negative effects of pipelines on the environment.

Conclusion

The analysis of the Kazakhstan-China pipeline has brought to light various environmental
challenges inherent in cross-border energy projects. From habitat disruption and soil disturbance to
potential water and air pollution, the negative impacts underscore the importance of a meticulous
approach to environmental management. The risk of oil spills and the potential long-term consequences
of greenhouse gas emissions further emphasize the complex web of challenges faced in the pursuit
of energy security.

The methodologies proposed for assessing environmental sustainability, whether through
advanced tools like Geographic Information System (GIS) mapping or simpler approaches like
field observations and stakeholder engagement, provide valuable insights. GIS mapping, with its
spatial analysis capabilities, offers a nuanced understanding of environmental indicators and aids
in the identification of high-risk areas. On the other hand, simpler methods involving community
workshops and data collection from key stakeholders contribute to a more accessible and inclusive
decision-making process.

The negative impacts associated with pipelines, including habitat disruption, pollution, and
the potential for oil spills, cannot be ignored. However, it is imperative to recognize that proactive
mitigation strategies can significantly alleviate these concerns. Rigorous environmental impact
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assessments, the implementation of advanced technologies for leak detection, and adherence to
stringent regulatory frameworks are paramount in minimizing the ecological footprint of cross-
border energy projects.

Therefore, some recommendations were generated towards introducing sustainable practices by
the Kazakhstan-China pipeline.

First, the project needs to embrace state-of-the-art technologies, such as advanced leak detection
systems and environmentally friendly materials for pipeline construction. These technologies can
enhance the safety and reliability of the pipeline while minimizing environmental risks.

Second, it is possible to conduct thorough environmental impact assessments during the planning
phase, considering diverse ecosystems, sensitive habitats, and areas prone to ecological stress.
Strategic route planning can help avoid or minimize the disruption of critical environmental zones.

Third, the pipeline can foster an active engagement with local communities and Indigenous
populations. Their insights and traditional knowledge can contribute to more sustainable project
planning, ensuring that the pipeline respects cultural practices and minimizes negative impacts on
local livelihoods.

Fourth, it should establish a robust system for continuous monitoring of environmental indicators
along the pipeline route. Transparency in sharing monitoring data with the public and relevant
stakeholders ensures accountability and builds trust.

Fifth, the Kazakhstan-China pipeline can encourage a diversified approach to energy sources,
including investments in renewable energy. It can reduce dependence on fossil fuels, mitigate
greenhouse gas emissions, and contribute to a more sustainable and resilient energy future.

Finally, the project should promote international cooperation and the development of standardized
environmental regulations for cross-border energy projects. Harmonizing standards ensures that
environmental protection is prioritized uniformly across borders.

In conclusion, the journey towards environmental sustainability in cross-border energy trade
is challenging but navigable. The Kazakhstan-China pipeline serves as a microcosm of the global
energy dilemma, urging us to reevaluate practices, prioritize innovation, and forge partnerships
that transcend national boundaries. By embracing sustainable practices, incorporating advanced
technologies, and fostering collaboration, we can pave the way for a future where the transportation
of oil and gas resources harmonizes with the preservation of our planet’s ecological integrity. The
choices made today will resonate far into the future, shaping the legacy of our commitment to a
sustainable and resilient world.
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TPAHCIIEKAPAJIBIK DHEPTHSI CAVIACBIHJIAFBI
KOOI USIBIK TYPAKTBLIBIK:
KA3AKCTAH - KbITAWl KYBBIPBIHBIH MBICAJIBI

Angarna

Makanaga Kazakcran-Kpitaii MyHail KYOBIpbI KOHTEKCTIHJIET1 SKOJOTHSUIBIK TYPAaKTBUIBIKTHIH HIOAHCTBI
caJylachl — IIeKapayapbl KAMTHUTBIH MYHall MEH a3 pecypcTapbl YIIiH ISyl apHa KapacTbipbuiaabl. [eorpa-
¢usutbik akmaparthik kyieni (TAXK) xaprara Tycipyai jkoHE KOFaMJIACTBIKTBIH KaThICYbIH KOCa allFaHja, Karay
o/licTeMeliep TPaHCIIEKAPAJIBIK IHEPreTHKANIBIK >KoOajdapra TOH HSKOJNOTHMSIIBIK KHUBIHABIKTAP/bI ANKBIHIAHIBI.
Tiprmminik eTy opTachIHBIH OY3bLUTYHI MCH JIACTAHYBIHAH MYHAH TOTLTY BIKTHMAJIBIFBIHA JCHIHT1 )KaFBIMCBI3 dcepiiep
CTPATErusUIBIK TYPFBIJA a3alTyAbl Tayan erexi. Makanana O3bIK TEeXHOJOTHSIApAbl, CTPATETUSUIBIK OaFbITTapabl
JKOCIIapiay )KoHe opTapanTaHAbIPbUIFaH SHEPI U KO3/IEPIH €HI'13y YChIHBUIBIIL, KOIT KbIPJIbl KO3KapacTap jKaKTataibl.
KoraMJacThIKTBIH KaThICYbIH, AIIBIKTBIKTBI JKOHE XallbIKapalblK BIHTHIMAKTACTBIKTBI 0aca KOpCeTe OTBIPHII,
YCBIHBUIBII OTBIPFaH TYPAKThl TKIpHOETIep SKOHOMHKAJIBIK ©CY HMIICPATUBTEPI MEH OSKOJIOTHSHBI CaKTayJIbl
TeHecTipyre OarbITTajFaH. OJIEM SHEPrHsiFa CYpaHbBICTBIH apTybIMEH Kypecin jkaTkaH kesne, Kazakcran-Kprrai
KYOBIpBI jKahaHJIBIK SHEPreTHKAIBIK cayaara JereH KO3KapachIMbI3Ibl YKBIMIBIK TypHe KaidTa Oaramayra TYPTKi
OomaTeIH MaHBI3AB! MBIcAN. bencenni maparap MeH OipleckeH KYII-Kirep apKbUIBI YHEPTeTHKAIBIK Kayilci3mik
MIeH KOpIIaFaH OPTaHbI OACKAPY apachIHIAFbI TETe-TeHIIKTI KaJlmblHa KenTipyre 0omanel, OyJ TypakThl TOXipuOe
TpaHCIIeKapaJIbIK SHEPreTHKAIBIK KYII-KITepAiH Heri31H KypalThiH OONalIakThl KAMTaMachl3 eTeli.

Tipexk co3nep: Kazakcran-KpITaii KyObIpbI, MyHail )oHE ra3 pecypcraphbl, 3HEPreTHKa, 3KOJIOT U, TYPAKTBIIBIK.
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3KOJIOTUYECKAA YCTOUYUBOCTh B TPAHCITPAHUYHOU
TOPI'OBJIE DOHEPI'OHOCUTEJIAMMU:
HA ITPUMEPE HE®TETA3OIIPOBOJIA KA3AXCTAH - KUTAM

AHHOTaNMA

JlanHasi cTaThsi paccMaTpuBaeT HIOAHCHI KOJOTMYECKOil ycToitunBocTr Ha Gone Kazaxcrancko-Kuraiickoro
TpyOOIpOBOJIa — KPUTHYECKH BAKHOTO KaHasa JJIsl IEPEeBO3KM HE()TH M ra3a yepe3 IpaHulbl. TiiareiabHble Me-
TOZIOJIOTHH, BKJIIOYasl KapTrorpadupoBanue ¢ ucnonszoBanueM [ MIC u B3anumoneiicTBiEe ¢ MECTHBIM HAcEJICHUEM,
PAacCKpBIBAIOT HKOJIOTHYECKHE BBI30BbI, CBOMCTBEHHBIE IPOEKTAM 110 IepeceueHuIo rpanul. OT pa3pylLIeHus: Cpeabl
OOHMTaHMA M 3arpsA3HEHNS 10 MOTECHIMANA yTeueK He()TH — NaHHbIC HETraTHBHBIC TOCIIEACTBHS TPEOYIOT CTpaTeru-
yeckoro cmsrdeHus. CTaTbsi peKOMEHyeT MHOTOTPaHHBIH MOAXO/, IIpeyIarasi BHEAPEHHUE NePe0BbIX TEXHOIOTHH,
CTparernuecKkoe iaHMpOBaHNue MapIIPyTa U JUBEPCUPHUKALIMIO HCTOYHUKOB dHepruu. C aKIeHTOM Ha B3aUMO/ICH-
CTBHE C MECTHBIM HAaCEJICHHEM, MPO3PAaYHOCTh U MEXIYHAPOAHOE COTPYAHHYECTBO NpejaraeMble YCTONUUBBIE
MIPaKTHKK HAIPaBJICHbl Ha OalaHC MEX/y HEOTIOKHBIMU 337a4aMH SKOHOMHUYECKOTO pOCTa M SKOJIOTHYECKUM CO-
xpanenueM. [Toka mup 6opercst ¢ pacTyIuMH TOTPeOHOCTAME B SHeprun, Kazaxcrancko-Kuraiickuii TpyOorpoBos
CITyXKHT 3aMETHBIM KEI{COM, TPOBOIMPYSI KOJUIEKTUBHOE ITEPEOCMBICIIEHHE HAIIETO MOX0/1a K II00anbHON 3Hepre-
THYECKOH Toprosie. Yepe3 NpOaKTHBHBIE MEPBI 1 COBMECTHBIC YCHIIMSI CTAHOBUTCSI BO3MOXHBIM COAIaHCHPOBAaTh
XPYIIKOE paBHOBECHE MEXKIy SHEPreTHUeCKOil 0e30MacHOCThIO M HKOJIIOIMYECKUM YITpaBICHHEM, Co3/aBas Oyy-
1iee, I7e yCTONUNBbIe IPAKTUKH JISKAaT B OCHOBE MEXTyHAPOAHBIX SJHEPreTUYECKUX YCUIINH.

KuoueBnble cioBa: Kazaxcrancko-Kuraiickuii TpyOorpoBos, HedrerazoBblie pecypebl, JHEPTHsI, OKPYKaIoIas
cpesa, yCTOMYUBOCTb.
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APPLICATION PROGRESS OF INSITU POLYMER
GEL IN OILFIELD CONFORMANCE CONTROL TREATMENT

Abstract

Many oilfields around the world are using enhanced oil recovery methods to maximize oil production. Long-
term water flooding processes have led to water channeling in mature reservoirs, which is a severe problem in
oilfields. Polymer gel is widely used as a plugging agent to reduce water production. Previously, the conventional
polymer gel is extensively used for blocking the thief zones, but the performance of conventional polymer gel is
not satisfactory in high salinity and high temperature conditions due to rapid syneresis and thermal degradation.
The amphiphilic polymer is taking much attention for polymer gel formulation because they are more salt resistant
in low concentration compared to high concentration conventional HPAM polymer. In this paper, the crosslinking
mechanism of insitu polymer gel is reviewed. The related difficulties and development prospects of polymer gels
are presented. It provides a basis for the application of polymer gel in oilfield conformance control treatment.
This will help researchers to develop polymer gels to improve oil recovery under economic conditions to meet the
requirements of oilfields.

Key words: insitu polymer gel, amphiphilic polymer, crosslinking mechanism, high salinity, high temperature.
Introduction

Excessive water production in mature reservoirs is a major concern recently. During the water
flooding, water overflows in the heterogeneous reservoirs, cause mineral dissolution. The production
water together with hydrocarbon is undesirable by product, the total produced water consists of
the formation and the injected water during the flooding, that increases production cost for proper
disposal of produced water that affects overall project economics. According to the recent statistical
analysis, 40 billion dollars per year is spent on the treatment of unwanted water. Therefore, proper,
stable and economical treatment is needed for the disposal of this produced water [ 1-4].
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Weak gels are very effective when they cross-linked under the reservoir condition as a plugging
agent and for the fluid diversion conformance improvement. The gel treatment is a function of
placement and size of the gel slug. The most important restrictions as discussed is a slow gelatin rate,
effectiveness of pH, low retention, high mobility of the gallant, effective water diversity, stability of
gel and effect of temperature and salinity [5].

The insitu gel system consists of hydrolyzed poly-acrylamide (HPAM) named as conventional
polymer, that consist of hydroxyl group. Due to thermal hydrolysis under high salinity and high
temperature, some of the amide groups (~CONH,) on polymer backbone convert to carboxylate
groups that crosslink under excessive brine, resulting in syneresis or precipitation of polymer gel,
which is not very useful for high salinity and temperature application. HPAM is a straight-chain
polymer that has acrylamide (AM) molecule as monomer, hydrolysis of conventional polymer
increases with the increase of temperature and as a result, the amount of polyacrylic acid increases
in the backbone, which is sensitive to hardness. The hydrolysis degree determines the properties
of these monomers. If the hydrolysis is less, polymer will not be water-soluble and if the degree of
hydrolysis is too large, its properties will be more sensitive to salinity and hardness [6, 7]. Polymer
gels are unstable above a certain temperature and salinity limit. Efforts are made to increase the upper
salinity and temperature limit. Crosslinkers, such as metallic, organic and inorganic commonly used
for viscosity enhancement. Polymer gel can form three dimensional network structure that traps
water and thus will increase the viscosity of water by ionic or covalent bond depends on the type of
crosslinkers and polymer selected, as the ionic and covalent bond have different structure so that the
stability. Covalent bond usually formed with the organic crosslinkers has high thermodynamically
stable, at elevated temperature as compared to ionic bond [8, 9].

Crosslinking mechanism of insitu polymer gels

Alotof progress has been done in polymer gel technology, some new kind of materials synthesized
that makes polymer gel technology beneficial as a permeability reduction in the heterogeneous
reservoir. The Reservoirs between the temperature ranges greater than 80°C, conventional polymer
system was not so effective for excessive water treatment, the addition of temperature resistance
monomer like, N-vinyl pyrrolidon (NVP) and 2-acrylamido-2-methylpropane sulfonic acid (AMPS)
can enhance the temperature resistance ability of a polymer gel, on the other hand for harsh reservoirs
there is a great progress for insitu polymer gel formulated by the addition of surfactant, nano materials
with the polymer and crosslinker, named as nano composite gels, which gives better performance in
the harsh reservoir condition, but it’s an expensive technology [10, 11].

The double crosslinking techniques also used recently to enhance the effectiveness of insitu
polymer gel for high temperature conditions. The conventional polymer HPAM has two functional
groups amide and carboxylate that react with crosslinker to form polymer gel with high mechanical
strength, but the concentration for conventional polymer used is too high and due to high viscosity
one group of the polymer is reacted with the cross linker and other groups remain unreacted due to
which strength of polymer gel is not so good that’s why concept double crosslinking will introduced
so that both groups of the polymer will react with cross linkers, the result showed that the double
crosslinked polymer gel system can easily to inject in the deep reservoir and have high temperature
and salt resultant [12].

Due to unsatisfactory performance of conventional polymer the modified functional polymer
also used recently to formulate polymer gel for high temperature and high salinity reservoirs, like
amphiphilic polymer, hydrophobic associative polymer (HAP), salt-resistant comb-type acrylamide
polymers (KYPAM), and AMPS/AM copolymer are used, their chemical structure is shown in
Figure 1 (p. 161) [13, 14].
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Figure 1 — Chemical structure of recently used polymer for gel formulation (a) KYPAM
(b) AMPS/AM copolymer (c) HAP

The HAP has good performance but there is a difference of gelation time and gel strength in
dynamic and static experiments. Dynamic experiment means the sand pack core flooding experiment
and static method mean the most commonly used bottle test method. The double crosslinking system
of Crl/WPF crosslinked with conventional polymer gives extremely high temperature and high
salinity resistant polymer gel. Associative polymer gel under high salinity and Temperature have
good performance in laboratory and the oil field [15, 16].

For the high temperature reservoir, the performance of inorganic cross-linked polymer gel is
unsatisfactory. However, the organic crosslinker has better performance for high temperature reservoir
condition but the crosslinking reaction is too fast at elevated temperature. To avoid the problem of
low gelation time some retardant and delaying agent can be used to enhance the gelation time of
organic crosslinkers [17, 18]. For the metallic cross linker like Cr**, AI** and Zr*" etc. the gelation
time is also very low even less than 2 hours at the temperature greater than 90°C, the gelation time
of HPAM/Cr** is extended by sodium lactate "), However, it is difficult to set the criteria between
high temperature and higher temperature, the different researcher gives the different criteria for the
temperature ranges for organic and inorganic cross linkers.

However, there are no suitable criteria found for temperature ranges of high temperature
reservoirs but usually in enhanced oil recovery (EOR) process the reservoir with temperature greater
than 80°C is considered as high temperature reservoir and the reservoir with temperature greater than
120°C is consider extremely high temperature reservoir, and the reservoir with temperature ranges in
between 60°C to 80°C will consider low temperature reservoirs [20].

During the process of water flooding the produced water from the production well is unnecessary,
because of this the water flooding is not so much effective. Therefore, the conformance control
treatment method is required to increase the effectiveness of water flooding and decrease the
unnecessary water production. Weak gels are most widely used as a conformance control treatment
and their performance is very satisfactory and to decrease the unwanted water production.

For in-depth fluid diversion in the heterogeneous reservoir, week gel is used because their
viscosity is very low before injection, so they can easily inject in large volume into the deep formation
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to block the thief zones of the heterogeneous reservoirs. Secondly, weak gels are very effective under
the condition of high salinity and high temperature. Some weak gels have low gelation time but they
are very effective, it is difficult to inject this kind of gels in the deep formation, some delaying agent
is always required to increase the gelation time so that they can be injected into the deep formation.

For insitu gel, the gellant is prepared at the surface by mixing the different chemicals like
polymer, cross linker, and other additives to form a gellant solution. After the formulation of gallant
solution, the gallant is injected into the target reservoir and the gel will form under the reservoir
conditions after the specific gelling time.

The performance of insitu polymer gel is effected by many factors like degradation of gallant
when injected into the reservoir by the pump, the condition of the formation water like some kind
of gel will not perform well in the high salinity formation water, the temperature of the reservoir,
pH and chemical composition. The first time the insitu gel system was applied in 1970, for in-depth
conformance control insitu gel system is used previously [21]. In Figure 2 shown the formulation of
insitu polymer gel system.

Crosslinking

agent
O EOO%H
000 “o0d%o

= Z > r- mg
i

Figure 2 — Formulation of insitu polymer gel

During the polymer gel operation, for the most part, either by diverting fluid flow from high
permeability, low permeability zones, insitu polymer gel have been used for water shut off and
profile modification across injection and production well, as shown in Figure 3, after formation of
gel the flow part of the fluid is diverting to the low permeability layer [22].

Figure 3 — Plugging of thief zones with polymer gel
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Weak gels have low gellant viscosity before forming the three dimensional polymer gel, actually
the weak gels are portion of the bulk gel system, these gels are effective in the wide range of salinity
and temperature and they can be injected in the deep reservoirs to plug the high permeability region
in the subsequent water flooding, but some of the weak gel has very low gelation time, such kind of
gels are very effective with delaying agent.

The bulk gel used previously have some drawbacks such has their plugging radius is very
insignificant, and because of this their injection is not effective, due to this reason they have poor
plugging rate and fluid diversion properties. So, the weak gel is preferred because of their low viscosity
they can easily penetrate into fractured and high permeability reservoirs and gives better plugging
properties. Weak gels are multifunctional they can be used as oil displacement agent [23, 24]

Gel formulations

For gel formulation, polymer play a vital role, a different type of polymers are used for the
gel formulation have benefits and draw backs according to the condition of the reservoirs. So,
it is important to choose a polymer that has better performance under high salt and temperature
conditions. For gel formulation, various polymers have been studied such as HPAM, HAP, and salt
tolerant KYPAM polymer.

Development of salt and temperature resistant polymer

Many developments take place for the synthesization of salt and temperature resistant polymers.
Amphiphilic polymers are a new class of polymers that have been synthesized by the addition
of a small number of hydrophobic groups into the HPAM molecular chain. These polymers are
generally utilized in different fields in oil field development. At the point when the concentration of
the amphiphilic polymer is higher than the critical association concentration, the hydrophobic group
is for the most part made of inter molecular association, developing a spatial network structure. Due
to the association between the hydrophobic groups, the amphiphilic polymer has good temperature
resistance, salt resistance and mechanical shear resistance in aqueous solution compared with the
partially hydrolyzed polyacrylamide, amphiphilic polymers are unique in relation to the established
water-soluble polymers as in the measure of hydrophobic monomers suitable for making physical
relationship with one another is low [25, 26].

Despite the fact that their molecular weight is high, but still, they depend on excessive hydrophobic
collaborations between various polymer chains for the thickness impacts. The hydrophobic groups
interrelate and form an intermolecular polymer network in the aqueous solution as shown in
Figure 4 [27].
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Figure 4 — Association process of amphiphilic polymers

If the visualization of the network structure of polymer is taken randomly it will exhibit the
network similar to the gel, indicating a viscoelastic property, but with the passage of time flow
occurs due to the Brownian movement breaks the end-gather relationship for a short duration of time
before the other association of same group on a similar chain. These polymers have not been tried for
conformance control treatment, yet the lab results demonstrate that with some specific crosslinkers,
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they can be utilized for particular water-shutoff applications. Progressively more research is required
to utilize this hypothesis. In this thesis, the purpose is to change the current profile of the main agent
and make full utilization of the amphiphilic polymer.

Types of crosslinkers

Inorganic crosslinkers

Wide range of inorganic crosslinkers is used previously, formed strong polymer gel. The different
kinds of cross-linker prompt to divergences in the rheological properties, salt, and temperature
resistance. Gels synthesized with metallic cross-linker such as Cr**, AI** or Zr** has inferior stability at
high temperature and their small gelation time avoids appropriate placement in deep high temperature
reservoirs, however with a delayed gelation mechanism their gelation time can be enhanced and, this
kind of cross linkers can be used for deep conformance control treatment, Al crosslinker has low
gelation time and is suitable for low temperature but by chelating the aluminum with citrate, its
gelation time can be enhanced [28].

The chromium cross-linked with polyacrylamide polymer to complexion of Cr ions with
carboxylate groups on the polymer chain, this cross linker also shows the syneresis problem under the
high salinity and high temperature condition and not thermally stable. Others type are polyacrylamide/
Cr** carboxylate system and Xanthan/Cr** system. Titanium crosslinker has also been developed due
to the bad environmental impact of some metallic crosslinkers. The inorganic crosslinkers linked
through ionic bonding among the negatively charged carboxylate groups on the polymer chain and
multivalent cation. Inorganic cross-linked polymer gel usually used at low temperature (<70°C)
reservoirs, since high temperature and high salinity will be the reason for syneresis of inorganic
polymer gel [29,30].

Organic crosslinkers

There has been an enduring demand within the oil industry to develop active conformance
improvement polymer gel technologies by using the organic chemical crosslinking agents that would
impart carbon-carbon-bond chemical crosslinking between the gel polymer molecules [31]. This
would avoid the use of metal crosslinking agents, and would outcome in remarkably strong and
stable polymer gels. These gels are suitable for high temperature application (>70°C). Organic cross-
linked polymer gel results in the formation of a covalent bond between amide group of polymer and
crosslinker which can form a good temperature resistance gel [32].

For example, the commonly used organically cross-linked polymer-gel technologies developed
are based on, hydroquinone (HQ), hexamethylene (HMTA), organic chromium, phenol formaldehyde
chemistries. The organic cross linker of phenol/formaldehyde is used widely but due to the high content
of its toxicity, that limit its use. There is a covalent bond formation among organic crosslinkers and
the amide group of the polymer and stabilize under high salinity and high temperature conditions.

Polymer gel application in China

The conformance control treatment technology has been applied on site since the 1950s and
has a history of nearly 40 years. In most of the oil fields currently developed, water flooding is a
conventional means of enhancing oil recovery. However, after some long-term water injection in
some old oil fields, the water content of the oilfield has reached a limit. At the same time, due to the
heterogeneity of the reservoir, the distribution of remaining oil is relatively more dispersed, but in
the local but relatively concentrated. According to statistics, the current average oil recovery rate in
China is about 29.8%. However, due to technical means and economic factors, a large part of crude
oil is still stuck in the stratum. Therefore, it is urgent to explore various new technical means for
underground complex areas, carrying out reasonable research on enhanced oil recovery to meet the
demand for oil in daily production [33, 34].

In the 1970s, the successful application of polymer weak gels to reduce produced water made
the petroleum industry very interested in this technology. Injecting polymer gel into the wellbore can
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effectively block the formation in the near-well zone, thereby reducing the water yield of the well.
After the 1990s, along with the continuous updating of technology, polymer weak gels are gradually
used in the deep migration of reservoirs, mainly for reservoirs with serious reservoir heterogeneity.
In addition, they are often used for cracks and large an oil layer with a very poor permeability in the
tunnel or layer. This method can not only block the large pores and high permeability layers in the
reservoir but also improve the oil-water mobility ratio in the layer. Compared with pure polymer
flooding, this system uses a low polymer concentration and is more applicable [35].

The TP-910 conformance control treatment technology researched by the Petroleum Exploration
and Development Research Institute has been widely used in oil fields such as Liaohe, Shengli, and
Henan, and also seen obvious effects in Bohai Oil Company. During this period, various research
units have successively developed PIA series conformance control treatment technology, BD-861
conformance control treatment technology, and three-phase foam. Since the 1990s, oil wells in the
eastern oil fields of China have entered a period of high water cut, and the technology of conformance
control treatment and water shutoff has been fully developed. As a particle-moving conformance
control treatment agent for blocking large holes, it has been widely used in oil fields such as Shengli,
Jianghan and Zhongyuan due to its low cost and easy operation. At the same time, polymer gel
conformance control treatment and water shutoff technology have also been fully developed [36, 37].

