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Yacts 1

Kak 06yuath HEIIpOHHBIE CETH



I'maBa 1
Ot Onosornu K nHGOpPMATHKE,

unu We need to go deeper

TL;DR

[lepBas rmaBa — BBOzHASA. B Hell MbI:

* y3HaeM, YTO B MANTMHHOM O0YyYeHUH HEJABHO MPOUSOIILIA PEBOJIONUS U PEBOJIIO-
I[1s 9Ta BCe elle AJIUTCS;

¢ BCIIOMHUM HUCTOPHIO UCKYCCTBEHHOI'O MHTEJIJICKTA KaK HayKU;

¢ TMO3HAKOMHUMCA C Pa3HbIMU 3aJadYaM¥W MAITMHHOTO O6y‘{€‘HI/IH, y3HaeM, KaK OHH
CBA3aHbl U YEM OTJIMYAIOTCA APYT OT JIpyTra;

* BBISICHUM, TI0YEMY YEJOBEYECKII MO3T MOJKET CITY5KUTh 0OPA3IOM JIJIs MOJPaKa-
HUS TIPU CO3/IaHNH UCKYCCTBEHHOTO MHTEJJIEKTa;

¢ IIpHU/JIEM K BbIBOAY, YTO HeﬁpO6HOJIOFHH TIOKa HE CJIMIIKOM TOYHasl HaYKa;

* 3aKOHYUM KPATKUM 0030POM CaMbIX IPKUX TIPUMEPOB IPUMEHEHUST COBPEMEHHBIX
HEHPOHHBIX ceTell ¥ 06IaCTel, T/Ie UM ellle eCTh YeMY MOYUUThCS.
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1.1. PeBontouus obyyeHus rnybokux ceteu

— A KaK TI0BEpHYJIOCH 1EJ10? — 3ayMYMBO MTPOOOPMOTAJ OH. —
Tpax-ra-6abax! Peosmtorus!

Emy craso Beceso. OH ryioTas maxHyBIIUi pocoil n s6ao0kaMu
BO3yxX U myMair: «Ctoub, x1eb, 10M, poxkb, GoIbHUIA, Gasap — CI0Ba
BCe 3HAKOMBIE, a TO BAPYT — Pesomonus! Beiite, 6apabanbi!»

A. Taiidap. Bymbapaw

ITpexne Beero, cpocum cebst, TIOJIOKUB PYKY Ha Ceplie:

— Jla ecTb i y HaC ceifdac peBOJIOINS?..

PasBe Ta rHUJIb, TJIYIIOCTB, IPSIHD, KOTIOTH 1 MPaK, 4TO MPOUCXO-
JIUT ceiyac, — pasBe 9TO peBoJonus? PeBoonus — cBepKaoniast
MpeKpacHast MOJIHUsI, PEBOJIONKUS — GOKECTBEHHO KPaCHBOE JIKIIO,
o3apeHHoe THEBOM POKa, peBOJIOIUs — OCJENUTENbHO spKasi pa-
KeTa, B3JIeTeBINast Pajyroi cpeau cbiporo Mpakal.. [loxoske Ha aTi
cBepKaionme 00pasbl TO, YTO CeHYac IMPOUCXOAUT?..

A. Asepuenxo. /[1oacuna nodceti 8 Cnumy pesomoyuu

Hecarb et Hazag, B cepegune 2000-X 10108, B MAIIMHHOM 00y4YEHUN Hadalach PEBOJIIO-
st B 2005-2006 rogax rpymib uccienosaresieii mox pykosoactsom Jxxeddbpu Xun-
tona (Geoffrey Hinton) B ynusepcurere Toponto u Momya Benmxu (Yoshua Bengio)
B yHUBepcuTere MoHpeaist Hayduanch o0ydarh 2ayboxue Heliponnvie cemu. V1 ato me-
PEBEPHYJIO BeChb MUP MalIMHHOTO 06yueHus! Ternepb B caMbiX PasHOOOPA3HbBIX MPE/-
METHBIX 00JIACTSIX JIYUIIIHE PEIYJIbTATHI TOJYUIAIOTCS C TIOMOIIIBIO TITyOOKUX HEHPOHHBIX
cereil. OTHUM 13 IEPBBIX TPOMKHUX [TPOMBIIILIEHHBIX YCIIEXOB CTAIO PACIIO3HABAHIE Pe-
un: pazpaboTaHHbie TPYNTIoR XUHTOHA IIybOKUE CETH 0Y€Hb GBICTPO PAAUKAIBHO YIIyd-
IIUJTU PE3YJIbTAThI PACTIO3HABAHUSI 110 CPABHEHUIO C OTTAYMBABIIUMIICS €CATUIETUIMU
KJIACCUYECKUMHU TIOAXOIaMK, U CeroHs Jiro00ii pacliosHaBarTelb, BKJIOUAs FOJ0COBbIE
nomotauky Bpoze Apple Siri u Google Now, paGotaer UCKIIOUUTENBHO Ha TIYOOKIX
HEUPOHHBIX ceTsiX. A ceitvac, k 2017 ropy, 01 HAYYUITUCHh 00YYaTh CaMble Pa3HbIe ap-
XUTEKTYPBI TJIYOOKUX HEHPOHHBIX CETEl, M Te PENIAIT aOCOIIOTHO PA3HBIE 33Ul OT
pacro3HaBaHs JIUIL 10 BOK/ICHUS aBTOMOGUIIEH U UTPBI B TO.

Ho uneu 6ospiivHCcTBA Takux Mojeseil nosiuiuck eie B 80—90-x rogax XX Be-
Ka, a To 1 panbiie. VlckyccTBeHHDbIE HEHPOHHBIE CETU CTAJN TIPEIMETOM UCCIeI0BAHUMN
OY€eHb J[ABHO; CKOPO MBI YBUJUM, YTO OHM ObLIN OJHON M3 TEPBBIX XOPOLIO 0hOpM-
JIEHHBIX HUJIEH MCKYCCTBEHHOTO MHTEJJIEKTA, KOTAA U CJIOB-TO TAKUX — <HCKYCCTBEH-
HBII WHTEJJIeKT» — ellle HUKTO He cabimai. Ho ¢ magama 90-x romoB XX Beka J10 ce-

PEJIHBI HyJIEBBIX TOT0! HEfPOHHBIE ceTn GBLTH, MSITKO TOBOPS, He B Mojie. VI3BecTHbIil

! MbI HcKkpenHe HajieeMcs, 4TO HaIlUCai XOPOITYI0 KHUTY, HO BCe-Taku He Gy/ieM 371ech JeaTh CHelu-
aJTbHBIX OTOBOPOK B pacuete Ha untaTeseit XXII Beka...
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uccienosaresnb HelipoHHbix ceteil Ixxon Herkep (John Denker) 8 1994 roay ckasai:
«HellpoHHBIE CETH — TO BTOPOU JIYUIIHIA cTOCO0 CeIaTh IPAKTUIECKH YTO YTOLHO.
U neficTBUTEBHO, HA TOT MOMEHT YsKe OBLJIO M3BECTHO, YTO HEHPOHHASI CETh TEOPETHYE-
CKU MOXKET IPUOIM3UTH JII00YIO QYHKIINIO M 00y4UTHCS PelaTh J00yIo 3a1a4y, a riry6o-
Kasi HeHPOHHast ceTh criocobHa erie 1 6osiee 3(hHeKTUBHO PENIUTh ropasao GoJblie pas-
HbIX 32724... Ho 06y4arh riry6oKe ceTH HUKOMY HE YAaBaJIOCh, APYTHE METO/BI Ha KOH-
KPETHBIX MPaKTHYECKUX NpUMepax padoTaju Jydiie. 3 o6mux METOI0B MAaIIHHHOTO
obyueHus 310 ObLIN CHavana «saepHbie Metosibl»> (kernel methods), B wacTHOCTH METO
OIIOPHBIX BEKTOPOB, a 3aTeM OalleCOBCKHUE CETU U B IIEIOM TpauuecKre BEPOSITHOCTHBIE
mozes. Ho BooGiie JleHKep Besl peub 0 TOM, 4To GoJiee TIPOCTast BEPOSTHOCTHAS MO-
nesb, pa3paboTaHHast CIENUATBHO C YUYETOM CTIeN(MUKN KOHKPETHOI 3a/1aukt, 0OBIYHO
paborasa Jydiie, YeM HePOHHAS CETh «OOIET0 HA3HAYEHUsT», TaKe eCJIU BHIOPATH eif
TOIXOATIYIO [I7TsT 33Ia9H APXUTEKTYPY. A TIyOoKUe HelpOHHBIE CeTH 00yYaThCsT HIKAK
He XOTeJIN; O TOM, TI0YeMY UMEHHO, MbI TIO[POOHO TIOTOBOPUM B pasfieie 3.5.

Pemenwve, npeasnokentoe rpynmoil Xuntona B cepeaune 2000-X T0/0B, MPHIILIO
B BUJIe npedobyuenus 63 yuumeis, KOra ceTb cHayaa obydaeTcst Ha G0JIbIIoM Habope
JaHHBIX 6€3 Pa3METKH, a TIOTOM ysKe J00OydJaeTcst Ha pa3MEUEHHBIX TaHHbBIX, UCIIOIb3YsI
aT0 mpubmKeHue, Harmpumep, ecii Mbl XOTHM PACIIO3HABATD Y€IOBEUYECKUE JIUIA, TO
JlaBaiiTe cHavyaJa 11000y4aeM HEHPOHHYIO ceTh Ha (hoTorpadusx ¢ JoAbMU BooO1IIEe, 6e3
pasMeTkn (Takux (ororpaduii MOKHO JIErko HaGpaTh CKOJIb YTOAHO MHOTO), & YKe I10-
TOM, KOT'/Ia CeTh «HACMOTPUTCS» Ha HepazMedeHHbIe (hoTorpadun, 1006yIrM ee Ha UMe-
oII[eMCs pa3MeYeHHOM Habope HaHHbIX. OKa3aJ0Ch, YTO [IPU 9TOM KOHEUHBIH Pe3yIbTaT
CTAaHOBUTCS HAMHOTO JIy4IIle, & XOPOIITe 1 MHTEPECHbIE TIPU3HAKN CEeTh HAYNHAET BBIJIE-
JISITH €llle Ha arare npenobydenus 6e3 yunress. VIMEHHO TakuM 06pa3oM MpOU30IIed,
B YAaCTHOCTH, IPOPBIB B paclio3HaBaHuy peur. KoHeuHo, 3/1ech TTOKa COBEPIIEHHO HETIO-
HSITHO, YTO CETh COOCTBEHHO JIOJIKHA eJIaTh ¢ 9TUMM HepasMeueHHbIME (hoTorpapusmi,
U B 9TOM U 3aKJII0YAJICS TPOPBIB CEPEANHBI HYJIEBBIX FOJI0B. M bl HEMHOTO ITOTOBOPUM 00
BTUX METOJIAX B pasziesie 4.2, 01HaKO Ge3 MoAPOGHOCTE, TOTOMY YTO CETOHSI 9T METO-
JIBI Y2Ke TTPAKTUIECKN He UCTIOIb3YIOTCS.

[Touemy? IToToMy uTO Bee Hemnoxo paboraer u 6e3 Hux! OKaszaaoch, 4TO ceiiuac Mbl
MOKEM YCIENIHo 00yJyaTh HEPOHHBIE CETH, B TOM YHUCJIE IIyOoKue, (DaKTHUeCKH TeMU
’Ke METOIaMH, KOTOPBIMU PaHbIIle 3TO C/IeJIaTh HUKaK He yaaBaaochk. MeTobl mpenody-
yeHUs1 Ge3 YUUTEJIST OKA3AIUCH JIUIITh «CIIYCKOBBIM KPIOYKOM» JJIsI PEBOJIIOIMY TI1y(0-
KOTO 00ydeHust. Bropoii BaskHelIell MpuanHON cTas, COOCTBEHHO, TPOTPECC B BHIYKC-
JIUTEJIBHON TeXHMKE U B pasMepax JOCTYIHBIX A/ 00yderus Habopos ganHbiX. C pas-
BuTreM VIHTepHeTa JaHHBIX CTAHOBHUJIOCH BCe OOJIBINE: HAPUMED, KIaCCHYeCKHil Ha-
60p pantbix MNIST, 0 KoTOpOM MbI HauHEM TIOAPOOHBI PasroBop B pasaeie 3.6 u Ha
KOTOPOM JIOOPBIA IECATOK JIET TECTUPOBAICH MOJIEM KOMITBIOTEPHOTO 3PEHMS], — 3TO
70 Thicstd M3006paKEHUI PYKOMUCHBIX IUGBP pasMepoM 28 X 28 MUKCETOB, CyMMapHO
okojio 10 M6aliT ZaHHBIX; a COBPEMEHHBII CTaHAAPTHBIN JaTaceT JIst MOJeseil KoM-
nbloTepHOTo 3penust ImageNet conepxiut yxe okoso 1,2 Toaiit usobpaxkenuii. B uactu
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BBIYNC/ICHHIT TOMOTaioT 1 3akoH Mypal, 1 Bakible HOBIIECTBA, KOTOPbIE TO3BOJISIOT
obyuatb HelipoHHbIe ceTn ObicTpee. Bes riiaBa 4 GyeT MOCBsIIeHa TAKMM HOBIIIECTBAM.
B 0cHOBHOM MbI, KOHEUHO, Gy IeM TOBOPHUTD O MPOJBIKEHUSX B CAMUX aJITOPUTMaX 00Y-
YeHUst, HO OyAyT U (GaKTUIECKU YUCTO «IKeJe3HbIe» TPOABUKEHUS: 00ydeHHe COBpe-
MEHHBIX HEIPOHHBIX ceTeil 00BIYHO IPOUCXOAUT Ha rpaduueckux nporeccopax (GPU,
TO €CTh 10 CYTH HA BUJEOKAPTAX ), YTO YACTO ITO3BOJISIET YCKOPUTH TIPOIECC B AECITKU
pas... dta ujes nossBusach okosio 2006 roga u ctasma BaXKHOUN YaCThIO PEBOJIONNH TITy-
6oKOro 06yUYeHusI.

Ho, koHeuHO, cojiep:kaHe PEBOIOIH TIIyOOKHX CeTell He OTPAHUYNUBAETCSI TEM, UTO
KOMIIBIOTEPBI CTAJIN OBICTPEE, a JAHHBIX cTaso 6osbiie. Eciu 661 5T0 GBIITO TaK, MOKHO
6bIT0 GBI HUIKAKWX KHUT He MHCATh, a 3aKOHYUTH Pa3roBOP MPsiMo cefiuac. TexHnmdeckoe
pa3BuUTHE ITO3BOJIUIIO HE TOJIBKO BepHYThes K nzesiMm 80—90-x rogos XX Beka, HO 1 TIpH-
JIlyMaTb MHOTO HOBBIX HJI€T.

Passusasiich u 0611ue MeToibl 00y4eHUsT HePOHHBIX ceTell (0 HUX MBI TOTOBOPUM
B IJ1aBe 4 1 BOOOGIIE B IEPBOI YaCTH KHUTH ), U KJIACCUYECKUE aPXUTEKTY Pl HEHPOHHBIX
ceTeif, KOTOPbIM B OCHOBHOM ITOCBSITIIEHA BTOPAst YaCTh, — CBEPTOYHbBIE CETU ¥ aBTOKO/IU-
posiuku (ryaBa 5), pekyppeutusie cetu (r71aBa 6). Ho mosiBiisincs u coBepiienHo Ho-
Bble APXUTEKTYPBIL: TIOPOKIAIOIINE COCTI3aTe b HbIe ceTH (T1aBa 8) CyMeJu IPeBPaTUTh
HEWPOHHDIE CETH B OPOKAAIOIINE MOJIENIU, HEHPOHHbIE CETH B 00yYEHUH € TOAKPETLIe-
HueM (r1aBa 9) IpUBeIr K HEBUAAHHBIM paHee IPOpbIBaM, HelipobaiieCOBCKIe METOIbI
(tnaBa 10) coenmHMUIN HEMPOHHBIE CETU U KIACCUIECKUI BEPOSITHOCTHBINA BBIBOJI, C TIO-
MOII[bIO BAPUAI[MOHHBIX MPUOJIMKEHNH, a HY Kbl KOHKPETHBIX MPUJIOKEHUN TPUBEIN
B pa3paboTKe TaKUX HOBBIX apXUTEKTYP, KAK ceTH ¢ BHuMaHueM (paszen 8.1) u cetn
C MaMsIThIO, KOTOPBIE YK€ HAXO/ISAT U [PyTUe TPUMEHEHUSI.

[Ipesx /e yeM IBUTATHCS TATIBIIIE, CKAKEM TIAPY CJIOB 00 OCHOBHBIX MCTOYHMKAX. KHur
1o 00yueHUI0 TIIyOOKUX ceTell TIoKa He Tak yik MHoro. HekoTopbie cunTarot, uto ata 06-
JIACTB €ellle He BIIOJHE YCTOSIACh M CUCTEMAaTH3UPOBATh ee TToKa He 00si3aTeibHo. Kak
BbI HABEPHSIKA IOTA/IATIICh, MBI C 9TUM He BIOJIHe coriacibl. DaKTHUeCKU ceiiuac ecTb
TOJIBKO JIBE U3BECTHBIE KHUTH 00 06yueHnu ry6okux cereit: B 2014 rofy BbIlIa KHUTA
corpynHukoB Microsoft Research JIu enra (Li Deng) u Joura IO (Yu Dong) Deep
Learning: Methods and Applications [117], B KOTOpOii 0CHOBHOI yITIOp JeJIaeTCsl HA TIPH-
JIOKEHUS 711 00pabOTKK CUTHAJIOB, TO €CTh JJIsl aHA/IN3a U300PpaKeHUI U pedr. A co-
BCeM HejlaBHO, B Korile 2016 roga, Beiuia kuura Mana Tyademnioy (Ian Goodfellow),
Momrya Benmwxu n Aapona Kypsumns (Aaron Courville) Deep Learning [184], B koTo-
poii maetcst MOAPoGHOE U HeiiHOE BBEIEHUE B TeMy. XOTsI 9Ta KHUTa, (POPMATBHO TOBO-
Ps1, HAlll TPSIMOi KOHKYPEHT, MBI €€ BCSTUECKN PEKOMEH/IyeM; KCTaTh, PYCCKUMA TEePeBOJT

! Topnou Myp (Gordon Moore) copMyTHPOBaI CBOIi 3aKOH, IO KOTOPOMY YHCJIO TPAH3UCTOPOB B HHTe-
IPaJIbHOIT CXeMe YABAMBACTCST TPUMEPHO KaK/Ible [BA rOfIa, a 001I1ast IPOM3BOAUTENBHOCTD CUCTEM — ITPUMEP-
Ho kax/bie 18 Mecsities, etite B 1965 roy (Tounee, TOT/[a OH IPEICKAa3bIBAJ YABOEHUE KaxK/[blil o1, a B 1975-M
cTas 6osee NecCMMUCTUYHBIM ). KOHEUHO, 9T0 He 3aKOH MPUPOJIBL, a IIPOCTO SMITMPUYECKAsA 3aKOHOMEPHOCTD,
HO MOPa3UTEHHO, HACKOJIBKO I0JITO 3TA IKCIIOHEHI[HAIbHAST 3aBUCHMOCTD COXPAHSIET CUITY: 3aKoH Mypa B Ha-
1re BpeMsi (2016—2017 rozpr) ninp HEMHOTO 3aMe/ITHIICS, C IBYX JIET JI0 IBYX ¢ nostoBuHOM. [IpaBa, ceituac
peub HJIET yiKe He TOJIBKO O YUCJIe TPAH3UCTOPOB B OIHON CXEME, HO ¥ O YHCJIE sI/IEP B TPOIIECCOPE.
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TOXKE yoKe cytiectByer. KpoMe Toro, ecTb 1esblii psijt BaXKHBIX G0JIBITHNX 0630pOB, KOTO-
PbIe [I0 cTaTyca KHUT He OTSATHBAOT, HO IAI0T OUY€Hb HIMPOKOE IPECTaBIeHHE O TIy60-
KoM 0Oyuenunn: panauii 0630p Benmku [38] mokassiBaet cocrosiaue ge Ha 2009 rog, ero
ke GoJiee O3AHUI 0030p paccMaTpuBaeT rirybokoe o0yueHue Kak obydeHue npedcmas-
nenuti (representation learning) [39], 0630p JIu [lenra caenan ¢ yKIOHOM B 00pa6GoT-
Ky curtanos [115], a 0630p IOprena IImunxy6epa (Jurgen Schmidhuber) [475] naer
OYeHb TOAPOOHBII AHAJIN3 UCTOPUN OCHOBHBIX UIEH IJIyOOKOTO 06yYeHMs.

Ecrb, koHeuHO, 1 GoJiee crienpaibHble 0030PbI A1 KOHKPETHBIX 001acTeil: 06paboT-
ku m3o6paxenuii [107], 06paboTku ecTecTBeHHBIX sI3bIKOB [ 182] u MHOTHX HpyTuX. U3
cTaTel, B KOTOPBIX pedb uaeT 00 00yuyeHnu riayOoKuX ceTell «BooOIe», MOKHO BbIe-
JIUTH TIPOTPAMMHYIO CTaThio B Nature Tpex rJIaBHBIX TPEACTABUTENEH TITyboKoro obyde-
nus: Jxeddpu Xunrona, Momrya Benpxn n dua JleKyna (Yann LeCun) [314]. Ha 6o-
Jiee Crielnain3uPOBaHHbIE HCTOYHUKHU MBI OY/IEM CChLIATHCS Ha MTPOTSKEHUHT Beel aTON
KHUTH: 00JIaCTh MOJIO/Ias, PA3BUBAETCST OHA OYEHB OBICTPO, U B CITUCKE JIUTEPATYPBI, B KO-
TOPBII MBI CTAPATIMCH MOMEIIATH TOJBKO AEHCTBUTEIBHO BaXKHbIE CTAThU, UCTOUHUKOB
yKe HaKOUIoCh HeMaiio. Keratu, ciieinTh 3a MoCcJAeIHUMU HOBOCTAMU TIIy6OKOro 00y-
qeHws Jydine Beero Ha arXiv': HoBbie paboTHI 110 06YYEHHIO ITyGOKIX CeTell MOsIBIISIOT-
Cs1 TaM TTOCTOSTHHO, U €CJIM BBl He 3aXOAMJIN Ha arXiv ABa-TPH MeCsIa, MOKET OKa3aThb-
Cs1, UTO B Balell 06JIaCTH yKe POU3OIILIA KaKas-HUOY/b OUepeIHAsT MUHU-PEBOJIOTIN,
a BBI U HE 3aMETHLIN. ..

B 2701 KHUTE MBI TOTOBOPUM O Pa3HbIX APXUTEKTYPaX HEHPOHHBIX ceTell, pasbepeM,
Kak UMEeHHO 06yYaTh HEePOHHBIE CETH, KaKUe 3a/[a91 MOXKHO UMY pemniaTh. bomee Toro,
MBI JIOMIEM ¥ 10 TPAKTUKH: TIOYTH KasKIbIi HAlll pacckas Gy/IeT COTPOBOKAATHCS BIIOJTHE
pabouyrMy IpUMepaMy KOJa ¢ UCII0JIb30BAHUEM COBPEMEHHbBIX OMOIMOTEK [ 0Oyue-
HUs HelipoHHbBIX cerell, riaBabiM 06pasom TensorFlow u Keras. ITogo6nbie 6ubinorexu
clesiaay obydeHne HePOHHBIX ceTell OOTIEAOCTYTHBIM U CTAJINA BAXKHON KOMIIOHEHTO
B3PbIBa WHTEPeca 1 GBICTPOTO pa3BUTHA Harireit o6mactu. Hac skieT oueHb MHOTO WHTE-
PecHOTO. A B 9TOI, BBOZHOM, TJTaBe MBI HAYHEM C TOTO, YTO MIOTOBOPUM O TOM, YTO BOOOIIIE
TAKOE UCKYCCTBEHHBIN MHTEJIJIEKT U MAITUHHOE 06y UYeHIe, KaK OHU TIOSIBUJIUCH, KaK Pas-
BUBAJIKCH U KAK UCKYCCTBEHHBIE HEPOHHBIE CETH, KOTOPBIE MBI PACCMATPUBAEM B ATOI
KHUTE, CBSA3aHbBI C eCTECTBEHHBIMHY, C TIOMOIIBIO KOTOPBIX BBI 9TY KHUTY YUTAETE.

! Xpanuuie HaydnbIx IpenpuHToB arXiv, pacrosioxkenHoe mo aapecy http://arxiv.org, conepsKur cra-
TBU 110 MHOTUM HAYYHBIM AucHuIuinHaM. Ho B HeKoTOpbIX 06iactsix arXiv cras cranzapToM ae-¢haxro, Ky-
[1a BBIKJTA/IBIBAIOTCSI IPAKTHYECKH BCE CEPbE3HBIE CTAThI, OGBIYHO elile 110 oduimanbHoii mybankarmm. K ta-
KuM 06JIaCTSIM OTHOCUTCS ¥ MAIIMHHOE OOy4YeHue, B YaCTHOCTH oOydeHue riybokux cereii. IIpasma, crout
OTMETHTD, 4TO Ha arXiv HeT HUKAKOTO PelleH3NPOBaHMs, TaK YTO COBCEM CBEXKHE CTaThbl TaM MOTYT OKa3aTh-
cst u ¢ omunbkamu, nHoTAa BakHbiMu. Hamprmep, B 2010 roxy HeMasio myMa Hajies1ajio omnyGIuKOBaHHOE Ha
arXiv peutenue npobaemsl P # NP, npemtoxennoe Bunaem [eopanukapom. K coxkanenuio, TpeBora oka-
3aJ1ach JIOKHOM, M B peleHnn Halumch ommoku. A B 2017-m nosiBusiocs pemene HopGepra Bioma, 1, Ko-
I7la MBI IIUIIEM 9TH CJIOBA, PELICHHUE ellle He OIPOBEPTHYTO — BIPOYEM, MIAHCOB Maso: Asekcanp Pasbopos
yIKe YKa3aJ COOOPaKeHHs], TI0 KOTOPBIM 3TO IOKA3aTebCTBO HE OIKHO PabOTaTh... A HeABHSS MHUIHATHABA
https://openreview.net/ nenaer Beuw, Ijis1 «<KIACCAYECKON HAYKU» COBEPIIEHHO HEMBICIMMbIE: TaM My OJIu-
KYIOTCSI CTaThH, ellle TOJIBKO MOJaHHbIe Ha KOH(epeHIiy, 1 PeIeH3n Ha HIX.


http://arxiv.org
https://openreview.net/
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1.2. ACKYCCTBEHHbIA UHTENNEKT
M MalUMHHOe obyyeHue

[lo dero norres mporpecc — TPy pU3MUYECKUIl MCUes,
[la m yMCTBEHHBIH 3aMEHUT MEXaHUYCCKUIT ITPOIIECC.
[T03a6bIThI XJIONOTHI, OCTAHOBJIEH Oer,

BrasbiBaiot po6oThI, a He YeTOBeK.

10. Sumun. U3 x /¢ «llpuxmouenus: Inexmponuxas

W est nCKyCCTBEHHOTO MHTEJIEKTA IABHO 3aHMMaa mogeit. ledect cosmaBan po60ToB-
AHJIPOUJIOB, KaK JJIs ce0st B KauecTBE MOMOIIHIKOB, TAK ¥ 10 3aKa3y; HallpUMep, TIOCTPO-
entoro T'edhecTOM THTAHTCKOTO 4emT0BeKOTon06H0TO poboTa Tamoca 3eBc Mo3Ke MofIa-
pu apto MuHocy s oxpanbsl Kpura.

Y:xe B Tpedeckux Mudax MCKyCcCTBEHHBIN MHTEJIEKT MOT PelliaTh 3a/1a4l, 3ByJallie
BIOJTHE COBpeMeHHO: Tasoc TPUAKIbI B IeHb 06erai BECh OCTPOB, aBTOMATHYECKHU Pac-
[O3HABAJI Cpey IPUOBIBAONINX KopabJiell HepysKearo0HbIe i OPOcal B HUX OIPOMHBIE
kamuu. [Ipmmepno Toraa ske Adpoauta oxnsuia lamatero, co3nannyio [Iurmammornom
13 MPaMopa, a eliie panbiiie Vlerosa u Ajisiax BIOXHYJIN KU3Hb, CAMOCO3HAHUE U U3PSI/I-
HbIE KOTHUTHBHDIE CIIOCOOHOCTH B KYCKH TJIMHBL.

B uyzeiickoil Tpagunum, KCTaT, 0060 MyIpble PAaBBUHBI MOTJIU U CAMU CO3/IaBATh
201eM068 — BEJIMKAHOB, KOTOPBIX CHAaYaJ/Ia HYKHO OBLJIO IOCTPOKTD B BHJIE CTATYH 13 TJIU-
HBI ¥ KPOBH, & 3aTe€M OKUBUTD MOAXOASIINUM apTedakToOM WJIH 3aKJnHaHuEM. ['osieMbl
MOTJIH BBITIOJIHSITH KOMAHJIbI CBOETO CO3/IATEIsT, TO €CTh YMEJIU PACIIO3HABATE PEYb U 06-
pabaThIBATh €CTECTBEHHBIN sI3bIK. HO CUHTE3MPOBATDH PeUb HE MOJIYYaIoCh: ecJiu Obl TO-
JIEM MOT Pa3roBapUBaTh CAMOCTOSITENILHO, TO 3HAUUIIO Obl, 4TO Y HErO MOSABUIIACK JYIIIA,
a Iy He MOXKeT BJIOXKUTD Jlaxke caMblil MyIpBIIl paBBUH, — 3TO ITpeporaTtuBa ['ocnoza.
[ToaToMy, KOrjia U3BECTHbII anxuMuK AsbGepT BelnKuil N3rOTOBII UCKYCCTBEHHYTO
TOBOPSIIITYIO TOJIOBY, OH OY€Hb PACCTPOUI cBOero yuntesisi Domy AKBUHCKOTO, KOTOPBIH,
BUJIUMO, TI0 3TOMY BOTIPOCY OBLJI COTJIACEH C UYJAEHCKUMU UCTOUHUKAMHU.

WckyccTBeHHBIN MHTEJJIEKT JaBHO MPUMEHSJICS U K UIpaM: IIaxMaTHBIH aBToMaT
«Typok» o6birparn naxke camoro Hamoseona I; BipodeM, 3/1eCh GICTPO BBISICHIIIOCh, 4TO
MCKYCCTBEHHBII MHTE/IEKT He TAKOIl YK MCKYCCTBEHHbIL...! A B HalIe IpoCBeneHHOe
BpeMs OH CTaJ BaKHOU JIMTEPATYPHOHU TEMOU MPAKTUYECKU OHOBPEMEHHO C TTOsIBJIe-
HUeM HAyIHOU (aHTACTUKU KaK TaKOBOU: HaumHas ¢ goktopa Opankeniireiiia, nues
CO3/1aHUA TeX WJIA MHBIX MBICJISAIINX CYIIECTB B JTUTEPAType HOABISAETCS IOCTOSHHO.

Cuuraercs, 4TO UCKYCCTBEHHBIN MHTEJUIEKT KaK HayKa Hadascs ¢ mecma Toropunea.
DopmyIpoBKa TecTa BIIEPBbIE MOSBUJIACH B 3HAMEHUTOU ctaTbe Computing Machinery

E B Hamm aHu B 4ecTh 3HAMEHUTOTO aBTOMAaTa Ha3bIBAETCS cepBuC Amazon Mechanical Turk, Ha KOTO-
POM JKUBbBIE JIIOJIU BbITIOJHAIOT HebosbIIne U nemeBbie 3aanus. Yacto «TYPKEPbI» KaK pa3 U 3aHUMAIOTCA
paSMeTKOfI Ha6op03 JAHHDBIX JIJIT MO[[EHeﬁ, O KOTOPbBIX MbI 6yneM TOBOPUTLH B 3TOU KHUTE.
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and Intelligence, kotopyio Anan Teiopunr! Bermycrin B 1950 roxy [543]. Bripouenm, co-

UT OTMETHUTb, YTO BO3MOKHOCTH CO3/IAHIST «MBICIIIIINX MATTUHY> U HATUYUS UHTEJTIEKTA
y KOMITBIOTEPOB 00CY KAATACh 1 cCaMUM THIOPUHTOM, U €T0 KOJIIETAMHU K TOMY BPEMeHHU
yoKe KaK MUHHMYM JIeT JeCATh; 9T0 ObLJIa YacTast TeMa JJisl JUCKYCCUI B aHTJIMHCKOM
Ratio Club, x kotopomy npunazieskan u Anan. HaBepHoe, MHOTHE YNTATEH CJBIIIAIN
OCHOBHYIO KaHBY TecTa ThOpUHTa: YTOOBI IPOUTH TECT, KOMIIBIOTEDP [OJIKEH YCIIEITHO
BBIZIaTh ce0s1 32 YeJIOBEKA B TUCBMEHHOM JIMAJIOTE MEKLY CYAbEi, 4eJIOBEKOM U KOMITIO-
TepoM. MHaue roBopst, 4eJI0BEKOMOA0OHBIX aHAPOU/IOB CTPOUTD HE HYXKHO, HO KOMITBIO-
Tep JI0JDKEH CTATh HEOTIUYUM OT YeJIOBEKA BO BJIAJIEHUN eCTECTBEHHBIM SI3BIKOM.

JTt0601BITHO, 4TO HeX0oAHAst POPMYIHMPOBKa TecTa ThIopUHTa GbLIa HECKOJIBKO TOHB-
e u uHTepecHee. [leliCTBUTENBHO, OYEBH/HO, UTO ITOT TECT 3a[yMaH KpaiiHe He-
CIIPABEJJIBO MO OTHOIIEHUIO K HECYACTHBIM KOMITBIOTEPHBIM nporpamMmam. Eciiu mpeji-
cTaBUTH cebe «06paTHbIil TecT ThIOPUHTa», B KOTOPOM Y€JIOBEK TOTPOOGOBAJ GbI BBIATH
cebs1 32 KOMITBIOTEP, OH MTHOBEHHO GBI OBI PACKPBHIT BOTPocoM Bpoze «CKOIbKO GyIeT
7233 /271?». ThIOpUHT IOHUMAJT, YTO YETOBEKY B IIPEJIOKEHHON UM CXeMe JOCTATOTHO
IPOCTO OBITH cOGOI, 8 KOMIIBIOTEPY HaAO0 BbIAaBaTh cebsd 3a KOro-to gpyroro. [loatomy
ycxoHast hOPMy/IHPOBKA ObLIA OCHOBAHA HA MOIYJISIPHOIT TOTIa MMUTAIMOHHOI Hrpe’,
B KOTOPOI MYKYMHA ¥ JKEHII[IHA TTMCHhMEHHO OOIIAI0TCS ¢ Cy/Ibeil. 3ajiaua MysKUMHbI —
BBIZIATh ce0sT 32 JKEHIUHY, 3a/la4a JKEHIIUHBI — MOMOYb Cy/[be MPABUILHO Pa3odparh-
51, KTO €CTh KTO. ThIOPUHT TIPEJJIOKII CPABHUBATH B 9TOM UTPE PE3YJIbTATHl KOMITHIO-
Tepa ¥ JKUBBIX MYKUKH: TOT/[a 00€ CTOPOHBI BEIHYKAEHbBI GY/IyT UMHTHPOBATH KOTO-TO
tperbero. Cam Thropunr cumra, uto K 2000 rogy KOMIbIOTEPHI ¢ TUTabalTOM ITaMSATH
CMOTYT UTPATh B UMUTAIIMOHHYO UTPY TaK, 4TOOBI yOesKAaTh uenoBeka B 30 % ciyvaesn
(Hammy4muM pe3yabTaToM 66110 661 50 %, TO €CTh B Ujealie PElieHust CYbH ObLIH ObI
HEOTJIMYMMBI OT GPOCAHMSI YeCTHON MOHETKH ).

Tect ThiOpUHTa TTOMOTAET MOHITH, CKOJBKO BCETO HYKHO CIETATh, YTOOBI CYMETh
CKOHCTPYHPOBATh UCKYCCTBEHHbII HHTEIJIEKT: 371eCh 11 00PabOTKA eCTECTBEHHOTO SI3bI-
Ka, U TIpe/ICTaBJIeHrEe 3HAHUH, M YMEHUE JIeJIaTh BBIBOJIBI 3 TIOJTYYEHHBIX 3HAHWH, B TOM
yrcsie v 06yuenue Ha orbite. OHAKO TecT ThIOPUHTA Ceiiyac MPaKTUUECKH He CIMTAETCST
HCTUHHBIM TECTOM Ha TO, SIBJISIOTCS JIM MAITUHBI MBICJISAIIUMU. BykBanbHast hopmyin-
POBKa TecTa MOPOIKJIa B HAIlle BPeMsI IOCTATOUHO IUPOKO U3BECTHYIO, HO HA CAMOM JIeJie

U Anan Toropunz (Alan Turing, 1912—1954) — aurimiickuii MaTeMaTik 1 uHGOPMATHK. THIOPUHT GbLI
OJIHUM M3 CO3/IaTesell COBPEMEHHOM TeOpeTHIecKON MH(OPMATHKHI U TEOPUH BHIYUCIUMOCTH: OH pazpaboTast
KOHCTPYKIIMIO MalllMHbI ThIOpHHTA 1 /[0Ka3aJI MepBble pe3yIbTaThl 0 (He)BbaucanMocTy. Bo Bpems Bropoit
MUPOBO#T BOWHBI THIOPUHT OBLI OIHUM U3 BEYIINX KPUIITOAHAIUTUKOB Biietusn-napka u pactmdposai psig
BaKHENINX cOOOIIEHNT, 3aKOANPOBAHHBIX 3HAMEHUTHIMI MaliHamMu «JuurMay. Crareu ThlopuHra o Ma-
TeMaTUKe KPUIITOAHAIN3a ObLIK paccekpedeHbl ToabKo B 2012 roy. ThIOPUHT TaKKe CTal OCHOBATEJIEM HC-
KyCCTBEHHOTO MHTEJIJIEKTA, C(hOPMYJIMPOBAB OCHOBHBIE TT0JI03KeHUsT Al Kak HayKH, B YaCTHOCTH, 3HAMEHHTBII
tect Triopunra. K coxanenuto, ToropuHT morub, He T0KUB 10 42-T0 [IHSI POKIEHHUST; MBI [I0 CUX [OP He 3Ha-
eM, OBLIO JIF HTO CAMOYOHIICTBOM M3-3a Ha3HAUeHHOTO ThIOPHHTY TOPMOHATBHOTO JIEIEHNUSI TOMOCEKCYAIN3Ma
(yBbI, BpeMeHa 6bLIH OTHIO/b He TOIEPAHTHBIE ) IIH [IUAHH]L ITOTIAJT B TPECTOBYTOE SIOJIOKO CIIydaitHO (3T0, Kak
HU CTPAHHO, BIIOJIHE BO3MOXKHO).

2 The Imitation Game — UIMEHHO TaK Ha3bIBACTCSA U HeaBHMIt Guorpaduyeckuii puibM o Thiopunre.
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He CJUIIKOM HAYYHYIO JIESITENFHOCTD TI0 CO3/IAHUIO TaK HAa3bIBAEMBIX 4amOomos, Hale-
JIEHHBIX Ha TIO/ICP/KAHIE PA3TOBOPA € 4eT0BEKOM |. OIHIM I3 IEPBBIX I CAMBIX H3BECT-
HBIX Takux 60ToB Gbuia ELIZA [563], kotopas etie B 60-e rogpr XX Beka MOTJIa BECTH
Gecelly B CTUJIE KJIacCHYECKOro rcuxoanaiutuka. A B 2014 roxy mosiBuoch (1ocratod-
HO CITIOPHOE) COOOIIIEH e O TOM, 4TO TecT Thioputra ycrenrto mpoiren «Kenst Tycrmans
(Eugene Goostman), 4at6oT, CO3JaHHBII TPeMsl PYCCKOSA3BIYHBIMU [TPOrPAMMUCTAMU.
«Kens» npexncrasisercs: cobecenrnkam 13-etHuM ManbuukoM u3 Oecchl, U JIOAN
YaCTO CIUCHIBAIOT HA 9TO OMIMOKK B AHTJIMICKOM SI3bIKE, HEIOTIOHUMAHUST U HEJIOCTATOK
sranuii. Ho yaTb0Thl HUKOIIA Jaske He IPETeHI0BAIN Ha TO, YTOOBI «IeiCTBUTENbHO
MOHUMATb» Y€JIOBEYECKHIT SI3bIK CO BCEMU KOHTEKCTAMMU.

A B pustocopckoM KOHTEKCTE 3TO CMBIKAETCS C M3BECTHOM KOHCTPYKIIMEN TaK Ha-
3bIBaeMOit kumaiickou xomnamot Jxxona Cépist [477]: npencraBbre cebe KOMHATY, TI0JI-
HYIO OyMasKeK cO CTpaHHBIMU cuMBoJIaMu. Ha ee cTeHax 3amucat 04eHb CII0KHBIH aJiro-
PUTM HepeKJIa[bIBaHust GyMaKeK, U HAXOSIIUNACS B KOMHATE YEJIOBEK TIEPEKJIA[BIBAET
GYMasKKHU COTJIACHO 3TOMY anroputMy. OKas3bIBaeTCs, 4TO aJTOPUTM, K TIPUMEPY, MO/
nepKuBaeT HGecery Ha KUTaWCKOM SI3BIKE, TIOJTyYas Ha BXOJ] PETIMKY U BbIZIaBast OTBETHI
Ha HUX. Ho 4esioBeK He 3HAaeT KUTAliCKOTO ¥ He TIOHUMAET BXOJIOB M BBIXO/IOB, OH ITPOCTO
nepekagbiBacT OyMaskKu. KTo wim 4to «3HaeT KuTaiickuii» B 3ToM mpumepe? MoKHO
JIM CKA3aTh, 4TO KOMHATa ¢ GyMakKaM¥ Hayaaa «00JIaath COSHAHUEM» ?..

Ho Tect ThiopuHra — 3TO TOJBKO OIHA U3 W€ MOCTAHOBKU KOHKPETHOI 3a/1auu.
A BOT ¢ caMoii HayKo#t 06 NCKYCCTBEHHOM WHTEJIEKTE TPOUBO0IIEI IOCTATOYHO PEIKUI
CITydail: MBI, TIOJKATY i, MOKEM ITPOCTIEANTH TOYHOE BPEMST i MECTO POXKIIEHUS 9TOM 061~
ctu. B 1956 rozy uetnipe oT11a-0CHOBATE ST HCKYCCTBEHHOTO HHTeseKkTa — [[skon Mak-
kaptu (John McCarthy), Mapsun Musnckuit (Marvin Minsky), Hararuaiabs Pouecrep
(Nathaniel Rochester) u Knox Ilennon (Claude Shannon) — opranusosanu Japm-
MYMCKULL ceMunap, 3HaMEHUTYIO JIETHIOW 1Koy B /lapTMmyTe. 3asiBKa Ha IPOBe/ieHNE
3TOTO ceMUHapa ObLIa, MOKAMYH, caMoil aMOUITHO3HON TPAHTO3asIBKOI B MCTOPUH WH-
(opmaruxu. Bor mocmotpure, uto mrcain Tam [:kon Makkaprtu [431]: «Mbl mpesiaraem
HCCJIeI0BAHUE UCKYCCTBEHHOTO UHTEJIJIEKTA CDOKOM Ha /[BA MECSIIA C YYACTHEM JIECSTU
yesioBek sietoM 1956 rona B Jlaprmyrckom kosuremske, ['anosep, Hpio-Temmmup. Vccie-
JIOBaHUE OCHOBAHO Ha MPEAIIOJIOKEHHUH, UTO BCAKUI aclieKT 00yUeHust Ui Jrodoe apy-
roe CBONCTBO MHTEJIEKTa MOKET B ITPUHITHIIE OBITH CTOJIh TOYHO OIIMCAHO, YTO MAIIMHA
CMOJKET €r0 UMUTUPOBATh, MBI ITOMBITAEMCSI IOHSITh, KAK 00YUUTH MAITUHBI HCTIOJIH30-
BaTh €CTECTBEHHBIE SI3BIKH, (HOPMHUPOBATH aOCTPAKIMK U KOHIIEIIINH, PEIIaTh 3a]a4H,
ceifuac Mo/[BIACTHBIE TOJIBKO JIO/SAM, U YIIydliaTh caMuX cebst. Mbl cunTaem, 4To cyie-
CTBEHHOE TIPOJBIIKEHNE B OZHON MK GoJiee U3 9TUX MTPOOJIEM BIIOJIHE BO3MOKHO, €CJIU
CIIEIATBHO TTO06PaHHast TPYIINa YUeHbIX OyAeT paboTaTh HA/l 9TUM B TEUEHUE JIeTa».

Brieuatset, mpaBaa? He 3pst 50-e roapr XX Beka — 9TO 3010TOH BEK KJIACCUIECKOMN
HAYYHOI (haHTACTHKH, KOTZA CBOU JIydlllue TIPOU3BeleHrs co3aaBanu Alizek A3MMOB,
Paii Bpanbepu, Apryp Kiapxk, Pobepr Xaiiniaiin u Muorue apyrue. K atomy BpeMeHu

U Ceituac s paspaboTky 4aTGOTOB M MATIOTOBBIX CHCTEM TOXKE TIPUMEHSIOT IIyOOKIe HeHPOHHBIE ce-

TH — 00 9TOM MBI BKpATIIe TIOTOBOPHM B paszere 8.1.
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OTHOCSITCSI ¥ BHAMEHUTBIE TPH 3aKOHA POOGOTOTEXHUKU Alizeka A3MMOBa, KOTOPBIE CAMHU
1o cebe 3Bydar 04eHb HEUETKO M TPOTUBOPEUNBO; TIOHSITh U IIPUHSATH UX K UCIIOJHEHUIO,
HOoKaNy i, Jaxe cIoxHee, yeM npoiitu tect ThiopuHra (MHOrMe KHUTY A3UMOBa 0 PO6O-
TaX KaK pa3 Ha TAKUX BHYTPEHHUX MPOTHBOPEUMSIX U HEYETKOCTSIX U OcHOBambI ). Camoe
YAUBUTELHOE B 9TOM UCTOPUU COCTOUT B TOM, UTO 3asiBKA BCE-TaKK ObLIA YOBJIETBO-
peta, JlaptMyTckuii ceMuHap ObLT IPOBe/IeH, a TOT (hakT, 4TO 3asIBJIEHHBIX [eJIel 32 9TH
JIBa MeCsII[a IOCTUYb HE YAAJI0Ch, He MOCTYKUJ OCHOBOM JIJIsI HEMEIJIEHHBIX OPTBBIBO/IOB
U HE MTOCTABIJ KPECT HA BCEM MCKYCCTBEHHOM MHTEJIIEKTE.

Hauasnocs Bce ¢ uccienoBanuii, KOTOpbIe MPOAOIKAIN HAYATYIO TIOTUKAME TEMY d8-
moMamuyueckozo 1ozuueckoeo evieoda (automated theorem proving). Ilepsbie nporpam-
MBI, CO3/IABABIINECS KK IIATU HA Ty TU K UCKYCCTBEHHOMY UHTEJLTIEKTY, TIBITAJIUCH CTPO-
UTH BBIBOJBI B 3a/IaHHBIX HCCJIENOBaTe/sIMU (hOpMabHbIX cucreMax. Hampumep, mo-
steuBIIasicst B 1959 roy mporpaMma ¢ aMOMITMO3HBIM Ha3BaHUEM « Y HUBEPCAIBHBIIH pe-
matesb 3axau» (General Problem Solver, G.P.S.) [392] morsia cTpouTh BBIBOJ B CH-
CTeMax, 3aIaHHBIX JIOTMIeCKIME (hOPMyIaMu orpejeenHoro suaal . Jipyrue mporpam-
MBI TOTO BPEMEHH MBITAIUCH ONIEPUPOBATH H0JIEe OTPAHUYEHHBIMU TIPEMETHBIMU 06J1a-
CTSIMHM, TaK HasblBaeMbIMU MUKpoMupamu (microworlds): pemare ciioBecHsle anreGpa-
nmdeckue 3axaun (Te, rae us OacceiiHa BBITEKAIOT HABCTPEUY APYT APYTY [Ba MOE3/a CO
CKOPOCTBIO 40 KM/4 KasK/IbIli), IEPECTABISATh TeOMeTpUUecKre (PUTYPhI B TPEXMEPHOM
NPOCTPAHCTBE U T. 1. Best ata HayKa Toria 06bIYHO HAa3bIBAJIACH KUOEPHEMUKOL BCIIE 3a
kuuroit Hop6epra Butepa « Kubeprerrka, nunu YnpasjieHue U CBsA3b B JKUBOTHOM U Ma-
mrHe> [568].2

Torna ke, Bo Bropoii mososute 1950-x 1 Hauame 1960-x T00B, MOSIBUINCH W CAMO-
obyJaroIIuecst MAMIMHBL, B YaCTHOCTH HEPIENTPOH Po3eHOIaTTa, 0 KOTOPOM MBI Gy1eM
MHOTO TOBOPUTH B riiaBe 3. OHU TYT Ke MOTYYNIIH IMUPOKYIO OTJIACKY, U JIIO/SIM HAYAJIO
Ka3aThCsl, U4TO JIO PEATU3AINY 3aKOHOB POOGOTOTEXHUKHU yiKe pyKoil mogaTh. Ho Takue

1 JIns anratesieil, IpOCIyIIABIINX KyPC MATEMATHUECKOI JIOTHK, YTOUHUM: (DOPMYJIAMHE, COCTOSIMMIL
13 XOPHOBCKUX AN3BIOHKTOB. O3HAYEHHBIE YUTATEIH MOUMYT, 4TO 3TO KaK pas Te hoPMYJIbI, BBIBOJ /LTSI KOTO-
PBIX aBTOMATHYECKH TIOCTPOUTD BIIOJIHE PEAIbHO... HO TOJIBKO 110 CPABHEHUIO ¢ GoJIee CIOKHBIMU TEOPHSIMU,
Ha CaMOM JIeJTe BBIYFICIUTETBHO 3TO BCE PABHO BEChMa CJIOKHAS TIPOIEAyPpa, GBICTPO MPUBOASAIIAS K KOMOH-
HATOPHOMY B3PBIBY U OKCIIOHEHIIUAIBHOMY TIepebOpy BapHAHTOB.

2 [upoko ussecTHo, uTo B Hadasie 1950-x rogos B CCCP nporiia MaccoBast poIaraHiuCcTCKast aKIust
NPOTHB KUGEPHETHKH B HoHUMaHuu Bunepa. [[e10 GbLI0 OCTaBJIEHO CO CTAIMHCKIM pasMaxoM, faske B «Du-
socodeknii coBapb» 1954 rojia U3IaHKS OO OTIPeieJIeH e KIOEPHETHKY KaK «PEaKIIMOHHON JUKEHAY K.
OtHaKO OBICTPO CTAJIO MOHSITHO, YTO KOMITBIOTEPDI — 3TO BCEPbe3 U HafloJIro, 1 yike B 1955 roay Bbigaonmecst
maremaruku Co6osies (Tor cambiii, Cepreii JIbposuu), Kuros u JIsinyHos (He Asexcanap MuxailioBud, Ko-
HEYHO, a AJleKceil AHIPEeBNY, OJINH 13 OCHOBOIIOJIOKHUKOB COBETCKON KnbepHeTnkn) mmcann B «Bompocax
dunocopum» tak: «Hekoropbie Hamm GuUIOCOGBI AOMYCTUIN CEPHE3HYIO OMIMOKY: He Pa3oOpaBIIMCh B Cy-
II[eCTBE BOIIPOCOB, OHU CTAJIM OTPHUIATh 3HAYEHIe HOBOTO HAMPABJEHUST B HAYKE... M3-32 TOTO, YTO HEKOTO-
pbie HeBeKeCTBeHHbIe OYPiKyasHble JKyPHAIUCTHI 3aHSAINCH PEKIAMON U JICHIEBBIME CIIEKYJISIIUSIMEI BOKPYT
kuGepHeTuKu... He MCK/I0UeHa BO3MOXKHOCTD, YTO YCUJIEHHOE PEaKI[MOHHOE, NAEATUCTUYECKOE TOJIKOBAHHE
KUGEPHETUKN B TIONMYJISIPHON PEaKIMOHHON JiuTepatype ObLI0 ClelHaJbHO OPraHUu30BaHO C IEJIbIO J1€30PHU-
EHTAIK COBETCKUX YYEHBIX U MHKEHEPOB, ¢ TEM, YTOObI 3aTOPMO3UTH PA3BUTHE HOBOTO BA)KHOTO HAYYHOTO
HarpaBJeHus B Hareil crpane». Kak Bugnte, passopor Ha 180 rpaiycoB mpousoiiesa GbICTPO, U COBETCKHE
AITOPUTMUCTBI B 00I1IEM-TO BCET/Ia OCTABAIKCH Ha MEPEIHEM Kpae HayKH.
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ABAHCHI ICKYCCTBEHHBII MHTEJIEKT TOT/Ia ONIPABAATh He MOT. B paszese 3.2 MeI e1rte mmo-
TOBOPUM O TOM, KaK HayaIach IepBasi «<3MMa NCKYCCTBEHHOTO MHTeIeKTay. OmMHON 13
MPUYUH CTAJT TTOJHBIE TPOBAJI GOJIBIIOTO MTPOEKTA MO0 MANIMHHOMY [TEPEBO/LY, KOTOPBII
AJIEKBATHO CJIEJIATD B T€ TOJBI OBLIIO HEBO3MOKHO,  JIPYTON — MOSBUBIIEECS TOHUMAHWE
TOTO, YTO OJTHUM TIEPIIENTPOHOM MHOTO HE C/IEJIATh.

[Toatomy 1970-e Tozbl cTa BpeMEHEM PaCI[BETA CUCMEM, OCHOBAHHBIX HA 3HAHU-
ax (knowledge-based systems), KoTOpbIe 10 CHX TIOD SIBJISIIOTCSI BasKHOI 4acThIO Hay-
k1 06 axcnepmuwvix cucmemax. CyThb 3[eCh COCTOUT B TOM, YTOOBI HAKOITUTh JOCTATOUHO
60J1b1I0I1 HAOOP [IPaBKJI U 3HAHUIT O IIPEAMETHOI 06J1aCTH, a 3aTeM JieJ1aTh BhIBOAbL Oj1-
HUM U3 CAMBIX SIPKUX IIPUMEPOB TaKuX PoeKToB ctana cuctema MY CIN, nmocssriennas
upeHTrGUKAIN 6akTepuil, BHI3BIBAIOIINX CEPhe3HbIe HHMEKINH, a 3aTEM PEKOMEH/Y-
tomast anTuOuoTuKy [65, 494]. B Heit 6b110 0k010 600 TpaBwI, U ee pe3yabTaThl (OHA
BBIJIaBajIa MOAXOAAINN MeTOJ JieueHus B 69 % ciydyaeB) ObLIN He XysKe, YeM Y OTIBIT-
HBIX Bpaueil, ¥ CyIeCTBEHHO Jy4llle, YeM Y HaunHaoImux. bojee TOro, Takue CUCTeMbI
MOTJIM OOBSICHUTD, KAaK IMEHHO OHU MPUIILIK K TOMY HJIK HHOMY PENIEHHIO, U OI[EHUTh
CBOIO YBEPEHHOCTH B aTOi Tunorese. [losanee onu cramu mpoobpaszaMu TpahdecKix
BEPOSITHOCTHBIX MOJIeJIel.

3aTeM HccaeoBaTe N CHOBA BCTIOMHIJI O HEHPOHHBIX ceTsAX: K Havany 1980-x ro-
JI0B ObLI pa3paboTaH aIropuT™ 0O6PATHOIO pacIPOCTPaHeHus OIUOKK (€10 Mbl OAPOO-
HO 00CYIMM B TJIaBe 2), 4TO OTKPBLIO OPOTY CAMBIM PAa3HOOOPA3HBIM apXUTEKTYPAM.
OpuuM u3 kmoueBbix MOoHATUN 1980-x roxos ObL1 Komuexyuonusm (connectionism):
MIPUIIENTas M3 KOTHUTUBHBIX HAYK H/esI O TOM, YTO HY’KHO He TIBITAThCs 33/1aBaTh aK-
cuoMaTnieckre GopMabHbIE CUCTEMBI IJIS TIOCTEAYIOMUX PACCYKAECHUN B HUX, & CTPO-
UTh GoJIbIMe aHcaMOIM HapajlesIbHO PaboTaoNIUX HEHPOHOB, KOTOPbIE, IOJOOHO Ye-
JIOBEYECKOMY MO3TY, KaK-HUOY/Ib caMu pa3bepyTcst, 4To MM jiesiaTh. K KOHIly BOChMU-
JIECSITHIX YIKe TOSBUIACH GOJIBIIIASA YaCTh OCHOBHBIX aPXUTEKTYP, O KOTOPBIX MbI Gy/1eM
TOBOPHTD B 3TOH KHUTE: CBEPTOYHBIE CETH, aBTOKOIUPOBIIUKH, PEKYPPEHTHBIE CETH...

A B 1IeJIOM B UCKYCCTBEHHOM WHTEJIIEKTE HAYAJINCH TIePBble KOMMEPYECKUe MpH-
MeHeHUsI. Paccka3pIBaiOT, YTO OJIMH U3 TepBbIX Al-0T/es10B, TOSBUBIIUIICS B KOMIIA-
uuu DEC (Digital Equipment Corporation), k 1986 rojy sKOHOMIJI KOMIIAHUU OKO-
J10 10 MUJITTHOHOB [OJIAPOB B IOJl, OU€Hb CEPhE3HYIO TI0 TeM BpeMeHaM cyMmy. OHaKO
U 3]1€Ch UCCJIEI0BATEIN M OCOOEHHO «CTapTalepbl» BOCbMUIECATHIX He yaepskanuch. Ha
BOJIHE BCEOOIIEro yBJIEUEHUST UCKYCCTBEHHBIM HWHTEJIEKTOM MHOTHE KOMIIAHUU CHOBA
HAYaJIi HAMPABO U HaJeBO paszjaBarh oberiaHus. [0aTOMy BTOpast BOJHA YBJIEUEHISI
HCKYCCTBEHHBIM UHTEJIJIEKTOM 3aKOHUYNJIACH B HAUAJIE IEBSHOCTHIX, KOT/[A MHOTHE KOM-
AHHH He CMOTJIH OIIPABATh 3aBBIMICHHBIX OKUAHMIH 1 JTOnHyIm !

B 1990-€ ro/ibl OCHOBHOII aKIIEHT CMECTHUJICS Ha MAIIMHHOE 00yUeHUe 1 TIOUCK 3aKO0-
HOMEPHOCTEH B IAaHHBIX, TPUYEM HEUPOHHBIE CETH, KaK MBI y:Ke YIIOMUHAJN BBIIIE, HE

! BeposiTHO, HIMEHHO € TEX TOp CIOBOCOYETAHIE <HCKYCCTBEHHBII NHTEJJIEKTs, 110 KpaliHell Mepe B poc-
CUICKOIT HayKe, TOJIb3YeTCs He CAMIIKOM J00POi CJIaBOM; MHOIHE MAaTEMATHKK HEJIOBOJBHO OMOPIIATCS, €C-
JI YCJIBIIAT, YTO BBl 3aHUMAETECh MCKYCCTBEHHBIM MHTEJIEKTOM. TakK UTO COBETYeM 3TOTO CJI0BOCOUYETaHUS
He yrnorpebJIsiTh, a TOBOPUTH «MAIIMHHOE OOyYEHHEe»: TaK U TOUuHee, 1 be30macHee.
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CUMTAINCH OCOOEHHO TIEPCTIEKTUBHBIMU. 3aTO CAMUX JaHHBIX, 0COOEHHO C Pa3BUTHEM
W HTepHeTa, CTaHOBUJIOCH BCe GOJIBIIE, KOMITBIOTEPHI CTAHOBUIINCH Bee ObicTpee. B nro-
re B cepegune 2000-X T00B ouepe/Has HoBasl ujies HAaKOHel-TO cpaboTalia, K Heii ObIcT-
PO TIOATSAHYJIMCH IPYTHE, U BCE, KAK TOBOPUTCS, 3aBepTe. ITOMY TIOCBAIIEHA BCS HAIIA
KHWTA, TAaK YTO HE CTAaHEM IBITAThCS BKPATIIe TOBTOPUTD BCIO UCTOPHIO ceiyac.

Ho yT0 ke Bce-Taku ¢ UCKyCCTBEHHBIM HHTesIeKToM? Kak ceifuac noskuBaer u3-
BeuHast MeuTa yejoBedecTBa? KoHeuHo, ceituac yske HUKTO He 00€NIaeT, 4TO Mbl BOT-BOT
MOCTPOMM WMCKYCCTBEHHBII MHTEJIJIEKT, M U3SIIHBIE aHAPOUIbI BOT-BOT OYAYT MIPUHO-
CUTH HaM Kode, 0OTBEeYATh HAa 3BOHKH, BBIHOCUTD MYCOP U BBITIOJTHATD BCE TPOYHE, MECHEe
HEBUHHbIE KOMAH/IbL.

Onnako coBpeMeHHbIe uccaenoBaTe i u QyTyposord, coBceM kak B 1960-e rospr,
CHOBAa BeChbMa ONITUMUCTUYHO HACTPOEHBI 110 MOBOJIY UCKYCCTBEHHOTO MHTEJJIEKTA. 3a-
MeTHAs YaCTh CIIEIUATICTOB CUUTAET, YTO CUIIBHBIN MCKYCCTBEHHBIN NHTEJIEKT (Strong
Al, TO ecTb MCKYCCTBEHHBIN MHTEJITIEKT Y€JI0OBEYECKOTO YPOBHS WUJTH BBIIIIE ) BIIOJHE MO-
sKeT ObITh co3/1aH elle pu Harrei xu3uu [380]. V1 aTo NpUBOANT K Ky/la MEHee OITHUMHU-
CTUYHBIM PACCYKICHUSM O TOM, YeM HaM, JIO/AM, TPO3UT TAKOE Pa3BUTHE COOBITUI.

Her, peub He uieT 0 TOM, UTO UCKYCCTBEHHBIN WHTEJJIEKT 3AMEHUT JIIOJEN U TIPU-
BeJIET K TOMY, UYTO HaM C BaMU Hedyero OyAeT JejaTh U TPUAETCS BCIO JKU3HD Oeciienb-
HO CHOAPUTCTBOBATD UM UCKATh HOBBIN, HETIPOLYKTUBHBIN CMBICJI JKU3HU: ITOT CIIEHA-
pHii 3BYYHT SBHO HEZIOCTaTOYHO KaTacTpoduuecku. Cropee pedb UAET O TOM, YTO yJIy4-
MO ceOs NCKYCCTBEHHBIN MHTEJJIEKT, YbIO T[€Ib OMPOMETYUBO ONPEIETUIN KaK
IIPOM3BO/ICTBO KAHIIEIAPCKUX CKPEIIOK, MOXKET /ISl AOCTHKEHUS 9TOH 11eJIM HEHABA3-
YMBO 3aXBaTUTh BJIACTh HAJ[ TUIAHETOI 1 PEBPATUTD €€ IETUKOM B (habpUKHU 110 MPO-
U3BOJICTBY CKPENOK U KOCMUYECKUX KOpabJiell, mpeHa3HAYeHHbBIX JIJIST TIPEBPAIIIEHIIsT
B CKPEITKU OCTaTKa BUAUMON BeesieHHOI... B 00111eM, 04eHb HHTEPECHBIE PACCYKICHUSL.
OcHOBHbBIE UCTOYHUKM Ha 9Ty TeMy HMPHUHAJIEeKAT 1epy mBeackoro dunocoda Huka
Bocrpoma (Nick Bostrom), aBropa nssectHoil KHuru « ICKycCTBEHHBII HHTEJIEKT: 9Ta-
MBI, YIPO3bI, CTpaTeruu» [52], 1 aMepPUKAHCKOTO MCCIEA0BATENS NCKYCCTBEHHOTO WH-
TeJiieKTa (He B MaTeMaTU4ecKOM, a cKopee B hustocockoM cmbiciie) diamazepa HO-
koBckoro (Eliezer S. Yudkowsky), onxoro u3 cooctnoBatesieii MHcTuTyTa Hecaenoba-
Huit MmammmEHOro nHTesekTa (Machine Intelligence Research Institute, MIRI), aBro-
pa psaza KHUT 1 0630poB 00 yrposax MCKyCcCTBEHHOTo uHTesekra [53, 206, 578, 579],
a TaksKe OOIITMPHOTO U OUE€Hb HHTEPECHOTO TIOTYJISIPHOTO U3JI0KEHUSI TIPUHIUIIOB Pally-
onambroro Mpiens [581]1.

Ho s10 noka siesio Gy ayiero. A ceifuac ropa mepexoinTh K HACTOSIIEMY: K TOMY, 4eM
CEroJIHs 3aHUMAETCsI MAIIMHHOE 00yYeHne, KaKue 3aa4u epesi cob0il CTaBUT U KaKue
METO/IBI UCTIONb3yeT. HauleM ¢ oueHb KpaTKoTo 0630pa Beet 061acTH B 1EJIOM.

! Bripouewm, ecJit BbI XOTUTE TIPOUNTATD DelicMEUmensio TOMYIAPHOE N3I0KEHHE HTUX TPUHIAIIOB, He
npoxoznTe MUMO Kuuru dumasepa 0akoBckoro «Fappu [ToTTep n NPHHIMAIIBL PAMOHATBHOTO MBIIILIEHYS>
(Harry Potter and the Methods of Rationality) [580]. 3to, koHeuHO, He BBICOKast IMTEPATyPa, HO UEU U3JI0-
JKEHbI OYEHb 3aXBATHIBAIOIILE.
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1.3. HeMHoro o cnoBax:
KakuM b6biBaeT MalLMHHOEe oby4yeHue

Apucrotens Toke Beszie umiet uctuHy. Ho xax? Tompko myTem
6ECKOHEYHOT0 PacyJIieHeH s TIOHSTHIA U [Ty TeM BBISICHEHUS] TOHYAIi-
1reil TepMUHOJIOTUY, 3aCTaBIISIIONIEeH HHOH pa3 MepexoAuTh K caMo-
My HACTOSIIIEMY CJIOBapIO BECbMa APOOHOIT U yTOHYEHHOU TEPMUHO-
JIOTUML.

A. @. Jloces. Ucmopust anmuunotii
Punocoduu 8 KOHCNEKMUBHOM U3NONCEHUU

W mycTh Hac He CMyIaeT TO, YTO YACTU CYIIHOCTEN HAXOASTCS
B IIEJIBIX KAK B IOJIEXKAIINX, YTOOBI HaM He IIPUIILIOCH KOraa-HUOYAb
YTBEPKAATh, UTO ITU YACTU HE CYIIHOCTU: BE/Ib O TOM, 4YTO HAXO/IUT-
¢4 B IoJJIekKaleM, ObLIO CKa3aHo, YTO OHO HAXOAUTCA B HEM HE Tak,
KaK YaCTU COJEPKATCS B KAKOM-HUOYIb 11€I0M.

Apucmomenw

B nmanpHeiineM B KHUTe BbI BCTPETUTE MHOTO Pa3HBIX CJIOB, KOTOPbIE MOTYT OKAa3aTh-
cs 711 Bac HOBBIMH. Ecim BBI ellle He BJajieeTe 3TOW TEPMUHOJIOTHEH, He MyTalTech,
0OBIYHO BCe He TaK YK CJI0KHO. Ho 4acTh TEPMUHOJIOTHH, TaK CKa3aTh, OOIIYI0 KaHBY
U CTPYKTYPY MAIIUHHOTO 06YYeHUs1, CTOUT 0OCYANTD 3apaHee.

Haunem MbI ¢ TOro, 4TO Takoe, CO6CTBEHHO, Mawunnoe o6yuenue (machine learning).
VHTYUTUBHO TOHSITHO, 9TO «00y4YeHHe» — 9TO KOT/[a HEKast MOJIETb KaKUM-TO 06pa3soM
«0BydaeTcst», a TOTOM HAYMHAET BBIIABATH PE3YJIBTATHI, TO €CTh, CKOPEE BCETO, YTO-TO
npencKasbiBaTh. MOKHO faske MaTh OUeHb 00IIee Ompeeenye «00yIaeMOCTH, PH-
MEpHO Takoe, Kakoe gaeT Tomac MuTue/1 B KlacCHYecKoil kuure «MaruHHoe o6yde-
Hue» [368]: «KoMmbroTepHasi mporpaMMa 00y4aemcs o Mepe HaKOILIEHUST OIIbITa OTHO-
CUTEJIBHO HEKOTOPOTo KJacca 3asay 1’ u neseBoit pyHKINN P, ecIi Ka4yecTBO pelleHus
3TUX 337124 (OTHOCUTENHHO P) yJIydIiaeTcst ¢ MoJIydeHrneM HOBOTO OTIBITay.

XoTst 9TO OMpeIeeHre 3BYIUT YPE3BLIYAiiHO 0006IIEHHO 1 abCTPaKTHO, OHO Ha ca-
MOM JieJie TTO3BOJISIET MPOSICHUTD HEKOTOPbIE Ba)KHbIe MOMEHTBI. Hampumep, ieHTpaib-
HOEe MEeCTO B HEM 3aHMMAIOT He JaHHble (XOTS OHU TOXKE eCTh), a IesieBas (hyHKIU.
Korza Bbl HaurHaeTe pemarh Jo0yI0 MPAKTHYECKYIO 3ajlauy, KpaiiHe BAKHO €Ile <Ha
Geperys» OTPEesUTD TeEBYI0 (hYHKIINIO, TOTOBOPUTHCS O TOM, KaK BbI 6yieTe OleHN-
BaTh PE3YIbTATHL. BBIOOD 11e7€BON (DYHKITNHN TOTHOCTBHIO OMPEIEIISIET BCIO TATHHENTITYIO
paboTy, 1 maxke B MOXOKUX 3aMa9aX PA3Hble TeeBble (HYHKIIMN MOTYT TIPUBECTH K CO-
BEPIIEHHO Pa3HbIM MojiesisiM. Harpumep, 66110 OBl 3/I0POBO «HAYYUTH KOMITHIOTED M-
TaTh», HO CHAYAJIA HYKHO OTIPEEJUTD, YTO 9TO, COOCTBEHHO, 3HAYUT. Y METh IPABUIILHO
OTBEYATh Ha BOTPOCHI TIO «IIPOYUTAHHOMY» TeKcTy? Cesiath CHHTaKCHYeCKuit pa3bop
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Puc. 1.1. O6mias kmaccuduKaims IIOCTAaHOBOK 3a/1a4 MAIIHHHOTO 00yYeHMsT

npeoxennsi? [lokazaTh caMble peJieBAaHTHBIE JAHHOMY TEKCTY CTaThi « Bukureum»?
Pastbie OTBEThI MIPUBOAAT K PA3HBIM MOJIEJISAM M HATIPABJIEHUSIM UCCIIEA0BAHUIA.

Ho Bce-Taku onpenesnenns Mutdeia Ham OyeT HesocrarouHo. Kakue ObiBatoT 3a-
JIauu MAITMHHOTO 00YUYeHUs, 13 4ero OHO COCTOUT? MbI TOKa3a1 OCHOBHY IO Kaaccudu-
KaIuIo 33/1a4 MalMHHOTO 0OyueHust Ha puc. 1.1. /[Ba OCHOBHBIX KJIacca 3ajlau MallliH-
HOro 00yueHUsT — 9TO 3a4a4url 06yuenus ¢ yuumeiem (supervised learning) u o6yuenus
6es yuumens (unsupervised learning).

[Ipu 06yUYeHH ¢ y9UTEIEM Ha BXOI OAAETCsT Habop TPEHUPOBOYHBIX TIPUMEPOB, KO-
TOPBIA OOBIYHO HA3BIBAIOT 0OYUAIOUUM WA MPEHUPOBOUHBIM HAOOPOM OanHbix (training
set mnm training sample — TpeHnpoBoYHas BRIGOPKA), M 3a/1a4a COCTOUT B TOM, YTOOBI
NPOIOJIKUTD YK€ U3BECTHBIE OTBETHI HA HOBBII OTIBIT, BBIPAYKEHHBIA 0OBIYHO B BUIE Me-
cmoeozo nabopa nanHbIX (test set, test sample). OcHOBHOE IPEAIIONOKEHNE 31IECH B TOM,
4TO JIaHHBIE, IOCTYIIHBIE JJIsE 06YUYeHUsT, GYYT YEM-TO 10X0XCU HA TAHHBIE, HA KOTOPHIX
MOTOM TIPUAETCS TIPUMEHSTh 0OYYEHHYIO MOJIENb, WHAYE HUKaKoe 06obIenne GyaeT
HEBO3MOKHO. J[JIs1 «4TeHMsI» TeKCTa MpUMep 00yIEeHHS C YUUTENEM — 9TO 0OyYeHUE MO-
JIeJIH, KOTOPast CTPOUT JIEPEBbsI CAHTAKCUYECKOTO pazbopa IpeioKenuii (Kakue cioBa
OT KaKKUX 3aBUCAT) 110 HAOOPY AE€PEBBEB, TOCTPOSHHBIX JIOIBMHU JIJIs KOHKPETHBIX NP/
noskenuit. [IpeanonoxkeHue 3ech B TOM, 4TO JIEPEBbst pasbopa CTPOSITCS 10 OIHUM U TEM
K€ 3aKOHAM, U MOJIENTh, 06YYEHHYIO Ha HEKOTOPOM Habope iepeBbeB pa3bopa, MOKHO Oy-
J€T IPUMEHUTD ¥ K HOBBIM TIPEAIOKEHUAM, He BXOAAIIUM B oOyuarouuii Habop. Ecam
9TO MPETION0KEHNE HAPYIIUTCS, MOJIeTb paboTtarth He Oyzer. Harpumep, ecii IMHTBHI-
CTBI Pa3MeyvasIy MPeJIOKEHNs HA AaHTJTMHCKOM SI3bIKE, a TIOTOM TIPUMEHIIIN OOy YEeHHYIO
MOJIEJTh K HEMEI[KOMY, I7ie GYKBBI IPUMEPHO T€ e, HO CHHTAKCUC COBEPIIIEHHO IPYTOii,
OXKUIATh OT MOJIEJTN PA3YMHOTO TIOBE/IEHUS HE CTOMT.
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3agaun 06ydeHus ¢ yuuTeseM OOGbIYHO eIISTCS Ha 33/[a9¥ KAACCUDUKAUUL U pezpec-
cuu. B 3ajaue kiaccubuKauy Hy KHO IIOJaHHBIN Ha BXOJ 00BEKT ONPEAETUTh B OJUH 13
(0OBIYHO KOHEYHOTO YHUCJIA) KJIACCOB, HATIPUMED, Pa3AeuTh (hOTOrpad il JKUBOTHBIX Ha
KOIIIeK, COOAK, JIOMIAJIEN U «BCe OCTANbHOE; K 10 (GOTOTpAdUN YETIOBEIECKOTO JIUIA
[OHATH, KTO U3 BaIlUX APy3edl B COLMAJIbHON ceTu Ha Hell msobpaxed. Ecau npomosn-
JKaTb IIPUMeP C SA3BIKOM, TO TUIIMYHAS 3ajjaua KjJacCUuPUKaAIUU — 3TO pa3MeTKa CJIOB
0 YacTsIM PeYd. A B 3aj1a4e PErpeccuy HY;KHO TPEICKa3aTh 3HaUeHue HeKoel (hyHK-
I[[UH, Y KOTOPOI 0GBIYHO MOKET OBITH OECKOHEUHO MHOTO pa3HbIX 3HaueHuil. Hanpumep,
IO POCTY YeJIOBEKA TIPE/ICKAa3aTh €ro BeC, CAIeIaTh TPOTHO3 3aBTPAITHEN TTOTO/Ib, TTIPe/i-
CKa3aTh IleHy aKI[MU WU, CKaXKeM, BbIIETUTh Ha (oTorpaduu mpsMoyroibHUK, B KO-
TOPOM HaXOJUTCS YEJOBEYECKOE JIMIO — CAENaTh 3TO HEOOXOANMO, UTOOBI 3aTEM TH
MIPSIMOYTOJIBHUKY TTO/IATh HA BXOJ YIIOMSIHYTOMY BbIIIIE KJIaccu(puKaTopy.

[lesnenne Ha perpeccyio U KJaccU(HUKAIIIO, KOHEYHO, OUeHb YCIOBHO, MOXKHO JIeT-
KO TIPUIYMATh <IIPOMEKYTOUHbBIE> TPUMEPBI (TOT JKe pazbop MPEIOKEHIS — K KAKOMY
KJIACCY OTHECTH 33jIauy «IIOCTPOUTD JiepeBos»?). Ho 0OBIMHO SICHO, KaKyIO 3a1a4y MbI
peliaeM, U 3TO JieJIeHNe UMeET COJlepKaTeJIbHBIH CMBICI: MEHAIOTCA 1iejieBble (yHKIUN
U, KaK CJIeJICTBHE, TIpoliecc 00yUeHusl. A eCTh U OTKPOBEHHO MHBIE BUJIbI 3224, He YKJIa-
JIBIBAIOIITIECS B 9Ty HECTIOKHYIO Kiaccuukanmo. Hampumep, B TOUCKOBBIX U PEKOMEH-
JIATEJIbHBIX CUCTEMAX YaCTO BCTPEUAETCs 3aj1aua 00yuenus panscuposanus (learning to
rank). OHa cTaBUTCS Tak: 10 UMEIOIIMMCS JaHHBIM (B IIOMCKOBOI crcTeMe 3T0 OyayT
TEKCTBI JJIOKYMEHTOB U IIPOIILJIOE TIOBEJIEHUE [10JIb30BaTesIeil) OTPaH;KUPOBATD, PAcCcTa-
BUTh UMeEIONINECs 0ObEKTHI B MOPSKe yOBIBaHUS 11eJIeBOi DyHKIMK (B TOMCKOBOI CH-
cTeMe OHa Ha3bIBACTCS PeAeSAnMHOCTbIO: HACKOJIBLKO AaHHBIH JOKYMEHT IIOAXOJUT, YTO-
ObI BBIJIATH €r0 B OTBET HA JIaHHBIH 3apoc). JTa 3a/[a4a YeM-TO TOX0Ka Ha 3aj1ady pe-
rpeccuy — HaM TaK WM WHa4Ye HYKHO IMPEACKA3bIBaTh HEMPEPBIBHYIO 11eJIeBYIO (DyHK-
IIMIO, TY caMylo peJjieBaHTHOCTb. Ho 1pu aToM 3HaueHuit caMoii (yHKIIMK B JAHHBIX CO-
BCEM HeT, /la OHU HaM M He BaxkHbl. VIMeIoT 3HaueHue TOJIbKO Pe3yJbTaThl CPAaBHEHUS
3TOM (DYHKIIMHU Ha PasHBbIX 00beKTax (KaKoW JOKYMEHT OyeT BBIIIE APYTOro B MOUCKO-
BOW BbIjIaue). DTO IPUBOAUT K PSLY MHTEPECHBIX U CIEIM(PIIECKUX METOIOB 00YUEHNS.

Ecim ke pasmeueHHOr0 HAabOpa JAHHBIX, COOTBETCTBYIONIETO KOHKPETHOU 3a1adve,
HET, & eCTh TPOCTO JIAHHBIE, B KOTOPBIX HA/I0 «HAUTH KAKOU-HUOY/b CMBICI», TO BO3-
HUKAIOT 3a/[a4u 00y4yeHust 6e3 yuurens. TUHYHERITIHA TprMep 3aaun 00ydeHust 6e3
yuuTens — 91o kaacmepusayus (clustering): Hy:KHO pa3OUTDh TaHHbIE HA 3apatee Hen3-
BECTHBIE KJIACCHI M0 HEKOTOPOU Mepe MOXOKECTH TaK, YTOOBI TOUKHU, OTHECEHHBIE K OJI-
HOMY ¥ TOMY K€ KJIacTepy, OblLIM KaK MOKHO OJIMIKe APYT K APYry, Kak MOKHO 6oJiee
MOXO0KH, @ TOYKH U3 PA3HBIX KJIACTEPOB OBLIN OBl KAK MOXKHO JAJIbIIE APYT OT APYTa, KaK
MOKHO MeHee IT0X0xkH. Hanpumep, pemus 3aady KaacTepusaliiy, MOXKHO BbIJEINUTD
ceMelicTBa TeHOB U3 MOCJIE0BATENbHOCTEN HYKJIEOTHIOB, UITH KJIACTEPU30BATh MOJIb-
30BaTeJiell Barero BeO-caliTa 1 EPCOHANTN30BATD €T0 O/ KasKIBIH KIACTep, WU CeT-
MEHTHPOBATh MEIUIIMHCKUE CHUMOK, YTOOBI JIETKO OBLIO TIOHSITD, T/IE YK€ TaM OIIyXOJIb.

Eme oxHa yacTo BeTpevaromascs 3asada 00yueHus: 6e3 yUuTeass — 9T0 CHUNCEHUE
pasmepnocmu (dimensionality reduction), korza BXoziHble JaHHbBIE UMEIOT GOJIBIIYIO
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pa3MepHOCTD (HATIPUMED, eCJIM Y BaC Ha BXojie Pa3OUTHIN Ha CJIOBA TEKCT, PAa3MEPHOCTh
OyeT MCUNCIATBCS IeCATKAMU ThICSY, a ecyii (hoTorpadun — MUJIJIOHAMI ), a 3a/aua
COCTOUT B TOM, YTOOBI TIOCTPOUTH MTPE/ICTABIEHIE JAaHHBIX MEHBIIEH Pa3MEPHOCTH, KO-
TOPOE TeM He MeHee OYIET IOCTATOYHO MOJHO OTPAKATH UCXOHbIE faHHbIe. To ecTh, Ha-
[PUMeEP, 0 MPEACTABJIEHUIO MEHBIIIEN PA3MEPHOCTH MOKHO Oy/IET IOCTATOYHO YCIIEII-
HO PEKOHCTPYMPOBATH UCXOHBIE TOUKU OOMBINOI PasMEPHOCTH. ITO MOKHO paccMar-
PUBaTh KaK YaCTHBIN cirydaii obieii sagaun svioenenus npusnaxos (feature extraction),
1 MbI GyJ1eM TTIOIPOOHO TOBOPUTH 00 9TOM Ha IIPOTSKEHIH BCell KHUTH, 2 0COGEHHO B Pas-
zeJie 5.5, Te pedb Hoizer 00 aBTOKOAUPOBILUKAX.

I HakoHell, TpeTHii 1 caMblil 06K Kiaace 3agau o0yueHust 6e3 yuuTesnst — 3aja-
Ya OUeHKU NIOMHOCMU: HaM JIAaHbl TOUYKU JAHHBIX {X1, ..., N} 1, BO3MOXKHO, KAKHUE-TO
AIIPUOPHbIE TIPEICTABIEHISI O TOM, OTKY/IA B3SIUCh 3TH TOYKH, & XOUETCSI OIEHUTD Pac-
npezesienne p(x), 13 KOTOPOTO OHU TIONYIHIUCH. ITO O4eHb OOIIAst TOCTAHOBKA 3a/1a4H,
K Heil MOJKHO MHOTO€ CBECTH, M HEHPOHHBIE CETU TOKE OTYACTH €€ U PEIIAIOT.

Hepenko B KU3HM BOSHUKAET HEYTO CPEIHEE MEKY OOYUeHUEM C yUUTeIeM U 00Y-
yerueM 6e3 yuntesist. Tak 0ObIYHO MOTyYaeTCs TOrA, KOT/la HepasMedeHHbIe TIPUMephI
HAITU OU€eHb JIETKO, & pa3MeUYeHHbIEe TTOJMYIUTh cJ10KHO. Hampumep, Bo Bce TOM ke mpu-
Mepe ¢ CHHTAaKCHYECKUM pa3bopoM HabpaTh CKOJBKO YIOJHO HEpasMEYeHHbBIX TEKCTOB
He TIPE/ICTABISET HUKAKOW CIOKHOCTH, @ BOT BPYYHYIO HAPUCOBAThH JasKe OTHO JEPEBO
ueserko. Vi, ckaxeM, 3a[yMaiiTeCh O TOM, 4TO TAKOE «Pa3MedeHHbIe TAHHbIE» JIJIsT PAC-
no3uaBanust peurn. [IpocTo ycTaHOBUTH COOTBETCTBHE MeKY 3BYKOBBIM (DAiijioM C pe-
YBIO ¥ TEKCTOM, 0COOEHHO €CJIU TEKCTBI IOCTATOYHO JITUHHBIE, 37IECh MOYKET OBITH HE0-
cratouno. [To-HacToseMy pasMedeHHbIE JaHHbIE JIJIs PACTIO3HABAHUS — TO 3BYKOBBIE
(bailsibl, B KOTOPBIX BPYYHYIO OTMEUEHBI (MK XOTSI ObI POBEPEHBI) TPAHUIIBI KANHCAOL
hoHeMbL, KAKIOTO 3BYKa YEJIOBEUECKOM peun. ITO aJICKUil TPy, OOBIYHO JeJIeTUPyeMBIi
MUTA/IIIIAM HAYYHBIM COTPYAHUKAM, HO JaKe I[eJIast apMIsl IMHTBUCTOB-(OHOIOTOB 0Y-
JIeT IBUTATHCSI IOCTATOYHO MeJJIEHHO. A Hepa3MeUeHHbIX 3BYKOB JKUBOI YeJI0BEYECKOI
peun BBI MOXKETe 3alicaTh CKOJBKO YTOHO, TIPOCTO BKJIIOYUB AUKTOMOH HA 3aIIHCh.
Taxyo CUTYyaI[ii0 WHOT/IA HA3BIBAIOT 00YUEHUEM C YACTIUUHBIM NPUCTEUEHUCM YUUMES,
WJIH TTOJIYKOHTPOJIUPYEMbIM 00ydeHeM (aHTIUNHCKUT TepMUH semi-supervised learning
yCTosICst Ky/1a GOJIbIIe), U ¢ Hell MbI TOXKe HE Pa3 CTOJKHEMCSI B 9TON KHUTE.

B ritaBe 9 MbI ¢ BAMU BCTPETUMCSI € IPYTOM TIOCTAHOBKON 3a1aul — 06yuenuem ¢ noo-
xpennenuem (reinforcement learning), Kora areHr, HaXosCh B HEKOEH cpejie, IPOU3BO-
JIUT Te WM UHbIe NeiCTBUS U TI0JIy4YaeT 3a 9To Harpazbl. [lesb arenta — moayduTh Kak
MOZKHO GOJIBIIYIO HATPALY C TEYEHIEM BPEMEHH, & JIJISl 9TOTO HETIOXO ObI TIOHSITh, KAKWE
NEefCTBYS B KOHEYHOM CYETE BEAYT K ycrexy. Tak MOKHO 06yUMThCsT UTPATh B Pa3HbIE
WTPBI W, HAPUMED, CIETATh OTJIUYHBIN TPOTOKOJ /st A/B-TectupoBanusi.

U s1o, KOHEUHO Ke, naeko He Bce. Ho ceitfuac MblI Bce JKe TIPEKPATUM TIEPEUNCTITD
pasHbie 06JIaCTH MAITHHHOTO 00yYeH st U Gy/IEM JIBUTATLCS K TOW 061aCTH, KOTOPAst HAC
6oJiee BCETO MHTEPECYET B 3TON KHUTE, K HEHPOHHBIM CETSIM.

A TeM umTaTeNsIM, KOTOPBIE XOTETH ObI Y3HATH O MANIMHHOM O0y4eHuu OOJIbIIIE,
MBI PEKOMEH/IYEM JIBa YK€ CTaBINUX KJIACCHYECKMMHU yueOHmKa: KHury Kpucrodepa
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Bumomna (Christopher Bishop) Pattern Recognition and Machine Learning [44] n xHu-
ry Kesuna Mepdu (Kevin Murphy) Machine Learning: A Probabilistic Approach [381].
B 06enx KHUTax TOCIeI0BATENBHO OMMCHIBAETCS BEPOSATHOCTHBIN MOAXO/ K MATTMHHO-
My 06yd4eHU0, OCHOBAHHBIN Ha TeopeMe bBaiieca. ITo, 10 HallleMy MHEHWIO, MaTEMATHU -
decku HanGoJiee TTOMHBIH U KOPPEKTHBIN B3IJISA HA TIPOUCXO/AIIEE C OOYUAIOIUMUCST
MOJICIISIMU.

Crporuii MaTeMaTUYECKHUil MOAXO0/] XOTENOCh Obl, KOHEYHO, IPUMEHUTD U K TIy60-
KOMY 06YYeHHIO, HO TI0KA JIOJSM 9TO YAAeTCs TOJNBKO YaCTHUYHO!, a MaTeMaTHuecKast
CTPYKTYPa TeX CJAOKHBIX T€OMETPHYECKUX KOHCTPYKIIUiA, KOTOPbIE OY/IyT y HAC MOJIY-
YaThCsA M B MPOCTPAHCTBAX MPU3HAKOB, U TeM O0Jiee B MPOCTPAHCTBAX CAMUX OOBEKTOB
JUIst OOyYeHMs, TPAKTUYECKH He M3yueHa... Kak 3HaTh, MOXKeT ObITh, BbI, YMUTATEJb, T10-
MOJKETE 3aKPBITh ITOT J0OCAAHBINA TPOGET?

1.4. OcobeHHOCTMU YenloBeYecKoro Mo3ra

Y106bl BMECTUTD B Ce0s CTOJBKO Uy3KMX MO3IOB, U K TOMY 7K€ Ta-
KHMX BEJUKUX U MOIIHBIX, HEOOXOAUMO (KaK BBIPA3UJIACh O KOM-TO
OJIHA JIEBUIIA, TIEPBast CPe HANIUX TIPUHIIECC ), YTOOBI COOCTBEHHbII
MO3T TIOTECHUJICS, ChEKUIICS ¥ COKPATHIICS B 0ObEME.

M. Monmenw. O nedanmusme

Kora MbI TOBOPHUM 0 3ajiauaX MAIIUHHOTO OGYUYEHUsT, MBI OBICTPO CTATKHBAEMCS C 3a-
JlAYaMH, C pelieHieM KOTOPBIX 4el0BEYeCKHil MO3T JI0 CHX TOp CIIPABJISIETCS? JTydIle
u GBICTpee, ueM KoMIbioTep. Hampumep, Mbl Jrydiie o6paniaeMcst ¢ eCTECTBEHHBIM SI3bI-
KOM: MO’KEM IIPOYUTATD, IIOHATD U COEPIKATEIbHO U3YYUTb KHUTY, & COBPEMEHHbIE KOM-
MBIOTEPBI UCITBITHIBAIOT GOJTBITHE TTPOOIEMBI C OTBETAMH JlasKe Ha OUEBU/THbIE JIJIST 4EJI0-
BeKa BOIPOCHL. Jla U BOOODIIE MBI XOPOIIIO yMeeM 00y4YaThCsi B IITHPOKOM CMBICJIE 9TO-
O CJIOBA — KOMIIBIOTEPHBIE TIPOTPAMMBI ITOKA OUY€HbB JJAJIEKU OT YeJI0BEYECKOTO YPOBHS
00001EeHNH 1 TONCKA B3aUMOCBA3€eH MeXKILy pasHOpoaHol nHdopmanueil. Yo xe me-
JlaeT yesioBeyeckuil Mo3r takuM addextuBubM? Kak on ymyapsercs JoCTUYb TaKuX
BbICOT? B ueMm paszHuIla MeXXIy TeM, 4TO [esIaloT HeHPOHBI B MO3re, U TeM, 4TO JeJsa-
10T TPAH3UCTOPHI B ITporieccope? Tema aTa HencuepaeMa, IO3TOMY 3/[eCh MBI IPUBe/IEM
TOJIBKO TIapy JIOKAJIbHBIX IPUMEPOB, C TIOMOIIBIO KOTOPBIX MPOJIEMOHCTPUPYEM OCHOB-
HbIE PA3JIUYKs] U OTYACTH MOTUBUPYEM OT/EIbHbIE 0COOEHHOCTH HEHPOHHBIX CETEH.
Yenoseveckuil (ga 1 110060 Apyroil) MO3r COCTOUT M3 Helponos. Y KaxkIoro u3
HUX €CTh OJ[MH JJINHHBIA OTPOCTOK, AKCOH, I MHOTO KOPOTKUX OTPOCTKOB, JeHOpumos,

1 O neitpobaiiecoBCKUX TIOIX0AX MbI IOTOBOPHM B TaBe 10, HO TaM I0AX0J 6y/eT TPOTHBOIOIOKHBIM:
MbI Oy1eM HO-IIPEKHEMY UCTIOJIb30BAaTh HEHPOHHbIE CETH KAK «4ePHbIN SIIUK», HO OHM HAYHYT [IOMOTaTh HaM
Jie1aTh 6aileCOBCKUI BBIBOJ M IPUOIUIKATD CJOKHBIE PACIIPeIe/IeH s

2 VInm 110 HeJaBHEro BpeMeHH CIIPABJIATICS: TPOTPECC BCe YCKOPSAETCsl, CHHTYJIPHOCTD GIM3KO0, Kak 3HATD,
MOJKET OBbITh, KOT/Ia BBl 9TO YMTAETE, BCE YIKE PEIIEHO. .
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KOTOPBIE CBSI3BIBAIOTCS C AKCOHAMHU APYruX Heiiponos!. CBasM Mesxy AeHapuTaMu
M aKCOHAMU TOKe UMEIOT CJOXKHYI0 CTPYKTYDPY, B KOTOPYIO MbI He GyIeM BIaBaThCH,
¥ HasbiBaloTcs cunancamu. CBs3eil B Mo3re ouenb MHOro: opaznka 101 (cro mum-
aplloB) HEWPOHOB, Y KAXKIOTO M3 KOTOPbIX B cperreM 7000 cBsA3elt, TO ecTh mogydaercs,
4YTO B HallleM MO3Ie COAEPKUTC IIOPSALKA 101410 (CTO TPUJIJIMOHOB) CHAIICOB.

Kasxzprit HelipoH BpeMs OT BPEMEHU MOCHLIAET MO0 aKCOHY HEPBHBIM MMITYJIbC (TI0-
AHIVIMICKY OH HasbiBaeTcst spike), KOTOPbBI MMeET 3JIEKTPUYECKYI0 Tpupoiy. Iloka
HENPOH KUB, OH HUKOI/IA HEe OCTAHABJIMBAETCS U IPOJ0JIKAeT 1ojaBaTh curnainpl. Ho
IIPU 9TOM HEWPOH MOKET HAaXOJUTHCS B JIBYX PA3HBIX COCTOSIHUSAX: KOT/Ia OH HAXOJUT-
CsI B «BBIKJIIOUEHHOM» COCTOSTHWM, YacTOTa TTO/Ia4M CUTHAJIOB MaJeHbKas, a KOTJa OH
BO3OYIKIAeTCsI, «BKIIOYAETCsI», YaCTOTa Mojaun uMIityabcos (firing rate) cuibHo yBe-
JUYrBaeTcd. AKTUBAIINA HEHPOHOB 3aBUCUT OT CUTHAJIOB, TPUXO/ISATIUX YePe3 CUHAIICHI
U 3aTeM JICHJIPUTHI OT APYTuX HelipoHOB. CBsI3b B CHHAICE, KCTATH, MOXKET OBITh KaK
oJIO’KUTEIbHAS (excitation), Korjja akTUBaIMA COCeJHEr0 HelfPoHa MOBBIIIAET BEPOST-
HOCTh aKTUBAIMK Hallero, Tak u orpuiaresibhas (inhibition), koraa akruBaius coces-
HEro HelpoHa, Ha0OOPOT, MOJAABJISIET AKTUBHOCTb.

Xotesiock Obl, KOHEYHO, IPOBECTH AHAJIOTUIO MEXKY HEHPOHAMU M TPAH3UCTOPAMU,
13 KOTOPBIX COCTOUT IIPOIIECCOP, HO y>Ke Ha YPOBHE I101a41 HEPBHBIX UMITYJIbCOB Mbl BU-
JIIM TIepPBOE BJKHOE PA3INIre MEXK/y MO3TOM U KOMITbIoTEpPOM. /€10 B TOM, UTO HEMpOH
paboTaeT CTOXaCTUYECKHU: OH BBIAET 3JIEKTPUYECKIE CUTHAJIbI Y€PE3 CIyIailHbIe IPOoMe-
JKYTKU BpeMeHu. VX moc/ie[oBaTebHOCTh MOKHO JOBOJILHO XOPOIIIO MPUGIU3UTS ITyac-
COHOBCKUM CJIyYalHBIM ITPOIECCOM, MHTEHCUBHOCTH KOTOPOTO MEHSIETCS B 3aBUCUMO-
CTH OT TOTO, BO30Y:K/IeH HEHPOH WK HeT. B KOMITbIOTEpax TOKE €CTh TeHThI, 0OMEHIBA-
IOIIHMECs CUTHAJIAMU JIPYT C IPYTOM, HO OHU /IeJIalOT 3TO COBEPIIEHHO He CTOXACTUYeCKH,
a C OYEeHb JKECTKOW CMHXPOHU3AIUEN: YaCcTOTa IIPOIIECCOPa, IABHO y:Ke U3MEePSIONasics
B TWTarepiax, — 3TO U eCTh YaCTOTa TaKoW CMHXpoHM3aImn. Ha Kaxaom TakTe TeiiT oz-
HOTO YPOBH: Ilepe/laeT CUTHAJI CJICAYIONEMY YPOBHIO, U JIeJIAI0T OHU 9TO XOTb U HECKOJIb-
KO MHJIJIMAP/IOB Pa3 B CEKYHILY, HO CTPOTO OJITHOBPEMEHHO, 110 KOMaH/IE.

Bo3Mo:KHO, [1EJI0 B TOM, UTO B GUOJIOTUH BCE HEYETKO, U CHHXPOHU3AIIIS MEKTY HEH-
poHamu Gblia Obl JKesTaTeIbHa, HO JOCTHYb €€ Y CO3/aBIieil Hac 9BOJIIOIUHU TIPOCTO HE
nosyansiock? Bosce HeT: mpocTeiiiiie HabMOAEHNs TOKA3BIBAIOT, YTO HA CAMOM JIeJie
HEHPOHBI XOPOIIO YMEIOT CMHXPOHU3UPOBATHCS U OUEHb TOYHO 3aCeKaTh BEChMa KOPOT-
KHe MPOMEKYTKHI BPEMEHHU.

Camas npocTas 1 gapkasi WITIOCTPallUs 9TOro — cTepeo3Byk. Koria Bbl iepexoaute
OT OJIHOI CTOPOHBI KOMHATBHI K JIDYTOM, BBI MOXKETE, ONUPAsiCh UCKIIOYUTENBbHO HA 3BYK,
WIYTNN 13 KOJIOHOK Balllero KOMITbIOTEPa, OIIPe/IeTNTh HAllpaBJIeHre Ha eT0 NCTOYHNK.
OueBuHO, B IONCTOPHYECKUE BPEMEHA JIJIs JTIOfiel ObILJIO KpaiiHe BasKHO MOHSITh, CI€BA

! Ha camoM jie1e 3T0 TOTBKO OJINH BO3MOKHBIH THIT HEfiPOHOB. BHIBAIOT HEHPOHEI 6€3 aKCOHA BOBCE, GbI-
BAIOT € OJIHUM aKCOHOM 1 6€3 JIEHAPUTOB, OBIBAIOT C O/IHIM JECHIPUTOM, HO BCE OHU BCTPEYAIOTCS B IOCTATOUHO
PEKUX CUTYAIUAX, YacTo He y Jirozeil. Hai MO3T 0JIHO3HAYHO COCTOMT UMEHHO U3 OUIIOJSIPHBIX HEHPOHOB,
Y KOTOPBIX OJIUH aKCOH M MHOTO JIeH/IPUTOB.
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WJIM CIIpaBa XPYCTHYJIa BETKA [0/1 JIAMOi TUrpa... YToObI y3HATh HAlIPaBJIE€HKE, BbI OTMe-
yaeTe Pa3HUILy BO BpEMEHU, KOT/IA 3BYK MPUXOAUT B JIEBOE U TIpaBoe yxo0. Paccrosinue
MESK/Ly BHYTPEHHUMH YIIIaMH HE CJUIIKOM OOJBINOE, CAHTUMETPOB ABaAnaTh. U ecou
pasnenuThb ero Ha cKOpocTh 3ByKa (340 M/c), MOMyuynTCs O4eHb KOPOTKUU MHTEPBAJI,
JIECSITBIE JIOJTU MUJLJIUCEKYH/IbI, KOTOPBIH, TeEM He MeHee, HEHPOHbBI OTJIIMYHO PACIIO3HA-
10T, UTO TI03BOJISIET ONPeIe/INTh HAIIPaBJIeHNE C XOPOIllel TOYHOCTRIO. To ecThb Balll MO3T
B IPUHIKIIE MOT ObI paGOTaTh KaK KOMITBIOTED C YaCTOTOM, U3MEPSIONIeHCs KUIorepiia-
mu. C y4eToM OTPOMHOM CTETIEHH TTapaJIJIeTN3alui, JOCTUTHYTOI B aDXUTEKTYPe MO3Ta,
9TO MOIJIO OBl IIPUBECTHU K BIIOJIHE Pa3yMHOM BHIUUCANTENbHON MoliHOCTH. Ho moyemy-
TO MO3T 3TOTO He JleJTaerT.

Kcraru, o napajutennsanuu. Bropoe BaskHoe 3aMedanue po paboTy 4eI0BEeYeCKOro
MO3Ta: MbI PACIIO3HAEM JIMTIO YeJI0BEKA 3a Tapy COTEH MUJIJIMCEKYHT. A 4acTOTa UMITY JIb-
coB B akconax ObiBaet ot 10 Ty B HeakTuBHOM cocrostauu 10 npumepto 200 Ty Bo Bpe-
MsI CAMOW CUJIBHOW aKTUBAIMH. JTO 3HAYUT, YTO CBI3U MEXK/LY OT/IEIbHBIMU HEHPOHAMU
AKTUBUPYIOTCS MUHUMYM 32 JIeCSITKI MUJIJTUCEKYH/I, U B TIOJTHOM ITMKJIe PACTIO3HABAHUS
YeJIOBEYECKOTO JIUIA He MOKET ObITh IIOC/IEI0BATEIbHON IIEMIOYKN aKTUBAIIUH JTMHHEE,
yeM OYKBaJIbHO HECKOJIBKO HEMPOHOB; CKOPEe BCETO, MEHbIIIE AeCITKA!

To ecTb MO3T, C OJTHOU CTOPOHBI, COAEPKHUT OTPOMHOE YHCJIO HEHPOHOB U €lile GOJIbIIE
CBSA3EH MEsKLy HUMHU, HO € IPYIrOil — YCTPOEH OYEeHb MJIOCKO 110 CPABHEHUIO ¢ OGBIYHBIM
ripoiteccopoM. [Iporieccop B KOMITbIOTEPE UCTIOJNHSET JITUHHBIE TTOCJIE/IOBATEIBHBIE TIe-
MOYKY KOMaH/I, 00pabaTbiBasi X B CHHXPOHHOM PEKUME, 8 Y MO3Ta I[EMIOYKH KOPOTKHE,
3aT0 paboTaeT OH ACMHXPOHHO (CTOXACTUYECKU) U ¢ OY€Hb BBICOKOI CTEIEHbIO Mapai-
JIeJIN3AIMN: HEWPOHBI aKTUBUPYIOTCS CPa3y BO MHOTMX MECTAaX MO3Ta, KOT/la HAUMHAIOT
pacro3HaBath JIMIO U JIeJIaTh MHOTO JIPYTUX YBJIEKATEJbHbBIX Belleil. MOXHO cKa3aTh,
YTO € HTOI TOUKM 3PEHUsT MO3T GOJIbIIIE TIOX0K HAa BUAEOKAPTY, YeM Ha IIPOIECCOD, U K BU-
JIEOKApPTaM MbI JIECTBUTELHO €lile BEPHEMCS.

E1ite omiHa BakHast 0COGEHHOCTD COCTOUT B TOM, YTO aKCOHBI MOTYT OBITH OUEHb JITNH-
HBIMU: HAI[PUMeP, OT CIIMHHOTO MO3Ta B KOHEYHOCTH UJIyT aKCOHBI JUIMHON OKOJIO MET-
pa. [ToaTomy o/H aKCOH MOJKET C JIETKOCTBIO TIepeceydb YyTh JIM He BECh MO3T, B CBSI-
3U C 4YeM CTPYKTYypa CBs3ei MeXIy HeHPOHaMM B MO3Te UYpe3BbIYaiiHO ciokHas. B ria-
Be 5 MBI HEMHOTO TIOTOBOPUM O TOM, KaK 3TO YCTPOEHO B 3PUTENHLHON KOPE, HO MOJIEJIb,
B KOTOPOI HEHPOHBI JE/ISTCSA Ha «yPOBHI» (KaK B TIyGOKON HEHPOHHOI ceTH) U aKTH-
BaIlUsl aKKyPaTHO PACIIPOCTPAHSETCSI OT HENPOHOB, CBSI3AHHBIX C OPraHAMU YYBCTB, 10
abCTPAKTHBIX TIOHATHIA, a 3aTeM 00paTHO JIJIS aKTUBAIIMY MBIIIEYHONW TKAHU, HA CAMOM
JleJie CUJIbHO YTIPOIIeHA.

B uenoBeyeckomM Mo3re eCcTh OTPOMHOE YWCJIO «TOPU30HTAJIBHBIX» CBI3EH MEXKIY
HelipoHaM¥ (KOT/Ia CBSI3aHBI JIPYT C APYTOM HEWPOHBI OJTHOTO YPOBHS ), MHOKECTBO 3a-
MKHYTBIX TIeTIOY€eK CBSI3aHHBIX HEMPOHOB, a TAK)Ke HEOKM/IAHHBIX U HETTOHSTHBIX CBSI3€H
HePOHOB M3 COBEPIIEHHO PasHbIX obJacreil Mo3ra. Bee aTu ¢BsA3M BpeMs OT BpeMeHU
cpabaThIBaIOT, HO €MHON KapTUHBI TOrO, 3a4€M BCE 3TO HYKHO M KaK MCIIOJIb3YyeTCs,
B HayKe IOKa He CJIOKUIOCh. Tak 4To Ha CaMOM JieJie Mbl OYeHb TIJIOX0 TTOHMMAaeM, Kak
paboTaeT HACTOSIINI YeT0BEYECKIIT MO3T, U UCKYCCTBEHHbBIE HEIPOHHbIE CETH — 3TO HE
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MOTIBITKA TPUOIUSUTECS K PEATbHON CTPYKTYPE, a IOCTATOYHO abCTPAKTHBIE MOJIENH,
CO3/IaHHBIE JIJIST PENIEHUS OTITUMU3AITMOHHBIX 32/1a4.

3/1eCh CTOUT OTMETHUTD, YTO B HEUPOOHOIOTHY 1 HH(MOPMATUKE €CTh 1[€JI0€ HaTlPaB-
JIEHUE UCCJEOBAHUN, CBSI3aHHOE ¢ MOJAETUPOBAHUEM OGUOJIOTHUECKUX, «HACTOSIIIIX>
HellpoHOB. Pa3zHbIX Mojiesieit MHOTO, UX MOKHO YCJIOBHO Pa3/ie/IUTh Ha 3JIeKTpUYeCKue,
peCcKasblBaollye HalpsKeHne Ha KJIeTouHol MemOpate Helipona [480], u ecrecTBeH-
HbI€, KOTOPBIE MTPOTHO3UPYIOT BEPOSTHOCTH (M YaCTOTY) aKTUBAIMK KaK (DYHKITUIO OT
BxozHoro BodzeiictBus [395]. Ho 510 HampaBieHe oueHb 1aI€K0 OT TEMbI HAIIIEH KHI-
U, TAK YTO YIJIyOJISITHCS B HETO MBI He cTaHeM. HacTosbKo abGCTPaKTHBIE MOJIETH, KAK
MEePIENTPOH, B KOTOPOM YPOBEHb aKTUBAIIMU HEHIPOHA — 9TO HesinHelHasA (hyHKITNS aK-
THBAIIUH OT B3BEHIEHHON CYMMBI BXOJ0B (MBI TIOZIPOGHO PACCMOTPUM MEPIENTPOH B TJIa-
Be 3, 1a ¥ BO BCell KHUTE), He TPEICTABJSIOT GOJIBIIOTO HHTepeca s Ouosoros. Ha-
IpUMep, B HUX BBIXOJ HEHPOHA BOBCE HE 3aBUCUT OT BPEMEHU, a GOJIBITUHCTBO «ITPHU-
GJIVKEHHBIX K OHOJIOTHI» MOJIEJIEH CTapaloTCsl UMUTUPOBATH CTOXACTHYECKUE MTPOIEC-
CBbI TIOPOXK/IEHUST HEPBHBIX MMITYJIbCOB. VICIIOMB3yIOTCA 3TH MOJIE/IM B HaIlle BpeMsI He
TOJIBKO JIJIst MHTEPECa, HO U JIJist Pa3pabOTKH «IIPOTE30B» HEHPOHOB, HATIPHMED, JJIst BOC-
CTaHOBJIEHUS ceTYaTKu Iva3a [422].

3aTo oueHb OJIM3KO K Halllel TeMe APyroe BasKHelIee CBOMCTBO YeI0BEUECKOTO MO3-
ra — ero niacmuuynocmy. MHOTHE HCCIeJOBAaHUS MO3Ta, 0OCOOEHHO PaHHUE, BBIIESLIN
B HEM 30HbI, OTBEYAIOIIHE 32 Te WK WHble (hyHKIUU. [1o 60JIBITOMY CYETY, TOJBKO 3TO
1 GBLIO JOCTYITHO MEPBBIM HEWPOOMOIOTAM: OHU MOTJIU M3Yy4aTh, YTO YETOBEK TEPSET
IIPY TpaBMax TOr0 WJIM MHOTO OT/eJsa Mo3ra. Tak, Harpumep, yewmp bpoxa, OTKPBITHII
ITomem BpOKa1 eme B 1865 romy, orBedaer 3a aprukyssiiuio peun. Econ ientp Bpoka
HOBPEX/IEH, OOJBHOM TTO-TTPEKHEMY BCE TIOHUMAET, HO ITPH TIOTIBITKAX TOBOPHUTH ITOJIyYa-
€TCST EPYH/IA: PACTIA/IAETCS] [PAMMATHKA, HE YAAETCS MOAOMPATD MPABUJIbHBIE TIPEJJIOTH,
MyTaloTCst 3BYKH B CJI0BaX. A 30Ha BepHuKe oTBeuaet, Ha060POT, 32 TOHUMAaHKE PEYr Ha
cIyX. B yesoBeyeckoM MO3re MHOTO Y3KO CIIEIIUATM3UPOBAHHBIX Y4aCTKOB.

Ncxonst u3 aTUX UCCIEIOBAHUN, MOKHO TIOAyMaTh, YTO MaTh-NPUPoOAa (TOUHEE,
MAaTh-3BOJIFOIUS) CO3/AJIA YEJOBEUECKUN MOST MO0OHO KOMITBIOTEPY C JETANBHO Pas-
paboTaHHOI crierM(UKAINE: eCTh «BUAECOKAPTay, OTBEYAIOIIAS 32 3PEHUE, ECTh «3BY-
KOBasi KapTa», 06pabaThBaiolias 3BYK, €CTh «4aTbOT>, KOTOPBIH OOYUUIICA A3BIKY, U BCE
OHU TIPEJICTABJISIIOT cO60# 0cOObIe APXUTEKTYPbI HEHPOHOB, CIEIUATBHO TTOJIOTHAHHBIE
O] COOTBETCTBYIOIILYTO 33/1auy ellle Ha TeHETHIECKOM YPOBHE.

Taxas cucTema B3TJIs1I0B ObLJIa, KOHEYHO, BITOJIHE JIOTHYHA HA PAHHUX 9TalaX u3yde-
Hug Mmosra. OcHoBaresieM aTol Teopun cuntaetcs [anuieo lanueii, a mogp3oBaBIIasicst

I ITonw Bpoxa (Paul Pierre Broca, 1824—1880) — (panirysckuii Xupypr i antponosor. Bpoka 6bu1 dak-
TUYECKH OCHOBATeJIeM COBPEMEHHOU aHTporosioruu: B cepenute XIX Beka OH MPOBEJ Psiji UCCJIEOBAHUT,
CPaBHUBAsI XaPAKTEPUCTUKU CKEIETOB Pa3HBIX BpeMeH (IIPHUIILIIOCh PACKATIBIBATH MOTHJIBI, YTO TOT/IA HE OYEHb
[PUBETCTBOBAJIOCH ), OCHOBAJ TlepBoe B EBporie o611ecTBO aHTPOTIOJIOTHN U KypHAT «AHTPOIOJOIHYECKOe
o6o3penne». Bripouem, B Halle BpeMst yYEHOMY U3PSIHO Obl OCTANOCh: UCXO/SA U3 TOTO, UTO PasMep MO3-
ra HalpsIMYIO CBSI3aH C YPOBHEM WHTEJIJIEKTA, OH MTPUIIIEN K BBIBO/LY, YTO MYKYUHBI B CPEHEM 3HAYMTENTHHO
YMHee JKEHIINH, a TAK)Ke PA3/IeInI PAChl HA «BBICHINE» U «HU3IINE» Ha OCHOBE CBOUX CPaBHEHHI Pa3MepOB
Mmoara. Keratu, moar camoro Ilosst Bpoxka ceftuac maxoautcest B «My3see Uenosekas B [Tapmke.
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60110 TT0NyIsTpHOCTBIO0 B XIX Beke (hpeHOIOTH 110 CYTH CBOEil OCHOBaHAa UMEHHO Ha
ATOM TIPE/ITONIOKEHUN.

OpnHaxo 310 BoBCe He 00st3aTesibHO Tak! Vcee[oBannst HEHPOMIAaCTHYHOCTH TIOKa-
3BIBAIOT, YTO HEMPOHBI M3 CAMbIX Pa3HbIX 00JIacTell MO3Ta MOIYT IIPH HEOOXOIUMOCTH
[pUHUMATh Ha ceOs PYHKINU, 00bIYHO MM He cBolicTBeHHble. Ceifyac yKe sICHO, 4TO
B HAIlleM MO3Te He TOJIbKO ITOCTOSTHHO 00Pa3yIoTCsT HOBBIE CBSI3M MEKIY HepoHaMu (HO-
Bble€ CHHAIICHI), HO ¥ IIPOUCXOAUT HEIIPEPhIBHOE OOHOBJIEHUE CAMUX HEHPOHOB (Heipo-
reHesuc). A yike CyIIeCTBYOIIHE HEHPOHBI MOTYT MEPEOOYIUTHCSI JIST TOTO, YTOGBI 06-
pabarbiBaTh COBEPILIEHHO HOBbIE CUrHA/IbL. CUMTAETCs, YTO HA HEHPOILIACTUYHOCTH OC-
HoBaH (eHOMeH (haHTOMHBIX O0JIeil: HEPOHbI, KOTOPbIe PaHbIle «OTBEYAJIM» 3a yTpa-
YeHHBIE OPraHbl, HAUMHAIOT 00yYaThCsI YEMY-TO HOBOMY, a JIPYTHE OTAE/IbI MO3Ta 10 ITPH-
BBIYKE MHTEPIPETUPYIOT HOBbIE CUTHAJIBI KaK WYIIHE OT YIKe IaBHO He CYIEeCTBYIONINX
KOHEYHOCTEH.

Bouee Toro, yike ceifuac pa3pabaThIBAIOTCSI OUE€Hb HWHTEPECHBIE YCTPOMCTBA, OCHO-
BaHHbIe Ha Helpomiactuynoctu. Cucrema BrainPort, Hampumep, mbitaetcst 00yIuTh
YyesioBeKa BUETh... i3bIKoM! VHdopMaIus oT yKperieHHON Ha TOJIOBE KaMepbl TIOCTY-
rmaeT — MpsIMO B IIU(POBOM BHJIE, TTUKCEJI 32 TUKCETIOM, — Ha CIEINATbHYI0 MAaTPUILY
AJIEKTPOJIOB, YKPEIJIEHHYIO Ha SI3bIKE (SI3BIK 371€Ch HYKEH TOJIBKO ITOTOMY, YTO 3TO OYE€Hb
YyBCTBUTEJBHBIN OpPTaH, HA KOTOPOM MHOTO HEPBHBIX OKOHUYaHWiT). B pesysibraTe de-
JIOBEK JIEICTBUTENBLHO CIIOCOOEH 00yUNThCH BUAETh (He TaK, KaK OObIYHBIMY IJIa3aMu,
KOHEYHO), TO €CTh MOST, 10 BCEll BUAMMOCTH, KAKAM-TO 00Pa3oM PacIIO3HAET, 9YTO OCs-
3aresibHast MHGOPMAIIKSI, TOCTYIIAIONIA C I3bIKA, OOJIBIIE HE [IOX05Ka Ha BKYC e/Ibl, a CKO-
pee HalOMUHAET 3pUTeJIbHbIE 00Paskl, U «[IEPEHATIPABJISIET> €€ B 3PUTENbHYIO Kopy. [la
1 OOBIYHBIN KOXJIEAPHBI UMILJIAHTAT, KOTOPBIE YK€ CErOJHS MOMOTAET COTHSIM ThICSY
cTaGOCIIBIIAIINX JIFOIEH, OCHOBAH HA CXOKEM MPUHIIUTIE: OH HE TIBITAETCS CHMYJIHPO-
BaTh CJYXOBbBIE OIIYIIEHUS BO BHYTPEHHEM YXe, a OlI(POBBIBAET 3BYK U TOJIAET €70 HA
AJIEKTPO/IbI, HETIOCPE/ICTBEHHO CTUMYJINPYIOIINE KOXJIEAPHBIN HEPB.

U naxe ene GoJiee TOro, B 9TUX IIPUMEPAX MOKHO ObLJIO Obl CKa3aTh, YTO Y MO3Ia yKe
«€CTh armapars st 06paboTKK H300paskeHnH, 1 1000yUIeHIe MOTJIO Gbl COCTOSITh BCE-
IO JIMIIb B TOM, YTOObI HAYYMThHCS MEPefaBaTh JaHHbIE 13 HEOOBIYHON «TOYKU BXOAa»
B HY’KHbBIE yYaCTKH KOPbI FOJIOBHOTO Mo3Ta (COOCTBEHHO, BUAMMO, TaK OHO U IIPOUCXO-
IT), a He B TOM, 4TOOBI HAy4UThCsl 00pabaThiBaTh ¢ HyJsl 9TU AaHHble. OZHAKO €CTh
[IpUMepbl 00yYEeHUST ¥ COBEPLIEHHO HOBBIM, HEXapaKTEePHBIM I YejioBeka Beram. Ha-
[IPUMeP, HEKOTOPBIE CJIETIbIE JIIOAU PA3BUBAIOT B cebe CIIOCOOHOCTD K SX0I0KAUUU, OTIPe-
JIEJICHUIO MECTOIOJIOKEHUSI OKPY/KAIONIMX OGBEKTOB 110 OTPAsKEHHOMY OT HUX 3BYKY, —
COBCEM KakK y JIeTYIuX MbIlIell (Hy JIaJIHO, He TaK XOPOIIIOo, KaK y JIETYYNX MBIIIeH, KOHed-
Ho). HexoTopblie ciieribie MOTYT TIPOCTO IIENIKATh S3BIKOM U OTIPEJIENISATh OKPY KatoTue
0OBEKTHI, IPUCIYIINBASICh K OT3BYKaM [527]. A B ApYrHUX SKCIIEPUMEHTAX BIIOJIHE 3Psi-
qi1e JIIAM 00yYaIiCh 9X0JOKAIMHY, TI0JIy4ast CUTHAJIbI ¢ YKPEIJIEHHOTO Ha HUX COHapA.

WTak, Mbl y3HaJIM, YTO Y€JTOBEUECKHUIT MO3I COCTOUT U3 CBSIBAHHBIX MEKIY COOOM
HEWPOHOB, KOTOPbIE€ AKTUBUPYIOTCS B 3aBUCUMOCTU OT CBOUX «IIPEKOB» U TIPU aKTH-
BaIlMU [T€PEIAIOT JIPYT JIPYTY CUTHAJBL. Mbl BBISICHUJIU, YTO MO3T MOKET aJ[alITUPOBATH-
¢ K HOBBIM MCTOYHWKAM WH(OpPMAINH, Ja’ke M3HAYATbHO COBEPIIIEHHO UYKIBIM eMY.
UccrenoBanmst HEUPOTIIACTUYHOCTH, JIa U IPOCTO TOT (DAKT, YTO BCe HEUPOHBI B MO3TE
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paboTaroT NPUMEPHO OJMHAKOBO, yOEkKAAIOT HAC B TOM, YTO BECh MO3T (DYHKIIMOHUPYET
10 HEKOEMY <«EINHOMY aJITOPUTMY>, KOTOPbIil MOKeT 00y4aTh KOHIJIOMEPATHI M3 Heipo-
HOB Ha CaMbIX PA3HbBIX JJAHHBIX, BbI/IEJISAS IPU3HAKY U3 MTOTOKA HECTPYKTYPUPOBAHHOMN
HH(popMauMH1. Mol eliie He pa3 BepHEMCS K TOMY, Kak paboTaeT HaCTOSAIIMIA yeIoBede-
CKUI MO3T, a 0 3pUTEJIbHOI KOpe MOoAPOOHO OroBOpUM B paszeiie 5.1.

[Ipu co3pmannm MCKYCCTBEHHOTO MHTEJIJIEKTA OUYEHb €CTECTBEHHO 33/IaThCsT BOIIPO-
COM: MOJKEM JI MBI 9TOT €IUHBIN aJITOPUTM TOKEe KaK-TO IpoMozeanpoBaTh? OueHb
3aMaHYMBO OBLIO OBI TOCTPOUTH MOJIENB ATOTO «EMHOTO AJITOPUTMAa», CTPYIIIIUPOBATH
BMeCTe MHOTO-MHOTO UCKYCCTBEHHBIX HEPOHOB U II0JIyYUTh TOTOBbIH K YIOTPEOJIeHHUIO
Mo3r. OCHOBHas KJiesd MCKYCCTBEHHBIX HEMPOHHBIX ceTeil — coOpaTh CeTh U3 IPOCTHIX
HelPOHOB, AKTUBUPYIOIIMXCS WIN HE aKTUBUPYIOIINXCSA B 3aBUCUMOCTH OT CHaOKeH-
HBIX MOJJIAIONTMMUCS TPEHUPOBKE BecaMy, — JIEHCTBUTEJNBHO 1T03aMMCTBOBAHA Y TIPU-
pozbl. OJTHAKO AAJIBIIIE TYTh PAa3BUTHS UCKYCCTBEHHOTO MHTEJIIEKTA OTOIIEN OT TPUPO-
JIbI; HACTOSIII[E HEHPOHBI YCTPOEHBI 3HAYUTELHO CJIOXKHEE, UEM T€ MOJIETH, KOTOPbIE
MBI OyzieM 00CYKIaTh B 3T0il KHUTe. B paszere 3.4 Mbl yBUIMM, KaK YCTPOEHBI MOJIEH
00y4eHust HEIIPOHOB, U IIOTOBOPUM O TOM, TIOYEMY TO, YTO MBI JIeJIaeM B MCKYCCTBEHHBIX
HEMPOHHBIX ceTsX (a 3HAYUT, U BO BCEW ITOW KHUTE), HE OUEHB-TO TOXOKE Ha TO, UTO
JIeJIaeTCsl Y Hac B TOJIOBE. A B CJIEAYIONIEM pasziesie ceaeM HeGOIbIIoe TUPUIECKOE OT-
CTYILIEHUE ¥ IIOTOBOPUM O TOM, II0YEMY JOCTUKEHUS HeHPOOUOIOTMI Ha MAKPOYPOBHE
II0Ka ellle He BIIOJIHE FOAATCS Ha POJIb 00PA3IIoB 1Jis HOAPaKaHusl.

1.5. MNpepenbl Helpobuonorum:
4YTO Mbl Ha CaMOM fiefie 3HaeM?

Jlaxke ecyii TOCTUTHYTA NIOJIHAS SCHOCTb, TO BCET/[a OCTAETCS ellle
He U3BECTHBIM, HACKOJIbKO TOYHO COOTBETCTBYET 3Ta CUCTEMa MOHSI-
TU peaJbHOCTH.

B. T'eiisen6epe. @usuxa u unocogus. Yacmo u yenoe
C pycckum uutaTesieM cienyer ObTh oTBeTcTBeHHee, DpaHirys
[IpOYnTAET, K IpUMepy, Mapku3sa ie Cazia, yXMbLIbHETCS KO U 110¥-

JIET JaJIbIle. A Y PYCCKOTO 4YMTaTesJd YEPAaK IMOEAET: BOH OHO KaK
YMHbIE-TO JIIO/IH, OKa3bIBA€TCA...

B. Illunxapés. Mumvxosckue nisicku

I/ITaK, MbI BbIACHWJIN (pasyMeeTCH, BeCbMa I/IHTyI/ITI/IBHO), 4TO B MO3re€, CO3/JTaHHOM 9BO-
JIIOL[I/IGIjI, ITOXOJKE, 3aJIOKEH HEKUI «eIIHHbIﬁ AJITOPUTM», 110 KOTOPOMY MO3I' MOJKET O6y-
yatbcsa. MokHO CKa3aTb, 4YTO OJiHA M3 /JaJIEKHX, (paKTI/I‘{eCKI/I KOHEUYHBIX TieJiei TIpo-
TPpaMMBI 110 CO3/IaHNIO0 NCKYCCTBEHHOTO MHTEJ/IJIEKTA — 3TO ITOHATD WJIN XOTA OBl IIpOCTO

! Henasno BblIeanas HayqHO-TIOMyJIApHAS KHATA 0 MalMHHOM obyuenuu ot Ilexpo Jomunroca Tax
u HasbiBasiack: The Master Algorithm (B pycckoM niepeBojie — «Bepxosubiit anroputm») [125].
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MOZIEIUPOBATH ATOT «€AUHbII AJITOPUTM»> 1 IIOCTPOUTH IIPOrPAMMBI, KOTOPbIE MOTJIH ObI
€T0 HUCII0JIb30BaTh U 00yYaThCs MIPUMEPHO TaK JKe, KaK 9TO JeJIaeM MbI C BAMU.

[laBafiTe, olHaKO, HEMHOTO ITOUTPAEM B 3JIBOKATA JABSIBOJIA. MBI YaCTO B 3TOW KHUTE
CChLIAEMCs HA YTBEPIKIEHUS O TOM, 4TO «MO3T Pab0TaeT TaK» UJIM «<MO3T Pab0TaeT 31aK».
Ho neiicTBUTEIBHO JIM BCE DTO IIOXOXKE Ha TO, UTO JeJIaeT yejiopedeckuii Mo3r? Koneuno,
MBI HEe CTaHeM CIIeIaJbHO BBOANUTh YNTATES B 320y KIAEHUE: €CJIU MbI ITUIIEM YTO-TO
0 MO3T€, 3HAYHT, XOTsI ObI U3 TPETbUX (HO HAJAEKHBIX!) PYK CIBINIAJIH, YTO UIMEHHO TaKO-
BO COBPEMEHHOEe MOHUMAHWE TOTO, KaK MO3T (DYHKIIMOHUPYET, UTO JIEAI0T OTAebHbIE
HEPOHBI ¥ KaK 9TO Bce KOMOMHUPYETCS B TOT YAUBUTENbHBIA 00BEKT, KOTOPbIA Mu-
tio Kaky! 3aciyskeHHo HasbiBaeT «caMbIM CJIOKHBIM 06beKTOM BO Beesemnmoii» [268].
Ho #ackompko MOKHO TOBEPSITh «COBPEMEHHOMY TTOHUMaHUI0»? MBI BeJlb He MOXKEM
MOHATH MO3T T[ETUKOM ¥ OCO3HATh, UTO JIEJAET KaK/bIii HEHPOH MO OTAEJbHOCTH, MbI
MO’KEM TOJBKO TPOBOIUTH KaKNe-TO JIOKAJIbHBIE UCCTE/IOBAHUS, CMOTPETb, UTO MEHSIET-
Cs1 110/] BJIMSIHUEM TeX MJIM UHBIX BHEITHUX BO3AEHCTBUM, 4aCTO JOBOJIbHO TPYOBIX (KaK,
HAIIPYMED, TPABMBbI, IPU KOTOPBIX 6oJblIKe (hParMeHThl MO3Ta IIEPECTAIOT PaboTaTh).
Kak Bo0GI11€ TPOBEPUTDH, YTO HAIIK METO/IBI AIOT YTO-TO IIOXOKEE Ha IIPaBLy ?

B cBoeii HegaBrel apkoii pabore « MosKeT i1 HeipoOHOJIOT IIOHATH MUKPOIIPOLIEC-
cop?>>2 [263] Ipuk Ixonac m Konpan KopawHT mbITafoTCst MpOCaeANTh, HACKOJIBKO
Obl TIOJIYYUIOCH Y METOAOB COBPEMEHHON HEHPOOUOJIOIUY [IPOAHAIU3UPOBATh KAKOM-
HUOY b OYEHb [IPOCTOI «MO3I'> Ha IpuMepe mpoieccopa MOS 6502. Takue mpoiieccopbl
ycranasiuBaiuch B Apple I u Atari VCS; kcraTu, K KJaccudecKuM urpaM Atari Mbl erie
BepHeMcs B pasjene 9.3. Cam uumr mpoiieccopa cocTouT us Beero 3510 TpaH3UCTOPOB;
IUISL MCCIIEI0BAaHMS Oblla MOCTPOEHA TOYHAS IU(POBast PEKOHCTPYKIIHSI YHIIa, KOTOPAst
MOIJIa 3aIlyCKaTh Te caMble Kiaccudeckue urpbl Donkey Kong n Space Invaders v 6bLia
criocoOHa IMOPOsKAATH JIJIs JaibHelinero anaiausa okoJio 1,5 T6ailT JaHHbIX 32 CEKyH/Y
aMyJsinuu. Ecsii cpaBHUTB 3TO ¢ OTPOMHBIMU BO3MOKHOCTSIMU Y€JIOBEUECKOTO MO3Ta,
BUJIHO, UTO 3aj1a4y Iiepe co00il yueHble IIOCTABUIIN FOPas3ao MeHee aMOUIIHO3HY 0, YeM
M3y4YeHUE HACTOSIIETO MO3Ta, a TIOJTHOIEHHBIE JJAHHbBIE O COCTOSTHUH KaXKI0TO TPaH3U-
CTOpa MocJie KaKOTO TAKTa — 3TO TAKOW YPOBEHD JIEeTAINU3AIINH, O KOTOPOM COBPEMEH-
Hasl HeHPOOUOJIOrHs [IOKAa M MEYTATh He OCMEJIMBAETCSL.

s ananmsa Jskonac v KopinHT UCITOTh30BAN KJIACCUYECKUE METO/IbI, KOTOPBIMU
HelpoOUOJIOTUs U3yYaeT HACTOSIIIMIA YeToBeYecKuii Mosr. Harpumep, oHu clienuanabHO

U Mumuo Kaxy (Michio Kaku, p. 1947) — aMepuKaHCKMii y4eHBII AIOHCKOTO MPOMCXOXKACHUA. Poju-
tesu Kaky nmosHakoMuiuch B Tak HasbiBaeMoM cerperainontom Jjarepe «Tyu Jleiik» (Tule Lake), kyza na
BpeMst Bropoit MupoBoii Boiinbl 6b1tu ieropripoBanbl MuOTHe skuBiive B CIITA simontist. B mkosie mo6o3ma-
TeIbHBIH MUTHO coOpas B rapake paGoTAIONINI YCKOPUTEb, MBITAsICh MOMYIUTh aHTHBENIECTBO. A ceifdac
3acay KeHHbiil yuensiii Mutno Kaky usBecten mupoKoi myG/arMKe Kak MOMyJsipu3aTop HayK; Mbl HCKPEHHE
PEKOMEH/[yeM er0 OCHOBHbIE KHUTH, MHOTHE U3 KOTOPBIX IIePEBE/IEHbI Ha PYCCKUIA sI3bIK: «Du3nKa HeBO3MOK-
HOTO», «DusuKa Oyayuiero», 0coGeHHO MHTEPECHAsT B KOHTEKCTE 9T0ii KHUrU « By yiiiee pagyma» u Apyrue.

2 Kcratn roBops, HasBaHue CTaThi — OTCHUIKA K yKe cTaBlIeil Kiaccuueckoit crathe I0pus JlaseGmHu-
ka «Mosket Jin GUOJIOT TIOYMHKUTH pagronprueMuuk»> [299], nepeneyarantoii B navase 2000-X ro0B TpeMst
pasubiMu Ky pHasamu, Bkatouast Cell. B a1oii cratbe JIa3eGHUK TIBITACTCS POAHATUZUPOBATH CTOMAHHBIN Pa-
nuonpueMHNK « OKean» MeTOaMHU GHOIOTHYECKHX HAYK CO CTOJb JKe HEYTENTNTETbHBIMI BHIBOJTAMIL.



28 Mmasa 1. OT 6uonorum Kk nHpopmatrke, unv We need to go deeper

CHMYJIMPOBAJIY TOBPEKACHUS OT/IETbHBIX TPAH3UCTOPOB, YTOOI Y3HATH, 32 UTO OHU «OT-
BevaoT». B pamrax MOS 6502 oHE MOTJIM MO3BOJIUTH cebe MopodoBaTh MOBPEAUTh
OYKBAIbHO KaANHCObLL TPAHZUCTOP 110 OTAEIbHOCTH. M feiicTBUTENIbHO, OHU CYMEJIU BbI-
JIEJINTH OT/IEIbHBIE TIOMHOKECTBA TPAHZUCTOPOB, KOTOPbIE ObLIM HEOOXOANMBI JIJIs 3a-
IyCKa KaskIoil U3 Tpex paccMoTpeHHbIX urp (Space Invaders, Donkey Kong n Pitfall);
6e3 TAaKOTO TPAH3UCTOPA OJ[HA WTPa He 3aMyCKalach, a JBe APYTre paboTaiu HOpMaib-
HO. MOKHO OBLIIO OBI IIPETIONOKITD, YTO HTH TPAHZUCTOPHI ABJISIOTCS KJIKOUYEBBIMU JJISI
HUMEHHO 3TOT0 KOHKPETHOTO <TIOBEEHUS>... BOT TOJIBKO Ha CaMOM JieJie He ObLIO HUUEro
N006HOTO: GOJIBITUHCTBO ITUX TPAH3UCTOPOB HA CAMOM JIEJI€ PEATM30BBIBATIM IPOCTHIE
(YHKI[MH, HATIPUMED CJIOKEHKE, U YMCTO CIyYaiiHO MIMEHHO 9Ta YacTh Pean3aliii OKa-
3bIBAJIACh HY’KHA JIUIITH B OAHOM urpe. Koneuro, eciii Gbl Mccae10BaTE N 3apaHee 3HAJIH,
YTO 3Ta YACTh «MO3Ta» PEAJU3YET CIOKEHUE, M 3aTeM Havyaji OBPEXKIATh OT/IETbHbIE
TPAH3UCTOPBI, CMBICJA B 3TOM Ob1JI0 661 OoJtbitie. Ho Beab B peanbHOU HeifipoObuoaorun
MBI TOKE COBEPIIEHHO HE YMEEM U30JMPOBATh HACTOILKO MPOCTHIE, Ha30BbIe (DYHKIIH.

[xxonac n Kop/iuHr NpUMEHSIOT U JIPyTrie METOJIbI, YaCTO UCIIOJIb3YIONINECS B CO-
BpeMeHHOI Helipobuosioruu (OHU yiKe CJIOKHee, M Mbl He OyleM 31ech MOAPOOHO UX
0OBSICHATD), CO CTOJIb JKE MEPEMEHHBIM YCIIEXOM: HWHOTJIA MOJIyYatoTCsl BEPHbIE yMO3a-
KJIIOUEHUST, HO He MEHee YacTO TOJMYJIaloTCsl HeBEPHBIE, I HUKAKOTO CI0c00a OTJIMYHUTh
OJIHM OT JPYTUX «Heldpobuosorus Atari» He gaer.

[pyroit mpuMep, TOKA3bIBAIOIIUI OTPOMHYIO CJIOKHOCTD U3YyYEHUSI U MOJEIUPO-
BAaHWSI HACTOSIIIIUX MBICJUTEIBHBIX MPOIIECCOB — 3TO TO, KaK CJOKHO YYEHBIM IIO-
HacTosIIEeMY YOEIUTEIBHO eCJI He TIOHSITh, TO XOTsI ObI IIPOCUMYJIMPOBATh JaxKe IPo-
cTelme cucTeMbl HeiipoHoB. HamprmMep, coBceM HeTaBHO CTajio M3BECTHO O BA)KHOM
ycrexe Ha aToM myTi: poekT OpenWorm [404, 536] Hauan paboTy 10 CUMYJIAIIUN
HepBHOI crucTeMbl HeMaTonbl C. elegans. DTOT 4epBb — OIMH M3 CAMBIX XOPOILO M3Y-
YEeHHBIX COBPEMEHHOM Guosiorreil oprann3mMoB. OH cTasl isi COBPEMEHHOI TeHeTHKH
PUMEPHO TEM JKe, YeM MyXxa Aposoduiia Oblia A KIaCCUYECKOil; 0 HeM OImyOIMKo-
BaHbI THICSIYU PaboT, eCTh JaxKe clielnnanbHast KordepeHus mox HasBanueM C. elegans
Genetics, 1 TPaKTUYECKH BCE MEXAaHU3MBI €T0 HEXUTPOTO HEMATO/IBETO CYTIECTBOBAHUS
JIaBHO n3BecTHBI yueHbIM. [IpoekT OpenWorm nocTaBuI 1EJIbIO CAeNaTh JOCTATOYHO
JOCTOBEPHYIO Mozeb Beex 959 kietok C. elegans, a HadaTh PEILUIN € TOTO, YTOOBI HOJI-
HOCTBIO MOJIEJTUPOBATh €r0 HEPBHYIO CHCTEMY M TO, KaK OHA MPUBOAUT K BUKEHUSIM
yepss. Cuctema ata cocTouT U3 1ebix 302 HeitpoHOB (0/IHA U3 CaMBIX TIPOCTHIX HEPB-
HBIX CHCTEM B MUPE) 1 95 KJIETOK MBINIIEUHOTO BOJIOKHA. IIpoeKT, peannsyemblii corrac-
HO (uI0CcOPHH OTKPBITOrO IPOrPAMMHOI0 00ecIiedeH s, IBUKETCS YCIELIHO, HO JeJI0
0Ka3aJI0Ch COBCEM He TAKMM ITPOCTHIM, KaK MOTJIO IoKasaThest: B 2015 rogy KoopanHaTop
npoekta CtuBeH JlapcoH npusHaBas, YTO OHU TIOKA «IIPONLTH TOJbKO 20—30 % myTus.

MbI He CJIUTITKOM COMHEBaeMcs B ycrexe mpoekta OpenWorm, mycTh OH U IBUKETCS
MeJIJIEHHEE, YeM XOTEI0Ch ObI €10 aBTopaM. ETo HCTOPHSI JOCTATOUHO HATJISITHO TIOKA3bI-
BaeT, YTO MBI ell[e OYEHb JaJIeKH OT IOHUMaHuUsI G0Jiee KPYITHOMACIITaOHbIX HEPBHbBIX CH-
cTeM, He TOBOPS YK 0 yesioBeueckoMm Mo3re. Ho meuTaTs He 3anperunib: B 2013 rony EB-
pocotos Bbigean 1,3 muinapaa espo npoekry lenpu Mapkpama (Henry Markram) co
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ckpoMHbIM HazBaHueMm Human Brain Project (HBP). B pamkax nmpoexra rjiaHUpoBaIoch
MTOCTPOUTDH KOMIIBIOTEPHYIO MOJIEJTh BCETO YEJIOBEUECKOTO MO3Ta IIETUKOM, CO BCEMHU €T0
MUJITHAPAAMU HETPOHOB U TPUJIJIMOHAMU CUHATICOB. MapKpam, KOHEYHO jKe, He MOIITeH-
HUK, 0OMaHOM BTEPIIUNCS B IOBEPHE JIUII, TPUHUMAIOIIIX PENIEHNs 0 OYAyIIeM eBPO-
nelicKoi Hayku, a 6aectsaimuii Heiipobuonor. MogeInpoBaTh MO3T — €ro JaBHsIsI MEUTa,
IIPOEKT BCEM ero »KU3HMU; OH yKe PYKOBOAMJI BIIosHe yenentHbiM Blue Brain Project, mo-
CTPOUB KOMITBIOTEPHYIO MOJIE/Ib MAJIEHBKOTO KyCOYKa MO3Ta KPbICHI (OTHON KOJIOHKU
neokoprekca). Ho Bce xe 1eabr HBP Ha gaHHbIiE MOMEHT, 110KaJIyH, CAUIIKOM aMOu-
[[M03HA; HEYJUBUTENbHO, YTO HAYABLIMIICS ¢ OOJIBILION IIOMIION IIPOEKT y:Ke Yepes rojl
[IOJIBEPICSI CYPOBOIM KPUTHKE M3-3a IIJIOXOT0 yIpaBjenus, a ¢ 2015 roga Mapkpam ObL1
OTCTPaHEH OT PYKOBOJICTBA, ¥ BCS 9TA MHUIIMATHBA ObLIa CEPbE3HO PECTPYKTYPUPOBAHA.

Jla u camu riryGOKHeE CceTH, 0 KOTOPBIX MbI OyjleM FOBOPUTH B 3TOI KHUTE, He Tepe-
CTAIOT YAUBJATH McciaenoBaresieil. XoTsS B JAHHOM CJydae JIIOJIi CaMU 3aIIPOTPaMMU-
POBAJIN 3TOT «MBICJIUTEILHBIN alapars U TBEPAO 3HAIOT, KaK paboTaeT KasKIblil KOH-
KPETHBII «HEeHpPOH» CeTH, eCTh PaboThl, MOCBIEHHbIe OYKBaJIbHO N3YYE€HHIO CBOICTB
r1yOOKHUX HEHPOHHBIX ceTeil, Kak 6yaTo OHM ObLIN OBl TIPUPOIAHBIM 0OBEKTOM, TaHHBIM
HaM J11s1 u3ydeHust (COGCTBEHHO, OHU TAKOBBIM U SIBJISIIOTCS, C TOU JIMIIb PA3HUIIEH, UTO
BCE JKe TPEJCTaBIISIOT c000il MaTeMaTHuecKyto abcTpakinio). Harpumep, B mpoko us-
BecTHOH pabore [249] pacckazaHo, Kak MOKHO 0OMaHYTb CETH, PACTIO3HAIIHE M306pa-
sKeHus (Jake Takye IIPOCThie M300pakeHus], KaK yepHo-6eJible PYKOIUCHbBIE HU(PbL),
C MOMOIIBI0 MUKPOM3MEHEHUH, He BIMSIONMX Ha YeJoBedeckoe Bocnpusatue. O6ydeH-
Has Try6oKast CeTh 3/1eCh BBICTYIIAET KaK «4E€PHBIN SIIMK», UHTEPECHbIE CBOICTBA KOTO-
POTO MBI TIBITAEMCS ITOHSTD. B 9TO# KHWTE MBI YBUIUM TIPUMEPBI TAKOTO TOXO/IA.

3HAUUT JIU HTO, YTO MbI HUYETO HE 3HAEM O MO3T€ U JIOBIE TOTBITKY TPOBECTH AHA-
JIOTUHU MEKITY TEM, UTO JETAI0T HEWPOHHBIE CETH, U TEM, KaK PAGOTAeT MO3T, COBEPIIIEHHO
neymectHbl? Ha nanr B3riisig, BoBce HeT. KoHeuHo, Haly 3HaHUS O MO3Te He OYeHb Jie-
TaJIbHbI, U PE3YJIbTATHI UCCJEOBAHUI TOTO, KaK paboTatoT IiIyOOKIe CeTH, HUKAK HEJIb3sI
HaAMPSIMYIO TEPEHOCHUTD Ha (DYHKITMOHNPOBAHUE YEJIOBEYECKOTO MO3Ta (J1a ¥ KPBICUHOTO
JIy4IIIe TOOCTEPEYbCs ) — CJAUITKOM MHOTO TaM €ellle HEITOHSATHOTO Jiyis Hac. /la ¥ cTaBUTh
nepes coboii 1ieJib KaKk MOKHO TOYHEEe CMOZEIMPOBATD YeJI0BEYECKUI MO3I HEIpOHHON
CeTbI0 — BO3MOJKHO, He Jjryuinas uaes. OfiHaKo Bce 3TO COBEPIIEHHO He 3alpeliaeT HaM
800XHOBIAMBCS TEM, KaK PABOTAeT MO3T, HCTIOIb30BATh APXUTEKTYPHbIE UOeU, TIPUXOIS-
TIue U3 HefPOOMOTOTHH, JITISI TOTO, UTOOBI YIAYYIIUTH PAOOTY HEHPOHHLIX ceTeld. B aToit
KHUTE MBI YBUJIUM HECKOJIBKO OU€Hb YAAUHBIX MapaJIIe el MeKIy alrOPUTMAMU U ap-
XUTEKTYPaMH, UCTIOJIb30BABIIMMKCH B HEHPOHHBIX CETSX, M MPEACTABJIECHUSMU COBPE-
MEHHOW HeHPOOUOJOTHH O TOM, KaK yCTpOeH Hail Mo3r. [IpocTo Ha/lo MOHUMATb, YTO
PE3yJIbTaTOM 3/IECh HA JAHHBII MOMEHT MOTYT GBITh TOJILKO GoJiee yIauHbIe MOIEH JIJIst
peleHws KOHKPETHBIX MPUKJIATHBIX 33j1a4. /[0 3a/1aum «ITOBTOPUTH aPXUTEKTYPY Y€JI0-
BEYECKOTO MO3Ta» MBI, CKOPee BCET0, BCe-TaKHU eIlle He IOPOCITH.

Opmnaxo MHOTHE JIpyTHE 3a/1a4M y>Ke BIOJHE AOCTYIHBI! B 3aKII04NTEIBHOM pas-
JZIeJie 9TOM TJIABBI MBI JIaJINM KPaTKUN 0630p TOTO, Ha YTO ceiiuac crocoOHbI rIyGoKue
HEHPOHHDBIE CETH, ¥ TOFOBOPUM O 33/1a4aX, KOTOPbIE /I HUX [I0Ka HeIOCTYIIHBI.



30 Mmasa 1. OT 6uonorum Kk nHpopmatrke, unv We need to go deeper

1.6. bneck n HuWeTa
COBPEMEHHbIX HEMPOHHbIX ceTeun

Jlajke ecaii MbI BO3IEPIKUMCS OT CTOJIb BCEJIEHCKOTO OXBATA, HAM
CJIeflyeT y4ecTh Bce MHOTooOpasue mposiBieHuii mo6su. He Tosbko
MY>KUMHA JIOOUT XKEHIUHY, 8 )KEHIUHA JTIOOUT MyKIUHY; MBI JIO-
GUM TakyKe UCKYCCTBO M HAyKy, MaTh JIOOUT CBOEro peGeHKa, a Be-
pyiomuii mobut Bora.

X. Opmeza-u-Taccem. Imiodot 0 1066u
A Teniepb — caiizpl.
Anexdom

Wtax, Mbl YBUIEIH, KAKUE 331a4H [IBITACTCS PEIIATh MalluHHOE 00yueHue. Best 5Ta KHU-
ra GyJIeT MOCBSIIIEHA TOMY, KaK HEHPOHHbIE CETU ¢ HUMU CIIpaBJisitoTcest. Ho mpexie uem
yraybJIsiThCst B CYTh JleJia M HAYMHATh PACCKas3biBaTh O MATEMATUKE HEHPOHHBIX CeTeil,
MBI PEIUIA MOTUBUPOBATH YUTATEEH, 1a 1 ceOst, KPATKUM 0630POM CaMbIX SIPKUX NP~
Menenuti TTyOOKMX HEMPOHHBIX CETEl, a TAKKe PACCKA30M 00 WX OTPAHUYEHUSIX U JIaTh-
HeHnx nepcrnekTruBax. VITak, s 4ero ke MCIOJIB3YIOTCST HEHIPOHHBIE CETH CETOMHS,
T7le yKe TOCTUTHYTHI CAMBIE SIPKIE YCIIEXH, & TAIE eTlle OCTAETCSI MHOTO PabOoThI?

[TepBBIM 3HAYUTETBHBIM WHLYCTPHATLHBIM MTPUIOKEHUEM COBPEMEHHBIX TTYOOKIX
HENPOHHBIX CeTel, KOTOPOe TOATBEPANIIO, YTO PEBOJIOIHSI TIYOOKOTO 00yIeH s Mefi-
CTBUTEJILHO HAYMHAET HEOOGPATIMO MEHSITH JIAHAIIA(DT MAIIUHHOTO 00YY€EHs], /1a 1 BO-
00111e MUpa BOKPYT HAC, CTAJIU YCIIEXU B pacnosnasanuu peu. CTpyKTypa MOJTHOIEHHO-
T'O PACIIO3HABATEJISI PEUN BBITJISIINT TAK:

1) cHavaia 3ByKOBO# cUTHAT TIPe0Opas3yeTcst B IPU3HAKHU CTIEHATBHOTO BUIA;

2) 3areM aTH MPU3HAKY TIPEBPAINAIOTCS B TUTIOTE3bI, KOTOPbIE MTPE/IATaloT BAPUAHTHI
KOHKPETHBIX (DOHEM /I KAJKIOTO OKHA B 3BYyKOBOM CUTHAJIE;

3) moroM rumoressl 0 GoHeMax OOBEAMHSIOTCS B TMIIOTE3BI OTHOCUTENBHO IIPOM3-
HECEHHBIX CJIOB, U B BLIOOPE MEXKY HUMU yiKe YIaCTBYET He TOJbKO 06paboTKa
CaMOTO0 3BYKa, HO U SI3IKOBBIE MOJICJIH.

JTo TiyGOKMX ceTell TTepBble ABa Tara 3TOTO MPOIECCA BBITISIIENH TAK: CHAYAIA 3BY-
KOBOII CHTHAJI TIpeBpamaics B Tak HasbiBaembie MFCC-npusnaxu!, Gonemsr us Hux
pacrio3HaBaJIU C TIOMOIIBIO CKPBITBIX MApKOBCKUX Mojesieit [119], a a3bikoBbIE MOjIE-
JIVL TIPEJICTABJISLIN cOO0IT 0OBIYHO CTIIaKEHHBIE PACIPEIETEHNsT N-TPaMM, TO eCTh MO-
JleJTv, KOTOPBIE OIEHNBAIOT BEPOSITHOCTD CJIEAYIOIIETO CJI0BA TIPH YCJIOBUN HECKOJIBKIX
npeabiaynmx [281] (Mbl TOAPOOHO TIOTOBOPUM O SI3BIKOBBIX MOJIEJISAX B paszeie 7.2).

! MFCC pacmmdposbiaercs kak mel-frequency cepstral coefficients, To ecTb oT curHaza HyHO cHauasa
B3sTh mpeobpasoBanme Dypbe, MOMYINB CHEKmp, 3aTeM TIePeiTH K JTorapidMam aMIUTUTY/ 9aCTOT Ha IIKaje
MEJIOB, a IOTOM B3STh OT 9THX JorapudmoB o6paTtHoe npeobpasoBanue Dypbe, momrydIns kencmp (310 CIOBO
HOJIYIHUIIOCH OGpAIleHIeM MTEPBBIX YeThIPeX OYKB CI0Ba «CrekTp» ) [379].
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[ybokue ceTu HaYaJu € TOTO, YTO 3aMEHMII cO00# PacTIO3HABATEb, OCHOBAHHBIIT
Ha CKPBITBIX MAPKOBCKUX Mojiesisax. Bosiee Toro, 6picTpo craso sicho, uto MFCC-tpus-
HAKH TOKe MOJKHO YJIYUIIIUTH TyTeM 00YUEHUST: HET, CETU TIOKA YTO HE HAUMHAIOT paboTy
HEMOCPE/ICTBEHHO ¢ HEOOPABGOTAaHHOTO 3BYKOBOTO CUTHAJIA, HO TIPEJCTABIEHMUS, MOJIa-
IOIIMECsT HA BXOJI COBPEMEHHBIM CHCTEMaM PACIIO3HABAHUSA, TOPA30 Gojiee «ChIpbies,
yem MFCC [260].

[TepBble Takue UCCIEA0BAHNUS, OCHOBaHHbIE Ha TIYGOKHMX CETSX ¢ MpeaoOydeHneM
6e3 yuuresist, nosiBusmch okoso 2010 roga (em. 063opsi [109, 116]), a yxe k 2012-my
9TO TIPUBEJIO K TOMY, YTO BCe KPYITHEHIITIe UTPOKK Ha PhIHKE PACIIO3HABAHSI PEYN TIepe-
1M Ha Heiipontbie cetu: u Microsoft [481], u Google [7, 295], u IBM [346]. OcHoBHbie
PE3yJIbTaThI 3/1eCh OBUIN TOCTUTHYTHI CHavYas a GJarogapst TOMY, 4TO BBIEJICHUE TTPHU-
3HAKOB JIJIS IEKOJIEPOB, OCHOBAHHBIX HA CKPBITHIX MAPKOBCKIX MOJIEJISX, MOKHO GBLIO
«OTJIEJIUTH» OT CAMUX JIEKOJIEPOB U OT/ATh TJIYGOKUM CETSIM, TO €CTh CHauaJja 3T0 ObLIO
BO MHOTOM 00yuenue 6e3 yuuresss. Ho BCKOpe TOSIBUJIUCH M TIPOPBIBHBIE PE3YJIbTATHI
o0 pacriosHaBanuy end-to-end, To eCTh MOJIHOCTHIO OT HaYaJjIa 10 KOHIA ¢ yuuTejaem [96],
U ceifyac (haKTUUECKU BCE IPOEKTBI JIJIsSI PACIIO3HABAHUS PEUH, BKJIIOUAsST BUPTYAIbHBIX
nomolHuKoB Bpoje Google Now u Apple Siri, paboTaror Ha riry6OKHX HEHPOHHBIX Ce-
Tsx. Cio/ia ’ke MPUMBIKAeT U aHAJIN3 MY3BIKHU: XOTSI TaM YCIIEeXHU MOKa He CTOJIb BIT€YATIIsS-
IOTI[HE, TOCTIETHIE MOJIENIU JIJIST PACTIO3HABAHUS U OPOKAEHUSI My3BIKU TOKE PabOTarOT
Ha r1yOOKKUX HEHPOHHBIX ceTsaX [55].

Besten 3a peubto mpuiiio Bpemst 06pabotku nusobpakenuii. Toutee, oHa 6blia Beerya:
¢ 1980-x roznos B rpynie dxa JleKyHa nusobpaskenust 00pabdarbiBajii MMEHHO HEHPOHHBI-
MU ceTsIMU. K ToMy ke BpeMeHU OTHOCHUTCS 1 TIEPBBIT B3JIET C8EPIMOUHBIY HEUPOHHBIX Ce-
metl, CIIEIMATIBHON aPXUTEKTYPbI, KOTOPAst OTJMYHO HOAXOIUT JJist 00PAOOTKU UMEHHO
TaKHUX BXO/IOB, KaK KAPTUHKH; CBEPTOYHBIM CETSIM MBI TOCBSITUM TJ1aBy 5 [ 18, 205]. B 11e-
JIOM, 3TO PEIKUIT TIpUMep 06JIaCTH, B KOTOPOIi HEPOHHbBIE CETH HUKOT/IA MTOJIHOCTHIO HE
npormazau u3 Buxy. OIHAKO MOocJIe Havaaa PEBOTIONNHT TITyOOKOT0 00yUEH ST TIPOTPECC
B 00paboTKe n300pakeHmii ToKe pe3ko yckopuiics. B 2009—-2010 rogax rirybokue cBep-
TOYHBIE CETH BBIUTPAJIN PSiJl COPEBHOBAHUI 11O PACMO3HABAHUIO CMMBOJIOB [396] 11 aske
pacrosHaBaHUIO BUEO ¢ Kamep caeskenus [ 259, 430]. Kpome toro, B 2009 roxy mosiBu-
JIVCh TIePBbIE Pean3aliuyu HEHPOHHBIX ceTell Ha TpaduuecKuXx mnpoieccopax [434], uto
JIJI0 OTPOMHBII MMITYJIbC BCEM CBSI3aHHBIM CO CBEPTOYHBIMU CETSIMU MCCIIEI0BAHUSIM
(BUIEOKAPTHI 17 CBEPTOUYHBIX CETEH 0COOEHHO TIOJIE3HBI ).

W nauasiocs: B 2010 rozy ObLIM cepbe3HO IPEB30IAEHbI JaBHUE PE3YJIbTaThl Ha KJlac-
CHUYECKOM JlaTaceTe pacno3dHaBanus pykonucHbIx 1udp MNIST (Mbl pacckakeM o HeM
B pasjesie 3.6, 1 MHOTHe [TPUMePBI OYYT ¢ HUM CBSI3aHbBI), 4 €Ille Yepe3 mapy JieT 1o-
SIBUJIVICH TIEPBBIE CHCTEMBI, KOTOPBIE PACTIO3HABAIM M300PasKEHUS JIyUIlle, YeM JIo/!
B 2011-M riryGoKre CBEPTOUYHBIE CETH JIyUllie JIFel Pacio3HABAIM OPOKHbIE 3HAKU
Ha (ororpacdusix [162, 216], uTo oyeHb BaXKHO /IJIST aBTOMAaTUYECKOTO BOK/IEHUS aBTO-
mobueii, a ¢ 2014 roga Facebook paciiosnaer Jjinia Halmmx apyseil He XysKe, 4eM Mbl
camu [112]. B Hamum aHM camble TIyOOKHE CETH — 9TO MMEHHO CBEPTOYHbIE CETH IS
06paboTKN N306paKeHUT WM BUIEO; OHU MOTYT HACYUTHIBATH HECKOJIBKO COTEH CJIOEB.
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JocTrkenust TIyGOKUX HEHPOHHBIX CETEN B 00yUeHUlU ¢ NOOKPenIeHUeM TOKE TPY/I-
HO IIepeotieHuTh., IyboKMe ceTr OKas3aIuch Kak Heslb3st KCTAaTH, IOTOMY YTO JAI0T YHU-
BEPCAJIBHBII «UEPHBIH AMUKS, CIOCOOHBIH TPUOIU3UTE (DYHKIIUIO «OIEHKY TTO3UIHN»,
Jlaske TIepBbIe 3HAYUTEIBHDIE yCIeXu 00yUIeHus ¢ MofKpernienneM B Kotile 1980-x y:xe
ObLIN OCHOBaHBI Ha HEHPOHHBIX CeTsX. IlocaeqHuii TPOMKMIA ycIex riyOOoKuX ceTeil
B 00yueHNH ¢ TToAKperieHreM — cosganHasg DeepMind nporpamma AlphaGo, kotopas
cyMmeJsia 00bIrpaTh OJIHOTO M3 JIYYIIMX UTPOKOB MUPA B IO — OJHY U3 IOCJEIHUX KJIac-
CUYECKHUX WUTP C TMOJHON WH(hOPMAIel, KOTOpble CIYNTAINCH KPAaifHe CIOKHBIMU JIJIsT
kommbioTepal; 06 aToM MBI GyeM TOAPOGHO TOBOPUTD B ryiase 9.

Kpowme urp, ectsb, KoHeuHo, u «60Jiee cepbe3Hbie» MPUIOKEHUsT (B KaBBIYKAX, OTO-
My 4TO TaKWe WrPbI, Kak ro uiau StarCraft, — 9T0, KaK Bbl IIOHUMAETE, HA CAMOM JIeJie
o4eHb cepbesHo). Tak, rirybokoe oOydeHre yrke HaXOAUT IIPUMEHEHHE U B IPYTOi Tpa-
JUITHOHHOM 00/1acTH 00YUEHUS ¢ TIOAKPEIIEHIEM — pobomuxke. Bo-TiepBbIX, TIybOKUe
CEeTU MOKHO MCIIOJIb30BATh JIJIsT 00paGOTKU CUTHAJIOB, B YaCTHOCTU BU3YaJbHbBIX, TOMO-
rasg poboTy MOHATD, 4TO ero oKpyskaeT. Hanpumep, tak riybokue ceTH NMPUMEHSIOTCS
B 6ecnunomuvix asmomobunsx (self-driving cars), kotopble ceifuac yske BOBCIO paspa-
GaTbiBatoT He ToJIbKO Tesla u Google, Ho 1 Apyrue KpyIHelne aBTOMOOIbHbIE KOH-
HepHslL, U gake SHmekc. [yGokue ceTr 3/1ech MOKHO HCIIOJIb30BaTh 1 Hanmpsmyto. Ha-
npuMep, B HeJlaBHEN sipKoit pabote uccienosaresneit u3 NVIDIA riybokast cBepTouHast
CeTh MMOJIyYasia Ha BXOJ KADTHHKY C YCTAHOBJIEHHO Ha aBTOMOOUIIE KAMEPDI, 8 Ha BBIXO]]
MO/IaBAJIA YIKe HEMOCPEACTBEHHBIE KOMAH/IBI YIIPABJICHUS PyJIeM; U Bpojie Obl BCe IOy -
yiioch [142]. Bo-BTOpBIX, rIyGOKHE CETH MOKHO UCIIOJIB30BaTh U B 0OYYEHUU C MO~
KperieHueM juist poboruku [110, 158]; 06 3TOM MBI TIOTOBOPHM B paszeie 9.5.

Ho B HEKOTOPBIX 06JACTSIX HEMPOHHBIM CETSIM BCE €II[e, MSITKO CKaKeM, ECTh Ky/ia
crpemutbest. Hanpumep, xotst 6oJibiiie ycrnexu B 06acTu 33124 06paboTKY eCTECTBEH-
HOTO SI3bIKQ HECOMHEHHBI, ¥ MbI TIOCBSITUM 9TUM 33[a4aM OT/IeJIbHYIO TJIaBy 7, [IOKa ellle
HEsICHO, KOT/IA JKe HAKOHEI[ KOMITBIOTEP IeHCTBUTEIHHO HAYYUTCSI YUTATh, TO €CTh 06pa-
GaThIBATH COJEPIKAIIYIOCS B TeKcTe HH(popManuio. HamprMep, cCOBpeMeHHbIe CHCTEMbI
JITST OTBETOB Ha BOIMPOCKHI MOKA YTO YMEIOT TIOHUMATh TOJBKO OUY€HDb TPOCThIE NCTOPUN
1 OTBeYaTh HA BOIPOCH Bpojsie «Bacsa B3si1 kuury; Bacs momen Ha KyxHIo; Bacs B34n
IIIOKOJIA/IKY ¥ BEPHYJICS B KOMHATY; I/le ceifuac KHura?s. /lo uesoBeueckoro ypoBHs TaM
elle 0YeHb, OU€eHb /1ATIEKO.

! Kcraru, BoT spKuii mpuMep Toro, 4To Takie 0630pbl MICATH OJHOBPEMEHHO H O4eHb IIPOCTO — TIPUMEHE-
HUH y TTyGOKUX ceTell Py TPy, Ky/Ia HU KOIHEIIb, GYIeT MHTEPECHO — U OY€HB CIOKHO, — Kak y AXu/uieca
C Yepernaxoii: HUKOT/Ia He MOJTy4YaeTcst JOINCaTh 10 KOHIIA, BCe BPeMsI MOSIBJISIETCST YTO-TO HOBoe. BoT u ceiivac:
MBI COGMPAJINCH PACCKa3aTh O TOM, YTO OCHOBHAS KJIACCHUYECKAs UTPA, B KOTOPYIO KOMITBIOTEPHI IOKA €IIle He
MOTYT IIPEB30IiTH YeoBeKa, — 310 mokep (no-limit Texas hold’em, ecii GbITH TOYHBIM, TOTOMY YTO C IUMUT-
HBIMHU UTPaMHU ysKe HEKOTOpoe BpeMst Haza/l pazobpaincs). Ho B kowiie siBapst 2017 rojia mosiBuIach HOBOCTh
o mporpamme Libratus, koTopast 04eHb yBepeHHO 06bIrpajia KOMaH/Iy 13 YeThIPEX YEJIOBEK, SIBIISTIONINXCST O/
HUMHU 13 JIyYHINX OHJIaiH-Tipodheccnonaios Mupa [ 63], a 3atem nosisusack u Mojiesib DeepStack, koropas yike
HECOMHEHHO 0CHOBaHa Ha rIyGoKuX HeiiporHbix cetsix [113]. A nccrenosarenu uz DeepMind B kauecTse cJie-
nytorieit ey yriomunanu StarCraft — kak Hu crpanHo, ceituac, B Hauase 2017 roja, B KOMIIBIOTEPHYIO UTPY
¢ HEMAJION J0Jiell MUKPOMEHEe/PKMEHTA JIO/H TTOKA YTO UTPAIOT 3aMETHO JIyYIIle.
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YeM ke oTimyaeTcs 3aja4a MOHUMAHUS TEKCTA OT 3aaUM PACIIO3HABAHUS TOPOIK-
HBIX 3HaKOB? Yero He XBaTaeT COBPEeMEHHBIM HETPOHHBIM ceTAM? MoKHO JI ToBECTH
UX JI0 Y€JIOBEYECKOTO YPOBHSI MIOHUMAHUSI, U €CJIN /14, TO KaK?

B HemaBHell pabote [66] crienuaIncThl 10 KOTHUTUBHBIM HayKaM (CPeid aBTOPOB,
B YaCTHOCTH, U3BECTHBIE KOTHUTUBUCTBI M CIEIUATHUCTBI MO OalleCOBCKOMY BBIBOILY
Ixorya Tennernbaym 1 Camyasib TepliiMaH) MONBITAMKCH 1aTh OTBET HA OTH BOIIPO-
cbl. OHU HAUMHAOT C TOTO, YTO BBIAEJISIOT PA3HUILY MEKLY TEM, Kak 00yJaeTcs YeI0BeK,
Y TeM, KaK 3TO JIEJIAIOT IIPOTPAMMBI JIasKe B YCIIENTHBIX CIIydasx. YemoBeKy TpakTHIeCKn
BCer/[a Hy:KHO rOpa3/io MeHbIIle TPEHUPOBOYHBIX JAHHDIX, YTOOBI YCIENTHO 00YIUTHCSL:
Harpumep, 4ToObl OCBOUTD OJIHY U3 UTp Atari, tiiy6okoit cetn TpeGyeTcst OKOJIO ThICAUK
YacoB OMBITA; ITO CTAJTIO OYEHD SPKUM IATOM Ha TYTH PA3BUTHUS TIyOOKOTO 06yJYeHMsT
¢ noakperieHreM [238]. A uesoBeky, gaxe paHee aOCOJIOTHO HE3HAKOMOMY € UTPOii,
IS TOBTOPEHMUSI 3TUX PE3YJIbTATOB JOCTATOUHO Mapy MUHYT mocMoTpeth YouTube, uro-
ObI IOHSITH, YTO HAJIO JIEJIATD, U TOTOM EII[E MTOTYACA TOUTPATH CAMOMY, YTOOBI BOTJIOTHTh
IMOHUMAaHUe B HAaBbIK. A B 3aj1aue pacrio3naBanust cuMBosioB (MNIST, cranpaprHsiii ga-
TaceT IS PACTIO3HABAHUS (P, MBI yyKe YIIOMUHAIH, ¥ OH OYeT IEHTPATbHBIM MTPHU-
MEPOM B 3TOii KHUTE) YeJIOBEKY 0OBIYHO JOCTATOYHO OYKBAJIBHO OIHOrO-ABYX M306pa-
JKEeHUT, YTOOBI HAYaTh Y3HABATH HOBBII CHMBOJI IasKe B APYTUX (POPMaX U C CEPhE3HBIMU
uckakeHusiMu. [loueMy JKe JIH0/In HACTOJIBKO JIydIie 00yJaTCs ?

Bo-1iepBbix, y uesioBeka elille B paHHEM [ETCTBE IOSIBJISIETCS MOHUMAHNE HECKOJIb-
KHX KpaifHe Ba)KHBIX /I HOPMAJIBHOTO (DYHKIMOHUPOBAHUS OCHOBHBIX MPEIMETHBIX
obusacreit — 1o, 4TO HasbiBaeTcst 6asosuim snanuem (core knowledge) [503]. Kpome mo-
HUMAaHUS OTlepariii ¢ YUCIaMu 1 MHOKECTBAMU W HABUTAIIMN B MTPOCTPAHCTBE, B [66]
0COGEHHO TIO[YEPKUBAIOTCS [[BA KOMIIOHEHTA, KOTOPbIE OTJIHYAIOT KUBOTO YEJOBEKA OT
HUCKYCCTBEHHBIX HEIPOHHBIX CETEN.

1. Unmyumuenas usuxa: TOHUMaHKWE TOTO, KaKk paboTaeT OKpysKaioluii Hac (u-
3udecKkuil MUp. MITafieHIbl TOBOTBLHO GBICTPO HAYMHAIOT PA3GUPATLCS B OKPYIKAIOIEM
ux dusmdeckom mupe. K mect Mecsiiiam peGeHOK yike XOPOIITO TIOHUMAET TIOCTOSTHCTBO
00BEKTOB (PU3UIECKOTO MUPA, TO, UTO OHU JIOJKHBI IBUTATHCSI HETIPEPBIBHO M HE MEHSITh
MTHOBEHHO CBOIO (POPMY, U yiKe Jake pasjiMyaioT TBepible W KuaKue o0bekTsl [502].
A K TO/ly MaJIBIIIY YBEPEHHO OBJIA/IEBAIOT TAKUMU MOHSTUSIMU, KAK HMHEPIIUST, IOZIEPIK-
Ka, CII0COOHOCTD OHIX OOBEKTOB COAEPKATHCS B APYTHUX U T. . [23, 375]. ¥V yueHbIX HeT
YBEPEHHOCTH B TOM, KaK 3TO BCe pabOTaeT y 4e0BeKa, HO TI0 COBPEMEHHBIM ITPe/ICTaBIIe-
HUSM, MTHTYUTUBHAS (DU3UKA — 9TO HEUTO BPOJIE JIOTUIECKUX PACCYKAECHUT, TTOCTPOEH-
HBIX Ha MOJiesIi (PU3UYECKOM CUMYJISIINU, BPOJle (DU3UUECKON MOJIESIN B KOMITBIOTEPHOM
urpe [239]. Mozeb 5Ta, KOHEUHO, KpaiiHe NpuOIu3UTe IbHAST, Mbl He IIPOBOAMM HACTOS -
WX BBIYMCIIEHUH, HO I0CTATOYHO TOYHAS /s TIOBCEHEBHBIX BEIBOIOB U, TJIABHOE, CITO-
COOHasT K OYeHb MOTITHBIM 00OBIIEHSIM U TTePEHOCY Ha HOBbIE BU3YaJabHble BXOAbL. Ho
MOKA HesICHO, KaK TepeiaTh 9TO MOHMMaHue oOyvaiomeiicst momenu. Hemapusist pabora
uccaeposareneil u3 Facebook Al Research [320] HaurnaeT npuMeHsTh HEHPOHHbBIE Ce-
TH [IJis PA3BUTHSI TOJIOOHON MHTYUIMH, HO 3/IECH, TIOXKATY i, €11le IOBOJIBHO JAJIEKO JIaKe
JI0 TIEPBBIX HEYBEPEHHBIX 1IaT0OB MJIA/IEHIIA.
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2. Unmyumuenas ncuxonozus: TyT jena oOCToOAT enie nurepectee. e, raxke mia-
JIEHIIbI, 0Y4eHb OBICTPO TOHUMAIOT, YTO HEKOTOPBIE CYIIHOCTH B OKPYIKAIOIIEM MUPE 00-
JIalafoT BOJIEW U EHCTBYIOT, Ipecyenysl Kakue-To cBou 1esn. bosee Toro, yxe T0/10-
BaJIble MAJIBIIIU TIPEKPACHO MOTYT PA3JINYaTh ITHU [EJIN U AUCTBUS MO UX TOCTUXe-
nuio [403] 1 naske enaTh HEKKE 3a4aTKU MOPAJIbHBIX CYKIAEHUH, TOHUMAasI, KOT/IA <I1JI0-
X¥e» areHThl MEMIAIOT «XOPOIIUM» JOCTUTATh X «xXopomuxy 1eseii [203]. Umenno Ta-
KHe€ PAcCy’KIEHI MO3BOJISIFOT HAM € BaMK GbICTPO HAYYHThCsI KOMITBIOTEPHOIT UTPe, TIPO-
cTO HabJIIO/Iast 32 TEM, UTO JIEJIAIOT APYTHE JIIO/H, U 0CO3HABAs, KaKUe [[eJIU OHU TIPecJie-
nyioT. Bel MOskeTe aske HU pa3y He YBUIETh, Kak Mapuo yMupaer, CTOJIKHYBIIUCH C Ye-
PEIMAIIKOi, — MPOCTO TIOCMOTPEB HA TO, YTO OIBITHBINA UTPOK BCE BPeMsI M30eTaeT Min
ybuBaeT uepernaiiek, Bbl TIOWMETE, YTO ITO Bpar ¥ ¢ HUM HYKHO MOCTYIATh UMEHHO TaK.
OTKy/a Bee 310 GepeTcst — MoKa ToKe 0 KOHIIAa He OHATHO; BO3MOYKHO, 13 PasBUBaIO-
mefics ceffuac B KOTHUTHBUCTHKe OailecOBCKOiT Teopuu cosHanus [25] (o GaiiecoBckom
HozIX0/Ie K 00y4€eHMI0 Mbl HAUHEM TOBOPUTD B pasziesie 2.1, a coBpeMeHHBIM Helipobaiie-
COBCKHM HCCJIe/JoBaHUsM TIocBATUM r1aBy 10), a Boamoskno, v HeT. Ho nmonsaTHO, uTo Ta-
KOTO POJIa PACCY>KIE€HUS UCKYCCTBEHHbIE HEIIPOHHBIE CETH CEIUac COBEPIIEHHO He yMe-
IOT BECTH, ¥ 9TO MOKET ObITh BaKHBIM HAIIPaBJIEHUEM JIJIS JaJbHEHIITIX UCCIIeI0BaHMIA.

Bo-BTOpBIX, JIOAW OYEeHb XOPOIIM B TOM, YTO HA3BIBAETCS NEPEHOCOM OOYUEHUS.
(transfer learning): Mbr MOKeM OBICTPO TIOCTPOUTH MOJENb HOBOTO OOBEKTA WJIH TIPO-
1ecca, OPosK/ast MPaBUJIbHbIE AGCTPAKIIUU U3 0U€Hb, OYeHb MAIEHBKOTO YHCIa 00yJa-
01uX 1puMepoB. M3BecTHo, uTo fetu ¢ Tpex g0 14—15 et uzyyaior B cpeztem 8—9 mo-
BBIX CJIOB KaKIbiil 1eHb . JIOBOIBHO OUEBM/IHO, 4TO OHM HE MOTYT TIOIYYUTh GOJIBIIOE
YHCJI0 PA3HBIX KOHTEKCTOB JIJIST KAsK/IOTO HOBOTO CJI0BA U IOJIKHBI 00YYaThCS 10 CUMTaH-
HBIM eIMHUTIAM TPEHUPOBOYHBIX TpUMePOB. Ceiluac HAUMHAIOT TIPOBOUTHCS UCCIIEN0-
BaHUsI O TOM, KaK [IepeHecTH Takoe o0ydeHue (ero 0ObIYHO HAa3bIBAIOT OOYUYEHUEM T10 Ofi-
HOMY IIpuMepy, one-shot learning) B HelipoHHbIe ceTH 1 MOAEIM MALIMHHOIO 00YY€eH s
B 11e710M. C oMoII[bio 6aiiecOBCKOTo MoAX0a K 00YIEHUIO YIKe TOCTUTHY T HEKOTOPBIE
yCIleX! B TAKUX 33jIa4ax, KaK Paclio3HaBaHKE PYKOIUCHBIX cUMBOJIOB [290] 1 peueBbIX
curasios [402], Ho ocHoBHast paboTa 31ech elie Brepeau. Hanpumep, B paszgese 9.4 Mbl
noroBopum o mporpamme AlphaGo, koropast HeaBHO OGeINIA YeJOBEKA-UEMITHOHA
B urpe ro. Cmosxker jim AlphaGo pasyMHO CBITPATh ¢ YEJIOBEKOM, HATIPIMED, B TO HA TeK-
CaroHaJIbHOUM WJIM TOPOUAAJIBHON flocKke? Bpsiyt in. A yesioBek, yMelOuil UTpaTh B TO,
alaliTUPYEeTCs MTHOBEHHO, U XOTsI, KOHEYHO, He CPa3y IOCTUTHET TeX JK€ BBICOT B HOBOM
BapuaHTe, CPa3y HAuHET UTPATh BITIOJIHE PA3yMHO.

B-TpeThux, HACTOSINM KaMHEM ITPETKHOBEHUs JJIsI NCKYCCTBEHHOTO MHTEJJIEKTA
ocraercst npuuunnocmsy (causality), To ecTh CITOCOGHOCTb PACIIO3HABATH ¥ BBIAESATH
«UCTUHHbIE TIPUYUHBI> HAGTI0aeMBIX 3((HEKTOB, CTPOUTH MOJIEJIH ITPOIIECCOB, KOTOPBIE
MOrJIu OBl TPUBECTH K TaKuM HabuogeHusm. Korma genoBek emotput Ha ororpacduio,
B €ro BOOOPaKeHUU 0OBIYHO CO3/IAETCsT HEKU I HAPPATUB, OObSCHSIIONIUI IPOUCXOISITIIEE

1 EcTh ccpuiku Ha HUHTEpECHbIE NCCIEOBAHNSA TOrO, KaK UMEHHO JETU 06y‘{aIOTCF{ HOBBIM CJIOBaM [51],
HO Ha CaMOM JieJjie 9TO OBOJIBHO OYEBU/IHOE paCCyiK/AeHNe: IIPOCTO pa3zieJnuTe CJIOBaprIﬁ 3alrac B3pOCJoro
JeJioBeKa (OKOJIO 30 ThICSY C]'IOB) HaTe 10 JIET, B TEYEHNE KOTOPBIX €TI0 OCHOBHAA MacCa IIapa6aTbIB€leTCﬂ.



1.6. Bneck v HULLETa COBPEMEHHbIX HEMPOHHbIX CeTen 35

Ha CHUMKe KaK CBSI3HYIO 110CJIe/J0BAaTeIbHYIO0 UCTOPUIO. A Korjla HepOHHAas CeTb I0-
POsKIaeT moamucy K GororpadusiM, HIYEro MoA0GHOTO HE MPOUCXO/NT; YacTO ObIBaeT
TaK, 4TO CeTh KOPPEKTHO PACIO3HAET BCE KITOYEBbIE 0OBEKTHI HA (HOTO, HO He MOXKET
CBSI3aTh X PABUJIBHBIM JIOTHYECKUM 06pazoM [274]. Dto, pasymeercsi, 06BIYHO CBsI3a-
HO U C BBIIIEYIIOMSTHY TBIMU UHTYUTUBHOU (DU3UKOM M UHTYUTUBHOM TICUXOJIOTHEN: OHU
MOMOTAIOT HaM BBIOPATh MpaBUIbHOE 00bscHeHue. [ICX0MOrnYecKie U KOTHUTHBHBIE
WCCJIE/IOBAHUS TTOKA3bIBAIOT, YTO TPUUYUHHOCTD B 9TOM CMbBICJIE MOKET MOSIBJISITHCS U HA
6oJiee HUBKOM yPOBHE: HAITPUMED, KITACCUYECKIE TEOPUU BOCIIPUSTHS PEUH YTBEPIKIA-
0T, YTO €€ TIPOIIE BCETO 00BSICHUTD Yepe3 «00palieHres YCABIIAHHOTO, PACTTO3HABAHIE
IBIZKEHUI PEYeBOro TPaKTa, KOTOPbIE MOIJIM Obl IPUBECTU K TaKUM 3ByKaM [418].

W Hakowel, o ropasio Jydille ymerom yuumocs. MiageHIbl y9aTcs OTHOCUTENb-
HO MeJIJIEHHO, HO 3aTE€M CTIOCOOHOCTD K 00YIEHUIO OCTENEHHO «PACKPYUYMBACTCSI», ¥ MBI
C BaMU OCBanBaeM HOBOe ropaszo 6osiee ahheKTUBHO, YeM UMEIOIUECST Y HAC IAHHBIE
MO3BOJINJIH OBI, HATIPUMED, COBPEMEHHBIM apXUTEKTypaM HEHPOHHbIX ceTeil. ITo MmoKa-
3BIBAET, UTO Y JIFOJEH TIPH 00YUEHUH MOSABJISIOTCS OUE€Hb CUJIbHbBIE OTPAHUIEHSI, AllPU-
OpHbIe pactpeiesieHust. [lepBbie maru B HAPaBJIEHUH TAKOTO «a0CTParuPOBAHUST> YIKE,
KOHEYHO, fiesiatorcst. Harpumep, I0BOJIBHO OYEBU/IHO, UTO JIaXKe CaMble Pa3HOOOPa3HbIe
CHUCTEMbI KOMIIBIOTEPHOTO 3PEHUs MOTYT IIeperCcIIOb30BaTh IlepBble YPOBHU aHaIN3a
n300paskeHusl, BbljeJeHne GA30BbIX MTPU3HAKOB, KOTOPBIE MOTYT OCTaBaThCsl OOLIMMU
IS CAMBIX PA3HBIX U300pakeH Uit (MbI TIOTOBOPUM 00 3THX YPOBHSIX U BOOOIIlE O COBPE-
MEHHBIX CHCTEMAX KOMITBIOTEPHOTO 3peHus B T71aBe J). OHAKO 9TO TIOKA BCE elIle TOTIbKO
HePBBIE IATH, TPUYEM OTPaHIMYEHHbIE KOHKPETHBIMU O0JIACTSIMU [TPUMEHEHUST — 3/1ECh
MBI ellle TOJBKO B Hayasie H0IBIIOTO My TH.

YTo K, COBpeMeHHbIE HEPOHHBIE CETH JIEMCTBUTENBHO ellle OUeHb JaIeKU OT <Ha-
CTOSIIIETO> MCKYCCTBEHHOTO MHTe/UIeKTa. Ho ecTh y crenuasncros mo riyboKuM ce-
TSIM ¥ MO3UTHUBHAS TIPOrPaMMa O TOM, Kak JBUTAThcs Bliepel. Tak, Hampumep, B pa6o-
te [361] usobperaresib caMOro MomnyasspHOro METOa PACIPEAETEHHBIX IIPEJCTaBICHUN
c710B word2vec (0 HEM MBI TTOAPOGHO TTOTOBOPUM B riiaBe 7) Tomanr MUKOJIOB 1 €r0 coaB-
TOPBI MOTIBITAIUCD U3JIOKUTD CBOE BUJCHUE TOTO, KAK HEHPOHHBIE CETH MOTYT JIBUTATHCS
B ctopony Al [To MHeHII0O MUKOJIOBA, €CTD /IBA OCHOBHBIX KAYECTBA «HACTOSIIETO» ITH-
TEJIJIEKTA, KOTOPBIE HY/KHBI, 4TOOBI IPU3HATH IIPOrPAMMY Pa3yMHOI:

* CNOCOOHOCb K KOMMYHUKAYUY, 4TOOBI TIPOTPAMMa MOTJIa MHTEPAKTUBHO 00IIATh-

€41 C JIIOBMU U TI0JIy4aTh MHAPOPMALIUIO 06 OKPYKaIoIieM MUPe; 1J1st 9Toro B [361]
[peJJIaraeTcsl UCIOJIb30BaTh €AWHBIN KaHajl CBs3W OOIIEro BUA, B KOTOPBIA
1 OOYYAIOIIUIACS areHT, U T€, KTO €r0 00yJatoT, MOTYT IHCaTh COOOIIEHNUST PAasHO-
00pasHoii (hopMbl;

* cnocobrocmo Kk 00yuenuro, 1 B 4aCTU COOCTBEHHO OOYyYEHMs, M B YaCTH MOMUBA-

Yy IS 9TOTO OOYUYEHUS, KOTOPas JOJIKHA TIPUXOUTH Yepe3 TOT CaMblil KaHa
JUIS1 KOMMYHMKAIIUU € OKPYXKAIOUUM MUPOM B (hopMe HOJIOKUTEIBHBIX U OTPU-
[ATENbHBIX CTUMYJIOB (KaK B OOYUYEHUH C TOAKPEIICHUEM ).

st aToro B pabore [361] nmpenaraercst OCTPOUTD CIIEIMAIBHYIO 9KOCUCTEMY ISt
06yYaIoONUXCS areHTOB, TIOXOKYI0 Ha KOMITBIOTEPHYIO UTPY. B 310t ak0OCHCTEME GyIeT
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Yyurenns (Teacher), ybe moBeeHwe TOJHOCTHIO KOHTPOJIUPYETCS SKCIIEPUMEHTATOPA-
M, 1 Yuenuk (Learner), KOTOPOro Mbl, COOCTBEHHO, 1 BbipalnuBaeM. OHU 06IIAr0TCS
yepes BblleO3HaYeHHbII KaHall CBA3Y, 110 KOTOPOMY TaKsKe OT/IeJIbHO 11ePealoTCs CTH-
MYyJIbI (Harpapl) 3a JKejlaeMoe U HeKeJlaTelbHOe MoBe/leHue YueHnka. Mes cucremMs
COCTOWT B TOM, YTOOBI YUHUTENb MOCJIEA0BATEILHO 00yvas YYeHuKa 3a/lauaM BO3pacTa-
IOIIEN CJIOKHOCTH:

* cHayasa IpocTo obpaliaTh BHUMAHKME HA TO, YTO FOBOPUT Y UUTe b, U IIOHUMATD,
YTO 9T KOMAH/IBI M OTBETHI KAK-TO CBA3AHBI C HArpagaMu;

* 3aTeM Tof[aBaTh KOMaHIbl TPaBUJIBHON (DOPMBI 17151 OKPY>KAOTIEN CPeIbl, Mccie-
JIOBATh €€ U IBUraThCs B HEll (9Ty Cpelly MOKHO IIPECTaBJIAThH cede KaK KOMIIbIO-
TEPHBIN TEKCTOBBIN KBECT U3 KOHI[A BOCODMUECATHIX: Y UEHUK MUIIET KOMAaH/IbI
Bpoze move left, open door wmu look around, a cpena coo61maer pe3ynbTaThl U Bbl-
JIaeT Harpaibl 110 HeOOXOAUMOCTH );

* 060011aTh OT/IETbHBIE KOMaH/IbI, 3aMeUaTh B HUX 3aKOHOMEPHOCTH; HAITPUMED, BbI-
JEJIATH KJIACC «0OBEKTOBY, HAJl KOTOPBIMU MOKHO TIPOBOIUTH OINHAKOBBIE MAHU-
MY JISIITAH, WJTA KJIACC «KOMaHJI TOBOPOTa» B PasHbie CTOPOHHI;

* 3aTeM HAay4MThCS CJIeJ0BaTh KOMaHAaM OoJjiee BBICOKOTO YPOBHsI, HalpyMep
«IPOUIM BIIEPE] [Ba pasa» WK «Halau sS0JI0K0»;

* TEPENTH K NHTEPAKTUBHOMY JIMAJIOTY € YUUTEIEM, KOTZIa Y YUUTEIs MOKHO BbI-
SICHSITh KaKyI0-TO HH(MOPMAIIIO, HEOOXOAUMYIO JIJIsT BBIIOJTHEHHSI KOMaH/IbI (Ha-
IPUMED, Tile HaXOAUTC TO caMoe 10JI0K0);

* W HaKOHeIl, 106PaThCs [0 PeaIM3aliy HACTOSAIIMX aJITOPUTMOB, TO €CTh HAYYUTh-
Cs1 TOJIaBaTh B OKPYKAIONIYIO CPEY KOMAH/IbI C IIUKJIAMU U YCJIOBUSIMHU, JIJIST KO-
TOPBIX OKPYZKAIOINAsT CPEIa MOXKET BBICTYTIATh KAaK MTPOCTON KOMITBIOTED.

[TepexoauTh MeX Iy 9TUMU «YPOBHSIMHU> MOKHO 32 CUET UBMEHEHNUS CTPYKTYPhI BO3HA-
TPaKACHUN: KOra YUNUTe/b BUIKUT, YTO Y YeHUK OOYUIHJICS JaBaTh MIPOCThIE KOMAHIBI,
OH TIEPECTAET TIOOMIPSITD 32 JI0ObIe KOPPEKTHDBIE KOMAH/IBI U HAYMHAET BO3HATPAXKIATH
TOJIBKO 32 TPUBOJIAINNE K HY:KHOMY 9(deKTy; 3aTeM «HYKHbIE 3DPEKTHI> YCIOKHSI-
I0TCS U T. . MUKOJIOB C COABTOPAMU MUIIYT, YTO OCHOBHBIM KOMIIOHEHTOM CHUCTEM, KO-
TOPBIE MOTJIH GBI OOYYUTHCS aGCTPAKTHOMY MBINLJIEHHIO, IOJIKHA CTATh 0JTOCPOYHAST
HaMATh B TOM MK MHOU (hopMe; OHA JI0JIKHA OBITH CIIOCOOHA XPAHUTh 00YUEHHBIE MOJIE-
JIBIO TATTEPHBI TIOBEIEH ST, IPUCBAMBATD UM SIPJBIKH (HATIPIMED, 3aTIOMHUTD, YTO TAKOE
«HATH SI6JIOKO» ) U 3aTEM <«/[OCTABATH> HYKHbIE TIATTEPHBI 10 3TUM sipJibikam. Cyiite-
CTBYIOIIME Cefiuac HEeMPOHHBIE CETU BPSJL JIU CIIOCOOHBI K TAKOMY YPOBHIO aGCTPaKIIUK
NPU UHTEPAKTUBHOM 00YYEHWUN; HYKHBI HOBBIE W/ICH.

MBI Tak MoAPOGHO OTUCAIN ATY CHCTEMY He TIOTOMY, YTO BEPUM, OYATO OBl KIMEHHO
OHa HEMPEMEHHO MPUBEJIET K CO3/IAaHNI0 Pa3yMHBIX KOMIIBIOTEPOB B OJIrKaiiiiem Oy ry-
mem. Ckopee Ha060POT, MBI TIPUBEJH STOT IIPUMEP JIJIST TOTO, YTOOBI CTAJIO HOHSITHO, 4TO

1 O6paTI/ITe BHUMAaHMeE: B 9TOI CUCTEMe TIpearioaaraeTcs, 4YTo Harpabl onpeaejeHbl OTAEJIbHO, y‘leHHKy
HE HYXHO IIOHUMATb, 9TO IIOJIOKUTEJIbHAA Harpajla — 3TO XOPOIIO. B 1IeJI0M, Hp06J'ICMa MOTUBAIIMU U 1ieJe-
[0JIaraHus [OKa OCTaeTcsi GOJNbHBIM BOITPOCOM MCKYCCTBEHHOT'O MHTEJIJIEKTA.
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XOT$I COBPEMEHHBIE MOJIEJT MAIIUHHOTO 00YUYEHVSI U JIEJIAI0T MHOXKECTBO TIOTPSICAIOTIIX
Bellleld, TOCTEIIeHHO IIPEBOCXO/IS1 YeJI0BEKa BO MHOTUX paHee HeJJOCTUKUMBIX JJIs KOM-
TbIOTEPA 00TACTSX, 10 «<YHUBEPCATHLHOTO YEPHOTO SITIUKA» , KOTOPBIH MOT GBI CAMOCTOSI-
TEJLHO 00YUUTHCS AEHCTBOBATH B HOBOU OOCTAHOBKE, KAK 9TO JIE/IAET YEJIOBEK, TOKA eIle
OYeHb, OUEHb JIaJIeK0. Tak 4To HaM MIPUAETCS 3aKOHUUTD 3Ty BBOAHYIO IJIaBY HE 3aKPbI-
TOM, @ OTKPBITOI KaJIeHIMEN: HECMOTPSI Ha BCE TPOMKHE YCIIEXH, Y MAIIUHHOTO 00yJe-
HU4 Bee ellle BIlepe, U BIIOJIHEe BO3MOXKHO, YTO OT Bac, IOpOrue YuTaTen, 3aBUCUT, Kak
OBICTPO MBI CMOKEM OT CMEJIBIX MEUTAHUI O TEKCTOBBIX KBECTAX JIOUTH JI0 HACTOSIIETO
HCKYCCTBEHHOTO MHTeJIeKTa. Jlep3atite!



['naBa 2
IIpenBapurenbHbIe CBeqeHNS,

unu Kypc monodozo 6otiua

TL;DR

Bo BTOpOIi r1aBe Mbl M Kpatkuii 0630p MpeaBapuTEIbHBIX CBEAEHUH, TpeOy-
IOIUXCST TSI TOTO, UTOOBI JaJibllie MePeiTH HEeMOCPEICTBEHHO K HEHPOHHBIM CETSIM.
A UMEHHO, MBI PACCMOTPUM:

* OCHOBBI TEOPUH BEPOSATHOCTEH, TeopeMy baiieca 1 BepOSITHOCTHBIN MTOAXOM K Ma-
HIMHHOMY 00YUYEeHMIO;

* (pyHKIUY OMMOKY B MAITUHHOM OOYYEHUU U PETYJISPU3AIIUIO;

* pasimyne MeXIy perpeccueit u kinaccudukaipei, GyHKIUNA OMMOKK [JIsT K1ac-
cuuKaIuy;

* TJIABHBIM METOJI ONITUMU3AINY B HEMPOHHBIX CETSAX — IPAJIMEHTHBIN CITYCK;

* KOHCTPYKIMIO rpaa BBIYUCTEHUN U aJropUTMbI 1 GepeHIInpoBaHms Ha HeM,;

* W HaKOHeIl, IpaKThyeckoe BBerenue B oubimoreky TensorFlow, koTopyio Mbl Oy-
JIeM HMCII0JIb30BATh [IJIsI IPUMEPOB B 9TO KHUTE.
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2.1. TeopeMma baneca

B pabote npeasioxkeH HOBBII MOAXOM K aKTyalTbHOU mpobieme —
NyXOBHO-HPABCTBEHHOMY BOCTTUTAHUIO MOJIONIEKH. B X0z1e nccmeno-
BaHMs YCTAHABIMBAETCS, YTO MIPAKTUUECKH BCE OCHOBOIOTIOKHIKHI
TEOPUU BEPOSTHOCTEN UMEJH NPSMOE UM KOCBEHHOE OTHOIIEHUE
k Casroii llepksu. Cirydaiino nim 3aKkOHOMEpPHO TaKoe COBIaileHue?

C. H. /l[sopssimxuna. Ponv mamemamuxu ciyuaiinozo
8 OYX0BHO-HPABCMBEHHOM BOCHUMAHUL MOJLOOCICU: MOUCK UCTIUIDL,
Becmuux MTOY, Cepusi «Iledazoeuxas, Ne 4, 2009, c. 79—84

Bepa u BeposITHOCTD — O04€Hb OJIM3KH JIPYT APYTY He TOJIBKO (hu-
JIOJIOTHYECKU.

K. A. Yxeuose, us nucoma H. B. Yempsinosy

B 3T0if riaBe MBI IOTOBOPUM O HECKOJBKUX OCHOBOIOJATAIOMNX JJISI MAIIMHHOTO
o0yUeHMsT Belax, MPUBEeM HEOOXOMUMBIE TIPeBAPUTENbHbIE CBEEHUST O T€X pasiie-
JIaX MATeMaTHKH, KOTOPbIE TOHAI00SITCS [JIs IOHMMAH S TATbHEHIIEro, a TAKIKE [Ma/[iM
npakTudeckoe BBefenue B 6ubmorexy TensorFlow, kotopast 6yzer ucmonb3oBarhest
B GOJIBITMHCTBE TIPIMEPOB KHUTHU. JTa ryaBa HaKTUIeCKN HIKAK HATIPSIMYIO HE CBsI3aHa
C HEHPOHHBIMU CETSIMU, 1 UCKYIIEHHBIA YUTATEND €€ BIIOJIHE MOKET MPOIYCTUTH 6e30
BCSIKOTO yirepda asst mornmanust. OHako Bo3bMeM Ha cedst PUCK TOPEKOMEHI0BATH YN~
TaTEeJIo YyTh MEHee ONBITHOMY BCe JKe TPOOeKaTh 9Ty IJIaBY IIa3aMi — BO3MOJKHO, BbI
HaiizieTe 371eCh UTO-TO HOBOE.

[TepBbIit CIOKET, BAsKHEHTINH HE TOTBKO IS 00y IeHNUsT TITyOOKUX HEHPOHHBIX CETENH,
HO U JIJISI BCETO MAITUHHOTO 00YUYEH I, — 9TO 8ePOSMHOCHASL MHTEPTIPETATINST MATITHH-
HOTO 00y4eHUst U BOOOIIe 6ailecogckuil B3TIIsI] HA OKPYysKaromuil Hatt Mup. Kak MbI yxe
BUJIEJIN B IIPE/IbIYIIEN TJIaBe, MANMHHOEe 00yJYeHne — 9TO HayKa O TOM, KaK Ha OCHO-
BaHUU JIAHHBIX [leJIaTh BBIBO/bI, OTKY/A 9TH JJaHHbIEe B3SIUCh, U MPEACKa3aHUsI, KaKKe
JIaHHbIE BCTPETATCS HAM B GyaymieM. Baxkno, 4To semaTh TOUHbIE BBIBOABI HEBO3MOJK-
HO: IPOIIECCHI, TPUBOASIINE K TOPOXKACHNIO TAHHBIX, CIUIITKOM CJIOKHBI TaKe B CAMBIX
MPOCTHIX CIyyasx . Harmu Monesi Beeria, nen30ekno 6yayT comepskaTh HEKOTOPYIO 10~
JII0 HeonpederenHocmu; & MAaTeMAaTHIeCKOe OIICAHNe HEOTIPeeJIEHHOCTH 1 OTlepaluil
€ Heolpe/leJIEHHbIMU BeJIMYMHAMU JlaeT Kak pas Teopus BeposiTHocTeil. bosiee Toro, Be-
POSITHOCTHBIH TOAXOM K 0OYUEHHIO 3a4acTyIO TIO3BOISIET HAM HE TOJBKO JIeJIaTh MPef-
CKa3aHMUs, HO U OI[eHNBATh, HACKOIBKO MBI YBEPEHBI B 9TUX MPE/ICKA3AHUSAX.

' TIpocreiimmuit mprMep: ec/i 3HATH 3apafee BCe MapaMeTPEl 6POCKa MOHETBI: HaqaIbHyTo CKOPOCTh, CO-
CTOSTHIIE OKPY’KalOIIeTo BO3/lyXa, paclpeie/ieHie MacChl 1 T. I1., TO TEOPETUYeCKH BIIOJIHE BO3MOKHO PacCym-
TaTh ee MoJIeT U 0CTaTOYHO yBepPeHHo Mpe/IcKa3aTh, YeM OHa BbinajieT. Ho 3To HaCTONIBKO C/I0KHO, YTO MBI He
3a/[yMBIBasICh MCHOIb3yeM MOHETY KaK YeCTHBIN reHepaTop CAy4aiiHbIX YHCelI.
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[ToaTomy MaruHHOE 06y4YeHre Kak HayKa OCHOBAHO Ha Teopru BeposiTHocTei. Kera-
TH TOBOPSI, UMEHHO B 00yY€HUN HEHPOHHBIX CeTel 3TO He BCera mpocTo 3aMeTuTh, Hu-
JKe MBI YBU/IUM, YTO HEHPOHHBIE CETH MOKHO MHTEPIIPETUPOBATH TAK: MBI BBOJIUM HEKUE
JIOBOJTBHO JIOTUYHBIE TIesieBble (PYHKITUH, & TOTOM UX ONTUMHU3UPYEM; BOT U BCE, TP YeM
TYT BepOATHOCTU. T'eM He MeHee Mbl CKOPO YBUJIMM, YTO TEOPH:S BEPOSITHOCTEN BCe PaBHO
aBJigercs TeM yHIaMeHTOM, Ha KOTOPOM OCHOBAHO BCe ITPONCXOo/idlllee, U yCTOMYNBOe
BJIaJIeHUE OCHOBAMU 9TON HAyKK COBEPIIEHHO HEOOXOAMMO JJIsi TIOHUMAHUS U JaHHOI
KHUTH, W IPYTUX KHUT O MAITHHHOM O0yY€eHWU.

Ha atom MecTe unTaresb, BOCIUTAHHBIN KJIACCUYECKUMHU YHUBEPCUTETCKIMU Ky P-
caM¥ TEOPUHU BePOSITHOCTEN [595—597], HaBepHsTKa HETOBOJIBLHO MTOMOPIITHJICS: B TOJIOBE
€r0 TPOMEJTBKHYJIHU TTOJTY3a0bIThIE OTIPEeIeHUS GOPENTEBCKUX TIOMHOKECTB TPOCTPAH-
crBa R™, anre6pbl 1 curMa-anrebpbl, BEPOSITHOCTH Kak MEPBI HA CUTMa-anrebpe Gopeses-
CKUX TIOJ]MHOKECTB U T.[I., ¥ T.T. V] 1elicTBUTeNbHO, KOT/Ia HA TEOPUIO BEPOSITHOCTEN
HAYAJIN CMOTPETD KaK Ha TEOPUIO MEPDI, OBLIT C/IEJIaH OJIUH U3 BAKHEUIINX IAroB K Gop-
MaJIM3aIMK epBoil: akcnomaTika Komvoroposa! mopasuresbHo moxosxka Ha akCHOMbI
TEOPUU MEPBI, U ATOT €IMHBII B3TJISA/] IO3BOJINJI CUIIBHO PA3BUTh TEOPUIO BEPOATHOCTEN
KaK HayKy.

Ommako Hatma 3agava mpotie. [[7st TOro 4TOOBI YUTaTh ITY KHUTY ¥ BOOOIIIE ST TO-
ro 4TOOBI IOHMMATh MTOYTH BCE ITPOUCXOJISIINEE B COBPEMEHHOM MAITHHHOM 00yYeHUN
(xpoMe, BO3MOKHO, HEKOTOPBIX ITOKA YTO JOBOJIbHO 330TeprUecKnX obacTeil baiiecos-
CKOT'O BBIBOJIA), BIIOJIHE JIOCTATOYHO HE BCIIOMHUTDH LIEJIMKOM YHUBEPCUTETCKUN KypC
TEOPUN BEPOSITHOCTEH, a BOCIIOJIB30BATHCS TEM, YTO OOBIYHO B PEATHHOCTH OCTAETCS
B T'0JIOBE II0CJIe TOI0, Kak Bbl 3TOT Kypc Ipociayuany. [l ganbHellero HaM BIOJIHE
JIOCTaTOYHO ITOHUMATh, YTO:

* OBIBAIOT JMCKPETHBIE CJyYAliHbIEe BEJMUMHBI ¢ KOHEUHBIM MJIU CYETHBIM HAOOPOM
MCXOMIOB; KAYKIOMY U3 CBOUX CXOJIOB OHU ITPUCBANBAIOT HEOTPUIATEIbHYTO BEPO-
SATHOCTH, ¥ BEPOSITHOCTH UCXO/I0OB B CyMMe JIAI0T €JMHUILY; KJIacCUYecKuil u (hak-
TUYECKH eIMHCTBEHHBIN TPUMED 311ech — Gpocanune KyOnKa;

! Koamozopos, Andpeii Huxonaesuu (1903—1987) — coBeTcKuii MaTeMATHK, OJUH U3 BeJIMYANIIIX MaTe-
MaTnkoB XX Beka. B ronoctn KosmMoropos 3anumMaiicst HCTOpHei, a Io3sKe JI0GHIT PACCKa3bIBATh, KAK YIIENT U3
Hee: OKa3a/l0Ch, YTO B UCTOPUM KAXKIBIN BHIBOJL IOJIKEH OBITh TIOJKPEIJIEH HECKOJIBKUMU JI0KA3aTETLCTBAMU,
1 KoJIMOropoB «penmut yiiTi B HayKy, [/ie OJIHOTO JI0Ka3aTeIbCTBa ObLI0 Obl JOCTATOUHO>. MaTeMaTHIecKy1o
Kapbepy OH HAyaJl ¢ MATEMATHYECKOTO aHaN3a, GBICTPO TIEPEIIEN K OCHOBAHUSAM MaTEMATUKH, I0Ka3aB BakK-
HbII pe3yJsbTaT 00 MHTYUIMOHUCTCKOIL JIOTHKe, a 3aTeM Iepeles K Teopuu BepositHocTeil. Kommoropos —
GYKBAJIBHO CO3/ATENb BCEH COBPEMEHHOI TEOPUT BEPOSTHOCTEN; OH MEPBBIM CHOPMYINPOBAT AKCHOMATHKY
TEOPUU BEPOSITHOCTEN, OCHOBAHHYIO Ha TEOPUY MEPBI, 1 I0Ka3aJl PsiJl OCHOBOIIOJIATAIOIIUX pe3yJibTaToB. U Bce
9TO OBIJIO JIMIITH TIEPBBIM B3JIeTOM TBOpUecTBa Kosmoroposa; cirenyomuit mpummescs Ha 1950-e rozsl, koraa
Annpeit HukonaeBud moIyyiiI BIZIAIONINECS PE3YIbTATEL O IHUHAMIYECKUX CHCTEMAX, HeGeCHOI MeXaHuUKe
u nipezcTasaenns pynknnit. B undopmarike Kosmoropos npeaokn HoBoe TOHATHE alTOPUTMa U Pa3pa-
60TAJ TEOPUIO TaK HA3BIBAEMON KOJIMOTOPOBCKOU CJIOKHOCTH... HET, TOJIS 9TOM KHUTH CIIUITKOM MAJIBI [JIst
Beex ero poctukennii. Keraru, B uckyccrsennpiit nuresiext Kommoropos Bepui; B crarbe [590] on mmca,
YTO «IPUHITMITHATBHASI BO3MOKHOCTD CO3/IAHUS TTIOJHOI[EHHBIX JKUBBIX CYIECTB, TOCTPOEHHBIX TOJTHOCTBIO HA
JUCKPETHBIX (IUBPOBBIX) MEXaHU3MAaX MepepaboTKy MHPOPMAIMN U YIIPABJIEHHUS, HE IPOTUBOPEYUT MPHH-
I[IIIaM MaTePHATNCTIHYECKO INATEKTHKI».
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* OBIBAIOT OZIHOMEPHBIE HENPEPBIBHBIE CITyYaiiHbIe BEJMUMHBL, Y KOTOPBIX HAGOP HC-
XOJIOB TIPEICTABJSIET COOOU BEIIECTBEHHYIO MpsiMyto R; TOrga BEPOSITHOCTH OT-
JIEJIbHBIX UCXO/IOB MPEBPAIIAOTCS B Qynkyuto pacnpederenus F(a) = p(x < a)
U ee IIPOM3BOAHYIO (B 9TOM MecTe MOKET OBITh MHOT'O CJIOKHOCTEH, HO IIPaKTHYe-
CKM Bcerja B Hammx rnpumepax GpyHkuus F Gyer HelpepbiBHO AnddepeHnupy-
€MOI1 ), IOMHOCTb PACHPeOeseHUSL:

Telepb He CyMMa, a MHTETPaJl HEOTPUIIATEIbHON (DYHKIIMK IJIOTHOCTU JOJIKEH
OBITH PaBEH CMHUIIE:

o0
/ p(z)dz = F(00) — F(—00) = 1.
—0o0

Bce atu onpezesienist 1o CpaBHEHUIO € «HACTOSIIEH» TEOPHEl BEPOSITHOCTEH CHJIb-
HO YITPOIIIEHBI, 1a ¥ BOOOIIIE He 0ueHb (hopManbHbl, Ho 1151 Hy K/ MAITUHHOTO 00y YeHsT
uX HaM GyJIEeT BIIOJHE JOCTATOYHO.

Wnem panpine. Cosmecmuas 6epossmmuocms — 3TO BEPOSITHOCTb OJJHOBPEMEHHOTO Ha-
CTYTUIEHUST IBYX COOBITUH, p(x,y). Tpy6o TOBOPSI, ecaiu eCcTh [1Ba KyOHKa, Ha KaXKIOM U3
KOTOPBIX MOTYT BBITIACTh YHcyaa oT 1 10 6, TO MBI MOKeM pacCMOTPETh HOBYIO CJIydaii-
HYIO BEJIMUKMHY «JIBa KyOUKa», y KOTOPOit OyayT BoaMoxkHbie ucxoxst (1,1), (1,2), (1,3)
u Tak pasee 110 (6, 6), Bcero 6 X 6 = 36 ucxo/0B. /[Be caydaiitibie BeTUYMHbBI HA3BIBAIOTCS
He3aBUCUMBIMU, €CITH:

p(x,y) = p(x)p(y).

OGparute BHUMaHHUE, YTO HE3aBUCHMOCTh B TEOPUU BEPOSITHOCTEN OIPEIe/IseTCsT
cyry6o dopmasibHo. Ee He Hajio myTaTh HY C OTHOIIIEHUEM «IPUYHHA — CJIEICTBUE> (Ka-
Y3aJIbHOCTBIO ), KOTOPOTO MEXK/Y 3aBUCUMBIMU CJIyYAWHBIMU BeJIMIMHAMH MOKET U He
ObITh, HU C KOPPEJSIIIUEN, KOTOPasi OTPAKAET TOJBKO JUHEHHYIO JACTh 3aBUCUMOCTH
MEXKy CIy4allHBIMM BeJIMYUHAMU.

YTo6BI TOMYIUTH OGPATHO 3 COBMECTHO BEPOSTHOCTH BEPOSTHOCTD TOTO UJIU HHO-
TO FICX0/1a OJTHOU M3 CIYYaWHBIX BEJINYNH, HYy>KHO IIPOCYMMUPOBATB TI0 IPYTOM:

p(a) = plx,y).
Yy

ITOT IPOIIECC MHOTAA HA3bIBAETCSI YMHBIM CJIOBOM MAP2ZUHANUIAUUSL: €CII PACCMOT-
PeTh €€ B CJIydae HeNPEPhIBHBIX CJIYYaHBIX BEJNYNH, OJIYYNUTCS, YTO MBI (PaKTHYECKU
IIPOEIMPYEM IByMepHOe PaclipeiesIeHIe, TOBEPXHOCTD B TPEXMEPHOM ITPOCTPAHCTBE, Ha
OJIHY U3 ocell, 1oIy4as GyHKIUIO OT OJHOM IepeMeHHOI:

p(z) = /Yp(x, y)dy.
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Yenosnas eeposmuocmy — BePOSITHOCTH HACTYILIEHUS] OTHOTO COOBITHSI, €CJIU W3-
BECTHO, YTO TIPOU3OILIO APYTOe, p(z | y); ee 0OBIYHO OnpenesioT OPMaTbHO TaK:

_ plz,y)
plz|y) =—"".
p(y)
AHB.JIOI‘I/I‘{HO O6bI‘lHOfI HEe3aBUCUMOCTHU MOJKXHO Tenepb OHpe,Z[EJII/ITb yC/ZOGHyTO He3da-

BUCUMOCMY: T W iy YCIIOBHO HE3ABUCUMBI TP YCJIOBUH Z, €CJIN

p(x,y | 2)=px|2)py|=2).

Yt06bI MPOUILTIOCTPUPOBATH BCE ITH GA30BBIE OMPEIEJIEHNS, B KAUECTBE TPUMeEpPA
paccMOTPUM U3BECTHBIN «I1apasiokc» Montu Xosuia (B KaBbIYKax II0TOMY, YTO HUKAKO-
O mapajioKca 3/1ech Ha caMoM JieJie HeT). [IpecTaBbTe cebe, 4TO HA UTPOBOM IOy yca-
TBIU BEYIIUN MIPE/JIaraeT BaM BBIOPATh U3 TPeX aGCOMOTHO OANHAKOBBIX MIKATYJIOK:
B OJTHOM M3 HUX JIeXKaT JE€HBbIH, B IBYX /IPYTUX HUYETo HeT. BBl MpUHNMaeTe peleHwve
(110Ka YTO y Bac HET HUKAKUX OCHOBAHUI IIPEANIOYECTb OJIHY U3 MIKATYJIOK ), IOCJIE YeTO
BEYIIMIT OTKPBIBAET OJIHY M3 JIBYX OCTABIIUXCS W IMOKA3bIBAET, UTO B Hell mycTo. Ove-
BUJTHO, OH BCET/Ia MOKET TaK CIETaTh: aske eCIM BbI BHIOPAIH MyCTYIO TIKATYJIKY, U3
JIByX OCTaBIIMXCS BCE PAaBHO OJIHA I1ycTas Haizercs. U tenepb HacTyaeT MOMEHT MC-
TUHBL: BELYIUI TIPe/JIaraeT BaM M3MEHUTDH CBOE PEIlleHUe U B3sITh BMECTO BBIOPAHHOMN
Ty MKATYJIKY, KOTOPas 0CTalach 3aKPhITON. BBITOIHO i BaM 3TO /lenath?

MHorne mpeanosaraoT, YT0 HeT HUKaKOH pa3Hutibl. U eficTBUTEIbHO, PACCMOTPUM
COOBITHST HAJIMYUS JICHET B TPEX MIKATYJIKAX, 0003HAYNB UX YEPES 1, T2 U T3 COOTBET-
cTBeHHO. VI3HAYATIbHO UX BEPOSITHOCTH ObLIN PaBHBL p(x1) = p(x2) = p(x3) = % Ecan
OBI BEIYTIHI TIPOCTO OTKPBLT OIHY U3 TKATYIOK (JIJIsT OTIPENETeHHOCTH MyCTh 9TO Oy-

IIET x3) /10 BaIllero BHIOOPA, TO [IBE IPYTHE MIKATYIKM OCTAIICH ObI PABHOBEPOS THHIML:

p(x1|x3=0):p(x2\x3:0):%.

Ho cTpykrypa akcriepumenta ycrpoena cioxnee! Beyiuii oTkpbIiBaeT He ciydaii-
HYIO TIYCTYIO IIKATYJIKY, & OJHY U3 JBYX HE BBIOPAHHBIX UTPOKOM. [103TOMY COOBITIHSI
«KaKy10 13 JIBYX [TyCThIX MIKATYJIOK OTKPBITh> U «JI€KAT JIM JIEHbIU B BBIOPAHHON BaMU
MIKATYJIKe> CTAHOBATCS 3aBUCUMBIMIEL. JlaBaliTe 6e3 moTepu oBIHOCTH MPEOIOKIM,
YTO BBl M3HAYAIHHO BHIOPAIU MEPBYIO MIKATYJIKY, @ BBIOPAHHYIO BEAYIIUM ITKATYJIKY
0603HaYM uepes y. ByaeM npeanonarars, 4To eCJiv A€HbIM AEHICTBUTETBHO JIEKAT B BbI-
GpaHHOI BaMu IIepBOi mKatyake (z1 = 1), To BeAyIUil BHIOMpaeT OHY U3 ABYX IIyCThIX
paBHOBEpOATHO. Torna coBMeCTHBIE BEPOSITHOCTH PA3JIOKATCS TaK:

o

)

N

; plzz=1y=3) =

W =

1 9TO COBCEM HE IIOXOKE Ha OlIpe/iejieHNE HE3aBUCUMbIX BEJIMYWH, HpaBaa?
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BepHeMCH K ITapaZlOKCy MonTu XoJjia 4YyTb IIO3JKE, a ceifgac IIPOOJIZKUM Pa3roBop
06 ocHOBax Teopun BepOHTHOCTefI. IIo OIIpeAcJICHUIO YCJIOBHOP,I BEPOATHOCTHU!

p(z,y) = p(z | y)p(y) = p(y | ©)p(z),

" Tenepb MOKHO BbIPAa3UTh, HAITPUMED:

- p|yply)  pl]yp(y)
p(x) Syey e |y )ply)

p(y| =

Crom. Ilocnennsis dbopmysa, KOTopasi y HAC MOJIYYUIACh, — 9TO, KOHEUHO, BCETO
JIUIIb OU€HB ITPOCTOE (hOPMAIbHOE CIIEZICTBYE OTIPE/IeIeH s YCIOBHO BeposiTHOCTH. Ho
BMeCTe C TeM 9TO caMast TJIaBHast (hOPMyJa BCETO MANTHHHOTO 00yUYeH s, — Gopmyrda,
WA meopema Baiieca'. B weil eficTBUTEIBHO HET HIYETO CIOKHOTO, OLHAKO UMEHHO
BBIBOJIBI, OCHOBAaHHbIE Ha TeopeMe Baiieca, CTaHOBSTCSI KITIOUEBBIMU U B MAIITHHHOM 00y -
YEHUU, U IPOCTO B HAIIWX KUTENCKUX paccyxaenusix. /leno B Tom, uto popmyJia baiteca
I03BOJISIET ITEPEOIIEHUBATH HAIIU ATIPUOPHBIE ITPEACTABIEHNS 0 MIPe (B GOpMYJIe BhIlle
370 p(y)) HA OCHOBE YacTUYHON nHbOPMAIH (JIAHHBIX ), KOTOPYIO MBI TOJIY4YNJIHA B BU-
ne Habmopenuit (B hopmyie Boiie 570 p(z | y)), B Ka4eCTBE BHIBOJIA MOTyUast HOBOE
COCTOSTHME HAIIMX TIpeicTaBieHuit p(y | ).

O TaKkoit MHTEPIIPETAIIMY MBI ellle TIOTOBOPUM HIKE,  Ha TOM MeCTe, TTOXKaIyil, He
VIAEPIKUMCSI OT TOTO, YTOOBI TIPUBECTH TIPUMED U3 KIACCHIECKON 00JaCTH TPUMEHEHIST
CTATUCTUKU — MEAUIMHBL Ero MOCTOSTHHO TPUBOAAT B KHUTAX U JIEKIUSIX 0 GaliecoB-
CKOM BBIBOJIE U MAIIUHHOM OOYYEHUH, HO OT JIOJITOTO yIOTPeOIEHUsST OH HE TOJIBKO HE
UCTEPCs], & CKOPee Jaxe 3acHsiI HOBBIMU KPACKAMH.

[IpeamooKMM, 9TO HEKHIT TECT Ha KaKyI0-HUOYAb CTPAITHYIO G0JIE3Hb NMEET BEPO-
ATHOCTD ycrexa 95 %; uHaue roops, 5 % — 9T0 BEPOSITHOCTD KaK OIIUOKH IIEPBOro Poa
(soxHOTrO cpabarbiBanus, false positive), Tak 1 ommOKku BTOporo poja (1poiycka 60Jb-
HOTO 4esioBeKa, false negative). Ilpeanonoxum Takxke, 4to 60I€3Hb OUEHb PACIPOCTPA-
HeHa 1 uMeeTcs y 1 % pecrionzieHToB. OTI0KUM HA BPEMSI TO, YTO PECTIOHJIEHTHI MOTYT
OBLITH PA3HOTO BO3pacTa 1 mpodeccuit — Gy/IeM TTPEAIONAraTh, 4TO GOTLHbIE JIOIN B Ha-
TIEM HKCTIEPUMENTE BEIOUPAIOTCS M3 TOMYJISINN CTyIaiiHO ¥ PABHOMEPHO.

[Tycth Tenephb HeKwil yegoBek (BCe TakK JKe CJAYYaiiHO M PABHOMEPHO BBIOPAHHBIIT
13 TOMYJISAIUN) TOJYYUJ TIOSUTUBHBIN PE3YJIbTAaT TECTa, TO €CTh TECT TOBOPHT, UTO
crpaiHast 6oJie3Hb y YeoBeka mpucyTcTByeT. C KaKkoit BEPOSTHOCTHIO OH IEHCTBUTEN -
Ho 6osren? [TompobyiiTe, Ipeskie YeM MOACYUTATD MU TIPOYNTATH OTBET, OIIEHUTH CBOIO

! Tomac Baiiec (Thomas Bayes, 1702—1761) — anrmuiickuil IpecBUTepUAHCKMIT CBAIIEHHIK, 6OTOCIIOB
n MatemaTuK. [Ipu skusnu Baiiec omy6imkoBa TobKo aBe pabotsl: «Biarocts Focioans, nian [omnbitka Jlo-
Ka3aTh, 4To Koneunoii Ilempio boxxectBennoro IIposunenns n Hanpasnenns Asasercsa Cuactoe ero Cosma-
uuii> u «Beenenue B Jlokrpuny Dmokcnii u 3amura Martemarukos ot Bospaskenuit ABropa “Ananutuka”s.
Bropas pa6ota Gblia omy6aMKOBaHA aHOHUMHO; B Hell Baiiec saiuimas MaTeMaTHIecKuii aHaIn3 OT KPUTH-
ku [[xxopmxa Bepkim. Kiouesast st nac pabora Baiteca 6bita ommy6KoBaHa TOIBKO TOCMEPTHO, TI0 TIPE-
crasaennto Puyapna [Ipaiica. OxHako coBpeMeHHUKN X0opolio 3Hasm Baiieca kKak MareMaTHKa: HECMOTPSsI Ha
oTcyTeTBHE OUIMATBHBIX paboT, B 1742 roxy ero nsbpanu B wienst Jlongornckoro Koposesckoro obmuiectsa.
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MHTYMLUIO: KaK Obl BbI OLEHUJIM BEPOSATHOCTD OOJIE3HU, ECIIH ObI IIOJTY YN TIO3UTUBHBII
Pe3yJIbTaT OT TAKOTO TecTa?

Jagaiite cHayaa mojgcunuTaeM pesyabTat TouHo. O603HAUYMM Yepes ¢ Pe3ybTaT Te-
cTa, yepes d — Hasjmyre 6osesnu. Tormpa:

pit=1)=pt=1[d=1)p(d=1)+p(t=1]|d=0)p(d=0).
Ucnonbayem Teopemy baiieca:

p(t=1[d=1)p(d=1)
pd=1]t=1)= -
= =) = A Td= Dpld= )+ plt =1 [d = 0)p(d = 0)
7 0,95 x 0,01
~ 0,95 x 0,01 + 0,05 x 0,99

= 0,16.

MHuadye roBOpPsI, MOJYYUIOCH, YTO BEPOATHOCTDH JAEHCTBUTENLHO OKa3aThCsT (OJIb-
ubiM — Bcero 16 %! [louemy Tak masio? Ha camom nerte, eciii BAyMarThbesi B yCJIOBUS 3a-
naun, oTBeT 16 % MoKaskeTcst 0CTaTOUHO sICHBIM: Tpy6o roBopst, 13 100 % y Bac Bcero
1% Ha TO, 4TOOBI OKA3ATHCSI IEHCTBUTENHHO GOTBHBIM, U 5 % Ha TO, 4TO TECT OIMHUOCS
Y BBIJIAJI HEBEPHBIII TIOJIOKUTEbHBIN Pe3yIbTaT. SHAYKT, YCIOBHAS BEPOSITHOCTD OBITh
GOJIBHBIM TIPU YCJIOBUH TIOJIOKUTENTEHOTO TECTA MPUMEPHO PaBHA 1_%5 = %. ITO TPY-
Oblif TOJICYET, COBCEM HE YUUTHIBAIOIIUI OMUOKY TECTa B IPYTYIO CTOPOHY, HO MOPSIZIOK
BEJIMUMHBI [T0JIy4aeTCsT BEPHBI.

Taxue 3aaun COCTABJISIOT CYyTh BEPOSITHOCTHOTO BhiBoga (probabilistic inference).
ITockoJbKy OHEM 00BIYHO OCHOBAHbBI Ha TeopeMe bBaiieca, BBIBOJ 4acTO HasbIBatOT Oaiie-
cosckuMm (Bayesian inference). Ho He TOIbKO MO3TOMY; €CTb U €1Il€ OJHA BayKHASI TPUYH-
Ha. /[es10 B TOM, 4TO B KJIACCUYECKOI TEOPUU BEPOSITHOCTEH, TPOUCXO/IAIIEN U3 (PU3UKH,
BEPOSATHOCTH OOBIYHO TIOHUMAETCSI KaK MPeJIeJ OTHOIIEHUS KOJIMYECTBA OMPEIeIEHHOTO
pesyJibTata 9KCIePUMEHTa K 00IIeMYy KOJUUECTBY dKCIepuMeHToB. CTaHAAPTHBII TpH-
Mep 3/1eCh — 3TO OPOCaHUE MOHETHL: €CJIi GPOCUTH YECTHYIO MOHETY THICSIUY Pa3, YKCIIO
BBITIABIITX PeIieK Gy/IeT J0BOIBHO OJM3KO K MATUCTAM, XOTSI BPSIL JIK TOYHO paBHO 500
(BoT, KcTaTH, HEGOJIBINOE YIPAKHEHNE HA TTOHUMAHHUE: KaKoBa Oy/IeT TOUHAST BEPOSIT-
HOCTb oay4uTh poBHO 500 pemrek 13 1000 6pocaHnii YeCTHONR MOHETBI?).

3ajlaya 0 MEJUIIUMHCKOM TECTHUPOBAHUH, KOTOPYIO MBI ceiyac pelrayiu, sBJIsSeTcs
[PUMEPOM TaK Ha3bIBAEMOI o0pammoil 3adauu Teopur BeposiTHocTel. [Ipsmoie 3apaun
TEOPHUH BEPOSITHOCTEH BO3HUKAIOT, KOT/IA IAHO OITMCAHNE HEKOETO BEPOSITHOCTHOTO ITPO-
recca UM MOJIeNd, a HAliTH TpebyeTcst BEPOATHOCTb TOTO WJIM HHOTO COOBITHS, TO €CTh
(baxTHuecku o Mozesu Ipe/icKa3ath noseieHue. Hampumep: B ypHe Jieskat JiecaThb Iia-
POB, M3 HUX TPH YEPHbIX; KAKOBA BEPOSITHOCTh BBIOPATh YepHBIN map? Viu: B ypHe Jie-
JKaT JIeCATh MapoB ¢ HoMepaMu OT 1 10 10; KakoBa BEPOSITHOCTD TOTO, YTO HOMEPA TPeX
MOCJIEIOBATEIHHO BHIOPAHHBIX IHAPOB YT B cymme 127

A obpatrHble 3a/1a4u, HATIPOTUB, IPOCAT MO U3BECTHOMY MOBEIEHHUIO HEKOETO CTOXA-
CTHYECKOTO 0OBEKTA MOCTPOUTH BEPOATHOCTHYIO MOJIEN b, HamprmMep: mepes HaMu JiBe
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YPHBI, B KaX/I0# 110 ZIecATb 11apOB, HO U3BECTHO, YTO B OZIHOI TPU YEPHBIX, a B APYTON —
nrectb. KT0-TO B3s1y1 U3 0/jHOM U3 ypH 11ap, U 1ap okasajcs yepHbiM. Hackosbko Bepo-
SITHO, YTO Iap Opajiv 3 epBoOil ypHbI?

Takyio ke 00paTHYIO 3aj1a4y MOKHO PENUTD U B Tapagokce MonTtu Xosuia. Pas Be-
JIMYUHBL y (KaKyIo MIKATYJIKY OTKPOET Beaymuil) u x1 (OyAyT Jiu IeHbIu B BbIOpaH-
HO 1IKATYJIKe ) OKa3aIUCh 3aBUCUMBIMU, MOXKHO [TPEIIOJIOKUTD, YTO TOT (haKT, 4YTO Mbl
Y3HAJH ¥, MOXKET ITOMOYb HaM ITO-HOBOMY OTIEHUTH BEPOSITHOCTH x1. M 1elicTBUTEbHO:

p(r1 =1,y =2)
ol ly=2) p(z1=1y=2)+p(x1 =0,y =2)

plzy =1,y=2) 1/6 1

pE1=Ly=2)+plaz=Ly=2)+plas=1Ly=2) 1/6+1/3 3

plzr =0,y =2)
o ly=2) p(z1=1y=2)+p(x1 =0,y =2)

plre=1y=2)+plzz=1y=2) 1/3 2

T p@i=ly=2)+pl@a=1ly=2)+plez=1,y=2) 1/6+1/3 3

ITO 3HAUUT, uyTo B Mapazokce Moutu XoJa feliCTBUTENbHO BBITOJHO U3MEHUTh
cBoe pentenre. OTBET, ONATH Ke, BIIOJTHE UHTYUTHUBEH, €CJIA TIOCMOTPETD TI0/T TPABHIIb-
HBIM YTJIOM: BbI (DaKTHUECKU BHIOMPAETE MEKY OJHOMU MIKATYJIKOU U 00euMu OCTABIIIN-
MHCSI, TIOTOMY 4TO U3 TeX JIBYX BHIOOP yike cierasm 3a Bac’ .

Knaccuueckas, «bpukBeHTUCTCKasg»> (TO €CTh OCHOBaHHAS HA YACTOTaX ) TEOPUSI Be-
POSITHOCTEN PACCy>KIAeT O TOM, KaK OIIePHPOBATHh BEPOSITHOCTSIMU TIOBTOPSIIOITUXCS CO-
OBITHH, KOTZIAa MOKHO YCTPEMUTH YHCJIO IKCIIEPUMEHTOB K GECKOHEUHOCTH; HAlIPUMED,
BBICKAa3bIBaHNE «<MOHETA BBITIA/IA€T PEITKON C BEPOSITHOCTHIO %» O3HAYAET, 4TO TIPH HOJIb-
IIOM YHCJIe TIO0PACHIBAHUHN PETITeK MOJTYYUTCSI IPUMEPHO TIOJIOBUHA, TIPHYEM YeM O0JTb-
1€ 9KCIIEPUMEHTOB, TeM GJIMIKE OTHOTIEHUE JOKHO OBITH K % Ho B k1311 yacTo BO3HU-
KaeT HeOOXOAUMOCTD OIIEHUTh BEPOSATHOCTH COOBITHI, K KOTOPBIM TaKHe PAcCysKIEHs
COBEPIIEHHO HelTpuMeHnMbI. HarmpumMep, HacKOJIbKO BEPOSTHO, UTO:

* c6opuas Poccun mobeaut Ha GamkaiinieM yeMnoHate Mupa o ¢bytooy;
 kommnanus Google obankpoTurcs B Tedenne Oamxkaiimmx 20 Jer;

! Ho mo6ormbiTHO, 4TO, KOT/1a 9TOT KaskyTIuiicst mapazioke Gbisl MPeicTaBIeH IHPOKOit yGJIIKe B KypHa-
se Parade [554], B kostonke Mapuutin Boc CaBaHT, CUMTAIONIENCS 4€JI0BEKOM € CaMbIM BbIcOknM 1Q B Mupe,
PeaKIst MOIyYniIa OYKBaIbHO THICSYN THceM! B 9THX MHCbMax JIOH, 9aCTO € YIEHBIMHU CTENEHSIMH, BO3-
MyI[eHHO OOBSICHSIIN, YTO 3a/1a4a BBOAUT duTaTe el B 3a6 Iy kiene, I IPABIIIBHBIN OTBET — OJHA BTOpAs,
BeJlb «OUEBUIHO», YTO LIKATYJIKN OCTAINCH HedaBucuMbiMu. Ilapagoxe Montn Xoiia 1o cux nop cuntaercst
OJ{HUM U3 CAMbIX SIPKUX IIPUMEPOB TOTO, YTO JIOAH IIJIOXO MPUCIOCOOTEHBI /ISt HHTYHUTHBHBIX PACCYKIEHII
€ BEPOATHOCTSIMY; CM., Haripumep, kuury [189], mocssiuiennyio cBss3aHHbIM ¢ napazokcom Monrtu XoJura rneu-
XOJIOTHYECKUM HCCIeIOBAHIM.
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* «Opnuccetoy Hanucasa )keHIUHA (HEKOTOPBIE NCCIEI0BATEHN BBIIBUTAIOT TAKYIO
BEPCHIO, M 3BYYHT OHA, KCTATH, IOBOJBHO IPaBAONOA00HO);

* BCE MBI )KUBEM BHYTPHW KOMIBIOTEPHON CUMYJAINA (3TO TOXKEe MHTEPECHOE pac-
CYsKJIeHHeE: eCJI KOMIIbIOTEPHBIE CUMYJISLIAM LEJIbIX BCEJEHHBIX BOOOIIE BOBMOK-
HbI, TO BIIOJIHE BEPOSITHO, YTO MbI B OJTHOM U3 HUX W HAXOIUMCS);

* MBI BBIITYCTUM BTOPOE U3/IaHNE 3TOW KHUTU?

Bce 310 cOOBITHSI, O BEPOSITHOCTSIX KOTOPBIX BITOJIHE XOUETCST PACCYK/ATD, a MHOT/A
U HYXKHO PACCY/KAATh JUUIs PEIIECHUS TPAKTHYECKIX 3a/1a4; HAIIPUMeED, aHChl COOPHOiT
Poccun moka etiie, kKasketcs, nHTepecyioT 6ykmekepos. Ho o «cTpemsiemest k Geckoned-
HOCTHU YHCJIe 9KCIIEPUMEHTOBY 3/I1€Ch TOBOPUTH OECCMBICTIEHHO — 9KCIIEPUMEHT POBHO
oirH. MOKHO, KOHEUHO, BCJTACTh HATEOPETU3UPOBATHCSI O «BO3MOKHBIX MUPaX» 1 KBaH-
TOBOUW HEOIIPEIEIEHHOCTH, HO 3TH PACCYKAEHUSI BCE PABHO HE MMOMOTYT HAM TIPOBECTH
MHOTO 9KCIIEPUMEHTOB U Y3HATH UX PE3YJIbTATBL

B Takux ciyuasx BepOATHOCTH yiKe BBICTYIAIOT Kak cmenenu dosepus (degrees of
belief). B Ttakoii mHTEpIpeTalMi MOKHO PAacCMATPUBaTh TEOPUIO BEPOSITHOCTEH KaK
HEKOe paclIiperne 00bIUHOI MPOMO3UIINOHANBHOM JIOTHKN. B Kitaccuueckoil Joruke
pedb UET O CTPOTHX 3aKOHAX BBIBOJIA, BEPHBIX BCETIA, HO MOKHO PACCMOTPETD U TIPABH-
Jia BBIBOJIA JIJIST OTlePaIinii, pabOTaOINX ¢ BEPOSITHOCTSIMU PA3JINYHBIX BHICKA3bIBAHUI.
OKa3sbIBAETCS, UTO ITH TIPABUJIA BBIBOJA GYIYT TIO03PUTENBLHO HATOMUHATH AKCHOMa-
THKY «OOBIYHON» TEOPUU BEPOSTHOCTEN.

Hanpumep, eciu st cumTaro, 4To ¢ BeposiTHOCTBIO 0,2 3aBTpa MOM/ET J0K/Ib, a C BEPO-
SITHOCTBIO 0,7 MHE HY3KHO OY/IET 3aBTpa UATH Ha paboTy, 1 JeJIak0 IPEATIOI0KEHIE O TOM,
4TO COOBITUS 9TU HE3ABUCHMbI, 3HAUUT, ¢ BEPOATHOCTHIO 0,7 - 0,2 = 0,14 51 3aBTpa 1oLy
Ha pabory oz goxaem. Yucio 0,14 31eck npeacraisieT coOOM MU HOIBITKY 00beKTHB-
HOI1 OIIEHKU MIPABOTION00MSI TOTO COOBITHS, UTO 5T 3aBTPa TIOHLY MO A0XKEM HA PaboTy
(o6paTtuTe BHUMaHUE, YTO COOBITHE TO-TIPEKHEMY YHUKATIBLHO, MOBTOPSIONIUXCS 9KC-
MEPUMEHTOB C TIOTO/IOH He OLIBAET), — TAKOW B3TJISA/ HA3BIBAIOT 00bEKMUBUCTICKUM, —
WA, B CYOBEKMUBUCTCKOM TIOIXOIE, TIPOCTO TIPEACTABISIET COO0I MOe JTUIHOE MHEHUE
006 3TOM Oy IyIIeM cOOBITHN. 3aMeThTE, 4TO B 0OPATHBIX 33/1a4aX BEPOSITHOCTH CPasy CTa-
s 6alleCOBCKUMI: B 3a/1aue O MeIUIIUHHCKOM TeCTUPOBAHMH MHE MHTEPECHO, HACKOJIBKO
MPaBIOTOA00HO TO, YTO GOJIEH JIMYHO ST CO CBOUM YHUKAJIBHBIM TOJOKUTETHHBIM pe-
3yJIbTAaTOM TecTa (B JTaHHOM IIPUMEPE, BIPOUEM, 33/1a4y JIETKO epehOpMyIUPOBATH Ue-
pe3 4acTOTHI, HO 9TO HE BCET/Ia Tak).

Bce ato u cocrasisier batiecosckuii n00xo0 K BepostHOCTsIM, CaM TEPMUH MOSBUJI-
cs1 B cepeante XX Beka, cHavasia B kuure aposbia dxeddpuca (Harold Jeffreys)
«Teopusa BeposatHocTeii» [261], a 3aTeM B paboTax IepBbix «GaiiecmaHucToB» AGpa-
xama Banbaa (Abraham Wald) [556] u Jleonapua Cosumxka (Leonard Savage) [470].
Hy a cama uzest mpuMeHeHus TeopeMbl Baileca Jist iepecueta BEPOSITHOCTENH MEKILY
ATIPUOPHBIME U ATIOCTEPHOPHBIME TMITOTE3AMHU, KAK HU CTPAHHO, IEHICTBUTEIHHO BOCXO-
1t K pabore Tomaca Baiteca «O4epku K peleHuto mpobIeMbl JOKTPUHBL MIAHCOB> (An
Essay towards solving a Problem in the Doctrine of Chances), Boimenmnieit yxe mocie
cMmepTH aBTopa, B 1763 romy [36].
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B pa6ore Baiieca BrepBbie BBOAMIOCH JOCTATOYHO CTPOrOE ONPEeJeHUE TOHATUS
YCJIOBHOH BEPOSITHOCTH ¥ Pelllazach TUITMUYHAsI 3ajiaua 6alleCOBCKOTO BBIBOA, 00paT-
Has 3ajlaua TEOPUH BEPOSTHOCTEN: TIPEIIONOKIM, YTO HEKTO TIPOHAOIIIOIAI, KaK U3 yP-
HBI C JIOT€PEHHBIMU OUJIETaMU JIOCTAJIM JECATh IIYCThIX OMJIETOB U OJUH BBIMTPHIIIHBIA.
KakoBa GyzieT BEposITHOCTD TOTO, YTO OTHOILIEHUE MEXKAY ITyCTHIMU M BBIUTPHIIIHBIMU
Guiieramu B ypHe HaxoauTces mexay 9:1 u 11:1? Bailec gokasaii, 4o a1 gecsatv GUIeTOB
oHa OyzieT HeBeJnKa, OK0JIO 7,7 %, a 3aTeM YCTAaHOBUJI 9TH BEPOSTHOCTHU st GOJIBIIETO
yucsa Habmogenuii (Biiorsb 20 1000 Bomrpoinieii us 10 000 6uieTos, rjie sTa BeposT-
HOCTD flocturaet 97 %), a Takske BhIBEJ 00110 (hOpMy.Ty.

K coxanenuio, ceitgac MbI yKe He MOKEM YCTAHOBUTD, ObLI JI CaM IIPEnoA0OHbIN
Tomac Baiiec 6aiiecuaHuCTOM, TO €CTh IOHUMAJI JIM OH PACCUUTHIBAEMbIE UM BEPOSITHO-
CTH KaK CTEIIEHU JIOBEPUS WU KaK COOTHOIIEHUS MEKY Pe3yIbTaTaMi MHOTOUNCTIEH-
HBIX 9KcrepuMenToB!. K cuacTbio, i Te, U Apyrie BePOSITHOCTH MOLUMHSIIOTCS OIMHA-
KOBBIM 3aKOHaM; KJIacCHUYecKue pe3yabTaThl Pudapmaa Kokca mokaspIBaioT, 4To BIIOJIHE
€CTeCTBEHHbIE aKCUOMBI BEPOSITHOCTHOM JIOTUKK TYT K€ TPHUBOISAT K BECbMa Y3KOMY
kJaccy GyHKINH, (haKTUYeCKH MOJTHOCTBIO ONIPe/esisisl TEOPHIo BeposiTHOCTeH [99].

Ceiltuac 6aiiecOBCKUI TOAXO0/ CTajl OOIIECIPUHSATBIM: HET COMHEHUH, 4TO HEoIpe/e-
JIEHHOCTH (DOPMAJTM30BbIBATH HY;KHO B PAMKaX TEOPUH BEPOSITHOCTEN, a TIePECUUTHIBATD
BEPOATHOCTH TIPU MOJy4YeHUN HOBOHM MH(bopMalun — 1o teopeme baiieca. Ho xak Bce
9TO CBSA3aHO C MAIIUHHBIM 00y4eHHuEeM ?

OkasbIBaercs, TeopeMa baifeca — 9TO OCHOBHOM, IEHTPAJbHBIA UHCTPYMEHT Ma-
[IMHHOTO 00YUYEHUSsT, Ha Hell JiepsKaTcst GYKBAJIbHO BCE PACCYIKACHUSI 3TON KHUTH 1 MHO-
rue apyrue. YToObl 9T0 yBUAETD, JaBaiiTe 3alUIleM Bee Ty ke Teopemy balieca B HeMHO-
IO UHBIX 0003HAYEHMSIX:

p@)p(D]6)  p@)p(D|0)
p(D)  Jeeor(D|0)p(0)d6

p(@| D)=

U BBemeM OOIIECTIPUHATYO B MAITHHHOM O0YYEHIH TEPMUHOIOTHIO:
* p(0) — anpuopnas seposmuocmy (prior probability);
p(D | 8) — npasdonodobue (likelihood);
p(0 | D) — anocmepuopnast éeposimiuocms (posterior probability);
p(D) = [p(D | 0)p(8)d0 — seposimnocmy dannvix (evidence).

1 JTo6ombiTHO, ofHaKo, Kak Baiieca MHTEPIPeTHPOBAJ H3BECTHBIH (BUIOCO(D-MOPANNCT, TIPONOBEIHNK
u Matemaruk Puuapy [Ipaiic, kotopsiii ipencrasu pabory Baiteca u BoicTynuII ee (POPMaIBHBIM COABTOPOM
P ocMepTHO#T mybsmkanuu. [Ipaiic cunrar, yro Teopema Baiieca maet Ham erne 0iHO (TEIEONOTHYECKOE)
nokasaresibeTBo ObiTust Bora: «Ilesb 31€Ch COCTOUT B TOM, YTOOBI [IOKa3aTh, IOYEMY MbI CIUTAEM, YTO B 06-
IeM TIOJIOKEHUH Belleil ecTh (PUKCHPOBAHHBIE 3aKOHBI, 10 KOTOPBIM MPOUCXOMST COOBITHSI, 1 TEM MOATBEP-
IIUTh apTYMEHT B TIOJIb3Y CYNIECTBOBaHMsI Bora oT KOHeUHbIX 1edieil... JIerko mokasarb, 4To oGpaTHas 3aj1a-
va, peraeMasi B 9Toil paboTe, HAIPSAMYIO IPUMEHUMA JUIsl JAHHOM IIeJIM: OHA TOKA3bIBAET HAM TOUHO U SICHO,
B KQJKIIOM CJTy4ae BCSKOTO BO3MOKHOTO MOPSIIKA POU3OIIEAITHX COOBITHI, Ha KAKIX OCHOBAHUSIX MBI MOKEM
[OJIAraTh, YTO ITOT TOPSIIOK ObLI IIPOU3BE/IEH U3 HEM3MEHHBIX TIPUYMH WU TTPABUJL, YCTAHOBJIECHHBIX TPUPO-
JI01, a He U3 GeCoPSIOIHBIX CIYYaiiHOCTeH>.
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[TpakTHYeCKH BCe 3aa4i MAITMHHOTO OGYYEHUsT UMEIOT BHJ HEKOTOPO# MOJEIH
¢ mapaMerpamu ; 3ajadya COCTOUT B TOM, YTOOBI MO JaHHBIM D 110106paTh OMUCHIBA-
foTIMe UX apameTpsl @ HammyarmM o6pasom’. B Kiacciaeckoii CTaTHCTHKe LIS 3TOT0
OOBIYHO UIIYT 2UnOme3y MaKcumaibrozo npasdonodobus (maximum likelihood, ML):

Onr = arg moaXp(D | 9),

rae arg maxg f(0) — aTo 3HaueHue BeKTOpa @, HA KOTOPOM JOCTUTAETCS MAKCUMYM
dyukim f(0). A B 6aileCOBCKOM MOAXO0/IE U COBPEMEHHOM MAITMHHOM 00yYEeHUH UIILYT
anocmepuopnoe pacnpedeienue (posterior):

p(0 | D) < p(D | 0)p(8),

a 3aTeM, eCJIN HyKHO, MAKCUMALLHYIO ANOCMepUopHyio zunomesy (Inaximum a posteriori
hypothesis, MAP):

6114p = arg maxp(6 | D) = arg maxp(D | 6)p(6).

3HAYOK X 3/1eCh O3HAYAET «ITPOIIOPIIMOHANBHOCTD: HA caMoM Jiedie p(6 | D) ne pas-
Ho p(D | 0)p(6), a TOIBKO TTPOTOPITHOHATHHO ITOMY TTPOU3BENEHHIO; YTOOBI TOTYINUThH
pacripeziesieHne BEPOSITHOCTEH, HY/KHO elile HOpMaIn30BaTh pe3yabTatr. Ho moCKoIbKY
HopMupoBouHast Koucrauta [ p(D | 8)p(6)d6 ue 3aBucur ot 6, ee 4ACTO MOKHO He Y4YH-
ThIBaTh. Hanpumep, npu Makcumusaiuu arg maxg p(@ | D) = arg maxg p(D | 0)p(0).
Mpbri yacTo 6yeM MoTb30BaThCS STUM 0603HAYEHIEM.

Pasnuily jierko yBueTh Ha IPUMEpPE IPOCTOH 33/1a4i BBIBOJA: TIPETIONOKUM, UTO
HaM JIJTF TOTEHIINATBHO HEYECTHYIO MOHETKY, MBI €€ HECKOJIBKO Pa3 MOAOPOCUIIH, U Te-
Iepb 3HAEM IOCIIE[0BATENLHOCTD Pe3y IbTaToB GpockoB. [laBaiite monpobyem ompe/ie-
JIUTD €€ «HEYECTHOCTD> 1 IPE/ICKA3aTh, YTO BBIIA/ET B ciIeAyonuii pa3. [Ipasrononobue
3aIaHHON TOCJIEI0BATENLHOCTH PE3YIHTATOB OPOCKOB MOHETDI, CPEAN KOTOPBIX BCETO
h peliex u ¢ OpJIOB, COCTaBJLAET

p(h,t|0) =0"(1-0)",

rje napamerp 6 o3HavyaeT BEPOSITHOCTDH BBITAJEHUsT Peniku. MakCUMU3UPOBATh ITY
(DYHKIHUIO 110 6 HECTI0KHO: TUIIOTe3a MaKCUMAJIbHOTO IPAaBIOIOL00HS CKAXKET, YTO BEPO-
SITHOCTH PENTKK PaBHA YKCJIY BBIMTABIINX PEIIEK, IeTeHHOMY Ha YHCJIO0 SKCITEPUMEHTOB.

VHade roBopst, 9TO 3HAUUT, YTO €CJIM BbI B3sLIM HE3HAKOMYIO MOHETKY, TIOAOPOCHIIH
ee OJIMH Pa3 U OHa BbIIaJla PEIIKOii, BbI TENEPb OKUAAETE, YTO OHA Beeraa OyeT Bbila-
JIaTh TOJTBKO PEITKO, TPaBUILHO ?

1 I/IIIOI‘HZI B MallMHHOM 06yqe1m1/1 TOBOPAT O HEIlapaMETPUYECKUX METOJAX; 00OBIYHO B TAKUX ClIydadax
HNMeEEeTCA B BUAYy HE TO, YTO Y HUX HET IIapaMeTPOB, a TO, YTO YUCJIO ITapaMETPOB y HUX 3apaHee HEU3BECTHO
1 TOKE€ B HEKOTOPOM CMBICJIE ABJIAECTCA MTapaMETPOM.
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AnpuopHoe pacnpefenexue Mpaegonogobue AnoctepuopHoe pacnpegeneHue

20 | 20 2,0

1.75 1 175 | 1,75

15 | 15 15

1.25 | 1,25 1,25

10 1 10| 10

0,75 0,75 0,75

05 | 05 05

0,25 1 025 | 0,25

0,0 i— — 0,0 | 0.0 p—
05 0,0 05 1,0 15 05 00 05 1.0 15 05 00 05 1,0 15

6 8

Puc. 2.1. Oxqun 6pocoK HE3HAKOMON MOHETHI:
a — anpuopHoe pactipezenierue p(0) = 1,0 € [0; 1]; 6 — mpaBnonoxo6ue L(6) = 6;
6 — anocrepuopHoe pactpesenenue p(6) « 6, 0 € [0,1]

Crpanno nosygaercs... Ha camom fiesie BeZib MbI BOBCE He TIPUIEM K TAKOMY BBIBO/LY,
a ecsin OBl TPUIILIH, OH ObI IOYTH HAaBEPHsIKA He moaTBepauics. Keratu, u ¢popManbHo
3TOT Pe3yJIbTAT COMHUTEJEH: MPpaBono06ue pasHo L(f) = 0, 1 MaKCUMyM He OTpaHu-
YeH, eCJIi yCTPEMUTDh # — oo, KoOHeYHO, eCTh «MHTYUTHBHO MOHSITHOE» OTPaHUYEHUE:
BEPOSITHOCTD BBITIA/IEHUSI PEITKU HE MOKET ObITh MeHbIie 0 U He MOXKeT ObITh GoJiblie 1.
Ho kaxk ero dopmaimsoBats?

B peanbHOCTH MBI, TasKe BCCIey ST HE3HAKOMYIO MOHETKY, YK€ 3apatee 4Yero-To OXKu-
JIaeM OT Hee; (hopMasIn3aliieil HAlUX OKUAAHUN U SABJISIETCS anpuopHoe pacnpeoeiienue
p(0). OHO yMHOKaeTCs Ha PYHKIIUIO TIPABAONON0OUS U CIIaKUBAET ee. B Hammx pac-
CYXKIEHVSIX AIIPUOPHOE PACIIPEieieHre BCETIa HE3PUMO ITPUCYTCTBYET, TAKe eCJIH SIBHO
OHO He 33[aHO, TaK YTO JIyUIlle YK OMPEAETUTD ero siBHO. /laske OT COBEpIIEHHO He3HA-
KOMOTO ITPOIIeCCa MbI O:KHU/IaeM, HATIPUMeD, UTO 7T HETO BCe BAPHAHTHI BEPOSITHOCTEN
OJIMHAKOBO MPaBJOO00HBL: BO3MOKHO, MOHETKA BCET/IA BHITIAIAET OPJIOM, BOSMOIKHO,
BCeTZa PEITKOM, KaK 3HATh?..

Ho nasxe B aTOM citydae y HAC €CTb allPHOPHOE PACIIPeieieHIe, IPOCTO OHO PABHO-
MepHoe Ha oTpeske [0,1]: ToT hakT, 4TO y HAC HET IIPeANOYTEHUH Ha ), TO3KE MOXKHO CUH-
TaTh OTPEIENEHHOTO BU/IA TIPEAoUTeHEM. JTO M306pakeHo Ha puc. 2.1: anpuopHoe
pacipezenenue p(f) = 1 pusa 6 € [0,1] (1 HOJIb BHE ATOTO OTPE3KA) YMHOXKAETCST HA
mpaszononobue L(#) = 6, u mosydaercs: amocTepruopHoe pacipenenenue p(f) oc 6 mist
6 € [0,1] u 0 zust mpyTHX 6.

BoJiee Toro, eciiv 370 MOHETKA, KOTOPYIO MBI TOJIBKO YTO AOCTAJIM M3 KAPMAHA, Y HAC
JOCTATOYHO CUJIbHA YBEPEHHOCTh B TOM, UTO OHa OJIM3Ka K YeCTHOM M allpUOPHOE pac-
npezesierre p(f) mpeacTaBisieT coGON TOCTATOUHO OCTPbI «KOJTOKOJI» ¢ MAKCHMYMOM
B % OmuH BO3MOKHBIM TPUMEP TaKOTO <KOJIOKOJIay MOKa3aH Ha puc. 2.2. B xauecTBe
AIPHOPHOTO PacIipe/ie/IeHrst Mbl BBIOpaIu 6ema-pacnpedenenue

_ T(@)r(8)

Beta(6; a, 8) = m7

a—1 _ p\S-1
B(a’ﬁ)e (1-0)""", rne B(a,B)
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- ANpUoOpHOE pacnpegenexHve 5o MNpasaonoaobne 3fi‘«uruacrep|.*u:rpr-|oe.' pacnpegenexune
25 2.5 25
20 2.0 2,0
15 15 15
10 1.0 1.0
05 0.5 0.5
0.0 0.0 0.0
-0,5 0,0 0,5 1.0 15 -0,5 0,0 05 1.0 15 -0.5 0,0 05 10 15

Puc. 2.2. OauH 6pOCOK MOHETKH € allPHOPHBIM pactpesiesieHreM Beta(6,6): a — anpruoproe
pacrpezesenne p(f) = Beta(6; 6,6); 6 — npasnonogobue L(0) = 0; 6 — anoctepropHoe
pacupenenenue p(0) = Beta(;6,7) «x 6Beta(0;6,6)

rae I' — ramma-dyHKIuUs, 718 HATYPAJIbHBIX YMCEJ COOTBETCTBYIONAs (haxTopuay:
I'(a) = (a — 1)!. Beibop 61, KOHEUHO, OCO3HAHHBIN: HeTa-pacipe/ieIeHue OUeHb MOXO0-
e Ha ByHKIIo mpasaonogoous monerku p(h,t | 0) = 0" (1 — 0)'. U ecrun ymnoxuts
OJIHO HA JIPYTO€ ¥ HOPMHUPOBATB, OJIYIUTCS OISITh OeTa-pacipe/ieieHue:

Beta(6; v, B) x p(h,t | 8) o« 6471 (1 — 6)P~ 1" (1 — 0)f =
= 9oth=1(1 - 9)P+=1 « Beta(0; o + h, B+ t).

Taxue anpuopHbIe paciipenesieHis HA3bIBAIOTCS conpsicernvimy. Ecam Ml 3a1aeM
COTIPSIPKEHHOE alPUOPHOE pacipeesieHne, 6aileCOBCKUI BBIBO/ CBOJUTCS K TOMY, 4TO-
6Bl KaKMM-HUOYIb HEXUTPBIM, 3apaHee Pa3 ¥ HaBCET/Ia TOCYMTaHHBIM CIIOCOOOM TTOTTPa-
BUTD MAPAMETPDI 9TOTO AMPUOPHOTO pactpenenenus. Hampumep, B caydae ¢ MOHETKO
OJIYYHJIOCE, YTO IS [IEPEX0/Ia OT APHOPHOTO PacIpeiesIeHHs K all0CTEPUOPHOMY /0~
CTaTOYHO MPOCTO MPUOABUTH YHUCJIO PEIIEK K IEPBOMY ITapaMeTpy Geta-pacipe/iesieHust,
a YHCJI0 OPJIOB — KO BTOPOMY. JTO IIPOMJUIIOCTPHPOBAHO HA PUC. 2.2, T/ie MbI C/IeJIaIH
nepexon ot Beta(0; 6,6) x Beta(6; 6,7), 4To 9KBUBaJIEHTHO YMHOKEHHIO Ha 6 ¢ OCIeny-
ToTIelt HOpMaJTu3aIlue.

