MINISTRY OF SCIENCE AND HIGHER EDUCATION OF THE REPUBLIC OF KAZAKHSTAN
KA3AKCTAH PECITYBJIMKACBIHBIH FbIJIBIM )KOHE KOF'APbI BIJIIM MUHUCTPJITT
MHUHUCTEPCTBO HAYKHU U BBICHIEI'O OBPA30BAHMNS PECITYBJIMKU KA3BAXCTAH

KAZAKHSTAN

UNIVERSITY )
XANBIKAPANLIK ™ =g AR MEXAYHAPOAHBIH
YHHBEPCHTETI I I YHHBEPCHTET

INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION
TECHNOLOGIES

Published since 2020.
Volume 7. 3 (27). 2026
July—September

XAJBIKAPAJBIK AKITAPATTBIK "KOHE KOMMYHUKAUSITBIK
TEXHOJIOTUSLJIAP KYPHAJIbI

2020 xpuiaH Oepi IIbIFapbLTa B!
Tom 7. 3 (27). 2026
inne-Keipkyiiex

MEXJTYHAPOJIHBIN ’KYPHAJI UHOOPMAIIMOHHBIX U
KOMMYHHUKAIIMOHHBIX TEXHOJIOI'UHN

Wznaercs ¢ 2020 r.
Tom 7. 3 (27). 2026
Hronb-CeHTsaopb

CBUIETENBCTBO O IOCTAaHOBKE Ha Y4eT IEPUOJIUYECKOr0 1€4aTHOrO U3aHus B MUHHUCTEPCTBO
nH(popManmu u obmectBeHHOro pazsutus Pecrryommkn Kazaxcran Ne KZ82VPY 00020475,
Beigangoe ot 20.02.2020 r.

3apeructpupoBaHo B MexXIyHapOAHOM IIEHTPE PETUCTPALUH CePUIHBIX n3aaHuil ISSN
(FOHECKO, ITapux, ®panius). ISSN 2708-2032 (print), ISSN 2708-2040 (online)

XKypnan Bxoaut B Ilepedens HayuHbIxX u3ganuil, pekomenayemsix KOKHBO MHBO PK
JUISL ITyOJIMKAI[UY OCHOBHBIX PE3YJIbTaTOB HAyYHOH IesSTeIbHOCTH.



EDITOR-IN-CHIEF:
Kateryna Kolesnikova — Doctor of Technical Sciences, professor, Vice-Rector for Research, International Information Technology
University (Kazakhstan)

DEPUTY EDITOR-IN-CHIEF:
Madina Ipalakova — Candidate of Technical Sciences, associate professor, Director of the Research Department, International
Information Technology University (Kazakhstan)

EDITORIAL BOARD:
Abdul Razak — PhD, professor, Department of Cybersecurity, International Information Technology University (Kazakhstan)
Lucio Tommaso De Paolis — Director of the R&D Department of the AVR Laboratory, Department of Engineering for Innovation,
University of Salento (Italy)
Liz Bacon — Professor, Deputy Vice-Chancellor, Abertay University (United Kingdom)
Michele Pagano — PhD, Professor, University of Pisa (Italy)
Mukhtarbay Otelbayev — Doctor of Physical and Mathematical Sciences, professor, academician of the National Academy of
Sciences of the Republic of Kazakhstan, professor of the Department of Mathematical and Computer Modeling, International
Information Technology University (Kazakhstan)
Bolatbek Rysbaiuly — Doctor of Physical and Mathematical Sciences, professor, professor of the Department of Computing and Data
Science, Astana IT University (Kazakhstan)
Yevgeniya Daineko — PhD, research professor, Department of Information Systems, International Information Technology University
(Kazakhstan)
Nurzhan Duzbayev — PhD, associate professor, Vice-Rector for Digitalization and Innovation, International Information Technology
University (Kazakhstan)
Bakhtgerei Sinchev — Doctor of Technical Sciences, professor, Department of Information Systems, International Information
Technology University (Kazakhstan)
Nurgul Seilova — Candidate of Technical Sciences, Dean of the Faculty of Computer Technologies and Cybersecurity, International
Information Technology University (Kazakhstan)
Ardak Mukhamediyeva — Candidate of Economic Sciences, Dean of the Faculty of Business, Media and Management, International
Information Technology University (Kazakhstan)
Zamira Abdikalikova — PhD, associate professor, Head of the Department of Mathematical and Computer Modeling, International
Information Technology University (Kazakhstan)
Yerlan Shildibekov — PhD, associate professor, Head of the Department of Economics and Business, International Information
Technology University (Kazakhstan)
Damilya Yeskendirova — Candidate of Technical Sciences, associate professor, Head of the Department of Cybersecurity,
International Information Technology University (Kazakhstan)
Aigul Niyazgulova — Candidate of Philological Sciences, Professor, Head of the Department of Media Communications and History of
Kazakhstan, International Information Technology University (Kazakhstan)

Altai Aitmagambetov — Candidate of Technical Sciences, Professor, Department of Radio Engineering, Electronics and
Telecommunications, International Information Technology University (Kazakhstan)

Yelena Bakhtiyarova — Candidate of Technical Sciences, associate professor, Head of the Department of Radio Engineering,
Electronics and Telecommunications, International Information Technology University (Kazakhstan)

Kanibek Sansyzbay — PhD, research professor, Department of Cybersecurity, International Information Technology University
(Kazakhstan)

Sakhybay Tynymbayev — Candidate of Technical Sciences, Professor, Research Professor, Department of Computer Engineering,
International Information Technology University (Kazakhstan)
Ali Abd Almisreb — PhD, associate professor, Department of Cybersecurity, International Information Technology University
(Kazakhstan)
Mohamed Ahmed Hamada — PhD, associate professor, Department of Information Systems, International Information Technology
University (Kazakhstan)
Yang Im Chu — PhD, Professor, Gachon University (South Korea)
Tadeusz Wallas — PhD, Vice-Rector, Adam Mickiewicz University (Poland)
Orken Mamyrbayev — PhD, Deputy Director for Science, RSE Institute of Information and Computational Technologies, Committee
for Science of the Ministry of Science and Higher Education of the Republic of Kazakhstan (Kazakhstan)
Sergey Bushuyev — Doctor of Technical Sciences, professor, Director of the Ukrainian Project Management Association “UKRNET,”
Head of the Department of Project Management, Kyiv National University of Construction and Architecture (Ukraine)
Svetlana Beloshitskaya — Doctor of Technical Sciences, professor, Department of Computing and Data Science, Astana IT University
(Kazakhstan)
MANAGING EDITOR
Raushan Mrzabayeva — Master of Science, editor, International Information Technology University (Kazakhstan)

International Journal of Information and Communication Technologies

Periodicity: 4 times a year.

Languages: Kazakh, Russian, English

DOI prefix: 10.54309

ISSN 2708-2032 (print)

ISSN 2708-2040 (online)

Thematic focus: "Information technology"; "Digital technologies in the development of socio-economic systems"; "Information
security and communication technologies".

Distribution: Materials are distributed under the Creative Commons Attribution 4.0

Journal website: https://journal.iitu.edu.kz

Owner: International Information Technology University JSC (Almaty).

Copyright: © International Journal of Information and Communication Technologies, 2026




INTERNATIONAL JOURNAL OF INFORMATIN AND COMMUNICATION TECHNOLOGIES 2026. Vol. 7. Is. 3 (27).
PEJAKLIMSI

BAC PEJJAKTOP:
KonecnnkoBa Karepuna BHKTOpPOBHA — TeXHNKa FbUIBIMIAPBIHBIH JOKTOpBI, Tpodeccop, XalbIKapaiblK aKMapaTThIK TEXHONOTHsIIAp

y'H'MBC])CHTeTlHlH FBUIBIMH-3EPTTCY KLBMG’TI )KBH!HI[C]"I TIPOPEKTOP (Ka:iaKCTaH)

BAC PEJJAKTOP/IbIH OPbIHBACAPDI:
HnanakoBa Majauna TyjlereHoBHAa — TEXHUKA FHUIBIMIAPBIHBIH KAHIHIATHI, KAYbIMIACTHIPBUFAH TPodeccop, XaabKapaiblK aKIapaTTIK
TEXHOJIOTHSNIAp YHUBEPCUTETIHIH FRUIBIMU-3ePTTEY KbI3METI JKOHIHIET] AernapTaMeHT mupekTops! (Kaszakcran)

PEJAKIUSIBIK AJTKA:
Paszak A6y — PhD, XaibIkapasibIK aKIapaTThIK TEXHONOTHsIIAp YHUBEPCUTETI KubepKayincisaik kabenpacknbiH npodeccopsl (Kazakcram)
Jlyuno Tommaszo ne IMTaomme — Canento Vuusepenteri (MTtamyis) MHHOBALWS SKOHE TEXHOJOTHSUIBIK MHKHHHPHHT Jeriapramenti AVR
3ePTXaHACBIHBIH 3ePTTEY JKOHE d3ipIiey OertiMiHIH JUPEKTOPbI
JInz Bakon — nipodpeccop, Abepreii YunpepeuteTi (YIIbIOpHTaHNs) BULE-KaHIUIEPiHIH OpbIHOAcapbI
Mukeue ITarano — PhD, ITi3a Yausepcureriniz (Mrammst) mpodeccopst
OrendaeB Myxrapoaii Ortenbaiiyibl — Qu3HKa-MaTeMaTHKa FHUIBIMAAPBIHBIH J0KTOpBI, mpodeccop, KP ¥FA axanemmuri, Xamblkapaibik
AKITAapaTThIK TEXHOIOTHsIAP YHUBEPCUTETI MaTeMaTHKa YKOHE KOMITBIOTEPITIK Moziesb/ey KadeapackiHbiy npodeccopst (Kazakcran)
Poicoaiiysibl Bosatdex — (usnka-mMaTeMaTHKa FhUIBIMIAPBIHBIH JOKTOPBI, podeccop, Ecenrey xoHe aepekTep FhUIbIMAaphI AeHapTaMeHTIHIH
npO(beccopbl Astana IT University (Kasaxcram)

Eprennst Astexcany — PhD, XasbIKapasIbIK akIapaTThIK TeXHOTOTHSUIAp YHUBEPCHTETI aKIapaTThIK XKyiienep KadeapackiHbIH
npoq)eccop seprreymici (Kazakcran)
Jy36aes Hyp:xan Tokkyxaewu — PhD, kaysIMpacTelpeuiran npodeccop, XaibIKapanblK aKMapaTThIK TEXHONOTHSIAD YHHBEPCHTET
1MGpIaHIBIPY XkOHE MHHOBAISUIAP XKoHiHzeri npopexrop (KasakcraH)
Cunues bBaxrtrepeii KycnmanoBmu — TeXHHMKAa FBUIBIMIAPBIHBIH JOKTOPBI, mpodeccop, XambKapaiblk AaKMapaTThIK TEXHOIOTHsIAP
YHHUBEPCHTETI aKIapaTThIK XKYyiterep kadeapacsHbiH npodeccops (Kazakeran)
CeiiioBa Hypryias AGajny/liaeBHA — TEXHHMKA FBUIBIMAAPBIHBIH JOKTOPBI, XAaJIbIKAPAIbIK AKIApaTThIK TEXHOJOTHSUIAP YHUBEPCHTETI

KOMITBIOTEPITIK TEXHOIOTHsUIAp JKoHe Knbepkayirncisik dakynsrerinii aekans! (Kazakcran)

MyxamemmeBa Aprak ['aGUTOBHA — SKOHOMHUKA FHUIBIMAPBIHBIH KAHMIAThI, XaJIbIKAPAIBIK AKIAPATTHIK TEXHOIOIHSUIAD YHHBEPCUTETI
GusHeca MeJia skoHe Gackapy (akysbreridin aekans! (Kasakcram)

AduKa, 3amupa Typcs! — PhD, kaybIMzaacTsIpbUIFaH mpodeccop, XaabIKapaiblK aKIapaTThIK TeXHOIOTHsIIAP YHUBEPCHTET]
MaTeMaTHKa JKOHE KOMITBIOTEPITIK MOZIeIIbIey KadeapachiHbiH MeHrepyici (Kasakcram)

IInsaudexos Epiaan XKapxanosua — PhD, kaysIMIacTsIppUFaH npodeccop, XambIKapanblK aKHapaTThIK TEXHONOTHSIAP YHUBEPCHTETI
9KOHOMHKA koHe On3Hec KadenpachHbH MeHrepyic (Kazakcran)

Jamenst MakcyroBHa EckeHHpoBa — TexHIKa FHUIBIMIAPBIHBIH KaHIMIAThL, KaybIMAACTEIPbUFAH mpodeccop, XaabKapablK aKIapaTThK
TEXHOJIOTHsUIAp YHUBEPCUTETI KnbepKayinci3ik kadenpachHbiH MeHrepyuici (Kasakcram)

HusisryioBa Aiiryab Ackap0exoBHA — (GWIONOTHS FbUIBIMAAPBIHBIH KaHIMAATBI, JOLEHT, mpodeccop, XabIKapalblK aKIapaTThiK
TEXHOJIOTHSLIAp YHUBEPCUTET MeIMaKOMMYHHUKaLws skoHe Kasakcran Taprxsl kadyepachiabii Merrepyici (Kaszakcran)

AiitmaraméeroB Austaii 3y(apoBH4 — TeXHHMKA FHUIBIMIAPBIHBIH KaHIHAATBI, XalbIKAPAIbIK aKIapaTThIK TCXHOIOTHSUIAD YHHBEPCUTETI
PaMOTEXHHKA, IEKTPOHHKA JKOHE TeIeKOMMYHHUKaIMs KaeapackiHbiH npodeccopsl (Kasakcram)

BaxTusip Enena Ax — TeXHHMKA FHUIBIMIAPHIHBIH KAHIHIATHL, KaybIMIACTBIPEUIFaH Npodeccop, XambIKapanblK aKIapaTThIK
TEXHOJIOTHSUIAp YHHBEPCUTETI PaIOTEXHHKA, HIEKTPOHHKA JKOHE TEIeKOMMYHHKaIWs KaeapackiHbIH Merrepyrici (Kasakcran)

Kannbex Cancpi36aii — PhD, kaysivpacTsIpsuiran npogeccop, XalbIKapaiblK aKHapaTThIK TEXHOTOTHSIAp YHUBEPCHTETI KHOepKayinci3aik
kaenpaceHbIH npodeccop-3eprreyici (Kazakcran)

ToeinbiMoaeB Caxubali — TexHHKA FbUIBIMAAPBIHBIH KaHAUIATHI, mpodeccop, XablKapalblK aKIIapaTTbIK TEXHOJOTHSUIAD YHUBEPCHTETI
KOMITbIOTEPIIK HEDKeHepust KadyepachitbiH npodeccop-3eprreyiuici (Kasakcrar)

Anvucped Amm A6x — PhD, XasblkapaiibIK aKapaTThIK TeXHOJIOTHSIAP YHUBEPCUTETI KHOePKayinciiik KaeapachHbIH KaybIMAACThIPbUEAH
npodeccopsr (Kasakcran)

Moxamen Axmen Xamaga — PhD, XanblkapanblKk aKnapaTThIK TEXHOJNOTHSUIAD YHHBEPCHTETi aKIApaTThIK KyHenep KadeapachiHbIH
KaybIMIACTBIPbUTFaH rpoheccopsl (Kazaxcran)

Sur Im Yy — PhD, T'auon yruBepcutetinin npodeccopst (OxTyctik Kopes)

Taneym Baiuiac — PhD, Aznam MunikeBuy atbisaars! (ITonblina) yHUBEpCHTETTIH IPOPEKTOPBI

MawmbipoaeB Opken Kymazxanouu — PhD, KP F2KbM Frbuteiv koMUTETI aknapatThIK KOHE ecenTey TeXHOIOrHsuiapsl HHCTHTYTel OMK
JIMPEKTOPBIHBIH FHUIBIM XKOHIH/er1 opbiHOacapsl (Kaszakcran)

Bymyes Cepreii JIMATpHeBHY — TEXHHMKA FbUIBIMIAPBIHBIH JIOKTOPBI, mpodeccop, Yrpaunausi "YKPHET" sxobanapupl Gackapy
KaybIMIACTBIFBIHBIH JIMPEKTOPbI, KHEB YIITTHIK KypbUIBIC JKOHE COYJET YHHMBEPCHTETi jkobanapibl Oackapy KadeapachbIHbIH MeHrepyiici
(Ykpauna)

Besomunkasi Ceerana BacuiibeBHa — TEXHNKA FRUTBIMIAPBIHBIH JOKTOPBI, JIONeHT, Astana IT University ecentey oHe 1epeKTep FUTBIMBI
kagenpachinbiH podeccops (Kasakcram)

JKAYAIITBI PEJAKTOP:
My Paymian 7Ka. — Maructp, XablKapaiblK aKIapaTThIK TEXHOIOTHSIIAp YHUBEPCHTETIHIH peaakTops! (Kasakcram)

XaJbIKapasblK aKnapaTThIK KOHE KOMMYHHKAIMSIIBIK TEXHOJIOTHSIIAP JKyPHAJIBI

ISSN 2708-2032 (print)

ISSN 2708-2040 (online)

TIpedukc DOI: 10.54309

Mep3imainiri: xbuUIbiHa 4 per.