Recently the major oil fields in the country (including Shengli, Liaohe, Dagang, Zhongyuan,
Yumen, Daqing, Jilin, North China, Xinjiang, Qinghai, Jianghan and other oil fields) have carried out
water injection well conformance control treatment and production well water shutoff work with water
injection wells as the unit. Daqing Oilfield has carried out comprehensive management of “stable
oil control and water control” with the main content of “regulating water, increasing production and
extracting liquid” in the Saraji oil area, and achieved remarkable results. The conformance control
treatment and water shutoff technology have been widely used in China [38].

Problems associated with insitu polymer gel during conformance control treatment

Although polymer gel treatment is widely used technique for conformance control there are
still many problems that affect the performance of polymer gel which limits its use in the oilfields
operations. Some of the major problems related to the polymer gel are given below.

Mechanical degradation

When an external force act on the polymer solution its structure is destroyed this phenomenon
is called shear degradation. As many water shuts off polymers have a high molecular weight due to
which they have high viscosity when this polymer mix with a cross linker that makes its injection
difficult [39].

The pump will induce the mechanical force on a gellant solution, caused the mechanical
degradation of polymer structure and may affect its performance. HPAM named as the conventional
polymer used most commonly but their viscosity is declining with an increase of mechanical force
and limits its use under the influence of high mechanical force.

Chemical degradation and precipitation

During the precipitation, solid particles will be deposited on the surface of polymer solution. The
formation water contains many divalent cations like Ca’*" and Mg*'when the carboxylate group of
hydrolyzed polymer is interacting with these divalent cations, with the increase of these carboxylate
groups the solubility of these cations will decrease and precipitation occurs due to which polymer is
unavailable for polymer gel formulation [40].

Syneresis

Extraction of water from the polymer gel under the influence of high temperature, salinity,
divalent cations is called syneresis, due to this the polymer gel structure is decompose with the
passage of time, numerous polymer gel system has this issue as appeared in Figure 5 (p. 156) [41].
Syneresis is described by a decrease in volume, ejection of water and stickiness loses. Conceivable
causes are polymer hydrolysis, excessive cross linkage, NaCl and divalent cations.
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Figure 5 — Syneresis of conventional polymer gel in high salinity
and temperature and reservoirs

Polymer gel with syneresis may involve 5% of the initial gel volume. Under high temperature
conditions, conventional polymers (HPAM) hydrolyze to acrylate groups, which gives more sites for
crosslinking and conceivable syneresis. In the formation water concentration of divalent cations is
higher that cause the reason for over crosslinking as compared to metal crosslinker injection. Even
with low syneresis (%), the polymer gel is still effective for the permeability reduction applications.
For matrix applications, it is not so significant but for fractured reservoirs, it is very important [42].

Future development of polymer gels

In recent years, reservoir exploitation has developed towards deeper wells. At the same time,
great progress has been made in polymer gel research, but there are still deficiencies. In order to meet
the requirements of reservoir consistency control treatment to improve oil recovery, it is necessary to
improve the performance of polymer gel, which can start from the following points:

(1) Strengthen and improve the existing process, use polymers with good temperature and salt
resistance to improve the deficiencies of the system.

(2) By controlling the gelling time and strength of the polymer gel, the polymer gel is gelled in
the deep part of the core, and the deep consistency control treatment of the oilfield is realized.

(3) Synergist is added to the polymer gel system to reduce the cost by reducing the amount of
polymer gel.

(4) In order to make up for the shortcomings of poor stability and shear resistance of a single
polymer gel system, the polymer gel system is combined with inorganic particles, polymer
microspheres, surfactants and other systems to achieve the complementary advantages of each
system.
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MYHAM KEH OPBIHJAPBIHIAFBI KABBLIJIAY ITPO®WITH
BAKBUUIAY YHIIH INOJMMEPJII I'EJAEPAI KOJAAHYJAFBI ITPOI'PECC

Angarna

Jynue >xy3iHAeri KemTereH MyHall KeH OpBIHAApBIHAAa MYHall OHAIPY[Ai OaphIHIIA apTTRIPY YIIiH MyHal
OHIIPYIIH KETUIIIPUITCH 9IiCTepi KOIMIaHbUTa b ¥ 3aK MEp3iMIi Cy 0acy mpoIecTepi CyIblH KETUITeH KabarTapra
KaiiTa OarbITTalTybIHA OKEJIIl COKTHI, OyJI MyHail KeH OpbIHIapbIHIaFbkl Kypaeni maocene. [loixumepri renb cyibIk-
TBIKTBIH JKOFATybIH a3aiTy YIIiH OiTey areHTi peTiHje KeHIHEeH KOJIIaHbUIabl. bypbIH KapanaibiM MoJuMMepIti Teslb
abcopOmms aiiMakTapblH OIIOKTAy YIIIH KEHIHCH KOJIAHBUIFaH, OipaK Te3 CHHEPE3C KOHE TCPMISUIBIK BIIbIpAy
caimapbIHaH KaparmaibiM MOTMMEPITi TeIIbIiH THIMALIITT )KOFaphl TY3ABLUTBIK TICH JKOFaphl TEMIIepaTypa JKarTailbIHIa
KaHaraTTaHAPJIBIK eMec. AMPHUPHUIII ToTMMEpIIep TOINMEp TebAepiH jkacayaa 0acThl Ha3apra albIHAbI, OHTKEHI
oJiap ozeTTeri )orapsl KoHIeHTpauusaarsl [ TIAM nonumepiMeH cajbICThIpFaH/a TOMEH KOHLEHTPALUsIIA HKIHE
Ty3Fa Te3imMi. by Makanaia nonmmepii resbai e3apa OailylaHbICTHIPY MEXaHU3MI KapacThlpbuiaabl. Ocbiran Oaii-
JIAHBICTBI KUBIHBIKTAp JKOHE MOJMMEpP TelbJACPAiH AaMy NepCleKTHBANIaphl YCHIHBUIFAaH. byl MyHail KeH OpbIH-
JApBIHBIH KaObUInay mporiiiH OakpiIayna MOIUMEp TeibIi KOMAaHyIbIH HEeri3iH Kypaiasl. byn 3eprreymrinepre
MyHail KeH OpBIHJAPbIHBIH TaJalTapblHa COMKEeC KeJIETiH SKOHOMHKAIIBIK KaFIaililapia MyHAH bl )KaKcapTy YIUiH
TIOJIMMEP TeIBACPIiH XKacayFa KOMEKTECEeIi.

Tipek ce3nep: noxumep reini, ampuduIbIl MOIMMEp, TIFUTy MEXaHU3MI, KOFApbl TY3/bUIBIK, )KOFapbl TEM-
neparypa.
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INPOI'PECC B IPUMEHEHUHU INNOJIUMEPHOI'O T'EJIA
AJs1 PEIYJIAPOBAHUSI ITPO®WIISAA TPUEMUCTOCTH
HE®TAHBIX MECTOPOXIAEHUU

AHHOTALMS

MHorue He(TSIHbIC MECTOPOXKACHUS 10 BCEMY MHPY HCIIOJIB3YIOT METO/bI MOBBINICHHUS HEPTCOTHAYM ISt
MaKCHMHU3aluu 100bruu HedTu. J[muTenbHbIC MpPOIECCHl 3aBOJHCHUS MPHUBEIU K ICPCHANPABICHUIO BOIBI B
3peJbIe TUIACTHI, UTO SBISIETCS CEPhe3HON MPOOIeMOoii Ha He(TSHBIX MECTOPOXKACHUSIX. [loTMMEpHBIi TelTh ITHPOKO
HCTIOJNB3YeTCS B KAUECTBE 3aKyMOPHBAIOIIETO arcHTa Ul CHIDKCHHS BOJNOOTHAYH. Panee OOBIYHBIA MOTMMEPHBII
Tellb IMUPOKO HCIOIB30BAICA Il ONOKMPOBKM 30H TOINIOIIEHUS, HO 3(P(PEKTUBHOCTh OOBIYHOTO IMOJIMMEPHOTO
TeJIs He SIBISIETCS YIOBICTBOPUTEIHLHON B YCIOBHIX BBICOKOH COJIEHOCTH M BBICOKHX TEMIIEPATYpP M3-3a OBICTPOTO
CHHEpEe3nca M TEPMHYECKOTO pPasjoKeHus. AMOPHUOUIBHBIM MOJMMepaM yAeIsIeTcsl OONbIIOe BHUMaHHE NpPU
pa3paboTKe MOIUMEPHBIX T'eJICH, TOCKOIBKY OHH 00JIee YCTONUNBBI K COJIM IIPU HU3KOM KOHIICHTPAIIUH IT0 CPABHEHUIO
¢ 00bruHBIM mosmuMepoM [ TIAM ¢ BRICOKOW KOHIIEHTpAIUe. B 3Toil cTaTthe paccMaTprBaeTCsl MEXaHU3M CITUBAHHS
TTOTUMEPHOTO Teist. [IpencTaBieHbl CBI3aHHBIE C TUM TPYIHOCTH U MEPCICKTHBEI PA3BUTHS MTOJTUMEPHBIX T'ele.
OTto obecrieynBaeT OCHOBY Ui MPUMEHEHHUS ITOJUMEpPHOTO Tells TPH TPOBEACHUH PETYIHPOBAHUSA MPOGUIIL
MIPUEMHUCTOCTH HEPTSIHBIX MECTOPOXKIECHUI. DTO TIOMOXKET HCCIENOBATENSIM Pa3padoTaTh MOJMMEPHBIE Teln IS
MOBBIIICHUS HE()TCOTIAYH B SIKOHOMUYCCKHX YCIIOBHUSIX, OTBCUAONIUX TPECOOBAHMUIM HEPTSIHBIX MECTOPOKICHUIHA.

KiaioueBble ciioBa: HOJ'II/IMepHHﬁ I'¢lb, aM(l)I/I(l)I/IJ'ILHHﬁ MOJIMMEP, MEXaHNU3M CHIMBKH, BbBICOKAsA COJICHOCTD,
BBICOKas TEMIICpArypa.
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HNEPCHIEKTUBbBI PABBUTUA TPYBOIIPOBOJAHOT'O
TPAHCIIOPTA TA3A

AHHOTAIUA

B cBsi3M ¢ MUPOBBIMHU TCHACHIMSIMUA Pa3BHUTHUS 3CJICHON SHEPIETUKHU, a TAKKE C PA3BUTHUEM JOOBIYM Ta3a Ha
teppuropuu Pecrryomuku Kazaxcran BOIpock ra3uduKauy CTpaHbl, TPAHCIIOPTA ra3a 10 MOTPEOUTEIS CTAaHOBST-
cs1 0000 aKkTyanbHBIMH. B cTarhe MpoBeeH HCTOPUUYECKHI SKCKYPC M0 TPAHCIOPTY Ta3a, CPABHUTEIILHBII aHATH3
Pa3IUyYHBIX BHIOB TPAHCIIOPTA ra3a, IperMyIiecTBa TpyOOmpOBOIHOTO TPAHCIIOPTA ra3a, a Takke 0030p pa3BUTHs
ra30BOM OTpaciy B LEJIOM U B YACTHOCTH BOIPOCOB Ta3u(HKAIlMK, TPAHCIIOPTA Ta3a HA MPUMepe aKI[HOHEPHOTO
obmectBa «Murepras LlenTpanbpHas A3usy, KOTOpOE SIBISIETCS HAIIMOHAJIBHBIM ONEPATOPOM MO MarHCTPalbHBIM
razomnpoBojam Pecryonuku Kazaxcran. PaccMoTpeHbl BOIPOCH ra3u(UKALUU CTPAHbI, B Y4CTHOCTH CEBEPHBIX pe-
THOHOB U T. AcTaHbl. Takke MPOBEIEH aHAIIN3 M BBISBICHBI MIEPCIICKTHBBI Pa3BUTHS T'a30BOU OTPACIIH U Ta30BBIX
kommanuii B Kazaxcrane. CoriacHO JOPOXKHOM KapTe ra3uuKainuy CTpaHbl 0C000e BHUMAHKE YIEeIseTcs Ta3udu-
Kal[lK CEBEPHBIX U IIEHTPAILHBIX PETHOHOB CTPAHBI, [JI€ TIO3TAITHO PACCMATPUBACTCs 00ECIIEUeHHE ra30M HACENIeH-
HBIX ITyHKTOB BIOJIb TPACChI ra3onpoBonaa «Capelapkay. [IpuBeneHa cratuctuka padotsl punnaioB AO «HTepras
LentpanbHas A3us», y4aCcTKOB, KOTOPBIC 00CITY:KHUBACT Kax bl (pusrasn. B 3aBepiiicHre gaHbl pEKOMEHIAINHU 10
3¢ (EKTUBHOMY HCIIOIB30BAHUIO Ta30BBIX PECYPCOB CTPAHBI U TIOCTCIICHHOMY MEPEXOY K «YUCTOI» SHEPreTHKE.

KiaioueBnie cioBa: pr60Hp0BOHHLII>i TPaHCHOPT rasa, ra31/1(1)p11<au1/151, Mal"I/ICTpaJ'ILHHﬁ ra3onpoBoO, WHKE-
HCpHO-TGXHI/I‘-IGCKI/Iﬁ LEHTP, «3CJICHAs DHCPICTUKA.

BBenenune

I'a3 1 HedTH yesToBeYeCTBO HAYAJIO NCTIONB30BaTh 6osee 6000 siet 1o Hamei spbl. Korna nmeercst
NOTPEOHOCTH B raze U HE(PTH, MOSABISIETCS HEOOXOIUMOCTbh UX TPAHCIOPTUPOBAHHUS 10 IOTpeduTe-
neit. Ucropukamu HedTera3oBoi 0Tpaciv 1 apXeoioraMy YCTaHOBIICHO HAJIMYKE APEBHUX HedTera-
30BBIX IPOMBICIIOB B paifoHaxX MUBIIIM3AINH, 2 IMEHHO B Mexaypeube, Mmexxay Turpom u EBpparom
emte 3a 6000 net g0 Hamei 3pbl. JloObIya 0CYIIECTBIIIACH TOBEPXHOCTHBIM METOAOM, U MPOTYKITHS
Harpasisuiachk 1Mo pexe EBdpar k ropogam Yp, Umu. s moObiToit HEDTH MCTIOIB30BAINCH CIICITH-
aJIbHbIE HAJIMBHBIE COCY bl U3 NIMHBL. HeTh ncnonbp3oBanzack Ui CTPOUTENbHBIX LIE€IEeH, OTOMICHUS
Y OCBEILCHHUS, & TAKXKE B MEIUIIMHCKUX ¥ BOCHHBIX IIeIs1X. MaKCUMalbHbIM 00beM TaKUX IPUMUTHB-
HBIX TaHKepoB cocTaBisuia 10 5 T. B Kuesckoil Pycu na TamanckoM moiayocTpoBe sl IEPEBO3KU
He()TU HUCHOJIB30BAINCH CIELUAIbHBIE COCYAbl — aM(pOpBbl, KOTOPbIE BHIBO3WIMCH BU3AHTHUHCKUMU
Kopabnsimu. BriepBble B MUpe HMEHHO BH3aHTHUIIIBI HCIIOIB30BAIH HEPTH B KAYECTBE CYIEPOPYKHUS
PAHHEro CPEeHEBEKOBbs, TAK HAa3bIBAEMbIH rpedeckuil orons. [locne u3MeHeHus NOIUTHYECKON CH-
Tyallid B PaHHEM CPEJHEBEKOBbE, a UMEHHO NaJieHHe Bu3aHTHIiCKOI MMIepuy NMpUBENo K yHaJaKy
TaMaHCKUX He(TenpoMbIcioB. [1o31Hee OTKpBITHE HOBBIX 3aJIeKei He()TH U raza B 3aKaBKa3be cle-
J1aJI0 OCHOBHBIM ITOCTABIIMKOM HE()TH M ra3a yxe 3TOT pailoH, TouHee pailoH baky u ero oxpect-
HOCTHU. /[ TpaHCHOPTHPOBKU MPOAYKIIMU ATOTO PaiiOHa MCIOJIb30BAINCH KapaBaHbI BEpOIIOIOB.
Cama nmpoykius nepeBo3uIach B KOXKaHbIX Mellkax. B ¢Bsi3u ¢ TeM, 4To TapuQsl nepeBo3ku HedTu
KEJIe3HOAOPOXKHBIM ITyTeM OBLIM JOCTAaTOYHO BBHICOKUMHU, CTAIHM MOAYMBIBAaTh 00 albTepHATUBHBIX
nyTsax nepeBo3ku Hetu. [lepsblil B Mupe HedrenpoBo nossuics B CIIIA umeHHoO 1o 3Toi mpu-
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ynHe. Mes TpaHcnopTupoBKY HE(TH, Ta3a WIN JPYTUX KUIKOCTEH MpUMEHsIach HAMHOTO paHee.
Bunepeeie kutaiinel 3a 5000 jeT 70 HaIIEH 3pbl COOPYIMIM BOIONMPOBOA U3 6amOyka sl TpaHC-
MOPTHPOBKHU BOJIBI HA PUCOBBIC TOJIS. Taxke KUTaiaMu OBIITH MCTIONIBh30BaHbI 06aMOyKOBBIE TPYOO-
MIPOBOJIBI JIJIsl TPAHCIIOPTUPOBKHU ra3a K Iedam C 1ebio BhlapuBaHus coniei. Eiie Tpu Thicsun et
Ha3aJ] KATAMNIIbI BIIEPBBIE B MUPE OYPHIIN CKBAKHHBI JJIs1 JOOBIYHM COJICH, UCTIONB3YSI MEXaHUIECKUI
meton. Tak kak coib 100BIBaIach B BUAE paccoia, /Ui ero BHIIIApUBaHUs TPEOOBAIOCH TOILTUBO. B
KaueCcTBE TOILUIMBA KaK pa3 MCI0Ib30Bajcs ra3 u3 6amOykoBoro Tpybomnposoaa. [y oTBoaa sKuakoc-
TEH ¥ CTOYHBIX BOJ CTPOMJIMCH IIIMHAHBIE TPyOomnpoBoasl. Hanpumep, B ApeBHEUHAMNICKOM TOPOE
Moxenmxo-apo 5000 ner Hazan; B peBHem Erunre s 3TUX L€l UCIOJIb30BAINCH JEPEBSIH-
HBbIC, METHBIC M CBUHIIOBBIE TPyObl; B Knocckom nBopiie Ha octpoBe Kput 3a 2000 ner mo Hamei
9PBI IS ATHUX 1[I UCTIONB30BAUCH TEPPAKOTOBBIC TPYObl. B IpeBHEPUMCKOI IIMBUIU3AIMA JUIS
BOJIOCHA0KEHUSI MCTIOJIb30BAJIMCh CBUHIIOBBIE TPYOOIIPOBOIBI IS TTO/Ia4M MUTHEBOM BOJBI HAacele-
HUIO M CHaOXeHUs BO/IOH 001iecTBeHHBIX OaHb. VIHOTIa uinHa 3TUX TPyOOIPOBOIOB JOCTUTAA 10
91 xm. B JlpeBneit Pycu B XI B. 611 TOCTPOEH BOJAOMPOBO/ U3 ACPEBIHHBIX TPYO s OAAYH BOJIBI
B HoBropon u3 pexu Bonxos. [l mogbeMa BoJbl Ha ONPENEICHHYIO BEICOTY Hauyal MCIIOJIb30BaTh
JonoaHuTeNbHbIE yeTpoiicTBa. Hanmpumep, B XVII B. B MoCKBe HCIIONB30BaId BOAOIPOBOA, KOTO-
PBI IMEN IONOJIHUTEIbHBIN MEXaHU3M — BOJIONIOTLEMHYIO MAIlIMHY, AaHAJIOI COBPEMEHHBIX HACOCOB
¥ KOMITPECCOPOB B Ta30HEPTEIPOBOIAX.

OCHOBHBIE I10JI0KEHHUS

OCHOBHBIMH TIOJIOKEHUSMH HACTOSIEH paboThI SBISETCS AaHAIU3 CYIIECTBYIONIEH CHCTEMBI
TpaHcropTta ra3a B Pecriyonuke Kazaxcran, nMerommxcs npoonem B 3Toi 00nacTu u myTel ux pe-
menus. [lyTu pemenus npobiaemM paccMOTpeHb! Ha pUMepe KOMIIAHUH, 3aHUMAIoLIelcss Bonpoca-
MH TPaHCIOPTHPOBKHU ra3a. AKTyaJbHOCTb JAaHHOTO HCCIIEAOBAHUS 3aKJIIOYAETCS B PELICHUU CY-
IIECTBEHHBIX NPOOIEM TPAaHCIOPTUPOBKY ra3a, a Takke ra3u(uKalui CeBEpPHbIX U LIEHTPaIbHbIX
PETHOHOB CTPaHbl, YTO yKa3aHO B JOPOJKHOIH Kapre.

[TpoGnemsl u nepcnektussl. [1o cpaBHEHUIO ¢ OPyruMH BHIAMH TpaHCIOpPTa AJIS NEPEBO3KHU
ra3a, HeTu U HEPTENPOLYKTOB IPEUMYIIECTBO UMEET TPyOOonpoBoaHbIi TpaHcnopT. IlepBoe mpe-
MMYILECTBO 3aKJIIOYAETCs B yNOOCTBE NMPOKIAIKH CaMOro TpyOOIpOBOJa B T€X ydyacTKax, IJie HET
JI0CTyIla BOJHOMY, aBTOMOOMJIBHOMY TpPaHCIIOPTY, Hanpumep OOJOTHCTbIE MECTa, BBICOKOTOPHBIE
YUYacTKH, MOJBOJHBIE, OA3EMHBIE Tepexoabl. [lpyroe MmpeuMyIlecTBO 3aKJIIOUaeTcsi B HU3KOH ce-
0ecToMMOCTU NEPeBO3MMOI MPOAYKILUH, TOIJAa KaK Ha BOJHOM U KEJIE€3HOJOPOKHOM TPAHCIOPTE
CTOMMOCTH IIEPEBO3KH Ta3a, He(TH M HEPTENPOILYKTOB JOCTATOYHO BhICOKas. B cBs3u ¢ TeM 4TO K
TpyOOIPOBOTHOMY TPaHCHOPTY, 0COOEHHO K ra30mpoBOIaM, MPEIbBISIOTCS BBICOKHE TPEOOBaHHS
10 TePMETUYHOCTH, 00ECIIEUNBACTCSI COXPAHHOCTh KayecTBa MepeBo3uMoil npoxaykuuu. Her omac-
HOCTH MCIIApEHHUs JIETKUX KOMIIOHEHTOB YIJIEBOOPOI0B. Takue BHICOKUE TPeOOBaHUsI IO FepMeTHY-
HOCTH XapaKTEpHBbI JJIs1 MarucTpallbHbIX Ta301pOBOJIOB U HedrenpoBonoB. IlepeBoska raza, Hedru
1 He(pTenpoLyKTOB ra3oHe(pTeNpoBOJaMHU TPeOyeT MUHUMAIIbHBIX KAalIUTAJIOBIOKEHUI IIPU COOPY-
xeHuu. [Ipu nepeBo3ke yrieBonopoa0oB ra3zoHe(TENpoBOJaMH UMEETCSI BO3MOKHOCTh MAaKCUMallb-
HOW aBTOMAaTH3alllu MPOIECCOB, KOHTPOJIS 32 YTEUKAaMH, JaBICHHEM U T.II., YTO MOXKET ITOJIHOCTBIO
HCKITIOUMTh OTPHLIATEIbHOE BIMSIHUE Ha OKPYXKaIOIIyto cpeny. TpyOonpoBOgHbIN TpaHCHOPT rasa,
He(TU U HEePTENPOAYKTOB TaKXKe HE JIMIIEH HelOoCTaTKOoB. OCHOBHBIM HEJOCTATKOM TaKOI'o BUA
TPAHCIIOPTA CYMTACTCS Y3Kasi HAalPaBJICHHOCTb SKCILTyaTalluu ra30He(QTEenpoBOIOB.

BceBo3moxkHBIE TPOOIEMBI U IEPCHIEKTUBBI TPYOOIIPOBOAHOIO TPAHCIOPTA — TO, YTO B HACTOS-
11ee BpeMs BOJIHYeT IpodeccroHanoB HedTera3oBoi orpaciu. [Jis peneHns BO3MOKHbBIX IpooaeM
B Hallel cTpaHe pa3paboTaHbl U pean3yloTCsl B HACTOSIIIEE BPEMSI HECKOJIBKO IIPOEKTOB IO COOPY-
KEHUIO CUCTEM TPYOOIIPOBOAHOTO TPAHCIIOPTA, KOTOPbIE MO3BOJIMIN Obl PACIIUPUTh NEPEUYEHB pe-
IIAaeMBbIX 3a/1a4 B He(hTera3oBoit orpaciu. [leBIHOCTbIe-ABYXThICAYHbIE IO/l ObLIN Hanbonee Tpy.-
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HBIMH B UCTOpHH HedTerazoBoii oTpaciu Kazaxcrana [1]. [IpakTrueckoe OTCYTCTBHE MM OYCHb
HU3Kasi CKOPOCTh paloT IO MOMCKY M pa3Be/IKe HOBBIX YIIIEBOAOPOIHBIX 3aliekel, OypEeHUI0 HOBBIX
MOMCKOBBIX, Pa3BEIOYHBIX U KCIUTYaTAllHOHHBIX CKBAXWH, 110 MOJCPHHU3AIMH MOPAJIBHO U (HU3H-
YECKH yCTapeBIIeH MaTepualbHO-TEXHUUECKON 0a3bl MPEMsITCTBOBAIMN A00bIYE (PAKTUYECKUX 00b-
€MOB U KCIIOPTY YIIIEBOAOPOAHOrO ChIpbs [2]. Taxke orcTaBana OT MOAEPHHU3ALMH U CUCTEMA TPY-
OOIPOBOIHOTO TPAHCHOPTA YIIIEBOAOPONOB. [Liis yaydmieHus paboT B 3TOM HalpaBlICHHH JESATEIb-
HOCTb B 00/1aCTH TpyOOIIPOBOAHOTO TPAHCIIOPTA YINIEBOJOPOIOB OINPENEIACTCS U peryaupyeTcs Ha
3aKOHOAATEILHOM YPOBHE CAMUM IOCYAapCTBOM. B Halell crpaHe UMEIOTCS perIaMeHThI allrOpUTMa
IIPOKJIAKU COCTABHBIX YacTell TpyOOIPOBOJHOIO TPAHCIOPTAa KaK Ha CyIlle, TAK U BO BHYTPEHHUX
MOPCKHX BOJIaX.