Korza MbI mpoBoinM GaitecOBCKUIT BBIBOL B 331a4aX MAITUHHOTO OOYYEHNST, KPOME
PaB/IONI000sT MBI €l1[e I0JIKHbBI BBIOPATh Al PUOPHOE PacIipe/ieieH e Ha BCEX BO3MOJK-
HBIX 3HAUEHISIX [1apaMeTPOB. A 3aTeM ysKe Mbl CUUTaeM M MakcuMusupyeM p(6 | D) «
x p(D | 6)p(0), To ecTb UIIIEM MAKCUMAJIBHYIO alIOCTEPUOPHYIO THIIOTE3Y. ITO BIIOJIHE
€CTECTBEHHO: HAC WHTEPECYET MMEHHO PACTIPeleeHre TapaMeTPOB TIPH YCIOBUH TaH-
HbIX p(0 | D), a e HAaobopot. U Teopema Baiieca mosBouisier Ham niepeiitu ot p(0 | D),
KOTOPOE 3a4aCTYIO COBEPIIEHHO HEMOHITHO KAK MOJCYUTATD, K BEIYUCJIEHUIO OTAEIBHO
npaszononobust p(D | 6), KOTopoe 0OBIYHO 1 OLPEAEISIETCST B MOZIEJIH, 1 AllPUOPHOTO
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pacnpesiesieriusi p(60), KOTOpOe MbI ITpUyMbiBaeM caMu. [Ipuuem mpujyMbiBaTh cTapa-
eMcsI B Takoi (hopMe, uToOBI Boraucaenue p(6 | D) 610 Kak MOXKHO TIPOTIE W TOUHEE,
JKeJIaTeJIbHO B BUJIE aHAJIUTUYECKON (POPMYJIbI, KaK OBLIO MOKa3aHO Bbiiie. [TosTomy
TeopeMa bBaiieca IeKUT B OCHOBE TIPAKTHYECKU BCEX METO[OB MAITMHHOTO 0OYUYEHUSI.

MosKHO cliesiath U CJAEAYIONIUI IIar: 3a4eM BOOOIIe HaM CIaJIiCh 9TH ITapaMeTphl?
3aueM HYKHO 00y4aTh allOCTEPUOPHOE pacrpezeseHue Ha 87 Bee Hallle MoenpoBa-
Hue TpebyeTcs I TOro, 4ToObl HAyUYUThCS NPedCKa3bléams OTBETI Ha IOCIEAYIOLIe
no106HBIE BOIIPOCHL: HATIPUMED, MbI 00YUaEMCsT OTAEIATH KOIIEK 0T cOOaK B MMEIOIIeH-
ca 6ase pororpacuii, YTOOBI 3aTEM OTIMYUTH KOIIKY OT COGAKM Ha HOBOM, paHee He
BUIEHHOM CHUMKe. [T03TOMYy Ha caMOM jiejie Hac YacTo MHTEPECyeT Jake He arnocTe-
puopHoe pactpenenetue p(0 | D), a npedckasamenvioe pacnpederenue (predictive
distribution) p(y | D) unu p(y | D,x), Tie y — 3TO CHEAYIONIMT IPUMED B JaHHBIX
WJIM TIPABUJIBHBII OTBET Ha HOBBIN BOIpoc . YToObI HaliTH 5TO pacipeieienne, HysKHO
cBecTH €10 K p(y | ), KOTOPoe OMPeesIsSIeTCst MOJIENBIO, U ATOCTEPUOPHOMY paciipe/ie-
sernio p(@ | D):

p(y\D)=/®p(y\9)p(9ID)defx/@p(y\9)p(9)p(D|9)d07

re uepes © Mbl 0603HAYMIN MHOXKECTBO, KOTOPOMY JIOJIKHBI MIPUHAJJIEKATD PA3/Iny-
Hble 3HAUeHUs BEKTOPA MapaMeTpos 6.

Hanpumep, Mbl MOJKEM PeInuTh 3aa4n GalleCOBCKOTO BBIBOJA JIJISI HAIIETO TIPHMeE-
pa ¢ HeYeCTHOI MOHETKOI, M300pakeHHOro Ha puc. 2.1. MakcuMaibHasi allocTepUOpHas
TUII0TEe3a 3/1eCh He 6y/:[eT OT/INYATHCA OT TUIIOTE3bI MAKCUMAJILHOTO HpaBI[OHOI[O6I/I$1, I10-
IpEXHEMY HOJIyunTcs Oyap = 1. A BoT GaliecoBckoe IIpefcKasaHue yxKe 1acT HeTpu-
BHAJIbHBIN PE3YJIbTAT:

p(h | D) = / (| 0)p(0 | D)do =

00 1 2
:/ op(e\p)dez/ P g2
—o0 0 [y ode /2 3

Mbl OJTyYMITM YaCTHBIH CIy4al Tak Ha3bIBaeMOTro npasuia Jlaniaca: Kak paBUIbHO
CTJIAKUBATD TIPEACKA3AHS Pe3yIbTaTta GHHAPHOTO COOBITUS 1O TAHHBIM.

Opmnako HAWTH TpeJ/icKa3aTebHOe paciipe/ie/ieHne — HelpocTast 3ajadya aaxe st
OOBIYHBIX JIMHEHHBIX MOJIe/iel, TAaKUX KaK JIUHEHHAsA W JIOTUCTUYECKast PErpeccusi.
A B 6oJtee CTIOKHBIX MOJIEISIX OHA TTPAKTIHYECKH BCETIA TPEOYET JOCTATOUHO CIOKHBIX
(Kak uzeiiHo, Tak U BRIYUCIUTETHHO) METONOB MPUOIIKEHHOTO 6aiieCOBCKOTO BBIBOJIA.
Brpouewm, panee mpezsckasaTesbHBIX paclipe/ie/leHU B Halllell KHUre IIPakTUYecKu He
Gyner. HaiiTu o/iHOE artocTepuopHOE paciipe/ieieHre Ha BCeX Becax GOJIBIINON HEHPOH-
HOII CETH ¥ TIPOMHTETPUPOBATD IO HEMY BCE-TAKU COBCEM YK CIIOJKHO, HaM ObI ¢ artocTe-
PUOPHBIM PacIpe/ieieHneM Pa3odpaThes.



52 [maBa 2. MNpepBaputenbHble cBeferus, unu Kypc monoporo 6oviua

A 4TO BCe 9TO 3HAYUT B PEATLHOCTH, aJropuTMudecku? Uto Mbl OyeM aenathb, pe-
IIast 3ala4X MAIIMHHOTO 00ydyenus? ByaeM pemars 3ajauu onTUMHU3AMKA. Y HAC [TOJIY-
YHJIOCh, UTO O0YUEHUE TIPAKTHIECKHU JII0O0M MO MAITHHHOTO OOYUYEHUST CBOIUTCS
K 3ajiaye ONTUMUBAIIHN JIMOO ATIOCTEPUOPHOTO PACIIPEIEICHMUS:

614 = arg maxp(® | D) = arg maxp(D | 6)p(6

(3aMeThTe, YTO 3HAYOK TIPOMOPIIMOHATLHOCTH X [OCJIE B3ATHsI arg max [peBpaiiaeTcs
MPOCTO B PABEHCTBO: 3HAMeHaTeN b (hopMyJibl Baifeca B TaHHOM cirydae oT 0 He 3aBUCHT,
U 1PYU ONTUMUBAIMU €T0 YYUTHIBATH He 00s3aTeNbHO), TUOO HAa XYyA0H KOHEIl MPOCTOo
MPaBIOTOAO0MS:

Oy, = arg Ineaxp(D | 8).

OO6bIYHO MBI Oy1€M [IPE/III0JIaraTh, YTO KayK/1as TOYKa JaHHbIX ObLIa IOPOKIEHA OIIK-
CaHHBIM B MOJIEJIU TIPOIIECCOM HE3aBUCUMO, TO €CTh IIpaBAoNo00ue Habopa JaHHbIX D
OyIeT MpeACTaBIATh cOO0I GOJBIIOE IIPOUBEAEHIE 10 BCEM €TI0 TOUKAM:

p(D6)=T] p(d]|6).
deD

[ToaToMy 4acTo y106HO MepeiT K JiorapudmMaM U BMECTO TIPOU3BEIEHUST MAKCHMU-
3upoBaTh cymMMy (sorapudm — (PyHKIIMS MOHOTOHHAS, M arg max OMsATh He MEHSIETCS):

Oprap = arg mgxp(D|0)p(0)—arg max p(6 de|0
deD

= arg max logp(0) + Z logp(d | 0)
deD

NckyccTBeHHYI0 HEPOHHYIO CETh TOKE MOXKHO IIPEACTABUTD KaK OIMH U3 IIPUMEPOB
TAKUX MOJIEJIEH; ceifuac moka He GyJIeM JIeIaTh STOTO (POPMATBbHO — B KOHI[E KOHI[OB, 9TO-
My OyZIeT MOCBSIIeHa BCsl KHUTa, — HO MIPH PasrOBOPE O PEryisipusaliii B HEHPOHHBIX
ceTsIX B IVIaBe 4 HaM TOYHO ellle IIPUTOAUTCS BEPOATHOCTHBIH B3IJISL] HA BEIlH.

M erite BepHeMcs K 6aifleCOBCKOMY BBIBOJLY U TOPA3/I0 MOAPOGHEE TOTOBOPUM O CO-
BPEMEHHBIX BEPOSTHOCTHBIX MOJIesiX B Tiiase 10. Ho tam ckopee HeliponHbie cetr 6y Ay T
MOMOTATh BECTH BBIBOJL B BEPOSITHOCTHBIX MOJIEIISIX, & HE HA0O0POT. JIJIst U3ydeHust ke
caMuX HEHPOHHBIX ceTeil HaMm GyJIeT BIIOJIHE OCTATOYHO TOTO HEOOXOIUMOTO MUHUMY -
Ma, KOTOPBII MBI 3/1€Ch U3JIOKUIIU.

[TonBeseM KpaTKUii UTOT, KOTOPBII HYKHO JIepKaTh B TOJI0BE IPU YTEHUU 3TOM KHU-
T, J1a ¥ II06OTO IPYTOTO TEKCTA O MATHHHOM 00YYEeHHN:

¢ MaTeMaTHyecKas MOJENb B MAIIMHHOM OOy4YeHHH OOBIYHO IPEICTaBIsIeT COOOM
3a/]aHKe pacIipeieJieHNs BEPOSITHOCTEN Ha TaHHBIX U apamerpax p(6, D);
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* MHOIZIA COBMECTHOE PacIipe/iesieHue IapaMeTpoB ¥ JaHHbIX p(6, D) MOIeIupyoT
HAPsIMYyI0, HO Yaille — B BUJe TPOu3BeneHus mpasaononobus p(D | 0) u anpu-
opHoro pactpenesenus p(0);

* amocrepuopHoe pactpenesienue p(6 | D) o teopeme bBaiteca MOKHO TOTYyYUTD
Kak (HopMupoBanHoe) pousseienue p(0)p(D | 0);

* 3a/1a4a MAUHHOTO 00y Y€eHNs 0OBIYHO COCTOMT B TOM, YTOOBI HAWTH ¥,/ NJIH MaKCH-
MU3UPOBaTh pactpesenenue p(@ | D), — BAsKHO MOHSITh, KAKKE TTAPAMETPbI JIydIiie
BCETO HNO/IXO/SAT K MMEIONINMCS JIAHHBIM 1 HAIIUM alIPUOPHBIM [IPE/ICTABIEHHSIM,
a 3areM, IpU HeOOXOIMMOCTH, IEJIATh HOBbIE TIPENCKAZAHNUS U3 TPEICKA3ATENBHO-
ro pacupezenenusi p(z | D) = [gp(x | 0)p(6 | D)d6;

* B PEAJbHOCTH JKe BCe 9TO 0OBIYHO MPEBPAIIAETCSI B 33/[aTy ONTUMUSAINH, 0OBITHO
ontumusaru Jorapudma log p(D | 0) +log p(0), KoTOpbIiA COCTONT U3 COOCTBEH-
HO JIoTapudMa PpaBaoIoA00UsT MOIETN U PETYIISIPH3ATOPOB.

0] BO3HUKAIOIINX 3/IeCh 3a/la4aX ONTUMHU3AIINN MBI cefiuac BKpaTIi€ ¥ TOrOBOPUM.

2.2. OyHKUMM oMbKK U perynsipusaums

Korza He nesaenib omuboK, IePeCcTaelb COBEPIIEHCTBOBATHCS.

Dic. Mapmun. ITup 0nst 6opornos

Kaxue 13 aTUX MIPU3HAKOB COCTABJISIOT TO, YTO [IPU3HAHO HA3bI-
BaTh <«OIIKOKOI0», — HTO MOKAMECT ellle He PEIIEHO, HO, BO BCIKOM
cllydae, COMHEHUE YK€ [O3BOJIUTEBHO.

M. E. Canmwixos-I1[edpun.
Owubru monodocmu. Komedus: Illempa HImennepa

Mol y3HaIM, 4TO GOJIBIINHCTBO 33124 MAITMHHOTO 00YyYEHUs CBOAATCS K PENIEHUIO TOI
WM MHOM 3a1aun onTuMusanuu. [ToapoOHbIi pasroBop 0 TOM, KaK KIMEHHO IIPOBOAMTD
5Ty OITUMM3ALUIO, MBI OyIeM BECTH B IJIaBe 4, HO ceifyac HaM IoTpeOyeTcs HeMHOTO 3a-
GesKaTh BIlepe]] M paccKkasaTh 06 OCHOBHOM uee mpoucxogsiiero. Yacro GbiBaet, 4To us-
JIOKeHWe B KHUTE JIy4Ille BCETO CTPOUTH 1o crimpasu. Ceiiuac Mbl O4eHb KPaTKO BBEIEM
OCHOBHO M€TOJI ONITUMUBAINN — METOJ ZPA0UEHMH020 CNYCKA, TTOTOM TIOCMOTPUM Ha
TO, KaKue, COOCTBEHHO, (DYHKI[UU MbI XOTeJIU Obl OIITUMU3UPOBATD, 8 YePE3 HECKOJIbKO
IJIaB OIISITh BEPHEMCsI K caMUM ajiroputMam. Torza yxke u 06CyauM ogpoOHO BCEBO3-
MOKHBIE MOAUGDUKAIIMK U YIydIIeHUs] METO/A IPaJUeHTHOTO CIIyCKa, KOTOPbIE 00BIYHO
[IPUMEHSTIOTCST B 00YYEHIH COBPEMEHHBIX HEHPOHHBIX ceTeil. [Tpy 5TOM MOJIyYnTCst, 4TO
B HavaJIe TJIaBBI 4 MBI OTYACTH TIOBTOPYM TO, YTO BRI IIPOYUTAETE 37IECH, HO 3TO TIPE/ICTAB-
JISIETCSI HaM MEHBIITUM 3JI0M.

Wrax, o rpagreHTHOM ciycke. Ha HeM OyayT OCHOBBIBATBCS IIOYTH BCE OCTAIbHbBIE
METO/bl ONTUMU3AIMK, KOTOpble Mbl OyjeM paccmarpuBarb. CyTh ero paboThl Jjierde
BCETO MPOMJIIIOCTPUPOBATD, €CJIH MPEACTaBUTH cebe TPEXMEPHYIO MOBEPXHOCTh (PYHK-
IIUM OT IBYX aPTYMEHTOB; UHTYUTUBHO 3Ta TIOBEPXHOCTB SIBJISIETCS 3HAYeHNEM (DYHKITUN
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OIMGKI OT BECOB MOJIEJTH, KOTopbie Mbl o6yuaem!. Ternephb mpejcTaBuM, uTo TeKyiee
3HAYEHNE TTAPAMETPOB — ITO HEOOJIBIION MAPHUK, HAXO/SIIIIICS Ha TaHHOI II0OBEPXHO-
cru. Hara 3aiaua — HafiTn MUHUMYM QYHKIINH OTMMOKY, U 3T 3371294 TOBOJTBHO TOUHO
COOTBETCTBYET TOMY, YTO MIAPUK XOTeJ OBl CAENATh TIO/ IeHCTBIHEM CHIIBI TSIDKECTH, —
CKATHUTBCS B CAMYIO TIIYOOKYIO SIMY.

Ceifuac Harma 3a1aua — HallTU HATIPaBJIeHIe, B KOTOPOM IAPHK OY/IeT KATUTHCS B TA-
Koii cutyaru. C peabHbIM MIAPUKOM BCe IOCTATOUHO TPOCTO: MOHITHO, 4TO (1P HyJTe-
BOIT HA4aJIbHOI CKOPOCTH ) OH GY/IeT KATHTHCSI B TOM HAIIPABJIEHNH, B KOTOPOM y [IOBEPX-
HOCTH CaMblii GOMTBINOM HAKJIOH BHI3. A €CJIi TOBOPUTD (hOPMATHLHO — B HATIPABJIEHHH,
IIPSIMO IIPOTUBOIIOIOXKHOM 2paduenmy K TIOBepXHOCTH. [laBaiiTe KPaTKO HAIIOMHUM, Y4TO
aTo Takoe. Eciin yHKIMIO, OIPe/IesIsIioNyIo TY IIOBEPXHOCTh, HA KOTOPOM JIEXKUT IIAPHUK,
o6osnaunts yepes E(0) = E(01,62,...,0y), T0 ee rpanuent VE — 910 (BCIOMUHAEM
KyPChbl MATEMATHYECKOTO AHAN32a) BEKTOP IIPOM3BOAHBIX (DYHKIMN HECKOJBKHX Iepe-
MEHHBIX 110 KaK/I01 13 KOMIOHEHT:

oF
00,
E= ;
Ve OE
00y, 1
oF
90,

MHaye roBopsi, pajiieHT — 9TO TO HAlIPaBJEHHUE, B KOTOPOM (DYHKIIUsT ObICTpee Bee-
r0 Bo3pacTaeT. A 3HAUUT, HATIPaBJIEHIE, B KOTOPOM OHa OBICTpee BCero yObIBaeT, — 3T0
U €CTh HalpaBJieHne, 0O0PATHOE TPAJUEHTY, TO ecTh —V g E.

HmerHO B 3TOM 3aKJII09aeTCS MHTYUIINS, CTOSIIAS 32 METO/IOM TPAJIMEHTHOTO CITyC-
ka. Hy>xHO TOTbKO BHECTH MTOIIPaBKY Ha TO, UTO Y HAC HET BO3MOKHOCTH TOYHO ITPOMO-
JIeJTIPOBATh HelIPEPBIBHBIN IIPOIiece KaTsIIIerocsl BHN3 MIapuKa, I09TOMY MBI IUCKPeTH-
3UPyeM BpeMst M IPojIBUTaeMcs Tiar 3a maroM. O6o3Hauast yepes 0 BEKTOp MapaMeTpoB
MOjleJin Ha 1mare ¢, a yepe3 £ — MUHUMU3UPYEMYI0 (DYHKITNIO, Mbl MOKEM 3aITHCATh BEK-
TOp OOHOBJIEHNS TIAPAMETPOB Ha Tare ¢ Tak:

uy = —nVeE(0i—1),  0;=0;_1+ uy.

JasaiiTe naxe Ha Oyayllee 3alUIIeM 9TO B BIJE IICEBIOKOIA:

u = - learning_rate * grad
theta += u

3/1ech, KOHEYHO, CPa3y BO3HUKAET MHOTO BOIIPOCOB. [1epBbIit — Kak UMEHHO MTOJICY -
TaTh IPAUEHT B KaXIOU TOUKe /1 HEWPOHHON CETU CO MHOKECTBOM BECOB, CJIOKHO

! Monesusiit coser ot Txeddpu XuHTOHA, OAHOTO U3 IIABHBIX CICHHAIMCTOB 0 HEHPOHHBIM CETSIM
B MUpe: KOT/[a BBl HAYYNUJIMCh BU3YAJIU3UPOBATh Tpauk (HYHKIUU OT IBYX apryMEHTOB, TO €CTh TPEXMEp-
HYIO HOBEPXHOCTD, 9TO MHTYUTHBHOE MOHUMAHUE JIETKO IPOJIOJIKUTD 10 n-MEPHBIX ToBepXHOCTE. [lj1st aTOT0
JIOCTaTOYHO TIPEACTABUTH cebe TPeXMEPHYIO MOBEPXHOCTD M YETKO MTPOUZHECTH PO CeOsT: «IH>.
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CBSI3AHHBIX JIPYT C IPYTOM; TIOKA OY/IEM TIPEINOJIaraTh, 4To A€IaTh 9TO MBI YMEEM U Tpa-
NIVMEHT U3BECTEH HA KayKIOM Tirare. BTopoit — kak BRIGHpATh CKOPOCTH O6YIEHUST U HY K-
HO JIN MEHSITH €€ CO BpeMeHeM (KOHEUHO, HYKHO!); 06 STOM MBI TOKe TIOTOBOPUM TI03-
e, B Ty1aBe 4. TaM ke v paccMOTPUM pa3Hble MOIUMUKAIINN, KOTOPBIE TO3BOJIAT CYIIe-
CTBEHHO YJIYYIIUTh U YCKOPUTH T'PAJIEHTHBIN CITYCK.

A cefiuac paBaliTe paccMOTPHM BOIPOC Ky/a GoJjiee OCHOBOIOJIATAIONIMIAL 4TO 32
dysrumio E Mbl cobpanuch ontuMusupoBath? OTKyza OHa BO3bMETCA ?

B npeabiyiiem pasjiesie Mbl TOBOPUJIM O TOM, YTO ONTUMHU3UPYETCsT OOBIYHO ATIOCTe-
pHUOpHas BepOSATHOCTD:

p(0) [ »(d]0),

deD

i (4arie) ee jorapudm:

logp(0) + Z logp(d | 6).
deD

Yro 370 32 QPYHKIMS B peabHbIX 3ajiauax? Kakue 0OBIYHO JIE/IAI0TCS BEPOSITHOCT-
HbIE MIPEJINOJIOKEHNS U K KAKUM 3a/1a4aM ONTUMU3AIUN OHU TTPUBOJIST?

Haunewm ¢ camoro mpocToro cirydast: KIacCUIecKOn 3a/1aum AUHeUnoU peepeccuu. Mpl
OyIeM CTPOUTD JIMHEHHY 0 MOJIETb UMEIOTIIXCS IAHHBIX. PacCMOTPUM Takyto (DyHKIIUIO:

P
-
y(x, w) = wo + E Tjwj =T w
j=1
11 BeKTopa BXxoioB © = (1,z1,...,2p). O6paTuTe BHUMAaHME, YTO 3/I€Ch MBI BHEC-

JI1 CBOOOZHBIN UjieH B BEKTOD BECOB, A00ABUB ellle OAHY (GUKTHBHYIO PasMEPHOCTb,
BXO/I [10 KOTOPO BCET/Ia PaBEH e[IHMUIIE, — ITO IPOCTO Mepeobo3HaueHIe, KOTOPOE Ya-
CTO JIEJIAIOT JJIs1 yI0OCTBA M COKpAIleHnst 3aic. TakuM 06pasoM, TI0 BEKTOPY BXOIOB

z! = (x1,...,xp) MBI Oy/IeM IIPeICKA3bIBATD BBIXOL i TaK:
P
N . T A
J(x) = wo + Zz]w] =z
Jj=1

JlaBaiiTe cHavama monpoGyeM paccyskaaTh 6e30 BCSIKOU Teopuu BeposiTHocTel. Kak
HAUTH ONITUMAJbHbBIE TAPAMETPHI W™ 10 TPEHUPOBOUHBbIM HauubM D = { (x;, yl)}l]\i 1?
J11s1 5TOr0 JIOTMYHO BHIGPATh KaKy10-HUOY b PYHKIINIO omnOKK. JacTo NCIIOIb3YIOT TaK
HA3bIBAEMBII METO/[ HANMEHBIIINX KBAZPATOB, B KOTOPOM MUHUMU3UPYIOT CyMMY KBajl-
PaTOB OTKJIOHEHWI TIPe/ICKa3aHHBIX 3HAUYECHWI OT UCTHHHBIX:

N

RSS(w) = Y (y; — z] w)>.

i=1
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B laHHOM KOHKPETHOM CJiy4ae, KCTaTH, 3alauyy MUHUMu3an RSS(w) MokHO pe-
IIUTDH TOYHO — (PYHKLUA OMUOKU OKa3bIBAETCs BLIIYKJION, 60J€e TOro, KBapaTUYHOM,
1 9TOOBI HAIITH €€ MUHAMYM, JOCTATOYHO PEIIUTH CUCTEMY JUHENHBIX ypaBHEHWA. 3a-
nuieM QYHKIMIO ONIMOK:

RSS(w) = (y — Xw) ' (y — Xw),

rae X — marputia pagmepa N X p.
[poanddepeHmpyem Mo w, 1 B MPEANOI0KEHIN, 4YTO MaTpuia X | X HEBBIPOK-
JleHHad, IOy YU TCA:
w' = X)) taly.

MosxHOo HalTH W™ ¥ TPAJIUEHTHBIM CITYCKOM, JIJIsI BBITYKJIBIX (DYHKITUI OH TOKE BCe-
ra npekpacHo paboraer. Ho oTky/aa BooO1iie B3siiach aTa cTpanHas uest? [louemy mMbl
MUHUMU3UPOBAIN UMEHHO CYMMY KBaJ[PaTOB OTKJIOHEHU, a HE CYMMY MOJyJIeH, 4eT-
BEPTBHIX CTeHeHel Mau sKCHoHeHT? HeysKeau mpocTo moToMy, 4To Tak ObLIo yaoOHee
HUCKATh MUHUMYM?

Y106l OTBETUTH Ha 9TU BOIPOCHI, JaBaiiTe IOrOBOPUM O JTMHEHHON Perpeccuu mo-
GaiiecoBcku. [IJist 9TOTO HY’KHO BBECTH BEPOSITHOCTHBIE TIPENOI0KeH . I ocHOBHOE
IPEAIIONOKEHNE B MOJIEIM JMHEHOI perpeccun COCTOUT B TOM, 4To IyM (ommOka
B /IAaHHBIX) paclipe/iesieH HOPMaIbHO C IIEHTPOM B HyJIe, TO eCTh ITepeMeHHast ¢, KOTOPYIO
MBI HabJTI0/1aeM, MTOJIYYaETCS TaK:

t=y(x,w)+e tae €~ N(0,02).
Wubimu ciioBamu:
pt] @, w,0?) = N(t | y(z, w),0?).

PaccMmoTpuM Terephb Takoit xke Habop MaHHBIX, Kak Boiie, X = {x1, ..., &} CO 3Ha-
yenusimu t = {t1,...,tN}. ByseM npeamosaraTb, 4T 3TH 3HAYEHUS OBLIH TTOJIYIEHbI
HEe3aBHCHMO, 1 IITyM BCET/Ia MMeJI OJIHO U TO JKe pPaciipesiesieHne:

N
p(t]| X, w,0?) = H N(tn | wTwn,UQ) :

n=1
BcroMHuM, Kak BBITJISIIAT IJIOTHOCTb HOPMAJIBHOTO pactipezesienust. J{yist omaomep-
HOM CJIy4ailiHOW BEJTMYMHBI TIJIOTHOCTH TAKOBA:

(z—p)?

ei 202

(@ | o) = —
T| o) = ——
b a oV 2T

[ToacTaBuMm ee B GOpPMYJLY [JIsl IIPABAONOA00MS U IIPOJOrapudMUpyem:
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N
Inp(t | w,o?) = _%111(2#0 % Z ( —w a:n)Q.

U BOT MBI TIOJIYYHJIIH, YTO JIJIST MAKCUMU3AITUH TPABIOIIOL00US 10 w HaM HYKHO KaK
pa3 MUHUMH3UPOBATh CPEAHEKBAAPATHIHYIO OMIHOKY!

[lIoka MBI He ABUHYJUCH Aajibllie, OTMETUM OAWH BaKHBIM MomeHT. Ha mepBbIit
B3TJISI]] MOKET TIOKA3aThCsT, YTO HET HUKAKOU PA3HUIIBI MEK/LY TEM, YTOOBI POCTO BbI-
6parh QYHKIMIO OMUOKK WK PACIIPEAeIeHHE TITyMa: MKy 9TUMHE ABYMsI 00beKTaMU
JIeHICTBUTENIBHO €CTh COOTBETCTBHE.

OpHako o6paTuTe BHUMAHUE, KaK BEPOSTHOCTHBIH (TIOKA UTO Jlaske He 6aileCOBCKMIA)
IIOJIXO/L K JIMHEHHOH perpeccuu cpasy ke BBIHYMJI HAC SBHO BBIIIACATh BCE C/leJIaHHbIE
npenosioxkenus! Terepb Mbl 3HAEM, 4TO CyMMa KBa/[PaTOB OTKJIOHEHUH COOTBETCTBYET
HOPMAJTBHO PACIIPE/ICIEHHOMY IIyMY C HyJICBBIM CPEHIM . — I eCIIH BAPYT YBHJNM, 4TO
OMIMOKK y HAC OYEBUIIHO UMEIOT APYIYIo IPUPOY (HAIPUMEp, eciii ObIBAIOT TOIPEIIHO-
CTH TOJIBKO <B ILIIOC», @ <B MUHYC» He OBIBAIOT ), CMOJKEM JOTaJaThCs OUCKATD APYTYIO
byHKIMIO OMIUOKL.

K coxanenuio, HeKOppeKTHOE TPUMEHEHHNE CTATUCTUYECKIX METO/I0B BCTPEYaeTCs
OuYeHb 4acTo. ABTOpPaM 3TON KHUTH HE pa3 NPUXOAUJIOCH BUAETD JaXKe YUEHBIX, TIPU-
MEHSBIIUX CTAaTUCTUYECKHE METOJIbI, TPeAINOoJaralie HOpMaIbHO paclpeieleHHbIN
IIyM, K ANCKPETHBIM JaHHBIM, MMEIOIUM BCETO /IBa BO3MOKHBIX 3HaueHms1! OueBuj-
HO, TIOJTYYaJIMCh HE CTUTITKOM OCMBICJIEHHBIE Pe3YIbTaThl. Takux mpobiaeM MoKHO GBLITO
6b1 n36€KaTh, €U ObI TIPOIECC TIPUMEHEHUST ITHUX METOJIOB 3aCTABJISLT SIBHO BBIIIACATH
BEPOSITHOCTHBIE TIPEIIOI0KEHSI.

Ho xBartut Mopanu3aTopcTBa, Hallle /ieJio ellle He oKoH4eHO. Clemaylomuil myHKT
maHa — pezyaapusdayus. Korma mapaMeTpoB y MOJIeJIN CTAHOBUTCS OYeHb MHOTO, OHA
HAYMHAET CJIUIIKOM XOPOIIO «00JU3bIBATh» TOUKY U3 TPEHUPOBOYHOIO HAbOPa IaHHBIX,
a ee MMPeJICKA3aTETbHAS CIIOCOOHOCTD OT 9TOTO CTPAJAET. ITO JIETKO YBUIETH Ha EIIle O/1-
HOM U30MTOM KJIACCHYeCKOM mpuMepe. /laBaiiTe pacCMOTPUM TY JKe CaMyt0 JIMHEHHYIO
PErpeccuio, HO Terepb 106aBUM B Hee GasucHbie (GYHKIMK 1 OYIeM HCKATh He TIPSIMYIO,
a MHOTOYJIEH, HAUTYYIINM 06Pa30M ONMUCHIBAIOIINE aHHbIe TOYKK. VIHAYe ToBOpS, fa-
BaiiTe CUNTATH, UYTO BXOMHAS IT€PEMEHHAS & BCETO OJIHA U MBI UII[EM ONTUMAJbHbIE KO-
abduIrenTs MHOTOYJIEHA cTelleHn d, onuchiBaioniero ganubie us D = { (z;, yl)}f\; .
TO €CTh MOJIEJINPYEM BBIXOIHYIO TIePEMEHHYIO TaK:

d
yj(m):wo—l—ijxj:(l r oz .. xd)T'w.
j=1

! Bompoc 11 caMonpoBepKH YHTATEIS: a TOYeMy BOOBIIIE eCTECTBEHHO PACCMATPUBATh HOPMATBHO Pac-
npeeeHnsblii mym? [TodemMy HopMasibHOE paciipe/ieieHie TaKk YacTO BO3HUKAET B PeabHOI JKU3HH KaK pac-
npejieJieHue IyMOB 1 OIIMOOK B HETPEPHIBHBIX U3MepeHusix? [101CKa3Ka: OTBET CBSI3aH ¢ 3aKOHOM (OJIbIINX
YuceJI U TIeHTPAIbHOI MTpee/IbHON TeOPeMOii.
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Puc. 2.3. Annpokcumaiust Muorouniena f(z) = 2* — 4z? + 3z — 2 1o zecsTM TouKaM
€ HOPMAJIBHO paclpe/ieJIeHHBIM IIyMOM MHOTOUJIEHAMU PAa3HOI CTelleHN

JlaBaiiTe IOCMOTPUM, UTO IIOJIy4aeTca Ha KOHKPETHOM npumMepe. B kadecTse ucxoz-
HBIX TOUEK Mbl B35 3HAUeHUs1 MHOTOuMeHa f(x) = 23 — 422 + 32 — 2 B BOCbMU TOU-
Kax 1 06aBUIIN K Pe3yJIbTaTaM HOPMAJIbHO PACIPEIENEHHBIN IIYM C HYJIEBBIM CPE/IHUM

U AuCIiepcueit %.

PesynbTaThl n300pakeHbl Ha puc. 2.3: Ha rpaduKaxX UCXOAHBIA MHOTOUJIEH TOKa3aH
cepoil KpUBOI, TOUYKHU JITAHHBIX — 3BE3/[0YKAMU; YePHBIE KPUBBIE — ATO PE3YJIHTAT all-
npokcuMaiuu. Bugno, uto 1y d = 0 MBI [ToJTydaeM TIPOCTO cpefiHee BCeX TOYeK, [T
d = 1 — ontumanpHyto npsmyio. lins d = 2 u d = 3 pesysabTar noJsydyaercst BeCbMa
HEIJIOXOM (YTO JIOTUYHO, Beb UCXOAHBIA MHOIOYIEH ObLI KyOU4ecKuii), HO s d = 8
«XBOCTBI» MHOTOUYJIEHA y>Ke CMOTPST B HETIPABUJIbHBIE CTOPOHBI (TO €CTh MHTEPTIOJISIINS
6oJiee U MEHEe MOJIYYUIIACh, 2 9KCTPATIOJISIIIAS — COBCEM HET), a st d = 9 TTOJIMHOMU-
aJIbHOE IPUGJIKEHUE TIOJTHOCTHIO BRIpOKAaeTcst. YepHast KpuBast Terephb IPUOJIKAeT
UCXOAHBIE TOUKU a6COIOMHO TOUHO, BEIb YepPe3 NeCATh TOUEK MOKHO TOYHO IIPOBECTU
MHOTOUJIEH JIEBSITON CTETIEHU, HO BOT PE3YJIbTAThl 9TON alllPOKCUMAIIUY TeTlepPhb MpakK-
TUYECKU HUKAKOTO OTHOIIEHUS K NCXO/JHOMY MHOTOYJIEHY He UMEIOT.
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O6HapyskuIach mpobiemMa — 4eM 60JIbIIe CTEMeHh MHOTOUIEHA, TeM, KOHEYHO, TOY-
Hee UM MOYKHO TPHOJIM3UTH JaHHbIE, HO B KAKOH-TO MOMEHT pPe3yJIbTaThl IPUOJIMIKe-
HUS TIEPECTAHYT UMETHh OTHOIIEHWE K JIHCTBUTENbHOCTH. JTO KIACCHYECKU TPUMeEp
oseppummunea’. Kax mam ¢ v cripasuthesi? JlaBaiite CHauama mooiiieM ¢ HECKOIBKO
HEOXKHMIAHHOHN CTOPOHBL. B HEKOTOPBII MOMEHT KO3 (PUITHEHThI MHOTOYJIEHA HAYNHAIOT
0Y€eHb CHJIBHO PAcTh. BOT Kak BBITJISIAT H300paskeHHbIE HA PUC. 2.3 MHOTOYJIEHBI:

fo(z) = — 2,2393,

f1(z) = — 2,6617 + 1,8775z,

fa(z) = — 2,2528 + 3,46042 — 3,060322,

f3(z) = — 2,2937 + 3,5898z — 2,6538z2 — 0,5639z,

fs(z) = — 2,2324 + 2,2326x + 6,254322 + 15,5996z — 239,9751x*+

+ 322,85162° + 621,095225 — 1478,65052" + 750,90322°,
fo(x) = — 2,22 + 2,01z + 4,882% + 31,132% — 230,312%+
+103,722° + 869,2225 — 966,672 — 319,312% + 505,642°.

KoadduimeHTs moyyaoTcest ropaso 60JIbliie, YeM Mbl MOTJIM Obl IPEAIIOTIOKUTD
0 Hameil KpuBoil anpuopu (OmATh 9TO CJI0BO...). JaBaiite mompobdyeM HalTH crocod
¢ aTuM cripaButhest. CHavasma GyJieM AeiicTBOBATh MPSIMOJIMHEIHO 1 TIPOCTO/LYIIHO: JI0-
6aBKM pasMep Koap UIMEHTOB B (PYHKIINIO OIMMOKH B Ka4eCTBE AOIOJIHUTEIbHOIO CJIa-
raeMoro; TAKHe cJlaraeMble Ha3bIBAIOTCS pezyasapu3amopamu. Panbiiie Mbl MUHIMU3HPO-
BaJI TaKyo QYHKIIMIO OMIMOKY:

N
1
RSS (L(w)) = 5 D/ (riw) ~
1=
a TeHepb 6yf.[eM MI/IHI/IMI/ISI/IPOBaTb ﬂpyry}o
1 A
RSS(w) = 5 3 (F(rsw) — ) + 5 ],
=1

rae A — KoahhUIMEHT perysipusaliy, KOTOPhIil HaM CAaMUM HYKHO OyeT KaK-TO Bbi-
6parb. ONTUMU3UPOBATH 9Ty (DYHKIIMIO OMIMOKK MOMKHO TOYHO TaK e — M FPajueHT-
HBIN CITycK cpaboTaer, fa 1 110 CYyTHU 5TO MO-IIPeKHEeMY KBaJpaTudHast (yHKIH:

! Yacro osepdurrunr (0T 0AHOMMEHHOTO aHIJIMIICKOTO overfitting) mo-pyccku HasbIBAIOT <Iepeobyue-
HireM». XOTsI PYCCKOe CJI0BO, 6€3YCIOBHO, TIPUSTHEE VXY, HAM BCE JKe KasKETCs, 4TO CMBICT Y CJTOBA <I1epeody-
YeHMe» YIKe eCTh: «00yYeHNne 3aHO0BO, 00yUeHHe YeMy-TO PYTOMY», TO €CTb He over-learning (4to ato BooGuie
3HaunII0 OBl /7151 YesioBeKa?), a ckopee re-learning. TToatomy GyjieM moJb30BaThCsl HEKPACHBON KaJbKOM.
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RSS(w) = % (y — Xw)' (y — Xw) + %w—rw.

Ot Hee MOYKHO B3$ITh ITPOU3BO/IHYIO, IPUPABHSATH HYJIIO U PENTUTh YPAaBHEHUE:
w* = (XTX+A) 1Ty,

rae I o6o3HAUAET EMMHUYHYIO MATPHUIY COOTBETCTBYIOINIEN pasMepHOocTH. MeTox pe-
TYJISIPU3AIINH, TIPY KOTOPOM MBI 1006aBJIsieM K (GYHKIIUU ONTHOKY % ||w||2, Ha3bIBAETCS
epebnesoll peepeccuet (ridge regression).

[TosBosuM cebe HeGoJIbIIoe JUpUUEcKoe oTcTymaeHne. CaMo CJIOBO «peryJisipusa-
US> 371€CH BBITJIAUT HEMHOTO CTPAHHO; 3TO TOTOMY, YTO OHO UMeET CKOpee UCTOprYe-
CKUM cMBICT. /[eJ10 B TOM, YTO U3HAYAJIBHO Peyb I1JIa O PeIIeHUN JTUHEUHBIX YPaBHEHUI
Buja Ax = b u ucciesioBaHUN AMHAMUYECKUX cUCTeM ¢ MaTpulieil A. Eciu penenus
HET, TO €CTh MaTpuIla A BBIPOXKIEHHAS, OKa3bIBAETCSI, UTO BCE PABHO MOKHO TIBITATHCS
C/IeNIaTh C HTUM yPaBHEHUEM YTO-TO pazyMHoe. J1Jis 3TOT0 HY;KHO 3aMEHUTDh MaTpHIly A
Ha 63Ky K Hell MaTpuily A + A, kak mokasaHo Boiire. [Ipu TakoM mpeoGpasoBaHun
BBIPOJK/ICHHAST MATPUIIA 00sI3aTEIbHO CHOBA CTAHET HEBBIPOJKAEHHOM, «PETyJISIPHON» —
OTCIONA U «peryJisipusanus». Keratu, ¢ muHedHbIX ypaBHEeHUH Ha 6osiee 00muii coryyaii
oIepaTopoB peryJspusanuo 0606un A. H. Tuxonos!, u B ero wects onHy n3 hbopm
peryisipusaliui, K KOTOPOU OTHOCUTCST U TpeGHEBast Perpeccust, 10 CUX MO HA3BIBAIOT
«peryssipusanueit 1o TuxoroBy» (Tikhonov regularization).

B Hamrem nipumepe mpu 06aBIEHUN PETYIISIPU3ATOPA MHOTOYJIEHBI TAKOBBL:

Frmo(T) = — 2,22 4+ 2,012 + 4,8822 + 31,1323 — 230,312 +
+ 103,722° + 869,2225 — 966,672 — 319,3128 + 5056427,
Pr=o,01(z) = — 2,32 + 3,40z — 2,332% + 0,052° — 0,512~
—0,292° — 0,222% — 0,0627 + 0,092% + 0,242,
Fre1(z) = — 2,46 4+ 1,452 — 0,1922 + 0,222 — 0,132* —
—0,052° — 0,142% — 0,1327 — 0,1628 — 0,162°.

Cuayyait A = 0,0 HUYeM He OTJIMYAETCST OT OTCYTCTBUS PeTyJigpusanu, ipu A = 1 pe-
TYJISTPU3aTOP MOIYYIaeTCsl CAUITKOM CUIIbHBIM, a KO3(h(GUIIMEHTH — CIUNTKOM MaJleHb-
kumu, a ipu A = 0,01 nostyvaercs «30j0tast cepefiiay. Buj kpubix (puc. 2.4) moj-
TBEPIKIAET HAIIK BbIBObI;, MOYKHO OBLIIO OBl BBIOPATh HOBBIE TOYKHU B KA4eCTBE BajIn/a-
IIMOHHOTO MHOXKECTBA U TPOBEPUTD MTOJyUYeHHbIe MOJIEJIN, HO UJesI U TaK IMOHSTHA.

U Anopeii Huxonaesuu Tuxonos (1906—1993) — coperckuii MaTematuk, akagemuk AH CCCP, ocnosaTesb
(bakyJibTeTa BBIUMCIUTETbHOM MaTeMaTuku 1 Kubepuetukn MI'Y. TToyunn MHOKECTBO BasKHBIX Pe3yJIbTa-
TOB B IPUKJIQJIHON MaTeMaThke: pa3paboTall TeOPHIO OHOPOJHBIX PA3HOCTHBIX cXeM Juist pernerus andde-
PeHIMAIBHBIX YPABHEHU, & METO/[BI PETYJISIPUSAIINH MOy YHIIICh U3 33/1a4, CBSIBAHHBIX € TOMCKOM ITOJIE3HBIX
uckonaembix. A B 1948 roay TUXOHOB OpraHU30BaJI 1 BO3IJIABUJI BEIYUCIUTEIBHYIO JJAOOPATOPHIO, 3a/1a4ei
KOTOPOIi GBIT pacyeT MpoIlecca B3PbIBa aTOMHOI GOMOBI.
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A=0 A=10
10 {10 ®
15 | 15
2,0 4 | 20
25 25
3.0 'f 3,0
35 1 <35
-4,0 | 40
4,5 | a5

-1,0 -0.5 0,0 05 1.0 15 -1.0 -0,5 0,0 05 1.0 15
a 6 8

Puc. 2.4. Annpoxcumanus Muorounena f(x) = a® — 4a® + 3z — 2 110 gecaTy TOUKaM
C HOPMAJIBHO PACTIPEETICHHBIM 1IIyMOM MHOTOUJICHAMI CTETIEHH 9 ¢ PerysipusaTopom 5 [|w|
LIS Pas3HbIX 3HaYeHunit \:a — A = 0;6 — A =0,01;6 — A =1

2

Ho nioka peryJisipusanust, Xoth 1 paboTaeT, BBITJISUT KaK B BbICIIel crerienu ad hoc
pelleHe: Mbl B3sUTH U TI0 CBOEH BoJte T0OaBUIIN TUITHUH wieH B hyHKiuio ook, Kak
WHTEPIPETHPOBATH 3TO HOBOE CJIAaraeMoe € BEPOSTHOCTHBIX TTO3UINT?

VIHTYUTHBHO CMBICT B CJIEAYIOIIEM: MBI PEIIMJIH, YTO B PACCMaTPUBAEMOI MOZIEIN
«MaJIOBEPOSITHOY, UYTO Y MHOTOWIEHA MOTydaTcst Gosbine Koabdunuents. MHave ro-
BOPsI, TOOABJISIST PETYIISIPU3ATOP, MBI IIBITATNCH GOPMATU30BATH TOT (HAKT, YTO HEOOTD-
11ue, KOPOTKUE BEKTOPBI KOIDOUIIIEHTOB GoJiee BEPOSITHBI, YeM JITTHHHBIE.

Y1065 00BSICHUTE ITY (HOPMATUBATINIO, TABAFITE TOCMOTPHUM HA PETPECCHIO C COBCEM
GaiiecoBCcKOi cTOPOHBI. [I0 CHX IIOp B HallleM aHaJIU3€e JMHEHHON perpeccuu y4acTBoBa-
JIO TOJIBKO TIpaBononobue. Tereps BBeieM Kakoe-HUOY (b AITPHOPHOE PACIIPe/IeIeHHE,
KOTOpoe Gy/IeT BBIPaKaTh HAIN ATIPUOPHLIE TPEACTABIEHNS O TOM, KAaKUMHU JOJKHBI
6ITh Beca perpeccun w. HauteM ¢ TOro, 9T0 BBIGEPEM 9TOMY pacTpeielennio Gopmy —
OyCTh OHO TOXe GymeT HopMambHbIM: p(w) = N(w | pg, Xp). Paccmorpum cHoBa Ha-
60p mauubix X = {x1,...,xN} co sHavenusimu t = {t1,...,tN}. B 31001 MOIETN MBI
MO-TIPEXKHEMY MPE/IIIoJIaraeM, YTo JaHHbIEe He3aBUCUMBI M OZIMHAKOBO PacIIpe/le/ICHbL:

N
pt| X, w,0?) = [[NV (tn | men,JZ) .

n=1

Terepsb, YTOOBI HAUTH ATIOCTEPHOPHOE PACIIPEIC/ICHIE, HAM HYKHO MOJCYUTATD TPO-
n3Be/leHNe IIJIOTHOCTEN HECKOJIbKNX HOPMAJIBHBIX PacIIpesieIeHIi:

N
p(w | ) o p(t | X,w,02)p(w) = N(w | g, o) [T N (tn | w0 @n,0?).

n=1
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[laBaiite ato cnemaem. O4ueBU/IHO, UTO B TIOKA3aTeJie SKCIIOHEHTHI (MU B JloTapud-
Me) CHOBa TIOJIYYUTCS KBaapatudHas (GYHKIUS OT w, TO €CTh IIPOU3BEJIEHUE HOPMAaJIb-
HBIX PacipeeseHuii CHoBa OyaeT HOPMaJIbHbBIM:

p(w|t) =N(w|py,En).

YT00BI MOACYUTATH TTAPAMETPHI 4 pr U 3y, IPUAETCS HEMHOTO TIOTIBIXTETh, BBIIEJISST
HOJIHBINA KBazipat oT w. OCTaBUM 3TO YIPaKHEHUE YUTATEIO; PE3YJIbTaT Ke OyIer Ta-
KUM:

_ 1 1 -1
uy = SN (201u0+2XTt>, YN = <201+2XTX) .
g o

A Teriepsb jaBaiite mojacunTaeM Jorapudm anoctepuopHoro pacnpezaencaus. Ecim
MBI BO3bMEM allPHOPHOE PacIpe/ieieHre ¢ IIEHTPOM B HYyJIE:

p(w) = N(w| 0, 1)

rie O o6o3HAYAET HYJIEBYIO MATPUILYy MM BEKTOP, a I — eIMHUYHYIO MATPUILY, TO OT
Joraprdma PaBaonoa06Ust OCTAHETCSI

N
1 2
Inp(w | t) ~552 Z ( —w wn) - %wTw + const.

[TomywaeTcst, 4TO MBI TIPUIILITA B TOYHOCTH K TpeOHEBO# perpeccu!

Ob6partnTe BHUMAHHE: ¥ HAC TOTYIUIOCH, UTO TIPH HOPMATHHOM alTPHOPHOM Pactipe-
fesiernn p(w) W MPaBAONOA06HI HOPMATBHO pacipesiesienHoro myma p(t | X, w,o?)
¢ (pUKCHPOBaHHOI AMCTIepeHeii o2 TorapudM anocTepHOPHOTO pacipesesenus p(w | t)
TOKE TIOJTYIHIICS KBAIPATHIHOM (DYHKIIHEN OT w, TO ecTh p(w | ) — 3TO TOKE HOPMAJIb-
Hoe pacripeziesierrie! DTo 3HAYUT, YTO IPU (PUKCUPOBAHHON AUCIIEPCUH U HEU3BECTHOM
CpeiHeM HOPMAJIbHOE PACIIPE/IE/ICHUE SIBJISIETCS CAMOCONPSNCEHHBIM, TO €CTh CONPSIKEH-
HBIM caMOMy cebe.

Ha puc. 2.5 nokaszaH npuMep TaKOTO BBIYUCJIEHUST: YMHOKAsI HOPMAJIbHOE allpPUop-
Hoe pacrpezenenne p(u) = N(u;0,1) Ha npaBponogobue Bbimasiieil Toukn 1 ¢ HOP-
MaJIBHO PACHPEIeJIEHHBIM TIIYMOM C JIECIIepCcueit % MBI TIOJIYYHM aroCTEPUOPHOE pac-
npeeseHne

P D) o N (i 0, DN (1 1, 1) = ——me 3% 50 —2_=3(0-1)"
27 Vom V2r
4

5 2 8 5 1 2

TO €CTb AMOCTEPHOPHOE Pacpeie/ieHIe TOKe OyIeT HOPMAIBHbIM, U Y HETO OY/IET Cpej-

4 1
Hee = U JJUCIIepCUudad —.
5 WAnCHepenst =
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AnpuopHoe pacnpegenexdve MNpasgonogobue AnocTepuopHoe pacnpegenesvne
1.0 1.0 1.0
0.8 08 08
06 0.6 0,6
04 04 04
0.2 0.2 02
0.0 0.0 0,0
-1,0 0,0 10 2,0 -1,0 0,0 10 20 -1,0 0,0 1.0 20
a 6 8

Puc. 2.5. Onma ToYKa TAHHBIX ¢ HOPMAJTBHO PACIIPEIETIEHHBIM IIIYMOM: d — allPUOPHOE
pacnpenenenne p(u) = N (u;0,1); 6 — npasonogobue L(p) = N (131, 3);
6 — atlocTepropHoe pacrpezesenue N (u; 3 %)

Mo:kHO Tenepsb caesiaTh 1 6alleCOBCKHE IPeCKa3aHus, HO 9TO yIKe, IOKaLyii, Oyaer
BBIXOZIMTD 32 PaMKW KHurH. Hareii 1esbio ObLJI0 MO3HAKOMUTD YUTATENst ¢ OCHOBHOM
uzeeii 6aileCOBCKOro MOAX0[a K MAlIMHHOMY OOYYEHMIO, a TEXHUYECKHEe AeTajId HaM
GoJibliie He TIOHaHo0ATCst 10 caMoi riasbl 10, 1a ¥ TaM OHM OYAYT HEMHOTO JAPYTUMIL.
JKemaronm Bce ke OCBOUTD 9Ty HAyKy BCEPbe3 MBI B KAU€CTBE OCHOBHBIX HCTOUHUKOB
etrfe pa3 mopekomenayem [44, 381], a camu Gyziem gBUTaTHCS Aasbine. B atoMm pasmere
MbI TOBOPUJTM UCKJIIOUUTENbHO O PETPECCUHU, TO €CTh O TIPEJICKA3aHUN BEIIECTBEHHOTO
yicsa, QyHKIKEH OmMOKY 111 KOTOPOIo YacTo BIOJIHE Pa3yMHO B3SATh IIPOCTO CYMMY
KBajIpaTtoB oTKJIoHeHM. Ho He MeHee BaxKHBI JJIs HAc OyAyT W 3ajaun Kjiaccuduka-
[[UK — a TaM ¢ PYHKIHEH OmmOKH €10 0GCTOUT HEMHOTO XUTPEE.

2.3. PaccrosiHue Kynbbaka — Jlenbnepa
U NnepeKpecTHas SHTponus

bes npeanbHOro My:K4MHBI U UACAIBHON KEHIIIUHBI UCCTIE0BA-
TeJIb JIMIIIEH TBEPAOTo MacuTaba, KOTOpbIil 6b OH MOT' IPUMEHHTb
K IeWICTBUTEJIbHOCTH, OH XOJUT OIIYIIbI0O B TEMHOTE HEU3BECTHBIX,
TTIOBEPXHOCTHBIX CY KIEHU.

O. Baiinumneep. Ilon u xapaxmep
Mol ysKe TOBOPUJIU O TOM, YTO OOJIBIIUHCTBO 3a/ja4 MAIIMHHOIO OOYYEHUs C YUUTeIeM

MOJKHO YCJIOBHO pa3/IeJINThb Ha 3a/la4M pErpeccuu, rae 1eJjieBasd (byHKL[I/IH HEIIpepbIB-
Ha, 1 3ala41 K]IaCCI/I(i)I/IKaHI/II/I, rae 1eJaeBasd Q)yHKHI/IH IIpe/ACTaBJIAET coboit BbI60p nu3
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HECKOJIbKUX KJIACCOB; X MOXKET OBITh MHOTO (KaK, HAITPUMED, B PACIIO3HABAHUMY JIHII,
KoTopoe Tak xopoiio aenaer Facebook), HO OHU Bee-Taku AUCKPETHBI, M KAsKIAOMY W3
HUX JIOJIZKHA COOTBETCTBOBATH I[eJIast 00JIACTh B TPOCTPAHCTBE TTAPaMETPOB.

MBI TOJIBKO YTO BBISCHIJIN, YTO JIJIs 3aaUl PErPecCHy Xopolieil (pyHKIne ommbKu
SIBJISIETCST CyMMa KBaJIPATOB OTKJIOHEHUH TIPEICKA3aHHBIX OTBETOB OT IIPABUJIbHBIX. JTa
(byHKIUST COOTBETCTBYET HOPMAJIBHO PACIPeleIEHHOMY IIIYMY, YTO IS HETIPEPBIBHBIX
BesnunH Gostee yeM jjornyHo. Kak BbIOpaTh GyHKIMIO OMMOKHY JJIst 3alaui Kiaccudu-
karmu? Ha nepBblii B3TJISA/] KaXKETCs, 9TO 3TO COBCEM IIPOCTO: €CJIN HaM HYKHO OT/EJIUTh
dororpaduu xouek ot pororpaduii cobax, gaBaiite MOACYUTAEM, CKOJIBKO Pa3 Mbl BEP-
HO OTIPEIENTUIIN KJTACC, & CKOJIBbKO pa3 HeBepHO. To ecTh BBe/eM (GYHKIIUIO OIUOKHU, PaB-
HYIO yHcaTy (WM 10JIe, YTO TO K€ CAMO€) BEPHBIX OTBETOB.

Taxast MeTprKa, KOTOPYIO Ha3bIBAIOT MoyHocmyo (accuracy ) Kiaaccudukaimm, gei-
CTBUTEJILHO YaCTO MpeACTaBJsieT co0oil Hally KoHeuHyo 11ejib. Ho Bot Gena: pyHKIms
OMMOKH, KOTOPasi IIPOCTO MOJACYUTHIBAET YKCIO BEPHBIX OTBETOB, — 3TO KYCOYHO-TIOC-
tostnHast Gpynkius. OHa BCeria JIOKAJIBHO MOCTOSIHHA, U MAJIEHbKYE U3MEHEHUsT B KJIac-
cuduKaTope MPAKTUYECKU HUKOT/IA He TPUBEIYT K MI3MEHEHHIO OTBETA HA KAKUX-TO Te-
CTOBBIX IIpuMepax. ECTb ToIbKO HEKUI KOHeYHbII HabOp PasieIsaIonuX MOBEPXHOCTEN
(MHO’KECTBO MEPbI HYJIb, KaK CKa3aJ Obl MATEMATHK ), HA KOTOPBIX 3HaUeHUe (QyHKIHH
BHE3AITHO U PE3KO MEHSIETCS.

U coBepilieHHO HETIOHSATHO, KAaK ONTUMU3UPOBATH Takylo (pyHKIuio. ['pajuenTHbII
CIIYCK, KOTOPBIN CTAHET HAIIUM OCHOBHBIM MHCTPYMEHTOM JIJIsl 0OYYeHUsT HEHPOHHBIX
ceTefd, 311ech 6ecrosie3eH, MOTOMY YTO TIPOU3BOHASA (DYHKITMU PaBHA HYJTIO Be3/le, KPOME
TeX PEIKUX CJIyYaeB, KOT/Ia OHA U BOBCE HE CYIIECTBYET.

Kax ske mpaBUJIbHO BBIPA3UTD TOT (GAKT, UTO HAIIH MIPeCKas3aHust GoJiee WM MeHee
MOXO0’KU HA UMEIOIUECs TPEHUPOBOUHbBIE TAHHbIE, /1A ellle U CAeJIaTh 3TO TIAKON (PyHK-
[Fel, KOTOPYIO MOXKHO OY/IET TIOTOM OIITUMHU3HPOBATD?

W3 teopun nnHOpMaImy B MHGOPMATHKY MPUIILIO TTOHITHE OMHOCUMENbHOU M-
mponuu, nm paccmosnus Kymwbaxa — Jeubrepa (Kullback — Leibler divergence, KL
divergence, relative entropy), Hasparsoro tax B gects Comomona Kympbaka! n Prraapna
Jleitbnepa. Paccrosinue Kysnbaka — Jleiibepa sIBJSIETCS 110 CBOEW CyTH MEPOU pasHu-
I[bI MEXKTY IBYMSI BEPOSITHOCTHBIMU pacnpeniesenuamu P u (. Kak npasuio, cunraer-
cs1, 4TO pacipeseserre P — aTo «<HCTHHHOE» Paclpefie/ieHue, a () — ero IprOJIKeHue,
u toraa paccrosiaue Kysbbaka — Jleiibepa cIyKUT OIEHKOI KauecTBa MPUOJIKEHNSL.,

L Conomon Kynv6ax (Solomon Kullback, 1907—1994) — amepukanckuii MaTeMaTHK ¥ KPUIITOAHATHTHK.
ITepsoro ampesist 1930 r. (xapakrepnast sara) Yuiabsm Dpuman, KOTOPHI B MJIaJieHIeCTBE SMUTPUPOBAIT U3
Kummmaesa B CIIIA uz-3a mporetasmiero B Poccuiickoii nmnepun antucemutusma, a B CIIIA cran 3Hame-
HUTHIM KPHUIITOJIOTOM U TIPOBEJI BCIO JKU3Hb HA TOCCIYKO€, HAHS «MIIAJIIIEr0 KPUIToaHaInTuka» Kyibba-
Ka B 4HCJIe TPEX MEPBBIX COTPYAHUKOB TOJIBKO 4To ocHoBaHHOTO Signals Intelligence Service (SIS). Bo Bro-
poii ososune 1930-x roxos Kynbbak co csoum apyrom Aspaamom CunbkoBbiM (Abraham Sinkov) Baio-
MaJl KOJIbl TAiIHOM T1ePEeNCKU AMOHCKKX JMIIOMATOB; 9Ta paboTa cTasa ete Gosee akTyaabHoi nocse Iepa-
Xap6opa. 3namenurast cosMectHast pabora ¢ Puuapiom Jleit6repom (Richard Leibler, 1914—2003) orrocwur-
cst k 1951 roxy [287], a 3atem ngest paccrosinust KynbGaxa — JleiiGiepa Gblia 10APOOHO U3JI0KEHA B KHUTE
Kysb6aka, Beimemieii 8 1959 roxy [286].
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B teopun nundopmaliuu oHo sIBISETCS KaK pa3 KOJUIeCTBOM UH(POPMAITIH, KOTOPAsI Te-
psieTcst mpu NpUOIMKEHUN pacipeaesieHrst P ¢ TIOMOMIBIO pacipeeieHus Q.

ToBopst popmanbho, paccrosgaue Kynbsbaka — Jleitbiaepa ot pacipegenenus P 1o
pacmpenenenus  obozHagaercst kKak KL (P||Q) u onpenesnsieTcs creayomum 06pasom:

dpP
KL (P||Q) = / log 4y dP

rjie MHTErpaj GepeTcs 1o BCeMy TIPOCTPAHCTBY UCXOA0B, KOTOpoe y P 1 QQ IOJIKHO ObITh
obree. Hac, koHeuHo, GOJIbIIIE BCETO MHTEPECYIOT [BA YACTHBIX CIIyYast:
* xorga P u (Q — IUCKPETHBIE CJyYaliHble BEJIMYUHBI HA TUCKPETHOM MHOKECTBE
X ={z1,...,zN}, paccrostaue Kynbbaka — Jleitbsiepa BHITJSIAUT TAK:

KL(PIQ) = 3 ple) log )

Q(xz) ’

e p(z;) v q(x;) — cOBCTBEHHO BEPOSTHOCTH UCXOMA Tj;
+ xorza P u () — HempepbIBHBIE C/IyYaifHble BeIMYNHBI B pocTpaHcTBe RY, paccTosi-
uue Kysbbaka — Jlelibepa MOKHO 3aIMCaTh Kak

KL(PIQ) = [ pw)log 4 de.
Rd q(x)
TJIe p M ¢ — TUIOTHOCTH PACIIpPeleIEHU  p U q.

W3 dhopmy cpasy BuaHO, uto paccrosaue Kyspbaka — Jleiibiepa Ha caMoM Jejie
BOBCe He siBistercst paccrosirieM!! B 4acTHOCTH, OHO HECHMMETPITIHO: 4acTo GBIBAeT,
gro KL (P]|Q) # KL (Q|/P). Ho nist nac BaskHee apyroe cBoiicTBO: paccrosinue Kyiib-
Gaka — Jleitbmepa Bcerna neorpurateabno, KL (P||Q) > 0, u 0HO paBHO HYJIO TOJIbKO
TOT/1a, KOT/Ia PACIIPEETICHIS p U ¢ COBIAAIOT OYTH BCIOLYZ.

Kaxk ucnospzoBatsb paccrostaue Kysnbaka — Jleitbepa 7ist 3a1a4 KiraccuduKarmm?
Hedopmaibho roBopsi, Mbl OyJIeM IIBITATHCS HOACYUTATH, HACKOJBKO paciipeiieieHre
Ha TECTOBBIX IPUMepax, MOPoXkAeHHOe KiaaccuduratopoM (HA30BEM €ro ¢), TIOXOXKE
WJIN HETTOXOXKE Ha «MCTUHHOE» paclpe/leIeHre, 33/laBaeMoe IAaHHBIMU (HA30BEM €TO P).
A popmMasibHO aBaiiTe HauHeM ¢ GUHAPHOU KiaccupUKALIMH, IJie BXOAHBIE JaHHbIE UMe-
10T Buji (¢, y) ¥ y IPUHIMAET TOJbKO [Ba 3HaYeHusT; Ha3oBeM ux O u 1. BBenem pacripe-
JleJieHUe TAHHBIX JIOCTATOYHO TPUBUAIBHBIM 00pazoM: p(y = 1) = y,ap(y =0) =1—y;
9TO 3HAYWT, YTO B pacIpele/eHnd JaHHbIX BCe 3HaYeHus OyayT paBHbl win 0, wim 1.
A pacnpenesenue kiraccudukatopa OyIer YK Kakoe MOJTYyYUTCs; KIacCudUKaTop Ibl-
TAETCsI OLEHUTH BEPOSITHOCTD MOJIOKUTEIbHOTO oTBeta p(y | D, ), 1 UIMEHHO ee Mbl
1 Oy/IeM CUUTATH BEPOSITHOCTHIO (Y ).

! B anrmmiickoM s3bIKe 37eCh HeT POOJIEMbI; ITO-PYCCKH TOKe MHOT/IA TOBOPAT «AnBeprenius Kymmba-
ka — Jleiibnepa» nmu «pacxoxnaerne Kyapbaka — JleiiGaepa», HO «pacCTOSTHUE» UCTIONB3YETCS Yalle.
2 Xopormee yTpaskHeriie Ha MOHMMaHHe: TONpobyiiTe hopMaIbHO [0Ka3aTh 3TO CBOHCTBO.
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MunumusuposaTh OyeM He coBceM paccrosHue Kyinbbaka — Jleibiepa, a Tak Ha-
3bIBAEMYIO nepeKpecmuyro IHmponuto (Cross-entropy):

H(p,q) = Ep[~logq] = Zp ) log q(y)-

Tax 6yzer yaobHee 1yt MUHUMU3AINH, a ¢ paccTossuueM Kymnbbaka — Jleitbnepa ne-
pekpectHast sHTpotus H (p, ¢) CBSI3aHA CAMBIM MPSIMBIM 06Pa3oM:

L(PIQ) = 3 p(y) log 2

m q(y)

=> p(y)logp(y) = > _p(y)loga(y) = H(p) + H(p,q),
Yy Yy

rae H(p) — sutponus pacnpenenenus p. [losydaercs, uto ayist GUKCUPOBAHHOTO p, 3a-
JIaBAeMOTO JIAHHBIMY, HET PA3HUIIbI, YTO M3 3TOTO MUHUMHU3UPOBATD TIO ¢.

st GunapHOil Knaccudukamu ereBast GyHKINS, KOTOPYIO MbI OyIeM MUHUMU-
3upoBaTh Ha Habope AaHHbIX D = {(x;, yl)}f\; 1> OOBIYHO BBITJISIUT KaK CPEHss Tepe-
KPeCTHast 9HTPOIINSI 110 BCEM TOUKAM B JJAHHBIX:

L(0) = H(pguiar0(0)) = —x- > (i logi(0) + (1~ i) log (1 55(0))
=1

r1e ¢;(60) — olleHKa BEPOSITHOCTH OTBETA 1, MOJIydeHHAs KIacCU(bUKATOPOM.

B pesysibrare Mbl mosiyyaeM HelrpepbiBHYIO GyHKIMIO L () OT IpeAcKa3anHbIX KIac-
cu(dUKATOPOM BEPOATHOCTEN, KOTOPasl OlleHUBAET, HACKOJIbKO XOPOIIO OH IPe/ICKa3bl-
BAaeT METKY B TaHHBIX. L(0) MOXKET CITyKUTh (hyHKIMeH ommbKy; ee MOKHO audbepen-
[IUPOBATh, U BCSI ONTUMU3AIIS PabOTAET MPEKPACHO.

Kcrarn, 37ech momydaercs, 9T0 KJIacCU(PUKATOPY HET CMBICJA TBITAThCS YTO-TO
«yrajJiplBaTb», €CJIi OH He yBepeH. Hampumep, ecam 4ecTHO NPU3HATHCS, YTO MBI HU-
Yero He IOHSIJIM O BEPOATHOCTU OTBETa, §; = %, TO OmubKa Ha HTOM ImpuMepe Oyzaer
COCTaBJISITh — log% = log 2 HE3aBUCUMO OT MTPABUJIBHOTO OTBETA. A €CJIM MOIBITATHCSI
u306pa3uTh YBEPEHHOCTD, TOJAOPOCUB MOHETKY U YKa3aB MOJYYEHHOMY €10 OTBETY Be-
POSITHOCTb ¢, TO OKHJIaeMasi OIUOKA COCTABUT

logq + = log(l —q),

YTO BCerja He MeHbIIe 1og 2 M JOCTUTAET 9TOr0 MEHIMYMa KaK Pa3 B TOUKE § = % Buacr-
HOCTH, KJ1acCU(PUKAaTOPy BOOOIIE HUKOIA HE CTOMT IIPUCBAUBATL KAKOMY-TO OTBETY ab-
COJIIOTHYIO YBEPEHHOCTD, §J = 0 mwiau §j = 1, Beab B cirydae omubky mrpad Oymer Oyk-
BaJIbHO O€CKOHEYHO 6OJIbIIM!
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C 70i1 GyHKIMeN OMMOKY TECHO CBsI3aHa U KJacCHuecKas IMHeNHast MOJIeJIb KJiac-
cuduKaIUu, KOTOPast HA3bIBAETCSI I02UCmuyeckoll peepeccueti. VIMeHHO OHa OOBIYHO Pas-
MEIIAETCsT Ha MOCIEHEM YPOBHE Jlake CaMbIX TJIyOOKMX HEHPOHHBIX CeTel: KOoT/a Bee
IIPU3HAKY BBIIEIEHBI, HY’KHO B ITOTe Ha HIX BCe-TaKU C/eJIaTh KaKoil-To Kaaccupuka-
TOP, U JIOTUCTUYECKAST PErPECCHs 31eCh MOAXOAUT Jiyuiiie Beero. [loatomy nist Hac ectb
CMBbICJI MU3YYHTD €€ 4y Th I0APOOHEeE.

[laBaiiTe paccMaTpuBaTh 331auy KIacCU(DUKAINN ¢ BEPOSTHOCTHON TOUKHU 3PEHUST:
COMOCTaBUM KaskioMy kiaccy Cp, mnotHocTb p(x | Cy) (ee Mbl, KOHEYHO, 3apatee He
3HaeM ), OIpeieINM HeKue arnpuophbie pactpenenetst p(Cy) (3TO 1o CyTH BCETro JIUIIlb
pasMepbl KJIACCOB — HACKOJIbKO BEPOSTHO, YTO TpuMep — u3 Kiacca Cy,, eCJIU MBI e11le He
3HAeM HUYETO O CAMOM TIpuMepe), a 3ateM O6yneM nckath p(Cy, | «) mo Teopeme Batieca.
[t ABYX KJIACCOB TTOTYYUTCS:

p(x | C1)p(C1)
p(x | C1)p(C1) + p(z | C2)p(Ca)

[TepemnunieM aTo paBeHCTBO Yy Tb [10-/[PYTOMY:

p(zx | C1)p(C1) _ 1
x| C1)p(C1) +p(z | C2)p(C2) 1+e@

p(C1|x) =

p(C1 | ®) = o = o(a),

h pelCpC) L
p(.’l) | C2)p(c2) ’ 14+ea”

OyuKIWst (a) HA3BIBAETCS JTOZUCTIUUECKUM CUZMOUGOM; ITO OJIHA U3 KITACCHIECKIX
(DyHKIIMI aKTUBAIMHK [IJIsI OTAEIBHBIX IIEPLENTPOHOB, M MbI O HEil OPOOHO IIOTOBOPUM
B pasjiee 3.2.

Ho ceiiuac Hac 6oJibliie MHTEpecyeT caMa 3azada Kaaccuduraryu. Jlorucruyeckas
perpeccusi — 3TO MOJIE]Ib, B KOTOPOUM MBI HAIPSIMYIO JIelaeM TIPEANIOIOKEHNE O TOM,
KaK BBITJISIAUT apryMeHT CUTMOMA a. A MMEHHO, OyIeM IIPe[CTaBIATh ¢ KaK JIMHE-
HyI0 (DYHKIIMIO OT BXOAHBIX IIPH3HAKOB: @ = w | . J[eJI0 B TOM, 4TO CHTMOMJ [IePeBO-
IWT JT060€ BEIMECTBEHHOE YMCIO Ha 0OTPE30K [0, 1]; 4eM MEHbIIe apryMeHT, TeM MEHbITIE
pesynbTar (Ha MUHYC 6ECKOHEUHOCTH T1oaydaercs 0), 1 HaoO0poT, Ha ILII0C GECKOHeY-
HOCTH Ttosty4aetcst 1. Tak 4To npezcTaBisiTh caM OTBeT (HoMep KJiacca, 0 nim 1) B BUze
JIMHENHO (yHKITUH GbIJIO GBI, TIOHSITHOE JIEJI0, IOBOJIBHO TIIYTIOH ieeil, HO MOAEIUPO-
BaTh a JIUHEWHOU (YHKITHEHN yrKe BIIOJIHE OCMBICJIEHHO, U /laKe, KaK BUJIUTE, BIIOJIHE JIO-
TUYHO UHTEPIIPETUPOBATH PE3YJIbTAT KAaK ATIOCTEPUOPHYIO BEPOSTHOCTD TOTO UJIU HHOTO
KJacca.

B nrore momygaercs, ato

pCilz)=yx)=cw'z), pClz)=1-p(C|z),

n i O6y‘~IeHI/IH MOJKHO ITPOCTO HAIIPSAMYIO OIITUMU3NPOBATh HpaBlIOHOlIO6I/Ie 1o w.
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Jlist BxOIHOTO HAbOpa JAHHBIX { Xy, iy, }, TIE Ty, — BXOIBL, a £, — COOTBETCTBYIOTIIE
UM TIPABUIIBHbIE OTBETHI, Ly, € {0,1}, MBI TOJyYaeM Takoe TPaBAOMoaoOue:

p(t | w) = Hy yn) T, tae g = p(C1 | ).

U Ternepb MOKHO MCKATh MAPAMETPhl MAKCUMAILHOTO MTPABAOIOI00HS, MAKCUMU3H-
pys Inp(t | w), TO eCTh MUHUMHUBUPYSI CIAEAYIONTYIO (GYHKITHIO:

E(w) = —Inp(t | w) Z [tnInyn 4+ (1 —tn) In(1 — y,)] .

OGparuTe BHUMaHKE: y HAC ONSATH HOIyYHIach Ta ke popMa GYHKIUH OUIOKH, 4TO
u Bbie! JTo craHgapTHas (GYHKIUS OMUOKK A1 3agad Kiaccudukanun. OHa Tak-
e TPUBUAIBLHBIM 00pa3oM 00600I1aeTCs Ha HECKOJIbKO KJIACCOB: BMECTO JIOTUCTUYECKO-
ro curmouza OyzeM Ternepb paccMaTpUBaTh TaK Ha3bIBaeMYIO softmax-pyHKuio (cria-
JKEHHBINT MAKCUMYM, TO €CTh HA CAMOM JieJie TIPOCTO HOPMAJIM30BAHHYIO 9KCIIOHEHTY ).
g K kiaccoB mosiy4aeTcs:

p(Ck ‘ :E) = p(a} | Ck)p(Ck) _ ek

Yip(@ | Cp(C;) I e
Termepb y HAC CTOBKO JKe apTyMEHTOB, CKOJIBLKO K1accoB: ai, = Inp(x | C)p(Ck). U om-
TUMU3UPYEM MBI BCE TY JKe (QYHKIIUIO MPABAOTON0OHS, 4TO ¥ [JIs1 BYX KaaccoB. JlaBaii-
Te 3aKOIMPYEM MOCTYAIONME HA BXOJ PABUJIbHBIE OTBETHI B BU/IE BEKTOPOB JVIMHBI K,
B KQXK/IOM 13 KOTOPBIX BCE KOMITOHEHTHI PABHBI HYJTI0, KPOME TIPABUIBHOTO KJIACCA, TIE
CTOUT eIUHUIIA (ITO HA3BIBAETCS 0ne-hot KOMMPOBAHMEM, 1 MBI C HUM HE Pa3s ellfe BCTpe-
tumest). Torzpa g Takux Bektopos T = {t, } npaBponogobue BHITIAANT TAK:

N K
p(T |wy,...,wi) =[] TI €k | 20) ”’“—HHyn;W

n=1k=1 n=1k=1

The Ynk = Yi(Tn). VI CHOBA MOJKHO B3$ITh IIPOU3BOAHYIO U IIPUNTH K TOMY K€ CAMOMY
BBIPAKEHUIO, TOILKO B CYMME CTaHET OOJIBIIE CIATAEMBIX:

N K
E(wy,...,wg)=—Inp(T |wi,...,wg) ==Y > tppInyy.

[TornMath, Kak MATEMAaTUIECKN YCTPOEHO MPECTABICHUE 3a/1a4 KJIACCH(DUKATIIT,
Kpaiite BaKHO: GOJIBITMHCTBO MPAKTUYECKUX 3a/[a4 — 9TO UMEHHO 33/[a4M KJIaccuduKa-
IUH, U 1iesieBast (GYHKIMS B TAKOM BH/IE, KAK TTOKA3aHO BhIIIe, OYET MOCTOSIHHO BCTPe-
yaTbCs KaK B 9TOM KHMIe, TaK U B Balllel ITpakTUuKe aHain3a AaHHbIX. O[HAKO 3/1eCh MBI
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He Gy/IeM BIaBaThCsI B MOAPOOHOCTH 0OYUEHUs JIOTHCTHIECKOI perpeccuu. Bee pasHo
OHa JJIst Hac OOJIbIIIe MHTEPECHA KaK YacTh OOJIBIION HEHPOHHOW CeTH, BePXHUIl CJIIOi,
Tak 9TO 1 06yJaTh €€ MBI Oy/IeM BMECTe CO BCEN OCTATBHO CETHIO € TTOMOTITHIO OTHOTO
U3 YHUBEPCAJBHBIX AJITOPUTMOB 00ydeHus1. B Hallle BpeMst TIPAKTUYECKH BCE 3TU AJITO-
PUTMBI TPECTABISIOT COOOH 110 CyTH MOANGDUKAIMH TPAJUEHTHOTO CITyCKa, K KOTOPOMY
MBI He3aMeIJINTeJIbHO U [1epei/ieM.

2.4. TpaAgMeHTHbIX CNYCK: OCHOBBDI

Koria MBI OTOPBAJIMCH OT BEPXHETO TT0SICA TIEHBI X 04y THJIACh B (e3-
Jile, HAC CPa3y YBJIEKJIO Ha OYeHb OOJIBIIYIO IyOHIHY, HO T10CJIe 3TO-
TO MBI CIIyCKaJINCh OTHIOAb He PAaBHOMEPHO. Mbl HOCHIMCH KPYTaMH,
HO He POBHBIM, IIJIABHBIM JIBUKEHMEM, a CTPEMUTEIbHBIMU PbIBKA-
MM U TOJMKAMH, KOTOPBIE TO IIBBIPSIIN HAC BCETO HA KAKYI0-HUOYIb
COTHIO (DYTOB, TO 3aCTaBJISLIN JIeTeTb TaK, YTO Mbl CPa3y OIUCbIBA-
JIML 9y Thb HE TOJHBINA KPYT. VI ¢ KaspiM 060POTOM MBI OILyCKAJIHChH
HIDKE, MeJIJIEHHO, HO O4eHb 3aMeTHO.

3. A. Ilo. Huseepacenue ¢ Manvcmpem

Tak, Mbl BBISICHUJIU, YTO OCHOBHOM Halllel 3a/ia4yeil ¥ B MalllMHHOM 00ydeHnH BooO1IIE,
1 B 00yYeHU Y HEWPOHHBIX CeTell B YaCTHOCTH SIBJISIETCST yMEHBIIIEHe HEKOTOPOH 3a/1aH-
HOI pyHKIHYN omMGKU. Terepb €0 32 MaJIbIM — OCTAJIOCh MOHSITh, KaK K€ MIMEHHO 3TO
CHIenaTh.

ITo cyTu 5TO 03HAYAET, YTO MBI JOJKHBI HAYIUTHCS PENIATh 3a0auy ONmuMU3auuL:
0 33IaHHON (DYHKIIMYM HANTH apryMEHTBHI, B KOTOPBIX 3Ta (DYHKIIUS MAaKCUMUBUPYET-
¢S NIV MUHUMUBHUPYeTCS (3TO, IOHATHOE JIeI0, OHO U TO e, Belb nepell hyHKIueh
BCET/Ia MOXKHO TIPOCTO MTOCTABUTD MUHYC). 3a/Ia4i U METO/IbI ONTUMU3AIUN — 3TO, KO-
HEYHO, OTPOMHAs TeMa, KOTOPOI IIOCBSAIIEHBI TICAYN PA3JINYHBIX HICTOYHUKOB, M Mbl He
HaJleeMCcsI PACCMOTPETD ee TIOAPOOHO B 3T0i KHUTe. [lagnm 6YKBaTbHO Mapy CCHIIOK Ha
xoportue Kauru [68, 200, 435] u nepeiieM HEMOCPEACTBEHHO K TOMY, YTO TIOTPebyeTcst
HaM /I ONTUMU3AIUN B HEHPOHHBIX CETSX.

B ciryuae nmocieiHuX /1€710 CyIIECTBEHHO YIIPOIIAETCs, TOTOMY YTO Y HEHPOHHBIX ce-
Tell OOBIYHO HET HUKAKUX CJIOKHBIX OTPaHUYEHUIT Ha Beca HepoHOB. Yarie Bcero cetu
MOCTPOEHBI TAK, YTO BECA MOTYT ObITh TPOU3BOJILHBIMY BEIIIECTBEHHBIMHU YUCIAMU. ITO
3HAYUT, YTO MHOTHE CJIOKHOCTH, CBSI3aHHbIe ¢ (POPMOI JOIYCTUMBIX MHOXKECTB, Kpae-
BBIMH 3(hDeKTaMU 1 TIPOUNMU JIIMOIa-MHOKUTETSIME JlarpaHsKka, K HaM He OTHOCSITCS.
C apyroii CTOPOHBI, /1eJ10 HEMHOTO YCJIOKHSIETCS TeM, 9TO caMa (DYHKINS, KOTOPYTO MbI
OIITUMU3UPYEM, HaM OOBIYHO HU B KAKOM Pa3yMHOM BHjie He 3ajiaHa. JIerKo ObLIO OTH-
MHU3UPOBATh BECA OHOTO MEPIENITPOHA — 3TO ObLIA BBIMTYKJIAS 33/1a4a, KOTOPYIO MOKHO
OBLIIO PEINTH TIPAKTUIECKHU B IBHOM Bujie. Ho Kak TOJIBKO MBI TEPEXONM K ONTUMU3a-
1K GOJIBIIION HEHPOHHOI CeTH, Cpasy MOJTyYaeTCs, 9To IieJieBast (GYHKIUSI — HTO OYeHb
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CJI03KHASI KOMITO3UTIHS IPYTUX (PYHKIIUH, M KasKeTCs, YTO BCe, YTO MBI MOKEM CZIeJIaTh, —
9TO BBIUMCJIUTD (DYHKIIUIO B TOI MJIM HOM TOUKE, a ¢ TAKMM OeTHBIM «HaOOPOM HHCTPY-
MEHTOB» peniaTh ONTUMU3AIMOHHBIE 33/1a4¥ Hesterko. OHAKO ¥ 3/1eCh OTYAMBATHCS HE
CTOUT — TI0 CPABHEHUIO C CAMBIMU CJIOKHBIMU 33/[a4aM¥ ONITUMU3AIUN Y HAC CUTYaIlUs
BCe-TaKM He HACTOJIbKO GesHajexHast. X0Tb (QYHKIUA U JeHCTBUTENbHO CJI0KHAS, MbI
CKOPO YBUJIMIM, UTO MOKEM HE TOJIBKO BBIYHCJINTH €€ 3HAUEeHUE, HO U 835Mb 0M Hee npo-
U3600MY10 — a BHAYUT, JJIsl HAC OTKPBITHI BCE Iy TH, CBSI3aHHbIE C TPAAUEHTHBIM CITYCKOM,
0 KOTOPOM MBI Ceifuac 1 MOTOBOPWM.

Ho cHauana Bce e 0 HeMPUATHON HOBOCTHU. XOTh MBI 1 Hayuumcst muddepeHnupo-
BaTh (DYHKIMIO OIIUOKK B HEHPOHHBIX CETSAX, HUKAKUE CUJIbL YK€ HE CHEJIAIOT €€ GbinyK-
a0, J1og BeIyKJIbIX (DYHKITUI 33j1a4a JI0KAIbHOU ONTUMU3AINN — HANUTU JIOKAJIbHBIN
MaKCUMYM, TO €CThb «BEPIIUHY», U3 KOTOPOU BCE MyTU BEAYT BHU3, — aBTOMATUYECKU
[peBpaIaeTCs B 3aauy 2100a1bHOol ONTUMU3ANNN — HAWTH TOUKY, B KOTOPOI J0CTHTa-
ercst HanboJbliee 3HaueHUe (DYHKIIUH, TO €CTh CaMYyT0 BRICOKYIO M3 TAKUX «BEPIIMH>.

[Tpocreiiiuii mprMep BBIMYKJION (GYHKIUU — 9TO mapabosioun, GYHKINUS BTOPOTO
MOPSKA OT CBOUX apryMeHToB. [IpumMep Takoii (GyHKIIMU MBI BUIEJTH, KOT/Ia PACCMaT-
PUBAJIN JIMHEHHYIO perpeccuio u (GyHKIMIO OIMUOKK OHOTO II€PIENTPOHA:

18 2
E(wy,...,wp) = —52 (yl _waEi) :

i=1

Kak HaliTt MakcuMyM Takoro mapabosonza? Jla mpocTo B3sTh TIPOU3BOIHYTO, TIPH-
PaBHATD €€ K HyJIIO U PEIIUTh MOJTy4eHHOEe JUHEHHOe ypaBHEeHe. 3aMEThTE, UTO YPaB-
HEHVEe JIMHEHOE U PellieHne Y Hero OY/IeT OIHO-eIMHCTBEHHOE. DKCTPEMYM TOKe GyIeT
OJIMH, a IOTOMY aBTOMaTHYECKHU TII00aIbHbIIH. VIMETB 1eJ10 ¢ BBITYKJIBIMI (DYHKITUSIMU —
BOOOIIE OJTHO YAOBOIbCTBYE, M HETPUBUAIbHbIE 33/[aUd ONTUMU3AINY JJIsT HUX BO3HU-
Kal0T 00BIYHO NGO MTPU HAIUYUHU XUTPHIX OTPAHUUYEHUH, JTUOO B MOCTAHOBKE «KaK ObI
HaM COMTHUCH K IKCTPEMYMY HOCKOPEes.

Ay HEIPOHHBIX CeTel, K COKATIECHUIO (XOTS TIOUEMY «K COKATICHUIO>» — TaK U JT0JIK-
HO OBITh, UMEHHO TI0ITOMY HEHPOHHBIE CETU TAKUE BHIPA3UTEIbHBIE U MOTYT PEIIaTh TAK
MHOTO Pa3HbIX 3aj1a4), GYHKITHS OITUOKH MOXKET 33/[aBaTh OUEHD CIOKHDIN JaHAabT
C OTPOMHBIM YHCJIOM JIOKAJIbHBIX MAaKCUMYMOB ¥ MUHUMYMOB. (DOpMaIbHO 3TO BCETO
JIMIIITh 3HAYWT, YTO MPOU3BOAHAS (IPaJMeHT) OOpaIlaeTcsi B HOJIb MHOTO Pa3 B Pa3HBIX
TOUKaxX. A B peajlbHOCTH HTO 3HAYUT, UTO JIAKE €CJIU MbI TIOJIHSIICH HA BEPIIUHY U y/I0-
BJIETBOPEHHO OTJISIZIESH OKPECTHOCTHU C BBICOTBI ITUYLETO TI0JIETa, MBI HUKAK HE MOXKEM
3HATD, IEHCTBUTETLHO JIU HTO CaMast BEICOKAsI BEPIMHA WJIH TI0OATBHBIN MAKCUMYM Ha-
XOJIUTCSI B COBEPIIIEHHO JIPYTOM MECTE.

3aMeTHM ellle, YTO PasHBIX IKCTPEMYMOB MOKET ObITh OU€Hb, Ouels MHOTO. X Jer-
KO MOJKET OKa3aThCsT 9KCIOHEHITMATBHO MHOTO OT YHMCTa HEHPOHOB (TO €CTh OT YHC-
Jia apryMeHTOB (DYHKI[MH, KOTOPYIO Mbl ONTUMU3UPYEM), M MEPEUYNCITUTH UX BCE TO-
K€ HEeT COBEPIIEHHO HUKAKON BO3MOXKHOCTH. B HepOHHOM ceT 5TOT adhexT, KeTaTu,
OYEHbD JIETKO MPOJEMOHCTPUPOBATD: TIPEACTABbTE cebe, UTO MBI B3sLTH HEHPOHBI OJTHOTO
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13 BHYTPEHHUX CJI0€B MHOTOCJIOWHOM CeTH M IIOMEHSJIM UX BCEe MECTaMM, TO €CTb 3a-
MEHWJIN Beca, BeAyIMe B OH HEHPOH U M3 HEero, Ha COOTBETCTBYIOIINE Beca JPYroro
HefipoHa. COBepIIEHHO OYEBUIHO, YTO B HEHPOHHON CETH CTaHAPTHOM apXUTEKTYPHI
OT 9TOTO POBHBIM CYETOM HUYETO He UI3MEHUTCS: Ha CIIeIYIONINI YPOBEHD ITPUILYT POBHO
Te Ke aKTUBAIIMH, YTO U PaHbIIle, BeJIb Mbl [IOMEHSIM BXOHbIE 1 BBIXO/[HBIE BeCa COTJa-
COBAHHBIM 06Pa3OM.

A 5TO 3HAYUT, YTO eCJIU Y PYHKIMK OIIMOKK HEIPOHHOM CETH eCTh KaKOM-TO JIOKAJIb-
HBII MAaKCUMYM, TO JIPYTO# JIOKAJIbHBI MAKCUMYM JIETKO MOJIYYNTB, IPOCTO MIEPeCTaBUB
Beca HEMPOHOB HA BHyTpeHHeM cyioe. CKOJIBKO TakuX mepectaHoBok? [IpaBusbHO, 1!,
r/ie n — YHUCJI0 HEWPOHOB, KOTOPBIE MBI TIEPECTaBIsIeM; BOT BaM 1 9KCIOHEHITNATHHOE
YUCJIO JIOKATHHBIX MAKCUMYMOB. KOoHEUHO, TaHHBII KOHKPETHBIN TIPUMEp He OY€HbD CO-
JIepKaTeJIeH: HaM BCE PABHO, KAKOH M3 9KBUBAJEHTHBIX MAKCUMYMOB BBIOPATh; HO CY-
IIECTBEHHO PA3HbIX MAKCUMYMOB TOXE MOJKET ObITh OUY€Hb MHOTO.

Boee Tor0, 13-32 BO3MOKHOCTH OBEP(MUTTHHTA MBI JIa)Ke HE MOKEM OBITh YBEPEHBI,
4TO EHCTBUTENBHO XOTUM OKA3aThCsI B 9TOM III06ATLHOM 9KCTpeMyMe. Bripouem, ator
BOIIPOC pelaeTcs CKopee Yyepe3 peryJiapusalinio, 0 KOTOPOil MBI ellle He pa3 BCIOMHUM
B kaure. Ho, XOT4 rapanTrpoBaTh TOUHOE pellleHre 3a/[aui ONITUMHU3AINHT OKAa3bIBACTCS
HEBO3MO’KHO, MBI BCE-TaKM MOKEM TOMBITATHCS HAUTH HAWJTYYIINH BApUAHT U3 TEX, YTO
HAM JIOCTYIIHBI, ¥ TIOCTAPAThCs BHIOPATh BCE-TAKU HE MEPBBIN MOMABIIMNACS, a KaKOU-
HUOY/Ib «HEIIOXO0¥» MakcuMyM (GyHKIHH. J[JIs1 5TOTO U NpeHa3HAYEHbI TAK HA3bIBa-
eMBbIe 98PUCMULECKIE METOIBI OTITUMU3AITIH, KOTOPBIE MBI GY/IEM PaCCMATPUBATh JaTlb-
1re B 9TOl ryiaBe. [JIaBHBII U3 HUX — 2paduenmiviil cnyck; COOCTBEHHO, TIOUTH BCE CO-
BPEMEHHBIE METOJIbI OTITHMU3AIIH HEBBIMYKJIBIX (DYHKIIUH TIPECTABISIOT COGOM Te HIIH
WHBIE eTO BAPUAHTBIL

CuemaeM B 9TOM MecTe HeOOJIbIIoe JIUPUYECKoe oTcTymieHue. IToHsTHO, uTo, dhop-
MaJIbHO TOBOPS, TPUMEHEHNE TPAIUEHTHOTO CITYCKa BO3MOKHO TOJIBKO Ha Muddepen-
[UPYEMbIX (DYHKIMSIX, T/Ie TPOU3BOIHASI Oy/IET M3BECTHA B JII000# Touke. Ho B sKU3HH,
KOHEYHO, MHOT[a TonaanTcs u Henuddepenupyemplie GyHKINY, a THOTAA — (QYHK-
VU C TPUBHATHLHBIMHU TTPOU3BOHBIME. Harpumep, B 06y4YeHNH ¢ TIOJKPETIEHIEM U3~
BECTHO TOJIBKO TeKyIIlee 3HaueHe (DYHKIUHU [EHHOCTU. A B 00yUeHUU PAHICUPOBAHUIO,
KOT/Ia MBI XOTHM ITOJIyYUTh HA BBIXOJIE HEKOE YITOPSII0UUBaHIE 00BEKTOB M0 KAKOMY-TO
KPUTEPUIO, HATPUMEP B BblZIaue TOMCKOBUKA NI PEKOMEHIATETbHON CUCTEMBI, OKa3bl-
BAETCs, YTO TPAAUEHT (PYHKIIUY OITMOKY TI0YTH BCIOLY PaBeH HyJIo!

JlelicTBUTENBHO, TIPEICTaBbTe cebe MOUCKOBYIO BbIIAUY, YIIOPSIOUEHHYIO 10 peJie-
BAaHTHOCTHU JIOKyMEHTa 3anpocy. PesieBaHTHOCTh — 3TO M eCTh (DYHKIIHS, KOTOPYIO MBI
npubJIKaeM MOJIeJbIo (HATIPUMED, HePOHHOI ceThio). Ho B ciryuae 06yueHust paHxu-
POBaHMIO HEOOBIITIE UBMEHEHHUS B BeCaX MPUBOAT K HEOOMBITIM U3MEHEHUSIM peJie-
BAHTHOCTH KaK/I0TO IOKYMEHTA, 1 B pe3yJibTaTe CPAaBHUTEIbHBIN MOPSAOK TIOYTH HUKO-
r7la He MEHSIeTCs TIPY MaJIbIX MI3MEHEHMSIX BecoB. Ho 1iesieBast hyHKITNS 3aBUCUT TOJIBKO
ot opsizikal Tlosywaercst, ato hyHKIUS OITUOKY KYCOYHO-TIOCTOSTHHA, COCTOUT 13 H0JIb-
IIOTO YUCJIA MATEHBKUX TOPU30HTAIBHBIX «OCTPOBOB», U TPAJUEHT OT Hee aOCOTIOTHO
Gecriosiesen: OH MO0 paBeH HyJIo, MO0 HE CYIIECTBYET.
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Yo xe esath B Takux ciaydasx? OkasbIBaeTcd, YTO IPAMEeHTHDIH CIIyCK — 9TO Ha-
CTOJIBKO BCEOGBEMITIONIII METOI, YTO aJIbTEPHATHB €My COBCEM Majio. MeTobl OITH-
MU3AIUN B OCHOBHOM 3aHUMAIOTCST TEM, UTO YCKOPSIIOT IPAIMEHTHBIN CITyCK, pa3pada-
TBHIBAIOT Pa3Hble €T0 BAPUAHTHI, 100ABJSAIOT OTPAHUYEHNUSI, HO TPUHITUITHAIBHO IPYTHX
MeTOo/I0B ITouTu HeT. [loaToMy, Korjia rpaJlueHTHBIN CIIyCK HEIIPUMEHUM, pellieHue co-
CTOUT B TOM, YTOOBI BCE-TaKW MMEHHO €0 1 TIPUMEHNUTD. B 3aBUCKMOCTH OT TOTO, B 4eM
COCTOUT CJIOKHOCTD, MOKHO BOCIIOJIB30BAaThCSI TAKUMHU ITPAEMaMU:

1)

2)

3)

€CJIN TIPOM3BOJIHaA €CTb, HO BBIYNCJIUTD €€ HE II0JIYYa€TCA, a MOKHO CIUTATDH TOJIb-
KO 3HaY€HUuA (byHKL[I/HL/,I B Pa3HbIX TOYKAX, TO MPOU3BOAHYIO MOKHO MO/CYUTATH
npubIMKEHHO; HAIIPUMEP, IIPSAMO 110 OIIPeIeeHUIO:
f/(l‘) — lim f(x + 6) — f(x)7
e—0 €

TO €CTb, €CJIN B3ATb JOCTAaTOYHO MaJIeHbKUIA €, IPON3BOIHYIO MOJKHO HpI/I6JH/I}K6H-
HO IIOACYUTATD 10 9TOM caMoil (POPMYJI€; a eCJIM Bbl KOrJa-HUOYAb CIIYIIAIA KyPC
101 HazBaHreM «MeTo/Ibl BBIUMCIEHUIT» MU OAOOHBIN, BAM MOT'YT ObITh 3HAKO-
Mbl 1 9YTb 6oJtee CJIOJKHbBIE, HO 1 60]166 TOYHbIC (bOpMy]IbI KOHEYHbIX paSHOCTefI,
HarpuMep:

f(x—2¢) —8f(x—€) +8f(x+¢€) — fz+ 2€)
12¢ '

fla)~

BCe 3TO OOJIBIIIASI HAYKA, ¥ TIEPEXOJL OT MPOM3BOAHON (DYHKIIMU OJJHOTO apTyMeHTa
K TPAJIMEHTY TOXKe He BIIOJIHE TPUBUAJIEH, HO OCHOBHAS UJIesI 371eCh IMEHHO B TOM,
YTO JIAXKE €CJIU Mbl YMEEM TOJILKO BBIYUCIATH (DYHKIIUIO, BCE PABHO ITPOU3BOHYIO,
a 3HAYUT, U TPAJIMEHT, MOKHO BBIYMCIUTE TPUGJIKEHHO;

€CJIV TIPOU3BOJIHOW COBCEM HET U He MPEABUAUTCSI, TO IPUOIIMIKATE, CKOPEE BCETO,
npuzercs: camy GyHKIHIO, KOTOPYIO MbI IIBITAEMCS OIITUMU3UPOBATH; MOKHO TI0-
po6oBaTh BBIGPATH OCTATOUHO «XOPOIIO cebs BeAyILyio» (QyHKIIUIO, KOTOpPas,
TEM He MeHee, TOX0Ka Ha Ty, YTO HAJI0 ONTUMUZUPOBATH;

€CJIV TPON3BOIHASI TPUBUAIBHA, KAK B CJIyUae 00YUEH s PAHKUPOBAHUIO, TO TIOJI-
JIEKAITYI0 ONTUMU3ANUNA (DYHKIIMIO TOXKE TPUXOAUTCS MOAUMDUIIMPOBATH; TIPU
00y4eHUn PaHKUPOBAHUIO, HANPUMEP, MBI OyJieM ONTUMHU3UPOBATH HE CaMy
(OYHKIIMIO KayecTBa, 3aBUCSIIYIO TOJIBKO OT PACIIOJIOXKEHUS JTEMEHTOB B CIIHC-
Ke, a HEKYIO CITENUATBHYIO TIAKYI0 (DYHKIUIO OMUOKY, KOTOpast 6yaeT TeM 60JIb-
me, ueM «bosree OMMOO0IHO» OKAKETCS BBIYNCIEHNE PEIEBAHTHOCTH; HEUTO TIO-
JOOHOE MBI y3Ke BUJIEJU, KOT/Ia 00YYas OfIUH MEPIENTPOH, Ile BMECTO KyCOYHO-
HOCTOSIHHON (DYHKIIMK OMIMOKHU KJIacCU(UKAI[MK IPUIILIOCH B3ATh (DYHKIIMIO, 3a-
BUCSIIIYIO OT TOTO, HACKOJIBKO CUJIbHO OMIHOCS KIaccuurarop.

Ho MBI oTBIIEK/TNCD. I/ITaK, IOJIYYa€TCsd, YTO IIPU TPAIMEHTHOM CITyCKE 60JIb11Ie BCETO
N3MEHACTCA TOT IIapaMeTp, KOTOprﬁ nMeeT CaMylto 60]IbHIyIO 110 MO/IyJIIO TIPOU3BO/JIHY1O.
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Puc. 2.6. IIpobiieMbl CO CKOPOCTBIO IPAIMEHTHOTO CIIyCKa:
a — CJIMIIKOM MaJIeHbKUe IIary;
6 — caUIIKOM GOJIbIINE TIAarh

ITO 3HAYMUT, YTO MOBEPXHOCTh HAKIOHEHA B 3TOM HAIPABICHUU OOJIbINE, YeM BO BCEX
ocTajbHbIX. BooO1Ie, rpalueHTHBII CITyCK — 3TO B TOYHOCTH JBUIKEHIE B HATIPABJICHUN
110 TOH KacaTesbHOM K TOBEPXHOCTH (DYHKIINY, KOTOPast HaKJIOHEeHa BHU3 CHJIbHee BCETO.
AHasorHst O CKaThIBAIONINMCSI BHU3 [IAPUKOM 371€Ch aOCOTIOTHO YMECTHA, APUK Oy/IeT
KaTUTHCSI UMEHHO B 3Ty CTOPOHY (2 BOT CKOPOCTDb y HEro OY/IET MEHSITHCS HECKOJIBKO
nHayue, 06 ITOM MBI e1lle TOTOBOPUM).

ITesb TAKOTO ABMIKEHUST COCTOUT B TOM, UTOOBI CKATUTHCS 10 TIOBEPXHOCTH (DYHKIMU
K HEKOTOPOMY JIOKAIbHOMY MUHUMYMY, TOUKE IKCTPeMyMa (DYHKIINH, KOTOPYIO MBI OII-
tuMusupyem. [lockosbKy B MOMEHT, KOT/Ia MBI OKa:KeMCs B JIOKAJIbHOM MUHUMYMe, TPa-
IMEHT OY/IeT HYJIEBBIM, MIATH TPAJIMEHTHOTO CITYCKa, KOTOPBIE CBSI3aHBI ¢ aBCOTIOTHBIM
3HAYEHMEM IPAJINEHTa, TOXKE OY/IYT MOCTEMEHHO YMEHBINATLCS 1 B CAMON TOUKE 9KCTpe-
MyMa CIIyCK OCTaHOBUTCS BoBce. KOHEUHO, OT IUCKPETHOM! alrTOPUTMUYECKOH IIPOLeLy-
PBI TPAJMEHTHOTO CITyCKA TOYHOTO TOTMAJaHNs B HOJTb MBI HE JIOXKAEMCS, HO B TOT MO-
MEHT, KOT/Ia U3BMEHEHUS CTAaHYT COBCEM MaJIeHbKUMU, MBI MOKEM CMEJIO OCTaHABJINBATD
AJITOPUTM I'PAJMEHTHOTO CIIyCKA.

EnvHcTBeHHBIN (TI0KA YTO!) TapamMeTp TPaAIMEeHTHOTO CITyCKa — 3TO €T0 CKOPOCMb
00yuenusi n; OHA PETYJIUPYET Pa3Mep IIara, KOTOPbIi MbI JieJIaeM B HATTPABJIEHUH CKJIOHA-
rpajienTa. B 4ucTOM TPajMEeHTHOM CITyCKe CKOPOCTh OOYYEHUsT 3ajlaeTCs BPYUHYIO,
1 OHa MOXKET TOCTATOYHO CUJIBbHO MTOBJIMATD HA pe3yIbTaT. B 4acTHOCTH, MOTYT BO3HUK-
HYTb JIB€ IPOTUBOIOJIOKHBIE APYT APYTY 1pobiieMsl (puc. 2.6):

* ecJTH mark GyIyT CAUIKOM MATEHLKUMHI, TO 00ydeHre OYIeT CIUIITKOM JTOJTHM,
U TIOBBIIIIAETCST BEPOSATHOCTD 3aCTPSITh B HEOOJIBIIIOM HEYIAYHOM JIOKAJIBHOM MU-
HUMYMe 110 Jiopore (cM. puc. 2.6, a);

* 2 eCsIM CIUNIKOM GOJBITMMHE, MOKHO GECKOHEUHO MPLITaTh Yepe3 MCKOMbBIIT MUHU-
MyM B3ajl-BIIepe]l, HO TaK U He IIPUITH B CAMYI0 HUXKHIOI TOUYKY (cM. puc. 2.6, 6).
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OcraBrnasicst 4acTh TIaBbI Oy/IET MOCBSIIEHA TOMY, Kak G0POTHCS ¢ 9TUMU JIBYMsI 3¢h-
tdexramu. Ho cHauama — mocsiesitiee, HO TeM He MeHee KpaiiHe Ba)KHOE 3aMedaHue .

JlaBaiiTe TOCMOTPUM, KaK BBITJISIIUT TPAIeHT (GYHKIMK OMIMOKY B CIydae KaKou-
HUOY/Ib PEATUCTUIHON 3aja4i MAIMMHHOTO 00yueHust. [IPeAnoIoK UM, 4TO Y HAC €CTh
Habop maHHbix D, cocrosinuii u3 map (x,y), Tie € — IPU3HAKH, a y — MPABUJIbHBIN
orBeT. Mojiesib ¢ Becamu 0 Ha 3TUX JaHHBIX JIeJIA€T HEKOTOPbIE TIpejickazanus f(x, ),
x € D, n3anana GyHKINA OMUOKU F, KOTOPYIO MOKHO TIOICYUTATH HA KAXKIOM ITPUMe-
pe, E(f(x,0),y). Hanmpumep, 310 MOKeT OBITH KBaJIPaT WU MOJIYJIb OTKJIOHEHUS f(x, 6)
OT Y B CJIyUae PErPECCUU WK IEPEKPECTHASI SHTPOIIHS B CIydae Kiaaccubukaruu. B jo-
6oM ciayuae obimasa GyHKimsa ook 6yaeT CyMMO OIMO0K Ha KaxI0M TPEHUPOBOY-
HOM TIPUMEPE:

E@)= ) B(f(z.0).y)

(x,y)eD

A TpaguenTHBbIi CIryCK OYAeT BBITJIAAETD TaK:

0: =0, 1—nVE®,1)=01-1 > VE(f(z,0i1),y).
(z,y)eD

Jlsist Toro 4To6bI C/IesaTh OINH-eINHCTBEHHBIN Tar TPAJUEHTHOTO CITyCKa, HYXKHO,
HOJIydaeTcsi, IPOOEKATHCS 110 BCEMY TPEHUPOBOYHOMY MHOXKeCTBY! A OHO MOJKET OBITD,
U Tak 4acTo ObIBAET B PeaJbHbIX 3ajlauaX, THTaHTCKUM. Heyskes mosrydaercst, 4To rpa-
JIMEHTHBIN CITYCK HA TIPAKTHUKe He paboTaeT?

Ha camom zeste, yBBI, IeiicTBUTENHO He paboTaer. PaboTaeT He TIPOCTOit, a cmoxa-
CMuUYeCKull TPAJUEHTHBIH CITYCK, B KOTOPOM ONIMOKA TOICYNUTHIBAETCS M BECA MOAIIPAB-
JIAIOTCS He IIocJIe IIPOX0/ia 10 BceMy TPEHHPOBOUYHOMY MHOXKECTBY, a IIOCJIe Kax/10TO
npuMepa:

0t =0, 1 —nVE(f(xt,0:-1),yt)-

OCHOBHOE TIPEMMYIIECTBO CTOXACTHYECKOTO TPAJAMEHTHOTO CIIYCKA COCTOUT B TOM,
9TO OMMOKA HA KAXK/IOM IIIare CYUTAETCST OBICTPO, BeCa MEHSIIOTCS CPa3y JKe, 4TO OYeHb
CHUJIBHO yCKopsieT ofyuenue. Ha pakTike HEPEIKM CUTYaIH, KOT/ia o6ydenne hakTu-
YeCKH ysKe COILIOCH ellle 0 TOTO, KAK MbI JIaKe OMH Pa3 MpoOeKaiCh [0 BCEM TPEHH-
posoutbiM ipuMepam! Ho Kpome BBIYUCIUTEBHBIX, €CTh U COJEP/KATETbHBIE TPENMY-
IECTBA: CTOXACTUYECKUN IPAIMEHTHBIN CITyCK paboTaeT «boJiee cydaitHO», 4eM 00bI4-
HBIH, U TI09TOMY MOKHO HAJIESITHCST, YTO OH HE OCTAHOBUTCSI B MAJIEHBKUX JIOKAJIbHBIX
MUHUMYMax, a HaliZleT BIaJinHy nocepbesnee. Boobiile, B TIOKaTbHON ONTHMU3AIINHT Ya-
CTO TIOMOTAET MBITATHCS ClieJaTh OOHOBJICHUST «KaK MOJKHO GoJiee CIydailHbIMU», CTa-
paTthCst KaK MOKHO OGOJIBIIE UCCIIEI0BATh B TPOCTPAHCTBE MTOUCKA.

OzHAKO CTOXAaCTUYECKMIT IPaJUeHTHBIN CIyCK — TOXe He IIpejesl MedTaHuil: 00-
HOBJISITH BECA MOJIEJIH TIOCJIe KAKIOTO TPEHUPOBOYHOTO MPUMEPA 3a4ACTYI0 BBIXOIUT

1 JKam, HeT B pycckoM A3BIKe CTOJTB e yIoTpebuTenpHoro amasora last but not least.
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yepecuyp HakJaagHo. [109TOMY Ha IPAKTHKE OOBIYHO UCIIOIB3YETCs HEUTO CPeJHee: CTO-
XaCTUYECKUIl IPaeHTHBINA CIyCK 1Mo Munu-6amuam (mini-batch), veGompumm moza-
MHOKECTBaM TPEHNPOBOYHOTO Habopa. ITO MO3BOJIIET COXPAHUTD BCE ILTIOCHL CTOXA-
CTUYECKOrO IrpafiiienTa (HeCKOIbKO AECATKOB MK COTEH IIPUMEPOB — 3TO 0OBIYHO OYeHb
MaJiast YacTh TPEHMPOBOYHOIO MHOKECTBA, TAK YTO BCE, YTO MbI TOBOPHJIU O MATEHBKIX
JIOKaJIbHBIX MUHMMYMaX ¥ CKOPOCTH 00yY€eHMsI, COXPAHSET CHILY ), HO IIPH 9TOM I10JIb30-
BaThCsl MPOIEAYPaMK MATPHIHON apU(pMETHKN, KOTOPBIE OYEHb OBICTPO BBIYUC/ISAIOTCS
Ha BHeOKapTe. Bo MHOTMX IpaKTHYeCKUX IIPUMEPax B 9TO KHATE MBI OyIeM IIOJIb30-
BaThCs MUHU-OATYAMU.

2.5. I'pa¢ Bbiuncnenunnn n audpPpepeHunpoBaHme Ha HeM

B kakom-to yroske IlIBeiiniapuu *Kus ctapbiii rpad, y KOTOPOro
ObLJI TOJIKO OJIMH ChIH, 1a ¥ TOT TAKOW HECMBILLIEHbI, 4TO, KAK HU
YUWJIH €r0, HIKAK 1 HUYEMY HE MOTJIN €TI0 HAYYUTb.

Bpamos I'pumm. Tpu a3vixa

TakoBo onpezenenue rpada. Ho, kak u crospb 1npesupaemoe um
OlpejiesIeHIe YUCTBIX ACTETUKOB, OHO ¢ OHON CTOPOHBI — Gecrpe-
JIeJIbHO, € IPYToil — ofiHOCcTOpOoHHE. B cBoe ompeziesienue rpad Brimx-
HYJI BCe — JI0 aHEK/[0Ta BKJIIOYNTEILHO, U HE J1aJ1 CAMOTO CyII[ECTBCH-
HOTO TIPU3HAKA NCKYCCTBA, KOTOPBIN 3aKJII04AETCS B MEOPUECKOM Ha-
yasie. bes meopuecmea net uckyccrna.

A. . Bozdanosuu. I'pagp Torcmoii 06 uckyccmee u nayie

B sTom pasziesie Mbl BBeileM OCHOBOIIOJIATAIONIEE TIOHSTHE [IJIS1 PEATT3AIIH AJITOPUTMOB
o6y4eHust HEUPOHHBIX ceTeil. OKa3bIBACTCs, YTO €CIIU Y HAC TIOJYUYUTCS TIPECTABUTH
CITOAKHYIO (DYHKITUIO KaK KOMIO3UIINIO GoJiee TTPOCTDIX, TO MBI CMOJKEM 1 3 (hEKTHBHO
BBIYKCJIUTH €€ TIPOU3BOIHYIO TI0 JIFOOH TIEPEMEHHOI, UTO U TPeOYEeTCs 1JIst TPaMEeHTHO-
ro cirycka. Camoe yo6HOe MTPe/ICTaBIeHe B BH/Ie KOMIIO3UIMH — 9TO TPECTaBICHIE
B BUte zpaga svruucaenud. Tpad Borancienuii — s1o rpad?, yamamu kotoporo ssistiorcst
dyHKIwH (06BIYHO IOCTATOYHO ITPOCTHIE, B3ATHIE U3 3apaHee (UKCUPOBAHHOTO HaGopa),
a pebpa CBSI3BIBAIOT (QYHKIINHU CO CBOUMU APTyMEHTAMH.

ITO MpoIlle YBUIETh CBOUMU TJIa3aMi, 4eM (hOPMAIbHO OTIPe/IeJIsATh; IOCMOTPUTE HA
puc. 2.7, Tie mokasaHnsl Tpu rpada BEIYUCIEHUI 711 OJTHON U TOi ke PYHKINU:

fz,y) = 2% + 2y + (z +y)2

Ha puc. 2.7, a rpad nosmyyusics coBceM TPSIMOJTUHEHHBIN, TTOTOMY UTO MBI pa3pe-
IIVJIA UCTIOTh30BATh B KAUeCTBE BEPITUH YHAPHYIO (DYHKITUIO «BO3BEIEHUE B KBA[PAT».

! NTa, ato HeTpUBHAIbHOE 3aMeYaHNe; B MaTeMaTUKe HHOT/a ObIBAeT Tak, 4To GeJiast JIoIa/ b OKa3bIBACTCs
BOBCE He JIOTIABIO...
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f(x,y) fgl f(x,y)
N @/
a 6 B

Puc. 2.7. Tpadui Boraucienuii ang pyukmun f(z,y) = 2° + zy + (z + y)=
a — ¢ UCTIoTb30BaHueM yHKIWIT 4, X 1 2; 6 — ¢ ncTorb30BaHneM DYHKIW + I X;
6 — B BUJIE JIEPEBA C MCIOJb30BaHUEM (DYHKIUI + U X

A Ha puc. 2.7, 6 rpad uyTh GoJiee XUTPBI: SIBHOE BO3BeAEHUE B KBaJPaT Mbl 3aMEHU-
Jii OOBIYHBIM YMHOKEHIEM. BIipoueM, OH OT 9TOT0 He CHUJIBHO YBEJUUUIICS B PasMepax,
[IOTOMY 4TO B Tpade BhIYUCAeH it Ha puc. 2.7, 6 pa3peniaeTcs 110 HECKOJIbKO Pas [eperc-
10JTb30BATh PE3YJIbTATHI TIPE/IbIIYINX BBIYUCIEHUI U JOCTATOYHO TIPOCTO TOAATH OJIUH
U TOT e T JBa pasa Ha BXOJ (DYHKIMU YMHOXEHU, YTOOBI BBIYKMC/IUTH €r0 KBaJgpar.
Jlyist cpaBHEHUS MbI HApUCOBAIU Ha puc. 2.7, ¢ rpad Toi ke GyHKIMH, HO (€3 Tepenc-
M0JIb30BAHUS; TETIEPb OH CTAHOBUTCS JIEPEBOM, HO B HEM TPUXO/IUTCS TIOBTOPSITH TI€JIbIE
GOJIBIIIIE TTOJIZIEPEBDST, M3 KOTOPBIX PAHBIIE MOTJIU BBIXOIUTDH CPasy HECKOJIBKO MyTel
K KOPHIO ziepeBa’.

B HelipoHHBIX ceTsX B KauecTBe Oa3MCHBIX, 3JieMeHTapHbBIX (PYHKIUI rpada BhIYKC-
JIEHUI 00BIYHO UCIIOAB3YIOT (DYHKIIUH, U3 KOTOPbIX MOJIydaroTcs Heliporbl. Harpumep,
CKAJISIPHOTO TIPOM3BEICHIS BEKTOPOB & | 4 1 JIOTHCTUYECKOTO CUTMOMA 0 JI0CTATOYHO
JUISL TOTO, YTOOBI TIOCTPOUTH JIIOOYIO, IasKe CAMYIO CIOKHYIO HEHPOHHYIO CETh, COCTAB-
JIEHHYIO U3 HEHPOHOB ¢ (pyHKIMEN akTuBanuu o. MoXHO GbLIO Obl, KCTATH, BBIPA3UTh
CKaJISIPHOE TTPOU3BE/IEHNE Yepe3 CJIOKEHUE U YMHOXKEHUE, HO CJIUIIKOM <MEJTbUYUTh>
TYT TOKE He 003aTeJIbHO: 9JIEMEHTAPHON MOKET CIYKUTh Jito0asd GyHKIIMs, I KOTO-
PO MBI CMOKEM JIETKO BBIYKCJIMTD €€ CaMy U €€ MMPOM3BOAHYIO 10 JTI0O00MY apryMeHTY.
B wactHOCTH, TPEKPACHO TOAOUIYT JiF0ObIe (DYHKIMY aKTUBAIINU HEHPOHOB, O KOTOPBIX
MBI Oy1eM TOAPOGHO TOBOPUTH B paszee 3.3.

! B teopun c10:kHOCTH Ha caMOM Jiesie paccMaTpuBatoT obe Mozienn. Ecii epencronb3oBaTh pesy TbTaThl
MOJKHO U B HTOT€ MOKET TIOJIyYUTHCsI JTI0O0 HAIPABIEHHbIN AIMKIMYECKUiT Tpad, 9TO CXeMHAs CIOKHOCTB,
B KOTOPOU BbIYUC/IeHIE (DYHKIINH TIPECTaBIISIETCs] OYIIeBOI CXeMO. A eciim Hesb3st 1 rpad 0JKeH ObITh Jie-
peBoM, To TIoJrydaeTcst hopMyJIbHast CII0KHOCTb. OHa COOTBETCTBYET JIMHEHHOMY pasMepy (hOPMYJIbl, KOTOPOI
MO’KHO 3amucarh (GyHKIUIO — BHYTPH HOPMYJIbI BE/[b HE MOLYYUTCS EPEOOO3HAYUTD GOMBIION KYCOK HOBOI
TepeMeHHO.
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VTak, MbI TOHSJIN, YTO MHOTHE MaTeMaTiHYecKie (OyHKIIH, JasKe C OY€Hb CIOKHBIM
HOBEIECHNEM, MOKHO TIPEACTABUTD B Buje rpada BBIYMCICHUH, TIe B y3JIaX CTOST JJ1e-
MeHTapHble QYHKIMHU, 13 KOTOPbIX, KaK U3 KUPIIMIUKOB, MOJTYIAETCS CIIOKHAST KOMITO-
3UIHSL, KOTOPYIO MBI M XOTUM TI0/icunTaTh. COGCTBEHHO, ¢ MOMOIIILIO TAKOTO Tpada faxe
C He CJIUIIKOM GOraThiM HaOOPOM 2J1eMEeHTaPHbBIX (DYHKIUI MOKHO IIPUOIU3UTH JTIO6YIO
(YHKIHIO CKOJIb YTOIHO TOYHO; 06 HTOM MBI €Ille TOTOBOPUM Yy Th MO33Ke.

A ceituac BepHeMCS K HAIIIEMY OCHOBHOMY MTPEIMETY — MalTMHHOMY 00y4eHuo. Kak
MbI YK€ 3HAEM, 11eJIb MAIIMHHOTO 00ydeHus: — noA06paTh Mojesb (Jale BCero 3/ech
UMEIOTCS B BUJLY Beca MOJIEJIN, 33JIaHHON B MapaMeTPUYECKOM BHJIE) TaKUM 00pasoM,
9TOOBI OHA JIYYINle BCETO OTMCHIBATA JaHHbIE. [10]] «JIydIlie BCETO» 3/1eCh, KaK MPABHUIIO,
MMeETCs B BUALY ONTHMU3ANUA HEKOTOPOit GpyHKImu omubku. OOBMHO OHA COCTOUT M3
coGCTBEHHO ONMMOKH Ha 06yJaroteil BBIGopKe ((yHKIIUH MTPABIAOTIOL06HS ) U PETYJIISIPU-
3aTOPOB (AIPUOPHOTO PACTIPEIENEHNU ), HO CeHUaC HaM JI0OCTATOYHO TIPOCTO CUNTATD, YTO
€CTh HeKast IOBOJIBHO CJIOKHAsT (PYHKIIUS, KOTOPast JaHa HaM CBBIIIIE, U MbI XOTHM €€ MU-
HUMHU3UPOBaTh. Kak Mbl yke 3HAEM, OJ[FH M3 CAMbBIX MPOCTHIX M YHUBEPCATBHBIX METO-
JIOB ONITUMU3AIINH CJA0KHBIX (DYHKIMIA — 9TO TPAJMEHTHBIIA cIycK. MbI TakkKe HeIaBHO
BBISICHUJIM, 9TO OJIH M3 CAMBIX MPOCTBIX W YHUBEPCATbHBIX METO/OB 3a1aTh CI0KHYIO
(ynkIIIo — 5T0 rpad BHIYKCICHUI.

OxasbIBaeTcs, TPAAUEHTHBIN CIyCK U Tpad) BHIYUCTEHUH GYKBAIBHO CO3MAHBI IPYT
st ipyral Kak Bac HaBepHsIKa y4IuIIu erre B ikosie (IKOJIbHast TporpamMma BoooIie co-
JEPAKUT MHOTO HEOKHIAHHO TIyOOKMX M MHTEPECHBIX BEIEH ), UTOOBI BEIYUCIUTD MTPO-
U3BOHYIO KOMIO3UIINU (DYHKIUH (B IITKOJIE 9TO, BEPOATHO, HA3BIBAJIOCH «[IPOU3BOHAST
CIIOKHON (DYHKITMU», KaK GYATO Y CIOBA «CIOXKHBIN» €3 3TOr0 HEeJ0CTATOYHO MHOTO
3HAYEHWUIA), IOCTATOYHO YMETh BBIYUCIISATH TPOU3BO/IHBIE €€ COCTABIISIONINX:

(fog)(x) = (flg(x))) = f(9(x))d (x).

NMutyunus sgech npoctast: ecIy f 3aBUCUT OT g, a g 3aBUCUT OT &, TO MAJIEHbKOE 13-
MeHeHUe TapaMeTpa = Ha x MPUBEIET K MATEHPKOMY U3MEHEeHUIO 3HaYeHust g(x) mpu-
MepHO Ha 8g = ¢'(x)dx. A 0HO, B CBOIO OYepe/ib, IPUBEAET K MATEHbKOMY M3MEHEHHIO
snavenis f(g(x)) npusepno Ha df = f'(g(2))dg = f'(g(x))g (x)5z.

ITo cpaBHEHMIO €O MIKOJBHOI MPOTPaMMON HaM TTOTPeOYETCsT TOJIBKO OJUH BIIOJIHE
€CTEeCTBEHHBIN JOMOJHUTEIbHBIN 1Iar, KOTOPBIN JejaeTcs 0ObIYHO yiKe B IIPOrpaMMe
YHUBEPCUTETCKUX KYPCOB: HAM HYKHO Oy/IeT OHSTh, YTO IPOUCXO/NT, €CJU f, g U T —
9TO He CKaJISIPHbIE, a BeKTOpHBIE BesnurHbI. C f BCe TIOHSATHO, MOKHO MTPOCTO GPATh MPo-
M3BOJIHBIE OTAETHHO MO KAKIOH KOMIOHEHTE BEKTOPA; TaK UTO JAJbINe 6YIeM CIUTATh,
4yto f — 370 cKassiphas Gyuknust. Ecim @ — aro Bektop € = (21, ..., %), TO BMECTO
YaCTHOW MMPOM3BOHON MBI TOBOPUM O zpaduenme, BEKTOPE YACTHBIX TIPOU3BOJIHBIX:

af
orq
Vaf = :
of

Oxn
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HpaBI/IJIO IIpUMEHAETCA AJIA Ka)KlIOfI KOMIIOHEHTBI OT/I€JIbHO, U PE3YJIbTAT BBIXOIUT
OIIATDb BIIOJIHE O)KI/IIIZJ_GMBIﬁZ

dfog 9f 99
oz dg Oz
. T s
Vaz(fog) = : = : = aivmg-
9fog 9f g g
Oxn dg Oxn,
A BOT ecsii ¢ — 3TO BEKTOP, TO MOJYIAETCs, YTO f 3aBUCHUT OT & HE B OJJHOM MECTE,
acpasy B HecKoJIbKUX, [ = f(g1(x), g2(x), ..., gr(x)). oBOps HECTPOTO, 9TO 3HAYUT, YTO
MaJioe MpupaiieHre dx IPEeBPATUTCS B HECKOJBKO PA3HBIX MPUPAIMICHUH 041, . . . ,0 Gk,

U KasKz10€e 1/13 HUX BHECET CBOM cOOCTBEHHDII BK/Ia/ B npupailenue GyHKIUNI f, a UMeH-
HO, 0 f = 391 591 +. 4 %(qu T'oBopst hopmasbHO:

of  of dg af dg, Zafagl

dr  Oq 8m+“' Ogp, Ox agz&n

C Trpau€HTaMM BCE€ TOYHO TaK JKe:

0 0
Vef = aigfivacgl +.. af Vazgr = Z e

O6parure BHUMaHKE, YTO y HAC TIOTYYHIACH POPMYJIA MATPUYHOTO YMHOKEHUSI:

991 99k
oz o 0x
Vaf =VegVgf, tne Vgg= : :
991 99,
Orn " Ozn

Taxast MaTpHIla YaCTHBIX IIPOM3BOIHBIX Ha3bIBACTCS MaAmMpuyeu Axobu, ace onpenen-
TeJIb — SKOOUAHOM; OHU €llle HEe Pa3 HaM BCTPETSITCS. Terneph Mbl MOKEM IMOJCYUTATH
MPOU3BOJHBIC W TPAIMEHTHI OG0 KOMIO3UIUU (DYHKITHIA, B TOM YKCJIe BEKTOPHBIX,
1 JIJI5T 9TOTO HY>KHO TOJTBKO YMETh BBIYNCJISITH TPON3BO/IHBIE KaXK/[0M KOMITOHEHTHI. J{1st
rpacda Bce 370 fie GaKTO CBOAUTCS K IIPOCTOI, HO 0OYeHDb MOIIHOI Hjee: eCI MBI 3HAeM
rpad BbIUKCIEHUIT U 3HAEM, KaK OPATh IIPOU3BOIHYIO B KAJKIIOM Y3JI€, 3TOTO I0CTATOYHO,
4TOOBI B3ITh IIPOM3BOAHYIO OT BCEil CJI0KHON (PYHKIMM, KOTOPYIO 3azaeT rpad!

U Kapa Tycmas xo6 Axo6u (Carl Gustav Jacob Jacobi, 1804—1851) — HeMelKmii MaTeMATHK U MEXaHHK.
OCHOBHOIT TEMOIT €r0 MaTeMaTUYECKHUX TPYAOB ObLTA TEOPHUS JUTUNITHYECKUX (QYHKIMIL: HAYMHAM OH C TOTO,
9TO pa3paboTas Teopuio Teta-byHKIHI K06, MaTPHIA BTOPBIX YACTHBIX TIPOU3BOHBIX HE Pa3 BCTPEYAETCST
B €ro paboTax 1o BApHAIMOHHOMY UCUYNCIEHUIO, 2 IPUMEHEHHS JUTIITUYEeCKNX (hyHKIMI K anrebpe 1 Teopun
YuCesT TPUBEIHU K TOMY, 4TO SIKOGH CTasI OTHUM 13 OCHOBaTeJell Teopru onpenenuteseil. Ero poaasiv 6patom
6611 Mopuit Tepman STko6u, n300peTaTesib 31eKTPOABUTaTe s M TalbBAHOILIACTUKY, KOTOPBIN y Hac GoJee
nsBected kak bopnc CemenoBud, moToMy 4TO GOJBIIYIO YaCTh HAYYHON Kapbephl mpoBes B Poccum.
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f(x,y)

D oxviy+2x+ 1'}] [{f‘ =x+2(x+ J'ﬂ
e . B ay

a 6 B

Puc. 2.8. Kak 6patb npousBoAHYyI0 Ha rpade BBIYNCAEHUI 15T QYHKITH
f(z,y) = 2* + 2y + (x + y)*: a — rpad BbYUCIEHUIT 1 YaCTHBIE IPOU3BOIHBIE; 6 — GepeM
[IPOU3BO/IHYIO % METO/OM TIPSIMOTO PACIIPOCTPAHEHUST; ¢ — GePeM YACTHBIE TIPOU3BOIHBIE f
IO BCEM TI€PEMEHHBIM METOIOM OOPATHOTO PACTIPOCTPAHEHUSI

JlaBaiiTe cHauaia pazbepeM 9To Ha TPUMEPE: PACCMOTPUM BCE TOT Ke rpad) BbIUKCIIe-
HU, KOTOPBIN 6bLI MoKasaH Ha puc. 2.7. Ha puc. 2.8, a mokasanbl cocrasJsiiomue rpag
sJIeMeHTapHbIe (PYHKIMN; Mbl 0003HAUMIIN KayKIblii y3es1 rpada HoBoi OyKBoii, 0T a 110 f,
U BBITIIICAJTH YaCTHbIE TIPON3BOIHBIE KAXKIOTO Y3JIa M0 KAKIOMY €T0 BXOTY.

Tenepp MOXKHO TOACYNTATH YACTHYIO NPOUSBOAHYIO i TaK, KAK IIOKa3aHO HA
puc. 2.8, 6: HauMHAeM CYMTATh [IPOM3BOAHBIE C UCTOKOB rpada 1 moab3yeMcs: popMmy-
J01t iuchepeHIMPOBAHUA KOMITO3UITIU, YTOOBI TIOJCYUTATH OUEPEIHYIO TPOU3BOIHYIO.
Hampumep:

od 8d3a+6d6b 122 4+1 2 4+
_ = — _—— = - 20 . = LT .
dx ~ dadr | Obox Y Y

Ho MosHO noiitu 1 B 06paTHOM HallpaBJeHUH, Kak [I0Ka3aHo Ha puc. 2.8, 6. B aTom
cJydae Mbl HAUMHAEM C UCTOKA, T/Ie BCET/Ia CTOUT YaCTHAS TPOM3BOIHAS g—; = 1,a3aTem
pa3BoOpaunBaeM y3Jibl B 00PATHOM TIOPsifiKe 110 (hopmyie audpepeHIIMpPOBaHUS CIIOK-
HOU (hyHKITMH.

Dopmyiia okaxkeTcs 371eCh TPUMEHNMA TOYHO TaK JKe; HAIPUMED, B CAMOM HUKHEM
y3Ji€ MBI TTOJTyYNM:

8f_8f8a+8f8b af oc

%7%8l‘ %8m+%%:2x+y+2(x+y)
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TaxuMm 06pa3zoM, MOKHO TPUMEHITH (hopMyry auddepeHIMpPOBaHIs KOMIO3UITUT
Ha rpade a160 OT UCTOKOB K CTOKAM, MOJIyYast YaCTHBIE TIPOM3BOIHbBIE KAKIOTO y3Ja

110 OJTHOHM 1 TOW K€ TIepeMeHHOM %,%, ceey %, Ji00 OT CTOKOB K MCTOKAM, TI0JIyJast
YacTHbIE TPOU3BOIHbIE CTOKOB 10 BCEM IIPOMEKYTOUHBIM y3J1aM %,%, ceey g—i Koneu-

HO, Ha TIPAKTUKE JIJIST MAIMIMHHOTO 00yY€eHUsI HaM HYKEH CKOpee BTOPOU BapUaHT, YeM
nepBbIil: GYHKIUS OMTHOKN OOBIYHO OJ[HA, U HaM TPEOYIOTCS €€ YaCTHbIE POU3BOIHBIE
cpasy 110 MHOTMM [IEPEMEHHBIM, B OCOOEHHOCTH 110 BCEM BECAM, 110 KOTOPBIM Mbl XOTUM
BECTH I'PAJIMEHTHBII CITCK.

B o6111eM Bu/Ie aJITOPUTM TAKOIA: TIPETIONOKIM, UYTO HaM 3a/[aH HEKOTOPbII HallpaB-
JIEHHBIH anukiandeckuil rpad Boruucienuit G = (V, E), BepiinHaMu KOTOPOTO SIBJIsI-
i0Tcst GyHKIMK g € V, IPUYeM YacTb BEPIIMH COOTBETCTBYET BXOIHBIM IT€PEMEHHBIM
x1,...,Tn W HE UMEET BXOASIIUX pebep, oJfHa BepIINHA HE MMEET MCXOASIINX pebep
1 cooTBeTcTBYeT (hyHKIMK f (Bech rpad BIYHMCISAET 3Ty (DYHKINIO), a pebpa MoKasbl-
BaIOT 3aBUCUMOCTHU MEXIY QYHKITUSIMHU, CTOSIIUMU B y3Jax. Torma Mbl ke 3HaeM, Kak
MOJIyYuTh (PYHKIUIO f, CTOSIIYIO B <IIOCJIe/IHEN» BepIiirHe rpada: I 3TOro 10CTaTou-
HO JIBUTATHCSI 110 pedpaM U BLIYUCJIATD KasKAyI0 (DYHKIHMIO B TOIOJOTUYECKOM MTOPSIIKE.

A 4TO0OBI y3HATH YaCTHBIE IIPOU3BOAHBIE 9TOM (DYHKIIUH, JOCTATOUHO JBUTATHC 6 00 -
pamuom Hanpasienuu. Eciiv Hac MHTEPECYIOT YaCTHbIE TPOU3BO/IHbIe hyHKIMHU f € V,
TO B TIOJTHOM COOTBETCTBUHU C (POPMYJIAMU BbIIIIE MBI MOKEM TIOJICUUTATD g VI Kk I0-
ro ysjaa g € V takum o6pasom:

* CHayajia MHUIUATU3UPYEM % =1

* 3aTeM I KaKI0i BepUIHbL g € V, y KOTOPOIi BCe demu, TO eCTh BEPIIUHbI, B KO-
TOpPbIE YT U3 Hee pedpa, yske 06paboTaHbl AITOPUTMOM, BBIYHCIIM

of _ 5 af dg'

0 0g' Og°
g g’€Children(g) g %9
Bot u Bce! Koryia Mbl 1ofijiem /10 ©cTOKOB rpacda, /10 BEPUINH X1, . . . , Ly, MBI TOJYYUM
YaCTHbIE TTPOU3BOIHbIE %’ -+ gz, TO €CTh KaK a3 BBIYMC/INM IPAJHEHT Vaf.

Takoii ToAX0/] HA3bIBAIOT AJITOPUTMOM 06pamiozo pacnpocmpanenus (backpropa-
gation, backprop, bprop), moromy 4To yacTHBIE TPOU3BOHBIE CUMTAIOTCS B HAIIPABJIE-
H1H, 0OpaTHOM peGpam rpada BEIMUCAEHUI. A aITOPUTM BBIYUCAEHUS caMoii (pyHKIIUK
WJIA TIPOM3BOHON 10 OJ[HO TIEPEMEHHOI, Kak Ha puc. 2.8, 6, HA3BIBAIOT AJITOPUTMOM
npsmozo pacnpocmpanenus (forward propagation, fprop).

U nocrienHee BaxkHOE 3aMevaHue: 0OpaTiTe BHUMAHKE, YTO 32 BCE TO BPEMs, TIOKA
MBI 06cyskaam rpadbl BEaucaeHu, qudepeHnnatsl, TpaIHeHTs U TOMY TOI06HOE,
MBI, COGCTBEHHO, HU pa3y BCepbhe3 He YIIOMSIHYJ M Hefipornbie cetn! W neficTBUTENBHO,
METO/I BBIYMCJIEHHS TIPOM3BOIHBIX /TPAAMEHTOB N0 Tpadyy BEIYHUCAEHUH caM 110 cebe co-
BEPIIEHHO HUKAK HE CBA3aH C HEHPOHHBIMU CETAMMU. ITO MOJIE3HO UMETH B BUALY, 0COOEH-
HO B JIeJIaX MPAKTHYECKUX, K KOTOPBIM MBI IEpeiieM yike B caeayionieM paszere. Jleno
B ToM, uTo 6ubsmorexku Theano u TensorFlow, koTopsie MbI GyneM 00CyKIaTh HUXKE
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U Ha KOTOPBIX JleJIaeTcst GOJIbIasg 4acTh ryboKoro obydeHus:, — aTo, BoobIie ToBops,
OUOTMOTERY IJIST A8MOMAMUUeckoz0 ouggepenyuposanus, a ve 11t 0Oy4eHUsT HEHPOH-
HbIX ceTell. Bece, 4TO OHU JlesialoT, — MO3BOJISIIOT BaM 3a/1aTh Tpad) BbIYUCAEHUN U Yep-
TOBCKH 3((DEeKTUBHO, ¢ pacapaieIMBAaHUEM U IEPEHOCOM HA BUICOKAPTHI, BBIYUCIIS-
10T TPAIMEHT TI0 3TOMY rpady.

Koneuno, «moBepx» atux OubIMOTEK MOKHO PEAT30BaTh U COOCTBEHHO GUOIMOTE-
KM CO CTaHaPTHBIMU KOHCTPYKIMSAMU HEHPOHHBIX CeTel, U 3TO JIIOM TOXKe IOCTOSHHO
neJator (MbI Huske Oyem paccMaTpusath Keras), Ho BakHO He 3a0bIBaTh 6a30BY10 M0
aBToMarnyeckoro auddepentponanust. OHa MOXKET OKa3aThCst ropas3no Hosree THOKOI
u 60raToii, 4eM IpPOCTO HaOGOP CTAHAAPTHLIX HEUPOHHBIX KOHCTPYKIIUM, 1 MOKET CJIy-
YNTHCS TaK, YTO Bbl OyJeTe KpailHe yCIIeIHo KCIoIb30Bath TensorFlow BoBce e myst
00yueHusT HEHPOHHBIX CeTell.

2.6. U o npaktuke: BBegeHue B TensorFlow u Keras

OHa 1710X0 co3HABAJA, YTO IeJIaeT 1 YTO JAO0KHA C/Ie/IaTh, HO BMe-
CTe C TeM OTJIMYHO 3HAJIA, YTO JIOJIKHA BCE YCTPOUTD, U YCTPOUTD CEli-
uac xe. B Hell Gutach npakTudeckast 6abbsi cMeTKA.

M. H. Mamun-Cubupsx. Tpu xonya

B nocsieiaue rojibt 06ydyeHe HEHPOHHBIX CETEl TPEBPATUIIOCH B BBICIIEH CTEIEHI HH-
JKEHEPHYIO AUCIUIINHY. [[0SABUIOCH HECKOIBKO OUeHb YI0OHBIX GUOIUOTEK, KOTOPbIE
HO3BOJISIOT GYKBAJIBHO B APy CTPOK KOJIA TIOCTPOUTH MOJIEJIb HEHPOHHOIT ceTh (CKOJIb
YTOZHO TJTy60KOiT), chOpMUPOBATH VIS Hee rpad BEIYMCIIEHIIT, aBTOMATHYECKH TTIOACY K-
TaTh TPAJUEHTHI M BBIIOJHUATH MIPOIIECC OOYUEHIS, TIPHUEM CETaTh 3TO MOKHO KaK Ha
MPOIIECCOPE, TAK 1 — COBEPIITEHHO TTPO3PAYHBIM 0OPA30M, U3MEHWB Mapy CTPOK HIIH TIa-
Py KJIIOUel TIpH 3aIlyCKe — Ha BUIEOKAPTE, 9TO OOBIYHO YCKOPSIET 0OyUYeHHe B JIECATKU
pas. C Kask/BIM TOAOM 3TH OGUOIMOTEKH CTAaHOBATCS BCe YA06HEE, BBIXOISIT HOBbIE Bep-
CHIH CYTIECTBYIOTINX, & TaKsKe aBGCOMIOTHO HOBBIE TIPOTPAMMHBIE TPOAYKTHL. EcTb 1 6u6-
JIMOTEKH 0OTIIETO HA3HAUEHNST, KOTOPBIE MOTYT CO3/IATh JII0O0# Tpad BEIYUCTIEHNH, 1 CIie-
1IUATU3UPOBAHHbIE HAZICTPONUKH, KOTOPBIE PEATN3YIOT Pa3Hble KOMIIOHEHTHI HEHPOHHBIX
cereil: 00bIYHBIE CJIOM, CBEPTOYHBIE, PEKYPPEHTHbIE, peKyppeHTHbIe ¢j1ou u3 LSTM wmin
GRU, coBpeMeHHbBIE AJTOPUTMbI OIITUMH3AIUH... Bce 3T0 0OBIYHO MOJKHO <IIOIIYTIATH
PYKaMu», peain30BaTh U OOYYUTh B IOMAITHUX YCIOBUSX, G€3 TOJTUX U MyUYUTETHbHBIX
MPOIIECCOB Pa3pabOTKH.

[ToaToMy coBpeMeHHasT KHUTA O TJIYOOKOM 00ydeHIr He MOXKeT 060HUTHCH Ge3 mpu-
MEPOB KOHKPETHBIX TPOTPAMMHBIX PeAM3aIuil ¥ KO/Ia: B KOHIIE KOHI[OB, MBI ITUTIIEM 3TY
KHUTY JIJISL TOTO, 4TOOBI BBl CMOIJIM HE TOJILKO pa3o0paThCs B Iape HOBBIX s cebs ab-
CTPAKIIUi, HO ¥ HAYaTh PEAbHO MCIOJIb30BATh HEWPOHHBIE CeTH B pabore. Mbl oT/a-
eM cebe OTYET B TOM, YTO ITH Pas/eibl KHUTH Harboee MPEXO/ISIy U OBICTPeE BCEro
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YCTaperoT, U, KOHEYHO K€, HE COBETYEM HalllUM YHUTATEJSAM U3 2020-x TOJI0B U 1'[03)1(61

MOTE30BATHCSI KHUTON KaK TIPAKTHYECKUM PYKOBOACTBOM 1o Gubmorekam TensorFlow
nsu Keras, XoTs1 00111e W/Ien TPUBEICHHBIX 3/1€Ch Peai3aIluil BPsI I U3MEHSITCSI.

U enite oxHO 3amMeuane. Bee GuGIMOTEKH, KOTOPBIME MBI TI0JIb3Y€E€MCSI JIJIsI Peasin3a-
1M1 HEMPOHHBIX CETell B 9TOU KHUTE, UMEIOT OCHOBHOUN MHTeP(eIiC K SI3bIKY MPOrpaM-
mupoBanust Python, u Bce mpumepst koza Toxe 6yayT Ha Python. Dror st3bik cran me-
(haKTO CTAHIAPTOM B COBPEMEHHOM MAIIMHHOM 0GydeHu# 1 06paboTKe JaHHBIXZ, XOTS
B HEHPOHHBIX CETSX €CTh U APYTUe MpUMepbl — Hampumep, bubanorteka Torch mpema-
raeT ONMUCHIBATH CTPYKTYPY ceTeil B BHjie CKPUITOB Ha si3bike Luas. 3ametnm, 40 310
He 03HAYAET, YTO CaM¥ BBIUMC/IEHUS B GUOIMOTEKAX 1eJMKOM Harucanbl Ha Python —
KOHEYHO, JIJIsl ONITUMHU3AIMY HU3KOYPOBHEBBIX Bhruncaenuii muinyT Ha C 1 obparaior-
cs K etre GoJiee HU3KOYPOBHEBBIM GHOTMOTEKAM — JipaiiBepaM BUIEOKAPTHI 1 0COOEH-
Ho 6ubmmoTeke cuDNN [102]. MbI He MOXKeM BRJIIOYATh B KHUTY €Ille 1 PYKOBOACTBO
1o s136Ky Python u B nasbHelieM 6yeM mpOCTO TPEIIONATaTh, YTO CaM SI3bIK U OC-
HOBHasI €ro BbiuucauTeabHas 6ubanorexka NumPy Bam 3Hakombl. Ecin e 5T0 He Tak,
TO 0YEHb PEKOMEH/TYEM MO3HAKOMUTHCS ¢ Python; B 3TOM BaM MOTYT TOMOYb, HATTPUMED,
nocobus [126, 423, 491] u MHOrOUYKCIIEHHbBIE OHJIAITH-pecypehl 1t 00yderust Python.

Cpenu 6ubaroTeK 001IIero HasHAYEHHUsT, KOTOPBIE CIIOCOOHBI CTPOUTH Tpad BBIYUC-
JIEHUI W TPOBOJUTH aBToMaTnieckoe audbepeHinpoBaHe, 10Jroe BpeMs Oeccriop-
HbIM JinziepoM Oblia Theano, paspaborannast B yHuBepcureTe MoHpeass, B TPYIIIe
Kiacenka riybokoro obyuenus Monrya Benmkn (Yoshua Bengio) [528, 529]. Onnaxo
B Hos16pe 2015 roga Google BoiycTria (€ OTKPBITHIM UCXOAHBIM KOZOM) OUOIHOTEKY
TensorFlow [523], mpeaHasHaueHHyt0 1715t TOTO ke camoro. TensorFlow crana BTOpbiM
noKoJsieHneM 6ubmotek riry6okoro obydenust B Google; ona Gbliia ipu3BaHa 3aMEHHUTh
6ubsmoreky DistBelief [295], koTopast mocirysKujia MHOIMM BBIAAIOIIUMCS PE3YJIbTa-
TaM B UCTOPUM TIYOOKOTO 06y4eHrs, HO TaK U OCTajlach TporpreTapHoil. bubmnore-
ku Theano u TensorFlow Ha faHHBII MOMEHT OCTAIOTCS ABYMST OECCTIOPHBIMU JIHIE-
paMu B 3TO# 06JaCTH, U CIOKHO YBEPEHHO PEKOMEHIOBAThH OJIHY M3 HUX. JIJist KHUTH
MBI BeiOpasin uMeHHo TensorFlow, Tak Kak MOJKHO OKUIATh, YTO MOIIb Pa3pabOTINKOB
Google B urore puBeeT K TOMY, 4TO HOBbIE MHTEPECHBIE BO3MOKHOCTU OY/IyT MOSIB-
narbes B TensorFlow 6victpee, uem B Theano. Bpemst mokasker, onpaBmaercst Jiv Haiie
MIPEITIONIOKEHIIE.

OcHoBHast abCTPaKIKsI, KOTOpast TOTPeOGYETCsT HaM [I7IsT TOTO, YTOOBI TIOHSTH BCe,
4TO IPOUCXOJMT B Koge Takux Oubsmorek, kak TensorFlow wiau Theano, — arto Bce
TOT Ke rpad BBIYUCJIEHWI, KOTOPBHIA MBI PACCMATPUBAIU B IPEABIAYIIEM Dasfele.
ITporpamma, ucnonssyiomnias TensorFlow, o6erato mpocto 3aaer rpad BHIYMCICHUT,

! MIpuser BaM, KOJLIErH, OT ITHOHEPOB, TO €CTh, IPOCTHTE, NHPOPMATHKOB Hpomwioro! Ouenb HajzeeMcs,
YTO BbI CYLIECTBYETE M KHUIa 5Ta He Oblla HAIPoub 3a0biTa Cpasy 10C/Ie BhIXO/a.

2 Onsarp xe, B HalTell 06/1ACTH BCE MEHSAETCA O4eHb OBICTPO, TAK UTO BaM, KOJUIETH U3 GY/yIero, MOKeT
OBITH BUIHEE.

3 Hepasno, Bpouewm, nogsunack Gubamorexa PyTorch, kotopas nossonser macath Ha Python, ncrosn-
3yst Torch B kauecTBe GoKemH A,
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a TIOTOM 3aIyCKaeT TPOIEYyPY BPOJE session.run, KOTOPash BBITIOJIHSIET BBIIIEOTINCAH-
HBIE BBIYHCJICHUSI ¥ TIOJTydaeT COGCTBEHHO Pe3yJIbTaThl.

TensorFlow npu arom o6parutcs k Tomy wiu uomy O0sxenny (backend), nusko-
YPOBHEBOIT OMOINOTEKE, KOTOPAsi COOCTBEHHO U OY/IET 3aIlyCKaTh KO BhrauceHuit. Kak
u mobast coBpeMeHHasg OUOAMOTEKa I CUMBOJBHOIO AuddepeHnupoBans 1,/ min
o6y4eHwst HepOHHBIX ceTeit, TensorFlow MoskeT paboTaTh Kak Ha TPOIECCOPE, TaK U HA
Buzieokapre. OHAKO, B OTJIMYME OT MHOIMX Apyrux 6ubsmorek, TensorFlow, Gymyun
nerutieM Google, ymeer etrie 1 «u3 KOpoOKU» pacnapajie/IMBaTh o0ydeHne Ha pacrpe-
JleJIEHHbBIE KITaCTEPhI KOMIIBIOTEPOB; B KHUTE, TIPAB/a, TAKIX TPUMEPOB He OYIIeT.

[Toskanyii, o0CHOBHast KPUTHKA, C KOTOPOU cTainknBaeTcst oubsmoreka TensorFlow, —
3TO TO, YTO OHA JIO CUX TIOP He camMast GICTPast CPEIU BCeX aHAJOTHYHBIX; HATTpUMeED, Gub-
smoreka Torch [89, 90] Ha manubIit MOMeHT (koHell 2016 rozga) cuuraercs 6oee adhdek-
TuBHOI. HO, BO-TIePBBIX, MBI He 3PsI HAITUCAJIHM «HA JaHHBI MOMEHT» U YKa3aJId BPEMSL:
TensorFlow oueHb GbICTPO pa3sBUBAETCS, M YCKOPEHUE OIKEH A, KOHEUHO, SIBJISIETCSI OJI-
HOIl 13 OCHOBHBIX 33/[ad. A BO-BTOPBIX, IaKe eCJIU BAPYT MOABUTCA elte GoJiee ObICT-
past 6GubmoTeKa st BBIYUCACHWI Ha Tpadax, Baiy Tpy/bl o usydenunio TensorFlow
BCE PaBHO HE MPOIALYT AapoM, Belb «(DpPOHTEHI>, B KOTOPOM BBI onpejesiere rpad
BBIYMCJICHWI, 1 09KEH]I, KOTOPbI X COOCTBEHHO MTPOU3BOAUT, BIIOJIHE MOKHO pasfe-
snrb. Hanpumep, TinyFlow [533] — a1o 6ubinoreka, 1103BOJI0LIas KOHCTPYUPOBATH
rpad soruriciaenuii Ha TensorFlow, a o6ydyaTs ero Ha ToMm ke camoMm Torch. TTosy4daer-
€S HEYTO MOXO0’Kee Ha TO, YTO B TEOPUU KOMIUIATOPoB HasbiBaroT LLVM (Low Level
Virtual Machine, HuskoypoBHeBast BUPTyaJbHasi MallIMHa ): GUOINOTEKA TIOJTydaeT OIIu-
canue rpada BEIYMCIICHII HA OJTHOM <SI3bIKE», KOHBEPTUPYET €r0 B HEKOE BHYTPEHHEE
[IPE/ICTABJIEHIE, 4 IOTOM [EPEBOJIUT B HY KHBIN (DOPMAT M OTIIPABJISIET HA BXOJ] O9KEH Y,
KOTOPBII MOKET ObITH HAITUCAH HA COBEPIIIEHHO JIPYTOM <SI3BIKE>.

Wrak, nasaiite snakomutbes ¢ TensorFlow. OcHOBHO# 00bEKT, KOTOPBIM OIIEPUPYET
TensorFlow, — 210, Kak MOXXHO TIOHATH OYKBAJIBHO U3 HA3BAHUSI, MEH30P, NITU MHOTO-
MEepHBII MacCuB ancen!.

Ilepemennas B8 TensorFlow — 310 Hekuit 6ydep B maMATH, KOTOPBINA COAEPIKUT TEH-
30pbl. [lepeMeHHbIe HYKHO SIBHBIM 00Pa30M WHUIUATU3UPOBATE. YTOObI 0OBABUTD TIe-
PEMEHHYI0, HY’KHO 33/[aTh CIIOCO0 ee MHUIMATTM3AINH; TPU JKEJTAHUN MOXKHO TaKKe Ha-
3HAYWTH el UMsI, Ha KOTOPOE MOXKHO OY/IET MOTOM cehiiaThest. Hampumep:

W
b

tf.variable(tf.random_normal([3, 2], mean=0.0, stddev=0.4), name='weights')
tf.Variable(tf.zeros([2]), name='biases')

! Yyrraronrme aTo MaTeMaTHKN HaBepHsKa MPHUILTH B yKac: Kak Tak, TEH30P — 3TO 5Ke dIeMEeHT TeH30PHO-
0 IPOCTPAHCTBA, TO €CTh II0 CYTH JIMHEITHOE TPpeodpa3oBaHie MeK/y MHOTOMEPHBIMU JINHEHBIMU IIPOCTPaH-
crBamu. [Ipeo6pasoBansi Toske 06pa3yIoT INHEHHOE TPOCTPAHCTBO, & YHCJIA — HTO BCETO JIUIIb IX KOOP/MHAT-
HbI€ TIPENICTABIEHNST, OHI 3aBHCST OT BEIGOpa 6asica U MOTYT MEHSITBCST IIPH TOM, YTO CaM TEH30P KaK reOMeT-
PUYECKHUI 0OBEKT OCTAHETCS HEM3MEHHBIM. UTO K, BHIHYKIEHBI MATEMATHKOB pa3ouaposarh: B TensorFlow
TEH30p — 3TO He HACTOSAIINI TeH30P, a UMEHHO MHOTOMEPHBIH MacCHB, HIKAKOTO MOTHBHPOBAHHOTO TEOMeT-
pH€il OTHOIIIEHUS 9KBUBAJIEHTHOCTH HAa HUX HET, IPOCTO CJIOBO KpacuBoe. Ho pas ysk aTo c10BO HCHOIb3yeTCst
HaCKBO3b BO BCeil TOKyMeHTaIu U faxe B HazBanun TensorFlow, m36exatb ero HaM He yaacTcs.
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B aTOM KOJ1e MbI 0O'BSIBUIIU [[BE epeMeHHbIe: w c UMeHeM weights 1 b c uMeneM biases.
Jliist mepeMeHHBIX MOKHO SIBHBIM 00pPa3oM yKasaTb, IJle UMEHHO M HYKHO HaXOAUTh-
Cs1 B TIAMSITH; HATTPUMED, €CJIU BBl XOTHTE OOBSIBUTH TIEPEMEHHYT0 Ha MIEPBOH (HYJIEBOI)
BUICOKAPTE, 3TO MOKHO C/I€JIATh TaK:
with tf.device('/gpu:0'):

w = tf.Variable(tf.random_normal([3, 2], mean=0.0, stddev=0.4), name='weights')

Brpodem, B «mtaTHOM» peskuMe, Ha KOMITBIOTEPE C TOAXOAAIIEH BUIEOKAPTO,
BaM JI0OCTaTO4HO ycTaHOBUTH Bepcuio TensorFlow ¢ momaepkkoit GPU, u Bce TeH30pbI
10 YMOJIYaHUIO OyAyT MHUIIMAIM3UPOBAThCS Ha Balllell BUAeOKapTe. A MOMKHO, KaK Mbl
yoKe YIIOMUHAJIH, ¥ pacliapajileIuTh BCe Ha KJIacTep CBA3aHHBIX MEKIY cOOO0M MalllnH;
Torza tf.device Oy/eT BHIMVISAETh IPUMEPHO TaK:
with tf.device('/job:ps/task:0"):

w = tf.Variable(tf.random_normal([3, 2], mean=0.0, stddev=0.4), name='weights')
KoneuHo, y MHUIMAIM3anud 1 PaOOTHI ¢ KJACTEPOM €CTh CBOM TOHKOCTH, OMHAKO JaJIee
B KHUTE [IPUMEPOB ¢ KJacTepaMu He OyzeT, I09TOMY Mbl He CTaHeM MoApoOHee PasBu-
BaTb 3Ty TEMY.

Bce niepeMennbie 00s13aTe/IbHO HYKHO MHUIMAIN3UPoBaTh. CaMblil IPOCTOI CII0-
€00 — ¢J1e1aTh 9TO Iepel Ha4aJl0M BbIUNCTIEHUI:

init = tf.initialize_global_variables()

Ho aTo ne pa60TaeT B TE€X CJIydasiX, KOrJa HYyKHO MHUIUAJIN3NPOBATb IIEPEMECHHDbIE
13 3HAUYEHU I APYTUX TIEPEMEHHDBIX; B TAKUX CJIy9asdX CUHTaKCUC 6yI[6T CJIeAYIOIINM:

w2 = tf.Variable(w.initialized_value(), name='w2')
Bce nepeMenHbie TEKYIIEH CeCCHE MOKHO B JIIOO0N MOMEHT COXPAHHUTD B (hailsr:
saved = saver.save(sess, 'model.ckpt')

Ira npolLesypa COXPAHUT BCe MePEeMEHHbIE CeCCUU sess B (pail model.ckpt, a YTOOLI
IIOTOM BOCCTAHOBUTDH CECCUIO, JOCTATOUYHO 3aIllyCTUTDb

saver.restore('model.ckpt')

B 3azauax MammHHOTO 00yYeHUst HEOOXOAUMO TOBTOPHO HPUMEHSITH OJHY U TY
Ke MOC/Ie[OBATEIbHOCTD OTepalliii K pa3HbIM HabopaM JaHHbIX. B wacTHOCTH, 06yUe-
HIE C TOMOIIBIO MUHK-6aT4ell oIpa3yMeBaeT MePUOJANYECKOE BEIYUCIEHIE Pe3yIbTa-
Ta ¥ OIUOKY Ha HOBBIX puMepax. [liist yno6eTBa mepeaun HOBBIX JaHHBIX HA BUIEO-
kapty B TensorFlow cytiecTByIoT criennambHble TEH30PbI — TaK HA3BIBAEMBIE 3d2AY UKL,
tf.placeholder, KOTOPBIM HYKHO CHaydasIa lepeiaTh TOJABKO TUII JAHHBIX U PA3MEPHOCTH
TEH30pa, a 3aTeM CaAMU JIaHHbIe OYIyT MOJICTABJIEHDI YK€ B MOMEHT BBIUMCJIEHUIL:

x = tf.placeholder(tf.float32)
y = tf.placeholder(tf.float32)
output = tf.mul(x, y)
with tf.Session() as sess:
result = sess.run(output, feed_dict={x: 2, y: 3})
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B result nocJie aToro m0JKHO MOTyYuThCsT 6 (TTpoBepbTe!).

B TensorFlow peasuzoBan mosiHbIil HabOp onepariuii Haj TeHzopamu u3 NumPy
C TIOJIIEPKKON MATPUYHBIX BBIYUCJIEHUI HAJI MACCUBAMU Pa3HOU (hOPMBI 1 KOHBEPTUPO-
Banust Mesky atumu hopmamu (broadcasting). Hanpumep, B peaibHbIX 3a/[a4ax 4acTo
BO3HUKAET HEOOXOIMMOCTD K KXKIOMY CTOJIOITY MATPHUIILI TIO3JIEMEHTHO T00aBUTH OIUH
u ToT ke Bektop. B TensorFlow ato gesaercst caMbIM TIPOCTHIM M3 BO3MOKHBIX CITOCO-
60B:

m = tf.Variable(tf.random_normal([10, 100], mean=0.0, stddev=0.4), name='matrix')
v = tf.Variable(tf.random_normal([100], mean=0.0, stddev=0.4), name='vector')
result =m + v

3nech m — 310 MaTpuiia pasmepa 10 x 100, a v — BexTop jyuHbl 100, U 1Py CJI0KEHUT
v Gyner npubaBiieH K KakaoMy ctosbiy m. Broadcasting mpumMeHuM JJist BCexX T03JIe-
MEHTHBIX OTEpaIuil HaJl ABYMs TEH30PAMU U YCTPOEH caeyomuM obpasoM. Pasmep-
HOCTH JIBYX TEH30POB TIOCTIEA0BATENFHO CPABHUBAIOTCS HAUMHAS C KOHI[A; TIPH KasK/IOM
CpaBHEHUM HEOOXOAUMO BBIIIOJTHEHHE OJJHOTO U3 IBYX YCJIOBUIA:

¢ 160 pa3MepHOCTH PABHBIL,
 m6o oxHa U3 pasMepHOCTell paBHa 1.

ITpu 3TOM TEH30PBI He 0OSI3aHBI UMETH OJIMHAKOBYIO PA3MEPHOCTD: HE[OCTAIOTITHE M3~
MEPEHUsT MEHBIIIETO M3 TeH30POB OY/YT MHTEPIPETUPOBAHBI KaK eIMHUYHBIE. Pazmep-
HOCTD TIOJIy4aeMOTO Ha BbIXO/IE TEH30PA, €CJTM BCE YCJIOBUS BBITIOJTHEHBI, BBIUUCIISETCS
KaK MaKCUMYM 13 COOTBETCTBYIOIIUX Pa3MEPHOCTEH UCXOIHBIX TEH30POB. Bripouem, 310
3BYUYUT IOBOJIbHO CJIOXKHO, TAK YTO PEKOMEHIyeM BHUMATEIbHO TPOBEPSITD, KAK UMEHHO
Oyzer paboTarh broadcasting B KaskioM KOHKPETHOM HETPUBUAIBHOM CJIy4ae.

ITomumo GunapHbIX onepanuii, B TensorFlow peannsoBad mMUPOKUN acCOPTUMEHT
YHapPHBIX OTlE€PAIHii: BO3BE/IEHNE B KBA/[PAT, B3ATHE IKCIIOHEHTDI HJIU JioTaprdma, a Tak-
JKe MIUPOKUiT criekTp penykinit. Hampumep, wHora Ham ObIBaeT HEOOGXOIUMO BBIUKC-
JIUTD Cpe/iHee 3HAaUeHUe He 110 BCeMY TEH30PY, a, CKaKeM, M0 KaKI0MY 3JIeMEeHTY MITHH-
6atya. Ecaiu mepByio pasMepHOCTb TE€H30Pa MBI MHTEPIPETUPYEM KaK PasMep MUHU-
6aTya, TO COOTBETCTBYOIINI KO MOXKET ObITh TAKIM:

tensor = tf.placeholder(tf.float32, [10, 100])
result = tf.reduce_mean(tensor, axis=1)

ITpu sTOM CpesiHee OyaeT BBIYUCIATHCS O BTOPOil pasMEPHOCTH TeH30pa tensor, TO
€CTh MBI JlecsiTh pa3 ycpeagauM o 100 yucen u mosmyuum BekTop nrHbI 10.

B HexoTOpBIX 33/1a4aX MOJKET BOSHUKHYTH HEOOXOIMMOCTh MCIIOIb30BAHUS OHIX
U TeX K€ TEH30POB MEPEMEHHBIX [T HECKOJBKWX PA3JIMYHBIX MyTeil BBIYUCIECHWH.
[TpeanosoKuM, 4TO y HAC ecTh (PYHKILHUs, CO3afolas TeH30P JUHEHHOTo Ipeobpaso-
BaHUS HAJI BEKTOPOM:

def linear_transform(vec, shape):
w = tf.variable(tf.random_normal(shape, mean=0.0, stddev=1.0),
name='matrix')
return tf.matmul(vec, w)
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W MBI XOTUM IIPUMEHUTDH 3TO npeo6pa30BaH1/Ie K IBYM Pa3HBIM BEKTOPpaM:

resultl = linear_transform(vecl, shape)
result2 = linear_transform(vec2, shape)

[ToHATHO, YTO B 9TOM CJIydae Kaxaas U3 QYHKIUI CO3aCT CBOIO COOCTBEHHYIO MaT-
pHUILy IIpeobpa3soBaHus, YTO He IIPUBENET K KeJaeMOMY Pe3yJbTaTy. MoKHO, KOHEYHO,
3a/1aTh TEH30P W 3apaHee ¥ 1epeiaTh ero B GYHKINIO linear_transform B KAUeCTBE OJTHOTO
U3 apryMEHTOB, OJJHAKO 9TO HapPYIUINT MPUHIIAI NHKAIICYJIAINN, KOTOPBIM HE BCe TOTO-
BBI TIOKepTBOBaTh. JIj1s1 mogobHbIx caydyaes B TensorFlow cytecTBytor npocmpancmea
nepemennvix (variable scopes). 9ToT MeXaHM3M COCTOUT U3 JBYX OCHOBHBIX (DYHKI[UIL:

* tf.get_variable(<name>, <shape>, <initializer>) co3zaeT ujau BO3BpalaET IIepe-

MEHHYIO C 3a/laHHbIM UMEHEM;

* tf.variable_scope(<scope_name>) yIIpaBJIAeT IIPOCTPAHCTBAMU MMEH, HUCIIOJIb3Y-

omuxcd B tf.get_variable().

OmanM 13 TapamMeTpoB PYHKITNY tf.get_variable() sSIBASETCS MHUIUAINU3ATOP: BME-
CTO TOro 4TO0BI IPK 0ObABICHUI HOBOI IIepeMeHHOI B IBHOM BHJIE IiepejaBaTh 3Haye-
HUS1, KOTOPBIMU OHA JI0JIZKHA ObITh MHUIMAIN3MPOBAHA, Mbl MOXKEM IiepeiaTh (hyHKIHIO
MHULUAIU3AIM, KOTOPAs, OJIYYUB IIPY HEOOXOAMMOCTH JaHHbIe O Pa3MEPHOCTH IIepe-
MEeHHOH, MHUInau3upyer ee. /laBaiiTe HeMHOTO U3MeHUM linear_transform():

def linear_transform(vec, shape):
with tf.variable_scope('transform'):
w = tf.get_variable('matrix', shape,
initializer=tf.random_normal_initializer())
return tf.matmul(vec, w)

Temeps, eciiu Mbl TOMPOOYEM IIPUMEHHTD Hallle MPeoOpPa3oBaHUe K [BYM BEKTOPAM
MOCJIE/IOBATEIBHO, BO BPEMST BTOPOTO BBI30BA YBHU/IUM OIITHOKY:

# Raises ValueError(... transform/matrix already exists ...)

Tak mpoucxoauT motomy, 4yTo tf.get_variable() mpoBepseT CyIleCcTBOBAHUE Tepe-
MEHHOM B TEKYIIEM ITPOCTPAHCTBE UMEH, YTOOBI TPEIOTBPATUTH CBSI3aHHBIE ¢ UMEHAMI
OmuOKH, 06BIYHO TPYAHO MOAAAIONIHECS OTIajiKe. UTOOBI MOBTOPHO HUCIOIB30BATH TIe-
PEMEHHBIE B IPOCTPAHCTBE UMEH, HYKHO B SIBHOM Bujie cooOmmTh 06 atoM TensorFlow:

with tf.variable_scope('linear_transformers') as scope:
resultl = linear_transform(vecl, shape)
scope.reuse_variables()
result2 = linear_transform(vec2, shape)

Temnepb Bce paboTaeT UMEHHO TaK, KaK MbI XOTEJIU C CAMOT'0 HavaJia.

JlaBaiite paccMOTpuM mpocTeiinuil npuMep Mozesn, csoero poga Hello World gia
TensorFlow — o6yuenne suHeliHo# perpeccun. Hamomuum, 4to JinHeiHas perpeccust —
3T0 (haKTUUECKU OJMH HEHPOH, KOTOPBIN TOJyJYaeT Ha BXOJ BEKTOP 3HAUEHWH &, BbIIA-
€T YnCJIo, U Ha MaHHbIX {(x1,y1),(T2,¥y2), .- -, (TN, ynN)} 331242 COCTOUT B TOM, YTOOBI
MUHUMU3UPOBATH CYMMY KBaJ[PATOB OTKJIOHEHUH OIIEHOK HEMPOHA §J; OT UICTUHHBIX 3HA-
YEeHUH ;.
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N
L:Z(y—y)2—>min.
i=1

Ho xoTb 3a1aua 1 OUeHB TIPOCTasT, MBI TOCTAPAEMCST B 9TOM IIPUMEPE TIPOAEMOHCTPH-
POBaTh MOTHBIH IIUKJ THTUYHOH Tporpammbl Ha TensorFlow, ¢ rpaineHTHBIM CITyCKOM,
o0yueHneM Ha MUHM-0ATYaX, 3arIyIIKAMEA 1 OJIEKIHKEKOM.

Bot kak 910 MOKHO cesath. B xoze, IpuBeIeHHOM HUXKeE, Mbl Oy/eT TTpUGIMKATh
JIMHEHOI perpeccrelt pyHkuumio Buna f = kx +bana k = 2ub = 1; k u b Oyayt
mapamMeTpaMu, KOTOPbIE MbI XOTUM 00y4uTh. [[aBaiiTe CHauama TOCMOTPUM Ha BCIO TIPO-
rpaMMy ILeJMKOM, a IOTOM HOZPOGHO pasbepeM, 4TO OHA JEIaeT.

import numpy as np,tensorflow as tf

n_samples, batch_size, num_steps = 1000, 100, 20000

X_data = np.random.uniform(1, 10, (n_samples, 1))

y_data = 2 * X_data + 1 + np.random.normal(@, 2, (n_samples, 1))

X
y

tf.placeholder(tf.float32, shape=(batch_size, 1))
tf.placeholder(tf.float32, shape=(batch_size, 1))

with tf.variable_scope('linear-regression'):
k = tf.Variable(tf.random_normal((1, 1)), name='slope')
b = tf.variable(tf.zeros((1,)), name='bias')

y_pred = tf.matmul(X, k) + b

loss = tf.reduce_sum((y - y_pred) ** 2)

optimizer = tf.train.GradientDescentOptimizer().minimize(loss)

display_step = 100
with tf.Session() as sess:
sess.run(tf.initialize_global_variables())
for 1 in range(num_steps):
indices = np.random.choice(n_samples, batch_size)
X_batch, y_batch = X_data[indices], y_data[indices]
_, loss_val, k_val, b_val = sess.run([ optimizer, loss, k, b ],
feed_dict = { X : X_batch, y : y_batch })
if (i+1) % display_step == 0:
print('Snoxa %d: %.8f, k=%.4f, b=%.4f' %
(i+1, loss_val, k_val, b_val))

Terneps faBaiiTe TOCMOTPUM, YTO JIeJIA€T Ta IIporpamma. Mbl 11ocjie/JoBaTeIbHO:
1) cHavasa cosgaeM cirydaiiHbIM 0Opa3oM BXOZHbIE JaHHbie X_data 1 y_data 110 Tako-
MY QJITOPUTMY:
* nabpaceiBaeM 1000 caygaifHBIX TOYEK paBHOMePHO Ha mHTepBate [0; 1];
* TIO[ICYUTBHIBAEM ST KOKION TOYKU & COOTBETCTBYIOIIUIN «ITPABUJIbHBINA OT-
BeT» y 1o hopmyiie y = 2z + 1 + €, T/1e € — CIy4aiiHO pacIpeieIeHHbIN TyM
¢ pucriepeneii 2, € ~ N (0, 2);



88

[maBa 2. MNpepBaputenbHble cBeferus, unu Kypc monoporo 6oviua

2)

3)

4)

5)

6)

3aTeM 00bsaBasgeM tf.placeholder /s IIepeMeHHbIX X U y, Ha 9TOM IdTale yxKe
HYJKHO 3a/1aTh UM PasMEPHOCTb, 1 9TO B HAIllEM CJlyyae MaTpulia pa3MEepHOCTU
(pasmep MuHHU-6aTua X 1) st X ¥ IPOCTO BEKTOP JIJIMHBI B pa3Mep MUHU-OaTda
IUIA Y,

Jlajiee MHUIMAIU3UPYeM iepeMeHHble k 1 b; 910 nepementbie TensorFlow, xoro-
pble [I0Ka HUKAKMX 3HAYEHHIT He UMEIOT, HO Oy T MHUIUAJIU3UPOBAHbI CTAaHIAPT-
HBIM HOPMaJIBHBIM paclipejieieHrueM It k 1 HyJIeM /171 b;

IOTOM MbI 3aJjaeM COOCTBEHHO CYTh MOJAEJIN U IIPU 9TOM CTPOUM (hYHKIIHIO OG-
k1 3 (9 — y)%; o6paTuTe BHUMaHMe Ha (DYHKIMIO reduce_sum: Ha BHIXOJIE OHA BCETO
JIVIIIB ITOJICYUTHIBAET CYMMY MAaTPUILLI 110 CTPOYKAM, HO MOJIb30BATHCA HAJI0 UMEH-
HO €10, a He OOBIYHON CYMMOI MJIM COOTBETCTBYIOMIMMU (DYHKIMAMM U3 numpy,
noromy 4to Tak TensorFlow cmosker Kyna 6osiee apheKTUBHO ONTUMU3HPOBATH
TIPOTIECC BBIYNCTICHUS;

BBOJUM IIEPEMEHHYIO optimizer — ONTMMU3ATOP, TO €CTh COOCTBEHHO aJTOPUTM,
KOTOPBIi Oy/IET IIOACYNTHIBATH TPAAMEHTHI K OOHOBJISITH BECA; MbI BLIOPAJIM CTaH-
JAPTHBIN ONITUMU3ATOP CTOXACTUYECKOTO TPAJAMEHTHOrO CITyCKa; ceiiyac HaM Bax-
HO JIUIIb OTMETHUTD, 4TO TEIEPb KaxK bl pas, koraa Mbl npocuM TensorFlow mog-
CUUTATh 3HAYEHHUE TTEPEMEHHOI optimizer, I/e-TO 3a KyJucaMu OYAYT MPOUCXO-
JIUTh OOHOBJIEHUS IIEPEMEHHBIX, OT KOTOPBIX 3aBUCHUT OIITUMHU3UPYeMast IIePeMeH-
Had loss, TO €CTb k 1 b; 110 X U y OIITUMU3AILUUA HE 6y,71eT, IIOTOMY 4TO 3HAUEHUA
tf.placeholder 1OJIKHBI OBITD YKECTKO 33/IaHbl, — 3TO BXO/HbIE JIAHHDIE;
3aruchiBaeM OOJIBIION UKL, COOCTBEHHO, eJIaeT 9TH OOHOBJIEHMS (TO €CTh MHOTO
pas BBIUMCJISET IEPEMEHHYIO optimizer); Ha KasKAOU UTEPAIMK [[UKJIa Mbl OepeM
cIrydaiiHoe TIOAMHOKECTBO U3 batch_size (To ecth 100) WHAEKCOB JAHHBIX U TTOJ-
CUMTHIBAEM 3HAYEHUST HY>KHBIX TIePEMEHHBIX; Mbl 1OJIaeM B (DYHKIIUIO sess.run
CIIUCOK TIEPEMEHHBIX, KOTOPblE HYXXHO TOACYNUTATh (TJIABHOE — <BBIYUCIUTHY
TIepeMeHHY10 optimizer, OCTaJbHBIE HYKHBI TOJBKO JIJIST OTJIAZIOYHOTO BBIBOIA),
1 cioBaph feed_dict, B KOTOPBHIN 3aMChIBaEM 3HAUEHUS BXOAHBIX TTEPEMEHHBIX,
0003HaueHHbBIX paHee Kak tf.placeholder.

O6parure uumanue, yro TensorFlow upesBbruaiino wyBcTBUTE bHA K (hopMam
(B cmbicie shapes, pasmepHocTsiM) Tenzopos. Hampumep, uto6sr pabotana GyHKIMs
tf.matmul, Hy’KHO TTOZIATD €i Ha BXOJ 00sI3aTETHLHO MATPUIIHI, TAsKe €CITM 9TO MaTPHUIA
pasmepa l X 1, Kak y Hac; @ BOT CKJIA/[bIBATh PE3YJIBTAT MOXKHO 1 ¢ OOBIYHBIM BEKTOPOM
nHbI 1 (713, 970 pasHbie Benu!), popmMa KOTOPOTO 3a/1a€Tcs Kak (1, ).

B pesysbrare aTOT KO GYIET BBIMUCHIBATH ITOITAMHO YMEHBIIAMILYIOCS OMIHOKY
1 TIOCTETIEHHO yTOYHSoNMecs: 3HadeHns k u b:

Jnoxa
3noxa
Jnoxa

Jnoxa
3noxa

100: 5962.15625000, k=0.8925, b=0.0988
200: 5312.11621094, k=0.9862, b=0.1927
300: 3904.57006836, k=1.0761, b=0.2825

19900: 429.79974365, k=2.0267, b=0.9006
20000: 378.41503906, k=2.0179, b=0.8902
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EcrecTBeHHO, TOUHBIX 3Ha4YeHUiT k = 2, b = 1 Ha BBIXO/Ie HE NOJYYUTCS: U TPaIK-
EHTHBIN CITyCK SIBJISIETCS BCETO JIMIID MPUOIMKEHHBIM METOAOM OINITUMU3AIINH, 1, YTO
B IaHHOM CJIy4Yae BasKHee, TIPaBUIIbHBIH OTBET Ha 3a/1auy ONTUMU3AIMN He 00S3aTeTbHO
COBIIAIAET C <«3a[yMaHHBIMU» HAMU 3HAYEHUSAMHU, Be/lb JaHHbIE TEHEPUPOBAINCDH CJIy-
vaiiabiM 06pazoM. OTMETHM, 4TO BMECTO GJI0KA:

with tf.Session() as sess
MO’KHO OBLIO OBbI HAIIMCATD:
sess = tf.InteractiveSession()

U TAJIBIIIE TTOJTb30BATHCS IEPEMEHHON sess KaK MOCTOSTHHO OTKPBITON ceccueil. ITo mo-
JIE3HO B MHTE€PAKTUBHOM PesKUMe ipython wiu jupyter notebook, n B 1ocaey0MNX IPH-
Mepax 9TOM KHUTY MbI TOKe OOBIYHO OyAeM II0JIb30BAThCS MHTEPAKTUBHBIMU CECCUAMU
TensorFlow, 4To6b1 MOXKHO OBLIO MKCATH U 3AIIyCKAaTh KO He MOAPI, IePEMeKas ero
KOMMEHTAPHUSIMHU.

Wrtak, Mbl paccCMOTpEJN IPOCTEUIINE ONepalii ¢ UCIIOJb30BaHeM OMOIMOTEKH
TensorFlow u nmoapo6Ho, CTpoUKa 3a CTPOYKOH, pa3oOpajiy IIepBblid HACTOAIUN ITPH-
Mep ee puMeHeHust. Mbl PEKOMEH/IyeM YHTATEIO [0 Mepe HeoGX0IMMOCTH 06palaTh-
cs1 x jokymenranun TensorFlow [523], ma u camu fasiee eiie He pa3 00BSICHUM BCe CO-
OTBETCTBYIOILIME TOAPOOHOCTH.

Bropas 6ubsmoreka, KOTOPOii MbI 4acTO OyieM MOJIb30BAThCI B 9TOI KHUTE, — 9TO
Keras [79]. Ona 1o cytu sgBisiercst «06epTKoii» Haj OMOIMOTEKaMU aBTOMAaTUYECKOrO
nuddepeHInpoBaHKs; BIIPOYEM, B 9TOM KHKUre Mbl OyeM pacCMaTpUBaTh UX KaK IBE OT-
nenbible cyiHocTn!. Keras peainsyeT IpakTHYeCKH BCe TO, 0 9eM MbI GY1eM TOBOPUTh
B 9TOI KHUTE, B BU/IE TOTOBBIX IIPUMUTHBOB: MOKHO CKa3aTh «CJIeJIail MHE CBEPTOYHBIN
CJIOH ¢ TaKMMU-TO TapaMeTpamuy, 1 Keras caemaer. OnHako «3a KyJImcaMu» IIPOUCX0-
JIUT Bce TO ke camoe, 4To B TensorFlow: crpoutcst rpad suluncienuit, kotopseiii Keras
[IOTOM CKOPMMT APYTroii OUGANOTEKE [JIsd BBIYUCIEHUS IPAJANEHTOB ¥ peaJu3al[iu OITH-
MU3AIMOHHBIX AJITOPUTMOB.

Kowneuno, B ocnoBrOM Keras Xopoiir UMEHHO TeM, YTO B HEM MHOTO Y€TO Y/Ke Peasu-
30BaHO B TOTOBOM Bu/e. OIHAKO /IJIsT TpUMepa ToJIHOTO 1nKaa Ha Keras Toske BriosiHe
CTOIUTCS MOJIEJIb TIoTIpotie. [laBaiite peajnsyeM JJOTHCTUYECKYIO PErPeccuio, TeM boJiee
YTO 110 CYTH 3TO KaK Pas U €CTh «OJHOCTONHAS HEUPOHHASI CETh>.

Cnauajia umnoprupyeM us Keras Bce, 4To HaM Jajiblie HoTpedyercs:

import numpy as np
from keras.models import Sequential
from keras.layers import Input, Dense, Activation

3aTeM COo3aUM MOJIENb IOTUCTHIECKOM perpeccumn. MbI nenaeM cjeaytouiee:

U Opnako B opummanbryio nepsyio Bepenio TensorFlow, Beixos KoTopoit coctosiics Becroit 2017 roza,
6ubsmoreka Keras Bonuia kak coctaBiasi 4actb. K c4acTbio, COBMECTUMOCTD TIPY 9TOM TIPAKTHYECKHU HE CJI0-
MaJIack, ¥ 10YTH J060I KOJI, KOTOPbIii panblie HaunHasca ¢ import keras, Terieps GyeT HOpMaIbHO pabOTATD,
HayrHasich ¢ import tensorflow.contrib.keras as keras.
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1) cHauasa co3maem MOJEIb BUjE Sequential — 3TO 3HAYWT, UTO MOJIENb GY/IET CO3/Ia-
BaTbCS II0CIE[0BATEIbHO CJION 3a CJI0eM;

2) 3arem 106aBJIsIeM OJIMH TIOTHBI CJIOH, BXOBI KOTOPOTO OY/IyT PasMEPHOCTH JiBa
(IIpocTo I Halllero IpuMepa), a Ha BbIXoJe OyIeT JOTUCTUYECKUI CUTMOUJL OT
BXO/IOB; [T037K€ MBI B TIOJIPOOHOCTSIX IOTOBOPUM O TOM, KaK 3T0 paboTaer, a ceityac
IIPOCTO [IOBEPHTE, YTO ITO U €CTh MOJIEJIb JIOTUCTUYECKOH perpeccuu: JuHeiHas
dyHKIMS ¢ 00ydaeMbIMU BECaMU OT BXOJIOB, a 3aTeM JIOTHCTHYECKUI CUTMOMI OT
pesyJibTara;

3) manee MOzEsb COOCTBEHHO KOMITUJIPYETCS € 3aIaHHOM 11es1eBOil (pyHKIMEN (MbI
UCIIOJIb3YEM TIEPEKPECTHYIO SHTPOIHMIO JJIst GUHAPHON KIacCU(pUKAIUN) U MET-
PHKOIT TOYHOCTH, KOTOPYIO MOZIEJb OY/IET MOACYUTHIBATH U BEIBOIAUTD B ITPOIECCE;
B KauecTBe aJiTOPUTMA OTITUMU3AITUN MBI YKasKeM TIPOCTOM CTOXaCTUYECKU rpa-
IUEHTHBIN CITYCK, 10 9€T0-TO H0JIee CIOKHOTO MBI TTOKA TPOCTO He T0GPATNCD.

BoT kak aT0 BBITJISIIUT B KOJIE:

logr = Sequential()
logr.add(Dense(1, input_dim=2, activation='sigmoid'))
logr.compile(loss='binary_crossentropy', optimizer='sgd', metrics=['accuracy'])

A Terepb MOKHO IIPOOOBaTh Ha JaHHBIX. [laBaiiTe 1J1s1 9TOTO y4eOHOTOo IpUMepa IIPo-
CTO CTeHEPUPYEM /B2 JIBYMEPHBIX HOPMAJIbHBIX PACIIPEIEIEHS, OHO C IIEHTPOM B TOU-
ke (—1; —1), npyroe B Touke (1; 1), ¢ aucnepcueii 1 10 060MM KOMIIOHEHTAM:

def sampler(n, x, y):
return np.random.normal(size=[n, 2]) + [x, y]

def sample_data(n=1000, po=(-1., -1.), pi=(1., 1.)):
zeros, ones = np.zeros((n, 1)), np.ones((n, 1))
labels = np.vstack([zeros, ones])
z_sample = sampler(n, x=p0[0], y=p0[1])
o_sample = sampler(n, x=p1[0], y=p1[1])
return np.vstack([z_sample, o_sample]), labels

X_train, Y_train = sample_data()
X_test, Y_test = sample_data(100)

Taxum o6pasoM, Mbl credepupoBanu 2000 ToYEK, 110 ThICAYE B KasKAbIA KJIACC, IS
obyuarorero muosxkectsa 1 200 oTIebHBIX TOUEK, 110 100 B Kax bl Kace, JJIs TeCTO-
Boro. Temepb MOKHO 3amycKaTh 0GyUeHHe; B CTPOYKE HUKE MBI 33/1a¢M TPEHHPOBOYHOE
MHOKECTBO, YUUCJIO SII0X U pasMep MUHU-OaTya:

logr.fit(X_train, Y_train, batch_size=16, nb_epoch=100,
verbose=1, validation_data=(X_test, Y_test))

Basmaimontoe MHOKECTBO, KOTOPOE MbI TOXKeE Ty/la TIePe/laeM, HUKAK He UCIIO0JIb-
3yercst mpu 00y4YeHNUH, OHO HY’KHO TOJIBKO JIJIsl TOTO, YTOOBI CYUTATh HA HEM Ty CaMyIO
METPUKY 'accuracy', KOTOPYIO MbI 32/1aJ111 BBIIIIE.
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ITpu ob6yuennu Keras Gyer BbigaBath B y100HOI (hopMe HHGOPMAIIKIO O TEKYILEM
COCTOSIHUM 00YYeHUst, U BBIXOJ| OYAeT BbIIJISIETh IIPUMEPHO TaK:

Train on 2000 samples, validate on 200 samples
Epoch 1/100

2000/2000 [=...=] - O0s - loss: 0.8877 - acc: 0.4400 - val_loss: 0.5625 - val_acc: 0.7450
Epoch 2/100
2000/2000 [=...=] - O0s - loss: 0.4588 - acc: 0.8115 - val_loss: 0.3564 - val_acc: 0.8650
Epoch 3/100
2000/2000 [=...=] - 0s - loss: 0.3402 - acc: 0.8860 - val_loss: 0.2832 - val_acc: 0.9000
Epoch 4/100
2000/2000 [=...=] - 0s - loss: 0.2909 - acc: 0.9080 - val_loss: 0.2463 - val_acc: 0.9150
Epoch 5/100
2000/2000 [=...=] - 0s - loss: 0.2645 - acc: 0.9125 - val_loss: 0.2241 - val_acc: 0.9250

Epoch 100/100
2000/2000 [=...=] - 0s - loss: 0.1957 - acc: 0.9255 - val_loss: 0.1399 - val_acc: 0.9350

ITO 3HAYUT, YTO B KOHEYHOM cyeTe Mbl OOYUMJIMCH KJIACCH(DHUIIMPOBATH HAIIN
JIBa HOPMAJTbHBIX pacIpe/ieIeHNsT Ha TPEHUPOBOUYHOM MHOKECTBE C TOYHOCTBIO OKOJIO
92,5 %, a Ha TecTOBOM — T1eJBIX 93,5 % (3T0O, KOHEUHO, TPOCTO CIy4aiHOCTD). B Hammx
AKCIIEPUMEHTAX aJITOPUTM CXOIUJICS Te-TO 3a 59— 10 310X; «BaHWIBHBINY> CTOXaCTHYe-
CKUH TPAJIMEHTHBIN CITYCK — HE CAMBIH JIYUYIINH aJITOPUTM HA CBETE, TAK UTO BIIOJIHE BO3-
MO’KHO, UTO 3TO MOXKHO YJIyUITUTh (U B paszesie 4.4 Mbl TOTOBOPUM O TOM, KaK IMEHHO).
[Toka 3TO TOJIBKO CaMble MEPBBIE TIPUMEPBI; MBI €I1le Pa3 MOAPOOHO MPOIIEMCs O TOMY,
KaK MHUIMAJIU3UPOBaTh U uciojb3osarh TensorFlow u Keras, B paszese 3.6.

U nocnenusist netasb. B 3T0it KHEUTE MBI Gy/IeM TIPUBOAUTH MPUMEPHI B BUE KOJIA,
koTopbiii Keras Moxer aBToMarnyecku Komimanposarh kak Ha TensorFlow, Tak u Ha
Theano. Boxee Toro, kak TensorFlow, Tak u Theano ymeior aBToMaTnyecKu IepeBoaUTh
[IOCJIe 9TOrO BBIUUCJIEHUST HA BUACOKApPTY. I'pad BbIUMCAeHUI GyIeT Toraa XpaHUThCs
B BUJICOIIAMSITH, & CAMU BBIYMCJIEHUS CTAHYT ropasao 0oJjiee MmapajieJbHbBIMU ¥, KaK
ciaencteue, ropasno 6osee apdextuHbiMu. C TOYKU 3pEHUs CaMOrO KOJa, OIIpe/ieisi-
IOILET0 MOJIE]Ib, He MeHseTCss aOCOMI0THO HUYEro: 4ToObl 3allyCTUTh MOJIE/Ib Ha BUIEO-
KapTe, ckomnuanposas ee B TensorFlow, goctaTouHo mpocTo 3amyCcTuTh CKPUIT B CO-
orsercTByiouieil Bepcuu TensorFlow.

Ho ectb oauH HeGOJIBINON TPIOK, CBSI3aHHBIN € BblAEIeHUEM TTaMsITh. Eciin BbI KOM-
nuupyere Mozes B Theano, 06 5ToM MOKHO He 3aayMbiBaThes: Theano cHauana KOM-
MAUpyeT rpad IeJTNKOM U MO3TOMY MOXKET CaMa BBIIEJUTh POBHO CTOJIBKO MaMSTH,
ckombKko HykHO. A BoT TensorFlow! cama me cripaBuTes1, M0 yMOIYAHIIO OHA TPOCTO
ChECT BCIO JOCTYIIHYIO BUAEOIAMSTH, YTO He II03BOJIUT HaM 00yJyaTh Ha OAHOU M TOIi xKe
BUZIEOKAPTE HECKOJIBKO MOJIeJIell OHOBPEMEHHO, IasKe eCIM Obl IaMATH Ha HUX XBaTH-
Jji0. IToatomy Bumeonamsth 1t ceccunt TensorFlow mipugercs BbIAEAATS BPYYHYIO; BOT
KaK 3TO MOXKHO C/IeJIaTh:

! Mo kpaiiieii mepe, B Havase 2017 roga. Takue Bely, KOHEYHO, MEHSTIOTCS] O4€Hb OBICTPO.
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def get_session(gpu_fraction=0.2):
num_threads = os.environ.get('OMP_NUM_THREADS')
gpu_options = tf.GPUOptions(per_process_gpu_memory_fraction=gpu_fraction)

if num_threads:
return tf.Session(config=tf.ConfigProto(
gpu_options=gpu_options, intra_op_parallelism_threads=num_threads))
else:
return tf.Session(config=tf.ConfigProto(gpu_options=gpu_options))

[Tocsie 3TOTO BBI UCHOJB3YeETE ATY (DYHKIIHIO, YTOOBI BBIIEIUTD HYKHYIO JIOJI0 BU-
JIeoTIaMsITH:

sess = get_session()

Bor u Bce. Ecam Bama Mozesb IoMmeniaeTcs B OJHY IATYIO BHAEOIAMATH, Kak
B CTPOYKeE BBIIIIE, 3HAUUT, BHI MOJKETE MAPAJLIENTHFHO 00y4YaTh Ha CBOE BUIEOKApTE CPpasy
sTh Takux Mozesieil. [TpaBza, ecoiu maMsTi He XBaTuT, TensorFlow He CMOJKET MOHSATH
3TO 3apaHee U BBIJIEJUTD OOJBIIE CAMOCTOSITEIHHO, & TIPOCTO «YHAET> € OMTHOKOM.

Urak, B 9TOM TJ1aBe MbI TPOOEKAIUCD TI0 BCEM TEM MPEIBAPUTEIHHBIM CBEICHUSIM,
KOTOpbIE MOTPEOYIOTCS HaM J1J1s1 00y IeHUsT HEHPOHHBIX CETEH, B TOM YHCJIE CAMBIX CJIOK-
HBIX 1 T1y6okux. [Topa K HUM ¥ IePeXOANTh, HO HAUHEM MBI IajKe He ¢ HEHPOHHOI ceTH,
a ¢ ee 6a30BOTO KOMITOHEHTA: MOJIESTH OTHOTO-€THHCTBEHHOTO HEHPOHA.



I'naBa 3
IlepuentpoH,

unu IMOPUOH MyopPo20 KOMNvIOMepPa

TL;DR

B tperbeii riase Mbl OAPOOGHO PACCMOTPUM TJIABHYIO COCTABJISIONIYIO 060N Hell-
POHHOI CeTW — TIEPIENTPOH, a TaKKe TO, KaK MEPIENTPOHBI COEMUHSIOTCS B CETH.
B wactHOCTH, MBI TIOTOBOPUM:

¢ 00 UCTOPUU UCKYCCTBEHHBIX HEMPOHHDBIX CETell;
* 006 ompeieieHIY TIEPIENTPOHA U METO/IaX ero 0OyUYeHNsT;

* 0 Pa3HbIX HEJMHENHBIX (DYHKIMIX aKTUBAIMH, OT KJIACCHYECKHUX JI0 COBPEMEH-
HBIX;

¢ O TOM, ITIOXOJKa JIN Hallla MOJZIEJIb ITIEPIENTPOHA Ha HACTOANINE JKUBbIE Hef[pOHbI;

¢ O TOM, KaK COeIUHATDH HeﬁpOHH B CE€Tb U IIOYEMY 9TO COBCEM HE TaKO€ IIPOCTOE
J1€J10, KaK MOTJIO OBI IIOKA3aThCS.

A 3areM, 0OCyIUB BCe 3TO, IPUBEEM KUBOU ITPUMEP CETH, KOTOPast 00yUUTCsI PacIio-
3HABaTh PYKONUCHBIE ITA(PBHI.
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3.1. Koraga nosiBunucb NCKYCCTBEHHbIE |-|e|7|p0|-||-|b|e cetTun

Ho u npocroii rpaxkaanus nossked untars Meroputo. Ona Mupur
€r0 ¢ HECOBEPHIEHCTBOM BUIMMOTO MOPSI/IKA BEIIEH, Kak ¢ 0OBIKHO-
BEHHBIM SBJIEHUEM BO BCEX BEKAX...

H. M. Kapamsumn.
Hcmopus zocydapcmea Poccuiickozo

Kax mb1 y>xe ToBOpUIIU, HEMPOHHBIE CETH — TO IIPUMEP MaTEMATHYECKOU KOHCTPYKITUH,
MOTHUBUPOBAHHON U BJIOXHOBJIEHHOI MCCJIEIOBAHUSMU YeIoBeueckoro Mo3ra. [Toatomy
JIOBOJTBHO €CTECTBEHHO, YTO TI0 MEPKaM NCTOPUHU MaTeMATHKU HEHPOHHBIE CETH — JIOCTa-
TOYHO MOJIOJION OOBEKT; OHU, OUEBUIIHO, HE MOTJIU TIOSIBUTHCST BO BpeMeHa APUCTOTEIS,
KOTOPBIN CYUTAT, YTO MO3T OXJIAXKIAET KPOBb, U JIIO/IN TEM U OTJIUYAIOTCS OT JKUBOTHBIX,
YTO UMEIOT GOJIBIIOM OpraH s OXJIasKIAEHUSI KDOBU U IIOTOMY MOTYT IeliCTBOBaTh HoJiee
parmonanrbHO. OTHAKO TI0O MEPKaM MCTOPUH MCKYCCTBEHHOTO MHTEJIJIEKTA HEMPOHHBIE
CeTH — 3TO OJ[HA U3 CTAPEHINNX, CAMBIX TIEPBBIX KOHCTPYKIIHIA, TOSIBUBIIASICS €IIle 710
3HaMeHuToro acce Toiopunra Computing Machinery and Intelligence, no laprmyTckoro
ceMuHapa, 10 TOTO, KaK HOSBUJICSA COOCTBEHHO TePMUH «MCKYCCTBEHHbII HHTEJLIEKT>.

ITo BugUMOMY, TI€PBOIA PabOTOM, IIpeAIaraoieil MaTeMaTHIeCKYIO MOJIE] b HelipoHa
U KOHCTPYKIIMIO HCKYCCTBEHHON HEPOHHOI ceTH, ObliIa cTaThst Y oppeHa Makkaiioxa
(Warren McCulloch) u Yonrepa Iurrcal [356], ony6imkosannas B 1943 roxy. As-
TOPBI OTMEYAIOT, YTO M3-3a GUHAPHO TIPUPOJIbI HEHPOHHON aKTUBHOCTH (HEHPOH SO0
«BKJIIOYEH», JINOO «BBIKJIIOYEH», IPAKTUYECKN 0e3 IIPOMEKYTOUHBIX COCTOSHMIT) Heil-
POHBI YIOOHO OMUCHIBATH B TEPMUHAX IIPOIIO3UIIMOHAIBHON JOTUKH, a A/ HEIPOHHBIX
cereii paspabaThIBAIOT LEJbIH JIOTHYECKUH arnapatr, (GopMau3yOIIUi aluKJINYecKue
rpadbl. CamMa KOHCTPYKITUS HCKYCCTBEHHOTO HEMTPOHa, KOTOPbIi y Makkastoxa u [Tutt-
ca HasbiBaetcst Threshold Logic Unit (TLU), unu Linear Threshold Unit, mosyuniaacs
OYeHb COBPEMEHHOM: IMHelHas KOMOMHAIUS BXOL0B, KOTOPas 3aTe€M IIOCTYIIAET Ha BXOJ
HEJIMHENHOCTH B BUJIE «CTYIIEHbKU», CDABHUBAIOIIEN Pe3yIbTaT C HEKOTOPBIM IIOPOTOM
(threshold).

C omHoii cropomsl, paboTa Makkasioxa u IIuTTca eliie He OTHOCHIIACH K MAIIMHHOMY
00y4eHuIO: B Hell MoJie/In HelipoHa 1 HEHPOHHOII ceTy ObLIM BBEIEHbI UNCTO JJOTUUECKH,
KaK CHCTeMa aKCHOM U TIPaBMJI BBIBOJIA; 3aTeM C IIOMOIIBIO 9TUX IIPaBUJI ObLI JOKa3aH
psix 00MKX TeopeM. ABTOPBI CKOPeE PACCYAKIAMU O TOM, YTO BOOOLIE MOKHO OBLIO OB

L Yoamep Hummec (Walter Pitts, 1923—1969) — aMepHUKaHCKHMIi JIOTHK, CHEINATN3NPOBABIINICS HA Bbi-
YUCAUTENBHON HelipoGuosoriu. B sercTBe Yourep cam 0OydYmiIcs JIOTUKe U MATEMATHKE; KOTAa eMy ObLIo
12 mer, IlutTe Tpu AHs moapsia cuzes B 6ubanoreke u untan Principia Mathematica, a motom Hanncan Bep-
Tpany Paccesry KpUTHYECKOE THCHMO, B KOTOPOM BBIZIEINI HECKOJIBKO CEPHE3HBIX MPOOJIEM C TIEPBBIM TOMOM
KHUTH. Bpemsi 6110 cOBCeM Ipyroe, KOTHUTUBHOM IIePerpy3KU MEHBIIIE, a CIaM-(QHIIBTPOB HE CYIIECTBOBAIO
BOBce, 1 Pacces IUChbMO He TOJBKO TIPOYNTAI, HO IIPHHST BCEPbe3 1 MPUTIAch Y osrepa K cebe B KeMOpumK;
ITurTe He TOEXaJI, OHAKO CTAJ 3aHUMATHCS JIOTUKOH U ITPOAOJIKAI MEePerucKy ¢ PaccesioM, moka yuuicst
B yuusepcurere Ynkaro. O ToM, 4TO GBLTO TATBIIE, YUTANTE B OCHOBHOM TEKCTE TJIABBL.
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C/IEJIATH C TOMOTIBIO TAKUX UCKYCCTBEHHBIX HEHPOHOB, OCHOBAHHBIX Ha CPABHEHUH C TI0-
POrOM, YeM IIbITAINCH IPEAJIOKITh KOHKPETHbIE paboTaroliye arOPUTMbI IJIsi 9TOTO.
Takast «HeHpPOHHAs CETh» elile He yMeaa 00ydaThCst HU B KAKOM CMBICTIE CJIOBA, U €€
HENnoCpeACTBEHHBIH 3(dEKT ObLI CKOPee B TOM, YTOOBI BOOOIIIE IIPEIJIOKUTD Uero Gop-
MaJIM3allui HeMPOHHBIX ceTell 1 HeMPOHHOU aKTUBHOCTH, IT0KA3aB, YTO Y HAC B TOJIOBE
BITOJTHE MOJKET COIEPKATHCSI cCOOpaHHas U3 HEHPOHOB MatHa ThiopuHTa (Uaest Marm-
Hbl ThIOPMHIA TOT/IAa TOKE ObLIa COBCEM CBEIKEIT).

Cratbs Makkasmoxa u [IutTca mpotnia mpakTHIecKy He3aMeueHHOU cpein Helpo-
610JI0r0B, HO cosaarenb kubepHeTnku Hopbepr Bunep cpasy MOHSI HepPCIeKTUBbI 1C-
KYCCTBEHHbBIX HEHPOHHBIX CETE U UJIEN O TOM, KaK MBIIILIIEHUE MOXKET CAMOTIPOU3BOJIb-
HO BO3HUKATD U3 TAKUX ITPOCTHIX IOTHIECKUX 3IeMEHTOB. BuHep nmoznakomusa Makkai-
soxa u [Turrca ¢ hon HeiiManom, 1 OHU BIISITEPOM, BMECTE C KOTHUTUBUCTOM J[Kepo-
MoM JIeTTBUHOM, cTajii paboTaTh HaJl TeM, KaK a[jallTUPOBATh CTATUCTUYECKYIO MEXaHM-
KY JUUISI MOJICJTUPOBAHUSI MBIIIJICHHUSI, & TOTOM U TIOCTPOUTH PabOTAOIIIIT KOMITBIOTED Ha
OCHOBE MOJIETUPOBAHMS HEUPOHOB. [1aMATh B TAKOM KOMIIBIOTEPE MIPETIOIATATIOCH T0-
JIYYUTH U3 3aAMKHYTHIX KOHTYPOB aKTUBAIINN HEHPOHOB, KOT/IA ITOCIeI0BATEIbHAS aKTH-
BaIlMs MIPEBPANIAETCS B CAMOTIO/IEP;KUBAOIITIEICS TTpoiiecce (B HACTOSIIIIEM MO3Te OY€Hb
MHOTO TaKUX 3aMKHYTBIX KOHTYPOB, ¥ TO, KaK OHM Pab0TaIOT ¥ JJIsl Yero HYsKHBI, 10
CHUX TIOP He BIIOJIHE sICHO). [TUTTC cunTasicss caMbIM reHUAJIbHBIM YU€HBIM B 3TOH IpyTITie
1 OO'BSIBUIL, UTO MTUIIET JUCCEPTAIUIO O BEPOSITHOCTHBIX TPEXMEPHBIX HEHPOHHBIX CETSX,
C TPEXMEPHOU CTPYKTYPOI CBsI3ell MeK/y HUMU.

Huccepranus ITurrca HaBepHsiKa cTaja Obl OYePeAHbIM IIPOPHIBOM B KHOEPHETHKE,
HO, K COXKaJIEHNI0, 3aKOHYMJIOCH Bce Tparndecku. sKene Bunepa Mapraper kateropuye-
CKM He HPaBUJIMCh BEUEPUHKHU, KOTOPbIE ycTpanBaj MakkajIiox Ha cBoeil hepMe, U KO-
raa B 1952 rogy Makkamiox o0bsiBIIL, uTO Tiepeeskaer B Kembpumk, Mapraper paccka-
3asa BuHepy 0 TOM, 9TO 9TH «MAJIBbUUKN» IKOOBI COBIasHUIIN UX JI04b Bapbapy, moka ta
roctuia B JoMe Makkatoxa B Yukaro. Ha nesre Huuero takoro, KOHEUHO, He OBLIO, HO
Bumep mosepu 1 MTHOBEHHO IIPEKPATILIL BCAKOe oOienne ¢ Makkaioxom u IIutrcom.
Jlist TTuTTca, KOTOPBIN K TOMY BPEMEHH YiKe ObLI OABEPKEH JEIPECCUSIM, 9TO CTAJIO 10~
BOPOTHBIM MOMEHTOM: OH CTaJI Bce GOJIbIIIe UTh, ITepecTas nossiaTbes B MIT, cxer (1)
CBOTO JINCCEPTAIUIO W BCE 3AMUCH O HEH, MOJHOCTBIO MPEKPATII 3aHUMAThCS HAYKOMN
1 yMep B 46 J1eT OT KPOBOUBJIUSHNUS, CBSI3AHHOTO € UPPO30M TieueHu [ 174].

Jlpyroii IepBbIil MIar NCKYCCTBEHHBIX HEMPOHHBIX CETel, TakyKe BeChMa PeJIeBAHT-
HBII COBPEMEHHBIM UCCIIEI0BaHUAM, — 9T0 KHUra JloHambaa Xebba The Organization of
Behaviour, Boimenmas 8 1949 roxy [209]. Cama KHKMra 0THOCUTCS CKOPee K HeiipoO1roJIo-
TVH, 4€M K MaTeMaTHKe, HO HEKOTOPBIE €€ YaCTH COMEPKAT KIFOUEBbIE UAEN, TOCTYKU-
BIIIME OCHOBOI BCEro JaibHelInero ooydeHuss HeipoHHbIX ceTeil. OCHOBHASA KOHKDET-
Had ujes, nepenreznias us pabot Xe66a B COBpeMEHHOE MallMHHOE 00yYeHe IIpaKTHye-
cKku 6e3 U3MEHEeHUH, — 9TO TaK HasbiBaeMoe npasuio Xeboa, kotopoe cam Jonannbs Xe66
B [IEPBOMCTOYHIKE (hOPMYIUPOBAJ TaK: « Korma akcoH KaeTkn A HaX0IUTCsI I0CTATOYHO
6113K0, 4T0OBI BO30YANTH KJI€TKY B, 1 MHOIOKPAaTHO MJIM IIOCTOSIHHO Y4acTBYET B TOM,
4TOOBI €€ AKTUBUPOBATh, B OAHON MK 00enX KJIeTKaX IIPOUCXOAUT HEKHIA IIPOIeCC pocTa
WM U3MeHeHre MeTabo/In3Ma, B pe3ybTate KOTOporo s(hdEKTUBHOCTh A KaK KIETKH,
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Bo3Oyxkaommeil B, yseanunusaercsa». IIpole roBopsi, eciiv CBsI3b MeKLY ABYMsT Heid-
POHaMU 4acTO UCIIOJb3YETCs, OHA OT TOTO YIPAKHSIETCS M CTAHOBUTCS CUJIbHEe. JTa
MPOCTasi, HO OYEeHb MOIHAS WJies] He TOJHKO MOTUBUPOBAJIA JAJbHEHIINe UCCIeI0Ba-
HUSI, HO 1 caMa 110 cebe Jieryia B OCHOBY TaK HasblBaeMOro o0yuenus no Xe66y (Hebbian
learning), rpy1sl MeTOOB 00y4YeHns Oe3 yunuTeIs, OCHOBAHHBIX Ha 9TOM 6Aa30BOM IIpa-
BuJie. B 1aHHOI KHKTe MBI He Oy/1eM I0APOOHO OCTaHABIMBATHCA Ha 00ydyeHn 110 Xe6-
6y, a ipocto ynomsaeM cetrt Xonduaga (Hopfield networks) [230], o6yuenue koro-
PBIX OCHOBAHO Ha 3TOM TIPUHITHUIIE, & TAKKe HeJ[aBHUE PAOOTHI, CBS3AHHBIE CO BPEMEHEM
AKTUBAIMKU HEUPOHOB. [[es0 B TOM, uTo XeO0 rOBOPUIT O NPUUUHHOM YIACTUY KIETKH A
B aKTUBaI[MK HelipoHa B, a He mpocTo oHOBpeMeHHOM cpabaThIBaHIH, TO €CTh KJIeTKa A
J0JIKHA Oblia Bee jke cpabaThiBaTh YyTh PAHbIIE; COBPEMEHHOE PasBUTHUE ITON AU 13-
BECTHO KaK IJIACTHYHOCTh, 3aBUCAIIAs OT BpeMeHH craiikos (spike-timing dependent
plasticity) [351, 497].

Kaxk Tosibko uzen Xeb6a 0OpMUIKCH, TYT K€ TOCIe0BaIa UX TPOrPAMMHast pea-
JIM3AIIKsT; TOYHee, B Te BpeMeHa 5TO Oblla, KOHEYHO, peaus3alus <B xkeaese». B 1951 ro-
ny MapBuH MUHCKHI, KOTOPOTO MBI y:Ke He pa3 YIIOMUHAJN, U ero actiupanT Jlun -
myH (Dean Edmund) nmocrponiu ceth 13 copoka cuHancoB. CuHAIChl ObLIH CTydaii-
HBIM 00pa30M COEIWHEHBI IPYT C APYrOM U 00yYajnch 1Mo mpaBuiaM Xeb60a Ha OCHOBE
BO3HArPaK/IEHUH, KOTOPbIe UM JIaBaJI UCCIIEOBATEN. DTa MOZIEh TOJyYnsia Ha3Ba-
e SNARC (Stochastic Neural Analog Reinforcement Calculator), u xors Hemocpez-
CTBEHHOTO Pa3BUTHSI OHA HE TIOJYUYNIa, MOKHO CKA3aTh, UTO TO MEPBAsi HACTOSINAS Pe-
ajmzaius 00yueHus ¢ IoAKpeIieHreM (0 KOTOPOM peub T1oiieT B riase 9).

CJietyoIuM IPOPHIBOM B Helpobuosioriu ctanu paborsl Xbiobena 1 Busens [235,
236, 569], KOTOpBIE CMOTJIU JOCTATOYHO MOPOOHO U3YUUTh AKTUBAIIUN HEHPOHOB B 3pU-
TeJIbHOU KOpe, YTO CTAJI0 MOTUBAIIUEH /IS TIOIBJIEHNS CBEPTOYHBIX HEHPOHHBIX ceTeil
U B HEKOTOPOM CMBbICJIe IIyOOoKOoro o0yuenns Boodbuie (cm. pasgen 5.1). Ho ato 6bL10 yixe
OCJIe TOSIBJIEHUST TIEPBLIX TIepIenTpoHoB Posenbimarra [455, 456], 0 KOTOPBIX moiiaeT
peub B CJIEYIONIEM pasieie.

3agmepiiiast 3TOT KPATKUI NCTOPUYECKUI 9KCKYPC (BIIPOYEM, BCS 9Ta IJiaBa BO MHO-
rOM PaccKasbiBaeT UMEHHO 00 UCTOPUM Pa3BUTHUSI HEHPOHHBIX CETel, TaK YTO K Heil Mbl
ellle He pa3 BepHeMCsl ), YIIOMSIHEM OJWH MOAPOOHBIN 0030D COBPEMEHHON NCTOPUU Hell-
poHHBIX ceTell, pabory IOprena ]_HMHzlxy6epa1 [475]. HecMOTpst HAa TO 4TO 3TO OYEHD
IJIOTHBIN M IOBOJIHO CYXOH TEKCT, 3a4acTyi0 MPEACTaBISIONNI coO0i pocTo Habop
CCBLJIOK, OH BBITOJTHO OTJIMYAETCST OT MHOTUX JAPYTUX 0630POB U HCTOPUYECKUX OUEPKOB
TEM, YTO aHAJIM3UPYET UMEHHO UCTOPUIO Udell: KaK PasBUBAINCH HE IIPOCTO HEHPOHHbIE

U fOpeen HImuoxybep (Jurgen Schmidhuber, p. 1963) — HeMmerkuii MaTeMaTHK 1 MHMOPMATHK, OJ[UH 13
OTIIOB-OCHOBATEJEH COBPEMEHHOTO MAITMHHOTO 00YYEHsI, 3HAMEHHUTBIIT CBOMMHU JOCTUKEHUSIME B 00JIaCTH
HEIPOHHBIX CeTell, TeHETUYECKIX AJITOPUTMOB, TEOPHUH CITOKHOCTH 1 APYTUX obiactsx. B wactroct, mabopa-
topust [lImuaxyGepa pazpaboTasa psi KOHCTPYKIMI COBPEMEHHBIX PEKYPPEHTHBIX HEHPOHHBIX CETelt, BKIIIO-
yast LSTM (long short-term memory). Oto o6omnbiTHOE Hanpaienue uceieposanuii [Imuaxybepa — teo-
PHsI KPACOTBHI, OCHOBAHHASI HA OHSTUH KOJIMOTOPOBCKO#T CJIOKHOCTH, 1 MUHUMAJIUCTHIECKUE TIPOU3BE/ICHUST
HCKYCCTBA, CO3/laBaeMble 04eHb pocThiMu asroputMamu (low complexity art) [473, 474].
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CETH B I[eJIOM, a KOHKPEeTHbIe KOHCTPYKIUH ¥ aJTOPUTMBI ONITUMU3AINH, Y€TO OHU J[0-
CTUTaJIY Ha KaX/I0M dTalle pa3BUTUS, U IJie ceiiyac Bce 9TU ujien puMensiorcs. Kpome
TOrO, aBTOP CTapaeTrcs IPOCJAEAUTb UCTOPUIO KaXKJOW U/EU /10 CaMbIX ee UCTOKOB, /10
TIePBOTO TOSIBJIEHUSI B JINTEpaType, 3a4acTyio ¢ HeOXKUaHHBIMU pe3yJbTaTaMu. B moj-
TOTOBKE 3TON KHUTU MBI HE Pa3 ucosib3oBaau 0630p HImMuaxybepa u nCKpeHHe ero pe-
KOMEH/Ly€EM.

3.2. Kak pabotaeT nepuenTtpoH

K 80-m rogam aBazaaroro crosertus... Muncknit u Lyz paspabo-
TaJIl METOJIMKY aBTOMATHYECKOTO 3aPOKIEHUS 1 CAMOBOCIIPOU3BE-
JIEHUsI HEPBHBIX 1leTieil B COOTBETCTBUM C JIHOOOU IPOU3BOJIBHO BbI-
OpanHoii porpammoii. OKasanoch, YTO UCKYCCTBEHHbINA MO3I MOJK-
HO «BBIPAIIUBATH» MOCPENCTBOM IIPOIECCA, TOPABUTETBHO CXOHOTO
C Pa3BUTHEM YeJIOBEYeCKOr0 MO3Ta. TOouHbIe JeTar 9TOTo Ipoliec-
ca B KQK/IOM OTJEJIbHOM CJIydae TaK M OCTABATNCH HEU3BECTHBIMIL,
BIIpOYeM, Oy[Ib OHU JlasKe U3BECTHBI, YEJIOBEYECKUIT PA3YM HE CMOT
ObI IOCTUYD BCIO UX CJIOKHOCTb.

A. Knapx. Kocmuueckast Oduccest 2001, nep. H. Tany

M, JII0[I1 CTAPOTO BEKa, MbI oJ1araeM, 4to 6e3 npuncuros (I1a-
BeJt [leTpoBIY BRITOBApPUBAJI 3TO CJIOBO MATKO, Ha (DPAHITY3CKUI Ma-
Hep, ApKajinii, HATPOTUB, TPOU3HOCHUIT <[IPBIHITHI», HAJIETAs] HA TTeP-
BbIH ¢JI0T), 6€3 IIPUHCUIIOB, IIPUHSATHIX, KAK Thl FOBOPHUIIIb, HA BEPY,
HIary CTYIUTb, IOXHYTh HEJIb3SI.

. C. Typeenes. Omuypt u demu

VTak, MbI HAKOHEII-TO MPUCTYTIAEM K PACCMOTPEHUIO COOCTBEHHO MAaTEMATHKU TIPOUC-
xozsniero. V1 HauHeM MbI, KOHEUHO, C a30B, C IEPBOH KOHCTPYKITUU JUHEUH020 Nnepyen-
mpona', onucannoro eme ®pankom Posendaarrom? B 1950-x rogax [455, 456].

ITo cytu cBoeit nepienTpor PoseHOiaTTa — 3TO JIMHEITHAS MOJEb KIacCU(pUKa-
. B rnase 1.3 MbI yske o0Ocy:kaann 3agaun KiaccubuKalum, a 371ech OyieM UMeTh
JIEJI0 € CaMOii TIPOCTOi, Gunapnoll knaccudukareii, Korma Bce 00beKThl B TPEHUPOBOY-

HOII BBIOOPKE TTOMEYEHbI OTHOW U3 IBYX METOK (CKaskeM, +1 wru —1), v 3a1a4a COCTOUT

! To-pyccku uHOT/Ia elle MUITYT 1 TOBOPAT <IEPCENTPOH»; B 9TOM cliope Mexay Apkaamem u Ilasiom
[TerpoBryeM Mbl, TTOKAIYii, 3aiiMeM CTOPOHY MOJIOZIOTO TTOKOJIEHHSL.

2 @poanx Posenbnamm (Frank Rosenblatt, 1928—1971) — amepukanckuii nicuxosor u nupopMarik. Vn-
TePECHO, uTo P0o3eHOMATT GBLT M0 OCHOBHON CHENUATbHOCTH MCUXOJIOTOM, € YIIOPOM, KOHEYHO, Ha KOTHUTUB-
Hble Hayku. Harpumep, o/[HO 13 HAIPABJIEHUH €ro JIesITeIbHOCTH TOCIe EPIENTPOHA — UCCIIeJOBAHMS TOTO,
MOZKHO JIY TIepe/iaTh MaMsITh UJIH Bbly4eHHOE TTOBe/IEHIE MTyTeM HEIIOCPEICTBEHHOTO (PU3NYECKOTO BIIPBICKH-
BaHIsI BENIECTBA MO3TA OOYUEHHBIX KPBIC B HeoOyUeHHbIX (Po3eHbmaTT yoeruTe bHO TOKa3all, YTo HET, Hellb-
3s1). A ellle OH MHTEPECOBAJICS TIOJUTUKON 1 aCTPOHOMHUEIH, TIOCTPOUII IOMAIITHIOK 00CEPBATOPUIO U AKTUBHO
yaactBoBan B SETL.
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B TOM, YTOOBI HAYYHUTHCST PACCTABJIATH HTU METKU ¥ Y HOBBIX, PaHee He BUICHHBIX 00b-
€KTOB. A «JIMHEHHAS MO/IENIb> O3HAYAET, UTO B PE3YIbTaTe OOYUEHUS MOIEND PASAETUT
BCe ITPOCTPAHCTBO BXOZIOB HA /[BE YACTH TUIIEPIIJIOCKOCTHIO: TIPABUIIO TPUHATHUS Periie-
HUST O TOM, KaKy10 METKY CTAaBUTh, OYIeT IMHENHO (DYHKIIMEH OT BXOSIIIX TPU3HAKOB,

Jluist IpOCTOTHI MBI GyJIEM CYMTATh, YTO KaXKAbII BXOJ IIPEACTABJIIeT COOOI BEKTOP
BEIECTBEHHBIX uHces & = (T1,L2,...,5q) € R% M BXOAB B TPEHHPOBOYHOM MHOKe-
CTBe CHAOsKeHbI M3BeCTHBIMHU Bhixomamn y(x) € {—1,1}. Boobrie roBopst, mpupoa 00b-
€KTOB Ha BXO/Ie MOJEJIM — 3TO OOBIYHO GOJIBHO BOIIPOC B MAIIMHHOM 00YYEHUH: YacTO
HEJIETKO CeJIaTh Tak, YTOObI OJIHA U Ta ¥Ke MOJe/Ib MOIJIa IIPUHUMATh Ha BXOJ U Helpe-
PBIBHbIE, M IMCKPETHbIE IPU3HAKH, HO MbI II0Ka aOCTParupyeMcst OT BCEX 9THX IIPOGJIEM.
Toraa B HAIIKX TEPMUHAX «JTHHEHHAS MOJIEJIb> O3HAYAET, YTO MbI GyIeM UCKATh TaKKUe
BEca wo, Wi, . . . ,wy € R% 4106 3HAK IMHEITHON (ByHKIIN

sign (wg + w1x1 + wexy . .. + wyxy)

KaK MOKHO yallle COBIazaj Obl ¢ MpaBUIbHBIM 0TBeTOM ¥ (). [list ynobeTBa, 4ToOBI He
TalUTh Be3ze 32 cOO0M CBOOOAHBIN YJIeH w(, Mbl BBEJEM B BEKTOD T JHUIIHIOW «BUP-

TYalbHYI0» Pa3MEPHOCTD U OYIEM CUUTATH, UTO & BBHITJISIAUT Kak « = (1,x1,x9, .. .,2q),
uxz € R rorma wo + wizy 4+ waxs . . . + Wy MOKHO CUUTATH MPOCTO CKATSIPHBIM
IPOU3BEICHIEM W | & BEKTOPA BECOB W = (wo,w1,wa, . . .,wWg) HA BXOAHON BEKTOP &.

EcTecTBeHHO, HU 3a/1a4a, HIT OTBET Ha HEE OT ITOTO MPEOOPA3OBAHUS HE MEHSIIOTCST; 9TO
CTaHJ[APTHBIN TPIOK, U MBI 4aCTO OYIEM UM TI0JIb30BATHCSL.

Kaxk o6yuars Takyto pyHriuo? CHavama Hy;KHO BBIOpaTh (GyHKIHIO OmubKY. Bolio
Obl, KOHEYHO, XOPOIIIO BBIGPATH €€ KaK YHCJI0 HEBEPHO KJIACCH(DUIIMPOBAHHBIX IPHUME-
poB. Ho Toraa, kak Mbl 06Cyaa1u B pasjene 2.3, OJyIUTCs KYyCOUHO-TIIaAKasa (hyHK-
ST OMTUOKY ¢ MACCOU Pa3PBIBOB: OHA Oy/IeT IPUHUMATD TOJIBKO [E/TbIe 3HAYEHUST U Pe3-
KO MEHSTh X TIPH MEPEX0/IE OT OJHOTO YKC/Ia HEBEPHO KJIaCCU(MUITMPOBAHHBIX IPHUMe-
POB K apyromy. ['pajiueHTHBIN CIIyCK K TaKOW (DYHKIIUY HE TIPUMEHUIITh, ¥ CTAHOBUT-
Cs1 COBEPIIIEHHO HEMOHSATHO, Kak 00yuyarh w. [Toatomy B rieprientpone Posenbiarra uc-
MOB3YeTCsT APyTast GYHKITHST OTTHOKY, TAK HA3BIBAEMBIH KpUMepuil nepuenmpond:

Ep(w) = - Y y(@) (v =),

reM

riae M obo3HayaeT MHOKECTBO TE€X IIPUMEPOB, KOTOPBIE MEPIENTPOH € BECaMU w KJIac-
cuduIUpyeT HEBEPHO.

WNuavye roBopst, Mbl MUHUMHU3UPYEM CYMMapHOe OTKJIOHEHWE HAIUX OTBETOB OT
MIPABUJIBHBIX, HO TOJIBKO B HENPABUJIBHYIO CTOPOHY; BEPHBIN OTBET HUUETO HE BHOCUT
B QyHKIMIO OMMMOKYN. YMHOKeHMe Ha y(x) 3[eCh HYKHO JIJISI TOTO, YTOOBI 3HAK TIPO-
U3BEJIEHUST BCET/la TIOJIyYaJiCsl OTPUIIATEIbHBIM: €CJIM MPAaBUJIbHBIN OTBET — 1, 3HAYUT,
HEePUENTPOH BbIAAJ MOJOKUTEIbHOE Yncao (MHade 6bl OTBET ObLI BEPHBIM ), 1 HA060-
pot. B pesysbrate y Hac moJydynsaach KycOuHO-JnHelHAs GhyHKIM, 1uddepeHiupy-
eMast IIOUTH Be3JIe, a 9TOr0 BIIOJIHE JJOCTATOYHO.
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Puc. 3.1. Jlorucruyeckuii CUTMOMI,

Terepb MBI MOKEM OIITUMU3UPOBATH €€ TPAJAUEHTHBIM CITycKoM. Ha ouepeHoM Ia-
re TOJyIaeM:
w(™tD = (1) — nVwEp(w) = W™+t

AJIFOpI/ITM TaKOWl — MBI II0CJIe0BATENIHHO IIpoXo/ M IIpUMEpPHI 1,2, ... U3 06yqa10-
IIeT0 MHOJKECTBA, U [AJIA KaXK/I0TO Iy :

* €CJIM OH KJIAaCCU(DUITMPOBAH TPABUJIbHO, HE MEHSIEM HIUETO;
* A ec/Id HETPABUIBHO, TPUGABJISIEM Nty Ty, K W.

OmumbKa Ha TTPUMEPE Ty, TIPU ITOM, OUEBU/IHO, YMEHDBITAETCSI, HO, KOHEYHO, COBEP-
[IEHHO HWKTO HE TapaHTUPYET, YTO BMECTE C TEM HE YBEJIMUYHUTCS OUIMOKA OT APYTHX
OpuUMepoB. ITO TPABUIO OOHOBJIEHUSI BECOB TAK U HA3BIBACTCA — NPAGULO 0OYyUeHUs.
nepuenmpona, 1 3o GbIJIO OCHOBHOI MaTeMaTHYeCKOil ujeell pabotsl Pozenbiarta.

Ho u ato ere He Bee. YToObI IBUTaThCS AaJIbIIIE, HAM HYKHO JOOABUTH B IIEPIENTPOH
erie OJlMH KOMITOHEHT — TaK Ha3bIBaeMyIo Qyukyuio akmusauuy. /1eso B ToM, 4TO B pe-
AJIbHOCTH TIEPIIETNITPOHBI, KAK MBI YBUIUM OYKBAIbHO B CJIEAYIOIIEM Pasjiesie, He MOTYT
OBITH JIMHEWHBIME, KK MbI X OTIPEIEIIAIIN CEUTAC: €CITM OHU OCTAHYTCST IMHEHHBIMU, TO
U3 HUX HEBO3MOXKHO GYJIET COCTABUTH CO/IEPKATENBHYIO ceTh. Ha BbIXO€e mepienTpo-
Ha 00s13aTeTbHO TIPUCYTCTBYET HETMHENHAST YHKYUS AKMUBAL UL, KOTOPAST TPUHIMAET
Ha BXOJ[ BCE Ty JKe TUHeHHy KoMOuHaIwo. DyHKIMY aKTHBAIIMN OBIBAIOT PA3HBIMI,
U MBI MX IOAPOGHO pacemotpuM B paszesie 3.3. Ho camas kimaccuueckasi, HauboJiee 1mo-
IyJIIPHAs UCTOPUYECKHU U /IO CUX TTOP YaCTO NCTI0JIb3yeMas PYHKIUSA aKTUBAIUN — 3TO

JOUCTRUYECKULL CUZMOUO: 1

@) ==

I'paduk ero nmokazan Ha puc. 3.1. Kak u gpyrue GpyHKIIUM aKTUBAIUN HEUPOHOB, 3TO
MOHOTOHHO HeyObIBalolas GyHKIIMs, KOTOPast IPUA T — —00 CTPEMUTCS K HYJIIO, a IIPU
T — 00 CTPEMUTCS K eIMHUIIE; He(hOPMaIbHO TOBOPSI, 9TO 3HAUMT, YTO €CJIU Ha BXOJ
[OZAIOT GOJIBILIOE OTPHUIIATENBHOE YHUCIIO, TO HEHPOH COBCEM He aKTUBUPYETCS, a €CJIU
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GOJIBIIIOE TOIOKUTETBHOE, TO AKTUBUPYETCS TTOUTH HaBePHsIKA. JTa (hYHKIHsT Ha3bIBa-
eTcsl CUTMOM/IOM KaK pa3 IIoToMy, 4To (opMa ee moxoxa Ha 6yksy S'1.

OO0y4aTh OUH TAKON TEPIENTPOH HECTOKHO: MOKHO TPUMEHHUTH BCE TOT K€ Tpa-
JMEHTHBIN CIycK. PasHUIla TOMBKO B TOM, YTO TEIEPh MbI PACCMATPUBAEM 3a/1auy Ou-
HApHOU KJraccupuKanum, 1 Janubie y(x) npeactasisior coboit Merku 0 u 1, a hyHKIms
OIMUOKHU BBITJISIIUT KaK TePeKPecTHast SHTPOIHsT (BCIIOMHUM paazen 2.3):

N
B(w) =~ > (vilogo(w @) + (1 -y log (1 - o(w @) ) .
i=1

OT 9T0# (QYHKITNHU TTO-TIPEKHEMY HECTIOKHO B3SITh TIPOM3BOAHYT0. B nToTe mepiien-
TPOH C JIOTUCTHYECKUM CUTMOU/IOM B KadecTBe (DYHKIIMK aKTUBAIIUU (DaKTUIECKU pe-
aJIU3yeT JIOTUCTUYECKYIO PETPECCHUIO M CTPOUT TIPU ATOM JIMHEHbBIE Pas3eIsIoIIue mo-
BEPXHOCTH.

Ete cTouT OTMETUTD, YTO OJMH TEPIETITPOH — 3TO MPOCTO PA3HOBUIHOCTD JIUHEH-
HOU perpeccuu; Mbl TOBOPUJIA O JIMHEWHOU perpeccuu B pasziese 2.2, rae QyHKIMEN
oubOKM ObLI KBaJpaT OTKJIOHeHUs:. V pasHble HeJIMHEITHOCTH Ha BHIXO/IE OJJHOTO Heifpo-
Ha MOKHO PacCMaTPHUBATh KakK pasHble GopMbl GYHKIUNU OMMOKU. B 00bIYHOI JIMHEl-
HOU perpeccuu HeJIMHEHHOCTH HET COBCEM, 1 OIMUOKA CUUTAETCS KaK CyMMa KBaJpaToOB
orkaonennit: E(x,y) = (y — w ' )2. B norucTiyeckoii perpeccuu 106aBIseTcs Cur-
MOU/JI, U ONIMOKA TETePh CUNTAETCS KaK TEPEKPECTHAST DHTPOINUST; OT ITOTO 3a/1a4a pe-
IPECCUU TIPEBPAIIAECTCS B 3a/1a4y KJIacCU(DUKAIINY, a BBIXO/bl HEHPOHA TENeph MOKHO
MHTEPIPETUPOBATH KaK BEPOSATHOCTU. U Ipyriie HEMMHENHOCTH, O KOTOPBIX MbI ITOTO-
BOPUM HIKe, TOKE MOKHO PacCMaTPUBaTh Kak pasHblie (hopMbl (QDYHKIMN OMIMOKU ISt
6a30BOil KOHCTPYKITUK TIEPIENTPOHA — JIMHEHHONH KOMOMHAIINY BXO/OB.

Temeps, Kora Mbl pa306paIiCh ¢ KOHCTPYKI[HEN OHOTO TEPIENTPOHA, MBI MOXKEM
cobpath U3 HUX 1enyio ceth. OHa Oy/IET MPEACTABIATH COOOH rpad) BEIYUCTIEHHIA, KOTO-
PBIil MBI paccMaTpuBaiu B pasdzesie 2.5. OuH TepIEeNnTPOH MOKET CIAYKUTh OJHUM y3-
JIOM B 3TOM Tpade, BBICTYIIAsA B POJIK 3JIEMEHTaPHOU (DYHKIIMHI: HaM JIJIst 5TOTO Tpedyercs
TOJIBKO YMETh CYUTATDH YACTHBIE TPOU3BOIHBIE 110 BCEM TIEPEMEHHBIM, YTO JIJIsI TIEPIIETI-
TPOHA CZIeJIaTh COBCEM He CIOXKHO. B 3Toi mape mpeyiokeHni TPOU301IIes TUTAaHTCKUAN
CKay4oK: Ternepb Mbl pakTHUeCKH yMeeM 00y4aTh JoOble HePOHHbIE ceTH (KPoMe II0Ka
YTO PEKYPPEHTHBIX ), ¥ JIJIST 9TOTO FOANUTCS OOIIUI aJIrOpuT™ 06PaTHOrO pacipocTpaHe-
HUSL, KOTOPbIi Mbl 06Cy 1uiiu B pasgese 2.5. Koneuno, 06y4aTh CI0KHbIe ceTH OYKBaIbHO
CTOXACTHYECKUM IPAAMEHTHBIM CITyCKOM — He caMast Jiydinas ujest. Best rnasa 4 Gyner
HOCBsIIIeHA Pa3HbIM CII0cObaM 3acTaBUTh 00ydeHue paborars jydiie. U Bce ke yxe ceii-
4ac MbI TEOPETHYECKH MOKEM 00YYHUTD CKOJIb YIOJHO CJIOKHYIO HEHPOHHYIO CeTh!

1 370, KOHEYHO, TOJIBKO CIH OUeHb XOPOIIEHbKO IPHCMOTPETHCS I KAK CJIELYeT HPHILYPHThCS, OIHAKO
MOHSATHE «S-06pa3HO (hOPMBI» IEHCTBUTEIHHO JOBOJBHO IIMPOKOE ¥ BKIKOYAET B TOM YKCJIE M TAKME KapTHH-
ku. BemomunTe, HanpuMep, 4To 3HAYOK HHTErpajia TOKe MPOUCXOAUT OT OYKBBI S, 0T citoBa «cyMMax. [IpaBaa,
JleibHUII B 3HAKE WHTErPaia UCTIOIb30BAN He Ga30BYI0 IATHHCKYIO S, a «/I0JITYI0 S»; HO OHA, B CBOIO OYepe/lb,
TIPOMCXONT OT MPOTHCHOM JJATUHCKON S B KYPCHUBHOM HATTIICAHUN.
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Puc. 3.2. OcHoBHas ujiest apxXUTEKTYPbl HEUPOHHBIX ceTell: @ — rpad BRIYUCIEHUN It
[EePLENTPOHa; 6 — MOJHOCBs3HAS HEWPOHHAS CETh C OIHMM CKPBITHIM YPOBHEM U OJ[HUM
BBIXOJ[HBIM YPOBHEM

Ha puc. 3.2 MbI TOKa3am CTPYKTYPY OAHOTO TIepIienTpona (puc. 3.2, a), KOTOPYIo
yoKe MoAPOGHO OOCYANIIN BBIIIIE, a TAKJKE TPUMED TIPOCTON HeHpOoHHOH cetn (puc. 3.2, 6).
Kaskp1it BX0JI 3TOM CETH MOJIAETCsT HA BXOJ KAKIOMY TEPIENITPOHY «IIEPBOTO YPOBHSI».
3areM BBIXOJIbl MEPIIENTPOHOB «IIEPBOTO YPOBHSI» MOJAIOTCSI HA BXOJ[ MEPIENTPOHAM
«BTOPOTO YPOBHSI», @ KX BBIXO/IbI YK€ CUMTAIOTCS BHIXOJIAMU BCEH CETHU TIEJTUKOM.

Ectb erte o100 BaKHOE 3aMeUYaHME 110 TOBOLY TOTO, KaK 00beINHSATh HEPOHBI B CETh.
OO6bI4HO B J11060II ceTH OTe/IbHbIE HEPOHbI 00bEAMHEHBI B ¢10U. BEeKTOP BX0O10B 10/1a-
eTCsl cpasdy B HECKOJIbKO IIapaJlieJIbHbIX HEHPOHOB, Y KasKA0r0 U3 KOTOPBIX CBOU COO-
CTBEHHBIE BeCa, a 3aTe€M BBIXO/[bI 9TUX Iapa/lJIeJIbHbIX HEHPOHOB OISITh PacCMaTpHBa-
I0TCSI KaK eJIMHOE LIEJI0e, HOBBII BEKTOP BbIX0A0B. Tak, Ha puc. 3.2, 6 usobpaxkeHa ceTh
C OJTHUM CKPBITBIM CJIOEM U OJTHUM BBIXOJIHBIM CJIOEM, TO ECTh BCETO UX 3/IECH JBA.

Kasasrocs 0bl, 1151 rpada BBIYUCIEHUN TEOPETUYECKH HET PA3HUIIBI, KAKYI0 MMEHHO
apXUTEKTYPY BHIOPaTh, BCe paBHO 9TO BCETO JIMIIb HAOOP He3aBUCUMBIX HeiipoHoB. O-
HAKO KOHIIEMIIUS CJIOSI OU€HD Ba)KHA C BBIUUCJIUTENBHON, TPAKTUYECKON TOUKU 3PEHNS.
Jles10 B TOM, 4TO BBIUKCJIEHUS B 11€JIOM CJIOE HEHPOHOB MOKHO 8eKMOPU308AMDb, TO €CTh
MIPEJICTABUTH B BU/IE YMHOXKEHIS MATPUIIBI HA BEKTOP U IIPUMEHEHUST BEKTOP-(YHKITUN
aKTHUBAIlUM C OJMHAKOBBIMU KOMITIOHEHTaMU. Eciu B cjoe k HepOHOB, U Beca y HUX

W1,W2, ... W, w; = (Wil - Win )T, a Ha BXOJI TOAETCST BEKTOP & = (%1 T2 .- Tn )T,

o _ T
TO B pe3yJIbTaTe MBI IIOJIy4nM y HefpoHa ¢ Becamu w; BbIXoa y; = f(w; ), rae f — ero
(ynxkims aktuBanuu. Toraa BeryucieHne, KOTOpoe Jes1aloT Bece HelpOHbI cpa3y, MOXKHO

OyzeT MPeCTaBUTh B BEKTOPHOU (hopMe Tak:

T
U1 f (wl :B) w1 w11 ... Wip

Yk f(w;—w) w, W1 .. Wkp
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Y BBIUMCJIEHUE BCETO CJIOS CBEAETCS K YMHOXKEHWIO MATPUIIBI BECOB Ha BEKTOP BXO/OB,
a 3aTeM IOKOMIIOHEHTHOMY IIPUMEHEHUIO OIHOHM M TOH ke dhyHKIuN akTuBanuu. [Ipu
9TOM OKa3blBAETCS, YTO MATPUYHBIE BBIYMCJIEHUS MOXKHO PeaIn30BaTh ropasno ahdex-
THBHEe, B YaCTHOCTH Ha rpapuIecKrx mpoiieccopax (BUAe0KapTax ), 4eM Te Ke BBIIuce-
HUSI, HO TTPEJICTABJIEHHBIE B BUJIE OOBIYHBIX IIUKJIOB. [103TOMY Takoe BEKTOPH30BaHHOE
MPEJICTABJIEHIE — 3TO OJ[UH U3 TJIABHBIX HHCTPYMEHTOB JIJIsI TOTO, YTOOBI ITEPEHECTH 00y -
YyeHue U MpUMeHeHre HEHPOHHBIX ceTell Ha BU/IEOKAPTDI, @ 9TO YCKOPSET Bce IIPOIIeCCh
GYKBAJIBHO B JIECATKH Pas.

B 3akiiouenue aToro pas/iesia iapaiite ele Ha MUHYTKY BEPHEMCS K UCTOPUH; Tellephb
MBI MO>KEM ITPOJIOJIKUTH CIOJKET, HAuaThli B pasaene 1.2, 1 TpocaeuTh UCTOPHUIO Tiep-
BBIX IIEPIETITPOHOB /10 KOHIIA. IcTOpHst MCKyCCTBEHHOTO MHTEJIIEKTA TI0JIHA, TPOCTUTE
3a KJIMIIIE, B3JIETOB U MajileHuil. [[UKIbI 4pe3sMePHOTO ONTUMU3MA U HEM3OEKHBIX MTOCTE
9TOr0 PasoyapoBaHMIi, TO, YTO MO-aHIJIMIICKK HasbiBaeTcss boom-and-bust cycles, B uc-
TOPUY Pa3BUTUSA METOJOB MAIIMHHOTO OOyYeHUs1 OBLIN OCOOEHHO APKUMMU, ApYE, YEM
B JIPYTHUX HayKaX. M HEyAUBUTEIBHO, BEIb UCKYCCTBEHHBI MHTEJIEKT YaCTO 0OeTa
TTPOJIBMKEHMST, KOTOPBIE, C OTHON CTOPOHBI, BBITJISI/ISIT COBEPIIEHHO TOTPSICAOIEe — pa3-
roBapuBarolire po6oThi! CAMOIBUKYIIIMECS MANTMHBI! aBTOMATHYECKUIA TIOMCK TI0 BCEM
KHUTaM MUpal — a ¢ JIPyroil CTOPOHBI, BCE BPEMsI KAKYTCsI Kak ObI «CPa3y 3a TOPU30H-
TOM», KaK OY/ITO BOT-BOT, €Ille HEMHOKKO, ¥ BCE MOy YUTCsI, AHAPOU/IBI Oy YT IPUATHBIM
rOJIOCOM COODIIATH MOCIE3aBTPAIITHIOI TOTO/LY, IPUHOCUTH KO(e 1 TUCATH CTUXHU, & HAM
OCTAHETCS TOJBKO YYBCTBOBATh cebst GeIbIME caxnbaMu CPeii KPEMHUEBBIX CITYT.

Koneuno, packpyunBasv o4epeHON BUTOK CITMPAJIN 3a4acTyi0 HE CaMH y4YeHbIe,
a )KYPHAJIMCTBI, ¥ JIeJIaJIH 3TO ¢ (paHTas3med, Ho Ha/Io CKa3aTh, 9YTO YYeHBIE TOKE CKPOM-
HOCTBIO He OT/In4ajuch, Hampumep, Mbl ¢ BaM# ysKe TIOAPOOHO PaCCMOTPEJIH TIePIen-
TpoH PosenbarTa 1 yBUIeIH, YTO 9Ta MOIeIb 00yYaeT IPOCTOil JIMHEHHbII Kiaccudu-
KaTop. A BOT uToO nrcaa o nepuentpore The New York Times (BoBce He Tab10uUI1, TaK YTO
BPSII JIN 9Ta KOCBEHHasI peub CUJIBHO McKaxkena) 8 uiosst 1958 roma: «Ilcuxodor moka-
3bIBAET HMOPHOH KOMITBIOTEPA, Pa3pabOTaHHOTO, YTOOBI YUTATh M CTAHOBUTHCS MYJIPee.
Paspaboranubiit BMO... crouBiimii 2 MUJTHOHA I0JTAPOB KoMIibioTep “704”, 00y -
Cs1 pasnydaTh JEBOE W MPABOE TOCE MSATHAECSATH TOMBITOK... [To yrBep:kaennio BM O,
OHU MCTIOJIB3YIOT HTOT MIPUHIUII, YTOOBI TIOCTPOUTH MEPBYIO MBICIIAIIYIO MAIUHY KJIac-
ca “IleprienTpon”, KOTOPast CMOKET YUTATh ¥ THCATh; Pa3pabOTKy TUIAHUPYETCS 3aBep-
MUTH Yepes rof, ¢ obuiel croumoctbio $100 000... YueHble PeCKashIBAIOT, YTO MO3KE
[IeprienTpoHbBI CMOTYT pPaclo3HaBaTh JIO/Iell U Ha3bIBAaTh UX 110 UMEHU, MTHOBEHHO T1e-
PEBOJIMTH YCTHYIO M MUCHMEHHYIO PEUb C OJIHOTO sI3bIKA Ha pyToil. Mucrtep Posenbaart
CKasaJl, YTO B IIPUHIIMIIE BO3MOXKHO IIOCTPOUTD “MO3IH”, KOTOPbIE CMOT'YT BOCIIPOM3BO-
IUTH caMuX cebst Ha KOHBelepe U KOTopbie OyAyT 0CO3HABATH CBOE COOCTBEHHOE CYIIle-
CcTBOBaHUe». A B paszesie 1.2 Mbl yrke IUTHPOBAIIN TPAHTO3ASBKY OTIIOB-OCHOBATeJIel Ha
nposezenue JaptmyTckoro cemunapa jietoMm 1956 rojia, B KOTOpoii oHU obermaiu «00y-
YUTh MAIUHBI UCIIOJIb30BATH €CTECTBEHHBIE SI3BIKH, (POPMUPOBATH aOCTPAKIIUU 1 KOH-
HEMIUH... ¥ YJIy4dIIaTh caMmux cedst». ONTUMUCTHYECKOE OBLIIO BPEMS], YTO ¥ TOBOPUTD.

KcraTi, "MEHHO CO «MI'HOBEHHBIM I1€PEBOIOM YCTHOH M MUCbMEHHON peyus BBIIIEJ
Ka3yc, KOTOPBIN B CBOE BPEMs [TOCJIY>KUJI CITYCKOBBIM KPIOYKOM /L7 IEPBON HACTOAIIEH



3.2. Kak paboTaeT nepuentpoH 103

«3UMBI MCKYCCTBEHHOTO MHTEJIEKTa. JII0GOIBITHO, uTO Ge3 PYCCKUX 31ech He 000-
IILJIOCK; CKopee, 1pasza, Ruskies, uem Russians. Bo BpeMeHa Xo101HOM BOMHBI aMepu-
KaHCKOMY ITPaBUTEJIBCTBY OUE€HD XOTEIOCH TOJIYIUTh MAIITMHY, KOTOPast MOTJia ObI OBICT-
PO ¥ HAJIEKHO TIEPEBOJIMTD IOKYMEHTDI ¢ PYCCKOTO Ha aHTJINiCKuil u o6patHo. HaunHast
¢ 1954 rosa, COOTBETCTBYIOIINE UCCIEOBAHNS aKTUBHO CIIOHCHPOBAIHMCH, U ONITHMHU3M
OBLIIL, OLIATH Ke, De3rpaHUY€eH: HauaJI0 UCCAeOBAHUI B ICKYCCTBEHHOM MHTEJJIEKTE COB-
114710 €O 3HAMEHUTBIMU paspaboTkamn Hoama Xomckoro! o TpancdopMarisx n mopox-
JIATOTIUX rpaMMaTiKaX. Kazanoch, 4To ecTeCTBEHHBIN S3bIK BOT-BOT MOy IUTCS OMTUCATDH
JIOCTATOYHO TPOCTO M aHAJIUTUYECKW... HO HeT. [lociie mecsaTu JjieT uccyieoBaHUiN BbI-
SICHUJIOCH, YTO MAIIMHHBIN IIEPEBOJI — 3TO BCE-TAKW OYEHb U OYEHb HENPOCTAsT 3a/1a4a,
U Jlake pa3jinyaTh OMOHUMBI COBCEM HeJleTKo. VIMEHHO U3 9TUX UCCIe/IOBAHUH TTOSIBULIT-
cs1 3BHAMEHUTBII TIPUMED JBOMHOTO MEPeBoa, MOCJIe KOTOPOro the spirit is strong but the
[lesh is weak («nyx cues, miaoTh ciaba» ) mpeBpainaercs B the vodka is good but the meat
is rotten («BOJIKA XOPOIIIasi, HO MsICO TIPOTYXJIO» ); U, TJIaBHOE, BCe TpaBuiibHO! Teoperu-
YeCKHU TAKOI CMBICJI 371€Ch TOKE MOT ObI OBITb, IIPOCTO JIJIsE HAC, 3HAIOIIUX €CTeCTBEHHbIN
SI3BIK 1 €r0 He CIUIIKOM OYeBUIHbIE OCOOEHHOCTH, BEPOSITHOCTD TAKOTO IIPOYTEHMS HIL-
yTOo;XKHO MaJsia. A B cepeamte 1960-X ro1oB 9TOT IpUMep CMEITHBIM BOBCE He TTOKa3aJICs,
ALPAC (Automatic Language Processing Advisory Committee — torma B CIITA oueHb
JIIOOWITN CO3/1aBaTh BCEBO3MOKHbBIE KOMUTETBI) B CBOEM OTUETE 3aKJIOUMJI, YTO MATITHH-
HBIH [TePEBOJI TIOJIYYAETCSI TOPA3I0 XY Ke, I0POXKe U MelJIEHHEee YeJI0BEYECKOTO, Bee (-
HAHCUPOBAHUE CBEPHYJIH, U YCUJIUS B HATIPABJIEHUN MANIMHHOTO TIePEBO/IA TIPEKPATH-
JINCH HAZIONTO.

3a TmeprenTpoHaMy MpUILIA HeMHOTUM mo3xke. B 1969 rogy Mapsua MuHckwit
u Ceitmyp Tlefimepr omy6guKoBaiM KHUTY ¢ HEXUTPbIM HasBanuem <IlepriernTpo-
Hbl» [365], KOoTOpas BrI3BaJIa CEPbe3HOE PA30YAPOBAHUE B KOHCTPYKIIUU MEPIENITPOHOB

2

! Hoam Xomcxuii (Noam Chomsky, p. 1928) — amepukanckuii muursuct, hpusocod, IOTHK I HOJTUTH-
YeCKHil aKTUBUCT, «OTeI] COBPEMEHHOIT JIMHIBUCTHKI». OCHOBHASI HAyYHAs 3aCyra XOMCKOTO — PEBOJIIONUS
B JINHTBUCTHKE, KOTOPYIO OH IPOU3BEJ CBOMMU paboTaMi 00 YHUBEPCATHHBIX 1 IIOPOKIAIONIIX TPAMMATHKAX;
MOSKHO CKa3aTh, 4TO MIMEHHO Os1aroapss XOMCKOMY MaTeMaTHKa IPUIILIA B IMHTBUCTHKY. XOMCKHIA BCET/Ia OT-
JITYAJICST aKTHBHOM TPaKIAHCKON MO3HIHEl, yYaCcTBOBA B MOMUTHIECKHX AebaTax, GbLT He TOTBKO YIEHBIM,
HO 1 yOmdaHOiT hurypoii, u B Haie BpeMs XOMCKHHI IUPOKO U3BECTEH €IIIe U KAK MOJUTHIECKUI AKTUBUCT,
My OJIUIIICT ¥ KPUTHK; OH CTOHT Ha MO3HIHISIX aHAPXO-CHHANKAIN3MA U THOePTapHAHCTBA U TOCIe[0BATENBHO
KPUTHKYET «aMepuKaHckuii ucrebuimment». Keraru, renernyeckn Hoam Xomckuii — Brosine poceuiickuii
y4eHblii, GyKBaJIbHO BO BTOPOM MTOKOJIEHHUHU: €r0 OTell OB YKPAMHCKUM eBpeeM, aMurprpoBasinnM B Coesu-
nennble [IItaTsr Bo Bpems IlepBoit MUPOBOIt BOWHbI, a MaTh TIprexasa u3 besapycu.

2 Mapeun Jlu Munckuii (Marvin Lee Minsky, 1927-2016) — amepuxanckuii undopMatik, oauH us
OTIIOB-OCHOBATENEN MCKYCCTBEHHOTO WHTEUIEKTA Kak o6macTu Hayku. Ero snamenntsie cratbu Steps Towards
Artificial Intelligence [363] u Matter, Mind, and Models [364] conepsxaiu OCTAHOBKY BayKHEHIINX 3a/1a4 Ha
ITyTH K HOCTPOEHUIO MBIC/ISAMINX MAIIUH 1 CBITPAJIH I[EHTPATbHYIO POJIb B PA3BUTHH NCKYCCTBEHHOTO MHTEJ-
JIEKTA M KOTHUTUBHUCTHKY. KpOMe 3aciIyT B MICKYCCTBEHHOM MHTEJLIEKTE, OH TAKKe Pa3paboTall IepBbIil B MUDE
IIeM BUPTyaIbHOU peanbroCcTH (B 1963 Tomy!), a Takske amst Hy k1 6roornn n306pes KOH(DOKaTbHBIT MUK-
pockor. [Ipumeyaresbro, uto MuHCKnit KOHCYIbTHPOBAT ApTypa Kitapka npu HarmmcaHuy 1 MOCTAaHOBKE €ro
«Kocmnueckoit Onuccen 2001» n ake BecbMa JIECTHO TaM YIIOMHHAETCsT — M. anurpad K pasaesny 3.2; ura-
Ta, KCTATH, BeCbMa XapaKTepHas /I TeX ONTUMICTIYecKux BpeMen. K coxanennio, B suBape 2016 roma Map-
BUH MUHCKUIT CKOHYAJICS; OJIHAKO OH BEPUJI UJIU XOTsI ObI HEZIOCTATOYHO CKENTUYECKU OTHOCUIICS K KDUOHUKE,
1 BIIOJTHE BEPOSITHO, YTO €TO TEJIO 1, TIABHOE, MO3T Ceffvac YCIeIHo 3aMOpOsKeHbI Kommanieit Alcor.
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Puc. 3.3. [Ipumep simHeliHO HEpa3eTMMBIX MHOKECTB

PosenbyaTra. Ty UCTOPHIO YACTO PACCKA3BIBAIOT TaK, Kak OYATO GbI OCHOBHBIM apry-
mentoM Mutckoro u Ileiinepra Oblia JUHEHHOCTD TepuenTpona. W neidcTBUTENbHO,
OYEBUJIHO, YTO OJIUH HePIenTpoH PozeHOmaTTa MOKET O6YIUTHCS PA3/IEsISiTh TOJBKO T€
MHOJKECTBA TOYEK, MEKIY KOTOPBIMM MOXKHO IIPOBECTU THUIEPIJIOCKOCTh (Takue MHO-
JKECTBA JIOTUYHO HA3BIBAIOTCS AUHETHO PA30CIUMbIMU), @ HA CBETE €CTh U MACCA IPYTHX
MHOxecTB! Hanpumep, ofMHOKUI JIMHEHHBIN [IEPIeNTPOH HUKOTIA He 00yunTCs pea-
Jgu30BbIBaTh GyHKINI XOR: MHOXKECTBO ee HyJIell 1 MHOXKECTBO €€ eIMHUII, YBbI, JIH-
HellHO HepaszeuMbl. Hampumep, Ha puc. 3.3 Mbl H300pa3uiu J[Ba MHOXKECTBA TOUEK,
KOTOpbIe TToX0kU Ha 3HaueHus pyHknr XOR: oHO 13 HUX (3BE3/I0YKN) TOPOXKIEHO
M3 CMecH HOPMAaJbHBIX paciipejiesienuil ¢ entpamu B Toukax (—1,1) u (1, —1), a n1py-
roe (TOUKW) — W3 CMeCH HOPMAaJIBHBIX paciipe/ieJieHuli ¢ 1leHTpamMu B Toukax (—1,—1)
u (1,1). JleficTBUTEIbHO, XOTSI TOUYKK U 3BE3I0YKH OUCBU/IHO 3aHUMAIOT PasHble 00J1a-
CTH Ha TJIOCKOCTHU U JIETKO OTJIMYUMBI, CTOJIb JK€ OYEBUIHO, YTO HUKAKAs MTPSIMast TIMHUS
He MOJKeT aJIeKBaTHO UX pa3iennTh. [[pyroe Bo3paxkeHue MPOTUB JUHEHHON KOHCTPYK-
[[M COCTOUT B TOM, YTO KOMOUHUPOBATH JIMHEHHBIE TIEPIIENITPOHBI B CETh TOKE HE IMEET
HUKaKOTO CMBICJTIA: KOMIIO3UIIUSA JTUHEHHBIX (DYHKIU# CHOBa GyIeT TMHEHHOT, ¥ CeTh U3
JIE0OOTO, CKOJIb YTOTHO GOJIBIIIOTO YHCIA JUHEHHBIX [TEPIIENITPOHOB CMOKET PEaN30BaTh
TOJIBKO Te€ JKe CaMble JIMHEeTHbIe (DYHKITUH, JJIsT KOTOPBIX OBLIO OBI IOCTATOYHO U OIHOTO.

