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BBenenue

ABTOMAaTHYECKOE PACIO3HABAHHME PEYM SIBISACTCS IUHAMHYHO Pa3BUBAIOLIUMCS
HaIpaBjeHUEM B 00JIaCTU MCKYCCTBEHHOI'O HMHTEJUIEKTAa. 3a MOCJEIHUE TO0JIBeKa B
JAHHOM 00JIacTU JOCTUTHYTHI 3HAYUTENIbHBIE YCIIEXH — MMEETCS MHOXKECTBO
KOMMEPYECKUX TPUIOKEHUN, KOTOpBIE JENA0T BIIOKEHUS B JaHHYIO 00J]acTb
OTIpaBIaHHBIMA W BBHITOAHBIMH. Cpely TakuxX NPHIOKCHHH, B TEPBYIO OYEpE/b,
MOXHO oTMeTHTh BHempenue call-tientpoB win IVR-cucrem (Interactive Voice
Response) — crcTteM aBTOMATHYECKOTO IOCTYIa K HHPOPMAaIMi, MUHYS oreparopa. B
coBpeMeHHBIX  call-tienTpax Bompochkl  (GOPMYIHPYIOTCS — TOJb30BaTelieM Ha
€CTECTBEHHOM S3bIK€, U OTBET CHUHTE3UPYETCS KOMITBIOTEPOM TaKKe Ha S3bIKE
nosib3oBatens. BHenpenue call-ieHTpoB  MO3BOJIMIIO  BBHICBOOOJIUTH  OTPOMHOE
KOJIMYECTBO OIEPATOPOB M YyIYUIIUTh KAa4eCTBO OOCIY)XKMBAaHUS BO MHOTHUX
a’ponopTax v Ha >KEJIE3HOAOPOKHBIX BOK3aJaX.

CucteMbl aBTOMAaTHYECKOTO pACIIO3HABAHUS PEYH IIMHPOKO TPUMEHSIOTCS B
MEAMIIMHCKUX HCCIEAOBAHUAX, TPeOyIOMMUX BBOJAa WH(pOpMaIMM, KOTJAa PYKH
oreparopa 3aHAThl (PEHTIT€HOBCKHUE), WM KOrjaa TpeOyeTcsl ynpaBisiTh aBTOHOMHBIMHU
amnmapaTaMu HMCCIIEIOBaHUSI BHYTPEHHUX OpraHoB. Jlake 3amogHEeHHEe METUITMHCKUX
KapT CPEIHUM IEPCOHAIOM B TPOABUHYTHIX MEAMIIMHCKUAX YUIPEKICHUIX BEAETCS
TOJIOCOM.

BaxxHolt 0051acThi0 PUMEHEHUS! CUCTEM aBTOMATUYECKOIO PACIIO3HABAHUS U
CHUHTE3a PEUYU SBJSETCS TMOMOIIh JIOJSIM C HMHBAJIMIHOCTHIO, KaK C MpoOsieMamu
OTIOPHO-JIBUTATEILHOTO anmapara, Tak U c1a00BUIAIIUM (AaCCUCTUBHBIE TEXHOJIOTHH).

Cnenyer ormeruth, uyTo B Poccunm MeaMIIMHCKHAE TIPUIIOKEHUS CHUCTEM
aBTOMATHYECKOTO pPACMO3HABaHUA pEYM TNPAKTUYECKA HE peajn30BaHbl, YTO
OCTAaBJISIET OIPOMHOE TIOJIE IESITEIbHOCTH JJIs Pa3padOTUHKOB.

HecMoTpst Ha 3HAUMTENbHBIE YCIEXW, IJIABHAS LEJIb HCCIEAOBAHMM, KOTOpas
M3HAYaJbHO MOJIpa3yMeBallach — CBOOOJHOE OOIIEHNE YEIOBEKA U «MALIMHBD — MIOKa
HE JOCTUTHYyTa. Pa3BuTHe HampaBiieHHs BBISIBUIO HOBBIE TPYIHOCTH, Opocaroiue
BBI30B HCCIIEJIOBATEISIM HAa COBPEMEHHOM JTare, KOorja 3ajadya pacro3HaBaHUS peyu
CMBIKaeTCsa ¢ MpoO0JIeMOl MOHUMAaHUs CMBICIIa COOOIIECHUSI U TpeOyeT MpHUBICYCHUS
HAyYHOU TICUXOJIOTHUH.

[lepBbie nBa pazmena mocoOWsi TMOCBAIIEHBI BOMpoOcaM pedeoOpa3oBaHUs U
BocpusaTUsi. O4EeBUIHO, YTO MOHUMAHUE CTPYKTYPHI PEUEBOT0 CUTHAJIA U JICKAIUX B
€ro OCHOBE JIBIDKEHUI peueoOpasyronx OpraHoB MOKET MOMOYB B PEUICHUH 33]a4u
aBTOMATHYECKOTO pacro3HaBaHus peur. B emé OombIeil cTerneHn 3TO0 OTHOCUTCS K
NOHMMAaHHIO BOIIPOCOB, CBS3aHHBIX C BOCIPHITHEM 3BYKOB BOOOIIE M PEUYEBBIX
3BYKOB B YACTHOCTH.

OdeHb BaKHBIM BOIIPOCOM, Ha KOTOPBIH MPEACTOUT OTBETUTH B XOJC MU3YUCHUS
pedeoOpa3oBaHusl U BOCTIPUSTHUS SIBISIETCS BOMPOC O MpPHU3HAKAX, WIM TMapaMeTpax
peueBOro CUTHajia, KOTOpble cojepkaT uHGOpMaNuio, JAOCTATOYHYIO TS
pacniozHaBanusi peud. OUeBHAHO, MO CaMOMYy CBOEMY CMBICIY, 3TH IapaMeTpbl
JOJDKHBI SIBJISITBCSL CJIEJICTBHEM CO3HATEJIbHO KOHTPOJUPYEMBIX JIBHXKEHUM PEUYEBBIX
opraHoB. OYeBUJIHO TaK»Ke€, YTO BBIJECJICHUE STUX MNAPAMETPOB JODKHO SIBISTHCS
IJIABHOM 3a/1aueil CIIyXOBOM CHCTEMbI TP PACIIO3HABAHUM PEYH.
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1. PEHEOBPA3OBAHMUE

1.1. PDusuosorus peyeodpazoBaHus

[Ipouecc peueoOpazoBanust wmoctpupyercss Ha puc. 1.1. u 1.2. brnaronmaps
CO3J]aBa€MOMYy B JIETKHMX JIaBJICHHUIO, MOTOK BO3JyXa YCTPEMJISIETCS B TOJOCOBOM
TPAKT, MPOXOAMUT YEPE3 TIOJOCOBBIE CKIAIKH, MOXKET YCTPEMIIATHCSA B HOCOBYIO

MoJIOCTh (eciii HEOHAs 3aHABECKA OTKPBITA) W BBIXOJUT B OTKPBITOE MPOCTPAHCTBO,
MUHYS BO3MOXHBIC 3yOHBIC M TYOHBIC CY>KCHHS.

B 9 ™ NF

1 — HOCOBaAd [IOJOCTH,

2 — Tpepace He-

6o, & — A3KIK, 4 — LHTOBHAHBIA XpAUL,
§ — rojlocoBHle CBA3KH., § — TpaXes, 7 —
Jerkoe, & — rpvyaoaBa, ¥ — pumensod,
10 — Konsueobpaapwl

XPALL, If —uan-
ropradee, 2 — NOXBA3ILITHAS KocTb., Jf3 —

MArEoe Hebo (Hefuasa aagagecKas)

Puc.1.1. Peuesou annapam uenoseka [1].
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Peus npeacraBisieT coboit 3ByKOBBIE KOJIEOAHUS BO3AyXa B IMANIa30HE YACTOT OT
70-100 T'u mo HeckonbkuX Kujorepil. Jjis Toro 4yToObl B BBIXOASIIEM BO3IYITHOM
ITIOTOKE BO3HHKIIM KOJIEOAHMS C TAKMMH YaCTOTaMHM, HEOOXOIMMO HaJWMUHE HCTOYHHKA
3ByKa Ha MYTHU BO3YIIHOTO NOTOKA. ICTOYHMKOM 3ByKa MOTYT SIBJIATHCS:

1. I'otocoBbI€ CBSI3KY;

2. TypOyJeHTHBIHN IIyM B CYKCHHH;
3. llym BHE3amHO BHICBOOOAMBILIETOCS BO3TyXa MPU CMBIUKE (MMITYJIbCHBIN).

1

! — upeGuan zavapecka, ? — HocoRad No-

A0CTh, & — H3JAYYEHHA HOCOBOTD TPaKT3,

4 — ManydeHHA pra, § — poTOBaf MOJOCTS,

6 — MoOAHITAR WACTh H3HKAa, 7 — ropTaHHas

TpyOKa, &~ Tpaxes m OGpoHxH, 9 — MYCKY.Ib-

Hag cHha, 10 —obvem nerkux, [ —rono-
COBHE CBHRIKH

Puc.1.2. Cxemamuueckoe uzobpasicenue peuesoco annapama u
@DYHKYUOHANBHBIX Y3108 peyesoeo mpakma yenoseka [1].
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Mecra Cy)KeHUS UM CMBIYKH MOTYT OBITh Pa3HBIMH JIJISl PA3HBIX S3BIKOB (TaK, B
psine S3BIKOB CYIIECTBYIOT HEOOBIYHBIE IS PYCCKOTO Si3bIKa 3BYKH, MCTOYHHUKOM
KOTOPBIX SIBJISIETCS TOpPTaHHAs CMbIYKA, TO €CThb B3pBIB, OOpa3yloLIUiCS Mpu
pa3MBIKaHUU TOJIOCOBBIX CKJIanoK). [Ipu oOpa3oBanuu 3ByKa /xX/ ¥ IICIOTHON pedn
IIYMOBBIM HMCTOYHUKOM SIBJISIIOTCS CBEJEHHBIE, HO HE KOJEOJIOIIUECS TOJOCOBBIE
CKJIAJIKU.

B cooTBeTCTBMM C THIIOM HCTOYHHMKA PEUYCBBIC 3BYKH IOAPA3NICIAIOTCS Ha
KJIACCHI:

1. I'macHbie — MCTOYHUKOM 3BYKa SIBIISIIOTCSI TOJIBKO TOJIOCOBBIE CKIIAJIKH,
MIPOXOJT B HOCOBYIO TMOJIOCTh MEPEKPHIT HEOHOW 3aHABECKOM;

2. IleneBbie ((ppuKaTHBHBIE) COTJIACHBIE — HCTOYHUKOM 3BYKa SIBIISIETCS
TypOyJCHTHBIA I[mIyM B CyxeHud (rimyxue cormacueie /¢/, [c/, /ui/,..), wm
JOTIOJIHUTEIHHO TOJI0COBBIE CKIaAKu (3BoHKHE /B/, 3/, [xk/,..).

3. B3peIBHBIC corlacHbIE — HICTOYHUKOM 3BYKa SBISICTCS IITyM B3pbIBa (TIIyXHE
I/, I/, Ix/), nau HOMONHUTEIBHO MMITYJIBCHI TOJIOCOBBIX CKJIanoK (3BoHkue /6/, /n/,
Itl).

Kpome yka3aHHBIX CYIIECTBYIOT 3BYKH, KOTOpbIE TpeOYIOT OTACIbHON
KJ1accu(UKauu:

1. HocoBble cormacHble. XapaKTepU3ylOTCs TEM, YTO HU3IYyYECHHE IOJHOCTHIO
WM YacTUYHO OCYIIECTBISETCS depe3 Hoc. 3aberas BHepel, OTMETHM, YTO
nepeaaroyHas (QyHKIMS TOJOCOBOTO TpaKTa COJEPKHUT TOJBKO IOJI0CA, TO €CTh
o0nafaeT TOJIbKO pe30HaHCaMU; MPU HAIMYUU OOKOBOM TOJIOCTH WJIM MapajlielbHON
BETBHU IepeaTouHas PyHKIUS COEPKUT TAKKe HYIIH.

2. Pycckoe /p/ BO30yxmaeTcs TOJOCOBBIMH CKIQJKaMH, OJHAKO 3BYK
MOAYJIUPYETCS JPOKAHUEM KOHUYUKA A3BIKA.

3. 3ByKH, MOJyYarolldecs COYeTaHUEM PACCMOTPEHHBIX BbINIE (IPUMEPHI Ha
OCHOBE 00I11€aMEPUKAHCKOTO JINAJICKTA):

[Tonmyrnacusle /j/ you, /w/ we;

[Tnasusre /r/ read, /1/ let.

4. 3ByKH, XapaKTEPUIYIONTUECS JUHAMUYCCKAM XapaKTEPOM MPOU3HECCHUS:

nudronru /el/ say, /lu/ new, 21/ boy, /aU/ out, /al/ |, /loU/ go;
addpuxarsr /tf/ chew, /d3/ jar.

1.1.1. IMpouecc o6pa3oBaHusi 3BYKOB € I'0JIOCOBBIM BO30Y K1eHUEM

["onocoBeie ckiaaku (cBsa3ku) (puc.l.3) KoaeOaOTCs PH MPOYBAHUH Yepe3 HUX
MoTOKa Bo3ayxa mon gerictBueM 3ddexkra beprymnu [1]. YacTtoTa konebGanui
TOJIOCOBBIX CKJIQJ0K HAa3bIBAETCS OCHOBHBIM TOHOM (pitch). [lmst momHOTHI 0030pa
CIIEIyeT YMOMSIHYTh O TaKOM STHHUYECKOM (DEHOMEHE, KaK JBYXI'0JIOCOE€ TYBHHCKOE
neHue. B maHHOM ciydae MMeeTcs Ba NEPHOJUYECKUX HCTOYHMKA BO30YKICHUS.
OauH U3 HUX — OOBIYHBIC TOJIOCOBBIE CKIIAJKH, a BTOPOM — JMOO JIOKHBIE CKIAJIKH
(yTOMNImieHHs, PACMHOJOKEHHBbIE HaJ TOJIOCOBBIMU CKJIAJKaMH), JTUOO BepXyllKa
NUIIEBOAA (M3BECTHO, 4YTO JIFOAM C TOBPEKIEHHBIMU TOJIOCOBBIMHM CKJIaJIKaMHU
OBJIJICBAIOT IMHUIIEBOJHON peubto»). YacTtoTa KoneOaHU TOJIOCOBBIX CKIAAOK MPH
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00bIuHOM peun Haxomutcs B mpenenax 60—180 I'm mna myxuwuH, 160-350 ' ps
skeHIIUH 1 200—650 I'ii qyis geteit (yka3aHHbBIE TPAHUIBI YHCTO OPUEHTHUPOBOYHBIE).
[Tpu nenun yactora KOJIeOAHUHN TOJIOCOBBIX CKJIAJJOK MOXET 1ocTurath 2 Kl'.

®dopma UMIyIbCOB OOBEMHOM CKOpPOCTH (CKOPOCTh NMOTOKA, YMHOKE€HHas Ha
IUIONIA/b CEYEHHs B JAHHOM TOYKE — BEJIMYMHA, COXPAHSIIOLIAsCS BAOJIb BCETO
TpakTa), MCXOIAIIMX W3 TOJOCOBOM  IENW, HEIUIOXO  aNMpOKCUMHPYETCS
TPEYrOJILHUKOM M ToNyBONTHOM cunyca (puc. 1.4). ITpu 3TOM CKBa)XXKHOCTH MOXKET
nocturatb 40%, TO €CTh CKJIAJKH MOTYT CMBIKAThCSl Ha MPOJOJDKUTEIBHOE BpEeMs 3a
CUeT YNPYrOoCTHM TKAHEW MNpU CTOJKHOBEHHUHU. [[1s1 mOIOOHBIX HMIYJIBCOB CHEKTP
cnajzaeT mpuOIM3UTENIbHO co ckopocThio 12 nb/okt. IlonsitTHO, yTO Yem Ooiee
yriaoBaryo GopMy UMEIOT UMITYJIbChI, U YeM OOJIbIIEe Pa3pblBOB UMEET MPOU3BOIHAS
00beMHON CKOpOCTH, TeM Oojiee JIMHHBIM XBOCT Oyner y chnektpa. dopma
UMITYJIbCOB T'OJIOCOBOTO MCTOYHHMKA, B OCHOBHOM, M ONpenensieT TeMOp rosioca u
«TOJIETHOCTH» MEBYECKOI0 roJioca.

1 - Tpaxen, 2 - OpoHxK, 3 - Nnérkme (makc.-4-5 n),
4 - rTONOCOBLIE CBA3KMW, 5 - NOMHbIE CBA3KK

Puc.1.3. Cxemamuueckoe uzobpasicenue opeanos noocopmaHHoOU Cucmembl
yenosexa [1].
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Boems , moox

Fo — ocuosnaz gwactora; P, — nogceazounoe nasmepme
JHETophl — BEIPOCABIS MYIHHMHBL, MPOMIHOCAmMEEe
3BV feel

a) aukTop A-I; Fo=125 Iy, Py =4 cw sod. cm;

o) anxrop A-II; Fo=125 Iy, P: =8 cw eod. cm;

Puc.1.4. Kpugvie usmenenus niowaou 2010co8ou wenu (a), kpugvle 00bEMHOU
ckopocmu 07151 00H020 nepuoda ochosnoz2o mouna (0) [1].

1.2. llepenaTounasi pyHKIHS rOJIO0COBOI0 TPAKTA

[lepenaTounas pyHKIMS TOJIOCOBOTO TPAKTa PACCUMUTHIBAETCS, UCXOMS U3 TOrO,
YTO JJIS 3HAYMMBIX I8 Bocmpusitus vacTtoT (<4000 I'm) akycTuueckas BOJHA C
JIOCTATOYHOW TOYHOCTBIO SIBJISETCA IUIOCKOU. PactipocTpaHeHue 3Byka B 3TOM CIIy4dae
OTIUCBHIBACTCSI OJHOMEPHBIM (3aBUCSIIMM OT KOOPJAMHATHI BJOJb OCH TpaKTa)

ypaBHeHHEeM BebcTepa:
2
_i_zﬁxéq:%ag, @y
S(x) ox ox| c° ot

rae S(X) — mIomaas MonepeyHoro ceYeHus: Kak (yHKIUS PacCTOSHUS OT TOJOCOBOIO
MCTOYHMKA 10 OCH TPAKTa, P — 3ByKOBOE JaBJIEHHUE, C — CKOPOCTh 3BYKa, t — BpeMs.
Jlaxke B OJHOMEPHOM Cllydae JjIsi TOJIOCOBOIO TpakTa ypaBHeHHe BebGcrepa
MOYKHO PEIIMTh TOJBKO YHCIEHHO. IIpH 5TOM HE YYHTBIBACTCS HMMIICAAHC CTEHOK
TpaKTa M IOTEPH SHEPIUH Ha TPAHUIAX M Ha TPEHHE.
Jlns BonHOBOJA mocTOstHHOTO ceuenust (S(X)=const) ypaBuenue BebGctepa
IpEeBpaIaeTcs B OJHOMEPHOE BOJHOBOE ypaBHEHHE JUIS IUIOCKOM BOJHBI B

IPOCTPAHCTBE:



11

o’p 10%p
=— 1.2
ox* ¢ ot 2
Taxoe ke 1o (hopMe ypaBHEHHE CIIPABEJIMBO ISt 00bEMHOM CKOpOCTH U.
JlaBiieHrEe U CKOPOCTh CBSI3aHBI YPABHCHUSIMU:
op ou
—_ " = p_’
OX ot (L.3)
u_ 1o |
ox pct ot
r7ie £ — IUIOTHOCTh BO3/yXa.
O6miee pemenue ypapHenus (1.2) umeeT BU/I;
X X
p(x,1) = ot _E)W(t +E)’ (1.4)

rae ¥'u @ — QyHKIuM, onpeaessieMple U3 HAYaIbHBIX WM IPAHUYHBIX YCIOBUH.

Ecin ceyeHwe TONOCOBOrO TpakTa IMOCTOSHHO TIO [IJIMHE, €ro MOXHO
NPEICTAaBUTh B TIEPBOM MPUOIMIKEHUHN KaK BOJHOBOI, 3aKPBITHII CO CTOPOHBI CBSI30K
U OTKPBITBIA CO CTOpoHBI I'y0. IIpm sToM B Touke X=0 (Ha CBsi3Kax) CKOPOCTH W
yacTHas NPOM3BOAHAs JaBjcHus 1Mo x paBHbl 0. B Touke X=L (Ha ry0ax) 3ByKOBOE
JABJICHUE W YaCTHAs MMPOU3BOIHAS CKOPOCTH 110 X paBHbI 0, rae L — miuHa TpakTa.

Ha ocnoBanuu (1.2), (1.3) u (1.4) Oyaem UCKaTh CKOPOCTh U 3BYKOBOE JaBJICHHUEC
B BUJIC:

u(x,t)=u"(t—x/c)—-u (t+x/c),

(1.5)
p(x,t) = pcfu”(t —x/c)—u (t+ x/c)].

Haiiném BBIpakeHHME 11 CKOPOCTH IIPH YCIOBHH, 4YTO Ha 3aKPBITOM KOHIIE
BO30YXKJIAIOTCs KOJIeOaHHUs

u(t) =sin(wt) . (1.6)
Eyz[eM HCKaTh PCHICHUC AJIsI CKOPOCTHU B BUAC!
u(x,t) = a[sin(e + o(t — %)) +sin(y + o(t + %))]. (1.7)
Hcnonb3yst hopmysly CyMMbI CHHYCOB, TTOJTYYHM:
u(x,t)=2asin((p;"”+a)t)cos(¢_l//—%X). (1.8)
Yuureisas (1.6), Haxogum: @+ ¥=0, wmm @=¥, oTciona moixy4aem:
u(x,t) = 2asin(wt) cos(¢ —%X) _ (1.9)
ITockosbKy
UL _ 3 Psin(atysin(p—2) =0 (1.10)
OX C c

x=I

MO3KEM IOJI0KUTE @P=wl/C.
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[ToncraBnsst 3nHaueHue @ B (1.9) u cHoBa yuuthiBas (1.6), nmonyuum QGopmyny s
CKOpPOCTH:

sin(wt) cos

(a)(l —X))
C

u(x,t) = p _ (1.11)
cos(c)

Takum o0pa3om, BUAMM, YTO BO30YXKJass OOBEMHYIO CKOPOCTh C €IMHHYHOUN
aMIUTATYIO Ha BXOJIe BOJHOBOJA, Ha BBIXOJE MMEEM CKOPOCTh C aMILTUTYOU
1/cos(wl/c). OTHOLICHHE BBIXOJHONW CKOPOCTH K BXOJHOMN Ha3bIBACTCS IMEPEIATOYHOM
byHKITHEH.

0
Ecau mpuHsATh cKOpocTh 3ByKa B 350 M/C (CKOPOCTh BO BIXKHOM BO31IyXe npu 36°), a
JUTUHY TOJIOCOBOTO TpakTa 17.5 cM ([yIMHA MY»CKOTO TpaKTa), TO Tpaduk
nepeaaTouHoi GyHKIKUU OyAeT uMeTh Bu (puc.1.5.):

A H()

AAAN

1 kHZ 2 kHz 3 kHz 4 kHz

Puc.1.5. Ilepedamounas ¢pynkyus 601H0800a NOCMOSIHHO2O cedenus be3 nomeps [2].

MaKCI/IMYMaM B CIICKTPEC COOTBCTCTBYIOT CTOAYMEC BOJIHEBI C ,Z[J'IPIHOﬁ BOJIHBI:

AN)=——— n=01..
N =aen72 ’ (1.12)

NN 4aCTOTaMM.
F(n)=%(1+ 2n),n=01,... (1.13)

JIns MPUHSATBHIX BBIINIE CKOPOCTH 3BYKa W JJIMHBI T'OJIOCOBOTO TpaKTa 4acTOThI
oynyt pasubl: 500, 1500, 2500, 3500 I'm. OTMeTuMm, 4TO MHOTOTOYME HE HMEET
0Cco00ro MPaKTUYECKOTo cMbIcia, MockoiabKy Bbimie 4000-5000 Ity maymHa BOJHBI
CTAHOBHUTCS CPaBHHUMOW C TOMEPEUYHBIMU pa3sMepaMu TpaKTa U, CIJI€IOBATEIIbHO,
ypaBHeHUE BeOcTepa He roauTes M1 OTMCAHMS TIPOIECCOB PACIIPOCTPAHCHHS 3BYKA.

Ecnmu ydects motepu B cpene, B TOJOCOBOW INMETHW U HA CTEHKAX TOJIOCOBOTO
TpakTa, M3Iy4eHHEe Ha T'y0aX, TO MaKCUMyMbl MEPECTaHYyT ObITh OECKOHEUYHBIMHU U
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CJIeTKa CMECTSTCS, HO 00Iasi KapTHHA Ka4eCTBEHHO HE M3MEHUTCS. JlenaeM BaKHBIN
BBIBOJ: MepeNaTouyHasl (PyHKIHUs TOJIOCOBOTO TpakTa M, CIEAOBATENIbHO, pPEYeBOM
CUTHAJI XapaKTepU3yIOTCd MaKCUMyMaMHU B CHEKTPE, OTCTOSIIIMMU JAPYr OT Apyra Ha
HECKOJIbKO COTEH Tepll U 3aBUCSIIUMH, B OCHOBHOM, OT (hOPMBI TOJIOCOBOTO TPAKTa.
JI71st rIacHBIX 3T MaKCUMYMbI Ha3bIBalOTCS (POPMaHTaAMHU.

1.2.1. Pacuér nepexaro4Ho PyHKIUN ¢ MOMOLIBIO 3JIEKTPOAHAJIOT M

['onocoBoii TpakT MNPOU3BOIBHOM (OPMBI MOXHO TMPEACTaBUTh Kak Habop
LHUJMHIPUYECKUX CEKUMU. KaKIyl0 CEKIHI0 MOXHO ONMCATh KakK DJIEKTPHUYECKYIO
LEIb:

%)

%a’r————:—

(0000002

g —

L R
2 2

Puc.1.6. Dnexmpuueckuii sxeusanenm yuruHopuyeckoeo ompesxa mpyool [1].

AnHanorom 3BYKOBOI'O JABJICHUA SABJIACTCA HAIIPAKCHUC, aHAJIOTOM CKOPOCTH — TOK.

S D\4dp’"
rie QL — IUIOTHOCTh BO3AyXa, S — IUIONIAJb MOMEPEYHOro cedyeHus cexkiuu, D —

HIEpUMETP CeueHHsI ceKuuu, f — yactoTa, (/ — k03D PUIIUEHT BI3KOCTH;

D
R:? Apu
C= SZ,
Jo.
n-1 |zif
G=D-"— |—, rme #n - angmabarmueckas nocrosmuas (7/5), A -
e\ Cpp

TETIONPOBOJHOCTD BO31yXa, Cp — yJElIbHAs TEIIOEMKOCTB.
Harpy3ouHoe u3inydeHue uepe3 poT anmpoKCUMHUPYETCS Harpy3Koil Ha KpyTJIbId
nopieHb B cpepe niar 0ECKOHEUHOM TIOCKOM dKpaHe.
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— | Hl=——;—<<1
C 3 ¢c ¢
rZie 8 — pagryc OPIITHS.
PacmipocTtpanenne 3Byka BOKpPYr TOJOBBI pPAacCUMTHIBAIOT KaK H3IyYCHHE
nyJIbCUpYIOIe chepbl. 3ByKOBOE AaBlieHHWE KaK (DYHKIHS pacCTOSTHHUS OT IICHTpa
chepsl I ©UMeeT BUI:

2
5 zZ(ﬂar) .16 fa 2afa

.28

2
p(r) =i 2228 o g
r

rae a— paamyc chepsl, Uy — aMIUIUTYa CKOPOCTH Konebanuii cepsl.

3BYKOBOE JaBJICHUE TIPH MIPOUYMX PABHBIX MapaMeTpax pacTéT MPOMOPIUOHAIBHO
gacrote f, To ecTh co CKOpOCThIO 6 HennOern Ha OKTaBYy.

Pacuértel, mpoBomUMBIE C BBIIICTIPUBEAEHHBIMU (OPMYJIaMH, TAIOT XOpOIIee
COBIMAJICHUE C DKCMIEPUMEHTAIBHBIMU JaHHBIMUA. PacuETHBIC ¥ U3MEPECHHBIC 3HAUCHUS
dbopmanT npuBeneHsl B Tabmuie 1.1.

TaOmuma 1.1.
PacuérHble (1151 3aKPBHITOI I0JI0COBOM 11eJIM) M U3MePeHHbIe [3] 3HaueHust
(opMaHT rI1acHBIX PYCCKOI0 SI3bIKA.

I'macHbie/ F1 F2 F3

dopmanThl | (pacuéTH.) (u3mep.) (pacuétH.) (u3mep.) | (pacu€tH.) | (u3mep.)
Iyl 301 300 619 625 2388 2500
/ol 549 535 859 780 2368 2500
lal 686 700 1075 1080 2432 2600
lel 453 440 1954 1800 2737 2550
[ul 278 240 2263 2250 2924 3200
Iv1/ 326 300 1477 1480 2314 2230

1.3. TypOyJieHTHbI U UMNYJIbCHBIIf HCTOYHHKH 3BYKAa

[Ipu oOpasoBanuu 3BykoB /[ui/, [/, [x/, [cl... HCTOYHMKOM CITy>KUT
TYpOYJICHTHBIN IIyM B CY>KEHHH I'OJIOCOBOTO TPAKTa WK CKJIaA0K. CIEKTp IITyMOBOTO
UCTOYHMKA HMEET IUTOCKYIO BEpIIMHY, YacTOTa KOTOPOH MNPUOJU3UTEIBHO paBHA

v
0.2—, IJIe Vv — CKOPOCTh OTOKA B CYKEHUHU, S — IUIOMIAb CYKCHUS.

Js

3BoHkue ppukaruBHbie [k/, /B/, [3/... 0Opa3yrOTCs NpU OJHOBPEMEHHON paboTe
rOJI0COBOTO U TYpOYJIEHTHOTO HCTOYHUKOB. IIpM 3TOM B CyKE€HHH TYpOYyJICHTHBIH
IIIyM MOAYJIUPYETCSI UMITYJIbCAMH I'OJI0COBOIO HCTOYHHUKA.

B3speiBubie cornacusie /mi/, /6/, I/, Itl, I/, [n/ oOpa3yroTcst mpu MOJHON CMBIYKE B
HEKOTOPOM 00JaCTH TOJ0COBOIO TPAaKTa, IOBBIIMICHUH IaBJACHHS 3a CMBIYKOH H
PE3KOM  BBICBOOOKIECHHMH BO3AyXa B pe3yidbTare OTKPBITUS CMBIYKH. B3phIB
COIPOBOKIAETCS (PPUKATUBHBIM IITYMOM.
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1.4. HocoBble coryiacHbIe

[Ipn omyckanum HEOHOW 3aHABECKM 3BYK IPOHMKAET B HOCOBYIO TOJIOCTh U
u3llydaercs 4yepe3 Hoc. ['0JI0COBOM TpaKT MOXKET OBbITh MOJIHOCTHIO WM YaCTHUYHO
3aKphIT Ha ryOax. Tak ¢GopMUPYIOTCS HOCOBBIE (HA3aJIbHBIC) COTJIACHBIE 3BYKH.
Pacuér MeTomoM JIIEKTpOAHAJIOTUM MOKAa3bIBAET, YTO B 3TOM CIIydya€ OCHOBHOM
OCOOEHHOCTBIO TIEPENaTOYHONW (YHKIMH SBISACTCS HONb WU aHTH(GOPMAaHTa Ha
gacToTe 0KO0JI10 2 KI 11

1.5. BeiBoabI

Takum oOpa3om, peyeBOil CUTHAN MPEACTABIAECT COOOM KBa3WUMEPUOAMUECKUN
CUTHAJI JIJIsl BOKQJIM30BAaHHBIX U CITyYalHbIN IyM B obsactu 3—6 kI 17151 IIyMOBBIX U
B3PBIBHBIX 3BYKOB. CIIEKTpallbHble MakcUMyMbl depenytorcs depe3 300-700 'y mo
yactote u yepe3 150-200Mc nmo BpemeHu (cuiutabuueckas 4acToTa).

B kauectBe miumocTpanmu Ha puc. 1.7. mpuBeAeHbl orumOaromas U «BUIUMAs
peuby» (M300pakeHue CIEKTpa Ha IJIOCKOCTH, TJI€ MO0 OCH abCIHCC OTJIOKEHO Bpems,
0 OCH OpJAMHAT — YacTOTa, a aMIUIUTYAa OTOOPAKAETCA CTENEHbIO 3aU€PHEHUS WUITU
L[BETOM) MPOJOJKUTENbHBIX BBICKA3bIBAHUHN ISl IIMPOKOMOJIOCHOTO (OKHO=6MC) U
y3komnoiocHoro (okHo=30mMc) anamm3a @Dypse. 3aMeTHUM, UYTO TOPHU3OHTAIILHBIE
[OJIOCHl HAa Y3KOIMOJIOCHOM CIIEKTpE MHPEICTaBISIIOT COOOM TapMOHHUKH OCHOBHOTO
ToHa. Ha MMpOKONOIIOCHOM CIIEKTPE OHM CIMBAKOTCS M3-32 HEBBICOKOT'O pa3pelIeHUs
[0 YacTOTE, OAHAKO (DOPMAHTHI PU 3TOM BBIJIEISAIOTCS JIyUlIe.

3amaaumcsi, HaKOHEL, BOPOCOM, Paaud KOTOPOTO MPUBOAMIUCH BCE 3TU (DAKTHI:
KaKue IapaMeTpbl PEYeBOr0 CUTHAJIA SIBISIIOTCS CYLIECTBEHHBIMHM JUISl IIEpenaydu
CMBICJIa COOOUIEHUS, TO €CTh SIBJISIOTCS XapaKTEPUCTUKON IaHHOTO $3bIKa, a KAKUE
NPEACTABISAIOT WHAUBUIyaIbHBIE OCOOCHHOCTH roBopsiiero? (DTOT e BONpPoOC B
HECKOJIBKO JIPYTO# IIIOCKOCTH Oy/ET 3a7aH B paznene «CiryxoBasi cCHCTEMa».)

JlaHHBIE  TICUXOAKYyCTHKM  TO3BOJISIIOT  CUMTAaTh  YCTAHOBJIEHHBIM,  YTO
CYIIECTBEHHBIMH JUISI BOCHPHUATUS SBISIOTCS 3HAUEHHS SHEPIHMM KoJieOaHUU B
JIOBOJIbHO IIMPOKHUX CHEKTPalbHBIX 30HaX. Tak, JUisl BOCHPUATHUS TJIaCHBIX
CYLIECTBEHHbl MAaKCUMyMbl OrHOAOIEH CIEKTpa, Kak IpPaBUJIO, COBMAJAOLIUE C
dbopmantamu. Cuurtaercs, 4TO ISl HUASHTU(DUKAIMU TIACHOM JIOCTATOYHO JIBYX
nepBbIX (DOPMaAHT, MOAITOMY TJIaCHBIE YacTo M300pakaroT Ha miockoctu F1, F2, rne
OHM O00pPa3ylOT BBITSHYTHIA TPEYroJibHUK. B0O3MOXHO, TpeThsi (opmaHTa SIBISETCS
JOTIOJTHUTEBHBIM, U30BITOYHBIM MTPU3HAKOM TJIacHON. HeKOoTOphIM MOATBEPKIACHUEM
ATOM TOUYKH 3pEHUs SABIsIETCSA (aKT, UTO YEIOBEK MOXKET HAYUUTHCS YATATh BUAUMYIO
peub (cM. poman A.ComxeHulpiHa «B kpyre mepBom»). 3apaHee OTMETUM, YTO ATO
YMEHUE HUKAaK HE OTPa3UiIOCh HA CO3JJaHUU CUCTEM aBTOMATHYECKOI'O pPaclO3HABAHUS
peun. JInOO BHPTYO3bl UTEHHS] HE MOTYT BEpOAIM30BaTh IpaBuia, KOTOPBIMU OHU
NOJIB3YOTCS. TPH YTEHUH, TO €CTh MCHOJB3YIOTCS CTOJb JK€ MAajo IO3HAHHbIE
IPOLECCHl 3PUTEIBHOTO BOCIPHUATHS, JIMOO OUMIMOKM pPACIO3HABAHUSA IO BHIUMOM
peun OoJipIlle, YeM B CHCTEMaxX aBTOMATHYECKOIO pacro3HaBaHHs (YPOBEHb OMIMOOK
pacno3HaBaHUs 110 BUJMMOM peYr HUKTO HE U3MEPSi).
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Ha puc. 1.8. mpuBenensl mpuMepsl BUAUMOW pEeUd MJIsi Pa3IUYHBIX CIIOTOB.
JIOOTHUTENBHO TPUBEAEHBI YHUCIO TEPEX0J0B Orubarolieid 4epe3 HOJb, MOJIHAs
SHeprus U HuzkouactoTHas sHeprusa (125-750 I'm). Ha ocHOBaHMM 3TUX PUCYHKOB

MOKHO TOJIYYUTh MPEACTABICHUE O XapaKTepe CIEKTPOB JJIsl OTACIbHBIX 3BYKOB PEYU
U UX COUETAaHUU.

CTaHfapTHaA WKMPOKONoAoCHaA cnekTporpamma (Fs = 10 k', Tw = 6 Mc)

Orthographic: The doctor examined the patient’s knees.

5kHz

4 kHz

3kHz

2 kHz

1 kHz

0 kHz

0 0.5 1 1.5 2
Time (secs)

YakononocHaA cnekTporpamma (Fs = 8 kT, Tw = 30 Mc)

Puc. 1.7. IIpumep wupoko u y3kononocrnozo anaiuza Qypwve peuegoco cuenana,
Fs — vacmoma keanmosanus, T,, — oruna oxna ananuza [4].
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Puc. 1.8. Ilpumepwi cnekmpozpamm u ocubaroujux peuesozo cuenana [2].
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B 3akiroueHre [aHHOTO pasjena pacCMOTPUM KAYECTBEHHYKO CTOPOHY
peueoOpa3zoBaHus M 0OOCYIUM MOHATHE «(POoHEMaY,

[TepBonauanbHo BBeneHHBIM D. ne CoccropoM B 1879 roay TepMuH «hoHeMa»
(phoneme) mMpakTUYECKU HE OTIMYAICS OT SI3BIKOBETYECKOrO0 TEPMHUHA «3BYK», KaK
CAVHUIIBI pEYH, MOABEpraolieiicss HaydHoMy aHainuzy. COBpeMEHHOE MOHHMMAaHHE
TOro TepMuHa (OHETUCTaMU OJIMKE K OINpeAesieHHto, JaHHoMy boaysnom e
Kyprens: «®oHema ecTh L€JIbHOE, HEJETUMOE BO BPEMEHHU MPEACTABICHHUE 3BYKa
SI3BIKAY.

OTMeTHM 1Ba MOMEHTA:

1. domema He ecTh (Qu3Myeckas peanusanus 3BYKa, a SBISICTCS
MPEICTABICHUEM 3BYKa B CO3HAHUM (a0CTpaKIuen).

2. ®oHema BOIUIONMIAET UACK) aTOMAPHOCTH, TPUMEHEHHYIO K CYOBEKTUBHOMY
MPEACTABICHUIO O PEYU.

SIBHass HEKOHCTPYKTMBHOCTb JAHHOTO OIpPEACNCHHUs] C TOYKH 3pEHUs
TEXHUYECKON peayiu3allii BCErja BbI3bIBAJIa CIIOPHl MU MHOTOYHMCIICHHBIE BapHUAHTHI
doneTnueckoil kimaccuduxkanuu. TeXHUYECKUE CIEUHATUCTBI, HCIOJb3YySd TEPMHH
«(poHema», BKJIAAbIBAJIM B HEr0 CBOM TMPEJCTABICHUS O peuyeoOpa3oBaHUM MU
BOCIIPUSATHH, JOBOJS TOHSATHUE JO BYJbrapHOro: «(poHEMa — 3TO TO, YTO SI MOTY
OMpENIeNIUTh U BBIICIUTH Ha CBOEM IpuOope». Hago oTMeTUTh, 4TO U Cpelu CaMUX
(GhOHETUCTOB HET €AWMHCTBA B TpEACTaBIeHHMM O (POoHEMEe: MOCKOBCKas U
JICHUHTpAJICKas (meTepOyprckas) mKoiasl (PoHEeTUKH mpeniaranu andaBuThl (poHeM,
CYIIIECTBEHHO OTJIMYAIONIMecs Mo pa3Mmepy. HaBepHoe, myis TOro, 4roObl M30€XaTh
9TUX KOH(JIMKTOB, TEXHHYCCKHE CICIMAIMCTBI BBEeIU TepMuH «dou» (phone) —
KOHKpeTHass peanuzaiusi ¢GoHembl. DOHBI, MpUHAISKANUE K OJHOU (oHEeMe,
HA3bIBAIOTCS AITIO(OHAMM.

WUness aromapHOCcTH OblIa OYEHb NPUBJICKATEIHHOM C TEXHUYECKOW TOYKHU
3pEeHHS: JOCTAaTOYHO YCTAHOBUTH XapaKTEPUCTUKW WM MPHU3HAKU COCTAaBIISIOIINX
peub «aTOMOB» WJIU «KUPIUYUKOB», U 33/1aua aBTOMATUYECKOTO PaCIIO3HABAHUS PEUU
pemeHa. [Toucku nmpu3HAKOB M BBIJICICHUE MHBAPUAHTHBIX K JUKTOPY M KOHTEKCTY
«(poHeM» MPOJIOJKATUCH BILIOTH 10 90-X, HO ycnexa He UMeNH (B TOM CMBICTIE, UTO
HU OJTHA U3 CUCTEM PACTO3HABAHUS PEUH, HACKOJIBKO HaM U3BECTHO, PE3YJIbTAThl ATHX
M3BICKAHUM HE UCIIOJIB3YET).

[TormpoOyeM OOBSICHUTH OTCYTCTBUE YCIi€Xa B TOMCKE JIOKAJIU30BaHHBIX BO
BpeMeHHU (hoHEM, pPacCMOTPEB IPoIlecC peueoOpa3oBaHrs Ha KaUueCTBEHHOM YPOBHE.

B nporecce peueoOpazoBaHus peueBbie OpraHbl YeJIOBeKa — I'yObl, SI3bIK, HUKHSS
YeJIIOCTh, HEOHAsl 3aHABECKA COBEPIIAIOT JIBHXKEHHS, CKOPOCTh KOTOPBIX 3aBUCHUT OT
CWJIBl MBIIII U Macchl camoro opraHa. CKoOpocTh 3Ta OJM3Ka K MpeleabHOl (MHaye
CKOpPOTOBOpKM He Obuid Obl momyJisipHbl). VccnemoBaHus mOKa3bIBalOT, 4YTO B
€CTECTBEHHON peuMd OpraHbl MPAKTUUYECKHM HUKOI/A HE 3aHUMAIOT IOJIOKEHUH,
XapakTepHBIX JJIs M30JIMPOBAHHO MPOU3HECEHHBIX 3BYKOB, a JIMIIL O003HAYAIOT
JIBIDKEHWE B HY)XHOM HaIlpaBJICHUH, COOTBETCTBEHHO, M (OPMAHTHI 0003HAYAIOT
JIBI)KCHUE B HYKHOM HampaBieHUU. OYeBHUIHO, 4YTO JBUKEHHE B CTOPOHY,
XapakTepHYl0 i JaHHOM (OHEMBI, 3aBUCUT OT NPEANICCTBOBABIIMX M, Kak
MOKA3bIBAIOT 3KCIIEPUMEHTHI, JJaXkKe MociIeayonmx GoHeM, TO €CTh, pEYEBO ammapaT
MOKET TOTOBHUTBCA K IPOU3HECEHUIO HEKOTOPHIX 3BYKOB 3apaHee. OJTOT 3(hdexT


http://ru.wikipedia.org/wiki/%D0%90%D0%BB%D0%BB%D0%BE%D1%84%D0%BE%D0%BD
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HA3bIBACTCS KOAPTUKYJIsiMel. B3anMoBnusiHue oHeM He OTpaHUYMBACTCS COCESIMH,
a MOJXKET PacHpoCTPaHATHCS Ha HECKOJBKO coceqHUX (oHeM. MOXHO BBIYHCIUTH,
HACKOJIKO OTPOMHOE YHCJIO BO3MOXXHBIX COYETaHUM, CKaXeM, XOTA Obl MO TpH
dboHeMbl, CYIIEeCTBYET ISl si3blka. Eciu K 3TOMy J100aBUTh HEPEIICHHYIO MPOOJieMy
MPU3HAKOB, WHBApPUAHTHBIX K JUKTOPY, TO YHCIO BO3MOXHBIX MPEICTaBICHUI
(hoHEMBI CTAaHOBUTCS HACTOJBKO OTPOMHBIM, YTO O BBIY>KWBAHUU MPU3HAKOB BPYUHYIO
HE MOXET OBITh U PEUH.

Takum oOpazoM, MO-TIPEKHEMY HCTOJB3Ys AHAJIOTHIO C aTOMaMH, a Jyd4Ile C
KBaHTaMH, MOXXHO 3aMETHUTh, YTO (DOHEMa CKOpee MMEET «BOJHOBYIO» MPUPOIY, TO
€CTh €€ NMPU3HAKU «pa3Ma3zaHbl» MO MPOTSHKEHHOMY BO BPEMEHU OTPE3KY, MPUUYEM
NpPU3HAKK Pa3NUYHBIX (OHEM HaKJIaIbIBAIOTCS JApyr Ha napyra. B pazmene
«Pacnio3naBanue peun» OyleT pacckazaHo, KakK 3Ty MPOOJIeMYy MBITAIOTCS PEIIUThH C
ITOMOILBIO TEOPUH BEPOATHOCTEN U UCKYCCTBEHHBIX HEMPOHHBIX CETEM.
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2. CIYXOBASI CUCTEMA
2.1. CTpoeHue yxa 4ejioBeKka

N3ydeHne CcIyXOBOrO aHalIM3aTropa BaXXHO [UJI 3aJayd  aBTOMATUYECKOTO
pacro3HaBaHMsI PEeUH, TOCKOJIbKY HeaJeKkBaTHas 00padOTKa CUTHANAa MOXKET MPUBECTU
K MOTepe YacTU MOJIE3HBIX MPU3HAKOB M K HM3JIHIIHE MOJPOOHOMY IPE/CTaBICHUIO
JIPYroy 4acTH.

B nanHOM pa3zgene orpaHMYMMCS TOBEPXHOCTHBIMU CBEIEHUSIMU O paboTe
nepudepudeckoil CIyXOBOW CHUCTEMBI, JTOCTATOUHBIMH JJisi OOCY)XJIEHHUS BOIpOca O
TOM, KaKUe ImapaMeTpbl 3ByKOBOT'O CUTHAJIa CIOCOOHA BBIACIISATH CIIyXOBasi CUCTEMA.

TpanuuuoHHO mnepudepruyecKyro CIyXOBYK) CHUCTEMY TMPEACTaBISIOT Kak
MOCJIEIOBATEIBHO BKJIIOUEHHBIE HApY>KHOE, CpelHee M BHYTpeHHee yxo (puc. 2.1).
HapyxxHoe yXxo — 3TO 3BYKOBOM MpOXOJ K CpEIHEMY, CpeIHEe — 3TO CHUCTEMa
CIIyXOBBIX KOCTOYEK, MEpPEeAAloIIMX 3BYKOBbIE KOJEOaHUS K BHYTPEHHEMY VXY.
[TockonbKy AuamMeTpbl KaHAJIOB HEBEIUKH, 3BYKOBYIO BOJIHY B MHTEPECYIOUIEM Hac
JIMANa30HE YacTOT MOYKHO paccMaTpuBaTh Kak IUJIOCKYIO. AMIUIMTYAHO-YaCTOTHbIE
XapaKTePUCTHKU CUCTEMBI HAPYKHOTO yXa MpUBEJCHBI Ha pHC. 2.2. Bunen Makcumym
B paiione 3—4 k['1. DToT MakcuMym obecrieunBaeT HaAHOOIBIIYI0 YyBCTBUTEILHOCTh
CIIyXOBOW CHCTEMBI B JAHHOM JIHAIIa30HE.

BuyTtpennee yxo mpencraBiser co0OW OUY€Hb WHTEPECHBIA, C TOUYKH 3pPEHUS
CHEKTPAJIbHOTO aHaju3a, Npubop. DTO KOHYCHasA, TPEXIOJOCTHAsA, pa3/eieHHas
MeMOpaHoii (0a3wiIsipHON) BIOJH TPYOKa, 3amoiHEHHas NepuwinMdoil, KUIKOCTHIO,
0JIM3KOM MO CBOMCTBAM K IUIa3Me KpoBU. [[nmHa ymutku okoino 35 MM, U OHA, B
COOTBETCTBMM C Ha3BaHMEM, 3aKpyd€Ha B chupaib, Jenas 2.5 obopora. Kak u B
Clly4ae BOKAJIbHOTO TPaKTa, MONEPEUYHBIMU KOJEOAHUSIMU B pacyeTax NpeHeOperarT
U CUMTAIOT, YTO «3aKPYYEHHOCTh» HE OKa3bIBACT BIIMSAHMS HAa PaCHpPOCTPAHEHUE
Kosebanuil. U3BeCTHO, 4TO MOAOOHYIO0 KOHCTPYKIIMIO, B LEISIX IKOHOMUHU MECTa, YXKe
JABHO CKONMPOBAIIM B PAAUOJOKALMOHHBIX CUCTEMAX.

CKOpOCTh pacmpocTpaHEHUsl 3ByKa B YJIMTKE 3aMEUISIETCSl MO CPAaBHEHUIO C
BOo3ayxoM moutu B 100 pa3, Tak 4TO 3aJep:KKa MEXAy BO30YXJAECHHEM Ha BXOJE B
VJIUTKY U B allMKaJIbHOM KOHIIE OT OJJHOIO CTUMYJia COCTaBiisAieT 7/—8 Mc. ba3zunspHas
MeMOpaHa YJIUTKH COJEPXKHUT OKOJIO 3—4 ThIC. KBHYTPEHHHX BOJOCKOBBIX KJIETOKY,
KOTOpbIE BbIPA0ATHIBAIOT HEPBHBIE MMIYJIbCHI B OTBET Ha BO30YXKIEHUE.
Bo30yxnenue BbI3bIBaeTcs jaedopManvei MeMOpaHbl B Tpoliecce KosieOaHWi, HO
TOJIKO B OJHOM HampaBjieHuH. Takum oOpa3oMm, BHYTPEHHHE BOJIOCKOBBIE KJIETKHU
OCYILIECTBIISIIOT OJHOIOJNYIEPUOTHOE BBIIPSMIICHHE CUTHaja. MOXKHO CKa3zaTh, 4YTO
BBIIPSIMJIEHHE «MSTKOE», ITOCKOJIBKY BO BpEeMs BTOPOM TOJOBUHBI KOJEOaHUs
BOJIOCKOBBIE€ KIJIETKM YMEHBIIAIOT CIOHTAHHYIO aKTUBHOCTh. ONUCAaHHBIM MEXaHHU3M
nerctByetr 1o vactoT B 3—4 kl'n. [lanee Ha BO30yXAE€HHE BOJIOCKOBBIE KIIETKU
OTBEYAIOT IMOBBIIIEHHEM OOHIEd aKTUBHOCTH. Kak UM HEHpOHBI, BHYTPEHHHE
BOJIOCKOBBIE KIJIETKM HUMEIOT HEKOTOPBIA YPOBEHb HACBIIIEHUSA, TO €CTh HE MOTYT
TeHepUpPOBATh B €AMHUILY BPEMEHU CKOJIb YTOJHO OOJIBIIOE KOJINYECTBO UMITYJIBCOB,



! — ymnaa pakoBRuA; 2 — HApYwHLN cayxorofi npoxon; &, 4, § — CNyXoBHe KOCTOYKE, CO-

OTBETCTBEHHO CTPEMEYKO, HAKOBANEHKA H MONOTOYEK, § — HADYHHOE VX0, 7 — CpEOHEE YXOU:

§ — BuyTpeHuee yxo; 9 — BecTHOyaApHEil annapar; 10 — eayxosoil ueps: 11 — YITHTHA;
12 — Kpyriloé okHO, 1§ — oBansHOE OKHO; I4 — Gapafainans NepPenoHKa.

Puc. 2.1. Cmpoenue nepugpepuueckoii cryxosoii cucmemot [1].

U IIOATOMY OCYUIECTBIIAIOT KOMIpeccuio curHaia. CyliecTByeT NpPeAnoIOKEHUE,
MOAKPEIJIEHHOE SKCIEPUMEHTAIbHBIMU JTaHHBIMU [1], 4TO yJIWTKa — 3TO aKTUBHAaA
CHUCTEMa, TO €CTh, B OTBET Ha 3BYKOBOE BO30YyXJICHHE OHA HAYMHACT COBEPIIATH
Kojie0aHusi ¢ SHepruei, Oonbllel, YeM eil JOCTaBisieTcs M3BHE 3BYKOBOW BOJIHOM.
OTBETCTBEHHOCTh 3a 3TOT MEXAHU3M BO3JIATAIOT HA «HAPYKHBIE BOJOCKOBBIC
KJIETKH», KOTOpPbIE TaKXe€ pa3MellaloTcs Ha Oa3uisapHOM MeMOpaHe M KOTOPHIX B
HECKOJIBKO pa3 0oJibllle, YeM BHYTPEHHHX. AKTUBHOCTh YJIUTKHU MPOSIBISETCS TOJIBKO
Ha MaJIbIX YPOBHSX BO30YXKJICHHSI;, BHIAMO, 3TO MEXaHHM3M HOPMAaJH3aIllid YPOBHS
3BYKa.

He BpaBasch B XMTPOCIUICTCHHS BOCXOJSIIUX HEPBHBIX IyTEH, MOCKOJBKY 3TO
BBIXOJIUT 3a PaMKH pacCMaTpyMBaeMOil TE€MbI, OTMETUM OJHY Ba)KHYIO OCOOEHHOCTH
CIIyXOBOM CHUCTEMBI — €€ «TOHOTOMMYECKYI0» OpPraHU3alMi0. DTOT TEPMUH O3HAYAET,
4TO 00JIacCTH BO30YXKJEHHUS, COOTBETCTBYIOIIME OJIM3KUM YacTOTaM 3BYKOBOTO
CTUMYJIa, HAXOAATCS B ONM3KUX (B TIPSIMOM TOMOJOTUYECKOM CMBICIE) 00JIacTIX
0a3uIsIpHON MEMOpaHbl U COXPAHAIOT ATy OJU30CTh BIUIOTH JIO BBICIIMX Pa3JeioB
CIIyXOBOM cucTteMbl. OUeBHUIHO, TaHHBIN (AKT ABISETCS CAMBIM BECKUM apryMEHTOM
B T0JIb3Y PACCMOTPEHHMS CIIyXOBOW CUCTEMBI KaK CIIEKTPAJIIbHOTO aHATN3aTopa.

HNuTepecHol 0COOEHHOCTBIO YIHMTKHU SIBISIETCS TO, YTO KOJEOAHUS PazIUYHBIX
4acTOT IPOHUKAIOT B HEE Ha pa3Hyro riyouHy. BeicokouactoTHsie (10 kI’ u Gosee)
OYEHb OBICTPO 3aTyXalT OKOJIO BXOJa B YJUTKY. UeM HMKE 4yacToTa, TEM Jajblie
npoxoauT curHail. CurHaiel ¢ yactotor 800 ' 1 HUXkE MPOXOAAT 10 KOHI[A YIUTKH.
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AMIUTTYTHO-9aCTOTHAS XapaKTEePUCTHKA OJJIEMEHTa YJIUTKH C HEKOTOPOU
XapaKTePUCTHYECKON YacTOTOW MMeeT MoJoruid moabeMm (6 nb/OKT) co CTOpOHBI
HU3KHX YacTOT (TO €CTh BCE YaCTOTHl HWKE XapaKTEPUCTHUECKON MPECTABJICHHI B
KOJIeOAHUM JAHHOTO y4JacTKa OasmiIsipHOM MeMOpaHbl, HO ¢ YMEHBIIAIOIIMMCS BECOM)
U pe3kuid cran (mo pazaudseiM AaHHBIM 0T 100 10 300 1b/OKT) B CTOPOHY BBICOKHX
yacToT (puc. 2.3.). Takum 00pa3om, TJIaBHBIM 3JeMEHT nepudepruuecKor CIIyXOBOM
CHUCTEMBI, He 00J1afasi CUIIbHBIMA PE30HAHCHBIMU CBOMCTBAMH, TIPEJICTABIISICT CKOpEH
JIMHUIO 33/ICPKKU UITU BPEMEHHOM aHAIU3aTop.

2.2. MackupoBKka. Bocripusitue BbICOTBI 3ByKa

[Tonq MackMpOBKOW TOHMMAIOT TMOBBIIIEHWE TOpOra CIBIIIUMOCTA 3BYKa
(cTuMyJa) B MPUCYTCTBUU APYIHMX 3BYKOB (MackepoB). MacKupyroolue 3ByKH MOTYT
NpeAlecTBOBATh (MpsMasi), JEHWCTBOBATb OJHOBPEMEHHO (OJHOBpPEMEHHAas) U
CJIeZI0BaTh 3a CUTHAJIOM (0OpaTHasi MAaCKUPOBKA).

Ctumynbl M MacKepbl MOTYT HMMETh pPa3MyHyl CTPYKTypy. OOBIUYHO
UCIIOJIB3YIOT ~ Y3KOMOJIOCHBIA IIIyM, JIMOO TOHAJIbHBIE TMOCBUIKU. Pe3ynbrarhl
SKCIIEPUMEHTOB JOBOJIBHO TPYJIHO pAaCIpOCTPAaHUTh Ha MPOU3BOJIBHBIE CUTHAJIBI,
NOCKOJIBKY JJII TIPOLECCOB CIyXOBOM OOpabOTKM XapakTepHbl HEJIMHEWHOCTH.
OKCINEPUMEHThl C TOHAJBHBIMU CTUMYJAaMH M MAacKepaMH TIO3BOJMIN MOCTPOUTH
KpPUBBIE, OMNPENEIAIONIME MOPOTH CIBIIMIMMOCTH MO YacTOTE€ U BPEMEHH, KOTOpPbIC
UCITIOJIB30BAJIMCH MpU pazpadoTke anroputMmoB cxkatus MPEG.

PaccMoTpum n1Ba 3KCIIepuMEHTa 10 MAaCKHUPOBKE, KOTOPbIE AAIOT MPEACTaBICHUE
00 0COOEHHOCTSIX BOCTIPUATHS 3ByKa HA Pa3HbIX YACTOTAaX.

3adukcupyeM 4YacToTy cTUMyJa M OyJeM MacKHpOBaTh €ro Y3KOIOJOCHBIM
IIyMOM C LIEHTPOM Ha YacTOTE CTUMYJA, MOCTEIEHHO PACIIMPSSA IMOJOCY MacKepa,
OCTaBJISIl HEU3MEHHON CIEKTPAJIbHYIO IUIOTHOCTh 3Hepru. OkasblBaercs, 4TO,
HAauMHasi ¢ HEKOTOPOW IIMPHHBI, TAIBHEUIIECE PACIIMPEHUE MACKEpA IO CIEKTPY HE
NPUBOJUT K CYIIECTBEHHOMY YBEJIMYECHHIO TIOpOra BOCHPUSITHS, TO €CTh
HE3HAUNUTETHLHO YCWIMBAeT MackupoBKy. lllmpmaa Takod momochkl Kak (QyHKIUS
YaCTOTHl  HA3BIBACTCA  KPUTHYECKOW  TMOJOCOH. PesympTaT MOXHO  TpydOo
UHTEPIPETUPOBATH TaK, KaK €CIM OBl B CIIyXOBOW CHUCTEME MPHUCYTCTBOBAIN OJIM3KHE
K TIPSIMOYTOJILHBIM WJIH TPANCIIMEBUIHBIM YaCTOTHBIC (PUIIBTPHI, B TPAHHUIIAX KOTOPHIX
CTUMYJIbI CYMMHPYIOTCS, IPU JTOM CTHUMYJbI, pa3fei€HHble Oojiee 4YeM Ha
KPUTHYECKYIO TI0JI0CY, oOpabaTeiBatoTcsl He3aBucumo. B nuamnaszone ot 100 I'n go 16
kl'11 HacuuThIBaeTCcs 24 kputhyeckue nojochl (cMm. Tadim. 2.1.). lllkana kputuyeckux
MOJIOC HA3bIBAETCS LIKAJION «OapK».