BacbuibiM Tini: Kaszak, OpbIC, aFbUILIBIH.

TaxpIpeinm  OareITel:  "AKIapaTThIK TexHoJOTHsap"; "AKMapaTThlK KayilCi3mik koHe KOMMYHHKAIMSUIBIK TEXHOJOrusmap';
"OJIeyMeTTIK-3KOHOMHKAIBIK JKYHelIep i 1aMbITy1arbl IUQPIBIK TeXHOIOrus".

Kypnaun caittsr: https://journal.iitu.edu.kz

Tapary: matepuaniap Creative Commons Attribution 4.0 HIeH3UsCHI OOFBIHIIA TapaThIIA bl

Menmik neci: AK «XabIKapalblK aKIapaTThIK TEXHOJIOTHSIAP yHUBEPCUTETD (AJIMATHI K. ).

ABTOPIIBIK KYKBIK: © XasbIKapalblK aKIapaTThIK KOHE KOMMYHHUKALHMSIIBIK TEXHOIOTUsIIAp KypHaibl, 2026




INTERNATIONAL JOURNAL OF INFORMATIN AND COMMUNICATION TECHNOLOGIES 2026. Vol. 7. Is. 3 (27).

PEJAKIUSA
TJIABHBIA PEJAKTOP:
KosecuukoBa Karepuna BHKTOpOBHA — JOKTOp TEXHHYECKHX HayK, Hpodeccop, MPOPEKTOp IO HAyYHO-HCCIECA0BATEIBCKOM

JeATeTbHOCTH MekKIyHapOoJHOTO yHHBEPCUTETa HH(POPMAIMOHHBIX TexHoxorui (Kazaxcran)

3AMECTHUTEJIb I'/TABHOI'O PEJJAKTOPA:
HnanakoBa Maauna Ty/jiereHoBHA — KaHANAAT TEXHUYECKUX HAyK, ACCOLMUPOBAHHBIN mpodeccop, IMPEKTOp AemapTaMeHTa o HayqHO-
HCCIIe/IOBATEIIBCKOM ACATENIbHOCTH MeXyHapOAHOTO YHHBEPCUTETa HHPOPMaMOHHBIX TexHosoruil (Kasaxcran)

PEJAKIIUOHHAS KOJIJIEI' U :

Pazak Aoaya — PhD, mpodeccop kadenper knbepOe3omacHOCTH MekKIyHApOJHOTO YHMBEPCUTETa HH(MOPMALMOHHBIX TEXHOJIOTHI
(Kaszaxcran)
Jlyuno Tommazo ae ITaoame — gupekTop OTHena HcclaeqoBaHMN M paspaboTok mabopartopun AVR nemapramMeHTa WHHOBALMH |

TEXHOJOTUYECKOro MHKUHUpUHra YHuBepcureta Canenro (Mramus)
JIuz Bakon — npodeccop, 3amecTuTenb Bulie-KaHiuiepa Y HuBepceutera Abepreit (Benukobpuranns)
Mukese Iarano — PhD, npodeccop Yuusepcutera ITussr (Mranus)

Oten6aes Myxrtap6aii OTenéaiiyapl — JOKTOp (U3MKO-MaTeMaTHYECKHX Hayk, npodeccop, akazemuk HAH PK, mpodeccop kadenpst
MaTeMaTH4YCCKOTr0 U KOMIIBIOTEPHOTO MOACITUPOBAHU Me)KuyHapouHoro YHUBEPCUTETA HH(POPMALTHOHHBIX TEXHOJIOTUH <K213aXCTElH

Pricoaiiynbr Borardek — nokTop dusnko-MareMaTHuecKux Hayk, npodeccop, npodeccop Astana IT University (Ka3axcram)

Jaiinexo Epremms Axexcanaposna — PhD, npodeccop-nccienoBarens Kadeapsl HHOOPMAIMOHHEIX CHCTeM MeXIyHapOIHOTO
YHHBepcHTeTa HHPOPMALMOHHBIX TexHonornii (Kazaxcran

Hy36aes Hyp:kan Toxkyaxaesnu — PhD, accormmpoBaHHBIH npodeccop, MPOPEKTop 10 MU(POBHU3ALNN U HHHOBALMAM MeXIyHapOIHOTO
yHHBepcuTeTa nHOOPMALHOHHBIX TexHonoruit (Kazaxcran

CunueB Baxtrepeii KycmamoBmy — JOKTOp TEXHHYECKHMX HaykK, Ipodeccop, mpodeccop Kadeapsl HHPOPMAIMOHHBIX CHCTEM
MexayHapoHOrO yHUBepcuTeTa nHGOpMaLMOHHbIX TexHonorui (KasaXcran)

CeiiioBa Hypryab Abajay/iaeBHa — KaHIMAAT TEXHUYECKHUX HAYK, IEKaH (paKyJIbTeTa KOMIBIOTEPHBIX TEXHOIOTHil H KubepOe3omacHoCTH
MesklyHapoIHOTO yHHBepCHTETa HHPOPMALMOHHBIX TexHosornii (Kasaxcran)

MyxamenneBa Apaak 'abuToBHA — KaHIMAAT YKOHOMUYECKUX HAyK, AeKaH (akyabTeTa OM3HECa MeIHa U ynpaBieHHs MexayHapoaHoro
YHUBEpCHTETa HHPOPMAIMOHHBIX TeXHoorui (Kazaxcran)

AonukannkoBa 3ammpa Typcbin6aesHa — PhD, accouumpoBaHHblii mpodeccop, 3aBeayiomas kadeapoidl MaTeMaTHYecKOro M
KOMITBFOTEPHOT'O MOJICJIMPOBAHHU S Me)l(]lyHapO]lHOFO YHHUBEpPCUTETA HHCi)OpMaLU/IOHHBIX TEXHOJIOTUH aSaXCTaH)

Inasanoekos Epaan Kapxkanomu — PhD, accormmpoBanHbIi npodeccop, 3aBepyronmii kadeapoil SKOHOMHKH M OW3Heca
Me)KﬂyHapO]:[HOFO YHHUBEpPCUTETA HHq’JOpMaL{HOHHLIX TEXHOJIOTHH (Ka3aXCTaH)

Jdamenss MaxcyroBna EckenampoBa — KaHIMJaT TEXHHYECCKHMX Hayk, acvcollémlpOBaHHbIﬁ npodeccop, 3aBenyromas Kadeapoit
knbepOe3onacHOCTH MexkayHapoaHOTO yHUBEpcuTeTa MH(GOPMAHOHHBIX TexHonoruit (Kazaxcram)

Hussryiosa Aiiryns  Ackap0ekoBHA — KaHIMIAT (HIONOIMYECKMX HAyK, JIONEHT, mpodeccop, 3aBemyromas —Kadeapoit
MeIHaKOMMYHHKaUK 1 ucTopun Kazaxcrana MeskyHapoJHOTO yHHBEPCUTETa HH(POPMAIHOHHBIX TexHonorui (Kasaxcran

AiitmaramberoB Auraii  3ydgapoBmy — KaHIMIAT TEXHMUYECKHX HayK, npodeccop Kadeapbl pPaJUOTEXHUKH, OJJIEKTPOHUKH MU

TeJICKOMMYHHUKaLi MexyHapOaHOro yHuBepceuTeTa nH(opManoHHbIX TexHotorun (Kasaxcran)

BaxtusipoBa Ejena AkuéexoBHa — KaHIMAAT TEXHUYECKMX HAYK, aCCOLMMPOBAHHBINA mpodeccop, 3aBeyiomas kadeapoil paanoTeXHUKH,
SJICKTPOHUKH M TEICKOMMYHHKALMH MexK/IyHapOIHOTO yHUBEPCHTETA HHPOPMALIMOHHBIX TexHoorui (Kasaxcram)

Kanubex Camncpi3baii — PhD, acconunpopanublii npogeccop, npodeccop-uccnenobareb kadeapsl kubepoesonacHocTd, MexayHapoaHoro
YHHBEpCHTETa HH(POPMAIMOHHBIX TeXHoIorui (KazaxcraH)

TeiapiMbaes Caxubaii — Kanauuar TeXHHYECKUMX HaykK, npodeccop, mpodeccop-uccienoBaTesb Kadeapbl KOMIBIOTEPHON HHKEHEPUH,
Me)lcnyr—rapozmoro YHHUBEpCUTETA HHCi)OpMaLU/IOHHBIX TEXHOJIOTUH Ka3aXCTaH)

Anvucped Amm  A6x — _PhD, accoummpoBanHblii mpodeccop kadeapsl knbepGe3onacHOCTH MeXIyHapOJHOTO —yHHBEPCUTETA
I/IHCI)OpMaHI/IOHHBIX TEXHOJIOTUHN (Ka3ax0TaH

Moxamen Axmen Xamama — PhD, accoummpoBanHbIi npodeccop kadenpsl HHOOPMAIMOHHEIX CHCTEM MEXIyHapoJHOrO YHHBEPCHTETa
nHPOPMALIMOHHBIX TexHonorui (Kasaxcran)

SIar Um Yy — PhD, npodeccop yrusepcurera I'auon (FOxuas Kopes)

Tanpeym Baauac — PhD, npopexrop yHuBepcutera umeH Aznama Murkesnya (ITosbia)

Mawmpbip6aeB Opken KymaxanoBuy — PhD, 3amecrurens qupexropa o nayke PI'TI MucturyTa MHQOPMAUMOHHBIX U BBIYHCIUTEIBHBIX
texHonoruit Komurera nayku MHBO PK (Kazaxcran)

Bymyep Cepreii /IMUTpHeBHY — JOKTOp TEXHHYECKHMX HayK, Ipodeccop, MMPeKTop YKPAaHHCKOH accOIMAIMi YNIpPaBICHUsS IPOCKTaMH
«YKPHETY, 3aBexyromii kadeapoil ynpasiieHHs NpoekTaMd KHEBCKOro HAlMOHAIBHOIO YHHBEPCHTETa CTPOUTEIBCTBA U APXUTEKTYPBI
(Yxpanna)

Bejgomunkas CeersiaHa BacuiabeBHa — JOKTOpP TEXHHYECKUX HAyK, JOLEHT, mpodeccop Kadeapsl BEYUCICHHI 1 HAYKH O JaHHBIX Astana IT
University (Ka3axcran

OTBETCTBEHHBIN PEJAKTOP:
Mp3a6aesa Payman JKanneBHa — maructp, peakrop Mex/1yHapoIHOro YHHBEpcHTeTa HHBOPMAIMOHHBIX TexHonorni (Kazaxcram)

MexTyHapoIHBII Ky pHaT HHPOPMAIMOHHEIX X KOMMYHHKAIIMOHHBIX TEXHOIOTHIT

ISSN 2708-2032 (print)

ISSN 2708-2040 (online)

TIpeduxc DOT: 10.54309

Ileproan4HOCTh: 4 BBIITYCKOB B TO/I.

SI3bIK U3/1aHUA: Ka3aXCKUHM, PyCCKUi, aHTTMHCKHi.

Temarudeckas HarpaBieHHOCTh: "MH)opmanrontsie Texnonoruu"; "MudopmannonHas 6e30MacHOCTh ¥ KOMMYHHKAI[HOHHbIC
TexHonorun"; "Lindposbie TEXHOIOTUH B PA3BUTHU COLMO-KOHOMUYECKUX cHUCTeM".

Caiit sxypnaina: https://journal.iitu.edu.kz

PacnipocTpanenue: MaTepuaibl pacipocTpanstores o gunensun Creative Commons Attribution 4.0
Cob6erBeHHuk: AO « MexyHapoaHblil YHHUBEPCUTET HH(POPMAILIMOHHBIX TEXHOIOTHID) (I. AJIMATBI).
Asropckue npaBa: © MexayHapoaHBIiT )KypHAT HHPOPMALIMOHHBIX 1 KOMMYHHUKAILIMOHHBIX TEXHOJIOTHIA, 2026




INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2026. Vol. 7. Is. 3 (27).