CeroziHsi HaM CTPAHHO CJIBIIIATDH, YTO ATO CEPhE3HbIE APIYMEHTHI POTUB: HY KOHEY-
HO, TUHEWHBIN KaaccupuKraTtop He MoxkeT peamuzoBaTb XOR, HO ceTh U3 HECKOIBKUX
KJIacCU(UKATOPOB € JIIOOOI HEJIMHEHHOCTBIO CIIpaBUTCs ¢ aTuM Oe3 Tpyna. Hy koneu-
HO, COEJIMHSTD JIMHEHHBIE TIEPIENTPOHBI B CETh OECCMBICTIEHHO, HO KAK TOJIBKO MBI 100a-
BHUM HEJMHENHYIO (DYHKITNIO aKTUBAIINH, JaKe CAMYIO TTPOCTYIO, CMBICJI TYT JK€ MTOSIBUT-
C4, ¥ BECbMa, IIPOCTUTE 3a KajtaMOyp, rayOokuii. V1 1eiicTBUTENbHO, 9TO IOHUMAJIH eIlle
Maxkasiox u [Turte (oHU ¥ BOBCE MpeJIaraii CTPOUTh aHAJIOT MaIUHbl ThIOpUHTa HA
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CBOWX TIEPIENITPOHAX ), ¥ JJist MUHCKOTO 3TO TOXe, KOHEYHO, He GbITo cekperoM. Hera-
THUBHBIE yTBEP:K/eHNS B KHUTE «]lepirienTpoHsl» Kacaanch TOTHKO HEKOTOPBIX KOHKPET-
HBIX apXnUTeKTyp: Hanpumep, Munckuit u [lefinepT mokasanu, 9To CeTH € OHUM CKPBI-
TBIM CJIOEM HE MOTYT BBIYUCIATD HEKOTOPBIE (DYHKITNH, €CJIH TTePIENTPOHBI CKPBITOTO
CJIOSI HE CBSI3aHBI CO BCEMU BXOJaMU (PaHbIIIe JIOJU HANESIIICh, YTO YAACTCS OOOUTHCH
<JIOKQJIbHBIMU» CBSI35IMU MEXK/y IIepLelTPOHAMMU); B 1[eJIOM, HUYeTr0 KPUMUHAJIBLHOTO.
OxHako B KoHIe 1960-X ro/loB 0 HEUPOHHBIX CETAX M TeM OoJiee IIyOOKUX CETSX elle
He OBbLIO ITUPOKO U3BECTHO, XOTsI paszpabaThbiBaThCs OHU YK€ HAUMHAJIN; U BBIILIO TaK,
yTo KHUTAa Munckoro u IlefimepTa, mofMyYuBIIas MUPOKYIO U3BECTHOCTD, HAIOITO OT-
TOJIKHYJIAa MHOTHX UCCJIE/IOBATENeH OT TOTO, YTOOBI MPOAOJLKATH U3yYEeHHE MePIENTPO-
HOB 1 BOOOIIIe HEHPOHHBIX ceTeil. [[ebIX ecsATh JIeT TocIe 9TOr0 3aHUMAThCST HeHPOH-
HBIMU CETSIMU OBLJIO HEMOJIHO U HENTPUOBLIBLHO; TPAHTOB Ha 9TO MPAKTUYECKH HE JABAJII.
Tem He MeHee, B 1970-¢ ro/1p1 GbLI TOCTUTHYT OYEHDb CEPhE3HBIN MPOTPece B pazpaboTKe
U U3y4YeHUH HeWPOHHBIX cereit. O6 3TOM MbI TIOTOBOPUM B CJIEAYIONIUX IJIABAX, a TOKa
BEPHEMCSI K TIEPIENTPOHY U TIOCMOTPUM, KaKKe y HEro ObIBAIOT (DYHKIIMU aKTHBAIUN
B Hallle ITPOCBEIIEHHOE BPEMSL.

3.3. CoBpeMeHHble nepuenTpoHbl: GYHKLUU aKTMBaLMUK

B obsact peasbHOTO, (PU3UUECKOTO HACTAKICHUS YETIOBEK Me-
eT He GOJIbIIE KUBOTHOTO, IOMUMO TOTO, HACKOJIBKO €ro 60Jiee IIOTeH-
1upoBaHHast (BO3BBIIIEHHAs], YTOHYEHHAs) HEPBHASI CUCTEMA yCU-
JIUBAET OIIYIIEHUS BCIKOTO HACIIAXK/ICHS, & TAK)KE U BCSKOTO CTpa-
nanus. Ho 3aTo Kakoio cUJIOI0 OTIMYAIOTCS BO30Y KAAaeMble B HEM
adexTbl, CPABHUTEIIBHO € OIIYIIIEHUSIMU JKIBOTHOTO! KaK Hecopas-
MEpHO CHUJIbHEE ¥ TTy6sKe BOJHYETCs ero AyX! U BCe M3-3a TOT0, 4To-
Obl HATIOCJIEIOK IOOUTHCSI TOTO JKe PE3YJIbTaTa: 310POBbSI, IUIIHU, KPO-
Ba U T. II.

A. [llonenzaysp. Parerga und Paralipomena

B martie BpeMst 0T 6a30B0i KOHCTPYKIIUH TEPIENTTPOHA, KOHEYHO JKe, HUKTO HE OTKa3bi-
BaeTcss. CMBICT U OCHOBHAS TIOCJIE/[OBATEILHOCTD MO-TIPEKHEMY Te JKe caMble: CHauasa
B IEPIENITPOH MOCTYIIAIOT BXO/IBI M3 TAHHBIX WJIN TIPEBIIYIINX YPOBHEH ceTH, 3aTeM Oe-
percst ux JinHelHas KOMOUHAINS ¢ HEKOTOPBIME BECAMH, KOTOPBIE, COOCTBEHHO, U Oy-
ayT 06y4aThCsl B CETH, A OTOM PE3yJIbTAT HPOXOJHUT Yepe3 HEKOTOPYIO HEJIMHEHHYIO
dyHkIo, 63 KOTOPOH, Kak MBI YK€ BU/EIH B 9TOI TiaBe, HUKAKOW BHIPA3UTETHLHOI
CUJIBI Yy HEMPOHHOH ceTH He TTosyunTcs. VIMeHHO 13 TaKuX IeplenTPOHOB, UM Helpo-
HOB, COCTOSIT BCe COBPEMEHHbIe HelIPOHHBIe ceT!. PasHUIIA ecTh TOBKO B TOM, KaKOBa,
cOOCTBEHHO, KOHCTPYKI[HSI HEJIMHEIHOCTH; U BOT HA 3TOM BOIPOCE YK€ CTOUT OCTaHO-
BUTBCSI O[POOHEE, OH MPEICTABIISIETCST YPE3BBIYAHO HHTEPECHBIM.
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Kax MBI yske TOBOPHIIH, UICTOPUYECKH B HETHHEHHBIX TIEPIENITPOHAX OOBIYHO ITPUME-
Hsis1ach (DYHKIMST akTHBAIIK (BO30YsKAEHNs HEHPOHA) B BUJIE JIOTUCTUYECKOTO CUTMO-
una: o(x) = ﬁ Ita QyHKIMs 00IaaeT BCEMU CBOUCTBAME, HEOOXOIUMBIMU JIJIsT
HeJTMHETHOCTH B HEIPOHHOI CeTH: OHa OTPaHMYEHA, CTPEMUTCS K HYJIIO IPH & — —00
U K eIUHUIle TIPH & — 00, Beafie auddeperHnpyeMa, i IPOU3BOIHYIO ee JIETKO MOJ-
cuntath KaK o’ (z) = o(z)(1 — o(x)). Ho oHa takas, KOHeYHO e, He onHa. EcTb MHOTO
Pa3HbIX DYHKIIUI aKTUBAIIUY, KOTOPBIE B PA3BHOE BPEMSI 1 [JIsI PA3HBIX IleJiei HCI0JIb30-
BaJIICh B iuTepaType. HekoTopble N3 HUX IIOKA3aHBI, 7151 HATJISIAHOCTH HAa OZTHOM U TOM
e rpacuke, Ha prc. 3.4; B 9TOM pas/ielie Mbl C HUMU TI03HAKOMIMCSI TIOOJTHIKE.

Tunepbonuveckuii mamnzenc:

T x

e’ —e

et +e T

tanh(z) =

OYeHb TOXO0K 10 CBOMCTBAaM Ha JIOTUCTUYECKUI CUTMOU/I: OH TOXKe HEIIPEPbIBEH, TOKE
OrpaHU4Y€H (HpaB/:[a, OH CTPEMUTCA K -1 IIpn * — —0Q, a HEe K HYJIIO, HO 3TO, KOHEYHO,
He Ba)KHO), 1 TPOM3BOHYIO OT HETO TOYKE JIETKO IMMOJICUYUTATD Y€PE3 HETO CaMOTrO:

tanh’(z) = 1 — tanh?(x)

(mpoBepbte camu!). ITo cpaBHEHUIO € JIOTUCTUYECKUM CUTMOUIOM TUIIEPOOTMICCKIiT
TAHTEHC 3HAYUTETBHO «KPyUes PACTET U yOBIBAET, ObICTPeE MPUOIMKAETCS K CBOMM TTpe-
JleJ1aM; HaIIpUMep, HAKJIOH KacaTe/IbHOl B Hyae y Tanrenca tanh’(0) = 1, a y norucru-
ueckoro curmouza o’ (0) = %.

Ommako ecth 1 60Jee BaKHAS TOHKAS PA3HUTIIA: TSI DYHKIIUN ¢ HOJIb SIBIISIETCST TOY-
KO¥1 HACBIIIIEHSI, TO €CTh €CJIU TIBITATHCS 00YUUTH 3HAUEHUE ITOH (PYHKIIH B HOJIb, BXO]]
GyIET CTPEMUTBCS K MUHYC 6ECKOHEYHOCTH, a TIPOU3BOJIHAS — K HYJIIO, TO CTAOUIIbHOE
cocrosiaue. A 1ist tanh HOTb — 3TO Kak pa3 caMasi HeCTabMIIbHAS TPOMEKYTOYHAST TOY-
Ka, OT HYJISI JIETKO OTTOJKHYTHCS M HAYaTh MEHSTH apTYMEHT B JII00y10 cTopony. O ToM,
MOYEMY 9TO BaKHO, MBI TOTOBOPUM B paszielie 4.2, TumepOosndeckuii TaHT€HC JacTo HC-
[I0JIb3YETCS B HEKOTOPBIX TIPUJIOKEHUSTX HEHPOHHBIX CeTell, B YaCTHOCTU B KOMITBIOTED-
HOM 3PEHUM.

B kauecTBe (yHKIIMN aKTHBAIIMNA MOXKHO PACCMOTPETH U OOBIYHYIO CTYIEHUYATYIO
(ynkmmio, ona ke hyHkms Xepucaima:

tep(z) 0, ecmmx <O,
step(x) =
P 1, ecmux > 0.

ITta GYHKIMS UCTIOIb30BATACh B PAHHUX KOHCTPYKIUSAX NEPIENTPoHOB. To, 4To
OHa He ompeniesieHa B HyJIe, He OUYeHb MEMNIAET BECTH OOyJIeHUe: ee MOXKHO IOOTIpeIe-
JINTH, HATIPUMED, KaK step(z) = %, Jla ¥ Ha TIPAKTUKE CJIyYalHO MOTACTh TOYHO B HOJIb
Bpsti i ioryuntces. OJMH MEePIENTPOH CO CTyNeHYaTol (pyHKIMel akTuBaiuu o0y-
YUTH BIIOJIHE BO3MOXKHO. [lJI1 9TOT0 10CTaTOYHO IIPOCTO TOUHO TaK K€ MOJCUNUTHIBATD
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Puc. 3.4. Paznuunbie GyHKIMY aKTUBAIIT

«MSTKHI» Pe3yJbTaT B BUAE KOMOWHAIIMM BXOJOB M BECOB, HO 3aTE€M MPEBPANIATh €10
B «KECTKOE» PEIeHUE: eCJM «MATKUI» pe3yibTaT MEeHbIIIE HYJIsA, BbIIAEM OJIMH OTBET,
ecsm Gosiblie HyJist, — Apyroil. Ha mocseueM mare kiaccuuKaTopa 9T0 COBEPIIEHHO
HOPMAJIBHO, U TIPOIecCy O6YIEHUST HE METITaeT.

Ho ceThb ¢ HECKOIBKMMM yPOBHSMU Ha CTYTEHYATHIX (DYHKIUAX aKTUBAINH, K CO-
JKAJIEHUIO, HE TIOCTPOUIITh, BEJlb IPOU3BOAHAS OT CTYTIEHbKHU IIPOCTO BCET/IA PABHA HYJIIO
(KpoMe, OIIAATH Ke, HyJId, TIe OHa He onpegenena). Takum o6pasoM, B HEHPOHHOM ceTH
U3 TIEPIENTPOHOB CO CTYTIEHYATHIMU (DYHKITMSIMU aKTUBAIIMU TPAJIUEHTHI He JOUIYT OT
BBIXO/IOB K BXO/IaM: 110 JIOPOTE IPAJIMEHT OYAET yMHOKATHCS HA MTPOU3BOAHYIO (DyHKIIUK
step, M HUY€TO KPOMe HyJieil He TIOMYIUTCS...

Pasob6pasiiucsk ¢ kraccuueckuMu (pyHKIUAMY aKTUBAIINY, IABAlTe IBUTATHCS K CO-
BPEMEHHOCTH. 3/ICh TOKE €CTh 0 YeM PaccKa3ath. [JlaBHAs ujest, BO MHOTOM M3MEHUB-
st APXUTEKTYPHbIE OCHOBBI COBPEMEHHBIX HEHPOHHBIX CETEH, — 9TO TaK Ha3bIBAEMBbIE
rectified linear units (ReLU). DyHKIMS aKTUBAIIMK Y HUX KyCOUHO-JTMHENHAS:

0 ecimzx <0
RelLU(z) =<¢ ’
(z) z, ecamzx > 0.

To xe camoe MosxHO 3ammcatb Oosee kpatko: ReLU(z) = max(0,z). U cHo-
Ba MBI JIOJDKHBI CKa3aTh, YTO 3TO HE BIIOJIHE COBPEMEHHAs Wesl: TaKUe UCKYCCTBEH-
Hble HePOHBI MCIMOJIb30BaNNCh emnle B Havate 1980-x rozoB B Moziesin MHOTOYPOBHe-
BbIxX cereit Kynuxuko DyKycuMebl 1715t pacriosHaBaHust 00pa3oBs, MOJIyYUBINEi Ha3BaHWe
Neocognitron [166, 167].

OpHAKO TTOTOM OT HUX HAJI0JITO OTKA3a/INCh, U Bo3poskaeHue ReLU nponzomnrio yxe
B pasrap PeBOJIOIIH [IyOOKOTr0 00y YEHS; KeJIAIOIUM YTITyOUThCS B €T MBI [TPE/I-
sokuM paborsl [382], rae ReLU-akTuBanus noapo6HO MOTUBUPOBaHA U OIICAHA B KOH-
TEKCTe OTPaHWYeHHbIX MamH bosbivana, u [180], rae nmpaktuyeckas moib3a ReLU
CTAHOBUTCS OUEBUHON U B «OOBIUHBIX> HEHPOHHBIX CETSAX. A CaMU KPaTKO MpoigeMcst
110 OCHOBHBIM HjiesiM, KoTopble puBozisiT ReLU-He#poHs k ycrmexy.
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[Ipexne Bcero ormernM, yto ReLU-Heitponsl ahdekTnBHEE OCHOBAaHHBIX HA JIOTH-
CTUYECKOM CUTMOUje M runepOoJndeckoM TanreHce. Hampumep, 4To0bI MOACIUTATD
NPOU3BOAHYIO ¢’ (), HYKHO BBIYMCJIUTDH HEMPOCTYIO (PYHKIUIO 0, a 3aTEM YMHOKHTb
o(xz) Ha 1 — o(x); ¢ TAaHTEHCOM NMPUMEPHO Ta K€ UCTOPHS, TOJBKO HYKHO BO3BOJMTH
B KBaApaT. A 4ToObI BHIYUCIUTD poussoanyto ReLU’ (), HyKHO POBHO OJIHO cpaBHe-
HU€: €CJIU T MEHbIIIEe HYJIsI, BBIJIAEM HOJIb, €I OOJIbIe HyJist, — efquHuily. Ha mnepBoiit
B3TJISIZL 9TO KAyKETCsI HECYIECTBEHHBIM, HO Ha TIPAKTUKE 03HAYAET, YTO OCHOBAHHBIE Ha
ReLU-HelipoHax CeTH IPU OJHOM ¥ TOM K€ «BBIUMCIUTETLHOM GI0/KeTe> Ha 00yYeHre,
HA OJTHOM U TOM JK€ <JKEJIe3e» MOTYT ObITh 3HAYMTENHHO O0JIbIIe (TI0 Pa3Mepy, TO €CTh
[0 YUCITy HEUPOHOB), UeM ceTu ¢ GoJiee CIOKHBIMUA PYHKIMAME akTuBaun. OgHaKo
caM 110 cebe ITOT apPryMEeHT MAJIO YTO 3HAYKT: B KOHI[E KOHI[OB, YTOOBI MOACYUTATH TIPO-
U3BOAHYIO CTYIIEHYaTOl (DYHKIUH, Ia’ke CPABHUBATD HU C 4yeM He Hazno. Hyxuo eire,
4TO0OBI HOBast KOHCTPYKIUsE paboTasa u IeHCTBUTEIBHO YeMy-TO 00ydanach.

Ytobbl Kak ciemyer npoMoTuBupoBath ReLU-aktuBanuio, 00bsICHUTD, OTKY/Ia OHA
GepeTcst, HaM TOTPEOYeTCsT OHA MHTEPECHAsT TIPOMEKYTOUHAsT KOHCTpyKuust. [Tpes-
cTaBbTe cebe aKTUBAIIUIO TIEPLENTPOHA OOBIUHBIM JTOTHCTHIECKUM CUTMOUAOM. DTO XO-
poinas, riaakas GyHKIH, 1 OHA TIPEKPACHO YMEET OTIHYATh «JOCTATOYHO aKTHBHPO-
BaHHbIE» HEHPOHBI, KOTJIA PE3YJIbTAT AKTUBAIUN CTAHOBUTCS OJIU3KUM K €IUHUILE, OT
«HEJI0CTATOYHO AKTHUBUPOBAHHBIX», KOT/[a 3TOT Pe3yJIbTat 6JIM30K K HyJit0. Ho mpu aTom
JIOTUCTHYECKUH CUTMOUJL JIAET XOTh W HETPEPLIBHBIH, HO 1O CyTH GUHAPHbII OTBET: Ha-
IPUMeEp, EMY CJIOKHO OY/IET OTIUYUTD aKTUBAINIO «C cuiioil 5» (o(5) & 0,9933) oT ak-
tuBarun «c cuioit 10» (o(10) & 0,99995). MaxkTHdeckn 9TO TaKast CIaKeHHast OHAp-
Hasl CTYTEHbKA: apryMeHT (DYHKIMU JU60 CIIOCOOEH Ha Hee «3alphITHYTh», TUO0 HET,
a OCTABIIMUCS <«3amacy» curMouj He unrepecyer. OnHAKO OH MOXKET ObITh UHTEPECEH
B TOM CJTy4ae, ECJIM MBI XOTEJTH ObI Pa3/InuaTh «CHUJIbHO aKTUBUPOBAHHbBIE> U «<HEMHOKKO
AKTHBUPOBAHHbBIE> HEHPOHBIL

JlJist 3TOr0 MOKHO MOCTPOUTDH JIOOOIBITHYIO KOHCTPYKIIHIO — CYMMY HECKOJBKUX
JIOTHCTUYECKUX CUTMOUIOB. /laBaiiTe paccCMOTPUM TaKyio (DYyHKITUIO AKTHBAIIUN:

1= (e ) oo (o) o (o 2) o (- D) o

IT0 cyMMa OECKOHEYHOTO Psfla JIOTUCTUIECKUX CUTMOUIOB, KasKAbI M3 KOTOPBIX
CMEIIEH BIPABO OTHOCHUTEJIBHO MPEABIAYIMX Ha eauHuily. Ha puc. 3.5 usobpakeHbt
IIECTh TAKUX CUTMOMJIOB, U MX CyMMa (Y4epHasi KpuBas) CTPEMUTCA K 1ecTu. A uto Oy-
JieT B cyMMe GeckoHeuHoro psga? Ciesa oT HyJist OHa BezieT ceOsl IPUMEPHO TaK e, Kak
OJIMH CUTMOWJL: €CJIM aPTYMEHT & MeHbIIIe HyJisi, 0COOEHHO eCJIM 3HAYUTEJbHO MEHBIIIE,
BCE CUTMOMJIBI IOCTATOYHO OJIMBKH K HYJIIO, U Jaske CyMMa psiaa OyaeT MaJleHbKOU. A BOT
CIIpaBa OT HYJIsT HabIoaeTcst TOOIBITHBIN 9P hEKT: CHTMOU/BI, IEHTP KOTOPBIX pac-
I0JIOKEH JaJIblle, [IpaBee T, OyAyT Ho-IpesKHeMY OJIM3KU K HYJII0 (1 P OyAeT CXOAUTh-
cs1 B J11000#1 KOHEYHOI TOYKE), 8 CUTMOM/IBI, IEHTP KOTOPHIX PACIIOJIOKEH CJIeBa, OypyT
O6MUBKY K egquHuIe. To eCTh akTHBAIUA 9TOIO «CTEKa» CUTMOUAOB IPUMEPHO MOACUHU-
TBIBAET BXO/JI .
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Puc. 3.5. Cymma 1rectu CUTMOH/IOB

Ecnu sxe roBoputh (hopMaibHO, TO HY?KHO CHaYajIa 3aMETUTh, YeMy PaBEH WHTETPaJ
curmou/ia (IpoBepbTe 3T0 MU depeHITUPOBAHNEM ):

/U(x)dx —log (1+¢%) + C.

U Teniepn MbI BUIUM, 9TO f () —9TO B TOYHOCTH PUMAHOBA CYMMa TAKOTO HHTErPaJia;

/ U(a:Jrly)dy,
1/2 2

€ro MPUOJIMKEHNE TLIOAJSIMU TIPSIMOYTOJbHUKOB IIIUPUHBI 1 ¢ IIEHTPAMU B HATYPAJIb-
HBIX TOUKAX; Ha puc. 3.5 TIOKa3aHo, Kak 3T0 paboTaeT. 3HAUUT, CyMMa OY/IET 1aBaTh [IPHU-
GIIKEHVE K 3HAYECHUIO MHTETPAIa;

=30 (s43=0) = [T (a5 -v)ar-

1=0
= [7 log <1 + e“”‘*‘%—y)E::; =log (1 + ¢€%).

Yro ke Mbl mojryunin? OKasbiBaeTcst, 06CKOHEUHBIH PsiJi CHTMOU/IOB, KOTOPBIH TO-
paszio GoJiee BHIpa3UTEIeH, YeM OIUH CUTMOW]T, K MOKET BBIPA3UTH MOHATHE «CHJIBI K-
TUBAIUU», — 3TO IPUOITUBUTEIHHO TO JKe caMoe, uTo oObraHast hyHkiwst log (1 + e*). Hy
a sTa (PyHKIINs, B CBOIO 0OYepeib, 04enb moxoka Ha ReLU(z) = max(0, x) (cm. puc. 3.4).

WNnaue roBops, ecait nocMoTpeTh Ha ReLU-Helipon TeopeTndecku, Mbl yBUIUM, UTO
3TO HEILIOXO0€ MPUGJIIKEHNE K KOHCTPYKIINHU, KOTOPasi CUJibHee U GoJiee BHIPA3UTEIbH,
4eM OOBIYHBII JIOTUCTUYECKUI CUTMOU/L. BeposiTHO, UMEHHO 3TUM OGBICHSAETCS yeIex
ReLU-akTtuBanmu B COBpeMEHHBIX HEHPOHHBIX CETSIX.
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Ectb u Menee hopManbHOe, HO TOKE JTOGOMBITHOE 00bICHEHNE: OKA3bIBAETCS, TaKast
CTPYKTYpPa aKTHBAILUU TOPA3/0 TOUHEE OTPAYKAET TO, YTO MIPOUCXOAUT C HACTOSIIIUMU
HEPOHAMMW B PeaIbHOM YeJI0OBeueCKOM (1 He TOJIBKO) MO3Te.

Bo-mepBbix, Kak M3BECTHO, MO3T — 3TO YKaCHO 9HEPTOEMKHIT OpraH, OH MoTpedJIsieT
0k0J10 20 % BCell aHEPTUH, KOTOPYIO TPATUT YEJIOBEK, TP COGCTBEHHOI Macce 0K0JIo 2 %
oT Macchl Tesia. [1oaToMy 1151 Halllero «<KOMIbIOTEPa> B FOJIOBE 9HEProaHEKTUBHOCTH,
«CUET 32 3JIEKTPUUECTBO> HE MEHEE BAXKHBI, YeM COOCTBEHHO BBIYUC/IUTENBHAS MOIIID:
ecJir ObI MO3T TPATHUJI elile GOJIbIIIe FHEPIHHU, YEJIOBEKY, 0COOCHHO Ha PaHHUX HTalax Ha-
IIETO HBOMOIUOHHOTO PA3BUTHUSA, TIPUIILIOCH OBl 3aHUMAThHCST UCKJIIOYUTETBHO TEM, YTO
1eJIbliA JIEHb HEMTPEPBIBHO UCKATD JIJI MO3Ta €11y, ¥ BpeMeHH COOCTBEHHO MOyMAaTh YIKe
He 0CTATIOCh ObI.

[l mMerotIerocst y Hero OorpoMHOTO YKCJIa HEHPOHOB MO3T KpaliHe aHeproaddex-
TUBEH; 3TO JIOCTUTAETCSI, B YACTHOCTH, PA3PEHEHHOCMHIO AKTUBAIINN HEHPOHOB: B KaXK-
IIBIIT MOMEHT BPEMEHU aKTUBHPOBaHBI OT 1 1o 4 % Heiiponos B Mo3re [319]. Ho ecm
ObI OHU UMEJTH CUTMOW/I-aKTHBAIUIO U MHUITHAJIU3UPOBAJIICH CJIYIallHO, KAK BO MHOTHX
HEWPOHHBIX CETSIX, B KaKIbIIl MOMEHT BPeMEHH 3aMETHO aKTUBUPOBaHA ObI GbLJIA TIe-TO
TTOJIOBWHA HEHPOHOB; a C TPaBUJIbHO peryssipu3zoBanHol ReLLU-aktuBarueti (o peryssi-
pusaruu Mbl 6y/IeM MHOTO TOBOPHUTH HUZKE) HECJO0KHO JI0OCTHYb BHICOKUX TTOKa3aTeeil
Pa3peXeHHOCTH.

Bo-BTOpbIX, IIpsiMbie HENOCPEICTBEHHbIE UCCIEN0BAHNS DYHKIIMU AKTUBAIIH B Pe-
aJIbHBIX HeWPOHax u mpubJIrskeHHble K Guosorun mogenu [105] natoT GyHKIIO, ropas-
10 Gosbiiie moxoxyio Ha ReLU, yem Ha curmong. 910 GYHKIUA HHTEHCUBHOCTH (4a-
CTOTBI cpabaThiBaHMsI) BRIXOJHBIX CUTHAJIOB HEMPOHA B 3aBUCUMOCTHU OT CHJIBI TOKA HA
BXO07I€e; (hopMaTBbHO TOBOPS, OHA BBITJISIUT TaK:

-1
E4+RI—Vieg
(T log W_‘I}?}ft) s eciu B+ RI > ‘/th,

0, ecoin E + RI < Vi,

) =

rzie V}, — TOPOTOBBIN TOTEHIINAT aKTUBAIINH; Vieset — MOTEHITAAN TTOKOS; [ — cuia To-
Ka Ha Bxojie; R, F i 7 — mapaMeTpbl MeMOpaHbl HeiipoHa (COMPOTUBIIEHHUE, TIOTEHIHAT
U BpeMeHHas KoHcTaHTa). ['paduk sT0il GyHKIUU ISl peaJMCTUYHOTO Habopa Iapa-
metpoB [105] mpexcrasien ua puc. 3.6. Kak BuaHO (1 MaTeMaTHYECKU 9TO TOXKE JIETKO
ZI0Ka3aTh), ¢ POCTOM BXo/a I (OYHKITHS aKTHBAIMY GBICTPO CTAHOBUTCST (DAKTHIECKHY JIH-
Heitnoii, u ReLU-akTuBanus (¢ TOYHOCTBIO 10 CABHUTa) Kyza O0JIbIIe I0X0Ka Ha TO, YTO
MPOUCXOJUT B PEATIbHOU OMOMIOTHIECKON KU3HM, YeM CUTMOUI.

Mak, Mbl TOAPOOHO PACCMOTPEJIH TPH OCHOBHBIE (DYHKI[UH AKTUBAIIUHU: JIOTHCTHYE-
ckuii curmou, rutiepbosmueckuii Tanrerc u ReLU. Ocramoch coBceM HEMHOTO — H3Y-
YUTH Pa3jNyuHbIe UX MOAUDUKAIINH.

[TepBast MbicJib: pa3 y:k Mbl MoTuBupoBaiu ReLU kak npubsimkenue Kk (GyHKIMN
log (1 + €®), Tak, MoJKeT ObITh, HYKHO IPOCTO B3ATH caMy 3Ty (DYHKIIUIO, TOTYIUBIIYIO
HasBaHue SoftPlus, kak QyHKIINIO aKTHBAIMK, U BCE CTAHET ellle Jy4iie?
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Puc. 3.7. Bapuanuu na temy ReLU: mporekatomuii ReLU, mapamerpuzoBannsrii ReLU
1 9KCIIOHEHINAThHBIN JTUHEWHBIN HeHPOH

Ee paccmaTpuBasiu, HampuMep, B yKe yrnoMmuHasiieiicss pabore [180], Ho mputiim
K BBIBO/LY, YTO GOJIBLIOTO BHIMTPhIIIA HET, a 3(hPeKTUBHOCTb yMeHbInaercs (auddepen-
IUPOBATh 9Ty QYHKIMIO HUYEM HE MPUITHEE, YEM TOT K€ JIOTUCTUYECKUIT CUTMOU ).

Cuenyiomue ujien, KOTOPbie HAYAIN 3aBOEBBIBATH MOIYJISIPHOCTD B ITOCJIEHEE BPe-
Msl, — 9TO pasjM4Hble Mopubukanun u 0606merus RelLU, KoTOpbIe MBITAIOTCSA CO-
XPaHUTh BBIYUCIUTENbHYIO 3D (MEKTUBHOCTh, HO IIPU 9TOM J0OABUTH HEMHOIO THG-
Koctu B 6asoByto KoHcTpykiumio. Hampumep, «npomexarouguii ReLUs (Leaky ReLU,
LReLU) [342] o606maer ReLU Tak: naBaiiTe Ha HOJIOKUTEIbHBIX aPI'yMEHTaX OCTaBUM
(yHKIIMIO TOM JKe caMOl, a Ha OTPUIIATEJIbHBIX OTOMIEM OT CTPOTOTO HYJISI U ClleJIaeM
yHKIIUIO TOXKE TUHEITHO U IPY 9TOM HEMHOXKO OTPUIATEIbHOIL:

<0
LReLU(z) axr, eclInx ,
x, ecmmx > 0,

e a — 910 HebOoJIbIIas MOJ0KUTEIbHAs KOHCTaHTa, HanpuMep a = 0,1 (cm. puc. 3.7).
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Ta6mua 3.1. Pasinunble hyHKIMT aKTUBALMK: CBOAHAS TabaUIa

Hazpanne ¢pyHKImum ®opmyna f(x) IIpousBoanas f’(x)
Jloructuaeckuit curmousi o H_iﬂ fl@) (1= f(x))
TCunep6oayeckuii Tanrenc tanh % 1— f2(z)

. z 1
SoftSign ol qE
. 0, z<0
Crynenbka (pyHkius XeBucaiizia) 0
1, z>0
SoftPlus log (1 +€%) 14-%
ReLU 0, <0 0, z<0
z, >0 1, z>0
0 0
Leaky ReLU, Parameterized ReLU a Z< g &<
z, x>0 1, >0
T _
ELU a(e®-1), <0 f@)+a, <0
x, z >0 1, z >0

W est 31eCh 3aKIIFOYAETCS B TOM, UTOOBI MTOITBITATHCS YIIYUIIUTD ONITUMU3AIIIIO, BE/b
€CJIM Ha OTPUIATEIbHOM YacTh 06JIaCTH OIIPele/ieHUsI BCe TPalMeHThbl CTPOIO PaBHBI HY-
JIIO, 5T HeHPOHBI He OyayT o6ydarbest BoBce. B [342] mokasaHo, 4TO B IIOCTPOEHHBIX Ha
rayOOKKX ceTsax akyctuueckux Mogesix LReLU yiyumaror paciiosHaBaHue Peyil.

JlaspHENTITIM pa3BUTHEM 3TON UEN cTal napamempusdosannviti ReLU (Parametric
ReLU, PReLU) [111]. DTa KOHCTPYKIUS BBITIASIUT TOYHO Tak ke, Kak 1 LRelLU,
C TOIi JIMIIIb PA3HUIIEH, YTO Telepb KOHCTAHTY @ TOXKE MOMKHO 00ydaTbh sl KasKIOro
KOHKPETHOT'O JIaTaceTa [10-CBOEMY; B Pe3yJIbTaTe II0JIy4aeTCsi CTPOro 6oJiee BbIPasuTeIb-
Hag cucTeMma, yeM oObiunbiii ReLU u LReLU, u eciiu Beca, BK/I04asi KOHCTAHTY, [Ipa-
BUJIBHO MHUIMAIM3UPOBATh M 06yYaTh, TO Pe3yJbTaThl cTaHyT Jjyuiire [114].

pyroii BapmanT MOAMMUKAINUKN — 3TO IKCNOHEHUUATOHOIL JUHEUHbLL HEeUupoH
(Exponential Linear Unit, ELU) [86], 8 KOTOpOM Ha OTPHUIIATEJbHBIX 3HAUCHUSX ap-
ryMmenTa (hyHKITUST aKTUBAIUU CTAHOBUTCST 9KCITOHEHIUAIbHO:

a(e®—=1), x<0,

ELU(z) = e

x?
Vpest 31ech COCTOUT B TOM, YTOOBI COYETATh B OMHON (DYHKIIMU HAJTMYKME OTPHUIA-
TEJIBHBIX 3HAYEeHUl (UTO BaKHO /Uit OOYUEHUs) U UX OBICTPOE HACBIIIEHNE TIPHU JajIb-
HelTIIeM yMEeHbIIIEHUY apryMeHTa (3TO BasKHO, YTOOBI COXPAHUTh PAa3pPeKEeHHOCTH). ECTh
U JIpyrue BapuaHThl (DYHKIUIT aKTUBAIIUU, KOTOPBIE TOKE B HEKOTOPHIX 00JIACTSIX U 9KC-
MepUMEHTaX MOKA3BIBAIOT cebsl JIydlle CYIIeCTBYIONUX; B [[EJIOM, 9TO OYeHb aKTUBHO
Pa3BUBAIOIIASICS 0OIACTH UCCAEOBAHUN B COBPEMEHHOM TITyOOKOM O6YYEHU.
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Bce Te dyHxkIiun, 0 KOTOPBIX Mbl TOBOPUJIN B 3TOM pasjieJie, a TAKKe HECKOJIbKO JIPY-
rux (ToKe HHOT/IA CIOJIb3YEMBIX Ha TPAKTUKE ), ToKa3aHbl B Ta0J1. 3.1. YTo ke BHIOpaTh
6eaHOMY paspabOTYMKY, KaK OLEHUTH, YTO U3 HTOI0 MHOT00OPA3M JIydlle MOAXOMUT
JUIST KOHKPETHOM 3a/1aum’?

Ha camom ziesie 5T0 Jajieko He IepBbli U He IJIaBHBII BOIIPOC B pa3pabOTKe peasib-
HOU CHCTEMBI TITyOOKOTO 00YUYEHUST; aDXUTEKTYPA CHCTEMBI i AJITOPUTMbI OIITUMHU3AIUN
06br9HO Topasno Baxkuee. [logasisioniee GOTBITUHCTBO MPUMEPOB B 9TON KHUTE GY/IET
HCII0JIb30BaTh OIHY U3 ABYX (DYHKIIMH aKTHBAIMH: JTMOO JIOTUCTUYECKII CHTMOWIL 0, JIN -
60 ReLLU. C uux, ocobenro RelLU, MBI 1 peKOMeHIyeM HAuMHATh Pa3paboTKYy, a TOTOM
VIKE, CITA OCTAHETCST BPEMsI, MOKHO TonpoboBaTh napamerpusoBannbie ReLU u apyrue
COBpPEMEHHBIE WJIeH: OHU MOTYT /IaTh HEKOTOPOE YJIy4llleHHe KauyecTBa, HO OHO, BEPOSIT-
Hee Bcero, 6y/IeT MapTHHAIBHBIM, U 3TY OTNITUMHU3AIUIO JIYYIle OTI0KUTH Ha TIOTOM.

3.4. Kak xe oby4yaloTcs HacTofiLMe HeMPpPOHbI

...Jlornueckoe MblITIEHUE JAKe Y «TUBUITM30BAHHBIX» JIIO/IEN TI0-
X03Ke, CKopee, Ha TaHIIbI JIONIA/IEH, TO €CTh Ha TPIOK, KOTOPOMY MOXK-
HO 0OYYUTH HEKOTOPBIX, HO JaJIEKO HE BCEX, IPUIEM OH MOXKET HC-
TIOJTHSITHCS JIUIID ¢ OOJIBINON 3aTPATOi CUJ U ¢ PA3HOU CTEMEHBIO
MacCTepPCTBA, U JIa)Ke JIyUIIre [IPeICTABUTENU He B COCTOSIHUU ITOBTO-
PSITh €r0 MHOTO Pa3 TO/IPSiI.

X. . Yavoannv. Ocroswt znoccemamuru

B 5T0li KHUTE MBI PACCMOTPHUM MACCYy Pa3JIUIHBIX APXUTEKTYP JIJIT HEUPOHHBIX CETel:
CBEPTOUYHBIE CETH, PEKYPPEHTHBIE, CETH C BHUMAHUEM, CETH C TTAMSITHIO, TAKWE CETH, CSI-
Kue, sTaKue... Korma Mbl 6y1eM OIUCHIBATH HOBBIE APXUTEKTYPBI, MBI €11l He pa3 BepHeM-
€SI K YCTPOHCTBY YeIOBEUYECKOTO MO3Ta U BBIHECEM U3 €r0 €CTECTBEHHON apXUTEKTYPhI
KaKue-TO HOBBIE MJIEW O TOM, KAK HaM YCTPOUTH apXUTEKTYPY CeTell NCKYCCTBEHHbIX.

Ho nipu aToM MBI Bero sopory OyaeM o6ydarh CeTH ¢ MOMOIIBI0 METO/IOB, OCHOBaH-
HBIX Ha TPAJIUEHTHOM CITyCKe, CYTh KOTOPOTO MBI YK€ PACCMOTPEJIH B paszeie 2.4, a 0 co-
BPeMEHHbIX MOJAU(MUKAIMAX TOTOBOPUM B paszjiesie 4. AJITOpUTMUYECKU TPAJIMEHTHbBIN
CILYCK peaji3yeTcs yepes 06paTHOe PacIiipocTpaHeHre OMIMOKI: MbI IOCTEIIEHHO CUNTA-
€M TPaIUEHT CJIOKHON KOMITO3UIINY 3JIEMEHTaPHBIX (DYHKIIUN U MepelaeM 3TH IPajin-
€HTBI 110 CeTH B 0OPaTHOM HaIlpaBJIeHUH.

JlelicTBUTENLHO I HACTOSIINE, <)KUBbIe» HEUPOHbBI paboTaioT uMeHHo Tak? Cropee
Bcero, HeT. EcTh cpasy HECKObKO CEphe3HBIX MPUYKMH CYMTATh, YTO 0OPATHOE PACIIPO-
cTpaHeHue omMOKY OMOJIOrnYecKre HeiPOHBI Pealn30BaTh He MOTYT.

Bo-11epBbixX, OHM [IepealoT APYT APYTY He BEIeCTBEHHbIE YICIa, a GUHAPHbIE CUTHA-
JIBL: OJTMH CTIAK, OJ{HA aKTUBAIINS HEHPOHA He COAEPIKUT [OCTATOYHO NH(POPMATINY JIJIsT
TOTO, 4TOOBI TIEPE/IaTh 3HAYECHUS IPAAMEHTOB (HA CAaMOM JieJie, KOHEUHO, BCe HEMHOTO
ciokHee, Ho Bee-Taku ). Ho aTo camo 1o cebe He Gena: roBops 0 AporiayTe B paszene 4.1,
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MBI 06CYINM, 3a4eM OHOJIOTHYECKUM HEHPOHAM MOXKET TIOHAOOUThLCS TIepeaBaTh He
caM TPaIueHT, a €r0 CTOXAaCTUYECKUU U CUJIbHO MCKaKeHHBIN BapuaHT. EcTb, Hampu-
Mep, SIPKUH Pe3yabTaT, TOBOPSIIHAHI O TOM, YTO IOCTATOYHO (CTOXaCTUYECKN ) TIepelaBaTh
ofiuH 6UT MHMOPMAIIUH HA TIPSIMOM TIPOXO/IE BLIYUCICHUS 3HAYEHUH CeTH U /1Ba GUTa Ha
obpatHoM, 4T0OBI 06paTHOE pacIpocTpaHeHne OIUOKU paboTajIo JOCTATOYHO XOPOILIO.

Bo-BTOpbIX, y HEHPOHA HET COEIMHEHMIT, paGOTAIONMX B 06€ CTOPOHBI CPasy: HEHPOH
nepesaeT CUTHAIBI 10 aKCOHY U TI0JIy4aeT BXO/Ibl Yepe3 JICHIPUTHI, & aBTOMATUIECKUX
JBYHAITPaBJIEHHBIX CBsI3€H, KOTOPbIe MOKHO ObIJIO OBI UCITOJIB30BATh B OJHY CTOPOHY
TPH TIPSAMOM ITPOXOJIE U B IPYTYIO TIPH O6PATHOM, Y HETO HET.

B-TpeTbux, 1 9TO caMoe Cepbe3HOe BO3PaKEHHE, IJIsi 0OPATHOTO PACIIPOCTPaHEHUS
ommOKK HeoOX0ANMO, YTOOBI HEMPOH YMEI IepefaBaTh 064 PA3HbIX TAIA 3HAYEHUI: BO
BpEMsI MPSIMOTO TIPOXO/Ia OH JIOJUKEH TTepe/laTh Pe3yJIbTaT BEIYNCIEHUS CBOEH (DyHKITUN
OT BXOJIOB, 2 BO BpeMst 00PAaTHOIO — Pe3yJIbTaT BHIYMCJIEHUS TPAJMEHTa CBOEH (DYHKIIUU
10 BXOZIaM.

JIJ1st KOMIIBIOTEPA 9TO, KOHEYHO, COBEPIIEHHO He TTPOo6IeMa: T/Ie OJIMH aJITOPUTM, TaM
u J1Ba. A BOT jiJis1 OHOJIOTMYECKUX HEHPOHOB 9TO CTAHOBUTCS HEMTPEOOJIUMbBIM TIPETISAT-
CTBUEM: B HUX HET MEXaHU3Ma, KOTOPBII M03BOJIsLII GbI paboTaTh MO-PA3HOMY B 3aBU-
CHMOCTH OT 4€ero 6Bl To HU OBLITO, KPOME COOCTBEHHO CBOMX BXOIOB. [oaToMy, X0OTst 10
KOHI[a 3TO ellle He ICHO, GUOIOrnYeCcKre HePOHBI BPsi/| I MOTYT HEMTOCPEACTBEHHO pe-
ATM30BBIBATH OGPATHOE pacipocTpaneHie omuokn!. Ho Kakue airopuT™bl OHI peaii-
3YIOT Ha caMoM Jieie? MoskeT ObITh, MBI MOKEM TI03aUMCTBOBATH Y TIPHPOJIBI HE TOJBKO
APXUTEKTYPBI, HO U AJITOPUTMBI?

B Havasie aToil ryIaBbl MBI y3Ke YIOMUHATIM OCHOBHYIO aJIbTePHATHBHYIO U0 00Y-
yeHUst HEHPOHOB B JKUBOM MO3re: o0yuenue no Xe60y. Ira ujes NMOABUIACH B KOHIIE
1940-x ronos [209] u ocHoBaHa Ha [IPOCTOM I[IPUHIUIIE: T€ CBA3U, KOTOPbIE YaCTO aK-
TUBUPYIOTCS, OTYYAIOT GOJIBIINE BECA, & T€, KOTOPbIE AKTUBUPYIOTCS PEIKO, OCTENEH-
HO otmupatoT. zen Xe66a ObICTPO CTANIN MEWHCTPUMOM HEHPOOUOTIOTHH, TOCTYKILIN
OJIHUM W3 OCHOBaHWI GUXEBHOPU3MA, ¥ JI0 CUX TI0P CUUTAIOTCS] BEPHBIMHU, TIEPUOIIYE-
CKH TOJIBKO YTOUHSASCh. MaTeMaTu4eCcKu CyTh TAKOTO 00YUYEHsI TPOCTA: MPETTOIOKIM,
4TO y HAC eCTh HAaBOP HEHPOHOB, KOTOPHIE KAK-TO CBSI3AHBI APYT C APYTOM, U KasKaast
CBSA3b MEK/lYy HEHPOHAMU 7 M j XapaKTepusyeTcs: BecoM w;j. [lonaaum Ha BXoabI ceTu
HEKU TPEHUPOBOYHDLIN IPUMeED; B pe3yJibTaTe HaXOXKAeHN 3HAYeHUI aKTUBAIUI KasK-
IblLil HelipOH OyeT BHIYUCIATH HEKOTOPBIN BBIXOZ ;. Torma o0yuenne GyaeT coCTosATh
B TOM, 4YTOOBI YBEJMUYHUTh BECA CBSA3EH MEKY aKTHBUPOBAHHBIMY ITAPAMU HEHPOHOB:

Aw; = nr;z;.

B aTOM ypaBHEHUH MOKHO JUOO CUMTATh, YTO KAJKABIA T; PaBEH WJIKM HYJIO, WA
eIMHUIIE, U YBEIUYUBATh BECA TOJBKO aKTUBUPOBAHHBIX HEHPOHOB, JTMOO CUUTATH, YTO
Z; paBHBI 1 1 —1, ¥ IPU 3TOM yBEJUYMBATH TaKKe Beca MeX/1y HelpoHaMu, HU OJUH
13 KOTOPBIX He aKTUBUPOBaH. KpoMe TOro, HY:KHO JInOO MOHEMHOKKY YMEHBIIATD Beca

1 Ha sror cuer, BIipoueM, ecThb 1 APYIHe WJEH: CM., Harpumep, gokaan Jxeddpn Xunrona «Kak crenats
oGpatHoe pacripocTpaderue B Moare» [218]. OnHaKO OKA3aTeTIbHO TO, UTO TOT JOKJIAJ TAK U HE PEBPATHIICS
JIaXke B CTATBIO.
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BCEX HEHPOHOB PAaBHOMEPHO, JINOO IIEPEHOPMUPOBATh Beca Tak, YToObI 00IIass «d9HEP-
THST» CUCTEMBI OCTABAACH TIOCTOSTHHOM.

[Tpasuio 06yuenust Xe66a BBIMJISAUT rOpasio MPOILe U JOTHYHee st OUoJornye-
CKUX HEepOHOB, 4eM oOpaTHOe pacipocTpaHenye rpaguenTos. Oanako B 1940-x rogax
OHO TOKE CHJIBHO OIEPeINJIO pa3BuThe Helpobuosoruu. IlepBbiM mpuMepoM OHoJIo-
rMYEeCKOTO MEXaHM3Ma, KOTOPBIiL ojaepkuBaer ooyuenue 1o Xe60y, cTaia J0JIroBpe-
MmenHas notenimanus (long-term potentiation, LTP). Ilpu Heit kak pa3 ycuauBaercst
CUHANITHYECKAsI ITepeada MeKY ABYMsI HEHPOHAMU, KOTOPbIE aKTUBUPYIOTCSI OZTHOBPE-
MerHo. OTkpeLTH ee Tepne Jlemo u Tumotn bance, mpoBoaMBIIE SKCIIEPUMEHTHI Ha
kpoJsinkax B Kouite 1960-x — magase 1970-x romos [49, 50, 332], u ceituac cuntaercs,
YTO [IOJITOBPEMEHHAS TIOTEHITUAINS — 3TO OJJMH U3 OCHOBHBIX MEXaHMU3MOB TOTO, KaK
HMMEHHO paboTaeT HaMsTh 1 00y4eHue.

B uckyccTBeHHOM HHTEJIEKTE MTPaBUIO Xe60a MPUBEJIO K TOSIBJIEHHIO TaK HA3bIBa-
eMbIx cemeti Xongunda. 1o rpadpuaeckue BepOSITHOCTHBIE MOJIEJTH, KOTOPBIE PEATH3Y -
0T aCCOLUATUBHYIO IAMATh: ceTh (110 (popMe OHa OOBIYHO IIPEACTABJISET COOOM ABYMED-
HYTO PEIETKY ) «3aIIOMUHAET> HECKOJIBKO JKeJIaeMbIX COCTOSTHUI-acconuaIinii. 3armoMu-
HaHUe TPOUCXOUT € TTOMOIIBI0 00yueHust 110 XeO0y, U B PE3yJIbTaTe TAKOTO 00y IEHIS
3aITOMHEHHBIE COCTOSTHUS CTAHOBATCS JIOKATbHBIMU MITHUMYMaMU aHepruu ceTu. CeTb
3aTeM J0JKHA CXOAMTHCS K OJHOMY M3 HUX M3 JII000r0 Ha4aJbHOIo cocTosHus. Mues
cereii Xomduaga cocTosia B TOM, YTOOBI TAKMM 06Pa3soM MOJEIMPOBATh IIPOLECCHI ac-
COIMAaTUBHOTO BCIIOMUHAHUSI, KOT/Ia BO3MOXKHBIX ACCOIMAIINI HECKOJIBKO, U BCILJIBIBAET
«camas 6smsKast» u3 Hux [230, 451].

Ogxnaxo 1oka cetu Xonduiga paboTaioT COBCEM He TaK XOPOIIO, KaK XOTeJI0Ch Obl.
EcTb 1 coBpeMeHHbIe HEHPOHHbIE CETH € TTaMAThI0 (MbI KPaTKO 0OCYANM UX B IJiase 8),
HO TIPEJICTABJISIETCSI, YTO OCHOBHBIE MCCJIEJOBAHUSI B 0OJACTH MOETUPOBAHUS aCCOIIU-
ATUBHOM MAMSITH e1lle BIIEPEIH.

B coBpeMeHHOIT HEPOOMOIOTUH SIBJICHUE JOJTOBPEMEHHON MOTEHIMAIIIH YIKe, KO-
HEYHO, U3YY€EHO B IOAPOOHOCTAX. B yacTHOCTH, HEHPOOUOJIOrH BBISACHUIIU, YTO yCUJIe-
HU€e CUHATITUYECKON CBSI3U MEK/Iy HEHPOHAMU 3aBUCHT HE TOJIBKO OT CAMOTO (haKTa COB-
MECTHOM aKTHBAIINU, HO M OT KOHKPETHOTO BPEMEHH, KOT/[a BCE 3TO IIPOUCXOINT, TO €CTh
OT TOTO, KAKOE BPeMsl MMPOXOJNUT MEXK/Y ClaiikaMy HEPOHOB Ha BXOJI€ U HA BBIXOJIE.
IT0 SBJIEHIE Oy 4o HasBauue spike-timing-dependent plasticity (STDP) [70, 352].
Henasusist pabora Momya Bermpkn ¢ coasropamu [538] mbiTaeTcst 2aTh TeOpeTHIecKoe
obocuoBarre STDP B koHTekcTe riyboKoro o0y4eHusi, ¢ TOYKU 3PEHUsT MAITMHHOTO
00yuYeHUsT 1 ONTUMU3AINN (PYHKIIHIA.

Ecrb u npyrue mmen o ToM, KaK MOXKHO oOydaTh HeipoHHBbIE ceTH 0e3 BCSIKHUX
IPaJIieHTOB WJIN C TPAUEHTAMU, BBIPAKEHHBIMU B OUeHb HEOXUAaHHOU (popme. Tak,
Ixeddpu Xunron u xeiimc Makkiennanz eme Bo Bropoi moiopune 1980-x romos
MPEJIOKUIN CIT0co0 00y4aTh aBTOKOAMPOBIIUKN (€3 paclpocTpaHEeHUsT OIMIMOKY, 3a
CYeT TaK HA3bIBAEMOU PEIMPKYJISAIINY aKTUBAIINN 110 HeUPOHHOU cetn [222]. laBaiite
PaccCMOTPHUM ee Ha TIPOCTENTIIEM TTPUMepE, KOTAa B CETH €CTh IPYIINa BUIUMBIX HEHPO-
HOB, Ha KOTOPBIE IMOIAI0TCST BXO/IBI, U TPYIITIA CKPBITHIX HEHPOHOB, HAa KOTOPBIX JIOJIZKHO
00yunThCS XOPOIIiee MIPeACTaBIeH e 9TUX BX0A0B. ['pad cBsizell ABYM0NbHbII: KasK IbIi
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BUIMMBbIII HEIPOH CBsI3aH € KasKAbIM CKPBITBIM, HO He MKy co0oii. Takast apxuTeKTypa
OYEeHb [IOXO0KA Ha OTPAHUYEHHYIO MaltiHy BoJibliMaHa, ¥ alrOPUTM ee 00YUEHUsT TOKE
Oyzer yeM-To 110X0k. ITycTb, Gosiee TOro, Kax/blii HeMPOH — 9TO OOBIYHbII 3HAKOMBIN
HaM TePIENTPOH C CUTMOU/IAJIbHON (DYHKIIMel aKTUBAIIUN:

yj =0 (z) =0 | D wiwji — b
%

Toraa npouenypa pelupKyaaiuy paboraer cieayoimm obpasom. [IpeacraBum ce-
6e, uTO 0OyUEHNEe HEHPOHHOI CETH TPOMCXOIUT He aOCTPAKTHO, a «B PEAIbHOM BpeMe-
HW», TTOCJIeTOBATEIHHOU TIepeiaveil ak TUBAIIUHN MEKIY HeTPOHAMU, U Tiepe/iada aKTHBa-
LU ueT B 06e CTOPOHBL: B KasKAbIi (JUCKPETHBIN) MOMEHT BPEMEHU aKTUBALUN Heli-
POHOB MEHSTIOTCS.

Torna To, 4TO BepHETCST K HEHPOHY BUAMMOTO YPOBHS TIOCJ€ TYTEIeCTBUS Ty/1a-
06paTHO MO CEeTH, — 9TO U eCTh BOCCTAHOBJIEHHBIN BXOJI, KOTOPBIH Y aBTOKOAUPOBIIIHU-
Ka JIOJKEH OBITh KaK MOXKHO OJIMIKE K M3HaYaIbHOMY BXoy. M Ta camast IpOU3BO/IHAS,
B CTOPOHY KOTOPOU HYKHO U3MEHSTH BeCa Ha ITYyTH OT HEPOHOB CKPBITOTO YPOBHS K BU-
JINMBIM, — 3TO BCETO JIUIIIb PA3HUIIA MEXK/Y TEM, YTO BUAUMbBII HEUPOH IMOCHLIAJ PAHb-
1€, ¥ TeM, YTO IIPUIILIO K HeMy o6paTHo! OCTaszoch TONbKO MPEAIOI0KUTD, YTO KaXK AbIiA
HelPOH CII0co0eH «3allOMIHATh> CBOE TIPeIbIAYyIlee 3HauUeHne 1 IefiCTBOBATh Ha OCHOBE
Pa3HUITBI MEXKIY CBOMM IPEAIIECTBYIONUM COCTOSTHIEM W BHOBD MTPUIIIE/IIIEN aKTHBA-
1ueit. ITo IpeAnoIoKeHne OUOJOrMIecKy BIojHe pasyMHuo. [Tosydaercs, 4To usMeHe-
HUeE Beca OT j-ro HElPOHA CKPBITOTO YPOBHS K i-My HEHPOHY BUAMMOIO YPOBHSI MOKHO
MOJICYNTATD KaK

Auwij =y (y§“> - y§2>) ;

rJie BepXHIe UHIEKChl 0003HaYaoT BpeMsi. B [222] okaszamoch, 4TO Takoe MPpaBujio 06-
HOBJICHUSI IeHICTBUTEIBHO CXOUTCS KyZa HA/l0, IPOCTO CXOAUTCST HECKOJIBKO Xy Ke, 4eM
OOBIUHBII IPAIMEHTHBIN CITYCK, TOATOMY JIJIST UCKYCCTBEHHBIX HEHPOHHBIX CeTell HeT
GOJIBIIIOTO CMBICJIA TIPUMEHSITh TaKOe 00yUYeHMe.

HecMmotpst Ha 9TH OT/1e/1bHBIE PA0OTHI, B IAHHOM pas/ieJie, Kak U paHee B pasjedie 1.4,
MBI YBUJIEJIN, YTO YeJI0BeYeCKUIl MO3T U HeIPOHHbIE CETH — 3TO XOT$ U YeM-TO IIOX0XKUe,
HO BCe-TaKU TIOKa OY€Hb PasHble yCTpoiicTBa o6paboTku nrdopmarmn. [loatomy coBpe-
MeHHbBIe HEHPOHHBIE CETH HE CTOUT PACCMATPUBATh KAK TOMBITKY SMYJIUPOBATH paboTy
MO3Ta: I3, MbI MHOT/IA BIOXHOBJISIEMCS TeM, KaK B HAIlIUX TOJI0BAX BCE YCTPOEHO, HO TI0-
Ka ¥ HE OYEHb-TO TIOHUMaEM, KaK MO3I 00yd4aeTcsi Ha CaMoM JieJie, U He MOJKEM TOYHO
AMYJINPOBATD JJa’Ke TO, YTO YKe IOHUMAEM.

Eite pa3 MbI BepHeMcsI K 9TO# TeMe B pazjieie 5.1, rie oroBopum 0 ToM, KaK YCTPOIi-
CTBO YYaCTKOB KOPBHI TOTOBHOTO MO3Ta, OTBEUYATOIIIX 32 3pEeHNe, TOMOTJIO HcCle/[oBaTe-
JISIM TIPUIyMaTh CBePTOUYHbBIE HelipoHHBIE ceTH. HO B 11e10M TeMY COOTBETCTBUS MEKIY
HEHPOHHBIMU CETSMU U YeJI0OBEUYECKUM MO3TOM TI0PA 3aKPBITh: OTHBIHE JIJIs HAC HEWPOH-
HbIE CeTH — 3TO (POPMATU3M MAITMHHOTO 06YYEHUs, 2 He MOMBITKA YTO-TO MOACMOTPETh
Y [IPUPOJIBL.
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3.5. nybokue ceTu: B 4eM npenectb 1 B YeM CJIOXKHOCTb?

Ecan y Menst 6b110 Kakoe-HIOY b sKeJIaHKe, TO JIMIIb OAHO: [1y6-
Ke, CUJIbHEe TIOTPY3UThCS B ATOT COH, BCe TIyOsKe n TaybixKe, U eme
riay6xe...

A. Tapbope. Cnepmo

We need to go deeper.
U3z x/@ Inception

K HacTosiiiieMmy MOMEHTY MBI Y3HAJIU YK€ OU€Hb MHOTO O HEPOHHBIX CETSAX. M bl TIOHSLIH,
YTO OHU COCTOST U3 HEMPOHOB, Pa300pa/ii, KaK BbIIISUT OAUH HEHPOH, KAK OHU COE/I-
HSIIOTCS B €INHYI0 HEHPOHHYIO CETh 1, TJIABHOE, KaK IOTOM MOKHO 00y4aTh 9Ty HEIPOH-
HYTO CETh: JIJIsl 3TOTO MCIIOIb3YIOTCST Pa3Hble BAPUAHTHI TPAAUEHTHOTO CITYCKAa, KOTOPbIE
MBI OZPOGHO PACCMOTPUM B IJIaBe 4, a 4TOOBI COGCTBEHHO IIOACYUTATh MPALHEHT, MOK-
HO BOCIIOJIb30BAThCS aJIFCOPUTMAMU aBToMaTu4deckoro auddepennupoBanus Ha rpade
BBIUMCJICHHIL, 0 KOTOPBIX Mbl HEIABHO TOBOPUJIK. Bee a1 MeTo b, BOOOIIE rOBOPS, HU-
Kak He 3aBUCIT OT apXUTEKTYPbl HEIPOHHOW CEeTH M TEOPETUYECKHU J0JIKHBI paboTarh
1151 1060r0 rpada BRIYUCAEHNH, TUIIb ObI MbI yMEJIU IPOOPAChIBATH IPAAMEHThI YEPES
Y3JIbL, TO €CTh PEANN30BbIBATH IPOLIEAYPY 0OPATHOIO PACIIPOCTPAHEHMSL.

Wnes rpada Beramciennii He KaXkeTcsl TAKOM YK CJIOKHOU, O TOM, Kak nuddepen-
IUPOBATh KOMITO3UITUIO (DYHKITWH, JIIOAM 3HAIOT YK€ Ha MPOTSIKEHUH HECKOJbKUX Be-
KOB, JIa U HEIIOCPEACTBEHHO aJITOPUTM TPAMEHTHOIO CIIyCcKa ObLI U3BECTEH JaKe paHb-
nre XX Beka. Cama ujies IOCTPOUTD TJIyOOKYIO CETh, TO €CTh HaHM3aTh APYI Ha Apyra
HECKOJIbKO YPOBHE HEHPOHOB, TOKE He KaskeTcst BepXoM usobperareibroctu. Heyxe-
Jii OBLIO TaK CJIOKHO CKOMOMHMPOBATh 9T MIEU BMECTE, YTO PEBOJIONHUS TIIyOOKOro
obyuenust Hadasmach TobK0 B X X1 Beke, B 2005—-2006 rozax, a 10 aToro riybokue ap-
XUTEKTYPbI U aJITOPUTMbI ObLIM HEU3BECTHBI?

Koueuno, vet. Ven riryGOKUX HEHPOHHBIX CETEN UMEIOT MOYTH TAKYIO JKE JOTYI0
FICTOPHIO, KaK ¥ CAMH HCKyCCTBeHHbIe Heiiponubie cetnl. IlepBble rIyboKue CeTH 1o-
SBUJINCH elle B cepeane 1960-x romos, U 3/1eCh €CTh MTOBOJ AJISI MECTEYKOBOM TOPIO-
CTHU: IIEPBBIE HACTOSIINE IIyOOKUE CeTH B BUJE IIYOOKUX MEPIENTPOHOB GbLIK ONUCa-
HBI B paGoTax coBeTckoro yaenoro A. I'. Baxuenko? [257, 588]. BaxueHKo paspaGoTat

! 3a panneii ncropueit Bompoca 371eCh MBI OTISITH 0OPAIIAEMCS K CCBLITKAM U3 YK€ YTIOMHHABIIEr0Cs HCTO-
pudeckoro o63opa IOprena [Imuaxy6epa [475]; keratu, Ha Hegasueit kordepentpm NIPS 2016 IImuaxy6bep
B CBOEM JIOKJIa/Ie TIOCBSITUJI OT/AEIbHbIH caii Asiekceio ['puropbeBuuy VBaxHeHKO, HA3BaB €10 «OTIOM TJIy-
60KOT0 00y IEeHHSI».

2 Anexceii Ipuzopvesuy Heaxwenxo (1913-2007) — coBeTCKUil YUEHDIH, CIIEIMATICT B 00JACTH CHCTEM
yrpasieHns. MeTos rpyIoBOro y4eTa apryMeHTOB CTaJl €0 OCHOBHBIM PE3YJIbTaTOM, I HOZO0OHBIE METO/IbI
VIBaxHEHKO pa3BUBAJ U MIPUMEHST 3aTeM BCIO KU3Hb. XOTSI €T0 paGOThI TOTYININ IHPOKOe TTPU3HAHIE BO
BceMm Mupe [150], ceffuac ero peziko BCIIOMUHAIOT CPEU IIEPBOOTKPbIBaTesell rybokoro obydenust; OyieMm
HazestThest, uto HeMell [IIMiaxy6ep cMOJKeT OTCTOSITh «CJIaBY COBETCKOTO OPYIKUST».
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TaK HA3bIBAEMBI MeMO0 Zpynnosozo yuema apzymenmos [253], cyTb KOTOPOTO BBITJISIIAT
MIPUMEPHO TaK:

* CHayaJia MbI BbIOMpaeM oOIINi BUJ, TapaMeTPUUECKOe CEMENCTBO MoJIeIell, KOTO-
pbie OyzaeM 00yuaTh; IBaXHEHKO IMpeIaral NCIOIb30BaTh TAK HA3bIBa€MbIE 10-
aunomwvl Koimozoposa — Iabopa, TO €CTh IO CyTH TIPOCTO MHOTOUJIEHBI C HEU3BECT-
HBbIMU KO9(hUIIMEHTaMH, HO MOTI'YT OBbITh U JII0ObIE IPYTHUE;

* crpouM 1 00ydaeM pasHble BAPHMAHTHI BBIOPAHHBIX MOJIEJIEN;

* BBIOMpPAEM C IIOMOIIbI0 METPUKH KAyeCcTBa HECKOJIBKO JIYYIIMX MOJeJe; eciu
HY’KHO€e Ka4eCcTBO y>Ke TOCTUTHYTO, MOSKHO HIYETO JIAJIbIIIe He JIeIaTh;

* HO eCJTH elle He JOCTUTHYTO — U 3TO KITI0UeBON MOMEHT — TO MBI HAUMHAEM CTPO-
UTh MOJEJIN CJIEAYIONIEr0 YPOBHSI, MCIIOJIb3ys BbIXOZbI IIOA00PAHHbIX Ha IIPE/Ibl-
JIYTIEM IIIaTe MOJIeJ el KaK BXOJIbI JIJIsI TOCJIe/IyIOINX;

* 3TOT IPOIIECC MOKHO PEKYPCUBHO IIOBTOPSITH /IO TEX TTOP, TIOKA KAYeCTBO MOJIEITN
Jiu00 He JIOCTUTHET HY/KHOTO YPOBHSI, JIMOO He TIepecTaHeT yIydIiaThCs.

Mertoz TPYIIIOBOrO yYeTa apryMEeHTOB BBITJISIIUT HA YAWBJIEHHE COBpeMeHHO. Ec-
JIM B HEM B KauecTBe 6a30BOH MO BHIOPATh MEPIEIITPOH, MBI TIOTYYUM THITHIHYIO
HEHPOHHYIO CETh C HECKOIBKUMHU CJIOSIMI, KOTOPAst 00yYaeTCs CI0H 32 CT0eM: CHAYaIIa
HePBBIi, TOTOM OH (DUKCUPYETCST M HAYMHAETCST OOyU€eHIe BTOPOTO, U T. JI. Y’Ke B Hava-
Jjie 1970-X TOOB 3TUM METOIOM BIIOJIHE YCIIENTHO 00yYaIuCh MOJIETH BILIOTD /10 CEMU
ypoBHeii B ryOuny [256], 1 3T0 04eHb [OX0Ke Ha IIPOIeAyPy IpeaobydeHus 6es yuu-
TeJIsT, KOTOPYIO MBI 7K€ YITOMIHAJIH ¥ TIOAPOOHO 0OCYANM 4y Th HUXKE.

Ho Bce-Taku HelipOHHBIE CETH B UTOTe MOILIN HEMHOKKO JIpyTuM myTeM. [lepBoit
riyGOKON HEHPOHHON CEThI0 MOXKHO CUMTATh yiKe yroMmuHasmmiicst Neocognitron Ky-
nuxupo Oykycumbt [166, 167], B KOTOPOM MOSIBUJINCH U CBEPTOYHBIE CETH, U AKTHU-
Baruu, oueHnb moxokne Ha ReLU. OmqnHako sTa Moneab He 06yvaniach B COBPEMEHHOM
CMBICJIE BTOTO CJIOBA: BECa CETH YCTAaHABJIMBAJIMCH U3 JIOKAJIBHBIX TIPABHJI 00yueHUsT 6e3
yuurejist. [[pUMEPHO B TO jKe BPeMsI TIOSIBUJIUCH U TIIyOOKME MOJIETH Ha OCHOBE 00paT-
HOTO pacrpoctpaHeHusi. [lepBbIM IIPUMEHEHHEM OOPATHOTO PACIIPOCTPAHEHUST OMIUG-
KU K IPOU3BOJIHBIM apXUTEKTYPaM MOKHO CUMTATH PAOOTHI (PUHCKOTO TOT/IA €IIe CTY-
nenta Cermo JInanenmaa [329]': B 1970 oy oH OCTPOMI IPaBIIa ABTOMATIYECKOTO
muddepentinpoBanus 1o Tpady BBIUUCIEHUH, KOTOPble MBI pacCMaTPUBAIN B Pasjie-
Jie 2.5, B ToM umcie u ob6paTHOe pactpocTparerue. OTHAKO HEWPOHHBIMU CETSIMU U BO-
o01ite MaMHEHBIM 00ydyenneM JIMHHEHMaa Toraa He uHTepecoBaics. K HuM a1y uen
ObLIu npuMeHeHsl B pabotax Jdpeiidyca [128] u Bep6oca [564], a HaunHas ¢ Kiaaccude-
ckux pabor Pymesbxapra, XuHTOHA M Y HIbsAMca, yBuAeBIIMX cBeT B 1986 roay u uyTh
nossxke [459, 460], MeTo1 0OpaTHOrO PACIPOCTPAHEHUST CTAJ OOIIEIPUHSATHIM JJIsI 00Y-
YeHUsT JII0OBIX HEHPOHHBIX apxXuTeKTyp. Ha 9TOM UCTOPHUST HEHPOHHBIX ceTell HaurHaeT

! Hemyio 6uorpadiraeckyro cHOCKyY THcaTh o JIumHenMaa e 6yzeM, Ho OTMETHM, YTO O TIOJTYYHJI CAMYIO
nepsytwo crenedb Ph.D. 1o nadopmaTuke B uctopun yHusepcutera XeabcuHkn. A paboty 06 06paTHOM pac-
[POCTPAHEHNHU OH 3alIUTII B KauecTBe auiioma Maructpa (M.Sc.)! Yuraonum Hac cTyIeHTaM 1ocoBeTyeM
HE BellaTb HOC U HE CYUTATh, YTO «TOr/ia 6])1]10 HMHTEPeCcHee»: IMOBEPbhTE, Ha Balll BEK MHTEPECHDBIX 3a/la4 TOKE
XBATHT.
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3aMETHO Pa3BETBJIATHCS, U MBI BEDHEMCS K HEll yoKe B COOTBETCTBYIOIIUX IJIaBaX, MOCBSI-
IIIEHHBIX KOHKPETHBIM apXUTEKTYPaM.

A ceftuac mepeiiieM K BOIIPOCY, TaK CKa3aTh, TEJIEOJOTHUECKOTO XapaKTepa: 3a4eM
BooOOIIIEe HY KHBI T1yOokue cetu? Kiaccnueckas reopema Xophuka [231], ocHoBaHHast
Ha 6osee panaux paborax Kosmoroposa [589], yreepskgaer, uTo 100yIo HEIPEPbIBHY IO
(DYHKIIMIO MOXKHO CKOJIb YTO[HO TOYHO MPUOIU3UTD HEHPOHHOMN CETHIO C OMHUM CKPBI-
ThIM ypoBHeM. Kazanoch 6bl, 9TOr0 10JEKHO OBITH I0CTATOUHO. 3a4eM ILJIOIUTh JIUIITHIOIO
CJIO’KHOCTh Ha POBHOM MecTe?

JleJio B TOM, 4TO IIIyGOKHE apXUTEKTYPhI YaCTO MO3BOJISIIOT BHIPA3UTh TO JKe CaMOe,
npubIN3UTDh Te ke QYHKIK Topasfo 6osee abhdexTuBHO, yeM Hermybokue. Yurate-
JIA C HEKOTOPO# TIOJITOTOBKOM B TEOPETUYECKOU MH(DOPMATUKE MOTYT, TIPEK/IE YEM J[BU-
raThCst JIAJIbIIle, BCIOMHUTD AHAJOTHYHbIE YTBEPKACHHSI O OYJIEBBIX CXeMax: M3BECTHO,
YTO CXeMbI TIYOHHOI k + 1 MOTyT ahheKTHBHO BBIPA3UTL CTPOTO HOJBIITE GYIEBCKIX
dbyHKIM, yeM cxeMbl riyOrHOIT k. Bosiee Toro, MOKHO Jake IOCTPOUTH IKCIIOHEHIIH-
aJibHblE pa3fiesieHUsT MKy PA3HBIM YHMCJIOM YPOBHEH, TO €CTh JJIS BCIKOTO k MOXKHO
npuzyMaTh QYHKIIMIO, KOTOPYIO MOKHO BBIPa3UTh MMOJMHOMUAIBHON CXeMOii riy6u-
HBI k + 1, HO KOTOpast TpebyeT aKCIOHEHI[MATBHOTO pa3Mepa cxeMbl Tyounbt k [208].
C ypoBHSMU HEHPOHHOU CETH BO3HUKAET TOT ke adeKT: oqHy U Ty XKe (HyHKIUIO Ya-
CTO MOYKHO ropasio JIyulie npubausnuTh 6oJiee riryGoKoI CEThIO, 4eM MEJIKOH, Iaske eCoiu
ob11ee YKMCI0 HEHPOHOB B CETH OCTABUTE MOCTOSTHHBIM.

Mpbi He Gy/IeM BAaBaThCs 3/1€Ch B TEOMETPUYECKUE MOAPOOHOCTH, HO PEKOMEHIyEeM
Ha 3Ty TeMy pabory [398], B KOTOPOil OYeHb UBSIIHO IIOKA3aHO, YTO CJIOH HEHPOHOB
¢ ReLU-akruBanmei pakTrueckn «CBOPAaYMBaeT» MPOCTPAHCTBO, OTOK/ECTBIISISI HEKO-
TOPbIE €r0 YaCTU MEX/Y COOOIl; 1 MOATOMY Pas/IesISIONIHe TIOBEPXHOCTH, ITOCTPOEHHBIE
B 3TOM «CBEPHYTOM» [TPOCTPAHCTBE, IIOTOM «Pa3BOPAUUBAIOTCS> B TOPAsIo O0JIee CII0K-
HbIE KOHCTPYKITUK B ITPOCTPAHCTBE COOCTBEHHO BXOAHBIX BEKTOPOB.

A npyras cTopoHa cuIIb TIyGOKUX ceTell — aTO TO, UTO TIyOoKast HeHPOHHAs CETh CO-
3[[aeT He TPOCTO TIyOOKOE, HO ellle U pacnpedeiieHroe npedcmasietue. 31ech pedb et
0 TOM, UTO KaK[IbIil yPOBEHD IJIyOOKON CETH COCTOUT He W3 OJHOTO HEHPOHA, a cpasy
13 MHOTHUX, U KOMOWHAIIMU 3HAYEHUIH 9TUX HEHPOHOB MPOUBBOASIT CAMbIA HACTOSIINI
AKCIIOHEHIIUAIBHBII B3PBIB B TPOCTPAHCTBE BXOOB!

MbI IPOMJLTIOCTPUPOBAJIA 3TO IPUMEPOM Ha puC. 3.8, TOJOOHBIN KOTOPOMY YacTo
IIPUBOIUT B CBOUX CTaThsX 1 kuurax Vomya Benmku [38, 184]. IIpeacrasum cebe, uto
MBI MOKEM Pa3[esITh TOYKU HA MIJIOCKOCTH C IOMOIIBIO TPEX BO3MOXKHBIX IIPU3HAKOB,
KaxIbIil 13 KOTOPBIX — 9TO JuHelHas GyHkumst: f1, f2, f3. Ha puc. 3.8, a msobpaxena
pasziesisgroniasi MOBEPXHOCTD 110 OJTHOMY M3 HUX, TO €CTh TIPSAMasi Ha TIOCKOCTH, W Pa3Me-
YEeHbBI YaCTH, HA KOTOPBIE TIPSIMas JIEUT TLIOCKOCTD. YacTeil aTux, pagymeeTcs, /iBe.

Kax cremyer o6beIMHATH 9T TPU3HAKK B HalleM Kiaaccudukarope? Bo-mepsbix,
MOKHO TTOIPOOOBATH I0OABUTH TIIYOUHBI U CJIEJATH IEPEBO IPUHSATUS PEIIEHNH; TP~
MepP TaKOTo JiepeBa M COOTBETCTBYIONIAs PasfeJisionias MOBEPXHOCTh TOKA3aHbl Ha
puc. 3.8, 6. O6paTuTe BHUMaHUE, YTO JEPEBO JETUT MIOCKOCTh HA CTOIBKO JK€ 4acTeit,
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f2(x)>0
fa(x)>0

f,(x)>0 £.(x)=0

f1(x)=0 f1(x)=0

f1(x)=0

a 6 8

Puc. 3.8. Cuuia pactipe/iesleHHBIX NTPEJCTABICHUIN: @ — Pa3zesIsaolas IOBEPXHOCTh OJJHOTO
[PU3HAKa; 6 — Pas/esIsIoNIast MOBEPXHOCTD fiepeBa IIyOHHBI 2 Ha TPeX MTPU3HAKAX;
6 — pasieJIIolIasl IOBEPXHOCTD TPeX IPU3HAKOB CPa3y

CKOJIbKO Y HEro JINCThER: YTOOBI Pa306paTh YEThIPE PA3HBIX BO3MOXKHBIX CITydast, HAM
HOTpe60BaNIOCh OCTPOUTD AEPEBO € YETHIPHMS TUCThAMU. A Ha puc. 3.8, ¢ n306pakeHo
pacipesiesieHHOE IPe/ICTaBICHIE: JaBaiiTe IPeICTABUM, UTO HAIIl «BTOPOH CJI0I» MOKeT
COCTOSITh U3 TPEX HEUPOHOB cpasy. Torna BCeBO3MOKHbIE KOMOMHAIIMN 9THX TPEX Hell-
POHOB MOTYT PacHo3HATh cpasy 2% = 8 pasHBIX ciTyyaes (Ha KapTUHKE U3 HUX peasn-
3yeTcst 7), M 3TO YUCJIO PA3HBIX BAPUAHTOB PACTET AKCIIOHEHIIUAIBHO TIPU POCTE YUCIIA
HEHWPOHOB.

A Tereph npezicTaBbTe (HAPUCOBATH 3TO GBIJIO OB YIKe CI0KHO — CIIUIIKOM 3aIly TaH-
Hasl TIOBEPXHOCTb MOJIYYUIIACh ObI), UTO 32 BTOPHIM YPOBHEM €CTb ellle TPETHUli, TO eCTh
MBI MOKEM COCTABJIATH Pa3HbIe KOMOMHAIMN U3 TAKUX BOT Pa3e IsSIONIIX IOBEPXHOCTEN
10 TPU TIPSIMBIE B KQKIO. ..

Hy xopoimo. ITpeamnosoxum, Mbl Bac yOeAUIN B TOM, 4TO TJIyOOKUE HEHPOHHBIE Ce-
TH JIeHCTBUTENBHO HYKHBL Ho TOT/Ia BO3HUKAET BTOPOIl BOTIPOC: a B 4eM, COOCTBEHHO,
npobiema? Tlouemy riryGoKue ceTd, B KOTOPBIX HET HUYErO TEOPETUYECKU CJIOKHOTO
U KOTOPbIE, KaK Mbl YK€ BH/IEIH, TOSBUIMCH TOYTH OJHOBPEMEHHO C aJIFOPUTMOM 00-
PaTHOTO pacIpOCTpaHeHHs OUIMOKH, TaK JOJT0 BHI3bIBAIM Takue caokHocTu? I[louemy
peBoutonus rirybokoro o6yuenus npousonnia B cepeaute 2000-x, a He 1980-x romos?

Ha sTor Bompoc ectb /iBa oTBeTa. IlepBriit — MmaTemarnueckuil. /lesio B Tom, 4TO I1y-
GoK1e HePOHHBIE CEeTU 00yYaTh, KOHEUHO, MOKHO TEM e aJTOPUTMOM IPaJUeHTHOIO
CIlycka, HO B 6a30BOM BapuaHTe, 0e3 JOIOJHUTEIbHBIX YXUIIPEHUH paboTaTh 9TO HE
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Oyner. IIpeacrasbre cebe, YTO BbI Havya M 00ydyaTh r1yOOKYIO CEeTh aITOPUTMOM 00par-
HOTO pacrpoctpaneHust ook, TlocaeaHui, 6imKalnnil K BBIX0JaM YPOBEHb 00Y-
YUTCS TOBOJBHO OBICTPO U 0ueHb Xopotno. Ho uto mpousoiiger naspine? Jlanbiie oka-
JKeTCsl, 4TO GOJIBIIMHCTBO HEMPOHOB TIOCJIETHETO YPOBHS HA BCEX TECTOBBIX MPUMEPAX
YIKE <OIPEETUIUCH> CO CBOUM 3HAYEHUEM, TO €CTh UX BBIXO/[ GJIU30K MJIU K HYJIIO, N
K einHuUIe. Ecy y HUX KJlaccuyeckast CHTMOUIATbHAS (DYHKIUS aKTUBAIIMH, TO 3TO 3Ha-
YHT, YTO IPOU3BOAHAS Y 9TON (DYHKIIMU aKTUBAIMK OJIM3KA K HYJIFO ¢ 0GEMX CTOPOH... HO
BeJlb Ha 9Ty TIPOU3BOHYO MbI IOJIKHBl YMHOKUTB BCE TPAJUEHTHI B aJITOPUTME 00par-
HOTO pacnpocTpaHenus!

Takum 06pa3oM, TTOJIYYAETCST, YTO OOYIUBIIHIICS TOCTETHUN CION HEHPOHOB «610-
KHPYET» PAacpocTpaHeHUe TPaJANEHTOB JaJbliie Ha3a/l 1o rpady BhIUUCICHUH, 1 GoJiee
paHHMEe YPOBHU TJyOOKOH CeTH B pe3yJibrare 00ydYaroTcsi O4eHb MEJIEHHO, (hakTide-
CKH CTOAT Ha MecTe. ITOT 3 (hEKT HAZBIBACTCS NPOOAEMOT 3AMYXAIOUUX ZPAOUEHINOB
(vanishing gradients).

A B riaBe 6 MbI YBUIMM, YTO C PEKYPPEHTHBIMU CETSIMU, KOTOPbIe (DAKTUYECKHU TI0
OIPEIETIEHUIO SBJAIOTCS O4€Hb TITYOOKMMH, BOZHUKAET €elile 1 0OpaTHas pobieMa: HHO-
Il TPAJIMEHTBI MOTYT HAYATh «B3PBIBATHCSI», 9KCIIOHEHIIMAIBHO YBEJTNIMBATHCS 110 Me-
pe «pasBopaunBanus» Helipornoil cetu (exploding gradients). O6e mpobJieMbl BO3HU-
KaIOT 9aCTo, ¥ JIOCTATOYHO J[0JITO UCCJIeI0BATENN HE MOTJIU UX YIOBJIETBOPUTENHHO pPe-
IIUTb.

B cepenune 2000-X rozoB IMOSBUIUCH IIEPBbIE JEHCTBUTENHHO XOPOIIO PaboTaIOIIE
U XOPOIIO MAaCIITAOUPYIONHECS] KOHCTPYKITHH... 1 OHU OYeHb CUJIBHO HATOMUHAJIU HC-
XOJIHBIN MeXaHU3M <«Ty6oKMX Mojeneit> VBaxuenko! PemeHre, KOTOpoe MPeIoKu-
s B Tpyine XuHTtoHa [223, 465, 466], 3ak/ro4aiock B TOM, 4TOObI Ipeno0dydaTh Heli-
POHHBIE CETU YPOBEHbD 32 YPOBHEM C TIOMOIIBIO CIIENIUATBLHOTO CTyYasi HeHATPaBJIECHHON
rpadU4ecKoil MOAEIN, TaK HasbIBAEMOI ozpanuuennol mawunvt Borvumana (restricted
Boltzmann machine, RBM). [Iesio B TOM, 4TO I'pajUeHTHBIN CIYCK, KOHEYHO, XOPOLIO
HAXO/UT JIOKAJbHBII MUHUMYM (OYHKIUH, 2 PA3Hble YMHbIE BAPUAHTHI TPAIUEHTHOTO
cirycka (cM. paszesibl 4.4 1 4.5) CII0COOHBI [aske BHIOMPATHCS U3 HEOOMBIINX JIOKAIbHBIX
MUHUMYMOB M TIPUXOAUTH B GoJiee 3HAUUTENbHbBI MUHUMYM. HO BCe paBHO IPajiieHT-
HBII CITYCK TIO CyTH CBOEH JIOKAIEH, OH JIeJIAET JINITh HeOOJIbIINE TIark B Ty WJIU HHYIO
CTOPOHY OT TeKYIIlel TOUKH, U PE3YJIbTAT CUJIBHO 3aBUCUT OT MHUIIUATUZAIIUHY, OT TOTO,
C KaKoi TOUKHU Mbl GyjieM HaunHATh. [1oaTOMY 1ipesobydete Ge3 yauTesist MOKET Mpu-
BECTH K 04eHb XopoIeMy 3(pheKTy: 32 CUeT TOro, YTO MOJIEJIb YiKe HAUMHAET TIOTUXOHBKY
«pasbuparbCsi» B CTPYKTYPE TIPe/JlaraeMbIX JaHHBIX, HaualbHbIC 3HAUECHHS BECOB yiKe
He CJTyJaiiHble, a IOCTATOYHO pa3yMHble. Takue KOHCTPYKITMH TPUBEJU K TPOPBIBY CHA-
Yajia B Paclio3HaBaHUM PEUH, a 3aTeM U B 00PabOTKe M306paKeHHIL. ..

XMM... ofioxauTe-Ka. YT0-TO 371€Ch HEe cxoauTcsi. C OHOM CTOPOHBI, MbI TIPUTILIH
K TOMY, 4TO IIPOCTO TaK IIIyGOKKe ceTr 00yIaTh HE YAAETCSI, ¥ HY;KHO TPUMEHSITH PAa3HO-
obpasHble TPIOKH, CHAYAJIA [TOCIEI0BATEIBHO 00yUast OT/IEIbHbIE CJIOU CETH COBEPIIEH-
HO IPYTUMHU JTOPUTMAMU, & TIOTOM TOJIBKO JIOKAJIBHO «IOKPYYUBAST» UX IPATUEHTHBIM
crryckoM. OJIHAKO MOYEMY-TO TIOJOBMHA 3TON KHUTH BOBCE HeE TIOCBSAIIEHA 00YIEHUIO
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MauH Boabimanal 11 9To He IOTOMY, YTO OHM HESIBHO YYaCTBYIOT B 00yUeHUN Kaxk O
riryGOKOI ceTH — HET, UCIOJIb3YIONIMEC /IS TIyOOKOro o6ydeHus: GUOINOTEKH J0CTa-
TOYHO ITPO3PAYHbI, OHU IIPOCTO CTPOSIT rpad BHIYUCIEHUH TaK, KAK MBI UX TOTIPOCUM 3TO
c/leJIaTh, a 3aTeM OYKBaJIbHO CYUTAIOT rPajueHThl. YTo MPOM3OILILIO0, Ky/a IPOIAIn Bce
ObLIbIE TPYAHOCTH?

Bo-niepsbix, no cpasuenuio ¢ cepeaunoit 2000-x rogos, u Tem GoJiee 110 CPaBHEHUIO
¢ mHavasom 1990-x, MBI ceffuac Bce-Taku Jydine ymeeM o6y4arh Heiipornsie cetu. [To-
SIBUJICSI PSIJT BaKHBIX MHCTPYMEHTOB, KOTOPbIE MOJKHO TaK WJIH HAYE OTHECTH JIOO K pe-
2yaspusamuu, 1100 K PasHbIM MOAMMUKALIUAM ONMUMU3AUUY B HEHPOHHBIX CETAX. DTUM
MHCTpYMeHTaM Oy/IET MOCBIIEeHa IJ1aBa 4: Mbl IOFOBOPUM M O COOCTBEHHO PeryJisipusa-
IIMU B TOM CMBICJIE, B KOTOPOM OHa TOSIBUJIACHh B pasjiese 2.2, U O ApolayTe, U O HOP-
MaJIM3allui MUHK-0aTdeid, 1 0 IPaBUIbHON CJIyYaiiHOM MHUIMAIU3AIU BECOB, U O HO-
BBIX MOJU(HUKAINSX TPAAUEHTHOTO CITYCKa... PasroBop 060 Bcex 3THX HOBIIECTBAX HAM
ellle TIPeICTONT. B 11es10M, XOTS OCHOBHBIE KOHCTPYKITUU HEMPOHHBIX CeTell BO MHOTOM
npuiin K HaM ere u3 90-X, a To 1 80-X rozoB MPOIJIOro Beka, 00yyaeM Mbl UX ceiyac
BCe-TaKM He CaMbIM HAMBHBIM CIIOCOOOM.

Ho u ato emie He Best mpaszaa. Ha Bormpoc o ToM, 1modeMy riyGoKie HelipoHHbIe ce-
TH OBLIO CJIOKHO 06YYaTh, ecTh u Apyroil otBeT. OH OUeHb MPOCTON M MOKET BAC Pa3o-
YapoBATh: JIEJIO B TOM, YTO PAHbIINE KOMIIBIOTEPHI ObLIM MEJIEHHEE, a JOCTYITHBIX JJIsT
00yueHus JaHHbBIX OBLIO rOpas/io MeHbIlle, 4eM ceivac.

JL71s1 mprMepa 13 CJIeMyIoIIero pa3iesia aTo He TaK BayKHO, AaHATOTUIHYIO CETh MOKHO
6bL10 00yunTh 1 B Havase 1990-x roxos. Ho BoT, Hanpumep, o6ydeHue CUCTEMbI pac-
MMO3HABAHUS PEYU BBITJISIETO IPUMEPHO TaK: UCCIEAOBATEH MTUCATH KO U 3aITyCKaJIN
obyueHne, KOTOpoe TPOI0JIKAIOCH HA TOTAAITHUX KOMIIbIOTEpax Hezesu aBe. [Ipuuem
IIPOMCXOAUIIO ITO ABYyXHeeJbHoe 00ydyeHne Ha kiaccuyeckoM gatacere TIMIT, koro-
PBIii ceifiuac cuMTaeTcs A0BOJBHO MaJeHbKUM U MCIIOJb3YeTCs JJIst ObICTPhIX dKCIIEPH-
MeHTOB. Uepes /iBe HefleIn CMOTPEJTH Ha Pe3yJIbTaT, MOHUMAJIHN, YTO, TT0 BCel BUIUMO-
CTH, HY3KHO OBLJIO TIOAKPYTUTh TOT UJIK MHOU apaMeTp (a uX B HEHPOHHBIX CETAX OYeHb
MHOTO, KaK MBI €Il[¢ He Pa3 YBUANM ), TIOAKPYUUBAJIN... U OIISATH 3aIlyCKaln 00yueHre Ha
nBe Hegesn. Koneuto, Takast 06cTaHOBKA He CIIOCOOCTBOBAIA HU TOHKOU HACTPOWKE ce-
Teil, HU CBOEBPEMEHHBIM 11y OJIMKAIMAM K COOTBETCTBYIOIIUM JIe/JIaiiHaM, HH TIOIPOCTY
TEXHUYECKOH BO3MOKHOCTH YCIIEIHO 00YYUTh HEHPOHHYIO CETh.

B cepenune 2000-x ro/10B Bce CONIIIOCH BOEIUHO: TEXHUYECKU KOMITBIOTEPHI CTATHN
JIOCTATOYHO MOIIHBIMH, 4TOOBI 00y4aTh O0JIbIINE HEHPOHHbIE ceT (H0Jee TOTo, BBIUUC-
JIEHUSI B HEMPOHHBIX CETSAX BCKOPE HAYUUJTUCH [IEJIETUPOBATH BUAEOKAPTAM, UTO YCKO-
PHIIO IIpoIlece 00YYeHUs ellle Ha LeJIbIi TOPSAI0K ), HaOOPbhI JAHHBIX CTa/X A0CTATOUHO
GOBIINMHY, 4TOOBI 00yUeHNE GOJIBIINX CETEIl NMEJIO CMBICII, B MATEMATUKE HEIPOHHBIX
ceTeil TIPOU3OIILIO OUepeHOe IIPoABMsKeHne. I Hauamach Ta camast PeBOJIIOLUS TIy6o-
KOTO 00yueH!tst, KOTOPOI MOCBSIIEHA BCS 9Ta KHUTA. B citeyionieM pasjiesie MbI IpHBe-
JleM KOHKPETHBIU TpuMep HEHPOHHOU ceTu, KoTopas B Hadase 1990-x rosioB cunraniach
Obl IepeIHUM KpaeM HayKy 1 o0yJasach Obl HABEPHsIKa yacaMu, a ceiiuac cocraJsieT 6a-
30BbII puMep npuMeternst 6ubanorexku TensorFlow u MoskeT 06ydnThCst 34 HECKOJIb-
KO JIECSITKOB CEKYH/I.
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3.6. MNMpuMep: pacnosHaBaHue
pyKkonucHbix uuép Ha TensorFlow

Jupexmop. Ceitvac eme uto-unOyap caenaem! C mcuxomoruei KoH-
4yeHo, o6paTuMcs K Tpadoorui... Mie 0oTBeYaloT; s1 BUKY, s yBe-
PeH, 4TO I3TOT CTOUT IIATH. H CTaBJIIO IIATh, MTHCTUHKTUBHO CTAaBJIIO
yYBEPEHHO, OOJIBINYIO TSITEPKY, BO BCIO KJIETKY! A TO, 3HaeTe, HeyBe-
PEHHOCTD 3TaKas siJsiercst: «Kak 6yaro ato crout nsitu?s». U s un-
CTUHKTHUBHO CTaBJIIO MAIEHBKYTO 3TAKYI0 TSTEPKY, GOSI3IMBYT0. ITO,
3HaeTe, KaK TMMHa3UCT MJIAJIIINX KJIACCOB: HE YBEPEH, HA/l0 JIN T10-
CTaBUTH 3AMATYIO, TaK OH CTaBUT MaJEHbKYIO 3amsTyio. Cuyuraiite
TOJIbKO OOJIBIINE IATEPKU. MasleHbKIe He CYUTAIOTCsE!

B. /lopowesuu. Konxypc

Bbliiie MBI y7Ke TOBOPHJIU O TOM, YTO HEHPOHHYIO CETh MOKHO IPEACTaBUTh B BUjIE a0-
CTPAKTHOTO HAMIPABJIEHHOTO Ipada, BePIIMHAMU KOTOPOTO Oy T MaTeMaTHYeCKUE OTIe-
panuu U TOYKU BXOJA U BBIXO/A JJIsI JAHHBIX U MEPEMEHHBIX. JTY UIEI0 YCIENTHO BO-
IJIOTHJIM B KOJ Cpa3y HECKOJIbKO IPYII ucciaenoBareseii. [lepBoii ycrnemHoi 6ubino-
TEKOU JIJISI aBTOMATHYeCKOTO An(dePEHIIPOBAHNSI, KOTOPAst Ha JI0JITHE TObI OTIpeie-
Jiiia JraHamadT riayGoKoro o0yvyeHus B MUPE M BO MHOTOM IIPOJIOJIKAET €ro onpee-
AT U ceituac, crana 6ubamorexa Theano! [528, 529] (em. rokymentaruo Theano, ko-
TOPast COAEPKUT MHOTO IPUMEPOB HEUPOHHBIX CETEH U, B TOM YHCJIE, TIYOOKIX MOJIe-
qeii [108]).

Ogxnaxo B 2015 rogy Google anoHcrpoBaia BBIXOJ CBO€il cOOCTBEHHON GubmoTe-
ku TensorFlow ¢ oTkpbITEIM HcxomHBIM KoOM [523]. ITocKOJIbKY Ha TaHHBIE MOMEHT
npejcrassiercs, uto peanusaiueil TensorFlow ymobHee mosb3oBaThest (B YaCTHOCTH,
cosxkHbie Moziein B Theano HyKHO T0BOJIBHO JI0JITO KOMITHJIUPOBaTh, a B TensorFlow
CTaIV KOMITWJISIIIUY (DAKTUIECKU HET), & TAaKXKe MOXKHO 0JKUIATh, YTO UCCJIe[0BATENN
u3 Google GynyT Mpoo/KaTh PasBUBAThL MPOEKT ¥ JIAJIBIINE, B ATON KHUTe MBI Gy/IeM
OPUBOAUTE TPUMEPHI B ocHoBHOM Ha TensorFlow. B wacTHOCTH, B HACTOSIIIIEM paszieie
MBI PACCMOTPUM aBTOMaTHUEeCKOe AnddepeHIpoBanme u 06yyeHre HeHPOHHbBIX MOJIe-
Jieli Ha IpUMepe KJIACCHUUYEeCKON 3a/1a4K PACTIO3HABAHUS PYKOIUCHBIX TIUMD.

Muorue 13 MojieJieii, BCTPeYaloIuXcsl B 9Toi KHUre, Mbl OyieM o0ydyaTh Ha Habope
manabix MNIST [188, 315]. 9T0 04MH 13 CaMbIX U3BECTHBIX, CAMBIX M30UTHIX HAGOPOB
JIAHHBIX KaK PACIIO3HABAHUS M306PAKEHUT B IEJIOM, TaK U TIIy6OKOTO 00yYeH s B 4acT-
HocTu. JIo cuX TI0p MHOTHE MOJAENU Ipeskie Beero odyuarot nmenHo Ha MNIST, xoTs

L ®eano, nmn Teano Kpomorckas — 0jiHa U3 TIePBBIX sKeHIMH-PII0co(OB, IPUHAIe)ABIAS K rida-
ropeiickoii nikoste. HekoTopsie mcTouHNKN Ha3bIBaOT ee skeHoil [lidaropa, apyrue — podepoio. O Heii co-
XPaHUIIChH JIMIIb BEChMa Pa3po3HEHHbIE CBEAEHHST; COTJIACHO OCHOBHBIM COBPEMEHHBIM BEPCHSIM, INOO B 3TOT
06pas CIMINCh IBE JKUBIIKE B Pa3HOE BPeM# KeHIIMHbL, 1160 nMsa Dearno u Bosce GbLIO MCEeBAOHUMOM HoJiee
MO3HUX aBTOPOB, KOTOPBIE XOTEN IIPUMEHUTH TN(PAaropeiickoe yueHue K KU3HN KEHITHHDL.
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Puc. 3.9. Ha6op pantbix MNIST: nipumepbl pyKOMUCHBIX ITUp.

JUIS COBPEMEHHbIX METOJIOB OH Y7Ke HIKAKIX CIOKHOCTel He mpegcrasisier!. He 060ii-
neM ero BHUMaHueM U Mbl. MNIST cocToUT U3 PYKOIMCHBIX IHdP, M300pakeHHbIX Ha
aMepuKaHcKuit MaHep (cM. HecKoJibKo npuMepoB 1udp ud MNIST ua puc. 3.9). Bee-
ro B MNIST comepsxutcst 70 000 pa3Med4eHHbBIX YePHO-OEIbIX U300paKeHNl PasMepOM
28 X 28 MMKCEJIOB; «Pa3MEUYEHHbBIX» 371€Ch O3HAYAET, YTO KayKIOMY N300PasKEHMIO B [IaH-
HBIX YK€ I0CTaBJIEH B COOTBETCTBHE IPABUJIbHBIN OTBET — 11 Pa, KOTOPYIO XOTe H300-
Pa3UTh YeJOBEK HA ATON KapTHUHKE.

[Tockonbky MNIST — aro coero poga Hello World ans cospementoii o6pabor-
ku uzobpaskenuit, B TensorFlow ator HaGOp JaHHBIX MOIEPKUBAETCS M3 KOPOOKU»,
u s umaopra MNIST gocraTouno Hanucarb 6YKBalIbHO AB€ CTPOYKHU KOJIA:

from tensorflow.examples.tutorials.mnist import input_data
mnist = input_data.read_data_sets("MNIST_data/", one_hot=True)

[TonyyeHHble JaHHbIE yKe PasOMThI Ha TPEHUPOBOUHYIO (mnist.train), TECTOBYIO
(mnist.test) u BasmjaloHHyo (mnist.validate) Boibopku, cogepskamiue 55 000, 10 000
u 5000 prMepoB coOTBeTCTBEHHO. Kaxkmas u3 aTux BHIGOPOK COCTOUT U3 U300paxKe-
Huit udp (mnist.train.images) u nx MeToK (mnist.train.labels); puc. 3.9 mokaspiBaeT
HECKOJIbKO 00PasIioB U300pakeHuil ¢ PasjinYHbIMU METKAMU.

B atom nipumMepe MbI He OyIeM HCIIOIb30BATh IBYMEPHYIO CTPYKTYPY U300paskeHUi,
a IIPEJICTABUM UX B BUJIE OOBIYHBIX BEKTOPOB pasMepHocTH 784. B ruiae 5 Mbl eliie Bep-
HEMCS K 9TOMY [IpUMepy ¥ OKaskeM, KaK IIPABUJIBHO TT0JIb30BAThCA AIBYMEPHBIM PACIO-
JIO’KEHUEM [THKCEJIOB Ha KapTUHKE U HACKOJIbKO 3TO MoJyuuTcs ahdexTuBHee, OHAKO
celffyac s HaluX HYK/I I0CTATOYHO U MTPOCTON OTHOMEPHOM 3a/1a41.

Takum 06pa3oM, TPEHUPOBOYHAS BHIOOPKA mnist.train.images MOKeET OBITH ITPE-
CTaBJIeHA B Bujie MaTpHIbl pasMepHocT 55000 x 784. Or™erum, uto u B TensorFlow,
u B theano gacto TpeGyioTCsI He TOJIBKO MATPHIIBI, HO U MHOTOMEPHbIE MTPE/[CTABIECHIISI

1 Iisxedpdpu Xunron nazsan MNIST «po3oduioit MAITMHHOTO 06ydenus», uMesi B By, uro MNIST
JIaeT U3YYAIONIM MAITHHHOE 00y4YeH1e TAKOH jKe XOPOIIIO ONpe/leJIeHHBIHI, HEOOJBIION U HECJIOKHBIN, HO TIPH
3TOM HETPUBHAIBHBIN TPUMep, Kak APo30dia reHeTHKaM.
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JMAHHBIX — HarpuMep, ToT ke MNIST jornutee npeacTaBUTh B BUIE TPEXMEPHOM «MaT-
puirsl» pazmeprocTr 55 000 x 28 x 28. Takue «<MHOTOMEpHbIE MaTpuilbl» B TensorFlow
Ha3BIBAIOTCS MEH30PAMU; BBITIIE MBI YK€ CETOBAJIU HA TO, UYTO TEH30PBI HE HACTOSIIHE,
a MPOCTO MHOTOMEPHBIE MACCUBBI, HO YTO MO/IEATD.

B kauecTBe MOJIeJH 11 OOYUEHUST MBI PACCMOTPUM SOftmax-peepeccuro. Ito 06006-
IIeHUe JIOTUCTUYECKON PErpecCcur Ha CIydall HECKOJMBKHUX KJIACCOB: YTOOBI MOTYYHUThH
<BEPOATHOCTH» KJIACCOB, KOTOPbIE HAM XOYETCS OLIEHUTD, Mbl IPUMEHeM TaK Ha3blBa-
eMyto softmax-(hyHKIIUIO K BEKTOPY HOJTYYUBIIIXCSI HEHOPMATU30BaHHBIX OLIEHOK:

softmax(z); exp(z;)

Y et

Wpes softmax-GhyHKIMH COCTOUT B TOM, YTOOBI HECKOJIBKO 3a0CTPUTh, TIPEYBEH-
YUTh PA3HUILY MEXK/Y MOJYIECHHBIMU 3HAUCHUSAMU: Softmax GyAeT BbIIaBATh 3HAYCHIS,
o4eHb OIM3KHIE K HYJIO, 17T BCEX 1, CYIIECTBEHHO MEHBIINX MaKCUMAJIBHOTO.

B kauecTBe GPyHKIMK TTOTEPH MBI Gy/IEM UCIIOJIB30BATH CTAHIAPTHYIO JJIsI JIOTUCTHU-
YeCKOI perpeccuu epekpecTHYI0 SHTPONHIO (KPOCC-9HTPOIINIO, CrOSS-entropy):

Hy(y) = =Y tilogy,

e y — MpeJcKa3aHHOe HaMU 3HAYEeHeE, a t — NCXOHAS pa3MeTKa (MPaBUJIbHBINA OTBET).
MbI 01pO6HO 06CY K IAN IEPEKPECTHYIO IHTPOIIIO B pasiere 2.3.

Jlns ymoberBa MeTKU M300paKeHUi MOXKHO TMPEACTaBUTh B BUJE TaK Ha3bIBae-
MBIX 0ne-hot vectors — BEKTOPOB, B KOTOPBIX €JIMHUIIA CTOUT B MMO3UIIUHU, COOTBETCTBY-
IoIell MCXOMHOM MeTKe, a B OCTAJIBHBIX TO3UIUSAX CTOAT Hysu. Hampumep, BekTOp
[0,0,0,1,0,0,0,0,0,0] 6ymer coorBeTcTBOBaTH OTBETY 3. Torzma mnist.train.labels —
aT0 TeHszop (Matpuiia) pasmepa 55000 x 10.

OG6bruro B Python jist cJI0KHBIX BBIYMCIIEHUIT UCTIOJNB3YIOTCS BCIIOMOTATE/IbHbIE
OMOIMOTEKN YUCIEHHBIX BBIYMCACHUN, HarpuMep NumPy; takue 6MOJIMOTEKN BBIIIOJ-
HSIIOT Ioporue oneparuu (HarpuMep, YMHOKEHHe MATPUI[) He CUJIAMU CAMOTO MHTED-
nperaropa si3bika Python, a ¢ MOMOIIBIO ONTUMHU3UPOBAHHOTO KO/IA, HAITMCAHHOTO Ha
apyrux sssikax (06braro C mian Fortran). K coxarneHuto, gaxe MepPEKIHOUEHIE MEKIY
oreparusiMu B Python u BHe ero MoKeT 0Ka3aThCst CJIMIITKOM JIOPOTUM, 0COOEHHO KOT/[a
peub uzet o BoruncieHusx Ha GPU. Tloatomy BMeCTO TOTO, YTOOBI BBITTOTHSITD KAKLY10
OTZEJbHYIO onepanuio Hesasucumo ot Python, TensorFlow npemiaraer BosMoKHOCTD
omucarb B Python rpad Beruncienuii, a 3aTem 3amyckarh Bcio Mozesb Bue Python.

Yro6sr ncnosb3osath TensorFlow, Hy:KHO ero cHayaia UMIIOPTHPOBATE:

import tensorflow as tf

B TensorFlow TpebyemMbie onepaiun BBIPAKAIOTCS ¢ TIOMOIIbIO CHMBOJIbHBIX TI€Pe-
MEHHBIX, T0O3TOMY JIaBaliTe CO3/aIUM TIEPEMEHHYIO JIJIT TPEHUPOBOYHBIX TAHHBIX:

x = tf.placeholder(tf.float32, [None, 784])
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B nanmom ciyuae 2 — 910 He KaKO¥i-TO 3apaHee 33[aHHbII TEH30D, & TAK HA3bIBaeMasi
saznywxa (placeholder), xotopyro MbI 3amoiHUM, Koraa momnpocuM TensorFlow mpous-
BECTH BBIYUCJIECHUST. MBI XOTUM UMETh BO3MOKHOCTD UCITOJIb30BATh TPOU3BOIBHOE YKC-
JI0 784-MepHBIX BEKTOPOB JIJIst 00YUEHNUsI, TOATOMY B KAU€CTBE OJ[HOI M3 Pa3MEPHOCTEN
ykasbiBaeM None. [{ist TensorFlow aTo 3HauuT, 4TO aHHAS PA3MEPHOCTH MOKET UMETh
[POU3BOJIbHYIO JIITHHY.

Kpome 3aryiyIiku it TPEHMPOBOYHBIX JAHHBIX, HAM TaKsKe TTOTPeOYIOTCS TIePEMEH-
HBIE, KOTOPBIE MBI COOCTBEHHO 1 OY/IeM U3MEHSITh IPU 00YUeHUHN HAIIEH MOJIEJIH.

W
b

tf.Variable(tf.zeros([784, 10]))
tf.vVariable(tf.zeros([10]))

3nech W nmeeT pasMepHOCTD 784 X 10, Tak Kak MbI COOMPAEMCsl yMHOKATh BEKTOP
pasmepHocTH 784 Ha W 1 mosryuaTh pesckasanue 17151 10 BO3MOKHBIX METOK, a BEKTOP b
pasmeproctu 10 — 310 cBOGOAHBIN UJieH, bias, KOTOPbINA MBI 106aBJIsIEM K BBIXO]LY.

[TocJte TOTO KaK MbI IMITOPTHPOBAJIH HYKHBIE MOJTYJTH U OGBSIBIIIN BCE TIEPEMEHHBIE,
cobcTBenHo Hamry Moziess Ha TensorFlow Moo 3amucarh B OfIHY CTPOUKY!

y = tf.nn.softmax(tf.matmul(x, W) + b)

CHauajyia MBI nepeMHokaeM Matpuilbl * 1 W ¢ moMonipio tf.matmul(x,W), 3aTem
n0o0aBisieM K PE3yJIbTaTy b, W JUIST TOJYYEHUSI BEPOSITHOCTEN KJIACCOB MPUMEHSIEM
tf.nn.softmax.

Jlist Toro uToGbl 00YYNUTH MOJIE/Ib, HYKHO Takke 3a(MKCUPOBATh HEKHMH CIOCOO
OI[EHKM KaueCTBa MpecKaszaHnil (MMEHHO 9Ty OIEHKY MbI U OY/IeM B KOHEUHOM CUETE
orrruMusupoBarh). OrmmieM Terepsh B tepmunax TensorFlow dyHkiuio moreps. st
UCXOIHOW PasMETKHU HaM TIOHA0OUTCS 3aryTyTIKa:

y_ = tf.placeholder(tf.float32, [None, 10])
U teneps pyHKIINIO TOTEPD TOKE MOKHO 3aMTUCATH B OJTHY CTPOUKY:

cross_entropy = tf.reduce_mean(
-tf.reduce_sum(y_ * tf.log(y), reduction_indices=[1]))

Hasaiite 6osiee oApoOHO pasbepeM 3Ty CTPOKY (B AajibHeiIeM Mbl GoJIbIe He Oy-
JIeM 3TOTO JIeJIaTh, HO OMH a3, oKayii, He momertaet). IlocMoTpuM, 4To GyaeT mpo-
HCXO/IUTD, TIOCTIE/IOBATEIBHO, OT BHYTPEHHUX OTIEPAINH K BHEITHUM:

* cHavajia Mbl BbrauciisieM tf.log(y), Jorapudm Kakoro aJieMeHTa y;

* 3aTeM YMHOJKAeM KayK/IbIi 3JIEMEHT § _HA COOTBETCTBYIONUI eMy tf.log(y) (orte-
paiust yMHOKEeHHS Ha BEKTOpaX, MaTpHUIlaxX U TeH30pax 3/1eCh IOHUMAETCS IIOKOM-
MTOHEHTHO);

* 3aTeM CyMMHPYEM pe3yJIbTaT C TIOMOTIBIO tf. reduce_sum 10 BTOPOMY U3MEPEHUIO;
HATIOMHUM, YTO TIePBOE U3MEPEHNE — 3TO IPUMEPHI U3 TECTOBOTO MJTH BAJTUIAIIN-
OHHOTO MHOKECTBA, & BTOPOE — BO3MOKHBIE KJIACCHI, TO €CTh MBI CYMMHUPYEM He
IO TIpUMEPaM, a 110 Pa3MEPHOCTHU KasKJI0T0 BEKTOPA ¥; [IJIs1 ITOTO Mbl YKa3aIu B Ka-
yecTBe napamerpa reduction_indices=[1];
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Puc. 3.10. Kak npoXozsT BHIYMCAEHUSA B MOJEIH, 00yYaionIeil JOTUCTUYECKYIO PETPECCHIO, TIPH
ncrosb3oBanun 6ubarorexn TensorFlow

* 1 HAaKOHeIl, TocJeAHsAs onepalus tf.reduce_mean IOJCYUTHIBACT CpeHEE 3HAUE-
HUE 110 BCEeM IIPUMePaM B BbIOOPKE.

Teneps, KorIa MBI 3HAEM, YETO MBI XOTUM OT HAIIeH MOJIETH, MBI MOJKEM TIOIIPOCHUTD
TensorFlow ontumusuposats a1y GyHKIUIO. [Ja, 970 UMEHHO HACTOJIBKO IIPOCTO. MbI
yIKe TOJHOCTBIO ONuca/v rpad BHIYUCJAEHUN B TepMUHAX, MOoHATHBIX TensorFlow, Bece
BEPINUHBI B 3TOM rpade cojiep:KaT 3BeCTHbIE KIaccudeckue (PyHKITH, TPAIUEHTHI KO-
TOPBIX, pa3yMeercs, yike peainsoBanbl B TensorFlow, u 6ubimoreka MoKeT BOCIOIb30-
BaThCS AITOPUTMOM OOPATHOIO PACIIPOCTPAHEHUST OIIUOKHU JIs TOTO, 4TOOBI TOACYNUTATh
IPaJIMeHTBI, Y3HATh, KaK Beca BIUSIOT Ha (DYHKITUIO IIOTEPD, KOTOPYIO MBI XOTUM MUHU-
MU3UPOBaTh, M 3aT€M IIPUMEHUTH TOT UM WHOM aJTOPUTM ONTHUMUIAINHN JIJIST yTOUHE-
HUS 9THX BECOB.

s o6yueHust Mojie i Mbl GyJIeM HMCIIOJIb30BaTh METOJ| MPAJHEHTHOTO CIIYCKa CO
CKOPOCTBI0 00yueHst 0,5:

train_step = tf.train.GradientDescentOptimizer(0.5).minimize(cross_entropy)

I/IJIJIIOCTpaHI/Iﬂ, KaK M3BECTHO, CTOUT THICAYU CJIOB, IO3TOMY MbI 1/1306p331/1m/1 JIOTU-
Ky TIPOrPaMMBbI, KOTOPYIO TOJIBKO 4TO Hamucasd, Ha puc. 3.10. Ta cxema 1mokasbiBa-
€T, B KAKOM TIOPsIIKE TIPOUCXOANT TOCTPOEHIE MOJIENTN U BBIUNCIEHUS B HEl: cHavYa-
Jia TIOIAHHOE Ha BXOJ[ M300paskeHe MPEBPAIAETCS B BEKTOP Pa3MePHOCTH 724, 3aTeM
nocrymaet K logit-cyior, KOTOPbI COOCTBEHHO BBIYUCIISIET OI[EHKY HAIIIEH MOJENN JJIst
COOBITHL, CBI3aHHBIX C Pa3/IMYHBIMU KJIacCaMy, 3aTeM softmax-(QyHKIII HOPMaIU3yeT
ATH OLIEHKU K BEKTOPY, TIOXOKEMY HA BEKTOD BEPOSITHOCTEIL. 3aTeM OH BMECTE C IPUIIIE]-
IIMMU U3 TPEHUPOBOYHBIX JAHHBIX MCTUHHBIMI METKAMH KJIACCOB ITOCTYIIAET HA BXOJ



128 MmaBa 3. MepuenTpoH, nan 3MbpunoH MyLporo kKoMnbloTepa

(DYHKINHU, BBIYUCIISAIONIEN IEPEKPECTHYIO SHTPOIIUIO; 9TO ¥ eCTh Halla QYHKIIMS OmuG-

KU, OT KOTOPOU MBI JOJKHBI B3SITh YaCTHBIE TTPOoN3BOAHBIE. K cyacThio, aBTOMaTHIeCKOE

muddepeniuposanue 6eper Ha cebs TensorFlow, a MbI IIpoCTO 1IEIOMYIPEHHO CKPbI-

BaeM mpoucxozsiiee B y3ie «[paanerTers. [locie 3ToTo 0cTamoch TOABKO TPEBPATUTH

3HAYEHUs IPAJMEHTOB B COOCTBEHHO IIPABUIIA IIEPECYETA BECOB, U BCE TOTOBO, MOKHO 13-

MeHATh Becaw_logit 1 b_logit Ha KaXk/OM IlIare CTOXaCTU4€CKOro rpa/IueHTHOrO CIIyCKa.
[Tepen HauamoM 00y4€eHUs OCTAJIOCh UHUIMAIM3UPOBATD IIePEMEHHbIE:

init = tf.initialize_global_variables()
Temnepsb MBI TOTOBBI 32Ty cKaTh 00yuenue. [yt atoro cospaem TensorFlow-ceccuto...

sess = tf.Session()
sess.run(init)

...l TIOpa 3aITyCKaTh!
for 1 in range(1000):

batch_xs, batch_ys = mnist.train.next_batch(100)
sess.run(train_step, feed_dict={x: batch_xs, y_: batch_ys})

Ha kakmom mpoxofe TiMKIa MbI BoIOupaeM ciydaiiibie 100 mpumepos u3 o6yda-
fotIell BBIOOPKU U TiepeiaeM uX B (DYHKIMIO train_step ayist oOyderust. Takoil moaxon
MBI y3Ke 00CYKIAIN — 3TO TUMUYHBINA CTOXACTUYECKUN TPAUEHTHBI CITYCK; B JAHHOM
cJlydae Mbl IPUMEHSIEM €r0 TIOTOMY, YTO OOydarolast BBIGOPKa CIUIIKOM BEJUKA ISt
TOTO, YTOOBI TIPOXOUTH MO HEH MEJUKOM Ha KaxK/IOM Tiare o0y4erust (COOCTBEHHO, TaK
Oyner Bcerja Ha JIIOOBIX JAaHHBIX XOTb CKOJBKO-HUOYAb peasbHOTrO pasmepa). BmecTto
BTOTO MBI BHIOMPAEM Kak[blil pa3 HEGOJBION HOBBIN CIydailHbI HAOOP 0GYUAIONTIX
JIAHHBIX ¥ UCIIOJIb3YEM €TO.

OcTaioch MOHSTH, HACKOJIBKO XOPOIIO MBI TEIIEPh YMEEM PACIIO3HABATH PYKOIIHC-
Hble 1udpbl. Mojesnb Ha JaHHBI MOMEHT BbIZAeT TPeACKa3aHUs B BUe softmax-
Pe3yJIbTaTOB — CYMMUPYIONTUXCA B €IMHUILY YNCEJI, OTPAKAIONINX YBEPEHHOCTH MOJIe-
¥ B TOM Wi uHoM orBetel. [l TOro 4TOOBI MOHATH, KAKYIO METKY MbI IPeICKa3a-
JIVL JIJIST OYEePEZHOTO U300PasKEHNUsT, MOSKHO ITPOCTO B3SITh MAKCUMAJIBHOE 3HAYEHUE U3
aTux pesysbratoB. B TensorFlow aTo Bbipaskaercs Kak tf . argmax, yHKIU, BbIAAIOIIAS
MO3UIII0 MAKCUMAJIBHOTO 3JIEMEHTA B TEH30pe 10 3aJaHHoi ocu. [y Toro 4rols mo-
HSITh, BEPHO JIU MBI MPEICKA3AINA METKY, JOCTATOUHO ITPOCTO CPABHUTH MEKIY COOOM
tf.argmax(y, 1) u tf.argmax(y_, 1):

correct_prediction = tf.equal(tf.argmax(y, 1), tf.argmax(y_, 1))

ITO JaeT Ha BBIXO/IE CIIMCOK OYJIEBBIX 3HAYEHU, IOKa3bIBAIOIMX, BEPHO HJIU HEBEP-
HO TIpe/ICKa3aH pe3yJIbTaT; HTOTOBOI TOYHOCTBIO MOJKET OBITh, HAIIPUMED, CPeHee 3Ha-
YeHHUe COOTBETCTBYIONIEIO BEKTOPA:

1 3z1ech, KoHeUI0, OUeHD X0UeTCs IMPOCTO CYNTATh Pe3yTHTATH SOftmaX-Perpeccii BeposTHOCTIMI KJIac-
COB, HO MBI HE JIOJIKHBI IO/IIABATHCST UCKYIIEHUT0: GopMyJTy softmax-(hpyHKIUI HEJErKO HHTEPIIPETUPOBAT
BEPOSITHOCTHBIM 00Pa30M, I 9TH 3HAYEHHSI Ha CAMOM JIeJle He OYEHb OXOXKMU Ha BEPOSITHOCTH.
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Puc. 3.11. I'padhuku usmMeHeHUsA PYHKIIMK OIMUOKN U TOYHOCTH Ha TPEHUPOBOYHOM U TECTOBOM
MHOJKECTBAX 110 Mepe 00yYeHUsT MOJIEJIH

<L

Puc. 3.12. [TpaBuibHbie MeTKH — 5, 4, 9, 7. Peayubrar kiaaccudukanuu — 6, 6, 4, 4

accuracy = tf.reduce_mean(tf.cast(correct_prediction, tf.float32))

OcTaoch TOJNBKO BEIYUCIUTD €T0 U BBIBECTH (Ha BCAKHUH Caydail: I pbl, KOTOPbIE
HOJIy4aTcsi y Bac, HaBepHsIKa OyyT HEMHOTO OTJIMYATHCS OT HAIIUX, OHU 3aBUCAT OT
MHOTHX CJIy4afiHbIX (paKTOPOB, HAIIpUMeEp OT CIYYaiHON MHUIIMAIN3AIINY; HO TTOPS/I0K
BEJIMYUHDI JI0JIKEH ObITh UMEHHO TaKo ):

print("TouHocTb: %s" %
sess.run(accuracy, feed_dict={x: mnist.test.images, y_: mnist.test.labels}))
>> ToyHoCTb: 0.9154

IMosapasnsiem! C momoripto 6ubanoreku TensorFlow mbr ¢ Bamu OGyKBaJbHO
B HECKOJIBKO CTPOK KOJ[a CMOTJIA TIOCTPOUTD HACTOSIIIYIO MOJIEND /TSI PACTIO3HABAHMS
PYKOIIUCHBIX LU(DP, 3aIIPOrpaMMUPOBaTh 00ydeHre, 00yIUTh ee Ha CTaHAAPTHOM HaGo-
pe JaHHBIX ¥ [IOJIYYUTh BECbMa HEIToXyto TouHocTh. Ha puc. 3.11 usobpaxens rpaduku
TOTO, KaK (DYHKIUS OMUGKY U TOYHOCTH KJIacCUMUKAIIII MEHSIOTCS 110 Mepe 00yueHNsT;
Mbl 3arryctuan sxciepuMenT 100 pas u uzobpaswin Ha rpaduKax cpegHee U JUcIep-
CHIO TIOJIyYeHHbIX pe3y/ibTaToB. OOpaTrTe BHUMAHKE, YTO XOTS AMCIEPCHUs JOBOJbHO
6oJIblias, B CpelHeM HUKAKOTO OBep(UTTHHTA HE TIPOUCXOIUT, TOYHOCTh Ha TECTOBOM
MHOJKECTBE TIOYTH TOYHO TaKasl JKe, KaK Ha TPEHUPOBOYHOM.
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Kpowme Toro, naBaiite pagy MHTepeca MOCMOTPUM Ha HEKOTODPbIE U3 TeX U300paske-
HUM, METKM KOTOPBIX yTazaTh He Toayunsiock. Ha puc. 3.12 moxasansl 4eTbipe THIITNY-
HBIX N300PaKeHMsI, HA KOTOPBIX HAII KJIACCH(PUKATOP OMUGAETCS; COTJIACUTEC, CJIyYan
JIENICTBUTENILHO TSIKEJIBIE.

HWrak, mepsoe 3HakoMcTBO ¢ TensorFlow mpolio yaagno, Ho B HaleM IpuMepe He
ObLIO0 HUKAKUX TJIyOOKUX ceTeld, Ja U BooOIe HEHPOHHBIX-TO CEeTel M0 CYTU HEeT: Mbl
IPOCTO OOYUNIIN JIOTUCTUYECKYIO PETPECCHIO.

[laBaiiTe Termepp HEMHOTO YCJIOKHUM MOJIEJb M MTOCMOTPHUM, YTO U3 3TOTO TIOJY-
aprrest. CIIeAyIOMuMil IpUMep MOKHO CUHTATh, TAK CKA3aTh, TPEIIepOM! IpescTosImx
[JIAB: MBI BCTPETHMCS ¢ HEKOTOPBIMM IOHATHAMMU, KOTOPBIe GoJiee moapodHo pasbepem
B IAJIbHEHIINX TJIaBax, a TaKyKe MoHMeM, 3a4eM, COGCTBEHHO, MBI BCe 9TO iejlaeM. B pe-
3yJIbTaTe 3TOTO IPUMEPA OKAKETCsT, UTO GoJiee CJIOKHAS MOJIeb AeHCTBUTEIBHO Pabo-
TaeT JIyYIlle; TeM CAMbIM MBI BIIEPBbIE YBUIUM Ha JKNBOM ITPUMEPE, 9TO CTPOUTDH HEHPOH-
HbIE CeTH BCe-TaK! MMeeT CMBICJI.

O6mas cxema, KOTOPOi OyZeT cleoBaTh KOZ B 9TOM IpUMepe, M300paxkeHa Ha
puc. 3.13. B 0CHOBHOM MbI y3Ke 0OBSICHUIN €€ BbIIIe, KOrJa FOBOPUJIM O MOJEJIH JIOTH-
CTUYECKON PErpeccui; uTo 1Mo cpaBHeHuto ¢ puc. 3.10 Mbl 106aBUJIH ellle OJHY IPYIIILY
BBIYKCJICHWI, 00beIMHEHHBIX B «c1oif ReLU», a 3aTeM TPOIyCTUIN Pe3yJIbTaT uepes
CTPaHHBIN y3eJ1 Mo/l HazBaHKeM Dropout; faBaiite ux u 00Cy/IiM.

Bo-mepBhix, 4ToObI Hallla MOZEb BOOOIIE MMea [IPaBO HOCUTh IOPAOE Ha3BaHIe
HEePOHHOW ceTH, HyKHO 100aBUTh B Hee CKPBITHII cJoil. B kayecTBe hyHKIIMKM aKTH-
Baluu Bo3bMeM Bee ToT ke ReLU. HyskHO MHUIIMANIN3MPOBaTh Beca U CBOOOIHBII ujieH
JUISE 3TOTO CJI0sT; Oy/IeM B 9TOM TIpHMepe UCIoIb30BaTh 100 HePOHOB Ha CKPBITOM CJIOE:

W_relu = tf.variable(tf.truncated_normal([784, 100], stddev=0.1))
b_relu = tf.variable(tf.truncated_normal([100], stddev=0.1))

Ha atoT pa3 Mbl MHUIMAIM3UPYEM IIEPEMEHHbIE HE HYJISIMU, a HeOOJbITUMU
ciyvyaiinpiMu  3HavenusiMmu. DyHKiumst tf.truncated_normal BO3BpalaeT 3HAYEHWS,
MOPOK/IEHHbIE HOPMAJIBHO PaCIIpeieJIeHHON CYYaiiHOW BEJTMYNHON ¢ PUKCUPOBAHHBI-
MU MaTeMaTUYeCKUM OKujanueM (B HallleM IIpuMepe Mbl octaBusu 3uavenue 0, 3a1a-
foleecs 10 YMOJYAHUIO) U AucTepcreli (B HaieM rpuMepe stddev=0.1); OHAKO TIpU
HTOM 3HAYEHUS, BBIIIEIINE 32 TIPE/IEIBl HHTEPBANA B +20 OT CPEIHETO, BBIGUPAIOTCS 3a-
HOBO, TO €CTh pactpesiesienne o6pe3aerTcst Tak, YToObl MOJTHOCTBIO 3ANPETUTH GOJIbIINE
BBIOpOCHI. VTHUIIMATN3AINS HYJISIMU B JAHHOM cJiydae Oblia Obl COBCeM GeCCMbICIIEH-
HoH, notomy uro ReLU(0) = 0, a 3HaYUT, IPU WHUIUATU3AIUK HYJISIMUA TPAUEHTHI
COBCEM He PACIPOCTPAHSIUCH OBl TI0 ceTH. B HallleM ke cirydae MPUMEPHO TOJOBUHA
BECOB OKaKETCsI OTPUIATEJILHOM, U COOTBETCTBYIOIINE HEUPOHBI He OYAYT aKTHBHPO-
BaThCs BOBCE.

! Tio6omeiTHO, 4TO 71080 trailer, ceituac 0603HauaOMEe PEKTAMY TIPEACTOATINX (GDHIEMOB, KOTOPYIO TI0-
Ka3bIBAIOT MEPE]] «OCHOBHBIM OJIIOZIOM», HA CAMOM JIeJIe TIPOUCXO/IIT OT Ha3BaHWsI TIPUIIETIA C3a/I1 TPAHCTIOPT-
HOTO cpezcTBa (0T Trarodia to trail — «uaru o ciemy» ). U reficTBuTeIbHO, Ha 3ape KuHeMatorpada Tpeiiieps
MOKa3BIBAJIN TOCTE GHIBMA, HO OBICTPO MOHSIIM, YTO 3TO TIOPOUHAST TPAKTHKA: NX HUKTO HE CMOTPE.
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Puc. 3.13. Kak npoxoasT Beryucienns B HEHPOHHOI ceTn co cKpbIThiM ReLU-citoem
npu ucnonbzosanuu 6ubnuorexu TensorFlow

WTax, X0Ts Teopust TpaInEHTHOTO CITyCKa OT 3TOTO He MEHSIeTCsS HIKAK, Ha TIPAKTH-
Ke XOpOoIliasi MHUIMAIU3AI[Us BECOB OUE€Hb BasKHA, YTOOBI MOMACTh B PA3YMHY0 00J1aCTh
3HAYEHWH 11es1eBOU (DYHKIIUU U He 3aCTPATD B TIIIOXOM JIOKAJTbHOM MakcuMyme. Mbl eriie
ITOTOBOPUM O Pa3yMHOM MHUITNAINU3AIMY BECOB HEWPOHHOM CeTH B pasjeJie 4.2, T7e 1moji-
BeJIEM TIOJT Hee M TEOPETHIECKHE OCHOBaHUsL. A cefiuac oI BU/ CKPBITOTO CJIOS MO~
JIy9aeTcs TaKUM:

h = tf.nn.relu(tf.matmul(x, W_relu) + b_relu)

[Ipumenenue tf.nn.relu Toke GYAET TOKOMIOHEHTHBIM: (DAKTHYECKU MBI TPOCTO
npuMennsn Gyukimio ReLU k Bexkropy tf.matmul(x, W_relu) + b_relu.

B 270l HeHipoHHOI ceTH GyeT oueHb moseseH ciaoil dponayma'. Mbr moroopum
0 HeM ToApo6HO B paszerie 4.1, a ceiiuac HAYHEM € TOTO, YTO TPEABAPUM ITOT Pasel

E IHI/IIHKOB, TIPOCTH: MBI YECTHO IbITAJIUCH IPUAYMATD IIEPEBO/L CJI0BA dropout, HO HUYETO CTOJIb K€ SAPKO-
TO 1 3alIOMUHAIOIIETOCA HE BBIIILIO, /Ia 1 HE BCTPEYa/I Mbl HU O/THOTO CIIC[ITUAJINCTA B 9TON O6J’IaCTI/I, KOTOprL/'I
Obl HazbIBAJ JIPOTIAYT IIO-PYCCKHU KaK-TO NHave.
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HeGouIbIIM crioiinepom!: APOIAYT — TO CJIOH, KOTOPbIil BhIOpachiBaeT (0GHYJISET) BbI-
XOJIbl HEKOTOPBIX HEHPOHOB, BRIOMPAEMBIX CJIYIallHO M 3aHOBO JIJIS KayKIO0TO 00yJatole-
ro npumepa. Bee, uTo HaMm ceiiuac Hy»KHO 3a1aTh — 9TO BEPOATHOCTD UX BbIOPACHIBAHUSI;
JUIST 5TOTO MbI CHAYAJIA CO3/IAJIUM 3aTJIYIIKY:

keep_probability = tf.placeholder(tf.float32)

A panbure TensorFlow, kak Beerza, Bee iejiaeT 3a Hac, [0CTaTOYHO TOJbKO IIPABUJIb-
HO TTOTIPOCUTB!

h_drop = tf.nn.dropout(h, keep_probability)

Tenepb HEHPOHBI CKPBITOTO CJIOST OYAYT Y4aCTBOBATH B BBIYMCJICHUSX C BEPOSTHO-
CTbIO keep_probability, a ¢ BEpOATHOCTBIO 1-keep_probability UX BbIXO/ 6yz[eT 06HyJ1eH,
U OHU He OYAYT HU y4acTBOBATh B MPEACKA3AHUU [IJisE 9TOTO MPUMEPa, HI 00ydaThCst
Ha HeM. [lockobKy pasMep BHYTPEHHETO CI0S OTJANYAETCS OT BXOJHOTO, HaM MIPUIETCS
HEMHOTO ITIOMEHATD ITapaMeTPbl BHEIIHETO CJIOA 1, KPOME TOrO, IIepenncaTh 3aKII04N-
TeJIbHBIN softmax-coii:

W = tf.variable(tf.zeros([100, 10]))
b = tf.variable(tf.zeros([10]))
tf.nn.softmax(tf.matmul(h_drop, W) + b)

[Tpu sToM Hamma HyHKIMS TOTEPH cross_entropy M ONTUMA3ATOP train_step He Tpe-
OyIOT HUKAaKMX M3MEHEHUI. A BOT BBI3BIBATH Sess.run HY’KHO C HOBBIM IIAPaMeTPOM
keep_probability. [ToaTomy nmuka o6yqu1/1${ HEMHOT'O U3MEHUJICA:

for 1 in range(2000):
batch_xs, batch_ys = mnist.train.next_batch(100)
sess.run(train_step, feed_dict={x: batch_xs, y_: batch_ys,
keep_probability: 0.5})

Ecsmm cierats 2000 1m1aroB o6y deHust Halllell HOBOI CETH, MbI TIOJTyYIM

print("TouynocTb: %s" % sess.run(accuracy, feed dict={
x: mnist.test.images, y_: mnist.test.labels, keep_probability: 1.} ))
>> To4yHOCTb: 0.9657

Otsmunbtil pesysibrat! MBI onncany elie HeCKOJIbKO CTPOK KOJIa ¥ C CAMBIMU MU-
HUMAaJIbHBIMU U3MEHEHUSIMU CMOTJIN 100aBUTD LIEJIbIil HOBBIN CKPBITBIN CJI0M B MOJIE/Ib,
a Takyke YMEHBIIUTH OIMIMOKY Ha TeCTOBOI BbIOOPKE IIPAaKTUYECKHU B [Ba pasa. Tenepb
MOKHO TIOCMOTPETb, YTO HAllla HOBAsl MOJIEJTh JIEIaeT C TEMU CJIOKHBIMU IIPUMEPAMHU,
C KOTOPBIME 00BIYHAST JIOTUCTHYECKAst PErpeccust He CIipaBuiach. B aToT pas Mbl cHOBa

1A BoT 3a ¢T0BO <«cTIOfiIep> TPOCHTD TIpomenHs He 6yzeM. XOTs B 3HAUCHUH «CIMIIKOM PAHO PACKPHI-
Tast CIo’KeTHast HHGOPMALUsT» OHO CTAJIO yHOTPeOGISAThCS He[ABHO, CAMO CJIOBO yIKe JIABHO BOIIIO B PYCCKUI
SA3BIK B IOCTaTOYHO MIUPOKOM KpyTe 3Ha4eHUi, 03HAYAIONNX, KaK U B aHTJINHCKOM, HEKYIO «TIOMeXY» B CAMOM
IIMPOKOM CMBICJIE: CIIOIJIED HAa TOHOYHOM GOJIM/IE CHIKAET COMPOTUBIIEHIE BO3/[YXa, KaHANIAT-CIIOMIep Ha
BBIOOPAX OTTSTMBAET IOJIOCA Y APYTOr0 KAHAM/ATA, CaM He MMesl IAHCOB 1106eAnTb, a GOKcep-CIIoiIep BeieT
60it BTOPBIM HOMEPOM, MelIaeT IPOTUBHIKY BeCTH GOIl M CTAPAeTCst KAk MOYKHO Yalle BXOAUTD B KINHY.
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MOJYYUJIHA TY 5Ke OIMUOKY Ha TIEPBOM MTPUMEPE — BMECTO METKH 5 MOJIENb TIPEICKA3bI-
BaeT 6 — OfHAKO OCTaJbHbIE TPH IIPUMePa KIACCUPHUITNPOBATINCH TTIPABUIBHO.

Ha camom fiesie Ha MOMEHT HAMMCAHUS 9TOM KHUTH JIyYIITe MOJIETTH YKe TABHO Me-
10T TOYHOCTD cBbite 99 %. B kakoii-To MomeHT 6opbOa 11112 GYKBATbHO 32 KAYKLYIO JIATII-
HIOIO KAaPTUHKY, U ceiiyac cepbe3noe ucnoJsibzoBanne MNIST g cpaBaenust coBpemen-
HBIX MOJIeJIell TpakTiYecky Gecrionie3no. MecmenoBarent 06bIYHO CPABHUBAIOT PE3YITb-
TaThl HA IPYTUX HAbOpax AaHHbIX, ncmoab3yst MNIST kak 0011y TPOBEPKY HA OCMBIC-
seHHoCTh. OIHY 13 TakuX O0Jee MOAXOMISIINX /7T ATON 3aa4l MOJETIENl MBI PACCMOT-
PHM B TJIaBe 5, KOT/Ia CHOBA BEPHEMCSI K TIIyOOKOMY 0OyUYEHUI0 Ha U300PaKeHISIX.

Ho un a10 etne He Bee. Eciu ii0603HATEIbHBII YATATEID CIEAUT 32 HAIIUMHE yITPAKHE-
HUAMU C KOMIIBIOTEPOM 110/l PyKO# U IIbITaeTCs HOBTOPUTD TO, YTO MBI JIeJIaeM, OH HaBep-
HSKA ysKe TOTPOOOBaT YBETMIUTD IJIHHY TIMKJIa 00yUeH s, YTOObI TPOBEPHUTD: HETH3sT
st 06YYIHTH HAITY TIPOCTYIO MOJIEND €IIfe JIyUIle, TIPOCTO TOTPATHB Ha 9TO OOJIBIITE Bpe-
menu? Ho #e TyT-T0 66110! Ellte uepe3 2000 maroB o0yueHUst TOTHOCTh HEOKUIAHHO
pesKko magaet mpumepto 1o 10 %:

>> TOYyHOCTb: 0.098

JaBaiite pasbuparbcs, B ueM npuurHa. Boobuie ropopst, 10 % 110103puTeIbHO TOXO0-
Ke Ha TOYHOCTH FeHePaToPa CIyIaiHbIX YU CET TPU YTaIbIBAHUH PABHOMEPHO Pactpesie-
JieHHBIX 10 KJTaccoB; MO3TOMY TIEPBOE, UTO HY>KHO TIPOBEPUTD — HE CJIOMAJIACH JIU HAIIIA
MO/I€JIb TIOJIHOCTBIO. [[JIs 3TOTO MOKHO, HATIPUMED, IOCMOTPETH HA ee Beca:

print(sess.run(b))
>> [ nan nan nan Nnan nan nan nNnan nanh nan nan]

U neficTBUTEBHO, 3JIEMEHTBI BEKTOPA CBOOOIHBIX WIECHOB b IIepecTaju ObITh YnCia-
mu. Yarite Bcero aTo TOBOPUT 0 nepenonneruu. OHO TIPOUCXOIUT, KOT/IA O9€HD OOJIbIIIIE
YHCJIa BBIXO/SAT 32 TPAHUIIBI COOTBETCTBYIONINX UANA30HOB M OKPYTJISIOTCS 10 00 WU
—00; Yallle BCETO TaK ITOIyYaeTcsl, KOTa O4eHb MaJIeHbKHe YNCJIa OKPYTJISIOTCS 10 Hy-
JIsT, a TOTOM Ha 3TOT HOJIb UTO-HUOY/Ib TIBITAIOTCS pasaeauTb. Ho oTkyma epenosaeHme
MOTJIO TIOSIBUTHCS Y HAC?

O1HO 13 «y3KHX» MECT Halllero koja — GyHKIMs softmax (Mbl TOBOPHIIM O Hell B pas-
nesie 2.3). JlomycTuM, 4TO BCe 3JIeMEHTHI BEKTOPA, KOTOPBI MBI TIOJIa€M €il Ha BXO[,
OJITHAKOBBI ¥ PaBHBI HEKOTOPOI MTOCTOSTHHOM c¢. Torza JIerko BUIETh, YTO aHATUTHYE-
CKH Ha BBIXOJIE JIOJI’KEH MOJIYYaThCsl BEKTOP, COCTOSIIIUN TOJIBKO U3 1/n, U 9TOT pe3yJib-
TaT ZI0JKEH MOJyYaThCsl COBEPIIEHHO He3aBUCUMO OT ¢. Ho unciennoe 3HaueHne Mo-
JKeT He COBIAcTh ¢ aHaymtudeckum! Eciu ¢ 6yer O0JIbIIMM OTPUIIATEIHHBIM YHCIOM,
3HAMEHATEJb POOU MOKET GBITh OKPYTJIEH 10 HYJISA, U MbI TIOJIyYUM HEOTIPEIENEHHOCTh
(cxopee BCero, ¢ HaIlei MO/IEIbI0 UMEHHO 3TO U TIPOU30IILI0). A eci ¢ 6yaeT 6oTbImM
MTOJIOKUTETHHBIM YHUCIIOM, TO YHCIUTETD MOKET OKPYTJIUTHCS JI0 00, U MBI ITOJTYYUM JIPY-
IyI0 HEOTIpeIeIEHHOCTh., B carydae dbyHKinu softmax takue a(heKTsl HOTyIuTh COBCEM
HECJIOJKHO, TIOTOMY YTO OHA UMEET JIEJIO C HIKCIIOHEHTAMU: COBCEM He 00sI3aTEIbHO YXO-
[IATH B OYEHb TIIYOOKHUIT MUHYC, YTOOBI SKCIIOHEHTA OT OTPHUIATENHFHOTO YHCIA OKa3a-
JIach HEOTIMYMMA OT HYJIst. BoJiee TOTO, B peasibHBIX MOZIENSAX, oOydaiomuxcs Ha GPU,
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0OBIYHO MCIIOJIb3YIOTCSA YHCIIA C IIABAIOIIEl 3aITOM ¢ OAUHAPHOI TOYHOCTHIO (TO €CTh
tumna float, a He double), moTomy 4TO Ha coBpeMeHHBIX GPU aTo mosrydaercs ropasmo
adexTnBHEE, a TOTEPU B KAYECTBE MOJIEJTH, €CJIN HE HATKHYTHCS HA TAKYI0 BOT HEOIIPe-
ZICJICHHOCTD, COBCEM HEOOJIbIINE.

Yo ke menarb? OKasbIBaeTCs, BHIXOA €CTh! 3aMeTHM, YTO ecIi IPUGABUTH OJHY
U Ty ’Ke KOHCTaHTY KO BceM BxofaM (QyHKIMHU softmax, sHaueHue QYHKIIMN HE H3Me-
HUTCSI

etite evief evief e"i

r;+c T;oC  oC x; x; "
>ievi >_ietie ey et Y et

[TosToMy, 4TOGBI M36ABUTHCS OT HEPEIIOJIHEH I, J0CTATOUHO BBIUECTh U3 KaKIO0I0
BXO0/Ia MAKCUMYM CPEJIU BXOJIOB, TO €CTh BBIYUCSTD softmax(xy,xa, . . .,y ) Tak:

softmax(zq,z9, ... ,ry) = softmax(z; — maxx;,xo — maxw;, ...,y — Max ;).
1 (2 (2

Torza, ¢ 0IHON CTOPOHBI, MbI BPSLI JIM YBUAUM B UUCJIUTEJIE CIUIIKOM OGOJIBIIOE YIC-
JIO, a ¢ IPYroii, — B 3HaMeHareJie Beerga OyIeT 1o KpailHeil Mmepe eV = 1, u geseHns Ha
HOJIb TOYHO He BO3HUKHET.

Ho 570 He eAMHCTBEHHOE MECTO, I/le MOIJIa BO3HUKHYTh OIIn0OKa mepenosHens. Ja-
BaiiTe Teriepb MOCMOTPUM Ha Haly (yHKIIUIO MTOTePh:

Hi(y) = =Y tilogy;.

Korza MbI BbIUMCIIIeM ee TPaMEHT 110 BecaM MOJIE/IH, HaM HY KHO OyIeT II0ACYUTATh,

B YAaCTHOCTH,
OH t;

dy; Yi

Torna, ecnu mpesckazaHHasi MOJIEJBIO OIEHKA [IJIT KAKOTO-TO KJIACCa OKAXKETCS
oueHb MaJsa (TO eCTbh MOZIENTb YBEPEHA B TOM, UTO TIPUMED 3TOMY KJIACCY COBCEM He TIPU-
HAJIJIEKUT ), TO MBI CHOBA Oy/IEM TIBITAThCST Pa3/IeUTh Ha HOJIb U TOJIYYUM HEOTIPe/IeJIeH-
HOCTD 1ipu ¢; = 0 WK GECKOHEYHOCTH B ciiydae t; = 1.

K cuactblo, cosparesnn TensorFlow sHajim 06 9THX TPYAHOCTSIX U CIIEIMATIBHO IO/
roToBUJIA (DYHKIINIO, KOTOpast 0OXOAUT BCe TOABOJIHbBIE KaMHM. /laBaliTe HCIOIb30BATh
ee BMECTO CAMOTIMCHBIX (DYHKITUHI. 3a/1a/IUM TIPOMEKYTOUHBIN TEH30D

logit = tf.matmul(h_drop, W) + b

Temnepp Mbl He Oy/1eM caMU IPUMEHSTH Softmax Wi CYUTaTh MEPEKPECTHYIO SHTPO-
TTH10, & BOCTIOJIb3YEMCSI TOTOBOU (DyHKITHEI:

cross_entropy = tf.reduce_mean(tf.nn.softmax_cross_entropy_with_logits(logit, y_))

Bonbire Huyero MeHATH He Hal0; AaBaliTe CHOBA 3aIlyCTUM KO/, Telleph yKe clieslaB
10 000 mraros oOGydeHust, 1 IOCMOTPUM Ha Pe3yJIbTaT:
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PYHKLWA NOTEPL ToYHOCTL
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Puc. 3.14. T'pabuky usmenenus: GyHKIUY ONMOKY ¥ TOYHOCTH HA TPEHUPOBOYHOM M TECTOBOM
MHOJKECTBAX 110 Mepe 00yYeHUsT MOJIEJIH

for 1 in range(10000):
batch_xs, batch_ys = mnist.train.next_batch(100)
sess.run(train_step, feed_dict={
x: batch_xs, y_: batch_ys, keep_probability: 0.5})
print("TouHocTb: %s" %
sess.run(accuracy, feed_dict={
x: mnist.test.images, y_: mnist.test.labels, keep_probability: 1.}))
>> ToYyHOCTb: 0.9749

Heroxo! ¥Yixe 97,5 % — teneps Halia MoJieJib onrbaeTcst (Ha TECTOBO# BHIOODKE,
€CTEeCTBEHHO) BCETO OJIMH Pa3 u3 copoka. ['pabuku namenenus: GyHKINU ONTMOKU 1 TOY-
HOCTH KJaccuuKanuu Ha 00yJaronieil 1 TecToBOU BBIOGOPKaX TOKasaHbl Ha puc. 3.14; Ha
aToT pa3 Mbl mokazann 10 000 ureparuii, TOTOMY 9TO B TedeHHE BCETO 3TOTO BPEMEHU
TOYHOCTD Ha TECTOBOM MHOKECTBE MPOJIOJDKAJIA YBeInuuBaThest. OOparuTe BHUMAHUE,
YTO Ka4eCTBO HAa TECTOBOM MHOKECTBE CTaOUJIBHO BBIIIE, a AUCIIEPCUS HUJKE, YeM Ha
TPEHUPOBOYHOM — 9TO 3(DEKT ApornayTa: Mbl He IEPECUUTHIBAIH OTIEJIBHO KA4eCTBO
Ha TPEHUPOBOUHOM MHOKECTBE, a OpaJjii ero 13 mporecca 00ydeHus, ¢ JPONayTOM.

Wrak, B 9TOH ryiaBe Mbl MOAPOOHO PACCMOTPEJIH TIPOIIEYPY aBTOMATHYECKOTO -
(epentrpoBanus Ha rpade BHIYUCIEHUH, a B JAHHOM Pa3jieJie TO3HAKOMUJIUCH C TEM,
KaK OTUChIBaTh 1 00ydaTh Mogiesn B TensorFlow. Okasbisaercs, 6iarogapsi aBTOMaTH-
dyeckoMy AuGhepeHIIMPOBAHMIO MOKHO HAUMHATH 00yYaTh BEChMa pasyMHbIe MOJIEIIH,
B TOM YHCJIE TIIyOOKHE HEHPOHHBIE CeTH, GYKBATBHO 32 HECKOIBKO CTPOK KOJIA, TIOYTH CO-
BCEM He 3a[yMbIBAsICh O TOM, KaK K€ BBIUUCJISATh B HUX TPAJUEHT. B ciemyiomux riaBax
MBI TTO3HAKOMUMCSI C 4yTh G0JIee CJAOKHBIMU aPXUTEKTyPaMU HEHPOHHBIX CETEl, KOTO-
PhI€ YACTO TIPUMEHSIOTCS Ha IIPAKTUKE, U €I1le He pa3 yOeuMcst B TOM, HACKOJIbKO Y106~
HO nosib30BaThest Gubsmorekamu Bpoe TensorFlow wimu Theano.
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OCHOBHBIC APXUTEKTYPbI



I'naBa 4
bricTpee, Ti1yOiKe, CHUIbHEE,

unu 06 ospazax, 00IUHAX U MPAMNIUHAX

TL;DR

UeTBepTas r71aBa MocBsIieHa Iporpeccy B METo/1ax ONTUMU3AIUH U PEryJIIpU3aliuu
HelipoHHbIX ceTeil. [Iporpecc aToT Ha NepBbIil B3IJIA He3aMeTeH, HO BO MHOIOM OIIpe-
JIeJISIeT yCIleX COBPEMEHHBIX HEPOHHBIX ceTeil. Mbl paccMOTPUM:

* HOBelIINe METO/Ibl peryJiiApu3aliny, KOTOPpbl€ OT COKpalll€eHUsI BECOB IIE€PEIIIN
K APOMayTy U APYTUM MMOAXO0/IaM;

¢ COBpEMEHHbIE METO/IbI cnyqaﬁHoﬁ MHUIAJIU3AIINN BECOB, KOTOPbIE ITO3BOJIAIOT
KOHTPOJIMPOBATH JUCIIEPCUIO BBIXO/I0B;

®* METOJL HOpMaJ/JINn3aIluu 1o MI/IHI/I-6aT‘{aM, KOTOprL/,I ITIO3BOJIAECT HE o6yanb BecCa 3a-
HOBO IIPU USMEHEHUU TIPEABIAYIIUX CJIOEB;

¢ YIAY4YHICHUS TPAJUEHTHOTO CIIyCKa C ITIOMOIIbIO METO/Ia MOMEHTOB;

® U JaKe aJallTUBHbIC BaADUAHTBI I'PAIMEHTHOTO CITyCKa.
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4.1. Perynsipusauus B HEMUPOHHbBIX CETAX

Tem He MeHee M300paskeHHOE HA HEM HUYYTh HE OTBEYAJIO COBPe-
MEHHOCTH HU II0 yXy, HU 10 3aMBICIY, IIOCKOJIbKY, IIPU BCeil 1pu-
4yUIMBOCTH U pazHo06pasnu Kybusma u hyTypusMa, OHU PEIKO BOC-
TIPOU3BOJAT TY 3araJI0YHYIO PEryJISIPHOCTb, KOTOPAst TAUTCS B JIOU-
CTOPUYECKHX NMHICbMEHaX.

I'. Jlasxkpagm. 306 Kmyaxy

Ira raBa 6yAeT MOCBAIIEHA TEM BUAM ITPOrpecca B 00yueHNr HEHPOHHBIX ceTell, KO-
TOpbIE HA MIEPBBIN B3TJISI/I KAJKYTCs He3aMeTHBIMU. B camom fiesie, B pasziesie 2.5 MbI TO-
BOPUJIH O TOM, UTO €CJIF MBI MOJKEM OIPEAETUTD CTPYKTYPY CETH, TO JAbIIIE 3a[a4a KaK
OBl y3Ke U PEIlieHa, CBeIEHA K «BCETO JIMIIIb OMTUMHU3AIUN >, KOTOPYIO MOKHO JIEJIATh IPa-
JIMEHTHBIM CIIyCKOM, BE/lb MbI JKe yMeeM OpaTh IPOM3BOIHYIO OT OJHOTO IIePIeNTPOHA,
npaBuibHo? Takum 06pasoM, TIOJIYYAETCsI, YTO TIPOTPece B 06JaCTH HEHPOHHBIX ceTeil
JIOJIKEH BBITJISIIETD TAK: IPULYMAJIU HOBYIO aDXUTEKTYPY, 3aCYHYJIN B <YHUBEPCATbHBIN
OIITMHU3ATOP>, B POJIK KOTOPOTO MOsKeT BeicTynuTh TensorFlow, mocmoTpesu, He cTa-
JIO JIU JIy4Ille, TPUYMAJIH €llle OHY apXUTEKTYPY, CHOBA OBICTPEHBKO PEATM30BAIU Ha
TensorFlow...

U Takoii mporpecc, KOHEUHO, eCTh. MHOTHE TJIaBbl 3TOM KHUTH GYIYT MOCBSIIECHBI
MMEHHO Pa3HBIM APXUTEKTYPaM COBPEMEHHBIX HEHPOHHBIX ceTeil. OIHAKO B BBIIIEYIIO-
MSTHYTOM «BCETO JIUIIb ONTUMHU3AINNY> TOXKE KPOETCsl HEMaJIo HHTepecHoro. B HacTos1-
H.[efl TJIaB€ MBI ITIOTOBOPUM O TOM, KaKH€ «TPIOKHU» TTO3BOJIAIOT HaM o6yanb TaKNe Ir'm-
FaHTCKUE MOJIENN, KaK COBPEMEHHBIE HEfIPOHHbIE ceTr. MHOTHE U3 9THX TPIOKOB ObLIN
IIprUAyMaHbl COBCEM HEIaBHO, 1 MOJKHO CKa3aTh, YTO OHU TOXKE OT/IEJAI0T COBDEMEHHYIO
PEBOJIIONNIO HEHPOHHBIX CETEl OT TOTO, KAK JIIOJIU MBITATHUCH 00YYaTh CeTH paHbiire. Mb
y3Ke TOBOPHJIM O TOM, YTO TIOHAYATY IIyOOKHE CETH HAYUUIIUCH 00YYaTh € IOMOIIBIO 10-
CTAaTOYHO CJIOKHBIX MOJIEJIEH JIJIst TIpeIobydeH st Ge3 yUuTeIst, a TOTOM OHO CHOBA CTAJIO
He 00s13aTe/IbHBIM, — TaK BOT, B 9TOIi IJIaBe Mbl y3HaeM, II04eMY OHO Tellepb OOJIblie He
HY>KHO.

[TepBasi BaskHast TeMa — peryJisipusaliysi B HEHPOHHBIX ceTsiX. B pasnese 2.2 Mbl BU-
JIeJIV, YTO MOJIEJIb, Y KOTOPOI CJUIIIKOM MHOTO CBOOOIHBIX [TApaMeTPOB, ILJI0X0 060011a-
€TCsT, TO €CTh CJUITKOM OJIM3KO «O0IU3bIBAET> TOUKU M3 TPEHUPOBOUHOTO MHOKECTBA
U B Pe3yJIbTaTe HEIOCTATOYHO XOPOIIIO [TPEACKA3BIBAET HYKHBIE 3HAYEHST B HOBBIX TOY-
kax. CoBpeMeHHbIe HEWPOHHbBIE CETU — ITO MOJIEJIM C OTPOMHBIM YKCJIOM TIaPAMETPOB,
JIaKe He caMast CIIOKHAsT aDXUTEKTYPA MOKET CO/IEP:KATh MUJUIMOHBI BECOB. 3HAYUT, Ha-
IO PETYJISIPU30BATD.

[TepBas uzest: gaBaiite BOCIOIb3YEMCS TEMU K€ METOaMM, KOTOPBIE pa3pabaThbiBa-
Jiu B pasaesie 2.2 — motpebyeM OT KaKIOH MepeMEHHOI, KOTOPYIO MbI OIITHMHU3UPYEM,
IIpUHUMATDb HE CJUITKOM 6OJIbIHI/Ie 3HAUEHUS. ITO MOKHO caesaThb Tak Ke, KaK MbI /Ie-
JIAJIM TOT/IA, I0OABUB K 11EJIE€BO (DYHKIIUU PETYIISIPU3ATOPLI B TIOO0M yA0GHOM J1JIs1 BAC
Buzie. OOBIYHO UCTIONB3YIOT /IBA UX BU/A:
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* Lo-pezynsipusamop, CyMMy KBaJ[paTOB BECOB A ) ., w?;

* Li-peeynapusamop, CyMMy MOZLyJIei BecOB A )y, |w|.

Pazymeetcst, OMTUMHU3AINST OT STOTO HE CUTHHO MTOCTPAAET, BEb OT PETYISIPU3aTO-
pa TOXKe JIETKO B3sITh TPOMU3BOHYIO; TIPOCTO HEMHOTO N3MEHUTCS 11esieBast (PYHKITHSI.

B Teopum HeTpOHHDBIX ceTell Takasi peryJIsipru3aliis Ha3bIBACTCS COKPAUEHUEM 8eCO8
(weight decay), oToMy 4T0 IEHCTBUTENHHO IIPUBOAUT K YMEHBIIEHUIO UX a0COIIOTHBIX
3HaueHui. Ero, koHeuHo, mpuMeHsin oueHb 1aBHo, B 1980-x rogax y:x Touno [207, 285].
U ceiiyac B takux 6ubamorekax, kak TensorFlow u Keras, BbI Toke MOKETE 04EHD JIETKO
MPUMEHUTDH cokpaiieHne BecoB. Hampumep, B Keras ectb BOBMOKHOCTb JIJIsT KasKIOTO
€J10s1 0OABUTD PErYJIAPU3ATOP HA TP BUIA CBA3EIL:

* kernel_regularizer — Ha MaTPUILy BECOB CJIO,
* bias_regularizer — Ha BEKTOD CBOOOIHBIX YJICHOB;
* activity_reqgularizer — Ha BEKTOP BBbIXO/OB.

[TpumepHo Tak:

model.add(Dense(256, input_dim=32,
kernel_regularizer=regularizers.11(0.001),
bias_reqgularizer=regularizers.12(0.1),
activity_regularizer=regularizers.12(0.01)))

Perynsgpusanust B ¢hopMe COKpalleHNsI BECOB MIPUMEHSETCs A0 CUX IOpP, OIHAKO
CHJIBHO YBJIEKAThCS OAOOPOM PETYJISPU3ATOPOB MbI HE COBETYEM.

Bo-miepBbIX, €CTb elrle OJJUH METOJ] PeTyIApU3allii, COBCEM ITPOCTON U OYEBUTHBIN:
JaBaiiTe IPOCTO OTJIOKUM YaCTh TPEHMPOBOYHOrO Habopa (HA30BEM OTJIOKEHHYIO YACTh
BANUOAUUOHHBIM MHONCecmeom) U OyieM TP 00yYeHUN Ha OCHOBHOM TPEHHPOBOYHOM
MHO’KECTBE 320/[HO BBIYKCJIATH OMNOKY W Ha BaluaaliioHHOM. [TpeAnookeHne 31ech
B TOM, YTO OIIMOKA Ha BAJIUAAIMOHHOM MHOKECTBE OYIeT XOPOILO OLEHUBATD OIINOKY
U Ha HOBBIX TOYKaX (TECTOBOM MHOKECTBE), BeIb OHA B3STa M3 JAHHBIX TOH Ke IIpu-
POJBI, HO TeX, Ha KOTOPHIX MbI He 0Oydanuch. VI ocTaHOBUTH 00yYeHHe HYKHO Oyaer
He TOT/Ia, KOTJIa CETh IIPUAET B JIOKAJIbHBIN OIITUMYM JJIsI TPDEHMPOBOYHOIO MHOKECTBA,
a TOr/a, KOr/[a HAYHeT YXY/AIIAThCs OlTMOKa Ha BaJMIallMOHHOM MHOXecTBe. B Teopuu
HEPOHHBIX ceTell HTOT IMOAX0/ 00BIYHO HA3bIBAETCS METOLOM pantell ocmanosku (early
stopping). EcTb pesysbTaThl 0 TOM, YTO PaHH:IS OCTAHOBKA B HEKOTOPOM CMBICTIE DK-
BuBajieHTHa Lo-peryasipusanuu [88]. B 1esioM, BHe 3aBICUMOCTH OT TOIO, KAK UMEHHO
BbI GyJIeTe JeJiaTh PAaHHIOK OCTAHOBKY, MbI B JIIDOOM CJIy4yae BCELEI0 PEKOMEHIYEeM OT-
JIOKHUTD BAIMIAIMOHHYIO YacTh JaTaceTa U CJCIUTh 3a OUTMOKON Ha 9TOU YacTH — 3TO
BCer/ia MOJIE3HO U JJaeT XOPOLIYIO OLEHKY CIIoCOOHOCTH Mozeau K obobienuio. Eciu,
KOHEYHO, pa3Mep JaTaceTa II03BOJISIET TAKYI0 PACTOUYUTEIBHOCTD.

Bo-Bropbix, B nocseanue roabl Obiin pazpaboTanbl 6osiee 9(pGeKTUBHbBIE METO/IBI,
KOTOPbIE CTOUT IPUMEHUTD B IIEPBY10 o4epeb. [Ipy 5ToM OHM 4acTo paboTaioT HACTOJIb-
KO XOPOIIIO, 9TO 10 «00BIYHOI0» COKPALIEHH BECOB €JI0 MOKET B MTore 1 He poiitu. Ox-
HUM U3 Ba)KHEHIINX METOAOB PEryIsSpU3alui HEPOHHBIX CETeil 111 PEBOJIIOIIH TIy-
6oxoro obyuyenus cran oponaym [129, 246].
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Brixoakl Y1 Y2

Xq Xz

Puc. 4.1. IIpumep aponayTa B TPeXCJIOMHON HEMPOHHON ceTH: HA KsKJIOM HOBOM
TPEHUPOBOYHOM IIPUMEPE CTPYKTYPA CETH U3MEHSIETCSI

Ero nunes upessbruaiino npocra. /laBaiite s kaxaoro HelipoHa (KpoMme camMoro 1o-
CJIE[THETO, BBIXOJIHOTO CJIOST) YCTAHOBMM HEKOTOPYIO BEPOSITHOCTH p, ¢ KOTOPOU OH OY-
IET... 6bI6pOLeH U3 cemil. ATTOPUTM OOYYEHUS MEHSIETCS TAKUM 00Pa3OM: Ha KasKIOM
HOBOM TPEHUPOBOYHOM TIPUMEPE T MBI CHAYAJIA JIJIsT KAsKIO0TO HelpoHa GpocaeM MOHET-
KY C BEPOSITHOCTBIO p, ¥ B 3aBUCUMOCTH OT PE3yJIbTaTa MOHETKH NGO MCIIOIb3yeM Hell-
POH Kak 0OBIYHO, THOO YCTAHABIMBAECM €T0 BBIXOJI BCET/[a CTPOTO PABHBIM HyJIi0. [ajb-
e Bee MPOUCXOANT 6Ge3 U3MEHEHWH; HOJb Ha BBIXOJIE MPUBOAUT K TOMY, UTO HEHPOH
(bakTHUECKM BhITTazaeT 13 rpada BhIUNCACHU: U IPSIMOE BBIYUCIEHYE, U 0OpaTHOE pac-
IIPOCTpaHeHue IpajlieHTa OCTAHABIMBAIOTCS HA 9TOM HellpoHe U JaJiblile He UAYT.

[Tpumep apoliayTa MoKasaH Ha puc. 4.1, rue nsoOpaskeHa TpexcioiiHas HelipoHHas
CeTb C TATHIO BXOJAMU M TPEMS CJIOSIMU 110 TpU Helipona. Ha BbIXoZHOM cJjioe jiporia-
yT OOBIYHO HE JIEJIAIOT: HaM TPeOYeTCst BBIXO/] OMPEIEEHHON PasMEPHOCTH, U BCE €T0
KOMITOHEHTBI 00BIYHO HYKHBI. A Ha IIPOMEKYTOUHBIX, CKPBITHIX CJIOSIX APOIAYT MOKHO
MPUMEHUTD: Ha PUC. 4.1 BUIHO, KaK KaK[bII HOBBIH TPEHUPOBOYHBIH TpUMep x; 00ydaer
yoKe HEMHOJKKO JIPYTYIO CETh, TJI€ YacTh COeANHEHU I BRIOPOIIIEHA.

Bot u Bce! Ouens mpocTast uzes n HuKakoi MatemMaTuku. OCHOBHOHM MaTeMaTHye-
ckwmit pegyibrat pabot [ 129, 246] cocTouT B 0TBETE Ha BOITPOC O TOM, KaK JKe TOTOM 1pi-
MeHsimy 00yueHHY10 ceTb. Ha mepBblii B3TJIsI] KaKETCSI, 4TO HYKHO OTISITh COMILIUPOBATD
Ky4y <«IIPOPEKEHHBIX» CETEH, CYUTATH UX PE3YJIbTATHI, YCPEAHSTD... HET, 3TO HE Oy/IeT
pa6oratb. Ho Ha caMoM fieie GOJIBINON BBIYUCAUTENBHON CIOKHOCTH 31€Ch HET: YCPE/I-
HeHVe Gy/IeT 9KBUBAJICHTHO TPUMEHEHUIO CETH, B KOTOPOH HUKAKWMe HEHPOHBI HE BBI-
OPOIIIEHBI, HO BBIXO/] KaXK[0T0 HEPOHA YMHOKEH Ha BEPOSITHOCTD P, ¢ KOTOPOU HEMPOH
OCTaBJISLIN TIPK 0OydYeHnr. MareMaTiuecKoe OKUIaHNe BBIX0/Ia HEHPOHA TIPH 9TOM CO-
XPaHUTCS, & 3TO UMEHHO TO, YTO HY:KHO. KcTaTu, IpakTHKa MTOKa3bIBAET, YTO /I OYEHb
HIMPOKOTO CIEKTPA apXUTEKTYP U MPUIOKEHUI 3aMedaTesIbHO MOIXOIUT p = %, TaK YTO
3Ty BEPOSITHOCTH MOKHO CIEIMATILHO U He MTOAOUPATD.
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U skcrepumenTs B [129, 246], u Bes nocaeayonas IpakTuka 00yueHns HeiipoH-
HBIX ceTell TOKa3bIBAIOT, YTO APOTAYT AEHCTBUTENBHO JJaeT OUYeHb CePbEe3HbIE yIyylle-
HUS B KaueCcTBe 0OYYEHHON MOJIETM B CAaMbIX Pa3HBIX TPUIOKEHUSAX. MBI ¢ BAMH TOKE
yoKe IPUMEHSIN €T0 Ha MpakTuKe B paszeie 3.6, Tak uto He Gynem moBTopsiThes. Of-
HAKO UCTOPHUS ellle He 3aKOHYEHA, BeJIb Ha MEPBBIN B3TJIS JIPOTIAYT BBITJIAANT Y5KACHO
3ara/loyHo: TOYEMY BIPYT HA/IO BBIKUA/IBIBATD HEWPOHBI? KaKoil B 5TOM CMBIC?

OHO 13 TIEPBBIX TONBITOK 0OBSICHUTD 9TO SIBJIEHUE KOHIIENTYJIbHO OBLIN PACCy K-
nenus ke dpu XunTOHA B UCXO/IHOM cTaThe 0 AponayTe [129] u conyTcTByiomux /1o-
KJagax. XUHTOH [OJIATAJI, 4TO IPOTIAYT — 3TO CBOEOOPA3HBIN METO TOOUTHCSI OTPOMHO-
TO ycpefiHeHus MoJiesieit. I3BeCTHO, 4TO 3TO OY€EHbD MOJIE3HBIN Ha TIPAKTUKE TPIOK; MHO-
rue Kaggle-copesnopanusi! BRIMIpBIBAIOTCS TIPU TOMOIIM GOJIBIIONO aHCaMOIs Mojie-
neii?. U XUHTOHY C COABTOPaMU yJIaJloCh TI0Ka3aTh, YTO APONAYT 3KBUBAJEHTEH yCPe/l-
HEHUIO BCEX TEX MOJIEJIEH, KOTOPbIE IOy YaIiCh Ha KasKIOM IIare CJIyIailHbIM BBIOPACHI-
BaHMeM OT/Ie/IbHBIX HeitpoHoB. Mnaue roBopsi, Mbl yepeanseM 27V BosMoxkHbIX Moziesteit
(rme N — 4ucyio HelipOHOB, KOTOPbIE MOTYT ObITh BBIKUHYTBI UJIM OCTABJIEHBI), 1A He
MIPOCTO Pa3HBIX MOJIEJIEN, @ Pa3HBIX apXumexmyp HENPOHHBIX ceTeii!

pyrag MoTHBAIMS U1 APOTIAYTA IPUXOIUT U3 TEOPUU IBOJIIOIUN: METOAMKA JIPO-
1IayTa OYeHb [T0X0KA Ha 101080€ pasmHoxcerue. J|eficTBUTENbHO, Ha TIEPBBI B3TJIA Ka-
JKETC, YTO DBOJIOIMH HET HY>K/Ibl IIPUAYMBIBATD PA3HOIIOJBIX CYIIECTB: €CJIU KaKUe-TO
FE€HbI HAyYaTCsT XOPOIIIO «paboTaTh BMECTE», TO JIyUllle TIepeaaTh 9Ty XOPOIIyI0 KOMOU-
HAIUIO JIAJIBIIIE, B TO BPEMSI KaK MOJIOBOE PA3MHOKEHIE MOXKET HAPYIIUTD a/[allTHBHBIE
COYeTaHus reHoB.

OmHaxo BBISICHSAETCS, YTO HA CAMOM [IeJIe TAKOEe pa3pylleHye /IJIs 9BOJIIOIUU CKopee
10JIE3HO: BCE caMble BLICOKOOPTaHM30BAaHHbBIE KUBOTHBIE PA3MHOKAIOTCS UMEHHO I10-
JIOBBIM IIyTeM, a TIOUKOBaHUE — Y€l I'YOOK M KUIIEYHOIOI0CTHBIX. OOBSICHEHHE 3TOMY
TPUMEPHO TO JKe, YTO 1 0OBSICHEHIE TOTE3HOCTH IPOTIAYTa: BAYKHO HE CTOIBKO COOPATH
XOPOLILYIO KOMOUHAIIMIO TEHOB, CKOJIBKO COOPATh yCMOUUUBYIO Y XOPOLILYIO KOMOMHAIIMIO
FEeHOB, KOTOPAst TOTOM OY/IET ITUPOKO BOCIIPOU3BOUTHCS U CMOKET CTATh OCHOBOI JIJIsT
HOBOW JIMHUYM IOTOMKOB. A 3TOT0 IIPOIIle I0CTUYb, €CJIN 3aCTaBJIATDb FeHbl, KaK IIPU3HAKN
B HEPOHHOII ceT, «paboTaTh» MOOJMHOYKE, He PACCUMThIBasK Ha cocea (KOTOPBIN IIpu
TT0JIOBOM PA3MHOKEHIH MOKET IPOCTO IPOTACTB ).

! Kaggle — 510 mmpoko u3BecTHbIil B cpejie aHaIM3a JAHHBIX CAiiT, Ha KOTOPOM MyGIMKYIOTCS YCI0BHIS
PasIMYHBIX COPEBHOBAHWN: CYTh 33/[a4H, TPEHUPOBOYHBII HAGOP, CKPBITBII OT yYaCTHUKOB TECTOBBII HAGOD,
Ha KOTOPOM OY/IyT OLEHUBATHCS PE3YIIBTATHI, & TAKIKE 3a4acTyi0 (GUHAHCOBASI MOTHBAINS JIJIsT TTOOEUTENEN.
Jlns mosielt, n3ydaomux aHanus fanHbix, Kaggle — oTmunblii crioco6 monpakTuKoBaThCs, a 171t KOMITAHIH —
He MeHee OTJIIIHbII CII0CO6 3aCTaBUTh MACCy YMHBIX 1 OTIBITHBIX JIOZIEN IyMaTh HAJl CBO€iT 3a/1aueil, TOTpaTrB
HA 9TO CYUTAHHbIE €IMHUIIBI THICSY J[OJIJIAPOB B KAUECTBE TIPH3a.

2 MO3KHO, KOHEUHO, TIOCTPOMTD ¥ HACTOSIIIMIT aHcaM6Ib 13 HEHPOHHBIX CeTeil; paB/a, ecii Ae/aTh 3T0
HAaUBHBIM 00pa3oM, OYKBaIbHO 00yYast MHOTO CeTeld, 3T0 GY/IeT OUeHb CIOKHO BHIYUCIUTENBHO U BPSL JIU
npusezer K yerexy. Ho B 1ocsiesiHee BpeMst CTasu MOSIBISITBCS. MHTEPECHBIEe pA00ThI O TOM, KaK 3/1eCh TOKE
MOKHO COKOHOMUTD U 3ajlellieBo 00y4nuTh HacTosuii ancam6b [500].

3 Kematormum noapobHee y3HaTh, Kak MHGOPMATHKA CMOTPHT Ha MOJIOBOE PA3MHOMKEHHE, PEKOMEH/IyeM
patorsi [331, 489].
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W naxoner, TpeTuil BOSMOXKHDBIN B3IV POIAYT OUYEHD IIOXOXK Ha TO, YTO IIPOUC-
XOJIUT TIPY CBA3SIX MEK/Y KUBBIMYM HEHPOHAMU B UEJIOBEYECKOM MO3Te. MBI yKe rOBO-
PUJIH, UTO HEHPOHBI PAGOTAIOT CTOXACTUYECKH, TO €CTh MOCBLIAIOT CUTHAJBI He MOCTO-
STHHO, & B BUJIE CJIYYaiHOTO MPOIIECCa, W €70 MHTEHCUBHOCTD 3aBUCUT OT TOTO, BO30YK-
JleH HEPOH WJn HeT. B3rJis/bl 9T, KOHEYHO, OYeHb MHTEPECHbIE U HAaBEPHSKA BEpHbIE,
HO CJIOJKHO TOHSTH, KaKUe U3 HUX MOXKHO CJIEJIATh BBIBOJIBL: M TaK OBLIO TIOHATHO, YTO
NPOTIAYT TOJIe3€eH, U eaTh ero Hano. OHaKo HeaBHO ObIT pazpaboTaH ApyToii, Gosee
MaTeMaTUYeCKW KOHIIETTYaJIbHBIN B3TJIS/] HA JIPONAYT, M3 KOTOPOTO BBITEKAIOT HOBBIE
UHTEpeCcHbIE (DAKTBI; B YACTHOCTH, OH IPUBEJ K pazpaboTKe MPaBUIbHOTO METO/A TOTO,
KaK J1eJIaTh [PONayT B peKyppPeHTHbIX ceTsax. Celfuac HaM, paB/ia, ellle paHOBATO O HEM
TOBOPHTB; aBaiiTe OTIOKUM 3TOT Pa3roBOP [0 KOHIIA KHUTH, 10 paszgena 10.5, a camu
MOM/IEM JTAJIbIIIE — K MHUITMAJIU3AIINH BECOB.

4.2. Kak HMumanusunpoBaTtb Beca

A xouy craTh Xy10KHUKOM... UTO0 ke MHe napucosars? Hapucyio
netymkal J uX MHOrO BHJIEN — W JKUBBIX IETYIIKOB M HAPUCOBaH-
HbIX... BoT TosibKko ¢ yero HayaTh? C roJioBsl uan ¢ xBocta? Camoe
TpyzsHoe — 310 Hayath! HauHy ¢ roJIoBbI, a TOTOM TIOPHUCYIO BCE OC-
TaJbHOE: XBOCT, KPBLJIbS 1 JIATIKHU O ITiopaMu... Bot! Xopormmii mosry-
upicsa rpebemok. Kak nacrosuuii! Tereps Haprcyio riasa u KJIoB...
Yro Takoe? Ilomyumics momyraii!

C. Muxanxos. C uezo nauamv?

B aToM pasjiesie Mbl 06CY IUM ellie O HY IIPoOIeMY, KOTOPasi OKa3blBaeTCs 0COOEHHO BakK-
HOU 1711 TyOOKUX HEWPOHHBIX cereit. Kak Mbl yike 00CysKiaiu, 00y4eHre CETH — 3TO
GOJIbIIIASA U CIIOJKHAS 3a/[a4a ONTUMU3AIMK B IPOCTPAHCTBE OYEHb BHICOKOH Pa3MepHO-
ctu. Perraem MbI ee hakTUIeCKU METONAMI JIOKATBHOTO TIOMCKA: CKOJIBKO HU MTPHIYMBI-
Bail XMTPHIX CIIOCOOOB YCKOPUTD TPAJUEHTHBII CITyCK, 0G0UTI HEOOJIbIINE JIOKAIbHbIE
MUHUMYMBbI, BBIOPAThCSI M3 <YIIENUli», MBI BCE PABHO He CMOKEM U3MEHUTh TOT (DaKT,
YTO rPAJIUEHTHBINA CITYCK — 9TO METO/l MECTHOTO 3HAYEHUSI, ¥ UIIET OH TOJBKO JIOKAJIb-
HBII MUHMMYM /MaKCUMyM. MBI He 3HaeM HUKAKUX METOAOB IJI06aIbHOM O TUMU3ALIH,
KOTOPbIE TIO3BOJINIIN ObI HAMTH CaMbIH JIYYIITHH TOKATBHBIH OMTUMYM JIJIST TAKOH CII0K-
HOIT 3a/1au, Kak o0ydeHune TIyOoKoi HeitpoHHOI ceTn. [T09TOMY BITOJIHE €CTECTBEHHO,
YTO OJIFH U3 KJIIOUEBBIX BOTIPOCOB COCTOUT B TOM, 20€ HAUUHAMD TOT JTOKAJIBHBIH OUCK:
B 3aBUCHMOCTU OT KAQUeCTBA HAYATHLHOTO MPUOJIKEHUS MOKHO MOMACTD B CAMBIE Pa3-
HbI€ JIOKAJIbHbIE ONTUMYMbL. XOPOIIas MHUIIUATU3AINS BECOB MOXKET MTO3BOJUTH HAM
o6y4ath TIy6OKKEe ceTy ¥ Jrydiie (B CMBICJE METPUK KadecTBa), U ObicTpee (B CMBbIC-
Jie yncJia Tpebyomuxcst OGHOBJIEHUI BECOB, TO €CTh YMCJIa UTEPALHii, TO €CTh BpeMeH!
obyueHus).

MBI yke yIIOMUHAIN HEPBYIO WEI0, KOTOPas MpUBeJia K GOJIBIINM yCIeXaM B 9TOM
HarpasJeHun: npedobyuenue 6e3 yuumens (unsupervised pretraining). MosxHo o6y4arhb
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OT/IeJIbHBIE CJIOM TIIYOOKON ceTr 6e3 yuuTesist, MOCIe0BATENbHO, 4 3aTEM Beca TOJIy-
YEHHBIX CI0EB CUNTATH HAYaTbHBIM MPUOJIMKEHHEM U J00OYYaTh ysKe Ha pasMeUYeHHOM
Habope paHHbIX. Kak 910 yacto GbIBAaET B UCCIIEIOBAHISIX HEHPOHHBIX CETEl, 3Ta Uest
TOJKE [MOSBUJIACK ellle BO BTOpoii nosouHe 1980-x rogos: B onybankoBanHoii B 1986 ro-
1y pabote [26] crpoutcs riry6oKas apXUTEKTypa, OTAEIbHBIE YaCTH KOTOPOil 00ydaroTcst
KaK aBTOKOJMPOBIINKH |, 2 3aTeM 00BEIMHSIOTCS B OOIIYIO MOJIEIb.

OpHako HACTOSATINE PacIBET TPeA0OyUeHusT 6e3 YIUTEST HAYaJICs B CepeInHe Tiep-
Boro gecaruners XXI Beka. IMeHHO OHO 00YCIOBUIIO Ty CaMYIO PEBOJIOLUIO 00yde-
HUS TIIyOOKUX CeTell, KOTOPOH BCst 3Ta KHUTA 00sI3aHa CBOUM TTOsIBJIeHIEM. JII0OOIBITHO,
4TO XOTS ceiiyac oOyueHre HelPOHHBIX CEeTel MOKHO HAa3BaTh I0CTATOYHO IIPOCTBIM JIJIs1
M3yUeHHs] HHCTPYMEHTOMZ, I B 9TOH KHUTE MBI IOCTATOYHO GBICTPO 06bACHsIeM 06yde-
HUe HeHPOHHBIX CeTeil, HAUMHast OT CaMbIX a30B, B Pa3BUTHH MeToia 6€3 BEPOSATHOCTHBIX
Moziesiell 1 MeTOIOB TIPUOJIMKEHHOTO BEPOSITHOCTHOTO BBIBOJA He 0001110¢h. OCHOB-
HBIM UHCTPYMEHTOM JIJIsI TPeio0ydeH st Oe3 yuuresist B paboTax rPyIinbl X UHTOHA CTaIN
TaK Has3bIBaeMble ozpanuuennvie mawunvt borvumana (restricted Boltzmann machines).

B aroii kaure Mot He 6yeM TIOAPOGHO OGBSICHATD, 4TO HTO Takoe. Jloctarouto Gyaer
CKa3aTh, YTO 3TO BEPOSTHOCTHASI MOJIEJIb, TAaKsKe U3BeCTHAs ¢ 80-X ro10B IPOIIIOTO Be-
Ka[2,225,499], B koTopoii ecTb sudumwvie (visible) nmepementbie, 3SHaUCHUST KOTOPBIX MbI
3HaeM, u ckpuumoie (hidden), 3HaueHUI KOTOPBIX MBI HE 3HAEM, a TAKIKe CBSI3M MEKILY
Humu. Y 3aza4a cOCTOUT B TOM, 4T0OBI 00YYNUTh Beca dTHX CBsA3ell Tak, YTOObI pacipe/e-
JICHVE, TIOPOJKAAEMOE CKPBITHIMHU TIEPEMEHHBIMU HA BUAUMBIX, OBLIO KaK MOXKHO GOJIbITE
MIOXO0’Ke Ha paciipesiesieHre BXOIHBIX TaHHBIX.

AJTopuTM™, KOTOPBIH Takoe oGydeHue peasnsyerT, MOJTydYJg Ha3BaHUE Contrastive
divergence®. Ou pecTaBsier co60iT YIPOIEHHYIO BEPCHIO ATTOPUTMA COMILIHPOBA-
Husg MonTe-Kapiio 11 cOOTBETCTBYIOIIEN BEPOATHOCTHON MOJIE/IA. TOT AJITOPUTM TO-
Ke mpugyMan XuHTOHOM, ipudeM erte B 2002 roay, /10 Hauaia peBOIONUHN IyGOKOro
o6yuenus [219], aB 2005 roxy B pabote [72] nmosBUIACh KJI0UeBas Uies Mpeao0yueHns:
HavaTh  contrastive divergence, 4ToOBI 0OYINTH HAYATHHYIO TOYKY, & TOTOM TO00YIHTH
Pe3yJIbTaT IIPU IIOMOIIY OOBIYHOTO 00yYeHUs ¢ yuuTeaeM. TakuM ke oOpasoM MOXK-
HO ITOCTPOUTD U TITyOOKYI0 MOJIENb: CHAYaIa O0YYUTD MEPBBIN CJION KaK OrPAHUYEHHYIO

1 M1 lozrpo6HO OroBOPHUM 06 aBTOKOAMPOBIIMKAX B IJIaBe 5, a ceffyac I0CTaTOYHO CKa3aTh, UTO aBTO-
KOJIUPOBIIUK — 3TO MOJIENb, KOTOpasi 00y4aeT 6e3 yuuTessi HEKOTOPOe BHYTPEHHEE MPEICTABIEHNE CBOUX
BXO/IOB M YMEET X 3aT€M PEKOHCTPYHUPOBATb.

2 Tlo cpaBHEHHUIO ¢ APYTHMH, KoHeuHo ke! Ho oBepbTe, MaTeMaTHYECKoe COfepKaHIe BCeil 9Toit KHUTH,
KPOMe, BO3MOJKHO, I71aBbl 10, J0CTATOUHO HECJIOKHO U HEJAIEKO YXOUT OT HA30BBIX YHUBEPCUTETCKUX KYPCOB
TEOPHUHU BEPOSITHOCTEN U MaTeMaTnueckoro anauusa. C Apyroii CTOPOHBI, He HAJ0 IIyTaTh IIPOCTOTY B OCBOE-
HUU € OPOCTOTOI /sl TOHUMAHUSL: JIFO/H /IO CUX TIOP HE OYeHb TIOHUMAIOT, 720¥eMy TaK XOPOIIO PabOTAIOT Te
METO/IbI, O KOTOPBIX MbI PACCKA3bIBAEM B ITOI KHUTE, U B HAIIUX IPE/ICTABJIEHHSIX O TOM, YTO ITPOUCXOINUT
B CJIOJKHBIX HEIIPOHHBIX CETSIX, €llle 0YeHb, OYeHb MHOTO IPOOETIOB.

3 Eme ouH TepMUH, HepeBojl KOTOPOTO Ha PYCCKHMIl He YCTOAJICA M, 1O BCell BUAMMOCTH, yKe U He
ycroutest. Mbl BCTpeYasn «CpPaBHUTEIBHOE PACXOXK/IEHIE», «COTIOCTABUTEBHOE OTKIOHEHHE> U JIaXKe «KOH-
TPACTHYO IUBEPTEHIINIO», HO OOBIYHO TAK U MUIILYT IPOCTHIMU JATUHCKUME OYKBaMI: <aJTOPUTM contrastive
divergence», coxpamterno CD.
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MaImHy bosbIiMana, 3aTeM ICII0/Ib30BaTh CKPBITHIE BEPIINHBI [TEPBOTO CJI0ST KAK BUIH-
MBI CJIOIT BTOPOTO YPOBHSI, HOTOM TaK K€ C TDETBUM... 2 B KOHIIE OOBEAMHUTD BCE B OJHY
GOJIBIIYIO MOJIENb C HECKOJIBKUMHU CJIOSIMH, UCIIOJIb30BATh Beca MAIMH BoJibIlIMaHa Kak
HAYJIbHOE MPUOJIMKEHNE U TOOOYUUTDH PE3YIBTAT C YUUTEIEM.

Takast KOHCTPYKIMS IOJy4YHJIa HasBaHue 2iyooxou mawunvt Bowvumana (Deep
Boltzmann machine, DBN) [466]. ITocsie cBoero nosienenust B 2005—2006 rogax sToT
HOZXO0/] K MPef00yYeHNI0 HECKOJIBKO JIET TIPUMEHSIJICS OY€Hb aKTHBHO; OH MOAPOOHO
OIMCaH B y:Ke CTaBIIMX Kiaaccuueckumu mybsmkanusax Jxxeddpu XuHTOHA U €ro KoJi-
JIET U acIupaHToB, ocoberno Pycimana Canaxyraunosa [220, 221, 224, 464, 467, 468,
505, 516]. EcTb u TeopeTndeckre pe3yabTaThl, TOKA3bIBAIOININE, YTO BCS 3Ta KOHCTPYK-
IUST IEFICTBUTENIBHO JIEJTAET TO, YTO HAJIO, TO €CTh YIIyUIIaeT HEKOTOPYIO OI[EHKY OOIIEero
npasonogobus mozgesu [223].

MosKHO TIOZIONTH K 3TOMY BOTIPOCY U C JAPYTOU CTOPOHBI. OTrpaHUYeHHAs MaIllHA
BosbiiMata o0yvaer Beca MEXK/Y BUIUMBIM U CKPBITBHIM CJIOEM TakK, YTOOBI KAK MOXKHO
JIydIlie TI0 CKPBITOMY CJIOI0 BOCCTAHABJIUBATD BUIUMBIIL... HUUEro He Hartomunaet? /leii-
CTBUTEJILHO, 3TO BEChMA MOX0KE HA CUTYAITHIO OOYYEHUs OJIHOTO CJI0s1 HEHPOHHOM ceTH,
€CJIM ellle TOUuHee — Ha 00yUeHe OJHOCIOIHOrO aBTOKOANPOBIIKA. U 1eficTBUTENBHO,
BCKOpE MOSIBUJIKCH U AHAJIOTHYHBIE TJIyOOKIe KOHCTPYKIIUHU, OCHOBAHHBIE Ha aBTOKOIU-
POBIIUKAX: O0YYUJIH TIEPBBI aBTOKOAUPOBIIHK, UCTIOJIH30BAJIM BhIIEJSIEMbIE UM TIPH-
3HAKHU KaK BXOJIbI BTOPOTO U T. /. ITOT MOAXOJI, U3BECTHBIN KaK MHOZOSPYCHbLE ABMOKO-
duposuwuku (stacked autoencoders), pasBuBaJicst B TOT JKe TIEPUO/ B OCHOBHOM B IPYIITIE
Mourya Benku [148, 195], a B KOHTEKCTe CBePTOUHBIX ceTeil — B rpyme dua JIeKy-
Ha [303].

[Touemy ato paboraer? Macuirabruoe ucciegoanue [567], B 2010 roay npeanpuns-
Toe B rpyiie BeH Ky, T0Ka3aio, 4To mpeaodyueHre 6e3 yuuTesist 1eHCTBUTEIBHO 0~
MOTAET TMPAKTHYECKH JI000# TIyGOKOiT MOJIENHN, U BBIABUHYJIO MHTEPECHYIO THIIOTE3Y
0 TOM, TTOYEMY TaK MTPOUCXOIUT. ABTOPBI TPEAIOTIOKIIIN, YTO MPEI0OyIeHUE BBICTY-
[aeT B KaUecTBe CBOCOOPA3ZHOTO METO/[A PEryIsPU3alIii, CBA3aHHOTO ¢ OOIIMM TI0X0-
JIOM K BEPOSITHOCTHBIM MOJIEJISIM. J[€T0 B TOM, UTO B TO BPEMST KaK «OOBIYHOE» 00yue-
HUe TJIyOOKOU CETH KacaeTcst TOJBKO BOCCTAHOBJIEHUS BBIXO/A Y MO BXOIY T, TO €CTh
IBITaeTCsT 00YUUTD YCLOBHOe pactipenesienne p(y | @), TOPOKIAIOINIAsT BEPOSTHOCTHASI
MozesTh (Takast, Kak, HanpumMep, Matiiia bosbiivana) o6ydaer cosmecmuoe pacnpesiene-
nue p(x,y) = p(y | «)p(x), To ecTb cCTAPALTCS €11l U BBIPA3UTH PACIIPE/IETIEHIE IAHHBIX,
KOTOPBIE MOTAIAIOTCST HA BXO/IaX CeTH (MBI TOAPOOHEE TIOTOBOPHM O MOPOKAAIOIINX MO-
JieJisix B paszedie 8.2). B utore 9To NpUBOAUT K MHUIIMAIU3ALMN CETU B TOM 00JIaCTH ITPO-
CTPAHCTBA BECOB, T7I€ BECa OMUCHIBAIOT U YCJIOBHOE pactpesesenue p(y | &), u coOCTBeH-
HO pacipejiesieHne JaHHbIX p(a), U B Pe3yJIbTaTe eCTh MIAHC, 4TO 00yUYeHre ¢ yUuTeIeM
3areM coizieTcst B 6osiee X0pomo 0600IAIIUIICS U MeHee CKJIOHHBIH K OBeP(MUTTHHTY

JIOKQJIBHBIN ONITUMYM, YeM TIPH CIIyJaliHON VHUIHATI3AI

! Kcraru, HeaBuue pabotsr [317, 487, 566] mokasbBaOT, YTO MPEAOOYUCHIE MOKHO 3AMEHUTD U JaKe
YIIYYIIUTD, 00yYasich cpa3dy Ha Pa3MeYeHHBIX U HePasMEUEHHBIX JIAHHBIX MPU MOMOIIM METOA0B OOyYeHUs
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Kakoii 651 criocob Hpea06yquHH HM MCIIOJIb30BaJICA, B 110JaBJIAIONIEM 6OJIbIINH-
CTBE€ CJIy4a€B OH COOTBETCTBYET DALY AOCTATOYHO €CTECTBEHHDBIX ITPUHITUIIOB.

1. TIpemobyueHue CI0eB MPOUCXOAUT TOCTEA0BATENHHO, OT HUKHUX K BEDXHUM. ITO
MO3BOJIsIET 36€KATh TTPOOIEMBI 3aTYXAMOIUX MPAJUEHTOB U CYIIECTBEHHO YMEHb-
maet 00beM BBIUYMCJIEHNN HA KaK/IOM ITATIE.

2. TIpenoGydeHue nporekaeT 6e3 yUUuTes, TO eCTh 6e3 yyeTa UMEIIIXCsI PA3MeUeH-
HBIX JIaHHBIX. JTO YACTO MO3BOJISIET CYIIECTBEHHO PACHIUPUTH OOYUAOILYIO BbI-
GOpKY: MOHSITHO, YTO cOOpaTh MUJLUTHOHBI n300paskeHnii u3 VHTepHeTa 63 yuera
KOHTEKCTa M OMUCAHUS Ky/Ia TIPOIIE, 4eM coOpaTh Jake ThICAUY TPABUILHO pas-
MeYeHHBIX PYKOIUCHBIX 1U(dP, a cOOPATh MHOTO CHIPO#T YEIOBEYECKO Peun Ky1a
[IPOIILE, YEM PEUb ¢ Pa3MEUEHHBIMU (DOHEMAMIL.

3. B pesyJibTaTe npeno0yUeHUs TIOTYyIAETCS MOJIETb, KOTOPYIO 3aT€M HY/KHO J1000Y-
YUTh HA Pa3MEYEHHBIX JAHHBIX. V1 Moziesin, 0GydeHHbIE TAKMM 00Pa30M, B KOHEU-
HOM CY€Te CTAOMIBHO CXOSITCS K CYIECTBEHHO JIYUIIIUM PEIIEHUSIM, Y€M [TPU CJIY -
YalHOW MHUIIMAIN3aII .

...ITo kpaiineit Mmepe, Tak ObL10 BO Bropoii nojosuHe 2000-x rogos, Korja mnpeaooy-
YeHHe TOCPEICTBOM OTPAHUYEHHBIX MAIITHH BObIIMAaHA UK aBTOKOIUPOBIIUKOB OBLIO
B pacigete. Ceiluac ero To:ke HUKTO He MEIIAeT JIeJIaTh, CKOPee BCET0, Pe3YJIbTaThl CJIer-
Ka yayumiatcst. Ho Bce-Taku mpeo6Gyderye — 3T0 AOCTATOYHO CIOXKHAS W JOPOTOCTO-
smast mporenypa. MakTHUecKy MoydaeTcs, YTO HY>KHO HAYIUThCS /1eJIaTh Be Pa3HBIX
POIIeLyPhl 0OyUeH s, HACTPAUBATh UX 00€, TPUYeM MpenodyueHre CKopee Beero Gyer
6oJiee XPYIIKON U CJIOKHOU (Da3oit, uem coOCTBEHHO 00yueHue ¢ yunuteaeM. KoHeuHo,
XOTeN0Ch Obl Kak-HUOY b 000HTICH 63 MpenodydeHts], TaK YTO KPOMe BOIIPOCa O TOM,
MOYeMy OHO PaboTaeT XOPOIIIO, JTIO/H 33IATUCh 1 0OPATHBIM BOTIPOCOM: TIOYEMY CITyYaii-
Hast HHUIMATIU3AIHST paboTaeT TI0X0 U MOYKHO JIH YTO-TO CIETATh /ISl TOTO, YUTOOBI ee
YIIy4LIUTL?

BaskHoii Bexoil Ha aTOM ImyTH crajia coBMecTHass pabora Kcaswe Itopo (Xavier
Glorot) u Momya Benkn [179], Boieamas 8 2010 rozy. MopMaibHO TOCTABIICHHbIIT
TaM BOTIPOC GBI IMEHHO <HCCIAET0BATENBCKIIT»: TTOYEMY TJIYOOKWE CETH TPYIHO 00y-
YaTh cpasy HeJUKoM? BIICHIIOCH, 4TO Pe3ybTaT 00yUEHNUST Ha TIPAKTUKE OY€HD CUJIh-
HO 3aBUCHT OT TIEPBOHAYAIbHBIX 3HAUECHU BeCOB. V1 XOTS MOJIHOIIEHHOE MTPefodyueH e
C IOMOIIIBIO OTPAHNYEHHBIX MAIIUH BoJibIIMana B COBPEMEHHOI MPAKTHKE BCTPEYAETCsT
PEIIKO, BCE PABHO OYEHb BAKHO MHUIIHAIM3UPOBATH Beca MPaBUIbHO. 1 OCHOBHBIM pe-
sysbratoM [179] cTa mpocToil U XOPOIIo MOTHBUPOBAHHBIN CIIOCOO MHUIMATM3AIINN
BECOB, TIO3BOJISIIONIHIA CYIECTBEHHO YCKOPUTDH OOYUYEHIEe U YIIydIlUTh KauecTBo. B pe-
3yJIbTaTe OH JIasKe MOJIYUI Ha3BaHUeE B 4eCTh [J10pPO: ero 4acTo Ha3bIBAIOT UHUUUANU3A-
yuetl Kcasve (Xavier initialization).

C YaCTHYHBIM TIpUBJIeYeHeM yunresst (semi-supervised learning). Bosee Toro, Moziesi, ONTUMH3HPYIONIHE
dyHKIMO OmMMOKN, KOTOpask KOMOMHUPYeT B cefe Kak ommOKy Ha MPaBUJIbHBIX oTBeTax (supervised), Tak
1 9aCTh, OTBEYAIOIIYIO 32 BOCCTAHOBJIEHNE MCXOMIHBIX JaHHBIX (unsupervised), 0OBIYHO TOKA3BIBAIOT PE3YIIb-
TAThI JIyYIlle, YEM [P TPOCTOM TIPEA0OYUEHU. DTOT MOAXO/ TIOKA HE BOIIET B MEIHCTPUM, HO YK CHOCKU
TOYHO 3aC/IyKUBAaeT...



146 [naBa 4. BeicTpee, rnybxe, cunbHee, nnn 06 oBparax, JONMHAX ¥ TPAMIUIMHAX

JLu1s1 TOro 4TOOBI IOHATD, B 4eM Ues nHuimanusanuu Kcasbe, 1aBaiite paccMOTPUM
JIMCIIEPCHIO 3HAYEHNH aKTUBAINY y CJI0eB HEHPOHHOU ceTH. J[y1s Hauaa mokaskeM, Kak
CBSI3aHBI IUCTICPCUH TIOCIEIOBATEIBHBIX CIOEB CETU. Y OTHOTO-eIUHCTBEHHOTO HEWPO-
Ha 3HaYeHUe aKTUBAIMH (TO eCTh BBIXOJI Mepe/] (DyHKITNEN aKTUBAIIVH ) BBITJISIIUT TaK:

y:wTac—l—b:Zwixi—i—b,

)

rJie € — BEKTOD BXOJHBIX 3HAUEHUI, a w — BEKTOP BecoB HelipoHa. [losyuaercs, 4yTo
muctiepenst Var(y) He 3aBUCUT OT CBOOOTHOTO WiieHa b U BBIPAKAETCS YePe3 AUCIePCUn
x 1 w. ] i-TO c1araeMoro CyMMBI Y, w;Z;, KOTOPOe Mbl 0003HAYNM KaK ¥; = w;j,
B IIPE/ITIOJIOKEHUH O TOM, YTO w; W T; HE3aBUCUMBI (UTO BIIOJHE €CTECTBEHHO), MbI T10-
JIyYUM JIUCIIEPCHIO:

Var (y3) = Var (wiz;) = E |z7w? | - (B [ewi)” =
= E [;]% Var (w;) + E [w;]? Var (z;) + Var (w;) Var (z;) .

Ecm mbr HCIIOJIb3YEM CUMMETPUYHBIC (I)yHK]_[I/II/I AKTHUBaIllun 1 cnyqaﬁHo MHUInaJjan-
3UPYEM BeCa CO CPETHUM 3HAUYCHMEM, PAaBHBIM HYJIIO, TO TIEPBLIEC /IBA YJI€HA ITOCJIE/THETO
BbIPpaKEHUA OKa3bIBAIOTCA TOKE PaBHBIMU HYJIIO, A SHAYUT:

Var (y;) = Var (w;) Var (z;) .

Eciam Teniepb MBI ITpe/iosiaraeM, 4To Kak &, Tak ¥ w; THUITNATU3UPYIOTCS U3 OTHOTO
Y TOTO Xe pacupeiesieHus, IpUuYeM He3aBUCUMO JIPYT OT ApyTa (3TO CUIIbHOE ITPE/II0JI0-
’KeHue, HO B JaHHOM CJIy4yae BIIOJIHE eCTEeCTBEHHOE), MBI [10JIyYlM:

Tout Tout
Var (y) = Var Z v | = Var (w;z;) = nout Var (w;) Var (x;) ,
i=1 1

=

T7Ie Noyt — YUCJI0 HEHPOHOB MOCTIEMHETO CJios. [[pyruMu cioBamMu, IUCIIEPCHST BHIXOOB
MIPOTIOPIUOHATIBHA JIUCIIEPCUU BXOIOB € KOI(PDUIUEHTOM Nnoy¢ Var (wy).

o paboter [179] cTaHAapPTHBIM 9BPUCTHYECKUM CIIOCOOOM CJIYUAiiHO HHUITATIM3Y-
pOBaTh Beca HOBOM ceTH' OBLIO PABHOMEPHOE PACTIPE/IE/IEHIEe CIIEYIONETO BU/A:

1 1
wi ~U | —— | .
‘ |: v/ Nout \/nout:|

U Cwm., nanpumep, knacenueckyio paboty JleKyna [ 136], kotopas 6bira ony6imkosana B 1998 rosy B khu-
re Neural Networks: Tricks of the Trade [388], conepxalieil mpakTH4ecKne COBETBI 10 0OYYEHUTIO HEHPOHHBIX
cereit. Keratu, B 2012 rozy BbliIo BTopoe uszianue KHuru [389], KoTopoe yke BIIOJIHE COBPEMEHHO, U MBI €10
BCEIEI0 PEKOMEH/IYEeM.
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B atom CJIy4dae 1oJIy4aeTcs, 4YTo:

Var(w-)—i ! + = 2— ! u n Var(w)—1
Y12 y/ Nout v/ Mout B 3n0ut’ out Y3

[Tocie HECKOJIBKUX CJIOEB TaKOE TIpeodpasoBaHue MapaMeTpPOB paclipe/ieIeHns 3Ha-
YeHUTT MEKLY CJOSMU ceTH (DAKTUYECKHM PUBOAUT K 3aTyXaHUIO CUTHAJIA: TUCTIEPCUST
pesysibTaTa CJI0si KaXK[Iblil pa3 yMEHbIaeTcst, (hakTHIECKN AENUTCS Ha 3, a CPejiHee
y Hero GbLJIO HYJIEBOE.

AHalOTMYHAs CUTYyallusl MOBTOPSIETCS M Ha Imare oOpaTHOTO PaclpOCTPAHEHUs

ommOku npu 00ydennu. Hanpumep, ecim LU+ — ¢ (y(l)>, rae | — HoMmep cJios, a f —

(byHKIMST aKTUBAIIMK, TO TPOU3BOAHAS (DYHKIIUH OIMUOKK L, COTIIACHO OOBIYHOM TIPO-
HeLype 0OpaTHOTO pacpocTPaHeHus OINOKH, OyIeT TaKoii:

oL 0) (+1) OL
—5 =P el
8y§l) — ay§z+1)

Ecau MbI ucnosib3dyeM cMMMETPUYHYTIO (DYHKIIUIO aKTUBAIIMY C €IMHUYHON 1TPOU3-
BOJAHOH B OKpecTHOCTH HyJist (Harpumep, tanh), To f /(yfl)) ~ 1, 1 HabJI01aeTCs CuTya-
1M1, AHAJIOTUYHAS BBIYKUCJIEHUIO (DYHKITUU, HO TEMEPH MbI ITOJy4YUM KO3 PUIIUEHT 11po-
MOPIIMOHAIIBHOCTH [IJIsI AUCTIEPCUH Ny, Var (wy; ), TIE Ny, — YUCI0 HEMPOHOB BO BXOAHOM
CJIOe, a He Ha BBIXOJIE.

Wpues Tiopo u Benmpku 3akiaiodaercs B TOM, 4TO /I OECHPEISATCTBEHHOIO Pac-
[IPOCTpaHeHKs 3HAYeHWIl aKTUBALUU M IPAAMeHTa 110 CETU AUCIEPCHS B 000UX CIIy-
Yasx J0JKHA ObITh IPUMEPHO paBHa enuHuile. [I0CKOIBbKY A/ HEOAMHAKOBBIX PasMe-
POB CJIOEB HEBO3MOKHO YA0BJIETBOPHUTD 00a YCIOBHSI OHOBPEMEHHO, OHU TIPEIJIOKILIN
WHUITUAJIU3UPOBATH BECA OYEPETHOTO CJI0OSI CETU CUMMETPUYHBIM PacIIpe/le/IEHUEM C Ta-
KOU IucTIiepCcrueit: )

V) =
1mn ou

qTO IJIA paBHOMepHOﬁ NHUIWAJIN3allu IPUBOANT K CJAEAYIOIEMY PaCIIpe1eJI€HNIO:

V6 V6
\/nin + nout’ VNin + Nout

U)Z'NU -

JlaBaiiTe IOCTaBUM HKCIEPUMEHT U IIPOBEPUM, TAK JIF XOPOIIA HA CAMOM JIeJie 9Ta
HOPMaJIN30BaHHAS MHUTMAAN3AIH. /71 3TOT0 3a1aIMM TTPOCTYIO MTOJHOCBSI3HYIO MO-
nieJib 1 GyJIeM OIIEHMBATh TOYHOCTh Ha TeCTOBOM MHOecTBe B garacete MNIST. CHa-
JajTa UMITOPTUPYeM Bce Heobxommmoe n3 Keras:

from keras.models import Sequential
from keras.layers import Dense
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Kax u B TensorFlow, B Keras Ha6op nanubix MNIST goctyiieH «u3 KOpOOKM»:

from keras.datasets import mnist
(x_train, y_train), (x_test, y_test) = mnist.load_data()

OpmHako Ha 3TOT pa3 MPaBUJIbHbIE OTBETHI 33/IaHbI B BUjIe TP, U HAM MIPUIETCS ca-
MOCTOSITEJIHHO TTEPEKOANPOBATH UX B BUJIE BEKTOPOB. [[JIsT 3TOTO MOKHO UCTIOJIH30BATH
MOZLYJTh np_utils, Bxoasammuii B coctaB Keras:

from keras.utils import np_utils
Y_train = np_utils.to_categorical(y_train, 10)
Y_test = np_utils.to_categorical(y_test, 10)

Termepb ocTamoch s yA06CTBa TEPEBECTH MATPHIIHI X_train U X_test M3 1eJ0YHC-
JIEHHBIX 3HaueHuil Ha orpeske [0,255] k BemecTBeHHbIM Ha [0, 1] (HOpPMAIM30BaTH),
a TaKKe CJIeIaTh M3 KBaJPaTHBIX H300paskeHUi pasmepa 28 X 28 MUKCEJIOB OJHOMED-
Hble BEKTODBI JTMHBI 784; 9TO 3HAYWT, ITO CAMHU TEH30PBI X_train u X_test GYIyT UMeThH
PasMepHOCTD (YUCJIO TIPUMEPOB) X 784:

X_train = X_train.reshape([-1, 28*28]) / 255.
X_test = X_test.reshape([-1, 28*28]) / 255.

Bce, mantbie roToBbl. IT0CKOIBKY MBI COOMPAEMCST OIIPEIENAT CPasy JABE OJUHAKO-
BBIE MOJIEJTH, PA3TNYAIOIECS TOTBKO CIOCOOOM MHUIMATN3AIINT BECOB, TaBaliTe CPasy
0OBSBIM COOTBETCTBYIOILYIO (hYHKITHIO.

def create_model(init):
model = Sequential()
model.add(Dense(100, input_shape=(28*28,), init=init, activation='tanh'))
model.add(Dense(100, init=init, activation='tanh'))
model.add(Dense(100, init=init, activation='tanh'))
model.add(Dense(100, init=init, activation='tanh'))
model.add(Dense(10, init=init, activation='softmax'))
return model

B atom kojie pyHKINSA create_model TPUHUMAET HA BXOJI TEKCTOBBIN TTapaMeTp, KO-
TOPBIN MHTEPIPETUPYETCS KaK TUTl MHUIMAIU3auu. /[y Halero akcmepuMeHTa 3To
GyyT 3HaYeHust uniform i glorot_normal. A Bo3BpaImaet GyHKIUs POCTYIO MOTHOCBSI3-
HYIO MO/IeJIb C YETBIPbMSI TPOMEXKYTOUHBIMHU CJIOSIMU, KasK/IbIH pasmepa 100. Besze, kpo-
Me TIOCJIEJTHETO CJIOST, MBI UCTIOb3YM B KadecTBe (DYHKIMN aKTUBAIINHU TUTIEPOOIIe-
CKUIif TAHTEHC, a B TIOCJIEMHEM cJIoe — softmax, Tak Kak coOMpaeMcst MCTOIb30BaTh B Ka-
yectBe (hyHKIINU TTOTEPD IIEPEKPECTHYIO SHTPOIIUIO.

ITportecc KOMIUIISIIUT MOJIENN U €€ 00YUYEeHUsT 33/[A€TCST OUEHD TTPOCTO:

uniform_model = create_model("uniform")
uniform_model.compile(

loss='categorical_crossentropy', optimizer='sgd', metrics=['accuracy'])
uniform_model.fit(x_train, Y_train,

batch_size=64, nb_epoch=30, verbose=1, validation_data=(x_test, Y_test))
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Puc. 4.2. Cpasuenvie unuinanusanuu KcaBbe u ciydaitHol MHUIUATM3AIUN BECOB

glorot_model = create_model("glorot_normal")
glorot_model. compile(

loss='categorical_crossentropy', optimizer='sgd', metrics=['accuracy'])
glorot_model.fit(x_train, Y_train,

batch_size=64, nb_epoch=30, verbose=1, validation_data=(x_test, Y_test))

JIJ1st TOTO 4TOOBI IOCTATOYHO «4ECTHO» U JIETATBHO CPABHUTD J[Ba ClIOCOOa MHUIUA-
JIM3AINH, MBI 00y YaI KaskyIo 13 Mojiesieii B rederne 30 anox mo 10 pas kaxayio, a 3a-
TeM [TOJICUUTAIIN Cpe/iHee 3HaYeHe TOYHOCTH U ee IUCIIEPCHIO IToCIe KAk 101 a110X1. Pe-
3yJbTAT MOKA3aH Ha PUC. 4.2, T/Ie MBI M300PA3WIN Kak cpefHee (COOCTBEHHO KPUBHIE),
TaK ¥ JUCHEPCUI0 3HAYEHUIT OMMOKU M TOYHOCTH (3aTeMHEHHAst 00JaCcTh BOKPYT Kpu-
BBIX ITOKA3bIBAET I0BEPUTETHHBIN MHTEPBAJI B /[BE AMCIIEPCUM OT CpeiHero). Bumawo, uto
[IPY MHUIIMAJIN3A1IMK BeCOB 110 MeToy KcaBbe MojiesThb yske 1ocJie epBoii 3110X1 HaX0-
IIUT pelleHne ¢ TOYHOCTHIo 0K0JI0 90 %, Ha YTO MOZENH, YbH Beca MHUIINATU3NPOBAHBI
PaBHOMEDHBIM pacipesesereM, Tpebyercst okoso 10 amox. M mpu panbHetinem 06y-
YEeHUU «PaBHOMEPHas» MOJIeJIh BCe BPeMsI ITPOJI0JIKAET IPOUTPHIBATH MOJIEJIH C MHUIIN-
amzanueit Kcabe. Bosiee ToTo, M pe3ybTathl, U yaydllleHUE TIOJAY4YatoTCS B BBICIIEH
CTeIleH! YCTOWNYMBBIMU.

Kcratu, B padote [179] ObL1 cieiad U elife OMH OY€Hb UHTEPECHDIN U TIPAKTHYE-
CKM BaKHBIH BbIBO/I. OKa3bIBA€TCS, IOTUCTUUECKU I CUTMOU/] 0 — 3TO BECbMa HeyauHast
DyHKIMS aKkTUBALMU JJIst TIyOOKUX HeHpOHHBIX ceTeil! Ikcnepumentsl [opo u ben-
IUKHU ¢ TIIyOOKUMU CETSIMU, OCHOBAaHHBIMK Ha JIOTUCTHUECKOM CUTMOUJIE, TIOKA3aIH 110-
BeJICHUE, TIOJTHOCTHIO COOTBETCTBYIOIIEE TOMY, O KOTOPOM MBI YK€ PacCy:KIaTh B pas-
jesie 3.5: mocjeaHuil ypoBeHb CETH OYeHb OBICTPO HACHIIAETCS, ¥ BHIOPATHCS U3 9TOM
CUTYyallMK HACBIIIEHUsT TIIyOOKOM ceT 04eHb cI0KHO. [Touemy Tak?

XoTd MoKa3aTh CTPOroe yTBEPXKAEHUWE O TOM, YTO 3/1eCh TPOUCXOIUT, JTOBOJIb-
HO CJIOXKHO, €CTh IIPaBHOIOA0OHOe OObICHEHME, KOTOPOEe KaK a3 Pasaudaer JIo-
TUCTUYECKUN CUTMOWJ U APYyrre CUMMeTpUYHble (DYHKIIMW aKTUBAIUU, HATIPUMEpP
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runepbondeckuii Tanrenc tanh. PaccMoTpuM mocieHui €0l ceTu, KOTOPbIN BbITJIs-
mut kak f(Wh+b), rie h — BBIXOBI TPEBIAYIIETO CT0sT, b — CBOGOHBIE YIEHBI TTOCTE]-
HETro ypoBHS, a f — (QYHKIMA aKTUBALMU TI0CJAe[HEro YpoBHs, 00buHO softmax. Korma
MbI HAUMHAEM OTITUMU3UPOBATH CJIOKHYIO (DYHKIUIO ITOTEPH TI0 TTapaMeTpaM HeHPOH-
HOM CETH M OIIEHMBAEM KayeCTBO KaK CPeAHION0 OIMOKY Ha TECTOBOM MHOYKECTBE, TI0HA-
yasy BeIX0/bl h (pakTHuecky He HeCyT HUKAKOH 10JIe3HOH nH(popMaIum o BX0/1axX, Be/lb
HepBbIe YPOBHU €llle COBCEM He 00YUEHbI.

B rakoii curyaiy okasbiBaeTCsI, YTO HEIJIOXUM MPUOIHKEHHEM K ONITUMAIbHOMY
pe3yJIbTaTy MOXKET CJIYKUTh KOHCTAaHTHAsT QY HKIIHS, BbIAIOIIAs CPe/[HNE 3HAYEH S BbI-
XOJI0B. DTO 3HAYWT, YTO 3HAUEHIE aKTUBAIUU BHIXOAHOTO cyiost cetu f(Wh + b) Gyner
00yuaTbes Tak: ceTh moabeper MOAXOAsIIMe CBOOOAHBIE YWIeHB! b 1 ocTapaeTcsa 0OHy-
JuTh caraemoe Wh, KOTopoe Ha paHHUX dTalaX 0Oy4YeHKs BBICTYIIAeT B POJIM CKOpee
IITyMa, 4YeM M0JIe3HOTO CUTHAJIA.

M Haue roBopst, B poiiecce 00yYeH s Mbl TOCTAPAEMCsT TPUBECTHU BBIXOIbI TPEbIILY-
IIero ¢Josi K HyJio. M TyT-To U nposiBisiercs pasuuia: GyHKys o(x) = Hﬁ nMeeT
obustacth 3HaueHwi (0, 1) TIpu cpeiHeM 3HAYEHIH %, Y €CJIY MBI [IOIIBITAEMCSI IPUOIU3HUTD
ee 3HaU€eHUe K HYJII0, IPOU3BOIHAS TOKE YCTPEMUTCS K HYJII0. TO 3HAYUT, YTO €CJIU MbI
00HYJIMM 3HaYE€HHE JIOTUCTUYECKOTO CUTMOM/IA, MBI IIOIIaleM B 00JIaCTh €r0 HACHIIIEHHUSI,
U Bce cTaHerT 1710X0. A y tanh minm, ckaskem, SoftSign ¢ atum po6iieM Het: Ipub KAt
3HAYeHWe K HYJI0, MBI KaK Pa3 TI0Ta/[aéM B OKPECTHOCTD TOUKHU x = (), T/le TPOU3BOHAS
MaKCUMaJIbHa, ¥ U3 Hee JIETKO II0TOM CABUHYTbCS B JIOOYIO HY)KHYIO CTOPOHY. Takum
006pasoM, JIOTUCTHYECKHI CUTMOK/ caMOil cBoell (popMoii MelnaeT oOydaTh TIIyOOKYIO
CETb, IIPUYEM JI€JI0 MOKET OBITh OYKBAJIbHO B KOHKPETHON ITapaMeTPU3alLIAN: JaxKe eCJIU
MPOCTO 3aMEHUTH o () Ha pyHKIHUIO 20 () — 1, KOTOpast 6y/ieT UMeTh 06I1aCTh 3HAYECHU T
or —1 10 1 ¥ MaKCHMYM [TPOM3BOAHOMN B HYJI€, 3TH IPOGIEMBI MOTYT UCUE3HY Th.

K cosasiennto, IpocToii 3aMeHoit 0[iHOI (DYHKIIMK aKTUBAI[MK Ha APYTYIO pobiie-
Ma 06ydeHUs IIyOOKUX HEUPOHHBIX ceTell He peraercst. CuMMeTpudHble (DYHKIIUT aK-
TUBALMK TOKE CTPALAIOT OT LIeJI0ro psaja mpodiem. Tak, HarnpumMep, Iocae0BaTeIbHbIe
CJIOM C HEJIMHEMHOCTBIO BK/ia tanh mooyepeiHO HACHIIIAIOTCA: 3HAYeHUST HEIPOHOB CJION
32 CJI0EM CXOAATCA K 1 MM —1, 4To, KaK U B ciiy4ae ¢ oOHyJIeHrneM apryMenTa ¢GyHKIUI
0, BBIBOJIUT ONTUMU3AINIO HA TPAJAUEHTHOE IJIATO U YaCTO MPUBOJUT K <IIJIOXOMY» JIO-
KampHOMY MUHUMYMY. O/IHAKO, C IPYTOH CTOPOHBI, TAKOE HACBITIIEHNE Ky/la MeHee Bepo-
ATHO U TOCJIE TIpeoOyYeHrs II0CPEJCTBOM OrPaHUYEHHbBIX MalliiH BoJjibiiMaHa, 1 po-
CTO TIOCJIE <TIPABUJIbHOWY CIYyYalHOU UHUITUATN3AINY BECOB.

Bce, mobea, naeanbHblil U yHUBEPCAIbHBIA METO MHUIIMaAIM3anuy Haiinen? He co-
BceM. XOTsI Mbl IEHCTBUTEILHO TIOJIYYHJIM OTJUYHBINA CI10CO0 MHUIHATN3AIINH [T Be-
COB TaKWX HEHPOHOB, KaK BBIIIE, HA 9TOM HAIlla UCTOPUS TIPO WHUIMATU3AINIO BECOB
He 3akaHumBaercsd. /[esjo B TOM, UTO Bce BBITIIECKAa3aHHOE OTHOCUTCS MCKIIOUNTETHHO
K cummempuunvim QyHKIUSM aKTUBALMK! DTO 3HAUUT, 4TO nHUIMaau3aius Keasbe 6y-
JIeT IIPEKPacHo paboTaTh st JJOTUCTUYECKOrO CUTMOM/IA WA IUIIEPOOIMYECKOr0 TaH-
reHca, HO B COBPEMEHHBIX CBEPTOYHBIX (M HE TOJBKO) aPXUTEKTYPaX IIOBCEMECTHO KC-
HOJIb3YIOTCS U HeCUMMEeTPUUHbIE (DYHKIUK aKTHBALK, 0cOOeHHO yacTo — ReLU.
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O4eBUIHO, YTO MHUIIMATI3AIIMS BECOB /711 9TON (DYHKITMH aKTUBAIUH OJKHA OT-
smyarbest. B 2015 roxy Kaiimua Xe (Kaiming He) ¢ coaBropamu omy6inkoBaan pabo-
Ty [114], B KOTOPOIi, TOMUMO HECKOJIBKUX EePCHEKTUBHBIX Mo/ukaiuit ReLU, mpez-
JIO’KEHA U TIOAXOAIIAS [T 9TOH (DYHKITNY aKTUBAIIMY CXeMa WHUTINATU3AIIAN.

[TockonbKy pyHKINS aKTUBAIIMY B 9TOM CJIydae HECUMMETPUYHA, B BBIPAKEHUU

Var (w;z;) = E [2;]% Var (w;) 4+ E [w;]? Var (z;) + Var (w;) Var (z;)
MOKHO cpa3y OOHYJIUTH TOJBKO BTOPOU WieH. U Tora Mbl IOy YHIIn:

VmwwﬁzﬁthM@w+Vm@wVM@0=VMQMEhﬂ,

1

TO €CTh )
var (y0) = nVar (v B {(w) } ,
rie [ 06o3HayaeT HoMEP TEKYIIEro yPOBHS, a ”1(1? — YHUCJIO HEPOHOB HA yPOBHE [.

Iycts reneps () = max (0,51, a y(— pacnpenenen cummerpuano oTHOCH-

TesnbHO Hy . Torma:
E [(wﬂ = 2Var (40°Y),

Var (y(l)) = ngl)\/ar (w(l)) Var (y(l_l)) .

Ternepb 5T0 OYEBUHBIM 06PA30M MPUBOAUT K BBIBOAY O TOM, KAaKOW JOJIKHA OBITH
nucrnepcnst nHATamu3anuy Becos 17151 ReLU. Harm okonvyaTenbHBIN BBIBOZ O JIUCTIED-
CHUY OTJINYAETCS OT MHUIHAMN3annu KcaBbe TOJIBKO TeM, UTO Tellepb HeT HUKAKOTO Noyt:
€CJIV TPUPABHATH (DaKTOP U3MEHEHUS AUCTIEPCUH eIMHUIIE, MBI TIOJTY YHM:

niy O — _ 2
—Var(w )71 nu Var(w;) = —

2 o)

a 3HA4UMT,

JIrobomnbiTHO, uTo B [114] mist ReLU wucrosib30Basoch He paBHOMEPHOE, 8 HOPMaJIb-
HOE pacipezieieHue BOKPYT HyJIsl ¢ COOTBETCTBYIOLIEN JUCIIePCUeil; Takol criocob MHK-
[[UAJTU3AINN YaCTO UCIIOJIb3YETCS Ha TPAKTUKE B rIyOOKuX cersix u3 ReL.U-HeipoHOB:

2

w; ~ N0, [—=
O

in

Kpome Toro, B 06ernx paboTax cBOOOIHbBIE YIEHbI b IIpe/jiaraeTcss MHUIIHATI3UPO-
BaTh HYJISIMU: OHU ¥ CAMU CMOTYT 6e3 mpobaeM o6yIuThCs MPaKTUIECKU MPU JT060M

AJITOPUTME OIITUMMH3AlINN.
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B kauecTBe BUIIIEHKU Ha TOPTE JOOABUM, YTO aBTOPBI paboThl [114] 3ameTniu HioaHe,
YCKOIb3HYBIINH 0T T710po 1 BeH KU, KOTOPBIE IBITAIUCh HANTH OaJIaHC MEKILY AUCIIEP-
CUSIMU IIPIMOI0 ¥ 00paTHOTO MIaroB. IIPeAonoxKuM, 4To I NHUIMAJU3AIUU BECOB
ceTy Mbl BeIOpasm popmyibl nHumanusanuu Kcasbe, HO orpaHndeHue B3sid TOJIbKO
U3 1ara 06paTHOrO PACIIPOCTPAHEHNUS OUIIOKH, TO €CTh

ni(lll)\/ar (w;) =1, wmmm Var(w;) = %

e
Tin
Torza, Cy/ist IO TOMY, YTO MBI O6CY KA BBITIE, IUCTIEPCHUS TTPU TIPSIMOM II1are BbI-
YUCIEHNUS TOJKHA GYIET MITN «3aTYXaTh», WU «B3PLIBATHCSI> TIPOTIOPIIHOHATIBHO OTHO-
@, @
WIEHUIO 1y /T i

Ho Benb B riiy60oKoOi cETH BBIXOBI OJHOTO CJIOSI TIOAIOTCS HA BXOJ CJEAYIONIEMY,

l I+1
TO €CTb n((n}t = i(n )‘ A aTo 3Ha4YUT, 4YTO KOI'/la Mbl BO3bMEM IIPOU3BEJCHUE I10 BCEM

CJIOSAM CE€TH, OKAKETCA, HTO BCE YJIEHBI ITOCEPE/IMHE COKPAIllalOTCA, 1 (baKTOp N3MEHCHHA
JANCIIEPCHUN CTAaHOBUTCA PaBHBIM

0) (1) (2) (L-1) (L) 0 1) (2) (L-1) (L) (0)
in” ™in Min Min Min — "in~ ™n Min Min Min _ Min
0 1) (2) " (L-1) (L) n @ ) (L) (L) (L)’
Nout "out "out Nout Nout nin nin nin njn Mout Nout
L
rae 77,(()112 — YHMCJIO BBIXO/ 0B IIOCJIEJHET'O CJIOA CeTH, a nl(g) — YHMCJIO BXOOB IEPBOTO CJIOA.

[ToHATHO, YTO KakiM Obl HEI OBLIO 3TO COOTHOIIEHUE, OHO YIKE HE SIBJISIETCS 9KCIIO-
HEHITMATBHON (hyHKITHEH OT YMCTA CJI0EB CETU U He MTPUBOIUT K 3aTyXaHUIO WJIN UPe3-
MEPHOMY YBEJIUYEHUIO IPAANEHTOB. 3JHAUNUT, MOKHO MCIIOIbB30BATH JIJII WHUIIHATIN3A-
I[H TOJIBKO OTPaHUUYEHUE U3 OOPATHOTO PACIIPOCTPAHEHUS, & TIPSIMOE OTPAHUYEHIE UT-
HOPHPOBATb.

Mer yxe Buzenu, uro B 6ubsimorexe Keras peanmsoBaHa BO3MOKHOCTD WHHIIHAA-
Juzanuu cioeB o Meroxy KcaBbe. Takum ke 00pasoM, TIPU MOMOIIU MaPaAMETPOB
init="he_uniform" muu init="he_normal", MOXXHO 3a7IaTh MHUIIMAIU3AIUIO X€, U TIPU
9TOM, KaK MBI OOBSICHUIIN BBIIIE, IUCIIEPCHsI B 9TOM CJIy4ae Oy/IeT 3aBUCETh UCKIIOUH-
TEJIBHO OT YHCJIA HEHPOHOB B IAHHOM CJIOE.

Kparkoe pesiome y manHoro pasjiesia IoJIy4aeTcsi O4eHb MPOCTOE: st CHMMeTPUY-
HBIX (DYHKIU aKTUBAIIUY C HYJIEBBIM CPEAHUM (B OCHOBHOM tanh) mcrosb3yiiTe nHU-
nuanusanuio Kcasbe, a 1yist ReLU 1 emy 11006HBIX — HHHIIHAIU3AINIO Xe.

B pesysibrare takoii crydaiiHON MHUIMAIN3ALMHN TIOJIyYUTC, 4TO IIpefodydenue 6e3
YUUTEIS HE TO YTOOBI HUYETO He YIYUIIAET U COBCEM OECCMBICTIEHHO, HO OOBIYHO CIIUII-
KOM CJIOXKHO U TPYZIOEMKO: HY3KHO Befib (haKTHUeCKU 00ydaTh COBCEM APYTYIO MOJIETb,
a TO U IOCJIEI0BATEBHOCTD MOJIEIEH, YaCTO XPYITKUX U CIIOKHBIX 715t 00yuenust. CoBpe-
MEHHBIE YJIYUIIEeHNsI METOIOB OIITHMU3AINK TTyOOKUX HEHPOHHBIX CETEN BIIOJIHE CIIO-
COOHBI 3aMeHUTH mpenodyueHue Oe3 yunresst. OHO U3 TAKUX yJIyUIIeHU — XOPOIIast
ciIyyaiiHas MHUIMATM3AIN, & K IPYTOMY MBI [IEPEXOIMM B CJIeAyIONIeM maparpade: Hac
KIIET HOPMAJTU3ATINS 10 MUHU-6aTdaM.
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4.3. HopMmanusauusa no MUHKM-6aTyaM

Bce nHopmasbho. [Tagaro!
U3 1/ «B 601 udym oonu cmapuru»
— Hopwmamsao, I'puropwuit! — Otmrano, Korcrantus!

M. Ksaneyxuii

B aToMm pasziesie Mbl 06CYIMM OU€EPETHYIO HIEI0, TEPEBEPHYBITYT0 MUP 00yUeHUs TIy60-
KUX HEHPOHHBIX ceTell. 3BYUUT CTPAHHO, HO 3TO JIEUCTBUTEIHHO TaK: Mies] HOPMAIU3A-
yuu no munu-6amuam (batch normalization), KOTOpPyIO MbI 3/ieCh M3J1araeM, IOABUIACH
COBCEM HEJIABHO, U HUYETO TAKOTO YIK CJOKHOTO B Hell HeT. Ho GBICTPO OKa3aIoch, 4To
OHa JIEHCTBUTENBLHO CIIOCOOHA YIydHInTh 00ydeHre B O4€Hb NIUPOKOM CIIEKTPe apXu-
TEKTYP, U celuac IpuMeHseTcs CIVIOb U psagoM. Hartle ussoxenue ciaefyet HCXOIHON
cratbhe Ceprest Modde (Sergey lToffe) u Kpucrnana Cereaun (Christian Szegedy) o Hop-
MaJIU3aIMy 110 MUHU-OaTyaM, omybrkoBanHoi B 2015 roxy [252]; kak BuauTe, B 00y-
YeHUU rIyOOKUX CeTel CBEKIE XOPOIITIE HEH MOTYT PACIIPOCTPAHATHCS OUEHD OBICTPO.

Mpbr yske MHOTO pa3 06CysKIaJIH, 9TO TP 00yYeHMH HEHPOHHBIX CETEH OJIMH TITar Tpa-
JMEHTHOTO CITyCKa OObIYHO JIEJIAeTCsl He Ha OJHON TOYKe BXOJHBIX JaHHBIX, a Ha MUNU-
6amuye, TO ecTh HA HEOOMBIION KOJJICKIIMN TAHHBIX, KOTOPast OOBIYHO BBIOUPAETCS U3
BCETO 00YYAIOIIero MHOKeCTBA crydaiio. C TOUKY 3peHuUsT ONTUMHU3AINY Y TAKOTO MO/
X07Ia €CTb CPa3y HECKOJIbKO IIPEUMYIIECTB.

Bo-1niepBbix, yepeaHeHre rpaiieHTa 10 HECKOJIbKUM TPUMepaM IIpeICTaBIIsIeT coO0i
ATPOKCUMAIIIIO TPAJIMEHTA TI0 BCEMY TPEHUPOBOUHOMY MHOKECTBY, U ueM GOJIBIIIE ITPHU-
MEPOB MCHOJIb3YETCS B OTHOM MUHU-0ATUe, TEM TOUHEe 9TO IPUbIsKeHne. MakciuMaJib-
HAast TOYHOCTD AMTPOKCUMAIIUH JIOCTUTAIACH OBI, 6€3YCIOBHO, B TOM CJIy4ae, €CJiu ObI MbI
KayKIbIH TI1aT JIeJIalTi Cpas3y Ha BCEM TPEHUPOBOYHOM JATACETE, HO TaKask TOYHOCTD OOBIY-
HO BBIYMCIUTETHHO HEAOCTIDKUMA. BO-BTOPHIX, TIy60KIe HEHPOHHbIE CETH TIOpa3yMe-
BalOT GOJIBIIIOE KOJIMIECTBO MOCTE0BATEIbHBIX HEHCTBUN ¢ KaXK[BIM TPUMEPOM, a CO-
BPEMEHHOE MHOTOIIOTOUHOE <«KeJie30%» TI03BOJIIET 9Ty JUTMHHYIO MOCJIe0BATENIbHOCTD
JIEUCTBUN TIPUMEHSITH OJIHOBPEMEHHO K JIOCTATOYHO OOJIBIIIOMY YUCJTy TPUMEPOB B Ma-
paJLIESIbHOM PEXRUME; TaKOit 3 (heKT, KOHEUHO, 0COOEHHO BasKeH TIPU TIePEMEIIIEHIHN aJl-
TOPUTMOB OOYYEHUS Ha BUICOKAPTHL.

Ho npu atom rirybuHa cereil mpuBOAUT K ciepytoiieil mpobieme. Eciu Ha oyepes-
HOM IIT1are TPAJIEHTHOTO CITyCKa MEHSTIOTCS BeCa OZIHOTO U3 MEPBBIX CJIOEB, TO 3TO HEMU-
HYyeMO IIPUBO/IUT K UI3MEHEHUIO paciipeiesieHrs aKkTUBAIIUI BBIXO/I0B 3TOTO CJI0s1. A 3Ha-
YUT, BCEM HOCJIELYIONIMM CJI0SM Ha/lo aIallTHPOBATLCSA K [I0-HOBOMY paciipe/ie/IeHHbIM
JAHHBIM. Mbl IponJuiocTpupoBanu atot adexT Ha puc. 4.3, Tie u3o0pakeH pocTeii-
Ui HeWPOH TIEPBOTO CJIOS € ABYMsI BXOJIAMU U HEJIMHEHHOCTBIO B Bujie tanh:

y = tanh (wg + wix1 + woxa).
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Puc. 4.3. Ilpumep BHYTPEHHETO C/[BUTA ITEPEMEHHBIX: @ — CTPYKTYPa ME€PBOTO CJIOSI CETH
1 BXOJHbBIE PACIIPENEIeHNs; 6 — Pe3yJIbTarT IJIs [BYX Pa3HBIX BEKTOPOB BECOB

Ha puc. 4.3, a nokasana o01jas cxeMa BbIYKMCIEHUN 1 BIOPaHHbIE HAMU Paciipeje-
JIEHUST BXOJIOB 9TOTO HEWPOHA: HOPMaJIbHBIE PACTIPEIETEHNUSI CO CPETHUMHU 2 U —2 1 JIUC-
nepcueit % A Ha puc. 4.3, 6 mokazamo pacrpezesenne! BEIX0Z0B HefipoOHa JIs1 ABYX Pas-
HBIX CJIyYaeB: [IJIs1 BeCOB w = (wp,wy,wg) = (O,%,%) U JIJIS1 BECOB W = (%,1%,%0). Kax
BUJIMTE, PE3YJIbTaThl COBEPIIEHHO Pa3Hble, M 9TO aOCOJIOTHO HOPMAIbHO U OKUIAEMO:
MBI JIeHCTBUTENBHO XOTeNU Obl, YTOOBI HAlllK HEHPOHBI O BpeMeHeM obyyanuce! U Jo-
TUYHO, YTO BBIXO/BI UX TP 00yYEHUN U3MEHSTIOTCSL.

OpHAKO YTO TIPOUCXOIUT, KOT/IA HEHPOH HAUMHAET 00YYaThCsI, C TOUKU 3PEHUST HEl-
POHOB cJiefyioriero yposus? CrHavasna, mpu Bektope Becos (0, % , %) ¥ OKOJIO TOTO, HEHPOH
CJIETYIONIET0 YPOBHSI TTOJIyYaJl Ha BXO/I YTO-TO BPOJie HOPMATBHOTO PACIIPEETEHNUSI C HY -
JieBbIM cpegruM. OH X0poIno 00yuniIcs pearupoBaTh Ha BXOAbI U3 UHTEPBaJIA [—%,%],
a Ha Jpyrue He OOYyYWIICS: U HEOOXOAMMOCTH He OBLIO, ¥ BO3MOKHOCTH, TIOTOMY YTO
He OBLIO TAaKUX TPEHUPOBOUYHBIX TIPUMEPOB. A MOTOM, KOT/[A BEKTOP BECOB CMECTHIICS
U TIPEBPATHIICS B (%,1%,%0), BBIXO/] HEHPOHA TIEPBOTO YPOBHSI CTAJ MTOYTH BCET/A MTOTa-
JaTh B MHTEPBAJ [%, 1], mpruem Gurike K exnmmiie. [loydaeTcs, 9To Bee TO, 4eMy 06y-
YaJicsl HEPOH BTOPOTO YPOBHS 10 9TOT0, CTAJIO HOYTH OECIIOJIE3HBIM: €I0 BXO/IbI TEIIePh
GepyTCs U3 COBEPILIEHHO HOBOM 0061aCTH, ¥ 00y4aThCsl eMy Halo (haKTHYECKU 3aHOBO.

Ira npobeMa Moy unsia HasBaHue euympeniezo cosuza nepemenivix (internal cova-
riance shift). Kpome Toro uto HelipoHaM MPUXOAUTCS 00ydaThCs 3aHOBO, BHYTPEHHUI
C/IBUT TIPUBOJIUT U K APYTOi TpobiieMe, KOTOPYIO MbI ysKe 00CysK1aiu B paszese 3.5. Mbl

L Pacnpcacncnne 3/1€Chb IMITUPUYECKOE: MbI TIOCIMILIIMPOBAJIN AECATH ThICAY TOYECK 110 BXOHBIM pacIipe-
JAeJEHNAM 1 HapHUCOBaJIM TUCTOTPAMMY PE€3yJIbTaTOB.
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BU/IEJIM, YTO OYEHDb YacTO B HEMPOHHBIX CETSAX UCIIOJB3YIOTCS CUTMOUJQIbHbIe (DYyHK-
[[U¥ aKTUBALINH, OXHON 13 0COOEHHOCTEH KOTOPBIX SIBJISIETCST «HACBIIIECHIE> 3HAUCHUI
(byHKIMI aKTUBAIMY, KOT/IA KX BXOJIbI TIOJIyIat0T GOJIBIITIE TI0 MOYJIO 3HaueHus1. Ha-
npuMep, B HamreM ipumepe 4t f(z) = tanh(z) npu yBesmuenun |z| npoussoanas f/(x)
JIOCTATOYHO OBICTPO CTPEMUTCS K HYJIIO, M BBIXO/[BI HEHPOHA, COOTBETCTBYIOIINE BECAM
w = (%,1%71—10), ysKe MOCTATOYHO OYEBUIHBIM 00OPAa3OM «IPUKIECUBAIOTCS> K CIMHUIIE
Y UMEIOT Ky/la MEHBIIYIO TUCIIEPCHIO, YeM TIPU W = (0,%,%). Wsmenenue pacrpenee-
HUS 3HAYEHUH AKTUBAIUU OUEPETHOTO CJI0SI B CTOPOHY YBeInveH s abCOTIOTHBIX 3Ha-
YEHWH MOYKET B TAKOM CJIy4ae IPUBECTU K TOMY, YTO B IOCJEAYIONINX CJA0SIX (DYHKIIUH
AKTUBAI[UH «HACHITATCS», U CKBO3b MX HYJIEBBIE TPOU3BOHBIE TPAJAUEHTAM TPYIHO OY-
net mpoiitu. OTyactu 3Ty IPobJIeMy MOKHO PEIUTh, 3aMEHUB CUTMOUIAIbHbBIE (DYHK-
UM akTUBaIuy Ha Takue, kak ReL U, Ho 9To He e IMHCTBEHHBIN 1 HE BCET/1a ITOAXO0IS NN
crocob.

Komneuto, mpobsieMa ciBuTa IEpeMEHHBIX He SIBISIETCS CIENnMUIecKon cyry6o st
ryGOKUX HEHPOHHBIX ceTell. B KiaccmueckoM MaliiHHOM 06ydYeHr mpobaeMa o0bId-
HO BO3HUKAJIa B TaKOU (POPME: YacTO pacrpe/iesieHne JaHHbIX B TECTOBOI BBIOOPKE (TO
€CTb y>Ke TIPYU IPUMEHEHUN MOJIEIN ) MOKET CYIECTBEHHO OTJINYAThCA OT pacipesese-
HUSI JAHHBIX B 0Oydaionieil Bbibopke. ITa 3a1aya Oblaa 0ObEKTOM TIPUCTATBHOTO BHU-
MaHWsI UCCIe0BaTeell; cM., Harpumep, cratbu [43, 98, 122, 493, 514] u maxe 1enyio
oTnenpHy1o KHUTY [ 103], mesmkoM noCBSIEHHYTO CIBUTY TTepEMEHHBIX.

MeTozbl IpeIaraiich pasHble, HO OJHUM U3 OCHOBHBIX BCET/a ObLIa HOPMAAU3A-
YUl TAHHBIX B TOU MK MHOM (hopMe. B Kaccruecknx HEHPOHHBIX CETSIX HOPMATU3AITH
TOKE UCIIO0Ab30BaJIach: Oiarogaps ucciegosanuam [135, 570] usBecTHo, UTO IIpOLECC
00yueHust cxoauTcs: ObICTpee, KOraa BXOJbI ceTh «otbenenbl» (whitened), To ecth ux
cpelHee IPUBENEHO K HYJIO, a MATPUIIA KOBAapHAIWil — K eIMHUYHON. B aToM cocTout
U ujiest HOPMAJIU3AIUU B TJIYOOKHUX CETSAX: €CJIM OMEPAIUI0 «OTOETNBAHUSI> TPUMEHSITh
K BXOJIaM KayKJIOTO CJIOST, 3TO MO3BOJIUT U30EKATH TPOOJIEMBI C/IBUTA IEPEMEHHBIX.

HopMmasisaius BX0I0B 4acTO TOMOTAET, U Pesk/e YeM 00ydyaTh HEHPOHHbBIE CETH,
ee TOsKe JKeJIaTesbHo caenath. OHAKO ecii MBI Gy/IEM Ha Kask/[OM 11are 00y4eHust po-
CTO HOPMHUPOBATh BXOJIbI OUEPETHOTO CJIOSI BHYTPH CeTH, 6e3 yueTa aToil oneparuu mpu
obyueHUH, HU K YeMy XOpOIIeMy 3T0 He mpuseset. IIpencrasum cebe coii, 106aBis-
IONUH cMeliieHre b K CBOUM BXO/iaM w. MBI MOKeM HOPMaJIM30BaTh €T0, BBIYTH CpeHee
3HaYeHHUE aKTUBAIIUM:

z=x—E[x],

rnex =u+bakx] = % Zfil @; 1715t Habopa JaHHbIX 13 N Touex! .

Ha ouepezntoM 1are rpajieHTHOIO CIlycKa Hapamerp b o6Hosutcs, b = b + Ab.
O/HaKo JIETKO BUJIETh, YTO 3HAYEHUE & OCTAHETCS IPEKHUM:

u+b+Ab—Efu+b+Ab=u+b—Eu-+?.

! Kerary, aTa KOHCTPYKIMA OYeHb MOX0%ka Ha OCHOBHYIO MEI0 OCTATOYHOTO 0OYUEHHs, O KOTOPOM Mbl
OTOBOPUM B pasjieie 5.4.
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A 9TO 3HAYMT, YTO, HECMOTPSI Ha M3MEHeHHe ITapaMeTpa, HOpMaJIU30BaHHasT AKTH B
71051 He u3MeHmIach! Tak uTo Temeph 9Ta CUTYAIMs CTAHET IIOBTOPSITHCS, U B PE3YJIbTaTe
abcosoTHoe 3HaYeHue b GyIeT pacTy COBEPILEHHO HEOTPAHUYEHHO.

ﬂaHHbIﬁ IIprMEp TOBOPUT O TOM, YTO HOpMaJ/JIN3aI[UIO HeO6XO[_[I/IMO YUUTBIBATDH IIpN
rpaiieHTHOM ciycke. Ho 4To 9T0 3HAUUT ¢ TOUKU 3PEHUS PACITPOCTPAHEHYSI IPAIHEHTOR
o rpacdy? /laBaiiTe BBe/ieM CJION HOPMaTU3AIIAU:

& = Norm(z, X),

napaMeTpaMu KOTOPOTO SIBJISIIOTCS He TOJIbKO TEKYIINIT 06y Aol TpuMep x, HO U BCe
OpUMepsl U3 TPEHUPOBOYHON BbIGOPKU X. Cie0BaTeIbHO, /ISt HIaTa MPAJuEHTHOrO
CIyCKa HaM HeOOXOMMO BBIUMCIIUTD SIKOOHAHDI 81:19% n 815%, IpruYyeM IIPOCTO TIPo-
MIYCTUTH BTOPOU M3 HUX HE TOJYUUTCS — MBI TIOJIYUUM <«B3PBIB» K03(h(PUITNEHTOB 110
oIrcaHHO BIlE cxeMe. Kpome Toro, 7t caMoii oriepanuu «0toeuBaHusi» (leKoppe-

JIAIIUI ) HaM OTPeOYEeTCsT BBIYUCIUTD MATPHUILY KOBapHATIHIl:
Cov[z] = Ege v [mT] _E[z]Ex]",

3areM 0OPaTUTH €€ U BBIYUCIUTH M3 Hee KBa/[PATHBIN KOPEHb, & TIPY TPAJUEHTHOM CITyC-
Ke ellle ¥ TIPOM3BOJIHBIE TAKOTO MPeoOpa3oBaHust. B KOHEYHOM cUeTe 3TO BBHLINBAETCSI
B HEIIOMEepHbIe JIOTOJHUTEIbHbIE BBIYNCIUTEIbHbIE PACXO/Abl, 1 CTAHOBUTCS OYEBU/I-
HBIM, YTO HOPMaJIM30BaTh Beca HAJ[0 KaK-TO MO-IPYTOMY.

ITockosbKy MOJTHOIIEHHYIO IEKOPPEJISIINIO JIJIsT KaXK/I0TO CJIOSI C/leslaTh 3a pa3yMHOe
BPeMsI HEBO3MOKHO, 0COOEHHO JIJIsT GOMBIITIX aTACETOB, HA TIPAKTUKE, BMECTO TOTO YTO-
ObI IEKOPPEIMPOBATh BCE HEHPOHBI CJIOSI COBMECTHO, HOPMAJIU3YIOT KaK/IbIil 9JIEMEHT
BXOJTHOTO BEKTOPA TI0 OTJIEIBHOCTUA. ITO 3HAYUT, YTO BEKTOP & MOCJe HOPMATH3AIUN
OyIeT BBITJISIIETD TAK:

zp — Blag]
V/ Var (z)

Cpejitiee U gucCIepcuio B mocseneit Gopmysie X0Tea0ch Obl, KOHEYHO, BEIYHUCIISITD
cpasy TI0 BCEMY JIATACETY, HO 3TO GY/IET COBEPIIEHHO HEBO3MOKHO BBIYUCIUTENHHO —
TS KsKJIOTO BBIYMCIeHUs oTpebyercs Bech natacet! Tak uro E [zy] u Var (xy,) Mol 6y-
JIEM CYMTATD 110 TEKYIEMY MUHU-0ATUY, U TaHHBIH MTOIX0/] HA3BIBAETCS HOPMANUSAUUCT
no munu-6amuam. HecMOTPST Ha TO, 4TO MEKIy MPU3HAKAME BHYTPH CJIOST IIPU TAKOM
MOJIX0/IE KOPPEJISAIUU MOTYT COXPAHATbHCA, elle ¢ KoHIIa 90-X ro0B MPOIIIOTO BEKA M3-
BECTHO, YTO TAKOH MOXOl YCKOPSIET CXOAMMOCTb 00yUYeH s HeHpoHHBIX ceteil [135].

OmHaxo, KpoMe OYEBUIHBIX JOCTOMHCTB, Y TAKOTO MOAXO0/Ia €CTh U HEKOTOPbIE He
CTOJIb OYeBU/IHBIE HeJOoCTaTKu. Ecay B kavecTBe DYHKIIMM aKTUBAIIMK UCIIOJIB3YETCS
curMonziabHast GyHKINST, HATIPUMED JIOTHCTUIECKUI CUTMOU o (x) = H%’ TO, KO-
r/la Mbl HOPMAJIM3yeM ee apryMeHT, Mbl YBUIMM, YTO HEJUHEHHOCTD 110 CYyTH IIPOIAET:
Mo/IaBJIAIONIEe GOMBITMHCTBO HOPMATM30BaHHbBIX 3HAUEHUH OYIyT MOTMAAaTh B 06J1aCTb,

:iZ(ﬁl,...,(fd) rae {ﬁkz
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I7le CUTMOM/L BeZleT ce0si 04€Hb TOX0Ke Ha JIMHEHHYI0 (BYHKINIO, 1 (DYHKIINS aKTHBAIINH
(pakTryecku craneT auHeHON. Mbl ellle BepHeMCs B IIOCJIEAYIOMIUX IJIaBaX K TOMY, YTO
CTTOCOGHOCTD HEHPOCETH HAYYUTHCSI BOCTIPOU3BOIUTH TOKAECTBEHHYIO (DYHKITHIO MO-
JKeT UTPATh CYMIECTBEHHYIO POJIb B O0YUEHIH.

Jliist Toro 94TOOBI KOMIIEHCHPOBATH 3TU HEIOCTATKH, CIOW HOPMATH3ANUY JOKEH
OBITH crIocobeH paboTaTh KaK TOXKIECTBEHHAsT (DYHKIUS, TO €CTh IPU HEKOTOPBIX KOM-
OGUHAIUSIX TTAPAMETPOB OH J0JKEH NMETh BO3MOKHOCTH CO BXOJaMi GYKBAJIBHO HUYETO
He jies1aTh. YTOOBI TaK MOTJIO TOJYYHUTHCSI, MbI BBOJMM B CJIOH HOPMAJIM3AIUH OO
HUTEJTBHBIE TTAPAMETPHI g, M B, [UIsl MACIITAOMPOBAHYS U CIBUTA HOPMATM30BAHHOI
AKTUBAIIH 10 KaKA0H KOMIIOHEHTe:

zp — E [z4]

Var|zy] + i

Yk = YTk + Br = Yk

AU MapaMeTpbl 6y AyT 06yYaThCsT BMECTE CO BCEMU ITPOYNMHU TIApaMeTPaMu HeHPOH-
HOU CeTH; OHU J00ABISIOT «CTeleHell cBOGOIbI», KOTOPbIE TO3BOJSAIOT BOCCTAHOBUTH
BBIPA3UTEIbHYIO CIOCOGHOCTD CETH B 1IEJIOM. B 4aCTHOCTH, Tenepb CJI0i HOpMaTU3auu
MOKET O0YUUTHCSI PEATTM30BbIBATH TOKIECTBEHHYTO (DYHKIIUIO: TETIEPD JIJIST STOTO [OCTA-

TouHO m010KUTS ), = \/ Var[z(®)] u g*k) = | [a:(k)}.

[MTocnentee HebOJIbBIIOE 3aMeYaHKe COCTOUT B TOM, YTO Ha MPAKTHKE, YTOOBI M3-
OexaTh JeJIeHMs HA HOJb NIPH HOPDMaJU3allMU, K AUCIEpcHr HobaBiasercs HeGoJIb-
1I0e MOCTOSIHHOEe 3HadeHue e. Temepb Mbl MOxkeM (POPMaJIbHO OIMCaTh CJIO Oary-
Hopmasym3aru. Crroit mosrydaeTr Ha BXOA odepenHoit munu-6atda B = {x1,...,@m},
a 3aTeM I0CJIe0BaTENbHO:

¢ BBIUHCJIACT 6aSOBbI€‘ CTaTUCTHUKU I10 MI/IHI/I-6aT'-IyZ

m m
1 2 1 ( )2
= — x;, op=— x; — ;
mpB m [ B m 4 i —HMB) ;
=1 =1
¢ HOPMaJ/IM3YET BXO/IbI:
)N T; — Mp
€Ty = 2 )
op +e€
* BBIUNCTSAET Pe3yJIbTarT;
Yi =% + 5.

Mbi Morin Ob1 IpUBeCTH (OPMYJIBL 111 00y4YeHNs, TIOICYUTAB, KaK TPAAUEHT (PYHKIMN
omMOKY OYAET IPOIYCKAThCS YEPES ITOT CJIO0H U KAKOBbI Oy YT IPOM3BOAHBIE 10 HOBBIM
napaMeTpam v u J3... Ho He Oy/IeM: K YeMy 3aTPOMOJKIATh KHUTY JOCTATOYHO TIPSIMOJIN-
HEHBIMK BBIYMCJIEHUSAMU, KOTOPbIE YK€ MHOTO pa3 PeajM30BaHbl B JIOOON cTaHAapT-
Hoil 6ubsMoTEeKe aBToMaTHYeCKOro auddepeHiiupoBanys. Mbl yBepeHbl, YTO K 3TOMY
MOMEHTY 3aMHTEPECOBAHHBII YUTATE/Ib BIIOJIHE CIIOCOOEH B3SITh IIPOM3BOIHbIE OT 9TUX
(pyHKIIMI CaMOCTOSITENBHO.
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Hopmanuaaums 0o HENWHERHOCTK

o HenuHeiHoCTK
so0 M [Mocne HeNMHERHoCTH
[ Norm ]—'[ tanh ]—»

Hopmanuaauylst nocne HeNWMHEeMHOCTK
D—»[ tanh J—»[ Norm ]—»

a 6

Puc. 4.4. Hopmasnuzalius 10 1 1ocjIe HeJIMHeHHOCTH: @ — rpadbl BBIYKCIEHUN B 000UX CITyJasx;
6 — pe3yJIbTaThl CHOMILIUPOBAHUS

[Topa nmepexoauth k mpaktuke. Ho cHavasa 3aMeTuM, 4TO HOPMAINU3AIUIO MOKHO
JleJlaTh B pa3Hble MOMEHTBI BpeMeHU. B yacTHOCTH, /10 CHX 1O HET YCTOSBIIET0CsS MHe-
HUS IO BOTIPOCY O TOM, JIy4IIle JIeJIaTh €€ MOCJie 0UePEHOTO CII0S UITH TToCJie TUHEHHON
YACTU CJIOS, JI0 HEJIMHEHHOM (DYHKIIUY aKTUBAIUU.

B kauecTBe MIUTIOCTPAIIMK K 9TOMY Ha pHUC. 4.4 M306pakeHbl Pe3yJIbTaThl HOPMaJIH-
3al[iU JI0 U 0C/ie HeJIMHEeHHOCTH B HateM mpumMepe ¢ puc. 4.3. Kak Bunute, apdexr
[I0JIy4aeTCs PasHblil; B YaCTHOCTHU, ECTECTBEHHO, 00J1aCTh 3HAYE€HUII B BApUaHTe HOpMa-
JIN3AIUH [IOCJIe CUTMOUIAIBHON HeJIMHEHHOCTH OYAeT IUPE, YeM eCJIM HOPMaln30BaTh
[0 HEeJIMHEIHOCTH, Belb tanh wiu o cHOBa BEPHYT HOPMalIU30BaHHbIE PE3YJIbTAThl HA
orpe3ok [—1,1] uiau [0,1] cOOTBETCTBEHHO.

U Tenepb y Hac Bce rOTOBO JJIsl TOTO, YTOOBI TIEPEUTH K DKCIIEPUMEHTY U HATJIsII-
HO II0Ka3aTh Ha IPUMEPE, 3aueM HOpMaJU3allts 110 MUHU-0aTyaM BooOIe HyKHa. Mbl
OyneM poBepsTh ee 9PGEKTUBHOCTD HA HallleM OOBIYHOM MpUMeEpe, KiIaccu(pUKaLuu
pykornucHbIX udp Ha garacere MNIST.

Iy 3TOrO0 MBI TIOCTPOUM TPOCTYIO TOJHOCBI3HYIO MOJIENb C JIOMOJTHUTETHHBIM
CJI0eM HOpPMaJIM3aluu 110 MuHK-OGaTyaM. B aTOoM pasgesne mpumep Oyler Ha 4u-
crom TensorFlow, no B Keras, ecrecrBeHHO, HOpMaiu3alus 10 MUHU-0aT4aM TO-
JKe peaii30BaHa — TaM 9TO ObLI Obl IIPOCTO AOIOJHUTENbHBINA CJIOM O/ HA3BaHUEM
keras.layers.normalization.BatchNormalization.

