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ITosinoe K(B)II-ucciienoBanne 3aga4m BocCTaHOBIeHUsI (byHKIHA U3 0606IIEHHOTO
kJjacca CoboJieBa

Annoraius: B nmamnoit pabore mposemeno mnosnnoe K(B)II-ucciaenoBanne 3amadn
BoccraHoBenust pyHKIwmil u3 obobmentoro kiaacca Coboresa W5 B ciydae, KOrja ducioBast
nadopMmaruss obbema N 0 BoccTaHaBimBaeMoil GyHKIuM f CHEMAeTCd C JIMHEHHBIX
dbyuknmonasos. Vimenno, Bo-niepsbix, B Merpuke LI(2 < ¢ < 00) yCTAHOBJIEH TOYHBIN MOPSIOK
HOIPEITHOCTY BOCCTaHOBIeHUst (byHKIIT 13 Ki1accoB Wi, Bo-BTOpbIX, IIpe1IoyKeH KOHKPETHbII
BBIYMCJIMTEbHBI arperar, peajJu3yIoIuil TOYHBIA IOPAJOK U HalljeHa ero IpejesbHad
IIOT'PEITHOCTD £y, COXPAHSIONAsl TOYHBIN MOPSIOK U HEyJIydIaeMas 10 MOPSAKY. B-Tperbux,
JIOKA3aHO, 9TO JIIOOON BBITUCIUTEIbHBIN arperar, MOCTPOeHHbIH 1o Kodddurumentam DPypbe
BOCCTaHABJIMBAEMOil (DYHKIMU HE UMeeT IIPeJIeJIbHOM TOIPENTHOCTH, Jrydiieii (110 HOopsJIKy) YeM
EN-

KumoueBbie ciioBa: K(B)Il-uccienosanue, JnHeiinblii (GyHKIIMOHA, BbIYUCIUTEIbHBIH
arperar, TOYHBIA IOPSAOK IOIPEIIHOCTH BOCCTAHOBJIEHUsI, IIpeJe/bHasl OIPEITHOCTD,
06061mennnIii kiaace Cobosesa.

DOI: https://doi.org/10.32523/2616-7182 /bulmathenu.2023 /4.1

2000 Mathematics Subject Classification: 41A99

1.0npenesienne 06061enHoro kjaacca CoboseBa. s 3agamsoro uncia 7 > 0 Beskast
HernpepbiBHasi HeyObiBatomias Ha [0, 1] dbyuknus w,(d) HasbBaercs GyHKIMEH TUA MOYIIst
rIaIKocTu nopsizika r, ecan wy(0) = 0 u cymecrsyer Beananna C1(r) > 0 Takasi, 9410

57‘

g Beex 0 <9 < p <1
B kadectBe dyHKIHUiT THITA MO/ TIAJIKOCTH TIOPSI/IKA T MOXKHO YKa3aTh (DYHKIIUH

T 1471 )
w<l><5>:{5 " (2/8), cenn 5 € (0,1];

" 0, ecmm 6=0

w(
" 0, ecm 6=0

2)(5) _ {(57" ]nT1(2/5) lnr2<lnln<2/5))7 ecqiu 0 € (07 1];

¢ nmapamerpamu r > 0,—oco <ry < +oo u r > 0,71 > 0,—00 < rp < +00 COOTBETCTBEHHO.
O6obuennstii kiaacc Cobonesa Wi = Wy (0,1)°, mo ompenesieHuio, COCTOUT U3 BCEX
CYMMHDYEMbIX 1—TIepHOJMYIECKUX 0 KaxKJoi mepemennoil dbyuknuii f(x) = f(z1,...,zs),
6



A.B. YrTecoB

YAOBJIETBOPAIOINUX YCJIOBUIO

S Fm)P w2 (1/m) + .+ w2 (1/m)) < 1,

meZs

e mo o= (my,...,ms) € Z°% f(m) = [ f(x)e ¥ ™T)dr — tpuronomerpmueckue
[0,1]¢

koaddunuenter Pypoe-Jlebera dbynkmun f, (m,x) = mizy + ... + msx,, m; = max{l;|m;|}

JJ1 Kaxkjoro j =1,...,s.

[TpuBeieHHBII BbIIIE KJIACC SIBJISETCA OOJIee TOHKOM MKaIoil KiaccubUKaIU ITEPUOJNIECKUX
byHKIME MHOIMX TEPEMEHHBIX B 3aBUCUMOCTH OT CKOPOCTH yObIBaHHsA UX KOI(DDUIMEHTOB
Dypoe: mpu wy(6) = 0" wimacc W5 (0,1)° obpamaercs B knace Cobosesa W3 (0, 1)%.

Kiacc W5 Brepssle 6611 paccMOTpeH B [1] Ipu u3ydeHIN 331840 HHTerPHPOBaHust By HKIIi
Ha QYHKIMOHATBHBIX KJaccax. 3aTeM B [2| B ruibbepToBoii MeTpuKe ObLIN HANEHBI TOYHBIE
MOPSJIKA [TOIPENTHOCTEN, BOSHUKAIOIIUX [IPU BOCCTAHOBIEHUN (DYHKIMHA U3 PacCMaTPUBAEMBIX
KJIACCOB BBIYUC/IMTENbHBIMUA arperaTaMiu, MOCTPOEHHBIME 110 X 3HAYEHWSAM B KOHEYHOM YUCJIe
Touek. TaMm Ke, aHAJOIMYHBbIE PE3YJIbTAThl ObLINA TOJYYEeHbI MPU JUCKPETH3AIUN DEIleHHi
yPaBHEHNs TEMJIOMPOBOIHOCTH ¢ HAYAJBHBIMU YCJIOBHSME U3 KjaccoB Wy . OTmernm Takxke
[3], mocesimenHoit K 3ajade JAUCKPETU3AIMN KJIACCHYECKUX DEIIeHUfl BOJHOBOIO yDAaBHEHUS C
HadaJbHBIME ycjioBusiMu f1 u fo u3 0600meHHBIX Kaaccos CobosteBa.

B nmamnoit pabGore, ciemyst [4-6], uposemeno mosnoe K(B)II - wucciemosanue 3asaun
BOCCTaHOBJIeHHsI (DyHKIHIT 13 06001meHHOr0 Kinacca Wi, T.e. MOCTIeI0BATEIBHO PEIIEHBI 33,11
K(B)II-1 (BoccranoBiieHne 1o TOYHON MHMOPMAIMU, B 3aBUCHUMOCTH OT Buja (DYHKIHMOHAJIOB
U aJrOpUTMOB IEpepaboTKM TOJMYyYEeHHOH OT HUX YHCJIO0BON mH(pOpMAIUU, BKIIOYAET B Cebs
BCIO M3BECTHYIO TEOPHUIO NPUOJMKEHNH, YUCICHHBIA aHaIu3, BBIYACIUTEIHLHYIO MATEMATHKY,
reoputo dyHrimit - psgel Pypee, Gasucer), K(B)II-2 (B onruMasbHOM BBIYUCIUTEIHHOM
arperaTe 3HAYEHMs] WHQOPMAIMOHHBIX (DYHKIIMOHAJIOB MOXKHO 3aMEHUTh Ha OJIM3KUE WM
3HAYEHUs] ¢ COXPAHEHUEM ONTUMAJILHOCTH, IMOMCK HAUOOJBINNX TAKUX PACXOXKICHUN obpasyer
CAMOCTOATEJILHYIO 33/1a9y HAXOXKJICHUs! TIPEJIETHHBIX TTOIPEITHOCTER — HOBas ONTUMU3AIMOHHAS
sagaua) u K(B)II-3 (cymecrByer miau He CymeCTBYeT JPYroil BBIYUCJIUTE/NbHBIA arperar co
CTPYKTYpO#i, AHAJOTMYHON CTPYKTYpPE PaCCMATPUBAEMOIO ONTUMAJILHOIO BBIYHCIUTEIHLHOTO
arperata, ¥ Jayke, OBbITb MOXKeT, Oojiee oOIIeil, HO ¢ OOJBINEH 10 MOPSJIKY IPEIeIbHON
HOT'PEIIHOCTHIO).

2. BcnomoraresibHble yTBepxKAeHusi. [Ipu joKa3are/beTBe IPUBEICHHON HUYKE TEOPEMbI
UCIIONIB3YeTCsT (DYHKIISA

1

w0 =

(wr(0) +9),0 €]0,1].

Ara dyHknus crporo Bospacraer Ha [0, 1] u yuosiersopsier pasercTBy W, (1) = 1. CumBosiom
(0) Gymem obosHadaTh DYHKIWMO, 06pATHYIO K (DYHKIUH Wy.

Hemnocpepcrsenno u3 onpeenennit GyHKuit w, U W, BBITEKAIOT CJIEAYIONINE UX CBOHCTBA:
I. ITycrs a > 1. Torma ms Beex 0 € (0,1/a] Gyjer BBIIOJHEHO HEPABEHCTBO

wr(ad) < Cr(r)a"w,(0);

*

Wy

II. ITpn kaxxmaom a(0 < a < 1) gust Becex 6 € (0,1] cupaBe/yInBO HEPABEHCTBO

wy(ad) > mwr(é);

II. Jost Becex 0 < § <1 mMeeT MeCTO HEPABEHCTBO

wr(l) T,
w02 G+t

IV. Ons mexoropeix Beiuuun Co(r) >0 u C3(r) > 0 cupaBemiuBLl HEPABEHCTBA
CZ(T)WT((S) < wr((s) < 03(T)wr(5)a b€ [Oa 1]'
Bulletin of L.N. Gumilyov ENU. Mathematics. Computer science. Mechanics series, 2023, Vol. 145, Ne4
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ITostnoe K(B)II-uccienoBanue 3aga4u BOCCTAHOBJIeHU: (PyHKLUH U3 0606menHoro kiaacca Co6oJsieBa

JIemma 1. ITyemwv daa wexomopozo Cy(r) > 0 u das ecex 0 < 0,n < 1 ewnosnaemcsa
nepasencmeo wy(0n) < Cy(r)wr(0)wy(n). Tozda cywecmeyem Cs(r) >0 maxas, wmo

wT(én) < 05(T)wr(5)wr (77)
ona ecex 0<6n<1 u
B1(C5(r)on) > @ () (1)
das ecex 0 < §,m < 1, ydosaemsopaouux nepasencmey Cy(r)on < 1.
Jlemma 2. Cywecmeyem eeauvuna Cg(r) < 1 maxas, wmo @,(Ce(r)d) < 647,65 € [0,1].
JIemma 3. ITycmo ||m| = max{|mi|,...,|ms|} daa scex m = (my,...,ms) v I ={m €
Zs 277 < |m|| < 27}, 7 € {0,1,2,...}. Toeda cywecmeyem eeaununa Cr(r) > 0 maxas,
wmo daa mobotl pynrkyuu f € W5 cnpasedauso nepasencmeo

sup - w, 2(1/27) Y |f(m)]* < Cr(r).

7=0,1,2,... oy
Jlemma 4. Ilyemov ¢gynxuyus w, muna modyss 2aadkocmiu nopadka 1 ydosiemeopsaem
o0 A .
yeaosuro S wy(1/27)27/2 < oo, Tozda pad Pypve S f(m)e2™ ™) gascdot dynryuu
7=0 mezs
fewyr(0,1)° cxodumeca abcorrommo.

JIlemma 5(7|. ITycmo dano yenoe wucao s > 1. Tozda das kasrcdozo uyesoeo N > 1 ewnoarero
caedyrouiee ymeeporcdenue: 0as 106020 mrosicecmsea G = {m(l), . ,m(N/)} C Z° maxozo, 4mo
N = |G| > 2N u |G| =< N, u 048 npoudeoavrulx Aunelinur Pynryuonaros li, ... 1N,

S

onpede/LeHme, no Kpafme& MEPE, HA MHOMHCECNBE GCEL MPULOHOMEMPUYECKUL TNOAUHOMOE

. /
co cnexkmpom 6 G HAlIYMes KOMNAEKCHDIE “UCAA {ck},i\f:l, YJoBAEMBOPAOULUE YCAOBUAM
!/

N’ N’ ,
kZ lck| = N, kz lex? = N, npuvens ecau x(x) = 3 ™m0 00 1(x) = 0,...,In(x) =0
=1 =1

k=1
u [Ixllzee = N, [Ixllz2 = VN.

Jlemma 6. Ilycmov dynxuyus w, muna modyss eaadkocmu nopaoka 1 Ydosaemeopaem
oo

yeaosurio S wp(1/27)27/2 < oo, Toeda daa  wasicdoti  eospacmarowet, % 400

nomedosame?wuocmu {aN} N>1 UMeem Mecmo paserHcmeo
lim oy (@5(1/an))¥? = +oc.
N—o0

3. OcuoBuoii pesynbrar. lcxoguoit B K(B)II — uccaenoBanun (cm. [4 - 6]) sBisercs
BEJIMINHA

(SN(EN,DN,T,F)Y = inf 5N(€N,(Z(N),QDN),T,F)Y =
(l(N),LpN)EDN
= if swp  |[(THC) = en () + 9V ens 0 (F) + 8 ews )|

N
(l( ):SON)EDN f€F7|,Y§\}')|§1

31ech e€x— HeOTpHUIATEIbHAsT ITOCIEI0BATEILHOCTD, MaTeMaTHwdecKasl MOJEIb 3a/aeTCs
nocpescTBoM omeparopa 1 @ F — Y. X umw Y — HOpMuHpOBaHHBIE NPOCTPAHCTBA (DYHKIINIA,
3aJaHHBIX COOTBETCTBEHHO Ha MHOXKecTBax {lx m Qy, F C X kiacc dyukmmit. YucmoBas
nHGOPMAITHS

109 =1 (p) = (104, 190

obbema N(N =1,2,...) o dysxiun f u3 knacca F cHumaercst ¢ byHKIMOHAJIOB l%) F—

N
C, ..., lg\, ) F e Anroput™m mepepaboTku nHMOPMAITIN
N
g0N<21,...,ZN;')ZC X Qy—=C
eCThb COOTBETCTBHE, KOTOPOe IIPH BCAKOM uKcHpoBamuoM (z1,...,zy) € CV  kax

dbyuknusg or (-) ects smement Y. Ilapa (Z(N ),goN) onpeJiesdeT BBIYUCIUTEIbHBIN arperar
BOCCTAHOBJIEHUA 1O TOoYHON mHoOpMamuu o ¢yHkmuun [ € F, aeficTByiomuii 1mo mpaBuiy

ON <lj(\1,)(f), cel l%v)(f); ) , a gepe3 Dy 0003Ha4Ya€TCS MOAMHOMXKECTBO BCEX IIap (l(N), gpN) .
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A.B. YrTecoB

B mammoit pabore mpn KOHKPETH3AIUN

= Wédran = f7Y = Lq(oal)saDN = L(N) X {<)0N}7

e 2 < g < oo, LN) — muoxecrso Beex Bexropos ((N) = (l(l), e ,l(N)> , cocrosiux u3 N
JINHEHHBIX (DYHKITHOHAJIOB lg\p e N ORI l%v) W3+ C, cdopmyaupoBana cJieLyoas
Teopema. Hycmo danne s € N,g € [2,00] u &ymmu;i Wy MUNG MOOYAA 2A60KOCTU

nopﬂ(?%a r mawxasd, 41mo

D wp(1/27)27% < 00, wp(5n) < Ca(r)wr(6)wy ()
7=0

das mexomopoeo Cy(r) > 0 u das scex 0 < §,n < 1. Toeda dan xascdoeco N = N(K) =
(2K + 1), K =1,2,... cnpasediusnv caedyrouue yYymeeprcoeHus:

K(B)II-1. 6y (o;L(N> X Apn b Tf = f,W57) 1y = wr (N}/S) N1/2=1/a;
K(B)II- 2. oy (0:LY) x {on}, Tf = £.W5") 1, == b (2 (V). 00). Tf = £W57) 1, w
= oy (mnvens (1Y), 8n), Tf = £, W),
N—+oo Opn (0 LIN) x {SON} Tf f7 2 )Lq

ons moboli  ckoav  Yeodno — MEOAEHHO  603pacmarwet Kk 400  NOA0ACUMEALHOT

nocaedosamenvhocmu  {nNn(k)}Kk>1, 20e EN = \/Lﬁwr(#), BHIUUCAUMENLHBIT  a2pe2am
(IN) By)  cocmoum us  dymryuonanos Z(J\}-)(f) = f (m(T)) , 7 = 1,...,N u ¢ynxuyuu
N .
on(z1,. o 2NsE) = ) zTeZ’”(m( )’m), a s— mepnwie yeaovucaiennve sexkmopue mY, ... )
N N
maxue, wmo MM #mY) npu i #ju Y {mD} = A, Ax ={m e Z°: |my| < K,...,|ms| <
=1
K}

K(B)II - 3. Jlaa 6cako20 6biuuciumenvrozo azpezama

(™, o) @) = o (Fm®D),.... fmN)iz) N = N(K)

npu  Mmoboti  ckoav  yeodno — medaenno  eospacmarowelt K - +00  NOAOHCUMEALHOT
nocaedosamenvrocmu {Nn(k)}K>1 UMEEM MECTO PAGEHCNE0

o (mEnien (f<m<1>>, o fm W) Tf = fwgr)
K—1>r-r&-loo oN (0 LN) x {QON} Tf f, 2 )L‘I '

3ameuaHnue. Yenouto  wy(6n) < Ca(r)wy(d)wr(n), Kpome cremneHHBIX bYHKIWI,
YJIOBJIETBODSIIOT (DYHKIINH

wr(d) =

0" In"™ (M/6), ecmm 6 € (0,1];
0, ecm d=0

¢ mapamerpamMu 1 > 0,0 < r; < +00. 3amMeruM, 4TO 3TU (PYHKIUHU IIPU JOCTATOIHO OOJIBITIX
M > 0 sBasitorcst QyHKIMSIME THIIA MOJLYJIs IJIaJKOCTH mopsiaka 7 (cM., Hamp.[8]).
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A.B. YTecos
K. XKyb6arnos amvirdazv, Axmebe onipaix yHusepcumemsi, 0. Moadazyaosa dane., 34, Axmebe, 030000, Kasaxcman

2Kannsutanran CoGouieB KiacTapbl GyHKIUSIAPBIH KAJbINTacThIpy ecebGiniy Toabik K(E)-3eprreyi

Anvoranusi: Byn kywmbicra xanmbutanran Cobosies WQW T KJjacTapbl (QYHKIUSIAPBIH KaJbIITACTBIPY ecebiHiH
rosblk K(E)I-3eprTeyi KaubmracTelpeliyFa tuic f dyHKIUACHIHAH ajblHFaH N KeJIeMJeri CaHIBIK MOJIIMET CBISBIKTHIK,
bYyHKIMOHANIAPAbIH MOHJEpI OOJIaThIH Karjaiifga Kyprisiare. Hon aiiTkanga, OipinmmigeH, W; T KJIacTapbl
byukmusamapeir L9,2 < ¢ < 0o MeTpuKaga *KybIKTayJarbl KATEIKTIH [oJI peTi aHbIKTAJFaH; eKIHIIIeH, JoJ perTi
2Ky3€ere achbIpaThIH HAKTHI €CENITEy arperaThbl YChIHbLIFAH YKOHE OHBIH, JI9JI PETTiI CAKTAaNTHIH, PeTi OOMBIHIIA KAaKCapMalThIH
€N IIEeKTIK KaTesiri TabbLiraH; YIIHIIIAEH, KAJLIITACTHIPLUIyFa Tuic QyHKIusSHbH Pypbe Koaddunnenrrepi 60iibIHIIA
KYDPbUIFAH Ke3 KeJIeH eCelTey arperaTblHbIH IIEKTIK KaTesiri £y IIEeKTIK KaTesiriHeH Kakcbl GosMaldTbiHbIHA (peTi
GOBIHINA) KO3 YKETKI31JIreH.

Tyiiia cespep: K(E) - 3eprreyi, CbI3BIKTHIK (DYHKIMOHAJ, €CENTey arperarbl, »KybIKTay KaTeJiriHiH Joui peri,
xasmbutagrad CoboJieB Kilachl.

A.B. Utesov
K.Zhubanov Aktobe Regional University, Moldaguova ave., 84, Aktobe, 030000, Kazakhstan

Full C(N)D-research of the problem of recovery functions from the generalized Sobolev class

Abstract: In this paper a complete C(N)D-research of the problem of recovery functions from the generalized Sobolev
class W3 is carried out in the case, where numerical information of volume N about the function f being restored
is removed from linear functionals. Namely, firstly, the exact order of error of restoring functions from classes W3'; is
established in the metric L9,2 < q < oco; secondly, a specific computing unit is proposed, that implements the exact order
and its limiting error £y is found, that preserves the exact order and not improved in order; thirdly, it is proved that any
computing unit constructed by the Fourier coefficients of the function being restored does not have a limiting error, better
(in order) than &p.

Keywords: C(N)D — research, linear functional, computing unit, exact order of error of restoring, generalized Sobolev

class.
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Camoo0yveHune JIjisi yaydIleHusl CUCTEMbI PAaCIIO3HABAHUS PEYM HA KAa3aXCKOM
1

SA3bIKE
Annoramusi: B mociiesinee BpeMst  JOCTHXKEHUSI B HEHPOHHBIX MOJIEJISAX, OOyYEHHBIX
C  WCIOJb30BAHWEM  ODIMUPHBIX  MHOTOSA3BIYHBIX ~ TEKCTOBBIX U YCTHBIX  JIAHHBIX,
[IPOJIEMOHCTPUPOBAJIM MHOTOODEIIAIONINN TOTEHITNAJ JJIsd YIYYIIEeHUs] CUTYaIllud C SA3bIKAMU,
KOTOPBIM HE XBaTaeT PeCypCOB. DTO WCCAEOBAHUE COCPEJOTOYEHO Ha POBEICHUH
9KCIIEPUMEHTOB C HCIOJIb30BAHUEM II€PEJIOBLIX MOJIejIeil paclio3HABAHUS Pedr, B YACTHOCTH,
Wav2Vec2.0 u Wav2Vec2-XLSR, npuMeHUTENIbHO K Ka3aXCKOMY s3bIKy. OCHOBHAas I€Jb 3TOrO
UCCIe0BAHNS — OlEHUTh 3(PDEKTUBHOCTD 3TUX MOJeseil Ipu paciimdpoBKe Pa3roOBOPHOIO
Ka3aXCKOro cojiep:kanns. Kpome Toro, mcciesoBaHue HalPaB/IeHO Ha U3ydYeHHe BO3MOXKHOCTH
UCIIOJIb30BAHNUS JIAHHBIX U3 JAPYTUX SI3bIKOB JIJIS HAYAJILHOIO ODY4YEHUsI U OIEHKY TOT'O, MOXKET
JII YyTOYHEHUE MOJIEJIH C IIOMOIIBIO JIAHHBIX II€JIEBOI0 SA3BIKA HMOBBICUTD €€ ITPOU3BOIUTETBHOCTD.
Taxkum obpasom, 3TO UCCIETOBAHUE MpPejaraeT MeHHYI0 HH(MOPMAINIO O YKU3HECIOCOOHOCTH
HCIIOJIb3OBaHUA IIPEABaApPUTEIBLHO O6y‘{eHHbIX MHOTI'OA3BIYHBIX MOILeJ'[eI‘;I B KOHTEKCTE A3BIKOB
¢ orpaHWYeHHBIMH pecypcamu. TouHo HacTpoeHHast Mojeab wav2vec2.0-XLSR mokaszaga
UCKJTFOUATE/IbHBIE PE3YJILTATHI, MPOJEMOHCTPUPOBaB Koadhdumuent omubok cumBosos (CER)
1,9 u koaddunument ommbok cios (WER) 8,9 npu cpaBaenun ¢ tecroBblM HabopoM Habopa
JaHHBIX kazcorpus. PeByﬂbTaTbI 9TOr'o aHaJIn3a MOr'yT CHOCO6CTBOB&TB CO3JaHUIO0 HaJEXKHbIX
1 3(bHEeKTUBHBIX CHCTEM aBTOMATHYECKOTO paciosHaBanus peun (ASR), ajganrupoBaHHBIX J1jist
Ka3aXxCKOI'0 SI3bIKa. DT pa3pabOTKU IPUHECYT MOJIL3Y LEJIOMY PsIAy HPHUIOXKEHUNA, B TOM YUCTIE
IpeodPa30BAHUIO PEYU B TEKCT, T'OJIOCOBBIM ITOMOIITHUKAM U CPEJICTBAM T'OJIOCOBOTO OOIEHUS.

KnroueBbie ciioBa: aBTOMaTHIECKOE PACIIO3HABAHUE PeUH, Ka3axcKuil s3bik, Wav2Vec 2.0,
Wav2Vec2-XLSR, npeBapurtesibHO 06y UeHHbIE MOJIE/IA-TPAHC(HOPMEPHI, MOJIE/IH [TPEJICTABICHIS
peun.

DOI: https://doi.org/10.32523/2616-7182 /bulmathenu.2023 /4.2

2000 Mathematics Subject Classification: 68T10

1. BBEAEHUE

B mocienmee BpemMsi MoOIean Ha OCHOBE ITOCJEIOBATEIBHOCTEH IPOIEMOHCTPUPOBAJIN
3aMevaTe/bHbIE JIOCTYKEHHUSI B DPACIO3HABAHUYM PEYM IPU COIOCTABJIEHWH C TPaIAIIMOHHBIMEI
CHCTEeMaMHU aBTOMATHIECKOIO PACIIO3HABAHUS PEYW. IJTU OCHOBAHHBIE HA IOCJIEI0BATEILHOCTH
MOJIEJIA HUCIIOJIBL3YIOT HEHpPOHHBIE CEeTH [JIsi MpeoOpa30BaHUs Pedd B TEKCT, UTO YIIPOIIAET
mportecc MojiestupoBanus. Cpean HUX apXUTEKTypa TIIyOOKNX HeHPOHHBIX ceTeil Tpancdopmepn
[21] BBLEENSsIETCS KAK IMIMPOKO PACIPOCTPAHEHHBIH M IPOJAEMOHCTPUPOBAET 3aCJIy KUBAIOIINe
BHUMAaHMUsI JOCTUZKEHUsI B IIOCTPOEHUN CKBO3HBIX CHCTeM paciosHaBaHust peun [2—4|. Hecmorpst
Ha, 3HAYUTEJIbHBLIA mporpecc B paspuruu Mojesieii ASR, paspaborTka HaAeKHBIX MOJeseil s
SA3BIKOB, IIOMUMO AaHIVIMICKOIO, OCTAeTCs CJIOXKHON 3ajadeii. Ta HpobieMa B OCHOBHOM
BOSHHKaeET HN3-3a TOI'0, 9YTO COBPEMEHHbLIEC MOJEJIN, KaK IIPpaBUJIO, Tpe6yIOT JJINTEJIbHBIX Y9aCOB

1pagora Bomommena npu prHaHCOBOH moaAepkKe MunncrepcTBa Hayku u Bbiciero obpasosanust Pecybmku
Kazaxcran (npoext NeAP13068635)
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2K.M. Ko>xupbaeB

AHHOTUPOBAHHBIX PEYEBBIX MJAHHBIX [JId OOy<IeHUsi, YUTOOBI JIOCTHYDL Y/IOBJIETBOPUTEILHBIX
Pe3yIbTaTOB. DTO OCODEHHO BEPHO JJIsI KAa3aXCKOI'0, TIOPKCKOI'O SI3bIKA, Ha KOTOPOM T'OBOPHUT
MHUPOBOE COOBIIECTBO, HaCYUTHIBaMOIIee Gosiee 13 MUIUIMOHOB 4esIOBeK (COIVIACHO CTATUCTHUKE
Be6-caiita Ethnologue?).

HemaBaue ycmexm B METOMOJOTHAX OOyYEHHsI C CAMOKOHTDOJIEM IIPOJIEMOHCTPUPOBAJIN
[IOTEHIIMAJI B PEIIeHud IpobJIeMbl OIMPAHUYEHHON IJOCTYHHOCTH JaHHBIX JJisi SI3BIKOB 0e3
JOCTaTOYHBIX pecypcoB. OOydeHne ¢ CAaMOCTOSITEIbHBIM HAOJIIOIeHNEM — YHUKAJIBHDIN ITOAXO0 K
COBEPIIEHCTBOBAHUIO CUCTEM PACIIO3HABAHUS PEIU — HCIIOJIb3YeT MHOYKECTBO HEMAPKHPOBAHHBIX
PEUYEBBbIX JaHHBIX JIJIsSI ITOJIyYeHUsl IEHHBIX IIPEJICTAaBICHUN PeYeBOro CUriaja. B ormimmdane
OT TPAIUIMOHHOIO KOHTPOJUPYEMOTO OOydeHHUsl, KOTOpOe TpedyeT ITOMEYEHHBIX JAHHBIX
JJIsI OOyYeHHsI MOJIEN, AJTOPUTMbI CAMOKOHTPOJIUPYEMOTO OOyUeHUsI M3BJIEKAIOT 3HAHUS U3
HeoOpabOTaHHBIX JAHHBIX 063 HeOOXOAWMOCTH SBHBIX aHHOTammit. B pamMkax o0ydeHus
C CAMOCTOSITEIbHBIM HAOJIIOIEHNEM MOJEIN OTTAYUBAIOTCS IS BBIITOJIHEHUS 3aJ]a9, TEeCHO
CBS3aHHLIX C OCHOBHOM 3ajadeil paCIO3HABAHUS PeYIM, HO JIMIIEHHBIX HEOOXOJNMOCTH B
ITOMEYEHHBIX BXOJHBIX JaHHBIX. MeTos BK/oUaeT B cebsa 00ydeHne MOJEN MPOrHO3UPOBAHUIO
MTOCJIEYIONIEro0 Kajpa PedeBOro CHUTHAJJa C Y9eTOM HPEeIbIIAYINX KaJIPOB — KOHIIEIINSI,
HasblBaeMas KOHTPACTHBIM IporHocrudeckuM konuposanuem (CPC) [5].