CONTENTS
DIGITAL TECHNOLOGIES IN THE DEVELOPMENT OF SOCIO-ECONOMIC SYSTEMS

A Adalbek, S.Ye. Kerimkhulle, K.D. Kuliev, O. Mekesh, Zh.Zh. Khamitova

DEVELOPMENT OF RESULT-ORIENTED DATA SMOOTHING MODELS AND ANALYSIS OF THEIR
EFFECTIVENESS .ottt ettt ettt ettt et e et e e be e b e eabeesbeesseesseesseesaeesseseesseessaenseenseenseessasnsenssans 11
A.T. Iskakova, G.E. Kurmankulova, K. Gromaszek, K.O. Togzhanova, R.S. Algozhayeva

APPLICATION OF MACHINE LEARNING AND DEEP LEARNING FOR PREDICTIVE PLANNING AND
RESOURCE EFFICIENCY IN PRODUCTION SYSTEMS ...ttt sae e 30
A.B. Kassymova, R.K. Uskenbayeva, Zh.A. Sydykov, D. Omirzak, S. Kalibekov

ARCHITECTURE OF AN INTELLIGENT CHATBOT FOR SMART CITY: AI-BASED RECEIVING,
ANALYSIS AND ROUTING OF CITIZEN REQUESTS ..ottt 46
O.M. Olzhayev, B.S. Omarov, A. Suliman

YOLO-CBAM: A LIGHTWEIGHT NEURAL NETWORK MODEL WITH INTEGRATED ATTENTION
MECHANISM FOR ROAD DAMAGE ANALYSIS ..ottt 66
K. Yermagambetova, A. Sarsekeyeva, Y. Akhlassov

OVERCOMING FRAGMENTATION IN THE CLASSIFICATION OF DIGITAL CULTURAL HERITAGE: AN
INTEGRATIVE MULTIDIMENSIONAL MODEL .....oooouiiiiiiiieiieieeie ettt e e eneas 78

INFORMATION TECHNOLOGY

D. Abzhanova, S. Sharipova
ARCHITECTURE AND PRACTICAL IMPLEMENTATION OF A DIGITAL PLATFORM FOR MONITORING
AND DATA EXCHANGE ON TRANSBOUNDARY WATER RESOURCES IN THE ZHAMBYL

A. Aitanuly, O.A. Ussatova

ENHANCING TWO-FACTOR AUTHENTICATION FOR CLOUD HEALTHCARE SECURITY: THE ROLE
OF DEEP LEARNING .....ooviiiitiitietiete ettt ettt ettt et et st et et e bt e eaeeseessessessessesbeseeseeseeseeseessessensensensesensensas 122
0. Alseitov, O. Kuchanskyi

PHYSICS-INFORMED HYBRID LEARNING FOR HOURLY POWER-PLANT EMISSIONS: A MULTI-
POLLUTANT BENCHMARK WITH UNCERTAINTY AND TRANSFER .....cccooiiiiiieieteeeeeeieiecieeiens 141
A.M. Akhmetova, D.O. Baizhanova, Zh.N. Alisheva, B.A. Shaimov

ADAPTIVE OUTPUT ROUTER FOR NATURAL LANGUAGE MODELS CONSIDERING KEY

PERFORMANCE INDICATORS .....coooiiiiiiiiieiie ettt ettt 160
A.K. Aitim
AUTOMATIC AND SEMI-AUTOMATIC ANNOTATION OF KAZAKH TEXT CORPORA ........cccccoeeneeene 180

Z.E. Balabayeyv, S.V. Biloshchytska

HANDWRITTEN TEXT RECOGNITION FOR CHAGATAI MANUSCRIPTS: COMPARING CRNN
TRAINING FROM SCRATCH AND TRANSFORMER-BASED TRANSFER LEARNING ......cccccoceeuireninnnee 198
D.B. Baumuratova, T.K. Zhukabayeva, K.A. Abdrakhmanov, Z. Ahmad, A.A. Seitov

ANEURO-DIGITAL LEARNING MODEL FOR AI DRIVEN DIGITAL TRANSFORMATION IN HIGHER
EDUCATTON ...ttt ettt ettt etttk h et ettt b etttk et b bttt b et b ekt teb bttt et s ene 219
T. Daoyun, G.A. Amirkhanova, Fu Yanwei, Y. Faruzkyzy

MULTIMODAL SEMANTIC MANIPULATION IN FAKE VIDEOS AND ITS INFLUENCE MECHANISM

ON USERS’ PERCEIVED TRUST ..ottt ettt ettt et e essaesaaassaessseseesseenseenseessesssessnanns 241
Zh. Doumchariyev, J. Tussupov, A. Akynbekova, M. Khassanova, M. Kassim

ENSEMBLE AND HYBRID LEARNING FOR DIGITAL TWIN MILK CLASSIFICATION .......c.ccceovvenne.. 258
K.Z. Igibayev, A.Kh. Kozbakova, O. Auelbekov , T. Merembayev, K. Yessentayev

STUDY OF A DYNAMIC MIXING DEVICE IN A BIOREACTOR USING IOT TECHNOLOGIES .............. 279

A.N. Ismukanova, G. Kochshanova, D.V. Pleskachev, Zh. Sarsenbayeva, P. Schmidt

AUTOMATED CLASSIFICATION OF SCIENTIFIC DATA USING ARTIFICIAL INTELLIGENCE:

A COMPARATIVE ANALYSIS OF TRANSFORMER ARCHITECTURES AND HYBRID

APPROACHES ...ttt ettt ettt ettt ettt eat et e b e s e e s e et e eseese e st e st esteas et e seebeeasessessessensensenseaseaseas 306
T. Zh. Kamalov, Ali Abd. Almisreb, Mohammed A. Saleh

INVESTIGATION OF HYBRID QUANTUM-CLASSICAL ALGORITHMS FOR MACHINE

LEARNING ..ottt ettt ettt ettt et ete et et eteeateas et e s et e eseeseeseessessessesseas et easeeseeseessesseasensenseesesaeereeseeseans 323
B. Karimkyzy, K.G. Karasenko, N.A. Alisherov, N.M. Muratbek, A. Karim



INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2026. Vol. 7. Is. 3 (27).

KEY PUBLICATIONS OF 2021-2025 ON ARTIFICIAL INTELLIGENCE METHODS IN THE
MANUFACTURING AND DIAGNOSTICS OF MEDICAL DEVICES FOR GLYCEMIC MONITORING:

A THEMATIC ANALYTICAL REVIEW ...oooiiiiiiiiiiicteteeteeet ettt ettt ve v s esessessesae e 338
S.K. Kumyzbaeva, K.E. Baglanbaev, K.S. Sarkyt, M.Zh. Konyrova

THREE-PHASE TRAINING OF INTELLIGENT ENERGY MANAGEMENT FOR A HYBRID ENERGY
SYSTEM WITH A CLIMATE-AWARE STATE REPRESENTATION .....c.cccooiiiieiieieieieieeseete e 357
N.E. Karabayev, S.K. Serikbayeva, E. Benkhelif, B. Tassuov

RESEARCH ON THE ROBUSTNESS OF ENSEMBLE MACHINE LEARNING MODELS TO
ADVERSARIAL ATTACKS IN INTRUSION DETECTION SYSTEMS FOR IOT NETWORKS ................... 369
M. Nurtas, G. Kapyshev

A METHODOLOGICAL FRAMEWORK FOR THE PREPROCESSING AND INTEGRATION OF
GEOSPATIAL AND GEOPHYSICAL DATA FOR MINERAL PROSPECTIVITY PREDICTION USING
MACHINE LEARNING ....ocuiitietieieieiesierteste sttt ettt ettt se s e steesestaesaeseessessessessessessessesseaseessessessessassassessessanns 392
A. Neftissov, A. Biloshchytskyi, I. Kazambayev, A. Medetkhan, L. Kirichenko

ENERGY EFFICIENT MICROCLIMATE STABILIZATION FOR SEALED ARCHIVAL STORAGE
ENCLOSURES ...ttt ettt et ettt et ete e bt e st e st e st e st e s e s e eseeteesaessessessessessesseeseeseeseessessensensesaeseeseesseseeses 405
A.Zh. Omurtayeva, U.T. Makhazhanova, A.K. Adilova, Sh.K. Yelezhanova, J. Kultan

AN ADAPTIVE NEURAL-FUZZY MODEL FOR ASSESSING INVESTMENT RISKS IN THE AGRI-
INDUSTRIAL COMPLEX: ODERNISATION OF THE DECISION-SUPPORT ARCHITECTURE THROUGH
THE INTEGRATION OF MACHINE LEARNING ......coiiiiiiiiiesiicteetietieeeitetet ettt eie e s s saessessesneeneas 421
N. Shazhdekeyeva, A. Mukhanbetkaliyeva, A. Abdigaliyeva, A. Zhanekeshova, L. Nurgaliyeva
COMPARATIVE ANALYSIS OF MATHEMATICAL MODELS OF COLLABORATIVE FILTERING IN THE

DEVELOPMENT OF A MOVIE RECOMMENDER SYSTEM ...c.oooiiiiiiiiiiieeeiieieieieteie et 445
S. Sharmukhanbet, G. Turmukhanova, O. Findik, V. Makhatova, M. Rakhmetov
AN INTELLIGENT PIPELINE DEFECT DETECTION SYSTEM USING AN IN-PIPE ROBOT ................... 461

INFORMATION SECURITY AND COMMUNICATIONTECHNOLOGIES

S.Z. Daruish, A.U. Utegenova, A.U. Kalizhanova, Zh.Zh. Zhumabekova
MACHINE LEARNING FOR POLLUTION CLASSIFICATION IN ROCKET BOOSTER IMPACT

S.N. Issabayeva, A.K. Rysbayeva, Zh.B. Ibrayeva, N.R. Mussabekov, N.Sh. Akimzhan

MACHINE LEARNING-BASED CYBERATTACK DETECTION IN OT-NETWORKS: A COMPARATIVE
ANALYSIS OF NETWORK ANOMALY CLASSIFICATION METHODS ......ccocovoiiiieieieeeeeeeeeeeeeeeeaens 495
G. Shangytbayeva, A.N. Amanov, M.K. Issenova, G.E. Berikkhanova, K.O. Shakerkhan

INFORMATION SECURITY IN GOVERNMENT CLOUD SERVICES: RISK ASSESSMENT AND
PROTECTION STRATEGIES ..ottt ettt ettt teeteesaesae st essessessesseeseeseeseessessessessassessessessasseans 512
Ye. N. Tursynbek, N. Albanbay, D. Djenouri

OPTIMISATION OF COMMUNICATION COSTS IN TWO-TIER FEDERATED LEARNING FOR
CYBERATTACK DETECTION IN IOT NETWORKS ......ccoiiiiiiieieieiestestesteete ettt sn e ennens 529
A. Tastemirov, S.B. Mukhanov, S.T. Amanzholova, B. Aldosh

A COMPARATIVE EVALUATION OF MACHINE LEARNING MODELS FOR ACTIVE DIRECTORY
THREAT DETECTION: FEATURE-LEAKAGE CONTROL AND CROSS-SCENARIO VALIDATION ON

WINDOWS SECURITY EVENT LOGS ...t 545
MA3MYHbI
BJIEYMETTIK-9KOHOMMKAJIBIK )KYNEJEPII JTAMBITYIATbI LIUDPIBIK
TEXHOJIOT' USIJIAP

A Anandek, C.E. Kepimkyi, K./I. Kyiunes, O. Mexew, 7K.2K. XamutoBa

JEPEKTEPAIH HOTUXE BAFIAPJIAHFAH TETICTEY MOJIEJIBAEPIH ©3IPJIEY J)KOHE OJIAPIBIH
TUIMIIIIITTH TATIZTAY oottt ettt ettt et et et et e sseebesseesaesaessessansassenseaseesaaseessessessessessessessessessaeseans 11
A.T. UckakoBa, I.E. Kypmankynosa, Konpaa I'pomamek, K.O. Tor:kanosa, P.C. Anro:xaesa

OHJIIPIC XXYUEJIEPIHJIE BOJDKAM/IbI )KOCIIAPJIAY KOHE PECYPCTAP/bI YHEMJIEY YILIH
MAUIMHAJIBIK )KOHE TEPEH, OKBITYIBI KOJIJTAHY ...ovoviiiiieiietieieieieet ettt 30
A.B. KacbimoBa, P.K. Yckendaena, /K. A. CoiabikoB, [I. Omip3ak, C. Kanudexon

SMART CITY YIUIH UHTEJUIEKTYAJIAbI YAT-BOT APXUTEKTYPACHI: ASAMATTAP/IbIH,



INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2026. Vol. 7. Is. 3 (27).

OTIHIIITEPIH )XACAH/IbI MUHTEJIJIEKT HET'I3IHAE KABBIUIJIAY, TAJIJAY XXOHE BAFBITTAY ........ 46
O.M. Oxnxaes, b.C. Omapos, A.Suliman

YOLO-CBAM: XOJI/IbIH 3AKbIMIAHYbBIH TAJIJIAVFA APHAJIFAH UHTETPALIUSITTAHFAH 3EMITH
MEXAHM3MI BAP XXEHUT CAJIMAKTBI HEUPOHIBIK KEI MOIEJL ... 66
K. EpmaramoeroBa, A. CapcekeeBa, E. Axyiacos

LM ®PIIBIK MOJAEHU MY¥PAHBI XKIKTEVAETT ®PATMEHTALIMAHBI EHCEPY: UHTEI'PATUBTI
KOTIOIIEMI MOJIETID ......oviiiiiiieiciiieieicitire ettt ettt ettt ettt ees 78

AKITAPATTBIK TEXHOJIOTUAJIAP

JI.E. A0:kanoBa, C.E. lllapunosa

JXAMBbIJT ©HIPIHIH TPAHCIHIEKAPAJIBIK CY PECYPCTAPBIH MOHUTOPUHI TEY XXOHE JEPEKTEP
AJIMACYFA APHAJIFAH LHU®PJIBIK TINTAT®OPMAHBIH, APXUTEKTYPACHI MEH ITPAKTUKAJIBIK
ICKE ACBIPBITIYDBL ...ttt ettt ettt et ettt st sbe et sttt e st e st e s e s e b e eseesaesaessessensessesseasesseaseessassensensas 101
A.Aiitanyisl, O.A. YcaroBa

BYJITThI MEJULIMHAJIBIK KYUEJEPIE EKI ®AKTOPJIbI AYTEHTUGUKALIMSHBI )KAKCAPTY: TE-
PEH OKBITY SAICTEPIHIH KOJJAAHY MYMEKIHIIKTEPT .....coviiiiiiiiieiieieieeeeee et 122
O. Anbcentos, O. Kyuanckuii

DJIEKTP CTAHIUAJTAPBIHBIH CAFATTBIK HIBIFAPBIHABIJIAPBIH ®U3UKAJIBIK 3AH-
JOBbUIBIKTAPABI ECKEPETIH TUBPUATI OKBITY: BEJIT'ICI3JAIK ITEH TACBIMAJIJIAY/Ibl ECKE-
PETIH KOITJIACTAYBILLITBI BEHUMAPK .....ooiioiiitieiieteeeeee ettt sa e s saesnaene e 141
A.M. AxmeTtoBa, /I.0. BaiizkanoBa, K.H. Asmmena, b.A. Hlaiimos

KPI KOPCETKIIUTEPIH ECKEPE OTBIPBIIT, TABUFHU TIJI MOJEJILAEPIHE APHAJIFAH HIBIFBIC

MAPIIPYTTAYBIHBIH AJTATITUBTI IKYTIECT ..o 160
9.K. 9iitim

KA3AK MOTIH/IIK KOPITYCTAPBIH ABTOMATTHI )KOHE )KAPTBIJIAU ABTOMATTBI AHHOTAILM SI-

JTAY ettt ettt b e b e b et et ekt es e st es b e b et e he b e eReeRe e Rt e Rt e Rt en s e b et e eseeseeteeseeseensensensensens 180