MaTepI/laJIbl U METOAbI

Bonpoc pa3Butus razoBoil MpOMBIIIICHHOCTH U Tra3u(UKalMi perioHOB — OJHA M3 Ba)KHBIX
cthep B moBecTke NHs Hamiel cTpaHbl (pucyHoOk 1). Ha ceromnst ypoBeHb razuduramuy CTpaHbI
cocrasisieT nopsiaka 47,4%. bonee 1300 HaceneHHBIX MYHKTOB UMEIOT JOCTYM K ra3y. ExxeronHo u3
pecnyOIuKaHCKOTO OFO/pKeTa /IS Ta3u(UKAIIMKA CTPAHBI BBIACIAETCS opsaKa 13 Mip/ TeHre.

[lo cpaBHEHMIO C IpyIrMMH PETMOHAMM H3-32 OTPAaHMYEHHBIX TEXHHUYECKHX BO3MOXHOCTEH He
OXBaYCHHBIMH B TMOJTHOM Mepe razudukaimeil 0CTaBaIiuCh PETHOHBI CEBEPHOH M IIEHTPAIBHON YaCTH
CTpaHBI.

Pa3paborannas ['enepanbnas cxema rasudukanuu PecryOnuku Kazaxcran Ha cpok no 2030 r.
MpuBeeHa Ha pUCYHKe 1.

Pucynok 1 — I'eHepanbHas cxeMa ra3u(UKaIiiy CTpaHbl

bnaronapst 5-# conmanbHON MHHAIIMATHBE [ JIaBBI TOCyAapCcTBa PEIIaeTCsl BOIPOC Ta3upUKAIIIT
. Actanbl, Kaparananackoid 1 AKMOJIMHCKOHN oOnacteld. B 3THX pernoHax MeCTHBIMUA aKMMAaTaMU
oOnacTell M akMMaToM I. ACTaHbI pa3paboTaHbl JTOPOXKHbBIE KAPThl CTPOUTENBCTBA HHPPACTPYKTY-
pBI 1O Ta3u(pUKAIMK C YYETOM CPOKOB CTPOUTEIIBCTBA BCEX Y3JIOB MarvCTPaIbHOTO Ta30IpPOBOA
U CTPOUTENIBCTBA PETHOHATIBHBIX CETEH B KaXIOW M3 MEPEUUCIICHHBIX o0nacTelt u r. Actanbl. Cor-
JIACHO JIOPOXKHBIM KapTam, MEPBBIM 3Tam MO MaplIpyTy 3alljIaHUPOBAHHOTO ra30MpPOBO/IA OXBATHUT
171 HaceneHHBIN MYHKT BAOJH TPACCHI TA30MPOBOJIA U IOJDKEH 00eCTeuuTh Topsiika 2,7 MITH Yelo-
BEK T'a30M (PUCYHOK 2, cTp. 164).

[To cocraBneHHON JOPOKHOM KapTe JJIs )KUTENEH I. ACTaHbI MIEPBOCTEIICHHAs 3a/1a49a — o0ecIie-
yeHue razom xkuiielx maccuBoB Kokran-1,2, XKenesnonopoxusiii, FOro-BocTtok, kak npaBoi, Tak u
JIEBOM CTOPOHBI, a Takxke nepexon Ha ra3z TOII-1,2,3.
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Pucynok 2 — I'a3u¢uxanus 1. Acransl, Kaparanauackoi
1 AKMOJIMHCKOI oOnacTe

Cxema rasmcpukauum ropoaa AcrtaHa go 2030 ropa

(roppexmupoaxa)

’ C T b MM ropoaa AcraHbsl Ao 2030 roaa @

Pucynoxk 3 — Cxema razudukamnuu 1. Actansl 10 2030 1.

Pe3yabTarhl 1 00cy:x1eHNe

PazButne ra3zosbix komnanuii B Kazaxcrane. B nanHoil ctarbe XoTenoch Obl MOKa3aTb pa3BUTHE
ra3oBoi orpacnu Hamiel ctpansl Ha npumepe AO «Murepra3 LlentpanbHas Azusy, KoTopoe ObLIO
cosnano B urone 1997 1. Ero 3amadeii ssBnsieTCs OCYIIECTBICHUE SKCIUTyaTallud U TEXHUIECKOTO 00-
CITy’)KMBaHUs BCEH BHYTPEHHEH ra30TpaHCIOPTHOM cuctembl PecryOmmkn Kazaxcras.
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Kommnanwus siBnsiercst nouepueit komnanueit AO «Harmonansnas kommnanus «QazaqGazy» u npe-
CTaBJISIET €r0 UHTEPEChl B 00JIACTH MarucTpanabHON TPaHCIOPTUPOBKH MpupoaHoro raza. AO «HK
«QazaqGaz» npu3HAHO OCHOBHOW I'a30BOI KOMIIAHWEH HAllled CTpaHbl U MPEICTABISIET HHTEPECh
PecniyOnuku KazaxcTtan kak Ha BHYTPEHHEM, TaK M Ha BHEIIIHEM T'a30BOM PBIHKE.

Haunnas ¢ urona 2018 . AO «Mutepra3 LlenTpansHas A3us» MMeeT CTaTyC HallMOHAJIBHOIO
omeparopa Mo MaruCTpaIbHBIM Ta3zonpoBojaaMm cormacHo Iloctanosnennto IIpaBurenscTBa Pecmy-
omuku KazaxcraH.

KommaHnus ocyiiecTBiasieT BHyTPEHHIOI TPAHCIIOPTUPOBKY U TPAH3UT MPUPOAHOIO rasa 1o Tep-
PUTOPUHU CTPaHBI 10 MAarMCTPAIbHBIM T'a30MPOBOIaM, 00LIasi IPOTSHKEHHOCTh KOTOPBIX COCTABISET
20 612,63 thic. kM. Y3 HUX 7007,32 KM MarucTpajbHOTO ra30MpOBOJia OTHOCSATCS K CTOPOHHUM Op-
TaHM3aIUAM, KOTOPBIM KOMITAaHUS OKa3bIBAeT YCIIYTH 10 TEXHUUECKOMY 00cIyxnuBanuio, 2790,71 km
y4acTKa ra30IpOBOJIOB SIBIIIOTCS OTBOJAMH.

Bo Bnagennn xommaHuu uMeercs 32 KOMIPECCOPHBIE CTaHIMM, MOCPEICTBOM KOTOPBIX OCY-
HIECTBIISAETCS TPAHCIOPTUPOBKA ra3a, Ha 3TUX KOMIIPECCOPHBIX CTaHIUAX ycTaHoBieHo 319 I'TIA,
B TOM YHUCJIE Ha JOTOBOPHOI OCHOBE 3KCILTYyaTUPYIOTCs KOMIIpeccopHas cTaHuus — 1 «bo30i», KoM-
npeccopHble ctaHiuu « Typkecrany», «Kapaozek», « KopksIT Atay.

Komrmanust skcmutyatupyer TpH MOI3EMHBIX XpaHWiIHIa ra3a. Hambonee KpymHBIM M3 KOTO-
PBIX SBISIETCS TMOI3EMHOE XpaHuiuie raza bozoiickoe, 00beM XpaHEHHs Ta3a MPUMEPHO PaBeH
4 000 000 TeIC. M*. Bo3otickoe IIXI" pacmonoxeno B AkTOOMHCKOW oOmactu. Cremyroriee moj-
3eMHOe XxpaHuiuine raza — Iloaropankoe, pacnonoxeno B TypkecTaHckoil o0nactu, o0beM Xpa-
Henust cocrasmsier 350 000 teic. M. Tperbe XpaHuiuine — AKBIPTOOMHCKOE ¢ 00bEMOM XpaHEHHUS
300 000 TrIc. M, pacmonoxkeHo B XKaMOBIICKO# 0061aCTH.

Komrmanusi nMeeT HECKOIBbKO MPOU3BOICTBEHHBIX (MIIMATIOB — YIPABICHHE MAarduCTPaIbHBIX
ra3onpoBoioB. Pwinansl IpeJHa3HAuYEHBbl JUIsl SKCILTyaTallil PErMOHAIbHBIX Y4aCTKOB Ia30TpaH-
CHIOPTHOM cucTeMBbl. B cocTaBe KOMITaHUU UMEIOTCS CIEAYIOIINE TPOM3BOACTBEHHBIE (PHUITHATIBI:

¢ yIpaBJIEHUE MATrUCTPaJIbHBIM Ta30IPOBOJOM «YpallbCK»: OOCIYKMBAE€T MarucCTpajbHbIN Ta-
3ompoBoz OpenOypr — HoBorckoB, MarucTpanbHblii ra3onpoBoa « Coro3», MarucTpaibHbIi ra3omnpo-
Bon Cpennsist A3usi — LleHTp ¢ nynuHramu, MmaructpajibHbli razonposoj Kapayaranak — Ypanbck;

¢ yIpaBlICeHUE MaruCTPAIBHBIM Ta30IIPOBOIOM «AKTOOE»: 00CITYKNBAET MaruCTPaIbHBIN ra30-
npoBon byxapa — Ypaun, razonposos XKanaxkon — OKTI0pbCK — AKTOOE ¢ TyIIMHTaMH, MarucTpalb-
HbI TazonpoBo «XKanaxon-KC-13y», maructpanshblii TazonpoBof beiitney — bozoit — IlIbpiMKkeHT,
MaructpayibHblii razonposos «Koxacait-KC-12y;

¢ yIpaBJIeHUE MaruCTPaIbHbIM ra30MpPOBOAOM «AThIpay»: 00CIYKUBACT MAaruCTPaJIbHBIN ra3o-
npoBog Makar — CeBepHblil KaBkas, maructpanbabiid razonposon Cpennsist Azust — LleHTp ¢ nynus-
ramu;

¢ yOpaBlieHHE MarucTpajJbHBIM Ta30IpPOBOIOM «AKTay»: OOCITY)KMBaeT MaruCTpajbHbBIN Ta-
3onpoBox Cpennsis Asus — LlenTp, maructpaneHelii rasonposon Okapem — beiiHey ¢ nmynuHramuy,
MarucTpajbHbIi razonpoBon beitHey — bo3oit — IIIBIMKEHT, MarucTpaabHbIi ra30MnpoBoJ Y3€Hb —
Ketbi0aii — Akray;

¢ yIpaBJIeHWE MarucTpaJbHBIM ra3onpoBoaoM «KocTtanail»: o0y )kuBaeT MarucTpaibHbIN Ta-
3ompoBoj byxapa — Ypaii, maructpanbHblil razonpoBoj Kapransl — Pynubiit — Kocranait;

¢ ympaBiieHHEe MarucTpajbHBIM razornpoBogoM «Kaparanma»: oOCIyKHBaeT MarucTpaabHBIN
razonpoBop «Capblapkay.

¢ yIpaBJIeHUE MarucTpajbHbIM razonpoBoaoM «KbI3buiopaay: 00CIyKUBAET MAarucCTpaabHbIN
razonpoBoj beitney — bo3oii — LLIbiMKeHT, MarucTpanbHbIi razonpoBo] « Capelapkay;

¢ yIpaBJIeHWE MarucTpaibHBIM ra3onpoBoaoM «lIIBIMKeHT»: 00CITy)XKMBAaeT MarucTpajibHBIN
razonpoBoj byxapckuil razoHocHbIN paiioH — TamikeHT — builikek — AMaTbl, MarucTpaibHbIi ra-
3ompoBo, ['aznu — llIsiMkenT, MmaructpanbHbii TazonpoBoy Kazaxcran — Kuraii, betiney — bo3oit —
I pIMKEHT;
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¢ yIpaBJIEHUE MarucTpabHBIM ra3onpoBofoM «Tapas3»: 0OCIyKUBAET MAaruCTpaIbHBINA Ira30-
npoBoj] byxapckuii ra30HOCHBIN pailon — TamkeHT — bunikek — Ajamarbl, KOMIPECCOPHYIO CTAHITUIO
«Awmanrensael-KC-5», maructpanbsHbiil razonpoBoj Kazaxcran — Kuraii;

¢ yIpaBJIeHUE MaruCTPaIbHBIM Ta30IIPOBOIOM « AJIMAThI»: 00CTYKHBAE€T MaruCTpaIbHbBIN ra30-
npoBoJ byxapckuii ra3oHOCHBIN paiioH — TanikeHT — buikek — AyMarhl, MarucTpaabHbIN ra30npo-
Bon Anmartsel — baiicepke — Tanrap, Mmaructpanbubiii razonpoBoja Kazaxcran — Kuraii, Maructpaib-
HBIH razonpoBoj baiicepke — Kammaraii, MmaructpaibHbIi ra30mpoBoa AnMatsl — TanbIKopraH;

Taxoxe B cOCTaB KOMITAaHUU BXOJAT JIBa LIEHTpA!

¢ MH)KEHEPHO-TEXHUUYECKUIA LICHTP — SBJISETCS OTPACIEBBIM IUArHOCTUYECKUM LIEHTPOM 110 00-
CJIY’KMBaHHUIO BCEX Y3JIOB MAarMCTPAJIbHBIX Ia30IIPOBOJOB CTPAHbI, @ UMEHHO JIMHEHHOMN 4acTH, KOM-
MIPECCOPHBIX CTaHIMH, Ta30pacipeieNuTeNbHbIX CTAHLINN, TOJA3EMHBIX XPAHWIUIL ra3a ra3oTpaH-
crioptHo# cuctembl. LlenTp coznan B 1996 r. CienmManucThl 1IEHTpa MOCTOSHHO MOBBIIIAIOT CBOU
HaBBIKH, MPOILTH 00yYeHHE U aTTECTOBAHBI MO PA3TUYHBIM BUIaM HEpa3pylIaloiero KOHTPOIS B
JYYIIUX y4eOHbIX LIEHTpaxX CTpaHbl U 3a ee npenenamu. LIeHTp umeer Bce HEOOXOIMMBIE pa3peln-
TeJbHbIE JOKYMEHTHI JJIsl BBHIIOJHEHHs pa0dOT MO TEXHUUYECKOW JHarHOCTUKE 00O0pyIOBaHUs IMPO-
M3BOJICTBEHHBIX OOBEKTOB M MMEET B CBOEM DPACIOPSIKEHUH TEPEoBOE 000PYI0BAHUE MHPOBBIX
MIPOU3BOJIUTENIEH, YTO MO3BOJISIET KAYECTBEHHO M B CPOK BBIMOJHSATH MyCKOHAJIAJ0UYHbIE U JIMarHO-
CTHYeCcKHe paboThl Ha 00BEKTaX ra30TpaHCIIOPTHOH cuctemsbl PK;

¢ HAay4YHO-TEXHUYECKHU IEHTP — €IMHCTBEHHOE MpOQHIbHOE yueOHOe yupexaeHue, KOTOpoe
NpeJHa3HAuYeHO JJI MPOBEIEHUs MOATOTOBKH, MEPENOArOTOBKH, MOBBIIIEHHUS KBaTU(UKALUU pa-
OOTHHMKOB M CHEIUAINCTOB, 3aHUMAIOIIUXCS TPAHCIIOPTUPOBKOM IPUPOIHOTO ra3za 1 HKCIUTyaTaueit
MarucTpaJibHbIX ra30IIPOBOOB.

3akJ/iloueHue

BoiBoab! 1 pexomenjanuu. Vcnons3oBaHue NpUpoIHOro raza uMeeT ocoOyro pojib B pacipese-
JICHMM MUPOBOTO TOIJIMBHOTO OajlaHCa U 3aHUMAeT BTOPOE MeCTo nociie HepTH. B cBsi3u ¢ pazButu-
€M TEXHOJIOTUH, IPEIoIarallliX HauMEHbLIEe 3arpsi3HEHNE OKPYIKaIOIIEe cpe/ibl, HAUMHAET pa3-
BHBAThCS Ta30Basi OTPACIb MUPA YCKOPSHHBIMHU TEMITaMU. DTO TAaK)Ke CBA3aHO ¢ OypHBIM Pa3BUTHEM
PBIHKA CKMKEHHOT'O I'a3a U MUPOBBIMH TEHICHLUAMU, CBA3aHHBIMHU C YIIIEPOIHON HEUTPAIBHOCTHIO,
nexkapOOHM3AIMEH U YUCTON SHEePTeTUKON. Bo3MOXKeH pe3Kkuit pocT MOTpeOaeH s ra3a, U €CTh MPeJ-
MOJIOKEHHE, YTO JIOJsl YIIIEBOJOPOAHOTO Ta3000pa3HOro TOIUIMBA B MUPOBOM JHEprodaiaHce Mo-
xeT pocturarbh okosno 30%. B pesynbrare 3TOro npeanoyiiokeHus: MUPOBBIE HKCIEPThl XapaKTepu-
3YIOT MPEACTOSAITUHN TTEPHOJ] PA3BUTHS SHEPTETUKN Kak 310Xy metaHa. [ Pecnyonuku Kazaxcran
MPUPOHBIN Ta3 TaK)Ke CTAHOBUTCS Bce OoJiee MEPCIeKTUBHBIM dHEpProHocuTeneM. Pa3Benanneie u
OLICHEHHBIE 3aIlachl ra3a Ha HACTOSINEEe BPeMs COCTABISIOT OKoio 3,9 TpimH M’. Ecim yuuThiBaTh
HOBBIC OTKpBITHA Ha menbde Kacmus, To oHn nocruraror 6-8 tpiH M°. [Ipr 37TOM 0COOEHHOCTBIO
pa3BeaHHbBIX 3amacoB ra3a B Pecryonuke Kazaxcran sSBisieTCs TO, YTO MPAKTUUECKH HA BCEX MECTO-
POXKIEHUAX J00bIYA ra3a BEAETCs MOMYyTHO ¢ J00bIueil HeTu u KonaeHcara. [loaromy akTuBHOE OC-
BOCHHE 3TUX MECTOPOXKACHUN U PE3KUN POCT 00bEMOB JOOBIYM HEPTU B MOCIETHUE TOABI AUKTYIOT
HEOOXOMMOCTh YTHIIN3AIIUH YBEITUYUBAIOLINXCSI 00bEMOB J0OBIBAEMOr0 MOMyTHOTO rasza. C yueroMm
BBIIIECKA3aHHOIO O’KUJAETCSI, YTO Pa3BUTUE ra30BOM OTpACIU CTPaHbl MOXKET HJITU B YCKOPEHHOM
pekume, ¢ 6ornbIei razuduKanreil OTAaJCHHBIX U He 00eCIIeUeHHBIX Ta30M PETHOHOB, TaKKe OyayT
Pa3BHUBATHLCS BONPOCHI, CBSI3aHHBIE C TPAHCIIOPTUPOBKOM raza BO BCE 3TU PErHOHHI [3].
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PROSPECTS FOR THE DEVELOPMENT
OF PIPELINE GAS TRANSPORT

Abstract

In connection with the global trends in the development of green energy, as well as with the development of gas
production in the territory of the Republic of Kazakhstan, the issues of gasification of the country, gas transportation
to the consumer are becoming particularly relevant. The article provides a historical overview of gas transport,
a comparative analysis of various types of gas transport, the advantages of pipeline gas transport, as well as an
overview of the development of the gas industry in general and in particular, issues of gasification, gas transport on
the example of the National operator of main gas pipelines JSC “Intergas Central Asia”. The issues of gasification
of the country, in particular, the northern regions and Astana, were considered. The analysis and prospects for the
development of the gas industry and gas companies in Kazakhstan were also carried out. According to the Roadmap
for the country’s gasification, special attention is paid to the gasification of the northern and central regions of the
country, where the provision of gas to settlements along the Saryarka gas pipeline route is being considered in
stages. The statistics of the branches of JSC “Intergas Central Asia”, the sites that each branch serves, are given. In
conclusion, recommendations are given on the effective use of the country’s gas resources and a gradual transition
to “clean” energy.

Key words: gas pipeline transport, gasification, main gas pipeline, engineering, and technical center, “Green”
energy.
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I'A31bl K¥BbIP APKbIJIbI TACBIMAJIAAY/bI
JAMBITY INEPCIHEKTHUBAJIAPBI

Angarna

JKachin sHepreTHKaHbI JAMBITYJIBIH SJIEMTIK YpicTepine, conaii-ak Kasakcran PecmyOnmKkachIHbIH ayMaFbIHIa
ra3 eHIIpy/i JaMbITyFa OaiIaHBICTHI €11 Ta3aH IbIPY, TYThIHYIIBIFA ACHIH ra3 TaChIMaIay MIceIeepi aca 03¢KTi
Ooutbint OTHIp. Makaaza ra3 KeJjiri O0OHbIHILIA TAPUXHU SKCKYPCHSL, Ta3 KOJITiHIH SpPTYpPIIi TypJiepiHe CalbICThIPMaIbl
Tajnuay, ra3 KyObIpbl KeJITiHiH apTHIKIIBUIBIKTAPHI, COHNal-aK KazakcTtan PecmyOnuKackIHBIH MarHCTPAIBABIK Ta3
KyObIpiapsl OolibIHIIA YITTHIK orepatopsl «MuTepraz Opranblk A3usy» aKIHOHEPIIK KOFAMBIHBIH MbICAIBIH/IA
ra3faHAbIpy, Ta3 KOJiri MoceNenepiHe Kallbl ra3 calachlHBIH AaMybIHa IIONYy jkKacainel. Enmi, atam aiiTkanna,
COJITYCTIK OHIpJiep MeH AcTaHaHBI Ta3gaHAbIpy Mocenenepi Kapanabl. Connaii-ak Kazakcranaa ras camackl MEH
Tra3 KOMIIaHUAJIapbiHa TaJAay XKKacCajblll, OJIapJbIH JaMy IMCPCICKTUBAIAPbI aHBIKTaJI/IbI. EJ'II[i ra3iaHAbIPpYAbIH Kon
KapTachlHa calikec «Capblapkay ra3 KyObIpbl TpacCachIHbIH OOMBIH/IAFB! €1l MEKeHIEP Il Ta30eH KaMTaMachl3 eTy
Ke3eH-Ke3eHIMEeH KapaJaThIH eJI/IiH COITYCTIK KaHe OPTAJIBIK OHIPIEPiH ra3aH/IsIpyFa epeKIle Ha3ap ayaapblula/ibl.
«Hutepraz Opranbik Asusy AK (unuangapbiHbIH KYMBIC CTATHCTHKACHI, 9pOip (uiIHaira KbI3MET KOPCETETIH
ydackenep yceiHbUFaH. COHBIHIA eMMI3IIH Ta3 pecypcTaphlH THIMAI MalfanaHy >KOHE «Ta3ay JHEpreTHKara
OipTiHaen Komry OOMBIHIIIA YCHIHBICTAP Oepii.

Tipek ce3aep: ra3 KyOBIPBI KOJIri, Ta3MaHIbIPy, MaruCTPaabAbIK Ta3 KYOBIPHI, WHKECHEPIIK-TEXHUKATIBIK
OpTaJIbIK, <OKaChl» JHEPreTHKA.
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USING INTERCULTURAL COMMUNICATIVE COMPETENCE
DIMENSIONS IN MANAGING MULTICULTURAL TEAM PERFORMANCE

Abstract

This article provides the relevance and effectiveness of intercultural communication competence for managing
multicultural teams within Kazakhstan-based international companies. This research seeks to assess project
managers and team members’ knowledge, attitudes and skills related to intercultural communication competence.
Byram’s model of intercultural communication competence will be utilized with its emphasis on cultural knowledge
and attitudes. This study’s significance lies in its focus on cross-cultural management and communication in diverse
work environments, using quantitative survey research methodologies conducted among project managers and team
members in Kazakhstan international companies. The purpose is to investigate whether project managers and team
members from multinational companies in Kazakhstan, operating in diverse cultural settings, possess the ability
to identify elements of cross-cultural communicative competence while overseeing their teams and supervising
the performance of their subordinates. Data analysis offers insights into intercultural communication competence
knowledge, attitudes and skills within their specific context. These findings contribute to existing knowledge on
intercultural communication competence and its application in managing multicultural teams, emphasizing the
significance of cultural knowledge, positive attitudes toward diversity and effective communication skills for
achieving successful project results. Furthermore, the results can provide practical implications for project managers
and organizations looking to enhance their intercultural communication competence.

Key words: Project Management, Culture, Communication, Intercultural Communicative Competence.
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Introduction

Project managers and senior leaders must possess intercultural competency to manage
multicultural teams in today’s globalized business environment successfully. Cultural exchange is
becoming an increasing trend due to political issues driving people from one country to another and
represents an invaluable opportunity for workers to learn from one another, share knowledge, develop
new skills and advance in their fields. For such experiences to be fruitful, both project managers and
staff members must accept and respect those with differing cultural backgrounds.

