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NAEHTUO®UKAIINS A3BIKA YCTHOM PEYU C NCIIOJIB30OBAHUEM
MOJIEJIN WAV2VEC2 JJI1d KA3BAXCKOTI'O SA3BIKA'!
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Aunoramusi. B jaHHOM nccje0BaHUU TIPEJICTAB/IEHa PA3pabOTKa UM TOHKAs HACTPOMKA MOJE/IH
ujeHTHUKAIIMN $3bIKa YCTHON peun ¢ ucnosb3oBanueMm Bapuanta XLSR (Cross-Lingual Speech
Recognition) Wav2Vec2. O6yuennast Ha 60raToM 1 pasHooOpasHOM HabOpe JaHHBIX, OXBATHIBAIOIIEM
MIECThb S3BIKOB, C OCODOBIM AKIIEHTOM HA $3bIKAaX C HU3KUMHU PECypPCaMU, TaKUX, KaK Ka3aXCKUil,
MOJIEJIb JIEMOHCTPUPYET 3aMevaTebHbIe BO3MOXKHOCTA B MHOTOS3BITHOM DPACIIO3HABAHUHU PEUH.
Braronapsi oOImmpHoit OlleHKe TOHKO HACTPOEHHAs] MO/JIEJIb HE TOJBKO IIPEBOCXOJIUT CYIIECTBYIONINE
9TaJIOHHDIE TIOKA3ATEIU, HO U IIPEBOCXO/IUT JIPYTUE COBPEMEHHbBIE MOJIEJIN, BKIIOUas BapuanTbl Whis-
per. Jlocturnys Brnedarsomniero pesyiabrara F1 92.9% u rounocru 93%, Mojesb JeMOHCTPUpPYeT
CBOIO IPOU3BOJUTENBHOCTh B PEAJNHLHBIX MHOTOSI3BIYHBIX U MAaJIOPECYPCHBIX CIEHAPHUAX.  ITa
paboTa BHOCUT 3HAYUTEJHHBIH BKJIAJ, B PA3BUTUE TEXHOJOTUH PACIO3HABAHUS PEYU, IPEIOCTABIIASL
HaJe2KHOe pelenne JJjisd UJIeHTUMUKAINN s3bIKa B PA3JIMYHBIX S3BIKOBBIX Cpelax, OCOOEHHO B
HEJIOCTATOYHO IIPEJICTABIECHHBIX SI3bIKOBBIX YCJIOBUAX. Kro ycrex 1mogdepKuBaeT moTeHnuas Mojieseit
na ocuoBe Wav2Vec2 B yiydmntennu cucreM 00pabOTKN PeYr B MHOTOSI3BIIHBIX KOHTEKCTaX C HU3KUMU
pecypcamu. VTorn manHOTO aHaIn3a MOTYT CIIOCOOCTBOBATE Pa3pabOTKe HAMEKHBIX U 9(PDEKTUBHBIX
CUCTEM aBTOMATUYECKOI'0 PACIIO3HABAHUS PEUH, ONTUMU3NPOBAHHBIX JIJIT KA3aXCKOr0 si3blKa. Takue
TEXHOJIOTUU HAWIyT MPUMEHEHNe B Pa3InIHbIX 00JIACTSIX, BKJIOUYas 1peodpasoBaHue PEeUd B TEKCT,
paboTy rOJIOCOBBIX ACCUCTEHTOB U MHCTPYMEHTHI TOJIOCOBOM KOMMYHUKAIIIH.

KuaroueBbie ciioBa: ujaeHTUMUKAINN A3bIKA, WICHTU(MUKAINN 3bIKa YCTHOH pedn, Ka3axCKuil
si3b1K, Wav2Vec2, XLSR.

DOI: https://doi.org/10.32523 /bulmathenu.2025/1.1
2000 Mathematics Subject Classification: 68T10

1. BBEAEHUE

Unentudukanus sspika (LID) sapasiercs Bakueiimein 3amadeii B obaactu o6pabOTKH pedn,
BBICTyTIas] B KaJYeCTBE OCHOBLI JJIsT MHOTOYUCTIEHHBIX TEPEJOBLIX TPUIOXKEHWH, TaKuX, Kak
aBroMarnyeckoe pacnosHaBannme pedn (ASR), mepeBom B peasbHOM BpEMEHH U BHPTYAJbHBIE

IPaGora sbmonmena mpn mommepKke rpaHTOBOro pUHAHCHpOBaHHS IPOEKTOB Komurera mayku Mummcrepcrsa
HayKuy U Bblciero obpasosanust Peciy6iuku Kasaxcran (rpant No. AP23489529)
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Ymuber C., Koxxupbaes 2K.M.

HOMOIIHUKHN, KOTOPbIE MOIYyT 06ciyKuBarh MHOrosiabranbie cpenbl [I].  CmocobrocTs cucrem
oOHapyKHUBaTh W aJAlITHPOBATHCA K PA3HBIM SI3bIKAM Ha JIETY SBJISIETC HE TOJBKO BOIIPOCOM
ya00CTBa, HO W HEOOXOJMMOCTLIO B CErOJHSIIIHEM Bce Oojiee riiobasm3mpoBanHoM Mupe. OmHako
cosmanne >bdexTuBHbix Momesneir LID mameko He mpocTo, 0COOEHHO HpH PaboTe C A3BIKAMHU,
KOTOpble MMEIOT OrpaHMYeHHble oOydJaloliue JaHHble WX pecypchl. HengaBHume mocTUKeHUsT B
obJractrt 0OpabOTKM pevdrn CMECTHJIUCH B CTOPOHY 0o0Jiee CJIOXKHBIX, 3(DHEKTUBHBIX C TOYKNA 3PEHUsT
JIAHHBIX TOJIXOJ0B, KOTOPBIE HCIOJIL3YIOT KPOCC-3BIKOBOE TpancdepHoe obydenue. Omaum u3
BBIJIAIOIIIXCS METOJI0B B TOM OTHOIINEHWH cTaja paspaborka Wav2Vec2, koTopas IponsBesia
PEBOJIIOIUIO B TOM, KaK OOpabaTLIBAIOTCA pedeBble TaHHbIe, IyTeM OOyYeHHUsl IPE/ICTABICHU
HEIOCPeICTBEHHO 13 HeoOpaboranHbix jaHHbIX [2].  OcHoBbiBasich nHa 3ToMm, BapuanT XLSR
Wav2Vec2 cras BayKHBIM pelIeHueM s 3a7a9 MHOTOsI3BIKOBOHM mjeHTHMUKAINN A3blKa. 3ydas
obIme pedeBble IPEeJACTABICHIS Ha PasHbIX A3blkaxX, XLSR okazajicss 0cobeHHO 3D (DEKTUBHBIM JIJIsk
A3BIKOB C HU3KHMHU pPeCypCaMU — HA3bIKOB, TJ/Ji€¢ JOCTYITHOCTDb O6yanOH_[I/IX JaHHBIX OI'PaHUYeHa,
aT0 3arpyansger 3G@eKTuBHOE 00ydYeHme MOJeell C HCIOJb30BAHUEM TPAIUITMOHHBIX METOIOB.
OcHoBHOe BHUMaHEE B 9TOI paboTe yiessieTcss m3ydeHno Toro, Kak XLSR MoXXHO HacTpouThb mjist
peleHnst 3a1a4 UAeHTUPUKAIINN PeUn Ha PA3HBbIX si3bIKax. B dacTHOCTH, 9Ta paboTa HaIleeHa Ha
[IECTh S3bIKOB: KA3aXCKUi, PYCCKUIA, aHTJIUACKUI, NTAIBSHCKUI, NCIAHCKUN u Kopeiickmii. Crout
OTMETUTb, 9YTO KaBaXCKHﬁ, OJMH N3 OCHOBHBIX fAISBIKOB B 9TOM HUCCJ/IEJJOBaHUMN, IaCTO HEIOCTATOIHO
opejacTaBJ/ICH B Ha60an JaHHBIX I/I‘ZLGHTI/ICbI/IKa,U,I/II/I A3blKa, YTO JeJaeT €ro OTJIMYHbIM KaHIMJIaTOM
JJIgd IIPOBEPKH a/IalITUBHOCTU MOJI€/IM K CpeJaM C HHU3KHMH DecypcaMH. BK.HIO‘—I&S{ codeTaHue
SI3BIKOB C BBICOKMM DPECYypCoM (Hampumep, aHrIMACKuUil, pycckuii) u HU3KUM pPecypcoMm (HalpuMep,
Ka3axCKUil), 9TO UCCJIe0BAHUE HAIPABJIEHO Ha JEMOHCTDAIMIO YHUBEPCAJIBLHOCTH U HAJEIKHOCTU
MOJIeJI B PeAJIbHON MHOTIOSI3BIYHON cpejie. B 5Toit paboTe He TOIBKO OIMUCBIBAETCS ITPOIECC
o0ydeHMsI 1 METPUKU OIEHKHU, HO U IIPOBOJSTCS CpaBHEHUs ¢ BodaMoxKHOCcTssMu LID cymectBytoreit
mosiesin ASR, BKJIFOUast HECKOJIBKO BapuaHTOB Mojean Whisper. 9Ty cpaBHEHUS HEOOXOIUMBI
111 OObEKTHUBHOI OIIEHKH CHJIbHBIX CTOPOH M OIPaHMYEHHIl TOHKO HacTpoeHHO# momenn XLSR.
PesynbraTsl 9TOr0 mMcciemoBaHusl MOKa3aJ MHOTOOOEIIAOIIEe Pe3yIbTaThl, OCODEHHO € TOYKHU
3peHns TOYHOCTH M OIeHOK F1, 9To yKasblBaeT Ha TO, 9TO TOHKO HACTPOEHHAs MOJE/b CIIOCODHA
95 PEKTUBHO CHPABIIATHCS C 3aJa49ell HIeHTU(MUKAIINA MHOTOA3BITHOIO sI3bIKa, OCOOEHHO J1JIsT I3BIKOB
C HU3KHUM PECYPCOM, TaKuX, Kak Kazaxckuif. OCHOBHBIE BKJIAJIbI 9TOINO MCCJIEOBAHNUSA BKJIIOYAIOT:

1. Paspaborka u Hacrpoiika mojenn Ha ocHoBe XLSR: Coznanne TOHKO HACTPOEHHONH MOJIEIH,
CII€II1aJIbHO OHTHMI/ISI/IpOBaHHOﬁ JJId 3a1a91 I/I,H‘eHTI/I(I)I/IKaLH/II/I A3BIKOB, BKJIIOYasd Ka3aXCKUIi.

2. CpaBHUTE/ILHBI aHAJIN3 C COBPEMEHHBIMU MojesaMu: IIpoBejeHue jieTajibHOrO CpaBHEHUS
¢ cymecrBytormuMu ASR-crcremamMu, BKITOYasi HECKOJIBKO BapuaHToB Mozeaun Whisper, mjist
O6’])€KTI/IBHOﬁ OIIEHKU ITPpOU3BOJUTE/IbHOCTH.

3. ObocuoBanue Bo3moxkHOocTeit Wav2Vec2 st LID: Tlogreep:kuenue 3ddeKTUBHOCTH
ucronb3oBanns Mouenn Wav2Vec2 u ee BapumaHTOB, Takux, Kak XLSR, aas samgaq
MHOT'OSI3BITHOM MJIEHTU(DUKAIINY PEUH.

JlamHas cTaTbd OpPraHM30BaHA CJEAYIOINIMM 00pasoM: B pazieiie 2 MOPeJACTABICHO ITOAPOOHOE
obcykrenne Texaudecknx acrnekToB mozaenaeit Wav2Vec2.0 m XLSR, a takke 0030p JimTepaTyphl,
CBSI3aHHON ¢ waeHTHUKAIMEN yCTHOH pedw. Pazmen 3 comepXuT meraabHOEe OIHCAHNE
HCIIOJIb30BAHHOIO Habopa [JaHHBIX, a TaKKe II0IXOJ0B, OCHOBAHHBIX Ha apxurekrype XLSR,
IPUMCEHEHHBIX B HAIIIUX 3IKCIIEpUMEHTaX. PeSyJIbTaTBI IIPOBE/ICHHBIX IKCIIEPUMEHTOB M3JIO2KEHLI B
pasnene 4. Haxkownern, B pasjese 5 HOABEIEHBI UTOTM MCCACIOBAHUS, IIPEICTABJIEHBI OCHOBHDLIE
BBIBOJIBI, CAEJIaHHBbIE Ha OCHOBE SKCIIEpDMMEHTOB, W BbBIJAEJICHBI IIEPCIIEKTUBHbBIC HallpaBJICHUA JIJI5
JAJTbHEHINNX UCCIICTOBAHUN.

2. OCHOBHA{ YACTb

B srom pasgene npejcrapieH KpaTkuil 0030p COOTBETCTBYIOIIEH JIMTEPATYPbhI, CBA3aHHON C 9TOH
craTbeil, pasie/eHHbIi Ha aBa noapasaena: Wav2Vec2.0 u XLSR, a Tak:ke naeHTuduKaIms sa3bKa,
YCTHOHI pedn.
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Wav2Vec 2.0 mpejcrapisier coboii TIaTeabHO pa3paboTaHHYI0 MOMAEIb JJIs PaciindpoBKU
pedn, BCTPOEHHOW B ayJIMOCUTHAJLI, C TMPUMEHEHHEM CAMOKOHTPOJIUPYEMON METOI0IOTUN
IpeIBAPUTEILHOTO O0YUEHHsI. DTa METOJOJOTHsI MTO3BOJISET U3BIEKATDH TOJE3HBIE MTPECTABICHIS
13 6OMBIIX 00BLEMOB HEMAPKUPOBAHHBIX ayINOIaHHbIX. Mojenb 06bheTMHsIeT KII0UeBble TPUHITATIEL
HECKOJIbKUX IIPE/IIIECTBYIONINX 01x00B, BKmodas Contrastive Predictive Coding (CPC) [3], Model
Predictive Control (MPC) [4], wav2vec [5] n vq-wav2vec [6]. Apxurekrypa Wav2Vec 2.0 narerpupyer
ceeprounblie Hejiponusie cetu (CNN) u rpancdopmepsl, aTo mo3Bodster 3hdEeKTUBHO 06pabaThiBaTh
KaK JIOKaJIbHBIE OCOOEHHOCTH, TaK W IJIODAJbHBIE IMAOJOHBI B ayAHOJaHHBIX. DB OCHOBE MOIe/n
JIEZKUT MHOTOYPOBHEBBIN CBEPTOYHBIN KOMUPOBIUK NMpu3HakoB [ : X — Z | KOTOpBIH mpeobpasyer

HeoOpaboTaHHBIE Ay IMOCUTHAJBI X B CKPBITHIE IPEICTABICHUSI PEUN 21, . .., 27 . DTH IIPEICTABICHUS
3aTeM 00pabaTBHIBAIOTCS TPAHCHOPMEPHON CETHIO C WCIOJL30BAHHEM MACKHUPOBAHUS ¢ @ 4 —
C', xoTopasi peobpa3yeT CKPBIThIE MPEICTABICHUS B JUCKPETHBbIE BBIXOJIHBIE ITaHHBIE (1,...,(T ,

HCIOJIb3yeMble B KauecTBe IIeJIeBbIX 3HAUYEHU B 3ajiade caMOKOHTposmpyemoro obyuenus |7, [].
Moaynb TpamcdopMepa KOHTEKCTYaIU3UPyeT KBAHTOBAHHBIE IPEICTAB/ICHUS C IIOMOIIBIO OJIOKOB
BHUMAHUsI, CO37aBas IUCKPETHLIE KOHTEKCTyaJbHBIE IMPEJICTABICHUS Ci,...,Cr . KOIUPOBIIUK
[PU3HAKOB COCTOMT U3 CEMH CBEPTOYHBIX 0JIOKOB ¢ 512 kanajamwu, mupusoii sinep {10, 3, 3, 3,
3, 2, 2} mmaramu {5, 2, 2, 2, 2, 2, 2}. TpanchopmepHasi cerb BKi09aeT 24 6J10Ka ¢ pa3MEpPHOCTHIO
1024 u BuyTpenneit pazmeprocThio 4096, a Takke 16 roJJ0BOK BHUMaHUs, 00€CIIEUNBAIOITNX BHICOKYIO
CTEIICHb KOHTEKCTYAJIM3aIUN.