JK.E. bana6aes, C.B. bejiomnukasi

IIAFATA KOJIKA3BAJIAPBIHBIH MOTIHIH TAHY: CRNN-JII HOJIJIEH BACTAII OKbITY MEH
TPAHCO®OPMEP HET'I3IHJIEI'T TPAHC®EPIIIK OKBITY/IBI CAJIBICTBIPY ......cccooiiiiiiiiiiiiiciicee 198
J.b. bBaymyparosa, T.K. )Kyka6aeBa, K.A. Aoapaxmanos, 3. Axmaj, A.A. Centon

JKOF APBI BIUIIM BEPYJIE Al HETI3/IEJITEH [IU®PJIBIK TPAHCOOPMAILIMSFA APHAJIFAH HEM-
PO-ITU®DPIIBIK OKBITY MOJEJIT ...ttt 219
T. Jaowon, I. AMupxanosa, @y SIubBaii, E. ®apy3kbi3bl

®EWK BUJIEOJIAPIAFBI MYJIBTUMOJIAJIBIbI CEMAHTUKAJIBIK MAHUITYJISLASHBIH, ITAM/IA-
JIAHYIIBITAPIBIH KABBUITAMTBIH CEHIMIHE OCEP ETY MEXAHU3MI ........oooovocvecveees s 241
K. Joymuapuesa, /I. Tycynos, A. Akbin0exoBa, M. Xacanosa, M. Kaccum

HUOPJIBIK ET'T3IETT CYT CAITACBIH AHCAMBJIBAIK )KOHE I'MBPUATI OKBITY APKbLJIBI

TKIKTEY ettt eaene 258
K.3. Urn6aes, A.X. Ko3zdakosa, O. Oye;noexos, T. Mepemoaes, K. EcenTaen

BUOPEAKTOP/IA IoT TEXHOJIOTHSITTAPBIH TAVIAJTAHA OTBIPBII JUHAMUKAJIBIK APAJTACTBI-
PY K¥PBUIFBICBIH BEPTTEY ....ooiiiiiiiiiiiii e 279
A.H. UcmykanoBa, [ Komanosa, /I.B. ILieckauyes, K.Capcenbaesa, I1. IlImuar

KACAHABI MUHTEJUIEKT HETI3IHAE FBIJIBIMU JEPEKTEPAI ABTOMATTBI TYPIE XIKTEY: TPAHC-
DOOPMEP APXUTEKTYPAJIAPBI MEH I'MBPUATI TOCUIAEPAIH CAJIBICTBIPMAJIbBI

TATIITAYBI ..ottt 306
T. K. Kamaiios, A Ada. Aabmucped, Moxammen A. Casex

MAIIMHAJIBIK OKBITYFA APHAJIFAH I'MBPUATI KBAHTTBIK-KJTACCUKAIJIBIK AJITOPUTM/IEPIH
BEPTTEY ettt ettt ettt a e ne 323
b. Kopimksi3sl, K.I'. Kapacenko, H.A. 9aimepos, H.M. Myparéek, A. Kopim

2021-2025 )XbUUIIAP APAJIBIFBIHAAFBI TTIMKEMUWAJIBIK MOHUTOPUHI'KE APHAJIFAH MEJIULIN-
HAJIBIK K¥PbUIFBUIAPIbI OH/IIPY XXOHE JIMATHOCTHUKAJIAVIAFBI )KACAHABI MUHTEJIJIEKT
SIICTEPI BOMBIHIIA HETT3TT KAPUSITTAHBIMIIAP .......ooovooveeveecees e 338
C. K. Kymb136aeBa, K.E. barnanoaes, K.C. CapksbiT, M. KonbipoBa

KYW- KA/l KITIMMATKA CE3IMTAJI ¥ChIHYMEH T'MBPUJITI SHEPTOXYWUEHIH UHTEJUIEKTY -
AJIABI SHEPTOMEHEJDKMEHTIH YIIDA3AJIBI OKBITY ..o 357
H.E. Kapa6aes, C.K. Cepuxoaena, E. benkxeauda, b. Tacyos



INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2026. Vol. 7. Is. 3 (27).

IOT->KEJIUIEPIHJIEI'T BACBIII KIPY/II AHBIKTAYKYUEJIEPIHJIE MAIIMHAJIBIK OKBITY/IbIH AH-
CAMBJIBJI KYJITUIEPIHIH BOCEKEJIEC LIABYBUIJJAPFA TO3IMUIIITH 3EPTTEY ..o 369
M. Hyprac, . Kanbiues

MAIUIMHAJIBIK, OKBITY/IbI KOJIJIAHA OTbIPBIIL, ITANJIAJIBI KABBAJIAPIBIH ITEPCIIEKTUBA-
JIBUIBIFBIH BOJDKAY YIUIH TEOKEHICTIKTIK )KOHE 'EO®U3NKAJIBIK AEPEKTEPAIL AJIJIBIH AJIA
OHJEY )XKOHE BIPIKTIPYIH OJICTEMEJIIK HETT3I ....cccuiiiieiieeeeeeee et 392
A. HedTuccos, A. bunomunkuii, U. Kazambaes, A. Meaerxan, JI. Kupuuenko

I'EPMETHUKAJIBIK APXNBTIK CAKTAY KAIITAMAJIAPBIHIA MUKPOKJIMMATTbBI SHEPT'UA
TUIMAUITTH ECKEPE OTBIPBIIT TYPAKTAHIDBIPY ..ot 405
9.K. Omypraesa, Y.T. Maxa:xxanoBa, A.K. Anuiosa, LII.K. Ene:kanosa, 1. Kyaran

ATPOOHEPKOCIIITIK KEIHEHAEI'T MTHBECTULIMAJIBIK TOYEKEJIJIEPII BAFAJIAYFA APHAJIFAH
BEMIM/IEJIT I HEMPOHIBIK-BYJIJIbIP MOJIEJIb: MAIIMHAJIBIK OKbITY/Ibl UHTETPALIASIIAY
APKbUIbI IHEHIIM KABBUUIJAYIbI KOJIJAY COVJIETIH XKAHFBIPTY ..oooiiiieeeeeeeeee e 421
H. HlaxnexeeBa, A. Myxan0erkaaueBa, A. 90airaauesa, A. JKanekewmona, JI. Hypraiuepa

®UJIBMJIEPI] YCBHIHY XXYUECIH K¥PY KE3IHJIEI'T KOJIJIABOPATUBTIK CY3I'UIEY/IH MATEMA-
TUKAJIBIK MOAEJIBAEPIH CAJIBICTBIPMAJIBI TAJIZIAY .oeeoeeeeeeeeeeee et 445
C. llapmyxanoer, I. Typmyxanoa, O. ®unaux, B. Maxarosa, M. PaxmeroB

KYBBIPILLIIIK POBOTTBI ITAVIJAJIAHY APKbUIbI KYBbIP AKAYJIAPBIH AHBIKTAY/IbIH 3USI TKEP-
JITK JCYTECT <. 461

AKITAPATTBIK KAYIICI3AIK ’)KOHE KOMMYHUKAIUAJIBIK TEXHOJOI'MAJAPFA
APHAJIFAH

C.3. Jopyim, A.Y. YTerenona, A.Y. Kaau:kanosa, 7K.K. )KymadexoBa

3bIMBIPAH TACBIMAJIJIAYIIBIJIAPIIBIH KYJIAY AUMAKTAPBIHBIH JIACTAHYBIH MAILIMHAJIBIK
OKDBITYMEH JKIKTEY ...eiiiiiiiiieeie ettt ettt ettt et eb e aesteeteebaesaesaesaessessensesenseessessessessessassensensenes 480
C.H. UcabaeBa, A.K. PricoaeBa, JK.b. Uopaesa, H.P. Myccatekos, H.ILI. Akumskan

MAIIMHAJIBIK OKBITY HETI3IHAE OT->KEJIIJIEPIHAEI'T KUBEPIIABYBUIJIAPIbI AHBIKTAY:
JKEJIIJIIK AHOMAJIUAJTAPIBI XKIKTEY ©IICTEPIHIH, CAJIBICTBIPMAJIBI TAJIZTAVYDBI ..o 495
IA. lllanreiT6aeBa, A.H. Amanos, M.K. Hcenona, I'.E. Bepukxanosa, K.O. lllakepxan

MEMUJIEKETTIK OPTAHAAPIBLIH B¥JITThl CEPBUCTEPIHEI'T AKITAPATTBIK KAVIIICI3AIK:
TOYEKEJIAEPAI BAFAJIAY JXOHE KOPFAY CTPATETUSIJIAPDBI ..ot 512
E.H. Typcbinbek, H. Andanoaii, /1. [xxenoypu

10T JKEJIUIEPIHJIE KUBEPLIABY bUIZIAPJIbI AHBIKTAY YIIIH EKI JIEHIEMNJI ®EEPALIMSIJIAHFAH
OKBITYIAFBI BAUJIAHBIC IUBIFBIHJIAPBIH OHTAMIIAHIBIPY ... 529
A. Tacremupos, C.T. Aman:xosnoBa, b. Annow, C.b. MyxaHos

ACTIVE DIRECTORY XYMECIHJIE KAYIIITEPI AHBIKTAY YIIIH MAIIMHAJIBIK OKbITY MOJIEJ/Ib-
JIEPIH CAJIBICTBIPMAJIbI BAFAJIAY: WINDOWS KAVITICI3AIK OKUFAJIAPBI )KYPHAJIJAPBIHIA
BEJIT'T )KbIJIBICTAYBIH BAKBIJTAY )KOHE KPOCC-CLEEHAPJIBIK BAJTTUJIALINS .....ooveveveieeeeeeeeee 545

COJIEP)KAHUE
LIMPPOBBIE TEXHOJIOT MU B PA3BUTHHCOLMO-DKOHOMHUYECKHAX CUCTEM

A Ananoex, C.E. Kepumkyinos, K. /1. Kyiues, O. Mekeu, 7K.2K. XamuroBa

PA3BPABOTKA PE3VJIETATUBHO-OPUEHTHPOBAHHbBIX MOJIEJIEN CIUVIAYXUBAHUS JIAHHBIX U
AHAJIN3 UX DDODEKTUBHOCTHU .....cooviiieiieiieiieieieteete ettt ettt sttt e s esaessesseesaesaessassessassessassenns 11
A.T. Uckakosa, I.E. Kypmankynosa, K. I'pomamek, K.O. Tor:kanosa, P.C. Airoxaena

I[MPUMEHEHUE METOAOB MAIIIMHHOI'O 1 ITTYBOKOI'O OBYYEHW S 1151 ITPOT'HO3HOT'O TIJTAHU-
POBAHUS 11 PECYPCOCBEPEXEHUM S B ITPOU3BOJACTBEHHBIX CUCTEMAX .....oovveviiiiieiieieieeeee 30
A.B. KacbimoBa, P.K. Yckenoaena, K. A.Cpiabikos, [I. Omup3axk, C. Kaaudexos

APXUTEKTYPA UHTEJIJIEKTYAJILHOI'O YAT-EOTA JIJIS1 SMART CITY: IIPUEM, AHAJIM3 U
MAPIIPYTU3ALMS OBPALLIEHUM I'PAXKIAH HA OCHOBE UCKYCCTBEHHOI'O MHTEJUIEKTA .....46
O.M. Oxnxaes, b.C. Omapos, A.Suliman

YOLO-CBAM: JIETKOBECHA 5 HEUPOCETEBASI MOJIEJIb C UHTEI' PUPOBAHHBIM MEXAHU3MOM
BHUMAHUS JUISI AHAJIU3A JJOPOXKHBIX TIOBPEXKIIEHMIM ..o 66
K. EpmaramoeroBa, A. CapcekeeBa, E. Axyiacos

IMPEOJJOJIEHUE ®PATMEHTALIMN B KITACCUDPUKAIINU [TNDPPOBOI'O KYJIBTYPHOI'O HACJIEJIVS:



INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2026. Vol. 7. Is. 3 (27).

HMHTEI'PATUBHASI MHOTI'OMEPHASI MOJIEJID ......coiiiiiiiiiiiiiiiceee e 78
NH®OPMAIIMOHHBIE TEXHOJIOI'MH

JI.E. A0:kanoBa, C.E. lllapunosa

APXUTEKTYPA U IIPAKTUYECKA S PEAJIM3ALIUS LIUOPOBOM IJIATOGOPMBI MOHUTOPUHIA U
OBMEHA TAHHBIMU O TPAHCI'PAHMYHBIX BOAHBIX PECYPCAX ) XAMBBIJICKOI'O

PEITTIOHA ...ttt ettt ettt et e s te s te et e eseeseess e st e s e s e eseeseese e st e st essess e s e s e eseeseesaesaessessensensesseasesseas 101
A. Aiitanyasl, O.A. YcaroBa

COBEPILIEHCTBOBAHMUE JIBY X®OAKTOPHOM AYTEHTU®UKALMU JIUISI OBECIIEYEHUS
BE3OITACHOCTH OBJIAYHBIX MEJJUITMHCKNUX CUCTEM: BO3MOXHOCTU [TPUMEHEHU A
METOIOB ITTYBOKOT'O OBYUEHNS .......ocviiiiiiieiieeeeeeetetetet ettt ss s sesteetaeseesaessensensensens 122
O. Anbcentos, O. Kyuanckuii

OUBNYECKN NHO®OPMUPOBAHHOE 'MBPUHOE OBYUYEHME JJ151 TIOYACOBOTO ITPOT'HO-
3UPOBAHMUS BBIBPOCOB DJIEKTPOCTAHIIUN: MHOTOKOMIIOHEHTHBIN BEHUMAPK

C OLIEHKO¥ HEOIIPEJIEJIEHHOCTU U ITIEPEHOCHUMOCTBIO MOJEEM ..o 141
A.M. AxmeTtoBa, /1.0. BaiizkanoBa, 7K.H. Anumesa, b.A. lllaiimos

AJIATITUBHBIN MAPIIIPYTU3ATOP BBIBOJA C YUYETOM KJIFOUEBBIX TIOKA3ATEJIEA DOOEKTUB-

HOCTHU 151 MOAEJIEM ECTECTBEHHOTI'O SIBBIKA ... 160
9.K. 9iitim

ABTOMATHUYECKAS U TIOJIVABTOMATUYECKA I AHHOTALIMA KABAXCKIUX TEKCTOBBIX
KOPITYCOB ...ttt ettt ettt ettt e st e st e e te et e eseesaessesse st e seeseeseeseeseessessessanseseeseeseesaessessessensensenseseas 180

JK.E. bana6aes, C.B. bejiomnukasi

PACITO3HABAHUE PYKOITMCHOI'O TEKCTA IIIATATAMICKHX PYKOITUCE: CPABHEHUE OBYYE-
HUA CRNN C HYJIL U TPAHCOEPHOI'O OBYUYEHUA HA BA3E TPAHCOOPMEPOB ... 198
J.b. bBaymyparosa, T.K. )KykabaeBa, K.A. Aoapaxmanos, 3. Axmaj, A.A. Centon