Jlpyrasi crpaterus BjiedeT 3a coboOil OOydeHme MOJeN PA3JUIEHHUIO JIBYX OT/IE/TbHBIX
PEUEBbIX CErMEHTOB, HaIlpUMep, Pa3/IudeHrne MeK/y Iapoil OJM3KMX BO BPEMEHH PEUYEBBIX
KaJpOB W TEMH, KOTOpbIe 3HAYUTEIbHO pa3HeceHbl Apyr oT gapyra. llorennmasn obydenus
C CaAMOCTOSITeJIbHBIM HaOJIFOJIeHnEM B cepe paclio3HaBaHUSI Ka3aXCKOM pedn 3aKJII0YaeTCs B
€1ro CHOCO6HOCTI/I N3BJIEKATb BBII'OJy U3 3HAYUTE/IbHBIX O6’])€MOB HEepa3sMe4YCeHHBIX JaHHBIX, 9TO
ABJACTCA SHAYUTE/JIbHBIM IIPEUMYITECTBOM [IJId A3bIKOB, I'/Ie aHHOTUPOBAHHbIC JaHHbIE OCTaIOTCA
nedunuTHbIME. VCob3yst METO/Ibl CAMOKOHTPOJIS JJIsi OOy UIeHMST MOJE/IN PACIO3HABAHUS PEIU
Ha HEeMapKUPOBaHHBIX /TaHHbIX, MO/EJ/Ib MOXKET yMeJIO paCH_II/ICprBbIBaTb KJIFOUYEBBIE aCIIE€KTHhI
pedeBoro CuUrHaJia, BKJIFOUas (DOHEMBI U AKYCTHYUECKHE HIOAHCHI, HEOOXOIUMBbIE /I TOYHOMN
TPAHCKPHUIIITUH. HOMI/IMO CBO€T'o IoTeHIuraJIa JAJis ITIOBBIIIEeHUA TOYHOCTU CUCTEM PacCIIO3HaBaHUA
peun, obyueHne ¢ CAMOKOHTPOJIEM ODEIAeT YMEHBIIUTh KOJIMIeCTBO HEOOXOMMBIX TTOMETEHHBIX
JIAHHBIX JJIsi OOyUeHUsl. DTO COKPAIINEHUE MOYKET CYIECTBEHHO COKPATUTH 3aTpaThl U BPeMs,
HEOOXO/IUMBIE JIJIsi CO3/IaHUs HAJIEYKHOI CHCTEMbl PACIO3HABAHUS KA3aXCKOW pPEUHU, CIEJIaB ee
boJiee JOCTYIHOM [JIsi HMCcjaefdoBaTeseil u paspaboTdnkoB. HemgaBHue ycoBepIIEHCTBOBAHUISI
B KOJIMPOBIIMKAX 3BYKa C CAMOKOHTDOJIEM, IPUMEPOM KOTOPBIX sABjsiercs Wav2Vec2.0
[6], sddekTrBHO acCHMUIMPOBAIN BBICOKOKJIACCHBIE Ay HOIPEICTABICHS. Opnako ©ux
HEKOHTPOJINPYEMBIii TIOIX0/I K IIPEIBAPUTEILHOMY 00YIEHHIO CO3AaeT MpobiemMy 3PPEeKTUBHOIO
[Ipeobpa30BaHusl ITUX IPEICTABIEHUI B IpakTHdeckue pedyabrarbl. (CiemoBaresbHO, das3a
TOHKOI HaCTPONKN CTAHOBHUTCS O0A3aTEILHON I MPOMECCHOHATBHOIO Pa3BEPTHIBAHUS ITUX
MoJesieit JJIs TaKWX 3a7ad, KaK aBTOMaTHdecKoe pacio3Hapanne pedn. CyImecTByIOT IBe
OIIMH TPeIBAPUTEILHO 00ydeHHBIX Mojeeit Wav2Vec2.0: mepBas mpegBapuTeIbHO 00ydeHa
HUCKJTIOYUTEIBLHO JIJIsT OJJHOTO sI3BbIKa, & BTOpask — MHOTOSI3BIYHAS IIPEABAPUTEILHO 00yJIeHHas
mozenb (XLSR-53). D10 uccegoBanme 66110 MPEIPUHATO C MEJIBIO TPOTHBONOCTABICHIS ITHX
JBYX ITOAXOJOB, UTOOBI yCTAHOBUTH MX 3(P(PEKTUBHOCTH B obecreueHnn HajgexxkHoro ASR s
Ka3aXCKoro si3bika. OCHOBHBIE BKJIAIBI 9TOIO HCCJIEIOBAHIS BKJIIOUAOT:

1. B jomosHeHme K UMEIONUMCS PEYEBBIM KOPIIyCAM Ha KA3aXCKOM  $I3bIKE MbI
cobpaJin ay/In03aIluCu BMECTE C COOTBETCTBYIOIMUMM UM TEKCTAMH U3 OOIIEIOCTYITHBIX
ncrouHukoB. COBOKYIIHbIE JaHHbIE, cobpanuble npuMepro 3a 1000 uacos. Kaxkaomy
ayaumodailly COOTBETCTBOBAJ OT/EIbHBIN TEKCTOBBIN (hailyl, Ccomep:Kalluili coaepKaHme
aynnokauru. [IpumedaresibHO, YTO HEOOXOAUMO IPU3HATD, YTO MEXK/TY 3BYKOM M TEKCTOM
OTCYTCTBOBaJIa CUHXPOHHM3AIUS, YTO II0/Ipa3yMeBaeT OTCYTCTBHE BBIDABHUBAHUS HAa
YPOBHE IIPEJIOKEHUsI WU CJI0BA. UTOOBI PEIIUTh 3Ty HPOOJIEMYy PACCOIIACOBAHUS, MbI
UCIIOJIb30BAJIN TEXHUKY CerMEHTAIlUd, OCHOBAHHYIO HA aJrOPUTME KOHHEKIIMOHUCTCKON
Bpemennoii knaccuduranun (CTC) [7]. Dror moaxon oberdns TOUHOE H3BJICUCHHE
BBIPABHUBAHUS &Y/ INO-TEKCTA.

Zhttps:/ /www.ethnologue.com/language /kaz
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2. Beuia npoBesieHa cepus SKCIEPUMEHTOB C WCIIOJIb30BaHMEM 0a30BOH apXUTEKTyDhI
Wav2Vec2.0 n XLSR-53, oxBaThIBalONUX pa3judHble CIEHAPUH I1PEIBAPUTEHHOMN
IOJAI'OTOBKM U TOHKON HACTPOMKU.

3. Bour npoBesieH oOIMUpPHBIN CpaBHUTEIbHBIN aHamn3 aByx Mmeromosoruit: Wav2Vec2.0 u

Wav2Vec2.0-XLSR.

2. OCHOBHAA YACTb

B stom pazaesne nmpericraBieH KpaTKuii 0030p COOTBETCTBYIOIIEH JIMTEPATYPDI, CBA3aHHOI C
9TOl craTheil, pasje/eHHblil Ha jaBa mojapasiena: Wav2Vec2.0 u XLSR-53, a rakke Kazaxckuii
ASR.

Wav2Vec 2.0. tmarensno pazpaboran fjs paciindpoBKY pedn, BCTPOEHHON B ayIUOCUTHAJIDBI,
C UCIIOJIb30BAHUEM CAMOKOHTPOJUPYEMOIl METOIOJIOTHN TIPEIBAPUTEIBHOIO 00y IEHHUsI, KOTOPast
BIIMTBIBaeT M€ N3 OI'POMHBIX O6’beMOB HEMapPpKHUPOBAHHBIX ayJIUO/IaHHbIX. OH O6’be,H‘I/IHHeT
IIPUHIATIBT HECKOJIBKUX IPEJIIIeCTBYIONUX Mojeseil, a nmenno, Contrastive Predictive Coding
(CPC) [5], Model Predictive Control (MPC) [8], wav2vec [9] u vqwav2vec [10]. Apxurexrypa
Wav2Vec2 rapmonusupyer cseprounbie ueiiponnbie ceru (CNN) wu upeobpasosarenun, 49To
IIO3BOJIZAET €My BOCIIPMHHMATLb KaK JIOKaJIbHblE€ HIOAHCBbI, TaK H BCQO6'])€M.HIOHLI/I€ H_Ia,6ﬂ0HbI B
ay/IMOJIaHHBIX. B MOJIeIN UCI0JIb3YeTCsT MHOTOYPOBHEBBIN CBEPTOUHBIN KOIUPOBIIUK IPU3HAKOB,
obosnauennbii Kaxk f : X — Z, jjasg KogupoBaHUs HEOOPADOTAHHBIX ayIUOCUTHAJIOB X
B IPEJCTABJIEHUSI CKPBITOH peYd Z21,...,27, KOTOpBbIE 3aTe€M IOJAI0TCS B CETb C MAaCKaMM
npeobpaszoBatesist, obosnadaembie Kak ¢ : Z — (', KOTODPBI 0TOOparKaeT MpeCTaBICHUS
U3 CKPBITONO MPOCTPAHCTBA B IUCKPETHBI HAOOP BBIXOJHBIX JAHHBIX, (1,...,GT , KOTOPBIE
[PEJICTABJISIIOT [eJIM B CAMOKOHTPOJIMPYeMOii 1iejin o0ydenus (6, 12]. Mosysnb npeobpasoBanusi
KOHTEKCTYAJIM3UPYET KBAHTOBAHHBIE WPEICTABJICEHUS C IIOMOIIBIO OJIOKOB BHUMAaHUS, B
pe3yJbraTe 4ero mojyvaeTcs Habop JUCKPETHBIX KOHTEKCTYAJbHBIX MIPEJICTABICHUN €1, ..., CT .
KopupoBmuk GyHKIINNE COCTOUT U3 CEMU CBEPTOYHBIX OJIOKOB, KAXK/JIbII U3 KOTOPBIX uMeeT 512
kanaJsioB, mmpuny siapa {10, 3, 3, 3, 3, 2, 2} u maru {5, 2, 2, 2, 2, 2, 2}. C apyroii cTopoHHbI,
TpaHcdopMaTopHas ceTb cocrour uiz 24 6uiokoB ¢ 1024 paszmepavu u 4096 BHyTpeHHUMH
pasmepamu. Bceero B Heil Takxke mmeercs 16 rOJIOBOK BHUMAHUS.

XLSR-53 [11] upescrapisier coboii MHOTOSIBBIYHYIO MO/JIE/Ib, OCHOBAHHYIO Ha MEXKbA3BIKOBOM
mojsien XLM-R, mpennaszHadeHHYIO 7T peNIeHusl 3a/a9 MHOTOS3bIYHOU W MeXbsI3BbIKOBOU
obpaborkn ecrecrBennoro sispika (NLP). OcmoseBasice ma momenn Wav2Vec 2.0, XLSR-
53 obJiajiaeT CIHOCOOHOCTBIO IOJyYaTh CKPBITOE KBAHTOBAHUE, OXBATBIBAIONIEE PAa3JIMYHbBIE
SI3BIKA.  DTO JIOCTUTAETCS 3a CYET WUCIOJIH30BAHWS KBAHTOBAHUS TPOM3BENEHUS JJIsT 0TOOpa
KBAHTOBAaHHBIX IPEJCTABIEHUI M3 KOJIOBBIX KHUT. B mporecce oTOOpa HUCIOJIb3YETCS METOJ,
Gumbel-Softmax, obecrmeunBaroruii moyiHoe paziumune. Apxurekrypa XLSR-53 moxoxka Ha
ApXUTEKTYDY JIByHAIIPABJIEHHBI KOJMPOBIIMK IpejcraBiennii Tpancdopmepa (BERT) [12]
C 3aMETHBbIM OTJIMYUEM: OHa BKJIIOHaET B Ce65[ 53 A3BIKOBBIX BJIOZKCHUA JIJId  KazKJI0I'O
U3 IHOAJAEPKUBAEMBIX SI3BIKOB. DTOT CJIOXKHBIA JM3aiiH II03BOJISIET MOJeJN 00pabaTbiBaTh
pa3/IndHbIe A3bIKU, VYJIaBJHUBasd HUX TOHKOCTHU JazKe B ClIydadX CXO2KEro HalluCaHud WJIN
ITPOM3HOIIIEHNS. Kpome Toro, XLSR-53 MoxkeT 1OXBaCTaTbCs OIPOMHBIM KOJIMIECTBOM
IMapaMeTpoB, COCTABJSIONMUM 500 MUJIJTUOHOB, YTO JIeJIaeT €ro OJTHON M3 KPYIMHENINX JTOCTYITHBIX
MHOPOSI3BIYHBIX MOJIe/Ieil. DTa Mojiesib 00ydaeTcs Ha OOIIMPHOM W pPa3HOOOPa3HOM KOpIIyCce,
BKJIIOYAIONIEM TEKCTOBBIC JAHHBIC PEUU, U3BJICUCHHBIC u3 OoJsiee dem 53 sa3bIKOB. llpucymas
XLSR-53 c110cobHOCTD IIOHUMATh HECKOJIBKO SI3BIKOB JIEJIA€T €r0 UCKJIIOUYUTEIHbHO BBHINOIHBIM st
MEXK'bSI3BIKOBOTO TPAHC(EPHOTO 00y UEHUSI. DTO BEUET 3a COOOM aJallTAIIUI0 MOJIETH, 00y I€HHO
Ha OJIHOM SI3bIKe, JJIsi XOpOIleil paboThl Ha JIPYIOM sI3bIKE, TPeOysi JIUIlh MUHUMAJBHOTO
JIOIIOJTHUTEJIEHOTO OOy IeHUsI.