Crauasma IMIIOPTHUPYEM BCE, UTO HYKHO:

import tensorflow as tf
from tensorflow.examples.tutorials.mnist import input_data
mnist = input_data.read_data_sets("MNIST_data/", one_hot=True)
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Yro6bl He BBIIOJHATH MHOTO Pa3 OAHOTHIIHBIE OlEPALUH, 3aaiuM (DYHKIMU 115t
0OBSBJICHUS MTOJHOCBSI3HOTO CJIOSI M CJIOST HOPMAJIU3allnu 110 MUHU-O6aTyam. ITosHo-
CBSI3HBII CJIOH 3a/jaeTcs yoKe JaBHO 3HAKOMbBIM HaM 0Opa3oM:

def fullyconnected_layer(tensor, input_size, out_size):
W = tf.variable(tf.truncated_normal([input_size, out_size], stddev=0.1))
b = tf.variable(tf.truncated_normal([out_size], stddev=0.1))
return tf.nn.tanh(tf.matmul(tensor, W) + b)

A ist TOro, uTOGBI 33/1aTh CJIOH HOPMAIM3AINH, CHAYAIA HYKHO BBIYUCIUTH COOT-
BETCTBYIOIHE CTATUCTUKU U OOBSIBUTH IIEPEMEHHBIE, a JIAJIbIIe, KaK 9TO YacTo ObIBaET,
HCTIOB30BATh TOTOBYIO (yHKIHI0 n3 6ubmorexkn TensorFlow:

def batchnorm_layer(tensor, size):
batch_mean, batch_var = tf.nn.moments(tensor, [0])
beta = tf.Variable(tf.zeros([size]))
scale = tf.variable(tf.ones([size]))
return tf.nn.batch_normalization(
tensor, batch_mean, batch_var, beta, scale, 0.001)

Jliist 9KcTepuMenTa HaM OyeT OCTaTOYHO OYEHb TIPOCTON MOJEIH: MBI BO3bMEM
TTOTHOCBSI3HYTO HEHPOHHYIO ceTh ¢ pa3Mepamu cioeB 784, 100, 100 n 10. [Tepssrii caioit —
BXO/IBI, KyJIa MBI [TOJIa€M 3HAUEHUSI TIUKCETOB U300paKeHUs, MOCTEIHUA — BBIXOJHON
CJIOHA, 110 OHOMY HEeMPOHY Ha KasKAbIil U3 BO3MOKHBIX KJIacCOB U300pakeHus (TO €CTh
pykornucHbie udpst o1 0 10 9). Mex 1y TpOMeKyTOUHBIMU CJIOSIMU Mbl I BCTABUM CJION
HOPMAJIU3AIIH 10 MUHU-0aT4aM.

x = tf.placeholder(tf.float32, [None, 784])
h1 = fullyconnected_layer(x, 784, 100)
hi_bn = batchnorm_layer(h1, 100)

h2 = fullyconnected_layer(h1l_bn, 100, 100)
y_logit = fullyconnected_layer(h2, 100, 10)

JTist 06y 9I€eH st OCTATIOCH TOJMBKO 33aTh (DYHKITNIO OMMMOKY U METO/T OTITHMU3ATIHH:

loss = tf.nn.sigmoid_cross_entropy_with_logits(y_logit, y)
train_op = tf.train.GradientDescentOptimizer(0.01).minimize(loss)

Y0661 O11eHUTD dDPEKT 0T J0OABAEHU €10 HOPMAIU3ALUHI 110 MUHU-0ATYaM, Mbl
CPaBHIJIN OMKCAHHYIO BBIIIE MOJENb C WIEHTHYHOM, HO 0€3 JOTOJHUTETLHOTO CIIOST
HopMmasusaiuu. ['padukn Ha puc. 4.5 yCTPOEHBI Tak Ke, Kak Ha puc. 4.2: 710 TOPU3OH-
TAJIBHON OCH OTJIOKEHO YUCIIO ATIOX 0OYUIEHUsI, a 0 BEPTUKATIbHON — 3HaueHue (hyHK-
K omuOKu (CieBa) U TOYHOCTH (accuracy) IpeacKasaHus MOJIETH Ha TECTOBOM MHO-
x&ectBe (crpaBa). CHOBa 3aTeHEeHHast 00JTaCTh BOKPYT KPUBBIX TIOKA3bIBAET JUCIIEPCHUIO.
BuHo, 94T0 MOJIEJTH CO CTOEM HOPMAJU3AIMY 1T0 MUHU-0aT4aM TIPAKTUIECKH CPasy 10-
Ka3bIBaeT XOPOIITME PE3yJIbTAThI ¥ OBICTPO NPUOIMKAETCs K oTMeTKe B 98 % TouHOCTH,
B TO BPeMsI Kak 0OBIYHAS MOJIEITb JOGUBAETCS MTPOrpecca ToPasio Me/JIeHHee.

ToJIBKO TOSBUBIINCH, HOPMAJIU3AIKs 110 MUHU-0aTuyaM Hajesaja HeMajo IIyMa.
JTist GOJTBIIMHCTBA KIACCHUYECKIX apXUTEKTYP A00aBIeHNE HOPMATU3AIINH A0 OYeHb



160 [naBa 4. BeicTpee, rnybxe, cunbHee, nnn 06 oBparax, JONMHAX ¥ TPAMIUIMHAX

DYHKUMSA NOTEPL TOYHOCTh
06

-=-=-=- Be3 HopManM3aLum
—— C Hopmanuzaumei

05

1
L}
:
0.5 ! ==== Bbes3 Hopmanusalum
1 "
! —— C Hopmanuzauuei
I

4] 5 10 15 20 25

Puc. 4.5. CpaBHeHue ceTy ¢ HOpMaU3aluei o MUHu-6aTyam u 6e3 Hee

MOTITHBIN TOJYOK BIiepe/l. VIMEHHO HOpMATH3aIust TI0 MUHU-6aTYaM MO3BOJIIIIa 00yYaTh
TaKue OueHb IIyOOKMe apXUTEKTY L, Kak Inception u ResNet. BykpaibHO 3a Toz HOD-
MAJTH3AITHST TTO MUHU-6ATYaM He TOJTBKO BOTILIA B 6a30BbIi HHCTPYMEHTAPHIT CTIETINATH-
CTOB TT0 TIIY6OKOMY 006YUYEHHIO, HO U CTaJla OMHUM 3 KJIIOYEBbIX 3JIEMEHTOB MTPH 06y ve-
HUM II0-HACTOALIEMY IJIyOOKUX HEHPOHHBIX ceTell. B ocTaBIneiics yactu 3T0r0 pasjaena
MbI PACCMOTPUM HECKOJIBKO CaMbIX II0CJIEIHUX Pe3yJIbTaTOB O HOPMa/IU3aluu, KOTOpble
MPOIOJIKAIOT ¥ PA3BUBAIOT UIEI0 HOPMATU3AIINHT 0 MUHI-0ATIaM.

I[TepBoii Tpo6JeMoii ¢ HOpMaJT3aIuei Mo MUHU-GaTIaM CTAJIO TO, YTO C PEKYPPEHT-
HBIMHU CETSIMU, B OTJIMYNE OT MTOJHOCBSI3HBIX U CBEPTOYHBIX, BCE OKA3AT0Ch HE TaK MPO-
crol. OcraBum 3a cKOGKAMU PA3IMUHbIE APXUTEKTYPHI PEKYPPEHTHBIX MOJYJICH 1 pac-
CMOTPHUM TOJIBKO Hanbosiee 0BIIyI0 KOHCTPYKITHIO: MOTydast Ha BXOJ TOCIEA0BATEb-
HOCTb BEKTOPOB (L1,...,LT ), PEKYPPEHTHASI CETh BbIJAET [MOCIIE0BATENBHOCTD CKPBITHIX
coctostHuit (h1,...,hy), BBIMUCJISISE MX TIAT 32 [IATOM B TAKOM BHUJIE:

ht = f (Wphi—1 + Wexy) ,

rae f — HeauHeWHas (YHKIMSA akTwBanuu, Wj, — MarTpuiia PeKypPEeHTHBIX BECOB,
a W, — MaTpuIla BECOB JIJisI BXOOB.

[Toapobuble uccaeqoBaHus TOKa3aau [34], 4TO MCHOIb30BaHUE CJI0S HOPMaJI3a-
[[UH 110 MUHU-0aT4aM <«B JI00»> He TIPUHOCHUT TI0JIb3bI PEKYPPEHTHBIM CETSIM. JKCIIEPHU-
MEHTBI C HOpMaJiM3alreil B cienyioiieil popme:

ht = f (BN(Wyhy 1) + Wyxt)

[TOKA3aJIM Pe3yJIbTaThl HECKOJIBKO XYiKe, YeM Y YUCTOM PeKYPPEHTHOMN CeTH.

U Ouenpb normuno o6y NTh COBPEMEHHBIE PE3YIbTATEI M BAPUAHTHI HOPMAIM3AIMI HMEHHO 3/1eCh, HO
9TO6BI UX 0OBSICHUTD, HaM TIPUIETCST CCHLIATHCST Ha 06IIlee TIOHMMAHNE TOTO, YTO TAKOE PEKYPPEHTHbIE Hell-
porHbie cetr. [10po6GHO 06 3TOM MbI IOTOBOPUM B IIaBe 6, a ceifuac, eciim 0CTaTOK Pas/esia BbI3bIBAET CJIOK-
HOCTH, €70 MOKHO MPOIYCTUTH 6e3 TTpoGIeM ISt JaTbHEHIIero MoHMAaHHsL.
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OpHa U3 OCHOBHBIX TIPUYUH TAKOTO MTPOBAJIA — TO, YTO PACIIPE/IETEHIEe AKTUBAIIMI
CKPBITOTO CJIOSI MOXKET CHJIBHO MEHSITHCS TIPU MTOCIE[0BATETHHOM TPUMEHEHUHU OJIHO-
TO 1 TOTO JK€ PEKYPPEHTHOTO TTPe0OPa30BAHMS K TIOCTE0BATENFHOCTH BXOOB. 10 cyTH
3TO 3HAYMT, YTO €CTh CMBICJ BHIPABHUBATH CKPBITOE COCTOSIHHE CETH «CKBO3b BPEMSI»,
TaK KaK UMEHHO Pa3HUI[A MEK/LY COCTOSTHUAMY Ha Pa3HbIX Iarax 06paboTKu mocie0-
BaTEJIbHOCTH U SIBJISIETCS] OCHOBHOU Hjleell U CMBICJIOM PabOThl PEKYPPEHTHOI CETH.

[TosTOMy TEPBBIN MOJOKUTENBHBIN PE3YJIbTAT MPUMEHEHMS HOPMAIU3AIUU 110
MUHHU-6ATYaM K PEKYPPEHTHBIM CETSIM OBLI TTOJYYeH KOMAH/I0i aBTOPOB U3 YHUBEPCHU-
teta Monpeass Becnoit 2016 rozna [439]. KioueBoii ujieeit 3yiech ctaso npuMeHneHue
HOPMATTM3AINHY [I7TsT KAKZIOTO MOMEHTA BPEMEHH 110 OTAeTbHOCTH. 110 cyTu, Ml 06yda-
eM He Tapy mapametpos 3 u v, a Habopst 3 = (B1,...,07) vy = (71,..-,77). Kpome toro,
ABTOPBI OT/EJIUIIA HOPMAJIU3AIMIO CKPBITOTO CJIOST OT HOPMAJIU3AIUN BXOJIOB, TIPEIJIO-
JKUB BAPUAHT:

hi = f(BN(Wyhi_1; Bp,vn) + BN(Wezt; Be,vz)),

4TO B UTOTE IPUBEJIO K CYyHIECTBEHHOMY YCKOPEHMIO 00YUEHNUS 1 YIIyYIIEHNIO KauecTBa
MojieJieil Ha Takoii 3aj1aue, Kak oOyKBEHHOEe MOJIe/IMPOBaHKe A3bIKa (Mbl €€ IIOAPOOHO
obcy M B pasjedie 6.6).

HecMoTpst Ha OrpoMHBIN yclleX HOpMaIM3allud 110 MUHU-6aT4yaM, psa npobiaeM
y 5TOTO TOJX0/Ia BCE e ocTaBajcs. TpyaHOCTH MCIOTH30BAHUS CJIOST HOPMATU3aIluN
B PEKYYPEHTHBIX CETSIX HE OTPAHUUUBAIOTCS TEM, UTO HY;KHO 00yUYaTh OTAEIbHBIE TTapa-
METPHI JIJIST KayKJIOTO BpEMEHHOTO I1ara. B yacTHOCTH, ecTeCTBEHHOM /IS pEKYPPEHTHBIX
ceTell SIBJISIETCST TepeMeHHas JIMHA BXOIHON MOCJIeI0BATENbHOCTH, Koraa T’ pasinda-
€TCsT OT BXOZIa K BXoAy (HAmpuMep, Ha BXOJ MOTYT TIOaBaThCs TIPEATOKEHNST HA eCTe-
CTBEHHOM $I3bIKEe, 3aKOJIMPOBAHHBIE TIOCTOBHO, TO €CTh 1' — YUCJIO CJIOB B MPEIJIOKe-
HUK). DTO 3HAYUT, YTO HOPMAJIU3ALUIO OOJIee O3AHUX BDEMEHHBIX IIArOB MOXKET ObITh
HE TaK MPOCTO 00YYUTH: GOJBITUHCTBO IPUMEPOB B TPEHUPOBOYHOM MHOKECTBE OYIYT
HEeOOJIBIION JUIUHBL, YTO MPUBOINUT K CEPhE3HBIM OTPAaHUYCHUSIM Ha IPUMEHeHUe 00Y-
YEeHHOI peKyppeHTHOI HEHPOHHOU ceTH, Beib Ha GoJiee TO3IHUX dJIeMEHTaX MOCTIeN0-
BaTETHbHOCTH MBI YK€ HE CMOKEM MTPUMEHSITh HOPMAJTM3aIHIO.

Kpowme Toro, eciu peKypeHTHBIN MOJIyJIb HE3ABUCHMO OT JIJIMHBI BXOJTHOW TIOCTIENI0-
BaTEJIbHOCTH UMeeT (PUKCUPOBAHHOE YKCJIO 00yIaeMbIX TapaMETPOB, TO HOPMaTU3aIkst
10 MUHHU-0aT4aM C TIPUBSI3KOI KO BpeMeHU J00aBJISIET YHUCIO TapaMeTPOB, TPOMOPIIU-
OHAJIbHOE MaKCUMAJBHON JIJIMHE BXOIHON TIOCTE0BATETHHOCTH — a 3TO 3HAYMT, YTO
MapaMeTpoB HOPMATHM3AIIUN MOXKET IS JVTMHHBIX TIOCJIeIOBATEbHOCTEN CTaTh 3aIpe-
IeJIbHO MHOTO. I 1ajke eCJIM OCTaBUTh B CTOPOHE IPOGJIEMbI IIPUMEHEHUS HOPMAJI3a-
I[[MH TT0 MUHK-6aT4aM HMEHHO K PEKYPPEHTHBIM CETSIM, BCE €II[e OCTAETCsI OTPaHUUYEHHE,
HAKJIaJbIBAEMOE CJIOEM HOPMAJU3AINU Ha pasMep 0arda, Beb JJIST XOPOIIEH OIeHKU
CTaTUCTHUK MOKET IOTPeOoBaThest OOJIBIIOE YHUCIIO IIPUMEPOB. B yacTHOCTH, 04eBUIHO,
4TO HOPMAIU3AIMIO 110 MUHI-0aTyaM HEBO3MOKHO IIPUMEHSITh, KOraa 00y4eHue IIPOu3-
BOJIUTCSI HA KAXK/IOM TIPUMEPE B OTJIETIBHOCTH.
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Bce o111 ipo6JieMbl IIPUBEJIH K HOBOMY B3IJISZY Ha HOPMAJIU3AIMIO, TIPEJI0KEHHO-
My JietoM 2016 rozma ncciaenoBarenssMu U3 yHuBepcutera TopoHTO (Kak 00bIYHO, 6e3
Ixedpdpu Xunrona ne obouwrocs) [16]. B a1oit pabore npepiaraercss HOpManin3oBaTh
AKTUBAIMK CETH HE <10 MUHU-0ATUYY», a «II0 CJIOI0», UCIIOJIb3YSI OT/eJbHbIE CTATUCTUKU
IS KQsKIOTO BJIEMEHTA [OCIeA0BATEIbHOCTH, HO 00yyas o0II1e napaMeTphbl:

ht:f(%(at_'ut_i_b)),

raeat = W, h! =1+ W, ! — akTuBarmu 10 mpuMeHeHNs HeIMHEHOCTH f, a CTATHCTHKH
pt 1 o BBIYMCAAIOTCA 110 aKTHBAIMAM CJIO KaK

rae H — pasmep ckpbitoro cios. Ilapamerpst g u b oOyuaiorcest B Xoze 00y4eHus: ceTu
COBMECTHO C OCHOBHBIMU I1apamMeTpamu. Ha psije 3amau MammmHHOro o0y4eHus ¢ Ipu-
MeHEHUEM PEKYPPEHTHBIX CeTell TAaKOW TO/IX0/I K HOPMATU3aINH TT0Ka3aJl Pe3yIbTaThl,
CpaBHHMMBIE ¢ GaTy-HOPMa/IU3alield, UIH HECKOJIBKO JIyYllie, OJIHAKO [IPU 9TOM HOpMa-
JIU3AIKS IO CJIOK MO3BOJIMJIA COKPATHTh BPeMsi OOYUeHM U M36eKaTh MPpodIeM TIpu
paboTe ¢ MAIEHbKUME pa3MepaMu OaTdeit.

Kak BuanTe, HOpMaIH3aIKst TOMOTaeT B pasHbIX popMax. Mbl yske 00Cy I HOp-
MaJIM3aLMIo aKTUBALMU HEHPOHOB 110 IPUMepaM B MUHK-0aTde U 110 HEUPOHAM B CJIOE.
OcraJics ocaeIHNN BasKHbII 9JIEMEHT — Beca CETH.

Henasro Tum Caymimatc u JIpesepuk Kunrma 13 OpenAl omy6anKkoBajy nccaeno-
BaHMeE BJIMSTHUS HOPMAJIM3AI[UHU BECOB HA MPoTiece 00ydeHus HelipoHHoii cetu. [Ipeio-
JKEHHBII UMY MTOJIX0/ AHAJIOTHYEH HOPMAJIU3AINH 110 6aTdy UJIH [0 CJIOI0, OTHAKO KO-
(unment penapamerpuzanuu (HOPMaIN3AIMK) BBIYNCISETCS € YYETOM BECOB 04Yepe/i-
HOTO CJIOS, @ He €r0 aKTUBAlUMU:

hi =f(|lzi”w3w+bi),
rJle w; — Beca JIMHEWHOU KOMOUHAIINY i-TO HEMPOHA, b; — ero cMellenue, a ||w;|| 06o-
3HaYaeT eBKJIM/IOBY HOPMY BeKTOpa BecoB. [TocJre Takoil perapaMeTprsaiiin HopMa BeK-
TOpA BECOB OKA3BIBAETCSI B TOYHOCTH PABHA 7, M OTOT [apaMeTpP HEPOHHAs CETh TOXe
obyuaer BMECTe ¢ OCHOBHBIMUL

O0603HaYNM «HOBBIE> BECA CETH Yepe3 v = mw. Torza rpaguent GyHKIUY OMING-

Kku L 110 v paBeH
VoL
V'YL — “’7117
[[w]]

rie Vo L npencrasiser coboil 0ObIMHbBII IPAJUEHT 110 BECAM CETH.
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A Trpa/iueHT (bYHKHI/II/I omubOKY 110 HNCXOJHbIM BE€CaM paB€H

-
[[wll

YV L

Vwl = — w,
w [w]?

VoL

1 9TO, IIOACTABUB BbIPpasK€HUE /1JIA VﬂyL, MOJKHO ITepermncaTb B BU/i€

-

VuwlL =
[[w]l

M’UV’ULa

-
rae My =1— ﬁ’:}’w 0603HAYAET MATPUILY IPOEKITMHU Ha J0N0IHeHIe BekTopa v. [To cyTw,

HOPMAJIM3AIHST BECOB JIEJIA€T /IBE BEIIIH:
* Macurtabupyer rpaJiienT ¢ Becom g/ ||wll;
* <OTBOPAYMBAET» TPAMMEHT OT BEKTOPA TEKYIINX BECOB.

O6a atnn adpdexra TPUOTIKAIOT MATPUILY KOBAapHAIlUil TPAJNEHTOB K eIMHUIHOM,
YTO [O3BOJIAET ZOOUTHCS ONPEAEIEHHBIX IIPEUMYILECTB IIPU 00yYeHU N,

Jagaiite moapobHee pasbepeM, YTO IPOMCXOAUT C BeCaMM IIPU TaKOM IIOAXOJE.
IIycth Ha oyepenHOM wiare o0ydeHMsI Mbl OOHOBJISIEM Beca [0 eCTECTBEHHOM (hopMy-
ge w' = w+ Aw, rae Aw o VL. Torga us-3a opToroHajbHOCTH TPaMEHTOB BECaM
¢ KaykKIBIM 0OHOBIEHHEM HOpMa ||w|| GyzeT, cormacHo TeopeMe ITudaropa, mocrenenHo

lAwl ¢ 1o |lw!|| = VI + c2||wl|. Ckopocts pocTa mpu

[[w]]
9TOM Oy/IET 3aBHCETH OT MCIIEPCUH TPAIUEHTOB: YeM OOJIbIIIE UCIIEPCHs], TeM OoJIbIIie
[|Awl]|, a creroBaTesbHO, 1 ¢, 4TO B CBOIO OUepe/ib IPUBOUT K YMEHbIIEHHIO HWT” Ecimn

pactu. TouHee TOBOPS, ecu

JKe JICIIePCUst TPaJeHTOB HeBeInKa, To V1 + ¢ ~ 1.

B urore 5TOT MEXaHM3M I103BOJISIET HEHPOHHOM CETH CAMOCTOSITENbHO CTaOUIM3UPO-
BaTbh HOPMY IpaineHTOB. KpoMe TOTo, IPUATHBIM JI0TTOJIHEHUEM OKa3aJICs SMINPUYECKU
YCTaHOBJICHHBIH (haKT YCTOWYUBOCTH K BBIGOPY cKopocTH obyuenus. Dakrudyecku mo-
JIYYHJIOCh, UTO OJ1arofapst BO3MOKHOCTI MEHSITh HOPMY BECOB M T€M CaMbIM KO3 HUIH-
€HT MacIITaGuPOBAHUS TPAJUEHTOB CETh OKa3aach CIIOCOOHA KOMIIEHCUPOBATH CJIUIII-
KOM OOJIbIIINE WU CJUIIKOM MaJieHbKUe 3HAYEHUST TapaMeTpa CKOPOCTH 0OyUYeHusI.

A B pabore [482] HECKONIBKO HeMENUKHMX y4eHbIX u3 rpymnsl IOprena IIMumxy-
Gepa pazpaboTaiy TaKk Ha3BIBAEMbIE CAMOHOPMAIU3YOUUecs Heliporubie cetn (self-
normalizing neural networks, SNNs). Okaszanoch, 4T0 MOKHO JOOABUTH CBOMCTBA HOP-
MaJT3aIi1 HETTOCPEICTBEHHO B (DYHKIIMIO aKTUBAIIMY HEUPOHA, U JIJISI 3TOTO JIOCTATOY-
HO MPOCTO UCIIOJIb30BATH MACIITAOUPOBAHHYIO 9KCIIOHEHITUALHYO (DYHKITHIO:

T ecmz >0
SELU(z) = A{ "’ ’
ae® —a, ecmzx < 0.
ITo coBceM cBexkas pabora, ¥ MOKa HEIMOHSITHO, BBIPACTET JIM M3 ITOTO €lle OJHa
MUHW-PEBOJIONNUS B HEHPOHHBIX CETSIX, HO PE3YJIbTAThl OU€Hb WHTEPECHBIE.
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[MoxseneM Kpatkuil uror. HecMoTpst Ha TO 4To nepBas 1mybJIMKausa 0 HopMaansa-
[[MU aKTUBAIUI MOSBUIACH TOJIBKO B KoHIlEe 2015 rozia, y:ke ceifuac HU O[HA COBPEMEH-
Has ryboKas apXUTeKTypa He 00X0AuTcs 6€3 TOro Wk MHOTO CII0Cc00a HOPMAIU3aI1H.
Bce oOyuenue B riry0OKUX HEHPOHHBIX CETSX BEAETCS TaK MW MHAYE IIPU TOMOLIM I'pa-
JIMEHTHOTO CIycKa. I1109TOMY I0sBJIeHe HOBBIX el B OCHOBAHUSX TOH 001aCTH, TO
€CTh U3MEHEHWH, YJIyqIIatonuX caM MPOIEecC ONTUMHU3AINN, MOXKET TIPUBECTH K OlIle-
JIOMJISIOIUM pe3yJibTaTaM. Tak MoJIydnsIoch ¢ HopMaausalueil o MUHK-6aTdaM: 1o
CyTH, €€ IIPUMEHEHME TTI03BOJINJIO IEPETH OT apXUTEKTYP TIIyOUHOM He GoJiee Iapbl Jie-
CATKOB CJIOEB K CBEPXIIYOOKUM apXUTEKTypaM, KOTOpble cefuac HaCUUThIBAIOT COTHU
1 J1a’Ke THICSYM CJIOEB.

Ho 570 6bLI HE €AUHCTBEHHBIA IPOPBIB B OCHOBAHMAX OITUMU3AIUY B HEHPOHHBIX
ceTsiX. BasKHENIIYIO poJib [JIsT COBPEMEHHOTO IJIyGOKOro 00yUeHUsT UTPAET U CaM IIPO-
1ecc rpaJueHTHOTO CITyCKa: ero COBPeMeHHbIe MOANDUKAIMKA PadOTAlT BO MHOTO pas
JIy4IIie KJIaCCUIeCKUX TTOAX0I0B, U ceffuac MBI KaK pa3 0 HUX W MTOTOBOPUM.

4.4. MeTop MoMeHTOB: HbloTOH, HectepoB u lNecce

Iopusasumics ua Beicoty 2000 M, OH HarHaJ aBCTPUIIA CBEPXY U 3a-
JIeJI €T0 CBOMM IaccH... Anmapat HecrepoBa mmocste aToro cTas ciiipaabHO
CITyCKAThCSI.

B. Poxmucmpos. Asuayus eenuxoii 60tinbl

Wrak, MbI pa3o6pajuch ¢ TeM, KaK JeJaTh TPAAUEHTHBIH CITYCK, U C TEM, KaK OCYIIECTB-
JIATH 3TO HA MPAKTUKE: CTOXACTUYECKUN TPATUEHTHBIN CIIYCK, B TOM YHUCJI€ BaPUAHT
¢ MUHKM-0aT4aMu, JeACTBUTEIbHO Pab0TalOT Ha IPAKTUKE U [TO3BOJSIOT 00y4aTh Heii-
ponnbie cetr. OHAKO BCIIOMHKM, YTO y TPAJUEHTHOTO CITyCKa OblJ CBOOOAHBIN TTapa-
METp: CKOPOCTh 00YUEHUSI 7) TIOKA3bIBAJIA, HACKOJIBKO CUIIBHO MbI C/IBUTAEM APAMETPBHI
B CTOPOHY OYEPEAHOTO IPA/INEHTA.

CkopocTb 00yYeHUsT — 9TO Upe3BbIUaiiHO BaKHBIN mapamerp. Eciin oHa Gy et cauii-
KOM GOJIBIIIOH, TO QJITOPUTM CTAHET IIPOCTO TPBITATH IO (PAKTUUECKE CTYIalHBIM TOUKAM
MPOCTPAHCTBA U HUKOT/[A HE MOTAET B MUHUMYM, [TOTOMY YTO BCE BpeMst Oy/IeT uepes
HETO MEPENPHITHBATD. A eCJid OHA OYIET CIUIIKOM MaJIEHbKOU, TO TAaKOU IPOBIIEMBI HE
GyJIeT, HO, BO-TIEPBBIX, OOYYEHUE CTAHET rOPas/io MEJIEHHEE, 2 BO-BTOPBIX, aJITOPUTM
PHUCKYET YCIIOKOUTBCSI U CONTHCH B TIEPBOM K€ JIOKAJTbHOM MUHUMYME, KOTOPBI BPSIZ
JIV OKAYKETCST CAMBIM JIYUIIIHM.

KaskeTcst MHTYUTHBHO OYEBUIHBIM, YTO CKOPOCTh OOYUEHUS 0JKHA CHavasa ObITh
GOJIBINON, YTOOBI KaK MOKHO ObICTpee MPUUTH B TPABIJIBHYIO 00JACTh MPOCTPAHCTBA
MOMCKA, & TOTOM CTaTh MAJIEHbKOI, 4TOOBI y3Ke HoJiee IeTalbHO UCCIIEN0BATh OKPECTHO-
CTHM TOYKM MUHUMYyMa ¥ B KOHIIe KOHIIOB IT0TIacThb B Hee. [loaToMy mpocTeiimias crpa-
TErusi YIpaBJIeHHsi CKOPOCTHIO OOYUEHUS TaK U BBITJISAUT: Mbl HAYUHAEM ¢ GOMBINOi
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CKOPOCTH 1) 1 IOCTEIIEHHO YMEHbIIIAEM €€ 110 ME€PE TOI'0, KaK IMMPOJABUTA€TCA 06yquI/Ie.
YacTo /11 5TOTO HCIIOJIb3YIOT NJIN JIMHEHOe 3aTyXaHue:

t
= 1——
n 770( T)’

_t
n=mnoe T,

MNJIN 9KCIIOHEHIIMAJIbHOE!

rJie t — 9TO TMPOIIEIIee ¢ Hauajia 00ydeHus BpeMst (IMCI0 MUHU-0aTYel UITH YHUCITI0 9TI0X
00yuenust), a T — mapamerp, OlpeAeIsaIouil, Kak ObICTPO GyIeT YMEHbIIATHC 1).

Ecsm mpaBuibHO 10106paTh mapaMeTpsl g u T, Takast cTparerus OyeT MOYTH Ha-
BepHsIKa paboTaTh JIydIlle, YeM TPAJUEHTHBIH CITYCK C ITOCTOSIHHOM CKOPOCTBIO, & €CJIN
MOBE3ET, TO ¥ BoobIIe paboTaTh 6yAeT XOPOIIO.

OjHako, BO-TIEPBBIX, MBI 3aMEHIJIH TIOAO0P OJHOTO TTApaMeTpa 1 IByMsL, 1o u T, TO
€CTh He TO YTOOBI CUJIBHO YIIPOCTHIIHN cebe 3azauy. Bo-BTOPHIX, TaKoe MOCTENEeHHOE 3a-
Me/ieHre 00yueHst ¢ (PUKCUPOBAHHBIMU TapaMeTPaMK COBEPIIIEHHO HUKAK HE OTpaKa-
eT cobcTBEHHO (hOpMy U XapakTep (HYHKIIUU, KOTOPYIO MbI OIITHMU3UPyeM. MOKHO Jin
YJIYUIIATH CTOXaCTUYECKUI TPAJIUEHTHBIN CITyCK, PEIIUB 3TH TPOOTIEMBI?

OgxkasbiBaercst, 4To y4ecTb (hopmy GYHKIIHI MOKHO, U TAK HA3BIBAEMBIE A0ANMUBHBLE
METO/IbI IPA/INEHTHOTO CIYCKa, KOTOPBIE MEHSIOT ITaPAMETPHI CITyCKa B 3aBUCHMOCTH OT
MIPOUCXOISAIEro ¢ (yHKIued, GyayT paboraTh ere Jjyurie. Vges 31ech 3aKI0daeTcst
B TOM, 4TOOBI BMECTO I/I00a/JbHON CKOPOCTH 00y4eHUs, KOTOpasi MEHsIeTCs 10 o0Lel
(opmy.ie 1 HUKAK He CBsI3aHa ¢ COOCTBEHHO ONMITUMU3UPYEMOH (hyHKITHEN, TOTPOOOBATH
YUUTHIBATH B CKOPOCTU 0OYYEHUs HETIOCPEACTBEHHO «IaHAuadT> (GyHKIUY, JaHHBII
HaM B OIIYIIEHUSX TPAMEHTOB B PA3TMYHBIX TOUKAX.

Tak, HATPUMED, B MECTAX, TJI€ TOBEPXHOCTD (hYHKIMU GOIbIe HAKJIOHEHA B OJTHOM
MU3MEPEHUH, YeM B IPYTOM, OOBIYHBIN CTOXaCTHUECKUN TPAJNEHTHBII CITYCK MOJKET Be-
cTu cebst HeKoppekTHO. Harmpumep, ecii MUHUMYM HAXOAUTCS B CUJIBHO BBITSIHYTOM
«OBpare», Iar rpagreHTHOro CIlycka Oy/er HallpaBJeH OT OJHOIl OJM3KOW U KPyTOi
CTEeHKH 3TOTO OBpara K IPYroii. A Kor/ia TOUKa IoIajieT Ha APYryIo CTEHKY, TPAJUEHT CTa-
HET HAIPaBJIEH B TIPOTUBOTIOIOKHYIO cTOpoHy. [Tosydaercst, 4To B mpoiecce 00ydeHvst
MBI Oy/IeM BCe BPEMsI IIPHITaTh TY/Ia-CIo/la ¢ OJIHOU CTEHKH OBpara Ha JPYyTyto, HO K 001ile-
My MUHUMYMY Gy/IeM TIPOIBUTATHCST OUeHb MEIJIEHHO; 3TY CUTYAIIAIO MBI y3Ke 06Cy KIa-
JIV B pasfedie 2.4 1 laxe WILTIOCTPUPOBAIN Ha prc. 2.6. V1 aT0 He HaIyMaHHBIN <Xy
cJlydaii»: TAKOE YacTo CIydaeTcst HOOIM30CTH OT JIOKATbHBIX MUHUMYMOB (1 MaKCUMY-
MOB), TOATOMY OT TIOJI0OHO# TPOBIEMBI XOTENOCH ObI M306aBUTHCS.

Memod umnynvcog mOMOTaeT YCKOPUTH TPAIUEHTHBIH CIYCK B HY’KHOM HaIpaBJie-
HUK W yMeHbIIaeT ero Kosnebanus. [Ipeacrasbre cebe, 4TO TOYKA He MPOCTO MOMUM-
HSIETCSI TIPABUJIAM TPATUEHTHOTO CITYCKA, a A€HCTBUTENHHO IBUKETCS 110 JaHImadTy
ontumusupyemoit dyukiuu. Torna, ecou Mbl Ha CEKYHY MPEACTABUM, YTO B MHOTO-
MEPHOM IIPOCTPAHCTBE OUCKA EHICTBYIOT Te e 3aKOHBI HBIOTOHOBCKOW MEXaHUKH, UTO
U B HatreM GPEHHOM MUpe, 00JIa/IaloMast MacCoi ToUKa (COOTBETCTBYIONIAsT TEKYIIEMY
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3HAYEHWIO BEKTOPA BECOB TPH 00YUYEHNN) EHCTBUTETLHO OY/IET CTPEMUTHCS IBUTATh-
CsI COTJTACHO 3aKOHAM IPAJINEHTHOTO CITYCKA: €€ YCKOpeHre GyIeT HAaTPaBIeHo B CTOPO-
Hy, 00paTHYO rpagueHTy (hyHKIIUH, OIMCHIBAIOIIEH TOBEPXHOCTH, HO KaK TOJIbKO TOUKA
HauHeT COOCTBEHHO ABMIKEHUE, KJACCUYECKUI IPaJUEHTHBIN CIIyCK IepecTaHeT ObITh
MPUMEHVM: eCJIM TOYKA MIPUIIJIA B OUEPEHOE TOJIOKEHUE C KAKOU-TO yKe HeHyJIeBOn
CKOPOCTBHIO, TO 3T CKOPOCTb HE CMOKET MIHOBEHHO M3MEHHTBHCSI Ha MPOTHBOIIOJIOXK-
HYyI0, yCKOpeHre GyeT HApaBIeHO M0 TPAIMEHTY, HO CaMo JIBIsKeHe GyIeT moHava-
JIy TIPOZIOJIKATBCS B TY JKe CTOPOHY, B KOTOPYIO U OBIIO HampasieHo. IIporie ToBops,
MaTepHraJibHblE TOUKN o6na;1a10T HHepL[HefI, a X MOMEHT ABUXEHUA HEJIb3d U3SMECHUTDH
MTI'HOBEHHO.

ITOoT 9(PdEKT MHEPINH U MBITAETCST BBIPA3UTh METOZ MOMEHTOB. BmecTo ToOro 4To-
6]31 JABUTATHCA CTPOTO B HAIIpaBJEHUN I'PaJiCHTa B KOHKPGTHOfI TOYKE, Mbl CTapaeMCA
TIPOAOJIKUTD ABUKECHUE B TOM K€ HAIIPAaBJICHUM, B KOTOPOM ABUTAJVCH PAHBIIIE; HO I'Pa-
JIMEHT, KOHEYHO, TOKE y4acTByeT B (PDOPMUPOBAHNN OKOHYATEIBbHOU «CKOPOCTH JIBH-
JKeHUs» BeKTopa aprymMeHToB. OTCloZla M Ha3BaHUE METO/a: y Halllell «MaTepuaybHON
TOYKHU», KOTOPASI CILyCKAETCSI 110 TIOBEPXHOCTH, MOSIBJISIETCS MMITYJIbC, OHA JIBUYKETCS 1O
WHEPIUU W CTPEMUTCS 3TOT UMITYJIbC COXPaHUTh. A (hOpPMaTbHO YpaBHEHUE IS BEK-
TOpa Pa3HOCTH TTAPAMETPOB, KOTOPBIN MBI HCTIOIB3YEM [T OGHOBIEHNUS BECOB, TEMEPD
BBITJIAAUT BOT TaK:

ur = yug—1 +nVeE(0),
0=06-— Ut.-

31echb Y — 9TO MapaMeTp MeT0/1a MOMEHTOB; OH BCET/[a MEHbBIIIe e/IMHUIIBI, U OH OTIpe-
JleJIAeT, KaKylo 4acTh IIPOIILJIOrO IpajiienTa Mbl XOTUM B34Th Ha TEKYIIeM 11are, a Ha Ka-
KYI0 4aCTh Oy/IeM UCII0JIB30BATh HOBBIN rpaguenT. Terepb, KOT/ia HAII <IIAPHK» KATUTCSI
C TOPKH, OH Bee HOJIbIIE YCKOPSAETCS B TOM HATIPABJIEHUH, B KOTOPOM ObLIM HATIPABJICHBI
Cpasy HECKOJBKO TIPEABIIYIINX TPATUEHTOB, HO 6Y€T ABUTATHCS TOCTATOUHO MEIJIEHHO
B TeX HAIPABJIEHUSIX, T/le TPAANIEHT BCe BPeMs MeHsIeTcs. B TceBoKoie 3TO BBITIISIUT
IIPUMEPHO TaK:

u = gamma*u - learning_rate * grad
theta += u

OmHako, TPOIOIIKAST AHAIOTHIO, XOTETOCH GBI HE TIPOCTO CITETI0 GeKaTh BHU3 B MO/-
XOJISATIIEM HAMTPABJIEHUH, A €1Ile 1 XOTsI ObI Ha [OJIIITara BIIEPE CMOTPETD O/l HOTH, YTOOBI
He CIIOTKHYTHCSI O BHE3AIHO TOBEPHYBINUIics KameHb. [loaToMmy memod Hecmepoea1

1 Hecmepos, I0puii Eszenvesuu (p. 1956) — coBeTckumii, a Tenepb POCCHHCKMIT MATEMATHK, OJMH U3 ca-
MBIX U3BECTHBIX CIIEIMAIICTOB B TeOpUU onTuMu3aiuu. HecrepoB — cosnaTesb psizia ouelb HOMYJISIPHBIX
AJITOPUTMOB OTITUMU3AINH, AaBTOP KJIACCUYECKOTO YueOHMKA 110 BBITYKJI0H onTumusain [386], maypear npe-
muii Janmura u ¢pon Heiimana. Ceituac Hecrepos paboraer B JIyBEHCKOM KaTOJMYECKOM YHUBEPCUTETE
(Universit catholique de Louvain), onHoM u3 BaskHeH X GeBIUIICKIX YHUBEPCUTETOB, BIIEPBbIE OCHOBAH-
oM B 1425 roxy (motom, npasa, JIyBeHCKUIT yHUBEPCUTET HAIOJITO 3aKPHIBAJII ).
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HCIIOJIb3YET TIPH pacyere TpajrieHTa 3HadeHre (hyHKITMN OMMUOKY He B TOYKe 0, KaK BbI-
1e, a B TOUKe § — yuy_1. ITO CIPABEIINBO, €CIU YUECTh, YTO YUt_] COTJIIACHO METOMY
MOMEHTOB ysKe TOYHO Oy/IeT MCIOIb30BAHO HA 9TOM IIIare, a 3HAYUT, U U3MEHUBIITUNCS
rpajieHT Pa3yMHO CYUTATh yKe B TOW TOUKe, Ky/la MbI IIPU/IEM TTOCJIe TIPUMEHEHUs MO-
MEHTa IIPEe/bIYIIero ara.

MatremaTrdecku BEKTOP OOHOBJIEHUS TTAPAMETPOB TETIEPh MOJKHO 3aIUCATH TAK:

u = yup—1 + Ve E(0 — yur—1).

Ho u aro emte He Bce. Eie 60see «IpOABUHYTHIIT» TTOIX0Jl K BBIYMCIEHUIO MOMEH-
TOB — 3TO Memod Hviomona. ITo MeTOT BTOPOTO TIOPSIIKA, TO €CTh OH UCTIOIb3YET WH-
(hopmario 0 BTOPBIX MPOU3BOAHBIX (PYHKITUH, & HE TOJBKO MepBBIX. CMBICJT MeTOza
HpioToHa mpocT: mpecTaBbTe, YTO BB XOTUTE ONITUMU3UPOBATH HEKOTOPYIO CJIOKHYTO
dyukiuio. I'paguent — 1o JmMHeliHOe npubvsKeHre QYHKINHU B JaHHO TOYKE; Mbl BbI-
SICHSIEM, B KAKOM HaITpaBJIeHUH (DYHKIUsI OBICTPEE BCETO MEHSETCS B HYKHYIO CTOPOHY,
U caBuTaeMcst Tyna. Ho MOXKHO c/iesiaTh v Cre Iy ol ar: raBafite mpubamsuM hyHK-
[[U0 B TEKYIIEH TOUKe He JUHENHOM (DYHKIMEN, a KBaJIPATUYHOM, TO €CTh Tapabosiou-
noM. Crienatb 9T0 MOKHO 110 hopmyJie Teiiopa — HemoaIeKy OT TOUKH 6:

1(8) ~ B(00) + Vo E(00)(0 — 00) + 50— 00) H(E(0))(6 — o).

rae H(E(6)) — aTo MaTpHIla BTOPBIX TPOU3BOAHBIX GYHKIMK F, TaK HA3bIBAEMBIH 2€C-

cuam, NI MaTpUIia Teccel. U Tenepb, Koraa Mbl mpubausuiu E(0) mapabosonmom,

MOJKHO HE CIBUTATbhCs HAa HEIIOHATHOC paCCTOHHI/IC B1OJIb rpa[[HeHTa, a Cpasy CMeJI0 I1e-

PEXOINTh B TOYKY MUHUMYyMa IapaboJIona, JaKe eCJIM OHA PACIIOIOKEHA JAIEKO; DTy

TOYKY B JIFOOOM CJIydae JIErKO II0JCYMTATh KaK PellleHue TMHEHOM CUCTeMbI ypaBHEHWIA.
Wrak, 0OHOBJIEHHE MOMEHTA MOKHO 3aIlUCaTh TaK:

u=—[H(E(8))]'VE(®).

Y MeTomoB BTOPOTO MOPSIZIKA €CTh /[BA BAsKHBIX ITPENMYIIecTBa. Bo-TepBhIX, ONTH-
MU3aIUst AeHCTBUTETBHO OOBIYHO CTAHOBUTCS TOPaszio ObicTpee. Bo-BTOPBIX, CKOPOCTh
Terepb HaCTPauBaeTCsl aBTOMATUYECKH, 2 B YPAaBHEHUHM COBEPIIEHHO OTCYTCTBYET I1a-
pameTp 7, 4TO TOXKe CHJIBHO 0bJsierdaeT HaM Ku3Hb. Kpome Toro, ka3aioch 6bl, HaliTH
BTOPYIO ITPOM3BO/IHYIO HE CUJIBHO CJIOKHEe, YeM IePBYIO: HyKHO IPOCTO B3SATh IIPOU3-
BOJHYIO €IIle Pa3, a 3TO MBI yMeeM JIeJIaTh aBTOMATHIECKH 110 rpadyy BBIYUCTIEHIH.

K coxxanenuio, Ha TpaKTHKe OKA3bIBAETCS, UTO BRIYUCIATH MaTpuIly 'ecce Bce-Taku
CJTUIIKOM JIOPOTO st 00yueHuUst GOJBITNX HEUPOHHBIX CeTel, BEIb Jake eCJIU MPEIo-
JIATaTh, YTO MPOU3BOHBIX CUUTAIOTCSI OBICTPO, HAM BCE PABHO HYKHO 3aTIOJIHUTD 1[ENYI0

L Jhodeuz Ommo Tecce (Ludwig Otto Hesse, 1811-1874) — neMelkuii MaTeMaTyK, CHEIHATUCT IO aJl-
rebpanyecKuM MHBapuaHTaMm u reomerpun. B uects Tecce HazBaHa Macca 0GBEKTOB B ajreGpe U reOMETPHU:
Mmatpuia 'ecce, nopmanbnas ¢popma lecce, rpymmna lecce, mapsr [ecce, mydoxk [ecce...
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MAaTPUILY, TO ECTh CIIOKHOCTD 371€Ch PACTET KBAJPATUYHO OTHOCUTEIHHO YHCIIA [TApAMET-
poB. Tak Ha3bIBaeMbIE KBA3U-HBIOMOHOBCKUE MeMOObl, HATTPUMED KJIACCUIECKUN ajiro-
putM L-BFGS [330], HakanmmBaroT UCTOPUIO BBIYUCIEHHBIX TPAUCHTOB U UCTIOIB3YIOT
ee [IJis TOTO, YTOOBI ANMPOKCUMUPOBATH BTOPbIe MPOU3BOiHbIe. OTHAKO 3/1eCh MBI TaKe
He Gy/ieM TTOAPOOHO OOBACHATD, KAK OHU 9TO JIEJAI0T, — K COKAJIEHUIO, IS 9TOTO UM
MPUXOJMTCS] CYUTATH TPOUBBO/HYIO HA BCEM TPEHUPOBOYHOM MHOKECTBE, KOTOPOE MO-
KeT GBITh oueHb GosbimM. Ceifuac MeTO/IBI BTOPOTO TIOPsiiKa U KBa3u- HbI0TOHOBCKIE
METOJIbI TTOUTH HE MCHOJB3YIOTCS B 00yueHIH IiyOoKuX ceteil. OpHaKo HalTH criocob
HCIIOJIb30BATh UX OBLIO OBl OYeHDb 3AMaHUYUBO, M HAM XOTEJIOCh OBl OTMETUTH 3TO KaK OJI-
HYy U3 BaKHBIX [IOKa HE PEIIEHHBIX 33124 TI1yOOKOTO 00ydYeHsl.

Ho moka ona ocraercst HepeleHHON, HaM MPUAETCS MTOBO3UTHCSI CO CKOPOCTHIO
obyuenus 7. [Ipu 00yuyeHHN HEHPOHHBIX CETEH T0/IE3HO MOCTEIIEHHO YMEHbBIIATh Pas-
Mep 1ara. MOKHO MPEACTaBUTh, 4TO MPH GOJIBIIOM pasMepe TTapaMeTpa 1) Halll <IIra-
PHK» UMEET CJUITKOM OOJIBIIYI0 KHHETHYECKYTO DHEPTUIO, ¥ TAPAMETPBI CUCTEMbI OUeHb
CHJIBHO «IIPBITAIOT» U HOCTOSTHHO MEHSIIOT CBOU 3HaU€eHUsl. B pe3ysbrare mapuk He MO-
JKeT HalTh TIyGOKMe, HO y3KUe MPOBAJIBI B TIOBEPXHOCTH (DYHKIIMY TIOTEPh. A B 0Opar-
HOU CUTYaI[MH, CO CJUIITKOM MaJeHbKUM Pa3MepoM Iara, oGydyeHue OyaeT mpoABUraTh-
CsT CITUIITKOM MEJITTEHHO; BCE 9TO MBI BUIEN Ha puc. 2.6.

YUT00BI PENTUTD CIOKUBIILYIOCS TPOOIEMY, HY/KHO TaK WJIH WHAYE YMEHBIIATDH Pas-
Mep miara 1mo Mepe oOydYeHust: TAaKUM 0OPa3oM MbI CHAYaJIa MOCTAPaeMCst HalTH 60JIb-
IIYI0 06JIACTD, «IOJMHY >, T/ie (DYHKIIUS B [IEJIOM UMEET He CIUIITKOM OOJIbINIE 3HAUCHUST,
a3areM yxke 6yzeM HCKaTh B ATO foJiHe 60Jiee TOUHOE 3HaYeHe MUHUMYMa. J[J1s1 aT0-
TO HAM HYJKHO PEINTh, KaK UMEHHO U KOT/A YMEHBIIATh CKOPOCTh OOYIEHMST: TIII0Xast
CTpATETHsi YMEHBIIEHUST CKOPOCTU OOYUEHUST HE PEMIUT TPOOJIEM CIUIITKOM MAJIEHBKOTO
U CJIUIIKOM OOJBIIOTO 7], & MOKET UX U ycyryouTh. CaMblil 4acTO WCIOIb3yeMbIN Me-
TOZl — 9TO TOIIATOBOE YMEHbIIIEHHE: Pa3 B HECKOJBKO 310X 7) JOMHOKAETCST HA KAKYyIO-
160 KOHCTAHTY d, BRIOPAHHYTO B Hayase 00y4eHus; d, eCTECTBEHHO, I0JIKHA GBITH MEHb-
1 eIMHUIBL. J[pyroil XopoIuii MeTo/] — HAYMHATH YMEHbIIATh PasMep Iara mocJjie To-
T0, KaK TPeKPAIaeT yMEeHBIIATHCS OMMUOKA Ha BATUAAIIMOHHOM MHOKECTBE.

KoneuHo, cyiecTByoT u Apyrue MeToibl. Harmpumep, MOKHO IETUTD Pa3Mep Iara
Ha HOMep urepaiuy (JMHEHHO YMEHbIIIast CKOPOCTD ) UJIH IOMHOKATh HA 9KCIIOHEHTY OT
HOMepPa UTePAINU, YMHOKEHHOTO Ha OTPHUIIATEIbHYIO KOHCTAHTY (YMEHBIIAsi CKOPOCTh
9KCIIOHEHTIHATBHO), HO Ha TIPAKTHKE MOTITAr0BOE YMEHDITEHNE OKA3BIBAETCST CAMBIM JIET-
KO UHTEPIPETUPYEMbBIM U MOTOMY TIOTYJISPHBIM criocoboM. BaaHe 31ech mpuMepHO
TaKoil: 6OJIbIIIas CKOPOCTh OOyUYeHHs B Hadajle U CJAUIIKOM OBICTPOE ee yMeHbIleHe
NPUBEAYT K GOMBIIEH AUCTIEPCUY PE3YIBTATOB; MOJYIUTCS, YTO MOJENb OBICTPO «BHI-
GupaeT» JOJVHY, B KOTOPOH €if TIOBE3JI0 0KA3aThCsl, U IAJBIIE YIKe TIPOCTO HEMHOKKO
noo0y4aeT Pe3yIbTaT. A Me/IEHHBIH CITyCcK 6YAeT BHIONPATH OTHHY G0JIee TIATETHO
U MOJKET TIPUBECTU K HOJIEe XOPOIIUM Pe3yJIbTaTaM, HO JENaTh 3TO OH OyIeT TOPaszio
nosibine. Tak 9To eciid y Bac eCTh IOCTATOYHO MHOTO BBIYHCJIUTEbHBIX PECYPCOB 1 HET
CUJIBHBIX OTPAHMYEHUH 110 BPEMEHH, MOKHO N3HAYAIBHO B3ATh HEOOJIBIINOI pasMep Mia-
ra ¥ yMEHbIIATH €r0 J0CTATOUHO IJIABHO — HE TIPOMAXHETECD.
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4.5. ApanTuBHble BapuaHTbl FPaAMEHTHONo cNycka

A JOJIKEH CTYIIaThb OCTOPOYKHO.

B. B. Hab6okos. lonuma

B MeTozax, KOTOpbie Mbl 0OCYKIATIN IO CUX TIOP, TTar OOHOBIEHNUST 3aBHUCE TOJIBKO OT
TEKYIIETO TPAANEHTA U TJI06ATBLHOTO TapaMeTpa CKOPOCTH 00yJYeHHsI, HO HUKAK He Y4u-
THIBAJI UCTOPHUIO OOHOBJICHUHN IS KAXKIOTO OT/EJBHOTO MapaMeTpa.

OnHAKO BIIOJIHE MOXKET TAK CJIOKHUTHCS, YTO HEKOTOPBIE Beca YiKe OJIM3KU K CBOMM
JIOKQJIbHBIM MUHUMYMaM, U 110 3TUM KOOP/IMHATaM HY’KHO JIBUTATHCSI MeJIJIEHHO U OCTO-
PO’KHO, a APYTHE Beca ellle Ha cepe/iJiHe COOTBETCTBYIONIETO CKJIOHA, M UX MOKHO MEHATh
ropasfio 6eicTpee. K Tomy ke, camo 110 cebe peryIMpoBaHite CKOPOCTH 06YIEHMSI MOKET
0Ka3aThCsT IOBOJIBHO 3ATPATHBIM /IEJIOM. J[JIsT TOTO YTOOBI IMETh BO3SMOKHOCTD aIaTlTH-
poBaTh CKOPOCTh OOYYEHHUSI JIJIST PA3HBIX [TAPAMETPOB aBTOMATHUYECKH, OBLIH CO3/IaHbI
adanmugnvle METOJBI ONITUMU3aIy. HecMOTpst Ha TO, UTO y HUX BCE PABHO €CTh CBOU
COOCTBEHHbBIE MeTATapaMeTPhI, ITH METOJIbI, KaK TPABUJIO, BEAYT cebsl JTydliie Ha pas-
PEKEHHBIX JaHHBIX U GoJiee cTaGUIIbHBI, YeM H3MEHEHHE eUHOM CKOPOCTH O0YyYeHs
B YHCTOM BUJIE.

[TepBbiii 13 aganTUBHBIX MeTOAOB onTuMusaimu, Adagrad [131], ocHoBaH Ha ciemy-
IOTIell ujiee: Iar M3MEHEHUsT JI0JKEH ObITh MEHbIIIE Y TEX TTAPAMETPOB, KOTOPbIE B H0JIb-
1Ieif CTereHu BapbUPYIOTCSI B IAHHBIX, U, COOTBETCTBEHHO, GOJIBIIIE Y TEX, KOTOPbIE MEHEE
M3MEHUWBBI B PasHbIX MpuMepax. IMeHHo u3-3a atoii ocobennoct Adagrad ocobenHo
ToJIe3eH, KOT/Ia JAHHbIEe CUITBHO Pa3pe’KeHBI.

OG6osHaYNM Yepes gy ; TPaneHT QYHKIMN OUMOKN 10 apameTpy 6;:
gti = Vo, L(0).

Torna o6HOBIIEHNE TapaMeTpa §; Ha OYEPETHOM IITare IPAUEHTHOTO CITYCKa MOXKHO

3allicaTb TaK: n

0 9, . — Qs
t-‘rl,'L t,l \/m gt,'L

rae Gt — JAuaroHaJjJibHasd MaTpHIia, Ka)K,Z[beI QJIEMEHT KOTOPOP'I — 9TO CyMMa KBa/IpaTOB
TPAIMEHTOB COOTBETCTBYIOIIECTO MMapaMeETPpa 3a IPEeAbIAYIINE Iar, TO €CTh:

2
Gtii = Gi—1,ii + 9t 5

a € — 3TO CIJIAKUBAIOLIMII ITapaMeTp, MO3BOJISIONINI n36eKaTh JeJieHrs Ha HoJib. VIHTe-
PECHO, YTO ec/ii He OpaTh KBaJpaTHbIA KOPEHb B 3HaMeHaTeJIe, aJITOPUTM JAeHCTBUTE -
HO OyzeT paboTath XyKe.
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HOCKO]II)Ky oIepalnmn KO BCEM KOOpJAHMHATaM IIPUMEHAIOTCA OAMHAKOBbBIE, Mbl MO-
JKEM BEKTOPMU30BATb 3TN BbIPAKEHU S TaAK:

Ui

7%63_1 i 6gt—l~

31ech 1 fanee Mbl OyeM CUUTATh, YTO OIePALUU B3ATUsI KOPHS M YMHOKEHHS [IPO-
JIOJIZKAIOTCST Ha BEKTOPBI IOKOMITOHEHTHO.
B ncesnokoze Adagrad MoxKeT BBITJISAETH IPUMEPHO TaK:

U = —

g_cached += grad**2
u = -learning_rate * grad / (np.sqrt(g_cached) + eps)
theta += u

Onun u3 wrocoB Adagrad cocTouT B TOM, 4TO 0 TTApaMeTpe CKOPOCTU 0OYYEeHsT 1)
MOJKHO OOJIbIIIE HE BOJHOBATHCS, TAK KAK IMArOHAIbHbIE 37IeMEHTbI G 110 CYTH 1 SIBJISTIOT-
CsI MHAMBUYATBHBIMU CKOPOCTSIMU 00YYIeHUst 1UIst Kaska0ro 6. [Toatomy st 7 0GbIYHO
HCIIOJIB3YIOT CTaHAapTHoe 3Haderne n = 0,01, HO U OHO He uMeeT GOJIBIIIOr0 3HAYEHMUSI,
TaK YTO HACTPAUBATD €ro He 00513aTeJIbHO.

A TTIaBHBII MHHYC MOKHO 3aMETHTh, €CJIM 06paTHTh BHUMaHMe Ha TO, 4To g2 Beeraa
MOJIOJKUTEIBHO, @ 3HAUKT, 3HAUeH Vst (G MOCTOSTHHO YBETUYMBAIOTCS. DTO TIPUBOJUT K TO-
MY, 4TO CKOPOCTb OOYUYEHUS TOPOii YMEHBIIAETCsI CIUIIKOM GBICTPO U B UTOTe CTAHOBUT-
Cs1 CJIMIITKOM MAJTIEHBKOM, UTO MJIOX0 CKAa3bIBAETCsl Ha 00YYeHUH ITyOOKUX HEHPOHHBIX
cereii. Efite oitH MUHYC COCTOUT B TOM, UTO TII06ATBHYTO CKOPOCTh 00yuenns B Adagrad
HY’KHO BBIOMPATh PyKaMH, CAMOCTOSITE/IbHO, U OHA MOJKET OKA3aThCsI XOPOIIIA /It OJIHUX
Pa3MepPHOCTE, HO TJI0XA IS JPYTUX.

Adadelta [584] — a10 10BOJIBHO Heca0KHasL, HO a(dexkTuBHASA MOAM(PUKALUS AJIT0-
purma Adagrad, ocHOBHas1 11€J1b KOTOPOH COCTOUT B TOM, YTOOBI TIOMBITATHCST HCIIPABUTD
/1B 9TUX HegpocTatka. JlJisi 3TOro CIoIb3yI0TCs IBe OCHOBHBIX Hien. [lepBast uzest 10-
BOJIBHO MTPOCTA: YTOOBI HE HAKAIINBATH CYMMY KBaJI[PATOB IPAIMEHTOB 110 BCEil UCTO-
pun o0yueHst, faBaiite OyeM CYUTATh UX [0 HEKOTOPOMY OKHY, a ellle JIy4Iie 110 BCei
HCTOPUH, HO € 9KCIIOHEHIINAIBHO 3aTYXAOIMMU BecaMi. [I0CKOJIbKY XPaHUTD 11eLyI0
MCTOPUIO MPEABILYIUX TPAJAMECHTOB HAM HUKTO HE JIaCT, PEaln30BaTh 9TO IPOIIE BCETO
y7Ke U3BECTHBIM CIIOCOOOM — BBEIEHUEM IapaMeTpa nHepruu. Ternepb y Hac Ha KaxkIblil
ONTHMU3UPYEMBIii ITAPAMETP HAMETCs CBOII MeTariapaMeTp, U eCJIU Mbl 0003HAYNM 3TOT
MeTarnapamMeTp Yepes p, TO u3MeHeHne MaTpuilbl G MOKHO Oy/IeT 3aucaTh TakK:

Grii = pGi—1,ii + (1 — p)gi ;.

Kak 1 B MeTO/1€ MOMEHTOB, p IOJIKHO ObITh, KOHEYHO, MEHbIIE 1.
Bce ocTasbHOE IPOUCXOIMT B TOYHOCTH TaK ke, Kak B Adagrad:

Uy = —

— g,
VGi—1+e€ =
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Teneps G npeacrasiser coboii 9KCIOHEHITUATBHOE CPeiHee KBAPATOB IPAJUEHTOB,
TO €CTh Ha Kayk/IOM Trare Mbl 6epeM B G TOJIBKO YacTh HAIIEH «MCTOPUU U3MEHEHUH»,
a Beca CTapbIX 3HAUEHUH TPafneHTOB ObICTPO (IKCIOHEHIIMAIBHO ObIcTpO!) yMeHbIIa-
foTcst. Tak 4To 9KCIOHEHIMATbHOE CPETHEE, B OTIMYUE OT CyMMBI, OyIeT yOBIBATE TOJIb-
KO TOT/[a, KOT/Ia YOBIBAIOIIMMU CTAHYT TPAJAUEHTHI. A 3TO UMEHHO TO, YETO MBI U 100U-
BaJIMCh — YMEHBIIEHHsI CKOPOCTH 0OYYEHUsT B TOT MOMEHT, KOT/Ia U3MEHEHUE T1eJIEeBOil
dbyHKIMM 3aMeIseTcs, s 60Jiee TOHKOM HACTPOWKH BOKPYT JIOKAJIBHOTO MUHUMYMA.

Bropoe usmenenue, sHecennoe B Adadelta, npencrasisier coboil 6osiee CIOKHYIO

nJero, ONATh CBsI3aHHYT0 ¢ Marpuiieii ['ecce. /leso B TOM, UTO 3TOT alTOPUTM MCITPABJIS-
€T HEeCOBNAIAIONINE MACTITAObI, «€/IAHUIIBI U3MEPEHUS»> MAPAMETPOB M MX OOHOBJIEHUIT
B METOJI€ TPAJINEHTHOTO CIYCKa U JPYTUX ero Mogudukaiuax. /s HHTYUTUBHOTO 110~
HUMAaHUSA 3/IECh JeHCTBUTEIBHO paboTaeT 9Ta mpoctast (pusndeckas aHAJIOTHS: laBaiire
[IPEACTaBUM, UTO Beca U3MEPSIOTCS B ceKyHaaX. OKasbIBaeTCs, YTO B IPEABIAYIIUX Me-
TOZIAX «CIAUHUIIBI U3MEPEHUs» Oe3HAaIEKHO He COBIIAIAII:

* B OGBIYHOM TPAJMEHTHOM CITYCKE WJIM METOJIE MOMEHTOB ITOJIyYaIOCh, UTO «€/U-
HUIbI UBMEPEHUsT> OOHOBJIEHUS TapaMeTPoB Af — 9TO eIMHUIIBI UBMEPEHHUS TPa-
JIVEHTA, TO €CTh B €AUHUIAX %: €cJIM Beca M3MEPSITUCh B CEKYH/IAX, a 1eJieBast
(yHKIMS B MeTpax, TO TPaJueHT OyAEeT UMETh PasMEPHOCTh «METP B CEKYHIY>,
U BBIYMTATh METPBI B CEKYHJY U3 CEKYH/I IOBOJIBHO CTPAHHO;

* aB Adagrad nosydanocs, uTo 3HaYeHUsE OOHOBJIEHUN A 3aBUCETU OT OTHOIIEHMI
IPaJIUEeHTOB, TO CTh BeJIMYNHA OOHOBJIEHUN MOJTyYaach U BOBCE He3pasMepHOii.

[TpaBusbHbBIE «€AMHUIIBI U3MEPEHUIT> TTOTYYJINCh TOJBKO B METO/IaX BTOPOTO TO-
psinka: B MeTozie HpioToHa BToporo mopsifika o6HOBIeHHE MapaMeTpoB A GbLIO TPo-
nopuuonansio H Vg f, To ecTh pa3MepHOCTD ObLIa TaKast:

of
Af x H_1V9f x 3dTef X Pa3MepHOCTB 6.
262

B BbIIII€OIMCAHHOM MPUMEPE MOTYYATUCH ObI METPHI B CEKYH/TY, I€TIEHHBIE HA METPbI
B CEKYH/y B KBaj[parte (€IMHUIIBI yCKOPEHMUS), TO €CTh B pe3yJIbTaTe CHOBA MOTyYaroTCs
CEKYH/IBL.

YT0o0BI TIPUBECTH MACIITAOBI TUX BEJUYUH B COOTBETCTBHE, JOCTATOYHO JTOMHO-
&KuTh obHOBIeHNE 13 Adagrad Ha elie OJIMH HOBBII COMHOJKUTEIND: €I OHO IKCIIO-
HEHI[MAJIbHOE CPeJIHee, HO TEIeph yiKe OT KBaZpaToB OOHOBJIEHUI TapaMeTpoB, a He OT
TpajiieHTa.

[TockoJbKY HACTOSIIIIEE CPEIHEE KBAJPATOB OOHOBIEHUN HAM HEM3BECTHO, TO YTOOBI
€ro y3HaTbh, HaM HY’KHO KaK pa3 cHayaja BBIOJHUTD TEKYIUH 1ar ajJroputMa, — OHO
ANIPOKCUMUPYETCS TIPeIbILY UMY [araMu:

E [AHQL - [Aeﬂ +(1—p)A0% tae wp=—

_
1 Veite
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[[JIH TIO/THOTBI KapTUHBI 3allUIIEM TIOTHYIO BEPCUIO Adadelta B IICEBOKOA€E:

g_cached = lmb * g_cached + (1 - lmb) * dx**2

u_cached = lmb * u_cached + (1 - lmb) * u**2

u = -np.sqrt(u_cached) * grad / (np.sqrt(g_cached) + eps)
theta += u

Ciienyroninii BApuaHT, O4eHb IIOX0XKHUI HA TTPeIbIIy e, — 3TO ajiropu™™ RMSprop;
RMS 37ech 03HayaeT root mean squares, CpeIHEKBAIPATUYECKOE OTKIOHEHHE (ITPU YeM
OHO 3]IeCh, MbI YBUIUM OYKBaJIbHO B ciiepytonieM abzaie). RMSprop u Adadelta — ¢ax-
THYECKH OIM3HEIBI-OpPaThs, XOTS MPUAYMAHBI OHU OBIIN MOYTH OAHOBPEMEHHO U He3a-
BUCHMO PasHbiMU JiiobMu. RMSProp 1mpu aT0M Tak HUKOT/A U He ObLI OIyOJIMKOBaH,
BCE CCBIIKM HA HETO TaK WJIM MHAYe TIPUBOJAT K U3BeCTHOMY Kypcy [lkeddpu XunroHa
10 HelipoHHBIM ceTsiM [532], a craThs 06 Adadelta [584] 6b11a omy6auKoBaHa B TOM K€
rofy, 4To u Kypc Xunrona. Takoe copnajienue Hey IMBUTEIBHO, Belb 00a METOa OCHO-
BaHbI Ha JABHO M3BECTHOM KJACCUYECKON MIee TIPUMEHEHUST MHEPIINH, TOJIBKO Ha 9TOT
pa3z RMSprop ucnoJib3yer ee JiJist ONTUMH3AINN MeTarnapaMeTpa CKOPOCTH 00yUeHNL.

OcnosHas pasuuia Mmexay RMSprop u Adadelta cocrout B Tom, uto RMSprop He
JIeJTaeT BTOPYIO MOTIPABKY ¢ MIBMEHEHUEM €IMHUI] U XPAHEHUEM UCTOPUH CaMUX OOHOB-
JIEHWIA, a IPOCTO UCIIOJIb3YeT KOPEHb M3 CPEHETO OT KBaJAPaToB (BOT oH rie, RMS) ot

rpajiMeHToB:
n

VGi-1+€ gt

3uauenue € 00619HO GepyT paBubiM 0,9, a n = 0,001.

W eme ogmH afanTUBHBIN aJTOPUTM OMTUMU3AINU, KOTOPBIN TOXe B TOCJeIHEee
BpEMs 4acTO UCIIOJAb3YeTCs TP 00yuYeHnn HelpOHHBIX ceTeil — 10 Adam [278]. Kak
U IIPeBILYIIIE IBA METO/IA, OH stBJisieTcst Mopnbukanueit Adagrad, Ho ucmosb3yer crira-
JKEHHbBIE BEPCUY CPETHETO U CPEAHEKBAIPATHYHOTO TPATUECHTOB:

Ut = —

me = Bim+ (1 — B1)gr, v = Pam+ (1 — Ba)g?, wt = UL—FEmt.

B riceBmokoze aTo Toxke HETPYIHO OTPA3UTD!:

m = betal*m + (1-betal)*dx

v = beta2*v + (1-beta2)*(dx**2)

u = - learning_rate * m / (np.sqrt(v) + eps)
theta += u

B ucxoxnoii crarse [278] pekomenayiorcst saadenud 51 = 0,9, fo = 0,999, € = 108,

Ha npakrtuke ahhekT 0T XOPOIIero COBPeMEHHOT0 aJITOPUTMA OIITUMU3AITUH TIOUYB-
CTBOBATbh OYEHb JIETKO; BCE XOPOIINE AJTOPUTMBI ONITUMU3AIINH, PA3yMeeTCs, TPaKTHIe-
CKM MIHOBEHHO NONazaioT B 6ubanorexu s ooydenus. Hanpumep, B TensorFlow s
9TOr0 JOCTATOYHO IIPOCTO 3aMeHUTH tf.train.GradientDescentOptimizer Ha Hpoueaypy
tf.train.AdamOptimizer:

train_op = tf.train.AdamOptimizer().minimize(loss)
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Puc. 4.6. CpaBHeHIEe CTOXaCTUYECKOTO TPaIueHTHOTO ciycka n Adam

W pesyibTar He 3acTaBUT ceOs KAaTh: rpadUKy, aHaJorMdYHble puc. 4.2 u 4.5, 1s an-
roputMa Adam nokasansl Ha puc. 4.6. OQueBuaHo, Adam cXoauTCs Kya HyKHO TOPasio
ObicTpee (XOTb U ¢ OoJIbIIel Auciiepereit ).

Yro ke BbIOpaTh? Kak onpeneaunTbest, KaKod 13 MHOTOUYNCIEHHBIX CYILECTBYIOIIMX
METOJ0B ONTHMU3AILMU UCIIOJIb30BaTh, OCOOEHHO YYMThHIBAs, YTO HMKAKOW OIOJIHM-
TEJIBHOI paboThI OHU OT Bac He TPeOYIOT (B HAllle BPEMsT 3TO BOIIPOC Mepeadi TOTO WU
WHOTO IapaMeTpa B OIITUMU3ATOP )? JTO BOTIPOC CJIOKHBIN, U B PEATBHOCTU KOHKPETHON
3aJ[a4yu JIydlire Bcero OyzeT monpoboBaTh cpasdy HECKOJIbKO 1 IIOCMOTPETD, KaKhe U3 HUX
BOOOIIE CXOIATCS, KAKKe 0T OIMUOKY JIyUIIie U T. JI.

Ho mexoropsie o61ie coBeThbl 1ath MOKHO (M. Takske [ 101, 458]). Ecsm Bariu naH-
HbI€E IOCTaTOYHO Pa3pesKeHHbIE, TO BaM TOYHO CTOUT TOCMOTPETH B CTOPOHY aJIall THBHBIX
asroputMoB. RMSprop u Adadelta pasiuuaiorcs He oyelb cuibHO, a Adam — 310 11psi-
Moe pacuiuperrie RMSprop, u, HaBepaoe, Adam OyeT B cpeiHeM HauIydInuM BbIOOPOM
Ha JaHHbI MoMeHT. OHAKO B Halllei mpakTrKe ObIBaJIM 3aja4u, Ha KoTopbix Adam pac-
xomuic, a, ckaxeM, Adadelta naBaja HopMaJbHBIE PE3YJIbTAThI, TAK YTO €CJIU BAPYT
Adam me paGoraer, He oTyamBaliTech paHblie BpeMeHH. HeKoTopble paspaboTunku
MIPEINOYNTAIOT UCTIOTH30BATh CTOXACTUIECKUH TPAIUEHTHBIH CITYCK C UBMEHEHUEM CKO-
poCTH 0OyUYeHUs [0 PACIIMCAHUIO; OH, KOHEYHO, B ITOIABJIAIONIEM GOJIBITMHCTBE CIyYaen
TOJKE IPUBEIET K PENIEHUI0, XOTh U MeJ[JIEHHEE.

Baskabiil mpakTU4YecKuii COBET COCTOUT B TOM, UTO MPU TPAJANEHTHOM CITYCKe HYXK-
HO CJIe[UTh 3a OMIMOKOW Ha BaJMAAIIMIOHHOM MHOKECTBE M OCTAaHABJIMBATh IIPOLECC
B TOT MOMEHT, KOI/Ia OIINOKA HAUMHAET YBEJUUUBAThC. BO MHOTUX CiIydasgx rpajileHT-
HBIH CIIyCK MOJKET IIPUBECTH K OBEPMUTTHHIY, YIIACTh B CIUIIKOM TITyOOKUIA MUHUMYM
dbyHKIIMM OMIMOKY, KOTOPKII MI0X0 OyAeT 060011aThes Ha HoBbIe faHHbIe, COGCTBEHHO,
AJITOPUTMAM TPAJMEHTHOTO CITyCKa HEOTKY/A 3HATh O TOM, HACKOJBKO XOPOIIO 0006-
[IaeTCsl TO, YTO OHM JIEJIAIOT, OHK IIPOCTO ONTUMU3UPYIOT ONIMOKY Ha TPEHUPOBOYHOM
MHOKecTBe. [109TOMy MBI caM¥ JOJIKHBI CIEAUTD 38 Ka4eCTBOM 0000LIEHH, KOTOPOEe
B IIPOCTENIIIEM CJTyYae COOTBETCTBYET ONTMOKE Ha BAIUAAIIMOHHOM MHOKECTBE.
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Puc. 4.7. CpaBHeHne pasHbIX METOIOB IS YIIyUIIeHNsT 00ydeH s HEHPOHHBIX ceTei

U 31ech TOSIBIISIETCS €1Ile OHO 3aMevaHie, KOTOPOe MOKET TIOHAYATY MOKA3aThCs
(busocobCKUM: BBIXOAUT, YTO MBI HCIIOJIb30BAIN BATUIAIIMOHHOE MHOKECTBO JIJIST OTI-
TUMU3AIUY HAIEH MOJIEJIH, K MHOKECTBO 3TO «3aMayKaloCh», €0 HElb3sl Y/Ke CUUTATh
BAUIAINOHHBIM! DTO KaKETCsT CTPAHHBIM: UTO K€, TIOMYIAETCsI, MBI <MCTIOPTUIIN» TIe-
JIBIH GOJTBITON KYCOK JAHHBIX TOJBKO JIJIST TOTO, YTOOBI BEIOPATH TITar, Ha KOTOPOM OCTa-
HOBUTHCs? J[aBaiiTe TOT/IA Y7k TOGABMM €70 B TPEHUPOBOUHBIN HAGOD U 3a0/THO €ITIe 1 /10~
obyunMcst.

TeM He MeHee, TaKOe MCIIOJIb30BAHNE BATUIAIMOHHOTO MHOKECTBA MOKET UMETh
CMBICJT: €TO YaCTO UCTIONB3YIOT He TOMBKO /IS TOTO, YTOOB! BBIGPATD IIAr [T OCTAHOBKH,
HO U JIJIST TOTO, YTOOBI ONTUMHU3UPOBATH TIAPAMETPBI aJITOPUTMA 00YUEHUST U TUTIEpIIapa-
MeTpbl Mojiesin. T10aTOMY B peasbHbIX CHCTEMAX JAHHBIE YACTO Pa3OUBAIOTCS HE HA JIBE
YacTH, a Ha TPU:

* MpeHuposouHoe MHOKECTBO (training set) HCMOMB3YIOT, KAK W PaHbIIe, 4TOOBI 00Y-
YaTh MOJIEJIb;

* ganudavyuonnoe Muoxectso (validation set) mpuMeHSOT, YTOOBI TOATOHITH TH-
nepriapamMeTpbl, BOBPEMST OCTAHABJIMBATH TPOIECC OOYUEHUS U T. IL.;

* a Tperbe, mecmosoe MHOKecTBO (production set) MCIOJIB3YIOT yiKe JJIsl OKOHYA-
TeJIbHOHN OIIEHKU KauecTBa.

ITa cxeMa XOPOIIo 3aPEeKOMEH/IOBAIA ceOsT Ha MPAKTHKE, U MBI TOJKE COBETYEM €€
HCIIOJIb30BaTh; BIIPOYEM, B IPUMEPAX B 3TON KHUTE, CKOPee BCETO, Mbl OyIeM OrpaHu-
YMBATHCS TOJBKO TPEHUPOBOUHBIM M TECTOBBIM MHOKECTBAaMMU, IIOTOMY YTO He GyIeM
CIIEIMATBHO TTOOUPATH THIIEPIAPAMETPHI.

A 3aKOHYMM MBI 3Ty TJIaBY OOIMM CPaBHEHHMEM, MOKA3aB TOT CAMbIH «HEBUINMBII
TPOTPECC», BO MHOTOM GJI1arofiapst KOTOPOMY MBI Cefidac ClIocOOHBI 06yYaTh OTPOMHBIE
U CJTOKHBIE HelipoHHbie cetu. Ha puc. 4.7 mokaszaHbl rpaduky GyHKIIUE OIMTHOKU U TOY-
Hoctu knaccudukanum Ha MNIST 17151 Becex Tex MeTo10B, KOTOPbIE MBI PACCMATPUBAIN
B 9TOM ryaBe (CHOBa cpefHee 1o 10 3amyckam, HO Ha TOT pa3 6e3 AUCTIepcuil, 4TOObI He
3arpoMoskaath rpaduk). Kpome Toro, 3ech mokasana elnie ojiHa, camas IJiaBHasl KpUBas
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(cruronrHas Ha puc. 4.7), COOTBETCTBYIONIAST AaHAJIOTUYHOM MOJIEJTH, K KOTOPOI TpruMe-
HEHBI 8Ce STV HOBOBBEJCHWS: U WHUITMAMU3aIuss KcaBbe, 1 HOPMaJIU3AIKS 110 MUHU-
Gatuam, 1 Adam B KauecTBe aJropuT™Ma onTuMu3alui. Kak Bunre, HOBIIECTBA HE I10-
TJIOTIAIOT APYT APYTA: XOTS CAMBIM BayKHBIM OKA3bIBAETCS MEPEXOJT OT CTOXACTHYECKOTO
rpaJiMEHTHOrO CcTycKa K Adam, CrutoniHas KpuBast BCe JKe UJIET 3aMETHO Bhiliie rpaduka
nocyieHero. Koneuno, nist MNIST Bce aT0 He Tak BaskHO, M Pa3HUIIA HE CTOJIb BEJIH-
Ka, HO OHa 3aMeTHA JlaXke 3/leCh — a JIst OOJIBIINX JATACETOB OHA YACTO OKA3bIBAETCS
PasHUIEN MEKITY «MOKEM OOYUUTh> M «HE MOKEM>.

Terepb, KOTa Mbl BOOPYKUJIUCH CAMBIMEH COBPEMEHHBIMU MeTOfaMu OOydYeHUsI,
MOJKHO 3aHATbCSI M apXUTEKTypaMu. B ciienyioneii rjaBe HAC KA€T OHA U3 [JIABHBIX
Y CAaMBIX MOTYJISIPHBIX «HECTAHIAPTHBIX» APXUTEKTYP: CBEPTOUYHBIE HEHPOHHBIE CETH.



I'maBa 5
CBepTOYHBIEC HEVPOHHBIE CETH
%1 aBTOKO]_[I/IpOBH_[I/IKI/I,

unu He 6EPL 2ld3am C60UM

TL;DR

[lannas riaBa BBOAUT BaKHEHUIINE apXUTEKTYPbl CBEPTOYHBIX HEUPOHHBIX ceTel
1 aBTOKOJIMPOBIIUKOB. B Helt MbI:

* HauyHeM, KaK 00BIYHO, ¢ OMOJOIUH — CO 3PUTEIbHOI KOPBI FOJIOBHOIO MO3Ia;
* 110APOOHO PACCMOTPHM, KaK paboTaioT CBEPTOYHBIE CETH;

* paguM 0630p COBPEMEHHBIX CBEPTOYHBIX aDXUTEKTYP;

* 1epeiijieM K ceTsaM, 00ydalomumcs 6e3 yuuTessi, — aBTOKOAMPOBIIMKAM;

* OCJIE TEOPETUIECKOTO 0630pa 3aKOHYNM TJIaBY TIPAKTHYECKUM CPABHEHMEM Pa3-
HBIX TUIIOB aBTOKOIUPOBIIUKOB (B TOM YHCJE CBEPTOYHOTO) Ha HAOOPE JaHHBIX
MNIST.
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5.1. 3puTenbHas Kopa roIoBHOro Mosra

...The visual system of the brain has the organization, computational profile,
and architecture it has in order to facilitate the organism’s thriving at the
four Fs: feeding, fleeing, fighting, and reproduction.

P.S. Churchland, V. S. Ramachandran, T.]. Sejnowski.
A Critique of Pure Vision [82]

Csepmounwie neiiponnvie cemu (convolutional neural networks, CNN) — a1o BecbMa 1111~
POKMII KJIaCC apXUTEKTYP, OCHOBHAS M/ KOTOPBIX COCTOUT B TOM, YTOOBI IIEPEUCIIOIb-
30BaTh OJHM U Te K€ YaCTH HEHPOHHOMU CeTH A1 pabOThI ¢ Pa3HBIMU MAJIEHbKIMHU, JIO-
KaJIbHBIMM yYacTKaMU BX0jI0B. Kak v MHOTHe JIpyrue HeHpOHHbIE aDXUTEKTYPbI, CBEP-
TOYHBIE CETU U3BECTHBI JIOBOJILHO JIABHO, U B HAIIY [THU Y HUX YK€ HAILIOCh MHOTO Ca-
MBIX Pa3HOOOPa3HBIX TPUMEHEHUIT, HO OCHOBHBIM ITPUJIOKEHUEM, PAd KOTOPOTO JIIOIU
KOT/[a-TO MPU/YMAJI CBEPTOUYHBIE CETH, OCTAETCS 00pAdOmMKa u300pajNceHull.

WU 3T0 He caydaitHoO: uest CBEPTOYHBIX CeTell BO MHOTOM MOTHUBHUPOBaHA MCCJIEN0-
BaHUSIMU O 3PUTEJIbHOM KOPe rOJIOBHOTO Mo3ra. Tak 4To B 3TO rJiaBe Mbl CHOBA Jie-
JlaeM 1Iar Hasaj U HaunHaeM ¢ 6uosioruu. KoHeuHo, usyyeHne MEXaHU3MOB 3PEHUST —
3TO O4YeHb OOJIbIIast TeMa, KOTOPO MBI MOKEM JIWIIb CJIeTKa KOCHYTHCS; B Ka4eCTBE
JIOCTATOYHO IIOILYJISPHBIX M MHTEPECHBIX KHUI PEKOMEH/YeM JIBe JOCTYIIHbIe OecIiiaT-
HO [234, 562], osiHa U3 KOTOPBIX — IMOTYJISIPHOE M3JI0KEHIE KIaCCUUECKUX UCCTIeI0Ba-
Huii o Teme ot camoro Jlasuna Xpiobenal [235, 236, 569].

Jltoam maBHO 3a[yMBIBAJIMCH O TOM, KAK UMEHHO MBI BUIUM OKPYSKAOMINI MUP, KaK
pabotaer 3penne. CBsI3b IVIa3 CO 3peHneM OblLia, TPOCTHUTE 3a KaaaMOyp, OUYeBUIHOM 1a-
ke peBHUMZ. 13 Kak ONnTHYeCKUi 1prGop nzyyanu Jleonapzno na Bunuu, Morann
Keriep n MHOTHE ApyTHE BenKHe (DU3UKHI, OTMEYABIITHE €T0 BBIIAIONHECS ONTUYECKIE
cBolicTBa. Bripouem, MueHMs pasHuimch. epman [erbmroabil mucan Tak: «Kakoii mio-
xoit onrtuk Tocmoaps Bor! S cues 61 ceOs BIpaBe caMbIM PE3KAM 06Pa3oM BbIPA3UTHCS
0 HeOPEXKHOCTH PabOTHI ONTHKA U BO3BPATUTH MY IIPHOOD C IIPOTECTOM, eclu Obl OH

U JTa6ud Xvioben (David Hunter Hubel, 1926-2013) — xanaackuii neiipodusuonor, naypear Hobeses-
cKkoil mpemun 1o pusnosnornu 1 Meaunnie 1981 roga. ['maBHBIM €710M €ro HAYYHOMH JKU3HU CTAJIO TTPOAOJI-
sxasineecs: 6osee 20 sier corpyanundectso ¢ Toperenom Busenem (Thorsten Nils Wiesel) [237], B Teuenne
KoToporo Xpio6es u Busesib BbIACHUIN 04€Hb MHOTOE O CTPYKType U (DYHKIHSIX 3PUTEIHLHOM KOPBI MO3Ta.
[IpoBo/ist 9KCIIEPUMEHTBI Ha KOIIKaX M 06e3bsHAX, OHH BIIEPBbIE TIPUMEHUIIH K UCCIET0BAHISIM 3PUTETHHON
KOPbI HOBYIO TEXHOJIOTUIO MUKPOJIEKTPOIOB, MO3BOJISIONINX PETUCTPUPOBATH BO3OYKIEHUE OTAETbHBIX HEli-
pomoB. C OMOIIBIO TAKKX TEKTPOAOB OHH U3YUYMJIM, KAK IPOUCXOANT GIHOKYISPHOE 3PEHNE, A TJIABHOE —
BBISICHWJIM, HA YTO PEarupyloT OT/eJIbHble HelIPOHbI, KAK HEKOTOPbIe M3 HUX CJIY’KaT JeTeKTOPaMU IPAHUL,
JIpyrue pearnpyior Ha (hopMy JUHEHHBIX cerMeHToB U T. 1. CioBoM, Xbiobes u Busesb oTKpbLIM MHOTOE U3
TOT0, O YeM MBI TOBOPUM B 3TOM Pasjieie.

2 Boobme TOBOPsI, Ha3HaueHHe OPTAHOB YeTOBEYECKOTO TeJa BHISICHUTD GBIIO COBCEM He TIPOCTO; TMHPO-
KO M3BECTHO, HATIPUMED, MHEHIE APHCTOTEJsT, KOTOPBII CYNTAT MO3T CBOEOOPA3HBIM PANATOPOM, OXJIAKIA-
101MM KPOBb. Ho 0 HazHaYeHN Y 17143 JIIO/ISIM, CJIBIIIABIIIM O T1eYa/IbHOI HCTOPUN Hapsi DN, AeHCTBUTEb-
HO JIOTa/IAThCST HECJI0XKHO.



178 [maga b. CBepTO‘-IHbIe Hel‘;IpOHHbIe CeTn N aBTOKOANPOBLUUKHN, UITU He Bepb rnasamM CBonM

B3/[yMaJI [IPO/IATh MHE UHCTPYMEHT, 00JIaIAI0NNI TAKIMHU HEJOCTATKAMHU, KaK YeJioBe-
vyeckuii ra3». Ho Bce-Taku Ha caMOM JieJie CITOCOOHOCTH 1J1a3a K aKKOMOJIAIINH, TO €CTh
U3MEHEHHIO (DOKYCHOTO PACCTOSHUS, W aIallTal[iH, TO €CTh CIOCOOHOCTU XOPOIIO BHU-
JIeTh IIPY PA3HBIX YCJIOBUIX OCBEIIEHHOCTH, U BIIPSIMb MOTPSICAIOIIE XOPOIIIHL.

Ectp usBectnasa nurtata Jlapsuna u3 <«lIpoucxoxkaenus BUI0B», KOTOPYIO MHOTA
MUTHUPYIOT TaK: «B BbICIIE cTeneHn abCypAHBIM, OTKPOBEHHO FOBOPSI, MOKET TIOKA3aTh-
Cs1 IPEIIOJIOKEHHE, UTO IIyTEM eCTECTBEHHOTO 0TGOPA MOT 00pa30BaThCs I71a3 CO BCEMU
€ro HenoApakaeMbIMU U300PETEHUSIMMU...>. JIIOGOMBITHO, YTO WHOT/A ATY [UTATy BCE-
Pbe3 TIPUBOAST KPEANMOHUCTBI KaK CBUIETENHCTBO TOTO, OyATO Obl JIapBUH «caM 1mo-
HUMaJI» OrPaHUUYEHHOCTDb Teopuu aBoJroiuu, OHaKo 1uTaTa OYKBaJIbHO TYT K€ IPO-
JIOJDKAETCST TAK: «...PasyM MHe TOBOPUT: €CJIM MOKHO MOKa3aTh CYIECTBOBAHUE MHOTO-
YHCJIEHHBIX TPAAAIUN OT IIPOCTOTO W HECOBEPIIEHHOTO IJIa3a K IJIA3y CJAOXKHOMY U CO-
BEPIIEHHOMY, TIPHUYEM KasKAask CTYIIeHb IOJIe3Ha IS ee o6JIaaTelisl, a 9TO He HoJJIe-
JKUT COMHEHUIO; €CJIH, [IAJIee, TJIa3 KOT/a- b0 BapbUPOBAJ U BAPUAIIUU HACJIEIOBAJINCH,
a 9TO TAKJKE HECOMHEHHO; €CJIH, HAKOHEI, TIOJ0OHbIE BAPUAIIH MOTJIH OKA3aThCs TT0JIe3-
HBIMU KMBOTHOMY TIPU T€PEMEHAX B YCJOBHSX €r0 KU3HM — B TAKOM CJIydae 3aTpy/i-
HeHVe, BO3HUKAIOIIEE MPU MBICIN 00 06Pa30BaHUU CJIOKHOTO U COBEPIIEHHOTO IJIa3a
MyTeM €CTECTBEHHOTO OTOOPA, XOTSI U HEIPEOOIMMOE JIJIST HAIIETO BOOOPAKEHUs, HE
MOJKET OBITH TIPU3HAHO OMPOBEPTAIOIIMM BCIO TeOpUio». U 1eficTBUTEIbHO, TIOCAETHIE
HCCTeIOBAHUS MOKA3BIBAIOT, YTO CJAOKHBIE [J1a3a, CIOCOOHBIE Pa3IndaTh (GopMbl, 06pa-
30BaJIHICh Y PA3HbBIX JKUBOTHBIX B IIPOIIECCE IBOJIIOIIY COBEPIIEHHO HE3ABUCHMO I[€JIBIX
MATHIECAT, @ TO U CTO pa3; a u3BecTHast Mozesb Hunbccona u Ilearep [393] mokaza-
JIa, YTO BOJIIONINS MOTHOIIEHHOTO 7132 OT IEPBBIX YJIaBIUBAIOIINX CBET KIETOK MOTJIa
POU30HTH 0YeHb OBICTPO, B TeUeHHe OYKBAILHO HECKOJIBKUX THICSY TIOKOJIEHUI, N
HECKOJIBKUX COTEH Thicsd JieT. Ho Hac, KOHeuHo, B 3TOI KHUTE MHTEPECYET He I71a3, a TO,
YTO IIOTOM [TPOMCXOJIMT C IPOYMTAHHBIM C CETYATKHM U300PAsKEHUEM.

3pUTEJIbHBIIT HEPB — TOJICTBIN ITyYOK AKCOHOB TAHTIMOHAPHBIX KJIETOK, 10 KOTOPO-
My UH(pOPMAIIHS C CeTYATKU TOXOIUT 10 MO3Ta, — OTMEYAJIN ellle CPe/THEBEKOBbIE aHA-
TOMBI, U €r0 BaKHOCTH JJIsl 3pEeHMs OblJIa 0YeBUAHON. 3PUTEIbHBIA HEPB BXOAUT B Ta-
JIaMyc, OT/IeI MO3Ta, 00pabaThIBAIONIMH HH(POPMAITMIO OT OPraHOB YYBCTB, TaM MEePBUY-
Hast 06pabOTKA TIPOUCXOUT B TAK Ha3bIBAEMOM JiaTepaibHOM KosieHuatoMm Tejte (lateral
geniculate nucleus, LGN), a saTem spurenbias wadopmarus or LGN mocrymaer B co6-
CTBEHHO 3PUTEJbHYIO Kopy (Vvisual cortex).

Bce ato 6b110 M3BeCcTHO MoAaM elie B XIX Beke, HO HACTOSIIIME UCCJIEIOBAHUS
3PUTETHHOU KOPBI U BOCIIPUATHS M300PaKEHUIT He MOTJIM HAYAThCSI PAHbIIE, YEM JI0-
JI1 CMOTJIY 3aTJITHYTh HA YPOBEHb OTAEJbHBIX HEHPOHOB, TO €CTh B TIEPBOl TIOJIOBUHE
XX Beka. O6 rccienoBaHIAX YeJI0BEYeCKOro 3peHust U 06pabOTKU 3PUTENbHBIX CUTHA-
JIOB MOJKHO HAINUCATb OTAETbHYIO KHUTY (M TAKMX KHUT, KOHEYHO K€, HAIIMCAHO HeMa-
s0). EcTh Macca oueHb WHTEPECHBIX IPIMEPOB 3PUTEIbHBIX WJIIO3UI U CTPAHHBIX 3a-
6oseBanmii!, HO Harma 1esb ceifyac Ky/aa CKpOMHee: MbI ITOTIPOGYEM OTMETHTD HECKOJTb-
KO Ba)KHBIX Y€PT B YCTPOMCTBE 3PUTETBbHOM KOPBI, KOTOPBIM MOKHO HAliTU HEKOTOPBIE

I Hanpuwmep, B HaleM Mo3re TIOYTH HaBEPHSKA €CTh 0COObIE 06J1aCTH 1 0COBbIE ITyTH 06pabOTKH YesoBe-
YECKHX JIHIL, OTAEbHBIE OT PACTIO3HABAHUSI BCEX OCTATBHBIX 00beKTOB. Kak yuerHbie IIPUIILIN K 9TOMY BBIBOJY ?



5.1. 3putenbHas Kopa rofloBHOro Mo3ra 179

YCJIOBHBIE COOTBETCTBUS B APXUTEKTYPE COBPEMEHHBIX HCKYCCTBEHHBIX HEIIPOHHBIX Ce-
teid. TloguepKkHeM Ha BCAKHIL CJIydaii, YTO pedyb WAET MCKIKUYUTENBHO O TOM, YTOOBI
«BJIOXHOBJISITHCSI UJIESIMU>: PeasibHast paboTa MO3ra TOKa YTO OCTAETCS JIJIST HAC CJIHIII-
KOM CJIO’KHOU M HEIOHATHOM, ¥ CMOZIEJTNPOBATD 3PUTEJbHYTO KOPY UJITH JIasKe OTAEIbHBIE
€e 4acTH 1O0Ka BBIIIe CUJI YeJI0BEYECKUX.

3puTesbHAS KOPA, KaK HU CTPAHHO, PACTIOJIOKeHA C3a/iM, B 3aThIJIOYHOM /I0JIe TOJIOB-
HOro Mosra. OHa JIeTUTCsT Ha HECKOJIBKO YacTeil, KOTOpbie 00BIUHO HE3aMbICTIOBATO Ha-
3bIBAIOTCS 3pumenvias s3ona V1 (visual area one), KOTOpyIo TakKe Ha3bIBAIOT CMPUAD-
HOU KOPOU I NEPEUUHOL 3pUmevioll Kopotl, spumenvhas 3ona V2 (visual area two),
3puresbHas 30Ha V3 U T. 1., 10 V6 u V7. 30HBI OTJINYAIOTCS IPYT OT Apyra ¢husnoso-
rHei, apXUTeKTYPOH [1a U IPOCTO 0O60COOIEHHBIM MOJOKEHUEM B KOPE, M MCCIe0Ba-
TeJIM He COMHEBAIOTCS, YTO OHU PA3JINYAIOTCS U 110 CBOMM (PyHKITMSAM. XOTS HA CAMOM
nesie GYHKIMOHATbHAS CIIEIMATU3AIUS 30H TI0KA UTO /10 KOHIIA He SICHA, TIOHATHO, UTO
(hyHKIIMU 30H 3PUTENHHOIT KOPBI CTAHOBSITCSI TOCTENIEHHO Bee GoJiee u GoJiee OOIIUME.
[To HbIHEMIHUM TIPEICTABIEHUSAM:

* B30He V1 BBIIEISIOTCS TOKATbHBIE TPU3HAKY HEGOJIBIINX YIACTKOB CYUTAHHOTO
C CeTYaTKN M306PasKEHNT; 9TO JIJISI HAC cefidac caMoe WHTEPEeCHOE, 1 00 9TOM MBI
HOZPOGHO TOTOBOPUM HITKE;

* V2 11po/i0JKaeT BhIAEASTD JJOKaIbHbIe IPU3HAKH, CJlerka 000011ast UX 1 106aBJIss
OMHOKYJISIpHOE 3peHue (TO ecTb cTepeodddEKT OT ABYX IJias);

* B 30He V3 pPacro3HaeTcst BET, TEKCTYPbl 00BEKTOB, MOSABJSAIOTCS TIEPBBIE PE3YJIb-
TATBl UX CETMEHTAI[UH U TPYIIITUPOBKHY;

* 30Ha V4 yKe HAUMHaeT Paclio3HABATh TeOMETPHUECKIe (PUTYPhI K OUePTAHUST 00b-
€KTOB, TIOKa HECJIOJKHBIX; KDOME TOTO, UMEHHO 3/1eCh HAa00JIee CHITbHA MOJLYJISITIHST
IIOCPE/ICTBOM HAIIETO 8HUMAHUS: aKTUBAIUsI HEHPOHOB B V4 He paBHOMepHa 110
BCEMY II0JII0 3PEHUST, a CUIIBHO 3aBUCUT OT TOTO, HA YTO MbI OCO3HAHHO HJIH HEOCO-
3HAHHO 0OpaIaeM BHUMAHHE;

* 30Ha V5 B OCHOBHOM 3aHUMAETCs PACIIO3HABAHUEM JBUKEHUL, TBITASICH TIOHST,
Ky/la ¥ ¢ KaKOI CKOPOCTBIO MEPEIBUTAIOTCSI B 30HE BUMMOCTH T€ CaMble 0OBEKTH,
OuepTaHusI KOTOPBIX BBIIEJINJINCD B 30He V4;

* B 30He V6 060011aI0TCS TaHHbIE O BCEH KAPTUHKE, OHA PearupyeT Ha N3MEHEHMsT
o Bcemy noJiro 3perust (wide-field stimulation) 1 usmeHeHuUsT B KapTHUHKE BCJIe-
CTBUE TOTO, YTO [IEPEBUTAETCS CaM Y€TOBEK;

* WHOTJA TaKKe BBIAESIOT 30Hy V7, T€e TMPOUCXOAUT PACIO3HABAHUE CJIOKHBIX
00BEKTOB, B YACTHOCTHU Y€JIOBEYECKIX JIHII,

Takast GyHKIMOHANBHASI CIENUATIU3AIUS — TO [IEPBOE 3aMeYaHIe O 3PUTENHHOI

KOpE, KOTOPOe XOPOIIIO COOTBETCTBYET TOMY, YTO MbI OOBIYHO BUUM B ITyOOKUX HEW-
POHHBIX CeTsAX: H0JIee BHICOKHE YPOBHU HYKHBI 71T TOTO, 4TOOBI BBIIEISATD Gosiee ob1ime

OueHb POCTO: MIPY ONPEETEHHBIX TTOBPEKICHNUSAX MO3Ta (HAIIPUMED, MHCYJIbTaX ) BBIPAOAThIBAETCS TaK Ha-
3bIBaEMast PeOMemHasl azHo3usl, KOTIa YeTOBEK He MOKET PACIIO3HABATH M MPABUIBHO HIEHTHOUIIUPOBATD
OGBEKTBL... HO C PACIIO3HABAHUEM JIMII Y HETO TIPU 9TOM BCe B nopsiake! A pacrio3HaBaHUe JIUI[ OTKIIOYAETCS
IPH IULUEB0L azHO3UU, KOTOPAs, B CBOIO OYePElb, COBEPIIEHHO He MEIIaeT PACIIO3HABATH IPYTHE OOBEKTHL.
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NPU3HAKU, COOTBETCTBYIOIIIE aOCTPAKTHBIM CBOMCTBAM BXO/4, 2 HA HYKHUX YPOBHSX
npUsHaKU 6oJiee KOHKPETHbIE, B cBepTOUHBIX ceTsix, pasymeercs, a3 eKT OyIeT TOT ke
cambiit. Ho ecTh 1 mpyTrie mHTEpPECHBIE CBOMCTBA aPXUTEKTYPBI 3PUTEIHHOMN KOPHI, KO-
TOPbIE HAIIJIA OTPAKEHUE B MAIIMHHOM O0yUYeHUL.

Kpome 3ou V1-V7, BoILIEASIOT U ApyTHe 06JIaCTH, a CPEAU IIEPEUYUCIEHHbIX nepap-
XM He TaKas yK CTporas: eCTb Macca IIPSIMBIX CBsI3ell, Korja, HalpuMep, HeHPOHbI U3
30HbI V1 TI01aI0TCsT HAa BXO/] HE TOJIBKO B 30HY V2, HO U HALIPSIMYIO B 30HY V 5; 3TO TOXKe
HaWIeT OTPaXKeHWe B CBEPTOYHBIX APXUTEKTYPAX.

Kpowme Toro, B oTinune 0T GONBITHHCTBA aPXUTEKTYP UCKYCCTBEHHBIX HEHPOHHBIX
ceTell, MesKly HeHPOHAMU B MO3Te BCEr/ia PUCYTCTBYET OUeHb CUIIbHAs 0OPATHAS CBS3b
ot boJiee BBICOKUX YPOBHEH K HoJiee Hu3kuM. Hanpumep, COBpeMeHHbIe HCCIIeI0BAHIS
[PEATIOJIATAIOT, YTO BHUMAHKE, KOTOPOE 3aPOKAAeTCs B 30HE V4, TOTOM MepexoauT 06-
patHo K V2 u V1 (TaMm TOXe IPHUCYTCTBYIOT CUJIbHASI MOAYJISINST HA OCHOBE BHUMA-
nusg!) [19].

B ucKyccTBEHHBIX HEMPOHHBIX CETSIX TOXKE BBOIAT MOMOOHBIE MEXaHIU3MbI BHIMA-
HUsI, TOMOTAIONIKE BBIOPATh, KAKWE UMEHHO BXOJBI U TIPOMEKYTOUHBIEC BBIXOJbI CETH
ceffyac HY’KHO YYUTBHIBATH GOJIBIIE BCETO — O HUX MBI TIOTOBOpUM B paszene 8.1. Ho
BCE-TaKM MIMEHHO OOPATHYIO CBSI3b MBI, CIIEIIMAJIMCTHI [0 MAITTHHOMY O0YY€eHHUIO, TIOKa
HE OYeHb YMEEeM «TOTOBUTH»; IPUIYMATh MAaTEMATUIECKYIO MOJIENh JIJIsl TOTO, KAaK MO3T
C Heil yrpaBJisieTcsl — OJ{Ha M3 BasKHEHUIIMX OTKPBITBIX 3a/1a4 HEHPOOUOJIOT 1.

KcraTy, 110 cOBpeMeHHBIM IPe/CTaBIEHUAM BbIXO/bl HEMPOHOB U3 30HbI V1 1 V2
06pabaThIBAIOTCS CPasy ABYMS MAPAJIETbHBIMU Ty TSIMIL: GeHIMPAIbHbIL TTYTh 13 V2 Ha-
npasJsiercss K V4 orBedaet Ha Borpoc «UT10o?» (ero uHorna uassiBator What Pathway),
oTBedas 3a paciosHaBanue GopM 1 00beKTOB, a dopcarviviil yTh (Where Pathway) o1-
BeuaeT Ha BOnpoc «I1e?» !, mpoxoant u3 V2 k V5 1 V6 11 3aHIMAeTCs B OCHOBHOM PACTIO-
3HABAHWEM JIBUKEHUT, YIIPABIECHUEM IBUKEHUEM 1J1a3 U PYK (0COGEHHO €CJIU PeYb UIET
0 TOM, KaK JJOCTaTh HAXOISIIIIICS B 110Jie 3peHust 00beKT) [544]. HacTonbKo getanbHOI
CIIEIMaT3aInel Mbl Hallli UCKYCCTBEHHbIE CETH CHAOAUTh HE CMOKEM, HO 9Ta U/esl, BO-
00111e TOBOPSI, TOKE PETYJIISIPHO UCIIOIB3YETCS: YACTO €CTh CMBICJ 06PabOTATh OIMH U TOT
JKe BXOJl HECKOJIbKUMH PA3HBIME CITOCOOAMY ¥ TOJBKO TIOTOM O0BETUHUTD PE3YJIbTATHI,
CKakeM, CYMMUPOBaHUEM WM KOHKaTeHalel. B cBepTOYHBIX CETAX TaK 4acTo JeJaloT,
Kor/1a 06pabaThiBAIOT BXOJL C TOMOIIBIO CPas3y HECKOIBLKUX Pa3MePOB (GUIbTPOB; O (DUITb-
Tpax peub MoiieT GYKBAIBHO B CJIEAYIOIIEM Pasielie.

Ho n aro eme e Bce. M3 Beell 3puTeibHOIM KOPbI HarboJiee XOpoIno usydera 306a V1,
nepBUYHASE 3PUTEJbHAS KOPa: OHA OJIMIKe BCEro K COGCTBEHHO BXO/[aM, IOCTATOYHO TIPO-
CTO YCTPOEHA, ¥ TaM IIPOIIe TIOHSATD, 32 YTO «OTBEYAIOTY> OT/IeJIbHbIE HEHPOHBI U KaK OHU
APYT € APYTOM B3auMOAENCTBYIOT [71]; uMeHHO ¢ 30HOI V1 ObLIN CBSA3aHBI CAMbIe IPOM-
Kue pesysbrarhl Xpiobena n Busens. Okasanochk, uto 30Ha V1 caMa COCTOUT U3 IIeCTH
YPOBHE! HEHPOHOB: BXO/IHbIE CUTHAJIBI TIPUXOIST U3 JTaTEPAIBHOTO KOJEHYATOTO Tesa
B UETBEPTHIN YPOBEHD, JaTbHENIIINEe CUTHAJIBI BHIXOIAT U3 yPOBHEN 2 u 3, a obparHast

L K coxanenuio, When Pathway B Mo3re moka me Harmescs...
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cBs3b — u3 mectoro. Heiiponst B 3one V1 pacnosaraiorcs He cryvaiino: 3oHa V1 conep-
JKUT TOJTHYIO <KapTy» IMOJIed 3peHust 000UX IJIas, TO €CTh OJM3KUE YIACTKU CETYATKU
obpabareiBatorcst 6iuskuMu HebipoHamu B V1. JII0GOIBITHO, YTO TIPH 9TOM <KapTHPO-
BaHUW» JIOKAJIbHAS CTPYKTYPa EePEHOCUTCS OY€Hb TOUHO, a BOT Ha IJI06aJIbHOM YPOBHE
€CTh cepbe3Hble MCKAKEHUsI: BO-TIEPBbIX, IIEHTPATbHBIN YUACTOK TIOJIST 3PEHUST CUITBHO
yBesindueH (TI0JI0OBUHA BCEX HEMPOHOB OTBEYAIOT 32 2 % I10Jisl 3PEHMUST ), BO-BTOPBIX, €CTh
reoMeTpPUYECKUE UCKAKEHUSI, TOXOKUE HA MCITOJIb30BAHUE ITOJISIPHBIX KOOPIWHAT: KOH-
[EHTPUYECKIE KPYTHU U PajiiajibHbIe TUHIK HA KaPTHHKE MPeoOPasyoTCs B BEPTUKAJIb-
HbI€ ¥ TOPU3OHTAJIbHBIE JTMHAU B V 1. ITO O3BOJISAET COXPAHATH MHBAPUAHTHOCTH U300-
pasKeHMs [IPY CMeHe Hallleil MO3UIMK 1 yTJia 3petust. Takue nmpeobpasoBaHus MbI [IPH-
MeHATh He OyzeM, HO JaBaiiTe 3allOMHIM, YTO KasKIblii HelipoH B V1 paboTaer ¢ oueHb
MaJIEHBKUM y4acTKOM M300pakeHust (OH Ha3hIBACTCS PEUCnmueHoiM noieM, receptive
field), m MexIy HUMK COXPAHSIOTCS TIPOCTPAHCTBEHHbBIE B3aUMOCBSI3H, TTOJ0GHBIE HC-
XOJTHOW KapTUHKE.

M HTepecHO MOHSTH, Ha UTO, COGCTBEHHO, pearupyoT Helipowsl B V1. Kpome pacrio-
JIOJKEHUST, OTPAYKEHHOTO B «KapTey, pa3Hble HepoHbl B V1 paciio3Haior:

* opuenmayuo, TO €CTb HEHPOH pearupyer, HAIIPUMeEP, Ha TO, YTO OCBELIEHHOCTD
B/IOJIb THATOHAN U300PaKEHUsT BBICOKAS, a IO JIBYM JAPYTUM YTJIaM HU3KAsT, WIN
HA TO, YTO OCBEIIEHHOCTDb HIZKHEN 4acTh M300pPasKeHUsT BBIIIE, YeM BEPXHEIL; Ta-
KMM 00pa3oM HeIPOHbI PACIIO3HAIOT TPaHuUIbl u300paskenuii (edge detection);

* NPOCMPAHCMBEHHYIO YACMOMY, TO €CTb TO, HACKOJBKO 4aCTO MEHSIETCS OCBEIIEeH-
HOCTD B ITpe/iesiaX PelelITUBHOTO 101l HeMpoHa;

* Hanpasienue: B OTINYNE OT OOJNBITMHCTBA CETEH, KOTOPbIe MBI Oy/IEM paccMmar-
pUBaTh HIKE, YeJIOBEKY MHTEPECHA He TOIBKO U He CTOIBKO CTATHIHAS KapTHH-
Ka, CKOJIBKO MTPOUCXONAIINE B HEHl BUKEHUS; HEHPOHBI YMEIOT «3aIllOMUHATH>
U CPAaBHUBATH MTPEBIIYIIIE BXOBI C TIOCJAEYIONIUMHE, PACTIO3HABASI TAKMUM 06pa-
30M HallpaBJIeHUE He TOJIBKO B IPOCTPAHCTBE, HO U BO BPEMEHU; aHAJIOTUYHO pac-
IIO3HAETCS U 8PeMeHHas 4acmoma,

* pasnuuue mexcoy enazamu: B V1 y Kakoro HeHpOHa [Ba PENeNTUBHBIX TOJIS, IS
KaKJ[OTO IJ1a3a, ¥ XOTsI GOJIbIIMHCTBO HEPOHOB B OCHOBHOM <ITOCBSITIIEHBI» OJHO-
MY KOHKPETHOMY IJ71a3y (TO eCTh He PearnpyioT Ha CTUMYJIBI C JIPYTOTO), HEKOTO-
pbl€ PACIIO3HAIOT KaK Pa3 pasyndms MeXy TeM, UTO BUIST JIEBbIN ¥ IIPaBbIi IJ1a3;

* yGem, OTHOCUTENHHO KOTOPOTO HENUPOHBI OGBIYHO DPACMO3HAIOT OJHO U3 TPEX
OCHOBHBIX HAIlPaBJIEHUN: KPACHBIN — 3€JIeHbI, CUHWH — KeJIThI M YePHBIN —
GebIii.

Maremarudeckoe onucaHue TOTO, KaK HEHPOHBI 3pPUTEIBHOI KOPBI aKTUBUPYIOTCS
B 3aBucuMocTu oT opuenTtanuu [104, 348], okazasmoch TeCHO CBSI3aHO C TaK Ha3bIBa-
embiMu gursmpamu Tabopa [168] — BUmIOM MaTeMaTUYeCKUX TIPeoOpa3oBaHmil, OUeHb
2(hPEKTUBHBIM /11 BbIIJIEHUS TPaHUI] 00beKTOB Ha usoOpakenusx (edge detection).
A snamenutbiii HaGop npusHakoB st u3obpaxkenuit SIFT (scale-invariant feature
transform, MacurrabHO-UHBapUAHTHOE MTPeoOpa3oBaHue MPU3HAKOB), pa3paboTaHHbBIIT
Hasunom Jloy B xonie 1990-x romos [334, 335], BO MHOTOM COOTBETCTBYET TOMY, KaK
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AKTUBUPYIOTCS] HEWPOHBI 3puTebHOM KOpbl. Ceropiist pa3BuThe rayboOKuX cereil mpu-
BEJIO K TOMY, UTO ceifiuac Mbl II0JIy4aeM MPUMEPHO Te ke (TOJBKO ellle Jrydiine paboTa-
IOIKe) TIPU3HAKY HA HUKHUX YPOBHSIX CBEPTOYHBIX CETEH — WX IIPUMEPHI MBI €1lle He
pa3 yBUUM B 3TOH TJIaBe.

Pacckas o 30He V1 IIaBHO TIOABOANUT HAC K TIOCTIEAHEMY 3aMEYaHUIO: KaK BUHO, 00-
paboTka n306pakeHUil B MO3Te yCTPOeHa Kak BechbMa riryboKas HelipoHHas cethb. B yacr-
HOCTH, YK€ B CaMblX paHHUX pabortax XbioGena u Busess KjIeTKn 3puTeNbHON KOPHI
(amMeHHO 30HBI V 1) TOAPA3AETSAINCh HA npocmble U c0XcHbLle. IIpocThie KIeTKH pearu-
PYIOT TOJBKO HA YYACTKH U TOJIOCHI CBETA, KPasi CTUMYJIOB, TPOXOISIINX B OTIPEIEICH-
HOM MeCTe IO/l OITPe/IeIEHHBIM YTJIOM. A CJIOKHBIE KJIETKU MOTYT, HAITPUMEP, Pearupo-
BaThb HA OPUEHTAIINIO HE3aBUCUMO OT KOHKPETHOTO MoJIOXKeHus curtasna. locturaercs
3TO TEM, YTO CIOXKHBIE KIETKH OTHOCSITCS K CIIEYIONIEMY YPOBHIO 00pabOTKH, MOTydast
Ha BXOJ] Pe3yJIbTaT AKTUBAIMH IIPOCTHIX KJIETOK; TI03TOMY MX PEEITHBHOE I0JIe 00BIUHO
HEMHOTO GOJIbIITE, & BBISIBJIIEMbIE MU TPU3HAKK OKa3bIBAOTCS MHBAPUAHTHBIME K Me-
CTOIOJIOKEHUIO CUTHATA. B 4acTHOCTH, KJIETKH, pearupylolire Ha JABUKEHUE CUTHATIA,
TO3Ke BCer/ia ABJISAIOTCS CJIOKHBIMU 110 TAHHON KJIacCU(UKATIUM.

W aTo0 TONIbKO HavasIo: B OJHON TOJIBKO 30He V1 BBIJIENAIOT 1IecTh YPOBHE, a Belb
CUTHAJI TIO XOJTy IBUKEHUS ITPOXO/IUT Yepes3 cpa3y HECKOJIbKO 30H, HAUMHAS C JIATePab-
HOTO KOJICHYATOTO TeJia (B KOTOPOM, KCTaTH, TOKE IECTh YPOBHEN ) M 3aKaHINBAS BBICO-
KOYPOBHEBBIMU 30HAMU V6 1 V7. ITO TOXKe HAIIIO OTPAKEeHNE B MCKYCCTBEHHBIX HEli-
POHHBIX CETSIX: CBEPTOUHbIE CETH [IJist 06PAOOTKY M300PAKEHUI — 3TO caMble TIyOOKUe
13 cyuiecTByonux ceteil. C MoMoIbIo uiieil, KOTopble Mbl U3JI0KUM B 3TOH IJIaBe, MOK-
HO 06YYHTH CETh B HECKOJIBKO IECATKOB U JIake COTEH YPOBHET!

Ho xBarut 6uosoruu. HauwHast co CJIEAYIONIEro pasjiesia Mbl TIEPEXOANM COOCTBEH-
HO K U3JIOKEHUIO W/lell I MaTeMaTUKN CBEPTOYHBIX ceTeil. MBI yBUINM, KaK C TOMOTIBIO
IIPOCTOM MJIEN TIEPEUCIIONB30BAHUS OJIHUX U TEX K€ BECOB JIJIs1 PA3HBIX YYaCTKOB BXO/I-
HOTO M300PasKeHISI MOKHO PAJUKATBLHO COKPATUTD YMCIIO TAPAMETPOB B CETU, HUYETO HE
IIOTEPSB B BbIPa3UTeJbHOCTH. CBEPTOYHBIE CETH — OJ[HA U3 CaMBIX IOILYJISPHBIX apXu-
TEKTYP COBPEMEHHBIX HETPOHHBIX CETEH, U ATa IJIaBa — OJIHA W3 IIEHTPAJIbHBIX B KHUTE.

5.2. CBepTKU U CBEPTOYHbIE CETH

— Temnepp, e Tbl HEMHOKKO PACIlyCTHIND ITHYPKH, KOTOPBIMHU CTSI-
HYT MO BepXHUI MINT, 5 TOCMOTPIO, HE YZIACTCSI JIN MHE CBEPHYTHCS B IIIap.
ITO MOXKET OKA3aThCs M0JIE3HBIM.

P. Kunnune. Kax nosisunucv 6ponenocipl

Wrax, B IpeAbIyIEM pasjiesie Mbl 0OCYIUIU HEKOTOPbIe OCOOEHHOCTU apXUTEKTYPhI
3pUTENHHON KOpbI. Kak Mbl BBISICHUIIN, IMEHHO 3PUTEIbHAsE KOPa, a TOUHee, UCCIe0Ba-
nust Xpio6esa u Busesst na py6exe 50—60-x rogos XX Beka [235, 569], MoTuBHpoBain
MHOTHE UJIEH, CETOJIHST CTIOMb3YIONINECS B TIYOOKUX apXUTEKTYPaX.
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U 31ech cHOBa TIOSBJIIETCS OJIMH U3 JIENTMOTUBOB Halllell KHUTH, TIO KpaitHeil Mepe
ee UCTOPUYECKUX IKCKYPCOB: UJIes] CBEPTOUHBIX CETEN MOSIBUIACH TI0 MEPKAaM MAaIlWH-
HOro 00y4eHust o4eHb JaBHo. MOKHO CKa3aTh, YTO I€PBOIM HACTOMAIIEH CBEPTOYHOI ce-
ThIO, T03aMMCTBOBABIIIEN JIJis1 NH(MOPMATUKYU BOILIOIIEHHbIE TPUPOJION B 3PUTEJbHOMN
kope uien, 611 Neocognitron Kynuxuko @ykycumsl, nosgsusiiuiics B 1979—1980 ro-
nax [166, 167]'. Bipouem, Dykycnma He NCIOIB30BA TPAANEHTHBIH CITYCK 1 BOOGIIE
obyueHue ¢ yuuTeseM, a ero paboThl OBLIH JOBOJBHO IPOYHO 3a0bIThl. CHOBA CBEPTOY-
HBIE CETH B YK€ BIIOJHE COBPEMEHHOU (hOopMe MOSBUJIKCH TOJBKO B PaboTax TPYIIIBI
Slua JleKyna B konie 1980-x romos [18, 188, 205], u ¢ Tex 1mop u [0 HAMIUX [IHENH OHU
BIIOJIHE YCIIEITHO PUMEHSIIOTCS JIUIST PACTIO3HABAHUST N300PAKEHUN U MHOTHX J[PYTHX
3ama4 (cM., HarpuMep, cBeskre 0630psr [438, 5221).

Ho uto e, coGCTBEHHO, TaKOE B JAHHOM CJIydyae Céepmikd U KaKoe OHa MMeeT OT-
HOIlIeHYe K HeUPOHHBIM ceTsiM? UTOOBI OTBETUTH HA TOT BOMPOC, JaBaiiTe CHaUaIa OT-
CTYNIUM Ha Iar Hadan. KpaeyroJbHbIM KaMHEM BCEX HEHPOHHBIX CeTell SABASIOTCH agh-
purvie npeobpasosanus. B Kaxa0M cJioe TIOJHOCBA3HON CeTH MOBTOPSIETCS OJIHA U Ta
Ke oIlepallusl: Ha BXOJ [I0JIaeTCs BEKTOP, KOTOPBIN YMHOKAeTCs Ha MAaTPUILY BECOB, a K
pesysbTary 100aBJIsSEeTCss BEKTOP CBOOOAHBIX YJIEHOB; TOJIBKO MOCJIE 3TOTO K PE3yJibTa-
Ty TIPUMEHSIETCST HeKas HelMHelHast (hyHKIIUS akTuBanuu. 1 Bo BcexX CeTsX, KOTOpbIe
MBI JI0 CUX TIOP CTPOWJIH, TAKOH TOAXO]] UCTIOIH30BAICS TOCTOSHHO, HE3ABUCHMO OT
CTPYKTYPBI WJIU TIPOUCXOKAECHUST IAHHBIX. By/lb TO M300paKeHUsT, TEKCT UJIA MY3bIKa,
MbI BHOBb U BHOBb IpuMeHsieM aduHHOE TIpeoOpasoBaHue B KAKAOM CJIoe Haiedi ce-
TH, IPEABAPUTEIbHO IPUBEAS JaHHbIE K BEKTOPHOI hopMe.

OpHaKO MHOTHE THUITbI IAHHBIX HMEIOT CBOIO COOCTBEHHYIO BHYTPEHHIOIO CTPYKTYPY,
KOTOPasi OTJIMYHO M3BECTHA HaM 3apaHee. [7IaBHBIN prMep Takoil CTPYKTYPHI B 3TON
rjaBe — M300paKeHne, KOTOPOe OOBIYHO MPEJICTABIISIIOT KAK MACCUB BEKTOPOB YHCEI:
ecJn u3006paskeHre YepHO-6eI0e, TO ITO MPOCTO MACCUB MHTEHCUBHOCTEM, a €CJIN 1[BET-
HOE, TO MACCHB BEKTOPOB U3 TPEX YNCEN, 0003HAUAIONINX NHTEHCUBHOCTH TPEX OCHOB-
HBIX I[BETOB (KPAacHOTO, 3eJIeHOTO U 4epHOTO B cTaHmapTHOM RGB, curero, 3e1eHOTO
U KPAaCHOI'O B TPEX THIIAX KOJIOOUEK B UeJOBEYECKOM IJ1ase U T. 1.). Ecim ske 06061mTh
TAKyI0 BHYTPEHHIOIO CTPYKTYPY /10 MAKCUMAJILHO BCE €Ille MOJIeE3HOM HaM OOIIHOCTH,
OIIMCaHUe TTOIYIUTCS TaKOoe:

1) ucxojHbIe JaHHbIE TIPEACTABJISIOT COO0I MHOTOMEPHBIN MacCHB (<«TE€H30D»);

2) cpeznu pasMepHOCTE 9TOro MaccuBa €CTh OfHA WU GoJjiee OCeld, HOPSIIOK BIOJIb
KOTOPBIX MI'PAeT Ba)KHYIO POJIb; HAIPUMED, 3TO MOKET ObITh PACIIOJIOKEHHE TTHK-
CeJIOB B M300paskeHNH, BpeMEHHAsI MIKaJIa JJIsT My3bIKATbHOTO ITPOU3BEICHUS, ITO-
PSIIIOK CJIOB MUJTH CUMBOJIOB B TEKCTE;

3) apyrue ocu 0003HAYAIOT «KaHAJIBI», OIKMCHIBAIOIINE CBOMCTBA KasKIOT0 dJIeMeHTa
10 OpeAbIAYIIEMY HOAMHOKECTBY OCeil; HarrpuMep, TPU KOMIIOHEHTa [1J1s1 u306pa-
JKEHUH, IBa KOMTIOHEHTA (TIPaBbI ¥ JIEBBIN ) JIJIs1 CTEPEO3BYKA U T. [I.

! Mu1 ysxe Bemomunamm 06 2Toit Mosiesu B paszaesie 3.3, moToMy uTo uMeHHO B Neocognitron BrepBbie
TTOSIBUJIHICH TIEPIIENITPOHBI ¢ (pyHKIMell akTuBaIuy, moxosxeit Ha ReLU.
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Korza mMbI 06ydaeM MOJTHOCBSI3HbIE HEHPOHHBIE CETH, 9TO JIONOJHUTEIBHOE 3HAHUE
O CTPYKTYpe 3a/lauyid HUKAK He UCIOJb3yeTcsa. BCmoMHUM TTpUMep CeTH IJid pacio3Ha-
BaHUSI PYKOIUCHBIX 1IU(P, KOTOPYIO MbI CTPOUJIHM B pasjiesie 3.6: TaM MbI IIPOCTO TIpe-
Bpalaan nsobpaxkeHue pasmepa 28 X 28 MUKCEJIOB B BEKTOP JJHUHBI 784 U IMOAaBaIn
ero Ha BxoJ. [Tonmy4anock, uro nanm adGuHHbIE IpeodpasoBaHyd HUKAK HE YIUTHIBAII
CTPYKTYPY KaPTHUHKH, TOMOJIOTUIO JTAHHBIX !

Ho Beib 0Ha He MTPOCTO MPUCYTCTBYET, & UTPAET OMPEAEIISIONIYIO POJIb: KOHEYHO XKe,
B3aMMHOE PACTIOJIOKEHUE MUKCEJIOB B KAPTUHKE BAXKHO 71T pacrio3HaBanus nudp... [1o-
JIYYAETCsl, 9YTO CETH MPUXOIUIIOCH HA OCHOBE MHTEHCUBHOCTEN OT/IEIbHBIX ITHKCEIOB BbI-
YUIUTh HE TOJIBKO TO, Kakasi (hopMa COOTBETCTBYET Kakol mudpe, HO 320[HO U BOOOIIE
noHaTHe (POPMBI, TOT (PAKT, YTO HEKOTOPBIE KOMITOHEHTHI BXOJIHOTO BEKTOPA TIPEICTAB-
JISTIOT c000#1 coceIHIE TUKCEIbI, & 3HAUUT, OHU CUJIBHO CKOPPEIMPOBAHBIL, U TaK JaJIee. ..
HEIPOCTYIO 3a/1a4y MBI IIPe/IJIaraeM Halllell Hec4acTHOM OJHOCBS3HOM CETH.

Ecoii Mbt He OyieM fieaTh BUI, 4TO HUYETO He 3HaeM O CTPYKTYPe BX0O/I0B (pas/iee-
HUU I[BETOBBIX KAaHAJIOB M306paskeHus, mopsiake Hykaeotuaos B IHK u 1. 11.), a cTanem
€ee HaIPSIMY 10 CIIOJIb30BATh, 9TO MOKET CYIECTBEHHO TIOMOYb HaM B 00y4eHUN HEHPOH-
HBIX ceTeil. B aTOM pazzesie Mbl pacCCMOTPUM TaKOH TTOAXO/ Ha MTPUMepe CBEPTOYHBIX
CJIOEB JIUIST 33129 KOMITBIOTEPHOTO 3peHusi. Mbl 0OCY/IUM OY€Hb BaXKHYIO YaCTh COBPe-
MEHHBIX TTyOOKUX HEHPOHHBIX CETEN U CHOBA YBU/MM, KaK OUY€Hb IIPOCTAsT KOHIIETTIHST
MPUBOJUT K (PaHTACTUIECKUM PE3YJIbTaTaM.

OcHOBHas Hjiest CBEPTOYHOMU CETH COCTOUT B TOM, 4TO 06PabOTKA yyacTKa n3obpaske-
HUSI OU€HD 9acTO JOJKHA TIPOMCXOANTD HE3ABUCUMO OT KOHKPETHOTO PACIOTOKEHIST
3TOTO y4yacTKa. [pybo roBopsi, ecji Bbl XOTHTE y3HATh Ha (oTorpaduu cBOero apyra
Bacio, coBepniienno He BaxkHo, Ha 100 mim va 200 nukcesioB yxo Bacu oTcTouT OT J1€BO-
ro kpas dororpabun. Ysuars Bacio MoxkHO GIT0 ObI 1 Ha CHITLHO 06pe3aHHoi (HoTO-
rpaduu, riie HeT HUYETO, KPOME €ro JIMIA; 9TO JIOKAIbHAS 33/[a49a, KOTOPYIO MOXKHO pe-
MIATh JJOKATbHBIME Cpe/icTBaMu. KOHeuHO, B3aMHOe PacIioyioxkeHne 00beKTOB UIPaeT
BKHYIO POJIb, HO CHAYAA WX HYKHO B JIIOOOM CITydae Pacrmo3Harh, M 9TO PACITIO3HABA-
HU€ — JIOKAJTbHO ¥ HE3aBUCHMO OT KOHKPETHOTO TTOJIOKEHUS YIaCTKA ¢ 0OBEKTOM BHYT-
pu OOJIBIION KAPTHHK.

[ToaTomy cBEpTOUHAS CETH TIOMIPOCTY JIEJIAET ATO TIPEATIONOKEHIE B IBHOM BUJIE: J1a-
BaiiTe MOKPOEM BX0/{ HEOOIBITMMU OKHAMU (CKaKeM, 5 X 5 MUKCEN0B) 1 Gy/1eM BBIIEISATH
[PU3HAKY B KasKIOM TaKOM OKHE HeOOJIbIION HelipoHHOM ceThio. IIpuyeM — 1 TyT KJIto-
YyeBoe cOOOpakeH e — IIPU3HAKK OYIeM BbIAEJIATh B KaXKIOM OKHE OJIHHU U T€ JKE, TO €CTh
MaJleHbKasl HelipOHHAsI ceTh OyAeT BCEro 0OAHa, BXOAOB y Hee OyeT Bcero 5 x 5 = 25, a us
Ka)KI[OfI KapTUHKH /I HEE MOJKET ITOJIYYUTHCA OY€HDb MHOTO PA3HbIX BXOZOB.

3aTeM pe3yJIbTaThl 9TOW HEMPOHHOM CETH OMATh MOKHO OY/EeT MPeACTaBUTh B BU-
Jle «<KapTUHKWY, 3aMEHSISI OKHA 5 X D Ha WX I[eHTpaJbHbIe TUKCEIDI, M Ha HE MOXKHO
OyzeT IPUMEHUTDb BTOPOI CBEPTOUHBIN CJIOH, C yiKe APYroil MajeHbKOI HeHPOHHOII ce-
TBIO, ¥ T. . CKOPO MbI YBUIUM, UTO B KaXKJ[OM CBEPTOYHOM CJIOe OYIET COBCEM HEMHOTO
CBODOJIHBIX TTAPAMETPOB, 0COOEHHO TI0 CPABHEHUIO C TIOJHOCBSI3HBIMU aHAJIOTAMH.
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[Ipexne yeM mepexoauTh HETOCPEACTBEHHO K (POPMATBHBIM OIIPEIEIEHUsIM OTlepa-
[[U¥ CBEPTKH, JaBaiiTe pasbepeMcs ¢ MOHATHEM KaHaia B usoOpaskeHnu. OOBIYHO I[BET-
HbIe KAPTUHKH, TOJIAIONINECS HA BXOJI HEHPOHHON CeTH, TPEJICTABJIEHBI B BU/I€ HECKOJIb-
KUX TIPSIMOYTOJIBHBIX MATPHIL, KAYK/IAsI U3 KOTOPBIX 33/[A€T YPOBEHD OIHOTO U3 I[BETOBBIX
KaHAJIOB B KK/IOM THMKcese n3obpaskenust. Kaprunka pazmepom 200 X 200 MHUKCeI0B —
a10 Ha camoM Jiesie 120 000 umces, Tpu MaTpuIlbl HHTEHCUBHOCTEH pasMepoM 200 x 200
kakaasa. Ecau nuzobpaskenue yepHo-6eoe, Kak, Harnpumep, B MNIST, to Takas marpu-
11a OyieT oHa. A eCJIv 3TO He TIPOCTast KapTUHKA, a, CKAsKEM, Pe3yJIbTaT n300paskaronieit
MacC-CIHEeKTPOMETPUH, KOT/Ia B KAXKIOM IMHUKCeJe HAXOAUTCS TIeJIbIH CIIEKTP, TO MaTPHUIL
MOJKeT OBITh 04eHb MHOT0. HO B J1I060M cirydae MbI 6y/IeM [IPeIIIoaraTh, YT0 B KaxK10M
MUKCee BXOJHOTO N300PaKeHUsT CTOUT HEKOTOPbINA TeH30p (06BIYHO OHOMEPHBIH, TO
€CTh BEKTOP YKCEN), U €r0 KOMIIOHEHTHI Ha3biBatoTest kanariamu (channels).

Takue ke MaTPUIBI OYAYT MOJYyYaThCsS W MOCJE CBEPTOYHOTO CJIOS: B HUX TIO-
peskHeMY OyIeT TPOCTPaHCTBEHHAsS CTPYKTYPa, COOTBETCTBYIOIAs HCXOAHOM KapTHH-
Ke (HO He B TOYHOCTU TaKasi K€ — CKOPO 00 3TOM TIOTOBOPYM ), OJIHAKO KAHAJIOB TEMePh
MOKET cTaTh GoJIble. SHAYEHUS KAKIOTO TIPU3HAKA, KOTOPhIE MbI BBIIEJUIN U3 OKOH
B MICXOIHOM U300paKeHuH, Terephb OyAyT MpecTaBaaTh coboii menyio Marpuily. Kasx-
JTast TaKasi MaTPUIIa Ha3bIBaeTCst kapmoil npusnaxos (feature map). B npuniiuite, kamasbt
HCXOIHOTO M300pakeHUsI MOKHO TOKE Ha3bIBaTh KapTaMU ITPU3HAKOB; aHAJIOTUYHO MbI
gyacTo Gy/ieM Ha3blBaTh KapThl IPU3HAKOB OUEPEHOTO CJIOS KaHATAMU.

Tenepb octasoch TOMBKO (POPMAJIbHO OIPEIEJNUTD, UTO )K€ TaKoe CBEepPTKa U Kak
YCTPOEHBI CJION CBEPTOUHOI ceTn. CBEPTKA — 9TO BCETO JIMIID JHHEHHOE TTPpeobpaso-
BaHMe BXO/HBIX JAHHBIX 0c0060r0 Bia. Ecm ! — kapra IPU3HAKOB B CJIOE MO/ HOMe-
poM [, TO pe3yIbTaT AByMEPHOH CBEPTKH C sIAPoM pasmepa 2d + 1 u Matputieii Becos W

pasmepa (2d + 1) x (2d + 1) Ha caenyionieM ciioe OyeT TAKIM:

yé,j = Z Wa,bxé+a,j+b7

—d<=a,b<=d
L
2]
ayiero cyosi. liade roBopsi, 4T00bI HOJTYYUTD KOMIIOHEHTY (4,5) CJEYIONIEr0 YPOBHS,
MBI IPUMEHsIEM JIMHENHOe IIpeobpa3oBaHie K KBaJPaTHOMY OKHY MPEAbIAYIIEro yPOB-
HSI, TO €CTh CKJIIPHO YMHOKaeM ITIKCeJIBl N3 OKHA Ha BEKTOP CBEPTKU. ITO MPOMJIITIO-
CTPUPOBAHO HA puC. 5.1: MBI IPUMEHsIEM CBEPTKY ¢ MaTpuileil BecoB W pasmepa 3 X 3
Kk Marpuite X pasmepa 5 x 5. O6parute BHUMAHUE, YTO YMHOKEHUE TIOJIMATPUIIBI UCXO/I-
HOH MaTpuIlpl X, COOTBETCTBYIOIIEH OKHY, M1 MaTpUIlbl BecoB W — 3TO He yMHOKeHUe
MaTpHIL, a TPOCTO CKAJISIPHOE TIPOU3BE/IEHNE€ COOTBETCTBYIOMINX BEKTOPOB. A BCETO OKHO
yMelaeTcd B MaTpule X AeBATD Pa3, U IT0JIy4aeTCs

rie yé, ;j — Pe3yJIbTaT CBEPTKH Ha yPOBHE l,ax; . — ee BXO[I, TO €CTb BBIXOJ] BCETO ITPe/ibl-
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Puc. 5.1. [Ilpumep mojicuera pe3yibTaTa CBEPTKU: [[Ba IPUMEPA TIOIMATPUIIBI U OO
pesyJibTar

3zech Mbl 0603HAYMIIK CBEPTKY KapThl IPU3HAKOB X C TIOMOIIBIO MATPUIBI BecoB W
yepe3 X * W, Kak IpUHATO 0603HAYATH CBEPTKY B MaTEMaTHKE.

Ecs pasmep cBepTKU OYZIET BBIPAKATHCS YETHBIM YHCJIOM, TO B OJTHOM U3 CJIyda-
€B B IIpe/leJiax CyMMUPOBAHUST HEPABEHCTBO CTAHET CTPOTHM; 3/[€Ch OOJIBINE HET <eCTe-
CTBEHHOTO» BBIOOPA JIJIsI TIEHTPA OKHA, U €T0 BBIOOP U3 YETHIPEX BAPHAHTOB MOKET 3aBU-
CETh OT pean3alui B KOHKPETHOH 6UbIoTEKe.

IT0 1IpeobpazoBanue 006Ia1aeT KaK pa3 TEMU CBOWCTBAMHE, O KOTOPBIX MBI TOBOPUJIA
BBIIIIE:

* CBepTKa COXpaHseT CTPYKTYPY BXo/a (MOPSIZIOK B OTHOMEPHOM CJIydae, B3AUMHOE
PacCIIOIOKEHHE TTMKCETOB B IBYMEPHOM | T. /I.), TAK KaK MPUMEHSIETCS K KOKIOMY
YYaCTKY BXOJHBIX IAHHBIX B OTHEJIbHOCTH;

* OIEpaIst CBEPTKH 06JIAIaeT CBOMCTBOM Pa3peKEHHOCTH, TaK KaK 3HAUEHIE KasK-
JIOTO HEHPOHA OYEPETHOTO CJIOST 3ABUCHUT TOJIBKO OT HEGOJIBIION JOJIU BXOTHBIX
HENPOHOB (a, HapUMep, B MOJTHOCBI3HOW HEMPOHHOM CEeTH KasK/blil HEHPOH 3a-
BuCeJI Obl OT BCEX HEMPOHOB MTPEABIAYIIErO CJI0sT);

* CBEPTKa MHOTOKPATHO MEPENCTIONB3YET OJTHU U Te JKe BeCa, TaK KAK OHU MOBTOPHO
MPUMEHSIOTCS K Pa3/IMYHBIM yYacTKaM BXOJIA.

[TouTu Bcerma nocJyie CBePTKU B HEUPOHHOMW CETU clielyeT HeJTMHEHHOCTD, KOTOPYIO
MBI MOXKEM 3aIliCcaTh TakK:

I _ l
25 = h(y; ;)-
B xauectBe (yHKIMN h 9acto ucnob3ytoT ReL.U, ocobeHHO B 0ueHb TTyOOKUX CETSIX,
HO U KJaccudeckue o u tanh roxe Berpedatorcest. [Toapo6GHO OCTAHABINBATHCS HA THITAX

He]'[HHefIHOCTefI, HCIIOJIb3YIOMIUXCA B CBEPTOYHBIX CETAX, MbI ceifuac He 6y,r_[eM; HaIlla
IepBooydepe/iHad 3ajlada — C(i)OpMI/IpOBaTb MHTYUWUIINN 110 ITOBO/ly CBEPTOYHBIX ceTeil.
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[Ipesxae yeM JBUTATHCS AAJbINE, TTPOIEMOHCTPUPYEM, KaK CBEPTKH paboTaioT Ha
[paKkTHKe, Ha ynciaeHHoM npumepe B TensorFlow. HaureMm, kak 06bI4HO, ¢ MMIIOPTH-
posanus TensorFlow 1 numpy:

import tensorflow as tf
import numpy as np

IToCcKOJIbKY MBI HUKAKYIO MOJIENIb 00yYaTh He ILJIAHUPYEM, B KAUECTBE MTEPEMEHHBIX
GYIIET TOCTATOYHO OMPENIESTUTH «3aTTYIIKI» 3aHHOTO Pa3sMepa:

x_inp = tf.placeholder(tf.float32, [5, 5])
w_inp = tf.placeholder(tf.float32, [3, 3])

JlaBaiiTe Terneph co3naaumM cBepTOUHbIi coit Ha TensorFlow. Bee, 4to HY:KHO 3HATH
JJIST 9TOTO, MBI y7Ke 3HAaeM: CBEPTOUHBIH CJIOH T0/IKeH GPAaTh CKOMB3SIINE OKHA U3 CXOJI-
HOTO M300pasKEeHUs ¥ IPUMEHSITh K HUM OJIHU U Te e Beca. CBepPTKa y HAC [ByMepHas,
TO €CTh «CKOJIb341Iee OKHO» — 3TO KBa/[PATUK Pa3MEPOM B HECKOJIBKO MUKCEJIOB; OCTA-
JIOCDH TOJTHKO Pa300pPaThCsl, KAk 9TO 3a1aTh B KOJIE.

Yrto6bl OMpeesUTh CBEPTKY, CHAYAIA HYXKHO Pa3so0dpaThCst ¢ Pa3MEPHOCTSIME TEH-
30poB. B TensorFlow aBymepHbIie CBEPTKH PeaiM3yIOTCs € IIOMOIIbIO DYHKIUHU conv2d,
KOTOpasi IPUHUMAET Ha BXOJ[ TEH30P CBEPTOYHBIX BECOB M TEH30P KapT IMPU3HAKOB Ha-
60pa N306PAKEHMIL... OX, 3BYUNT KaK KeHHUHI . J[eJ10 B TOM, YTO BXOJHbIE JAHHbIE JIIs
nByMepHoii ceepTiu B TensorFlow moJ/IKHBI UMETh YeTBIPEXMEPHYIO CTPYKTYPY, KOTO-
pasi BBITJISIIUT TaK:

[pasmep GaTua, BBICOTA, IMTMPUHA, KAHAJIDI|.

Hanpumep, eciin Mbl HCHOJIB3yeM MUHU-0aTYK pasMepoM 32 H300paskeHUsT B KaskK-
1oM 1 06ydaeM ceTh Ha RG B-1300paskeHUSX JIUI] Pa3MEPOM 28 X 28 TIUKCEJI0B, TO UTO-
roBast pa3MEPHOCTH TEH30pa JaHHBIX OyzeT [32, 28, 28, 3]: ec/iv epeMHOKUTD BCE Pas-
MEPHOCTH, MOJIYYUTCS, UTO KasKAbIH MUHU-6ATY, HOAATONIMNACS Ha BXOJ CETH, COAEPIKUT
0K0J10 75 Thicstd unces! Kaxkmoe uzobpaxkeHue IIpy 5TOM IPEICTABIEHO 28 X 28 X 3 =
= 2352 BellleCTBEHHBIMU YN CJIAMU.

A pa3MepHOCTD TEH30pa CBEPTOYHBIX BECOB OIIPE/IEIISIETCS Pa3MepaMu s/ipa CBEPTKU
1 YUCJIOM KaHaJIOB KaK Ha BXO/Ie, TaK U Ha BBIXO/IE; TI0JIy4aeTCsl CHOBA YeTbIPEXMEPHBIN
TEH30p, KOTOPBIN HA 3TOT Pa3 HYKHO HHTEPIPETUPOBATH CJIELYIONIM 06pasoM:

[BbICOTa, I PHHA, BXO/HbI€ KaHaJlbl, BBIXO/[HbIE KaHaJII)I].

' B ckasmbamueckoil 1109311 HCIOJb30BAIN CTAHAAPTHBIE MeTahOPbI, KOTOPbIE MO-PYCCKU HEPEaloTCs Cy-
IIECTBUTEILHBIMU B POAMTENbHOM Hajieske. Hanpumep, «IlepuHa ApakoHa» — 3TO 30JI0TO, COKPOBHIIA, <JI€-
6enb KpOBU» — BOPOH. VIHTEPECHO B KEHHMHTAX TO, YTO UX MOKHO MPUMEHSTh PEKYPCUBHO, Pa3BOPAYNBas
YacTH KEHHMHTA C TOMOIIBIO IPYTUX KEHHUHTOB: «IMHI OMTBBI» — 3TO MEY, <I0T IIUIa OUTBBI» — KPOBb, <JIe-
Genb ota muma 6UTBbI» — BOPOH. BCTpeUaroTest aske PeKypPCUBHBIE KEeHHUHTU: «OYPsI IIUMOB OUTBbI» — 3TO
cHOBa GUTBA.
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Hamnpumep, aisa pusbrpa pasmepom 3 X 3, IPUMEHIEMOI0 K TOMY Ke CaMOMY TpeX-
KaHAJIbHOMY H300paskeHUIO U JAI0IIEeMy Ha BbIX0/€e 32 KapThl IIPU3HAKOB, Mbl TOJIYYNM
TEeH30p pazMepHocTH [3, 3, 3, 32], B Hem GymeT Bcero 3 x 3 X 3 x 32 = 288 BecoB. A Ha
BBIXO/I€ 9TU BECA, €CJIU MBI OYJIEM ITPE/IIIOJIATaTh, YTO B KAPTUHKY 28 X 28 TIMKCEIOB OMe-
maercd 26 X 26 okoH 3 X 3, IPEeBPATAT BXOAHYIO KapTUHKY B 26 X 26 X 32 = 21 632 yucia,
49TO 3HAYWT, YTO B [TOJTHOCBSIZHOI CETH /ISl aHAJIOTUYHOI OTlepaIiui moTpeboBaiach Obl
MaTpuila padMepoM 28 X 28 x 21 632 = 16 959 488 BecoB — pa3HUIIA B ATHECAT ThICAY
pas!
KoneuHo, aTa pagHuiia moaydaeTcss UCKIIOYNTENbHO W3-32 TOTO, YTO MBI ITE€PEHC-
I0JIb30BAJIN OJTHU U Te 3Ke Beca MHOTO Pa3. B peasibHOCTH BBIXOIUT, 4TO cama (popma otre-
palun CBePTKH CJIYKUT OUYeHb CUJIBHBIM PETryJIsIPU3aTOPOM, KOTOPBI BbIpaxkaeT Ueio
0 TOM, YTO BBIJIEJIEHIE JOKATBHBIX TIPU3HAKOB B M306PaKEHUH He JIOKHO 3aBUCETH OT
KOHKDETHOTO MECTa, T/Ie 9TH MPU3HAKU pactioyaratorcst. U, 6e3yCJOBHO, Takast OrpoM-
Hasi PasHUIlA B TPEOYIOIIEMCST YKCJIe BECOB TIPUBOAUT K TOMY, UTO TIPOIECC OOYUEHIIST
CeTH TOXKe CUJIbHO yIIPolIaeTcs.
Ha stom MecTe unTaresio MOKeT 1TOKa3aThCsl, YTO M KaueCTBO MTOTOBOM MOJesn
B CJIy4ae UCIO0JIb30BaHUs CBEPTOUYHBIX CJIOEB MOXKET IIOCTPa/aTh 10 CPAaBHEHUIO C ITOJI-
HOCBSI3HBIMU CJIOSIMU: B KOHITE KOHITOB, MHOTO TTapaMeTpoB — 3T0 Xopoino? OHaKo, KaKk
MOKa3bIBaeT MIPAKTUKA, BEPHO TIPSIMO 00PATHOE: CBEPTOUYHBIE CETH MTOYTH BCET/Ia OKa3bi-
BAIOTCS CYNECTBEHHO JIy4Yllle TOJHOCBI3HBIX B 33/la4aX, CBSI3aHHBIX C KOMIIBIOTEPHBIM
3peHueM U, BOoOIIe ToBOPsi, 00paBGOTKON BXO/IOB, /11 KOTOPBIX BHINOJIHSAETCA OCHOBHOE
IIPe/NOJIOKEHNE CBEPTOYHBIX CeTEl O «JIOKAJTbHOCTH»: BXO/IbI PACIIOJIOKEHBI B BUJIE CET-
KU TOW MJIM UHOI PasMEPHOCTH, U IPU3HAKU HYKHO BBIAEIATH 13 HEOOJIBIINX TOMHO-
JKECTB BXOJIOB, PACIIOJIOKEHHBIX OJIU3KO B 3TOH CETH.
BripoueM, MHTYWIIMS 3/leCh TOXKE TOBOJBHO TOHATHAS. 3aMeHSs MOJHOCBS3HBIN
CJIOi1 CBEPTOYHBIM, MbI yOHBaeM cpasy ABYX 3ail1leB:
* 106aBJIsIeM B SIBHOM BHJIE ITPEAIOTIOKEHNE O TOM, UTO TPU3HAKHU HYKHO BBIIIEJISITD
JIOKAJIBHO, & TAKIKE SIBHO JI00ABJISIEM «TEOMETPHIO» BXO/[A — CETH OOJIbINE He HY K-
HO CaMOCTOSITEJbHO BBIyYMBaTh 3Ty F€OMETPUIO;

* JI7IST JIOKAJIbHOUM CeTH, KOTOopas MPU3BaHa BBIPAXKATh 3TH JIOKAJTbHbIE TTPU3HAKH,
PEe3Ko yBenunBaeM 00beM JaHHBIX Ha BXOJIE: TEMePh st Hee (DaKTHUECKH Kaxk-
Jlast KapTUHKA TIPeBPaIaeTcst B Ky4y MaJeHbKUX TPEHUPOBOUHBIX TPUMEPOB.

Ocrajiach TOJIBKO OfiHA TIPOGJIEMa; OJIH CBEPTOYHBIN CJIOW HUKAK HE CMOKET BbI-
Pa3uTbh B3aUMOCBSI3b MEXK/LY TIMKCEIAMU, PACTIONIOKEHHBIMU JIATIEKO JIPYT OT APyTa. ITO
NEHCTBUTEIBHO TAK, U YTOOBI PEITUTH ATy TPOOJIEMY, Mbl Gy/IEM CTPOUTD IITyOOKHE CBEP-
TOYHBIE CETH; HO 06 3TOM 4yTh MO3KE, & OKa BEPHEMCS K KOJLY.

Wrak, onepaius ceeptku B TensorFlow onepupyer ueTbipexMepHBIME TEH30paMU,
a He OOBIYHBIMY MATPHUIIAMH, TI09TOMY BXOJHbIE JaHHBIC HY;KHO MIPUBECTH K COOTBET-
CTBYIOIINM Pa3MepPHOCTSIM:

X
W

tf.reshape(x_inp, [1, 5, 5, 1])
tf.reshape(w_inp, [3, 3, 1, 1])
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OkHa 5 x 5 ¢ warom B 3 nukcena, OkHa 5 x 5 ¢ warom B 3 nukcena,
padding="VALID' padding='SAME'
L |
[
[
[ | [ |
]| |
[ [ [ {iS[=|
| |
L | | i
NN W W .
a 6

Puc. 5.2. IIpuMepsl PACIIONIOKEHUS ABYMEPHBIX CBEPTOYHBIX OKOH € I[EHTPAMU B KasK/IOM
TperbeM nukcese 1o obeum ocsim: @ — padding="VALID", Bce OKHa J0JKHBI yMECTUThCS
BHYTpHU BXoaHoro Maccusa; 6 — padding="SAME", okHa MOT'yT BBIXOJMTb 32 pAMKH MacCUBa

HamomHuuMm, 4T0 11€pBast pa3MePHOCTD TEH30pa x 0003HAYAET KOJIMIECTBO U300paKe-
HUI B MUHU-0aTde, a MOCJTEIHSISI — YUCIO0 KaHATOB n30o0paskeHust. Tak Kak MbI BCETO
JIVIITb XOTHM TIPOMJLTIOCTPHPOBATH OTMMUCAHHYIO BBIIIIE TEOPHUIO, HaM GYIET T0CTATOUHO
OJIHOI 4epHO-6eJoil KapTUHKHU. Ternepb MOKHO 3aaBaTh caMy OIEPaIMIO CBEPTKH:

x_valid = tf.nn.conv2d(x, w, strides=[1, 1, 1, 1], padding="VALID")
x_same = tf.nn.conv2d(x, w, strides=[1, 1, 1, 1], padding=""SAME")
x_valid_half = tf.nn.conv2d(x, w, strides=[1, 2, 2, 1], padding="VALID")
x_same_half = tf.nn.conv2d(x, w, strides=[1, 2, 2, 1], padding="SAME")

Kak serko forajjatbes, tf.nn.conv2d co3/iaeT CBEPTOYHBIH CJIO, B KAuecTBe IEPBBIX
JBYX MApaMeTPOB TOJIydyast Ha BXOJ M300paskeHue u (GuabTp. ApryMeHT padding TOBO-
puUT, KaK GBITh C OKHAMH, KOTOPbIE «BbIJIE3AI0T» 32 TPAHUIIBI BXOJHOTO MACCHBA. DTOT
apryMeHT MOJKET IIPUHUMATB /1B PA3HbIX 3HaYeHust (puc. 5.2):

* padding="VALID" mpuBeneT K TOMY, YTO OYIYT MPUMEHITHCS CBEPTKU TOJBKO Ha
TeX OKHAX, KOTOPbIE OJHOCTBIO IOMEIIAIOTCS B IIpefieiaX BXOJHOTO MaCcCUBa; 3TO
3HAYUT, YTO PA3MEp MACCHUBa Ha BBIXOJI€ CTAHET MEHbIIE, YeM OBLT Ha BXOJIE; Ha-
IIpUMeD, B HAIlly KAPTUHKY padMepoM 28 X 28 TOMeCTATCA TOJIbKO 24 X 24 0KOH pas-
Mepa 5 x5, a 1Ba NUKcesa «<paMK» He CMOTYT CTaTh IIEHTPaMU CBEPTOYHBIX (PUIIbT-
POB, U CJIEAYOMUN ci0i OyzeT uMeTh pazmep 24 X 24, a He 28 x 28 (puc. 5.2, a);

* padding="SAME" IpuBEIET K TOMY, YTO Pa3Mep CJI0SI COXPAHUTCSI, a [T BBIXOISIIINX
3a rPAHUIIbl MACCUBA MBI IIPOCTO IOIIOJIHUM BXOJJHOW MacCHB HYJISIMU; Tellepb Ha
BBIXOJIE pa3Mep U300pakeHNsI He U3MEHUTCSI, & MUKCEJIbl U3 «PAMKU» TOXKe CTa-
HYT IIeHTPAMU CBEPTOYHBIX (DUIIBTPOB, IIPOCTO HEKOTOPbHIE 3HAUEHIS Y HUX OYIYT
3aBeIOMO HyJIeBbIMU (puc. 5.2, 6).
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CooTBeTCTBEHHO, B HAIlleM YMCJIEHHOM TpuMepe /7151 padding="SAME" moy4yuTcst:

0 000 O0O0O

001 2100 5 11 4 3 3
0410100 01 0 39 5 4 4
02011101 0 1]=|5 8 8 10 3
0123100 210 4 8 15 12 6
0 043 200 5 5 9 4 2
0 000 O0O0O

ApryMmeHT strides 3azaer miar 10 u300paskeHMIO: HAIIPUMED, eCIi Obl MBI IIOJAIN
Ha BXOJ| strides=[1,3,3,1], OKHa OblIn Obl HE BCe BO3MOKHDBIE, & C UHTEPBAJIOM B TPU
MUKCEa, Kak MoKa3aHo Ha puc. 5.2. IIITprxoBKa MOKa3bIBaeT, KAKUE TUKCEJIBI IBJISTFOTCSI
LIEHTPaMU OKOH, a Ha PUC. 5.2, a JBa OKHA /i IIPUMepa BbIJeJeHbl AOIOJIHUTENbHON
HITPUXOBKOM.

O6parure BHUMaHHUE, YTO TApaMeTP strides IPOCTO OMPE/EsieT, KaK 4acTo MbI ITPH-
MeHsgeM (QUIbTPBI M0 KaXK/I0H pasMepHOCTH BXOHOIO TEH30pa, a Pa3MEPHOCTEN 9TUX
y Hero B IaHHOM cJiydae uetbipe. [loaToMy, HarpuMmep, repBast KOMIIOHEHTa strides co-
OTBETCTBYET PasHbIM IIpUMepaM B MUHK-0aT4de, 1 ecji Obl OHa Obljla He paBHA eMHULLE,
MbI OBI IIPOCTO MIPOIYCKAJIHM YACTh BXOAHBIX IIPUMEPOB. B 1aHHOM cirydyae 9T0 BBITJISIUT
CTpaHHO, ¥ it GYHKIIMH tf.nn.conv2d BPsi/l JIM €CTh CMBICJI 3a/laBaTh strides ¢ Heemn-
HUYHOW TIepBON KOMITOHEHTO! (MJTH TIPOIMYCKATh YaCcTh I[BETOBIX (DUITBTPOB B YETBEP-
TOI KOMIIOHEHTE ), HO apryMeHT strides B TensorFlow siBiisieTcst 6otee 0OIuM 1 MOKET
OBITH IPUMEHEH K JII0O0MY TEH30DY, OTCIONA U «JIUIIHUE» Pa3MEPHOCTU (MbI YBUAUM UX
HOJIb3Y Uy Th HUKE, KOTIa OyieM 06CyKIaTh OMEPALUIO CyOMUCKPETU3AIIH ).

B HaieM mpumepe, MeHssI mapaMeTp strides, Mbl OyZeM IIPOCTO MOJIy4aTh HEKO-
TOPBIE MMOMATPHIIGI T€X MATPHIl, KOTOPblE Mbl BBIYMC/ISLIM Bbiie. Hampumep, mist
strides=[1, 2, 2, 1] MbI Oy/eM TIPOIYCKATh KAJKAYI0 BTOPYIO Pa3MEPHOCTD U 110 CTPO-
KaM, 1 110 CTOJIOIAM; pe3y/IbTaT CBePTKU ¢ padding="VALID" GyjeT Takoii:

9 4
8 12)°

a ¢ padding="SAME" TOTyYmnTCS CEmyTOIIee:
5 4 3
5 8 3
5 9 2

I/ITaK, Hallla «MO/I€JIb» 3a/laHa. 3anuriem BXOAHBIE JaHHbIE!

x = np.array([[0, 1, 2, 1, 0],
[4, 1, 0, 1, 0],
[2, 0, 1, 1, 1],
[1, 2, 3, 1, 0],
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[0, 4, 3, 2, 0]])
w = np.array([[0, 1, 0],

[1, o, 1],

[2, 1, 01D

OcTanoch TOMBKO 0OBABUTH CECCUIO W BEIYUCTUTh pe3yabTart.

sess = tf.Session()

y_valid, y_same, y_valid_half, y_same_half = sess.run(
[x_valid, x_same, x_valid_half, x_same_half],
feed_dict={x_inp: x, w_inp: w}

JlaBaiiTe 717151 IPOBEPKH BBIBEAEM TO, UTO ¥ HAC TIOJYUUIIOCH; TOCKOJIBKY Ha BBIXOIE
y HaC IO-TIpesKHeMY OYAyT OJIy4aThCsl YeThIPEXMEPHBIE TEH30PbI,  Mbl XOTEJIU Obl YBU-
ZeTh OOBIKHOBEHHbIE MATPUIIBI, HEKOTOPBIE (TPUBUAIBHbIE) PA3MEPHOCTH MbI 3a(UKCH-
PYeM HYJISIMU:
print "padding=VALID:\n", y_valid[e, :, :, 0]
print "padding=SAME:\n", y_same[0, :, :, 0]
print "padding=VALID, stride 2:\n", y_valid_half[o, :, :, 0]
print "padding=SAME, stride 2:\n", y_same_half[0, :, :, 0]

U Teriepb Ha BBIXO/IE TTOTYIAIOTCS BIIOJHE OKU/IAEMbIE PE3YJIbTATHI:

padding=VALID:

[[ 9. 5. 4.]
[ 8. 8. 10.]
[ 8. 15. 12.]1]

padding=SAME:

[[ 5. 11. 4. 3.]
[ 3. 9. ) .4
[ 5. 8. 8. 10. 3.]
[ 4. 8. 15. 12. 6.]
[ 5. 5. 9. 4. 2.1]

padding=VALID, stride 2:
[[ 9. 4.]

[ 8. 12.]1]
padding=SAME, stride 2:
[[ 5. 4. 3.]

[ 5. 8. 3.]

[ 5. 9. 2.]1

Wcropudecku nepBbie WieH, TTOX0KIE Ha COBPEMEHHbBIE CBEPTKH, TOSIBUJIUCH B YK€
yroMuHaBIetics moaeau Neocognitron, a yske B MPakTUUECKUA COBPEMEHHOM BUIe OHU
ObuM 1ipuMenenbl B Konie 80-x rogoB XX Bexa. OCHOBHBIM 3TO HalpaBJieHUE CTAJIO0
mutst rpytnst STua JleKyna [18, 205]. Ho sr0601BbITHO, 4TO TOYTH OJHOBPEMEHHO ITPaK-
TUYECKU TAKKeE jKe MOZIeJIM ObLIN pazpaboTaHbl IPYIIION AIIOHCKUX KCCIef0BaTe el 1o/
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pykoBoactBoM Bes Uskana [411, 492]; ux paGora roJiyunsia HasBaHUe «HePpOHHAsI CETh,
HMHBapUaHTHas K cABUTY> (shift-invariant neural network) u Tose HeOZHOKPATHO MTpHU-
MEHSJIACh K Pacio3HaBaiuio o0pasos [243].

Wrak, Mbl HAyYUIUCh [esaTh ornepanuio cBeptku. [locsie Hee MOXKHO, KaK MbI yiKe
TOBOPUJIN, TIPUMEHUTD TY WM HHYIO HETUHENHYIO (DYHKIUIO h: oHAa Gy/IeT TPOCTO MpuU-
MEHSTBCS K KaKIOMY 2JIEMEHTY TIOJTy4eHHOTO TeH30pa 1o oTaeabHocTu. Ho 1o etne He
Bce. B kiraccnueckom cBEPTOYHOM cJioe, KpoMe JIMHEITHOW CBEePTKY U CJIeIyIoIell 3a Hell
HEJIMHEHOCTH, €CTh U €IIe OJIHA onepaIust: cyoouckpemusauyus (pooling; mo-pyccku ee
MHOT/Ia Ha3bIBAIOT €IIe OTIEPAINEll «IIOIBBIOOPKU»>, OT AIbTEPHATHBHOTO AHTJIHIICKOTO
Tepmuna subsampling; BCTpeuaeTes i CIOBO «IIYJIMHI», HO J0OYKBEHHbIX Kasiek! B Ha-
IIeil KHUTe, OXKAJYii, U TaK YK€ MHOTOBATO).

CMbIC CyOANCKPETU3AIIUH [TPOCT: B CBEPTOYHBIX CETSIX OOBIYHO UCXOMAAT U3 TPE]-
MOJIOKEHUS, YTO HAJIMYUeE W OTCYTCTBUE TOTO WJIW MHOTO MTPU3HAKA TOPa3/io BasKHee,
9YeM ero TOUHbIe KOOpAHAThI. Harnpumep, pu pacrio3HaBaHUM JIUIl CBEPTOYHON CETHIO
HAM TOPa3/io BasKHee MOHSTD, eCTh Jid Ha (HOTOrpadun NI U Ybe, 4EM Y3HATH, C KAKOTO
KOHKPETHO TIMKCeJIa OHO HAUYMHAETCs U B KaKOM 3akanunBaeTcs. [loaTomy MoskHO 1103-
BOJIUTD cebe «0600IMTh> BhIAE/IsIEMbIe TPU3HAKH, TIOTEPSIB YacTh HHGOPMAIIUU 06 UX
MECTOTIOJIOKEHUH, HO 3aTO COKPATHB Pa3MEPHOCTb.

OGBIYHO B KauecTBe Omepaiuy CyOAUCKPETH3ANN K KayKIAO0U JIOKAIbHOI TpyIiie
HePOHOB IIPUMEeHsIeTCs Ollepalusl B3ATUs MakcuMyMa (max-pooling); Takast cyouc-
KPETH3aI¥sI OTISITh BOCXO/UT elnle K pabotam Xbtobena 1 Busesst, u moxosxe, 4To HEfpo-
HBI B 3pUTEJIBHOI KOPe MOCTYIAI0T IMEHHO TaK. VIHOT/Ia BCTpeyaloTcs U APYTHe oTepa-
UK CyOMCKPETU3AINN; CBEPTOUHbBIE CETH M3BECTHBI OY€HB JIABHO, U XapaKTEPHO, UYTO
nepBbie KOHCTPYKIuu rpyiibl JIeKyHa ucmosb3oBasu AJst CyOMUCKPETU3AINY B3SITHE
cpenrero [18, 205], a He Makcumyma. VccaenoBanusi, B KOTOPBIX MMPOBOAMIOCH CPaB-
HeHue, 00BIYHO BBICTYIAIN B 110163y max-pooling [306, 471]. A B pabore [57] moxpo6-
HOE CPaBHEHWE PAa3HBIX OMepaIiil CyOANCKPETUIAINH TIPUBETIO K TOMY, YTO B KAYECTBE
OTITUMAJIbHOW aJIbTEPHATHUBBI aBTOPBI TIPEJIOKIINA TTPOMEKYTOUHBIH BADUAHT MEKITY
MaKCHUMYMOM U CPETHUM: He BIaBasiCh B IETAJIH, MOKHO CKa3aTh, YTO OHU TIPEJIOKUIN
6parh MAKCUMYM HE [0 BCEMY OKHY, a [I0 HEKOTOPOMY €T0 CIy4aitHOMY MTOJIMHOKECTBY.

O1HaKO MMEHHO MaKCMYM BCTPEUYAETCS Ha TIPAKTHUKE Yalle BCETO U It GOJBIITIH-
CTBA MPAKTUYECKUX 33/[a4 JIAET XOPOIIUE PE3YIbTATHI, TOITOMY JAJIbIIle, KOT/IA MBI Oy-
JIeM TOBOPUTH TIPOCTO O «CYyOAUCKPETU3AINIT», MBI OYIeM UMETh B BUAY UMEHHO Max-
pooling, u popMaIbHO CTaHEM OIPEAETIATH CYOAUCKPETH3AMIO (B TeX Ke 0003HAYEHN-
SIX, YTO BBIIIIE) TaK:

A

!
= max Z: . .
b T _d<a<d. —d<b<d ‘t®Itb

!V napenue sziech Ha TIepBBbIiT CJIOT, HO HA CAMOM JieJie OHO BIIOJIHE MOTJIO GBI CTOSTD 1 Ha BTOPOM... K co-
JKAJIEHHIO, PYCCKOSI3bIYHAS TEPMUHOJIOTHS — HTO IIOKA 04€eHb OOJIBHON BOTIPOC 15T COBPEMEHHOI0 MAITHHHOTO
00yYeHVst, ¥ BPSIT JI OH KOTZIa-HUOY/b PEIIUTCST OKOHYATEIBLHO, BE/lb IPUOBIBAIOT BCE HOBBIEC AHTJIOSI3BIYHBIC
TEPMUHBL.
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a 6 B

Puc. 5.3. IIpumep cyOAuCKPETHU3AINY C OKHOM pa3Mepa 2 X 2: a — UCXOJHAsI MATPHIIA;
6 — MaTpulIa nocje cyGANCKPETHIAIMH € TITAroM 1; ¢ — MaTpHIfa rmocje cyOucKpeTusannm
c marom 2. [IITpuxoBKa B MCXOAHOI MATPUIIE & — COOTBETCTBYET OKHAM, [I0 KOTOPBIM GepeTcst
MaKCHUMYM C IIaroM 2; B YaCTH 8 — Pe3yJIbTaT MOKa3aH COOTBETCTBYIOMIEH ITPUXOBKON

3mech d — 3T0 pa3mep oKHa cydauckperuaiiy. Kak mpaBuiio, Hac HHTEPeCyeT CIIy-
Yaii, Kor/a mar cyOIMCKPEeTU3aIUU ¥ PasMeP OKHA COBIIA/IAIOT, TO €CTh MOJIyYaeMast Ha
BXOJI MATPHI[A JEJUTCSA HA HEMIEPECEKAIONINECS OKHA, B KAyK/IOM U3 KOTOPBIX MbI BBIOH-
paeM MaKCUMYM; JUUIst d = 2 3Ta CUTYyaIusi MPOMJLTIOCTPUPOBAHA Ha puc. 5.3, 6.

Xotst B pesyJbrare CyOIMCKPETH3ANNHT JEHCTBUTENHLHO TEPSETCS YacTh WHbOopMa-
MU, CETh CTAHOBUTCST GOJIee YCTOWYNBON K HEOOMBIITUM TpaHC(hOPMAITUIM n300pake-
HUSI BPOJIe CAABUTA MJIU TIOBOPOTA.

Yro6b1 cestath Bee 910 B TensorFlow, Kak 1 B cirydae ¢ onepaliieii CBepTKU, cCHaYaia
3aJ1aJIUM 3ATJIYIIKY JJIs1 BXOJTHOTO «U300pasKeHUsT> 1 IIPUBEJIEM €€ K HYKHO pa3MepHO-
CTH:

x_inp = tf.placeholder(tf.float32, [4, 4])
x = tf.reshape(x_inp, [1, 4, 4, 1])

Temepb MOKHO OMPEETSITH OMEPAIN CYOANCKPETHIANNH C TTOMOIIBIO CIIEIHATb-
HOU (DyHKIMHY tf.nn.max_pool; MbI IOIIPOOYeM pa3Mepsl mara 1 u 2:

x_valid = tf.nn.max_pool(x, ksize=[1, 2, 2, 1], strides=[1, 1, 1, 1],
padding="VALID")

x_valid_half = tf.nn.max_pool(x, ksize=[1, 2, 2, 1], strides=[1, 2, 2, 1],
padding="VALID")

OGpartiTe BHUMaHWE, YTO 37I€Ch MOSIBUJICS HE TOJBKO apryMEHT strides, KOTODPbIQA
MBI y:Ke 00CY KA, HO U OT/IEJbHO 3ajlaBaeMbIii pa3Mep OkHa ksize. OH TOXKe ITPEACTaB-
JisieT cob0it YeTHIPEXMEPHBIN TEH30P, TO ECTh CYOIUCKPETU3AIMIO MOKHO TPOBOIUTE IO
JIIOOBIM PA3MEPHOCTSIM, BKIIOYAsT 3JIEMEHTBI MUHU-0ATYeN U KaHAJIBL. DTO MOKET OIISITh
MOKA3aThCsT HECKOJIBKO CTPAHHBIM; HAITPUMED, YTO MOJKET O3HAYATH CYOMMCKPETU3ATIHST
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o kananaMm? IIpenmnosoxuM, 4To Tepes HAaMU CTOUT 3a/ja4a IIPOBEPUTD, €CTh JIN Ha [IaH-
HOH (ororpaduu monyrait ocoboro RGB-cemeiicTa, IipeacTaBuTe M KOTOPOro OGbiBa-
10T TOJIBKO MOHOXPOMHBIMU: H/ICATBHOTO KPACHOTO, 3€JIEHOTO MJIN CHHeTo I1BeTa. B Ta-
KOM CJIY4ae MbI MOKEM PEIIUTD, YTO €CTh CMBICJ UCIOJIb30BATh CYOIUCKPETU3AIIIO HE
TOJIBKO Ha TIPOCTPAHCTBEHHBIX U3BMEPEHUSX, HO U HAa KAHAJIAX U300PaKEHUs, HATIPUMED
IS TOTO, YTOOBI HEHPOHHAsT CETh MOTJIA KAK MOYKHO PaHblile U36aBUTHCS OT 3aBEIOMO
HepeJIeBAHTHBIX IIBETOBBIX KaHAJIOB. 3BYYHUT CTPAHHO, HO JaBaiiTe monpodyeM Tenepb
IIPEATIONIOKUTD, YTO HA BXOJe He OT/lesIbHBIe (hoTorpacdun, a BUAEO B BUJE TOCIEI0BA-
TEJBHBIX KaApoB. Torma cyOMuCKPETU3aIist o KaHaaaM (€CJau Kaapbl COOTBETCTBYIOT
KaHajiaM) Win MUHK-6aTdaM (eCiim BXOJHBIM [TPUMEPAM ) BHE3AITHO CTAHOBUTCS OYeHb
OCMBICJIEHHOII: COCeTHIE KaIPbI TIOUTH BCETIa OU€Hb TIOXO0KH, U €CJIU HAIIIA I1eJIb — pac-
MO3HATH MPUCYTCTBHE KAKIX-TO 0OHEKTOB B BUIE0, TO OOJBIIYIO YaCTh KA[POB MOKHO
CIIOKOIHO BBIOPOCHTb.

JloBeieM Halll 9KCIePUMEHT 710 KOHIA. /17151 5TOr0 06bABUM BXOIHYIO MATPHILY, TPO-
M3BeJIeM BBIUMCIIEHUS ¥ BBITTUIIIEM Pe3YJIbTaT:

x = np.array([[0, 1, 2, 1],

(4, 1, 0, 1],
[2, 0, 1, 1],
(1, 2, 3, 11D

y_valid, y_valid_half = sess.run(
[x_valid, x_valid_half],
feed_dict={x_inp: x}

print "padding=VALID:\n", y_valid[0, :, :, 0]
print "padding=VALID, stride 2:\n", y_valid_half[o, :, :, 0]

[ToryyeHHBII BHIXOZ OIATH OKUAAEM — B PE3YJIbTATE MbI IOy YT MATPHLBL, U300~
paskeHHBIe Ha puc. 5.3:

padding=VALID:
[[ 4. 2. 2.]

[4. 1. 1.]

[ 2. 3. 3.]1]
padding=VALID, stride 2:
[[ 4. 2.]

[ 2. 3.]]

Urax, nonsenem nmpoMexyTounbiii nTor. CTaHAAPTHBIN CJIOM CBEPTOYHOU CETH CO-
CTOWT M3 TPEX KOMIIOHEHTOB:
* CBepTKa B BUJIE IHHEHHOTO OTOOPasKEHIsI, BBIIE/ISIONIAst TIOKAIbHbIEe TPU3HAKY,
* HeJWHeWHast (PyHKITUS, TPUMeHEHHAs TTIOKOMIIOHEHTHO K Pe3yJIbTaTaM CBEPTKH;
* cyOaucKpeTusanys, KOTopas 0ObIYHO COKpAIAeT FeOMeTPUYECKHIL pasMep MOJLy-
YaToNUXCsl TEH30POB.
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Puc. 5.4. Cxema 0JIHOTO CJIOSI CBEPTOYHOU CETU: CBEPTKA, 32 KOTOPO#T cieyer
CyOMMCKpeTH3AIHST

Ha puc. 5.4 Mbl ©300pa3uiiu Takoii ¢JI0ii B Bu/ie, B KOTOPOM OH ITPEICTABJIEH HA CTaH-
JAPTHBIX N300PAKEHUSIX CBEPTOUYHBIX CETEH B CTAThsAX U PyKOBoACTBaX. OTAENBHO PH-
COBaTh HEJIMHEHHOCTH OOJIBINOTO CMBIC/IA HET, TAK YTO PUCYIOT OOBIYHO JIBE YACTH: CHA-
Yajia CBEPTKY, MOTOM CYOMCKPETH3AINIO, yKa3biBas pasmepHoctu. ObpaTute BHUMA-
HUE, YTO 110 CPAaBHEHUIO C «KapTUHKOM» Ha BXO/e Pa3MEPHOCTb TEH30pa YBEINYUIIACD:
CBEPTOYHAsSI CETh 0OBIYHO 06yUaeT Cpa3y HECKONBKO KapT MPU3HAKOB Ha KAXKIOM CJIOE
(Ha puc. 5.4 TaKUX KapT TPU).

Tenepb 0 ToM, Kak 06y4YHUTH TaKKe 4yeCHbIe KapThl Ipu3HaKoB. Kak 6yayT npoxo-
[T TPAEHTHI B 0OPATHYIO CTOPOHY YepPe3 CBEPTOUHbIH CJIOH, TO €CTh KaK, COOCTBEH-
HO, MbI OyzieM 00y4YaTh CBEPTOUHYIO ceTh? [IPeAIooKuM, 4TO Mbl OITUMHU3UPYEM HEKO-
TOPYIO QYHKIMIO ONMOKY F 1 yyke 3HAEM ee 3HAYEHMsI Ha BBIXO/IAX HATIIETO CBEPTOYHOTO
cy10s1. YT0ObI TPOBECTU UTEPAINIO OOYIEHUS, HYKHO HOHSITh, KAK Yepe3 HUX BBIPAKAIOT-
Cs1 3HAUEHUSI TPAJINEHTOB (DYHKITUH OIUOKK OT BECOB.

Yepes HyHKIUIO B3SITHS MAKCUMyMa OMUOKA TPOXOAUT Oe3 M3MeHEHNUH, CJIoii cy6-
IVCKPETHU3AINN HIudero He obydaer. OMHAKO OH JleJlaeT MPOXOsIre o rpady BbI-

YUCJIEHUA TPA/IMEHTDI Pa3PEKEHHbIMU, BEb U3 BCEX 3JIEMEHTOB OKHa cy6111/1c1<peT1/13a-

inzici zi ;j YaCTHAs IPOU3BO/HASL aal% OTHOCHTCSI TOJIBKO K O/IHOMY, MaKCUMaJbHOMY,
2 T .
0

a OCTaJIbHBIE TTOJIYYAT HYI€BOU TPAJIUEHT, U Ha STOM UX 00yueHwre (Ha JaHHOM TPEHUPO-

BOYHOM HpI/IMepel) MOKHO 6yI_I€‘T CUNTaTb 3aKOHYCHHDBIM.

HpOHyCKaTb uepe3 HEJTMHENHOCTH MBI TOXKE yoKe XOpoIio ymMeeM: B 0003HAYEHUAX
BbIIIE ITOJIYYUTCA:

oE  0E 02, oE ,
T T ol = 50 Wi
Oyi; 0z ;9y; Oz

u 31ech -2E- b yoke sHaem, a b/ (yé ) MOJKEM JIETKO T0/ICYUTATb.
9

l
0z ;
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Amna CBEPTOYHOM YPOBHE HAKOHEII-TO ITOABJIAIOTCA BECa, KOTOPbIC HYKHO YMETDH O6y-
qaThb. HEKOTOpaH CJIOKHOCTD 371eChb COCTOUT B TOM, 4YTO BCE€ BE€Ca ACJIATCA, N KasKIbIiA
Y4aCTBYET BO BCEX BbIXO/IaX; TaK YTO CyMMa ITOJIYUYUTCA JOCTATOUYHO 60IbIIAST:

OE 6%
DN e B e

a i+a,j+b

awb

rjie MHAEKCHI i U § IIpo0eraioT Bce 3JIeMEHThI KADTUHKU Ha IIPOMEKYTOUHOM CJI0e yi j» 1O
€CTh [0CJIE CBEPTKHU, HO JI0 CyOAUCKPETU3 AL

ZI.TIH IIOJTHOTDBI KapTI/IHbI OCTaJIOCh TOJIBKO HpOHyCTI/ITb I'paI[I/IeHTbI Ha Hpez[mz[yumﬁ
CJIOIL. ITO TOKE HECTIOKHO:

-3 2 Y g

za]b j za]b

Oy

BoT 1 Bce: Mbl aIan THPOBAJIH IPOLIEAYPY 0OPATHOTO PACIIPOCTPAHEH K OIUOKH, OHA JKe
obpaTHBIN TIPOXO/ 110 Tpady BHIUUCICHUH, ST CBEPTOYHOTO CJIOSL. 3aMETHM €IIle, YTO
00paTHBII IIPOXO0/ JIsE CBEPTKH OKA3aJICs OY€Hb II0X0K Ha, OIISATh JKe, CBEPTKY C TeMU
K€ BECaMU Wy p, TOJLKO BMECTO ¢ + a ¥ j + b renepb ¢ — a u j — b. B cayyae, xorza
u300pakeHue AOMOMHIAETC HYIAME 110 HeOOXOAUMOCTHU U PasMEPHOCTH COXPAHSIIOTCS,
0OpaTHBIN MTPOXOJ MOKHO CUUTATh B TOYHOCTH TAKOl 7K€ CBEPTKOM, UTO U B IPSIMOM
MIPOXO/IE, TOJBKO C PA3BEPHYTHIMU OCSIMH.

A Terepb MOXKHO MOCTPOUTH TIYOOKYIO CeTh M3 TaKUX cJoeB. Mbl mpocto Gynem
UCIIOJTh30BATh BBIXOJ] OUEPEHOTO CJIOST KaK BXOJ JIJIs1 CJIEYIOIIEro, a pa3Hble KapThl
NPUBHAKOB OYAYT CIAYKUTh KaHajJaMu. PasMep cJios 3a cuer cyOaucKperusanuu 0y-
JIET TIOCTETIEHHO COKPAIIaThCsl, M B KOHIIE KOHIIOB MTOCJEIHNE CJIOU CETU CMOTYT «OKHU-
HYTb B3TJISI/IOM» BECh BXO/I, & HEe TOJbKO MaJIEHbKOE OKOIIIEYKO U3 Hero. VIMeHHo Takast
apxuTeKTypa Oblia puMeHeHa B 3HaMeHuToi cetu LeNet-5 [188], koTopast B KoHIlE
1990-x rozos nokasasa Gjecrsiiiye pesyabrarbl Ha gatacere MNIST s paciiostnaBa-
Hust pykormcnbix mudpl. Tlocse ABYX KOHCTPYKIMIA U3 CBEPTKH 1 CYOANCKPETH3AIHI
B cetu LeNet-5 ciieoBajii TpU TOJTHOCBSI3HBIX CJIOSI C MTOCJIE0BATEIBHO YMEHBIIAI0-
NIMMCS YUCJTIOM HEWPOHOB, KOTOPBIE COBMEIIATH BBIIEJIEHHBIE CBEPTOYHBIMU CJIOSIMU
JIOKaJIbHbIE IPU3HAKHU U BBIaBaji COOCTBEHHO OTBET.

[Tpex/e yeM nepexoauTh K IPaKTHKE, I0C/Ie/[Hee 3aMedanne 00 OKHaX CBEPTOYHBIX
cnoeB. B nureparype aTn okHa HazbIBalOTC Quirvmpamy. MUHUMANIBHBIN pa3Mep, IPU
KOTOPOM (UJIBTP UMEET TIEHTP M BBIPA’KAET TaK¥e OTHOIIEHUS, KaK «CJIeBay /«CITpaBay

' Iina ceoero Bpemenn, koneuro. Ho Haso ckaszath, uto Haunmast ¢ LeNet 1 ee 6071ee TO3HIX BAPHAHTOB,
Ha6op panupix MNIST noneMHOTY TTOTepsiyl CBOe 3HaYeHNUe Ui TIePeIHEro Kpast MojieJiell pacio3HaBaHus 00-
pasos. B kakoii-To MOMEHT TOYHOCTH mpeBbicuia 99 %, 3aTeM ocTanochk 0koJ0 40 onmGok 13 10 000 mpumepos
B BasmaarmonnoM MuokectBe MNIST, 1 peup nuta 6yKBaJIbHO O TOM, YTOOBI YIyININTH PACTIO3HABAHUE Ha
JIaHHBIX KOHKPETHBIX IpuMepax. KoneuHo, 910 yike He nMeeT GOJIBIIOTO MPAKTUYECKOTO 3HAYEHUS], U COBPE-
MeHIbIe MOJIEJH [UIST aHAJIN3a H300PaKeHHil CPABHUBAIOTCSI HA COBCEM IPYTHX ATACETAX.
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CeepTouHbie KapTb! npu3Hakos
bUNLTPBI CeepToyHbIi
nepBoro cnos buneTp
BTOPOro CHosA
McxopHoe no kaHanam Pesynetar
w3obpaxeHne
oj1i0i1]0
0(0:1:0]0
1 [0S 1
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0]1: 110

Puc. 5.5. [Ipumep BbIieIeHYsT IPU3HAKOB Ha ABYX CBEPTOYHBIX CJIOSIX

WJIN «CBEPXY» /<«CHU3Y», — 3TO, OUEBUIHO, pazmep 3 x 3. VIMeHHO Takoi pa3mep puibT-
POB HCIIOJIB3YETCS B OOJBITUHCTBE COBPEMEHHBIX CBEPTOYHBIX apxXuTeKTyp. K mpuyuu-
HaM 3TOTO MBI BEPHEMCSI Uy Th TIO3KE, a CefiYac OTMETUM YyTh 60siee 9K30THUECKUIT BU/T
CBEPTOK: CBEPTKHU ¢ pusibTpamu... 1 x 1.

JlaBaiite pazbepemcs, Kakoil B 9ToM cMbIc. OOBIYHO, KOT/Ia Mbl TOBOPUM O (DUJIBT-
pax, Mbl YIIOMHUHAEM TOJBKO /[BE Pa3MEPHOCTH, OTBEYAOIIME 32 «PEIEeNTUBHOE TI0JIe»
¢uapTpa. Ho Ha camom neste puabTp 3a1aeTcst 4eThIpeXMEePHBIM TEH30POM, TTOCTIeTHIE
J[BE PAa3MEPHOCTH KOTOPOTO 0003HAYAIOT YUCJIO KAHAJIOB MPEAIIECTBYIOIIETO U TEKYIIE-
ro ciost. Tax, Harpumep, pu paboTe ¢ IIBETHBIMU U300PAKEHUAMY Ha BXOJ] MbI TIOJTyYa-
€M TpH CJI04, Ilepe/ialoliie COOTBETCTBEHHO KPAaCHbBIH, 3eJIeHbIH 1 cuHuil 11Beta. Korza
MBI TOBOPHUM, YTO B TIEDBOM CBEPTOYHOM CJIo€e «(UIIBTP pazmMepa 5 X 5», 3T0 3HAUUT, YTO
B ITIEPBOM CJIOE €CTh HECKOIBKO (CTOJBKO, CKOTBKO KAaHAJIOB MBI XOTUM TIOZIATh HA BXO[
B CJIEMLYIOIEM CJI0€) HAOOPOB BECOB, EPEBOJISIINX TEH30D PasMepoM 5 X 5 X 3 («Iapai-
JIeJIeTIATIe]l BECOB» ) B CKaJsAp. Eciii 3TO XOPOIIEHbKO OCMBICIUTD, CTAHET ACHO, OTKYZa
6epyTest GuabTphl pazmepoM 1 X 1: 310 MpoCTo JUHEHHbIE TPEOOPAZOBAHUS 13 BXOIHBIX
KaHAJIOB B BBIXO/IHBIE C TIOCJIE/IYIONIEN HETMHEHHOCTBHIO.

Tenepb, T03HAKOMUBIINCH CO BCEMU BU/IaMU CBEPTOK, MBI MOKEM IIPUBECTH IIOJIHO-
IEHHBII PUMEP, KOTOPBIH YIIPOIIEHHO, HO BIIOJIHE 3/IEKBATHO OTPAYKAET TO, UTO TIPOKC-
XOJIUT MPU PeaIbHON 06paboTKe N300paskeHU CBEPTOUHBIMU ceTsIMU. TIpuMep Ipoui-
JIOCTPUPOBAH HA PUC. J.5:

* Ka’k/Jas KapTa IPU3HAKOB IIEPBOLO CJIOS BbLEsIeT HEKUH IIPU3HAK B KaXKI0M OKHe
UCXOJIHOTO M300PAKEHUs; B YaCTHOCTH, MIepPBasi KapTa NPU3HAKOB «UIIET> Jua-
TOHAJIBHYIO JIMHUIO U3 eINHUYEK, TOYHee, U3 TUKCeJI0B BhICOKON MHTEHCUBHOCTH
(9TO 3HAYUT, YTO OHA CUJIbHEE BCETO AKTUBUPYETCS, KOT/1a INKCEJIbl Ha JMaroHaan
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MPUCYTCTBYIOT), BTOPasi MPOCTO aKTUBUPYETCsI Ha 3aKpallleHHOEe OKHO M306paske-
HUS (deM GOJIbIIe TTHKCETIOB ¢ BBICOKON MHTEHCHBHOCTBIO, TEM JIYUIIE), & TPEThS
aHAJIOTUYHA NTEPBOH U UIIET APYTYIO AUATOHATD;

* HEJIMHEWHOCTD B CBEPTOYHOM CJIO€ U CJIOH CYyOANCKPETHIANN MBI B 3TOM [TPUMEpPE
PEIININ ITPOITYCTUTD;

* KapTa IIPU3HAKOB Ha BTOPOM cJioe (/111 IPOCTOTBI O/lHA) IIbITAeTCS HAlTH Ha Kap-
TUHKE KPECTHK M3 JBYX [MarOHAJbHBIX JIMHUI; AJIs1 9TOr0 OHa OOBEMHSIET IPH-
3HaAKH, BBIICJICHHBIC HA IIEPBOM CJIOE€, TO €CTh CBEPTKA BTOPOT'O CJIOSA — 3TO OFHO-
MepHast CBePTKa 110 KaHajiaM ([IPU3HaKaM), a He TT0 OKHAM B M300PaKeHUM; BOT
4TO CBEPTKA BTOPOTO CJIOST «XOUET YBU/IETh> B TOM UM MHOM HAGOPe MPU3HAKOB:

— KaK MOXXHO (oJiee SIPKO BBIPAKEHHYIO [HATOHAJBHYIO JIMHUIO U3 JIEBOTO
BEPXHETO B IIPaBbIi HUXKHUH yToJI, TO €CTh CUJIbHO aKTUBUPOBAHHBIN I1€p-
BbIIl IPU3HAK [IEPBOTO CJI0S;

— SIPKO BBIPAKEHHYIO JIMHUIO U3 JIEBOTO HIXKHETO B MTPABbINl BEPXHUU yTOJ, TO
€CTb CUJIBHO aKTHBUPOBAHHBIN TPETUH MTPU3HAK TIEPBOTO CJIOB;

— ¥ KaK MO’KHO MEHbIIIE JIPYTUX aKTUBUPOBAHHBIX TUKCEJIOB, TO €CTh CyMMap-
Has aKTUBAIIMS, BBIPAKEHHAS BO BTOPOM ITPU3HAKE IIEPBOTO CJI04, UTPAeT /IS
9TON CBEPTKU B MUHYC;

* Bpe3yJibTaTe TaKkas CeTb IeHCTBUTENbHO HAXOAUT KPECTUKHU HA UCXOAHOM KapTHUH-
Ke; 0OpaTuTe BHUMAHIE Ha PAa3HUILY MEKIY BYMsI BBIZIEIEHHBIMHU Ha PHC. 5.5 OK-
HaMU — B OJTHOM JICHCTBUTEHHO MOJTYYAETCSI KPECTHK, a B IPYTOM KPOME KPECTH-
Ka ecTb ellle MHOTO «MyCOpay, 1 32 CYET BTOPOTO MTPU3HAKA HEHPOH, OTBEYAIOTNI
32 KPECTHK, OJYyYaeT OTPUIIATEIbHYIO aKTUBAINIO;

* a ecnu Obl cyGauCcKpeTH3anus OblIa HETPUBUAIBHOW, OHA HAaXOAWia Obl eIné
U «IICeBIOKPECTUKM», B KOTOPBIX AMArOHAJIbHbIE JUHUU HAXOAATCS PSAIOM JPYT
C IPYTOM, a He 00sI3aTEIbHO B OZIHOM U TOM 7K€ OKHe.

KoneuHo, cBepTKa CKBO3b BCe KaHAJIbI IPEIIECTBYIONIErO CJI0sI He SBJISETCS eInH-
CTBEHHBIM BO3MOXKHBIM BapuanToM. B TensorFlow peann3oBaHbl HECKOIBKO abTepHA-
TUBHBIX BUJIOB CBEPTKU. MBI He Gy/ieM TOApOOHO WX pasdMpaTh B 9TOU TJIaBe, TaK KAK
YBEPEHBI, 4UTO MHTEPECYIONTHICS YUTATETH CMOKET CAMOCTOSITENTHHO PA30OPATHCS C TOH-
KOCTSIMH, OTHAKO o/t ripumMep npuBezneM. DOyukius depthwise_conv2d — cBepTKa <10
rIyOrHe> — 3a/1aeTCst TEH30POM CJEYIONIEeH PasMEpPHOCTH:

[filter_height, filter_width, in_channels, channel_multiplier]

W kaxxaprit BXOIHOM KaHa 110 OT/AEIbHOCTU «CBOPAaYMBaeTCs» B channel_multiplier
BBIXOIHBIX KaHAJIOB. B 3TOM cirydae Kak pa3 He CTOUT 3a0bIBaTh, YTO MBI HE IIPOCTO IIpe-
o6pa3yeM BXO/IHbI€ KaHAJIbl B BBIXO/HBIE, a JIeJIaeM IIPOCTPAHCTBEHHYIO CBEPTKY.

MbI TOTOBOPUM O COBPEMEHHBIX aPXUTEKTYPaxX CBEPTOUYHBIX CeTel, B KOTOPBIX MHO-
I/Ia UCIIOJIb3YIOTCS M TaKHe 9K30TUYeCKUe CBEPTKY, B padzese 5.4. Ho cHavana — npak-
THYeCKHe yIIpaskHeHus!
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5.3. MpuMep: cBepTKM ANa pacnosHaBaHUA LUPp

Mesky sionaTkaMu BEJIMKOr0 KOMOMHATOPA JIJIOBEJIH U [IEPETUBAIICH
HedTSTHOW PayToll CHHSIKN CTPAHHBIX OYepTaHHH.

— Yecrnoe cJioBo, nudpa BoceMb! — BOCKJIMKHYJI BOpoObsiHUHOB. —
[IepBerit pa3 BIKY TaKol CHHSIK.

— A npyroii mudpst HeT? — crokoitno cripocua Ocrarr.

U. Unvgh, E. llempos. 12 cmynves

Terepsb, Korja TEOPETHIYECKAs YaCTh CBEPTOYHBIX ceTeli HoJiee MM MEeHee SICHA U Mbl
YBUIEN KaK abCTPAKTHYIO MOTHBAIIMIO, TAK M KOHKPETHBIE TIPUMEPHI CBEPTOYHBIX ap-
XUTEKTYP, AaBaiite monpobyeM MPUMEHNUTH BCE ITO HA TPaKTUKe. B aToM pasiese Mbl
BEPHEMCSI K PACIIO3HABAHUIO PYKOTUCHBIX 1ndp u3 nataceta MNIST u nonpobyem cy-
I[ECTBEHHO YJIy4YNINTh Hallle pelieHue u3 pasenia 3.6. Haunem cHOBa ¢ 3arpysku JiaH-
HBIX M UIMIIOPTa GUOJIOTEK:

import tensorflow as tf
from tensorflow.examples.tutorials.mnist import input_data
mnist = input_data.read_data_sets("MNIST_data/", one_hot=True)

IT1oT Koz ckauaeT gataceT MNIST (ecsm BbI ero enie He IMITIOPTUPOBAJIN PAHbIIIE ), 4 3a-
TeM mpeoOpasyeT MpaBUIbHbIE OTBETHI U3 HETO B One-hot mpe/cTaBieHne; MpaBUIbHbI-
MU OTBETAMHU CTAHYT BEKTOPBI Pa3MEPHOCTH JECSATDH, B KOTOPBIX OJ[HA €INHNIA HA MECTE
HY;KHOU 1TUQPBL.

3ajiaiuM 3arJIyIIKH JIJIsI TPEHUPOBOYHBIX TAHHBIX:

tf.placeholder(tf.float32, [None, 784])
tf.placeholder(tf.float32, [None, 10])

< X
imn n

B pazzesne 3.6 MbI cunTai BXO/ TPOCTO BEKTOPOM JIJTUHBI 784. ITO, KOHETHO, CUJIBHO
OCJIOKHSIIIO 3a/1a9y HEPOHHOW CEeTU: 3HAYEHUS PA3HBIX MUKCEIOB TOMyYaanch COBEP-
IMIEeHHO HEe3aBUCUMbIMN I[pyI‘ oT /:[pyra, 1 MbI ITIOJTHOCTBIO TepHJII/I I/IH(bOpMaLII/IIO O TOM,
KaKue U3 HUX PacIoJIoKeHbl OJIMKe IPYT K APYTY ¥, COOTBETCTBEHHO, A0JIKHBI OOJIbIIIe
BJIMATH APYT Ha aApyra. Ha aToT pas Mbl O6y1eM IPUMEHATh CBEPTOUYHBIE CETH, 11T KOTO-
PBIX IPOCTPAHCTBEHHAS CTPYKTYPa M300PasKEHUI BasKHa U B KOTOPBIX OHA TIOCTOSTHHO
ucrnobayetcst. [loatomy nepedopmarpyem BXOAHON BEKTOP B BUIE IBYMEPHOTO Mac-
cuBa u3 28 X 28 IINKCEJIOB:

x_1image = tf.reshape(x, [-1,28,28,1])

O6patuTe BHUMAaHE, UTO, KaK MBI YK€ OOBSICHSIIN BbIITE, (HOPMATHLHO MACCUB TETIEPH
YeTBIPEXMEPHBIIL: TTepBast pa3MepHOCTh —1 COOTBETCTBYET 3apaHee HEM3BECTHOMY Pas-
Mepy MUHHU-6AT4a, a B YeTBEPTOH PA3MEPHOCTH MBI YKA3AJIH, UTO B KAXKIOM TTUKCEJIe CTO-
UT TOJIBKO OJ[HO YUCJIO. JIJIsT 1[BETHOM KAPTUHKY, HAIIPUMED, B KAXKIOM ITHKCeJIe MOTJIN
ObI CTOSITH TPH YKCJIA, COOTBETCTBYIOIIIE HHTEHCUBHOCTSIM KPACHOTO, 3€JIEHOTO 1 CHHe-
ro 1iBetoB (RGB).
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Jlasbiie Hy;KHO CO3/IaTh CBEPTOYHBIN CT0H. Bo-11epBbhIX, MBI IOJIKHBI BHIOPATH pas-
Mep s7ipa CBEPTKU — JIJISI 3TOTO MIpUMepa JlaBaliTe BO3bMeM si/Ipo pazmepa 5 x 5. Bo-
BTOPBIX, HAM HY’KHO OTIPEIEUTCSI ¢ YUCJIOM (PIIBTPOB, KOTOPBIE MBI OyjieM 00y4aTh;
MyCTb Ha TIePBOM cyioe ux Oyzer 32. U, B-TpeThUx, MBI yiKe Pa3s00pauch ¢ YHCIOM Ka-
HAJIOB B HaIllleM U300PasKEHUH, TO €CTh C TEM, CKOJIBKO YHCE 33/IaI0T KAKIbIA THKCE:
TaK KaK JataceT 4epHO-OeIbIi, BETOBON KaHal BCero oauH. MTak, MOXKHO CO3/1aBaTh
riepeMeHHbIe [IJISI BECOB CBEPTKU:

W_conv_1 = tf.Variable(tf.truncated_normal([5, 5, 1, 32], stddev=0.1))

asaiite TiaresnbHo pazdepeM oty cTpouky. DyHKIuMIO tf. truncated_normal MbI yoKe
BUJIEJIN: Mbl HHUIIUATU3UPYEM BeCa € OMOIIBI0 06PE3aHHOTO HOPMAJIBHOTO PacIipe/ie-
JIEHUS C 33JIaHHBIM CTaH/aPTHBIM oTKJIoHeHUeM 0,1 n oxxujganuem 0. Takoe pacrpeje-
JieHHe BbIOPAHO II0TOMY, YTO MbI IJIAHUPYEM B KadecTBe (GYHKIUI aKTHBALMH UCIIOJIb-
30BaTh ReLU. MaccuB n3 yeTsIpex 4mces Ha BXo/ie — 3T0 (hopMa TeH30pa, KOTOPBI MBI
WHUIHATNU3UPYEM € TTOMOIIBI0 HOPMATBHOTO pactpesesnenus. [lepBoie 1Ba mapameTpa
3/1a10T Pa3Mep sjIpa, TPETUIN OTBEYAET 32 YUCJIO BXOJHBIX KAHAJIOB, 2 YeTBEPTHIN OIpe-
JeJIseT COOCTBEHHO YK CJI0 BBIXOAHBIX KaHaIoB. [1o cyTu, ABuras Hale OKHO-(UIBTP 10
UCXOAHOMY U300PasKEHUIO, MbI HA BBIXO/IE [IOJTyYaeM BMECTO OJHOIO 3HAUEHUsI CTOJIOMK
13 32 3HAYECHUH, YTO MOKHO IIPEACTAaBUTh cebe Kak MPUMEHEeHNe 32 PasHbIX (DUIBTPOB.

Wrak, ¢ BecaMu pasobpajiich, OCTalI0Ch TOJABKO 3a1aTh cBoboaHble unenbl (biases);
HECMOTPS Ha CJIOKHYIO CTPYKTYPY TE€H30Pa BECOB, /I CBOOOAHBIX WIEHOB JOCTATOY-
HO OTBECTH BCETO 32 TIepeMEeHHBbIE: JIJIsT KaXKA0r0o U3 32 (hUiIbTPOB, HE3ABUCUMO OT TOTO,
K KaKol IMeHHO 00J1acT N300pasKeHUsI OH IIPUJIOKEH, PE3YJIbTaT CBEPTKU CABUTAETCS
Ha OJTHO U TO K€ YUCJIO.

b_conv_1 = tf.variable(tf.constant(0.1, shape=[32]))

O6paruTe BHUMaHKUE Ha TO, KaK MaJIO Y HAC 3/1eCh TIEPEMEHHBIX: BECOB HA CBEPTOUHOM
cioe Bcero 5 - 5 -1 - 32 = 800, xa eue 32 cBoboaubix uneHa. Korga mbl B pasaene 3.6
3a/1aBaJIM TOJHOCBSI3HBIN CJI0M /1715t paboThl ¢ Temu ske MNIST-uzo006pakeHusiMu, BeCOB
nosydanoch 784 - 10 = 7840; a ecsiu GBI MbI 3aX0TeJH HOOABUTDH CKPBITHII CJION pa3me-
poM 32, Kak 371eCb, TO Ha MEPBOM CJIOE BECOB CTasIo Obl 784 - 32 = 25 088, uTo rOpasiio
GoJrbiie. ITO sIPKast WILTIOCTPAIUS TOTO, KAK CBEPTOUHBIE CETH UCITOIB3YIOT AOTOTHHU-
TeJBHYI0 HH(POPMAIIIIO O CTPYKTYPE BXOIOB JIJISI TOTO, YTOOBI [IeJIaTh TAKYI0 «abCOJIOT-
HYIO PETYJISIPU3AIIIO», OOBEIUHSISI MacCy BeCOB. MBI 3HaeM, UTO U300paKEHUE UMEET
JIBYMEPHYIO CTPYKTYPY, 3HAEM €r0 T€OMETPUIO 1 3apAHEE OIPEENSIEM, YTO XOTETH OBl
06pabaThiBaTh Kask0€ OKHO B M306PAKEHUM OJIHUMU 1 TEMHU ke (QUIbTPAMU: HAM BCE
PaBHO, B KaKOW YacTH KapTUHKK OYIYT PACIIONOKEHDI IITPUXH, OTPEAesIonye ud-
Py 5, Hy’KHO TIPOCTO PACIO3HATD, YTO ITO UMEHHO J, a He 8.

Terepn y Hac onpe/iesieHbI TEPEMEHHBIE /111 BCEX BECOB CBEPTOYHOTO CJIOST; YTO C HU-
Mu zfenaTh pasnbire, TensorFlow smaer cam:

conv_1 = tf.nn.conv2d(
x_image, W_conv_1, strides=[1, 1, 1, 1], padding="SAME") + b_conv_1
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Cama ¢yHKIUS tf.nn.conv2d TOJBKO IPUMEHSIET CBEPTOUHBIE (DUJIBTPBI, OHA JleIaeT
JIMHEIHYO YacTh paboThl, a (DYHKIIUIO aKTHBAI[MI HAM HY’KHO 3a/[aTh CAMOCTOSATETbHO
noroM. B kadectBe QyHKIMU aKTUBAILMY, KaK U cOOMPaICh, BosbMeM ReLU:

h_conv_1 = tf.nn.relu(conv_1)

WTak, ci0ii GUIbTpoB ¢ HEMMHEHHOCTHIO TOTOB. YTOOB COOMIOCTH CTAHIAPTHYIO ap-
XUTEKTYPY CBEPTOYHOMN CETH, OCTAIOCH TOJIBKO 0OABUTH CJIOH CyOMMCKPETU3AIINN:

h_pool_1 = tf.nn.max_pool(
h_conv_1, ksize=[1, 2, 2, 1], strides=[1, 2, 2, 1], padding="SAME")

Oyukus tf.nn.max_pool ompezesseT max-pooling cioit, BhIOHpas MaKCUMaIbHOE
3HaUeHMe U3 Kak10To oKHa. [lapameTp ksize 37ech Kak pa3 ¥ 3ajlaeT pasMep 3TOTO OK-
Ha, B KOTOPOM MbI BBIOMpaeM MaKCUMaJIbHBIN d1eMeHT. OH MMEET Ty JKe CTPYKTYPY, 4TO
u strides. O6paruTe BHUMaHIE, YTO 3/€Ch yKe BIIOJHE MOXKHO IIPEACTaBUThH cebe cu-
TyallKIo, KOTJIa TIepBasi KOMIIOHEeHTa OyieT He PaBHa eMHUIIE ¥ Mbl 3aXOTUM BbIOMPATh
«CcaMble MOJAXOAIINE> U3 HECKOJBKUX MOCAE0BATEIbHBIX N300pakeHnid. MOKHO 1a-
JKe 33J1aTh TIEPBYIO Pa3MEPHOCTh —1, ToT/a ¢JIoi cyGauckperusanuu GyeT BEIOpaTh
«caMoe IoAXosliees> N300pakeHne U3 BCero MUHMU-6aTya.

[Tapamerpsbl strides 1 padding 0603HAYAIOT 3/1€CH TO K€ CAMOE, YTO U JIJISI CBEPTOYHO-
IO CJIOSI, TOJIBKO B 9TOT Pa3 MbI JIBUTAeMCsI 110 H300paskeHUI0 B 06€ CTOPOHBI € MIaroM 2.
[ToHATHO, YTO IOCJIE ATOTO CJI0S pa3Mep U300pakeHus: B 000MX HAIPaBJIEHUSIX YMEHb-
IIUTCS BABOE, 10 14 X 14.

Pa3 BecoB y Hac He Tak ysK 1 MHOTO, JaBaiiTe [0 TOM jKe CXeMe, YTO U BhIIIe, T0OaBIM
elle OJIMH CBEPTOYHBIN CJI0M U CJI0H CYyOUCKPETU3AIMH, B 9TOT Pa3 UCIIOJIb3Ys Ha 9TOM
croe 64 puabrpa:

W_conv_2 = tf.Variable(tf.truncated_normal([5, 5, 32, 64], stddev=0.1))
b_conv_2 = tf.variable(tf.constant(0.1, shape=[64]))

conv_2 = tf.nn.conv2d(
h_pool_1, W_conv_2, strides=[1, 1, 1, 1], padding="SAME") + b_conv_2

h_conv_2 = tf.nn.relu(conv_2)
h_pool_2 = tf.nn.max_pool(
h_conv_2, ksize=[1, 2, 2, 1], strides=[1, 2, 2, 1], padding="SAME")

Kak nipaBuJio, B r/iyGOKHX HEHPOHHBIX CETSX 32 CBEPTOYHBIMHU CIOAMHU CJIEAYIOT HOJI-
HOCBSI3HBIE, 3a/1a4a KOTOPBIX COCTOMT B TOM, 9TOOBI «COOPATh BMECTE» BCE IIPU3HAKY 13
(bunbTPOB U COOCTBEHHO TIEPEBECTH X B CAMBIH MTOCJIEAHMIA CJION, KOTOPBIN BBIZACT OT-
BeT. Ho 11t Havasia HaM Hy’KHO M3 JJBYMEPHOTO CJIos clesiath miockuii; B TensorFlow
3TO fiestaeTcs (PyHKIMEN reshape:

h_pool_2_flat = tf.reshape(h_pool_2, [-1, 7*7*64])

Yucno 7 - 7 - 64 BOSHUKJIO M3-3a TOTO, YTO MbI ABAKIbI IIPUMEHIIA CyOIICKPETH-
3allAI0 U TIPU 3TOM B ITOCJIEHEM CJIOe HCIoJb3oBaiu 64 dpuabtpa. U Temeps ocTasoch
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TOJIBKO 0OABUTD MOJHOCBSI3HbIE CJIOM. B aTOT pas Mbl He GyeM TOAPOGHO PaCIHCHI-
BaTh 00aBJIEHNE TIOJHOCBSI3HBIX CIOEB, TaK KaK 9TO MBI yKe He pa3 JeJali PaHblIle.
Jlo6GasJisieM niepBbIii cioil u3 1024 HEHPOHOB:

W_fc_1 = tf.variable(tf.truncated_normal([7*7*64, 1024], stddev=0.1))
b_fc_1 = tf.variable(tf.constant(0.1, shape=[1024]))
h_fc_1 = tf.nn.relu(tf.matmul(h_pool_2_flat, W_fc_1) + b_fc_1)

PeI‘y]IFIpI/ISyeM €T0 APOIIayTOM:

keep_probability = tf.placeholder(tf.float32)
h_fc_1 drop = tf.nn.dropout(h_fc_1, keep_probability)

Tenepsb pobaBJisieM BTOPOIi, CaMblii HOCIEAHUIN CJIOH € IeCATHIO BHIXOAAMU:

W_fc_2 = tf.variable(tf.truncated_normal([1024, 10], stddev=0.1))
tf.variable(tf.constant(0.1, shape=[10]))

o

>
N
1"

logit_conv = tf.matmul(h_fc_1_drop, W_fc_2) + b_fc_2
y_conv = tf.nn.softmax(logit_conv)

Ocrajochb OIIpee/INTb OH_II/I6Ky 1 BBECTU OIITUMU3ATOP:

cross_entropy = tf.reduce_mean(
tf.nn.softmax_cross_entropy_with_logits(logit_conv, y))
train_step = tf.train.AdamOptimizer(0.0001).minimize(cross_entropy)

B ator Pa3 MbI UCITOJIb3YEM aJITOPUTM OIITUMU3aAIINN Adam, O KOTOPOM YK€ TOBOpHU-
JIN B pa3/ieJie 4.5. OHeHI/IBaeM TOYHOCTD:

correct_prediction = tf.equal(tf.argmax(y_conv, 1), tf.argmax(y, 1))
accuracy = tf.reduce_mean(tf.cast(correct_prediction, tf.float32))

U octanoch TOTHKO 3allyCTUTb O6yquI/Ie " JOKIaTbCA pe3yJjbTaTa:

init = tf.initilalize_global_variables()
sess = tf.Session()
sess.run(init)
for 1 in range(10000):
batch_xs, batch_ys = mnist.train.next_batch(64)
sess.run(train_step,
feed_dict={x: batch_xs, y: batch_ys, keep_probability: 0.5})

print(sess.run(accuracy,
feed_dict={x: mnist.test.images, y: mnist.test.labels, keep_probability: 1.}))
>> 0.9906

A Temepb faBaiiTe Ui CPAaBHEHUST clieTaeM To ke camoe, Ho B Keras. CyTb mporiec-
ca, KOHEYHO, He MEHsIeTCsI, HO KoJia TTojrydaercst 3aMmetHo Menbie. Kak u B TensorFlow,
B Keras na6op panubix MNIST M0KHO 3arpysuTh cpeicTBaMK caMoil GUOIMOTEKH:
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from keras.datasets import mnist

from keras.models import Sequential

from keras.layers import Dense, Dropout, Activation, Flatten
from keras.layers import Convolution2D, MaxPooling2D

from keras.utils import np_utils

(X_train, y_train), (X_test, y_test) = mnist.load_data()

3aTeM j1aBaiiTe MOATOTOBUM JAHHBIE K TOMY, YTOOBI MOIATh UX HA BXOJ] CETH. 3/1€Ch
HaM MOTPeOYIOTCST TP BCIIOMOTATEIbHBIE TIPOIEAYPhl. BO-1ePBBIX, HY:KHO OyIEeT, KaK
Y paHblile, IPEBPATUTh KAKIYIO KADTUHKY B [BYMEPHbBIII MACCHUB:

batch_size, img_rows, img_cols = 64, 28, 28

X_train = X_train.reshape(X_train.shape[0], img_rows, img_cols, 1)
X_test = X_test.reshape(X_test.shape[0], img_rows, img_cols, 1)
input_shape = (img_rows, img_cols, 1)

Bo-Bropsix, Bxoaubie gannbie MNIST B Keras, B orsinuue ot TensorFlow, npecrasiis-
10T co6oii 11esble uncsa ot 0 10 255; MOKHO 6bLI0 661 06yYaTh CeTh ¥ Ha TAKUX JAHHBIX,
HO laBaiiTe JIs1 eluHO00pasus Bce-TaKK IPUBeLeM UX K TUIy float32 1 HOpMaIU3yeM
ot 0 1o 1, kak panblIe:

X_train = X_train.astype("float32")
X_test = X_test.astype("float32")
X_train /= 255

X_test /= 255

B-TpeTbux, nepeseieM IpaBHIbHbIE OTBETHI B one-hot mpeicTaBiieHue; [1Jist 9TOr0 CITy-
JKUAT BCIIOMOraTeJibHad poleaypa to_categorical us keras.np_utils:

Y_train = np_utils.to_categorical(y_train, 10)
Y_test = np_utils.to_categorical(y_test, 10)

Temeps mopa 3amaBath cOOCTBEHHO MOiesb. B Keras 9To BBITISAINT TIPUMEPHO TaK
e, Kak B TensorFlow, HO HEKOTOpBIE HA3BaHUS U MapaMeTps! GoJiee y3HaBaembl, CHa-
Yyajia THUIIMAJIN3UPYEeM MOJICJIb:

model = Sequential()

Ternepb no6aBuM cBepTouHble cjton. HaM moHazo6uTes ciioii Convolution2D, OCHOB-
HBIMHU apTyMEHTaMM KOTOPOTO SIBJISTIOTCS YUCI0 (DUIBTPOB U Pa3Mep OKHA, apTYMEHT
border_mode MMeeT POBHO TOT K€ CMBICJI, YTO apryMeHT padding B TensorFlow, a apry-
MeHT input_shape coobiaer Keras, kKakoil pasMepHOCTH TEH30P OKHU/IATH HA BXO/IE:

model.add(Convolution2D(32, 5, 5, border_mode="same", input_shape=input_shape))
model.add(Activation("relu"))

model.add(MaxPooling2D(pool_size=(2, 2), strides=(2, 2), border_mode="same"))
model.add(Convolution2D(64, 5, 5, border_mode="same", input_shape=input_shape))
model.add(Activation("relu"))

model.add(MaxPooling2D(pool_size=(2, 2), strides=(2, 2), border_mode="same"))
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B 5TOM mpuMepe MBI COXPAaHIIIH Ty JKe apXUTEKTYPY, uTo Oblia Beime. Obparure BHU-
MaHue, uTo B Keras Ham He HY>KHO OT/IeThHO NHUITNATN3UPOBATD ITIepeMeHHbIe, KOTOPhIe
GYIyT 3aTeM UCIOTH30BATHCS B KAYECTBE BECOB MM CBOOOIHBIX WIEHOB B crosix: Keras
caM IIOHUMAET, CKOJIBKO JIOJKHO OBITh BECOB Y TOM WJIM MHOW CBEPTOYHON apXUTEKTY-
PBI, ¥ caM TIOMMET, YTO 10 HUM HYXKHO MOJIeJTb ONITUMU3UPOBaTh. EAMHCTBEHHOE, YeM
€My Hy>KHO JIJI1 9TOT0 IIOMOYb, — 33/1aTh IBHO Pa3MePHOCTD input_shape.

[TostHOCBS3HBIE CJIOU TOXKE MOMTYYAIOTCS TOCTATOYHO TIPOCTO. 3a «1mepedopmMarupo-
BaHMe» TeH30pa, Kotopoe B TensorFlow genanocs dbyHkiumeil tf. reshape, Temepnb oTBe-
YaeT JOTOMHUTETbHBIH «CJI0I», KOTOPBI Ha3biBaeTCs Flatten U CIIOCOGEH caM TMOHSTH
TeH30P KaKoil (hOpMBI II0ZaeTCs eMy Ha BXOJL:

model.add(Flatten())
model.add(Dense(1024))
model.add(Activation("relu"))
model.add(Dropout(0.5))
model.add(Dense(10))
model.add(Activation("softmax"))

141 BC€, MOJKHO KOMIINJIMPOBATb U 3allyCKaTb O6y‘IeHI/IeZ

model.compile(loss="categorical_crossentropy",
optimizer="adam", metrics=["accuracy"])
model.fit(X_train, Y_train, batch_size=batch_size, nb_epoch=10,
verbose=1, validation_data=(X_test, Y_test))
score = model.evaluate(X_test, Y_test, verbose=0)
print("Test score: %f" % score[0])
print("Test accuracy: %f" % score[1])

Ha BbIXo/e OJTIyunTCST TIPUMEPHO TaKash KapThHA (MbI COKPAIlaeM BBIBOJ, YTOOBI
CTPOKY TIOMETIAINCH B ITUPUHY CTPAHUIIHI):

Train on 60000 samples, validate on 10000 samples

Epoch 1/10

60000/60000 - loss: 0.1262 - acc: 0.9621 - val_loss: 0.0514 - val_acc: 0.9830
Epoch 2/10

60000/60000 - loss: 0.0436 - acc: 0.9864 - val_loss: 0.0320 - val_acc: 0.9892
Epoch 3/10

60000/60000 - loss: 0.0296 - acc: 0.9909 - val_loss: 0.0268 - val_acc: 0.9922
Epoch 4/10

60000/60000 - loss: 0.0242 - acc: 0.9925 - val_loss: 0.0313 - val_acc: 0.9898
Epoch 5/10

60000/60000 - loss: 0.0170 - acc: 0.9944 - val_loss: 0.0239 - val_acc: 0.9928
Epoch 6/10

60000/60000 - loss: 0.0164 - acc: 0.9950 - val_loss: 0.0205 - val_acc: 0.9936
Epoch 7/10

60000/60000 - loss: 0.0131 - acc: 0.9959 - val_loss: 0.0290 - val_acc: 0.9922
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Epoch 8/10
60000/60000 - loss: 0.0117 - acc: 0.9963 - val_loss: 0.0259 - val_acc: 0.9920
Epoch 9/10
60000/60000 - loss: 0.0103 - acc: 0.9970 - val_loss: 0.0331 - val_acc: 0.9903

Epoch 10/10

60000/60000 - loss: 0.0096 - acc: 0.9973 - val_loss: 0.0321 - val_acc: 0.9915
Test score: 0.03208116913667295

Test accuracy: 0.99150000000000005

Kak Bunure, Takas sxe cetb B Keras v paboTraer npuMepHO TakK JKe, JOCTUTAs B JAHHOM
caydae Tounoctd B 99,15 % Ha BammmannonHoM MHOKecTBe MNIST.

Kcraru, aToT nnpumMep 1o3BoJiseT HaM YIIOMSHYTb ellle 0/[Hy WHTEPECHYIO BO3MOXK-
HocTb Oubimorekn Keras. O6paTute BHUMaHKE, YTO MOCJE MECTON SII0XU Pe3yIbTaT
nosryvasics gaxe jydnre: 99,36 % Ha BauaannoHHoM MHOKecTBe. He nckiioueHo, 4to
TOCJIE ATOTO Y MOJIETTH HAYAJICS JIETKUA OBep(l)I/ITTI/IHl"1, M HaM XOTEJIOCh OBI B UTOTE HC-
10JTh30BaTh BeCca MOJIEJIN TIOCJIe MIECTON AIOXH, a He MOCJIe JIeCATON; B pa3jiesie 4.1 Mbl
yaKe 00CyKIaNIN 9TOT OECXUTPOCTHBIN METOJ «PEryJIspU3aluny» — PAHHION OCMAHOGKY
(early stopping).

MoOJKHO, KOHEUHO, HAIIUCATh IIMKJI [0 3110XaM 00y4YeHUs], IPOBEPITh B HTOM I[UKJIe
oMMOKY Ha BAMIAIIMOHHOM MHOKECTBE, COXPAHSITh Beca MOJEH B (Daii, a 3aTeM Bbi-
Gpatb (bailji, COOTBETCTBYIOIIMI camoii Jryuniei anoxe. Ho okasbiBaercs, uto B Keras Bce
9TO MOJKHO BBIPa3HTh OYKBaJbHO B aprymenTax GyHkiuu fit! Bor kak 00bIYHO BBITJIS-
AT 3aIyCK 00y4IeHns CI0KHBIX MOZEIeN Ha IIpaKTHKeE:

model.fit(X_train, Y_train,
callbacks=[ ModelCheckpoint("model.hdf5", monitor="val_acc",
save_best_only=True, save_weights_only=False, mode="auto")],
validation_split=0.1, nb_epoch=10, batch_size=64)

31ech apryMeHT callbacks TIO3BOJISIET 33/1aTh (DYHKIIMH, 3aITyCKAaeMble TTOCJe KasKI0H
a1oxu o0ydyeHuss. MOKHO Hamucarb 3TH (GYHKIMH CAMOMY, a MOKHO BOCIIOJIb30BaTh-
cs cTaHmapTHBIMU. Tak, pyHKIMS ModelCheckpoint 13 Momyns keras.callbacks — 3TO
BCIOMOraTe/bHas IPOLELypa, KOTOpas IOC/Ie KasK10il 9110X1 00ydYeHust COXPaHseT MO-
IeJjb B (bafv’m, UM KOTOPOTro IIOJIAeTCd Ha BXOJ, B JaHHOM ciiydae model.hdfs. A ma-
paMeTp save_best_only=True MO3BOJISIET MOCJE KaXKI0W 3TOXU IIPOBEPSTh METPUKY Ka-
YecTBa, 33/laHHYIO B TTapaMeTpe monitor (B /IAHHOM ciydae val_acc, TO eCTb TOYHOCTb
Ha BAJIMIAIMOHHOM MHOXECTBE), M TePe3annChbiBaTh COXPAHSIEMYIO MOENb TOJIbKO
B TOM CJIyyae, ecJIi aTa MeTpuKa yiydimiack. O6parure TakKe BHUMaHKE Ha IIapaMeTp
validation_split: ecsii y Bac HET 3apaHee BbIJIEJIEHHOTO TPEHUPOBOYHOIO U TECTOBOIO

1 Jlns sroit mogenn n garaceta MNIST oBephUTTHHT BPSiJL JIM OYEHD YK BEPOATEH, HO B 1[EJIOM HA IPaK-
THKE 9acTO OBIBAET TAK, YTO JIydIIIe 3HAYEHNS METPUK KaueCTBA Ha BATUIAIIMOHHOM MHOKECTBE IOy Yal0TCs
T7Ie-TO B HAYaJle MPOoIiecca 0OyYeH s, a TIOTOM, XOTsI OIIHOKA Ha TPEHUPOBOYHOM MHOKECTBE TTPOIOJIKAET Ta-
11aTh, OIMOKA Ha BAJIUAAIMOHHOM MHOXKECTBE TOJBKO PACTET. B TaKUX C/Iy4asx M MOXKET TPUTOIUTHCS TO,
0 YeM MBI ceifuac TOBOPHM.
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noaMHokecTB (y Hac oHU ObLau cpasy B gatacere MNIST), To MOKHO IPOCTO IOIPO-
cuthb Keras ncnosib30BaTh 7151 BATUAANNY CITYIAMHOE TOIMHOKECTBO BXOIHBIX JAHHBIX,
COCTAaBJISTIONIEE 33IAHHYIO UX JIOJIIO, B IAHHOM ciry4ae 10 %.

5.4. CoBpeMeHHble CBEPTOYHbIE apXUTEKTYPbl

Korza yuraenib razeTsl 1 KypHaJbl 3a [I0CJIEHEE BPeMs, TO NHOTIA
MIPUXOJNTCS C HeIOyMEHNEM B3TJITHYTh Ha 1aTy U3/IaHWA: He ITOIaIcs JI1
CJIyYailHO B PYKH JINCTOK, NTUCAHHBIN TOMY JIBa, TPU BeKa Ha3a/1?

I1.J1. Jlaspos. Xaoc Gypaicyasnotl yueuru3ayuu
3a nocieonee epemsi

B sTOM pasnesie Mbl TOTOBOPHM O TOM, KaK Pa3BUBAIOTCSI COBPEMEHHBIE CBEPTOYHBIE ap-
XUTEKTYPBI U KYJ1a, BOOOIIE TOBOPS, ABUKETCA ceituac aHanus u3obpaskenuii. CHadasa
JaBaliTe BepHEMCSI K TTyOOKUM apXUTEKTYPAM U, B YaCTHOCTH, K CBEPTKAM ¢ (hriibTpaMu
pasmepa 3 X 3. OHOI 13 caMbIX TIOTYJISPHBIX TI1yOOKHUX CBEPTOYHBIX APXUTEKTYP SIBJIsI-
€TCst MOJIENTb, KOTOPYTo npuHsTo HasbiBaTh VGG [507]. HazBanue nporcxoaut ot Toro,
4TO 9TA MOJIEJh Oblia paspaborana B OkcdopackoM yHuBepcuTeTe B I'pyriie BU3yasib-
Hoii reomerpun (Visual Geometry Group), 1 uX MOJEJH, TIPEJICTaBJIEHHbIE Ha PSi/l KOH-
KYPCOB 10 KOMIIBIOTEPHOMY 3DEHHIO, BBICTYIIAJIN TaM IO KOZOBbIM Ha3BauneM VGG.
Copesnosanus nipoxoauin B 2014 romy, uto nemaet VGG camoli «cTapoii» U3 MoJjiesei,
IIPE/ICTABIECHHBIX B 3TOM Pasfeie.

VGG — 370 Ha camMoM Jiesie cpasy /iBe KOH(UTYpaIMu CBepTOYHbIX ceTel, Ha 16
u 19 csioeB. OCHOBHBIM HOBOBBEJIEHHMEM, U3-32 KOTOPOTO MbI U pacckasbiBaeM 0 VGG,
cTaa ujest NCNoJb30BaTh (DUIBTPBI pa3MePOM 3 X 3 C eTMHUYHBIM IIIaTOM CBEPTKU BMe-
CTO UCIIOJIb30BABIIMXCS B JIYYIIUX MOJENSIX MPeIBIAYIINX JIET CBEPTOK ¢ (PUIBTPAMU
7 x 7 c marom 2 [407, 585] u 11 x 11 ¢ marom 4 [284]. [Ipuuem 3TO He TIPOCTO yTBEP-
KIIEHE U3 Pa3psia «Mbl TOTPOOOBAIH, U CTAJIO JIYUIIIE>,  XOPOIIIO apTyMEHTHPOBAHHOE
HpeJIoKEHNE; JaBaiiTe nonpodyeM pa3odpaThCs B apryMeHTax.

Bo-1iepBbIX, perenTuBHOE OJe TPEX MOAPS] UAYIINX CBEPTOYHBIX CJI0EB PAa3MEPOM
3 x 3 uMeeT pazmep 7 X 7, B TO BPeMsI KaK BECOB Y HUX Oy/ieT Bcero 27, mpoTus 49 B huiibt-
pe 7 x 7. AHaJlorn4Ho o6¢TouT €10 U ¢ pubTpamu 11 x 11. 3o 3uauwur, uto VGG Mo-
KET cTaTh GoJiee TIIyOOKOM, TO €CTh CONEPKATH GOJIBIIE CJIOEB, TPU HTOM OJHOBPEMEHHO
yMmenvuas obiiee Yncio Becos. KoHeUHO, 17151 TOTO 4TOObI 3TO GBITIO MPaBOiT, MEKIY CO-
OTBETCTBYIOIIMME CBEPTOYHBIMU CIOSIMU HE JOJIZKHO OBITh CJIOEB CYOANCKPETHIAIINH,

Bo-BTOpBIX, Ha/MuMe JOMOJHUTETBHON HETMHEHMHOCTH MEKIY CJOSIMU TTO3BOJIS-
€T YBEJUUUTD «Pa3peIlamlyio ClIOCOOHOCTh» TI0 CPABHEHUIO C €IMHCTBEHHBIM CJI0EM
¢ 6oJIbIIIEl CBEPTKOI. DTOT Ke apryMeHT MOKHO MCIOJIb30BATH KAK MOTHBAIUIO JJIST
TOTO, YTOOBI BBECTU B CETh CBEPTKU PasMepoM 1 X 1; TaKue CJIOU TOKe MO3BOJISIIOT J10-
GaBUTH IOTIOMHUTEIBHYIO HETMHENHOCTD B CETh, HE MEHSISI PA3Mep PEIENITUBHOTO TIOJIS.
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Puc. 5.6. Cxema cetu VGG-16

[ToryuerHas B utore Mojensb B 2014 rony ozep:xkaina mobemy B OJHOM 13 HOMUHAIMNA
M3BECTHOI'O COPEBHOBAHMUS 110 KoMIIbIoTepHOMY 3penunio, ImageNet Large Scale Visual
Recognition Competition (ILSVRC) [244]. A nonysipusaiinsg cCBepTOYHBIX CJI0EB 3 X 3
IIPUBEJIA, B YaCTHOCTH, K ToMy, 4T0 NVIDIA B ouepenrom penuse 6ubanorekn cu DNN
CTIENHATBHO OTNITUMHU3UPOBaIa PabOTy ¢ TAKMMHU CBEPTKAMI.

Cxema onnoit 3 VGG-cereil mokasana Ha puc. 5.6. O6paruTe BHUMaHUE Ha TPU Be-
IIIU: BO-TIEPBBIX, KAK TI0 JBE-TPU CBEPTKHU 3 X 3 CJEAYIOT APYT 3a APyroM 6e3 cyOuc-
KpETU3aIMK; BO-BTOPBIX, KaK YHMCJIO KapT IPU3HAKOB IIOCTENEHHO pacTeT Ha GoJiee riry-
GOKMX YPOBHSIX CETH; B-TPEThUX, KaK B KOHIIE TOJyYeHHbIE TIPU3HAKU OKOHUYATENHHO
«CILTIONIMBAIOTCS» B OJHOMEPHBIN BEKTOP U HA HEM PaboTaIOT TIOCITIEIHIE, YKE TIOTHO-
CBsI3HBIE CJIOU. Bce 910 cTaHAapTHBIE METO/IBI CO3/IaHII APXUTEKTYP IJIYOOKIX CBEPTOY-
HBIX CETell, 1 eCJiu BbI OyieTe pa3padaThiBaTh CBOKO aDXUTEKTYPY, BaM HABEPHIKA CTOUT
CJIEIOBATh ITUM OOIIUM TIPUHITUTIAM.

KcraTh, Beca yske roToBbIX MoOziesIel, 00yU4eHHBIX Ha OOMBIINX HAOOPaX JaHHbIX, Ha-
npumep ImageNet, moskHo HaliTu B nTepHeTe. B yacTHOCTH, € caiiTa aBTOPOB MOIEJIN
MOKHO CKauaTh Beca M KOH(DUTIypaIuy MojiesIel 1Jis Oy I PHON OOINOTEKY IS pa-
6oter ¢ HeliporHubiMu ceTssmu Caffe. D10 obIee MecTO TSI MHOTHX COBPEMEHHBIX MO-
Jiesieli KOMITBIOTEPHOTO 3PEHUS: I€JI0 B TOM, UTO JIaXKe C COBPEMEHHBIMU MOTITHOCTSMHU
JIaTaceTbl HACTOJIBKO GOJIBIINE, a 0OyUeHIe HACTOIBKO JI0JITOe U CJAOKHOE (HATpUMEp,
B [507] ckasano, yro kaxabiii Bapuant VGG B 2014 rogy oOydanu aBe-Tpu HeLegU
Ha YeThIPeX JIyUlINX HA TOT MOMEHT BHU/IEOKAPTax), YTO MPOIIe CKayaTh TOTOBbIE Beca
1, BOBMOKHO, HEMHOTO JI000YUYHTh WX JIJIsI Balllell KOHKPETHOW 3ajaui.

Cuenyiotiast BakHasi CBEPTOUHAS apXUTEKTYPa — 3TO apxuTekTypa Inception [181].
Omna 6b11a paspaborana B Google 1 mosiBuiiach npaktudecku ogaoBpeMento ¢ VGG,
B cents10pe 2014 roxa; komanza GoogLeNet mobeiia ¢ 9TOii CeThIO B HECKOJIBKUX HO-
MUHAIMX Bee ToTo ke KoHKypca ILSVRC-2014. ABTOpBI apXUTEKTYPbI BJJOXHOBUJINCH



208 [maga b. CBepTO‘-IHbIe Hel‘;IpOHHbIe CeTn N aBTOKOANPOBLUUKHN, UITU He Bepb rnasamM CBonM

uzgesmu us pabotsl 2012 roga Network In Network [328], B kKoTOpOIi ObLIa TIPEIOKEHA
Ujies KCIOJIb30BaTh B KAYECTBE CTPOUTEIBHBIX OJIOKOB JIJ1sI IJIYOOKIX CBEPTOUHBIX CeTel
HE ITPOCTO MOCTIEA0BATENBHOCTD «CBEPTKA — HEJIMHEWHOCTD — CYOAUCKPETHAIIUST>, KAK
9TO 00BIYHO JiesIaeTcs, a boJiee CI0KHbIE KOHCTPYKIIHM.

B [328] TakuMu KOHCTpYKUMSMU OBLIM IIOJHOLEHHbIE (HO MaJeHbKHE) HeHpOoH-
HbIE CETH C MOJHOCBSI3HBIMU CTIOsIMU. A B Inception Takoil KOMIOHEHT «COOUPAIOT> U3
HeOOJIBIINX CBEPTOYHBIX KOHCTPYKIHIA. Tak 4To HasBaHUE CETH OTPAsKAET HE TOJBKO
«rJIyOUHY> U3 OTHOUMEHHOTO (DUIbMa, HO M Pa3BUTYIO TaM UJIEK0 «BJIOKEHHON» apXu-
TEKTYPbI: COH BHYTPU CHA BHYTPH CHA...

Ira paboTa COMEPKUT HECKOJIBKO KpaliHe MHTEPECHBIX U BAXKHBIX ujell, 6iarosa-
PSI KOTOPBIM, B YaCTHOCTH, HECMOTPsI Ha GOJIBINYIO 3asBJICHHYIO TIyOuHy — 22 CJI0st
6e3 yuera cybauckperusanuu — y Inception Ha caMOM jiejie MEHbIIIe TTapaMeTPOB, YeM
y VGG!

Ho naBaiire mo nopsiaky. «CrpoutesnbHbiMu 610KamMu» Inception siBIISIFOTCST MOTY-
JIY, KOMOMHUPYIOIIUE CBEPTKU pasMepoM 1 X 1, 3 x 3 u 5 X 5, a Takxke max-pooling
cybauckperusauio. Kaxmpiii 610Kk mpencrasisger coboii 06belMHEHNE YETHIPEX «Ma-
JICHBKUX» CETeM, BBIXO/IbI KOTOPBIX 00bEIMHSIOTCS B BHIXOAHbIE KAHAJIBI U TIEPEAAOTCS
Ha caeyroruii croit. Berbop Habopa cBepToK 1 cyOMICKpeTr3armn 06y CIoBIeH CKOPee
ya06CTBOM, 4eM HEOOXOMMOCTBIO, U IIPH KEJTAHUHT YUTATENb MOKET [TOIKCIIEPUMEHTH-
poBath ¢ gpyrumu Koudurypanusymu. Komanga GoogLeNet, paspaborasiias Inception,
BO BTOPOI BepCUM CBOEI MOJIEJIN TOXKE IIePECMOTpesIa apXUTEKTYPY 3TUX MOJIYJIEH.

O/HO U3 KJII0YEBBIX HOBOBBEIEHN — MCIIOJIb30BAHUE CBEPTOUHBIX CJI0eB 1 X 1 He
CTOJIBKO B KAYeCTBE JIOMOJHUTETHHON HEMUHEHHOCTH, CKOJIBKO /IJIT TOHVKEHUS pas3-
MepPHOCTH MeXIy ciosimu. CBepTku 3 X 3 U TeM Gojiee 5 X 5 MEKIY CIOSIME ¢ OOJIb-
UM YUCTIOM KaHaIoB (a B Inception-Moyisix KaHAJIOB MOKET OBITH BILIOTH 710 1024),
OKa3bIBAIOTCS KpaliHe PECYPCOEMKUMU, HECMOTPS Ha MaJible Pa3Mepbl OT/IeJIbHO B3SATHIX
¢uabTpos. A duabTpsl 1 X 1 MOTYT TOMOYB COKPATUTH YUCJIO KAHAJIOB, ITPEXK/Ie YeM TI0-
JIaBaTh X HA (DUIBTPBI OOJIBIIETO pa3Mepa.

ITa uzmest OTpaskeHa Ha puC. 5.7, @, HA KOTOPOM TIOKa3aHa CTPYKTypa OAHOTO GJI0-
Ka 13 UcXoAHoU paborsl [181]. A Ha puc. 5.7, 6 mpeacTaBIeHa 04eHb 001Iast U BHICOKO-
YPOBHEBasE CXeMa BCeil CeTH: OHa HAYMHAETCS C JIBYX «OOBIYHBIX» CBEPTOUHBIX CJIOEB,
asateM uayt 11 Inception-mMoyJieii, ABaX bl IIepeMesKaeMbIX CyOANCKPeTH3ALUEH, KO-
TOpast TIOHW;KAET Pa3MEPHOCTD; MOCJIE ATOTO CETh 3aBEPIIAETCS TPAAUIMOHHBIMU TOJI-
HOCBSI3HBIMU CJIOSIMU, TAIOIIUMU YK€ COOCTBEHHO BBIXO/I KJIaccu(puKaropa.

[MTomumo koudurypaiuu Inception-mozysieil 1 MOHUKEHUST PA3MEPHOCTU C TOMO-
mpIo cBepToK 1 x 1, B pabote [181] mpeacrasiena eme oxHa BaxkHas uges. C ydeTom
JOCTAaTOYHO IIyOOKOM apXUTEKTYPhI ceTH — a B 0bIeil ciokHoctu GoogLeNet conep-
Ut mopsiaka 100 pasuHbIX ¢JI0eB ¢ 001Iel riIyOrHON B 22 TapaMeTpU30BaHHBIX CJIOS,
ui 27 ¢JI0eB ¢ y4eToM cyOaucKpeTusanuii — s PeKTUBHOE PACIPOCTPAHEHKE TPAIK-
€HTOB I10 Hell BbI3bIBaeT COMHeHUsT. UTOOBI PENIUTD 3TY TIPOBIIEMY, ABTOPBI TIPEIJIOKILIN
J00ABUTDH BCIIOMOTATEIbHBIE KIACCUGDUIMPYIOIIIE CETU TIOBEPX HEKOTOPBIX MTPOMEIKY-
TOYHBIX CJIOEB.
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Puc. 5.7. Inception: a — cxema ogxoro Inception-momyst; 6 — obmias cxema cetu GoogLeNet

MHade ToBOPs, MbI J00aBJIsIeM [IBe HOBble HEGOJIBIINE MTOJHOCBSI3HbIE CETH, Jeia-
IONIHeE MPeCKA3aHNs HA OCHOBE TIPOMEXKYTOUHBIX TTPU3HAKOB, BBIBOJIUM U3 HUX TY K€
dyHK1MIO OMMOKY KiTaccubuKaImy 1 00ydaeM Ha TOW JKe 3a/1aue He TOJBKO BCIO CETh, HO
U OTJIeJIBHO TTEPBYIO €€ YacTh, a TAK)Ke TepByIo 1 BTopyio. B apxurekrype [181] npucyt-
CTBYIOT JIBE TaKUe JOTIOJHUTEIbHBIE CETU, COCTOSIITHIE U3 CYOIMCKPETU3AIINN YCPeTHE-
HUEM, CBEPTKH 1 X 1, IOJTHOCBSA3HOTO CJIOsI, IPOTIayTa ¥ IHHEHHOTO c10s ¢ softmax B Ka-
yecTBe (PyHKIMU ommOKU Kiaaccuduraropa. [Ipu odyueHun Mozenn ommmbKa OT 9TUX
noziceredt gobasiisieTcst K 0011el (DyHKIIUU ONTHOKU ¢ TIOHZKAIOIUM KO3(DPUIInEeHTOM
0,3. [ToTeHIMaIbHO HTOT TPIOK AOJIKEH GBI yCKOPUTH 0OyUeHNe HUKHUX CJI0EB Ha PaH-
HUX 9Tanax o6y4eHust ¥ PUBECTH K 6osiee OBICTPOIT CXOMMMOCTH, a B UTOTE OKA3aJI0Ch,
YTO CXOJIUMOCTH HE CHJIBHO YCKOPUJIACH, HO 3aTO YJIYUNIHIOCh OKOHYATEJIbHOE PENIEHNE.

Kcrarth, o crenymomieit Bepcun. Yepes rog ¢ HeGOJMBITUM MPAKTHYECKU Ta JKE KO-
MaH/Ia aBTOPOB OIyOJIMKOBaIa CleAyIoNyio pabory [448]. B meil B 00uIyio cTpyKTy-
py Inception-momyseil BHec i HOBOe BaskKHOE M3MEHEHIE: 3aMEHIIIN IIPAKTUIECKU BCe
«BOJIBIITE> CBEPTKY Ha KOMITO3UIIUU CBEPTOK PadMePHOCTH 3 X 3 1 1 X n. BoIliie Mbl yke
o6cyxaanu B koutekcre VGG, uTo cBEepTKY pasmepa 5 X 5 MOKHO 3aMEHUTD JABYMSI [10-
CJIeZIOBATEIbHBIMU CBEPTOYHBIMHU CIOSIMU, KAXK/IbIH pagMepa 3 X 3, IIPU 9TOM He TI0TEPSIB
B BBIPA3UTEJBHOMN CUJIE U COKPATHB 0011iee uncio BecoB. OIHAKO aBTOPBI BTOPOii BEPCUH
Inception oy naplle U MPeTOKUIN 3aMEHUTh CBEPTKU NMPOU3BOJIBHOTO pasMepa
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n X m Ha ABa MOCJeI0BaTETbHBIX cJIos pasMepoM n X 1 u 1 x n. Uaeitno (Ho He dop-
MaJbHO!) 3TO COOTBETCTBYET CUHTYJISIPHOMY Pa3JIOKEHHUIO MATPUIIBI BECOB CBEPTKH, TO
€CTbh Pa3JIOKEHUIO B TPOU3Be/IEHNUE IBYX ITPSIMOYTOJbHBIX MATPUIL. Taxoii moaxom cyte-
CTBEHHO COKPAIAET BEIYNCTUTENBHYIO CIOKHOCTD MOJIEN [IasKe TI0 CPAaBHEHUIO € (hak-
TOpHU3allMel Ha CBEPTKU 3 X 3. IKCIEPUMEHTUPYS ¢ TAKUMU CJIOSIMU, aBTOPbI MPUIILIN
K BBIBOJLY, UTO B CJIOSIX, T7le pa3Mep KapThl IPU3HAKOB HAXOAUTCA B IIpejiesiax oT 12 x 12
110 20 X 20 HEHPOHOB, IEKOMITO3UIINS B TAPBI CBEPTOK 7 X 1 1 1 X 7 MOKa3bIBaET XOPOIIHe
pesyabTatbl. KpoMe Toro, cBepTKa 5 X 5 13 6a30B0ii KoHdurypaiyuy Inception-Momryis
Oblila 3aMeHEeHa Ha J[Be TI0C/Ief0BaTeIbHbIe CBEPTKH 3 X 3.

Bbutin HOBOCTU M O BCIIOMOTATENBHBIX KiaccupukaTopax. HoBble sakcriepuMeHTHI
MOKa3aJii, YTO Ha PAHHUX 310Xax 00yueHust 9P heKT OT HUX MO-TIPEKHEMY HE 3aMETEH,
OJIHAKO OJIMIKe K KOHIY 00ydYeHUs MOZIEIb C JAOMNOJHUTENbHBIM KJIacCUDUKATOPOM 00y-
YaeTcst JIydlile, OIAjaeT B Hosiee XOPOIIUi JTOKAJIbHbII ONTUMYM. B CBSI3U ¢ 5TUM TIpeji-
CTaBJISIETCS, UTO BCIIOMOTATEIbHbBIE CETU He CITOCOOCTBYIOT OOYUEHU IO HU3KOYPOBHEBBIX
MPU3HAKOB KaK TAKOBOMY, a CKOpee CJIy;KaT B KauecTBe perynaspusaTopa cetu. Kpome
TOTO, BO BTOPOH Bepcuu Inception BBISICHUIOCH, YTO OTIOJHUTEIbHbIE CJION HOPMaJIN-
3QIUU 10 MUHU-0aTYaM UJIH POIIAYTa BO BCIOMOTATEIbHON CETH MPUBOJIAT K JabHE-
[IeMy YJIy4IIeHuIo 0OIIETo PEeIeHusI.

MoskHO ckasath, uTo ¢ cetn VGG Havamach 3110Xa «I0-HACTOSIIIEMY TIIyGOKOTO»
o6yuenust. HakoHEI[-TO CIIeUanucTbl 10 MAITUHHOMY 06YYeHUI0 cMOTIIN 3P hEKTUBHO
06y4aTh MOJIEIN TIIy6rKe, YeM «HECKOJBKO CI0EB», U NOKA3bIBAThH PE3YJIbTATHI, CPABHU-
MBI€E WJIU CYIIECTBEHHO JIyUIlIne, YeM Ha TeX e JaTaceTax ClocoOeH MoKasaTh YeI0BeK.
Tax, HapuMep, 3a1ady knaccudukan nzobpakennii Ha gartacere CIFAR-10 cospe-
MeHHbIE HEIIPOHHBIE CETU PENIAIOT C TOYHOCTHIO 0K0JI0 96.5 %, B TO BpeMst KaK TOYHOCTD
YeJIOBEUECKUX Pe3YJIbTaTOB cOCTaBIseT okoo 94 % [37, 272]. Oanako mis Toro, 4To-
6b1 06yuaTh ere Gosee Ty6OKME HEHPOHHBIE CETH, TIOTPEOOBAIOCH HE TOIBKO coOPaTh
BOEJIMHO BCE WIEH M3 TJIaBBI 4 1 9TO TIaBBI, HO U TOOABUTD €1Ile OJIMH BasKHBIH TPIOK.

ITociie Toro kak rpyima XUHTOHA Hallla crocod mpeaodydaTh CJI0M 3a cJIoeM Heii-
ponHuble ceT m060it ray6unsn, An JleKyn [135] u Momya Benxu coBmectHo ¢ XaBbe-
pom I'sopo [179] mpenyosxknim apdexTrBHBIE METOBI MHUITNATU3AINH BecoB, a Mod-
e u Cerenu 106ABUIN TIPOMEKYTOUHbBIE CJIOU, HOPMATU3YIOIIHE BBIXOABI 10 MIUHU-
Gatuam [252], mpobJieMa 3aTyXaOIUX TPAAUEHTOB, KOTOPAs JIOJITOE BPEMST MTPECIeN0-
BaJia HePOHHbBIE CETU, HAKOHEII-TO OTOIILJIA Ha BTOPOM ILJIaH.

Kak nokaszaJia npaxruka, riyboKye apXUTeKTypbl CTalo BO3MOKHO 00y4ath s dek-
TUBHO, OJHAKO T€ PEIIEHUs], K KOTOPBIM CXOJUJINCH HEUPOHHBIE CETH OOJIBIIONH Ty6u-
HbI, 4aCTO OKA3BIBAINCH XYIKe, UeM Y MeHee TIyGoKkux Mojiesieil. U ata «ierpazanusi» He
6bLTa CBsI3aHa ¢ epeoOydeHreM, Kak MOKHO ObIIO GBI MPpeAnonokuTh. OKa3amoch, 4To
aT0 Gosiee hyHIAMEHTaNbHAsE TpobieMa: ¢ JoOaBJIeHIEM HOBBIX CJIOEB OMIMOKA pacTeT
HE TOJIBKO Ha TECTOBOM, HO ¥ Ha TPEHUPOBOYHOM MHOKeCTBE. XOTsI, Ka3aJaoch Obl, 6oJiee
«MEJIKasi» CeTh — 3TO YACTHBIN cirydail bosiee TiryOOKON: MBI Belb MOTJIH ObI 00YYUTD
MeHee TIIybOKYIO CeTh, a 3aTeM ee Beca MCIIOIb30BATh /I MHUIHAIU3aIUK GoJiee TiIy-
GOKOIf; IOTOTHUTETLHBIE CJIOV TPU HTOM MOXKHO TIPOCTO MHUTIHATU3UPOBATH TaK, 4TOObI
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x{k+1)

Ceeptka 3 x 3

xlk+1)

&

BN + RelLU

BN + RelLU

B

Puc. 5.8. Bioku cereii 1711 ocTaTo4HOro 00ydYeHust: @ — 6a3oBblii 6JI0K; 6 — TaKOM ke 610K
€ OCTATOYHOIT CBA3BIO; 8 — TIPOCTON GJIOK ¢ OCTATOYHOM CBS3BIO; 2 — OJIOK € OCTATOYHOIT CBS3BIO,
KOHTPOJINPYIOIHIACS TeTOM; 0 — GJIOK ¢ OCTATOYHOM CBsI3bIo McxoaHok cetn ResNet [111];
e — boJtee 11o3HsIsE MoauuKanys [242]

OHM KOIIMPOBAJIX BX0/ B BbIX0/. Torzna omubka 6oJiee TiryGOKOR CEeTH 110 OIIPeNe/IeHI0
He OyzieT Bblllle, 4eM OIIMOKA ee TOACETH, a [ocjie 00YYEeHU MbI OKUIAeM YJIYUIIEHHUS.
Ho akcrmeprMeHThI MOKA3bIBAIOT, YTO HTOTO He MPOUCXOAUT: Gojiee CAOKHBIE MOIETN
cyIosKHee 00ydarh, M Jaske K TAKOMY TPUBUAJIBHOMY /IS HAC PEIIEHUIO COBDEMEHHBIE
MeTOJIbl OOyUYEHUST 32 Pa3yMHOE BPEMsI HE TIPHBOJISAT.

Jlnist petteHust ipoGJieMB! ferpajiainy komania us Microsoft Research paszpaborasa
HOBYIO U/el0: 21y6oxoe ocmamounoe o6yuenue (deep residual learning), kotopoe Jerio
B 0CHOBY ceTu ResNet [111], a Takske MHOTUX T10cjIeayomux pabor. B 6azoBoii cTpyk-
Type HOBOW MOJIEJI HET HUYETO HOBOTO: 9TO CJIOW, UAYIINE TTOCTEI0BATEIBHO IPYT 32
apyroM. OT/iesibHbIE YPOBHHE, COCTABHbIE GJOKU CETH TOKE BBITJISISIT IOCTATOUHO CTaH-
JIAPTHO, 3TO TIPOCTO CBEPTOUHBIE CJIOU, OOBIYHO C JOTOJHUTETHLHOM HOPMATU3AIINEH 110
MuHn-6aTyaM. Pasuuma B TOM, YTO B OCTATOYHOM OJIOKE CJIOH M3 HEHPOHOB MOKHO
«0BOHTH»: €CTh CHEIMATbHAS CBSI3b MEXKLY BBIXOIOM Tpenbiaymero caost %) u cre-
ayiomero ciost 11 koropast net HanpsiMyio, He Yepe3 BBIUUCISIONINI YTO-TO CJIOIA.

BasoBblil coii HEPOHHOI ceTn Ha puc. 5.8, a peBpallaeTcsa B 0OCTaTOUHBIN GJI0K
¢ 0GXO/IHBIM TIyTeM Ha puc. 5.8, 6. MareMaTHYeCKU TIPOUCXOIUT OYeHD TIPOCTAsT BEIIb:
KOT/Ia JIBa Ty TH, «CJIOKHBII» U «OOXOIHOI», CIUBAIOTCS 0OPATHO, UX PE3YJIbTAThI IIPO-
CTO CKJIAJIBIBAIOTCS IPYT ¢ APYTroM. VI ocTaTouHbli 610K BHIPAsKaeT TAKyIo (hyHKIIUIO:
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y ) = F(z®) 4 z®)

rie (F) — Bxoxnoit BEKTOD cJ10st k, F'(x) — byHKIUS, KOTOPYIO BBIYUCJISIET CJION HEHPO-
108, a y¥) — BBIXOZ1 OCTATOUHOTO 6J10KA, KOTOPBIH OTOM CTAHET BXOZOM CJICLYIONIEr0
caost g+,

[Tosyuaercst, 9To ecyiu GJIOK B IETOM JOJIKEH allPOKCUMUpoBath GyHknuio H(x),
TO 9TO MOCTUTAETCST TOTAA, Kor/a F'(x) ammpokcumupyet octatok (residue) H(x) — x,
oTciona u HazBauue ocmamounvie cemu (residual networks). B ocrarounom 610ke Mbt
oby4aeM CJI0il HEIIPOHOB BOCIIPOM3BOAUTD USMEHEHUs. BXOJHBIX 3HAYeHUH, He0OXOM1-
MBI€ JIJIST TIOJTYYeHWS] HTOTOBON (DYHKIINN.

Yto B 3TOM XO0pOIIero? Bo-mepsbix, 4acTo MOIydaeTcst, 9To0 00YUUTh «OCTATOUHYIO>
(ynxumio mporie, ueM ncxoHy10; B [111] aBTOPBI IPUBOAST B TPUMED TOXKIECTBEHHYIO
dyukimio h(x) = x. OKa3pIBaeTCs, YTO C TIOMOIIBIO IBYXCJIOUHON HETMHENHON Heii-
POHHOMU CETH BBIYUYNTD TOKIECTBEHHYIO (DYHKITUIO IOCTATOYHO CJIOXKHO; B TO XK€ BPEMS
B OCTATOYHOH (hopMe OT ceTr TpeOGYETC st TPOCTO 3AMOTHUTD BCE BECA HYIAMHE, 8 «00X0/1-
HOI1 Iy Th» CJIeJIaeT BCIO paboTy cam.

[1aBHAs JKe TPUYMHA COCTOUT B TOM, YTO TPAJAMEHT BO BPEMST 0OPATHOTO PACIIPO-
CTPaHEHUsI MOKET MPOXOAUTH Yepe3 3TOT GJI0K GeCIIPEIISITCTBEHHO, TPAJIMEHThI He OYIyT
3aTyXaTb, Be/lb BCET/la €CTb BO3MOXKHOCTD IIPOILYCTUTD IPAZIMEHT HAIIPSMYIO:

ay(k) _ (‘3F(a:(k))

9™ T ge®

ITO 3HAYWT, YTO JAKE HACBIIIIEHHBIN U MOJHOCTHIO 00yUeHHBIH cJ10i F', IpOn3BojI-
HBIE KOTOPOTO OJIM3KH K HYJIIO, He IIOMENIaeT 00yYeHuo.

[IpuMepbl TaKUX «0OXOQHBIX MYTel», KOTOPbIE MCIIOJIb30BAINCH B PA3HbIX BapHaH-
tax cetu ResNet u ApyTUX UCCIIEOBAHISIX ATON IPYIIIHI aBTOPOB, OKA3AHbI HA PHC. 5.8.
B pabote [242] mpoBoauTcs moapobHOe CpaBHEHHE HECKOJIBKUX BAPHMAHTOB OCTATOYHBIX
6JIOKOB. PesysibTaThl 0KasaIuch JIOOONBITHRIMU: OCTATOUHbIE OJIOKH, KOTOPBIE TEOpe-
TUYECKH JIOJIKHBI ObITH 60JIee BbIpa3UTEJbHBIMH, HA IPAKTHKE OKA3bIBAIOTCS XYyIKe, YeM
caMble TPOCThIE BAPUAHTHI.