Bropoii sKCepuMEHT COCTOMT B TOM, YTO CIYIIATENI MPEAbIBISIIOT
rapMOHUYECKUIM CUTHAJI U MPOCAT BBICTABUTH YACTOTY BTOPOTO CHUTHala TakK, YTOObI
Ha €ro CyOBEeKTHUBHBIN B3IUIS OHA Oblja B JBa pas3a BHIIIC WM HIDKE, YEM YacTOTa

npeabsBiacHHOTO. [lolydeHHass TakuM OOpa3oM IIKajia HA3bIBASTCS IIKAIOH «MED»
(cm. Tabm. 2.1.).
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Tabauma 2.1.
IIkajbl yacToT 6apk u MeJ [4]
Bark Scale Mel Scale
Index Center Center

Freq. BW Freq. BW
(Hz) (Hz) (Hz) (Hz)
1 50 100 100 100
2 150 100 200 100
] 250 100 300 100
4 350 100 400 100
5 450 110 500 100
6 570 120 600 100
7 700 140 700 100
8 840 150 800 100
9 1000 160 900 100
10 1170 190 1000 124
11 1370 210 1149 160
12 1600 240 1320 184
13 1850 280 1516 211
14 2150 320 1741 242
15 2500 380 2000 278
16 2900 450 2297 320
iy 3400 550 2639 367
18 4000 700 3031 422
19 4800 900 3482 484
20 5800 1100 4000 556
21 7000 1300 4595 639
22 8500 1800 5278 734
23 10500 2500 6063 843
24 13500 3500 6964 969

YacToThl B Oapkax U MeJax MOXHO PACCUUTHIBATH MO CIAEAYIOMUM (PopMyiam:
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Bark(f) =13arctan(0.00076 f ) + 3.5arctan((L)2 j
7500
. (2.1)
Mel(f)=1125In(1+—).
(f) ( 700)

Bocnpusitie BHICOTHI 3ByKa 3aBUCUT OT €0 MHTEHCUBHOCTH (pHc. 2.4.), T03TOMY,
JUIS TIONTyY€HUsl OJHO3HAYHBIX PEe3yNbTaTOB, WHTEHCHUBHOCTh CTHMYJIOB BO BTOPOM
skcriepuMente ¢pukcupyiot B 40 nb.

1
1
]
1
]
Jd
]
]
1
]
1

dBSPL —9»—
Puc. 2.4. 3asucumocmo 6vicomsi 38yKa om e2o unmencugnocmu [5] .

N3 nmamspix Tabmumbl 2.1 crmegyer, YTO CIIyXoBas CHCTEMa CKJIOHHA
paccMaTpuBaTh HHM3KOYACTOTHBIE KOMIIOHEHTHI pedyu Oosiee TOApOOHO, dYeM
BbICOKOYacTOTHRIE — HaunHag ¢ 1000 I'1, mkambpl MOKHO CUYMATATH OJIM3KUMHU K
norapudmuueckuM. OTCrOfa CIeAyeT, 4To NMpu 00paboTKe pedu I pacro3HaBaHUS
MO>KHO COKOHOMUTB Ha TPEJICTABICHUN BBICOKUX YaCTOT B HAOOpE MPU3HAKOB.

2.3. Bocipusitue rpoMkocTH 3ByKa. KpuBasi paBHOM rpOMKOCTH

UyBCTBUTENBHOCTh CIIyXOBOM CHCTEMBI K pPa3IMYHBIM YacTOoTaM pasinyHa. U3
Bcero auanazoHa 20-20000 I'm cample HU3KHE MOPOTH BOCIPUATHS OTHOCATCA K
nuanaszony 2-5 kl'1, B ocHOBHOM, Onarojapsi mepeaaTouyHol (DYHKIIUH CITyXOBOTO
KaHana (puc. 2.2.).
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Puc. 2.5. Kpusvie pasnoii epomxocmu (http://hyperphysics.phy-
astr.gsu.edu/hbase/sound/egloud.html).

['poMKOCTh — 3TO CyOBEKTHMBHAs OLIEHKAa MHTEHCUBHOCTU 3BYKa. OuryuieHue
TPOMKOCTH 3aBHUCHT HE TOJBKO OT 4YacTOTBl, HO M OT JJIMTEIBHOCTH 3BYKOBOI'O
ctumyia. [l KOJMYEeCTBEHHON OLEHKH aOCONMIOTHOW TPOMKOCTH Obljia NpUHSTA
crienuanbHas €IMHULA COH. I']pOMKOCTh B 1 COH — 3TO TPOMKOCTH CHHYCOHJIAJIbHOTO
3Byka ¢ yactoroi 1000 I't u ypoBHem 40 n1b OTHOCHUTENHHO 3BYKOBOTO JABIICHUS
2:10” Ila. KOIM4ECTBEHHO 3aBUCHMOCTD BOCIIPUHMUMAEMOM TPOMKOCTH 3BYyKa (B
COHAaX) U €ro 3BYKOBOTO JIaBJICHUSI MOKET OBbITh NMPEACTABIICHA B CIEAYIOLIEM BUJIE:

S = CPO'G y rae C — moCTOsTHHAS, 3aBUCSIIIAst OT YaCTOThI CUTHAJIA.

Orcroga creayer, 4TO MpU YBEJIMYEHHH 3BYKOBOro naesiieHus Ha 10 ab,
TPOMKOCTh BO3pacTaeT B 2 pa3a. TakuM 00pa3oM, 3aBHCHUMOCTb MEXAY 3BYKOBBIM
JIaBJICHUEM U OLIYIIEHUEM T'POMKOCTH HOCHUT JIOTapU(MUIECKUIl XapaKTep.

2.4. Ananranus

Peakiiust ciyXxoBoW CUCTEMBI Ha TIPOIOIKUTEIBLHBIN CTUMYJI HAUMHACTCS PE3KUM
BCIUIECKOM, Jajiee CIEAYeT Chaj C BBIXOJOM Ha IIOCTOSHHBIM YypoOBeHb. [lpu
BBIKJIFOYEHUN CTUMYJIa CUCTEMa Ha HEKOTOPOE BpeMs CHMXKAET CIIOHTAHHBIN YPOBEHB
umIyiscanuu (puc. 2.6.).

Ha puc. 2.7 npeacraBiaeHa mpocTeiimas MoJelb aganTalud. 31ech 0ok 1 —
Oe3pIHEePIIMOHHAS] KOMITPECCHOHHAS HETMHEHHOCTD, HAIIPUMED:


http://hyperphysics.phy-astr.gsu.edu/hbase/sound/eqloud.html
http://hyperphysics.phy-astr.gsu.edu/hbase/sound/eqloud.html
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Puc. 2.6. Ozubarowas peaxyuu Ha nocviIKy MOHA C NPAMOY20NbHOU 02Ubarouell.
llapamemp Kpugvlx — UHMEHCUBHOCMb 6XO00HO20 cucHana & 0b om ycnoeHnozo
nopoea [6].

Z 7 |—e— 3 J

Y

Puc. 2.7. Ilpocmetiwas mooenv aoanmayuu [6].

X
y=(1+Alog—)"  mpu X>=Xq, A 1 P — KOHCTaHThI, UCTIOIK30BaTUCH 0,5 1 4,6,
XO

y= X npu 0<=X<=Xo,
y=20 npu X<O0;
0J10K 2 — pUIBTP HUKHUX YACTOT (MHTErpaTop):
r T T
754‘ =Y | unm B JUCKPETHOM BHJIE: = (1—?)&1 +?yi , e T —

NepHUOJ KBAHTOBAHMUSI, T — IOCTOSIHHASI BPEMCHH,
010K 3 — 0JI0K mepeMeHHOro K03 duIneHTa rnepeaayu:

_ Y
g= , TIe o ¥ f — KOHCTAHTHI.

o+ pr
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AnanTanus sBISETCS BaXKHBIM CBOMCTBOM Bcex (pusmonormueckux cuctem. llpu
BOCIIPUATUM 3BYKOB  aJamlTalys I03BOJSAET IOBBICUTH I[IOMEXOYCTONYUBOCTH
COO0O0I1IEHNS 3a CYET [TO/IABJIEHUS CTALIMOHAPHBIX ITYMOB.

2.5. du3uoJiornyecke MeToabl 00padoTKH CUTHAJIOB

Bo3nukaer Bompoc: KakuM o00pa3oM, 00Jiajas CTOJb HU3KOW CIEKTpaIbHOMN
U30UPATEIbHOCTHIO HA YPOBHE KaXJOr0 ydacTka Oa3miispHOW MeMOpaHbl, CIyXOBas
CUCTeMa B IE€JIOM JEMOHCTPUPYET OYEeHb BBICOKYIO u30uparenbHoCcTh? Benb
HKCIIEPUMEHTHI O BOCIPHUATHIO TOHAIBHBIX CTUMYJIOB, a TAKXKE XapaKTep MY3bIKH,
chopMHUpOBaBILIEHCS Yy BCEX HApPOJIOB, HANMYME JIOACH C aOCOMIOTHBIM CIyXOM H
IPUCYTCTBHE XOTh KAaKOIO-TO CJIyXa Y OCTaJbHBIX HE OCTaBJSAIOT COMHEHMS, 4YTO
pazperaroinasi crnocoOHOCTh MO CHEKTPY CIYyXOBOM CHUCTEMBbI JIOCTATOYHO BBICOKA.
Jlnst 0OBsicHEeHUsE ATOr0 (peHOMEHA MPUBJIEKAETCS YK€ YIMOMSHYThIN (aKT aKTUBHOTO
BO30YX1eHus yauTku. Kpome Toro, 00OCTpeHHE CHEKTpa MOXKHO OOBSICHUTD,
UCIIOJIb3Ysl HEJIIMHEWHbIE METOAbl MapajuiebHON 00pabOTKH, MPHUCYIIUE HEPBHOU
cucteMe BooOme. WCKIoYuTeNnbHO JUIsi TOrO0, 4YTOOBI CTajg0 TOHSATHO, KaKue
MHTEPECHBbIE BO3MOXKHOCTU MPEAOCTABIAIOT 3TH METONbI, MPUBEAEM CIEIYIOUIUN
MEXaHU3M:

B 1984 r. C. Cened [7] mpemnoxkuiia, Kak TOrja KaszajaoCh, JIOBOJBHO
UCKYCCTBEHHBIN, HO A((PEKTUBHBINA METOJI OOOCTPEHHS CIEKTPAIbHBIX MAKCUMYMOB
st Tpedenku GuiabTpoB (puc. 2.8.). MeTon 3akioyancss B TOM, YTO B KaXJIOM
CIEKTPAJIbHOM KaHaj€ II0CJIe OJHOIOIYIEPUOIHOIO JETEKTUPOBAHUSA JENAIOCh
OTBETBJICHHE, CUTHAJI B KOTOPOM 3aJIepKUBAJICS Ha MOJI0BUHY nepuona 1/(2*Fc), roe
Fc - xapakrepuctuyeckas dyactora aaHHOro kanana. [locie »Toro curHan B
3a/IepKAHHOM KaHaJIe BBIYMUTAJICSA U3 CUTHAjJa B OCHOBHOM KaHAJIE C MOCIEAYIOIIUM
JICTEeKTUPOBAHUEM U CIUIaXHBaHHEeM (QrIbTpoM HWKHUX dactor (PHY). OueBumHO,
YTO €CJIM YaCTOTa CUTHAJIA PaBHA XapaKTEPUCTUYECKON 4acToTe JaHHOTO (UIbTpa, TO
0CJIa0JIeHUs] CUTHAJIa HE MPOU30MAET, MOCKOJIbKY CABHHYTBIM Ha MOJIOBUHY MEPHOAA
CUTHaJI OyJIeT BBIUUTATHCA B T€ OTPE3KH BPEMEHHU, KOT/la B OCHOBHOM KaHaJle CHUTHaJ
Y TaK PaBeH HYJIO MO NPHYMHE NPEABAPUTEIBLHOTO IETEKTUPOBAaHMS. B oCTalbHBIX
KaHajax curHai Oyner ocialmisaTees. [IoHITHO, YTO ATOT METOA MO3BONSIET AOOUTHCS
0osiee BBICOKOM paspelaromnieil CnocoOHOCTH TpeOeHKH (UIBTPOB 0e3 yBeIMUeHUs
BPEMEHM NEPEXOJHBIX MpoleccoB. [Iokaxkem, 4TO ATOT METOJI MOKET PEATU30BaTHCS
B repudepuyeckor CIyxoBoM cuctemMe 0€3 TPHUBJICUCHUS HCKYCCTBEHHOTO
MIOCTPOCHMS, CBA3AHHOIO C OTBETBICHHEM M 3aJCPKKOM B KaXXIOM KaHaJe.
JleficTBUTENBHO, B COOTBETCTBUU C PACCMOTPEHHBIM MEXaHU3MOM PAOOTHI YIUTKH,
Ka)X/1asi 4aCTOTHAs
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In HetekTupoeanue

T HeterxTnpoeanne ©HY ‘;OUt

[eTekTMpoEaHUE

Puc. 2.8. Ob606wénuwiii cunxponnwiti demexmop [7], T = 1/(2Fc).

KOMIIOHEHTa MPHUCYTCTBYET BO BCEX OOJACTAX YJIUTKH M B COOTBETCTBYIOLIUX
HEPBHBIX KaHajaX s Y4acTKOB Oa3wiIsIpHONI MeMOpaHbl ¢ XapaKTepUCTUUECKUMHU
YaCTOTAMH BBIIIE PACCMATPUBAEMOM, TO €CTh, OJIMXKE K BXOAY B YIUTKY (puc. 2.9.).
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Puc. 2.9. Ilpocmpancmeenno-epemenHot OmKIuK C1yxo80t cucmemol Ha
yucmolti mow 1,5 xl'y

Bompoc B TOM, Kak IOABOAMTCS CHUTHAN, 3aJ€p>KAHHBIA Ha IIOJIOBHHY IEpPHOJA
OTHOCHUTEJIBHO XapaKTEPUCTHYECKOW YacTOThl K JaHHOMY KaHainy? B HepBHOH
CHUCTEME CYIIECTBYET YHHBEPCAIbHBIM MEXaHM3M <«JIAT€PaJIbHOIO TOPMOXKEHHUS,
COIJIaCHO KOTOpPOMY CHUTHaJl B Ka&XIOM KaHaje coOupaeT BO30OYKIEHUS B
HEMOCPEACTBEHHON OJNM30CTH OT ce0s CO 3HAKOM IUTIOC U BBIYUTAET CUTHAJIBI,
OpOXOJSIIME IO KaHajaM B HEKOTOpOM OTAajleHuu. BecoByio ¢yHKIUIO, Kak
(GYHKIMIO OT 4YacTOThbl, WM, B COOTBETCTBUM C MPUHIUIOM TOHOTOIUYECKON
OpraHMu3aliH, PACCTOSIHUSA OT JAHHOTO KaHaja, MOYKHO MPEICTaBUTh KaK Pa3HOCThb
nByx ['ayccoBeix (yHKIMH ¢ paznuunoit mucnepcueit (puc. 2.10). Takum oOpasom,
KOKIbIA KaHajl CBOMM CHUTHAQJIOM CTapaeTcsi IMOJABUTh COCEAEH, KOTOpPbIE
COOTBETCTBYIOT MUHUMYMY BECOBOM (DYHKIIMH JIATEPAIIBHOIO TOPMOKEHUS, U,
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Puc.2.10. Becosas gynkyus n1amepanbHo20 mopMOHNCeHUS

aHAJIOTMYHO, TOJIABIISIETCA KAKUMU-TO IPYTrUMU KaHanaMu. OcTtaeTcsi yOeauThes, 4To
JUISL YIUTKH MUHUMYMBl BECOBOM (DYHKIMM JIaT€paIbHOTO TOPMOXKEHUS MOTYT
COOTBETCTBOBATh CUTHAJY, CIBUHYTOMY Ha IOJOBUHY IEPUOAA XAPAKTEPUCTUUECKOU
YacTOThl. 3aMETUM, UYTO HU3KOYACTOTHAsl BETBb BECOBOW (DYHKIIMM POJIM HE UIPAET,
MOCKOJIbKY OHa COOTBETCTBYET y4yacTKaMm Oa3uisipHOM MeMOpaHbl, YAAJICHHBIM OT
BXO/la II0 OTHOIIEHHID K pacCMaTpUBa€MOMY Yy4YacTKy, a TyJa CHUTHaJI C
paccMaTpuBaeMOl XapaKTepUCTUUECKON YaCTOTON HE JOXOMUT 0 MIPUYUHE OBICTPOTO
3atyxaHus (puc. 2.3). DKCIIepUMEHTAIbHbIC JaHHBIC MMOKA3bIBAIOT, YTO XapPAKTECPHBIC
JUISL YJIIUTKU IOUPUHBI CHEKTPAIbHBIX I10JOC KaHAJIOB IOJHOCTBIO COOTBETCTBYIOT
ONMHMCAaHHOMY MEXaHWU3My, TO €CTh, MHHMMYM BECOBOW (YHKUIHUHU JIaTEPATIBLHOTO
TOPMOXKEHUS  JUIsl  y4yacTKa OasuwisipHON MeMOpaHbl C  paccMaTpUBaeMOM
XapaKTEPUCTUUECKOW YAaCTOTOM BIIOJIHE MOXKET MPUXOJIUTHCA HA y4aCTOK MEMOpaHbl,
U1 KOTOPOM BpeMsl NPUXOJa CUTHAJIA MEHBIIE HAa TOJIOBUHY MEPUOAA JTAHHOU
XapaKTEpUCTUYECKOM  4YacTOThl. MeXaHW3M KOMIPECCMM WM  OTPaHUYECHUS
aAMIUTUTY/Ibl YCUJIMBAET OO0OCTpSOIWUNA 3P(PEKT JAaHHOTO MEXaHU3Ma, MOCKOJIbKY
OCHOBHOW M 3aJiep>KaHHBIA CHUTHAJbl COJIMXKAIOTCS MO aMIUIMTYJE, U TOJABJIECHUE
CUTHAJIOB B KaHaJaX MpoucxoauT 6osee 3(hPeKTUBHO.

[TonpiTaemMcst MOHATH, KAKUM 00pa30M B HEMPOHHBIX CETAX CIYXOBOW CHCTEMBI
MOTYT BO3HUKATh JOBOJBHO 3K30THUYECKHE BECOBbIE (DYHKIUHU THUIIA JIATEPAIBLHOTO
TopMOkeHUsA. Hajgo oTMEeTUTh, 4TO B 3pUTENBHOM BOCHPUATUU OBLIM OOHApPYKEHbI
BECOBbIE (PYHKIMI emé Oosee M30LIPEHHOTO BUIA, Ha3BaHHbIE «Ta0OPOBCKUMUY» IO
UMEHU MX NepBOOTKpbIBaTens. ['abopoBckue (yHKIMHM HAaNOMHMHAIOT JIBYMEpPHBIE
BEUBIICTHI.

OCHOBOW HEMPOHHBIX CETEH SIBISAETCS HEUPOH, YNPOIIEHHAS MOJEIb KOTOPOTO
n3o0paxena Ha puc.2.11. B kadectBe hyHkImu F(S) MOTyT HCTIOIB30BATHCS:

1. nuneitHas QyHKIHA,

2. moporoBasi QyHKITHS,
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3. curmonpaneHas ¢pyakus (1/(1+exp(-(ks-a)), runepOomudeckuii TaHTeHC,. .. )
puc.2.12.

Bxoabl CuHancsl

Avenka
HeMpOHa

AKcoH Bbixoj

oY

S =i X;w, Y =F(S)

Puc. 2.11. Mooenw netipona
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Puc. 2.12. Cuemoudanvuas gpynxyus

Heiiponbl MoryT oOBEAMHATHCS B HEHPOHHBIE CETH CaMbIM IMPOU3BOJBHBIM
oOpa3zom. Haubonee pacnpocTpaHEHHOH CTPYKTypoH B MOJAENAX  SIBISIETCS
«IEePUENTPOH» — HECKOJIBKO INUIOCKUX CIOEB HEUPOHOB, B KOTOPBIX KaXKIbIM HEUPOH
coOupaeT CUTHaJIbl CO BCEX HEWPOHOB MpPENbIAYIIEro ClIos U MepenaéT Ha Bce
HelpoHbl cienytouiero. Cpsizu Mexay HEWpPOHAMH OJHOTO CJIOSi M OOpaTHbIE CBSA3U
3anpeuieHbl. I[lonpoOHee 0 HEHWPOHHBIX CETSIX OyIeT paccka3aHO B pas3fenax,
MOCBSAIIEHHBIX COBPEMEHHBIM METOJAM pACIO3HaBaHUA. B CilyxoBOM cucTeMe
HEHPOHBI TMEpPBOrO CJO COOMpalOT HMHPOPMALMIO C BOJOCKOBBIX KIJIETOK Ha
HEKOTOPOM TMPOTSHKEHUH Oa3wiisspHOl MeMOpanbl. [110THOCTH cuHaIcoB (CM. puc.
2.11), To ecTh WX KOJUYECTBO HA CIWHUILY JJIMHBI Oa3UJIIPHOM MEMOpaHbI, YObIBACT
N0 Mepe YyAaleHHs OT HeWpoHa NPHUOIMZUTENBHO B COOTBETCTBUU C TayCCOBOM
dbynknueii. [IlupuHa 3axBaTa HEHPOHOB, WM JAUCTIEPCUS ITOU TaycCOBOW (DYHKIIHH,
pasiMyHa Ui pa3IMYHBIX HEUpPOHOB. JlomycTWM, 4YTO BCE BXOABI HEKOTOPBIX
HEHPOHOB MEPBOIO CJIOSI BO30OYKIAroIMe. YK€ Ha BTOPOM clioe (IIEPBOM CKPBITOM)
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MOTYT OBITb HEUPOHBI, KOTOPHIE CYMMUPYIOT CUTHAJIBI OT HEHPOHOB MEPBOTO CIIOS C
pa3MyHBIMM 3HakamMu. EciM IIMpUHBI 3axBaTa 3TUX HEWPOHOB PA3IUYHBI, TO
MPOU30MIET BBHIYMTAHUE TAYCCOBBIX (DYHKIMIH, 4TO W TPUBEAET K OOpa30BAHUIO
BECOBOM (PYHKIMU THMA JATEPATbHOIO TOPMOXXEHHUS OTHOCHUTEIIBHO CHUTHAJIOB
BOJIOCKOBBIX KJIETOK. HETpyZHO MpeaCTaBUTh, YTO HA CIECAYIOUIMX CIOSAX HEMPOHHOMN
CETU C TMOMOUIBI0 ATOTO K€ MEXaHHW3Ma MOKHO MOJIYYUTh BECOBBIE (DYHKIIMU THUIA
rabOpoOBCKUX WM BeiBIETOB. Takke OYEBMIHO, YTO HEUPOHBI BCE Oo0siee BBICOKHUX
co€B ToNydarT uHMOpMaIMio O KojiebaHusx Bc€ Oojiee NMIMPOKUX YYACTKOB
OasusipHO MeMOpaHbl, TO €CTh MOTYT aHAJIM3UPOBaTh M CpaBHUBATH BCE Ooree
IIUPOKHE MOJIOCHI CIIEKTPA.

JlanHO€ paccMoTpeHue He TMPEeTeHAYeT Ha TOYHOCTh C TOYKH 3pEHUs
dbu3nonoruy, Ho Aa€T MPEJICTaBICHUE O BO3MOXKHBIX METOJaX 0OpaOOTKH CHUTHAJIOB
CIIyXOBOM CUCTEMOM.

2.6. BeiBoabI

TpeOGoBaHus K MpU3HAKAM U Ipolieaypam o0pabOTKH Ha OCHOBE MIEPBBIX ABYX
IJ1aB PYKOBOJCTBA MOKHO C(DOPMYIHPOBATH CIEAYIOIIUM 00pa3oM:

* MCIIOJIB30BATh CIIEKTPAIBHBIN aHAU3 C JIOTApUPMUIECKON IITKATOH;

* UCIOJIb30BATh JOTapU(HMUUIECKYIO0 KOMIIPECCUIO TPOMKOCTH;

* pazpaboTtarthb nporneaypy aganrainuu/APY;

* UCII0JIb30BAaTh COBMECTHO CIIEKTPAJIbHbIE U BPEMEHHBIE IPU3HAKH;

* HCTIOJB30BaTh COBMECTHO JOJTOBpeMEeHHBIN aHamu3 (10 500 mc) u
KpaTKOBpeMeHHbIN aHanu3 (20-25 mc).

Bepuémcs k Bompocy O TMpH3HaKax, KOTOpbIE cojepxaT HH(pOpMalHIo,
JOCTaTOYHYIO U aBTOMAaTUYECKOTO PACIIO3HABAHUSA pedH. XOTS CaMO H3JI0KEHUE
MaTepuaja TOJCKa3bIBaeT, YTO STOT BOIMPOC YXKE PEHIEH B TMOJb3Y CHEKTPATHLHOTO
npecTaBICHNs (MM CBA3aHHBIX C HUM), OCTAHOBUMCS Ha HEM moapoOHee.

To, urto mnpeoOpazoBanue Dypbe, Kak U J000e JApyroe obOpaTumMoe
npeoOpazoBaHne, coXpaHseT HH(OpPMAIMIO, 3aKIIOUEHHYI0 B HCXOJHOM CHUTHAJE,
KOHEYHO, HE SBIIACTCS apryMEHTOM B Moab3y crnekTpa @Dypne. BaxHo, 4TOOBI
BBIJIETISIEMbIE TPU3HAKK HECIH B KaKOM-TO CMBICIIE WHBAPHUAHTHYIO K TUKTOpAM H
BHEIITHUM YCJOBHSIM HWH(GOPMAIMIO O CJIOBECHOM COJIEP)KaHUU COOOIICHHUS H
oTOpacheiBal HepeseBaHTHYI uHMopmaiuioo. OTMETHM, YTO JUIsl paclio3HaBaHUS
UCIIOJIB3YETCSl TOJBKO aMILUTUTY/IHAsI COCTAaBISIONIAsl CIEKTpa, TO €CTh HCXOJIHOE
KOJIM4ecTBO HMH(popManuu 0e3001€3HEHHO YMEHBIIAeTCsl B JBa pa3a, MOCKOJbKY
da3zoBas cocTaBisiollas HE BOCIPUHUMAETCS CIyXoBoil cuctemoi. K coxanenuro,
UCIIOJIb3yeMbI€ TIPU PACIIO3HABAHUM PEUYM MPU3HAKUA HE PEAU3YIOT B IMOJIHOW Mepe
UJCI0 HWHBAPUAHTHOCTU U, TMO-BHIMMOMY, HHKOIJIa HE CMOTYT pealu30BaTh,
NOCKOJIBKY ~ paciueryieHnne  uHGOpMaluu  Ha  CIIOBECHOE  COJEp KaHue,
WHAMBUIYAIBHOCTh TUKTOPA M BHEIIHUE IITyMbl — 3TO padOTa «BBICIIUX YPOBHEW».
Crnektp ®Dypbe, MO-BUAUMOMY, SIBISETCS €IWHCTBEHHBIM KaHIWJATOM Ha PpOJIb
NEPBUYHBIX MPHU3HAKOB CHUCTEMBl PACIO3HABAHMS. OTOT BBIBOJ IMPEICTaBISETCS
€CTECTBCHHBIM, €CIIM COMOCTaBUTh MapaMeTpbl PEUYEeBOM CHUCTEMBbI, KOTOpPHIC
KOHTPOJIUPYET YEJIOBEK M MapaMeTphbl aKyCTHUYECKOI'O CUTHaja, K KOTOPHIM CIyXOBas
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CHUCTEMa OTHOCUTCS OCOOEHHO «OepekHO». BCoMHMM, Kak POUCXOIUT TTOCTAHOBKA
MPOU3HOIICHUS TpU OOYYEHUH WHOCTPAHHBIM SI3bIKaM — MpernojaBareiib 0Opaiaer
BHMMaHHE Ha (OpMY U BBITSIHYTOCTh T'y0, MOJIOKEHHUE HIDKHEH dYentocTu (3yO0oB)
OTHOCUTEIILHO KOHYMKA SI3bIKa, ITOJIO)KEHHE TeNla S3bIKa W TOJIoKeHHuEe HEOHOMU
3aHaBECKM TIPU TPOU3HECEHUU HA3aIM30BaHHBIX 3BYKOB. Bce 3T  dakropsl
ONpenensaoT GopMy TOJOCOBOTO TPAKTA, MOJOKEHHUE CMBIYEK U CYKEHUH, TO €CTh
napaMeTpoB, OMPEICIAIONINX TEKYI[yI0 OrHOarIlyro crekTpa curHana. Cioyxoas
CHUCTEMa, B CBOIO OUYepellb, C MOMOIIBIO YIUTKA MPOU3BOJUT CHEKTPATHHBIA aHAIHN3
curHaa. Yto O0COOEHHO BaXHO, WH(OpPMAIUA O CHIEKTPAIBHBIX KOMIIOHEHTaX
MPOXOJUT IO COOTBETCTBYIONIUX OTIEIOB IICHTPATbHON HEPBHOM CHCTEMBI, HE
NEepPEeMENINBAsCh U TOABEPrasch JHUIIhL HEKOTOPOW OUYMCTKE M OOOCTpEHHI0. JTa
0COOEHHOCTh  MepU(DEPUUYECKON CIIyXOBOM CHCTEMbI, TIONy4YMBINAsl Ha3BaHUE
«TOHOTOIHUYECKOW OpTaHU3aIluu», JTOKA3bIBACT, YTO AMILIUTYIHBIN CIEKTp CHUTHaIa
SIBIISIETCS. OCHOBOW /Ui pacro3HABaHUSI PEYHM YEIOBEKOM H, CIEAOBATEIbHO, IS
aBTOMATHYECKUX CHCTEM paclo3HaBaHHWS pPEUYH. APryMEHTHI, YKa3bIBAIOIIHE, YTO
MO>XHO TIOJYyYWTh TPHU3HAKH aOCTPAKTHBIMH METOJIaMH, HE OIMHPAsCh Ha W3YUCHUE
CITyXOBOM CHCTEMBI, TIOCKOJIBKY UEJIOBEK HAYYHJICS BBITIOJNHITH HEKOTOPBIC (PYHKITUU
YKUBBIX CYIIICCTB JIYUIIIe HUX, UCIIOJIb3YS IPYTHe METObI, HAIPUMED: «CaMOJIETHI BEIh
HE MalllyT KPbUIbSIMH!», B TAHHOM cClly4yae, Mo-BUIMUMOMY, He mpoxondT [8]. Hamo
YU4eCTh, YTO JO CHUX TOp YEJIOBEK MOEIMPOBAT B3aMMOJICHCTBHE JKUBBIX CYIIECTB C
BHEIIIHUM MHPOM B COOTBETCTBHH C XOPOIIO M3YYECHHBIMH (PU3HMUECKUMHU 3aKOHAMHU.
O4eBuHO, UTO YEJIOBEK IMOJIETEN Obl, Jake eciik Obl Ha 3emJie He BOAMIUCH NMTHUIIBI U
IPOYHE JIETAIOIINE, K KOTOPHIM OH HUCTIBITHIBAJ 3aBUCTh. AHAJIOTUYHOE YTBEPKICHUE
OTHOCUTEIFHO PAClO3HABAHMS PEYM TMOJIHOCTBHIO JIMIIIEHO CMbICTIA. ABTOMAaTUYECKOE
pacro3HaBaHUE pEYM SIBJISETCS YHHUKAIbHOM 3ajauell MOJETUPOBAHUS CHUCTEMBI,
pa3BUBILIEHCS B mpolrecce (UiIoreHe3a 3a HECKOJbKO COTEH ThICSY JieT. B aToi
CUCTEME «IEePENaTUNK» U «IPUEMHUK» CUTHAIOB YIPABISIOTCS OJHUM OPTaHOM —
MO3TOM, M B TEUCHHUE dTUX THICSUCTICTHUI OHHM HAIILIN «OOIIHH SI3BIK», KOTOPBIM M HAJIO
pacmmdpoBath. O4eHb COMHUTEIBHO, YTO paciupoBKa JOMYCKAET aTbTEePHATHBHBIC
BapUaHTHI, TeEM 00J€e COMHUTEIHHO, YTO OHM JIYUIlle «HATypadbHBIX». OUeBHIHBIM
CJICICTBHEM 3THX PACCYXICHUU SIBISCTCS TAKKE TO, YTO MEPCIEKTUBHBIC CHCTEMBI
pacno3HaBaHMs PEYH JIODKHBI B MAKCUMAJIBHOW CTEMEHU MCIOJIb30BATh JOCTHKEHUS
¢uznonornn B 00JIacTH CiIyXoBOro aHaimmuza. OJHAKO CleAyeT WMETh B BHUIY, UYTO
CJIETIOC KOTMPOBAHME OTKPBITBIX MEXAaHW3MOB BOCHPHATHS MOXKET JaKE YXYIIIUTh
pacmo3HaBaHHWE, IOCKOJIbKY B JKHMBBIX CHCTEMaX MEXaHH3Mbl OOpPabOTKH pEeIKo
GYHKIMOHUPYIOT U30JIMPOBAHHO JIPYT OT Apyra. Ckopee peyb MOXKET UATH 00 00mux
npuHLOUNAX 00paboTKM HHQOpPMAIMK B JKHUBBIX CHUCTEMAaxX — MHOTOATAIHON
uepapxudeckoi o0paboTKe ¢ UCIOIB30BaHUEM OOJIBIIIOTO KOJIMYECTBA HEHPOHOB.
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3. IPU3HAKHA PEYEBOI'O CUT'HAJIA JISA PACITO3BHABAHUSA PEYA

B nmamHOM pasmene OyayT pacCMOTpEHBI HEKOTOPhIE METOIbl HU(pOBOIA
00pabOTKH peUEeBBIX CUTHAJIOB, B YACTHOCTH:

1. Cnextp @ypse.

2. Cnextp Dypbe B 1IKajie Mell.

3. Beixoa rpe6€nku ¢ poBbIX GUIBTPOB.

4. Koo hunueHTs! IUHEWHOTO MpeACcKa3aHusl.

5. Kenerp.

Jnsa nonyuyenns cnekrpa Oypeve ncnoasdyercs anroput™ bII® ¢ qinmHOM OKHa,
COOTBETCTBYIOIIEH 2—4 mepuosaM OCHOBHOIO TOHA, TO e€cThb OKojo 20 mc. Ilpu
yacToTe kBaHTOBaHMs 10—16 KI'11 0KHO 0OBIYHO BBIOUpAETCS pa3MepoM 256 OTCUETOB.
[lonesHo NpUMEHUTb OKHO XAMMHUHIa JJsi OCHa0JeHUsT HCKaKEHWM CHUrHana,
BBI3BAHHBIX NPUMEHEHUEM K HENPEPHIBHOMY CUTHAIY KOHEYHOIO OKHA aHaJIn3a, I10

dbopmyie:
S'(n) = [0.54 - 0.46 * cos(2*P1*n / (N-1))]*S(n), (3.)

rae N =1,N, N — pasmepHOCTh OKHa, S(N) — OTCYETHI PEUEBOI'0 CUTHAJIA.

Jlia mepexona B IIKaldy MeN CIEKTpajbHbIE OTCYETHI B TpPAHUIAX KaKIOU
CHEKTPaJIbHOM  MOJIOCBI ~ CyMMHPYIOT C  HEKOTOphIMH  Ko3(hduinreHTamu,
NpEeACTaBISAIONIMMU OKHO, 00BIYHO, TpeyroibHoe (puc. 3.1.).

4

1+

* l = YacToTa

ml wn m j T B

Puc. 3.1. I pe6énka ghunompos st cymmuposanus CnekmpaibHblX Omc4émos

B kauectBe rpeOEHKM HUGPOBBIX (QUIBTPOB MCHOJB3YIOTCS PEKYPCUBHBIE
(GUIBTPBEI BTOPOTO MOPSIKA:

Yi=Xi + C1* Vi1 + C2* Yiz, (3.2)
rae C; = 2*R*cos(2rn*fp/F), C; = -R*R, Xj — OTCYETHI BXOAHOTO CUTHANA, Y — OTCYETHI
BBIXOJIHOTO CUTHaja, F — gactora kBaHToBaHUs, fp — wacTora momoca ¢puibTpa, R —
paanyc MmoJroca.

[Mupuna ¢unsrpa Ha ypoBHE 0.5 OT MakcMMyMma MO PHEPTUU NMPUOIUZUTETHHO
paBHa:



Af ~ T (3'3)

Puc. 3.2. Amnaumyonvle xapaxmepucmuxu epebéHKU yupposvix uibmpos

st 0=1-R<<1, ¢ TOYHOCTHIO 10 BETUYHH IIEPBOTO MOPSIAKA TIO O:

Af zi(l—R). (3.4)
2r

Pagnyc nomocoB ¢uiabTpa R MokeT paBHATHCS 1, YTO COOTBETCTBYET I'paHUIIE
HEyCTOWYMBOCTH (puibTpa. B 3TOM cilyyae aHanu3 aHalOrWyeH OKOHHOMY: 4epes
GuIbTp mMpomycKaeTcs HEOOXOAUMOE KOJMYECTBO OTCUETOB, OIICHKOW CIEKTpa
SIBIISIETCSI CyMMa MOJYJICH WJIM KBaJPATOB BBIXOJIOB (DUIIBTPA Y, MOCIE Yero 3HAUCHUS
y oOHynsAI0TCA A puéMa cienyrouiero ¢gparmenTa curnana. Eciau paguyc MeHblie
I, TO ¢ ero MOMOIIBI0O MOXXHO PETyJIUPOBaTH HOOPOTHOCTh, WM IIUPHUHY (PUIBTpA.
[IpenmymiectBoM rpe6EHKN UGPOBBIX (UIBTPOB SABISETCS TO, UTO €€ MOXKHO Cpasy
opranu3oBarh B mkaige menl. Ha puc. 3.2. n3o0pakeHbl XapaKTepUCTUKU TPEOEHKH
UGpOBBIX (QUIBTPOB, HCIOIB3OBABIIMECS B CHUCTEME pAaclO3HABaHMS KOMaH],
pa3pabdorannoii B LlenTpe PeueBbix TexHomoruii.

JlpyruM HampaBlIeHHEM CIEKTPaJbHOIO aHalu3a peyH, OTIMYHBIM OT Dyphe
aHaJIN3a, SIBJIAETCS MCIOJIb30BAaHUE METO/a JIMHEHHOIO MpeJCKa3aHusl. YK€ B KOHIE
70-x TOIOB MHOTHME 3apyOEKHbIE CHUCTEMBbl pacHO3HaBaHUS CTPOMWJIMCH Ha
UCTIOJI30BaHUU CTAaHIAPTHBIX KO3 (UIMeHToB JmHeiHoro mnpexackasanus (LPC).
Monenb TUHENHHOTO MpeacKa3aHus pedyd MpeArnoaaraeT, yTo nepenatouHas GyHKIUsS
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TOJIOCOBOTO TpakTa MPEJICTaBISETCS TMOJIOCHBIM (UIBTPOM C MepeaaTOYHON
bynkiue [9]:
H(z) =p; . (3.5)
i Oa z
TJIe P — YKMCIIO MOJIFOCOB U @y = 1;

QunpTp C¢ Takoil mepeAaToyHoM (yHKUMEH MO3BOJISIET OMUCATh IOBEICHUE
CTJIQ)KEHHOTO CIEKTpa PEeYeBOT0 CHUTHAJIA C XOPOIIeH TOYHOCTHIO, 38 UCKIIIOUEHUEM
Ha3aIM30BaHHBIX 3BYKOB. Koaddurmentsr ¢unprpa {8} — BbIOMparOTCS ImMyTem
MUHUMH3ALUU CPEIHEKBAAPATUYHON OINOKY NPEACKa3aHus, IPOCYMMHUPOBAHHOMN Ha

OKHE€ aHaIu3a.

ABTOKOPPEJISILIMOHHBIA METOJI, MO3BOJISIIOIINI BBIMOIHUTH 3Ty ONTHUMHU3AIMUIO,
3aKJI04aeTcs B caeAyromeM. s 3aJaHHOro OKHa OTCYETOB PEUYEBBIX CUTHAJIOB {Sp,
n= 1N}, mnepBeie P+l UIeHOB aBTOKOPPEISIUMOHHOW MOCIEI0BATEILHOCTH
BBIYHCIIAIOTCS 0 (popMmyIie:

i :Zsjsj+i ) (3.6)

rae 1 =0,...,p;

Koadounmentsl QuibTpa BBIUKUCISIIOT PEKYpPCUBHO C  HCIIOJIb30BAHUEM
MHOXKECTBA BCIOMOTaTelbHBIX K03 duuueHtoB {K;}, KOTOpple MOTryT OBITh
UHTEPIPETUPOBAHbl KaK KOAPOUIUEHTHl OTPAKEHHUs SKBUBAJICHTHON aKyCTHUYECKOM
TpyOBb! U omuOKU mpenckasanus E, kotopas m3HadanbHO paBHa g. Ilycts {K; Dy g
{a;""} Gynyr xosdpdurmentamu otpaxenus u kodpduumentamu ams GuibTpa i-1
HOPSIKA COOTBETCTBEHHO, TOTJAa (DMIBTP MOPSAIKA | MOXKET OBITh BBIYHCIICH 32 TPH
mara. BHavane BelYMCIIsIeTCS HOBOE MHOXKECTBO KOA(P(PHUIIMEHTOB OTPAKEHUSI:

kj(i) — kj(i'l) (3.7)
st jor 1 moi-1u

KO = {rJrza(u Dy }/E(i—n. (3.8)

3aTeM NepecuuTHIBACTCS IHEPTHSI MPEACKA3aHUS:
M _ M () g (-1
ED = ([1-kOk® JE. (3.9)
B 3akiroueHne BBIYUCISIOTCS HOBbIE KO3 hULIMEHTHI PuiIbTpa:

agi) _ agi—l) _ k a(.—l) (3.10)
migj=1i-1u

a® =k (3.11)
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DToT mporecc mnpojoinkaeTest ot 1=1 g0 | = p, rae p — TpedyeMblid MOPSIOK
dbunbrpa. OOBIYHO UcTONB3YyeTCs P = 12.

AJBTEpHATUBOM MapaMeTpaM, OCHOBaHHBIM Ha KO3I(PPHUIMEHTaX IHWHEHHOTO
NpeICKa3aHusl, SIBIACTCA KETCTp, TONy4YeHHBIH u3 crnektpa Dypbe uH
ko3¢ uimenToB auHeitHOro mpenckazanus (LPCC).

Kenctp nuHelHOro mnpeackasaHus MOXET ObITh 3(G()EKTUBHO BBIYUCICH C
ITOMOIIBIO POCTON PEKYPCHUH:

13 .
C,=—1q, _HZ(n - I)aicnfi . (312)
i=1

Uucno kencTpalibHBIX KOI(PPUIIMEHTOB HEOOS3aTENBHO JODKHO OBITH PaBHO
yucity KoapunueHToB Quibtpa. [IpenmMyiiecTBo KencrpaabHbIX KO3(G(OUIUEHTOB B
TOM, YTO OHHM, KaK IpPaBWJIO, JEKOppeaupoBaHbl. KpoMe TOro, KemcTp MO3BOJSET
pa3fenuTh NepeAaTouHyo (QyHKIUIO MEepearoiero TpakTa U pedb, MOCKOJIbKY OHU
NEPEMHOXKAIOTC B CHEKTPalbHOM 00JlacTh W MOcie  JIorapupMUpOBaHUS
OKa3bIBAIOTCS aAAUTUBHBIMU. OJHAKO CYIIECTBYET HEOOMbIIas NpodiemMa B TOM, UTO
cTapue KOd(QQPUIIMEHTH KETcTpa UMEIOT Mallble YHCIOBBIE 3HAYEHUS, YTO MOXKET
OBITHh KOMITIEHCUPOBAHO BBEJICHHEM BECOBBIX KOA(PHHUIIMEHTOB B COOTBETCTBYIOIIYIO
METPUKY CPaBHEHHSI.

Kencrp curnama Ha ocHoBe crnekTpa Dypbe BhUUCIAETCA MyTEM MPUMEHEHUS
KocuHycHOro Dyphe mpeodpa3zoBaHus K JJorapudmy criekTpa:

N-1
o 3l cos B0 S s, (3.13)
riae S; — snorapupm cnekrpa, N — koauyecTBo OoTCUETOB crekrpa, Cij — yHUTapHas

MaTpulla KOCUHYCHOTO npeoOpa3oBaHusl.

Kencrpanbhbie K03pGUIIUEHTHI, OJTyYSHHbIE MPUBEAEHHBIM CIIOCOOOM U3 Mell
criektpa ®ypre (puc. 3.1), MIUPOKO UCIIONB3YIOTCS JJIsI pacO3HABAHUS C TTOMOIIIBIO
MapKOBCKUX Mojelel (cM. cieayrome pasaeisl) U Hocat HasBanue MFCC (Mel-
frequency cepstral coefficients).

Jnst Toro 4ToOBl y4ecTh NMHAMHKY MpoOlEecca, KENCTpalbHble KOA(DPUIIMEHTHI
JOTIONHAIOT ~ JeNbTa W JeNbTa-feNbTa MNpHU3HAKaMH, WMEIOIIUMUA  CMBICT
muddepennmana, KOppeIupyomero co CKOPOCThI0 M3MEHEeHHs Tpu3Haka. JlempTa
NpPU3HAK i1 HEKOTOPOW KEINCTPAIBHOM «IIOJIOCHDY C HOMEPOM | BBIYUCIISCTCS
CJIEYIOIUM 00pa3oM:

k
dj(t):ZICj(t+l), (3.14)
I=—
rae t — MOMEHT BpeMeHH, K 00bIYHO MPUHUMACT 3HaYCHHE 2 WK 3.
AHanoruyHas omeparus, NpUMEHEHHAs K JeibTa-Mpu3HaKaM, JacT JeNbTa-AelbTa
npuszHaku. HerpyaHo 3ameruth, uto dopmyna (3.14) omwmceiBaer KUX-dunbtp
(bunbTp C KOHEUHOW HMMYJbCHOM XapaKTEPUCTHUKON). AMIUIUTYIHO-4aCTOTHAsS
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XapaKTEPUCTHKA TaKoro (uiabTpa IJIs YacTOThl ciemoBanus mpusHakoB 100 I’y
n3o0paxxeHa Ha puc. 3.3.

0
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Puc. 3.3. Amnaumyonas xapakmepucmuxa denbma npeoopazo8aHus 6mMopo2o
nopsoxa

3aMeTHM, YTO OCHOBHBIMHU 0coOeHHOCTAIMU AUX sBIsgIOTCS:

1. ycTpaHeHHe MOCTOSHHOM COCTABIISIONICH,

2. HeOOJIBIIIOE yCcUJIeHne KOMITOHEHT B o6mactu 10-15 I'm,

3. HebobIoe ocaabieHrne BHICOKOYACTOTHBIX KOMITOHEHT.

[Toe3HOCTH 3TUX OCOOEHHOCTEH TMOHSATHA — YCTPaHEHHE MOCTOSHHOU
COCTaBJIAIONIEH YBEIWYMBAET AMHAMHUUYECKUN JMANa3oH, ycTpaHseT BiusHue AUX
KaHaja nepeaaud, ycuwieHue B obOmactu 10-15 T'm B HekoTOpoWl cTeneHH
COOTBETCTBYET HJI€€ YCHJIEHUSI €CTECTBEHHOM CHUJIIaOMYeCKOW (CJIOrOBOM) YacTOTHI
peun, ocnalbieHue BbICOKOYACTOTHBIX KOMIIOHEHT MOAABJSET IIyMbl B MPU3HAKAX.
SIBHOE mpeciieNoBaHUE HTUX LENEH IO3BOJSIET AOCTUYb JYYIIMX pPE3YIbTAaTOB B
pacro3HaBaHuH, 4To qoka3an X. ['epmanckuii cBoeit cuctemoit RASTA [10].

OOBIUHO BEKTOPHI MPU3HAKOB MMEIOT OOJIbIIME Pa3MEPHOCTH, MPUYEM MHOTHE
WX KOMIIOHEHThI KOPPEJIHUPYIOT, TO €CTh MPU3HAKU H30BITOYHBI, YTO MNPUBOAUT K
JOTIOJIHUTENIbHBIM HEHY>KHBIM BBIYUCICHUSIM. [[7I1 yCTpaHeHuss 3TOro HeAocTaTKa
YacTO MCHOJB3YIOTCS METOJbl MOHMXKeHUs pasmepHoctu (Meron Kapynena-Jlossa
WJIM METOJI TJIaBHBIX KOMITOHEHT, (DaKTOPHBIA aHau3, TUHEWHBIA JUCKPUMUHAHTHBIN
aHanu3). JIMHEWHBIA NUCKPUMUHAHTHBIA aHAIW3, B OTiIM4Me oT Meroaa KapyneHna-
JlooBa, B SIBHOM BHUJE MOJCIHMPYET Pa3Iuyus MEXKIY KJIaccaMH M TMbITACTCS MX
ycuianTh. GaKTOPHBINA aHANW3 CTPOUT MPU3HAKH, OCHOBBIBASICh HA PA3TUUMIX MEKIY
KjlaccaMud (MCIOJIb3yeTCsl, B OCHOBHOM, B 3ajladyaX T'yMaHUTapHOIO HAaIpaBIICHUs).
MeTonbl NOHUKEHUS Pa3MEPHOCTH ObUIM pacCMOTpEHbI B pasnene «Pacrno3naBanue
00pazoBy.

OTtmeTuM, YTO mpoueAypa TMOJYyYEHHS KENCTpa B HEKOTOPOW CTENEeHU
JeKOppenupyeT npu3Haku. beuto 3ameueno, yTo QyHKINH, OMpenesIonIie THHEIHbIe
KOMOHMHAIINY CIEKTPAIbHBIX KOMIIOHEHT, MoJlydeHHble MeTonoMm Kapynena-JloaBa,
HAIIOMUHAIOT KOCUHYCHI (IT0 KpailHEl Mepe, Uil MEPBbIX KOMIIOHEHT). TO M HABEJIO
Ha MBICJIb UCIIOJIB30BaTh KOCUHYCHOE Mpeodpa3zoBanue (3.13).
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4. KOJIMYECTBEHHAS OIIEHKA CUCTEM PACIIO3HABAHUSA PEUYN

CyliecTByIOT pa3fiMyHble MO CJIOKHOCTH W MPUKIATHOMY 3HAYEHHUIO 3a/1ayu
pacro3HaBaHUs: U30JUPOBAHHBIX CIOB (KOMaH[); KJIIOYEBBIX CJIOB B TOTOKE pPEYU;
CBSI3aHHOM peuM (TIIaTeIbHOE MPOTOBAPMBAHKME TEKCTA C May3aMu MEXIY CIOBaMH);
CIIMTHOM peur (pa3aelsaioT TUKTOBKY B Y3KOM TeMaTHYECKOW 00JIACTH, ¥ CIIOHTAHHYIO
pedb, HallpUMEp, B TUAIOTEe MEXTY JIFOIbMH).

OueHKa CHCTEMBI, PACMO3HAIONICH OTAENIbHBIE KOMAaH]Ibl, HE MPEJCTaBIISIET
KaKUX-JTMO0O TPYTHOCTEN — KOJIMYECTBO HEMPABUIHHO PACTIO3HAHHBIX KOMAH/I IEIUTCS
Ha O0Iee KOJUYECTBO HCIBITAHUN M TIOJMydaeTcsl MPOIEeHT omuOku. Jljis cucrem,
PaCIO3HAIOIIMX CIUTHYIO PEYb, CUTYyalUsl HE CTOJIb MIPOCTA.

3amaya OIEeHKH CUCTEM PaclOo3HABAHUS PEYM HETPUBUAIBHA, TaK KaK Pa3IMdHbIC
QJITOPUTMBI CPAaBHUBAIOTCS HA OTPAHMYEHHBIX 0a3ax JaHHBIX, U KaXIbl W3 HUX
MMEET HacTpaumBaeMble TMapaMeTphl, Ja U Pe3yJbTaThl PACMIO3HABAHUA MOXKHO
UHTEPIIPETUPOBATh MO-pa3HOMY. [Ipu 3TOM OOBEKTHBHOE OIICHUBAHUE M CPAaBHEHUE
CHCTEM pacIiO3HaBaHUs PEUYU BaKHBI KakK IS pa3paOOTYMKOB, TaK U JIJII KOHEYHBIX
IIOJIb30BATENIEN CUCTEM.

Cy1iecTByeT KOJUYECTBEHHAsT METOJMKA OIIEHKH, KOTOpas MPUMEHSETCS s
CpPaBHEHHSI U COTOCTABJICHUS PA3JIMYHBIX CUCTEM pacIlO3HABaHUsI, B HEH pa3auvaroT
TaKHUE TMOHATHS KaK: KpUTEPHUH, IOKa3arellb U MeTod. Kpurepuil — npeamer OueHKu
WIM TO, YTO HaM HY)XHO OLIEHWUTH (HampuMep, TOYHOCTh PACIO3HABAHUS PEUH,
CKOPOCTbh, pOOACTHOCTH K IIymMaM U T.1.). [lokazatens (Mepa, MeTpuKa) ompeaesieT
KOHKPETHOE CBOWMCTBO, KOTOPOE MbI OIICHMBAEM JIJII BRIOPAHHOTO KPUTEPHUS OIICHKHU
(HampuMmep, MPOIEHT MPaBUIBLHO PACMO3HAHHBIX CJIOB, BpeMs OOpaOOTKM CHTrHaja,
YPOBEHb MaKCUMAJILHO JIOIMYCTUMOTO IIyMa MPU COXPAHEHHH pabOTOCIIOCOOHOCTH U
T.I.). Meton — cmnoco0 OompeaesieHUs: COOTBETCTBYIOIIETO 3HAUECHUS JJIsl JTAaHHOTO
nokaszaresisi (CpaBHEHHE PACIO3HAHHBIX CJIOB C TOCIEI0BATEIHOCTHIO CKa3aHHBIX
CJIOB, OIICHKA BpEMEHHU 00pabOTKH B CEKYHJIaX U T.JI.).

OO6bpuHO TpU pa3pabOTKE CHCTEM AaBTOMATHYECKOTO pACMO3HABAHHS pPEUYU
UCIIOJIL3YIOTCS TPU Pa3HbIX Habopa JMaHHBIX: oOydvarommid (“train’), OoTiIaIOoYHBIHN
(“dev”) u onenounsIii/TecToBbIi (“eval”).

OO6yuaromuii HabOp JaHHBIX (0OBIYHO ATO HAMOOBIIAS YACTh PEUCBBIX JAHHBIX)
UCIIOJIB3YETCSl TOJBKO JUJISi CO3JaHUsl U 00yudeHus Mojeieil cuctemMbl. OTiagouHbIi
HA0Op JIaHHBIX MCIOJIb3YeTCS JUJIA HACTpOMKM MW  ajanTaluyd  IapaMeTpoB
ABTOMATUYECKON cHUCTeMBbI nepes] GUHABHON cTaauel OLEHKH, 3TOT HaOOp JaHHBIX
JOJDKEH HMMETh TOT ke (opmaT, 4yTo U TecToBble AaHHbIe. OICHOUYHBIE JIaHHbBIE
colepaT pedeBble JaHHbIC, KOTOPhIE HE HCIOJB30BATUCh IJIsi OOydYeHUs U
HACTPOMKH CHUCTEMbI, M JOCTYIHBI TOJILKO TpH (UHATHLHOM OILIEHKE CHUCTEMBI.
BrigenaroT aBa OCHOBHBIX KPUTEPHsS TPH OIEHKE pPaOOTHI CHCTEM pacllO3HABaHUS
peuu, KOTOpbIE Jlajiee PacCCMOTPEHBI IETAIbHO: KAYECTBO PACIO3HABAHUSI U CKOPOCTh
obpabotku [11].
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4.1 Tloka3are/iM OLIECHKH Ka4eCTBA PACIIO3HABAHUSA PeYH

Jlnst cucteM aBTOMATHMYECKOTO PACIO3HABAHUS PEYM OCHOBHBIM IOKa3aTesieM
OLICHKM M0 KPUTEPUIO KayecTBa SBIIAETCS TOYHOCTb pPAaCHO3HABAHMS, KOTOpas
ompezieNiseTcss KakK IPOIEHT IpaBWIIbHO pacno3nanHeix cioB (WRR — Word
Recognition Rate) wium, Hao0opoT, HenpaBuIbHO pacno3HanHbix ciaoB (WER — Word
Error Rate). MHorma Takxe HCMONB3YyeTCs IMOKas3aTelb OLIMOOK pacro3HaBaHUs
bpaz/mpemnoxenuit (SER — Sentence Error Rate), koTopsiii sSBIsSI€TCS BaXXHBIM B
JTMAJIOTOBBIX CHCTEMax, TJleé KOPPEKTHUPOBKA TMIIOTE3bl paclio3HABAaHUSI HEBO3MOXKHA B
OTJMYME OT 3aJauu JUKTOBKU TeKcTa. B mocienHee Bpemsi B KayecTBE OCHOBHOTO
nokasartessi TOUHOCTH pabOThl CHCTEM paciio3HaBaHus peun ucnoibzyercs WER (ero
a0COJIFOTHOC WJIM OTHOCUTEIIbHOE 3HAUCHHE), €CJIM CPaBHUBAIOTCSA PAa3IUYHbBIC
CUCTEMBbI pacro3HaBaHus peyd. [IOCKONBKY C pa3BUTUEM pPEUEBBIX TEXHOJIOTHI
nokasaresnib WER Bce Oosiee npubnmkaercst kK Hyto, To 3Haduenue ynydmenus WER
Oojee HArJIAgHO, YEM YIyYIIeHHWE TOYHOCTH paclio3HaBaHUs cioB. Meroa
onpenenenuss WER coctouT B BepaBHMBaHUM JIBYX TEKCTOBBIX CTPOK (TIE€pBasi — 3TO
pe3ynbTaT paclno3HaBaHUsA, a BTOpas— 3alldCh TOrO0, YTO OBUIO CKa3aHO B
NEHCTBUTENLHOCTH) IyTEM alTOpUTMa JUHAMHUYECKOTO MPOTPAaMMHUPOBAHUS C
BBIUMCICHHEM  pacctosHus  JleBeHmredna [12].  Paccrosuue — JleBeHiuTeliHa
MpEACTaBIIET CcO0OW  “CTOMMOCTBD”  PETAKTUPOBAHUS  TEKCTOBBIX  JAHHBIX
(MMHUMAJIbHOE KOJIMYECTBO WJIM B3BEIICHHAS CyMMa orepaluii peraktuposanus [13])
JUTsl IpeoOpa30BaHus MEPBOM CTPOKU BO BTOPYIO C HAMMEHBIIUM YHUCJIOM OIepalui
pyuHoi 3amensl (S), ynanenus (D) u Bcrasku (1) cnos:

wer =221 100%, (4.1)
T
rine 7 — KOJIMYecTBO CIIOB B paclio3HaBaeMoi (pasze.
Taxoke IUIsl OLEHKM Ka4yecTBa PACIO3HABAHUS PEUYM HUCIIOJB3YETCS TOKa3aTelb
npoIieHTa KoppekTHo pacno3nanHeix ciioB (WCR — Word Correctly Recognized), on
HE YYUTHIBACT ONIMOOYHBIC BCTABKH CJIOB, C/ICTTAHHBIE CHCTEMOM:

WCR:?xlOO%, H=N-D-§, (4.2)

rie H— KonMuecTBO MpaBWIBHO pACMO3HAHHBIX CJ0B, a N — KOJMYECTBO
IIPOU3HECEHHBIX TUKTOPOM CIIOB.

OueBuaHo, yTo WER — 3T0 MHTYUTHBHO MOHSATHBIA M aJ€KBAaTHBIN MOKa3aTelb
KauecTBa pacro3HABAHMS ISl AHAIMTUYECKUX €CTECTBEHHBIX S3BIKOB (KJIAacC SI3bIKOB,
00J1a1afoNMX JOCTATOYHO MPOCTON MOp(dooTHeit U CUCTEMOM CIIOBOOOpa30BaHUsl), B
KOTOPBIX TpaMMaTHYECKUE 3HAYCHUS OJIHO3HAYHO BBIPAXKAIOTCSI CaMHUM CIIOBOM
(HampuiMep, aHTTUHCKUN Wik GpaHiy3ckuii). OQHaKo APYrou Kiace CHHTETHYECKHX
S3BIKOB (HAMIPUMED, arTIIOTHHATUBHBIC SI3BIKU: (PUHCKHM, TYPEIKH, BEHTEPCKUN WU
(JIeKTUBHBIE S3BIKU: PYCCKHM, YKPAUHCKUH, Ka3aXCKUM | T.1.), HAIPOTHB, OTJIUYACTCS
Oooraroii MopdoJorue M pPa3BUTOM CHUCTEMOM CIIOBOOOpa3oBaHMs. Takue S3BIKH
MOTYT CHHTE3UPOBATh JIOCTATOYHO JJIMHHBIE CIOBO(POPMBI U3 HECKOJIBKUX COCTABHBIX
gacTe (MOpQeM WIh CJIOTOB), KOTOPHIC OMPEIEISIIOT TPAaMMAaTUYECKHE IMPU3HAKH.
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[Tpu 5TOM B Geryioli peuu KOHEI[ CJ0Ba MPOM3HOCHUTCS HE TaK YETKO KaK HadalbHas
4acTh, YTO NPUBOJUT K aKyCTHYECKOH HEONMPENeICHHOCTH M B CpelHEeM K Ooliee
BbICOKMM 3HaueHusiM WER 110 cpaBHEHUIO ¢ aHATUTHYECKUMH si3bIkaMu. Kpome Toro,
MHOTHE a3UaTCKUE SI3BbIKM (HalpuMep, KUTAUCKUN, KOPEHCKHM W T.N.) HCHOJIB3YIOT
CJIOTM B3aMCH CJIOB, a TalCKUH W HEKOTOPBIC IPYTUe SI3BIKKM HE HMMEIOT SIBHBIX
pa3IeIUTENIEN TPAHHUL] CIIOB.