XLSR [9] — mHOrosisbiuHasi MOJiejib, CO3J/[aHHAsi Ha OCHOBE MeXbsA3bIKOBON Mogesn XLM-R,
IpeHa3HAYeHHAs JIJI PEIIeHUs 3a/1a9d MHOTOSI3bITHON U MEXKbA3BIKOBOI 00pabOTKU €CTeCTBEHHOI'O
sisbika  (NLP). Omna 6asupyercss na apxurekrype Wav2Vec 2.0 u obiagaer yHHUKaJIbHOMN
CIIOCOOHOCTBHIO M3BJIEKATH CKPBIThIE KBAHTOBAHHBIE IIPEJICTABJICHUS, OXBATLIBAIOIINE MHOYKECTBO
SI3BIKOB.  DTO JIOCTUTAETCS WCIIOJb30BAHMEM METOJ/[a KBAHTOBAHUS I[POU3BEJIECHUSI, KOTOPBIi
BBIOMpAET KBAHTOBAHHBIE IIPEJCTABJIEHUs] W3 KOJOBBIX KHUT, a IPOIECC BBIOOPA pean3yercs
gepes auddeperiupyemyo Texauky Gumbel-Softmax. Apxurekrypa XLSR mHamomuuaer Momesib
JIByHAIIPABJIEHHOTO KOAMPOBIIUKa mpeacrasienuii Tpancdopmepa (BERT) [8], Ho umeer BaxkHOe
OTJIMYHNE: OHA BKJIIOYAET D3 S3BIKOBBIX BJIOXKEHUsI, UTO MO3BOJIAET Mojiesn 3pdeKTuBHO paboTarh
C KaX/JIBIM TOJJIEPXKUBAEMBIM S3BIKOM. JTOT TOJXOM JAET BO3MOYKHOCTH MOJE/H YJIABIUBATD
TOHKOCTH sI3bIKOB, JIaKe €CJIU OHU UMEIOT CXOXKee HAIIMCAHUE UJIU ITIpousHoiieHne. Mojiesib BKIo1UaeT
B cebst 500 MULJIMOHOB TIAPAMETPOB, UTO JeJIaeT €€ OIHON U3 KPYITHEUIITNX MHOTOS3bITHBIX MOJIesIel
B mupe. XLSR-53 6buta o0ydena Ha OIPOMHOM KOPIIyCe JAHHBIX, BKJIFOYAIONIEM TEKCTHI U PEUb
bojsiee deM Ha 53 sdA3bIKaxX. € CIOCOOHOCTH K MEXKDbS3BIKOBOMY IOHUMAHHUIO OCODEHHO IIEHHA
JUIst TpaHcEpHOro 00ydeHusi. IDTO MO3BOJISIET HCHOJIB30BAThH MOJIEIb, OOYYEHHYIO HA OJIHOM
sA3bIKE, [IJIsi JIOCTUYKEHUS BBICOKUX PE3yJIbTaTOB Ha JIDYTOM $I3bIKE ¢ MHUHUMAJILHBIMHU 3aTPaTaMu
Ha JIONOJIHUTEIHLHOE 00y1eHue.

NnenTudukainst s3bIKa CTAJI0 BaXXHOI 00JACTHI0 HMCCIENOBAHUIT B 0bJacTH 0OpaboOTKM pedn
[10, 1T, 12, T3], ¢ pasnuuHbIME MOJEJSIMU, BBEJEHHBIMHU Jijisi HOBBIMIEHUS TOYHOCTU, OCODEHHO
B MHOIOZ3BIYHBIX cpelax. B oxHom u3 rtakux wuccienoBanuii [14] Gbumm npumeHeHbl MOen
rIyboKOoro obyueHus i PaclO3HABAHUSA yCTHOU PEYU C MCIIOJIb30BAHUEM CBEPTOYHBIX HEHPOHHBIX
cereit (CNN) Ha crekrporpamMmmax HeOOPaOOTAHHBIX Aay/MOCHUTHAJIOB.  DTOT MOJXO0J| IIOKA3aJ
MHOTOO0OEIIAIONIIE PE3YJILTATHI ¢ TOYHOCTEIO 98% Ha TecToBOM HabOpe JaHHDBIX, YTO JEMOHCTPUPYET
sdpdekrusHocrs CNN B usBjiedeHUn CrenMpUIHBIX sl sA3bIKa IPU3HAKOB U3 PEYEBBLIX JAHHBIX.
B sroit pabore [I5] upejcraBien MHOrOMacmTabHbBIA MOJXOJ] K U3BJICUEHUIO HPU3HAKOB sl
HOBBIIIeHUs] TOYHOCTH uieHTudukanuu si3bika (LID) B ciloKHBIX aKyCTHYECKUX CpejlaX. 3aMEeHUB
06a30ByI0 ceThb u3BJievueHus npusHakoB apxuTekTypoit SE-Res2Net-CBAM-BILSTM, uccienoanue
JIOCTUTJIO 3HAYUTEIBHOIO YJIYUIIeHUs] POU3BOIUTEIbHOCTH. DKCIIEPUMEHTHI, IIPOBEJeHHBIE HA
MHOTOsI3LIYHOM HAbOpe JAHHBIX KOKTEMJILHOW BEYEPUHKHU, IIPOJIEMOHCTPUPOBAIN HAJEXKHOCTH
MOJIEJIM, TIPU STOM TOYHOCTL jocruryia 97,6% s nabopa JaHHBIX BOCTOYHOIO s3bika u 75%
A7 UMHATUPOBAHHOTO Habopa JaHHBIX KOKTEWILHON BedepwHku. Kpome TOro, wucciaegoBanume
noguepkuBaeT 3PpHEeKTUBHOCTL (POKAJIHHON TOTEPU B YJIYUINIEHUU NPOU3BOIUTETHLHOCTH MOJIEIIU,
ocobeHHO TIpu 00paboTKe crieHapueB HecOaJaHCHPOBAHHBIX JIAHHBIX. HejmaBHUE TOCTHXKEHHS B
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obsiacTu OOHADYKEHUS sI3bIKA, JIJIsi KA3aXCKOTO U PYCCKOTO $3BIKOB TAKXKe IMPOJIEMOHCTPUPOBAII
3P HEKTUBHOCTD TOJXOMOB IJIyOOKOTO 0O0yYeHUs. Hpyrue paborsr |16, 17| wucmosbzoBamu
PeKyppeHTHbIE HEHPOHHBIE CETH C JOJIOBPEMEHHOW KPATKOCPOYHONW MAMATBIO i PA3JIUIEeHUs
Ka3aXCKOI'0 U PYCCKOTO $3bIKOB B HOBOCTHBIX JAHHBIX. VX Mojesib, OOyUueHHasi Ha CEerMeHTax
JUTMHON BCEro 2 CEeKyHbI, JOCTUTIa TOYHOCTH 86% JIsi Ka3aXCKOTO $3bIKA, 9YTO IOIEPKUBAET
noreHnuas Mmojeseir na ocHose LSTM B 00paboTke $3BIKOB C OrpAHUYEHHBIMH DPECYPCAMH.
Eme oo uccienosanune [I8] 6b110 cocpeporodeno Ha uieHTH(MUKAINA A3bIKA B KOMMEHTAPUSIX
Ka3aXCTAHCKUX HOBOCTHBIX ILIAT(OPM, TJie OOBIYHO HCIOJB3YIOTCH KAa3aXCKUil W PYCCKUN SI3BIKH,
YACTO C TIEPEKTIOYeHNeM KOJa. ABTOPBI MPEJIOKWUIN JIBYXITAMHYIO CTPYKTYPY, COUETAIOINTYTO
HEKOHTPOJUPYEMYIO HOPMAJIM3AIUIO U HAUBHYIO OafleCOBCKYIO KJiacCuDUKAIUIO, a TaKXKe MOJIeJb
rIyboKoro o0ydeHmst ¢ ucIoJsb3oBanueM cereit LSTM s kiaccudukamun Tekcra. VX momxon
VILYHIINJI COBPEMEHHBIE PE3YJIHTATHI I10 KA3aXCKOMY S3bIKY, ITOTYEPKHYB 3MPEKTUBHOCTH COYeTaHUS
TPAJIUIIMOHHBIX METOIOB U METOJIOB TIyOOKOI0 00y YeHHUsI JJIsI MHOT'OSI3BITHBIX 1 CMEIIIAHHBIX TEKCTOB.
OTa pabora OCOOEHHO aKTyaJibHA JJIsT IPOJBUXKEHHUsI SI3BIKOBOH HIAEHTU(MUKAIMU B CIEHAPUAX C
OTpaHUYEHHBIMU PECYpCAMHU U IMEPEKJI0UeHnEM Koja. Kpome TOro, MCIOIb30BaHUE i-BEKTOPOB
U X-BEKTOPOB OBLIO IIHPOKO PACHPOCTPAHEHHBIM IIOJIXOJIOM B CHCTEMAaX HJIEHTH(MUKAINN SI3bIKA
u ropopsimiero.  VHTerpaimsi 3TuX MeToioB Oblia ucciaenoBaHa B 3r1oit pabore [19].  Asrops
IPOIEMOHCTPUPOBAJIM HAJIEKHOCTL CUCTEeM i-BekTopoB mpu npumenennu K LID. Hecmorps na
UX yCIeX, OorpaHmdeHHss B 00pabOTKe KOPOTKUX BBICKA3BIBAHWUN U IIYMHON CpeIbl IIPUBEIU K
JaJIbHEHIeMy pa3BUTHIO B 3TOi 0OJIacTH.

st ipeomoiernst MpobJIeM sI3BIKOB ¢ HU3KUMEU PECYPCAMU KPOCC-SI3BIKOBBIE MOJIEJIH, TAKUE, KaK
CLSR, cranu 6osee adpdexruBabiM pererneMm. XLSR ocnoBan Ha dpeitmBopke Wav2Vec2, dro
[IO3BOJISIET COBMECTHO HCITOJIb30BATEH PEUEBbIE MPEJICTAB/IEHUs] HA HECKOJBKUX sI3bIKAX, UTO JIEJIaeT
ero 0cobeHHO MOIIHBIM HHCTPYMeHTOM Jjijist LID B MHOrosispranbix yciaosusx [9]. Ilenbio gannoro
UCCTIEOBAHUS SBJISIETCS JIEMOHCTPAIINS YJIy IIIeHN KAK TOYHOCTH, TaK ¥ HAJIEXKHOCTH IIyTeM TOHKOM
nactpoiiku XLSR Ha paznuunbix Habopax JaHHBIX, BKJIIOUAst HEJIOCTATOYHO [IPEICTABICHHBIE SI3bIKH,
Takue, KaK Ka3aXCKUil.

3. METOI0JIOI'NA

B srom pazzesne paccmaTpuBaioTcst HAOOPBI JAHHBIX, UCIIOIb3yeMbIe It HACHTH(DUKAIINN T3bIKa,
BKJIIOYasi Ka3aXCKWU s3bIK. TakyKe B HEM PacCMaTPHUBAIOTCS METOIOJIOTUH, WCIOJIb3yeMbIe JIJIst
pa3pabOTKN MOIEIN UACHTU(MUKAIINN sI3bIKa Ha OCHOBE TOHKOW HACTPONKN MOen wav2vec2.

B ocHOoBe Momenm JexKuT mIpeobpasoBaTeIb-KOAEP, KOTOPHIM 00pabaThIBAET KBAHTOBAHHBIE
IpU3HAKH W (PUKCHPYyeT KakK JIOKAJbHBIE, TaK W IJIODAJbHBIE 3aKOHOMEPHOCTH B PEYd.  ITO
ITO3BOJISIET MO 00pabaThIBATD OCJIEI0BATEILHOCTH PA3JINIHON JITMHBI U IMOHUMAaTh KOHTEKCT
3a IpelesiaMi OTIEIbHBIX 3BYKOB. Kpocc-sisbikoBast npupona XLSR mosBossier Momenn usydarh
obre mpeCcTaBIeHnsT HECKOJbKUX sI3bIKOB, UTO JIE/IaeT €€ UACAJbHON apXUTEeKTYPOU MOJIENH JIJIst
zasad LID. OkoHuaTeIbHBIN BBIBOJ] CO3/IAETCsT KJIACCH(PUKAIIMOHHON TOIOBKOM, KOTOpast OIpeIessieT
HauboJiee BEPOSITHBIE ITOCJIEYIONINE TOKEHBI. DTa APXUTEKTYpa IO3BOJISIET MOJIEIU JIOCTUTATh
BBICOKOII TOYHOCTU B HﬂeHTHCbHKaHHH A3bIKa, I/ICHOﬂb3yH O6H_[I/Ie 3aKOHOMEPHOCTH B A3BIKaX C
BBICOKUM U HU3KUM pecprOM.

Habop manHbIX, HCIHOJB3YyeMBIH i 3TOH MO N UACHTUMUKAIMA S3bIKA, OBbLT COCTABJIEH
U3 HECKOJbKUX HMCTOYHUKOB, YTOOBI 0ODECHeYNTh BCECTOPOHHEE WM Pa3HOOOpa3HOe IIpeacTaBjIeHNe
si3bikoB.  OcHOBHOI Habop panubix, VoxLingualO7 [20], 661 BeiGpan n3-3a ero oBIIMPHOIO OXBaTa
MHOTOSI3BITHBIX JAHHBIX B 3a/1aUaxX UAeHTU(MUKAIINY sI3bIKa. JljIs majapHeimero yaydineHus: Habopa
JaHHBIX 6bI.HI/I IIOJIyY€eHbI JOITOJIHUTE/IbHBIC JJaHHbIC JIJId PYCCKOI'O U AHTJINICKOTO SI3BIKOB U3 Ha60pa
narnabix Common Voice 17.0 [2I]. st kazaxckoro si3bika ucroJib3oBasics Kopiryc kazaxckoil peun 2,
paspaboTaHHbIil HccsenoBaTesbekoil aboparopueit ISSAI B Hazapbaes Yuusepcurere [22]. Habop
JAHHBIX OXBATBIBAET IIECTh A3BIKOB: Ka3aXCKWUM, PYCCKUMN, aHTVIMACKUNA, UTAJIbAHCKUNA, UCIIAHCKUNA 1
KOpeficKuil. DTH A3bIKKM ObLIM BEIOPAHBI Ha OCHOBE MX PEJIEBAHTHOCTU 3aJa4e. BLLIu mpeaipuHsThl
COTJIACOBAHHBIE YCUJINS, YTOOBI rapaHTHPOBATH, YTO UTAJIbIHCKII, NCIAHCKUN U KOPEHCKUI SI3bIKI
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TakKe ObLIN IPEJCTAB/ICHBI B HAOOPE JAHHBIX JIJIsl TOJJEPXKAHUS PA3HOOOPA3us U HAJEKHOCTU B
3aja9€e UIACHTUPUKAINN SI3bIKA.

st obecriedeHnsi BBICOKOKAYECTBEHHOIO BBOJA B MOJEIb WICHTU(MUKAINN S3bIKa ObLIN
[NPEIIPUHATEL MIAard M0 IpeaodpaboTKe JaHHBIX. Aymauodailabl U3 KaxkKIoro Habopa JaHHBIX ObLIN
KOHBEPTUPOBAHBI B eauHbIi dhopmar WAV ¢ wactoroit muckpernzarmu 16 kI'1, 9T06BI 06ecednTh
COBMECTUMOCThL C Mojesibio wav2vec2. IIpomomkurenbHocTh ayaunodaiiioB Oblaa HpUBEIeHA K
guanazony or b o 30 cekynjy, 4TOObI M30€KATh IIEPEKOCOB M3-3a YPE3MEPHO KOPOTKHUX WJIN
AnuHHbIX daitmoB. CTpyKTypa HabOpa JAaHHBIX ObLIA OPraHU30BaHA CJIELYIONIM 00pa30M: KarKIast
Ianka COOTBETCTBOBAJIA OIPE/IECJICHHOMY SI3BIKY, & BHYTPHU Hee ayanodail/ibl 1 COOTBETCTBYIOIINE
TEKCTOBbIE AHHOTAIIUN OBLIH CTPYKTYPUPOBAHBI C UCIIOJIb30BAHNEM yHUKAJIBHBIX UICHTU(MDUKATOPOB
JUIs yrpoleHust oopaboTku. CTaTucTUIeCKHe TaHHbIe 10 00y IAOIMINM U TeCTOBBIM HabopaM JaHHBIX

npuBedeHbl B Tabaumax 1 u 2.