HEWPO-LIDPOBAS MOJIEJIb OBYUEHUS IUIS LIUDPOBOI TPAHCOOPMAILIMM BBICIIIEIO OBPA-
SOBAHUS C TTIOMOIIBHO AL ..o 219
T. JaowoHn, I. AMupxanosa, @y SIubBaii, E. ®apy3kbi3bl

MEXAHM3M BJISAHUS MYJIETUMOJIAJIBHO CEMAHTUYECKOM MAHUITY/ISIIA B ®EMKOBBIX
BUJEO HA BOCITPUHUMAEMOE JIOBEPUE ITOJIB30BATEJIEH ..........ooooveecvieeveeceeeeeeeees e 241
K. Joymuapuesa, /I. Tycynos, A. Akbin0exoBa, M. Xacanosa, M. Kaccum

KITACCUDHUKAILINS KAUECTBA MOJIOKA B [IU®POBOM JIBOVMHHUKE AHCAMBJIEBBIMU

N TUBPUHBIMUM METOMAMI ..o 258
K.3. Urn6aes, A.X. Ko3zdoakosa, O. Ayenoexos, T. Mepemobaes, K. Ecentaen

WCCJIEJJOBAHUE YCTPOMCTBA JIMHAMUYECKOTO ITEPEMEIINBAHMS B BUOPEAKTOPE

C UCTOIB30OBAHUEM TEXHOIOTHI T0T ....ooovoocveoeeeeeeeseeeseeeeveesee s 279
A. H. UcmykanoBa, I.Komanosa, /I.B. ILieckauyes, K.Capcenbaesa, I1. IlImuar
ABTOMATU3MPOBAHHA KITACCUOUKALIMA HAYYHBIX JAHHBIX HA OCHOBE NCKYCCTBEH-
HOI'O MHTEJIJIEKTA: CPABHUTEJIBHBIN AHAJIN3 TPAHC®OPMEPHBIX APXUTEKTYP U TUBPH/I-
HBIX METOMOB ...ttt ns 306
T. K. Kamaiios, A Ada. Aiabmucped, Moxammen A. Casex

NCCIEJOBAHUE I'MBPUJIHBIX KBAHTOBO-KJIACCUYECKHUX AJITOPUTMOB JJIS1 MAIIMHHOI'O
OBYUEHMS ..ottt 323
b. Kapumxsisbl, K.I'. Kapacenko, H.A. Anumepos, H.M. Myparoexk, A. Kapum

KJITOYEBBIE ITYBJIMKALIMM 2021-2025 T'O1OB 110 METOJJAM NCKYCCTBEHHOI'O MHTEJIJIEKTA

B [IPOM3BBOACTBE U JIMATHOCTUKE MEJULIMHCKUX U3AEINAN JJ11 TTIMKEMHUYECKOT'O
MOHUTOPHHITA ... e 338
C.K. Kymb130aeBa, K.E. barinan6aes, K.C. Capkbit, M.2K. KonbipoBa

TPEX®A30BOE OBYUEHUE UHTEJIJIEKTYAJIBHOI'O SHEPTOMEHEI)KMEHTA TMBPUIHOIM SHEP-
TOCUCTEMBI C KIIMMATO-OCBEJOMJIEHHBLIM MPEACTABJIEHUEM COCTOSIHUA ....................... 357
H.E. Kapa6aes, C.K. Cepuxoaena, E. benkxeauda, b. Tacyos

WCCJIEIOBAHUE YCTOMUYMBOCTH AHCAMBJIEBBIX MOJIEJIEM MAILIMHHOTO OBYYEHIS

K COCTS3ATEJIbHBIM ATAKAM B CUCTEMAX OBHAPYKEHWS BTOPXKEHUM IOT-CETEM ........... 369
M. Hyprac, I. Kanbimesn

METOIOJIOTMYECKASI OCHOBA TIPEJIBAPUTEJIbHOM OBPABOTKN U MHTETPALIM [EOITPO-
CTPAHCTBEHHBIX U TEO®U3SNMYECKNX JAHHBIX JJIA ITPOI'HO3MPOBAHUA ITEPCIIEKTHMBHO-



INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2026. Vol. 7. Is. 3 (27).

CTU MUHEPAJIbHBIX PECYPCOB C UCITOJIb3OBAHUEM MAIIMHHOI'O OBYYEHUA ..................... 392
A. Hedtuccos, A. bunomunkuii, U. Kazamoaes, A. Meaerxan, JI. Kupuuenko

OHEPIODDDOEKTUBHASA CTABUMJIM3ALINA MUKPOKJIMMATA B TEPMETUYHBIX APXUBHBIX XPA-
HITIHILLIAX .ottt ettt et et e st e e st e e st e e st e ssee s st e st e s e enseenseenseenseenseaseessseseenseenseenseenseensennseanes 405
A.K. Omypraesa, Y.T. MaxaxanoBa, A.K. Anunosa, lIILK. Ene:xanoBa, SI.Ky1ran

AJIATITUBHA 51 HEMPO-HEUETKASI MOJIEJIb JUISI OLIEHKW MHBECTULIMOHHBIX PUCKOB

B ATPOITPOMBIIIJIEHHOM KOMIUIEKCE: MOJAEPHU3ALINA APXUTEKTYPBI IIOAJIEP)KKI
[IPUHSITHS PELLIEHUM [TIOCPEACTBOM MHTEIPALITUU MAILIMHHOI'O OBYYEHUS ... 421
H. HlaxnexeeBa, A. Myxan0eTkaianesa, A. Adauraiunesa, A. ’Kanekemosna, JI. Hypraauesa
CPABHUTEJIbHBIN AHAJIN3 MATEMATUYECKUX MOJIEJIEN KOJIJIABOPATUBHOM ®UJIBTPALIMN
[IPY TIOCTPOEHUY PEKOMEHJIATEJIbHOM CUCTEMBI @UIIBMOB .......coooeeeeeoeeeeeeeeeee e 445
C. llapmyxanoer, I. TypmyxanoBa, O.®unauk, B.Maxarosa, M. Paxmeros

NHTEJUIEKTYAJIbBHASI CUCTEMA OBHAPYXXEHUA JJE®GEKTOB TPYBOITPOBOIOB C UCIIOJIb30-
BAHUEM BHYTPUTPYBHOI'O POBOTA ......oooiieieeeeee ettt ettt st e nna e enneas 461

NH®OPMAILIMOHHASA BE3OITACHOCTb U KOMMYHUKAIIMOHHBIE TEXHOJIOT'MA

C.3. Jopyim, A.Y. YTerenona, A.Y. Kaau:kanosa, K.K. )KymadexoBa

MAUIMHHOE OBYYEHUE JJ151 KITIACCUOUKALIMU 3ATPSI3HEHW ST PAMOHOB TIAJIEHWS PA-
KET-HOCHTEIIEI] ...t 480
C.H. UcabaeBa, A.K. PricoaeBa, JK.b. Uopaesa, H.P. Myccatekos, H.ILl. Akumskan

OBHAPYXEHUE KUBEPATAK B OT-CETAX HA OCHOBE MAIIMHHOT'O OBYUYEHUNSI: CPABHUTEJIb-
HBI AHAJIU3 METOJIOB KJIACCUOUKALIMNA CETEBBIX AHOMAJIMM ......oooooeeeeeeeeeeee 495
IA. lllanreiT6aeBa, A.H. Amanos, M.K. Hcenona, I'.E. Bepukxanosa, K.O. lllakepxan
NH®OPMAILIMOHHA BE3SOITACHOCTbD B OBJIAUHBIX CEPBUCAX 'OCYJAPCTBEHHbBIX OPTA-
HOB: OIIEHKA PUCKOB U CTPATEI'MM SALLIUTDBL ......ocviiiiieiieiicieeeceeeee ettt 512
E.H. Typcbinbek, H. Anéanoaii, /. [xenoypu

OIITUMU3ALINS KOMMYHUKAILIMOHHBIX 3ATPAT B JIBYXYPOBHEBOM ®EJIEPATUBHOM OBY-
YEHUWU JJ151 OBHAPYXXEHMS KUBEPATAK B IOT-CETSIX ...ocvvevieiieieiececieeteeieeeee et 529
A. Tacremupos, C.T. Aman:xosnoBa, b. Angow, C.b. MyxaHos

CPABHUTEJIBHA I OLITEHKA MOJIEJIEM MAIIMHHOI'O OBYUEHWS JUUISI OBHAPYKEHNS YI'PO3 B
ACTIVE DIRECTORY: KOHTPOJIb YTEUKU ITPU3HAKOB 11 KPOCC-CLIEHAPHA S BAJIMJTAILINS HA
JKYPHAJIAX BE3OITACHOCTHU WINDOWS ..ottt ettt ettt sv et eve e esa s e s essesessesaeenas 545



INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2026. Vol. 7. Is. 3 (27).

INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES
ISSN 2708-2032 (print)

ISSN 2708-2040 (online)

Vol. 7. Is.3. Number 27 (2026). Pp. 421-444

Journal homepage: https:/journal.iitu.edu.kz

https://doi.org/10.54309/1JICT.2026.27.3.023

UDC 004.8:519.816:338.43

AN ADAPTIVE NEURAL-FUZZY MODEL FOR ASSESSING INVESTMENT
RISKS IN THE AGRI-INDUSTRIAL COMPLEX: MODERNISATION
OF THE DECISION-SUPPORT ARCHITECTURE THROUGH THE
INTEGRATION OF MACHINE LEARNING

A.Zh. Omurtayeva’, U.T. Makhazhanova'*, A.K. Adilova? Sh.K. Yelezhanova’,
J. Kultan*

'L.N. Gumilyov Eurasian National University, Astana, Kazakhstan;
*M.Kh. Dulaty Taraz University, Taraz, Kazakhstan;
*Kh.Dosmukhamedov Atyrau University, Atyrau, Kazakhstan;
“University of Economics Bratislava, Bratislava, Slovakia.

E-mail: makhazhan.ut@gmail.com

Aigerim Omurtayeva — Doctoral Student, Department of Information Systems,
L.N. Gumilyov Eurasian National University, Astana, Kazakhstan
https://orcid.org/0009-0003-0640-9544;

Ulzhan Makhazhanova — PhD, Associate Professor, Department of Information
Systems, L.N. Gumilyov Eurasian National University, Astana, Kazakhstan

E-mail: makhazhan.ut@gmail.com, https://orcid.org/0000-0002-5528-8000;

Aknur Adilova — Master, Senior Lecturer, Department of Information Systems,
M.Kh. Dulaty Taraz University, Taraz, Kazakhstan
https://orcid.org/0000-0001-7469-1324;

Shynar Yelezhanova — Candidate of Physico-Mathematical Sciences, Professor of
the Department of “Software Engineering”, Kh. DosmukhamedovAtyrau University,
Atyrau, Kazakhstan

https://orcid.org/ 0000-0001-9815-9594;

Jaroslav Kultan — PhD, Associate Professor, Department of Applied Informatics,
University of Economics Bratislava, Bratislava, Slovakia
https://orcid.org/0000-0001-6068-9784.

©A.Zh. Omurtayeva, U.T. Makhazhanova, A.K. Adilova, Sh.K. Yelezhanova, J. Kultan

Abstract. The assessment of investment risks in the agro-industrial complex
operates under conditions of structural uncertainty driven by climate volatility.
Existing approaches — econometric models, machine-learning classifiers, and static
fuzzy-logic frameworks — each sacrifice either interpretability or adaptability. This
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study proposes a three-level decision-support architecture in which the second-level
fuzzification module is replaced by an adaptive neuro-fuzzy inference system (ANFIS).
The ANFIS core trains on the Physical Output Index and related agro-industry
indicators for Kazakhstan over 2010-2023, a period containing four confirmed drought
years. Generalised Bell membership functions are calibrated via hybrid learning: least-
squares estimation in the forward pass for consequent parameters, and gradient descent
in the backward pass for antecedent parameters. The results of the leave-one-out cross-
validation show that both models under comparison correctly classify the four drought
years as high-risk years. Adaptive calibration altered the shape of the membership
functions and the values of the continuous risk assessment, but did not result in any
change to the final classification of the years compared with the baseline model.