C 1EeNbI0 OIEHKH CHCTEM DACIO3HABAHMS PEUM IS CHHTETHYECKHX S3BIKOB
MOTYT JOMOJHUTEIBHO MPUMEHSITHCS M APYTUe MOKa3aTeIn: OMMOKa pacro3HaBaHMsI
oyks/cumBosioB (LER mmm CER) [14] niam ommbOka pacrno3HaBaduss (OHOB (3BYKOB
peun) [15], ommbOka pacrno3naBanus cioroB (SYlER) [16] wmm ommbka
pacnio3HaBanus mopdem [17]. Kpome Toro, ais HEKOTOPHIX CHHTETHYECKHMX SI3BIKOB
(HanmpuMep, PYCCKOro) ajeKBaTHBIM IIOKa3aTejeM SBISCTCS Takke (IICKTHBHAsS
ombka pacro3naBanus cioB (IWER — Inflectional Word Error Rate) [18], koTopast
OIIPEIEIISICTCS CISAYIOIIUM 00pa3oM:

Shard ><Chard + Ssoft ><Csoft + D + I
IWER = T ; Csoft < Chard ; Chard = 1’ O < Csoft < 11 (43)

IWER npunuceiBaer Bec Cparq BCEM HEBEPHBIM 3aMEHaM CJIOB, KOTOPBIE MPUBEIH K
U3MEHEHHUIO JIEKCeMbI CJIOBa, T.€. IOJIHOTO CJoBa (KOJMYECTBO TPYObIX OLIMOOK
pacro3HaBaHUs Spay — 3aMEH JieKceM) U MeHbIINH Bec Cgn — BCEM HETrpyObIM
omuOKaM B CJIOBax, rie ObIO HEBEPHO PACHO3HAHO OKOHYAHUE CIOBO(POPMBI, HO
JeKcemMa (UM OCHOBA) CJIOBA pacro3HaHa MPaBUIIbHO (KOJMYECTBO HErpyObIX OMHUOOK
Seoft — 3aMEH OKOHYAHMSI CJIOBA).

OneHka aBTOMAaTHMYECKOro pacrno3HaBaHus peud 1o nokazaremo WER
npeJrnoiaraeT, 4To BCE CIoBa BO BXOAHOH (paze oauHaKoBO WHGOPMATUBHBI U
BaXKHBI, OJTHAKO, SICHO, YTO B 3a/a4ax, OTJIUYHBIX OT JUKTOBKM TEKCTa, HAMPUMED,
JTMAJIOTOBBIE CHCTEMBI WM TTOHUMaHUE (CMBICIIAa) peur, HEKOTOPhIC 3HAYAIINE CIIOBA
(xkmroueBble cioBa) Oojiee BaKHBI, 4YeM OCTajdbHbIC ((YHKIIMOHAIBHBIC CIIOBA,
npeajIory, 3amoiHuTear W T.a1.). B [19] mnpemmokeHo oOIleHMBATH TOYHOCTD
pacro3HaBaHUsl, UCTIONB3Ysl B3BEUICHHBIA MOKa3aTellb HEMPaBUIHLHO PACIO3HAHHBIX
cioB (WWER — Weighted Word Error Rate), koTopslii onpeensercs Kak:

Vi +V, 4V,

WWER = x100%, (4.4)

T

VT - Z\Ni VWi ’V| - ZVQiEI VV\7i ’VD - Z\NieDVWi ’VS - Zsjesvsj !
VSJ’ - maX(Z\AA/iesjVV\A/i ’ZWiGSj VWi) )

rac VWi — BEC cJioBa W;, KOTOPOE SIBISICTCA I-M CJIOBOM BO BXO,Z[HOﬁ (bpase, )41 Wi
I

Bec cjoBa W,, KOTOpPOE SIBISIETCS i-M CIIOBOM B I'HMIIOTE3€ PAcIO3HABaHUS, S; — j-#
3aMeHEeHHBIN (parMeHT (pasbl (MM OJJHO CIOBO) H Vs, — BEC JIAHHOTO CETMEHTA S .

Taxum o6paszom, B mokazarene WWER, kaxxmoe clioBO MOXET UMETh Pa3IUYHBIA BEC
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(YCTaHOBJICHHBIM HKCIIEPTOM WM aBTOMATHYECKH) B COOTBETCTBHH C €TO BIIUSHHEM
Ha MocJieytollee MOHUMAaHUE CMbICTIa CKa3aHHOM (ppasbl.

HanuonanbHblif HHCTUTYT cTaHaapToB U TexHosiorui (NIST) npemnoxun takxe
MOKa3aTellb KOJUYEeCTBAa HEMPABHIIBHO PACIO3HAHHBIX CJIOB IO OTHOIIECHHUIO K
mukropy (SAWER —  Speaker Attributed Word Error Rate) s 3amaun
cTreHorpadupoBanuss peud Ha coBemanusax [20], B KOTOpBIX MpearoyaracTcs
OJIHOBPEMEHHOE Yy4YacTHE€ HECKOJBKMX pa3audyHbIX Jrojed. JlanHas 3amaua
00beIMHSACT TEXHOJOTMH AaBTOMATHYECKOTO PACMO3HABAHHS PEYM U JAUApU3AIUU
(cerMeHTanuu) peun TUKTOPOB (pa3sMEeTKE 3BYKOBOTO CHUTHAJa Ha (ParMeHTHl «KTO
xkorna ropopuwm» — “Who Spoke When”). Pesyabrarom paboThl 00BEIMHEHHOM
CHUCTEMBI SIBJIIETCS] TEKCTOBAsl TPAHCKPHUIIUS BXOJHOTO OJHOKAHAIHHOTO 3BYKOBOTO
CHUTHAJIa C yKa3aHWUEM TOBOPSIMIETO IS Kaxaoro pacno3HanHoro cioBa. SAWER
OTIPEJIEIISETCS CIEIYIONUM BHIPAKCHUEM:

SAWER = >+ D '+r | +5E  100%, (4.5)

rae SE — uucio cioB (MM MHBIX S3BIKOBBIX €/IMHUIL), MPABUIBLHO PACIIO3HAHHBIX
CUCTEMOM pacro3HaBaHUs PEUM, HO C HENPaBWIbHBIM yKa3aHHEM ITUKTOpa B XOHE
JTUapU3aliy PeUYu TUKTOPOB.

HyXHO OTMETUTBH, UTO pa3pabOTUYMKHU U MOJb30BATEIN JTOJKHBI TOHUMATh, YTO
MPOIEHT HEMPaBUJILHOIO PACIIO3HABAHUSI CJIOB PEYM — 3TO, B JIEMCTBUTEIBHOCTH,
TOJIBKO KOJIMYECTBEHHBIN MTOKa3aTeNIb TOYHOCTH PACMIO3HABAHMS (KOJMYECTBO OMIUOOK
pacno3HaBaHusi Ha (pa3dy WIM CJIOBO), HO HE BEpPOSATHOCTh PACIIO3HABAHUS
(BEpOATHOCTh HEMPABWJIHLHOTO PACMO3HABAHMS CIIOBAa BO (Ppasze), MOTOMY KaK OH He
OrpaHUYMBAETC MHTEpBAIOM BepositHocTH [0; 1] U HE MMeeT BEpXHEro mnpenela.
Hanpumep, npeactaBum, 4To IUKTOp TMpou3Hec (paszy, coctosiryro u3 10 ciaoB, HO
CHCTEMa €€ TOJHOCTHIO pacro3Haia HEMpaBWIBHO W MPEAJIOKUIIA TUIOTE3y U3 12
npyrux cioB. B atom ciiyaae, WER=120 % (S5=10, I=2, H=D=0), u 10 03Ha4aer, 4TO
nokazatesb TouHocTd WRR oTpunatensubiii (-20%), 9T0 HE UIMEET CMBICIA ¢ TOYKH
3pEeHUs TEOPUU BEPOATHOCTEM.

Jnst Toro 4toObl 00OWTH 3Ty MpoOseMy, ObUIM TakKe MPEAJIOKEHBbI JIpyrue
NOKa3aTelld KayecTBa paclio3HABaHUSl pE€Yd, B YACTHOCTH, OIIMOKA pacClO3HABaHUS
coorBerctBuii (MER — Match Error Rate) u nokasarens notepu WHGOPMAIUH IS
cio  (WIL— Word Information Lost) [21], ocHOBaHHBIE Ha BBIYUCICHUH
OTHOCHUTEJILHOM MOTEpU MHPOPMALIUH, U ONPEEIIIEMbIE CIEAYIOIUM 00pa3oM:

S+D+1 H 2
MER = , WIL=1-——,eciuH>>S+D+1, (4.6)
H+S+D+1 TxT,
rae To — 4YHCIO CIIOB B TUIIOTE3€ PACIO3HABAHUA, | — YHMCIO CJIOB BO BXOIHOM

¢dpasze. OgHako oba ATUX MOKa3aTeNs Ha MPAKTUKE MPUMEHSIOTCS TOBOJBHO PENKO,
TaK KaKk OHM OOBIYHO MOKA3bIBAIOT HECKOJIBKO MEHBIIYIO TOYHOCTh PACTIO3HABAHUS 110
CPaBHEHHIO CO CTAaHJAPTHBIMU I10KA3aTEIsIMU, YTO HE HPABUTCA pa3pabOTUHKAM.
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Bce ynoMsAHyTHIE BBIIIE ITOKA3aTEIN UMEOT JEJN0 TOJBKO C OJHOW HAWIydIlen
TMIOTE30M pacro3HaBaHUS KaX0i MPOU3HECEHHOH (hpasbl, 1 COBCEM HEOOS3aTENbHO,
YTO O3TOT EAUHCTBEHHBIM pE3yJbTaT pACIO3HABAHUS OKAXETCS JEHCTBUTEIBHO
npaBuwiIbHBIM. OHAKO MHOTHE CHUCTEMbI Paclo3HABaHUS PEUM CIOCOOHBI BbIIaBaTh
Cpa3y HECKOJIbKO THUIIOTE€3 pPACIO3HaBaHUA C HAWOOJBIIMMHU BEPOSITHOCTSIMH, TaK
HazpiBaeMbld cnucok N nmyuymmx runote3 (N-best list). JlomogHUTENIbHBIM
MoKaszaTelieM JJid OLIEHKM TaKuX PE3yJlbTaTOB SBISETCA IOKa3arelb OLIMOOK
pacnio3HaBaHus CJIOB B cnuicke u3 N sydmmx rumotes [22], KOTOPBIH OllCHUBACTCS
nyTteM BbIOOpa u3 N runores mpeaioxKeHHH, paHKUPOBAHHBIX PaclO3HABATENIEM 10
YMEHBILIEHUIO OLIEHKM TMPaBIOMOJ00Ms, €IWHCTBEHHOM TUIOTEe3bl, Jarolei
HauMeHbIIUKA ypoBeHb omubok. WER nns rumores3sl ¢ MUHMMAalbHBIM YPOBHEM
OMMOOK I KaKI0W BXOAHOW (pasbl BBHIOMpAETCS KaK OCHOBHOM pe3yibTaT
pacrno3HaBaHMsl, U TPOIEHT OLIMOOK pacrno3HaBaHus chucka N Jydmux rumnores
BBIYMCIIIETCS 1711 HAOOpa U3 ATUX BHIOPAHHBIX THIOTE3.

[Ipn BEpOSTHOCTHOM MOJETUPOBAHUM M PACIIO3HABAHUM PEYU TaKKE WHOTIA
UCIIOJIB3YIOTCSl JOBEPUTENIbHBIE MHTEPBAJIBI JJI1 TOTO, YTOOBI MMOKAa3aTh 3HAYMMOCTh
pe3ynbraroB. IIpu OlleHKE aBTOMATHYECKOTO PAcloO3HABAHUS PEUYM JOBEPUTEIIbHBIN
untepBas (“confidence interval”) wuHoOrma yka3bpIBaeTCd BMECTE CO CpPEIHUM
snauennem WER (amanpumep, WER=18,5 + 2,3 %). B o6mewm ciy4ae, oBepUTEIbHbIC
WHTEpBaJbl TOKa3biBalOT: 1) kakoe 3HaueHne WER ™Mbl MoOxkeM 0XHIaTh MpU
U3MEHEHUU Habopa TECTOBBIX [JAHHBIX; 2) HACKOJIbKO 3HAYUMBIM SIBJISIETCS
NPEeMIOKEHHOE  yJy4YIlIeHHEe MOJeNM pacrno3HaBaHua. OpHAakKo Ha MPaKTHKE
noBeputenbHble MHTepBaibl WER wacTo okxaspiBaroTCsi TOBOJBHO HIMPOKUMH, UTO
OOBSACHSIETCS BBICOKOW JUKTOPCKOM BApUAaTUBHOCTBIO M PEYEBBIMH  COOSIMU
(HexoTophie TUKTOPBI Uiu ¢pasbl pacrno3Hatorcs ¢ HyaeBbiM WER, HO npyrue narot
OYEHb BBICOKUW YpOBEHb OIMIMOOK). BOJNBIIMHCTBO MPOU3BOAMMBIX pa3pabOTYUKaAMU
YIYyUIIEHW B CHCTEMAaX pAaclo3HaBaHUsA PEYH HE NPHUBOAAT K YIYUIICHHUIO
pe3yJIbTaTOB, BBIXOJAIIMX 3a MpPENeNbl JTOBEpUTENbHOro wuHTepBana WER wu3-3a
OTpaHMYEHHOCTH HAOOPOB TECTOBBIX JIaHHBIX, YTO HECKOJIBKO CHMKAET 3HAYUMOCTb
pe3ynpraToB. OHAKO Kak HOBBIE, TaK M 0a30Bble METOAbl PACIO3HABaHUS pPeUn
0OBIYHO OLIEHMBAIOTCS pa3pabOTUYMKAMU HA OJIHUX U TEX )K€ OLCHOYHBIX JAHHBIX (T.€.
pedeBbIe JTaHHBIE HE SIBJISIOTCS HE3aBUCHMBIMU JJIS PA3HBIX CPABHHBAEMBIX MOJENEH
pacro3HaBaHMs), B OTOM Cly4ae TMpU KOJUYECTBEHHOM OIEHKE TOYHOCTHU
pacro3HaBaHUs JIOBEPUTEIbHBIE MHTEPBAJIbI MOTYT HE paccMmaTpuBaThcsi. Ho B ToM
ClIy4ae, Korja HEKOTOpbI€ MOJENW paclO3HABAaHUS TECTHPYIOTCA HA Pa3IMYHBIX U
HE3aBHCHUMBIX TECTOBBIX Habopax, TpeOyeTcsi BBIUHCICHHE JJIOBEPUTEIHLHOTO
WHTEpBaJIa JJONOJHUTENBHO K cpeHeMy 3HadeHnto WER [23].

4.2 Ioxka3arean OLECHKHU CKOPOCTH paClno3HaBaHUA peun

BTropoii BakHBIN KpUTEpUI OIEHKH CHCTEM paclo3HaBaHUS PEYd — CKOPOCTh
00paboTKK peuyu, KOTOpas OCOOEHHO BaKHA B OH-JIAH CHCTEMax pacro3HaBaHWUSI
peun C WuCHoiab30BaHWEM MuKpodoHa. OHa, KaKk TMPaBWIO, BBIYHCISAETCS C
UCIIOJIb30BaHUEM MEphI, Ha3bIBaeMoOM mokaszareneM ckopoctu (SF— Speed Factor),
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TaK)Ke M3BECTHOW Kak Iokasarenib peaidbHoro Bpemenu (RT — Real Time) [20]. On
OTpeNeNsaeTcss KakK OTHOIIEHHWE OOIIero BpeMeHH oO0paboTKH, TpedyeMoro s
aHajM3a BCEW 3alMMCaHHONM peud K JUIMTEIIbHOCTH HCXOJHOTO aHaJUu3UpyeMoro
aynuocurHana. Hamnpumep, ecnu 10-MuHyTHBIM ayauodaitnn  0oOpabdaTbiBaeTCs
CHUCTEMOM pacrno3HaBaHUsi pOBHO 5 MUHYT, To SF=0,5 peaqbHOr0 BpeMEHH, €CIIU OH
oOpabateiBaercsi B TedeHue 20 muHyT, TOo Torga SF=2,0 peaabHOro BpEeMEHH, UTO
3HAYUTENBHO XyXke. CKOPOCTh 00pabOTKH MOKET OBITh TaK)KE yKa3aHa B aOCOJIFOTHBIX
3HaYEHUSIX BPEMEHU (HalpUMep, KOJMYECTBO MHUHYT/CEKYHJ Uil 0OpaOOTKH
BXOJIHOTO CHUTHAJIA), 4YTO, OJTHAKO, HE SBIISCTCS HATJISITHBIM.

Jlpyrum TmoKazaTeleM CKOPOCTHM aBTOMAaTHYECKOTO pPACMO3HABAHHS pPEUd
SIBJISICTCS TIEPHO OxHIaHust 00padboTku orcuera (SPL — Sample Processing Latency).
OTOT moKa3zareiah O3HAYAeT MAaKCHMAaJbHOE KOJMYECTBO ayIUOJaHHBIX, KOTOPOE
QITOPUTM PACIO3HABaHUA JODKEH 00paboTaTh 0 BBIJAYM PE3yJIbTaTa JJIS TIEPBOTO
OTCYETa CUTHAJIA.
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5. METOA AMHAMHNYECKOI'O TPOTPAMMMWPOBAHMUA J1JIA
PACIIO3HABAHUA PEYN

Jns  pacrno3HaBaHus KOMaHJA JO CHUX T[Op MHOTAA MCHOJB3YIOT METO]
nuHaMuyeckoro nporpammupoBanus (/II1), BnepBbie vcnofib30BaHHbIA B 60-X rogax
IPOLLIOr0 BeKa. DTO OOBACHAETCS MPOCTOTOM, OBICTPOJECHCTBUEM M OTCYTCTBHEM
HEOOXOMMOCTH COOUPATH PEUEBYIO 0a3y JTaHHBIX.

HeusBecTHas komaHAa B BHUJE MOCIEIOBATEIBHOCTH BEKTOPOB IPU3HAKOB
CpaBHUBAETCS C HAOOPOM ITAIIOHOB, MPECTABICHHBIX B TAKOM K€ BUJIE.

OcHoBHas npo0eMa — pa3IUnYHbIA TEMIT U HETUHEHHOCTH TEMIIa IPOU3HECCHHUSI.

[Tpu mpuHSITHH penieHus PYKOBOJCTBYIOTCS KPUTEPUEM MUHMMYMa PACCTOSTHUS
OT HEU3BECTHOTO MPOM3HECEHUS A0 ATajoHa. MeToJ moapa3yMeBaeT, YTO ATAJIOHBI,
MpUHAJJISKAIIME OJHON KOoMaHJe (OJHOMY KJacCy), TPYyHIUPYIOTCS B KiacTep, TO
€CTh B KOMIAKTHYI TPyIHIy TOYE€K B HEKOTOPOM IMPOCTPAHCTBE, B KOTOPOM
CYIIECTBYET Mepa OJIM30CTH.

Nnes MeTtona mpocTa W JONMYCKAaeT PacCMOTPEHHE HAa KAaYECTBEHHOM YPOBHE.
3agaya COCTOMT B TOM, UYTOOBI CPaBHUTh JIBE COBOKYITHOCTH BEKTOPOB Pa3IMYHOU
JUIMHBI, TIPUYEM Ha MPOCTPAHCTBE BEKTOPOB €CTh METpPUKA WU Mepa OJU30CTH.
[IpencrtaBuMm, 4YTO MBI CpaBHMUBAEM »JTaJlOH caM C COOOH: OTJIOKUM BEKTOPBI
IIPU3HAKOB 3TajioHa 1o ocu X U Y. Ha mockoctu XY Ha nepecedyeHun KOOpIUHAT,
COOTBETCTBYIOIIMX BEKTOpaM 1 W J, MOCTPOUM BEPTUKAIBHBIM OTPE30K, PaBHBIN
paccTosiHUIO (CTEMEeHH OJM30CTH) MEXAY 3THMH BEeKTOpamu. Torjga Ha KBajapare co
CTOPOHOM, paBHON KOJIMWYECTBY BEKTOpPOB B dTajoHe (N), BO3ZHUKHET "TOPUCTHIN
daaamadt", cuMmMerpuunbiii otHocuTenbHo auaroHamu (0,0) (N,N), ommako mo
nuaroHanu OyAeT mpoJieraTh aOCOMIOTHO MpsiMas "moiuHa" ¢ BBICOTOM, paBHOM 0
(MOCKOJIBKY pacCcTOSIHUE OT BekTopa 70 caMmoro ceds paBHo 0). Eciiu Mbl cpaBHUBaeM
JIBa Pa3IMUHBbIX ATajOHa, MPUHAMJIEKAIIUX OJHOMY U TOMY K€ CJIOBY, TO "KapTUHA
MECTHOCTH" UCKA3UTCS, OJHAKO, €CIIU UCTIOJb3yeMbIe IPU3HAKU aJICKBATHO OTPaXKaroT
MIPOIIECC BOCTIPUATHSA, MOKHO HAJIEATHCS, YTO HEKOTOpas JOJWHA TO-TIPEeKHEMY OyIeT
poJieraTh MO JOMAaHOW, OJM3KOW K JMAaroHaIH, TEephb YK€ MPSIMOYTOJbHUKA (pHC.
5.1). Merong  JOUHAMHYECKOTO  MOPOrpaMMHUPOBAHMS  TO3BOJISIET  COCUUTATh
MUHHAMAJILHYIO CYMMY BBICOT, HaOupaemyro npu nBmwkeHnn u3 Touku (0,0) B TOUKY
(N,M) u, eciin 310 TpeOyeTCs, BOCCTAHOBUTH IYTh, II0 KOTOPOMY 3Ta CyMMa HaOpaHa.
[TonyyeHHYI0 CyMMY OOBIYHO HOPMHUPYIOT Ha KOJMYECTBO MPOUICHHBIX Y3JIOB, JIHMOO
HAa CyMMYy IJIMH CJIOB WIH JUIMHY OoOJiee KOPOTKOTO CJIOBa M PaccMaTpPHUBAIOT Kak
paccTositHue MeXAy JByMsi IpousHeceHusiMH. KoHeuHo, wHcCHoib3yeMble B
MPAKTUYECKUX CHCTEMAaX peasii3alii UMEIOT MHOXECTBO YIPABIISIEMBIX MapaMeTpOB,
ONTUMHU3UPYIONIMX KAuyeCTBO pACMO3HABaHUSA U YMEHBIIAIOUIUX BpEMsl cuerTa.
PaccMoTpeHHBIIT METOJ MO3BOJSIET B JUKTOPO3aBUCHUMOM BAapHUAHTE PAaCIO3HABATH
100-300 cnos ¢ BepositHOCTHIO 90—-98%.

Jns mpupaHus cUCTEME JIMKTOPOHE3aBUCUMBIX KauyecTB, JIA Ka)XXJOTO CIIOBa
3aMMCHIBAIOT HECKOJBKO JTAJIOHOB OT pPa3HBIX TUKTOPOB (B mporiecce OOydeHUs
N00aBISIOT 3TAJOH OT HOBOIO JMKTOPa, €CIM OH He pacmno3Haics). Kpome Ttoro,
CYILIECTBYIOT CXEMbl HOpPMau3alliyd 3TAJIOHOB OTHOCUTEIBHO JTUKTOPOB, a TaKKE
KJIACTEpPU3aLUU TUKTOPOB.
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Puc. 5.1. Cxema memooa ounamuuecko2o npocpammuposanus

Anroput™m pacno3HaBaHus komaHna merogom JII mpo3pauen u He Tpedyer
noAPOOHOTO paccMOTpeHus. B 3aBUCHUMOCTH OT TOMOJIOTMHM MOJEH (pa3periéHHBIX
NIEPEeX0JI0B) CyMMapHOE paccTossHue odepeanoro ysna matpuibl [M,N] (puc. 5.1.)
MOJICUMTHIBAETCS, UICXOIS1 U3 MUHUMYMa HaOpaHHOTO PACCTOSHUS:

S;; = Dist(i, ) + mig(wk,lsk,l), (5.1)

rne Spm — cymmapHoe paccrosHue B y3ie (n,m), Dist(i,j) — pacctosHue mexmy
BEKTOPOM | 3TajoHa M BEKTOPOM | TECTOBOTO CJIOBA, W | — BEC, KOTOPBIA MPHCBOECH
y3iy (K,) otHOCHTENnBHO y3na (i,)) (Hampumep, HemxuaroHajdbHBIC TIepexosl [(1-1,))-
>(i,)) u (1,J-1)->(i,J)] moryr «mrpadoBaThcs» OOIBIIAM BECOM, YeM JTHATOHATHLHBIN
nepexon [(i-1,j-1)->(i,))]), R — MHOXXecTBO pa3pem€HHbIX IS Iepexoaa y3JoB
(00b14HO 3TO TpH OmMKaimx y3na [(i-1,)),(i-1,j-1) u (i,j-1)]).

KpoMe cymmapHOro pacctostHus, Kaxaelii y3en watpuiiel [M,N] Moxker
cojepxarh nHpOpMAIMIO 00 y37€, OTKyJa COBEPIIEH Mepexo] — 3Ta MH(OpMAaIus
HYXHa, €CJIU TPeOyeTCS BOCCTAHOBHUTD IYTh.
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OneHkoil OMU30CTH 3TajJOHAa W TECTOBOIO CJIOBA SBJSETCS HOPMHPOBAHHOE
CyMMapHO€ pacCTOSHUE TPAaBOrO BEPXHEro y3jia MaTpuilbl. B kadecTBe pe3ynbTaTta
pacro3HaBaHUs BBIOUPAETCS ATAIOH C HAMMEHBIIIMM PACCTOSTHUEM JI0 TECTOBOTO

(1,M) / (N, M)

(1,1) N,1)

Puc. 5.2. Obracmv noocuéma naxonnennvix paccmosinutl 0nsi mampuywt [M,N]

CJIOBa, €CIM pPAaCCTOSHUE HE MPEBOCXOAUT HEKOTOPOro SMIIMPHUYECKOro TMOopora,
BO3MO>KHO, 3aBUCSIIIETO OT CJIOBA.

Od4eBuHO, YTO MPEACTABICHHBIA aJTOPUTM HE peIIaeT 3ajady OmpeaeicHUs
HaJaya/KoHMa ciaoBa. OparMeHT pedu, COJEpIKAIlWid CJIOBO, JOJDKEH OBITh HaWeH
QITOPUTMOM ONpejelecHust peub/He pedb — Voice Activity Detector (VAD).
AnbpTEepHATHBOM sBIsieTCs ropa3iao Oonee Tpymoémkmii  anroputMm  JIT co
CKOJIB3SIIIMMH KOHITAMH.

JInst  cokpallleHHsl ~— KOJMYECTBA  BBIUMCIEHUH  MOXHO  MPEIJIOKUTH
YCOBEPILICHCTBOBAHMS TEPBOHAYAILHOM MOJIEIN: HE pacCMaTpuBaTh JTAJIOHBI,
KOTOpPBIE OTJIMYAIOTCS MO JJIMHE OT TECTOBOTO clioBa 0oJblie, yeM B N pa3 (N 0OBIYHO
paBHO 2), HE MOJCYUTHIBATH CYMMAapHO€ PACCTOSHUE IJISi Y3JIOB MATPHUIIbI, JAJIEKO
OTCTOSAIIMX OT JuaroHaiau (CcM. puc. 5.2), mNpekpamarb BbIUUCICHUS, €CIIH
MUHHUMAJIbHOE HAKOIUICHHOE pAaCcCTOSHUE I HEKOTOPOTo CTOJNOLA WM CTPOKH
MIPEBBIINIAET MOPOT, 3aBUCAIINNA OT HOMEpa CTOJIOIa WJIA CTPOKH.

5.1. Mepsl 0,1M30€TH B IPOCTPAHCTBE NIPU3HAKOB

B 3amawax pacno3HaBaHus peun wmetogom [JIII mpuxonures cpaBHUBATh
"moxoxkecTh" (parMeHTOB pedeBoro curHaia. Ilockoimbky oOleHKa OJaM30CcTH
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aKyCTUYECKUX COOBITHI He TpeOyeT BBEIEHUS CTPOTOM METPUKH, Ha COOJIOJCHHE
BTOpOW (CUMMETPUYHOCTb) U TPETheH (TPEYroJibHUKA) aKCUOM, KOTOPBIM JIOJKHO
YIOBJIETBOPSTh MOHSTHE METPUKH, B 3ajladyaX paclo3HaBaHMs pedyd He oOpaunaror
BHUMaHus. boyiee TOro, MoXXHO MpeacTaBUTh "(U3UOJIOTHYECKYIO" Mepy OJIM30CTH,
rie TpeThsl akcuoMa OyJeT HapylaTbCsi 3aKOHOMEPHO, YTO MOXKET SBIISITHCS
BBIDOKEHHEM TOro (pakra, 4YTO M3 TMOJIOKEHUS apPTUKYJISITOPHOTO TpakKTa,
XapaKTEPHOro AJi1 HEKOTOPOTO 3BYKa, JIEr4e JOCTUYD MOJIOKEHHUS, XapaKTEPHOTO IS
JPYroro 3ByKa HE HaIpsIMYyIO, a 4epe3 HEKOTOPBIM MPOMEXYTOUYHBIA 3BYK. OgHAKO
yalie BCEro MHCIONB3YIOTCS aOCTpaKkTHble Mepbl OJU30CTH, 3aMMCTBOBAaHHBIE U3
COOTBETCTBYIOIIMX Pa3esIOB MATEMAaTUKH, JIJIsl KOTOPHIX BCE aKCHOMBI BBITTOIHSIOTCS
0€e3 BCSKOTO JKeJIaHUsI CO CTOPOHBI UCCIIEA0BATENS.

[To-BunumMomy, TmepBas Mepa, KOTopas HCIOJNb30BaJach B 3ajadax
pacrno3HaBaHUs — 3TO oObIuHasi EBkIIMI0Ba MeTpuKa:

Dist(X,9)= 3" (%~ )" . (5.2)

[Io Mepe COBEPIIEHCTBOBAHUS MATEMATUYECKOTO aIlllapaTa, MPUMEHSINCh MEPBIL,
Oojee aIeKBAaTHO OTpaXarollMe XapakTep MCIHOJIb3yeMbIX Mpu3HaKkoB. Tak,
UCIIOJIb30BaHUE METpUKK Maxaiianobuca:

Dist(X,y) = (X-y)' M (X~ V), (5.3)
rae M — maTtpuia KoBapualuu, NO3BOJSUIO YYECTh KOPPEISLMIO U BapUATUBHOCTH
npu3HakoB. EBkampoBa MeTpuka  ABISETCA  YAaCTHBIM — CIYyY4aeM  METPHUKHU
MaxananoOuca, Korja KOBapHalMOHHAsh MaTpulla SBJISIETCS €IMHUYHOM, ee MMeeT
CMBICJI HKCIIOJIb30BaTh TIOCJIE JEKOPPENSLUUA MPU3HAKOB (HAMpPUMEp, METOJIOM
Kapynena-JlosBa), 1 mocneayomnero HOpMUpOBaHUS MPU3HAKOB HA TUCIIEPCHIO.

B mpocrenmmx cucreMax HUCIOJIb3YIOT CYMMY MOJIYJIEH pa3HOCTEM KOMITOHEHT
BEKTOPOB MPHU3HAKOB (KBapTAJIbHO-0JIOUHASI METPUKA):

Dist(x,y) =2 [x = il- (5.4)

Jns  kencTpaidbHbIX  KOd(DPUIMEHTOB W KOA(UIIMEHTOB  JIMHEHHOTO
NpeICKa3aHms TIOMYyYeHbl MEPhI OJM30CTH, OTPAXKAIOIIME XapaKTep MPOCTPAHCTB, B
KOTOPBIX ATH TapaMeTpbl BBIYHCISAIOTCA. Tak, JUIsl KEMCTPaTbHBIX KO3 UIIMEHTOB
ucrnoiszyercs metpuka Kynnroaka-JlenibGnepa:

D C..
Dist(C,,C,) = > (C,; —C,;) In—", (5.5)

i=1 CZ,i
IIe CYMMHPOBAaHHE IPOBOAUTCS IO BCEH o00macTu ompeaenacHus KBUDPEHCH
(«quefrency»). Xancen nokasan [24], dro B3BEIIMBAaHWE KEICTPAIBLHBIX

KOA(P(UIIMEHTOB WX MHAEKCOM TMPUBOAUT K PACCTOSHUIO MEXAY HAKIOHAMHU
CIEKTPOB, a HE MEKIy CaMUMU crieKTpamMu. COOTBETCTBYIOIIAs MEPA UMEET BU:

Dist(c,,C,) = 2i(c,, —¢,,)" 55)

B [25] npennioxeHna "mpoekinoHHas" Mepa:
Dist(C,,T,) = [c,|(1—cos ), (5.7)
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C, G
[

s koadpdunmenTor nuHerHoro npeackazanus LPC wucnonb3yercs meTpuka

Nrtakypo-Cauto:
Dist(Gl,Gz):j[(gl((‘?)] -|n(§l‘$j —1]do, (5.8)

rae G(0) =E/S(0), E — sueprus, S(0) — monuHOM, OCTPOEHHBIH Ha KO3 (HUIIHEHTaX a;
(3.5-3.11), uHTerpUpoBaHHE MPOUCXOIUT BAOJIL CAUHUYHOW OKPYKHOCTH Ha Z-
TUTOCKOCTH.

Kpome Takux Oosee mwnm MeHee (OPMATBHBIX METPHK HHOT/Aa BBOIST MEpPHI
OJIM30CTH, OCHOBAHHBIC HA JAHHBIX O BOCHPHUATHU PEYH M OCOOCHHOCTSIX CIYXOBOM
cucteMbl. [Ipy 3TOM OIIEHWBAIOT PACCTOSTHUE MEXTy (OPMAHTHBIMU CTPYKTypaMH B
mkasue 6apK, TO €CTh pa3HHIlA B YaCTOTaX CYUTAETCS B KPUTUUECKHX TOJIOCAX.

[TonbITKM pacmo3HaBaTh CIAUTHYIO peudb ¢ mnomompbio JIT [26] yrpartunu
aKTyaJIbHOCTb C Pa3BUTHEM METOJIa CKPBHITHIX MAapPKOBCKUX MOJIEJIECH U MOATOMY Jajiee
paccMaTpuBaThCsA HE OYIyT.

rae [ = arccos(

) . [ToxazaHo, 4To 3Ta Mepa OoJsiee MOMEX0yCTOMUMBA.
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6. PACITO3HABAHME PEYH C ITOMOIIbIO CKPBITBIX MAPKOBCKHX
MOJEJIEN

B Hacrosiee Bpemsi OOJIBIIMHCTBO CUCTEM PAcloO3HABAHUS PEUYM ONMUPAIOTCSA Ha
Ckpeityto MapkoBckyro Mogaens (CMM). CMM - MOUIHBIM CTaTUCTUYECKUIN
anmnapar, MpEeJICTaBISIONIMNA  CHEKTpaJbHbIE CBOMCTBA pPEYd C  MOMOIIBIO
napamMeTpUYECKOro ciydailHoro mpouecca. KaxaoMy MOIenupyeMoMy peueBOMY
o0bekTy — dpase, cioBy, ciory, poneme miam amiodony (hoHeMe B KOHKPETHOM
OKpyXeHun) — comnoctanisiercss csos CMM. CMM @dpa3sl npencrasisier co0oid
koHkateHario CMM crioB, KOTOpble TIpeICTaBIAOTCS KoHKareHanueir CMM Gonee
MEJIKUX 3JIEMEHTOB.

Paccmorpum matematudeckuii popmanusm, onpenenstonuit CMM.

[Ipoliecc Ha3bIBaETCS MAPKOBCKUM, €CHM JJIsl KaXKIOrO0 MOMEHTa BpPEMEHU
BEPOSITHOCTD JIFOOOTO COCTOSIHHSI CUCTEMBI B CIEAYIOIIMNA MOMEHT 3aBUCUT TOJBKO OT
COCTOSIHUS CHCTEMbI B HACTOSIIIUA MOMEHT M HE 3aBHCHUT OT TOTO, KaKUM 00pazoM
CUCTEMA IPUIILIA B 3TO COCTOSIHUE.

MapkoBckuil mpoliecc Ha3bIBA€TCS HAOJIONAEMbIM, €CIIM KaXK/I0€ COCTOSTHUE Ha
BBIXO/IE B3AMMHO-0/IHO3HAYHO COOTBETCTBYET HEKOTOPOMY HA0JIt0/1aeMOMY SIBJICHUIO.

[Ipumep:

Cocrosiaue 1: Henorofa (0% b, CHET, Tpaj,...)

Coctosinue 2: 006J1a4HO

CocrostHue 3: COMHEYHO

BeposiTHOCTH TIEpEeX0/I0B MEXKIY COCTOSHHSIMH OTOOpakeHbl Ha puc.6.1 u B
matpuiie A (1):

Puc.6.1. Mapxoeckas yenws, onucwigarowas no2oouyo mooens [4]
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04 03 03
A={a, }=|02 06 02| (6.1)
0.1 01 08

3Has UCXOJHBIC 3HAYCHHS BEPOSATHOCTEH Tj, MOXKHO PACCUUTATH BEPOSTHOCTH
1100011 MOCIEeN0BATENIbHOCTH MOTOJHBIX YCIOBUM B MOCJIENYIOIIME JHH, Kak
IPOU3BEJICHUE COOTBETCTBYIOIIUX BEPOSITHOCTEH.

Ecnu cocTositHust CBsA3aHbl C HAOMIOAAEMBIMH  SIBICHUSIMU BEPOSITHOCTHBIM
oOpa3oM, TO MapKOBcKas Ienb Ha3biBaeTcs ckpbitol (CMM). B ciyuae
pacro3HaBaHUS pPEYd HAOMIOJACMBIMH SIBJISIIOTCS BEKTOPHI TPU3HAKOB, KOTOpPHIC
CBSI3aHBI C COCTOSIHUSIMH BEPOSITHOCTHBIM 00pa3oM, TO €CTh OJWH U TOT K€ BEKTOP
MPU3HAKOB MOXKET TPUHAJJICKATh HECKOJIBKAM COCTOSHUSM. TakuMm o00pa3oM, K
napamMeTpaM MOJIeTH J00aBISIOTCS PaCIpesesiCHUs] BEPOSATHOCTEH COCTOSHHMA B
MPOCTPAHCTBE MPU3HAKOB, KOTOPHIC HA3BIBAIOT BEPOSTHOCTSIMH SMUCCHUH:

Bi(X) — ¢yHKIUS TIUIOTHOCTH BEPOSTHOCTH COCTOSHHS Si B IPOCTPAHCTBE
MPU3HAKOB WJIA BEPOSTHOCTH SMHUCCHH.

Ecimu mpocTpaHCcTBO TpH3HAKOB TMpOKBaHTOBaHO, To Bi(X) mpencrarmsercs
matpuiieit B;(m), rae m — HoMep cioBa B KOI0BOM KHUTE. Takue MOIETN Ha3bIBAIOTCS
JTUCKPETHBIMH.

JI1st HenpephIBHOM MOJIENU UCIOJB3YIOT alllPOKCUMALIMI0 (GYHKIUU TIIOTHOCTH
BEPOSTHOCTU HaOOPOM CTaHAAPTHBIX (YHKIIMH — KaK MPaBUIIO, B3BEIICHHOW CYMMOM
rayccoBbIX (DyHKmui. J[JIT YMEHBIICHHS KOJUYECTBA ONTUMHU3UPYEMBIX MapaMeTpOB
UCITOJIB3YIOT TayCcCOBBI (PYHKIIMHM C JWArOHAJIbHBIMA MAaTpPHIIAMH KOBapHAaIlWU.
CymectByet pazHoBugHocTsh CMM, Ha3biBaeMas MoayHenpepbiBHOW — B 3Toil CMM
JUISL  anmpoKcuMaruu  (QYHKIUA — TUIOTHOCTH  BEPOSITHOCTH  BCEX  COCTOSTHUU
UCIIOJIB3YIOTCSl (DYHKIIMH U3 OJTHOTO TTyJIa.

3ajauell pacro3HaBaHUSI SBJSETCS COIMOCTaBIeHWE HAOOPY aKyCTHYECKUX
INPU3HAKOB PEUYEBOT0 CUTHAJA WM HaOmogeHud X(Xi,...,Xp) MOCIEAOBATEIILHOCTU
cioB W(Wwy,...,Wg), UMEIOMMUX HAHUOOJIBIIYIO BEPOSTHOCTh IMPABAONOI00US Cpenu
BCEX KaHJUJATOB:

W = argmax P(W|X). (6.2)
0
Hcnone3ys Teopemy baiieca, mepenmiiiemM 5To BhIpaXkKeHHUE:
P(W)P(X
W = arg max W)P( [W). (6.3)
w P(X)

[TockouibKy B TIpoIlECCe paclo3HaBaHUsI BEPOSITHOCTD YK€ MOJYYEHHBIX aKyCTUYECKUX
npu3HakoB P(X) He MOMJIEKUT ONTUMU3ALINY:

W = arg max PW)P(XW). (6.4)

BepositHocTn (6.4) umeror mpoctyro uHTeprnpetanuio: P(X|W) ecTs akyctuueckas
MOJ/iesib (BEpOSITHOCTh MOPOXKJICHUS TaHHOW IMOCJIEeN0BAaTENbHOCTH HaOmoaeHuit X
JAHHOU TocieaoBaTelbHOCThIO ciioB W), a P(W) — BeposSTHOCTh CyIIECTBOBaHUS B
paccMaTpuBaeMOM SI3bIKE JIAHHOW IOCJIEIOBATEIBLHOCTH CJIOB (MOJENb SA3BIKA).
[Tpo6iemblr Mozenelt si3b1ka OYIyT pacCMOTpPEHBI B pazeie 13.
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Kak Oyner mokaszano B pasuene «Beibop enunwmIl pacrio3HaBaHus (HOHETUIECKOTO
YPOBHsI», aKyCTUYECKasi MOJIEJIb MIPEJICTaBIIsIET COO0M KOHKaTeHaIuio npocThix CMM,
OMUCHIBAIOUIUX, KaK MPaBUJIIO0, aJUI0(OHBI.

Takum oOpa3om, mapkoBckor wmoneiabio A(A,B,7) akycTHueckoro coObITHS
(aKyCTHYECKOW MOJIEbI0), HAapuMep, aliooHa, Ha3bIBaCTCS HAOOP M3 OJHOTO WIIH
HECKOJBKHX COCTOSIHUH Sj, XapaKTEPU3YIOIMUNACS CIAEAYIOIMUMH MapaMeTPaMU:

N — KOIMYECTBO COCTOSIHUM S:

74 — Ha4aJIbHOE PacTpeIelICHIE BEPOATHOCTEH,

N
Zﬂi =1
i=1
A={ai,j} — BCPOATHOCTD IIEPEX0Ja U3 COCTOSHHUS Sj B COCTOSHUC §;j,
N
Zai’j:]., 1S|SN
=

Bi(X) nau Bij(m) — BeposATHOCTD SMUCCHH:

jBi(x)dv:l, 1<i<N,

I'JIC HHTCTPUPOBAHUE IIPOBOJUTCS 110 BCEMY 06I>éMy OPOCTPaHCTBA IIPU3HAKOB,
M
E B,(m) =1,
m=1

rie 1 <1< N, M - pasmep K00BOI KHUTH, TO €CTh KOJIMYECTBO KIACTEPOB.

Ecnu nnuTenbHOCTh  peajbHOM  MOCHeAOBAaTeNIbHOCTH HaOmoAeHud paBHa T,
0003HAYMM COCTOSHHSI B MOMEHTBHI BpeMeHu Kak ((i,0a2,...,07), TOTAA KaKIOMY
COCTOSIHMIO MOJENM Sij MOXET COOTBETCTBOBATh HECKOJIBKO TOCIIEI0BATEIbHbBIX
3HAYCHW ( B COOTBETCTBHHM C JUIMTEIBLHOCTHIO cocTosiHMS. Hampumep, Qn=S;,
Om+1=Si, Qm+p=Si — B JaHHOM CJIy4a€ COCTOAHUE S; JUTUTCA ) TAKTOB.

Pa3zpeménnpie mepexoibl MEXKy COCTOSIHUSIMU B Pa3IMYHbIE MOMEHTHI BPEMEHU
OTIpEeICIIAIOTCA TONOJIOTUEH MOJENH, 3apaHee 3aJaHHOi pa3paboruynkom. OUeBHUIHO,
4TO MEPEXOAbl «Ha3aa» BO BPEMEHH UMEET CMBICT 3allpeTHTh, TO €cTh a;;=0 ms j<I.
Kpome TOro, mmeer cmbicil 3alpeTUTh CIUIIKOM JalIbHUE MEpPexXoibl, TaK Kak
Oonpiias cBOOOJA MEPEXOJOB JHIIb YBEJIUYMBAET BO3MOXKHOCTU JJISl CUCTEMBI
caenats omuOKy. OOpgHO Q=0 nu4 J-I>2, TO ecTb pa3pelicHbl «IETIN,
«IEePEXO0Ibl» U «IPBDKKW» (MOJ METNENH MOHUMAIOT MEePEX0]] B TEKYILIEE COCTOSHUE,
MOJI MEePEX0JIOM — MEPEXO0/ B CIEAYIOLIEe COCTOSIHUE, a MOJ MPBDKKOM — MEpPeXoj]
yepe3 OJHO cocTosHue). Kak mpaBmio, CUCTEMY OrpaHMYMBAIOT emi€é OoJblie,
paszpeliasi TOJIbKO METIN U NEPEX0/Ibl. ITO 0OCOOCHHO YA00HO, MOCKOJIbKY, Ojaroaaps
HOPMHPOBKE BEPOSITHOCTEH Ha €AMHUILY, MOKHO XPAaHUTh HE MATPHUILy BEPOSATHOCTEH
NEPEX0JI0B, @ BEKTOP BEPOSITHOCTH METIH & j, IPU 3TOM BEPOSTHOCTH Mepexoia OyaeT
paBHa @i+ = 1 - a;;.

OTtmeTuM, YTO MAaTpuIla TEPEeXO0JIOB, MO CYIIECTBY, YIPAaBISET BPEMEHEM
peObIBaHMSI B COCTOSTHUSAX M YIIPABIISET HEAJEKBATHO.

3amanmuMcs BONPOCOM: KaKOBa BEPOSITHOCTh TOrO, YTO IMpollecc MpoOyaeT B
COCTOSIHUH S; N TAKTOB?
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[TonmaB B coctostHME Sj, mporiecc MopKeH N-1 pa3 ocraTteecs B HEM Xe C
BEPOATHOCTHIO @, @ HA TAKTE N IEPEUTH B JIFOO0OE APYroe ¢ BEPOITHOCTHIO 1 - @;j.
Takum oOpazom:

_ (D
P(n)=a;"(1~-a,), (6.5)

TO €CTh, paclpeiesieHne BepOSTHOCTEH HOCUT CTENEHHOW XapakTep ¢ MaKCUMYMOM
Ipy HAXOXIACHUU B JAHHOM COCTOSHMHM N=1 TakT mjisg BceX coctosHui. OgHaKo
aHallM3 JUIMTENbHOCTEN MpeObIBaHUS B cocTOsHUAX npu oOyduenun CMM moxaszadn,
4YTO peajbHOE pacCIpeeieHHe BEpOSTHOCTEH HAMOMUHAET pactpezeieHue laycca
win [lyaccoHa ¢ MakCUMyMOM MpU JJIUTEIBHOCTSX MpeObiBaHus Ooiiblie 1 TakTa
(o1 TaKTOM OHUMAETCSI TIEPHO]T CIIEOBAHUS MPU3HAKOB, 00bIYHO 0K0J10 (.01 cek).

[IpaBmiibHOE  MOIENMpPOBAaHME BPEMEHHBIX  MapaMeTpoB  JUIsl  MOJENei
MIPEICTABIISICTCS JOCTATOYHO BaYKHBIM, ITOCKOJIBKY YMEHBIIIAET BO3MOXHOCTh CUCTEME
cenaTh OMMUOKY, OBICTPO MPOMAS COCTOSHHS, HE COOTBETCTBYIOIINE HCCIIEIYEMOMY
mpolieccy — cucteMa Oy/IeT BRIHYXEHA 33JIePKaThCsl BO BCEX COCTOSTHUSX HEKOTOPOE
BpeMsi, 3HAUUTEIILHO YMEHBIITUB BEPOATHOCTh UJCHTU(UKAIINU JIOKHOW MOJIENIH Kak
IIPaBUJIbHOU.

Y4€T BpeMEHHM IKU3HU COCTOSIHUSI TPHUBOJAUT K HEOJHOPOAHBIM  HIIU
MOJIYMapKOBCKUM MOJIEIISIM, TTOCKOJIBKY TpeOyeT HapyIeHUsl MPUHIIUIIA MapKOBOCTH
— 3aBUCHUMOCTM TOJBKO OT COCTOSHHUS TIpollecca B MPEAbIAYIINN  TaKT.
[TomymapkoBckue Mojienu OyayT pacCMOTPEHBI B paszzene /.

PaccMoTpuM OCHOBHEIE MTPOOJIEMBI, perraeMbie B pamkax CMM, crenys [27].

1. [Tpo6Giiema oneHku: st ganHoit moaemu A(A,B,7) u mocnenoBaTeIbHOCTH
HaOmoaeHuit X(Xq1,Xz,...,X7) BBIYMCIUTL BeposTHOCTH P(X|A), To ecTh BepoATHOCTH
NOPOXKACHUS TTocieoBaTeabHocT X Mojenbio A. Pemaercs anropurmom «Bnepén-
nasam» (Forward-Backward).

2. [IpoGnema  pacno3HaBaHMs: Uil  JAHHOW  IOCJEI0BATEIBHOCTH
HaOmoneHuit  X(X1,X2,...,X7) ¥ wmomenu A(A,B,7) BBIYHCIUTL ONTHUMAILHYIO, B
HEKOTOPOM CMBICIIE, MOCJIEI0BATEIBHOCTh COCTOSIHUM Q(S1,52,--+,571),
npuHaaiexanux Mmoaenu A. Pemaercs anropurmom ButepOu.

3. [IpoGnema oOydeHuUs: Il AAHHOW TOCIEAOBATEIILHOCTH HAOIIOACHUI
X(X1,X2,...,X7) 1 momenu A(AB, 7) moacTpouTh MmapamMeTpbl MOJCIH TakK, YTOOBI
makcumusupoBatb P(X| 1). Pemraercs anropurmom bayma-Yasia.

6.1. Auropurm «Bnepén-Ha3zan»

Anroput™m «Bmepén-Hazan» (wmu «lIpsimoro-o6partHoro xoma», Forward-
Backward) BkirroyaeT qBe mporeypsl B COOTBETCTBHH CO CBOUM Ha3BaHHEM.
PaccmoTtpum nipouenypy «Bnepém.
BBeném BcrmomorarenpHyr nepeMeHHYI (i), KoTopas mpeicTaBiseT coOoi
BEPOATHOCTH HAOIIOATh MOCIEI0BATENbHOCTD X1,X2,...,X{ U OKA3aThCS B COCTOSIHUH S;
B MOMEHT BpeMeHH t 1t mogenu A

a, (i) =P(X,X, ... X,0,=S; | 4). (6.6)
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Puc. 6.2. IIpoyedypa «enepéor (npsimozo xooa) [2]

PaccmoTpuM utepanmoHHyI0 Iporieypy BeraucieHust ou(i).

VHALHATH A1
a,()=7B,(x,), 1<i<N, (6.7)
VHIYKIUSA:
am(j){iat(i)ai,j}Bj(xm), 1<t<T1<j<N, (6.8)
3aBEPLICHUE: B
P(X}i) = Y, ) 69

OO6bscHeHne JaHHBIX (POPMYIT JTOCTATOYHO OYEBUIHO:

Ha TEPBOM IIare BEPOSTHOCTb OINPEAETSETCS HayalbHBIM pacHpeeIeHueM
BEPOATHOCTEH U COOTBETCTBUEM HAOIIOACHUS X1 TaHHBIM COCTOSIHUSM;

Ha BTOPOM IIare BEPOSITHOCTh OKA3aThCsl B COCTOSIHUM S; B MOMEHT BpeMeHu t+1
CKJIaJIbIBAaeTCSl M3 BEepOATHOCTEW (i) OKazaThCs B COCTOSIHUM S; B TPEIbLAYIIUI
MOMEHT BPEMEHH, YMHO)XCHHBIX Ha COOTBETCTBYIOIIME BEPOATHOCTH MEPEXOJIOB B
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COCTOSIHUE S| @;j C YU4ETOM COOTBETCTBHS HAONIOAEHHS X+1 COCTOSHUIO Sj Bj(Xix1)
(puc. 6.2.);

Ha TPEThEM IIIare IMOJCYUTHIBACTCS CyMMa BCEX BEPOSITHOCTEH B KOHCYHBIN
MOMEHT T , MOCKOJIBKY 3TO HE3aBUCUMBIE COOBITHSI.

AHajorudHo GpyHKIHOHUPYeET nporenypa «Hazam» (puc. 6.3.).

BeenéM BcromorarenbHyo nepemMeHHyro [ (1) , KoTopas mpeacTaBiseT coOoi
BEPOSTHOCTh HAOJIONATh IMOCICAOBATEIBHOCTD Xt+1,Xt+2,...,XT JJISI MOJAETH A, MPH
YCIIOBHH, YTO B MOMEHT t cuctema Obl1a B COCTOSIHUH Sj.

(i) = P(Xes Xz X [0 = 1, 2). (6.10)
3amerum, uto BenuunHbl oi(l) u F(i) TOMONHSIOT APYT Ipyra B TOM CMBICIIE, YTO
P(X,q, =5|4) = &, (i) B, (i), 0<t<T, 1<i<N. (6.11)
Sl i ™ » ® @ — 9
g
L ]
~\
S @ ® ° ® ES 7}.
,S}- . * ® ® @ :\\.}.
7
L]
Sv & ® ® ® . &
1 ¥

Puc. 6.3. Ilpoyedypa «nazaoy» (oopammnozco xooa) [2]

OTtcroa HWCKOMasi BEPOSITHOCTh IOCJIEIOBATEIBHOCTH HAOMIOAeHUM X OBITh
MOPOXKIEHHOW MOJCIBbI0 A BBIpaKaeTcs CyMMOM BeposiTHocTed (6.11) mo Bcem
BO3MOYKHBIM COCTOSTHUSIM JIJIS1 JTIOOOTO MOMEHTa BPEMEHU .
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P(X|/1)=iat(i)ﬁt(i), 0<t<T, 1<i<N. (6.12)

PaccMmoTpuM utepannoHHyto npoueaypy BeraucieHus fFy(i).
WMunnumanm3anus (oueBuHa, uexos u3 (6.9) u (6.12)):

S (1) =1, 1<i<N. (6.13)
WNHnyxous:
N
B (i) = zai,j B, (Xe)Bia(l)y  1<t<T-1 1<i<N. (6.14)
-1
OOBsICHEHUE aHAIIOTUYHO AITOPUTMY «BIEPED.
3aBeplieHuUE:
N
P(X|2) = Y. 78, () A(0). (6.15)
i=1

6.2. Anroputm Burtepou

AnroputM Butepbu MOXHO paccMaTpuBaTh KaK alrOpPUTM TUHAMHUYECKOTO
nporpaMMupoBanus, mnpuMeHEHHbIK K CMM, wmm kak MoaudUUIUPOBAHHBIN
QITOPUTM «BIIEPEN», B KOTOPOM BMECTO CYMMHUPOBAHHMS 110 BCEM BO3MOXHBIM IIyTSIM
BbIOMpaeTCsl M 3aloOMUHAeTCs Hawiaydmuii myTh. OmnpenenuM BepOATHOCTD
HAWJTIy4IlIEro yTH:

5t(i):q max P[q]_lq2""’qt,1’qt :Si’X]_’Xza"th‘ﬂ*]y (6.16)

g Gt
rne o) — BeposATHOCT, HauOoOJee MPaBAONOJO0HON IMOCJIEI0BATEIBHOCTH

COCTOSIHH{l, MOPOKIAIOMEil [OCICIOBATEIPHOCT BEKTOPOB IPH3HAKOB X, U
3aKaHUYMBAIOIIEHCS B MOMEHT BpeMEHH { COCTOSIHUEM S;.

JIJiss TOr0 9TOOBI COXPAHATh WH(POPMAIIUIO O MEPEX0Jax MEKIY COCTOSHHUSIMH,
BBOAWTCS MaccUB (i), KOTOpBIA COIEPKUT, HANPUMEpP, HOMEP COCTOSHUS, W3
KOTOPOTO MPOIIeCC MPUIIENT B COCTOSHUE | B MOMEHT BpeMEHH t.

C BBenE€HHBIMU 0003HAYCHUSIMH aNTOpUTM ButepOu nMeeT ciieayromuii BUsI.
Nuaunmanuszanus:

8, (i) = 7B, (%) , w,(1)=0, 1<i<N. (6.17)
WNHnyxous:

Oua () = max[5 ()a; ;1B;(x..),  1<t<T, 1<j<N. (6.18)
v, (J) =argmax[o_,(i)a ], 2<t<T, 1<j<N. (6.19)

3aBeplieHue:
P(X | 4) = max[s, (J)] (6.20)
o =arg mNaX[5T (N1 (6.21)

<j<

BoccraHoBiieHue IMyTH HpOHecca:
q, :Wt+1(qt+1)’t:T -1T-2,...1. (622)
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OtmeTtuM, 4yTO anroput™M ButepOu monydaercst u3 anroputma «Brepény myTém
3aMEHbl CYMMHUPOBAHUS M0 COCTOSIHUSAM Ha BHIOOP MAaKCUMAJIbHOTO 3HAUECHHUSI.

[TockonbKy BEpOSTHOCTH, (purypupytoume B GopMysnax UHAYKIUMH, MEHbIIE 1,
X WUTEPAIMOHHOE MPHUMEHEHHE MPUBOJIUT K IOTEPE TOYHOCTH. [[ns mpeomoneHus
ATON MpOOIEMBbI, Kak IPaBHIO, HCIOJB3YIOT jJorapudmel BeposTHocTe. B 3ToM
cillydae BC€ IPOM3BENICHUS MPEBpPAUIAIOTCA B CYMMbI, a airoputm Burtepou c
BBIUUCIIUTEILHOM TOYKH 3PEHUS CTAHOBUTCS TOXKJIECTBEHEH KIIACCUUYECKOMY
ANrOPUTMY JUHAMHYECKOTO MPOrpaMMUpoOBaHusl. OTIMYHME 3aKITI0YAETCS JIUIIb B TOM,
yto B anroputMe Il mimercs 3TajoH ¢ MUHUMYMOM PACCTOSIHHSI 10 HEU3BECTHOI'O
MIPOU3HECEHUS, a B aNroputMe ButepOu kputepuem sIBIsETCS MaKCUMyM Jiorapudma
BEPOSITHOCTH.

6.3. Anroputm bayma-Yanma

AJropuTMa HaxO0XXJICHHUS TJI00aJbHOTO ONTHUMYyMa HE CYIIECTBYET — aJrOpUTM
bayma-VYania rapaHTupyeT HaXOXJAEHUE JIOKAIBHOTO OonTuMyMa. J[jis TOro 4ToObI
yOeaUThCA B KaU€CTBE MOJIYUYEHHOTO PEIICHUS, MOKHO MCIIOJIb30BaTh MHOTOKPATHOE
oOy4eHure ¢ pa3InMYHbIMUA HauyaJIbHBIMU ITapaMeTpaMHu.