Tabpiuiia 1 — CraTucTuka no Habopy obGydalomnux JaHHBIX

Obi1asa Cpennsst MuH. Makc.
MeTka Bcero aymo IIPOJOJI2KU- IIpPpOadOJI2KU- IIPOaOJI2KU- IIPOOOJI2KU-
TeJIbHOCTb TEeJIbHOCTDb TEeJIbHOCTb TEeJIbHOCTb
(s) (s) (s) (s)
kk 42 506 357 510.61 8.41 1.00 24.78
ru 24 969 295 473.74 11.83 1.52 20.00
es 25 439 243 771.40 9.58 1.15 20.00
it 3 181 30 211.77 9.50 2.00 20.00
en 2677 29 124.43 10.88 1.97 19.98
ko 3 018 27 188.59 9.01 1.72 20.00
O6mmii 101 790 983 280.54 9.66 1.00 24.78
Tapnuua 2 — CraTucTukKa 1o TECTOBOMY HabOpy AJaHHBIX
OOG1aa Cpennsst Mumn. Makec.
Merka Bcero aymo IIPOOOJI2KU- IIPOaOJI2KHU- IIPOaOJI2KU- IIPOaOJI2KU-
TeJIbHOCTb TEeJIbHOCTDb TEeJIbHOCTb TEeJIbHOCTb
(s) (s) (s) (s)
kk 10 568 89 112.31 8.43 1.00 24.58
ru 6 354 61 122.64 9.62 1.22 20.00
es 673 7 243.62 10.76 2.37 20.00
it 824 7 964.66 9.67 2.00 19.86
en 6 301 74 041.94 11.75 1.41 20.00
ko 731 6 849.41 9.37 1.81 19.76
OO6unii 25 448 246 334.57 9.68 1.00 24.58

HabGop mannbIx ObLI paszieneH Ha oOydaonmii 1 TecToBblil Habopbl, 80% BBIIEICHO I 00y YeHMsT
u 20% s3apesepBUPOBAHO JJjisl TECTUPOBAaHUA. PasHooOpasue u pasmep Habopa JAHHBLIX ChIPAJIK
pelIaloNIyl0 pojib B obecliedeHrr OOydYeHUs] MOJE/NN Ha PEIPE3eHTATUBHOM HAOOpPe SI3BIKOBBIX
BbICKA3bIBAHU.

4. PESVJIBTATHI I OBCYZKJIEHNE

O6ydenre TPOBOIUIIOCH C WMCIOJIb30BanneM ontuMuzaTopa AdamW co CKOpOCTbIO 00ydeHusT OT
3 mo 5. Kosddbunuent pasorpera, papubiit 0,1, ObLI IpUMEHEH [Jisi ITOCTEIIEHHOIO YBEJINYeHUsT
CKODOCTH ODYYeHWsI 10 CPABHEHWIO C HAYAJTBHBIMU 3TallaMW, 9YTO BaXXHO JJIsT JIOCTUXKEHUSI
CTaDUJILHOTO OOy JIEeHUSI. Mogiens obydajach B TedeHWe 25 MEPUOJOB BPEMEHH HA OJHOM
rpauvIecKoM IpOIeccope, MPU 3TOM pa3Mep IMakKeTa JJisi KaXKJOro yCTpoicTBa cocTapjsia 64, a
KOJIMYECTBO IIANOB HAKOIUIEHUS rpajueHTa - 4, 910 3(pPEKTUBHO YBEJIUYUBAJIO pa3Mep ITaKeTa.

JI.H. T'ymuieB arbingarst EYY xabapuibicbl. MaTeMaTnka, KOMIBIOTEPJIK FhIIBIMIAP, MexaHuKa cepusicbl, 2025, Tom 150, Nel
Becrnuk EHY um. JI.LH. 'ymunesa. Cepusi MaremaTuka, KOMIbIOTepHBbIE HayKu, Mexanuka, 2025, Tom 150, Nel
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Jlns onTUMUBAIMY UCIOJIB30BaHUS MAMSATH TpadUaecKoro IIPOIeccopa U CKOPOCTU ODyueHus
HCIIOJIF30BAJIOCH CMEITAHHOE ITPenu3noHHoe obyueHne. KoHBepreurus obydeHusi U OTEPsi OIECHKU
BO BpeMsi 0DOyueHusi MOJIeJIN 1MoKa3anbl Ha Pucynke 1.

Training and Evaluation Loss Over Time

—— Training Loss
1.6 Evaluation Loss

1.4

1.29

1.01

Loss

0.81

0.6 \
0.4

0.2 4 Pt nc o onl

o 2000 4000 6000 8000 10000
Steps

PucyHok 1 — KouBepreHnnusi o6y4yeHusi U [OTEPsI OLIEHKU BO BpeMsl O0ydYeHUus MOIeJiu

B xoje mporecca orciiekuBainch Kak oOydeHHe, Tak U oleHka. llorepn oOydeHHsI HEYKJIOHHO
CHIZKAJINCh C TEYEHHEM BPEMEHH, a IIOTEPH OIEHKN CJIeJ0BaJi aHAJOTMYHO TPAEKTOPUH, UTO
yKasbiBaeT Ha 3(pdeKkTuBHOE 00yUeHne N XOPOIILYI0 CXOJMMOCTh MOJeIH. PaHHSIsT OCTaHOBKa He
noTpeboBaIach, IMOCKOIbKY He ObLI0 HUKAKHX CHIHAJIOB II€Pe00yUeHHs! Ha IIPOTSKEHNH 25 SIIOX.
Onenka Touno HacTpoenHoil Mogean XLSR npoBoaniack myTeM cpaBHEHHsI €€ IPOU3BOIUTEIHLHOCTH
¢ meckospkumu Mozersivu Whisper (Tiny, Small u Large Whisper-3) [23] ¢ ncnonb3oBammem Toro
JKe TeCTOBOro Habopa JaHHbIX. OCHOBHBLIMH METPUKAMH, MCIOJIB30BAHHBIME JJIsi CPABHEHHs, ObLIN
TOYHOCTH, IPEIU3NOHHOCTD, OT3BIB U OleHKa F'1, KoTopble ObLIN MNPOKO MPHHSTHIMA MEPAMH [T
3819 KJIACCH(UKAIN, TAKNX, KaK HIeHTHdnKams s3bika. CpaBHEHnE Pe3yIbTaToB, MOy I€HHBIX
C TIOMOITIBIO MOoJIesell, mpeacTaBieHo B Tabmie 3.

Tabpsiuja 3 — CpaBHeHUEe NPOU3BOAUTEIBHOCTH MOJEJEH

Moetn TouyHOCTH ToyHOCTH ITonnsoTa OIIEHKa
(Accuracy) (Precision) (Recall) F1
Tiny Whisper 0.63 0.90 0.63 0.62
Small Whisper 0.76 0.92 0.76 0.79
Large Whisper 0.85 0.91 0.85 0.86
Fine-tuned Model 0.93 0.93 0.93 0.93

Tiny Whisper: mecMOTpsi Ha JOCTH2KEHME BBICOKOH TouHOocTu 0,9, oHa IOKa3ajia OTHOCUTE/IHHO
Hu3Ky0 To9HOCTb 0,63 u omenky F1 0,62. D10 roBOpUT O TOM, UTO, XOTS MOJIEJIb MOIJIA XOPOIIO
IIPEJICKAa3bIBAThL OIIPEJIe/IEHHbIE S3bIKU, €e 00Imasi CIOoCOOHOCTH K MOJHOTE U 0000IeHuo Onlia
OT'PaHUICHA.

Small Whisper: 3Ta MOJe/b TPOJEMOHCTPUPOBAJIA Pa3yMHOE VIIyUIIeHHEe M0 CPaBHEHUIO C
Tiny Whisper ¢ Tounocteio 0,76 u omenkoit F1 0,79. 3HavueHus MOJHOTBI U TOYHOCTUA OBLIH
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cOaJIAHCUPOBAHBI, YTO YKA3bIBACT HA JIyUIIYIO IIPOU3BOIUTEILHOCTD B OlIpeieieHnn 0oJiee IMIUPOKOro
Jmana3ona s36lKoB. OJIHAKO OHA BCE €Ie OTCTaBaJja C TOYKU 3PEHUs O0IIel TOIYHOCTH.

Large Whisper-3: kak u oxujajocb, wmojeiab Large Whisper-3 mnokaszajia 3HaYUTE/bHBIE
yaydirenns Kak B Tounoctu (0,85), Tak n B orenke F1 (0,86). Dra Moaens obecetniia 6osee CuIbHbBIE
BO3MOYKHOCTHU HJIEHTHUMUKAINN $3bIKa, HO ycrynmia momesin XLSR ¢ Touku 3peHus mosHOTHL U
00111l IPOU3BO/IUTEILHOCTH 110 BCEM S3bIKAM.

Fine-tuned XLSR: Mogens XLSR mpeszomnuia Bce Jpyrue MOJENH 110 BCEM ITOKA3ATEJISAM,
nocrurayB Tounoctu 0,93 m omemkm F1 0,9293. D710 ykaspBaeT Ha TO, UTO IPOIECC TOHKOI
HaCTPOWKHM HA PA3HOOOPA3HOM MHOTOSI36IYHOM HAOOPE JAHHBIX, 0COOEHHO BKJIIOYAST SI3BIKU C HU3KIUMEI
pecypcamu, Takue, KaK Ka3axXCKUil, 3HAYUTEIbHO YJIYYIIII CIIOCODHOCTD MO/ 0000IIaTh MEXKLY
sA3bIKAMU M 0DECHeYMBATH BBICOKYIO ITPOU3BOIUTEIBHOCTh B PEAJIHHBIX 3a/adax UJIeHTUDUKAIIIN
A3BIKA.

Jlist nasibHeinero MmoHMMaHUA BO3MOxKHOcTell mojesn XLSR ObLl mposejeH aHaaus3 OIIUMOOK,
9TOOBI BBISIBUTH OCHOBHBIE ITPUYMHBI HEBEPHBIX KJacCupuKamumii. AHaan3 ommbOK MOJIEIN BhISIBIII
OCHOBHbBIE MMPUYINHBI HEBEPHBIX KJACCU(MUKAIIUIN M BO3MOXKHBIE IIyTH UX ycTpaHenus. Hambosbiee
KOJIMYIECTBO OIMUOOK BO3HUKAJIO MIPU UACHTUMUKAIINN 36IKOB C BLICOKOH CTENeHbIo (POHETUIECKON 1
MOP(}OTIOrTIeCcKON CXOXKECTH, TAKAX KAK UCIAHCKUN 1 UTAIbSHCKHUN, IIIBEICKUN U TATCKUMA, 8 TaKXKe
PYCCKMIT U Ka3axXCKUii, 0CODEHHO B CJIydasiXx 3aMMCTBOBAHHBIX CJIOB. 3HAUUTENIBHAsT JOJIsT OIMMUOOK
OblLj1a CBsA3aHA C HU3KUM KAadeCTBOM JAHHBIX, BKJIIOYast (POHOBBIE MTYMbI, OOPBIBKU (ppa3 U apTedaKTh!
B ayamozanucsx. IIpobsiembl ¢ kiaccudukanmeil Takke HaOIOIAINCh TPU KOJ-CBUYUMHIE, KOTJIA
MOJIEJIb HEKOPPEKTHO MHTEPIPETUPOBAJIa CMEIIaHHble (hPa3bl, HAIIPUMED, Ha PYCCKOM U KAa3aXCKOM,
YTO CHUKAJIO TOYHOCTL. JIjmsl yirydineHusi KadecTBa KJIACCU(PUKAIUKA PEKOMEHIYETCsS YCUJIUTH
[IpeIBAPUTEILHYI0O 00PADOTKY JIAaHHBIX, BKJIIOYAs IIIYMOIIOJABJIEHNE, T00ABUTL OOJIbINIE IMPUMEPOB
KOJI-CBUYMHTa B TPEHUPOBOYHBIN HAOOD, a TaKXkKe PAaCCMOTPEThb HCIOJIb30BAHUE JIOMOJTHUTEIbHBIX
SI3BIKOBBIX ITPU3HAKOB U MEXAHU3MbI JIJIsi AHAJIN3a MYJIBTUA3BITHOTO KOHTEKCTA.

Kiroueroe npenmytiectso obyuenHoi mojesin XLSR 3axiouaercs B e€ criocobHOCTH 3(hDEKTUBHO
paboTaTh KakK C siI3bIKAMU C BBICOKMM YPOBHEM PECYpPCOB, TaK U C HU3KOPECYPCHBIMU SI3BIKAMU.
B To Bpemsi kak Momenu, Takme, kak Whisper, IeMOHCTPUPOBAJIM XOPOIIUE PE3YIbTATHI B
YCJIOBUSIX BBICOKOI'O YPOBHSI PECYPCOB, WCIOIH30BAHUE IIEPEKPECTHOTO S3BIKOBOTO MEPEHOCA B
moziesin XLSR mno3Bosimiio et 1oOUTbCst ycrexa jiayke ¢ s3bIKAMHU, JJIs KOTOPBIX OBLIO JOCTYITHO
OrpaHUYEHHOE KOJIMYECTBO JIAHHBIX JijIst OOyUYeHUs, TAKUMU, KaK KA3aXCKHUil. ODTO MOIIEPKUBAET
[IEHHOCTDb WCIIOJIb30BaHUsT OOIUX IIPEJICTABIEHUN MEXK/ly S3bIKAMHU, UTO SIBJIAETCS HEOTbEMJIEMOI
ocobennocThio apxuTekTypbl XLSR.

5. BBIBO/IbBI

B sToit pabore mojriepKuBacTCs UCKIIOUUTE/IbHAA IPEPHEKTUBHOCTL TOHKOW HACTPOMKHU MOIEIU
XLSR ju1si MHOTOSI3BIYHONM WJIEHTU(MUKAINNA SI3BIKOB € YIEJeHHEM O0CODOr0 BHUMAHMSI PEIICHUIO
mpobJieM, CBSI3aHHBIX C sI3BIKAMHM C OUPpAHMYEHHBIMU pecypcaMu. bJjarogapsi cTpaTerumyiecKoMy
HCIIOJIb30BAHUIO MEXK'bI3LIKOBOIO TpaHcdepHoro obydenus Moaeab XLSR 3HaYNTEIbHO IPEB3OIILIA
TPaJUIMOHHBIE MOJIEJIM, BKJIIO4Yass BapwaHThbl Whisper, HOCTHUI'HYB 3aMETHBIX YJIy4IIeHU
KakK B TOYHOCTH, TaK M B Iokazarenax F1. Takast MTPOU3BOIUTENBHOCTh JEMOHCTPHUPYET
3aMedaTe/IbHYI0  CIIOCOOHOCTH  MOJENU  CHPAaBJASITbCS C  PA3JUIHBIMH  JIMHIBUCTHYECCKUMU
CJIOXKHOCTSIMU, aJIAlITUPOBATBCS K HU3MEHUYMBOCTH PECYPCOB W IIOJJIEPXKUBATH HAJIE?KHOCTH B
IIIPOKOM CIIEKTPE sI3BIKOBBIX 3aiad. llojiydeHHbIe pe3y/bTarThbl MOLYEPKUBAIOT IPE0OPa3yIONLyIo
poab XLSR B mpeomosieHnu paspbiBa MEXKIY SA3BIKAMU C BBICOKOH M HHM3KOH PecypCcOeMKOCTBIO,
npejjiarasg Macirabupyemoe u 3@dEeKTUBHOE pelleHne i pa3pabOTKN IepPeI0BbIX MHOTMOA3BITHBIX
cucreM OoOpabOTKM pedn. DTa paboTa yKa3blBaeT Ha MHOIOOOEMIAIONINN MyTh K JeMOKPATH3aIlNN
JOCTYTIa K IIEPEIOBBIM SI3LIKOBBIM TEXHOJIOTUSIM JIJIsl HEJOIPEICTABICHHDBIX sI3BIKOB II0 BCEMY MUDY.