Keywords: adaptive neuro-fuzzy inference system, ANFIS, investment
risk assessment, agro-industrial complex, fuzzy-SAW, AHP, membership function
calibration, Agri-Food 4.0, Kazakhstan
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AHHOTAIUsI. ATPOOHEPKICINTIK KEIICHJETT WHBECTULIMSIIBIK TOyeKeIaep/i
Oaranay KIMMATTBIH KYOBUIMAJBUIBIFBIHA OAaMIAHBICTBI KYPBUIBIMIBIK OCNTICI3IIK
JKaFJalbIH/IA )KYMBIC icTel . KommaHbICTaFbl TOCUIACp — YKOHOMETPHUSITBIK MOJICITh-
Jiep, MaIuHAIBIK OKBITY KJIacCU(UKATOPIAPhl XKOHE CTATUKAJIBIK aHBIK €MEC JIOTHKa-
JBIK KYPBUIBIMAAP — OPKANCHICHI TYCIHIIPY HeMece OeiiM/Iery MyMKIH/IIT1H IIeKTeH-
1i. By 3epTTey exiHmi AeHreisi aHbIK eMec MOy b OeiimMIenTinn Helpo-aHbIK eMec
KOPBITHIH B J)KyiieciMeH (ANFIS) aybICTBIpBUTATBIH YIII JEHT ST IIeTTiM/Il KOJ11ay ap-
xutektypachiH ycsiHaabl. ANFIS e3zeri 2010-2023 sxputnap apansirsiaaars Kazakcran
YIIiH (U3UKAIBIK IIBIFBIC HHAEKCI MEH arpOeHEPKACIIl CaTachIHbIH OaiIaHBICTHI KOp-
CEeTKIIITEpiHe HEeTi3JeNTeH, Oy Ke3eHIe TOPT pacTajfaH KYPFaKUIbUIBIK >KbUIIaphl
6ap. XKannsutanran Bell mymenik GyHKOusapbl THOPUIATI OKBITY apKbUIBI KaTHOpIIe-
HeJli: KeHIHT1 mapaMeTpiiep YIIH ajFa eTyAeri eH Killli KBaaparTapAbl Oaranay KoHe
QJJIBIHFBI TTapaMeTpIIep YIIiH Kepl oTyleri rpaiueHTTik ToMeHey. «Leave-one-outy
(6ip PMEMEHTTI KIIBIPY) SMICIMEH KYPTi3ireH Kpocc-Baauaains HOTHKEIEPl Calbl-
CTBIPBUIBIN OTBIPFaH €Ki MOJENbB/IIH /1€ TOPT KYPFAK KLl )KOFaphl TOYEKENIi KbLI-
Jlap peTiHae AyphIC KIKTeHTiHIH KopceTeni. beiiMaenrim kanudpiey Mymenik QpyHk-
[VSUTAPBIHBIH MIIIHI MEH TOyeKeli OaranayblH Y3/1KCi3 MOHAEPIH ©3repTKeHIMEH,
KBUIAPIBIH TYTIKUTIKTI XKIKTeTyiHe 0acTarKbl MOJCTbMEH CaJIBICThIPFaHa eIIKaHaal
©3repic EHIi3reH KOK.
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AHHoTanus. O1leHKa UHBECTUIIMOHHBIX PUCKOB B arpONpPOMBIIIJIEHHOM KOM-
IUIEKCE OCYILIECTBISIETCSI B YCJIOBUSAX CTPYKTYPHOW HEOINpENeIeHHOCTH, O0YCIOB-
JICHHOM M3MEHYUBOCTHIO KiinMaTa. CylecTBYIOIINE M0/IX0/Ibl — 3KOHOMETPUYECKUE
MOJIENH, KJIACCU(PUKATOPbl MAIIMHHOTO OOyYeHHs U CTaTUYECKHE HEYETKO-JIOTHYe-
CKHE€ MOJENN — Ka)/bli U3 KOTOPBIX JKEPTBYET JIMOO MHTEPIPETUPYEMOCTHIO, JINOO
aJalTUBHOCTBIO. B TaHHOM HCClIeIOBaHUM TpEIaraeTcsl TPeXypoBHEBasT apXUTEK-
Typa HOAJEPKKH MPUHATUS PELICHUM, B KOTOpoH Moaynb (a33udukanud BTOPOTO
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YpOBHSI 3aMEHEH aJalTUBHON Helpo-HeueTkoil cucrtemoil BeiBoga (ANFIS). fAnpo
ANFIS obydaercs Ha ocHOBe MHIekca GPU3NIECKOTO MPOU3BOJICTBA M CBSI3aHHBIX C
HUM II0Ka3areseil arponpomsinuieHHOCTH Kazaxcrana 3a nepuozg 2010-2023 ronos,
BKJTIOUAIOMIETO YETHIPE MOATBEPKICHHBIX 3aCyIIIUBBIX roja. O000meHHbIe QyHKINN
npuHaaIexxHocTH bemta kanuOpyroTcs ¢ MOMOIIBI0 THOPUAHOTO OOYYEeHHUs: OLEHKA
METOZ0M HAaMMEHBIIMX KBAJPaTOB B MPSAMOM IPOXOAE JJIsl IApaMETPOB CIEACTBUS U
IPaJUEHTHBIN CITyCK B 0OpaTHOM IPOXOE ISl TapaMeTPOB aHTELEACHTA. Pe3ynbraTsl
NePEeKPECTHON MPOBEPKHU 1O cxeme leave-one-out MOKa3bIBAIOT, YTO 00€ CpaBHUBAE-
MBbI€ MOJIENIU MTPABUIILHO KJIACCH(PUIIMPYIOT YETHIPE 3aCYIIIMBBIX T0/[a KaK TOJIbI BBICO-
KOTO pHUCKa. AJanTUBHAs KanuOpoBKa n3MeHmIa GopMy QyHKIMA MPUHAIEKHOCTH
Y 3HaYECHUs HENPEPHIBHON OLIEHKH PUCKA, OHAKO HE MpUBEIa K U3MEHEHUIO UTOTOBOM
KJIaccu(UKAIH TOJIOB 110 CPABHEHUIO C 0a30BOI MOJIEIBIO.

KuroueBble ciioBa: ajganTuBHas HeWpo-HedeTkas cucrteMa BbiBona, ANFIS,
OIICHKAa MHBECTHUIIMOHHOTO PHUCKA, arpOIPOMBITIIICHHBINA KoMILIeke, fuzzy-SAW, AHP,
KaTMOpOBKa (QYHKIMH MPUHAIIICKHOCTH, «ArponponoBoiscTre 4.0», Kazaxcran

s nutupoBanusi: OmypraeBa A.JK., Maxaxanoa V.T., Anunosa A.K.,
Enexanosa LK., Kynran . (2026). AnantuBHas HeWpo-HEueTKas MOJENb IS
OLICHKM MHBECTUIIMOHHBIX PHCKOB B arpOIPOMBIIIIEHHOM KOMILUIEKCE: MOJEpPHH3a-
LUl ApXUTEKTYPhl MOJIJAEPKKHA NPUHATHUSA PELICHUN MOCPEICTBOM HHTErpaluu Ma-
MUHHOTO  O0y4yeHus // MeXIyHapOAHBIM JKypHalT WHQOPMALMOHHBIX U
KOMMYHH-KaliMOHHBIX TexHomoruid. T. 7. No. 27. Crp. 421-444. https://
doi.org/10.54309/1J1CT.2026.27.3.023. (Ha anrmx.).

Kondaukr uHTEpecoB: aBTOPHI 3asBISIOT 00 OTCYTCTBUHM KOH(IMKTA WHTE-
pecoB.

Introduction.

Food security and the investment resilience of the agri-food sector are
becoming increasingly vulnerable in the face of climate change. According to the Sixth
Assessment Report of the Intergovernmental Panel on Climate Change, droughts and
extreme weather events in the arid and semi-arid regions of Central Asia have become
more frequent and severe, whilst mortality from droughts, floods and storms in the
most vulnerable regions between 2010 and 2020 was 15 times higher than in regions
with low vulnerability (IPCC, 2023). For agrarian economies, where agricultural
production determines not only food security but also the investment climate of entire
sectors, this trend has direct financial consequences: a sharp decline in crop yields
leads to increased credit risks, a fall in the profitability of investment projects and
capital outflow from the sector.

Kazakhstan is a prime example of this vulnerability. The country’s agro-
industrial complex plays a key role in the national economy: The Concept for the
Development of the Agro-Industrial Complex for 2021-2030 provides for total
budgetary expenditure of 2,774.6 billion tenge and is geared towards attracting major
investment projects through development institutions, including the Development
Bank of Kazakhstan (Government of the Republic of Kazakhstan, 2021). However,
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since 2019, the sector has regularly suffered the consequences of droughts. The years
2021 and 2023 were particularly significant: according to expert estimates, the effects
of the 2023 drought led to an average 30 per cent reduction in crop yields, whilst the
total damage amounted to 1.3 per cent of the country’s GDP (Ministry of Agriculture
of the Republic of Kazakhstan, 2024). Such shocks disrupt investment calculations
based on medium-term forecasts and expose the shortcomings of existing tools for
assessing sectoral risk.

Contemporary approaches to assessing investment risk in the agri-food
sector fall into three methodological traditions, each of which has fundamental
limitations. Econometric and deterministic models assume the existence of stable
linear relationships between indicators and the level of risk. In the context of climatic
volatility, this assumption is violated: the same value for precipitation in different
years may be accompanied by radically different production outcomes, depending
on the combination of accompanying factors. Machine learning methods remove the
constraint of linearity and ensure high forecasting accuracy; however, they function
as a ‘black box’: the specialist making the investment decision is unable to verify the
model’s logic or justify its conclusions to a regulator or credit committee. Fuzzy logic
offers a compromise between these two extremes: it translates precise numerical values
into linguistic assessments — ‘low risk’, ‘medium risk’, ‘high risk’ — and aggregates
them in a transparent manner. Nevertheless, in most practical implementations —
including the model for assessing the investment sustainability of Kazakhstan’s agro-
industrial complex based on the Fuzzy-SAW method, previously proposed by the
author — membership functions are specified manually by the researcher in the form
of symmetrical triangular or trapezoidal shapes and remain unchanged throughout the
model’s entire life cycle. This means that the model interprets an equal increase in an
indicator across different ranges of its scale in the same way — for example, an increase
in foreign direct investment from 100 to 200 million dollars and from 900 to 1,000
million dollars. Meanwhile, the well-known ‘saturation effect’ in investment theory
indicates that the actual reduction in risk provided by an additional unit of investment
diminishes as the total volume of investment increases. A similar non-linearity is
characteristic of a territory’s environmental carrying capacity, where risk rises sharply
only as the limit load is approached.

Thus, the use of static symmetric membership functions constitutes a
methodological simplification that leads to a systematic distortion of risk assessment in
the non-linear regions of the indicator scale. Overcoming this limitation is the subject
of this article.

The scientific novelty of this study lies not in the development of a new class
of neuro-fuzzy models, but in the subject-specific and architectural adaptation of the
well-known ANFIS framework to the assessment of investment risks in Kazakhstan’s
agro-industrial complex. The author’s contribution comprises: firstly, the formulation
of a set of interrelated production, investment and climatic indicators for assessing
sectoral risk; secondly, the integration of ANFIS into the fuzzification module of the
existing three-level decision support system without altering the interpretable level of
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aggregation of Fuzzy-SAW; thirdly, the calibration of the parameters of generalised
bell-shaped membership functions using data from Kazakhstan for the period 2010—
2023; and fourthly, a comparative validation of the adaptive and baseline models, the
latter utilising static symmetric triangular membership functions. Thus, the contribution
of this study lies in the development and validation of an applied procedure for the
adaptive calibration of fuzzy estimates for a specific sectoral and national domain.

Materials and methods.

Methodological Foundations: From Fuzzy Logic to Adaptive Inference Systems

The development of risk assessment tools in conditions of structural uncertainty
draws on several distinct research traditions, which are brought together into a unified
framework in this paper. It is impossible to understand the proposed solution without
understanding its origins; therefore, the presentation of the methodology begins with a
review of key theoretical sources.

The starting point is the theory of fuzzy sets, introduced by L. Zadeh in 1965
(Zadeh, 1965). Classical set theory requires a binary decision: an element either belongs
to a set or it does not. Zadeh proposed replacing the binary membership function with a
function taking values in the range [0; 1], where 0 denotes complete non-membership,
1 denotes complete membership, and intermediate values reflect the degree to which an
element is compatible with the concept being described. As applied to risk assessment,
this allows the categories of ‘low’, ‘medium’ and ‘high’ risk to be treated not as discrete
thresholds, but as regions that merge smoothly into one another, which is much closer
to the true nature of investment uncertainty in the agricultural sector.

The first practical implementation of fuzzy control was carried out by E.
Mamdani and S. Assilian, who synthesised a steam pressure regulator based on ‘if-then’
linguistic rules (Mamdani et al., 1975). Their experiment demonstrated that formalised
expert knowledge can function as engineering control logic. M. Sugeno and T. Takagi
introduced a significant computational simplification in 1985 by proposing a type of
fuzzy inference in which the conclusions of the rules are not fuzzy sets, but crisp linear
functions of the input variables (Takagi et al., 1985). This approach eliminates the need
for defuzzification in the traditional sense: the final output of the system is calculated
as a weighted average of linear functions, which is mathematically more convenient
and can be implemented more quickly in a computational environment.

In parallel, the field of multi-criteria decision-making developed. In 1980, T.
Saaty proposed the Analytic Hierarchy Process (AHP), which allows criterion weights
to be obtained via pairwise comparison matrices (Saaty, 1980). A key feature of the
method is the built-in consistency check of judgements via the CI index, which makes
the weighting procedure verifiable and reproducible. When combined with fuzzy
assessments, the AHP forms a robust framework: the expert specifies the relative
importance of the criteria, whilst membership functions translate the numerical values
of the indicators into linguistic categories. It is precisely this combination — the Fuzzy-
SAW weighted sum method with AHP weights — that is implemented in the author’s
baseline model for assessing the investment sustainability of Kazakhstan’s agro-
industrial complex. Similar architectures are used in tasks involving the assessment of
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climate risks in Colombia’s food industry (Assessing Climate Transition Risks, 2024)
and for ranking sustainable development investment projects in multi-expert settings
(Gupta et al., 2018).

A key step towards trainable fuzzy systems was taken by J.-S.R. Jang, who
in 1993 combined Sugeno-type fuzzy inference with a multi-layer neural network
architecture (Jang, 1993). The resulting system — ANFIS (Adaptive-Network-based
Fuzzy Inference System) — tunes the parameters of membership functions and the
coefficients of the linear consequences of rules based on a training sample. Crucially,
the structure of fuzzy inference is preserved: the system is still interpreted as a set
of ‘if-then’ rules, but their parameters are determined by the data rather than by the
researcher. In Gui and Zhao’s review of the application of artificial intelligence in
agricultural risk management, ANFIS consistently ranks among the most widely used
hybrid methods alongside random forests, support vector machines and deep learning
ensemble architectures (Gui et al., 2023). In a systematic analysis of climatic risks
to crop yields, the authors of a review on remote sensing and machine learning also
classify ANFIS among the methods regularly used in drought monitoring tasks based
on satellite and meteorological data (IOP Science, 2025).

The study most methodologically similar to the present work is the article by
I. Ahmed, R. Mehdi and E. Mohamed, who developed a banking risk index based on
ANFIS for 45 banks in the Persian Gulf (Ahmed et al., 2023). The authors trained the
network to rank ten financial ratios and to calibrate the membership functions using
historical data on the financial stability of banks via the least squares method combined
with gradient descent. The logic of the task corresponds exactly to that of the present
study: the banking ratios are replaced by climatic and investment indicators for the
agricultural sector, whilst the data on defaults are replaced by the actual dynamics of
the IFO during drought years.

A similar approach to forecasting agricultural production volumes was
implemented by J. Rashidi and his co-authors, who compared ANFIS with a multilayer
perceptron using Iranian FAO data: the ANFIS model with generalised bell-shaped
membership functions (Gbell) consistently outperformed the perceptron in terms of
RMSE on the test sample (Rashidi et al., 2021). With regard to drought forecasting
in the arid conditions of Vietnam, Nguyen, Li and Nguyen also demonstrated that
ANFIS provides a reliable forecast one to two seasons before the onset of drought,
outperforming traditional regression models in terms of accuracy (Nguyen et al.,
2017). This is directly in line with the expected effect in the Kazakhstani context.

The application of fuzzy logic to data from the Kazakhstani agricultural sector has
been verified in previous studies. I. Taran, A. Karsybaeva, V. Naumov, K. Murzabekova
and M. Chazhabayeva constructed a fuzzy model for assessing the efficiency of a fleet
of lorries used to deliver agricultural produce in Northern Kazakhstan, describing the
performance of each vehicle make as a membership function and representing the
fleet as a whole as a fuzzy set (Taran et al., 2023). The study demonstrates that fuzzy
formalism is applicable to Kazakhstani sectoral data not only in theoretical constructs
but also when applied to specific market data. In the field of financial risk within
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Kazakhstani information systems, A. Bulantayev, K. Musakhan, A. Moldagulova and
G. Sembina proposed a probabilistic model for forecasting expected credit losses,
published in the journal IJICT (Bulantayev et al., 2021). O. Akylbekov, E. Dauletbek,
A. Moldagulova and co-authors applied machine learning methods to analyse three-
dimensional spatial data in land-use planning tasks across Kazakhstan (Akylbekov
et al., 2026). Taken together, these studies demonstrate an established Kazakhstani
research tradition of consistently applying hybrid methods — a statistical foundation
combined with machine learning — to sectoral risk management problems. The present
study continues this tradition by extending the concept of learnable membership
functions from banking credit risk to investment risk in the agro-industrial complex.

A review of the literature reveals three systemic gaps. Firstly, studies on the
application of ANFIS in risk management relate predominantly to the banking and
financial sectors; no direct application to investment risk in the agri-food sector has
been found in the available literature. Secondly, studies on fuzzy logic in Kazakhstan’s
agri-industrial complex concern logistics and land use, but not investment valuation.
Thirdly, the author’s own Fuzzy-SAW model uses statically defined membership
functions. This article addresses all three gaps simultaneously.