Beeném BcmomoratenbHylo BenmuuuHy  &(i,]), TPEICTaBISAIONIYI0  COOOM
COBMECTHYIO BEPOATHOCTb HAXOAUTHCS B COCTOSIHUM Sj B MOMEHT t M B COCTOSIHUU S; B
MOMEHT t+1 11 maHHO#M MOenn A ¥ TaHHOM TOCIeIOBATEIPHOCTH HAOMIOACHUH X:

gt(i’j): P[qt =S50 :Sj‘x’l]' (623)
Hcnonb3yss teopemy baiteca u BBEIEHHBIE paHee MapameTpbl alropurma Brepén-
Hazaz (6.6, 6.10), nepenuiiem BeipakeHue (6.23):

. Pla, =s;,9.4 =Sj1X | 4] _
& (i j)= PIX [ 1] =
at (i)ai,ij(XHl)ﬂtﬂ(j) (624)

N N

> (i3 By (Xey) Ba(J)

i=1 j=1
Breném mapamerp:

m(i)=Z§t(i, j)=Pla, =s,|X, 41, (6.25)

BEPOSITHOCTh HAXOJUTHCS B MOMEHT BPEMEHU t COCTOSIHUU S;.
YuureiBas uaayknuto (6.14):

Loy ()8
(i) = . (6.26)

> ()A.()

i=1
T -
Z 7:() ecTp MaTeMaTHUeCKOE OXKUAAHKE YHCIIA IONAJAHUN B COCTOSHHE S, a
t=1
T - -
th (i, J) — maTemMaTHYeCKOE OXHUIAHWUE YHCIA TEPEXOJOB W3 COCTOSIHUS Si B
=1

COCTOSHHC Sj.
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C moMomIpi0 BBEACHHBIX BEIIMYHMH BhIpazuM mapamerpbl moaenu A(A,B,7z) mis
TUCKpeTHOro Bapuanta CMM:

;= 7,(0), (6.27)
S e )
S g 629

PHAO)

t=1
T

Z]/t(j)[xt = Vk]
B (k)= L , (6.29)

> 7 ()

rae Vg — K-oe KomoBoe CJI0BO KOJOBOW KHHTH, [X¢=Vk]| 0003Ha4aeT, 4TO BEKTOP
oOyyaroreit BEBIOOPKU X; MPUHAJICKUAT KOJIOBOMY CIIOBY Vi, CUMBOJ ‘*’ 0003Ha4aeT
TO, YTO COOTBETCTBYIOIIAS BETUYMHA SIBJISIETCS HOBOU OIEHKOM.

JlokazaHo, 9TO OIleHKAa BEPOSATHOCTH C HOBBIMHU TapaMeTpamMH HE XYXe, YeM CO
CTapbIMHU:

P(X|2) >= P(X|A).

BoiBenieM (Qopmyiibl MEpeoleHKH MNapaMeTpoB BEPOSITHOCTA SMHUCCHUU IS
HEIPEPHIBHOTO CIyYasl.
IIpencrasum Bj(X) B Bune komOuHarmu M; rayccoBbix (yHKIUIL:

M
Bj(x):ZijG[X’/ujm’Ujm]’ 1£m£ Mja (630)
m=1

rae: X — BEKTOp HaOmroneHui pasmepHoctd D, Cjn — BecoBoil KO3(pQpHLUEHT,
OTIPEISISIIONTNI BKJIAJ] TayCCOBOM (DYHKIMHM C HOMEpOM M (KOMIIOHEHTHI CMECH) B

(YHKIMIO IJIOTHOCTH BEPOSTHOCTU JUI COCTOSHUSI C HOMEPOM |, MUjm — CpenHee
3HA4YECHHUE A1 KOMIOHEHThI cMecH M cocTosiHuA |, Uj, — KOBapHaIlMOHHAs MaTpHLa
KOMITOHEHTBI CMECH M COCTOSIHHUA |,

G — MHOTOMEpHAas rayccoBa (PyHKIIUS:

GIX, 4] == exp(-{(X ~ 1) U (X - )]/ 2), (6.31)
@z )V

IIOCKOJIBbKY rayccoBbl (pyHKIuH U pyHkius Bj(X) HopmupoBaHsl,
M
2Cm=L 1<m<m. (6.32)
=1

EctecTBeHHO Takxke NOTpedoBaTh Cjm >=0, 1<=j<=N, 1<=m<=M.

Monudunupyem napametp Y;(i) (6.25) mns aenpepeiBHo# Moaenu. [Tycts y;(i,m)
— JIOJISI TAYCCOBOW KOMIIOHEHTHI ¢ HOMEPOM M B BEPOSTHOCTH HAXOJHUTHCS B MOMEHT
BpeMeHU t B COCTOSIHUU S;i:

7'[ (l,m) — Nat(l)ﬂt(l) ’\;:imG[XHuim’Uim] . (633)

Z%(J)ﬂt(]) 2. CiGIX, 4, Uy ]

=1
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®opMmyinbl miepecuéra MapameTpoB BEPOSTHOCTH AMUCCUU JJisi HENpPEepbIBHOMN
MOJIEJIA UMEIOT BUI:

(1, K)
Ci = w ’ (6.34)
D> 7 (i, m)
DA
My =% , (6.35)
> 7 (i,k)

Z7t (i, k) (%, = :uiT< )X, — :Ui’l;)T

> 7 (.K)

OTtmeTuM, 4YTO OOyuY€HHE M TEepecy€T MapamMeTpOB BO3MOXKHBI TaKXKE B paMKax

Uik =

(6.36)

anroputMa Butepou. B arom ciywae BeposTHOCTH monamaHus B cocrosHue  Y;(i)
MOTYT HMPUHMMATh TOJbKO 3HadueHus 0 wam 1, mostomy B (dopmynax (6.34—6.36)
HY)KHO HCIIOJIh30BaTh KOHKPETHOE YMCIIO BEKTOPOB M CaMU BEKTOPHI, MOMABIINE B
coctosinue I. [lonmaganue B onpeaenéHHOe COCTOSHHUE OMPENENIeTCs 0 pe3ysibTaTaM
CEerMEHTAallMM TIPU BOCCTAHOBJICHUHM IyTH Tiporiecca (6.22). AKyCTHUYECKHUE MOJIEIIH,
NOJIy4eHHbIE MeTOAOM BuTepOu, mpakTUYecKu HE YCTYNAIOT MOJEINSIM, MOTYyYEHHbBIM
MmeTonoM bayma-Yoaiia.

Kak  yxe roBopujoch  BbIlle, KOBapuWalMOHHbIE  MaTpuibl  (6.36)
JIMaroOHAJIU3UPYIOT JIJIi YMEHBIIICHUS KOJIMYECTBa OILICHUBAEMbIX MTapaMeTpOB.

Jlnsi moJyHEeNpephlBHOM MOJAEIHM IapaMmeTpbl rayccoBbIX GYHKUUH Ujm 1 Ujy
(PMKCHPOBaHBI M NEPECUYETY MOIBEPTaOTCSA TOJIBKO BECOBBIE KOO(D(PUIUEHTBI Cjp,.

dopmynel mepecuéTa mapamMeTpoB ISl HempepbiBHOW monaenu (6.34—6.36) He
JAI0T OTBETa HAa BONPOC: KAKOE KOJUYECTBO rayCCOBBIX (DYHKIMH B CMECH CIEAYeT
MCIIOJIB30BaTh. MOKHO BBIIEIIUTH TPU MOAX0/1a K PELIEHUIO 3TOTO BOIPOCA.

1. ®ukcupoBaTh KOJMYECTBO Ha KakoM-To mnpuemiemMom uwmcie (1-20).
KonuuectBo ompexaensercs o0bEMOM oOydaronieil BbIOOPKH, BBIYMCIUTEIbHBIMU
BO3MOYXHOCTSIMU CUCTEMBI, CJIOKHOCTBIO KOHKPETHOW MPUKJIAAHON 3a/1a4u U T.JI.

2. DMIUPUYECKH — TIO0 Pe3ysibTaTaM pPaclo3HaBaHWS Ha TECTOBOW BBIOOPKE.
OCTaHOBUTH YBEJIMYECHHE KOJIMYECTBA TayCCOBBIX (YHKIMI B MOMEHT, KOraa
YJIYUYIIEHUE PACIO3HABAaHUS M3MEHSETCS HAa HE3HAUMMYIO BEJIIMYHMHY WJIM HAaYMHAET
yMEHbIIATHCA. J[aHHBIM NOAXOX NPAKTUYECKH HE IPUMEHSAECTCS M3-3a CBOEHU
TPYZOEMKOCTH.

3. Ucnonb30Bath OIEHKY AHTpONUU WU Jiorapudm mpasgonogodus. [lomaHyro
(GYHKIMIO TPaBAONONI00MS MOXKHO OLEHUTh, HcHoian3ys mnapamerp y(j) (6.26),
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MPEACTABIAIONUN CO00I BEPOATHOCTh B MOMEHT BpeMEHU t HAXOAUTHCSA B COCTOSIHUU

] WK BEC COCTOSIHUSA | B MOMEHT {:
T N

L =22 log(B;(x)r. (i), (6.37)

t=1 j=1
rae L — pynkuus npaBaomnoaoous.

JUis mpoCTOTHI PAcCMOTPUM BapHaHT OOY4YEHHs] C TOMOIIBI0 aJrOpUTMa
Burepbu. B 53ToM ciyuyae KaxIbplii BEKTOp MpPHU3HAKOB 0O0ydYaromeil BBIOOPKHU
«TPUTUCAH» TOJBKO OJHOMY COCTOSIHHMIO, TO3TOMY HE TpeOyeTcs MpOBOJAUTH OYEHb
TPYAOEMKYIO OMNEPAlUI0 IO OJHOBPEMEHHOH ONTUMHU3AMK (YHKIUN TUIOTHOCTH
BEPOSATHOCTH JJIsl BceX cocTosiHui. CTOUT 3a7ada OIEHUTh Ka4eCTBO alMmpOKCUMAIIIH
(YHKIIMH TUIOTHOCTH BEPOSTHOCTH KaXKIOTO COCTOSHUS MO oTAeNbHOCTH. Jlorapudm
TPaBOIIOI00MS IJIsl COCTOSIHUS | UMEET BU/I:

L, = ilog(Bj(xtét'j)), (6.38)

rae B; ompeneneno B (6.34), cuMBoII Jyj paBeH 1, ecnu B MOMEHT BpeMeHH t nporecc
HAXOJWJICS B COCTOSIHUY | ¥ 0 B TPOTUBHOM ClTydae.

Jlorapudm mnpapaonogoduss (6.38) CTpeMHUTCS K SHTPOINUU PACHPEACIICHHUS C
oOpaTHBIM 3HAaKOM TpPH T —ooW TPH YIYUIICHHH KadyecTBa AallpOKCUMAIIUU.
[IpakTvka TOKa3bIBa€T, YTO TMPU UTEPAMOHHOM TIPOLIECCE, OIMUCHIBAEMOM
dopmymnamu (6.34-6.36), ObiCcTpBIil pocT Lj D0BOIBHO OBICTPO CMEHSAETCA MOJIOTOH
kpuBoil. Korna npupamenue Lj craHOBUTCA MEHbIIE HEKOTOPOIO MOPOra, IMpOLECC
OCTAHABJIIMBAIOT U HEKOTOPYIO TrayccoBy ¢yHkmuio u3 (6.30) (00bI9HO (PYHKIHIO C
HauOOJBIIMM BECOM) paCIICIUISIOT Ha JBE KakUM-InOo crmocobom. Ilocme atoro
WUTEPALMOHHBIA TMPOLIECC HA4YMHAKT CHOBAa. Korga ganpHEWIIee YBEIUYCHUE
KOJIMYECTBAa rayccoBbIX (yHKImi B (opmyne (6.30) He NPUBOAUT K 3HAYUMOMY
YBEIMYECHHIO L, KOJIMYECTBO IaycCOBBIX (YHKUUH (UKCUPYIOT. [ TOro 4toObl
n30exaTh TNepeoO0yyeHHUs, MOXKHO MCIOJb30BaTh KOHTPOJIb AIMPOKCUMALUU C
MTOMOIIBI0 KPOCC-BAIMIAIIMOHHON BBIOOPKH (HEOOBINON 0a3bl JaHHBIX, BBIJICIEHHON
u3 oOydaromed BBIOOPDKM M HE Yy4YacTBYIOIIEH B OOY4YEHUM), WM HCIOJIb30BaTh
OaitecoBCKUi MH(DOPMAIMOHHBIA KPUTEPHUH.
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7. HEOAHOPOAHASA MAPKOBCKAS MOJIEJIb

Kak Obulo moka3zaHo B MpeAbIAyIIeM pas3fesie, MapKOBCKOe TpeOoBaHUE
HE3aBUCUMOCTH IPOLECCAa OT UCTOPHH, CIEACTBUEM KOTOPOTO SABISETCA MOCTOSIHHAS
BEPOSTHOCTH BBIXOJIa U3 COCTOSIHUSI, IPUBOAUT K HEAJIEKBATHOMY OIIMCAHUIO BPEMEHU
KU3HU coctosiHuid. Ha pwuc.7.1 wu3zo0paxkeHa HOPMUPOBaHHAs THCTOrpaMMa
pacnpeneneHnss BpEMEHU TMPeOBbIBaHUS B COCTOSSHHM M Pa3IMYHBIC BapHAHTHI €&
anmpokcumanuu. lIpeomosiets JaHHYHO HEAAEKBATHOCTh MOXHO M B paMKax
MapKoBCKOW Mozenu. OJMH U3 MNPUMEHSBIIUXCA B CBOE BpeMsS METOJOB —
pacUIEIJIEHUE COCTOSIHUSA HA HECKOJBKO TOXIECTBEHHBIX (C OJMHAKOBOW AMHUCCHEN)
COCTOSTHUWA M 3alpeTOM «IPBDKKOB» B TOMOJOTHH. OYEBUIIHO, YTO BPEMS KU3HU
TaKOW MOJIENIM B TaKTaX HE MOXET OBbITh MEHBIIE, YeM KOJMYECTBO BHYTPEHHHX
coctositHui. OJIHAKO TakXKe€ OYEBHJHO, YTO TaKUM MPUMHUTHUBHBIM CIOCOOOM
HEBO3MOXHO CMOJIEIMPOBATH PEAIBHYIO TUCTOTPAMMY.

0.2 T T T T T T T ¥ T

0.18[

BepoaTrocts

0.161

0.14

0.12

0.1

0.08}

0.06F

0.04

Q.02

Bpema B oTcuéTax

Puc.7.1. Pacnpedenenue epemenu xcusnu 7-20 cocmosnusi 8 cioge «Seven» [28].

CnnowHas Kpugas — dKCnepumMeHmaivhble OaHHble, NYHKMUP — AnnpoKCUMAayusl
2ayccosoll Kpugol, moyeuHdas Kpueas — annpoKCUMayusi 2amma-pacnpeoeneHuem,
WMPUXNYHKIMUPHAs — —  pacnpeoeieHue 8  COOMBEmMCmeUU ¢  HNOCMOAHHOU
8EPOAMHOCMbIO nepexooa
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JUigs TOro 4toOBl CMOJENHMPOBATh PEAIbHYI0 TUCTOTPAMMY BpPEMEHH >KHM3HH,
IIPUXOJUTCS OTKa3aTbCsid OT MPEANOJIOKEHUS O HE3aBUCUMOCTH IIpolecca OT
OpeaplIyIIuX cocTosHuM. B anmroputmM ButepOu BBOIUTCS JONOJHUTENbHAS
IIEpEMEHHAs, IOJCYUTHIBAIOIIAS KOJIUYECTBO TAKTOB, IPOBEACHHBIX B KaXXIOM
COCTOSIHUM 111 Kaxzaoro nytu. IlomydeHHas B mpouecce oOydyeHHs THCTOrpamma
CIIYy’KUT UCTOYHUKOM HMH(POPMALIUU O BEPOSTHOCTU OCTAThCS B JAHHOM COCTOSTHUH,
KaKk (YHKIMH KOJMYECTBA TAaKTOB, MpoBeACHHBIX B HEM — a(t). Takas mojenb
HAa3bIBACTCA IOJYMAapKOBCKOW WJIM HEOAHOPOAHOM MAapKOBCKOW. PaccMmorpum
(GopMyIibl, MO3BOJIAIONIME MO THCTOrpaMME BpPEMEHHM MpeObIBaHUS COCTOSIHUS
BOCCTAaHOBUTH BEPOSITHOCTh OCTaThCSl B COCTOSIHMM KaK (DYHKIHIO TakTa BpPEMEHH.
BeposiTHOCTh, HaxX0AiCh B TaHHOM COCTOSIHMM, MPOOBITH B HEM N TaKTOB, a 3aTEM
IIOKMHYTH €70, PaBHA:

P(t,)=(1- a(tn))ﬁ a(t,), n>1,

P(tl) = (1_ a(tl)) . (71)
D10 aHamor Qopmynsl (6.5) W3 TPEBUIYIIETO pasjela, II€ BEPOATHOCTH a
paccMaTpuBanach Kak KOHCTaHTa. BepostHoctn P(t) mnpeacraBasior coboi
HOPMHPOBAHHYIO TUCTOTPAMMY.
3uauenus a(t;) BEIYUCIAIOTCS PEKYPCUBHO:

a(t) =1-P(t,);

P(t,)
a(t,)’

............................... (7.2)

at,) =1- ),

_r_[a(ti)

B kauectBe P(1j)) HCHIONB3YIOT ammpoOKCHMAIMIO TMOJYYEHHOW JKCIEPUMEHTAIBHO
THCTOTpaMMBbl  pacmpezeneHueM  IlyaccoHa,  HOpManbHBIM WM  ramma-
pacmpeneneHreM. JTo JenaeTcs, YTOObl H30eKaTh CIyJailHbIX CKauyKOB, CBSI3aHHBIX C
HEJIOCTAaTOYHOCTHIO 00yUaroIiell BHIOOPKH, 0COOCHHO Ha KpasiX THCTOrPaMMBI.

PaccMoTpenHbIe pacuéThl U MOJTyYE€HHBIE BEPOSITHOCTH MIEPEX00B MPUMEHSIOTCS
K COCTOSHUSIM, COOTBETCTBYyIOLIUM ¢oHemaM. Ilpu pa3dbueHun cocTosHUil,
COOTBETCTBYIOIIMX (OHEMaM, Ha TOJICOCTOSHUS HCIOJB3YIOTCS BEPOSITHOCTH
NEPEX0JI0B, MEPECUUTAHHbIE U3 BEPOSATHOCTU IMEpPexoja, OTHOcsImMecs K (oHEME B
nenoM. OCHOBaHHMEM [UIsl TaKOro MOAXOAA SIBISIETCA TO, YTO TOYHOCTh OIICHKH
TUCTOrpaMM BPEMEHHM KU3HU JJIs OJICOCTOSHUN HEI0CTaTOYHA.

Tomonorus mMonenu B BUJE JUarpaMMbl COCTOSIHUNA M TIEPEXO0B MEXKIYy HUMHU
npe/cTaBICHa Ha PUCYHKE 7.2,

[Ipexxae yem paccMOTpPETh OICHKY BEPOSITHOCTEH a8i1, Az, 833 OTMETHM, YTO
MOJIeJIb PUC. 7.2. HE MOXET UMETh BPEMS )KMU3HU MEHEe TPEX TaKTOB, YTO MOXKET HE

a(t,)=1-



b1 b2 bz

Puc. 7.2. Tononoeuss mooenu ¢ mpems cocmosiHusamu 0 mpugona
S,, S,, S, — cocmosanus mooenu mpughoua;

S, E — supmyanvnwie y3uvl, coomeemcmayowue Ha4aibHOMY (S) U KOHEUHOMY
(E) cocmosinusim gponemp,
ai1, 822, 833 — BEPOAMHOCMU OCMAMbBCA 8 COOMBEMCMBYIOU,EM COCMOAHUU
mpugona.
a1, A3, — BEpPOAMHOCIU Nepeumu 8 credyloujee COCMosaHue mpugoua.
Age— BEPOAMHOCIYb BbLUMU U3 MPUPDOHA.
b, — n1omunocmu 6epoamuocmu HAOIIOO0EHUsI eKMOPA NPUSHAKOB OJisl COCMOSHUSA

S, (8eposmHocmb aImuccuL).

COOTBETCTBOBATh 3KCIEPHUMEHTAIBHBIM  JaHHBIM, IIOJIYYEHHBIM Il  MOJEIU
«KOpPOTKOXUBYyIIEro» TpupoHa. B 3ToM ciydae mjis mOMydeHHUs aJeKBATHOTO
BPEMEHH >KM3HU MOJIeIH TpUu(doHa U3 TPEX COCTOSIHUM ClIeyeT U3MEHHUTh TOIOJIOTHIO
MOJIETH ¥ MO3BOJIUTH MPBIKKU U3 JHOOOT0 COCTOSIHUS MOJENH B CIEAYIOIIMNNA TpU(OH,
MUHYsI IIPOMEXYTOUHBIE COCTOSIHUS, OJIHAKO TaKO€ PELIEHHE PE3KO YBEINYUBAET
KOJIMYECTBO TUIIOTE3 JIs IeKOAUpOBaHUs. BO3MOXXHBIM BBIXO0M OyAET TakKe OTKa3
OT CTOJIb MEJIKOTO JeJIeHUs KOpoTkoro Tpudona. Ecnu ke cpeaHee BpeMs >KU3HU
TpupoHA CYIIECTBEHHO MPEBOCXOAUT CPEIHEKBAJAPATUYHOE OTKIOHEHHUE, XOpOIIeH
OLICHKOW Il BEPOSITHOCTEM aji, 8pp, 833 OyAyT BEPOSITHOCTH, BBIUMCIIEHHBIE IO
dopmynam (7.2) niast HOpMHUPOBaHHBIX Tuctorpamm Pi, P,, P3, cymma cpemnux
KOTOPBIX pPaBHA CpEJHEMY, a CyMMa JHMCHEPCHA paBHA JUCIEPCUU HCXOIHON
TUCTOTpaMMBbI TpU(DOHA.
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8. IPOBJIEMA BbIBOPA EJUHUL] POHETUYECKOI'O YPOBHA

B npenpiaymem pasgene B paMKax — CKPBITOM  MapKOBCKOM — MOJENH
UCIIOJI30BAJIOCh  TMOHSATUE  «cocTosiHue». [loHATHO, YTO [N pealu3aluu
pacmo3HaBaHUs pPEUYM COCTOSHUSL  JIOJDKHBI  OBITh  CBSI3aHBl € €JUHUIIAMU
doneTnueckoro ypoBHs. [lockoJibKYy peub SBISETCS MPOLIECCOM, BO3MOXHO
oObeIMHEeHNE (KOHKaTeHAlMs1) Mojieniel poHeTnuecknx (parMeHTOB B HEMPEPHIBHOE
npousHeceHue. TakuM 00pa3oM, BMECTO CO3/IaHUsI MOJENEH ISl KaXI0TO CJIO0Ba, 4TO
SBJISICTCS. HETIOCWJILHOM 3ajaveil i OOJBINMX CJOBapei, CO3JAl0TCSd MOJCIU
AJIEMEHTOB HIDKHETO YPOBHS. B KadecTBe TakuxX SJEMEHTOB HCCIIEIOBAIUCH CJIOTH,
dbonembl m (parmeHTsl ¢doHeM. B HacTosmee Bpems OOIICHPUHSATHIM SBIISICTCS
WCIIOJIb30BAaHUE KOHTEKCTHO-HE3aBUCUMBIX (oHeM (MOHO(DOHOB) JUIsl CpPEIHUX
cloBapeid M KOHTEKCTHO-3aBHUCUMBIX (hoHeM (aupoHOB, TPUPOHOB) sl OOJBIINX
cioBapeid. HeodxoaumMocTh UCTOIb30BaTh YaCTH (DOHEM U KOHTEKCTHYIO 3aBUCHMOCTh
O0OBSCHSICTCS KOAPTHKYJISAIUEH (B3aUMHBIM BIIUSIHUEM IMPOU3HOCUMBIX 3BYKOB JAPYT Ha
Ipyra), pacCMOTPEHHOM B TepBOM pasaeine. B3aumoBnusHue ¢oHeM He
OTPAaHUYMBAETCS COCEISIMU, a MOMKET PACIPOCTPAHSETCS HA HECKOJBKO COCEIHUX
¢donem. OOBIYHO UCTIONB3YIOT HHPOpMaIHIO 00 o fHOM (noHB/OM(OHBI) HITH JIEBOM
U npaBoM (Tpu(oHBI) cocensx (1o aHajaoruu, poHembl 0e3 yuéra BIMSHUS KOHTEKCTa
Ha3bIBalOT MOHO(oHaMu). [Ipu 3TOM KONMMUECTBO (POHETUUECKUX ETUHUIl HACTOIBKO
BO3pACTaeT, 4TO Ja)Xe OUYEHb OONbIIMX 0a3 JaHHBIX HE XBATaeT JJIS OLIEHKH HUX
cratuctuku. [lpuBeném nanHple W3 paboThl [29], oTHOCsIIEHCS K aHTIUHCKOMY
S3bIKY, M IIHPOKO HMCHoyb3yeMoir 6a3e manHbix Wall Street Journal Pronunciation
Lexicon. [Iynsg aHIIMHACKOTO s3bIKA KOJMYECTBO (POHEM COCTaBIsieT OKoyio S50
(KOJIMYECTBO HE SBISACTCA (PUKCUPOBAHHBIM — Pl PacHpOCTpPaHEHHBIX AUGOHOB
(OudoHOB) MM TPUPOHOB MOKHO 3apaHee OTHECTH K OTAEIbHBIM (poHeMam). [lomHoe
KOJIMYECTBO TPU(POHOB COCTaBISET 50°=125000. YacTb 3THX Tpu(OHOB 3arpenieHa
(GOoHETMUYECKMMHU TMpaBUJIAMU JIAHHOTO SI3bIKa M HUKOI/IA HE BCTpEYaeTcsi, OCTaércs
95221 tpudon. B ynmomsaHyToi 6a3ze JaHHBIX, KOTOpas cocTaBisieT Oojee 57 4acoB
peun u coaepxxut 6osnee 36000 mpeoxeHuit, BctpeyaeTcs: Toyibko 22804 tpudona,
U3 HUX TOJbKOo 14545 TtpudonoB Bcrpewarorcs 6osee 10 pa3. IlonarHo, uto st
o0yuenuss CMM TpebOyercs 3HAUUTENLHOE KOJIMYECTBO OOpa3lloB MOJEIHPYEMOTO
obbekta. Uncno 10 MOXHO MpU3HATP MUHUMAJIBHO TOCTATOYHBIM I OOY4YEHUS.
Taxum obpazom, 6osee 80000 TpudoHOB SIBIAIOTCS HEBUIUMBIMH (Unseen), HO MOTYT
BCTPETUTHLCS TIPH IKCIUTYaTaAllU CUCTEMBI PACTIO3HABAHUS.

KonnuecTtBo mapameTrpoB Ui OJHOW MAapKOBCKOW MOJIECIM MOXKET JIOCTUTaTh
1000-2000 (croma BXOAST MAaTpUIBl MEPEXOJOB U MapaMeTPhl TayCCOBBIX (DYHKIIHIA,
aNMPOKCUMUPYIOMUX (YHKIMH TUIOTHOCTH BEPOATHOCTH). Ecimum yMHOXHUTH 3TO
yucao Ha koimuecTBo TpudoHoB (okoio 100000), obiiee KOJIUUECTBO MapaMeTpOB,
KOTOPOE€ HAJI0 OIIEHUTH B IMpoliecce 00yUYeHUs, OKa3bIBACTCS MOPSIKA 108-10° Takum
oOpa3oM, BCTa€T HETpUBHAJbHAS 3aJadya — OLEHUTh MWUIMOHBI MapaMeTpoB,
OOJIBIIIMHCTBO M3 KOTOPBIX B 0Oy4Jaroiei 0a3e JaHHBIX HE MPOSBIISIOTCS.

JJg TipeoosieHust 3TOW TPYAHOCTH MPEIJIOAKEHO JBa IIYTH — OCHOBAHHBIM Ha
(OHETUYECKUX TPEACTABICHUSIX, TO €CTh B 3HAUUTEIHLHOW CTETICHH CyOBEKTHUBHBIH,
MeTo pemaromero aepeBa (decision tree) u mporecc oOpa3oBaHHs TPU(OHOB,
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ynpaBisieMblid gaHHbiMEH (data driven). O6a Merona mpecieayloT OJIHY Ielb —
YIOPABJIATh KOJUYECTBOM OIICHMBAEMbIX TMapaMeTpPOB B 3aBHCUMOCTH OT OOBEMaA
oOy4arorieii BEIOOPKH, TTOCKOJIBKY OTBIT CO3JaHHUS CHCTEM pPaclo3HaBaHUS IOKa3all,
YTO JIy4Ille HaJEXHO OOYYUTh CUCTEMY C HEOOJBIITMM KOJUYCCTBOM TTapaMEeTPOB, YEM
pa3paboTaTth CIOXHYK) CHCTEMY C OOJBIIMM KOJHUYECTBOM IIapaMeTpOB, HE
00eCTICUeHHBIX JAaHHBIMU JIJI1 O0yUCHHUS.

8.1. Kitacrepu3auus Ha OCHOBe AepeBa pelIeHu i

Wnes metona 3akiro4aeTcss B TOM, 9YTO (POHEMBI MOXXHO OOBEIUHUTH B TPYMIIHI
1o TUIly BiusiHUA. Hanmpumep, MOXKHO MPEANONI0KUTh, YTO COTJIACHBIE C OJJHUM U TEM
K€ MECTOM 00pa30BaHMs OJMHAKOBO BIMAIOT Ha MOCIEAYIOUIYIO IacHyto. Torma
HECKOJIbKO TPU(POHOB OyAyT OMUCHIBATHCS OJHON MOJENbIO. 3a/laya METOAAa COCTOUT
B HCIIOJBb30BaHUU OOBEKTUBHBIX KPUTEPUEB ISl OOBEAMHEHUS WIH JIPOOJIEHUS
TpUdOHOB U OUPOHOB.

PaccmoTpum cyth Meroaa miis TpudoHOB (OMGOHBI CTPOSTCS AHAIOTMYHO C
y4€TOM TOJIBKO JIEBOTO MJIM MPABOTO KOHTEKCTOB).

Kaxmolhi QoHemMe MOXHO TIpUMNUCaTh psAJl aTpUOYTOB, MOCIEIOBATEIBLHO
KOHKPETU3UPYIOIIUX €€ CBOMCTBA U pa30MBAIOLIMX BCIO COBOKYMHOCTh KOHTEKCTHO-
HE3aBUCUMBIX (POHOB (MOHO(GOHOB) Ha OoJiee MeslKue Kiaacchl. Torna kaxaplid TpudoH
OyAeT SBIATHCS HEKOTOPOW KOHEYHOH BETBBIO JEpeBa BONPOCOB, CIIYCKasCh IO
KOTOPOM, MBI OyJIeM MepexoauTh KO BcE Oojiee MIMPOKUM KilaccaM, OOBEIUHSIONAM
Tpudonsl. Haunnas ¢ MoHO(GOHOB, OyZieM MOCIIeI0BAaTEIbLHO BKIIIOYATh HH(HOPMAIIHIO
O TIPaBBIX WJIM JIEBBIX COCEMSX, 3a/1aBasi OTHOCUTEIBHO HUX «OMHAPHBIE BOIPOCHD» U3
CrHcKa aTpuOyTOB, HAPUMEDP <«JIEBBIH cocell — (GpUKATUBHBIA? / JIEBBIA cocel — HE
bpukaTuBHBIN?» (pa3yMeeTcsi, HAYMHATh HAJI0 C BOIIPOCOB, HAXOASIIMXCS «HUXKE» TI0
CTBOJIy JepeBa BOMNPOCOB). Pe3ynbratoM paccMaTpuBaeMoOll Npoueaypbl OyaeT
co3zaHue (oHETHYECKOoro OMHApHOTO «JjepeBa pemieHui» (Decision tree), CTBOJIOM
KOTOPOTO SBJISIETCA MCXOJIHBIA MOHO(DOH, a KOHEUHBIMU BETBSIMU WJIU JIUCTHSIMU —
TpU(OHBI, JI€TaJTU3UPOBAHHBIE B TOM CTENEHU, KOTOPYIO MO3BOJISIOT MPUIIHCAHHBIE
MOHO(OHAM aTPUOYTHI.

B 3amauy nmocTpoeHuss ~ pelarolmero  JAepeBa  BXOJIUT  OIpPEAEIICHHE
MOCJIEIOBATEILHOCTH BOIIPOCOB, OTHOCSIIUXCSA K JIEBOMY M IPABOMY KOHTEKCTaM.
EcTecTBEHHO CTpeMUTbCS K TOMY, 4YTOOBI OYEpPETHOM BOIPOC HAUTYUYIIUM, B
HEKOTOPOM CMbICIIe, 00pa3oM paziessli 00y4aronlyr0 BBIOOPKY, OTHOCSIIYIOCS K
naHHoOMY TpUGOHY, Ha JIB€ BHIOOPKH, OTHOCSIIHMECS K JIBYM YTOYHEHHBIM TpUDOHAM.
CrerneHb yaydlIEeHUsT MOXHO CBs3aTh € (yHKIued morapudma MpaBaonoaoous,
noJiydaeMol TMpu odepeqHoM jenieHud. DyHKuug Jorapudma MpaBaonoaoous
CHCTEMbI, OMUCHIBAEMON IIJIOTHOCTBIO BeposTHOCTH P(X), Iie X — KOOpauHaTa B
IPOCTPAHCTBE MPU3HAKOB, UMEET BUJI:

L= log(p(x,)), 81)

I7ie Xj — COBOKYMHOCTh BEKTOPOB, MPUHAJIEKAIIUX paciuerusieMmoMmy Tpudony, N —
KOJINYECTBO BEKTOPOB.
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[Tocne pasgeneHus HEKOTOPOro TpudoOHA MOJYYUM JABa HOBBIX TpHUQOHA,
KOTOPBIE OINMHCHIBAIOTCA CBOMMH IUJIOTHOCTSIMH BEPOSATHOCTH C  (PyHKIUSAMH
Jorapudma mpaBaonoa00us:

L,=L+L,= ilog(p(xi‘” )+ %Iog(p(xi@ ), (8.2)

rae Xi(l), N; u x, N, — COBOKYIMHOCTh M KOJMYECTBO BEKTOPOB, MPUHAIICIKAIINX
nepBoMy u BTopomy Tpudony, N;+N,=N.

Ecnu kaxnass QyHKUuUsl MJIOTHOCTU BEPOSITHOCTU ANIMPOKCUMUPYETCS OJHUM U
TE€M K€ KOJUYECTBOM TayCCOBBIX (DYHKIMI (pEKOMEHIyeTCs MPOBOJIUTH OMNEPALIMIO
MOCTPOEHUSI PEHIAONIero JepeBa, UCIOJIb3Yysl OJIHY TayCcCOBY (DYHKIMIO Ha KaXKI0e
COCTOSIHHE), COBMECTHAs CUCcTeMa OyJIeT OMUChIBAThHCSl TOUHEE, M pa3HULIA:

AL=L +L,-L, (8.3)
SBJIIONIASICS TPUPALLIEHUEM MTPaBAONOA00HUs, OyIeT MOJIOKUTEIbHOM.

Takum 006pa3om, CTaHOBUTCS MOHSATHA MIPOIIETypa MOTYUSHUS AepeBa pEIIeHUN.

1. OTHOCUTEIBPHO HWCXOAHOTO MOHO(OHA JUIsl JICBOTO M TPABOTO KOHTEKCTOB
MOCJIeTIOBATEIHHO 3a1aéM 0a30BBIE BOIIPOCHI:

«JIEBBIN cocel — riiacHas / JIEBBII cocell — HE TIacHasy

«IpaBbIil coceT — ritacHas / mpaBbIi COCel — HE TIIacHas

U tak nanee.

B nepeBe BorpocoB Bce MOHO(OHBI ACATCS Ha TJIACHBIE U COTJIACHBIC, TTOITOMY
OTpUIIATEIBLHBIN OTBET Ha BOMPOC O TJIACHOW aBTOMATHYECKU O3HAYAET COTJIACHYIO.
[IpeacraBinennass ¢gopMa BONPOCOB JHIIb MOAYEPKUBAET UX OMHApHYIO GOpMY,
TPEOYIOIYIO TOJIBKO OTBETOB «J1a» UJIH «HET.

Kax w1t Borpoc pa3dbuBaeT uMerolyecss B 00ydaromieid BeIoopke MOHO(OHBI Ha
JIBE TPYIIIBI, I KOTOPBIX MOCTE O0yYeHUSI U BHIYUCIIECHUS TIFIOTHOCTEN BEPOATHOCTH
MOHO BBIYUCIUTEL Jorapudmel mpaaononodus. I[lepBeiM BompocoM B JepeBe
pELIEHU  CTAHOBUTCS  TOT, KOTOpPbIA JAa€T MAKCUMAJIbHOE MPHUPAIICHHE
npasonoaoous (8.3).

2. OTHOCUTENHHO TpUQOHA JIJISt JIEBOTO U MPABOTO KOHTEKCTOB MOCIIEI0BATEIIHHO
3a1aéM OCTaBIIKECS BOIPOCHI W3 CIHCKAa I HMCXOJIHOTO MOHOdoHa. B kadecTBe
OYEpEIHOr0 OMSATh CTAaBHUM BOIPOC, [JAKMIM MaKCHUMalbHOE MpHUpalIEHUE
paBaomoa00us.

3. Ilpouenypa nng JaHHOM BETBM J€pEBa PEIICHUU MPEKpaIlaeTcs, KOraa
MakcuMalibHasi HMHGpOpMaIMs, MOJydeHHAss Ha OYepeHOM Iuare 2, CTaHOBUTCS
MEHBIIIE HEKOTOPOr0 AMIMPUUECKOTO TOpOora MM KOTJla KOJUYECTBO 0O0pas3IoB
TpupoHa B 0Oydaromieil BHIOOPKE MOCIIE OYEPEAHOrO JEJIEHUS CTAHOBUTCS MEHBIIE
HEKOTOPOTO MOPOrOBOTO 3HAYECHUS, HEOOXOAUMOTO JJIsl OLIEHKU (DYHKIIUU TJIOTHOCTH
BEPOSITHOCTH (3TUM TTOPOTOBBIM 3HAYCHHEM B CTATUCTHUKE YacTO BbIOWparoT 10, 4ro,
KOHEUYHO, CJIMIIKOM Majo JJis 3aJa4yd OLUEHKU (DYHKIUHU TJIOTHOCTH BEPOSITHOCTH B
JaHHOW MHOTOMEPHOM 3a1a4e).

[TocTpoenHoe QoHeTHuecKoe JAEpeBO PEIICHUN TO3BOJSET HCIOIb30BATh
Pa3IMYHYI0 CTENEHb CBSI3aHHOCTU COCTOSIHUM HW, COOTBETCTBEHHO, PA3JIUYHOE
KOJMYECTBO  TPU(POHOB,  YAOBIETBOPSS  KOMIPOMHUCC  MEXKAY  TOYHOCTBHIO
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pacmo3HaBaHWsl W JIOCTYMHOW MaMsIThI0O WU ObICTpoAecTBHEM. JIJsi HEBUIMMBIX
TpUGOHOB ClIeTyeT UCIOIb30BaTh HanboIee OJIM3KYI0 BETBb J€pPEBa PEILICHU.

[Ipouienypa mNOCTpOEHUs pEIIAIOIIErOo JepeBa HOCUT Ype3BblYailHO oOIIuit
XapakTep M HE MPUBS3aHA HUCKIIOUUTEIHHO K (OoHETHKe, €€ Lenb — TreHepanus
HamOoJsiee HMH(POPMATHUBHBIX €IWHUIl IJs pacro3HaBaHusi. B wyacTHoctH, cpenu
paCUICIUISIIONIMX OMHAPHBIX BOMPOCOB MOTYT OBITH BOMPOCHI O MOJIe, BO3pPACTE WU
JMAJIEKTHBIX OCOOEHHOCTAX AuKTOpa. M ecnm oOydaromast 6a3a JaHHBIX COACPIKUT
OTBETHI Ha JaHHBIC BOIMPOCHI, TO HEKOTOPHIE BETBU OYIyT COAEpPKATh Pa3IUYHBIC
TpUdOHBI JUIsl MYXXYUH, JKCHIIWH, aeted u T.1. KoHeuHo, cieayeT MOMHUTH, YTO
aJIecKBaTHAsE OIeHKAa (DYHKIIMM TUIOTHOCTH BEPOSTHOCTH HOBBIX TpU(OHOB TpeOyeT
JIOCTATOYHOW CTAaTUCTUKU. BUIMMO, MO3TOMY NMPUMEHEHHUE OYEBUIHOTO BOIpPOCA O
MoJI€ AUKTOPA HE MPHUBOAUT K OJIHO3HAYHOMY YJIYUIICHUIO pAclO3HABaHUs, XOTS IO
UH()OPMATUBHOCTH ATOT BOIMPOC OKA3BIBACTCS OJHUM U3 MEPBBIX B JIEPEBE pEUICHUN
[29]. [TonsiTHO, 9TO 3amaBast STOT BOIPOC, MBI Cpa3y YMEHbIIaeM 0a3y JaHHBIX IS
UCCIenyeMOro Tpu(oHa HaIMoJOBHHY (€CiIM, KOHEYHO, 0a3a COAEPHKUT OJUHAKOBBIN
00BEM peun 711 MY>KYUH U SKSHIIUH ).

[Tpouenypy, aHaJOTMYHYIO OCTPOEHHUIO PEIIAIOIIETO JAEPEBA, Mbl HUCTIOIb30BAIN
JUTSL ONITUMU3AIMK KOJIMYECTBA rayCCOBBIX (PYHKIMA B CMeCH (TIPEIABIIYIIUN pa3/en).
3ametuMm, 4To Oojiee TOYHOE ONHCaHUE (PYHKUUMU TUIOTHOCTH BEPOATHOCTHU
CYILIECTBYIOILIETO TPU(OHA B HEKOTOPOM CMBICIIE SKBUBAJICHTHO €0 MPEACTABICHUIO
B BHUJE JBYX HOBbIX TpudoHOB. Ecimm gocturHyTo paszzgeneHue IMIOTHOCTEH
BEPOSITHOCTU PA3IUYHBIX TPU(GOHOB B MPOCTPAHCTBE MPHU3HAKOB, JalibHEUIIIEE
YTOYHEHHUE MOXKET MPOUCXOIUTh JIOObIM M3 ATUX myTed. JloOaBisii rayccoBbl
GbyHKIMM B CMeChb M TIPOBOJs OOy4Y€HHE, MBI MOXKEM OCTaHOBHUTHCS, KOrJa
noyiyqaemasi 100aBo4yHasi ”HGOPMAIIHs CTAHOBUTCSI MEHBIIIE HEKOTOPOTO MOPOra.

Hecmotps Ha  mpumensemble  ¢opmynsr  (8.1-8.3), mnpencrarnstonue
OOBEKTUBHBIN KPUTEPHA, B OCHOBE METOJIa JISKUT CIMUCOK BOMPOCOB, COCTABIISICMBIH
JMHTBUCTaMU. B 3TOW CBA3M yMECTHO BCHOMHHUTH BbICKa3biBaHue @. J[kenmHeka,
PYKOBOJIMBIIIETO TPyNIoi pacno3naBanus peun B IBM: «Every time | fire a linguist
the performance of the recognizer improves».

8.2. YupasJiisieMblil JAHHBIMHA METO/I IOCTPOCHUS COCTOSIHUM

Merton ocHOBaH Ha mporeaype oOydenusi Burepbu. Kak Obuto ckazano B
HpeabIIyIieM pasjelie, B JIaHHOM Cllydae BCE BEKTOPHI IMPHU3HAKOB OOydaroIei
BBIOOPKH OJHO3HAYHO MPHITUCHIBAIOTCS TOMY HIIH HHOMY COCTOSIHAIO, TO €CTh
IPOM3BOIUTCS aBTOMAaTHuUecKas cerMeHTaius (BoipaBHHBaHue, ~forced alignment”)
0a3pl qaHHbIX. [IpM 3TOM HavaibHas CErMEHTAIWs, M0 KpaiHed mepe, dacTh 0asbl
JAHHBIX, MPOM3BOIMTCS BPYYHYIO JJISL CO3MaHUS Mojeieil MOHO(OHOB Ha CTapTe
UTEPALMOHHOIO Mporecca. TakuM oOpa3oM, Bce BEKTOPHI MPH3HAKOB OOydaroleit
0a3bl JAHHBIX PACIPECIICHBI MO COCTOSIHUAM. [10CKOIBKY TEKCThI 00y4Jaromiel 0a3bl
JTAHHBIX M3BECTHBI, BEKTOPHI MPU3HAKOB, MPHHAJICKAIIME BCEM MPEACTABICHHBIM B
obOyuaroreit BeiOOpke TpudoHam (MOHOGOHAM C W3BECTHBIMH COCEISMH ClieBa U
CIpaBa), TAKXXE JIOCTYIIHBI.
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Hama 3agada — moctpouth 00benMHEHUSI TPUPOHOB, TO €CTh KIACTEPhl, TAKUM
00pa3om, 4TOOBI:

1. BXoasmue B Kjactep TpU(POHBI ObUTH OJU3KH B COOTBETCTBUHU C KaKUM-JIMOO
KpUTEpUEM;

2. KOIMYECTBO BEKTOPOB MPHU3HAKOB, MPEICTABIISAIONINX KJIAcTEep B 0OydJaromiei
O0aze, ObUIO HE MEHbIIE HEKOTOPOro 3aJlaHHOTO0 4YHCja, 4YTOObl 00eCHe4YuTh
JIOCTATOYHYIO CTATHCTHKY JIJISl OIICHKN (DYHKIIMH IUTIOTHOCTH BEPOSTHOCTH KiIacTepa.

Jlist kacTepu3aly MpUMEHSIETCS KPOCC-OHTPOIIHSI, KOTOpasi U3MepsieT CpPeIHee
KOJIMYECTBO MH(MOPMAINKN TIPU UICHTU(DHUKAIIUA HEKOTOPOTO COOBITHSA, €CJIU BMECTO
KACTHUHHOTO» PACIpeIe/ICHHs P UCIIOJIb3YyeTCs pacnpeaenenue b:

H(p,a) =] p(x)log(b(x))dv (8.4)

OreHKa KpOCC-3HTPOIIMK Ha OCHOBE 00YyYarolieil BRIOOPKU OCYIIECTBISIETCS TaK
ke, KaK M OIICHKAa SHTPOIUHU MPHU BHIOOPE KOJIWYECTBA TayCCOBBIX (DYHKIIMA — B BHJIE
HOPMHUPOBAaHHOM (PyHKIMM Jorapudma TpaBaONOa00Hs C OOpaTHBIM 3HAKOM (CM.

IPEIbIIYIIAN pa3aen):

Nj

H o~ _Nizllog(b(xg)) | (8.5)

S
rae Nj — Koau4ecTBO BEKTOPOB COCTOSIHUSA ¢ HOMepoM J, b(X) — ¢yHKms mnotHOCTH
BEPOATHOCTH (BEPOATHOCTH SMUCCUH) KJIACTEPA.

OrcHUBaeTCS CTEMECHb OJM30CTH COCTOSHUSL C HOMEPOM | C KJIacTepoM,
UMEIOIIUM (PYHKIIMIO IJIOTHOCTH BeposITHOCTH D(X). O4eBHIHO, YTO KPOCC-IHTPOIIHS
TEM MEHbINE, YeM OJMKEe TAaHHOE COCTOSHHUE K KJIAacTepy, TO €CTh UeM <«JTy4IlIe»
HAKJIQJbIBAaCTCS COOCTBeHHAs (YHKIMS TUIOTHOCTH BEPOATHOCTH pacHpeeiIeHUs
COCTOSIHMSI Ha (PYHKITMIO TJIOTHOCTHM BEPOSTHOCTH Kiactepa. Ha 3ToM ocHOBaHuU
OLIEHKY Kpocc-3HTponuH (8.5) MOKHO MCITOJIb30BaTh B KAUeCTBE MEPbI OJU30CTH MPH
KJactepusanuu cocrtossHui. [lpu kimactepusanuu Bce BEKTOPHI MPU3HAKOB JAHHOTO
COCTOSIHMSI TIEpEHOCITCS B Onmrpkaimmid kiaactep. [locne nepepacnpenenenus JaHHBIX
MEXIy KJacTepaMu TPOU3BOJMUTCS HOBBIA pacdy€T BEPOSTHOCTH SMHCCHH IS
KaXJ0ro kimacrepa. MrepammonHas mporenypa TNpeKpaiaercs, KOorja JJaHHBIC
NepecTaroT NEPEX0IUTh U3 KacTepa B KiacTep.

Onucannas mporeaypa He Ja€T OTBETa Ha BOMPOC: HAa CKOJBKO TMOACOCTOSTHHUIA
pa30uBaTh HayalbHBIE COCTOSHUSA, TMOJTYYCHHBIE HA OCHOBE PYYHOH CerMeHTaiuu?
OTBeT CHOBa MOXHO IOJYYUTh, WCIIONB3YS TOHATHS SHTPONUU (OLIEHUBACMOM C
MIOMOIIbI0 HOPMHPOBaHHOW (yHKIHMH Jsorapudma mpasromnonodus) (8.1, 8.2) wu
uH(popmauu (OEHUBAEMOM KakK MpupaileHue GyHKIUH Jorapudma npapaonoaoomns
(8.3)). Ecnmm HekoTOpOoe COCTOSHUE MPEACTaBICHO B O0Oydaroleil BbIOOpPKE
JIOCTaTOYHBIM KOJUYECTBOM BEKTOPOB MPHU3HAKOB, €T0 MOXHO Pa3OMTh Ha JiBa WUIU
Tpu coctosinug. HauanpbHoe pa3OueHue MNpou3BOJILHO (MPU YCIOBUHU, YTO KaXKI0€
COCTOSIHME OIMCHIBAECTCA JIOCTATOYHBIM KOJIMYECTBOM BEKTOpOB). B pesynbraTe
UTEPAIIMOHHON TPOLEAYypbl O00ydYeHUs OYyIyT TMOJy4YeHbl YTOUYHEHHBIC TPAHUIIBI
cocTosHuii W BbluncieHa wuHbopmarus (8.3). Ecim kaxgoe u3  cocTosHUM
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OMMCBHIBAETCS JIOCTATOYHBIM KOJIMYECTBOM BEKTOPOB W TOJMy4YEHHash HH(OpMAIHs
MPEBBIIIAET HEKOTOPHIN MOPOT, TAHHOE pa30MeHNe MPUHUMAETCS.

[Tomumo mojeneit TpudoHOB, OOBIYHO CO3/IAI0T MOACTH OU(POHOB U MOHOGOHOB.

Mopenu 6upoHOB 1 MOHOGOHOB HEOOXOIUMBI 110 HECKOJIBKUM IMPUYUHAM.

[lepBasi COCTOMT B TOM, YTO Ja)k€ MPHU HUCIIOJIb30BAaHUU OOJIBIIONW 0O0yUaromiei
BBIOOPKH, OCTaeTCs BEPOSITHOCTh TOTO, YTO HA ATalle pPacrno3HaBAHMS BCTPETUTCS
TpuQOH, UISI KOTOPOTO MPH MOCTPOCHUH MOJeNel TPU(POHOB OKA3aJIOCh CIHIIKOM
MaJio JaHHBIX, U COOTBETCTBYIOIIAsl €My MOJieb He Oblila mocTpoeHa. B atom ciydae
MoJieib TpeOyeMoro TpudoHa J0JKHA OBITh 3aMEHEHa Ha aKyCTHMUYeCKH OJIM3KYIO, B
Ka4eCTBE KOTOPOM MOXKET OBITh HCITOJIb30BaHa MO/Ieb OndoHa 1k MOHO(OHA.

Bropas mpuuymHa 3akirogaeTcss B TOM, UYTO B HEKOTOPBIX TIpaMMaTHKax
(Hampumep, MpH MOUCKE KIIIOUEBBIX CIIOB) JIEBBII MM MPaBblii KOHTEKCT CJIOBA MOXKET
OBITH HE OMpeJesIeH, T03TOMY BMECTO TpU(OHA HEOOXOIUMO HCIOJIH30BATH MOIEIb
oudpona ¢ omAHUM (UKCHUPOBAHHBIM KOHTEKCTOM H MPOU3BOJIBHBIM APYTUM
KOHTEKCTOM.

TpeTbss mpuunHaA BBITEKAET U3 HEOOXOTUMOCTH ONTHUMM3AINH CETH JIEKCHKOHA
(cM. paspeln, MOCBSIICHHBIA JEKOJEepy) NPU PACIO3HABAHUU C OOJBIIUM CIIOBAPEM.
OnTumu3anus MPOU3BOIUTCS TyTeM OOBEAMHEHHsS] (POHEMHBIX Y3JI0B, HMMEIOIINUX
OJIMHAKOBbIE MACHTU(UKATOPBI Mozenel. Ha kaxayro ¢poHeMy MOXXET MPUXOIUTHCS
70 HECKOJIBKHX COTeH Mmojenei TpudoHos. I[losTomy, eciam MCHoab30BaTh MOACIH
TpUdOHOB BMECTO HAYAIBHBIX (JOHEM CJIOB, TO MPHU OOJBIIOM CJIOBAPE KOJIMYECTBO
TOYEK BXOJa B JIEKCUKOH OYJEeT B JECATKM WJIM B COTHHU pa3 OOJjblle, YeM IpHU
UCIIOJIb30BaHUU MoOZeNied MOHO(OHOB, YTO IPU PACIIO3HABAHUM NPUBEIET K
IPONOPLIUOHATIEHOMY YBEJIUYEHUIO KOJIMYECTBA TUIIOTE3, NaJICHUIO
OPOU3BOAUTENILHOCTY U CHWKEHUIO  JIOCTOBEPHOCTH  pAacllO3HaBaHUS  H3-3a
HECMOCOOHOCTH JIeKO0Jiepa KOPPEKTHO 00pabaThiBaTh BO3pOCIINE 00bEMbI JaHHBIX.

Monenn MOHO(OHOB CTpOSITCS 0€3 ydeTa KOHTEKCTOB, [0 BCEM MPOU3HECEHUSIM
(boHEMBI, MPUCYTCTBYIOMINM B 00yYaroIiei BHIOOPKE.

Monenn O6u@OHOB CTPOSTCS C y4E€TOM TOJBKO JIEBOTO WM TOJIBKO MPAaBOTO
KOHTEKCTa, BTOPOH KOHTEKCT OCTAeTCS MPOU3BOIBHBIM.

B cmywae, xorma tpebyemass monens TpudoHa HE HaWAeHAa W JOJKHA OBITH
3aMeHeHa MoJienblo Ou(doHa, HY)KHO pElInTh, Kakod u3 AByX OudoHOB Omimke K
naHHoMy TpudoHy — OMPOH ¢ QUKCUPOBAHHBIM JIEBBIM WM MPABbIM KOHTEKCTOM.
Jlist penienus 3Toi 3a/1auu, Mocjie MOCTPOSHUSI MOJIEe MPOBOUTCS pacliO3HABAHUE
doHorpamm  oOydaromieil  BBIOOPKM 1O  M3BECTHBIM  TPAHCKPUIMIUSAM, C
UCIIOJIb30BAaHUEM MOJIETICH JIEBBIX WUJTU MPaBbIX OM(OHOB U MOACUETOM BEPOATHOCTEH
UCIIOJIb30BAaHUSL MOJENIed KaXJIOro THUMa, B 3aBUCUMOCTH OT KOHTEKCTOB. [lpu
pacno3HaBaHUM HCIOJb3yeTcsl TOT OudOH, KOTOphId Ha oOywaromieid BbIOOpKE
MOKa3aJl JTy4IIUe pe3yJIbTaThl.

Cxema mocTpoeHus akyCTUYECKUX MOJelel mpeacTaBieHa Ha puc. 8.1.
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9. METOJbI HOPMAJIN3ALIMU U AJAIITALIUHU

YcnoBus, B KOTOPBIX IPOXOAUT OIKCIUIyaTallMsl CUCTEM aBTOMAaTHYECKOIO
pacro3HaBaHus PeYM, IPAKTUYECKU HUKOTJA HE COBIIAAIOT C YCIOBHMIMH, B KOTOPBIX
IpOXOAWIO OOy4eHHE aKyCTHUECKUX Mojeneil. ClencTBUeM 3TOro SBIsiETCs TO, Y4TO
IIOCTPOEHHBIE MOJEIU HE SABJLIIOTCA ONTUMAJIBHBIMM JUIA JAaHHBIX YCIIOBUHU.
[lepeuncnum  ocHOBHbIE  (DAKTOpPbI, HCKAXKAIOIIME PEUEBOM  CUTHAN  WJIH
00yCI0BIUBAIOIINE €r0 BApHATUBHOCTH (puc. 9.1.):

1. 'onocoBo# TpakT U MaHEpa MPOU3HECEHUS. DTOT (HAKTOP ONMpeaesieT
BapHUaTHUBHOCTH curHaja. Kak Obl HM Obla Belnka oOydJaroiasi BBIOOpKa, Bceraa
HaWJIyTCsl TUKTOPHI, OTINYAIOIIUECS [0 CBOMM XapaKTEePUCTUKAM OT MPECTABICHHBIX
B Oasze.

2. AITUTUBHBIN IITyM, BCET/Ia MPUCYTCTBYIONTUN B OOBIYHBIX TTOMEIIICHUSIX.

3. PeBepOepartust (MyJIbTUITUKATUBHBINA [ITyM) — TIEPEOTPAKEHHBIN OT CTEH
OCHOBHOM CHUTHAJ (paccMaTpuBaThCs jaaiiee He Oy/eT).

4. AUX mukpodoHa 1 KaHaja nepeaadu («CBEPTOUHBIN IITyM» ).

5. AIIUTUBHBIN IIyM KaHaJla epe/layu.

6. [IpeoOpaszoBanue curnana GuibTpoM HalikBrcTa 1 IIryM KBaHTOBaHUS
(paccMatpuBatbcs HE OyyT).

Konxpernnii
roJIoCoBOil TparT

|
|
|
|
: ¥ n
|
|
|
|
|

-

PuarTp
Ivm weanToRanus  HafikencTa

My AYX xamana

Kanana

— QuupposaHHbII CUZHAT

Puc.9.1. @axmopul, erusarowue na oyugposannsiii cueHan [2]
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CwMpIc mporeayp HOpMaIu3alud U afanTarii MPOUUTIOCTPUPYEM C TTOMOTIHIO
puc. 9.2. bopoTbCs ¢ MCTOYHMKAMU BAPUATUBHOCTU U MCKAXKEHUUW MOXKHO JBYMS
cnoco0aMu:  TBITaTbCSl ~ BOCCTAHABIMBATH ~ WCXOJHBIA  pEUEBOM  CHUTHAI,
MOAU(PUIMPOBATh BBIYUCICHHbIE TPU3HAKK, WM [EpecTpauBaTh aKyCTHUYECKUE
MOJIENIA COCTOSTHUM B COOTBETCTBUU C BO3MYIICHUSIMU. MeTOAbl BOCCTAHOBJICHUS
UCXOJTHOTO CHUTHAJIa U3 3allyMJIEHHOTO pacCMAaTPUBAIOTCS B Kypce, MOCBALIEHHOM
00paboTKe CHUTHAJIOB W IITYMOIOJABICHUIO, U MOJ3TOMY 371E€Ch pacCMaTpHUBATHCS HE
Oynyr. OTMETHM TOJBKO, YTO OOBIYHO CHUTHAJ, TNPOMICANNNA TPOLEAYPY
IITYMOTIO/IABJICHHS, HE O0O0OECIeunBaeT paclo3HABaHUS Ha BBICOKOM YpPOBHE. JTO
MPOUCXOUT TTOTOMY, UYTO OIEpaIliy HaJl CUTHAJIOM HaIpaBJICHBI HA Y OBJIETBOPEHUE
CyOBEKTHBHBIX KPUTEPHEB KayecTBa W Pa30OPUYMBOCTH 3BYyKa M HE HACTPOCHBI Ha
NPUBEJACHUE 3aIIyMJIEHHBIX MPU3HAKOB K TMPU3HAKAM, XapaKTEPHBIM JIs YHUCTOTO
curHana. [IpakTuka mokaspIBaeT, YTO Topas/io Jy4IIHe pe3yJbTaThl NaéT 0OydeHUe
aKyCTHUECKUX MOJENiel ¢ TMOMOINbI0 oOydaromeid BBIOOPKH, 3alryMIIEHHOM
aHaJIorMyHBIM IrymMmoM. Ho oOydenne — 3To Tpyno€mkas mporeaypa, a pazHooopasue
IIYMOB OTPOMHO, TIOSTOMY 3ajJiada CTaBUTCS TaK: MCIIOJB3Yys aKyCTUYECKHUE MOJEIH,
MOJIYYCHHBIC B KaKWX-TO (PUKCHPOBAHHBIX YCIOBUAX (OOBIYHO C MHUHHUMAJIBLHBIM
IIIyMOM), HAY4YUTBhCS PACIO3HABATh pPEUYEBON CHUTHAJ, TIOJIYYEHHBIH B JPYTrUX
IITYMOBBIX YCIIOBHSX.

Takum o00pazom, B JalbHEUIIEM H3JIOXKEHUH OTPAHUYUMCS PACCMOTPEHHUEM
METOJIOB, TMPEOOpa3yOMINX NPU3HAKH, WIH MOAUPUIUPYIOMUX aKyCTHUYECKUE
MOJIEJIH.

Mertoapl, pemarmiime 3a1a4y IepBbIM CIIOCOOOM, OOBIYHO HA3BIBAIOT METOJIAMU
HOpMAaJIU3AIMH, BTOPBIM — aJanTaliH.