JI.H. T'ymuieB arbingarst EYY xabapuibicbl. MaTeMaTnka, KOMIBIOTEPJIK FhIIBIMIAP, MexaHuKa cepusicbl, 2025, Tom 150, Nel
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Kazak risiine aprasran Wav2Vec2 mozesin naiifiajiana oTbIpbIll, aybI3Iia ceijey TiJIliH
colikecTeHaipy

C. YMmGer ', 2K.M. Koxxkupbaes >
! Tpup ynusepcureri, Yausepcurercpunr kemeci 15, 54296, Tpup, Iepmannsa
2 National Laboratory Astana, Ka6an6aii 6aTsip ganrsuibl, 53, Acrana, Kazakcran

Anparna.  Byn zeprrey XLSR (Cross-Lingual Speech Recognition) WAV2VEC2 wmozenin
KOJIJIaHa OTBIPBIN, aybI3Ia TiIal ColikecTeHIipy MOJIEJIH o3ipJeyil »KoHe JI9J1 6anTayabl YChIHAIbI.
AnTbl Timml KaMTUTBIH Oaif »KoHe ajiyaH TYpJi JepeKTep >KUBIHTBIFBIHIA OKBLITBLIFAH, KA3akK
T CHUSKTBI PECypcTapbl TOMEH Tijijiepre epekiie Has3ap ay/apa OTBIPBII, MOJEIb KOM TiJii
ceiyieyi TaHyIbIH, KepeMeT MYMKIHIIKTepid Kepceredi. Ken OarajayIblH apKACBIHIA 1971 OalrTaaraH
MOJIEIb KOJIIaHbICTAFbl STAJOHJIAPJIAH ACBII KaHa KONMaiIbl, COHbIMEH KaTap Oacka 3aMaHayn
MOJeIbJAepaeH, coHblH, iminme Whisper myckanapoiman ma acein Tycemi. F1 92,9% xome 93%
JOJTKIIEH YKOFapbl HOTUKEre KOJI YKETKI3TeH MOJIe/Ib ©31HIH OHIMJIIITIH HAKThI KON T YKOHE a3
PECYPCTHIK, ClleHapuitjiepe KopceTeai. By KyMbIc coilyiey i TaHy TeXHOJOTUsIAPBIHBIH JaMybIHA
afiTapJibIKTall yec KocaJbl, 9p TYpJi TIIIIK opTaja, dcipece a3 YCHIHBLIFAH TIJIK KarIaiiap/ia
TSIl AHBIKTAYIBIH CEeHIMII mIenriMil yebiHaibl. OHBIH 2KeTicTirl wav2vec2 Herisingeri MoIe/ b Iep/IiH
pecypcTapbl TOMeH KOIT TiIJli KOHTEKCTepJe COUey/Il OHJey YKYUelaepiH KakcapTydarbl dJIeyeTiH
kepcereni. Ocbl TaJIayablH KOPBITBIHIBLIAPHEI KA3aK T VINIH OHTANJaHIBIPBLIFAH CeIeyIi
aBTOMATTHI TYP/Ie TAHYIbIH CEHIM/II XKoHe THIMJII »KyieIepin 93ipeyre bIKIaI eTyi MyMKin. MyHgai
TEXHOJIOTUSIJIAp OPTYPJI cajajapia, COHBIH IITiHJe coijeyl MOTIHTe TYpJAEHIIPY/Ie, TayBICTHIK
KOMEKIITJIEPiH KYMBICHIH/IA KOHE JAybICTBIK, OailIaHbIC KYPAIIAPBIHIA KOIIAHBLIAII.

Tvyiiin ce3nep: Tiyiai colikecTeHIIPY, aybI3IIa Cojiey TLIH ColKeCcTeHIipy, Ka3ak, Tijai, Wav2Vec2,
XLSR.

Identification of the spoken language using the Wav2Vec2 model for the Kazakh
language

S. Umbet !, Zh.M. Kozhirbayev 2
! University of Trier, st. Universitetsring 15, 54296, Trier, Germany
2 National Laboratory Astana, Kabanbay batyr ave. 53, Astana, Kazakhstan

Abstract. This study presents the development and fine-tuning of an oral language identifica-
tion model using the XLSR (Cross-Lingual Speech Recognition) Wav2Vec2 variant. Trained on a
rich and diverse dataset spanning six languages, with a particular focus on low-resource languages
such as Kazakh, the model demonstrates remarkable capabilities in multilingual speech recognition.
Thanks to extensive evaluation, the finely tuned model not only surpasses existing benchmarks, but
also surpasses other modern models, including Whisper variants. Having achieved an impressive F1
score of 92.9% and an accuracy of 93%, the model demonstrates its performance in real multilin-
gual and low-resource scenarios. This work makes a significant contribution to the development of
speech recognition technologies by providing a reliable solution for language identification in various
language environments, especially in underrepresented language settings. Its success highlights the
potential of Wav2Vec2-based models in improving speech processing systems in low-resource mul-
tilingual contexts. The results of this analysis can contribute to the development of reliable and
effective automatic speech recognition systems optimized for the Kazakh language. Such technolo-
gies will find applications in various fields, including speech-to-text conversion, voice assistants and
voice communication tools
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CPEJHUNE KBAJIPATTYECKUE ITOI'PEIMNIHOCTHU I1IO MEPE BAHAXA
BOCCTAHOBJIEHNA ®YVHKIINY KOHEYHBIMU CYMMAMN YJ/IEHOB
X TPUTOHOMETPUYECKUX PAT10B ®VPHE'!

H.Haypnoiz6aers'™, A.Illomanosa > * | H.Temuprauer
Hrnemumym meopemuyeckoti MamemamuKky U HAYYHLT svtuucaerull Eepasuticko2o HAUuonaibHo2o
yrusepcumema umernu JI.H. Iymunesa, ya. Kaorcowmyrkarna, 13, Acmana, 010008, Kasaxcman
*corresponding author: anarshomanova71@gmail.com,

Awunorarnus. B manHOll cTaThe m3ydaeTrcs 3ajiava BOCCTAHOBJIEHHS (DYHKIIUNA KOHETHBIMU
CyMMaMHU 9JIEHOB UX TPHUTrOHOMeTpuduecKuxX psijioB Dypbe OTHOCHTENHLHO BEPOATHOCTHBIX MEP
Ha (PYHKIIMOHAJBHBIX KJIACCAX, OCODEHHOCTBIO KOTOPBIX SIBJISIETCS HEBO3MOXKHOCTH HAXOXKIEHUSI
«cnexmpa 6oavwWUT KodPPHuyuermoss, 9eM u 00bsICHIIETCS PACCMOTPEHUE TTPOU3BOJIBHBIX «KOHEYHbLT
CYMM U3 4AeH08 PAdos Dypves.

[Ipobisiema BEpPOSITHOCTHOTO MEPOBBEJEHMsSI Ha KJlaccaX C UHIUBHUJIYAJIbHBIMU OIEHKAMU Ha
TpuronoMmerpudeckue Kodpdurmentel Dypbe ObLIa  pelieHa Ha OCHOBE (QyHIAMEHTATHLHOTO
xapakrepa cBoicrBa " Qynkyus moocem Ovims 3adana 060a%K0:  AubO KaAK NPasu.so, AubO KAk
noAnwt Habop mpuzonomempuveckur xoapduyuenmos Pypve" nz monorpadpuun B.M.Tuxomuposa,
ocrajbHoe 6bu10 " nemoM Texuukm".

[Tepexom k mocienoBaresbHOCTAM Ko dunmeHnToB Pypbe € MTPUMEHEHHEM  TEOPEMBI
A.H.KonmoropoBa 0 TpOJOIKEHMH Mep € KOHEYHBIX pasMepHOCTel MPOCTPAHCTB  HAa
OEeCKOHEYHOMEPHYIO, TIO3BOJIMJI BBECTH BEPOSTHOCTHYIO Mepy Ha KJIaccaX CO B3BEITEHHBIMU
kodddurmentamu Pypbe ¢ JOBEIEHUEM O OKOHYATEIHLHOr0, BIepBble mnocrpoeHHoro Credanom
Banaxom B Ilpmnoxkennn k wuure Cranmciaaa Cakca "Teopusi wmnterpama". 3mech Takke
MPEJIOKEHBI HEKOTOPbIe KOHCTPYKTUBHBIE JETaJIH MPOIECCa BEPOSITHOCTHOTO MEPOBBEICHNS.

Kuarouessbie cioBa: Tpuronomerpudeckue psiabl Pypobe- Jlebera, 3amanne (pyHKIIIN TOCPEICTBOM
mosiHOTO Habopa ero kodddurmentos Pypbe, BEPOATHOCTHOE MEPOBBEJEHNE Ha KJaccax (MyHKIINH,
BOCTaHOBJIeHNE (DYHKITHH B CPEIHEM KBAIPATHIECKOM.

DOTI: https://doi.org/10.32523 /bulmathenu.2025/1.2

2000 Mathematics Subject Classification: 41A65

1. BBEAEHUE

B coBpemennoit MaTemMaTnke CyIIECTBYIOT JIBa IOAXOJ/Aa B 3aJadaX BOCCTAHOBJIEHUS: TEOPETUKO-
(bYHKIMOHAJIBHBI U TEOPETUKO-BEPOSTHOCTHBINA.  [lepBhIil 1OJXO0M 3aKJ/0YaeTcs, 0 CYIIECTRBY,
B HAXOXKJEHUU HAWIYYNIUX B TOM WJIM HWHOM CMBIC/IE AarperaTtoB IPUOJUKEHUsS, KO/ 32
Mepy JIEHCTBEHHOCTH BBIYHCJIATEIBHBIX arperaToB Ha KAKOM-JIM00 (PYHKIIMOHAJIBHOM KOMIIAKTE
IIPUHUMAETCS MaKCUMaJIbHOE YKJIOHEHHE. O/lHaKO MOXKeT TOJyIUThCH TaK, YTO <ILJIOXO»

Ipagora Bbmonnena B pamkax npoekra No. AP19680525, dunancupyemoro Komurerom nHaykm MwuHuncrepcrsa
HayKH U BbIcImero obpasosanus Pecrnybsimkn Kazaxcran
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CPEJHUE KBAJPATUYECKUE IIOTPEIITHOCTH 10 MEPE BAHAXA BOCCTAHOBJIEHUSI ®YHKIIUMH ...

BOCCTAHABJIUBAEMBIX (PYHKIMI «MAaJjio», HO OHU JAIOT «OOJIBIIYIO» IOIPEIIHOCTD — 3TOT 3P MEKT Ha
IprMepe MOBEIEHNS TOJIOKUTEIbHON HEIPEPHIBHON IMCI0BOM (PYHKIIMN Ha OTPE3KE SICHBIM 00pasoM
nemoHcTpupyer Teopema o cpemHeM 3Hadennn GyHKIUA B Kypce MareMaTndeckoro aHajm3a. 1To
B IIepeHoce ¢ OTpe3Ka Ha (PYHKIIMOHAJIBHBIA KOMIIAKT IIPUBOJUT KO BTOPOMY IIOJIXOY, CBoeobpasune
KOTOPOI'O COCTOUT B TOM, UTO CAMH yTBEPXKIEHUsT 00 OTKJIOHEHUM BBITUCIUTEIbHBIX arperaToB OT
WCTUHHOI'O 3HAYEHUSI MPUOJIIMKAEMOT0 00bEeKTa MMEIOT COBEPIIIEHHO WHON BHU/I.

WNmenno, oneHwBaeTcss WHTErpajJ 110 BEPOSITHOCTHOW Mepe OT IOIPENIHOCTA OTKJIOHEHUST
BBIYUCINTEIbHBIX arperaroB OT HCTHHHOTO 3HAYEHHWs IPUOIMKAEMOro OObLEeKTa, B KOTOPOM B
KadecTBe [IePEeMEHHOI HHTErPHPOBAHNUS BBICTYIIAET (PYHKIMs, Tpoberaoras 3a/[aHHbIii KOMIAKT (CM.
[1-8] u mmerontytocst B HEX 61O ).

Panee wmsyuanace 3¢pHeKTUBHOCTL KBaJApaTypPHBIX (DOPMYJ OTHOCHUTE/IHHO Mepbl Buuepa u
HEKOTOPBIX JIPYIUX Mep Ha Kjaccax (yHKINi, B KOHTEKCTe cpaBHeHus ¢ meromoMm Monte-Kapiio,
3/1€Ch 2K€ 33J/1a9a BOCCTAHOBJIEHUsT (DYHKITUIA.

2. HEOBXOIUMBIE OITPEJAEJIEHNA 11 BCIIOMOTI'ATEJ/IBHBIE YTBEP2K/IEHI A

I[Mycrs  maHbBl  9UCIO s(s=1,2,...) U TOJOXKUTEJTbHAst  TOCJIEI0OBATENbHOCTD
g= {9m1,...,ms}(m1 me)eZs - Oupenemum knacc W (g) cymMMupyeMbix u 1-IE€pUOJMYECKHUX 110
LARAS] S

KaxKJI0il u3 s nepemenubix gyukmit f (x) = f(r1,...,Ts) Takux, 9TO

Z ‘f(ml,...,ms)

(m17~--ams)€ZS

2 2
gm1,...,m5§17 (1)

rae (m,z) =ximi+... +xsms,

~ ~

1 1
f(m)=f(my,...,mg) :—/0 /0 f(xl,...,xs)e_Qﬂi(m’x)dxl...d:Us

— Tpuronomerpudeckue Koadpdunuentol Pypoe- Jlebera.
Cpazy ke OTMEeTUM, UTO B CJIyUIae CXOJUMOCTHU Psijia

> g

mezs
kimacc W (g) cocrour w3  HeNpepbBHBIX  DyHKOuil ¢ abCOMIOTHO  CXOJSIIIUMUCS
Tpuronomerpudeckumu psigamu Oypoe

> )< (S [Femf ) (3 o

mezs meZzs mezZs

[SIE
N

[TpuBesieM mpuMepbl KJIACCHYECKUX KJIACCOB, cojepxkaruxcs B W (g) .
r
Ionarast 3xeck u Beroy Hike m1; = maz {|my|; 1}, nupu g, = (M3 + ... +M2)? nonydaem
Kunacc Co6osieba W5 (0,1)° (r > 0,s = 1,2,...), 110 onpeieeHIIO, €CTh MHOXKECTBO BCex 1-
2 ) ) )<y ) p )
HMEPUONIECKIX O KaxK 10l nepemennoii dbyukmuit f(z) = f(z1,...,2s) Takux, 910

(mi+ ... +m2) <L.