Studies conducted in previous years demonstrated the importance of understanding the
perspective of the receiver for effective communication. Communication skills are also considered
crucial to project managers working on multicultural teams. This paper highlights that professionals
with developed intercultural communication abilities possess good knowledge and are aware of
cultural differences. Their goal should be to use this expertise when engaging people from diverse
language and cultural backgrounds.

This study will assess the effectiveness of intercultural communication for managing multicultural
team performance by focusing on three components of Byram’s model of intercultural communication
competence — knowledge and attitudes — which provide insights into its efficacy in doing so. They
demonstrate the significance of adopting positive attitudes toward cultural diversity while mastering
effective communication techniques.

Today’s global business world places greater demand on project managers and senior leaders
to have experience managing cross-cultural communications and dealing with diversity within their
teams. At present, as political issues drive people from their home countries and into other nations,
cultural and experience sharing has become a worldwide trend. Working communities offer ample
opportunities to learn, share knowledge, and develop new abilities within their field. To ensure a
productive exchange of experiences and maintain healthy working relationships, project managers
and their employees must accept people from diverse cultural backgrounds and communicate in
ways which demonstrate respect for diversity.

Objectives

The objective of this study is to investigate whether project managers and team members from
multinational companies in Kazakhstan, operating in diverse cultural settings, possess the ability
to identify elements of cross-cultural communicative competence while overseeing their teams
and supervising the performance of their subordinates. Additionally, the study aims to determine
whether these individuals exhibit an inclusive and open approach by integrating intercultural
communicative competence knowledge and skills into their leadership styles. The research inquiries
in this investigation will be categorized based on the key dimensions of intercultural communicative
competence:

Intercultural Communication Competence Knowledge and Awareness

1. Do team members in the project area have knowledge about key elements and fundamental
ideas of Intercultural Communicative competence?

Attitudes to Intercultural Communication/ Motivation

2. What attitudes do they reflect towards implementing intercultural communication competence
dimensions when communicating and managing the workflow of their teams and subordinates?
Do they believe it is necessary to consider cultural differences in their working environment when
assigning work and building communications?

Intercultural Communication Competence Skills

Do project team members use intercultural communication competence skills when
communicating with their subordinates or resolving conflict situations? If yes, what are the most
common intercultural contexts they mention? If not, what are the boundaries towards using these
skills?
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Main Provisions

Susana Schulz and Rosabel Rodig-Vila’s Intercultural Communication Competence as a Key
Competence for Global and Multicultural Organizations published in Intercultural Education
(2016) explores the concept and significance of Intercultural Communication Competence [15].
They emphasize its significance as essential for individuals, organizations and societies in today’s
globalized society. The authors explore various models for intercultural communication competence,
including Byram’s Model. Aksana Kvalchuk’s article entitled, “The Role of Intercultural
Communicative Competence in Enhancing Cross-Cultural Management Effectiveness,” published
in Human Resource Management Review in 2019, examines the crucial role played by intercultural
communication competence, in enhancing effective cross-cultural management effectiveness [8].
This article describes the challenges associated with cross-cultural management, such as differences
in communication styles and values, as well as practical suggestions to assist managers and employees
develop intercultural competency. The author emphasizes cultural sensitivity, adaptability, awareness
and suggests that cultivating Intercultural communication competence requires continual learning,
reflection and practice. Garcia-Lorca & Rubio-Andrada (2010) present a framework to conceptualize
the relationship between intercultural team performance and intercultural communication
competency [12]. They maintain that intercultural communication competence plays a significant role
in intercultural team performance, thus organizations looking to become successful in multicultural
environments must understand and develop this competency.

Brief Overview of the Theoretical Model

Byram’s Intercultural Competence Model is a well-recognized framework of theory applied
in research relating to cross-cultural communication, intercultural education and related areas. The
model comprises five components — attitudes, knowledge and skills, language use and discourse.
Byram (1997) asserts that intercultural competency refers to being able to effectively interact and
communicate across cultures by appreciating cultural differences while adapting easily in unfamiliar
cultural environments [1].

Attitude is one of the key components of intercultural competency. This involves being open-
minded and curious about other cultures while showing care and consideration towards them.
Knowledge is the cognitive component of intercultural competency and includes comprehending
cultural similarities and differences as well as becoming aware of one’s personal biases. Intercultural
competence is an indispensable skill that involves being able to navigate and communicate in cross-
cultural environments. Discourse provides another dimension - being able to analyze and interpret
how values and norms are communicated across cultural divides through language is crucial
in this respect. Byram’s Model has been widely utilized by various studies related to language
learning, intercultural training and study abroad programs. Deardorff (2006) used Byram’s model
to identify intercultural competence as an outcome of internationalization within US institutions
of higher education; Huang and Van der Zee used Byram’s Model to assess impact of study abroad
programs on intercultural attitudes while O’Dowd (2003 p3) utilized it to study computer-mediated
communication’s role in language acquisition and intercultural competency using Byram’s Model;
finally Risager (2007) proposed an innovative transnational language and culture pedagogy using
Byram’s Model as its source [5].

Byram’s Intercultural Competency Model provides a framework to understand and develop
intercultural communication abilities. Its five components — attitudes, knowledge, skills and
language — have been extensively used in cross-cultural research studies as well as many field
applications of its application in different contexts.

Intercultural project management can be achieved using two frameworks: Byram’s model of
Intercultural Communicative Competence and Project Management Body of Knowledge.

Byram’s Model of Intercultural Communication and PMBOK Concepts

Project managers can better navigate intercultural projects by drawing upon Byram’s model and
the PMBOK for guidance [11]. Byram’s model can help project managers to understand cultural
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differences that might impede project outcomes while the PMBOK helps plan, organize, control, and
achieve specific project goals — for instance through using its project communication management
knowledge area in planning communications strategies that account for cultural differences or
reflecting upon own cultural biases and assumptions by using Byram’s critical cultural awareness
competency.

Byram’s Model of Intercultural Communicative Competence provides a framework for building
intercultural communications skills and attitudes necessary for effective cross-cultural dialogue. This
model comprises interdependent components:

1. Knowledge: Recognizing cultural differences and similarities, including values, beliefs and
customs from various cultures as well as communication styles between them.

2. Skills: Gain practical skills that enable you to understand and interact with people of various
cultural backgrounds, including listening actively, empathizing with one another and adapting your
communication style accordingly.

3. Attitudes: Exhibit an openness and curiosity towards other cultures. Assess and challenge
any biases or assumptions you might hold within yourself about other peoples or societies.

By applying Byram’s model to intercultural project management processes, project managers
will be able to enhance their ability to collaborate effectively with multiple stakeholders — such
as recognizing cultural differences and adapting communications strategies — while creating an
inclusive project environment. The Project Management Body of Knowledge or PMBOK, provides
an exhaustive guide to project management. Used alongside Byram’s model, this standard guide
from the Project Management Institute serves as a definitive reference [11]. The PMBOK recognizes
communication as a critical component of project success. Communication encompasses transmitting,
receiving and interpreting information at all stages of a project’s life cycle — this means its importance
is essential for stakeholder engagement, project performance measurement, risk mitigation strategies
and issue resolution.

Materials and Methods

Research Design

This study encompassed three key research questions that pertain to the dimensions of Intercultural
Communicative Competence, namely knowledge, attitudes, and skills.

To address these research questions, a mixed research design was chosen as research method for
this project, allowing for the utilization of multiple research tools to investigate the study’s problem.

To address the first question, a quantitative questionnaire will be administered to project
managers and senior leaders in various organizations dealing with culturally diverse employees.
The questionnaire will consist of different sections covering various aspects related to intercultural
communicative competence. The questionnaire will also incorporate questions related to Hofstede’s
cultural dimensions model and topics like stereotyping and discrimination to assess participants’
knowledge of intercultural communication competence.

To primarily address the second and third questions, interviews will be conducted with
representatives from the sample group. This qualitative approach will enable the analysis of the main
intercultural communication challenges faced by project managers and team members.

Population and Sampling

Population for this study is defined as international organizations, businesses that involve
international project groups, employees to whom this study might become beneficial. Understanding
of cultural dimensions and its potential impact on team performance will help the population to build
and reconsider business strategies that they use within their teams and organizations in terms of
improving internal communications and business processes.

Sample group is represented by questionnaire and interview respondents. Main goal is to reach
and collect responses from employees and team members of international organizations who work
for a long period of time in multicultural environments interacting in different projects.
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The sample group for this research paper comprised a selection of Kazakhstani international
companies operating across diverse industries. Employees of the following companies took part in
the questionnaire and interview for this study: Haileybury Almaty, KPMG, the American Consulate,
Homecredit Bank, the British Consulate, and Suleyman Demirel University.

Instrumentation

To address all research questions, a two-step investigation method comprising a questionnaire
and semi-structured interview is essential. Each instrument will target specific questions to gather
information relevant to the research. To ensure content validity, utilizing existing questionnaires
is preferred. After extensive literature review, it was observed that most works focus on human
resources. Researchers conducted agreement analysis to select questions for the questionnaire,
ensuring it measures intended aspects. Five main models were analyzed to inform the construction
of project management-based questionnaires, with some questions adapted from these studies.

“Developing Intercultural Communicative Competence through a Virtual Exchange Program”
by Dorothy Chun. This study explores the use of virtual exchange programs to develop intercultural
communicative competence and highlights the key communication components involved in
successful intercultural communication [2]. Research review of “Assessing the impact of cross-
cultural communication competence on expatriate business operations in multinational corporations
of a Sub-Saharan African context” by James Baba Abugre and Yaw A. Debrah examines the impact
of cross-cultural communication competence and importance of cultural awareness, empathy, and
communication skills in developing intercultural competence on expatriates work outcomes [6].
And “Assessing Intercultural Competence in Higher Education: Existing Research and Future
Directions” by Darla K. Deardorff provides an overview of the current research on intercultural
competence assessment and highlights the importance of communication skills and intercultural
sensitivity in developing intercultural competence [5]. “Intercultural Competence: A Review of
Existing Concepts, Frameworks and Models” by Katrin Voltmer and Christina A. Victoroff examines
the different conceptualizations of intercultural competence and highlights the key communication
components involved in effective intercultural communication [17].

The development of the intercultural communication questionnaire for project management
research drew from various resources, including the Project Management Body of Knowledge
(PMBOK) and PM Process Chart. Particularly, the communications management section of
the PMBOK provided insights into how intercultural communication impacts project success.
Additionally, the PM Process Chart proved useful in formulating questions related to specific
project execution stages. By leveraging established project management frameworks, the research
questionnaire gathered comprehensive data on intercultural communication abilities and experiences
among project managers and team members. The questionnaire consists of 18 questions, with six
related to different areas of Byram’s model, divided into three sections, using a 5-point Likert scale
for responses. For the third research question, interview questions were prepared for participants
willing to discuss intercultural communication cases from their work experiences. Conducted semi-
structuredly, the interviews aim to elicit full, open-ended answers, with the potential for follow-
up questions based on participant responses. Recordings of the interviews will be transcribed and
analyzed to provide valuable insights for both researchers and readers who may relate to the described
cases.

Analysis Plan

Triangulation Method

Using multiple sources of data is a way to verify the findings and reduce the possibility of errors,
biases, or inconsistencies. In this research project investigators chose to use both questionnaire and
interview methods to collect data from project managers and team members. By using both methods,
it’s possible to obtain a more comprehensive understanding of the intercultural communication skills
and experiences of the participants. By combining quantitative and qualitative methods, researchers
could compare and contrast the data, identify discrepancies or inconsistencies, and develop a more
nuanced and nuanced analysis of the intercultural communication experiences of project managers
and team members.
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SPSS Method

In this research project on intercultural communication in project management, the researchers
will use the Statistical Package for the Social Sciences method to analyze the data collected from the
questionnaire. The SPSS method is a widely used statistical analysis software that allows researchers
to perform a range of analyses on the data, including descriptive statistics, inferential statistics, and
multivariate analysis.

The semi-structured interviews will be conducted, recorded, and transcribed. Descriptive
statistics and visual aids will be used to analyze the data, identifying general patterns and trends in
respondents’ intercultural communication competence knowledge, attitudes, and skills. Thematic
analysis will be used to identify common themes related to intercultural communication competence
knowledge, attitudes, and skills for each level based on the interview data.

Results and Discussion

Data Analysis

The data analysis for this study was conducted using IBM SPSS 25.0 software package. Firstly,
a frequency distribution table was generated to examine the demographic characteristics of the
participants.

To assess the normality of the Likert-scale scores used in the study, the Shapiro-Wilk test was
employed. Given that the sample size was less than 50, it was determined that the scores exhibited a
normal distribution, as indicated by a p-value greater than 0.05.

Furthermore, the reliability of the Likert-type questions was evaluated using the Cronbach’s
Alpha coefficient.

Survey Findings

This section of the research focused on the examination of participants’ involvement and the
investigation of various aspects related to Intercultural Communicative Competence. Specifically, the
study examined participants’ knowledge level concerning the fundamental concepts and key elements
of intercultural communication competence, their attitudes towards incorporating intercultural
communication competence dimensions into their communication and team management practices,
as well as the projected utilization of intercultural communication competence skills by team members
during communication with subordinates and conflict resolution situations.

The findings pertaining to these areas were rigorously analyzed, and comprehensive
interpretations of the results were provided. The objective was to gain a deep understanding of
the participants’ perspectives and behaviors regarding intercultural communication competence.
The outcomes aimed to uncover insights into their comprehension of intercultural communication
competence, their willingness to implement intercultural communication competence dimensions in
their communication and team management practices, and the potential utilization of intercultural
communication competence skills within their teams.

By delving into these dimensions, the research aimed to provide valuable insights for enhancing
intercultural communication practices within the context under investigation, highlighting potential
areas for growth and improvement.

Findings on Participants’ Work Experience and Team Members

This section presents the findings related to the work experience of the participants and their
corresponding team members. The provided table presents data concerning the total number of years
of working experience and the total count of team members associated with each participant. The
mean value of total years of seniority was computed as 6 years, with a minimum of less than one year
and a maximum of 26 years. The approximate average number of team members who participated in
the survey for each project was found to be 8 individuals. The range of team members varied, with a
minimum of 2 people and a maximum of 25 people.
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Table 1 — Years of working experience of respondents

N Minimum Maximum Mean Std. Deviation
Total years of working
experience: 30 0 26 6.57 6.574
The approximate number of
team members in project: 29 2 25 8.07 5.196
Valid N (listwise) 29

Findings of the respondents experiences in international community
This chart shows us a percentage of respondents’ total work experience in the international
community.

Years of working experience with international community

B Morethan 12 months B Lessthan 12 months

Figure 1 — Years of working experience with international community

Respondents have been working in international communities for more than 12 months. Only
21% have less than 12 months of work experience.

Test of Normality

A test of normality was conducted using the Shapiro-Wilk test to assess the normal distribution
of the data. The resulting test statistic yielded a value of 0.445. According to the Shapiro-Wilk test
interpretation, when the p-value exceeds 0.05, it indicates that the data follows a normal distribution.
Consequently, this allows for the application of subsequent analyses such as regression and correlation.

The table below represents the data regarding the status of the respondents’ knowledge
and awareness of intercultural communication competence dimensions. The presented tabular
data provides insights into the respondents’ level of familiarity with the crucial components and
fundamental concepts pertaining to the dimensions of Intercultural Communicative Competence.
The obtained result yields a p-value of 3.177, or according to the Likert-scale interpretation, falls
within the neutral range. This implies that a substantial portion of the respondents do not possess
comprehensive knowledge (i.e., a complete understanding) of the key elements and fundamental
ideas underpinning intercultural communication competence dimensions. However, it is noteworthy
that they are not entirely uninformed either, indicating a moderate level of awareness.
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Table 2 — Descriptive Statistics

N Minimum Maximum Mean Std. Deviation
Icc_awareness 30 1.83 4.33 3.1778 61109
Valid N (listwise) 30

Findings regarding respondents’ attitudes toward the implementation of intercultural
communication competence dimensions in their communication and team management practices

The tabular data presented offers valuable insights into the attitudes of the respondents
regarding the incorporation of intercultural communication competence dimensions within their
communication and team management endeavors. The resulting p-value of 3.533, as per the Likert-
scale interpretation, indicates a predominantly positive stance among the majority of respondents.
This suggests that they possess favorable attitudes towards the implementation of intercultural
communication competence dimensions when engaging in communication activities and overseeing
the workflow of their respective teams.

Table 3 — Descriptive Statistics

N Minimum Maximum Mean Std. Deviation
attitude 30 2.50 4.83 3.5333 49789
Valid N (listwise) 30

The findings pertaining to the utilization of intercultural communication competence skills
by respondents during communication with subordinates and conflict resolution situations . The
presented table provides an overview of the responses to questions concerning the utilization of
intercultural communication competence skills. The calculated result of 3.7, or the corresponding
positive interpretation based on the Likert Scale, indicates that a significant majority of the respondents
demonstrate the use of [CC skills when engaging in communication with their teammates or resolving
conflicts.

Table 4 — Descriptive Statistics

N Minimum Maximum Mean Std. Deviation
skill 30 2.83 4.83 3.7556 .50236
Valid N (listwise) 30

Regression Analysis

A regression analysis was conducted to examine the hypothesis that the total years of experience
would significantly predict Intercultural Communicative Competence dimensions. The results of
the analysis yielded the following coefficients: intercultural communication competence awareness
Table 1 (0.242), intercultural communication competence skill Table 2 (0.641), and intercultural
communication competence attitude Table 3 (0.300), in relation to the total years of experience.

To evaluate the hypothesis, an Anova test was performed. If the resulting p-value is greater than
0.05, it indicates that the hypothesis should be rejected. In this case, all of the obtained p-values are
greater than 0.05. Therefore, it can be concluded that there is no significant prediction of intercultural
communication competence dimensions by total years of experience.
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Ho: There will be significant prediction intercultural communication competence dimensions by
total years of experience.

Ha: There will be no significant prediction of intercultural communication competence
dimensions by total years of experience.

Table 5 — Regression Analysis

ANOVA* Model Sum of Squares df Mean Square F Sig.
1 Regression 275 1 275 1.114 .300°
Residual 6.914 28 247
Total 7.189 29

a. Dependent Variable: attitude
b. Predictors: (Constant), Total years of working experience: 30

Table 6 — Regression Analysis

ANOVA?* Model Sum of Squares df Mean Square F Sig.
1 Regression 527 1 527 1.431 2420
Residual 10.303 28 368
Total 10.830 29

a. Dependent Variable: awareness
b. Predictors: (Constant), Total years of working experience: 29

Table 7 — Regression Analysis

ANOVAa Model Sum of Squares df Mean Square F Sig.
1 Regression .058 1 .058 223 .641b
Residual 7.261 28 259
Total 7.319 29

a. Dependent Variable: skill
b. Predictors: (Constant), Total years of working experience: 30

Correlation Analysis

In this section, a correlation analysis was conducted to investigate the relationship between
years of working with the intercultural community and Intercultural Communicative Competence
dimensions. The null hypothesis (Ho) posited that there would be a positive correlation between these
two variables, while the alternative hypothesis (Ha) suggested the absence of a positive correlation.

The obtained p-values from the correlation analysis were 0.09, 0.05, and 0.09 for the respective
intercultural communication competence dimensions. These p-values indicate a relatively low
correlation between years of working with the intercultural community and the intercultural
communication competence dimensions under investigation.

It should be noted that a p-value of 0.05 is commonly used as the threshold for determining
statistical significance. In this case, all three p-values exceeded this threshold, suggesting that the
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observed correlations are not statistically significant. Consequently, the results suggest a weak or
negligible relationship between the years of working with the intercultural community and the
intercultural communication competence dimensions being examined.

Table 8 — Correlations

Years of working | skill awareness attitude
experience with
international
community:
Years of working Pearson 1 090 055 091
experience with Correlation ) ) )
international . .
community: Sig. (2-tailed) .636 71 .633
N 30 30 30 30
skill Pearson 090 1 468" 700™
Correlation ) ) )
Sig. (2-tailed) .636 .009 <.001
N 30 30 30 30
awareness Pearson 055 468" 1 650™
Correlation : : :
Sig. (2-tailed) 771 .009 <.001
N 30 30 30 30
attitude Pearson - -
Correlation .091 .700 .650 1
Sig. (2-tailed) .633 <.001 <.001
N 30 30 30 30
**_ Correlation is significant at the 0.01 level (2-tailed).

Interview results

Findings of No. 1 interview:

Participants were interviewed three times regarding their perspectives on intercultural
communication skills in managing multicultural teams. In the first interview, one participant
emphasized the necessity of these skills for organizations operating across borders. They illustrated
how adapting communication styles and understanding cultural norms contributes to strong
relationships with local partners. Participants acknowledged that cultural differences can cause
friction within teams. Lack of representation and disparate salaries between international and local
employees were cited as reasons for inconsistent skill application.

Findings of No. 2 interview:

In the second interview, the participant underscored the significance of intercultural capabilities
when working with individuals from diverse backgrounds and achieving goals. They shared
examples of how adaptability and cultural knowledge affected communication with team members
from the United States and another country. The team’s knowledge of Russian culture helped prevent
a dispute that could have hindered project completion. Lack of interest and knowledge about other
cultures were identified as primary obstacles to consistently applying Intercultural Communication
Competencies.
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Findings of No. 3 interview:

In the third interview, the participant discussed the value of intercultural skills in organizing
inclusive multicultural events. They shared a scenario where pictures and open dialogue helped
overcome communication challenges with a team member from a different cultural background.
Participants revealed conflicts among team members with differing cultural backgrounds, adversely
impacting project timelines and morale. Conflicts were resolved through meetings, active listening
sessions, and finding common ground. Language barriers, lack of cultural understanding, and biases
were major challenges to consistent skill application.

Discussion of interview findings

Interviews demonstrated the significance of intercultural skills for managing multicultural teams
and achieving project success. Participants consistently stressed understanding cultural norms,
adapting communication styles, encouraging open dialogue, and addressing challenges such as lack
of knowledge, prejudices, language barriers, and disparities within teams, which require training or
awareness to overcome.

Analysis of the interviews provides qualitative insights into the application of intercultural
communication competence in managing multicultural teams. Several recurring themes emerged
through inductive methods.

Intercultural Communication: All participants recognized the importance of intercultural skills
for project completion and building relationships among culturally diverse team members. They
emphasized respect, understanding, and adapting communication styles based on cultural preferences.

Participants demonstrated how intercultural competency skills led to successful project outcomes,
such as adjusting communication styles and using visual aids according to cultural norms.

Communication Challenges: While conflicts between team members of different cultures
were rare, participants acknowledged the risk of miscommunication due to cultural differences.
They emphasized the significance of curiosity and knowledge about other cultures to overcome
communication barriers.

Language barriers, biases, and lack of cultural awareness were identified as primary obstacles
to consistent use of intercultural communication competencies. Participants suggested cultural
exchanges and training programs as solutions to address these challenges.

Key Findings:

a) Intercultural communication skills are vital for leading multicultural teams, fostering strong
relationships, avoiding conflict, and meeting project objectives.

b) Acknowledging and adjusting to cultural considerations positively influences communication,
enabling adaptability and forming bonds with teammates from diverse backgrounds.

c¢) Conflict resolution is facilitated by intercultural communication skills, emphasizing finding
common ground, active listening, and open discussions.

d) Complications in applying intercultural communication competence skills include an absence
of diversity within teams, salary disparities, lacking knowledge and interest, biases, and language
barriers. Solutions include promoting diversity, addressing salary disparities, fostering a learning
culture, providing language support, and cultural training.

Conclusion

In conclusion, the presented findings offer valuable insights into the respondents’ level of
familiarity, attitudes, and utilization of Intercultural Communicative Competence dimensions. The
analysis of the tabular data indicates that a substantial portion of the participants do not possess
comprehensive knowledge of the key elements and fundamental ideas underlying intercultural
communication competence dimensions. However, it is important to note that they do exhibit a
moderate level of awareness.
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Furthermore, the data reveals that the majority of respondents hold positive attitudes towards
the incorporation of intercultural communication competence dimensions in their communication
and team management endeavors. This suggests that they recognize the value and importance of
intercultural communication competence in their interactions and workflow.

Additionally, the findings indicate that a significant majority of the participants demonstrate
the use of intercultural communication competence skills when engaging in communication with
their teammates or resolving conflicts. This highlights the practical application and relevance of
intercultural communication competence in their day-to-day activities.