Otmerum, uto Mojenu TiacHbix /i/ u /el nukropo HXSO u ocobenno DASL Ha
puc. 9.2 3aMeTHO CMEIIEHbl OTHOCHUTEIHbHO JUKTOPOHE3aBHUCHUMBIX MoOJieNeH. ITO
BBI30BET OIMIMOKH TIPH paclio3HaBaHWH. J[Ba MpeI0KEHHBIX BBIIIIE METOIa CBOJIATCS K
CJIEIYIOLLEMY .

Hopmanusayus npusnaxos — mponeaypa npeodpa3oBaHus MPU3HAKOB PEYEBOTO
CUTHaja JaHHOTO JAUKTOpa, Oiarofaps KOTOPHIM WHAMBHUAYAJIbHBIE MOJIEIH JTaHHOTO
JUKTOpA CMECTSTCS B 0071aCTH, COOTBETCTBYIOIINE MaKCUMyMaM (YHKIIUH TUIOTHOCTH
BeposiTHocTH  (PIIB) 11 COOTBETCTBYIOUIMX COCTOSIHUM JUKTOPOHE3aBUCHMBIX
MOJENEN.

Aoanmayus modeneu — NpoLEypa CMEIICHUS TUKTOPOHE3aBUCUMBIX MOJICNIeH B
CTOPOHY MHJIMBUIYAIbHBIX MOJI€NIEH JAaHHOTO IUKTOpA.

CnocoObl amantaiv MOXHO pPa3feUuTh Ha aJanTalMi0 C yddTeneM (Korja
M3BECTHA TEKCTOBKA JIOMOJHUTEILHOTO PEYEBOr0 MaTrepuaia HOBOro JUKTopa) u 0e3
YUUTENs, @ TAKKE HA MaKETHYI0, UTHKPEMEHTHYIO U MTHOBEHHYIO.

[TakeTHass — HauboJiee YaCTO MCIOJIb3yEMbl BApUAHT afalTallld C YUUTEIIEM,
KOT/1a UMEETCsl HeOOIbIast TOMOJHUTEIbHAS 0a3a HOBOTO JAUKTOPA.

NukpemenTHas — aganTamusi 0e3 y4uTeNss N0 KaXJ0W HOBOW (pase AUKTOpA.
Kaxnas  cnenmyromas  ¢pa3a  pacmo3Haércs ¢ mapamMeTpaMd — MOJENH,
aJanTUPOBAHHBIMU TIO MPEBITYIIICH.
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Puc. 9.2. Kpusbvie pasnoii niomnocmu 6eposimuocmu OUKmMopOHe3a8UCUMbBIX
([{H) u ouxmopo3zasucumvix mooeneti oas monoponos il u lel [2]

MrHoBeHHasi — IIO-CYIIECTBY, BapHWaHT MHKPEMCHTHOM, KOTJa pPEUYEBOTO
MaTepHuaa XBaTaeT TOJbKO Ha OJHY aJamnTalliio, TO eCTh (hpaza pacmo3Ha&Tcs mocie
aJanTaliy mo camoii ceoe.

9.1. BoluuTaHHE CPpeHero Kencrpa

Meton no3BossieT uckimounth AYX AUHUM U MUKPO(OHA, €CIIM OHU MEHSIOTCA
JIOCTaTOYHO MeJUIeHHO. PaccMoTpuM curHanm mociae  JuHeHoro  (uibTpa,
onuceiBaromero A4YX:

Y=X®H, (9.1)

rae X — BXOJHOM curHai, H — uMmyabCHBIN OTKIMK QUibTpa, Y — BBIXOJHOW CUTHAI,

® — CUMBOJI CBEPTKHU.
[Tocne mpeobpazoBanus Oypwe Beipakenue (9.1) npuHumaet Bu:

y, =xh, (9.2)
rae Xi, h, y; — BekTopsl @ypbe npeodpazoBanust coorBercTBeHHO X, H 1 Y 11 oKHa,
NPUBSI3aHHOTO K MOMeHTy BpemeHu t. Cuurtaem, 4uTo mnepenarodHas (QyHKIHMS Ha
WHTEPECYIOIIEM Hac HHTEpPBaJIe BpeMEHHU OT t He 3aBUCHT.

JlorapudmupoBaHue MPUBOJUT K BBIPAKEHHUIO:

ly, =Ix, +1h, (9.3)

rae Ix;, Ih, ly; — morapudmel, cooTBeTcTBEHHO, X4, N, V;.
[TpuMeHsst KocHHYCHOE TIpeo0pa3oBaHue, MOTyUIUM KETICTP:

Y, =Cly, =C(Ix, +Ih) =X, + H, (9.4)
rae C — maTpuiia KOCUHHYCHOTO Mpeo0pa3oBaHusl.
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Ycepennenue (9.4) mo HEKOTOPOMY MHTEPBATy BpeMEHH | MaéT:

. l T-1 1 T-1 _
Y=Y, ==> (X, +H)=X+H, (9.5)
TS T
Berauras (9.5) uz (9.4), nonyuum:
Yt:Yt_Y_t:Xt_it:Xt’ (9.6)

TO €CTh H30aBisieMcsl OT BIHMSHUA NEPEJATOYHOW XapaKTePUCTHKU KaHala |
MUKpO(]OHa.

Bo3nukaeTr Bompoc: KakoBa OJDKHA OBbITh JJIMTENBHOCTb ycpernHeHus T s
ahdexTuBHON padboThl anropurma? OYEBHUIHO, YTO €CIM ITO BPEMS CPAaBHUMO C
JUIUTEIBHOCTHIO CTAllMOHAPHBIX (DOHEM, TO YCPEAHEHHE MPAKTUYECKU YHHUTOXKHUT
COOTBETCTBYIOIIME UM BEKTOPHI MpU3HAKOB. [Ipu ciuikom OOJbIION JINTENBHOCTH
QITOPUTM HE CMOXET OTCIIECKMBATh M3MeHeHHs AUX, Hanpumep, u3-3a IBHKCHUS
UCTOYHMKA 3ByKa OTHOCUTENBbHO MHKpodoHa. IlpakTHka mOKa3pIBaeT, YTO
ycpeaHeHne Ha 2—4 ceKyHaax Ma€r Hawinydymue pesynprarel. Meron maér no 30%
OTHOCUTEJIBHOIO YJYUIIEHHUsl KaueCTBa PaclO3HABAHMS HA PA3JIMYHBIX TEIEPOHHBIX
kaHasax. HeOomnplioe yiydlleHWE HACTYMAeT [Aake MpU MPUMEHEHUHM MeToAa B
HEU3MEHHOM OKPYXEHHH C TE€M K€ MUKPO(POHOM. DTO MOKHO OOBIACHUTH TE€M, UTO
METOJI «OTpabaThIBACT» JABM)KEHHUE IUKTOpPA OTHOCHUTEIBHO MHUKpPO(OHA, a TaKxkKe
BBIUMTAET CPEJHIOKD YAaCTOTHYIO XapaKTEPUCTUKY JUKTOPA, OCTaBISAA TOJIBKO
JTUHAMUAYECKHE XapaKTEPUCTUKH.

HenocraTtkom meTona B onmucaHHOM Bbilie opMme SBISETCS TO, UTO BBIYUTAHHE
CPEIHEro KEeIcTpa OCYIIECTBIISIETCS HA BCEM CHTHaje — peud M nays3ax. KoppektHoe
MOJICJIMPOBAHUE MAay3bl SABISETCA BaXHOW cocTapistomeld metoga CMM, nostomy eé
VUCKOKECHHE MOXET IPUBECTH K IUIOXMM pe3yibTaTaM. B ycOBEpIIEHCTBOBAaHHOM
METOJIE CPEIHUW KEIICTP OLICHUBACTCA OTHENBbHO I peud W may3. Hammyummm
BBIJICJIUTEIIEM PEYM SBIECTCA cama CUCTEMa PacllO3HABAHMS, YTO IPUBOIUT K 4ACTO
BCTPCUAIOLICHCS ~ CUTyallMM  «KypuLa-auuno». B KadecTBe  aJbTEpHATHUBBI
JIBYXIPOXOJHON CHUCTEME paclo3HaBaHUA Mpejiaraercs, Hapsay C KayeCTBEHHBIM
JE€TEKTOPOM pEeYH, MCIOJb30BaTh JHMHEHMHYI0 KOMOMHAIUMIO CPEIHUX KENCTPOB B
NOTPAHUYHBIX 30HAX «PEyYb-I1ay3a», YTO MO3BOJISIET YMEHBIIUTh CKaYKH KEICTpa MpHU
olIMOKaxX B ONPEIEICHUN TPaHULL.

[IpennoxenHas mnpoueAypa NOJIy4YeHHUs CpelHero yaoOHa mpu pabore ¢
daiinamu, ogHAKO MPU pabOTe C MOTOKOM pPE€YM B PEAbHOM MaciiTabe BpEeMEHH
BaYXHO UMETh TEKYIIYIO OLIEHKY CPEIHET0 KEIcTpa.

Jlist TeKymied OIIEHKHM MOHO HCIOJb30BaTh PEKYPCHUBHBIA (PUIBTP IMEPBOTO
nopsiaka (MHTerpaTop ¢ yTeUKOMn):

Y=1-a)Y +aY_

~ _— —_— ]

Y. =Y =Y, =a(Y, Y1),
rae kodhduuueHT o moadupaeTcss TaKUM, YTOOBI MOCTOSTHHAs BpeMEHHM (PUIbTpa T

Obula He MeHbIle 5 cek. Ecmum yacToTy KBaHTOBaHHS 0003HauuTh Fg, TO
a=1/exp/(1/(t* Fs)). YuurteiBas, uto, t* F>>1, a=1-1/(t* F).

(9.7)
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bout npemgnoxken apyroi ¢punetp [10], KOTOPBINA, KpOME «MSATKOT0» BBIYUTAHUS
cpeanero (koadduiment pexkypcuHo yactu 0.98, a He 1), obmamaer ApyrumMu
I0JIC3HBIMH CBOKCTBaMU (CM. pas3zen 3):

Y, =Y, +0.5Y,_, —0.5Y_, —Y,, +0.98Y, . (9.8)

B cratee [10] ¢uibTp mnpumeHsieTcss K CIEKTPY, OJHAaKO €ro CBOWCTBa
MO3BOJIAIOT TPUMEHATH €r0 U €My I[0A00HbIe (UIBTPHI HEMOCPEICTBEHHO K
KETICTPpaJIbHBIM KO3 puLineHTam.

9.2. Ananranus aKkyCTHYeCKHX MoJiesiell K IIyMy BeKTOPHbIMHU psinamu Teilsiopa

JanbHetiiee n3noxxenue cienyet us [30].
3anuiieM B cTaHAApTHOM (opMme BIUSHUE MEpPeAaTOYHOU (YHKIMU («CBEPTOUYHOTO
uryma») h[m] u anaurusroro mryma n[m] ua curaan X[m] (m — oTcuérsl BpeMeHH):

y[m] = Xx[m] ® h[m] + n[m], (9.9)
B JaCTOTHOM HpeI[CTaBJ'IeHI/II/II
Y (f)P=[X (F)[[H(E)[ +[N(F)[,  fi—qacrora. (9.10)
Y ()" = In(X (£ H ()" +[N(F)*) =
) ) IN(F
In( X ()" |H(f)] @+ (9.11)

XC R
In[X (£,)]" +In[H(f)" + In@+exp(n|N (£,)]" = In|X (£,)]" = In|H (£)[*)).

O603HaunM:
x = CUn|X (f )5, | X (FD|" - [ X (£,
h=CUn|H(f)|",[H () ..., [H(F,)[), (9.12)
n=CUN|N(f )|, [NCF)[ ... IN(F ),
y = CUn[Y (F) LY CFD[ oo Y (£,

rae C — MaTpuia KOCHHYCHOTO TIpeoOpa3oBaHusl.
Torna, mpuMeHUB KOCUHYCHOE npeodpazoBanue K (9.11), momydum:

y =x+h+g(n-x-h), (9.13)
riae hyHkius §(Z) uMeeT BU:

9(2) = CIn(1+exp(C'z)). (9.14)
%hgleTHM,(:r%To, IIOCKOJIBKY MAaTpHIla KOCHHYCHOTO IIpeoOpa3OBaHUsl yHHTapHas,
[Ipennonaraem, uto X, h u N pacnpexnenens! no 'ayccy co cpemHumHu [y Hp, Hn H

KOBapHAIIMOHHBIMHA MAaTPULIAMH 2y Xh B 2p M 9TO X, N M N HE3aBUCHMBI.
Haiiném sikobuan (9.13) mo oTHOMmIEHUIO K X, h 1 N:
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exp(CH(n —x—h))
1+exp(C*(n—x-h))
1+exp(C*'(n—x—-h)) -1

1+exp(C*(n—x—h))

1
1+exp(CH(n —x—h))

Q =1 -Cediag(

C'l=
OX )e

(s tn s )

I —Cediag( YeC™ =

I -CIC ™" +Cediag( YeCt=

1

- )eC=A
1+exp(C (n—x—nh))

Cediag(

1 1

oy ~ )OC =A
1+exp(C " (n—x—h))

o =Cediag(

(s tn s )

(9.15)
oy exp(C " (n —x—h)) yeCt =
N sy 1+exp(C*(n—x—-h))
1+exp(C*(n—x—h)) —1) eClo

1+exp(C*(n—x—h)) ’
1 ) ® C_l =
1+exp(C*(n —x—h))

1
1+exp(C*(n—x—h))
rae diag(a) — amaronanpHas MaTpUIlA C BEKTOPOM a Ha TUArOHAIIH.

Teneps MoxxHO NpUOIIKEHHO OeHUTH Y (9.13) B OKpecTHOCTH TOYKHM [y Lp, Hp C
TOYHOCTBIO 10 1-TO uneHa pana Tennopa:
y=pm,+p, +9(m, —p, —pp) +AX-p )+ A(h—p)+(I-A)(n—p,) (9.16)

= Cediag(

Cediag(

CIC™ —Cediag(

| - Cediag( YeClt=1-A.

Cpennee oT Y MOXeT ObITh mos1yueHo u3 (9.16):
By =+ 00, Ry -1y, (9.17)
KoBapunanus:
z“y = E((y_u’y)(y_uy)T) =
AX—p)x—p) AT +A(h—p,)h—p,) AT +(1-A)n—-p,)n-p,) (1-A) = (9.18)
AL AT +AZ AT +(1-A)X, (1-A)".
Ecnu h — Hen3MeHHas nepeiaToYHas XapakTepUCTHKA, TO
X, =AZ A" +(I-A)Z (1-A)". (9.19)
JlJis OLIEHKH JeNibTa U JeNbTa-AeNbTa MPU3HAKOB HCIONB3YIOT (DaKT, UTO JeIbTa
NpU3HAK TPUOTIKEHHO MPOIMOPIUOHANIEH MPOU3BOAHON ¢ Kod(dduimenTom 4, a u3
(9.16) caenyer:
CYN:Y
ot ot
KPOME TOT0, 3/IeCh CUMTACM, YTO aJ/INTUBHBIN IIIyM CTAI[MOHAPHBIN (Lan=0),
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TOTJa:
By ~ Ay, (9.20)
"
X, AL AT +(1-A)Z, (1-A)T, (9.21)
cuuTaeMm, 9To Ah =0, mepeaaroyHast GyHKIIHS TOCTOSHHA.
AHaJIOTUYHO:
Bany ® AR
ZAAy ~ AEAAXAT +(1-A)X,,, (I- A)T : (9.22)
Y An OLICHHUBAETCS, UCXOMAS M3 HE3aBUCUMOCTH Niyp U Nip.
Yan=2X, (9.23)

aHaJIOFI/I‘-IHO, ZAZH HaXOI[I/ITCH, HUCXOOs1 U3 HpeI[HOHO)KeHI/IH O HEC3aBUCUMOCTHU nAt+1 41
NAta:

zAAn =4%, (9.24)

Jlnst cocTostHuA J, TayccoBol GyHKIMY K (B OKPECTHOCTH TOYKH |y jx) MaTpHLa A
(9.15) umeert Bux:

A, = Cediag( L

1+ eXp(C_l(Nn - ux,jk - uh))

a rayccoBo cpennee (9.16) ¢ ToUHOCTBIO 10 WiCHOB psiga Teitmopa 1-ro mopsiaka
(em.mmpomsBoanbie (9.18), (9.21),(9.22)):

By =By TRy +9(n, —Hy ik — 1)

By T Rlyo +g(lln,o — By ik _uh,o) +Ajk (n, _uh,o) +(I _Ajk)(u_l‘n,o),

Bayjk ® Ajkqu,jk’

Paay, k = AjkuAAx,jk' (9.26)
Xk ® AijAx,jkAgk +(1-A;)xE,, _Ajk)T1

Yok ® AijAAx,jkA}k +(I _Ajk)EAAn(I _Ajk)T

Kosapuammonnas matpuna Xy ji (9.11) umeer Bu:

)eC™ (9.25)

;
k= A kA +(I_Ajk)2‘n(|_Ajk)T' (9.27)

JIns  HaXOXKAEHHUS TapaMeTpoB IymMa Hcmoisdyercss OM  anroputv
(Makcumu3aluu  oxumanus -  Expectation-maximization, EM-algorithm) co

CTaHJIapTHOM BCIIOMOTaTEIbHON (DYHKITUECH:
Q(4, 1) =E(log(P(y, | 1)) =222 > 7. (i.k, 2)-log p(y, [k, 2),  (9.28)
t j keQ;
rae y1(J,K,4) — BeposTHoCT rayccoBoii Gpynkimu K 11 BeKTOpa Y B MOMEHT BPEMEHH
t Ipu UCTIOJIb3yEMbIX ONITUMU3UPYEMBIX MMapaMeTpax MOAEINH A.
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[Ipu ucnonp3oBaHuy anroputMa ButepOu 3HaAUYEHUE COCTOSHUS | ONpPEACIIseTCS
MOMEHTOM BpeMeHH i >y, (j,k, /i) =1,6CJIM B MOMEHT BpeMeHH t cucTeMa HaxoIUTCs B
keQ;
COCTOSTHUH |.
Jlnia onpeneneHusi MakCUMyMa BerioMoratenbHou ¢yHkiun (9.28) mpou3BoaHbIE

or Q(4, Z) 0 Un U 1y ipupaBHUBAIOTCA O:

ZZ Zj/t(j’k’i) (1 _Ajk)Tz;%jk[yt —Hy x]1=0, (9.29)

t ] keQ;

ZZ Z]ﬁ(j’kaﬂ,) 'Z;,ljk[yt -, x]=0. (9.30)
t ] keQ;
[oxcrapmusas Ly jx 13 (9.26) B (9.29), (9.30) nmony4aem cpennee myma p, u3 (9.29) u
cpenHee kanana W, u3 (9.30):

B, =Huo +{ZZ Z?ﬁ(jak’j,) (1 _Ajk)T 2")_/,1,«(' _Ajk)}_l °

t ] keQ;

{ZZ z%(j’k’/i) (I _Ajk)T Z)_/,ljk[yt Ry ~Rno —g(m,, Ry ik —Muo)}

t j keQ;

By =Ny "‘{ZZ Z?ﬂ(jak’ﬂ) 'AjkTZ;,ijAjk}& o

t ] keQ;

{ZZ ZVt(j’kaﬁ) 'AjkTZ‘)_/,ljk [y, “Hyk —Hno —g(m,, P —Mio)}

t ] keQ;
VYpaeaenus (9.31) u (9.32) npencrapnstor maru urepaiiuun OM anropurMma.

[laru anroputMma:

1. ITomoxuTh cpegHue KaHana [y o paBHbMU 0;

2. VHunmanu3upoBaTh CpPEIHUN BEKTOp IIyMa |no W JHATOHAIBHYIO
KOBAPUAIMOHHYIO MATPUIy Xno MO TEPBBIM M TMOCIAEAHUM OTCYETAM CHUTHAIA,
CBOOOJHBIM OT pPeuHu;

3. Beruncnauts Ajg (9.17) u 06HOBUTH TapaMeTpsl 1o popmynam (9.26), (9.27);

4. JlekogupoBaTh COOOIIEHHE C HOBEIMU TTapaMETPaMH,

5. Ilepecunrats mapameTpsl Y¢(j,K,A) B COOTBETCTBHH C aJITOPUTMOM OOYUCHHS U
OIICHUThH HOBBIC 3HAYCHUS CpeAHMX IrymMa 1 kaHaina (9.31) u (9.32);

6. Ecniu cermMeHTaIus u mapamMeTphl He yCTaHOBUIIMCH, TIEPEUTH K 1. 3.

B cmywae, korma aggdTHUBHBIA IIYM OTCYTCTBYET, @ CBEPTOYHBIM ILIYM
NPEJCTaBIsIeT COO0OW TOCTOSHHYIO —TEpelaTOuHyl0 (PyHKIHIO, TOMpaBKH K
napaMmeTpaM MoOJeNe MpuoOpeTaroT Ype3BblYaiiHO MpocTyio ¢dopmy. ITockonbky B
BeipakeHun  (9.11) N(fj)==0, B KOHeYHOH CTpPOKE MPHUCYTCTBYIOT TOJBKO

In[X (,)]" +In|H(f)|". IIpoBoas Bce Bhramcienus cormacho dopmymam (9.12 u 9.15),

(9.31)

(9.32)

0oOHapyXHUM, 4YTO MaTpula A, onpenensionas sKoOuaH, siBIseTcs eAMHUYHON. Jlerko
NPOBEPUTH, YUUTHIBasI TO, 4TO N — Hen3MeHHas mepenaToyHasi XapaKTepPUCTUKA, YTO
M3MEHEHMIO MOJBEPTHYTCH TOJILKO CPEIHUE MOJENEH: p, =p, +p,, TOE p, — BEKTOP,
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MOJTYYArOIIUICS U3 BEKTOpa IMepeaaTouyHol (DyHKIMHU Tociie JIorapuGMupoBanus u
KOCHUHYCHOT0 TIpeoOpa3zoBanus (To ecThb npeodpazoBanust MFCC).

9.3. baiiecoBckast azanTauus

[Ipeanonoxum, 4T0 AUKTOPOHE3ABUCUMBIE MOJEIH MOCTPOEHBI. DTO O3HAYACT,
YTO M3BECTHHI CpEIHHWE M KOBAPUAIMOHHBIE MATPHUIBI TayCCOBBIX (DYHKIUH,
aANMpPOKCUMUPYIOUUX (DYHKIUHU TUIOTHOCTH BEPOSTHOCTU COCTOSIHHM B MPOCTPAHCTBE
IpU3HAKoB. Ecaum HOBBIM IUKTOp NPEACTABIECH pPEYEBBIM MaTEpUaAIOM, HeE
JIOCTaTOYHBIM JJIsl TOCTPOCHUS COOCTBEHHBIX JUKTOPO3aBUCHUMBIX MOJIENEH, MOXKHO,
TEM HE MEHee, UCIIOJIb30BaTh 3TOT MaTepHai Uil KOPPEKIUU IUKTOPOHE3aBUCUMBIX
Mojiesel Tex Tpu(oHOB, KOTOPBIE JOCTATOYHO MPEACTABIEHBI B 0a3e€ HOBOIO JUKTOPA.
PaccMOTpEM TOJBKO NPEOOPa3OBAHME CPENHUX TayCCOBBIX (GYHKUMH A AN

meTonia Burepou, rae K — HoMep cocTosiHuS, | — HOMEp TayCcCOBOW (PYHKIIMHM B CMECH,
S| — IMeeT CMBICTT «TUKTOPOHE3aBUCUMBII» (Speaker independent).

C MmoOMOIIBI0 JUKTOPOHE3aBUCHUMBIX MOJIEICH MBI MOXKEM OTCETMEHTHUPOBATH
pedeBOl MaTepHWal Ha y4YacTKH, COOTBETCTBYIOIIHME BBIOpPAHHBIM MojeisMm. Torma
CpEIHHE COOTBETCTBYIOUIMX TayCCOBBIX (DYHKIIHMA, OMUCHIBAIOIIMX COCTOSHHUE K Ist
HOBOT'O IMKTOPA, MO’KHO PacCUUTaTh Mo (HopMyJsiam:

Zyk,i,jxj
Hig = (9.33)
N,
rae cuMBOJ SO WMeEeT CMBICT <«JIMKTOpO3aBHCHMBINY (Speaker dependent), sy —
coctosiHue K, Xj — COBOKYIHOCTb BEKTOPOB IOIIOJHUTENBHOH BHIOOPKHM HOBOTO
IUKTOPA, Ykij — KOI(MQHIMEHT, C KOTOPBIM BEKTOP Xj MPUCYTCTBYET B I'ayCCOBOMN
(GyHKIUH G, ; CMECH:

Vi = Ck,in,i (Xj) 9 34
ot ch,mGk,m(Xj)’ ( . )

Cxi — koddunmentsl rayccoBoi cmec, Ny — 3 PpexkTuBHOE KOIMYECTBO BEKTOPOB
IPU3HAKOB, IPUCYTCTBYIOLIEE B aycCOBOM (PyHKIUU G, ; CMECH:
N, = zyk,i,j : (9.35)

X35

HoBoe, OTKOppEKTUPOBAHHOE 3HAYEHHUE CPENHErO MPEeIaraeTcs pacCUUTHIBATH
1o cleayronieit popmyie:

Nk,i

~ T
luk,l Nk’i +r luk,l,sd Nk’i 47 /’lk,I,SI . (936)

[TapameTp 7 onpenessieTcst SMIOUPUUECKHA Ha 00yJaroleil BRIOOpKE.

Cwmpbica dhopmyast (9.36) 3akmr0o9aeTcsi B TOM, 9TO, €CIM KOJTMYECTBO JAHHBIX JIJIS
JTAHHOW KOMITOHEHTBhI TayCCOBOM CMeCH HEBEIMKO, TO HOBOE 3HAYEHUE CPEIHETO
OyJeT Majo OTJIMYATHCA OT UCXOJHOTO AUKTOPOHE3aBUCUMOTO BapuaHTa, ecin ke Ny;
BEJIMKO, TO HOBOE 3HayeHue OyneT MpuOIMKaThCsl K IUKTOPO3aBUCUMOMY BapHUaHTY
Ukisd- OueBHIHO, uTO popmyna (9.36) «paspyuiaer» CTpyKTypy GYHKIHMH MJIOTHOCTH
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BEPOATHOCTH — CpPEOHUE TayCCOBBIX (DYHKIMH CMEIIAIOTCd Ha PacCTOSHUS,
onpenesieMble KOJIMYECTBOM JAHHBIX, YTO MOXET OBITh CIydyailHbIM (DaKkToOpoM,
0COOEHHO 7151 HEOOJIBIIMX 00BEMOB PEUEBOr0 MaTepuaia HOBOro aukTopa. st Toro
yTOObI OOOWTH ATOT HEAOCTAaTOK, MOKHO TMOCTYIHUTh CIEAYIOIMIMM 00pa3oM:
napajyielbHO TOJHBIM TPUMOHHBIM MOJESM CTPOSITCS. MOHO(OHHBIE MOJIENH,
anmpOKCUMHUPOBAHHBIE OJIHOM TayccoBo (yHkumeir. CMelleHne OomnpeaeseTcs Io
dbopmyie (9.36), HO KOJIMUECTBO raycCOBBIX (DYHKIMN B cMecH paBHO 1. J{s kaxaoro
MOHO(OHA OnpeiesieTcs CMELICHHE:
Ay = fy ~ Hysa - (9.37)
Jlanee Bce cpelHUE raycCOBBIX (PYHKIUM, OMUCHIBAIOIIMX MOJEIH TPUQPOHOB,
SBIIAIONINXCS HACIEIHUKAMH JIaHHOTO MOHO(oHa, cMmemarorcs Ha Ay. [lockoibky
KOJIMYECTBO [MapaMeTpoB Mojelield MOHO(GOHOB, AaNIpPOKCUMUPOBAHHBIX OJHOMN
rayccoBoil (pyHKIMEH, TOBOJIBHO Mayio, 3TOT METOJ HE TpeOoBaTelieH K 00BbEMY
JOTIOJTHUTENBHOTO 00yyYaroniero matepuana. JJaHHubiii MeToa moJy4rsi HAMMEHOBAHUE
MAP — maximum a posteriori probability.

9.4. /IuHeliHas perpeccusi MAKCUMYMa NPaBAONOA00Us

JlaHHBIN METOJ aJanTalyy MO3BOJSET MOTYYUTh CMEIICHUE CPEAHUX IayCCOBBIX
byHKIMA fgaxe I TeX TpU(POHOB, KOTOPHIE HE MPEACTABICHBI B JIOMOJIHUTEIHLHOMN
oOy4arorieil BBIOOpKE HOBOTO TUKTOPA.

HoBble cpennue rayccoBbiX (GYHKIMN IS HEKOTOPOTO MHOXKECTBa COCTOSIHUM
MpEJIaracTcs UCKaTh B BUIE:

/:\lk,m :Wk 'gk,m’ (9-38)
rae i, — IpeoOpa3oBaHHBIH CPeIHUI BEKTOp rayccoBoll GyHKIMM ¢ HOMEpoM M,

INPUHALICKALICH TraycCOBOM CMECH, AaNNpPOKCHUMHPYIOIIEH OJHO W3 COCTOSHUH,
NPUHAISKANIMX MHOXECTBY COCTOsSHMA ¢ Homepom K, Wy — wmarpuma
npeoOpa3oBaHus pazMepHocTd [N+1,n], N — pa3MepHOCTh BEKTOPOB MPU3HAKOB, &y m —
pPaCIIMPEHHBIN UCXOIHBIA CPEIHUN BEKTOD:

é:k,m = [1’ luk,m,l""’ :uk,m,n]T = [1’ /uk,m]T - (939)

Takum 00pa3om, Bce CpeIHHE BEKTOPHI rayCCOBBIX (YHKIUN, alMpOKCUMHUPYIOIIUX
GYHKUMA TJIOTHOCTH  BEPOSITHOCTA JUISI  HEKOTOPOTO MHOXKECTBAa  COCTOSIHHIMA,
npeoOpa3yoTcs OAHOU MaTpUIlel TpeoOpa30BaHUM.

Octaércsa ompenenuTb MPUHIMI, COTJIACHO KOTOPOMY COCTOSIHMSI OyayT
OOBENUHATBECA B OJMHAKOBO NpeoOpazyemMble MHOXKECTBA M ONTHUMAJbHBINA, B
HEKOTOPOM  CMBbICJIE, CIOCOO  BBIYMCICHHS MAaTpULbl IpeoOpa3oBaHUM IO
JOTIOJTHUTEHHOM 00yJaroiel BHIOOPKE HOBOTO JUKTOPA.

B kauyecTtBe 01lMHAKOBO MPEOOpPa3yeMbIX MHOXKECTB, KOTOPhIE B paMKax JaHHOTO
aJITOpUTMa HA3bIBAIOTCS KJIACCAaMU PETPecCHH, MOKHO HCIIONIb30BaTh MHOXECTBA
COCTOSIHHM, KOTOpbIE 00Opa3yroTcsi Ha OMpeAcIEHHOM YPOBHE TMOCTPOSHUS JepeBa
pEIICHUI WM KIacTepU3alliK, YIpaBsieMol aaHHbIMH (cM. pasnmensl 8.1., 8.2.).
YpoBeHb o0beaMHEHUS TPU(DOHOB, HA KOTOPOM CIEAYeT OCTAaHOBHUTHCS, 3aBUCUT OT
00BbEMa JIOTMOJIHUTETHFHOTO PEYeBOr0 MaTepuana HOBOTO JUKTOpAa M OMpEessieTcs
IMIUPUIECKH.



84

B pabore [29] mnpuBomsTcs pe3ydbTaThl IKCIEPHUMEHTa, B KOTOPOM
JOTIOJTHUTENbHBIA peyeBOil MaTepuasl cocTaBisil 40 MpeayioKeHuil, a KOJIMYeCTBO
KJIACCOB PErpeccuy YBEJIUUYMBAIOCH OT 1 (Bce TpuoHBI Mpeodpa3yroTcsi OJJMHAKOBO)
10 40. Okazanock, YTO MUHUMYM OIIMOKH JIOCTUTAJICS TIpHU 15 Kilaccax perpeccud, a
3aTeM HauyMHaJl BO3pAcTaTh, YTO CBUJETEIHCTBOBAJIO O HEIOCTATOYHOCTH HOBBIX
JAHHBIX JIJIS OLIEHKH OOJIBIIETO KOJWYECTBa MapamMeTpoB (BEKTOPOB CPETHUX ).

OTmeTHM, 4TO METOJ TIO3BOJISIET U O0JIee MEJIKOE JeTICHUE, YeM OIMCAaHO BHIIIIE.
Tax, oTHECeHHE TayCCOBBIX (PYHKIIMI OJTHOTO COCTOSIHUA K ABYM WJIM OoJjiee Kiiaccam
pEerpeccuu B COOTBETCTBHH C HEKOTOPOM Mepoil OJIM30CTH MO3BOIMUIIO Obl HE TOJIBKO
cMemaTh (YHKIHUIO MJIOTHOCTH BEPOATHOCTH Kak IEJN0€, HO U MEHATh e€ (dopmy.
OpnHako 0OBIYHO CTOUT 3a/a4a MOJYYUTh MPUEMIIEMbIE MOJIENI ¢ MUHUMYMOM HOBBIX
JaHHBIX, KOTOPBIE HE MO3BOJIIOT CTOJIb MEJIKOE JICJICHHUE.

Paccmotpum 3anauy onpeneneHus MaTpuilsl npeodpazoanus Wy.

B ocHOBe MeTo/a IEKUT MPUHILIMIT MAKCUMU3AIUHU TPABAONIOA00US:

W, = max P(X|4), (9.40)

k
rac X - BCKTOPbI IIPU3HAKOB JOIIOJHHUTCIIBHOI'O PCYCBOIO0 MaTCpHajia HOBOI'O
AJUKTOpA, A - AIaIlITUPOBAHHBIC IIapaMETPhbL MO,Z[GJIGI)'I, INOJIYYCHHEBIC C IIOMOIIBIO

npeobOpasoBanus (9.38).
Kak oObryHO, mMakcumuzaiuio BblpaxeHus (9.40) BbIONHAIOT ¢ noMolisio OM
aJIrOpUTMa M BeromoraTelibHoi Gynkimu Q [31]:

Q =E(log(P(X,s| ft)) = Zi P(x,,s|A)log(P(x,,s]| i) , (9.41)

seS t=1
rie E — maremarnueckoe oxujaHue, A — TEKyIIHe IMapaMeTpbl Mojeled, S — Bce
BO3MOJXHBIC ILICIIOYKHU COCTOHHI/Iﬁ, BO3HUKIIME IIpH pacCllO3HABAHUKU PCUCBOI'0
MaTtepuana, T — KOJUYEeCTBO BEKTOPOB MPU3HAKOB B PEUYEBOM Marepuase, X, — BEKTOp

IIPU3HAKOB B MOMEHT 1.

OueBuHO, 4TO JHOOOE HM3MEHEHHE mNapaMmeTpoB, ompenesstonmx OIIB moneneii,
NPUBOJUT K M3MEHEHUIO CETMEHTalWU (AJIUTEIBHOCTEN COCTOSIHUM), YTO, B CBOIO
ouepellb, MPUBOJUT K HU3MEHEHUSIM BEPOATHOCTEW mnepexofqoB. OOHAKO, BIMSHUE
nmapametpoB DIIB Ha BepOSITHOCTH TEPEXOAOB U BEPOATHOCTEM IMEPEXOIOB Ha
3HaueHue QyHKkuuu Q HeE3HauWTeNbHO, MOATOMY BbIpakeHue (9.41) ympormiaror,
oTOpachiBasi aJJUTUBHYIO J100aBKY, CBSI3aHHYIO C BEpPOSITHOCTSIMHU IIE€PEXOJIOB,
KOTOPYIO CYUTAOT KOHCTAHTOM:

Q=YY P(x,s|A)log(b,(x.)) (9.42)

seS t=1
rae 65 — agantupoBanHas OIIB cocrosiHus S.
B cyMMe 110 COCTOSIHUSIM YYacCTBYIOT BCE COCTOSIHUS JIAHHOTO KJIACCA PErPECCHH.
HamomuauMm, 4T0 cornacHo koHuenmuuu Meroga bayma-Yaima, B KaKbIi MOMEHT
BPEMEHM MApPKOBCKHI IPOLECC IMPOXOJUT YEPE3 BCE COCTOSHUSA C Pa3JIMYHBIMU
BEPOSTHOCTSAMHU, IOITOMY BhIpaxkeHue (9.42) MOKHO MepenucaTh Tak:

Q=P(X )X 7. (p)log(b, (X)), (9.43)

p=1 t=1
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rae yi(p) — BepoATHOCTb MOCETUTh COCTOSIHUE S, B MOMEHT BpeMeHH t (cM. (opmyisl
6.25, 6.33).

B cootBerctBUM ¢ dopmynoit (6.30) npencrabum PIIB coctosHus S B BUIE CYMMBbI
rayCCOBBIX (DYHKITHIA:

Bp(Xt)=ZCmG(Xt,ﬁp’m,Up’m). (9.44)

[ToncranoBka (9.44) B (9.43) npuBoauT K cymme JiorapudMOB BO BCIIOMOTATEIbHON
GYHKIIUM, YTO JeNaeT 3aTpPYJHUTEIbHOWM MAaKCHUMH3AIUI0. OJETAaHTHBIA BBIXOJ
npepiaraet anroput™ OM [32]. Ecnu npencTaBuTh OTHIEIBHBIC TayCCOBBI (PYHKIIUH
MPOSIBJICHHEM HEHAOIIOaeMbIX CIIYYalHBIX MapaMeTpoB Y, TO, YUUThIBas (Gopmyiy
(6.33) s yi(p,m), (I)opMaano Bblpa)KeHI/Ie (6.43) MOXHO TIpEICTaBUTH B BUJIE:

Q=const+ 3733 1, (B MO,  fiy)"U (5 — ) =

p=1 m=1 t=1

(9.45)
const +ZZZyt(p,m)(t)(Xt “Wion) U g (6~ Wiy )

p=l m=1 t=1
Huddepenuupyst (9.45) mo Wy u mpupaBHUBasS NPOU3BOAHYIO HYINIO, MOJIYYUM
MaTpUYHOE ypaBHeHHe'

S S (MU A =SS S (b mUEWE, T (9.46)

p=1 m=1 t=1 p=1 m=1 t=1
B oOmem Buae ypaBHeHue (9.46) MOXHO pemiaTh TOJBKO YHCIEHHO IyTEM
NocJeI0BaTeIbHBIX UTepanuil. OqHaKko eciau NpUOEeTHYTh K OOBIYHOMY YIIPOIIEHHUIO U
UCIIOJIb30BaTh  JIMaroHalbHblE  KOBAapUAlMOHHBIE  MaTtpuibl U,  BO3MOXKHO
aHAIMTHYECKOE PEIICHHE.
Breném marpuust:

209 =335 (P (047)
Din=SonSom (9.48)
Vom = iyt(p, mU 5 . (9.49)
Tenepsb (9.46) MmoxHO 3amucaTh B CJItC_;YIOHICM BUJIC:
Z= Zva W, D, . (9.49)

p=1 m=1
Ucnonb3ys To, yto D — cummerpuynas, a V — auaroHajgbHasi MaTpUILbl, ypaBHEHHUE

(9.49) MOKHO TIPECTABUTH B MIOAJIEMEHTHOM BHJIC:
n+l

Zij =D Wig' Ofy | (9.50)
g=1
Trac.

(I) _szpmll p.m.jq - (9.51)

p=1 m=1
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. i)-1
Hcnone3ys A KaKI0i CTPOKH MAaTPHIIbl Z CBOIO OOPATHYIO MaTPHILY G0, MOy YUM
dbopMyy JUIsl TOCTPOYHOTO BBIYKMCIICHUSI UCKOMOW MaTpullsl W:

_ ()1
w. =2.G , (9.52)
rac Wi U Zi — BCKTOpBI'CTPOKI/I CQOTBCTCTByIOH_II/IX ManI/IH.
Mockonsky  marpuisl GO cuHrymaspHble,  MCIONB3yeTCs — aIrOPHTM

MICEeBI000paICHUSI.
HNanupiii MeTon noayumn HasBanue MLLR — maximum likelihood linear
regression.

9.5. MeToj co0CTBEHHBIX JUKTOPOB

PaccMoTpuM mpocTpaHCTBO Ha CYNEpPBEKTOpax, OOpa30BaHHBIX W3 CPEIHUX
rayccoBbiXx (yHKImA Kaxkaoro aumkTopa [33, 34]. Iloctpoum wmatpuiy U3 ASTHX
BEKTOPOB Juisi oOydaromieil BbIOOpKH, coiepkamied pedub P AUMKTOpOB, 1Is
anmpokcumaiuu ®@IIB cocTosHUN KOTOPBIX UCHOJIB3YeTCsl R rayccoBbIX (hYHKITUI:
Mg Hag

M=-eoeeieenns. . (9.53)

_ﬁP,l U ll'_lP,R_

HpI/IMCHI/IB MCTOA TJIaBHBIX KOMIIOHCHT K MATpHUIIC M, I[MOJIy4YuM COOCTBEHHEBIC
BCKTOPbI, KOTOPLIC HA3bIBAIOTCA «COOCTBEHHBIMH AUKTOPpaAMM)). HepBLIG I'JIaBHBIC
KOMITOHCHTEI 0OBIYHO COOTBCTCTBYIOT ImoJry AUKTOpA, I'POMKOCTH peun,
MOHOTOHHOCTH, M T.HO. I/ICHOJ'IBBYH HEOOJIBIIIOE  KOJIMYECTBO IICPBBIX TJIABHBIX
KOMITIOHCHT, MOKHO IIPCACTABHTH HOBOI'O JHUKTOPA B BHUJC JIMHEMHOM KOM6I/IHaHI/II/I

COOCTBEHHBIX JUKTOPOB, UCXOS U3 MaKCUMyMa MpaBaonoaoous L nabmonenuit X:
w =argmaxL(X | E,w), (9.54)
w

rne X — peueBoil MaTepuall HOBOTO TUKTOpa, £ — HaOop COOCTBEHHBIX TUKTOPOB, W —
UCKOMBIN BEKTOp K03 urumeHToB. Makcumuszaiys, Kak 0ObI9HO, OCYIIECTBISIETCS C
TTOMOIIIBIO OM-anroputma nyTéM mudepeHmpoBaHus CTaHJApTHOMN
BcriomMoratenbHou Gynkmmn (9.28, 9.42) 1o NCKOMBIM ITapaMeTpam.

9.6. Hopmanu3zanusi npU3HAKOB 110 JUIHHE T0JI0COBOI0 TPaKTa

B pazgene 1.2., mocBAmEHHOM BOpocaM pedeo0pa3oBaHus, ObIJIO MTOKA3aHO, YTO
npu  coxXpaHeHUH (OPMBI TOJIOCOBOIO TpakTa dacToThl (OpMaHT OOpaTHO
MPOIIOPITMOHANIBHEI JUIMHE TPakTa. JTO O3HAYaeT, YTO, HApHWMEp, NI JeTeld W, B
CpeIHeM, JJIs )KEHITUH Bce (DOPMAHTHI JIOJDKHBI OBITh CMEIIECHBI BBEPX OTHOCHUTEIHLHO
«CpeTHET0 MYKYUHBIY. TEOpEeTUYEeCKH BOJHOBOAY JIIOOOW JTMHBI MOXHO TPHAATH
Takylo (opMy, 4TO COOCTBEHHBIC 3HAUCHHUS KPaeBOH 3aJaud BOJIHOBOTO YpPaBHCHUS,
KOTOpBIE TPOSIBIISIIOTCS Kak (OPMaHTHI, MPUMYT JOOBIC 3amaHHbIC 3HadeHUsA. Ho
Oprassl ynpasiieHus (OpMOM rOJIOCOBOTO TpakTa — HEOHAS 3aHABECKA, SI3BIK, HYDKHSIS
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YEIOCTh, TYObl — MMEIOT OTPAaHUYEHHBIE BO3MOXKHOCTH IO YMPABICHHUIO, MTOITOMY
yKa3aHHas TEHICHIUS OTYETIIMBO MPOSIBIISETCS B dKcIiepuMeHTax (puc. 9.3).

NHTEepecHO OTMETUTb, YTO CpEAHHME pa3IUuus Mexay (popmaHTaMu st
MYKCKMX M JKEHCKUX TOJIOCOB 3aBUCIAT OT s3bika (puc. 9.4). DTo MOXeT
CBUJIETEIBCTBOBATh O TOM, UTO PEUEBOM ammapar 4ejaoBeKa, BOOOIE roBOPs, MOKET
BBICTaBJIATh (DOPMAHTBI JOCTATOYHO TOYHO, HO CTPYKTYpa SI3bIKa MHOTJA HE TpeOyeT
ATOro. DTOT (DAKT CTABUT HMHTEPECHBIE BOIPOCHl B 00JIACTH BOCIPUATHS PEUH,
KOTOPBIE BBIXOJSIT 3a paMKU Kypca (M Ha KOTOPbIE Mbl HE 3HaeM OTBETOB). OTMETUM
JIBA MHTEPECHBIX MOMEHTA: TOJIbKO B PYCCKOM S3BIKE Pa3IWyus MEXIy NEpPBBIMU
dbopMaHTaMH TIPEBBIMIAIOT OJIMH 0apK, a MKy BTOpbIMU — Tonitopa. (U3 pa3aena 2 —
Oapk SBISIETCS BaXXHOW €AMHUIICH, MOJTYYEHHOM B AKCIIEPUMEHTAX MO BOCHPUSITHIO,
ONpeNeAoNEed KaueCTBEHHO pa3JIMYHble JUIsi BOCHpUATHS 3BYKH). [lpu sTOM
paznuyus MEXAY TPEThUMHU (OpMaHTaAMHU CYIIECTBEHHO MEHBINE, YTO JOBOJILHO
YAUBUTEIIBHO, TTOCKOJBKY TPEThIO (POPMAHTy CUMTAIOT HauMeHee MH()OPMATUBHOM H,
CJIEI0BATENBHO, MEHEE KECTKO KOHTPOIUPYEMO.

5000

r I
l MYK.

I

gacToTa (I'11)

W3

)
IIH———FI——“

0 Bpem (c) L5

I

Puc. 9.3. Ilpumep npousnecenus cnoea «Caty Oukmopamu myxHcckozo u
arcernckozo noaa [36].

Ecnu npeanonoxuTe, 4To B peaqbHOW peun 3Ha4eHUs (HOPMAaHT AECHCTBUTEIHHO
0o0paTHO MPOMOPIHOHANBHBI JJIUHE TOJIOCOBOTO TPakTa, TO MPOLEAypa MPUBEIACHHUS
(GOpMaHT K OJMHAKOBHIM 3HAYEHHUSM OUYEBHUJHA — JOCTATOYHO JUHEHHO HCKa3HUTh
mkany 4actoT. [Ipm 3TOoM pgake He HyKHa HHGPOpMalus O JAJUHE TpaKTa —
MPOU3BOJIUTCSI PACIIO3HABAHUE PEUM C PA3IUYHBIMU IIKajlaMu U JJI JaIbHEHIIEro
pacro3HaBaHHs JAHHOTO JUKTOpa BHIOMpaeTcs IIKaaa, i KOTOPOM MOJy4YeHa
HauMOOJIbIIAs ~ ANlOCTEPUOPHAsT  BEPOATHOCTh  pPACIO3HABAaHUSA  JUISI  JTAHHOTO
BbICKa3bIBaHUsA. OHAKO MPU TAKOM MOAXOAE TpeOyeTcsl pelIuTh ABE MPOOJIEMBbI:

1. TlpeoGpazoBanue @Dypnbe oxBaTbiBaeT 4acTtoThl oT 0 [ g0 YacToTh
HaiikBucta. Ilpu nuneliHoM uckakeHuu mkainbl (F,om=0F) B ciydae o<l ygacTok
npeobpazoBaHHoOro cnekrpa ot aFy g0 Fy He OyaeT coxepkath uHGOpMaLIUK, a AJIs
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o>1 mucxomubiii criektp ot Fy/o 1o Fy He Oyaer otpaxEén B nmpeobdpazoBanHoM (Fy —
yactoTa HalikBucra).

2. CHeKTpalbHBId COCTaB IIYMOBBIX 3BYKOB SI3bIKA OIMpPENEISIETCS, B OCHOBHOM,
napaMeTpamu Cy>KeHHUs, a He JUTMHOHN TpakTa.

Danish
Dutch
Angami
New Zealand English —
Utrecht
Paic1 -
Akan |
Chickasaw |
Swedish -
Texas English |
Swedish
Hebrew —— | T
Michigan English
Ndumbea
Viennese German |
Aleut
S. British English
W.Apache
Korean
Australian English
Creek | <
Polish
Wari'
California English
Russian

0 0. 15 2
(bapk)

Puc. 9.4. Paznuuus mesicoy hopmanmamus 01 MyHCCKUX U HCEHCKUX 2010C08 Olsl
paznuunblx s1361k06 [35].

L

Jlnst peieHus yKa3aHHBIX MPOOJIEM TPEIIOKEHBI HEMPEPHIBHBIE MCKAKAIOIINE
mkanel, HaunHatomuecss B 0 I'i u 3akaHuyuBaromuecs: Ha dyactore HaitkBucra (puc.
9.5.). Oka3ajnock, 4YTO BCE OHM JAIOT JOCTATOYHO OJIM3KHE Pe3y/bTaThl. B HacTosIee
BpeMs TpeArnoyTeHue otraatoT Imkane €). [lkambpl HCHONMB3YIOTCS  CIETYIOINIIM
obpazoM: mociie BbUMCIeHUs crektpa Dypbe mIs KaxaoW HUCXOTHOM YaCTOTHI
cunektpa Ti=i*Af, rme Af — mar cmektpa (Af= F\/W, W — niuHa okHa aHanmsa),
paccUuThIBaeTCS HOPMAJIU30BAHHAS YAacTOTA. 3HAYEHHUE CIEKTpa Uil ATOM 4YacTOTHI
MOJIYYalOT C TOMOIIBI0O WHTEPHOSAUUU (OOBIYHO JMHEHHOM) HCXOAHOTO CIEKTpA.
Jlanee HOpMaaM30BaHHBIN CIIEKTP HUCIOJB3yeTcss Mo oOblyHOM cxeme (cm. MFCC
IpHU3HAKH, pa3jen 3).
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Puc. 9.5. Bapuanmot uckasxcarowux wxan [37, 38].
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[Tpoueaypy HOpManM3auu CIEKTpa MOXXHO MEPEHECTH B HIKaTy Mell. MOXHO
TAaK)K€ paccuuTatb MaTpUIly NpeoOpa3oBaHUN KENCTPalbHBIX KOA(D(GUIIMEHTOB,
IPUMEHEHUE KOTOPOM MPUOIMKEHHO HKBUBAJICHTHO MCKAXEHHUIO IIKAJIbl 4YacToT,
paccMoTpeHHoM Bbiie [36]. Takoil MeToa Ha3bIBAeTCS <JIMHEHMHON HOpMaM3alueu
0 JJIMHE TOJOCOBOTO TPakTa» (PacCMOTPEHHOE BbIIIE MPEOOpPa30BaHUE IIKAJbI
YacTOT, OYEBUIHO, MPUBOJUT K HEIMHEHHOMY MpeoOpa3zoBanuio kKoHeuyHbIXx MFCC
npu3HakoB). C BEIYUCIUTEILHON TOUKH 3pEHUS JIMHEHHOE MpeoOpa3oBaHue Oosiee
3(p(HEKTUBHO, MOCKOJBKY YHCIIO MOAJSKAIUX HHTEPHOJSALUUU OTCUETOB CHEKTpa
0OBIYHO paBHO 256, a KOJMYECTBO KEMCTPAIbHBIX KOI(PPHUIIMEHTOB OOBIYHO HE
npesbiaer 12-14.

PaccmarpuBast MeTopl HOpMaIU3alUuKd MPU3HAKOB WM aJlalTallid MOJIeTIeH JJist
HOBBIX JTUKTOPOB, OOpaTMM BHHMAaHHME Ha TO, YTO MPOIEAypa MOJYYCHHS MOJeIeh
BKJIFOUAET B ceOsl MPOLECC paclo3HaBaHMsI, TO €CTh OINEpaluio, sl 00jee TOUHOTO
BBITIOJTHEHHUSI KOTOPOW W TPUMEHSIOTCS HOpPMaIM3alusi MPU3HAKOB W aJanTarus
mozenei. [1oaToMy JOTHYHO 3TH MPOLEAYPHI BKIIOUUTH B MOIYJIb 00ydeHus. Takoit
BUJ] OOy4YeHHUsI Ha3bIBacTCsd «oOydueHHue, ajanTuBHOe K nukropam» (SAT — Speaker
Adaptive Training). Oxwunaemple TPEUMYIIECTBA OYEBUIHBI: BO-TIEPBBIX, MOJICIIH,
MOJlydYeHHBIE C TPUMEHEHHWEM aJalTHUBHBIX METOJOB KOMITAKTHEE B IMPOCTPAHCTBE
MPU3HAKOB U, CJIEOBATENbHO, TPEOYIOT MEHBIIIE PECYPCOB (raycCOBBIX (DYHKIMIA) 151
CBOCH  ammpoKCHMAallMM, BO-BTOPBIX, Omaromapss KOMIIAKTHOCTH, OOJIacTH,
COOTBETCTBYIOILIME PA3JIMYHBIM MOJIEISIM, HMMEIOT MEHbIIEEe MEPEKPbITUE, UTO
O3Ha4YaeT MEHBIIYIO OIIMOKY pacmo3HaBaHus (cM. puc. 9.2).
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10. IMCKPUMHWHAHTHBIE METO/IbI

PaccmoTpum ocHoBomnoaratomue ¢popmyisl (6.2), (6.3) u3 pasaena 6.

W =argmaxP(W | X), (10.1)
W =argmax P(WI)DI?E:; W) : (10.2)

rae W — mocienoBaTenbHOCTh CJI0B, X — MOCJIEI0BATENIbHOCTh BEKTOPOB-TIPU3HAKOB
pEYEeBOro CUTHAJA.

[Tockonpky mapameTpbl MOJAEIM IIPU PACIIO3HABAHUM HE HU3MEHSIOTCH,
BEpOSTHOCTH HaOmoneHuit P(X) sBisercst koHcTaHTOH. OJHAKO B TIpoIiecce 00yUeHHUS
3Ta BEPOSATHOCTb 3aBUCHUT OT MapaMeTpoB Mojeneil 4. Beipasum 3T0T ¢GakT B IBHOM
Buze: P(X| 4). Ilockonbky pa3znuuHble MapkoBckue Mozenu W, B3aUMHO HCKIIOYArOT

ApYT ApyTa,
P(X[4) =2 P(X|W,,2)PW,), (10.3)

I71€ CYMMHPOBAaHUE MPOU3BOJUTCA IO BCEM BO3MOXHBIM IIOCJIEA0BATEIBHOCTIM
mozeneit. Mcmonesys (10.3), u (10.2), 3anumem BeposiTHOcTh Mozenu W, sSBHO
BBIJICJISSI B 3HAMEHATENIE COOTBETCTBYIOIMI WwieH cyMMbl (10.3):

P(XW;, 4)P(W,)
P(XW;, 2)PW,)+ > P(XW,, 2)PW,) "

k=i

OO6bruno BepostHOCcTh P(Wi|X,4) MakcuMHU3UpyIOT B MOAMPOCTPAHCTBE MapaMeTPOB
Wi, 9T0 Bemér K KpUTEpUI0 MAKCHUMAaJbHOTO MpPaBAONOA00HsA, TO €CTh K OICHKE
napameTpoB, Makcummupyoommx unciautens (10.4). Bepostaocts P(W;) momywaror
U3 «Momenu s3bikay (paszmen 13), KoTopash TO3BOJSET OLCHUTH BEPOSTHOCTH
MOCJIEIOBATEILHOCTH CJIOB HE3aBUCUMO OT aKyCTHYECKOIO JNEKOAUpOBaHUs. J{aHHbIN
noAXo/ oOLIEeyNnoTPEeOUTENeH, MOCKOJIbKY Ype3BbIUaiHO YIPOIIAET 3ajady, HO 3TO
JNIOCTUTAeTCA  IEHOM  Majlod  JOUCKPUMHMHAHTHOM  Ccuibl  anroputma.  [lox
«JIMCKPUMHHAHTHOW CHJIOW» TOHHUMAETCS CIOCOOHOCTh AQJFOPUTMA PA3IENsTh
runotessl. J{ocTikeHre HAWIydllero pas/iefieHUus TUIOTe3 COBCEM HE 00s3aTelIbHO
COMNPOBOXKAAETCS YBEIUYEHUEM MPaBIONOA00Ms MpaBwibHONW TuUnore3sl. C apyrou
croponbl, wmakcummzanus P(Wi|X,4) B mNOJHOM MNPOCTPAHCTBE MPHUBOAUT K
JUCKPUMHHAHTHOMY aJrOpUTMy, HO TpeOyeT BBIUMCICHHUS BCeX WM Hauboiee
BEPOATHBIX KOHKYPUPYIOIIUX TUIIOTE3, IPEACTABICHHBIX YAaCThI0 3HAMEHATEIS

Z P(X |Wk ,A)PW,) , KOTOPYIO CIIEyeT YMEHbIIATb.

k=i

CyliecTBYIOT pa3lidyHble TEXHUKH TUCKPUMUHAHTHOTO (AMCKPUMUHATUBHOIO)
oOyuenus, makcumusupyromme P(Wi|X,l) — 310 «KoppekTupyioiiee 0OydeHHEe»,
«MaKCUMHU3AIUsl B3aUMHOW MH(OpMALUN», «MUHUMU3AIMUS (POHEMHOM OIIMOKIY WU
«MHHAMHK3aIMg omuOku  kiaccudukamuu» [31, i 4]. Dth Merombl AaroT
CYILLIECTBEHHOE YJYUIlIEHUWE pPACIIO3HABAaHUS HA HEOOJBIIMX CIOBApSX, OJHAKO MPH
YBEJIMYCHUHN CJIOBApsl JOMOJHUTEIbHBIC BBIUUCIUTEIBHBIC 3aTPaThl CTAHOBSTCS
Ype3MEpPHBIMH, a IPEUMYIIECTBA HE3HAYNTEIILHBIMU.

PW,|X,4) = (10.4)
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B nacTosiimee BpeMsi MOJydnIIO pacpOCTPAHCHHUE HCIOIh30BAHUE HEHUPOHHBIX
CeTel, KOTOphbIe, TOMUMO HOBBIX BO3MOXKHOCTEH, KaK MPaBHIIO, CO3JAI0T MOJEIH,
obnamarmue TMCKPUMUHAHTHBIMUA CBOMCTBaMH.

PaccMoTpuM  COBpeMEHHBIE  CHUCTEMBI,  HCIOJB3YIONIHE  «IJIUTEIHHBIC
KOHTEKCTHBIC TIPU3HAKA W HWCKYCCTBCHHYIO HEHWPOHHYIO CETh B KadyecTBe
KJ1accudukaTopa.

10.1. losnroBpeMeHHbIe IPU3HAKHA

JonroBpemennsle mnpusHaku, wuiad [ RAP-npusnaku (TempoRAL Patterns)
BIIEpBbIE OBLTM TIpemiokeHsl B padotax [39, 40]. B ornuume oT TpaguIimOHHBIX
CIEKTPAJIbHBIX METOJOB, OCHOBHAs WJES MPEMJIOKEHHOTO METOJA 3aKIII0YaeTcs B
UCIOJb30BaHUU TMPU3HAKOB, TOJYyYEHHBIX MyTeM OOBEAMHEHUS pPEe3yJbTaTOB
BBIYKCIICHUSI SHEPTUU Me-(PUIbTPOB Ha HECKOJIbKUX (periMax. brok-muarpamma
Bbrunciienuss TRAP-npusnakoB npencrasinena Ha puc. 10.1. Tlpouecc popmupoBanus
nosiroBpeMeHHbIX TRAP-npu3HakoB HauMHAETCSl C BBIYUCIICHHS SHEPTUU B MeEIl-
¢bunbTpax. PeyeBoil curnan pazouBaercs Ha (ppeliMbl 1nuHOM 25 Mc ¢ marom 10 mc.
Men-QuibTpbl SMyNIHPYIOTCS B3BEUIMBAHUEM HSHEPreTUYECKOro CIEKTpa pPEeyYEeBOTO
CUTHAJIa TPEYTOJbHBIMU OKHaMH, PaCHOJIOKEHHBIMH B JIOTapU(PMUYECKOM MacluTade.
3HaueHus, MMOTyYaeMble Ha BBIXOJIE KaXKIOro M3 (UIBTPOB, 3aT€M CYMMHUPYIOTCS U
norapupmupyrotcs. Ilponeaypa moBtopsier mnonydenue MFCC  koaddunmenton
(pasmen 3.) 3a HMCKJIIOYEHHEM KeMCTpalbHOrO mpeodOpazoBanus. Bexropsr TRAP-
IpU3HAKOB (POPMHUPYIOTCS TyTEM OOBEAMHEHHSI HECKOJIBKUX 3HaYEHUI BHYTPU OJIHOM
KPUTHUECKOHN MOJIOCH MeN-(PUIIBTPA, TO €CTh HOBBIN BEKTOpP MPU3HAKOB (POPMUPYETCS
U3 KOMIIOHEHTBI C OJHUM HOMEPOM HECKOJIBKMX IIOCIEJOBATENbHBIX BEKTOPOB
ndorapupma wmen-cnektpa. Takum obOpa3oM, TRAP-mpusznaku - 5310 Habop
HE3aBUCUMBIX BEKTOPOB, OMMCHIBAIOIIMX U3MEHEHHE BO BPEMEHH DHEPTUU PEUYEBOTO
CUTHaJIa JUIsl KaXA0W U3 KPUTHYECKHUX OJIOC MEI-PUIIbTpa.