Jluist mpuMepa Mbl M300pas3IIin Ha puc. 5.8, ¢ 0U€Hb MTPOCTON BAPHAHT OCTATOYHOTO
6.10Ka, B kotopom yF) = z(k) 4 F(w(k)), a Ha puc. 5.8, 2 — BaPUAHT MOCTOKHEE:

y® = (1= o(f@®) ™ + o (@) F @),

rie f — npyrag GpyHKIMS BX0/a, peaTu30BaHHas yepe3 cBepTKH 1 X 1. ITo 3HAYUT, YTO
F (x(k)) 1 (%) cyMMIpYIOTCS He ¢ pABHBIMI BECAMH, & C BECAMH, YIIPABJISIEMBIMH JIOTI0JI-
HUTETBHBIM «Teiitom» . Kazamocs Gbr, MTPOCTON BapHWaHT SBJSETCS YACTHBIM CIy4aeM
CJIOKHOTO: JIOCTATOYHO TIPOCTO OOYUUTD TeHThI TAK, YTOOBI Beca OBLIN PABHBIMH, TO €CTh

1 Oco6enno Banbl GyTyT KOHCTPYKITUH C TAKUMY YTIPABJISTIONIMHU TefiTaMu 7171s PeKYPPEHTHBIX ceTeii —
B pasfeie 6.3 reifTbI OyIyT Ky/a CIOXKHEE 1 HHTEPeCHee.
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4TOOBI BCET/Ia BBITOIHAIOCH f (:c(k)) = 0. OgHako akcniepuMeHTsl B [242] mokasasiy,
YTO MPOCTOTA B IAHHOM CJIy4ae BasKHEE BBIPA3UTENLHOCTH U BASKHO 00ECTIEYUTD MAKCH-
MaJIbHO CBOOOHOE U OecIpelsiTcTBeHHoe Teyerue rpaauenTos. Ha puc. 5.8, 0 nokasan
BapUaHT OCTATOYHOTO GJIOKA, KOTOPBII NCTIOMb30BAJICS B UCXOMHON cTathe [111], a Ha
puc. 5.8, ¢ — yiayuieHnsli Bapuant us [242]. O6paTure BHUMAHKE, YTO PA3HULIA, 11O Cy-
TH, TOJIBKO B TOM, 4TO U3 <«00X0AHOro myTtu» yopaau ReLU-HeauneiiHOCTb, I0CaeHee
<IIPEMSTCTBUE> HA ITyTH 3HAUECHUH C TIPEIBIYIIETO CIIOSI.

ApPXHUTEKTYPHO BCe 3TO MPUBOJHUT K TOMY, YTO CTAHOBUTCSI BO3MOKHBIM O0YYaTh
0YeHb, OueHb TiryOoKue cetu. KaliMut Xe Ha3bIBaeT aT0 «PeBOJIOIHel TIyOuHbI»>: B VSS
66110 19 yposheit, B GoogleNet — 22 ypoBH#, B iepBoM BapuanTe ResNet — cpasy 152,
a B MOCJIEJIHUX BEPCUSIX CETEH ¢ OCTATOYHBIME CBSI3sIME (€3 TPobieM 06yvatoTcst CeTH
JIO THICSIYU YPOBHEN B TIyOuHy!

I10, 6E3yCJIOBHO, caMbie TIYOOKIE U3 PEATHHO MCIOIb3YEMbIX HEIPOHHBIX CeTel.
U oHM feiicTBUTENbHO PabOTAIOT: GOJIBIITMHCTBO JIYUIINX PE3Y/IbTATOB B COBPEMEHHBIX
HEUPOHHBIX CETSAX MCHOIB3YIOT B KAUECTBE PACIIO3HABATE ST OOBEKTOB Pa3Hble BAPUAH-
oI ResNet. Eciii BaM HY’KHO 9TO-TO PAClO3HABATH HA KAPTHHKAX, CKOPEe BCETO, BBI Oy -
JIeTe TI0JTh30BATHCS OTHOM 13 ATUX aDXUTEKTYP.

ITpaBna, B HEKOTOPBIX IIPUIOKEHUAX OT HUX OTKA3bIBAIOTCS P CKOPOCTHU U 9KOHO-
MUH PECYPCOB: GOJIBINASI CBEPTOYHASI CETh C OCTATOYHBIMHY CBSA3SIMU HIUKAK HE TOMECTHT-
cs B cMapTdoH. Ecm pecypesl BaskHBI, CTOUT TIOCMOTPETh B CTOPOHY MOJIETIEi, KOTO-
PhI€ TIOKa3bIBAIOT HEMHOTO GoJIee c1abble Pe3y IbTaThl B COOCTBEHHO PACIO3HABAHUH, HO
MMEIOT IIPH 9TOM Ha MOPSIIOK MEHbIIe BeCOB; BbIIeMM, B yactHocTH, MobileNets [371]
u SqueezeNet [504].

BripoueM, B 3aKJIi0ueHNE 9TOTO Pas3jiesia OTMETHM, YTO UJIes TIPO TeHT, YIIPABJISIONIN I
OCTATOYHBIMY GJIOKAMH, KaK Ha puc. 5.8, 2, Bce-Taku 0Ka3aiach JIOBOJIBHO TIO0TBOP-
HOU. VIMEHHO OHa JIeTJIa B OCHOBY TaK HA3BIBAEMBIX Mazucmpanvivix cemei (highway
networks), npeanoxenubix rpymmoit Oprena HImuaxy6epa [506].

Wnest MarucTpasbHBIX ceTell MIMEHHO TaKas, KaK Mbl II0Ka3blBAJIN BbIIIE: MBI IIPe/i-
crasisiem y'¥), BeIxon ciost k, kak mumeiinyio koMGuHAIIIO BX0za 5T0r0 c1ost & (F) i pe-
sysbrata F (%)), Beca KoTOpOIi yIpaBIIsiioTCs APYTHME TPE0OPAZOBAHMSIMI:

y®) = (@ z®) 4 7"z,

rie C' — oo refiT mepeHoca (carry gate), a T’ — reifT mpeo6pasoBanust (transform gate);
00BIYHO KOMOMHAIUIO IeJIal0T BhIIyKJI0H, C' = 1 — T. MarucrpajibHble CeTH TOKE 1103~
BOJILITH 00yYaTh OUEHb TIIyOOKKE CETH € COTHIMU ypoBHel [507], a 3aTeM aTa KOHCTPYK-
s Oblyia aJaITUPOBaHA AJIs PEKYPPEHTHBIX ceTeil [440].

Yro 31ech MOOGEAUT — MPOCTOTA WU BHIPA3UTEIBHOCTh — BOIPOC MOKA OTKPHITHIH,
HO B JIFOOOM CJIy4ae BAPUAHTBI 9TUX APXUTEKTYP YK€ TTO3BOJIMIIH CIETATh GECITPEIIeIeHT-
HO TJTyOOKUE CETH, U OCTAHABJIMBATHCS HA IOCTUTHYTOM UCCJIE0BATENN HE COOMPAIOTCSL.
A MBI Ha 9TOM 3aBepIIaeM KPaTKuii 0630p COBPEMEHHBIX CBEPTOUHBIX apXUTEKTYP. [Topa
JIBUTATHCS JIANTBIIE, K APYTOI IIOCTAHOBKE 321241 0OYYEHUS — aBTOKOAUPOBIIIKAM.
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5.5. ABTOKOAUPOBLUUKHN

A cripocure, Jist 4ero s Tak cam cebs koBepkas u Mmyunn? OTBer: 3a-
TEM, UTO CKYUHO y3K OU4€Hb ObLIO CJIOKA PYKH CUETh; BOT U IIYCKAJICS HA
BBIBEPTHI.

D. M. Jlocmoesckuii. 3anucku u3 noononvs

B aToM paszesne Mbl TO3HAKOMUMCS ¢ OTHOM M3 TPAAUIINOHHBIX ADXUTEKTYP HEHPOHHBIX
ceTell, KOTopasi 04eHb XOPOIIo cebsl 3apEKOMEH/IOBAJIA B 3a/1a4aX U3GAEUCHU NPUSHA-
K08, KOT/[a HY5KHO M3 CJOKHBIX JAHHBIX GOJIBIION PasMEPHOCTH BBIIETUTh MPU3HAKH,
UMEIOTIIE KAKOH-TO CMBICJI C TOUKU 3PEHUsI TOTO, YTO 9THU JiaHHbIe BOOGIe cOGOM mpej-
cTaBJIA0T. VIHBIMY cJIOBaMM, MbI Oy/IeM pelliaTh 3a/iauy 00yuenus 6e3 yuumens: Kak us-
BJIEYb 13 GOJIBIIIOTO KOJMYECTBA TAHHBIX CMBICJ, KAK HAUTH 3aKOHOMEPHOCTH, KOTOPbIE
YIPABJSIOT ATUMU JAHHBIMU, KK TIOHSATH, YTO B HUX OBIIEro, YTO OHU O3HAYAIOT U KaK
UCTIOJIb30BATh UX JAJIbIIe?

Kak u y MHOTHX IpyTUX apXUTEKTYD HEHPOHHBIX CETel, Y ABTOKOANPOBIIUKOB J10JI-
ras U cJIaBHas UCTOPHs. BriepBbie MOjie/ib aBTOKOAMPOBIIMKA ObLIA MPECTABIIECHA eIle
B 1986 roxy B k1accudeckoii pabore JIpBua PyMeJbeapTa1, [xeddpu Xunrona u Po-
Hasba YuibsiMca, Learning internal representations by error propagation [459, 460];
C TeX TIOP TOSBUIACh MACCA PA3JIUNIHBIX BAPUAHTOB aBTOKOJUPOBIIUKOB, HO OCHOBHAS
UJIesT OCTAETCST TOU JKe caMOM, U aBTOKO[UPOBIIUKY B IIE€JIOM TOJIBKO HAOUPAIOT IOITY-
JIIPHOCTD 6J1arofaps CBOeii IIpocToTe U IMOKOCTH.

VTak, IpeoIoKuM, 4TO Y HAC €CTh HEKUI HAOOP TAHHBIX, KOTOPBIN MBI XOTEJH ObI
OITUCATH C TIOMOIIIBIO HOBBIX «YMHBIX» IPU3HAKOB, KOTOPbIE ObLIH ObI JIydIlle U <UHTe-
pecHee» (0 TOM, YTO TO TAKO€e, MbI [IOTOBOPUM HIKE ), UeM MCX0HOe onucanue. Hampu-
Mep, MbI ObI XOTEJIU OMTUCATH PYKOITUCHBIE NP HE TIUKCEJ 32 TTMKCEJIOM, € TIOMOIIBIO
KaKWUX-TO [IPU3HAKOB, 13 KOTOPBIX OBLIO OBI JOCTATOYHO MPOCTO BHIACHUTD, KaKas 1iup-
pa HaTIMCaHa, UM YbUM TIOYEPKOM, UM KAKUM I[BETOM... B 001IIeM, IPU3HAKOB, KOTOPbIE
6bLTu ObI 6oJiee MHMOOPMATUBHBIMU. JTO BBITJISIUT Kak 3a/a4a 00ydeHus: 6e3 yauresis,
KOTODYIO TPYZAHO PeNIaTh HEPOHHBIMU CETSIMU: HETIOHSITHO, KAK OTIPeIeUTh QYHKITHIO
OIUOKH JIJIST 33/1aUM «HAWTU WHTEPECHbBIE TPUIHAKU>.

OcHoBHast ujies1 aBTOKOAUPOBIIUKOB CTOJIb JK€ TIPOCTA, CKOJIb U FTeHUAJIbHA: [aBali-
Te TIPeBPaTHM 324y 00yueHus 6e3 yuuTesist B 3aa4y OOyUeHUs ¢ yauTesieM, camu cebe
MIPUIyMaeM TeCTOBBIE TIPUMEPHI C U3BECTHBIMHU ITPABUJIBHBIMU OTBeTaMM. U crienaeM Mbl
9TO TaK: MOMPOCUM MOJIeJIb 0OYUUTHCS BBIIABATH HA BBIXOJIE POBHO TOT K€ IIPUMEP, KO-
TOPBIi o1aBasu eif Ha Bxon! [Tpu sToM oHa GyeT 00yYaThest CHauaIa Co3/1aBaTh HEKOE
BHYTpeHHee IIPeCTABIeHNe, KOAMPOBATH BXO/ KAKUMU-TO IIPU3HAKAMHU, & TIOTOM JIEKO-
JIMPOBATD UX 0OPATHO, YTOOBI BOCCTAHOBUTD MCXOHBIN BEKTOP BX010B. M bl 1306pa3min

U IIs6ud Pymenvxapm (David E. Rumelhart, 1942-2011) — aMepuKkaHCcKuii ICHXOJIOT 1 MATeMATHK, OJ[UH
13 OCHOBaTeJIel COBpeMEeHHOi KOTHUTUBHOI Hayku. OH GbLI OHUM U3 n3o0peTaTeseii arroputMa 06paTHOTrO
pacrpocTpaHenust OUOKU 1 CO3/JI 1eJIbI Pl KIACCUIECKUX MOJIeJIeit TTPOIECCOB TI03HaHUs 1 00paboTKU
unbopMaInK, BIEPBbIE MPEJIOKII HAYYHO TPOBEPSIEMbIe MOZIEJN KOTHUTHBHBIX Tipotieccos [410].
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@Q@p /@

ABTOKOAMPOBLLMK

@6/@%\@

Puc. 5.9. Kax paGoTaet aBTOKOIMPOBIINK

0011Iy10 CXeMy aBTOKOAMPOBINKA Ha puc. 5.9. ToBopst uyTh Gosee (hopMaTbHO, MBI XO-
M 06yunTh ByHKIWo f(x; 0) ~ x, rIe @ — 910, Kak 06BIYHO, TapaMeTPhl HEHPOHHOIT
CeTH.

KoHeuHo, Bbe[IMBBIN YiTaTE b CIIPOCUT: B UeM TYT, cCOOCTBEHHO, IipobaeMa? Toxe
MHe 6HOM HBIOTOHA — CKOITUPOBATh BXO/ B BBIXO/, [IJIsl 9TOTO HUKAKAS OTITUMU3AI[IS
He HY’KHA, BIIOJIHE JJOCTATOYHO B3SATH CETDh C €IMHUYHBIMI MATPUIIAMHU BECOB, CKOTTUPO-
BaTb BXO/l HA CKPBITBHIN CJIOH, a TOTOM CKOTMPOBATh CKPBITBIN €J0# Ha BbIXOA. U1 aTO
JIeHCTBUTEJIBHO TaK: €CIM He HAKJIA/AbIBATh JIOTOJHUTEIbHBIX OTPAHUYEHUH Ha IIpe-
CTaBJIEHHUE, KOTOPOE JIOJIKHO IMOJIYIUTHCS HA CKPBITOM CJIO€, HUYETO YMHOTO He TIOJy-
YUTCS, U CETh OYAET 00y9IaThCst MPOCTO KOMMPOBATH BXO B BHIXO/. VICKYCCTBO MOCTPOE-
HUS aBTOKOIUPOBIIIUKOB, U B 11€JIOM IIPAKTHYECKHU BCE COZIEPsKAHUE 3TOMH IIaBbl, COCTOUT
B TOM, YTOOBI IPUyMAaTh, KAKUE OTPAHUUYEHIS 1 KAKMM 00Pa3sOM HAJIOKUTh Ha HEHPOH-
HYIO CETh, YTOOBI TIOJIYYAIOIIUECS Ha CKPBITHIX CJOSAX TIPU3HAKK JEHCTBUTEILHO OKa3a-
JIUCh <UHTEPECHBIMU .

B kiaccmueckoM aBTOKOAMPOBIIUKE, KOTOPBINA M MPEJIArajicsi B UCXOIHBIX pabo-
Tax [459, 460], qonoIHUTEIbHOE OrPaHUYEHNE OUYEHb IPOCTOE: YTOObI HA CKPHITOM CJIOE
HeJIb3s1 OBLITO MTPOCTO CKOMMPOBATH BXO/I, IaBaiiTe yMEHBIIMM €T0 PA3MEPHOCTH 110 CPaB-
HEHUIO ¢ Pa3MepHOCTEIO Bxona. Hampuwmep, B paszese 3.6 Mbl KOIUPOBAIN PyKOTIHC-
ueie udpsr u3 garacera MNIST, koTopbie mpeaCcTaBIsSIOT c060I KAaPTHHKY pasMepa
28 X 28 MIKCeJI0B, B BUie BEKTOPA AJTUHOH 784, 110 OT/IeIbHOY pa3MEPHOCTH /1JI51 KaXKI0TO
nUKcesna. A Temepb MBI MOJKEM TIOMTPOOOBATH TIOCTPOUTH ABTOKOUPOBIIKK, ¥ KOTOPOTO
Ha CKPBITOM cJioe OyeT, CKakeM, CTO HEPOHOB, TIOIIPOCKUB TeM CAMBIM CETh MPEICTa-
BUTb KaKIyT0 TNGPY U3 KAaPTUHKH 28 X 28 MUKCEJOB B BU/Ie BeKTOpa pazmepHocT 100.

3ech, paBjia, BOSHUKAET IIPOTHBOTIOJIOKHBINA BOIPOC: TI0YEMY 9TO BOOOIIE MOKET
paborars? Besb oToGpaxenue mpocTpascTsa 601b110i pasmeproctn RY B mpocrpan-
cTBO MenbIieit pasmeproct R, d < D, He MoeT GbITh B3AHMHO O[HO3HAYHBIM, TO €CTh
MbI Beerzia Gy/IeM TepATh KaKylo-To HH(POPMAITIIO; KaK jKe Mbl TOT/a OyieM BOCCTaHAB-
JIMBATh UCXOJHbIE BEKTOPHI & € RP?

W peiictBuTebHO, eciii Obl HAM HY?KHO ObLIO HAYYUTh MOJE/b 0TOOPaXkKaTh 6¢e BO3-
MO’KHbBIE KaDTHHKH pasMepa 28 x 28 iikcesios B mpoctpancTso R0, 510 6b1ma 61 HeBo3-
MO’KHAs 3a/1a4a: C/IydJaiiHbIil BeKTOp 13 mpoctpancTsa R784 comepskur ropasao Gombime
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HH(bOpMaHHH, YEeM BEKTOP U3 RlOO’ 1 110 CyTHU MbI HE MOTJIN OBl cZiejIaTb HUYETo JIydlIlle,

YeM IIPOCTO CKOITUPOBATh KaKue-HUOY/Ib CTO KOOPMHAT HCXOIHOTO BEKTOPA, a OCTAJb-
HBIE BBIOPATH CJIYyIaiiHO.

K cyactpio, B peasbHbIX 3a/[a4ax ¢ PeaJbHBIMU JAHHBIMU KOAUPOBATH CIydYailHbIe
BEKTOPBI He Ha0. OBBIYHO OKA3BIBAETCS, UTO XOTs1 GA30BOE MPOCTPAHCTBO, B KOTOPOM
MPE/ICTABJIEHb JAHHBIE, U UMEET GOJBIIYI0 Pa3MEPHOCTh, CAMU JIAHHBIE B HEM JIEXKAT
HETO/IAJIEKY OT MH02000pa3us TOPA3IIo MeHbInel pamepHocTi. Ham BoBce He HYKHO KO-
JIMPOBATh JIDOOH OEJIBIil IIYyM U3 CIYIailHO 3aKKEHHBIX 784 MUKCEJIOB; HaM HYKHO KO-
JIMPOBATDh HEKHE «OCMBICJIEHHBIE> N300PasKEHNUsT, KOTOPbIE 00JIAIAI0T MHOKECTBOM OUe-
BU/IHBIX [IJis] YeJIOBEKA CBOICTB: OHU BBIPAXKAIOT OJIHY U3 JIECSATU UMD, UMEIOT OTIpeie-
JIEHHYIO TOJIIUHY JIUHUH, HAKJIOH, TIPEACTABJISIIOT COO0H 0OBIYHO HEPa3PhIBHBIE, CBS3-
HbIE OOBEKTHI HJIU COCTOSIT M3 HEMHOTHX HITPUXOB. Bee 9T0 0UeHb CHIIBHO CYyKaeT MHO-
’KECTBO BO3MOKHBIX M300pakeHUH 1P U MO3BOJISIET HAZEATHCS HA TO, UTO CYILIECTBYET
[IPEICTABIEHUE PYKOIUCHBIX (P B IPOCTPAHCTBE MEHBIIEN PABMEPHOCTH.

[Tpu TakoM MOAXOZE TOTYYAETCsI, YTO ABTOKOIUPOBIINK (DAKTUYECKU PelIaeT 3a-
nauy nonucenus pasmeprocmu (dimensionality reduction): kak oTto6pasuth 6oJbIIOE
[POCTPAHCTBO CO CJIOKHBIMI B3aMMOCBSI3SIMU B IIPOCTPAHCTBO GoJiee HU3KOU pasMep-
HOCTH, T/ie, GyIeM HaJIesIThCsI, CIOKHbBIE B3AUMOCBSI3U MIEPEUIYT B 3aBUCUMOCTH TIOTIPO-
nte. EcTb MHOKECTBO KJIACCMYECKUX METO/IOB MMOHMKEHUS PAa3MEPHOCTH: aHATU3 TJIaB-
HbIx Kommoment! (principal component analysis, PCA) [1], cunryisipHOe pasioKenue
marpulr (singular value decomposition, SVD) [30], aHaiu3 He3aBUCUMBIX KOMIIOHEHT
(independent component analysis, ICA) [241] u MHOTHE ApyTHE.

BaskHoe oT/indme TOTO, YTO MBI JleJlaeM ceiiuac, OT KJIACCHUECKUX METO/IOB IIOHMKE-
HUST PA3BMEPHOCTH B TOM, YTO HEHPOHHBIE CETH MOTYT BBIPA3UTH GOJIBIIIE PA3HBIX CIIOK-
HBIX MHOTOOOPAa3Hii, UM He HY’KHbI HACTOJIBKO CUJIBHBIE TIPEIMOJIOKEHHSI O CTPYKTYPE
NaHHBIX, KAK KJIACCUYECKUM MozessiM. [MOKOCTh Mojiesielt, 3a/1aBaeMbIX HEHPOHHBIMIU
CeTsSIMHU, YaCTO MO3BOJISIET BBIEIUTHh OU€Hb «MHTEPECHbIe» IPU3HAKM, U XOTSI MOJEIN
CTaHOBSITCS 0OOJIee CJIOKHBIMU M XPYIKUMHU, OYEBH/IHO, YTO UMEHHO 3TO U Tpebyercs
B PeaNbHOI JKU3HU: TTOTPOOYHTe-Ka TPEACTaBUTh cebe, KaK BBITSIAUT «<MHOT00Gpasue
PYKOIHMCHBIX 1up» B mpoctpancTse R7®4 i MHOr00Gpasye 0CMBICIEHHBIX TEKCTOB
Ha PYCCKOM $I3bIKe B TIPOCTPAHCTBE TTOCIE0BATENBHOCTEH OYKB...

Ha mpakTike aBTOKOAMPOBIIMKY Yallle UCTIOIb3YIOT JIsI U3BI€UEHIS TAKIX TPH3HA-
KOB U3 JIaHHbBIX, KOTOPbIE B UTOTE TIO3BOJISIIOT YMEHBIIUTD OMUOKY MPH HOCJIEAYIONIEM
obyueHuu ¢ yunresneM. V1 0KasblBaeTCs, YTO B 9TOM CJIydae aBTOKOAMPOBIIUKH, B CKPBI-
TOM CJIOE KOTOPBIX HEHPOHOB 60Jjbiie, 4eM BO BXOMHOM (MX Ha3bIBAIOT overcomplete
autoencoders, a peasibHO MOHMIKAIOIINE Pa3MEPHOCTh — undercomplete), 3a4acTyio oka-
3BIBAIOTCST KPaliHe MOJIE3HBIMH.

Kaskercs, yTo Ipy Takoi apxXxuTEKType HEMPOHHOH CETH MOCTATOYHO CKOMUPOBATh
BXOJI Ha ITPOU3BOJIbHOE MTOJIMHOKECTBO HEHPOHOB CKPBITOTO CJIOS, & 3aTEM HA BBIXOTHBIE

1 Kcrarn, 06 aHasm3e riiaBHbIX KOMIIOHEHT MbI eI1[e norosopuM B paszesie 10.3, a paszuesnnt 8.5 1 10.4 6ynyT
MIPOJIOJKEHIEM PasroBopa 06 aBTOKOAMPOBIIHKAX.
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HeWPOHbI, HO HeJnHelHast (DYHKIINST aKTUBAIIUU U PETYJISIPU3AIINST IEJIAI0T 3TO TIPAKTHU-
YeCKU HEBO3MOKHBIM. HarpuMep, peKuii aBTOKOAUPOBIIUK B Hallle BPeMs1 0OXOAUTCS
6e3 jiporayTa, HO IPOMAYT CUJIBHO MEIIAET Uee TPOCTOTO KOMUPOBAHUS; TPUXOAUTCS
BCE-TAKW «9€CTHO» BBIIEJISATH IPU3HAKL

KoHeuHo, aBTOKOAUPOBIIUKK 32 ABA/AIATh JIET CBOETO CYIIECTBOBAHUS MOJIYUUIIN
Cpasy HECKOJIbKO CEPbE3HBIX «alrpeiiioB». «OObIUHbIE> aBTOKOIMPOBIIUKY, KOTOPbIE
MBI PACCMATPUBAJIH BBIIIIE, TIHITAIOTCSI BOCCTAHOBUTD BXOJI TI0 HEMY JK€ CAMOMY, TO €CTh
OBITAIOTCS OOYYUTD TOKAECTBEHHYIO (BDyHKIMIO f(x) = @ JubO ¢ MOMOIIBIO CPEJICTB,
HEZIOCTATOYHBIX, YTOOBI 9TO BBIPA3WUTh, JUOO C AOTIONHUTEIBHBIMUA OTPAHUYCHUSIMI
U TEJISIME, KOTOPbIE MEIIAT TIPOCTO B3STh M CKOITUPOBATh BXOJ B BbIXO/. TeM He Me-
Hee, IT0 MePE TOTO KaK Pa3MEPHOCTH CKPBITHIX CJIOEB U BBIPA3UTENbHOCTh MOAETU OYIYT
pacTu — a MbI BeJlb XOTUM, YTOOBI OHU POCJIH, — MBI OY/IEM BCE TOUHEE BOCCTAHABIUBATH
BXOJI 110 HEMY K€ CAMOMY, U CIIPABJIATHCS € TOTEHIIUATBLHBIM OBEPMUTTUHTOM OyJIeT Bee
CJIOJKHEE U CJIOXKHEE.

IIlymonodasnsnowuii asmoxoduposuwux (denoising autoencoder) — aTo OpUrMHaIb-
HBII ¥ OY€HDb IPOCTOM CIIOCOO TTOYTH TIOTHOCTHIO M36aBUTHCS OT MPOGJIEM OBEPHUTTHH-
ra. /laaiiTe OyzeM BOCCTaHABJIMBATh He BXOJ T 10 HEMY CAMOMY, a BXOJ T 110 HEKO-
TOPOMY €T0 sauymiennomy Bapuanty . Hanpumep, rasaiite Beroepem 10 % mukceon
n300paskeHNsI U 3aMEHUM MX HYJISIMU (YEPHBIMU MUKCEJIAMU ) WJIU CIyYallHBIMU 3HAYE-
HUSIMA MHTEHCUBHOCTEN, HO BOCCTAHOBUTD IIPU 3TOM MOIIPOCUM HE UCKAKEHHBIN Bapu-
AHT KAPTUHKU, & MCXO/IHBII, B KOTOPOM BCE MUKCEJIb CTOSIT HA CBOMX MecTaX. Takum
00pa3oM, aBTOKOAUPOBIIKK J0JKEH OYyAET He IPOCTO CKATh TIOJNYYEeHHbI TpUMep, HO
elre ¥ YaCTUYHO BOCCTAHOBUTH yTPAuCHHBIE B TIPOIECCE 3aIyMJICHUS TaHHbIE, 00y IHUTh
He TOXIecTBeHHYI0 QyHKINIO f(a; 0) = @, KaK MbI JIeJIaJid B 3TOH IJIaBe PAHbIIe, a 10-
BOJIBHO CJIOXKHYIO (byHKIHIO f(Z;6) = @, KOTOpast yKe Hen30eKHO OY/IET OMUCHIBATH
MHOTHE HHTePEeCHbIE CBOMCTBA MMOCTYIAIONMX HA BXOJ JAHHBIX.

Kpome 3TOr0 HEMOCPEACTBEHHOTO IMPEUMYIECTBA MOSIBJSAIOTCS U Apyrue. Bo-
MEePBBIX, 00pATHTE BHUMAHUE, YTO TAKOHU TOXO/I TIO3BOJISIET CYIIECTBEHHO YBETUIUTh
06beM 06yUaoteil BHIGOPKHU (haKTHIeCKH GECTIIATHO: MbI BEIb MOYKEM 3aIIyMJISTh OJIUH
U TOT JK€ IPUMEP & M0-PasHOMY, TTOJIyYast U3 HEro cpasy MHOTO HOBBIX TPEHUPOBOUHBIX
npumepos Z1,72, ... #F ¢ omHUM 1 TeM e <«IIPaBUIBHBIM OTBETOM» . ITO, KOHEUHO,
HEJIb3s1 IeTaTh OECKOHEYHO: HAOOP 6Ha30BBIX TPEHUPOBOYHBIX BEKTOPOB BCE-TAKH HE yBe-
JINYUBAETCSI, U €CJTH TIePeOOPIIUTD ¢ TeHePaIliell MX CIy4aiiHO 3alllyMJIEHHbBIX BapUaH-
TOB, MOJIYYUTCSI TOT K¢ OBEPMUTTHUHT; HO B IBA-TPHU Pasa AaTaceT Ha MPAKTHKe OOBIYHO
MOKHO TaKUM 00PasoM «yBelnunTh». C APYroil CTOPOHBI, 3aAlIYMJIEHHOCTb KaK Pery-
JISPU3ATOP 3aCTABJISIET ABTOKOMPOBIIUK MBITATHCS BBIYYUBATh HE3ABUCUMBIE JPYT OT
JpyTa MPU3HAKU, BEb KOT/IA CJYUANHBI ITYM JISIKET TO-APYTOMY, HEKOTOPBIX JIOKAJIh-
HBIX TIPU3HAKOB ysKe He OYIeT, ¥ IPUAETCS M0 OCTABITMMCS BOCCTAHABIMBATD yTPayeH-
HBIE.

Ho noka 10 Bce 6b111 abcTpakTHBIE PACCysKAeH s, KaK BHOCUTD CJIy4ail HbIN IIyM Ha
mpakTuke? B peanbHbIX My TOMOIABIISIONINX AaBTOKOUPOBIIIUKAX IIOYTH BCET A TPUMe-
HSIOT OJINH U3 JIBYX CIIOCOO0B 3alTyMJIEHHST BXOJHOTO CUTHAJIA:
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* MepBbIii cocob — 3T0 Mob6aBIEHIE KO BXOAY CAYYAHOr0 HOPMAJIBHO pacrperie-
JIEHHOTO TIyMa ¢ MAJIEHbKOM IUCTIEPCHEH, KOTOPAst B TAHHOM CJTy4ae U OTIPEIEIISET
YPOBEHbD IIIyMa; TAKOU TOAXO0/I XOPOIIO paboTaeT /st HEKOTOPBIX THIIOB JIaHHBIX,
HO OTHOCHUTEJIBHO PEKO IIPUMEHsIeTCs B 00paboTKe M300pakeHU I, TaK 4TO ceifdac
MbI He GyzieM T0POGHO Ha HEM OCTAHABJIMBATLCS U OCTABUM YUTATENIO TPOCTOP
JUJIST HKCTIEPUMEHTOB;

* BTOPOW CITOCO0 3ANTyMIIEHUST 3aKII0YAETCST B TOM, UTO YaCTh BXOAHBIX HEHPOHOB
TIOTIPOCTY OOHYJISIETCST; YPOBEHD IyMa 37I€CH OTPEESIETCST TEM, KaKast MMEHHO
3TO YaCTh.

Bo BTOpOM crioco6e, caMoM MOMYJISIPHOM B 3ajiadax 06paboTKy M306paskeHuit, HeipoH-
Hasl CeTh, TPOTOHSS OYePeHON 3alTyMJIEHHBIN TTPUMep Yepe3 CKPBITHIN CJI0M, IO CYyTH
JIOJKHA He IIPOCTO «OT(IIBTPOBATD IIYM», 4 PEIINTD 110 XOAY /iesa 33/1a4y BOCCTAHOB-
JIEHUS yTPAYeHHbIX JaHHbIX. Biarogaps atomy GuiIbTpsl, TOTyvaonyecs B pe3yJabTaTe
00YUYEHUST TTYMOTIO/IABJISIIONIETO ABTOKOIMPOBIINKA, OKA3bIBAIOTCSI MEHEE «IITYMHBIMI»
u GoJiee JIOKATbHBIMU.

Jlpyroil BaskHbBII BapuaHT — paspedcenivie asmoxkoouposuuxu. Haunem ¢ Heb60Ib-
HIOTO JINPUYECKOro oTcTyiuiennsd. OMHO U3 BaXKHBIX CBOICTB HACTOSIIETO YeIoBeYe-
CKOI'0 MO3I'a, KOTOPOE HAJIOKUJIO Ha HAC OYEHDb CEPbEe3HbIN OTIIEYaTOK, — 3TO OTPOMHOE
KOJITYECTBO YHEPTUH, KOTOPOE TPeGyeTcst MO3Ty. B uesoBedeckoM Tesie MO3T — TJIaB-
HbIIT ee TOTPebuTEND, OH TpatuT 10 20—-30 % 9Hepriu, KOTOPYIO MbI TOTYYaEM C TIUTIEH,
[IPU TOM, 4TO 110 BECY OH COCTaBJIsieT Beero 2—3 % ot ob1ieit Macest Tea. ITo npasorio-
JOOHON BePCUH, COBPEMEHHBIN Pa3Mep YeI0BEYECKOTO MO3Ta (U He TOJIBKO (hr3myecKuit
pasmep, HO ¥ YMCJIO HEMPOHOB M YHCJIO YPOBHEN HEWPOHOB, KOTOPBIE BO MHOTOM 1 OTTpe-
JIEJISTIOT, HACKOJBKO «YMHBIMU» MBI MOKEM ObITh) 9BOJIIOIIUOHHO MOJYYUIICS TAKUM HE
TOJIBKO TIOTOMY, YTO JIETEH ¢ TAKOi HOJIBIION rOI0BOI OBLIO OBI COBCEM TPYIHO POKATD,
HO U 13 DHEPreTUYECKNX cooOpaxkenuit. Byb Moar ere GoJIbIIIe, TIEPBBIM JIO/AM MTPHU-
IIJIOCH GBI, IPU BCEM UX TIIYGOKOM yMe, KPYTJIble CYTKH 3aHUMAThCS MCKITIOUNTENHHO
TeM, YTOGBI HEMPEPBIBHO IUTATHCS, YTOOBI BOOOIIIE XOTh KaK-TO MOAAEPKUBATH paboTy
TaKOTO GOJIBIIOTO MO3Ta.

[ToaToMYy JI/IsT 4€TTOBEYECKOTO MO3Ta OYeHb BayKHO He MPOCTO 06J1a1aTh OOMBITIMI
BBIYMCIUTENbHBIMA PECYPCAMU, HO U 33/I€ICTBOBATh UX MAKCUMATIbHO 3(h(PEKTUBHO.
[To MepkaM COBpeMEHHBIX KOMITBIOTEPOB MO3T — 4y/I0 3HEProahGEeKTUBHOCTU: OH HUC-
MOJIB3YET BCETO JIUITh 0K0J10 30 BT MOIHOCTH, YTOObI YIIPABJISATHCSI CO BCEMU CBOMMU
1019 meitponamu n 1014 cunancamu. OzHa u3 KIIOUEBBIX 0COGEHHOCTEN, TO3BOJISIONIX
MO3IY 9TO JIeJIaTh, — 3TO PA3PEHCEHHOCNb AKTUBAIIUN HEITPOHOB: B KaK/bLI MOMEHT Bpe-
MEHU B MO3T'Y aKTHBHA TOJIbKO OY€Hb HeOOJIbIIIast YacTh HelipoHOB. Ecim ObI MO3T Ipej-
CTaBJISLT COOOM TIIOTHYIO MOJIEJTH U B KAJK/IBIit MOMEHT BPEMEHU aKTHBUPOBAIACH ObI 10~
JIOBUHA UMEIOIIUXCST HEWPOHOB, HAIIH [TPEKH BPSIL JIU JIOJITO TPOTSIHY U OBI, BE/Ib TOT/A
He ObLIO HU YU36YPrepoB, HU KOJIbI, HU JIaKe 0OBIYHOTO MOJIOYHOTO TIIOKOJIA/A.

OxkasbIBaeTcs, 4TO 3Ta paspecennocmy (Sparsity ) ak THBAIIUI — 3TO JKeJlaeMoe CBOM-
CTBO HE TOJIBKO JUJISI MO3Ta, [IJisI KOTOPOTO 3TO OBLIO KU3HEHHO BAXKHO, HO ¥ JUJIST HIC-
KyCCTBEHHBIX Mojesieil. VIHora Mbl MOXKeM MHTepIIpeTUpPOBaTh 3HaYeHUE aKTUBAIlUN
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HelpoHa MMEHHO KaK €ro aKTHBHOCTB, U TOT/IA 3HAYEHUS, OJM3KUE K eMHUILE, O3HA-
YaloT, YTO HEWPOH TTOCHLIAET UMITYJIbChI, 1 HA000OPOT, U OJUSKHUX K HYJIF0 3HAYEHI-
SIX HEHPOH MOKHO CUUTATDH <«IIOTAIIEHHBIMY>, HEAKTUBHBIM. B HEKOTOPBIX 3a/1a4ax MBI
XOTeJI ObI MOJYYUTh HEHPOHHYIO CETh, OOJIBIIUHCTBO HEHPOHOB KOTOPOIl HEAKTUBHBI
B KaX/IbIii MOMeHT BpeMeHU. C OJIHOI CTOPOHBI, 3TO TI03BOJIAET HAJAESATHCS HA TO, YTO
3a pasJInyHble «I10JIe3Hble» CBONCTBA, U3BJI€YEHHDIE U3 JAHHBIX, OTBEYAIOT OT/EJIbHbIE,
eIMHUYHbIE HEHPOHBI; B OTJINYUE OT CUTYAIIUH, KOTJ[a cpasy OoJIbliiast IPYIIa HEHPOHOB
OTBEYAET 32 HEKOTOPOE CBOWICTBO, HAM OY€Hb TPYAHO MHTEPIIPETUPOBATD X 3HAUEHNS,
Y MOJIEJTh TIOTYYaeTCsT CAUIIKOM XpyTKoit. Takoii ke apdekT BosHMKaM B paszese 4.1
[PU APoTiayTe, KOTOPbIA MOYKHO CYMTATH CBOCOOPAZHBIM CPEICTBOM OOECIIEUNTh paspe-
JKEHHOCTb.

Ho kax czenaTth HepOHHYIO ceTh pa3peskeHHoi Ha mpakTuke? [laBaiiTe BepHeMcs
K BepOSATHOCTHOM MHTePIIPeTAllN aKTUBAIIMUA HEHPOHOB. /119 yBemnyeHus: pa3peskeH-
HOCTH CKPBITOTO CJIOST HaM OBl XOTEJIOCh, YTOOBI BEPOSITHOCTh aKTHUBAIMK KayKIOTO OT-
JIeJIBHO B3SATOr0 HelpoHa Oblia HU3KOW. ITycTh HelipoH mpeicTaBisier co6ol ciryJaii-
HYIO BEJIMYMHY C pacrpeniesieHreM BepHyJm; mpoiie ToBopsi, HEHPOH — 9TO 06BIYHAS
MOHETKA, W CpejiHee 3HAYCHNE aKTUBAIIMY HEMPOHA CKPBITOTO CJIOSI COOTBETCTBYET Be-
POATHOCTH MOJIyYeHUs eJIMHUIIBI (HapuMep, penikn) B uctipitannu bepuysmm. [Iyctn
Telepb JKestaeMasi BEpOSITHOCTD aKTUBAIMU HelfpoHa paBHa p, a 0JIyYeHHOe U3 JaHHBIX
AIMIMpHUYEcKoe cpearee paBHo p. Paccrosaue Kymbbaka — Jleiibrepa MeKIy MOTEND-
HBIM pacipesieJieHueM U paclpeieleHeM TaHHBIX PAaBHO

KL (pl|p) = plog%-

WU Temepb 3TO paccTosinue, TO €CTh MEPY HETIOXOKECTH MEXKIY pacipeneJeHusIMy,
MOZKHO TIPOCTO 00aBUTD B 1Ie/IEBYI0 (DYHKIIUIO KaK PEryIsipu3aTop.

Nrax, B aTOM paszesie Mbl TO3HAKOMUJINCH C OCHOBHBIMH UESIMU TOTO, KaK CO3/1a-
BaTh aBTOKOJIUPOBIIUKH, BAKHBII METOJ[ U3BJICUeHUsT MPU3HAKOB 6e3 yuuresst. Ocra-
JIOCH TOJIBKO YBUJIETD, KaK 3Ke BCe 3TO paboTaeT Ha IPaKTHKe.

5.6. MpumMmep: KopupyeM pyKonucHble LU pbl

B oTuasinum s penms HaYath ¢ 9uctoro gucta. Jlymars, kak Asan Toio-
puHT. OOBIYHO MBI CTAPAEMCS CBECTH 33/[a4y K YUCJIaM, a TOTOM GPOCUTH
Ha Hee BCIO MOIh MaTEMAaTHYECKOTO aHAIN3a.

H. Cmusencon. Kpunmonomuxon

B aTom pasgene MBI TIpoMOKAaEM CEPHUIO TIPUMEPOB, CBSI3AHHBIX C PACIlO3HABAHUEM
udp Ha gatacere MNIST; mpoctute, 4To CTOJb OMHOOOPA3HBI HAIIN TIPUMEPHI, HO HA
CaMOM JIeJIe [10JIE3HO IOCMOTPETh, KaK PaboTaloT caMble pa3Hble MOJE/IN Ha OHOM ¥ TOM
e Habope gaHHBIX, a MNIST — aT0 Kaaccudyeckuil gatacer, Ha KOTOPOM BCe 9TH MO-
Jiesn paboTaioT JO0CTaTOYHO OBICTPO M XOPOIIO. MbI HAUHEM C TOTO, YTO PACCMOTPUM
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OOBIYHBII M3OBITOUHBII ABTOKOAUPOBLIMK, a MOTOM OY/eM IIOCTENEHHO MOAUDUIIPO-
BaTh IMOJYYEHHBIH KO ¥ ITOJIyYaTh IPYTHUE BAPUAHTHI ABTOKOJAUPOBIIUKOB.
CHauaJjia UMIIOPTUPYEM BCe, YTO HaM IIOHAJ0OUTCS:

import numpy as np
import tensorflow as tf
from tensorflow.examples.tutorials.mnist import input_data

U zarpysum Habop parabix MNIST:

mnist = input_data.read_data_sets("MNIST_data/", one_hot=True)

Kak mb1 yxe obcyxaanu, gartacer coctouT us 70 000 pasMeueHHBIX 4epHO-OeJIbIX
nu3006paKeHNH, KOTOPBIE PA3/IeNeHbl MEKIY TPEHUPOBOYHOM, TECTOBOH 1 BATUAAIINOH-
HoU Beibopkamu 110 55 000, 10 000 1 5000 mpuMepoB COOTBETCTBEHHO.

3aj1aJiM TUTIePIIapaMeTPhl CETH:

batch_size = 64
latent_space = 128
learning_rate = 0.1

ﬂaBafITe JJIST TIDOCTOTHBI 9KCIIEPUMEHTA OIIUIIIEM OTHOCJIOMHBIN ABTOKO/JIMPOBIIUK.
,ZIJIH 9TOTr0 0OBSBUM €I'0 Beca

ae_weights = {"encoder_w": tf.Variable(
tf.truncated_normal([784, latent_space], stddev=0.1)),
"encoder_b": tf.variable(
tf.truncated_normal([latent_space], stddev=0.1)),
"decoder_w": tf.Variable(
tf.truncated_normal([latent_space, 784], stddev=0.1)),
"decoder_b": tf.Variable(
tf.truncated_normal([784], stddev=0.1))}

1 33/1aTUM TEH30PBL:

ae_input = tf.placeholder(tf.float32, [batch_size, 784])
hidden = tf.nn.sigmoid(
tf.matmul(ae_input, ae_weights["encoder_w"]) + ae_weights["encoder_b"])
visible_logits = tf.matmul(
hidden, ae_weights["decoder_w"]) + ae_weights["decoder_b"]
visible = tf.nn.sigmoid(visible_logits)

Ha camom gesne teHsop visible it oOydyeHust He Hy’KeH, TaK KaK MbI Oy-
JeM HCIIONb30BaTh CTaHAAPTHYIO (GyHKIMI0 omubku u3 Oubmuorexu TensorFlow,
sigmoid_cross_entropy_with_logits. O/HaKO 1I03Ke OH MPUTOUTCS HAM JIJI TOTO, YTO-
Obl BU3YaJIM3UPOBATh BOCCTAHOBJIEHHbIE M300pakeHs. A cama (hYHKIIUS OIUOKY JJIsk
ABTOKOJIMPOBIIUKA B BUJIE TEPEKPECTHON SHTPONUH 3aITUIIETCS TAK:

ae_cost = tf.reduce_mean(
tf.nn.sigmoid_cross_entropy_with_logits(fc_v_logits, ae_input))
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BuiGepem anroputm ontumusanuu us TensorFlow, B gantom ciyyae AdaGrad:

optimizer = tf.train.AdagradOptimizer(learning_rate)
ae_op = optimizer.minimize(ae_cost)

Kak 1 panbliire, HaM ocTaeTcs TOJbKO MHUITUATM3UPOBATD ITEPEMEHHbBIE, CO3/IaTh CeC-
CHIO U 3aITyCTHUTH TPOIIECC 00yYEHUSE:

sess = tf.Session()
sess.run(tf.initialize_global_variables())

for 1 in xrange(10000):
Xx_batch, _ = mnist.train.next_batch(batch_size)
sess.run(ae_op, feed_dict={ae_input: x_batch})

[Tocne ob6yderus Ha 10000 muHu-GaTyeill omMOKa BOCCTAHOBJIEHUSI HA TECTOBBIX
MaHHBIX cocTaBisteT mpuMepHo 0,22, a mocae 100 000 magaet 1o 0,12 u mpu manpHEH-
1reM 00y4YeHIH MOKeT ObITh YJIydllieHa 110 3HadeHuit, MeHbiux ueM 0,1, M3o6paskenns,
KOTOPBIE ITOJIyIaI0TCSI TIOCJIE€ BOCCTAHOBJIEHSI, BCE ellle BBITJIAASAT Kak I Pbl, HO OYeHb
CUJIBHO «Pa3MBIThI».

Yro6bl cIeTaTh PA3PEKEHHBII ABTOKOIUPOBIIIK, HYKHO, KaK MBI 00CY3K/IaJIH BBIIIIE,
HOGABUTD PETYJIApU3aTOp. 3aJa M B KaueCTBe JOIIOJIHUTEIbHBIX TapaMeTPOB p U 3 BeC
peryJsipusanyuy B GyHKIIUKA CTOUMOCTH:

rho = 0.05
beta = 1.0

OHpeI[e]II/IM TENepb TEH30D JAJId PETYJIAPU3allMOHHOTO CJIaraeMOTo:

data_rho = tf.reduce_mean(hidden, 0)
reg_cost = - tf.reduce_mean(tf.log(data_rho/rho) * rho +
tf.log((1-data_rho)/(1-rho)) * (1-rho))

371ech 17T OLIEHKH /) MBI HCIIOJIB3Y€EM CpeIHee 3HAUeHNe aKTUBAIINY CKPBITOTO CJIOS
0 MUHHU-0ATYY /7T KAJKAOTO HEfPOHa, a ISt YIIPOIIEHNST BHIYUCTEHNH TTepeBopayBa-
em 1pobu BHYTpH JorapudmoB. OO61ast GyHKIMS CTOUMOCTH TENEPD BBITJISIUT TaK:

total_cost = ae_cost + beta * reg_cost

U nMeHHO OHA TIEPEIAeTCsT OMTUMHU3ATOPY BMECTO ae_cost.

ITocMOTpUTE BHUMATENBHO, YTO 37I€CH TPOM3OIIIO: Mbl 33/aJU JOMOJHUTEIHHOE
craraemoe 1uist (pyHKIMU OMIMOKU; OHO TeM MEHbIIe, ueM OJIMsKe paciipesieieH1e akTHBa-
U HEMPOHOB K TIPUYMAHHOMY HAMU PACIPE/IETICHUIO, B KOTOPOM MOHETKA BHITIAAET
opJioM (TO eCcTh HEHPOH aKTHUBUPYETCST) € BEPOSITHOCTHIO p = 0,05. IHBIME cT0BamMH,
MBI TIPOCTO TOTIPOCHIIN MOJIESTh OGYIUTHCS TaK, UTOOBI Ha KAKIOM OTIETFHOM BXOJIE Ha
CKPBITOM CJIO€ AKTUBUPOBAJIOCH TPUMEPHO 5 % HENPOHOB; a apaMeTp 3 OTBEUYAET 3a TO,
HACKOJIBKO YOEIUTEeIbHO MBI €€ 00 9TOM IIOIIPOCHJIH.

[Tocsie HECKOMBKUX MUJIMOHOB MUHK-6aTueil 1 HECKOIBKUX STI0X 06YYeHUsT MOJIe-
JIV CPEIHIE 3HAYECHSI HEHPOHOB CKPBITOTO CJIOST YMEHBINATCS ¥ CTAHYT GJIM3KH K p.
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Puc. 5.10. IIpumep paboTbl pa3pesKeHHOr0 aBTOKOANPOBIIUKA: @ — MCXO/HbIE N300PaKEHNST;
6 — PEKOHCTPYUPOBAHHBIE; 8 — BOCCTAHOBJIEHHbIE U3 «0OGPE3aHHOTO» CKPBITOTO CJI0ST

Ho rze e obemantas paspeskeHHOCTb? Bejb X0Th 3HaYEHMsI aKTUBAIUI ¥ yMEHb-
HIMJIMCh, OHU BCE TaK K€ OCTAIOTCS HEeHYJIeBbIMH, a HaM /IS yJayulieHus g deKTUBHO-
CTHU MOJIeJIN HEMHTEPECHO NMETh OKOJIOHYJIEBbIE Beca, HaM HYKHBI CTPOTHE, <JKECTKUE»
uysm. [laBaiiTe ipoBeieM HeGOJBINON IKCIIEPUMEHT: BO3BMEM CJIyUYallHbIil MIHU-0ATY,
CIIPOETIUPYEM €70 B BEKTOP AKTUBAIUN CKPBITOTO CJIOST M OOHYJIMM BCE DJIEMEHTBI, MEHb-
nme 0,1. ITockosbKy B HalMX akcrepuMenTax p = 0,05, 9To BecbMa 3HAYUTEJIbHASA YACTh
3JIEMEHTOB CKPBITOTO CJIOS. ITO CaMo M0 cebe BIIOJTHE 0KUIAEMO, HO CAMO€E HHTEPECHOE
3/IECh TO, YTO OCTABIIUXCS 3JIEMEHTOB OYIET BIIOJHE JOCTATOUHO sl BOCCTAHOBJIEHS
UCXOMHBIX N300paskeHuii! PaspeskeHHBIN aBTOKOIUPOBIIUK He OOMaHYJI: MbI JIeHCTBU-
TEJIBHO OOYYIIIN CKPBITBIN CJIOM TAK, 4TO TeMePh MOKHO OOHYJIUTH BCE MAJIEHBKUE BECA
U BCE €llle MOJIYYUTh XOpoliiee NPUOIIKEHNE K TAHHBIM.

YT00BI 9TO HAPUCOBATH, BBEIEM JOTIONHUTETbHBII «3alllyMJICHHbIH CKPBITHIH IO
1 €70 JeKOJNPOBIIHK:

noised_hidden = tf.nn.relu(hidden - 0.1) + 0.1
noised_visible = tf.nn.sigmoid(
tf.matmul(noised_hidden, ae_weights["decoder_w"]) + ae_weights["decoder_b"])

Mbi He GyjieM UCTIOIb30BaTh €ro B (hYHKIIMU OIUOKH, a TOJBKO JJIsi OTPUCOBKH Kap-
TUHOK; TIOJIyYeHHbIE PYKOITUCHBIE IUdPbI M306pakeHbl Ha puc. 5.10, 6, U B cpaBHEHUU
C «4ECTHO» PEKOHCTPYUPOBAHHBIME Indpamu Ha puc. 5.10, 6 BUIHO, YTO PasHUIA HE
TaK y»X 1 BeJIUKa.

Kcraru, Takoii TpIok ¢ 06HyIeHHEM BECOB MOYKHO HUCITOIb30BATh HE TOBKO B CTIETH-
AJIBHO JIJIST 3TOTO CO3/IaHHBIX Pa3pe’kKeHHBIX aBTOKOAMPOBIMKaX. Bo MHOTUX cOBpeMeH-
HBIX TIyOOKUX MOJIEJISIX PETYJISIPU3AIIS YCTPOEHA TaK, YTO, OOHYJISIST PEIKO UK CJIab0
HCITOJTb3yeMble Beca, MOKHO 3HAUMTEeIbHO COKPATUTh CKPBITHIN CJION U yIIPOCTUTD IIPU-
MeHeHre Mojies (HO He ee obyudenne). B yacTHOCTH, 9Ta Hjest MCMOIb3YeTCs JIJIsA TOTO,
9TOGBI YMECTUTH OGYUEHHBIE TIYOOKIE MOET HAa MOOIIBHBIX YCTPOHCTBAX.

Erte omHO 3aMeydaresibHOe CBOMCTBO Pa3peskeHHOT0 aBTOKOIMPOBIINUKA 3aKJII04aeT-
CS1 B TOM, YTO «(UIIBTPBI», TOJydaeMble B Pe3yJibTaTe 00yUeHuUs], 4ACTO UMEIOT SIBHYIO
U TIOHATHYIO CEMaHTHKY. B Hatem cirydae okas3biBaeTcst, 4TO GOJIBIIMHCTBO (GUIBTPOB
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YUYUTCS PACIO3HABATH PAa3JINYHbIe ouepTanus 1udp. Ho kak MBI cMOTJIHN 9TO 3aMETUTH?
Kak NoHATH He TO, KaKue HePOHB! COOTBETCTBYIOT AAHHOMN KapTHHKE (JI7Is1 3TOTO HYXK-
HO TIPOCTO 3aMyCTUTh HEHPOHHYIO CETh), 2 HAOOOPOT: KaKie KAaPTUHKH COOTBETCTBYIOT
JAHHOMY HEHpOHYy?

Yro6bl 3TO TPOUJLIIOCTPUPOBATH, JaBaiiTe BO3bMEM OTAEJIbHBII HEHPOH BHYTPEH-
HETO CJIOST U TONPoOyeM moa06paTh Takue BXOMbI, KOTOPble MAKCUMU3UPOBATIH GBI €70
aktuBanuio. Tak Kak (GyHKIUS aKTUBAIUU CKPBITOTO CJIOsT 0(a) MOHOTOHHA OT CBOETO
apryMeHTa a, ee MaKCUMAJIbHOE 3HAUeHUe OYeT JOCTUTATHCS TaM K€, TIe MAKCHMAJb-
HOTO 3HAUEHVIS JIOCTUTAET ee TapaMeTp. 3JHaYeHUe i-TO HEHPOHA CKPBITOTO CJIOS 10 TTPH-
MEHEHMS! HeJIMHEHHOCTH BBIYMC/ISCTCS KaK @ | W 4 b;, r/ie mapameTp b;, XOTb U BIMsET
Ha caMo 3HaueHNe MaKCIMYyMa, He MEHSIET TOUKY, B KOTOPOI OH ocTHTaeTcsl. B takoM
clydae 3aj1aya CBOJUTCS K TOMY, YTOObI MAKCHMU3MPOBATH CKAJSIPHOE IPOU3BEIECHIE

T
xTr W*i = ijWij'
J

3aMeTuM, 4To, TIOCKOJIbKY MbI UMEEM JIEJIO € U300PaKEHUSAMU, 3HAUCHUS TTHKCETIOB
KOTOPBIX MTPUHAIERAT 0TPe3Ky [0, 1], 04€BUHO, 4TO MAKCUMYMa 3T CYyMMa JIOCTUTAET
B cayyae, Korna vy = 1, ecu Wi > 0, u 27 = 0 B IPOTUBHOM CJyyae.

OjHako Ha TaKOW «OMHAPHOW» KapTHHKE TOYKHU, UMEIOIIHE OYeHb MAJIEHbKHUiT, HO
MOJIOKUTETBHBIN Bec, OYAYT POPUCOBAHBI TAK K€ CUIILHO, KaK U CAMBIE BayKHBIE, U MBI
BPSIZL JIU CMOKEM XOPOIIO UX OTJIMYUTH APYT OT Apyra. [loaTomy naBaiiTe HaJIOXKUM
JIOTIOJTHATETFHOE OTPAaHWYEHWE Ha 3HAUYEHUS BXOAHBIX HEWPOHOB, HOPMAIHU3YEM WX:

>°;z7 = 1. Torna MakcHMa/IbHAs AKTUBALMS HA BBIXOJE -T0 HeiipoHa GyieT 1oCTH-
raThCs B CJIELyIoNIei Touke ! :
Wij
Tp= —————.
norm(W,;)

Mol n306pasuin HeKoTopbie U3 128 puibTpoB paspesKeHHOTO aBTOKOAUPOBILUKA Ha
puc. 5.11. XoTs1 BBITJISIAAT BCE OHU TOBOJILHO 3aNTyMJIEHHO (BCe-TaK! 3TO caMast TPOCTast
13 BO3MOKHBIX aPXUTEKTYP), BUAHO, YTO MHOTHE U3 HUX COJEPKAT SIBHbIE OUePTAHUS
udp.

Jluist Toro 4ToObl pean30BaTh IIYMOIIOAABISIONUI aBTOKOAUPOBIIUK U IIPOTECTH-
poBatsb ero Ha MNIST, noctaTouyHo BHECTU MUHUMAJIbHBIE UI3MEHEHUS B YK€ HAIMCAH-
HBII Koz, HauHeM ¢ TOro, 4To J0GABUM ellle OAHY 3arIyIIKy AJIs <ACIOPYEHHBIX> JaH-
HBIX:

noisy_input = tf.placeholder(tf.float32, [batch_size, 784])

Koneuno, aTa 3aryiika J0/5KHA UMETh TAKOU JKe pa3Mep, Kak M ae_input, TaK Kak
(byHKIIMS TOTEPD TTOCIIE CKATHST ¥ BOCCTAHOBJIEHUS TIPUMEPOB OYIET MOACYUTHIBATHCS

E Xotsa ATy 3a/lady MOKHO O4Y€Hb ITPOCTO PEUIUTD C ITOMOIIBIO METOLAa A-MHOKHTEJIEN .HaI‘pEIIDKa, 06bsIC-
HEeHME 9TOr0 METO/[a BBIXOIUT 3a PaMKH JIAHHOI KHUTHY, 1 MbI IIPEJOCTABJIAEM 3HAKOMOMY C 6a30BbIM KypcoM
MaTEMaTUY€CKOro aHajan3a YuTaTe o BOSMOKHOCTb CAMOMY MOJIYUYUTH OTBET.
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Puc. 5.11. Hexortopbie puibTpsl pa3peskeHHOr0 aBTOKOIUPOBIINKA

Ha OCHOBE€ MCXO/IHBIX JaHHBIX, a HE 3alllyMJICHHBIX. CKprTbII?I cJoi TEIEPb TOXKE (I)OP-
MUPYETCA C UCITIOJIb3OBaHNEM HOBOT 3arJIyHIKn:

hidden = tf.nn.sigmoid(tf.matmul(noisy_input, ae_weights["encoder_w"])
+ ae_weights["encoder_b"])

A Korjia HaMm HY3KHO Oy IeT JiJIs1 TECTUPOBAHKS II0JIyYEHHOTO aBTOKOUPOBIIUKA IIPO-
THATD YePE3 CKPBITHII CII01 <91 CThie» JaHHble, 0e3 IIyMa, MbI IIPOCTO II€PEAALUM UCXO-
HbII 6aTd B noisy_input. OCHOBHON LUK/ 00y4YeHUs MEHsIeTCs He3HAUUTEIbHO:
for 1 in xrange(updates):

x_batch, _ = mnist.train.next_batch(batch_size)

noise_mask = np.random.uniform(0., 1., [batch_size, 784]) < noise_prob

noisy_batch = x_batch.copy()

noisy_batch[noise_mask] = 0.0

sess.run(ae_op, feed_dict={ae_input: x_batch, noilsy_input: noisy_batch})

@yHKus np.random.uniform BO3BpAllaeT MAaCCUB CO 3HAUEHUSIMH, BHIOPAHHBIMU
(COMIIMPOBAHHBIMI ) M3 CIYYaTHOW BEJIMYMHBI, PABHOMEPHO pacipelie;IeHHON Ha OT-
pe3Ke, KOTOPBIN 3a1aeTCs TEPBBIMU IBYMSI TTapaMeTpaMu; B HAIIIEM CJIydae 3TO OTPE30K
[0,1]. Tperwmit mapamerp 3amaer pazmep maccuBa. OOpaTuTe BHUMAHKE HA TO, YTO Iie-
pez o0HyJIeHneM 9JIEMEHTOB BXOAHBIX AaHHBIX Mbl KOIUPYeM 0OaTd LEJINKOM, BbI3bIBAsI
x_batch.copy(); ecaut 61 MBI 3TOTO HE CEJIAJIM, a UCTIOAb30BaIi 00BIYHOE MTPUCBANBA-
HHeE, TO B pe3yJibTare OOHYJIMIICH Obl 3HAUEHHUSI U B x_batch. J[Jist sKCIIEpUMEHTA MBI BbI-
OpaJii BEPOSATHOCTh «BBIKUBIBAHUS> [IUKCEJIA noise_prob = 0.3. DTa BEPOATHOCTH Ha
HEPBBII B3I KaKETCsT 04eHb OOJBIION: KaK TaK, MbI BRIKUABIBAEM 30 % KapTUHKH?
Ia 4To TaM BooOie octaHercsa? OKasblBAETCs, YTO HA IPAKTHKE HAUIYYIIUe PE3YJ/Ib-
TAThI TIOJYYAIOTCS KAaK Pa3 B CIy4asiX, KOT/IAa YPOBEHb ITyMa OueHb, Ha TIEPBBIA B3TJIST
YPE3MEPHO, GOJBIINON: TIPOCUTh MOJIEJIb YTablBATh «3aKPHITYI0» TPETh, & TO U MOJIOBY-
HY KapTUHKHU OKa3blBaeTCs IpaBUIbHOI cTparerneil. Ha puc. 5.12 uzo6paskeHbl pume-
PBI PE3yIbTaTOB PaOOThI LIYMOIIOABJISIONIETO ABTOKOAUPOBIIMKA: BIUIHO, 9YTO PEKOH-
CTPYKIIUA y’Ke BITOJTHE a/IeKBaTHAd, /Ia U C 3aIlyMJIEHHBIMA BXOJ[AMU OH CIIPABJISIETCS
XOPOIIIO.
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Puc. 5.12. IIpumep paGoThI IIyMONOAABIAIONIEr0 aBTOKOANPOBIIMKA:
a — UCXO/IHbIe U300PasKeHUsT; 6 — PEKOHCTPYHPOBAHHbIE; 6 — 3alllyMJICHHBIE;
¢ — BOCCTAHOBJIEHHbIE U3 3aIIyMJICHHbBIX

Puc. 5.13. HexoTtopbie GUIBTPHI MTyMOMOAABIISIIONIETO aBTOKOIMPOBIINKA

A Ha puc. 5.13 MbI ©306pa3uIN AKTUBAIMY (GUJIBTPOB IIYMOIIOABJISIIONIETO aBTO-
KOJIMPOBIIUKA, C/IEJAHHbIE TI0 TOMY K€ MPHUHITHITY, 4To Ha puc. 5.11. Bugno, uyto xoTst
KayecTBO PEKOHCTPYKIUH Y IIYMOIIO/IABJISION[ero aBTOKOAUPOBIIUKA He yCTyIIaeT pas-
PESKEHHOMY, aKTUBAIMH (DUIIBTPOB YCTPOEHBI TO-/IPYTOMY: CPEIN HUX, KaK U CJI€0BATIO
OKHU/IATh, MEHBIIIE <«TOTOBBIX> UMD U GOJIBIE OTAETBHBIX YaCTEH, NITPUXOB, U3 KOTO-
PBIX MOYKHO 3aTeM COOPaTh TO UJIN UHOE N300pasKeHHe.

Wrak, MbI yBUIEU B I€fiCTBUE OOBIYHbIE, PA3PEKEHHbIE U IIYMOMOAABJISIIOIINE aB-
TOKOAMUPOBINUKA. A Terepb, 4T0Obl AUANEKTUYECKU 3aBEPUIATH Ty TJIABY CUHTE30M
IIBYX €€ OCHOBHBIX TEM, IaBaiiTe BEPHEMCS K CBEPTOUHBIM CETSIM U TIOMTPOOYEM peannso-
BaTb C6EPMOUHDLI ABMOKOOUPOGULUK.

Kax ou 6ymer paborars? O6 aBTOKOAUPOBIUKAX MBI YK€ MHOTOE 3HAEM: CYTh X
B TOM, YTOOBI CHAYaa TIOCTPOUTh HEKOE BHYTPEHHEE MPEACTABICHUE Ha BHYTPEHHEM
CJI0€ HEWPOHOB, a TIOTOM <«Pa3BEPHYTh» €r0 06PATHO, PEKOHCTPYUPOBATH BXOJ HA BbI-
xojie. MBI JI0 CUX TTOP BCE BPEMSI PACCMATPUBAJIU CBEPTOUYHbIE CJIOU, KOTOPbIE OEpyT HA
BXOJI HEKYIO «KapTUHKY» U IIPUMEHSIOT K Hell cBepTOuHble (DUIbTPHI, OIydast Ipeji-
CTaBJIeHHUE B BUJIE CHAYAJIa COBCEM JIOKAIBHBIX, & TOTOM Bce Gosiee 1 HoJree robanrbHbIX
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[IPU3HAKOB. ITO OTJINYHO HOJXOIUT /I IOCTPOEHUS T1ePBOIL II0JIOBUHBI aBTOKOIUPOB-
MWKa, OT BXO/A /10 BHYTPEHHETO MPEACTABICHHS.

Ho kak ske moTom pazBopaunBaTh? B ciyyae MOJTHOCBSI3HON CETH MBI ITIPOCTO CTPOU-
JIV TAKYIO K€, CAMMETPUYHYIO aPXUTEKTYPY 75T IEKOAMPOBAHUST; HaM OBLITO HE TaK YK
Ba)KHO, KaKue OyyT pasMepbl y MaTPHIIbl BeCOB: 784 x 128 miu Haobopot. Ho co cepr-
KaMH4 He Bce TaK OYEBHUHO.

Yro6bl OTBETUTH HAa ATOT BOIPOC, JaBaliTe BBEIEM OMEPAIMIO OeKOHBOMOUUL, NI
TPAHCIIOHUPOBAHHON cBepTKU. KaxAblil HGUIbTP B CBEPTOUHOM CJIO€ MOXKHO IIpe/cTa-
BUTD KaK OTEPAIIIO, CKUMAIONIYIO 067aCTh k X k B OTHO YHCIIO; C IPYTOH CTOPOHBI, MBI
MOJKEM OTIPEIENUTD U OOPATHYIO OTIEPAITIIO — PA3BEPHYTH OHO YMCIIO B MATPUILY k X k.
Hy:xHO TOTbKO aKKYpPaTHO yYeCTb Al CBEPTKU U JIONIOJHEHUE HYJISIMH, HO 110 CYyTH MbI
MO>KEM ITPOCTO TPAHCIIOHUPOBATH CBEPTOUHBIHN TEH30P ¥ MOJYYUTD JIEKOHBOJIIOIHIO.

Pasymeercs, B TensorFlow rakas onepaiius ysxe peanuszoBana. Kak Beeryia, HaqnHa-
€M ¢ UMITopTa GUOINOTEK U 3aTPy3KH Habopa MTaHHbIX:

import numpy as np

import tensorflow as tf

from tensorflow.examples.tutorials.mnist import input_data
mnist = input_data.read_data_sets("MNIST_data/", one_hot=True)
batch_size, learning_rate = 64, 0.01

Beca ABTOKOAMPOBIINKA 3a/1al0TCA KaK /1JIA 00OBIYHOM CBepTOLIHOfI CEeTH:

ae_weights = {
"conv": tf.Variable(tf.truncated_normal([5, 5, 1, 4], stddev=0.1)),
"b_hidden": tf.Variable(tf.truncated_normal([4], stddev=0.1)),
"deconv": tf.variable(tf.truncated_normal([5, 5, 1, 4], stddev=0.1)),
"b_visible": tf.vVariable(tf.truncated_normal([1], stddev=0.1))

HamomunM, 4TO 1iepBbIe 1B€ pa3MEPHOCTH TEH30PA 33/1a10T pa3Mep PUIbTpa, a Tpe-
TbS U YeTBepTasi, COOTBETCTBEHHO, YMCJI0 (PUIBTPOB B TEKYIIEM CJIOE U B CJAEAYIONIEM.
Ha nepBblit B3IV, yAUBUTEIBHO: [I0YEMY JIeKOUPYIONIas YacTb UMeeT Te JKe pa3Mep-
HOCTH, 4TO M Kopmpyiomas? Pa3se He HYKHO TpaHCHOHMPOBaTh MaTpuilbl? [Iprunna
37ech urcTo TexHuyeckass: TensorFlow cama TpaHCIIOHUPYET Beca v IPUMEHNT MX TaK,
KaK HaJ0; e[MHCTBEHHOE, YTO HAM JIJIST 3TOTO OY/IET HYKHO, — 3TO JOTIOJHUTEIBHO Tie-
peznath B TensorFlow Ten3op ¢ pasmepamu pe3yJIbTUPYIOMIETO CIIOSI.

input_shape = tf.pack([batch_size, 28, 28, 1])

[TockosbKy MbI peaii3yeM aBTOKOIUPOBIIHK, TO BBIXOHON CJIOH JOJKEH UMETH Ta-
KO e pasMep, Kak U BXOAHOMU. Ternepb MbI TOTOBBI OIIPEJENNTh BCE HEOOXOIUMbIE /ISt
0OyYEHUST TEH30PBL

ae_input = tf.placeholder(tf.float32, [batch_size, 784])
images = tf.reshape(ae_input, [-1, 28, 28, 1])
hidden_logits = tf.nn.conv2d(ae_input, ae_weights["conv"],
strides=[1, 2, 2, 1], padding="SAME") + ae_weights["b_hidden"]
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hidden = tf.nn.sigmoid(conv_h_logits)

visible_logits = tf.nn.conv2d_transpose(hidden,
ae_weights["deconv"],
input_shape, strides=[1, 2, 2, 1],
padding="SAME") + ae_weights["b_visible"]
visible = tf.nn.sigmoid(visible_logits)

Camplii pocToi criocob MpaBUIBbHO cleIaTh I€KOHBOJIOIUIO — MepeaTh Te JKe Ma-
paMeTpsbl, YTO U pu cBepTKe. [Ipu 3TOM mapaMeTpsl strides U padding 0603HAYAIOT TO
JKe caMoe, YTO B CBEPTKe, C TOM JIMIIb PA3HUIIEH, YTO XapaKTepru3yIoT Terlepb BBIXOJHON
CJIOI, a He BXOIHOIL.

B xauecTtBe 11es1€B011 hyHKIIMY MBI CHOBA MUCIIOJIb3yeM MIEPEKPECTHYIO 9HTPOTIHIO:

optimizer = tf.train.AdagradOptimizer(learning_rate)

conv_cost = tf.reduce_mean(
tf.nn.sigmold_cross_entropy_with_logits(conv_v_logits, images))

conv_op = optimizer.minimize(conv_cost)

OcTaoch TOJIbKO CO31aTh CECCUI0 N MTHUITNAJIN3UPOBATDH IIEPEMEHHDIE!

init = tf.initilalize_global_variables()
sess = tf.Session()
sess.run(init)

U MoskHO 3amyckaTh 0Oyuere!

for 1 in xrange(100000):
Xx_batch, _ = mnist.train.next_batch(batch_size)
sess.run(conv_op, feed_dict={ae_input: x_batch})

Yepes HEKOTOPOE BpeMs OlOKa Ha TECTOBO BHIGOPKE MagaeT MPUMEPHO /10 3Have-
nus 0,09, 4TO MEHbIIIE, YeM IPU MOJHOCBSA3ZHOM aBTOKoAMposInKe. Kasanock 6bl, 4To
TYT YAUBUTEJIBHOTO: MbI TPUMEHUIN (OJIEe CIOKHYIO apXUTEKTYPY, CIEIHAIbHO MTPHU-
JNYMaHHYIO /11 00pabOTKK TaKUX JaHHbIX, KAaK KAPTUHKH, U IOJIYYUIN PE3YJIbTaT Jyd-
111e, 9eM B TIOJTHOCBSI3HOM aBTOKOAUPoBIKKe. Ho ecan mpucMoTpeThes BHUMaTeIbHee,
Pe3yJIbTaT CBEPTOYHBIX CETEl MOKaKeTCst KyAa Oojiee yINBUTEIbHBIM.

Beapb uTo MBI mMeeM Ha caMoOM Jiejie B CBEPTOUYHON CETU B 3TOM TIPUMeEpE: YeThIpe
CBEPTOYHBIX (PUITBTPA PA3MEPOM 5 X 5 KQKIBIH, CTOIBKO K€ BECOB [T IEKOIUPYIOIIE
YacTH, IJIIOC elle 110 OAHOMY Becy I CBOOOIHOIO ujieHa CKPBITOTO U BUAMMOTO CJIO-
eB. Ntoro 205 BecoB. A MOJTHOCBSI3HBIN aBTOKOUPOBIIVK, C KOTOPBIM MbI CDABHUBAEM
Pe3yJIbTaThl, COCTOAN U3 784 X 196 BeCOB KOAMPOBIINKA U CTOJBKHUX XKe 715 1eKOANPOB-
LIMKA, IJII0C Beca CBOOOIHBIX YJICHOB; €CJIUA BCE CJOKUTD, nosyuyntcest axk 308 308 Becos!
Kaskercs J1OrMuHbIM, 4TO HEHPOHHAS CeTh GOJIBIIEro pasMepa A0JIKHA 00YYUThCS JIyd-
111€, HO MbI BUJIMM, YTO, XOTsI OOJIbIIIast CETh AeiCTBYET BIIOJIHE a[IeKBAaTHO, HE PACXOIAUTCS
U IeHCTBUTEIBHO 0OyUYaeTCst IeJIaTh TO, YTO Ha/0, MAJIEHbKAs! U I0PKasi CBePTOYHAs CETh
ee Bce paBHO nobexaaer. B ueM e TyT 1es10?
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TeopeTuuecku roops, A€HCTBUTEIBHO, TOJHOCBA3HAS HEHPOHHASA CeTh CIocoOHA
KaK MUHUMYM TIOBTOPUTb PE3YJIbTAT CBEPTOYHON CETU: il HUYTO He MEITaeT UMUTHPO-
BaTh BECa, II0JIHOCTBIO AHAJIOTUYHBIE CBEPTKAM, Y HEE €CTh BIIOJIHE J0CTATOYHO CTEeNeHeN
€BOOO/IBI U JIJIs1 9TOTO, U JIJIs elrie GoJiee CJI0KHbBIX KOHCTPYKIit. OzHaKo npobieMa 1moJi-
HOCBS3HOM CETH B TOM, YTO KOI/a MapaMeTPoB 00ydYeHUs CTAHOBUTCA Ha TPU IIOPSIAKA
GoJIbllIe, TO U BpeMeHU JJist 00yueHust Tpedyercss HaMHOro 00JIblile, a IJIABHOE, ¢ JII000ii,
Jake caMoil CHJIBHOI peryJispusaliieil, HeoOX0[uMo HaMHOTo 6oJibiire gaHHbIX. C yue-
TOM TOI'0, YTO IPUMEPOB B 00y4YaioIieil BIOOPKe OrpaHMYEHHOE YUCJI0, KaXkK/Ibli 13 HUX
IPUXOAUTCS UCIIOJIb30BATh JIsi 00y4eHUss MHOTOKPATHO, YTO MOKET IIPUBECTU U B KOH-
11e KOHIIOB IIPUBOAUT K EPEOOydEHHMIO.

Co06CcTBEHHO, caMy apXUTEKTYPY CBEPTOYHBIX CJIOEB MOYKHO CUMTATh (OPMOM pe-
TYJISIPU3AIINHI, KOTOPast 0COOEHHO YIauHO MOAXOMUT st 06pabOTKY JaHHBIX, 06JIa1a-
IOIINX HEKOeH ITPOCTPAHCTBEHHON CTPYKTYPOM: OTHOMEPHBbIE CBEPTKH XOPOIIO TO/X0-
JAT 17151 06pabOTKY 3BYKa WJIM PYTUX BPEMEHHbIX PSIIOB, AIBYMEPHbIE — U300paskeHni,
TPeXMEePHbIE NI KOMOMHAIIMY JBYMEPHBIX U OAHOMEPHBIX — JJIs BULEO U T. JI. ITO U I10-
HSITHO: OCHOBHAsI H/Iesl CBEPTOYHBIX CeTell, KOTOPYIO Mbl yaKe 00CY K I, COCTOUT B TOM,
4TOOBI BBIAEIATD OJHU U T€ e NPU3HAKU 110 BCEH «IJIMHE» WU <IJIONAAU> JAHHbIX.
Il m300paskeHu 311eCh BasKHO U TO, YTO MUKCEJIbI U300PasKeHKs CUIbHO CBA3AHBL JIPYT
C IPYTOM JIOKaJIbHO, a aKTHBALMst (PUIIbTPOB Ha TAKUX OCOOEHHOCTSX M300pakeHusI, KaK
rpaHuIlbl 0ObEKTOB UJIM OIpeieieHHbIe OPMBI, JeCTBUTEIBHO HeceT B cebe 60JIbInoe
KOJIM4ecTBO MHGOPMAIUH, U TO, 4TO COOCTBEHHO KOHKPETHOE MECTO U300PaKEHMSL, B KO-
TOPOM HAXOJUTCSI BBIJETEHHbIN MPU3HAK, OOBIYHO HE CTOJIb BasKHO: CABUT Ha APy MTHK-
CEJIOB TOYHO HE J0JLKEH MPUBOIUTH K IMJIOXUM PE3yIbTaTaM, a CBEPTOUHBIE CETH KaK Pa3
BBIIEJISIOT OHU U Te e IIPU3HAKK BO BCEX OKHAX Cpasy.

Bce 9T0 MPUBOIKT K TOMY, YTO IIPK PELIEHIH IPAKTUYECKIX 3a4a4, CBA3aHHBIX C 00-
paboTKO# M300paskeHnii 1 KOMIIBIOTEPHBIM 3PEHIEM, CBEPTOUHBIE CETH MIPECTABIAIOT
co6oit HaMHOTO GoJiee 3(HEKTUBHYIO ATbTEPHATUBY TTOJHOCBSI3HBIM.

Pa3 yx cBeprouyHas ceTh TpedyeT TAKOro MaJIeHbKOIO YMCJIa BECOB, JaBaiiTe cleiaem
ee TIy0oke 1 100aBUM ellle OJIMH CBEPTOUHBIN ¢JI0i1. [l 9TOr0 HYKHO 3a[aTh Beca s
HOBOTO CBEPTOYHOTO CJIOSI:

ae_weights = {
"convl": tf.Variable(tf.truncated_normal([5, 5, 1, 4], stddev=0.1)),
"b_convl": tf.variable(tf.truncated_normal([4], stddev=0.1)),
"conv2": tf.Variable(tf.truncated_normal([5, 5, 4, 16], stddev=0.1)),
"b_hidden": tf.vVariable(tf.truncated_normal([16], stddev=0.1)),
"deconvl": tf.Variable(tf.truncated_normal([5, 5, 4, 16], stddev=0.1)),
"b_deconv": tf.Variable(tf.truncated_normal([4], stddev=0.1)),
"deconv2": tf.vVariable(tf.truncated_normal([5, 5, 1, 4], stddev=0.1)),
"b_visible": tf.variable(tf.truncated_normal([1], stddev=0.1)),

A 3arem 3aBecTH TEH30p JJISI pazMepa TIPOMEKYTOUHOTO CJI0sl, KOTOPBI OyIeT wc-
110JIb30BaTLCS IIPU JIEKOHBOJIOLINH:
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Puc. 5.14. llpumep paboTbi CBEPTOYHOTO ABTOKOAUPOBIIIKA: @ — UCXO[HbIE H300PaKEHNUST;
6 — PEKOHCTPYUPOBAHHBIE; 8 — 3AlllyMJICHHbIE; 2 — BOCCTAHOBJICHHBIE U3 31y MJIEHHBIX

h1_shape = tf.pack([batch_size, 14, 14, 4])
3aHOBO OITKCBIBAEM Tpad CETH:

images = tf.reshape(ae_input, [-1, 28, 28, 1])

conv_h1_logits = tf.nn.conv2d(images, ae_weights["conv1"],
strides=[1, 2, 2, 1], padding="SAME") + ae_weights["b_conv1i"]
conv_h1l = tf.nn.relu(conv_h1_logits)

hidden_logits = tf.nn.conv2d(conv_h1, ae_weights["conv2"],
strides=[1, 2, 2, 1], padding="SAME") + ae_weights["b_hidden"]
hidden = tf.nn.relu(hidden_logits)

deconv_h1_logits = tf.nn.conv2d_transpose(hidden,
ae_weights["deconvl"],
h1_shape, strides=[1, 2, 2, 1],
padding="SAME") + ae_weights["b_deconv"]
deconv_h1 = tf.nn.relu(deconv_h1_logits)

visible_logits = tf.nn.conv2d_transpose(deconv_hi,
ae_weights["deconv2"],
input_shape, strides=[1, 2, 2, 1],
padding="SAME") + ae_weights["b_visible"]
visible = tf.nn.sigmoid(visible_logits)

Bce ocrasbHOE MOKHO OCTaBUTH Ge3 M3MeHeHUU. B 3TOT pa3 Mbl HCMOJIB30BAIN
1025 Becos, u yxe npuMepto ocae 10 000 urepamuii o6ydeHns omubKa Ha TECTOBBIX
naHHbIX magaet a0 0,08, a B pesynbTaTe MPOAOIKUTENFHOTO 00yJIEHNsT OCTaHABINBA-
ercst Ha ypoBHe 0koJi0 (0,07. KauecTBO BOCCTAHOBJIEHHBIX M300PaKEHUIT TOKE 3aMeT-
HO YJIYYIITIIOCh — X MOYKHO YBUIETH HA puc. 5.14. Tenepsb pa3MbITOCTH TPAKTUIECKU
He 0CTaJIOCh, U MO3KHO cKa3aTh, uTo MNIST Mbl TakuM cBEPTOYHBIM ABTOKO[UPOBIIH-
KOM OKOHYATEJIbHO «ITOOEINIII», IPUMEPHO TaK JKe, KAK PAHBIIE B TOM TJIaBe TOCTUTIN
CBEPTOYHOM CEThIO OYEeHDb BbICOKOI TOYHOCTH KJylacCU(UKAIIIY.



230 [maga b. CBepTO‘-IHbIe Hel‘;IpOHHbIe CeTn N aBTOKOANPOBLUUKHN, UITU He Bepb rnasamM CBonM

VTak, B 9T0i1 O4eHb BAKHOI TJIaBe MBI Pa306PAUCh M ¢ OCHOBHBIMU KOHIIETIIUSMIU
CBEPTOYHBIX CETe,  C aBTOKOAUPOBIIMKaMI. CBEPTOYHBIE CETH — 3TO OTHA U3 BasKHE-
[IUX apPXUTEKTYP HEHPOHHBIX CETEl, KOTOPast UCTIOJIb3YET CBEPTOUHbBIE (DUIBTPHI € 06-
UMY BECAMU, TIPUMEHSIST TEM CaMbIM OJTHH ¥ T€ JKe TPe00Pa30BaHust K PA3HBIM YaCTsIM
Bxo/a. Takast SKCTpeMasibHast PETYJISIPU3AIUS TIO3BOJISIET CBEPTOYHBIM CETSIM 00yYaTh-
cs1 oueHb 3(hHEKTUBHO U GBITH BeChMa TIyOOKMMU JIaXke <13 KOPOOKU», a Takue HoJee
COBPEMEHHBIE HJIeH, KaK OCTaTOUHbIE CBA3H, IIO3BOJISIIOT 00yYaTh HEHPOHHbIE CETH ITPaK-
THUYECKU HEOTpaHUUeHHOU riyOuHbl. Cefuac Mbl yiKe Ha TOJITYTH K TOMY, YTOOBI 3a-
KOHYHUTH PACCMOTPEHNE OCHOBHBIX OA30BBIX APXUTEKTYDP U MEPEUTH K TPUMEHEHIISIM,
YIIYYIIEeHUSIM ¥ TPOYUM HOBOMOJHBIM ujiesiM. OiHaKo cHavajia HaM HY»KHO IIOTOBOPUTD
0 IDYTOM CTOJITIe COBPEMEHHBIX HEHPOHHBIX CeTell — CeTAX peKyppeHmHublx.



['naBa 6
PexkyppeHTHbIE HEMPOHHBIE CETH,

unu Kax npasuivHo Kycanv cebs 3a X60cm

TL;DR

B aToii T/1aB€E MBI TO3HAKOMUMCSI C PEKYPPEHTHBIMHA HeﬁpOHHbIMH CETAMMU, KOTOPbIE
MOTYT COXPaHATb CKPbITOE COCTOAHUNE OT OJHOTO BXO/la K CJIEAYIOIIEMY. B YaCTHOCTH,
MBI

* 3aMOTUBUPYEM PEKYPPEHTHbIE CETH Pa3HOOOPa3HBIMK 3ajauaMu 00pabOTKH 110~
cJIeI0BaTeJIbHOCTEN;

* TM03HAKOMUMCS C OCHOBHBIMM apXUTEKTYPaMU PeKyPPEHTHBIX HEPOHHBIX CeTel;
* y3HaeM 0 TIpobIeMe 3aTyXAIONX TPAANEHTOB. .
e ..M TYT K€ PElIMM ee C MOMOIIbI0 KapyceJu KOHCTaHTHOI onmmOku B LSTM

u GRU;

* PAcCCMOTPHUM HECKOJIBKO BO3MOKHOCTEN MOOUTHCS TOTO JKe B «OOBIYHBIX> PEKYP-
PEHTHBIX CETSIX;

* pasbepeM GOJIBIIOH TIPUMED TOCUMBOJBHOTO MOPOKIEHHS TEKCTOB.
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6.1. MotuBauusa: o6paboTka nocnepoBaTesibHOCTEN

CHeHaﬁTe JK€ HaKOH€I TO, K Y€MY BaC TaK TAHET, 6yI[bT€ IIocJje10Ba-
TeJIbHBL. A TaM yBUAUTE.

A. Kamo

He ctpeMuThCst K MEPOBOMY TOCIIOJICTBY — HA 3TO Y MEHSI HE XBAaTHJIO
nyxy. MeHs u36uBaIm.

B. Bpexm. Paszosopo 6eicenues

B npeabiayIux pasjenax Mbl TOBOPHJIUM O HEUPOHHBIX CETAX, KOTOPBIE MOJIYYAOT Ha
BXO/I HEKOTOPBIN BEKTOP JAHHBIX ¥ MBITAIOTCS 110 HEMY TIPECKA3aTh TOT UK HHOH pe-
3yJIbTaT. BEKTOD 3TOT AOJKEH IS JAaHHOM apXUTEKTYPbI CETH UMEThb OJ[HY U TY K€ Pas-
MEpPHOCTb. B pesyiibraTe 1ojrydaercst, 4To CeTh MOKET IIOCTOSIHHO JIeJIaTh OAHY U Ty e
orepaluio: MpeACcKa3biBaTh BHIXOJ 110 BXOAAM, IPUYEM PACCMaTPUBATh KaxkK bl CJeLy-
0NN BXOJ COBEPINEHHO HE3ABUCHMO OT MPEIbIAYIIETO.

OxHaKo KU3Hb, KOHEYHO JKe, yCTpoeHa cioskHee. JacTo MCXOAHBIMU JAaHHBIME JIJIST
pelleHys Hallled 3a1a4l ABJISIOTCS NOCAeO008AMENLHOCTU. DTO MOTYT ObITh BpEMEHHbIE
psanbl (M3MEHEHUs LeH aKIWii, II0KAa3aHUs JaTYUKOB), ECTECTBEHHO BO3HUKAIOIIUE 110~
CJIEI0BATEIbHOCTHU C 3aBUCUMBIMU djieMeHTaMK (IIPEJI0KEHNUS] €CTECTBEHHOIO SI3bIKa,
YeJI0BeYecKasi pedb IIPU PACIIO3HABAHWI ) — CJIOBOM, JIIOObIE IaHHbIE, T/Ie COCEHIE TOY-
KM 3aBUCSIT APYT OT APyTa, ¥ 9Ty 3aBUCKMOCTb HEJIb3sI HTHOPUPOBATb.

Koneuno, MOKHO HBITATHCS MOAEIUPOBATD IIOCAEA0BATEIbHOCTH ¢ BHYTPEHHUMMU
3aBHCUMOCTSIME U OOBIYHBIMU HEHPOHHBIMU ceTsiMu. Harmprumep, ofiHa 13 epBbIX MpH-
XOJSIIMX B rOJIOBY neil — 3aMKCHPOBaTh HEKOTOPYIO IUIMHY UCTOPUH [ 1 1oJaBaTh
Ha BXOJI HEIPOHHOII ceTH TpeabIAyInue | 3HaueHU i psiga: GyaeM MbITaThCs IPEICKa3aTh
3HAYEHUE Ty, U3 PSIIA L1,L2, . - ., Tp—2, Ln—1 KAK DYHKIUIO Ty, = f(Tp_1,...,Zp_1).

[Tpumep Takoit apxuTeKTypbl TTOKa3aH Ha puc. 6.1. 31ech BBIXO/bI TIOJIYYAIOTCS U3
TPeX MPeAbIIYINX BXOAOB: y4 = f(21,72,23), y5 = f(x2,23,24) nys = f(x3,24,25). Ec-
JIV 3a/1aUeil MOJIEJTH SIBJISIETCSI TIPeICKasaHue CIEAYIOIIETo aieMeHTa (Takast 3aiaya CTo-
UT, HAIIPAMED, IIPU MOPOKAEHUH TEKCTOB WM IIPeCKa3aHi BPEMEHHBIX PSAIOB), B Ka-
decTBe GYHKINM OIIMOKN MOKHO B3STh PA3HUILY MEXK/LY I/; M COOTBETCTBYIOIINM & ; (Ha-
IpUMep, IPOLEHT yraaHHbIX CJIOB). A eCJIM 3a7ada COCTOUT B TOM, YTOObI IIPECKa3aTh
OJIHY TIOCJIEJOBATEIBHOCTb 110 JIPYToi (KaK, HAIPUMED, B PACIIO3HABAHUY PEYH: IOy YU
Ha BXO/I ITOC/IEI0BATEIBHOCTD 3BYKOB, BBIIATh MOCJIEOBATEIBHOCTD CJIOB), HAM TIOTpPe-
OyI1oTCs PaBUJIBHBIE OTBETHI, OCAE0BATEIbHOCTD OYIeT BBILIANETD Kak {z;,t;}1 ;,
a ¢ynkimsa omubKK Oy/IeT OleHUBATh, HACKOJIbKO TOYHO HAII Pe3yJIbTaT §/j MPeJcKa-
3bIBACT MMPABUJILHBINA OTBET ¢; U3 TPEHUPOBOYHON BHIOOPKH.

3aMeTHM, 4TO Beca y BeeX M300paKeHHbBIX ceTell 00IIue, TO eCTh TaKasi CeTh OyaeT
paccMaTpHBaTh MOCJIEN0BATEIbHOCTb M3 TPEHUPOBOYHBIX JaHHBIX KaK MHOTO HE3aBH-
CHMBIX TE€CTOBBIX MPUMePOB. DaKTUYECKH 9TO OJHOMEPHbIE CBEPTKHL.
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Puc. 6.1. Apxurektypa 00bIYHON HEHPOHHOI ceTH ¢ (PUKCUPOBAHHBIM Pa3MEPOM UCTOPHH.
Crneea: ofiHa U Ta *ke HelIPOHHAS CeThb IIPUMEHSIETCS K [10CIel0BAaTeIbHBIM OKHAM BXOJA.
Cnpasa: pe3yibTaT HEHPOHHON CeTH CPABHUBAETCSI C 0YEPEIHBIM
3JIEMEHTOM IIOCTIE/I0BATETBHOCTH

JIJIst HEKOTOPBIX 3a/[a4 TaKas Ujiest MOKET ¢paboTaTh, HO YaCTO JJIMHA 3aBUCUMOCTH
TOJKE He W3BECTHA 3apaHee, a TPeJICKa3aHue TOMYINUTh, TeM He MeHee, HY5KHO B J1000it
MOMeHT BpeMmeHH. [TonpoOyiiTe OTBETUTD: CKOJIBKO MPEABIAYIINX CJIOB HYKHO 3aIIOM-
HUTb, YTOOBI YBEPEHHO IMPEICKA3aTh CJIeAyollee CJOBO B TekcTe? Mosker ObITh, KOH-
TEKCT MOJHOCTBIO OTMMCAH TPEMST TIPEBIAYIIIUME CIOBAMHE, & MOKET ObITh, TPEMSI THICS-
YaMU CJIOB; 9TO HUKAK HEJb3sl OTIPEAEJUTD Pa3 U HaBCer/a st ioboro Tekcra. B takoii
cuTyanuu 6II0 OBI XOPOIIO, ecii Obl HEMPOHHASI CETh MOTJIA 3ANOMUHAMb YTO-TO W3
WCTOPUU TIPUXOJSAIINX HA BXOJ JAHHBIX, COXPAHITH HEKOE BHYTPEHHEE COCTOSTHHE, KO-
TOPOE MOKHO OBLIO GBI TOTOM HCIIOJIB30BATh JJIS IPEICKa3aHust OyAYIIUX 3JIEMEHTOB
[IOCJIEIOBATENBHOCTH.

Jlsist Toro 94TOGBl OTPA3UTh TAKyH BPEMEHHYIO 3aBUCUMOCTD B JaHHBIX, YACTO HC-
MOJIB3YIOTCST TAK HA3BIBAEMBIE PeKyppenmuvle Heluponnvie cemu. «OObIUHbIE> HEHPOH-
HbIE CETU — OIUCAHHBIE PaHee MHOTOCIOUHBIE TIEPIENITPOHBI — UMEIOT (PUKCUPOBAHHOE
YHCJIO BXOJIOB M BOCHPUHUMAIOT KaKIbIil U3 HUX KAaK HE3aBUCUMBIil. B pekyppeHTHBIX
JKe CeTSIX CBSI3U MEXKIY HeHTPOHAMU MOTYT UATU He TOJBKO OT HUKHETO CJIOSI K BEpXHe-
MY, HO 1 OT HEiPOHa K «caMoMy cebes, TOUHee, K IPEABIAYIIEMY 3HAYEHUI0 CAMOT0 9TOTO
HelpoHa WJIK IPYTUX HEMPOHOB TOTO e ¢Ji0s1. IMEHHO 3TO TO3BOJISIET OTPA3UTh 3aBUCH-
MOCTD [IEPEMEHHO OT CBOMX 3HAYEHUI B Pa3HbIE MOMEHTHI BDEMEHU: HEWPOH 00yYaeTcst
UCIIOJTb30BATH HE TOJIBKO TEKYIIHIT BXO/ ¥ TO, YTO C HUM CZIeJIaI HePOHBI IIPEbIIY X
YPOBHEI!, HO U TO, UTO MIPOMCXO/INJIO C HUM CAMUM U, BOBMOKHO, IPYTHUMU HeHpOHAMHU
Ha ITpeIBIAYNINX BX01aX. M bl TPOMJIITIOCTPUPOBAJIN 3Ty Ujieto Ha puc. 6.2. OH oTsimvaet-
cs1 0T puc. 6.1 TOTBKO HATMYNEM CBSI3€H MEKY MOCIE0BATEIbHBIMI 3JIEMEHTAMM; 3TH
CBSI3U OTPAYKAIOT [IPUCYTCTBUE HEKOTOPOTO CKPBLMO20 COCMOSIHUS St, KOTOPOE BO BpeMs ¢
(hopMabHO 3aBUCUT OT BCETO, YTO PaHbIIle TPOUCXOAUIIO BO BXOIHON TOCTIEN0BATEb-
HOCTH.
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Puc. 6.2. ApxureKkTypa peKyppeHTHON HEHPOHHOM CeTH B Tex sKe 0003HaUeHUX, YTO Ha
puc. 6.1. Cresa: pexyppeHTHast HEHPOHHAsSI CETh MOJIyYAeT HA BXO/] CBOE MPE/IbIAYIIee COCTOSTHIE
U TIOC/IeIoBaTebHble OKHA BX0A. Cnpasa: pe3yibTaT PEKYPPEHTHON HEHPOHHON CeTH TOUHO TaK

K€ CPABHUBAETCS C OUEPEHBIM 3JIEMEHTOM TOCIIE/I0BATENbHOCTH

Kak goctatouHo mMpoKo yroTpebIsBITYIOCS HCTOPUIECKYIO AIbTEPHATUBY TAKOMY
[OJIXO/Y CTOUT YIOMSIHYTh HEUpOHHble cemi ¢ pemeniol 3adepuckoil (time-delay neural
networks, TDNN), koropsie usBecttbi etie ¢ 80-x rogos XX Beka [293, 420] (st060-
MBITHO, YTO ¥ B 9TUX cTaThax 6e3 Jxeddpu Xuntona He oboiiocs). Ouu Toxe mpes-
Ha3HAYEHBI [T 06pabOTKY TIOCTIEN0BATENFHOCTEN, HO TIPH 9TOM CETH ¢ BPEMEHHO# 3a-
JEPKKOI — He PEKYPPEHTHBIE CeTH, a 00bIUHbIE, 0UeHb MOX0KUE HA CBEPTOUHbIE, TOJIHKO
CBEPTKA 3/1€Ch TIPOUCXOIUT TI0 BPEMEHH, a HE 10 Pa3MEPHOCTHU BXOJIA.

CyTb B TOM, 9TO BXO/IBI CETH, TIOCTYMAIOIIUE B BU/E TIOCJIEI0BATEIbHOCTH, TOAIOT-
Cs1 HA BXOJ[ CETU HE T10 OJ[HOMY, & TTOCJIEA0BATENBHO C 33/I€PKKAMU; TAKYIO KAPTHHY MbI
yxe Buzenn Ha puc. 6.1, pasanta B ciryaae TDNN TobKO B TOM, UTO 33/IEP>KKU MOTYT
OBbITh PAa3HBIMU, & B HEKOTOPBIX BapUaHTaX [aKe aBTOMATUYECKU HACTpanBaThes [572].
OjiHAKO 3TO BCE Ke HE «HACTOSIIAs» PEKYPPEHTHAS apDXUTEKTYPA, U JAJIbIIIE MbI €€ Pac-
CMATPUBATD HE CTAHEM.

B ar10ii rmaBe Mbl GyzeM TOAPOOHO TOBOPUTH O PEKYPPEHTHBIX HEHPOHHBIX CETSX,
HO CHAYaJIa JaBaiiTe TOCMOTPIM, KAKUMH, COOCTBEHHO, OBIBAIOT PA3HbIE 3a/1aUH, CBSI3aH-
HBIE ¢ 06pabOTKOIT ITOCTIEI0BATEBHOCTEN; B KAUECTBE OTIOJTHUTETHHOTO HCTOUHUKA MBI
3JIeCh BCEIIEJIO PEKOMEH/IyeM IUPOKO u3BecTHbIN 1mocT Anzpest Kapnartoro [273]. Tlo-
CMOTpUTE Ha puC. 6.3: HA HEM CXeMaTHYHO TTOKA3aHbI OCHOBHBIE THITBI 32/[a4 MAIITITHHOTO
06y4eHvsI, CBSI3aHHBIX C TIOCTE0BATENLHOCTSIMA. [10 XapakTepy BXOIOB U BHIXOIOB 3a-
Jlauy MOKHO BBIJIEJTUTD TAaKWe TISITh BAPUAHTOB:

* OJIH BXOJI, OIH BbIX0J1 (One-to-one, puc. 6.3, a); 311eChb MOCTENOBATETHHOCTH KaK
OBl U HET, MBI IPOCTO JOJIKHBI HE3aBUCUMO 06paboTaTh KAkl 2JIEeMEHT BXO-
JIOB U TIOJIyYUTHh COOTBETCTBYIONIMIT BHIXOl, HUKAKUE CKPBIThIE COCTOSIHIS HUKY-
JIa He MepejaloTes; OJHAKO 3aMETHM, U4TO paboTa ¢ IOCIeA0BATEIbHOCTDIO KaK Ha
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Puc. 6.3. 3azayu ¢ 110c1e10BaTeAbHOCTAMU: d — OLUH BXOJ, OJUH BBIXO/; 6 — OJUH BXO/,
MMOCIeA0BAaTEIBHOCTD BBIX0O/IOB; 8 — TOCJIEI0BAaTEIFHOCTHh BXO/I0B, OJIUH BBIXOI;
2 — TI0CJIeIoBaTeTbHOCTD BXOJIOB, 3aTE€M TOCJE0BATEIbHOCTh BBIXO/I0B,;
0 — CMHXPOHHM3MPOBAHHBIE MOCAE0BATEIBHOCTH BXOIOB 1 BBIXOJI0B

puc. 6.1, koria okHa 00pabaThIBAIOTCS HE3aBUCKMO, BIIOJIHE YKJIAJbIBAETCS B 9Ty
CXeMY, TPOCTO BXOJIBI TIOJYYATCS IOCTATOUHO CUTHHO 3aBUCUMBIMU;

* OJIUH BXOJI, TOCJIEN0BATENBHOCTD BBIXOIOB (0ne-to-many, puc. 6.3, 6); 31ech Mbl
JIOJIKHBI <Pa3BEPHYTh» BXOJI, KOTOPBIN caM 110 cebe He UMEET CTPYKTYPBI OCJIE/I0-
BaTEJIbHOCTH, B TIOCJIEIOBATEIBHOCTD BBIXO/IOB; HATIPIMED, aHHOTUPOBAaHUE Kap-
TUHOK MPEACTABJSAET COOOM TaKyio 3aauy: Ha BXOJIe KapTUHKA, HA BBIXOJE TEKCT
(TocIenoBaTeTbHOCTD);

* [I0CJIEIOBATEJIBbHOCTD BXO/IOB, OJIMH BBIXO/ (many-to-one, puc. 6.3, 8); B 3TOT TUII
3a/1a4 YKJIAJIBIBAIOTCS JIIOObIE 33/1a4 KJIACCU(DUKAIINY TOCJIE[0BATEIBHOCTEN; Ha-
npUMep, aHAIM3 TOHATbLHOCTH (sentiment analysis): o ganHoMy TekeTy (TO eCTh
MOCJIEIOBATENLHOCTH ) BBIIATh, MIOJIOKUTENBLHO UM OTPUIATELHO OH OKPAIIIEH;

* IOCJIEIOBATENBLHOCTD BXO/IOB, 3aT€M MOCJEOBATEIbHOCTh BBIXOZOB (Many-to-
many, puc. 6.3, 2); 31ech pedb UAET O TOM, YTOObI «CBEPHYTb» BXOJIHYIO HOCJIE-
JIOBATeJIbHOCTDb, 3aKOJMPOBATH €€ HEKUM CKPBITHIM COCTOSIHUEM, a TIOTOM <«Pas-
BEPHYTb» HTO CKPBITOE COCTOSTHIE 0OPATHO B y3Ke COBEPIIEHHO JPYTYIO MOCAEI0-
BaTEILHOCTD; HATIPUMEP, TI0 TOH 001IIeil cxeMe paboTaoT CUCTEMBI MATITHHOTO
nepeBoia (BXO/ — NPEJIOKEHNE Ha OJJHOM SI3bIKE, BBIXO/ — Ha JIPYTOM) W JHa-
JIOTOBBIE CHUCTEMBI (BXOJI — PeEILINKa CODECEHUKA, BBIXOI — CBOSI COOCTBEHHASI
pernKa);

* CHHXPOHU3UPOBAHHBIE MOCJEI0BATEIBHOCTH BXOOB M BBIXOAOB (synchronized
many-to-many, puc. 6.3, 0); a 371ech Hy’KHO CHaOUTh CBOEH METKO KasKIblii aJ1e-
MEHT MOCJIeI0OBATENbHOCTH, HO B OTJIMUUE OT pucC. 6.3, @ eCTh CMBICI TaKKe Tie-
PEHOCUTH Ha CJieyToNTuii BpeMEHHO Mar HeEKoe CKPhITOE COCTOSTHUE; HAllpuMep,
[PEJICTABbTE, YTO HAM HY)KHO PA3METHUTD BU/IEOTIOTOK, B KOTOPOM KaK/IbII MOCJIE-
IYIOUIUN KaJIp, KOHEYHO, MPEJICTABISIET COO0H CaMOCTOSITEIbHYIO KAPTUHKY, HO
OHa OOBIYHO OYEHB MOX0KA Ha MPEABIYIYIO U CIAEYIONYIO.
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6.2. PacnpocTtpaHeHue ownbku n apxutektypbl RNN

Ecrecrsennast ucropus B XVII-XVIII BB. ObLIa... COBOKYITHOCTBIO
ITPABUJI, TO3BOJISIONIEN TPYIITMPOBATD BBICKA3BIBAHUS B PSIIbI U Tle-
MTOYKH, B COBOKYITHOCTU HEYCTPAHMMBbIX CXEM 3aBUCUMOCTH, MOPSIIKA
1 TIOCJIE/IOBATEIbHOCTH, TJIe IepePACTIPE/IeISITINCh U MOJMYdaTn KOH-
HENTYJIbHYI0 3HAYMMOCTD Pa3JIMYHbIE PEKYPPEHTHBIE 2JIEMEHTBHI.

M. @yxo. Apxeonozus sHanus

XoTs B IPUHIUIIE PEKYPPEHTHBIE CETH IPONOJIKAIOT KJIACCUYECKUe Uen JJOCTAaTOUHO
[IPSAAMOJIMHENHO, HAM TellePb CTAHOBUTCA CJIOXKHO IIPOCTO B3SITh U IPUMEHUTD aJITOPUTM
obparHoro pacrnpocrpaHeHus ook, U geficTBUTEIbHO, PEKYPPEHTHAS apXUTEKTypa
MPEJICTABJISIETCS] OUEHb YAAUHOM JI7IsT 060pabOTKY TIOCIE0BATENLHOCTE, @ MOCIeI0Ba-
TEJIBHOCTH — 3TO U TEKCTBI, U BUJIEO, U MY3BIKA... HO KaK K€ Telepb CYNTATh TPAUEHTDI?

B npsiMoii HelpoHHON ceTH ormmbKa Ha KOHKPETHOM HeipoHEe BBIYKMC/SETCS Kak
hyHKIHS OT O1IHGOK HEHPOHOB, KOTOPBIE HCIIOJAB3YIOT €ro BhIXOAHOE 3HaueHue. Ho uto
Jles1aTh B ciIydae, KOI/la HepoH IPUHUMAET B KauecTBe BX0/a Pe3yJIbTaT BBIYMCIECHUS
B HeM caMoM? Jla 1 Kak, cOOCTBEHHO, IIPOBECTH CaMO BBIYUCJICHUE, €CIIM B HEM y4acT-
ByeT ero pesyJbraT? VHaue TOBOPS, 0 CHX TIOP y HAC Bee Tpadbl BBIYUCICHUN ObLIN
avuxuveckumu (6€3 IUKIOB, TO CTh €3 «3AMKHYTBIX KPYTOB» ), a TENEePh MOIyYaeTcs,
47O B Tpade ceTH OJHM CIIONIHBIE IUKIBI? Kak MOXHO BBIYMCJANTD (PYHKITUIO, KOTOpas
npUHUMaeT cama ceOst Ha BXoa?!

Ha camom niene, koHewHo, aTa meTsst B rpade BBIYMCIEHUN HAM TOJTBKO KasKeTCs.
Mp5I 1eficTBUTEBHO MCTIOJBb3yeM Pe3yabTaThl BBIYMCIEHUST TOH Ke (DYHKIUU, HO 3TO
Pe3yJIbTAaThl BRIYUCIEHUS (DYHKIIUU HA npeduidyuiux niarax. B pesysbrare BIYUCIEHTE,
KOTOPOE JIeJIAET PEKYPPEHTHAS CETh, MOKHO Pa3BEPHYTh 0OPATHO /[0 HAYAJIA MOCJIEN0-
BaresbHocTH. Hanpumep, 0603Havast B ipuMepe Ha prc. 6.2 COCTOSIHUE CETH TTOCJIE §-TO
TECTOBOTO IIpUMepa Yepes s; = (L, Ti+1, Ti+2, Si—1), HOTIYUHM, 9TO Yg HA CAMOM JleJie
BBIYHCIISIETCS TAK:

ye = [(w3,14,75,52) = f(23, 24,25, h(x2,23,24,51)) =
= f(x3, 14,75, (w2, 3, 14, (21, 2, 23, 50)))-

311eCh yIKE Sg B3SATh HEOTKY/1a, 9TO Oy/IeT HAYaIbHOE COCTOSTHIE CETH. A TapaMeTPbI CETH
3/leCh CIIpATaHbl BHYTpU (YyHKIUN f U h, TO ecTb B 3TOI (hOPMYJie OJIHHA U Te XKe Beca
BCTPEYAIOTCsI MHOTO Pas.

Mo:kHO cKa3aTh, YTO HA KaK[OM Iare CeTh CO3/aeT HECKOJIbKO KOMUI caMoil ce-
6s1. Kaskziast u3 9TX KOMUiT TPUHIMAET Ha BXOJ TEKYIIee OKHO B OMpPeeeHHbIH MO-
MEHT BpeMeHHU (OIpe/ieIeHHYIO YacTh MOCIEA0BATEIbHOCTHI ) U 3HAUCHHE, TOJTyYeHHOEe
U3 IPEBIYIIEN KOITUH, 3aTeM KaKMM-TO 00Pa3oM X KOMOMHUPYET U MePeaeT moJy-
YUBIIMUACS PE3YJIbTAT B CIEAYIOMUN 3ieMeHT. Takum 06pa3oM, Ha KaXKOM IIare Mbl
dakTryeckn obydaeM ryGOKyo HEHPOHHYIO CETh, B KOTOPOil CTOJIBKO CJIOEB, CKOJIBKO
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Puc. 6.4. ApxuTeKTypa «IIpOCTOii» PeKypPEHTHOI HEPOHHOI ceTu

3JIEMEHTOB B TIOCIEIOBATENLHOCTY MBI yike Buaean. OCHOBHOE ee OTINYIE OT OGBITHOI
HEHPOHHOU CETH, KOTOPBIE MBI PACCMATPUBAJIH JI0 CUX IIOP, COCTOUT B TOM, 4TO Beca Ha
KayK/IOM CJIOE OJIMHAKOBBIE, BCE CJIOU JIEJIAT OHU U Te JKe TIepeMeHHbIe MeXIy coboil
(shared weights).

Tenepb MOKHO ¥ TIOZICYUTATD TPAMUEHT B PA3BEPHYTOM BU/IE; MBI 3TO ClleIaeM Ha
KOHKPETHOM IIPUMepE, HO CHAYAJIA BCE-TAKU TIPUIETCSI BCE CTPOTro (hOpMaIbHO OOTIpe-
nesnuTh. /17151 aTOr0 MpUMepa Mbl BO3bMEM OJIHY U3 CAMBIX IIPOCTBIX aDXUTEKTYP PEKYP-
PEHTHOU ceTu: OyAeM UCII0Ib30BaTh HEHPOHBI ¢ CUTMOUIOM B KauecTBe (DYHKIIMU aK-
THUBAIIUU U CYUTATh, UTO BCE TIEPEXO/IbI, KDOME ATOTO CUTMOW/IA, INHEITHBIE, 2 HAa BBIXOJIE
MBI PETITaeM 33/1a9y KIacCUMUKAIINIH € TOMOTIIBIO SOftmax-(hyHKIINT OT BHIXOIA CETH HITH
IIPOCTO TIPUMEHSIEM Ty UJIHM UHYIO (DYHKIUIO AKTHBAIIUY h.

O6o3naunM yepe3 W MaTpHUILy BECOB TSI IEPEXO/A MEXKIY CKPBITHBIMU COCTOSTHUS-
MU, 4yepe3 U MaTpPHUITy BECOB /IS BXOJIOB, a yepe3 V' — 711 BEIXOZOB. APXUTEKTypa Ipo-
CTOI PEKYPPEHTHON HEMPOHHOI ceTH (J1a, MHOT/Ia UMEeHHO Tak 1 nuiryT, Simple RNN)
IokaszaHa Ha puc. 6.4. BXo/Ibl 1 CKpbITbIE COCTOSIHUS OyIeM cuuTaTh BekTopamu. Kpome
TOTO, YTOOBI POPMYJIBI OBLIN HE CIUIIKOM TPOMO3AKUMU, GYIEM CUMTATh, YTO Ha BXO/I
BCET/Ia TIOJIAETCST OIMH BEKTOP @; 3TO He TPUBOIUT HU K KaKOH ToTepe 0OIHOCTH: Ha-
npumMep, B GopMyJie BbITe MOKHO GBITIO ObI IPOCTO TTEPe0OO3HAYNTD T; = (T1,T2,T3).
B nrore MbI ToydaeM Takoe (hOpMaTIbHOE 33/[aHIE CETH — B MOMEHT BPEMEHH ¢

ag = b+Wsi1+Ux, st = flay),
o = c+Vsy, Yy, = h

rie f — 9TO HEJTUHEHHOCTh COOCTBEHHO PEKYPPEHTHOH cetu (06bIUHO o, tanh wau
ReLU), a h — ¢pyHKIus, ¢ MOMOIIBIO KOTOPOH IoJiy4aeTcsi oTBeT (Hampumep, softmax).
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Ha pucyHke Mbl, Kak 00bIYHO, He CTaJI M300paskaTh CBOOOIHbIE YWIEHbI b U ¢, YTOOBI
HE 3arPOMOXK/IATh KapTUHKY, OHU TI0ApasyMeBaTcs B crpeioukax. CobcTBeHHO 6J10-
koM RNN HasbIBaeTCs 4acTh OT BXOZOB 10 BBIUNCICHUA 0f; a cjoii RNN — 310 610K,
PasBEPHYTHII BO BpeMEHHU Ha BXOAHYIO IOCAeA0BATeIbHOCTD (MIIM HECKOJIBKO OJOKOB,
KOTOPBIE JIEJISAT IPYT C IPYTOM BeCa, TYT YK KaK TIOCMOTPETB ).

Bynem cunrats, 9To mporto T maros, t = 1.7, n y Hac 3ajjaHa Kakasi-TO (PyHK-
st onmbku L(o1, . . . ,o7). Temepb MOKHO HATIPAMYTO TIOTBITATHCS TIOACYUTATH YACT-
HbIe TIPOU3BO/IHbIE, TOCTEIIEHHO «Pa3BOPAYNBasi» BHYTPEHHME COCTOSHUSA St OT & = T
obparHo Kk t = 1. TTosryanTcest, 4TO OJIMH U TOT K€ BEC M3 MATPUIIBl W y4acTByeT B 9TOM
npottecce T' — 1 pas, 10 YUCITy Tepexo/i0B, HO TIOJTHOCTHIO Pa3BePHYTHIH rpad Bce paBHO
Oyner, KOHEUHO, anuKaIndeckuM. [losyyaercs, yTo peKyppeHTHas CeTh — 3TO Kak Oya-
TO OYeHb-0YeHb MHOTOYPOBHEBasT OOBIYHAST CETh, B KOTOPOI OJIHU U T€ K€ Beca MePerc-
MOJIB3YIOTCS Ha Ka)kZIoM ypoBHe. Takue o01Iie Beca MMEOT Psijl IPUATHBIX CBO#CTB. Bo-
TIEPBBIX, JIJIST UX XPAaHEHUSI JIOCTATOYHO OJIHON MATPUILBL, BCe T’ «CJI0EB» B JAHHOM CJIydae
cyry6o BUPTyaJbHbIE, U Beca HY;KHO XPaHUTh TOJIKO OAUH pa3. Bo-BTopbix, ob1iye Be-
€a T03BOJIAIOT M36eraTh HEKOTOPHIX MPOOJIEM TITyOOKNX CeTell: TPaJHeHThI [0 BecaM He
3aTyXaloT JI0 HyJid Cpasy Ke.

OnHAKO Y PEKYPPEHTHBIX CETEN €CTh U CBOU TIPOGJIeMBbI. BO-TIEPBBIX, TPaJINEHTBI, KO-
HEYHO, caMU 110 cebe He 3aTyXaloT, HO 3aTO OHU MOTYT 830peamucs (exploding gradients):
€CJTM MAaTPUIIA BECOB TAKOBA, YTO 3AMETHO YBEJIMYMBAET HOPMY BEKTOPA IPajiueHTa pu
IIPOXOJIe Yepe3 OfMH «BUPTYaAJIbHbINA CJIOH» 00PaTHOIO paclpoCTPaHEeHUs, IIOJIYyYUTCS,
YTO ITPH ITpoxo/ie uepes3 T’ coeB aTa HopMa BO3pacTeT 9KCIMOHEHITNATBHO OT 1, Beca Be/lb
OJIHU U T€ Ke.

Bo-BTOPBIX, XOTS IPAJMEHTHI HE 3aTyXalOT COBCEM, BIUSHUE TEKYIIETO BXOJA WU
TEKYILEro COCTOSIHUSI CETH, TEM He MeHee, OObIYHO He MOJKET PACIPOCTPAHATHCS CIIUII-
KOM JlajieKko. BiinsiHue Tekyiero Bxo/ia 3aTyxaet 9KCIIOHEHITUATbHO 110 Mepe y1aJeHns.
3Iro cepbestas npobiieMa, KOTOpas He MO3BOJISET «OObIYHBIM> PEKYPPEHTHBIM CETSIM
00yuaThCs Paco3HaBaTh JajieK1e 3aBUCMMOCTY B TaHHBIX.

Hanpumep, MOKHO IOMBITATHCS OOYIUTh PEKYPPEHTHYIO CETh YNTAaTh TEKCTHI (9TO
MBI Oy/ieM Jle/laTh B 3TON KHUTE U Ha TIPAKTUKE — B pasjesie 6.6 MbI MOCTPOUM JTOBOJIb-
HO TIPOCTYTO, HO BIIOJTHE HACTOSMIYIO SI3BIKOBYIO MOJIEJNb ), HO CeTh, CKOPee BCero, CMO-
KeT 00y4YUThC TONBKO TOMY, KaK CJIOBA MU OYKBBI BIMSIOT Ha CBOUX OJU3KUX COCe-
Jieil, a 0 TOM, 4TOOBI ITOHSTh, KaK CJIOBO HOBJUsIET Ha iporcxosiiee yepes 20—30 ciios,
B CJEIAYIONMX MPEAIOKEHUSX WK JaXke CJACAYIOMMX ab3alax, ¥ MeutaTh He TPUXO-
murcs. ITobbl 00yyarhk GoJiee H0Jr0CPOYHbIE 3aBUCMOCTH, HaM II0TPeOyeTCst COCTaB-
JISITh PEKYPPEHTHBIE CETH HE U3 «OOBIYHBIX> HEHPOHOB, a U3 CYIIECTBEHHO 00JIee CI0K-
HBIX «KMPIIMYUKOB»; 9TO Mbl HAYHEM JieJiaTh ¢ paszena 6.3, Ho cHadajia oOCy UM ellle
HECKOJIBKO OOIINX ADXUTEKTYP, B KOTOPBIE 9TH «KUPIUYUKH» MOKHO OYIET OACTABUTD.

UTtak, Teniepb MbI 3HaeM, KaK MPOBOAUTD TPAJANEHTHBIN CITYCK B PEKYPPEHTHBIX Hell-
ponHbIX ceTstx. Ho 1 370 eliie He Bee. MBI TIOKa 4TO OOCYAUIN PasHbIE CITOCOGBI TOTO, KAK
CKPBITbIE COCTOSTHUSI, BXO/IbI Y BBIXO/IbI PEKYPPEHTHOM CETU MOTYT CBSI3bIBATHCS JAPYT
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C IpYTOM U 3aBUCETb APYT oT Apyra. Ho, Kak f10TolIHbIe YuTaTe I yKe HaBepHAKa XOTAT
HaM HAIIOMHKTb, 9TO KHUTA O 21y60Kom 00y4eHnr — a IJIyOOKUX PEeKyPPEHTHBIX ceTel
MBI [TOKA He paccMaTpuBaiy BoBce! Bee 3T KOHCTPYKITHH MTOKA YTO MCTIOB30BAITH TOJIb-
KO O/INH YPOBEHb HEHPOHOB, TPOCTO JIEJIAIN 3TO HECKOJBKO Pa3 B Pa3HBIX KOHTEKCTAX,
JUUIS1 MOZIEJTUPOBAHUS PA3HBIX (DYHKITMH.

K cuactbio, TOIyYnTh 13 MOTOOHBIX KOHCTPYKIUIT TJTyOOKHE CETH COBCEM HECIIOK-
HO; JIJIST 3TOTO HY’KHO TIPOCTO 3aMEHUTH KaKue-HUOY/Ib U3 YacTell PeKYyPPEHTHOI apxu-
TEKTYPbl MHOTOCJIOWHBIMUA KOHCTPYKITUsIMUA. (DOPMATTbHO 9TO TIPOCTO 3HAYUT, UTO MBI
Ho-Apyromy, 6oJee CIOKHBIM 06Pa30M MTPeCTaBIIsIEM HEKOTOPbIE U3 (PYHKIINI, COCTaB-
JIFIONME PEKYPPEHTHYIO ceTh. OHAKO, KAK BbI YiKe J0TAJJIUCh, €CTh MHOTO Pa3HbIX
€1I0c0o00B 3TO C/IeJIaTh, U OHU MOTYT MPUTOAUTHCS B pasHbIX cutyaiusax. He Gynem Bia-
BaThCSI B TIOAPOGHOCTH, HO KPATKO TIEPEYMCIUM BO3MOKHBIE TIOJIXO/BI Ha OCHOBE CaMOil
IIPOCTOH apXUTEKTYPhI, N306paKeHHOI Ha puc. 6.4.

1. MOKHO IPeICTaBUTD IIIYOOKOH CeThio (DYHKIIUIO OT BXO/IA K CKPBITOMY CJIOT0; MH-
TYUIMS 37IeCh B TOM, YTO TIyGOKME MPEICTABIEHIST MOTYT OMOYb PEKYPPEHTHON ce-
TH TIOHSATHh BPEMEHHYTO CTPYKTYPY MEXK/Y MMOCJAe0BATETbHBIMA BPEMEHHBIMY [ITaTaMHU,
a3aTeM yiKe MOKHO OY/IET IIPEJICTABUTD [TOJIyYE€HHBIE COOTHOIIEHUST MEXKTY BBI/IEICHHBI-
MU abCTPaKTHBIMY IIPU3HAKAMK B BUze GoJiee IPOCTHIX (hyHKIMIA, IpubInKas ux 6oJiee
MIPOCTHIMU HEWPOHHBIMU CETSIMHU.

Taxkoii moaxo/ kK 6a30BbIM PEKYPPEHTHBIM CETSIM MCIIOIb30BAJICS, HATIPIMED, B pac-
MO3HABAHUU peun [75]; a 6IecTAIYI0 WTIOCTPAIMIO CYTH U MHTYHIIUH 3TOTO TTOXO0/a
MBI YBU/IUM B rJiaBe 7, rjie 6yjieM o0ydaTh pacipe/ieJieHHbIE TPEICTABIEHHUS CJIOB B eCTe-
CTBEHHOM s13bIKe. M bI yBUINM, KaK, €CJIM TPABUIbHO OPraH30BaTh 00ydeHne abCTPaKT-
HBIX TIPU3HAKOB, MOXKHO MOJIYYUTh PA3yMHBIE COOTHOTIEHUS JIAsKE MEKITY TAKUMU CJIOK-
HBIMU 0OBEKTaMH, KaK CJI0BA €CTECTBEHHOTO SI3bIKA, HA YPOBHE ITPOCTIX JIUHEHHBIX CO-
otHoteHui [137].

2. Bropoii BApraHT — CMOZIETUPOBATH TJIyOOKOI CETHIO0 (DYHKIIUIO OT CKPBITOTO CJIOST
Ha BBIXOJ[BI. 371€Ch MHTYHIIHS B TOM, YTO Ha CKPBITOM CJIOE CETh MOKET HauaTh 00ydaTh
U PACIO3HABATh OYEHD CIIOKHBIE U XUTPHIM 00Pa30M 3allyTaHHBIE MEKAY COGON (haxk-
TOPBI, KOTOPbIE, BO3MOXKHO, HE TaK YK IIPSIMO OTHOCATCS K TeM IT€PEMEHHBIM, KOTOPbIE
MBI TBITAEMCSI TTPEICKA3bIBATh, U UX HYKHO «PaCIlyTaTh» 00PaTHO, IPEKIE YeM JIeJIaTh
IIpe/ICKa3aHusl.

O1H 13 BO3SMOKHBIX BAPUAHTOB TAKOT'O MOJX0/A MOKET COCTOSTh B TOM, YTOOBI BbI-
XOIHOI1 CJION pEKYPPEHTHOIL ceTH 3aMeHUTh He TIyOOKOI CeThIo, a KAKOW-HUOYAb APY-
roii MoJieJIbIo, TOKe GoJiee CI0KHON U BbIPa3UTEIbHOM, YeM OJHOypOoBHeBas ceTh. Ha-
MIpUMep, OTPAaHUYEHHbBIE MAITTHBI BoJIbIIMaHa MMEHHO TaK, KaK YacTh PEKYPPEHTHOII ce-
TH, TIPUMEHSIIIACH JIJIST TIOPOKACHUST MOJTM(DOHNYECKON My3bIkU B pabote [56].

3. Tperuii TOrUYHBINA BAPUAHT — MOJIETUPOBATH TTyOOKO CeThi0 (DYHKIIUIO TIEPEX0-
JIa MESKITY CKPBITBIME CJI0SIMU. B [425] 5TOT moax 01 TPUMEHSLIN JIJIsT pa3METKH N300pa-
JKEHMH: TaM 1epeXo/Ibl PEKYPPEHTHON CEeTH MOZAEINPOBATINCH CBEPTOUYHOI CEThIO, a 3a-
TeM 9Ta ujes ObljIa paciiipeHa Ha rayCccoBckue mpoiecch [283].
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B atom nmoaxoze, npasia, BO3HUKAET 6oJIblile IpobJieM, 4eM B APYIUX: KaK Mbl yiKe
o6cyskaau, 06paTHOE PACIIPOCTPAHEHNE BO BPEMEHN — TO BBIYUCIIUTEIBHO JOCTATOY-
HO CJIOXKHBII IIPOIIECC, KOTOPBIHA U € 0JHOYPOBHEBBIMU-TO CBA3AMU TPeOyeT HEKOTOPOU
n3006peTaTebHOCTH, a eCJIM MOJIEJUPOBATh TAKOH 1epexo/ r1yOoKOii ceThIo, BBIYNUCIIN-
TeJIbHbIE TIPOOJIEMBI CTAHOBSITCSI COBCEM CJIOKHBIMU; OJHAKO OKA3bIBAETCSI, YTO MX MOJK-
HO /10 HEKOTOPOM CTEIIeHH [TPEOIOJIETD 3a CUeT JOOABJIEHIS CBSI3€il <HAIPSIMYIO» MEKILY
HecKosibkuMH Tiaramu (shortcut connections) [433].

4. 3aKJIIOUNTEbHBIHN, YeTBEPTHIN BADUAHT HAKOHEI[-TO IMPeJJIaraeT YTO-TO HOBEHb-
KO€e: BMECTO TOTO 4TOOBI MOJIEJTMPOBATH OT/EIbHBIE KOMIIOHEHTHI PEKYPPEHTHON CeTH
rJIyOOKUMU CETSIMU, MOXKHO TIPOCTO PACCMOTPETH BCIO PEKYPPEHTHYIO CETh IIETUKOM KaK
CJION 1 NCIOJIb30BATD €€ BBIXO/IbI KaK BXO/IBI /IS CIIe[YIONIEro ¢JI0s. ITO OYeHb MOIIHAS
uziest, 1 Mbl GyJIeM €10 TIOCTOSTHHO MOJIb30BaThes; 3(MEKT 3/1eCh COCTOUT B TOM, 4TO B pe-
3yJIbTaTe KaXKIbII CJIOW JOCTATOUHO €CTECTBEHHBIM 00Pa3oM JEHCTBYET B CBOEM CO0-
CTBEHHOM <«MaciTabe BpeMeHU», IPUMEPHO KaK KasKIbIil CJIOM CBEPTOYHOI ceTH Jeii-
CTBYeT B CBOeM MacinTabe, Ha CBOI pasMep OKHa BXO/0B. [laHHAs W/est UCTIOIb3yeTCst
OYEHb YaCTO, OHA MOABUIACK elle B Havase 1990-X, 10 coBpeMeHHOH peBoToIHHy rry60-
Koro obyuenus [138, 192, 258, 472].

Emte oque Baxkubiil BapuanT RNN (B 10060M UX U3BOJE) — 3TO 08YHANPAGLCHIbLE
pekyppeHTHBIE ceTh. J[eo B TOM, uTO yacto ObiBaeT Tak, 40 RNN K KOHIy mocyeno-
BaTEILHOCTH YK€ 3a0bIBAIOT, C UeTO TaM HAUMHAJIOCH; ¥ BOOOIIE MOCJEIHUE DJIEMEHThI
MOCJIEZIOBATEILHOCTH, JaskKe eCIM MbI He 3a0yeM Havaso, Beeraa OyAyT ropasio Bak-
Hee 1epBbIX U B 06b19HOM RNN, 1 B cetnt u3 LSTM win GRU-sueek (K KOTOPbIM Mbl
nepetizeM B paszesie 6.3).

[ToaTOMY 4aCTO PACCMATPUBAIOT TAK Ha3bIBAEMbIE 08YHANPABICHHbIE PEKYPPEHTHbIE
ceru (bidirectional RNN). /laBaiiTe /151 BXOJHOI HocjenoBarebHOCTH 3amycTuM RNN
(06BIYHO ¢ Pa3HBIMU BecaMM) JIBA Pasa: OJVH CJIOH GyIeT YUTaTh TOCIE0BATENLHOCTD
cJleBa HANpaBo, a APYroii — crpasa HajeBo. MaTpHIlbl BECOB abGCOIOTHO HE3aBUCHMBI,
MEXIy HUMU HET B3aUMOJIEHCTBHS, TPOCTO JIJIT KAYKJIOTO 2JIeEMEHTA MOCIeI0BATETbHO-
CTU TIOJIYYATCsT JIBa COCTOSTHUSL: CJIEBA HATIPABO U CITpaBa HaieBo. Pasymeercst, 510 pabo-
TaeT TOJIBKO /IJIS TIOCTIe/I0BATETbHOCTE, KOTOPBIE JaHbl HAM CPa3y 1eJUKOM (KakK TIpeji-
JIO3KEHUS €CTECTBEHHOTO S3bIKA).

Bce aTo mpousutiocTprpoBaHo Ha puc. 6.5, Tie cieBa n300paskeHa CTpyKTypa 0ObId-
HOU PeKypPEHTHON HEHPOHHOI ceTH, a cripaBa, Ha puc. 6.5, 6, — nByHanpasieHHoOi. Ha
BTOII cXeMe MbI «CripsiTaiimy Matpuilbl W u U B oJiH GJIOK 1 CKOHI[EHTPUPOBAIKCH HA
TOM, YTOOBI JIETAILHO TIOKA3aTh, YTO IPOUCXO/IUT C BBIXOJAMHU; CBS3H, OTHOCAIIUECS KO
UIyIIel cripaBa HaJeBO PEKyPPEHTHOI ceTH, Ha puc. 6.5, 6 mokaszanbl nyHKTHPOM. Dop-
MaJIbHO FOBOPSI, B IBYHATIPABJIEHHON CETU MbI BBIYHCJISIEM COCTOSTHUS S¢ CJIEBA HAITPABO
I COCTOSTHUSI §} CIIPaBa HAJIEBO, @ 3aTeM CJIMBAEM HX B OJUH PE3YJIbTAT YiKe Ha yPOBHE
BBIX0/I; 9TO 3HAYUT, YTO BBIXOJI BEIUUCIISIETCS KaK

st = o(b+Wsi14+Um), s; = o +Ws,  +Umz),
oy c+ Vs +V's), y, = h(op).
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Puc. 6.5. PekyppeHTHbIe HEHPOHHBIE CeTU: @ — 00bIYHAS PEKYPPEHTHAS CETb;
6 — AByHAIIpaBJeHHAsA PEKYPPEHTHAS CETh; ITYHKTUPOM U300paskeHbl CBSA3H, OTHOCAIIECS
K ceTH, 00pabaThIBAIONIEH BXOHYIO MTOCIEI0BATENBHOCTD CIIPABA HAJIEBO

BMmecTto kaccuueckoil peKyppeHTHON CEeTH U3 TPEX MaTpPHUIl, KOHEYHO, MOJKET CTO-
SITh JIE00ast APyTrast KOHCTPYKIIMSE; HA TPAKTHKE 0OBIYHO MCIIOJIb3YIOT ABYHATIPABICHHbIE
LSTM umau GRU, ¢ KoTOpbIMU MbI TIO3HAKOMUMCS B CJIEAYIONINX TTaparpagax.

BaskHo moHMMATh, YTO MOTHBAIIKS ABYHAIPABIEHHBIX CETEN COCTOUT HE B TOM, YTO-
ObI IIPOCTO IOJIYYUTD [BA PA3HBIX CKPBITBIX COCTOSHUS HA BCIO IOC/IEA0BATEIbHOCTD.
Eciin 661 5T0 OBLIO BCe, Yero MbI XOTENN, TO ObLIO Obl HEIOHSTHO, II0YEMY Mbl 3aILyC-
KaeM ceThb HIMEHHO CJIeBa HAllpaBo 1 CIIpaBa HaJIeBO, BeIb MOKHO ObLIO Obl, HALIPUMED,
COITHCH B ceperiHe — yeM Xy»Ke? MoTUBaIKsI B TOM, YTOOBI TOJYYUTh COCTOSIHUE, OT-
pasKaroliee KOHTEKCT U CJIEBa, U CIIpaBa 0JLs Kaxnco0zo leMenma nociedosameibHoCmi.
IToaTOMY OCHOBHbBIE IIPUMEPHI 334, IJie ABYHAIIPaBIeHHbIE CETH JIy4lile OObIUYHBIX, HE
B TOM, 4TOOBI FeHEPUPOBATh TEKCT (KOrAa HY KHO IPEACKa3aTh CIeAYIONII 91eMEeHT 110
MPEABIAYIIM), 2 B TOM, 4TOOBI, CKasKeM, pa3Medarh CJI0Ba 110 4acTsM pedn (Belb TaM
BaJKHO TIOCMOTPETDh Ha BCE TIPEJIOKEHHUE TIETUKOM, U CJIEBa, U clipaBa oT cjoBa). Ha-
[IpUMep, B MAIIMHHOM TIePeBO/Ie IBYHATIPABJIECHHAS PEKYPPEHTHAs ceTh OyeT paboTaTh
BMeCTe ¢ MEXaHU3MOM BHUMAHMUS, YTOObI [10J1y4aTh XOPOLINE BEKTOPHI COCTOSIHUMN /1St
KasK/IOTO CJIOBA, a He JIJIST BCETO TPEIJIOKEHUS B TIEJTOM.

Wrtak, MBI TIO3HAKOMUJINCH C OCHOBHBIMU apXUTEKTYPaMM PEKYPPEHTHBIX CETEH.
Ceiivac RNN (B ocHoBHOM ocHoBaHHBbIe HA LSTM 11 GRU sueiikax, 0 KOTOPBIX pPeYb
MOM/IET HUIKE) UCIIOIB3YIOTCSI OUeHb MUPOKO, U B JINTEPATYPE MOKHO BBIEJIUTH /[BA
MIPOTUBOTIOJIOXKHBIX TpeHa. C 0/IHOI CTOPOHBI, PEKYPPEHTHbIE CETH WHOT/[A BO3SHUKAIOT
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JlayKe TaM, TJIe 9TO He 00s13aTeIbHO: JIst MHOTHX 33/1ad RNN CIIMIIKOM MOIITHBI, ¥ MOJIEJTH
CTAHOBSITCS CJIUIITKOM CJIOKHBIMU 6e3 Hy kbl YacTo RNN IpHUMEHSIIOT ITPOCTO TIOTOMY,
410 310 hot new thing, u gake pu B 0611EM-TO HE CHJIBHO YIIYUIIAOIIEMCST PE3YJIbTaTe
MOJIe/Tb, OCHOBAHHASI HA PEKYPPEHTHBIX CETAX, CKOPeEe BCETO MpuBJiedeT GOJIbIe BHU-
Manust (rpy6o rosops, jerde Oyzaer omy6ankoBarh c¢Tathio). C ApYroil CTOPOHbI, €CTh
HEKOTOPas TeH/AEHIMS K 3aMellleHNI0 PeKYPPEHTHBIX ceTell CBePTOYHBIMU: YaCTO OKa-
3BIBAETCSI, UTO CBEPTOUYHBIE CETH MOTYT CJAEJNATh TO JKe camMoe, a 00y4aTh MX IIPH 9TOM
rOpa3Io MPOIILe; Mbl YBUMM HECKOJIBKO TAKUX TIPUMEPOB, KOr/1a 6y1eM roBOpuTh 00 06-
paboTKe eCTeCTBEHHOTO s13bIKa. HO Bce PAaBHO UMEHHO PEKYPPEHTHBIE CETH OCTAIOTCSI
OCHOBHOI1 apXUTEKTYPOii A71s1 00paboTKu nocaegosaTeabHocTeil. O TOM, YTO UM II03BO-
JIJIO IOOUTHCS TAKUX YCIIEXOB M Y€M COBPEMEHHbBIE PEKYPPEHTHBIE CETH OTJIMYAIOTCS
OT KJIACCUYECKUX, M3BEeCTHBHIX ¢ KoHIa 1980-X rojoB, MBI 11 ITOTOBOPHM JIaJIbIIIE.

6.3. LSTM

Moii untepec k Bermkomy Becriopsiziky (xaocy), KOHEUHO Ke, BBI3BAH
HEOXM/IJAaHHBIM ITPUX0JIOM CTAPOCTH, O KOTOPOH 5 y3HAJ 110 TPEM IIPU3Ha-
KaM: [I0Tepe KPATKOBPEMEHHOI TaMSITH, TIPUOOPETEHHIO JOJITOBPEMEH-
HOM aMSTH U JKeJTAHWIO HATIMCATh KHUTY.

T. Jlupu. Cemv s13vix06 boza

Kak MbI yske ToBOpuIn B paszesie 6.2, 06buHble peKyPPEHTHBIE CETH 0Y€Hb TLIOXO CIIPaB-
JISTIOTCST C CUTYAIUSIMU, KOT/IA HYKHO UYTO-TO «3aIIOMHUTB» HA/IOJITO: BAUSHUAE CKPBITOTO
COCTOSTHUST IJIM BXO/IA C IT1ara ¢ Ha TTOCJIeIYIONINe COCTOSTHUS PEeKyPPEHTHOH CeTH 3KCIIO-
HEHIMAJIbHO 3aTyxaetr. UTo ke gesnath? Pellenus, KOTOpbie HA JAHHBIN MOMEHT IIpeJI-
Jlaraiorest B riiyGoKOM 0GyYeHNUH, COCTOAT IJIABHBIM 00Pa3oM B TOM, YTOOBI U3MEHUTD,
YCJIOKHUTD apPXUTEKTYPY OZHOTO «KUPINYHMKa» peKyppeHTHOH ceTr. OKaspIBaeTcs, UTo
BMECTO OTHOTO-e/IMHCTBEHHOTO YHCJIa, Ha KOTOPOE BJIUSIOT BCE TTOCTEYIONINe COCTOSI-
HUST, MO’KHO CKOHCTPYHMPOBATh CHEITNATbHOTO BU/Ia SYEUKY, B KOTOPOI MBI CMOKEM SIB-
HBIM 00Pa30M CMOJIEIUPOBATH B TOM HJI WHOM BHJIE «JIOJITYIO TIAMSIThY, TIPOIIECCHI 3a-
[IUCH ¥ YTEHUSI U3 DTOM «TYeHKH MaMsATU» 1 Tak gajee. KoHeuHo, y Takoi stueiiku 6yaer
He 0/InH HabOP BECOB, KaK y 0OBIYHOTO HEHPOHA, & CPa3y HECKOJIbKO, 1 00yYeHUE CTAaHET
CJI0’KHEe, HO Ha MPAKTUKe YaCcTO OKA3bIBAETCST, YTO OHO TOTO CTOWT.

OpHa 13 caMbIX HIMPOKO U3BECTHBIX 1 YACTO IPUMEHSIONUXCS KOHCTPYKIUN TaKIX
stueek — 310 LSTM (ot caoB Long Short-Term Memory; Ha PyCCKUI SI3BIK 5TO MOKHO
MEePEBECTH KaK «/I0JITast KPATKOCPOUHAsSI TAMSITh», HO B JKBOM yIOTPEOIEHIH, KOHETHO,
pycckoro repeBozia abopesuarypsi LSTM mMbl Hu pa3y He cobiinaini) [336]. B o6yuenun
riay6okux cereit LSTM MCIOIb3yeTcs ITOCTOSIHHO, 1 MBI €11 MHOTO Pa3 BCTPETHM B 9TOI
kHure cetnt n3 LSTM-sueex.
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CranpaprHas apxutekrypa LSTM-saueitku nokazana Ha puc. 6.6. B LSTM ects Tpu
OCHOBHBIX BIJIA Y3JI0B, KOTOPbIC HA3BIBAIOTCS 2efimamu': exodnoti (input gate), 3aboi-
sarowuil (forget gate) u evixoonon (output gate), a Takke COOCTBEHHO peKyppenmmas
sauetika co CKpeITbiM coctosgareM. Kpome toro, 8 LSTM wacTto 106aBJsioT elie Tak Ha-
3bIBaeMble 3amounbie ckeaicunst (peepholes) — pomosHuTEIbHBIE COEAMHEHS, KOTOPbIE
YBEJIMYUBAIOT CBSI3HOCTHh MOJIENHN (O HUX MBI [IOTOBOPUM HUIKE).

DopMaibHO TOBOPSI, eI 0003HAYKMTD Yepes Ty BXOAHOU BEKTOP BO BpeMs t, yepes
h¢ — BEKTOD CKPBITOTO COCTOSTHUS BO BpeMs t, uepe3 W; (¢ pa3HbIMU BTOPBIMU MH/IEKCA-
MU ) — MaTPUIbI BECOB, IPUMEHSIONTNECS KO BXO/ly, uepe3 W), — MaTpHIIbl BECOB B pe-
KYPPEHTHBIX COEJUHEHMNIX, a 4epe3 b — BEKTOPbI CBOOOLHBIX YJIEHOB, MbI IIOJIYYUM CJIe-
ayioiiee popMaibHOe OIpeiesieHIe TOro, Kak paboraer LSTM: Ha ouepesHOM BXOZE T¢,
HMest CKPBITOE COCTOSTHUE U3 TIPEbIALYIIEro Iara h; 1 ¥ COOCTBEHHO COCTOSTHIE STYEHKI
C¢—1, MBI TIOCTIEJIOBATETHHO BBIYHMCISIEM

ci = tanh (Wyexy + Wpehi—1 +by)  candidate cell state

it =0 (Wyixe + Wyshyi—1 + b;) input gate
ft =0 (Wypme + Whphi_1 + by) forget gate
o =0 (Wyoxt + Wyohi—1 + bo) output gate
¢t =fiOc1+i 0, cell state
h; = o; ®tanh(c) block output

BeirisianT BecbMa 3ammyTaHHO JIJISI OJTHOTO-e/IMHCTBEHHOTO 3BeHa ceTH. MbI TIPOUJLIIO-
crpupoBanu LSTM-syeliky Ha puc. 6.6, rie Ha puc. 6.6, a BBoautcs o603HadeHue Teii-
Ta, a Ha puc. 6.6, 6 mokazaHa co6cTBeHHO cTpykTypa LSTM; myHKTUPHbIE JINHUY BBe-
JIEHbI NCKJIIOUUTEIBHO [JIs1 YI0OCTBA 1 TIOKa3hIBAIOT CBSA3H, OTHOCSIIUECS K CKPBITOMY
cocrostaUIO hy (a He ¢t ). Ho maske KapTuHKa BBITJISIZIUT JOBOJIBHO CI0XKHO. /[aBatiTe 1o-
[IaroBoO pasbepeMcest, 4To 3HaUaT 9TH (POPMYJIBL.

Ha Bxox LSTM, kak u B «06b1unoii» RNN, 1ogaiorcst 1a BEKTOpa: HOBbII BEKTOD U3
BXO/IHBIX JIAHHBIX T U BEKTOP CKPBITOTO COCTOSTHUS Ry 1, KOTOPbIU MTOJTYYeH U3 CKPBI-
TOTO COCTOSTHUS 9TOU STYeKU Ha NpeabliyiieM 1mare. Kpome Toro, BHyTpU y KaxKI0ro
LSTM-670Ka ecTb «s1ueiika namatu» (cell) — BekTop, KOTOpbIil BbINOJIHIET (QYHKIUIO
mamsiTi. BekTop staeiikn Ha 1mare ¢ MbI 06003HAUYNIIN BBIIIE YEPE3 Cf, & €y, KOTOPBILH 0Ty~
YaeTcs B TIEPBOM JKe YPaBHEHWH, — 3TO BEKTOP, OJYUYEHHBIN U3 BXO/IA U TIPE/IBILYTIETO
CKPBITOTO COCTOSIHUSI, KOTOPBIM CTAHOBUTCSI KAHIUJIATOM HAa HOBOE 3HAYEHUe MaMsTH.
[Tonyyaercs oH u3 T+ v hy_ 1 BecbMa O0BIYHBIM s HEHPOHHBIX CETell IIpeodpasoBaHm-
eM: CHavaJjIa JJMHeliHas (QyHKLIUS, IOTOM IHIepOoJITdecKUi TAHTeHC, BCe KaK B OOBIUHBIX
HEWPOHHBIX CETSIX.

! 1 croBa MBI KaJbKEpPyeM TepMHHOJIOTHIO. 37eCh Y Hac 60JIbIle ONPABAAHMIA, YeM OGBIIHO, — TePMUH
«TeT» yKe yCTOSJICS B CXEMHOI CJIOXKHOCTH, KOT/Ia PeYb UJIET O CXeMaX, BBIYUCJISIONINX Ty HIIH HHYTO (yHK-
mio. BipouewM, B coBetckoii murepatype 1960—1970-x romoB (a MHOTHE KJIacCHYeCKHEe Pe3YJIbTaThl CXeMHOM
caosxHOCTH ObLyn 10Ty 4eHbl iMeHHO B CCCP) ynoTpedIsiyicst TEPMUH «BEHTHJIb>, HO MbI, IOKAJTYH, HE PUCK-
HEM €ro MCIHOJIb30BaTh.
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fvv* gate H

Puc. 6.6. LSTM: a — o6o3HaveHme reifTa ¢ AByMsa BXogaMu; 6 — ctpykrypa LSTM-stueiiku

Ho ¢} — 210 BCero JmIb KaHAUAAT B HOBOE 3HAYEHNE IaMsITH. [Ipexie dem ero 3a-
IIUNIYT Ha MECTO Cy—1, 3HaUeHUe-KaHAUIAT U CTapoe 3HaueHue IIPOXOAT Yepes elle 1Ba
refiTa: BXOMHOU refiT 4; u 3abbiBatormuil reiit f. [locmorpute Ha hopmyry

ct=FfiOc_1+iOc

3/1eCh HOBOE 3HAUEHUE MOJTYYAeTCs] KaK JTMHETHAS KOMOUHAIUS U3 CTaporo ¢ koaddu-
IMeHTaMy 13 3a0bIBAIONIETO TefiTa f; 1 HOBOro KaHanjara ¢; ¢ koadduiuenramu us
BXOJIHOTO TeiiTa 4. TaMm, rjie 3HaueHust BeKTopa 3abbiBaoliero refita f; 6yayT 6JausKu
K HYJIIO, CTapOE 3HAUECHHUE c;_1 «3a0yIeTcsI», a TaM, rJie 3HaYeHUs 1; OYAyT BEJMKH, HO-
BBII BXOIHOU BEKTOP MPUOABUTCS K TOMY, UTO OBLIO B AMSTH.

OG6parure BHUMaHHUE: TOKOMIOHEHTHOE YMHOKEHHUE TIPUBOIUT K TOMY, UTO HA OUe-
PEIHOM IIare MOKeT OBbITh IIepe3anucata TOJAbKO 4acThb «namsaTiy LSTM-sgueiiku; u ka-
Kas 9T0 Oy/IeT YacTh, TOXKE ONPE/IessieT caMa sTYeiika B 3aBUCUMOCTH OT TOTO, 4TO MO-
JIy4aeTcst Ha BHIXOJax 3a6BIBAIONIEro TeiTa f, U BXOAHOTO refita 44. U emte 6osee Toro,
MOCKOJIbKY 3Ta JIMHEITHast KOMOMHAIUS «MSTKasi» 1 110 JIOPOTe BCE TIPOIYCKAETCS uepes
curmouzpl o, LSTM-gueiika MoKeT He IIPOCTO BHIOPATS, 3allkcaTh HOBOE 3HAYEHUE WU
BBIKMHYTH €T0, a ellle U COXPAHUTD JIOOYIO JHHEHHYI0 KOMOUHAIIUIO CTAPOTO ¥ HOBOTO
3HAYEHUsI, TpuYeM K03GhdOUITHEHTH MOTYT ObITh PA3HBIMU B PA3HBIX KOMITOHEHTAX BEK-
TOpa; U 9TU PelIeHnd A4eiika IPUHUMaeT B 3aBUCUMOCTH OT KOHKPETHOro BXxoja. Bee
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o710 genaer LSTM-gueiiku BecbMa rHOKUMU; @ €CJIM TellePb BCIIOMHUTb, 4TO TAKUX sde-
€K Yy HaCc MHOTO, U3 HUX COCTOUT PeKyPPeHTHas CeTh, TO CTAHOBUTCS MIOHATHO, TIOYEMY
LSTM-siueliku oka3ajnch HACTOJBKO YCIIENTHOW MouduKaIe.

Ho 370 BCe moka ObLin abCTPAKTHBIE PACCYKIEHUS: MbI OBI XOTEJIH, UTOOBI THOKOCTD
apxutekTypsl LSTM 1o3Bosisiia 06y4aTh Z0Jr0CPOYHbIE 3aBUCUMOCTH, U TEOPETHIECKU
OHa, KOHEYHO, MOJKET 3TO c/ieaTh. OHAKO apXUTEKTYPa OOBIYHBIX PEKYPPEHTHBIX Ce-
Tell TOKe TEOPETHYECKHU MO3BOJIsIeT 00YUUTh BCE YTO YTOAHO, HO Ha MPAKTHKE TaK He
nosydaercs;; 4eM ke LSTM npuHIUNUAIbHO OTIHYaeTcst OT OObIaHbIX RNN?

Ieso B oM, uto LSTM 6rarofapst cBoeil apXUTEKType PenraiT mpobiaeMy ncdyesa-
IOIUX TPAJIMEHTOB, KOTOPas MelIajia PEKYPPEHTHBIM ceTsiM 00ydaTh J0JTOCPOYHBIE
3aBucuMOoCTH. UToGB! JIydiiie YBUAETh Pa3HUILY, JaBaliTe Ha BpeMsl MpeCcTaBuM cebe
LSTM 6e3 3abbiBatoriero refita (co6cTBeHHO, UMeHHO B TakoM Buae LSTM u nossuiicst
M3HAYaJIbHO, B caMbIxX paHHuX paborax [IImuaxy6epa); B Hammx 0603HAYEHUSAX Gy1eM
CYMTaTh, uTO f; = 1 BO BCeX KOMIIOHEHTAX U /i1 BceX t. Tora BEKTOP «IaMsATH» STYeHKN
OyzeT BBIYUCIISITHCS KAK

ct=ci_1+itOch
A 5TO 3HAYUT, YTO

0 Ct

— =1.
dei—1

I1oT 3 hEKT, TP KOTOPOM B PEKYPCUBHOM BBIYUCIIEHUU COCTOSTHUS STYEHKKN HET HU-
KaKoil HEeJIMHEHOCTH, B JINTEPAType Ha3bIBAETCsI «KapyCeabl0 KOHCTAHTHON OIINOKI»>
(constant error carousel): on6ku B cetrt 13 LSTM nponiarupyrorcst 6e3 usMeHeHHIH,
u ckpbIThie cocTosTHUsT LSTM MoTyT, eci cama sdelika He PellnT UX Iepe3anucarhb, Co-
XPaHATh CBOM 3HAYEHUsI HEOIPAaHUYEHHO JI0JIT0. DTO pellaer IpobiieMy «HCYe3aloluX
rPaMeHTOB>: HE3aBUCHMO OT MATPUIbl PEKYPPEHTHBIX BECOB OlIMOKa cama coboil 3a-
TyxaTh He Oymer. OTMeTHM, BIIPOYEM, YTO ¢ APYroil croporbl LSTM HMKak He 3amiu-
MAET OT «B3PBIBAIONIUXCS TPANEHTOBY: €CIU TPANEHT HaUHeT HeOTPaHMYEHHO PaCTH,
JIMHEWHAsT 3aBUCUMOCTh OT C¢;—] HUKaK 3TOMy He moMmernrtaeT. [loaTtomy B >xu3Hu pea-
smsaiuu LSTM, kak u RNN, 00bI4HO UCIIONB3YIOT OoTcedeHue rpaauenTos (gradient
clipping), MCKycCTBEHHO 3aTIpeliiast UM PACTH JaJiee OMPEIeJICHHBIX 3HAYEHHIA.

BaskHblil TIPAaKTHYECKUN MOMEHT: XOTsI OOBIYHO Beca HEHPOHHOM CeTH WHHUIIHAJIM-
3UPYIOTCSA MAJEHbKUMU CJIyYalHBIMU YHUCIAMK U 3TO TIPEKPACHO paboTaeT sl MOYTH
Bcex BecoB LSTM-stueek, 0COOBIM CJTydaeM SIBJISIETCST CBOOOHBIN WieH 3a0bIBAIOIIETO
reita b I Jles1o B TOM, YTO €C/i 9TOT CBOOOAHBIN YjleH MHUIIMAIU3UPOBATh OKOJIO HY-
Jist, 970 (pakTrYecku OymeT 3HaunTh, uTo Bee LSTM-sgueiiku nsHavaabHO OYIyT MMETh
3Hauenue f; okoJso 1/2. A 9T0 3HAYUT, UTO T CAMAs KAPYCEJIb KOHCTAHTHOM OIUOKY Tie-
pectaer paboTaTh: Mbl HAUMHAEM € TOTO, 4TO (haKTHYECKU BBOANM BO BCe siueiiku pakTop
«3abbIBaHMsI» B 1/2, M B pe3ybTaTe OMMMOKH U TAMSITh GYIyT 3aTyXaTh 9KCITOHEHTTHATb-
1o. [ToaTomy cBOGOAHBII YIeH by HyKHO HHUITHATU3UPOBATH OOJTBITMME 3HAYCHUAMHE,
OKOJI0 1 i faske 2: Tor/[a 3HAUEHMsI 3a0BIBAIOIINX TeHTOB f; B Hauase 00ydeHust Oy Lyt
OJIMBKY K HYJIIO U TPAAMEHTHI OYIyT BOJIBHO JUTHCS 110 IPOCTOPAM HaIlleil peKyppeHT-
HOU apXUTEKTYPHI.
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U ertie o110 HEGOIBITOE TEXHUYECKOE 3aMEUaHUE: MOYKET TIOKA3aThCs, UTO JIJIST BBI-
YICIJIEHNSI, HAIIPUMED, €} Hy’KHO CHAaYasIa yMHOKUT MATPUILY W, Ha BEKTOP ¢, HOTOM
YMHOXUTH MaTpuity Wy, Ha BeKTOP h;_1, a IOTOM CJIOKUTH PE3YJIbTAThL. ITO HECKOITh-
KO IMPOTUBOPEYUIIO ObI UESIM BEKTOPU3AIUY U MAPaJJIEU3aIUN BCETO HA CBETE, HO,
K CYACTbBIO, ATy OIEPAIUIO TOXKE MOXKHO TIPE/ICTABUTD B BUJIEC YMHOXKEHWS MATPHIL:

W, x
Weext + thhtfl = (ch) (ht tl >
c _1.

Bonee Toro, Bce, 94TO TPOUCXOAUT B TIEPBBIX YeThIPeX (HOPMYJIaX, MOKHO TIPEACTAaBUTD
B BUJIE YMHOKEHUSI OAHON OOJIbLION MATPHIIbI Ha OAMH BEKTOP, B KOTOPOM @y 1 hy_1
IPOCTO OYAYyT PasMHOKEHBI 110 YeThIpe pa3a (Mbl TaKyKe IPEII0JaraeM, YTo yKe «I10-
[JIOTHJI> BEKTOPBI CBOOOAHBIX YIECHOB b B OAIMH U3 BEKTOPOB T WK h):

Ty
Ty
Wae Whe ol Wacxi+Whchi—1
Wi Whi by | = [ WaimetWhihe—
Wy Why hi Wypzi+Whphi—1
Wzo Who hi_1 Wzxoxt+Whoht—1
hi_y

Taxum 06pa3oM, BBIYHUCIIEHIE BCEX YETBIPEX BEKTOPOB ¢}, it, f, Of MOXKHO HapaJIJIeIn-
30BaTh 1 3aMUCATh B BEKTOPHOM BUJIE; 9TO YA0OHO 1 3 (HEKTUBHO.

3ameTM, 9T0 0OBIYHYIO PEKYPPEHTHYIO CETh MOKHO PACCMATPUBATD KAK YaCTHBIN
cayuait LSTM c reiitamu, T7ie HEKOTOpbIe 3HaUYeHUs 3a(pUKCUPOBAHBI B BUJI€ KOHCTAHT.
Ecou MbI ycTaHOBUM 3a0bIBAIOIINI TeHT f; BCeT/a paBHBIM HYJTIO BO BCEX KOMITOHEHTAX,
a BO BXO/THOM T€HTE %; U BBIXOJJHOM T€HTE O; YCTAHOBUM BCE KOMIIOHEHTHI B €IMHUIIBI,
MOJIYYUTCST, YTO MBI BCET/Ia 3a0bIBaeM TIPEIbIAYIIee 3HAUCHUE SIYEHKY ¢t 1, 3aTIOMUHAEM
3HayeHne-KaH/U/aT €, B YMCTOM BHJIE, ¥ HA BBIXO/ [IOCJIE 9TOTO OHO TIEPEXO/UT IIeIH-
KOM. ENMHCTBEHHBIM OTJIMYMEM OT CTAHAAPTHBIX PEKYPPEHTHBIX ceTeil Oy/eT B TaKOM
cIyvae «JIUITHee» TpuMeHenue tanh.

Wrtax, Mbl 10APOGHO paccMoTpen 6a30ByIo0, cCTaHAapTHY0 KoHpurypauuio LSTM-
syueitku. Cama apxurtekrypa LSTM unmeer, 1o Mepkam HelipoceTeBoi HAYKHU, OY€Hb /[0JI-
Iyl UCTOPHIO: ee BIiepBble paspaboranu 3ern Xoxpaitep u IOpren IIMuaxybep erie
B cepeante 1990-x rogos [227, 228]. B Tex paborax yske ObLIN CETH U3 STYEEK, COAEP-
JKalllUX BXOJHBIE M BBIXOJHBIE TEHTHI, HO He ObLIO 3a0BIBAIOIINX TeiiTOB; OHU J100ABU-
Juch B camoM korie 1990-x [178], cHavana aust 3a1a4, B KOTOPBIX HYKHO OOHYJISITH
CBOE CKPBITOE COCTOsIHKE (HATIPUMED, 00yUYeHNe TPAMMATHK), & TOTOM YK€ U B 1eJIOM
IS 337124, T7e HysKHa GoJiee 0ITast U TydIlie yipasiseMas TaMsiTh. Kpome Toro, B paH-
HuX paborax 060 LSTM mosiHoe o6paTHOE pacnpocTpaHeH e OMMOKE BO BpeMEHH Jiea-
JIOCH TOJIBKO JIJISI COCTOSTHUH STU€EK €, a TPAIUEHTHI 10 IPYTUM PEKYPPEHTHBIM BecaM
obpesasnich 1mocJie mepBoro e irara; ToJbko B 2005 roay B pabore [193] o6parHoe pac-
MPOCTpaHEHKe BO BPEMEHH OBLIO TPUMEHEHO KO BCEM BECaM, YTO MO3BOJIIIIO MOTYIUTh
XOPOIIIKE pe3yJbTaThl /LISl PAcliO3HABAHUS (DOHEM.



6.3.LSTM 247

Ectp ente ogHa ouenb yacTo BeTpevatornasics moaudukaius LSTM; ona nosisBunach
B pabore T'epca u HImuaxy6Gepa 2000 roga [177] v ¢ Tex mop cTaja 4acThio OOIbITHHCTBA
crangaptTHbix peasnusaiuii LSTM.

Jlesio B ToM, 4TO Bes «00Bsi3ka»> LSTM B Buze TeiiToB 110 GOJIbIIOMY CYETY CIIYHKUT
IUISE TOTO, YTOOBI YIIPABJATh COCTOSTHUEM siueiiku mamMsaTu ¢. OJHAKO €CJIU BbI IIOCMOT-
pute Ha GOpPMYJIB, oripenesdonue cTanaaptHeiii LSTM, BbI yBuauTe, 4TO HEMOCPE/-
CTBEHHO ¢ [IJIs1 9TUX TeTOB HepocTymHO! Bee, 4TO OHU «BUIAAT», — 9TO MIPEIbIAYIICe
3HayeHue hy_1, a OHO MOJYYAETCA U3 Cp_1 Yepe3 HEJTMHEHHOCTh (UTO caMo 1o cebe Obi-
JI0 OBl He CTPAIHO) U BBIXOAHOM IelT 0y _1:

hi{_1=0_10 tanh(ct_l).

Takum 06pa3oM, ecJI BBIXOJHON I'eiT «3aKPbIT», TO €CTh 3HaUE€HU BEKTOpa o 6J113-
KM K HYJIIO, II0JIy4aeTcs, 4TO [IOBeIeHUE TeiiTOB BOOOIIIE IIePeCcTaeT 3aBUCETh OT COCTOSI-
HUS TTAMSTH ¢!

ITO HEKeTATETBHBINA 9P (HEKT: KOHEYHO, MBI XOTEJIU OBl PA3yMHO YIIPABJISATH MAMsI-
THIO U TOT/IA, KOT/Ia sT9elika He OT/IaeT CBoe 3HaueHue Hapy:Ky. [loaToMy ofHa U3 caMbIxX
2(hPEKTUBHBIX W IIOTOMY IIONMYJSAPHbIX Moaudukanuii LSTM cocTouT B TOM, 4TOOBI
106aBUTh K 6a30BOI KOHCTPYKIIMU TAaK HasbIBaeMble samounvie ckeaxcunnt (peepholes),
JOIIOJIHUTEJIbHbIE COE/IUHEHM A, KOTOPbIE ITO3BOJIAIOT refitaMm <IIOATJIAABIBATb» TEKYIIIEE
3HAUCHWE STYEHKU TTaMSTH C:

it = 0 (Wi + Whihy—1 + Wpici—1 + b;)
fo=0(Wypme + Wyphy 1+ Wyper 1+ by)
o (onwt + Whoht—1 + Wpoci—1 + bo)

Ot

ITO, KOHEYHO, YCTIOKHSAET KOHCTPYKIMIO U 100aBseT MaTpuIibl BecoB Wy, Wy r
1 Wpo, HO OOBIYHO OKA3bIBAETCS, YTO ITO YCJIOKHEHNE TOTO CTOMT. MBI TIOKa3biBaeM HO-
BbIe cBsi3K B cxeme LSTM-ayveiiku Ha puc. 6.7, 6.

Kax Bunure, B konctpykiuu LSTM ecTb Macca pa3HbIX 9JIeEMEHTOB, CTYKANTUX JIJIsT
pasHbIX 1eseil. 1loaToMy HEeyAMBUTENBHO, YTO CYIIECTBYET MHOTO Pa3HBbIX BAPUAHTOB
LSTM: eciiit HayaTh IBITATHCSI TIPOOOBATH BCE BO3MOKHBIE BADUAHTBI M OCO3HAHHO BbI-
OGupath, Kakue yactu apxutekTypbl LSTM HysKHBI BaM JIJIsi KOHKPETHOI 33124, rjiasa
HAYMHAIOT Pa30eraThCst He MEHBbIIE, YeM ITPU BbIOOPE (DYHKI[MK aKTHBAIUN HEHPOHOB.
B kauecTBe HOIBIIOTO MCCIEI0BAHSL, KOTOPOE MTOKPBIBAET MHOKECTBO PA3HBIX BapUaH-
TOB, MOJKEM TIOpeKoMeHzoBaTh pabory [336], B kotopoii 6asoBas apxurekrypa LSTM
cpaBHUBaeTCA ¢ MOANMDUKAIMAME, KOKIasd U3 KOTOPBIX TaK WU MHAYe [TOSIBJISLIACD B MC-
CJIeJOBaHMIX:

e LSTM 6e3 BXOZHOTO TeUTA 2¢;

* LSTM 6es 3a6biBatotiero reiita fy;

* LSTM 6e3 BBIXOIHOTO reiiTa og;
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LSTM-saveiika

\ -0t

W, -
\-—DE forget : o
A gate .

Puc. 6.7. LSTM ¢ 3aMOYHBIMU CKBa)KMHAMU: @ — 0OO3HAUEHNUE TeiiTa ¢ TpeMst BXOJIaMMU;
6 — crpykrypa LSTM-s4eiiku ¢ 3aMOYHBIME CKBasKHHAMI

LSTM 6Ge3 pyHKIMKM aKTUBAIIMN 0 Ha BXOAHOM TeiiTe, TO €CTh:
it = Wyiee + Wiihe—1 + Wpici—1 + by;

LSTM 6e3 pyHKINM aKTUBAIMU 0 HAa BBIXOAHOM I'€iTe, TO €CTh:
ot = Wyoxs + Wyohe 1 + Wpoctfl + bo;

LSTM 6e3 3aMOUHBIX CKBayKHH;

LSTM co cBA3aHHBIMY BXOAHBIM U 3a0bIBAIOIUM FeTOM: BMECTO TOT'O YTOOBI Pac-
CMaTpUBATD % U f; 1O OTAEIBHOCTH, MBI CYUTAEM MX €INHBIM TeHTOM (HA30BEM
ero f;), BBIXO/L KOTOPOTO MCIOJB3YETCs JIsI BBIYUCIEHUS ¢ KaK KO3(DPUITIEHT
BBIITYKJION JINHEIHO KOMOUHALINH:

ct=frOc—1+ (11— f)Oc

LSTM c nornoHUTETbHBIMU PEKYPPEHTHBIMU CBSI35IMU HA KAJKJIOM TeiiTe; B 3TOM
BapUaHTe KaKBII TEHT, KPOME CBOMX OOBIYHBIX BXOJOB @t U hy_1, TIOJMydIaeT Ha
BXO/I ellle U IIPeAbIYIINe 3HaueHUS BCEX OCTAJIbHBIX FeHTOB:
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iy =0 (Waime + Wiihe—1 + Wpici—1 + Wime—1 + Wy f 1 + Woi0i—1b;)
Fe=0 Wyt + Whrhi—1 + Wyprer—1 + Wigae—1 + Wyepfy_1 + Wopor—1 + by)
0r =0 Waot + Whohi—1 + Wpoci—1 + bo + Wigmi—1 + Wiofy_ 1 + Wooor_1) .

IMocnenauii BapuaHT A00aBJSET CPas3y JAEBSITh HOBBIX MATPHUI[ BECOB M CUJIBHO
yeaoxusger konerpykimio LSTM. Ho, moxeT GbITh, OHA OT 9TOrO CTaHET ropasuo 6o-
Jiee BBIPa3UTETbHOM?

PesynbTaThl HOJIBIIOTO 9KCIIEPUMEHTATBHOTO UccenoBanus B [336] 6butn mocra-
TOYHO OXKMIAe€MbL: HU OJMH U3 BochbMu BapuantoB LSTM He paboTan 3aMeTHO JIyd-
e 0OBIYHOTO, «BaHUIbHOTO» LSTM. BbIsICHMIOCH, YTO KJIIOUEBBIMU KOMIIOHEHTAMU
LSTM gsistiorcs 3abbIBarOIIUi TeT U (GYHKIUA aKTHBALMK Ha BBIXOIHOM reiire: 6e3
3a0bIBAIOIIEro refiTa KauecTBO cpasy CUJIbHO IpoceaaeT, a 6e3 (yHKIMN aKTUBAIUN Ha
BBIXO/I€ ATOT CAMBIIl BBIXO/l TEOPETHYECKU MOKET PACTH HEOTPAHIMUEHHO, UTO TIPUBO/IAT
K HesKeJlaTeIbHBIM 3G dexrTam.

Opnaxo BaXKHBIM U MHTEPECHBIM PE3YJIbTaTOM CTAJIO TO, YTO HEKOTOPBIE U3 ITUX Ba-
PHMAHTOB CyIIeCTBEHHO mpoiie 6azoBoro LSTM, a paboTaioT IPakTUYeCKH HIYEM He Xy -
kel B gacTHOCTH, YCIOKHEHHBIH BAPUAHT C TOTIOJTHUTEIbHBIMUA PEKYPPEHTHBIME CBSI-
3siMH pabOTaeT laske 4y Th Xyske 6a30BOT0, TAK UTO €TI0 MCIIOJIb30BATh TOYHO He HaJl0. Ba-
puaHT 6e3 «<3aMOUYHBIX CKBAKUH» TIPAKTUIECKHU HE YCTYIIHII BAPHAHTY C HUMHU. A caMbiM
MHTEPECHBIM PE3YJIbTATOM 0Ka3aja0ch T0, 4o LSTM co cBsI3aHHBIMU BXO[HBIM 1 3a0bI-
BAIOINM refiToM, B KOTOPOM (haKTHYECKU Ha OJIUH TeHT MEHBIIe, HIYeM He yCTymu Ha-
3oBomy LSTM.

Bce 970 IPUBOAUT K MBICJH O TOM, YTO MOKHO TIOTIBITATHCS Pa3pabOTaTh apXUTEK-
Typy, KOTOpast coxpaHsiia Obl mosiosxkureabuble KadectBa LSTM, Ho ripu 9ToM Gbisia Obl
3aMeTHO 1polie. Takyio apXUTeKTypy Mbl cefiuac U PaCCMOTPUM.

6.4. GRU u gpyrue BapuaHTbl

— 3aKOH y HacC TPOCTOM: BXOZ — pyOJIb, BBIXOJ — [[BA. ITO O3HAYAET,
YTO BCTYIUTH B OPTaHUBAIMIO TPY/IHO, HO BBIATH U3 Hee — TpyaHee. Teo-
PETHYECKHU /IS BCEX YJI€HOB OPraHU3alui TPeLyCMOTPEH TOJIbKO OfUH
BBIXOJ[ U3 Hee — 4yepes Tpyoy.

B. Cyesopos. Axeapuym

Kaxk MbI ToJIbKO 4TO 06Cy sk aanu, apxutekrypa LSTM Tpebyer 10BOJIbHO 3HAUNTEIbHBIX
pecypcoB. B o6erarom RNN kaskgas sueiika uMesia ofiiH BEKTOP CKPBITOTO COCTOSTHIS
h, a Beca ObLIM TIpeACTaBAEHbBI TPEMSI MATPHUIaMu (ILUIIOC CBOOOIHBIE YJIEHBI): MATPULA
BecoB Jiid BX0/10B U, MaTpulla peKyppeHTHbIX BecoB W 1 MaTpuIla BECOB JIJISI BBIXO-
1o V. B LSTM-gueiike BecOB cTaHOBUTCA Topasno GoJblie. Jaxe B 6a30Boi Mogeau
y4acTByer cpagy 6ocemb Marpull BeCoB: Waye, Wi, Wy ¢, Wao, Wi, Wi, Wi, p, Wh,. Ecin
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1106aBUTH 3aMOYHbIE CKBKMHBI, MOABATCS elile TpY MaTpuitbl: W, W), ¢ u Wi,; xoporio
XOTb 0Ka3aJI0Ch, UTO TIOJIHBIE PEKYPPEHTHBIE CBSI3M MESK LY BCEMU refiTaMu 100aBJIsATh He
HYKHO. A TIpr 06yYeHIY KasK/IbIH U3 CT0€B B GJIOKE TIPU PAaBOPaYNBAaHUU CETH OKa3bIBa-
€TCS CKOTIMPOBAH CTOJIBKO JKe Pa3, CKOJIBKO 3JIEMEHTOB UMEETCS B KAXKIOH TTOCTIe/I0Ba-
TEeJBHOCTH, TaK YTO y GOJBLINX ceTeld, cocTaBleHHbIX u3 LSTM, Oyzer aeiicTBUTENbHO
OYeHb MHOTO I1apaMeTPOB.

MoskHO Jit TOOUTHCST TOTO Ke 3(hheKTa OATOCPOUHOI MTAMITH U PEMUTH pobiie-
MY 3aTyXaloIIuX TPafueHToB Gosee spdekTuBHO? JKcnepuMeHThl B [336], KoTopbiMU
MBI 3aKOHUMJIN [TPebI Ay naparpad, HaMeKaloT, YTO 3TO JAeHCTBUTEIHHO BO3SMOKHO:
OKa3bIBAETCsI, YTO KpUTUIECKH BasKHBIMU KOMITOHEHTaMU JIJISL yenentHoi paborel LSTM
BBICTYTIAIOT 110 CYTH TOJIBKO JIBa FefiTa: BBIXOAHOI 1 3abbiBatoriuii. Kpome TOTO, TOHAT-
HO, YTO KJIIOUYEBBIM MOMEHTOM SBJISIETCS caMa <IaMsATb» ¢; M Kapycesib KOHCTAaHTHON
ombKu, KoTopasi mo3BoJister coctosiinio LSTM coxpansrbest Hamouiro. Bee ocraibpioe
MO>KHO IIBITATbCS KAK-TO COKPAIIATD.

[TpakTvKa MOCTEHUX JIET OKa3ajia, YTO U3 MePeUrCIeHHbIX BbIllle Hanboee mep-
CIIEKTUBHBIM OKa3biBaeTcst BapuaHT LSTM co CBSI3aHHBIMU BXOJHBIM U 3a0BIBAIOIIIAM
refiToM; OT Hero yyke OGYKBAJIBHO OJMH IIAT JI0 YIPOUIEHHON MOJIEH, KOTOpas B MO-
cllefiHee BPeMs YCTOMYMBO HaOGUPaeT MOIYJIAPHOCTD U MOCTEIeHHO BhiTecHsser LSTM
BO MHOTHUX PEAJIBHBIX TIPUJIOKEHUSAX. DTa MOJAEb TIOJNy4YrIa HasBaHue gated recurrent
unit, coxkpaneiio GRU; HenpusaTHas 111 PyCCKOTO yXa MoJIy4uaach ab6peBuaTypa, Ho
gro nogenats. GRU nosieuiuces B 2014 roxy, B padore [399]; cM. Takske sKcHepuMeH-
ThI B [140]. B aT0i1 apXuTeKType UCIOIb3yeTCs KaK pa3 ujest COBMEIIEHNST BBIXOHOTO
1 3a6BIBAIOIIETO TEHTa, 2 CKPBITOE COCTOSTHUE iy COBMEIIEHO CO 3HAUEHUEM MAMSITH Cy.

Haunewm ¢ opmyir. Bor kak paboraer ogra GRU-stueiika:

uy = o(Wauxt + Wiyhi—1 + by),

ry = o(Werxe + Whhe1 + br),

hi = tanh(W, s at + W (re © hy_1)),
hy = (1 — ut) @h,’t +us ® hy_1.

31ech u; — 970 reiit obHoseHus (update gate), KOTOPBIIL U ABJIsTeTCA KOMOMHAIUEH
BXOJHOTO 1 3a0BIBAIOIIETO FefTOB. A 74 — 9TO IelT Iepe3arpysku (Teset gate); oH ToXKe
OTBeYaeT 3a TO, KAKYI0 YaCTh MaMITH HYKHO MEPEHECTH JAJIbIlle ¢ MPOIILJIOTO Iiara, Ho
JIeJIAET 3TO €lIle JI0 TPUMEHEHMS HeTMHEHHOU (hyHKIM, Jueiika maMsiTi u BbIXoz 6JI0Ka
hy tyT, B otsimuue ot LSTM, HuKak He pas3ziesisioTcs, U ey IOIuii BbIXo hy Tosyyda-
eTcst Kak KoMOuHaIus (3a1aBaeMasi FefiToM uy ) IPeIbIAYIIEro Bbixoaa by 1 ¥ TEKYIEro
KaHuAaTa B BHIXOZL b}, KOTOPBIH, B CBOIO O4epe/lb, TOKE 3aBUCUT OT hy_ 1, HO Ha 9TOT pa3
yepe3 TeHT 1mepe3arpy3Kku r'y.

Bce 210 MBI TpoMILTIOCTPUPOBATH Ha puc. 6.8, g, riie okazaHa CTpyKTypa rpada Bbi-
ypcsennii 1t ognoit GRU-stueiikn. O6paTrte BHUMaHKeE, YTO TEHTOB U MATPHUI[ BECOB
CTaJIO MEHBIIIE.
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H s e -
o > X Hd
% J r (}»[: }—Lhi L L : HAyeiika MUT1 : 1
he Wi | '®*®T’
1|| reset g ! ey | Wi I hy
1| gate . | | o |
| ! | e I
, ] r
| We o 1 ! : |
I 1 | I
I Wi | | I
I ] | I
I | | I
I | | I
I | I
| \_ \i’\l’lmL | |
I | I
e : :
[ .. A (

Puc. 6.8. BapuaHTbl peKyppPEHTHBIX sSTUeeK:
a — crpykrypa sueiiku GRU; 6 — crpykrypa stueiiku MUT1 [267]

VIHTYWIIMs 3[1ECH B TOM, UTO ¢ OTIPEIesISIeT, KaK 00beIMHUTh HOBBIH BXOJ C UMEIOMIEH -
s TAMSITBIO, 8 Uy — KaKylo Y4acTh MMeEoIIeiicst maMsiTi OCTaBUTh Her3MeHHO. OObIY-
Hyto RNN orsats MOKHO TIOJyuuTh Kak yactHbri caydait GRU, ecan ycTraHoBUTD Bee
KOMIIOHEHTHI ¢ B efuHuIly (Bceraa OpaTh IpeAblayliee cOCTOosHIe hy 1 HEJIUKOM st
BBIYMCIIEHNS BeKTOpa h}), a BCe KOMIIOHEHTBI U B HOJb (IIEIMKOM 3aMEHSITh TIaMsITh
HOBBIM KaHAuAaToM h}). C TOUKHM jKe 3peHHsi IPAINEHTOB Mbl CHOBA BUIUM, YTO MEKIY
h; v hy_1 ecTb IUHEITHAS CBSA3b, KAPYCEJIb KOHCTAaHTHOH O1MOKN paboTaer, u pobJieMa
3aTYXalOIIUX IPAIUEHTOB YCIIEITHO PEIIAeTCsI.

Ocuosuag pazuuna mexxay GRU u LSTM cocrout B ToM, yto GRU mnbiTaercs cue-
JIaTh ABYMs TeliTaMu TO e camoe, uto LSTM gmenaer tpemsa. Obss3anHoCTH 3a0bIBa-
foriero reifta f B LSTM 371ech pasziesieHsl MexXIy ABYyMsI TeiiTamu, ¢ 1 uy. Kpome Toro,
He BO3HUKAeT BTOPOU HeJMHEHHOCTH Ha IIyTH OT BXO/a K BBIXOAY, Kak B ciydae LSTM.
3aMeTuM ellle, YTo 37eCh ONATh HYKHO [IPABUIBHO IIPOMHUIIMAIU3NPOBATH CBOOOLHDIE
YJIEHBI B TrefiTe 0OHOBIEHMS Ut: CBOOOIHBIE YWIEHBI by, JOKHBI OBITH OOIBIINMMU, HHAYE
OTISITh BO3HUKHET HEXKeTaTeTbHbIN a(MEKT ¢ IKCTIOHEHITUATBHBIM 3aTyXaHUEM <ITaMsi-
Ty B riocsenoBaTenbHoctu GRU.

ITpaxTuka nokassisaer, uto GRU npakTudecku Beerga paboTaer Tak e HIu [IOYTH
Tak e xopoio, kak LSTM. A mapaMeTpoB y HEro 1MoJiy4aeTcsi Topa3jio MeHbIIIE: TeCTh
MAaTpPHUI[ BECOB IIPOTUB BOCbMU B IIPOCTEMIIEM BapraHTe WU OQMHHAAIATH B 6oJee ya-
CTO UCIOJIb3yeMOM (C 3aMOYHBIMHU CKBaKUHAMMU ). V13-3a 3HAYNTENHHO MEHBIIIETO YHC-
Jia mapametpoB TpeHupoBaTh GRU mnpomie, uem LSTM, nosTomy B HEKOTOPBIX 3aj1auax
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GRU noxasbiBaeT pesyJbTaThl jydie. bojee Toro, MOKHO MO3BOJIUTH cebe YMECTUTh
B TOH ’Ke MaMATH U C TEMHU Ke pecypcamu cetu us Oosbinero uncia GRU-saueek, yem
LSTM. IToaromy GRU wacTo ucnosib3yiorcst BMecTo kiaccuyeckux LSTM.

GRU — ouenb nonyssipubiii Bapuant moaudukarum LSTM, Ho, koHeYHO, He e/InH-
cTBeHHbli. V3 HenaBHux pabot ormeruMm [385], rae LSTM Moaudunupyercst Tak, 4To-
OblI Jyurire paboTaTh ¢ HEMPEPBIBHBIMU TIOTOKaMuU coObiTrid. Hanpumep, GecuiroTHBIN
aBTOMOOMJIb I0JIZKEH ObITh CHA0KEH OIPOMHBIM KOJIMUECTBOM CaMbIX PAa3HbIX JATUNKOB:
BUJIEOKAMEPbI CJIEAT 3 JI0POrOM, TUPOCKOIIbI 32 YCTOMYMBOCTHIO, 0COObIE JATYUKH BbI-
naioT nHGopManuio 00 ypoBHe TOILIMBA 1 MACja, U T. A. 1 T. IL. Bce oHU paboTaior ¢ co-
BEPIIEHHO PasHOIl YacTOTOI: BaskKHbIe COOBITUS PUXOALT ¢ KaMep ropasiio yaile, YeM
OT JIaTYMKA TOIIMBa. TeM He MeHee, ecii Mbl GyieM 06pabaThIBaTh 9TH BXOJbI OJHON
U TOM K€ PEKYPPEHTHOH CeThbIO, HaM IpuAeTCs oOpabaTbiBaTh BpeMs AUCKPETHO, 1Iar 32
IIarOM, U BBIOPATh OAHY M TY K€ 4aCTOTY AMCKPETU3AIIMH.

[Toaromy B [385] npeasaraercs nobasuth B LSTM eliie ogun reiit, 2eiim epemenu
(time gate) k¢, KOTOPBIN OTKPBIBAETCS U 3aKPBIBAETCS IEPUOANIECKHN B 3aBUCUMOCTH OT
TpeX HapaMeTPOB: apaMeTp T olpeaeseT nepuoy (B Buje 00bIYHOIO BEUECTBEHHOTO
YKCJIa), Ton OLPEAEISET, KAKYIO H0JII0 BpEMEHH 9TOT TeiT OyAeT OTKPBIT, a apaMeTp s —
(hazoBbIil CBUT KAXKJIOTO TENTA B pAMKaX IepUo/Ia T.

[Ipemmosxennas B [385] KOHCTPYKITUS refiTa BpEMEHHU TIOCTENIEHHO «OTKPBIBAETCST»
B TeyeHue TePBOii TOJIOBUHBI CBOETO BPEMEHH T'op, [TOTOM ITOCTETIEHHO «3aKPbIBAETCSI>
00paTHO, a B 3aKPBITOM COCTOSIHUM HEMHOKKO «IIPOTEKAET» 110 aHAJIOTHH C IIPOTEKAI0-
muM RelLU.

DopMarbHO 9TO TIPOIIE BCETO 3aMMCaTh Y€Pe3 BCIIOMOTATENBbHYTO TIEPEMEHHYIO ¢y,
MTOKA3bIBAIOIIYIO, B KAKOI YaCTH CBOETO MEPUO/Ia HAXOIUTCSI TeT BpeMEHN:

2
%, eciin (Z)t < %Ton,
(t—s) mod T % 1
ot = — ke =42~ Ton €CM 5Ton < ot < Ton,
oy, B OCTJIbHBIX CJIyYasiX.

OxasbiBaeTcst, 9TO Takass MOMU(DUKAINSA, MOJYIUBINAs Ha3BaHUE (A3UPOCAHHBIU
LSTM (Phased LSTM), nobaBiisteT peKyppPEHTHBIM CETSIM HEMAJIO TIOJIE3HBIX CBOMCTB.
®axruyecku Phased LSTM paGoraer ogHOBpeMeHHO U Kak mpeoGpasoBanue Dypbe
C HACTPAMBAEMbBIMHU TIAPAMETPAMM, YTO TTO3BOJISIET PA3JIMvaTh YaCTOTHI BXO/IOB, U KAK
cBoeobOpasHast popMa ApoIayTa, 3aBUCAIIETO OT BpeMeHu. B pesyibraTe cetn us dhasu-
posantbix LSTM o6yuatorcst Topas/io 6biCTpee, YeM 13 OOBIYHBIX, 1 YACTO TIPEBOCXO/SAT
WX B TOYHOCTH; HECJTIOKHO MPUAYMATh 1 aHajsornyHbiii Bapuant GRU.

U B 3axioueHre OTMETHM elile ofHy paboTy. Ha mpoTsykeHnH ABYX TOCTeTHNX TIa-
parpadoB MbI PaCCMOTPEJIH LEJbId Psi/i PasHBIX apXUTEKTYDP (HECKOTbKO BapUaHTOB
LSTM u GRU); Bce OHM pellaoT [0 CyTH OJHY U Ty e 3ajady — IIpobieMy 3aTyxa-
IOIMX rpagreHToB. Ho 5Tu apXuTeKTypbhl ObLIN TIPUIYMAHDI JIOAbME, MOKHO CKa3aTh,
«H3 TOJIOBBI», U HUKTO HE TAPAHTUPYET, YTO ITO XOTHh B KAKOM-TO CMBICJIE «OTITUMAIIb-
HBIE» APXUTEKTYPBI, PEIIAIOIIIE ITY 33j1a4y.
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[ToaTOMY €CTECTBEHHBIM CJIEAYIONIUM IHaroM ObLI MOAXO, TPEJIOKEHHBII B CTa-
The [267]; TaM aBTOPBI MPOBENTU ABTOMATHYECKOE HCCIENOBaHUE Oosiee YeM IECSTH
TBICSIY PA3HBIX APXUTEKTYP slUCEK PEKYPPEHTHBIX HEUPOHHBIX CeTel, IJIaBHBIM 06pa-
30M aBTOMATUYECKH MOPOKIeHHBIX. OHU CPAaBHUBAIOT ATH APXUTEKTYPBHI HA PeaTbHBIX
JIAHHBIX, epedrpast MHOKECTBO PA3HBIX 3HAYEHUIT rUIepHapaMeTpoB (BUAUMO, 3/1ECh
OY€Hb KCTATH TIPUIILINCH BHIUUCIUTETbHBIE pecypcbl Google, rie Oblia cienana sTa pa-
60Ta), ¥ B KOHEYHOM CUETE TIBITAFOTCS HAUTH HAUJTYUIIYIO QDXUTEKTYPY C TOYKHM 3PEHIS
MIPOCTO TPAKTUIECKUX PE3YJIbTATOB Ha KJIACCHUECKUX HabOpax JaHHBIX. B pesysbrare
B pabote [267] ObLIM HaliIeHbI TPU HOBbIE APXUTEKTYPBI, YEM-TO, ECTECTBEHHO, HAIIO-
munaoie LSTM 1 GRU, Ho nokasbiBaiolye 60Jiee BBICOKKE Pe3yJIbTaThl B PSJIE 9KC-
nepuMeHTOB. OJIHY U3 TAKUX HOBBIX PEKYPPEHTHBIX g4eek, KoTopas B [267] BbicTyaeT
noj;, koosbiM HazBanremM MUT1, Mbl a1 ipuMepa nokasaiu Ha puc. 6.8, 6. Crout nn
TUMU HOBBIMU STYEHKAMW MOJb30BAaThCS HA TIPAKTHKE — BOMPOC TIOKA OTKPBITHIN, HO
rouemy ObI TIPY CJIYUae U He TTOTPo6OBaTh?

6.5. SCRN u gpyrue: ponras namaTb B 06bI4HbIX RNN

OcoBEHHO B y3KOM KPYTY.

B. I'peGenuwuxos

M5t yoke He pa3 TOBOPUIIN U TIOBTOPUM €11 Pa3, 4TO TIaBHAS CONEPKaTeTbHast TpobiemMa
PEKYPPEHTHBIX CeTell — 3TO KaK MOOABUTD B HUX KaK MOKHO OOJIee JOJTOCPOUHYTO T1a-
MsITh. B OOBIYHBIX PEKYPPEHTHBIX CETSIX BJMSIHIE COCTOSTHUN 3aTyXaeT 3KCIIOHEHIUAIb-
HO. /10 cHX TIOP MBI PACCMATPHUBAJIN PEIIIEHMs, KOTOPBIE T0OUBAIOTCS HY;KHOTO achdekTa,
HO CyIIEeCTBEHHO yclI0KHAI0T Mojesb: B LSTM u GRU nosrocpounylo namars yuaercs
CMOJIETMPOBATD STBHBIM 00Pa30M, HO 9TO CTOUT HEJETIEBO, 1 00yYaTh PEKYPPEHTHDIE Cce-
i u3 sueek LSTM 1 GRU gouibie u cioxuee. B aToM paszesie Mbl 11oroBopuM o 6oJiee
ryGOKUX TIPUYMHAX CJIOKHOCTEH, BOSHUKAIOIMX ¢ 00yYeHEeM PEKyPPEHTHBIX CeTeit,
6osee (hopMaNbHO OOBSICHIM, TIOYEMY, COOCTBEHHO, TPAIMEHTBI FOPA3/I0 Yallle B3PbhIBa-
IOTCSI WJIH 3aTYXalOT B PEKYPPEHTHBIX aPXUTEKTYPax, U MOMPOOYEM C/IeJaTh U3 HTOTO
MIPaKTUIECKIE BBIBOBI O TOM, UTO HYKHO JI€JIaTh.

ITOT pasnen 6yaeT 4yTh H0JIee TEXHUYECKUM, YeM IPYTUE, U €TO PE3YIbTATHI AATb-
IlI€ UCTIOJIb30BAThCSI HE OY/LYT, TAK UTO IIPU O3HAKOMUTEILHOM YTEHUN KHUTH €70 MOKHO
mporycTuth. MHOTOE U3 TOTO, O YeM MBI TOBOPHM B 3TOM pas/iejie, OCHOBAHO Ha pabo-
Te [412] u Ha KOHCTPYKIINY, HeJJaBHO TTpe/liioskeHHon Tomariem MUKOJIOBBIM 1 cOaBTO-
pamu u3 Facebook B pa6ore [305]. JlanHbie moax0b! 1A0T 9P HEKT AOITOM TAMSITH B pe-
KYPPEHTHOM CceTH, IIOX0xKMil Ha 3 PeKT Kapycean KOHCTAHTHON OIMOKM, HO IIPUA 9TOM
OTPAHUYUBAIOTCS «OOBIYHBIMU» KITACCUYECKUMU HEWPOHAMU. XOTsI 9TH MOJIE/N U Me-
TOJBI X OOYUYEHUS ellle He CTaJU TOJTHOCTHIO OOUIETIPUHATHIMU, HAM KasKeTCsI, 4TO OHU
WM UX MOIU(DUKAIIMN UMEIOT Ha 3TO BCe HIAHCBL.
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Haunem c yske 3HaKOMOI HaM KJIACCUYECKOW apXUTEKTYPbl, KoTopyio B [305] HasbI-
BaioT SRN (Simple Recurrent Net):

st = f(Uxy +Wsi—1+b), y; =h({Ust+c),

TJie T — BXOJ BO BpeMsI ¢ pa3MEPHOCTH d, Sy — CKPBITOE COCTOSTHUE CETU PAa3MEPHOCTH 1M,
Y, — BBIXOJT BO BpeMs ¢ pasmepHocTH d, U — d x'm MaTpuria mpeodpasoBanus Bxona, W —
™M X m MaTpHIla PEKyPPEHTHBIX BECOB, V — m X d MaTpuila mpeobpasoBaHuUs BHIXO/OB,
a f u h — HesqmHelHOCTH, HattpuMmep f = tanh, h = softmax.

[Tpo6ieMbl TAKOH apXUTEKTYPbI HaM U3BeCTHBI. C O[HOI CTOPOHBI, TPa/IMEHTHI B3PHI-
BAIOTCS, HO C 9THUM MOYKHO OTYACTH CIIPABUTHCS MCKYCCTBEHHBIM 00pE3aHueM WK pe-
HopMasu3aieil TpaguerToB. C APyroil CTOPOHBI, TPAJINEHThI 0OBIYHO OBICTPO 3aTyXa-
10T, YTO He TI03BOJISIET XPAHUTD JIOJITYIO MAMATh. B KiacCMYecKuX PeKyppeHTHBIX MO-
nensx (ne LSTM unu GRU) uccsiefioBaresiu oJiroe BpeMsi 1oJiarajiy, 4To 3T0 IPOCTO
npobJiemMa TPAJUEHTHOTO cITycka B 11eioM. OHAKO He UCKJIIOYEHO, UYTO HA CAMOM JIeJie
9TO MOJKET OBITh MPOGIEMOI IMEHHO apXUTEKTYPbI IIPOCTOM PEKYPPEHTHOI CeTH, U MbI
CMOKEM TIPEJIOKUTD CIoco0 ¢ 3Toit 1pobiemoii cipasutbes. CyTb npoOaeMbl 31eCh
IIBOSIKAST: BO-TIEPBBIX, HETMHEWHOCTD MPUBOAUT K TOMY, YTO TPAJAUEHTHI YOBIBAIOT U CO
BpEMEHEM 3aTyXaloT COBCEM, & BO-BTOPBIX, CaMa ITOJHOCBSI3HOCTD CKPBITOTO CJI0ST, HAJIU-
Yyye PeKypPEeHTHBIX CBA3€H MeX/1y BCeMU I1apaMy HEeHPOHOB CKPBITOIO COCTOSIHUS CETU
MPUBOJIUT K TOMY, YTO TAKOW CJION TIOJTHOCTBIO MEHSIET COCTOSTHUE Ha KaK/IOM BPEMEH-
HOM IIIare.

Yt06bI U30aBUTHCS OT HTUX HEJOCTATKOB, HAM HYXKHO CHAuYajia HEHAOJITO MOTPY-
3UTBCSI B UCTOPUIO PA3BUTHS PEKYPPEHTHBIX HEHUPOHHBIX ceTell. OIHOI U3 IepPBhIX MX
KOHCTPYKLUH Oblia apxutektypa cemu Jacopoana (Jordan network; em. puc. 6.9), pas-
pabGotamHast Bo Bropoii mososuHe 1980-x romoB Maiikiom [[xopramom! [264—-266].
Wnes cetn JIkopaana CoCTOSITIA B TOM, YTO K OOBIYHON IBYXYPOBHEBOI HENPOHHON ceTH
J00aBJISLICS ellle OAMUH JONOJHUTENbHbIN CJI0M HEHPOHOB, XPAHSAIIMX KOHTEKCT (B pas-
HBIX paboTax OHM Ha3bIBaJIKCh State units mim context units), KOTOPbIE MOJIYYAIOT Ha
BXOJI, BO-TIEPBBIX, 3HAYECHUS HEHPOHOB BBIXOJHOTO CJIOSI,  BO-BTOPHIX, COOCTBEHHBIE
3HAYEHUS C TIPEABILYIIETO 1ara. HelipoHbl KOHTEKCTA MPEIOCTABJISIIIA CETU TeOpeTHye-
CKYIO BOBMOKHOCTb 3aIIOMUHATD ¥ TIEPEHOCUTD CBOE COCTOSTHUE C MIPEJIBIYIIETO Mara.

Bckope, B konite 1980-x, [I:xedbdpu daman yrpoctu cetsb /[Kopana 10 HOBOM ap-
XUTEKTYPbI, U3BeCTHOI Kak cemb damana (Elman network; em. puc. 6.10) [139]. Oru-
Yyye ceTr JJIMaHa COCTOUT B TOM, UTO HEHPOHBI KOHTEKCTA TelepPb IOJIy4aloT Ha BXOJI He
BBIXO/IbI HCXO/THOM CEeTH, a 3HaYeHNs aKTUBAI[MU HEHPOHOB CKPLITOIO yPoBHSA. B cBONX
paborax DJIMaH MOKa3aj, 4TO €0 CeTh CIIOCOOHA 0OYUUTH JOCTATOYHO JOJTOCPOYHBIE
BpeMeHHbIe 3aBUCUMOCTH. U1 91O TIpH ToM, 9TO 06yUeHre B TeX paboTax ObLIO OrpaHu-
YEeHO OJHUM IIaroM Ha3a/l 110 BpeMEeHH, a Beca OT HEHPOHOB CKPBITOTO CJIOS K HepoHaM

1 Her, ne rem MaiixsoM JI)KOPAaHOM, KOTOPBIiT B TO BpeMsi HAUMHA/I COCTABJIATH CEPhE3HYI0 KOHKYPEH-
mmio Jlappu bepay n Mamxuky /[xomncony.
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Boixoasl cetu, t=0 Boixonw cetn, t=1 Brixoasl ceTtu, t=2

] >
g _ =
KoHTekcT, t=1
OO0O00O0
Bxoawl cetun, t=0 Bxogul cetn, t=1 Bxogw! cetu, t=2

Puc. 6.9. PexyppenTtnas Heiipontas cetsb /[>kopnana

Brixonw cetw, t=0 Brixongpl cetu, t=1 Buixogw cetu, t=2

O/ O O C)\O KonTekcT, t=1 O O O O\‘O

Bxoawl cetun, t=0 Bxonw cetn, t=1 Bxoobl cetn, t=2

Puc. 6.10. PexyppenTras HelipoHHas ceTh DIMaHa

KOHTeKcTa (KaK ¥ Beca OT BBIXOJOB K HelipoHaM KOHTeKcTa B ceTr [[sKopaaHa) He 00y-
Yaluch BOBCE, a ObLIN BCerja pasHbl eaunuie! Buaumo, cetb damana 4T0-TO jesana
MPaBUJIbHO — JaBaiiTe MOmpoGyeM pa3oOpaThesL...

YewM cetb DimaHa oTindaercst ot 6a3oBoii cett SRN? 3zech Bce 0U€HbD TTOXOKE: TO-
JKe eCTb HEPOHBI, OTBEYAIOIINE 32 CKPBITOE COCTOSIHUE, U OHU TOXKE CBSI3aHBI C TIPE/IbI-
nymmMu. Ho ecTh 1 puHIIMTNIMANIbHAS PA3HUIA: 3/1eCh HET HUKAKON HeJMHEHHOCTH f
MeX/Iy BpEMEHHBIMU IIaraMu, 2 BMECTO MaTPUIIbl PEKYPPEHTHBIX BecoB W B ceTn IJ-
MaHa, 10 CyTH, UCT0JIb3yeTcs eAnHNYHAsT MaTtpunial /[eiicTBUTeIbHO, KasKbIi1 HEHPOH
KOHTEKCTA CBI3aH TOJIBKO C OJTHUM, CTPOTO COOTBETCTBYIONUM eMY HEPOHOM CKPBITO-
'O CJIOSI, U BEC MEK/Ly HUMU (DUKCUPOBAH U PABEH eJMHUILE.

Bes npesects 371eCh B TOM, 4TO IIPABUJIO OOHOBJIEHUS CKPBITOTO COCTOSHIMS, TO €CTh
BEKTOPOB KOHTEKCTA C¢, TIOJTYYAETCST TAKIM:

ct=ci_ 1+ Uxy.
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dey "
3216(:]3 6yKBaHbH0 110 oIIpeaeJIEHUIO Bﬁ = 1, 1 KapyceJjib KOHCTaHTHOMN OH_H/I6KI/I

BBIXOAMT caMa cob6oiil Koreuno, Takast Mojie/ib Oy/IeT He CJAUIIKOM BbIPasUTeIbHON —
HO, MOKeT OBbITh, MOKHO KAKMM-TO 06Pa30M COEMHNTH BHIPA3UTEIbHOCTH OOBIYHOM ap-
XUTEKTYPBI U JOJTOCPOUHYIO MAMSITh 2JIMAHOBCKOM ?

OcHoBHas Uiest OCTAETCS TOM jKe: BMECTO MOJHOCBSI3HON PEKYPPEHTHOW MATPHUIIbI,
UCITIOJIb3YIOIIEel TIJIOTHYIO MATPUILY PEKYPPEHTHBIX BECOB, Mbl XOTUM KUCIIOJIb30BaTh ap-
XUTEKTYPY, B KOTOPOW HET HUKAKOW HETMHEWHOCTH, a MAaTPUIA BECOB AMArOHAJIbHAS,
TO €CTh HEIPOH CKPBITOIO CJIOSI CBSI3aH CO BXOIOM, BBIXOZOM U cOGOM, HO HE ¢ ApYIu-
MU HEHPOHAMU CKPBITOTO CJIOsL. DTa UjiesT, KAaK U MHOTHE IPYTHe B HEHPOHHBIX CETSIX, HE
HOBa U BOCXOAUT K pabotam Maiikia Mosepa, Ha4aThiM, OIISATh e, elle B KoHIe 80-X ro-
JI0B Tipotiioro Beka [377, 378]. [Ipu TakoM 1ojixo/ie OUE€BU/IHO, UTO TPAJAMEHT MATPHIIbI
PEKYPPEHTHBIX BECOB HUKOI/IA HE 3aTYXHET, uTo obeciieunBaeT appeKT J0AroCpouHon
MaMSITH... HO OJJHOBPEMEHHO ITPUBOAUT K TOMY, YTO U 06ydaTh TaKy1o MoAesb 9(OEKTHB-
HO He MOJIYYUTCST: BBIXOIUT, YTO HA KAXKIOM I1are Mbl JOJKHBI BO3BPAIIATH TPAIUEHTHI
HasaJ| 10 caMoTo Havajia 00yJaromieil mocae[0BaTeIbHOCTH.

OxkasbIBaeTcs, 4TOo Jydilie 00beAMHUTD apXuTeKTyphL. B pabore [305] Mukosios ¢ co-
aBTOpaMHU TIPEJIATAIOT KOHCTPYKIIMIO TaK HA3BIBAEMOH CMpYyKmMypHO 02paHUUEHHOU pe-
kyppenmuoi netiponnoi cemu (Structurally Constrained Recurrent Network, SCRN).
ITO pEKyppPEHTHAs CETh C IBYMS PAa3HBIMU CKPBITBIMU YPOBHSIMU, OJIUH U3 KOTOPBIX
HOIEPKUBAET OGBIYHOE CKPBITOE COCTOSTHUE 8¢ € MIOJIHOM PeKyPPEeHTHOM MaTpuieit W,
a JIpyroil — MeJIEHHO MEHSTIOIIUIICS KOHTEKCT ¢t C JIMArOHAIbHOU PEKYPPEHTHON MaT-
puiieid. [TpaBusia BoIYMCAIeHUS 1 OGHOBJIEHHS B IIOA00HON CETH BBITJISIAT TaK:

Cct = (1 - Oz) Ax; + aci_1,
st = f(Pet +Uxt + Wsy_1),
y; = h(Vsy + Bsy).

To ke caMoe MOKHO IIPEJCTABUTD U KaK 0OBIYHYIO0 PEKYPPEHTHYIO CETh, 00bEINHIE
S¢ U ¢¢ B OIUH BeKTOP. EMMHCTBEHHO# pasHUIlell GyIeT To, YTO Tereph MaTpUIa PEKyp-
PEHTHBIX BecOB M OyIIeT He TIOJHOCBSI3HOM, 8 YaCTHYHO JIUATOHAIBHOM:

R P
M = ,
0O ol
rje eMHUYHAs MaTpUIlAa MMeeT Pa3MepHOCTb, COOTBETCTBYIOIIYIO pa3Mepy BeKTOpa
KOHTEKCTa Ct.
MpbI 306pasuin 9Ty apxXuTeKTypy Ha puc. 6.11: obpaTuTe BHUMaHUe Ha <«Maru-
CTpaJib» B BEpPXHEH YaCTH KapTUHKH, 110 KOTOPOU JIBUKETCSI C TeUEHNEM BPeMEH! BEKTOP

koHTekcTa c;. [Ipumepst koga SCRN Mbl B KHUTE IPUBOAKUTD He OyeM, HO ITOJIHAst pea-
JIM3AIIMsI 9TOU MOIEJIM BBLIOKEHA B OO OCTYII TPYIIION Muxososal.

! http://github.com/facebook /SCRNNs
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v Bnok SCAN
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Puc. 6.11. CtpykTypHO orpaHnYeHHas peKyppeHTHasI HeHPOHHAS CETh

B pa6ore [305] nmpuBoAsTCs pe3yIbTaThl IpakTHIecKoro cpapaerust ¢ LSTM, u mo-
Jiydaercst BecbMa Hetwioxo: daktudecku SCRN 100MBalOTCS TEX JKe PE3YJIbTATOB, YTO
LSTM, c Takum Ke 4MCJIOM PEKYPPEHTHBIX SueeK, HO MapaMeTPOB-TO Yy HUX B YETHI-
pe pasa menbiie! [Toatomy obyuaiorcst SCRN B pesysibrare GbicTpee; Kak KOHKPETHBIIT
TpuMep apxXuTeKTypbl aBTopbl TpuBOAAT 100 mosHOCBA3HBIX HENPOHOB 1 40 HEITPOHOB
KOHTEKCTA.

Ha 6osbuinx Habopax manHbix 9 (dEKT 0T TAKOTo «K3lIa» CTAaHOBUTCA elile OOJIblIle,
u SCRN pgaske Haunnarot nobexaars LSTM no kauectsy. Jesio B8 Tom, uro SCRN Ha-
KarimBaet GoJIblile HCTOPUU B «MEIJIEHHOM» CKPBITOM YPOBHE; B I[EJIOM, BBIBOJI COCTOUT
B ToM, uT0 SCRN Jtyuiiie paboTaioT AJist OOJIBIINX JaHHBIX, U [0 KaUeCTBY PE3yJIbTaTa,
Y TIOTOMY, YTO UX OY€Hb JIENeBO TPEHUPOBATH 10 cpaBHeHUIO ¢ LSTM.

Ectb u anbrepHaTUBHBIN MoAX0/ K ipobJemMe. [laBaiiTe momnpobyeM ceiaTh MaTpu-
1Ty PEKyPPEHTHBIX BECOB, MATPHILY TIEPEXOJIOB MEKTY CKPBITBIMU COCTOSTHUSIMU YHUTAP-
HOI /OPTOTOHATIBHOM, TO €CTh TaKOM, YTOOBI ee HOpMa OblLila PaBHA €JIMHUILE, ¥ TPA/IUCH-
THI HE B3PBIBAJIUCDH U HE 3aTyXa OYKBAIBHO TI0 OnpejiesieHio. HeckoabKo HelaBHITX
paboT MpeIaraloT pasHbie TOJAXO/bI K TOMY, KaK 9TO C/IETATh.

Bo-mepBbIX, OTMETUM OZIHY OY€Hb MPOCTYIO WJEI0, KOTOPast, TeEM He MeHee, MOXKET
MIPUBECTH K 3aMETHBIM YJIYUIIEHUSM: JaBaliTe IPOCTO NHUIINATU3UPYEM PEKYPPEHTHBIE
Beca eJMHUYHON MaTpulieit! Y eIMHIYHOM MaTPUIIbI, €CTECTBEHHO, HOPMa PaBHA eINHU-
11e, ¥ eciu 11pu aToM ucnodbdyercs ReLU B kauecTBe DyHKIIMM aKTUBAIIUU, TPAIUEHTBI
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He OyZyT 3aTyXaTh WJIK B3PbIBAThCs 110 KpaliHeil Mepe noHavaxy. Pabora [300] mokasbi-
BAET, UTO TOT MPOCTOI TPIOK MOXKET 3HAYMTEJBHO YIIYUIIUTh 00yUeHre OOBIYHBIX pe-
KYPPEHTHBIX CETEH, U OHU TIOCJIE ITOTO HAUMHAIOT JTydtiie 00pabaThiBaTh OJTOCPOYHBIE
3aBUCUMOCTH, OOMPAsICh TOYTHU UTO /10 ypoBHs ceTeli LSTM.

Bo-BTOPBIX, MOSKHO BBECTH NMPABUJIBHYIO PETYJISPUBAIINIO; ITOT MTOAXO/ ITpeIaraet-
cs1 B [412]. Ecaiu marpuiia W He GyieT OpTOrOHAIbHON /YHUTAPHOH, TO IpobJieMa Gy et
BBIPAXKATHCSI B TOM, YTO TIPOU3BO/HAST (YHKIIUH OMIUOKU 110 ¢ MYJIbTUILIHIKATUBHO OT-
JIUYAETCSI OT TPOU3BOAHON (DYHKITUE OMIMOKH TI0 St 1, U 9Ta ONIMOKA HAKATLINBAETCSI.
JlaBaiiTe sIBHBIM 00pa3oM TOTPOCHM, YTOOBI TH TPOU3BOIHbBIE OTJMYAIUCH HE CJIHIII-
kom! J[J1s1 5TOTO MOKHO TIPOCTO A0O6ABUTH K (QYHKIIUHU OMTUOKU TAKOH PEryJIsipusaTop:

OE 9841 2
Z Z 8Sk+1 68k
k k 05,41
o OFE
B uucaurene apobu 31eCh CTOUT IIPOUBBOAHAS CAOKHON (DYHKIIMH, [0 CYTH Dsy,-

WNuaue TOBODP4, BBOAA OTOT PETYJIApMU3aTOP, Mbl XOTUM, 4TOOBI OTHOIIEHUE ITPON3BOJIHBIX

oF OF o
sy, X Bsp i1 6bL10 6J1M3KO0 K euHuIle. Mbl He BBOAUM SIBHBIX OTPaHUYE€HUI Ha MATPUILY

W, a MSITKO, HO HACTOMYMBO PEKOMEHIYeM ee HOpMe ObITh MOOIMKE K eHULIE.

Ho mosxHO motpo6oBath 1 GoJiee jkecTKuil moaxo. B pabore [9] mpemaratorcest Tak
Ha3bpiBaeMble yrumapnvie pexyppenmnnvie cemu (unitary RNN, uRNN), B koTopsix mat-
pUIIA PEKYPPEHTHBIX BECOB BCETa CTPOTO YHUTapHas. Kak crenaTs Marpuily yHUTap-
HOU? JIJist 3TOTO MPUAETCS «CKOHCTPYUPOBATH> €€ U3 TTAPAMETPUYECKH 3alaHHbIX OJI0-
KOB, KQK/IBII U3 KOTOPBIX YHUTAPEH (ITPU YMHOKXEHUN MAaTPUI] YHUTAPHOCTb COXPaHsI-
ercst). B [9] mpengaraercst nckaTh Takyto MaTPUILY B BU/IE TPOU3BEIEHNS

W = D3RoF ' DyIIR F Dy,

rie D — auaronasbible MaTpuibl, F — npeobpasoBatne Dypbe, R — MaTpuiia orpaxke-
Hs, a I — mepecTaHoOBOYHAST MATPUIIA; BCE ITO TTOA0OPAHO TaK, YTOOBI B TPOU3BENEHU
BCEr/a MoJIyJaiach yHUTapHast MaTpuiia. MIHTepecHo, 4To BeCOB CyMMapHO CTAaHOBHT-
s IakKe MEHBIIe: Mbl CHJIBHO OTPAaHIYMIN MHOKECTBO BCEX BO3MOXKHBIX MATPUII, TaK
yTo y 10i1 Mozies O(n) napamerpos BMecTo O(n?). KcraTh, Bee MaTpHILbl 3/16Ch KOMII-
JIEKCHBIE, KOMIIJIEKCHBIMU TTOJIyYalOTCsI CKPBIThIE COCTOSIHNS, & B KauecTBe (DYHKITUH aK-
TUBAIINY TIPEJIJIaraeTcsT NCIOIb30BaTh KOMILIEKCHBIN BapuaHT ReLU:

(2l +0)F mpu |z +b>0,

modRelLU(z) =
npu |z|+b<0.
Terepb HeT HU B3PBIBAIOIINXCS, HU 3aTYXAIOINX IPAIMEHTOB: YHUTAPHASI MATPHILA
B30pBaThcst He MokeT. PaGoTa [9] yTBep:KaaeT, 4To 3TOT MOAXO/ TOpas/o Jydiie pabo-
Taet ¢ JUIMHHBIMY 3aBUCHMOCTSIMHU, YeM LSTM, «3arioMunasi» 10 THICSYH IIAaroB.
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A B coBceM cBeskeil pabore [318] cTposATCS KOHCTPYKUMK PEKYPPEHTHBIX IeiTOB
SRU (Simple Recurrent Unit), KoTopble 3HAYUTETBHO YCKOPSIOT BHIBOJL ITO CPABHEHUIO
co crangaptabivu LSTM u GRU. Ugest cocTouT B TOM, 4TO B OOBIYHBIX PEKYPPEHT-
HBIX CETSIX CJeNyIOllee CKPbITOE COCTOsIHUE hy 3aBUCUT OT MPeAbIAyIero hy_1, 4TO He
MTO3BOJIIET BBIYUCTATH hy apasienbio. A B SRU Takoil 3aBUCMMOCTH TIPOCTO HET: CO-
CTOSTHUE STYEUKU TTAMSTHU €t UCTIOTb3YETCS U «ITPOTACKUBAETCST» Yepe3 BpeMs, HO hy_1
B PEKYpPCHUU He y4acTBYyeT. B pe3ysibTare 3HAaU€HUSI TOUTH BCEX TETOB CTAHOBSITCS He3a-
BUCHUMBIMW U MOTYT BBIYUCJIISITHCS TTAPAJIETBbHO. ABTODPBI TOKA3BIBAIOT, YTO TAKOM TTO/I-
X0/l IIPUBOJIMT K CYIECTBEHHOMY YCKOPEHUIO (B HECKOJIBKO pa3) 6Ge3 IoTepy KayecTBa;
BIIPOYEM, HTa M TOKE ellle He TOATBEPsKAeHa OOUIMPHON IPAKTHKOM.

[MoxBenem uror. Kaxkercst, 4T0 OTHOCUTENHLHO TIPOCTHIE TPIOKU UMEIOT IHAHCHI TIPe-
0J10JIETh TIPO0JIEMBI B3PBIBAIONIMXCS M 3aTyXalOMMX IPaJneHTOB, KOTOPbIE TaK J0JIr0
OCTaHABJIUBAJIN IIporpecc B 370l obmactu. OIHAKO HTO MMOKA KOJIUYECTBEHHBIN IIPO-
rpecc, a He KaueCTBEHHBI: MbI TTBITAEMCSI CIEJIATh «IJIMHHYIO TAMSTh Ha THICSYY IIaroB,
HO ITPOCTO B3SITh U MOJIOKUTH Ky/[a-HUOYIb 3HAUEHME, YTOOBI TIOTOM €TO BBITAIIUTH, KO-
r/ia Hy?KHO — XOTb Yepe3 MUIJLJIMOH IAroB, XOTb Yepe3 MUJLIMAP/, — TAKUMK criocobaMu
He niosryyaetcst. [loaTromy peKkyppeHTHbIE HEHPDOHHbBIE CETH 1TOKA HE CITPABJISIOTCS JIajKe
€ IOBOJIBHO IIPOCTHIMU 3aJaUaMU: HAIIPUMEP, O0YIHTh 1 PACIIO3HATh KaKOe-HUOYIb IIPO-
CTO€e TIPABUJIO TIOPOSKJIEHUS CTPOYEK, CKasKeM, paclio3HaBaTh CTPOUKHU Buaa a”b™ (1o-
CJIEeIOBATEIBHOCTD OYKB a, 32 KOTOPOIl UAET MOCIE0BATEIBHOCTD U3 TAKOTO K€ YNC/Ia
OyKB b). 31ech ele ocTaeTcst GOJIBIION IIPOCTOP A/ JaJIbHEHIINX UCCIeL0BAHNUMA.

6.6. MNMpuMep: nopoXkgaeM TEKCT CUMBOJ1 32 CUMBOJIOM

HecMmotpst ra atu Tpu ipensitctBus, pparmentapusiii [lon Kuxor Me-
Hapa — Bellb Oosree Tonkas, yem poman CepsanTeca. ITocaeHnii 10BOJIb-
HO TIPSMOJIMHEHHO TIPOTHUBOIIOCTABJISCT IIPUYY/IJTMBBIM PBIIAPCKUM J10-
MbICIaM Oe[HYH0 TPOBUHIMAIBHYIO IEHCTBUTEIBHOCTh CBOEU CTPAHBI,
Memnap u3bupaer B KauecTBe «JIeHCTBUTENBHOCTH> ponrHy Kapmen Bpe-
MeH JlenanTo u Jlore.

X.JI. bopxec. IIvep Menap, asmop «/lon Kuxomas

B atoM pasgese Mbl JaguM HeGOJIBIIOM, HO OUeHb UHTEPECHBIN IPUMED, CBA3aHHbII ¢ 3a-
Jladeil Tak Ha3bIBAEMOIO £3biK06020 Moodeauposanus (language modeling), B KoTopoii 1ie-
JieBast GYHKIMS COCTOUT B TOM, YTOOBI MTPE/ICKA3bIBATD, KAK JaHHbII TEKCT Gy/IeT mpo-
NOJIKATHCS lastbiie. B raBe 7 Mbl 06CYIMM OCHOBHBIE TOHATHSI MHTEIJIEKTYaIbHON 06-
PabOTKM TEKCTOB, IaJINM KPATKIiT 0030D KJIIOUEBBIX METOIOB, KOTOPBIMU 06pabaThIBAIN
TEKCThI 0 PEBOJIIOIUU MALIMHHOTO 00y4eHus U OyaeM IMoAPOGHO U IIJIAHOMEPHO pac-
CMaTpHBaTh COBPEMEHHbBIE MOAXO0/bI K 06pabOTKe TEKCTOB, OCHOBaHHbIE Ha TJIyOOKUX
HEHPOHHBIX ceTsaX. U K 3a/1aue I3bIKOBOTO MOJIETUPOBAHUS TOXKE €llle 00s13aTeIbHO Bep-
HeMcst. A ceffyac MBI TPOCTO XOTHM TIPOJEMOHCTPUPOBATH CIIOCOGHOCTH COBPEMEHHBIX
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PEKYPPEHTHBIX aPXUTEKTYP, [I09TOMY PACCMOTPUM He CJIUIIKOM ITOJIXOLIYIO /I ce-
PbE3HBIX TPUMEHEHN K eCTECTBEHHOMY SI3BIKY, HO KpaliHe WHTEPECHYIO MO/IeJTh, OCHO-
BaHHY0 Ha paborax [192, 273] u gokymenTaru k 6ubarnoreke Keras [79]. Kpome toro,
3TOT IPUMEP TTO3BOJUT HAM ITO3HAKOMUTHCS C HECKOJTBKUMU BAKHBIMU U YACTO UCITOJIb-
3YIOIIUMIECST HA MTPAKTHKE BO3MOKHOCTsIMU Oubanoreku Keras; Tak 4To laske ecyiu Bbl
He HUHTepecyeTech OPOXKAEHNEM TEKCTOB, IIPOILYCKATh ATOT IIPUMeED He PEKOMEH/IyeM.

Vpest odens IpocTa: gaBaiiTe OyaeM IBITaThCs IOPOXKIATh TEKCT OyKed 3a OYKeoii,
paccMaTpUBast ero MPOCTO KaK MOTOK CUMBOJIOB (TO €CTh IMCKPETHBIX 00beKTOB). Torna
3ajiaua sI3bIKOBOTO MOJIETIMPOBAHYSI OUEHB JIETKO (DOPMATHU3YETCS: MBI XOTEJH OBl TIPE]I-
CKa3bIBATH CIIEMYIONINN CHMBOJI TIO TTPE/IBIAYIEMY TeKCTY. Permars ee Mb1 Gy/IeM pekyp-
PEHTHOHM HEMPOHHOH CeThio, KOTOpast Ha BXO/ JI0JIXKHA MOJIYIUTH TTOCIeI0BaTeTbHOCTD
CUMBOJIOB, TO €CTh TPOCTO MHOTO-MHOTO TE€KCTA, & Ha BBIXO/IE MTPE/ICKA3ATD CJeY IO
CHUMBOJI, TO €CTb PEIINTD 3a/1a4y KJaaccu@uKaiuy Ha HECKOJIBKO JIECSITKOB KJIACCOB.

Kak omnpesieii T TPEHUPOBOYHBIE TAHHBIE JIJIT TAKOTO TIOCUMBOJIBHOTO TOPOSKICHIS
tekcra? Hekoropast mpobiieMa COCTOUT B TOM, UTO JIa’Ke PEKYPPEHTHAs CeTh Ha MPakK-
THKE He MOJKeT paboTaTh ¢ HEOTPAHUYEHHON MOCAEI0BATEIBHOCTHIO, MBI IOJIKHBI KaK-
TO «HapesaTh» ee Ha TPEHUPOBOYHBIE TPUMePbl 1 MUHU-0aT4n. MOKHO TIPEIIOKUT
HECKOJIbKO BApUAHTOB TOTO, KaK 3TO c/ie/1aTh. [lepBoIii, caMbIil TPOCTOM BAPUAHT — B3STh
1 pa3bUTh TEKCT HA MOCJIE0BATETbHOCTY (DUKCUPOBAHHO JTHHBI (OKHA) ¥ ITPEICKA3BI-
BaTh CJAEYIONHIA [0 NPEABIYIMM. DTO OyJIeT TaK UK WHAYe paboTaTh, HO TIOJYYUTCS,
YTO HAYAJIO ¥ KOHEI[ TPEHHMPOBOYHOTO ITpUMepa Oy/IyT IOCTATOYHO «BHE3AITHBIMU, U aP-
TeaKThI 110 KpasiM OyAyT MEIIaTh TeHEPUPOBATH XOPOIIUI TEKCT HA BBIXOJIE.

Bropoii BapraHT, KOTOPBIM MBI ¥ BOCHIOJIb3YEMCSI, TAKOB: MbI Oy/IEM IPOOUTH TEKCT
Ha MOCJIEI0BATETBHOCTH PA3HOI UTHHBI, HO HE CIIUIIKOM GOJIBION, HATPUME]D Ha MPe/-
JIOJKEHUs. 3aTeM MBI T06aBUM CIIETICHMBOJIBI HAYaIa U KOHIA TIPETIOKEHST U OO -
HUM KQKIYI0 TAKYIO CTPOYKY /10 MAKCHMYMA €1ile OJIHUM HOBBIM CIIET[CHMBOJIOM, YTOODI
YPaBHSTD JJIUHBI Tpeiokennil. Toraa ceTb JoKHA OyaeT 06yduThCsl TEHEPUPOBATD
HOpMaJIbHbIE 3aKOHUYEHHDBIE TIPEJIOKEHNS, B TOM YHCJIe TI0Ka3bIBaTh, KOT/Ia OYepe/IHoe
Ipe/JIoKeHre 3aKOHUNUTCS.

Ectb u TpeTuit, moskamyit, caMblii Iy4NIUi BADUAHT [IJII 9TOU 3a/1aun: Hape3aTh TEKCT
Ha TI0CJIEIOBATEIBHOCTH TPUMEPHO OJIHOM JUIMHBI, HO TIPH 9TOM TIPABUJIbHBIM 00pa3oM
MHUINAJIU3UPOBATh CKPBITBIE COCTOSIHUS PEKYPPEHTHOH ceTH. [l 9TOro Hy>KHO B35Th
HaIll JIJIMHHBIN-VIMHABIA BXO/[ M TIPEBPATUTh €T0 CHAYajia B JOCTATOYHO <IMUPOKUI»
NIPAMOYTOJIbHUK pasmepa N X L, rae L — AauHa KaKI0r0 TPEHUPOBOYHOTO IIPUMEPA,
a N — 4ucJ0 TPEHHPOBOYHBIX IPUMEPOB B MCXO/IHOH 1TocsiefioBaTesibHOCTH. [Toka yTo L
CJIMIITKOM BEJIKA, HO TeTleph MOYKHO Paspesarh 9TOT MPSMOYTOJbHUK Ha Hosiee KOpoT-
KUe MUHU-0aTuH, TaK CKa3aTh, <110 BEPTUKAJIM»; TIOJYIAETCs, YTO BTOPOit 6aTtd — 310
MPOIOJIKEHHE TTEPBOTO U €T0 HYXKHO 00y4YaTh He ¢ HyJIs, a C TOTO CKPBITOTO COCTOSTHUS,
Ha KOTOPOM 3aKOHYIJICS TPEIBIAYITHH 6aTd. ITO MOKHO CIETATh B CTAHAAPTHHIX GUO-
JIMOTEKAX JIJIS1 TIIYOOKOTO 00y UEHHUSI: TIEPEHECTH CKPBIThIE COCTOSTHUSI PEKYPPEHTHOI ce-
TH U3 KOHIA TIPEbIAYIIero MuHu-6arda B Havaso cieayomtero. Ho cam npeasiymuii
MUHHU-6ATY IPU 5TOM OyIET BCe-Taku 3a6BIT, U TPAIUEHT OYAET TIPOXOAUTD HA3a/] TOJBKO
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10 KOPOTKUM IOANOCIEA0BATEbHOCTAM, 0 Hayajda TeKyllero MuHu-6arda. Eciau Bam
MOHAMOOUTCS IEHCTBUTENBHO XOPOIIIO TIPEACKa3bIBaTh MOCAEI0BATEIbHOCTH, MbI PEKO-
MEH/I[yeM MCII0JIb30BaTh UMEHHO STOT IIOAX0/], HO OH TPEOYET 0BOJIbHO MHOTO TEXHHYE-
CKOI1 pabOoTBI, [I0ITOMY B IIpUMepe KoJia HIZKe MbI IIPOCTO GyIeM JIeJIUTh TEKCT Ha IIPe/l-
JIOJKEHUSI.

Wrak, naBaiite HauHeM cMOTpPeTb Koj. IIpeskie Bcero Hy;KHO IPOYUTATHh BXOJHOM
(aiin (1mosryyarommMess y Hac ceTssM GeCCMBICIEHHO OyeT MoJaBaTh Ha BXOZ THTAHT-
CKHE KOPIIYChI, II09TOMY MbI He OyzeM GeCIIOKOUTHCSA O TOM, YTO IIPOYUTAEM BXOAHOMN
(haiin mBa pasza) U COCTABUTD CIUCOK CUMBOJIOB. B Kozie HuzKe input_fname — 3TO MM
BXOIHOTO (haiiia.

START_CHAR = "\b'
END_CHAR = '\t'
PADDING_CHAR = '\a'
chars = set( [START_CHAR, '\n', END_CHAR] )
with open(input_fname) as f:

for line in f:

chars.update( list(line.strip().lower()) )

char_indices = { ¢ : 1 for i1,c in enumerate(sorted(list(chars))) }
char_indices[PADDING_CHAR] = 0
indices_to_chars = { 1 : c for c,i in char_indices.items() }
num_chars = len(chars)

OGpartTe BHUMaHWe, YTO MbI OIPEJEJUIN TPHU CIIEIICUMBOJIA: START_CHAR Oy/er moj-
CTaBJISITHCS TIepe]] HayaJloM TIPeJJIosKeHMsI, END_CHAR TIOCJIe ero KOHIIa, a PADDING_CHAR
OyIeT 3aTI0JTHSATH OCTATOK TIPEIOKEHUS 10 MAKCUMYMa JTUHBL. JIJIsI TIPOCTOTHI MbI TaK-
ke He Oy/ieM PasJ/inyaTh CTPOYHbBIE ¥ 3arjiaBHble OYKBbI, a IPOCTO MPOILYCTHM KaxK1yIO
CTPOUKY uepe3 lower ().

Jlajibliie CO3/1aiiM BEKTOPHbBIE MPEACTABICHIS JIJIsI CUMBOJIOB; 9TO OYAET MPOCTO
one-hot npezicrasieHne, B KOTOPOM Kax/blii CUMBOJI IIPEJCTABJIAETCS BEKTOPOM C OfI-
HOW eTUHUIIEH, 32 UCKIIOUeHNEM CITeIICMMBOJIa PADDING_CHAR, KOTOPBIM Pa3yMHO TIpef-
CTaBJIATH POCTO HYJIEBBIM BEKTOPOM.

def get_one(i, sz):
res = np.zeros(sz)
res[i] = 1
return res

char_vectors = {
c : (np.zeros(num_chars) if c == PADDING_CHAR else get_one(v, num_chars))
for c,v in char_indices.items()

[laspie mpounTaeM BXOAHOM (hail ele pas, Ternepb yxKe A€t er0 Ha TPEIJIOKEHUS
U BBITIMCBIBAsS UX OT/EJIbHO. ByieM 6paTh TOJIBKO TIpeiokeHus jmtaHee 10 CUMBOJIOB.

sentence_end_markers = set( '.!?')
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sentences = []
current_sentence =
with open( input_fname, 'r' ) as f:
for line in f:
s = line.strip().lower()
if len(s) > 0O:
current_sentence += s + '\n'
if len(s) == 0 or s[-1] in sentence_end_markers:
current_sentence = current_sentence.strip()
if len(current_sentence) > 10:
sentences.append(current_sentence)
current_sentence = "

"

Cirienyronnii mar — BekTopusaiusi. /laBaiite onpeiesinm mpoiieypy, Koropas mpe-
BpataeT Habop MPeIOKEHNH B [Ba TEH30pa: X COIEPKUT BEKTOPHI CHMBOJIOB, a y — pe-
3yJIbTaT, KOTOPBIHM HaM HY>KHO IIPE/ICKA3aTh; 9TO Ha CAMOM JleJie POBHO TOT e TeH30p X,
TOJILKO CMellleHHBII Ha OJJUH BEKTOP BJIEBO: BO BpeMs ¢ MbI IIpeJIcCKa3blBaeM CUMBOJI, KO-
TOpBIN OyzieT cTosATh Ha MecTe ¢ + 1.

def get_matrices(sentences):
max_sentence_len = np.max([ len(x) for x in sentences ])
X = np.zeros((len(sentences), max_sentence_len, len(chars)), dtype=np.bool)
y = np.zeros((len(sentences), max_sentence_len, len(chars)), dtype=np.bool)
for 1, sentence in enumerate(sentences):
char_seq = (START_CHAR + sentence + END_CHAR).1ljust(
max_sentence_len+1, PADDING_CHAR)
for t in range(max_sentence_len):
X[i, t, :] = char_vectors[char_seq[t]]
y[i, t, :] = char_vectors[char_seq[t+1]]
return X,y

B atom Kojie crouT 06paTUTh BHUMAHKME Ha JBE BElH. BO-NEPBBIX, /s yCKOpe-
HUSI ¥ 9KOHOMUH TIAMSITH MBI I06aBUJIN TIapaMeTp dtype=np.bool, IpeBpaTHB BCE MaT-
puibl B OyJIEBCKUE: OHU M TaK COAEPKaNU TOJNbKO 3HaueHust 0 1 1, Tak 4TO 9Ta 9IKOHO-
MU HIYETro He UCTTOPTUT. BO-BTOPBIX, MBI J0OABJISIEM B HAYAJIO KaXKIOTO MPEIJIOKEHIIST
START_CHAR, B KOHell END_CHAR, a 3aTeM JOIOJIHAEM ero /10 max_sentence_len+1 CUMBOJIOM
PADDING_CHAR; B Python 510 MOKHO cziesiath ctanaapTHON QyHKIMeH 1just.

Temnepsb Bce TOTOBO JJIst TOTO, YTOOBI CTPOUTH MOJIEJb U 00ydarh ee. Haunewm c ca-
MO TIpocTO# Mojiesn: oinH ypoBeHb LSTM-s4eek, pe3yibTaThl KOTOPBIX MTPOITYCKAIOT-
cs yepe3 OJIMH IOJIHOCBA3HBIN CJION, U TYT JKe IIPOUCXOANT Kaaccudukaiug. Bor kak
ato BeiTaAAnT B Keras:

from keras.models import Sequential

from keras.layers import Dense, Dropout, LSTM, TimeDistributed

model = Sequential()

model.add(LSTM(output_dim=128, activation='tanh',
return_sequences=True, input_dim=num_chars))
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model.add(Dropout(0.2))
model.add(TimeDistributed(Dense(output_dim=num_chars)))
model.add(Activation('softmax'))

B aTOM KOpPOTEHHKOM OTPBIBKE TIOSIBUJIMCH CPA3y JIBE BAKHBIX 1 HOBBIX JIJIST HAC CYTII-
nocru. IlepBasg U3 HUX — CJIOM LSTM, KOTOPBINA Mbl, KaKk OOBIYHO, UMIIOPTUPOBAIN U3
keras.layers. [laBaiiTe pazbepeM ero apryMeHTHI:

* mapameTp output_dim=128 o3HavaeT, YTO HAII cjol coctout u3 128 LSTM-sg9eek;

COOTBETCTBEHHO, Pa3MEPHOCTH Bbixoa Oysier paBHa 128;

* mapaMmeTp activation='tanh' roBOpuUT, YTO B KauecTBe (DYHKIINIT AKTUBAIUY B STU€li-
kax LSTM MmbI OyzeM ucIoib3oBaTh rurepbondyeckuii Tanredc tanh (o ymou-
YaHUO OBLT OBl JJOTUCTUYECKII CUTMOUJ 0); Mbl HE YTBEPIKIAEM, UTO JIJIsT 9TON
3aa4n runepboSTMIECKU TAHTEHC HEITPEMEHHO JIYYIIle, HO ITPOJIEMOHCTPUPOBATh
BTOT mapameTp ObLIO HYKHO, TaK moyeMy Obl U He celfuac;

* input_dim=X.shape[2], KaK 1 B JPYIUX CJIOAX, IIOKA3bIBAET, UYTO HA BXO/€ OKHU/IA-
I0TCSI MMHU-0aT4l 13 BEKTOPOB IJIMHBI X.shape[2], TO ecTh (CM. BBIILIE) [IJIUHBI
len(chars); O6paTI/ITe BHUMaHWe, YTO MbI He 3a/laBajii HU pasMep MI/IHI/I-6aT'-Ia, HU
JlaKe JJTITHY TIPe/IJIO’KeHNsT Ha BXO/Ie, BCE 3TO MOKET OCTAThCSI TePEMEHHBIM;

* ¥ HaKOHEII, 0OUeHb NHTEPECHBIN MapaMeTp return_sequences=True; IeJI0 B TOM, YTO
1o ymoJsdanuio ¢ioii LSTM 6yer uiTu 110 BXOAHOM! 11oc/1e[0BaTeJIbHOCTH (B Ha-
IIIeM cJiydae — I10 TIPeJIO’KeHNI0) OT Havasia /10 KOHIIA, BbIJIaBast B KaueCTBe pe-
3yJIbTAaTa TOJBKO CBOE COCTOSTHUE B KOHI[E BCETO BXO/I4, TO €CTh TEH30P Pa3MePHO-
cTd input_dim X output_dim; a IpH return_sequences=True CJIOU 6yﬂeT BbIJlaBaTh Ha-
BEPX CBOU BBIXOBI MOCTE KAXKIOTO IPUMEPA; 3HAUNT, B HAIIIEM CIydae BRIXOTHOUN
TEH30p Oy/IeT TPEXMEPHBIM, 1 €r0 Pa3MEPHOCTh OYIEeT COBIaAATh C Pa3MEPHOCTHIO
BXOJTHOTO TE€H30pa X.

Bropast HoBast CyIIHOCTH — 9TO CJI0ii TimeDistributed, KOTOPBIN CIIYKUT «0OEPTKOM»
IS TIOJTHOCBSI3HOTO €J104 Dense, U3 KOTOPOTO YoKe JIOJIKHDBI II0JTy4aTbCsl aKTHBAIIUY /LIS
Ka)k/IOTO M3 CUMBOJIOB, TO €CTh KaK/I0TO M3 KJIACCOB B HAIllEN 3a/1a4e KIacCU(DUKaIIm.
CwmbIca csiog TimeDistributed B TOM, 4TOOBI Ipe0CTaBUTh BO3MOKHOCTD UCIIOJIb30BATD
OJTHU U Te€ K€ Beca 110 BCell IIMHE BXOIHOU MOCIEI0BATETBHOCTH, TO ECTh YTOOBI B TI0JI-
HOCBA3HOM cJI0e Beca Obmu obummmMu (shared weights). @opMasbHo 9TO 3HAYMT, YTO
cJ1011 Dense(output_dim=num_chars) 6y11eT MOJIy4aTh Ha BXOJ| KaK/bIM U3 BbIXO/IOB CETH
LSTM u ucronb30BaTh OLHU U T€ e BECa, YTOObI IIPEBPATUTH CKPBITOE COCTOSHIE 9TON
ceru LSTM B mpejickazaHHyo OYKBY.

U uebourbiioe 3amMmevanue o apomnayre. J[ponayT B PEKyPPEHTHBIX CETSX — 3TO JIEJI0
JIOCTaTOYHO TOHKOE. BIIJIOTH /10 04eHb HeflaBHUX PAGOT, CBA3aHHBIX ¢ HalleCOBCKUM MOJI-
XOZIOM K BBIBOJ/LY B HEHPOHHBIX ceTsixX [169], cuntamock, 4To 1pomayT Ha peKypPpPEeHTHBIX
Becax JIeJIaTh He HYKHO, TOTOMY Y4TO TAaKKUM 00pa3oM PaspbiBAOTCS JI0JTOCPOYHbIE CBSI-
3W: TPY/IHO 3aTIOMHUTD . TaKOU B3TJISA] TTOATBEPIKIAICS TIOAPOOHBIMHU IKCIIEPUMEHTAMT,
HarpuMep, B pabote [583]. TToaToMy B GOJIBITHHCTBE KJIACCHYECKUX PEKYPPEHTHBIX MO-
JleJielt IpoTIay T IesIaloT TOJIBKO MEXK/Y PEKYPPEHTHBIMU CIOSIMU, HO He BHYTPpU HUX. Mbl
HoPOGHO MTOTOBOPUM O MOCJAEAHUX HaiileCOBCKUX HOBOCTSAX JPOTIAYTA B PEKYPPEHTHBIX
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Puc. 6.12. ApxuTexTypa HEHPOHHOM CETH JIJIsI TOCUMBOJILHOTO TOPOXKIAEHIS TEKCTOB
Ha ocHoBe oHOTOo ypoBHA LSTM-s4eex

( Dense |

cersx B paszese 10.5; TaM ke U 0ObSICHUM, [I0YEMY PaHbIIIE AyMaIU TaK ¥ YTO Terepb
usMenusaoch. Ho B mpumepax MbI cefiuac He OyZeM HUYETo MEPeyCa0KHATh (0cOOeH-
HO YUYHUTHIBasl, YTO B CTaHAAPTHBIX OubanoTEKaxX ceifuac, B KoHie 2016 rozxa, «HOBBII
B3IJIsI[[» Ha JIPOIIAYT TOKA ellle He JEJIaeTCs B OJHY CTPOUYKY) U OyAeM HMCIOIb30BaTh
TOJIbKO «CTAHJIAPTHBIH»> IPONIAYT MEXK/Y YPOBHSIMU.

Bces ata mojiess npousutiocTpupoBata Ha puc. 6.12: mosgydyeHHble Ha BXOJ CUMBOJIbI
cHaydaJIa Ipeobpasyiorcs B BekTopHoe (one-hot) npeacrasienue, 3aTeM MOCTYIIAIOT Ha
Bxo/1 LSTM-sueiike Ha ouepeIHOM T1are BpeMeHH, 3aTeM ITPOXO/ISAT Yepe3 IPOoTay T-CI0n
U TIOAIOTCSI HA BXOJL MIOJTHOCBSAZHOMY CJIOK0, Pe3YJIbTaThl KOTOPOTO yiKe uepes softmax
HOPOKAAIOT COOCTBEHHO Pe3ysIbTaT Kiaaccuuraiuu. A 1eeBoi epeMeHHON CIIyKUT
CJIeYIOIINE CUMBOJI BO BXOJIHOM TeKCTe — 3TO Ha puc. 6.12 oTpaskeHO B BUJIE TYHKTHUP-
HBIX JIMHUH, CBA3BIBAIOIINUX BBIXOJ[ U CIJIEYIOIIUI BXO/I.

Tenepb CKOMIMJIMPOBAHHYIO MOIEIb HYKHO ONTUMU3UPOBATh. YTOOBI TPaHeHThI
B PEKYPPEHTHOW CETH He B3PBIBAJIKMCH, UX 00s13aTEJIBHO HYKHO KYIHPOBATh, 00pe3aTh
JI0 HEKOTOPOTO MAaKCUMAJIBHO JIOIIYCTUMOTO pa3Mepa (M0-aHTJAUNCKU 9TO HA3bIBAETCS
gradient clipping).

JLJ1st 5TOTO CIIysKaT ABa IapaMeTpa, KOTOPble MOKHO TIepeAaTh JFOOMY OIITHMHU3aTO-
py B Keras:

* clipnorm OyzeT MacIITabMpPOBaTh BEKTOP IPAJMEHTa TaK, 4TOOBI €r0 HOpMa He Ipe-

BBICUJIA 33JIAHHOTO TIOPOTa;
* clipvalue GyzeT mpocTo 00pes3ath 10 3aJaHHOTO IIOPOra KasKIyio KOMIIOHEHTY Ipa-
JINEHTA T10 OT/IEJTbHOCTH.
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I'paagueHThl Beerga Hy:KHO KylnupoBath 1pu obydeHun cereit s LSTM uan GRU,
0COGEHHO IITyOOKHUX; CCHLIKK Ha 3TO €CTh BO BCEX CTAThsX, KOTOPHIMU MbI TI0JIb30BAJIMChH
B 3TOM pa3z;leﬂe1. B namem ciydae gaBaiite o6pe3arhb rpajUeHTbI 10 HOPMBI 1:

from keras.optimizers import Adam
model.compile(loss='categorical_crossentropy’,
optimizer=Adam(clipnorm=1.), metrics=['accuracy'])

Terepb MPAKTUYECKH BCE TOTOBO JIJIsI TOTO, YTOOBI 3aIIYCKATH ONMITHMHU3AIHIO; HO CHA-
Yajia — elre iBe JIOOOTBITHBIE JETAN, KOTOPbIE CKOPee MPU3BAHBI MTPOJEMOHCTPUPO-
BaTh y0OHBIE BO3MOKHOCTH OubnoTexku Keras, ueM yiyuinuTh 00yderue moaeau. Bo-
TIEPBBIX, MBI OTIPEIEJUIN TIPOIEyPY get_matrices Tak, YTO Pa3MEPHOCTh TEH30POB HA
BBIXO/Ie Oy/IeT 3aBUCETH OT MAKCUMATLHOU JUIHHBI IPEJIOKEHNI Ha BXoe. DTO clIesa-
HO CIEIMAIbHO: TellePh MBI MOXKEM MO/[ABATh HAa BXOJ MUHU-GATYM, CTEHEPUPOBAHHBIE
MPOIIENYPOil get_matrices, ¥ B HUX He 00s3aTEIBHO BCE TPEAJIOKEHUSA OYIYT «T0OGUTHI»
HYJISIMU JIO CAMOTO JUIMHHOTO BO BCEM TEKCTE, a TIPOCTO JIJIMHA TIPEJIOKEHU B PA3HBIX
MUHU-6aT4ax OyIeT PAa3INIaThCSI.

ITO yIOOHO, HO JIJIst 3TOTO HYKHO MOIaBaTh MUHH-0ATYY TTOCIE0BATENHLHO HA BXOJ
nporeype fit, a Mbl IIOKa yMeeM T10/1aBaTh el Ha BXOJ TOJBKO BECh JaTaCceT 1IEJTUKOM.
K cuactbio, aTo B Keras czenaTs HeCI0:KHO: y k1acca Model ecTb MeTOZ fit_generator, KO-
TOPBII IPUHUMAET Ha BXOJI He JlaTaceT, a (yHKIUIO-TeHEPATOP, TIOPOXKAAIOILYIO MUHU-
Gatum ouH 3a ApyruM. [laBaiite Takyto QyHKIMIO 1 HanmtreM. Huske 711 IPOCTOTHI MbI
HE CTaJI MUCATh OT/EJbHBIN TeHepaTop /IS BATUIAIIMOHHOTO MHOXKECTBA, a TIOPOIAIIN
MaTpHUIIbI [ Hero pa3 u Hasceraa; 0,05 — 3To 0151 BaJUAAIMOHHOTO MHOXKECTBA.

test_indices = np.random.choice(range(len(sentences)), int(len(sentences) * 0.05))
sentences_train = [ sentences[x]
for x in set(range(len(sentences))) - set(test_indices) ]
sentences_test = [ sentences[x] for x in test_indices]
sentences_train = sorted(sentences_train, key = lambda x : len(x))
X_test, y_test = get_matrices(sentences_test)
batch_size = 16
def generate_batch():
while True:
for 1 in range( int(len(sentences_train) / batch_size) ):
sentences_batch = sentences_train[ i*batch_size : (i+1)*batch_size ]
yield get_matrices(sentences_batch)

Temneps GyHKIMS generate_batch GyeT TOCTIEIOBATENBHO TPOXONTH aTAaceT, Pa3bu-
Bas ero Ha MUHU-0aTyw 1Mo 16 TpemoKenuit. A 94T06BI 3TO NMEITO eTile GOTbITe CMbIC-
Jla, MBI TIPEIBAPUTEJIBLHO OTCOPTHPOBANM sentences_train MO JJIMHE, TAK YTO TEIEPb

1A ecint B KaKoii-To cTaThe 06 TOM He CKa3aHo, TO, CKOPEE BCEro, aBTOPBI POCTO 3a0bLIM ATO HAIICAT
WJIN OTTYCTUJIN 32 oueBuaHOCThIO. Hampumep, B [192] Asekc 'paiiBc fesaeT cHOCKY O TOM, YTO TPaMEHThI
06pesauch BO BCEX €ro TPeblayux paboTax 1 B BBIJIOKEHHOM MM KOJe, HO BILIOTh 10 paGotsl [192] on
MOTIPOCTY 3a0BIBAT 3TO YKA3bIBATb.
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MUHU-6aT4n OYyAyT UMETH TI0C/IEI0BATENBHO YBEJNUNBAOILYIOCH IIUPUHY, TIPEII0Ke-
HUS B HUX OyIyT MMETbh IPUMEPHO OJUHAKOBYIO JJINHY, M 3aITOJHITH PADDING_CHAR ITpH-
JIeTCs He TaK MHOTO OCTaTKOB.

Bropas BaxkHas BosMoxkHOCTh Keras — a1o ¢hyHkuuu o6patHoro Boizosa (callbacks).
Merop fit (u fit_generator TOXe, KOHEYHO Ke) UMeET HeoOa3aTeJbHBIN mapamerp
callbacks, U eCJii B HEro MepeiaTh CIIMCOK (DYHKIUIA, TO OHM GYIyT 3aIllyCKAThCS MOCTIE
KaKIOH 310XU 00YUEHsT; 9TO OUY€Hb YIOOHO, TIOTOMY UTO He HY;KHO TTHCAaTh COOCTBEH-
HO IUKJ 00yuerust. EcTh cTangapTHbIe IPUMEPbI, KOTOPbIMU MOKHO BBIIIUCHIBATD JIOT
Pa3HBIX CTATUCTHK 110 Mepe 00y4YeHus, COXPaHsTh Beca Mojen U T. 1. CoOCcTBEHHO, Bee
rpaduky omuboK 1 3HaYeHU i (PYHKIUHU IIOTEPh HA TPEHUPOBOYHOM Y BaTUAAIIMOHHOM
MHO’KECTBaX, KOTOPbIE MBI BCE BPEMSI CTPOYIIN M GYIeM CTPOUTD B 3TOM KHHUTE, IEJIAF0TCS
UMeHHO Tak. [JaBaiite 106aBUM ABe cTaHAAPTHBIE (DYHKIMU 00PAaTHOIO BbI30BA:

from keras.callbacks import ModelCheckpoint, CSVLogger
cb_sampler = CharSampler(char_vectors, model)
cb_logger = CSVLogger('sin_1/' + model_fname + '.log")

Ho u 970 etre He Bce. MbI CKOHCTPYHPOBAIU MOJIE]Tb, KOTOPast 6epeT Ha BXOJ TEKCTHI
U IBITAETCHA HAYYUTHCS PEACKa3bIBATh CIeAYIONUI cuMBOJI. OCTaI0Ch TONbKO IIOHATD,
KaK Telepb, COOCTBEHHO, IIOPOKAATH TEKCTHI, ¥ 106aBUTH B KOJ YTO-HUOY b, 4TO OyIeT
3T TEKCTbI BBIIIACHIBATD.

Ha BbIxoz€ 13 CBOEro IOC/IEHErO CJ0SI MOJIE/Ib IIOPOKAAET BECA Tqyy TEX UJIM UHBIX
CJIOB w; 3TH Beca He 00s3aTeIbHO CyMMUPYIOTCSI B €IUHMILY U COBEPIIEHHO He 00s13a-
TeJIbHO UMEIOT CMBICJI BEPOSTHOCTEH, TAK YTO Y HAC ECTh BHIOOD, KAK UMEHHO IIPEBPATHTh
UX B BEPOSTHOCTH coMILInpoBanus. DyHKIMs softmax 1mockasbiBaeT, 4To Moy Yaromim-
€ecst BEPOSITHOCTH PasyMHO BBIOUPATh TaK:

p(w) oce” T,

B a10it hopmyiie ecth cBOGOAHBIN MapameTp T'; T Ha3bIBACTCS MeMNEPAMypPoll CIM-
MJIMPOBAHUS, M CJIOBO «TEMIIEPATYPay 3/1€Ch UCTIOJIb3YETCS BIIOJIHE OYKBAIbHO, B 00BIY-
HOM ITIOBCEZIHEBHOM CMBbICJIE: B (PU3UKe TeMIIepaTypa BOSHUKAeT TOYHO TaKKM ke 06pa-
3oMm. Mged takas: ecim T 6oJibiioe (TeMIiepaTypa BhICOKas ), TO IIOKA3aTe I 9KCIIOHEHTh
OYIAyT JOCTATOYHO HEOOJIBIINMHE [0 MOIYJIIO, PE3YJIbTATH BO3BEAEHUS B CTEIIEHD TOKE
OYIyT HE CJUMIIKOM OOJIBIINMME, U Ha BBIXOJE BEPOSITHOCTH GYIyT JOCTATOUHO OJIN3KH,
TO €CTh COMILIUPOBATH MbI Oy/IEM BeChMa CIydaiiHo. A ecii T MajieHbKOe (TeMIepary-
pa Hu3Kas ), TO, Ha000POT, IoKaszaTeJu OYAyT I0CTATOUYHO BEJIUKH 110 MOAYJIIO, ¥ [OCJIe
BO3BEIEHN B CTelleHb OYIyT YacTo MOJIyYaThCsd OYeHb MaJleHbKUE YK CIA, IIPAKTHIECKU
HYJIH, 2 HEHYJIEBBIMU OKaKyTCs HE TaK MHOTO BEPOSITHOCTEN; MHAY€e TOBOPS, C MAJIeHb-
KO¥1 TeMItepaTypoil Mbl TOPas/io yaiie OyAeM MoJIydaTh OJHO-ABA 3HAUCHHSI C CAMBIMU
6osbiMuy Becamu. J{oBoist 10 Tipeneia, npu T — 0o MBI TIOJIyYUM PAaBHOMEPHOE pac-
npeziesienue (Bce MOKa3aTeau paBHbI HYJIO), a 1pu T — 0 MOJy4yuM pacrpejiesieHue,
MTOJTHOCTBIO COCPEJIOTOYEHHOE B UCXOJIE C MAKCUMAJIbHBIM BecoM. /laBaiiTe yBUANM 3TOT
acdexT Ha YMCTIEHHOM TIpUMepe, /IJIT KOHKPETHOTO BEKTOPA BECOB &:
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x=1[1,25, T=100 = p=(0.39,0.36,0.25);
x=1[1,2,5, T=10 = p~(0.72,0.27,0.01);
x=1[1,2,5, T=01 = p~(0.9999,4-1075,4-10718).

B npumepe nosyyaercs, yto npu 1" = 10,0 MbI COMIIIMPYEM IPAKTUYECKU PABHOMED-
HO, TIEPBBIN NCXOJI BBINTPBIBAET cOBceM HeMHOro; a Tpu 7' = 0,1 y:Ke KU3HU HE XBaTUT,
YTOOBI IOKAATHCS MOSIBJICHUST TPETHETO UCXOJIa, MBI TPAKTUUECKU Beera OyIeM BUIETh
TOJIBKO 1epBbId. [Ipu TOPOKIEHUN TEKCTOB U3 MOJEHU OyeT TOT ke ahdeKT: mpu oa-
HUX 1 TEX JKe BeCax sI3bIKOBOI MOJIEJIM COMILINPOBAHNE C BBICOKOH TeMIIepaTypoii Oyaer
6oJiee Pa3HOOOPA3HBIM, B TOM YHCJIE YACTO COBEPIIEHHO CIYYANHBIM, a COMILTUPOBAHUE
C HU3KOII TeMTepaTypoii 6yaer 6osee yCTOWINBLIM, Yarie OYeT BBIIABATH OHO U TO JKE
IIPU MMOXOKUX BXOJaX.