Hepmasuue poctmxkenwst B obsractu ASR - OTKpBUIM  HOBBIE CKBO3HBIE APXUTEKTYDHI,
JIEMOHCTPUPYIOIIUE BIIEUATISIONIYI0 TOYHOCTD [IPU HAJIUIUU JIOCTATOYHOIO KOJTUIECTBAa HADOPOB
jgaHHbiX.  OCHOBHON HPUHIIAIL, JIEXKAIMUN B OCHOBE STHX CKBO3HBIX MOJEJIEH, BpPAIaeTCs
BOKDYI' IPsIMOTO TPEOOpPa30BaHUsI BXOJHBIX PEUYEBBIX CHIHAJOB B IOCAEJOBATEJIBHOCTH
CUMBOJIOB. Takoit oONTUMHU3MPOBAHHBIN TOJXOM OINTUMHU3UPYET WPOIEIyPhl OOyUeHUs,
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TOHKOI HACTPOHKM M JIOTMYECKOrOo BBbIBOJA. B obnactu wucciegosannii ASR  skcrepTobl
[IPEUMYIIIECTBEHHO TSTOTEIOT K JIBYM PA3JIMYHBIM MeTOHoJorusiM o0ydeHnst cucreM ASR:
ITOJIHOCTBIO KOHTPOJIUPYEMBIM M CAMOKOHTPOJIUPYEMBIM MOJEIAM. B KOHTEKCTe IepBoil
kareropun Ecenbaes [13]| mposesn obumpHOe Hccie0BaHue, HAIPABIEHHOE HA IIPEOJIOJIEHNEe
IpO0IEMbI ABTOMATUIECKOT0, HE3ABUCUMOT'O OT TOBOPSIIEr0 PACIIO3HABAHUS CJIUTHON Ka3axCKOit
pedu, COCpelloTOYMB BHUMAaHHE Ha OIIPEJC/ICHHON JICKCUYeCKOH OCHOBE B YCJIOBUAX IIyMHON
cpenpl. IIpemoxkennasi aBTopaMu CHCTEMA IPOJAEMOHCTPUPOBAJIA ITOXBAJIbHBIE PE3YJIbTAThHI
B Pa3JIMIHBIX 3aJavax, BKJOYasd (HDOHETUUIEeCKOe paclo3HaBaHUWE AaHIVIMHCKONW pednm, a
TaKKe pAaCIO3HaBaHUE HEIPEPHIBHON Ka3axXCKOM pedn. IIpumeuarenbno, YTO cucTEMa
[IPOJIEMOHCTPHUPOBAJIA OTHOCUTEIBHOE yiIydIlleHre KadecTsa pactnosaasanus 10 20%. O6pamaer
Ha cebs BHUMaHME JOCTUKEHHE KadecTBa pacuosHasanus 94,5% mia kasaxckoil peun. Ilo
CyTH, 3TO UCCJIEJIOBAHUE BBICTYIAECT B KAUECTBE OCHOBOIIOJIATAIONIETO Iara, 3aKJaJbIBaIoNIero
OCHOBY JIjIsI TOCJIeyomieil paspaboTku 6oJjiee TPOJABUHYTHIX ILIATMOPM, TpeTHAZHATEHHBIX
JIUIST HEIPEPBIBHOIO DPAaCIO3HABaHUs Ka3aXCKoil peun. B cBoeMm wucciesoBanuu asropbl [14]
yIayOJIAIOTCS B PacIo3HABAHUE ITOTOKOBOM pPeYd IOCPEeICTBOM peanusanuu Mozean RNN-
T. Dra apxurekTypa [OCTPOEHa C WCIOJH30BAHHEM HEHPOHHBIX cereif, Takux Kak LSTM
n BLSTM, ¢ wucnonab3oBanmeM o0ydaromiero Habopa JaHHBIX IIPOIOJKHTEILHOCTBIO 060j1ee
300 uacoB, BKJIOYAMOIIErO KaK I[OJIOTOBJIEHHbIE (YTEHHE), TAK U 3alllCH CIOHTAHHON pedn.
PesynbraTsl ncciremoBanns mogdepkuBaior cnocobnocth mogean RNN-T mocrurars CER 10,6.
B ormenbHOM wuccsenoBanun Tex ke aBTOopoB Mambipbaes [15| mpejcraBisier rubGpuHyIO
mozens Transformer + CTC (Connectionist Temporal Classification). Om 6b11 oTTOUYEH C
UCIIOJTb30BAaHNEM HaOOpa pedeBbIX JaHHBIX, oxBarbiBatomero 400 wacos. IIpumedaresnbHo,
9TO Pe3yabTaThl MCCJIEIOBAHUA MOIIEPKUBAIOT 3ddeKTuBHOCTL Mojean, peructpupys CER
3,7 u WER 8,3. bBesycioBHo, ciemyeT OTMETUTH COBMECTHYIO pabOTy wuccaeaoBaresiei
Henrpa peduebix Ttexuosioruit CankT-IlerepOyprckoro HaMOHAJIBLHOIO HUCCIEI0BATETHCKOTO
YHUBEpPCUTETa TH(MOPMAIMOHHBIX TEXHOJIOTUN, MEXaAHUKH U ONTUKN COBMECTHO ¢ KocTanaiickum
rocylapCTBeHHBIM yHuUBepcuTeToM uM. A. Baiitypesinosa [16]. D1u uccienosaresnu npucrynuim
K IPOEKTY, COCPEJOTOYEHHOMY Ha IPU3HAHUM WM CHHTE3€ JBYS3BITHOIO (Ka3aXCKO-PYCCKOIO)
sa3pika. VX ycwiamst ObLIM COCPEIOTOYEHBI Ha pa3BUTHU 001acTu OOpabOTKU JABYSI3BITHOMN
pedn, TeM CaAMBIM CIIOCOOCTBYsI H0jIee MIUPOKOMY CIIEKTPY HMCC/IEIOBAHUI B 00JIACTU SA3BIKOBBIX
rexHosioruil. ABTopbl [17| BHEC/IM 3HAYMTEILHBIN BKJIAJ B MCCJIE0BAHIE PACIIO3HABAHUS PEUN
Ha Ka3aXCKOM si3blKe B Bujie 6a3bl JaHHbIx KSC 1. Dra obmupHas 6a3a JAHHBIX CJIYKAT
OTKPBITBIM TAJIOHOM, COJIEPKAIIMM OKOJI0 332 1acoB pacmudpoBaHHOTO ayauo. basza JaHHbIX
prirrovaeT 6ostee 153 000 BBICKA3BIBAHWI, MPOU3HECEHHBIX JIOAbMU U3 PA3HBIX BO3PACTHBIX
IPYII, PETMOHOB U 1I0JIOB. ABTODBI UCHOJIB30BaMN CKBO3HYIO Mojesb (E2E) na ocnoBe Trans-
former, pocturays koaddunuenrta omubok cumsosios (CER) 2,8 u koadduinmenra omubok cjios
(WER) 8,7 B 5ToM Habope nanHbIX. B pojcreennoit paspaborke Myccaxozkaesa [18| pacimpuim
b6a3y manabix KSC g0 omenomisiomux 1128 wacoB. DTo paciimpeHue BKJIIOYAJIO B cebst
BKJIIOYEHUE JIONOJHUTE/IbHBIX JTAHHBIX U3 PA3JIUIHBIX UCTOYHUKOB, BKJIIOYAs TEJIEBU3UOHHBLIE
HOBOCTH, Tejle- U PaJuoNpOrPaMMBbI, IMMapJAMEHTCKUe BBICTYILIEHUs] W TOJIKACTBL.  ABTODBI
TIIATEJLHO ONPEICTWIN CIeNUPUKAIUA KOPIyca U OOOCHOBAJM €r0 IMOJE3HOCTb, HUCIOJIb3Ys
mozesib ASR Ha ocHoBe Transformer. Dra Mozensb gana MEOTOOOEIIAIOIIIE PE3YIBTATHI: 001t
gacrora omubok B ciaosax (WER) cocrasuia 15,1 B nmposepounom Habope u 15,6 B TecToBOM
Habope. DTH yCHIHsI 3HAYUTEIHHO PACIIUPSIOT PECYPCHI, JOCTYIIHBIE JIJIS PA3BUTHSI TEXHOJIOT I
pacIo3HaBaHUs PEYd Ha Ka3aXCKOM A3bIKE. XOTs IPOJOJIKAIOMAascs pa3paboTKa Momeseit
[IPOJEMOHCTPUPOBAJIA BBIIAIOIIEECST MACTEPCTBO, 3HAYUTEIbHAA YACTh U3 HUX B 3HAYUTE/IHLHOMN
CTEIIEHH 3aBUCUT OT METOJIOJIOTHII OO0ydeHHsl ¢ yduTeseM, 4YTo TpedyeT 3HAINTeIbHBIX
00beMOB aHHOTHMPOBAHHBIX JAHHBIX. K COXKAJEHUIO, MPOIECC MAPKUPOBKH W AHHOTHPOBAHUS
JAHHBIX SIBJIAETCA PECYPCOEMKHUM, JOPOIOCTOAIINM U TPYAOEMKHUM, YACTO BJIEKYIIUM 38 OO0t
PYYHOE BMEIATEIbCTBO. boJjiee TOro, MOTYyT BOBHUKHYTH OOCTOSATENILCTBA, KOTJA IIOJIYJIeHUe
TaKUX JJAHHBIX CTAHOBHUTCS HeIejaecoo0pa3HbIM M3-3a OrpPaHMYeHUil WX OTCyTCTBHA. B
OTJINYHME OT O0JIACTH IOJHOCTHIO KOHTPOJUPYEMBIX MOJEJel, HelaBHUE WCCIeIOBAHUs OBLIN
HallpaBJIEHbI HA MCIOJIH30BAHUE CYIIECTBEHHBIX aKyCTHIECKUX MOJesell, 00yIeHHBIX C IIOMOIIHIO
METOJIOB CaMOKOHTPOJIMPYEMOTO OOyYeHHsI W OOIMMPHBIX PEe3epPBYapoOB HEMAPKHPOBAHHBIX
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JAHHBIX. B KadecTBe mpuMepa MOXKHO Upubectu pabory [19], B Koropoii upemcraBuim
HEKOHTPOJINPYyEMOe IIpeJBapuTeIbHOe 00ydeHne ¢ wucnoJib3oBanueM Wav2Vec2.0.  ABTOpBI
nHTerpupoBaan ¢axropuzoBanubiii yposeab TDNN, 49To0ObI 1OMIEpKUBATL CBI3b MEXKTY
FOJIOCOM M BPEMEHHBIMH IIIaraMu, TeM CaMbIM MOBBIIIast 3(pHEKTUBHOCTh PACIOSHABAHUS PEUN
JJIsI Ka3aXCKOTO sI3blKa. Kpome TOro, OHU HCIOJIB30BAJM MHOTOS3BIYHYIO IPEIBAPUTEILHYIO
IIOJATOTOBKY M METOJIbl CHHTE3a PEeYU JJIsi JAJLHENINero IOBBINIEHUs TPOU3BOIUTEILHOCTH.
PesysnbraThl nx 9KCIIEpUMEHTOB IOIUYEPKHY/IN [IPEUMYIIECTBA ACCUMUISIINA HEMAPKIPOBAHHBIX
JAHHBIX U3 SI3BIKOB 34 MIPeesIaMu IEeJI€BOr0 U UCIIOJIb30BAHUS Y1y IIICHUST TaHHBIX TOCPEICTBOM
CHUHTE3a pPEeYM. DTU IOIXOAbI, B YACTHOCTHU, IIPUBEJHM K CYIIECTBEHHOMY CHHUYKEHUIO YaCTOTbI
ommbOK B CJIOBaX B HADOpaX TECTOB. OITO HCCJe0BaHUE 3HaMeHyeT 000l 3aMeTHBIH Imar
B HaIIPABJEHUHU OITHUMHU3AIINNA CHCTEM pAaCIO3HABAHHUS PEUYH IIPU OJHOBPEMEHHOM CHUYKEHUU
3aBUCUMOCTH OT OOIIUPHBIX IIOMEUYEHHBIX HAOOPOB JIAHHBIX.

3. METOZIOJIOI'NA

DTOT paszen CcocpeoToueH Ha HabopaxX JAHHBIX, CIENUAIHHO MPETHA3HATEHHBIX JIJIsT
pacro3HaBaHUsl pedd Ha Ka3aXCKOM  sI3bIKE. OH Takxke yriayOJsieTcss B METOJIOJIOTUH,
HCIIO/Tb3yeMBbIe JIJIsI Pa3pabOTKKU MOYJIeHl pacrno3HABaHWS PEUHU, MPEIHA3HAYEHHBIX JJIsI 3TOTO
SI3BIKOBOI'O KOHTEKCTA.

ISSAT KSC. Habop nannbix ISSAI KSC spnsiercst HanboJiee OOIMUPHBIM OTKPBITBIM PECYPCOM,
CO3JIAHHBIM JIJIsi TIOJIJIEPXKKH Ka3aXCTAHCKUX MPUJIOKEHUN 00paboTKu pevn u si3bika [17]. Dror
CYIIECTBEHHBI HAOOP JAHHBIX BKJIOUYaeT Oojiee 332 1acoB KOHTEHTa, COOPAHHOIO 4Yepe3 Beb-
wraTdopMy, IpeIHA3ZHAYCHHYIO JIJIsi 3allUCH PeYd. IDTa IIaTdopMa IMIPULJIAIaja J00POBOJIbIER
dOpMyIIIPOBATH PEJJIOKEHUST, B3AThIE U3 [EJIOTO Psifia HCTOYHUKOB, BK/IIOUAsT KHUTH, 3aKOHbI,
Bukunenuto, moBocTHBIE TOpTajbl u Ojoru.  HabGop mammeix KSC moxker mnoxBacTarbes
pasHoobpa3meM, BKJIOUas JUHAMUKHA U ayJIHO3allMCH W3 Pa3HbIX permoHoB Kazaxcrana c
HCTIOIB30BAHUEM PA3/IMIHBIX YCTPOWCTB, TAKUX Kak cMapTdOHBI, MIAHIIETH 1 HOyTOyKu. Ly
CIIMKEPOB POJIOM M3 TATH PA3HBIX PETHMOHOB, TPU 3TOM HADOPHI JIJIsT TIPOBEPKY U TECTUPOBAHUS
BriogaioT 51,7% crimkepos-zkenmuH n 48,3% CHUKEpOB-My»KYIuH.

Kazcorpus.  Akycruueckuit kopiyc kazcorpus [20]| Briouaer B cebsi JiBa OTJEJIbHBIX
nogkopiryca: kazspeechdb m kazmedia. Ha ocmoBe kopryca kazspeechdb Obura 3aoxkena
OCHOBa JIJIsT TIOCTPOEHWsT KOPITyCca HOBOCTEH BeIaHus. DTOT MOAKOPIIYC COCTOUT W3

pedeBbIX GparMeHToB, a UMEHHO 12 675 mpeyioKeHuil Ha Ka3aXCKOM s3bIKe, 3aIlMCAHHBIX B
KOHTPOJINPYEMBIX CTYAMIHBIX yCaoBusX. CHUKepbl MPUHAIEXKAT K PA3HBIM II0JIaM, BO3PACTaM
u pernonaMm Kazaxcrana. Ilogkopiryc oxBaTbiBaeT B 00Ieil CJIO2KHOCTHU 22 Yaca Pedn C yIacTHeM
169 roBopsmux, BKIOYasa 73 MyKCKUX 1 96 >KeHCKUX rojocoB. KaxKabIil crimkep MpousHec 110
75 IIpeJI0XKEeHUiA.

C apyroii croponsl, nonkopruyc KazMedia Bkitodaer B cebsi ay/ino- U TEKCTOBBIE JaHHBIE,
B3ATbIe C OMUINAILHBIX CAUTOB TeJeHH(pPOPMAIMOHHBIX areHTCTB, B YAaCTHOCTH <«Xabap»,
«Acrana TB» wu «31 kanas». TekcroBble JaHHBIE WPEICTABISAIOT COOOIl COBOKYITHOCTD
HOBOCTHBIX CTaTeil Ha Ka3aXCKOM SI3bIKe, ITyO/IMKYyeMbIX Ha O(UITNAIBHBIX CallTaX 3TUX KAHAJIOB.
Aynmonanubie coctosiT u3 daitio WAV, KoTopble TIPeCTaB/ISIOT COOOI 3BYKOBBIE TOPOXKKU,
U3BJIEUEHHDBIE U3 PA3JUYIHBIX CEIMEHTOB BHUICOHOBOCTEH, TPAHCJMPYEMbBIX HA ITHX KaHasaX Ha
Ka3aXCKOM sI3bIKe. B COBOKYITHOCTHU 3TOT MOJKOPIIYC BKJOYaeT 21 vac pedn.

KazLibriSpeech. Mbl cobpaju ayauo3aliucd B COYETaHUU C COOTBETCTBYIOIIUMU TEKCTAMHU U3
OTKPBITBIX UCTOYHUKOB, B 00Ieit ciaoxkuoctu okosio 1000 wacoB manubix. Kaxkmwrit aymguodaiin
BBIPDABHUBAETCA C COOTBETCTBYIOIIUM TEKCTOM B ayJIMOKHUTE, XOTs BLIDABHUBAHUS Ha YPOBHE
npejyioxkeHust uiau cjosa Her.  CiieIoBATEIbHO, IOCEAYIOMAs IOMNBITKA COCTOUT B TOM,
9TOOBI pa3euTh 3T ayanodailyibl Ha 6ojee MeJIKHe UHTEPBaJbl, OyIb TO CJIOBa, (Ppa3bl WA
[IPeJIOYKEHUsI. 3aTeM KarK/Iblii TaKoil cerMeHT HeoOXOIMMO CPaBHUTH C COOTBETCTBYIOIINM €My
O3BYYEHHBIM TEKCTOM, BOCIIPOU3BEIEHHLIM B TOM YK€ HHTEpBaJje. XOTs IPOIECC BHIPABHUBAHUS
1 CErMEHTAIINH MOYKET OBITH CJIOXKHBIM, 3TOT METOJ, IIO3BOJIAET CO3JaBaTh CYyIIeCTBEHHbIE HAOOPHI
JAHHBIX, OXBATBHIBAIOIINE PA3JIMYHbIE HCTOYHUKH U JOMEHBI, ¢ MUHIMAJIbHBIME 3aTPaTaMI7.
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YV4auThIBasi, 9TO KAYECTBO COOPAHHBIX ayIMOKHUT BAPbUPYETCs, ObLI HAYAT MIPOIECC OYUCTKY U
HOpMAJIM3aINN. ITO BKIIOYAIO YIAJEHHUE TTyMa, YIPaBICHUE OMOTIN(AMEI, TPAHCIUTEPAITIIO,
n3BJIeYeHe HEBOCIIPOU3BOIUMBIX (DpArMEeHTOB, 3aMeHY aKPOHUMOB 1 abOpeBUaTyP UX MOJHBIME
dopMaMu, UHCIOBYIO HOPMAJU3AINI0, 3aMeHy CHMBOJIOB HMX (POHETHIECKUMHU aHAJIOTaMU,
MEePBOHAYANBHYIO CETMEHTAIMIO HA YPOBHE TJIaB W pazfejienne Tekcra. lIpeobpazoBamme
MCXOJIHOT'O TEKCTA, B KPATKHUE ITPEJIJIOKEHUS C UCIIOJIb30BAHNEM 3HAKOB ITpennHanus. Kpome Toro,
JIFOOBIE COITYTCTBYIOIIHE MY3bIKaJbHBIE 3JIEMEHTHI B HAUaje U KOHIE ayJMOKHUT OBLIH Y/IaJIeHbI.