JIOMOTHUTENBHO K JAaHHOMY BEKTOPY HPU3HAKOB MOXHO IPUMEHHUTH
HopMaym3anuio no cpeaHeMy u CKO (cpeaHekBaipaTH4eCKOMY OTKJIOHEHHIO), a
TAK)K€ B3BCIIMBAHUE C MOMOIILIO OKHAa X3MMHUHTA. [10TydeHHBId BEKTOP MPU3HAKOB
MOCTyMaeT 3aTeM Ha HEeHWPOCeTeBOW KIAacCHU(UKATOP, BBIXOJbI KOTOPOTO SIBISIOTCS
aroCTEPUOPHBIMU ~ BEPOSITHOCTSIMU ~ KJIAaCCOB  (DOHEM WM  COCTOSHUM  (hoHEM.
HetipoceTeBoii kiaccudukaTop UCHONB3YeTCS B KaXKI0H U3 KPUTUUYECKHUX MOJI0C ME-
bunbTpa. BeixoaHble JaHHBIE HEMPOCETEBBIX KIACCHU(PUKATOPOB MOCTYNAIOT HA BXOJ
Merger-cetu — HEHPOHHOM CETH, 1IEJIbI0 KOTOPOH SABIsIETCA 00bEIMHEHNUE PE3YIbTATOB
pacno3HaBaHusl, HE3aBUCUMO TMOJYYSHHBIX Ha PA3IMYHbIX KPUTHUECKHUX MOJI0CAX MEJ-
bunpTpa.

B omnucanHbIX BbIlIE MPOIEAYpaX BBIYHCIAECTCS BEPOSTHOCTh TMOSBICHUS
¢donems! 1 ieHTpanbHOrO (peiima Bektopa TRAP-npusHakos.
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Puc. 10.1. bnox-ouaepamma cucmemul na ochose TRAP-npusnaros [41].

OxcnepumenTsl ¢ TRAP-npru3HakamMu mokasaiu, YTO CHCTEMa, OCHOBaHHas Ha
HUX, CYIIIECTBEHHO PEBOCXOIUT CTaHJIAPTHYIO cucTteMy, ocHoBaHHYI0 Ha MFCC unu
PLP mpusHakax — OTHOCHTEIFHOE YMEHBIICHHE OIIMOKH pPaclo3HaBaHMsI COCTABUIIO
6omnee 10%. Taxke ObUTO OOHAPYKEHO, YTO OIMIMOKK CUCTEM C dTUMU MPU3HAKAMU HE
OYEHb CHJIBHO KOPPEIMPYIOT, YTO IIO3BOJIIET HCIOJB30BaTh HX COBMECTHO,
JOTIOJTHUTENBHO YMEHbINast omuoKy. C apyroil CTOPOHBI, CUCTEMbI, OCHOBAaHHbIE Ha
JAHHBIX  MpU3HAKax, TpeOyloT OONBIIMX BBIUMCIUTENBHBIX  3aTpaT  H3-3a
UCITOJIb30BAHUSI HEUPOCETEBBIX KJIACCU(PUKATOPOB B KAXKAOW KPUTUUECKOU MoOyoce, a
Takxe 00JIBIIOTO 00BEMa PeUeBbIX 0a3 JAHHBIX AJI1 O0yUEHUSI.

Jnuna Bektopa mnpusHakoB TRAP moxer gocturars 101 »smemenTta, 4TO
COOTBETCTBYET JUIMTEIIBHOCTH KOHTEKCTa B 1 CeKyHAy. OKCIEPUMEHTHI 10
OIpECNICHUIO ONTUMAJIbHOM JIJIMHBI BEKTOpa Ha OCHOBE MHUHHUMYyMa (HOHEMHOMN
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ommOku [41] namm myuay B 300—400 Mc, 9TO COOTBETCTBYET pa3MEPHOCTH BEKTOPOB
TRAP-nipuznakoB B 31-41. (OObIYHO pa3MepHOCTb BBIOMpAETCS HEYETHOM, YTOOBI
COMOCTAaBUTh LIEHTPAJIBLHOMY 3JIEMEHTY BEKTOpa LIEHTP (POHETUYECKOro 3JeMEHTa U
UMETh OJIMHAKOBBIE MO JJIMHE KOHTEKCThI JO U TIOCJE€ UEHTPAIbHOW TOYKH.)
[IpyHuMas BO BHUMaHUE pE3yJIbTaThl 3TOIO SKCIEPUMEHTA, CIEIYET y4yecTb, YTO Ha
ONTUMAJIbHYIO JJIMHY BEKTOpOB TRAP-npu3HaKoB MOKET OKa3bIBaTh BIMSHUE 00BbEM
oOydaronieil BBIOOPKM — BBIBIICHHE CTaTUCTUYECKUX 3aKOHOMEpPHOCTEH B
IPOCTPaHCTBE OOJIbIICH Pa3MEPHOCTH TPeOYeT COOTBETCTBYIOLIETO YBEIUUEHUS Oa3bl
naHHbIX. O4YeBUAHO, BAPUATUBHOCTD JIMUTEIBHBIX BPEMEHHBIX MPU3HAKOB HUMEET TY
e MPHUPOJY, YTO U BapUATHBHOCTH TPU(POHOB (pasaein 8.) — KOIMUYECTBO Pa3THUHBIX
TPAGKTOPUN  AKCHOHEHIMAJIbHO BO3pAacTaeT IMpPU  YBEJIUYEHUU KOHTEKCTHBIX
3aBUCHUMOCTEH, IPU 3TOM PE3KO BO3PACTAECT KOJMYECTBO HE HAOMIOAEHHBIX B Oaze
coueTanuii ¢poHeM. Tak, mpH KUCIIOIBL30BaHUU TECTOBOM YacTH 0a3bl JaHHBIX [IMIT ¢
39 donemamu, npu ydyére OUrpamMM, KOJUYECTBO HE BCTPEUEHHBIX COUYECTAHUI
cocrapiusier 1104 wmm 2.26% oT oOmero uucia, NOpu y4€Te TpPUTPaAMM,
cootBeTcTBeHHO, 8952 m 18.83% wu 4-rpamm — 20681 u 54.55%. OtoT »ddext
MOJIYYHJI Ha3BaHUE «IIPOKJIIAThE pazMepHocTH» (the curse of dimensionality).

B Hacrosimee Bpemsi MpU MCCIENOBaHUU 3—4-TpaMMHBIX cOYeTaHUM (oHeM
UCIIOJNB3YIOTCSL 0a3bl TaHHBIX, cojepxkaniue 0osnee 1000 yacoB peun. OTMETUM, YTO
JUUIs PYCCKOM peur He CYLIECTBYeT 0a3 JaHHBIX Takoro oobema. Hanbomnee u3BecTHbie
0a3bl naHHbIX, Takue kak SpeechDat u SpeeCon, cogepsxart nopsaka 60—70 gacos.

J1J1s IpeoI0JICHHSI 3TUX TPYAHOCTEH ObLIO MpeaaoxeHo B [41] pa30uTh KOHTEKCT
HAa JIEBYIO U IIpaByto yacTH. [Ipu 3ToM yactu 00y4yaroTcst HE3aBUCUMO JPYT OT JIpyra u
00BEUHAIOTCS TMOTOM Ha merger-cetu. Takke B [41] moka3zaHo, 4YTO 3a CYET
pa30ueHust JOJTOBPEMEHHOIO0 KOHTEKCTa Ha JBE COCTABIAIOIIME CYIIECTBEHHO
CHUXAaeTcsl TpeOoBaHUE K 00beMy 00yUaroleid BHIOOPKH.

CTpyKTypa CUCTEMBI C pa3JeJI€HHbIM BPEMEHHBIM KOHTEKCTOM IPEACTABICHA Ha
puc. 10.2. Ha mepBoM 1miare u3BleKaeTcs SHEPTHs U3 MeN-(QUIBTPOB U O0BEIUHACTCS
B 310 mMc BpeMeHHOU KOHTEKCT (31 3HaueHue). Jlanee BpeMEHHON BEKTOP U3 KaXI0H
KPUTHYECKON TMOJIOCHI MeN-(uiIbTpa pa30MBaeTCs HA JBE YACTH — JIEBBIM KOHTEKCT
(3nauenust 0—16) u mpaBeIii KOHTEKCT (3Ha4YeHHS 16-31). OOGe YacTH B3BEHIMBAIOTCS
COOTBETCTBYIOIIMMH ITOJIOBUHAMM OKHa XA3MMHUHIA, IIOCJIE€ YEro BbIYUCISIETCS
TUCKpeTHOE KocuHycHOe npeobdpaszoBanne (DCT). [lns kaxmoi gactu coxpaHsercs N
koapduimento DCT-npeoOpazoBanust  (uucio  KodQPUIIMEHTOB  HAXOIUTCS
HKCIIEPUMEHTAIbHBIM TiyTeM). l[lonmydeHHble IJIs KaXKIO0W KPUTHUYECKOW IOJIOCHI
BEKTOPbI OOBEAUHSIOTCS B OOIIMIA JIEBBIM M MPaBbIi KOHTEKCTHI U MOJAIOTCS Ha JBa
HEHpOCeTEeBBIX Kilaccu(PUKaTopa, KOTOpble POPMUPYIOT AlTOCTEPUOPHBIE BEPOSATHOCTU
anagornyno  TRAP-cucremam.  Bpixonbl — HEHpOCETEBBIX  KjacCH(PUKATOPOB
Jorapu(MUPYIOTCS 1 COBMECTHO MOJAIOTCA HA MErger-cetb, KOTopas Takxke o0yyeHa
(GbOpMHPOBAHUIO AaMOCTEPUOPHBIX BEPOATHOCTEH. B 3aBepieHue amoctepuopHbIe
BEPOATHOCTH MErger-ceTu JAEKOIUpPYIOTCS C TmoMolubio Butepbu-nexkonepa, B
pe3ysbTaTe Yero Mojy4yaroTcs mocieaoBareiabHOCTH ¢oHeM. J[aHHas cuctema Oblia
na3Bana aBropamu LC-RC-cucrema (cokpaienue ot Left context — Right context).
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morapudmu-  no obyuainei  HelipoceTeroi Burepin OGS 0B TE k-
POBAHHE BRIGOpEE rraceHHERTOP ACKODCR HOCTh
ll pau hh ae
[ N | ow pau
)

Puc. 10.2. bnok-ouacpamma cucmemvi Ha ocnoge LC-RC-npusnaros [41].
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11. YCJIOBHBIE CJTYUYAUHBIE MOJIS

Ycnosubie cnyuainbie moss (CONDITIONAL RANDOM FIELDS, CRF) - sto
CTaTUCTHYECKass MOJeNlb, HWHOI/Aa TMpUMEHseMas B HacTosllee Bpems JUis
pacrio3HaBaHusi 00pa3oB. [lepBoHayallbHO MOJEIb BO3HUKIA ISl OOBSICHEHUS
dbeppomardetusma [45]. ['maBHBIM OTJIIMUMEM 3TOrO MOJXO0Ja OT METOAA CKPBITHIX
MapkoBckux Mmozeneir (CMM) sBaseTcs TO, 4TO B PAMKax YCJIOBHBIX CIIyYalHBIX
NoJIEW HE JeNaercsd NPEINOJOKEHUH O BEPOSATHOCTHBIX PacCHpeneseHUsIX
MOJICJIMPYEMBIX CIIyYalHBIX IPOLIECCOB (KakK, BIPOYEM, M B pPaMKax MOJEJEH,
UCITOJIB3YIOIINX HEHPOHHBIE ceTH). VCcnonap30BaHHME YCIOBHBIX CIIy4allHBIX MOJER
CBOJAMTCS K 3a[1a4€ MaKCUMU3ALMK SHTPOIIMU U BBIYHMCIECHUIO YCIIOBHOM BEPOSTHOCTH
pEeUeBOro cerMeHTa B BU/IE SKCIIOHEHIIMAIbHOM Moiemu [46]:

p(W| %, 1) = ﬁ&xp{f F(w,s.0} (111)

riae W — pedeBoit (pparmeHt (cioBo, (pasza...), S — cocTosiHUSI, X — HAOOp BEKTOPOB
NPU3HAKOB, 4 — BEKTOpP ONTUMH3HPYEMbBIX NPU OOYYCHUU MapamMeTpoB (MHOXKUTEIH

Jlarpamxa), f — BekTOp nmocrarounbix cratuctuk, Z(X;A)= > exp{l £ (w,s,x)} -

W,Sew
HOPMUPYIOIIUN MHOXHUTEIb, CyMMa IO BCEM BO3MOHBIM PEUEBBIM (pparMeHTaM.
®opma (13.1) BeITekaeT u3 peuieHus ypaBHeHHUs JlarpaHka Nmpu cambIX OOIIMX
MIPEIOJIOKEHUSX OTHOCUTEIHHO JOCTATOYHBIX CTATUCTHK.

B xauecTBe TOCTATOYHBIX CTATUCTHK OOBIYHO (DUTYPHUPYIOT CTATUCTUKH MEPBOTO
¥ BTOPOTO TTOPSITKOB:

.
T 1
fe (W,S,X) = 25 (5.1 =5)0(8;=S")  —  crarucruka mepexonoB
)

MCKOY COCTOSHUSAMU,

.
0
£ (w,s,x) = 25 (s, =59) - CTaTHUCTUKA COCTOSIHUM,
t=1
(M1) T
fs,j (W,s,X) = 25(3t = S)Xj,t J=12,...N - CTaTHUCTHUKA
t=1
MIEPBOTO TOPSIKA,
T
(M2) _ _ 2 .
fo; 7 (w,s,X) = 25(5t = S)Xj, J=12,..N - CTaTUCTHUKA
)
BTOPOTO MOPSIKa, (11.2)
rne 0 — uHaukaropHas Gyskuus (1 mpu BeIMogHEHMH yCioBUs, 0 — B MPOTUBHOM
ciydae), | — KOJIMYECTBO BEKTOPOB IMPHU3HAKOB B peuyeBoM ¢parmente, N —

pPa3MEPHOCTh IPOCTPAHCTBA IPU3HAKOB.

JIy1st TOro 4TOOBI MPOSICHUTH CMBICIT BBINICTIPUBEIEHHBIX MAPAMETPOB, MTOKAKEM,
KaKk OyJeT BBIIJISACTh B JTHX TEPMHHAX BEPOSTHOCTh (PparMeHTa B pamKax
cra"aapTHoi Mojenu CMM.
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[Tonnast BepossTHOCTH peueBoro gparmenta B repmunax CMM (paznen 6) umeer
BU/I:

Pl =TTa, . B(Xs,). (113)

/i€ St — COCTOSIHHE B MOMEHT BPEMEHH 1, s — BEPOSTHOCTH MEPEX0/1a U3 COCTOSTHUS S
B coctosinue S’, B(X|S) — BeposTHOCTh 3Mmuccun (DYHKIUSA MJIOTHOCTA BEPOSITHOCTH)
JUTSL COCTOSTHUSA S.

Ecmn QyHKIMIO MIIOTHOCTH BEPOSITHOCTH alIPOKCUMUPOBATH OJHOW TayCCOBOM
byHKIMEH ¢ TuaroHaIbHOM MaTpulleh KOBapI/IaLII/II/I BeipakeHue (11.3) mpumer Bua:

. — (St) )
X;,
T exp( Z (51)2 )
pwlx)=TTa, . e
= (2r7)? HGES‘)
1! st> +ﬂ(s1)2 (11.4)
eXp( Z Jt (Sjt)z )

J

N N
(27[ 2H (s1)
=1

Eq

St-1,5t

—
Il
UN

rae Mj Vi oj — Cpe/iHee M CPETHEKBA/PAaTHYHOE OTKIOHEHHS JUIs KOMIOHEHTBI C
HOMEPOM | TayccOBOW (YHKIHUH, AammpoOKCUMUPYIOMIEH (QYHKIMIO TUIOTHOCTH
BEPOSITHOCTH VISl COOTBETCTBYIOILIETO COCTOSIHUS.

BribepeM B kauecTBe HayalbHOTO MPHUOIMKEHUA JUJIsI MHOXKuTenel Jlarpamxka
cleyroIue BeipaxxeHus [47]:

//Lgl,-sr) = Iog(as,s' )l

(Occ) ST ) ﬂfs)z
CC
A9 = _log(27) 2 | 1| o Z R
J:

(s)

J

1

2592
J

AMD = j=1...N.

MoXHO TpOBEpUTH, UYTO, €CIU MOACTaBUTH BhIpaxkenus (11.5) u (11.2) B
BbIpakenue (11.1), Mpl OJSy4UM 3HAYEHUE YCIOBHOW BEPOSTHOCTH, TOXKIECTBEHHOE
(11.4) ¢ TOYHOCTBPIO JI0 HOPMHPYIOIIET0 MHOXHTEIA. Takum o0pa3oM, B
PAacCCMOTPEHHOM Cllydyae WTepalMd 10 YTOYHEHHI0 MHOXuTeneidl Jlarpanxka B
nporeaype oOydyenus CRF HaumHamoTcs C TOYKHM, B KOTOPOW 3aKaHYHMBAIOTCSA
UTEpAIH aJITOPUTMOB O0YUYEHUS CKPBITOH MapKOBCKOW MOJCIH, TO €CTh PE3yJIbTAThI
OynyT He Xyke. OHAKO yIydIlIeHHe He3HAYUTEIILHO.
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Hcnonb30BaHWE MOMEHTOB BBICOKOIO MOPSAKA B paMKaxX MOJENIU YCIOBHBIX
CIIy4alHBIX MOJeH 0ueBUIHO. MOXKHO TakX e yuyecTb MOJENH SI3bIKa, B 3TOM CJIyyae,
HarpuMmep, I YHUTPAMMHOM MOJENM JOCTaTO4YHasi CTaTUCTUKA W HadallbHOE
npubIMKeHne MHoXkuTenen Jlarpanxa OyJeT UMEeTh BUJL:

f M (w,s,X) =S(w=w') (11.6)
A" =log p, | |

rae Pw — BEPOATHOCTD NOSBICHUA CjiIoBA W.

Hocrtatounsie crtatuctuku (11.2) mnpuBeaeHsl I ciaydas amnmpoKCUMAaIluu
(GYHKIIMM TUIOTHOCTH BEPOATHOCTH COCTOSHUM OAHOHM rayccoBod ¢(yHkuumei. Ilpu
ATOM MPEJIOIATaeTCsl, UTO B KaXkJAblii MOMEHT BPEMEHHU CUCTEMa HaXOJUTCA B OJTHOM
COCTOSIHUM B COOTBETCTBUU C anroputMoM Butepobu. B cmyuae, korma dyHkims
MJIOTHOCTU BEPOATHOCTH aNMPOKCUMHUPYETCS HECKOJIBKUMH TayCCOBBIMU (DYHKIHSIMU
Y IPUHAIJIC)KHOCTh K COCTOSIHUIO HOCUT BEPOSTHOCTHBIM XapakTep B COOTBETCTBUH C
anroputMoM bayma-¥Ysiiia, 10cTaTOuHbIE CTATUCTUKU UMEIOT CIICAYFOIUNA BUL:

.
fsfgcc) (w,s,X) = Z;/t (s,=s,m),m=12,...,M_
t=1

s,m, j

B
forwW,s,x)=>r(s,=s,m)x,,, j=12,..,N, m=12.,M_ (117)
t=1

;

(M2) _ _ 2 . _

fo2(w,s,X)=>7(s,=s,mx;,, j=12,.,N, m=12,.., M,
t=1

rae Mg — KOIMYECTBO rayCCOBBIX (DYHKIIM, MPUMEHSIIONINXCS ISl aIPOKCUMAIIUN

(YHKITUH TUIOTHOCTH BEPOSITHOCTH COCTOSTHHSA S, Y;(S,M) — BEpPOSITHOCTh HAXOAUTHCS
B MOMEHT BpeMEHH { B COCTOSIHUM S U TayccoBoi ¢yHKImu M (6.25, 6.23).
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12. TIYBOKHWE HEHPOHHBIE CETH

[Ipexne 4YeM mnepenuTH K PacCMOTPEHUIO €IIE OJHOW TPYMIIBI METOJIOB
pacro3HaBaHus, OCTAHOBUMCS Ha JIIOOONBITHOM (pakTe. TeXHOJIOrHH pacrno3HaBaHUs
peun  SBISAIOTCS  JOCTATOYHO MOJIOABIMH, HO OYEHb MEPCHEKTHBHBIMU B
KOMMEpPYECKOM CMBICIIC, YTO MPEIoyiaraeT 3HAYuTEeNbHOEC (UHAHCHUPOBAHUE U
OypHbIit pocT. OTHaKO, HECMOTPS Ha Xopolee (UHAHCUPOBAHKE, CO BPEMEHHU, KOTJa
ObUIO MPEAJIo’KEHO HCMIOJIb30BaTh MApKOBCKHME MOJAENTH (CepeuHa IIEeCTUICCITHIX
rogoB XX BeKa), Iporpecc B Ka4yeCTBE paclio3HaBaHMs Ha MpoTskeHuu 6omaee 40 et
OBLT JOBOJILHO MaibiM. HOBBIM MeTOIaM HE yIaBaIOCh MPEOAOJETh YPOBEHD
pEe3yJIbTATOB, JOCTUTHYTBIX HENPEPBIBHOM MAapKOBCKOM MOJEIBI) C TayCCOBOU
anmpokcumanuend (PyHKIUI MIOTHOCTH BEPOSTHOCTEH COCTOSIHUM, JTHOO0 yIydIIeHHE
OBLJIO CTOJIb HE3HAYUTENbHBIM, YTO HE CTOMJIO CYIIECTBEHHOTO YCIOKHEHHUSI CUCTEM.
[Ipy STOM JOCTUTHYTBIE pE3yJbTaTbl HE MO3BOJSIM MCIIOIb30BaTh CUCTEMBI
pacno3HaBaHUsl PE€YM KaK MAaCCOBBI KOMMEPYECKHUW MPOJIYKT, XOTS KOHKPETHBIC
MIPUJIOKEHUS B Y3KUX MIPEAMETHBIX 00JaCTAX yKe IaBHO padoTasu.

MHOruM HCCIen0BaTENSIM MPEACTABIBUIOCH, UTO XapaKTep 3aJa4l COOTBETCTBYET
BO3MOYKHOCTSIM HCKYCCTBEHHBIX HEUPOHHBIX ceTeil. [lombITKM HCIOIB30BaHUS
HEWPOHHBIX CETEed HAYaluCh JOBOJBHO JaBHO. B KadecTBe mpuMepa NpPUBEAEM
crateio 1990 1. [51], B KOTOpO# OBLIO MPEIOKEHO MHOTO MEPCIEKTUBHBIX HeH. B
JaCTHOCTH, HCIIOJB30BAIKCH JOJITOBPEMEHHBIC Mpu3Haku (cM. pasaen 10.1) B Bumae
OJIHOTO CYIEPBEKTOPA, COCTOSIIErO U3 9 MocIea0BaTeNIbHBIX BEKTOPOB MEJ-CIEKTPA,
U PEKYpPpPEHTHAasl CBA3b MEXAY BBIXOAHBIM M BXOJHBIM CJIOSIMH, I1O3BOJISIBILNE
YUYUTBIBATh KOHTEKCTHBIE 3aBUCMMOCTH. HecMOTpss Ha TO, 4TO B 3TOH CHUCTEME
(aKTUYECKH HUCIOJIb30BAIKNCH TE€ K€ MPHU3HAKH, YTO U B CTAHJIAPTHOM MapKOBCKOM
MOJENH, IUIIOC YIOMSIHYTBIE YCOBEPIICHCTBOBAHMS, IPEB30WTH CTAaHIAPTHYIO
CUCTEMY Ha OCHOBE TayCCOBBIX CMECEHd HE€ yAaloch. JTOT (AKT BbI3BAJ TaKOE
HEJIOYMEHUE B HAy4yHOW cpene, uto B 1996 Bblia cTathsi ¢ KPaCHOPEUYHUBBIM
Ha3BanueM ““Towards increasing speech recognition error rates” [52], B kotopotii Oblia
CZeJIaHa TOMbITKA OOBSCHUTH JJIUTEILHOE OTCYTCTBHUE IIPOrpecca B CO3/IaHUHU CUCTEM
pacro3HaBaHUsl pedd. ABTOPbl OOBICHSIM OTCYTCTBHE IIporpecca TeM, 4YTO
MapKOBCKasi MOJIeJIb HA OCHOBE rayCCOBBIX CMecel Oblila MPUHSTAa B KauecTBE 0a30BOM
B JIECSITKaX HAyYHBIX LIEHTPOB BO BCEM MHUPE M B TEUEHUE HECKOJBKHUX JIET ObLIa
MpeAeIbHO ONTUMU3UPOBAHA, TAK YTO JIOOOH HOBOM, CHIPOM CHCTEME HAa HAYaJIbHOM
JTaIle NMPEB30MTHU €€ ITOYTH HEBO3MOXKHO.

HecMoTtpss Ha TO, 4TO NMPUBEAEHHBIM apPryMEHT TPYAHO OCHOPUTH, MOCIEIHUE
paboThl, UCIOJIB3YIONIME MHOTOCIOWHBIE HEHUPOHHBIE CETH PaA3MYHBIX THUIIOB,
JIOKa3bIBAIOT, YTO €CTh €IIE€ OJHA JJIEMEHTApHAs INPUYMHA — HEHUPOHHBIC CETH HE
o0nafgaid JIOCTATOYHOM MHGOPMAIIMOHHOM MOIIHOCTBIO, MOCKOJIBKY MOIIHOCTb
KOMIIBIOTEPOB HE IO3BOJSJIa MCHOJIB30BATh CETH C HECKOJIBKUMHU CIOAMH U
BBIXOJIHBIM CJIOEM, COCTOSIIMM M3 HECKOJIBKUX ThICSY HEMPOHOB, COOTBETCTBYIOIIMX
TpudoHaM (a HE HECKOJIbKUM JIECSITKaM MOHO(OHOB, KaK B pAHHUX CHUCTEMAX).

Heliponnas ceTb WM NEpUENTPOH C JIIOOBIM KOJIMYECTBOM CKPBITBIX CJIOEB
ABJISICTCS YHUBEPCAIBHBIM allIPOKCUMATOPOM [53], T.€. 1aKe CETH C OJTHUM CKPBITHIM
CJIOEM, HCIOJIb30BABIIMECS JO JTOr0 dTana, MOTYT alMpOKCUMHUPOBATH JOOYIO



100

MOBEPXHOCTh B TMPOCTPAHCTBE Mpu3HAKOB. OIHAKO ycleX B paclo3HaBaHUHM pPEUU
OpUIIEST TOJILKO C HCIOJb30BAHMEM MHOTOCIOMHBIX CeTeid. DTO O0OBICHSIETCS
HEBO3MOKHOCTBIO WJIM KpaHeW TPYAHOCTBbIO CO3JaHUS Pa3yMHOH METOIMKHU
WHULMATU3AlUA BECOB JUISI CETe C OJHUM CKPBITBIM CJIOE€M, YTO MPHUBOJUT K
JaJeKOMY OT ONITUMyMa Habopy BECOB IPH OOYUCHUHU.

Hcronp30BaHE MHOTOCIIOWHBIX HEMPOHHBIX CETEM MOCTABWIJIO HOBYIO 3a7a4dy —
pa3pabOTKy HOBBIX QJITOPUTMOB OOYYEHHS, ITOCKOJIbKY W3BECTHBIA aJlTOPUTM
00paTHOTO PacIPOCTPAHCHHUSI OMUOKU 0€3 pa3yMHON MHUITMATN3AIIUNA BXOJHBIX BECOB
HEHPOHOB MOKET TMPUBOJIUTH K HEONTUMAIBHBIM pemeHusM. [lo-Buammomy,
pa3paboTKa HOBBIX AJITOPUTMOB OOydeHHsI OyJeT TpeHIOM pPabOT, CBA3aHHBIX C
VCIIOJIb30BAaHUEM HEUPOHHBIX CETEM.

OgHuM W3 METOJOB SIBJISIETCS WHUIMAIU3ANMS C TOMOIIBID TMOCIOWHOTO
oOyueHusI, HauMHas ¢ HWKHHUX CIoEB [54,55]. B kauectBe meiaeBor QYHKIUHM IS
MIEPBOTO CKPBITOTO CJIOS PACCMaTPUBASTCS BXOJHOW BEKTOP NpH3HAKOB. MCX0MHBIN
BEKTOpP MOXKET COJAepkKaTh HECKOoJIbKo mocienoBatenbbix MFCC wmm  men-
CIIEKTPATbHBIX  BEKTOPOB-TIPU3HAKOB.  UTOOBI  M30€KaTh  TOXIACCTBEHHOTO
npeoOpa3oBaHusi, BXOJHOM BEKTOp 3amrymisitor. Ciaeayronui ciioil HeMpoOHHON ceTH
TaKUM >k€ 00pa3oM OOyYarOT BOCIPOU3BOJWTH BBIXOAHBIC CHUTHAIBI MPEIBIIYIIETO
ciosi. Bcero Takum oOpasom oOydaror no0 S5-7 cinoéB. Ilocine Toro, Kak
WHUIIMATU3alNs TIEPBBIX CJIOEB TPOBEICHA, BKIIOYAIOT CTAHIAPTHBIA aJTOPUTM
00paTHOrO pPacHpOCTPAHCHHS OIMMOKK JUIi BCEM CETH C IeJIeBOM (DYHKIIHEH,
OTpakarolel MPUHAJJICKHOCTh BXOJIHOTO CHTHAJa K COOTBETCTBYIOIIEMY TPHU(OHY.
JlaHHBIM MOIXOJT MOKa3al SIBHOE MPEUMYIIECTBO MO CPaBHEHHUIO C KJIACCHYECKUM
MOJIXOJIOM C TayCCOBBIMHU CMECSIMU: PE3YJIbTaThl PACIIO3HABAHUS BCET/1a OKA3bIBAIUCH
Jydiie, TpuuaéM MHOTOCJIOWHAs CeTh, 00ydeHHas: Ha peueBoM maTepuaie B 309 yacoB
peud, rmokaszaja JIyqilue pe3yyibTaThl, YeM METO/] C TayCCOBBIMHU CMECSIMU, 00YUCHHBIN
Ha 2000 gacax peuu.

JIfoOOMBITHO OTMETUTH, YTO TMpEAJaraeMblii aJroOpuT™M OOydYeHHUs CO37aET
CUCTEMY, HATOMHHAIOIIYIO MO (PYHKIIMOHUPOBAHUIO CIIYXOBYIO. B cilyxoBoii cucteme
0OHapyKeHBl HEUPOHBI, pEarupyroNe Ha OMPEICIEHHBIC COOBITHSI B aKyCTHYECKOM
curane [56, rin. 9]. Ilo mepe «yrimyOneHUs» CUTHaAJA B IICHTPAJIbHBIC OTICIIbI
CIIyXOBOM CHCTEMBI XapakTep MPHU3HAKOB, BBIICIACMBIX CIEIUATU3UPOBAHHBIMHU
HEHpOHAMH, TpPUHUMAET BCE Oo0Jiee CIOXKHBIM W W30MpATEebHBIA  XapakTep.
[IpenBaputenbHoe 00yUeHUE OTACIbHBIX CIOEB HEHPOHHOW CETH, BBIMOJHSET Ty e
3alayy — OTHENbHbIE CJIOM OOYYaroTCs HAXOJIUTh MPHU3HAKM CHUTHala Bc€ OoJiee
BBICOKOT'O YPOBHHI.

Ecnu BHyTpeHHHME CIOM HEHWPOHHBIX CETEW BBIACISAIOT MPU3HAKKH PEYEBOTO
CUTHaJIa, XapaKTepHbIE JIJIsi peyd BOOOIIE, TO UX MOXKHO YHU(DUIMPOBATH AJI BCEX
S3BIKOB, 00yYast 115l KaKJI0T0 HOBOTO SI3bIKA TOJIBKO BBIXOJHOM CJIOM HEHPOHHOMU ceTn
(puc. 12.2). D10 OBUTO OBl YPE3BBHIYANHO BAXKHO, MOCKOJIBKY MJII OOYYEHUS TOJIBKO
OJIHOTO CJIOSi HEHPOHHOU ceTn TpeboBanmach Obl ropa3qo MeHbIas pedeBas Oasza
JAHHBIX, YeM JIJ1s1 00ydeHUs BCeX S5S—7 CIIOEB.

DKCIEPUMEHTHI TTOTHOCTHIO TIOITBEPUIIN TaAKYI0 BO3MOXKHOCTE. Vcronb3oBanue
COBMECTHO PEYEBBIX 0a3 MaHHBIX Mg (HPAHITy3CKOTO, HEMEIKOTO W HTAIbSHCKOTO
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SA3BIKOB  TIO3BOJIMJIO  YMEHBIIUTHh OMIMOKY pacno3HaBanuss Ha 3,3-54% B
OTHOCHUTEJIPHOM BBIPKEHHHU TI0 CPAaBHEHHUIO C MOHOSI3BIKOBBIMH MOJIeTsIMH [55].

Crnenyer OTMETUTb, YTO COJEPXKAILLIASCS BO BHYTPEHHMX CIIOSIX HeWpocerel
uHpoOpMalusl O TPU3HAKAX PEUYEBOTO CHUTHAJIA MOXET OBITh MCHOJIb30BaHA IS
pacro3HaBaHMs peYd Ha HEPOACTBEHHBIX sSI3bIKaX. BbUIM MOCTABIEHBI SKCIIEPUMEHTHI
10 MCIOJB30BAaHUIO BHYTPEHHUX CJIOEB HEHPOHHOM CeTH, 00yUYeHHOM Ha 0a3e JaHHBIX
EBPOMEHCKUX S3BIKOB, JIJISI TOOOYUYEHUS BBIXOJHOTO CJIOSt HEUPOCETH ISl KUTACKOTO
A3bIKa. OTHOCUTENBHBIA BBIMIPHIN cocTtaBuil oT 21,1% mo 8,3% mnpu yBenmueHumn
0a3pl JAHHBIX KHUTAWCKOro si3bika OT 3 mo 139 gacoB [55]. PaccMoTpenHbIi mpreM
OTKpBIBAaET BO3MOXHOCTh CO3/1aBaTh CHUCTEMbl PACIIO3HABAHUS JII BCEBO3MOXKHBIX
S3bIKOB, B TOM YHCJIE MAJIOPECYPCHBIX.

CeHOHEI 1 A3BIKa CeHOHEHI 2 A3BIKA CeHOHBI 3 A3bIKa CeHOHEBI 4 A3bIKa CeHOHEHI 5 A3bIKa

©0..:00) ©0.::00) 00..:09 00 ..-00©0..:09

QO0mue A BCeX A3BIKOB

CKPBITBIE CIIOH OoOmuit MeXaHH3M IIpeo0pa30BaHuA

[AHHBIX, 0OYYEeHHBIH Ha OCHOBE
MEPBBIX UETHIPEX A3BIKOB

He saBucammumii oT A3bIKa

CeHOHEI - CBA3dHHBIE COCTOAHNA TPHCIJOHOB

Puc. 12.1. Obyuenue cucmemvl, 06yuennol yemvipem A3vlkam, namomy s3vixy [55].

[TockonbKy HEWpPOHHBIE CETH HE MOTYT HICHTU(DHUIIMPOBATH JUHAMUYECKUE
OOBEKTHI, JUISI CpPaBHEHUS MOJCJICH ¢ CUTHAJIOM IO-TIPEKHEMY HCHOJIb3yeTCs
dbopmaIu3M MapKOBCKHUX MOJEJEeH, OJIHAKO Terepb B KaueCTBE BEKTOpa MPU3HAKOB
UCIIOJB3YeTCsl HA0Op amoCTEpPUOPHBIX BEpPOSTHOCTEH TPU(POHOB, MOJYUYCHHBIN Ha
BBIXOJIE HEUPOHHOM CE€TU. TakoM METOJ HMCIIOJIb30BAaHUS HEUPOHHBIX CETEN OJHUM M3
NIEPBBIX TPEIOKUI 111 MoHOPOHOB X. ['epmaHckuii ¢ coaBTopamu [57].

OTMeTHM, 4TO KOHTEKCTHas 3aBHCHUMOCTb, TO €CTh BiIMsSHUE (POHEM Apyr Ha
JIpyra, B JaHHOM CJydae MOJICIUPYETCS IOCTPOCHUEM BXOJHOTO BEKTOpa U3
HECKOJIBKHX TMOCJIEAOBATEIIbHBIX BEKTOPOB IIPHM3HAKOB, OMHUCHIBAIOIIMX OTPE30K
cUrHaja JuHON okojo 25 Mc. OkHa aHanm3a cmemaroTcs Ha 10 mc. TakuM oGpasom,
JUIL TOro 4TOOBI OTOOpa3uTh OTpe30K curHada jiuuHoM 300 mc (Takue pa3Mepsl
KOHTCKCTHOW 3aBUCHMOCTH ObUIM BBISBIEHBI B pabore [41]), TpeOyercs okoio 30
BEKTOPOB  mpH3HaKoB. Takum  o0Opa3oM, pa3sMEpHOCTb  PE3YJIbTHPYIOIIETO
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cymnepBekTopa MoxkeT coctaBiarh oT 300 mo Gomee wem 1000, B 3aBHCHMOCTH OT
pPa3MEpHOCTH HUCXOJHOTO BeKTOopa Tmpu3HakoB. Pabora ¢ BekTOpaMu Takou
pa3MepHOCTH TpeOyeT O0IBIIOr0 KOJTUYECTBA BEIUUCICHUH.

Bosee cymiecTBEHHBIM HEJOCTATKOM, IPUCYIIMM TaHHOMY METOAY, SIBJISIETCS TO,
4TO ri1yOOKHe HEMPOHHBIE CETH HE MOTYT Paclno3HaBaTh AMHAMUYECKUE OOBEKTHI, U3-
32 4Yero M MPUXOJUTCA HCIOJIB30BATh AIrOpUTM ButepOu B paMkax MapKOBCKOH
mozenu. Hegoctatku MapKOBCKOM MOJIETH TOBOJIBHO OYEBUAHBI: TUCKPETHOCTH, WU
HE3aBUCUMOCThH MOCJIEIOBATEIBHBIX COCTOSTHUN JIPYT OT JIPyTra; OTCYTCTBUE TITyOOKHUX
BPEMEHHBIX CBS3€H, TO €CTb HECIMOCOOHOCTh paclo3HAaBaTh TPACKTOPUHU B
MPOCTPAHCTBE MPU3HAKOB KaK HH(POPMATUBHBIE OOHEKTHI.

MOXHO MPEANONIOKUTh, 9TO 00a OTMEUEHHBIX HEJIOCTAaTKa MOXKHO MPEOJIONIETh,
HCIHOJIb3Yysl PEKYpPPEHTHbIC HEUPOHHBIE CETHU. PEKyppeHTHbIE HEUPOHHBIE CETH
coliepKaT HEUPOHBI, OOBEIWHEHHBIE B HAMPABJICHHBIA KPYroBoil mporecc. ITO
HaJesieT HEUpOHHYI0 CEeTh MaMAThIO M, CJEAO0BATENIbHO, CIOCOOHOCTHIO
pacno3HaBaTh MPOLECCHI, @ HE TOJbKO CTaTUYECKHE OOBEKThI, KaK PacCMOTPEHHbBIE
BbIIIIE TNIyOOKHE HEUPOHHBIE CETH. PEKyppeHTHbIE HEHMPOHHBIE CETHU OTIMYAIOTCS OT
PAaCCMOTPEHHBIX paHEE MHOTOCJIOMHBIX TEM, UTO MPU 00pabOTKE OYEPETHOTO BEKTOpa
MPU3HAKOB CUCTEMA YYUTHIBACT TaK)KE€ BHYTPEHHUE COCTOSIHUSI HEUPOHOB, KOTOPHIE, B
CBOIO OYepe/ib, POPMUPYIOTCS MPEABITYIIMMU BEKTOPAMU MPU3HAKOB U COCTOSHUSIMU
B MpPEAbIAYIIME MOMEHThI BpEMEHH. B 3TOM CMbICIE €IUHHYHAS PEKyppEeHTHas
HEHWPOHHAs CETh MPEACTABISIET cO00il Oojee MOIIHOE OOpa3oBaHUE, YeM TIIyOOoKas
HEHWpOHHAs ceTh. TeM He MeHee, PacCMATPUBAIOTCS HEpPaApPXUUYECKHEe KOMOWHAIUU
PEKYPPEHTHBIX HEUPOHHBIX CETEH M KOMOMHAIIMM PEKYPPEHTHBIX M MHOTOCIIONHBIX
ceTeil. DTO MOXHO OOBSCHUTHb, KaK M JUIsl MHOTOCJIOMHBIX CETeH, >KeJTaHHueM
CTPYKTYPUpPOBAaTh CHUCTEMY, MPUOJU3UTH €€ K NPUHIMNAM (QYHKIIMOHUPOBAHUS
HEPBHOU CUCTEMBI, YIPOCTUTH MPOLETYPY HHUIIUATU3AIUN U O0YUCHHUSI.

Hano cka3zarb, 4TO COBMECTHOE HCIOJIb30BAHHE TIIYOOKHUX U PEKYPPEHTHBIX
HEUPOHHBIX CETEHW OTKPBIBAET MHOTO BO3MOYKHOCTEW [JIs CO3JAHUSI PAa3JIMYHbBIX
apXUTEKTYp CHCTEM pacro3HaBaHUs. BbIOOp «IpaBUIIBHOW» apXUTEKTYPhl MOXKET
CYIIIECTBEHHO YIYYIINTh Ka4eCTBO pacro3HaBaHus. Tak, B padote [58] pekyppeHTHas
HEHPOHHAsI CETh PACIOJIAraeTcsl MOCIE «I3bIKOBOT0» CJIOSI MHOTOCJIOMHOW CETH, WU
MEXKJy BBIXOAHBIM, <«SI3BIKOBBIM», CJOEM M TIOCJIEAHUM BHYTPEHHUM CJIOEM
(puc.12.1). B kadyecTBE NPU3HAKOB HCIOJIB3YIOTCA aNOCTEPUOPHBIE BEPOATHOCTH
(boHEM C «I3BIKOBOTO)» CIIOSI U (MJTM) BBIXObI MOCIEAHETO CI0sI TITyOOKOW HEMPOHHOM
cetu. Takyro apXWUTEKTYypy MOXKHO CUMTAThb TpyOOd MOJENbI0O BOCXOJSIIETO
CIIyXOBOI'O IYyTM M HWKHETO YPOBHS UEHTPAJbHON CIIyXOBOM CHCTEMBI. XOTS
KaueCcTBO pAacClO3HABaHUS MO CPaBHEHUIO C PACCMOTPEHHOM BbINIE TIITyOOKOH
HEUpOHHON ceThlo (0e3 pekyppeHTHOM) yBenmuumwioch Bcero Ha 0,4%-0,5%
(a0conoTHO), HO cama PEKyppeHTHAas CeTh YIYYIIWJIa TOYHOCTh PACHO3HABAHMS
donem ¢ 71,8% mo 81,2% 1o CpaBHEHUIO C APXUTEKTYPOH, T/I€ MHOTOCIIONHAs CETh
OTCYTCTBOBajla M Ha BXOJ PEKYPPEHTHOM NOJABAIIMCh HCXOAHBIE CIIEKTPAIBbHBIE
MPU3HAKH.

Hapsiny ¢ morickamMu apXuTEKTypbl CUCTEMBI Paclio3HABAHUsI OOJIBIIIOE BHUMAHUE
YAEIAETCS YCOBEPIICHCTBOBAHUIO PEKYPPEHTHBIX ceTel. J[eo B TOM, 4TO, HECMOTpS
Ha VIy4YIICHHE KadyecTBAa pACIO3HABAaHUA U BO3MOXKHOCTH OOXOAHMTHCS O€3
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UCKYCCTBEHHOTO METO/a CKPBITBIX MAapKOBCKMX MOJeNed, OHU O0OJajaroT H
HeJoCcTaTKaMu. [JIaBHBIM HEJOCTATKOM ABJISETCA TPYIJOEMKOCTb W CIOXKHOCTh
npouenypbl oOydenus. OOBIMHO TpUMEHSIETCS BCE TOT K€ METoJI O00paTHOro
pacnpocTpaHeHuss OIIMOKH, HO, YYHUTHIBasi PEKYpPPEHTHOCTb, Pa3BEPHYTHIM BO
BpeMmeHH - back-propagation-through-time (BPTT). OcHOBHBIC TPYAHOCTH IIPH 3TOM
CBsI3aHBI C OOHYJICHHEM I'paMeHTa U OY€Hb OOJIBIIMM BpeMeHeM o0yueHus [59,60].

PaccMoTprM OCHOBHBIE YCOBEPIIEHCTBOBAHUS PEKYPPEHTHBIX HEMPOHHBIX CETEH,
WCIIOJIB3YIOIIMUECS B CUCTEMAX PACIIO3HABAHUS PEUH.

OObIuHAs peKyppEeHTHAS HEUPOHHAS CETh ONMMCHIBACTCS YPABHECHUSMH

h, = f(W,x, +W,,h,,) (12.1)

Y= g(Whyht) (122)
rue: X;, hy ¥ y; — BeKTOp NpPU3HAKOB, BEKTOP BHYTPEHHHUX COCTOSHHIA HEHPOHOB M
BBIXOJTHOM BEKTOP, COOTBETCTBEHHO, B MOMEHT BpeMeHu t; Wy, — MaTpuia BeCOBBIX
KOA(P(UIIMEHTOB, CBS3BIBAIOIIAS BXOJHOM BEKTOP C BEKTOPOM BHYTPEHHHUX
coctosiauid; Wi, — MaTpuIia, CBA3bIBaIOIIAs BEKTOPBI BHYTPEHHUX cOCTOSHUMN; Wy, —
MaTpuIla, CBA3BIBAIOINAS BEKTOP BHYTPEHHHX COCTOSHUI C BBIXOJHBIM BEKTOpOM; f —
curmougHas pyHKuMs; § — JIMHEHHas win softmax ¢yHKuus (HamoMHUM, 4TO softmax
(GyHKUHS TapaHTUPYET HOPMUPOBAHHOCTh BBIXOJHOTO BEKTOpa Ha 1, 4TO MO3BOJISET
paccMaTpuBaTh KOMIIOHEHTBI BBIXOJIHOTO BEKTOpa KakK BepoOSITHOCTH). Pa3smepHOCTH
BEKTOpa COCTOSHUN h paBHa uwmciny HEHpPOHOB B ceTH. Pa3MepHOCTH MaTpuIl
OYEBUIHBI, UCXOS U3 Pa3MEPHOCTEN BEKTOPOB, KOTOPHIE OHU CBSI3BIBAIOT.

B pekypcun (12.1) MoxkeT ydacTBOBaThb TaKk € BBIXOJHOW BEKTOp, TOTa

dbopmymna (12.1) npuobperaer Bum:

ht = f(thXt +Whhht—l + Wyhyt—l) ) (123)
rne Wy, — Mmarpuna, CBA3BIBAIOINAs BBIXOJHOM BEKTOP C BEKTOPOM BHYTPEHHHMX
COCTOSIHUM.

OOydeHue Takod HEHPOHHOM CEeTH, KaK OOBIYHO, 3aKJIFOYACTCS B ONTHUMHU3AIUU
BCEX WJIM YaCTU MaTpPHI] BECOBBIX KOA(D(PUIIMEHTOB C 1ENIbI0 TOCTHXKEHUSI ONTUMYyMa
II0 HEKOTOPOMY KPUTEPHIO, 3aBUCALLEMY OT BBIXOJIHOI'O BEKTOPA U LIEJIEBOIO BEKTOPA
JUTSl TAHHOTO MOMEHTa BPEMEHU 10 BCEeil 00y4aroIiei BhIOOPKE.

OnHuM U3 caMbIX MOMYJISIPHBIX BApPUAHTOB PEKYPPEHTHBIX HEWPOHHBIX CETEH,
VCHOJIB3YIOIIMXCS Il PACIO3HABAHMS PEYM, SBISIIOTCS CETH C HEUPOHAMHU C
«UTMHHOW KpaTKOBpeMeHHO# mamMsThio» (Long Short Term Memory, LSTM) [61-66].
HelipoHbl B Takoii ceTU UMEIOT O0JIEE CIOXKHYIO CTPYKTYPY U COAEPKAT OJIOK MaMsTH,
BKJTIOYAIONUi reiThl (gates) Bxoma, 3a0ObIBaHHS M BBIXOJA CO CBOMMH BEKTOpaMH
cocTosiHUM. Takast HEMpOHHAs! CETh OMKUCHIBAECTCS CIIEAYIOIIMM HAOOPOM ypaBHEHUI:

i, = f(Wx, +W_h _, +W,c, , +b,) (12.4)
f,=f(W,x,+W_h_ +W_,c,_,+b,) (12.5)
c, =f ec_ +i etanh(W, x, + W, ch_, +b, (12.6)
0, = f (W x, + W, ,h, +W_c, +b,) (12.7)
h, =0, e tanh(c,) (12.8)
m, =0, ¢h, (12.9)

y, =o(W,,m, +b,), (12.10)
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rzie J00aBIISIOTCS. BEKTOPBI COCTOSIHUY Iy, i, Cy 1 Oy — BX0O/1a, 3a0bIBaHNUs, aKTHBAIINN U
BBIXOJIa, COOTBETCTBEHHO, M; — BCIIOMOTaTEJIbHbI BEKTOp, ® — IO3JIEMEHTHOE
NPOM3BEACHUE BEKTOPOB, D — BEKTOpbl CMeElIeHUH, G — JIOTUCTHYECKAs
cUrMoujiaibHasi QyHKIHUS, CMBICI MAaTPHI] BECOBBIX KOI(PPUIMEHTOB OYEBUJIEH, BCE
oHM moaHble, kpoMe W, KOoTOpasi quaroHajibHa. Pa3mMepHOCTh BCeX BHYTPEHHUX
BEKTOPOB OJIMHAKOBA M pAaBHA YUCITY HEUPOHOB B CETH.

[IpoOneMbl ¢ 3KCHOHEHIMAIbHBIM YMEHBIICHHEM TpaJIMeHTa Npu OOY4YEHHH B
JaHHOW HEWPOHHOM ceTH o0XoAsTcs Onarogaps TOMY, UYTO CHTHajl OLIMOKHU
3axXBaThIBaeTCsl OJIOKOM MaMsITH M NPOAOJKAET BO3JEHCTBOBATH Ha ApPYrue TeiThl,
Ja)ke eCJIM TeKYIIM CUTHAJ OIIUOKHU HCUes.

Emé onuH TN peKyppeHTHBIX HEHWPOHHBIX CETEHM OCHOBAH Ha pPEe3epPBYapHOU
moaenu [67-70]. DTo mpocTeHnii BapuaHT PEKYPPEHTHON CETH, OCHOBAHHBIM Ha
HEHPOHAX ¢ YTEUYKOU, ONUCHIBAIOIIMICS YypaBHeHUAMH, aHatorngHbivu (12.1 u 12.2):

h, = @-A)h,, +Af (WX, + W, h,_,) (12.11)
y, =W,h,, (12.12)

rje Ko3hUIMEHT A onpeenseT CKOPOCTh YTEUKH.

BrixogHOW BEKTOp sIBIsSETCS JMHEMHOM KOMOWHAIMEW KOMIIOHEHT BEKTopa
coctosgHuii. Bce kommoHeHThl MaTpuilbl Wy, WHUIUATU3UPYIOTCS CIy4alHBIMU
YHUCJIAMH U HE MEHSIOTCS Mpu 00yuyeHuu. Llenpio oOydueHus sIBisIeTCS ONTUMU3AIIUS
marpunel Wy,  brnarogaps JHMHEHMHOCTM  BBIXOJA PEIICHHE BO3MOXHO B
aHAJMTUYECKOM BHUJIE, 6€3 mpuBiieueHus airoputma BPTT:

W,, = (X" X+é&l)*(X'D), (12.13)
rae X — MaTpulla, CTPOKH KOTOpOW 00pa3oBaHbl M3 BEKTOpPoB Ny /i oOydvaromieit
BbIOOpKH, D — MaTpuiia, CTpOKH KOTOpOH 00pa30BaHbl U3 COOTBETCTBYIOUIUX 1IEJIEBBIX
BEKTOPOB, € — KOHCTaHTA PEryJisipu3aiuy, | — equHnYHas MaTpuIiia.

Bwmecto ¢opmynel (12.11) MoxkHO Mcnonab30BaTh 00bIuHYIO0 hopMynny softmax (12.2).
B sToM cnydae aHalIMTUYECKOE pEIIEHHME HEBO3MOXKHO, M MPHUBJIEKAETCS METO/I
IPaMEHTHOTO CITyCKa. TakoW MOAXO0J MMEET CMBICI, KOTJa KOJIUYECTBO HEUPOHOB B
CEeTH CTOJIb BEJIMKO, 4TO oOparieHue matpuibl B ¢opmyne (12.13) cranoButcs
3aTPYIHUTEIIbHBIM.

HecMoTpss Ha KpaiiHIOIO NMPOCTOTY TAKUX CETEH, PE3YyJbTaTbl PaCIllO3HABAHUS,
MOJIyYEHHBIE C UX MTOMOIIBIO, HE CUJIBHO YCTYHAloT pe3yibTatam cereit LSTM.

OTMeTUM TaKKe TaKyl0 pa3sHOBHIHOCTh PEKYPPEHTHBIX CETEH, KaKk autoregressive
moving average (ARMA) pekyppeHTHbIE ceTH. B 3THX ceTsX B Ka4eCTBE BXOJHOIO
BEKTOpa HCIOJIb3YETCSl CYINEPBEKTOP, COCTOSAIIUMNA U3 HECKOJIBKUX BEKTOPOB B
nocje0BaTeIbHbBIE MOMEHTHI BpeMeHH. [IOHSATHO, YTO MPEUMYIIECTBO HU3KOU
Pa3MEpPHOCTH BXOJHOTO BEKTOpa Mpu 3TOM TepseTcs. B padote [58] ucnonsizyrorcs 13
NOCJIEIOBATENbHBIX BEKTOPOB. I[IpOLIEHT MpaBUIIBHO pAacCMO3HAHHBIX (OHEM IO
CPaBHEHHIO C KAHOHMYECKON peKyppeHTHOU ceThio yBemuumics ¢ 80.2% no 81.2%.
MOXHO TPEeanoNIOKUTh, YTO 32 CUYET ONTUMM3AIUU OOIIEH apXUTEKTYPhl CHCTEMBbI
pacrio3HaBaHUS MOKHO JIOOUTHCS OOJIBIIIErO Mporpecca.
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13. MOJEJIM A3BIKA

Bepuémcs k dopmyne (10.2). Ha e€ ocHOBaHMM MOXHO cliejaTh BBIBOJ, YTO
3a/layy paclo3HaBaHUS PEeYr MOXKHO pa3OuTh Ha Tpu. [lepBas U3 HUX WMEET AENO C
aHAJIM30M pPEUEBOTO CHUTHANA, BBIACICHHEM U MOJCIUPOBAHUEM aKyCTHYECKUX
npu3HakoB. BTopas oTpakaeT 3aBUCHMOCTH, CYIIECTBYIOIIHME MEXAY CJIOBaAaMHU B
S3BIKE U OMPECISIONIMMU BO3MOXKHBIE CXEMBbI CJIEJIOBAHHS CJIOB JPYT 3a JAPYTOM.
Hakonert, 3a1aun TpeThelt TPYIIIBI CBA3aHBI C ONPEACIICHUEM HAMIYYIIero KaHauaaTa
Ha pacIio3HaBaHWE CPEIM BCEX BO3MOXKHBIX C HCIIOJIL30BAaHMEM TOW WH(MOpMAIUH,
KOTOpasi CO3/JaeTCsl B XOJIe pEIICHHUs 3aaad IMepBbIX ABYX Tpynn. Ha ocHoBanuum
TAKOTO pas3feieHus oOpa3yroTcss TPU OCHOBHBIX MOJIYJS JIFOOOM CHCTEMBI
pacro3HaBaHUs CJIMTHOM PEUU: aKycCmuiecKkds mMooeib, MoOoelb A3blka U dekodep. 1o
CUX TIOp pPacCCMaTPUBAIKMCH BOIIPOCHI, OTHOCSIIHUECS K TIEPBOM 3a/1a4e.

OCHOBHBIM TIOHSTHEM JIMHTBUCTUYCCKOTO OIMMCAHUS PEUYH SBIISCTCS IOHSATHE
Moienu sA3bIKa. [Ipon3BoibHASI MOJIENh SI3bIKA MTO3BOJIAET (POPMATBLHO OMKUCATH S3BIK, &
TOYHEE, T€ W3 €ro AacleKTOB, KOTOpPhIe HEOOXOMUMBI NJisi TOBBIINICHUS KadecTBa
aBTOMATHUYECKOTO pacro3HaBaHUs peyn. Omnpenensis BO3MOHYIO
MOCJIEIOBATEILHOCTh CJIOB, MBI TIOJIHUMAaeMCsI Ha 00Jiee BHICOKHE YPOBHH OMHCAHUS
A3bIKa TI0O CPAaBHEHHUIO C (POHETHMUECKUM M, KaK CJEJACTBUE, JIOJDKHBI YUYUTHIBATH
CUCTEMHBIE OTHOIICHUS BBICIINX MOPSAAKOB. Mcronp3yemass MO/IeNIb OMUCAHUs CIOBa
B TMPEVIOKEHUU MOXKET OBITh CJIOXKHOM, YYUTHIBAIOIIEH CHHTAKCHYECKYI0 U
CEMAHTHUYECKYI0 CTPYKTYpy BBICKA3bIBaHHS, a MOXET OBITh OYEHb IPOCTOM,
noJjiararoie, 4YTo MosBJICHUE JIOOBIX CJIIOB PABHOBEPOSITHO (B TAKOM CIIy4ae MbI, 1O
CYTH, OTKa3bIBa€MCSl OT JIMHTBHCTHYECKOTO aHAM3a M yYeTa 3aKOHOMEPHOCTEH M
0COOCHHOCTEM €CTECTBEHHOTO SI3bIKA).

S3p1KOBast MOJIENTh — 00s3aTeNbHAS YaCTh CHCTEM PACTO3HABAHUS CIIUTHON PEYH.
He mro0as mocienoBaTensHOCTh CIOB SIBISETCS MPEATOKEHNEM (B OCOOCHHOCTH ISt
S3BIKOB THIA HEMEIKOTO — C KECTKUM MOPSIAKOM CIJIOB), MEXIY CJIOBAMU €CTh
rpaMMaTHYECKHE U CEMAHTHUYECKHUE CBSI3H.

S3b1KOBast MOJIEINIb TIO3BOJISIET Y3HATh, KAKUE MOCJIEIOBATEILHOCTH CJIOB B SI3bIKE
Oonee BEpOSATHBI, a Kakhue MeHee. B OIHONMPOXOIHBIX JEKOAEepax OOBIYHO
uHpOpMaIUs OT S3BIKOBOM MOJIEM YUYUTHIBAETCS OJHOBPEMEHHO C MH(pOpPMAIIMEH OT
aKyCTHYEeCKOM Mojenu (Kaxkaas CcO CBOMM BECOM), B JBYXIIPOXOJHBIX JAEKOJAEpax
S3BIKOBAsi MOJIENIb OOBIYHO BKJIIOYAETCSl HA BTOPOM JTarle.

Hcnonp30oBaHne S36IKOBOM MOJIENN IMOMOTAET COKPATUTh MPOCTPAHCTBO TOMCKA
U CHITh HEOJHO3HAYHOCTH TPH BHIOOPE W3 HECKOJBKUX OJIM3KUX IO CTOMMOCTH
aKyCTUYECKUX THUTOTE3 (IJI1 PYCCKOTO S3bIKa, HANpPHUMEp, TMOMOTAeT MPABUIBHO
pacno3HaTh CJIOBO B HY>KHOM IaJIEXKE).