S
mezZs

Coayuait g, = (Mmy-....7M,)" 1mOpoxKIaer
Knacc CobGosieBa ¢ JoMuHMPYIOei cMemanHoii npoussoguoit SW5 (0,1)% (r > 0,5 =
1,2,...), IO OIpeIeJIeHUIO, €CTh MHOYKECTBO BCEX 1- I[IepHOJMYecKUX II0 KasKIoi IepeMeHHO
) ) ) )
dbyukuumit f(x) = f(x1,...,2s), I KaXKJIOH U3 KOTOPBIX BBIIOJHEHO HEPABEHCTBO
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P 2
— — \2
3 )f(m)‘ (T7T1-) 2 <1
meZs
yCTaHOBI/IM B3aNMOOJHOSHaYHOE COOTBETCTBUE

f(m) = / f(z) cos2m (m,x) dr + i / f (x) sin2m (m, ) dx=an, + iy <> Ym = (am, bm) € R?
[0,1]° [0,1]°

Mexry MHOKecTBamu W (g) u npu Iym|2 = a2, + b2,

Qg9) = {Umbmezs > lym|” g2, <1 ¢ - (3)

m=(mi,....,ms)EZL*

Onpenennmv Mepy Banaxa Ha MHOXKECTBE S-MEPHBIX TOCsIenoBaTebaocreii ) (g), crano ObiTh, B
cuiy (2), u Ha dyHKIHOHAIBLHOM Kiaacce W (g).
Mycts T={T}}{>] ecth BospacTaiomas noc/ie0BaTeILHOCTD HEMYCTHIX KOHEWHBIX MHOMKECTB

', CZ?%, obbenunenne KOTOpbIX ecTb Bece Z°. Hepes v, =: |I'y| obosnaunm uuncio rouek B Iy .
[Tycts j(m) ecrb nocsenoBaresbaoe bukcupoBannoe ynopsigouerne I'p, 3arem [o\T'q, ..., T'x\
Ik_1,.... Torma kaxapiit HAGOP (S-MEPHYIO MOCJIEI0BATETLHOCTD )
Y = {Ym}tmezs (4)

KOMIIJIEKCHBIX HCEJI, C YI€TOM PABEHCTBA Y = Qj(m) + 10j(m) , Oy/leM cuuTaTh 1MpeJCTaBIeHHON B
BHUJI€ YHUCJIOBOH IIOCJIE/I0BATEILHOCTHI

y:(al,bl,...,an,bn,...). (5)

Yepesz Q(g;T') obosnaumm MHOXKecTBO Beex Habopos (1)-(5) rakux, 4ro

o0
S (@2 + 1) <1,
n=1
rae {9}t ecrn momobuoe (4)- (5) pasnoxenue {9mi.oms t (my,.. .m.)ezs B WCIOBYIO OJHOMEDHYIO
nocsiesioBaTebocTh 10 {1 1S .
IIycTb
o0
My = § (a1,b1, s, by,) ERP™ 2y (a +b7) g7 <1 ¢,
n=1

a L (M, pug) ectb o-anrebpa BceX M3MEPHUMBIX B CMBICJE 2V -MEDHOIl MePBI  fif, IIOJIMHOYKECTB
E,, muoxecrsa M, C R?k .

Wsmepumoe  IpOCTPaHCTBO Qg;T) OIpesieJIUM  KaK  HAWMEHBIIYIO o -aarebpy
B Qg), colepKaIyo o -anaredpy L (Mg, px) HUIUHAPUYECKUX — MHOXKECTB
(k =0,1,2,..., Exel (M]g,,u,k))

S (Ek) = {(al, by, cees bl,k, . ) EQ(Q) : (al, bi,..., Qyy byk) EEk} .
Corytacao O6meit Teopeme Kosmmoroposa o mpojosizkerun Meps 9],
Kaorcdan uz seposammocmmuvix mep - wa udmepumom npocmparcmese  Q(g; Ty p)  00nosnauro
ONPeEdeNIEMCA 3a40GHUEM NOCAEA0BAMENLHOCTIU GEPOAMHOCHLLL MED [ Ha My maxuxz, wmo
ons ecex k(k=0,1,2,...) uecex FEReL (M, pr) Hapady ¢ pasencmeom
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1 (S (Ey)) = px (Ex)

6BINOANHERO caedyrowee Yycaogue cozaacosannocmu (I =1,2/...):

Vi41
wr (Er) = fra (al, bi,...s a,,kﬂ,b,,k“) ER%k+L . (a1,b1,...,a,, by, ) EEL, Z (a% + bi) gigl
n=0

(6)

Hasee, B citydae abCOMIOTHO HENPEPBIBHBIX, OTHOCHTEJNBHO J1e6eroBoii, Mep py  yciaoBus (6)
puobpeTaioT 6osIee 0603PUMBII BU T, TTO3BOJIAIONII 9 (DEKTUBHO CTPOUTH COOTBETCTBYIOIINE MEPHI.

Nwmenno, B cumy Teopembl Pagona-Hukomuma st Kazkaoro k HaiiayTcest onpesenennbie Ha My
U3MepuMbIe B CMbICTIe 2V -MepHOit Mepbl Jlebera neorpuiaresbubie byHkiun ¢y (a1, bi, ..., 4y, , by,)
Takue, 9To

o (Er) :/E‘ Pk (7)

I TOTJA JITs [}, -H3MEPUMBIX MHOKecTBa T'CM; u dynxumn 1 : My, — R!

/ ¢ (ah blv ceey al/k) bljk) dlufk‘ (a17 blv ceey a’l/k) bl/k) -
T

= / Y (a1,b1,...,an,, by, ) ok (a1, b1, ..., 4y, , by, ) dardby...day, db,, . (8)
T

Jlerko BHJIeTh, 9TO TOI/IA YCJIOBHsI COryIacOBaHHOCTHU (6) mepeiiiyT B yCJaoBHs

(Y25 (al, bl, ceey al,k, byk) = / Pk+1 (al, bl, ceey ayk+1, byk+1) dal,k+1dbl,k+1 Ce. dauk+1dbyk+1, (9)

Ag,
riue
Vi+1 Vi
A=Ay (a1,b1, ..., ay,, by, )= (ayk_H, bugt15e -5 Aoy s ka+1) : Z (ai + bfl) gﬁgl—z (ai + bi) gz
n=vi+1 n=1

B cBoo ouepenn, dyHKumu @k, yaosiersopsiomue yciaosusMm (7) m (9), MOXKHO 3a/aTh
nocpescrsoM dyukmit ty (aq,b1, ..., ay, , by, ) TAKUX, 9TO

/ tk+1 (al, bl, ceny al,k+1 y byk_H) da/yk+1dbyk+1 e da/l/k+1dbyk+1 =1 (10)
Ay,

Jutst ouTH Beex (ag, by, ..., ay, , by, ) €M} , Torna

k
Pk (al, bl, ceey al,k, byk) = H tn (al, bl, vy Ay byn) s (11)
n=1

npudeM BolnosiHenne yeaosuii (7), (9) skBuBajeHTHO BbiosHenuio yeaosuii (10) -(11).
B urore, BeposiTHOCTHOE MEPOBBeIeHIEe Ha Kiacce (DYHKIHIA Ha OCHOBE MOHUMAHUs (DYHKIINHA KAk
10JIHOTO Habopa TpUroHoMerpudecknx Koddduruenros Pypre-Jlebera nposogurest no cxeme (1)-

(11).

pu sagauubiX  {gm}pezgs, I'= {Te 1 ¢ TpCTky1CZ°, wmommocts Tyl = w,
U T = Z°, o={¢(a1,b1,...,ay,, bl,k)};rg or dynkmun f (r) Kak COOTBETCTBHUSA 110
-~ (o]
npaBmily f SKBUBAJEHTHLIM 00pPa3oM IIEPeXOIUM K IOC/IeI0BATETLHOCTIM { f (m(”) )} u
n=1

{(an (f) bn (F) 01
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n=1

@) o {Fom)  EOES L) o (F(m®) L F (m).
f

f
R Am(”) =an n
7 (m(”’““)) ’> F(m™)=an(£)+bn(F) {(an () bn (F)I2, =

:(al(f)7b1(f)?"'aan(f)7bn(f> "'):(al(f)7b1(f)7--'7al/1(f)ablll(f)a"'v
Ay +1 (f)abukJrl (f)v---aauk+1 (f)vbuk+1 (f)a)7

JaJjiee K nHTerpaJjiamMm

= / w(a17b17"‘7an7bn7'")duﬂ(alab17'"7an7bn7”'):

= lim / Y (ai,bi,...,ay,by,0,...,0,.. )dug o (a1,b1,...,ay,,0b,,0,...,0,..) =

= lim / Y (a1,b1,...,au,b,,0,...,0,...) ¢ (a1,b1,...,ay,,by,)
M, = {(al,bl,...,auk,byk)GRQVk :
ey (a2 4 02) g2<1}
daydb, .. . day, dby, . (12)

Takum  obpaszom, 3amaHHe IIEJOT0  TOJOKHUTEJIBHOTO S,  S$-MEpPHOH  ITOJOXKUTEIbHOM
HOCJIEIOBATEILHOCTH  §= {gm, ~--ms}(m1 me)EZS * Bo3pacTamoIleil K Z° 10oC/en0BaTe IbHOCTH
e yeeey s

HerycTbix Koneunbix muokectrs I'={T;}/> u nociemosaremsnocts dbynxmuii ®= {pp 5,
IIOPOZK JAIOIIHE COIIACOBaHHbBIE Mepbl ik (E) 1= || 5 ¢k dynknmonaneueii knace W(g) npespamaer
B IIPOCTPAHCTBO ¢ Mepoit Banaxa, koropyio obosnaunm depes W(g;T', @) .

Ormernm, 4ro ciydait, korga ty (a1, b1, ..., ay,, by, ) He 3aBHCHT OT (a,,k_lﬂ, buy 41y e Qs ka-)
usyvasicst C. Banaxowm [6] (cm. Takxe [7-8]).

3. OCHOBHBIE PE3VJIBTATHI

Yepes Ay (z; f) = Zmerk f (m) 2™ M%) 6603HAUNM KOHEUHYIO CYMMY, COCTAB/ICHHYIO U3 UICHOB
TpUroHomerpudeckoro psiyia Pypoe-Jlebera cymmupyemoit u 1-nepuoanveckoii 1mo KaxkJIoil u3 s
nepeMeHHbIX dyHKIMH f ().

CupaseinBa
OcuoBHast Teopema. [Ipednonostcum, wmo sadano gyrkyuonasvroe npocmparcmeso W(g; ', @)
c wmepoli Banwava — p=pgre = [y - Torma st cpefHero KBaJpaTUIECKOTO TIO Mepe

Banaxa L%(0,1)°- yxaonenus dynwyuu f(x) om xomeunot cymmo. Ay (x5 f) wnenos ee
mpuzonomempuueckozo pada Qypve umeem mecmo pasencmeo (g = Goi—1 = §2;)

. 2 _
|15 @ = A ) By duara (1) =
W(g:l',®)
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2ut_2|I‘t
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4. BAKJ/IIOYEHUE
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boJiee MOAPOOHBIM M3JIOYKEHHEM B KOHCTPYKTHBHBIX J€TaJIsIX, BbIHECEHHBIX B OCHOBHYIO TEOPEMY,
KOTOpasi JIONYCKAaeT MHOTOYNC/IEHHbIE KOHKPETU3aIUU, BKJIFOUas IPUBEIEHHbIE 37eCh Kjaacchl W n
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D yHKIUIIAPABI TPUTOHOMETPUSINBIK Pypbe KaTapjaapbIHbIH MYIIEJIePiHiH, aKbIPJIbI
KOCBIHIBLIIAPBI aPKbLIbI KYBIKTAYIbIH Banax eJireMi GobIHIIIA OpTaIlia KBAaIPATTHIK,
KaTeJgikTepi

H. Haypnizbaen, A. IllomanoBa, H. Temiprasuesn
JILH. T'ymues atoingarsl Eypasust yITTBIK, yHEBEPCUTETIHIH, TeOpUIBIK MATEMATHKA KOHE FHLIBIMU
ecenreyiep MHCTUTYTHI, KaxkbpiMyKaH kerl., 13, Acrana, 010008, Kasakcran

Annoramuga. Makamaga GyHKIUIAPILI 0JaP/IbIH, TPUTOHOMETPHUSIbIK Pyphe KaTapaapblHbIH
aKBIPJIbI  KOCBIHJBLIAPBI apKBLIBI  «yuaken koaddunyuenmmep cnekmpiny aHbIKTAY MYMKIH
eMecririnen Oypbe KATapJIAPLIHBIH, Ke3 KEJIT€H <«aKbiPAbL KOCOHObLAAPbIHY 3€PTTEY KAXKeTTLTIriMeH
epeKIe/ieHeTiH  PYHKIUIAP KAACCTAPBIHIA AHBIKTAJIFaH bIKTUMAJIIBIK, —OJIIeMIep OOMBIHIIA
JKYBIKTay MOceJIeci KapacThIPbLIAIbI.

Tpuronomerpusiibik, Pypbe kKodpduimenTrepine xkeke Oarayap Oepiiren QGyHKIAAIAD
K/JIACCTapbIH/Ia  BIKTUMAJJIBIK ~— OJIIEMJIEP/Jl  €HTi3y  Moceseci B.M. TuxoMIPOBTHIH,
MOHOTPADUSICBIHIAFEl  « QYHKUUALGD exi Mmypai mociamen Oepinedi:  0ipi — epesice mypinde
boaca, exiHwici — mpuzoromempuanrov;, Oypve KoIGPUUUEHRMMEPIHIH, TNOABLE HCUBIHDL APKBLADL
JereH KafuJIAachlH Herisre ajgaabl. KaaraHbl — “TeXHUKAJIBIK Moceae’ FaHa.

Oypre kKoadpdurmenTTepiHiy TizdekTepine oTy )koHe A.H. KoMOropoBThIH eJmmeMiep/ii aKbIpJIbl
OJIIIEM/TI KEHICTIKTED/IEH aKbIPCHI3 OJIMIEM/II KEeHICTIKKe efiH »KaJFacThIpy TypaJibl TeOpeMachlH
Ko/many apkbLibl Dypbe kKodbduimenTTepi CcaIMaKTAIFaH KJIACCTAPAA BIKTUMAJIBIK —OJIIIEM
eHrizyre MyMKiHIiK Oepinai, oubl asramt per Credan banax Cramumcia Cakcrbiy “VHTerpasmap
TeopusiChl’ KiTabBIHIaFbl KOCBIMITA (A Kyp/ibl. COHBIMEH KaTap, MaKaJiaja BIKTHMAJIJIBIK OJIIeM/I
€HTi3y TPOIIECiHiH Keitbip KOHCTPYKTUBTI KbIPJIAPHI /I8 YCHIHBLIFAH.

Tyitiunai cesmep: Pypwe- Jleber TpuroHOMeTPUSIBIK KaTapJyapbl, (DyHKIUSHBI OHBIH Pyphe
KO3 PUITMEHTTEPIHIH, TOJBIK KULIHBL apKbLIbl 0epy, (YHKIUIAp KIACCTAPBIHIA BIKTUMAJIIBIK
OJIIIIEMIH €HT13y, OpTallia KBaPATTHIK, MAFbIHA I (DYHKIUSHBL YKYBIKTAY.

Average Square Errors by Banach Measure of Recovery of Functions by Finite Sums
of Terms of Their Trigonometric Fourier Series

N. Nauryzbaev, A. Shomanova, N. Temirgaliyev
Institute of Theoretical Mathematics and Scientific Computations, L.N. Gumilyov Eurasian National
University, Kazhymukan str., 13, Astana, 010008, Kazakhstan

Abstract. The paper considers the problem of recovering functions using finite sums of terms
of their trigonometric Fourier series with respect to probability measures on function classes char-
acterized by the inability to determine a "spectrum of large coefficients". This difficulty motivates
the consideration of arbitrary "finite sums of terms from the Fourier series".