Ocranoch TOIBKO BBIUCATD MOPOXKICHIE HECKOJIBKUX TEKCTOB B BUJIE €Ille OJHON
dbyHkmu obparHoro Bhi3oBa. Ha 9TOT pa3 HAM MPUIETCSI TIHCATH €€ CAMOCTOSITENHHO,
MI03TOMY JlaBaliTe yHacJeyeM ee OT Kiacca keras.callbacks.Callback u nepeonpeneaum
MeTOABI on_train_begin (UTO /mesaTh B Havaje 06yquHH) 1 on_epoch_end (4TO mesath
1ocJie KaskKJo1 a110Xu).

from keras.callbacks import Callback
class CharSampler(Callback):
def __init__(self, char_vectors, model):
self.char_vectors = char_vectors
self.model = model

def on_train_begin(self, logs={}):
self.epoch = 0
if os.path.isfile(output_fname):
os.remove(output_fname)

def sample( self, preds, temperature=1.0):
preds = np.asarray(preds).astype('float64')
preds = np.log(preds) / temperature
exp_preds = np.exp(preds)
preds = exp_preds / np.sum(exp_preds)
probas = np.random.multinomial(1l, preds, 1)
return np.argmax(probas)

def sample_one(self, T):

result = START_CHAR

while len(result)<500:
Xsampled = np.zeros( (1, len(result), num_chars) )
for t,c in enumerate( list( result ) ):

Xsampled[0,t,:] = self.char_vectors[ c ]

ysampled = self.model.predict( Xsampled, batch_size=1 )[0,:]
yv = ysampled[len(result)-1,:]
selected_char = indices_to_chars[ self.sample( yv, T ) ]
if selected_char==END_CHAR:
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break
result = result + selected_char
return result

def on_epoch_end(self, batch, logs={}):
self.epoch = self.epoch+1
if self.epoch % 50 ==
print("\nEpoch %d text sampling:" % self.epoch)
with open( output_fname, 'a' ) as outf:
outf.write( "\n===== Epoch %d =====\n' % self.epoch )
for T in [0.3, 0.5, 0.7, 0.9, 1.1]:
print('\tsampling, T = %.1f...' % T)
for _ in range(5):
self.model.reset_states()
res = self.sample_one(T)
outf.write( "\nT = %.1f\n%s\n' % (T, res[1:]) )

3/1ech MbI UCITOJIB30BAJIN BBIIIEOIMCAHHYIO TIPOIEAYPY COMILUIUPOBAHUS, U Tenepb Oy-
JIEM TIPOCHUTD MOJIEJIb TEHEPUPOBATH TEKCTHI € TISITHIO PA3HBIMU 3HAYEHUSIME TEMITIEPATY-
poI Kakbie 50 amox o6ydenust. Bee, Temepsb Bce TOTOBO, MOKHO 00y4aTh!

model.fit_generator( generate_batch(),
int(len(sentences_train) / batch_size) * batch_size,
nb_epoch=1000, verbose=True, validation_data = (X_test, y_test),
callbacks=[cb_logger, cb_sampler, cb_checkpoint] )

Bropoii apryment merosia fit_generator — 3TO YHCJIO IIPUMEPOB B TPEHUPOBOYHOM BbI-
GOpKe; JIeI0 B TOM, YTO TeHepaTop generate_batch Jo/KeH paboTaTh HEOTPAHMYEHHO
JI0JITO, YUTAs 1aTaceT MHOTO pa3 (4TOObI MOKHO OBLIO IPOBOAMTDL HECKOJIBKO 10X 00Y-
YeHUs ), HO IIPU 3TOM IIPoLecC OOyYeHUs OJIKEH 3HaTh, KOT/A 3aKaHUNBAETCS OYepe/l-
Hast 3TI0Xa.

[laBaiiTe ke HAaKOHEIl TOCMOTPUM, uTO Ttosry4aercsi! /{7151 mepBoro mpuMepa Mbl B3sI-
s teket «Esrerns OnernHa» 1 nojauu ero Ha sxoz, ooyuus 1000 amox ceru, nokasaH-
HOU BBIIIIE; HEKOTOPbhIE U3 CTeHEPUPOBAHHBIX TEKCTOB MOKazaHbl B TabJ1. 6.1. KoHeuwo,
OCMBICJIEHHOTO TEKCTA TYT KAATh HE TIPUXOAUTCS, HO PE3YJIbTATHI JOBOJBHO MHTEPEC-
Hble. XOTs ¢ TOUKU 3PEHUsI MHTEPIPETALMHU 110 OOJIBIIOMY CYETY MaJIO YTO M3MEHUIIOCH
MEXIY TISITUIECSTON STTOXO0M M THICSTYHOH, BUTHO, YTO HA CAMOM [leJie TeKCTHI CTAJIN 3a-
METHO pa3Ho0OPasHee: IOCIe HATUAECATON 110X TeKCThI ¢ T = 0,3 KCII0JIb3YIOT IOYTH
HCKJIIOYUTETHHO CAMbBIE YACTBIE TIACHDIE U COTJIACHBIE, A TIOCTIE THICSTIHOM 3MTOXU MOIETb
yiKe IIOHUMAET, K IIPUMEPY, KOPEHb <JII00».

Ho masaiite mpomoskath, He GyeM ocTaHaBauBaThest Ha gocturayTom! Ciremy-
FOTIMIT ATAIl HAIIIUX HKCIIEPUMEHTOB — MOMPOOOBATH TIOCTPOUTH BOJIee CJAOKHYIO CETh,
KOTOpast 6bI MOTIJIa 00ydaTh M «3allOMUHATh» GoJlee J0JroCcpodtbie U OoJjiee CIOKHbIE
B3aUMOCBSI3H, ¥ TEM CaMbIM YJIYYIIATh PE3yJAbTAT HOPOKACHMUS; 31eCh Mbl OyAeM 1C-
HOJIb30BaTh [VIABHBIM 06pa3oM uzien paboter [192].
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Ta6auna 6.1. [IpumMepsl NOPOKAECHHBIX TEKCTOB: MOZEb ¢ 1 cnoem u3 128 LSTM-aueek,
obyuennas Ha Tekcte «Esrennst Onerntas

LSTM, anoxa 50, T = 0,3 LSTM, snoxa 50, T = 0,5 LSTM, snoxa 50, T = 1,1
OH YTO MHE TIOJ TOCTUJIH CTPATHOMN, | TaK HE BOJKIbI CBEOCTb CMECTa OKKHEIO C)KETD X TTHIJIAMAa,
B JIOMHO He BCEM CJIOZIOM BeTe, 1 B TIOCJTITYA TAHHBIX JIEHOM TIeTHBIM OceTcKast! IpyAHOI,
B COMOJIBHO ITPOIHOM TIOPOBAJIH, U TIOJIPAKIEHHBII B3/[PErO/IaHb, | MOPBIM TbI, IPOXEHHbIE BAK;
1 TIPUCTHUTBD B TIOCTAJIN CEPITIe U CTpaHbIBae MoJacTase 1 BITIPAMHSIIT 30117 TT0/101 MO
U CTPAJHON MMOPAKHU CJIACTA JIECTeIb OH KaK MOCTAIM CIMAa | TpeOGeTCTh IyJics, MpyAbe OpPeIoTH
U B CEp/IIIE [IOCTATIA HE TPaM, 1 BOPaMoO cTapa CeJieH, POIBOOBI TIOPOJKUH, TTOJPYIIIH,
B TIOPOM He CTPUHEHbE HeTe 3aMeTHOM copzlie ciaanbam Y JKUPHBIXY Taelllb; MOei
KaK BEepACHHbII cBOT GoJieHa. B [IOCTHUJIA C HEM CBOTOM OpeiHoii| BXOATAKOB HeM Hasl GOCTMETPOIA.
LSTM, anoxa 1000, T = 0,3 LSTM, snoxa 1000, T = 0,5 LSTM, snoxa 1000, T = 1,1
U BBI, TIOYTOJI JI0 JIYIIIA CJIA3/IECh, K OHU B GJIETHOI HET OHUX, .
. . oueM, cecTpeMsl, ef3HoBa,
He CBeT M0JI Hell CTOPOil B TeTe, 1 BCe MOBOJIMHBIM B COOEI,
. .. | uTo GypunCTh Bak, APYroaup,
He CTOPO IPepPexX/a HEBEHb, U TIOJIHOTOJ ¥ CBOU TIPOJITOHHBIH, .
51 BOCTasl yTPBIX KUBOIL:

OH OH CBETJINHOBAJI HE MeYb; HE M0YaTbCTaXOM OeCTPUIIAHbE, .

. BE3/IU €Ille CTPATJIIO UM MO,
OH B MOJIIOOMTEHHBII TPpUpa, 60JIOBO TOTO JKUHUM 3,

. . Ha noJkadOabIM JTymoOKa,

¥ CTApPOCTD, U B CEP/IIIA BCEit, OJTHAM BOJITIIEHHBIN TPUTIIOCHET

. U He JIYNILJIA, TUIONETh BOPOK
C TTopa ! MEJIbHOBOI BOCIIOJIA, Y 3aMEHUJIH U TT09T . .

. . MaHbI YPbIHEH MyUIIyil.

IJie BECHOIT Bee B IoMeHblii 6e3, U CTPAIITHO JIbTO BCE [PYTOM OHE.

OcHOBHAasT W/IesT 371€Ch COCTOUT B TOM, YTOOBI IOOGABUTH HOBbIE PEKYPPEHTHBIE YPOB-
HU MOBEPX TepBOro. MokHO GBIIO ObI C/IeJaTh 3TO COBCEM HAWBHO: B3STh U J06ABUTH
ellle O/IUH CJIOH BUa

LSTM(output_dim=128, activation='tanh', return_sequences=True)

MEK/Ly IIEPBBIM CJI0EM U II0JTHOCBSI3HOM 4acThIO.

OpHaxo Gyjer Jyuiie (BHUMaHUE: 9TO Ba)KHBIA TPIOK B TIOCTPOEHUH IIyOOKUX pe-
KYPPEHTHBIX ceTeli!), eciu MmocaeayomemMy cJioto oJaTh Ha BXOJ He TOJbKO Pe3yJabTat
MIPEIBIYIIETO, HO ¥ COOCTBEHHO BXOHYIO MOCTIEN0BATENHLHOCTD; TaKash KOHCTPYKI[HSI
HasbiBaercs skip-layer connection (CBSI3b ¢ MPOITYCKOM CJIOST).

MBI TPOMIITIOCTPUPOBAIH HTO Ha puc. 6.13, Tie n306pakeHa CTPYKTYPa CETH € TPEMST
ypoBasimu LSTM. O6pature BHUMaHe, uTo BX01 LSTM BTOPOTO 1 TPETHEro YPOBHEN
COCTOUT 13 BEKTOPa BBIXO/[A MPEIbIAYIIEro CJI0ST ¥ BEKTOPa BXOJHOTO CUMBOJIA; KOT/Ia
HA HAIUX KaPTUHKAX CTPEJIOYKHU IPOCTO CXOJSITCS BMECTE, MbI OY/IEM 10 yMOJIYAHUIO
10/Ipa3yMeBaTh KOHKATEHAIHIO .

Ha nocsieiieM 1oTHOCBSA3HOM CJI0€ IIPOUCXOUT TO Ke CaMoe: Mbl COBMeIIIaeM BbIXO-
1iel Beex Tpex cioeB LSTM u mogaem pe3yibTaT KOHKaTeHAITNH (TO €CTh BEKTOP JJTMHBI
128 x 3 = 384) Ha BXO/ IOJHOCBSI3HOMY CJIOIO.

1 Bxos! MOKHO 6BIITO GBI CYMMHEPOBATE, YCPEAHATH UJIH TTPOM3BOINTD MACCY APYTUX MHTEPECHBIX OTlepa-
Ui, HO TIPAKTUKA TIOKA3bIBAET, YTO OOBIYHO JIYUIIle aTh HEHPOHHON CETH KaK MOKHO OOJIbIIE BXOJIOB U 103~
BOJIUTD €if CAaMOCTOSITEJIBHO PelaTh, YTO C HUMHU JIeJIaTh.
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Yro6sI peanusosath 970 B Keras, Hy:kHO OyneT BCIOMHUTH 00 abcTpakiuu rpada
BBIYMCJIEHUI U ABHBIM 00pa3oM 3a/aTh, KAKKME BEPIIUHBI B 9TOM Tpade COeAUHSIOTCS
IpyYT ¢ ApyroM. J{Jist KoHKaTeHIuy GYIeT CIyKUTh OllePaIlist merge, & BXO MOKHO 33/1aTh
OT/IeTHHO € TIOMOIIBIO KiTacca Input. /J[aBaiiTe mOCMOTPUM Ha KO

from keras.layers import merge, Input
vec = Input(shape=(None, num_chars))
11 = LSTM(output_dim=128, activation='tanh', return_sequences=True)(vec)

11_d = Dropout(0.2)(11)

input2 = merge([vec, 11_d], mode='concat')
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TaGauua 6.2. [IpuMepbl creHepUPOBaHHBIX TEKCTOB: Moziesib ¢ 1 cioem uz 128 LSTM-sueek,
obydyeHHAsT HA TEKCTaX CTUXOTBOPEHUN J{ep:kaBiHA, U MOJIEJIb C ABYMST CIOSIMU

LSTM, snoxa 1000, T = 0,3 LSTM, snoxa 1000, T = 0,7

H])I/IB(;‘CTI/I BCEJIbCTAaBUTD JIN CTPAIIHO, O BbI3JIaBaHe IUX OTHUTBH,

KOT/Ia BO3BPAIIHT Ha He CBOEH JIECBI B TOT B3/IbIXa€lllb Thl BETHOMI
MIPUIIE/THOM KPACOThI BOJIBI, KaK yIacTBO IIOBOJWII He ThI CTY/AHBII,
KaK 60TaTCTBOM IOJL TPEICTABUTD. Ha 1myiHo 60roM B (hupsich TBOJIBHUIICE.
LSTM?2, anoxa 1000, T = 0,3 LSTM?Z, snoxa 1000, T = 0,7

B CTanHbI I1oJ1e HOSDaBHbIﬁ CJIaBBI, IIOMOYb BU/IUT HAM HOGD@HI/IT,

U BCe B ITPe3/IaHbe TIPeJl BEJINK OJTHOTO BPEMEHU BECh CJIABHBIIA,

U B CTPax U B CJAAKOCTH TIPUHECIA BbI POCCEil KaK COJIHIIE He IPYTHX

U B II0J] CBETA He 006J1akaMu, GOroB COJIHIIE Ha TPOM HE B TBOPE,

uc H€6CC CBOUX CO6OI71 CBeT. K TOM CBETOII U I1oellb TUXOB.

12 = LSTM(output_dim=128, activation='tanh', return_sequences=True)(input2)
12_d = Dropout(0.2)(12)

input3 = merge([vec, 12_d], mode='concat')
13 = LSTM(output_dim=128, activation='tanh', return_sequences=True)(input3)
13_d = Dropout(0.2)(13)

input_d = merge([11_d, 12_d, 13_d], mode='concat')

dense3 = TimeDistributed(Dense(output_dim=num_chars))(input_d)
output_res = Activation('softmax')(dense3)

model = Model(input=vec, output=output_res)

Ko, o cyTu, 06bsicHsieT cam cebst: CHaYaia Mbl 33/[aeM BXO/I vec OTIPeIEIEHHO# (hop-
MbI (3TO MUHK-0AT4 U3 BEKTOPOB JJIMHBI num_chars), TOTOM Bxoz mocrymnaer B LSTM-
CJIOH € IPOTIAyTOM, BBIXOJ JipotiayTa 11_d KOHKaTeHUPYETCs € BXOIOM vec U II0IaeTcs Ha
BXOJ] BTOPOMY CJIOIO ¥ T. JI. MbI CZIeJIajii TPEXCIIOMHYIO CETh, HO MOKHO ObLIO, KOHEYHO,
OCTAHOBUTHCS 1 HA JBYX CIOAX! .

O6paTuTe BHUMAHWE, YTO TENEPh MbI CHAYAJIA MTOJHOCTBIO OIPEessieM CTPYKTYPY
rpada, a I0TOM y:Ke 3allycKaeM KOHCTPYKTOP MOJIEJIH € [TapaMeTpaMu input 1 output: 3TO
IIPOCTO CO3/IAET MOJIEIb-00€PTKY HaJl ysKe TIOCTPOEHHBIM Irpad)oM BBIYUCTEHHNA. A B KO-
Jie, KOTOPBIit 06ydyaeT MOJIeJb, HUUETO He MEHSIETCSI.

B rabsmnax mokasaHbl HEKOTOPBIE TIPUMEPBI TIOMYIUBIIIXCS TeKCTOB. Tabsmia 6.2
cpaBHMBaeT oIuH 1 JBa 1o LSTM Ha nipuMepe coGpaHus cTUXOTBOpeHuil JepkaBrHa
(oko010 500 KUI0GAHT TEKCTA); BUAHO, YTO Y IBYCIOMHON CETH TEKCTHI TIOTYYAIOTCS Tek-
CTBUTEJILHO 4yTh O0JIee pa3yMHBIMU, O0JIee «IeI0BEYeCKUMI» .,

" A BoT ropasio 6071b1IIe, YeM TPU-YETHIPE CII0s, CAIETATh B PEKYPPEHTHBIX CeTSIX I0BOTBHO TPY/HO, HyK-
HBI CIeIaJbHble TPIOKU. 11 B KadyecTBe OCHOBHOTO TAKOTO TPIOKA MCIIOIB3YIOTCS HAIIHM CTapble 3HAKOMbIE,
ocrarounble cBsizu! B yacTHOCTH, MMEHHO € MX TIOMOIIIBIO HOJTy4YHJIach peKyppeHTHas cetb u3 8 cioeB LSTM,
ucnosbayioniasics B Google Translate [187]; ee Mbl mogpo6Ho 06cymum B paszerne 8.1
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Ta6muua 6.3. [Ipumepbl creHeprupoBaHHbIX TEKCTOB: MOJIEb C TPEMS CIIOAME U3
128 LSTM-siueek, obyuennas B Tederne 1000 anox Ha tekcre «Esrenns Onerntas
ISl Pa3HBIX 3HAUEHMI TeMiepaTypbl T'

LSTM?, snoxa 1000, T = 0,3 LSTM3, snoxa 1000, T = 0,5 LSTM3, anoxa 1000, T = 1,1
HO BOT YK OJIM3KO. TIepe/l HUMU | He TIpaBja Jib? BaM Obljia He HOBOCTb | TPOCTO JKUBETD 10 MOJHOM B,
YK 6€0KaMEHHOI MOCKBBI CMUPEHHOII JIEBOYKH, TIOBPaMa GaJl yIK KaHUT; TPU Hecasa

KaK jKap, KPeCTaMH 30JI0TBIMU | OH ObLJI JIIOOKM... TI0 KpaiiHeil Mepe JIO TJ1a3a TO/IePeHb TIPe/lAaHbeM
rOPST CTAPUHHbIE TJIABBI. TaK J{yMaJl OH Ha CyIIpyTe. noezeTr, cMepraio cedsi.

Ta6muua 6.4. IIpruMepbl creHePUPOBAHHBIX TEKCTOB: MOJIEJb C TPEMSI CJIOSIMH 13
128 LSTM-sueek, obyuennas B rederue 1000 amox Ha Tekcre «12 cTyibeB>

LSTM?, snoxa 1000, T = 0,3

— BBI JlyMaeTe, YTO OH MOJIBEPraeTcst ONACHOCTH? He MOHUMAaeTe Ha JIBYIIKN U CO BCEro GOJIBIIOTO CeK-
peTapa. Ha OCTaBUTEb M3 CTOJUKY € KOJIOALUY MO/ cO00ii 10 CTOIOBOM MO/l HAPUIAJIBHOE OJIHOTO 00e-
JaTh BBI OJIYYUTH CTYJIbsI. HO BCE HE COOMPAJICS. TIOJI BOAOM MO COOBITHSI He TIOJIONIEN K IBEPU. OH Ce-
PEOPEHHOI TIPU CTOMMKH MO/ BOIOM BOPOObSIHUHOBCKOI TIOPOYEHHE U TTOOIIEN K CTYJIOM.

LSTM3, anoxa 1000, T = 0,5

— 4TO 3TO 3HAYMUT?— CIIPOCUJI UIIIOJINT MaTBEEBUY, BCIIOMUHAS TOJIBKO ITOJIKJIAJIKA, UUOCTD BBIKPACTD,
YTO yIKE COBEPIIEHHO BCETO YIIACHI, TT0 PeKce 000PAHHBIIT PEIIaIi Ha HIM OTBETCTBEHHOE KOJIOHO TOPSIIH
06JIMTaHTa BETEPHOCTD "TIPABOCY/IENb 32 CTOSIN HPEAEIIUITY ¥ U3 0f00PAHUS 13 HA TIOPAXHUTOCTHIO. HO
KPUYAJICST BOEMY TOTY. €r0 He CMOTPEJI OPAEPOB C MbI TOJICTEHHI IPUHUMATD BbIIEPIKAHIE TO TTPEXO/IH-
TeJlb.

LSTM?, snoxa 1000, T = 1,1

— HY, 1 51 BBl yMOJIU TIOJITYYa,— CKa3aJl OCTall, Ha/[i FalaIKUii BO CTOJNIGOP He YepTa He HaJI0 TPeApaskaIo.
OTBETHJI 30JI0TBII U CTYJIbsI K HOB. CPEKOBOE 3apab0OBAPUJI CTO OCIIACTYK, U OOBIYHO, 1 CTPOU TUPAKUBBIM
rOCIIOJypa MOSI JKMBOTYIO CTOJIY, [IOYTO He YIUYHOro GecrapHble TaKUMe CYAbOEPCKOro eCTh JeHeraib-
HBIN U3Bep.

Ta6iuna 6.3 1mokasbiBaeT Pe3yJbTaThl TPEXCIONHON ceTH, 00YyYeHHON Ha TeKCTe
«Esrenunst Onernnas, a rabir. 6.4 — Ha Tekcre «12 cryabes». TYT yKe BUAEH He IPOCTO
OBepUTTHHT, TIPUCYIIMI BCEM HANIUM MOJIEJISIM B 9TOM pas/iesie: BU/IHO, YTO CeTh OyK-
BaJIbHO Bhlyumia «EBreHust OHernHa» 1 MOXKET €r0 IIUTHPOBATH GOJIBITIMHU KYCKaMH,
MHOTIA 3a0aBHO UMIIPOBUBUPYSI.

KcraTn, 06 oepdurTunre. Haim Mogesn, KOHEUHO e, He MOTYT U3YUUTh PYCCKUI
s13bIK 10 TekeTy «EBrenust Onerntas uim «12 ¢TyibeB», HACKOJIBKO OBl YMHBIMU OHMU
HU OBLJIH: TEKCT ITPOCTO CJIUITKOM KOPOTKHit. [[0aTOMY OHU (haKTHUECKU CTAPAIOTCS BbI-
YUUTh KaK MOKHO OOJIbIIIE U3 3TUX TEKCTOB, UTO, ECTECTBEHHO, IPUBONUT K CEPHE3HO-
My oBephUTTUHTY. UKCIEHHO 9TO MOXKHO yBUAETH Ha puc. 6.14 1 6.15, rie npuBemeHb!
HAIIY CTAHAAPTHDIE KAPTUHKU (PYHKIIUU [TOTE€Pb U TOUHOCTH JIJIsI OMHOCTIOIHON U TPex-
cIoMHOI Mojiesielt, obyuatomuxcst Ha Tekcre « EBrennst Onernaas. Ha rpadukax uerko
BUJIHO, YTO TOYHOCTH HA BAJIMIAIMOHHOM MHOKECTBE CTabuImsupyercs B paiione 0,1,
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Puc. 6.14. I'pacdpuku hyHKIMY TOTEPH U TOYHOCTH HA TPEHUPOBOYHOM ¥ BAIUAAIIMOHHOM
MHOKecTBax: Mozesib ¢ ogHuM cjioeM LSTM, «Esrennit Onerun»
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Puc. 6.15. T'pacduku GyHKINT TIOTEPb ¥ TOYHOCTH HA TPEHUPOBOYHOM ¥ BATHIAIIMOHHOM
MHOJKeCTBaX: MojieJib ¢ TpeMs ciossmu LSTM, «Esrennit Onerun»

a Ha TPEHUPOBOYHOM TIpojioJikaeT pactu. KertaTu, TounocTs 0,1 — 3TO COBCEM He Tak YK
TIJIOXO: TIOJTY4aeTCsl, YTO MbI YTa/IbIBAEM CJIeLy IO CUMBOJI B OJTHOM CJIy4ae 13 JIeCATH,
a BCEro CUMBOJIOB OKOJIO IITHIeCATH. Tak uTo MOJIe/IN OJIyYMINCh BOBCE He HecCMbIC-
JIEHHDIE.

YT1006bI MONBITATHCA XOTSA Obl YaCTUYHO U30ekaTh 0BeP(MUTTUHIA, B Ka4eCTBE I0-
CJIEHErO DKCIIEPUMEHTa JaBaiite nonpobyeM moodydaTh MOJAESN Ha OYeHb OOJIBIIOM
MacCHBe TEKCTOB: Ha CTaThsIX « Bukumeauus.

[17151 3TOTO MBI BBIIENIN U3 PYCCKOSIBBIYHON «Bukumeanm» 4ucToIil TEKCT cTaTten
U IIPOBeIU HeOOMBIIYIO IPeaoOpaboTKy, OTAENNB 3HAKK IPEIMHAHNS OT CJIOB, IIPHBE-
IS BCE CJIOBA K HUZKHEMY PETUCTPY W T.JI.; B Pe3yJIbTaTe MOJTYYUIICS TEKCTOBBINA (aii
pasmepa 2,6 T6aiiT, B KOTOPOM B Kax/[0li CTPOUKE 11€J1asl CTAThI:
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NNTBA, OdMUMANbHOE HA3BaHWE -- JNTOBCKAsA pecnybivka -- roCyAapCcTBO , reorpaduyecku. ..
poccna (OT -- pycCb; OGMUMANBbHO POCCHMICKAA defepauma WaM poCcCusi, HA MPAKTMKE UCMONb3yeTcCs...
CJ/IOHOBblE -- CEMENCTBO MAEKOMUTAWWMX OTPAA3 XOOOTHbIX. K 3TOMY CEMeWCTBY B Hawe BpeMms...
MaMOHTbI -- BbIMEPWMIA POA MAEKOMUTAKNWMX M3 CEMEeACTBA CJIOHOBLIX, XMBWWA B YETBEPTUYHOM MeEpuoge. ..
KpPacHasA KHMra nepBas OPraHM3auUMOHHAA 334a4Ya OXpaHbl PeAKMX M HAXOAAWWMXCA NOA Yrpo3oM. ..
COLMOHMKA -- KOHUENuua TWUMOB JMYHOCTM M B3aWMOOTHOWEHWIA MEXAY HMMW, OCHOBAHHAA Ha...
WKO/A NepBOHAYa/sbHO rpeyeckoe 03Ha4yano Aocyr, CBo6OAHOEe BPEMAMNPOBOXAEHME, 3aTeM CTaso...

3aTeM MbI HauaJii 00ydaTh MOJIEH ¢ OMHUM 1 TpeMst ciosymu LSTM Ha aToii 6ase.
TTocKoJIbKY JI€aTh TIeJIble STIOXU Ha TAKOM JaTacere OBLIO OBl CIUIIKOM JI0JITO, 31€Ch
MbI UCIIOJIb30BAJIH [t (DYHKIIMIE 0O0paTHOTO BBI30Ba METO/[ on_batch_end, KOTOPBII 3a-
MyCKaeTCsl B KOHIIE KaXKIOTO MUHU-6aT4a 0OyYCHUSI:

def on_batch_end(self, batch, logs={}):
if (batch+1) % self.gen_batch == 0:
print("\nBatch %d text sampling:" % batch)

with open( output_fname, 'a' ) as outf:
outf.write( "\n===== Batch %d =====\n' % batch )

for T in [0.3, 0.5, 0.7, 0.9, 1.1]:
print('\tsampling, T = %.1f...' % T)

for _ in range(5):
self.model.reset_states();
result = sample_sentence( self.model, T )
outf.write( '"\nT = %.1f\n\n' % T )
outf.write( result + "\n' )

31ech self.gen_batch — mapamerp, HOKa3bIBAIOLIMIA, pa3 B CKOJbKO MUHI-OaTYel je-
JIaTh COMITIMpOBaHue. KpoMe TOTO, MBI HCIIOJIB30BAJIM OTAEIbHYIO (DYHKITIIO 00PaTHOTO
BbI30Ba JIJIs1 BBINUCHIBAHUSA METPUK KAueCTBa MOCJIE KaKI0ro MUHU-6aTya (O4EeBUIHO,
9TH METPUKU MOT'YT ObITh TOJBKO Ha TPEHUPOBOYHOM MHOKECTBE, KA bl Pas [Iporo-
HSATb BAJIMJALMOHHOE ObLIO ObI CUIIKOM JOPOro). By/ieM BbIUChIBaTh HAKOIMBILYIOCS
CTaTUCTUKY B haily mocse Kaxapix 100 MuHu-6aTyeii:

class LossHistory(Callback):

def on_train_begin(self, logs={}):
self.loss = []
self.acc = []

def on_batch_end(self, batch, logs={}):
self.loss.append(logs.get('loss'))
self.acc.append(logs.get('acc'))
if (batch+1) % 100 == 0:

with open( batchoutput_fname, 'a' ) as outf:
for 1 in range(100):
outf.write('%d\t%.6f\t%.6f\n" %
(batch+1-99, self.loss[1-100], self.acc[1-100]))
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Puc. 6.16. I'padpuku pyHkimm norepb U TOYHOCTH HA TPEHUPOBOUHOM MHOXKECTBE TIPU
obyueHnn Mojiesiel ¢ oxHuM 1 TpeMst caiosiMu LSTM Ha pycckosi3biaHON « Bukume s>

PesyJibraThl I0Ka3atbl B Ta0II. 6.5; 311€Ch y7Ke COBCEM OYEBUIHO, YTO TpH cjiost LSTM
NEHCTBUTEBHO CIIOCOGHBI 06YIUTH GOJIBIIE OTHOCUTENBHO JOJTOCPOYHBIX 3aBHCUMO-
CTel, ¥ TIOJTyYaoIUecs: TEKCThI, XOTh 1 U3PSAHO OTAAIOT abCyPAU3MOM, BCE JKE BbITJIs-
JISIT JIydliie, 4eM y OJTHOCTIOWHON CeTH.

A Ha puc. 6.16 MBI [T TIOJTHOTBI KAPTUHBI TPUBOANM rpaduKu (HYHKINUA TOTEPDh
Y TOYHOCTH /171t 00y 4eH s HAIIIMX PEKYPPEHTHBIX ceTeil 6aTy 3a baTyeM; 31eCh OHH, ecTe-
CTBEHHO, 6€3 BAJIUIAIIMOHHOTO MHOKECTRA.

Wtak, B 9TOM pasjiesie Mbl IPUBEJIN TOAPOOHBIN U I0OBOJIBHO OOJIBIION TpUMeEp IIPH-
MEHEHUS PEKYPPEHTHBIX CETEl /IS TOCUMBOJIBHOTO MOPOsKIeHUS TekcToB. Cama 3aj1a-
Ya ObLJTa HE CJUIIKOM MPAKTUYECKH PEIEBAHTHA, KOHEUHO, HO 3aTO OHA MMOMOTJIA HaM
HATJISIZIHO YBUIETH PA3HUILY MEXKYy HECKOJBKUMU YPOBHIMU PEKYPPEHTHBIX CETeM, 1Mo-
CTPOUTH BIIOJIHE PEATMCTUYHbIE U JOCTATOYHO CJIOKHbBIE PEKYPPEHTHbIE ADXUTEKTYPBI
U Y3HATH MHOTO HOBOTO 0 BO3MOXKHOCTsIX 6ubinotekn Keras.

Ha sTom 3akanumBaeTcst Hallle 3HAKOMCTBO C OCHOBHBIMY COBPEMEHHBIMU apXUTEK-
TypaMU UCKYCCTBEHHBIX HEHTPOHHBIX ceTell. M bl U3yYId BCe OCHOBHBIE <KUPITUIMKU»,
6e3 KOTOPbIX COBPEMEHHBIE TIyOOKHE CeTH TPYAHO cebe IpeAcTaBuTh. Mbl paccMOTpein
Kak 0011ue ujer, yaydIaolie mouTH Jiodble COBPEMEHHbIe HEHPOHHbIE CeTH — Pas-
JIM4HbIe QYHKIUY aKTHBAIIUN, METO/IbI MHUIINATN3AINN BECOB, COBPEMEHHBIE METO/IbI
IPaAMEHTHOrO CITYCKa, APOTIayT, HOPMAIU3AIINIO 10 MUHI-OaTdaM, — TaK ¥ TPU OCHOB-
HBIX BUJIA aDXUTEKTYP HEHPOHHBIX CETEH, U3 KOTOPBIX CKIIAIBIBAIOTCS TIPAKTIUECKU BCE
HOBbIe MOJM(UKAINI: TIOJTHOCBSI3HbIE, CBEPTOUHBIE 1 peKyppeHTHbie ceTu. He Bce atu
Ujien, HO JIOCTATOYHO MHOTHE GBIIN U3BECTHBI YIKE HECKONBKO MECITUIETHA.

Ternepb mopa IBUraThCS JAIBIIIE, K CAMBIM COBPEMEHHBIM UAESIM 06y IeHHUST TITyOOKIX
cereil. B TpeTheli, 3aKIH0UNTENBHOM YacTH KHUTH Peub TOHIeT 06 apXUTEeKTypax, uie-
SX U II0CTAaHOBKAX 3aja4, 00JIblIas 4acTh KOTOPbIX nossuiack B 2000-x, a To u 2010-x
rosax.
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Ta6auua 6.5. [IpuMepbl TEKCTOB, CreHePUPOBAHHBIX 00YUEHHOIT Ha TeKcTe « Bukuiepm»
MoJesTbio: a—8 — oauH cyioit n3 128 LSTM-saueek; 2—e — Tpu cinost uz 128 LSTM-s4eex

a— LSTM, anoxa 1000, T = 0,3

0CTaBOBUY B cocTase B 1993 rozy, cOCTABIIAI NOIYYNI CBOE TI0CIIE/I0BATEIBHOCTD B COCTAB OCHOBHOTO
CBOell HacesieHus1, mocJie ceMbe coBeta. B 1996 roxy B 1956 rofy oH 110 ceMbe B cOCTaBe CTPAHON MTAPTUH.
B 1979 roay no croprusHoii nporusope/nu. B 1930 roy mpoTuB 1 10cjie cOCTaBa 1 MOCJe OH IIOCTPOEH
MOCTAaBJIEHHBIN M0JIb30BAJICS IPOBe/IeHKe 0 coBeTa, B Hayase 1990 roga B cesie BepHYJICS B COCTaBe
B COCTaBe KAPTHHHOTO U3BECTHOTO MOCEJIKA, COCTABJISLT B COCTAB IOJI0BO3ABIINX

6 — LSTM, snoxa 1000, T = 0,7

JPYTHUX Oapbl, 3a KapJInHa, BOUCKA MOHST Pe3yJIbTATOB MTOKPAM KOHKOPOHOB, BBIIIE B CJIC/LYIONIUM 00-
1IecTBe. B BUjie 110 BpeMsi cepeautbl 1959, 110 BO3MOKHON ananTa, JaHHOI reHepaibHbix TeHuu. B 2003
TO/y TIOJ] JIET HOBOTO COBETA TEPBbIe MY3BIKATbHBIX CEPE/IITHE U HAYAJ TEKEeJb. IPOIPOU3HaHA B (-
JI0CO(UKH, CTAJ YeThIPe TIOMEIa CPeIHEM CUCTEMaMHU. 3aCTyKEHHbIE PE3YIbTaTOM B 06eCIIeUeHUSIMU.
B 1981 — 2006rT. 1101 YeMITMOHAT JIOTIOJTY OBLIN CTAHIIMHI JEPEBHU MO/ISIM KOPOJIEBCKOTO PAHOHOB YKpa-
MHA TaKKe.

6 — LSTM, anoxa 1000, T = 1,1

ardum dexpanoi xenie u 5 1eHObIKOB 1972 roza, oTB Buze 1eexTamy (14—22 MUHOI) yCTPOBSHIE UTPH-
BOBAETCSI [IEPOMATOPBI OCBOOOKIEHHSI AETSTH YBOJIEHNE PACCTOSIHIIE — 9TO TOJ, KAHAICTBO-MOJINTPAHA
JUISL Xaisiel oncanust u3 IPyruMu, XapMio-6ommabasl, 32 aBTopamiioBaH (COOCTBEHHO-KaBUHYN ). IPO-
6BIKaM, B - TETh IPHOJIATOK. 00BEKTOB THXOMAJIMKA MOPSI CHSITEN SITHBIOIIACTATIBCTBO MaJI GOJIMAIIHN FIC-
MOJHUTEIOT. HA AKI[MOHUITY OOBABIEHOIT IEPBOE MOJIUT CHEIOBAIM 4 COBPYJIO CHEM 3aBHEXOBAHOBA

2 — LSTM?, anoxa 1000, T = 0,3

HoBoit mostoBuH (1942 — 1935) — nepBblii rocyapcTBerHsblil Aesitesb. B 1942 roxy mocsie Boitabr B 1921
rozy nozasepriack B 1930 ropy. B 1941 rosy nposest B coctase komanupa B 1954 roxy. B 1949 romy nociie
CMEPTH TIOCJIE TIPUHSITHSI CEPIH MOAITUCAT KOHTPAKT C IIPOU3BOICTBOM 110 IPOM3BOJICTBY O CEPEOPSIHYIO
CTPOMTENBCTBO B 1IepBOM coBeTe. B 1989 roy on oTkpbI 110 cepebpsityio ceep. B 1937 roxy moctynu
B COCTaB coBeTcKoit apmuu, B 1992 roxy oxomumi kypebt ¢ 1997 rona.

0 — LSTM?, snoxa 1000, T = 0,7

CHJIEBIOBOTO, KOPOTKO, OTHPABUJICS B PYCCKUX AMPeKTOPoB. ¢ 1985 1o 1936 rox B poay 6bL1 yaocTOoeH
BBICOKOTO 3BAHMUSI I'ePOsi COBETCKOTO COI03a € BPyYeHHeM OpJieHa JIEHHHA 1 MeJIajid 30JI0Tast 3Be3/1a 3a
HemelkuM coiosa. ¢ 1935 roga — Ha dponTax Besmkoit oredectBenHON BoitHbL B 1940 roxy on mposesn
11 ero npuHATHS B CEBEPHBIX COIIMAIBHBIX IIpoM3BeeHusIX. B 1913r. B kauecTBe npescenaTesst poccuii-
CKOTO Pa3BUTHSI JIEHIMHTPAICKOTO OOIIECTBEHHOTO 3aKOHOATESI B TIEPE]] HEMEIKOH MUPOBOIT BOWHBI.

e — LSTM?, snoxa 1000, T = 1,1

(espsasiBceHTDE - MapTa YIIIEKUYHUK, KOTOPBIIl CIIeLyeT Heluno 6¢ep B KOTOPOTO COCTaBKa paboTal
10JKHOM MAMSITHUKE. Y CAMOCTOSITEIbHOCTEH Ha CEBEPHBIX JESATETbHOCTH ICHCTBISI COYMHEHMsT OBIBITNX
yJI. GEJIBCKYI0 OCTAIHCh BBIPAKAETCs B a1ie 6oeBble MhOPUKIIHOHEPHBIMU HECIIOCOMAX. HEKPYTaMIpe-
Ha YCTAHOBJIsIETCs (IIMECTIIONTUPHOE O(HIlepCKIe TapaJIH, B KSI3JI€ - YeMITMOHON ) IINTUIIN PACIIUTsIesNa
outybak CUCTEM UCIIBITAINE, 5 PACOBOIL IIPAHTEJI 110 HECTABJIEHHIO IIPE3UIEHTA B KUTAe COXPAHUII CBOU
OJIHOMY BOJICKOMY U IOPOCHO€E Ha9aJl 003JICOM.




Yacte 111

HoBble apxXUTEKTypHhI
1 IIPUMEHEHUS
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Kak Hay4YuTb KOMIIBIOTED YNUTATh,

unu Mamemamux — Myxcuuna + sKenwuna = ...

TL;DR

ITa riaBa MOCBSIEHA UCIOIb30BAHUIO HEHPOCeTel Ui MHTEJUIEKTYIbHOM 06pa-
GOTKHU TEKCTOB. B 4acTHOCTH, MBI:

* [EpPEeYnCIUM U KPaTKo 06Cy MM OCHOBHbIE 33124l 00pabOTKU TEKCTOB;

* 10pO6GHO IOrOBOPUM O Pa3HbIX MOZEJISIX PACIIPee/IeHHbIX [IPeCTaBIeHuil CII0B,
KOTOPBIE CJIy?KaT OCHOBOM JIJIsI MHOTUX HEHPOCETEBBIX MOZeIel B 06paboTKe TeK-
CTOB; B YACTHOCTH, MbI II0IpoGHO 00cy M word2vec u GloVe;

* nonpoOyeM IepeiTH OT IIPeACTaBIeHNI CI0B K IPEICTaBIeHHIM KOPOTKUX TEK-
CTOB M, HA06OPOT, CITYCTUThCS HA YPOBEHD OTAEIbHBIX CUMBOJIOB;

* 00CyINM CHHTaKCUYeCKUii pa3bop, MOJEIH, KOTOPBIE €ro Je/IaloT, a TaK/kKe MOJIe-
JIFL, KOTOPBIE UM TOJIb3YIOTCSI.
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7.1. UHTennektyanbHas o6paboTKa TeKCToB

41 BrpeI3aoch B TEJIO TEKCTA...

1. Koponenxo

B Hauajie KHUTH MBI Y2Ke TOBOPHIIU O TOM, UTO PabOTBI, CBSI3aHHBIE C €CTECTBEHHBIM SI3bI-
KOM, — 9TO OJiHa 13 KJIIOUYEBBIX 3314 JIJIST CO3[IaHUST HCKYCCTBEHHOTO nHTesLIeKTa. 1 06-
CY’KIQJIN, 4TO UX CJIOKHOCTD JI0JITOE BPEMS CUJIBHO HEZOOIIEHUBAIIH.

OnHOM U3 IPUYNH JJIST PAHHETO ONTUMU3MA B 06JIACTH €CTECTBEHHOTO SI3bIKa OBLIN
muoHepckue paborer Hoama XoMCKOro 0 TIOPOKIAMOINX TPaMMaTHKax. B cBoeil KHu-
re «CuHTrakcuueckue crpykrypbi» [80] u apyrux paborax XoMCKUH IIPeIOKIII U0,
KOTOpast ceifiyac KaxKeTcsi COBEPIIEHHO 0OBIYHOI, HO TOT/IA TIPOU3BENA PEBOJIOIHIO: OH
mpeobpazoBas MPEITOKeHHe Ha eCTECTBEHHOM SI3BIKE B IEPEBO, KOTOPOE TIOKA3BIBAET,
B KaKUX OTHOLIEHUAX HAXO/ATCS Pa3Hble CJI0BA B [IPE/JIOKEHUU.

[Tpumep nepeBa cHHTAKCHYECKOTO pa3bopa mokasaH Ha puc. 7.1, a. llopoxkpaoras
rpaMMaTHKa — 9T0 Habop npaswi Buga S — NP VP wm VP — V NP, KOTOpbI-
MU MOXKHO TTOPOKIATh TaKue JepeBbsi. Ha IepeBbsxX CHHTaAKCHYECKOTO pa3bopa MOK-
HO CTPOUTBH JIOBOJTBHO CTPOTHE KOHCTPYKIIUU, TBITATHCS OTPEETSATh, HATPUMED, JIOTH-
KY €CTeCTBEHHOTO S3bIKa, C HACTOSIIUMU aKCMOMaMU U ITpaBuaMu BeiBozia. Ceiiuac Ta-
KOH MOJIX0/1 K CHHTAaKCUYeCKOMY aHAM3Yy Ha3bIBAETCS aHATM30M Ha OCHOBE CIMPYKMYypbl
HENOCPeOCMBEHHbIX COCMABLIIOUUX, WITH PPA3080-cMpyKmypHolx zpammamux (phrase-
structure based parsing). XoMcKii, KOHEUHO, BBIIBUTAJ MOTTYTHO 1 APYTHE THITOTE3HI —
B YaCTHOCTH, OJIHOU U3 IIEHTPAJIBHBIX €r0 U/ell Oblia Ujest «YHUBEPCATBHOM rpaMMaT-
KH» 4eJI0BEUECKOTO SI3bIKa, KOTOPAd, 10 KpailiHel Mepe YaCTUYHO, 32K /IbIBAETCS Ha T'e-
HETHYECKOM YPOBHE, €llle JI0 POsKeH s pebeHKa, — HO JIJisI HAC cefiuac BasKHA UMEHHO
9Ta HOBAs CBSI3b MEXK/LY €CTECTBEHHBIM SI3BIKOM M MaTeMaTHUKOH, KOTOPas cO BpeMeHeM
MpeBpaTU/Ia JUHTBUCTUKY B OJIHY U3 CAMBIX «TOUYHBIX> M3 TYMAaHUTAPHBIX HAYK.

[7151 MCKyCCTBEHHOTO MHTEJJIEKTA 3TOT JIMHIBUCTUYECKUI TTPOPBIB TIOHAYAJTY BbI-
CJISIfIeT KaK WHIYJIBTEHINsST Ha Oe3y/IeP/KHBINA ONTUMI3M: Ka3aloCh, 4TO pa3 yxk ecre-
CTBEHHBIN S3bIK MOJKHO IIPE/ICTAaBUTD B BUJIE TAKMX CTPOTMX MaTEMATUYECKUX KOHCTPYK-
ITUH, TO CKOPO MBI CMOKEM OKOHYATETBHO €T0 (JOPMasI30BaTh, (DOPMATU3AIINIO TIepe-
HECTH B KOMITBIOTED, U TOT BCKOPE CMOKET C HaMM pa3roBapuBaTh. OHAKO HA TPAKTUKE
aTa IIporpaMMa BCTPETUIIA, MATKO CKasKeM, CyIeCTBEeHHbIE TPYIHOCTH: OKA3aJI0Ch, YTO
€CTeCTBEHHBI SI3BIK — IITYKA He Takad ysk hopMasbHas, KaK PaHblile Ka3alocCh, a [JIaB-
HO€, OH B OTPOMHOM CTelleHH 3aBUCUT OT HeSBHBIX IIPEATION0KEeHNH, KOTOpble (hpopMaiu-
30BaTh y’Ke COBceM HeJsleTKo. bosiee Toro, okasbIBaeTcs, 4To Jisl IOHUMaHUS eCTeCTBeH-
HOTO SI3BIKA 329aCTYI0 HYKHO HE MTPOCTO MPABUIBHBIM 00Pa30M «PACTAPCUTL» TAKOH BCE
K€ JIOCTATOYHO XOPOIIIO ONPEIETIEHHDIN (POPMATbHBIN OOBEKT, KaK ITOCIE0BATENLHOCT
GYKB WU CJIOB, HO €II[e ¥ UMETh HEKUH «3/IPaBbIil CMBICIT», TIPEICTaBIeHNnE 06 OKPYKa-
I0IIEM MUPE, & C TUM Y KOMIIbIOTEPOB II0Ka YTO COBCEM I1JIOXO.
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MBINIOM mama mbina pamy

g i e, o, s .

mMama Mbina pamy

a (4]

Puc. 7.1. llpeacraByienue CTPYKTYPHI IPEIJIOKEHNS B BUJIE IePeBa: @ — CHHTAKCUYECKUN
aHaJIn3 Ha OCHOBE CTPYKTYPbI HETIOCPEACTBEHHDBIX COCTABJISIONINX; 6 — Ha OCHOBE TPAMMAaTHKHI
3aBUCUMOCTE

[IpocToii 1 MOHATHBIN TPUMepP TaKOH CBEPXCIOKHON 3a7IaUl — 3TO paspeulenie ana-
¢opowt (anaphora resolution), To ecTh MOHUMaHKE TOTO, K Y€MY OTHOCHTCS TO UJIM HHOE
MecTouMeHue B TekcTe. CpaBHUTe /1Ba IPeJIOKeHNs: «Mama BbIMbLIA paMy, U Tellepb
oHa Grectut> M «Mama BBIMBLIA paMy, U Temeph OHa ycramas. CTPYKTYpHO oHU ab-
COMOTHO onHaKoBbl. Ho TpesicTaBbTe cebe, CKOMBKO BCETO HYKHO 3HATH M TOHUMATh
KOMITBIOTEPY, YTOOBI TIPABUIBHO OMPEIETUTD, K Y€MY OTHOCUTCSI MECTOUMEHHUE «OHA»
B KaXK/101 U3 atux ¢pas!

N aTo He Kakoii-TO CIleIaTIbHO IPUAYMAHHBIM M3BpAllleHHBIN IIPUMep, a IIoBCe-
JTHEBHAST PEaIbHOCTh HAIIETO C BAMHU SI3BIKA; MBI TIOCTOSIHHO JIeJIa€M OTCBIJIKU K TOMY,
YTO JIOM MOHUMAIOT «€CTECTBEHHBIM 00Pa30M»... HO 7SI KOMITBIOTEPHOH MOJIENTH 9TO
coBepinieHHO HestornyHo! IMEHHO «3/IpaBblii cMbICJI» (cOmmonsense reasoning) — aTo
[JIaBHBII KaMeHb TIPETKHOBEHMSI /IJisi COBPEMEHHON 06pabOTKU eCTECTBEHHOTO A3bIKa.
Kcraru, cienmanuctsl o 06paboTKe eCTeCTBEHHBIX SI3IKOB YIKe ITABHO MBITAIOTCS CIie-
[MATbHO PaboTaTh B 9TOM HAMpPABIEHUH; OOsiee ECATH JIET TIPOBOAUTCS €XKETOMHBIH
ceMWHAp O «37IPaBOM cMbIcye», International Symposium on Logical Formalization on
Commonsense Reasoning, a B mocJiefinee BpeMsi HauaJl IPOBOJIUTHCS M KOHKYPC peliie-
HUSI 3a/1a4 Ha 3[[paBblii cMbicI, HazBaHHbI Winograd Schema Challenge B yects Teppu

BI/IHOI‘palIa1.

U Teppu Bunozpad (Terry Winograd, p. 1946) — amepukanckuii nHGOPMATHK, CHEIMATUCT O HCKYC-
CTBEHHOMY MHTEJIEKTY. BUHOrpa OblI OJIHUM M3 THOHEPOB 06PAbOTKH €CTECTBEHHOTO S3bIKA; €T0 IUCCep-
Talueil B KOHIIE MECTUAECATHIX To0B ctasa nmporpamma SHRDLU, Ha3BamHast 0 pacmoioKeHUIO KIABHIIT
smHoTHIA (B YOBIBAIOIIEM TIOPSKE YACTOThI OYKB B AHTJIMHCKOM SI3BIKE ), KOTOPOH MOJIb30BAaTEb MOT /IaBaTh
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3azaHust TaM IpuMepHo Takue: «Ky6ok He oMelnaics B 4eMOJaH, II0TOMY YTO OH ObLi
CJTMIITKOM BEJIHK; 4TO MMEHHO OBIIO CIMIIKOM BETHKO, YeMOJIAH U KyOOK?» !

Tak uTo0, XOTs JHoAK PaboTAIOT Hajl MHTEIEKTyalbHOl 06paboTKOl TEKCTOB U Ja-
JKe IeJIal0T 3HAYUTeIbHbIE YCIIeXU, KOMIIBIOTEPbI Pa3roBapuBaTh ellle He Haydrauch. [la
U ¢ IOHMMaHKWEM ITUCBMEHHOTO TeKCTa MoKa Geja, XOTs ¢ OMOIIbI0 TIIyOOKOTO 06yde-
HUS U HaJl PACIIO3HABAHMEM M CHHTE30M pPedn Toxe pabotaioT. Ho mpekie 4em MbI Had-
HEM IIPUMEHSATDH HEIIPOHHbIE CETH K €CTECTBEHHOMY SI3BIKY, HYKHO O0CYIHUTD €Ie OAUH
BOIIPOC, KOTOPHBII y UMTaTeIsI HaBePHsIKA yKe BOZHUK: a YTO, COOCTBEHHO, 3HAUUT <I10-
HUMAaTh TEKCT»? 3aHATHS MalIMHHBIM 00yYeHHEM IIPUYYUIN HAC K TOMY, YTO B IEPBYIO
oYepepb HyKHO OTPENENUTD 3a1a4y, eeByI0 (PYHKINIO, KOTOPYIO MbI XOTUM OIITUMH-
3UpoBaTh. Kak oNTUMU3NUPOBATH «ITOHUMaHUE ?

Koneuno xe, nnrestexryanbhas 06paboTKa TEKCTOB — 3TO HE Of[Ha 3a/la4a, a O4eHb
MHOTO, ¥ BCE 3 HUX TaK WJIN NHAYe MTOJBIACTHBI YeIOBEKY 1 CBA3aHbI CO «CBATHIM I'pa-
aJleM» MMOHMMaHuUS TeKcTa. [laBaiiTe IepPEeYnCaIuM U KPaTKO IPOKOMMEHTUPYEM OCHOB-
HbIE JIETKO KBaHTH(DULIUPyeMble 3a1auu 00pabOTKU TEKCTOB; O HEKOTOPHIX U3 HUX PEYb
HOMAET JajIblile B 9TOIl [JIaBe; OCTapaeMesl UATH OT IIPOCTOrO K CJIOKHOMY M YCJIOBHO
pasie/IMM NX Ha TPH KJacca.

1. 3amaum mepBoro Kjacca MOKHO YCJIOBHO HAa3BaTh CUHTAKCUYECKUMU; 3/1ECh 3a-
JIa4M, KaK [PaBUJIO, OY€Hb XOPOIIO OIPeAeIeHbl U MPEACTABISAIOT cOO0N 3a1aun
KaccupUKALMY I 331241 TIOPOKAEHUST JUCKPETHBIX OOBEKTOB, U PELIAlOTCS
MHOTHWE U3 HUX ceifyac yske I0BOJIHbHO HEeTJIOX0, HalpuMep:

(i) uacmepeunas pasmemxa (part-of-speech tagging): pasmerurp B 3a7aHHOM
TEKCTe CJI0Ba T0 YacTsAM peur (CyNecTBUTEIbHOE, TJaroJ, TMpuiaraTesb-
HOE...) ¥, BO3MOXKHO, 110 MOP(OJIOTHYECKUM TIPU3HAKaM (PO, Ta/leX...);

(ii) mopgponoeuneckas ceemenmauus (morphological segmentation): paszenuTtb
CJI0Ba B 33J]aHHOM TEKCTe Ha MOp@embl, TO €CTh CUHTAKCUYECKUE eMHUIIbI
Bpo/ie IPUCTABOK, cy(PdUKCOB U OKOHYAHUI; /I/I1 HEKOTOPLIX S3bIKOB (Ha-
IpUMep, aHTJINHCKOT0) 3TO He OYeHb aKTYaJbHO, HO B PYCCKOM S3bIKE MOP-
(hosorum oueHb MHOTO;

(iii) mpyroii BapuWaHT 337[aul O MOP(OJOTHUU OTIETBHBIX CJIOB — CMEMMUNHZ
(stemming), B KOTOPOM TpeOYeTCsT BBIIETUTH OCHOBBI CJIOB, WJIU JIEMMAMU-
sayus (lemmatization), B KOTOPOH CI0OBO HY’KHO IIPUBECTHU K 6a30B0ii (popme
(sammpumMep, (hopme eIMHCTBEHHOTO YHCIa MY>KCKOTO POIa);

(iv) ewidenenue epanuy, npeoroxcenus (sentence boundary disambiguation): pas-
OUTH 3alaHHBII TEKCT HA TPEJIOKEHUST; MOKET TOKA3AThCsI, YTO OHU Pasie-
JITIOTCST TOYKAMU M IPYTHMHU 3HAKaMU PENMHAHUS W HAUUHAITCS ¢ GOJIb-
1ol OYKBbI, HO BCIIOMHUTE, HallpuMmep, 0 ToM, Kak <B 1995 r. T. Buno-
rpaj ctan HaydHbiM pykoBoauTesnem JI. [lefikay, v BbI ToliMeTe, 4TO 3a/1a49a

YKa3aHUsl HA eCTECTBEHHOM SI3bIKE O Pa3JIMYHbIX 00BEKTAX B OTPAHUYEHHOM FeOMETPHYECKOM MUpe. Boiriis-
JIEJ0 IS CBOETO BPEMEHU KpaiiHe Brevatsone. 3areM BUuHOrpas omy0iMKoBas CEpUIo KHUT O TIOHUMAHUH
€CTEeCTBEHHOTO SI3bIKA U €I0 KOTHUTUBHBIX cBOjicTBaX. A B 1995 rojty o1 cTas Hay4HbIM PYKOBOMTENEM I0HOTO
Jlappu Ileiipka, KOTOPBIi, BIIPOUEM, TaK U He 3ALUTUIICS, HO 3TO YK€ COBCEM APYTrast UCTOPUSL...

1 Cwm. caiiT konkypca na http://commonsensereasoning.org/winograd.html.
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(v)

(vi)

(vii)

HETIPOCTas; a B I3bIKAX BPOIe KUTAHICKOTO BeChMa HETPUBHUAIBHON CTAHOBUT-
cs1 Jlaske 3a1a4a nocioeHoll ceemenmavuu (word segmentation), moTomy 4To
MOTOK ueporyugoB 63 MpoOeIOB MOKET JIETUThCS Ha CJI0BA TI0-Pa3HOMY;
pacnosnasanue umenosannvix cyuprocmeil (named entity recognition): HaiiTi
B TeKcTe COOCTBEHHbIE UMEHA JITojieil, reorpapIecKuX U MPounX 00bEKTOB,
pa3MeTHB X 110 THIIAM CyIIHOCTeH (MMeHa, TOTTOHUMBI 1 T. 11.);

paspewenue cuvicia carosé (word sense disambiguation): BeIOpaTh, Kakoii us
OMOHUMOB, KaKOil 13 Pa3HbIX CMBICJIOB OIHOTO U TOTO JK€ CJIOBA UCIIOJIb3YeT-
Cs1 B TAaHHOM OTPBIBKE TEKCTA;

cunmaxcudeckui napcure (syntactic parsing): 1o 3alaHHOMY TTPEJIOKECHITO
(41, BO3MOJKHO, €r0 KOHTEKCTY) HOCTPOUTh CHHTAKCUYECKOE JIEPEBO, MTPSIMO
1m0 XOMCKOMY;

(viii) paspewenue xopegepenyuii (coreference resolution): onpegenuTb, K KaKUM

06beKTaM WK JIPYTUM YACTSIM TEKCTa OTHOCSITCS Te MJIM MHBIE CJIOBA 1 060-
POTBI; YACTHBIN CJIy4ail 9TON 3a/1aui — TO camMoe pa3peliieHne aHahopbl, KO-
TOPOE MBI OOCYKTAITH BBITITE.

2. Bropoii Kiace — 970 331241, KOTOPbIE B 00II[eM ciiydae TPEOYIOT MOHUMAHS TEK-
cTa, HO 1o (hopMe BCe €llle MPEeCTABISIIOT COO0H XOPOIIIO OTpeeeHHbIE 3aaUn
C [paBUJIbHBIMU OTBeTaMM (HAIpuMep, 3a/la4i KiaccudUKaAIUN), 7151 KOTOPbIX
JIETKO TIPUYMaTh He BBI3BIBAIOIINE COMHEHUI MeTPUKH KadecTBa. K Takum 3az1a-
JaM OTHOCSITCSI, B YACTHOCTIL:

()

(i)

(iii)

(iv)

™)

azvikosvle modeau (language models): 110 3alaHHOMY OTPBIBKY TEKCTa IIPe/-
CKas3aTb CJIe/IyIoliee CJI0BO WJIM CUMBOJT; 3Ta 33/la4a OYeHb BaXKHa, HAIIpUMep,
JIJIST pacTio3HaBaHUs peur (CM. UyTh HUXKE);

ungopmavuonnoii nouck (information retrieval), rienTpaibHast 3amaya, Ko-
topyto peraior Google u «SHIeKC»: 10 3alaHHOMY 3aITPOCY ¥ OTPOMHOMY
MHO’KECTBY JIOKYMEHTOB HAWTH Cpein HUX HanboJiee peleBaHTHBIE TAaHHOMY
3a1pocy;

ananus monarvrocmu (sentiment analysis): ompenesuTs MO TEKCTY €T0 TO-
HaJIbHOCTb, TO €CTh TIO3UTUBHOE JI OTHOTIIEHNE HECeT 3TOT TeKCT WJIA Hera-
THUBHOE; aHAJIU3 TOHAJIbHOCTY UCII0JIb3YeTCs B OHJIAiH-TOPTOBJIE 1711 aHAJIH-
3a OT3bIBOB I0JTb30BaTeJIel, B (PUHAHCAX U TPEUJMHTeE JIJIS aHAIN3a CTaTel
B IIPeCCe, OTYETOB KOMITAaHUH 1 TOMY MMOJOGHBIX TEKCTOB M T. II.;

svidenenue omuowenuil uinnu gaxmos (relationship extraction, fact extrac-
tion): BBIZIESIUTH U3 TEKCTA XOPOIIO OINpe/ieJIeHHbIe OTHOIEHUS Uin (haKThl
00 yITOMUHAIOTIMXCS TAM CYITHOCTSIX; HATPUMEP, KTO ¢ KEM HaXOUTCS B POJI-
CTBEHHBIX OTHOIIECHUSX, B KAKOM I'0O/ly OCHOBaHA YIIOMUHAIOMIACS B TEKCTE
KOMIIAaHUSA U T. I1.;

omeemul Ha 8onpocwt (question answering): 1aThb OTBET Ha 3aJJaHHBIN BOTIPOC;
B 3aBUCUMOCTH OT [TOCTAHOBKU 9TO MOYKET ObITh MJIN YKCTast KIacCUDUKAIIIS
(BbIOOP M3 BapMaHTOB OTBETa, KaK B TeCTe), MM KJIacCupUKaIUs ¢ O4eHb
GOJIBIITIM YUCJIOM KJIacCOB (OTBETHI Ha (DAKTOJOTHYECKHE BOIPOCHI BPOJIE
«KTO?» WJIM «B KaKOM TOY?» ), WJIN Jla’ke TTOPOKIeHNe TekcTa (ecan oTBe-
YyaTh Ha BOIIPOCHI HY>KHO B PAMKaX €CTECTBEHHOTO JINAJIOTA).
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3. U HakoHell, K TPEThbeMY KJIACCY OTHECEM 3a/IauH, B KOTOPBIX TPeByeTcst He TONBKO
MOHATH y>Ke HATMCAHHBIN TEKCT, HO 1 MTOPONTD HOBBIN. 3/1eCh METPUKH Ka4ecTBa
ysKe He BCerja OueBU/IHBI, U Mbl 0OCYIUM 3TOT BOTIPOC Hike. K TakuM 3amagam
OTHOCATCSI, HAIIPUMED:

(i) cobcrBeHHO nopoxcdenue mexcma (text generation);

(ii) asmomamuuecxoe pegepuposanue (automatic summarization): o TexcTy
MOPOJUTD €ro KpaTKoe cojepskaHue, abstract, Tak ckasaTb; 5T0 MOKHO pac-
CMOTpeTh KaK 3a7auy KJIacCH(PUKALUK, eCIU IPOCUTh MOJENb BbIOpATh 13
TEKCTa TOTOBBIE MTPEIJIOKEHMUSI, JIYUIIIE BCETO OTPAXKAIOIIIE OOIIUI CMBICT,
a MOKHO KaK 3a/1a4y TIOPOsK/IEHNUs, eCJI KPaTKoe cofiepKaHne Hy>KHO Hallu-
caTh C HYJIS;

(iii) mawunnvii nepeeod (machine translation): mo TekcTy Ha OJ[HOM SI3BIKE TIOPO-
JINTH COOTBETCTBYIONNI TEKCT HA APYTOM SI3BIKE;

(iv) duanozosvie modeau (dialog and conversational models): mogaep:xath pasro-
BOD C YeJIOBEKOM; IIepBbie YaT-60Thl HaYau MosBJIsAThCs emle B 1970-e ro-
ITBI, & CETOMHS 3TO GOJIbIIIAs MHAYCTPUS; U XOTsI BECTH TIOJHOIEHHbII [ra-
JIOT ¥ TPOXOANTH TecT ThIOPUHTA TIOKA HE y/IAeTCs, INATIOTOBBIE MOJIEJN YIKe
BOBCIO paboTaioT (HAIIPUMED, IIepBas JIUHUS <OHJIAH-KOHCYIbTAHTOB> Ha
Pas3HbIX TOProOBBIX CalTaX — 9TO IOYTHU BCEra 4aT-O0Th).

BaskHoit mpo6ieMoii 11t MojiesIeil TIOCIeIHETO KIacca sIBASETCs OlleHKa KayecTBa.
MoskHO uMeTh Habop MapalIeIbHBIX TIEPEBOJIOB, KOTOPIE MBI CYMTAEM XOPOIIUMHE, HO
KaK OILIEHUTh HOBBII TIEPEBOJI, CAETAHHbBIN MoJeTbio? Vi, ellle MHTEpecHee, KakK Olle-
HUTDB OTBET /IMAJIOTOBOM Moiesn B pa3roBope? OnuH BO3MOKHBIH OTBET HA 3TOT BO-
npoc — BLEU (Bilingual Foaluation Understudy) [48], kinacc MeTpuK, paspaboTaHHbIX
JIJ1SI MAIIIMTHHOTO TIEPeBO/Ia, HO TPUMEHSIOMNXCS 1 17151 ApyTux 3a1a4. BLEU — ato mo-
nudukaims TouHocTH (precision) COBIAZEHNsT OTBETA MOIENH U «IIPaBUJIBHOTO OTBe-
Ta», HEPEB3BEIIEHHOI TaK, YTOOBI He [ABaTh MIEaTbHYIO OI[EHKY OTBETY U3 OJHOTO Mpa-
BUJIbHOTO cJoBa. /715 Bcero TectoBoro kopnyca BLEU cuuTaercsa Tax:

N
1
BLEU = BP - exp ( S wy 1ngn)) reBP =4 b e ¢ > 7,

el el=r/ ¢, B IIPOTHBHOM CJy4ae,

rfie r — o0Imas ITuHA MPABIJIBHOTO OTBETA, ¢ — JTHHA OTBETA MOJIEIH, Py, — MOANGDU-
IIMPOBAaHHAS TOYHOCTD, & Wy, — MOJOKUTETHHBIE Beca, B CyMMe Jlaforue einauiy. EcTb
u apyrue noxobubie Merpuk: METEOR [298] — rapmonmnyeckoe cpegHee TOYHOCTH
w1 rosHoTH 110 yHErpamMam !, TER (translation edit rate) [513] moxcunTsiaeT oTHOCH-
TeJBHOE YHCJIO0 MCTIPABJIEHHIT, KOTOPbIE HY;KHO BHECTU B BBIXO/ MOJIEJH, YTOOBI TIOJY-
9uTh 3TanoHHBIH BEIX0/l, ROUGE [326] moacunThIBaeT 100 iepecedeH s MHOKECTB

! Yrurpamma — 9To Bcero JIMITb OT/IENTBIO CI0BO; 9TO CIOBO YIIOTPebIsTeTcs IO KOHTPAcTy ¢ GUrpaM-
MaMU U TPUTPAMMAMU, TAPAMU U TPOUKAMU CTOSAIMX PAAOM ¢Ji0B. C GurpaMMaMil 1 TPUTPAMMAMHE MBI €I1[e
BCTPETUMCS B 3TOI TJIaBe.
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n-rpaMM CJIOB B 3TajioHe U B nosydyeHHOM Tekcte, a LEPOR [204] u BoBce coueraer
HECKOJIBKO Pa3HbIX METPHK € PA3HBIME BECAMH, KOTOPbIE TOKE MOKHO 00YUINUTH (MHOTHE
ABTOPBI 9TUX cTaTell — (DPAHILY3bI, BOT U a00OPEBUATY PbI OJTYYUIUCH PPAHKOSZBIUHBIE).
OTaenbHBIHI KJIaCC METPUK TOACYNTHIBAET PA3HUILY MEXKY BBIXOIOM MOJIETN U 3TAJTIOH-
HBIM BBIXOJIOM B CEMaHTHYECKOM IIPOCTPAHCTBE IPEACTABJIEHUN CJIOB, O KOTOPOM MBI
HayHeM rOBOPUTH B paszeie 7.2.

OxHaxo JIOOIBITHO, uTO, X0Tst MeTpuku Bpoge BLEU u METEOR o cux mop 1o-
BCEMECTHO UCIOJIBb3YIOTCS, HA CAMOM JIeJie COBEPIIEHHO He (haKT, YTO 3TO CAMBIN JIYTITH I
Bb100p. Bo-miepBoix, BLEU uMeet MucKpeTHbII HAOOp 3HAYEHWIA, TAK YTO HATIPSIMYIO €€
ONITUMU3UPOBATD IPAJIMEHTHBIM CITyCKOM He rosryuutcs. Ho eme maTepecuee, 4yTo B pa-
6ore [232] pUBOASITCS OUYEHD YAMBUTEIbHBIE PE3YIbTATHI KCIIOJb30BAHUS PA3HBIX MO-
JNOGHBIX METPUK KaueCcTBAa B KOHTEKCTE OLIEHKH OTBETOB MOJEJN B Auajore. TaM moj-
CUUTHIBAIOTCST KOPPEJAINY (Kak OObIYHBIE, TAK M PAHTOBBIE) Y€JIOBEUECKUX OI[EHOK Ka-
YecTBa OTBETOB U OIIEHOK 110 PA3HBIM METPUKAM... U OKa3bIBAETCS, YTO ATH KOPPEJIAIUN
MPaKTHYECKU Beerzia OJIM3KU K HYJIO, a MHOT/A U BoBce orpuiiaresibubl! Hanmyuarmuit
BapuanT BLEU cymen noctudb KOppeJsIIIUU € 4eJI0BEYeCKUMU olleHKaMu 0KoJio 0,35
Ha OJTHOM Jlatacere, a Ha pyroM u Bosce 0,12 (mompobyiiTe-ka OmyOJMKOBATH HAYIHBII
pe3yabTaT ¢ Takoi Koppesstiueii!). bonee Toro, cTosb mioxue pe3yabTaThl HE O3HAYA-
0T, YTO IIPaBUIBHOTO OTBETA HE CYIIECTBYET BOBCE: OTIEHKHU PA3HBIX JIIO/IEH BCETIA MTMe-
JIN KOPPEJISAIUIO APYT ¢ ApyroM Ha yposHe (0,93 U Bblllle, TaK YTO «30JI0TOI CTAHIAPTY
OICHKH KayecTBa Ge3yCIOBHO CYIIECTBYET, HO KaK €ro (hOPMaTM30BATh, MBI TIOKA YTO CO-
BCEM He TIOHUMaeM. JTa KPUTUKA ysKe IIPUBEJIa K HOBBIM KOHCTPYKIIUSIM aBTOMATHYECKU
00yuaeMbIX METPUK KauecTBa [537], 1 Mbl HaJIeeMCs1, UTO TOSIBSITCS M HOBBIE PE3YJIbTAaThI
B 9TOM HarmpaBJieHUN. TeM He MeHee, TOKa JIETKO TPUMEHNMBIX aJIbTEPHATUB METPUKAM
tura BLEU Het, 1 06bIYHO UCIIOJIb3YIOTCS UMEHHO OHH.

Kpome Toro, ecTb eliie IIMPOKUIA KJ1acc 3a/1a4, CBA3aHHBIX € TEKCTOM, HO TPUHUMAIO-
NIMX HA BXOJ HE TIOCJIE/I0BATEIHHOCTh CUMBOJIOB, & BXOJ IPYToil ipupoibl. Hanpumep,
6€e3 TIOHUMAaHUS SI3bIKA MPAKTUYECK HEBO3MOKHO HAyYMThCS UCATBHO PACIIO3HABATH
peub: XOTS KasKeTcsl, YTO Paclo3HaBaHUe PeUr — 3TO BCETO JIUIIb 33/1a4a Kiaaccuduka-
1un (hoHEM TI0 3BYKY, B PEAJIbHOCTH YeJIOBEK MPOITYCKAET OYeHb MHOTO 3BYKOB U J10-
CTpanBaeT 3HAYUTENBHYIO YACTh TOTO, YTO CJIBIIIUT, NCXO/ U3 CBOETO IOHUMAHUS S13bl-
ka. Emte B 1990-e rozs! cuctemMbl pacio3HaBaHUS PeYU JOCTUTIINA YETOBEYECKOTO YPOB-
HsI B PaCcliO3HABAHUU OT/IETBHBIX (DOHEM: €CITH YCAUTD JIIo/Ielt K MarHUTO(MOHY, 1aTh UM
MOCJYTIATh 3BYKK O€3 KOHTEKCTA U TIOTIPOCUTD OTIHYUTD «a» OT <0», PE3YJIbTATh OYIyT
BOBCE HE BBIIAIOIINECST; TI0ITOMY YTOObI, HATIPUMED, 3aUCHIBATH TO, YTO BaM JAUKTYIOT,
BaM HY’KHO XOPOIIO 3HAaTh SA3bIK, HA KOTOPOM 3TO Ipoucxoaut. [Ipyroii kiacc — 3agauu
paciio3HaBaHUs PYKOIUCHOTO WM Halle4yaTaHHOTO TEKCTa.

Ko MHOTMM 13 3TUX 33j1a4 MBI ellle BepHeMcs B fajbHeleM. OJTHaKO OCHOBHOE CO-
JiepsKaHue 9TOM IJIaBbl 3aK/II0YAETC HEe B PEIleHIH KaKOM-TO KOHKPETHOM 3a1a4u oOpa-
GOTKU eCTECTBEHHOTO SI3bIKA, & B TOM, YTOOBI PACCKA3aTh O KOHCTPYKITHSIX, HA KOTOPBIX
OCHOBAHBI TPAKTUYECKH BCE COBPEMEHHBIE HelipoceTeBble TIOAXO0/IbI K TAKUM 3a/la4aM —
0 pacIpe/ie/IeHHBIX [IPEJICTaBJIeHUSIX CJIOB.
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7.2. PacnpepeneHHble nNpeacTaBneHus cnos: word2vec

Bl BunTe, 710 4ero pycckuii ym He npussisat K dakram. OH GoJibiie
JIOOHT CJIOBA M MM OTIEPUPYET... ITO He 3abaBHO, 3TO ykacHo! JTo mpu-
TOBOP HaJ[ pyCCKOI MBICJTBIO, OHA 3HAET TOTBKO CJI0BA 11 HE XOYeT IPHKOC-
HYTBCS K I€HCTBUTENBHOCTH... ECT yM muIieT pasuble anreGpanveckue
(opMyBI M He yMeeT UX NPUJIOKUTH K SKU3HU, He IOHUMaeT UX 3Hade-
HII4, TO IOYEeMY BBl [yMaeTe, YTO OH FTOBOPUT CJI0BA U MOHUMAET UX.

H.11. ITasnos. O6 yme 8006uie, 0 pyccKom yme 8 4acmuocmu

ITa riaBa HEMHOTO BBIOMBAETCS U3 00IIeil KaHBbI KHUTH. BBIOMBAETCS TEM, UTO XOTS
B 9TOI1 I1aBe MbI Koe-T/ie GyieM paccMaTpuBaTh TIyGOKKE HEPOHHBIE CETU, OCHOBHAST
CYTb IJIaBbl GY/IET B IPYTOM. A IMEHHO, MBI TOAPOOHO TIOTOBOPUM 00 OJIHOM U3 OCHOB-
HBIX HHCTPYMEHTOB COBPEMEHHOI 00pabOTKH TEKCTOB — PACIIPEAETEeHHBIX ITPEICTaBJIe-
nusx caos (distributed word representations, onu ke word embeddings). B aTux npez-
CTaBJIEHMSIX KAXK/IOMY CJIOBY COIIOCTABJISIETCSI BEKTOP U3 BEIECTBEHHBIX YUCEIT, IJIEMEHT
eBK/IHI0Ba TpocTpancTBa RY 1151 HekoToporo d (06bIMHO HECKOIBKO COTEH ). ITH BEKTO-
PBI IaJiee CITysKaT BXOJAMU MOCIEAYIONUX MOJIesIeH, 1 6a30B0OE TIPEATTONIOKEHIE COCTOUT
B TOM, UTO 2€0Mempuueckue COOTHONIEHNS B TpocTpaHcTBe RY GyayT cOOTBETCTBOBATH
CeManmu4eckuM COOTHOIIEHUSIM MESK/LY CJIOBAMU, HAITpUMep, OJIMKAKIITITe COCEH CJIO0-
Ba B 9TOM IIPOCTPAHCTBE OKAKYTCS €r0 CHHOHUMAMU UJIU IPYTUMU TECHO CBSIBAHHBIMU
CJIOBaMH, U T. I.

3By4YHT 0YeHb 3aMaHunBO. HO OTKy/1a MOJKeT B3SThCS Takas Mojieb? Ha Kakux oc-
HOBAHWSX, 32 CYET KAKUX TPEATIOTOKEHUI MBI MOKEM HauyaTh CTPOUTH MOJIEITH, KOTO-
pbl€e M3 TaKUX 3aBEJOMO TUCKPETHBIX OOBEKTOB, KK CJIOBA, JIEJAI0T HEITPEPhIBHBIE BEK-
Topbl? MOXKHO CKa3aTh, YTO pacCIIpeeleHHble MTPeCTABIEHUS CJIOB OCHOBBIBAIOTCS HA
MPE/NOJIOKEHUH, KOTOPOE B IMHTBUCTUKE HOCUT Ha3BaHWe QUCMPUOYMUBHOL 2unomesvl
(distributional hypothesis): cJioBa ¢ TOXOKUM CMBICJIOM OYIYT BCTPEUATHCS B MOXOKUX
KOHTeKCTaX. KpaTkoe BBIpasKeHUE 9TOTO TIPUHITUTIA TIO-aHTJIUHCKA TTOCTYKIIO Ha3Ba-
HUeM kiaccuueckoit paborsl FIRTH. Jra rumnoresa nMeeT NOYTEHHYIO HCTOPHIO: B BbI-
YNC/INTENbHOM JTMHIBUCTHKE OHA MOsgBUIACh yxke B 1960-e rompr [457] (eM. Takxke 06-
cyxeHne 6ojiee paHHEN UCTOPUK U APyTHe NpuaoKerus B [292, 408, 463]).

JlucTpubyTHBHAS TUITOTE3a 3BYYHT BIIOJIHE €CTECTBEHHO M HE CJUIITKOM TPAKTHIHO,
HO MHTEPECHO TO, YTO €€ KOJUYECTBEHHOE BhIPAKEHNE OKA3BIBAETCSI KPaiiHe IM0Ie3HbIM
JUISE aBTOMATUYECKO# 06pabOTKH €CTECTBEHHOTO SI3bIKA. DTU MW MOCTENEHHO MTPUBe-
JIV K OZTHOMY 13 TIABHBIX MHCTPYMEHTOB COBPEMEHHON 06pabOTKH €CTECTBEHHOTO SI3bI-
Ka — pacnpedeiennoin npedcmasienusim ¢og. JIeo B TOM, 4TO B KJIACCHIECKUX MOIETSIX
006pabOTKHU TEKCTOB HAYAJIBHBIM [TPEACTABJIEHUEM TEKCTA, BXOIOM MOIEJIH, 0OBIYHO ObI-
JIW CJIOBA, 3aKO/IMPOBAaHHbIE B BU/I€ TAK HA3BIBAEMOTO One-hot Ipe/cTaBIeHnsT: KaKI0€e
CJIOBO B CJIOBape TIPENCTABJISETCS B BUJIE BEKTOPA, Pa3MeP KOTOPOTO PAaBEH YUCITY CJIOB
B cioBape. IIpu aTOM BCe 37IeMEHTHI BEKTOPA, KPOME OJTHOTO, PABHBI HYJIIO, & 3JIEMEHT
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B II03UIIMH, COOTBETCTBYIOIIEN HOMePY CJI0Ba B cJI0Bape, paBeH eaunulle. B pesysbrare
B BEKTOPE KaXk/I0T0 CJI0BA €JUHNIA NIOSABJIAETCS POBHO 110 OAHOMY pasy.

Kazasoch 651, moueMy Heslb3st TIPOCTO B3SITh MOPSIIKOBBIN HOMEP CJI0Ba 1 M36eKaTh
UCIIOJIb30BAHMS 9TUX OTPOMHBIX U OY€Hb PA3PEKEHHBIX IpesicTaBieHuit? [Ipobiaema
B TOM, UTO YHCJA HECYT B cebe OTHOIIECHS], KOTOPBIE He MUMEIOT CMBICJIA JIJIST COOTBET-
CTByIOIIMX UM cJI0B. [IpencraBienne He OJIKHO 3aBUCETh OT TOTO, B KAKOM IIOPSI/IKe
MBI TIPOHYMEPYEM CJIOBA B CJIOBApPe, HO MOA00HAsT PYHKI[MOHATbHAS 3aBUCMOCTD 110~
SIBUTCS, €CJIU MBI OY/IEM TIEPEUCITONH30BATh M3MEPEHSI,

Taxoe ko/mpoBaHue BIIOJIHE CTECTBEHHO U IOCTOSTHHO TPUMEHSIETCS, KOT/[a Ha BXO/T
MOJIEJISIM TIOJ[AI0TCST IUCKPETHDIE 00heKThI. OJIHAKO B CJIYYAE CIOB €CTECTBEHHOTO SI3bIKA
HEJI0CTAaTKU OUEBU/IHBI:

* BO-IIEPBBIX, CJIOB B SI3bIKE OYEHb, O4YEHb MHOI'0; UX, KOHEUHO, HE HACTOJILKO MHOTO,
4TOOBI CJIOBAPH OBLIO HE COCTABUTH, HO OH MOJKET COIEPIKATH COTHU THICSY CJIOB,
a eCJIU Peub UJET O KAKUX-HUOY/Ib TEKCTAX U3 UHTEPHETA, TJI€ BCTPEUAIOTCS OTle-
YaTKH, TO ¥ MUJJIMOHBI; TAKOE OOUJIME TOUEK JAaHHBIX — 3TO JJIS COBPEMEHHOTO
MaIIUTHHOTO 00y4eHUst AGCOMOTHO HOPMAIBHO, HO KOT/IA Y KasKI0I TOUKU JIAHHBIX
PA3MePHOCMb MIJLIINOH, 3TO YiKe HEMHOTO Y€Pecuyp;

* BO-BTOPBIX, 3TO KOJMPOBaHUE MPEAOJIAraeT, YTo KaKaIoe CJI0BO Ha BXoje abco-
JIIOTHO HE3aBUCHMO OT JPYTHX, ¥ 06pabareiBaTh UX HYKHO TOXKE Cyrybo 1o oT-
NEJIBHOCTH; JIJISI CJIOB «KOMITBIOTEDP> U «PBIOAJIKA> HTO MPEATOIOKEHIE, TOKAIYH,
MO>KHO OTIPaB/IaTh, HO MBI /IeJIaeM €T0 U JIJII TAKUX, HAIIPUMep, CJIOB, KaK «KOMIIBIO-
TeP», <KOMIIBIOTEPHBII» U «<KOMIIBIOTEPDLI», & TAKKE JIJISI CJIOB <KPACHBII», «aJIbIil»
1 «6OPIOBbIiT» — JIJIST MOZIENN, HA BXOJI KOTOPOI CJI0Ba oaloTcst B one-hot mpes-
CTaBJIEHUH, BCE OHU OYLYT COBEPIIEHHO HE3ABUCUMBIL; U 3TO TIPE/TIONOKEHUE YIKE
Ka)kKeTCsl yAAMBUTETbHBIM.

[ToaToMmy Jifoiu HaYaJ M HCKATh G0Jiee pa3yMHbIe TIPECTABIECHUS CJIOB: TAKUE, 4TOOBI
U PasMEPHOCTH Y HUX ObLjla TIOMEHBIIIE, U CMBIC/IAa B HUX OBLIO TOGOJIBIIE, TO €CTh YTOOBI
MOXOKUE CJI0BA OKA3bIBAINCH OJU3KUMU B MOJYYECHHBIX TIPEACTABICHUSAX. BOMbIIH-
CTBO CYIIECTBYIONIMX MO/Iesieil B UTOTe IPECTaBISIOT CJI0BO w KaK BEKTOP U3 YKCes
@ € R%; ec/mm MBI CTPOKM MOJIE/Tb BCETO SI3BIKA, TO PA3MEPHOCTD TAKOTO BEKTOPA OOLIYHO
HUCYUCJIISIETCS COTHSIMU — HEMAJIO, HO JIaJIeKO He MUJIJIMOH.

Mpei 6b1 XOTEJH, YTOOBI BEKTOPHI CJIOB B 3TOM MHOTOMEPHOM ITPOCTPAHCTBE KAK-TO
OTpa’kaJu CEMAaHTUKY CaMUX CJIOB, TO, KAK 9TH CJIOBA COYETAIOTCA APYT € IPYTOM B ecTe-
CTBEHHOM si3biKe. [109TOMY JaHHBIMHU JJist OOYUEHUST TAKUX MOJIETIEN MOKET CJIYKHUThH
HPOCTO HAOOP TEKCTOB HA MHTEPECYIOIIEM BaC SI3bIKE; CIIN Hy KHa OoJiee crienududHast
MO/IeJIb, [10 KaKOI-TO TeMaTUKE WK U3 KaKOT'0-TO KOHKPETHOI'O UCTOYHHUKA, HallpuMep
COIMAJIbHOM CETH, TO JTyUIIle B3sITh HAGOP TEKCTOB € HYKHBIMU CBOWCTBAMHU, HO IIPEJIECTh
B TOM, YTO HUKAK CIIEIIMATIBHO Pa3MeyaTh X He 00513aTEJbHO, TAHHBIMU SIBJISIETCS] KAK
pas To, KaK CJI0BA I3bIKAa YBA3BIBAIOTCS JIPYT C IPYTOM B IPEJIOKEHUSIX U TEKCTaX. A BOT
KaKOBBI I[eJieBble (DYHKITMN TAKMX MOJIEJIel 1 Kak UX 06y4aTh — aT0 BoIpoc 6ojiee TOH-
KU, 1 06 9TOM MBI CEHYAC U TOTOBOPHM.
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I[TepBbie MBIC/IU B 9TOM HaIpaBJIeHUN ObLIK CBS3aHbI C AaHAIU30M MATPHUIIBI COBMECT-
HOH BcTpeyaeMocTH ¢JIoB (cooccurrence matrix). IIpeacraBbre cebe THTAHTCKYIO MaTpH-
Iy, CTPOKAMHU KOTOPOU SIBJISIFOTCSI CJTOBA, & CTOJOIIAMU — TEKCTHI, B KOTOPBIX 3TU CJIOBA
BcTpeuarorcst. [loa «TekcTaMus 371€Ch, B 3aBUCUMOCTH OT TIPUJIOKEHMST, MOKET TTOHU-
MaTbhCst HaGOP CJIOB OYEHb PA3HOIO Pa3Mepa, OT TBUTA 10 « BolHbI 1 MUPa», HO CYTh JaH-
HBIX OCTAETCS] HEM3MEHHON: MBI XOTUM KaK-TO TIPEJACTABUTD ATY TUTAHTCKYIO MAaTPUILY
B KOMITAKTHOM, COKPAIlleHHOM BUJIE.

Jlsist TOTO 4TOOBI TIPEICTABUTE CTPOKHU U CTOJIOIBI TUTAHTCKOM MAaTPUIIBI B BUJIE BEK-
TOPOB, €CTh CTAHIAPTHBIN [OAX0J — CUHzYAApHOe pasioxcerue mampuy, (singular value
decomposition, SVD)?; ie Gyem 371ech 101poOHO BIABATHCS B alreGpy, HOCKOIBKY J[a-
Jiee OHa HaM BCepbes He OHaIo0uTCs, Ho Mi00yio Matpuily X pasmepa N x M MOKHO
MIPE/ICTaBUTD B BU/IE IPOM3BeeHns MaTpull pasmepa N x Ru R x M, tiae R — ee pawr,
a Juu1s1 JII060T0 k ee MOJKHO HAMJIYUIIHM 00pa3oM MPpUOIU3UTH KAk

X~UV',

rne U — matpuiia pasmepa N x k,a V — marpuria pazmepa M X k.

[IpesecTs 3m€Ch B TOM, UTO 3TO PA3JIOKEHNE MOKHO BEIYUCIUTD BeChMa 3((HEKTUBHO
JIaKe JIJIs1 OTPOMHBIX MATPHIL, 0COOEHHO €CJIM OHU CHJIBHO Pa3PesKeHbl. A MATPHUIla BCTPe-
YaeMOCTH CJIOB B JOKYMEHTaX, KOHEUHO, Beeria Oy/IeT paspeskeHa, Bejlb He MOJKeT 3Ha-
YUTENbHAS I0JIS BCEX BOBMOKHBIX CJIOB BCTPEYATHCS B KAXKIOM JIoKyMeHnTe. [locie Toro
KaK MBI c/leJlaeM TaKoe pasJioxkeHue, Ha MaTpuily U MOKHO CMOTPETh KaK Ha Te caMble
BEKTOPBI TPU3HAKOB [IJIMHBI k [I7isT KX 10T0 U3 IN; 3TO B TOYHOCTHU UIEs] IAMEHMHOZ0 ce-
manmuueckoeo anamusa (latent semantic analysis, LSA, o ke latent semantic indexing,
LSI), kotopast u3BecTHa 1 MUPOKO npuMeHnsieTcs etie ¢ konna 1980-x ronos [247].

¥V 6azoBoro LSI ectb psiz 1po6ieM, B OCHOBHOM CBSI3AHHBIX C TEM, UTO CJI0Ba BCTPe-
YaroTcs KpaliHe HePaBHOMEPHO, U CJIMIIKOM 9aCcTO BCTPEYAIOIIUECS CJIOBA OKA3bIBAIOT
Heroziobatolee BJIUSHIE HAa MATPUILY COBMECTHON BeTpedaemocTr. ['py6o roBopsi, B 6a-
30BoM LSI BbI ckopee Gy/iere KiacCu(bUIIIPOBATD CI0BA IO TOMY, HACKOJIBKO YaCTO OHU
HAXOJISITCS PSIZIOM CO CJIOBOM «U» WJIM «a», Y€M 110 KAaKUM-TO COIEPKATEJbHBIM ITPH-
3HaKaM. DTU MPOOJIEMBI JIIOAK PEIIAIOT /IO CUX 110D, HOSABASIOTCA HOBble BapuaHThl LSI,
KOTOPBIE PUBOJAT K O0JIee yAAUHBIM ITPEACTABICHUSAM CJIOB; IaJINM IIPOCTO HECKOJIBKO
CCBUIOK Ha nocjeaaue paborer [145, 452].

OT™MeTuM elile OJIHO OYEeHb BAJKHOE HATIPaBJIEHKE, KOTOPOE TIPOU3OIILIO0 U3 6a30BO-
ro LST: memamuueckoe modeauposanue (topic modeling). Ono 3apoansnocs B Hauase

! Moceryem 3z1ech Ha TO, 4TO CTaHAAPTHbIE KyPChl JIMHEIHOI anreGpbl BO MHOTMX POCCHICKMX YHUBED-
CHUTETaxX MMOYEMY-TO PACCKA3bIBAIOT UCKIIOUYUTENBHO O TOM, KK PEIIaTh CUCTEMbI JIMHEIHBIX yPaBHEHWH; cO6-
CTBEHHBIE YUCJIAa U BEKTOPBI TIPOXOIAT B JIOOOM KYPCE, & O CHHTYJISIPHBIX YUCTaX U HUSKOPAHTOBBIX TTPUOIIH-
JKEHMSIX MOKHO YCJIBIIIATH TOPA3/I0 peske. Pelienne cucTeM JIMHEIHBIX YPAaBHEHUIT — 9TO, KOHEUHO, BaXKHAS
Ul HHTEPECHAsI TeMa, HO €CTh U JPYTHe Pas/iesibl IMHENHON aare6psl, KOTOPbIE ¢ BBICOKOI 0JI€il BEPOSITHOCTH
IIPUTOJISATCS B JaJibHelinIell npodecCHOHaIbHON JKU3HY; CUHTYJISIPHOE PasJoKeHHe MaTPHIl — 3TO KakK pa3
OJIMH U3 TAKWUX Pa3/esIoB.
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2000-x roz10B Kax BepoATHOCTHAS MHTEPIIPeTaIns JJATEHTHOIO CEeMaHTUYeCKOTo aHaJIl-
3a; 9TOT METOJ TaK U Ha3bIBAJICS: 8EPOSMHOCTHbIL IAMEHMHBLY CEMAHMUYECKUL AHAIU3
(probabilistic latent semantic analysis, pLSA) [229].

[aBaiiTe ciiesaeM ecTeCTBEHHBIE BEPOSTHOCTHBIE TPETIOIOKECHIS: TPECTABIM, UTO
kopiyc u3 M A0KyMeHTOB coflepKuT 1’ TeM, BbIpakKeHHbIX [N pa3HbIMU cioBaMu. B Te-
MaTUYECKUX MOJIEJISIX KaK/bII IOKYMEHT d IIPEJICTABJISIeTCS KaK JUCKPETHOE paclpe/ie-
nenme (4 Ha MHOXKeCTBe TEM:

p(zw =t | d) =63,

rae 2 — IUCKPETHasA IepeMEHHadd, OIIPpeeIIAI0IIasA TEMY I KaKI0TO CJIOBA W. A xaxnas
TE€Ma, B CBOIO OY€EPEAb, COOTBETCTBYET MYJIbTHHOMUAJIbHOMY PACIIPEAC/ICHUIO Ha CJI0OBaX:

p(w | 2 =t) = o).

B PEaTbHOCTH 3TO IIPOCTO 3HAYUT, UYTO AJIA TOTO 9TOOBI IIOPOANTDL OYEpeTHOE CIIOBO

(t)

JUIS IOKYMEHTA, HYKHO CHavasa GpocuTh KyOUK ¢ BEPOATHOCTAMU 6 e BBIOUPAs TeMy,

. . t
a TIOTOM B3$ITh COOTBETCTBYIOIIHIA 3TOI TeMe KyOUK € BEPOSTHOCTSIMU ¢>§U) u GPOCUTH
ero, BeIGHPAsi KOHKPETHOE ¢/10B0!. BeposTHOCTD €/10Ba B IOKyMEHTE, TAKUM 00PasoM,
3a/1aeTcs KaK

plwld) = plw=t|dpw|zu=1)=> 66,
t

t

1 3a/1aYa BBIBOJIA COCTOUT B TOM, YTOGBI 00YUUTh apaMeTphbl paciipeieeHuii 6 1 ¢, 3Hast
COGCTBEHHO BCTPEYAEMOCTb CJIOB B JIOKYMEHTaX.

A 3arem niosiBUIICs OaitecoBCKuil BapuanT pLSA, mosiyuuBINnil Ha3BaHUE AAMeEHN -
nozo pasmeuenus qupuxie (latent Dirichlet allocation, LDA) [47, 198], notomy uTto
B KayecTBe allPUOPHBIX PACIpele]eHUil sl paclpeieJIeHUuil «CJI0BO — TeMay M <«Te-
Ma — JIOKYMEHT» HY’KHO Opath pacipesesieHus: JJupuxiie: OHU SIBJSIOTCS CONPSIKEHHbI-
MU alPUOPHBIMHU JIJIsI MYJIbTHHOMHUATBHBIX pactpeeaeHuii (6pocKoB KyOuKa).

MeTobl TEMATUYECKOTO MOJIETIMPOBAHUS MOJYIUIA OYeHb GOJIbIIOE PA3BUTHUE, 10
CHX HOP TIOSIBJISIETCST MACCA CAMBIX Pa3HOOOPA3HbBIX BAPUAHTOB M PACITMPEHUN TEMATHU-
YECKUX MOJIeieli, KOTOpbIe 0OBIYHO JIUO0 YCAOKHSAIOT Ha30BbIE TPEAMOIOKEHNS, BBO-
JAT JONOJTHUTENBHYIO CTPYKTYPY Ha Temax [46, 73, 350], 6o 1o6aB/IsgIOT B TeMaTH-
YeCKYI0 MOJIEITh KaKyI0-TO JIOTMTOJHUTETHHYI0 HH(POPMAIIHIO: BPEMsI CO3[aHUS TOKYMEH-
ta [557, 558], MmeTkM Ha moKyMeHTax [288], aBTOpOB TekcToB [14, 302] u T. 1. EcTh 1 co-
BpeMeHHbIE BApHAHTHI 6a30BOTO PLSA, KOTOPBIE MO3BOJSIOT 100ABJISITH K 3TOI MOIETN

1 JTOT «Ky6HK>> Ha BUQ 6y/1eT CKOpee «IIapuKoOM» — rpaneﬁ Y HETO CTOJIbKO K€, CKOJIbKO CJIOB B CJIOBape;
HO €CJIM K HEMY IIPUCMOTPETHCS, CTAHET SCHO, YTO (bopMa Yy HEro O4eHb CJI0JKHAA, B€/Ib pa3Hbl€ CJIOBAa UMECIOT
O4Y€Hb pa3Hble BEPOATHOCTHU.



7.2. PacnpefeneHHble npeacTaBneHns cnos: word2vec 289

JIIOOBIE JKeJlaeMble PeryJisipU3aToOPBI, TOJIyYast TEMATHIECKHE MOJIEJH C CAMBIMU Pa3HbI-
Mu cBoiicTBamu [429, 553].

O TeMaTHYECKOM MOJIETMPOBAHIH MOKHO PACCKA3BIBATD €Ille OYEHbD JI0JITO, HO OHO
COBCEM He sIBJISETCsI TPEeMETOM Halllell KHUIM, II09TOMY CBEPHEM 9TO 00CYKIEHUeE.
Basno 1o, uto u 6a3osbiit LSI co cBoMMU BapraHTaMu, U TEeMaTUYECKOE MOJIEIMPOBAHNE
JIAI0T MHTEPECHbIE PE3YJIbTAThI, TIO3BOJISIONINE XapaKTePU30BaTh HAGOP TEKCTOB B Iie-
JIOM, BBIZEJISITH TEMbI, KOTOPbIE 3aTPAaruBalOTCs B 9TOM HabOpe TEKCTOB, B IOCTATOYHO
yI0OHOM JIJIst IOHMMAaHUST BUJIE: Paciipe/iesieHre Ha CI0BaxX 00OBIYHO IIPEACTABIISIOT KaK
CIIUCOK CAMBIX BEPOSITHBIX CJIOB, ¥ ATOT CIIUCOK YaCTO IOBOJIHHO IMTPOCTO UHTEPIIPETUDPY-
€TCS YETIOBEKOM.

Ho camMu 3aBUCMOCTH MEXK/TY CJIOBAaMHU, Pa3yMHBIE TTPEACTABIEHUS OT/IETbHBIX CIOB
(KOTOpBIE MTOJTYYAIOTCST KAK BEPOSITHOCTH CJIOB B OT/EJBHBIX TEMaX ) 3/IECh ITOJIYUUTD 0~
BOJIBHO CJI0KHO. [[0aTOMY Ha 5TOM MBI TIepeiiieM K paCCMOTPEHUIO OJTHOTO U3 jie-(HaKTo
CTaHIAPTHBIX COBPEMEHHBIX METO/IOB TIOJTYIUTh Pacrpe/ieIeHHbIE TPEICTABIEHUS CJIOB:
MozesisiM word2vec.

CoBpeMeHHbIe HeIpoceTeBbIe TOIXO/IBI K ITPe/ICTaBIeHNIo cJI0B Havamch B 2003 ro-
1y, B pabore Momya Benxu ¢ coasropamu [40], KoTopas 6blLia MOTOM pacIImpeHa
B [390]; unauye roBopsi, HelipoceTeBble paciipe/iesieHHbIe TTPECTABIEHUS CJIOB TIOSIBU-
JIUCh €llle 0 COBPeMEHHON peBoJonuy riybokoro obydyenus. Y poaniauch oHK 13 3a-
JIA4¥ [TOCTPOEHUST S3bIKOGLLY MOOeell, TeX CaMbIX MOJeJIed, KOTOPbIE MPeACKa3bIBAIOT
CJIeNIyIOIIee CJIOBO B TEKCTE.

IIpenpiayinye paboTh 10 S3LIKOBBIM MOJEJISIM OObIYHO ObLIM OCHOBaHbI Ha CTATH-
CTHUKE n-TPaMM CJIOB, TO €CTh Ha ITO/ICYETE TOTO, KAK YACTO B TEKCTE BCTPEYAIOTCS T€ UJIN
WHbIe KOPOTEHbKUE TTOCTE0BATETHHOCTH CJIOB, C AAJbHEHIIIUMUA BIIOJIHE JIOTUYHBIMU
BBIBOJAMU—ITPEICKA3AHUSIMU: €CJIU B TIOAABJISIONIEM GOJIBITUHCTBE MPEABIAYIIX TEK-
CTOB HOCJIe CJI0B «ki1y6 Mandecrep» 1o an6o caoso «IOuaitreny, mbo ciuoso «Cu-
TH», TO, BHAYUT, U Terepb Tak Oyaer. HecMoTps Ha KaKyIylocs IIPOCTOTY TAKOTO HOJI-
X07Ia, TaM €CTh TIPOCTOP JIJIsT UHTEPECHBIX uaeil. Hampumep, /7151 yCIENTHON S3bIKOBOM
MOZIEJIN HYKHO NIPABUJIbHBIM 00pa3oM HAy4YnThCst 00001ATh CTATUCTUKY GoJiee KOPOT-
KHX m-TpaMM Ha 6oJjiee JJIMHHBIE Nn-TPAMMBI, . > 7. €CJIH MBI, K IPUMEPY, CYMTAEM
5-rpaMMbI, M paHbIlle HUKOT/a He BU/EH TocaenoBarenbHocTn «Derepbaxue 00bIrpalt
kiy6 Manuectep...» (penkoe ciioBo «Denepbaxues, 1a v COOBITHE TAKOE HEYACTO BCTPe-
YaeTCs1), MBI BCE PABHO JOJIKHBI COOOPA3UTh MPABUIbHBIM 006Pa3oM MOACTABUTH CIOAA
CTAaTHCTHUKY TI0 4-rpaMMaM Bra «00bIrpas Kiayd MaHuecTep...» WM TPUTPAMMaM BUIA
«kiy6 Manuectep...». CTaTHCTUYECKUM SI3BIKOBBIM MOJIEJISIM MTOCBSIIIIEHO MHOKECTBO
UHTEPECHBIX PaboT; BbIIEIUM 13 HUX [76, 85, 186, 281].

A B pa6ore [40] BeHmzku ¢ coaBTOpaMu, OCHOBBIBAsCh Ha 3a/a4ye IOCTPOEHUsI TaKOii
SI3BIKOBOIN MOJIEJIH, MPEIJIOKUAIA COOCTBEHHO UIEI0 PACIIPEAETEHHBIX TIPEICTaBICHUI
CJIOB, KOTOPbIE TIPEJIOKIIN 00yUaTh TaK:

* KaKIOMY CJIOBY M3 CJIOBapsi ¢ € V MOCTaBUM B COOTBETCTBHE BEKTOP MPU3HAKOB

w; (BexTOp mpescTapienus ciosa, word embedding) pasmepnoctu d, w; € R
yske B pabote [40] THIMYHBIMY 3HAYECHUSMY d HA3BIBAJIMCH HECKOJIBKO COTEH;
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¢ BbIpa3uM Te€llepb BEPOATHOCTDb TOI'O, YTO CJIOBO % TIOSIBJISIETCST B KAKOM-TO JIOKaJIb-

HOM KOHTEKCTE C1, ...,Cp (CKa)KeM, OHO UJIET Cpa3y IocJe CJI0B Cq, . . . ,Cn) KaK
(byHKIIMTO OT 9TUX CAaMBIX BEKTOPOB ITPU3HAKOB:

p(i|617 e ,Cn) = f(wla wCl? ) wcn; 0)7
TJle Wy, - .., We, — ITO BEKTOPDI CJIOB U3 KOHTEKCTa, a f — HeKoTopas (pyHKIUA

¢ mapameTpamu 6, Ha BXOJI KOTOPOH MOIAI0TCS BEKTOPHI CJIOB;

* U Temeph, UMeS B KAYeCTBE JaTaceTa GOJBIION KOPIYC TEKCTOB, MOXKHO MPOCTO
obyuarh 1 TapaMeTpbl QYHKIUU f, 1 OTHOBPEMEHHO CAMU BEKTOPBI ITPEICTABJIE-
HUH w, MAKCUMU3UPY$ JIorapudM o6111ero npasaonogo0ms Kopiryca

1
L(W,0) = 7 Zlog fwg, wi1, ..., wi—n41;0) + R(W,0),
t

r7ie ¢ mpoberaeT Bee JOCTYITHbIE B KOPITyce OKHa ¢ioB oT 1 10 T, a R(W,0) — pery-
JISIPU3ATOP.

B kauecTBe mapameTpuuecKoTO 3aIaHus Uit GYHKIIUU f MOKHO, KOHETHO K€, B3SITh
VHUBEPCAIBHBIN alIPOKCUMATOP BCETO HA CBETE — HEHPOHHYIO CETb.
West coBpeMeHHOI Mojiesin word2vec COCTOUT NPAKTHYECKH B TOM K€ CAMOM, 4TO
Uy UCXOIHO# HelipoceTeBoi si3bIK0BOI Moziesn u3 [40]. Ona Obia npemioskera Toma-
meM MUKoOJIOBBIM ¢ coaBTopaMu B paborax [123, 137], npuuem cpasy B iByX BapraHTax:
B BUjIE Henpepwienozo mewka crog (continuous bag of words, CBOW) u B Bujie apxu-
TekTypbl skip-gram. Vinest word2vec cOCTOUT B TOM, 4TOGbI HAYIUThCSI IPELCKA3BIBATD
CJIOBO M3 €r0 KOHTEKCTA... MJIK Ha00OPOT.
Cytb mogesn CBOW sakiiiodaercst B TOM, YTOOBI HAYYUTHCS KaK MOKHO JIyYIlie pe-
NIaTh TAKYIO 33/1a4y: 10 3a[AaHHOMY KOHTEKCTY CJIOBA BOCCTAHOBUTD CAMO CJIOBO; (hak-
TUYECKW 9TO TIPSMas 33J1aua OCTPOEHUS SI3bIKOBOI MOJIesTH. TOJbKO OKHA TeTeph Mbl
MO’KEM BBIOMPATh KaK 3aXOTHM: HaM He 00513aTeJIbHO MPEICKA3bIBATH CJIEAYIOIIEE CTIOBO
0 TIPEABIAYINNM, KaK B SI3bIKOBOH MOJIEH, & MOKHO, HATIPUMED, TTOTIBITATHCST MMPEICKa-
3aTh IIEHTPATBbHOE CJIOBO B OKHE TI0 JIEBOMY U IPAaBOMY KOHTeKCTY. CaMo mpe/icKa3anue
JIeJIaeTCsI MOJIeJIbIO, OUEHb [TOXO0sKel Ha HEHPOHHYIO CeTh; BOOOIIE, 1o cyTh word2vec —
9TO HEHPOHHAS CeTh, HO HErTyOOKasi HEMPOHHAS CETh, C OHIM CKPBITHIM YPOBHEM. Ap-
XUTEKTypa ceT, cooTBeTcTBYyIoMIEeN Mosesin CBOW, nokasana Ha puc. 7.2, @; a B peajb-
HOCTHU MOJEJD JIEJIAeT CIEAYIOIIEE:
* KasK7IbIil BXOJI CETH — 9TO BEKTOP B one-hot mpejcraBieHnn pasMepHocT V, rie
V' — pasmep cioBaps;

* CKPBITBIH CJIOH ceTH — 3TO (PaKTUUYECKHU U eCTh MaTpuiia W BEKTOPHBIX TIPEICTAB-
JIEHUT CJI0B; n-s1 cTpoKa W CONEPIKUT MPeJICTaBIEHNE N-TO CJI0BA U3 CJIOBAPS;

* TIPU BBIYKMCJEHUH BBIXO/A CKPBITOTO CJIOSI MbI GepeM MPOCTO CPejiHee BCeX BXOJ-
HBIX BEKTOPOB; TaKasl IIPOCTOTA MOJEIN BakHA JIJIsI TOTO, YTOOBI B PE3yJIbTare

'n CHOBA, KaK 3TO 4acTo ObIBaeT B Hallleil KHUTe, YZIauHBIi IlepeBoj He noaGUpaeTcs, 1a HUKEM U He
HCIIOJIb3YETCST; OCTaBUM MPOoCTo skip-gram.
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B [IPOCTPAHCTBE IIPEICTABIEHUN COOTHOLIEHU MEKILY BEKTOPAMU CJIOB OBLIN TO-
JKe KaK MOYKHO TIPOIIIE;

* ¥ Ha BbIXOJIE IOJIyYaeTcsl HeKasl OlEHKa uj; VIS Kaxk0To CJI0Ba B CJIOBape; 3a-
TEM allOCTEPUOPHOE pacipeieieHrue MOAEIN BBIYUCIISETCS C HOMOIIbIO 00BIYHOIO
softmax:

exp(u;)

Zj =1 eXp(uj/)
* TakuM 00pa3oM, GYHKIKS MOTEPH HA OJTHOM OKHE COCTOUT B TOM, YTOOBI C/Ie/IaTh

aIlOCTEPUOPHOE pacipelie/ieHne Kak MOKHO 0oJiee IMOX0KUM Ha paciipeieieHne
JAHHBIX:

pliler, ... en)

Vi
L = —logp(ilct,...,cn) = —u; + log E exp(ur).

=1
A mogenp skip-gram paGoTtaet TpsSIMO TPOTHUBOIIOIOKHBIM 00Pa30OM: TEMEPh MbI HE
MIPE/ICKA3BIBAEM CJIOBO, YCPEIHsIS KOHTEKCT, a TIBITAEMCS TPEICKA3aTh Kak/Ioe CJIO-
BO KOHTEKCTA 10 JJAHHOMY CJIOBY. ADXUTEKTYPa COOTBETCTBYIOIIEH CETH TTOKA3aHa Ha
puc. 7.2, 6. Ha BBIXOJHOM CJIO€ TEIEPh MOJIyYAOTCs 1 MyJIbTHHOMMAJIBHBIX paciipe/ie-

JIEHUH, 110 OTHOMY JIJISI KaK/IOTO CJIOBA KOHTEKCTA:

eXp(ukck)
Zjvle exp(ujr)’

n q)yHKI_[I/IH IIOTEPb MOJIEJIN Ha OJHOM OKHE BBITJIAUT KaK

pegli) =

. n \%
L=—logp(ci,...,cnli) = — Zk:l Upe, +nlog Zjlzl exp(ujr).

Kaxk o6y4atb Takyio Mojeb? Hallre usjiokeHue Toro, 4To MpOMCXOAMT TP 00y4e-
HuK Mozeau word2vec, Oyzer ciiefoBaTh He HCXOMHBIM cTaThaM [123, 137], a Bckope
MOCJIE 3TOTO MOSBUBIIEMYCSI TOAPOOHOMY 00bsicHeHu O [ 183], KOTOpOE MBI 1 PEKOMEH-
JIyeM B KaueCTBe OCHOBHOTO MCTOYHHKA.

JaBaiite monpobyeMm 0ObACHUTH BBIBOJ, B Skip-gram Mozesu, Te [J1s JaHHOTO KOp-
Iyca TeKCToB D MbI ObI XOTeJIU BHIOPATh ITApaMeTPhl MOZEIN 6 TakuM 00pasoM, YTOObI
MaKCUMU3UPOBaTh 00IIIee TIPaBAOIOA001e KOPITyca:

L@ =1[ 1 I pcli:)| = T plclio0),

1€D \ceC(7) (i,c)eD

rie C(i) — HabOP JIOKATbHBIX KOHTEKCTOB CJIOBA ¢, HAGOP CJIOB, KOTOPbIE BCTPEYAIOTCSI
BHYTPH HeGOJIBINIOr0 OKHA BOKPYT cJIoBa i. B word2vec Mbl mapameTpusyeM BEpOSTHOCTb
p(c | i; 0) kak softmax-HyHKINIO OT BOSMOKHBIX BEKTOPOB KOHTEKCTA:
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BxopaHoi BuixoaHoih
Cnoit Cnoii
@ @

- L)

2 e

L~ L)

@ @
X Y,

CKpbITbIiA BeixoaHon BxoaHoii CKpbITBIiA

J cnoit cnoii cnoi cnoi ]

® ~ o O

= 0 0 :

0 s s s

& 5
X E E H E Y.

0 ®
: : : :
dx1 Vx1 Vx1 dx1

= =

5 0

- L)

@ @
Xc E H Yc
@ @

- -
® 5
a 6

Puc. 7.2. Mogenu word2vec (cm. Takke [453]): a — CBOW, 6 — skip-gram

exp(w, w;)
Do exp(ﬂ;}wi) ’

IJie We — 9TO BEKTOP KOHTEKCTA JIJISI CJIOBA ¢, HE COBHAIAIONINIL C CAMUM BEKTOPOM w;.
WHaue ToBOps, ISt KaxKI0TO CJIOBA © Mbl 00y4YaeM JiBa BEKTOPA, w; U w;, OAUH U3 KOTO-
PBIX MBI 6yz[eM II0ACTaBJIATDH, KOI'la 1 BBICTYIIAE€T MEHTPAJbHBIM CJIOBOM B OKHE, a IPYy-
roif — KOT/[a CJIOBOM KOHTEKCTa, TO €CTh OJIHUM W3 MPEICKA3AHHBIX CJIOB,

Baxmoe 3amMeuanue: 3aueM HyKHBI IBa Pa3HbIX BEKTOPA [JIsI OQHOTO U TOTO XKe CJI0-
Ba? Kaszanoch Obl, 9T0 HEHYKHOE YCIOKHEHHUE: Io4eMy Obl He B3SITh OIHU U T€ JKe BEK-
TOpPBI B 00eux cutyanusax? O6ydarh OT 9TOrO CI0KHEE He CTAHET, a IIapaMeTPOB CTaHeT
BaBoe MeHbre. O/iHa BO3MOMKHASA MOTHBAIIUS JJIsl TOTO, 4YTOOBI 9TH Ba BEKTOPA ObI-
JIM pasuuHbIMU, oObscHsieTcd B [183] cienyiomum 06pa3oM: 4yacto ObIBaeT Tak, 4To
CaMoO CJIOBO i PEIKO IOSBIIETCS B CBOEM COOCTBEHHOM KOHTeKCTe. KpoMe HEKOTOPBIX
crenuduIecKux IPUMEPOB, TPYAHO MPEACTaBUTh, YTOOBI CJIOBO «(yTOOI» 4acTo GBLIO
B OKPECTHOCTH IPYIOro cioBa «(pyThoJI», CII0BO «OKPECTHOCTb> — B OKPECTHOCTH €I1le
OJTHOTO CJIOBA «OKPECTHOCTB> ', U T. 1. [T0aTOMY MOIe/Tb 3aX0U€T J171st GOBITUHCTBA CIIOB
i cBecTu p(i | i;0) K Hy 0. ECJM BEKTOPBI KOHTEKCTA 1 CAMOTO CJIOBA OYyT OIMHAKOBBI-
MU, TO JIJISE 3TOrO HY’KHO OY/IeT CBECTH K HYJIIO CKaJIIPHOE IIPOU3BeIeHIe w;wi, TO €CThb
HOIPOCTY HOPMY BEKTOPa w;, a 9TO ObLI ObI KpaliHe HexkelaTebHbIN s dekt. IToaTomy
JUISL KQsKJIOTO CJI0Ba MbI OyzieM 00yJaTh iBa HE3aBUCUMbIX BEKTODA.

plc]i;0) =

! Ha aToM MecTe HanT TeKCT cTasl TIPHMEPOM, OTIPOBEPTAIONIIM CaMOTO CeGsT: peIKHil CTydaii!
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Ternepb MOKHO B3SITh 0011Iee IpaBAoIoA00ue, IIepeiiT B HeM K jioraprudMam U pac-
mucaTh 1o (hopMyJie BBIIIIE:

arg max H p(c|i;0) = arg max Z logp(c|i;0) =
(i,c)eD (i,c)eD

= arg max Z exp(w, w;) logZexp w;)
(i,c)eD

MbI XOTHM OINTHMU3UPOBATH 9TY CYMMY, ¥ OCHOBHOE IIPEIIIOJOKEHNE MOIEN
word2vec coCTOUT B TOM, UTO TaKasi ONITHMU3AIMSI TIPUBEIET K JKeJTaeMOMY Pe3yJbTa-
Ty, TO €CTh XOPOIIUM PACIIPe/IeJIEHHbIM TIPECTABJIEHUSIM CJIOB. IIpeIoioKeHue aTo,
KCTaTH, I0BOJBHO TEMHOE M HEOYEBH/IHOE, HO Bpo/e Obl Bce paboTaeT, Tak 4To 6a30BYIO
3a1auy ONTUMU3ALMU TPOraTh He OYIeM.

['1aBHOE — IOHSTD, KaK ee peliath, Beb Ha IePBbIi B3I KaKeTCs, YTO 9Ta 3a/a-
4a 6e3HA/IEKHO CJIOKHAST: HYSKHO BBIYUCTIATD » | s eXp(w ,wz) TO €CTh CyMMUPOBATD 10
BCEM BO3MOJKHBIM KOHTEKCTaM, [0 BCEM CJIOBAM M3 CJIOBapsl, KOTOPBIX COTHU THICSY...
YTO JKe JIeTaTh?

Mukosi0B ¢ coaBTopamu B pabote [123] mpeaiosKuiu Iist pelieHust TAKOH CJI0KHON
3a/[a4y ONTUMM3ALNUHN CHEIUAIbHbBII METO/I 110/l HA3BAHUEM OMPUUAMENDHOE COMIIUPO-
sanue (negative sampling). Mes mpocTa: BMECTO TOTO 4TOOBI CYMTATH IIOJHYIO CYMMY
> o exp(w ,w,) naBaiiTe BhIGEPEM HECKOJIBKO €€ 9JIEMEHTOB CIyJailHbIM 00pasoM B Ka-
YeCcTBe OTPUIATEJIbHBIX TIPUMEPOB U OOHOBUM TOJIBKO KX, TO €CTh 3aMEHUM CYMMY 10
BceM ¢ Ha ropas/io Goiiee MaeHbKYI0 CYMMY Y ¢ pr eXp(W ,wl) rae D' — cayyaiino
BbIOpAaHHOE HEOOJIBIIOE TOMHOKECTBO OTPULIATENbHBIX IIPUMEPOB.

[Touemy 310 BOOOIIIE MOKET paboTaTh? [10 CyTH OTPUIIATENBHOE COMILIMPOBAHIE —
9TO TOXKe IOMNbITKA 3alKcaTh obliee IpaBaoogodKe, HO IPaBAOIoA00He HEMHOKKO
Ipyroro cobbitusi. Pacemorpum napy (4,c) U3 ¢JI0Ba ¢ M KOHTEKCTA ¢; TOT/IA HAIIA [[eJIb —
MaKCHMU3UPOBATH TPABAOMIOA06HE TOTO COOBITHSL, UTO Tapa (7,¢) MOABUIACE U3 TaHHBIX,
TO €CTb BeposATHOCTD p((i,¢) € D; @), KOTOPYIO MbI lTAPAMETPU30BATN HEKOTOPHIM BEK-
TopoM napamerpos 0. Ha camoM JieJie Takux 1ap y Hac MHOTO, U Mbl XOT€JI1 ObI HAiTH:

arg max H p((i,c) € D;0) = arg max Z log p((i,c) € D;0).
(i,c)eD (i,c)eD

Tenepn naBaiite mapamerpusyeM p((i,c) € D;0) uepe3 Bce TOT ke softmax. 3aech
BO3MOJKHBIX MCXO/Ia BCETO [[BA, U softmax mpeBpaIiaeTcsi B JOTMCTHYECKUH CUTMOM]
o(x) = m:

1
1+exp (—ﬁJIwi) .

p((i,c) € D;6) =
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Tenepb MbI XOTUM MAKCUMU3HUPOBATb ]IOI‘apI/I(bM O6IHEFO HpaB,ZIOHOlIO6I/I${ JlaHHbIX:

1

arg max Z log p((i,c) € D;0) = arg max Z log — .
% ioep O oep 1+exp (_wc 'wz‘)

Bor takas 3aj1aua; Kak ee pemuTh? /la 0ueHb IPOCTO: ONTUMAIbHOE 3HAYeHNE KasKI0-
ro iorapydma GyeT TOCTUTHYTO, eCIIM W, w; OKaKeTcs Kak MOKHO GOJbIIe; HUKAKIX
JIPYTUX OTPAaHUYEHUI HET, TaK 4TO JAaBaiiTe yCTAHOBUM BCE BEKTOPBI W, U W; PABHBIMU
APYT APYTY U ¢ HOPMOIi TI060IBIIE, U 06BEMCST TEM CAMBIM OTITUMAJBHOTO TIPABIIOTO-
no0MsI, MPaKTHIeCKN PaBHOTO equHuIte. CToI, 4TO-TO 37€Ch HE TaK...

[ToaBOX B TOM, 4TO y HAC fie-(haKTo MOTyIHIIcs HaGOP JaHHbBIX JJIs1 GUHAPHON KJiac-
cudukanun (M3 JaHHBIX napa (i, ¢) WK HET), B KOTOPOM €CTh TOJIbKO MOJIOKUTETbHBIE
npuMepbl (cOOCTBEHHO Bech HaGop MaHHBIX D) U coBceM HeT oTpuratesabhbix! [Toato-
My HUYErO YAUBUTEIHLHOTO, YTO ONTUMAJBHBIN KJIACCH(DPUKATOP COCTOUT B TOM, YTOOBI
BCET/Ia OTBEYATD «/Ias.

VMeHHO 3Ty pobsieMy MOKHO PENIUTD OTPUIATEIbHBIM COMILIHpOBaHueM. /[aBaii-
Te cobepeM HEMHOKKO OTPHIATENbHBIX TIPUMEPOB, IPOCTO BHIOMPast clyyaiiHble cJI0Ba
1 KOHTEKCTBI K HUM, KOTOPBIX HET B JJAHHBIX; [IPEIIOJOKEHUE 3/IeCh B TOM, UTO €CJIN
MbI GyJIeM coYeTaThb CIyYailHbIE CJI0BA, PA3yMHbII TEKCT MTOJYYUTCS ¢ 04€Hb MAJIEHBKOI
BEPOSITHOCTHIO, KaK B 60pXecoBCKoil «BaBumonckoit 6ubimorexes.

Ecsm Mbr HaGepeM U3 TAKUX OKOH CO CIyYalHBIMY CJIOBAMU <OTPHUIIATEIBHOE» MHO-
kecTBO D', TO 3a1aua MAKCUMU3AIIUH TIPABAOIION00US GY/IET BBITJISIIETh TaK:

arg max H p((i,c) € D;0) H p((i',d) ¢ D;0).

(¢,c)eD (¢, c"YeD!

CremaeM HECKOTBKO apuMeTHIECKHUX TTPe0Opa3soBaHNi, BHIIETNUB BCE, YTO KACAET-
cst opmoro mpumepa (i,¢) € D:

arg max H p((i,c) € D;0) | H (1-p((i'¢) € D;0)) =
(i,c)€D (i, \eD!

=arg max Z log p((i,c) € D;0) + | Z log (1 - p((i',¢) € D;0))| =
(i,c)eD (¢, )eD’!

1 1
= arg max log + log —
0 (z,c%D i 1+exp (—@Iwz) (i,c’%D’ 1+exp (ﬁ};l;wl) |

=arg mgx Z logO' (ﬁJCTw,) + Z logo (—ﬁ);l;’wz)

(i,c)eD | (i,c)eD’!
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ITO ¥ ecTh OCHOBHAsT JOPMYJIa OTPUIATETHHOTO COMTITTUPOoBanus u3 [ 123]: g kax-
JIOTO OKHA MBI BBIGUPAeM HECKOJIBKO CJIy9aiHbIX OTPUIIATEIbHBIX IpuMepoB D' u nena-
€M IITar rPaJiIieHTHOTO CITyCKa st (PYHKITUHU TTOTEPh:

—logo (ﬁ)CT'wi) - Z log o (—@;wi) .
(i,¢)eD!

To sxe camoe npoucxout u st CBOW-Bapuanta word2vec; He GyjieM, Tokanyi,
HOBTOPSITH €llle Pa3 IMPAKTUYECKU UAECHTHYHBIN BBIBO/, HO YUUTATENb MOXKET YOEIUThCS
CaMOCTOSITEJIBHO, YTO BCe PabOTAET TOYHO TAK JKe.

IIpeskzie ueM epexo/inTh K MPAKTHKE — ellle OJINH HHTEPECHDIH B3I/ Ha word2vec.
B pab6ore [323] maercst mHTempeTanst Mojies it word2vec Kak MaTPUYHOTO PA3TOKEHHSI.
PaccMOTpUM OTISITH (DYHKITHIO TTOTEPD, KOTOPAs OMTUMHU3UPYETCsT B Mogean word2vec:

=Y <loga(w w)+kE [loga( T/wl)D,

(i,c)€D

rie k — 9TO YKCJIO TPUMEPOB OTPHUIIATEIBHOTO CAOMILIUpOBaHud. /[aBaiite mepenuiiemM
CYMMBI HEMHOXKKO TIO-IPYTOMY, cOOUPasi BMECTe CyMMY TI0 Kaska0i mape (i,c); 6ynem
0003HAYATD Yepes n; . YUCJIO Pa3, KOTOPOe OHA BCTPETUTCS B KOPITyCe, Yepe3 n; — YHUCTIO
BXOXK/IEHUH CJI0Ba ¢, yepes3 n. — Kourekcra c. [lomyunrca

é_ZZ(nwloga(w w)+knlcE/[loga( T/wl)D,

1 BTOPYIO YaCTb CYMMbI MOJKHO IE€PEINCATh TaK:

Z anz Eu [loga ( Tw,)} = ; kn;E {loga (—fu!;wi)} ,

IIOTOMY YTO BBIPpaK€HUE IO CyMMOﬁ He 3aBHUCUT OT c. PaHbIlle MbI OL€HUBAJIN OKHda-
HHE Yyepe3 COMILIbI, a TEIEPb HaBaﬁTe BBIITHUIIEM €TI0 ABHO U IIOJTHOCTbIO!

g (7] = X 22 oo () =

A 3HauuT, ecat coOPaTh U3 CYMM BCE, YTO KAaCAETCsI O/IHON OT/IENBHO B3SITOM TTapbl
(i, ¢), MBI IOy dHM:

lic =njiclogo (w w; ) —I—knl|D| logo (—ﬁ);rwi) )



296 [maBa 7. Kak Hay4nTb KOMNbloTep YnTaTb, nanm Matematuk — MyxxumHa + XKeHwmHa = ...

YTo6bi 3TO ONTUMU3UPOBATE, 0603HAYNM & = W, w; 1 npoanddepeHIupyeM 1o

00e YyacTy paBeHCTBa:
ol ¢
ox

n
=n;.0(—x) — Imiﬁa(x).

ATy TMPOU3BOAHYI0 MOKHO TelEePh MPUPABHATH K HYJIIO; MOJYYUTCS KBaIpaTHOE
ypaBHEHUE OTHOCUTENBHO e¥:

Ni.c Njc
- e - e =
nz‘D nz|D

Y Hero /1Ba KOPHsI, U3 KOTOPBIX — 1 HaM He MOAXO0UT, IOTOMY UTO 9KCIIOHEHTa OTPH-
[ATEJBHON GBITH HE MOKET:

xT

Nj.c 1 ni’c|D|
e ——

B knz‘% k ngne

U TIOJTYYAETCs, YTO JIJisk TOTO YTOOBI OINTUMU3UPOBATH UCXOAHYIO (DYHKIHIO MPABIOIO-
00U, C TOYHBIM MPECTABIECHIEM OKUIAHUST OTPUIIATETBHBIX TPUMEPOB, IOCTATOUHO
no06paTh TaKKeE W 11 KOHTEKCTOB U w); JIJISI CJIOB, YTOOBI BBITIOIHSLIIOCH CIIEyIOIIee:

ic|D
W/} w; =log (M) —logk.
C

)

ni,c‘D|)

n;Ne
[IUHHOM O0yYeHUN BeTUYNHA, NOMmoYeunas e3aumnas ungopmayus (pointwise mutual
information, PMI). A peliieHve 3a/iaul MOUCKa TaKUX We U W; — 3TO, C TOYHOCTHIO JI0
aJIUTUBHOM KOHCTAHTBI, U €CTh CUHTYJIIPHOE Pa3JIoyKeHe MaTPUIIhl TOTOUEYHBIX B3a-
UMHBIX nH(pOpMaIuii!

Kcraruy, 10g< — 9TO XOPOIIO M3BECTHAsI B TeOpUU WH(POPMAIMU U Ma-

KoneuHo, 1107106paTh W, ¥ w; Tak, 4TOOBI BCE HTU PABEHCTBA BBITOJHIIUCD ISt
BCEX i U ¢ TOUHO, HE TOAYIUTCSA (BEPHEE, [/ STOTO HYXKHO ObIJIO OBl MCKATh BEKTOPHI
CJIUIITKOM GOJIBIIION Pa3MEPHOCTH, HecTioie3HbIe Ha TIPAKTUKE), HO MPUOIIKEHHOE pe-
IMeHNe — 9TO KaK Pa3 KJIACCUIECKasT BHIUMCIUTETbHAS 33/[a9a CHHTYJITPHOTO Pa3IoikKe-
HYIsI, KOTOPYIO JIIOAN YMEIOT PENIaTh AABHO U OUeHb ycreniHo. Todmee, TOBOPSsI, pasJio-
JKEHUE TI0JyYaeTcss B3BEIIEHHOEe, IOTOMY UTO GoJjiee 4acTo BeTpedaionuecs mapbl (i,c)
umeroT 6o Bec B 1eeBoil yukiuu. Ho 310 meny He Menaer, Bce PaBHO MOKHO
HCIIOJIb30BATh CTaHAAPTHBIE GHOMNOTEKN U pacKIaabiBaTh Marpuity PMI wiu ee Heot-
PUIATEIbHOTO BAPUAHTA, B KOTOPOM ajieMeHTamu siBJistioTcst max (0, PMI(7,c)). dkcre-
pUMeHTBI B paboTe [323] MOKA3BIBAIOT, UTO TAKOW METOI OOYUEHMS B OJJHUX 33/1a4ax pa-
6oTaet ayyiie 00braHoro word2vec, a B APyrux eMy IPOUIPHIBAET; HO B JIIOOOM ciydae
9TO JIIOOOTIBITHBIN MHTEPECHBIN HOBBII B3MIsAA Ha word2vec, ¢ IPYTroil CTOPOHBI UILTIO-
CTPUPYIOIIHIA TPOUCXOJIATIIEE.
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7.3. Pycckos3bluyHbI word2vec Ha npakTuke

[zt aroro TioTueB uzbupaer 3HaMEHATEIbHBIN 11y Th: OH JaeT Ha pyc-
CKOH IT0YBe aHAJIOTHIO ITPHEeMOB HEMEIIKOTO CTUXOTBOPEHUS], OCTaBasICh
BCe BpeMsI, O[HAKO, BEPHBIM CBOEH JIEKCHYECKON TPaUIUH.

10. Toinsanos. Tiomues u leiine

Urak, B Teopun Bce Oosiee wii MeHee pabOTaeT, a uTo Ke ¢ MPAKTUKOI? PeamnsoBaTh
word2vec Ha Takoiil yno6noi 6ubanoreke, Kak TensorFlow, Goabinoro Tpyaa ne cocras-
JISIeT; IPUMeEP TaKOW pean3allnyi MOXKHO HAWTH axke B OPHUIIMAIBHON JOKYMEHTAIIH
TensorFlow!. Oxnako na npakruke, eciiu BaM Hy»KHO HCIIOJIb30BaTh 6a30BYIO MOJIEIb
word2vec, a He pacIIupsITh ee B Ty UM UHYIO CTOPOHY, MbI HE PEKOMEH/IYEM Peasn30-
BbIBaTh Word2vec camocrosTenbHo. Jleno B ToM, uto xotst word2vec u ipyrie Moesn
pacipeiesieHHbIX IIPeCTaBIeH I CJIOB 04eHb Jierko peannsosarb Ha Keras, TensorFlow
WM JIPYTON COBpEMEHHO GubinoTeke st 06ydeHus TIIybOKUX ceTeld, aTa peajnsa-
st GyZIeT aeko He CToJIb 3 HEKTUBHOMN, KaK YiKe CYIIeCTBYIONME CIeHaTn3npO-
BaHHbIE peayu3anuu. Ja 1 caMu aqropuTMbl 1Jist 00yueHust word2vec mperepriesiu cy-
[IECTBEHHYIO HBOJIOIIIO; B OoJiee o31HIX paboTtax 137, 338, 339, 370] nosiBuiicst psin
60s1ee 3OGEKTUBHBIX 1/WIK GoJiee CTaOUIbHBIX AJITOPUTMOB JIJIs 00y4eHUs TIPeICTaB-
JIEHWI CJIOB, KOTOPBbIe (PaKTUUECKH JIETAIOT TO JKe CAMOE, OITUMU3UPYIOT Te JKe IIeJIeBble
(ynKkIMY, HO JTyule. A CyThb MOJIEJIU TAKOBA, YTO €€ XOUETCs 3ayCTUTDh HA KaK MOXKHO
GosbilieM 0ObeMe JaHHBIX, U COOPATH €r0 COBCEM HECTOKHO, TEKCTOB JOCTYITHO OYEHb
MHOTO... [T0aTOMY 3/16Ch MBI PEKOMEH/[y€EM BEJIOCUTIENIOB He H300PETATh, U CAMU TOKE HE
OyzeM IIPUBOANTD KO 1Jist Mojiesin word2vec, a 6yieM Ipe/iosarath, 4To HaM IIPOCTO
HY’KHO IPaBUJIBHO HACTPOUTH MTAPAMETPHI KAKOH-HUOY/(b CTAaHAAPTHON Pealnu3alium.

Jluist aT0TO MBI BOCIONb3yeMcst bubnorexoit Gensim [446], koTopas B HOC/IeHIE
TOZIBI CTasla OMHOM M3 CTAHAAPTHBIX OMOIMOTEK He TOJMBKO st word2vec (Tommepik-
ka word2vec kak pas Obuia g00aBJieHa OTHOCUTENBHO HEIABHO), a JJisl COBPEMEHHBIX
Moziesieii 06paboTku Tekcta BooOIe; Gensim oueHb 3(h(hEKTUBHO PeATU3yeT Psiji MO-
JieJiel I7Is1 TeMaTIYeCKOTO MOJIETMPOBAHMS, O KOTOPBIX Mbl HEMHOTO TOBOPUJIN BBIIIIE:
JIATEHTHO-CEMAaHTUYECKUI aHAIN3, JaTeHTHOe pa3MellieHne [ npuxie u nepapxudecKue
nporieccsl upuxie. CoberBenHo 06yuenne Momeneii word2vec GLIJIO TIOPTHPOBAHO
B Gensim 13 HCXOIHOTO KOJA, BRITYIeHHOTo KoMmanuein Google?. Keratu, ouens pe-
KOMeHJIyeM IPOYUTaTh OoCThl co3zatens Gensim Paguma Pexypexa [445] o Tom, kak
on nopruposai word2vec B Python. ITosyuniach yBiekarenbHast HCTOPHUST O TOM, KaK
Ha MPaKTHKe TOOUThCS TOI-TPOU3BOANTETBHOCTH B Python:

* mepBas HauBHas Bepcust paborasa B 1000 pas memernee ncxoauoro xkoia xa C;
* mnoce NumPy-ontuMusanuii moryvyanoch Bce paBHO B 20 pa3 Me/ieHHeEe;

U https://www.tensorflow.org/versions/r0.9/tutorials/word2vec/index.html.
2 https://code.google.com /archive/p/word2vec,/.


https://www.tensorflow.org/versions/r0.9/tutorials/word2vec/index.html
https://code.google.com/archive/p/word2vec/
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* [OCJIE TOTO KaK OCHOBHBIE «OYTHIIOYHBIE TOPJIBIIIKUA»> B KOJIE OBIIIA OMTHUMHU3HPO-
BaHbI ¢ omolbio Cython [60], 6asoByo NumPy-BepcHio yaaIoch yCKOPHUTh GoJiee
uem B 20 pas, u Python-peannsanus yke HEMHOTO TIPEBOCXO/IIIIA TTO CKOPOCTH KOJT
word2vec ot Google (peub oka 06 OHOMOTOYHON BEPCUN );

* BEKTOpH3allMsl HEKOTOPBIX OIl€Palliii U IpsiMble OGpalleHus K 6a3oBoi 6ub/amo-
TeKe aJIrOPUTMOB JinHeiHoi anre6bpbl BLAS [546] m03Bo/MIN YCKOPUTD BCE 9TO
ellle B TPU C JIUIITHUM Pa3sa;

* a 3areM pa3yMHas MapajeIN3alys TOMOTJIa YCKOPUTD KOJ| TOYTH JUHEHHO OT
YHCJIa TOTOKOB.

B pesyibrare coKIIACh JOCTATOUHO PEAKAst U OUeHb UHTEPECHAST CUTYAIIUsT; MHO-
roIoTOYHbIN Ko 00ydenuns word2vec B Gensim paboTaer 3a4acTyio Jae Obicmpee, 4eM
peanusayy o6ydenuss word2vec-MozeIn B CTaHAAPTHBIX 1JIs1 00ydeHusT TIyOOKUX ce-
teit 6ubamnorexax TensorFlow win Theano, 6e30 Beakoro GPU. Kpome Toro, Gensim
MPEIOCTABJISIET HEKOTOPBIE IPYTHE Ba)KHBIE 1 YA00HBIE HHCTPYMEHTHI 06paboTKM 60JIb-
I[IUX TEKCTOBBIX KOPITYCOB, KOTOPBIME MBI TOKE BOCIIOJIb3YEMCsI B TPUMEPE HITKE.

3z1ech Mbl OyzeM 00ydaTh word2vec Ha 00ILe0CTYITHOM U JI0BOJIBHO GOJIBIIOM KOP-
Iyce TEKCTOB: KOPIIyCE PYCCKOs3bIYHOM «Bukuneauus. Texylryio Bepcuio Kopiryca
MOKHO ckauaTh ¢ cepBepa Wikimedia, XpaHsIero moJiHbie apXuBbl (IaMIIbl) PasHbIX
npoextos Wikimedia foundation?.

JlJist 9KCTIEpUMEHTOB ¢ MojesisiMu word2vec Mbl UCTIOJB30BAIM COCTOSTHUE PYC-
cKosi3bIuHON «Bukuneaun» ot 20 oxrsabps 2016 roga: bz2-apxus obmum 06beMOM
2,9 T6aiir, comepxkammii 1107 149 tekcroB crareil B ¢popmare XML. 310 He camblil
GOJIBILION KOPILYC HAa CBETe, HO OH YK€ BIIOJIHE PasyMHOTO pasMepa, MOKPhIBAET MHO-
JKECTBO Pa3HBIX TE€M, U MbI BIIOJIHE MOKEM HAZIEATHCSI, UTO PE3YJIbTAThI OKCIIEPUMEHTORB
OKaXKYTCs IOCTATOUHO MHTEPECHBIMHU U MOKA3aTEIbHBIMUI,

I[TepBoe €10, KOTOPOE HEN30EKHO SBIILETCS YaCThIo OO0 IPoeKTa o 00paboTKe
TEKCTOB, — 9TO npegobpaborka. JacTo L0BOJBHO IIPOCTasl TEXHUYIECKas IpegobpaboT-
Ka — MPUBECTHU BCE TEKCTHI K eMHOMY (DOpMaTy, pas3eJuTh Ha CJIOBA ¥ T. II. — 3aHUMa-
€T He MEHbIIle BPEMEHH U CUJI, 4eM COOCTBEHHO TIOCTPOEHKE COAEPKATETbHON MOIEJIH.
Kcrath, mporiece pasiesieHUsT MOTOKa CHMBOJIOB Ha TOKEHBI — CJIOBA, KOTOPBIE GYIyT
1oToM 00pabaThIBaThCS AJITOPUTMOM KaK eIMHOE 1[eJI0€e, Ha3blBaeTcsl mokenusauuei. Bo
MHOTHX CTaThsIX HA TeMY 00Pa0OTKM TEKCTOB TOKEHU3ALUS [IPOILY CKAETCSI 32 O4EBUIHO-
CTBIO, TIOTOMY YTO JJIs QHIJIMHACKOTO SA3bIKa OHA OOBIYHO JEeCTBUTENbHO JeJaeTCs 10-
BOJIBHO ITPOCTO: HYKHO PaseIUnTh TEKCT 10 pobesiam, yopaTh WK BBIIEIUTD B OTIEIb-
HBIE CJIOBA 3HAKH MTPEIIMHAHMSI, IEPEBECTH B HUKHUN PErUCTP, BOT U BCE.

Jlesio MoKeT OKasaThest GoJiee CJIOKHBIM JIJIs SI3BIKOB ¢ OoraToit Mopdosorueii, Ha-
[PUMEP PYCCKOTO; 3[IECh BCE 3aBMCUT OT TOTO, XOTUTE JIM BbI TIePell UCIIOIb30BaHNEM
MoJIeJIeii IPOBOANUTD JIEMMAMUSALUI0, TO €CTh IIEPEBOUTH CI0BA B HadabHble (hOPMBI,
YTOOBI M3 MIPEIJIOKEHMS «MaMa ¢ JOUKOI MBLIM PaMy» HOJIy4aJoCh «<MaMa C I0YKa MbITh
pamas.

! https://dumps.wikimedia.org/
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JleMMaTuzaius CUJIbHO COKPATUT CJIOBAph U YBEJMYUT «CBSIZHOCTH» TEKCTOB, TO-
3TOMY TIPU UCTIOJIb30BAHNT METO/IOB, KOTOPBIE HE TOJKHBI TOHUMATh CMBICTT CHHTAKCH-
YeCKHUX KOHCTPYKIIHIA, a IIPOCTO KCIIOJIb3YIOT TEKCThI Kak «Melnku cjioB» (bag of words),
Mbl PEKOMEHAyeM Jejarh jemMarusaiuio. Ho Huske, B oOyuernnu word2vec u apy-
IUX MOZeeil, Mbl He OyZeM JIeMMaTU3UPOBaTh TEKCTHI 110 HECKOJIbKMM IIPUYUHAM: BO-
[EPBBIX, JIJISI TPOCTOTHI, BO-BTOPBIX, YTOOBI YBUAETh HEKOTOPBIE CBS3AHHBIE C CHHTAKCHU -
coM a(D(PEKTBI, a B-TPETHHX, IIOTOMY, UTO JaHHBIX y HAC OYAET I0CTATOYHO MHOTO, YTOOBI
00y4nTDb pa3yMHbIe MOJIEJIU U Ha MCXOAHBIX TEKCTaX.

OTMeTuM 371€Ch, YTO CYIIECTBYET U elle OoJjiee CIOKHBINA Cilydail, BO3HIUKAIOLIMIA
B aHAJIM3€e KUTANCKOTO SI3bIKA M HEKOTOPBIX MOXOKUX HA HETO: TEKCT HA KUTANCKOM $13bI-
Ke BBITJISIUT KaK MOCJIeA0BATEIbHOCTh HEPOrIGOB, HUKAKKX MTPOGETOB TaM HET, HO
TIPU 3TOM O/THO CJIOBO MOSKET 3alTMChIBAThCST HECKOJAbKUMU neporaudamu. [loatomy st
KHUTaCKOTO 13bIKa TOKEHU3AIHSI — 9TO OTAEIBHOE CJIOKHOE JIEJIO: ¢ X0y BOOOIIIEe HeIo-
HSITHO, KaK Pa3/IeJIUTh TEKCT Ha cJIoBa (Mbl yIIOMUHAJIU B pa3ziedie 7.1 3a/1auy 1ocjaoBHON
CerMeHTalun), U JJIsl HTOr0 HyKHO 00y4aTh OTHeJbHbIE MOAEJIM, KOTOPbie MbI B 9TOU
KHUTE PacCMaTPUBaTh BCe-TaKU He OyIeM.

ITpu o6paboTke Kopiryca «Bukuneauis» Mor Obl BOSHUKHYTh KaK pa3 TaKOM ciyJaii,
MOTOMY YTO OH oopMJIeH B crienraibioM XML-dopmare, KOTOPbI HYKHO OBLIO OB
pasbupars. K cuactbio, 3mech Gensim HaM TIOMOJKET: B HEM €CTh CIIEIMATIbHBIN KJIacC
JUISI 3arPY3KHU U aHAJIM3a UMEHHO JIaMIIOB « BUKHUTIeInn», TaK 4TO BOT BECh KOJI, KOTOPbIi
HaM HY>KHO HAINCATh JIJIS 9TOTO:
from gensim.corpora.wikicorpus import WikiCorpus

wiki = WikiCorpus('ruwiki-20161020-pages-articles-multistream.xml.bz2',
dictionary=False)

Kopmnyc mipu 3TOM B maMsTh 1eJTMKOM He 3arpy’KaeTcsl, OH OCTAaeTCsI Ha JIUCKe, U JI0-
porocrosdinasa mpoleaypa IIOCTPOECHUS CI0Baps Gsarogaps K104y dictionary=False
TOKE€ HE [IeJaeTCdA, a A AJOCTyIla K TEKCTaM MOKHO IIOJIb30BAaTHhCA TEHEPATOPOM
wiki.get_texts():

for text in wiki.get_texts():

Ho aro eie ve Besa marusg Gensim. Cireytomumii arai mpego0paboTKy, KOTOPBbIi 110-
YTH BCEr[a PasyMHO C/IeJIaTh B aHA/IN3€e TEKCTOB — BbleeHne 6uzpamm (a Takke, BO3-
MOSKHO, TpUrpaMm 1 6osiee). XoTs OGurpaMMamMy 4acTo Ha3bIBAIOT IPOCTO JIOObIE Tapbl
PAIOM CTOSIIUX CJIOB, B 9TOM KOHTEKCTE OUIpaMMa — 3TO IIapa CJI0B, KOTOPbIE Mbl 00b-
eJIMHsIEM BMECTE U PACCMaTPUBAEM KaK €/[MHOE I[eJI0e, CYUUTAEM OJHUM TOKEHOM. DTO
HY;KHO IIOTOMY, YTO B €CTECTBEHHBIX SI3bIKAX YACTO YCTOWYMBbBIE BHIPAJKEHUS HE STBJISI-
I0TCSI CYMMOU COCTaBJISIIONINX UX CJIOB, & TO U BOBCE HE UMEIOT K HUM HUKAKOTO OTHO-
nrenust. Hanpumep, cJ10BOCOYETAaHUS <MOKET ObITb> WJIM «B TEYEHUE» MOKHO MOHATDH
OGYKBaJIbHO, IO CJIOBaM, HO B PEAJBHOCTH OHM ysKE JaBHO HUKEM TaK He paccMaTpuBa-
TOTCSI, 9TO eIMHBIE YCTOSIBITHAECS KOHCprK]_II/II/I1. To ke OTHOCHUTCS K CTOBOCOYETAHUSIM,

1 Cpa%y npeayupeauM, 4To Mbl HE JIMHIBUCTDBI, HO €CJIM HEMHOI'O 9KCTPAIIOJNPOBATh HAIU 06UTeNb-
CKHeE MMo3HaHuA B JUHTBUCTUKE, TO TIPEACTABJIAETCS, YTO B €ECTECTBEHHOM, YCTHOM S3bIKE TaKNeE yCTOﬁ‘{HBbIe
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0603HAYAIONTMM eINHbINH 00BEKT, HAIPUMED «MAIUHHOE 00yUY€eHNe», NX TOXKE JIOTHIHO
ObL710 GBI pacCMATPUBATH KAK €ANHOE IIEJI0E.

Komeuto, erie ydiie BHIIETSTH TPUTPAMMBI, TETPATPAMMBI 1 T. I. €3 OTpaHIeH i,
HO YHCJTIO n-TPaMM OBICTPO HAYMHAET PACTH HKCITOHEHIINAIBHO, U B TTAMSITH OHU MTOMe-
IATHCST [IEPECTAIOT, CKOJIBKO ObI ee HU GBLIIO.

CyuiecTByeT IeJIbIi Psi/f aITOPUTMOB JIUIsI BbIIeJIEHHsT GUTPaMM, HO 00IIast UX CyTh
IPUMEPHO OINHAKOBA: OUrpaMMa — 3TO Tapa cJoB (wi,w2), KOTOPbIe BMECTE BCTPE-
YAIOTCSI QaHOMAJIBHO 4acTo, TO €CTh COBMECTHASI BEPOSTHOCTD UX IIOSIBJICHUS p(wy,w3)
B TEKCTe CYIIECTBEHHO BbIIiE, 4eM p(wi)p(ws), Ta 4acTOTA, KOTOPYIO MbI ObI HabJIHO/Ia-
JIHA, ecyiv OBl 9TH CJI0BA MOSIBJISIINCH HE3ABUCHMO JIPYT OT APYTa.

Yo Takoe «CyIIeCTBEHHO» M KaK BBIIEJUTD TAKUE CJLyYal, YIUTbIBAsI, YTO MATPUILY
COBMECTHOW BCTPEYAEMOCTH BCEX-BCEX CJIOB B TMTAHTCKOM KOPILyCe MBI CKOPee BCEro
IOCTPOUTH He MOXKEM, U T. [, — 3TO KaK pa3 Te BOIPOCHI, B KOTOPHIX KOHKPETHbIE aJl-
TOPUTMBI BbIIETEH VST OUTpaMM pasiandarorcst. Ho oHN He SIBASIOTCS TPeIMETOM Haredt
KHHTH, TAK YTO MbI cefiyac He OyeM Ha HUX MOAPOOHO OCTAHABIMBATHCSI, & IPOCTO CKa-
’keM, uTo B Gensim peann3oBaH TAaKOH aITOPUTM, 1 3aIIyCTUTD €TI0 OYeHb IIPOCTO:

from gensim.models.phrases import Phrases,Phraser
bigram = Phrases(wiki.get_texts())
bigram_transformer = Phraser(bigram)

ITOT KOJ Ha GOMBIITOM KOPITyce GYIET BBITTOTHSTHCS TOBOJIBHO J0JITO, HO 3aTO B pe-
3yJIbTaTe IMOJYYUTCS CJIOBAphb OUTPaMM, KOTOPBI MOJKHO HCIIOJIb30BATh, MPUMEHSISI
K IIOTOKY TEKCTOB bigram_transformer. BOoT Tak MOXHO IIOCTPOUTH TeHEPATOP /JIsI TeK-
CTOB ¢ GUrpaMMaMu:

def text_generator_bigram():
for text in wiki.get_texts():
yield bigram_transformer[ [ word.decode('utf-8') for word in text ] ]

HexoTtopbie KOHKpETHBIE TIPUMEPBI TIOKA3aHbl B TabJ1. 7.1; 11t Kaskaoit OUrpaMMbl
Gensim moJICYUTHIBAET ee 00IIee YUCI0 BXOKIEHUH, & TAK/KE OIIEHKY TOTO, HACKOJIBKO
«CJIMITKOM YaCTO» 9TH CJIOBa BCTPEYAIOTCA BMECTE, B BUE

score(i, j) = m,
N
TJIe 1 j — YUCJIO BXOXKIEHWI OGUTPaMMBlL, 7; U nj — YHC/I0 BXOXJICHHII CJIOB 4 1 j 1O
OT/IEIBHOCTH, & § — HeOOIbINast KOHCTAHTA, HYsKHAsI JIJIsl TOTO, YTOOBI OTCEUb «/IJTMHHBII
XBOCT» OUTPaMM 13 PEAKKX CJI0B. MbI BBIIIMCAIM HEKOTOPBIE YaCThie GUTPaMMbl, BEIOPO-
CHUB TEXHUYECKUE BPOJIE NPUMEUAHUS_CCOLIKU WA OUTPAMMBI CO CJIOBOM «KAaTETOPUST»,
KOTOPBIE TIOTyYAJUCh U3 CTPYKTYPbI « Bukuneauns. [loydaercst BrioJiHe pasyMHO.

CJIOBOCOYETAHUSA YK€ IaBHO BbIJICJINJINCDH B OT/I€JIbHbIE «CJIOBa» U Ha4aJIn 6b1 BUJOU3MEHATHCA COBEPIIEHHO
OTAEJIbHO OT CBOUX OBLIBIX COCTABHBIX I«Ia.CTCIk/'Iy 1 TOJbKO TPpAAUINU ITINCbMEHHOCTH MEIIAIOT UM CTAaTh € IUHBIM
CJIOBOM.
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Ta6Gauua 7.1. [Ipumepbl 6UrpaMm U3 PyCCKOsI3bIuHOI «Bukuneauns

burpamma Yucyo BXOKIEeHHil | score
BO_BpeMsi 261 546 11,38
CM_TaKxe 204070 13,89
TOM_4HCJIe 133648 | 58,26
urpoku_ K 127001 93,98
TIPU_9TOM 121743 12,86
HaceJIeHHbIe ITyHKTBI 117164 | 192,41
BEJINKOW _OTeyeCcTBEHHOI 116947 | 146,15
poccutickoii(enepanun 114249 92,63
OTeYeCTBEHHON BOMHBI 114129 50,30
oUIUAIBHBIN_CAUT 100211 | 123,99
HaCTOsIIIee BPeMs 97 224 29,33
COBETCKOTO_COM03a 86693 | 122,54

A 4r06bl 06yunTH HAGOP TPUTPAMM, TO €CTh YCTOMYMBBIX IIOCAE0BATENIbHOCTEN U3
TPeX CJI0B (HAIIPUMED, <10 MOEMY MHEHHIO» WJIH «OOJIBINON a[[POHHBIN KOJLJIAigep» )
HY’KHO IPOCTO 06YYUTH GUTPAMMBI IBA Pasa TOAPSIL: TOT/Ia HEKOTOPbIE U3 HUX <«ITOATS-
HYT» K cebe elle OHO CJIOBO M CTaHyT TPUTPaMMaMH (@ B OTAEIbHBIX CITydasX, BO3MOJK-
HO, JIasKe 00yYaTCs TIOCIe0BATELHOCTH U3 YE€TBIPEX CJI0B). J[JIsT 3TOTO MOKHO MCIIOJIb-
30BaTh TOT JKe Kjacc Phrases:

trigram = Phrases(text_generator_bigram())
trigram_transformer = Phraser(trigram)
def text_generator_trigram():
for text in wiki.get_texts():
yield trigram_transformer[ bigram_transformer[
[ word.decode('utf-8') for word in text ] ] ]

[IpuMephl ISt cydast PyCCKOA3BIYHON « Bukumenuu» mokasasbl B Tab. 7.2; U CHOBa
MIPUMEPBI JIOBOJIBHO JIOTUYHBIE, TPOCTO HYKHO MOHUMATD, YTO HEKOTOPbIE CTaHIAPT-
HbIe 171 SHIUKIIOTEINi 060POTHI BPOJIE <TI0 JAHHBIM BOJHOTO peectpa Poccun» 6y-
JLyT BCTPEUYAThCs CTOJBKO Pas, CKOJIBKO B Poccuu pek i 03ep, To ecTh MHOro!. 3ameTh-
Te, KCTATH, YTO €CJIU BbI IOBTOPUTE 3TOT KO, TO OOIBIIUHCTBO TPUTPAMM GYIyT BCTpe-
YaThCs B IBYX 9KBUBAJIEHTHBIX BAPUAHTAX: 8MOPOL_MUPOBOL_B0LHbL MOTJIO TIOJTyINTh-
CS CTTUSTHUEM 8MOPOLL_MUPOBOL U 80UHbL LI 8MOPOU N MUposol_6otinbl, 1 i Gensim
3T0 OyzyT, KOHEYHO, pa3Hble Mapbl TOKeHOB. Ho [7ist HAC 3TO HECYIIECTBEHHO, TOTOMY
YTO UCMOJIB30BATh CTATUCTUKY M ONEHKU TPUTPAMM MBI He Oy/IeM, BCe, UTO HaM HYyJK-
HO, — 9TO CITUCOK GU- U TPUrPaMM, KOTOPbII MOKHO HCITOJIb30BATh JJIS TIPe0OPa30BaHIIs
BXOJTHOTO TEKCTA.

! Camas zaranounas TpurpaMMa KUTT_IHMK_spacewatch Toke u3 3Toit kateropum: peub uzet o Harwo-
HambHOU o6cepsatopun Kurr-TIuk, naxopsineiicst B Apusone. B pamkax mpoekta Spacewatch o6cepatopuist
Kurt-ITnk oTKpblIa HEBEPOSITHOE MHOKECTBO PA3HBIX ACTEPOM/IOB, KaK/bIH M3 KOTOPBIX, KOHEUHO, HUYEM
0co60 He puMedaresiet, Ho B «Bukuneanus ects cratbu Bpoje «Crncok acreponios (120501-120600)».
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Ta6auua 7.2. I[IpuMepbl TPUrPaMM U3 PYCCKOSA3bIYHON « Bukuiepmms»

Tpurpamma Yucno BXOKAeHUi score
BEJINKOU _OTeYeCTBEHHON BOWHbBI 41046 846,51
Tepoil_COBETCKOTO COoT03a 40443 1160,52
BTOPOWl_MUPOBOI_BOWHBI 39405 627,38
JIETHUX _OJIMMITMICKUX _HMTPax 39282 11478,73
BEPXOBHOTO COBETA_CCCP 24334 16040,93
TIEPBON_ MUPOBON_BOHDI 24075 576,75
KUTT_NUK_spacewatch 23989 | 513738,05
YKa30M_Ipe3nIyMa BEPXOBHOTO COBETa 23229 | 240769,59
T0_TAHHBIM_BOJHOTO 23036 3569,17
JTAHHBIM_BOJIHOTO_PEECTpa_pPOCCUU 22955 | 388516,09
JIAaHHBIE BOJHOTO peecTpa 22599 31277,18
JI0_CHX_TIOp 22329 15297,65
[10_JIAHHBIM_TI€PeTCH 19246 194,37
10 _JIAaHHBIM_ CHCTEMBI 18377 82,25

Termepsb Bce TOTOBO: maBaiite 06ydaTh BeKTOPHI word2vec Ha MOCIe0BATETBHOCTH
TPUTPaMM U3 KOPITyca PycCKOsI3buHON «Bukuneanus. B Gensim aTo, onsats ke, jema-
eTcst OYKBaJIbHO 32 APy CTPOYEK KOJIA:

from gensim.models.word2vec import Word2Vec

model = Word2Vec(size=100, window=7, min_count=10, workers=10)
model.build_vocab( text_generator_trigram() )

model.train( text_generator_trigram() )

PasMepHOCTh BEKTOPA 3a1a€TCSI IIapaMeTPOM size, window OIIpeziesIsieT pasMep OKHa JIo-
KaJIbHOTO KOHTEKCTA, min_count 03HAYAET, YTO CJIOBA C YaCTOTON BCTPEYaeMOCTH MEHBbIIIE
9TOIi B KOPILyCe MbI PACCMATPUBATh ¥ 00y4aTh /ISt HUX BEKTOPHI He Oy/ieM, a workers —
9TO KaK pa3 MmapaMeTp, CBSI3aHHBIN ¢ Mapajuieu3alneii, To, BO CKOJbKO MOTOKOB MBI 0y -
JeM o0ydaTh Mozesib. ObpaTuTe BHUMAHUE, YTO HOJICHMM IIPOLIECCOM 3/I€Ch SBJISIETCS He
TOJIBKO COOCTBEHHO 00y4eHue, model. train, HO 1 co3manue cioBapst model.build_vocab:
4TOOBI IIOCTPOUTH CJOBAPb, TOKE HY/KHO IMPOUTHCH MO BCEMY KOPILYCY M IIOCUUTATh
BXOJK/IEHUsI BCEX CJIOB, & CTPOUTH €T0 Ha JIETY He MTOJIyIHTCST, ECITH XOUETCSI XOPOIIIO COTI-
TUMHU3UPOBATDH model. train.

OxHaKoO 3Ke 1ocjie BCero aToro Iojydaercs o0ydyeHHas Mojaesb word2vec, Ha KOTo-
POil MOKHO YBUAETh MHOTO Pa3HbIX UHTEPECHBIX a(h(PeKToB. Mbl 06Y4YMIN HECKOJIBKO
MozieJieil pasHoii PasMepHOCTH, YTOOBI IIPOAEMOHCTPUPOBATh, KaKask MEKAY HUMU Pas-
HUIIa; BpeMst 00yueHus IoKa3aHo B TabJ1. 7.3. OOparuTe BHUMaHUE, YTO B HAIIEM DKCITe-
PUMEHTE IIPU POCTE PasMEPHOCTH Ga30BOro BeKTOpa 00ydyeHue BOBCE He pacTeT JIUHei-
HO 110 BpeMeHu. B JjanHOM ciiyyae, 110 Beeil BUAUMOCTH, «OYTHIJIOYHBIM FOPJIBIIIKOM»
ObLI He caM IIpoLece 00ydYeHnsT MO, a HapaJlIeIbHOe YTEHNUE aTaceTa ¢ JUCKA: XOTsI
Halr apxuB «Bukunenuus jieskan Ha goctatouto 6eictpoM SSD-aucke, npu o0yyeHun
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Ta6auua 7.3. Bpems paborsl 06yuenust mozesneii word2vec B Gensim Ha Kopiryce
PYCCKOSI3bIYHOM « Bukumemamms

Mopenn Pasmepnocts | Bpems oGyuenus
[Toacuer Gurpamm 34 MuH
[Toxcuet Tpurpamm 47 MuH
Cosnanue cioBapst 52 MuH
O6yuenune word2vec 50 54 MuH
O6yuenue word2vec 100 53 MuH
O6yuenue word2vec 200 53 MuH
O6yuenue word2vec 500 57 Mun

B 10 mpoiteccoB 6oJIblIast YaCTh ITUX MIPOIECCOB UCIIOIb30BAIN COOTBETCTBYIOIIUI 1O~
tok CPU sums va 20-30%.

U nasaiite sxe ocMoTpuM, 4To 1mosydaercst! YToObl TOMyUUTh CIIMCOK OIIMKANIIIX
cocefieil JTaHHOTO TOKeHA B MOJiesiv model, TOCTATOUYHO 3aITyCTUTD

model.most_similar('roken')

B Tab1. 7.4 npuBegensl HEKOTOPBIE IPUMEPHI OIMAKANRIINX COCeAel, IIOTydeHHbIX U3
Mmoziesiu ¢ 300-MepHBIMU BEKTOPAMU BMECTe CO 3HaYeHUeM II0X0XKeCTH (KOTopas B JaH-
HOM CJIy4yae CYMTaeTcs IIPOCTO Kak CKaJsIpHOe IIpousBe/ieHre BekTopos). Kak Bunure,
NENCTBUTENBHO TMOTYIAETCS, YTO MOJIETb Word2vec B GOJBIINHCTBE CIYIAEB HETLIIOXO
TIOHS1JIa CEMAHTHKY, TI0JIb3YSICh BCETO JIUIITb JIOKAJIbHBIMU KOHTEKCTAMU CJIOB.

A B Tab1. 7.5 MOKa3aHbl HECKOJIBKO IIPHUMEPOB IMHEHHBIX COOTHOIIEHUI B CEMaHTH-
YeCKOM IIPOCTPAHCTBE BEKTOPOB: ap(METHKA BEKTOPOB <KOPOJIb + )KEHIIMHA - MY K4H-
Hay JI0JKHA, eCJIU 110Be3eT, 03Ha4aTh, YTO MBI UIIIeM CJIOBO, KOTOPOE TaK K€ OTHOCUTCS
K <KOPOJII0», KaK «KEHIIHHa» OTHOCUTCS K «My:KurHes. [Ipumep mpo «king + woman —
man» — caMBbIi KJIaCCUYECKNIA B aHTJIOSI3bIYHON JIMTEPAType, TaK 4TO XOPOIIIO, YTO Y HAC
OH TOKe yhaycs. B mpumMepe ¢ «<MaTeMaTHKOM» MBI BUIUM, YTO MOJIEJIN TIPUCYTI] HEKO-
TOPBIH CEKCU3M: JKEHIIIHA-MATEMATHK — 9T0, OKasbiBaetcs, pumnosor.” Co croumamu
To)ke paboTaeT HeMIoXo: (paHity3ckas MockBa OKazamach JeHcTBUTENbHO [laprkeM.
A BOT c aBTOpaMu 1 UX TIPOU3BEIEHUSIMU y>Ke He TaK BCe OTHO3HAYHO; MBI TPUBEJIN XO-
POIIIHiT TIPUMEP, HO €r0 TPHUIILIOCH MOUCKATh, XOTsI B CPEHEM UCTUHA OOBIYHO TIE-TO
PSIIOM.

1 D10 cBOICTBO J1ETKO O6BACHUTE: KEHITHH-(DUIOTOTOB GOJIbIITE, YeM KeHIMH-MATeMaTHKOB, B TOM YIC-
Jie U B «BUKUIeMU», 1 JJOTUYHO, YTO OHU OY/IyT IOMAAThCSA B TEX K€ KOHTEKCTAX, COOTBETCTBYIOIIMX 00-
IeMy TIOHSITHIO «y9eHOT0». OHAKO JTI0OOMBITHO, YTO Ha 3TO CBOHCTBO wWord2vec 06HApYKUBATH U MOIKPETI-
JISITh CTEPEOTHIIB YoKe 00PATUIIN BHIMAHKE UCCIIEI0BATENH, KOTOPBIE MBITAIOTCS YOPATh CEKCUCTCKIN MITH
PaCHUCTCKHIA YKJIOH M3 Mojiesieil Mammuaoro o0ydenust [347]. CyuiecTByeT 1ejoe HampaBjeHue Mmojl Ha3Ba-
nuem Fairness in ML, koTopoe 3aHUMaeTcst TeM, 4TO JEKOPPENUPYET Pe3yIbTaThl MoJeell ¢ aTpubyTamu,
JIMCKPUMUHUPOBATH 110 KOTOPBIM HeJb3s1. Ha mepBblil B3MIIST 3TO MOJKET 110Ka3aThCsl CTPAHHOU JI€STEIbHO-
CTBIO, HO PeYb yIKe ceifyac 4acTo UJeT O CUCTeMaX, IPUHUMAIOIINX PEIeHns O Balleil JKU3HI: COrJIACUTECH,
B HAllle BPEMsI CTPAHHO ObLIO ObI YBUIETh OTKA3 B KPEAUTE HA €IMHCTBEHHOM OCHOBAHUY «HEIIPABUIBHON»
HAIMOHATBLHOCTH.
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Ta6auua 7.4. llpumepst 6uskaiimux coceneil B Mogesan word2vec

MallnHa_BpPEMEHU

MAIIMHHOE _00yueHue

Haytuiryc_nomnuianyc 0,869 kpurrorpadus 0,890

xopoub_tryT 0,863 00beKkTHO opueHTupoBanHoe 0,881

cruma 0,850 marematnyeckast_soruka 0,880

arara_xpuctu 0,848 paspaborka_rnporpamMmmHoro obectiedenus: 0,879

mymuii_tposis 0,844 napasterbable Bbrauciaerns 0,878

anzgpeii_Mmakapesuu 0,839 obpaboTka_ecrectBeHHOro_st3bika 0,871

asnuc_tpy6enkoii 0,836 teopusi_anropurmos 0,870

6opuc_rpedenmmukos 0,835 nHpopManmonHas_6esomacHocts 0,869

qaiid 0,835 MaTeMaTudeckasi_cratuctuka 0,865

Ba_bankp 0,829 obpaborka_curnanos 0,864
MHKeJIaH/IKeII0 MHKeJIaH/IPKeJI0_aHTOHUOHH

kapasako 0,867 dbenepuxo_denmmun 0,913

mxorro 0,861 cronu_Kyopuk 0,912

Bazapu 0,842 Geprapuo_Gepromyuun 0,904

tunuana 0,837 dpanyecko_posu 0,899

6orrmuenn 0,834 mapuo_monnuesm 0,898

mazayyo 0,829 artope_ckoma 0,896

6eprurn 0,822 dpancya_tproddo 0,896

mopepa 0,821 pomaH_niosancku 0,896

smeonapzno na swaun (0,821 mpoJsieTast_HajA_THe3goM Kykymkn 0,891

py6enca 0,816 cekpetsl_Joc_anyxkeneca 0,890

BTOpasi_MUpOBas_BoiiHa BeJIMKas_OTeyeCTBEHHAsl BOiHa

nepBasi_mupoBas_Boina 0,823 HAYaJIOM_BEJIMKOU _oTedecTBeHHOU BoliHbl 0,797

Kopeiickasi_oitna 0,720 BEJIMKYI0_oTedecTBeHHY0 Boiiny 0,790

modrBadde 0,697 nepsbie_jHU_BoitHbI 0,755

BoitHa_ Bo_BberHame 0,685 noji_nenunrpazom 0,751

MexBoennbiii_niepuon 0,678 cranmuuarpage 0,743

xosonHas_BotiHa 0,674 TOZIBI_BEJMKOI_oTedecTBeHHOU BOWHBI (0,740

Tperbhero_peitxa 0,669 JneHuHTpazickoro ¢dponta 0,728

Tperuii_peiix 0,666 pkka 0,727

Harucrckas_repmanus 0,661 BeJIMKOI_otedecTBeHHON 0,726

crtpan_ocu 0,661 pabode_KpecThbsIHCKOM KpacHoi apmun 0,723

ajJleKcaH/Ip_MaKeJIOHCKH JICOHUI_WIbUY_OpesKHEB

mutpuzat 0,828 seonns_6pexues 0,850

anekcanzpa_senukoro 0,817 npezcenatesib_copeta_MuHUCTPoB_cccp 0,834

nemerpuit 0,815 nocud_Buccapuonosud_craguu 0,816

anekcanzapa_ makemoHckoro 0,812 reHepasibHblil_cekperapb 1K _krmcc 0,805

cysor 0,809 HUKKTa_cepreeBud_xpytieB 0,775

Mapk_antonuit 0,796 HUKOJIAH_BUKTOPOBUY_T10ATOpHBIN 0,773

rail_rosmii_nesapp 0,795 | mpexacegaTenib_coBerta_ HapoAHBIX Komwuccapos 0,772

napuit 0,795 yyieH_mojutoiopo_1k_kmce 0,770

cesieBka (1,792 npezncenareib kr6_ccep 0,770

pumcknii_nmreparop 0,791 BslUeCIaB_MuUxaiaoBud_mosnotoB 0,765
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TaGauua 7.5. [IpuMepbl IMHEHHBIX COOTHOIIEHUIT B Moes word2vec

kopoJieBa 0.624

umnepust 0.562
mpumtecca 0.552
mpasutenabuuia 0.532
KopoJsieBckasi_cembsi 0.531
koposs 0.510
apucrokpatus 0.510
nnkBuauims 0.503
nmmnepatpura 0.503

KOpOJIb + JKeHIUHA — MYJ’KYHUHa = ...

MareMaTuk + sKeHIMHaA — MYJ’K4YHHa = ...

dunosor 0.667

nepeBouuiia 0.666

noktop_dunocodun 0.660
TOKTOp_(usosnormyecknx_Hayk 0.656

suareuct 0.655

corrosior 0.652

aympa_ayryctunasudiore 0.651
NOKTOp_(hustosiornuecknx_Hayk_mpodeccop 0.650
Kauauaar ¢uaogorndecknx Hayk 0.649
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xoposieBa_enuzaBera 0.500 noarecca 0.648

MOCKBa + (ppaHIMS — POCCHS = ... | YKPOLIEHHE _CTPONTHUBOM + rOrojib — IEKCIUp = ...
napux 0.566 Houb_1iepen_poxkaectBoM 0.791
dp 0.530 3a_jByms_sainamu 0.791
napwk_dpanmusa 0.493 pesusop_roross 0.787
skan 0.489 skuBoii_tpyn 0.784

6e3_BUHBI_BHHOBaThIE 0CTpoBCcKoro 0.783
BuinHeBbIil_can 0.779
BOJIKU_OBITbI_ocTpoBckoro 0.778

(¢panmysckuit 0.486
6pioccenn 0.486
¢dbpancya 0.485

anpu 0.485 asmekcauapuackuii_tearp 0.778
skeneBa 0.481 6parbsi_Kapamasosbl 0.777
paris 0.480 MeptBbie_aymmm 0.776

7.4. GloVe: packnagbiBaeM MaTpuLy NpaBuJibHO

¥ TrordeBa... BHETIHSS XyI0’KeCTBEeHHAS (hopMa He ABISIETCS HaZIeTOH
Ha MBICJIb, KaK TIepYaTKa Ha PYKY, a CPOCIACh C Helo, KaK MOKPOB KOKU
C TEJIOM, COTBOPEHA BMECTE M OJJHOBPEMEHHO, OJTHUM ITPOI[ECCOM: ITO Ca-
Ma ILJIOTh MBICJIH.

U. C. Akcakos

Camoii oIy JISIpHOI COBpeMeHHOI aibrepHaTiBoi word2vec sapisiorcs mogenu GloVe
(or cioB global vectors) [417]. OcHoshast unest GloVe cocrout B ToM, 4TO6BI COYe-
TaTh CUJIbHBIE CTOPOHBI IBYX MOAXO0I0B-IIPEANIECTBEHHUKOB, OJHOBPEMEHHO n30erast ux
HEIOCTATKOB:

* JIJISI METOJIOB, OCHOBAHHBIX HA MaTpUIle BCTPeYaeMoCcTH, Takux kKak LSA u ero co-
BpeMeHHbIe BADUAHTHI, HYKHO KaK-TO U30eKaTh IPO0JIeM, CBSI3aHHBIX ¢ CUIbHON
HEepaBHOMEPHOCTHIO COBMECTHOM BCTPEUAEMOCTH;
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* aJIOKAJIbHbIE METOJIBI, TaKKeE Kak word2vec, X0Tesoch Obl BCe-TaKy MEPeToKUTh Ha
SI3BIK MATPHUI[BI COBMECTHOU BCTPEUAEMOCTH, TIOTOMY uTO B word2vec 1ipu oOyue-
HIW IPUXOANATCA MPOXOIUTD BCE OKHA JIOKAJIBHOTO KOHTEKCTA TIOAPA, 2 MAaTPULIA
BCTPEYAEMOCTH MOTJIA GBI «CXJIOTBIBATH> MOBTOPSIIONIUECS] OKHA U BOOOIIE CHIIBHO
CIKMMATh JIAHHBIE, TIPOCTO MOACYUTHIBASL OOIIUE CTATUCTUKH.

Mogenb GloVe MoxHO cunTath npozgokareibHulleii geina LSA, oHa Toxe mbITaer-
Ci HpI/I6JII/ISI/ITI) MaTpHIly BCTPEYa€eMOCTH CJIOB, HO I€JIa€T 3TO BECbMa MHTEPECHBIM U HE
coBceM 0OBIYHBIM 00pazoM. UToObI 0ObICHUTD, B YeM HOBU3HA, BBEJEM CHaYala HEKO-
Topbie o6osnauenus: myctb X € RY*Y — 510 marpuna coBMecTHOI BeTpeyaeMocTH
CJIOB, TO ecTh X;; OKa3bIBaeT TO, CKOJILKO Pa3 B HallleM KOPITyce CJI0BO 4 BCTPETUIIOCH
BMECTE €O CI0BOM j,a X; = 35 Xij — oblItee YUCII0 Pas, KOTOPOE KaKoe-TO IPYToe CJI0-
BO BCTPEYAETCA B KOHTEKCTE CJI0OBa 7. Tor,z[a JIETKO IIPEBPATUTDb 3TN CYHETUYNKU B OLIEHKN
BEPOSATHOCTE; aBaiiTe 0603HAYNM

X Yp X

TO €CTh P;j — 9TO BEPOSTHOCTD TOTO, YTO CJIOBO j BCTPETUTCS B KOHTEKCTE CJIOBA 0.

[Toka HIYEro yAUBUTEIBHOTO, 9TH BEPOSITHOCTH MOYKHO TIONBITATHCS MPUOJI3UTD,
PacKJIabIBasi MaTPUILy TAKUX BEPOSTHOCTEH, U TIOJYYUTCS MPOCTO ellle OJMH BapUaHT
LSA. Ho GloVe npubinkaeT He caMu BEPOSITHOCTH, a UX OMHOueHus. J[eJio B ToM, 4T0
KOIZ]a MbI CMOTPMM Ha CaMH BEPOATHOCTH p;; = p(j | 4), UX 3HAYEHUA HE OYEeHb HOHSAT-
HO KaK MHTEPIPETHPOBaTh U KaK CpaBHUBATb MKy co00il. Ho BOT BeposTHOCTH Py,
W P}, 0115 001020 1 MOZ0 Jice C106a k y7Ke BIIOJHE CPaBHUMBI: O/[HA TIOKA3bIBACT, KaK Ya-
CTO B KOHTEKCTE CJIOBA k BCTPETUTCS CJIOBO ¢, a APYTrast — KakK 4acTO BCTPETUTCS CTIOBO
J; TIOHATHO, 4TO €CJIN Pjj; CYMIECTBEHHO GOJIBIIE, YEM P, TO CJIOBO i TECHEE CBSA3ZAHO CO
CJIOBOM k, 4eM CJI0BO j.

[laBaiiTe mprBeneM KOHKPETHBIN TPUMeP: TOICYNTAEM TaKHe CTATUCTUKH 71T HEKO-
TOPBIX CJIOB U3 PYCCKOsI3bIYHON «Buknmneanu». B Tom apxuse «Bukunennns, KoTopbrit
MBI B3I JIJIs 9KCIIEPUMEHTOB, Ob110 0K0J10 900 ThicsiY cTaTeil. 3aMeTHM, KCTaTH, K BO-
npocy o pasmepe cioBapeit, 4To 3t 900 ThICSY cTaTel, KOTOPbIE TTPEAIOJOKUTETBHO
HAIUCaHBl AIEKBATHBIM PYCCKUM SI3BIKOM, 6€3 OrPOMHOI0 KOJIMYECTBA OIIEYaTOK U OK-
Ka3MOHAIN3MOB, cogepskaT 3 700 525 pasubix cioB! KoHeuHo, B 9T MUJIMOHBI BOTILIO
60JIbIIOE KOJIMYECTBO PasHbIX (POPM OZHOIO M TOIO e CJI0Ba, HO C HUMH Be/lb CHCTEMa
06pabOTKH TEKCTOB TOXKeE JOJIKHA YMETh YTO-TO JJIaTh... HO 00 9TOM IO3JKe.

A noka raBaiite mOCMOTPUM Ha KOHKPETHBIN TIPUMED, TPUBEAECHHBIN B Ta0JI. 7.6. MbI
MO/ICYUTAIN BCTPEUAEMOCTD CJIOB B PYCCKOSI3bIYHOM «Bukuteuus B JIOKaJIbHBIX KOH-
TEKCTaxX JIPYyT y JPyra ¢ OKHOM HIMPUHBI §, a 3aTe€M BBIYUCIUIN CTATUCTUKY COBMECT-
HOI BCTPEYAEMOCTH CO CIOBAMU <KJIyG» U «KOMaHIa» sl CIOB «PyTOOII», «XOKKeli»,
«ronb» 1 «kopabiib» L. IHTYUTHBHO TOHATHO, KAKKHX PE3Y/IbTATOB MBI OKH/IACM:

pij =p( |9 =

L 3ameuaHue JUISI BbEIJINBBIX UUTATEEH: B 9TOM 9KCIIEPUMEHTE MbI HE IIPOBOINJIN HUKaKOI JiIeMMaTu3a-
1y, Imo3ToMy a6CoJIOTHbIE I_[I/I(i)pI)I JIOBOJIbHO HU3KNE; MbI TOJACYUTBIBAJIN TOJIBKO CJay4dal, B KOTOPBIX CJI0OBa
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TaGauua 7.6. [IpuMepbl YaCTOTBI BCTPEYAEMOCTH CJIOB B PYCCKOSI3bIUHOI «Bukunenuuns

Yucio BX0OXKAEeHUIt BeposTtHoctn OTtHO1IEeHne

CioBo k Bcero Bwmecre c: p(k]...), x107* %
KIy0 | KomMaHma | KiIy0 | KomaHIa

dbyr6oa 29988 54 34 18,0 11,3 1,588

XOKKel 10957 16 71 639 14,6 2,286

rosibg 2721 11 1 40,4 3,68 11,0

Kopabsp | 100127 0 30 0,0 3,00 0,0

* B (dyTbOIE M XOKKEE CI0BA <KIy0» 1 «<KOMaHJa» IPaKTUYECKH B3AaUMO3aMeHIeMbI;
* B roJbde GbIBaIOT roJibd-KayObl, HO KOMaHAbl FOIb(OUCTOB BCTPEYAIOTCS PEIKO;
* Ha KopabJie KOMaHa ecTh 00s13aTEJIbHO, a BOT € KJIyOaMu CJIOXKHEe.

Eci MBI ocMOTpUM Ha abcoJroTHBIE UMPBI COBMECTHOU BCTPEYAEMOCTH, OHU
HaM OJKH/IAeMO HIIETO XOPOIIETO He CKaXyT: 16 pa3, KOTOpbie BCTPETHIIINCH «XOKKEH»
u «kiy0», moxoxku Ha 11 pa3 y «rosbdas u «kiryba» ropasno OGosbiie, 4eM Ha 54 pa-
3ay «pyrboma». Beposarnocru p;; Oyayt yxe Gosnee nH(BOPMATHBHLIMY, HO IPU 9TOM
OY€Hb HEPOBHBIMUL TIOJIYYAETCSI, YTO COOTHOIIEHHE Y «KOPAOIIsT» M «<KOMAH/IBI» JA0JKHO
OBITh TIPUMEPHO TAKUM K€, KaK Y «TIoJib(ar U «KOMaH/Ibl», XOTSI B [IEPBOM CJIy4ae 9TO
MHOTO, a BO BTOpOM — Maso. [Toatomy 06yvaTh WX BCE PABHO HE CJMITKOM MPHUSITHO.
A OTHOTIIEHUST BEPOSITHOCTEH BBITJISAAST HAnboiee Pa3yMHO: BUTHO, UTO <KJIyO» U «KO-
MaH/[a» yIOTPEBISIOTCS B XOKKEHHBIX 1 (PyTOOMBHBIX KOHTEKCTAX IPUMEPHO OJIMHAKO-
BO (B XOKKEE CJIOBO «KOMaHIa» U BIIPAMb YIOTPEOIISIETCS: HECKOIBKO Pexke, 4eM B (yT-

_pIEG) o rompcay 1 «KOPaBIIA» COBEPIIEHTHO
p(k|komana)

OYEBUJIHO CYIIECTBEHHO OOJIBIIIE U MEHBIIIE E[MHUIBI COOTBETCTBEHHO.
[TpumepHo 310 U X0UET BHIpA3uTh Mojiesb GloVe, moaromy Mozieupyer He camu Be-
POATHOCTH P j, @ UX OTHONIEHUS, 00yydask PyHKIIHIO

60J1€), a 3HaYeHUsT OTHOIICHUS

F(w;, wj;wy,) = 2
Pjk

IJle w; M w; — 9TO BEKTOPbI CJI0B i U j B pocTpatcTse RY, a ), — 970 Tak HasbiBaeMble
GEKMOPbL KOHmMeKCMa, KOTOPbIE JOJIJKHBI OTPA3UThb TOT CbaKT, 49TO COOTHOHMIEHNE MEKAY
CJIOBaMH i ¥ j MBI ceiiuac mpubamsKaeM He BOOOIIE, a UMEHHO B KOHTEKCTE CJI0Ba k.

OcTasIock TOJIBKO IIOHATD, YTO B34Th B KadecTBe pynxunu F. Teopetnyecku F mor-
J1a 6bI GBITH OYEHD CJIOKHOM (DYyHKIME: Mbl MOTJIM Obl, HAITPUMED, II04aTh KOHKATeHa-
IIMIO BEKTOPOB w;, W; W W}, HA BXOJ TTyOOKOIT HEHPOHHOIA ceTH, KOTopast cjiesana Gbl
¢ HUME 9TO-HUOY b yKacHOe. Ho Hallla KOHEeYHas 11e/1b BOBCE HE B TOM, YTOOBI XOPOIIO
mpUGJIU3UTH MATPHUILY COBMECTHON BCTPEYAEMOCTH, & B TOM, YTOOBI MOJIYYUTH XOPOIIHE

BCTPEYAIOTCS IPYT PALIOM C IPYTOM UMEHHO B TaKO#i HauabHOi hopme, «pyTOONbHBLIT KIyO» I <KOMaH/Ia
KOpabJIsi» He MOIXOISAT.
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BEKTOPbI! ITO TaKue BEKTOPDI, MEK/IY KOTOPBHIMU ECTH IIPOCTHIE W IIOHATHDIE B3AHMO-
OTHOUIEHNSI, BPOJIE KOPOJIb — MY KYMHA + JKEHIIMHA = KopoJeBa. 1109ToMy cosaarenn
GloVe cpasy pe3ko orpaHudmin Habop BO3MOKHBIX (DYHKI[UH, CYUTAst, YTO OTHOLIEHUE
BEPOSATHOCTEH JI0JIKHO BhIpaKaThCs (PyHKLUEH OT OJHOIO apryMeHTa, CKaISPHOIO IIPO-
U3BeIeHNs Pa3HUIIBI MEKIY W; U W, HA Wy

F((wl — 'wj)T ’lbk) = pi

Pjk

Biaropapst atomy orpanuderuio GloVe Gyer mbiratbcsi 00y4uTh KMEHHO JIMHEHHbIE
COOTHOIIEHUS MEXIY BEKTOPaMU, PEJCTABJISAIONIUME CJI0BA.

Ocrajioch TONBKO OTMETUTh, uTO (YHKIUST F M0o/KHa enie 00agaTh HEKOTOPOU
BHYTPEHHE! CHUMMeTpUell, Belb MATPHUIla COBMECTHOU BCTPEUAEMOCTHU CJIOB CUMMETPII-
Ha, 1 Ipu 1epexone ot X Kk X T M 0T w K 1 HUYEro MEHATBCA He I0/DKHO; 4 HAIIA (yHnk-
L1 II0KA TAKOH cuMMeTpreil He o61anaetr. UToObl ee 106aBUTS, JaBaiiTe BBEAEM el O
HO IIPETIOJIOKEHNE: OMYCTUM, YTO F' He TIPOCTO MEePEBOJIUT PasHOCTh MEKIY w; U W
B OTHOIIIEHHE COOTBETCTBYIONINX BEPOSTHOCTEN, a U BOOOILE MEPEBOAUT CYMMY YHCes

B X IIPOM3BE/ICHNE, 4 Pa3HOCTb — B OTHO]_HeHI/Ie1Z

F((wi—wj>—r’l]]k)=7:_~ :p#.
F (wj wk) Pjk

ITO TOXKe MOMOXET c/iesaTh (PYHKIMIO F «peryJisipHoii», 10CTapaTbcs BbIPa3nuTh
etire 6oJiee TIPOCTHIE U TI0GATBHbBIE COOTHOMIEHUsL. U Termeph 0CTAJICSA OJIH Tar 0 TO-
ro, YTOOBI TPOCTO HATH (YHKIHIO F' B SBHOM BUJIE: TAKUX OTOOPAKEHUIT HE TO YTOOBI
OYeHb MHOTO, U y HAC IIOJIy4aeTcs, 4To F' — 3TO IIPOCTO HKCIOHEHTA:

w; Wy, = log(p;r,) = log(Xix) — log(X;).

YT00BI BEKTOPBI CJIOB U BEKTOPBI KOHTEKCTOB CTAJM CUMMETPUYHBI, IOCTATOYHO Te-
1nephb 106aBUTh elle 10 CBOOOAHOMY U/IeHy b; Ui cloBa U b; I KOHTEKCTa; TOTAa
log(X;) MOKHO CTIpSITATD B b;, ¥ MOJYYUTCS KPACHBASA CUMMETPHYHASA MOJIEJTb:

w?ﬂ;k + b; + Ek = log(Xik).

Y Hee 0CTATKCH TOJBKO JIBE TPOOIIEMBL:

* BO-TIepBBIX, log(X;) 04eHb yacTo GyNeT PAcXOIUThCsS, TOTOMY UTO X;f, YMCIIO
COBMECTHBIX TIOSIBIEHUH JIBYX CJTOB, 0Y€HDB YaCTO PABHO HYJIO, M BOOOIIEe X — MaT-
pHIIa BecbMa pa3peskeHHas;

! Crocxka st mozieit ¢ MaTeMaTHUeCKHM 06Pa30BaHUEM: 9TO 3HAYMT, UTO F' SABJISETCS TOMOMOPHUIMOM
u3 rpymisl (R, +) B rpymmy (R, X).
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¢ BO-BTOPbIX, OHa IO-IIPEKHEMY B3BE€IINBAET BCE sz‘ O/IMHAKOBO, HO OTHOCHTEJIb-
HBI€ YaCTOTHBI IBYX O4Y€Hb PEAKUX CJIOB — /1€JI0 BO MHOTOM cnyqaﬁHoe, a OTHOCH-
TEJbHbIC HACTOTLI C O4€HDb YaCTbIMU CJIOBAMH — HE CJIMIIKOM ITIOKa3aTeJbHOE.

B mozenn GloVe 06e a1u 11po6iieMbl peliaioTes 0HUM MaXOM; JLJISL 9TOI0 Mbl OyaeM
o0yuaTh Beca w U W He 4ePe3 MPOCTYIO CYMMY KBaApaTOB OTKJIOHEHMWIA, a 4epe3 B3Be-
menHyio. Takum o6pasoM, B GloVe nenesas ¢pyHKuus s 00ydeHus IpeacTaBIeHnit
CJIOB w; U 10; HOJIyYaeTCst TaKOii:

1%
~ 2
J = Z f(XZJ) (wjﬂ)] +b; + bj — logXij) ,
1,j=1

rme X € RY*Y — 370 no-npexueMy MaTpuiia COBMECTHOIl BCTPEUAaEMOCTH CJIOB,
X; = 5 Xij — obliee YIC/I0 COBMECTHBIX BCTpeyaeMocTeii ciosa i, w € R? — co6-
CTBEHHO BEKTOPHOE IIPe/ICTaBJeHue CJI0Ba B €BKJIMI0OBOM IIPOCTPAHCTBE Pa3MEpHOCTH
d, w € R? — 570 npejicTaBIeHIe KOHTEKCTA CJI0BA B BUJIE BEKTOPA TOIl JKe PasMepHOCTH
d, V' — pasmep caoBapsi.

Hya f — ato dynkius, KoTopas He IPUCBAUBAET YACTBIM COBMECTHBIM BCTPEYAEMO-
CTSIM CJIUIIIKOM OOJMBIITIX BECOB, & TAKKE OOHYJIISIET COMHOKUTENH, B KOTOPBIX [OIKEH
ObLI GBITH JIoTapUdM HYJIsT; HHaUe TOBOPSI, HyKHO, 4T00bI f(0) = 0, a f Gbla HeyObIBato-
el (4To6bl MaJIeHbKIE YaCTOThI BCTPEYaeMOCTH [TOJYYHIN MajleHbKUE Beca), HO IIPU
3TOM f He JIOJKHA CIMINKOM OBICTPO BO3PACTaTh C POCTOM CBOErO apryMeHTa, 4TOObI
OTPaHUYHTH BIUSHUE CAMBIX MOMYJISIPHBIX 001HX c10B. O6b1uH0 B GloVe ucmoabayer-
¢4 Takas BecoBas QyHKIUS:

o (55

1 B IIPOTUBHOM CJIy4ae.

-
) , e < Tmax,

B pabore [417] mokazano, uto BekTopsl GloVe neficTBuTenbHO paboTAIOT HE XYiKe,
a yacro u Jjyuiie word2vec Ha MHOTUX peajibHbIX 3a7adyaX 00pabOTKM TEKCTOB, U C TeX
nop moziens GloVe 3amsiia MecTo OIHOTO U3 IBYX «CTAHIAPTHBIX» METO/IOB pacipee-
JICHHOTO TIPEJICTaBJICHNUS CJIOB.

IKcrepuMeHTHI B pabote [417] u nocieayonux paboTax TakKe MOKa3bIBAIOT OUEHb
UHTEpeCHBbIE reoMeTpuueckue adertsr y BekropoB GloVe: He mpocTo MasieHbKOe pac-
crosinme MexLy cioBaMu B RY yKasbiBaeT Ha ceMaHTHUECKYIO GIM30CTh, HO U CeMaH-
TUYECKUE COOTHOIIEHNS MEKIY KOHIIEIIIISIMU [TPEBPALIAIOTCS B IIPOCThIE TeOMeTpHIYe-
CKI¥€ OTHOIIEHUST MEK/TY BEKTOpamu cJI0B! A MX mpocThie KOMOMHAIINHT (0OGBIYHO CyMMa
WJTH CPe/iHee) YacTO IOBOJIBHO TOUHO OTPAKAIOT CMBICJ COOTBETCTBYIONIIX CJIOBOCOYE-
TaHUM.

B saxsiouenue ormernm, uto kpome word2vec u GloVe ects, KOHEUHO, 1 IPyTHE CO-
BpeMeHHbIe II0JIX0/Ibl K TOMY, KaK peajin30BaTh paciipe/ieleHHbIe IIPe/ICTaBIeHUS CJIOB.
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B nasbHeiieM B 3TOi ryiaBe Mbl BCe-Taku Gy/IeM B OCHOBHOM HCTIOJIb30BATh KIACCH-
yeckuii word2vec, HO faBaiiTe cefiuac KpaTKO MPOGEKUMCS M IO APYTUM MOAX0AaM TO-
’ke. MbI OTpaHIYNMCS TEPEYNCIeHNEM OCHOBHBIX U/IEH, a 3aMHTEPECOBAHHBIHN YNTATEI b
CMOJKET MPOYECTH TTOAPOOHOCTH TIO TPUBEIEHHBIM HIKE CCHLIKAM.

Bo-1epBbIX, psjl I0CTATOYHO COBPEMEHHBIX PABOT BO3BPAIAETCS K UCXOHON Hjiee
JIATEHTHOTO CEMAHTUYECKOTO aHAJIN3a M MBITAETCS TOCMOTPETH Ha Ha30BYIO WIEIO Pas-
JIOKEHIS MaTPUI[BI COBMECTHOU BCTPEYAEMOCTH CJIOB ¢ GoJiee COBPEMEHHOM TOUKH 3pe-
Hust. B pabote [313] aBTOPBI CTPOST TPECTABIEHUSI CJIOB € TIOMOIIbIO aHAJIM3a TJIaB-
Hpix komnoneHT (PCA), ¢ To#l pagnutieif, 4yto ucnoabadyercs Bapuant PCA, MUHUMU-
3upyloIuil Tak HasbiBaemoe paccrostare Xemmnrepa (Hellinger distance) mesxay 1mo-
JIy4eHHBIM paclipefieJieHueM U pacupesieieHueM NaHHbIX. IpexcTaBienns moayvaoT-
cs BriosiHe pasymuble, 1 Hellinger PCA MosKeT CJIyKUTh ZOCTOMHON ajbTepHaTUBOI
word2vec. A B pabote [322] aBTOpbI 06y4al0T MOJIENH, TTOX0KKE Ha word2vec, HO uc-
MOJIB3YIONINE He JIOKATbHBIE OKHA U3 TIOCIE0BATEIBHOCTH CJIOB, & OKHA, OCHOBAHHDIE
HAa JlepeBe 3aBUCHMOCTE CJIOB: HAIIPUMED, B TIPENJIOKEHUH «MbLJIA paMy TPSITIKON Ma-
Ma» CJIOBA «PaMy» U <TPSIIKOI» OYIYT COCENAMU CJIOBA <MBLJIa», a CJIOBO «MaMay Oy-
JIET COCEJIOM BOBCE HE CJIOBA «TPSITIKOI», & CJIOBA «MbLJIa»; TAKHUE TIPEICTABIEHUS UMEIOT
HECKOJIBKO MHBIE CBOICTBA, YeM OOBIUHbIE.

Bo-BTOPBIX, XOTS 1O pe3ysbTaTaM 3KCIIEPUMEHTOB TTOJIYYAeTCs, YTO MOJIEJIU BPO-
ne word2vec u GloVe oueHb XOPOIIIO PEIAT 33j1a4y CEMAaHTUYECKOH MTOXOKECTH, 3TO
BCe-TaKU He TEPBbIE MIATH, KOTOPBIE YeJI0BEYECTBO CEJIAN0 B 9TOM HANIPABJIEHUU. Y Ke
NaBHO CYIIECTBYIOT 6OIbIIIe 6a3bl PA3HOTO POJIa CEMaHTHYECKOH MHMOPMAIIUHI U TTPO-
BEPEHHBIX JIIOJBMHU OTHOIIEHUI MEXIy 0ObEKTaMK eCTECTBEHHOTO si3bika. Hanpumep,
B OJIHOW U3 KpyIHelnnx 6a3 sHaHuil 06 anruuiickom stapike, WordNet [154], na naH-
HBII MOMEHT cojiepskutTcst 6osiee 117 Thicsd TaKk Ha3bIBaeMbIX CUHCETOB (synsets), Habo-
POB CUHOHUMUYHBIX CJIOB, HE CUUTASI IPOYUX CEMAHTUYECKUX OTHOIIEHUI MEXKIY CJIO-
BaMH. A B KpyITHelei ceManTuueckoii 6ase snanmii Freebase [163] cogepskaTcs moutu
dsa munnuapoa HakToB M OTHOIIEHUH MEKIY CYNTHOCTSIMU B BUJIE TPOEK «CYOHEKT —

peAnKar — 06beKT> L, HaIpUMep:

(«Ixxeddpu XUHTOHS , «poAUIICS B>, « YUMOJ10H, JIoH10H, BesmkoOpuTanus» ) .

[ToaToMy BIIOJIHE €CTECTBEHHO, UYTO HEKOTOPBIE PAGOTHI TIBITAIOTCS JOTIOJHUTD TIPO-
1[eCC TIOPOKIEHUST PACTIPEIETEHHDIX TIPECTABICHUN CIIOB, YIYUITHTh Oa30BBIE MOJIETN
C ITOMOIIIBIO ITOM JOMOJHUTEIbHO 001Ie0cTyTHOM nHbopMmanun. Hampumep, B [577]
6azoBas 1eneBast HyHKIWMSI word2vec TOTMOJHSAETCS €llle OMHUM CIaraeMbiM (MOKHO
CKa3aTb, PeryJisipu3aTopoM), KOTOpOe BBOAUT JONOJHUTEbHbIE MATKUE OTPAHUYCHUS

! MBI mumreM 9TH CTPOKH B TOT MOMENT, KOTZia ¢ 6a3oil snanmuii Freebase mponcxonst cepbesiibie H3MeHe-
HUSL: XOTsI apXUBBI (a3bl AOCTYIHBI /7151 CKAYMBAHUsI 1, 110 BCEH BUANMOCTH, OCTAHYTCSI AOCTYIHBIMU U B Oy-
nyiieM, 6asa ysKe Jajblie He pacTet, opUIHaNbHO TIPOEeKT Gosblie He noptepskusaercs Google, a ero Hosast
Bepeust Hocut Hassanue Google Knowledge Graph; k Hemy ecTb 1 mporpaMMHBIf JOCTYII Yepe3 061e0CTyII-
ublit oTkpbITeiii APT Ha https://developers.google.com/knowledge-graph/.


https://developers.google.com/knowledge-graph/
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Ha BEKTOPBI CJIOB TaK, YTOOBI OHU KaK MOKHO JIyUIlle BHIPAKAIH YKE U3BECTHBIE OTHO-
I[IEHHsT MEXKIY CTOBaMU; sKcIepuMenThl Ha 6aze WordNet u 6asbl JaHHBIX apadpasos
PPDB [173] noKa3bIBalOT 3HAYUTEIbHBIE YIYUIIEHUS [0 CPABHEHUIO ¢ GA30BBIMU MO-
JIeJISIMU.

Mouenb RC-NET [436] pacummpsier Mogesb word2vec nadopmaliyeii ot rpadoB 3Ha-
HUi, TOCTPOEHHBIX Ha ocHOBe 0a3 sHauuil Bpoje Freebase. B RC-NET 6aszoBast Mojesb
word2vec moJiydaer peryJisipusarop Vsl KaKIOro OTHOIIEHUs B Gase, MbITasiCh BbIpa-
3UTb €r0 JUHEHHBIM COOTHOIIIEHUEM.

Hanpumep, momens RC-NET Gymer crapatbcs cieiaTh Tak, YTOOBI IPEIUKAT
POJUIICSA_B_TOPOJIE BBIPAKATICA BEKTOPOM T'pomicst_s_ropose (KOTOPBII TaksKe 0Oydaet-
¢s1 B potiecce 06yYeHUsT MOJIENN ), & PETYJISIPU3ATOP MBITAETCS CAETATh TaK, YTOOBI BEK-
TOPbI OOBEKTOB, CBSI3aHHBIX 3THM OTHOIIIEHUEM, OTCTOSIU JIPYT OT JpyTa Kak pa3 Ha r;
HUHBIMU CJIOBAMU B TIEJIEBYI0 (DYHKIIUIO SIBHO 00ABJISIIOTCS CJIaraeMble, KOTOPbIE MbITa-
I0TCST C/IEJIaTh TaK, YTOOBI BBIIOIHSJIOCH, HAITPUMED:

W Iisxedpppu_Xunton — Wypmbngon ~ T'poauncs B _ropoxe ~ W3iinep — Whasenn-

[MomobHbIe (HOPMBI BHEITHIX 3HAHUN UCITIOJBb3YIOTCS U B 384, 485], a pabora [42]
[bITAeTCst I06ABUTH JIUHIBUCTUYECKUE 3HAHKS O MOP(DOJIOTHH, CHHTAKCUCE U CEMAHTH-
Ke. A B pabore [449] mpeasiaraercs criocob caeaarh MPUMEPHO TO JKe, 4TO B BYX BbIIIIe-
[IPUBEJEHHBIX, HO He Ha dTalle 00yYeHMs MOJEJIH, a TIOAIPABIIsI YKe TOTOBbIe BEKTOPBL.
ITO, KOHEUHO, ¢ TPAKTUIECKON TOUKU 3PEHUSI TOPa3/Io yA0OHee, TOTOMY UTO [/t TAKUX
SI3BIKOB, KaK aHTJUICKUH, YKe CYIIeCTBYIOT OUeHb XOPOIIIO C/leIaHHbIe TOTOBbIE pacipe-
JleJIEHHbIE TIPE/ICTABIEHNS CJIOB, 00y YeHHbIe Ha TIOMCTHHE TUTAHTCKUX HAOOPaX TEKCTOB;
nepeobydaTh uX ObII0 ObI IOBOJBHO CIOKHO, U HTO MOTJIO ObI CBECTH BCIO BBITO/LY OT /10~
IIOJIHUTEJIBHON ceMaHTU4Yeckoil nHpOpMaIuy Ha HeT.

JlormaHoe npoiosKeHre ien SBHOTO MOJIETMPOBAHMS CEMaHTUYECKIX OTHOIIIEHUI
npexaraercs B padorax [307, 437], rae pacipenesieHHble IPeACTABIeHI UCIOIb3YIOT-
Cs1 BMeCTe C BBEIEHHBIMU B 9TUX PaboTax HeupoHHbiMU meH3opHoimu cemsamu (neural
tensor networks, NTN) 111 oGHapysKeHUsT HOBBIX CEMAaHTHYECKMX OTHOIIEHUH B Gasax
3HaHUN. B 3TOI Mojie OinH 13 yPOBHEN yMeeT IePeMHOKATh BXO/IHbIE BEKTOPBI, YTO
Cpa3y pe3Ko pacuIupsieT BO3MOKHOCTH MOJIEJIA B TIIaHE MOJETUPOBAHUS CEMaHTHYe-
ckux otHomrenuii. B pesyabprare NTN-Mozean MOTyT 00ydaTh JIOTHYECKIE OTHOLUIEHMS
(caencTBuUe, 9KBUBAJIIEHTHOCTD, OTPUIIAHKE U T. 1. ) MEK/Y HOHATUSMYU Ha OCHOBE UX pac-
npejieJieHHbIX npeactaBienuii [58, 59] (cm. Takske mpumenenre NTN k MammnHHOMY Tie-
pesoxy B [509]).

U HakoHell, B-TpeThrX. Y 06yYeHHBIX HAMU MOJIEJIEI €CTh OJINH CEPhe3HbIiT He0CTa-
TOK: OHH IIPUCBAUBAIOT TOJLKO OJIMH BEKTOP KaK/IOMY CJIOBY (TOKEHY ). TO 3HAUUT, YTO
€CJIM y CJI0BA WM OUTPAMMBbl OKaKeTCsI Cpas3y HECKOJIBKO PasHBIX CMbICJIOB, YTO OYEHb
4acTO OBIBAET B JKU3HM, MbI CKOPEE BCET0 OOYUYHMM TOJIBKO OIUH U3 HUX, & OCTAJIbHBIE T10-
tepsitorcst. Harpumep, B Tabjl. 7.4 BUHO, YTO CJIOBOCOYETAHNE MAUUHA_BPEMEHU JITIST
06y4YeHHON Ha PYCCKOSI3bIUHOM «Bukunenun» monenn word2vec o3HauaeT UCKIIOYN-
TeJabHO pok-Tpyinny. Hu kinaccuueckuii pacckas Tepbepra Yasuica, Hu duabm «Haszan
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B Oyyluee», HU BCS TPAAMLUS HAyYHOH (GaHTACTUKU B LEJIOM K 9TOMY BEKTOPY OTHO-
IIEHWS, 110 BCEH BUAUMOCTH, He UMeIoT. Ho MbI He XoTenu Obl TePSITh 9TH CMBICJIbI CO-
Bcem! Tak BosHuKaet 3aga4a cusmus omonumuu (word sense disambiguation): kak co-
MIOCTaBUTh OJTHOMY CJIOBY CPa3y HECKOJbKO BEKTOPOB, & CYMETh Pa3JIMUUTh, KAKOU 13
HUX HYKHO MOJICTABUTDH B JIAHHOM KOHTEKCTE?

[Toxpo6HbIil aHAIN3 TAKUX [IOAXO0A0B, IOKALYH, BRIXOAUT 32 PAMKK 9TOM IJIaBbl; OT-
MeTuM paboty [61], B KOTOPO# 3HAYEHSI CJIOBA TIPEACTABIISIIOTCS CKPBITBIMU TTEPEMeH-
HBIMU, YKCJIO 3HAYEHUH [TOJIy4aeTcsl U3 allPUOPHOTO Paclipe/iesieHns, 3alaHHOTO T1PO-
1eccoM /lupuxiie, a BbIBOJ] BEIETCS C TIOMOIIBIO CTOXACTUYECKOTO BAPUAIIMOHHOTO BbI-
BOJIa, KOTOPBII MblI elte 06cyauM B Tiase 10.

Erte oma mosixoz1 K peasnn3aiiuy KOMIO3UITMOHHOM CEMaHTUKH, HECKOJIBKO OPTOTO-
HAJIbHBII BCEMY TOMY, O YeM MbI FOBOPUJIM BBIIIE, COCTOUT B TOM, YTOOBI TIPEICTABJISThH
OJIHM CJI0BA KaK moduuramopo: (modifiers) apyrux cios. To 3HAYKT, YTO HEKOTOPbIE
CJIOBA TIPEJICTABJISIIOTCS BEKTOPAMU, KaK M PaHblile, 2 HEKOTOPblE — OIEPaIUsIMU HAJl
BEKTOPaMM, KOTOPbIE CKOPEE U3MEHSIIOT 3HAUEHMs APYTHUX CJIOB, Y4eM UMEIOT CBOM CO0-
CTBEHHbIE 3HAUEHUS.

Hanpumep, Mmogesnu us pabors [32] mbITaoTCs IPEACTABUTh CJIOBOCOYETAHUSI BU-
Jla <CYIIeCTBUTETHHOE + TIPUJIATaTeTbHOE> , MOJIETNPY I TPUJIaraTeIbHble KaK MATPUIIHI,
[IPOU3BOJISIINE JIMHEWHbIE ONlEPAIUN HAJl CYIIECTBUTETbHBIMU, KOTOPbIe OHU MO (Y-
IUPYIOT. DTO BIIOJHE JIOTUYHO: HATTPUMED, CJIOBO «<KPACHBIN» IPEJICTABJISIETCS HE BEKTO-
POM, a MaTpuUIeil, KOTOPast AeJaeT OHO U TO e IIpeodpasoBaHKe U HaJl CJIOBOM «I0M>»,
U HaJl CJIOBOM «MSY», COOOIIAs UM CBOWCTBO «ObITh KPACHBIMU» U MOIEIUPYS OJHUM
BEKTOPOM CJIOBOCOYETAHNS «KPACHBIN TOM» M «KPACHBIN MTI».

Haxkownelr, cTouT yroMsiHyTb, 4TO cama ujest paciipe/ieJieHHbIX MPe/ICTaBIeHU, KO-
HEYHO, He OTPaHUYUBaeTCst 06pabOTKOM eCTECTBEHHOTO A3bIKa, & IPUTOKIAETCS 1 B IIPY-
rux 3ajauyax. Hanpumep, B [373] BeKTOPHI paciipeiesieHHbIX TIPeICTaBIAEHU TTPUMEHSI-
10TCsI Kak 6a30Basi MOJIe/Ib JIJIS [IPe/ICTaBIeHus OBEAEeHUs 10Jb3oBaTeneil B Murep-
HeTe: WX JIeCTBUST COOTBETCTBYIOT CJIOBaM, a TTPOMUIN COCTOST U3 TaKUX JIeHCTBUH,
KaK [peIosKeHns U ab3alibl COCTOAT U3 ¢jioB. HaM mpejcraBisiercs, 4To MOKHO HalTH
U IpyTHe MHTEePECHbIE IIPUMEHEHH [JIsI 9TON 6a30BOIi M/IEH.

Wrak, naBaiiTe mojseieM KpaTKUI UTOT ITePBO YACTHU IJIaBbl, IOCBAIEHHON paciipe-
JeJIEHHBIM TIpeICTaBIeHUsIM ¢JIoB. [TocieH1e MPOABUKEHUsI B 00JIaCTU PaCIIPeAeseH-
HBIX TIPE/ICTABJICHWH CJIOB MPEBPATUIIN ATOT MOAXO/ B (PaKTUUECKH MPUEM 10 YMOJTIa-
HUIO B COBPEMEHHOU NHTE/LIEKTYyaIbHOI 00paboTKe ecrecTBEHHOTO st3bika [ 182]. Takue
IpeICTaBIeHNs, Ha KaKiX Obl IPUHIIMIAX OHKM HI ObLIM OCHOBaHBI, 110 CYyTH 0TOOpaxKa-
IOT CJIOBO U3 CJIOBApsi B HEKOTOPbIiI BEKTOP B €BKJINIOBOM IpocTpancTBe RY, u 0cHOB-
Had 3a/1a4a PacIpeiesIeHHbIX MTPeJICTABIEHNH — TIOMBITATHCS BBIPA3UTh CEMAaHTUYECKUE
OTHOIIIEHUST MEXK/Y CJIOBAMU B BUJI€ TEOMETPUYECKUX OTHOIIEHUIA B TOM CAMOM €BKJIU-
JIOBOM TIPOCTPAHCTRE.

B 6a30BbIX 10[X0[aX Ha BXOJ MOEIM 0OydYeHUs IIPENCTaBACHUN CJIOB IOAAETCS
KOPILYC TEKCTOB, a Ha BBIXOJIe 00YYAIOTCs BEKTOPBI AJIST KasKA0T0 CJI0BA; ECTh M Pa3HO00-
pasHble pacIIupeHns U MPOJIOJIKEHNS 9TOU W/ler, HO OCHOBHOW CMBICTT MMEHHO TaKOB.
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Vyest Takux TIpeicTaBiIeHNi cHayasa GblTa IPMEHEHA K OOBIYHBIM SI3BIKOBBIM MOJIE-
JISIM, HatipuMep B pabortax [147, 369, 442], a HaumHas co crareil Tomarra MukosoBa
¢ coaBropamu 0 word2vec [123, 137] uges pacipegeneHHbIX IPeACTABJCHHIA CI0B Ha-
Yajia IIPUMEHSTHCS IIPOCTO OYKBAJIbHO Be3Jie, KO BCeM 3ala4aM COBPeMEeHHOI 00paboTKy
TEKCTOB.

Oxka3zasiock, 4To pacipe/iesieHHbIe TIPEACTABJIEHUST OY€Hb CUIIBHO TIOMOTAIOT B G0JIb-
IIUHCTBE KJIACCUIECKUX 327129 06PaBGOTKHU TEKCTOB, TOTOMY UTO OHU (DaKTUYECKHU IOTIOJI-
HSIOT BCE TIOCJEAYIONIE MOJIEJH, 3a/[a4/ W IaTACeThl HEKUM «CaKPAJbHBIM 3HAHUEM>
0 TOM, KaK CJIOBa CBSI3aHBI JIPYT € IPYTOM TIPOCTO B CAMOM SI3BIKE, O KOTOPOM HJIET PEUb.
Jla 1 MojiesisiM OOBIYHO MIPOIILE YIIPABJSATHCS C BEKTOPAMH U3 HECKOJBKUX COTEH Bellle-
CTBEHHBIX YHCEJI, YeM C IUCKPETHBIME OObEKTAMU U3 CJIOBAPS PA3MEPOM B IECATKH HIIH
COTHH THICSTY. A BOT HACKOJIBKO 3TOTO JIOCTATOYHO U YTO IMOTOM C 3TUMH BEKTOPAMHU Jie-
JlaTh — 006 3TOM MbI U OyIeM TOBOPUTb JIAJIbIIIE,

7.5. BBepx 1 BHU3 OT NpefcTaBiieHUN CIIOB

A Tak Kak 9Ta IepeKJIaIIHa MOKeT ObITh [IEpPeBUraeMa M0 JKeJIAHMUIO,
BBEPX U BHU3, HA [IBYX 3yOUaThbiX peiiKax U 3aKPEIISeTCs Ha JII0OOM Bbi-
coTe CIEIUaTbHBIMU 3al[eJIKaMU, TO BIIOJHE TTIOHATHO, YTO YE€M MBI HUXKE
OIlyCTUM MEPEKIAAUuHY, TeM (oJiee BHITMOAETCSI TIPYT U TEM SHEPIUYHEE
HAHOCHUTCSA YAap. ITUM MBI PEryJIMPYeM CUITYy HaKa3aHuUs.

A. U. Kynpun. Mexanuueckoe npagocyoue

B nipesbiyem pasjiesie Mbl yiKe YIIOMUHAU [TPEATION0KEHNE O TOM, 4TO BEKTOP, PaB-
HBIIT CyMMe WJIM CPEHEMY APYTHX, OTPAKAET UX COBMECTHBIN cMBICI. B muHrBHUCTHKE
3TOT (heHOMEH — TO, YTO KOMOMHAIIMY BEKTOPOB OT/AEJIbHBIX CJIOB MOTYT OTPasKaTh 06-
MUt CMBICT GOJIBITNX KYCKOB TEKCTA, — M3BECTEH KAK PACHPEOCNEeHHAS KOMNOIULUOH-
nas cemanmuxa (distributional compositional semantics); y Hee ecTb aske 000CHOBaHsI
B KOTHUTUBHOI HayKe 1 HeKast SKCIiepUMeHTaIbHast 6a3a, MPUXO/AIIAst U3 SKCIIePUMEH-
TaspHOU rcuxosioruu [132, 367, 486].

Kpome Toro, B mouTn 110601 peanbHOi 3a1a4e 06paboTKY TEKCTOB BEKTOPHI CJIOB HAC
HHTEPECYIOT MOCTOJBKY-TIOCKOJIBKY, 8 KOHEYHAsT 11eJIb OOBIYHO HE B TOM, YTOOBI MOHSATH
4T0-TO 00 OTIEJNBHBIX cJoBaX. Hampumep, 11eJib aHAIM3a TOHAJIBHOCTU (CEHTUMEHT-
aHaJIN3a) COCTOUT HE B TOM, YTOOBI BBISICHUTD, 4TO «OTIUYHO» — HTO MO3UTUBHOE CJIOBO,
a «TaK_cebe» — HeraTMBHAA OUIPaMMa, XOTsI 9TO MOKET OBbITh BaXKHbBIM IIPOMEKYTOY-
HBIM IIaTOM, a B TOM, YTOOBI TIOHATH TOHAILHOCTD IEJBIX TEKCTOB, IYCTh KOPOTKHUX.

[ToaTOMY €CTECTBEHHBIM CJEIYIONUM AEHCTBHEM TTOCTE OOYUEHUS TIPEICTABIEHUIT
OT/IEJIbHBIX CJIOB OY/IEeT TOTBITKA BBIPA3UTh CMbICIT (oJiee KPYMHBIX YYACTKOB TEKCTA:
[IPEIJIOKEHNH, a03a1leB, CTaTyCOB B COLUAJIBHBIX CETIX, cTaTeil u T. . [IJIs 9Toro Hyx-
HO HAiTH c1I0c06 0OBEANHUTD BEKTOPBI OTAEIBHBIX CIOB B BEKTOPHI HECKOJIBKUX CJIOB
U T. JI.; 9TOMY TIOCBSIIEH IeJIblii P/l PA3HBIX PaboT, U B HTOM pasjieie Mbl HA4HEM C TOTo,
YTO UM KPATKUH 0630 HEKOTOPHIX U3 TAKUX MOJIENIEH.
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Puc. 7.3. ApXUTeKTYpbI /I BEKTOPOB y4aCTKOB TeKcTa u3 pabotsl [301]:
a—PV-DM; 6 — PV-DBOW

Camast mpoctast ujes, epBoil IPUXOISIIAst B TOJIOBY, — 3TO UCIIOJIb30BATH IIPOCTHIE
KOMOUHAIIMU BEKTOPOB CJIOB, CYMMY WJIH CPEIHEE, JIJIst TOTO, YUTOOBI MPECTABUTD MIPE/-
JIosKeHne uin ab3all B BUje BeKTopa. Takoil MoAXo/ KaKeTCsl YPE3BhIYaiiHO HAMBHBIM,
HO He CTOMT 3a0bIBaTh, YTO OJHOW M3 OCHOBHBIX IleJieil 00yueHust BeKTOpoB word2vec
u GloVe 0bLI0 00y4UTH TaKUE MPEACTABIECHNS, B KOTOPBIX CEMaHTUIECKHE COOTHOIIIE-
HUST MEK/TY TIOHSITUSIMU OY/IyT BBIPAXKATHCSI KIMEHHO TIPOCTHIMU TEOMETPHUYECKUMHE CO-
OTHOIIEHUSIMU MEK/TY BeKTOpamu. I109TOMY XOTsT TAKOU MOAXO0/ OOBIYHO HCIIOIb3YeTCsT
Kak baseline, To ecTb moIe)KaIUIl yIyUIIEeHUIO CTaHAAPTHBIA HAUBHBIN TOAXO (CM.,
Haripumep, [301]), B [123] on oTMedaeTcs Kak pasyMHBIN TTOAXO/ [IJ1ST IOJTyYE€HUS TIPeJi-
cTaBJIeHUI KOPOTKUX (hpas, a B GoJiee mosaHell pabore [149] 6bLIO MOKa3aHO, YTO OH
BecbMa 3(h(hEKTUBEH JJIsT PE3FOMUPOBAHUS JOKYMEHTOB (summarization). Takum 06-
PasoM, ecJi Bbl B3SAJIMUCh PEAU30BbIBATh COBPEMEHHYIO CHCTEMY 06pabOTKH TEKCTOB,
U BaM HY’KHO MPEJICTAaBUTH MPEJIOKeHNe, a63all, TBUT WU APYTOH KOPOTKHUHA KYCOUeK
TEKCTa B BUJIE BEKTOPA, B TIEPBYO 0U€PE/Ib TOMPOOYITE IIPOCTO YCPEAHUTD BEKTOPBI BXO-
JSIIUX B HETO CJIOB: He UCKJIIOUYEHO, YTO B PE3YJIbTATE BbI MOJYUNUTE BIIOJIHE Pabounit
BapUAHT MOJIEJIH, U HIYETO JPYTOro JIeJIaTh OYAET IPOCTO HE HYKHO.

Bropoii kiacc Mozesieil, 00ydamIux BeKTOPbI IPEACTABIEHHI TEKCTOB, BBITJISIAT
Kak 00y4eHre BEKTOPOB CJIOB, HO C JOMOJHUTENbHBIMU apaMeTPaMu, COOTBETCTBYO-
muMu GoJiee KPYIIHBIM KycKaM TekcTa. Takue Mojeu ObLiu HoApoOHO pa3oOpaHbl B pa-
6ore [301], rme BBOAMTCS 1BA BapuaHTa OOyYeHUsT TaK HA3bIBaeMbIX paragraph vectors
(BexTOpOB ab3anes) B mporecce obydenus word2vec (puc. 7.3). B mogemu PV-DM
(Distributed Memory Model of Paragraph Vectors) Bexkrop, npeiacrasisioliuii adsair
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Puc. 7.4. OxHoMepHast CBepTOYHAS CETh st 00pabOTKM TEKCTOB

WJIN TIPENITIOKEHIE, ONIPEesIsieTCsl KaK ellle OJIUH JOMOJHUTETbHBIN BEKTOP BecoB. OH
paboTaeT B KaueCTBE «IMaMsITH», COXpaHsist 60Jiee JOJTOCPOUHBIN KOHTEKCT JIJist BEKTO-
POB CJIOB, YeM MOKHO HAWTH B MaJIEHPKOM OKHeE; cXeMa IMoKa3aHa Ha puc. 7.3, a (Mbl
3aKpacuJii 4acTh, OTHOCSIIYIOCS K BEKTOPY ydacTka Tekcrta). A B mosiesin PV-DBOW
(Distributed Bag of Words Model of Paragraph Vectors) [301] cioBa KoHTeKCTa IIPOCTO
[OJTHOCTHIO UTHOPUPYIOTCSI, U MOJIENb MCIOJIb3YeT BEKTOP ab3aria, 4ToOb! IPeJCcKa3aTh
CJI0Ba U3 OKHa B ToM e abzane; PV-DBOW nokasana Ha puc. 7.3, 6.

TpeTbst UHTEPECHAST MBICJB COCTOUT B TOM, YTOOBI «IIOHITh> UAECIO MTPEICKA3aAHUS
CJIOBA TIO JIOKAJTbHOMY KOHTEKCTY Ha ypoBeHb Bbiiite. Hanpumep, B pabore [498] mpex-
JIATAIOTCS TaK Ha3blBaeMble sRip-thought BEKTOPBI: CMBICJI IIPEJIOKEHUS TIPEBPAIIAETCS
B BEKTOP C TIOMOIIBIO SKip-gram KOHCTPYKIMHU, TOCTPOEHHON Ha TIEMBIX MTPETOKEHISIX
C TIOMOIIbIO 3apaHee 00YUEHHBIX MTPEACTAaBIEHUIT OTIebHBIX CJIOB. A B [213] pacnpene-
JICHHBIE [TPEJICTABJIEHUS TIPOIOJIKAIOTCS Ha YPOBEHb IEJIBIX IOKYMEHTOB; 3Ta paboTa 1mo-
cBsieHa 00paboTke GOJIBIIMX IIOTOKOB KOPOTKUX TeKCTOB (Harpumep, Twitter), u B Hell
CTPOUTCS NEPAPXITYECKAS SI3BIKOBASI MOJIENTD C OTAEIbHBIMU YPOBHIMHU JJOKYMEHTA U TO-
KeHa (cJIoBa).

Haxowerr, koneuHo, oyt Jio6oii TpuMep peasbHOTO MPUMEHEHVSI HEHPOHHBIX ce-
Teil B 06paboTKe eCTECTBEHHOTO sI3bIKa OY/IET B KAKOM-TO MOMEHT ITPEACTABJIATH KOPOT-
KHe y4acTKU TeKCTa B BU/Ie BEKTOPOB (PUKCUPOBaHHOU padmepHocTu. B paszese 8.1 mbl
[IOrOBOPKM O TaK Ha3bIBaeMbIX encoder-decoder apxurekTypax, B KOTOPbIX TeKCT (00bIY-
HO KOPOTKHUIT) CHAYAJIA «CBOPAYMBAETCSI» /IO OJHOTO BEKTOPA, & 3aT€M «Pa3BOPAUNBAET-
csi» 0OpaTHO B BUJIE PE3YJITATA: TOTO JKe TEKCTa HA IPYTOM SI3bIKE, OTBETHON PETLTHKI
B JINAJIOTE... ITO, KOHEYHO, 60JTee KOHKPETHBIN KJIACC MOJIENEH, HO TIPAKTHYECKH JT060€e
MIPUMEHEHNE K ONpe/leIEeHHON TTPaKTUYeCKO 3a/jaue Tak UJIH WHaYe CONEPKUT TOT ca-
MbIii encoder, KOIUPOBIIHK.

OTMeTuM 371eCh, 4TO XOTSI OOJIee «eCTeCTBEHHOM» apXUTEKTypOil /st 00paboTKu
TEKCTOB MPEJICTABIISIOTCS] PEKYPPEHTHBIE ceTU (B KOHIIE KOHIIOB, TEKCT — ATO TaKasi 1Mo-
CJIEZIOBATEIBHOCTB ), B [TOCTIETHUE TOBI CBEPTOYHBIE CETH TAKKE AKTUBHO IIPUMEHSTIOTCST
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Puc. 7.5. IIprMepst HEHPOHHBIX CeTell 71 331241 aHAJN3a TOHATBHOCTH [64]:
a — peKkyppeHTHast; 6 — CBEPTOYHasI

JLISL 9TOM LIEJIN U CYMTAIOTC HIYEM He XysKe, a MOKET ObITh, 1 y4iie. OCHOBHAsI pa3HU-
1a MeKy CBEPTOYHBIMU CETAMU [t 00PabOTKU TEKCTOB U TEMU CETSIMU, KOTOPBIE MbI
HOAPOGHO PacCMaTPUBAJIM B IJIaBE 5, COCTOUT B TOM, YTO CBEPTKHU TENEPh OJJHOMEPHBIE,
TO €CTh OKHO CUUTAETCS «B JJIMHY», 110 CJI0BaM npeanoxenus. Ha puc. 7.4 uzobpaxen
[IPUMeEP IIEPBOrO CBEPTOYHOIO CJIOs /it 00pabOTKK TEKCTA: CJI0BA CHaYaJjia IpeBpaiia-
IOTCSI B BEKTOPbI TEMU WJIW MHBIMY BJIOXKEHUSIMH, a 3aTEM K 9TUM BEKTOPaM YUCeJI TIPU-
MEHSIOTCST OJ[THOMEPHbIE CBEPTKH.

A B KauecTBe KOHKPETHOTO TIPUMEPA MBI U300pasuiIi Ha PUC. 7.5, a MPOCTEHIIYI0
HEHPOHHYIO apXUTEKTYPY /Ui 33/1a4i aHAIN3a TOHAJTBHOCTH; OHA HACTOJIBKO JIOTUYHA
U IPSIMOJIMHEIHA, YTO IPUBOAUTCS OYKBaIbHO B JOKyMeHTanuu 6ubimoreku Keras kak
TIpUMED 33/IaHUs PEKyPPEHTHBIX ceTell [79], a Ko ee oueHb KpaToOK U MoHsITeH. /laBaiiTe
TIPUBE/IEM €T0; B 9TOM Pasiesie Mbl a/IAITUPYEM TTpUMep, TpuBe/ieHHbIN B [64]. Haunem
C TOTO, YTO UMTIOPTUPYEM BCe, UTO HYKHO, 13 Keras v 3arpy3uM cTaHAapTHBIN JaTaceT
OT3bIBOB Ha (husibMbl 3 6a3bl IMDB [/t aHaIn3a TOHATIBHOCTH. M bl OTPAaHUYHMCSI CJIO-
BapeM 13 5000 caMbIX YaCTO BCTPEYAIOIIUXCS B 9TOM KOPITyCe CJIOB, a TakKe 00peskeM
Bce oT3bIBbL 10 500 coB. MbI TakKe HOIOJHUM GoJiee KOPOTKHE OT3bIBbI HYJIEBBIMU
BekTopamu 10 anunbl 500; 115 aToro B Keras ectb yno6Has QyHKIMs pad_sequences.

import numpy

from keras.datasets import imdb

from keras.models import Sequential

from keras.layers import Dense,LSTM

from keras.layers.embeddings import Embedding
from keras.preprocessing import sequence
top_words = 5000
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max_review_length = 500

(X_train, y_train), (X_test, y_test) = imdb.load_data(num_words=top_words)
X_train = sequence.pad_sequences(X_train, maxlen=max_review_length)
X_test = sequence.pad_sequences(X_test, maxlen=max_review_length)

Tenepb moctpoum cetb. Mbl He OyeM 3arpyskaTb TOTOBbIE MPEACTABJIEHUS CJIOB,
a 06yUYMM WX OTAETHHO KakK TePBBIH yPoBeHb Mozienn. [[oCKOMbKY MaTaceT MaeHbKHiA,
npezcraBienus pasmepHoctu 200—300 06yuuTh He MOJYIUTCS, 1a U He3a4eM, MbI Orpa-
HUYMMCS BeKTOpaMu JIMHbL 32. Bestes 3a HUMU 3aaiiM apXUTEKTYPY, U300PaKeHHY 0
Ha puc. 7.5, a; 8 Keras 5710 ouenb mpocro.

embedding_vector_length = 32

model = Sequential()

model.add(Embedding(top_words, embedding_vector_length,
input_length=max_review_length))

model.add(Dropout(0.2))

model.add(LSTM(100))

model.add(Dropout(0.2))

model.add(Dense(1, activation='sigmoid'))

Terepb MOKHO OOYYUTH U TOCMOTPETD, UTO MOJYIAETCS HA TECTOBOM MHOKECTBE.

model.compile(loss='binary_crossentropy', optimizer='adam', metrics=['accuracy'])
model.fit(X_train, y_train, epochs=3, batch_size=64)

scores = model.evaluate(X_test, y_test, verbose=0)

print("Accuracy: %.4f" % (scores[1]))

TouHOCTb IpecKa3aHus TOHAIBHOCTH Y HAC TIOJTy4uach 83,42 % (ecTecTBEHHO, TOYHOE
YHCJIO TOJ[BEPIKEHO CHYUYAHBIM (haKTOpaMm).

OG6parure BHUMAHUE, YTO PH 3TOM OKOHYATEJLHOE TPECTABIEHIE OT3bIBA OTISITh
BBITJIA/IUT KaK BEKTOP (DUKCUPOBAHHOI JJIMHBI, TIPOCTO TEIEPb B HETO «CBOPAYNBAET-
CsT» BeCh OT3BIB, CHAUAJIa IIPOXO/IS Yepe3 CI0H BJIOKeHU (pacnpeieIeHHBIX TIPe/ICTaB-
JIEHUIT), a 3aTeM Yepe3 PeKyppPeHTHBIH cioi. KoHeuHO, 3Ty apXUTeKTypy MOKHO yCJIOXK-
HSTb U JIQJIbIIE; CKOPee BCEro, MOJYYUTCS YTO-TO MOX0Kee Ha puc. 6.13, KOTOPbINT MbI
ozpobHO 00Cy K Ianu B riase 6.

A MOKHO CYIIECTBEHHO YCKOPUTH OOYU€EHIE, BBIUTPAB [IPU 3TOM 1 B KAYECTBE, C I10-
MOII[BIO CBEPTOYHO aPXUTEKTYPBI; CBEPTKH B Helt Y1y T OZIHOMEPHbIE, HO MBI TOYHO TaK
e GyieM HAYMHATh C BEKTOPOB CJIOB U JIBUTATHCS BBEPX K MTPEJCTABJIEHIIO BCETO OT3bI-
Ba. JTa apXUTEKTYpa n306pakeHa Ha prc. 7.5, 6; a B KOJIe MIBMEHUTCST COBCEM HEMHOTO:

model = Sequential()

model.add(Embedding(top_words, embedding_vecor_length,
input_length=max_review_length))

model.add(ConviD(filters=32, kernel_size=3, padding='same', activation='relu'))

model.add(MaxPooling1D(pool_size=2))

model.add(LSTM(100))

model.add(Dense(1, activation='sigmoid'))
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Bce ocTajibHOE BBIMJISIAMT TOYHO TaK Ke, HO CeTh Telepb 00ydyaeTcs Topasiao ObicTpee
(cBepTOUHbIE ceTH 06YYaTh IPOIIE U OBICTPEE, YeM PEKYPPEHTHBIE, & TYT MBI LIS PEKYP-
PEHTHOI YacTH COKPATUJIN BXOIHYIO PAa3MEPHOCTD ), @ UTOTOBAsI TOYUHOCTb HA TECTOBOM
MHOKECTBE B HAIIUX dKCIIepUMeHTax cocrasuia 87,35 %.

Wrak, Mbl yBUEIN TPUMEPDI TOTO, KaK CTPOUTH KJIACCHUYECKHE HENPOCETEBbIE ap-
XUTEKTYPBI HA OCHOBE PaCIIPe/Ie/IEHHbBIX TPEICTABIEHUI CIOB. Takue apXUTEKTypPhI 4a-
CTO ¥ YCIEITHO MPUMeHSIOTCs (CM., HartpuMep, [271]). Oxraxo B 9TOI YaCcTH KHUTH HAC
60JIblIIe HHTEPECYIOT CUTYAI[MU, KOT/A 33241 0OPabOTKU €CTECTBEHHBIX S3bIKOB IIPH-
BEJIN K TTOSIBJIEHUIO HOBBIX, HECTAHAAPTHBIX apXUTEKTYP HEHPOHHBIX ceTei. K HUM MBI
nepeiizeM 6yKBaJIbHO B CJIEAYIOIIEM Pasjiesie, HO CHavyaa — HEMHOI'O KPUTHKH.

PacipezesieHHble IpeJCTaBIeHMsI CJI0B, KOTOPbIE MbI [I0 CUX IO 00CYKIaIH, NMe-
10T U PsIJT BASKHBIX HEZOCTATKOB. BO-TI€PBBIX, BEKTOPBI JIJIST KAK/IOTO CJIOBA COBEPIIEHHO
HE3aBUCUMBL: MBI HE MOKEM HCIIOJIb30BATh HAIIIN 3HAHUST 00 OJTHOM CJIOBE, UTOOBI JIydIiie
HOHSITH IPYTOe. ITO He KAKETCsI CTPAIIHBIM, TIOKA BbI HE 3a/[yMbIBAETECH O SI3bIKAX C 60-
ratoil MopdoJIorueil Bpoje PyccKOro: ISl MOAEIH word2vec cJioBa «BEKTOP», «BEKTO-
pa», «<BEKTOPbI», «BEKTOPHBII», <BEKTOPHOTO», «BEKTOPU30BATDY, ITOJIBEKTOP» U T. II.
SIBJISTIOTCST aBGCOJTIOTHO PasHBIME (9TO MIPOCTO pasHble PA3MEPHOCTH Ha BXOJE), U IS
Kaoc0020 U3 HUX TPUAETCS HAOMPATh JOCTATOUHO CTATUCTUKY, MOAOMPATh TaKOW JaTa-
cet, 4TOOBI Kaxkaast (popMa BCTpedasach HECKOIBKO pa3. OIHAKO MbI C BAMU ITPEKPACHO
[IOHUMAEM I1eJI0€ «THE3/[0» CJIOB, KaK TOJbKO y3HaeM, 4TO O3HaYaeT ero 6a3oBblil KOPEHb;
MOJKHO JIF 3TO YMEHUE KaK-TO MEPEAATh KOMITbIOTEPY ?

Bo-BTOpBIX, TO K€ caMoe OTHOCUTCS K CJIOBaM, KOTOPBIX HET B CJIOBape: HEBO3MOJK-
HO 06YYHTh pacipeaesieHHOe TPEACTaBIeHUE CI0Ba 63 JOCTaTOUHOTO Habopa MaHHBIX
PO HETO, B TO BPEMST KAK YEJIOBEK JIETKO MOKET TIOHSITh, YTO B 9UTX COJIBAX OJIU IOMYIII-
HBI OIEYATKH, a 3a4aCTYI0 MOKET U SKCTPATIOTUPOBATH CMBICT CJIOBA U3 €T0 (hOPMBL.
B kauecTBe mprMepa Mbl IPUAYMa/I HAyKOoOPasHo 3By4allee ciIoBo polydistributional:
KOT/Ia OJIFH U3 aBTOPOB KHUI'HM HAYaJI KCIIOJIb30BATh 9TO CJIOBO B IOKJIanax, Google nasan
BCEro 48 CCBIIOK € 9THUM CJIOBOM jlaxke 6Ge3 KaBblUueK — KaK BbI MOHUMAETe, 9TO 3HAUUT,
YTO CJIOBO He OBLIO U3BECTHO POBHBIM CY€TOM HUKOMY. OIHAKO BbI BE/Ib YK€ TPUMEPHO
MIOHUMAETe, YTO OHO 3HAYUT? MbI Toxke. U neiicTBUTEIBHO, B €/IMHCTBEHHON HAyYHON
cTaThe U3 3THX 48 pe3ysIbTaToB cJI0BO polydistributional He BBOAMIOCH KaK HOBBII Tep-
MUH, & TIPOCTO UCIIOJIb30BAJIOCH MESKJLY JIEJIOM B TEKCTE, B TIPETIOJIOKEHIH, UTO OHO BCEM
IIOHSITHO... ¥l OHO IeiICTBHTE/ILHO BCEM MOHSATHO .

B-TpeTbux, Ha MpaKTHUKe MOJIEJN PaCTIPEIEICHHBIX TTPEACTABICHIH CJIOB CTAHOBSIT-
€1 04eHb OO BEMHBIMU [t OOJIBIINX cJI0Bapei. XOTs IIPUMEHSTh 00y4eHHYIO MOJIEIb [1a-
’Ke 04eHb GOJIBIIOrO pasMepa MOKHO 0CTATOYHO OBICTPO (PUMEHEHKE CBOIMTCS K TO-
My, 4TOOBI JOCTATh U3 MAMATH HYKHBII BEKTOD 110 KJIOYY), YTOOBI 9TO OCYIIECTBUThH
B PEATTbHOCTH, TIPUIETCST BCE BEKTOPHI 3aTPY3UTh B TIAMSITH, YTO HE BCET/IA TAK JIETKO.

' B 510l KHETE MBI TOKE MPOBEJIH TAKOH IKCIIEPUMEHT: TOBOPSI O JlaprmyTtckom cemunape B paszede 1.2,
MbI Ha3BaJlM 3asBJIeHNE ¢ MPOChOOIl TOIePKaTh €ro NPoBe/leHne «IpaHTo3asBKoi». Ha 210 c10BO ceityac
(ieto 2017 ropa) Google BbimaeT MeHbIIE TECATH CCHLUIOK, U BCE HA HAIM COOCTBEHHbIE MPE3EHTAINN... HO
HeY>KeJ! BbI He MTOHSLIH, O YeM pedb?
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Puc. 7.6. CrpyKTypa MOoCUMBOJIbHOI SI3BIKOBOU MOze v 13 PabOTh [74]

Bcee o111 ipo6ieMbl IPUBOJIAT K UIEE HOCUMBOLLHLIX npedcmagienuii (character-level
representations). OT BEKTOPOB CJIOB MOKHO UJITH HE TOJIBKO «BBEPX», B CTOPOHY BEKTO-
POB TIPeTIOKEHU#T 1 ab3alleB, HO U «BHU3», CITYCKAasICh C YPOBHSI CJIOB HA YPOBEHb OT-
JIeJIbHBIX CUMBOJIOB. /laBaiiTe moctapaeMcst 00yYUTh MOJIEb, KOTOPAst MOXKET TIOHUMATh
CTPYKTYPY CJIOBa ¥ J€JIATh BBIBOJI O TOM, UTO «BEKTOP», «<BEKTOPa» M «BEKTOPBI» JTOJIK-
HBI HAXOIUTHCS HE TaK AAJIEKO IPYT OT IPYTa B CEMAaHTUYECKOM IIPOCTPAHCTBE.

[TepBbie MOMBITKU YYECTH CTPYKTYPY CJOBA COCTOSIIIA B TOM, YTOOBI MOIBITATHCSI Pa3-
JIOJKUTbH CJIOBO HA MOPpeMbl, HAUMEHDIITIE CMBICTIOBbIE YACTH ITMCHMEHHOTO SI3bIKA (KaK
B IIECTOM KJacce: MPHUCTaBKa, KOpeHb, cyhdukce, okoHuanue...) [54, 340, 501]. Ecan
661 MOP(EMBI GBITH IOCTYITHBI HATIPSIMYIO, OHU ACHCTBUTEIBHO CTATN Obl W/IeaTbHBIMI
<«KUPIUYUKAMU» JIJIST HUI3KOYPOBHEBBIX TIPE/ICTaBIeHUit cjioB. OHAKO HA CAMOM Jiefie
MOP(EMBI HETTOCPEICTBEHHO B OIIYIIIEHUSIX HaM He JaHbl; MOP(hOJIOTHIECKHA pasbop —
9TO OT/eJIbHAS HETIPOCTAS 33/1a4a, U B KAKOM-TO CMBICJIE MbI [[POCTO CMEIIAEM €€ CII0K-
HOCTB Ha MOP(OJIOTHIECKHH aHATM3ATOP, KOTOPBIN TOXKe He Beerna 6yet pabotars uie-
anmpHO. KpoMe Toro, BaskHOI MOTHBAIIMEN [IJIs1 TOCUMBOJIBHBIX ITPECTABIEHUN SBIISIET-
51 TaksKe 00paboTKa OTeYaTOK 1 OUIHOOK, KOTOPBIE MOTYT OKa3aThCsl B JIE000i MopdeMe,
B TOM YHCJIE ¥ B KOPHE.

[ToaToMy COBpeMeHHBIE TOCUMBOJIBHBIE MOJIEN PAGOTAIOT HEMOCPEACTBEHHO ¢ OYK-
Bamu. B paGore [156] npencrasiena 6asosas monenb C2W (character to word), koro-
past MOKeT 00yUaTh IIPEICTABIEHUS CJIOB U3 COCTABJISIONTIX UX OYKB € TIOMOIIIBIO IBYHa-
npasjaeHHbx LSTM. B 910i1 Mozesu nogaHHble Ha BXOZ CUMBOJIbI CHadaJjIa Ipeobpasy-
I0TCSI B COOTBETCTBYIOIINE UM BEKTOPBI (14, TYT TOKE €CTh TAKAs XKe MaTPUIlA PacIipe/ie-
JIGHHBIX TIPE/ICTABJIEHUIT, HO He JIJISI CJIOB, a JIJIst OTAEIbHBIX OYKB), a 3aTeM BEKTOPHI 110-
natotcst B AByHanpasiaerHbiii LSTM, koTopblil yike BbIaeT TIpe/icTaBIeHue coBa. Bee
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3TO MOKHO TeTephb 06yvaTh ofHoBpeMenHo (end-to-end), Bce rpafiieHThl OTIUYHO TPO-
XOJIAT, ¥ Bce paboTaeT: B [156] mokasaHbl OTJIMYHbBIE PE3YJIbTATHI VIS 33124 SI3BIKOBOTO
MOJIETTUPOBAHUS U YACTEPEUHOU PAa3METKH, 0OCOOEHHO JIJISI A3BIKOB ¢ HoraToit MophoJio-
ruei.

A pyTOli ecTecTBEHHBIN €OcOO paboTaTh ¢ TMOCAEAOBATENBHOCTSIMU — 3TO OJ-
HOMepHbIe cBepTouHble cetu. Hanpumep, B Mozesin Text understanding from scratch
(«ITonnmaHue TekcTa ¢ HyJIsI» — Ha3BaHUe, MOKAIYH, CIUITKOM rpoMKoe) [586, 587
OTJIeJIbHbIE CUMBOJIBI B BEKTOPHOM I1PeJICTABJIEHNH [IOJAI0TCS B CBEPTOYHYIO CETH C IITe-
CTBIO CBEPTOYHBIMU CJIOSIMH, TPEMSI ITOJTHOCBSI3HBIMU CIOSIMU M IBYMSI CJIOSIMU J[POTIa-
yTa IS PETYISAPU3AUU. Y TBEPAKAAETCS, YTO TaKask MOJIE/Ib TakyKe MMOKa3bIBAET OYECHb
XOPOIIIUE PE3YAbTATHI B KJIACCU(DUKAIINY TEKCTOB U IPYTHUX KJIACCHUIECKUX 3a1a4ax 00-
pabOTKM TEKCTOB.

CoBpeMeHHBIE TIOCUMBOJIBHBIE MOJIEJTH OOBIYHO COUYETAIOT BCE 3TU apXUTEKTYPHI,
a TaksKe 006aBJSIIOT HOBbIe TPIOKU. Ha puc. 7.6 MbI TIOKa3aiu XapaKTePHbII IIPIMED CO-
BPEeMEHHOU TOCUMBOJIbHOM MOJIeNu [74], B KOTOPOI CTPOUTCS TIOCUMBOJIbHAS HEWPO-
ceTeBast sI3bIKOBas Mojiesib. OGpaTuTe BHUMaHUE, KAK MHOTO B 9TOI apXUTEKTYPE CXO-
JIUTCS M3 TOTO, O YeM Mbl TOBOPHJIM PAHbIIIE: CHAYAJIA PACIIPe/leJIeHHbIE TIPECTABIECHUST
OT/IETbHBIX OYKB, 3aTeM OJIHOMEPHBIE CBEPTKY ¢ CYOANCKPETH3AINElH 10 BPEMEHH, 3a-
TeM KOHKATEHUPOBAHHDIE IIPU3HAKY U3 CBEPTOYHOM YACTH IMOJAIOTCS B TAK HA3BIBAEMYIO
highway network [507], ocHOBHast KOMIIOHEHTa KOTOPOW — OCTaTOYHbIE CBSI3M HAIIOIO-
6ue Resnet, a 3aTeM MOMyYEHHBIE TPECTABICHYS CJIOB MOAAIOTCS B PEKYPPEHTHYIO CETh
Ha ocHoBe LSTM, koTopas mpe/icka3bIBaeT ciemyoliee caoBo. V1 cHOBa MBI BUIIM Ma-
TUI0 HEHPOHHBIX CETE: BECh 3TOT 300MapPK PasHbIX MOJIeJIel COBEPIIEHHO 6e3 TpobiieM
YIKUBAETCSI BMECTE, M BCSI MOJIEJIb MOKET 00y4aThCsT OJIHOBPEMEHHO, MOTOMY UTO BCSI
3Ta CJIOKHAST KOHCTPYKI[MSI — BCETO JIUIIL GOJIBINAST KOMITO3UIIHSI TIPOCTHIX (QYHKITHI,
U METOZIOM 0OPATHOTO PACIIPOCTPAHEHUS TPAMEHT (QYHKIIUU ONIUOKU TIOACYUTATD /10~
CTaTOYHO JIETKO.

3aMeTUM, 4TO TIPUMEHSITH TOCUMBOJIBHYIO MOJIETb OOBIYHO BHIUMCIUTETBHO CIIOK-
HO: HU OJTHO peajibHoe MpUMeHeHre 06paboTKI eCTeCTBEHHOTO sI3bIKa He Oyer pabo-
TaTh, €CJK MOTpebyeTcs 3amycKaTh AByHanpasieHHblii LSTM st kaxa0ro ciosa ot-
nesbHO. K cuacTbio, 3T0 He IPo6IieMa: HUKTO He 3allpPeliaeT HaM TPEBBIYUCTUTD TIPe/I-
CTaBJIEHUST JIIOGOTO TPEOYIOIIETOCST YUCIA CJIOB, & TIOTOM B PEAIbHOM MPUMEHEHHUHU 3a-
IYCKaTh MOJIEJTb TOJIBKO JIJIsI PEAKUX CJIOB, KOTOPBIE B 3TOT CJIOBaph He 1tonanu. Tem ca-
MBIM TTOCHMBOJIBHBIE MOJIE/TU JIAIOT OYE€Hb €CTECTBEHHBIN COcOb BapbUPOBAThH HaaHC
MEKYy pasMepoM cJioBaps (TO ecTh (GaKTHIECKH TPEOYIOUIeHcs NaMAThI0) U ObICTPO-
JIefiCTBUEM MOJIEJIH.

3aMeTHM, YTO MOJIEJTH, OCHOBaHHBIE Ha OTAENBHBIX OYKBAX, HEM30EKHO TOJIKHBI HC-
MOJIB30BATh B KAU€CTBE BXOJIA HOCAC008amenvHOCmb OYKB 1 paboTaTh ¢ Hell Kak ¢ mocJie-
JIOBATEbHOCTBIO, TO €CTh JTMOO PEKYPPEHTHBIMU, IHOO CBEPTOUHBIMU ceTsIME. Bompexu
HOITYJIIPHOMY HAOJII0€HUIO, MbI HE MOKEM ITPOCTO B3SATh 1 3a0bITh OPSAIOK OYKB B CJIO-
B€ U TMPECTABISITH CJI0OBA BEKTOPAMH YnC/a OYKB PasMEPHOCTH HECKOJIBKO JIECSTKOB:
GYJIET CIAUIIKOM MHOTO KOJUTU3HUiT 1 Masio WH(OPMAIUH.
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Opanaxo oka3blBaeTCs, YTO MOXKHO HaWTH 30s10TyI0 cepenuny. IIpomesxkyTodnbiit
nozaxo ObLT pasBUT B paborax ot Microsoft Research, TIOCBSIIIEHHBIX TaK HasbIBae-
MBIM 21y60KUM cmpyxmypuposannvim cemanmuueckum mooensm (Deep Structured Se-
mantic Models, DSSM) [297, 372]. B kauectBe HuKHETO ypoBHst 06paboTkn DSSM
UCIIONBb3YIOT BJIOKeHUs yacreir cioB (subword embeddings), koropbie mpencrasis-
0T CJIOBO KaK Habop OYKBEHHBIX TPUTPAMM; HATIPHIMED, «CJOBO» KOIMPYETCs Kak
{#ca, cio, 108, 0B, Bo# }. TTpu TakoM TIox0zIe CI0Baph cokpamaetcs o |A|3, rae A —
andasut. B pycckoM si3bike, HarpumMep, 33° = 35937, a ecii y4ecTh, 4TO JAJNEKO He
BCE TPUTPAMMBI PEATTbHO BCTPEYAIOTCST, U TOTO MeHbIne. OCHOBHOU ke GOHYC OT Tako-
ro TOAXO/@ COCTOUT B TOM, YTO TEMEPb MOYKHO 3a6BITh TIOPAAOK TPUTPAMM, U CJIOBA
Bce paBHO He mniepemnyTtaioTcs: B [304] paccmaTpuBaercst Kopiryc TekcToB ¢ 500 Thicsiua-
MU CJIOB (TaKue TMTraHTCKKE CJOBapU 4acTo HaOUPAIOTCS 3a CYET OIIEYATOK ), U aBTOPBI
HACYUTAIU POBHO 22 Kosmmsuu Ha Bce 500 ThIiCAY, TO ecTh 22 ciydas, KOTAa pasHble
CJIOBa MIMEJTU OJIMHAKOBOE MHOKECTBO OYKBEHHBIX TPUTPaMM. A pa3MepHOCTHh COKpa-
traach ¢ 500,000 1o 30. OueBUAHO, UTO TaKOE TIPEACTABIEHIE TOCTATOYHO YCTONIMBO
U K HeGOJIBIITUM OITMOKAM U OTleYaTKaM: M3MEHEHUE OJIHON GYKBBI 33/IEHET TOJIBKO TPH
TPUTPAMMBI; 9TO KpaiiHe BasKHO, HAIIPUMEp, [IPU aHAJIU3€e JIFOObIX TEKCTOB, TIOPOKIECH-
HBIX MHTE€PHET-TI0JTb30BATE/ISIMH.

WuTepecHbIM HATTpaBIeHUEM TS JATbHEUIINX UCCIEeIOBAHNI OCTAETCS TO, KaK Hau-
JIyUIimM 06pa3oM COYeTaTh PACTIPEIETIEHHbIE TPEICTABIEHISI CJIOB U MOJIEJIU, OCHOBAH-
HbIe Ha cMBoJIax (cM., Haripumep, [262]). Ormerum pabory [146], B kotopoit LSTM na
BeKkTOpax cyoB ponoJusnacs LSTM Ha cuMBOJIBHBIX TIPE/ICTaBIEHUSAX, U B Pe3yJIbTaTe
TTOJTYYaJIMCh OTJTMYHBIE PE3YJIbTAThI B I3BIKOBOM MOJIEJTUPOBaHNY; a B [387] anasorny-
HBII TIO/IXO]] TPUMEHSIJICS K PACTIO3HABAHWIO MMEHOBAHHBIX CYIITHOCTEN.

Tem He MeHee, caMbIM, HaBEPHOE, UHTEPECHBIM Pa3BUTHUEM HeH BJIOXKEHUS YyacTel
cyioB crajia pabora ¢ ydactreM Bce Toro jke Tomamma MukosoBa [144], kotopast crasa
OCHOBOI JIJIST peaTM3aI[uu Paclpe/leJIEHHbIX MTPEICTABIEHNI CJIOB B OU€HbD MOIYJIAPHON
6ubanoreke FastText [21, 153]. Vixest upe3BblYaiiHO TIPOCTA: JaBaliTe UCIIOIb30BaTh BCE
Te jKe ugen word2vec-Mozesieii, Ho B KauecTBe 6a30BbIX BEKTOPHBIX MIPEICTABIEHUT OY-
JIEM MCKATh TIPEJICTABIEHNS HE CJIOB, 2 TPUTPAMM CUMBOJIOB, Kak B DSSM. JT0 3Havur,
YTO MBI BBOZMM BEKTOPHBIE IIPECTABIEHU I TPUTPAMM CUMBOJIOB, 3aTEM PACKJIa-
JIbIBaeT KasKJ0€e CJI0BO KaK CYMMY BEKTOPOB €I0 TPUIPaMM, a Ha 9TUX CyMMaX CTPOUM
o6brunbie KoHcTpykimrn CBOW wiu skip-gram. ITosryueHntblie MOAEN 00YYIUTH TIPOIIE
u OBICTpee, OHM He Takue 6oJibiine (MBI yKe TOBOPHIIN, YTO TPUTPAMM CHMBOJIOB Ky/Ia
MEHbIIIE, YeM PA3HBIX CIOB), U y4eT MOPGhOIOTUN B HUX TOXKE MOIYyYaeTCs TIOUTH aBTO-
Martrdeckr. OKa3bIBAETCsI, YTO B PE3yJIbTATE MOJYUYAIOTCS TIPEACTABIEHU, paboTaromiue
3aMETHO JIyYIIIe JI7IsT I3BIKOB ¢ 6oratoii Mopdosorueit. [Toskanyil, IMEHHO 9TH TIPEICTAB-
JIEHUST MBI PEKOMEH/[YEeM B HACTOSIIEE BPEMSI UCTIOTB30BATh JIJIS1 PYCCKOTO SI3bIKA (TOJTh-
KO UX IIPUAETCA OOYIUTh CAMOCTOSITENBHO, TAK UTO TOTOBBTE GOJIBIION KOPITYC).

Wrak, rnpeacTaBieHus CJIOB U MOCUMBOJIbHBIE MOJIETTM — 3TO COBPEMEHHOE COCTO-
stHue 06pabOTKM eCTECTBEHHBIX s3bIKOB. Celfuac 5T0 BaskHas U ellle JaJeko He ucce-
JIOBaHHAS [I0 KOHIA 06JIaCTh, B KOTOPON BCE BPEMSI MOSIBJSAIOTCS HOBBIE PE3YJIbTATHI,
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U MbI YBEPEHBI, UTO B CKOPOM OYZyIIEeM MOSIBATCS HOBbIE BAPUAHTHI IIPEACTABIEHUI
CJIOB U JIPYTUX SI3BIKOBBIX OOBEKTOB, a TAKsKe elle 6ojiee yOeIuTeIbHbIE MOIEIH, YMe-
IOI[1Ee YUTATh CJI0BA 110 yacTaM. Ho uHTepecHble HelpoceTeBble apXUTEKTyPhI B 06pa-
GOTKE TEKCTOB Ha 9TOM TOJIbKO HAYMHAIOTCSL. .

7.6. PekypcuBHbIe HEMPOHHbIE CETH
M CUHTaKCUYeCKUK pasbop

MpbI BBIIBUHY TN BIIEPBbIe HOBBIE TPUHITUIIBI TBOPUECTBA, KOW HaM $IC-
HBI B CJIEIYIOIIEM TTOPSIIKE:

1. M1 nepecTanu paccMaTpUBaTh CIIOBOTIOCTPOEHE U CIOBOIIPON3HO-
I[IEHKE 10 TPAMMATHYECKUM [TPAaBUJIaM, CTaB BUAETh B OYKBaX JIMIIb Ha-
npasnsouue peuy. Mbl paciiataai CHHTAKCHC.