OO1IenpuHATON MEpOil OLICHKHM MOJENEH S3bIKa B OTPBIBE OT AKyCTUYECKOH
MOJICIH sIBJIsSIeTCs Tiepruiekens (v Kod(hGUIMEHT HeolpeaeaeHHOCTH — perplexity),
KOTOpasi COOTBETCTBYET cpeHEMY KO3(PPUIIMEHTY BETBJICHUS MOCIE KaXKJ0ro CJIOBa,
corjacHo Mojenu s3bika. Ilepruiekcusi mpeacTtaBisieT coOod Mepy CIOCOOHOCTH
MOJIENId  MPENICKa3blBaTh HEU3BECTHBIE IOCIEAOBATEIILHOCTU  CJIOB,  SIBISIETCS
byHKITMEH KpOCC-d3HTPOIUHU U BBIYUCIISAETCS 0 popmyie:
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L 10g, P (W ..y ) -
PP=2"W =2m =P(ww,.w )", (13.1)
rae H — kpocc-sHTponus Tekcra, M — KOIMYECTBO CJIOB B TEKCTE, a P(W{Wj...Wp,) —
BePOﬂTHOCTB, HpI/IHI/ICBIBaeMaﬂ TCKCTy MOJCJIBIO A3BbIKA.

st N-rpamMmMel BeposTHOCTE P(W,W,...W, ) paccuuThIBaeTCs Kak MPOU3BEICHUE

BEPOSITHOCTEH BCEX BCTPEUCHHBIX B 0a3e JaHHBIX mocienoBatesibHocTel N ClIoB BO
dpazax:

(13.2)

" i—N+l)’

P(ww,..w )= ﬁ P(w |w_,...W
i=1

IpU 5TOM JJisl CJIOB, HAYMHAKOIMMX (pa3y, BBOJUTCS CHEIHATBHBIA «TOKEH
(MeTka) <S>, oOo3HavaromMii Havaimo ¢pas3el. s TepBBIX CIIOB BO (pase
BEPOSITHOCTH TOCJIEI0BATEILHOCTEN PACCUNTHIBAIOTCS TaK:

P(w, |<s>),P(w,|w,<s>),..P(W,, |W_,,...,W,<S>) (13.3)

AHaJOTHYHO YYUTHIBAIOTCS TOKEHBI B KOHIIE (Ppas3bl:

P(<'s>|w,,...w, ,,),P('s>|w,,...w, ), P(<'s>w,) (13.4)
rae K — komudecTBo ¢iioB BO ¢pase.

Yem HmKe TEPIUICKCHS, TEM Jydllle MOJeib si3bika. HecMoTpss Ha TO, 4TO
IPSIMOM 3aBUCUMOCTH MEXITY YMEHBIICHHUEM TEPIUNICKCHH U YJIYYIICHHEM KadyecTBa
pacmo3HaBaHMsI HET, yMEHBIICHUE mepruiekcuu Oosbiie, yeM Ha 10% oObIYHO
OTpa)kaeTcsl U Ha KadecTBE pacro3HaBaHus. OYEBUIHO, YTO JJISI MOJIENH SI3bIKA, TIC
BCE CJIOBa pPABHOBEPOSTHH W BEPOATHOCTH TOSBICHUS CJIOB HE 3aBHCHT OT
OKpYy>KEHHMs, IEPIUIEKCUS paBHaA pasMmepy ciosaps. 1lo mepe yuéra 3aBucumocTeu
MEXKTy CIIOBaMHU, MEPIUICKCHs YMEHBIIIAETCS O HEKOTOPOTO Mpeena.

Eme omHOW XapakTEepUCTUKOW MOJENM S3bIKA ABIAETCS IMPOLIEHT HE3HAKOMBIX
(BaecnoBapubix) ciioB (OOV — Out of Vocabulary). On roBopur o TOM, CKOJIBKO CJIOB
U3 TECTOBOTO TEKCTa He ObUIM HAWEHBI B MPOU3HOCUTEIHHOM CIIOBape CHCTEMBI U,
CJICJIOBATEIIbHO, HE HWMEIOT HUKAaKHX IIIAHCOB OBITh pacrio3HaHHBIMH. (MeTobI
o6pabotku OOV ci10B OyayT paccMOTpeHbI B pasene 15).

13.1. Ucnosib30BaHue YCI0BHBIX BEPOATHOCTEM

@opMyIia BBIYKMCIEHUS AallPUOPHO BEpOSATHOCTH BceX N cIoB B IpemiokeHUn
10 TIOJIHOMY JIEBOMY KOHTEKCTY (TO €CTh, HA OCHOBAHMM YK€ PACHO3HAHHBIX CIJIOB)
MOKET OBbITh pa3yiokKeHa Ha MPOU3BEJACHHUE YCIOBHBIX BEPOATHOCTEH:

PW)=P(w,w,..w,) = ﬁ P(w, |wW,W,..w. ). (11.5)

[ToHSTHO, YTO BBIYHCIUTH TaKyl BEPOSTHOCTb MPAKTUYECKH HEBO3MOXKHO — OTO
noTpeboBajgo OBl OTPOMHBIX BBIUYMCIMTEIBHBIX MOIIHOCTEH W HEBOOOPa3uMOTo
pa3mepa TPeHUPOBOYHOIO Kopityca. Beruucienue 31oif BepoITHOCTH TOTPeOOBaIo Obl
onenxn u xpanerns V' (V-1) HezaBrcHMbIx mapameTpos (e V — 06beM crioBaps),
MIOCKOJIBKY CJIOBAph XOPOIIEH CHCTEMbI pacliO3HABAHUS COJIEPIKUT COTHH THICSY CIIOB,
I MoxeT nocturath 3HaudeHus B 100 ciioB u Oosiee, 3TO CTAHOBUTCS MOIPOCTY
HEBO3MOXXHBIM. OJHaK0, MBI MOXXEM YIPOCTUTH 3aJady, HCCIEAysS TONBKO N
OJIMDKAMIIMX CIIOB JIEBOI'O KOHTEKCTA, MPUJISI, TAKUM 00pa3oM, K MOHITHIO N-rpaMm:
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C(w..w
P(w, |ww,..w_)=PW |w_.w__ )= (W W) , (11.6)
C(Wi—l"'wi—ml)
rac C —  KOJIHNYCCTBO COOTBCTCTBYIOHII/IX N-FpaMM (HOCHCHOB&TCHLHOCTGﬁ

COCEJTHUX N-CJIOB).

[ToncuntaB BeposTHOCTH N-TpaMM Ha OCHOBaHHMH OOJBIIIOTO TPEHUPOBOYHOTO
Kopmyca (KOTOPBI MOXKET JOCTUTaTh COTEH MUJUITMOHOB CIIOBOGOPM), MBI MOKEM B
JaJbHEUIIIEM HCIOJIb30BaTh MX MJIA OMNPENEIICHHUS] BEPOATHOCTH CJIEJAOBAaHUS CJIOB
Ipyr 3a  JpyroM B  HE3HAKOMOM  TeKcTe  (MpeACTaBisIoNMM  co0o0i
MOCJIEA0BAaTEILHOCTh CJIOB — KaHAWJIATOB Ha pacrno3HaBaHue). Takod mMmoaxon
Ha3bIBACTCS OLIEHKON MakcuMaabHOro mnpasaomnonoous (MLE — Maximum Likelihood
Estimation). B mozensix si3pIka JUIsi CHCTEM paciio3HaBaHUs OOBIYHO MCITONIB3YIOTCS N-
rpamMMBbI TIopsiJiKa 2 U 3, Ha3bIBa€Mble OUTpaMMaMU U TPUTPaMMaMH.

Jlanuple Moaenu (HE TOJLKO OWTpaMMHBIE M TPUTPAMMHBIE, a BOOOIIE BCE
MOJIEJIM, YUYUTHIBAIOIINE OTPAHWUYEHHBIH KOHTEKCT) MMEIOT JBa CEPhE3HBIX U Cpazy
Opocaronuxcsi B TIJla3a HeJocTaTka. Bo-mepBblx, M0J00HOE OMUCAHUE YacTO
OKa3bIBA€TCA JIMHIBUCTUYECKU HEIOCTOBEPHBIM B CBA3M C TEM, UYTO HE YUYUTHIBAET
peleBaHTHBIC CJIOBA, €CIM OHHM HaxXoIATCad Ha paccTosHur Oonbine N oOT
HCCIIEYEeMOTO CJIOBa, HO B TO K€ BpeMs YUYMTHIBACT CJIOBAa C HHU3KOH
IpeCcKa3aTelIbHON CIOCOOHOCTBIO, KOTOPBIC IPOCTO OKAa3alHMCh OJMXke (Hampumep,
BCJIEJICTBUE CBOEH BBICOKOW YAacCTOTHOCTH). Bo-BTOpBIX, MHpH IKEJIAHHUU YYECTh
OOJBIINKA KOHTEKCT, OKa3bIBAC€TCS, YTO JUIS ATOro IMOTpeOyeTcs OYeHb CEepbe3HOE
YBEJIIMYEHHUE TPEHUPOBOYHOI'O KOPIYyCa, U OH MOXKET NMPUHATH MOUCTUHE OTPOMHBIN
pasMep — UTO TOBOPUT O TOM, 4YTO TPEHUPOBOYHBIM KOPIYC UCIOIb3YETCS
Hea () (PEKTUBHO.

13.2. CraTucTHyeckoe CriaxKuBaHue

MeTonbl  CTAaTUCTUYECKOrO  CIJVIAKMBAHMSI [O3BOJISIIOT  YUYUTHIBATh  (DaKThI
nosiieHus N-TpamMm, KOTOpbIE HU pa3y HE BCTPEUYAIUCh B TPEHHUPOBOYHOM KOpITyCE.
JIEACTBUTENBHO, HEJIOIMYHO IIOJIHOCTBIO OTKa3bIBaTbCs OT THUIIOTE3bl, KOTOpas
o0aaeT O4eHb OOJIBIION aKyCTUYECKOM BEPOSITHOCTBIO TOJIBKO Ha OCHOBAaHUH TOTO,
yro ogHa u3 N-rpamMMm B THIOTE3€ HE BCTPETWJIaChb HHU pPa3y B TPEHUPOBOUYHOM
Kopiyce. OToT (akT, CKopee, TOBOPUT O TOM, UTO TPEHUPOBOUYHBIN KOPIYC HE MOXKET
OXBaTUTh BCE BO3MOKHbIE N-rpaMMbl s3bIKa, @ HE O TOM, 4yTO naHHas N-rpamma
HEBO3MOXKHa B sA3bIke. /[ pemeHust 370l mpoOaeMbl HCHOIB3YIOTCS AITOPUTMBI
cenaxcusanus (Smoothing) u omxama (back-off). Maest croaxuBaHus 3aKI04YacTCs B
TOM, YTO MBIl O€peM 4YacTh BEPOSITHOCTHOW MAacChl y BCTPETUBIIUXCS B Kopiyce N-
rpaMM, U pacopenessieM €€ IO BCEM BO3MOXHBIM KOMOHMHALMSM CJIOB W3 CIIOBaps,
COCTaBJISIIONIMM  MHOXKECTBO HEBCTpedYeHHBIX (Unseen) N-rpamm. 3BecTHBIMH
ANTOPUTMAMM CTJIAKMBaHUA ABIAIOTCA nepecder |'yna-Teropunra, Burrena-bemna,
crnaxuBanue Kuesepa-Hes. OTkar nojgpa3zymeBaer UCHOb30BaHuE BeposiTHOCTEN N-
l-rpamm B TOM ciydae, eciau cooTBercTByromas N-rpamma HMeeT HyJIEBYIO
BEPOSITHOCTb.

CriaxuBaHue U OTKaT SBJSIIOTCS 00SA3aTEIbHBIMU 3JEMEHTAMH TNPAKTUYECKU
aroboi mogenu s3bika. CyniecTByeT OOJIBILIOE YMCIO PA3JIMYHBIX  aJTOPUTMOB
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CIUIAKMBAHUS, OJHAKO HOBbIE PA3HOBUJHOCTH JIMIIb OYE€Hb HE3HAYUTEIIBHO
yIyYIIalOT pPe3yJbTaThl, JOCTUTAaeMbl€ C alrOPUTMAMHU, YIOMSHYTHIMU Bbilie. B
NPUHIUIIE, MOKHO CKa3aTh, YTO QJITOPUTMBI CIIIAKMBAHMS JOCTUIIIM TpeJiesia CBOeH
3¢ (DEeKTUBHOCTH, U JaJbHEHIIME YCWIHUS 1O UX YCOBEPUICHCTBOBAHUIO HE
MPEICTABIISAIOTCS IEPCIEKTUBHBIMHU.

Kpome crimaxuBanus # OTKara CyHIECTBYET psl APYTHX JOMOJHEHUH
craHgaptHoi N-rpaMMHON MOJEIU, KOTOpBIE SIBISIOTCS OMIIMOHAIBHBIMHU U MOTYT
MCIIOJIb30BaThCA B 3aBUCUMOCTH OT KOHKPETHOTO SI3bIKA.

13.3. Ki1accoBbie Moae

Onnum u3 Haubosee 3PpGEeKTUBHBIX YCOBEpIICHCTBOBaHU N-rpaMMHONM MoIemn
SIBJISIETCSL UCTIOJIb30BaHUE MHGOPMAIMKM O TPUHAIJICHKHOCTH CIOB K TEM WM HHBIM
KJaccaM  JKBUBaJCHTHOCTH. (OCOOCHHO BaXKHBIM 3TO  OKa3bIBAeTCs,  €CJIH
JUHTBUCTUYECKAsS MOJENb CTPOUTCS HAa OTHOCHUTEIHLHO HEOOJIBIIOM TPEHHPOBOYHOM
Kopmyce. B TakoMm cirydae MOXKET 0Ka3aThCs, YTO MPHU UCIIOJIB30BAHUN CUCTEMBI OYIeT
BCTpPEYAThCS TaK MHOTO N-TpaMM C HYJICBBIM 3HAUYC€HHEM (HE BCTPETHBIIUXCS B
TPEHUPOBOYHOM KOPITYCE), UTO JAKE CIOKHBIC aJTOPUTMBI CTIIAKUBAHUS HE CMOTYT
obecreunTh HY)XHOTO MpuOIrkeHus. Vcmoms3oBanne N-rpamm, WieHaMH KOTOPBIX
BMECTO KOHKPETHBIX CJIOB SIBIITFOTCS KJIACCHI, K KOTOPHIM IPUHAJICKAT CIIOBA,
MO3BOJISIET PEIIUTH ATy NpoOiemMy. ITO CBA3aHO C T€M, YTO KOJMYECTBO KJIACCOB, B
KOTOpPbIE MOXHO OOBEIUHATH CJIOBA, HECPABHUMO MEHBIIEC KOJIMYECTBA CJIOB U
BOOOIIIE SBIISIETCS KOHEUHBIM — CJIEI0BATENEHO, MOKHO OBITh YBEPEHHBIMH, UTO JIaXKe
py HEOOJBIIIOM TPEHHUPOBOYHOM KOPITYCE OXBAT BCEX BO3MOKHBIX (KIaccoBbIX) N-
rpamMm OyAeT IOCTATOYHO MOJTHBIM.

OOBIYHO YCJIOBHAsI BEPOSITHOCTH CJIOBA B YHCTOM BHJIE OIpPEACNIeTCs Kak
MIPOM3BEIEHNE BEPOSITHOCTH KJIAcCa HA OCHOBE MPEIBIIYIINX KIACCOB U BEPOSITHOCTH
TOTO, YTO HAIIIe CJIOBO MPUHAIICIKUAT I[aHHOMy KJIaccy

P(w, [w;y..) = P(w,[c,)P(c, ey, (13.7)
/i€ ¢ COOTBETCTBYET KJIacCy JJIsi KaXKJ0ro KOHKPETHOTO CJIOBA.
JlaHHBIE MHOXKHUTEIN MOTYT OBITh BBIUMCIIECHBI 110 (hOpMysIam

n—-N+1

C(w) CleisCi)

Pw|c)=—-> u P(c[c)= 13.8
WI9=Ce) IO (138)
rae (C(X) — KayHT eJWHHMIBI, TO €CTh TO, CKOJbKO pa3 OHa BCTPETHIACh B

TPEHUPOBOYHOM KOPITYCE)

Kak ™1 Bugum, N-rpammbas monenb, TOCTpOEHHAs Ha Kiaccax CJOB,
JIOTIOJTHSIETCS BEPOSITHOCTSIMU MPUHAJICKHOCTH CclioBa K Kiaccy. Ha ocHoBanum
cnocoba OTHECEHHs CJIOB K TEM MM WHBIM KjaccaM KIJIACCOBBIE MOJETH MOYKHO
pa3JeNnuTh HAa TP OCHOBHBIE KATETOPUHU:

—  MOJeJH, padoTarolue ¢ KJIaCCaMu, IOCTPOEHHBIMU BPYUYHYIO;

—  MOJEJU, ONUPAIOLIMECS Ha YaCTEPEUHbIE KJIACCHI CJIOB (C HCIIOJIb30BAHUEM

uHbOpMaAIlMK O MPUHAMJICKHOCTH CIOB K TE€M HIM HHBIM TPaMMaTHYECKUM

KAaTEropusim);
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- MOJICJIN KJIACCOB, IMOCTPOCHHBIX ITPHU ITOMOIIH AJITOPUTMOB CTaTUCTUUYCCKOM
KJIIaCTCpU3aliu.

13.4. Mopdemubie Moaen

Jlis CUHTETHYECKUX S3BIKOB ((PJEKTUBHBIX M OCOOEHHO AarrIOTMHATHBHBIX
A3BIKOB) OKa3bIBAE€TCSI BECbMa IEPCHEKTUBHBIM HCIOJIb30BaTh MpPH TOCTPOCHUU
MOJIeH s3bIKa MHGOpPMAIUI0 0 MOP(HEMHOM COCTaBE CJIOB (B BHUJE TPAAUIIMOHHOTO
MOp(EMHOTO uJeHeHHs, JUO0 B BHJE 4ICHEHHs Ha mnceBaoMopdsl). [lms sToro
CHayvaja HCIOJIb3YIOTCS MPOIEAypbl aBTOMATUYECKOTO OIpeneieHus] MOpHEeMHBIX
rpaHuil, HPOPMAIKS O KOTOPBIX B JAIBHEHIIIEM HCIIOJIB3YeTCs MPH MOCTPOSHUH N-
rpaMMHOM MOJIEIIN SI3bIKa.

HecMmoTps Ha TO, YTO CYIIECTBYIOT MOJENH, MPEAINOIaraionue OCyIeCTBICHUE
MOJTHOTO MOP(OJOTHYECKOTO aHaNW3a, AN CIAaBIHCKUX SI3BIKOB OBLIM TOKa3aHBI
NpEeUMyIIecTBa MOJETH OCHOBa/(Jekcusi. B Takom cimydae TpurpaMMHas MOJEb,
HampuMmep, onpeaensiercs Gpopmyron

P(Si |Wl"'Wi) = P(Si | Si—ZSi—l)
P(e |w,..w,)=P(e |se.,), (13.9)
TJe Sj — OCHOBA I-TOTO CIIOBA; € — (iekcus (OKOHYaHKE) I-TOTO CIIoBa.
Takue Momenu co3naBaMCh U alPOOHPOBAIHCH M IS PYCCKOTO si3bika [71] u
[42], omnako, HEe TpPHUHECIH >KEIAEMOro ycliexa B IUIAaHE TOBBIMICHUS TOYHOCTH
pacro3HaBaHMsl pedd. ITO, BUAMMO, CBA3aHO C TEM, YTO MOP(PEMBI B PYCCKOM SI3bIKE
KOPOTKME W Kaxaas M3 HUX HMMEET IO HECKOJbKO BAPHMAHTOB IPOU3HECEHUS B
3aBHUCUMOCTH OT JIMHTBUCTMYECKOTO KOHTEKCTa, KPOME TOTO, B PYCCKOS3BIYHBIX
cinoBodopMax HaOIIOAaETCsl YepeOBaHNEe 3BYKOB U M3MEHEHHEe Mopdem (Hampumep,
KOPHEBBIX) B 3aBUCHUMOCTH OT IPAMMAaTHYECKUX XapaKTEPUCTUK CIOBO(OPM, U4TO HE
MO3BOJISAET JIETKO COSAUHSITH LIETIOUYKH PACIIO3HAHHBIX MOP(EM B MPaBUIIbHBIE CIOBA.
Opnako MopdeMHble MOJAENH S3bIKa JOBOJBHO YCIEIIHO MPUMEHSIOTCS IS
psilia arrJaOTHHATUBHBIX SI3BIKOB, Hampumep, ¢uuckoro [72], Typemkoro [73],
BeHTepcKoro [74] u T.11.

13.5. CuHTaKkcH4ecKue 1 CeMaHTHYECKHE MO

JI7Isl MHOTHX CHHTETHUYECKHX €CTECTBEHHBIX SI3BIKOB, B TOM YHCJIE U PYCCKOTO,
XapaKTepeH MPaKTHIeCKU CBOOOIHBIN MOPSIOK CIIOB B npeiokeHnu. Kak cnencreue,
MCIIOJIb30BaHUE MOJICNICH sI3bIKa Ha OCHOBE N-rpaMM JJisi paclio3HaBaHUS PEYd J1aeT
ropaszio 0oJjice HU3KUE PE3YJIbTAThI, YTO OOBICHICTCS HEOOXOIMMOCTHIO HAX 0XKACHHS
CBsI3€i MEX/Ty CIIOBAMHU IO MPHUHIIKITY, OTJIMYHOMY OT IMIPOCTOTO COTIOJIOKCHUSI.

Jlns Takux ciydaeB 3()(EKTUBHBIM MOXKET OKa3aThCsl Y4YeT CHUHTAKCHYECKUX
CBSI3CH CJIOB B MPEIUIOKEHHUSX TPH MOJCIUPOBAHUU sI3bIKa. EcCiiM MBI XOTUM
UCIOJIb30BaTh CHHTAKCUYECKYI0 HH(OpMAIMIO JUIS PACIIO3HABAHUS PEUYH, TO IS
HayaJla HaM HY)XHO aBTOMATUYECKU BBIJICIHUTH €€ U3 MPEJIOKCHUSA: TAKUM 00pa3oM,
Hama 3aja4da pa3OMBaeTCs Ha JBE NMPAKTHUSCKH He3aBHCHUMbIC 3amaud. OpHOW u3
NEePBBIX TaKWX MOJEJICH cTajia CTPYKTYpHUpOBaHHas Mojeib si3bika (Structured
Language Model) [43, 75]. CtpykTypupoBaHHas s3bIKOBass MOJEIh MPUMEHSCTCS Ha
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CTaaAuU JCKOJWPOBAHMA PEYM JUISI CHUHTAKCHUYECKOTro pa3dopa pe3yiabTaToB
pacro3HaBaHUs, CHUHTAKCUYECKOE JEPEBO CTPOMUTCS JUHAMUYECKHM B  XOJE
pacrio3HaBaHus. Mojenb TO3BOJSET HCHOJIB30BATh JTANbHOJACHUCTBYIOIIUE CBSI3H
MEXK]y CJIIOBAMHU M NPEACKA3bIBATh CIOBO HE TOJBKO IO HECKOJBKUM MPEIbIIYLIIUM
JIEKCUYECKUM €IUHUIIAM, HO TaKXe IO JOCTYIIHBIM IJIaBHBIM CJIOBaM. Takas MOJelb
XOpOWO TMOAXOAUT I AHAJUTUYECKUX S3BIKOB C JIKECTKOW TI'pPaMMaTUYECKOU
CTPYKTYpOM (Harpumep, JIJIsl aHTJIMHACKOTO SI3bIKa).

B [76] Obin1 mpemmoxeH monaxon cuHTakcuueckux N-rpamm (SN-rpamm). B
comydae SN-rpamMm cocelHHME CJIOBa BBIOMPAIOTCA B COOTBETCTBHM C UX
CUHTAKCUYECKUMU CBS3SIMH B CHHTAKCUYECKUX JIEPEBBSIX, & HE B COOTBETCTBUU C TEM,
KaK OHM MOSIBUIUCH B TeKcTe. [Ipu 3ToM mcnonbs3yroTcst TpaauimoHHbie N-rpaMmbl
CJIOB, a TaK)K€ METKH M XapaKTEPUCTHKHU 4YacTei peun. B npyroii pabdore [77] ObLia
IpeIoKeHa croxacThuueckass Mop(o-CHHTakcHueckass MoOJeNdb JJIS  CHUCTEMBbI
pacro3HaBaHUsl BEHT€PCKOM pedn, 3Ta MOJIEIIb OMUCHIBACT JAOIMYCTUMbBIE B BEHT€PCKOM
A3bIKE CIIOBO(OPMBI (KOMOMHALIMKU MOpdeM).

Kpome Toro, B [78] mpemIoKeHBI COCTaBHBIC SI3LIKOBBIC MOJICTH C BBEIACHUEM
MOHATUSI KAaTETOPHOM S3BIKOBOM MOJENM M, B YAaCTHOCTH, KAaTETOPHBIX N-TpamM.
Kaxaomy cioBy B cjoBape MNPUNKCHIBAIOTCS 15 arpulOyToB, ONpeaestonmx
rpaMMaTH4YeCKue CBOMCTBAa CcJIOBOQOpPMBI. MHOXKECTBO 3Hay€HUN aTpUOYyTOB
onpenenser kiaacc cinoBodopmel. Kaxnoe ci10BO B MpeaIoKEHUH pacCMaTpPUBAETCS
KaK ero HavainbHas (Gopma u Mopdonorudyeckuil kiacc. B urtore si3pIKOBasi MOJENb
pa3OuBaeTCsi Ha JBE COCTABJISIIONIME: HM3MEHSIEMYI0 4YacTh (OCHOBAaHHYIO Ha
MOP(OJIOTUH) U TOCTOSIHHYIO 4YacTh (OCHOBAaHHYIO Ha HayajbHBIX (popmax clioB),
KOTOpasi CTPOUTCS KaK N-rpaMMHasi S3bIKOBast MOJIEIb.

Kpome Toro, asist Toro 4To0bl y4eCTh JAIbHOJEHCTBYIONIUE CBA3U MEXKIY CIOBAMU
BO (hpaze, HEJJaBHO ObLJIa TaKXKe MPEIJI0KEHa CHHTAKCUYECKO-CTATUCTUYECKAsT MOJIETTh
S3bIKa CUCTEMBI PAaCMoO3HaBaHUSI PYCCKOW pedyd CO CBEPXOOJBIINM cioBapeM. Takas
MOJENb  TO3BOJIIET OOBEIWHWUTH CcTaTUCcTUYecKkWid aHamu3  (N-TpamMmbl) U
CHHTAaKCHYECKHUI aHamu3 00ydJaroIiero TeKCToBoro kopiyca [79]. B manHOM moaxome
cratuctuueckas  N-rpamMmMHas  Mozens  s3blka  pacimuupeHa  (OCPEICTBOM
UHTEPIIONIALINM) 32 CUYET CHHTAKCHMYECKOTO aHainW3a OOyYaroliero TEKCTOBOTO
Kopryca. B xoze CTaTUCTUUECKOTO aHaIN3a PYCCKOSI3BIYHBIX TEKCTOB BBISIBIISIIOTCSA
HOBbIE (ToTeHIManbHbie) N-TpaMMbl, coaepkaniue rpaMMaTHYECKH CBA3aHHbBIC Taphl
CJIOB, KOTOpble OBbUIM pa3felieHbl B O0y4arolieM TEeKCTe JAPYTMMH CIIOBaMH.
CHHTaKCHYECKH aHajiu3 I[I03BOJISIET YBEJIWYUTHh KOJUYECTBO CO3JABAEMBIX B
pe3ynbTaTe 00pabOTKM TeKcTa pa3inuuHbiXx N-TpaMMm W, TeM caMblM, MOBBICUTH
KaueCTBO MOJIENIN A3bIKA 3a CUET BBISBIICHHS TPAMMAaTUYECKHU CBS3aHHBIX Map CJIOB U
CHU3UTDH MPOIEHT OLIMOOK pacIO3HaBaHUs CJIOB B CIIMTHON PEUH.

OO6nacTb ceMaHTHKM (CMBbICJIa CJIOB) JK€ TMpU JIMHIBUCTUYECKOM aHAJIMU3E
€CTECTBEHHOTO $3bIKA SIBJISIETCS MOKAa CaMOW HEUYETKOW M TpyJaHouccieayemou. U3
BCEX YPOBHEH sI3bIKa IMEHHO CEMaHTHUeCKasi HH(OPMAIUsS COKPHITA B TEKCTE TTy0xKe
BCEro M, Kak CIIEJCTBHE, XYK€ BCEro moanaercs (opmanbHOMY omucanuio. Kak
CJIEJICTBHUE, UCIIOJIb30BAHUE CEMAaHTUUYECKON MH(OPMALIMU B CUCTEMaX paclo3HaBaHUs
peun Ha JaHHBII MOMEHT BeChbMa OTPAaHUYCHO. 3aJadya BBIACICHUS W3 TEKCTa
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JIOCTOBEPHON ceMaHTHYecKoN uH(popManuu (TIyOOKHH CEeMaHTHUYECKHN aHau3)
ABJIAETCS IOKA HEPELIEHHOM.

13.6. Moaeiu TeMbI BbICKA3bIBAHUSA

N3BecTHO, YTO XOpOoIllee CTAaTUCTUYECKOE OMHCAHME sI3bIKa B IIEJIOM TpeOyeT
HaJIM4Yusl HE TOJIBKO OYEHBb OOJIBIIIOr0 TPEHUPOBOUYHOI'O KOPITyCca, HO U MaKCUMAaJIbHO
HIMPOKOTO OXBaTa TEKCTOB PAa3JIMUHBIX KAHPOB U cTuiell. C Apyroil CTOPOHBI, €CIIU
JUTSL OTIPENICTICHHOTO TECTOBOTO TEKCTa MBI OyJeM 3HAaTh €ro MPUHAJIC)KHOCTH K
KakoMy-TuO0o Kjaccy (Hampumep, S3KOHOMHKA, MOPUCIPYACHIMS W T.I.), TO
WCTIOJB30BAHUE JIJISI TAKOTO TEKCTa MOJICIM, HATPEHHUPOBAHHOW Ha TEKCTax
COOTBETCTBYIOLIErO0 KJacca, NPUBEAET K CEPbE3HOMY VYIYUIICHUIO KayecTBa
pacno3HaBanus. [10 cyTH, MBI UCITOIB3yEM Pa3IMYHBIE MOJEIN A3bIKa ISl TEKCTOB C
pa3nuyHor Temol. OCHOBA MOJENIM OCTaeTCs OJHOM M TOW K€, HO paclpeiesicHue
BEPOSITHOCTEM OKAa3bIBAETCA pa3uuHbIM. [l03TOMY JOMOJHUTENBHOW 3amadyei
SBJISIETCS aBTOMATUYECKOE BBIJICJICHUE HA0Opa TeM JJii TPEHUPOBOUHOI'O KOpITyca U
TPEHUPOBKA MOJEIH JJISI TOrOo, 4YTOOBI 3aTéM UMETh BO3MOXKHOCTh OTHOCHUTH
MCCIIETYEMBbIN TEKCT K OJTHOM U3 TAKUX TEM.
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14. TEKO/IEP

B xome paboTbl cucTeMbl aBTOMATHYECKOTO pAcloO3HABAHMS pEYM 3ajaya
pacro3HaBaHUs CBOJAMUTCS K OMPEIETICHUI0 HauOoiee BEpPOSTHON NOCIIeI0BATEILHOCTH
CJIOB, COOTBETCTBYIOIIMX COJIEpkKaHUIO peueBoro curHaia. Haubonee BeposTHBIM
KaHIUJAT JOJDKEH OMNpEeNeNsIThCs C€ y4eTOM KaK aKyCTHYeCKOH, Tak U
JUHTBUCTUYECKOW HH(MOpMAaLMUA. DTO O3HAYaeT, YTO HEOOXOJUMO MPOU3BOJIUTH
3p(GEeKTUBHBIA TOUCK CpEAM BO3MOXHBIX KaHIUAATOB C YYETOM pa3IHYHOM
BEpPOATHOCTHOM uHpopManuu. [lpu pacrno3HaBaHWM CIMTHOM pPeYM YMCIO TaKUX
KaHJIUJAaTOB OIPOMHO, U JIa)K€ HCIIOJIb30BAHUE CAMbBIX IIPOCTBIX MOJENEH MPUBOIUT K
Cepbe3HbIM MMpoOJieMaM, CBA3aHHBIM C OBICTPOJEHCTBHEM U MaMsAThIO cucteM. Kak
pe3yJbTaT, 3Ta 3aja4a BBIHOCUTCSI B OTIENIbHBIN MOJYJb CUCTEMbl aBTOMATHUYECKOTO
pacrio3HaBaHUs peUH, Ha3bIBAEMBIH IEKOJAEPOM.

Jlexonep MOMKEH OMpeAeNaTh Hanboyiee TpaMMaTHYeCKH BEPOATHYIO THUIIOTE3Y
JUTSI HEU3BECTHOTO BBICKA3bIBAaHUS — TO €CTh OINpENessaTh HanbOoyiee BEPOSTHBIN MyTh
10 CETH PACIO3HABAaHMS, COCTOSIIEH M3 MOAeNel cloB (KOTOphIe, B CBOIO OYepeb,
dopmupyrorcss U3 Mojenei otaenbHbIX ¢GonoB). [IpaBaomomoome (likelihood)
TUMOTE3bl  ompefensercs JByMs  (akTopamMu, a HMMEHHO BEpPOSTHOCTIMHU
MOCIIEIOBATEILHOCTH  (JOHOB, TPUMUCHIBAEMBIMH  aKyCTUYECKOM MOJENBIO, W
BEPOATHOCTSIMH CJI€IOBAHUS CJIOB APYT 3a IPYTOM, ONPEAEIsiEMbIMA MOJIEIIBIO S3bIKA.

B cmnyuae pacno3HaBaHMsI CIMTHOM pedd CEeTh BapUaHTOB pPACIO3HABAHUSA
OKa3bIBAETCs] HACTOJBKO OOJBINOHN, YTO MCCIIEJOBAHME M OLIEHKA BCEX BO3MOYKHBIX
BapUAHTOB INPEJCTABIAECTCS HEBBINOIHUMON C BBIYUCIUTEIBHOM TOUKHM 3pEHUS B
peXHUME, COIMOCTaBHUMBIM C PEXUMOM peajJbHOrO0 BpEMEHU. B cBs3u ¢ 3TuM,
OKa3bIBaeTCA HEOOXOAMMOM pa3paboTKa Kak MOKHO 0ojiee 3PHEeKTUBHBIX aITOPUTMOB
OBICTPOTO TIOWICKA, KOTOpBIE YK€ He OyAayT TapaHTUpOBaTh HAaXOXKICHUE
ONTUMAJIHHOTO BapUaHTa PACIO3HABaHUS, OJHAKO OYIyT OCYIIECTBISITH IOWCK 3a
npuemiiemoe Bpemsi. Kak mpaBmiio, MOUCK OCYIIECTBISETCS B TpEEiax «JIyday
(Beam Search), To ecTh Bce rumoTe3bl, BEPOSTHOCTh WIM MPABIAONOJ00ME KOTOPHIX
yCTymaeT Jydlled TUNOoTe3€ Ha BEIMYUHY, MPEBBIIIAIONIYI0 HEKOTOPBIA MOPOT,
orOpaceiBatoTcsi. O4EBUAHO, YTO YEM Yallle MPOU3BOJIUTCS aHAIM3 THIOTE3 M YeM
paHbIlle JUITHUE THUIOTE3bl OTOpackiBaroTcs, TeM 3ddekTuBHee Oyaer pabdora
JIEKOJIEpa, TOCKOJBKY KOJMYECTBO THUIOTE3 HA KaXJIOM Yy3J€ BeepooOpa3HO
yYBEJIMYMBACTCS, HAmoOMUHasi JaBuHy. FEmé ogHuM crmocoOoM OrpaHUYeHUs
TpeOOBaHMM K TAMSATH U OBICTPOJIEHCTBUIO sIBJsieTCsl coxpaHeHue N JIydimx runores.

PaccmoTpum MaTEMaTUYECKYIO OCHOBY JEKOJIEPOB. OTtbpackiBas
HECYIIIECTBEHHBIN HA ATAIe paclo3HaBaHUs 3HAMEeHaTeb, epenuieM (10.2):

w = argmax PW)P(XW), (14.1)

rre X :XlT =Xy...; X, — IIOCJIEIOBAaTEIbHOCT BEKTOPOB IPU3HAKOB BXOJHOIO

n
curmama, W =W, =W,,...,W, — mocneqoBaTeapHOCTh CJIOB, MPUHAJTIEKAITUX

cioBapio pazmepom Nyy.
[TepBerii mMHOXUTENb P(W) omnmchiBaeT BKJIQJ JUHTBHCTHYSCKOTO MOMIYJI,
Bropoii P(X|W) — nekcuueckoro, (hOHETHUECKOIO U aKyCTHYECKOTO HCTOYHHKOB
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3HaHUU. B COOTBETCTBMM C KOHLENIMENW MAPKOBCKUX LENEH, BTOPOM MHOXKUTEIb
IPEJCTaBIsSIET COOOM CyMMY BEpOSITHOCTEM BCEX BO3MOXKHBIX IOCIIEI0BATEIBHOCTEM
COCTOSIHMM, YTO NNPUBOJUT K YPABHEHUIO:

W =argmax{PW)- > P(x/,s; |w,")}, (14.2)

T . .
rac Sl - OoJHa n3 MHOCJICA0BATCIIBHOCTEN COCTOAHHH, MMOPOXKIACMBIX

HocJeI0BaTeIbHOCThIO ¢I0B W, . Ha mpaktuke npumensiercs kpurepuid Butepou —

HUIIETCA ITOCICA0OBATCIIBHOCTD COCTOHHHﬁ, Jaroniasa MaKCHUMaJIbHbIN BKJIaJl B CYMMY
(12.2):
W =argmax{P(W)" - Max[P(x,,s, |w, )T} . (14.3)
w S

OtmetuMm, u9to B dopmyny (12.3) BBeaéH HSMOHUpUYECKHA TapameTp d,
OTNITUMHU3UPYEMBIN 110 00YJArOIICH BRIOOPKE.

CnoXHOCTh JCKOAMPOBAHUS 3aKIIOYACTCS B KOMOMHATOPHOM XapaKTepe 3a/1auu
U, CJIEIOBATEIbHO, OTPOMHOM YHCJIE€ MEPEOOPOB MPHU MOJHOM PEIICHUH, YTO TpeOyeT
BHeJIpeHUS! H(PQGEKTUBHBIX HBPUCTUK I MPAKTUYECKOTO PEIICHHs 3aJauu.
CrpykTypa ce€TH, Ha KOTOPOW OCYIIECTBISETCA IOUCK, SBISETCA MPOAYKTOM
OrPAaHMYEHMM, HaAJlAraéMbIX HAa HEE MCTOYHUKAMHM 3HAHUM Ha KaXIOM YPOBHE
(coctosiHu#i, (poHEM, CJIOB) KaKk BHYTPHM CJIOB, TaKk U Mexay HuMU. Ha ocHoBaHuM
MPEABIAYIIEr0 MaTepralia OYEBUAHO, YTO JMAMNA30H BIUAHUS STUX OTrPAHUYCHHU
XapaKTepU3yeTcsl «KOPOTKOM MaMAThIO». DTOT (haKT TMO3BOJISIET ONTUMH3UPOBATH
mpollecc TMOWCKa Ha OCHOBAaHWUW TIPUHIMIIA paHHEH pPEKOMOWHAIIMU, KOTOPBIN
bopMyIHpyeTCs CISAYIONNUM 00pa3oM:

eciu HecKONbKO 2unome3 @ cemu umelom ooOwuu ysen, ciedyem oCmagumy
HAUIYYWiyo 2unomesy 00 3mMo20 Y31d U OmOpocums OCMANbHble, NOCKOAbKY HpU
OoanvHeluweM paseumuly npoyecca y 3mux eunome3 yce He 0yoem 603MONCHOCMU
npes30tmu COXPaAHEHHYIO

Hcnonb3oBanue N-rpaMMHOM MOJIENH sI3bIKa UMEET JIBa SIBHBIX MOCJICACTBUSA:

A. ceTb HE MMeEET OTrpaHUYCHUM Ha BETBJICHUS — 3a JIFOOBIM CJIIOBOM MOXKET
cJe0BaTh JI000€ JPYroe;

b. BeposiTHOCTH CJIOB 3aBUCST TOJIbKO OT N-1 mpeiecTByonmx:

P(Wn | Wn—l’Wn—Z""’Wl) = P(Wn | Wn—l’Wn—Z ""’Wn—N+l) . (124)
OTCIOI[a CJICAYyCT, UTO XpaHUTb UCTOPHUIO BCCX T'MIIOTE3, IMMPOCTUPAIOITYIOCA JaICC N-l
CJIOB, HC UMCCT CMbICJI4, OAHAKO YJAAJICHUC I'MIIOTC3 Ha 6OJ'ICC PaHHHUX 3TallaX MOXKECT

npuBecTd K ommOkaMm. Crocod coxpaHeHusl, aHau3a 1 00pabOTKU TUIOTE3 SIBISETCS
IpEeIMETOM MCCIIEeIOBaHUI MPU CO3/1aHUU JEKOJIEPOB.

14.1. Opranusanus JeKCUKOHA B BU/e NPeGUKCHOIO 1epeBa

JlekcukoH (cioBapb) ONMPEAENSIET CIUCOK CJIOB (OOBIUHO 3TO JIUHEHHBINA CIUCOK)
¢ nx (POHETUYECKON TPAHCKPUIIIIMEH B BUJE HEOOIBIIIOTO0 KOJUYECTBA KOHTEKCTHO-
HE3aBUCUMBIX (HE YYHUTBHIBAIOIIUX KOAPTUKYJSALNIO) (OHETUUYECKUX CHMBOJIOB.
HexoTopbie cioBa MOTYT UMETh BapHaHThl MPOU3HECEHHS C MPUIUCAHHBIMU UM
BEPOSTHOCTSMU.
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[IpencraBieHune JeKCMKOHA B BUJAE MPEPUKCHOTO JiepeBa oOecreunBaeT Oosee
KOMIIAKTHOE OMHMCAaHWE C YMEHBIIEHHBIM KOJIMYECTBOM AYT, OCOOCHHO Ha HAYaTbHBIX
y4acTKax CIJIOB, KyJa MPUXOSATCS OCHOBHBIC BBIYUCIUTEIBHBIC 3aTPATHI NP MTOUCKE.
[Tockonmpky JrO00O€ CIIOBO JIGKCHKOHA MOXET CIeI0BaTh 3a JIOOBIM JPYTHM,
o0beIMHEHNE OJMHAKOBBIX (PParMEHTOB JEPEBBHEB COKpaIlaeT KOJUYECTBO YT,
KOTOpBhIE HEOOXOAMMO pPacCMOTPETh HJs TOr0, YTOOBI TEHEPUPOBATh CTAPTOBHIC
THITOTE3bI CISAYIONIETO CIIOBA.

OnHolt W3 mpoOJsieM, CBA3AHHBIX C HCIOJB30BaHHWEM MPEPUKCHBIX JIEPEBBEB,
SBJISIETCSL TO, YTO BEPOSITHOCTH CJIOBA, MOJy4yaeMasi U3 MOJEIH S3bIKa, ONpeAesieTcs
TOJILKO B TIOCJIEIHEM Y3JI€ U HE OKAa3bIBa€T BIMAHHUE HAa (POPMHUPOBAHUE THIOTE3 JI0
3TOro MOMeHTa. B kauecTBe BbIXOJa MpeaaraeTcsi pacipeessaTh BEpOsSTHOCTD CIIOBa
0 JTyraM ero npe(uKCHOTO JAepeBa.

[IpedukcHoe nepeBo MOXKET ObITh TOCTPOEHO HAa OCHOBE KOHTEKCTHO-
HE3aBUCHUMBIX (DOHEMHBIX TPAHCKPUMIINK, WM C WCIOJIH30BAaHHEM KOHTEKCTHO-
3aBUCHMBIX TPU(POHOB, UTO MPUBOAUT K YBEIWUYCHHUIO KOJIMYECTBA TYT C HECKOJIBKUX
JIECSITKOB JI0 HECKOJIBKUX COTEH.

Hcnonp30BaHne KOHTEKCTHO-3aBUCHUMBIX MEKCIOBHBIX TpU(OHOB emé Oonee
YCIOXKHAET 3aJady — B OTOM Cllydae TMOCIEHSS Ayra TMpeAblAyIIero ClioBa
pacuierisieTcs: Ha MHOXECTBO JYT, TOCKOJIbKY OHa TEeMeph 3aBHCHT OT TIEPBOTO
Tpu(OHA CIIETYIOUIETO CI0BA.

Pacmmipenne cetu, ocymiecTBiasieMoe 10 JekoaupoBanusi (Static network
expansion), ObUIO €CTECTBEHHBIM PCIICHHUEM Ha HAYaJbHOM 3Talle Pa3BUTHS CHCTEM
pacnio3HaBanust peun. C yBenuyeHHMeM 0O0ObEMaA CiOBapsi U YCIOKHEHUEM
UCIOJIb3YEMbIX MCTOYHHKOB 3HAHUI MCIIOJNB30BAaHHE 3TOTO METOAA CTAaHOBUTCS BCE
Oonee 3aTpyJHUTENbHBIM. BpeMeHHBIM BBIXOJOM sBisieTcs JHOO Tepexoa K
nuHaMuyeckoMy pacuupenuto cetd (Dynamic search network expansion), nmnbo
MIOMCK PE3EepPBOB YMEHBIICHUS Pa3MEPOB CETH. B 4acTHOCTH, MCHOIB3YETCS TO, YTO
pearbHOE KOJIMYECTBO Y3JIOB M AYT CYIIECTBEHHO (Ha HECKOJIBKO MOPSAKOB) MEHBIIIE,
9eM TEOPETHUYECKH BO3MOXKHOE, MOCKOJIbKY HE BCE COYETaHHsI MOHO(OHOB B BHUE
OoudonoB miam TpU(OHOB BCTPEUAIOTCS B SI3bIKE, a TAKXKE TO, YTO HadajbHBIE U
KOHEYHBIE COCTOSIHUS PA3TUYHBIX TPU(POHOB MOTYT CBS3BIBATHCS (3aMEHSTHCS OTHUM
COCTOSTHUEM).

14.2. Ucnioib30BaHue B3BEIIEHHbIX KOHEYHBIX AaBTOMATOB

JInst IeKOJMPOBAHUS HCIONB3YETCsA TAK)KE arapar B3BEIICHHBIX KOHEYHBIX
asromaroB (Weighted finite automata). Ha puc. 12.1. npeacraBicH mpocToii mpumep
TAKOT'0 aBTOMATa.
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1s/0.5
Y a
data/0.66 o 2 are/0.5 o 4 better/(.7 off
using/1 7 ™ . 7 worse/0.3
@ =1 /. intuition/0.33 is/1

Puc. 12.1. B3sewennvlii koneunwiii asmomam. Memxu | u 6eca W nepexooa
0bo3Hauenvl Ha coomsemcemayloweil Hanpasnennou oyee kax llw [44].

Paszpeménnbple ciloBa € WX BEPOATHOCTSMU IPOCTABIEHBI Ha  JyTrax,
cocTaBisironMX IMyTu. Kaxkmoe ciioBo mpexacraBisieTcs Takxke aBromaTtoMm. Ha puc.
12.1(0) m3o0paxén rpad cimoma “data”, ¢ mByms BapuaHTamH Ipou3HeceHus. Ha
puc.12.1(B) aBTOMaT ONMKMCHIBACT CTAHIAPTHYIO MAapPKOBCKYIO Iienb it GoHembl ‘d’.
[TonHast BEpOSATHOCTb MPOM3HECEHUS  MOJCYUTHIBAETCS KaK  IMPOU3BEICHUE
BEPOSITHOCTEN, MOJYUYEHHBIX HA BCEX BJIOKEHHBIX aBTOMAaTaX. JTHU aBTOMATbl COCTOSIT
13 Habopa MPOMEXYTOYHBIX COCTOSTHUM, HAYAJIbHOTO COCTOSIHUSL U Ha0Opa KOHEYHBIX
COCTOSIHMM, COCIUHEHHBIX IepexogaMu. Kaxaplii mepexoj MMEET HadallbHOE U
KOHEYHOE COCTOSIHMS, METKY M Bec. 3ajJayedl JEeKoAepa SBISETCS ONTUMHU3ALMSA
aBTomaTa. Jlekoxep HaXOOUT B JIEKCHUKOHE BAapHAHTHl IIPOM3HECEHUH CJIOB H
HOJICTAaBJsIeT UX B rpamMMatuky. [IpencraBinenue B BUaE (POHETHUECKOrO JepeBa Ha
JAHHOM 3Tale MOXKET OBITh HCIIOJIb30BAHO Ui YMEHBIICHMSI KOJIMYEeCTBa ITyTEH.
Janee nexonep onpenenser KOHTEKCTHO-3aBUCUMbIE MOJENHN Ui KaKAoW (POHEMBI B
KOHTEKCTE U MOJCTABIISIET UX B Ipad.

14.3. Ucnoab30BaHMe B3BELIEHHBIX MTpeo0pa3oBaTtesieii ¢ KOHEYHbIM YHCJI0OM
COCTOSTHU M

B nmocmemHue rompl  MONYYMJI  pa3BUTHE TMOAXOA K CTaTHYECKOMY
JEKOJMPOBAHUIO, OCHOBAaHHBIM Ha «B3BEIICHHBIX MPEOOpPa30BATENIIX C KOHEUHBIM
gyuciaom coctosaui» (WFST — Weighted Finite State Transducer) [44]. Oopasery
WEST c Tem xe nekcuKoHOM, 4To U Ha puc. 12.1., n3o6paxén Ha puc. 12.2.

Kaxnpiii nepexon Ha puc. 12.2(6) umeeT MACHTUYHbIE METKH BXOJIa U BBIXOJIA.
[TockonbKy clioBa KOJUPYIOTCS BBIXOJTHOM METKOM, CTaJ0 BO3MOXKHO OOBEIUHSITH
npeoOpa3oBareny ISl HECKOJbKUX cioB (cioBa data m dew Ha puc. 12.2(0).
AHaNOTUYHO MOKHO OOBEAMHATH MApPKOBCKHE MOJEIu (oHEM. DTO WILTIOCTPUPYET
OCHOBHOE TMPEUMYIIECTBO TIpeoOpazoBaTeneld HajJ B3BEHICHHBIMH aBTOMAaTaMH:
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npeoOpazoBaTev MOTYT OObEIUHATH PA3IMUHBIE YPOBHU MPEACTABICHUS, HAIPUMED,
ypOBEHb (POHEM U YPOBEHB CJIOB.

is:18/0.5 N
N Tao— better:better/0.7 7 N
. . datardata/0.66 o 2 F = 4 = 5
@ usingiusing/l 7 e S areraref0.5 g A A M
e AN . worse:worse/0.3
e 3] is:is/1
intuition:intuition/0.33  ~__~/
(a)
- 0.3 — 72
i:e/0.5 :&/0.3 / S
S ) of 3 EL o)
re T ac-e/0.5 if— _E_[!_lﬂ?__o?\_/ -.\-,\b ,//

ddan-’]p, 1 - v

@ S
— d_d w1 uw:gf | //_\\

I P———u{l & |

A A

e \\
by

Puc. 12.2. Ilpumep WEST [44].

bnaronmaps aTomy noaxony, ynaércs oobenuHuTh B o710y ceTh WFST paznuanbie
UCTOYHUKM  3HAHMM —  MAapKOBCKHE  MOJENH, JIEKCHUKOHBI, N-rpaMMHbIe
CTaTUCTUYECKUE MOJIeNU s3bIKa. B JMaHHOW CeTH BXOJHBIMH METKaMHU SIBJISIOTCS
COCTOSIHUSL MAapKOBCKHMX MOJIEJEH, BBIXOJHBIMU — cJoBa. Pa3paboTaHHbIE B TEOpUU
KOHEUHBIX aBTOMAaTOB METOJbl JICTCPMHUHU3AIMU W MUHUMM3ALUKA T1O3BOJISIIOT
MOJYYUTh YPE3BBIYAMHO KOMIIaKTHbIE ceTh. OTMeTuM, 4YTO TMpPHU TIOUCKE
ONTUMAJILHOTO NyTH Ha rpade Aekoaepy He NpuaETcst o0paaTbes K MpeaCcTaBISHUIO
dboHeM, JIEKCUKOHY, MOJCIIH sI3bIKa — BCS MH(OpMAIIMS yKe 3aKJII0YEHA B CTPYKTYpE
rpada. brarogapst aToMy, AeKoAep YIPOIIAETCS U YCKOPSETCS — AEKOAEpy OCTa&Tcs
TOJBKO IOJICTABIISITh BEPOSITHOCTA 3MHCCUU B COOTBETCTBUU C pacCMaTpUBAEMbIMU
TUIIOTE3AMM.

Merton nexkogupoBaHUs, B KOTOPOM pacUIMPEHUE CETU HWHTETPUPOBAHO B
MPOIECC JIEKOAUPOBAHUS, HA3BIBAETCH «JIMHAMUYECKHM pACIIUPEHUEM CETH»
(Dynamic search network expansion). IlocTpoeHHOe Ha cTapTe paclo3HaBaHUS
HayaJbHOE JEPEBO pACIIUPAETCS, HCHOJb3ysl BUPTYyAJIbHBIE Y3JIbl U BPEMEHHBIC
CTPYKTYpBI, COJIepXkalue TOJbKO HH(POpMAIUI0, HEOOXOIUMYIO [JIsi TeKyIIen
rUnoTe3bl. Pa3HOBUAHOCTh METO/Ia AMHAMHUYECKH PACIIUPSIEMOM CETH, Ha3biBacMas
CUHXPOHHBIM MO BPEMEHU METOJI0M, OCOOCHHO yJAO0OHA JIJIsi aHalii3a BEPOSITHOCTEH
TUIIOTE3 B KaXKIbIi MOMEHT BPEMEHH, IMOCKOJIbKY MO3BOJISIET OTOPACHIBATH TMIIOTE3bI,
HE MOIMAaBIIKE B JIy4, HE JOKUAAsICh KOHIIOB CJIOB.
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15. ITPOBJIEMA BHECJIOBAPHBIX CJIOB

CyIecTByIOIIME CUCTEMBl PACIO3HABAHUS CIMTHOW pEUd COJAEpIKAT MOMAEIH
JICCSITKOB U COTEH THICSIY CJIOB, OJIHAKO, KaK M TIPHU TIOCTPOSHUHU Mozenei GpoHeM (cM.
paznen §), Hukakue 0a3bl JaHHBIX HE MOTYT 00ECIIEUUTh TIOJTHOE MMOKPBITHE CIOBAps B
YCIIOBUSIX peanbHOU dKcIuTyatanuu. [IoHATHO, 94TO eclu He MPEeIyCMOTPETh CIIOCO00B
00paboTKu TakWx ciydaeB, BHecioBapHoe cnoBo, wm OOV-cioBo (Out Of
Vocabulary) Oymer pacrno3naHo, kak oaHO 3 cjoB cioBaps — IV-cmoso (IV — In-
Vocabulary). Tlpuuém Takas BcTaBKa B TEKCT MOXKET BBI3BAaTh IIEMOYKY
JOTIOJTHUTENBHBIX OmMOOK. [losicHM ckazaHHOE.

Cormacao dopmynam 6.2, 6.4, BEpoOATHOCTH, TOro, 4YTO HabmomeHus X
nopoxaeHsl Mojenbto W U BeposiTHOCTH TOro, uro mojaend W COOTBETCTBYIOT
HaOIrOIeHNS X, CBSI3aHBI COOTHOILIEHHUEM

PW [ X)=PW)P(X|W), (15.1)
rne P(W) — BeposTHOCTh MOJIENH, TO €CTh MTPOU3BECHHE BEPOSITHOCTEH CIIOB JAHHOM
MOCJIEIOBATEILHOCTH, TIPEICTABICHHON MTOCIICIOBATEILHOCTHIO MOIeNIel (hoHEM.

Takum oOpa3om, cJI0Ba HE PACIIO3HAIOTCA MOCIEAOBATEIBHO, OJTHO 32 JAPYTUM —
pEIIeHNe OTKIIAIBIBACTCS 10 MOMEHTA Paclo3HABaHUsI MTOCJICIHETO CI0BA B IIETIOYKE,
IIPU 3TOM COXPAHSAETCS HECKOJIBKO BapHAHTOB IIemoYek (rumnores). To, 4To CIOBO HE
BKJIFOYECHO B CIIOBaph, 03HAYAET, YTO €T0 alpPUOPHAsI BEPOSTHOCTh PaBHA HYIIO, U €TO
ydacTue B JI0OOW THIOTE3e UCKIIOUEHO — MPOU3BEICHNE BEPOATHOCTEH TOXE OyneT
paBHo Hy0. Bmecto OOV-cinoBa OyaeT moIcTaBiIeHO HEKOE CO3BYYHOE CJIOBO, MO0
HECKOJbKO KOpOTKHX |1V-coB. [ToCKOIBKY COUETaHUS CIIOB B MOJIEISAX SI3bIKA HMEIOT
ornpenenéHHbIe BEPOSTHOCTH, OMMOKAa MOXET PACTIPOCTPAHUTHCS HA COCETHUE CIIOBA.
CToUT OTMETUTh TaKXke, 4YTO HempaBuibHOE pacmo3HaBanne OOV-cioB MoXkeT
MPUBOJNTH K MOJACIISIM ¢ HU3KUMHU BEPOSTHOCTSMH, YTO TPUBOIUT K HEOOXOIUMOCTH
YBEIMYHMBATh KOJUYECTBO pPAacCCMAaTPUBAEMBIX THIIOTE3, YTO, B CBOIO OYEpElb,
YBEIMYMBACT OOBEM BBIYHCICHUN. YUWTHIBAsA, YTO CHUCTEMbl PACHO3HABAHMS C
OONBIIMMU CJIOBApSIMU PabOTAIOT Ha Tpejesie BBIYMCIUTEIBHBIX BO3MOKHOCTEH
CYLIECTBYIOLIUX KOMIIBIOTEPOB, TAKOU CLIEHAPUN OYEHDb HEXKEIIATEIICH.

Kakue ke crmoBa MOTyT OKa3aThCsi BHECIOBapHBIMU? AHAJIN3 MOKA3bIBAET, YTO
HanOobiyo 1o cpean OOV-cnoB 3aHUMAIOT HOBBIE TEPMHUHBI, UMEHA, HA3BAHUS.
DTO0 Kak pa3 Te CJI0Ba, KOTOPBIC Yallle BCErO OMPEACIISAIOT CMBICI BBICKa3bIBAHUS, TO
€CTh, COOCTBEHHO, T€ CJIOBa, paaud KOTOPhIX (pa3a u Obuna mpousHeceHa. Muaue
roBopsi, OOV-cioBa MoryT HecTH 00JbII0i 00bEM HHPOPMAITUH.

W3 BeIIIIeCKa3aHHOTO clieAyeT, 4To 3aaa4a oopadotkn OOV-ciioB 04eHb BaKHA U
JIOJKHA BKJTIOYATH CIETYIOIINE MOA3a/1a4H:

1. ompenenenue HATUYMS U TIOJIOXKEHHUS CIOBa BO (pase;

2. pacrio3HaBaHUE MOCIEAOBATEILHOCTH (POHETUUECKUX €IUHUI], COCTABISIONIINX
CJIOBO;

3. ompejenieHUe HAIMMCAHUS CII0Ba (paccMaTpHUBAaThCS HE OYIIET).
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DoHama 1

DoHema K

Puc. 15.1. @onemmusiii epagh obweii modenu cnosa.

Pemate npobmemy OOV-cioB MOXHO HECKOJIBKMMHU CIOCOOAMHU, WU WX
KOMOUWHAITUSIMH:

e VBenu4eHHe pa3mepa CioBaps — OYEBUIHBIA METOJ, HE HYKIAIOIIMMCA B
MOSICHCHHUSIX.

e Bpenmenue oOmieli MoAenu cioBa B CIOBapbh — pPaclIMpEHUE HUIEH MOJENeH
sarmonaenus (Filler models), wim moxeneit mycopa (garbage) u Mojeseit HepedeBbIX
3BYKOB.

e licmonb30BaHue cUCTeMBI ¢ IByMs (pazamMu pacro3HaBaHUWs, Ha TIEPBOU U3
KOTOPBIX PAacIlO3HAIOTCS Oojiee KpymHbIe, ueM (oHeMbl, enuHuIel — Sub-Word Units
(HampuMmep, CIIOTH, WIH ITOJTYICHHBIC aBTOMATHYCCKH COYCTaHUs (DOHEM).

e licnonp30BaHWE JIOBEPUTEIBHBIX  OICHOK, TIOJYYCHHBIX  Pa3InIHBIMHU
CHUCTEMaMH PacIIO3HABAHMSI.

15.1. Ucnoab30Banue Mojeieid 3ano THeHUs

Opaum u3 MetonoB 00padoTkn OOV-cloB SIBISETCS UCHOJI30BAaHUE MOJETEH
saronaenus  (Filler models) [2]. Mopens 3amonHeHHs MNpeACTaBIsIET COOOH
VHUBEPCAIbHYI0  MOJEIb  CJIOBa, B  KOTOPOH BO3MOXHBI  TPOU3BOJIHHBIC
nocaeaoBaTeabHOCTH (hoHeM (puc. 15.1). Dta Mojaenp MOJACTABISICTCS B CIIOBHBIM
rpad (puc. 15.2), kak OOBIYHOE CIIOBO, HO BXOJ B He€ 3aTPYIHSAETCS HEKOTOPHIM
IIOPOrOM, KOTOPBIA TMOJOHpaeTcs SMIMPHYECKH Ha OOJBIIOM pPEUYeBOM MaTepHalle,
coJiep KallieM CJI0Ba, HE BXOISAIINE B CIIOBAPb CHCTEMEI.