Hamr mozmxon K cermMeHTanuu 3akjovajicss B ucrnojb3opanun ajgropurma CTC, koTopsrit
o0ecrieInBaeT TOYHOE BBIPABHUBAHUE AyJIHOTEKCTA, JaXKe eCJIH ayJUO3alUCh BKJIOYACT
HepazbopUuBbIEe pevueBbie (pparMeHThI B HaYaJje WM B KOHIe. Harr meros BK/IOUaeT B cebs
o0OyJeHre CKBO3HOI CETH Ha [IPEIBAPUTEIFHO BEIDOBHEHHBIX JJAHHBIX C UCIOJIB30BAHUEM CHCTEMBI
ASR na ocaoBe CTC-unmanust. CTC, kak MeXaHU3M BBIBO/IA U OIEHKU HEHPOHHO CETH, UT'PAeT
BaXKHYIO POJIb B O0YYEHUN PEKYyPPEHTHBIX HEMPOHHBIX CeTell JJIsi PEeIleHns 3aJ1a9, OCHOBAHHBIX
Ha II0CJIe/IOBATEIbHOCTH, C y9YETOM I[EPEMEHHOTO BPEMEHHU. OIDTOT MEXaHU3M HE 3aBUCHT OT
06a30BOIl CTPYKTYpbI HepOHHO# ceTn. B HamleM KOHTEKCTe 3Ta MOIETh Pa3rPAHUINBAET
peveBbie CErMEHTHI B ayauodaitjiax Ha ypoBHe npeyioxkenuit. Momgesis ASR, Heobxomumast st
cerMeHTaIuu, ObLIA OTTOYEHA C HCIoJib3oBaHueM Habopa Janabix [SSAI KSC B unCcTpyM™meHTe
Espnet [21].

BoJtee momapobHOE onucanne UMEIONUXCS KOPIIYCOB, MPETHA3HAYEHHBIX JJIs PACIO3HABAHUS
peun Ha Ka3axXxCKOM sA3bIKe, IpuBejicHo B Tabuure 1.

TabpiuA 1 — CTpykTypa KOPIIYCOB Ka3aXCKOT'O sI3bIKa

Ob6imast

Crpyk- | HaumenoBanue Koau4decTBo

rypa Kopriyca /Habopos Tun paHHbIX wav-caiion MIPOAOJI2KUTEIbHOCTh
wav-daiisioB (gac)

1 ISSAI KSC 153853 332.6

1.1 Train Kpayncopcunrossie | 147236 318.4

1.2 Dev 3aImncu 3283 7.1

1.3 Test 3334 7.1

2 Kazcorpus CMOIIARH b T 13425 44.16

2'1'2 Dev [IOJIPOTOBJIEHHAS = T 3 G

513 | Test pesb 750 134

¥ KazMedia CHOTTAIHA Peib g 51.55

: : B Pa3HBIX .

2.2.1 Train 561 18.04

222 Dev AYCTIHICCIIX 49 1.00

223 Test YEHOBIAX 130 2.51

3 KazLibriSpeech Aymoxkuuru 575243 992

B KOHTEKCTe JaHHOrO MCC/IeI0BaHus OblIa MPOBEIeHa OleHKa JBYX BapuaHToB wav2vec: (1)
Wav2Vec2.0, npemsaputeibHO OOyUYEHHDBIH W HACTPOEHHBIN HCKJIIOYUTENLHO JIjIs Ka3aXCKOrO
si3bika, 1 (2) XLSR-53, nsHauaabHO [peBapuTeIbHO 00y YeHHbIH 115t 53 S3bIKa, ¢ TOC/Ie Ly FOIIAM
HEIIPEPBIBHBIM IIPEIBAPUTEILHBIM 00yUICHIEM U JOBOJKON Ha Ka3aXCKUN sI3bIK.

Wav2Vec 2.0. DKcriepuMeHT IPOBOJUJICSA C UCIOJb30BaHueM IiaTdopmbl Fairseq. Basosas
mozienb Wav2Vec 2.0 mporuia npejaBapuTebHOoe OOyUeHHE € HUCIOJb30BAHUEM Pa3/IMIHBIX
KOH(MUIypaInii, BKIIOYAOINNX B cebsd yPOBEHb OTOPACKHIBAHUS KOIUPOBIINKA, YCTAHOBJICHHBIH
ua 0,05, dropout input, dropout features u feature grad mult, ycranossennsrit va 0,1, u en-
coder embed dim, ycranossienubiii Ha 768. ['umeprapaMerpbl 0OyUeHUsI BKIIFOYAIN CKOPOCTH
obyuennst 5 * 1074, ¢ azoit pasmunku B 1epsble 10% IIPOIOIKHTEIBHOCTH TPEHUPOBKH.
KonuuectBo obHOBeHUT ObLT0 yKazaHo kak 800 000, a MakcuMajbHOE KOJUYECTBO TOKEHOB
— 1200 000. Ilocaemopare/bHO IPUMEHSLICA ONTUMU3ATOP AaMa B COOTBETCTBUM C HCXO/HBIM
TTOJIXOJIOM.

Uit TOHKON HAaCTPOMKM WCIOJIb30BAJIUCH CTAaHJIAPTHBIE IMPOIEJAYyPbl C IapaMeTpaMH,
3aJaHHBIMU CJIEIYIOIIIM 00pa3oM: KoJmdecTBo obHoBiaeHuit mocruryio 160 000, a MakcuMaIbHOE
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KoIm4IecTBO TOKeHOB cocTaBuio 2 800 000. Kak u B cirydae ¢ mpeaBapuTeIbHBIM 00y IeHUEM, OBLT
3a/1eficTBOBaH onTHMI3aTOp Adam, MCIOIB3YIONINH CKOPOCTh 06ydeHns 3% 1075 1 HaKOIIeHHEe
rpajuenta u3 12 maros. Pasmep makera oOyvueHus JUHAMUYIECKN OIPEIE/IAIC TLIAT(HOPMOit ¢
y4IeTOM 33JaHHOI0 MaKCHMyMa MapKepoB. B xome oOytuenuns: onTuMa/ibHas MOIE/Ib BBIONPAIaCh
Ha ocHOBe HamMeHbIero 3uadenuss WER, mocturnyroro B mpoBepodHoM HabOpeE.

XLSR-53. Mogens XLSR mpormia mpegBapuTesbHYIO IOJATOTOBKY C WJIEHTHIHBIMUI
KOH(MUTYpaIUsaMEI, UCHOJIb3yeMbIMU i Oosibiiont Momen Wav2Vec. Biok komepa cocrTosti
u3 24 cioeB, Kaxkaeiil pasmepom 1024, u ucrosb3oBajicss Habop u3 16 6J0KkOB BHUMaHUsSI 0e3
yuera uckiovdenusi. [lapaMerpbl TOHKO# HacTpoilku ObLIn ONpeieeHbl B COOTBETCTBUM C
KOH(UT'YpaIusIMi, TPUMEHEHHBIMEU B nCcXogHOM KcrepuMenTe XLSR ¢ Wav2Vec 2.0.

Hsavikosan  modeas. ITocme mporiecca TOHKOI HACTPOWKM MOJIEIb  IIOJBEPIraeTCs
JEKOIUPOBAHUIO C IIOMOIBIO 3-TPAMMOBO# #A3BIKOBO#I Mojenu.  f3bIKoBasi Momenb ObLia
obydeHa C KCIIOJb30BAHUEM TPAHCKPUIIIUH U3 BCEX JOCTYIHBIX HAOOPOB JAHHBLIX, YKA3AHHBIX
B Tabsune 1, ¢ ucnosib3oBanueM Habopa umHcTpyMeHTOB Kenlm. [ljis tmeneit pekomupoBaHust
HCIIOJIB3YETCs JIEKOJIED TTIOUCKA JIyda C Pa3MepoM Jiyda, HacTpoeHHbIM Ha 1500.

4. PESVJIBTATHI 1 OBCYZ?K/IEHUE

ITpu onerke momeseit Wav2Vec2.0 ucmonp30Baanch HAODOPHI JAaHHBIX, OIMICAHHBIE B pa3jelie 3.
[Ipoussomurensrocts cucrem ASR, ykazannas B 6astax WER u CER, npejcrapnena B Tabiiurie
2. Jlyisg KaKJIOf apXUTEeKTyPhl UCIOJIb30BAJIMCH PA3JIUIHbIE CIEHAPUU OOYUEeHHsS C Pa3HBIMU
mapaMerpaMn. JKcrepuMeHTHl npopogauinck Ha cepepe NVIDIA DGX-1, ocuamennom 8
rpadudeckumu mporeccopamu V100.

TasaunA 2 — IIpounsBoauTresnbHOCTL Moaesier Wav2Vec 2.0

Habop Habop OrneHou- Tect | Tect
D Ncxonuas JaHHBIX JTAaHHBIX o Habop
MO/1eJ1b npeJaBapuTeJbHON TOHKOI/IU HaGop AaAM WER. | CER
MOJrOTOBKM HACTPOHKU
Kazcorpus
1 ;\/:S\;QVGC 20| KazLibriSpeech gjsztc)orpus f(eg;il& 124 |26
(train+t-dev)
ISSAI ISSAI
2 ;\/:Q;ZVGC 20| KazLibriSpeech KSC1 KSC1 i’(eg;ilf\ld 101 |28
(traintdev) | (test)
o Kazcorpus Kazcorpus | 3-gram
3 | XLSR-53 KazLibriSpeech (traint-dev) | (test) KonLM 8.9 1.9
ISSAI ISSAI 3 ora
4 | XLSR-53 KazLibriSpeech KSC1 KSC1 Al s 148
. KenLM
(train+dev) | (test)

B Tabaume 2 mokazaubl 0ajlIbl 9aCTOTHI OMIMOOK CHMBOJIOB U OIIMOOK CJIOB JJISI TOYHO
HacTpoeHHbIX Mojeneii Wav2Vec 2.0-base u XLSR-53. Ha »stame mnpemxsaputesbHOro
0o0yJeHHsI HCIOJIB30BAJICA HUCKIUIUTeSbHO Kopryc KazLibriSpeech, a s ToHKOI!
Hacrpoilku ucnosbzoBauck ISSAI KSC1 u  Kazcorpus. PesynbraTel moguepkuBaioT
UCKJIFOUNUTETBHYIO [IPOU3BOIUTE/BHOCTh IpeaBapuTeIbHO 00ydenHoit wmomenn XLSR-53.
[Tocsie mpenBapuTebHON MOATOTOBKU C HCIHOJb30BaHueM Kopiryca Kazli-briSpeech u Tomkoi
HACTPOWKHM C UCHOJb30BaHueM JaHHbix Kazcorpus (trainfdev) onm mocturaer CER 1,9
n WER 8,9 na rtecrosom nHabope. Otu nudpnl 3amerno sbime Ha 28,2% wu 26,9% no
cpaBHeHmnio ¢ 6a30Boit Momenbio Wav2Vec 2.0 ¢ Toukn 3peruss WER u CER coorBercrBeHHO.
OTU PE3yJbTAThl OMIYEPKUBAIOT 3HAUUTE/]BHOE YIIYUIIEHUE TPOU3BOJUTEIBHOCTH MOJIE/IN
Gsrarojiapsi IpeBapuTeIbHOMY OOyYeHUIO, Tjie pasdMep Habopa JAaHHBIX, HUCIOJIb3YyEeMOrO s
[IPEJIBAPUTENIHHOIO 00y YeHNs, U'PAET KJIOUeByI0 posib. U Haobopor, bazosasi Mmojenb Wav2Vec
2.0, mporeiias mpeaBapuTeibHOe 00ydeHne ¢ mnomoiibio Kopiryca KazLibriSpeech u Tonkyto
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HACTPOIKY ¢ ncnosb3oBaureM nanubix [SSAI KSC1 (train+dev), qemMoncTpupyer mpeBoCXoIHbIe
pe3yIbTaThl 1O CpaBHEHUIO ¢ MOAeabo XLSR-53. 910 cobbITHE MOIJIO OBITH BBI3BAHO TEM, UTO
MCXOJIHAsT MOJIEJIb IPOIJIa IpeBapuTe/ibHOe 00ydeHNe C WCIIOJIb30BaHMeM Habopa TaHHBIX,
COZIEPKAIero ayJIMOKHATH. XOJ OOydeHHus Ha dTAIaX IPeIBAPUTEILHONO ODYUeHHs U TOHKOI
HaCTPOWKHM TOKa3aH Ha PucyHkax 1 um 2. DTy BusyasbHble 3(pPEKTH 0TOOPAXKAIOT U3MEHEHUST
3HAYEHUN IOTEPh B Xojie OOydYeHWs, Ipejjiaras IPeJCTaBIeHNe O IPOIECcCe ONTUMUBAIMN
MOJIeJIeN.

valid/best_wer train/nll_loss

valid/best_wer: 12,25 XLAS_finetune_issai

train/nll_loss: 9.55 XLAS_(inetune_issal

11d/be:

= train/nll_loss: 8.349 hase

1 loss: 0.87 ¢

aik 1ok LoGk Sk 100k L50k

a) valid:best wer b) train:loss

PucvyHok 1 — Touynas macrpoiika Wav2Vec 2.0

valid/loss_1 trainfloss_1

= train/loss_1: §.096
= train/loss_1: 8.0

20k a0 i i 100k 20k 140k 20k 40k 6k 0k 100k 170k 140k

a) valid:loss b) train:loss

PucyHok 2 — IlpeaBapuresibHOoe o6yuenue Wav2Vec 2.0

5. BBIBOJIBI

OcHoBHag IIeJb 9TOro HccJaeAOBaHUA — OINEHHUTb SCI)d)eKTI/IBHOCTI) Hepea10BbIX MO,H,GJIQI'?'I
paclio3HaBaHUdA PEYU ITPU paCH_H/I(prBKe Ka3aXCKOI'o fA3bIKa, KOTOprfI OTHOCHUTCA K KaTeropmuun
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MaJIOPeCYPCHBIX SI3bIKOB. Harr anans BKiodaeT B cebs BCECTOPOHHEE CPABHEHNE ITUX MOeseit
C YIeTOM XapakKTepa n 00beMa, JAHHBIX, UCIIO/IL3YEMbBIX Ha ITAIaX [IPEIBAPUTE/IHLHON OIOTOBKH
u TOHKON HacTpoiiku. Kpome Toro, mccienoBanne HalpaBieHO HA PACKPBITHE MTOTEHIINAIbHBIX
IIPEUMYIIECTB IEPBOHAYAILHOTO IIPEABAPUTEILHOIO O0yUYEHUsI C UCIOJIb30BAHUEM MAHHBIX U3
JPYTHUX sI3BIKOB C IMOCIEIYIONIeH TOHKON HACTPOMKON JaHHBIX U3 116JIeBOro sA3biKa. McciemoBanue
BKJIIOYaeT B cebsi CEepUI0 SKCIEPUMEHTOB C WCIOJIb30BaHmeM apxuTekTyp Wav2Vec2.0
n Wav2Vec2-XLS-R, B KOTOPBIX WCCAEAYIOTCS PA3JUYIHbIE CIEHAPUU IIPEJIBAPUTEIHHOM
ITOJINOTOBKU U TOHKOI HAacTpoiku. C MOMOIIBIO 3TUX IKCIIEPUMEHTOB MbI HE TOJIBKO IOJIYIAEM
[IPEJICTABJICHNE O TPOU3BOIUTEILHOCTU ITUX MOJIE/IeH ClIenuaibHO JJisi Ka3aXCKOTO d3bIKa, HO U
BBISICHSIEM TIOCJICICTBUS, IPUMEHUMBIE K JIPYTUM SI3bIKAM U YCJIOBUSIM.