/. Bypmiox u dp. Manugecm uz anvmanaxa «Cadox cyoeii»

Jlo cux 1mop Bce apXUTEKTYPbI AJis1 06PabOTKU TEKCTa, KOTOPbIE Mbl BCTPEYAId B 9TOM
KHHTe, HAUMHAJIUCH C TOrO, YTO PACCMATPHUBAIU TEKCT KaK 10CAe006AMELbHOCIY: N
CJI0B, 1 cpasy cuMBOJIOB. COOCTBEHHO, U PEKYPPEHTHBIE aPXUTEKTYPhl TaK XOPOIIO
HOAXOIAT Uit 0OPabOTKK TEKCTOB MMEHHO IIOTOMY, YTO IIpeJHas3HaAueHbI 11 06paboT-
KU TTOCJIeI0BATEIbHOCTEN: HanipuMep, ceTb LSTM-s4eek mocieoBaTeIbHO YUTAET CJIO-
BO 32 CJIOBOM (TOUYHEE, BEKTOP 32 BEKTOPOM ) U ITOCTEIIEHHO KOJIUPYET BCe PE/JIOKeHEe
B OZITH CKPBITHIM BEKTOP, KOTOPBIH 3aTEM UCIIOIB3YETCS JJIsl, HATPUMED, aHaIn3a TO-
HaJIBHOCTH.

Ho eciin Mbl BHMMaTE/IbHEE IIPUCMOTPUMCS K TOMY, KaK YCTPOEH TEKCT, Mbl YBUJIUM,
YTO Ha CAMOM JIeJIe €r0 CTPYKTypa BOBCE He IIPEACTaBIIeT COOOM 110C/Ie[0BATENbHOCTD!
MpbI y:Ke BUIEN 5TO B HaYaJIe TJIaBbl, KOT/[a TOBOPHUJIM O TPAMMATHKAaX XOMCKOTO: TTpel-
JIOJKEHUSI HA €CTECTBEHHOM sI3bIKE O0JIee eCTECTBEHHO MPEICTABIISIIOTCS B BUE depesa.
BcrioMHMTE, KaK B 1IKOJIe BbI pasOupajiy MPeIIoKeHHe: MoJIeKallee, CKazyeMoe, 10-
MmoJIHEHNeE... Pa3Hble ¢J1I0Ba OTHOCATCS IPYT K IPYTY, a MOCJIe0BATEIbHOCTD, B KOTOPOI
OHU UJIYT B IIPEJIJIOJKEHUH, C ITUM CBSI3aHA TOJIBKO BechMa KOocBeHHO. Haripumep, B ripeji-
JIOKEHUN «MaMa MbLJIAa paMy C MBLIOM» CJIOBA «C MBIJIOM» 3aBHCSIT OT «MbLJIa», a BO-
BCE He OT «PaMbl», i 3TO CJIOBOCOYETAHKE TOXKe MOKHO pasobpath ganbiie. [Toayuaercs
HE [10CJIe/I0BATENbHOCTD, a 0epego, IPUMEPHO Kak Ha puc. 7.1, 6. Takue nepeBbs ABJIs-
I0TCSI PE3yJIbTaTOM CHHTAKCHUYECKOTO AHAJIN3a Ha OCHOBE ZPAMMAMUKY 3A8UCUMOCTEN
(dependency parsing), u B Hallle BpeMs, KOI/Zla pedb MAET O CUHTAKCHYECKOM aHaJIU3e,
00BIYHO UMEIOT B BI/LY IIOCTPOEHIE NUMEHHO TAKUX JIePEBbEB.

Mosker OBITh, 3TO 3HAYMT, YTO MBI MOKEM HCIIOJIb30BATh 3Ty CTPYKTYPY JEpeBa,
1 HaM OyzieT Jierde IoHSATh TO, YTO FOBOPUTCS B npetoxennn? Takas mpobiemMa KasKeT-
¢4 0COOEHHO BaKHOH I aHAIN3a TOHAIBHOCTU: IJIA TOTO YTOOBI IIOHATD, IIO3UTUBHO
HACTPOEH aBTOP TeKCTa UJIM HETaTUBHO, MOKET ObITh OUeHb BasKHO Pa3o0parhbes, K Ka-
KOMY UMEHHO CJIOBY OTHOCUTCSI OPOLIEHHOE UM <HE>.
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Takoii ToX0/] IEHCTBUTENBHO IOCTATOYHO aKTHBHO paspabarbiBaercs. B xavectse
VIIPOILEHHOTO prMepa BbizeauM pabory [118], rie cBepToUyHbIE CETH MOAETUPYIOT 110-
CJ1eI0BAaTEJIbHOCTH C TIOMOTIBIO N-TPAaMM, YUNTBIBAIONINX CTPYKTYPY CHHTAKCHYECKUX
3aBucumocTeil. Ho camoe BaskHOe pa3BUTHE 3TOM UIeN — TaK HA3bIBAEMbIE PeKypPCUsHbLe
netiponnvie cemu (recursive neural networks) [134, 483]; se myrath ¢ pekyppeHTHbIMH!
ITO OIVH M3 SIPKUX TIPUMEPOB TOTO, KaK MPAKTHYECKas 3a/a9a 06pabOTKH eCTeCTBEH-
HOTO f3blKa IIPUBeJIa K COBEPLIEHHO HOBOW apXUTEKTYpe CEeTH.

OcHOBHast ujiess PEKYPCUBHOM CE€TU COCTOUT B TOM, YTOOBI TI1AT 3a IMATOM W/TU 110
JIePEBY CHU3Y BBEPX U MOCTENEHHO «COOMPATh» JEPEBO K CBOEMY KOPHIO: HA KaXKIOM
YPOBHE CETh HEPET MPEACTABICHNS OUEPEIHBIX Y3JI0B U 00berHsIeT UX. B 6a30BoM Ba-
pUaHTe MBI TIPENOJIaraeM, 4To Ha BXOJI PEKYPCUBHAsI CETh TOMyYaeT GHHAPHOE Jepe-
BO CHHTaKCUYECKOTO pazbopa TPETIOKEHNSI, a 3aTeM TIPEICTABIEHUS HA KAKIOM TITare
0OBENUHSIIOTCS.

DopMabHO TOBOPSI, MBI IIPE/ICTABJISIEM BEPIINUHY J€PEBA U BEKTOPOM Iy U CTPOUM
PEKYPCUBHYIO CEeTb TaK:

zy = f(WLz)() + WRT() + D),

rae I(v) — JIeBblii TOTOMOK BepIIUHbI v, 7(v) — ee TpaBblii motoMok, Wi, u Wg — co-
OTBETCTBYIOIINE MATPUIIBI BECOB, b — BEKTOP CBOOOHBIX YICHOB, a f — HelWHEHHAst
(yHKIMS akTUBAIIK, 0OBIYHO JIOTHCTHYeCKUH curmon uin ReLU.

O6parure BHUMaHUE, 4TO MATPUIBl Wi, 1 WR OCTAIOTCST OTHUMU ¥ TEMU K€ Ha BCEM
ZiepeBe, Mbl KXKIBII Pa3 MPUMEHSIEM OJIHO U TO K€ MPpeodpaszoBaHne — OTCIOa U CJIOBO
«PEKypPCUBHBIN»>. TakuM 00pa3oM, M0 CyTH PEKYPCUBHAS CETh — 9TO BapHaHT PEKYP-
PEHTHOM CETH C IOCTATOYHO XUTPOI apXUTEKTYypOll coennHeHmit. V1 o6yuaeTcst OHa Tak
’Ke, KaK PEKyPPEHTHAS CETh, AHAJIOTOM aJITOPUTMa 0GPATHOTO PACIIPOCTPAHEHUST BO Bpe-
MEHHU, TOJIBKO BMECTO BPEMEHU TeNEePb CTPYKTYPa JI€PEBA, 1 TPAJMEHTHI Iy TEIEeCTBYIOT
OT KOPHS, I/le BBIYHCJISIETCS BEKTOP BCETO MPEJIOKEHMS U Yepe3 HeTo MOICYNUTHIBAETCST
Pe3ysbTaT ceTh U PYHKIMS OMIMOKK, K JTUCThSIM, TE PACIIOJIOKEHBI BEKTODPHI CJIOB. Bee
ATO MBI IOCTAPAINCH MPOUJIIIIOCTPUPOBATD HA PUC. 7.7, T/l TPUBE/IEH TIPUMED aHATN3a
TOHAJIBHOCTH JIJIsT 04eHb TIPOCTON (Dpasbl. Y KasKAOTO y3J1a MbI TAKIKE PA3MECTUIIH 10-
TEHI[HAJIBHO <IIPABUJIBHYIO» OIEHKY €r0 TOHAJILHOCTH: 00paTHTEe BHUMAHKE, YTO XOTSI
CJIOBO «HE» caMo Mo cebe He SIBISETCS HU TIO3UTHBHBIM, HU HETATUBHBIM, OHO JIOJIKHO
MEHSITh OKPACKy BTOPOTO TIOJI/IEPEBA HA TIPOTUBOIOIOKHYIO.

BeroMHMM TeTiepb, Kak MBI CTPOWJIU TIyOOKUE PEKYPPEHTHBIE CETH, B KOTOPBIX
0ObIUHAsI TJIyOUHA «BO BPEMEHW» JIOTIOJHSIACH TJIYOUHON «B IIPOCTPAHCTBE>, IOCTHTA-
€MOI1 HECKOJIBKUMU PEKYPPEHTHBIMH YPOBHIMHU APYT HAM ApyroM. ToUHO TO e camoe
MOJKHO CIIETAaTh U [T PEKYPCUBHBIX CeTell, Pean30BaB OJJHOBPEMEHHO IIyGHHY B Tpa-
(e v TIyOUHY HECKOJMBKUX ypOBHE#L. [1yboK1e peKypCUBHBIE CETH OBLITN MPEIJIOKEHBI
B pabore [253]. Temnepp y Kaxk10ii BEpIIUHBI v, HAXOASALIEHCS Ha YPOBHE 4, TPU <IIOTOM-
Ka»: Y3JIbl TOTO JK€ YPOBHSI, COOTBETCTBYIOIIIE €€ HACTOSIIUM IIOTOMKaM B jiepese [(v)
u r(v), a TaKKe y3eJ, COOTBETCTBYIOIIUI TOI JKe caMOil BEpIIMHE JiepeBa, HO HA TIpe-

JAbLyl1EM yPOBHE ¢ — 1.
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Dunem Bein He 04YeHb XOPOLUMA

Puc. 7.7. CtpykTypa peKypcUBHOI HEIIPOHHOI ceTn

MbI IPOUJLTIOCTPUPOBAIN APXUTEKTYPY ITyOOKUX PEKYPCUBHbIX ceTeil Ha puc. 7.8:
CTPYKTYpa IOCTATOYHO CJOKHASI, U YTOOBI TIPOTITe OBLITO €€ TPOCTENTh, MBI HAPUCOBA-
JIW CepBIM IIBETOM BCE, UTO OTHOCUTCS K TIEPBOMY YPOBHIO, & YEPHBIM — KO BTOPOMY;
IIYHKTUPHbIE JIMHUH ITOKA3bIBAIOT CBSI3N MEK/Ty YPOBHSIMU.

EcTh TOIBKO O/[HA TEXHUYECKast PasHUIA: B OOBIYHON PEKYPCUBHO CETH MBI TIPE]I-
CTaBJISA/IU KaXAbIH y3eJI, HaulHas C JIUCTbeB, BEKTOPOM OHON U TOU e pa3MEPHOCTH.
ITa pa3MepHOCTD OTPeeIsAIach JUCThSIMU U B TOYHOCTH COOTBETCTBOBAJIA PA3MEPHO-
CTH paclpe/leJIeHHbIX TPe/ICTAaBICHUH OTHAEIbHBIX CJIOB.

A Temiepb MBI Pa3eINM TIPEICTaBIEHNE JTUCTHEB &Ly U BHYTPEHHUX Y3JI0B ceTH h,.
MuHYC 3TOTO PEIIEHUST B TOM, YTO HaM TIPUETCS 0OYUUTD 110 JIBE PA3HBIX MATPHUIIBL W,
1 Wp, OTAENBHO 7SI CJlydast INCThEB U JIJIS CJIydast KOMIIO3UITNN BHYTPEHHUX Y3JI0B.
A UTI0C B TOM, YTO MBI TETIEPh MOJKEM BBIGPATH KaKyI0 3aX0TUM Pa3MEPHOCTb ISt TP/l
CTaBJIEHUS BHYTPEHHUX Y3JIOB JIepeBa; 0OGBIYHO ee BHIOMPAIOT CYIECTBEHHO MEHBIIENH,
4eM Pa3MePHOCTh BEKTOPOB CJIOB. B cirydae TiyGOKMX PEKYPCUBHBIX CETEH OKA3bIBAET-
€4, 4TO ILIIOC CYL1eCTBEHHO IIepeBellInBaeT MUHYC.

Terneps hopManbHO: «TIyOUHA» MIPECTABISIETCS] B BUIE OMOJHUTEIBHBIX MATPHUI]
BecoB V(1) koTopbie CBSI3BIBAIOT BEPIIMHBI i-TO YPOBHS € UX MPEIICCTBCHHUKAME HA
(¢ — 1)-m yposue. Kpome toro, marpuitet Wy, u Wg TOXKe Telepb CTAHOBSITCSI Pa3HbI-
M JI7TST PA3HBIX YPOBHEH; UHCJIO TAPAMETPOB CYIIECTBEHHO YBETMINBAETCS, HO OOTIAst
(opmyna ocraetcs nocratouno npoctoit. Ha yposwe i

n = r (WiOR(, + WG+ VORITY 150
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XOPOLWMIA

Puc. 7.8. T'ny6okast peKypcuBHasi HEHPOHHAS CETh

I'ybokue peKypCHBHbIE CETH YJIYUIIAOT aHAIN3 TOHAJIBHOCTH €llle CHIIbHEE.

KcraTy, ata uest mpeicTaBIsITh CJI0BA MATPUIIAMIE, KOTOPBIE OYIyT YMHOKAThHCSI Ha
BEKTOPA [PYTUX CJIOB, UCIIOJIb3YETCsI HE TOJIBKO B PEKYPCUBHbBIX HEMPOHHBIX ceTssX. OHa
TaK’Ke IOABJISIETCA U B ellle OJHOM KJIacCe IIOAX0A0B K 00paboTKe KOMIIO3UIIMOHATBHON
CEMaHTUKH, KOTOPBII MOKHO CUUTATH TIPOMEXKYTOUHBIM PellleHHeM, He IOXOAIIIM 10
MOJTHOM M 3aKOHYEHHOH PeKypCUBHOCTH. B pszie paboT ObLIO MPEIOKEHO TIPUHUMATh
HEKOTOPBIE CJIOBA 32 MOOUPUKAMOPHL IPYTHUX CJIOB 1 MPEACTABJISATh UX KaK OTIEPAIlN Ha
BekTOpax. [pybo roBOPst, MbI CUMTAEM, K TIPUMEPY, CYIIIECTBUTEIBHBIE «/[OM> WU «aBTO-
MOOMJIb> BEKTOPAMH, a IIpUJIararejibHble «KPaCHbI» MK «O0JIbIION» — OllepalisaMHu,
KOTOPbIE MX MOAM(UIIUPYIOT, TIPEBPAIlast CEMAaHTHKY «I0Ma» B CEMaHTHKY «OOJIbIIOTO
JIOMa» WJIM CEMAHTHUKY CJIOBA «aBTOMOOUJIb> B CEMAaHTUKY CIOBOCOYETAHUST «KPACHBII
ABTOMOOWITb>.

B mpocteiiniem BapuaHnTe 3TH MOAU(MUKATOPDI, KOHEYHO, PA3yMHO CUNTATH JIMHEN-
HbiMu. Torga cioBa-MoauUKATOPBI OYIYT IPEACTABIATh COOON MATPHIIbI, BHIPasKaro-
TI¥e 3TH JUHEHHbIE oniepaTopbl. TaKkol TMOAX0/ MPUMEHSIJICS K CJIOBOCOUETAHMSIM BUIA
«CYIIECTBUTEJIbHOE — IpuJjiararesibioe» B padore [32]. Ectb u 60Jiee cioxkKHbIE OAXO0-
IIbl, B KOTOPBIX CTPOSITCS abCTPaKTHbIE KATErOPHbIe MOJIEIN KOMIIO3UI[MOHAILHOU ce-
MaHTHUKH U TPEJIATAIOTCs TPOIELYPhI 7SI COBMENEHNST CEMAaHTHKHU CJIOB B CEMaHTUKY
npeasoxennii [83, 84, 87]. Hanpumep, B paGore [197] ciioBa, BhIpaskaroliye OTHOIEHN,
TOKE MOJIETTUPYIOTCS MaTPUIIAMU, HO JAJIbIIle TIPEJIaraeTcs CreluaabHas mpolearypa
L TOTO, YTOOBI OGBEANHSTE ITH MPEACTABJIEHUST B BEKTOPBI TIPEIJIOKEHUT; TIOXOKIE
Pe3ybTaThl OBLIN MOJIyYeHbI U B [62, 92, 275, 462].

Mbi He GyeM moApoOGHO pacCMaTPUBATh 9TU MOAXO/bI, OTMETHM 3/1€Ch TOJIBKO, UTO
B [IOCJIETHYE TOIBI 3TO HAIPABJICHIE UCCIIE0BaHIIT oboTanaeTcst paboTaMu, B KOTOPHIX
TJIaTOJIBI TIPEJCTABISIOTCS TEH30paMu MaJoro panra [165], My IbTHSI3BIKOBEIMEI MOJIE-
ssmu [211], MojiesiupoBaHNEM CEMAHTUUYECKON KOMIIO3UIIMY CMBICJIOB YePe3 KOMITO3M1-
nuio dpyukiui [409] u ipyrumu mogaxonamu K popMasibHON pactipe/ieJIeHHOW CEMaHTH-
ke [93, 196, 367].
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OH oxnaauTensHoe CnoBo 1 B ycrtax — crapancs yaepxarb

Puc. 7.9. «On oxmagutesbhoe cjioBo // B ycrax crapascst ynep:aTbs:
HEIPOEKTUBHOE JePeBO paszbopa

Ho 3akoHYMTH PAasroBOp 0 PEKYPCUBHBIX CETSIX MPHUIETCI Ha MUHOPHOIT Hote. Kak
BUJIUTE, XOTSI OHU BBITJISAAT OYEHD €CTECTBEHHBIM CII0CO60M 00pabOTKH €CTECTBEHHOTO
s3bIKa — JePeBo pa3bopa IpeiJIoKeHus JeiicTBUTEeNbHO Oy1eT ropasno 6oJee mpubim-
SKEHHBIM K CEMAHTHKE IIPEACTABIeHIEM, YeM [IPOCTO MOCAEN0BATEIbHOCTD CJI0B, — IJI
PaboThl 9TUM MOJEJIIM Ha BXOJ HYKHO IOAABATh TO CAMOE JIE€PEBO... 2 OTKY/Ja OHO BO3b-
Merca? ECTecTBEHHO, CYIIECTBYIOT MOZEIN, KOTOPbIE AeNAI0T CUHTaKCUYECKUI pasbop
AaBTOMATHYECKH, ¥ MbI K HUM TiepeiizeM uyTh Hizke. Ho OHE TOKe MOTYT OMImOaThCsL.
B s1060M cirydae, MOJIydaeTcst, 4To JIJIst TOTO YTOOBI XOPOIIIO PEITUTD OHY 3aj1auy (CKa-
sKeM, aHaIu3 TOHAJIBHOCTH), HaM elle HYKHO II0 JOPOTe HAayYUThCs HEIJIOXO PEllaTh
Apyryio (CUHTaKCUYEeCKUH pasbop), HUUYTh He MEHee CIOKHYIO.

YT00BI IPOUJLIIOCTPUPOBATH CJIOKHOCTH, BOSHUKAIOLIKME IIPU CHHTAKCUYECKOM Pas-
6ope, naBaiiTe B KauecTBE HEOOIBIIOTO TUPUIECKOTO OTCTYIIJIEHUS TIOCMOTPUM Ha J[Ba
IpUMepa 13 HALIEro BCero, 3HaMeHnToro «Esrenna Onernnas.

I[lepsblii mpuMep, Ha puc. 7.9, He KakKeTCsl CIO0KHBIM, OQHAKO OH IIPEACTABJISET II0-
YTH HEIIPEeOIOJIMMbIE TPYAHOCTH [JIsi MHOTMX COBPEMEHHBIX MapcepoB. JIesio B ToM, uTo
GOJIBITMHCTBO aJITOPUTMOB CHHTAKCHYECKOTO pasbopa MOTyT paboTaTh JIMIIb C COCE/-
HUMM TOKEHAMH, TO €CTh CTPOUTD TOJILKO TaKKe A€PEBbsi, B KOTOPBIX pedpa He mepece-
KaIOTCSI C IPOEKIUAMHY CJIOB (Ha PUCYHKE IIPOEKIINHY IIOKA3aHbl IYHKTUPHBIMI JINHIS-
MI); TAKKE [I€PEBbS Ha3bIBAIOTCS NPOCKMUSHbIMU. A 31€Ch IIPOEKTUBHOE [I€PEBO HUKAK
He MOJIYYUTCS: «OXJIAAUTEIHHOE CIOBO» U «B YCTaX» OTHOCATCA K IJIATOJIy «yIepsKaTh»,
KOTOPBII 3aBUCHT OT «CTapaJicsi», U TYT 6e3 repecedeHnii He 0GOUTHCH.

Ho u 570 erte mosibept. [naBast mpobieMa COCTOUT B TOM, UTO B JKMBOM SI3bIKE BO3-
HUKAaeT HEMAJIO CUTYaI[Hii, Kora pasdbop HeoiHO3HAYeH. MOryT OBITh CUTYAI[UH YHCTON
HEOJHO3HAYHOCTH, BPOJIE «I10 IEPEBHE IIJIa IEBYIIKA C KOCOI», KOTa JasKe YeJI0BEeK HHU-
4ero He MOYKET MOZe/IaTh, TAK YTO U aJITOPUTMY MbI 9TO B BUHY He moctaBuM. Ho varie
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CTaBAT
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Ha cTonuk ctaesat sowadon //  KyswwuH c OpYCHWYHOIO — BOADIA

Puc. 7.10. «Ha cronuk craBat Bomanoii // Kysius ¢ 6pyCHIYHOIO BOAON»:
HEOJHO3HAYHBIN Pazbop

ObIBaeT Tak, 4TO YeJIOBEKY BCe IOHATHO OJIaroapsi TOMY, YTO OH IIOHUMAET CMbLC] CJIOB
Y TEKCTA B IIEJIOM... 4 C 9THM Y KOMIIBIOTEPHBIX IIPOTPaMM, KaK MbI YsKe 00CYsKIaJIH, 110-
Ka 4To oueHb 11oxo. Ha puc. 7.10 — xapakrepnsiii mpumep u3s «Eprennss OHermHas: KTo
3IeCh BOIIAHOM, CTOJMMK MU KyBIIUH? 1o cCMHTaKCHUCY 371€Ch, KCTaTH, GOJIbIIE TIOX0KE
Ha KYBIINUH, U €CJIi Obl BMECTO <BOIIAHOM» CTOSIO «CTEKJISAHHBIN», Mbl Obl BPSL JIU [10-
JIyMaJIv O CTEKJISTHHOM CTOJIUKE, /IayKe B COBpeMeHHOM TekcTe. Ho MbI ¢ BaMU 3HAeM, 4TO
«BOIIAHBIM»> KYBIIMH He ObIBAET, a CTOJUK OBIBAET, 1 3TO MO3BOJSIET HAM IIPOAHAIM3H-
POBaTh NpeJIOKEHNE IPABIIBHO 1 OHO3HAYHO... a GeIHOMY KOMIIBIOTEPY UTO €JIaTh?

MoO:KHO IIUTHIYHO MTPEATIONOKUTD, UYTO YCIIEXH PEKYPCUBHBIX HEHPOHHBIX CETEH J1JIsT
aHaJIM3a TOHATGHOCTH HE B TIOCTIEIHIO 0Yepe/ib 0OYCIOBIEHbI HATHYUEM OTIMIHOTO
naraceTa 1o aHanusy ToHasbHOCTH — Stanford TreeBank [443]. B aTom matacere yske
JIaHbI IEPEBBST CHHTAKCUYECKOTO pa3bopa ISt BXOMSIINX B HETO MPEIOKeHnt; Goee
TOTO, METKM TOHAJBHOCTHU TIPOCTABJIEHBI JA)Ke /T IPOMEKYTOUHBIX Y3JIOB JIEPEBbEB
pasbopa, a He TOJIBKO JJIst BCeX Tpeioskenuii nesmkom! EcTecTBeHHO, HA TakoM jaTa-
ceTe PEKYPCUBHBIE CETH PabOTAIOT TPEKPACHO, OMHAKO [T IPYTUX 33/[a4 KapTUHA He
CTOJB paxy>kHas. Tak, IpaKkTHKa TOKa3bIBaeT, UTO /IS BBIIEYTIOMSTHYTOTO PacTio3HaBa-
HUSI UMEHOBAHHBIX CYI[HOCTEN PEKYPPEHTHBIE U CBEPTOUYHBIE CETH OOBIYHO PabOTAIOT
Jiydliie peKypcuBHBIX. BoJiee TOro, CBepTOYHYIO CETh B IAHHOM CJIy4ae MOXKHO paccMart-
PUBATh Kak CBOEOOPA3HBIN «MSITKHiT» MApCep: XOTh OHA M HE MOJKET TIEPECTABJISTD CJIOBA
B HY’KHOM TIOPSIZIKE, HO BCE-TaKK YPOBEHD 32 YPOBHEM BBIZIEJISAET Bee Gostee obIue mpu-
3HAKW U3 ICXO/IHOTO TeKcTa. [loaTomy B mociietHee BpeMsi 0 peKyPCHBHBIX MOJIEJISIX /TSI
06pabOTKHU TEKCTOB CJBITTHO He TaKk MHOTO. OTHAKO MBI PETITUIN BCE PABHO KPATKO YIIO-
MSIHYTb UX B KHUTE, IOTOMY YTO HAM IIPEACTABIISIETCS, YTO AHAIOTHMYHBIE ITOJXOBI MO-
[yT OKa3aThCsA OYEHb TTOJE3HBI i1 00pabOTKK PYTUX BUAOB JaHHBIX, KOTOPIE MOKHO
€CTEeCTBEHHBIM 00Pa30M TIPE/ICTABUTH B BUJIE /ICPEBA.
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VTak, MbI YBUIEJHN, YTO CHHTAKCHYECKUE Pa3bop — 9TO KII0UeBast 4acTh mpeaotpa-
GOTKM JI71st MHOTUX 337124 06pabOTKM eCcTeCTBEHHOTO si3bika. Ho, MOJKeT OBITh, TIyOOKHe
HEWPOHHBIE CETH MOTYT MOMOYb U € CAMUM Pa3bopoM Toxke? 371eCh BO3HUKAET €Ile OjIHA
JIIOOOTIBITHAST HOBAsI aDXUTEKTYPa HEHPOHHBIX CETEl, KOTOPYIO MBI OTIUIIEM OY€Hb KPaT-
KO. BOJIBIIMHCTBO COBPEMEHHBIX CHHTAKCUYECKUX [TAPCEPOB MMEIOT HEIIPEPhIBHOE CO-
cTostHue (continuous-state parsers), TO €CTb KOAUPYIOT TEKYIIEE COCTOSTHIE AJITOPUTMA
pasbopa Kak BEKTOP B BKJIUA0BOM MpocTpancTie [27, 67,391, 510, 512, 535, 539, 540].
A camu aJITOPUTMBI OCHOBAHBI Ha CTEKE, B KOTOPBIN TOMEIIAIOTCS MOJIJIePeBbst pazbopa,
HAKOIMBIIMECS K TEKYIEMY MOMEHTY; CyTh JITOPUTMA — BBIOPATH, B KAKOM MOPSIIKE
HOMEIIATh YaCTU NPEeJIOKEHUS B CTEK U I0CTaBaTh UX U3 Hero. Iloatomy B pabore [540]
crpoutcst Mozenb Stack LSTM, xotopast MoieIMpyeT CTeK, BbicTpanBast ero u3 LSTM-
sI9€€eK, M OT/IeJIbHbIE HEHPOHHbIE CETH YIIPABJISIOT TPEMST CTPYKTYPaMHU TaHHbBIX:

* 6ydep B cOCTOUT U3 TIOCTE0BATENBHOCTH CJIOB U TIPEJACTABJIEH KaK BEKTOP by BO
Bpems t;

* CcTeK S XpaHWUT YaCTUYHBIE EPEBbsT Pa3b0OpPa; ATO BEKTOP St BO BPEMS {;

* CIUCOK A COCTOUT U3 ACUCTBUI, KOTOPBIE yoKe IIPeJIIPUHSAI I1apcep; 9TO BEKTOP at
BO BpeMm ¢.

A BEKTODHI by, St U @y, B CBOIO 0YEPE/Ib, TPEICTABIEHBI KAK CKPBITHIE COCTOSTHUS CO-
orBercrByomux Stack LSTM. Oco6ennoctsb Stack LSTM cocTouT B ToM, 4TO K 00bI4Y-
Hol 1ientouke LSTM-stueek 106aBIISIETCST «yKa3aTelb HA CTEK», KOTOPBIH yKa3bIBAET HA
TO, KAKOW MMEHHO BBIX0 Oy/IeT ipourTaH; cM. puc. 7.11, Ha KoTopoM z; 06o3HaYaeT co-
nep:kuMoe creka. Omeparus pop IpOCTo TepeABUTaeT YKa3aTe b HAJIEBO, a IPU omepa-
uu push HoBas LSTM-siueiika qo6asiisieTcst cripaBa OT TEKyIeil MO3UIUK YKa3aTelsl.
Co0TBETCTBEHHO, YTOOBI TPOUBECTH Ofepaluio reduce, To ecTb 0OBEIMHUTD B A€pe-
Ba, MOJIENTb UCIIOJIB3YET PEKYPCUBHYIO CETh, COEIIHSISI BEKTOPDI IBYX MOJIEPEBEB U3 S
B HOBBII BEKTOP, KOTOPBIH 3aTeM IMOMeIaeTcs B S.

Baskuoe pacmupenne Stack LSTM cocrout B TOM, 4TOOBI y4ecTb MOP(OIOTHIO.
Mopdosorus (Korjia oHa ecTh), OUEBUAHO, OUeHb BasKHA JIJIs CHHTAKCUYECKOTO Pa36o-
pa. bazosas Mmozienb B [540] BbiiaBaia OTJIMYHbBIE PE3YJIbTATBI JIJISI AaHTJTUHCKOTO SI3bIKA,
MIPEJICTABIISS KAKI0€ CTIOBO €T0 BEKTOPOM W ¥ TETOM YACTH PeUH t, KOTOPBIN MOIaBAJICS
Ha BXOJl MOJICJTA OT/IETbHO; HEM3BECTHBIE CIOBA TIPEACTABJSINUCH OTAEIbHBIM TOKEHOM
UNK.

Cienytoras pabora 06 sToM [27] paccMaTpuBaia CHHTAKCHUECKUT pa3bop B sI3bIKAX
¢ 6oraToii Mopdosiorueii, u Tam 6a30BbIe MPEACTABJIEHUS CJIOB TIPOU3BOIUIUCH [IBYHA-
npassienubiMu LSTM Ha ypoBHE OT/IE/IbHBIX CUMBOJIOB, COBceM Kak B [ 156]. [Tomyuen-
HbI€E NTPEJICTABIEHUS IEHCTBUTEIBHO XOPOIIIO OTPAXKAIOT MOP(OJIOTHIO ¥ 3aMETHO yJIy4-
MIAI0T CUHTAKCUIECKUET pa3bop; JFOOOTBITHO, TPAB/Ia, YTO B JJIMHHOM CITUCKE MOPQhO-
JIOTHYECKH OOTaThIX SI3BIKOB B [27] PyCCKOro He HAIIOCh — BHIMMO, 3TOT JAOCAJHBIN
poOesT IPUETCST 3ATOJHSI T BaM, YUUTATEIH.

ITO UHTEPeCcHas apPXUTEKTYPa, HO, KOHEYHO, He equHCTBeHHas. MHorue coBpemen-
HBIE MOAXOIBl K CHHTAKCHYECKOMY Pa300py U aHAJIU3y 3aBUCHMOCTEN HCIOIb3YIOT
HeHanpasJieHHble Tpadudeckue mogenn (conditional random fields, CRF) [289, 518].
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Puc. 7.11. Stack LSTM: pop, a 3atem push [540]

CospeMeHnHbIe napcepbl, ocHoBanHble HAa CRF, mHOrma paboTaror gase Jydiie, 4eM Heii-
pounbie Mogienu [202]. B pabore [133] CRF coueTaiorcst ¢ HEHpOHHBIMHU CETSIMU: TIOTEH-
[[UAJIBI Ha pedpax MOJETUPYIOTCST HEHPOHHOI CEThIO, a He IMHEHHBIMU (DYHKITUSIME OT
[IPU3HAKOB, KaK paHbliie. B 000M ciydae, OUeBHIHO, YTO XOPOIIHl CHHTAKCHYECKUI
pas3bop 3aMEeTHO yJIydIaeT Pe3yabTaThl 00PabOTKU €CTECTBEHHOTO SI3bIKA.

WTak, B 9TOH TJIaBe MBI TIOTOBOPIJIK 00 OCHOBAaX COBPEMEHHOM 00paboTKU ecTe-
CTBEHHBIX SI3BIKOB: PACIIPEAETEHHBIX IPEICTABICHIUSIX CJIOB M CHHTAKCUIECKOM paz6o-
pe. MbI BBIGPAJIH 9TH TEMBI U3 MHOKECTBA PA3HbIX 33/[a4 [TOTOMY, YTO OHU TTPEICTABIS-
10T OO0 OCHOBY BCETO TOTO, UTO IIPOMCXO/IUT JABIIE: HA OOBIYHBIX HJIH TOCUMBOJIBHBIX
IIPEJICTaBIEHUAX CJIOB OCHOBAHbBI ITPAKTUYECKH BCe COBPEMEHHBIE apXUTEKTYPHI IJIs Pa-
GOTBI C €CTECTBEHHBIMH sI3bIKaMU. V1 HEKOTOPBIE U3 ATHX APXUTEKTYP MBI BCTPETUM YIKe
B CJIEJIYIOIIET TIaBe.
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CoBpeMeHHbIe aPXUTEKTYPHI,

unu Kax 6 cnope poxcoaemcs ucmuna

TL;DR

ITa ry1aBa MOCBSIIeHa aDXUTEKTYPaM TJIYOOKUX HEUPOHHBIX CETEH, MOSBUBIINXCS
B IocJieiHee fgecaTunerre. Mol

* IIOTOBOPUM O CETSIX C BHUMAaHWEM M apXUTEKTypaxX ¢ KOJAMPOBIIUKOM U JIEKO/U-
POBIIUKOM;

* 06CyZIUM pa3HbIe TUIIBI MOPOKAAIONIX MOJIEJIEN U TIOTOBOPKUM O TOM, Kak riy0o-
Kue HEHPOHHBIE CETH MOTYT MIOMOYB C TIOPOKIECHIEM OOBEKTOB, 4 HE TOJIBKO Pac-
TTO3HABaHNEM;

* OCHOBHYIO 4YacTb IJVIaBbl IIOCBSITUM IOPOKAAIOUIMM COCTSI3aTEJIbHBIM CEeTSIM
(GAN), B KOTOPBIX IreHepaTop MbITACTCS 0OMaHyTh AUCKPUMUHATOD € MOMOIIIBIO
CBOUX CT€HEPUPOBAHHBIX TPUMEPOB;

* B YaCTHOCTH, PACCMOTPHUM Teopwio U MPakTuky GAN 1 yBUIMM IIPUMEDP COCTSI3a-
TeJbHOTO aBTOKOAUpoBITHKA (AAE).
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8.1. Mopenu c BHMMaHueM u encoder-decoder

Benozy6oe. Mue, AKM AKHMBIY, TOJIBKO ObI 0OpaTUIIN BHUMAHUE.

FOco6 (cmpozo). UTO ThI Iy THUIIb ITUM, UTO JIN?

Benozy6os. Kak moxno-c!..

FOcos. ObpaTuan BHuManue... Jlerko ckasars! Yero eme Hy»KHO 4u-
HOBHUKY? Yero on erre kesaTb MOXeT?

Benozybos. Jla-c!

FOcos. O6parwiu Ha Tebst BHUMaHUE, HY, Thl U Y€JIOBEK, JABIIIKIIIb; a He
06paTiI — YTO Thi?

Benozyb6os. Hy, uto yx-c.

FOcos. Yepss!

A. H. Ocmposckuii. Toxoonoe mecmo

B aT0i1 rimaBe Mbl HAUMHAEM PACCMATPUBATh OCHOBHbBIE aPXUTEKTYPbI, KOTOPBIE MOSIBU-
JIUCh B HEMPOHHBIX CETSIX B IOCAeHNe TobL. Ec/ii paHblie Mbl B OCHOBHOM OGBSICHSLIN,
KaK 3aCTaBUTb XOPOIIIO paboTaTh KIaCCHYECKHE apXUTEKTYPhI, co3nanubie B 1980-x ro-
JIax, TO cefiyac HauHEeM JIBUTATHCS ajIbliie 6Ga30BbIX KOHCTPYKITHIA TOJTHOCBS3HBIX, CBEP-
TOYHBIX U PEKYPPEHTHBIX HEUPOHHBIX CE€TEH 1 IIOCMOTPHM, YTO MOKHO K HUM J00aBUTh
TaK, YTOOBI PE3YJIbTATHI CTAJIM elle JyYIIIe,

Haunewm ¢ gnumanusi. Mbl HajieeMcst, 4TO ceifuac Bbl YUTAETE ITOT TEKCT GHUMAMENb-
710, obpalast eHuManue Ha KaxkI0e MPEIJIOKEHHE... HO UTo 9T0 BooOIIe 3HaunT? Xo-
TS TICUXOJIOTH M3y4YaloT BHUMAHWE JIaBHO, 1 MHOTHE €T0 CBOHCTBA XOPOIIIO U3BECTHBI,
OKAa3bIBAETCS, UTO MEXAHU3MbI HAIIETO MPUBBIYHOTO YEJIOBEYECKOTO BHUMAHUS JI0 CUX
1IOp He BIIOJIHE TOHSATHBI, U UCCIE0BATEH JI0 CUX TIOP CIOPSAT O TOM, KaK OHO yCTPO-
eno y mozeit. Ente B ocHoBomoaraiomux paborax Anexcanapa Jypun!, samoxusiie-
IO OCHOBBI COBPEMEHHOI HEHPOIICHXOIOTIH, MOJIE/b PA0OTAIONIEr0 MO3Ta JAEIUIACh Ha
(YIIPOIIEHHO TOBOPST) TPH YaCTH, OTBEYATOTUe 32 BHUMAHWE, TAMSTh W aKTHBAITHIO KO-
PbI r0J1I0BHOTO MO3ra. COBpeMeHHbIe UCCJIeI0BAHMS IIOKA3bIBAIOT, YTO B (DOPMUPOBAHUN
BHUMaHMs GOJIBIIYIO POJIb UTpaeT pabodas HaMsiTh, B KOTOPOIl iepepabarbiBaeTcs Te-
Kymas uxdopMaius (1og00HO ONepaTUBHOI ITaMsATH KOMIIbIoTepa). A TO, KaKasl MH-
opmarus momnazaer B pabouyo MaMsTh, KOHTPOJIMPYETCS HE TOJBKO 6a30BBIMHU YPOB-
HAMEU 00pabOTKU BXOIHBIX CUTHAJIOB, HO U 60Jiee BBICOKOYPOBHEBBIMU KOTHUTHBHBIMU
mporeccamu [282]. TIporie TOBOPSsT, MBI MOKEM «0OPATUTh BHUMAHHE» HA UTO-TO CO3HA-
TEJIbHbIM YCUJIEM... XOTSI O TOM, UTO TAKOE «CO3HATETbHOE YCUJINE», CIIOPUTH MOKHO
elie I0JIbIlle, YeM O BHIMAaHUH.

U Anexcandp Pomanosuu Jypus (1902-1977) — coBeTckuil ICHXOJOT, OCHOBATENb OTEYECTBEHHOI
1 KJTACCUK MUPOBOI HEIPOIICUXOJIOTHH, Pa3BUBIINIT 1 IIpozo/kuBIINil uaen JIsBa Boirorckoro. OcHOBHBIM
€ro TPYOM CTaJl IByXTOMHUK «Mo3r u 1cuxudeckue mpoiecch» [591], koropsiil moszHee ObLI OTOTHEH
kuuroit «OcHOBBI Helporicuxosoruu» [592]. B otsimune ot, k cokaeHn0, MHOTHX COBETCKHX yUeHBIX, JIy-
pust OBLI IMIMPOKO U3BECTEH 32 PYOEKOM, BXOAUJI B aKAIEMUY HAYK PasHBIX CTPaH; BCE €r0 OCHOBHBIE TPYJIbI
MIePEBO/IUIINCD U CTAJIN 30JI0TON KJIACCUKON HEHPOIICUXOIOTHH.
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B mo6oM ciiydae, pedb B HEHPOTICUXOJOTHY HAET CKOpee He 06 abeTpakTHOM «06pa-
THTE BHUMaHHe Ha BOTIPOC», a 0 60Jiee KOHKPETHBIX MEXaHIM3MaX BHUMAaHUsI KaK (hUJib-
TPAIUU MOCTYTAONIeH HPOPMAINH: Ha KAaKOI YacTH OIS 3pEHUST, KAKUX 3BYKaX, 3a-
maxax, OIIYIIEHUSIX MBI JOJKHBI CKOHIIEHTPHPOBATHCS, TO €CTh KaKyI0 YacTh IOCTYTa-
IOIIIEl ¢ OPraHOB YYBCTB MHMOPMAIIUU HYKHO NepeiaTh B pabodyio mamsth 1 06pada-
TBIBATh OOJIEE CJOKHBIME CTOCOOAME?

WU nnst cozpareseit MCKyCCTBEHHBIX HEHPOHHBIX CETell 8HUMAHUE OTHOCUTCS K TOMY
JKE CAaMOMY BOTIPOCY: KaK BBIOPATH U3 0U€Hb OOJBIIOr0 00beMa MOCTYMAIIIIX JTaHHBIX
UMEHHO TO, YTO HYKHO JIeTaTh MPsIMO ceftuac? Kak HayuyuTh CBEPTOYHYIO CETh «KOHIIEH-
TPUPOBATHCST> HA HYXKHON YacTu N306pakeHUs IPU PaCIio3HABAHNH 0OBEKTOB, a PEKyP-
PEHTHYIO CeTh — Ha PEJIEBAHTHOM YaCTH TIPEJIOKEHIS BO BPEMsI MAIIUHHOTO [IepeBoia?

Haunewm ¢ BHUMaHUsA B 06paboTke nzobpaxennit. O4eBUIHO, UTO peleHue mpobIie-
MBI BHUMAHUSI CHJIBHO YJIYUIITIIO Obl PE3yJIbTAThI B TAKKUX 331a4ax. Knaccuueckue cBep-
TOYHBIE CETH, O KOTOPBIX MbI TOBOPHJIU B TJIaBE 5, OTJMYHO PabOTAIOT sl PAcIiO3HaBa-
HYIsI 06BEKTOB, HO 7SI TOTO, YTOOBI HAMTH KaKOH-HUOY b OOBEKT Ha KAPTUHKE, UM HY K-
HO T1epebpaTh THICSTIN BO3MOKHBIX CETMEHTOB H300PasKEHUST, CPEIN KOTOPBIX, BO3MOJK-
HO, HalileTcst OJIMH HYKHbII. J[axke ecyin n300paskeHUst yKe CKATh, U YIUTHIBAs, YTO
HEKOTOPbIE BHIYUCTECHUST MOKHO ONMTHMU3MPOBATH 32 CYET MEPEUCTIONB30BAHMSI, O0Tb-
I1Ie BCETO PECYPCOB Y OOJIBIIOH CBEPTOUHOM CETH YXOAUT HA IPUMEHEHUE CBEPTOUHBIX
(UIBTPOB KO BeeMy U300PaskeHUIO, TO €CTh CIOKHOCTD B JIyUIIIEM CJIyYae MPOIOPIIHO-
HaJIbHA KOJIMUECTBY TTHKCETIOB.

C mpyroii CTOPOHBI, KOT/IA YeIOBEK CMOTPUT HA PUCYHOK, OH HE TIPOCMATPUBAET €T0
BO BCeX MOAPOOHOCTSX HETUKOM. MBI yike 00CY KA/, YTO B OCHOBE CBOEH (DUIBTPBHI
CBEPTOYHBIX CETell UCIOJB3YIOT Te JKe MPUHIIUIIBI, YTO U 3PUTEJIbHAS KOPA YeIOBeKa.
IMukcennr (poropenenTopbl) 06bEIUHAIOTCS B TPYIIIBI, KOTOPbIE PearupyioT Ha KOH-
TPACT, & STH IPYIIIBI B CBOIO OUEPE/Ib BHICTPAUBAIOTCS AbIlie B GoJiee CIOKHbIE nepap-
XUH, KOTOPBIE PACTIO3HAIOT JIUHUYU ¥ OGBHEKTHL.

Ho erme ogHa, moKa He UCTIO/Ib30BaHHAsE HAMU 0COOEHHOCTD YEJIOBEYECKOT0 3PEHUST
COCTOUT B TOM, UTO OHO aKTUBHO HCIIOJIb3yeT MeXaHN3M BHUMaHus [447]. BmecTo Toro
4TOGBI IPEJICTABIATH BCE YYACTKHU CIIEHBI B OJIMHAKOBOM BHUJIE C PABHOM JleTau3aIueii,
MBI (POKYCUPYEM B3TJISIL HA OT/EIbHBIX HEGOJBIIIX CErMEHTaX, KOTOpbie (KaK HaM Ka-
JKeTcst) cofiepskat GoJIbIIE BCEro 1moJe3Hoii nadopmarn. ITogoOHbII MeXaH3M BHUMA-
HUsI 0COOEHHO TTOJIE3EH, €CJIM KAaPTHHKA IIYMHAsA U COAEPKUT MHOTO «Mycopa». HoBbie
MOJIE/TH MAIIMHHOTO 00YYEHUST UCTIOIB3YIOT 9Ty UEI0 W BKJIIOUAIOT PA3IIHbIe MeXa-
HU3MbI BHUMAHUSI B aDXUTEKTYPY HEHPOHHBIX ceTeil. KoHeuHOo, MbI He HAITPSIMYTO KOTIH-
pyeM 6UoJIOTHIO (/12 ¥ He TOHMMAEM Mbl MEXaHU3MbI BHUMAHUST IOCTATOYHO JIETATIBHO),
a BJIOXHOBJISIEMCSI €I0.

B «xiaccudeckoii» 06paboTke n306paKeHNI aHAIOTH BHUMAHUS MOSIBUJIUCH JI0CTa-
TOYHO IaBHO. MOTHBUPOBAIUCH OHU B OCHOBHOM C TOUKH 3peHus 3 (PeKTUBHOCTU: X0-
TEJI0CHh 3AMEHUTD U3BEUHYIO KOHIIETIIIUIO CKOJIB3SIIIET0 OKHA, TIPOXO/ISIIIETO TI0 BCel Kap-
THHKE, Ha 4TO-TO H0JIee «pasyMHOes», COKOHOMUB TIPH TOM MacCy BBIYUCJICHUIT Ha 3aBe-
JIOMO GeccMbICIeHHbIX OKHaX. OTCro/a IPOUCXOANUT Ues KACKAOHbIX MOOeiell, B KOTO-
PBIX OTAEJBbHBIE KJIACCU(PUKATOPBI UCTIOMB3YIOTCS JIJIST TOTO, YTOObI TOCIEI0BATENHEHO
YTOYHSATH PACIOIOKEHIE OKOH B M300paskeHIH, HA KOTOPBIE CTOUT TIOCMOTPETDH HoJiee
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neraibho [155, 291, 552]. [Ipyroit aHaJOrWYHBIH MOX0/] — PACIO3HABAHNE TOIBKO «HUH-
TEPECHDBIX» YacTeil M300paKEeHUsT HA OCHOBE IIPOCTBIX CTATUCTUK BPOJIE TIEPENAIOB KOH-
TPACTHOCTHU WJIU APYTUX HU3KOYPOBHEBBIX TPU3HAKOB [254].

OpHUM 13 MEPBBIX MPUMEPOB MPUMEHEHHsI MEXaHM3MOB BHUMaHUS B TIyOOKHX
HePOHHBIX ceTsax crajsa pabora [296], B koTopoii I0ro Jlapommens (Hugo Larochelle)
1 XUHTOH € TOMOIIIbIO MANTuH BoJibIIMaHa TPETHEro MOPSIIKA MOIETUPOBATI MEXAHU3-
MBI (DOBEATIBHOTO 3PEHMS, TPH KOTOPOM MbI 0OpaliaeM 0co60e BHUMaHHUe Ha [[eHTPaJIb-
HYIO YacTh 3PUTEJBHOTO TI0Jis, a TepudepuitHble YYaCTKH ITOCTYNAIOT Ha BXOJ] Pa3MBbI-
TBIMH, C MEHBIITUM paspeinenueM. Vest Obiia B TOM, 9TOOI MO3BOJIUTH MOJIEJH CJIEJATh
TOJIPKO KOHEYHOE HeOOIBINoE YHCI0 «(DUKCAIINH» HA PA3HBIX YACTSIX KAPTUHKU: MOJIETb
NOJIKHA GBLTa 00YYUTHCS PACTIO3HABATH H300PAKEHUSI TI0 HTON HETTOJTHON MH(MOPMAIIUH,
a crielMajbHas 4acTh MOJENN, KOHMPOJLep, N0JKHa Oblia 00y4UThCS TOMY, Kyza, co0-
CTBEHHO, CMOTPeTh. [Toxoskas apxurekTypa Oblia nipeacrasieHa u B [312].

W3 aT0¥l usien 1 IpOMCXOSAT COBPEMEHHBIE CETH CO BHUMAHHUEM. BBICTPO cTasio mo-
HSITHO, YTO BJKHOI COCTABHOI YaCThIO MEXAHU3MA BJIUSIHUS SIBJISIETCS HE TOJIBKO M3HA-
YAJBHBINA BBIOOP YacTell M300PaKEHNUsT, Ha KOTOPbIE HY;KHO MOCMOTPETh BHUMATEIHHO,
HO U 10C1e008AMEAbHOCMY ITUX BEIOOPOB: IJ1a3 MEPEXOUT OT OHOM YacTh nzobpaxe-
HUSI K JIPYTOU He COTJTIAaCHO 3apaHee BRIGPAHHOMY HabOPY KJIIOUYEBBIX OKOH, 8 TPUHUMAsT
peleHre Kask/Iblii pa3 3aHOBO Ha OCHOBE y>Ke HaKoIIeHHo nHgopmarmu. [loatomy mo-
JIeJI ¢ BHUMaHUEM JJist 00pabOTKU M306pakeHUil — TO TOT €CTECTBEHHBIH KJIacC MO-
NIEJIET, T/Ie CBEPTOYHBIE CETH OOBEMHSIOTCS C PEKYPPEHTHBIMU.

B pabote uccienosareneit us Google [441] 6bla mpeicTaBieHa ofHa U3 IEPBBIX Ta-
KHX YCIIENTHbIX Mojiesieil. Mbl n306pasuiiv ee CTPYKTYpy Ha puc. 8.1:

* B KQKZBIII MOMEHT BPeMeHM ¢ Ha BXOJ CETH MOCTYIAeT MPEeAbIAYIIee COCTOSTHUE
h¢—1 ¥ IPOM3BeIEHHOE U3 HETO TIOJI0KeHUe [¢ 171 HOBOTO «B3TJISIIAY;

* 9TOT HOBBIU «B3IJISI[» C IOMOIIbIO DYHKIMHU f7, IPE0OPasyeTcst B BEKTOP MIPU3HA-
KOB g¢ (0T cyioBa glimpse), KOTOPBIi CJAYKUT BXOAOM Ha 1are t;

* u3 hy_1 v gt GyHKIMEN [}, TIOJyYaeTcs CAeyIolee CKPbITOE COCTOSTHUE hy;

* A U3 Hero yiKe MOJIydaeTcst COOCTBEHHO TeKyIiee «iaeicTBues a; = fq(ht) («meii-
CTBUEM» MOJKET ObITh, HAIIPUMEP, BblJlaya OTBETA O TOM, KAKOH 0OBEKT yAAI0Ch
PACIO3HATH) U TTOJIOKEHHE CJEMYIONIETo «B3TIsAay li11 = fi(he).

3agaun o6ydeHUsT TAKUX MOJIEICH TIEPEHOCAT HAC B COBEPIIEHHO Jpyrue 06JacTH,
KOTODBIX MBI JI0 CUX TTOp He paccMaTpuBaiu. Hampumep, mozens Ha puc. 8.1 mbitaercst
PEITNTH 3af1auy 00yueHus ¢ nookpenienuem, KoTopomy OyzeT mocBsiena riaasa 9: ceTh
JIOJLKHA TIPOM3BECTH CJIE/YIOIIee IeHCTBUE, TO €CTh BBIGPATH, HO TP 3TOM (DYHKI[HS
ombOKY (BO3HATPAKIEHIE ) TIOJYYAETCsI HE CPa3y, a TOJIBKO MOCJIE TOTO, KAK BCE «B3TJIs-
JIbI» 3aKOHYATCS, ¥ MOJIEJTb BBIZIACT COOCTBEHHO OTBET B BUJIE 04e€PeIHOTO at. Boee Toro,
0Ka3aJI0Ch, uTO 6A30BbIiT AIrOpUTM 00ydyeHus u3 [441] mioxo MacurraGupyercs, u B Io-
crepytoleil pabore uccienosareseit us Google DeepMind [15] nmoxobHas Mozesb 00y -
YAEeTCsI ¢ MOMOIIIBI0 BAPUAITMOHHOTO BBIBO/IA, 10 KOTOPOTO MBI 100epeMcsi TOJIbKO B TJIa-
Be 10. OxHako uaes ceTeil ¢ BHUMAaHUEM [IPUTOAMUTCS HaM paHbllie, a JeTan 00yd4eHus:
ATHX MOJIeJiell Bce PABHO BBIXOZAT 32 PAMKU HAIIe!l KHUTH, TI09TOMY MBI TOBOPUM O Ce-
TSIX C BHUMAHUEM UMEHHO cefiuac u 6e3 0co6BIX MoAPOOHOCTETH.
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Puc. 8.1. Cetb c BuuManueMm u3 [441]:
a — obuiasi cTpyKTypa cetr; 6 — 06paboTKa OJIHOTO «B3TJIsIIa»

B kavecTBe 11epBOTO IPUMEPA PACCMOTPUM HMHTEPECHOE MPUIOKEHNE: TOPOKIEHNE
MoJInucei K KapTuHKaM. THTYUTUBHO KaXKeTCsl, YTO MEXaHU3M BHUMAHWS JIOJUKEH Jla-
BaTh 3/IeCh IOBOJIBHO MHOTO: KOT/Ia MBI TEPEBOINM IBYMEPHYIO KADTHHKY B OZTHOMEPHOE
TEKCTOBOE OMKCAHUE, OBLIIO OBI OUEHB TT0JIE3HO IIOHUMATD, KAKy10 MMEHHO YaCTh KAPTHH-
KU HY’KHO OTIUCHIBATH ceiuac.

Ha puc. 8.2, a usobpaskena cTpyKTypa OJHOI 13 60jiee paHHUX MOJEJIEN AJIs 9TOTO,
omnucaHHoii B craTbe moj HassanueMm Show and Tell («ITokaxu u pacckasKis, HOIYJISp-
HOE JIoMalllHee 3a/[aHie B MJIANIMX KJIacCaX aMePUKAHCKUX 1mKo) [495]. dro mocra-
TOYHO TIPOCTast U MPSAMOJIMHENHAS MOJIEJTb, B KOTOPOU TI0 M3006PaKEHUIO CTPOUTCS €TO
Mpe/ICTaBIeHNe B BUIE BEKTOPA C TIOMOIIBIO CTAHAAPTHON CBEPTOYHON CETH, B TAHHOM
caydae u3 [252]. A 3aTeM OHO «pa3BOPAYMBAETCSI» B TEKCT ONMMUCAHUSI C TIOMOIIBIO Pe-
KYPPEHTHOM CETH.

Crarbs1, B KOTOPO#1 B 9Ty MOJIeJb J0GABIEH MEXaHU3M BHUMAHUS, BIIOJIHE JIOTHYHO
ozarsasyena Show, Attend and Tell [496]. Sta apxurtekTypa nsobpaskena Ha puc. 8.2, 6.
Kak u paHbiie, B MOJieJib 106aBJISIeTCS HOBAs CETh BHUMAHUSA fart, KOTOPas Ha 1iare ¢ Ha
OCHOBE TEKYIIETO COCTOSTHUSI TOPOKIAIONIEH TTOANNCH PEKYPPEHTHON ceTh (TO eCTh Ha
ocHoBe Bbixo/ia LSTM-sg4eek) rnmopoxiaer 3HaueHre BHUMAHUS €y JIJII KaK/I0M 4acTu
U300paskeHUs 1 C ee MPeACTaBIeHuEeM a; (MbI CIUTAEM, YTO U300PAsKEHUST Pas3eJeHbl Ha
HE CJIUIITKOM OOJIBIIOE YHCIIO AUCKPETHBIX YacTeil), a 3aTeM OHU HOPMAJIU3YIOTCSI C 110~
MOIIIBIO Ssoftmax, u 1mosyyaroTcest CobCTBEHHO Beca BHUMAHUS Oy

exp(ey;)
S explem)

B pa6ore [496] pasiuuarorcst Ba pasHbIX BUa BHUMAHUSI:

et = fart(ag,hi—1), oy =
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Puc. 8.2. Mojenu 115t ToposieHus MOANCeN K KapTUHKAM:
a — Show and Tell; 6 — Show, Attend and Tell

* acecmxoe (hard attention), B KOTOPOM Beca aiy; MHTEPIIPETUPYIOTCS KAK BEPOSIT-
HOCTHU COOBITUI S4; TOTO, UTO MOJIEJb <[IOCMOTPUT> B MOMEHT BPEMEHH ¢ Ha 4acTh
u300paskeHus 7, U Ha BXOJ] PEKYPPEHTHOM CETH JIJIsT TOPOSKACHUSI TEKCTa TIOAEeTCsT
MPEJICTABJIEHNE TOI YacTh U300paKEHUsI @+, KOTOPast BBIMAJET Ha KyOUKe C Be-
POATHOCTSIMU Ctyj;

* msizroe (soft attention), koria Ha BXOJ PEKYPPEHTHON CETH MOAAETCS, MOKHO CKa-
3aTb, OKUJ[AHHE BEKTOPA M3 Stj, » 1 (i@, TO €CThb MOJETIb B KaXKIbIli MOMEHT
«CMOTPHT» Ha BCE YACTH N300PAKEHUST, TIPOCTO HEKOTOPbIE M3 HUX UTPAIOT OoJIee
BKHYIO POJIb, YeM JIPYTHE.

[Tpu 5TOM MOJIENTH C MATKUM BHUMAHUEM TI0 CYTH TIPEACTABJISIET COGOI caMyto 0ObIY-
HYIO HEHPOHHYIO CETh, IPaJUEeHThI TIPOXO/IAT Yepes MITKOE BHIMaHKe GeCIPeIsiTCTBEH-
HO, ¥ MBI MOKEM 00YYaTh BCIO MOZIETb IIEJTMKOM OOBIYHBIM TPAJINEHTHBIM CITyCKOM. A BOT
C JKECTKMM BHUMAHUEM JIeJ1a 00CTOAT CJIOJKHEE: TPYAHO B3STh POU3BOAHYIO OT OpOCKa
ky6uxka! ITosaToMy 1151 00y4eHMs JKeCTKOrO BHUMaHUs B [496] MCIIOIb3YIOTCSA Bapualiy-
OHHbIE TPUOIMKEHNUST, 0 KOTOPBIX MBI HEMHOTO TIOTOBOPHUM 1M033Ke, B pasese 10.3.

B so60M cirydae oba BapraHTa YMEIOT TOPOKIATH BIIOJIHE Pa3yMHbIE TTOAMUCH K (ho-
Torpadusv!, i aske B cryuae ommOOK MEXaHU3M BHUMAHHIS TO3BOJISIET JOCTATOYHO

! TTo psmy coobpaskenuii Mbl pelmIm He KOIMHUPOBATh H300PakeH s U3 {PYTHX CTATE, A TOKA3BIBATH KOH-
CTPYKIMMIO 1 06yYeHIe MOJIeNiell ¢ BHIMaHMEM Ha GOJIBIIIOM /laTaceTe B KadeCTBe TPAKTUYECKOTO TIPUMEPa
B KHUTE ObLIIO GBI CTUIIKOM TPYA0EMKO, TI03TOMY KPACHBBIX KAPTHUHOK ¥ MOPOKIEHHBIX K HUM MOITUCEH TIPsi-
MO 371eCh He xanTe. OIHAKO OHI eCTh OYKBAIBHO B KAXKIOM 13 TIPUBEIEHHBIX 3€CH CCHITIOK.
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Puc. 8.3. Apxutextypsi encoder-decoder iyist MamuHHOTO TIepeBoia: @ — ocHOBHAs uies [269];
6 — encoder-decoder ¢ MArKoi MozeIbIO BbIpaBHUBaHUs [22];
6 — apxurekTypa encoder-decoder ¢ MsiTkuM BHEUMaHIEM [78]

JIETKO IIOHATDH, KaK UMEHHO omubach MO/€JIb 1 Ha YTO OHA «CMOTpPeEJia» B MOMEHT omu6-
KH, YTO OYEHb Ba’KHO /IJIs aHaJIn3a OUOOK.

ApXuTEKTypa, KOTOPYIO MBI CeiYac pacCCMOTPEJH, — 3TO YACTHBIN CIydall BaKHOU
APXUTEKTYPBI «K0Ouposugux-dexoouposuuiks> (encoder-decoder, u 31ech Mbl, TIOKaAIYi,
OyZieM HCIOJIb30BATh AHTJIOS3BIUHOE HA3BAHUE), KOTOPas 0OCOGEHHO YacTO HCIOJIb3Y-
eTcst B 00paboTKe eCcTeCTBEHHOrO A3bika. OCHOBHAS U 3aKII09AETCSA B TOM, YTO MBI
ysKe BUJeIN Ha puUC. 8.2, a: PeKypPeHTHbBIE CETU €CTECTBEHHO MCIIOIb30BATh KaK BEpPO-
SITHOCTHBIE MOJIEJIN TI0ce0BarenbHocTelt [192], To ecTh Mbl MOsKeM 00yunTh RNN, Ko-
topast it X = (21,22, ...,27) MOCIAEA0BATENbHO MojeaupyeT p(z1), p(ze | x1), ...,
pler | xer) = plap | p_1,...,21), a 3HAUUT, U COBMECTHOE PACIIPE/IETICHIE

p(X) =plx)p(xe | 1) ... p(ag | 2a - - p(o7 | 227).

VIMeHHO Tak peKyppeHTHBIE CEeTH IMPUMEHSIOTCS IS SI3IKOBOTO MOJEIIPOBAHUS
(language modeling) [28, 360], 0 KOTOPOM MbI TOBOPHJIU B IJIaBe 7: CKPBITOE COCTOSI-
HUE HCIIOJIb3YeTCs KaK CXKATOoe IIPeICTaBIeHNe BCEll IIPeIIIECTBYIONIEN UCTOPUH, U CJie-
IyIoIee CIOBO MBI TIPEICKA3bIBAEM H3 3TOTO CXKATOTO IMPEICTABIEHUS. APXUTEKTYpa
encoder-decoder Bcero b 106aBIsIeT K 3TON BIOJIHE €CTECTBEHHOI Hiee elle of-
HO yCJIOBHE: KOANPOBIIUK CKUMAeT HEKHI BXO B paclpe/iesleHHOe NIpe/ICTaBIeHue 2,
U OHO TIOJIA€TCSI KaK/bI Pa3 Ha BXOJ[ PEKYPPEHTHON CeTH, KOTopas paboTaer JeKOou-
poBimukom (cM. puc. 8.3, a, a TakxKe BCIIOMHUTE puC. 6.3, 2 — MBI ceffyac 3aHNMaeMCs
B TOUHOCTH 3TUM KJIACCOM 3371aY).
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OTHUM 13 OCHOBHBIX TIPIJIOKEHUH TaKIX MOJIesiel B 06paboTKe eCTECTBEHHBIX SI3bI-
KOB CTajla 3a/a4ya MAWuUHH020 nepesood; 0 ee MOCTaHOBKE M HEKOTOPBIX IMpobjeMax
C OIEHKAMU KayecTBa MbI yiKe ToBOpHU B pasieie 7.1. Ceifuac Mbl OyzeM paccMmar-
pPHBATh MAITMHHBIN TIEPEBO/I B MOCTAHOBKE BBIIIE, KAK 33j1auy TIPeoOPa30oBaHusi OHON
I0CJIeI0BATENLHOCTH B IPYTYIO, HO CTOUT OTMETHUTDH, YTO HEWPOHHBIE CETH UCTIOTb3YTOT-
Cs1 ¥ B IPYTUX MMOAXO0/AX K MAITITHHOMY TlepeBofy. Tak, «KIacciuueckie» MeTO/IbI YacTO
npubmkaor logp(y | ), rae € — Bxox (Mpeiokenne), a y — BBIXOA (€ro mepeBon),
JIMHEHO# KOMOMHAIIMEH TPU3HAKOB, U HEHPOHHBIE CETH YCIIEITHO UCTIOIb30BAIICH KAK
IS IepePaHKUPOBAHUS CIIUCKOB BO3MOSKHBIX TTEPEBOIOB [476], Tak 1, cOOCTBEHHO, JIJIst
obyuenust mpusHakos [95, 141, 151, 349, 509, 520].

Hy a B Takoii mocraHoBKe, KaK Bblllle, MI€ATbHO TTOAXOAAT KaK pa3 apXUTEKTYPbl
encoder-decoder. MpI ke He TIEPEBOAMM CJIOBO 32 CJIOBOM, a CKOPEE CTPOUM [IJIsI ce-
Ost HEKOE «CeMaHTHUYECKOe MPEICTaBIeHIE», KOTOPOE MbI TIOTOM <«Pa3BOpaulBacM» Ha
JIPYTOM sI3bIKe. JTa MHTYUIMA B TOYHOCTU cooTBercTByeT encoder-decoder apxurek-
Type, KaK TIOKa3aHo Ha puc. 8.3, ¢; K MAITMHHOMY TIePEBO/IY TaKasi apXUTEKTypa ObLia
npumenena B [309], 1 ee MOKHO HaIIPsIMy1o 00y4YaTh Ha KOPIIYCe 9TAJOHHbBIX IIEPEBOLOB
MPeJIOKEHNH, Kak U fejanock B [22, 269, 270, 309, 517].

Ho y encoder-decoder apxutextypst 13 [399] ecTb BaskHBII HEJOCTATOK: BCe TPE]-
JIO’KEHUE TIETUKOM TTPUXOIUTCST «CBOPAYNBATL> B BEKTOP (PMKCHUPOBAHHON Pa3MepHO-
cTy. DTO 3HAYUT, YTO JTTMHHOE MPEJIOKEHNE OYIET TOPA3I0 CJIOKHEE CBEPHYTD U Pas-
BEPHYTH, YeM KOpOTKoe. U neficTBUTENbHO, TPAKTUKA TTOKA3bIBAET, YTO C YBEJNYEHU-
€M JJIMHBI BX0/1a KauecTBO MajlaeT paJiiKalbHO; CUJIBHO YBEJIUYNUBATD Pa3Mep CKPBITOTO
MIPEJICTABJIEHUST TOKE HE TIOJYYaeTCsl, IOTOMY 4TO TOT/Ia MOJIEJb CTAHOBUTCS CJAUIIIKOM
GOJIBIIION, 1 ee He ToyJaeTcst 00ydaTh. B HEKOTOPBIX paboTax aTy MPOGIeMy HBITATICH
pemaTh aBTOMaTHYecKol cermenTaiueii [406], Ho oka3anoch, YTO MEXaHU3M BHUMAHWS
paboTaer elie JIyyile.

B mMammHHOM 11epeBozie BHUMAaHKE IIOMOTaeT MOHATh, KaKyl0 HMEHHO YacTb BXO/a
MBI celiuac nepeBorM. B pabote [22] Msarkas Monesb BoipaBHuBaHus (soft alignment
model) BbiaeT Beca ayj, KOTOPbIE OKA3bIBAIOT, HACKOJIBKO KaXK[0€ U3 CJIOB BXO/IA BJIUSI-
€T Ha CJIOBO, KOTOPOE MBI ceituac repeBoiuM. CKPBITBIE PEICTABIEHUS KasKOTO CI0BA
[IPU 9TOM TIOJIYIAI0TCST OOBIYHBIM 1By CTOPOHHIM LSTM, KOTOPBIii CTPOUT JIEBBI U ITpa-
BBII KOHTEKCT KasKJIOTO CJIOBA B IPEITIOKEHUH, U BCIO MOJIETTb MOKHO 0OYUUTD OIHOBPE-
MEHHO, IPafUeHTHBIM ciyckoM (cM. puc. 8.3, 6).

A HauuHag ¢ paboThl [78], MAIIUHHBINA TTEPEBOJ JEMAETCS ¢ MATKIM MEXaHU3MOM
BHuMaHud (soft attention), Kak 1okasaHo Ha puc. 8.3, 6: ZOIOJHUTENbHAS MaleHbKas
HEHPOHHAs CETh MOJyYaeT Ha BXOJ TEKyIIee CKPbITOE COCTOSIHUE JIEKOIMPOBIIMKA U JIO-
KaJIbHOE TIPe/ICTABJICHIE CJIOBA U BBIZIAET OIICHKY PEJIEBAHTHOCTHU (ip; JIJIS1 KAXKIOTO CJIO-
Ba. U cHOBa 3Ty MOJIeJTb MOJKHO TIPOCTO 00yYaTh TPaMEHTHBIM CITYCKOM Ha JIaTaceTe Ta-
PaJLIeTbHBIX TIEPEBOIOB, 1eukoM (end-to-end), 6e3 KaKuX-TO JOTIOJTHUTETBHBIX YXUIII-
peHui 1 MHOTO3TAITHBIX ITPOTIECCOB.

ITOo OYeHb BaxkHast 0COOEHHOCTh COBPEMEHHOT0 MAIIMHHOIO 00y4YeHust, 0COOEHHO
o6y4eHust rybOKUX ceTeil: Kak BUAKUTE, IOTPOOOBATH JasKe COBEPIIEHHO HOBYIO apXu-
TEKTYPY OOBIYHO OYEHb TIPOCTO, U TPEOYIOTCS CKOpee MHKEHEPHbIe YCUIus (BhIOPaTh



338 [maBa 8. CoBpeMeHHble apxuTekTypbl, in Kak B crnope poxaaeTcs UCTUHA

MPaBUIBHYIO CTPYKTYPY KOMIIOHEHTOB CETH, MOA0OPATh MapaMeTpbl, HAlTH BepHOE pac-
MUcaHue ONITUMU3AINN ), 4eM MaTeMaTuyecKue. A B TeX PeIKUX CJIydasiX, KOrja Tak He
HOJTy4YaeTcst, OOBIYHO YAAETCS TIOCTPOUTH BAPUAIIMOHHY IO OIIEHKY M ONITUMHU3UPOBATH €€;
006 aToM MBI ToroBopuM B paszese 10.3.

MexaHU3Mbl BHUMAHUSI JIJIsI TIEPEBO/IA TIPOAOJIKAIOT PA3BUBATHCS: YTOOBI PEITUTD
BKHYIO TIPOOJIEMY PEIKUX CJIOB, B [3] BBOMUTCS JOTIOJTHUTETBHASI MOJIEIb BHIPABHU-
BaHUS CJIOB, KOTOPAsA CTPOUT COOTBETCTBYSI MEKIY KOHKPETHBIMU CJIOBAMHU TAK, YTOObI
MOKHO OBIJIO IIPOCTO MTOCMOTPETh PEKKeE cIoBa B cioBape; B [401] 6asoByio Momenb
BHUMAaHMS JONOJHSAIOT BEIOOPKOU 110 3HaunMoctu (importance sampling), uTo nosso-
JISIET PACIIUPUTH €€ HA OUeHb OOIbINue cJoBapy; B [ 161] cTporTcst MHOTOSI3BIKOBAsT MO-
JIeJIb, YUCJIO TIAPDAMETPOB B KOTOPOII PACTET TUHEHHO 1O Mepe A00ABICHUST HOBBIX SI3bI-
KOB; B [81] Mozesh MAIIMHHOTO TIepPeBOia HAaYMHAET PAOOTY OT OTAETBHBIX CHMBOJIOB,
U Tak gajee (CM. Takske 0630D PasHbIX apXUTEKTYP BHUMAHUS JJIsI MAITHHOTO TIEPEBO-
na B [341]).

Ho, MoseT GbITh, BCE 9TO CyXasi TEOPHS, & HA MPAKTUKE JIOAU TTPOCTO CTPOSIT 6OIb-
e 6a3bl JAHHBIX XOPOIIUX TepeBogoB? OKa3blBaeTCsl, HET: BAKHASI HEJABHSISI CTa-
bt 0T Google [187] mokasbiBaer, Kak paboraer cuctema Google’s Neural Machine
Translation (GNMT), To ectb paxrruecku Google Translate. U, Kk yI0BOJIbCTBHIO HC-
caesioBaTesell, 0kazanoch, uto Google memaet posHo TO jKe camoe: Google Translate co-
CTOUT U3 KOAMPOBIIUKA, IEKOIUPOBITUKA 1 ceTh BHUMaHUs. OIHAKO eCTh M HECKOJIbKO
HMHTEePECHBIX HOBBIX TPIOKOB U OTJINYNIL:

* DPEeKyppeHTHbIE CEeTU HOJIKHBI ObITh JOCTATOUHO IJIyOOKUMMU, YTOOBI CYyMETh BbI-
PasuTh PasHbIE HEPETYJIAPHOCTH U OCOOEHHOCTH €CTECTBEHHBIX A3BIKOB, TAK UTO
B GNMT wucnonb3yorcs mo Bocemb ypoBHell LSTM B kogupoBIInKe U 1€KOIH-
POBIIIVKE;

* HO, KaK MBI y:Ke 00CYKZalu B riase 6, IPOCTO CTaBUTh APYT HA APYyra YPOBHU
LSTM He 04eHb IOMOTaeT, apXUTEKTYPHI TJIy0Ke TPEX-ueThipex yPOBHel Tak 00y-
YHUTh OYEHb CJI0KHO; T09ToMY B GNMT 106aBJISIOTCST OCTATOUHbBIE CBSI3U MEKILY
YPOBHSIMH, TOUHO Kak B ResNet-1i0[00HBIX apXUTEKTYPaX, 0 KOTOPBIX MbI TOBOPH-
JIU B paszesne 5.4;

* HMXKHUH CJIOH IIPU 9TOM, €CTECTBEHHO, ABYHAIPABJIECHHBIH, YTOOBI He IOTEPSTh
KOHTEKCT CJIOBA KaK CJIEBa, TaK U CIIPaBa;

* aemnte B GNMT ecTb iBa 0COOBIX TPIOKa, KOTOPBIE MOTYT Pa3OUBATH CJIOBA HA YaCTU
U 1epeBOAMTD (pparMeHTaMu; JIOOOIBITHO, YTO 3TH (hParMeHThl He 00s3aTe/IbHO
IPEACTABJIAIOT COOOM OTHEbHbIE OYKBBI, U MOJE/Ib CETMEHTAIINH CJIOB N3HAYAIb-
HO IIPOUCXOAUT U3 MOJEJIN CeTMEHTALIH [I71sI a3MaTCKUX SI3bIKOB (PasOuTh KUTAM-
CKHIT TEKCT Ha CJIOBA — HENIPOCTas 3a/1a4a), KOTOPasi, OKa3bIBAETCSI, TOMOTAET U B
cyry00 eBpOIIECKOM MTEPEBO/IE.

Ecuu BoI akTuBHO 1105163yeTech Google Translate, Bbl HaBepHsIKa 3aMeTHJIN TIEPEXO]I
k cucreMe GNMT: Bo BrOpoii nosioBune 2016 ro1a B KAaKOH-TO MOMEHT TIEPEBOJIBI JIEWA-
CTBUTEJIBHO CTAJIM 3aMETHO JIy4lire; 910 U 0611 adpdekt GNMT.
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Pennwka Ha Bxone OTBeT (NOpoxAEHHBIR Kak seq2seq)

Puc. 8.4. /TnasioroBast MojieJib HA OCHOBE apXUTEKTYPbI seq2seq [551]

OG6paruTe BHUMAHUE, UTO JI0 CHX [TOP MBI TOBOPHJIU O TOM, KaK IIEPEBECTH OJTHO TIPE/I-
Jnoxenne. Hukakas nomnosHuTebHas ceTh ¢ BHUMaHEM He TTO3BOJIUT repeBecTu «Boii-
HY ¥ MUP» TIEJTUKOM. A 4TOOBI CITE/IYIONINE TPETOKEHNST KAK-TO 3aBUCENU OT MPEIIBILY-
VX, HY>KHO COXPAHSTh KOHTEKCT. JTO BAXKHO JIJISI IEPEBO/IA, HO CTAHOBUTCS €1Ile BasK-
HEe B 0Ua0208bIx MOOELSX, KOTOPbIE TIBITAIOTCS MOJIEPKUBATD PA3TOBOP € YEJIOBEKOM,
BeJlb OYepe/IHasl PEIINKA B IMAJIOTEe YACTO COBCEM He MH(MOPMATUBHA, 1 32 ITOIXOSAIINM
KOHTEKCTOM HY’KHO 00pariathest K 60Jiee aIeKoMy TPOIIIOMY.

Mo:kHO cKa3aTh, YTO COBPEMEHHBIE IMAJOTOBbIE MOJIEIU, OCHOBAaHHbIE HA HEHIPOH-
HBIX CETSIX, HauaJIuch ¢ paboTel [551], B KOTOPOU mojiepskaHme ajiora paccMaTpriBa-
eTcs Kak seq2seq-3agada [517]. Ilo cytu a10 Bee Ta ke apxurekrypa encoder-decoder:
MBI [TOPOKIAEM OTBET, CII0JIb3Ys CBEPHYTYIO BXOIHYIO PEILIUKY B KAYeCTBE KOHTEKCTA,
KaK MoKasaHo Ha puc. 8.4. OnHaKo, XOTsI pe3yAbTaThl B [551] ¥ /17151 AMAIOTOB 0 KOHKPET-
HOIT ITPeIMETHOH 006J1aCTH, 1 Jlaske /It OOTIEUeTOBEYECKIX PA3TOBOPOB <TI0 JyTIaM» MO~
JIYYAIOTCS BIIOJTHE PA3yMHBIMI L, TAKAST MOJIEITb BCE €Il COBCEM HIKAK He 06pabaThiBaeT
r/106aJTbHBIN KOHTEKCT [IMAJIoTa, He COXPAaHsIET €0 COlEPKaHue OT PEIIUKHU K PETLIUKE,

ITosTomy B pabore [214] Kk auasoroBbiM crcreMaM Oblia IIPUMEHEHA apXUTeK-
Typa uepapxuueckozo xoduposuuka-dexoouposuiuxa (hierarchical recurrent encoder-
decoder architecture, HRED), xotopyio panee npumeHsii B [215] a1 KOHTEKCTHO-
3aBUCUMBIX MOJICKA30K B CUCTEMax WH(MOPMAIMOHHOTO MOUCKA (TO, YTO TOSBISETCS
110/ IOMCKOBOM CTPOKOIA, KOI/ia Bbl HAYMHaeTe B Hell 1eyaraTh). OcHoBHas uaes pabo-
Tbl [214] cocTouT B TOM, 4TOOBI PacCMATPUBATh JUAJIOT KaK JABYXYPOBHEBYIO CHCTEMY,
[I0CJIEZIOBATENBHOCTD BBICKA3BIBAHUI, KAJK/I0€ U3 KOTOPBIX — 3TO MOCJIEe0BATETbHOCTD
CJIOB; 11JIs1 MojieIpoBaHus Takoii cuctembl HRED o6yuaer:

* xoduposuux (encoder RNN), peKyppeHTHYIO CETh, KOTOPask «CBOPAYNBAETS> KaK-
JI0€ BBICKa3bIBaHE COOECE/IHUKA B BEKTOP (PUKCUPOBAHHON Pa3MEpPHOCTH;

! Ha6opbl JanHBIX VIS IMATOTOBBIX CHCTEM — 3TO OGBIUHO HJIH AMANOTU C TeXIOIAEPIKKOil, KOTo-
pble CBSI3aHBI C KAaKOII-TO KOHKPETHOH 0biacthio, Hapumep Ubuntu, mian gatacet «o6Imero Ha3HaAueHUS»
OpenSubtitles, comep:kammuit cy6TuTps! K GuibMaM U cepuagam; KpOMe TPUMEPOB JTOCTATOYHO €CTECTBEH-
HBIX [IUAJIOTOB, CyOTUTPHI €I1[e U AA0T OTIMYHBII MapajIeNbHbII KOPIYC 1 MAITMHHOTO EPEBOIA, TIOTOMY
4TO (hUIIBMBI 4ACTO CHAOKEHBI CYyOTHTPAMK Ha Pa3HbIX A3bikax [531].
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Ax, Tana! nogoiamn ko MHe — B Mockee, xuset y Cumeona,
Kak Gyaro Gpexy /8 BO CHe... MeHst B cO4ENbHUK HABECTUN;
KyauHa, nomuunwes MpangucoHa? HenasHo chiHa OH XeHi.
Wz 1 Wa, Wz N2
Ha4aneHoe :
CKPbLITOE COCTOAHWE
[EeKoAVPOBLLMKA %
CkpuiToe
COCTOAHWE
KOHTEKCTa N

KOAWMPOBLLUMKA BbiCKa3bIBAHNA Mpepcraenexnne
) ) ! ) BbICKA3blBaAHUS

-l O .
D 0 m

Wi Wini-1 WiN1 Wz Wz nz-1 Wz N2

Kak, Mpangucon?.. a, Mpanaucow!
Ma, nomHio, nomMH. Foe xe oH?

CKPLITHIE COCTORHMA |.| MpeacTasnexme

A 310 Aoys mon, Tateaxa.

Puc. 8.5. [lnasorosast MojieJib Ha OCHOBe Hepapxudeckoii encoder-decoder
apxurexTypel (HRED) [214]

* xonmexcmuyto cemov (context RNN), xotopas nocienoBarebHo (M TOXKE PEKYP-
PEHTHO) 06pabaThiBaET BCe TPEABIAYIINE BHICKA3BIBAHUS U BBIIAET TEKYIIUI BEK-
TOP KOHTEKCTA;

* dexoduposusux (decoder RNN), ceTn, KOTOpPast TOCTENOBATENHHO TIPEACKA3BIBAET
CJIOBA JIJISI CJIEYIONIETO BBICKA3BIBAHMS CUCTEMBI TIPU YCJIOBUH TEKYTIETO KOHTEK-
cTa.

Bce ato Besnukogenve mokasano Ha puc. 8.5. B [214] ucnoap3yioTcst [ByHampas-
sennbie RNN, Beca MHUIIMAIU3UPYIOTCS word20ec-TpeiCTaBIeHUAME, 0GYYeHHBIMU Ha
6ousbiiom maracere (Google News), nepsas ¢asa 00yueHusI [eiaeTcs Ha Kopiryce cy6-
TUTPOB, a 3aT€M OCHOBHOE 00yY€eHMEe TIPOUCXOAUT Ha GoJibiiioM gatacere MovieTriples,
KOTOPBII COCTOUT M3 HECJOKHBIX BOIPOCOB U OTBETOB, OCHOBAHHBLIX HA JlaTacere
cy6rurpoB Movie-DiC [29]; pe3yibTaThl HOJIYYAOTCS JOCTATOYHO MHOTOOGEIIAIIHE,
u nojxoj, ocHoBanublil Ha HRED-apxuTtekType, akTUBHO pa3BUBAETCA U 110 cell JIeHb.
Hanpuwmep, B [212] nms HRED crpouTcst Bapranmonnast HUKHSS OI€HKa, YTO MTO3BO-
JisieT 106aBUTh CKPBITHIE TIEPEMEHHbIE, MOJECTUPYIOIIE 3aBUCUMOCTH MEK/LY PEIIKA-
Mu. CeTu ¢ BHUMaHUEM TaKKe BaXKHBI JJIS TMATOTOBBIX CHCTEM: HAIIPUMED, B MOJIEJN
Attention with intention («Baumanue ¢ HamepeHuems ) [575] oTaesbHast ceTh MOJIEU-
pyeT HaMepeHUsI YIaCTHUKOB uaiora (HalpuMep, HaMepeHue COOOIIUTD Ty WK HHYIO
nHGOPMAIIHIO).
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Xo4eTcs I0BECTH UTOT Pas/ieLy, IOCBSIIEHHOMY CETSIM C BHUMAHKMEM, HO C UTOTaMK
31€Ch CJIOKHO: CJMMIKOM YK BCE TTOKA YTO B IPOIIECCE, CIUIIKOM OBICTPO PasBUBAETCS
910 Hanpasjenue. Tak, pabora ¢ xapakrepHbiM HazBanueM Attention Is All You Need [12]
JOBOIUT UACHO ceTerl ¢ BHUMaHueM J10 JIOTUYECKOI'O 3aBEPUICHUA: TaM CTPOUTCA apXu-
TEKTypa CeTU /I MAIIMHHOTO II€PEBO/A, B KOTOPOI BOOOLIE HET PEKyPPEHTHBIX KOM-
nonentos! Bee memaercs MCKIIOYNTENIbHO Ha MHOTOMEPHBIX KapTaX BHUMAHMSL; aBTOPbI
YTBEPKAAIOT, UTO ITOJIYHalOT PE3YJIbTAaThbl HE XYJKE, a TO U JIyYIIE, YEM apXI/ITeKTypr C pe-
KYPPEHTHBIMU KOJMPOBIIUKOM U JEKOIUPOBIIUKOM, U IIPU 9TOM CeTh 00y4aeTcs B Jie-
csaTKH pas ObicTpee. B 1esioM, ceifuac MeXaHU3MbI BHUMAHUSI [TPUBJIEKAIOT, TIPOCTUTE 32
KajaaMOyp, Bce 00JIblle BHUMAHMs MCCIeL0BaTe e, U He MCKIIYEeHO, 9TO B OyayLieM
POJIb MEXaHU3MOB BHUMAHU B HEHPOHHBIX CETSIX CTAHET €elle BakHee.

8.2. MNMopoxxpawuwme Mmopenu u rnybokoe obyyeHue

EcTb npornoBeqHuky cMepTy; 1 3eMJis IIOJTHA TEMU, KOMY HYXXHO TIPO-
MIOBEIOBATh OTBpPAIEHUE K KU3HMU... « TPYHO POKaTh, — TOBOPST JPY-
re, — K 4yeMy elile poxaTh? Poknatorces auinb Hecuactabie!»> V onn Tak-
K€ MPOTIOBETHUKU CMEPTH.

@. Huvue. Tax 2060pun 3apamycmpa

Jlo cux 1mop Mbl pacCMaTpPUBAJIM 3aa4i, B KOTOPBHIX ObljIa XOPOIIO OlpeJe/ieHHast 1e-
sieBast GyHKUKA. [a 1 BooOIIe, €CJIU YECTHO, BCE 9TO BPEMsI Mbl B OCHOBHOM paccMaT-
PUBaAJIM 3aa4M KJIACCU(DUKAIIMN: KAK B3sITh GOJIBIION 1 CJIOKHBINA BXOJ BHICOKOI pas-
MEPHOCTH, TIOCTETIEHHO BBIICJIUTh B HEM UHTEPECHbIE IPU3HAKH, TJIYOOKIUMHU MOJIEJISIMU
JIOBECTH JIEJIO JIO COBCEM YK «YMHBIX» IIPU3HAKOB... HO 3aT€M BCe PABHO BEPHYTh MOJIEJIb
Ha 3eMJII0, IPeo6pasysl pe3yJbTaT B PaclIpeiesieHie Ha OTHOCUTENbHO MaJEHbKOM YHC-
Jie Ki1accoB. Jla 1 4To HaM OBLIO JeJIaTh, eC/Iu 1ejieBas QYHKINS B MMEIOIIUXca Habopax
JAHHBIX JIEHCTBUTENBHO OOBIYHO TIPEACTABISIET COOOH OMMOKY KIacCU(bUKAIMH.

OpHAaKO 9TO HE eMHCTBEHHBIN KJIACC 3a/1a4, KOTOPbIl XOTEI0Ch Obl HAYYUTHCS Pe-
maTh. B aTO Ty1aBe MBI PACCMOTPUM OJINH M3 BO3MOKHBIX OTBETOB Ha JIPYTON MHTEpec-
HBII BOIIPOC: KaK HAYYUTHCS HOPONHCIAMb HOBbIE OOBEKTHI, IIOXO0XKKE Ha 00bEKThI U3 JaH-
uvbix? Hampumep, kak Ha ocHoBe nataceta MNIST HayunTbes mopoxaaTh pyKOMUCHBIE
udpbi? Jlaske e y Bac 00ydHIICS CaMblil JIyUIIHi Kaaccu(pUKATOP Ha CBETe, KakK I10-
MIPOCUTH €T0 CTEHEPUPOBATH HOBBIE BapuaHThl UGp? MOKHO, HAIIpUMEP, HAYATD C TO-
CJIEIHETO CJI0S U TI0IPOOOBATh HANTH BXOZbI, KOTOPbIE CUJIBHO aKTUBUPYIOT HEHPOHBDI,
COOTBETCTBYIOINIVE TOW MJN UHOM 1udpe Ha BbIxo/ie. JITo[u esaloT Tak 1Py aHaIn3e
CBEPTOYHBIX CETEM, U B Pe3yJIbTaTe JedCTBUTENBHO II0IyYaeTCss HeuTo OoJiee I MeHee
pas3yMHOE, UYTO MOXKET XOPOIIO BU3yJIM3UPOBATH aKTUBAIIUU KAKIOTO OTJIETBHOTO HEli-
pona [585]. Ho Ha xopormuii pyKONUCHBIHN TeHEPATOP 9T PE3YAbTAThl HUKAK HE TSHYT.
Jla v j1ajiHo pyKonucHbIe UQPLL, 9TY 3a1a4y yKe CO BCEX CTOPOH pa3OMJIN, HO UTO €CJIN
MBI 3aX0TeJIi Obl TeHEPUPOBATh OOJIee CIIOKHbIE N300pakeH s, HarpuMep (POTo UHTe-
PbEPOB WM U300PAKEHMsI YeTOBEYECKIX JIMIL, KaK B [432]?



342 [haea 8. COBpeMeHHbIe APXUTEKTYPbI, NN Kak B cnope poxXxpaeTcd UCTUHA

rOBOpH Ha A3bIKE€ MaT€MaTHUKH, ceifyac Mbl IIPpUXO/IUM K PA3HUIIE MEXKITY aucxpuMu-
HAMUBHBIMU, PA3AEIAIOINNMA MOJCJIAMU U 2EHEPATNUBHBIMU, TIOPOKIAIOIITUMUI!

* JNCKPUMUHATHBHbIE MOJeIN 00ydaioT (hyHKIMIO, KOTOpast 0TOOpaKaeT BXOJ &
B HEKOTOPYIO METKY KJIACCA y; B BEPOSITHOCTHBIX TEPMUHAX 9TO 3HAYHT, YTO OHU
06yuarT ycrosroe pactpenenerue p(y | x);

* moposkaaone (TeHepaTHBHbBIE) MOJETN O0YYAIOT COBMECMHOEe PACTIpeleTeHne
HMaHHbBIX p(x,y); 3TO MOKHO UCIIOJIB30BATH JIJISI TOTO, YTOOBI TTONTYyYuTh p(y | ),

Belb [7ist QUKCUPOBAHHOTO & MBI TOJYYUM TIpocto p(y | x) = % x p(x,y),

HO COBMECTHOE paciipeie/ieHre faet GoJibliie nHGOPMAIMK, €0 MOKHO MCIIOJIb-
30BaTh, HAIIPUMED, JIJIs1 TIOPOSK/IEHUST HOBbIX JIAHHBIX.

Erte omHO BBITEKATOIIEE M3 3TOTO BA)KHOE PA3JIMYne COCTOUT B TOM, YTO TUCKPUMU-
HATHUBHBIE MOJIEJIH PELIAIOT TOJBKO 3ajlaui 00YUEHHUs ¢ YUUTEJIEM, a TIOPOKIAOIIIE MO-
JeJI MOTYT IIBITAThCS PElIaTh U 3aga4n 00ydeHns 0e3 yunuTess, KOrga MeTOK HUKAKIX
HET, ¥ HYKHO TIPOCTO CMOJIEJINPOBATD PACIIPE/IeIEHUE TaAHHBIX P(L); TOITOMY BO MHOTUX
IIPAKTHYECKUX 32/1a4aX YACTO OBIBAIOT HYKHBI HIMEHHO OPOJKIAIONIHE MOJe/ N .

C MaTeMaTU4eCKON TOYKHU 3PeHIs OCHOBHAA 11eJIb OPOKAAIONIEN MO OOBIYHO
COCTOMT B MAKCUMU3ALMK (PYHKIMN IPaBAOIOA00MS: [/t HaOOpa AaHHbIX D = {ml}f\; 1
MaKCUMU3NPOBAThH Hfil p(x;; 6) 110 napaMeTpaM MOJIEJIH, TO ECTh MOCJIE JIorapudMupo-
BaHWS UCKATh

N
0" = arg maxz log p(x;; 0).
0 “
=1
BaskeH u IpyToii B3I Ha TO JKe CaMOe: MaKCUMU3AIW IIPABA0I0 100N SKBUBATCHTHA
mMuHMMu3anuu paccrosnus Kyapbaka — Jlefibaepa Mesxy pacrpeiesieHueM p, KOTOPOe
IIOJIy9AeTCsl U3 HAIllel MOJIe/IH, 1 PACTIPEETIEHUEM P, — IMIIIPUIECKUM paciipe/eie-
HHEM JAaHHBIX. JTO SMIIMPUYIECKOE PACIIPEAETICHIE HOIPOCTY IOJIHOCTRIO COCPEROTOYE-
HO B TOYKaX U3 faTaceTa ¥ PaBHOMEPHO PacIIpefesIeHO IO HIM, TaK YTO:

N
KL (Pgata(®), p(x; 0)) = /pdata(w) log p(z.0)dz = E :pdata(mi) logp(z;,0)
i=1
W MUHUMU3ANWST 3TOTO BBIPAKEHUST SKBUBAJIEHTHA MAaKCUMH3AIMHM TOTO, YTO BBIIIE.
Wnaue roops, TOUKN 1aHHBIX, B KOTOPBIX COCPEAOTOYEHO PACIIPEACTECHHE D ¢y, «TAHYT
BBEPX» paclpesiesieHue p.

Ho otkyza B3saThb pactpenenenvie p(x,0) 1 Kak UCIOIb30BATH /s HETO HEHPOHHbIE
cetn? I'eHepaTuBHbIE MOJIEJIN PA3/IMYAIOTCS KaK pa3 TeM, Kak MMEHHO OHM CTPOST pac-
npenesierne p(x,0). MOKHO CTPOUTD 9TO PACTIPEIETIEHIE S6HO, 1eJIast BEPOSITHOCTHBIE
TIPEITOIOKEHHUS, KOTOPbIE OOBIYHO CBOSITCS K TOMY, UTO 0011iee pactipesenetivie p(x,0)
BBIpa’kaeTcs B BH/Ie IIPOU3BEACHUS TeX TN UHBIX «<MaJIeHbKUX» PaclpeieIeH Ui,

1 Cwm. taxske obcyskeHne Topokaanmx Mozaeseii B [185], kotopoMy Mbl GyaeM OTYACTH CJIEI0BATH
B 9TOM pas/ieJie.
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Hanpumep, 6aiiecosckue cemu 0o6epus CTpoST paciipeliesieHIe 13 YCJIOBHBIX pacipe-
penennit Bupa p(w; | xj,, . .., 24, ) VIS KGK/AOTO i:

p(x) = [[ (=i | Xi).
i1

B 3Tux MOMENsIX BEPOSTHOCTHBIE MPEMMOJIOKEHUST 00 YCIOBHOW 3aBUCUMOCTH
U HE3ABUCUMOCTHU MEXKY TEPEMEHHBIMU BBIPAXKAIOTCS B BUJIE TOTO, KAKIE TEPEMEHHBIE
BXOZAT B X; [416, 594].

MoOsKHO [1aske ¥ BOBCE HUKAKUX MPEATIOIOKEHUN He JIeJIaTh: TI000e pacipesieieHie
BCEr/a PACKJIA/[IBAETCS TAK:

n
p@) =[] p(i | z1,.. . wic1).
=1

Ecau tenepb MozieIMpoBaTh BCe 9TU YCJIOBHBIC BEPOSTHOCTHU I10CJIE0BATENIBHO TJ1Y-
GOKVMY HEHPOHHBIMU CETSIMH, TTOTYIUTCST MOJIETh, KOTOPAst CMOXKET TIOCTE0BATENHHO
MOPOAANTD & KOMIIOHEHT 32 KOMIIOHEHTOM, KaK/BIH Pa3 It MOPOXK/ICHUS x; OMUPAsICh
Ha yKe TIOPOXKAEHHBIE T, . . . ,Tj_1.

Jpyroi moaxo1 K HOPOKIEHNIO COKHBIX PACIPeAeIeHU, NIe0 KOTOPOTO Mbl Oy-
JIEM HCIIOJIb30BATD U B COCTSA3ATEJIBHBIX CETSIX, COCTOUT B TOM, YTOOBI HAYATDH € TIPOCTOTO
pacnpesiesieriusi p(z) Ha CKpbIThie (DAKTOPDI 2 U 3aTEM IPUMEHUTD K HEMY CJIO3KHOE TIpe-
o6pa3oBaH¥e, KOTOPOE 1 OYIET COMEPKATD B cebe BCIO CTOKHOCTD TPEGYIOMUXCS MHOTO-
obpasuii. O6bIYHO B KauecTBe p(z) MOKHO B3SITh 00BIUHOE HOPMAJIbHOE PACIIPeieICHHE,
a 3a/ia4a COCTOMT B TOM, YTOOBI 00yunTh OUEKTUBHYIO GyHKIUIO f : X — Z TaK, 4To0bl
pacupezesenne JaHHbIX Ha X MpeBpaianoch Obl B IIPOCTOE paciipeneienne Ha Z. To-
r71a, 4TOObI CreHepupoBaTh HOBYIO TOUKY U3 PACIIPE/IeIEHNS, HOXOKET0 Ha Py, ,, AOCTA-
TOYHO GyJIeT TIOPOJANTh TOYKY U3 rayCCHaHa, a 3aTeM IPUMEHUTh 0OPaTHYI0 (DYHKIIHMIO
f': Z — X.A o6yunth Takyio f MOXKHO OISITh IPOCTO MAKCHMUIUPYS MPABIOTO-
nobue, Belb yepe3 HelpepbIBHbIe (DYHKIUU f TPAIUEHT TPEKPACHO «IIPOTACKUBAETCSI>
€ MTOMOIIIBIO (hOPMYJIBI 3aMEHBI ITePEMEHHBIX:

pxta) = (st faer (20|

rie %(f) — 9TO MATPHIIA YACTHBIX IPOM3BOAHBIX (aKoOuan) pyukimu f. Koneuro, cun-

TaTh IKOOUAH «B JI06» GBLTIO OBI CJUITKOM CJIOKHO, HO YaCTO MOKHO YTO-TO TIPUIYMATD.
Hanpumep, B paGore [121] npemiokena crernanbiast hopma QYHKIUN f, IS KOTO-
POii OTIpeIe TN TIOACUUTATD JIETKO (IKOOMAH OKa3bIBAETCST TPEYTOJBHBIM ), & COCTAB-
HbI€ YACTHU ATON (PYHKINU MOKHO 3aTeM MOJIEJINPOBATD Y€M YTOIHO — HAIIPUMED, Heli-
ponubIME ceTsiMu. B [121] ator moaxo1 ipeaiaraercs [Jist HOPOKAEHUsT 300 pakeHui,
U PE3yJIbTaT MOJIYyYAeTCS TOBOJBHO YOS UTETHHBII.
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OTyacTy MBI HAYQJIU OTBEYATh HA ATH BOIPOCHI, KOTJIA PACCMATPHUBAIN PEKYPPEHT-
HBIE HEUPOHHBIE ceTU. PeKyppeHTHbIe apXUTEKTYPbl OOBIYHO 00YUYAOTCsI MIPEACKA3bI-
BaTh CJIE/LYIOIIHIT 3JIEMEHT MTOCIEI0BATEBHOCTH, M TOITOMY UX ECTECTBEHHBIM 00Pa3oM
MOJKHO IIPUCTTOCOOUTB K MTOPOKAEHIIO, KaK MBI JIEJIAJIH C SI3bIKOBBIME MojiesisiMu. Ho 1o
[I0KA He OTBEYAeT Ha HAIll BOIIPOC O MOPOXKAEHUH PYKONUCHBIX IIUQD, Beb IOCIe10Ba-
TeJIbHOCTH KAK TAKOBOIT 3/eCh HeT,  KaK X UCII0/Ib30BATD, [TOKA HescHo | Mbl 0TBeTHM
Ha 3TOT BOIPOC YYTh TTO33KE, a TIOKA MPOIOJIKUM O MIOPOKIAIONIUX MOJIEJISIX B IIETIOM.

Jl71s1 yero HysKHBI TIOPOXKAAIOIINE MOzieu? Bo-TiepBbIX, OHM TO3BOJISIOT HAM MPO-
BEPUTH, HACKOJIBKO XOPOIIIO MbI TIOHSJIN pacIipeliesieHre JaHHbIX; TSI/ Ha aKTUBAIIUN
(busbTPOB OOBIYHOTO ABTOKOMPOBIIUKA, TIOHSITH 3TO HEJIETKO, & U3 MTOPOKAAIONIEN MO-
JIeJTN MOYKHO, COGCTBEHHO, YTO-HUOYIb TOPOAUTH ¥ TOCMOTPETD, KaK TTOJIYYaeTCs.

Bo-BTOpBIX, TIOPOXKAAIOIIAS MOJIEIb MHOTIA MTO3BOJISIET UCIIOJIb30BaTh HE TOJBKO
pasMeueHHbIE JaHHbIe, Jeass 00yUeHNe ¢ YACTHYHBIM MPUBJICYCHUEM yUUTest (Semi-
supervised learning). Ecyiu BBl XOTHTE OTJIMYKUTH KOIIEK OT cOGak Ha hoTorpadustx, y Bac
MOZKET OBITH HE TaK YK MHOTO XOPOIIIO Pa3MeYeHHbIX JaHHbIX, HA KOTOPBIX KOIIKU U CO-
Gaku crapaTesbHO OTMedeHbl BpyuHyio. Ho B 11060M cirydae JibBUHASI 0JIS 3a]1a4H CO-
CTOMT B TOM, 4YTOOBI BOOGIIIE MTOHSTH, YeM pasyMHble (hoTorpaduu OTIUYAOTCI OT CJIy-
YailHOTO IIyMa B MUJIJIOHAX UKceI0B. ViHaye roBopst, pactpenesenue p(y | ), B KOTO-
POM Yy — DTO OJIUH OUT «KOTHUK JIK 3TO?», a & — LeJiast (poTorpadusi, MOKET ObITh IIPOIIE
00yYUTD, €CIIM CHAYAIIA Y3HATD YTO-TO O PACTIPEAETIEHUN p(x) B IIETIOM.

B-Tperbux, MoposKaaIoNue MOIETH XOPOIIO CIIPABJISIOTCS C 33[a4aMU, B KOTOPBIX
MOJKET OBITh HECKOJBbKO TIPaBUJILHBIX OTBETOB. IIpezcTaBbre cebe, HATPUMED, 3a1aqy
TIpe/icKa3aHms CeiyIoNiero Kajapa B Bugeoposuke [333]. [leficTBre MoXkeT pa3BUBATHCS
HECKOJIbKUMHU Pa3HBIMU CIIOCOOAMU, 1 BCE OHU SIBJISIIOTCSI TPUMEPHO OJIMHAKOBO XOPO-
UMY OTBETAMU HA BOIIPOC O TOM, KAKUM OyIeT caeayomnuii Kaap. OIHAKO eCiu B3SITh
U YCPEIHUTHh BCE BO3MOJKHbIE OTBETHI, IOJYYUTCS UTO-TO CMA3aHHO-TIPOMEKYTOUHOE,
a Pa3yMHOTO Kajipa M3 BHUE0 KaK pa3 He BBIHZET. A MOPOKIAIONIAs MOJENb T0JIKHA
OBbITH COCOOHA OOYUYHTDh MYAGIMUMOOAILIOE PACTIPEIETIEHIE, TO €CTh PacpeieeHne
C HECKOJIBKUMU MTUKAMHE, COOTBETCTBYIONMMU HECKOJIBKIM BO3MOKHBIM OTBETAM.

Hy u, HakoHel1, B-4€TBEPTHIX: HHOT/A TPOCTO AeHCTBUTENHHO HYKHO UMEHHO TI0-
POKIaTh OTBeTHl. Hanpumep, MpenoiokuM, 4To Mbl XOTUM CTeHEPUPOBATh HOBYIO (ho-
torpaduio ¢ MIJIBIM KOTHKOM Ha Heil. MOoXeT 1oKa3aThCst, 4TO 3/1eCh HAM [TOMOTYT KOH-
CTPYKIIUHU aBTOKOAMUPOBIIMKOB U3 pasziesa 5.5: B TI0OOM aBTOKOAUPOBIIMKE ObLIA Jie-
KOJIMPYIOIIAst YaCTh, KOTOPask Mo HaGOPy CKPHITHIX (haKTOPOB CIIOCOOHA BOCCTAHOBUTH
ucxoaHoro Kotuka. Ho oka3biBaercsi, 4T0 HAIIPSIMYIO MCIIOJIb30BATh ATy YaCTh KaK I10-
POKIAIOIIYIO CETh HE YIAETCST: OTKY/A B3SITh TTOAXOSIIII HaOOp CKPBITHIX (PAKTOPOB?
C yero HAYMHATH BOCCTAHOBJIEHIE BXO/A?

1 OTMeTnM 3716CH MEEKOM, UTO PEKyPPEHTHbIe APXUTEKTYPHI AHCTBITEIBHO IPUMEHSIOTCS K 06paboT-
Ke n300paskeHNiT; CyNIeCcTBYeT TeJblii psit paboT, MOCBANIEHHBIX TAK HA3BIBAEMBIM PEKYPPEHTHBIM CBEPTOU-
HbIM ceTsiM (recurrent convolutional networks) [325, 415, 425, 484], onHako Bee 9TH MOJIEN CKOPee TIPOCTO
[OMOTIOT YJIYYIIUTh CBEPTOYHBIE TPU3HAKU M HE HPUBOJST K TOMY, YTOOBI HAYYUTHCSI XOPOILIO MTOPOKIATH
n306paKeHusI.



8.2. Mopoxpgatolume Moaenu u rnybokoe obyyeHune 345

Mopoxpaowme
mogenn

HABHO BbI paxeHHasd
NNOTHOCTb

HeseHO Bbl paxeHHas
NNOTHOCTb

HeiipoHHan cets
Hanpamyto MOaenupyeT
CaMnMpoBaHKe u3
Mogenn

MpocTan
dakTopuayioLanca
NAOTHOCTL

Coome -
PixelRNN  }+
Com )=

Puc. 8.6. Takconomus mopoxxaaronux mojeseit [185]

NpubnuxeHua
K NNOTHOCTH

Nopoxpaowme
COCTABATEe bHbIE
cetn (GAN)

BapwaunoHHble
npubnuxedua (VAE)

HeiipoHHan cets
MOAENUPYET MapKOBCKYIO
uens nog rpadukom

NAOTHOCTK

CroxacTuyeckue
npubnuxeHns
MaluHbl Bonbumana)

Nopoxpawowme
CTOXacTUYeckue
cetu (GSN)

Jla, aBTOKOAMUPOBIIUK MOJKET CIIPOEIUPOBATE MHOTOOOPA3Ne MAHHBIX U3 BBICOKOMN
PasMepHOCTH B ropas/o 6oJiee HU3KYIO, HO B 9TO HU3KOI pa3MepHOCTH MHOTOOOpasue
BCe PABHO OCTAETCST TOBOJIHHO CJOKHBIM, M HENB3sT TPOCTO B3STH M TOA00PATh TaKue
CKPBITBIE (PAKTOPBI, YTOOBI U3 HUX TIOYYAJICS Pa3yMHOTO Buia KOTHK. KoHKpeTHO aTo-
MY TOPIO MbI IOMOXKeM B pasjiesie 8.5, a MoKa IPOIOIKAM O HOPOKIAIONIUX MOJEISIX
B IIEJIOM.

Ob1mast TAKCOHOMUST TTOPOKAAIONTIX MOJIETEN B KOHTEKCTe TIYOOKMX HENPOHHDIX
cereii, npemosxkennas Vsnom I'yadesnoy B [185], mokasana Ha puc. 8.6. B kuure mbr
He OyjieM TToPOOHO OCTAHABIMBATHCS HA KAJKIOU U3 3TUX KOHCTPYKIIUN; OTPAaHUIUMCST
Iapoii IPUMepOoB, a 3aTeM cpasy Hepeii/ieM K OCHOBHOMY COJIePsKaHHI0: TOPOK/IAIOINM
COCTSI3aTEJIbHBIM CETSIM.

OCHOBHOII KPUTEPUIL, 0 KOTOPOMY PA3JINYAIOTCSI TIOPOKAAIONINE MOJIETH — 3TO TO,
MIPEJICTABJIAIOT JIU OHU TLUIOTHOCTD p(&,y) B SBHOM BUJI€; HHAYE TOBOPS, MOJKEM JI MBI
HOCYNTATh p(T,y) Kak GYHKIUIO OT & U y WIN MOJETb MPENCTaBIsIeT cO00 YepHBIit
SITIUK, KOTOPBII MOJKET reHEPUPOBATH HOBBIE IIPUMEPSI (Z,y), HO CYUTATH TJIOTHOCTH HE
yYMeer.

Kak mpasmito, Mojienu, rje MJIOTHOCTh U3BeCTHA SIBHO, EJAI0T KaKKe-TO JOMOJHH-
TeJbHBIE TIPETIONOKEHNST Ha CTPYKTYPY 9TUX pacmpenesneHuil. Van nemaioT ux mos-
e, Kak, Hanpumep, nossusuiec eme B 1990-x rogax FVBN (fully visible belief net-
works) [164], B KOTOPBIX ILJIOTHOCTD PACHPEIEJIEHUST MOJIETH TIPEJICTABIISIETCSI TAK:

n

p(x) = I_Ip(acZ | z1...,2-1).

i=1
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Puc. 8.7. WaveNet: a — kay3ajbHble CBEPTKU; 6 — CTPYyKTypa Mozenu [560]

Takoe pasiioskeHue BEPHO BCET/a, U YIIPOIIAIONIUE TIPEATONOKEHNUST 3/1eCh HAUMHA-
I0TCST TI037K€, KOT/[A MBI MOJIEJIUPYEM OJTHOMEpHBIe pacupeneaenus p(x; | €1 ... ,2;_1).
Nues FVBN cocToUT B TOM, YTO € OZIHOMEPHBIMU PACIIPEAeeHUSIMU MbI y3K KaK-HUOY /b
pasbepeMcst — B paHHHUX paboTaX MX MPEACTABJISLIA TEMH WM WHBIMU KJTACCUYECKUMU
MOJIEJISIMU MAIIMHHOIO 00y4YeHus], a ceifiyac Mbl MOKEM UX IIPOMOAEIMPOBATH HEMPOH-
HOH CeTbIO.

NmenHO 3Ta nzies JIEKUT B OCHOBE OJTHOW M3 JIYUITUX B HACTOSIIIUN MOMEHT MOJIe-
Jieii juist paboTe co 3BykoM, WaveNet, paspaboTaHHoii Bo Bee Toi ske kommanuu Google
DeepMind [560]. Mbl Masi0 rOBOPHIIN O 3BYKE B 9TON KHUTE, 1a U PaboOT, T/1e IJIs IOPOK-
JeHUs 3ByKa MCIIOJIb30BAIUCH Obl IIyOOKUe HEPOHHBIE CEeTH, He TaK MHOIO, II09TOMY
KpaTko pacckakeM o WaveNet. Unes, npuxoasamas u3 FVBN, 3aeck cocTout B TOM,
4TOOBI MOIETUPOBATH YCIOBHOE PACIIPEIeJICHUE

{If|h prtll.lw'th—lil)

C TIOMOIIIBIO HEUPOHHBIX ceTed. Ha 3ByKOBBIX MaHHBIX MOJIE3HO /1eJIaTh OJJHOMEPHBIE
CBEPTKIL, HO CBEPTKU He J0JKHBI «3a0erath BIepell» [0 BpeMeHH, 10atoMy B WaveNet
UCIIOJB3YIOTCS TaK HasbiBaeMble Kaysaivioie ceepmiu (causal convolutions), koTopsie
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CMOTPST TOJIBKO Haza/l. KpoMe Toro, MX pasyMHO TIPOPEKUBATH CO BPEMEHEM, YTOObI MO~
Jiydajicst «0000IIeHHBIN> B3I Ha GoJiee JaleKyio ucropuio. Bee ato nsobpaxkeHo Ha
puc. 8.7, a, T/ie YepHbIe CTPEJOYKH MOKA3bIBAIOT CBSI3U, YIACTBYIONINE B TIOPOXKACHUN
OYEPEHOTO BBIXOA: 00paTUTE BHUMAHKE, YTO BCE BXOJBI 1, . . . , T8 OKA3BIBAIOT BJIUS-
HUe Ha BBIXOJ[ TPETHETO CBEPTOUHOTO CJIOS, HO TIPY 3TOM KasK/BII BXOJ[ 3a CUET pa3pe-
JKEHHON CTPYKTYPHI GOJIeE TIO3THUX CIIOEB YYACTBYET TOJIBKO OJMH Pa3. A Jajblie ¢ mMo-
MOIIbIO TAKUX CBEPTOK CTPOMTCI apXUTEKTYpa, M300paxkeHHast Ha puc. 8.7, 6. ITa ap-
XUTEKTYPa COCTOUT U3 HECKOJbKUX MOCIEIOBATEIbHBIX CIOEB PA3PEKEHHBIX CBEPTOK,
YIIPaBISEMBIX TIOXO0KeH Ha TeUThI CTPYKTYPOH, U B Hell CHOBA BCTPEUYAIOTCS TPIOKH, KO-
TOpBIE MBI y2Ke He Pa3 BUJEJN: OCTATOYHBIE CBSI3U, CBA3U «4epe3 YPOBEHb» U TaK Jajiee.
B pesyibrate HOpoxKAaTh peyub I10Iy4aeTcs J0BOJIbHO XOPOIIO, /1a U B IOPOKAEHNN MY-
3BIKH 3TO, HABEPHOE, OJ{HA M3 JIUIIIHX CYICCTBYIONINX MoJeIeii!.

IToxoskast uest MoCaeI0BaTEIBHOTO TIOPOKICHUS 0OBEKTA B 3aBUCUMOCTH OT YiKe
MOPOKIEHHOU ero uactu passuBaetcst B Moziesisix PixelRNN [548] u Pixel CNN [94],
B KOTOPBIX MOJIEJTb CTPOUT U300PaKEHNE MTUKCEN 32 ITUKCETIOM, CJIeBa HATIPABO U CBEP-
Xy BHU3. Kaxblil ouepeHON IUKCET Xy IOPOXKAAETCS M3 YCJIOBHOTO paclpepnesie-
wust p(xy, | *1,...,Zp—1), @ OHO YK€ MOJEJUPYETCS UM PEKYPPEHTHON CEThIO, KAk
B PixelRNN, wiu cBeproutoit, kak B Pixel CNN. Kak u B ciryuae WaveNet, B 060ux ciy-
Yasix TMPUXOANTCS BHECTU HEKOTOPbIE NU3MEHEHUS B CTPYKTYPY PEKYPPEHTHON 1 CBEp-
TOYHOI1 ceTeil. B moapo6HOCT MBI 371eCh BAABAThCs He OyeM, HO TJIaBHbIe 0COOEHHO-
ctu PixelRNN u Pixel CNN uso6paskensi Ha puc. 8.8: Ha puc. 8.8, a mokasaH o01uii B
cBepTouHbIX puabTpos B Pixel CNN, B KOTOPBIX clieluaibHas MacKa A€J1aeT TaK, YTOObI
ceThb He MOTJIa «3abesKaTh BIIEPel» [IPU MOCIeJ0BATEIbHOM TOPOKICHNUH, a Ha puc. 8.8, 6
[IPEJICTABJIEHBI CBsI3U B ABYX BapuanTax PixelRNN: mocTpouHbiii BapuaHT 1mogaeT Ha
Bxo/t LSTM mpusnaku u3 1pe/blIyIero cJosi UKCeJ0B, OICUNTAHHbIE CBEPTOUHON
apXUTEKTYPOH, a AByHaNpaBieHHblil quaroHanbubiii LSTM crapaercst ncnoib3oBaTh
BeCh HAKOTIMBITUICS KOHTEKCT. ECTh 1 TOX0XK1e Moiesn ¢ BHUManueM (cM. pazzen 8.1),
KOTOpBIE B M3BECTHOU paboTe [15] mprMeHMIN K pacio3HaBaHUO 00Pa30B, a HEIABHO
YCIIEITHO MPUMEHMIN U K uX nopoxkaenuio [127]. Moxeas DRAW wus [127] nocreno-
BaTeJIbHO «PUCYET» KAPTUHKY C IIOMOIIBIO PEKYPPEHTHON CETH, & MEXaHIU3M BHUMAHMS
MOMOTA€eT CETH B JAHHBI MOMEHT CKOHIIEHTPUPOBATHCST HA HYKHOU YacTu u3obpaxe-
HUA.

Eciu xoueTcst SBHO BBIPA3UTh COBCEM CJIOSKHBIE PACTIPEIESICHUS B MTOPOKIATONTIX
MOJIEJISIX, MX TPUXOUTCS TIPUOIUKATH G0Jiee IPOCTHIMHU, KOTOPBIE YK€, B CBOIO OUEPETb,
MOTYT OBITH BBIPAKEHBI SIBHO. J[JIs1 9TOT0 OGBIYHO MCHOIB3YIOTCSI BAPUAI[MOHHBIE METO-
ZIbI, 0 KOTOPBIX MBI KPaTKO IIOroBopuM B paszeJie 10.3.

OcHoBHAas AJIbTEPHATHBA BCEMY 3TOMY COCTOUT B TOM, YTOOBI HCTIOJIb30BATH HESBHBLE
(implicit) moposkaarore MOAEIH, B KOTOPBIX MbI HE TIBITAEMCS MOJIYYUTh (QYHKIIHIO,
MO/ICYUTHIBAIONIYIO IMJIOTHOCTD HY>KHOTO PAaCIpeiesieHUs B KAK/OH TOUKe, a TPOCTO MO-
JIEJTUPYEM TO, UTO HAM OT TOM MOJIEJN HYKHO. A HY;KHO OOBIYHO YMETD COMIAUPOBAIND

! Pesyapratst WaveNet MoxkHO yeabmath Ha caiite DeepMind [547].
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Macka
Mopoxnaemoe " "
CBEPTOYHOro MocTpoUHbIiA LSTM JAuvaroHansHslia

n3obpaxeHue bunsTpa AeyHanpaeneHHsiin LSTM

a 6

Puc. 8.8. IToposkaaem kapTuHKy nukces 3a nukcenom: @ — Pixel RNN; 6 — Pixel CNN

U3 paclpe/ieJieHns, TO eCTh, COOCTBEHHO, IOPOKIATh HOBbIE TOYKHU 10 HTOMY CJIOKHO-
My pactipeziesieanio. Hampumep, eciii MbI XOTUM TIPOCTO HAYYUTBCS MOPOXKAATH (DOTO-
rpaduu MUJIBIX KOTHKOB, HAM He TaK Ba)KHO UMETD SIBHYIO (DYHKIUIO IJIOTHOCTU p(&),
KOTOpas MorJia Obl CKa3aTh, HACKOJIBKO BEPOSITHO, UTO Hepell HAMHM KOTHK, — BIIOJIHE 0~
CTaTOYHO IIPOCTO YMETb reHEPpUPOBaAThb HOBbIE X ~ p(m)

B ksaccuueckom 6aiiecOBCKOM BbIBOJIE COMILIMPOBAHUE U3 CJI0KHBIX MHOTOMEPHBIX
pacIIpeieIeHuil 1eaeTcsl ¢ IOMOILIBIO MAPKOBCKUX LIETIel: opo0yeM TOCTPOUTh Map-
KOBCKYIO IleIlb, KOTOPAs OIKCHIBAET CAydaiiHoe O/y:kaanue nos rpaduKoM IIOTHOCTH
pacIpesiesIeHust; eCii TOCTATOYHO JOJTO OJIysKAaTh MO rpaduKOM TIIOTHOCTH p(T),
MOKHO OYZIET CYMTaTh, YTO MOJIyYEHHAs! TOUYKA TPEACTABJSIET COOON CIydailHyo TOY-
Ky, B3STYIO 110 pacnpeznenennio p(x). Takoit mogxon HassiBaetcss MCMC-meTomamu, ot
cioB Markoo chain Monte Carlo [44, 250]. TTosiHOLIEHHOE ONMCAHKE 9TUX METOJOB BbI-
XOJIUT JIAJIEKO 32 paMKH Halieil Kuuru. OTMETHM TOJIBKO, UTO Y3Ke TIPeIITPUHUMAIUCH
BIIOJIHE YCIIEITHbIE TIONBITKA MOAEJUPOBATh 3Ty MAPKOBCKYIO IIellb rIyOOKON HEHPOH-
HOH CeThIO; Pe3yJIbTaT U3BECTEH KaK nopodcdaruue cmoxacmuueckue cemu (Generative
Stochastic Networks) [17, 41, 199]. Ho MbI ¢ BamU B 3TOIA IJIaBe TOM/IEM IPYTHM Iy TEM...

8.3. CocTaA3aTtenbHble ceTu

A cmotpio Ha Hero [Meccy| He Kak Ha COTIEPHMKA, a KaK Ha YeJI0BeKa,
KOTOPBIiT JIeJTaeT MeHsI JIyUllle, a s JIeJIat0 JIyUIlle ero.

K. Ponanoy

«Hacrosiues oposxkaaoIine ceTi TpeOYIOT T0BOJIBHO CIOKHBIX aJTOPUTMOB BBIBOJIA,
TAKKe MOJIEJIN YaCTO MOJIYIAIOTCS IOBOIBHO XPYIIKUMU, U 00y4aTh UX — 3TO COBEPIIIECH-
HO OTJIeJIbHAs, JIOBOJIbHO cJIo;kHast Hayka. Ho ecTb u ipyrue ujien, KOTOpbie TOXKe 1M03-
BOJISIIOT BECbMa yIaYHO Peajn30BaTh IIOPOKIAIOIIIe MOAEIN 1 IIPH 9TOM 00X014TCs Oe3
BCell CJIOKHON MalllMHEePHU TeHepaTUBHBIX Mozeeli 6e3 yuuressa. Hanpumep, B riase 10
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MBI PACCMOTPHUM BapHaHT 00y4YeHUs BEPOSTHOCTHOW MOJIEIH € TIOMOII[BIO BAPUAIMOH-
HBIX IPUOJIKEHUH, KOTOPBIE TBITAIOTCSI TOCTPOUTH HAMITyYlliee TIPUOIMKEHIE K CIIOK-
HOMY alloCTEPUOPHOMY PaCIpeeTeHNIo, BRIOMPast ero u3 (04eHb HOTaToTo) Kracca pac-
TipesieJieHUH, TOPoK/IaeMbIX HEMPOHHOM ceTbio. Ha BbIX0/e MOIyYuTCs ceTb, KOTOPast
MOZKET TeHEPUPOBATDH HOBBIE TIPUMEPBI M3 XOPOIIEro TPUOIMKEHUS K AlIOCTEPHOPHOMY
pacmpeziesieHunIo.

A ceityac MbI TOAPOGHO PACCMOTPYM OJIHY U3 MOJIeJIel, ujest KOTOPBIX ellie MpOIIIE,
HO TIPU 3TOM OHU TIPEKPACHO PAbOTAIOT U cefuac HaXOATCS Ha TIepe/lHeM Kpae B 061a-
CTU U3YUYECHUST HEPOHHBIX ceTell, — noposcoarouiue cocmsazamenvivie cemu (Generative
Adversarial Networks, GANs)!. OcHoBHast nes 1efiCTBUTEIBHO OYEHD IIPOCTA, HO TI0-
SBUJIACh COBCEM HeaBHO, B pabore 2014 roza, riaBHbIM aBTOPOM KOTOpPOM Obla Mon
Tyadennoy, aciupant Momya Bemskn [176]. A ceifuac MOPOKAAIONINE COCTSI3ATEb-
HbIE CETH Pa3BUBAIOTCS OYeHb GBICTPO, U, KaK THUIIET B O[HOM U3 CBOUX 10cTOB 1 Jle-
Ky [77], aktuBHO ucnionb3yiotest B Facebook niist 06paboTky n306pakeHuit 1 BUIEO-
POJIMKOB.

Hausrewm c Toro, uto ke u ¢ ueM B GAN cocTs3aeTcss. MHOXKeCTBEHHOe YHNCJIO B Ha-
3BaHUU MOJIEJIM HA CAMOM JIeJIE HECTTPOCTA: B 6230BOM BapUAHTE MOJIEJTH TOPOKIAOTIITX
COCTSI3aTeJIbHBIX CeTell COCTOUT M3 BYX UCKYCCTBEHHBIX HEHPOHHBIX ceTel, KOTOpbIe
conepHUYAIoT ApyT ¢ apyroM. OzHa U3 HUX, 2eHepamop (generator; Bce CBSI3AHHOE C Te-
HepaTopoM fajee Oyzer o6o3HavaThest 6yKBoil g uian G), MOPoXkKIaeT 0OBEKTHI B TIPO-
CTPAHCTBe AHHBIX, a BTOpasi, duckpumunamop (discriminator; po HeTo MBI OymeM TO-
BOPHTD € UHeKcaMul d i D), y4UTCs OTIINYATH MOPOKIEHHbBIE TEHEPATOPOM 00BEKTHI
OT HACTOSIINX IPUMEPOB U3 obydaronieil BLIOopKU. TakuM 00pa3oM, OJIy4aeTcs, 4To
Moziesib GAN cocTOUT U3 IByX YacTeii C IPOTUBOIIOIOKHBIMU 1EJISIMH:

* I[eJib IUCKPUMITHATOPA — JI0KA3aTh, YTO FTEHEPATOP TBOPUT KAKYIO-TO €PYH/LY, Ha-

VUYUBIIUCH HAJIEXKHO OTJINYATH TOPOKAEHHbIE TEHEPATOPOM IIPUMEPBI OT HACTOSI-
IUX; MHAYE TOBOPSI, AUCKPUMUHATOP PEIIaeT caMyto 0ObIYHYIO 3a/ia4y OGUHAPHON
KJIaccr(UKAIIN: TI0 33/JaHHOMY IIPUMEDY, BBITJISAIAIEMY KaK 3JIeMEHT IPOCTPaH-
CTBa JIaHHBIX, PEIIUTH, OBLT JIU OH «HACTOSIINMY WIH ObLI TIOPOKIEH reHepaTo-
powm;

* aIlesIb TeHepaTopa — «0OMaHyTh» AUCKPUMHUHATOP, CIEJIATh TaK, 4TO AUCKPUMU-
HaTOP He CMOKeT Pa3/IMuUTh Paciipe/ieieHne JaHHbIX P j,, U Pacipe/iesieHue pgen,
KOTOPOE TMOPOK/IAET TeHEPATOP; €CIH ObI AUCKPIMUHATOP PaboTasl UIeaTbHO, TO
9Ta TeNTb COBMaAMa OB C TMENBI0 HAYYUTHCS TOPOKAATH JAHHBIE U3 B TOYHOCTH
TaKOTO PaCIpe/eseH s, KAk BO BXOJIHON BBIOOPKe; HA MPAKTUKE TIONYIAETCS He
HACTOJIBKO U/I€ATBbHO, HO BCE PABHO HETLIOXO.

1 Jlpa sameuanus o Tepmunoorui. Bo-niepsoix, nhoraa no-pycckn GAN HasbIBatoT «KOHKYPHPYIOIMMU
CeTSIMIT», HO MBI IIPOTHB: KOHKYPEHIHST OJUKHA OBITh 3@ YTO-TO, MJIH 110 KPAlHEH Mepe MeXIy CYITHOCTSIM,
KOTOPBIE IBITAIOTCS JlesIaTh O/IHO M TO XK€; a 3/1eCh 33/1a41 y ceTell IPSIMO IIPOTHBOIIOJIOKHbIE, IPUMEPHO Kak
B COCTSI3aTe/IbHOM Cy/IeOHOM T1poriecce. Bo-BTOPBIX, MbI cHauas1a XOTeI ObLIIO T10J1b30BaThCSI UIsT <[I0OPOKAA-
IOIINX COCTSI3ATENBHBIX CeTell» PYCCKOS3BIYHON abOpeBHaTy PO, HO caMoil IIeH3ypPHOI accolranmeii Ha Hee
y HAC OKa3aJI0Ch 10JIHoe cobpanue counHennii Baagumupa Vnbuya JleHuna, Tak uTo 1mycTsb yox abopeBuarypa
Oy/IeT aHTIIMICKOM; 9TO U B IOMCKE BaM IIOMOXKET, €CJIU BAPYT 3axotuTe y3Hath 0 GAN’ax mobobiie.
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Bupaute, kak Bce mpocto? OiHa ceTh IIBITAETCS HAYYUTLCS IOPOXKAATD IIPABUJIbHbIE
pUMepPbI, 0OMaHbIBasi BTOPYIO, a BTOPast MbITAETCS OTJMYKUTh TTOPOKIEHHBIE EPBOI
npuMepbl oT HacTosux. [To Mepe 06ydeHUsT OHU TTOCTENIEHHO JIEJIAI0T APYT APYTa JIyd-
11e, Kak TPUHIUITAAJIBHBIE COIEPHUKY B criopTe. [IpakTudeckas 1esb BCero aToro co-
CTOMT B TOM, YTOOBI TeHepaTop B KOHIIE KOHIIOB OO/ N HAYYHJICS TAKH JIeJIaTh Pgen
HACTOJIBKO OXOXKUM HA P ¢y, YTO HUKTO HE OTIIMYUT — HO 4TOOBI OOEK/IAT OH 00s13a-
TEJIBHO B CJIOKHOIT uecTHOIT 6Gopbbe, MHaue HACTOSIINM YeMITHOHOM MY He CTaTh.

agaiite reniepb popmasmayem GAN. [ljst 3TOro Hy;KHO IOHSITh, KaKUM 0Opa3oM
HEHPOHHAS CeTh MOXKET PaboTaTh TEHEPATOPOM, KaK OHA MOJKET MOPOXK/IATH OOBEKTHI U3
33/IAaHHOTO pactpezieieHnsi. ITO He BIIOJHE OUYEBH/IHO: HENPOHHAS CETh yMeeT MepeBo-
JIATH BXOJIbI B BBIXO/IBI, HO HE UMEET caMa 110 cebe HUKaKOil BO3MOKHOCTU TeHEPUPOBAThH
HOBBIE TIPUMEPBI 13 Hudero. Kpome Toro, Ham X0Te0Ch Obl, YTOOBI CETh TOPOIK/IAIa Pas-
Hble HOBbIE TPUMEPBI, @ He TIPOCTO 3aAMOMHIIIA HECKOJIBKO TOTOBBIX BAPUAHTOB U3 00y-
yarorei BEIGopku. [109TOMy BMECTO TOTO, UTOGBI TEHEPUPOBATD C HYJIsI, HEHPOHHAS CETh
Oy et npeobpasosviéams CrydailHble BXO/bI, CTEHEPUPOBaHHBIE U3 HEKOTOPOTO «IIOCEB-
HOTO» PaclpeieIeHIsT, KOTOPOE BO BCEX HAIIUX TIPUMepax OyAeT IPOCTO CTaHAAPTHBIM
HOpMasbHBIM pactpesenaenueM N (0, 1) (HO MHOTOMePHBIM, KOHEYHO). To ecTh BMECTO
TOTO, YTOOBI IPOCUTH CETh TIOPOKIATH TIPUMEPBI, UTO €if HECBOUCTBEHHO, MbI OyIEM TIPO-
CHTB ee Tpeobpa3oBaTh MPOCTyio GYHKIHIO (CTAHIAPTHOE HOPMATIBHOE PACIIPE/IeJIEHHUE )
B CJIO;KHYTO (pacipeiesieHre JaHHbBIX ) — a 9TO KaK pa3 33/1a4a, /IJIs1 KOTOPOl HeHpOHHbBIE
CeTH OTJWYHO MOAXOAAT. KcTaTw, MBI elie BCTPETHMCSI C TaKOW apXUTEKTYpPOH B TJia-
Be 10: BapraIlMOHHBIA aBTOKOAUPOBIIUK OY/IET YIIPABIATHCS € alllIPOKCUMAaIUeil pac-
[peJiesIEHUsT POBHO TEM K€ CIIOCOOOM.

[ToaTomy hopMasbHO TeHEPATOP MOKHO 3AITMCATD TAK:

G=G(z0y):7Z— X,

rje Z — HeKOTOPOe TPOCTPAHCTBO CKPHITHIX (JTATEHTHBIX) (GaKTOPOB, HA KOTOPOM 3a-
JIAHO AIIPUOPHOE PacIpesieieHue p,(z). A IMCKPUMUHATOP, B CBOIO OYEPE/lb, BBITJISIIUT

TakK:
D =D(z;0y): X — [0,1].

Om orobpaskaeT 0OBEKTHI 13 TPOCTPAHCTBA JIAHHBIX B 0TPe30K [0, 1], KOTOPBIN HHTEP-
NPETUPYETCS KAK BEPOSTHOCTH TOTO, YTO IPUME] OB IEHCTBUTEILHO <HACTOATIUIT», U3
Pdata» @ HE CTEHEPUPOBAHHBII U3 Pgen. 11esb IMCKPIMUHATOPA COCTOUT B TOM, YTOOBI Ha
obyuaroliieii BRIOOPKe BbIZIaBaTh MAKCUMAJIbHbII Pe3yJIbTaT, a Ha OPOsKICHHBIX TeHepa-
TOPOM TIpUMepax — MUHUMAJIbHBIN.

[leneBast GyHKIMS U151 AUCKPUMUHATOPA 3/1ECH JIEKUT OYKBATBHO HA TOBEPXHOCTH:
MBI OBI XOT€JIH, YTOOBI Ha TIPUMEPAX U3 Py, OKNUIAEMBII OTBET JICKPUMUHATOPA OBLIT
KaK MOKHO 0OOJIbIIIe, a Ha IPUMEPaX U3 Pgen — KaK MOKHO MEHBIIIE, TO €CTh IUCKPIMHU-
HATOP XOUeT MaKCHUMU3UPOBATh CJAEAYIONIYIO BEJTUUMHY:

Ewwpdata(m) [IOgD(m)] + EwNchn(w) [log(l - D(m))] I
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i I : Mpumep U3 faHHBIX X
dHHbIE -1

Auckpumunartop D

Mpumep
HACTOALLMA UK
NOAAENLHBLIA?

BexTop
Pacnpepenexve wyma z
wyma p(z)

Puc. 8.9. Cxema pabotbl opoxamoiieii coctsizareabtoil cetu (GAN)

lenepatop G

CreHepypoBaHHbINA
npumep G(z)

I7ie Pgen () — 9TO MOPOIKAEMOE TEHEPATOPOM pacipeiesieHne, Pgen (L) = Gzrp, (2).
C apyroil CTOPOHBI, TeHEPATOP MOJZKEH HAyYUThCS OOMaHBIBAaTh AUCKPUMHUHATOD, TO
€CTh MUHUMH3HPOBATD TI0 Pgen CAEAYIONTYIO BETMINHY:

Ewwpgcn(z) [lOg(l - D(SC))] = Ezwpz(z) [IOg(l - D(G(z)))] :

Ecu Teniepb 06beAnHUTD 3TH (DYHKIIUE B OJHY, TO MBI YBHIUM, 4TO (DaKTHUECCKU
JMCKPUMUHATOP U T€HEPATOP UTPAIOT MEKILY COOOM B UTPY, KOTOPYIO B TEOPUU UTP Ha-
3bIBAIOT MUHUMAKCHOLU UzpPOli, PENasi CAEeLYIONLYIO 33/1a4y OTITUMU3AITUY:

minmax V (D, G), rie
G D

V(D,G) = Egrpy.. (@) 108 D(@)] +E.op () [log(1 — D(G(2))))-

Orcloza ¥ TPOUCXOAUT Ha3BaHKe MOJIEJIN.

CxeMaTHYeCKH 3TO MOJKHO N300pa3uTh TakK, Kak MOKa3aHo Ha puc. 8.9. A airoputm
o6yuennst GAN Toxe 0OueHb TIPOCTOI: MbI OyIEM ITPOCTO TTOOYEPETHO OOHOBIISATH TO Be-
ca TeHepaTopa, TO Beca AUCKPIMUHATOPA, KAKABIH pas CUnNTast «IIPOTUBHUKAY> (DUKCH-
POBAHHBIM. JTa UJEst OYEHD TTOX0Ka Ha uae0 EM-ajiroputma, KOTOpbIid MbI HOAPOGHO
pasbepeM B pasgene 10.2. OkasbIBaeTCs, HECAOKHO U (POPMAIBHO JOKA3aTh, YTO UAES
paboTaeT, U U BBIICONNCAHHOM IIpoliecce 00yYeHNs Pgen ACHCTBUTEIBHO MOCTEIICH-
HO CXOJIUTCA K P4t JaBaliTe 3TO JOKaxkeM; Jajiee Halle U3JI0KeHue caenyer [176].

[Tpexx e Bcero oKaskeM, YTO J71s1 QUKCHPOBAHHOTO TeHepaTopa G ONTHMaTbHOE Pac-
IpeziesieHne AUCKpUMHIHATopa D TakoBo:

* _ pdata(w)
DG(:B) B pdata(x) +pgen(ﬂ3) )

U neiicTBUTENIBHO, KpUTEPUI 00yUeHUsT AUCKPUMIHATOPA D IIPU yCIOBUH HEKOTOPOTO
rereparopa G COCTOUT B TOM, 9TOOBI MakcumMusuposath V (G, D):

V(G D) = /

xr

Paa() log D(@)dz + / p=(2)log(1 - D(g(2)))dzx =

z
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:/pdm( ) log D(w dw+/pgen )log(1 — D(x))dx =
€T €T

/ pddtd z) log D(z) +pgen($) log(l — D(J?))) de.

Ho ns mobwix (a,b) € R?, xpome nyns, dynkrus alog(y) + blog(1 — y) noctura-
€T CBOero Makcumyma Ha orpeske [0, 1] B Touke %5 (1IpoBepbTe 9TO HANPAMYIO, AUp-
dbepenirposanuem!). [Tostomy D, () MaKCUMU3UPYET HOAMHTErPAbHOE BbIPaKeHHE
B KaX/I0# TOUKe, a 3HAUUT, ¥ BECh MHTErpas Toxke. OTMETHM, YTO TOT/a Pe3yabTar 00y-
YeHUsT IMCKPUMUHATOPa maxp V (D, G) MOKHO TEPEICcaTh CIEAYIOMNUM 06pasoM:

C(G) = max V(D,G) =
= Exrpy,, (108 DG ()] + Eznp, [log(1 — Di(G(2)))] =
= Exrpy,, (108 DG ()] + Eznpg [log(1 — Di(@))] =

pdata(m) } [
+E;op. |lo
Pdaa(@) + pgen(@) | P [8

pg()
Pdata (x) + Pgen (z)

= Emdiata log

U Ternepb MOXKHO YIKe JIOKA3bIBaTh, YTO TI06ANbHBI MuauMyM kputepus C(G) no-

CTUTACTCA TOrJa 1 TOJIbKO TOTrAa, KOorjga DPgen = Pdata- Kax MBI TOJIBKO 4TO BbIACHWJIN, IIPU

Pgen = Pdata MBI TIONYUnM D7, () = 1. Torna, noacrasJsts D¢ (x) = 1 B puBesentoe

Bollie ypasuenue st C(G), noaydnm:
1 1

JlokazkeM, 4TO 9TO MUHUMAIBHO Bo3MoskHOe 3Hadenne C(G), ZOCTHRNIMOE TOJIHKO
DU Pgen = Pata- BbIYTEM Bbipakenue Egpy [~ 1082] + Egnp,[—log2] = —log4 us
C(G) = V(Dg, G):

C(G) = —log4 + KL (pdata . .

ata T+ ata T
Pdata pgen) + KL (pgeanddtd pgen>7

rie KL(p||q) obosnauaer paccrosirue Kynnbaka — Jleiibaepa Mexy pacrpeaesieHus-
M1 p 1 q. [Tocsiesiiiee BoIpaXKeHe U3BECTHO B CTATUCTUKE U MATTMHHOM OOYYIEeHNN KaK
Jusepzenyus Uencena — Illennona (Jensen — Shannon divergence) mesxay Mojgenupy-
€MBbIM pacIipe/ieJIeHeM 1 TIOPOKIeHHBIM [ 327 ]:

C(GQ)=— log4 + ZJSD(pdata||pgen)~

Jluseprenmus Wencena — Illennona Bcer/ia HeOTPUIATeIbHA ¥ PABHA HYJIO TOIBKO
[PU PaBEHCTBE pachpesesieHnil. A 3Hauut, rnobaibubiil MuaumyMm C(G) mocturaercst
IIPU Pgen = Pdata ¥ PaBeH C* = —log 4. PaBeHCTBO pgen = P i, O3HAYACT, YTO TeHEPa-
TOP HAYYWJICS M/IeATbHO BOCITPOU3BOANTD AHHbIE U3 00yYaioneil BHIGOPKHL.
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Mo3KHO JI0Ka3aTh 1 TO, YTO Pgen CXOIUTCS K Py, TPH HOIEPEMEHHOM 00y4YEHHH Te-
HepaTopa M JUCKPUMHIHATOpa. A UMEHHO, eCJIu MOJiesin, TTpe/cTaBisone G u D, no-
CTAaTOYHO BBIPA3UTEJBHBI, ¥ HA KAJKIOM Ilare aJrOpUTMa 00yIeH S TUCKPUMHHATOP J[0-
CTUTaeT OITUMYMa IIPU yCJIOBHHU TeKyIero (i, a pgen OOHOBIIACTCA TaK, YTOOBI yIydlIaTh
3HaYeHNE KpUTEPUs

Ewdiata(x) [log Dé(m)] + Eit“*pgen () [log(l - D*G(w))L

TO Pgen CXOIUTCA K P, (POPMaIbHOE TOKA3aTENBCTBO CM. B [176]).

[TousitHo, ¥T0 Ha TipakTHKe D 1 G 1IpecTaBasioT c060i HEHPOHHBIE CETH, M OTITHMHU-
3aIus MPOUCXOJUT TI0 MapamMeTpam By, a He 10 CAaMOMY PACIIPE/IeIeHHIO Pgen B 00IIEM
BHUjIE. 3aAMETUM, UTO JIJis TOTO, YTOOBI (DOPMATIBHO CJIEI0BATH JOKA3aHHOMY PE3yJIbTa-
TY, HaM HY’KHO ObLJI0 ObI II0CJIE KasKI0TO 1Iara 0OHOBJIEHKS FreHepaTopa IOJHOCTBIO 10-
06y4aTh JUCKPUMIHATOP /IO CXOAUMOCTH, BE/lb 3ajlaua KIacCU(PUKAIMH, KOTOPYIO OH
pelaeT, U3MEHUIACh, U TEHEPATOPY HY’KHO OBITIO OBl HAYYUTHCS OOMAHBIBATH BEPCUIO
JIMCKPUMUHATOPA, COOTBETCTBYIONIYIO CBOel Tekyielt Bepcun. Ho Ha TpakTHKe MbI, KO-
HEYHO, HE CMOKEM TIOJTHOCTBIO 06YYaTh CJIOKHYIO MOJETb Ha KaK/IOM IIare, MO3TOMY
MBI OyZIEM HCIIOJIb30BATh, TAK CKA3aTh, CTOXACTHYECKYIO BEPCUIO ITOTO OOYUEHWUSI: Jie-
JIaTh ouH 1mar obydyenust G, MOTOM HECKOJIBKO MIaroB 00ydeHust D, MOTOM elle OfuH
mar o6ydenust G ¥ T. 1I.

HecMoTpst Ha TO, 4TO UCIIOJIb30BaHKUE TJIyOOKUX HEMPOHHBIX CeTeil IPUBOAUT K I10-
SIBJICHUIO MHOKECTBA KPUTUYECKUX TOUEK B IPOCTPAHCTBE IIAPAMETPOB, y/IauHbIe ITPaK-
TUYECKHEe Pe3yJIbTaThl UX UCIIOJIb30BAHUS [T03BOJISIOT CUUTATh HEHPOCETH MTOAXO/IIN-
Mu MojiesisiMu 1 (110 KpaiiHeil Mepe, TIOKa) He o0palath BHUMaHUS HA OTCYTCTBHE TEO-
peTHIeCcKuX rapaHTUH.

8.4. MpakTuyeckun npumep
M TPIOK C JIOrMCTUHECKUM CUrMOUAO0M

B IMpaKTUKE T0JIKEH JOKa3aTbhb 4€JIOBEK NCTUHHOCTD, TO €CTh JleiCTBU-
TEJIbHOCTb WM MOIIb, TOCIOCTOPOHHOCTH CBOETO MBINIJICHUA. CHOp o l[el'jl-
CTBUTEJIbHOCTH HJIN IIeZlefICTBHTeJIbIIOCTH MBbIIIJIEHUA, U30JHPYIOIIEro-
C4 OT IIPAKTUKH, €CTh CXOJIACTUYECKU I BOIIPOC.

K. Mapxc. Tesucwvt 0 @etiepbaxe

[laBaiite Terephb nepeiizieM K caMOMY UHTEPECHOMY — 9KCIIEDUMEHTY. B kauecTBe Mo-
IeJIbHOM 3a1aun 00yYUM TeHepaTop COMILIMPOBATh OAHOMEPHOE HOPMAJIbHOE pacIpe-
JieJIeHHe 13 OJHOMEPHOro paBHOMepHOro myMa. CHauanma uMnoprupyem TensorFlow
Y numpy U 33JTaJIUM Beca JIJIS CJIOEB TeHepaTopa W JTUCKPUMUHATOPA. 371eCh CTOUT OTMe-
TUTb, YTO 3a/[a4a y HAC He CIMIIKOM CJIOJKHAs, M HeT HeOOXOAUMOCTH CTPOUTD I1yboKme
WK <IIXPOKHUe» ceTH s ee pemenns. OQHAKO JTMHEHHBIM IIpeo0pasoBaHeM U3 PaB-
HOMEPHOTO paciipe/ie/IeHusI TOJIyYUTh HOPMaJIbHOEe HEBO3MOKHO, TIO9TOMY T€HEPATOPY
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HEOOX0MMO UMETD XOTsI ObI Ba ¢JI0s1. Tak Kak MBI pelaeM OJIHOMEPHYTO 3a/a4y, BHEIII-
HU€ CJION UMEIOT Pa3MepPHOCTD 1, a 7151 BHYTPEHHETO CJIOSI XBATUT M TSTH TIEPIIETTPO-
HOB. /[pyToif Ba)KHBIN U TOCTATOYHO MHTYUTUBHO SCHBI MOMEHT COCTOUT B TOM, UTO
BbIpasuTeJbHAsA CUJIa AUCKPUMMUHATOPA JOJKHA OBITh BBIIIE, YeM Y TeHepaTopa: eC/iu
IMCKPUMUHATOP HE CMOXKET JOCTUYb ONTHMYMa, TO ¥ MITpadbl s reHepartopa OyayT
OIpaHUYEHbI M HE TI03BOJIAT eMy 00yUUThCA HauaydInum o6pasom. IToaToMy Mbl BEIGPa-
JIA TAKYIO apXUTEKTYPY CeTel:

import numpy as np

import tensorflow as tf

gen_weights = dict()

gen_weights['w1'] = tf.variable(tf.random_normal([1, 5]))
gen_weights['b1'] = tf.Variable(tf.random_normal([5]))
gen_weights['w2'] = tf.Variable(tf.random_normal([5, 1]))
gen_weights['b2'] = tf.variable(tf.random_normal([1]))

disc_weights = dict()

disc_weights['w1l'] = tf.variable(tf.random_normal([1, 10]))
disc_weights['b1'] = tf.Variable(tf.random_normal([10]))
disc_weights['w2'] = tf.Variable(tf.random_normal([10, 10]))
disc_weights['b2'] = tf.variable(tf.random_normal([10]))
disc_weights['w3'] = tf.Variable(tf.random_normal([10, 1]))
disc_weights['b3'] = tf.Variable(tf.random_normal([1]))

3a/iaiuM Terephb TEH30PBI, OMTUCHIBAIOIIIE HEMTOCPEACTBEHHO ceTu. [l Havamra 00b-
SIBHM J[BE «3ATJYIIKI», O/[HY JIJIsI ATPUOPHOTO [IyMa, IPYTYIO IJIsI BBIOOPKH U3 PEATbHBIX
JAaHHBIX (B pPOJIX KOTOPBIX Y HAC BLICTYIIAeT HOPMaJbHOE paciipe/iesieHne), U 3a1aiuM
TEH30p, COOTBETCTBYIONINH T 4:

tf.placeholder('float', [None, 1])
tf.placeholder('float', [None, 1])
= tf.nn.softplus(tf.add(
tf.matmul(z_p, gen_weights['wl']), gen_weights['b1']))
x_g = tf.add(tf.matmul(g_h, gen_weights['w2']), gen_weights['b2'])

u X N
o a o
]

Bri6op dhyHKIMN aKTUBAIINH JIJISI CKPBITOTO CJIOST TIPH PEIIEHUH 3TOM 33/[a4H HE WT-
paet GOJIBIIOI PO, U BB MOJKETE CAMU MOIKCIIEPUMEHTUPOBATH C APYTHME BapuaH-
TAMH U TIOCMOTPETh, Kak Oy/yT pas/inyaThcs PacTpesieleHus Pgen B 3aBHCUMOCTU OT
BBIOOpA HEJMHENHOCTH. A BOT BBIXOJI TeHEPATOPA MbI OCTABJISIEM JIMHEHHBIM, TTOTOMY
4T0 00IACTH 3HAYEHU T CTAHAAPTHBIX (DYHKIIUI AKTUBAIIMY TAK UM MHAYE OTPAHUIEHDI,
a MBI XOTUM IIOBTOPUTH HOPMAJIbHOE paciipeiesieHre, KoTopoe (hopMabHO HeorpaHnye-
HO. Terepb aHAIOTHYHBIM 06PA30M 331/ UM JIUCKPUMUHATOD:

def discriminator(x):
d_h1 = tf.nn.tanh(tf.add(
tf.matmul(x, disc_weights['w1l']), disc_weights['b1']))
d_h2 = tf.nn.tanh(tf.add(
tf.matmul(d_h1, disc_weights['w2']), disc_weights['b2']))
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score = tf.nn.sigmoid(tf.add(
tf.matmul(d_h2, disc_weights['w3']), disc_weights['b3']))
return score

x_data_score = discriminator(x_d)
x_gen_score = discriminator(x_g)

IToCKOJIbKY MBI XOTUM UCIIOJIb30BaTh OJIHU U TE K€ Beca KaK [t OIEHKY BBIOOPKU
U3 peajibHbIX JAHHBIX, TAK W JIJIsT OIEHKU MOPOXKICHHBIX JAHHBIX, Gy/IeM MTPOCTO BHI3bI-
BaTh OMUCBIBAOINIYIO IUCKPUMUHATODP (DYHKIUIO, IepeiaBast el COOTBETBYIONMIA TEH-
30p. B BBIXOZHOM C€JT0€ TUCKPUMIHATOPA MBI HCIIOIB3YeM CUTMOUAAIBHYIO (hYHKITUIO
AKTUBAIINH, TaK KaK JAIbIITe COOMPAEMCS MHTEPTIPETHPOBATH 3HAYEHWST KAaK BEPOSITHO-
CTHU TOTO, YTO BXOJ[HbBIE JAHHBIE OBLIH B3SATHI U3 00yUatolell BRIOOPKH, a He MOPOKIEHBI
reHepaTopPOM.

DyYHKIMY CTOMMOCTH JIJIst 0GEHX CeTell 3a1al0TCst OUeHb MTPOCTO:

D_cost = -tf.reduce_mean(tf.log(x_data_score) + tf.log(1.0 - x_gen_score))
G_cost = tf.reduce_mean(tf.log(1.0 - x_gen_score))

Onrumusaropst B TensorFlow mo yMogaHuo pelanT 3a1aqy MUHUMUA3AIUH, TaK
4TO D_cost MbI GepeM CO 3HAKOM MUHYC, a G_cost — CO 3HAKOM ILIIOC. 3alaiuM OITUMM-
3aTOPBL

optimizer = tf.train.GradientDescentOptimizer(learning_rate)
D_optimizer = optimizer.minimize(D_cost, var_list=disc_weights.values())
G_optimizer = optimizer.minimize(G_cost, var_list=gen_weights.values())

BaskHO OTMETHUTD, 4TO KOTJ]a Mbl ONTUMU3UPYEM JUCKPUMUHATOP, MbI He JOJIKHBI
OOHOBJISATH Beca TeHepaTopa U HaoGOPOT, MOITOMY IIPH IPAAMEHTHOM CITyCKe MbI Me-
HSIEM TOJIBKO COOTBETCTBYIOIIME Beca. B mocienneM oTphIBKe KOAa MBI HCITOJIB30BAIN
napameTp learning_rate, TaK 4TO [TOPa TEIEPb 3a/IaTh BCE TTAPaMeTPhbl OOy YEHUSI:

batch_size = 64
updates = 40000
learning_rate = 0.01
prior_mu = -2.5
prior_std = 0.5
noise_range = 5.

Pasmep 6aTya nipu 00ydeHHN He CUJIbHO BJIMSAET Ha UTOTOBBII Pe3yJIbTaT, OHAKO 3a-
JIaTh €ro Bce-Taku cTouT. J{Jist Toro 4ToObl IpoeMOHCTPpUpoBaTh addexTruBHocTh GAN,
MBI PEIINJIN U3 IMHEHHOTO PABHOMEPHOTO IITyMa Ha OTpe3Ke [—5, 5] TeHepupoBaTh HOP-
MasbHoe pactpenenenve N (—2,5,0.5), 4To u 3anmcaay B TapameTpax Boie. U, pa3 yx
MBI 3aTOBOPUJIH O PACIIPEIeIEHUX, [aBaiiTe 0OhIBUM BCIIOMOTATEIbHBIE (DYHKITUU:

def sample_z(size=batch_size):

return np.random.uniform(-noise_range, noise_range, size=[size, 1])
def sample_x(size=batch_size, mu=prior_mu, std=prior_std):

return np.random.normal(mu, std, size=[size, 1])
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Hy Bot MbI 1 go6paics 10 06yuenus. Cosnaem ceccuio TensorFlow u nmpucrymnaem:

init = tf.initilalize_global_variables()
sess = tf.Session()
sess.run(init)

for 1 in range(updates):
z_batch = sample_z()
x_batch = sample_x()
sess.run(D_optimizer, feed_dict={z_p: z_batch, x_d: x_batch})
z_batch = sample_z()
sess.run(G_optimizer, feed_dict={z_p: z_batch})

B pesynbrare o6yuenus rakoro GAN 10cTaTo4HO OBICTPO MOXKHO YBUAETH, KaK T'e-
HEPaTOp HAYMHAET MOTAaTh B allPUOPHOE pactpeneenne. Pe3yabTaTsl TTOKa3aHbl Ha
puc. 8.10: sakpaniertas 06JacTh Ha rpaguKax — TUCTOrPaMMa COMILIOB U3 HACTOSILE-
T'O HOPMAJIBHOTO paclpe/ieJIeHns], YepHast KpUBasi — IUIOTHOCTD pactipesiesieHust (Toxke
AMIUPUYECKAST ), KOTOPYIO B IAHHBII MOMEHT MTOPOJK/IAET TEHEPATOP, a cepast KpuBas —
npejicka3aHue JUCKPUMUHATOPA: 3HAYEHNE CePOil KPUBOU TTOKA3bIBAET, KAKYIO BEPOSIT-
HOCTb TUCKPUMHUHATOP B 3TOH TOUYKE TIPUCBANBAET TOMY, UTO JIAHHbIE HACTOSIIIINE.

Ha puc. 8.10 BuzHo, uro arot poctoii npuMep GAN Beger ceOst IpaBUIbHO:

* 10 HaYaia OOyYEHUs U TEHEPATOP, U AUCKPUMHUHATOP MTOPOKAAIOT YTO-TO CJIyUaii-
HOE U HUKAaK JIPYT C IpPyTOM He CBSI3aHbI;

* TI0CJIE TPEX UTEPAIMI TEHEPATOP ellle TIII0X0 00YUHIICS, U AUCKPUMITHATOP €T0 TI0-
Ka «TT0OEKIAEeT>: HATPUMED, TIMK T€HEPATOPa CJIeBa OT CPEIHEr0 TOUHO COOTBET-
CTBYET «IIPOBAJY» B TpacduKe Mpe/icKa3aHHON INCKPUMITHATOPOM BEPOSITHOCTH;

* a TI0CJe CTa UTepaluii TeHepaTop ysKe TOBOJBHO TOUHO COOTBETCTBYET JAHHBIM,
1 TUCKPUMUHATOPY JleJlaTh HeYero: B 30He, I/ie TJIOTHOCTD /IaHHBIX U TeHepaTo-
Pa BBICOKA, BBIXO/I IMCKPUMUHATOPA TIOUTH TOYHO paBeH 0,5, TO eCTh OH IIPU3HAET
cBOe ITopakeHue (a BOT cJieBa U CIIPaBa, BUAUMO, IVIOTHOCTD Paclpe/iesieHus re-
Heparopa yObIBaeT GbICTpee, YeM Jake HOPMaJIbHOE pacipeesieHue HaCTOSIIX
JTAHHBIX, TAK YTO JUCKPUMHUHATOP YBEPEH, UTO TaM /IaHHbIE HACTOSIIITHE ).

N x0Ts1 TOBTOPUTDH B TOUYHOCTH HOPMaJIbHOE pacipe/ie/ieHue He IMOoIyYaeTcsl, OHsIT-
HO, 4TO HA CAMOM JIeJie 3TY TPOOJIEMY MOXKHO PEIIUTD, YBEJTUINBAST BHIPA3UTEIbHYIO CU-
JIy ceTu reHeparopa (U AUCKPUMUHATOPA TOKe — He 3a0bIBaiiTe, 4TO TUCKPUMIHATOP
JIOJIZKEH OCTaBaThCS MOIIIHEE).

[Toka MbI He TIePEILTH K 00JIee CJIOKHBIM MOJIEJISM, IaBaiiTe 06cyiuM (QyHKIIH CTO-
umocTu. Ha panHuX aramax o6yueHUs: COCTSI3aTENbHBIX MOJIEJIeH IUCKPUMUHATOP /10~
CTATOYHO GBICTPO YUUTCS OTINYATH TIPHMEPBHI 13 00ydaiolieil BHIOOPKU OT MOPOKICH-
HbIX rerepaTopoM. IloaTomy dynkims croumoctu resepatopa log(l — D(xy)) «Hachl-
[AETCSI» ¥ HAUMHAET TPUHUMATh OKOJIOHYJIEBbIE 3HAUEHMSI, YTO CUJIBHO 3aMEJISIET 06-
HOBJIEHHE BECOB reHepaTopa B xojie 00ydenust. [[09ToMy BMECTO 3TOr0 MUHUMHU3UPYIOT
dynkumo —log(D(xy)), y KOTOPOIi, 04EBUIHO, IKCTPEMYMbI HAXOATCS B TEX JKe TOY-
Kax.
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Puc. 8.10. Pesyabrat pa6orsi GAN

Ho aTo He enMHCTBEHHBIN TPIOK, KOTOPBIN CTOUT MPOJENaTh ¢ (YHKIUSIMA TTOTEPb.
Jlorucrudeckast GyHKIUS HOTEPD TakxKe 06J1ajaeT HEKOTOPbIMU ocobenHocTamu. [1pu
ee BBIUMCJIEHUHU K BBIXO/IAM TIOCJIEIHETO CJIOST IUCKPUMHUHATOPA TTPUMEHSIETCS CUTMOM-
nanbHas yHKIUS akTUBanuu o(x) = m. MBI cTanKMBaeMcs ¢ HeoOXOAUMO-
CTBIO BBIUUCJISATH 9KCIIOHEHTHI, YTO MOKET IIPUBECTU K OIIKOKAM, TaK KaK JOCTaTOUHO
OTHOCUTEILHO HEOOJIBIIOTO OTPUIATEIHHOTO 3HAYEHK T, YTOOBI BHIATH, HAIIPUMED, 32

MaKCHUMaJIbHOE 3HadeHue tumna float16.

IToaromy B TensorFlow mpuMeHsieTCst HECJIOKHBIN JOTTOJHUTETbHBIN TPIOK TSI BbI-
YUCJIEHUS JIOTUCTIUECKON PYHKINN TOTepb. Il0CKOMBbKY TPaBUIBHBIN OTBET [IJIS TTPH-
MepPOB U3 JJaHHBIX paBeH 1, a /17151 TOPOsK/IeHHBIX FeHepaTopoM IpuMepoB paseH 0, cTaH-
naptHasg (hopMa JOruCcTUYecKOl (QyHKIUMHU MOTephb pacliajiaeTcs Ha CyMMY JIBYX JioTra-
pdmos, —log(D(x4)) — log(1 — D(x)).

OyHKIMeH aKTHBAIUH TTOCAETHETO CJIOS SIBISAETCS JOTUCTHUECKIH CUTMON, Tak
YTO 9TO BbIpakeHUe MOXHO [1epelucaTh Tak:

- 1Og(a(mlogits,data)) + - IOg(l - U(xlogits,gen))7

TIE T|ogits — 9TO 3HAUEHIS] BBIXOAHOTO CJI0sT 10 TIPUMeHeHnst pyHKIuK akTiBaimu. [la-
BaiiTe PaCCMOTPUM KaXKO€ M3 CJAraeMbIX M0 OTAEJbHOCTH (OMycKas AJs MPOCTOTHI
B KQKJIOM CJIydae HIDKHUI UHAEKC IIPU X):

—log (o (z)) = —log <1+exlp(—a:)> =log(l+exp(—x)) =

= log (1 + expl(x)) = log (m) =log (1 + exp (z)) — =,

10 ecth log (1 + exp (—z)) = log (1 + exp (z)) — .
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OueBUIHO, UTO eCJIH IS TOJOKUTENbHBIX 3HAYEHWIT X MbI Oy €M BbIYUCIIATD (PYHK-
I[1IO C JIEBOM CTOPOHBI TOKAECTBA, a /IS OTPULATEAbHBIX — C [IPABOH, TO mpobaeMa
nepernoJiHeHus oTnazer. Ho MOXKHO Jin 3ammicaTh 3TH /[Ba BbIPAKEHUS B OJHOW U TOU
ske (hopMe Tak, YTOOBI B IIOKa3aTe e 9KCIIOHEHTHI BCEra CTOSIO OTPULATEIbHOE YICI0?
OxasbiBaercst, MOKHO! 1 BOT Kak 9TO BBITJISIINAT:

max(z,0) — z + log(1 + exp(—|z|)).

Torna, eciin & NOIOKUTETBHBIN, TO Max(x, 0) B3AUMOYHUUYTOKAETCS C x, & —|x| paB-
HO —, U OCTAETCsI JIeBasi YaCTh TOXKIECTBA, & €CJIN & OTPUIIATEIbHBIN, To max(x,0) = 0,
—|x| = @, u nepen HaMK npaBasi CTOPoHA ToKAecTBA. OCTANIOCh TOJBKO 3aMETHTD, 4TO
max(xz,0) — 9TO KaK pas u ecTb Haia Jrobumas GyHkius aktuBaiun ReLU, u okoHva-
TEJIbHBII BAPUAHT HTOW 4acTh cyMMbI BRITJIsiUT B TensorFlow tax:

tf.nn.relu(x) - x + tf.log(1.0 + tf.exp(-tf.abs(x)))

Co BTOPBIM CJIara€MbIM BCE€ aHAJIOTUYHO!:

—log(1— o (x)) = — log (1_1+exlp(_x)> — _log (%) _

~log <1+6XP<—1‘>

o) —tog 1+ exp ().

a C IpyToi CTOPOHDL:

log <1 +exp (—x)

Py ) =log (1 +exp(—x)) + =,

OTKY/Ia JIETKO [OJIy4UTh AHAJIOTHYHYI0 (hopMY:
max(z,0) + log(1 + exp(—|z])).

C y4yeToM BBHINIECKA3aHHOTO HAM OCTAETCSI COBCEM HEMHOTO MOIUGMUIINPOBATD KOT,
a IMEHHO cHAavyasIa U3MEHUTD (PYHKITUIO discriminator(x):

def discriminator(x):
d_h1 = tf.nn.tanh(tf.add(
tf.matmul(x, disc_weights['w1']), disc_weights['b1']))
d_h2 = tf.nn.tanh(tf.add(
tf.matmul(d_h1, disc_weights['w2']), disc_weights['b2']))
logits = tf.add(tf.matmul(d_h2, disc_weights['w3']), disc_weights['b3'])
return logits

A zaTem IepeolpeaeanTb Q)YHKHI/II/I CTOMMOCTMH:

D_plus_cost = tf.reduce_mean(tf.nn.relu(x_data_score) - x_data_score +
tf.log(1.0 + tf.exp(-tf.abs(x_data_score))))
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D_minus_cost = tf.reduce_mean(tf.nn.relu(x_gen_score) +
tf.log(1.0 + tf.exp(-tf.abs(x_gen_score))))

G_cost = tf.reduce_mean(tf.nn.relu(x_gen_score) - x_gen_score +
tf.log(1.0 + tf.exp(-tf.abs(x_gen_score))))

D_cost = D_plus_cost + D_minus_cost

Ternepb MbI CHOBa MOKeM yOeIMThCSI B TOM, 4TO Bce paboraer (mpoBepbre camu!),
U 10pa IepexoauTh K 6ojiee MHTePeCHBIM 3aa4aM. B cieayiolieM pasiesie Mbl TauM
KpaTKuil 06030p HHTEPECHBIX COBPEMEHHBIX puMeHeHnit GAN, MoKaskeM CTPYKTYpy co-
CTSI3aTEJILHOTO aBTOKOIUPOBIITUKA, a 3aT€M Ha MIPAKTUIECKOM ITPUMEPE YBUINM, KaK OH
paboraer.

8.5. ApxuTeKkTypbl, 0CHOBaHHble Ha GAN

CTPOI/ITeJIbCTBO Ha Bpak/Je — CTPOUTEJbCTBO Ha BYJIKaHE. B3prB -
1 CHOBA IIapCTBO CMEPTU U PAa3pPyUICHNA.

Iocnanue llampuapxa Tuxona
uadam Ipasocrasnoii Poccuiickoii Llepreu, 1919 2.

[Ipesxne uem 1iepexoAuTh K COBPEMEHHBIM APXUTEKTYPAM MTOPOXKIAIOIIIX COCTSI3ATENb-
HBIX CeTell, HAUHeM ¢ HECKOJIbKUX 3aMedanuil. Bo-mepBoix, BooOIIe TOBOPSI, MBI TIOKa
He OYeHb X0poto noanmMaeM, kKak GAN paboTaer 1 TIoueMy OH JIeJTaeT 9TO TaK XOPOIIIO
(a GAN’sI feficTBUTETBHO XOpotTH!).

OnHo Bo3MokHOE 0ObsicHeHue [185] 3akiroyaeTcst B TOM, UTO 3aja4a MUHUMAKC-
ONITUMU3AIIH, O KOTOPOIT MbI TOBOPHJIA B pa3zierie 8.3, COAep/KUT ONITUMUI3AIIHIO He pac-
crosmmst KymbGaxa — Jleii6nepa KL(pgye [Pgen), a maseprenmm Hencera — Hlernrona,
uTo 6oJibiie moxoxe Ha KL(pgen||Pdata)- PasHHIA MEXKy HUMH IPOMJULIOCTPUPOBAHA HA
puc. 8.11, r/ie MBI COMIUINPOBATIM TOUKU U3 P i, KAK CMECH JBYX HOPMAJIBHBIX Paclipe-
JEJIEHWIA, 8 U3 Pgen — KaK M3 PACIIPE/IEIEHNs, MUHUMHU3UPYIOIETO TO WJIM HHOE PacCTo-
stane Kynp6aka — Jleitbmepa:

* KL(pgatallPgen) MUHEMU3HEpYeTCs Tam, rjie Bee OOJIbIINE 3HAYCHUS P, UMEIOT
Pas3yMHbIE BEPOATHOCTH 110 PACIIPEETEHUIO Pgen; 9TO 3HAYUT, UTO ECIH Py, MME-
€T MHOTO SIPKO BBIPDQKEHHBIX TIMKOB (KaK TIOYTH BCET/A 1 OBIBAET B CJIOKHBIX 3a-
Jlayax MaIlMHHOTO 00YYeHMUs ), Pgen OY/ET IBITATBCS <HAKPBITH> MX BCE, <Pa3Ma-
3bIBast» pe3ysbrar (cM. puc. 8.11, a);

* KL(pgen||Pdata) MEHUMHE3HPYETCS TaM, I7ie BCe GOMBIIIE 3HAYCHIS Pgen FMEIOT Pa-
3yMHBIE BEPOSITHOCTH II0 PACIPEAENCHUIO P,y TO €CTh B TAKOM MYyJIbLTHMOIAID-
HOM CJIy4ae Pgen HPOCTO «BBIGEPET» OJIUH U3 ITHKOB P e, (CM. puc. 8.11, 6).

[ToHATHO, YTO € TOYKY 3PEHUS TIOPOXKAECHUS HOBBIX TIPUMEPOB BTOPOIT BAPUAHT TO-
Pasio Jiydiiie IePBOTO: BO3MOKHO, MbI HE HAyUYNMCS IIOPOKIATh BCE OPOIbI KOTUKOB Ha
CBeTe, HO 3aTO 1 He Oy/1eM TIOPOKIATE «YCPETHEHHBIX KOTHKOBY, HE UMEIOIIIX HUKAKOTO
OTHOIIEHUS K peabHOCTH (KaK MeK/1y MMKaMu p Ha puc. 8.11).
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Puc. 8.11. /IBa pasubix KL-paccTOsTHIS MEXKITY Pgen (4€PHASI KPUBAS) U Pary (CEPAst 06J1ACTD):
a — smnznpyest KL(pag [pyen); 6 — ummssupyen KL (pgen [paac)

Ho Her, okazbiBaercst, 4T0 MOKHO nocTpouth GAN 1 ¢ ApyrumMu hyHKIIUSME OTITHO-
K, Harpumep, B [397] ocTpoeHa KOHCTPYKIUS Tak HasbiBaeMbIX f-GAN, KoTopbie MO-
IyT ONTUMU3UPOBATH JIOOYIO (DYHKIMIO U3 KJacca f-AUBEPTeHIMid, K KOTOPBIM OTHO-
curcs u useprenius Kynbaka — Jleit6nepa, n Mencena — Illennona, 1 MHOTHE py-
rue. U Bce paBHo GAN paboTaer XOPOIIo, U COMILIBI U3 HETO MOJIYYAr0TCS JOCTATOUHO
YeTKue.

Bo-BTOpPBIX, 113 3TOTO 0OCYKACHIS OTUYACTH CJIEAYET U OJ[HA 13 IVIABHBIX HA JaHHBIN
momeHT 1pobsem GAN: cxionbiBanue Moz pacipeznenenns (mode collapse). Ona o1-
JIMYHO MTPOUJLTIOCTPUPOBaHa Ha puc. 8.11, 6: onTuMaibHOe pacipeiesieHre g Bhionpaer
OIHy MOy (JIOKQJIBHBIN MaKCHUMYyM) DACIIPENesIEH s P, & BTOPOil OKA3bIBAETCSI COBEP-
IIIEHHO He TIOKPHIT, U B PE3YJIbTaTe MBI TIOPO3KAaeM OIHY KOHKPETHYIO TIOPOY KOTUKOB,
a He J1100Y10 Bo3MOoskHY0. [ToJTHOE periieHte 3Toi pobJeMbl elile BIIEPeIu.

B-Tperbux, Mbl yike ynomuHaiu, uto GAN’sl 00y4aTh CJI0KHO, U MOZAEJIN 9TO XPYII-
KI€, TaK YTO CTOUT UMETH B BUILY PSII TPAKTUIECKUX COBETOB [176, 245]:

* METKH KJIACCOB: €CJIU JIAHHbIE JIeIaTcs Ha k KIaccoB (HapUMep, KOIMIEYKU U CO-
6auKu ), MOJKHO OTIPEIETUTh IUCKPUMUHATOP KAk Kiaccudukarop Ha k + 1 kiracc:
k KJ1accoB, KOTOPbIE BBIIEIAIOTCS B JAHHDIX, U €111€ OJMH KJIacC, COOTBETCTBYIONIMHI
COMILIAM U3 TeHepaTopa; IPaKTUKa [I0Ka3blBAET, YTO COMILILI CTAHOBSATCS TOPas/io
Jryudllle, ecJid II0AaBaTh Ha BXOJ MeTKU KJIacCOB, IIpUYeM Jlaxe B TOM CJIydae, ecilu
MBI TA€M X TOJBKO TUCKPUMHUHATOPY [245];

* IUCKpUMMHAIMs 10 MUHM-6aryam (mini-batch discrimination): ogna us sBpu-
CTHK, MOMOTAIONUX CIPABUTHCS € MPOOIEMOI CXITOTBIBAHUS U C/IEaTh TeHepa-
Top GoJee pasHOOOPA3HBIM, COCTOUT B TOM, YTOOBI MOAABATH AUCKPUMUHATODY
COMILIBI T[EJIBIMA MUHHU-0AaTYaMU U TIOJCYUTHIBATh HEKOTOPYI METPUKY CXOXKe-
CTU MEXKIY COMIUIAMEU B MUHHU-0aTde B KA4eCTBE BCIIOMOTATENHLHOTO BXOJA JJISI
JIMCKPUMHUHATOPA; 3TO YACTO IIPUBOJUT K CYIIECTBEHHBIM YJIY4IlIEHUSM B reHepa-
nuu [176];
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* crnaxkuanue Metok (label smoothing) s auckpuMuHaTOpa: OH B KOHCTPYKITUH
GAN olleHUBaeT OTHOIIEHVE PACIpPele/leHni, a HeIiPOHHbBIE CETH YacTo JIFOOIT
OBITH CJIMIITKOM YBEPEHBI, BBIABAaTh 3HAUCHUSI CJMIIKOM OJIM3KHE K HYJO WU
eIMHUTIE; YTOOBI UCIIPABUTD 9TO, 1[EJIEBOE 3HAUEHUE TUCKPUMUHATOPA JIJIST TOUEK
13 JaHHBIX 4aCTO MeHAIOT ¢ 1 Ha, k nmpuMepy, 0,9, a Ha creHepupoBaHHbIX TOY-
KaX OCTaBJISIOT KaK €CTh; HHAUE TOBOPSI, MbI 00yYaeM IMCKPUMUHATOP TaK, 4UTOOBI
B HjleaJie Ha TOYKaX U3 JaHHbIX OH OblT Ha 90 % yBEpeH, 4TO 9TO TOUKH U3 JIAHHBIX,
a "e Ha 100 %; (cM. Takske [448], T/ie aHATIOTUYHBIN TPIOK OKA3bIBAETCSI 110JI€3€H
IS CBEPTOYHBIX ceTell U pacrio3HaBaHus U300paxKeHuit );

* BUPTyaJbHas HOPMAJIU3AIUS 110 MUHU-6aT4aM: 0OBIYHASA HOPMAJIU3AIUSA OYEHb
MOJIe3Ha, U B TeHEPaTop ee M06aBJIATh 04eHb XOTEJOCh Obl, HO B Pe3yJbTaTe TOo-
JIYYaeTCsl TaK, YTO MOPOKIAECHHbIE COMILIBI B PAMKaX OJHOT0 MUHK-OaTya MoJIyda-
IOTCST CHJIBHO CKOPPEIMPOBaHHBIME (Y HUX Belb 001rre mapaMerpsbl batchnorm-
€1051); 4TOOBI ITOTO U36EKATH, MOSKHO HCIIOJIb30BATh B TEHEPATOPE OJ[H U TOT JKE
BBIOPAHHBIN M3 JaHHBIX BUPTYaIbHbIl «dTaJoHHbI OaTu» (reference batch) msa
Ka)KJIOTO IPUMEPA BMECTO TOTO, YTOOBI CYUUTATH CPEIHEE ¥ KOBAPHUAIIUHI OT/IETBHO;

* nucOasiaHc MEXKIY TeHepaTopoM G M IMCKPUMUHATOPOM D: HHTYUTUBHO MOKET
MOKa3aThCsT, UTO HYKHO MOIEPKUBATH KaKo#-To «bamancy Mexkny G u D, He 1a-
Basi HUKOMY BBIPBIBATHCS BIIEPE]], HO HA CAMOM JieJie, KaK MBI yKe TOBOPUJITH, (DyHK-
st omuOKY st G viMeeT Kyzia GOJIbIlie CMBICJIA, KOTa D ONITHMAJEH, TO €CTh
Jydiie, eciu D GylieT «cuiibHeey; Ha MPAKTHKE HTO 3HAYUT, 4TO D MOKeT GbITh
GoJiee CIOKHOI ceThIo, 6osiee BHIPA3UTETbHOM.

B memom, Teopust MOPOXKIAIONINX COCTA3aTETbHBIX CeTell — 3TO celvyac OJWH U3
(bpoHTHPOB 06yUYeHNs TITyOOKHX CeTell; HaC HaBEPHAKA JKIeT MHOIO NHTEPECHBIX HOBBIX
pe3yJIbTAaTOB B 3TOM HAINPaBJIEHUH. A TeTleph AaBaiiTe IOCMOTPUM, KaK1e KOHCTPYKITUN
GAN’0B UCTIONTB3YIOTCS HA TIPAKTUKE U YTO C HUMU MOKHO C/I€JIaTh...

IlepBble gpKue IPUMEHEHUS MOPOKAAIONINX COCTS3aTENIbHBIX ceTell ObLIU CBs-
sanbl ¢ apxutektypoii DCGAN (Deep Convolutional Generative Adversarial Net-
works) [432]. 910 06b1unbIii GAN, B KOTOPOM reHepaTop U AUCKPUMUHATOD TIPEICTaB-
JIIOT c000# TIIyOOKIE CBEPTOUYHBIE CETH, YTO JIOTHUHO JJIsT 00PAbOTKU M300PaKEHUI.
OxHaKO ecTb HECKOJIbKO BaKHBIX 0COOEHHOCTEN, KOTOPbIe CTOUT UMETh B BUIY, €CJIU
BbI camu 3ax0TuTe MpuMeHnTh GAN K TeM M1 HHBIM KapTUHKAM:

* BMECTO CyOIMCKPETU3AIMY UCIIOIB3YIOTCS JOTOJHUTEIbHBIE CBEPTOYHBIE YPOB-
HU, B KOTOPBIX CBEPTKH y4acTBYIOT ¢ mpobesiamu (strided convolutions, kak Ha
puc. 5.2); aTa ujiest U3BECTHA KaK «IIOJHOCTBIO cBepTouHbies cetu (all convoluti-
onal nets) [511];

* TIOJTHOCBSI3HBIE CKPBITHIE CJION TOKE HE WCITOTh3YIOTCS, TPUMEPHO Kak B [376];
(pakTHUECKM OT CBEPTOYHON CETU OCTAIOTCS TOJTHKO CAMH CBEPTKH;

* a BOT HOPMaJIHU3allMsI MO0 MUHU-0ATYAM WCIOJIB3YEeTCsl Kak B TEHEpaTope, Tak
U B IUCKPUMITHATOPE;

* BreHepaTope Besjie ucnoab3yercs ReLU, a B AMCKPUMIHATOPE — TIPOTEKAIOIITIIT
ReLU (Leaky ReLU, cm. paszen 3.3).
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Pesynbpratet DCGAN paxke B MCXOMHON CTaThe OYEHb I/IHTepeCHI)I1. Mopenb Obi-
Jla 00yJeHa, B 4aCTHOCTH, Ha garacere uHTepbepoB cnajen LSUN (Large-Scale Scene
Understanding Challenge) [337] 1 Ha cOGpaHHOM aBTOpPaMU JaTACETe U3 TPEX MUJLIHO-
HOB 4eJIOBeYeCKUX JIMIL. B pesysbraTe He IIPOCTO MMOIYYUIICS TeHEePAaTOpP, KOTOPLIH 11po-
M3BOJUT Pa3yMHble MHTEPbEPBI U YeJOBEUYeCKHE JIUIA, HO M Y IIPOCTPAHCTBA CKPBITHIX
(hakTopoB HamLIMCh OYEHb MHTEPECHbIE CBOCTBAa. Harpumep, okasaaoch, 4To B IPO-
CTPAHCTBE CKPHITHIX (haKTOPOB MHOTIA paboTaeT MPUMEPHO TaKast ke BeKTOpHAas apud-
METHKa, KOTOPYIO MBI BUJIEJIN B PACIIpe/le/ICHHBIX IIPEACTABJIECHUAX CJIOB B pasjeie 7.2:
MO3KHO, HaIlpuMep, BbruecTh u3 ororpaduii My:kunH B oukax ¢ororpadpuu My:;KInH
6e3 0YKOB, MPUOABUTH JKEHIIIUH GE3 OUKOB M TIOJYYHUTh KEHIIMH B 0YKax! A «Ipory.i-
KH» 110 TIPOCTPAHCTBY CKPBITHIX (DaKTOPOB MOKA3BIBAIOT, YTO 110 MePE IIPOIBUKEHUS OT
OJIHOTO MHTEPHEPA K JIPYTOMY MOJIEb BCE BPEMS MMOPOKIAET BIIOJHE PAa3yMHBIE H300-
Pa’keHUs] UHTEPHEPOB, HE MBITASICh YCPEMHATh U pa3Ma3biBaTh (hoTorpaduu, a ABUTASICH
B HEKOTOPOIT «JIOTUYECKOIT» 1OCIIeI0BATETbHOCTH.

Ectb MHOTO TpKUX ¥ 320aBHBIX TIpuMepoB ripuMenetnss DCGAN: Hanpumep, B [175]
UM TeHEPUPYIOT MUKCeJabHYI0 rpaduky mas BocbMubuTHbix urp. A B [69] DCGAN-
MOA06HOM apXUTEKTYPOI MOPOKIAIOT «KAPTUHBI» B CTHJIE abCTPAKTHOTO 9KCIIPECCH-
OHM3Ma; HKCIEPUMEHTBI Ha JIOAAX MOKa3aiu, 4To mnopoxiacHabie GAN’'oM KapTHHBI
BITOJTHE HA YPOBHE YEJTOBEYECKUX TIO0 TAKIM KAaTETOPHUSIM, KaK «<HOBU3HA», «CJIOKHOCTDY,
«IIpeHaMepeHHoCTh> (intentionality), 1a M IPOCTO O OTBETY Ha BOIPOC «UETOBEK JIU
9TO PUCOBaJ» (BIIPOYEM, CJAUIIKOM cepbe3Ho pabory [69] npuHUMATh [TOKa He HYKHO,
OIpAIIUBAIN TaM OYKBaJbHO YeJIOBEK ABAJIIATD).

YiKe MOSBUJINCD U ITPAKTUYECKY BasKHbIE 33/1a4l, KOTOPbIE TaKue apXUTeKTyPbI pe-
maior Jayuine eex. Hampumep, B [421] pelnaercsa 3agaua nogviuenus paspeuweius u300-
paxkenus (image super-resolution): MoKeM Ji Mbl pa3yMHBIM 00Pa30M YBEIUUUTH Pas-
perenne portorpaduu, 106aBUTh AeTaANEN TaK, YTOOBI OHU KA3aJIUCh IIPABAONIOA00HBIMU
Ha YeJI0BEeYECKU B3TJsi (TIOHSITHO, YTO PEYb HE HIIET O TOM, 4TOOBI BOCCTAHOBUTD «Ha-
CTOSIIUES ETAH, TAKOK WH(MOpMaIuu B GoTorpadui HU3KOTO KauecTBa MPOCTO HET).
Apxutextypa SRGAN u3 [421] ouenp noxoska Ha DCGAN, 11 pe3ysibTaThl MOTy9IaroTCs
oueHb xoponre. [Toxosxka Ha 9T0 ¥ 3aa4a BocctaHoBaeHuss MPT-usobpaxkenuii B Me-
murmHe (MRI reconstruction), kotopyto pemraiot ¢ momotbio GAN B [106].

Caepyiotiiee oueHb eCTECTBEHHOE PACHIMPEHNE apXUTEKTYPbI COCTA3ATENbHbIX Ce-
teil — yeaosnvii GAN (conditional GAN) [366]. 9Ta Mogenb MCHOJIB3YET AOIOJIHMU-
TEJBHYIO WH(GOPMAIUIO Y, KOTOPAsl YacTo JIOCTYITHA BMECTE C MPUMepPaMU &; HaTpu-
Mep, 9TO MOKeT OBITh MeTKa KJiacca n3obpaskeHust (KoIKa uin cobaka, HoMep nudpbt
B MNIST u tak nanee). Mbl 11oj1aeM y BMECTe CO CJIyYailHbIM BEKTOPOM Ha BXOJI FeHe-
partopy, a Takxke OyJIeM [OJaBaTh TOT K€ Y HA BXOJ TMCKPUMUHATOPA JIJIST PA3TUIEHIIST
(cMm. puc. 8.12, a); B pe3yJibTaTe TeHEPATOP MBITAETCS CTPOUTH MOJIENH YCJIOBHOTO pac-
npenenenys pgen(x | y) = G(2,y), a quckpumunaTop D(x | y) cTpouT pacnpesesnenie
BEPOSITHOCTH TOTO, YTO BXOJI «HACTOSIIUI>, TOKE IPU YCIOBUU Y.

1 Kax u B pasgene 8.1, KpacHBBIX KapPTHHOK, 10poskaeHHbIX DCGAN, Mbl 371eCh NPUBOANTD He OyaeM —
CMOTPHTE TIO CCBIITKAM, & B KHUTE MBI Oy/1eM TOBOPUTD CKOpee 00 apXUTEKTYpax.
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(x wnu G(z,c}‘?) Q(akcﬁ Bein c'D
———

MopomAaeHHBLIA Mpumep
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W3 JaHHBIX X

MNopomAeHHBLIR
npumep G(z,¢)
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.
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a o]

Puc. 8.12. Apxurextypsl Moguduranuit GAN: a — ycnosnbiit GAN [366]; 6 — InfoGAN [248]

B ucxoxHoii cratbe [366] nipumenenust ycaoBHbix GAN ObLIN He CJUIIKOM BIIEYAaT-
JISTIONTIMI, HO GBICTPO CTAJIH HOSIBIISITHCS OYCHb HHTEpeCHbIe HOBbIe paGoTsi!. Harmpu-
Mep, B [6] B KauecTBe 00BEKTOB UCIIOIB3YIOTCS (PoTOrpadi YeTOBEYECKIX JIMIL, 4 B Ka-
YecTBe JOMOJTHUTENbHON MHMOPMAIUN — BO3pacT 4yejoBeka Ha ¢oTtorpadun. Takoit
yesoBHbIE GAN criocobeH moposkIaTh JInia 3aJlaHHOTO Bo3pacTa; 6GoJiee Toro, 1o $ho-
Torpaduu JMIa MOKHO CHaYaja 0TOOPA3UTh €r0 B TPOCTPAHCTBO MPU3HAKOB, a TOTOM
U3MEHUTH PU3HAK BO3PACTA U OPOJUTH HOBYIO (hoTOrpaduio, TAKUM 06pa3soM «COCTa-
PUB» UM <OMOJIOIUBY> YesioBeka Ha ororpaduu! /[y 5T0ro HysKHa 4yTh GOJIEE CIO0K-
Hast apXUTEKTYPa, HO BAABATHCA B IOAPOOHOCTH MBI ceifuac He Gyem. /Ipyroe pazsuTue
njiesi N3MEHEHHs! YeI0BEYECKHX JInI rostydusia B [251], rae ycnoBust umeror dusude-
CKHI CMBICJI — <«CBETJIbIE BOJIOCHI», <JIBICUHA», <OUKU», — 1 B MOJIEJIU €CTh CIEIHAb-
HBII KOAMPOBIIK, KOTOPBIM pacio3HaeT 3TH pru3Haku. [losmyyaeTcs, 4To TeopeTuyecKkn
MO>KHO PacIio3HATh IPU3HAKK Ha (poTorpaduu, NCKYyCCTBEHHO 3aMEHUTb HEKOTOPBIE U3
HUX («[IEPEKPACUTH BOJTOCHI», «yOPATh JBICHHY>, <HAJETh OYKU» ), & 3aTeM MOPO/IHUTH
dotorpaduro ¢ apyrumu npusHakamu. KoreuHo, moka aTo paboTaeTr qajeKko He ujeaib-
HO, ¥ MBI €llle He JKUBeM B KUOEPITaHK-aHTUYTOITUH, HO ITPOTPECC HE CTOUT HA MECTE,

Emte oxxa naTepecHast moaubukarms yciaoBHbix GAN, InfoGAN [248], no6asis-
eT K 00BIYHOM 3aa4e onTuMu3sanuu, pemaeMoil B GAN, 101I0JTHUTEIbHBIE TEOPETHKO-
UHMOPMAIMOHHbBIE OTPAHUYEHMS. 3a/1aua COCTOUT B TOM, YTOOBI OOYYHUTH Ha CKPHITOM
CJI0€ He TTPOCTO «XOPOIIIeey MPeCTaBIeHNE, U3 KOTOPOTO MOSKHO COMILTUPOBATH, & «pac-
nyranroes» npeacrasienue (disentangled representation), B KOTOPOM OT/I€JIbHbBIE IIPH-
3HAKU UMEIOT eCTECTBEHHY0 HHTepIpeTario. Hampumep, XoTeoch 6bI, 49T00BI TPU3HA-
ku y GAN, reHepupyIoliieii 4eJj0BeuYecKoe JIMI0, COOTBETCTBOBAJIU I[BETY TJia3, hopme

! MbI, KOHEYHO, He CMOKeM UX Bee TIePeYHC/INTh, 1a K HoBble niTepecble GAN'bI OABIAIOTCA OyKBaIb-
HO KaXKIyT0 HeJIeNI0; CM., HAIPIMep, CIIUCOK CChIIOK B [217].
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HOCa 1 TOMY HOZ00HBIM €CTECTBEHHBIM 0COOeHHOCTIM. ABTODPHI [248] noGusatoTcs aTo-
TO HECJIOKHBIM, HO KOHIETITYATbHBIM CIIOCOO0M:

* SIBHBIM 06PA30M PasfieIuM BEKTOP IIyMa Ha JIBE YaCTH, «<HACTOSIIN T HeCKIMae-
MBI [IIyM 2z ¥ CTPYKTYPUPOBAHHBIH IITYM, UK <KOI» C = €1,C2, - - - ,C,;

* Cc/leJlaeM IPEAIIOJIOKEHHE O TOM, U4TO paclipelieJieHue KoJia MOJHOCThIO (haKkTo-
pusyercst, p(e) = p(c1)p(c2) ... p(cy); Temepb reHepaTtop 3aBUCUT OT 00enX 4a-
creit, G(z,c), a 9TO IPEANOJI0KEeHNE TOBOPUT, YTO IIPU3HAKY B € COJIEPKATENbHBIE
U HE3aBUCHMEIE;

* HO IIPU 9TOM TE€HEPATOP MOKA UTO He 00s13aH BOOOIIE YUUTHIBATD ¢; YTOOBI €T0 3a-
CTaBUTh, 100aBUM B (DYHKIIUIO OMIMOKM MAKCUMU3AIUIO B3aUMHON HH(BOpMAIIUN
I(c; G(z,€)) MeXy KOZIOM € U BBIXO/IOM T€HepaTopa; 9TO 3HAYUT, YTO TEHEPATOP
OyZIET THITATHCS KAaK MOKHO CUJIbHEE YUUTHIBATH € B CBOEM BBIXO/IE, MAKCHMU3H-
poBarth BiHsiHuE ¢ Ha G(2,C), TO €CTh 110 CYTU GYIET MBITATHCS CAENATH TAK, ITOOBI
o G(z,¢) MOJKHO 6BITIO BOCCTAaHOBUTH ¢ (CM. puc. 8.12, 6).

B pesyabrare cTpyKTypa MOIENN 1 06YUEHNE YCIAOKHSIIOTCS HE CUIBHO — TIO CYTH,
JOGABIISIETCSI OIUH MTOJTHOCBSI3HBIH CJIOH, KOTOPBIN CUUTAET U MAKCUMU3UPYET HIKHIOK
ouenky I(c; G(z,c)). Ho ckpbiThie mpeacTaBIeHIs MOAYIAIOTCS [EHCTBUTENBHO «pac-
nyTaHHbIMUy: HantpuMep, Ha MNIST BbiziesissioTcs Ipu3Haky, COOTBETCTBYIOIIIE CAMOM
udpe, ee mupuHe, yriy 10BOpOTa M T. 1.

JIpyroe ectecTBeHHOE MPUMEHEHME YCI0BHiA B yeaioBHOM GAN — 310 GoJIee feTaib-
HOEe yKasaHWe Ha TO, YTO MMEHHO UM KaK Hy;KHO HapucoBaTh. Hampuwmep, B [311, 508]
PEIIAIOT TIOPAKAOIILY 0 BOOOPAKEHHUE 33/1a4y: CTeHEPUPOBATH (DOTOPEATTUCTUIHDIN CHU-
MOK TI0 33/IAHHOMY meKkcmogomy onucanuto! IIpu aToM TeKCT c:KUMaeTcs B paciipeiesieH-
HO€ IIPe/ICTaBJIeHUe ¢ IIOMOIIbIO PEKYPPEHTHOIO KOJMPOBIIMKA, a 3aTeM 3T IIPU3HAKU
ucnosb3ytorcst kKak ycaosue B GAN. B [311] k TeKCTOBOMY OITUCAHUIO JOGABJISIFOTCS
elle U yKa3aHWsl B KOOPAMWHATAX, TJI€ JOJLKHBI OBITh T€ MJIU WHBIE YaCTH U300paskeHN,
a B [508] paboraior ysxe HarpsiMyto u3 Tekcta. B 0benx paborax Moesnn 00y4aroTest Ha
Habope dhotorpaduii MTHIL C OMMCAHUSIMU, TAK YTO B PE3YJIbTATE MOXKHO TTOJIATH HA BXO][
onucanue Bposie «Masenbkas skesTas ITUYKA C YePHOH KOPOHON M KOPOTKUM YE€PHBIM
OCTPBIM KJIIOBOM», Y HA BBIXO/IE ZIEHCTBUTEIHHO TIOJYIUTCS TOBOJIBHO TIOX0KAs HA ATO
omucanue «pororpadusi». Stack GAN — aTo xoporiuii mpuMep COBPEMEHHOH [0CTaTOY-
HO CJIOJKHOM apXUTEKTYPbl HEHPOHHON CETH, TIaBHBIM 00pa3oM OCHOBaHHOM Ha Ujiee co-
CTSI3aTEJIbHBIX CETEH, HO «BIIMTABLIEN» IIPH 9TOM B C€0s1 MHOTO Pa3HBIX KOHCTPYKIIMIA:

* CHayasa TEKCT IpeBpalllaeTcsl B BEKTOPHOE IPeJICTaBJIeHNe C ITOMOIIbIO PeKyp-
PEHTHOTO KOAMPOBIIUKA;

* K TIOJYYEeHHBIM TIPU3HAKAM J00aBJISIIOTCS JOTIOJHUTEIbHBIE CyYailHble KOMIIO-
HEHTBI, ¥ pe3yJbTaT CIy>KUT BXo70oM st GAN;

» 1o GAN B MoJiesu cpasy aBa (11oaroMy oHa 1 HasbiBaercs Stack GAN): ciavaia 1o
TEKCTOBOMY OIMCAHUIO FeHepUpPYyeTCs MaJIeHbKUM 3CKU3 pasMepoM 64 x 64 nux-
ceJia, a MOTOM y>Ke U3 HETO MoJIydaeTcs KapTuHka 256 x 256, To ecTb (haKTUYecKu
BTOPO¥ ypOBeHb pellaeT 3a/1a4y [OBBIIIEHUS pa3pelieHusl.
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C mpobJieMoiil CXJIOTBIBAHUST MOJI PACIIPE/ESIEHNsT BEChMa YCIENTHO OOpeTcst pa-
6oTa [545], B KOTOPOIi mpeaaraerTcss MoANMUKAIMS aJropuT™Ma 00ydeHHus: 0ObIYHOTO
GAN. Uzest coctouT B TOM, YTOOBI «3aTJISTHYTh B OyAylilee» U MPEeBPaTUTh 0OydeHe
rerepatopa B GAN B cBoeoOpasHBIi peKyPPEHTHBII IIPOIECC, TPEACKA3bIBasT PEAKIIHIO
JMCKPUMUHATOPA Ha 0OydeHe reHepaTopa mpsaMo B Xojie 3Toro obydenus. O6bIYHO Te-
uepatop ontumusupyer V (D, G) = V(0p,0q), rie D — TeKymuil AMCKPUMITHATOP,
0 p — ero mapamerpsl, a 8 — mapaMmeTpsl reHepaTopa. V1 MbI 3HaeM, 4TO coOupaeMcst
ONTUMHU3UPOBATh D TPAMEHTHBIM CITyCKOM, TOUHEE MOIBEMOM 110 QyHKITHY V'

0V (06.95))

07 = lim 0" rre 0([())) =0p, 0%“‘1) — B L i
06%)

k—o00 D> D

KiroueBas umest [545] cocTout B TOM, 4TOOBI TIOCMOTPETh Ha BCE TO BBIPAKEHHE
[IEJTMKOM KaK Ha enHyo (popmysy oT O 1 3aMETUTb, YTO MBI MOJKEM TE€M CaMbIM Ha-
npamyio ontumusuposarb V(07,6 ) no nepementbim 6. Koneuno, OyKBaJIbHO 0%,
pe3ynbTaT GECKOHEYHOTO UTEPATHBHOTO TPOIECCa, UCIIOIb30BATh He MOJYUYUTCSI, HO 3a-
[JISTHYTh B Oy/Iylilee Ha HECKOTbKO UTEPAINI U B3SITh, CKaXKEM, O(DE’) BITOJIHE BO3MOJKHO.

[Tony4aercs, 4TO reHEepaTOp COIEPHUYAET HE C TEKYIIMM TUCKPUMUHATOPOM,
a ¢ U/IeaTM3MPOBAHHDBIM, KOTOPBIH y3Ke HEMHOKKO O0YIUJICS PACTIO3HABATH TEKYIIUH re-
Heparop; II03TOMY TeHepaTopy MPUXOAUTCS 0OMaHBIBATh Ky/a 60Jiee XUTPOTO MPOTHB-
HUKa, 4eM B 06b19HOM GAN. B wacTHOCTH, 9TO 3HAYWT, YTO €CJIM TEHEPATOPY 3aX0UYETCSI
BCE BPeMsT BBIOMPATDh OJIHY MOJIY U3 MYJIbTUMOJIAJIHLHOTO PACIIPEETIEHNSI, TAKON njea-
JIU3UPOBAHHBII AUCKPUMUHATOP GBICTPO, 34 T€ JKe TISATh UTEPAIHil, CMOKET O0YUUTHCS
mTpadoBaTh 9TY MOJLY, YeM 3apaHee 0TOOBET OXOTY FeHepaTopy 06yJaThCs B 9TOM YHU-
MOZIaTbHOM Harpasjenun. O6paTHOI CTOPOHOM 3TON UIIEN SIBJISIETCS] BHICOKASI BBIUKC-
JIUTEJIBHAS CJIOKHOCTD: (DYHKIUS OMUOKY CO BCTPOEHHBIMU IISITHIO UTEPAIMSIMU 00yUe-
HUST IUCKPUMUHATOPA IeHCTBUTEIHHO CTAHOBUTCS TOPA3I0 CIOKHEE.

[Mocnennss BaskHast MoaubUKaus OCHOBHOW KOHCTPYKITHY HOPOKIAIONIUX COCTS-
3aTeIbHBIX CETEI, KOTOPYIO MBI PACCMOTPUM B 3TOU TJIABE, — COCMA3AMENLHBIC ABMOKO-
Ouposuwuxu (adversarial autoencoders, AAE) [4].

Crpykrypa AAE nokasana Ha puc. 8.13. OcHoBHas 1/esl 371eCb COCTOUT B TOM, YTOObI
MPEBPATUThH OOBIYHBII ABTOKOAUPOBIIHK, O KOTOPOM MbI TOBOPHUJIU B pasjiesie 5.5, B Io-
POsKAATONTY IO MOZIesh. Kak MBI yike 06CyKaaiu B pasfene 8.2, aBTOKOIMPOBIINK MOXKET
Pa3BEPHYThH CKPBITOE MPEJICTABJIEHIE B «HACTOSIIUIY> 0OBEKT, HO 9TO HE TIOMOTAET 110~
POSKIEHUIO HAIPSIMYIO: OAXOAIINE KOMOMHAIMY CKPBITHIX (DAKTOPOB B3SITh HEOTKY/IA,
a ecJId TIOPOJKIATh UX CJAYIAiHO, HUYETO PA3yMHOTO HE ITOJTYIHTCSL.

ComnepHUYAOMINN aBTOKOUPOBIIUK IIBITAETCS PEIIUTh KAK Pa3 MOCIEIHIOI MPO-
6siemy. Kak nmoxasano Ha puc. 8.13, auckpumunatop B AAE nbitaeTcst OTIM4nUTD pacipe-
JleJIeHUE CKPBITHIX (DAKTOPOB, MTOJYYEHHOE KOAUPOBIHMKOM, OT KAKOTO-HUOY/Ib 3a/laHHO-
ro, GUKCUPOBAHHOTO pacIipeliesieHus, HAPIMepP CTAHIAPTHOTO HOPMAJIbHOTO paciipe-
nenerust N(0,1) 1Mo KaxkI0My CKPBITOMY (haKTopy.
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Mpumep
CKpbITbiE

darTope ¥

Bektop
PacnpeneneHve Lyma 2 CnyyaiHbiid wym unu
MMANPOBaHK
wyma p(z) ComnmpoBatine CKpbIThIe hakTopbl?

Puc. 8.13. Apxutekrypa cocT3aTeIbHOTO aBTOKOAUPOBIINKA [4]

Auckpumuuarop D

B pesysbrarte A0KHO TOMYYUTHCS TaK, UYTO pacrpenesleHue CKPBITHIX TIPU3HAKOB,
COOTBETCTBYIOIIEE PACTIPEIETEHUIO BXOJHBIX OOBEKTOB, HEOTIUUMMO OT 3apaHee 3a/aH-
HOTO PACTIPEIEJICHS... & TO 3HAYUT, YTO MBI MOKEM MPOCTO B3SATh HOBBIN HAGOP CKPHI-
TBIX IPU3HAKOB 10 3TOMY U3BECTHOMY PACIIPE/IEJIEHUIO, PA3BEPHYTH €T0 JIEKOIUPYIOIIEit
YaCThIO aBTOKOAUPOBIIUKA U TOJIYYUTh HOBBII COMILI HYKHOTO OOBEKTA.

Takyro KOHCTPYKIIUIO MOXKHO 6€3 0COOBIX TPoGJIeM MOIUMUITIPOBATD U B YCA0GHLL
AAE. JTuckpeTHOE yCJIOBHE, HATIPUMEP METKA KJIacca, B IMCKPUMIHATOPE GY/IET BBITJIS-
JIETh POCTO: OH OY/IET IBITAThCST OTJMYKMTh KasKIbIi KJIACC OT CBOETO COGCTBEHHOTO Pac-
npeziesieHust CKpbIThIX (pakTopoB. B pesysibrare AAE MokeT TPoCTO «pa3HecTus pasHbie
KJIACCHI OOBEKTOB B PA3HBIE YACTH MMPOCTPAHCTBA CKPBITHIX (DAKTOPOB (HACKOJIBKO 3TO
BO3MOJKHO, KOHEYHO K€; MHOT/Ia OOBEKTHI JIEHCTBUTEIBHO TTOXOKH Ha HECKOJIBKO KJIac-
COB Cpa3y, U TYyT HUYero He I10/ieJ1aelllb).

JlaBaiiTe seTabHO pasbepeM IPUMED COCTSA3ATENHLHOTO aBTOKOAUPOBIIMKA, 00yJa-
IOIETOCs MOPOKIATh pyKomucHble udpol u3 gatacera MNIST. 9to Gyaer, noxkaiyii,
CaMBbIil CJIOKHDBIN IPUMeEP KoJla B ATOW KHUTE, HO B HEM MBI HAIJISIHO YBUIUM BCE CO-
CTaBHbIE YaCTU IIOpOXKAAIoNIel cocTa3areabHol cetn. CHavama UMIIOPTUPYEM HY KHbIe
00bexThl, 3arpysuM MNIST u onpeziesinM BCrioMoraresibHbie (hOyHKITUH:

import numpy as np, tensorflow as tf
from tensorflow.examples.tutorials.mnist import input_data
mnist = input_data.read_data_sets("MNIST_data/", one_hot=True)

def batch_gen(data, batch_n):
inds = range(data.shape[0])
np.random.shuffle(inds)
for 1 in range(data.shape[0] / batch_n):
i1 = inds[i*batch_n:(i+1)*batch_n]
yield data[ii, :]

def he_initializer(size):
return tf.random_normal_initializer(mean=0.0,
stddev=np.sqrt(1./size), seed=None, dtype=tf.float32)
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def linear_layer(tensor, input_size, out_size, init_fn=he_1initializer,):
W = tf.get_variable('W', shape=[input_size, out_size],
initializer=init_fn(input_size))
b = tf.get_variable('b', shape=[out_size],
initializer=tf.constant_initializer(0.1))
return tf.add(tf.matmul(tensor, W), b)

def sample_prior(loc=0., scale=1., size=(64, 10)):
return np.tanh(np.random.normal(loc=1loc, scale=scale, size=size))

3mech batch_gen 110CI€0BATENBHO BBIIAET MUHU-0ATYM JaHHBIX B CIyYalHOM IIOPSI/I-
Ke, he_initializer 3amaeT nanIManu3amnuio BecoB A7 ReLU-retiporos mo Xe (cM. pas-
nen4.2), linear_layer — 3T0 BcrioMoraTesibHast (DyHKITHST, KOTOPast 33/1aeT CTaH/[aPTHBIN
JIMTHEWHBIN CJIOU ¢ MAaTPHUIle BeCOB, MHUITHAIU3UPYIolelics init_fn, 1 BEKTOPOM CBO-
OOHBIX YIEHOB, MHUIUATU3UPYIOMINMCS KOHCTAaHTaMH, a sample_prior BBIZAET BEKTO-
PbI CIIyYaiiHBIX HOPMAJIbHO pacipeie/IeHHbIX YHCeJI, IIPOILyIeHHbIE Yepe3 TUIepOoIIm-
YeCKUI TaHTEeHC; 3Ta (DYHKIINS TIPUTOAUTCS [J1st TIOPOKIEHUS MIUHU-0aTUell coryqailHbIX
BEKTOPOB [IJIsI TEHEpaTopa.

Pa3 y:x aT0 Bce paBHO CaMblii CJIOXKHBIN MPUMEP KOJIa B KHUTE, MBI 0(DOPMUM €TO TakK,
Kak OOBIYHO O(OPMIISIOTCS MOJENU IIyOOKMX HEHPOHHBIX CeTell Ha IIPaKTHKE: B BH-
Jle KJIAcca, TI0Jisi KOTOPOTO 33/I1aI0T apaMeTPhl U TIepeMEHHbIE MO/, METO/IbI JIETAI0T
coOCTBEHHO 00yUeHue, a IPU HHULHAIN3AIHA 00beKTa KJIacca CO34AETC MOZEb.

JasaiiTe ¢ uHUIIMAIM3aIUK 1 HauHeM. Huskece 1yiomniuii GoIbInoi MHULUAIN3ATOP
KOHCTPYHPYET BCIO CETh, ONpe/eserT Bece MYHKIUU OMMOKN U CO3/aeT ONTUMH3aTO-
phI uist 06ydyeHust. JIJIst cCOKpaIeHUsT MEeTO/[a MbI HCTIOJIB3y€EM TOKa €Il He OTPe/Ie/ICH-
HbKBMETOﬂbISelf._encoder,Self._decoderIlSelf._discriminator,KOTOpbK36yﬂy1‘33ﬂa-
BaTh CTPYKTYPY COOGCTBEHHO ceTeil. A 6oJIblile Bcero Hac OyAyT MHTepecoBaTh GYHKIIUN
OIIMOKM; MBI MIX TI0 MEPE MOSIBJIEHUST IIPOKOMMEHTHPYEM.

class AAE(object):
def __init__(self, batch_size=64, input_space=28+*28,
latent_space=10, p=3., middle_layers=None,
activation_fn=tf.nn.tanh, learning_rate=0.001, 12_lambda = 0.001,
initializer_fn=he_initializer):

self.batch_size = batch_size
self.input_space = input_space
self.latent_space = latent_space
self.p = p

self.middle_layers = [1024, 1024]
self.activation_fn = activation_fn
self.learning_rate = learning_rate
self.initializer_fn = initializer_fn

tf.reset_default_graph()
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self.input_x = tf.placeholder(tf.float32, [None, input_space])
self.z_tensor = tf.placeholder(tf.float32, [None, latent_space])

with tf.variable_scope("encoder"):
self._encoder()
self.encoded = self.encoder_layers[-1]

with tf.variable_scope("decoder"):
self.decoder_layers = self._decoder(self.encoded)
self.decoded = self.decoder_layers[-1]
tf.get_variable_scope().reuse_variables()
self.generator_layers = self._decoder(self.z_tensor)
self.generated = tf.nn.sigmoid(
self.generator_layers[-1], name="generated")

sizes = [64, 64, 1]

with tf.variable_scope("discriminator"):
self.disc_layers_neg = self._discriminator(self.encoded, sizes)
self.disc_neg = self.disc_layers_neg[-1]
tf.get_variable_scope().reuse_variables()
self.disc_layers_pos = self._discriminator(self.z_tensor, sizes)
self.disc_pos = self.disc_layers_pos[-1]

Ha stom mecre Yy HaC TOTOBbI BbIXO/IbI BCEX ceTe. OH_H/I6K3. AUCKPpHUMHWHATOPA
disc_loss OyJeT CKIaAbIBAThCS U3 TIOJOKUTENbHON U OTPUIATEIBHOM OMIMOKH, ¢ TPIO-
KOM, OIIMCaHHBIM B paszeiie 8.4. OmubKy KoAupoBILUKa enc_loss Mbl yiKe 00CYKIanu
B TOM 3Ke pasjiesie. A HOBOII 1jist Hac OyzieT omOKa aBTOKOAMPOBINUKA ae_loss, KOTOpast
MMOKA3bIBAET, HACKOJIBKO YCIEITHO I€KOAUPOBIINK BOCCTAHABINBAET BX0/. Kpome Toro,
MBI 106aBUM Lo-peryisipusaTop 12_loss Ha BCe Beca CETH.

self.pos_loss = tf.nn.relu(self.disc_pos) - self.disc_pos
+ tf.log(1.0 + tf.exp(-tf.abs(self.disc_pos)))
self.neg_loss = tf.nn.relu(self.disc_neg)
+ tf.log(1.0 + tf.exp(-tf.abs(self.disc_neg)))
self.disc_loss = tf.reduce_mean(tf.add(self.pos_loss, self.neg_loss))
self.enc_loss = tf.reduce_mean(tf.subtract(self.neg_loss, self.disc_neg))
batch_logloss = tf.reduce_sum(tf.nn.sigmoid_cross_entropy_with_logits(
logits=self.decoded, labels=self.input_x), 1)
self.ae_loss = tf.reduce_mean(batch_logloss)
disc_ws = tf.get_collection(tf.GraphKeys.GLOBAL_VARIABLES, scope='discriminator')
ae_ws = tf.get_collection(tf.GraphKeys.GLOBAL_VARIABLES, scope='encoder') +
tf.get_collection(tf.GraphKeys.GLOBAL_VARIABLES, scope='decoder')
self.12_loss = tf.multiply(tf.reduce_sum([tf.nn.12_loss(ws) for ws in ae_ws]),
12_lambda)

Tenepn ommbKa re"Heparopa gen_loss CKJajpiBaeTcsa U3 enc_loss, ae_loss 1 12_loss,
U MBI CO3/IAEM JIBA OTITUMU3ATOPA, /7151 gen_loss 1 1715t disc_loss. OcTaTOK MHUITMATN3A-
TOpa COCTOUT U3 CTAHIAPTHOTO 3aIyCKa CECCUN TensorFlow.
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self.gen_loss = tf.add(tf.add(self.enc_loss, self.ae_loss), self.12_loss)
with tf.variable_scope('optimizers'):
self.train_discriminator = tf.train.RMSPropOptimizer(self.learning_rate)
.minimize(self.disc_loss, var_list=disc_ws)
self.train_generator = tf.train.RMSPropOptimizer(self.learning_rate)
.minimize(self.gen_loss, var_list=ae_ws)
self.sess = tf.Session()
init = tf.global_variables_initializer()
self.sess.run(init)

OrnpesieniuM Teniepb CTPYKTYPY Tpex cocTaBHbIX yacTeit AAE.

def _encoder(self):
sizes = [self.input_space] + self.middle_layers + [self.latent_space]
self.encoder_layers = [self.input_x]
for 1 in range(len(sizes) - 1):
with tf.variable_scope('layer-%s' % i):
linear = linear_layer(self.encoder_layers[-1], sizes[1], sizes[i+1])
self.encoder_layers.append(self.activation_fn(linear))

def _decoder(self, tensor):
sizes = [self.latent_space] + self.middle_layers[::-1]
decoder_layers = [tensor]
for 1 in range(len(sizes) - 1):
with tf.variable_scope('layer-%s' % i):
linear = linear_layer(decoder_layers[-1], sizes[i], sizes[i+1])
decoder_layers.append(self.activation_fn(linear))
with tf.variable_scope('output-layer'):
linear = linear_layer(decoder_layers[-1], sizes[-1], self.input_space)
decoder_layers.append(linear)
return decoder_layers

def _discriminator(self, tensor, sizes):
sizes = [self.latent_space] + sizes + [1]
disc_layers = [tensor]
for 1 in range(len(sizes) - 1):
with tf.variable_scope('layer-%s' % i):
linear = linear_layer(disc_layers[-1], sizes[i], sizes[i+1])
disc_layers.append(self.activation_fn(linear))
with tf.variable_scope('class-layer'):
linear = linear_layer(disc_layers[-1], sizes[-1], self.input_space)
disc_layers.append(linear)
return disc_layers

1 mMokHO co3maBaTh MeToI [uist 00yueHust. O6GpaTuTe BHUMAaHUE, YTO TO, KAKOU U3
JIBYX ONITUMU3ATOPOB 3aITyCKATh, OIIPE/IENSIETCS TEKYIUMHU 3HAYEHUSIMU OITHOOK: TOKa
omubKa KOAMPOBIMKa 60JIbIIE 33[AHHOTO 3HAYEHUS, MBI 1000y4aeM TeHepaTop, a Kor/a
CTaHOBUTCS MEHBIIIE, BO3BpaIlaeMcs K JUCKPUMUHATOPY
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Puc. 8.14. Pe3y/ibrarhl COMIIMPOBAHMS M3 COCTI3ATENbHOIO aBTOKOANPOBIIUKA, 00YIEHHOTO
na MNIST: a — nociie nepsoii snoxu o6ydenuss; 6 — mnocye 10 sm0x; 6 — moce 20 amox

def train(self):
sess = self.sess
test_x = mnist.test.images
gloss = 0.69

for 1 in range(1000):

batch_x, _ = mnist.train.next_batch(self.batch_size)
if gloss > np.log(self.p):
gloss, _ = sess.run([self.enc_loss, self.train_generator],

feed_dict={self.input_x: batch_x})
else:
batch_z = sample_prior(
scale=1.0, size=(len(batch_x), self.latent_space))
gloss, _ = sess.run([self.enc_loss, self.train_discriminator],
feed_dict={self.input_x: batch_x, self.z_tensor: batch_z})
if 1 % 100 == 0:
gtd = aae.sess.run(aae.generated,
feed_dict={aae.z_tensor: sample_prior(size=(4, 10))})
plot_mnist(gtd.reshape([4, 28, 28]), [1, 4])

n TEIePpb MOJKHO 3aIllyCKaTb O6y'-I€HI/Ie, a TaM ¥ TIOCMOTPETD, YTO HOJTYYUTCA.

aae = AAE()
aae.train()

Pe3ysibTaThl COMIUIUPOBAHUS HA HECKOJIBKIX PAsHBIX 3TalaxX 00yUEHUsT MOKA3aHbI
Ha puc. 8.14; Kak BUAUTE, asKe € TAKOU POCTON CTPYKTYPOIl KOAUPOBIIUKA, TEKOIN-
POBIIMKA 1 JUCKPUMUHATOPA y HAac OBICTPO, yoke mocie 10—20 smox o6ydyeHus, HaunHa-
0T TIOJTY4aThCsI IOBOJIBHO PAa3yMHBIE COMILITBI.

JlasnpHelinee pasBUTHE COCTSI3aTENbHBIX aBTOKOAUPOBIINKOB ITPOAOIKAETCS TIPSI-
Mo ceityac. Hanrpumep, B [100] npesiaraiorcst KOHCTPYKIMH IiyMonoaBisiomux AAE
(B OOBIYHOI KOHCTPYKIIUU HE BIIOJIHE SICHO, TJI€ ¥ KaK MIPABUJIbHO BHOCUTD IIYM, 371ECH
MoryT GbiTh BapuaHThbl). A pabora [345] passuBaer uzero PixelCNN, o koTopoii Mb
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ropopusin B paszene 8.2. B PixelCNN y:ke MOKHO OBLIO MOCTPOUTH YCJIOBHOE pac-
TpezieJieHre TP YCJIOBUHU TOTO WJIM WHOTO Kjacca (Hampumep, kjaacca 3 ImageNet)
U TOPOKIATH MUKCEJ 32 MUKCEIOM U300pakeHre <Ha 3aJaHHYI0 TEMy». A B MOJEIU
Pixel GAN [345] k Pixel CNN nobaBiisieTcst IMCKPUMUHATOP, KOTOPBIiL, Kak U B 0OBIY-
HOM COCTSI3aTeIbHOM aBTOKOIMPOBIIUKE, TIPUBOJNT PaCIIpeiesieHIie CKPbIThIX TPU3HA-
KOB K 33JIAHHOMY, UYTO TIO3BOJISIET OT/EIUTH CTHJIb U300PAKEHUST OT €r0 COAEPKAHMS
(manpumep, kiacc mudps B MNIST ot movyepka) u fesaet ycJIoBHOE MTOPOXKIEHUE ellle
Jrydiire.

U emte onua mipuMep, B KOTOPOM MBI ITPOCTO HUKAK He MOKeM cebe 0TKasaTh. B pa-
6otax [97, 130] aBTOpBI 9TOI KHUTH MCIIOJIB30BAJIU COCTSA3ATEIbHbIN aBTOKO[UPOBIIIK
JLIsT TIOPOXKIIEHUST MOJIEKYJT, KOTOPBIE MOTJIN ObI OBITH XOPOITUMU KAHAUAATAMU JIJIST Jie-
KapCTBEHHBIX CPEACTB. B Xxumun, MosieKyIsipHOil Grostoruu U (papMalieBTUKE CJOKHbIE
CTPYKTYPBI (HaIpUMep, CJI0KHBIE MOJIEKYJTBI ) MHOT/IA TIPEICTABJISIOTCS B BU/E TaK Ha-
3bIBAEMBIX «OTIIeYaTKOB> (fingerprints), (hakTHUeCKU MTPOCTO CKPHITHIX (PAKTOPOB B BU-
e BEKTOPOB OUTOB 1u uncelL. Iloatomy apxurekTypa yeaosnoro AAE miis1 sTol sagaun
BBITJIS/IENIA TAK: HA BXOJI TIO/IAI0TCSI OTIIEYATKU MOJIEKYJI U UX KOHIIEHTPAIIUHU, & TUCKPH-
MUHATOP, KaK BOJMTCS, MBITAJICS OTJIMYUTDH CTAHIAPTHOE HOPMAJIbHOE pacipe/ie/ieHne
OT pacmpeIe/ieHUsT TIPU3HAKOB Ha CKPBITOM cjioe. Ho CKPBITBIH €JI0#i TIpr 3TOM OBLI HC-
KYCCTBEHHO PasfleJieH Ha JIBe YaCTU: «OOBIYHbIE TIPU3HAKM> U CHEIUANbHbBII TPU3HAK,
KOTOPBIU JI0JKEH OBITH TIOKA3bIBATh, HACKOJIBKO 3(()EeKTUBHA JaHHAST MOJIEKYJIA TIPO-
THB yCIOBHOH Goste3ru. TakuM 06pas3oMm, JJist TeHEPAIIUU MOXKHO B3sITh OOBIYHOE HOP-
MaJIbHOE pacipe/iesieHne Ha «0ObIYHbIX TIPU3HAKAX> U XKeJaeMyio (TO ecTh, CKopee Bee-
T0, BBICOKYIO) 9((DEKTUBHOCTD HA 3TOM CIEUAIBLHOM MPU3HAKE... U, 110 Hjlee, TOLKHA
MOJIyYaThCsT MOJIEKYJIa, KoTopast abekTHBHO GOpeTcst ¢ Hy:KHOU 6oJie3HbI0. Bee atu
HCCJIEIOBAHUSI TIO CYTH ellle TOJIbKO HAYMHAIOTCSI, HO IIEPBbIe PE3YJIbTAThI yIKe MoJyda-
I0TCSI 0Y€Hb MHOTOOOEIAIOIUMH.

MBI y:ke TOBOPUJIH 0 KOHCTPYKITUSX, KOTOPBIE MTOPOKIAIOT KAPTUHKY MO TEKCTOBO-
My ommcanuio. Ho moyemy ke IpakTHUECKH BCe MPUMEPBI, T/Ie MBI YTO-TO MOPOXKIA-
JIVL COCTSI3ATENIbHBIMU CETSIMU, KACAIUCh UCKIIOUUTETBHO U300pakeHuit? [1e KoMIbIo-
TepHbIE TTICATeTN W TO3ThI, ToueMy Mbl He roBopuiin 0 GAN’ax B ryaBe 7? 3zech 1o-
SIBJIIETCSL OUEHb WHTEPECHOE HATIPaBJIeHUeE /st OYAYINX MccaeoBanuil. /leo B ToMm,
YTO KOHCTPYKIIUS COCTS3ATETBHBIX CETEH XOPOIIO MPUCTOCOOIIEHa JIJIst TOTO, YTOOBI TT0-
POKIATH Henpepbvishble 00bEKThI (HATPUMED, BEKTOPBI U3 YKCET, KOTOPBIMHU 110 CYTH SIB-
JIIOTCS M300pakeHust). A ¢ OPOKAECHUEM OUCKpemHbix 00BEKTOB BOZHUKAET 1IPobJie-
Ma: HeOOJIbIOE U3MEHEHNE B CETU HE MPUBOJUT K U3MEHEHUsIM, W (DYHKIUS ONHOKU
GAN cTaHOBUTCS KyCOUHO-TIOCTOSIHHO, UTO He TO3BOJISIET 3AITyCKATh 10 Hell rpauenT-
HBI ciryck. [lepexon k pacmpeeleHHBIM NTPeCTABIEHUSIM CIOB CUTYAIUIO HE CIIACET:
HebOJIbIIOE U3MEHEHE B IIPOCTPAHCTBE Word2vec-TpecTaBJIeHni TOYHO TaK JKe 0CTa-
BUT HAC B OKPECTHOCTH TOTO K€ CaMOTo cJI0Ba. Kak pacrpocTpaHUTh COCTS3aTebHbIE
MOPOJKIAIONINE CETH Ha AUCKPETHDBIE 00BEKTHI? DTO MOKA OCTAETCSI MHTEPECHOM OTKPBI-
TOM MPOOJIEMOI.
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[1ybokoe oOyueHme
C ITOAKPEILICHUEM,

unu Yousumenvnas ucmopust 0 mom, Kax
KOPEUCKULL YeMnuon cymel nobedums ziyboxyo cemn
8 00HOU NAPMUU U3 NAMU

TL;DR

B aToii rmaBe mbl IIOrOBOPHUM O 3aj/la4de O6y‘{eHI/IH, KOTOpPOE, HaBEPHOE, GOJIbIIIE BCETO
IIOXOJKE€ Ha 4yeslIoBeYeCKoe, — O6y‘-IeHI/II/I C IIOAKPEIJIEHNEM. Mbr:

MO3HAKOMHMCS ¢ MOTHBAIIUEH 1 0611eil 11e/Ibio 00yUeHUsI C TTOJKPEILICHUEM;
paccMOTPUM MapKOBCKHUE ITPOIlecchl MpuHsTHs peleHuii u TD-o6y4enue;
HOIMeM, TJIe 3/1eCh HEMPOHHbIE ceTH, U paszbepem apxutekTypy DON;

HOZPOGHO MOrOBOPUM 00 OJHOIT U3 CAMBIX IPKUX HEJABHUX A€MOHCTPALIAN HCKYC-
cTBenHoro unremnekra — nobdeae AlphaGo nan JIn Cenonem;

M3YYUM METO/bI IPAJMEHTHOTO CIIyCKa I10 CTPATErusiM 1 UX MIPUIOKEHHS B PoOO-
THKE U JIPYTUX 00JIACTSIX.
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9.1. 06byyeHue c nopKpensieHueM

Bunnu-ITyx Obl1 Beerjia He IIPOYb HEMHOTO HOAKPEIUTHCS, B 0COOEH-
HOCTH YaCOB B OJJUHHA/IATD YTPA, IOTOMY UTO B 9TO BPEMs 3aBTPAK yKe
JIaBHO OKOHYUJICSI, & 00€]] ellle U He J[yMaJjl HAUMHAThCSL.

A. A. Munn. Bunnu-Ilyx u ece-ece-ece
(nepesod b. 3axodepa)

Sa/lalm MalIMHHOI'O O6y‘{eHI/IH, O KOTOPBIX MbI TOBOPUJIH /10 CHUX I1OP, MOKHO OBLIO pa3-
JI€JINTH Ha /IB€ OCHOBHbIEC KaTETOPUM:

1) B 3agavax obyuenus ¢ yuumenem (supervised learning) ectb HabOP «IIPABUIBHBIX
OTBETOBY, U HYKHO €T0 TPOJIOJIKUTH Ha BCE MTPOCTPAHCTBO MJIU, TOYHEE TOBOPSI,
Ha Te MPUMEPBI, KOTOPbIE MOTYT BCTPETUTHCS B JKU3HH, HO KOTOPbIE elle He T0-
HAJIAJINCh B TPEHUPOBOYHOI BHIOOPKE; K 3TOMY KJIACCY OTHOCSITCST 33/[a4M PETPEC-
CHU U KJIACCU(DUKATINH, U OTUM MBI 3aHMAEMCS B 9TO KHUTE BCe BpeMst, 6Yiib TO
KaccuuKains PyKOIUCHbIX Hudp no Habopy aaHHbix MNIST nin ManrmHHbIA
MEPEBO/I Ha OCHOBE TIAPaJIIEJIbHBIX TEKCTOB Ha PA3HBIX SI3BIKAX;

2) B 3amavax obyuenus bes yuumens (unsupervised learning) ectb mpocto HabOP MPH-
MepoB €3 IOTIOTHUTETbHON HH(MOPMAIIH, U 33/[a4a COCTOUT B TOM, YTOOBI TOHAThH
€T0 CTPYKTYPY, BBIIEIUTDH TPU3HAKHU, XOPOIIIO €€ OMUCHIBAIOIIIE; MBI TOAPOOHO
paccMaTpUBAIM HEKOTOPBIE 3a1aun 00yduetus 6e3 yuuress B yactu 111, Korma ro-
BOPHJIN 00 aBTOKOANPOBIIUKAX 1 TPeA00yUYeHr N HEHPOHHBIX CeTell, 1a 1 BOOOIILE,
KaK MbI ysKe MHOTO Pa3 BHJEJH, OJHO U3 TJIABHBIX JOCTOMHCTB TJIyGOKOTO 00Y-
YEHUST — 9TO UMEHHO CIIOCOOHOCTh OU€Hb YMEJIO BBIIEJISITh CIOKHbIE TPU3HAKH,
PACKPBIBATH HEITPOCTYIO BHYTPEHHIOKW CTPYKTYPY OKPYIKAIOIUX HAC OOHEKTOB.

ITO BeChMa KJIACCUUYECKOE PasjleIeHIe, BBl BCTPETUTE €T0 B JIIOOOM yUeOHUKE 110 Ma-
mrHHOMY 00yuennio. Ho passe Tak yunMmcst Mbl ¢ Bamu? PasBe tak paboraer oOyueHvie
B PEANLHON JKU3HU?

[IpencraBbTe, K TPUMEPY, Kak MaTEHbKUI peGeHOK yUUTCst XOMUTh. Kak MOTsio Obl
5TO BBITJISIIETD B TIApaJiurMax 00yUeHUs ¢ yauTeeM u Oe3 Hero:

1) obyuenue c yuumenem — poAUTEIIH, KOTOPBIE YK€ MOHUMAIOT, KaK XOJAT JIFO/IH, BbI-
JaioT pebeHKy Habop JaHHBIX O TOM, KaKKe MBIIIIIbI U B KAKOI II0C/Ie10BaTeIbHO-
CTH HY’KHO HAIlps4b JJIs TOrO, YTOOBI CieaTh mar; Habop A0JEKeH ObITh JocTa-
TOYHO MOJHBIM M IIOKPhIBATh BCE MJIM IIOYTH BCE PasHble CUTYALUHU, B KOTOPHIX
PebGEHOK MOJKET 3aXOTETh CAEJATh IIIar, a TAKKe, Pa3yMeeTcsl, IOJIKEH COAEPKATh
U OTPUIIATEIbHbIE IPUMEPBL: KaK IMEHHO OH YIAJIET, €CJIU OYIeT HATPSTAaTh MbIIII-
1[bl HEIIPABUJILHO; HY MJIM, YTOOBI HE JOBOAUTD IO TAKOIO YK abCypa, POAUTeN
IIPOCTO IOKA3bIBAIOT peOEeHKY HECKOJIBKO AECATKOB ThICY (poTorpacduii, Ha KOTO-
PhIX U300pakeHbl PasHble (Pasbl Pa3HBIX 1IAT0B, a JaJblle ero BoaieOHas riry6o-
Kasi CeTh BbIAESET U3 HUX IIPUSHAKY U [lepeaaeT peOeHKy Hy KHYI0 MH(DOPMALUIO;
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2) obyuenue 6e3 yuumens — pebEHOK POCTO HAGIIONAET, KAK XO/AT €T0 TIala U MaMa;
U [IOTOM, ITOCTEIICHHO, U3 COTEH THICSAY 3allCAHHBIX B MO3T KADTUHOK CKJIa/IblBa-
IOTCA Hy’KHBIC IIPU3HAKN: €CJIN BOT TaK CJIETKA HAIPATIACH JIeBasd MKPOHOXKHAA
MBIIIIIA, @ BOT 9TAK — IPaBasi, B TOM JKe KJIacTepe OYAyT BUIEO MATTbI U MaMBI, KO-
TOPbIE UAYT BIlepe/l POBHO U YBEPEHHO; HY a €CJIM Halpsiyb MHAYe, TO BOT, JaBHO
yoKe HarortoBe ThICSYM KapTUHOK TOrO, KakK Ialla 1 MaMa HeyKJIIOXKe IaJlaloT, He
CyMEB C/IeJIaTh IIIar.

[TpaBza ke, coBceM Kak B :ku3HN? Kak ceifuac ToMHIO, MamMa TIPUXO/IAJIA K MOE KPO-
BaTKe 1 HAYMHAJIA TIOKA3bIBATh, KAK HAJI0 XOAUTh U KaK HE HAJIO...

Ha camoM jieJie MbI IajieKo He Beerzia 3HaeM Habop MPaBUIBHBIX OTBETOB. YacTo MbI
POCTO JIeJIaeM TO WJIK HHOE JIeiiCTBIE U ToJydaeM pe3yabraT. Korma pebeHOK yunuTest
XOMIUTh, OH CHAYAJA JieJIaeT YTO-TO OTAATEHHO TIOXO0Kee Ha TIPaB/Y, YTO TOICKA3bIBAET
eMy HHCTHHKT', ¥ TI0JTyd4aeT pesy/IbTat, HOHAYAMy CKOpee BCEro oTpuIareabHbii. To-
rJla OH HEMHOTO MEHSIET CBOE MOBEJEHUE, BO3MOXKHO, JOBOJBHO CIyYailHBIM 006Pa3oM,
U CMOTPHT, HE YBEJIMYIJIACH JIU, TaK CKa3aTh, 1lesieBast (DYHKIUS; a KOT/Ia YTO-TO HAUH-
HAEeT MOJTy4aThesi, peOeHOK 3aTIOMUHAET, KaK 3TO TIPOU3O0IILIO, U 3aTEM TIOBTOPSIET TO JKE
camoe, TIBITasiCh PA3BUTh YCIIEX JIATTBIIIE.

OTcroga U OCHOBHas uues obyuenus ¢ nooxpennenuem (reinforcement learning).
B aroit mocTanoBKe 3a/1a4n areHT B3aUMOJICHCTBYET ¢ OKpY:Kalolell cpeloi, mpepu-
HUMAS IEHCTBUS; OKPYIKAIOINIAS CPe/ia €T0 MOOMIPSET 32 3TU JAEUCTBUS, & areHT TPOI0JI-
JKaeT UX MPeJPUHUMATD, ITBITasiCh MAKCUMU3UPOBATh CBOIO «HATPajly» 32 3TO; €r0 Ha-
rpana Toxe IPUXOUT M3 OKPYKAIOIIEN CPEIbL.

VcTopiio o6ydenus ¢ MOKpeIienHeM> MOKHO CMe/I0 HauuHaTh oT paboT ITasJio-
BaS 00 YCIOBHBIX 1 6€3yCIOBHBIX pedieKcax, XOTsI ICHXOIOTHIECKHE TIOXO/IBI GBI
U3BECTHBI U paHee, HApUMep B paborax Asekcanapa bana cepennnbnr XIX Beka [24].
Ero ocHOBHast uziest COCTOSIJIA B TOM, YTO Mbl 00y4aeMcst MEeTOL0M 1Ipob U OMIOOK: KO-
rj1a Kakoe-HUGY /b CIIOHTAHHOE (TO €CTh [0 CYTH CIyYaiiHOE) IBUXKEHKE COBIAJIAET C CO-
CTOSTHUEM YJIOBOJIbCTBUS, «YAEPKUBAIONIAS CUJIA JIyXay YCTAHABJIUBAET MEKIY HUMU
accormaryio. Ty ke JTUHUIO TPOAOKUAN U Teopun JInolima Moprana B ICUXOJOTUT
u dasapza Jlu TopHzaaiika B ero Tpyjax 06 MHTE/IeKTe ;KUBOTHBIX [530]: moJiesHoe jeii-
CTBI€, BBI3BIBAIOIIIEE YIOBOJIBCTBUE, 3AKPEILISIETCS U YCUIMBAET CBSA3b MEK/IY CUTYAIIH-
eii u peakiueii, a BpelHOE, BBI3bIBAOIIEE HEY0BOIbCTBUE, OCTAGISIET CBSA3b U NCUE3aeT.

! Brrpouewm, cooTHOMIEHME MEX/Ty HHCTHHKTAMHU U COBCTBEHHO IPHXKU3HEHHBIM 06YYeHIeM — 9TO OUeHD
TOHKHIT BOIIPOC; MBI He Oy/1eM Ha HEM TTOAPOGHO OCTaHABJIMBATHCS, HO TIOCJIEHETO CJI0BA 3/1Ch HAYKA €IIle He
cKasaja.

2 DTy UCTOPHUIO MBI H3/aTaeM 1o acce Banentuna Manbix [593].

3 Hsan Iemposuu Iasnos (1849-1936) — pycckuil yuenbiii, mepBbiil pycckuii HoOeJIeBCKMil aypear,
(axTHyecKuii co3aTe b HAYKY O BbICIEN HePBHOU fesiTenbHocTr. Pabota [TaBioBa yeM-To IOX0Ka Ha TO, KAk
B 00ydeHnH riyGOKHUX CeTell CXOAATCS TEOPETHICCKUE U IPAKTHIECKIE HOBLIECTBA: €0 3HAMEHUTBIE OIIBITHI
C JKeJIyI0YHBIM COKOM, UMEIOII[Ie OTPOMHOE TeOPeTHYeCKOoe 3HaYeH e 1 CTABIINE OCHOBOIT BCeil COBpeMeHHOI
(dusnonornu, Gbur GbI HEBO3MOKHBI G€3 BUPTYO3HOI TEXHUKH BUBUCEKIINH, KAK 9TO TOT/Ia HA3bIBAJIOCH. A U3
npyrux Tpynos IlaBoBa BozbMeM Ha cebst CMETOCTD TOPEKOMEHIOBATH TTPOYECT J[BE JIEKIINH C 3aMaHYMBBIM
HazBauneM «O6 yme Boo0l11ie, 0 pyCCKOM YMe B 4aCTHOCTH»: cKa3ano B 1918 rozty, HO 10 c1X 1Op Ype3BbIYaiiHO
AKTYaJIbHO.
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A 110CJIe TOTO KaK B IICHXO/IOTHIO TIPUILIN GHXeBHOPHCTEI, 1 ocobenno B. @. Cxumnnep!,
9Ta njiest cTaia abCOMOTHBIM U HE BBI3BIBAOIIMM COMHEHIS MEHHCTPUMOM,

B 1ies1oM 910 1 ecTh uziest 06ydeHust ¢ MOAKPEIICHHEM, U B MAITUHHOM OOyYeHU M
OHA TOKE MOSIBIJIACH OUeHb JaBHO. Enle ThIOPUHT B CBOMX 3cce 06 MCKYCCTBEHHOM WMH-
TEJIJIEKTE ONMUCHIBAJ APXUTEKTYPY CUCTEMbI «OOJIH U HACTAKICHUS», KOTOPast I0JKHA
YIIPABJISITH TEM, YTO UMEHHO COXPAHSIETCS B TAMSITH HCKYCCTBEHHOTO HHTEJLTEKTA [ 542].
Pannue paboTh nHGOPMATUKOB Ha 3TY TeMY TOX0XH Ha paboThl [TaBioBa u CkuHHEpa:
nanpumep, B 1952 roay Knoa IleHHOH IPOAEMOHCTPUPOBAJ JAOUPHHT, 10 KOTOPOMY
6eras MBITIOHOK 10 MMeHHU Teceit, UCCIeyst ero TeM CaMBbIM METO/IOM TTPo0 U OmnGOK
u 3ariomMuHasg csoii mythb [490].

B cBoeit nuccepranmu Mapsun MuHckuti [362] ipefcTaBus BBIYUCIUTETbHBIE MO-
JeJi 00y4YeHUs ¢ MOAKPEIIEHHEM, a TAKKE OIKCA aHATIOTOBYIO BBIYUCIUTEIbHYIO Ma-
HIMHY, TOCTPOEHHYIO HA 2JieMeHTax, Kotopble oH Ha3Bal SNARC — croxactuueckuii
BBIYHCJIUTEI, 00yJaeMbIil Yepes3 MOAKPEIIEHUE U [0 CYTU AHAJIOTHYHBIH HEHPOHY. DTH
BJIEMEHTBI JIOJIKHBI GBI COOTBETCTBOBATH U3MEHSIEMBbIM CEMAHTHUECKUM CBSI35IM B Ue-
JIOBEYECKOM MO3Te; 0OpaThTe BHUMAHUE, YTO 3TO COBCEM HE TO JKe CaMoe, UTO MepIier-
TpoH Posenbiarta, KOTOPBIN Mbl 06CY KA1 B paszesie 3.2 U KOTOPbIil SBHBIM 00pa3oM
00y4JaeTcs ¢ y4uTesIeM.

Ecom roBoputh uyTh Gostee hopManbHO, Ha KasKIOM IIare areHT MOXKET HAXO[UTh-
Cs1 B HEKOTOPOM COCTOSTHUU § € S, r7ie S — MHOKECTBO BCEX COCTOSIHUIA, ¥ BbIOMpaeT
HEKOTOPOE JielicTBHUE a € A U3 uMerIerocst Habopa aeicTuil A.

[Tocste aTOTO OKpYysKAONIAsT CPea COOOIIAET areHTy, Kakyio Harpaay r (OT cioBa
reward) OH 32 9TO TOJYYUI U B KAKOM COCTOSIHUM s’ OKa3aJicsl B pe3yJibTaTe CBOUX Jei-
cTBUi. 3ajiaua areHTa — 3apaboTaTh KAK MOKHO OOJIBIIIYIO HATPALY:

» mbo 3a orBesieHHOe BpeMs h (0T cioBa horizon, «ropusoHT» ); Takasi MOCTAHOB-
Ka 3371491 HA3BIBAETCS MOOCIBIO C KOHEUHbIM 20PU3OHIMOM, T TIENEBYTO (DYHKITHIO
(noxop, revenue) MOKHO IIPEJICTaBUTh TaK:

h
R=Efro+ri+ra+...+m]=E > e,
=0

rje vy — Harpaja areHra Ha 1iare t;

1 Beppec @pedepux Cxunnep (Burrhus Frederic Skinner, 1904—1990) — amepuKaHCKuii nicuxoior, Gu-
XEBUOPKCT U CONUATBHBIN (uocod. CKUHHED J0BeN ujien GUXEBHOPU3MA JI0 UX HAUBBICIIETO PA3BUTUS; OH
CUYMTAJ, YTO BCE MHOTOOOPA3HE TTOBEIEHST JIOEH 1 JKHBOTHBIX TAaK MJIH HHAYe CBOANTCS K TIPUHIHIIAM MTO3H-
THBHOTO M HETAaTHBHOTO MOJKPeruieHust. J[jis pasBuTust cBOUX uzeil o uzobpes npecaosythiit Skinner box,
B KOTOPOM MBIIIKA MOKET HAKaTh HA CIIEINATIBHBII PHIYAKOK ¥ OJTYYHUTD 32 9TO /IEHCTBIE Ty MU NHYIO Ha-
rpaxny. Bo Bpems Bropoit MmupoBoii Bolinbl CKUHHED TPEJIOKUIT KOHCTPYKITHIO PAKETHI, YITPABJISIEMOIA CIIeIU-
QJIHO HATPEHUPOBAHHBIM rosty6eM (1IIpoeKT Gl MHOTOOGEIIAIONINIL, HO, K COXKAJICHUIO, TAK U HEe Peali30BaJl-
Cs1 710 KOHIIA), a 3aTeM 0GHAPY KU Y TOMy6ell ake CyeBePUs: €CJIH aBATh TOMYOI0 €1y B CITyYailHbie MOMEHTHI
BPeMeHH, TOyOb OUEHb IIOCTAPAETCS 3aAMETUTD CITyYaliHble COBIAJCHUS TOTO, YTO OH JIEJIAl B TU MOMEHTHI,
C TIOCTYIJIEHUEM €IBI, U GYZIET MBITATHCSI TIOBTOPSITH ITU CIyYailHble TeCTBISL.
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* 60 32 Bce HECKOHEUHOE MPEJICTOSIIEE BPEMsT; B TAKOM CJIy4ae, KOHEUHO, TPOCTO
CYMMUPOBATDh HE TOJYYUTCS, HO JIETKO TIOHATD, YTO B TAKUX 3a/la4ax TOYTH BCe-
IJIa OYYTh HATPAJy PAHbIIe BBITOHEE, YeM T03ke’, T0aToMy 06BIYHO B 1ieTe-
BYIO (DYHKITHIO MOJIETN C GECKOHEUHBIM 20PUS0OHMOM BBOJSIT HEKOTOPYIO KOHCTAH-
Ty (discount factor), Ha KOTOPYIO BO3HATPAXK/IEHNUE YMEHDBIIAETCS € KAXK/[BIM T10-

CJIEAYIOIIUM MIarom:

00
RZ]E{To-l—’}/ﬁ+’)/27“2+...+’7ka+...] =FE Z’Ytrt
t=0

Ecrb u Tpetuii BapuaHt, modenv cpeduezo sosnazpancoenus (average-reward model),
Korga onrtuMusupyercs limy,_, oo E {% Z?:o Tt] , HO MBI €€ UCII0JIb30BATh MTPAKTHYECKU

He 6yieM. A KOHEUHBIE TOPU30HT JIETKO CBECTH K 6ECKOHEYHOMY: IOCTATOYHO TOCTABUTh
~ = 1 1 cuuTaTh, YTO 32 TOPU3OHTOM, TIOCJIE BPEMEHU h, BCE HATPA/BI 14, t > h, PABHbBI
HYJTIO He3aBUCHMO OT JIeHCTBUI areHTa.

Camas nmpocTas IIOCTAaHOBKA 3324k 00yYeHHsI ¢ OAKPENJIEHHEM — 9TO TakK Hasbl-
BaeMas 3ajgada 0 MHo2opyKkux 6andumax (multiarmed bandits). @opMasbHO 31€Ch BCe
TOYHO TaK e, HO |\S| = 1, TO eCTh COCTOSIHME areHTa He MEHSIeTCsI. Y HEro IPOCTO €CTh
HeKWit GUKCUPOBAHHBIN HAOOD AEUCTBUI A 1 BOSMOKHOCTH BBIOUPATH M3 9TOT0 Habopa
nefictBuil. Takast MOJIEITb HA3BIBAETCS 33/[a4ell O MHOTOPYKUX GAHNTAX, TIOTOMY UTO €€
JIETKO TIPEJICTABUTH ceOe TAK: areHT HAXOAUTCSI B KOMHATE ¢ HECKOJbKUMU UTPOBBIMU aB-
TOMAaTaMH, Y KaK[OT0 aBTOMATa CBOE OJKUIaHIe BRIMTPHIIIA, 8 aTeHTY HY/KHO BBIUTPATh
KaK MOKHO GOJIbIIIE IeHeT, HPOcas MOHETKH TO B OIUH aBTOMAT, TO B JPYTOIL.

[Tosry4aercst, 4TO aTEHT caM IJIATUT 3a CBOE 00yYEHUe, M eMY HY;KHO CYMETh BOBPeMsI
HOHSITH, 4TO 0OyUeHue (UccaeoBanue, exploration) MOKHO 3aKaHUYUBATD U TIEPEXOUTH
K MCIIOJIb30BaHUIO MOJIydeHHbIX 3HaHuil (exploitation). Exploration vs. exploitation —
9TO IyIaBHas MPo6JIeMa, OCHOBHAS [IMJIEMMA 33/[a91 O MHOTOPYKUX GaHINTaX.

MbrI He OyzieM MOAPOGHO PACCKA3hIBATH O MHOTOPYKUX OAHAUTAX, TOTOMY YTO TJIy-
6oKoe 00yUeHMe ¢ MOAKPENIeHueM 0ObIYHO HAUMHAETCST BCe-TAKK TaM, IJle COCTOSTHUI
HECKOJIBKO, HO APy BaXKHBIX 3aMeYaHuil cliesiath HykHo. HauwreM ¢ mpocreiitiero sxad-
HO020 QJiz0pUmMMa, KOTOPBIN BCET/Ia BBIOUPAET CTPATErNI0, MAKCUMU3KUPYIOMILY O TIPUOBLITD,
ITpu6bLIE MOKHO OIEHNUTH KaK CPe/lHee BO3HATPAKACHHUE, TIOyYeHHOE OT TOTO UJIH HHO-
r0 JIEUCTBUS:

rn+ro+...+rg,

kq )
3nech 1 nasee MbI OyIeM TIPETTOIATATD, YTO MBI CHAYATA JIEPTAEM TI0 PA3y 32 KAKIYIO
PYUKY, 4TOOBI HUT/IE HE [IEJINTh Ha HOJIb, & TOTOM YsKe HaUMHAEM 3aITyCKaTh aJITOPUTMBL.

Qt(a) =

! TIpencrasbre cebe, HanpuMep, Harpay B BUIE A€HeT: CTO pyO6Jieii CeroIms TOUTo TydIile, 4eM cTo py6eit
4epes 1o/, XOTs1 Obl IOTOMY, YTO UX MOKHO MOJIOKUTH B GaHK 1 4epe3 TO1 IOy duTh OoJblie cTa pybiel, He
TOBOPST Yk 0 60JIee BBITOAHBIX BJIOKEHMUSIX.
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JKamHblii aTOpuUTM KaskeTcs JI0CTATOYHO MPOCTHIM U JIOTUYHBIM. YUTO JKe ¢ HUM He
Tak? J[es0 B TOM, YTO ONTUMYM JIETKO TIPOTJISIIETD, €CJIU Ha HAuyaJlbHON BBIOGOPKE HAM
HEMHOKKO He [10Be3eT, 4To OoJiee ueM Bo3MOkHO. IIpeacraBbre cebe, Hanpumep, bunap-
Holx GaHANTOB, Y KOTOPBIX BBIILJIATHI BCEra PaBHbI HYJIIO WIK erHKLe. Torna KaaHbli
aJIropuT™ OYKBaJIbHO HUK020A He BEPHETCS K TEM PydYKaM, KOTOPBIE Ha IIEPBOM 00X0ze
BBIJIAJI HOJIb, Be/[b UX CpejiHee OyIeT HyJIEBBIM, a y TeX Py4YeK, KOTOPbIE XOTh Pa3 BbIIa-
JIV €IUHUILY, HYJIS y>Ke HIKOT/IA He TIOJIY YU TCS.

[Toatomy roJie3Hast 9BPUCTHKA B 3aJja4e O MHOTOPYKKX OaHANTAX, 1a U BO BceM 00Y-
YEHUU C TIOAKPEIIEHUEM — ONMUMUSM NPU HEONpedeeHHocmu. ITO 3HAUUT, YTO BBIOU-
parth HYKHO JKaJHO, HO TP 9TOM IIPUObLIb OLIEHUBATh ONTHUMUCTHYHO, 1 Bcerga Tpe6o-
BaTh CEpbE3HbIE CBUAETEIBCTBA, YTOODI IIEPECTATh IIPOBEPITh TY MU UHYIO CTPATErHIO.

OnHUM U3 KJIIOYEBBIX TEOPETHYECKUX UHCTPYMEHTOB B 00YYEHNH C IOAKPEILIEHUEM
saBisieTcs e-scaonas cmpamezus (e-greedy): BBIOPaTh A€HCTBUE ¢ HAMIYYIIEN OKULAE-
MOI TIPUOBLIBIO C BEPOSTHOCTBIO 1 — €, a ¢ BEPOSTHOCTHIO € BBIOPATH CIydailHOE Jeid-
ctBue. Takas cTpaTerus MPUBOAUT K TOMY, UTO aJTOPUTM HE OTJIMYAET XOPOIIYIO ajlb-
TEPHATUBY OT GECIIOJIE3HOM, BBIIEJISISI TOJBKO JIYUIITY0, HO BCE PABHO TPOIECC HCCIIE0-
BaHUsI TIOJIyYaeTCsl PasyMHbBIM, M IIPO HEro 06bIYHO MOKHO JJOKa3aTh PasHble TI0JI€3HbIe
TeOpeTUYeCKre CBOWMCTBA, BE/lb €-Ka/IHASI CTPATETUS 03HAYAET, YTO MBI BCET/IA MOXKEM
JIEPHYTh 32 KAXK/IYI0 PYUYKY C MTOJIOKUTENbHOM KOHCTAHTHON BEPOSITHOCTBIO. Ha mipakTu-
Ke OOBITHO HAYMHATIOT ¢ GOJIBIITHX €, 8 3aT€M YMEHBIIIAIOT; BLIOOP CTPATErNH 9TOTO YMEHb-
IIEHUS] — BAKHBIH TapaMeTp aJiTOPUTMA.

JIpyroit ecTeCTBEHHBIN CIIOCOG MPUMEHUTD OITUMUCTHYHO—KAJHBIA METOJ — 3TO
U3BECTHbBIE U3 CTATHCTUKU dosepumenvivie unmepsaivl. JlaBaiite IJisl KasKmoro neii-
CTBUSI XPAHUTh CTATUCTUKY YUCJIA TaKUX JAEHCTBUN n W YUCJA YCIENTHBIX JeUCTBUN
w (WK CPeIHEro BO3HATPaXKIEHNs ), a TIOTOM JIJIsl BBIOOPA PYUYKH, 3a KOTOPYIO XOUer-
CsI IEPHYTb, UCIIOJIb30BATh 8EPXHION 2PAHUYY TOBEPUTEIBHOTO WHTEPBAJA BEPOSITHO-
¢ty ycrexa (MM OXUAAHUS BO3HArpak/eHus ). TeM camMbIM MbI JOCTUTHEM Kak pa3
HYsKHOro adeKTa: cHauaja Bce JOBEPUTEIbHbIE HHTEPBAJIbI OYyAyT OYeHb IUPOKUMHU,
U UX BEPXHUE TPAHMIbI OYAYT OYeHb BBICOKO, a IIOTOM, IO Mepe HAKOIJIEHUS OIIbI-
Ta, MHTEPBAJIBI HAUHYT CY’KaThCs, IIPHYEM MEHee HCCJENOBaHHbIE ajlbTepPHATUBBI OY-
IyT TIOJy4YaTh MPENMYIIECTBO B BbIOope. Takas cTparerust COMMETCS K ONTUMATBHOI
PYUKe, KOT/Ia JIOBEPUTEJIbHbIE WHTEPBAJIBI BCEX OCTAIBHBIX PYUEK OYAYT MOJTHOCTHIO
JieKaTh HUzKe ee cpeatero. Hanpumep, s GuHapHbIX OaHIUTOB, TO €CTh (haKThye-
CKH I TI0AOPachIBaHMsI MOHETKH, ¢ BEPOSITHOCTBIO 0,95 cpefHee JeKUT B UHTEPBa-

e (53 — 1,96in7 T+ 1,96%) , tiie 1,96 6eperca us pacnpenenenns CThiogeHTa, n —

> (z—1)2

YMCJIO UCTIBITAHUH, § = {\/ <~ -—7"—. bparh BepXHIOI0 rpaHuUIly JOBEPUTENBHOTO UHTEP-
BaJla — OTJIMYHBIN METOJ, €CJI BEPOATHOCTHBIE IIPEAIONI0KEHNS COOTBETCTBYIOT Aei-
CTBUTEJIBHOCTH, UTO HE BCET/la OUYEBU/THO.

pyroi, 6oJiee MPOCTON BapvaHT ONTUMM3Ma IIPU HEOIPeNeJEeHHOCTH — Hayarb
C ONTUMUCTUYHBIX 3HAUYEHUN CPEHUX: JaBaiiTe BBICTAaBUM (Qq(a) TaKuMu OOJIBIITUMH,
910 J1060€ peasbHOe BO3HArPAKICHNE OY/IET «Pa304apOBbIBATE»> HAC, HO HE CIUIITKOM
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GOJBIINMY — HAM HYKHO, YTOOBI IOCTATOYHO OBICTPO (g YCPEAHUIOCH C PEATBHBIMU
OIIeHKaM¥ CpefHNX. Torza MOXHO MCIOJh30BaTh TPHUBUAIBHYIO JKaJIHYIO CTPATETHIO,
U OHA AaCT TOT Ke 3 dHeKT: cHAYATA CPENHIE ¥ BCEX PYyUeK OYAYT 3aBENOMO CIUTTKOM
BBICOKVMH, & TOTOM IT0 MePe HAKOTLIEHHUSI OTIBITA YMEHBIITATCSI 1 OYYT IOCTENEHHO CXO-
JUTHCSA K UCTUHHBIM CPEJIHUM, IPUYEM Y€M MEHbIIIE ObIIIO HKCIIEPUMEHTOB, TeM G0JIbIIee
BJIMSHME OKa3blBaeT (Jo Ha cpennee. Camu 3HaUeHUS (Jg MOXKHO MEHSTDb U TEM CaMbIM
yIpaBJsATh GasaHcoM Meskiy exploration u exploitation.