The problem of defining probability measures on classes with individual estimates for trigonomet-
ric Fourier coefficients was resolved based on the fundamental nature of the property "A function
can be defined in two ways: either by a rule or by the complete set of its trigonometric Fourier
coefficients", as discussed in the monograph by V.M. Tikhomirov, The remaining steps were largely
a matter of technical execution.

The transition to sequences of Fourier coefficients, using A.N. Kolmogorov’s extension theorem
(on the extension of measures from finite-dimensional to infinite-dimensional spaces), allowed the
introduction of a probability measure on classes with weighted Fourier coefficients, ultimately leading
to the Banach measure — first constructed by Stefan Banach in the appendix to Stanistaw Saks’
book "Theory of the Integral". This paper also proposes some constructive details of the process of
probabilistic measure

Keywords: Fourier-Lebesgue trigonometric series, defining a function employing a complete set
of its Fourier coefficients, probabilistic measurement on function classes, recovery of functions in
average square.
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Abstract. In contemporary conditions, there is a growing interest in the study of economic losses
resulting from occupational injuries and diseases across various sectors of the economy. Mathematical
methods serve as the primary research tools, and they are applied in calculations, structural and
dynamic analyses, and related areas. The economic impact of such losses, along with their inverse
relationship to investments in occupational safety (i.e., preventive expenditures), plays a crucial
role in preserving workers’ health, enhancing labor productivity, and fostering overall economic
growth. This substantiates the need for continuous improvement in occupational safety and health
(OSH) through various instruments, one of which is the comparative analysis of enterprise OSH
expenditures, particularly those aimed at improving working conditions over a given period.

The article substantiates the development of an information-analytical database for the accounting
and analysis of OSH expenditures based on the application of mathematical methods, including
comparison, classification, and systematization, through the juxtaposition of primary data on key
OSH expenditure items. The categories of expenditures analyzed are defined in accordance with the
labor legislation of the Republic of Kazakhstan. The purpose of the study is to apply mathematical
methods in the development of a software solution for OSH cost accounting and analysis.

Keywords: mathematical methods, information-analytical database, occupational safety and
health cost accounting and analysis, baseline indicators, software solution.

DOI: https://doi.org/10.32523 /bulmathenu.2025/1.3

2000 Mathematics Subject Classification: 93C42

1. Introduction

In Kazakhstan, a national occupational safety and health (OSH) policy and program have been
established in accordance with the provisions of ILO Convention No. 187 entitled «Promotional
Framework for Occupational Safety and Healths. This commitment is reflected in the Concept for
Safe Labor until 2030, approved by the Resolution of the Government of the Republic of Kazakhstan
dated December 28, 2023, No. 1182 [1, 2]. The Concept outlines the main directions of action to
be taken at various levels of governance. A key distinguishing feature of the newly adopted national

1The scientific results were obtained within the framework of grant funding for a research project by the Ministry
of Science and Higher Education of the Republic of Kazakhstan entitled «Improving the System of Accounting and
Analysis of Occupational Safety Expenditures in High-Risk Industries» (Project No. BR11965728).
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OSH program is that, for the first time at the national level, it emphasizes the need to introduce
new financial and economic measures aimed at increasing the employer’s contribution to improving
working conditions. According to paragraph 9 of the Action Plan for the implementation of the
Concept for Safe Labor in Kazakhstan for 2024-2030, it is envisaged to introduce approaches to
economic planning of occupational safety and health expenditures.

It is important to note at the outset that a scholarly review of international approaches to the
accounting and analysis of OSH expenditures has revealed that the terms «costs» and «expenses»
carry distinct economic meanings [3]. The term «costs» refer to the value of various types of resources
(material, financial, informational, labor, and others) utilized for production or the maintenance of
operations. In contrast, expenses are those costs that have been paid and can be both documented
and economically justified by the enterprise. In the context of OSH, this article will henceforth use
these distinctions as a basis for further discussion.

The provisions of the Labour Code of the Republic of Kazakhstan dated November 23, 2015,
No. 414-V ZRK [4], specifically Article 182, impose a number of obligations on employers. These
include conducting an assessment of occupational risks and implementing measures to minimize or
eliminate them through prevention, replacement of production equipment and technological processes
with safer alternatives, providing training, briefings, and knowledge testing for workers on OSH, and
ensuring the availability of documentation for safe conduct of production processes and operations.

Employers are also required to organize OSH training and knowledge assessments for managers
and personnel responsible for OSH, at least once every three years; to provide workers with adequate
sanitary and hygienic conditions, supply and repair of personal protective clothing and footwear,
prophylactic treatments, cleansing and disinfecting agents, medical first-aid kits, milk or equivalent
nutritional products, and/or specialized dietary (therapeutic and preventive) foods, as well as per-
sonal and collective protective equipment in accordance with standards established by the authorized
state labor body.

Furthermore, employers must record, monitor, and analyze occupational accidents and diseases
(OAD); conduct, with the participation of workers’ representatives, periodic certification of work-
places with regard to working conditions at least once every five years, following regulations approved
by the authorized labor authority; insure employees against occupational accidents and report the
conclusion of such mandatory insurance contracts to the authorized labor authority under established
procedures.

Additional responsibilities include the development, approval, and revision of OSH instructions
in accordance with procedures set by the authorized labor authority; financing and conducting
mandatory and periodic (throughout the course of employment) medical examinations, as well as pre-
shift health screenings where required by agreements, collective contracts, or national legislation, or
when transferring to work under different conditions or upon the emergence of signs of occupational
illness; and implementing and monitoring the functioning of an OSH management system.

The source of funding for this broad range of employer obligations related to ensuring safe working
conditions is the employer’s own financial resources. Given the extensive scope of these OSH-related
obligations, which require adequate funding, there is a pressing need for regular economic assessments
and comparative analyses.

In this context, the article explores various applied mathematical methods for the accounting
and analysis of the aforementioned OSH expenditures. It also provides a scientific rationale for the
development of an information-analytical database for tracking OSH expenditures, the modification
of reporting practices related to OSH expenditure accounting and analysis, and the development of
a mathematical algorithm for accounting for costs associated with occupational accidents and for
processing data within the information-analytical system.

2. Methods

Given the diversity of approaches to classifying OSH expenditures, it is recommended that cost
accounting be based on the direct attribution of expenditures to OSH activities and the specifics
of budgeting for both mandatory and special-purpose measures (the latter being applicable only
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in the presence of hazardous or harmful working conditions as identified through occupational risk
assessment). These expenditures may be grouped into three categories:

1. General OSH expenditures;
2. Special OSH expenditures;
3. Economic losses related to OSH.

General OSH expenditures are mandatory for all enterprises.

Special OSH expenditures are compulsory when hazardous and/or harmful working conditions
are present in the enterprise.

Economic losses in the OSH domain include costs associated with penalties for non-compliance
with OSH legislation and compensation payments to workers affected by occupational accidents.

Thus, based on the review, two main approaches have been identified:

Preventive expenditures («investment in OSH»), referring to costs aimed at ensuring safe work-
ing conditions and implementing OSH-related activities. These typically include expenses such as
training, insurance, personal and collective protective equipment, occupational risk assessments,
periodic medical examinations, and pre-shift health screenings, as well as the provision of milk or
equivalent food products and/or specialized dietary (therapeutic and preventive) nutrition. These
are expenditures intended to prevent the occurrence of a occupational accident.

Compensatory expenditures («economic losses»), referring to costs incurred as a result of an
actual occupational accident. These generally include compensation payments, penalties, and related
expenses. Concerning the accident, these are post-factum costs that carry a negative economic
character.

The methodological foundation of this study is based on the cost analysis framework for OSH
in industries with a high risk of occupational injuries [5]. The analysis is conducted using compar-
ative methods, with baseline indicators for the reporting period (a minimum of two years, with a
recommended three-year dynamic analysis) serving as the basis for calculations and assessments.

OSH cost analysis may be carried out using either a horizontal or vertical (structural) format,
and may also involve the use of ratio analysis.

In horizontal analysis, both absolute and relative deviations across cost items are examined. This
approach allows for the comparison of planned versus actual expenditures, previous periods versus
the current reporting period, or all of these combined, thereby enabling a comprehensive evaluation
of cost dynamics.

In vertical (structural) analysis, the obtained data are compared across individual cost items,
allowing for cross-comparison between various categories from all types of reports. This type of
analysis helps identify the factors contributing to increases or decreases in expenditures.

During ratio analysis, specific indicators are calculated, the values of which can be compared over
different periods. These ratios can also be benchmarked against national or sector-specific averages.

The following formulas (1)—(3) may be applied for performing the necessary calculations:

Zf
Pb= 75 100%, (1)
where
Pb — percentage relative to the baseline value,
Z f — actual value,
Zb — baseline value.
According to the formula, the percentage relative to the baseline value is calculated as the ratio
of each item to the selected baseline value.
The implementation of horizontal analysis involves comparing indicators in both absolute and
relative terms.
At the initial stage of the analysis, absolute deviations of financial reporting items are calculated
relative to the baseline period.

Aabs = Zf — Zb, (2)
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where
A abs — absolute change.
At the second stage, relative changes in the analyzed indicators are calculated in comparison with

the baseline period.

Aabs

Arel = * 100% (3)

In this case, the absolute deviations are normalized relative to the baseline period value.

This approach is particularly useful when comparing multiple companies that differ in size and
scale of operations. The total amount of OSH expenditures Z;(i = 1,...) for the i-th enterprise is
determined using formula .

n m
Zi=Y_ Sk+ > Kj (4)
k=1 Jj=1

where
Sk (k=1,..n) — preventive expenditures, n — number of expenditure types;
K; (j=1,...m) - compensatory expenditures, m — number of expenditure types.

3. Results and Discussion

The modern enterprise accounting system comprises three primary types: financial account-
ing, managerial accounting, and tax accounting. It is from this perspective that a methodological
overview of approaches to OSH cost accounting is presented.

Financial accounting is employed to prepare information on the enterprise’s financial and economic
activities for both internal and external use. It is mandatory and strictly regulated by the state [6],
as reporting is submitted in accordance with officially established formats.

Tax accounting is essential for the accurate determination of the tax base and the calculation of
mandatory tax payments. This type of accounting is also mandatory and governed by legislation,
specifically the Tax Code of the Republic of Kazakhstan [7]. The rules for maintaining records and
submitting reports are defined at the state level because tax accounting ensures accurate taxation
of each organization and enables control over tax remittances. Thus, the primary objective of tax
accounting is to accurately reflect cash flows to determine the amount of taxes owed and report this
information to the state in a prescribed format.

Managerial accounting refers to the collection and use of information required by a company’s
management to support strategic decision-making processes.

I Production Costs ‘
Financial Tax Managerial
Accounting | Accounting Accounting

. | \ : . !

» material costs; + material expenses; « fixed and variable; |
+ labor costs + payment for labor » direct and indirect;
« social needs eisl; « amounts of accrued = sunk and

= depreciation taxes opportunity

+ other costs + other expenses »eh.e.

Ficure 1 — Types of Cost Accounting

Taking into account the key distinctions among the three types of accounting within
organizations—financial, tax, and managerial accounting—each is defined by its specific objectives.
Financial accounting is maintained to record all financial transactions of the company to produce
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accurate and reliable financial statements. The purpose of tax accounting is to optimize the com-
pany’s tax liabilities and ensure compliance with tax legislation. Managerial accounting is organized
to provide information for managerial decision-making and internal control.

In this context, modern organizations are increasingly implementing the integration of financial,
tax, and managerial accounting systems, enabling a comprehensive approach to enterprise manage-
ment.

Firstly, a unified data platform allows all three types of accounting to operate within a common
information system, providing real-time access to relevant data.

Secondly, cross-functional reporting enables the use of data from different accounting systems to
generate integrated reports. This facilitates more informed decision-making by management, taking
into account financial, tax, and managerial perspectives.

Thirdly, process synergy arises when the optimization of one type of accounting (e.g., tax ac-
counting) positively impacts another (e.g., managerial accounting), as cost and revenue information
can be used both to reduce tax liabilities and to improve operational efficiency.

Fourthly, integration enhances analytical and forecasting capabilities, allowing for a more holistic
assessment of a company’s financial activities.

P. Richardsson [8] emphasizes that effective OSH cost accounting requires a comprehensive ap-
proach and that investments in OSH lead to a reduction in workplace accidents, decreased downtime,
and increased productivity, ultimately generating substantial long-term economic benefits.

Cameron A. Mustard and B. Yanar [9] apply a transparent methodology to assess the finan-
cial benefits of OSH expenditures, highlighting that even moderate investments in OSH can yield
significant economic advantages for employers.

Raini D. Wirahadikusumah and Felix Adhiwirya [10] examine OSH-related costs associated with
the implementation of safety management systems in construction projects. The authors note that
mandatory OSH management system costs can range from 2.01% to 3.70% of the contract value, with
the most significant components being expenditures on OSH personnel, insurance, and licensing, as
well as training and the promotion of OSH programs.

Particular interest is drawn to the work of V.L. Pavlova [11], which demonstrates the correlation
between OSH expenditure levels and the degree of occupational risk. To determine the required
volume of financial resources, the author proposes a formula for calculating costs by classification
group, based on the existing and projected levels of occupational risk. The level of occupational risk
is treated as a variable necessary to link OSH expenditures to the actual performance outcomes of
the enterprise in the field of OSH.

The article further presents an analysis of costs associated with OAD, which entail severe losses,
including direct physical harm to the injured individual, emotional distress for their family and
community, and damage to societal values such as justice and solidarity. While attempts are made
to assign monetary value to these losses (a necessity, especially in legal proceedings aimed at deter-
mining damages), in the end, no financial figure can truly capture the irreparable harm that cannot
be restored through compensation [12].

To assess the magnitude of economic losses and analyze their impact on the enterprise and related
organizations, various methods and models are applied in global practice. These tools provide insight
into losses resulting from worker absenteeism, occupational accidents, staff turnover, loss of work
capacity, changes in working conditions, and other factors. The same methods and models can also
be employed to analyze the costs of OSH improvement measures and to determine the economic
efficiency of such interventions.

A substantial body of scientific literature is devoted to methodologies for estimating the cost of
OAD. The estimation of these costs was the focus of research by H. Heinrich [13], who demonstrated
that the costs associated with workplace accidents in American companies were significant, and that
many of these expenses remained hidden from management.

Numerous similar studies have been conducted following H. Heinrich’s work in various countries—
for example, by Grimaldi and Simonds [14], Larsson and Betts [15], and N. Monnerie [16]. These
studies document that substantial costs may be associated with OAD.
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A frequently cited rationale for measuring OSH-related expenditures is that making such costs
explicit encourages managers to consider OSH issues in their decision-making processes. In other
words, OSH and workplace safety concerns become more closely aligned with core business operations
and exert a greater influence on managerial decisions.

Overall, in the literature on this topic, OSH-related costs are generally divided into two broad
categories:

Costs associated with the functioning of the OSH management system and initiatives aimed at
promoting and sustaining a culture of workplace safety within the company. These costs are typically
relatively stable, as they are not directly affected by the occurrence of adverse events such as OAD.

Costs resulting from OAD. These may take the form of direct expenditures, increased operational
costs, potential revenue losses, or opportunity costs. Such costs vary depending on the type and
number of adverse outcomes.

This categorization is reflected in a range of studies dedicated to the assessment of OSH-related
expenditures.

D. Andreoni [17], along with V. Khrimak and H. Perezgonzalez [18], employ the terms «prevention
costs» and «accident costs», where prevention costs are not contingent on the occurrence of individual
accidents. This terminology is, to some extent, comparable to the cost-of-quality framework used
by B. Dale and J. Plunkett [19].

However, it should be noted that certain expenditures may fall into both categories. For instance,
some insurance-related costs include fixed annual premiums as well as variable components that
increase with the frequency or severity of claims.

According to the International Financial Reporting Standards (IFRS), an entity shall present an
analysis of expenses recognized in profit or loss using a classification based either on their nature or
their function within the entity, depending on which method provides information that is reliable
and more relevant.