ITo cyTu, 310 HMCCIeOBaHNE OCBEIIAET NEPCIEKTUBBI MCIOJIH30BAHNS YCOBEPIIIEHCTBOBAHHBIX
MHOTOA3BIYHBIX ~ MOJeJeifl UM CONOCTABJEHUA  CAMOKOHTPOJIUPYEMBIX M IOJHOCTBIO
KOHTPOJIUPYEMBIX METOJIOB JJIsl HaJIe?KHOI'O0 aBTOMATHUYECKOTO PACIIO3HABAHUS PEUYU B SI3BIKOBBIX
KOHTEKCTaX C OrPaHMYEHHBIMU peCypCcaMu. BBIBOABI M METOIOJIONUHU, IIPEACTaBICHHBIE B
9TOM HCCJIEIOBAHUM, MMEIOT 06ojiee IMMPOKOE 3HAYEHHE, PACIPOCTPAHSIONIEECT Ha CMSITIeHHe
OIpaHMYEHU SI3LIKOBBIX PECYPCOB U IIPOJBHKEHHE paspaboTKu cucreMbl ASR s mmpokoro
KpPyra si3bIKOB.

Crucok urepaTrypbl

1 Vaswani A., Shazeer N., Parmar N., Uszkoreit J., Jones L., Gomez A., Kaiser L., Polosukhin I. Attention is
all you need // Advances in neural information processing systems. - 2017. - V. 30. - P. 6000-6010.

2 Karita S., Chen N., Hayashi T., Hori T., Inaguma H., Jiang Z., Someki M., Soplin N., Yamamoto R., Wang
X., Watanabe S. A comparative study on transformer vs rnn in speech applications // Proceedings of IEEE
Automatic Speech Recognition and Understanding Workshop (ASRU). - Singapore, 2019. - P. 449-456.

3 Nakatani T. Improving transformer-based end-to-end speech recognition with connectionist temporal classifi-
cation and language model integration // Proceedings of Interspeech. - Graz, Austria, 2019. - P. 1408-1412.

4 Dong L., Xu S., Xu B. Speech-transformer: a no-recurrence sequence-to-sequence model for speech recognition
// Proceedings of IEEE international conference on acoustics, speech and signal processing (ICASSP). -
Calgary, Canada, 2018. - P. 5884-5888.

5 Song J., Ermon S. Multi-label contrastive predictive coding // Advances in Neural Information Processing
Systems. - 2020. - V. 33. - P. 8161-8173.

6 Baevski A., Zhou Y., Mohamed A., Auli M. wav2vec 2.0: A framework for self-supervised learning of speech
representations // Advances in neural information processing systems. - 2020. - V. 33. - P. 12449-12460.

7 Kurzinger L., Winkelbauer D., Li L., Watzel T., Rigoll G. CTC-segmentation of large corpora for ger-
man end-to-end speech recognition // Proceedings of Speech and Computer: 22nd International Conference
(SPECOM). - St. Petersburg, Russia, 2020. - P. 267-278.

8 Li S., Li L., Hong Q., Liu L. Improving Transformer-Based Speech Recognition with Unsupervised Pre-
Training and Multi-Task Semantic Knowledge Learning // Proceedings of Interspeech. - Shanghai, China,
2020. - P. 5006-5010.

9 Schneider S., Baevski A., Collobert R., Auli, M. wav2vec: Unsupervised Pre-Training for Speech Recognition
// Proceedings of Interspeech. - Graz, Austria, 2019. - P. 3465-3469.

10 Baevski A., Schneider S., Auli M. vq-wav2vec: Self-supervised learning of discrete speech representations //
Proceedings of 8th International Conference on Learning Representations (ICLR). - Addis Ababa, Ethiopia,
2020. - P. 1-12.

11 Conneau, A., Baevski, A., Collobert, R., Mohamed, A., Auli, M. Unsupervised cross-lingual representation
learning for speech recognition // Proceedings of Interspeech. - Brno, Czechia, 2021. - P. 2426-2430.

12 Devlin J., Chang M. W., Lee K., Toutanova K. BERT: Pre-training of Deep Bidirectional Transformers
for Language Understanding // Proceedings of the 2019 Conference of the North American Chapter of the
Association for Computational Linguistics: Human Language Technologies. - Minneapolis, Minnesota, USA,
2019. - P. 4171-4186.

13 Yessenbayev Z., Karabalayeva M., Shamayeva F. Large Vocabulary Continuous Speech Recognition for Kazakh
// Proceedings of the I International Conference on Computer processing of Turkic Languages. - Astana,
Kazakhstan, 2013. - P. 217-221.

14 Mamyrbayev O., Oralbekova D., Kydyrbekova A., Turdalykyzy T., Bekarystankyzy A. End-to-end model
based on RNN-T for Kazakh speech recognition // Proceedings of the 3rd International Conference on Com-
puter Communication and the Internet (ICCCI). - Nagoya, Japan, 2021. - P. 163-167.

15 Mamyrbayev O., Oralbekova D., Alimhan K., Nuranbayeva B.Hybrid end-to-end model for Kazakh speech
recognition // International Journal of Speech Technology. - 2022. - P. 1-10.

JI.LH. 'ymunes arsiagarsl EYY Xabapmeicsl. MaTtemaruka. Komnbiorepiik reiabiMaap. Mexanuka, 2023, Tom 145, Ned

Becrnuk EHY um. JI.H. I'ymunesa. Maremaruka. Komnbiorepubsle nHayku. Mexanuka, 2023, Tom 145, Ned

20



2K.M. Ko>xupbaeB

16 Khomitsevich O., Mendelev V., Tomashenko N., Rybin S., Medennikov I., Kudubayeva S. A blingual Kazakh-
Russian system for automatic speech recognition and synthesis // Proceedings of Speech and Computer: 17th
International Conference (SPECOM). - Athens, Greece, 2015. - P. 25-33.

17 KTassanov Y., Mussakhojayeva S., Mirzakhmetov A., Adiyev A., Nurpeiissov M., Varol H. A Crowdsourced
Open-Source Kazakh Speech Corpus and Initial Speech Recognition Baseline // Proceedings of the 16th
Conference of the European Chapter of the Association for Computational Linguistics: Main Volume. -
Virtual, 2021. - P. 697-706.

18 Mussakhojayeva S., Khassanov Y., Varol H. KSC2: An Industrial-Scale Open-Source Kazakh Speech Corpus
// Proceedings of Interspeech. - Incheon, Republic of Korea, 2015. - P. 18-22.

19 Meng W., Yolwas N. A Study of Speech Recognition for Kazakh Based on Unsupervised Pre-Training //
Sensors. - 2023. - Vol. 23, Ne2. - P. 870-883.

20 Makhambetov O., Makazhanov A., Yessenbayev Z., Matkarimov B., Sabyrgaliyev I., Sharafudinov A. Assem-
bling the kazakh language corpus // Proceedings of the 2013 Conference on Empirical Methods in Natural
Language Processing. - Seattle, Washington, USA, 2013. - P. 1022-103.

21 Watanabe S., Hori T., Karita S., Hayashi T., Nishitoba J., Unno Y., Soplin N., Heymann J., Wiesner M.,
Chen N., Renduchintala A. Espnet: End-to-end speech processing toolkit // Proceedings of Interspeech. -
Hyderabad, India, 2018. - P. 2207-2211.

2K.M. Ko>xkxupbaes
National Laboratory Astana, Kabanbati 6amovp darevian, 53, Acmana, Kasaxcman

Kazak Tijsin Tany »>kyiliecin o3 GeTiHIIe OKBITY

AnHoTauus: 2KaxprHia ayKbIM/IbI KOIITLIII MOTIHIIK YKOHE aybI3IIa JepeKTepre YpeTiireH HeMPOH IBIK, MO/IeJIb1ep/Ieri
2KETICTIKTEep pecypchl a3 TLIAepAiH »KarJalblH >KaKCapTYAblH IEPCIIEKTUBAJIBl djieyeTiH kepcerti. DBym 3eprrey cesui
TaHYIbIH KEeTUIAipiJiren yiriiepin, aran aiitkapga Wav2Vec2.0 kone Wav2Vec2-XLSR, kasak TijiHe KOJJAHBIIATHIH
SKCIIEPUMEHTTED/Il KYpri3yre OarbITTajraH. Dy 3epTTeyiiH Herisri MakcaTbl — OCBHI YJITIIEpAiH aybI3Ia Ka3akiia
Ma3MYH/IbI TPAHCKPUIIIUSIIAYAaFbl THIMILIIrIH Garanay. COHbBIMEH KaTap, 3epTrey 6acTalKbl OKBITY YIIiH OacKa Tijaep/ieri
JepeKTepi naiijaany MYMKIHJITIH 3epTTeyre »KoHe YJINiHI MaKcaTThl TiJIAEri JepeKTepMeH HaKTbLjIay OHBIH, OHIMIIIriH
JKakcapTyra 6oIaTeIHBIH Oaranayra barpirranran. Ocpliaiima, Oy 3epTTey pecypc MIEKTeysIi Tiiaep KOHTEKCTIHIe ajIIbIH
ajla JalblHAAJIFaH KONTUIAI MOJe/baep/ i MaiilagaHy/IblH, OMipIIeHJiri Typasjbl KyHIbl akKIapaTThl yCblHaIbl. 2KaKchbl
banrasran wav2vec2.0-XLSR wmozeni kazcorpus jepekTep >KUHAFBIHBIH, ChIHAK, *KUHAFBIMEH CaJIbICThIpFaHga 1,9 TtaHOa
karecinig kepcerkicin (CER) »xone 8,9 co3 karecinin kopcerkicin (WER) 6epe oTbIpbII, ©Te »KaKChl }KYMBIC »Kacaabl. By
TaJIJayAblH HOTHXKeJepl Ka3ak TijgiHe GeffiMenren ceHiMzl »koHe TuimMzl ce3zl aBroMarTsl Typae Tany (ASR) xyitenepin
KYpyFa BbIKIIaJl eTe ajiajbl. ByJ1 o3ipiemMesiep ceilyieyzeH MOTIHIe, 1aybICTBIK KOMEKIIIED MEH JaybICThIK OallaHbICTap/Ibl
Koca ajirannia, bipkarap KoJganbasapra maigaabl 60Ja el.

TyiiiH ce3mep: aBTOMATTHI TypJe coiyiey i Tany, Ka3ak, Tijai, Wav2Vec 2.0, Wav2Vec2-XLSR, anapia ana gafbraganran
TpancdopMep yirisepi, ceitieyai Geitnesney yiarigepi.

Zh.M. Kozhirbayev
National Laboratory Astana, Kabanbay batyr ave. 53, Astana, Kazakhstan

Self-Supervised Training for the Kazakh Speech Recognition System

Abstract: In recent times, advancements in neural models trained using extensive multilingual textual and spoken data
have displayed promising potential for enhancing the situation of languages that lack resources. This study is centered on
conducting experiments utilizing cutting-edge speech recognition models, specifically Wav2Vec2.0 and Wav2Vec2-XLSR,
applied to the Kazakh language. The primary aim of this research is to assess the efficacy of these models in transcribing
spoken Kazakh content. Additionally, the investigation seeks to explore the feasibility of leveraging data from other lan-
guages for initial training, and to assess whether refining the model with target language data can enhance its performance.
As such, this study offers valuable insights into the viability of employing pre-trained multilingual models in the context
of underresourced languages. The fine-tuned wav2vec2.0-XLSR model achieved exceptional results, boasting a character
error rate (CER) of 1.9 and a word error rate (WER) of 8.9 when evaluated against the test set of the kazcorpus dataset.
The outcomes of this analysis hold potential to advance the creation of robust and efficient Automatic Speech Recognition
(ASR) systems tailored for the Kazakh language. These developments stand to benefit a range of applications, including
speech-to-text translation, voice-activated assistants, and speech-driven communication tools.

Keywords: automatic speech recognition, Kazakh language, Wav2Vec 2.0, Wav2Vec2-XLSR, pre-trained transformer
models, speech representation models.
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Mathematical aspects of occupational risk and its classification considering
statistical indicators

Abstract: Occupational risk emerges as a comparatively novel concept within the regulation
of social and labor relations in the Republic of Kazakhstan, serving as an indicator of the risk
for loss of work capacity or the death of an employee during the execution of their work-related
(official) duties due to an occupational accident. This article elucidates the statistical aspects of
occupational risk content, affirming the mathematical ubiquity and the validity of the scientific
framework employed. The methodological foundation for assessing occupational risk incorpo-
rates universally accepted statistical methods for comparison, grouping, and systematisation
through the juxtaposition of credible statistical data.

The purpose of the study is to employ one of the mathematical approaches to categorise
types of economic activity into classes of occupational risk within the mandatory insurance sys-
tem against accidents for workers fulfilling their occupational duties. The application of machine
learning theory with big data across 132 types of economic activities (two-digit, including some
five-digit codes) facilitated the execution of a classification procedure, resulting in the segmen-
tation into 22 classes of occupational risk. It revealed the necessity for introducing a five-digit
classification and further detailing the types economic activities as the class of occupational risk
increases, such as including the five-digit codes 07101 "Underground mining of iron ores" and
43991 "Mine construction" into class 22 (the highest), delineating from the two-digit codes of the
mining and construction industry accordingly. The scientific results were obtained within the
framework of program-targeted funding by the Ministry of Labor and Social Protection of the
Population of the Republic of Kazakhstan (scientific and technical program No. BR11965728
"Economic problems of safe work and institutional transformations of the insurance mechanism
in the Republic of Kazakhstan").

Keywords: occupational risk, labor statistics, frequency of accidents, level of industrial

injury, risk relevance sorting (ranks), variability range.
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1. INTRODUCTION

In accordance with the Labor Code of 23 November 2015 No. 414-V ZRC |[1], the employer
is obliged to insure the employee against accidents in the performance of his/her labor (service)
duties. This type of insurance is based on the attribution of types of economic activities (TEA)
to classes of occupational risk according to the Regulations of attribution of types of economic
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activities to classes of occupational risk approved by the Minister of Labor and Social Protection
of the Republic of Kazakhstan dated 5 March 2022 No. 86 [2].