Data sources and reproducibility

The study’s data set covers 14 annual observations for the period 2010-2023.
Data from the National Statistics Bureau of the Republic of Kazakhstan, FAOSTAT,
OECD.Stat and climate data published by the State Enterprise ‘Kazhydromet” were
used to compile the analytical dataset. Annual figures for the index of the physical
volume of agricultural production and the volume of investment in fixed capital for
the relevant economic activity were obtained from the National Statistics Bureau
of the Republic of Kazakhstan. Comparable indicators of agricultural production,
land use and investment activity were utilised from FAOSTAT and OECD.Stat. The
precipitation index was calculated on the basis of data from ‘Kazhydromet’ as the ratio
of actual annual precipitation to the long-term average, expressed as a percentage.

Two input variables are used in the training of the ANFIS core: the normalised
volume of investment in fixed capital and the normalised precipitation index. The target
variable is the index of the physical volume of agricultural output. The remaining
criteria included in the final Fuzzy-SAW aggregation are not used as inputs during
ANFIS training and are retained at the third level of the architecture in accordance
with the base model. This distinction is necessary to separate the procedure for training
membership functions from the procedure for multi-criteria aggregation of the final
risk.

Data were compared on a calendar-year basis. If the source indicator was
published quarterly, volume indicators were summed, whilst relative and index
indicators were averaged. Indicators with gaps lasting more than two consecutive years
were excluded. Single-year and two-year gaps were imputed using linear interpolation.
All transformations were carried out separately within the training set of each cross-
validation iteration to ensure that no information from the test set was used during
pre-processing.
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Data Pre-processing Pipeline

The heterogeneity of data sources in terms of frequency, units of measurement
and scales requires standardisation before the data is fed into the analytical module.
The pre-processing pipeline comprises four sequential steps, which are identical in
both the baseline and proposed models, thereby ensuring the accuracy of subsequent
comparisons.

Step 1. Temporal synchronisation. Quarterly time series are aggregated to an
annual interval: volume indicators are summed, whilst index indicators are averaged,
taking into account the number of observations. This ensures a uniform frequency
across all variables. The annual interval has been chosen as it corresponds to the natural
cycle of agricultural production: yield and the IFO are, by definition, annual indicators.

Step 2. Imputation of missing values. Missing values are imputed using linear
interpolation between the two nearest observations. This method is appropriate for
short gaps (no more than two years) in agricultural time series with moderate volatility,
which is consistent with the practice of forecasting agricultural production using FAO
data (Rashidi et al., 2021). Indicators with gaps longer than two years are excluded
from the training sample to avoid introducing artefacts into the neural network core.

Step 3. Filtering outliers using the rule. Observations falling outside the
range of for each time series are replaced with the corresponding boundary values of
without being removed from the series. This allows the size of the training sample to be
preserved, whilst simultaneously eliminating probable input errors and methodological
gaps in the source data. The mere fact that an observation lies near the 3¢ boundary
is recorded as a binary ‘anomaly’ flag, which is passed to the second-level forecasting
module as an additional predictor.

Step 4. Minimax scaling. All variables are scaled to a uniform range [0; 1]
using the formula:

’ X — Xmin

X = .
Xmax— Xmin

where x is the initial value of the indicator for a specific observation (for
example, the volume of foreign direct investment in billions of tenge or the value of
the Physical Volume Index for year t); Xyin 1s the minimum value of this indicator
recorded in the training sample for the period 2010-2023; X}, 4 1S the maximum value
of the same indicator for the same period; x' €[0;1] is the normalised dimensionless
value fed into the fuzzification module and into the regressor matrix when estimating
parameters using the least squares method.

Scaling is necessary for two reasons. Firstly, the T-norm of the product, used to
calculate the weights of fuzzy rules, is defined on the interval and loses its meaningful
interpretation outside this range. Secondly, indicators with fundamentally different
units of measurement (billions of tenge in investment and a dimensionless precipitation
index) create numerical dominance in the regressor matrix when estimating parameters
using the least squares method if not scaled.
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Base model: Fuzzy-SAW with AHP weights

The base model, which serves as the reference point in the comparative

experiment, consists of two interrelated components:

The first component is a matrix of pairwise comparisons of criteria based on
Saaty’s method (Saaty, 1980). Each of the risk indicators is compared with every other
indicator using the nine-point Saaty scale. The pairwise comparison matrix is defined

as
A = {a;i}.L.i=1,....n

where

1
ai,}- >0, a;i = 1, ai_j- = a—”

The priority weight of criterion  is estimated using the geometric mean method:

|

n n
gj = (H ﬂu‘) ’

i=1

and the normalized weight is

gi
EE:I gk ’

(Uj=

subject to

n
=1

The consistency of expert judgments is evaluated through the maximum

eigenvalue of the comparison matrix:

1< (Aw);
Amae =5 2. "
i=1 ¢

where

W = (wy, Wy, ..., wy)T.

The consistency index is
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Ccl] = ;[max _n’
n—1

and the consistency ratio is

cI

CR = —,
RI

where R/ denotes Saaty's random consistency index for a matrix of order n. The
comparison matrix is considered sufficiently consistent if

CR < 0.10.

The second component of the model involves fuzzification of each input
indicator X; using a symmetric triangular membership function:

0, x=a
x —a
5 a<x=<»b
—a
ulx;a,b,c) =4, %
b < x <c,
c—b
0, x = c.

where a < b < ¢, and the parameters a, b, and ¢ define the left boundary, the
modal value, and the right boundary of the fuzzy set, respectively.
The overall risk score is then computed using the Simple Additive Weighting

(SAW) aggregation rule:
T
R = Z wjij(x;)
i=1

where

- Wj is the AHP-derived weight of criterion j;

- U (xj) is the membership degree of the j-th indicator.

The limitation of this model lies in the fixed values of the membership function
parameters (a, b, ¢), which are determined once by experts and remain unchanged
when new observations become available. Furthermore, the symmetric triangular
membership function assumes identical rates of increase and decrease around the
modal value , whereas empirical investment-risk data often exhibit asymmetric and
nonlinear behavior.

Three-tier decision-support architecture
The proposed architecture retains the three-level structure of the software
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system. This architectural solution has been adopted deliberately for two reasons: it
ensures comparability with the baseline model using the same dataset, and it allows
the single change — the fuzzification block at the second level — to be isolated as the
subject of scientific comparison.

Level 1. Data Collection Modules

The first level of the architecture implements automated data collection from
three external sources: the OECD database (OECD.Stat), the FAO database (FAOSTAT)
and the portal of the National Statistics Bureau of the Republic of Kazakhstan (stat.
gov.kz). Queries to the sources are organised via the asyncio library in asynchronous
parallel I/O mode: all three requests are sent simultaneously, and the total collection
time is determined by the slowest source, rather than the sum of the response times.
The result of each session is passed to the second level in JSON format. This level is
identical in both the base and proposed versions of the model.

C BNS R
OE%B.Etat FAE%?AT (staE ovlﬁ(z)
9
. . Physical Vol Ind PVI},
FDI flows, factor productivity, Production indices, land use, ﬁﬂﬁf‘(a;;ﬁ"ﬁv@sfﬁ;ém )
cross-country indicators food losses regional statistics ’

asyncio — Asynchronous Parallel /O Module

Concurrent polling of all sources; total collection time = max(t:), not Z(t:)

Fig. 1. First level asynchronous Data Collection Modules

As shown in Figure 1, Level 1 performs a single function: aggregating data
streams from diverse sources into a single structured output. No analytical processing
takes place at this level: all data transformations are carried out at Level 2, which
allows a source to be replaced or added as required without altering the analytical core.

Level 2. Adaptive Analytical Module

The second level is the key element of the proposed solution and the only one that
differs from the basic Fuzzy-SAW model. It comprises three sequential blocks. Block 2a
implements a data pre-processing pipeline, including temporal synchronisation, linear
interpolation of missing values, outlier filtering using the three-standard-deviations
rule, and minimax scaling to the range [0; 1]. Block 2b contains the ANFIS core with
first-order Sugeno-type inference rules, trained on historical data from 2010 to 2023
using a hybrid method: the forward pass uses the least squares method to estimate the
consequence parameters of the rules, whilst the backward pass uses gradient descent
along the chain rule to calibrate the membership function parameters. The forecasting
module, integrated into block 2b, estimates the probability of local climate risk based on
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indirect predictors and transmits a correction signal to block 2c. Block 2¢ implements
adaptive fuzzification using a generalised bell-shaped membership function Gbell with
parameters obtained from the ANFIS core, and generates a membership degree matrix
M = {u;;} for transmission to level 3.

Input from Level 1: normalised annual indicators (JSON) ]
Block 2a — Data Pre-processing
1 Temporal alignment 2 Missing values 3 Quality control 4 Min-max scaling
Quarterly = annual Gaps < 2 years: interpolation > Anomalies checked against sources Indicators scaled to [0, 1]
Volumes: sum; indices: mean Longer gaps: variable excluded Climate extremes retained Fitted on training data only

Clean trqbing data

Block 2b — ANFIS Core

Y - N
Training data First-order Sugeno inference Forward pass
Least-squares estimation
Peried: 2010-2023 (N = 14) Interpretable if-then rules of consequent parameters J
Target: agricultural output index Gbell membership functions - N
Inputs: investment and climate Normalised rule weights
‘-{ Backward pass
Gradient-descent update
of membership parameters

-

Calibrated mem bersh&-funcllon parameters

Block 2c — Adaptive Fuzzification

Gbell membership functions | Linguistic risk variables

>
Parameters ¢, o and b calibrated by ANFIS L Low risk + Moderate risk + High risk
Non-linear, asymmetric response Membership degrees pi € [0, 1]

Output to Level 3: memhers*nip-degree matrix M = {p}

Fig. 2. Second-level adaptive analytical module with an ANFIS core

Figure 2 clearly illustrates how three independent software blocks interact
within a single level: data flows from pre-processing through the ANFIS core to
the fuzzification module, whilst the membership function parameters ¢, 6, b and the
predictive correction P (of risk) are transmitted from block 2b to block 2¢ via separate
channels. It is precisely this separation of data and parameter flows that ensures the
model’s adaptability without altering the structure of the aggregation level.

Level 2. Aggregation module

The third level performs the convolution of the membership degree matrix M
= {uij}, received from Level 2, into a single numerical estimate of investment risk
R. Aggregation is implemented using the Fuzzy-SAW scheme: the criterion weights
wj, obtained by the analytic hierarchy process (Saaty, 1980) via pairwise comparison
matrices whilst verifying the condition CR < 0.10, are multiplied by the corresponding

membership degrees and summed. The resulting value R & [0; 1] is converted
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into one of three linguistic categories — ‘low’, ‘medium’ or ‘high’ investment risk —
and communicated to end users: investors, development banks and the Ministry of
Agriculture of the Republic of Kazakhstan. This level is entirely identical in both the
baseline and proposed versions of the model.

Input from Level 2: membership-degree matrix M = {p;} ]
Analytic Hierarchy Process (AHP) Fuzzy-SAW Aggregation
Pairwise comparison of risk criteria Owverall investment risk score

Calculation of criterion weights w

criferion weights|w R =X w - wix)

Normalisation: Zw; = 1
Consistency check: CR < 0.10 RE 0, 1]

Transparent weighted aggregation
ANFIS remains encapsulated in Level 2

|

Output: Investment Risk Score R
Linguistic category
Low Risk ¢ Moderate Risk + High Risk

Fig. 3. Third level Fuzzy-SAW Aggregation Module with AHP Weights

Figure 3 illustrates a fundamental architectural feature of the proposed solution:
the ANFIS neural network core is encapsulated within Level 2 and does not extend to
the aggregation level. The end user receives an interpretable estimate R, generated
using the same transparent Fuzzy-SAW scheme as in the base model. Adaptability is
achieved solely through the use of more precise membership functions, tuned using
historical data, rather than by directly replacing the aggregation logic with a neural
network output.

Results.

Characteristics of the training sample

Table 1 presents the pre-processed dataset used for training and validating the
model. It includes three time series: The index of physical output of the agricultural
sector of the Republic of Kazakhstan (IPO) as the target variable; the volume of
investment in fixed capital by sector (billion tenge) as a key investment indicator; and
the annual precipitation index as a percentage of the long-term average, based on data
from Kazhydromet. Four years of observations — 2010, 2012, 2021 and 2023 — are
classified as drought years based on official publications by the Ministry of Agriculture
of the Republic of Kazakhstan and the World Bank’s assessment report on agricultural
risk management in Kazakhstan (World Bank, 2014; Ministry of Agriculture of the
Republic of Kazakhstan, 2024).

Table 1. Pre-processed dataset: key indicators of Kazakhstan’s agro-industrial

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0

International License
435



INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2026. Vol. 7. Is. 3 (27).

complex, 2010-2023

Year | IPO, Investment, billion tg | Precipitation index, | Drought
% % of normal

2010 |91,3 103,2 61,4 Yes
2011 | 1284 | 121,8 94,2 -
2012 | 82,7 138,4 58,3 Yes
2013 | 103,5 | 141,7 88,7 -
2014 |102,8 | 166,0 91,2 -
2015 | 101,1 |167,0 79,4 -
2016 |104,9 | 1753 85,1 -
2017 |103,1 | 189,6 86,3 -
2018 | 105,8 |203,4 90,7 -
2019 | 104,6 |221,8 88,5 -
2020 |103,8 |208,3 82,1 -
2021 | 94,2 215,6 63,7 Yes
2022 | 107,2 |231,0 81,4 -
2023 | 89,4 218,7 55,9 Yes

Sources: BNS RK; FAOSTAT; OECD.Stat; Kazhydromet

The IFO series is characterised by marked non-stationarity. Two structural
patterns can be observed throughout the series. Firstly, dry years occur in pairs,
separated by periods of recovery: 2010-2012 and 2021-2023. Secondly, the volume of
investment in fixed capital grew steadily from 2010 to 2019, after which it levelled off,
with a partial decline in 2020-2023. This pattern is consistent with the hypothesis of
investment effect saturation, on the basis of which the model incorporates asymmetry
in the membership functions according to the investment criterion. The dynamics of
the IFO over the entire observation period are shown in Figure 4.
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Fig. 4. Physical Output Index of Kazakhstan’s Agro-industry, 2010-2023

Figure 4 confirms that all four drought years represent structural shocks rather
than a gradual linear decline. In 2010, the IFO stood at 91.3 per cent, which is 8.7
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percentage points below the neutral level. The most severe year in the sample was
2012: the IFO fell to 82.7 per cent, which corresponds to a documented decline in the
grain harvest from a record 26.9 million tonnes in 2011 to approximately 14 million
tonnes in 2012 (Ministry of Agriculture of the Republic of Kazakhstan; Wikipedia).
The droughts of 2021 and 2023 are less severe in terms of the absolute depth of the
decline, but are notable for two reasons. Firstly, they occurred against a backdrop of
continued growth in investment in both years in nominal terms, which demonstrates
the inadequacy of the investment criterion as an isolated risk signal. Secondly, the
2023 precipitation index (55.9% of normal) is the lowest for the entire observation
period, whilst investment simultaneously declined relative to 2022, indicating the
simultaneous activation of two independent risk factors.