An entity must present an analysis of expenses recognized in profit or loss using a classification
based either on the nature of the expenses or on their function, depending on which approach ensures
more reliable and relevant information.

The nature of the expense method involves grouping expenses recognized in profit or loss according
to their nature (e.g., procurement of personal protective equipment (PPE), social security costs)
without allocating them to the functional areas of the entity.

This method may be simpler to apply, as it does not require the reallocation of expenses based
on their purpose or function within the organization.

The function of the expense method classifies expenses according to their purpose. An entity that
classifies expenses by function is required to disclose additional information on the nature of the
expenses, including those related to the acquisition or use of PPE.

These methods provide insights into costs that may vary, either directly or indirectly, with changes
in the enterprise’s sales or production volume. Since each presentation method has its own advan-
tages depending on the type of entity, the standard requires management to choose the presentation
format that is both reliable and most relevant.

Expense analysis is carried out based on an analytical model consisting of 17 cost elements, aligned
with the labor legislation of the Republic of Kazakhstan regarding the provision and financing of
OSH measures.

The analysis covers a range of expenses, including:
1. costs associated with the assessment of occupational risks;

2. certification of production facilities with respect to working conditions;

3. training, instruction, and knowledge testing on OSH issues for workers, managers, and per-
sonnel responsible for OSH;

4. mandatory insurance of employees against accidents occurring in the course of performing
their professional (official) duties (MAI);

5. provision of personal protective equipment (PPE);

6. provision of collective protective equipment;

7. provision of sanitary and welfare facilities and installations;
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8. distribution of milk or equivalent food products and/or specialized dietary (therapeutic and
preventive) products to employees;
9. granting of reduced working hours, additional paid annual leave, and increased wage rates;
10. periodic medical examinations and pre-shift health screenings;
11. payment of mandatory professional pension contributions.

This section briefly presents the practical results of testing the proposed methodology. A total of
240 distinct OSH-related data points were processed; dynamic trends over three years were analyzed
across 119 indicators; and econometric indicators were calculated based on 167 data entries. All
numerical characteristics were further subjected to graphical analysis. As a result, an information-
analytical database for the accounting and analysis of OSH expenditures was developed (Table 1).

Based on the information-analytical database for the accounting and analysis of OSH expenditures,
a cost analysis was conducted in accordance with the established methodology.

The OSH expenditures analysis for Enterprise A—a large-scale enterprise employing a total of
4,826 workers, of whom 4,714 (or 97%) are engaged in hazardous working conditions—revealed that,
during the analyzed period, expenditures were allocated across 14 out of 17 identified cost categories.
On average over the three years, the dominant OSH expenditure items were: provision of PPE -
KZT 276.32 million (29%), MPPC - KZT 252.93 million (26%), and provision of additional paid
leave -KZT 252.90 million (26%).

The nature of OSH expenditures reflects the working conditions at the enterprise, which are
classified as hazardous and/or harmful.

Total expenditures on benefits and compensation for employees working under hazardous condi-
tions at the enterprise account for 61% of overall OSH spending, which is attributable, in part, to
the increase in the number of employees identified as working in hazardous environments based on
the results of workplace certification, from 4,299 to 4,686 individuals.

A significant rise was observed in the costs of advanced training for managers and OSH-responsible
personnel, due to an increase in the number of trainees from 277 to 357 persons.

Expenditures on MAI have been increasing annually by approximately 20%, reaching a total of
KZT 85.1 million in 2019. These insurance costs are calculated as 0.76% of the total wage fund, based
on the classification of the enterprise’s economic activity under Risk Class 12, which determines the
premium under the insurance contract. Positive growth trends were also recorded for expenditures
on: PPE, cleansing and neutralizing agents (24%), sanitary and welfare services (25%), and periodic
medical examinations (12%).

The OSH expenditure analysis for Enterprise B, which employs a total of 242 workers—41 of
whom (16%) are engaged in hazardous working conditions—shows that, during the analyzed period,
funds were allocated to 11 out of 17 categories of OSH expenditures (see Table 1).

Over the three years, the dominant OSH expenditure items at Enterprise B were: provision of
PPE — KZT 8.75 million (43%), pre-shift medical screenings — KZT 2.59 million (13%), payment of
MPPC — KZT 2.45 million (12%). The expenditures on PPE were related to the procurement of
368 types of special clothing, protective footwear, and other PPE. A comparative analysis of OSH
expenditure dynamics reveals a baseline growth rate of 26.2%. The increase is primarily driven by
rising costs in the following areas: MAI — up by 129.6% (under the mandatory insurance contract,
the insurance premium rate is 0.65%, with the enterprise classified under Professional Risk Class 8);
granting of additional paid leave for employees working in hazardous and/or dangerous conditions
— 69.6% increase; MPPC — 31.1% increase.

These trends are linked to the expansion of the workforce, following the commissioning of an
additional production unit, and the increase in the total wage fund due to higher wages. This
growth in wages has directly impacted the volume of expenditures on MPPC, MAI, additional leave
entitlements, and increased wage payments.

A violation of labor legislation was noted with regard to internal OSH oversight. Specifically, at
this industrial enterprise employing more than 50 people, an OSH service has not been established,
and OSH responsibilities are being carried out by an employee assigned on a part-time basis.
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The OSH expenditure analysis for Enterprise C, which employs a total of 236 workers — 87 of
whom (36%) are engaged in hazardous working conditions — shows that over the three years, the
dominant OSH expenditure items were: provision of additional paid leave for employees engaged in
heavy work or work under hazardous and/or dangerous conditions — KZT 15.86 million (62%), MAI
— KZT 3.21 million (13%), distribution of milk or equivalent food products — KZT 2.13 million (8%).

It should be noted that the nature of OSH expenditures is determined by the classification of work-
ing conditions as hazardous and/or harmful. Accordingly, the total volume of OSH expenditures—
including the dominant categories listed above—is calculated based on the number of employees
engaged in such conditions, as defined by the approved occupational risk lists.

Thus, expenditures for the provision of additional paid leave are calculated based on the number
of actual working days performed under hazardous and/or harmful conditions, taking into account
the employee’s occupation in accordance with the approved list, with a minimum of six calendar
days. MPPC expenditures are calculated as 5% of the wage fund for employees engaged in heavy
work or work under hazardous conditions.

MAT expenditures are calculated as 1.55% of the total wage fund of the enterprise, based on the
classification of its economic activity under Professional Risk Class 14, which determines the amount
of the insurance premium under the insurance contract.

A comparative analysis of OSH expenditure dynamics reveals a baseline growth rate of 9.7%. The
increase is primarily driven by rising costs in the following areas: periodic medical examinations
— up by 229.1%, pre-shift medical screenings — up by 120.0%, and advanced training for managers
and OSH-responsible personnel — up by 73.7%. These increases are attributed to the growth in the
number of employees at the enterprise.

The OSH expenditure analysis for Enterprise D, which employs a total of 1,447 workers — 1,131
of whom (78%) are engaged in hazardous working conditions — shows that, during the analyzed
period, funds were allocated to 10 out of 17 OSH expenditure categories. Over the three years, the
dominant OSH expenditure items were: increased wage payments for employees engaged in heavy
work or work under hazardous and/or dangerous conditions — KZT 106.07 million (36%), provision
of additional paid leave for such employees — KZT 59.6 million (20%), MPPC — KZT 37.4 million
(13%), MAI — KZT 38.01 million (13%). It should be noted that the structure of OSH expenditures
reflects the classification of working conditions as hazardous and/or harmful.

MAT expenditures are calculated as 1.13% of the total wage fund of all employees, based on the
classification of the enterprise’s economic activity under Professional Risk Class 15, which determines
the insurance premium under the contract.

A comparative analysis of OSH expenditure dynamics shows a baseline growth rate of 46.1%.
The increase is primarily due to rising costs in the following areas: provision of additional paid
leave for employees working under hazardous and/or dangerous conditions, up by 31.2%, periodic
medical examinations, up by 66.1%, training, instruction, and knowledge testing of employees, up by
28.2%. Overall, this growth is associated with a 25% increase in the number of employees working
under hazardous and/or harmful conditions. At the same time, there was a notable decrease in
expenditures for: advanced training for managers and OSH-responsible personnel — down by 62.6%,
which is explained by the training cycle for managers (every three years); sanitary and welfare
services — down by 30.3%.

The OSH expenditure analysis for Enterprise E, which employs a total of 4,102 workers — 3,484
of whom (84%) work under hazardous conditions — shows that, during the analyzed period, funds
were allocated to 15 out of 17 OSH expenditure categories. Over the three years, the dominant OSH
expenditure items were: increased wage payments for employees — KZT 3,100 million (46%), provi-
sion of PPE — KZT 1,063.8 million (16%), distribution of therapeutic and preventive nutrition (TPN)
and vitamin supplements — KZT 544 million (8%), reduced working hours — KZT 517 million (8%).
The structure of OSH expenditures reflects the classification of working conditions as hazardous
and /or harmful. Accordingly, the total volume of OSH expenditures—including the dominant cate-
gories listed above—is determined based on the number of employees engaged in hazardous and/or
harmful conditions, by the approved lists. MAI expenditures are calculated as 1.55% of the total
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wage fund of all employees, based on the classification of the enterprise’s economic activity under
Professional Risk Class 14, which determines the insurance premium under the insurance contract.

A comparative analysis of OSH expenditure dynamics shows a baseline growth rate of 37.6%.
The increase is primarily driven by rising expenditures in the following areas: sanitary and welfare
services — up by 149.8%, equipping OSH and safety training rooms — up by 303.9%, distribution of
therapeutic and preventive nutrition and vitamin supplements — up by 137.1%,
provision of PPE, cleansing and neutralizing agents — up by 79.9%. These increases are associated
with a 17.9% growth in the number of employees.

The OSH expenditure analysis for Enterprise F, a small enterprise with a total workforce of
58 employees, indicates that no hazardous working conditions were identified based on the results
of workplace certification. During the analyzed period, funds were allocated to 8 out of 17 OSH
expenditure categories. The dominant OSH expenditure items were: provision of PPE — KZT 1.73
million (42%), MAI — KZT 0.86 million (21%), sanitary and welfare services — KZT 0.82 million
(20%). It is worth noting that, during the inspection, non-compliance with the requirement to
conduct pre-shift medical screenings was identified, which was attributed to insufficient OSH funding.

The OSH expenditure analysis for Enterprise G, which employs a total of 247 workers—207
of whom (83.8%) are engaged in hazardous working conditions—shows that, during the analyzed
period, funds were allocated to 9 out of 17 OSH expenditure categories. Over the three years, the
dominant OSH expenditure items were: increased wage payments for employees — KZT 41 million
(27%), provision of PPE, cleansing and neutralizing agents — KZT 31.86 million (20%), distribution
of milk or equivalent food products — KZT 27.8 million (18%).

The structure of OSH expenditures reflects the classification of working conditions as hazardous
and/or harmful. A comparative analysis of OSH expenditure dynamics reveals a baseline growth
rate of 9.3%.

The analysis of OSH expenditures across the surveyed enterprises over three years demonstrates
the stability of cost structures in terms of their dominant categories. This consistency confirms the
alignment between the nature of the expenditures and each enterprise’s OSH management strategy.
The dominant OSH cost categories across the enterprises were: increased wage payments — 22%,
additional paid leave — 21%, provision of PPE — 20%, MPPC — 12%.

These expenditures are justified by the significant proportion of employees engaged in hazardous
working conditions.

Specialized software tools can be used for analyzing OSH expenditures. Below is a summary of
the functionality of OSHA’s «Safety Pays» program [20|, developed by the Occupational Safety and
Health Administration (U.S. Department of Labor). This tool provides information on the frequency
and cost of occupational injuries and illnesses.

Based on data collected from thousands of workplaces, «Safety Pays» offers a unique opportunity
to benchmark a company’s workplace safety indicators against those of similar enterprises. The tool
also helps evaluate compliance with OSH obligations.

Employers can utilize the «Safety Pays» tool in various ways, depending on the extent of available
data on occupational injuries and diseases within their organization. The tool is particularly effective
when used in conjunction with OSHA Form 300A, which employers are required to complete. In the
absence of such data, the tool can still be used to estimate the potential financial burden associated
with workplace injuries and illnesses.

The functionality of the «Safety Pays» program, in the absence of internal occupational injury
and illness statistics, allows users to:

- estimate the probability of injury based on the industry and workforce size;
- assess the potential costs associated with a typical injury within the selected industry;
- identify current expenditures and evaluate their impact on business operations.

When OAD data are available, this tool can be used to:

- compare the company’s insurance rate with those of similarly sized employers within the
same industry;
- calculate the potential annual burden associated with these cases.
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Step 1. Enter Your Business Information A
Please enter your induistryy -and ver slecct your industry; and size.

1. Enter Your NAICS code: \ \

2. Or select an industry: ‘ : 7 7 - . 7¢7 ‘

3. Enter your annual employee hours worked: ‘

Step 2. Enter the Number of Injury/Illness Cases and Lost Workday Cases -

Enter data at a level that corresponds with the heading of each column in the OSHA 300 or NAICS Table 1.
Select input type:
Enter cases reecorded annually per employee hours worked, as instructed on column H of the OSHA 300A. @
O Enter cumulative totals as recorded over the past year on the columns H and | of the OSHA 300A. @

1. Enter the number of total injury/iliness cases recorded in columns H and | of the OSHA 300A:

2. Enter the number of injury/illness cases that involved days away from work recorded in column H of the OSHA
300A:

Step 3. Adjust the Business Assumptions Used for Calculation Outputs v

FicuURE 2 — Functionality of the «Safety Pays» Program

The «Safety Pays» tool uses the following data sources in its calculations:

1. Occupational injury and illness rates by industry.

OSHA utilizes industry-specific injury quartile tables from the Bureau of Labor Statistics (BLS)
to determine or calculate the Total Case Rate (TCR) and the DART rate (Days Away, Restricted,
or Transferred) across industries and establishment size categories.

The «Safety Pays! tool applies two benchmark estimates:

- the average rate for the entire industry and establishment size category («all competitors» ),
- the average rate among firms below the 25th percentile («top-performing competitors»).

2. Types of Injuries and Illnesses by Industry. The Bureau of Labor Statistics (BLS) provides
data on injuries and illnesses by nature of injury or illness (e.g., fracture) for serious nonfatal cases
(i.e., cases where the worker was away from work for at least one day beyond the day of injury or
illness onset). OSHA uses this dataset to calculate the proportion of serious cases by injury or illness
type for specific industry sectors.

3. Costs of Wage-Loss Compensation Claims by Type of Injury. The cost estimates for wage-
loss compensation claims used in the «Safety Pays» tool are provided by the National Council on
Compensation Insurance, Inc. (NCCI). These data reflect the average cost of wage-loss claims based
on statistical reports from member jurisdictions submitted to NCCI.

It is important to note that in the United States, NCCI manages the nation’s largest database
of workers’ compensation insurance information. NCCI analyzes industry trends, provides rate
recommendations for workers’ compensation insurance, evaluates the cost of proposed legislation,
and offers various services and tools to support the effective operation of the workers’ compensation
system.

Significantly, the estimates of direct (i.e., workers’ compensation) and indirect costs are provided
in dollar terms across major industry sectors. Workers’ compensation claims may include medical-
only claims (covering medical expenses only) and lost-time claims (covering wage-loss payments due
to time away from work).

3. For medical-only claims, the tool uses the average cost of an emergency department visit, based
on data from the Centers for Disease Control and Prevention (CDC) Web-based Injury Statistics
Query and Reporting System (WISQARS). This cost estimate applies to all nonfatal injuries that are
treated and released (i.e., not resulting in hospitalization) for individuals aged 20 to 64. In addition
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to lost-time claims, a company’s workers’ compensation costs may also include medical-only claims.
For such claims, the tool utilizes the average cost of an emergency department visit, derived from the
CDC’s Web-based Injury Statistics Query and Reporting System (WISQARS). This cost estimate
applies to all nonfatal injuries that are treated and released (i.e., not resulting in hospitalization)
for individuals aged 20 to 64.