In connection with the introduction in December 2007 of a new classification of TEA (OKED
NK RK 03-2019 five-digit), on the basis of the Order of the Committee for Technical Regulation
and Metrology of the Ministry of Industry and New Technologies of Republic of Kazakhstan
B~ 683-0d from 14.12.2007 [3| in the application of the Regulations of attribution of types of
economic activities to classes of occupational risk there were difficulties. It should be recalled
that these rules were approved in 2005 as part of the introduction of a new type of insurance -
compulsory insurance of workers civil liability for harm caused to the life and health of an workers
while performing their work (official) duties [4]. Incidentally, the name of the insurance type
was changed in 2010 to compulsory insurance against accidents for workers in the performance
of their work (official) duties. While the name of the insurance changed, the model essentially
remained unchanged. A comparative analysis of TEA established that the existing classification
contains verbal descriptions without specifying numerical codes, and that out of 996 codes in the
new classification, only 97 (i.e., only 10%) have verbal descriptions that match the formulations
contained in the Regulations for classifying TEA. A significant number of activity types in the
new classification are not listed in the rules, and conversely, several verbal descriptions contained
in these rules are absent in the new classification.

A few existing codes allow for multiple interpretations, and accordingly, the same OKED
(Classification of Economic Activities) can be assigned to different risk classes. This has created
a foundation for manipulating risk classes (the possibility of assigning an OKED to the class
with the lowest risk and, consequently, with a lower insurance premium among the options),
with the aim of attracting a larger number of enterprises. The division of types of activities
into risk classes also raises questions when less significant types of activities (for example, the
production of ropes, cords, twine, and nets) are given a separate line, while more significant types
of activities are "neglected". In this context, the revision of the "Regulations for classifying types
of economic activities into Occupational Risk Classes" is a priority task, as is discussed in this
article. Scientific results were obtained in accordance with OKED with its verbal description
and the indication of the numerical code.

2. METHODS

The materials for the study were based on the results of statistical research on industrial
injuries in the Republic of Kazakhstan, conducted during the period from 2018 to 2022, as well
as materials from an analytical note on the study of reporting on the number of workers in
harmful and other adverse working conditions by specific TEA [5-6].

As a source of statistical information, numerical data collected through Form 7-TPZ "Re-
port on Injuries Related to Occupational Activities and Occupational Diseases" and Form 1-T
(working conditions) "Report on the Number of Workers in Harmful and Other Adverse Working
Conditions" from the Bureau of National Statistics of the Agency for Strategic Planning and
Reforms of the Republic of Kazakhstan (BNS) were used.

Types of economic activity are classified according to the general classifier of economic activi-
ties (OKED NK RK 03-2019 five-digit), which covers the complete nomenclature of 996 types of
economic activities according to ISIC-Rev.4, developed by the United Nations for the collection,
processing, and storage of information necessary for economic analysis and decision-making at
the macroeconomic level [7]. In this study, during the analysis of statistical data, both two-
digit and five-digit levels of the OKED were utilized. The methodological basis for the research
conducted here was guided by the manual [8-9].

3. RESULTS AND DISCUSSIONS

In accordance with the Regulations for Occupational Risk Management, approved by the order
of the Minister of Labor and Social Protection of the Population of the Republic of Kazakhstan
dated 11 September 2020, No. 363 [10], occupational risk is understood as the risk of loss of
work capacity or death of an employee in the performance of work (official) duties. In turn, the
Labor Code of the Republic [1] provides that temporary or permanent loss of work capacity or
death is caused by an industrial injury, a sudden deterioration in health, or poisoning of the
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worker, which are the result of exposure to harmful and/or dangerous production factors while
performing work (official) duties, i.e., an accident related to labor activities (at the workplace).

Before proceeding to the results of the scientific research, it is also worth recalling that,
according to the legislation of the Republic of Kazakhstan, the concept of an occupational risk
class is applied - the level of industrial injuries and occupational diseases that has developed
according to TEA [4].

As initial data for classifying TEA into occupational risk classes according to the Regulations
for Classifying Types of Economic Activities into Occupational Risk Classes [2], the following
statistical indicators over the previous five years are used:

— average annual listed number of workers by type of economic activity.

— number of workers employed in harmful and other adverse working conditions by specific
TEA.

— number of individuals who have suffered accidents related to work activities.

— number of fatalities resulting from work-related accidents.

— annual accrued number of payments to victims of work-related accidents, including the av-
erage amount of compensation per victim of an accident.

— annual total of accrued payments in the event of death of workers related to work activities,
including the average size of the accrued payments.

— annual total of premiums paid to the insurer for accepting the obligation to make an insurance
payout to the beneficiary in the amount determined by the compulsory insurance contract against
accidents for the employee.

— annual wage fund by type of economic activity.

— loss of working time — the number of calendar man-days of incapacity that ended in the
reporting year among the victims, including the deceased.

TEA have been classified into occupational risk categories based on the values of the indicators
listed below:

— proportion of workers employed in harmful and other adverse working conditions by TEA,
%.

— frequency rate of occupational injuries per 1,000 workers.

— frequency rate of fatal accidents per 1,000 workers.

— ratio of the frequency rate of fatal accidents per 1,000 workers to the frequency rate of all
occupational injuries per 1,000 workers.

— distribution of the number of victims by TEA, %.

— distribution of the number of workers employed in harmful and other adverse working con-
ditions by TEA, %.

Also, indicators such as the ratio of the annual accrued amount of payments to victims of
work-related accidents and the annual amount of accrued payments in the event of the death
of workers related to work activities to the annual wage fund by type of economic activity (%),
and the ratio of the annual accrued amount of payments to victims of work-related accidents
and the annual amount of accrued payments in the event of the death of workers related to work
activities to the annual amount of premiums paid to the insurer by type of economic activity
(%).

Given the above, the article examines the issues of assessing the risk of accidents related to
work activities. Simultaneously, the application of mathematical methods in assessing the risk
of accidents is explored in various articles [11-17].

For instance, Jinxian Weng, Xiafan Gan, Zheyu Zhang proposed a mathematical model,
QRA (Quantitative Risk Assessment), for assessing the risk of accidents (in the transporta-
tion of hazardous materials at work) [11]|, which combines the frequency of accidents and their
consequences. In the work of Iranian scientists Maryam Sadat Hajakbari and Behrouz Minaei-
Bidgoli, the results of a comprehensive thematic study utilizing data mining methods based
on data from the Ministry of Labor of Iran are presented, aiming at developing a new scoring
system for assessing the risk of workplace accidents [12]. The findings of the research indicate
that by integrating methods based on the frequency and severity of accidents, used for assessing
organizational safety, and data mining models, the proposed accident risk assessment method
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enables the identification and evaluation of critical points with a high level of accuracy. The
practical application of the method is demonstrated, identifying the most hazardous workplaces
in 2010 and determining the risk level for each category. Subsequently, by repeating the pro-
cedure for 2011, critical points are identified based on previous data, and a list of workplaces
requiring periodic inspections in 2012 is compiled.

The study [13] is aimed at identifying the most suitable model for predicting the frequency of
accidents in the workplace and determining the economic criteria that have the greatest impact.
It examines four machine learning algorithms - Random Forest (RF), Support Vector Machine
(SVM), Multivariate Adaptive Regression Spline (MARS), and M5 Tree Model (M5), for pre-
dicting workplace accidents, considering three economic criteria: Basic Income (BI), Inflation
Index (II), and Price Index (PI).

In the work [14], the task of modeling the frequency of losses in insurance through actuarial
calculations and the application of Bayesian "Classification and regression trees" (CART) models
for accident frequency is addressed. Among many statistical methods, a result presented in [15]
is highlighted, which, based on a publicly available database of workplace accidents and assuming
that accident statistics information is definitive, ensures its statistical significance.

Scientific results from domestic scientists [16-17| can also be cited. The work [16] presents
data on the dynamics of industrial injuries and occupational diseases in the mining industry of
the Republic of Kazakhstan. The study [17] applies methods of economic and statistical analysis
in the field of occupational safety and provides recommendations for optimizing the system of
statistical monitoring of occupational safety. This includes the introduction of new methods
for data collection and processing, updating forms of statistical reporting, and implementing
proactive approaches to improving working conditions and preventing workplace accidents.

In this study, the object of scientific research is the occupational risk indicator, which is
conducted based on the analysis of Kazakhstan statistics on injuries and mortality related to
work activities and occupational diseases to assess occupational risk in detailed breakdown by
TEA with a non-zero indicator of industrial injuries.

Various approaches are used for classification. Specifically, Hoffmann E, Chamie M. [18]
distinguish between different types of classifications, i.e., "reference," "derived," or "related"
classifications. Reference classifications result from international agreements approved by the
United Nations Statistical Commission or another competent intergovernmental council. ISCO
(International Standard Classification of Occupations, ILO) [19] and ISIC (International Stan-
dard Industrial Classification of All Economic Activities, UN) [7] are reference classifications
and are recognized as such in the family of international economic classifications adopted at the
second meeting of the Expert Group on International Classifications [20].

For a more detailed statistical analysis, all economic activities were considered at the five-
digit code level (level) according to the OKED (Classification of Economic Activities of the
Republic of Kazakhstan) NK RK-2019, the total number of which is 1018 types. Of these,
economic activities with a non-zero list number of employees (hereinafter referred to as LNE),
including small enterprises acting as a control group for calculating the indicators of industrial
injuries on average for the analyzed period, amounted to 944 or 92.6%. Of these 944 types, in
504, there were registered incidents of accidents at work, which constitutes about 55% of the
total number of economic activities with a non-zero list number of workers. As of the end of
2022, according to the BNS, the LNE amounted to 5,522.5 thousand people, with the share
of workers employed in industry, construction, and the transport sector constituting 28.6%. In
these sectors of the economy, the proportion of injured and deceased accounted for approximately
70% of the total number of workers who suffered injuries or died across the country (69.5% and
74.0%, respectively). As of the end of 2022, according to the BNS, the LNE amounted to
5,522.5 thousand people, with the share of workers employed in industry, construction, and the
transport sector constituting 28.6%. In these sectors of the economy, the proportion of injured
and deceased accounted for approximately 70% of the total number of workers who suffered
injuries or died across the country (69.5% and 74.0%, respectively).

For the statistical analysis of industrial injuries, occupational diseases, and mortality due to
workplace accidents, the following indicators for the years 2018-2022 were used:
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— list number of workers, including small enterprises.
— number of individuals injured in work-related accidents with a loss of working capacity for

1 working day or more.

— number of fatalities in work-related accidents.

— number of workers employed in harmful and (or) hazardous working conditions (HHWC).

The aggregate values for the LNE and the number of workers who were injured or died in
enterprises of the Republic of Kazakhstan for the period from 2018 to 2022, across 19 industries
where incidents of workplace accidents are registered, are provided in Table 1.

Table 1 - Aggregate data by sectors of the Republic of Kazakhstan, averaged for 2018-2022.

of Kazakhstan

Code and Name of the | LNE specific number of in- | specific | including fa- | specific

Sector (thous. weight, % | jured, weight, | talities (peo- | weight, %
people) (people) % ple)

A - Agriculture, forestry | 144,3 2,6% 323 3,0% 59 6,0%

and fishing

B - Mining and quarry- | 223,5 4,0% 2 197 20,2% 135 13,7%

ing

C - Manufacturing 471,2 8,5% 2 890 26,5% 167 16,9%

D - Electricity, gas, | 114,8 2,1% 399 3,7% 67 6,8%

steam and air condition-

ing supply

E - Water supply; sewer- | 60,0 1,1% 272 2,5% 46 4,7%

age, waste management

and remediation activi-

ties

F - Construction 398.9 7,2% 1 082 9,9% 233 23,6%

G - Wholesale and retail | 658,9 11,9% 448 4,1% 39 3,9%

trade; repair of motor ve-

hicles and motorcycles

H - Transportation and | 311,3 5,6% 728 6,7% 84 8,5%

storage

I - Accommodation and | 94,6 1,7% 113 1,0% 5 0,5%

food service activities

J - Information and com- | 134,4 2,4% 74 0,7% 3 0,3%

munication

K - Financial and insur- | 114,1 2,1% 38 0,3% 1 0,1%

ance activities

L - Real estate activities | 106,6 1,9% 7 0,7% 8 0,8%

M - Professional, scien- | 209,9 3,8% 142 1,3% 20 2,0%

tific and technical activi-

ties

N - Administrative and | 261,6 4,7% 475 4,4% 33 3,3%

support service activities

O - Public administra- | 410,1 7,4% 255 2,3% 39 3,9%

tion and defence; com-

pulsory social security

P - Education 1089,2 19.7% 273 2,5% 12 1,.2%

Q - Human health and | 488,8 8,9% 977 9,0% 27 2,7%

social work activities

R - Arts, entertainment | 116,0 2,1% 75 0,7% 7 0,7%

and recreation

S - Other service activi- | 114,3 2,1% 48 0,4% 4 0,4%

ties

TOTAL for the Republic | 5522,5 100,0 10 886 100 989 100

TEA are classified into occupational risk classes based on the following indicators:
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Mathematical aspects of occupational risk and its classification considering statistical indicators

1. Share of employment in harmful and (or) hazardous working conditions (K) :

Nhhwc
K= 1 1
1= 7NE X 00% (1)
were,
Nhhwe- number of workers employed in harmful and (or) hazardous working conditions
(HHWC);

LNE - list number of employees.
2. Total Incident Frequency Rate per 1 000 workers, TIFR (K3);

NCLCC

Ky —
27 LNE

x 1000 (2)
were,
Ngee — number of accidents related to labor activity with loss of working capacity for 1 working

day or more.
3. Fatality Incident Frequency Rate per 1 000 workers, FIFR ( K3 );

Ny;
K3 = 1
3= INE x 1000 (3)

were,

Ny;— number of deaths in labor-related accidents.

4. Ky - ratio of K3 and Ky coefficients, FIFR /TIFR;

5. Distribution of the number of people affected and works in HHWC by type of economic
activity (K3):

N, TEA
K5 = “CC&h%”C( )« 100% (4)
t

were,

Nucesenhwe(TEA) - number of accidents related and works in HHWC by certain types of eco-
nomic activity;

N; — total number of accidents related and works in HHWC.

K5 (frequency rate of all occupational accidents per 1,000 workers) was used as a key indica-
tor. Based on these indicators, a new approach to classify TEA into 22 classes of occupational
risk has been developed.

It should be noted here that to properly assess the injury rate, it is very important to analyse
not only the frequency of fatal and non-fatal workplace injuries, but also to assess the ratio
between them, which the ILO uses as an indicator of the level of non-fatal workplace injury
underreporting. Fatal accidents are difficult to conceal, so data on such accidents are considered
statistically reliable, unlike data on non-fatal accidents. Jukka Takala notes in his research paper
that because there is no exaggeration of injury rates in reported data, "a low rate indicates
underreporting of minor accidents, which are quite common"|[21].

The results of the statistical analysis carried out are described below.

The figure below illustrates the values of indicator K7, i.e. the share of those employed in
hazardous labor conditions by certain TEA with the industry code according to ISIC-Rev.4.

The industries with the largest number of workers employed in harmful and other unfavorable
working conditions were manufacturing (27.8%), mining and quarrying (23.0%), transport and
warehousing, and water supply (13.8% and 13.6% respectively).

Table 2 presents the estimated values of indicators regarding occupational injuries, namely
TIFR, FIFR and the ratio of FIFR to TIFR.
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= A - Agriculture, forestry and fishing
= B - Mining and quarrying
= C - Manufacturing
D - Electricity, gas, steam and air conditioning supply

= E - Water supply; sewerage, waste management and remediation
activities

. = F - Construction

= H - Transportation and storage

=] - Accommodation and food service activities

= J - Information and communication

= M - Professional, scientific and technical activities

= Q - Human health and social work activities

FicuRre 1 — Figure 1 - Specific weight of those employed in harmful labor conditions by certain types of
economic activity (calculated based on official data of the Bureau of National Statistics of the Agency
for Strategic Planning and Reforms of RK, form 1-T (labor conditions) - Report on the number of
workers employed in harmful and other unfavorable working conditions).