S3pikoBas Mozenb, yuuthiBaromas OOV-cimoBa, CTpOMTCS Ha OCHOBE OYEHB
0OJBIION TEeKCTOBOM 0a3bl MaHHBIX W Bkmodaer OOV-cioBa B N-rpammbl. C Takoi
SI3BIKOBOM MOJICNIBI0 MOKHO JIaTh JOBEPUTEIBHYIO OIICHKY Pa3JIMYHBIX THIIOTE3,
BKIFOYaronux ¥ He Bkimodarommx OOV-cnosa. BepostHocts OOV-cioBa sBisieTcs
MIPOU3BEICHUEM BEPOSTHOCTEH (DOHEM MpU MPOXOXKACHUM 1O Tpady oOIIei Momenn
cJIOBa:

P=PyP,...Py, rae N — kommaecTBO PoHEM.
Torna, ¢ ya€rom (14.1), pemenne o Hamuunu OOV-ciioBa NpUHUMACTCS, €CITH
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P(X | p)P(p|OOV)P(OOV) > P(X |w,)P(w.) (15.2)

st J1F000ro0 cioBa Wi, MPUHAJIEKAIIETO CIIOBApIO.

Crnopo N
O0mas Mongis
CITOBA

Puc. 15.2. Cnosuuiii epagh mooenu gppasol.

Cxema oOmel Monenu cioBa JIOMYCKAe€T YCOBEPIICHCTBOBAHUS: IMOCIE
pacro3HaBaHHUs W TMOJIYYCHUS aJIbTEPHATUBHBIX IIEMOYeK (POHEM C pa3IuYHBIMU
BEPOATHOCTSIMH K HUM MPUMEHSIOTCS OTpaHUYEHUsSI B BUJEC (POHEMHOM rpaMMAaTHKH.
['pammaTHKa ompenenseT BEpOSTHOCTU cileloBaHUs (GoHeM M SKBUBaJeHTHa N-
TPaMMHBIM MOJIETISIM s13bIKa. DOHEMHAs TPaMMAaTHKa MOXKET OMPEEIATHCS Ha TOM Ke
oOyuJaroieM Kopiyce, YTO U BCSl CUCTEMA, WIIM YUUTHIBATh TOJIBKO cTaTucTUKy OOV-
cioB (Oracle), uto maér cyiecTBeHHOE YIIy4IlIEHHUE MapaMeTPOB CHCTEMBI, HO, ITO-
BUMMOMY, TIPUTOJHO, B OCHOBHOM, /JIsi (PMKCUPOBAHHOW MPEIMETHOW 00JIacTH, Te
¢donetuka OOV-c10B UMEET Kakue-To 0OIIIe YePTHI.

OtmeTHM, 9TO CXOAHBIN MPUEM UCTIONB3YETCs ISl 00pabOTKH TaK Ha3bIBaEMBIX
«apTeakToB» — HEPEUYEBBIX 3BYKOB (Kalllelb, MBIYaHHE, 3BYKH IIAroB, XJIOMAHHE
JIBEPH,...) U BBIJICJICHUS «KJIIOUEBHIX CIOBY». B cimyudae apTedakToB MO/ENb, KOHEYHO,
CTPOUTCSI HE Ha OCHOBE Mojejeil ¢oHeM, a MpeacTaBIsieT CO0OM CTaTUCTHYECKYIO
00paboTKy COOTBETCTBYIOILLETO apTedakTa U3 JOCTATOUYHOU 1O pa3mMepy 0a3bl JaHHBIX
apreakToB. B 3amade BbIIENEHUS KIIOUEBBIX CJOB JUIsl MPUHSATHS pEIICHUS
BEPOATHOCTb TOSBJICHUS IPOU3BOJBHOTO CJIOBA CPABHUBAETCS C BEPOSTHOCTHIO
KJIIOYEBOTO CJIOBA C HAaMOOJIbIIEH BEPOSITHOCTHIO U3 CIIMCKA.

15.2. Ucnoab3oBanne (PUKCHPOBAHHBIX KOMOUHAIUIT (poHEM

Hcnonp3oBanne (GUKCUPOBAHHBIX KOMOMHANWH (hoHEeM, win yacted cioB (Sub-
Word Units - SWU) [48] sBisieTcss pa3BUTHEM HJICH OTPAaHMYCHUN HAa BO3MOMHBIC
(donemHbIe 1IeN0YKH. [IOHATHO, 4TO (PUKCUPOBAHHBIA HAOOP HEKOTOPHIX KOMOMHALIHIA
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¢oHeM OrpaHMYMBAET BO3MOXKHBIE IIETIOYKM CYLIECTBEHHEE, YEeM TIpaMMaTHKH,

KOTOPBIE pa3pelatoT J00ble KOMOMHAIIMHN, XOTh U C PA3JIMYHBIMU BEPOSATHOCTSIMHU.
Jnst moctpoenuss SWU ucnonb3zyercst yKe 3HAKOMBIA MO pazzieny 8.2 MeTo,

ynpasisieMblid qanasiMu (data-driven approach). OneHnBaeTcst CTaTHCTHKA COYETaHUM

dboneM uim ux KoMOMHAIMK Ha 0oJbIION 0a3e gaHHbIX. [Ipoliecc HOCUT UTEPATUBHBIN

XapakTep W HauyuMHaeTrca C oTAelbHbIX (oHeM. Kpurepuem miisg oObeauHEHUS

HEKOTOpPbIX KOMOMHAIMK (QOoHEM B HOBYIO KOMOWHAILIMIO SIBJISIETCS B3BELICHHAs

B3auMmHas uadopmanus Ml 1Byx komGuHanmii:

p(u;,u;)
p(u;)pu;)’
rae Ui — SWU ¢ HomepoM i, morydeHHas B MPEAbIIYIIUX [TUKIaX HTePAIni.

M1, (u;,u;) = p(u;,u;)log (15.3)

Ha xaxmoit urepammm N map SWU (n ycraHaBimMBaeTcss SMITMPHYECKH) C
HauOOJIBIIMMHU B3BEIICHHBIMH B3aUMHBIMH HH(pOpMausiMu o0benuusercs. Koneunoe
kommuectBo SWU 3aBucut ot ymcna urepaiuil. [lomyTHO MOKHO MONy4YUTh TAPCUHT
BCErO cCjoBapsi B TepMHHaX, mojydeHHbIX SWU. DKCnepuMeHTBhl ¢ aHTJIUHUCKUM
A3BIKOM TPOJEMOHCTpUpOBaNK, uTo nociie 200 urepauuii U3 nomyuuBmmxcs 1977
SWU naBe Tpetu nmpeAcTaBiisisii 0ObIYHBIE CJIOTH, a cpeansis amHa SWU cocTaBmsina
3.2 hboHeMmBl.

Metoa mokaszan CyIIECTBEHHOE YJy4IlIEHHE MO0 CpaBHEHHUIO C (oHeMHBbIMU N-
rpamMMamu: 1 ypoBHs ompeaeneHust OOV-cno B 70% ommbka JT0KHOW TpeBOTH
yMeHbIIIACh € 8.7% 1o 3.2%.

Pa3ButreM ommcaHHBIX METOJIOB sIBJIseTCS MyJabTukIaccoBas OOV-mopenb.
Uness Moxmenu 3akiodaeTcss B TOM, YTO BCE CJIOBAa MOXHO pa30uTh Ha
rpaMMaTHYECKUE KJIACChl (CYIIECTBUTENbHbBIC, T1arojbl, MpUaraTelbHble, Hapeuwsl, a
Takke nMmena). CroBa, MpUHAJIEKAIINE K OJJHOMY KJIacCy, MOTYT UMETh CXOJCTBA B
(OHOTAKTUYECKON CTPYKTYpE U BBICTYNATh CXOJHBIM 00pa3oM B MOJEINH S3bIKa, YTO
MO3BOJIACT MONYy4uTh Oosiee TouHyro Mojenb OOV-cmoBa B COOTBETCTBUU C €TO
MEeCTOM BO (ppa3se.

15.3. Ucno/sib30BaHne HECKOJIBbKHX CHCTEM PACIO3HABAHUSA

HoBeim mogxomom B nerexktupoBanun OOV-COB SBISETCS HCIIONIB30BAHHE
JIOBEPUTEIIbHBIX OIEHOK, MOJYYEHHBIX PACMO3HAIOIIMMUA CUCTEMaMU C Pa3IMYHBIMU
no cTeneHu orpaHudeHussMu. Hampumep, B pabGortax [49, 50] cpaBHUBamuCh
anoCTEPUOPHBIE  BEPOSITHOCTH,  IOJYyYEHHBIE OT CHUCTEMBl C  CHJIbHBIMU
OTpaHUYCHUSIMU (CHCTEMa PAacClO3HABAHMS CIUTHOM peud ¢ OOJBIIUM CJIOBapéM U
mogenbto si3bika — LVCSR — Large Vocabulary Continuous Speech Recognition
System) W CHCTEMBI CO CJIa0bIMH OTpPaHUYCHHUSMHU (CHCTeMa pacriO3HABAHHS
(doHEMHBIX Ilenoyek). MeTo OCHOBaH Ha €CTECTBEHHOM IPEITOJIOKEHNUH, YTO, €CITH
OTCYTCTBYIOIIIEE B CIIOBape CJI0BO OyAeT OmMOOYHO PACIO3HAHO KaK CIOBAapHOE, TO
[ENOYKa  pacho3HaHHbIX (QoHeM OymeTr comepkaTh  (parMeHThbl, IUIOXO
COTJacylouIfecss ¢  pacrmo3HaHHBIM  cloBoM.  Mcmonb3oBanue — (oHEMHOTO
pacrmo3HaBaHMsl CTaJ0 BO3MOXKHBIM B TIOCJEIHHE TOJbl HA OCHOBE MPUMEHEHUS
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nonaroBpeMeHHbIX Mpu3HakoB (cM. 10.1) m HEHpOHHBIX ceTeil s OLIEHKH BEKTOpa
arloCTEPUOPHBIX BEPOSITHOCTEN (POHEM, COOTBETCTBYIOLIUX (PparMeHTy pedH.

B pesynprate paboThl JByX CHCTEM pAaClIO3HABaHUS [JIs KaXJOr0 MOMEHTa
BpeMeHHU t OyIyT ITOJIydEHBI JIBa BEKTOPA, IPEACTABISAIONINE BEPOSATHOCTU (POHEM:

P =(p@[t).... p(i[t),.... (N, [1))",
Q =(q[t),....q(i[t)....a(N, [t))’

rae N, — xommgectBo donem, P(ift) u ((i|t) — amocTepHOpHBIE BEPOATHOCTH IS
(boHEMBI C HOMEPOM | B MOMEHT BpeMeHH t JJIs IBYX CHUCTEM.

OTU [aHHbIE HCMOJB3YIOTCA I TMOJYy4YEHHUs JIOKAIbHBIX (Ha OJIHOM OKHE)
JIOBEPUTEIIbHBIX OILICHOK, Ha OCHOBAHMHM KOTOPBIX MOKHO BBIHOCHUTH CYKJIEHHUE O
HaJIMYUM WJIA OTCYTCTBUM BHECIOBapHOro cioBa. OTMETHUM, YTO BEKTOPHI
BEPOSITHOCTEM,  TMOJYYEHHbIE  CHUCTEMONM €  CHUJIBHBIMM  OTPaHUYCHUSIMHU,
UCIIOJIB3YIOIIMMU CJIOBapb M MOJIENb $3bIKa, B OTJIMYME OT MOJEIU CO CIA0bIMU
OTPaHUYCHUSIMH, COJEPIKAT OOJBINTOE KOJMIECTBO KOMIIOHEHT, OJM3KUX K HYJ0. JTO
3aTpyAHSIET TPUMEHEHHWE CTaHAAPTHBIX METPHUK, WCIOIB3YIOMUX JIOTapru(MBl,
Harpumep, meTpuku KymnwOaka-Jleitbpepa. Haumyummit pesynbrar maér mOIXof,
OCHOBaHHBI Ha HEWpoHHBIX ceTsx [49]. VYcpenHsas Ha clIoBe JIOKAJIbHbBIE
JIOBEPUTEIILHBIE OIICHKH, TOJYyYUM WHTETPAIbHYIO JTOBEPUTEIHHYIO OILICHKY ISt
JTAHHOTO CJIOBA, MPU ATOM MPUMEM BO BHUMaHue, 4to, eciii OOV-cioBo oTnnyaeTcs
oT IV-cioBa ToapKk0 071HO (OHEMOM, TaKOE YCPEAHEHUE HE UMEET CMBICIIA.

CrnenyeT OTMETHUTh, YTO, HECMOTpPSI Ha HEKOTOpPHIC YCIIEXH B OMNPEACICHUU
BHECJIOBAPHBIX CJIOB, 3a/1a4a OCTAETCA 10 KOHIA HE PEIIEHHON — CYIIECTBYIOT CJIOBA,
KOTOpBIC SBIIAIOTCS 00beIMHEHHEM clloBapHbIX ciioB (female — fee male), onpenenuTs
KOTOPbIE MOXET TOJBKO CHCTEMa C MOIIHOM MOJENbIO fA3bIKa, @ TO U C 3JIEeMEHTaMU
MTOHMMAaHUS; BO3MOKHBI OTOBOPKH, HETMPABWJIBHBIC MPOU3HECEHUS HE3HAKOMBIX IS
JTUKTOpa TEPMUHOB U MHOTO JIPYTrOoro Opaka B akycTuueckom curnaine. [lo-suaumomy,
TOBOPUTH O IOJIHOM perieHun» 3agaun omnpeaenenuss OOV-cioB MOKHO B TOM ke
CMBICIIE, 4YTO U OO0 «OKOHYATEIbHOM pEIICHUW» 3aJa4d aBTOMATHYECKOTO
pacro3HaBaHUs PEUH.

(15.4)
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16. AYINOBHU3YAJIBHOE PACIITOSHABAHUME PEYH

Bo wmHorux ycnoBusix (YHKIMOHUPOBaHUS (HM3KOE KAayeCTBO 3BYKOBOTO
CUTHAJIa, MPUCYTCTBUE CHJIBHOTO BHEIIHEr0 IIyMa WJIM MOCTOPOHHUX Pa3roBOPOB U
T.J.) CTaHJIapTHBIE€ CHCTEMbl ABTOMATHYECKOTO pACIIO3HABAHUS pPEYM HE MOTYT
o0OecreynBaTh MPUEMIIEMOE KadyecTBO pabOThl Jlake NpHU MPUMEHEHUU Pa3IuUHbIX
METOJI0B (PUIBTpALIMK U HIyMONOAaBICHUA. s TOro 4ToOBl MOBBICUTH KaY€CTBO U
poOGacTHOCT, PabOTHl ABTOMATHYECKHUX CHCTEM MPUMEHSIOTCS TakKXkKe CHOCOObI
pacro3HaBaHMs BU3yaJlbHOM MH(OpMAIMK O peyd Ha 0a3e TEXHOJOTMH MaIlWHHOTO
3peHusi (Tak Ha3plBA€MOE «UTEHHE peuyd 1o rybam»), co3aaBas CHCTEMBbI
ayJIMOBU3YaIbHOTO (OMMOJANBHOTO) pacmo3HaBaHus peud. OUYeBHIHO, UYTO pPeYb
IepeaeTcsl He TOJBKO B BHJE 3BYKOBOM BOJIHBI, OHAa IOCTYHNAeT OT 4YeEJIOBEKa
OJIHOBPEMEHHO MO HECKOJbKUM MH(MOPMALMOHHBIM KaHaidaMm (MOJAIbHOCTAM), B TOM
4uCIie MO 3ByKOBOMY M BU3yalbHOMY. Tak, HampuMep HEKOTOphIE peanu3anuu GoHeM
(3BYKOB pe€ud) OYEHb JIETKO CHyTaTh Ha CiyX (Hampumep, /M/ u /H/), HO JIErKO
OTJIMYUTH BU3YAJbHO (/M/ MPOU3BOJIUTCSA C 3aKPBITBIM PTOM, a /H/ — C OTKPBITBIM).
[Ipu oOBEeAMHEHHH MOTOKOB HMH(pOPMAlMM OT ayAuo- M BHJAEOpacro3HaBaTeei
pe3yNbTaT COBMECTHON 0OpaOOTKM MOKET MPEBbIIaTh TOYHOCTh PACIIO3HABAHUS IO
KaXIOW M3 MoJalbHOCTEW. [Ipum BOCHpHUATHM peyYM YEITOBEKOM H3BECTEH TaKKE
apdpext Makl'ypka (McGurk) [80], korma mpaBHIbHBIA 3JIEMEHT BO3HHUKAET TOJIBKO
py 00bEIMHEHUH 3BYKOBOUM MH(MOPMAIIMU U BU3YaJIbHON MH(POPMAIIUHU, TTOTydaeMOn
CJIyIlIaTeIeM OT apTUKYJIALUU I'y0 TUKTOpA.

Kak wW3BecTHO, peub MPOU3BOJUTCS YEIOBEKOM IIYyTEM B3aUMOCBSA3aHHBIX
JEUCTBUN HECKOJIBKMX TIPYII aHATOMUYECKHX OPraHOB 4YeJIOBEKa (TpyJIHas KIETKa,
JeTKHe, Tpaxes, IOJOCOBBIE CBSI3KM, FOpTaHHas TpyOKa, MOJIOCTh TJIOTKH, HEOHAs
3aHaBeCKa, MOJOCTh PTa, MOJIOCTh HOCA, s3BIK, ryObI) [56]. B Xxome KOMILIEKCHOTO
npolecca MOHUMAHUS PEYH OpraHbl ClyXa YeJIOBEKa BOCIHPUHHMMAIOT 3BYKH, B TO
BpeMsl Kak TIJia3a BUISAT ABWKCHMS JIMIA, A3bIKa M TYO W BCS 3Ta MHGpOpMAIs
00BEUHSETCA B MO3rY YEJIOBEKa B €IMHOE IMPEACTABICHHE CMBICIA BbICKAa3bIBaHUS.
CrnabocnpIianue 1 TOXKUIbIE JTIO/IH, 8 TAK)KE HEHOCUTENH sI3bIKa OOJIbIIE OMUPAIOTCS
HAa BU3YQJIbHYI0 HWH(OPMAILIHMIO, BBIPAKAEMYIO JBIKEHUSMU Ty0 U JIMIEBBIMH
OopraHaMu, 4Y€M Ha 3BYKOBYIO. Bu3yaibHble CHUTHaJbl OYE€Hb BAXKHBI JUIS JIYYIIEro
MOHUMAaHUs MMPOU3HOCUMON peuu, Tak, TJIAA B JIUIO COOECETHUKY, Jerye MOHUMATh
€ro pedb, 0COOCHHO €CIM peyb MHOCTpaHHAas. CUTHANIBI OT BU3YaJIbHBIX M CIIYXOBBIX
KaHAJIOB JyONUPYIOT M JIOMOJHSAIOT JPyr Jpyra, 4YTO T[OMOTaeT MpPaBHIbHO
BOCIIPUHUMATh P€Yb BO MHOTHMX CJIOKHBIX CUTYyalUsX, HAIpUMeEp, MPU BO3ACHCTBUU
JUHAMUYECKUX aKyCTHUYECKHUX IIIyMOB, UM KOTJa OJHOBPEMEHHO TOBOPSIT HECKOJIBKO
YEJIOBEK.

16.1. Cnoco6bl 00beIUHEHHA Ay IO~ U BUA€OMOJATbHOCTEH peun

CyIecTBYIOT JIBa OCHOBHBIX MOJX0/a K O0OBETUHEHUIO 3BYKOBOW M BH3YaJIbHOM
unpopmanuu (information fusion) mpu GumoganEHOM pacro3HaBanuu peuu [81]:
1) IlepBerit criocob Ha3bIBaOT «paHHEM» 00BeauHEeHUEM (early fusion) —
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pucynok 16.1. B naHHOM mojaxojie HE3aBUCHMO BBIYMCIIAETCS MapaMeTpHUuecKoe
MPEACTABICHUE 3BYKOBOTO M BH3yaJlbHOTO CHUTHAJIOB, & 3aT€M, C YUYETOM JOCTATOYHO
BBICOKOW CTEMEHU CUHXPOHHOCTU ITUX MOJAIBHOCTEH, HOPMUPYETCS €AUHBIN BEKTOP
MIPU3HAKOB (CYMEPBEKTOP) JIJIsl KaKI0r0 cerMeHTa curuajia. Ha stane kiaccuduxanuu
(pacrio3HaBaHUsl) pEYM  HUCIHOJB3YIOTCA  METOJbl, Hucnodb3ytoume CKpbIThIe
Mapkosckue Moaenu (CMM) unu WckyccrBennbie Heliponnbie CeT, mpu 3TOM
CO3JIAIOTCS O0IIME MOJICIU JIJISl aKyCTHYECKUX eauHuIl peud (poHem) u BU3yaIbHBIX
eIUHUIl peur (BuU3eM — M300pakeHHH (OpMBI TYO TpU MPOM3HECEHHU PA3ITUYHBIX
dbonem).

Puc. 16.1. Cnocob «panne2o» 06vedunerus 38yK0B0u U BU3YATbHOLU MOOATbHOCMELL.

2) Bropoit cnocod o0beauHEHUs HWHOOPMAIUK OCYIIECTBIISICT «IO3IHEE»
oobenmuHenne MonanbHocTer (late fusion) — pucynok 16.2. Cnoco06 mo3nHeit
WHTETPAlMA HCTIOJB3YeT He3aBUCHUMBIEC Ipyr OoT Apyra CMM nmms BEpOSTHOCTHOTO
MOJEMPOBAHUS 3BYKOBBIX U BHU3YaJbHBIX CHUTHaIOB peun. OObeauHeHue
MOJAJILHOCTEH BO3MOXKHO KaK Ha YPOBHE COCTOSIHUN BEPOSTHOCTHBIX MOJIETIEH, TaKk 1
Ha YpOBHE IMOTOKOB (hOHEM/BU3EM HIIM JaXKe THIIOTE3 paclo3HaBaHus ¢pas.

Puc. 16.2. Cnocob «no3zonez2o» 06veouHenus 36yK080U U U3VATIbHOU
MOOAIbLHOCME peyu.

CymiecTBylOT Takke ¢ pa3jiudHble THOpUIHBIE CHOCOOBI OOBEAMHEHUS
ayIMOBU3YyalIbHOU peueBor uHopmaiuu. [Ipu s3Tom, B 1060M criocobe 00beTMHEHUS
ouMoaanbHON MHGOPMAIUM OKOHYATENIbHOE PEIICHUE O PaclO3HAHHOM COOOIIECHUU
NPUHUMAETCS C YYETOM BECOBBIX KOAIDPUIIMEHTOB HH(OOPMATUBHOCTH KaXKIOU
MOJIaJIbHOCTH, KOTOPBIE H3MEHSIOTCS B 3aBUCHMOCTH OT OKPYKAIOIIMX YCIOBHIMA
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(YpoBeHb IIyma, OCBEIIeHHs, U T.1.). Tak, HampuMmep, UHPOPMATUBHOCTH 3BYKOBOM
uHpopmaiuu OyneT HEeBbICOKA B MPOU3BOJICTBEHHBIX MOMEUIEHUSX, B a3pONOpPTax U
BOK3aJ1aX, B YCJIOBHSX CHUJIBHOTO JIOXKIS W T.1. BusyanbHas sxe uHdopmanus Oyaer
MpaKTUYECKU Oecrioyie3Ha MpH cj1aboM OCBEIICHUHU, HOUbIO U T.J. OOBbEIUHEHHUE KE
MOJAJILHOCTEN MO3BOJISET MOJIYYUTh MPABUIbHBIA pE3yabTaT MPAKTUUYECKU B JIFOOBIX
YCIIOBUSIX JKCIUTyaTallMH, IMOBbIIIas poOACTHOCTh K IIyMaM M TOYHOCTb pPabOThI
CUCTEMBI pacliO3HABaHUS PEUU.

Peanmu3anus mMerona CHHXPOHHM3ALUMU M WHTErPAllMM PEYEBBIX MOJAIBHOCTEH
ABJIAETCSI OJHOW W3 OCHOBHBIX 3aJa4 CHCTEMBI ayJUOBU3YaJIbHOI'O PAaCIIO3HABAHUS
peun Ha 1000M si3bike. CyThb MpOOJIEMBbl COCTOUT B €CTECTBEHHOM PacCOrIacOBaHUU
JBYX OCHOBHBIX PEYEBBIX MOJAIBHOCTEW, T.€. B €CTECTBEHHOW YEJIOBEUYECKOW peuu
HNOTOKA COOTBETCTBYIOUIMX (OHEM M BHU3EM (KOTOpbIE SIBISIOTCS PE3yJIbTaTOM
apTUKYJSILIUM) HE SIBJISIIOTCA IIOJIHOCTBIO CHHXPOHHBIMM II0 BPEMEHHU, XOTS H
3HAYHUTENBHO NiepekpbiBatoTcs [82]. Tak, Hanpumep, pU MPOU3HECCHUH 3BYKa /y/ MBI
CHayaJia CKJIaJIbIBaeM I'yObl “B TpyOOUKY”, a 3aT€M MPOU3BOJUM HY>KHBIN 3BYK WIIH Ke
JUIsL TIPOU3HECEHMsI 3ByKa /M/ MBI CHaydaia JIOJKHBI COMKHYTh TyObI. Takol (eHomeH,
BbI3BaH JIMHAMHUKOW Tpolecca pedyeoOpa3zoBaHus (OTpaHUYEHHOW CKOPOCTBIO
JBUKEHUS OpPraHOB apTUKYISILIUU, KOTOpble M (DOPMUPYIOT pa3iuyHble 3BYKH) U
3 PexToM KOAPTUKYJISUUU, KOTOPBIM SABIISAETCS MPOLIECCOM B3aUMHOTO BIMUSHUS
(B3aMMOIIPOHUKHOBEHHUS) OIPEACIICHHBIX PEUYEBbIX €AUHUI] Ha COCEHUE DJIEMEHTHI
peun. HeoOGXoauMoO OTMETUTb, YTO KOAPTUKYJALMS MO-pa3HOMY HPOSIBISETCS Ha
aKyCTUYECKOM M BH3yaJJbHOM KOMIIOHEHTaX PEYd, YTO U BBI3BIBAET ACUHXPOHHOCTH
Mexay HuMH. lIpaBuibHas CHHXpOHHM3ALMS MOJAIBHOCTEH pEYM HMEET BAXKHOE
3HAYEHUE U NMPU BOCHPUATUU PEUU YEJTIOBEKOM (B TOM YMCIIE CUHTE3UPOBAHHOU peun),
TaKk KaK OHA HampsMyl BIMSET KaK Ha pa300puMBOCTh, TaK U E€CTECTBEHHOCTh
pedeBoro BbIcKa3bpiBaHus. MccieqoBaHus MOKA3bIBAOT, YTO IS PA3JIMYHBIX SI3bIKOB U
KyJIbTyp CTENEHb CHHXPOHHOCTH TIIOTOKOB (oHEM U BH3eM B IIpolecce
pedeoOpazoBanus paznuyHa. Tak, HampUMep, VIS AMOHCKOTO S3bIKa JABMKEHUS TYO U
3BYKOBOWM MOTOK IMPAKTUYECKU CHUHXPOHHBI, MO3TOMY CHOCOO paHHEro OO0bEIHMHEHMS
MHOTOMOJQIBHOH ~ MH(pOpPMAIMU  TIOKa3bIBaeT HAWIydInue pe3ynbratel  [83].
AHTTIMHACKOMY K€ $3BIKY (OCOOEHHO AaMEPUKAHCKOMY BapUaHTy) COIYTCTBYET
JOCTAaTOYHO Ooraras apTUKYIsUus TI'y0 (Iake TMOepapTUKYJSLWsA), YTO BBI3BIBAET
OTpe/ieNieHHbIE BPEMEHHBIE PACXOXACHUS MEXIy MOTOKaMu (OHEM U BHU3EM (10
HECKOJBKMX COTEH MHLIMCEKYH]); TO3TOMY MOJIEIM PACIO3HABAHUS C TO3JHUM
o0beMHEeHnEeM HH(OpMAIMU B ATOM Cllydae MPeArnOoYTUTEIbHBI.

B paszHbIx si3pIKax 3KCHEPTHI BBIEIAIOT PA3HOE KOJIMYECTBO BU3EM (TaKkXKe Kak U
dbounem), B anrmiickoM ux 12-14, B pycckom 10-12 B 3aBUCUMOCTH OT AuKTOpa. B
tabnuie 16.1 mokazaHbl 0a30Bble KJIACCHI BU3E€M PYCCKOW pEeUYd M COOTBETCTBUE
dbonemaM. B naHHOM cilyyae MbI CUMTaeM, YTO B PYCCKOM peun cyuiecTByer 47
doHem, BKIIOYas ynapHble M Oe3ynapHble (pelylHpOBaHHBIC) BapUAHTHl TJIACHBIX;
COTJIACHBIE 3BYKM COOTBETCTBYIOT (poHetmueckomy andasuty SAMPA. B nannoit
Tabnuie npeacTasienbl 10 kiaccoB BU3eM, BKIIOYasi HEUTPaIbHOE MOJI0XKEHHE T'yO0.
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Tabmura 16.1.

Kiaccbl BU3eM pycckoil pedy U X COOTBeTCTBHE (poHEMaM PyCCKOil peun.

Kiace Tun Buzembl/poHeMBI CootBeTrcTBYyIOIIHE (POHEMBI
BU3EMBI PYCCKOM peuun
V1 fﬁ%ﬁiﬁl{oﬁ;ﬁ?ﬁ; fall, Ial, I/, 1>l
V2 Heoryonennsie rnacubie (octanpubie) | /u/, /u!l, [v1/, 1!/
V3 | OryOJieHHBIC TJTaCHBIC 3BYKH lo!l, Iyl, Iy!]
V4 ['yGHubIe cornacHbie /6/,/6°/, /n/, /’/, Im/, Im’/
V5 | I'yOHO-3yOHBIC COTJIACHBIC I/, 1’1, I8/, I8°]
V6 AJbBeoJIIpHBIC (PPUKATHBHBIC futl. il fal, faad
COTJIaCHBIE
V7 | AnbpBeonsipable cOHOpHBIC cornacHbie | /n/, '], Ipl, Ip’/
V8 3yOHbIE COTJIACHBIC ;i[{;,/g//,’ //3T’//,, //;,//’ ul, [l e,
V9 3aHes3bIYHbBIE COTIACHBIE xl, It/ I/, Ik, 1x/, 1X°], [/
V10 | Ilay3a (HeiTpasibHOE MOJIOKEHWE Ty0) | TUIlHMHA (Tay3a)

Ha pucynke 16.3 noka3zana oOmias apXuTEKTypa CUCTEMbI ayJIuOBU3yaIbHOTO
pacro3HaBaHusl peyd. B cucteme HCHONB3YyIOTCS HE3aBUCHMbBIE ApYyr OT Jpyra
uudpoBas BUgeOKaMepa 1 MUKpPO(OH, MapaJjIeIbHO BBIYUCIISAIOTCS MPU3HAKU ayaHO-
U BHJICOCUTHAJIOB, 00BEIMHEHNE MOJATbHOCTEH MOXET MPOU3BOAMTHCS HA PaHHEM
100 MO3THEM YPOBHE.

I

TTouck numna u
OTCJIEXXKUBaHHE
ry0 B Kajapax

>

Brruucnenne
BHU3YaJIbHBIX

I

IPHU3HAKOB PEUU
CunxpoHuszanus u OObenuHeHNE
pasneneHue MOJIAJIBHOCTEH U [
MOJAJIbHOCTEN KJTaccHU(pUKaIus
O06paboTtka u Brraucnenue
cerMeHranus [» aKyCTHYECKHX

CUTrHaJIa

IMPU3HAKOB pE€IU

Puc. 16.3. Apxumexmypa cucmemvl ayouosu3yaibHo20 pacno3Ha8aHus peyu.

s BeIYMCIieHUsT WH(GOPMATUBHBIX MPU3HAKOB W3 ayAHOCHUTHAlA MOTYT
WCITOJIB30BATHCS PA3IMYHBIE METOJBI CHEKTpaibHONW 00padoTku (Hampumep, MFCC
MPU3HAKKN), KOTOPhIE OBLIM OIMUCAaHBI B MPEIBIAYIIUX pasnenax. JlJis BBIYUCICHHS
MPU3HAKOB JBWKEHUHN T'y0 IO BUIIEOCHUTHAIy MOTYT HCIOJI30BATHCSA 2 Pa3TUIHBIX

moaxoaa:



126

1) TIukcenbHbIE TPHU3HAKW: HAXOXKICHHE MPSMOYTOJIBHOW — TpadudecKoi
obnactu (region of interest) pra qukropa v HU3BJIeYeHHE HHGOPMATHUBHBIX IPU3HAKOB
(HanmpuMep, METOIOM aHaJIM3a IJIaBHBIX KOMIIOHEHT PCA).

2) T'eomeTpuyeckue BU3yalbHBIC TIPU3HAKU: HAXOXKICHUE M OMKMCAHUE KOHTYpa
(bopmbl) TYO JuKTOpa TP TOBOPEHUU (HANPUMEp, MCIOJB3YS I[BETOBYIO
bunpTpanuio HU300pKEHMS); TaKue TMPU3HAKU OIKMCHIBAIOT TIEeOMETPUUYECKHUE
napamMeTpbl ry0 TUKTOpa: MMPUHA PTa, TOJIIMHA BEpXHEH W HIDKHEH T'y0, BUTIUMOCTh
s3bIKa U 3yOOB U T.JI.

16.2 MeToabl ayIMOBH3YyaJILHOT0 MOAEJIUPOBAHUS M PACIIO3HABAHUS pedu

Haubonee pacmpocTpaHeHbl JBa OCHOBHBIX METO/JAa MOJCIUPOBAHUA U
pacno3HaBaHMs ayJWOBU3YaJbHON pEdYd, KOTOpPHIE OCHOBAHBI Ha CIEAYIOIIHUX
MOJAU(PUKALUSIX CKPBITHIX MAPKOBCKUX MOJIEIICH:

1) MHoromoTo4yHble CKpbIThIe MapkoBckue Mmonenmu (MIICMM, Multi-stream
HMM), B KOTOpBIX HE3aBUCHMO HCIIOJIb3YIOTCS HECKOJIBKO THUIIOB TPU3HAKOB B
equHoit CMM. Dtu Mojaenu peaqusyloT paHHUM TOAXOJ K OOBEIUHEHUIO
MOJAJILHOCTEN (HAa YpOBHE NPH3HAKOBOI'O OMHUCAHUS), TAaKUE€ MOJIENIH SIBIISAIOTCS
CUHXPOHHBIMU OTHOCUTENIBHO ayIHO- U BUACONPU3HAKOB PEUH.

2) CnaBoennble ckpbiThie MapkoBckue monenu (CCMM, Coupled HMM), B
KOTOPBIX MCHOJIb3YIOTCS NapasuieiabHble acuHXpoHHble CMM Mozenu, a o0beIuHeHNe
uHoOpMaIUu MPOUCXOTUT Ha ypoBHe coctosunii CCMM  wmonenel, peanusys
MO3IHUH TIOJIX0]1 K 00beTMHEHUIO NH(HOPMAITIH.

B naHHBIX THmax Mojenedl 3BYKOBbIE W BU3YalbHBbIE pEUYEBBIC INPU3HAKU
Pa3HOCATCS MO ABYM Pa3HbIM MOTOKaM, HO OOBEAMHEHHE MPOUCXOAUT Pa3IUYHBIMU
crocobaMM Ha pa3HbIX YPOBHSX CKPBITBIX MapKoBCckux mojenei. Ha pucynke 16.4.
nokasas npumep Tonojoru MIICMM oxHo# ayanoBU3yansHON eIMHUIBI peun [84],
3/1eCb BUIHO, YTO COCTOSIHHMSI B MOJIEJSX SIBJIAIOTCS OOIIMMM JJIA JABYX IOTOKOB
uH(popMalMu, a BEKTOpa NPU3HAKOB ayJuo- M BHUIACOCHTHAJIOB BBIYHCIISIOTCS
HE3aBHUCUMO U OOBEAMHAIOTCS C YYETOM BECOBBIX KOX(P(UIIMEHTOB KaXIOM
MoaaibHOCTU. HemocTtaTkoM Takux MoJenell SBISETCs TO, YTO OHHM HE MOTYT
o0pabaThIBaTh BO3MOXHYIO aCHHXPOHHOCTh ay/INO0- U BUACOMOJATLHOCTEN PEeUn.

P1 OAl P1 OA2 P1 OA3

Puc. 16.4. Tononozus mroconomournoti CMM ayouoeusyanbhoti eOunuybl peyu.
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Jlnst ydera ecTeCTBEHHOM Uisi peueoOpa3oBaHUs BPEMEHHOW ACMHXPOHHOCTU
MOTOKOB COOTBETCTBYIOIIUX AKYCTUYECKMX W BHU3YaJIbHBIX MPHU3HAKOB pEeyYU ObLIU
pa3paboTaHbl CABOCHHBIC CKpbIThie MapkoBckue moaenu (CCMM, Coupled Hidden
Markov Model) [85]. Ha pucynke 16.5 moka3zaHa TOIOJIOTHS  MOJCIH
ayIMOBU3YyaJbHOM eauHuIBl peun (mapa ¢oHeMa/Bu3eMa) C  HECKOJIbKHUMU
COCTOSIHUSIMM JIJII KaXXJIOrO0 IMOTOKa BEKTOpPOB Mpu3HaKkoB. Kpyramum o0003HaueHbI
cocrosinus CCMM, sBisitonuecss CKPBITBIMU 71 HAONMIOJIEHUs, a KBajpaTamMu —
CMECH HOPMAJIBbHBIX PACTIPECICHU BEKTOPOB HAOMIOACHUN B COCTOSHUSX.
CnBoeHHas CKpbITasi MAPKOBCKasi MOJIETh MPEJICTABIsIET CO00i Ha0Op MmapaylIeTbHBIX
CMM, 1no ogHOW Ha Kbl MHPOPMAIMOHHBIN MOTOK (MOIAIbHOCTH), COCTOSIHUS
MOJIEIM B HEKOTOPBI MOMEHT BpeMeHM t s kaxkaoi CMM 3aBUCAT OT CKPBITHIX
cocTosiHUii B MOMEHT BpemeHu t-1 Bcex mapamensHbix CMM. Takum oOpasowm,
obmee coctossnue CCMM  ompezgensercss COBOKYIMHOCTbIO COCTOSSHUM — JIBYX
napauieibiblx CMM. [IpenMymecTBo Takol TOMOJOTHMH COCTOMT B TOM, YTO OHA
MO3BOJISIET HECKOJIBKUM TMOTOKaM BEKTOPOB MPU3HAKOB HE3aBUCHUMO IMEPEXOJUTH IO
COCTOSIHUSIM ~ MOJIENIM, YTO JAeT BO3MOXKHOCTb MOJEIMPOBAaTh JOMYCTUMBIE
BPEMEHHBIE PACXOXICHHUS B ayauo- W BUIAEOJaHHbIX. B Ttomosorum CCMM
ayIMOBU3YAJbHBIX €IUHUI] PEYU NPUMEHSAIOTCA MO TPU COCTOSIHUS HA KaXKIbIid
napajuiesibHbI TOTOK BEKTOPOB IMPHU3HAKOB, MPU 3TOM CUYUTAETCS, YTO IE€PBbHIC
COCTOSIHUSI COOTBETCTBYIOT JIMHAMUYECKOMY MEPEXOAy OT MpPEeAbIAyIIeHl pedyeBOi
€AUHULIBI, TPEThU — MEPEXOJly K MOCIEAYIOLIEH €IUHUIE, a BTOPbIE COCTOSIHUS
OOBEMHEHHON MoJenu (caMble JJIUTEIbHBIE) COOTBETCTBYIOT CTaIl[MOHAPHOMY
(LIEHTpabHOMY) YYaCTKy PEYEBOM €IMHHUIIBI.

Puc. 16.5. Tononoeus cosoennoii CMM ayouosusyanbhoii eOuHuybl peyu.

Jlist OIpPEICIICHUS CIBOCHHOU CKPBITOU MapKOBCKOH MOJIEIIN
A=<L,D,B,y > HekoTopoii ayIHOBHU3yaJbHON EIUHMIBI PEYH HEOOXOIMMO
3a71aTh CJICAYIOIIME MapaMeTphl:

1) KomndecTBO CKPBITHIX COCTOSTHUI Mozenu — L.
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2) Pacmpenenenue (MaTpuiia) BEpOSITHOCTEH MEPEXOIOB MEXKITy COCTOSIHUSMU -
D={d;} 1<i<L,1<j<L.

3) Pacmpenenenue BepOSITHOCTEH MOSBICHHUS CUMBOJIOB HAOJIOICHUS (BEKTOPOB
NPU3HAKOB ayauoBH3yanbHOM peun) B cocrosausax - B ={b;(0)}. O6bruno
MPUMEHSIIOTCSI CMECU HOPMAJIbHBIX (TayCCOBCKUX) paclpeieIeHUd BEpOSITHOCTEM:

M M
bj(o):ZijN(O’ﬂjm’O_jm), zcjmzl, (16.1)
m=1 m=1

rae O - MozenupyeMblil BEKTOp apaMeTpoB (ayauo wiu BuaeocurHana), Ciy -
BECOBOH K03(ppHIIMeHT M-I KOMIIOHEHTHI B COCTOSIHUY |, N - INIOTHOCTH BEPOSTHOCTH
(rayccoBckoe pacrnpeesieHue) cO CpeIHUM 3HaueHue (MaTeMaTH4ecKoe OXKUIaHUE)

M jm ¥ CPEIHEKBAIPAaTHYECKOE OTKIOHEHHE (aucnepcusi) O, Uil M- KOMIOHEHTBI

CMECH B COCTOSHHMU |, M — KONIHMYECTBO CMecel HOPMAaJIbHbIX pacHpecICHUl B
MOJIEJIN.

4) Beca uwH(GOpPMATUBHOCTH  (3HAYUMOCTH) )/ 2{7/ A, 7/V} pEUYEBBIX
MOJaIbHOCTEN (aylAHO- W BHUJACOMOTOKOB), KOTOPhIE MOTYT HACTPAaWBAaThCS B XOJI€
o0ydeHHUsT MOJee WM ajanTallii K OKPYXKAIOIIMM YCJIOBHUSIM W KaHay Tepenadu
peun.. [Ipuuem, ux cymma siBIsI€TCSI KOHCTaHTOU:

yh+yt =2 (16.2)

B pycckoii peun pOHETUCTHI BBIAEISIOT HECKOJIBKO JIECATKOB Pa3Iu4HbIX (poHEM
(ot 40 mo 50), mostomy 1 CCMM B OMMOJAIbHOM CHCTEME PACIIO3HABAHUS PEUU
HACUUTBIBAECTCSI CTOJIBKO Ke. Pa3nuunMMbIX e€JUHUI] BUAMMOU PYCCKOW peuu (BHU3EM)
HaMHOTO MeHblie (okoso 10). IlosaTomy, Kak HpaBUiIO, B CUCTEME pACIIO3HABAHUS
npuMeHsiercss  cBsizbiBanue  (tying) pacmpeneneHuit  BEKTOPOB  HAOJIOICHUIA
BU3YaJIbHBIX KOMIIOHEHT B cocTosiHUAX pa3Hbix CCMM. Ha pucynke 16.6 moxazaHsl
CBSI3M MapaMeTpoB (pacHpe/esieHrs BEKTOPOB HAOMIOIEHN) BU3yalIbHbIX MOJIENICH B
paMKax OJHOro Kjacca BHU3E€Mbl IIPU HAJIWYMU HECKOJBKHX aKyCTHYECKHX MOJeJen
(Hampumep, omHa Bu3zema it 1ByX (onem /6/ m /m/). Takum oOpaszom, obriee
kommmuectBo CCMM B cucteme paBHSETCS YUCTY PACIO3HABAEMbIX (POHEM, HO IS
psana Mojelied MX MapaMeTphl SBISIIOTCA OOMIMMH, 4YTO YHOPOUIAeT M YyJIydllaeT
npolecc 00y4YeHus: MoJieNIel B YCIOBHSIX OTPaHUYEHHBIX 00yYaroUX TaHHbIX.

Kpome Toro, B pabore [86] Obu1 mpemioskeH BecbMa MPOCTOH CIIOCOO
npeoOpa3zoBaHus ToONoJioruu caBoeHHOH CMM B SKBHUBAJIEHTHYIO JIEBO-TIPABYIO
nByxnorounyro CMM mozensb (cM. pucyHok 16.7), KoTopasi cOXpaHseT Bce CBOMCTBA
nepBoi. Pesynbrupyromas CMM  colnepUT Bce KOMOMHALUM MapajiieIbHbIX
coctogauil ucxogqunoit CCMM. B CCMM o00a noToka He3aBUCUMBI U paclpeaeaeHus
BEKTOPOB HAOJIIOJICHUN B COCTOSIHUSIX BBIYUCISIOTCS OTAENIBHO JAPYr OT Jpyra, B
neyxmnorounod CMM nBa pacnpeneneHusi BEKTOPOB HAOMIOACHHUM (IS ayauo- U
BUJICOCUTHAJIOB) aCCOLUMHUPOBAHBI C KaxAbM cocTtosHueM. B tomomorun CCMM
UCIIOJIB3YETCSI TI0 3 CKPBITBIX COCTOSIHMS Ha KKl NapajulesIbHbIA  IOTOK,
COOTBETCTBEHHO B JBYXmoTtouHoi CMM Oyner 9 cocTostHuil (Bce UX KOMOWHAIIUN),
O3TOMY, JJI TOTO YTOOBI M30€XKaTh YTPOEHHUS KOJMUECTBA PaCHpPECIC€HUN BEKTOPOB
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HAONIOCHU B  COCTOSIHUSIX, HCIIOJIB3YETCS  CBSI3BIBAHHE COOTBETCTBYIOIIUX
pacrpeiesieHuii BEKTOPOB HAOIIOICHUM COrjIacHO PUCYHKY 16.7.

P1 OAl P1 OA2 P1 OA3

P2 OAl P2 OA2 P3 OA3

Puc 16.6. Csazvisanue 0syx CMMM 015 08yx ayouo6usyaivbHvix eOuHUY pyCccKoll pey
U3 00H020 BU3EMHO20 KIACCA.

VYBenuueHue oOOMEro KOJWYECTBA COCTOSHUW MOJCIHA  ayJAHOBU3YyaIbHOU
enUHUIBI peuu ¢ 6 10 9 TpeOyeT HEeCKOIbKO OOJNbBINeH ONMEepaTUBHON MaMSITH TPH
MPOTrPaMMHON peau3aiii CUCTEMBbI, OJHAKO HA CKOPOCTU JEKOTUPOBAHHS TaKOE
npeoOpa3oBaHUs HE  CKa3bIBAeTCS M3-3a  OOJIbIIEH  MPOCTOTHI  ajaropuTMa
JICKOJIUPOBaHMs peur (aaroputM ButepOu, ObLI OmMcaH B HPEABIAYIIUX pa3jeiiax).
[TapameTtpsl 1ByxnoTouHbix CMM (MaTpuiia BepOsSTHOCTEH MEPEX0JI0B U3 COCTOSTHUS
B COCTOSIHHEC W pacHpelesieHus BEKTOPOB IPU3HAKOB ayauo- W BHJICOJAAHHBIX B
CKPBITBIX COCTOSHUSX) ayJHOBU3YAIbHBIX CAWHHI] PEYH BBIUMCISIOTCS, HCIIONB3YS
MOTUGUIMPOBAHHBIN anroput™M bayma-Yamua (EM-anroputm) [87], moOusasch
MaKCUMAaJIbHOM OIICHKM MpaBaonojo0us MoOJAeNIM Ha oOydawnieii BbIOOpKE
MYJIbTUMEIUNHBIX PEUEBBIX 3aIUCEN.
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Puc 16.7. Omobpasicenue cosoennot CMM 6 sxeusanenmuyro ogyxnomouryio CMM.

Jnst nexogupoBaHusi (pacno3HaBaHUsA) CIUTHOM peyu, MOAaBaeMOMl Ha BXOJ
CUCTEMbl M3 ayJIuoOBU3yaJdbHOTO (aiija wWid ¢ YCTPONCTB, HPUMEHSETCS
Moau(UIMPOBaHHBI MeTox mepedaun MapkepoB (token-passing method) [84],
OCHOBAHHBIW Ha ONTHUMU3AIMOHHOM ainroput™me Butep6u s MHOronorouyHsix CMM,
KOTOPBIM  OMpeNensieT  BEPOSITHOCTh  TOPOXKJCHHS  CHMBOJIOB  HAOJIOJCHUN
(mocnenoBaTesbHOCTEN BEKTOPOB IIPU3HAKOB) JTAHHOU MOJIEIBIO u
MOCJIE0BATEIBLHOCTh MPONUJECHHBIX MPU 3TOM CKPBITBIX cocTosiHui Mmozaenu. CyTb
JAHHOTO METOJIa COCTOMT B CIEIYIOIIEM: JJisi MOJEIUPOBAHUS TMOTECHIHAIbHO
BO3MOXHBIX (h)pa3 CIMTHOW pEeUr CTPOUTCS €AMHAs BEPOSATHOCTHAs Mojenb (rpad) co
BCEBO3MOKHBIMU BapuaHTaMu Nepexo 0B Mexay CMM MUHUMAIIbHBIX €AUHUL pEUr
(orpaHMYEHHBIMHU CIIOBapeM pacrno3HaBaHus) U Mexay CMM ciioB (orpaHM4eHHBIMU
KOHEYHOM TPaMMAaTHUKOW WJIM BEPOSTHOCTHOM MOJIETBIO SI3bIKA), 3aT€M METOJIOM
JUHAMUYECKOrO0  mporpammupoBaHusi  (anroputM  BurtepOu)  mpou3BoguTCs
HaxOXXJICHUE ONTUMAJILHOW MO KPUTEPUIO MAKCUMAJbHOIO  MPaBIONO0a00us
NOCJIEIOBATEIBLHOCTH/ITYTU CKPBITBIX COCTOSHUM (HECYIIMX MHPOPMALIUIO O PEUEBBIX
eAMHMIIAX) MOJAENHU [JIsi TOpPOXKACHHS 0o0padaTbiBaeMON IMOCJIEI0BATEIbHOCTH
HaOmoneHuil. B pesynbrare AEKOAMPOBAHMS PEUYEBOTO CUTHAJIA ABTOMATUYECKOH
CHUCTEeMOM BBIJAETCA OJHA WM Heckoibko Hawmmyumux runores (N-best list)
pacno3HaBaHus NPOU3HECEHHOU TUKTOPOM (Ppasbl.

MHoOrue 5KCHEepUMEHTANbHBIE PE3YJbTAaThl MHUPOBBIX HCCIEIOBAHUN IO
CO3JJaHUI0 CHUCTEM OMMOJAIBLHOTO PACMO3HABAHUS PEYH, KOTOPHIE HCIOJIB3YIOT
ayJIMOBU3YaJbHYI0 HMH(POpPMAIIMIO, TOKAa3bIBAIOT, YTO OHM paboTaroT myuiie (T.e.
obOecrieunBaOT 0oJiee BBICOKYIO TOYHOCTh pACIO3HABAHUS PEYM U JYUIIYIO
poOAaCTHOCT, CHCTEMBI K ayJdoOlIyMaMm), YeM OJHOMOJAJIbHBbIE CHUCTEMBbI,
UCTIONB3YIONIHME TOJBKO 3BYKOBYIO HH(popManuio [88-92].
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Muccust  yHuBepcuTeTa — TEHEpalusA  NEPENOBBIX  3HAHWM, BHEIPEHHE
WHHOBALIMOHHBIX ~ pa3pabOTOK W MOATOTOBKA OJHUTHBIX KaJApPOB, CIIOCOOHBIX
JIeMCTBOBATh B YCIIOBUSIX OBICTPO MEHSIOIIETOCS MUpa U 00eCIeurnBaTh OnepeKarolee
pa3BUTHE HAyKH, TEXHOJOTMH M JApYyrux oOyiacTed [ COACHCTBUS PELICHHUIO
aKTyaJbHBIX 3a7a4.

KA®EOPA PEYEBbIX UHPOPMALMUOHHbBLIX CUCTEM
O kagheope

Kadenpa peueBbix undopmannonnsix cucrem (PUC) coznana B 2011 roay Ha
daxynerere MHDOpManroHHBIX TexHOJIOTHH U TporpamMmmupoBadus (ODUTwull).

OpranuzaTopom co3ianus kadeapsl BeICTymaeT «LIeHTp peueBhIX TeXHOIOTHI
(www.speechpro.ru). 3aBeayronuii kadenpoit — JOKTOp TEXHUYECKHX HayK MaTBeeB
FOpuit HukonaeBuu.

Kadenpa PUC obecrieunBaeT NOATOTOBKY JOKTOPAHTOB, AacCIHPaHTOB H
MaructpoB. s TeX, KTO UMEET BbICIIee oOpa3oBaHHE, HO XOTed Obl CBA3AaTh CBOE
Oyaymiee ¢ pEUYEeBBIMH TEXHOJOTHUSIMH, MMEIOTCS KypChl  JOTOJHUTEIHHOTO
podecCHoHaTEHOTO 00pa30BaHMS.

Obyuenue na kagedpe

Kadenpa «PeueBnie nndopmairionnsie cucteMbl» (6azoBas kadenpa «Llentpa
pEYeBBIX TEXHOJIOTHIN) Cankr-IleTepOyprckoro HAI[MOHAJILHOTO
UCCIIEIOBATENILCKOTO YHHUBEPCUTETAa HH(POPMAIIMOHHBIX TEXHOJOTHA, MEXaHHKH |
ontuku (MTMO) B pamkax Hampaienus 230400.68 «HpopMalimoHHbIE CUCTEMBI U
TEXHOJOTHHM» OTKPBIBACT TPHUEM B MAarucTpaTypy MO HOBOH 00pa3oBaTelbHON
nporpamme 230400.68.04 «PeueBbiec MHOOPMAIIMOHHBIE CUCTEMBDY.

Cpok obOyuenust — 2 roma. OOydeHue 3aBeplIaeTcs 3alUTON MarucTepCcKou
JCCepTaIIH.

[leneBass ycTaHOBKAa MarucTpaTrypbl — MOATOTOBKA CIEIMAIMCTOB, CITIOCOOHBIX
y4acTBOBaTh B HCCIIEIOBATEIHCKON W MPOEKTHOM paboTe B 0O0JACTH PEUYEBBIX
UH(OPMAITMOHHBIX TEXHOJIOTHI CO CIeIUaIn3alyell B HampaBJICHUSIX pacliO3HaBaHUS
U CHHTE3a pEYH, pAClo3HaBaHUA JIMYHOCTEH MO TOJIOCY, MYJIbTUMOJAIBLHON
OroMeTpuu, B 00J1aCTH MPOEKTUPOBAHUS U Pa3padOTKU MH(OPMAIIMOHHBIX CUCTEM U
MIPOTPaMMHOT0 00eCTICUEHUSI.

O6nactp npodeccHoHaTbHON AESTENbHOCTH BBITYCKHUKOB Kadenpsl PUC
BKJTIOUYAET:

— HWCclenoBaHWe, pa3paboTKa, BHEAPEHHE PEYEBBIX HHQPOPMAIIMOHHBIX
TEXHOJIOTUH U CUCTEM;

— METOJIbI U aJITOPUTMBI TIU(PPOBOI 00PaObOTKH PEUEBHIX CUTHAJIOB;

— aBTOMATHU3UPOBAHHBIC CHUCTEMbI OOPaAOOTKH PEYEBBIX CUTHAJIOB;
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— MPOTrpaMMHOE o0ecrnieueHue aBTOMAaTU3UPOBAHHBIX pEYEBBIX
MH(POPMALIMOHHBIX CUCTEM;

— CHUCTEMBl aBTOMAaTU3WPOBAHHOIO IPOEKTHUPOBAHUS IPOIPAMMHBIX U
anmapaTHBIX CPEACTB IS PEUEBbIX MH(POPMAIIMOHHBIX CHUCTEM M MH(OPMAIIMOHHOM
NOJJIEPKKU TAaKUX CPENICTB.

O6bekTamu TpoeCCHOHATBPHONW NEATEIbHOCTH BBIMTYCKHUKOB Kadeapsl PUC
SBJISIFOTCSL:

— WH(OpPMALIMOHHBIE  TPOLIECCHI, TEXHOJIOTUH, CUCTEMBbl M  CETH,
npeHa3HayeHHbIE 411 00pabOTKH, paclio3HaBaHUs, CHHTE3a PEUEBbIX CUTHAJIOB;

— HMHCTPYMEHTAJIbHOE (MaTeMaTHyecKoe, MH(POPMALMOHHOE, TEXHUYECKOE,
JUHTBUCTUYECKOE, MPOrPAMMHOE, 3pTOHOMHUYECKOE, OPraHU3allMOHHOE M MPaBOBOE)
o0ecrniedyeHre peueBbIX HHPOPMALIMOHHBIX CUCTEM;

— CIOCOOBI W METOABl TMPOCKTUPOBAHUSA, OTIAIKH, TPOU3BOACTBA U
IKCIUTyaTalli MH(GOPMALMOHHBIX TEXHOJIIOTUA M CHCTEM B 00JacTsX o00paldoTKH,
pacro3HaBaHMs, CHHTE3a pEUYEBBIX CHUTHAJIOB, TEJIEKOMMYHHUKAllMM, CBS3H,
MH(POKOMMYHUKAILIUN, METULIUHBI.

Hlupokuii npoguib MNOATOTOBKM, 3HAHUE YHHUBEPCAIbHBIX  METOJOB
UCCIJIEJOBaHMSI U IPOESKTUPOBAHMSI THPOPMALIMOHHBIX CUCTEM, ITPAKTUYECKUE HaBBIKU
paboTBl C COBPEMEHHBIM IPOTPAMMHBIM OOECIEUYEHHUEM — BCE 3TO IO3BOJIAET
BBIIIYCKHMKaM KadeIpbl HAWTH pabOTy B HAayYHbIX MHCTUTYTax U YHUBEPCHUTETaX, B
dbupmax, Ha TMPOU3BOJCTBEHHBIX MPEANPUATHUIX, a TaKKe B KOMMEPUYECKUX
CTPYKTypax. Y4eOHbIi M1aH npeaycMaTpUBaeT, B YACTHOCTH, CIIEIYIOIINE KyPChI:

— NudopmanroHHbie TEXHOIOTHH:

— CuCTeMHBII aHaAIM3 U MOJEINpOBaHNE MH(GOPMAIMOHHBIX MPOIIECCOB U
CHUCTEM,;

— IIpoexTupoBaHue HHPOPMALIMOHHBIX CUCTEM;

— Opranuzanuss  OPOEKTHPOBaHMS M pa3pabOTKU  MPOrpaMMHOIO
o0ecrniedeHus pacrpeieIeHHbIX U BCTPOCHHBIX CUCTEM,;

— TecTupoBaHus NPOrpaMMHOT0 0OECIIeUEHUS;

— VYmpasieHne Ka4eCcTBOM pa3pabOTKU MPOTPaMMHOTO 00ECTICUEHMSL.

PeueBbie TEXHOIOTUM:

— Iludposas oOpaboTKa CUTHAJIOB;

— Hudposas 06paboTka peyeBbIX CUTHAJIOB;

— MaremaTtrueckoe MOAEIUPOBAHUE U TEOPUS IPUHATHUS PELLICHUI;

— Pacno3naBanue o0pasos;

— Pacno3naBaHue u CUHTE3 peuy;

— Pacno3naBanue auKTopa (TOBOPSILIETO IO TOJIOCY);

— MynpTuMOaIbHBIE OMOMETPUUECKUE CUCTEMBI.

K npenonaBaHuMio NpUBIEKAIOTCS BeAylue coenuanuctel «LleHTpa pedeBbix
TEXHOJIOTUI», mnpenogaBarenu YHusepcurera MTMO, a Takxke CHENUATUCTHI,
pabortaromme B U3BECTHBIX HayuHbix opranuzanusx (CIIMUPAH), a Ttakxe
ITPOU3BOACTBEHHBIX 1 KOMMEPYECKHUX OpraHU3aLHSIX.
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Tamnens MBan bopucosuy,
KapnoB Anekceit AHaTOIBEBUY

ABTOMATUYECKOE PACIIO3BHABAHUE PEUYU

Yy4eOHOE 1ocodue

B aBTOpCKOM pemakuuu

PenakumonHo-uzgaTensckuii otaen Y Husepcurera MTMO

3aB. PO H.®. I'ycaposa
Iloanmucano k neyatu

3aka3 Ne

Tupax

Ortmneuarado Ha puzorpade
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