Overall, these findings contribute to the understanding of the respondents’ familiarity, attitudes,
and utilization of intercultural communication competence dimensions. They provide insights
into the current state of intercultural communication competence awareness and implementation
among the participants, offering a basis for further research and potential interventions in promoting
intercultural competence and effective communication within diverse teams and contexts.
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KOIIMOJAEHHUETTI Y KBIMHBIH KYMbBICBIH BACKAPY
YIIIH MOJAEHUETAPAJIBIK KOMMYHUKATHUBTI
KY3bIPETTIJIIK OJIINEMJEPIH KOJJAAHY

Angarna

Bepinren makananma »xobajgapabl 0ackapy calachlHIAFbl XaJIbIKAPaIbIK KOMITAHHsJIAPAAFhl KOMIMOICHHETTI
YKBIMIApbl Oackapy YLIH MOACHHETapalblK KOMMYHUKAUMsUIBIK Ky3bIpeTTimikTiH (ICC) e3exriiiri MeH THIM-
JIUTITIH KaMTaMackI3 eTefli. byl 3epTTeyaiH MaKcaThl )00a MEHEKEpIIepi MEH TOI MYIICIICPiHIH MOICHUETAPAIIBIK
KOMMYHHKasIbIK, Ky3biperTinikke (ICC) xarbicThl OinmimMzepiH, Ke3KapacTapblH JKOHE JaF[buiapblH Oaranayra
OarpITTanFa, o yuriH bafipamuse [CC Momeni MoneHn OimiMaep MeH Ke3KapacTapra 6aca Ha3ap ayaapa OTBIPHII
naiigananpuiagsl. By 3epTTeyniH MaHBI3ABUIBIFBI OHBIH Ka3aKCTaHIBIK XaJIbIKApaJIbIK KOMITaHHSIAPAAFH! jK00a
MeHe/Kepiiepl MeH TOT MYIIeNIepi apachlH/Ia )KYPri3lIreH CaH IbIK cayaTHaMaIIbIK 3epTTeY dIicTeMeNIepiH naiaanana
OTBIPBIIN, SPTYPJIl KYMBIC OPTAaChIHAA MOJCHUETApAJbIK Oackapy MEH KOMMYHMKAIMsFa OarbITTallFaHIbIFbIH/IA.
Hepexrepai tannay onapabiH HakThl kKoHTekcTinae ICC OinimMiHe, Ke3KapacTapblHa JKOHE JaF/bliapblHa TYCIHIK
Oepeni. Byr HoTmOKesep ’kOOAHBIH COTTI HOTHIKENEpiHE KOJ JKETKI3y YIIH MOJCHM OUTIMHIH, SPTYPIUIIKKE OH
KO3KapacTbIH JKOHE THIMII KOMMYHHKAIHAIBIK [aF AbUIAP/IBIH MAHPI3IBLIBIFRIH aTall KepCeTe OTIPHIN, M-
HHUETapaJblK KOMMYHHUKALHS K¥3Hp6TT1H1Fl (MKC) sxoHE OHBI KOIIMOJICHUETTI YKBIMIAP/IBI 6acKapyL[a KOJIJaHy
Typasbl Oap OixiMre bikman ereai. COHbIMEH Karap HATHKesep xkoba MeHeKepIiepl MeH YibIMIap YIIiH ONapiblH
MOJICHUETAPAJIBIK KOMMYHHUKALIUS KY3bIPETTUIITIH apTThIpyFa NPAKTUKAIBIK 9CEp €Te aabl.

Tipek ce3aep: xobanapapl 6ackapy, MOJICHUET, KOMMYHHKALUS, MOJACHHETAPAIIbIK KOMMYHUKATHBTI Ky3bl-
peTTuIiK.
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HCIIOJb30BAHUE U3MEPEHUI MEXKYJIBTYPHOM
KOMMYHHKATH}}HOFI KOMIIETEHTHOCTH B YIIPABJTEHHH
PABOTOU MVYJBTUKYJIBTYPHOU KOMAH/IbI

AHHOTAIUA

B naHHOIT cTaThe MPEACTaBICHA aKTYaJIbHOCTh M A((PCKTHBHOCTh KOMIICTCHIIUH MEKKYIBTYPHOH KOMMYHH-
KaI[MK JJIs1 YIIPABJICHHS MYJIBTUKYJIBTYPHBIMUA KOMAHIaMH B Ka3aXCTAHCKUX MEKIYHAPOIHBIX KoMIaHusX. [{enbio
JIAHHOTO HCCIICIOBAHMUSI SIBIISICTCSI OL[CHKA 3HAHUI, OTHOIICHUH M HABBIKOB MEHEKEPOB MPOEKTOB M WICHOB KO-
MaH]I, CBSI3aHHBIX C KOMIIETEHTHOCTBIO B MEXKKYJIBTYPHOM OOIICHHH. MO/Ieb MEKKYJIbTYPHOH KOMMYHHUKATHBHOMN
KOMIICTCHTHOCTHU BaﬁpaMa 6yI[CT HUCIIOJIB30BAThCA C AKIICHTOM Ha KyJ'IBTypHBIe 3HAHUS U OTHOILICHUS. 3H8HI/IMOCTB
3TOTO MCCJICIOBAHUS 3aKJIF0YACTCS B TOM, YTO OHO COCPEIOTOUCHO Ha MEKKYJIBTYPHOM YIIPABICHUHU U OOIICHUH B
Pa3IMYHBIX PabOYHX CpelaxX ¢ MCIIOIb30BAHUEM METOIOIOTHI KOJHMUSCTBCHHOTO OMPOCa, IIPOBOIUMOTO CPEIIU ME-
HEJDKEPOB MPOEKTOB U WICHOB KOMAH/I B Ka3aXCTAHCKHX MEKIyHAPOIHBIX KOMIIaHUsIX. Llesh COCTOUT B TOM, YTOOBI
BBISICHUTB, 00JIA/IAIOT JIK MEHEDKEPhI IIPOSKTOB U WICHBI KOMaH/I TPAHCHAIMOHAIILHBIX KoMmaHuii B Kazaxcrane,
paboTANIMX B PA3IMYHBIX KYJIBTYPHBIX CpellaX, ClIOCOOHOCTHIO BBISBISITH SIEMEHThI MEKKYJIBTYPHOH KOMMYHH-
KaTHBHOﬁ KOMIICTCHTHOCTHU HpI/I Ha6J’IIOI[eHI/II/I 3a CBOMUMH KOMaHIaMu U pa60Te CBOUX INOAYNHCHHBIX. AHaJ'II/I3 JaH-
HBIX JIaCT MPEICTABICHUE O 3HAHUSX, OTHOIICHUSIX U HABBIKAX MEKKYJIBTYPHOW KOMMYHHKAIIUN B UX KOHKPETHOM
KOHTEKCTE. DTH PE3yJIbTaThl JOIOIHSIOT CYIIECTBYIOINE 3HAHUS O KOMIIETCHTHOCTH MEKKYJIBTYPHOTO OOIIICHUS 1
WX NPUMEHEHUHU B YNPABICHUH MYJIBTUKYJIBTYPHBIMU KOMAH/IaMH, MOAYEPKUBAsT BAKHOCTH KYJIBTYPHBIX 3HAHUIA,
MMO3UTHUBHOTO OTHOUICHHSI K Pa3HOO0Pa3nio U YPPEKTUBHBIX KOMMYHUKATUBHBIX HABBIKOB IS IOCTHKEHHSI YCIICIII-
HBIX Pe3y/IbTaToB MpoekTa. KpoMe Toro, pe3yabrarbl MOI'YT HMETh IPAKTHYECKOE 3HAUCHHE JIUTSi MEHEKEPOB TPOo-
CKTOB U OpFaHI/ISaI_II/Iﬁ, CTpeMS[HH/IXCH IIOBBICUTH CBOKO KOMIICTCHTHOCTH B Me)KKyJ'IBTypHOM O6H.[eHI/II/I.

KuroueBble ciioBa: yrnpaBiieHHE IPOSKTaMHU, KyJIbTypa, KOMMYHHKAIKS, MEXKYIbTypHasi KOMMYHHUKAaTHBHAS
KOMIIETEHTHOCTb.
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CARBON EMISSIONS IN AGRICULTURAL GROWTH:
A COMPREHENSIVE ANALYSIS OF FACTORS INFLUENCING
ORGANIC CROP PRODUCTION IN KAZAKHSTAN

Abstract

The article examines the problem of carbon emissions into the atmosphere caused by agricultural activities.
She analyzes various aspects of the problem, including the impact of fertilizer use, tillage, and animal husbandry
on carbon emissions. The article examines modern methods and technologies that can reduce agriculture’s carbon
footprint and improve its environmental sustainability. The authors also discuss the role of renewable energy,
effective waste management and sustainable practices in agriculture to reduce its contribution to climate change.
This study is anticipated to make significant contributions to both recent literature and policymaking in Kazakhstan
across several dimensions. Economic regression analysis was conducted using the panel data models such as
Random Effects and Fixed Effects, and two econometric models were assessed. The findings of this study shed
light on the intricate relationship between carbon emissions and key determinants within the agricultural sector
of Kazakhstan. By employing a comprehensive regression model, incorporating various variables such as oilseed
imports and exports, investments in the green economy, fertilizer usage, arable land, and economic indicators, this
research delves into the nuanced dynamics influencing carbon emissions.

Key words: agriculture, carbon emission, crop production, agro-industrial complex, sustainable development.
Introduction

Global climate change is a pressing concern attributed to elevated levels of greenhouse gases
(GHGs) in the atmosphere, primarily driven by human-induced activities like the burning of fossil
fuels and the clearing of forests (Raihan et al., 2021; Wan Mohd Jaafar, 2020). The ongoing rise
in carbon dioxide (CO,) emissions is anticipated to yield significant repercussions for the Earth’s
climate system, leading to potentially disastrous outcomes that will impact various sectors of society
(Raihan et al., 2019; Begum et al., 2020). Hence, the global emphasis on curbing carbon dioxide
(CO,) emissions and enhancing environmental conditions has intensified, aiming for sustainable
development and the alleviation of adverse consequences associated with climate change (Begum et
al., 2015; Raihan et al., 2022).

The Paris Agreement, a multilateral environmental accord negotiated under the United Nations
Framework Convention on Climate Change (UNFCCC), aims to enhance the collective global effort
in addressing challenges related to climate change within the context of sustainable development.
Nevertheless, Kazakhstan, being the largest landlocked country globally with abundant natural
resources, holds a significant position as one of the leading exporters of oil and gas (Wang et al.,
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2019). Kazakhstan’s pursuit of emission reduction holds paramount importance, and the country’s
endorsement of the Paris Agreement signifies a noteworthy advancement for this nation heavily
reliant on fossil fuels. Kazakhstan has pledged to achieve an unconditional goal of reducing
greenhouse gas (GHG) emissions by 15% and a conditional target of a 25% GHG emission reduction
by 2030, relative to the levels observed in 1990, as outlined in the Paris Agreement. Simultaneously,
Kazakhstan grapples with significant environmental challenges (Wang et al., 2019).

Cities host the majority of the global population and contribute to more than 70% of worldwide
CO, emissions (Sharifi, 2021). This proportion is anticipated to rise further with ongoing urbanization
trends (Sharifi, 2021: Gasimli et al., 2019). However, urbanization is recognized as a pivotal element
in economic growth and structural development (Gasimli et al., 2019). Consequently, Kazakhstan’s
national 2050 growth strategy places urbanization as one of its cornerstones (Seitz, 2021). In
2020, urban areas and cities constituted 57.67% of Kazakhstan’s total population, experiencing an
annual urban population growth of 1.5% (World Development Indicators, 2022). The United Nations
Department of Economic and Social Affairs (DESA) estimates that Kazakhstan’s urbanization levels,
both past and projected by 2050, surpass the average for Asia overall and particularly for Central
Asia (The Astana Times, 2021). DESA predicts a 69.1% urbanization rate in Kazakhstan by 2050,
with seven out of ten people expected to reside in cities by that time (The Astana Times, 2021).
Kazakhstan’s cities are regarded as focal points for economic activity and prosperity (Seitz, 2021).
Urbanization, driven by migration from rural areas to cities, opens up opportunities for employment,
education, healthcare, transportation, telecommunications, and other public services (Zhend and
Walsh, 2019). Consequently, urbanization leads to an increased demand for energy, resulting in
carbon emissions (Zheng and Walsh, 2019).

According to Zhu and Peng (2012), urbanization manifests three significant effects on CO,
emissions: first, elevated residential and industrial energy consumption; second, increased energy
utilization by the construction industry for infrastructure improvement, transportation, and residential
structures; and third, deforestation for urban development. Additionally, the heightened use of
household appliances (e.g., air conditioning, water heaters) significantly contributes to increased
electricity consumption and, consequently, a rise in CO, emissions (Zhu and Peng, 2012). Rapid
urbanization poses a threat to sustainable development, as it escalates both energy consumption and
environmental degradation (Gasimli et al., 2019; Seitz, 2021; Zhu and Peng, 2012). Therefore, it
becomes imperative to investigate the correlation between urbanization and CO, emissions for the
sake of sustainable development in Kazakhstan.

A comprehensive grasp of Kazakhstan’s susceptibility to climate change is gaining heightened
significance for policymakers striving to navigate the delicate equilibrium between initiatives aimed
at mitigating climate change and fostering sustainable development. Managing the trade-off between
pollution and development stands out as the most challenging aspect of simultaneously pursuing
these dual objectives. Consequently, the conundrum revolves around whether sustainable growth and
enhanced environmental quality, particularly in terms of emission reduction, can coexist as mutually
inclusive goals. A pivotal inquiry arises concerning how Kazakhstan can effectively diminish
CO, emissions, and addressing this query involves an examination of the primary sources of CO,
emissions in the country.

This study is anticipated to make significant contributions to both recent literature and
policymaking in Kazakhstan across several dimensions. Firstly, it addresses a noticeable gap
in existing academic literature by conducting a thorough econometric analysis to investigate the
connection between CO, emissions and their determinants in Kazakhstan. The outcomes have the
potential to offer novel insights to an international audience regarding the intricacies of environmental
factors and their sustainable management. Secondly, the research is positioned as an advancement
over prior studies, utilizing innovative econometric methodologies and incorporating new drivers
associated with CO, emissions specific to Kazakhstan, aspects often overlooked in earlier research.

184



KA3AKCTAH-BPUTAH TEXHUKAJIBIK
YHUBEPCUTETIHIH, XABAPIIBICHI Ne 1(68) 2024

Main provisions

A distinctive aspect of this study lies in the estimation of the impact of agriculture and forests on
Kazakhstan’s environment, representing a pioneering effort to reveal the influences of agricultural
productivity and forested area on CO, emissions in the context of Kazakhstan. This research sheds
light on the unique role played by agriculture and forestry in emission reduction, a facet frequently
neglected in investigations into the determinants of CO, emissions.

Literature Review

The link between economic growth and energy use has been investigated in detail in a variety
of studies applying different types of econometric methodologies. For example, Begum et al. (2020)
find that the economic growth and energy use bears a positive impact on carbon emission employing
ARDL and DOLS methods for yearly data spanning from 1970 to 2009. Adebayo (2020) implemented
FMOLS and DOLS estimators using the data from 1971 to 2016 and document that economic growth
exhibit the positive impact on carbon emission in Mexico.

Odugbesan and Adebayo (2019) identified a correlation between economic growth, energy
consumption, and CO, emissions in Nigeria based on annual data from 1981 to 2016, employing
ARDL, FMOLS, and DOLS methodologies. Vo et al. (2018) similarly found a positive association
between CO, emissions, economic growth, and energy usage in ASEAN countries using FMOLS
and DOLS techniques with data spanning from 1971 to 2014. Teng et al. (2020) observed a similar
trend in OECD nations, reporting that economic growth and energy consumption contribute to CO,
emissions. Shaari et al. (2017) utilized the ARDL model to demonstrate a positive relationship
between energy consumption and CO, emissions in OIC countries.

In recent years, there has been extensive research on the relationship between urbanization and
CO, emissions. Zhang et al. (2019) investigated this relationship in Malaysia using ARDL, FMOLS,
and DOLS techniques on data spanning from 1960 to 2018, revealing a positive association between
economic growth, urbanization, and CO, emissions. Adebayo and Kalmaz (2020) analyzed Egypt’s
data from 1971 to 2014, employing ARDL, FMOLS, and DOLS methods, and found a similar positive
connection between economic growth, energy consumption, urbanization, and CO, emissions.
Nondo and Kahsai (2018) utilized the ARDL methodology to study South Africa’s data from 1970
to 2016, uncovering positive impacts of economic growth, energy intensity, and urbanization on CO,
emissions. Kirikkaleli and Kalmaz (2017) observed comparable positive influences of economic
growth, energy consumption, and urbanization on CO, emissions in Turkey from 1960 to 2016,
employing FMOLS and DOLS methods. Usman et al. (2019) investigated India’s data from 1971
to 2014 using the ARDL estimator, finding that economic growth and energy usage contribute
to CO, emissions. Liu and Bae (2018) revealed the positive effects of economic growth, energy
consumption, and urbanization on CO, emissions in China from 1970 to 2015 using the ARDL
method. Ahmed et al. (2020) reported that economic growth, energy use, and urbanization lead to
CO, emissions in Indonesia, utilizing an ARDL estimator on data spanning from 1971 to 2014. Islam
et al. (2015) demonstrated the positive effects of economic growth, energy use, and urbanization on
CO, emissions in Bangladesh using the ARDL approach and data from 1970 to 2009. Raihan et al.
(2021) found that economic growth and urbanization contribute to CO, emissions in Argentina based
on time series data from 1990 to 2019, employing DOLS, FMOLS, and CCR methods.

Hasanov et al. (2016) demonstrated that economic growth has a continuously increasing effect
on CO, emissions over the long term in Kazakhstan, using DOLS, FMOLS, and CCR cointegration
methods on data from 1992 to 2013. Akbota and Baek (2018) applied the ARDL approach to
Kazakhstan’s data from 1980 to 2011, indicating that both economic growth and energy usage
contribute to CO, emissions. Additionally, Zhang (2017) found that economic growth and urbanization
positively influence CO, emissions in Kazakhstan and four other Central Asian countries from 1992
to 2013, employing Panel FMOLS, DOLS, and OLS techniques. Zhang et al. (2019) reported that
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economic growth and energy usage lead to increased CO, emissions in 50 developing countries,
including Kazakhstan, using FMOLS estimator on yearly data from 1995 to 2017. Adeneye et al.
(2020) highlighted the positive impacts of economic growth and energy usage on CO, emissions in
a panel of 42 Asian countries, including Kazakhstan, utilizing FMOLS and DOLS methods on data
from 2000 to 2014. Rasoulinezhad and Saboori (2018) discovered similar positive effects of economic
growth and fossil fuel energy consumption on CO, emissions in the Commonwealth of Independent
States, which includes Kazakhstan, from 1992 to 2015, using DOLS and FMOLS methods. Raihan
and Tuspekova (2021) revealed the positive effects of economic growth and fossil fuel energy usage
on CO, emissions in Kazakhstan from 1996 to 2018, employing DOLS, FMOLS, and CCR methods.
However, existing environmental studies have primarily focused on CO, emissions resulting from
economic activities and energy consumption, neglecting the roles of urbanization, agriculture, and
deforestation in shaping environmental quality, especially in Kazakhstan. Hence, this study aims
to address this research gap by examining the dynamic effects of economic growth, energy usage,
urbanization, agricultural productivity, and forested area on CO, emissions in Kazakhstan.

Method and Results

Carbon emissions were designated as the dependent variable for the purpose of studying their
impact on organic agriculture. This choice stems from the anticipated transition to carbon neutrality
in Kazakhstan by 2060. The study focuses on coal emissions in rural areas.

Due to the rapid expansion of the agricultural economy, the environmental conditions have
deteriorated, resulting in an increased volume of carbon emissions. The accumulation of these
emissions contributes to the greenhouse effect, subsequently intensifying global warming. In 2020,
carbon emissions from the agricultural sector in Kazakhstan reached 40.72 million tons. This
substantial amount underscores the critical importance of conducting a comprehensive study on the
factors influencing carbon emissions within the agricultural sector, given its strategic implications.

While other potential determinant factors exist in the literature, the factors selected for inclusion
in Table 1 were prioritized based on their relevance to the specific context of Kazakhstan and
their documented significance in previous research. Additionally, data availability and feasibility
considerations also played a role in determining the final selection of determinant factors. Overall,
the chosen factors provide a robust framework for analyzing carbon emissions in Kazakhstan’s
agricultural sector and offer valuable insights for policymakers and stakeholders aiming to address
climate change and promote sustainable agriculture.

Numerous scientists have undertaken extensive research on carbon emissions in agriculture
(Akbota and Baek, 2018; Hasanov et al, 2016). Coal emissions are predominantly correlated with
factors such as economic growth, energy intensity, energy structure, and labor productivity. Some
researchers emphasize the significance of urbanization, financial potential, and energy structure
using alternative models, considering carbon emissions in agriculture as a pivotal driving force.
Consequently, for the analysis of carbon emissions, the research model incorporates factors such as
the import and export of oilseeds, the volume of investments directed towards a green economy, the
application of mineral and organic fertilizers, the oilseeds acreage, the gross regional product, and
the price index of oilseeds. The precise formula for the research model is outlined below:

COy,, = a; + fOIMP;; + By OEXP; + 3GEINV;, + BaMFER;; + BsOFER;,
+ BsASO; + B;TRP; + BgOPIND; + €

Here’s the continuation of the refined version with the inclusion of the formula:
CO, — carbon emission (tons);

OIMPit — import of oilseeds (tons);

OEXPit — export of oilseeds (tons);

GEINVit — investment in the green economy (thousand tenge);
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MFERit — mineral fertilizers (thousand tons);

OFERIit — organic fertilizers (thousand tons);

ASOit — arable land of oilseeds (thousand hectares);

TRPit — gross regional product (%);

OPINDit — price index of oilseeds (%).

Oilseed imports and exports (OIMPit and OEXPit) play a significant role in shaping carbon
emissions within the agricultural sector. The volume of oilseed imports reflects the demand for
agricultural inputs, while exports represent the extent of agricultural production destined for external
markets. High levels of oilseed exports may indicate intensive agricultural activities, potentially
leading to increased carbon emissions due to factors such as transportation and land use changes.

Investment in green economy initiatives, such as renewable energy technologies and sustainable
agriculture practices (GEINVit), can influence carbon emissions in the agricultural sector. Higher
levels of investment in the green economy may lead to the adoption of cleaner production methods
and technologies, resulting in reduced carbon emissions from agricultural activities.

The use of fertilizers, both mineral and organic, is a crucial determinant of carbon emissions
in agriculture (MFERit and OFERit). While fertilizers enhance soil fertility and crop yields, they
can also contribute to carbon emissions through processes such as fertilizer production, application,
and decomposition. The distinction between mineral and organic fertilizers is essential, as organic
fertilizers tend to have lower carbon footprints and may promote soil health and carbon sequestration.

The availability of arable land dedicated to oilseed cultivation is a key determinant of agricultural
carbon emissions (ASOit). Expansion of oilseed cultivation may lead to land-use changes, including
deforestation or conversion of grasslands, which can result in significant carbon emissions and
loss of biodiversity. Sustainable land management practices and land-use planning are essential for
mitigating the environmental impacts of agricultural expansion.

Economic indicators such as gross regional product and price index of oilseeds reflect the
economic activity and market dynamics within the agricultural sector (TRPit and OPINDit). Changes
in economic conditions and market prices can influence production practices and investment
decisions, thereby impacting carbon emissions. Understanding the relationship between economic
factors and carbon emissions is crucial for designing effective policies to promote sustainable
agricultural development.

Results and Discussion

Economic regression analysis was conducted using the panel data models such as Random
Effects and Fixed Effects, and two econometric models were assessed. Table 1 presents the results
of the analysis, evaluating two econometric models through the application of random and constant
effects methods. The study’s primary contribution lies in its revelation of the impactful relationship
between the use of organic fertilizers and the yield of organic crop production, highlighting the
importance of sustainable practices. The findings emphasize the need for implementing renewable
energy technologies in agriculture to reduce the sector’s carbon footprint. The study recommends
a shift from excessive reliance on chemical fertilizers and pesticides to the adoption of organic
fertilizers and biological pest control, promoting soil fertility and cleaner environmental conditions
during agricultural production.

Table 1 (p. 188) displays the comprehensive regression model, showcasing results from both
the random effect model (RE) and the fixed effect model (FE). In the second row of the table, the
significance level of 1% is observed for the oilseed exports (OEXP) ratio, indicating a random
effect (RE) of 0.000749 (first column) and a constant effect (FE) of 0.000703 (second column).
This implies a substantiated connection between carbon emissions in agriculture and the export of
oilseeds. Excessive carbon emissions directly influence exports, a noteworthy finding considering
Kazakhstan’s role as a significant exporter in organic crop production. Hence, the export market
emerges as a pivotal driving force.
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Table 1 — Relationship between Carbon Emissions (CO,) and Key Determinants in agriculture

RE (1) FE (2) FE (3)
VARIABLES coe coe coe
OIMP 0.000355 0.000301 0.000301
(0.000679) (0.000674) (0.000674)
OEXP -0.000749%** -0.000703%** -0.000703%**
(9.11e-05) (8.85¢-05) (8.85¢-05)
GEINV 3.63¢-08 1.88e-08 1.88e-08
(1.18¢-07) (1.17¢-07) (1.17¢-07)
MFER -0.527** -0.490%* -0.490**
(0.228) (0.227) (0.227)
OFER 0.00574 0.00152 0.00152
(0.0471) (0.0465) (0.0465)
ASO 0.0569%** 0.0568** 0.0568**
(0.0245) (0.0226) (0.0226)
TRP 0.0515 0.0557 0.0557
(0.141) (0.140) (0.140)
TRPSQ 3.59¢-05 1.36e-05 1.36e-05
(0.00108) (0.00107) (0.00107)
OPIND -0.154 -0.0845 -0.0845
(0.102) (0.0943) (0.0943)
Constant 37.68%** 31.93** 31.93%*
(8.537) (13.79) (13.79)
Observations 90 90 90
R-squared 0.571
Number of regions 18 18 18

in the data set

Note: Compiled by the author using the STATA batch program, employing calculated data.

Table 1 displays the comprehensive regression model, showcasing results from both the random
effect model (RE) and the fixed effect model (FE). In the second row of the table, the significance
level of 1% is observed for the oilseed exports (OEXP) ratio, indicating a random effect (RE) of
0.000749 (first column) and a constant effect (FE) of 0.000703 (second column). This implies a
substantiated connection between carbon emissions in agriculture and the export of oilseeds. Excessive
carbon emissions directly influence exports, a noteworthy finding considering Kazakhstan’s role as
a significant exporter in organic crop production. Hence, the export market emerges as a pivotal
driving force.