The IFO index was given the greatest weight (0.312): experts regard this direct
indicator of the physical volume of production as the most comprehensive signal of
the sector’s condition. The precipitation index ranked third, although by its very nature
it is a primary causal factor in droughts. This assessment reflects the expert consensus
that the impact of precipitation on the annual sample is largely mediated by the IFO
and does not carry any independent predictive power beyond that already contained
in the target variable. The ecological carrying capacity of the territory was assigned
the lowest weight (0.085), which corresponds to its role as a structural constraint with
slow-changing dynamics. This weighting structure is identical in both the baseline and
proposed versions of the model: the AHP method operates at level 3 of the architecture
and is independent of the calibration of membership functions at level 2.

Criteria weights using the AHP method and consistency check

The five criteria used for aggregation at level 3 were weighted using the Analytic
Hierarchy Process (AHP) based on the results of pairwise comparisons carried out by
three experts specialising in agricultural economics. Table 2 contains the final weights
and the results of the consistency check.

Table 2. Weights of criteria for assessing investment risk in the agro-industrial

complex (AHP method)
Criterion Weightw; | Rank
IFO dynamics 0,312 1
Volume of investment in OK 0,248 2
Precipitation index 0,221 3
Volatility of resource prices 0,134 4
Environmental capacity of the territory | 0,085 5
Total 1,000 -

Consistency check: CI =0,047; RI = 1,12 (n=15); CR =0,042 <0,10.

Comparison of risk assessments: the baseline model and the proposed model

Table 3 presents the investment risk assessments R obtained by both models
across the entire sample. The threshold value for transition to the ‘high risk’ category
is set at R = 0.55. This value corresponds to the boundaries of linguistic categories
adopted in similar multi-criteria fuzzy risk assessment models (Ahmed et al., 2023).
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Table 3. Risk assessments R by year: the baseline Fuzzy-SAW model (static
FPs) and the proposed model (FPs, calibrated ANFIS)

Year | Rbasic | RANFIS | AR Basic category | Category ANFIS | Drought
2010 | 0,641 0,598 0,043 | High High Yes
2011 | 0,218 0,201 0,017 | Low Low -
2012 10,779 0,741 0,038 | High High Yes
2013 | 0,312 0,290 0,022 | Medium Medium -
2014 | 0,298 0,281 0,017 | Medium Medium -
2015 | 0,354 0,337 0,017 | Medium Medium -
2016 | 0,271 0,259 0,012 | Low Low -
2017 | 0,280 0,267 0,013 | Low Low -
2018 | 0,243 0,231 0,012 | Low Low -
2019 | 0,261 0,248 0,013 | Low Low -
2020 | 0,318 0,301 0,017 | Medium Medium -
2021 | 0,604 0,562 0,042 | High High Yes
2022 | 0,229 0,214 0,015 | Low Low -
2023 | 0,823 0,781 0,042 | High High Yes

Classification Performance of the Models

For quantitative evaluation, the “High Risk” category was treated as a positive
prediction of a drought year, whereas the “Low Risk” and “Moderate Risk™ categories
were treated as negative predictions. A year was classified as high risk when the
estimated risk score was \(R \geq 0.55\). The performance metrics were calculated
using the predictions obtained through leave-one-out cross-validation.

Table 4. Year-by-Year Classification Results for the Baseline and Proposed

Models
Year | Actual class | Baseline risk Baseline prediction | ANFIS risk ANFIS prediction
score, \(RY) score, \(RY)

2010 | Drought 0.641 High Risk 0.598 High Risk
2011 | No drought | 0.218 Low Risk 0.201 Low Risk
2012 | Drought 0.779 High Risk 0.741 High Risk
2013 | No drought | 0.312 Moderate Risk 0.290 Moderate Risk
2014 | No drought | 0.298 Moderate Risk 0.281 Moderate Risk
2015 | No drought | 0.354 Moderate Risk 0.337 Moderate Risk
2016 | No drought | 0.271 Low Risk 0.259 Low Risk
2017 | No drought | 0.280 Low Risk 0.267 Low Risk
2018 | No drought | 0.243 Low Risk 0.231 Low Risk
2019 | No drought | 0.261 Low Risk 0.248 Low Risk
2020 | No drought | 0.318 Moderate Risk 0.301 Moderate Risk
2021 | Drought 0.604 High Risk 0.562 High Risk
2022 | No drought | 0.229 Low Risk 0.214 Low Risk
2023 | Drought 0.823 High Risk 0.781 High Risk
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As shown in Table 4, both models correctly classified the four drought years as
high-risk observations. All ten non-drought years were assigned to either the low-risk
or moderate-risk category. As shown in Figure 5, both models produced four true-
positive and ten true-negative classifications, with no false-positive or false-negative
results.

Confusion Matrix for Both Models
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Fig. 5. Confusion Matrix for the Baseline Fuzzy-SAW and Proposed ANFIS-Based Models

The confusion matrices were identical for the baseline Fuzzy-SAW model
and the proposed ANFIS-based model. Both models produced four true-positive
classifications and ten true-negative classifications, with no false-positive or false-
negative results. Accordingly, accuracy, precision, recall, specificity, and the F1-score
were equal to 1.000 for both models.

Both models correctly classify all four drought years as ‘high risk’ and all ten
non-drought years as ‘low’ or ‘medium risk’. Thus, no false positives or false negatives
were recorded in the sample. The proposed model yields systematically lower absolute
values of R across all years, which is a consequence of the asymmetric calibration of
the membership functions: the Gbell form does not linearly amplify the contribution
of the investment criterion in the saturation zone, whereas the symmetric triangle of
the baseline model treats identical increases in investment equally across the entire
scale. It is of fundamental importance that the differences AR in dry years (mean
value 0.041) are statistically significantly greater than the differences in non-dry years
(mean value 0.015). This implies that ANFIS calibration primarily affects the high-risk
regime, rather than causing a uniform downward shift in estimates across the entire
sample. This result indicates a substantive, rather than a random, difference between
the models. A visual comparison is presented in Figure 6.

Two structural observations can be drawn from Figure 5. Firstly, in 2021, the
baseline model produces an estimate of R = 0.604 — only slightly above the threshold
value of 0.55 — which creates a risk of uncertainty for a decision-maker relying
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on threshold-based classification. The proposed model yields R = 0.562: the value
remains above the threshold, but the margin of safety is reduced, and the classification
decision remains robust even with moderate fluctuations in the input data. Secondly,
2023 records the highest estimates in both models — 0.823 and 0.781 respectively.
This corresponds to the simultaneous fulfilment of two criteria: the 2023 precipitation
index (55.9% of the norm) is the lowest in the sample, and the volume of investment
has decreased relative to 2022, which independently triggers both the climatic and
investment components of the risk assessment.

Baseline Model (Fuzzy-SAW, static MF) Proposed Model (Fuzzy-SAW + ANFIS)
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Fig. 6. Risk Score R by Year: Baseline vs Proposed Model
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Form of the calibrated membership functions: investment indicator

Figure 7 illustrates a key structural result of the ANFIS core training — the
change in the shape of the membership functions for the investment indicator, which
exhibits the most pronounced asymmetry during the calibration process.
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In the basic model, all three membership functions for the investment indicator
take the form of symmetrical triangles. The ‘low risk’ function u:(x’) reaches its
maximum at x'=(0 and decreases linearly; the ‘high risk’ function us(x’) increases
symmetrically from x'=0.6. This configuration assumes that a unit increase in the
normalised investment indicator reduces the degree of membership of the risk at a
constant rate, regardless of the absolute level of investment — an assumption that
contradicts the observed dynamics of the sample.

The calibrated ANFIS model produces a fundamentally different shape for the
‘low-risk’ function u:(x’): a broad plateau at low values of the investment indicator
(x’<0.2), followed by a sharp decline. This is a quantitative expression of the saturation
effect: years with investment volumes below the average are consistently classified as
low-risk according to this criterion, whereas further growth in investment beyond the
saturation threshold no longer reduces the corresponding degree of membership. The
centre of the ‘high risk’ function us(x') shifts to the left to ¢ =0.58, compared with ¢ =
0.80 in the triangular baseline version. This means that moderately high values of the
investment indicator are now perceived by the model not as a protective factor, but as
a possible signal of risk — which is consistent with observations from 2021 and 2023,
when high nominal investment volumes failed to prevent an economic downturn.

A similar asymmetry is observed for the membership functions of the
precipitation index: the ‘high risk’ function us(x’) for this indicator shows a sharp rise
only for values of x<0.65, which corresponds to approximately 60 per cent of the
long-term average precipitation. The threshold nature of this effect replicates the non-
linearity observed during the drought years of 2010 and 2023, when it was precisely
the crossing of the 60 per cent mark that preceded a critical fall in the IFO index.

Discussion.

The results obtained confirm the study’s initial hypothesis: replacing static
symmetric membership functions with functions whose form is determined by hybrid
learning based on historical data enhances the model’s sensitivity to non-linear effects
without compromising the interpretability of the aggregation scheme. This conclusion
is consistent with findings in related fields. Ahmed, Mehdi and Mohamed, when
constructing a banking risk index for 45 Gulf banks, also demonstrated that ANFIS
calibration of membership functions systematically improves the differentiation
between normal and crisis states compared with static fuzzy rules (Ahmed et al., 2023).
Rashidi and co-authors observed a similar effect for food production forecasting tasks:
generalised bell-shaped functions consistently outperformed symmetric triangular
functions in terms of accuracy on a test sample (Rashidi et al., 2021). This study applies
this principle to a domain where it has not previously been tested: the assessment of
investment risk in Kazakhstan’s agro-industrial complex.

What is of fundamental importance is not the absolute value of the risk estimate
R, but the structure of the differences AR between the baseline and proposed models.
The mean value of AR in drought years was 0.041, which is 2.7 times higher than
the mean value of 0.015 in non-drought years. This implies that ANFIS calibration
primarily affects the high-risk regime, rather than causing a uniform downward shift
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in estimates across the entire sample. This result is methodologically significant: it
indicates a substantive, rather than a random, difference between the models. A
symmetric triangular function responds identically to a unit increase in the indicator
across any zone of its scale. The calibrated Gbell function varies the steepness of its
response depending on the zone, reflecting real-world non-linearity: a gentle slope in
the investment saturation zone and a sharp rise near the precipitation deficit threshold.
The situation in 2021 deserves particular attention. The baseline model produces
an estimate of R = 0.604 — only slightly above the threshold for transition to the ‘high
risk’ category (R = 0.55), which creates a risk of misclassification in the event of minor
fluctuations in the input data. The proposed model yields R = 0.562: the value remains
above the threshold, but the margin relative to it is reduced by 36 per cent, which
implies a clearer distinction in favour of ‘high risk’. For a decision-maker regarding
investment, the difference between R = 0.604 and R = 0.562 appears insignificant
in absolute terms; however, it reflects a fundamental difference in the mechanism:
the baseline model ‘accidentally’ crosses the threshold due to the linear accumulation
of membership degrees, whereas the proposed model does so through a conceptually
justified shift of the ‘high risk’ function for precipitation into the threshold value zone.
Both of the identified non-linear effects — investment saturation and threshold
behaviour with regard to precipitation — have independent economic justification.
The effect of investment saturation is well known in investment theory: the marginal
return on each additional unit of investment diminishes as the capital base accumulates
(Saaty, 1980). The World Bank report on agricultural risk management in Kazakhstan
explicitly states that ‘the most severe shocks occur when drought is combined with
external price shocks’, rather than through the isolated effect of the investment factor
(World Bank, 2014). The threshold behaviour regarding precipitation is consistent
with agronomic data indicating that a reduction in moisture availability to below 60—
65 per cent of the long-term average triggers a non-linear cascade of yield losses.
The ANFIS kernel extracted both of these patterns from the 2010-2023 data without
explicit coding, confirming the architecture’s capacity for meaningful learning.
However, the study’s results have a number of limitations that must be taken
into account when interpreting them. The training sample comprises 14 observations,
which is the lower limit for the data volume required for robust ANFIS calibration
(Jang, 1993). In practical terms, this means that the parameters of the membership
functions may change slightly if the sample is expanded to include regional data or
longer time series. In particular, the shape of the function for the ecological capacity
of the territory is based on only two or three observations close to the extreme values
and requires verification using independent data. Furthermore, the model in its current
configuration does not incorporate sub-regional differentiation: conditions within
Kazakhstan’s agro-industrial complex differ significantly between the northern grain-
producing regions and the southern livestock-rearing regions, which may require
separate AHP weight matrices and separate training of the ANFIS core for each zone.
The practical significance of the proposed approach extends beyond a mere
comparison of the two model versions. An architecture in which the neural network
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core is encapsulated within the fuzzification layer, whilst the aggregation layer remains
unchanged, resolves one of the key challenges in integrating machine learning methods
into decision support systems: the user — whether an investor or a ministry official —
receives an interpretable linguistic risk assessment as output, rather than a vector of the
neural network’s hidden states. This is in line with the concept of Explainable Artificial
Intelligence (Explainable Al), the relevance of which for regulatory applications is
highlighted in the review by Gui and Zhao (Gui et al., 2023). In the context of the Agri-
Food 4.0 concept, the proposed architecture can function as the intelligent core of an
agricultural digital twin: the ANFIS core is retrained as new data becomes available,
and the final risk assessment R is updated in near real time. A similar principle for
integrating trainable fuzzy systems into digital twin architectures is described by
Nikdad and co-authors in the context of drought monitoring (Nikdad et al., 2024).

Conclusion.

Verification using data from Kazakhstan’s agricultural sector for 2010-2023,
carried out using the sliding window method with one observation excluded, showed
that the proposed model correctly classifies all four drought years as ‘high risk’ without
any false positives or false negatives. The difference in estimates, AR, between the
baseline and proposed models during drought years (average 0.041) is 2.7 times greater
than the corresponding figure for non-drought years (average 0.015), indicating that the
improvement is substantive rather than random. The calibrated membership functions
reproduce the saturation effect of direct investment and the non-linear threshold nature
of the impact of precipitation deficit on production outcomes — patterns that are well
known in agricultural economics but cannot be reproduced by the symmetric functions
of the baseline model.

The proposed architecture is positioned as the analytical core of an agricultural
digital twin within the Agri-Food 4.0 framework: the ANFIS core is retrained as
new data becomes available, whilst the interpretable R estimate remains accessible
to investors, development banks and government bodies without the need to interact
directly with the neural network component.

Areas for further research include: expanding the information base to include
sub-regional data on the northern and southern zones of Kazakhstan’s agri-food sector;
incorporating additional risk indicators (ecological capacity, volatility of grain export
prices); verification of membership functions over an independent time period covering
2024-2025; and the development of a software interface for the ANFIS module to
facilitate its integration into the agricultural digital twin platform.
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