4. Indirect Costs. The estimates of indirect costs presented in this tool are drawn from the
publication Improving Construction Safety Performance by the Business Roundtable and are based
on a study conducted by the Department of Civil Engineering at Stanford University.

TABLE 2 — Indirect Costs

Direct Costs Indirect Cost Ratio
$0-2,999 4.5
$3,000—4,999 1.6
$5,000-9,999 1.2
$10,000 or more 1.1

The magnitude of indirect costs is inversely proportional to the severity of the injury: the less
severe the injury, the higher the ratio of indirect to direct costs. Although indirect costs may
constitute a significant portion of the actual cost of an incident, they are typically uninsured and
therefore not reimbursable.

The indirect cost multipliers used in the Safety Pays tool represent average estimates (across all
injury types, based on data from the construction industry) and are derived from a limited study
on this subject. The actual indirect cost multiplier may vary depending on the employer’s specific
circumstances.

Below are cost estimates by type of OAD, as well as by industry sector.

TABLE 3 — Cost estimates by type of OAD

Type of Injury Cost* Type of Injury Cost*
Asphyxia $221 596 All other cumulative trauma disorders $46 179
Circulatory disorders $208 441 Respiratory disorders (gases, fumes, chemicals, etc.) $44 771
Cancer $178 367 Inflammation $42 707
Laceration $177 312 Heat stroke $41 109
Electric shock $172 716 AIDS $39 973
Silicosis $163 583 Vision-related disorders $39 576
Multiple injuries, including both physical and psychological | $133 919 Mental stress $38 372
Enucleation (e.g., removal of a tumor, eye, etc.) $112 238 | Dust disease, NOC (not otherwise classified pneumoconioses) | $38 109
Amputation $104 800 Overexertion $34 957
Multiple physical injuries only $85 301 Infection $34 278
Loss of vision $82 838 Carpal tunnel syndrome $33 764
Dislocation $82 080 Sprain $33 281
Fracture $74 947 Fainting $33 229
Angina $73 775 Metal poisoning $32 056
Asbestosis $73 496 Puncture $30 352
Crushing injury $73 143 Contusion $30 162
Myocardial infarction (heart attack) $72 598 Chemical poisoning (excluding metals) $29 782
Mental disorder $64 863 Non-physical injury $28 233
Radiation $63 910 Frostbite $25 193
Pneumoconiosis $63 883 Hearing loss or impairment (injury-related only) $24 861
Fracture (repeated for clarity if needed) $59 882 Foreign body $23 971
Concussion $59 571 Avulsion $23 876
All other specific injuries $58 899 Hernia $22 859
All other occupational illnesses $51 583 Hearing loss $20 553
Burn $51 516 Infectious disease $11 777
Poisoning — general (not cumulative trauma) $50 703 Dermatitis $10 568

* Average cost of a lost-time claim
Indirect cost estimates are calculated by applying a multiplier to the direct cost estimates H

2These multipliers are based on a 1982 study conducted by researchers at Stanford University.
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TABLE 4 — Cost estimates related to OAD by industry sector

Code Sector Name Direct Lost-Time Costs | Indirect Lost-Time Costs | Direct Medical-Only Costs | Indirect Medical-Only Costs
00X All Industries $43 920 $48 311 $3 130 $14 083
ADW | Administrative, Support, and Waste Management Services $42 922 $47 214 $3 130 $14 083
AER Arts, Entertainment, and Recreation $43 666 $48 033 $3 130 $14 083
AFH Agriculture, Forestry, Fishing, and Hunting $45 514 $50 065 $3 130 $14 083
AFS Accommodation and Food Services $42 136 $46 349 $3 130 $14 083
EDS Educational Services $44 714 $49 185 $3 130 $14 083
FIN Finance and Insurance $49 626 $54 589 $3 130 $14 083
HAS Health Care and Social Assistance $42 749 $47 024 $3 130 $14 083
MCE Management of Companies and Enterprises $44 465 $48 911 $3 130 $14 083
MIN Mining, Quarrying, and Oil and Gas Extraction $43 889 $48 278 $3 130 $14 083
PST Professional, Scientific, and Technical Services $41 345 $45 480 $3 130 $14 083
RET Retail Trade $42 015 $46 216 $3 130 $14 083
RRL Real Estate and Rental and Leasing $49 046 $53 950 $3 130 $14 083
TRW Transportation and Warehousing $42 008 $46 208 $3 130 $14 083
UTL Utilities $46 407 $51 048 $3 130 $14 083
WHT ‘Wholesale Trade $43 099 $47 409 $3 130 $14 083
CON Construction $45 671 $50 238 $3 130 $14 083
MFG Manufacturing $45 068 $49 575 $3 130 $14 083
INF Information $39 962 $43 958 $3 130 $14 083
0TS Other Services (except Public Administration) $43 181 $47 499 $3 130 $14 083
SP1 Public Administration $42 961 $47 257 $3 130 $14 083

Thus, the OSHA «Safety Pays» tool is an online calculator that utilizes injury and illness cost
data collected by the National Council on Compensation Insurance (NCCI). It processes this data
on your behalf to calculate the direct and indirect costs of an injury, as well as the additional revenue
your business would need to generate in order to offset those costs.

According to OSHA, the «Safety Pays» program has been used in the United States to estimate
the economic losses resulting from workplace fatalities, injuries, and illnesses. For example, in 2021,
it was reported that employers paid over $1 billion per week in direct workers’ compensation costs for
disabling, nonfatal workplace injuries that occurred in 2018. The National Safety Council estimated
that work-related deaths and injuries cost the nation, employers, and individuals approximately $171
billion in 2019. Employers who implement effective OSH programs can expect to significantly reduce
the number of workplace injuries and illnesses, as well as the associated costs, including workers’
compensation claims, medical expenses, and productivity losses. Moreover, employers often find
that the process improvements and operational changes introduced to enhance OSH performance
lead to substantial gains in productivity and profitability for their organizations.

4. CONCLUSION

The findings presented in this article are interim results and will be further developed with the
aim of designing a software tool that will enable the calculation of required funding (budgeting) for
OSH measures, as well as the accounting and analysis of related expenditures.

Numerous studies have demonstrated that investments in OSH yield tangible benefits from a
microeconomic perspective, with a return on prevention ratio of 2.2. In practical terms, this means
that for every KZT 1 invested annually by companies in prevention, there is a potential economic
return of KZT 2.20. In this regard, the authors of the article aim to produce scientifically grounded
evidence, through the continuation of this research, in support of corporate investment in preventive
OSH measures.

Against the backdrop of the widespread adoption of digital technologies and automation systems,
there is a growing need for specialized software to monitor and analyze occupational risks, as well
as the development of online platforms for training and informing workers about safety measures.
It is also important to establish economic incentives for employers. This may include the design
and implementation of financial benefits and tax preferences for enterprises that demonstrate a high
level of workplace safety.
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EHGeK Kopray HIBIFBIHIAPBIH €CellKe ajly 2KoHe Tajigay OOMbIHIIIA
aKNapaTTbIK-TAJIaMAJIbIK JepeKTep 06a3achlH KAJIBIITACTBIPYAbIH HErizi MeH FhLIbIMUI
Ioiieri periHaeri MareMaTHUKAJIbIK, 9iCTep

I11. O6ikenosa !, ITI. AiitumoBa?, A. Kouyep6aesa®
L «FAJIBIM» FeinbivMu-3eprrey Kommanusichls JKIIC, T.Mycipenos kem.,15a, Acrana, Kazakcran
Pecnybnkace
2 «(MeMJIeKeTTIK a/1eyeMTTiK cakTanaepy Kopel» AK, JlocTwk Kemr., 18, Acrana, Kasakcran Pecmybimkace!
3 B.H. Enprun arsmnarsr Keiproms-Peceit Cnasan yausepcureTi, Kuesckas kem., 44, Bimkek, Keipremcran

Awnnorarmusa. Kasipri xkarmaiiga eHIIPICTIK KapakaTTap MeH Kocibu aypyJiapiaH TYbIHIANTHIH
9KOHOMUKAJIBIK, TIBIFBIHAAPIBI TYPJIi 9KOHOMUKAJIBIK, CAJAJIAD AsChIHA 3€PTTEyTe KbI3BIFYIIBLIBIK
apThII  OTHIP. Byn OGarpiTrarsl Herisri omicrepiiH Oipi — KYPBUIBIMIBIK, CEPIIHII »KoHE
CaJIBICTBIPMAJIBI  ecellTeyiepe KOJJIaHbLIATBIH MAaTEMATUKAJBIK, —OJiCTeD. DKOHOMMKAJIBIK
MIBIFBIHJIAD MeH eHOeK Koprayra (IPEBEHTUBTIK IIBIFBIHIAPFA) CAJBIHATHIH WHBECTHIIUSLIAD
apachbIHIArbl Kepl MPOIOPIMOHAJIBI ©3apa OalllaHbIC — KbI3METKED JIeHCAYJLIFBIH cakTay, eHOeK
OHIM/ILIITIH apTTHIPY 2KOHE YKAJIITbI SKOHOMHUKAJIBIK THIMILIIKTI KAMTaMaChI3 eTy/Ie MaHbI3/Ibl (baKkTop
6osibinn TaObLIaAbl.  OchIFaH opail, eHOeK >KarmailjapblH >KaKcapTyra OarbITTaJraH IIbIFBIHIAPIBI
CaJIBICTBIPMAJIBI TYPJe Oarajay — eHOeK KOopray »KyHeciH KeTLIIipyIiH MaHBI3Abl KYpPaslIapbIHbIH
6ipi peTiHge KapacThIPbLIAIbI.

Maxkastaga eHbek Kopray CajachIHIArbl IMIBIFBIHIAPILI eCelKe ajly »KoHe Tasiay MaKCATHIHIIA
AKIapaTTBIK-TAJIJAMAJIBIK,  JepeKTep  0a3achlH  KAJBIITACTBIPYABIH,  FBIIBIMA  Heri3zepi
KAapacCTBhIPBLIaIbI. DByl VIIiH MaTeMaTUKAJIBIK, SIIiCTEP/IiH, iIMiH/Ie CAJBICTBIPY, TONTACTBIPY KOHE
Kylesiey Tociamepli KOJIAHBIIBIIN, OACTAlKBl JepeKTep eHOeK KOoprayra »KyMCaJaTblH Herisri
MIBIFBIH OamTapbl OOMBIHINA CAJIBICTHIPBLIFAH. lajjgayra »KaTaTblH IIBIFBIH Typsaepi Kazaxcran
PecnybnkachIHbIH, €eHOEK 3aHHAMACBIHA COMKeC aliKbIHIAFaH. 3epTTEYIiH MaKCcaThl — eHOEK KOpray
MIBIFBIHIAPBIH €CellKe ajly MeH TaJjiayra apHajraH Oargap/aMasiblK ©HIM 93ipjey OapbIChIHIA
MaTeMATUKAJBIK dJIiCTEP/Il KOJIJIAHY.

TyitiH ce3aep: MaTeMaTHKAJBIK 9IiCTep, aKIapaTThIK-TAJIIaMAaJbIK IepeKTep 6as3achl, eHOEeK
KOPFay MIBIFBIHJIAPBIH eCelKe Iy YKoHe Tasiiay, 0a3ajblkK KOPCEeTKIITep, OaraapaaMalIibiK, OHiM.

MaremaTndyeckKne MeToJbl KAK OCHOBA U Hay4YHoe obOoCHOBaHUHE K (hOpMUPOBAHUIO
NHOOPMAIIMOHHO-AaHAJIUTUYECKOTO OaHKa JAHHBIX MO yYeTy M aHAJIU3y 3aTpaT Ha
oXpaHy TpyJda
IT1. A6ukenosa ', ITI. AiitumoBa?, A. Kouep6aena

L TOO «Hayuno-ncciaenosarembekad Kommanus «TAJIBIM», yia. T.Mycpenosa 15a, Acrana, Pecry6imxa

Kazaxcran
2 AO «TocynapcTBeHHbIH (OHJT COIUATILHOTO CTPAX0OBaHMs», yi. JdocThik, 18, Acrana, Pecry6iuka

Kazaxcran

3 Kerpreizcko-Poccnitcknit Ciiapsaackuit yausepenter uMenu B.H. Enpnuna, yia. Kuesckas, 44, Bumkek,

Kruiprezckas Pecryboimka

Annorarus. B coBpeMeHHBIX YCJIOBHSIX BO3PACTAET MHTEPEC K HUCCIEIOBAHUIO SKOHOMUIECKUX
IoTeph OT IWIPOU3BOJCTBEHHOIO TpaBMaTu3dMa u npodzaboseBannii B Pa3JUIHBIX OTPACIAX
9KOHOMUKIU. OCHOBHBIME ~ METOJIAMU HCCJIEOBAHUST  SIBJISIIOTCSI  MaTeMaTUIeCKHEe MEeTOJIbI,
KOTODBbIE HCIIOJIB3YIOTCS IIPU pacdeTax, aHajn3e CTPYKTYpPhbl, JAUHAMUKA # T.JI. Bausnue
SKOHOMMYECKUX TIOTEPb U UX OOPATHO-IPONOPIIUOHAJILHAA CBA3b C HUHBECTUIMSMU B OXPAHY
Tpysa (IIPEBEHTUBHBIME DPACXOJAMU) SIBJISIETCS BAXKHBIM B COXPAHEHUHU 3JI0POBbsi PabOTHUKA,
MIOBBINIEHUS TPOU3BOIUTEILHOCTH TPY/Ia U SKOHOMUKHU B IIEJIOM, YTO 0OOCHOBLIBAET HEOOXOIUMOCTH
B COBEPIIEHCTBOBAHUU OXPAaHBLI TPY/a, [OCPEJICTBOM PA3HOOOPA3HBIX MHCTPYMEHTOB, OJIHUM U3
KOTOPBIX ABJISETCS CPAaBHUTEJIbHBII acleKT 3aTpaT Ha OXpaHy TpyJda IpPeAlpUdATHs, B YaCTHOCTH,
HallpaBJIEHHBIX Ha YJIy4IlleHue yCJIOBUH TPy/ia B aHAJU3UPYEMOM IEPHO/IE.
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B crarbe maercs obocHoBanue WHMOOPMAIMOHHO-AHAJIUTUYIECCKOIO OaHKa JAHHBIX 10 yYeTy
U aHaJu3y 3aTpaT Ha OXpaHy TpyJa Ha OCHOBE IIPUMEHEHUS MaTeMaTHYECKUX METOJIOB,
Cpell KOTOPBIX OTMETHUM METOJ/Ibl CPaBHEHHs, I'PYIIUPOBKU U CUCTEMATHU3AIUU I1I0CPEICTBOM
COTIOCTABJIEHNSI TEPBUYHBIX MTAHHBIX II0 OCHOBHBIM CTAThsIM PAacXOJIOB Ha OXpaHy Tpyla. DBumbl
AHAJIM3UPYEMBIX PACXO/IOB OIPEJIEEHBI COTJIACHO HOPMaM TPY/IOBOI0 3aKOHOIATEIHCTBA Pecirydnku
Kazaxcran. Lesnpb uccieioBanust COCTOUT B IPUMEHEHUU MaTEMaTUIeCKUX METOJOB IIPU pa3paboTKe
IIPOI'PAMMHOI0 IIPOJAYKTa 110 y4eTy U aHaJU3y 3aTpaTl Ha OXpaHy TPy/a.

KirroueBble cioBa: MaTeMaTUYeCKHe MeTOJbl, WHMOPMAIUOHHO-aHAJIUTHIECKUI OaHK JaHHBIX,
yUeT U aHAJIM3 3aTPaT HA OXPAHY TPY/a, 0a30Bble 3HAYEHUS, IIPOIPAMMHBII TPOJIYKT.
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