Examining the eighth row of Table 1, the Kuznets hypothesis regarding the relationship between
carbon dioxide emissions and the square of the gross regional product (TRPSQ) was investigated. The
existing Kuznets environmental curve model was extended by incorporating additional variables to
provide a more precise assessment of the interplay between economic prosperity and environmental
impact. It was affirmed that, according to the analysis, no significant connection exists between the
specified indicators. The study utilized panel data from Kazakhstan’s regions spanning 2017-2021,
employing a regression model to investigate organic crop production. The primary findings of the
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research indicate a substantiated relationship, demonstrating that the utilization of organic fertilizers
significantly impacts the yield of organic crop production.

The research reveals that carbon emissions in agriculture exert a significant influence on the
environmentally sustainable growth of organic crop production. Consequently, the study advocates
for the implementation of renewable energy-consuming technologies in agricultural machinery as
a means to mitigate the carbon footprint of agriculture. Notably, the primary contributors to carbon
emissions in agriculture were identified as the excessive use of chemical fertilizers and pesticides.
In light of these findings, the study recommends leveraging the advantages of organic fertilizers and
biological pest control to reduce reliance on chemical fertilizers. This approach not only enhances
soil fertility but also promotes cleaner environmental conditions during the production of agricultural
products. Recent research underscores the significance of considering rural education standards to
enhance awareness regarding the environmental impact of non-renewable energy, chemical usage,
and agricultural biomass management. In the context of agricultural biomass, there is a call to
encourage farmers to adopt biomass as a bioenergy source. This not only serves to reduce agricultural
costs but also contributes to environmental cleanliness. The reliance on chemicals in rural areas
adversely affects soil fertility, leading to diminished crop yields. Furthermore, the introduction of
high biotechnological crop varieties, resistant to pest attacks, is deemed essential. This approach
eliminates the need for chemical sprays among farmers, promoting sustainable and eco-friendly
agricultural practices.

These initiatives offer a means to conserve crucial resources, mitigating issues like reduced
soil fertility and land degradation. Additionally, to boost crop production, it becomes imperative to
introduce high-yielding, early-maturing, and heat-resistant crop varieties. Furthermore, this study
identifies potential future research areas, specifically in the management of agricultural biomass for
bioenergy production, aimed at curbing carbon emissions in agriculture.

The findings of this study have significant implications for policy development in Kazakhstan,
particularly in the context of the nation’s commitment to transition to carbon neutrality by 2060 and
its participation in international agreements such as the Paris Agreement. By elucidating the factors
influencing carbon emissions within the agricultural sector and highlighting the importance of
sustainable practices, this research provides valuable insights for shaping policies aimed at achieving
environmental sustainability goals.

First and foremost, the study underscores the critical role of organic fertilizers in mitigating
carbon emissions and promoting environmentally sustainable agriculture. Policy measures aimed at
incentivizing the adoption of organic fertilizers and discouraging the excessive use of chemical-based
fertilizers and pesticides can play a crucial role in reducing the agricultural sector’s carbon footprint.
Kazakhstan could consider implementing subsidy programs or providing technical assistance to
farmers to facilitate the transition to organic farming practices. Additionally, stringent regulations
and enforcement mechanisms may be necessary to curb the indiscriminate use of chemical inputs and
promote sustainable agricultural practices.

Furthermore, the correlation between carbon emissions and oilseed exports highlights the
interconnectedness of economic activities and environmental sustainability. Policymakers in
Kazakhstan need to consider the environmental implications of trade policies and ensure that
economic growth is pursued in a manner that is compatible with environmental conservation goals.
Measures such as incorporating environmental impact assessments into trade agreements and
promoting sustainable agricultural exports can help strike a balance between economic development
and environmental protection.

In the context of the Paris Agreement, Kazakhstan’s participation necessitates a concerted
effort to align domestic policies with the goals and commitments outlined in the agreement. The
findings of this study provide valuable insights for Kazakhstan to enhance its Nationally Determined
Contributions (NDCs) and strengthen its climate action plans, particularly in the agricultural sector.
By prioritizing measures to reduce carbon emissions from agriculture, such as promoting organic
farming practices, enhancing energy efficiency in agricultural machinery, and investing in renewable
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energy technologies, Kazakhstan can demonstrate its commitment to achieving the objectives of the
Paris Agreement.

Moreover, the study’s identification of potential future research areas, such as the management
of agricultural biomass for bioenergy production, underscores the importance of innovation and
technological advancements in addressing climate change challenges. Kazakhstan could invest in
research and development initiatives aimed at exploring the potential of biomass as a renewable
energy source and developing high-yielding, climate-resilient crop varieties. By fostering innovation
and supporting the adoption of sustainable agricultural practices, Kazakhstan can position itself as a
leader in climate-smart agriculture and contribute to global efforts to combat climate change.

The findings of this study shed light on the intricate relationship between carbon emissions
and key determinants within the agricultural sector of Kazakhstan. By employing a comprehensive
regression model, incorporating various variables such as oilseed imports and exports, investments
in the green economy, fertilizer usage, arable land, and economic indicators, this research delves into
the nuanced dynamics influencing carbon emissions.

One of the significant findings of this study is the substantial impact of organic fertilizers on
the yield of organic crop production. This highlights the importance of sustainable practices in
agriculture, particularly in mitigating carbon emissions. The results underscore the necessity of
transitioning from conventional chemical-based fertilizers and pesticides to organic alternatives,
which not only enhance soil fertility but also contribute to cleaner environmental conditions during
agricultural production. This finding aligns with recent trends emphasizing the adoption of eco-
friendly agricultural practices worldwide.

Furthermore, the study reveals a notable correlation between carbon emissions and oilseed
exports. The analysis suggests that excessive carbon emissions directly influence exports, indicating a
complex interplay between economic activities and environmental sustainability. Given Kazakhstan’s
significant role as an exporter in organic crop production, these findings have strategic implications
for policymakers and stakeholders, emphasizing the importance of incorporating environmental
considerations into trade and economic policies.

Moreover, the investigation into the Kuznets hypothesis regarding the relationship between carbon
dioxide emissions and economic prosperity yields interesting insights. Contrary to expectations, the
analysis does not find a significant connection between carbon emissions and the square of the gross
regional product. This underscores the need for a nuanced understanding of the relationship between
economic growth and environmental impact, suggesting that other factors may influence carbon
emissions within the agricultural sector.

The study also identifies several potential avenues for future research. Specifically, the
management of agricultural biomass for bioenergy production emerges as a promising area for further
investigation. By exploring the potential of biomass as a renewable energy source, future studies can
contribute to reducing carbon emissions in agriculture while addressing energy security concerns.
Additionally, the introduction of high biotechnological crop varieties resistant to pest attacks holds
promise for promoting sustainable and eco-friendly agricultural practices, further mitigating the
reliance on chemical inputs.

In conclusion, this study underscores the critical importance of addressing carbon emissions
within the agricultural sector to achieve environmental sustainability goals. By elucidating the
complex relationships between various determinants and carbon emissions, this research provides
valuable insights for policymakers, stakeholders, and researchers striving to promote sustainable
agricultural practices and mitigate the sector’s carbon footprint. Ultimately, the findings and
recommendations presented in this study contribute to the ongoing discourse on sustainable
agriculture and environmental conservation.

Conclusion

In conclusion, this study offers valuable insights into the intricate relationship between carbon
emissions and key determinants within Kazakhstan’s agricultural sector, with implications for policy
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development and environmental sustainability efforts. By employing a comprehensive regression
model and analyzing panel data spanning from 2017 to 2021, this research provides robust evidence
regarding the factors influencing carbon emissions in agriculture.

The econometric analysis, based on a dataset comprising 90 observations across various regions
of Kazakhstan, reveals several key findings. Notably, the study finds a significant correlation between
oilseed exports and carbon emissions, with a coefficient of -0.000749 in the random effects model
and -0.000703 in the fixed effects model, both statistically significant at the 1% level. This highlights
the impact of economic activities, particularly trade, on carbon emissions within the agricultural
sector.

Furthermore, the study identifies organic fertilizers as a critical determinant of carbon emissions,
with a coefficient 0f 0.00152 in the fixed effects model, although not statistically significant. However,
the coefficient for mineral fertilizers is statistically significant, indicating a negative relationship
between their usage and carbon emissions (-0.490 in the fixed effects model, significant at the 5%
level). This underscores the importance of promoting sustainable agricultural practices, such as the
adoption of organic fertilizers, to mitigate carbon emissions and enhance environmental sustainability.

Additionally, the analysis does not find a significant relationship between carbon emissions and
the square of the gross regional product, contrary to the expectations based on the Kuznets hypothesis.
This suggests that other factors, such as technological advancements and policy interventions, may
play a more significant role in influencing carbon emissions within the agricultural sector.

In light of these findings, policymakers in Kazakhstan are urged to prioritize measures aimed
at promoting sustainable agriculture and reducing the sector’s carbon footprint. This includes
incentivizing the adoption of organic farming practices, enhancing energy efficiency in agricultural
operations, and investing in renewable energy technologies. Moreover, aligning trade policies with
environmental conservation goals and strengthening international cooperation, particularly within
the framework of the Paris Agreement, are essential steps towards achieving carbon neutrality by
2060 and contributing to global efforts to combat climate change.

In conclusion, this study underscores the importance of addressing carbon emissions in
agriculture as part of broader efforts to promote environmental sustainability and achieve climate
goals. By leveraging the insights gleaned from econometric analysis and adopting evidence-based
policy interventions, Kazakhstan can pave the way for a greener, more sustainable agricultural sector
while fulfilling its commitments to international climate agreements.
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AYbBLJ IHAPYAIIBLJIBIFBI OCIMIHAEI'T KOMIPTEK HIBIFAPBIH/ABIJIAPBI:
KA3AKCTAHIAFBI OPTAHUKAJIBIK OCIMAIK IIAPYALIBIJIBIFBIHA
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Angarna
Maxkanaga aybLIIapyambUIblK KbI3METI HOTHKECIHAEC aTMocepara KeMIpTeri IIbIFapbIHIbLIAPEI MACEIeCl
KapacTelpbuIagpl. OJ  MOCENEHIH OpPTYpJl acHeKTUICpiH, COHBIH IIIHIC THIHAWTKBIIITAPALI Maiiiaiany,
TOMBIPAK OHJCY JXOHE MaJl IIAPyallbLIBIFBIHBIH KOMIPTEri NIBIFApBIHIBUIAPbIHA OCEpiH Tajmaiabl. Makananaa
aybU1 IIAPYalIbUIBIFBIHBIH KOMIpPTEri i3iH a3alTaThIH JKOHE OHBIH SKOJOTHSIIBIK TYPAKTBUIBIFBIH JKaKCapTaThIH
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3aMaHayd oJIiCTep MEH TEXHOJIOTHsuIap KapacThipbliaisl. CoHpjaii-ak aBToOpiiap >KaHAPTHUIATBIH JHEPTHSIHBIH
pOIiH, KalBIKTapAbl THIMII OacKapyabl »KOHE OHBIH KIMMATTBIH ©3repyiHe BIKHNAJIbIH a3alTy YIIH aybul
[IapyalIbUIBIFBIHAFBI TYPAKTHI TOKIpHOenepai TanKpuIaisl. by 3eprrey conrbpl oneduerrepre e, Kazakcrangarst
cascarTblH JaMyblHa J1a OipHelIe JKarblHaH eJeyll YiIec KOCaabl el KYTiTyae. DKOHOMHKAIIBIK PEerpecCHsIIbIK
Tajnay Ke3IeHCOK ocepiep JKOHE TIPKEITeH ocepiiep CHUAKTHI MAaHENbIIK IEPeKTep YITUIepi apKbUTBI JKYPTi3iiml
JKOHE €Ki SKOHOMETPHKAIBIK MOJEh OaraiaH/ibl. bys 3epTTeyaiH HOTHKeIepl KOMIpTeri MbIFapbIHABIIAPEl MEH
KazakcTanHbIH ay bl IIAPYallbUIBIFbI CEKTOPBIH KO3FAHThIH HET13r1 (pakTopiiap apacklHAaFbl KYp/esii OaiiaHbIcTapbl
amaiel. Maiiiibl 1aKblIIapAbIH UIMITIOPTHI MEH AKCIIOPTHI, Kachlll 9KOHOMHKA HHBECTHIMSIIAPH, THIHAHUTKBIIITAPbI
naianany, ericTik jkepyiep jKoHE SKOHOMHKAIIBIK KOPCETKIIITEp CHSKTHI SPTYPJi alHBIMaIbUIapAbl KaMTHTHIH
KCIICH/I PerpecCHsUIBIK MOJEIbII NaiilalaHa OTBIPBII, OYJI 3epTTey KOMIpPTEri IIbIFapbIHIbUIAPBIHA 9CEP STeTiH
HO3IK TUHAMUKaFa TePeHIpeK YHUTeT.

Tipek co3aep: ayblil IapyanIbUIBIFbI, KOMIPTET] LIBIFAPBIHABLIAPHI, OCIMJIK [IAPYyalIbIIBIFbI, ArPOOHEPKICITITIK
KEILIeH, TYPaKThI JlaMy.
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BbIBPOCHI YIVIEPOJA IIPH POCTE CEJBCKOI'O XO3SMCTBA:
KOMIIJIEKCHBIN AHAJIU3 ®AKTOPOB, BJIAUAIOIINX HA INNPOU3BOACTBO
OPTAHUYECKHX CEJBbCKOXO3AMCTBEHHBIX KYJIBTYP B KA3AXCTAHE

AHHOTAUA

Crarbst uccneyeT npobdiaeMy BhIOPOCOB yriepoja B arMochepy, 00yCIOBIECHHYO IESITEIbHOCTHIO CEIbCKOTO
xo3stiicTBa. OHA aHAM3UPYET PA3IMYHbIC ACMEKThl AaHHOM MPOOJIEMbI, BKIIIOYAs BIMSHUE MCIIOIb30BAHUS YI00-
peHuii, 00pabOTKM MOYBBI U Pa3Be/ieHHs )KUBOTHBIX HA YPOBEHb BHIOPOCOB yrieposa. B crarbe paccMarpuBaroTcst
COBPEMCHHBIC METOBI U TEXHOJOTHHU, KOTOPBIC MOTYT CHU3UTh YIJICPOIHBIC CIIC/bI CEIbCKOrO XO3sHCTBA U YIyd-
IIMTh €TO 3KOJOTHYCCKYH YCTOMYMBOCTh. ABTOPHI TaK)Ke 00CYXKIAIOT POJIb BO30OHOBIISIEMBIX HCTOYHUKOB JHEP-
rud, YPPEKTHBHOTO YIPABICHUS OTXOAAMHU U MIPUMEHECHHUS YCTOWYHMBEIX MIPAKTHK B CEITLCKOM XO3SHUCTBE ISl CHU-
JKEHUsI er0 BKJIaJIa B M3MEHeHHe Kiumata. OKUIaeTcsi, 4TO 9TO UCCIICAOBAHUE BHECET 3HAUMTENLHBII BKIIA/I KaK B
HOBEHIIIYIO JINTEPATYPY, TaK U B pa3paboTKy nmonutuku B KazaxcraHe 110 HECKOJIBKUM HAITPABICHUAM. DKOHOMHYE-
CKHii perpecCHOHHBIN aHaJM3 TIPOBOMIICS C UCIIOIB30BAaHUEM MOJIEIIEil ITaHEbHBIX JaHHbBIX, TAKHX KaK CIIy4allHble
3¢ dexThl U GurcupoBaHHbIe 3P (EKThI, 1 ObUTH OLIEHCHBI JBC YKOHOMETPHUUCCKUE MOJICNU. Pe3ynbTarsl 3TOr0 Hc-
CJICZIOBAHMS IPOJIMBAIOT CBET HA CIIOXKHYIO B3aUMOCBSI3b MY BBIOpOCAMHE YIIICPOJa U KITFOYCBBIME (PAKTOpAMH,
OTIPESIISIONIIMH CEIThCKOX03HCTBeHHBIN cekTop Kazaxcrana. Mcnonb3ys KOMILIEKCHYIO PErPeCcCHOHHYTO MOJIEb,
BKJTFOYAIONIYIO Pa3InYHbIC TIEPEMEHHBIC, TAKHE KaK UMITOPT U IKCIIOPT MACIHYHBIX KYJIBTYP, UHBECTHUIIMU B 3€JIe-
HYIO 9KOHOMHKY, UCTIOJIb30BaHNE YIIOOPEHHH, TAXOTHbBIC 36MJIM U DKOHOMUYECKHUE MTOKA3aTes I , ITO UCCIIeOBAHHE
YIIyOJIsieTCsl B TOHKYIO IMHAMHUKY, BIUSIFOLIYIO Ha BBIOPOCHI YIIIEpOa.

KrodeBble ci10Ba: celabckoe X035HCTBO, BBIOPOCH YINIEPOa, PACTEHUEBOICTBO, arpONPOMBIIILIEHHbIH KOMII-
JIEKC, YCTOMYMBOE Pa3BUTHE.
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THE USE OF ALTERNATIVE SOURCES
OF ENERGY IN KAZAKHSTAN

Abstract

The main aim of this research was to discover and analyze the opportunities of Kazakhstan in establishing
RSE. There were used the research methods like primary data collection through interviewing and secondary data
collection though analysis and discussion of existing works. The crucial research results were revealed in terms that
Kazakhstan has all the good chances in sustaining the RSE within its territory, however, there were recognized some
governmental, financial, political and operational barriers. Nevertheless, most of the results follow the pattern that in
foreseeable future, Kazakhstan might become one of the leading countries in utilizing the RSE. The contribution of
the study is vital, due to the reason that this research highlights the common issues and offers the available solutions
to them according to new and already existed discoveries. There is a necessity in further research, like more detailed
strategies in establishing the RSE facilities and operational structures. Also, huge need in organizing the research
and activities related to educational aspects that would allow to increase the intellectual resources for this sphere
specifically.

Key words: alternative energy sources, energy balance, Kazakhstan, green opportunities in Kazakh energy
sector.

Introduction

Every country is unique. The shift from fossil fuel to renewable energy sources is more
challenging for some than for others, and Kazakhstan, which has vast hydrocarbon reserves, is an
example of such a country. As a result, this transformation has created and will continue to create
issues for oil producing countries in general, and for Kazakhstan in particular. Due to the scarcity of
these natural resources, negative externalities that are appearing through utilization of fossil fuels,
increasing costs and modern necessity to obtain innovative methods of energy production the topic
of using alternative sources of energy becomes even more relevant. In the world, there are cases of
developed countries using the RES in an efficient way, it took lots of time for them to achieve this
kind of results and it is an optimal opportunity for Kazakhstan to look over these examples and create
their own decisions regarding the features and specific characteristics of the country. Therefore, this
article focuses explicitly on the opportunities and variations that Kazakhstan has and could handle
in the future.

When discussing the topic of this article, it is vital to emphasize its significance. And this
significance is supported by the following factors:

+ The oil era is unavoidably coming to an end. If effective adaptation measures are not launched
immediately, the Kazakh economy would face huge challenges.

+ Kazakhstan, the world’s ninth largest country, offers enormous potential for the development
of renewable energy sources, particularly wind and solar.

+ Another important incentive for rapid action in the discussed sector is the country’s increasing
environmental deterioration.
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¢ The country has accepted international commitments, such as the Kyoto Protocol and the Paris
Agreement.

+ Raising public awareness of environmental issues in the country and throughout the world.

Research objectives of this research are related to deeply understanding the alternative energy
industry’s current state, its foreseeable opportunities and expectations that were held based on the
data from the secondary research/ literature review.

+ Will Kazakhstan be able to transfer to renewable sources of energy in the foreseeable future?

* What are the potential implications of this transfer?

¢ What are the ways for this transfer?

This paper is designed as follows: Section 1 describes the abstract and introductory part of the
research that highlights the relevance and urgency of the topic; Section 2 contains literature review
where range of perspectives of different authors were revealed in their statistics, discussions and
analyses; Section 3 explains the methodology of the research and the results with discussions that
were presented in statement forms, tables and recommendations; Section 4 shares the conclusion and
acknowledgement parts of overall article; Section 5 presents the references of all sources that were
used in this work.

Main provisions

Even though various studies have been conducted, there is a scarcity of prior study on this
issue. This study aims to address that gap by capturing broad patterns and dependencies, as well as
developing appropriate adaptation techniques targeted at mitigating any negative outcomes.

Literature review

Generally, much research have highlighted the natural dominance and advantages of the territory,
that allows to adapt range of RSE panels and facilities. According the results of Defect and Diffusion
Forum within a topic of Renewable energy potential of Kazakhstan, it was mentioned that Kazakhstan
has a big land making it an ideal location for renewable energy generation. Most of the terrain is
suitable for solar energy harvesting, as well as a wide region with strong wind speeds, which has a
significant potential for producing adequate wind energy. Wind turbines offer a significant potential
for energy generation in areas like Jungar Gates and the Chylyk Corridor. Due to a lack of water, the
area between Balkhash Lake and the Aral Sea in Kazakhstan is sparsely inhabited. Simultaneously,
this location receives a lot of sunlight. It is feasible to capture a big amount of solar energy if it has
several solar panel arrays [9]. That information is supported in many scientific notes and considered
to be major advantage that keep the trust in Kazakh RSE prosperity.

The benefits of renewable energy preserve long-term global economic production while
minimizing the usage of conventional energy. The five main sources of renewable energy are sun,
wind, geothermal, biomass, and hydropower. In contrast to traditional energy sources, renewable
energy is abundant, safe, and clean. Many people believe that renewable energy may alleviate
energy security issues and lower emissions as it is a carbon-free energy source. In order to achieve
the global emission reduction target of 50% by 2050, renewable energy is essential to sustain in
our cluster [13]. The scientific article named “Role of economic growth, renewable energy, and
technological innovation to achieve environmental sustainability in Kazakhstan” have shared such
ideas, that crucially support this article to great extent. In that manner the analysis of existing works
allows us to maintain the trustworthy research with range of justifications and discussion points.

Through brainstorming processes, analysis of the available data related to the topic, there were
some ideas that had been discussed earlier with an addition of a new glance at it. There are shared
opinions on the barriers on entering and establishing the alternative sources of energy on a regular
basis in Kazakhstan, which is presented in a work named “A review of current energy systems
and green energy potential in Kazakhstan”. Low power pricing, inefficient technologies with poor
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regulatory and legal frameworks, and a high-risk business climate are all obstacles to development
of the alternative sources of energy is the insight that is shared in research [6].

Also, the summarizing idea from the International Journal of Energy Economics and Policy
correlates with final findings and conclusions of this article, in which it is assumed that Kazakhstan
has tremendous potential for alternative energy development. Even if there is a relatively low
percentage of overall energy output and the existing capabilities of RSE plants are not completely
exploited there. The correlation with this journal’s notes is significant in determining the actuality of
the research. The conclusion that is supported by many specialists is mentioned there also [7].

Within the statistically interesting article named “Future development of price instruments of
state support for the use of renewable energy sources in Kazakhstan”, there was precisely analyzed
and described the financial perspective of the energy cluster. It is one of the important factors that is
having to be taken into consideration, while exploring the issue of RSE. For instance, with the purpose
of choosing renewable energy projects, Kazakhstan has instituted an auction bidding procedure.
The set tariffs that were in effect up until 2018 were replaced by this method, which at first made it
possible to establish the Republic of Kazakhstan’s renewable energy industry. The primary goals of
implementing the auction process are to provide competitive market rates for energy produced by
RES facilities and to identify the most successful RES projects [10].

Moreover, the negative push factors were discovered within the energy cluster case. The article
“Energy Security Strategy in Kazakhstan: Environmental Security and Renewable Energy Sources”
had deep discussions related to the core issue that is making all countries all over the world to search
the clean energy sources. The progressive depletion of resources and equipment deterioration is
another difficulty Kazakhstan will have to deal with in the next decades. This may cause challenges
in the fuel and energy balance, which may eventually result in an energy crisis and a restriction on the
export of gas and oil. This problem is linked to dwindling financial resources, insufficient capability,
and a lack of energy independence. Ensuring the state’s energy security is one way to solve this issue,
and it is a major area of interest for scholars both domestically and internationally [11].

The idea of the green economy also helped to advance the use of renewable energy sources. It
has set forth several goals that the government and society must accomplish, including the increasing
production and use of renewable energy, even if it is only a concept and not a law. Such idea was
described in work called “Energy security in Kazakhstan: The consumers’ perspective”, that declares
about the energy cluster from being seen though different lenses and different perspectives. The
relation and the participation rate of the citizens in supporting the establishment of RSE in contrast
appeared to be even more significant than the governmental participation. The reasons of societal
impact were taken, and the main consumer rates also have shown the influence over this cluster, due
to the reason that exactly the householders are controlling these sources by invisible hands [12].

Kazakhstan, as Central Asia’s largest country, has a lot of solar energy potential, each year 1300—
1800 kWh of solar radiation per square meter are produced and solar energy has a 2.5 billion kWh
yearly potential, according to estimations. The territories of southeast Kazakhstan depict the Aral Sea
basin, Almaty, and Fort Shevchenko (on the Caspian Sea shore) are the key point locations, where
the highest flow of solar energy have been noticed for sustaining there the solar panels [2]. Moreover,
Kazakhstan can generate up to 760 GW of wind energy at a reasonable cost in the Atyrau Region and
a strip west of Nur-Sultan that encompasses the Kostanay, Akmola, and Karagandy regions. Wind is
the most powerful source of energy in the former region, notably near Fort Shevchenko, and it may
be less expensive than the gas fired electricity that predominates there, moreover, Diungarian Gates
on the Xinjiang border, is one of the most potential wind energy development areas too [3].