Table 2 - Indicators of occupational injuries by individual types of economic activity

Code and name of sectors Indicators
K> K3 K,

Total for RK 0.40 0.04 0.10
A - Agriculture, forestry and fishing 0.47 0.08 0.18
B - Mining and quarrying 1.84 0.14 0.08
C - Manufacturing 1.19 0.09 0.07
D - Electricity, gas, steam and air conditioning supply 0.68 0.13 0.18
E - Water supply; sewerage, waste management and remediation activities | 1.31 0.22 0.16
F - Construction 0.61 0.13 0.22
G - Wholesale and retail trade; repair of motor vehicles and motorcycles | 0.15 0.01 0.08
H - Transportation and storage 0.51 0.07 0.14
I - Accommodation and food service activities 0.21 0.01 0.05
J - Information and communication 0.19 0.01 0.04
K - Financial and insurance activities 0.08 0.00 0.02
L - Real estate activities 0.16 0.02 0.14
M - Professional. scientific and technical activities 0.18 0.03 0.15
N - Administrative and support service activities 0.22 0.02 0.10
O - Public administration and defence; compulsory social security 0.14 0.02 0.17
P - Education 0.05 0.00 0.06
Q - Human health and social work activities 0.39 0.01 0.04
R - Arts. entertainment and recreation 0.15 0.01 0.05
S - Other service activities 0.12 0.01 0.08

The level of occupational injuries is significantly differentiated by industries. The top indus-
tries in terms of these indicators are as follows:

1. Mining and quarrying ( Ko — 1.84, K3 —0.14, K4 — 0.08).

2. Water supply; sewerage, waste management and remediation activities ( Ky — 1.31, K3

- 0.22, Ky - 0.16).
3. Manufacturing ( Ky — 1.19, K3 —0.09, K4 — 0.07);

4. Electricity, gas, steam, and air conditioning supply ( Ko — 0.68, K3 —0.13, K4— 0.18).

5. Construction ( Ky — 0.61, K3 — 0.13, K4 — 0.22).
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Mathematical aspects of occupational risk and its classification considering statistical indicators

The assignment of TEA to occupational risk classes was made in accordance with the following
six stages.

At the first step, four indicators were calculated for the five-digit level of classification of
economic activities based on the arithmetic mean of statistical indicators for the previous five
years.

Thus, 660 numerical values were found for 132 TEA {k7}, (where i =1,...,5;s=1,...,132)
which were then subjected to comparative procedures.

At the second step, the total set of economic activities subject to classification to occupational
risk classes is determined on the basis of all sub-activities of economic activities according to the
five-digit level of classification, dominating by the specific weight of victims in the related type
of economic activity (Indicator Ky values of which exceed the republican indicator — 0.40), that
is k§ > ko, (where i =1,...,5;s =1,...,132, ko - republican indicator).

At the third step, the indicators for every TEA of the total population were assigned ratings
in ascending order of values: the lowest value (zero) has a rate of 1, the highest value - a rate
equal to the number of different values of the corresponding indicator for all types of economic
activity (equal values were assigned the same rate); for K7 - 1 to 89; Ky - 1to 77; K3 —1 to
87; K4 -1to 94, maxki =89 , maxk; =77, maxki; =87, maxkj=94 .

At the fourth step, weighted average values of ranks and their total value were calculated for
every TEA of the total population.

At the fifth step the intervals were determined on the basis of quantitative (ordering the
data from the minimum to the maximum, taking into account the average value for the entire
population) and qualitative (equal to the total number of occupational risk classes) features of
grouping (for indicators K, Ko, K3, K, the minimum total value is 0.09 and the maximum is
3.14, respectively for occupational risk classes 1 and 22, for indicators K; and Ko respectively
0.02 and 1.94).

At the sixth step, all TEA are classified by occupational risk classes according to the belonging
of their total value of weighted average values of ranks to the corresponding interval value.

The application of this approach to the task of classifying TEA into classes of occupational risk
based on a statistical study of indicators of occupational injuries and working conditions allowed
132 types (two-digit, including some five-digit) to be classified into 22 classes. In particular, the
first class of occupational risk includes two-digit TEA of such industries as information and
communication, financial and insurance activities, activities of households and extraterritorial
organisations and bodies. At the same time, with the increase of the occupational risk class, the
detailing by TEA increased, so the 22nd class (the highest) includes five-digit types of economic
activity 07101 "Underground mining of iron ore" and 43991 "Mine construction", with the
allocation of the two-digit code of mining and construction industry, respectively.

All the results obtained in the course of the calculation and analytical work on assigning
TEA to classes have been introduced into the domestic labor legislation and are reflected in the
Regulations for assigning TEA to classes of occupational risk, approved by Order No. 86 of the
Minister of Labor and Social Protection of the Republic of Kazakhstan dated 5 March 2022.

CONCLUSIONS

Identification of risks of production factors for safety and health of workers and their further
allocation to individual TEA requires priority attention. Classification of TEA into classes of oc-
cupational risk is based on statistical data on working conditions and occupational injuries using
methods of mathematical analysis. Classification of occupational risks by individual activities
should meet the criteria of similarity of risk characteristics in one group of industry affiliation,
the coverage of statistical data should be large enough for data reliability, and the definitions
of each class should be sufficiently accurate to exclude the possibility that two identical risks
will be classified differently. Therefore, the reliability and transparency of such information will
subsequently have a meaningful impact on the outcome of the work undertaken. A scientifically
substantiated methodology for classifying TEA into occupational risk classes will serve as a
reference point for applying differentiated insurance rates for industrial accident insurance.
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L "Paryz" orcymuic Gepyusiaep yammoik xongedepayusco”, on-Dapabu dame, 77/8, Aamamu, Kasaxcman
2 Ondipicmezi srcazamativim oxuzasapdan caxmandupy yammao uncmumymo, (INAIL), le Pastore ave., 6, Pum,
Hmanus
3 Enbex oicone TarbiKmol dACYMEMIMIK K0P2ay MURUCMPAizingy, Pecnybruxarv enbexmi xopeay 6otiviHua
2vabLMuU-3epmmey uncmumymo, Kpasuosa, 18, Acmana, Kaszaxcman

Kocibu ToyekesaiH CTaTHCTUKAJBIK KOpCeTKiniTep Herisinae >kiKTeJsyiHiH MaTeMaTHKaJbIK acnekTijiepi

Annoranusi:  Kocinrtik Toyeken Kazaxcran PecnybiukaceiHmarsl osieyMeTTiK-eHOEK KATBIHACTAPBIH peTTeyeri
caJIbICTBIPDMaJIbl TYDJE 2KaHa YFBIM OoJbll TabObL1ajbl. EHOEK KbI3MeTiHe GallyIaHBICTBI Ka3aTalbIM OKHUFa HOTHUKECIH/le
eHbeKk (KpI3METTIK) MIHJETTEpiH aTkapy KesdiHme eHOeKKe KablIeTTimiriHeH afbIpbLly HE KBI3METKEpPJiH KaHWThIC 6oy
ToyeKeJIHIH KepceTKim peTiHje KoJJaHbLIaAbl. DKOHOMUKAJBIK, KbI3MeTTiH 132 Typinge (exi TanGasbl, COHBIH iminme
Keibip 6ec TaHOasbI) YIKEH AepekTep 6ap MalmHAJBIK OKBITY TEOPHUSICHIH KOJJIAHY KoCibm ToyekesiH 22 caHaTbIHA
OeJIiHreH KiKTey MpOIEAypPachblH XKYyprisyre MyMKiHAiK 6epmai. Kocibu Toyekesai 6arasiayiblH oicTeMeiK Herisi ceHiMmai
CTATUCTHUKAJIBIK JePEKTEPI] Naiijajany apKbLIbl CAJIBICTBIPYABIH, TONTACTBIPYAbIH YKoHe XKYyHeey iy KaInbl KabblIJaHFaH
CTATUCTUKAJIBIK, 97icTepi 60JIbII TabbIIaIbI.

3eprreyaiH, MakcaTbl - KbI3METKep/l eHOeK MIHIAeTTEepPiH OpBIHAAy Ke3iHje »Ka3aTailbIM OKuFajiapdaH MiHAEeTTi
caKTaHJIBIDY 2KyileciHlle KocinTik Toyekesa caHaTTapbl OOWBIHIIIA SKOHOMHUKAJIBIK KbI3MET TYDPJEPIH KIKTeyIiH
MaTeMaTHKAJbIK, TOCUIIepiHin 6ipin Koiamany. Bys Tocinai naiizanany SKOHOMUKAJIBIK KbI3MeTTiH 132 Typin (exi TanGaJb!,
OHBIH, iminHge Keibip Gec Tapbasbl) KocinTik Toyekesaid 22 caHATbIHA KATKbI3yFa MyMKIiHIIK Gepai. Kocibu casarTbl
apTTBIPY Ke3iHJe 3KOHOMUKAJBIK KbI3MET TypJepiH Oec TaHOasbl KIKTEy/l »KOHE erKei-Ter>kKeiyii KepceTy/li eHrisy
KazKeTTuIirl anbikranapl. CouzpikTan 22 (3KOrapbl) CHIHBIIKA Tay-KEeH OHEPKICi6l MEH KyPbUIBIC CaJaChIHBIH €Ki TaHGAJIbI
ronbiubly 07101 "Temip kenmepin xepacte! ougipy" »kone 43991 "Illaxra KypbuIbIcH" 6eC TaHOAIBI SKOHOMUKAJIBIK, KBI3MET
TypJiepi Kipai. P'eutbiMu voTuzkenep Kazakcran Pecrybisimkacst EHOeK »KoHe XaJbIKThI 9JIeyMeTTIK KOPFay MUHHCTPJITIHIH
GarmapiaMaJIbIK-HbICAHAJIBI Kap2KbIAHABIPY merbGepinge anpiaael (Ne BR11965728 "Kasakcran Pecrybnmkaceiama Kayincis
eHOEKTIH SKOHOMHUKAJIBIK, IPOBIeMaIapbl YKOHE CAKTAHbIPDY MEXaHU3MiHIH HHCTUTYIMOHAJIBIK KaliTa Kypyaapst").

Tyiiin ce3mep: KocinTik Toyekes, eHOEK CTATUCTUKACHI, »Ka3aTailbIM OKWFa JKULIiri, eHAipicTik *KapakaT JeHreiii,
ToyekeAlIiK (paHrrap) GOMBIHIIA CypbINTAY, aybICHAJbl JUANA30H.
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I Hayuonanvras xongedepayus pabomodameneti "Paryz", np. anv-Papabu, 77/8, Armamm, Kasaxcman
2 Hauuonaavmwidl uncmumym cmparosaHus om HeCcHacmHolr cayyaes na npoussodcmse (INAIL), le Pastore, 6, Pum,
Hmanus
3 Pecnybruxancruti Haywno-uccaedosamensekuts uHemumym oxpans. mpyda Munucmepemesa mpyda U couuaisHoti
sawums, waceaenus Pecnybauxu Kasaxcman, Kpasuosa, 18, Acmana, Kasaxcmah

MaremaTuydeckue acneKkTbl MPOdECCUOHAIBHOIO PUCKA U €ro KJjacCuduKaluu ¢ y4eTOM CTATUCTUIECKUX
nokasareJiei

Annoranusi: IlpodeccnoHANBHBII PUCK SIBJISIETCS OTHOCUTEJIBHO HOBBIM IOHSITUEM B DPEryJUPOBAHUU COIMAJIBLHO-
TPYIOBBIX OTHOIMEeHWH B Pecriybimke Kazaxcran m mpuMeHsIeTCa B Ka9€CTBE WHINKATOPA PUCKA yTPATHI TPYAOCIOCOOHOCTH
aubo cMepTH paGOTHHKA IIPH HCIOJHEHHH TPYJOBBIX (CJIy»KeGHBIX) OOS3aHHOCTEH B pE3yJbTare HECYaCTHOIO
cJlydasi, CBSI3QHHOTO C TPYJOBOW MEATEJBHOCTBIO. B CcTaTbe pacKpbIBAIOTCS CTATHCTUYECKHE ACIEKTBI COMEPIKAHUS
11pobeCCUOHAIILHOTO PUCKA B IIOTBEPXKIEHUN MATEMATHYECKON BE3JECYIIHOCTH U ODOCHOBAHHOCTU HAYYHOIO AIapaTa.
MeToamaeckoi OCHOBO# OIeHKHU TTPOhEeCCHOHATBHOTO PUCKA SABJISTIOTCST OOIIENPUHATHIE CTATUCTHYECKUE METOIBI CDABHEHUS,
CPYIIUPOBKH U CUCTEMATUZAIMUYU ITOCPEJCTBOM COIIOCTABJIEHUS] JOCTOBEPHBIX CTATUCTUYECKUX JTAHHBIX.

Ilens wccmemOBaHWST COCTOMT B INPUMEHEHUW OJHOTO W3 MATEMATUYECKMX TOIAXOMOB K PACIPEIEJICHUIO BUIOB
SKOHOMUYECKOHN JIeSITEILHOCTH 110 KJIaccaM MPpodeCCHOHAIBLHOIO PUCKA B CUCTEME OBSI3aTEJIbHOTO CTPAXOBaHUsl PAGOTHUKA
OT HECYACTHBIX CJIyJaeB MPHU KCIOJHEHWH UM TPYZOBBIX obasamHocTell. [Ipmmenenwe Teopmm MammaHOrO OOydUeHUs C
GoIbIIMMK JaHHBIME B 132 BUJAaX 9KOHOMHYECKOH JeATENbHOCTH (JABYX3HAYHbIE, BKJIIOYAs HEKOTODBIE IISTU3HAYHBIE)
[IO3BOJIMJIO IIPOU3BECTH MHPOLEAypy Kiaccudukanuu ¢ pasbuBkoil Ha 22 Kiacca NPOgecCHOHAJBHOrO pucka. bBbuia
BBISIBJIEHA HEOOXOJMMOCTb MPHU MOBBIIMIEHUHM KJAcca TNPOMECCUOHAJIBHOTO BBEJEHUsI MATU3HAYHON —KJaccuduKamuu
I JeTaNn3aluyd BUAOB SKOHOMUYECKOH [esTesJbHOCTH, Tak B 22 Kiace (CaMblii BBICOKMI) BOILIM ISITH3HATHBIE
B3I 07101 "Ilob6brua xese3HbIx pyd mnoa3eMHbiM cnocobom" u 43991 "CrpourenbcTBo maxrt", ¢ BBIIEJICHHEM U3
IBY3HAYHOTO KO/ TOPHOJOOBIBAIOIIEH TPOMBIIIJIEHHOCTH U CTPOUTEILHON OTPAaCu COOTBETCTBEHHO. HayJHble pe3y/IbTaThl
MOJIy4YeHbl B PaMKax IMPOrpPaMMHO-TIEJIEBOro (puHAHCUPOBaHUst MUHHUCTEPCTBOM TPYJa U COIMAJILHON 3aIUThl HACEJIEHUS
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Pecny6inuku Kazaxcran (Hayuno-texuudeckast nporpamma NeBR11965728 "dkonomudeckue npobieMbl 6e30IacHOrO TpyAa
U MHCTUTYUMOHAJIbHBIE IPe0Opa3oBaHus MeXaHu3Ma cTpaxoBanus B Pecry6iuke Kazaxcran").

KuroueBbie cjioBa:  NpodecCHOHAJIBHBI PHCK, CTaTUCTHKA TPYAd, 4YacTOTa HECYACTHBIX CJIyYaeB, YPOBEHDL
[IPOU3BOJICTBEHHOI'O TPABMATU3Ma, COPTUPOBKA [0 PEJIEBAHTHOCTH PUCKa (DAHIH), BADHUATHBHBIH JHAIIA30H.
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