Additionally, it is important to mention that Kazakhstan is a strong agrarian economy, cultivating
awide range of crops and producing considerable volumes of agricultural waste. One possible solution
is to convert these undesirable and leftover residual amounts into bioenergy for cooking, heating, and
electricity generation. The integration of renewable energy into energy balance is regarded to be the
most important factor in ensuring the implementation of Kazakhstan’s Green Economy program [1].
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Methodology and data

Firstly, there were eight primary interviews conducted. Interview respondents are specialists,
people, who’s professions are tightly related to the energy production industry and their answers were
considered as expert opinions. Each respondent gave personal and expanded answer to questions,
that helped to create the result board.

Secondly, secondary data sources from the internet were actively used. The websites/online
sources that were used for secondary data research are credible and all have the time actuality for the
past 10 years, they are available in the reference part.

Additionally, the analysis tools like SWOT and Porter’s Diamond model were used for deep
understanding of the data and filtering it in categories.

¢ Information gathering through the relevant literature review.

+ Interviews with experts in this field of knowledge, market players, government officials and
representatives of academia.

¢ Analyzing the collected information and drawing conclusions.

¢ To minimize the risk of bias, the information gathered was cross checked where possible.
Clarification calls were made when necessary.

* The analytical part was initially discussed with experts, market players, government officials
and academia representatives.

Results and Discussion

The analysis of primary and secondary data was done in this part. The data from the primary
interviews from eight different experts were analyzed contextually and presented in bullet points.
Secondary data sources were paraphrased, analyzed and used actively in discussion parts. Both of
the sources of information were correlated together to build the SWOT analysis table and Porter
Diamond model. Additionally, the research recommendations were shared below the analyzed work.

Table 1 — SWOT analysis of RSE in Kazakhstan

SWOT analysis of RSE in Kazakhstan

Strengths: Weaknesses:

¢ Presence of large and free territories ¢ Systematic errors, the structure

¢ Available human capital of organizations, which are not well

¢ The support of current energy sources from established

natural resources ¢ Corruption

+ Experience of other developed countries ¢ High rate of returns on foreign investment
Opportunities: Threats:

¢ Construction of an energy infrastructure ¢ Dependance on foreign financing

aimed at achieving regional self sufficiency ¢ Unskilled and unqualified labor force
¢ The best available technologies and practices| ¢ Uncertainty in department regulations
for converting energy sources
+ Entering the top countries in alternative
energy sources

Porter Diamond Model:

Chance:

¢ Alternative sources of energy in Kazakhstan

Firm strategy, structure and rivalry:

* Presence of department for extraction alternative sources of energy
¢ Foreign invested organizations
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+ Research and development
* Experience of advanced developed countries
Factor conditions:

* Huge stocks of renewable natural resources

¢ Available foreign and both domestic investments

¢ Human capital

Demand conditions:

¢ Dependance on non renewable resources

¢ Growing population

* Necessity in larger amounts of electricity

¢ Regions with limited energy sources

¢ Green energy demand

Related and supporting industries:

+ World organizations

¢ United Nations ESCAP

¢ The Green Finance & Development Center

¢ Eurasian Research Institute

Government:

+ Regulation of monopolistic oil extraction companies

+ Subsidiaries for alternative sources of energy

¢ 2050 plan of sustaining green energy

Interview results:

* Renewables can have negative effects on the environment as well.

¢ There are serious issues with the integration of renewable energy generation projects into the
country’s energy system.

* Energy losses in power grids are enormous. There is an urgent need to decrease them.

¢ Risks of investments in RES projects are high.

+ Kazakhstan is at the beginning of this process. So, there is no need to repeat mistakes made by
other countries or cases. Just to follow paths, which already proved to be successful. Examples: most
efficient solar panels or the system of carbon emissions trading.

¢ Lack of government support. Government institutions do not properly facilitate and support
the development of renewables in the country, although there is no shortage of official declarations
and international commitments.

¢ The legal and especially regulatory framework requires substantial improvements. For
example, still there is no established system of carbon emissions trading or measures to support
microgeneration.

+ High costs of RES projects. Financing of RES projects is most often provided by development
banks.

* Low electricity tariffs. This is a government policy.

* Prices on energy from renewables are still expensive for the majority of the population though
they are declining.

According to the interim results of the interview, there was an understanding that RES is the new
direction for Kazakhstan to follow, but there are barriers like finances, mindset of population, and the
old methods of energy production that take control over most of the activities of the country within
the market.

The secondary database research built an understanding that Kazakhstan has already functioning
power stations and producing the energy source from wind specifically. However, most of them are
not functioning on a wide range and they are short in financing, therefore, some technical difficulties
take longer to be solved, as there are not enough specialists, who deal with RES stations and also the
repairing process itself is expensive to conduct for small ownership companies, therefore, topic of
RES in Kazakhstan is not widely and loudly expanded nowadays, except for electric vehicles that are
entering the market with upward moving tendency.
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Recommendations:

¢ Increasing public awareness remains the main path towards the transition to the renewable
source of energy. The respondents repeatedly addressed this issue.

+ Strengthening the legal and regulatory framework.

¢ Increasing government support, including financial incentives.

+ Studying the experience and technologies of developed countries and adopting the most
successful examples in the country.

¢ Strengthening our own educational and R&D spheres for the successful development of RES
projects.

+ Due attention to be paid to energy efficiency and energy conservation measures.

Conclusion

Renewables are a great chance for Kazakhstan in development perspectives. Therefore, the
country can and shall develop alternative sources of energy using available means and creating the
needed ones. Difficult environmental situation, international obligations taken by the government
of Kazakhstan and the global energy transition make this path unavoidable. According to the main
results of conducted interviews, the legislative, social and financial aspects of energy cluster need
to be adjusted in firsthand. By sustaining the structure and system, this cluster would be better to
monitor and evaluate. Unfortunately, by using the SWOT analysis and Porter Diamond model there
were revealed barriers of monopolistic control of the sphere, scarcity of intellectual human resources
and social non acceptance by citizens that slow down the processes of establishing the RSE. However,
the strategy that would consider all these aspects is possible to solve the appearing barriers and issues,
but this article did not present the great strategy yet, only the recommendations and discussions. And
it is the largest limitation of the research, as the exact and frankly stated strategy is missing out. There
is a lack of precise solutions toward the identified problems, as most of the research was dedicated
to analysis and recognition of data, but not solving and updating. For further research purposes the
study of RSE strategies that were used by developed countries is a good choice. That research would
be more practical and compare/ contrast style, which would give more information and push factors
for upward movement in the energy cluster of Kazakhstan.
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KABAKCTAHJIAFBI BAJIAMAJIBI DHEPTHS
KO3JEPIHIH MANHJIAJAHBLIYbBI

Angarna

Bbyn 3eprreynin Herisri Mmakcarel JKOK Oenrineyneri KazakcTaHHBIH MYMKIHIIKTEpiH aHBIKTAY YKOHE TaJlay
6onapl. Cyx0ar apKpLIbl OacTankbl JIepeKTep/l KUHAY JKOHE 0ap JKYMBICTAP/bl Tallay JKOHE TaJKbLIay apKbLIbl
KOCBIMIIIA JIEPEKTEPl JKMHAY CHSKTBI 3EpTTEY OICTEepl KONJAaHBULIBL 3EpTTEYAIH €H MaHBI3Ibl HATHKEIepl
KazakcranubiH 03 aymarbiHga JKOK-Ti opHaTyFa jkakChl MYMKIHIITT Oap €KCHIITT aHBIKTAJIbI, ayiaiga Keroip
YKIMETTIK, Kap>KbIIBIK, CAsICH )KOHE OTIePaIIUSUTBIK Keepriiep aHbIKTanabl. OChIFaH KapaMacTaH, HOTHKENEp/IiH 0a-
ceIM Oeuriri 6omamakra Kazakcranasy JKOK-Ti maiinanany OoWbIHINA KETEKII enaepaiH OipiHe alfHaIyBl MYMKIiH
eKeHIH KOpCeTTi. 3epTTEeYAiH YIeCi 6Te MaHBI3ABI, OMTKEHI OJI JKAJIIbI MoceNeNep/ai alKbIH/IAI, KaHa KOHE OTKeH
3epTTeyNIepre CoMKec KO *KeTiMai merriMaepai vesiHaapl. JKOK HblcaHIapsl MEH OTEPAIMsIIBIK KYPBUTBIMIAPBIH
OpHaTya erKel-TerKeiii cTpaTerusiap CUsKThl KOChIMINA 3epTTeyiaepre KaxerTirik Oap. Conpaii-ak ocel cana
YLIH 3MATKEpIiK pecypcTapibl yiFaiiTyra MYMKIHAIK Oeperin Ounim Oepy acriekrijepiMeH OaiyaHbBICTBI 3epT-
TeyJep MeH ic-1apanap/ibl YUbIMIACTHIPY Kepek.

Tipek ce3aep: SHEPrUsSHBIH OayaMaibl KO37epi, SJHePTeTUKAIBIK TeHrepim, KazakcraH, Ka3aKCTaH IbIK dHEP-
TeTUKAHBIH «OKaChUD» MYMKIHIIKTEPI.
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HNCITIOJIB30BAHHUE AJIBTEPHATHUBHBIX
NCTOYHUKOB DHEPT'UU B KA3AXCTAHE

AHHOTAIUA

OcHOBHa LI€JIb JAHHOTO HMCCIIEN0BAHMUS 3aK/II04alach B BBIABICHUM U aHaiau3e Bo3MokHocTell Kaszaxcrana B
ycranoBneHusx BID. Mcmons30Bamuch Takue METOIBI HCCIISIOBAHUS, KaK cOOp MEPBUYHBIX TaHHBIX TIOCPEICTBOM
WHTEPBBIOMPOBAHUSI U COOP BTOPUYHBIX JAHHBIX IOCPEACTBOM aHAIM3a M 00CYK/ICHHS CyNIeCTBYIOMNX pador. Ca-
MbI€ BaYKHBIE PE3y/IbTAThI HCCIESOBAHNUS ObUIN BBISIBJICHBI B TOM KOHTEKCTE, yTO Ka3zaxcraH MMEeT XOPOIIIHe AHChI
Ut moaeprkanust BUD Ha cBoell TeppUTOpHH, OMHAKO OBUTH BBISIBICHBI HEKOTOPBIC IPABUTEILCTBEHHBIC, (PHHAH-
COBBIC, MOJUTHYCCKUE U ONCpPAIOHHbBIC Oapbephl. TeM He MeHee OO0JIbIlas YacTh PE3yJbTaTOB COOTBETCTBYET MO-
JIEITH, COINIACHO KOTOPOH B 0003puMoM Oyaymiem KazaxcraH MOKET CTaTh OJHOW U3 BEAYIIUX CTPAH IO UCIONB30-
Banuto BUD. Britajg viccineioBanus UMeeT BECOMOE 3HAUCHHE, TTOCKOIBKY OHO ITOJYEPKUBACT PACIIPOCTPAHCHHEIC
poOJIEMbI  TpeJJIaraeT JOCTYITHbIC PELICHHs! [UIl HUX B COOTBETCTBUH C HOBBIMHU U CYIECTBYIOIIUMH HCCIIEI0-
BaHusiMH. ViMeercst HeOOXOMMOCTh B JAIbHEHIIINX UCCICOBAHUIX, TAKMX KaK OoJiee JIeTajabHbIe CTPATEruu CO3-
JaHKs O0OBEKTOB M ONEPAIMOHHBIX CTPYKTYyp BMUD. Takke MpUCYTCTBYET OTPOMHAs IIOTPEOHOCTh B OpraHU3aIluH
I/ICCHeJIOBaHI/Iﬁ u MepOHprITHﬁ, CBA3AaHHBIX C 06pa3OBaTeJ'II)HI)IMI/I aCIICKTaMH, KOTOpI:Ie II03BOJINJIN 6BI yBeJII/I‘II/ITI)
WHTEJUICKTYAIBHBIC PECYpPChl UMEHHO JUIs 3TOH c(hephl.

KaroueBrblie ciioBa: AJIBTCPHATUBHBIC UCTOYHUKHU SHCPIUH, SHGPFGTI/I‘IGCKI/Iﬁ 6anch, KaSaXCTaH, «3CJICHBIC)
BO3MO)KHOCTH Ka3aXCTaHCKOM OHEPIe€TUKH.
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CEREMONIAL SPENDING AND HOUSEHOLD DEBT

Abstract

This paper examines the relationship between ceremonial spending and household debt in Kazakhstan. More
precisely, it investigates the impact of various household characteristics on the volume of ceremonial expenditure
and explores the association between ceremonial spending and the incidence of household debt. The effect of a set
of household characteristics on ceremonial spending is assessed using a log-linear regression, treating ceremonial
expenditure as log per capita values, and using an ordered probit regression, treating ceremonial spending as a
share from total household spending. The effect of ceremonial expenditure, as well as household characteristics,
on household incidence of debt is then assessed using probit estimation. The study found that the household
characteristics associated with age — the age of the head of the household and the mean age within it — influence
the volume of ceremonial expenditure. Other factors affecting ceremonial spending were found to be the number
of children and the number of elderly people in the household. Furthermore, household debt in Kazakhstan was
found to be heavily influenced by the number of children in the household as well. This study contributes to future
extensive empirical research on ceremonial spending in Kazakhstan, providing a base for empirical analysis.

Key words: ceremonial spending, household debt, Consumer loans, household income, Kazakhstani family.
Introduction

The primary goal of this paper is to build understanding of the ceremonial spending patterns of
households in Kazakhstan. High level of debt is a significant problem for a Kazakhstani family; recent
negative economic shocks showed that households’ high indebtedness has serious socio-political
implications and could lead to unrest. Recently, a bill on bankruptcy of physical persons was passed,
and whether ceremonial spending contributes to household debt is a socially and economically
significant question which this paper aims to address. The anecdotal evidence suggests that a lot of
celebrations and festivities, such as weddings, are organized on credit. However, there is no official
data to support or refute this claim.

The data used in the analysis came from a country-wide household survey, where respondents
answered detailed questions on their indebtedness and spending patterns. The effect of household
characteristics on spending on celebrations is estimated both in a log-linear regression and in a probit
model, ceremonial spending volumes being considered as absolute values and as shares from total
spending respectively. Then, the hypothesized relationship between ceremonial spending, as well as
other household characteristics, and household debt is estimated using probit regression.

Main provisions
The issue of high indebtedness across the population of Kazakhstan is being addressed

in governmental legislation. The volume of unsecured consumer loans, typically provided by
microcredit organizations, has increased by 28% YoY (Forbes, 2024). According to official data,
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84% of Kazakhstan’s adult population are in debt, this figure increasing at a rapid pace. The amount
of debt overdue by more than 90 days is about 1.4 trillion tenge; that is, 1.7 million people cannot
pay off their debts on time (Radio Azattyq, 2023).

8k
7.4

9.5

2022 2023

Figure 1 — The Volume of Unsecured Consumer Loans in Kazakhstan, trillions tenge

As of the bill on the bankruptcy of physical persons, since March 3 of 2023, more than 77
thousand applications have been filed.

Consumer loans, in their essence, are crucial to financial markets; one of the true concerns is
the purposes to which Kazakhstani residents direct their borrowed money, as well as whether certain
purposes have a more significant impact on the current level of debt.

Literature review

The literature review was formed by anchoring this research within a broader landscape of
academic discourse on the effect of ceremonial spending on household debt in the context of diverse
social, economic, and cultural backgrounds.

Banerjee and Duflo (2006) use household survey data from 13 countries to document the
economic lives of the poor population, including their consumption and spending patterns, revealing
anomalous choices. The paper makes the key insight that ceremonial spending is a crucial part of
budget for many poor households, thus demonstrating that expenditure on festivities plays a large
role in forming their debt. Although the authors do not employ regression analysis, the aspects of
household survey data that yield most representative results can be highlighted.

Chen and Zhang (2012) also study the correlation between social spending and the level of
financial freedom that individuals in China possess, extending the analysis onto the child population’s
health statuses. They outline that the effects of ceremonial spending are more significant for the
poor population rather than those who are financially comfortable due to the fiscal burden being
considerably higher. This is a valuable insight for this research, as a parallel can be drawn with
ceremonial spending in Kazakhstan; household debt is closely tied with the economic status of
said household, thus the effect of ceremonial expenditure is likely more significant for indebted
households.

Bloch, Rao and Desai (2004) look at wedding celebrations in rural India or, to be more precise,
the determinants of the expenditure on them. More specifically, they investigate the social aspect of
it and how “peer pressure” and people’s need for validation lead to them engaging in conspicuous
consumption. Evidently, the same concept likely holds in both Kazakhstan.
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This research is essentially built upon Aldashev (2019), who provides empirical evidence
that having access to bank loans leads to Kyrgyzstani households spending more on festivities. In
addition, households with higher ceremonial spending levels are more likely to suffer from debt. In
other words, higher borrowing leads to higher ceremonial spending, and higher ceremonial spending,
in its turn, leads to higher borrowing. The empirical model in this research is inspired by Aldashev,
therefore employs a similar framework for the ceremonial spending and household debt patterns in
Kazakhstan, providing the opportunity for comparison between the two socially, economically and
culturally similar countries.

Materials and methods

Empirical Model
The volume of ceremonial expenditure of a given household depends on a variety of household
characteristics (Aldashev, 2019). Empirically, it can be specified in the following way:

CS;_ = + alXi + €;

Where is the volume of household ceremonial spending, are household characteristics and is
the error term satisfying OLS assumptions.

Household debt is then treated as a dummy variable, which takes value 1 if a given household
has active debt and 0 if it does not. The debt is specified as a function of household ceremonial
spending and household characteristics in a probit model as follows:

P(D; =1) = ®(3;) = ®(fy + P1CS; + o X; + €;)
3; = Bo + B1CS; + B X; + €

Where D; is demand for borrowing, CS; is the log ceremonial expenditure, X; is other household
characteristics, and €; is the error term which satisfies OLS assumptions. Assume that @(z;) follows
Normal distribution.

Although the households’ volumes of debt, as well as their ability to repay it, are significant to
the relationship being analyzed, such data is unavailable. Nevertheless, the incidence of debt is a
useful metric as well, as it could mean that a household’s spending exceeds its income.

Data and Stylized Facts

The data used in the empirical analysis was obtained from a country-wide household survey —
“On the influence of traditions, culture and history on economic results in Kazakhstan” — carried out
by the “Public Opinion” Research Institute. The data was collected by the institute specifically in the
framework of this project and is hence not yet available to the general public.

The data presents responses from 969 households, fairly evenly distributed across the country.
The figure below represents the geographical distribution of the households participating in the
survey, presenting evidence of the sample’s randomity.

The information taken from the survey includes dummies on debt, which indicated whether a
household took out a loan in the past 12 months, whether the household spent on ceremonies within
the same time frame and if so, what was the volume of that expenditure. The household characteristics
used in analysis were household income, the mean age in the household, the nationality, age and level
of education of the head of the household, the share of females, the number of children and elderly
people, as well as region and type of residence.

204



KA3AKCTAH-BPUTAH TEXHUKAJIBIK
YHUBEPCUTETIHIH, XABAPIIBICHI

Ne 1(68) 2024

Astana
5.33%

North Kazakhstan Region
5.06%

Almaty
4.66%

Pavlodar Region
4.86%

Ulytau Region
4.73%

Mangystau Region
5.00%

Karaganda Region
4.93%

West Kazakhstan Region

5.00% East Kazakhstan Region

5.60%

Zhetysu Region
5.80% 4.93%

Zhambyl Region

Figure 2 — Geographical Distribution of Households
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Upon primary data analysis, it was found that an average Kazakhstani resident spends on average
1,012,429 tenge on celebrations annually. Ceremonies account for 30% to 40% of households’ total
spending monthly on average. The mean ceremonial spending per capita is 78,184 tenge. The survey
also provided data on how much each of the most common types of celebrations contributed to
household ceremonial spending. The table below summarizes how much households spent on each

of the celebrations and rituals in the past 12 months.

Table 1 — Descriptive Statistics on Ceremonial Spending

Celebration Mean Median Stapdgrd Minimum
Deviation

Weddings from the
bride’s side (Uzatu 1,746,786 1,000,000 1,567,681 60,000
Toys)
Weddings from the
groom’s side (Uilenu 1,680,466 1,600,000 1,706,485 500
Toys)
Housewarmings
and celebrations 1,044477 | 333,500 1,395,396 | 20,000
associated with the
purchase of a new car
Anniversaries 834,342 300,000 1,885,366 10,000
Funerals 820,000 500,000 1,276,822 20,000
Celebrations
associated with 523,118 300,000 609,248 15,000
childbirth

Maximum

6,000,000

7,000,000

5,000,000

1,500,000
8,000,000

3,000,000

N of non-
missing
values

28

44

44

131
38

85
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Gifts given and received on each of these occasions also contribute to household ceremonial
spending. The table below summarizes how much money was given to households in gifts or as a

gesture of support from their guests.

Table 2 — Descriptive Statistics on Gifts Received on Ceremonies

) . Standard .. . N (?f non-
Celebration Mean Median Deviati Minimum Maximum missing
eviation
values
Anniversaries 919,882 200,000 2,952,896 10,000 2,000,000 131
Funerals 1,019,655 600,000 1,345,398 100,000 7,000,000 84
Weddings from the
groom’s side (Uilenu 926,618 940,000 853,542 10,000 3,500,000 100
Toys)
Weddings from the
bride’s side (Uzatu 730,790 500,000 593,105 10,000 1,500,000 59
Toys)
Celebrations associated
with childbirth 361,797 225,000 372,131 10,000 1,500,000 151
Housewarmings and
celebrations associated | 5 5q | 5g 100,000 411,020 10,000 2,000,000 89
with the purchase of a
new car

As of household debt, 30% of households in Kazakhstan have taken out a loan in the previous 12
months, meaning that they have active debt. 66% of households took out their loans in commercial
banks, and 17% — in microcredit organizations. 10% of households are in debt to a private person,
and roughly 4% owe to pawnshops and the Agriculture Financial Support Fund.

For the regression analysis, a set of household characteristics, including yearly household
income, was formed, where each of them will serve as independent variables with a hypothesized
relationship with ceremonial spending. Given that ceremonial spending and income are given on
household levels, they were transformed into per capita values. Additionally, per capita ceremonial
spending and per capita household income are taken as natural logarithms to approximate their
distribution to that of Normal distribution.

Per capita log household income

The higher the income of the household, the higher are the financial resources that could be
directed towards spending on rituals. Hence, a positive relationship between household income and
ceremonial spending is expected. The maximum value of log per capita household income is 16.706,
meaning that the maximum tenge value of per capita household yearly income is approximately
17,999,958 tenge. Similarly, the minimum value of log per capita household income is 12.388,
meaning that the minimum tenge value of per capita household yearly income is approximately
239,999.

The age of the head of household and the mean age in the household

Apart from nationality, there are also likely differences associated with spending patterns across
generations. For this reason, age is considered and separated into two variables — the age of the head
of the household, who is likely to make major decisions associated with spending, and the mean age
of all members of the household. The mean age in an average Kazakhstani household is 39.7 years,
whereas the age of an average head of a Kazakhstani household is 50 years.

The level of education of the head of the household

In another hypothesis, a more educated head of a family will spend less on ceremonies. Education
is divided into three categories, specified as dummy variables — secondary education, professional
secondary education and higher education. The head of the household is then considered low-skilled,
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medium-skilled and high-skilled respectively. 47% of all heads of households considered in the
analysis are medium-skilled, 40% are high-skilled and 13% are low-skilled.

Numbers of children and elderly people in the household

A direct theoretical correlation cannot be drawn between the presence of children or elderly
people in the household, except for the possibility that the presence of elderly people could influence
ceremonial spending due to the age component mentioned above. Nevertheless, these variables are
still beneficial to include in analysis for the purpose of checking if there is, in fact, some sort of
relationship. Household members aged under 18 are considered children and members aged over
65 are considered elderly. There are households without children and elderly people present in the
sample; the maximum number of children in one household is 5, whereas that of elderly is 2.

Share of females in the household

This variable is included for the purpose of discovering whether gender has an impact on
ceremonial spending. The mean share of females in households is 0.5; there are household composed
of males only, as well as females only.

Residence

In this sample, there are two types of household residence — city and village. Due to the obvious
economic, industrial and social differences between them, there is potential for a correlation with the
volume of ceremonial spending; thus, this variable is included as a dummy. 32% of households in the
sample reside in cities while 68% live in villages.

Region

There are likely to be economic differences between the different regions of Kazakhstan that
could influence household spending patterns and what portion of income is directed towards rituals
and ceremonies. This variable is included as a dummy as well. The geographical distribution of
households interviewed in the survey is fairly uniform; the region with the most respondents is East
Kazakhstan, while Almaty presents the fewest number of households in the dataset.

Although the households’ levels of financial literacy would be of interest, such data is unavailable.

Results and discussion

Table 3 below provides the regression results corresponding the effect of household characteristics
on ceremonial spending, specified by the empirical equation:

CSi =y + CKlXi + €;

Dummy variables of regions were omitted from this summary and onward due to irrelevance to
the models.

Table 3 — The Effect of Household Characteristics on Ceremonial Spending

Dependent Variable: Log per capita ceremonial spending
Variable Coefficient Standard error Significance
Log per capita income 0.20 0.19
Share of females 0.15 0.55
Number of children 0.09 0.15
Number of elderly people -0.42 0.18 *oE
Household mean age 0.05 0.02 HA
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Continuation of table 3

Head of the household age -0.03 0.01 HAK
Head of the household medium-skilled 0.09 0.35
Head of the household high-skilled 0.04 0.36
Household resides in a city -0.27 0.30
F 1.89
R2 0.28
N 152

* — significant at = 0.1
** — significant at = 0.05
*#* _significant at = 0.01

From the regression results, there are three significant variables in the model — the number
of elderly people in the household, the mean age in the household and the age of the head of the
household. Specifically, the number of elderly people and the age of the head of the household are
negatively correlated with the volume of ceremonial expenditure. The reason for this is most likely
a social one; a possible explanation could be that younger people are more psychologically inclined
towards status spending.

Log per capita income does indeed have a positive effect on ceremonial spending; however it is
not significant. The gender composition of households, the number of children in them, the levels of
education of heads of households and the type of residence are not significant to this model either.

There are only 152 observations in this regression because a large portion of the respondents
preferred not to give a specific number for their ceremonial expenditure or struggled to recall it.
Hence, the next regression presents the effect of household characteristics on the share of ceremonial
spending out of the total household spending. This part of the survey was obligatory; thus, there is
no issue with the number of observations. Since the question was given in the form of several answer
options (i.e., if the share of ceremonial spending out of total spending was under 10%, under 20%,
etc.), [ use ordered probit. The regression results are summarized in Table 4.

Table 4 — The Effect of Household Characteristics on the Share of Ceremonial Spending from Total
Spending

Dependent Variable: Share of ceremonial spending out of total spending
Variable Coefficient Standard Error Significance
Share of females -0.15 0.12
Number of children -0.09 0.03 ok
Number of elderly people -0.18 0.06 Ak
Household mean age -0.00 0.00
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Continuation of table 4

Head of the household age 0.00 0.00

Head of the household low-skilled 0.00 0.12

Head of the household medium-skilled -0.05 0.08

Household resides in a city 0.13 0.09

LR chi2(27) 182.14
Log likelihood -1723.40
N 946

* —significant at = 0.1
** _ significant at = 0.05
*#* _significant at = 0.01

With this approach, there are two variables significant to the model — the number of children and
the number of elderly people in a household. The number of children likely has a strong effect on
the volume of ceremonial spending due to those resources that could have been spent on festivities
being instead directed towards those expenses that bringing up children requires. As of the number
of elderly people, the previously mentioned negative correlation holds.

Table 5 below provides the regression results for the effect of ceremonial spending on household

debt, specified by the empirical equation:

P(D; =1) = ®(3;) = ®(fy + p1CS; + B X; + €;)

2; = Po + P1CS; + BoX; + €

Table 5 — The Effect of Ceremonial Spending on Household Debt

Dependent Variable: Incidence of debt

Variable Coefficient Standard Error Significance
Log per capita ceremonial spending 0.10 0.09
Log per capita income 0.02 0.19
Share of females -0.81 0.57
Number of children 0.39 0.16 ok
Number of elderly people -0.18 0.22
Household mean age 0.01 0.02
Head of the household age 0.00 0.02
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Continuation of table 5

Head of the household low-skilled -0.44 0.40

Head of the household medium-skilled -0.06 0.30

Household resides in a city -0.25 0.31

LR chi2(27) 28.57
Log likelihood -84.85
N 144

* —significant at = 0.1
** —significant at =0.05
*#* _significant at = 0.01

Per capita ceremonial spending has no significant effect on the incidence of debt, and the only
significant variable in this model is the number of children. In other words, the more children a
Kazakhstani family has, the likelier it is that said family is indebted, which is due to the increased
spending that emerges with childbirth. In 2023, 1.3 trillion tenge in social payments for families
with more than 4 children was being directed to 2.6 million households, the former value increasing
by 40% YoY (Vecher.kz, 2023). According to the empirical results above, the growing number
of consumer loans being issued could be in a statistically significant positive correlation with the
growing number of large families.

One of the potential explanations for the lack of relationship between ceremonial spending and
household debt is issues with the data — a portion of respondents preferred not to answer the question
if they had active debt, thus generating missing values in the debt variable and a smaller number of
observations than could be needed for better estimates. Naturally, it is also possible that households
in Kazakhstan organize festivities using their savings, and ceremonial expenditure has no sufficient
impact on households’ indebtedness, the latter rather being attributed to other socio-economic factors.

Conclusion

When analyzing the effect of household characteristics on log per capita ceremonial spending,
we see that the factors associated with age — the mean age in the household, the age of the head of
the household and the number of elderly people — are significant to the model, indicating that age has
a strong effect on decision-making on ceremonial expenditure. According to the empirical results,
older people are less inclined towards status spending than younger Kazakhstanis. When ceremonial
spending was taken as a share of total spending in an ordered probit regression, another highly
significant variable was observed, that being the number of children, also having a negative effect
coefficient. One possible explanation to this is that the expenses associated with childbirth and taking
care of children in general likely triggers changes in households’ spending patterns.

As of household debt, the only variable having a significant effect on its incidence was found to
be the number of children. As mentioned above, families with more children likely spend more and
thus their likelihood of borrowing is higher. No significant correlation between ceremonial spending
and household debt was observed. It could be possible that Kazakhstani households finance their
festivities using their savings and the high levels of indebtedness come from other socio-economic
factors; yet, given that this is the first study on ceremonial spending and household debt in the context
of Kazakhstan, a foundation is laid for future extensive empirical research to be built upon for the
better understanding of status spending patterns and their significance to economic wellbeing.
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CAJITAHATTBI IIbIFBIHAAP
KOHE YU HIAPYAUIBIJIBIFBIHBIH KAPBI3bI

AnjiaTna

By sxymbic KazakcTanmarbl caaTaHaTThl MIBIFBIHAAP MEH Yil IIapyalIbUIBIKTaphl KapbI3bIHBIH apachIHIarbl
OaitnaHbICTBI KapacTbipaasl. Jlanipek aidTcak, apTypiii TYPMBICTBHIK CHIIATTaMaIap/blH CaJITaHATThI IIBIFbIH AP/ IbIH
KeJIeMiHe ocepiH 3epTTeil )KoHe CanTaHATThl IIBIFBIHAAP MEH YW INapyallblIbIFbl KapbI3bIHBIH Maiiaa OO0Iybl
apacbhIHIar bl 0alIaHBICTEI BCpTTeﬁ}Ii. Yix mapyamblIbIFbl  CHIIATTaMaJIapbl KUBIHTBIFBIHBIH, CaJITAHATThI
HIbIFbIHAPFa acepi JIOT-CBI3BIKTBIK PETpECCUsl apKblJIbI 6aFaﬂaHaI[bI, CaJITAHATThl HIBIFBIHAAPJBI KaH 6aCI)IHa
IIaKKaH/IaFbl KaluTajl MOHEP1 PETiH/Ie KapacThIPaibl XKHE PETTEIreH IPOOUT PErpecCHsIChIH MaiianaHa OThIPHIII,
CaJITAaHATTBl IIBIFBIHAAPABI YH IIApyallbUTBIFBIHBIH JKaJIIbl IIBIFBIHIAPBIHBIH YIIE€Ci pEeTiHJIe KapacThIpajbl.
CaunrTaHaTThI LIBIFBIHAAP/IBIH, COHal-aK Yii IapyallbUIBIF bl CHITAT TAMAJIAPBIHBIH YH [IApYallbUTBIFbI KAPbI3AapbIHBIH
JKULUTITIHE ocepl KeiiH mpoOHWTTik Oaranay apKbUTBI OarajaHaipl. 3epTTEy KOPCETKeHIEeH, jkacka OaiylaHBICTHI
y# IapyambuIbIFBIHBIH €PEeKIIeTIKTepl — Y IapyalblIbFbl OACHIBICBIHBIH Kachl KOHE OHJAFbI OpTalla jKac —
CaJITAHATTHI IIBIFBIHAP/IBIH KOJIEMiHE acep eTei. Yl apyanbuIbFbIHIarbl Oaanap MEeH KapT aJaMIaap/IblH CaHbl
CaJITAHATTHI IIBIFBIHJAPFA acep eTeTiH Oacka (akropiap ekeHairi anbikraiasl. CoHbIMEH Karap, KazakcTanmarbl
Y# IIapyamnibIbIKTapbIHBIH KapbI3bIHA Vi IapyanIbuIbIFBIH/IAFb! Oaagap CaHbl Jja KaTThl 9Cep CTETiHI aHbIKTAJJIbI.
Byn 3epTTey sMIMpHUKAJIbIK Talaay YIIiH Heri3 0oia oTwIpbin, KazakcTaHaarsl caaTaHaTThl MIBFBIHAAP OOMBIHIIA
OomanrakTarsl ayKbIMIbI SMIMPUKAIIBIK 3epTTeyIepre YIec Kocapl.

Tipek ce3aep: canTaHaTThl WIBIFBICTAp, YH HIAPYalIbUIBIFBIHBIH KapbI3bl, TYTHIHY HECHENEpi, *Keke TalbIc,
Ka3ak 0TOackI.
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HEPEMOHHUAJIBHBIE PACXOJBI U JIOJIT JIOMOXO3AMCTB

AHHOTAIHUA

B naHHOMN cTaThe paccMaTpUBaeTCsl B3aUMOCBSA3b MEXKAY LIEPEMOHHMAIbHBIMHM PACXOJAMH M JOJIIOM JJOMO-
xo3s1iicTB B Kazaxcrane. McciienoBanre HalipaBJIeHO Ha aHAIM3 BIUSHUS Pa3IMUHbIX XapaKTEPUCTHK JJOMOXO3SIMCTB
Ha 00beM [IEPEMOHHANIBHBIX PACXO/IOB M CBSI3H MEKAY LIEPEMOHHATBHBIMH PACX0IaMH M HAJIMYUEM JI0JITa JIOMOXO-
3s1iicTB. Brinsinne Habopa XapakTepHUCTHK TOMOXO03SHCTBA Ha [IEPEMOHUANBHBIE PACXOIBI OICHUBACTCS C TIOMOIIIBIO
JIOT-JIMHEWHOH perpeccuy, paccMaTpyBaroNlel IIepeMOHHAIbHBIE PacXoAbl Kak JjorapupMuYecKue 3HaAueHUs] Ha
JIyIIy HacEeJIEHHs, ! C HCIOJIb30BaHUEM YIIOPSI0YCHHON ITPOOUT-PErpeccuy, paccMaTpuBaroiel iepeMoHHaIbHbIC
pacxofpl KaK JIOI0 OT OOIIMX PAacXoJI0B JJOMOXO03siicTBa. BinsHIe IepeMOHHAIBHBIX PACXO/IOB, A TAKXKE XapaKTe-
PHCTHK JOMOXO3SHCTBA HAa HAJIMYHE JI0JITa 3aT€M OIIEHUBACTCS C MCIIOIb30BaHNUEM TpoOuT-perpeccun. Mcenenona-
HHE I10Ka3aJ10, YTO Ha 00bEM IIePEMOHHAIIBHBIX PACXO/I0B BIMSIOT XapaKTEPUCTUKU JOMOXO3SHCTBA, CBSI3aHHBIE C
BO3pPacTOM — BO3PACT IVIaBbl JOMOXO03SCTBA U CPETHUN BO3pACT BHYTpH Hero. pyrumu hakropamu, BIHSIOLIMMHA
Ha [IepEMOHHUANbHBIE PACXO/Ibl, OKa3aJIUCh KOJIMYECTBO AETEH U KOJTMUYECTBO MOXKMIBIX JTrofel B cembe. Kpome Toro,
Ob110 0OHAPYKEHO, YTO JOJIT IOMOX03HCTB B Ka3axcraHe 3aBUCHT OT KOJIMYECTBA JIeTeH B JoMoxo3siicTBe. JlanHoe
HCCIIeJOBAaHNE TIPEJOCTABISIET OCHOBY IS OyAyIINX SMIMPHUECKUX MCCIICIOBAHUN [IEPEMOHUANIBHBIX PACXOJ0B B
Kasaxcrane.

KaioueBble cjioBa: LepeMOHHAIBHBIE PACXOJIbI, JIOJT JOMOXO3SIHCTB, MOTPEOMTEILCKUE KPEANTHI, JTOXObI
HaCeJIeHHs], Ka3aXCTaHCKask CEMbs.
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REQUIREMENTS TO THE DESIGN
OF ARTICLES PUBLISHED IN THE JOURNAL KBTU BULLETIN

Previously unpublished material by the author (s) corresponding to the profile of the journal
in Russian, Kazakh or English is accepted for publication. The article is provided in electronic
format (in formats .doc, .docx,) only by downloading it through the functionality of the journal's
website (https://vestnik.kbtu.edu.kz/jour/about), which has detailed instructions for authors on the
process of submitting articles, as well as on payment for publication.

Mandatory requirements for registration:

¢ The MRNTI index is placed in the upper-left corner. (Times New Roman 14 size)

¢ One single interval below the authors ' surnames and initials in bold. Detailed names of
organizations, cities, countries where the work was performed, e-mail of one of the authors.
Specify footnotes to the place of work of the authors.

+ Below, in one interval, the full title of the article is in bold.

* Below, a brief (150-250 words) abstract (abstract) at one interval. Abstract should outline
the general orientation of the article and formulate its main results and be self-sufficient, it should
not contain references to literary sources or to any sections and elements of the article to which it
relates.

+ Key words related to the submitted article.

The text of the article is typed in a straight font Times New Roman, size 14. The line spacing
is single. All fields are 2 cm long.

The article should be divided into sections: Introduction, Materials and Methods, Main
provisions, Literature review, Results and Discussion, Conclusion, Information on funding (if
available).

At the end, a "List of References" is given. Literary references in the text are in square
brackets [1]. The list of references is drawn up twice: according to the above GOST. The list
should fully correspond to the main text of the article, contain all the works mentioned (and only
mentioned) in it. Next, the same list of references should be presented in the generally accepted
English transliteration (see the sample of the literature design below).

The article undergoes "blind" review, reviewers are appointed by the editorial board of the
journal.

At the end of the article please indicate full name, return address, phone numbers, fax, e-mail
address.

The author(s) are responsible for the content of the article. The opinion of the Scientific and
Editorial Board does not always coincide with the opinion of the author (authors). The Editorial
Board reserves the right to publish or reject articles.

The reference to our edition in reprinting is obligatory.

Our address: 59, Tole Bi St., Almaty, 050000, Kazakhstan-British Technical University.
Website: https://vestnik.kbtu.edu.kz/jour/pages/view/Editorial C Editorial Board.
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KYPHAJIBIHAA KAPUSJTAHATBIH MAKAJIAJAPIbI
POCIMAEYTE KOUBIJIATBIH TAJIAIITAP

Kapusinay yuriH aBropMeH (aBTopjiapMeH) OYpPbIH KapusijiaHOaFaH, KypHall OcHiHiHE
ColiKec KeJIeTiH OpbIC, Ka3aK HeMeCe aFbUIIIBIH TULIEPIHeT1 MaTepuaiiap Kadbbuiganaasl. Makana
)ypHan calTeiHbIH (https://vestnik.kbtu.edu.kz/jour/about) GpyHKIMOHAIIBIFEI apKBLIBI JKYKTEY
KOJIBIMEH TeK 1eKTpoH bl (hopmarTa (.doc, .docx ¢popmaTTapbiHaa) KaObUIIaHABI, CAHTTa aBTOP-
JapFa MaKaJlaHbl XKYKTeY, YChIHY YPIiCl Typalibl, COHJIai-aK JKapUsUIaHbIMFa aKbl TOJIEY Typasbl
TOJIBIK HYCKAYJIBIK Oap.

Pecimaey OoiibIHIIIA MiHIETTI Tajanrap:

XKoraprel con xak Ooypeita FTAMU unaekci xxas3putazsl. (Times New Roman 14 enem)

¢ bip Oipiik nHTepBaNIaH KeWiH aBTOPIIAP/IbIH TET1 MEH aThI-)KOHI1 )KapThlIail KaJIbIH KapinieH
*a3putabl. JKyMbIC OpbIHIaIFaH YHBIMIAP/IbIH, KaJlaJap/IblH, eIep/IiH TOIbIK aTayJapbl, aBTOp-
JapabIH OipiHiH e-mail momTacsl kepceTisieni. ABTOpIap/bIH )KYMBbIC OpHBIHA cliTeMe Oepineni.

¢ bip uHTEepBasaH KeiiH MaKaJIaHbIH TOJIBIK aTaybl )KapThUIal KaJIbIH KapilIeH jka3buiabl.

* bip uaTepBangan keiin kpickama (150-250 ce3) anmarna (abstract) yceiHBIIaABL. AHATIIA
MaKaJaHbIH >KalIbl OaFbITBIH KOPCETIN, OHBIH HETI3rl HOTHXKEJEepiH TYXKBIPBIMAAYBl THIC,
agaarnaga ojedu JepeKkes3nepre e, OoFaH KaThICThl MaKaJIaHBIH Ke3-KeIreH OenimMiaepi MeH
AJIEMEHTTEPIHE CUITEME )KacayFa OoIMaiIbl.

¢ YChIHBIIFAH MaKajlara KaTbICThI KUIT ce3/iep (TipeK ce3/ep) Ka3blia bl

Makana matini 14 emmemai Times New Roman mpudrimen tepineni. Xonmap apacsinga Oipiik
nHTepBai cakranaapl. [lleTTep — OapibIK KarblHAH 2 CM.

Makana keneci Oemimaepai kamtysl THic: Kipicne, Marepuangap xoHe omictep, Herisri
epexenep, Onedbuerke oy, Hotmwkenep MeH tankeiiay, KopbITbiHbl, Kapkbuianabipy Typaibl
akrmapar (OoJFaH Jxaraia KepceTiiaeni).

ConpiHaa «Oneouertep Tizimi (References)» sxasputambl. MotiHzmeri omebu cinTemenep
TOPTOYPHIIITHI KaKIIaa YChIHbIIAAb! [ 1]. Onebuerrep tizimi MEMCT-ke colikec eki peT paciM-
neneni. Ti3iM MaKaaHbIH HETi3T1 MOTiHIHE TOJBIK COWKEC KeJIil, MaKaiaja aTajFaH (TeK aTairaH)
OapiIbIK KYMBICTAPABl KAMTYhI KEpeK. Opi Kapai, 1o OChI CUITEMeNep JKaJIbl KaOblUlqaHFaH
aFbUIIIBIH TPAHCIUTEPAUSICHIHAA KA3bLIa bl

Makana <«OKachIpbIH» peleH3MsUIAydaH ©OTe/dl, PEUEH3CHTTEPl >KYypHAIIBIH PEeNaKUsIBIK
aJKachl TaralbIHIANIEL.

MakanaHblH COHBIH/IA aBTOPJIAP/BIH TOJBIK aThl-)KOHIH, Kepi OaillaHbIc MEKEHKalbIH, Tele-
donmap, pakc xkoHE IMEKTPOHIBIK MOIITAa MEKEHXAWBIH (e-mail) y»a3ybIHbI3IbI CYPAMBI3.

MakanaHblH Ma3MyHBIHa aBTOp (aBTOpiap) skayanThl. FbUIBIMU-penakius aaKachbIHBIH
miKipi opaiibiM aBTOPABIH (aBTOpIAPBIH) MiKipiMeH colikec Kene Oepmeiini. Penakius amkacsl
MaKayajJapabl JKapusiiay Hemece KaObliaaMay KYKBIFBIH ©31HEe KaJbIPaIbl.

Kaiita 6acbuibiM Ke3iHe O13/iH )KapusJIaHbIMFa CUITEME JKacay Kepek.

MekenxkaiibiMbiz: 050000, AimaTsl K., TeJie 01 koil., 59, Kazakcrtan-bBputan TeXHUKAJIBIK

YHUBEpPCHUTETI.
Caiit: https://vestnik.kbtu.edu.kz/jour/pages/view/Editorial C Penakuust ankachl.
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TPEBOBAHHUS K O®OPMJIEHUIO CTATEM,
INYBJIUKYEMbBIX B ) KYPHAJIE BECTHUK KBTY

Jns nyOnukanuu TNpUHUMAeTcs paHee HeONYyOJMKOBAHHBIH aBTOPOM (aBTOpaMMu)
MaTepHaJi, COOTBETCTBYIOIUN NPOGUITI0 KypHAla, HA PYyCCKOM, Ka3aXCKOM WIJIM aHTJIMHCKOM
s3pikax. CraThs mpemocTaBisieTcss B dneKTpoHHOM ¢dopmare (B ¢popmarax .doc, .docx,) Tonbko
MyTeM ee 3arpy3ku yepe3 pyHkunonan caiita xxypaana (https://vestnik.kbtu.edu.kz/jour/about), B
KOTOPOM MMEETCsl MOAPOOHAast HHCTPYKIUS JJIsl aBTOPOB O MpOIlecce IMoJayM cTaTei, a Takxe 00
oruiare myOIrKaIuy.

Oos13aTesibHbIE TPEOOBAHUA 110 0(POPMIIEHHUIO:

+ B neBom BepxHeM yrity craButcsa unaekc MPHTU (Times New Roman 14 pazmep).

¢ Uepes ouH OIMHAPHBIN UHTEPBAJ HIDKE (PaMUIIUN ¥ MHULIMAJIBI aBTOPOB MOITYKHUPHBIM HIPUQ-
ToM. Pa3BepHyThIe Ha3BaHMs OpraHU3AlNIA, TOPOAOB, CTPaH, T/Ie BHINOIHEHA padoTa, e-mail oqHOTO M3
aBTOPOB. YKa3aTh CHOCKU Ha MECTO pabOTHI aBTOPOB.

¢ Hmxe yepe3 ofnH MHTEPBAI MOJTHOE Ha3BaHUE CTAThU TOIYKUPHBIM HIPH(PTOM.

¢ Hwxke uepe3 ogun uHTepBan kparkas (150-250 cioB) anHoTanwms (abstract). AHHOTAIUS TOJK-
Ha 0OPUCOBBIBATH OOIIYIO HAPABIEHHOCTh CTaThH, POPMYIHPOBATH €€ OCHOBHBIE PE3YNIBTaThl U ObITh
CaMOI[OCTaTO‘IHOI‘/JI, B HEH HEAOIYCTHUMBI CCBIJIKW HU Ha JIUTCPATYPHBIC HCTOYHUKH, HU HA Kakue-110o
pasaensl ¥ SJIEMEHTHI CTaThH, K KOTOPOH OHA OTHOCHTCHL.

* Kurouessie cioBa (Key words), oTHOCSTIIHECS K IPEICTaBIsIeMON CTaThe.

TekcT cratbn HaOupaercs npsimbiM mpudTom Times New Roman, pasmep 14. HuTtepsan
MEXy CTpokamu oguHapHbId. [Toms Bce no 2 cm.

Cratbs nomKkHa OBITH pas/enieHa Ha pa3zaeinbl: Beenenue, Marepuansl 1 MeTo/ibl, OCHOBHBIE
nonoxenusi, O63op nutepatypsl, Pesynbrarel u o6cyxaenue, 3akmouenue, Mudopmarus o du-
HAHCUPOBaHUM (IIPU HAJTUYHHN).

B xonue naercs «Cnucok nureparypsl (References)». JIuteparypHbie cCbUIKHM B TEKCTE B KBa-
npatHbix ckoOkax [1]. Crucok auteparypsl opopmisercsa naxabl: coracHo ['OCTy. Crnucok
JIOJKEH TIOJTHOCTBIO COOTBETCTBOBATh OCHOBHOMY TEKCTY CTAThH, COJIEP’KaTh BCE YIOMSHYTHIE (1
TOJILKO YIIOMSIHYThIE) B HEM paboThl. Jlasiee TOT jke CIUCOK JIUTePaTyphl IPEACTaBUTh B OOLLEIPU-
HATOW aHIJIMICKOM TpaHCIUTEPaIlUU.

CraThs IPOXOIUT «CIIENOE)» PELEH3NPOBAHNE, PELICH3EHTHI HA3HAYAOTCSI PEIKOIUIETHEN XKy p-
HaJja.

B xonue crarpu npocum ykazats ©.M.0. nmonHocThI0, 00paTHBIN aapec, TenedoHsl, ¢akc,
aJipec NIEeKTPOHHON MoUTHI (e-mail).

OTBeTCTBEHHOCTD 3a COIEpKAHKUE CTaThU HeceT aBTop (aBropbl). MHenne HayuHo-penakiu-
OHHOT'O COBETa HE BCEI/la COBIAIaeT C MHEHHEM aBTopa (aBTOpOB). PenakiinoHHbBIN COBET OCTaB-
JseT 3a OO0 MpaBo MyONUKAIIMH WIM OTKJIOHEHUS! CTaTeH.

Ccbulka Ha Hallle U3JJaHue MpU NepernedaTke o0s3aTeNbHa.

Hamr agpec: 050000, r. Aamatsl, yia. Toae bu, 59, Kazaxcrancko-bpuranckuii Texuuve-

CKHii yHUBEPCHTET.
Caiit: https://vestnik.kbtu.edu.kz/jour/pages/view/Editorial C Penakunonnas xomnerus.
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Penakuus xxyprana «Bectnuk KbTY)» He HeceT OTBETCTBEHHOCTD 3a COJICpKaHUE

myOnukyembix crateit. ColiepikaHus cTaTel LEIUMKOM MPUHAIIeKAT aBTOpaM,
U pa3MELIaloTCs B )KypHaJIe UCKIOYUTENIBHO 10 UX OTBETCTBEHHOCTD.
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