CoBpeMeHHbBIE aJITOPUTMBI IEUCTBYIOT IIPUMEPHO TI0 TOW sKe 00IIIel cXeMe: OHU TIPH-
CBaMBAIOT IIPUOPUTET KAKIOM PYUKe 7 U IOKA3BIBAIOT OIEHKU HETIOCPEJICTBEHHO HA IIEHY
o6yuenus (regret). Tax, crparernst UCB1 [13] yunTbiBaeT HeolpeaeJeHHOCTD, «OCTaB-
MIYIOCST» B TOU WM WHO# PyYKe, M CTAPAETCST OTPAHUYUTD TIeHY 0OYUEHUsT TaK: eCIIU U3
1 9KCIIEPHIMEHTOB 1; Pa3 IEPHYJIHN 32 i-10 PYYKY U HOJIYINUIN CPEAHIOI HATPALY [i;, -
roput™m UCB1 npucBanBaer eit IpuoputTeT

Priority; = fi; + 210&.

n;
[leprath mamnbiiie Ha/[0 32 PyYKY ¢ HauBbICITUM ripuoputeToM. B [13] nokazano, 4to npu
TaKOM TO/IX07ie cybonTUManbHbie pyuku 6yayT neprats O(log n) pas, u nena oGyvemms
6yner cocrasysttb O(logn). A menbine O(log n) u He TOTyYUTCST — €CTH COOTBETCTBYO-
TI1asT HYSKHST OTIEHKA; BITPOYEM, KOHCTAHTBI TYT TO:Ke BaKHbI, Tak uTo Ha UCB1 uenoBe-
YyecKas MBIC/Ib HE OCTAHOBUIIACH, HO MBI B 9TO yIKe BAABATHCS He OyIeM.

U nocsientee obliee 3aMedanue, KOTOpOe HaM MPUroauTcs Huxe. JlaBaiite mocMor-
PHIM Ha TO, KaK IIePECYUTHIBATH OLEHKH CpeiHero Q¢ (a) = % MIPY TTIOCTYTIJIEHU N
HOBOU nH(popMaIuu. B 3T0M, KOHEYHO, HUYETO CJIOKHOTO HET — OYIEM XPAHUTD YKCIIO
MIOTIBITOK k U TIEPECYNTHIBATD KaK

k+1

k
1 1
Qk+1 :m;ﬁ‘: il rk+1+;%‘ =

1
:‘4*UMJ+M%):Qk+k+1

Tl (Th+1 — Q) -

V Hac moJryuusnach o4eHb BaskHasl (POpPMyJia, YACTHBIN caydail o6Iero npasuaa —
C/IBUTAeM OIIEHKY TaK, YTOOBI yMEHbIAIACh OIINOKA:

HogasiOuenka := CrapasOrenka + [Iar [[less — CrapasOrenka) .

VIMEHHO Tak BBITJISIIUT, HAIPUMEP, oblee MPAaBUIO MPAMMEHTHOIO CIICKa: IIPOU3BO/I-
Hasl YKa3bIBaeT HAIMIPaBJIeHUE HA IeJIb B TEKYIIEH TOUKe, a 1ar — 3T0 CKOPOCTh 06yde-
HUSL.

3aMeTuM Telepb, YTO AT y CPEeHEro He MOCTOSTHHBIH, a YMEHBITAIONIHICS CO Bpe-
MeHeM: U3 PopMyJbl Qi1 = Qf + kLH (rg+1 — Q) HOIyYaeTcs, 4TO MAar PyYKH ¢
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B MOMEHT BpeMeHu k (1ociie k 9KCIIepUMEHTOB) oy (a) paBeH TIH W3meHnsts rocieio-
BaTEJIbHOCTD IIATOB, MOKHO 100UThCs ApyTHX addextoB. Hampumep, 4acto O6pIBaeT, 4TO
BBITITATHI OT PA3HBIX PYUYEK HA CAMOM JieJie HeCTaIlTmOHAPHBI, TO €CTh MEHSIOTCS CO BpeMe-
HeM. B Takoli curyaiuu uMeeT CMbICII IaBaTh GOJIbIINE Beca CBeKell nH(OpMaIyH, a 1a-
JIEKOMY TIpolioMy — MajieHbkue. Kak 1o cienath? MoKHO TPOCTO TIOCTABUTH BMECTO
3aTYXAIOI[MX BECOB IIOCTOSIHHbIE: Y IIPABIJIA OOHOBIEHUS Q)11 = Qf + « [rry1 — Q)
C IOCTOSTHHBIM (@) = « Beca (haKTHUYECKU 3aTYXAIOT IKCIIOHEHITHATIBHO!

Qr = Qr—1+afry —Qr_1] =arg + (1 - a)Qp_1 =

K
=arp+ (1 - @)arg_1 + (1 - a)’Qrz = (1- )" Qo + Y a(l — ) 'r;.
i=1

Taxoe npaBuIo 0GHOBJIEHHU He CXOAUTCs (PasHOCTH MEXKIY COCEIHUME Qp, U Q)1 HE
00s13aTeJIBHO CTPEMSTCS K HYJIIO C POCTOM k), HO 9TO U XOPOIIO — MbI XOTHM CJIEZIOBAThH
3a 1eabi0. EcTh 1 00uuii pe3yabraT: npaBuio 0OHOBJIEHUS CXOAUTCH, €CIIH OCAEL0-
BaTEJbHOCTD BECOB HE CXOAUTCS CaMa, 2120:1 ap(a) = oo, HO CXOMUTCS B KBAJIpare,
2120:1 a%(a) < oo. 1 B 1iesioM, Takoi B3IJIsI Ha BEILH cpa3y OObeIMHSET U YIIOPSIO-
YMBAET MACCy Pa3HbIX METOJIOB.

Camu 110 cebe MHOTOpYKHe OaHIWTHI UCIOJb3YIOTCS B 3a/aYaX, re HYsKHO CpaB-
HUTb HECKOJIBKO a/IbTEPHATHB MEXKy COOOM IIPH IIOMOLIM dKcIepruMeHToB. Hanpumep,
HECKOJIBKO JieT Hasaz B IT-coobiiecTBe OBLIN OYEHD MOMYJISIPHBI CTAThH, IPOIATaHIN-
PYIOIIUE UCIIOIb30BaHIe MHOTOPYKUX OaHAnTOB st A/B TecTupoBanus: Kaxaast ajib-
TepHATHBA CTAHOBUTCS PYYKOM, M BBIXOAUT, YTO pasMep BHIOOPKH II0AO0UPaeTCcs aBTOMa-
TrYecKr. MOKHO aHAaJIOTUYHO MCIOJIb30BaTh GAHAMTOB U [JIs ONTUMU3ALK THIIEPIIa-
pPaMeTpOB, HAIIPUMED B TeX ke IJIyOOKMX HepoHHbIX ceTsax (uiu rae yroguo). Ho pis
Hac ceifyac 9To0 CKoOpee MPOCTO MEPBBII IIar, yIpoleHHas oCTaHOBKa 00IIel 3a1aun
00y4eHUs ¢ IIOAKPEILICHIEM. . TaK JaBaiiTe e ckopee n36aBuMCs OT YIIPOLIEHUH.

9.2. MapkoBckue npouecchbl MPUHATUSA peLUeHUN

Ho kak s1 MOTY TIPUHSITB pellieHre, — CIPAIMBaJI cebst 9TOT Paccyin-
TeJIbHBIN rocy/1apb, — €CJIM MHE COBEPIIIEHHO HeU3BeCTHBI Te I0BO/IbI, KO-
TOPBIE MOTYT IIPUBECTU 00O€ CTOPOHBI?

Cmendany. Ypesmephast 61a20CKIOHHOCTL 2yOUmenvHa

Termepb, KOT/IA MBI TTOHSIIH OCHOBHYIO CYTh O0YUEHUSI C TIOAKPETITIEHNEM U Pa3oOpaIiCh
€ caMoIii IPOCTO#i cuTyaluei, MHOrOpyKMMHU OaHauTami, Hopa 0600mars aasbiie. B pe-
ANbHOCTH, KOHEYHO, YaCTO OBIBAET, UTO are€HT He BO3BPAIIAETCS B TOYHO TAKOE JKE COCTO-
STHUE JIJIST HOBOTO «X0/[a»: HAITPUMED, UTPAIOIIAst B TO WU MIAXMATHI TPOrPaMMa JI0JIKHa,



380 [naBa 9. |—J'Iy6OK09 06yquV|e c nogkpenneHuem, nnm y,D,I/IBIATeJ'IbHOE npoucwiecTesne ¢ HeMNMoHOM

MOKaJIY I, YIUTHIBATD, YTO MO3UITUS HA IOCKE TIOCJIE €€ XO/Ia U OTBeTa MPOTUBHUKA CJIET-
Ka usMmeHutcs. [loaToMy Teriepb HaM HYKHO OTIPENETUTHh HEKHIA MPOIecc, B KOTOPOM
areHT MOCIE0BATENBHO MTEPEXOANT U3 COCTOSTHUS B COCTOSHIE B 3aBUCUMOCTH OT CBO-
WX IENCTBUN, MHOT/AA, B HEKOTOPBIX COCTOSTHUSX, MOIy4dast HArPabl; BCE 3aBUCUMOCTH
3/1eCh, KOHEYHO, OYIyT HE IPSIMBbIMU, 8 CTOXACTHYECKUMHE, BEPOSTHOCTHBIMIL

31ech BO3HUKAET BTOPas IIeHTPpaIbHas AujeMMa 00yUeHHUsI ¢ TIOAKPEILIEHIEM, 3a/1a-
ya pacnpedenenus gosnazpaxcoenus (credit assignment): mycrtb Jaske Mbl 3Ha€M, BBIHT-
PaJI MBI TIAPTHIO WJIU TIPOUTPAJIH, HO KaKO¥ MMEHHO XOJI IPUBEJT K mobejie Wi mopa-
JKeHUI0? ITa mpobyieMa ToKe ObLIa OUEBH/IHA C TIEPBBIX IIATOB TEOPUU 00YIEHHUSI C TTOI-
KpeluienueM, ee paccMarpuBalt eile Mapsun Munckuii B nHayane 1960-x ronos [363],
HO YCIIELIHO PELIUTH ee OBIBAET CI0KHO IO CHUX II0P.

WNrak, mopa BBeCTH OCHOBHOE OTIpe/ie/IeHre MaHHOU TyiaBbl. Maprosckuii npoyecc
npunsmus peuwenuti (Markov decision process) [233, 519] coctout us:

* MHOKECTBA COCTOSHUM S

* MHOJKECTBa JAeHCTBUN A;

* (ynknuu Bo3narpaxaenus R : S x A — R; 9To 3HAUUT, UTO OKUjIaeMOe BO3HA-
rpakIeHUE IIPH IIEPEXO/E U3 S B s’ [OCJIE JeHCTBUS @ COCTABIISET RS s

* (byHKuuM nepexosa Mexay cocrosausamu pt, 0 S x A — 11(S), rae 11(S) — muo-
JKeCTBO pacIpefieIeHUl BEPOSITHOCTEN Haf S; 9TO 3HAUUT, YTO BEPOSTHOCTH TI0-
[ACTh M3 COCTOSHMUS S B COCTOSHUE s’ TOCJIE JeCTBYA a paBHA P

MpbI mponsLTIOCTPUPOBAT MAPKOBCKUH TIpOTiece MPUHATHS perteHnit Ha puc. 9.1:
cyieBa, Ha puc. 9.1, @, BbI BUIUTE caMyto 00IIYT0, KJIACCHIECKYIO CXeMY OOYUEHUSI C IO/
kperieHreM. A Ha puc. 9.1, 6 mokaszana 6oJiee TOAPOOHAS CXeMa MAPKOBCKOTO ITPOIecca
MPUHSTUS PENIEHUH, T/le BUIHO, KAKUe ero YacTH OT KAaKUX 3aBUCSIT.

[Tporecc Ha3BIBAETCS MAPKOBCKUM, TIOTOMY UTO BEPOSITHOCTHU ITEPEXOIOB MEXKY CO-
CTOSTHUMSIMU HE 3aBUCST OT HCTOPUU MIPEABIAYIINX TIEPEXOI0B; BOOOIIE, CIOBO «MapPKOB-
CKUil» B MaTeMaTHKe U WH(OpPMATHKe Beera 0003HAYAET UMEHHO 9TO: OTCYTCTBHE TIa-
MSITH, HE3aBUCUMOCTh OT TOTO, YTO OBLJIO B MPOILIOM. JTO KAKETCSI OUEHb CUJIBHBIM
MIPEINIOJIOKEHUEM, HO HA CAMOM JleJie OHO JIOBOJIBHO YacTo BhIoJiHsieTcs. Hamnpumep,
B IO WJIM TIIaXMaTaX HeBa)KHO, KAKMMU XO/[aM¥ MBI TIPUIILIIN K TEKYIIei TTO3UINH, BaXKHA
JIVITITh TIO3UIIMSI caMa TIo cebe.

A ecsii MApKOBCKOE CBOMCTBO CYIIECTBEHHO HAPYIIIEHO, TO 9aCTO MOKHO ITPOCTO 3a-
[IUCATh TO, YTO HYKHO «[IOMHUTH» U3 MIPOIILJIOT0, B KAYECTBE YACTHU OIIPeIeJIEHUsI COCTO-
STHUSI, ¥ TOT/Ia MAPKOBCKOE CBOMCTBO OyieT BoccTanoBeHo. Harpumep, cocTosiHme Tpu
UTpPe B MOKEP J0JLKHO BKIIOYATH B ceOst HE TOJBKO TEKYITHHA pasMep CTaBOK, HO U HC-
TOPHUIO CTAaBOK B TEKYIIEi pasjiaue, a BOBMOKHO, 1 GoJIee 0Ty HCTOPUIO B3aUMOIeH-
CTBUST MESK/LY MTPOKAMH .

! Keratn, mokep — 9T0 OT/IeIbHAS I 04eHb CJIOKHAS HCTOPHSL, BO MHOTHE €T0 PA3HOBHHOCTH TPOIPAMMBI
Kak pa3 MOKa 4TO WIPAIOT JOBOJBHO IJIOXO0, M BaKHAS 4aCTh MPOOJIEMbI UMEHHO B TOM, YTOOBI MTPABUIBHO
HOMHUTB U TIOHUMATh UCTOPUIO B3anMozeiicTBuit. Oxuako crout otMeTuTh Mozesb DeepStack [113], koTopast
Hay4nIach Xopoino urpath B heads-up no-limit Texas hold’em, To ecTb B 6e3UMUTHBIH TTOKEP TPOTUB OHOTO
OIITIOHEHTA.
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Puc. 9.1. MapkoBcKuii poliecc NPUHATUS pelleHuil: @ — ob1ast cxema 00yJyeHust
C IOJIKPEIIEHHeM, 6 — OAPOOHAsE CXeMa MAPKOBCKOTO IIPOIIECCA IPUHSITUSL PELleHU T

3zech cTouT cesath HebobIoe oTcTymaerre. OOIast TOCTaHOBKA 3a/1aur 00y Je-
HUS C TIOZIKPENJIeHneM 1T0X0Ka Ha ITOCTAHOBKY 3a/1a4H Meopuu ONMuMaivbHoz0 Yynpas-
JleHust, B KOTOPOM M3BECTHA HEKOTOPast MOJIENb 0OBEKTa YIIPABJICHNs, Ha 0OBEKT eCTh
HEKOTOPbIE BO3ICHCTBYS, ¥ 3a/[a4a COCTOUT B TOM, YTOOBI HANTH ONTUMAJIbHBIE BO3/ICH-
CTBUS, KOTOPble MAKCUMU3UPYIOT HYKHYIO 1lesieBy1o (hyHKIMIO0. Teopus onTuMaabHOro
yIpaBJIeHusT — 00IACTh CTapast U 3aCTyKeHHast, B Hell MOSBUINCD U YpaBHeHust Besr-
MaHa, 0 KOTOPBIX peub MOHIeT HIsKe, U MPUHIUIT MaKCHUMyMa HOHTpHFI/IHa1. N o6bek-
TBI B HEW PACCMATPUBAIOTCS Ky/la CJIOKHEE, YeM OOBIYHO B OOYUEHUN C TTOKPEILICHNU -
eM. JleficTBUTEIbHO, MHOTOE 13 TOTO, O 4YeM MbI Oy/IeM TOBOPUTDH B 9TOH IJIaBe, MOKHO
paccMaTpuUBaTh Kak 4acTb TeOPUH yIpaiieHus. OHaKO aKIleHTbI pacCTaBJIeHbl HEMHO-
ro MHave: B 00yYeHUN C MOJAKPEIICHUEM OCHOBHAS CJIOJKHOCTD HE B TOM, YTOOBI HAWTH
OIITUMAJIbHOE YIIPABJIEHUE, a B TOM, YTOOBI U3YUUTh OKPYKAIOILYIO CPELY — €CJU MbI
cpeaty 1 0OBEKT YIpaBIeHus ysKke 3HaeM (B TEOPUH ONTUMAJILHOTO YIIPABJIEHUS HTO Ha-
3bIBaeTCsl udenmupukayueii cucmemut), 0OBIYHO HAUTH ONTUMATIBHOE JefiCTBUE He TaK
yok caoxto. Ho obactu ieficTBUTEIbHO B3aUMOTTPOHUKAIOIITHE, ¥ U3YYUTh METOIBI TEO-
pun yrpaBieHus 6yIeT 0ueHb MOJIe3HO, eCJIM BBl BCEPhe3 PETNTE 3aHATHCSI 00yIeHIeM
C IOKPEILTICHUEM.

U Jlee Cemenosuu Ionmpsieun (1908—1988) — coseTckuil MaTeMaTHK, OMH U3 JYUYIINX MATEMATHKOB
XX Beka. Korma JIbBy 66110 14 jier, Bo3jie HEro B30pBaJICs MPUMYC, U MOCJe HeyAaqHol onepaiuu [TowT-
PSTUH MOJHOCTHIO OTEPSLI 3PEHUe. DTO MPEAOIPEAETUIO Cyab0y ceMbu [TOHTPSATUHBIX: OTEI] B PE3yJIbTaTe
MOTEPST TPYAOCTTOCOGHOCTD 1 BCKOPE YMEP OT MHCYJIbTa, & MaTh TOCBSITHIIA Ce0sT CBIHY U €r0 MaTeMaTiyie-
ckoMy o6pasoBanuio. OHa Jake BblyUnia HEMEIKUH S3bIK, YTOOBI yuTaTh JIbBY CTAThU HA SI3bIKE TOTIAINIHEN
Haykn. OHAKO CJIEMOTa He MOMeIaia Hi aKTUBHOI JKU3HH, HII TeM (oJiee HaydHOI Kapbepe [loHTpsiruna.
OH HayaJI ¢ TOMOJIOTHH, TIOJTY YU Psifl GIECTSIIINX PE3YIIbTATOB, HO MO3JKe BCIOMUHAIL: «S1 He MOT OTBETUTD Ha
BOIIPOC, /17T Y€T0 HYXKHO BCE ITO, BCE TO, UTO s jesato? Camas mblikast (haHTa3ust He MOTJIA TPUBECTH MEHST
K MBICJIH, 4YTO TOMOJIOTHYECKAST TEOPHSI PA3SMEPHOCTH MOKET MOHATOOUTHCS TSI KAKMX-HUOY Ib TIPAKTUYECKIX
esieits. [Toatomy [loHTpsITMH 3aHsICS IPUKITAHON MAaTEMATHKOIL: €ro YeThipexcTpannyHas cratbst 1937 ro-
na «I'py6bie cucteMbr» (¢ A. A. AHIPOHOBBIM) 3aJI0KIIA OCHOBBI TEOPUH JMHAMUYECKIX CHICTEM, TIO3Ke Pas-
BUJI Teopuio IuddepeHIaibHbIX UTp, a IPUHIMI MakcuMyMa [TOHTPSATHHA 0CTaeTCsl OCHOBOIOJIATAIONIMM
IIPUHIIUIIOM TEOPUH OIITUMAJIBHOTO YIIPABJIEHHUSI.
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[ToxpobHbIil MpUMEP MAPKOBCKOTO MPOIECCa IPUHATHS PElIeHuil, K KOTOPOMY Mbl
OyzeM MOCTOSTHHO BO3BPAIlaThCsl B 9TOM pasjiesie, IpuBeneH Ha puc. 9.2. Ha pucyHke
PSIMOYTOJIBHUKU COOTBETCTBYIOT COCTOSTHUSIM, GEJTbIe OBAJIbI — BO3MOKHBIM JIEHCTBHU-
sIM, 2 OBQJIbI CO NITPUXOBKOIM — BO3HATPAXKEHUSIM, TOJIYYaeMbIM HA 3TOM TIEPEXOjIe
Mexy coctosinusiMu. CaM TIPOIECC COOTBETCTBYET IIPOCTON UTPE «YET-HEUYETS, IPOXO-
JisAInelt B 1Ba kpyra. [IpaBusia urpsl TAaKOBBI:

* B KQX/JIOM KPyTe U Mbl, ¥ TIPOTUBHUK BBHIOUPAEM YHCIIO; ecii 00a YUCIIa YeTHBIE
nim 06a HeYeTHbIE, Mbl BBIUTPHIBAEM; €CJIM YUETHOCTD PasHast (O[HO YMCII0 YETHOE,
ZIPyToe HeueTHOe ), Mbl TIPOUTPHIBAEM;

* BIIEPBOM KpyTe BBIMTPBINI U IPOUTPHIII paBeH +1 1 —1 cOOTBETCTBEHHO, & BO BTO-
POM Kpyre CTaBKH IIOBBIIIAIOTCS, ¥ BBIMTPLIII U ITPOUTPHIIT HAUMHAIOT CTOUTD +5
1 —5 COOTBETCTBEHHO;

* II0CJIe BTOPOIO KpyTa Urpa 3akaHuyuBaeTcs (I109TOMY MbI He CTaJIu BbIIEJISITh MHO-
TO COCTOSTHUIT TTOCJTE BTOPOTO KPYTa, OTPAHIIUBIIUCE ABYMS [UIST yIOOCTBA);

* IIOCKOJIbKY UTpa KOHEYHasI, IIPOIecC MOJIydaeTcs 3MN30{nYecKnii, u v = 1.

Ho 510 erme He Bee; 9TOOBI MOMHOCTBIO 3a1aTh MAPKOBCKUIT POIIECC IPUHATUS Pe-
IEeHWH, HY’KHO €1Ile ONPEIETUTh BEPOATHOCTH IIEPEXOI0B MEK/LY COCTOSTHUSAMMU; OHU 110~
Ka3aHbl HA CTPEJIKAX, COOTBETCTBYIONINX epexoaM. 3ech OyaeT HeOOIbIIoe YCI0KHE-
Hue, 6e3 KOTOporo urpa Gbiia Obl COBCEM CKYYHOU. IPOTUBHUK OYET HE TPOCTO moAGpa-
ChIBATh MOHETKY, a JIEUCTBOBATD TAKUM 0OPA3OM:

* B TIEPBOM KPyTe TPOTUBHUKY OOJIBIIE HPABATCS HEYETHBIE YKCIIA: BEPOSATHOCTD
YETHOI'O YHUCJIA OT Hero paBHa %, a HEYeTHOTO — %;

* aBO BTOPOM KpyTe OH CMOTPHUT Ha TO, K 4eMy IIPUBEJIA €T0 UTPa B IEPBLIN pas: ecun
OH B TIEPBOM KPYTe BBIUTPAJI, TO OH CYUTAET, YTO CHITPAJI TPABUJIBHO, U TOBTOPSIET
CBOI BBIOOP, & €CJIH TIPOUTPAJT, BO3BPAIIAETCST K «CTPATETHH 110 YMOTYAHUIO» 1 BO

BTOPOM KPyTe MPOCTO MOAOPACHIBAECT MOHETKY.

He nonenurech u npocienuTe Bce CTPETOYKU HA PUC. 9.2: TPUMED elie TPUTOAUTCS.

Teneps, koria y HaC €CTh COCTOSTHUS ¥ IEPEXO/IBI MEKIY HUMMU, TPUIETCS HAYIUTHCS
passinyarh Gyuryuo sosnazpaxcoenus (reward function, HermmocpeacTBEHHOE TOAKPETT-
JIEHWE, TO, YTO Mbl 0003HAYMJIN 32 R) U TO, YTO MBI HA30BEM (yHKUUEl SHAUEHUS CO-
cmosumus (value function, V (s)); aTo 6yzer ob1iee oskuzaeMoe MoAKPEIIEHHE, KOTOPOE
MOJKHO TIOJIYYHTh, €CJIU HAYaTh € 3TOr0 cocTostHUst. CyTh MHOIMX METOAOB OOYYEHIISI
C MOJIKPEIJIEHHEM — B TOM, YTOGBI OIIEHIBATH U ONTUMU3UPOBATH (DYHKI[IIO 3HAYEHHIT;
0 CYTH 33/[a4a HAIIIA CBOAUTCS K TOMY, YTOOBI BBIOMPATH XO/IbI, KOTOPBIE TPUBO/ISIT K CO-
CTOSTHUIO C MAKCUMAJIbHBIM 3HaueHueM V (s). [1J1s MapKOBCKUX MTPOIIECCOB MOKHO (hop-
MaJIbHO OIIPEIEJINTD:

o0
VT(s)=Er[Rt]| st =s] =Eq Z vkrt+k+1 | st = s,
k=0

rjae w — 9TO CTpaTerusd, KOTOpOﬁ CJIelyeT arear.
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Puc. 9.2. [Ipumep MapKOBCKOTO TIpoIlecca MPUHSATHS PEIIeHNI: UTPa «4eT-HeueT>

OG6parure BHUMaHUE, 4TO CJIOBO cmpameeust (policy) 37ecb IOHMMAETCsI B JOCTATOU-
HO CTPOroM cMbicie. [TockosIbKy, BOOOIIE TOBOPST, ATEHT MOKET MOAOPACHIBATH MOHETKH,
94TO6BI BEIGUPATh OUepeiHbe IeficTBUs (M MHOTHE CTpaTeruu us paszena 9.1 Tak u gesna-
JIH, HATTPUMEP YaCTO BCTPEUATOIIASICS €-KaTHAS CTPATETHsI), CTPATETHS T — HTO (HYHK-
IT¥sT, KOTOPAST I7IsT TAHHOTO COCTOSTHYS S BBIIAET PACTIPEeIeHIIe BEPOSITHOCTE Ha MHO-
’KecTBe HeficTBuilt A. Mbi Takke OyneM 0003HaYatTh yepes w(a,s) BEPOSITHOCT BHIOPATH
JeficTBUE a € A B COCTOSIHUU S, 4 €CJIM 3aXOTUM TIO[YEPKHYTh, YTO CTPATETHUS 33/IaHA Ma-
paMeTpUYECcKH C BEKTOPOM mapaMeTpoB @, Gyiem mvicath m(a,s; @) (3T0 HaM 0COOEHHO
npuroauTcs B pazaese 9.5). Ecim ske ctparerust eTepMUHUPOBAHHAS, 9TO TIPOCTO 3HA-
YUT, YTO JJIST KAKAOTO S BCE BEPOSTHOCTH 7 (a,S) PABHBI HYJIO, KPOMe OZHOM, KOTOpast
paBHa eJIMHUIIE.

Bupouem, pyHKIMS 3HAYEHUH COCTOSTHUS BCE ellle yAaJleHa OT HETOCPEeICTBEHHbIX
pEleHmiT areHTa, Be/lb OH He MOJKET MPOCTO B3sITh M BBHIOPATH CJIEAYIONIEE COCTOSTHUE.
VTpoK B TO HE MOJKET CaM OTPEeTUTH TIO3UIIHIO TIePell CBOUM CJIEYIONTIM X0/I0M, OHa
GyIIeT 3aBUCETD 1 OT X0/Ia TPOTUBHUKA. [[09TOMY 0:kMaeMoe B OyIyIeM MOAKPETIIeHTE
JaCcTO PAcCMATPUBAIOT HoJTee MeTaTbHO: MYHKIHS () BIpakaeT obllee TOAKPETLIEHNE,
OXKHJIaeMOe, eCJIU AaTeHT HAUHET B COCTOSHUMU § U C/IeJIaeT TaM JeHCTBIE a:

oo
Q7 (s,a) =E; [Rt| st = s,ae =a] =E; Z'ykrt+k+1 | st =s,at =a
k=0

Oyukuun V 1 QQ — 370 KaK pas To, YTO HaM HY’KHO OLIEHUTD; eCJIi Obl Mbl UX 3HAJIH,
MOZKHO GBITIO GBI TPOCTO BHIOWPATDH TO JIEHCTBHE a, KOTOPOE MaKCUMU3UPYeT Q(s,a).
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Jasaiite monpobyeM mojpcuuTaTh (GYHKIUIO 3HAYECHUI cocTostnust V'™ (s), mocsemno-
BaTeJIbHO Pa3BOPAUMBasi ee orpeeieHue. B mermouyke paBeHCTB HUZKE MbI CHAYAJIA BBITIH-
CBIBAaEM OIIpeiesIeHIe 0KIUAaeMOr0 CyMMaPHOTO BO3HATPAXKAEHHU ¢ GECKOHEUHBIM TO-
PHU30HTOM, 3aT€M OT/EJISIEM OT HETO MEPBBII IAT U 3aMeYaeM, UTO TTOCJIe HETO OCTAeTCs
TOYHO TAaKOe K€ BHIPAKEHHE, TPOCTO YMHOKEHHOE Ha 7:

o0
V7(s) =Ex [R | st = 5] = En ZVthJrkH St =8| =
k=0

o
k
=B [rer1+7 7 Trghra [ st =s| =
k=0

o0
= Zw(s,a) ZP;'IS/ RZS/ + 'Y]Eﬂ- Z 'Ykrt-f—k"r? | St+1 = S/ =
a s/ k=0

— Z 7(s,a) Z Pgs, (Rgs, + ’}/VW(S,)) )

¥ Hac mosryunsIoch, UTO 71 U3BECTHOM CTpaTernu m 3Ha4eHus1 V'™ yI0BJIETBOPSIIOT
TaK HA3BIBACMBIM ypasHenusm beiimanal.

Ypasuenus bennmana — 310 0 CyTH MaTeMaTH4YecKoe BbIpakeHue IPUHIIATIA THA-
MUYECKOTO ITPOrpaMMHUpOBanHusl. Takne ypaBHEeHUS U X aHAJIOTH TIOSBJISTIOTCST BO MHO-
JKECTBE PAa3HBIX IIPUJIOKEHUH. A B HAIIIEM CJIydae TOJIy4aeTcs, 9To, TEOPETUYECKU TOBO-
pst, [UIst TOTO 4TOOBI HAWTH 3HAYeHUs1 V'™ ($), MOKHO TIPOCTO B3SITh M PEHIUTH CUCTEMY
JIMHENHBIX YPABHEHUH, HEM3BECTHBIMU B KOTOPBIX SIBJISTIOTCST V'™ ($) [171s1 pPA3HBIX COCTO-
aHAN s € S.

ITpaBna, ay1g aTOr0 HYKHO 3HATH BCE MapaMeTpbl MAPKOBCKOTO IIPOIecca, TO eCcTh
¢dyukiyr R u P, a ¢ 3TUM B PeaJbHBIX CUTYAIMSIX M10X0. Bee, 4To y Hac 06BIYHO ecTh
Ha BXO/le, — 9TO OKPY’Kalollas cpe/ia, BbLAaIoas Harpajibl KaK YepHbII A1UK.

Tak uTO B peaybHbIX 3afiauax GyHKIMU R U P TOXKe MPUXoAUTCs 06ydarh Mo Xo-
ny mena. Ha caMoM Jiesie MeTozibl OOYUEHUS ¢ TTOAKPEILIEHUEM JIETISITCS Ha Te, KOTOPbIE
obyuatoT GyHKIUU R 1 P B IBHOM BHJE, U Te, KOTOPbIe 00X0AATCS G€3 9TOTO U CPasy
obyuator V u/mnu Q.

U Puuapod Bennman (Richard Ernest Bellman, 1920—-1984) — amepukanckuii MareMaTHK 1 uHxKenep. Ero
JKU3HEHHBII TyTh ObIJI OYeHb MHTEPECHBIM, HO TOCTATOYHO OOBIYHBIM JJISI YYEHOTO TOTO BPEMEHIL: POMIII-
cs1 B bpyksune (kcraty, y BesiMana poccuiickue ¥ mMOJIbCKUE KOPHHU), BO BpeMsi BTopoit MupoBoii Boii-
HbI paboTas Haji MaHXdTTEHCKUM TIPOEKTOM KaK TeopeTH4ecKuil ¢pusuk, a ¢ 1949 roga mocrymin Ha pado-
1ty B RAND Corporation, snamenuTblii anaautiudeckuit entp (think tank), usnauasbno opraHusoBaHHbINT
Douglas Aircraft Company st Hysk1 apMuH, HO GBICTPO MTPEBPATHBINUIICS B HEKOMMEPYECKYIO HAYIHYIO Op-
raHM3aIlMIo, 3aHIMAIOILYIOCS CAMBIMU Pa3HBIMU HAYYHBIMU U MHKeHepHbIMU Boripocamiu. VimenHo Tam best-
MaH pa3paboTaj OCHOBbI TEOPUU MAPKOBCKHX ITPOIECCOB MIPUHSTUS PENICHUHN 1 IMHAMIYECKOTO TIPOTPAMMU-
POBaHMA B II€JIOM — KCTaTH, OH CaM TIPHyMaJl 3TO Ha3BaHWe, MOTUBHIPOBAB €T0 TeM, YTO «IIpHUJIaraTesbHoe
dynamic Gb110 HEBO3MOKHO UCTIONB30BATH B HETATUBHOM CMBICJIE... 3TO OBLIO TAKOE HA3BAHHUE, UTO JAKe KOH-
TPecCMeH He BO3Pas GbI».
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Ho p1s1 mpocTbIX IpUMepoB BOCIIOJIb30BaThCS ypaBHEeHUAMY beslsiMana BI1osIHe BO3-
MoskHo. [aBaiite mompobyeM noacyuTaTh (QYyHKIMIO 3HAYEHUH COCTOSHUS 11t KaKOii-
HUOY/Ib CTpATeruu B ipuMepe Ha puc. 9.2. Hanpumep, mycTh cTpaTerust T — 3T0 MPOCTO
PaBHOBEPOSITHBIH BHIOOD Ha KasK/IOM IIare, moAGpachiBaHye 4eCTHOW MOHeTKH. Tora:

1
V7T(s0) = )

(304 V7 + 3 (14 v70)) +

+ % (; (—1+V7™(s3)) + % (1+ V’T(34))> )

Cunraem pasnbine. Terepb paccMOTPUM, K IIPUMEPY, COCTOSIHUE S

Vi(or) = 5 (5 (54 Vi(sa)) 4 5 64 Vi(sa)) ) +

+;(;@+vn%»+;¢5+vw%»)

[TockombKy moOCIe BTOPOTO Kpyra urpa 3akanumnsaercs, V™ (s5) = V™ (sg) = 0, a 3Ha-
qut, V™ (s1) = 0 Toxe. JIerko BUAETH, YTO [ OCTATBHBIX COCTOSIHUI 9TO TOKE BEPHO:
VT (s2) = V7™ (s3) = V™ (s4) = 0,a3nauur, u V7" (sg) = 0.

I/ITaK, HOI[6paCbIBaH MOHETKY Ha Ka’K[IOM KPYyTe, Mbl HUYETO HE BbIMTPAE€M 1 HUYETO
He npourpaeM. ONTHMaIbHAS JIU 9TO CTPATETUSI UJIU MOSKHO BCE-TaKU YTO-TO BBIUTPATH?
JlaBaiiTe monpobyeM OTBETUTH HA ITOT BOITPOC.

Ho naBaiiTe cHauasa 7151 IPOCTOTHI MIPETIONOKUM, YTO MBI Y2Ke TOUHO 3HAeM HaIlry
MO/jIeJib. 3a/1a4a — HAWTU ONITUMAJIbHYIO CTPATETUIO TTIOBEIEHUSI JIJISl aT€HTA B ATOM MOjIe-
sin. B takoii mocranoBke Mbl yike ymeeM uckath V7 (s), pemast ypaBuenus besimana, HO
Pas3HBIX cTpaTerui ere GOJIbIIE, Y4eM COCTOSTHUI, U TiepeOpaTh UX Mbl OOBIYHO, TPOCTUTE
3a KamaMOyp, He B COCTOSTHUL.

K CHaCTbIO, 3TO M HE O6H33TEHBHOI HaM HYKHO TOJIBKO HAy4YUTbHCA IMOJACUUTHIBATDH
ONMUMATBHOE 3HAUEHUE COCMOSHUSL, TO €CTh UCKATh OKUIAEMYI0 CyMMAPHYIO MPUOBLIb,
KOTOPYIO IOJIYYUT areHT, €CJih HAYHET C 9TOI'0O COCTOAHUA U 6y[[€T cJieJ0BaTh OIITUMaJIb-

HOM cTpaTernu:
oo

V*(s) = m7;T1XE nytrt
t=0

ATy GHYHKITMIO MOKHO TI0 TEM JKe TPUYNHAM OTIPEETNUTD KAk PENeHre YPAaBHEHUIT:
* a a * (!
V*(s) = max Z P2, (RS, +~V*(s")
s'eS

(OHU TOXKe HA3BIBAIOTCS YpPaBHEHUsIMU DesjiMaHa), a 3aTeM BBIOPATH ONTHMAIBHYIO
CTPATETHIO UCXO/IST M3 MOJCYNTAHHBIX 3HAUEHM V'*:
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7*(s) = arg max Z P2, (R2, +V*(s")) .
s'eS

Kax pemrats ypaBHenus? OHu yske He JIMHEWHBIE, 1 PEITUTH X TOUHO U 3 HeKTHB-
HO He MOJIYYUTCsT, HO HAIIIE JIEJI0 BCE PABHO OTHIONB He GesHaneskHo. Kak nsBecTHo, ecoin
CJIOJKHOE YPaBHEHeE TIPE/ICTABJIEHO B Bujie = f(x), TO ero0 MOKHO PeIlaTh UTePaTuB-
HO MeToZIoM HbIOTOHA: HaYaTh ¢ KAKOTO-HUOY/Ib T U TTOCIEIOBATEIBHO MEPECUUTHIBAT
zp4+1 = f(zg), HOKaA Ipollecc He COMETCs, TO eCTh MOKa UBMEHEHUs [T — Zf| He
CTaHyT COBCEM MAJICHbKUMHU. 3/IeCh Ta Ujesl BEJIUKOJIENHO paboTaeT, Be/lb, KaK JIErKO
3aMETUTD, yPAaBHEHUS YrKe MTPE/ICTABIEHBI B HYKHOM Buie!

ITO MOKHO JeJIaTh U JJIsl UCXOAHBIX JIMHEHHBIX YpaBHEHUH, MOJyYnuTcst ObicTpee,
YeM PEIaTh CUCTEMY «O-4eCTHOMY». ECTECTBEHHO, B PE3y/IbTATE MOJMYIAETCS TPUOIH-
JKEHHBII, YNCIEHHBIN MeTOJ pellieHrs ypaBHeHuil BessiMata, HO B MaIIMHHOM 00yue-
HUM HAM HUYETO JIPYTOTo U He TPeOyeTCsl.

Tax uto, 4T0OBI MOACYNTATH (DYHKIMK 3HAYEHUIN COCTOSHUN JJIs JAHHOM cTpaTe-
UM 7T, MOKHO TIPOCTO UTEPATUBHO MIEPECUUTHIBATH UX 110 ypaBHeHUAM Bessimana:

VT(s):= ZT((S,Q) Z P2, (R, +V7™(5),

a s'eS

TIOKa IIPOIeCcC He COMeTcs.
A 1 OTITUMANTBHBIX 3HAYEHUH MBI Gy/IeM TIEPECUUTHIBATH YPABHEHUS C MAKCUMY-
MaM1 BMECTO MaTeMaTH4YeCKUX OKU/JaHU:

V*(s) = mng Z Psas/ (R?S/ + 'YV*(SI)) .
s'eS

PoBHO TO ke caMoe MOXKHO c/iesiath 1 ist GyHKiun Q(s,a), NOCAeI0BATETBHO TI0-
BTOPSISI BBIYUCJIEHUS TI0 CIIeiyiolei (hopmyre:

Qs,a) ==Y Pl [ Rey+7) m(sa)Q(s,d) |,

s'eS

1o cxopumoctu. U ¢ onruManbHBIM Q* (8,a) Bce 0GCTOUT TOYHO TaK JKe: MOBTOPSIEM

Q*(Sva) = Z PsaS/ (R?s/ +7H;%XQ*(S,Q/)> ,

s'eS

MIOKa He COMJIeTCs; KCTATH, IIOTOM MOKHO BBIYMCJUTH ONTUMAJIBHYIO (DYHKIIMIO 3HAYE-
HU# Kak V*(s) := max, Q*(s,a).

JlaBaiite mojcunTaeM onTUMaIbHble 3HaueHust V*(s) u Q*(s,a) B mpuMepe, n3o6pa-
’KeHHOM Ha puc. 9.2. CHOBa HaYUMHAaeM CHavaJIa:
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V7 (s0) = max { (L V7 (s1)) 4 5 (14 V(o).

(=14 V7(s3)) + % (1+ V”(s4))} )

W =

Wrpa no-npexnemy 3aKaHYMBaeTCs B S5 U Sg, Tak uTo V*(s5) = V*(sg) = 0. Boc-
MOJTE3YEMCST ATUM, YTOOBI TOACYUTATH V* OT COCTOSHUIT TTIOCTIE TIEPBOTO KPYyTa UTPLI:

1 1 1 1
* i _(_ — — — (— =
V(sl)max{2( 5)+2(5),2(5)+2( 5)} 0.
Anayornuano u V*(s4) = 0. A BOT 175t 9 U 83 Tenepb cuTyanus 60Jee ONTUMUACTH-
yeckas:

V*(s2) = max{—5,5} =5, V*(s3) = max{5,—5} =5.
Ilozcrasasist 910 B BhIpaKemue 1uist V*(sg), mosmyamm:

V*(s9) = max {1 + 2(—1 +5), 1(—1 +5)+ 2} = 3.
3 3 3 3
CMOTpI/ITe-Ka — MBI MOJKEM BBIMIDATD, TPUYEM C HEMAJIBIM B CpETHEM C‘leTOM! qTO-
ObI y3HaTh, KAK BBIMIPATh, HY’KHO MOACYUTATh (PYHKIUIO Q*; ce1aeM 3TO JJIsl Havyalb-
HOT'O COCTOAHUA S, IIOJACTABJIAA OCTAJIbHbIE 3HAYEHUS Cpa3y (OHI/I CUUTAKOTCA OUYeBU/I-
HbIM 06pa3oMm):

Q" (s0,em) = £ (14 max Q" (s1,)) + 5 (~1+ max Q" (s2,)) = 3 (1+0) +

+ w\w

Q" (so,Heuer) = = (— 1+maXQ (s3,a))

W= Wl

(-
204 max@ (s10) = 3 (-1+9)

ITO 3HAYMT, YTO HA [IEPBOM KPyTe HYKHO BHIOMPATh He nMeroliee GOJIbIIYI0 BEPO-
ATHOCTb HeMeJIEHHON 1obezpl aeiictre Heuer (MBI Jke 3HaeM, YTO IPOTUBHUK JIIOOUT
HedyeTHbIe YKCJIa), a HA0GOPOT: HyKHO CHAYaJIa OAAAThCS IPOTUBHUKY, YTOOBI YCIIOKO-
WUTb €r0 U 3aCTaBUTD IOBTOPUTH CBOE JIEMICTBUE — TOT/IA-TO MBI €T0 U JIOCTAHEM, 2 BTOPOI
KPYT Ky/ia BaskHee 1epBoro. V1 Bech 3TOT XUTPBII IJIAH MOJIYYUIICS €CTECTBEHHBIM 06pa-
30M u3 ypaBHeHUl Bennmana.

MbI TIPOMJTIOCTPUPOBAIIN HEKOTOPBIE PE3YIbTAThI HAITUX BHIYMCJAEHU Ha puc. 9.3:
CepBIM HA HEM MTOKA3aHbI T€ COCTOSTHUS U IENCTBYS, B KOTOPbIE Mbl HUKOT/IA HE TIOTIaJIEM,
ecsin OyzieM cJief0BaTh ONTUMAJIbHOI CTpaTerny, 3ajaBaeMoil Q*, a YepHbIM — Te, B KO-
TOPBIE MONACTh MOKeM (B COCTOSIHUM s1 OBLIO BCe PABHO, KaKoe [IeHCTBUE BHIOUPATH,
Tak 4to BbiOpasu Yer).
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So
V*(s0)=3
Q*(sg, Yer)=3
Q*(sq, Hewet)=2
: -5 Sg
Heuet 4-/
= Ye 1/2 +5 Viiserd
2/3-( +1 G
V'(84)=0 Heuer 1/2 -5
1/2 5

Puc. 9.3. Urpa «der-HeueTs»: 3HaYeHNsT GYHKIIUNA COCTOSTHUHN U ONITUMAJIbHAST CTPATET s

3aMeTuM, UTO TiepecueT B HallleM aJITOPUTME UCTI0JIb3YyeT MH(MOPMAITUIO OT BCEX BO3-
MOJKHBIX COCTOSTHUU-TIPEIIIECTBEHHUKOB; TOCKOJIBKY COCTOSTHUI OGBIYHO OY€HB MHOTO,
Bce 3T (POPMYJIBI TIOKA YTO (haKTHUECKU HETPUMEHUMBI Ha ITpakTuke. Ho MoskHO chop-
MYJIUPOBATh AHAJIOTUYHOE MTPABUJIO U JIJISI OJTHOTO «TPEHUPOBOYHOTO IIPUMEPAs, COCTO-
SAIIEro U3 TEKYIIEro COCTOSTHUSA S, IPOM3BEICHHOTO ICHCTBUS @, COCTOSIHUS 8, B KOTOPOE
MBI TIOCJIE HTOTO TIEPEILIN, U HETTOCPEICTBEHHON HATPAIbI 7°:

Q(s.0) = Q(s.a) + (7‘+7H}16}XQ(8',G') - Q(sm) :

Teopernueckue rapaHTUX y 9TOTO MeTOJA MOSIBJSAIOTCS, €CJU Kaxaas mapa (s,a)
BCTpeYaeTcs: B mpoiiecce 00yueHust 6eCKOHEYHOe YMCJI0 Pa3, s' BBIOMPAIOT U3 pacipe-
JleJIeHn s Pgs,, ar COMIUIUPYETCSI CO cpefHuM R(s,a) M OrpaHUY€eHHON [cHepcueii.

BripoueM, Ha camoM jieJie Hata 1ejb — He pyHKimu V 1 Q, a oTUMalibHas cTpaTe-
rust 7, u uieM Mbl V™ TOJIBKO 3aTeM, 4TOObI yrydinuTh . Kak 970 MOXKHO c/ie1ath?

NTax, MbI OCTATOYHO JIOJTO YKe PacCyXAaiu O (PYHKIINSIX 3HAUEHUU COCTOSTHUI
Y TIap COCTOSTHIE—IeHiCTBIE, MHOTOE TTOHSJIN, & TETIePb TIOpa MEPEXOANTh K CAMOMY BKYC-
HOoMy. [IpakTHYecKU BCe COBPEMEHHBIE MOAXO/BI K 00YUEHUI0 OCHOBAHBI HA OYEHb TIPO-
CTOM, HO OY€Hb MOIIHOM IIPUHIIKIIE, KOTOPbIi HagbiBaeTcsa TD-o6yuenue (TD-learning),
ot cnoB temporal difference (Bpemennsie pasHoctu). O6muil npurnun TD-00y4erHus
TAKOB: laBaiiTe 00y4aTh COCTOSTHUSI HA OCHOBE y3Ke 00YUEHHBIX HAMU OTIEHOK JIJISI TTIOCJIe-
NyIonmx coctosHui. Kaxabril pa3, Koria Mbl ieJlaeM 09epeTHON TIepeXo/l, MbI HEMHOK-
KO <IOATSATHBaeM» (QYHKIUIO V s TOTo cocTosgHus (Miau (QyHKIUIO () IS 1napsl
COCTOsIHUEe-JIeiicTBHE), M3 KOTOPOTO MBI BBIILJIN, K 3HAUeHNIO GYHKIUU V' 7171 TOTO CO-
croguus (nan GyHKIUN () 1J14 1apbl COCTOSIHNE-/IeHCTBYE ), B KOTOPOE Mbl IIOIAJIH.



9.2. MapkoBcKUe npoLecchl NPUHATAS peLleHni 389

[Ipocreiimuii anropurm TD-06y4enus, Tak HasbiBaeMoe T'D(0)-00yuenue, BbITIIs-
it tak. CHavama Hy)KHO MHUIMATU3UPOBATh GYHKIMIO V (S) U CTPATETHIO T MPOU3-
BOJIbHO (0OBIYHO KaK-TO CIy4allHO), a 3aTeM Ha Kax/[0M SIU30/ie 00yUEeHMSL:

®* MHUIOUAJIU3UPOBATDH S;
* JJId KaXK0ro 1iara B 91IM30/1€:

— BBHIOpATh a 110 CTPATETUH T;
— cfeJarb a, MpoHabJII0aTh Pe3yJIbTarT 7 M CJIeAyIoliee COCTOSTHUE S;
— 00HOBUTH (DYHKIINIO V' HA COCTOSIHUU $ 110 POpMYy.JI€:

V(s):=V(s)+a(r+V(s)=V(s));

— TepelTH K CIIey0NeMy Mary, IPUCBOUB s := s’

Bot 1 Bce! Ha niepBbiii B3IJIsII KasKETCs, UTO 3/1eCh TIPOMCXOUT KaKasi-TO YepHast Ma-
rust: Mbl 0Oy4aeM V (s) Ha OCHOBE Apyrux 3HadeHuii V (s')... HO UX MbI TOKE MHUIHAIK-
3upoBasn carydaitnbiM o6pazom! OfiHaKko Bce paboTAET: CMBICI B TOM, 4TOObI HCITIOJIB30-
BaTh yske 00yUeHHbIe 3aKOHOMEPHOCTH /IS TOMCKa OoJiee TIyGOKNX 3aKOHOMEPHOCTEH.
Cravana o6yvaTcst 3HaueHUs V (s) HA COCTOSTHUSX, KOTOPBIE HETIOCPEICTBEHHO BETYT
K HACTOSITIIMM HATPAIAM 7, & TOTOM HTH 3HAUEHUST OYYT TOCTETIEHHO TIEPeaBaTh HAKOTI-
JIEHHbIE B HUX «3HAHUST» AJIbIIE, K TIPEABIIYIINM COCTOSTHUSIM. B pe3ynbraTe obyuenne
HOJTy4IUTCS TieeHanpasaeHubiM, TD-o0ydenne ropasno 6picTpee u addexTrBHEE, YeM
Apyrue CTpaTerum.

Bupouem, n ero MoxxHO yayuiiute. 7D (0) CMOTPUT Ha OJIMH IIAr BIIEPe; MOXKHO
PacCMOTPETD aJTOPUTM, KOTOPBIiT GyIeT OOHOBJISITH COCTOSIHUS CPa3y Ha MHOTO TIaroB
Hazan. Ou HaszbBaeTcs TD (), M A 31eCh UTPAET TY JKe POJIb, UTO W PAHbIIIE: MbI OGHOB-
JISTEM KayK7I0€e COCTOSTHHE U 0 (hOPMYJIE:

V(u):=V(u)+a(r+V(s)=V(s))e(u)

Ha ocHoBe 3Hauenust €(u) (ot cioBa eligibility), KOTOpoe TTOKA3bIBAET, HACKOJIBKO YACTO
3TO COCTOSTHHUE TTOCEIIAJIOCH B TIPOIILIOM. 3HAYEHUS €(1) TOUHO TaK XKe HKCIIOHEHIIUATb-
HO 3aTYXalOT C TIOKa3aTeIeM A:

t
e(s) =Y AP = s,
k=1

rfie [s = sj,] paBHO eIUHMUIIE, ECTTN § = S}, U HYJIIO B TIPOTUBHOM CJIy4ae.

Eci A = 0, TD(\) npespaiaercs B ysxe 3Hakombiit Ham 7D (0). A 3HaueHust €(u)
MOKHO TOXK€ XPAHUTD U TIEPECUUTHIBATH B PEAIBHOM BPEMEHH TIOCJIE KAXK[OTO HOBOTO
nepexo/a:

() Ae(u) + 1, ecum Tekylee COCTOSTHUE — ITO U,
e(u) ==

elu .
A B IIPOTUBHOM CJIy4dae
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Koneuno, Ha nnpaktuke 0OHOBJIAIOT HE BCE COCTOSIHUS, 8 HECKOJIBKO ¢ CAMbIMU O0JIb-
MIUMU 3HAYEHUSAMH € (1), KOTOPBIE B PEATHHON Pearnu3alini OObITHO XPAHSITCS B TPHO-
PpUTETHON OUepesn.

B peanbnbiit asroput™ npuniun TD-06y4yeHns MOKHO IIPEBPATUTDb PA3HBIMU CIIO-
cobamu. Ecim peamsoBath ero st GyHKIuU @ COBCEM B JI00, MOAYYUTCS AITOPUTM
SARSA, kotopsiii npeacrasisger coboit on-policy TD-00yueHue, mocie Kaxuaoro oue-
PEAHOTO Nepexo/a (S¢,at,rt41,5t+1 7at+1)1 JIeJIaeT cieyroliee 0GHOBJIEHHE:

Q(st,at) == Q(s¢,at) + a (141 + YQ(St+1,a1+1) — Q(st,at)) -

Ananormano, SARSA(\) 06HOBIISIET 3HAUEHNS Ha BCEX Mapax (s,a) ¢ yUETOM €(S,a):

Q(s,a) == Q(s,a) + a[rep1 + YQ(st41,a041) — Q(st,ae)] €(s,a),
et(s,a) :=yAe—1(s,a) + [s = s¢,a = ay].

[Ipu aTOM, ITpaB/a, CTPATErUs JOJKHA OBITH MITKOMN, HATIPHMED €-5KaTHON ¢ YMEHbIIa-
OIIIMCSI €, YTOOBI AITOPUTM MOT UCCJIE0BATh HOBBIE BO3BMOKHBIE IEHCTBIS, HO CO Bpe-
MeHEM OHa JIOJDKHA KaK-TO IIJIABHO CXOANTLCST; 3TO BHOCHT JIOMOJTHUTEIbHbBIC HHXEHEP-
HBIE CJIOKHOCTHU B PEAIU3AIUIO, TOTOMY YTO OT BIOOpA XapaKTepa 3aTyXaHUsI € UJIH JPY-
rOTO IApPaMeTPa «HEKATHOCTU» MOKET MHOTO€E 3aBUCETh.

[Toatomy 6ostee nonysipro off-policy TD-06yuenue pyHKIUU @, KOTOPOE OOBIYHO
Tak u HasbiBaeTcst Q-o6yuenuem [559]. 3mech Mbl cpasy pelaeM ypaBHeHus bejimaHa
OTHOCHUTEbHO MAKCUMYMOB:

Q(st,at) = Q(st,at) + « (Tt+1 +ymax Q(s¢11,a) — Q(Styat)) .

Teneps ) HAPSIMYTO ATIIPOKCUMUPYET OMTUMAIbHYI0 (DYHKINIO Q*, HE3ABUCUMO OT
CTPATETUH; HTO 3HAYUT, YTO MBI MOXKEM MTPUAEPIKUBATHCS aBCOMIOTHO JIIOGOM CTpaTeruy,
a 06yJaThest Bce PaBHO OY/yT MPaBUJIbHbBIE ONTUMATbHbBIE 3HAYECHUST (Q*. AHAIOTHYHO
MOKHO oripeziesinTb 1 Q(A):

Qo) = Qo)+ (i1 +ymux Qo) = Qlovan) ) (s
et(s,a) == yAe—1(8,a) + [s = s¢,a = ay),

TOJTBKO TETePb eIlle Ha0 3a0bIBATE CJIEMIbI, €CJM MBI He CJeyeM CTpaTerun: €;(s,a) := 0,
ecant Q(sg,at) # maxg Q(st,a).

O kiaccuueckoM OOy4YeHUH C MOAKPEIJIEHHEM MOXKHO TOBOPHUTD €Ille J0JITO, HO
B 9TOM IJlaBe HaM OyJeT J0CTaTOYHO OCHOBHBIX NpuHIUIOB TD- u Q-06y4enust. Ha-
MOCJIEIOK JKe — HEOOIBINoe 3aMeYaH e M0 MOBOY UCTOYHUKOB /ISl MHTEPECYIONHXCS.

1 Torapaiitecs, mouemy anroputm nassiaetcss SARSA.
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B 06y4eHnu ¢ TOJKPEIEHIEM CJIOKUIACH CUTYATIHsT, COBEPIIEHHO YHUKATbHAST 17T HH-
bopMaTHKK: JTydIeil KHUTOM 110 00YUEHUIO ¢ TIOAKPEIIEHUEM 10 CUX ITOP OCTAETCSI KHU-
ra Pruuapza Carroma i Duzpio Bapro [519], usgannas eme B 1998 roxy!! Tem, kto xouer
nozpobHee pa3obpaThCs B 00YYEHUH C MOAKPEIIEHUEM, PEKOMEHIYEM IIPOCTO [IPOYECTh
3Ty KHUTY OT Havasa /0 KOHIa (OHA JO0CTyIHA CBOGOAHO), OHA HEGOJIbIIAS U HECIOK-
Hasl, HO B HEel OYeHb SICHO U MOAPOOHO M3I0KEHBI 1 BCE OCHOBHBIE WJIEW ATOTO pas/ea,
U MHOTHE MX PACIIPEHUSI.

9.3. OTt TDGammon kK DQN

Ero B30p, ipesk/ie B30p IPOCTOro HAOII0IaTelIst, BIIMBAETCS TEMEPb TIy6-
JKe, CyMpauHee, yIlopHee, HEOTCTYITHEe...

C. Isetiz. Suemyno Dpeiio

Bce Te anropuT™bl 00yUeHHUsT ¢ MOAKPENJIEHHEM, O KOTOPBIX MBI JI0 CUX TIOP TOBOPILIH,
UCIIOJIb30BaM 3HaYenust Buna Q(s,a) win V (s), mpuuemM OHU IBITAIUCH TTOJYIUTD ITU
3HAUEHUsI B SIBHOM BHJIe, HAIIPUMED, 0O0yInTh (DYHKIUIO Q* HA BCEX BO3MOMKHBIX BXO-
nax (s,a), 4T06bI MOTOM MaKCUMU3UPOBATH OXKUIAAEMBIN PE3yIbTaT, HANAA ONTUMATb-
HyIo cTparternio. Ho Belb 3THX CaMBIX COCTOSTHUHN s OGBIYHO aCTPOHOMUYECKOE YHCIIO —
[IPE/ICTABBTE, CKOJBKO BO3MOKHBIX IIO3UIIHIA B UTPE Io! A eCJIy YiCII0 COCTOSIHUM YMHO-
JKWTh Ha YUCJIO0 BO3MOKHBIX JICHCTBUN B HUX, TTOJy4YnTcs erte 6oJbiie. [ToaTomy B pe-
AJIbHOCTU, KOHEYHO, HUKTO HE TIBITAETCS MEPEYUCIUTH BCE BO3MOKHBIE COCTOSTHUS, 10~
CTpPOUB U 06yUnB OrpoMHyto Tabauity Q(s,a). [loaxom 0O6BIYHO TAKO:

* JaBaiiTe MPeICTaBUM BXO/IbI, TO €CTh COCTOSTHUS s € S U feficTBUsI a € A, B BU-
Jle KaKMX-TO XapaKTEPHbIX IIPU3HAKOB, TaK, YTOOBI Pa3MEPHOCTD BX0/a IIepecTaia
OBITh ACTPOHOMUYECKOII;

* a dysaruuo Q(s,a), B KOTOPOU paHblile 3HAYEHUST HAa PasHBIX BXOJax ObLIN He3a-
BHUCHMBI JIPYT OT JIPYTA, IPEJICTABUM KaK KaKyIO-TO TapaMeTPUYECKYIO MOJIETh Ma-
MUHHOTO 00yuenus Q(s,a; ), Ha BX0O/{ KOTOPOH TTOJAI0TCSI TPU3HAKH, OTIMCHIBAIO-
e s u a;

* torga GyHKIus Q(s,a;0) — 3TO MPOCTO CI0KHAST (DYHKIUS U3 TPU3HAKOB B Of-
HO BEIIECTBEHHOE YUCIO (0KUAAEMBIN BRIMTPHIII, UJIU €T0 BEPOSITHOCTD B CITyvae

! HeGonbimoe mpuueckoe oTeTyIienue: B tHbOPMaTHKE AeHCTBUTENIbHO OGBIYHO CBeK1e KHUTH JIyylle
CTapbIX MPOCTO TIOTOMY, YTO HHGOPMATHKA PA3BUBAETCSI OYeHb GBICTPO, U HOBBIE KHIUTH MEPEIAIOT HOBBIE pe-
3yJIBTAThI, KOTOPBIE YACTO MOTJIONIAIOT CTAPbIE, IAIOT CBEKMI B3TJIsi U Gostee Tirybokoe nonnmanue. Ho B Ma-
TeMaTHKe B IIEJIOM CUTYAIIsI 3a4acTyi0 oOpaTHast. Mbl HEOAHOKPATHO YOEKAAIICH, YTO, HAIPIMED, JyJIIie
YYEGHUKI TT0 MATEMATHYECKOMY aHaIu3y U AnubbepeHIMaTbHbBIM YPABHEHHSIM TIHCAII B HAYAJIE U CEePEIHE
XX Bexka, ¢ pacueToM Ha TOTJAITHUX MHKEHEePOB; B 9TUX KHUTaX OY€Hb XOPOIIO J[aeTCsl UMEHHO TIOHNMaHue
IIPOUCXOJISIIEr0, YIIOP Ae/IaeTcs Ha CBS3b MaTeMaTHKU C PeabHbIM MUPOM U PellleHHe COAePKaTeJbHbIX 3a-
Jlay, a He TOJIbKO MeXaHU4ecKoe repernucbiBanne GopmyJ. Tak 4To ecsiu y Bac Ha aHTPECOJISIX MBLISITCS CTapble
KHWTH [0 MATEMATHKe, OTKPOIITe UX, BOSMOXKHO, GyZI€Te MPHSITHO YNBIEHBIL.
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OGUHAPHOTO MCXO0/IA), U ee IapaMeTphl 6 MOKHO NBITAaThCA 00yYaTh METOAAMM Ma-
IIUHHOTO 00YYEHNUS;

* BxogaMu JJist o0ydenus Oyjer, cornacHo uaee TD-00ydeHust, Kaxablii ouepesHoii

ePeXOJL (St, At T'¢41, St+1);

* ¥ Ka)K/Iblil mar o0y4eHus BBIJISIAMT TAK: areHT AeJIaeT X0 a U3 COCTOSHMUS S, 11~

PEXOUT B HOBOE COCTOSIHME ', MOJTydast 3a 3TO HEIIOCPEACTBEHHYIO HArpaiy T,
a 3aTeM JieJiaeT ofiuH Tar obydenust hyuxnuu Q(s,a; 6) co BXOAOM (s,a) U BHIXO-
nommax, Q(s',a’; @)+r (HarmoMHNM, 4TO B TTO/ABJISTIONIEM GOJTBIIIMHCTBE CIyYaeB
r = 0, Harpaay 0ObIYHO JAIOT TOJHKO B CAMOM KOHIIE 91THU30/1a 00yUeHwsI); KPO-
M€ TOTO, aTeHT MOJKET TAKIKe C/IeIaTh TAKUE Ark 10 OTHOINEHUIO K TIPEAbILY M
HO3UIUAM, OOHOBUB Beca He TOJIbKO JJIsI ITOCJIEAHET0 BXO/IA, HO U IJIsl HECKOJIBKIX
MPEIBILYIHX.

B aroii cxeme HelpOHHBIE CETH, KaK 00BIYHO, OTJMYHO PaGOTAOT B KauecTBe YHU-
BEPCAJILHOTO YEPHOTO SAIUKA, KOTOPBIA MOXKeT MPUGIU3UTD JII0OYI0 (DYHKIIUIO, B TOM
yucse u GyHKIo Q(s,a). Hanpumep, eciu oz 00yueHneM NOHUMATh OOBIYHBIH rpa-
JIMEHTHBIN CIIYCK, TO MbI OGHOBJIIEM BeCa HEPOHHOII CETH 110 CJIeAYIONeMY IPABUILY:

t

wir1 = wi+ o (Yer1r — 1) DA T Vg,
k=1

T7le Y — BBIXOJ HEPOHHOH CeTH Ha mare k, a A — 3TO IapaMeTp 3aTyXaHus, KOTOPBIN
MOKA3bIBAET, HACKOJIbKO CHJIbHO HYXKHO YYUTHIBATH PE3YJIbTATHI IIOCTEIHETO XOMA IS
Ipei-IPebIIYIIETO, TIPea-TIPea-TPeIbIAYIero U Tak najee. [loxyyaercs, yro mpu A = 0
MbI OGHOBJISIEM Beca TOJILKO Ha OCHOBAHUY TOCIEIHEr0 X013, a Iipu A = 1 paccMarpu-
BaeM BCIO MCTOPUIO OT Havyajaa BpeMeH (TO eCTh OT Hayaja s1u304a 00ydYeHUsI, OMHON
<«TTApTUANS ).

[TepBbie ycrexu HEHPOHHBIX CeTeli Ha MOTPHIle 00yYEHUs ¢ TTOAKPENIEHUEM OTHO-
caTCs K BpeMeHaM BecbMa apeBHUM. B 1992 rony xepanba Tesaypo (Gerald Tesauro)
paspaboTai mporpammy, mojayuusiryo Hassanue TD-Gammon [525, 526]; HassaHue
BIIOJIHE JIOTMYHOE, Be/lb UIpaJjia 9Ta nporpamma B Hapabl (backgammon), u gerana ato
npu omotu TD-o6y4enust. TD-Gammon paboTaeT B TOYHOCTH KaK HAITUCAHO BBIIIIE,
UCTIOJIB3YST OOBIYHYIO HETIIYOOKYI0 HEHPOHHYIO CETh ¢ OJIHUM CKPBITBIM CJIOEM J11st 00Y-
YeHUsl O MpaBwuTy Bbime. Hapbl okasanich o4eHb 6JaroaTHoil MOYBOM JIJIsT TAKOTO
MOZIX0/I4, TOTOMY YTO XOJI UTPhI 3aBUCHUT OT GPOCKOB KyOHKa, a 9TO 3HAYUT, YTO MOKHO
WCCJIEZIOBATh 3HAUUTETHHYIO YaCTh TPOCTPAHCTBA MOUCKA, TIPOCTO UTPAsi C CAMUM CO-
60it, KyOUKHU T103a00TSTCST O BCEX HEOOXOAUMBIX CJIYIalHOCTSIX. I 3TO MIMEHHO TO, YTO
nesana TD-Gammon 7ist 00y4eHust: TIPOCTO UTPajia caMa ¢ CoO0W MUJLTMOHBI TTAPTUH,
HocTeneHHo 06yJasich BCe Jydlile U JIydliie; BOJAeOCTBO 3/1eCh B TOM, UTO HUKAKOTO 00y-
YaroIero Habopa OKasbIBAETCS He HY/KHO.

TD-Gammon :xga oriaymuTe bl yermex. C Touku 3peHust 00ydeHus: g00pbiM
3HAKOM OBLIO TO, 4TO MOJIEJIb XOPOIIIO MACIITAOMPOBAJIACE: TIPU YBEJUYEHUH pa3Mepa
CETH U BPEMEHH, BBIZIEIEHHOM Ha 00y4YeHHe, CeTh HauMHAJIA UTpath Bee y4iie. [To mepe
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o6yuenust TD-Gammon cHadaia 06ydanach IPOCTEHIINM 3JIEMEHTAM CTPATETHH U TaK-
TUKHU HApJl, a TOTOM ITOCTEIIEHHO HAYMHAJIA BBIIEIATH GoJiee CI0KHbIe TPU3Haku. B pe-
3yJIbTate MporpaMMa Jake Ha MPOCTOM MPEACTABICHUN TTO3UINN 63 BCAKUX XUTPO-
CTell HAUMHAJIA UTPATh OUEHD CUJIBHO, & TIPH I0OABIEHUHN K IPEICTABIEHIIO HECKOIBKITX
BPYYHYIO TOPOKAECHHBIX IIPU3HAKOB U3 OoJiee paHHeil mporpamMmbl Neurogammon [524]
TD-Gammon HaunHaja yCIIEHIHO COIEPHUYATD C JIIOAbMU-YeMIINOHAMU.

Enuncreenubivu cnaboctssmu TD-Gammon ObLIv OIMMOKH B UCIIOJIb30BAHUN YIBO-
€HUS CTAaBOK U Ttoxas urpa B auammmuie: TD-Gammon cMOTpesa TOJIbKO Ha /IBa X0O/a
BIIEpE]T, & SH/IIIIIIIN Jaske B Hapaax TpeGyioT 6oee riybokoro pacuera. [1oaTomy B Bbi-
craBouHbIX urpax TD-Gammon HEMHOTO yCTyluja TOTJIAITHUM YyeMIioHaM. TeM He
MeHee, TD-Gammon oka3zaja cepbe3Hoe BJANgHIE Ha pa3BUTHE Hap/: HEKOTOPbIE KJac-
CUYECKHE MO3KUIUU OBLIM MOJHOCTHIO TIEPEOIIEHEHbI UTPOKAMU-JIIOABMH, OTOMY YTO
ortenka TD-Gammon mpoTUBOpeYMJIa YeTOBEUECKON NHTYHUIINH U TIPAKTUKE UTP; TOT
xKe a(hhexT MOXKHO GBLIIO HADIOATD MTO3/[HEE U B IIIAXMATaX, & TEIEPh 1 B TO.

Opnnako TD-Gammon Ha0AT0 OCTajach MPaKTUYECKU €/[MHCTBEHHON yCIIeNnHOMN
[IPOTrpaMMONi, OCHOBAHHOI Ha uesix 00y4eHust HeHPOHHOII ceTH ¢ moaKperieHneM. Pa-
3YMEETCsl, UCCJEI0OBATEIN TYT K€ TOMBITATUCH TPUMEHUTD AHATOTUIHBIX TIOJIXO] K TaX-
MaTaM ¥ ro, HO Y HIX MaJIo YTO TOTyInaoch. [lociaeoBanu faske OTHOCUTENBHO TIECCH-
MUCTHYECKUE PAabOTHI, KOTOPBIE MOKa3bIBAIH, 4TO Q-00yUyeHHe ¢ HEJTMHEHHBIMU TTapa-
METPUYECKUMHU IPUOIMKeHnsIMHU (2 HellPOHHAS CeTh — HTO caMOe HeJIMHENHoe MpuoJim-
JKeHue, KOTOPOe TOJIbKO ObIBaeT) yacto pacxoautcs [541], a yenex TD-Gammon o6bsic-
HSJICS UCKJIIOYUTEJBHO YIIOMAHYTHIM Bblllle 3 (eKToM paBHOMEPHOIO paclpesie/ieHus
00yueHUs TI0 IPOCTPAHCTBY MOUCKA 3a cueT KyOuKoB [428].

K cyacTpio, 3TH MecCUMHUCTUYECKIE TIPOTHO3BI HE ONPAaBAAJIUCH; IO Mepe TOTo, Kak
Pa3BUBAJIACH PEBOJIIONUS TIIYOOKOTO OOYUYEHUSsI, HAYAJIH HOSIBJSTHCS U MOIBITKU MOJIe-
JiupoBaTh GyHKIMU V U @, a Tak:Ke OKPYIKAIOILYIO areHTa CPeLy, MPHU MOMOIIH Iy6o-
kux cereil. [Tocse panaux pabor [210, 469] mpopsIB, OKOHYATETBHO OIIPEAETUBIIUI Ha-
[IpaBJIeHIe IS COBPEMEHHBIX YCIIEXOB, ObLT JOCTUTHYT B pabote Bosognmupa Muu-
xa (Volodymyr Mnih) ¢ coasropamu u3 komnanuu Google DeepMind, B koTopoii onn
MPUMEHWIIN Ujler 00yJIeHUsI ¢ TIOJKPEIIEHHEM K PAHHUM, HO OT 3TOTO He MeHee Ipu-
BJIEKATEJIbHBIM UTPaM JIJISI IPUCTABOK M apKaHBIX aBTOMATOB Atari; fa-71a, TeM CaMbIM
Pong, Space Invaders, Breakout n npyrum xinaccudeckum xutam 1980-x rogos.

I[TepBas paboTa 6bima BhiTokeHa Ha arXiv B 2013 romy [426], a HeMHOTO yirydieHHast
U IPUMEHEHHAsT K GOJIBIIIEMY YHCJIY PAa3HBIX UTP MOJIeJIb Oblia orrucaHa B cratbe 2015 ro-
J1a, BBIIIE/NTEH B OJHOM M3 TJIABHBIX HAYYHBIX sKypHaxos mupa, Nature [238]'. Dror
HOJIXOJI TIOJIYYNJT Ha3BaHue 21y60k020 06yuenus ¢ nookpenienuem (deep reinforcement
learning), a cetu, o6ydeHHbBIE TaKWM CIOCOOOM, HA3BIBAIOTCA 2aybokuMu Q-cemsamu
(deep Q-networks, DQN).

1 Kcratu, cratbs ipo AlphaGo Tose nossumack B Nature [355]; pesy/ibTaTbl, 6e3ycioBHO, GiiecTsiie,
HO cama ujiest TOTO, YTO CTAThH O KOMITBIOTEPHBIX [TPOrPAMMBIX, HIPAIOLINX B HACTOJIbHBIE U KOMITBIOTEPHbIE
UTPHI, TTeyataioT B Nature, IJIsT Hac Beerzia Obliia HEMHOTO KOHTPHHTYUTHBHOIL.
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¥ DQN B BapuanTe [238] ecTb HEKOTOpBIE HEOOJIBIINE, HO BasKHbBIE YCOBEPIIEHCTBO-
BaHUS 110 OTHOILIEHUIO K 6a30BOI apXUTEKTypPe, OIMCAHHOM Bbille. Bo-11epBhIX, MpaKTH-
Ka IMOKA3bIBAET, YTO 06YIATHCS HEMTOCPEACTBEHHO HA TOCTEI0BATETBHBIX KATIPAX UTPHI —
II10Xas Ujles: COCeIHUE KaJ[PbI CAUIIKOM IIOX0XKU IPYT Ha IPYTa, CUJIbHO KOPPEIUPYIOT,
[IPUYEM CO BPEMEHEM UX paclipefiejieHIe, eCTeCTBEHHO, CABUTAETCS B 3aBUCUMOCTH OT
XOJla UTPDL, HO OCTaeTCs JIOKAIN30BAHHbIM.

I10 MermaeT ahHEKTUBHOMY 00yUeHHIO, BEb B OOBIYHOI TTOCTAHOBKE 3a1auu 00y-
YeHMs MBI [IpeJlIIoJlaraeM, YTo TPEHUPOBOYHLIE IaHHble HEe3aBUCUMDL, a pacipeiesieHue
JIAHHBIX CO BpeMeHeM He MeHsteTcs. [ToaTomy o Mepe oOyuernss DQN cHavaia Hakall-
JINBAET HEKOTOPBIH OIBIT, COXPAHSIS CBOU JECHCTBUS W WX PE3YJIbTaThl Ha TPOTSKEHUN
KaKOT0-TO BPEMEHH, a TIOTOM BBIOMPAET U3 ITOTO OIBITA CIYYaWHBII MUHU-0ATY OTIAETb-
HBIX IPUMEPOB JIJIs1 0OYUEHUs, B3ATHIX B CJyYAWHOM TIOPSI/IKE; IIs1 HAKOTJIEHUS OTIbITA
npu 00yYeHNH UCTIOTB30BANACE e-KaAHast crpaTteruss. DopManrbHO TOBOPSI, Ha KaXKIOM
mare oOydeHust ¢ Mbl:

* BbIOMpaeM cienyliee aeiictBue a; (B €-KaJHOI cTpaTeruu Mbl BbIOUPaeM crydaii-
HOE JIENCTBIE C BEPOSITHOCTBIO € U ay = arg max ((s¢, a; 6) B IPOTUBHOM CJIyYae;

* JleJIaeM 3TO JIeHiCTBUE, [T0JIydast Harpaay 7 U CJeAyIollee COCTOSIHUE S¢41; HOBAs
eIMHUIIA OIBITA (S¢,a¢,Tt,S¢41) 3AIUCHIBAETCS B IIAMSITD;

* 3aTeM BBIOUPAEM U3 MAMSITU CJyIalHbII MUHU-0AaTd TAKUX «EMHUI] OTIBITA> JIJIST
00y4eHNs; 1T HPOCTOTBI ITYCTh 9TO Oy/IeT OHA eIMHUIA (S7,a7,7j,5+1);

* TI0/ICUMTBIBAEM BBIXOJ CeTH y; (00 9TOM UyTh HUKE) U [e/IaeM OJMH IIar rpaji-

2
€HTHOTO CITycKa JJist GYHKIUK OIUOKY L = (yj — Q(sj,a5; 0)) ; 9TO 3HAYUT, YTO
MBI CABHATaeM Beca CeTH Ha

VoL =2 (y; — Q(s5,a4;0)) VoQ(s,a;0).

Bo-BTOpPBIX, BayKHYIO POJIb JISI yCIIeXa ChIPaIo To, yTo 1pu obyyenun DON cers,
KOTOpast oTBeyasa 3a LeseByo GyHkiuio (target network), 6plaa orgenena or cerw,
KoTopas coOcTBeHHO oOyuaercs. IpakTHKa IOKasblBaeT, uyTO €CJau HpuMeHsaTh TD-
00y4eHune HATIPSIMYTO0, CIMIITKOM MOIIIHBIE alllIPOKCMMATOPBI (HAIpruMep, HePOHHbIE ce-
TH) 00HAPYKMBAIOT HECOMHEHHbIE CKJIOHHOCTH K TaJLJIIOLMHALIMAM: OHU OBICTPO 3aX0-
JIST B KaKMe-TO UMW CAMUMU ITPUAYMaHHbIE JJOKATbHbIE 9KCTPEMYMBI M HAUMHAIOT OUY€Hb
ryOOKO MCCIe0BATh COBEPIIEHHO GECCMbICIEHHbIE YACTH IIPOCTPAHCTBA 0K CKa, Gec-
L[EJIHO TPaTs Pecypchbl U (pakTHUECKH He 00yYasiCh.

K cuactrio, 3101 6€/1€ OTHOCUTENBHO JIETKO TOMOYB: IOCTATOYHO C/IEIATh TaK, YTOOBI
CeTh He Cpasy MCII0Jb30Bajia OOHOBJIEHHYIO BEPCHIO B LeJIeBON (QYHKIMH, a 00yJyaiach
JIOCTaTOYHO JI0JITOE BPEMsI 110 CTapbiM 0OpasiaM, MPesK/e YeM Ce/IaTh yKe MOJTHOLEH-
HbII r100a/IbHBIN aneiiT. IHBIMU CJIOBaMHU, B IPUBEIEHHOM BbIIIIE aJITOPUTME MbI CUM-
TaeMm

T, €CJI B1IU30/] 00YUEHHUsT 3AKOHYUJICS,
yj =
J rj +ymax, Q(sj,a5;60), ecau Her,
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rae 6g — 310 Hekue 3aUKCUPOBAaHHBIE BeCa, KOTOPbIe He MEHSIOTCS TI0CJIe KasKI0TO
TECTOBOTO IPUMEPA, MEHSIOTCS TOJIbKO 6. B Kakoii-ro MOMEHT, OOBIYHO OAMH pa3 3a
OJIMH WJTH HECKOJBKO IMM30/[0B 0OYUIEHNMsT, Hy’KHO BO3BPAIATLCS K 9THM BECaM Iieje-
Bol (DyHKIIMU U IprcBanBath O := 6.

Ile-dbaxTo y Hac mapasiesbHO 00YYAIOTCsI JIBE CETH: OJ[HA ONPEENSIET MOBEIEHUE,
a ipyrast — 1eeByio GYHKINIO; CTPYKTYPa ¥ HUX OfTHA U Ta JKe, U 00yJaioTCsT OHU OfIH-
HAKOBO HA OJIHUX U TEX JKe IAHHBIX, HO OJ[HA CEThb ITOCTETIEHHO OTCTAET OT JIPYTO#, BpeMs
OT BPEMEHHU CKAYKOM «IOTOHSISI» TIEPBYIO.

B-TpeTbux, CTOUT OTMETHTD, YTO HA MPAKTUKE OOBIYHO TIPUMEHSIETCSI QDXUTEKTYPA,
B KOTOPOIl BO3MO’KHOE JIefiCTBHE areHTa a € A He MOJaeTcsl Ha BXOJ, a TIPOCTO Y CeTn
CTOJIKO BBIXO/IOB, CKOJIbKO BO3MOXKHBIX JIEHICTBUI, M Ha BXoJle s € S CeTb IIbITaeTCs
MIPE/ICKA3ATDH PE3YIbTATHI KAKIOTO A€HCTBU (IIOCIE YET0, ECTECTBEHHO, BHIOMPAET MaK-
CUMAJIBHBIN ). DTO Ba)KHOE YJIyUIIeHNE, TOTOMY YTO OHO MO3BOJISET TTOJTYIUTH OTBETHI
IS Cpas3y BCeX JENCTBUIA 32 OJIMH IIPOXOJ TI0 CETH, YTO YCKOPSIET ITPOMCXO/ISIIEe B pa-
3bl, & CETh OT ATOTO CHJIbHO CJIOKHEee He CTAHOBUTCS, BE/[b OCHOBHAS YACTD €€ «JIOTHKU»
OCTaeTCsI TPesKHel 1 NCTIOb3YeTCsI 3aHOBO.

W HakoHer, elfe 0HO Ba)KHOE yJIy4IlleHIe COCTOUT B ITEPEX0/ie K TaK Ha3bIBAEMOI
dueling network: mbl pasuensiem Q-ceTb Ha JiBa KaHajla, OJAMH M3 KOTOPHIX BBIYMCIISIET
ottenky mo3utuu V (s; ), kotopas siBiisieTcss GyHKITMEN MO3UIUY U He 3aBUCHUT OT TEKY-
IIero JeUCTBUS a, a APYroi — 3aBUCAIILYIO OT AeiicTBust advantage function (QyHKIMIO
npeumytiectBa) A(s,a; 8). Ha mocyiennem arare OHU IIPOCTO CKJIAIBIBAIOTCS:

Q(s,a;0) =V(s;0) + A(s,a;0).

Takum 06pa3oM, OJ[HA YACTh CeTU 0OYYaeTCs OIEHUBAThH TMO3UINI0 KaK TAKOBYIO,
a JIpyrast — MPeJCKa3bIBATh, HACKOJIBKO MOJIE3HBI OY/IyT pasHble HAIIH JAEHCTBUS B 9TON
nosuiun. Keratu, oGpature BHUMaHKE, YTO Mbl, KOHEUHO 7K€, HE MOKEM OTJIUYUTH OHO
OT JPyroro B obyyaioieii BBIGOPKe, 3TO BCETO JIUIIb CIETKa U3MEHEHHAs! apXUTEKTypa
cern, a 00ydaeM MbI Mo-TIpeskHeMY DYHKINIO Q(s,a; 0), HO 9TO UBMEHEHWE B APXUTEK-
Type aeT HyKHBII «<HaMeK» U 4acTO CYNIECTBEHHO YJIyUIIaeT Pe3yIbTaThl.

B paborax [238, 426] 9T0OT 110AX0/1 IIPUMEHKIIN K TOMY, YTOObI UTPaTh B UTPhI Atari,
IIPUYEM BXOJIOM CJIY/KUJIO HE COCTOSTHUE UTPHI (3TO TOTPEOOBAIO GBI OTIEIbHBIX MHKE-
HEPHBIX PEIIEHUH IJIsT KasKI0U UTIPBI, @ UMEHHO 3TOTO U XOTEIOCh Obl H30€KaTh), a Co6-
CTBEHHO UTPOBOE I10JIe B BU/E KAaPTUHKHU U3 MTUKCEJEH, TOI caMoii, KOTOPYIO BUAUT HA
JKpare Urpok-uesoBek. TouHee roBOpsi, Ha BXO/ II0IABATIACH KOHKATEHAIIHS TIOCTIEIHUX
YeTBIPEX KaJPOB UTPBI, TO €CTh MOKHO CKa3aTh, UTO JOJITOM MTAaMSIThIO areHTa He CHaOI1-
JIU, OH €IBa-€JiBa MOT OI[EHUTb CKOPOCTU PA3HBIX 0OBEKTOB HA 9KPAHE.

! B anropurmmueckux pas/enax MHGOPMATHKH B TIOAOOHBIX CUTYAIMAX YACTO UCTIOMb3YIOTCS 3BePUHbIE
MeTaOpbl; HAIIPUMEDP, B «aJTOPUTMe 3aiilla 1 Yepenaxu» Py MONCKe IUKJIa B rpade yKa3aTeab-3asil I10cTe-
IIEHHO OOTOHSIET YKa3aTesIb-4eperaxy «Ha KPyr», M MBI JK/eM, KOIZ[d OHH CHOBA BCTPETSTCS. A 371eCh y HAC
CKOpee «aTOPUTM 3alilia U KEHTYPY»: CETh, OTPE/EJISIONIast TOBeIeHNe, 06yIaeTcst ObICTPO U TIOHEMHOTY, Ma-
JIEHBKMMH IIA)KKaMH, a CeTh, OIPe/IesIsoNas 1eseByo (DyHKIMIO, BpeMsi OT BPEMEHH BEJIMYaBbIM IIPBIKKOM
HaToHseT 3aiilia B o4epeHOM YeKIOHHTe.
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EnuncTBeHHOE 110CIa0/IeHNE, KOTOPOE CAENAJINA areHTy, COCTOSJIO B TOM, UTO €ro He
3aCTABJISLIA YYUTD YNTATh IU(PBI OYKOB!, 2 TTPOCTO ABAMIN YICIIO OYKOB U3 UIPHI B SIB-
HOM BH/Ie (3aMa3biBast €ro MIPY 3TOM Ha KapTHHKAX ); B UTOTE TIPUIILIN ke K ele 6oJiee
MIPOCTOI cXeMe: BhIIaBaIN HATPALy +1 3a KaKI0e TIO3UTHBHOE JOCTIKEHUE B UTpe 1 — 1
3a KasK10€e HeraTuBHoe coObiThe (B Atari 3T0 0OBIYHO IIOTEPSI OUEPELHON «KUSHI» ).

B pesyJbraTe M0Iy4YrI0Ch, YTO TaKask CeTh, HUUETO He 3Hast COOCTBEHHO O «IIPaBU-
JIaX UTPbI», TIPOCTO MO BXOAHON KapTHUHKE U IeJIeBOi (DYHKIMK 00y4YrIach UrpaTh BO
MHOTHe UIPBl Atari Jryuie desoBeka. JIOOOMBITHO, OHAKO, YTO He BO Bee. VITphr 6e3
JIOJITOCPOYHOI cTpaTeruu Bpoae Breakout niw Video Pinball noxopunucs DQN 6e3 Bo-
IIPOCOB, PE3YJIbTaThl ObLIK BAECATEPO BBIIIE YeJI0BEYECKUX (HAIIOMHUM, YTO PeyYb HIET
0 JIIOJISIX—3KCIIEPTAX, JYUIIMX UTPOKAX MHUPa B COOTBETCTBYIOIIEH urpe). Pe3ynbraTs
Ha yPOBHE YeJIOBEUECKUX WJIM HEMHOTO JIy4llle IOJYYUTUCh B UTpax Bpojie Pong u Space
Invaders, riie crpaterusi ecTh, HO OHA He OYeHb 00s13aTeIbHA ¥ HE CTUIIKOM J[0JITOCPOYHA.
A BOT B UTpax, rjie Hy>KHO JyMaTh HAJI0JITO BIEPE, HIYETO He MOJTyINIIOCh; HATPUMED,
B Montezuma’s Revenge DQN urparb COBEPIIEHHO HE 00YYUIACH, YCTOWIUBO TOTydast
HyJieBble pe3ysbTaThl. [10X0KUii MOAX0A MPUBET K YCIIEXY U B UTPE TO, HO 3/IECH, UTO-
ObI Ta caMast «JI0JITOCPOYHAsI CTPATerust» Bee ke cpaboTaia, J06aBATCS ellle HECKOJIbKO
Ba)KHBIX Mel, moaTomy 06 AlphaGo MbI TOTOBOPHUM OT/IEBHO B paszelie 9.4.

U ente oxHO 3amMedanue: 00ydeHUe ¢ MOAKPEIIEHUEM JIJIst UTP U APYTUX TMOJOGHBIX
oTJIMyaeTcs: 0T GOJIBIIMHCTBA APYTUX 3a/1a4 MALTMHHOTO 00YYeHUs TEM, YTO 3[/eCh y HaC
€CTh (PaKTUIECKY HeOZPaAHUUEHHBIL NCTOYHIK HOBBIX TPEHUPOBOYHBIX IIPUMEPOB. B ciy-
qae urp Atari Mbl MOKeM 3aIlyCKaTh CUMYJIATOP UTPhI CKOJIBKO YTOAHO pas, Ipolysl ca-
MbIE PasHbIE CTPAaTernu 1 06yJast MOJEJb XOPOIIO UIPaTh. B ciiyyae Urpbl B HAPAbI MU
r0 MOJIEJIb MOKET CKOJIBKO YTOIHO UTPaTh caMa ¢ OO0, ToKe ToTydast IPaKTHIeCKU
HEOTPAaHUYEHHYTO OCJIE[0BATEIBHOCTD TPUMEPOB J17ist 00yueHust. VI XOTsI TPUMEPHI 9TH
Oy/LyT B HEKOTOPOM CMBICJIE€ 3aBUCETDh OT TEKYILEl BEPCUU MOAEIM — B KOHIIE KOHIIOB,
MMEHHO OHa (00BIYHO ¢ J0OABJIEHHBIM CIYyYallHBIM IIYMOM JIJIsI HCCJIEIOBAHUS) UTPa-
€T, KOTJ/Ia CO3/IAI0TCSI HOBbIE TPEHUPOBOUHBIE TIPUMEPBI, — TO BCE PABHO HE WJET HU
B KaKO€ CpaBHEHHUE ¢ OOBIYHBIMU CUTYAIMSIMU, KOT/[a €CTh HEKUil (DUKCUPOBAHHbIH /1a-
TACET, U MAKCUMYM, U4TO BBl MOXKETE ClIeJaTh, — J0OABUTH B HETO HEMHOTO CJIy4aiiHOTO
IIyMa, KaK B [IYMOIIOZABJISIONIEM aBTOKOAUPOBINKe (cM. paszaen 5.5). C apyroii cro-
POHBI, 00y4€eHMe XOPOLIEH CTpaTeruy MeToAaMu 00y4eH s ¢ MOAKPEILIEHNEM B II000I
JIOCTATOYHO CJIOKHOU CUTYAIIUU — 3TO MPOIIECC JIOJITUN U CJIOKHBII: T€ caMble MOJIEJIN
DON st urp Atari naxe Ha caMbIX COBPEMEHHBIX BUAEOKAPTaX 00YYAIOTCS 110 HECKOJIb-
KO JIHE, TIPESK/IE YeM MOTYT TIOKa3aTh CKOJIb-HUOY/Ib PA3yMHBIE PE3YJIbTATHI.

[TosTOMY BIIOJIHE JIOTUYHO, YTO B TJIyOOKOM 0OyYEHUU € IOAKPEIJICHHEM OCHOBHOIM
YIIOp JaJbHEHIINX UCCAeOBAHUI MOKA YTO OBLI cllejlaH He Ha MaKCHMaJIbHO adek-
THUBHOE UCITOJIb30BaHKE KAJKIOTO TPEHUPOBOYHOTO TIpUMepa (MX JIETKO HareHepUpOBaTh
ele), a Ha TOM, YTOGbI MAKCHUMAJIbHO OBICTPO 06yYaThCsl.

! Jla u ¢ wero 6br areHT B3SLI, YTO 9TH 1uGPBI HYKHO YBEJIMYUBATD U YTO HA HUX BOOOIIE €CTh KAKOH-TO
HOPsIIOK... Boobiite, 1esienonarane — 3To ele c1aboe MeCTo UCKYCCTBEHHOTO MHTEIEKTa. Y HelPOHHBIX
ceTeii MOKa ABHbIE POOJIEMbI C MOTUBAIUEN: MOKET ObITh, MCKYCCTBEHHBII HHTEIIEKT YIKe TaBHO TOPabOTUII
ObI MUP, /1a KAK-TO HE XOYETCSL...
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Cremyomuii mpopbiB B CKOPOCTH 0OYYEHUs OBLI CIENaH Ha TI0YBE ACUHXPOHHOZO
06yUeH s ¢ TIOAKPETIIEHNEM, HCTIOIB3YIONIETo Be ocobenHocTr 06yuenus DQN:

* BO-TIEPBBIX, 00yUEHUE IPOUCXOAUT HE MOCJIE KaXkK/I0T0 X0/1a, a IIyTeM CJIy4ailHOTo
COMILIUPOBAHUS U3 HAKOILJIEHHOM MaMsITH, ¥ JI7ist OOyUYeHIs Hy KHO CHAaJaja co-
6path HEKOTOPOE KOJUYECTBO TECTOBBIX TPUMEPOB, & TOJHKO TIOTOM OOHOBJISATH
Beca MOJIeJH;

* BO-BTOPBIX, CeTb, KOTOpasg TeHepupyeT liesieBble 3HAUCHUS Il (PYHKIMU T0-
Tepb, — ATO He Ta JKe CaMast CETh, KOTOPast 06y9aeTcst MOCIe KaykK/I0T0 MUHH-6aTya,
OHa MOXKET 1 JaKe I0JKHA CYIIEeCTBEHHO OTCTaBaTh OT CETH, TEHEPUPYIOIIeH 1mo-
BeJICHUE areHTa.

[ToaTOMY 0Ka3a7T0Ch, ITO OOYUIEHNE C TOAKPETIEHHEM MOKHO Pa30UTh HA HECKOTIBKO
MIPaKTUYeCKU He3aBUCUMBIX YacTel, KOTOpbIe TOJIKHBI JAeJTUTHCS APYT C IPYTrOM HOBO-
CTSIMU TOJIBKO B OIIpe/ieJIEHHbIE JOCTAaTOYHO aJIeKO JIPYT OT APYTa OTCTOSIIIE MOMEHTBI
BPEMEHU, 2 MEK/Y HUMHU MOTYT PaboTaTh COBEPIIEHHO MAPAJIIETBLHO U HE3aBUCHUMO:

* JIOJIKEH BCe-Taku ObITh HEKUI 1eHTPaJbHBII IIPOIIECC, CePBEpP, KOTOPbI XPaHUT
TeKyIIMe 3HAYEHUST TAPAMETPOB, OOHOBJISIET UX MO Mepe HajOOHOCTH U Pasfiaet
BCEM OCTAJIbHBIM;

* TIEPBBIil BUJ IPOIECCOB — 3TO COOCTBEHHO «UTPOKU», KOTOPBIE B3aUMOAEHCTBYIOT
C OKPYJKAOIUM MUPOM U HapabaThIBAIOT HOBBII OIBIT; MM HYKHO BPEMST OT Bpe-
MEHHU TI0JIy4aTh OT CEpPBEPa OGHOBJIEHUS TTAPAMETPOB MOJIe U (OHU MCIIOIb3YIOTCSI
npu BBIGOPE AEHCTBUI), @ CAMU OHU TIPOCTO HAKATIIMBAIOT €JIMHUIIBI ONIBITA B BY-
JIe T€X CAMBIX YETBEPOK (S¢,at,7't,S¢+1) U TIEPEIAIOT HAKOIIJIEHHbIH OMBIT B 0011Iee
XPaHUJIUIIE TAMSITH;

* BTOPOU BUJ MPOIECCOB, «00yUaTE My, TTONYIAIOT U3 XPAHIUIINA TAMSITH OTIBIT
B BUJIe MUHHU-0aTYeil e[MHUI] ONBITA U CYUTAIOT TPAAUEHTHI (DYHKI[UK OIUOKM;
UM HY’KHA JIUIST 9TOTO CETh, TEHEPUPYIONIasl TleJieBble 3HAYEHMs], U TEKYIIasl, TaK
4TO «06yUaTeN N> HAXOAATCS B 60JIee TECHOM KOHTAKTe ¢ CEPBEPOM; HO 3aMETHM,
YTO OHU TO-IIPEKHEMY COBEPIIEHHO HE3aBUCUMbI, KAJKAbI U3 HIX CYNTAET CBOE
COOCTBEHHOE 3HAUYEHVE TPANNEHTA W CBOM COOCTBEHHBIE OOHOBIIEHS IIsI BECOB
MOJIENH;

* HakoHell, coOCTBEHHO cepBep coOMpaeT Bee 9T 0OHOBJIEHUS, IPUMEHSIET UX K Xpa-
HATIEHCS Y HETO MOJIEJIH, U B KaKOH-TO MOMEHT (0OBIYHO PETYJISIPHBIN, HO [0CTa-
TOYHO PEAKUI) pa3aeT OOGHOBIEHHYIO MOJIENh 0OPATHO «UTPOKaM» U «00ydare-
JIIM», @ TaKKe OOHOBIISIET MOJIEN, TEHEPUPYIOIIYIO TeJIEBbIE 3HAUEHIIST; TTOMyYa-
€TCsl, YTO CHHXPOHU3AIMS B TAKOW apXUTEKType, KOHEYHO, HY)KHA, HO €€ MOKHO
JIeJIATh OTHOCUTEJBHO PEJIKO.

B pab6ote [354] aToT moaxox ObLI MPUMEHEH sl TOTO, YTOObI pacrnapajliejiuTh
obydeHre ¢ TOTKPETJIEHEM Ha KJIACTEP M3 HECKONBKUX KOMIIBIOTEPOB: B pa3pabo-
TAHHOU aBTOPAMU apXUTEKType ¢ XapakTepHbiM HazBaHueM Gorila (ot cioB General
Reinforcement Learning Architecture) xamplii U3 IPOIECCOB, OIMCAHHBIX BBIIIE, MO-
KET OBITH PeATN30BaH Ha OTETBHOM KOMITBIOTEPE.
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Puc. 9.4. Pacupenenennast apxurexrypa Gorila [354]

A TIOTOM BBISICHUJIOCH, YTO MOXKHO PaclapajleTuTh Bce AT elile ahGeKTUBHEE, eciu
B KaUeCTBE OTAEJIbHBIX aT€HTOB MCIIOJIb30BATh MMOTOKK OJIHOTO M TOTO JKe TIPOIIECCOpPa;
TOT/Ia OHU MOTYT ITPOCTO OOPAMIATHCA K OJIHON Y TOM 7K€ MOJIEIN B TAMSATH, HO ITPU 9TOM
BCe PaBHO JieJIaTh CBOE /110 OTHOCUTEJIBbHO HE3aBUCHUMO.

Mbr uzo6pasuiau apxurektypy Gorila Ha puc. 9.4. O6paruTe BHUMaHUe, YTO Ma-
PALIETU30BAHO 3/1eCh OYKBAJIbHO 6ce. BO-TIepPBBIX, HECKOJIBKO HE3ABUCUMBIX <UTPOKOB>
(actors) meCTBYIOT KaXKIbIN B CBOEU KOTUU CPE/IbI, TIOPOKAAs HOBbIC €UHUIIBI OTTBI-
Ta U nepeaasas ux B mI06aibHy0 naMaTh (replay memory). Bo-Bropsix, «o6yuare-
seii» (learners) Tojke HECKOJIBKO: KK COAEPKUT KOMUIO Q-CeTH 1 BBIYKCIISIET IPa-
JMEHTHI TI0 CBOEMY OYEPEIHOMY MUHU-6ATYy TPEHUPOBOUHBIX IPUMEPOB, B3ITOMY U3
HAMATH; JIUIS TTOJICUeTa TPaJANeHTOB UCIOJIb3yeTcst 1eeBas Q-cerpb (target network).
B-TpeTbux, TpaiueHTHl 3TU OTIPABJISIOTCS HA CEPBEP MAapaMeTPOB, KOTOPBIN TOXE CO-
NEPAKUT HECKOJBKO MapasieqbHbIX y30B (shards), Kax/plii 3 KOTOPBIX XPaHUT 1 00-
HOBJISIET CBOIO OT/IEJIbHYIO YaCTh BEKTOPA I1apaMeTpoB ceTu 6.

JIt060IIBITHO, YTO ACHHXPOHHOE 00yUEeHHE OKa3bIBACTCSI HE TIPOCTO OBICTPEE, HO U CY-
niecTBeHHO Jyytie. [Ipuunnbl Takoro addexTa TOUHO He U3BECTHBI, HO, TIO BCEH BUIU-
MOCTH, [IeJI0 B TOM 3Ke adeKrTe, KOTOPBIM TTOMOTraeT CTOXaCTUYeCKOMY TPAIUECHTHOMY
CIIYCKY: pactpeie/ieHHOe aCHHXPOHHOE 00yYeHHe IPUBOAKT K TOMY, YTO MOJIEJTb HE IThI-
TaeTCs CJAUIIKOM JIeTaIbHO UCCIeI0BaTh OHY U TY e 4acTh IIPOCTpaHCTBa roucka. Pas-
HBIE «UTPOKU» BEAYT ceOsl MO-PAsHOMY, ¥ UX «IPEAB3SIThI€» OTHOILIEHUS K PA3INIHBIM
YacTsAM IPOCTPAHCTBA HoUcKa yepeausiores. B pabore [11] mepsbie pesyabrarst DQN
Haurpax Atari 61U IPEBBINIEHBI B PA3bl IPU TOM, 4TO 00111ee BpeMst 00y4eHNst COKPaTH-
JIOCh; JIFOGOTIBITHO, YTO /11 0OyUYEHMsI TIPU HTOM He UCTIOJIb30BATMCH BUACOKAPTHI, 1 BCE
nenanoch B 16 MOTOKOB Ha OGBIYHOM COBPEMEHHOM TIPOTIECCOPE.
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9.4. baMbykoBas xnonyluka

P3H/I310 — y/1eJ1 TPOCTOJIOANHOB, B IIAXMAThl UTPAIOT FePOH, IO — UTPa
60roB.

AHnouckas nociaosuua

Mbalinzuny yke He pa3 TPUXOAWIOCh BECTH MAaTuH, T/le Ha KapTy CTa-
BUJIACh €0 cy/Ib0a, 1 B TAKOTO POJia MaTYax OH He TIPOUTpas HU pa3y. Ero
urpa 6bl1a MOIIHOM U [0 TOTO, KaK OH cTaa MalA3MHOM, a UTPBI, KOTOPbBIE
OH BeJI, YK€ MOJIYYUB TUTYJI, YBEPHJIN BECh MUP B er0 HermobeaumocTu. To,
YTO OH CaM B Hee BEPUJI, MaJIO TOT0, XOTEJI BEPUTh, — JIUIIb yCYTIyOJIsIo
Tparenuio.

A. Kasabama. Matiosun

29 ameaps 2016 zoda. Google TopxkecTBEHHO 0OBABIISIET O TOM, UTO JOCTUTHYTA BaXkKHA
JIOTOBOPEHHOCTB: uepes Mecsil cocroutest Matd Meskay Jlu Cemosiem (Lee Sedol), Hatmo-
HaJIBHBIM repoeM Kopew, BeJTMKIM 4eMITMOHOM TI0 UTPE IO, KOTOPBIH U ceifyac ocTaeTcst
OJTHUM W3 JIYUIITMX UTPOKOB MUPa, 1 HeJaBHO mostBuBIIelics mporpammoii AlphaGo, pas-
paborannoii B Google DeepMind 1 HeckoJIbKO MecsileB Haszaj HoOeAUBIIEH YeMIIMOHA
Espoms Danb Xyasil.

Kaskercst, uto must Jiu Ceoist osSBIEHYE MPOTPAMMBI, 32 TIOOEY B MaTye C KOTOPOii
Google npeiraraet MAJUTHOH JI0JJIAPOB, — BCETO JIUIIB CIIOCO6 3apaboTaTh: OH abCOTOT-
HO YBepeH B cebe 1 He JIOMYCKaeT Jake MBICIH 0 Tiopaskernu. Ha npecc-koHbepeHnn
JIu Ceosib oTaaeT KoJuKHOE pazpaboTdnkam mporpaMmbl u nipusHaet, yto AlphaGo,
BO3MOJKHO, IIPEJICTABJISIET COOON HOBBIH 1I1ar B Pa3BUTUN KOMIIBIOTEPHOTO TO, HO O pe-
3yJIbTaTe MaT4ya TOBOPUT OJJHO3HAUHO: «B 3TOT pas s, KoHeuHO, BBIUTPAto co cueToM 4:1
uiu 5:0, HO g yBepeH, uTo uepe3 2—3 roma cosgarenu AlphaGo 3aXxoTsaT B3sITh y MeHs
pesasir. Bot Tormaa MHe OyIeT AefiCTBUTEIbHO HEPOCTO obeauTh> [479)].

8 mapma 2016 zoda. Ha mnipecc-koubepennun Hakanyne matda Jlu Cemosib mo-
[IPEXKHEMY He COMHEBAETCSI B TOM, YTO OH CHJIbHEE KOMIIBIOTEPA, HO 3asBIEHUS YEM-
MMOHA CTAaHOBATCs GoJiee octopoxkubiME: «Temeps MHe Kakercst, uto AlphaGo moxer
JI0 HEKOTOPOU CTETIeHW MMUTUPOBATD YEIOBEUECKYIO MHTYUINIO. MHe, HAaBepHOE, CTOUT
HEMHOKKO BOJTHOBAThCS 32 MCXOJI MaTua... Ho s1 Bce paBHO yBepeH B cBoeii obeses.

12 mapma 2016 200a. JIu Cenomns moxkumaer pyky Amke Xyanio (Aja Huang),
nenasiieMy xozsl 3a AlphaGo, u craercst B tperbeii noapsan naptuu matya. Cuer cra-
Hosutcsa 3:0 B nosbsy AlphaGo; JIu Cemosb cMoskeT B GJecTsiieM CTuiie M00eIuTh

! Tesomypennas TpaHCKpUITINS; a caM (aKT Toro, uTo mepeexasiuii B EBporny ns Kuras BTopoii mpo-
eccuonanpubiii qan Manp Xysit cTan yeMnuoHOM EBpPOIIbI, K COKATEHHIO, HETIJIOXO XapaKTEPU30BaJ yPO-
BeHb eBporeiickoro ro. Ho ceiiyac y’ke HameuyaeTcsl HECOMHEHHBIH ITIporpecc, U 37ieck Poccust ujer Bie-
penu ocranbioil EBpombr: B Poccun mosBUITICH cpa3y HECKOJBKO UTPOKOB MPOGMECCHOHATBHOTO YPOBHS,
a B 2020 roay Bo BiaauBocTOKe TIPORAET YeMIIMOHAT MUPA CPEIN JIOOUTENel — 10 3TOrO 3TOT TYPHUP MO-
YTH BCera IMPOXoAI B SImoHun, HecKoJIbKo pa3 B Kutae u 6ykBasibHo 1o ogHomy pasy B Kopee u Tanmnanze.
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B YETBEPTOI TTAPTHH, HO Yepe3 TPU THS MaTy 3aKOHYUTCS €O cueToM 4:1, a cama mpo-
rpamma AlphaGo mosryunia modetHsIi cepTUdUKAT AEBATOrO MPOHECCUOHATBHOTO J1a-
HA KaK BBIMOJHUBIIAs TpeGoBaHUs TpodeccHoHanbHoi dhemepanuu. [loaBoas utorn
matya, Jlu Ceznonb namcas: «Hegenst ¢ AlphaGo 6bLa 11 MeHst Kak 6aMOyKoBast XJ10-
nymkal. Cra6octu “ro Jiu Cenounst” 0OHAKUINCH TOTHOCTBIO. CTapble, KOCHBIE B3LJIsI-
Il TPO(ECCHOHANBLHOTO COO0BIIEeCTBa TO pa3bminchk Bapebesrn. Ham Hy:KHO cHOBa 06-
JlyMaTh 1 TIePECMOTPETD XO/IbI, KOTOPbIe MbI TPUHUMAJIN KaK OJKHOEe» [478].

Ckazkere, 3T0 UCTOPHS 6e3MEPHOM TOPABIHU BCE E11e MOJIOZ0T0 KOPEHCKOro npodec-
cronana? Bemb, Ka3anoch Obl, TABHO TIOHSATHO, YTO C KOMITBIOTEPAMU B HACTOJILHBIX UT-
pax, TeM GoJiee B UTPax ¢ MOJHON uHpopMalmeil, mryTku mioxu: Fappu Kacrapos mpo-
urpan DeepBlue ernie 3a 1BagaTh Jiet 10 OMUCHIBAEMBIX COOBITHI, 2 COBPEMEHHBIE T1aX-
MaTHbBIE TIPOTPAMMBI UTPAIOT HA TIOJTHICSYU OYKOB IDJIO CHJIbHEE JIajKe CAMBIX JIyUITHX
rpocemeticrepoB. Heyskemnn Jlu Cemosib GbLIT HACTOIBKO HEOCBEIOMIIEH O BBIUHCIUTETb-
HOI MOIITM COBPEMEHHBIX KOMITBIOTEPOB?

Bosce ner. AlphaGo zeficrBuresbHo cTajia ceHcalueil; IPaKTHYECK HU OIMH 9KC-
HepT He TPeICKa3bIBAJ EPE]] MATYEM HU CTOJIb YBEPEHHOMN MOOEIbI IPOrPAMMBbI, HU €€
1n106e161 BooGieZ. B 9Toii riaBe MbI IOFOBOPHM O TOM, OYEMY KOMITBIOTEPHOE TO — 3TO
TaK CJIOXKHO, OITHIIeM, Kak yerpoeHa AlphaGo v uro oHa mo6aBuia K yKe CyIecTBOBaB-
[IAM TIPOTPAMMAM JIJISI UTPBI B TO, TOAPOOHEE PACCMOTPUM COOCTBEHHO IIyOOKHE MOJIe-
JIU, UCTIONIB3YIOMIUECST TIPH 3TOM, 1 0OCY/IUM elile HECKOJIBKO MHTEPECHBIX TPUMEHEHU N
riy6okoro o6ydenust ¢ moakperuierneM. Ho cHayama HaM HYKHO TIOTOBOPUTD O TOM, YTO
9T0, COOCTBEHHO, TAKOE.

Cuycrst tox mocye matya ¢ Jlu CeposieM, Ha ClenHanbHO COOPAaHHOM KOHIpecce
Future of Go Summit, npowmexiiem B Kouue Mag 2017 roga 8 By:xene (Kurait), cocro-
stncst matd Mexnay AlphaGo u Homepom 1 mupoBoro peiirunra, kutaiiiiem Ka I1ze (Ke
Jie). JliobomnbiTHo, uTo potuB Ko 13 urpana tak HasbiBaemas Bepcus AlphaGo Master,
KOTOpas o6ydaach 60IbIne Ha UTPaX ¢ cCaMOH co0Oif, YeM Ha UTPax MPo(eCCHOHATOB T,
u paboTajia BCero Juiib ¢ ofHOro KomibioTepa Ha Google Cloud ¢ TPU, a He Ha pacmpe-
nenennoii cetn u3 1920 CPU u 280 GPU, kax urpasmias ¢ Jlu Cemosem mporpaMma.
Tem He menee, Goabiux mpobeM y AlphaGo He Bo3HUKIIO: XOTs mepBast mapTust Obi-
Jia OYeHb HAIPSDKEHHOM, U orleHka nosuiimn camoir AlphaGo ouennb mosro ocraBanmach
pasnoii, B utore Ks I13e 6b11 oBepsken co cuerom 3:0. Kpome Toro, AlphaGo biurpana
MaPTUIO TIPOTUB KOMAH/IbI U3 MISTH BEAYIIUX TPOHECCHOHATIOB.

Yo xe npousonwio? Kak yerpoena AlphaGo u nouemy eil yganoch o6birpaTh 4eio-
BEKA B CAMYIO «Y€JIOBEYECKYIO» 13 TUCKPETHDBIX UTP C MTOJHON uH(pOpMaIneii?

1 Bam6yKoBbIe XJIOMYITKH HCHOIb3YIOTCA B IPAKTHKE A3EH-MeNTALMH: B GOJIBIIYIO XJIOMYIIKY BPEMs OT
BpeMeHH ObIOT /ISt TOTO, YTOOBI MEAUTHUPYIOIIIE He 3aCHIMall; OTCIOA i 00pas, ucrosb3oBanusii JIn Ceno-
sieM — AlphaGo «0TKpblia emy Tiazax.

2 TIporHo3bI pocCHiicKuX JobUTeNei 1 TPo(hecCHOHAIOB MOKHO POUYECTD B 5KyPHAJIE POCCHIICKOI ro-
deneparn «olo»: http://rusgo.org/magazine13/. Oxun U3 aBTOPOB KHUIM TOKE TIPUHSIT yYacTHE B OTIPOCE,
U SIBHO MEPEOCTOPOKHUYAI, TIpesicKasas, uto Jlu Cenonb MoxkeT noHauary Hepoonenuts AlphaGo u nmpour-
paTh OJIHY TAPTHIO...


http://rusgo.org/magazine13/
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Crauana — HeMHOro uctopuu. [lepBbie porpamMMBbI 15T UTPHI B TO, KaK U 7S IaX-
MaT, TIOSTBUJTUCH €I1e B KOHIIE IMECTU/IECATHIX; cCaMast U3BECTHAS M3 HUX CBSI3aHA C MIMe-
nHem Asbbepra 306pucta. OHaKO ObICTPO CTANO HOHSATHO, YTO HAYYMTHCS XOPOIIO UI-
paTh MOKAa HEBO3MOKHO, M IIPO IO Ha HEKOTOpPOoe BpeMst 3a0buiu. BepHyJicst mHTEpeC
B Cepe/liiHe BOCBMUIECSITBIX, KOTZIA Y MHOTHX MOSIBUJIICD TIEPCOHAJIbHbBIE KOMITBIOTEPBI,
a TaK’Ke MOSIBUJINCH [IAXMaTHBIE TIPOTPAMMBI, UTPAIOIIIe JOCTATOYHO CUITBHO (HO TIOKA
eie He oObirpeiBaoiie yemnuonos). C 1987 roga yeMnuoHaT 10 ro CPeAr KOMIIbIO-
TEPHBIX TIPOrpaMmM mpoBoamics o arugoit Mouma NMua (Mu Yannu, Ing Changqi —
TalBaHBCKUU MYJIbTUMUJLTHOHED, JIOOUTETD U MOMYJISIPU3ATOP UTPHI T0); GOHI yupe-
JIAJT ¥ TIpeMUIo B 40 MIJIJTOHOB TallBAHBCKUX JI0JIIAPOB (OKOJIO MOJYyTOPA MUJLIMOHOB
AMEPUKAHCKYX ) JIJIS CO3/IaTeIell TIPOTPaMMBbl, KOTOPask CMOTJIa Gl 0OBITPATh OJHOTO W3
KUTaCKUX WM TailBAHbCKKUX TIPOMECCUOHAIOB UTPhI O (JIF000# CUITBL, TT0 CYyTH HYXK-
HO OBLTO OGBITPATh UTPOKA EPBOTO MPOGMECCUOHATBHOTO faHa). IIpu3 momaep:KuBaics
110 2000 rosia, B JIEBSIHOCTBIE MTOSIBUJINCH TAKUE U3BECTHBIE U BAJKHbBIE TTPOIPAMMBbI, KaK
Handtalk u Many Faces of Go... 1 Kak ke oHM urpaim?

B 1997 roxy Deep Blue oGpirpan B odunmansiom matde Fappu Kacmaposa. B Tom
ke 1997 roxy nporpamma Handtalk mosryumia gacts npusa donga Mua, nobenus co
caerom 2:1 Tpex TOGHTE el UTPBI TO YPOBHEM OT BTOPOTO JI0 MECTOro faHal. 3yunT
He TaK TJI0X0, 3TO TIPUMEPHO aHATIOTUYHO KAaHAUJATY B MACTEPA CIIOPTA IO MIAXMATaM...
BOT TOJIbKO JitoOuTe M aTiM 6bi1o ot 11 10 13 Jier, a urpanu ouu na 11 xamusx gopoL.
B ro ectb ouenb JoruuHasi U yZ100HasI CHCTEMA TAH/IMKAIIA, KOTOPASI 4aCTO TIPUMEHSIETCST
B TYPHUPAX, HO B TAPTHIX MEKIY JIOAbME OOMBINE IEBATH KaMHEH (hopbl MpakTHde-
CKHU HUKOTJIa He BCTPEYAIOTCsT; 0ObIrpaTh JIIoOUTe s cpeHero nana Ha 11 kamHsx ¢o-
PBI — 3TO TIPUMEPHO KaK 00BITPATh KAHAUAATA B MACTEPa IO IAXMaTaM, KOTOPbII [aJ
BaM (pep3st U J1a/Ibio BIIEPE/.

[Touemy ke To — 9TO TaK CI0KHO? Bo MHOTMX APYrUX Urpax (HApUMep, B MaxMma-
Tax) OTJMYHO paboTaeT Tak Has3bIBaeMbIl n0uck ¢ armvga-6ema-omceuenuem (alpha-beta
search): MBI CTPOMM MUHHUMAKC-IEPEBO XOJI0B, BHIOPACHIBAEM XO/IbI, KOTOPbIE 3aBE0-
MO Xy’Ke IPYTHX, TeM CaMbiM 0Ope3ast GeCcliepCIIeKTUBHBIE BETBU JIEPEBA, U BEEM I10-
uck B rirybuny. IpumepHo tak paboran u Deep Blue. Ho ro — 310 cOBCeM pyToe eio:
B 00b1uHOI maxMatHoi nosutiun 30—40 BO3MOXKHBIX XO/[0B, M3 KOTOPBIX MHOTHE Cpa-
3y MPUBOJAT K 3HAYMTETBHBIM MAaTePUATbHBIM MIOTEPSIM, M UX MOKHO TYT JKe TIepecTaThb
paccMaTprBaTh, a B 10 0k010 200 BO3MOKHBIX X00B (J11060€ TIoJie Ha 1ocke 19 x 19, kpo-
Me 3aHSTHIX), U U3 HUX <BIIOJIHE PAa3yMHBIX» TOKe OKOJIO cOTHU. C OIEHKON MO3UINN
TOXKE CJIOXKHO: B IIAXMATAX MOKHO MOCYUTATh MATEPUAT 1 KAKKE-TO IIPOCTHIE TIO3UIINO-
HbIe 9BPUCTUKHU, U €CJIU Pa3PbIB GOJIBIION, TO OLEHKA TIO3UIIUH, CKOPEE BCETO, OUEBU/IHA,;
B TO TOKE MOKET YIIACTh OOJIBINASI TPYIITA, HO 3TO PEKOCTD, OGBIYHO TIOTEPH OYYT TEP-
PUTOPHUATBHBIMY U OYEHb TPYAHBIMHU JIJIST OlleHKU. KcTaTn, BOT BaM O4eHb CI0XKHAS [Tt

1 B0 ecTh cymecTBennas pasnuma MesKy MpodeccuonataMu (370 obHUIHATBHE THTY.I) U T06HTeIs-
MU — JTIOOUTENBCKHE JAHBI CYUTAIOTCS (U ABJIAIOTCS ) 3HAYUTENBHO c1abee mpoheCcCHOHATIBHBIX, TO €CTh CHJIA
9TH UTPOKOB He JTOCTHUTAA TPEOYEMOTO YPOBHSI TIEPBOTO MTPOGHECCHOHATBHOTO aHa.
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AaBTOMATHU3AIMY 33/1a4a; 110 TAHHOW PUHANIHHOLU TIO3UIIMK B TO, KOT/IA JIIOJH YKe 3aKOH-
YHJIM UTPY, OIPEINEIUTh, KTO e, COOCTBeHHO, BhIUrpa. C TAKTHKOI, I/l KOMIIbIOTEPHI
JIOJIKHBL, TI0 /i€, «00CUMThIBATh> JIIOJEH, TOXKe B IO HE BCE TaK MPOCTO: TAKTUKA TaM
BCeT/Ia 3aBgI3aHa Ha CTPATETUIO U B3aMMOIeicTBYEe KaMHel 1Mo Bcell JocKe, a KpoMe TOTO,
YeJI0BEKY B TO CUUTATh 3HAYUTEIHHO MPOIIE, YeM B MIaxmarax (ITOTOMY YTO «(UTYPBI»
TIOYTH HUKOT/IA He ABUTaioTcst). M 5T0 MbI eliie He ToBOPHM 0 K0-Gopsbe!, koTopyio mpo-
rpaMMBbl BCET/la BeJIU TIPOCTO OTBPATUTENBHO.

[TepBast peBoJioIKs B KOMITbIOTEpHOM TO Tipousoriia B 2006 romy, korzaa 17t 3Toi
UIPBI HAYAJIM UCIIOJIb30BaTh nouck no depesy Mowume-Kapno (Monte-Carlo tree search,
MCTS) [190, 515]. Briepssoie peanmzoanubiit B MoGo, a 3aTeM 1 BO BCeX PYTUX MPO-
rpammax, MCTS paGoraer Ha yauBIe€HNHE IPOCTO: YTOOBI OLIEHUTD O3UIUIO, MbI 3aILyC-
KaeM CAy4atiHvle CUMYISAUUYL, HAIUHATOTIUECS C ATOU TO3UITNH, CMOTPUM, B KAKUX BET-
Kax YepHbIe WK OeJible BHIUTPAIHU GOJIBIIE CAYUATiHbIX TIAPTUT, 8 3aTeM PEKYPCUBHO I10-
BTOPSIEM 3TOT ITOMCK B CAMbIX [TEPCIEKTUBHBIX y3J1aX MoJyvaioterocst aepesa. OcHOB-
Hast yactb MCTS — dopmyJia, 110 KOTOPO#i BBIOMPAIOT Y3€JI JIs JaIbHENIIEero aHajm3a.
Bce 910 0CHOBaHO Ha TeX K€ MHOTOPYKHMX GaHIUTaX, O KOTOPBIX MbI TOBOPHJIU B Pasie-
ge 9.1, u airoputm UCT (upper confidence bound UCB1 applied to trees) Bbibupaer
y3€JI ¢ MAaKCUMAJIbHBIM TIPHOPUTETOM

rJ1e w; — YICI0 MO0 B y3Jie i, n; — YMC/I0 CUMYJISINIA B HEM, ¢ — TIapaMeTp, 4acTo /2,
at= ZZ n; — o0lIee YMCJI0 CUMYJISIUI; CPaBHHUTE C UCB1.2

W nest nourpsIBaTh MO3UIIMIO 10 KOHIIA CJTyYaiTHBIMU XO[AMH BBITJIS/IUT OU€Hb CTPaH-
HO, HO TYT ke noIwu 6ojiee pasymHubie pesyabratsl: B 2008 roxy MoGo pocTur ypoBHs
naHa Ha focke 9 x 9, a B 2009 roxy Fuego mobeania oHOTO U3 TOI-UTPOKOB Ha JI0CKE
9 X 9, HO C «HACTOAIUM» TO, Ha Jlocke 19 x 19, Bce nno mepyennee: B 2009 rogy Zen
JIOCTHT YPOBHSI IIEPBOTO JIIOOUTENBCKOTO AaHa, B 2012 roy HoBast Bepcust Zen BhIMTPajia
Mard y JiIoOKTeNsE BTOPOro AaHa Ha IIOJHOpasMepHOii Jocke co cueroM 3:1,a B 2013 romy
CrazyStone Bbiurpas y npodeccronasna eBIToro Aana (HauBbICIINWI PaHT B TO), Oy
1B YeThipe KaMHst (hopsl. Ho Bech 3TOT mporpecce GBI 1OBOJBHO MEIIEHHBIM 1 TIOCTE-
MEHHBIM, B UTPE KOMITBIOTEPHBIX TPOTPAMM GBIJIO MHOTO OUEBH/IHBIX TPOGEIOB, M HUUTO
He TIpe/IBelnaio BHe3amHbii yciex AlphaGo.

! Ko-60pb6a — 270 crenmanbHbiil pasies TaKTHKH I0, KOTOPBIIl TIPOMCXOINT U3 3allpeTa Ha IIOBTOPeH1e
no3uIu. Mbl He Gy/ieM BIABAThCSI B IETAIIN, XOTSI BCEIIENIO PEKOMEH/YeM YHTATEISIM OTTPOGOBATD TO Ha ITPaK-
THUKE: IPABUJI TaM OYeHb Maso (Ky/ia MEHbIIIE, YeM B IIaXMaTax ), HO U3 HUX [IPOUCXOJUT OJIHA M3 CAMbIX TJIy-
GOKMX M MHTEPECHBIX CYIIECTBYIOIIUX UIP.

2 Upest asropurMa MCTS, koHeuHo, IpMMEHUMa He TOJIBKO K TO. YIIOMSIHEM caMblil 00U BapranT,
General Game Playing. 910 copeBHOBaHIEe MEX/Iy TPOrPAMMaMH, KOTOPBIM Ha BXO/[ MOAIOTCS TIPABUJIA HO-
BOM, paHee He U3BECTHOI UM UTPbI (€CTECTBEHHO, He TEKCTOM, a B yHH(PHIPOBaHHOM hopMmare), 1 OHH TOJIK-
HBI TYT K€ HAYaTh B Hee UTPaTh U BoIUpbiBath. B 2007 roxy nporpamma CadiaPlayer, ocnoBannas na MCTS,
crasia yemrnmonoM 1o General Game Playing, u ¢ Tex mop a1oT nozaxoz cras obuienpunstbiM [ 159, 160].
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Puc. 9.5. Apxutekrypa AlphaGo [355]

agaiite 60Jiee mopoOHO IIOCMOTPUM Ha TO, Kak uMeHHo pabotaer AlphaGo [355];
oburas ee apxurekTypa nsobpaxena Ha puc. 9.5. B AlphaGo neckoapko cereif, Koto-
pbie obyudanuch nociepoBarenbio. Caauana SL policy network (ot cios supervised
learning) oGyuasmach mpenckasbiBaTh Xobl: 13-ci0liHas cCBEPTOYHASI CETh BBIAEJSIET
[IPU3HAKHU [0 BCell JocKe u 0obyvaeTcst Ha mpodeccronanbHbix urpax (30 MULIHOHOB
nosutiuii ¢ cepepa KGS), na Beixo/ie y ceTu mojydaercsi pacipe/iesieHue BeposiTHbIX
XOJI0B Pg(a | ).

Cetb SL policy network 8 cocrase AlphaGo 6b11a crioco6Ha IIpaBUIIBHO MTPEICKA3aTh
57,0 % x010B POGECCUOHATIOB — 9TO 0YeHb, OUEHb MHOTO, ECJIM YYeCTh, YTO B 0OJIb-
[IUHCTBE MO3UIUE BIIOJHE PA3yMHBIX XO/[0B MOKET OBITh HECKOJIBKO. Takum 06pas3om,
MOCJIE ATOTO Y HAC €CTh CETh, KOTOPAST MOXKET HEILIIOXO0 IPEeICKa3bIBaTh X0/1bl. Kpome To-
ro, B06aBOK MbI 00y4aeM ObICTPYIO, HO He TAKYI0 YMHYIO CTPATErHIO Py TOUHOCTD Y Hee
«BCeroy» 24,2 %, HO OJIHY TIO3UIIHIO OHA CIIOCOOHA OIIEHUTH 3a iBe HaHOCEeKYH/IbI (1) BMe-
CTO TPEX MUJLTUCEKYH/L.

Bropas cerb — RL policy network, ot cjios reinforcement learning. 9to yke cets, pe-
AJIM3YIOIIAst CTPATETUIO OOYUYEHUS C TIOAKPEIIEHIEM, U PabOTAET OHA TaK: BCe Ta ke Ha-
30Bast cTpyKTypa 13-cioiiHoil cBeproyHON ceTn nHUIuanusupyercst Becamu SL policy
network, a sarem urpaet cama ¢ co6oii (Toumee, ¢ OHOI U3 MPEAbIAYIIMX UTepanuii 00y-
yenwust). Beca mpu aToM 1006y4aioTCs Tak, 4TOOBI MAKCUMU3HPOBATH BEPOSITHOCTD BbI-
urpbiia. Ha aTom arare, mocite (0JIroro, 04eHb J0JIT0T0) 00YUYEHMs ¢ OAKPEIeHHEM
nosyuaercss RL policy network, kotopast caMmocTosiTeibHO, 6€30 BCSKOTO pacueTa Ba-
PHAHTOB, TIPOCTO TI0OATBHBIM TPUOIKEHUEM K OTITUMAIBHON CTPATETHH BHIMTPHIBAET
80 % urp mpotus SL policy network u okosio 85 % urp nporus Pachi, onHo#t U3 nydimmx
MCTS-nporpamm!

3aTeM HYKHO HCIIOJIb30BATh MOJYYEHHYIO CTPATErHIO, 4TOOBI 0OYIUTH COOCTBEHHO
dyHKIMIO o1eHKy no3unuu Vy(s). Mbl 6yeM TIpeicKasbiBaTh Pe3yabTaT UTPHI 10 M0~
3UIUM HEHPOHHOII ceTho (value network), cTrpykTypa KOTOPOIi 01 Th oX03ka Ha policy
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network, HO Temepb UMeET TOJBKO OANH BBIXOJ (TIpe/icKa3anue pe3yabrara). Eciu moi-
TaTbcst 06ydarTh ee Ha Habope MPodECCHOHATBHBIX KD, MBI IOBOJIBHO GBICTPO YAaPUMCS
B OBEP(UTTHUHT, IAHHBIX B TTPOGhECCHOHATBHBIX MAPTUSAX ABHO HeZocTaTouHO. [loaTomy
Vy(s) obyuaercst Ha Habope urp RL policy network mpotus camoii cebst; TAKUX MbI MO-
JKEM CTeHEePUPOBATh CKOJILKO YTOAHO. B pesyibrare mojydaercs cethb st T106aIbHOi
OIIEHKH TIO3UIINH, KOTOpast paboTaeT oueHb 6bicTpo 1o cpasuennio ¢ MCTS u maet ka-
yecTBO Ha ypoBHe MCTS ¢ RL policy (#0 B 15 Thicsu pas GbicTpee) U ropasjio Jydlie,
yeMm 06brunbiit MCTS.

Hy a temepn, Korja rotoBa (hyHKITUS OI[eHKHU TIO3UIHUH, MOKHO U JIEPEBbST IOCYUTATD.
AlphaGo crpour MCTS-nono6H0e sepeBo, B KOTOPOM allpUOPHbBIE BEPOSTHOCTH MHHM-
masusupyiores yepes SL policy network kak py(a | s). B kaxmgom nucre L AlphaGo
nojcynThIBaeT 3Havenne value network Vy(sy,) 1 pe3ybrar cryqaiiHbIX JOUTPBIBAHUTIT
9TOI TIO3UIIUH Z[,, TOPOXKIEHHBIX IPY TIOMOIIH CTPATETUH Pyr, @ TOTOM 00bEIHHSIET 10~
JIy4eHHbIe pe3yJibTaThl. JII6ombITHO, uTo B 9kcriepumenTax AlphaGo SL policy network
JUIS TIOCTPOEH U Jiepesa cpaboTtasia iydiie (BUAUMO, TOTOMY, 4TO OHa aeT GoJiee pasHo-
06pa3Hble BAPUAHTHI ), HO (DYHKIIUIO OTIEHKY TTO3UIIH JIYYIlle CTPOUTH Ha OCHOBE HoJiee
cuibo urpaioreit RL policy network.

Bor tak w monyumnack «6amMOyKoBast xJiomyinkas At Jiu Cenosist v ofHO U3 ca-
MBIX SIPKUX COOBITHI B MUPE UCKYCCTBEHHOTO MHTEJIEKTA B TOCIEHIE TO/BI. A JIETOM
2016 roga Ha eBporeiickoM ro-KoHrpecce B I[lerepbypre yemmon Esponbr Danb Xyait
clestas oKIax o ToM, kak AlphaGo mMoxkeT momMoub pasBuTHio caMoil UTpsl. Bo-1epBbix,
yenex AlphaGo crar orpoMHBIM UMUIZKEBBIM YCIIEXOM JIJISt TO KK UTPbI; BO BPEMsI HeJle-
s matya Jlu Cezpons ¢ AlphaGo B Mupe 1pojaBasoch B JecaTh pa3 0oJiblie robaHOB
(mocox jiyist urper), ueM 06braHO. UTo ke 10 cytu urpsl, Manb Xyaii roBOPUII 0 TOM, UTO
AlphaGo crana mepBoii mporpaMMoii, KoTopast IeiiCTBUTENBHO CllefloBaa BasKHeHen
3anoBe/y 1o, ¢hopMyTUPOBAHHOI JleTeHIapHbIM KuTaiickuM urpokoM Crocaky XoHUH-
60: «<’KagHocts HUKOrIA He mobexaaeTs. MHOrKMe BeJIMKKME UTPOKH OTMEYAJIH, YTO B IO
OY€Hb BaJKHO UTPATh CMIOKOITHO, OCTABUB SMOIINHU; TAKUM CIIOKOWHBIM CTHJIEM H3BECTEH
HUKOT/IA He YJIbIOAIOIUICS BeJIMKUI YeMITMOH HeJaBHero IpoiLioro, kopeer Jlu Yanr-
Xo0; 1 B 9TOM TOKE, KOHEYHO, KOMITBIOTEPHDIE TPOTPAMMBI TPEBOCXOISIT JIOEH.

AlphaGo, 1o cioBam @anb Xyast, MOXKET JaTh HOBOE BUIEHUE MUPOBOMY TO, TIPE]I-
JIOKUTH HOBBIE XO/[bI, KOTOPbIE J[aKe JIyUIIne UTPOKH He BCET/Ia MOTYT YBUIETD: B OITH-
CaHHBIX BbIlIe AT TapTusx ¢ Jlu CemosieM ObIIIO HECKOIBKO TakuX mpuMepoB. Haxo-
Herl, Manp Xyail BriepBbie MOKa3al BU3yanusaiuo Toro, kak AlphaGo Ha camom zese
BBIOMPAET XO/IbI, M BU3YAJIU3AIMIO OIIEHKHU mo3uiuu, Kotopyto aenaet AlphaGo B mpo-
riecce urpbl. OH MOKa3aJ HECKOJIBKO KOHKPETHBIX IPUMEPOB TOT0, Kak AlphaGo menser
KJIACCHYECKYIO OIEHKY CTAHAAPTHBIX MO3UIIUH, OTKJIOHSIETCSI OT IPOBEPEHHDIX AECSITU-
JIETUSIMU JI3eCeKH (CTaHAAPTHBIX MPOIOJIKEHUI) 1 OJTydaeT MO3UITUI HE XYIKe, a CKO-
pee JIydiiie CTaHAapTHBIX. VI 3TV XOZbI YK€ HAUMHAKOT MOSBJISATHCS B TAPTUSIX «KUBBIX>
npodeccuonanos. ITo muennio Maub Xyast, srumu xogamu AlphaGo «ocBoGomias ro,
MOKa3aJ1a, YT0 MHOTHUE TTPOJI0JIKEHNsT, KOTOPbIE PAHbIIE CYUTAIICH TUIOXUME ¥ HUKOT/IA
He UTPAJIUCh ITPOCTO «H3 OOIIX CO0OPAKEHUN», TEMEPh CTAHYT BIIOJIHE O CTHMBIMU.
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BUKTOP HETOPOILIMBO MOIHSIICS C MECTA, OTJISAZIE] BHUMATEIBHO DJIeK-
TPOHWUKA, CJIOBHO BBIMCKUBas B HeM cJ1aboe MecTo.

— Tlpessoiizer jiu pobOT YesoBeKa B 00yUeHUH? — CIIPOCKJI OH.

— DTO MOKET CJYINThCS, — OTBETUI DJIEK, — €CJIU YEJI0OBEK CaM Iepe-
CTaHeT y4uThCs. Malume, MexK/1y IPOYnM, 00y4aTbCs TPyAHEE, YEM de-
JIOBEKY, — 00aBUII OH.

E. Bermucmos. Hosvie npuxmouenus Inexkmponuxa

JT0 CUX Op MPAKTUIECKH BCE IPUMEHEHUS TITyOOKOTr0 06yUeH s ¢ IOAKPEIJIEHIEM, KO-
TOPBIE MBI PACCMATPUBAJIN, KACATHUCH UCKITIOUYNTENBHO UTP: O/HA U3 JBYX TJIABHBIX OITH-
caHHbIX Bbilre pabot 0 DQN yuuiach Urpath B ro, a APyrass — U BOBCE B KOMITBIOTED-
HBIE UTPBI U3 BOCbMUIECATHIX. Hajlo cKas3aTh, 4TO Ha oOE/IEe B rO IPUMEHEHS] 00y YE€HsT
C MOJIKPEIJIEHNEM K UTPAM BOBCE He 3aKOHUUJINCH; B YACTHOCTH, CEYacC CTOUT OKUIATh
SIPKUX PE3YIBTATOB B PA3HBIX KOMITBIOTEPHBIX UTPaX. JIIOGOMBITHO, YTO XOTST B TAKUX UT-
pax, kak StarCraft u DotA 2, He MOCIEAHION POJIb UTPAIOT PedIIEKCH, MUKPOKOHTPOJIb
Y YMEHHE TOYHO PACCYNTATh CBOM JICHCTBUS BO BPEMEHU U MPOCTPAHCTBE (KOT/[a 3aAKOH-
YUTCSI ATO 3aKJIUHAHNE, HA KAKOE PACCTOSIHIE CTPEJISIET MOPIEX U T.11.), U B 3TOM KOM-
[bIOTEP M3HAYAIBHO UMEET OTPOMHOE IIPEUMYIIECTBO HAJl Y€JIOBEKOM, HA CAMOM Jiejie
MOKa B 9TUX KUOEPCIOPTUBHBIX AUCIIUTIIMHAX OOTHI HE MOTYT COCTABUTH HUKAKON KOH-
KypeHiuu joasaM. Tak, Ha kpynHeliniem Typaupe 1o DotA 2, mpomteniem B 2017 romy
The International 7, B KauecTBe IPOPHIBHOIO pe3yJibTata Komnanusi DeepMind npescra-
Busia 60Ta, KOTOPBIH CMOT TIOOEINTD JIYYIIUX UTPOKOB B MaT4e OJ[H Ha OJ[H — TO €CTh
B ypesanuoii Bepcun DotA 2, tie coOCTBEHHO HUYEro KpoMe MUKPOKOHTPOJIsI U Hety. Ho
BCE-TaKU HAM MPEJICTABJISIETCS, YTO YCIIEXU B KUOEPCTIOPTE Y KOMITBIOTEPHBIX TIPOTPAMM
TOXKe He 3a ropamu: 3a DotA 2 u StarCraft yxe Bcepbes B3siicst DeepMind, Tak 4to nejio
006s13aTETBHO TTON/IET.

Ho ectb st GoJiee cepbe3Hble, «<HACTOSIIIE> TPUMEHEHUS IS 9TuX Mojesneit? Ko-
HeuHo, ectb! [lepBoe U riaBHOE U3 HUX — pobomuka. Eciu monbItaTbes 06yInuTh Hc-
KYCCTBEHHYIO PYKY TIEPEHOCUTH Basy € OJJHOTO CTOJIAa Ha [PYTOi, HEM30EKHO TIPUIETCST
CTOJIKHYThCSI C TEMH K€ MPOOJIEMaMH, C KOTOPBIMHU CTATKIBAETCS 00YUAIOTTHHCS XOIUTh
PeOEHOK 13 HaYasIa 3TOM IJIaBbl: MBI HE MOKEM JIaTh JIATACET C TPABUIbHBIME TOBOPOTAM
[IAPHUPOB UCKYCCTBEHHON PYKHU, @ MOJKEM TOJIBKO CKa3aTh, pa3buiiack jiu Baza. Kpome
TOTO, JIAJKE €CJIU TPEHUPOBOYHBIE Ba3bl He Oy/IyT pa3bUBATHCS, BCE PABHO OUEBH/THO, YTO
MUJLTHOHBI TOMBITOK MBI B PEATBHON JKU3HU C/IEJIATh HE CMOKEM, TO €CTh 06Y4aThCs Ha-
1o 6wictpo. To JKe OTHOCUTCST U, HATIPUMED, K BOKIECHIIO aBTOMOGHIIEH: HEBO3MOKHO
TOYHO CKa3aTh, Ky/la HAJI0 IOBOPAYUBATDH PYJIb B KAK/bIil KOHKPETHBIIT MOMEHT, MOXKHO
TOJIBKO CKa3aTh, YTO BPE3aThCSI HA BO YTO He HAaJ0. [l0aTOMY HEyAMBUTENBHO, UTO 3a-
Jla4u poOOTHKH Beeria ObLIN B LIEHTPe 00yYeHMs ¢ IOAKPEIIEHIeM, a O[HA U3 IIEPBbIX
U CAMBIX KJIACCUYECKUX 3a/1a4 00yUYEHS € TIOJIKPENJICHIEM — 9T0 3a/[a4a 6alaHCUPOBKH
nrecta Ha matgopme [33, 359].
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ITH 32/1a4U OTJINYAIOTCS OT TeX, KOTOPBIE MBI /[0 CHX [TOP PACCMATPHUBAIN, TEM, UTO
B HUX HEIPEPBIBHBI HE TOJIBKO COCTOSTHUS (B UTPax Atari COCTOSHIIA TOKE GBIJIO CITUII-
KOM MHOTO, 4TOOBI MX MOKHO OBLTIO TIOACYUTATH), HO U Oelicmeust: MapHUP WA PYJib
MOKHO TIOBEPHYTD Ha Jit000it yrois. [losToMy B 3THX 3aauaX OOBIYHO HCIIOJIB3YIOTCSI
He TD-o6yuenue u Q-o0ydueHue, KOTOPbIe OKa3aIICh TAK IIOJE3HbI IJIs1 PA3HOO0OPa3HbIX
UTP, & IPYTUE METOIBI.

B yacTHOCTH, EHTPATBHBIN METO 0OYUYEHHUS C MOAKPEILIEHUEM B POOOTHKE — 3TO
epaduenmmuviii cnyck no cmpameezusim (policy gradient) [419]. Vixest ouenb mpocra: pac-
CMOTPHM CTPATETHIO 77, KOTOPAS JieJIaeT IeHCTBUE a B 3aBUCUIMOCTH OT TEKYIIIETO COCTO-
SIHUST $ U COOCTBEHHBIX TapaMeTpoB 0, a ~ m(a | s;0). MBI XOTUM MAaKCUMHU3UPOBATH
HEKOTOpY10 uesteByio ¢yukuuio J, nanpumep E [Y5° ~vr]; mockonbky Bosnarpax-
JIEHUsI 3aBUCST OT CTPATETUH, a Ta 3a/[aHa TapaMeTPUYECKH, TOJIYIAETCs, UTO 11eJIeBast
$ysaxnms — ato hyHKIMA OT 6.

JlaBaiiTe He OyzeM CTPOUTH HUKAKMX MOJEJIEH OKpysKatolleil cpeibl, a pocTo Oy-
JleM HalpsiMyTo OIITUMHU3UPOBATB T1eJIEBYI0 (DYHKITUIO TT0 6 TPaEeHTHBIM CITYCKOM: TIO]T-
cuutaeM VgJ(0) u caBunemcs B HyKHYIO CTOPOHY. Ha mepBbiii B3IJIsI KaXeTcst, 4TO
ceifyac Mbl HE MOXKEM MOJCUYUTATHh rpanueHt VgJ(0) aHAIUTHUYECKH, KAK MbI JeJIaiu
pamHblIiie: CJAMIIKOM YK CJIOXKHAsT 3TO (DyHKIMS, Be[b Ternepsb B J(0) cupsitan goiruit
yTh IIPUMEHEHUsT cTparerin () 110 X0y 11eJI0T0 AIHM30/1a, & TO U BOBCE YXOSIINN Ha
6eckoHeTHOCTH, OIMH BO3MOKHBIN BBIXO/] — BBIYKCJISITD TPAMEHT TPUOIMKEHHO, YIC-

JIEHHO — JlaBaliTe HEMHOKKO TIOBapbUPyeM KaXKIbIH U3 MapaMeTpoB 6} U MOACUNTaeM
0J o, J(Oteuy)-J(0)

a6, ~ €

Te. ITO MeIeHHO (HYKHO BBIYUCTATH J (6 + €uy,) OTAETBHO IJIsT KAXKIOTO ITapaMeTpa)
U BeCbMa HETOYHO, HO B HEKOTOPBIX IIPUIOKEHUSAX PAOOTAET HEILIOXO.

Ho ecrb, okasbiBaercs, criocob syunre! /laBaiite Bce-raku II0CMOTPUM 6GoJiee IIpH-
cranbHO Ha GyHKIWMIO J (). [l TPoCTOTHI GY/IEM CUUTATD, YTO Y HAC MAPKOBCKUH TIPO-
1iecc IPUHATHUS PeLIeHU 13 OHOTO 1l1ara, Mbl HAUWHAEM B COCTOSIHUU s € S ¢ BEPOAT-
HOCTBIO P ($), ¥ TTOCJIe OTHOTO JieiicTBust a € A nosyyaem Harpany R%. Torza:

J(0) = po(s) Y m(a|s;0)Re,n

, TIle W}, — BEKTOP U3 HyJel ¢ OMHON equHNIEel B k-11 KOMIIOHEH-

sesS ac€A
VoJ(0) = po(s) Y RiVgr(a|s;0).
seS ac€A

[IprMeHUM HEXUTPBIN TPIOK — 3aMETUM CJIe/IyIollee PaBEHCTBO:

Veor(a|s;0)

Vorl(a|s;0)=mn(a]s;0) (@] 50)

=m(a|s;0)Vglogm(a] s;0).

ITO 3HAYUT, YTO:

VoJ(0) = po(s) Y Rin(a|s;0)Vglogn(a|s;0) =E,g)[RiVglogn(a]s;0)].
SES acA
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Oxkasbiaercst (310T pakT Tak 1 HasbiBaeTcss — policy gradient theorem), uto aTor
Pe3yIbTaT MOKHO 0600TIHTH 1 Ha GoJiee TIPOIOIKUTENBHBIE TIPOTIECCH. B mesmom:

Vo (6) = Ex(g) |Vologr(al 5:0)Q"® (s.)

(DaxTuyecku 39TO 3HAYUT, YTO MBI-TAKH MOXKEM TIIOICYUTATH TPAAUEHT (HyHK-
i J(0). Tak, Hanpumep, kaaccudeckuii anroputm REINFORCE [571] mpocto 6epet
pesyabrar Q™9 (s,a) U3 TekyIero anusoza o6ydenns (CINTas], YTO TOCIEHII 3ayCK
areHTa MpeICTaBIsieT cOO0 Pa3yMHBIN CAMILIT U3 ITOTO PACIIpe/IeIeH s ), a 3aTeM 0OHOB-
JIIET Beca O TIpY TIOMOIIH TPaMeHTa KaK MOKa3aHo BhIle. ITO paboTaeT 1axke B CIyvae
6GeCKOHEYHOTO ropr3oHTa [35].

A Gonee cOXKHBIE METOBI CTPOSIT MOJIENh OKPYJKAIOMIeil cpebl (9Ta MO/esTh Ha-
3BIBAETCST KPUMUKOM), KOTOPBIH CIYKUT JJIsT TOTO, 9TOOBI GOJee TOYHO OIEHUBATH
Q™(9)(s,a) [427]. Tny6okue HEAPOHHDBIE CETH 3/I€Ch CIYKAT ISl TOTO e CAMOT0, U4TO
¥ B MUTPAX: M MOKHO MOJIE/TIPOBATh Kak crparernio (), tax i pynximio Q™) (s.a).
Yrober caenaTh ux obyderne s beKTUBHBIM, TTPaBAa, MPUAETCS TPUMEHUTH HEKOTO-
pbI€e TPIOKH, Ha KOTOPBIX MBI cefiaac He Gy1eM moipoOHO OCTaHABINBATHCST; B YACTHOCTH,
HY’KHO HCIIOJIb30BaTh PasHbie BapHaHThI Tak HasbiBaemoro guided policy search [321],
KOTOPBIH JIYUIIle MOJXOUT JIJISE CTPATETUi ¢ OUeHb OOJIBIINM YHCIOM TTAPAMETPOB, KAK
Bcer/a 1 ObIBaeT B HEHPOHHBIX CETSIX.

Ceityac 0JHO M3 BaJKHBIX HATPABJIECHUH TIyOOKOr0 OOYYEHUs] ¢ MOAKPEIIEHHEM
B POGOTHKE — 3TO HEMOCPEACTBEHHBIN MOUCK CTPATErHil, B KOTOPOM HEHPOHHBIE ce-
T obydaiorcst tesukoM (end-to-end) u pacmosHaBaTh OGBEKTHI B OKPYKAIONIEM MH-
pe (KOMIBIOTEPHBIM 3PEHUEM, TO €CTh TI0 CYTH CBEPTOYHBIMHU CETSIMU), ¥ TIPEICTaB-
Jsath camu crparerun [143]. Iust atoro toxe mMoxkHO amantuposarh guided policy
search [91, 413]. CoBpementble NOAXOABI K TJIyOOKOMY O0YYEHHUIO ¢ HMOAKPEIJIEHIEM
HA OCHOBE TPAJIMEHTHOrO CITYCKa 110 CTPATETUSIM U IPYTUX METO/IOB YCIIEIIHO TIPUMEHSI-
eTCsT LIS TOTO, YTOOBI UCKATh BBIXObI U3 JTabupuHToB [310], MaHUITyIMPOBAaTh 0OBEK-
TaM¥ TIPH TOMOTIH poboToB ¢ ManumysTopamu [110], 1BUTaThCS B HYKHYIO CTOPOHY,
PYKOBOJICTBYSICh BU3YaJIbHBIMU JAHHBIMY (HAIIPUMED, OOYUYUTH IPOH C BUIEOKAMEPOI
CJIEINTD 3a HaHHBIM 00bexToM) [316, 521], xBaTaTh 0OBEKTHI HA OCHOBE JAHHBIX C BH-
neoxamepsl [120], u MHOrOE Apyroe (CM., HaIpuMep, IoAPOOHbIH 0630p [324]).

Ectb u apyrue unrepecusie npuMenenns. Hanpumep, B padore [201] DON ouenb
HHTEPECHBIM 06Pa30M TIPUMEHSIETCS JIJISI TOTO, YTOOBI YIIyUIIaTh TTOPOKAEHUE TEKCTA.
B paszene 8.1 mMbI yike pacckasbiBanu 06 apxutekTypax Tuta encoder-decoder, B koTo-
PBIX TEKCT CHAYaJIa KOAUPYETCS B HEKOTOPOE BHYTPEHHee TIPE/ICTAaBICHIE,  3aTEM JIeKO0-
JpyeTcst 00pPAaTHO, BO3MOKHO B BUJIE OTBETA B [IHAJIOTE WJIU MIEPEBO/IA HA IPYTOI SI3BIK.
A B [201] nexoxmpoBanuie TPOUCXOIUT UTEPATUBHO:

* CHauaJsa JeKoJep OpoKJaeT IIepBYI0 BEPCUIO BLIXOAA;

* B KauyecTBe CITMCKA BO3MOXKHBIX ZieiicTBUil /711 DOQN coIy:KUT nepeyeHb CI0B, KO-
TOPBIE MOTYT OBITH UCIOIB30BAHbI, YUTOOBI MOAMMDUITUPOBATH TEKYIIEE COCTOSHIE
BBIX0/12;
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 u ganee DON nbrTaercss MOAMMPUIIUPOBATH BBIXO/I TaK, YTOOBI B pe3yJibTare Ipel-
JIO’KEHUE CTAJIO JIyUIlle IO OTHOTIEHUIO K IeJIEBOI METPHUKE KauecTBa.

Taxum o6pazom, DQN MoXKeT caMOCTOSITETLHO BHIOUPATh, B KAKOM MOPSIIKE BHO-
cuth u3MeHenns. Ha npakruke moaydaercs, uto DQN cHavasa KOHIIEHTPUPYETCS Ha
TOM, YTOGBI JIEKOIPOBATH OOJIEe MTPOCTHIE U MOHSATHBIE YACTU MPEIOKEHMUSI, & TOTOM
UCIIOJIb3YET UX JIJIsk TOTO, YTOOBI yTOUHUTD GoJiee ciioKHbie MecTa. B [201] aTa upes npu-
MEHSJIACh UCKJIIOUYUTEIBHO JIJIs TOTO, YTOOBI OCTPOUTH aBTOKOIMPOBIIUK TEKCTOB, TO
ecTh 3aj1aua ObLIa B TOM, YTOOBI TIO TTOMAHHOMY Ha BXOJI MPEITOKEHUIO BOCCTAHOBUTD
€0 JKe U3 CIKATOTO MPEJICTABIEHIS KOAUPOBIIHMKA, a METPUKON KayecTBa Obita BLEU-
MTOXOKECTh MEKTY BXOIHBIM W BBIXOJHBIM TpesiokeHreM. Ho aHamornaHbIil TOAX0/,
CKOpee BCETO, MOXKHO MPUMEHUTH U KO BCEM OCTAJIbHBIM 33/1a4aM 06pabOTKY €CTECTBEH-
HOTO SI3bIKA, TJI€ UCTIOJB3YIOTCsT apXuTeKTyphl encoder-decoder.

B 1ies10M, 0IHUM 13 BasKHBIX TPEH/IOB B COBPEMEHHOM OOYYEHUHY C TIOIKPETJICHIEM
SIBJISIETCST TO, 9YTO OHO OKA3bIBAETCS MOJIE3HBIM He TOJIBKO JIJISI TAKAX HETTOCPEICTBEHHBIX
PUJIOKEHNH, KaK BOXKIEHIE aBTOMOOWIIEN, MAaHUITY ISt 00bEKTaMU MJIU UT'Pa B IO, HO
U JIJisI MHOTHUX JIPYTUX 3314, B TOM YHCJIe, Ka3aJI0Ch Obl, OOBIYHBIX 33/1a4 00yYeHUs C yIu-
tesleM. Ham KaskeTcst, 4TO HA 9TOM IYTHU HAC JKIET ellle MHOTO MHTEPECHBIX OTKPBITHIA,
YacTh 13 KOTOPBIX, BO3MOKHO, TIPU/IETCS M HA BAIITY J0JTIO0, IOPOTHE YUTATENU. A HaM T10-
pa ABHUTaThCs Hajiblie. B mocieaHeil riiaBe KHUM MBI KOCHEMCSI 00JIee TeOPEeTUIECKIX
MAaTepHuii... KOTOPbIE, BIIPOYEM, GBICTPO OKAJKYTCSI OUE€Hb JIaske TIPUKJIATHBIMU.
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I'nmasa 10
HeiipobaitecoBcKre MeTOIHI,

unu ITpoutnoe u 6yoyuwee mawunozo odoyuenus

TL;DR

B a1011 10CTATOYHO MaTeMaTHYECKU HACHIIIEHHON IyiaBe OyIeT JaHo KPaTKoe U II0-
BEPXHOCTHOE BBEIEHNE B TO, KAK COYETAIOTCS B COBPEMEHHOM MAaIIMHHOM 00YyYeHUU
HelpPOHHBIE ceTH U GaileCOBCKUI BBIBO. MbI:

nozpo6HO pasbepem obiuii Buz anroputma EM st 06yderust Mojiesieid co CKpbi-
TBIMU TTePEMEHHBIMM;

YBUAUM Ha IPOCTBIX ITPUMEPaX OCHOBHBIC U/IEU BapUAIITMOHHDBIX HpI/I6JII/I}K6HI/II>,I;

MOrOBOPUM O KOHCTPYKIINH BapHallOHHOTO aBTOKOMPOBIINKA, €IIle OHOM BaK-
HO#T TIOPOSKAATONIENR MOIENTH C TTYOOKMMU HEHPOHHBIME CETSIMI;

OTMETHM, Kak 6aileCOBCKHI BbIBO/I TOMOTAET OCTPOUTh HOBBIE (DOPMBI PONayTa;

3aKOHYMM KHUTY HAIIMMM Pa3MBIIIEHUSIMU O TOM, Ky/la BCe 9TO KaTUTCS U YTO
KIET HAC B GyIyTIeM.
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10.1. TeopeMa baileca u HeMpPOHHbIE CeTU

O cBsATas MaTeMaTHKa, B 001IEeHIH ¢ TOOOH X0Tes OBl g Po-
BECTH OCTATOK JHEH CBOUX, 3a0bIB JIOACKYIO 31100y U HeCIpa-
BeIMBOCTDL Beegepaxurens.

Jlompeamon

B riraBe 2 MbI roBopusin 0 TeopeMe baifeca u ee posiu B MAlllMHHOM OOY4eHUH, J0JI-
ro 00CysKAaJIu IPUMEP € alPUOPHBIMU U allOCTEPUOPHBIMU PacIipeie/IeHUAME OPocKa
MOHETKH. A Ha IPOTSKEHUK BCEH KHUTY He pa3 YIIOMUHAJIM, 4TO OalleCOBCKUN BbIBOJ
B HEMPOHHBIX CETSIX TOKE MPUCYTCTBYET, M CCHLTAINCH Ha KaKKe-TO 3aTaJl0uHble Bapua-
LMOHHBIE IIPUOIMKEHM, KOTOPbIE AIKOOBI eIal0T BO3MOKHBIM BBIBOJ] B 04€Hb CIOKHBIX
MoiesisIX. B 9Tolt raBe Mbl Ha ITPOCTHIX TIPUMEPAX MoiiMeM, 4To 3To Takoe. Ho cnavama
JlaBaliTe HEHAZOJITO BepHEMCS K caMol TeopeMe batieca:

p(6D) < POw(DIO) _ p(6)p(DI6)

p(D)  Joeop(D | 6)p(6)d6’

B mammHHOM 06ydyeHnn TeopeMa bBaiieca mo3BosisteT U3 MpaBaomnoao6us, KOTOpoe
OOBIYHO 33/1a€TCsI CTPYKTYPOI MOJIENH, U AlIPHOPHOTO PACTIPEIETIEHs], KOTOPOE BbIpa-
JKaeT HAIK TPEACTABICHUS 06 OKPYKAIONIEM MOJIETb MUPE, MOJYYUTh AlIOCTEPUOPHOE
pacripeiesieHue, a 3aTeM, TIPU JKeJaHUH, [eTaTh GaiiecOBCKUeE TIPECKa3aHus, HHTErPU-
Py TT0 BCeM BO3MOXHBIM 3HaUeHUsIM TTapaMeTpoB 0. C TOuKHM 3peHnsT HeHPOHHBIX ceTel
BXKHO, YTO C [IOMOIIbIO TeopeMbl baiieca Mbl MOJKeM JIETKO CTPOUTD CJIOJKHBIE BEPOST-
HOCTHBIE MOJIEJIM U3 TIPOCTBIX, YTOUHSIS pacipeesieHue CKPBITHIX mapameTpos. Kpome
TOTO, BBIOUPAST aAlPUOPHOE pACIIPE/eJIeHNE, JIETKO TIPOBOUTE peryJisipusanuio. boee
TOTO, MBI MOKEM JIETKO BBOJUTH MOJIEJH C JIATEHTHBIMU (CKPBITBIMU) IlepeMEHHbIMU
u 06yuath ux EM-ajropuT™MoM MM BapHaIl[HOHHBIMU METOAMH, KAK MbI YBU/IMM B 9TOI
raBe. 3amava 6ailecOBCKOT OMEHKN HETIPEPHIBHBIX CKPBITHIX TEPEMEHHBIX — HTO YTO-TO
BpO/Ie 331aYM MTOHIKEHUS PAa3MEPHOCTH: HAJI0 XOPOIIIO BOCCTAHOBUTH JIATEHTHBIE TTEepe-
MEHHBIE, U OHU CTAHYT BAKHBIMU MPUSHAKAMHE, KPATKO OTUCHIBAIOIINMU KasKAbIH 00b-
eKT 0OyJaoleil BBIGOPKH.

MoskeT moKa3aThCst, UTO BCs 9Ta HaitecOBCKast MAITHHEPHS [T HAC HE TaK YK BakK-
Ha, 1 MOKHO 0BONTHCH MAKCUMATBHBIM TIPaBAomoo6ueM. B riiaBe 2 Mbl paccMaTpuBa-
JIY TIpUMep MoAOPACHIBAHUSI MOHETKI: KOHEYHO, €CJIM OPOCKOB MOHETKHU OJIMH-/1Ba, (€3
6aiiecOBCKMX METOIOB MOJIYYUTCS ePYH/IA, HO MOCJIE THICAYN OPOCKOB YIKe He TaK BaXKHO,
KaKuM OBLIO ATIPUOPHOE paciperiesieHre. A KoT/a Mbl TOBOPHM O TIIYGOKUX HEHPOHHBIX
ceTsiX, HaGOPbI TAHHBIX UCUUCISIIOTCS Taske He THICTIAMHU, & MAJTHOHAMY U MIJLTHAD-
JaMu — ckoJibko nukceseil B ImageNet? Ognako npo6jieMa B TOM, YTO POJIb allpUop-
HOTO PACIIPe/IeICHNUS OIIPE/IE/IETCs He OOIIMM YHCIOM TOUEK Ny,¢,, @ YHCJIOM TOYEK Ha
Kacoviii c60600nviil napamemp cetd Nyyia/Niodel- Y1 B PeaIbHOCTH OKa3bIBaeTCs, 4TO
KaK TOJIBKO Ny, YBEJTUUMBAETCS, MBI TYT K€ XOTUM MOATSIHYTb K HE#l U Ny, qe], 9TOOBI
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cllesIaTh MOJIENb BhipasuTesnbHee. CBepTOUHBIE CETH, KOTOpbIe 00yuaiorcst Ha ImageNet,
MOTYT UMETh IECATKH MAJUTHOHOB ITapaMeTpoB. Tak uTo Ha caMoM JieJie MalllMHHOE 00y -
YeHHe BCE BPEMST HAXOIUTCS B «30HE aKTyaJIbHOCTH» GalleCOBCKUX METO/IOB.

Ha arom MecTe 10CTaTOYHO HOATOTOBJIEHHBII YUTATEb MOXKET ITOyMaTh, YTO Jajlb-
1re MbI OyJieM TOBOPHUTB O TOM, Kak 100aBUTh B HEHPOHHYIO CETh allPUOPHBIE pacipe-
JIeJIEHUST U KaK c/iesiaTh 6aileCOBCKUI BBIBOJ B HEUPOHHOU CeTH. DTO AEHCTBUTENHHO
3aCIyKUBAIOIIAsT BHUMAHUS TeMa, U MbI K Heil Bepuemcs B pasnene 10.5. baitecoBckuii
MIO/IX0/T HA CAMOM JieJie MOKET JIaTh BO3MOKHOCTD HE TOJIBKO MOJIYYUTD Beca B JIOKAJb-
HOM MUHUMYMe (DYHKIIUY OMIMOKY, HO ¥ OTIEHUTD X JIUCIIEPCHIO, & TAKIKE M BCE ATIOCTE-
puopHoe pacrnpeziesiervie p(w | D). Bosee Toro, B pasmese 10.5 Mbl yBUANM, 4TO TAKON
MOZIXO/] IA€T COBCEM JIPYTOi B3TJISI] Ha IPOTIAyT, 00BSICHUB €ro ¢ 6aiieCOBCKON CTOPOHBIL.

Ho 1o Goubineit uactut ganee Mbl 6yieM TOBOPUTH O COBCEM APYTHX Bellfax. 3ajava
3TOI IJIaBbI — IIOCTAPAThCS YIIYUIIUTh METO/IbI, UCIIOJB3YIONIIECs B OalleCOBCKOM BBIBO-
Jie, 0COOEHHO BapUaI[MOHHBIE TPUOJIVKEHUS K CTOKHBIM allOCTEPUOPHBIM pacipeesie-
HUSIM, C ITOMOIIBI0 «Maruu riiyOoKoro o0yueHusi». B kauecTBe OCHOBHBIX UCTOUYHUKOB
MBI 3[€Ch PEKOMEHYEM MCXOAHYIO CTaThio O GalleCOBCKUX aBTOKOAMPOBIIuKax [280]
Y HeIaBHO TIOSIBUBIIEecs MOApoOHOe BBeieHuE B TeMy [124].

31ech MOSBIISETCS CYIIECTBEHHAS Pa3HUIA B TOCTAHOBKE 33/Ia49H 110 CPABHEHHIO CO
BCEM TeM, UTO MBI JI€JIaJIi paHblie. B ManmMHHOM 06y4eHUH MOJIEIM YaCTO UMEIOT Be-
POSITHOCTHBII CMBICIT: MBI 06Y4aeM He TIPOCTO KaKYI0-TO Pa3/IeISIONyI0 MOBEPXHOCTD,
a pacmpesenenre p(x), KOTOPOe TIOKAa3bIBAET, HACKOJIBKO, O MHEHUIO 0OYUEHHOH MO-
JIeJTA, BEPOSITHO TOSIBJIEHUE TON WJIM WHON TOYKU B KauecTBE TOUKH JAaHHBIX. Y METh
cuuTath p(x) BIOJHE JOCTATOUHO JJISI TOTO, YTOOBI PEIIATh, HATPUMED, 33/1a4y KJIac-
cuduKanuu: YToObI PACIIO3HABATH PYKOIICHBIE U(MPDHI, MBI 00yJYaeM IeCSITh MOJIeel
P0sP1s - - - sP9, & TIOTOM TSI KJIAaCCUMDUKAIIMY TPOCTO CpaBHUBAEM po(x),p1(x), . . . ,pg(x):
KaKasl BEPOSITHOCTB OO0JIblIe, Ty IUGPY MbI U BBIIJANM B KauyeCTBe OTBETA.

A B pazziesie 8.2 MBI TOBOPUJI O TOM, YTO YaCTO XOUETCs He IMPOCTO PACIO3HABATH
yIKe B3SIThIE OTKY/Ia-TO OOBEKTHI, HO M CO3/[aBATh UX caMOCTosITeibHO. Hampumep, Mbl
ObI XOTEJTN HAYYUThCSI HE TOJIBKO PACIO3HABATH PYKOTMCHBIE TGP HA OCHOBE JaTace-
ta MNIST, HO 1 caMOCTOATETPHO NX TEHEPUPOBATD, <ITHCATH OT pyKu». Vo rerepupo-
BaTh KApPTUHBI B Y3HABAEMOM CTHJIE U3BECTHOTO XYIOKHIKA, KaKk B cepBucax DeepArt
u Prisma. Mu... HO 311eCh OCTaBUM YUTATEJIO MECTO, YTOOBI OH MOT JIaTh BOJIIO COO-
cTBeHHOH (banTazuu. /11 9TOro Hy»>KHO HayUUTBCS He ITPOCTO BLIMUCAMb PacIIpeiese-
HUe p(x), a CAMNAUPOBA® U3 HETO, TIOPOKIATH TOUKH 110 PACTIPEAETEHHIO p(X).

ITa 3a/1a4a Pelagach, KOHEYHO, ¥ B KJIACCHUECKOM OalleCOBCKOM 00YYEHUU: €CTb,
HarpuMep, 6oJibiinast obaacTs MetosoB Monte-Kapsio Ha 0CHOBE MAapKOBCKHX IeTeit
(Markov chain Monte-Carlo), koTopsle TpeHasHaueHbl KaK pas I TOTO, YTOObI Ha-
VUUTHCS COMILTUPOBATD U3 Paclpe/leIeHUid, KOTOPbIE Mbl YMEEM TOJIbKO BEIYUCIISIT. MbI
ceifuac He GyeM yriayOJsiThCsl B 3Ty TEMY U OTOIILJIEM YUTATEST K COOTBETCTBYIONINM
yuebHukam |44, 343, 381], a camu TOJIBKO CKazKeM, YTO 9TU METOAbI [JIsl OYEHb CJIOMK-
HBIX paciipefiesieHnii (Takux, Kak, HalpuMep, pacipeziesieHue 4eJI0Be4eCKHUX JIUIL B ITPO-
crpanctse (ororpaduii) paboraior KpaiiHe MeJIEHHO WU He padoTaioT BOBCE.
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B a10it rimaBe Mbl GyseM 06yd4aTh MOJETb COMILIMPOBATH (TIOPOKAATH TOYKH) U3
CJIOKHOTO PACTIPEIETIEHNsT C MOMOTIBIO HEHPOHHBIX ceTel, KOTopbie OYAYyT 31ech Ur-
PaTh POJIb YEPHOTO STMUKA [JIST TPHOMMIKEHUST KAKOH yTOMHO QYHKITNE — B TAHHOM CJTY-
Yae KaK pa3 [IOTHOCTU HYKHOTO paciipesieieHust. TouHee roBopsi, HepPOHHbIE ceTH Oy-
ayT 06y4aThes MpeodPasoBbIBATH KAKOE-HUOY/Ib TIPOCTOE paciipeaesieHne, 00bIYHO HOP-
MaJIbHOE CO CTaHJJapPTHBIMU I1apaMeTpaMi, B TO, KOTOpoe HaM Hy:kHO. Eciin kpaTko onu-
caTh TMPEJICTOATIYIO TIABY C MATEMATHYECKOH TOYKM 3PEHUS, MBI PACCMOTPUM CIOCOD
CTPOUTH MPUOTMKEHNS K CTIOKHBIM PACTIPEETEHNSIM, B KOTOPOM TIPHOJITKeH e Gepet-
¢S M3 HEKOTOPOTO KJacca (DyHKIMH, a TOTOM HAYHEM B KauecTBe 3TOTO Kjacca HyHK-
U TIO/ICTAaBIATh HEpOHHBIE ceTU. B pe3dysbTaTe moJsiydaTcs O4eHb XOPOIIo UaeHHO
MOTHBUPOBAHHBIE MOJIEJIN, KOTOPbIE MHOTUM HCCJIE0BATEISIM MTPEICTaBIAIOTCS OyIy-
UM TIIYGOKOTO 06y IEHMSI.

Cpasy Tpemymnpesnm, 9To JeTKo He OyAeT — 9T0, HABEPHOE, CaMast MaTeMaTHIeCKH
IIJIOTHAs IJ1aBa Bo Beell kuure. C 0JfHON CTOPOHBL, IIPY [IEPBOM YTCHUU OCTATOK IJIABBI,
HaBEPHOE, MOKHO TIPOITYCTUTh, /Ia M HA TPAKTUKE HUKTO BAaC TTOKA YTO HE 3aCTABUT IIPHU-
MEHATH UMEHHO 3TU MeTo/bl. HO ¢ IPyroit cTOPOHBI, 9Ty TJIaBy MOKHO CYUTATH CBOEOD-
PasHOI IAKMYCOBOI OYMaKKOIA: €CJIM BbI MOJKETE €€ TPOYECTh U MOHSITh, Y BaC He JI0JIK-
HO BO3HUKHYTH POGIIEM C TeM, YTOGBI YUTATH CAMBIE COBPEMEHHBIE CTATHH O TITYOOKOM
06y4IeHNH, 1 OCHOBHYIO I1€JTb, KOTOPYIO MBI CTABUM B 9TOH KHUTE, MOJKHO OYIIET CIUTATH
nocturnytoit. Utak, B myTs!

10.2. Anroput™ EM

Bennbrit Kapicon! Emy He mosaBujyerib. AJITOPUTM 3aCTAaBUT €T0 CHECTb
nAThCOT molek. Bee o exunoii! Y oH HaBepHsIKa yMpPeT OT 005KOPCTBA.

B. Iapondacarnos.
pyoiceniobnvle anzopummot, NOHAMHbLE KAHCOOMY

Yro6b! TPUMEHUTD GafiecOBCKIE METOBI K HEHPOHHBIM CETSIM (TOYHEE, KaK Mbl YBUIUM
HIKE, HA000POT — HEHPOHHbIE CETH K 0aileCOBCKMM METO/IaM ), CHauaJIa IIPUIETCs Pa3o-
OpaTbCs B TOM, Kak 9TU caMble OailecOBCKUEe METO/bl BooOie paboTaioT. Mbl HauHeM
C TOTO, 4TO JasuM baitecOBCKoe 0O0CHOBAHUE OJJHOTO U3 TJIABHBIX METOJIOB KJacCHYe-
cKkoro o0yuenus 6e3 yuureis, aaropurma Expectation-Maximization, KOTOPbIit 00bIYHO
Ha3bIBaloOT MTpocTo EM-anropurmom.

Wnes EM-anroputma 10BoJbHO TipocTa. IpencTtaBbre cebe, K MPUMEDPY, 331a4y KJid-
cmepusayuuy na 06braHOI mIockocTn R2: y Bac ecth HabOp TOYEK, U BBI XOTUTE Pa3OUTh
UX Ha MOJAMHOKECTBA TaK, YTOOBI BHYTPH KaKIOTO U3 HUX TOUKU OBLIN <ITOXOKU»> IPYT
Ha JIPYTa, TO €CTh HAXOAUJINUCH ObI OIU3KO JIPYT OT JAPYTa, a TOUYKHM U3 PA3HbBIX MOJMHO-
JKECTB KaK MOKHO 6oJiee CYIIeCTBEHHO Pa3inyainch Obl, TO eCTh Oblau Obl JaJieKu Ha
IIJIOCKOCTH.



10.2. Anroputm EM 413

3ajlauy KJacTepusaliiy, KOHEYHO, MOSKHO PellaTbh 04eHb MHOTUMU Pa3HbIMU CIIOCO-
Gami [5,573], u EM He Bcerma Gyet rydinnM (Kak MUHUMYM OH JIOBOJIBHO MeIJICHHBII
110 CPaBHEHUIO C IPYTMMH ), HO 3TOT METO/l TIPUMEHNM ¥ K Macce APYTUX 3a/a4, a Kia-
CTEPU3AIUST — XOPOIIHIA CIIOCO6 €T0 TPOULIIOCTPUPOBATb.

Yrobbl mpuMernTh EM K KJacTepusaliuy, HyKHO TPEICTaBUTh cebe 6ce NaHHBIE
O pElIeHNH 3aaY¥ KJIaCTEPU3AI[iK, KOTOPble MOTJIH Obl y Hac GbITh. B mosHOM Habo-
p€ MaHHBIX Y KQKI0U TOYKHU Oy/IeT HAIIMCAHO, KAKIE Y Hee KOOPAUHATHI (3TO MBI 3HAJIN
Y paHblile) U KaKOMY KJIacTepy OHa JI0JIKHA IIPUHA/JIeKATh — a BOT 3TO KaK pa3 Ta UH-
(hopmanys, KOTOPYIO MBI IOJIKHBI IIOJYYUTh. B 9TOM IIpe/icTaBlIeHnN OAUH TeCTOBBIN
npuMep — 3T1o napa (x;, z;), e z; MOKa3bIBAET, KAKOMY KJIACTEPY NMPUHAJIEKUT 9T
TOYKa, U MBI He 3HAeM 3HAUeHU z;.

3aMeTbTe pasHUILY: B «00BIUHOI» MOJENU TOXKE BCET/A CTh Beca UJIK MapaMeTphbl,
KOTOPBIE MBI MBITAEMCs 00y4aTh, HO WX, KaK MPABUJIO, OTHOCUTENBHO Majio, MEHBIIIE,
4YeM JIAaHHBIX, & TYT MBI BUJMM, YTO HA KaKAYIO TOYKY B JIAHHBIX TPUXOAUTCS TieJias
CBOS1 TIepeMeHHas. VIMEHHO B TaKUX CUTYAIUAX, KOTZA B UMEIOIIUXCS TaHHBIX HEKOTO-
pbI€ MepeMeHHbIE HaM M3BECTHBI, & HEKOTOPbIE OTCYTCTBYIOT, U TIPUTOKIAETCA OOBIYHO
EM-anropurm.

anee, 4ToObI IpUMEHNTH EM-aaropurs, Hy»KHO CAEJATh KAKME-TO BEPOSITHOCTHBIE
MPE/ITNOJIOKEHUS O TOM, KaK ObLIM TIOPOKAEHBI 3TH CaMbI€ IAHHBIE CO CKPBITHIMU TIepe-
MeHHBIMU. B ciy4ae kyactepusaiuw, mpoire ToBops, Hy’KHO CeaTh MPeTIoI0KeHNs
o hopme KitactepoB. /laBaiiTe pacCMOTPUM CaMblii TIPOCTOM CJIyYaii, KOT/Ia TOYKU JIEKAT
Jla’ke He Ha MJIOCKOCTH, a Ha TMPSMOH, M MBI TTPE/III0JIATaeM, YTO OHU TTOPOKIEHBI IBYMS
KJIACTEPaMU B BUJIE HOPMAJIbHBIX pacrpesiesiennii; 6osee TOro, faBaiite mpemnoaaraTh,
4TO MCIePCHs y 9THX pacIipe/ieIeHnii OMHaKoBa 1 pasHa o 1 ~ N (21; p1,02) B mep-
BOM Kzactepe, £ ~ N (z2; f11,02) BO BTOPOM KJIacTepe.

A 5T0 3HAUWT, YTO paclpesiesieHre ToUeK U3 000UX KJIACTEPOB BMECTE TPEACTABIISET
€000l cMech TBYX HOPMAJBHBIX PACTIPEAEEHU:

T~ OéN(,fC;/J,]_7O'2) + (1 - OZ)N(ZE;/,L27O'2),

r/le o TTOKa3bIBAET CPABHUTEJBHBIN BEC KJIACTEPOB APYT OTHOCUTEJIBHO JIPYTa, TO, Ha-
CKOJIbKO HOJTBIITE TOYEK MOMAIAET B OANH KJIacTep, 4eM B Apyroi. To ecTh, MaTeMaTn-
YeCKHU TOBOPSI, HAIIIA 3ajlaua COCTOUT B TOM, YTOOBI HAUTH MapaMeTPhl MAKCUMAIBHOTO
MIPABAOIONO0OUST (v, 11, f12) Y ITOU CMECH PACTIPEIETIEHIIA.

3aMeTbTe, YTO HUKAKIX CKPBITHIX IEPEMEHHBIX z IOKA YTO B MOen HeT. U MbI celi-
Yac MOKEM 3aIHCaTh 9Ty 3a/[auy TTOMCKa MAapaMETPOB MAKCUMAJIBHOTO MPaBAOIOR00Ms
B BU/Ie OOBIYHON 33/1a41 OTITUMU3AI[UIL

N

o, fi1, pp = arg. max (OéN(:L’i; 11,0%) + (1 — a)N (; u2,02)> ,
T =1

rpe xri, ..., rny — 9TO TOUYKH U3 UMECIONIETOCA Ha60pa JIaHHbIX.
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[Tpo6iema 371eCh COCTOUT B TOM, UTO 9Ta (DYHKITHSI CJAUIIKOM CJIOKHA; TTOCMOTPH-
Te — 3TO OTPOMHOE MPOU3BE/IEHIE CYMM, U €CJIU PACKPHITH B HEM CKOOKHU, CTaTaeMbIX
OyIeT 9KCIOHEHI[UAIBHO MHOTO. A €CJI IEPEUTH K ToraprdMam, TO MbI OJTyYUM OOJTb-
NIyI0 CyMMY JIOTapuhMOB CyMM, YTO TOKe He OU4eHb momoraeT. Kak Bce 3T0 ONTUMU3U-
poOBaTh — HEMOHSITHO.

Ho ecsii 6b1 MbI 3HAJIN, KaKast TOYKA U3 KAKOTO KJactepa Obiia B3sta, Cp wiu Cy, TO
JIETKO TIOJICYUTATIN GBI TTApAMETPHI MAKCHMATHLHOTO TIPABAOToA06ust. MBI TOT/Ia TPOCTO
pazenuin 61 TOYKHU IO COOTBETCTBYIONINM KITACTEPAM, U OTIEHUIIN CPEIHee HOPMATb-
HOTO pacipe/ieIeHHs] B KaXKJ0M U JI0JII0 KasKJ0T0 KJIacTepa:

S (5] . 1
OKZ%, H1 = 7| Z Ty, /’[/2_7 Z Li.
z;€Ct mZECQ

N popmasibHO — laBaliTe BBEJIEM IEPEMEHHYIO z;, KOTOPast pABHA HYJTIO, ECJIU TOY-
Ka Obuia B3aTa us C1, 1 equHuie, ecau us Co. Torza Hall BepoSTHOCTHBIA IIPOLECC, 10~
POKAAIOIIMIT TOUKHU, CTAHOBUTCS IBYXCTYIIEHYATBIM, pa30MBaETCs Ha [BE HE3aBUCUMbIE
qacTH!: CHAYAMA MBI CTYJaifHO BHIGHPACM MEpPEMEHHBIE Z; C BEPOSTHOCTBIO (t, TO €CTh
0011M IPaBAOIOA00MEM:

N
p(Z]a)= H oFi(1— )t
i=1
a TIOTOM C Y’Ke M3BECTHBIMH 2; HaOPACBIBAEM TOUKH 13 COOTBETCTBYIOIINX KIACTEPOB:
N
PX | Zypropz) = [T N (@ p1.0%) 55N (@5 p2,0%) 55

Wwayde roBopsi, MbI TEMEPh PEIIAEM TAKYTO 33/[a4y ONTUMHU3anuu (JaBaiire s yano6cTBa
cpasy repeiizieM K jorapudmam):

N
a = arg mC%XZ(zilna—f— (1—2)In(1—a)),
i=1
N
1, fi2 = arg max (Zip(il?; p1,0%) + (1 — Zi)P(I;uz,UQ)> :
H1H2
1
rjie p(x; f1,0) — MIOTHOCTH HOPMATBHOTO PACTIPEACTCHUS, P(L; [1,0) = —— e~ 2@

\V2mo

! 3zech MoxHO GBITO GBI HAPUCOBATH TPADUUIECKYIO BEPOSTHOCTHYIO MOJIENTh, TOTOBOPUTE O d-pasiesi-
MOCTH, TOAPOOHO OGCYIUTD, KaK YCJIOBUST d-Pa3IeIMMOCTH CBSI3AHBI C YCIOBHON HE3aBUCHMOCTBIO B BEPOSIT-
HOCTHBIX MOJIEISIX... HO 9TO BCE-TAKH yBEJIO Obl HAC OUEHb JAJIEKO OT MPEAMETa KHUTH, TI03TOMY MBI TIPOCTO
OCTaBUM 3]IECh HECKOJIBKO CCBUTOK [44, 381, 594 | 1 POIOIKIM «Ha MaIbIaxs.



10.2. Anroputm EM 415

O6paTI/ITe BHUMaHHE, UYTO TCIEPD 9Ta 3a/a4a OIITUMU3AINN PaCllaJa€TCA Ha TPH CO-
BEPIICHHO HE3aBUCHUMBIEC U ITO OT/ACJIbHOCTH JOBOJIBHO IIPOCTHIC 3ala4m:

* HAWTH o KaK arg maXe Zf\il (zilna+ (1 = 2;) In (1 — «)); 910 BCero Jmub T10-
HCK IapaMeTpa MaKCHMAaJIbHOTO MPABAONOA00HS IS TIOA0PACHIBAHUSI MOHETKH,
W HailTi onTHMATbHOE o erko: & = LAt = ‘Cll

* HAWTH ] KaK arg max,, » ;... P (25 p1,0?) (o6paTme BHHMMAHHUe, YTO B CyMMe
TOJIBKO T€ CJIaraeMble, ULl KOTOPBIX z; = 1, 3aBHUCAT OT i1, U — UyAECHOE COBIIajle-
HIIe — OHU-TO KaK Pa3 1 He 3aBUCST OT (42 ); HTO BCETO JIUIITH TOUCK TAPAMeTPa MaK-
CUMAJIBHOTO MPABIONOAOOHSI /7S HOPMAIBHOTO PACIIPEIETEHUs], U TYT TOKE fi]
JIETKO HAWTH IIPOCTO KAK CPeJIHEE TOUEK B IEPBOM KJIACTEPE: [i] = ‘C—lll > w0y Tis

* U, aHAJIOTMYHO, 3aBUCSIIIIYE OT Lip CJIaraeMble Tellepb He COLEPIKAT fi], Mbl PelIaeM
3ajady arg maxy, ) ;... P (25 p2,0?) 1 HAXOIMM fig = ﬁ Dz, Tie

Ha mamHbIit MOMEHT y HAC TTOIyYUII0Ch, 9YTO €CJIN 2; MI3BECTHBI, TO 33/[a4a Cpa3y pas-
OGuBaeTCsd Ha IIPOCTHIE M0/[3a1a41 M PEIIAETCs JIETKO U HenpuHyskaerHo. Ho 4to genarb
B PeAJIbHOW CUTYaIlUW, KOT/A 2; HEN3BECTHBI ?

Wpes anropurma EM cocrout B TOM, 4T00BI npumeopumscst, 6y 1o Obl Mbl 3HaEM 2;,
a 3aTeM TIOTIEPEMEHHO YTOYHSITh TO CKPBIThIE ITEPEMEHHbIE, TO TTapameTpsl Mozean. EM
osHavaeT Expectation-Maximization, B TOJTHOM COOTBETCTBUH C Ha3BaHUEM aJITOPUTM
EM noBTOpSsieT B IuKJIe 1Ba 11ara:

E-wae: 115 n3BeCTHBIX IIapaMeTPOB MOJIENIH v, (41 , {42 TIOICIUTATD OXKUIAHNS CKPbI-
TBIX IIePEMEHHBIX 2;; /IS KJIacTepUu3aly Mbl 9TOTO €llle He JlesIajii, HO 9TO TOXKe
HECJTOXKHO — €CJTU BCE TTAPAMETPHI M3BECTHBI, TO YTOOBI TOACYUTATD, C KAKOH BEPO-
SITHOCTBIO TOYKA TIPUHA/JIEKUT TOMY U NHOMY KJIacTepy, Hy’KHO IIPOCTO HAUTH
IIJIOTHOCTH paclipe/ieJIeHUii OJ]HOTO U IPYTOoro KJacTepa B 3TON TOUKe:

p(z = zi|p = py) _
pr=a;||p=p1)+p@=2;||p=p)

E [2;] =

__1 )2 __1 0)2)
e P(Ii K1) +e ﬁ(% H2)

M-wae: 3apukcupoBats z; = E[z;] u nepecunTtarsh mapamMeTpbl MOJENN 10 YKe
M3BECTHBIM (DOpMyJIaMm:

d:%a p1 = szy M2—7zxz

xzeol z;€Co

[Homyunsncs nTepaTUBHBIN AITOPUTM, KOTOPBIHN CHaYa/Ia MHUIIMATU3UPYeT apaMeT-
PBI MOJIEJTH CJIy YAl HBIMU 3HAYEHUSIMU (B CJTydae KJIACTePU3ANNUN PA3yMHO BBIOPATD JBE
caydaiiHble TOYKY U3 JAHHBIX 1 OObABUTH UX [IEHTPAMU KJIACTEPOB), a 3aTeM MOCTEIeH-
HO YTOYHSET ¥ [TaPaMeTPbl, ¥ OLIEHKH CKPBITHIX IIePEMEHHBIX, II0Ka He COMIeTCS.
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Wrak, Mbl moHsiin, Kak paboraer EM-ajroput™, Ha mpuMepe 3aad KjacTepr3a-
1un. MBI IOJTYYUIT HEKUI METO/I, KOTOPBIN BBITJISIZAUT PA3yMHO U JIaeT XOPOIITHE pe-
3yabTaThl (10 KpaifHelr Mepe Ha 3TOU 3ajade), HO 3BYUYUT OH TOKA YTO JOBOJBHO TIO-
JIO3PUTENBHO: C KaKOM CTaTH TaKOe <«BBITATMBAHME CaMOro ce0s 3a yIIu» U3 Cirydaii-
HBIX 3HAYEHU JIATEHTHBIX TIEPEMEHHBIX MU TTAPaMETPOB MOJIEHU JTOJLKHO TIPUBOINTD
K ycnexy? [lasaiite Tenepb pasbepeMcst He TOJIBKO B TOM, kak pabotaer EM B obuiem
BUJIE, HO M nOYeMy OH paboTaer.

Jluist aTOrO NMpHETCs MepeiT K TOi caMoil 00EmaHHOl «CI0KHON MaTeMaTuKe».
Ceituac MbI gaguM dopMaibHoe 0bocHOBaHKe asroputMa EM B o61eM Bujie; Gopmyt
OylleT MHOTO, U JIJIsI YU TATEJIst, KOTOPBIN PaHbIIe UX He BU/IEJ, Y HAC ECTh TAKOU COBET: 10~
cTapaiiTech «IPOTAIUTDY Yepe3 3TH POPMYJIbI HHTYHUIUIO U3 TIPUMEPA, KOTOPHIN MbI He
cay4aiiHo Tak moApoOHo paceMmorpenn. [Tpumep ¢ Kiaactepusanueii (TO eCTh CO CMEChIO
HOPMaJIbHBIX PACIIPEAETEHHIA) TOCTATOYHO MTOJHO OTPaXKaeT Bce 0COOEHHOCTH 3a1auH,
Y Ha HEM MOXKHO TIOHSITh U TO, YTO IPOUCXO/IUT HILKE.

Kak u B mpuMepe ¢ Kaactepusaiineii, Mbl Gy/ieM pelaTh 3aady MOMCKa TapaMeT-
POB MaKCUMAJIBHOTO TIPaBAONon00us 0 110 faHHbiM X = {x1, . .. @ N }; IpaBronogobue
MOKHO 3aIIiCcaTh TaK:

L6 | X)=p(x | 6) =[] (x| 6),

a MaKCHMU3UPOBATD, MOHITHOE JIETI0, MOSKHO HE CaMO TIPABIONON00E, a eTo Torapuhm
06 | X) = logL(0 | X). EM MOXeT MOMOYb, €CTH 3TOT MAKCUMYM TPYAHO HAWTH
AHAJTMTUYECK,

JlaBaiiTe IPEAIONOXKIM, UTO B JAHHBIX €CTh JameHmHvle nepemenivie (CKpBITHIE Te-
peMeHHbIe, CKPBIThIE KOMIIOHEHTBI ), TIPHYEM MOJIETb YCTPOEHA TAK, UTO €CJIM OBl MBI X
3HaJIH, 3aj1aya cTasa Obl MPOIILE, a TO U JI0TyCcKasa Obl aHasuTHyeckoe penienue. Ha ca-
MOM JIeJie, COBEPIINEHHO He 00s13aTeTbHO, YTOGBI 9TH TIepeMEeHHbIe UMeNTH KaKkoi-To dhu-
3UUYECKUI CMBICJT, MOJKET OBITh, TAK ITPOCTO yaA00HEeE, HO (PU3MUECKUI CMBICJ (TAKO#, KaK
HOMep KJIaCTepa B MPEAbIAYIIEM TPUMeEPE ), KOHEYHO, OOBIYHO TOMOTAET UX MTPULYMATh.
Harnpumep, nipencrasbre cebe 3aiaqy MOPOXKIEHUST KAPTHHOK ¢ M300paskeHueM 1iudp
(MBI paccMoTpuM aTOT TipuMep B pazzesie 10.4). B aToii 3ajaue Ham HY’KHO TTOPOJIUTh
BCIO KapPTHHKY I[EJMKOM Tak, 4TOOBI OHa OblJa «ITOCBSIIEHa» OHOU U TOW Xxe 1mdpe,
Be/Ib OJIOBUHKA JABOIKM ILTIOC TIOJIOBIHKA BOCBMEPKH /Iy T CKOPee ITO-TO MoX0sKee Ha
PYKOMUCHBIN TBEPABIN 3HAK, YeM Ha KOHKpeTHYI0 1udpy. U a0 yao6Hee Bcero Bbipa-
3UTh UMEHHO TaK: CHAYAJIA MBI TIOPOXK/IAEM CKPBITYIO IEPEMEHHYIO 2, KOTOPas COOTBET-
CTBYET TOMY, KaKy10 IIU(PY XOUETCs MOPOINTD, & TIOTOM BCE PACIIPeiesieHre BIUIUMbBIX
naHHbIX p(x | 2) OyAET yKe 3aBUCETH OT 3HaUYeHUS 2 [124].

B s060M cirydae coBMeCTHAsS IOTHOCTH Habopa AaHubix ) = (X, Z) TakoBa:
p(y|0) =p(x,z|0)=p(z|x0)p(x|0),

U TIOJTHOE TIPaBA0No00Me TaHHbBIX Terneps coctasiser L(0 | Z) = p(X,Y | 0).
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ITo ciyvaiiHas BesmunHa (TIOTOMY 4TO )) HEM3BECTHO), a HACTOSIIIEE MTPAB/IOTIOZ0-
61e MOKHO BBIYKUCIUTD KaK OKHM/IAHNE TIOJIHOTO [IPABIOIIOA00MS 10 CKPBITHIM IIEPEMEH-
HBIM V.

L(#) =Ey[p(X,Y]0) | X,6].

Tenepsb E-mar anroputma EM BbruncsieT yeinoBHoe oxupanue (jgorapudma) mo-
HOT'O IIPABAONOA0OUS IIPU YCJAOBUM X ¥ TEKYNIMX OLEHOK IIapaMeTpoB Oy,

Q(0,0,) =E[logp(X,Y | 6) | X,6].

3nech 0, — TeKylue OIEHKH MapaMeTPOB MOJIENH, & § — HeU3BECTHbBIE 3HAUEHUSI,
KOTOPBIE MBI XOTUM IOJIYYUTH B KOHEYHOM CUETE; HTO 3HAYUT, 4TO Q (6, 6,,) — 910 DyHK-
1nst oT 0. Y cI0BHOE OXUaHNe MOXKHO TIePerncaTh Tak:

Ellogp(X,Y | 0) | X,60,] = / logp(X,z | O)p(= | X,0,)dz,

rae p(z | X,0,) — MapruHaIbHOE pacpeiesenne CKPHITHIX KOMIOHEHTOB JaHHBIX.

EM Jryuie Bcero IpHMEHSITh, KOIIA 3TO BBIPA’KEHHE JIETKO IIOJCYUTATH, MOXKET
OBITH, TaKe MOXKHO TIOCIUTATH aHATUTHIeCKH. BMecTo p(2z | X',0;,) MOKHO MOICTABUTH
p(z,X | 0p) =p(z | X,0,)p(X | 0y), 0T 3TOr0 HUYETO HE U3MEHUTCS.

B wurore nociie E-mara anropurma EM mbr nosyuaem dynknuio Q(6,0y). A Ha
M-1mare MmakcuMu3upyeM (GyHKITNIO () TI0 TapaMeTpaM MOJIENH, TTOJTyYast HOBYIO OIleH-
Ky 05 41:

6,41 = arg max Q(0,0,).

3areM aTa mpoleypa MOBTOPSIETCS 10 CXOIUMOCTH.

Ocrasoch MOHSTB, 4TO K€, COOCTBEHHO, O3HAYAET 3TA TAWHCTBEHHAs (HYHKITHS
Q(0,0,) 1 ouemy Bce 3T0 paboTaer.

Mbr1 xotesn iepeiitu ot 6, k 0, 1uist Kotoporo £(0) > £(6y,). /laBaiite onennM pas-
HOCTb 9TUX JBYX BesnduH. Jlasibiire Mbl Oy/ieM BECTH JIOCTATOYHO [UIMHHYIO HEMOYKY
PaBEHCTB, KOTOPBIE OYIEM TIO X0y KOMMEHTHPOBATH:

00) — (6,) = . ..

(110 oTIpe/ieIEHUTo M OTHOU M3 TIPEABIAYIIUX (hOpMyT)
...=log </ p(X | z,0)p(z | O)dz) —logp(X |6,)=...
z

(momHOXUM 1 pasaesauM Ha p(z | X,0,))

_ p(X | 2z.0)p(= | 6)
...=log </zp(z | X.,0,) o= 2.0, dz) —logp(X | 6,) > ...
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10,00, \1(0,0n01)

On Ot Bpep

Puc. 10.1. AnropuT™Mbl MUHOPU3AITNN-MaKCUMU3AINN

(110 nepasencTBy Mencena: morapudm — BbImykias QyHKINS, 2 MATEMAaTHIECKOE 0KH-
Aaxne — JuHEHHOe npeobpasosanue, Tak 4To l0g K, f(2) > K, log f(2), a y nac
Gepercst oxuzaHME TI0 pactpesenieruio p(z | X,0,))

.> /zp(z | X,0,,)log (p(igzzie))(péi) 9>) dz —logp(X | 6,) = ...

(3anecem teneps p(X | 0y,) NOA UHTETPAT ¥ 1TO/T JIoTapudM — B HEM 2z HE YUACTBYET, TaK
YTO [T MATEMATHYECKOTO OXKUIAHUS 10 Z 9TO TPOCTO KOHCTAHTA)

) p(X | z0)(z | 0)
= /zp(z | X,0,,)log <p(X | 6,)p(z | X,@n)) dz.

I/ITaK, MbI ITOJIYYHJIN, YTO

0(6) > 1(0,6,) = £(0,) + /zp(z | X,60n) log <p(p;(;|(5)’z():(|22l 6;)71)) o

Kpowme Toro, serxo nokasars, uto [(0y,,60,) = (0, ). IHadye roBopst, Mbl HAIIJIN HUK-
HIOIO OIleHKY /Jist pynkiuu £(0), KoTopast KacaeTcs, OKka3biBaeTcs paBHoil £(0) B To4-
Ke 6y,. 1o 3HAUUT, uTo B pamMmkax EM-anropuTMa Mbl CHayasIa HAIIN HIKHIOKO OIIEHKY
s GYHKITMY TPABIOTION00sI, KOTOpast KACAETCS CaMOTO TIPABAOOA0OUS B TEKYIIEit
TOYKe, & TOTOM CMECTHJINCH TY/a, T/le OHA MAaKCUMAaJIbHA; eCTECTBEHHO, IIPU 3TOM caMa
(hyHKIMS TPaBAOTONOOUS TOKE YBETUIUTCS, el TPOCTO JeBaThest Hekyaa (puc. 10.1).
Taxas obIast cxema ONTUMHU3AIUK, TP KOTOPOH MaKCUMHM3UPYIOT HUIKHIOW OIEHKY
Ha ONTUMU3UPYyeMYIo (DYHKIIIIO, NHOT/A ellle HasbiBaeTcss MM-anzopummom, OT CIOB
Minorization-Maximization.

OcTanoch TOIBKO MOHITh, YTO MAKCUMU3UPOBATh MOKHO (). V1 cHOBa npuzieTcst BbI-
TEepIeTh IENIOYKY PABEHCTB:

0,41 = arg mgxl(@,an) =...
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(niepenuiiieM 1o (popMyJie BbIIIIE)

= ...arg max {E(Gn) + /zp(z | X,0,)log (p(p)((/’\If (ijg()i)(z)l,?n)> dz} =...

(BbI6pOCI/IM H3-110/1 arg max BCe, YTO HE 3aBUCHUT OT 0 — ot aTOTO TOYKa, /1€ 1I0CTUraeTcAa
MaKCHUMYM, HE I/ISMGHI/ITCH)

=...arg mgx{/zp(z | X,0,) log (p(X | 2,0)p(z | 0))dz} =...

(cBepHeM onsiTh poussezienne p(x | z)p(z) B COBMECTHYIO BEPOSTHOCTD p(T,2))

=...arg max {/ p(z | X,0p) logp(X,z | O)dz} = arg max {Q(6,0,)}.

Bor n nosnyuunca EM-anroputm.

3aMeTum, 4To st Toro, 4toObl EM-anroput™ cpaboTal, B IPUHITUIE TOCTATOUHO
HPOCTO HAXOAUTD O, 41, 71T KOTOPOTO Q (041, 6n) > Q(Oy, Oy): urT06HI £(0) yBemIUn-
BAJIOCh, He 00s13aTEILHO HAXOANTh MIMEHHO MAKCHMYM €€ HIKHEN OIeHKH, TI0CTATOUHO
CMECTHUTBCS TY/Ia, T/Ie HIDKHSIST OIfeHKa TIPOCTO XOTh Ha CKOJTHLKO-HUOYIb YBETUIUTCS.
Taxas cxema HasbiBaetcst 000ouennvim EM-anzopummom (Generalized EM).

10.3. BapuauuvoHHble npubnanKeHus

Bax penim, 4To Ty T, mosKayii, JIydiiie BCero o0y T BApHAIUH, XOTsI
JI0 CUX II0p CUMTAJL, YTO TO JeJI0 HebnarogapHoe... TeM He MeHee, 5TH Ba-
pUAIIUK, KaK U BCE, YTO OH CO3/aBaJl B TO BPEMsI, IOJIYIUJIUCH Y HETO BEJIU-
KOJIEITHBIMM... ['pad HasbIBa 9TOT LUKJI cBoMMU Bapuanusamu. OH HUKaK
He MOT MU HACJIAUThCsI, M J0JITO ellle, KAK TOJIbKO y HEr0 HaYMHAIACh
6ecconHuIa, OH, ObIBaIO, TOBOPUIL: «JI106e3nbiil [onbadepr, chirpaii-ka
MHE KaKy-HUOY/Ib 13 MOUX BapUAIUii».

H. Doprenv. O xusnu, uckyccmee
u 0 npoussedenusx Hozanna Cebacmvsana Baxa

Ciienyiommas BaxkHas uzest 6aileCOBCKOro BbIBO/IA, KOTOPYIO HaM HYKHO OCO3HATD U JIJIs1
KOTOPO#i, COOCTBEHHO, 1 TIpeIHA3HAYEHbI OIIMCAHHBIE B 9TOM IJIaBE METO/IbI, — 9TO 6aPU-
ayuonnwvle npubauscenus. VIx paccMoTperue GyieT OueHb MOX0Ke Ha TO, UTO MbI TOBOPHU-
s 0 EM-ajropursme, ¥ Mbl CMOKEM ellle pa3 00CYIUTh BCIO 9Ty CUTYALMIO CO CKPBITHIMU
rapamMeTpaMy ¢ HEMHOXKKO JIPYTOTO YTJia 3PeHuUs.

MBI IO-IIpEsKHEMY HaXOMMCSI B TOM e 00I1eil CUTYaIiK, YTO U B IIPE/bIAYIIEM Pa3-
zeJie, rae HaM moMoraj EM-aaropurs: Ipeaoro:KiumM, 4To Habop JaHHBIX X = {w,}zj\i 1
OB TOPOJKAEH ABYXCTYIEHYATHIM IIPOIIECCOM C MapaMeTpaMy MOJeIH §: cHavaja U3
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KaKOro-TO alipUOPHOTO pachpeseierus p(z | @) TOpoauIn BEKTOP CKPHITHIX MepeMeH-
HBIX Z, a 3aT€M U3 YCJIOBHOTO pactipenenenus p(x | z,0) mopoaumn cobcTBEHHO TOUKY
x. Mb1 3uaem pacrpenenenus p(z | 0) u p(x | z,0), Ho pacupenenenue p(x | 6):

p(z | 6) = /Z p(@ | z.8)p(= | 8)dz

JIJIsI HAC CJIMIITKOM CJIOJKHOE, MBI HE MOJKEM €r0 TIOACYUTATH HATPSIMYIO.

EM-ajiroput™ mpuMeHsIICS B CUTYAIMsX, KOIJa Mbl MOKEM JU00 aHAJIUTUYECKH,
JIM0O0 YUCJEHHO TIONCYUTATh PACIIPEAeIeHe CKPBIThIX IEPEMEHHBIX IPU (DUKCHPOBaH-
HBIX TTapaMeTpax p(z | x, 6); 06bIYIHO €T0 MOJKHO MOICYUTATH IO TeopeMe Baifeca:

p(z| 2 0)p(z|0)
p(xz|0)

Torna mbl cuuTaeM ato pacrnipenienenue Ha E-mtare EM-anroputMma, rosgyyaem olieH-
KM O’KUJJAaHUH Z, MaKCUMU3UPYeM LiesieBylo dyHKImio Ha M-1mare 1o 6 ¢ pukcnpoBan-
HBIMU OLICHKaMHU U TakK jlajlee, KaK B [Ipe/IblyIIeM paszere.

Ho uro ecin paske pacnpenenenue p(z | @, @) mMoacyuTarh He TMOMyIaeTcss? ITO He
TaKOM YK PEAKUN CIydali: mpeacTaBuM cebe, HATIPUMeED, 9To pactpenenenue p(x | z,0)
3a/1aHO MTPUBBIYHON HAM HEHPOHHON ceThio. Jlaske 0ObIYHAS ABYXCJIONHAsT HEHPOHHASI
CeTh C HEJTMHEHHBIM CKPBITBIM YPOBHEM — 3TO HACTOJIBKO CJIOXKHOE pacrpeieieHne, 4To
[IPOCTO B3Th M YMHOKHUTH €T0 HA AlPUOPHOE pacipeziesienue p(z | @) He MOTyduTCs.

B MaTeMaTHueCKOM MOJIEJTUPOBAHUN €CTh YHUBEPCATBHBINA OTBET HA BCE MOI00HbIE
3aTPy/HEHUSI: €CJIU CTPYKTYPa 00BEKTA CIIUIIKOM CJIOKHA, 3HAYUT, HY’KHO MTPOCTO MIPHU-
GJIM3UTBH €T0 € TIOMOTIBIO KaKOTo-HUGY b Gosiee TpocToro o6bekTa. CyTh BApHAI[OHHO-
TO METOJIa TIPU HTOM COCTOUT B TOM, UTO HOJIEe TTPOCTOE MTPUOMMKEHNE MBI HIEM CPEJTH
HEKOTOPOTO KJacca GyHKIHi (pacipeieieH il ), U MbITaeMCst HAllT B 3TOM 60Jiee Tpo-
CTOM KJIacce 3JIEMEHT, KOTOPbIi HanboJiee MOX0K Ha TOT «CJIOKHbII» 9JIeMEHT, KOTOPBIN
Mbl Tipubamskaem. Ecim aToT kiiace Gy/IeT 3ajaH mapaMeTpUYecKy, 3HAUUT, Y HAC MO-
SIBSITCSI HOBBIE 8APUALUOHHBIE NAPAMEMPDL, TIO KOTOPBIM MBI, 6y/1eM HAJIEAThCS, CMOKEM
OIITUMU3UPOBATh NpubIMKeHre. Bripouem, o1Ha U3 KIHOYEBBIX 0COGEHHOCTEN METO/a,
KOTOPBII MBI cefiuac paccMaTpuBaeM, KaK pas B TOM, 4TO IPUOGJIKEHUE MBI UITIEM BOBCE
He MapaMeTpPUYecKU.

OHAKO B 1EIOM CMBICJT TPOUCXO/STIETO TOYHO TAKOI JKe: MBI TPUOIIKAEM CITOK-
Hoe paciipeesiere 6oJiee pocToii GopMoii, BbIOKMpas To paciipeesetue us boJee mpo-
CTOTO CEMENCTBA, KOTOPOE JIydliie BCETo IPUOIIIIKAET CJI0KHOE pacnpezesenue. «IToxo-
JKECTh» MOKHO OTIPeNeUTD Mo paccrosamio Kymbbaka — Jleiibiepa:

p(z) q(z)
KL(p|lq) = / p(z) In 2y — / p(z) In L2 4
q(x) p(x)
I‘ITO6I)I O6'bHCHI/ITb, KaK BCe 3TO pa60TaeT B pea]IbHOCTI/I, BepHeMCH CHa4daJia K O/~
HOMy N3 B3IJIA10B Ha EM'aJIrOpI/ITM: HyCTb X — Ha6]IIOlI3.eMbIe HepeMEHHbIe, a Z —

p(z |z, 0) =
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sarentHble. EM-airopuT™ penosaraet, 4YTo Mbl yMeeM CUUTATh IJIOTHOCTb COBMECT-
Horo pactupezenenusi p(X, Z | 0), a xorum makcumusuposath p(X | 0). Ouu cBsizaHsl,
HAIPUMED, TaK:

p(X,Z[6) =p(X[0)p(Z ] X,0),

a 3HAYMT,
Inp(X |0)=Inp(X,Z|0)—Inp(Z | X,0).

PaccmoTpum HOBoe pactpeziesieHue g(Z), KOTOpoe u OYAET CIYKUTh TeM CaMbIM
npubsimkennem. JaBaiite pocTo MexaHndyecKu J06aBuM ero B Hamm GopmyJibl. Pac-
cMOTpuM (HOPMYJIy BbIIIIE U BO3bMEM B €€ JIEBOU U TIPABOI YacTAX OXKUJAHUE 10 pac-
npezenenuio q(Z):

/ o(Z) Inp(X | 0)dZ = / «(Z) Inp(X, Z | 0)dZ — / o2 Inp(Z | X.0)dZ.
Z Z Z
Holnp(X | 0) ot Z e 3aBucwur, Tak 4To 0XKUAaHNE cIeBa paBHO camomy Inp(X | 6):
Inp(X | 0) :/ q(Z)Inp(X,Z | 0)dZ—/ ¢ Z)Inp(Z | X,0)dZ
Z Z

A Temepb cripaBa faBaiiTe MO/ HHTETPAIoM nobaBuM 1 BruTeM ¢(Z) In ¢(Z) (na, ato
BBITIAINT KaK HEMOHATHAS Marus — CIIOKOWCTBUE, Ceiuac Bce TIPOSICHUTCS ); B PE3YTh-
TaTe y HAC TOJIY4IUTCS:

Inp(X | 6) = /Z (2) (Inp(X,Z | 0) — Ing(Z) +Ing(Z) —Inp(Z | X,0)) dZ

B pX,Z|0) p(Z]1X,0) .,
—/Zq(Z)lniq(Z) dz /Zq(Z)lniq(Z) dzZ =

= L(q,0) + KL(q|]p(Z | X, 0)),

rae L(q,0 fZ q(Z)In X(iz)‘e)dZ — "ekuit dyukimonan yxe ot p(X,Z | 8), ot cos-
MECTHOTO paCHpelIe]IeHI/IH KOTOPOE, 110 HAIIIEMY TIPETOJI0KEHHIO, IOCTATOYHO IIPOCTOE.

[Tocmotpute, uto y Hac nosyunsiocs: KL(g||p(Z | X, 0)) — at0 paccrositue Kyiib-
6aka — Jleitbmepa; OHO BCeT/ia HEOTPHUIIATENHHO, M PABHO HYJIIO TOJIBKO ecin ¢ = p. [To-
stomy L(q, ) — 310 HIKHs olleHKa Ha In p(X | ). I 8 EM-anroputme, orydaercs,
MBI JIJIS TEKYIIEeTo O,

* na E-mmare makcumusupyem L(q, 0,,) 10 g 1yist GUKCUPOBAHHOTO O,; MAKCUMYM
nocruraercs, korza KL(g||p(Z | X, 0)) = 0, To ectb Korna ¢(Z) = p(Z | X, 0y);

* Ha M-mare puxcupyem ¢(Z) n MAaKCUMHU3UPYEM HUKHIOIO OIIEHKY MTPABIOIO/0-
6ust L(q,0) 110 8, ony4as 6, 1.

Huknsist onerka £(q, 0) — 9T0 OfUH U3 BAXKHEHITNX 00BEKTOB B TEOPUU BapHAIU-
OHHBIX npubaMKernii. OHa HA3BIBAETCS BAPUAUUONHOT HuxcHel oyenkol (variational
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lower bound, evidence lower bound, ELBO). A camu BapuallioHHbIe MeTOIBI pabo-
TAIOT TaK: MYCTh Mbl XOTHM MaKCUMU3UPOBATh p(X ) CO CKPBITHIME TI€PEMEHHBIMU Z,
u p(Z | X) — cioxHoe pactpeseierue. JlaBaiite nckaTh TPUOJIMIKEHHE K HEMY B BUJIE
pactupeaesnenus Gosee pocToit cTpykTypbl (7). Torma 110 TeM ke cooOpakeHusIM

Inp(X) = £(q) + KL(gllp(Z | X)), rae

_ p(X, Z) . p(Z | X)
cw) = [ azywZmZaz. Kugly) = - [ azym2o)

U MBI cHOBA MOYKEM MaKCUMU3UPOBATH BAPUAIMOHHYIO HIJKHIOW O1leHKY L(q), mpu-
6mxast ¢(Z) k p(Z | X). 3mech MOTyIHIICs PeIKUN YaCTHBIN Caydail QyHKIHOHATb-
HOII ONITUMUBAINH: Ka3a10Ch Obl, HAM HY’KHO OBLIO PENINTh HEPEATbHO CJIOKHYIO 3a/1a-
4y, MakcuMusuposatb L(q, 0y,) 1o byHKIMY, 110 pacupesesaenyio g. Ho B pesyibrare
HEXUTPHIX TPe0OPas0BaHUI OKA3aIOCh, UTO JJIST ITOTO IOCTATOYHO BCETO JIUIIh TTOICUH-
tath q(Z) = p(Z | X, 0y,), wnu xotst 661 ipubimsuth q(Z) ~ p(Z | X, 0y,). Eciu 661 Mbt
6pasu q(Z) u3 mapaMeTpUIeCcKOro ceMeNCTBa, To TIOUCK q(Z) cBeJicst Obl K (BO3MOKHO,
OPUOIMKEHHOMY ) PEIEHHI0 HEKOTOPOI 33/1a4i ONTUMU3AINH, HO TIPEJIeCTh BApUaIlu-
OHHBIX ITPUOJIMKEHHH B TOM, YTO YaCTO TapaMeTPUIECKOE CEMEHCTBO 1 BOBCE HE HY)KHO!

dz.

PaccMoTpuM cHavYasa ryIaBHbIN YaCTHBIN CJIyYail BADHAIIMOHHBIX TTPUOIMKEHIIT —
caryyaii, KorJa ¢ MoJHOCTBIO (PaKTOPH3YETCs, PACKIIBIBACTCST HA MHOKUTEN!, 3aBUCS-
IMIYe OT OHOM TIepeMeHHO NN HeTlepeceKaoIMNXCsI HOAMHOXKECTB TePEMEeHHBIX:

M
9(Z) = [ w(%), ZinZ; =0nnascexi,j.
i=1

KiroueBoit MOMEHT 371€Ch B TOM, YTO MBI HUKaK He orpaHmYnBaeM ¢;! Hukakux mpen-
MOJIOSKEHUH 0 opMe paciipeieieHniT, HUKaKOTO MapaMeTpruieckoro ceMetictBa. OmHa-
KO TeIepb MbI IIPOCTO JIOJKHBI MAKCUMHU3UPOBATh L£(q), cliesaB IpesnoioxeHe o (op-
me q(Z):q(Z) = Hf\il ¢;(Z;). OctaBuM TO, 4TO 3aBUCHUT OT OJTHOTO (paKTOpa q;:

M
E(q):/qln%dZ:/i:r[lqi lnp(X,Z)—zi:lnqi dzZ =

= / 4 / Inp(X, 2) [[ wdZ: | dz; — / q;IngjdZ; + const =
i#j

= /(Ij Inp(X, Z;)dZ; _/Qj IngjdZ; + const,

rae Inp(X, Z;) = Eiz; [Inp(X, Z)] + const.
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Kak Tenepb MaKCUMHU3UPOBATH TAKYIO BEJTMUUHY:
L(q) = /qj Inp(X, Z;)dZ; — /q]- Inq;dZ; + const
10 ¢; npyu (PUKCUPOBAHHBIX ¢;, @ 7# j7 ITa popmysia — npocto KL-paccrostiue mexmy
q;(Zj) n p(X, Z;)! 3naunr, MoxkHO Gpathb ¢* TaK, 4TOObI:
Ing*(Zj) = Eix; [Inp(X, Z)] 4 const,

a 9Ta 3aa4a 0OBIYHO PEIIAETC JOCTATOYHO IIPOCTO.
JaBaiiTe pasbepeM KOHKPETHBIN IpUMeEp: NPUOIU3UM AByMEPHOE HOPMaJIbHOE pac-
rpejieJieHne MMPOU3BeIeHeM O/JHOMEPHBIX. PaccMOTpUM JIByMepHBIH rayCccuaH:

A1 A
_ Nz | A, :(m)’ A:(n 12)7
p(z) =Nzl A7), p=1{ Mo Ao

1
p(z) = 27|

e~z TA(z—p)

ITO pacipe/iesieHIe He PACKJIAIBIBACTCS] HA He3aBUCHMbIe MHOKHTEJIH, HO [aBaiite
OpUOIN3NM €T0 pacTpeieleHneM, KOTOPOe pacKiaabiBaetcst: ¢(z) = q1(21)q2(#2).
o o * —_
Bocnonbayemcest Boisesiennoii soime dopmynoit Ing*(Z;) = Ei; [Inp(X, Z)] +
++const; KOrzia Mbl IIOJICYNTHIBAEM ¢1 (21 ), B CONSt TTONA/IAET BCE, YTO HE 3ABUCUT OT 21:

Ingf(z1) = E[lnp(z)] + const = E —%(z — ) TA(z — u)} + const =

1
=E|-5(a - p1) A (z — i) — (21— ) T Aaa(e — M2)} + const =

1
= —§>\117«“% + (n1A11 — (E [z2] — p2)) 21 + const.

CMoTpuTe — B KauecTBe IPUOIMKEHHS Y HAC TOJIyYHI0Ch HOPMaJIbHOE paciipeiesie-
HUE, TPUYEM TTOJYYUIOCh caMo TI0 cebe, 6e3 Hanrero yyactus! Boiaesss moaHbiil KBaj-
par:

gi(21) = N'(z1 [ m1, M), e my = pn — A Aa(E [22] — pa).

Amnajioruato,

g3(22) = N(22 | ma, \o3 ), e mg = pg — Agy Ma(B[z1] — ).

3neck E [z1] = my, E[22] = mg, 1 HAM HAZIO IPOCTO PEILTUTb CHCTEMY; TIOJIYIUTCS,
€CTeCTBEHHO, M| = i1, M2 = 2.
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10 g 10
0,75 | 0,75
05 | 05
025 | 0,25
00 | 0,0
0,25 0,25
05 | / 05
0,75 / 0,75
‘10 ! 1,0
-1.0 075 05 -025 0.0 0,25 0.5 0,75 1.0 -0 075 -05 -025 0,0 025 05 0,75 1.0
a (7]

Puc. 10.2. Bapuanuontbie npubJKeHust K IByMEPHOMY rayCCHaHy

CpaBHUM Terepb 9T0 ¢ 0OBIYHBIM MapriuHajoM (mpoekieir): Ha puc. 10.2, @ Mbl
n300pasuIIn MOJIyYeHHOE BapUAIIMOHHOE MPUOJIMKeHe, a Ha puc. 10.2, 6 — npousseie-
Hue npoekiuii Ha ocu X 1 Y. MbI BUIMM 371eCh TOT camblil 3(h(HeKT, KOTOPBIT MbI 00CY K-
nanu B pasuene 8.5 (BcriomuuTe puc. 8.11) a7t pasHbIX BapuaHTOB pacctosiuust Kyb-
Gaka — Jleitbmepa: B TO BpeMsl Kak TPOU3BEACHNE MAPTUHAJIOB JIa€T ITUPOKOE «HAKPHI-
Barollee» pacipeeseHne, BApHallioHHble IPUOIMKEHUsT BBIOUPAIOT OJH KOHKPETHBII
MUK, YTO JIJIS 33124 MAITHHHOTO 00YUEHNUsT OGBIYHO TIPEANOUYTHTEIbHEE.

A BaKHBII JIJIS HAIIETO MAJThHENUIEr0 PACCMOTPEHUS] KOHKPETHBIN TPUMEP — 3TO
memod zaasmvix xomnonenm (principal components analysis, PCA). 9rto npocreiimas
MO/IeJIb C HETTPEPBIBHBIMY JIATEHTHBIMY IT€PEMEHHBIMU; BO3MOKHO, BBI CJIBIINAIHN O HEH
B <OOBIYHBIX» KypcaX CTATUCTUKU WM MammHHOTO o6ydenust. Cmbica PCA cocrout
B TOM, 4TOOBI COKPATUTH PA3MEPHOCTD, TOTEPSIB KAK MOKHO MeHbIIe HHGOPMAIINUH O /13-
taceTe; (POPMATBLHO ATO 3HAYWT, YTO MBI TIBITAEMCS HAUTH TaKOE TIOJIITPOCTPAHCTBO MEHb-
1eil pasMEpHOCTH, MPOEKIINS Ha KOTOPYIO COXPAHSET KaK MOKHO OOJBINYIO YaCTh JIHC-
Hepcuy UcxonHoro Habopa Touek. AsropurMmudeckn ooprunbiii PCA cBoauTes K auaro-
HAJM3alM1 BMINPUYECKOM KOBApUAIlMOHHON MaTPHUIIbI IaTaceTa, TO eCTh K II0/ICUETY ee
COOCTBEHHBIX BEKTOPOB.

Ho cefiuac wac untepecyer 6aiieCOBCKUI B3IJISI/L HA TO, YTO TPOUCXOAUT B METOJIE
[JIABHBIX KOMIIOHEHT, VITaK, My cTh HAIIN KCXOIHbIE 0GBEKTHI HAXOSATCS B TIPOCTPAHCTBE
pasMepHOCTH D, a IaTeHTHbIE epeMeHHble — B IIPOCTpaHCTBe pasmepHocti d: X € RP,
Z € R%. 3anuiem pacrpe/ie/sieHus:

p(X.Z | 60) = [[ p(xizi | 0) = [ p(xi | 2:.0)p( | 0).
i1 =1

Byzem mpefnoiaraTh, 4T0 JIATEHTHBIE TEPEMEHHBIE 2; OEPYTCS U3 HOPMAILHOTO Pac-
npeiesieHnst BOKPYT HyJisl, 2 COOCTBEHHO HAOJ0IaeMble TIePEMEHHbIE TTOJNYYAIOTCS 13
HUX JIHHEHHBIM TIPe0OPa3oBaHIEM ¢ HOPMAJIBHO PACTIPENETECHHBIM IITyMOM:
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p(X,Z10) = [[N(wi | p+ Wzi,oD)N (2 | 0,1).
=1

3nech Matpuia W pasmeproctu D x d i BekTop p € R% — 910 1 ecTh HCKOMBIE Beca.
3amaya Ta xe: MakcumusupoBath p(X | 6) no 6. Ee MoXHO, KOHEYHO, PEMIUTD SIBHO,
KaK B MCXOJIHOM METOJIE TJIABHBIX KOMITIOHEHT, a MOskHO 1 EM-anroputmom: Ha E-1mare
uckathb p(z; | z;,0), a Ha M-mrare makcumusuposath E, log p(X,Z | 0); B aTOM TipocToM
yacTHOM cay4dae v E-, 1 M-1mar MOKHO BbIPa3uTh SIBHO, aHAJTUTHYECKU.

Kasasocn 651, cTpaHHO: 3aueM 3amyCcKaTh HTEPATUBHBII TIPOTIECC, €CIH MOKHO TIPO-
CTO SIBHO BCE TIOCUUTATD Yepe3 cOOCTBEHHBIE BEKTOPHI? OKa3hIBACTCS, YTO MHOT/IA TAK
JIEHCTBUTEIILHO JIyYIIle: CJIOKHOCTD METO/IA TJIABHBIX KOMIIOHEHT B SIBHOM BHUJIE COCTAB-
nser O(nD? 4+ D3) (uckaTh coGCTBeHHbIe BEKTOPHI y GOIBIINX MaTPHIl Hejelmeso!),
a CJIOKHOCTB 0fHO# utTepanuu EM-anroputma — Beero sutib O(nDd). Ilpu manens-
KUX d 9TO TOPA3/I0 JyYIlle, U UTEPAIIUI MOKHO cebe TTO3BOMUTD TOBOJBHO MHOTO.

Ectb u npyrue npenmyinectBa. Hampumep, 4To nesathb, €cam BO BXOIHBIX TAHHBIX,
B X, nonajaiorcd npoirynienubie janabie? PCA Hy)kHa NpaBUJIbHAS [JIOTHAST MaTPU-
113, CTPOKU UJIH CTOJOIBI ¢ HEM3BECTHBIMU TAHHBIMY TPUAETCS BHIKUIBIBATD, & B TAKOM
CITydae MBI PUCKYEM OCTAThCsT Oe3 TAHHBIX COBEPIIEHHO.

Vv ipeinososKuM, 4TO YaCTh CKPBITHIX TEPEMEHHBIX HAM yiKe u3BectTHa (00ydyeHe
C YaCTUYHBIM [IPUBJICYEHUEM YUUTEJIA): ONIATh Ke, B IBHOM aJITOPUTMe HEIIOHSATHO, YTO
Jles1aTh, a TYT COBEPIIEHHO IIOHATHO, HAJIO IIPOCTO 3aUKCUPOBATh U3BECTHLIE 2; U HE
MIEPECUUTHIBATH UX TOTOM.

Eure 60siee untepecHoe baitecoBckoe o6o61enne uaern PCA — 9T0 cMech HECKOJIb-
KHX IMTOJIIPOCTPAHCTB TJIaBHBIX KoMmoHeHT (mixture of PCA). Maes takast: 4To ecin
JIAHHbBIE HE YKJIAIBIBAIOTCS B/IOJb OTHOTO JIMHEWHOTO MOANPOCTPAHCTBA MAJION pa3Mep-
HOCTH, HO YKJIaJbIBAIOTCS B0 HECKOMBKUX? B 6a3oBoM PCA cOBepIIeHHO HETIOHST-
HO, KaK BBECTHU TaKO€ paclIupeHune. A Mpu BEPOATHOCTHOM TIOXO/IE BCE TIOIYYaeTCs ca-
MO c060ii: MbI 1006aBJIsIEM CKPBITBIE TIEPEMEHHbIE t;, KOTOPbIE TIOKA3bIBAIOT, U3 KAKOTO
UMEHHO JIMHEHHOTO MOAMPOCTPAHCTBA (M3 HECKOJIBKUX) BBHIOMPAETCS TOUKa, U 0oblIee
COBMECTHOE pacIipefieJieHre Teleph BBITJISIUT TaK:

m
p(X,ZT [ 60) = [[ (i | ti,2:.0)p(zi | O)p(t; | 6).
=1

Pacnpenenenust p(z; | ¢;,2;,0) BBITJISAST TOYHO Tak e, Kak p(z; | z;,0) Bblile, HO
MapaMeTpbl BBIOUPAIOTCST COOTBETCTBEHHO 3HAYEHUIO ¢;. Tereph MOKHO TOYHO TaK JKe
BecTu BbIBOJL EM-asiropuTMoM, HO METO/L Y3Ke TI0JIyYaEeTCsT HE COBCEM JIMHEWHbII !

OpHako [Iake TaKue BapUAIMU METO/Ia IJIABHBIX KOMIIOHEHT B JIDOOM CJIydae Ipej-
MOJIaral0T JTHHEHHOCTh 6a30BOTr0 TOANpPOCTPaHcTBa. HO B JKU3HU MOBEPXHOCTU YACTO
HaM JIOCTAIOTCS COBEPIIEHHO HEeJIMHEHHBIE: COTJIACUTECDH, BPSL JIN «HAcTosmme (oTto-
rpadum» 06pasyoT JUHEHHOE TOAIPOCTPAHCTBO B IPOCTPAHCTBE BCEX M300PaKEHUIL.
Jlist Toro, YTOOLI MX BHIPA3UTh, HAM U TIOMOTYT HEHPOHHBIE CETH. ..
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10.4. BapnauMoHHbIN aBTOKOAUPOBLLUK

3nech caenyer 06paTUTh BHUMAHUE HA TO, UTO MIPEK/E BCETO SI MOTY
MBICJIUTH caMoTo cebst, 910 anopnkTndeckoe Ego, coBceM nHaue, B CBO-
GOJIHOI BapHaIuu, U TAKUM 00Pa30M MOJIYYUTh CUCTEMY BO3MOKHbIX Ba-
puaruii cebst caMoro, IprueM JioGast Takast BApHAIINS YHHUYTOKACTCS JIO-
6oii apyroit u Tem Ego, KOTOPBIM 51 IEHCTBUTENBHO ABIAIOCH. DTO €CTh
cucTeMa allpuopHOi HECOBMECTHUMOCTH.

9. Tyccepnv. Kapmesuanckue pazmovluinenus

Bapuanmonnsriit aBrokogauposiuk [124, 280] — aTo He/JlaBHO MOSBUBIINNICS BapUaHT
TTOPOSKIAIONINX Mojiesiell (BCTIOMHUTE paszien 8.2), KOTOPBI OCHOBaH Ha BapUaIllMOH-
HbIX IpubanKeHusx. M Ha caMoM JieJie OCHOBHAsI 11eJib IIPollecca 3/1ech OyAeT POBHO
Ta JKe, 4TO U B COlepHUYAomux aBrokoauposiiukax (AAE; cM. pasznes 8.5): Mbl XOTUM
c/les1aTh TakK, YToObI pacipeiejieHre CKPBITHIX GaKTOPOB B aBTOKOAMPOBIIMKE OBLIO 110~
XO’Ke Ha KaKoe-HUOY/Ib CTaHIapTHOE paciipeesierre (HalpuMep, HOpPMaJIbHOE ), 4TO 3a-
TEM ITOMOJKET HaM COMILJIMPOBATH MOAXO/ISIIIHE CKPBIThIE (haKTOPbI M Pa3BOPAYMBATh MX
B IIPaBAONOJ00HbIE OOBEKTHI JEKOANPYIOIIEH YaCThIO.

OxHaKo Terepb Mbl Oy €M UATH K 9TOH 1[es1n coBceM ApyruM myrteM. CozgepKarebHo
ujiest BApUAIIMOHHOTO aBTOKOIMPOBIIUKA [TOPA3UTEIBHO [T0X0KA HA TO, YTO MbI JIeJIan
BBIIIIE JIJIST METO/IA TJIaBHBIX KOMIIOHEHT. /laBaiiTe mmpocTo BMeCTO JIMHEHHOM (hyHKITUN
MO/ICTAaBUM HEJIMHEWHYIO:

m m

p(X.Z | 0) = [ p(zizi | 0) = [[ p(@i | z.0)p(zi | 0) =
i1 i1

m D
TTTI NV (i | i (z).0(20) )N (2 | 0,1).

i=1j=1

OGparute BHUMaHUE: 9TO POBHO TO ke camoe, uTo B PCA. To4HO Tak jke Mbl IPE/IIIO-
JlaraeM, 4To JIATEHTHBIE TePEMEHHbIE GEPYTCS M3 CTAHIAPTHOTO HOPMAJIbHOTO PacIpe-
JleTens, Ho Terepb QYHKIMH fi;(2;) ¥ 0j(2;) MOTYT OBITb KAKUMH yrOAHO. Kak MOKHO
3a1aTh «KaKue yrofino» GyHkimn? KoHeuwo e, HelipoHHOII ceTbio! Y HAC HOsBIIsIETCS
HeHPOHHAS CeTh, KOTOPast GepeT Ha BXOJ z U TIPOM3BOJIUT T€ CAMBIE {4 U 0, 2 TAPAMETPHI 6
TeTeph CTAHOBSITCS TIPOCTO TTapaMeTpaMy 3TOH HEUPOHHOU CeTH.

KoteuHo, sBHbIM 06pa30M 3aj1auy MAKCUMU3AIIUHU TeTlePb PEITATh He moyuntcst. Ho
u ¢ EM-airoputmom He Bce Tak npocto: Ha E-mrare Hyxuo paccuaurtats p(z; | x;,0), 1 3To
AHAINTUYECKH C/IETATD He TOJYIUTCS:

_ p(zi | 2,0)p(z)
I o(zi | 2,0)p(z)’
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e~ N(OI}

Puc. 10.3. CtpykTypa BapranioHHOTO aBTOKOIUPOBINUKA: @ — OCHOBHAS UJIEs;
6 — peaM3anusi ¢ MOMOIIBIO PerapaMeTpU3aIIN

U UHTETpaJ B 3HaMeHaTeJe He Oepercst. Uro nenars? HyskHo BcioMHUTD, uTo EM-asro-
PUTM MaKCUMHU3UPYET HIKHIOI OIleHKY Ha ¢(Z). Tenepb He 1OJyIaeTcst ONTUMH3HPO-
BaTh (DYHKIIMOHAIBHO, IO BCeM-BCeM-BceM ¢(Z), Hy Tak JlaBaiite Tenepb MPpOCTO Tapa-
MeTpu3syeM q(Z) u 6y/ieM pernaTh 3a/1auy MapaMeTPUYeCKON OTMTHMI3AI[IH.

C 9TUM MOJTyYaeTcst Tak: XO4eTcst B3siTh ¢(Z ) moboraue (4TOObI Tydiiie IPUOIIKATS ),
HO [IPU 9TOM HAJI0 BCE PABHO YMETh ONTUMU3UPOBATH. UTOOBI 3TOTO I0OUTHCS, fTaBaiiTe
B KauecTBe ¢(Z)... ToKe Bo3bMeM Helipornyio cets! C mapamerpamu ¢:

N N D
021 X.0) = [[ i | 20:6) = [] TI N i | mg(a).os (@2)).
=1

i=1j=1

Wroro B Haieil KOHCTPYKIIUHU €CTh CPa3y /IBE HEHPOHHBIX CETH: TIEPBast MOJIyYaeT Ha
BXO/, d-MeprIfI BEKTOP CKPBITBIX IIEPEMEHHBIX z Y BBI/IAE€T BEKTOP Pa3MEPHOCTI D, O6'b-
€KT U3 PacIpe/ieleHust HaJl x, @ BTOPas MOJIyYaeT Ha BX0J D-MepHbIil BEKTOP TPEHUPO-
BOYHOTO ITPUMEPA T U BHIJIAET BEKTOP PA3MEPHOCTH 2d € TapaMeTpaMu paciperesieHuit
Ha CKPBITHIE TIepeMeHHbIe 2. [1y6oKast ceTh MOXKET anmpoOKCUMUPOBATh KpaiiHe CJI0K-
HOe, HeJIMHEHHOE PacIPe/IeIEHNE, TO €CTh I BAPUAITIMOHHOTO MPUOIHKEHUS MBI GepeM
oueHb Gorathiil kiaace pacnpesneneruii. CTpyKTypa BapHAIIMOHHOTO aBTOKOAUPOBIIIKA
npouJITIocTpupoBana Ha puc. 10.3, a.

OcraeTcst TOJBKO OIMH BOIPOC — KakK ke 9To Bee BMecTe 06yunTh? HayneM ¢ Toro,
YTO 3AMUIIEM BAPUAITUOHHYIO HUKHIOWO OIIEHKY:
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L2 | X.0),0) = £ EQ/ZH%@ gyt

Ity GYHKIUIO HAZ0 MAaKCUMU3UPOBATH 0 ¢ 1 B. Kak aTo c/ienath, ecau Mbl Jaske
HE MOKEM TIOACYUTATD WHTETPAJI, TO €CTh He MOXKEM JasKe TOACUUTATD caMy (DYHKITHIO,
KOTOPYIO MBI OIITUMHU3UPYEM?

YT00Bl ONTUMHU3UPOBATH, HALO YMETh CUNTATh MU TPALUEHT, UM XOTsI OBl CTOXA-
cTuueckuii rpagrert. OObIYHBI IPAAMEHT CYMTATh CJOKHO, VoK (DYHKIMIO TOYHO HAIO
YMETb CYUTATh. A BOT CTOXaCTHUEeCKU — noxkanmyiicta. Hanpumep, as dyHkmm Buga
flx) = % 1 f(z) croxacTHYecKuil TPAJUEHT MOXKHO IOJCIUTATH, BHIOHPAs CJIarae-
Moe CJIy4ailHbIM 00pa3oM; IIPY 9TOM BCe CTAaHOBHUTCS B 1 pa3 ObICTpee, a CTOXaCTUYeCKUI
rpaiMeHT BCe PaBHO Oy/IeT HeCMEeIleHHON OLEHKOH HAaCTOSILErO, TO €CTh B OKUIAHUI
MOJIYYUTCST TO, 4TO Ha/0. TOUHO TaK JKe, eCJIM BEPHO CJIEYIOIIee:

£0) = By b)) = [ heap()dy.

TO MOXKHO TIPOCTO TIOPOIUTH TOUKY U3 Pacipeesetus p(y) U MoACIYUTATh IIPOU3BOAHYIO

%@’y—(’), rJie TOYKa Yo MOopoxk/aeHa us pacupeaenetus p(y). Y moayuuTcs onsith HecMe-

HieHHasA OIl€HKa:
0 _of
[ ptvonendy =3 [ phiraray = 5

Mo3KHO, KOHEUHO, ¥ MOJTyYIIle OI[EHUTh, C MEHBIIIEH JUCTIEPCHEii, eCTU B3SATh BHIOOD-
KY U3 HECKOJIbKMX TOYEK M B KaUeCTBe CTOXaCTUYEeCKOTO TPaJIeHTa YCPEJIHUTD MOJIyda-
IONIHecsT B 9TUX TOYKAX MPOM3BOAHbIE. Eca MBI BUAIMM WHTETPAJ, TIPEACTABIISIONTII
MaTeMaTuIecKoe OXHUAaHIe KaKoH-To (PyHKINM, MOXKXHO 3aMEHUTH 3TO OKHUJAHUEC HA
CITy4aiiHYI0 BBIOGOPKY C COOTBETCTBYIONIMM PACIIPEeIEHUEM.

A Teriepb 4yTb CJIOJKHEE: TyCTh PacipesiesieHue B OKUAAHUN 3aBUCUT OT X

f@%:/h@ymw\@d

Huddepeniupyem Kak TPOU3BEICHUE, UTO K MOJENATD!

696 8/ z,y)p ylw)dy—/[a}gg;’wp(yleh(w,y)ap%jﬁ dy

[TepBblii MHTETPAJI MOKHO TENePh OIEHUTh TOYHO TaK K€, KaK BbIlIe — CreHepUpo-
BaTh BHIOOPKY, IOACTABUTD YaCTHYIO IPOU3BOIHYIO, BCE XOPOIIO. A BOT CO BTOPbIM Te-
nepb pobJeMa: HUT/IEe HET MATEMATHIECKOTO OKUIAHUSL.

Ho 31ech mpuxoanT Ha IOMOIIb Tak HasbiBaemblil log-derivative trick: ecou xouercst
[PEICTaBUTh 8”((93/‘9”) Kak p(y | ©), yMHOKEHHOE Ha YTO-TO, TO MOKHO TIPOCTO TIPEJCTA-

BUTDH 3TO B TaKOM BU/IE:
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op(y | ) dlogp(y | x)
o =p(y | x)iax :

Hroro IOJIy4a€eTCsd, 4TO 6OJIBIION HWHTETpaJl MOKHO IIEPEIUCATDh TaK:

/p(y | z) Phéi’y) +h(x7y)w dy.

[ToxcunTarh 3TO YECTHO, KOHEUHO, MIO-TIPEKHEMY HE IIOJIYYHUTCs, HO HaM e A0CTa-
TOYHO IOJIYYUTb HECMEIIEHHYI0 olleHKY. [loaToMy MBI ITPOCTO NOPOMM ¥y U3 pacipe/ie-
Jeaus p(y | x) U TIONCTABUM €ro TyZa:

ah(.’ﬂ,yo)

Olo
o) h(z.0) gp(yo | )

riae ~ .
B , e yo~py|x)

O11Th JKe, MOJKHO ITOPOJINTh HECKOJIKO TOYEK U YCPEHUTh PE3YJIbTAThl. 3aMEThTE,
4TO MbI HU Pa3y HUTE He Opajid MHTErpaJl, BCE, YTO HyKHO YMETD JieJIaTh — 3TO HOPOK-
nath BHIOOPKY U3 p(y | ).

Teneps Bo3BpaImaeMcst: HaM HyKHO yMeTh MakcuMusuposath L(¢,0) mo ¢ u 0 mo
OTAeTBHOCTH. MakcuMu3anus 1o € — 3To MpoCcToH caydail CTOXacTUYeCKOTO TPAJNEHTA,
pu GUKCUPOBAHHBIX ¢ TIOJIYUUTCS IPOCTO KOHKPeTHOe pacnpezesnenue p(z; | z;,d),
U 13 HEr0 MOKHO OPOJUTD BEIOOPKY:

(xl,zz 16)
(0,9) = 50 Z/ (zi | z3,0)1 ( ] Z,(;S)dzl Nnss logp(xz,z | 6).

[TpubmKeHHOEe PaBEHCTBO B 9TOM (hOpMYyJIe 0ObICHSIETCs TaK: Mbl PABHOMEPHO B3I~
JIV CIIYYaiHYIO TOUKY x; U3 BBIOOPKHU U TIOPOAUIH ISt Hee 2 ~ p(z | z4,0).

A cTOXaCTUYECKUI IPAJUEHT I10 ¢) [I0Jy4aeTCs TaK, KaK OIMCAHO BbIILE, C IOMOLIBIO
log-derivative trick. Baxxnas mpo6ieMa 31€ch B TOM, 4YTO Y TAKUX CTOXACTUYECKHX I'Pa-
IMEHTOB I0JIy4aeTcsl OueHb GoJibliast Auciepcus. Ecte 60JIbliast HayKa O TOM, Kak I110-
HUBUTh AUCIIEPCUIO B TAKUX BBIYMCJIEHUSX, HO B OOILEM CJIydae 9T IOKa OTKPbITast IPO-
6JieMa, TTOJIYYAr0TCS TOJBKO SBPUCTUYECKITE METOIBL.

Ho aBTOpbI BapHaIlMOHHOTO aBTOKOANPOBINUKA IIPUALYMAJIH €llle OAWH TPIOK: peria-
pamerpusaiuio (reparametrization trick)! Mmest oueHb nmpocras: ecjiu y Hac eCTh BbIpa-
xenne suna [ f(z)p(x | @)dz, n met xotnM ero npoanddepenunposars mo 0, rasaiire
YCTPAHUM MTAPAMETPBHI U3 PACTIPEIETEHNUST 3AMEHO TTEPEMEHHDIX:

s [ T@w 100 = ple |0)ds = plde, v = g(e0)]
0

=%/M@W (de~ =5 F(glc0.6)),

e eg ~ p(e).
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Takoit TPIOK BO3MOJKEH HE BCET/la, HO B HalllIEM CJIy4dae, KOr/la paclipeJleJieHu:A Iapa-
METPU30BaHbI HeﬁpOHHbIMI/I CETSAMMU, OH BCEr/ia IMIpOXOAUT. HOBTOMy MOJKHO IIOJIY4YUTb
BbIpaKEeHUE AJIA TPagEHTa 110 ¢Z

(:Z?“Zl‘g)
i s 1 d =
555100 = 3¢Z/ il 70 log (o)

[q(zi | 4,0)dz; = g(wie) = N(e| 0, I)de,  2z; = p(w;) + o(2;) - €

0 p(;,9(74,€) | 9) 0 p(,9(w4,€) | 9)
= — n zi,€)log —"—~"~" 2de ~x n— log — "~~~
56 2 [ atasertog B B e g g )

1 TeTiepb TI0CJIe/IHee BBIPAXKeHNeE YiKe BIIOJTHE MOJKHO U TTO/ICYUTATh, U AuddepeHImpo-
BaTh, IOTOMY YTO 3TO ITPOCTO BBIXO/IBI HAIIIMX JIBYX HEHPOHHBIX ceTeid. [losyuaroniascs
cTpyKTypa rpada BeruncieHnii uzobpaskena ua puc. 10.3, 6. JIToGONBITHO, 4TO permapa-
METPU3AINIO TPUAYMAJIN OYTH OJHOBPEMEHHO CPa3y TPU IPYIIIIbI UccaenoBaTenei —
OYEeBUJIHO, 3Ta UJles IeHCTBUTEIbHO Ha3peBaJa.

Ha camoMm fieste, XOTST TEXHUYECKUX TPYIAHOCTEH OBIITIO HEMATIO, KOHIETITYATBHO BCE
JIOBOJIBHO MPOCTO: MBI BBEJIM JIATEHTHBIE TIEPEMEHHbIE, TTOTBITATUCH TIPUOIUZUTD Pac-
mpejiesieHue ¢ ¢ TIOMOIIbIO HEMPOHHBIX ceTell (IBYyX: OJlHA 110 z TeHepUpyeT = C mapa-
MeTpaMu 6, Ipyras 10 x TeHepUpyeT z ¢ llapaMeTpaMu ¢), U TeM CaMbIM CBeJIN 3a/1a-
yy (QDYHKIMOHATHHOW ONTUMM3AINY K TTapaMeTprudeckoil. /lasnpine ges0 TeXHUKA: Kak
MOJICYUTATH CTOXACTUYECKUIT TPAIUEHT; MOJYINIach KpaiiHe aekTuBHO 0Oyuaemast
KOHCTPYKIIUSI, U TIPAKTHYECKUE PE3YIBTATHI €€ TOKE BIEUYATIISIIOT. B MCX0HO# paboTe
npuBozATcs pe3yiabTaThl Ha MNIST u natacere n3 pasHbIX BBIPAsKEHUH JIUIA OHOTO
1 TOTO Ke uesoBeka. VIMes aTo BHyTpeHHee [pe/icTaBIeHue, T0Iy4eHHOe BapHUAIOH-
HBIM aBTOKOAMUPOBIIMKOM, Mbl MOJKEM PEIIHUTD, HATIPHUMED, TAKYIO 33/1a4y: OIPOoOOBATH
CTEHEPUPOBATH APYrue 0OBEKTHI, IOXOKKE Ha JaHHBIN. [I0X0KHe B TOM CaMOM MHOTO-
obpasuy HU3KOU Pa3MEPHOCTU, MHOTOOOPA3UU CKPBITHIX (DAaKTOPOB.

Culepylolmuii mar: ecjy Mbl ysKe 3HaeM CTPYKTYPY JaTaceTra, MOXKHO YCJIOKHUTD
anpuopHoe pacnpegesenue. Hanpumep, ans pacnosHaBanus Hu@p MOXKHO IIPOCTO 3a-
MEHUTb HOPMaJIbHOE pacipe/iesieHue JaTeHTHBIX TIePeMeHHbIX Ha CMeCh JIeCSITU TayCCH-
AHOB, B UTOTE OOYUUTCSI 10 OJTHOMY Tayccuany Ha 1iudepky. MOKHO oJgyduTh riybokoe
0606menne puabrpa Kammana, CKpeIToit MApKOBCKO# Mosiesn. Bee 910 fiesaercst poBHO
TaK K€, CTOXaCTUYECKUE IPAIMEHTDI OEPYTCSI 0 OJHOMY U TOMY K€ IPUHITHITY.

U, xax y:xe moBesoCch B Halllell KHUTE, JaBaliTe TPUBEAEM TMIPAKTUYECKUN TIPUMEDP —
5TO YIPOIIEHHBIN 1 afalTUPOBAHHbBII IIpuMep 13 Koaa Slna Xenapuka Meruena, ommy6-
smukoBarHoro B 2015 roxy [358]. Mbl Oy/eM, Kak 1 BO MHOTHX APYTUX IPUMEPax B 9TOI
KHUTE, UCTI0JIb30BaTh CTaHAapTHBIN Habop gaHHBIX MNIST ¢ pyKonucHbIMU U PaMI.
Haunewm ¢ umnopra TensorFlow u sarpysku jgaracera:

import numpy as np
import tensorflow as tf
from tensorflow.examples.tutorials.mnist import input_data
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mnist = input_data.read_data_sets("MNIST_data/", one_hot=True)
n_samples = mnist.train.num_examples

3aTeM MpOBEEM CIyYaiiHy0 MHATMATU3AIUIO BeCOB. JIJist aTOro GyneM MCHob30-
BaTh IPUBBIYHYIO HAM WHUTIMAIU3a1UI0 KcaBbe (BctomuuTe paszes 4.2). i Konupos-
VKA U JIEKOAUPOBIINKA BO3bMEM TI0 /1Ba ypoBHs ¢ 500 HelipoHaMu Ha KaXKI0M, pas-
MepHocTb Bxozia y MNIST paBhna 28 x 28 = 784, a pa3MepHOCTH CKPBITOTO JIATEHTHOTO
npoctpancTBa — 20:

def xavier_init(fan_in, fan_out, constant=1):
low = -constant*np.sqrt(6.0/(fan_in + fan_out))
high = constant*np.sqrt(6.0/(fan_in + fan_out))
return tf.random_uniform((fan_in, fan_out),
minval=low, maxval=high,
dtype=tf.float32)

w, n_input, n_z = {}, 784, 20
n_hidden_recog_1, n_hidden_recog_2 = 500, 500
n_hidden_gener_1, n_hidden_gener_2 = 500, 500
w['w_recog'] = {
'h1': tf.Variable(xavier_init(n_input, n_hidden_recog_1)),
'h2': tf.variable(xavier_init(n_hidden_recog_1, n_hidden_recog_2)),
'out_mean': tf.Variable(xavier_init(n_hidden_recog_2, n_z)),
'out_log_sigma': tf.Variable(xavier_init(n_hidden_recog_2, n_z))}
w['b_recog'] = {
'b1': tf.variable(tf.zeros([n_hidden_recog_1], dtype=tf.float32)),
'b2': tf.Variable(tf.zeros([n_hidden_recog 2], dtype=tf.float32)),
'out_mean': tf.Variable(tf.zeros([n_z], dtype=tf.float32)),
'out_log_sigma': tf.Variable(tf.zeros([n_z], dtype=tf.float32))}
w['w_gener'] = {
'h1': tf.Variable(xavier_init(n_z, n_hidden_gener_1)),
'h2': tf.variable(xavier_init(n_hidden_gener_1, n_hidden_gener_2)),
'out_mean': tf.Variable(xavier_init(n_hidden_gener_2, n_input)),
'out_log_sigma': tf.Variable(xavier_init(n_hidden_gener_2, n_input))}
w['b_gener'] = {
'b1': tf.Variable(tf.zeros([n_hidden_gener_1], dtype=tf.float32)),
'b2': tf.Variable(tf.zeros([n_hidden_gener_2], dtype=tf.float32)),
'out_mean': tf.Variable(tf.zeros([n_input], dtype=tf.float32)),
'out_log_sigma': tf.Variable(tf.zeros([n_input], dtype=tf.float32))}

3a11a111/1M CKOPOCTb O6y‘-I€HI/IH, pasMep MUHU-6aT4a U BXOIHYIO IEPEMEHHYIO:

1_rate=0.001
batch_size=100
x = tf.placeholder(tf.float32, [None, n_input])

Terepb Bce TOTOBO JIJIst TOTO, YTOOBI PEATU30BBIBATH KOAUPOBIIUKU U JAE€KOAUPOB-
muku. Kopuposumk (pacrio3naBatesib) 6epeT BXObI 1 0TOOPAKAET UX B HOPMATIBHOE
pacripesieieHre B IIPOCTPAHCTBE CKPBITHIX IPU3HAKOB:
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enc_layer_1 = tf.nn.softplus(tf.add(
tf.matmul(x, w["w_recog"]['h1']), w["b_recog"]['b1']))
enc_layer_2 = tf.nn.softplus(tf.add(
tf.matmul(enc_layer_1, w["w_recog"]['h2']), w["b_recog"]['b2']))
z_mean = tf.add( tf.matmul(
enc_layer_2, w["w_recog"]['out_mean']),
w["b_recog"]['out_mean'])
z_log_sigma_sq = tf.add( tf.matmul(
enc_layer_2, w["w_recog"]['out_log_sigma']l), w["b_recog"]['out_log sigma'l)

3aTeM MBI HaGpachIBaeM OJIHY TOUKY U3 HOPMAJIBHOTO Pacipe/iesieHust B TIPOCTPaH-
CTB€ JIATEHTHBIX [TPU3HAKOB; YTOOBI TIOPOJAUTDH TOYKY U3 HOPMAIBHOTO PACTIPENETEHIIST
C 33JIaHHBIMU TIAPAMETPAMH, JIOCTATOYHO HAOPOCHUTH €€ U3 CTAHAAPTHOTO HOPMAJIBHOTO
pacrpenesnenud (byHkiue tf. random_normal), a 3aTeM CIBUHYTH KyZa HAJO:

eps = tf.random_normal((batch_size, n_z), 0, 1, dtype=tf.float32)
z = tf.add(z_mean, tf.mul(tf.sqrt(tf.exp(z_log_sigma_sq)), eps))

JexoaupoBInuk (reHepaTop) 0TOOPaKkaeT TOUKU B IATEHTHOM ITPOCTPAHCTBE B Pac-
npejiesieHue bepHyJin B IpocTpaHCTBe JIaHHBIX:

dec_layer_1 = tf.nn.softplus(tf.add(

tf.matmul(z, w["w_gener"]['h1']), w["b_gener"]['b1']))
dec_layer_2 = tf.nn.softplus(tf.add(

tf.matmul(dec_layer_1, w["w_gener"]['h2']), w["b_gener"]['b2']))

x_reconstr_mean = tf.nn.sigmoid(tf.add(
tf.matmul(dec_layer_2, w["w_gener"]['out_mean']),
w["b_gener"]['out_mean']))

U Temeps ocTamock TOTBKO OnpeiesiuTh (yHKINIO ToTepb. OHA COCTOUT U3 IBYX Ya-
creii. TlepBast — cOOCTBEHHO OMMOKA BOCCTAHOBJIEHUS, TO €CTh MUHYC JlorapudM rmpas-
JOTo00UsT BXO/Ia B BOCCTAHOBJIEHHOM pactipe/esienun beprysuin (Kak 06bIYHO, MBI 10-
6aBJIsIeM MAIEHbKYIO KOHCTAHTY, YTOOBI HE MIPUIILIIOCH CIUTATH JIOTapuhM HyJIs):

reconstr_loss = -tf.reduce_sum(x * tf.log(le-10 + x_reconstr_mean) +
(1-x) * tf.log(le-10 + 1 - x_reconstr_mean), 1)

Bropast wactb — 310 01mmbKa JATEHTHOTO PaCIpe/iesieHnst, KOTOPast OIPEeIsIeTCsT
Kak paccrosinve Kynbbaka — Jleitbaepa Mesky pacrpeieieHueM B TPOCTPAHCTBE Jia-
TEHTHBIX TPU3HAKOB, MHAYITUPOBAHHOM KOJMPOBIIUKOM Ha JJAHHBIX, U HEKOTOPBIM (DUK-
CHPOBAaHHBIM allPUOPHBIM paclipe/ieJieHueM, HallPUMepP OOGBIYHBIM I'ayCCHAaHOM:

latent_loss = -0.5 * tf.reduce_sum(1 + z_log_sigma_sq
- tf.square(z_mean) - tf.exp(z_log_sigma_sq), 1)
cost = tf.reduce_mean(reconstr_loss + latent_loss)
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OmubKa JIATEHTHOTO PaciIpeleieHs JeJIaeT ero MaKCUMaJIbHO TI0X0/KHUM Ha TO Ca-
MOe€ arpuopHOE pacipeiesieHre (B HaIlleM cJiydae — CTaHAapTHOe HOPMaJIbHOE pacipe-
JleJIeHre ¢ HyJIEBBIM CPEJHUM U eJMHUYHON auctiepcueit). Octajoch TOJNBKO OTpesie-
JINTDb CO6CTB€HHO OIITUMHU3ATOP; B 9TOM Kade€CTBE€ MbI UCIIOJIb3yEeM a[[aHTHBHbeI aJIro-
purm Adam (cwm. paszen 4.5):

optimizer = tf.train.AdamOptimizer(learning_rate=1_rate).minimize(cost)
Ternepb MOKHO 00yYaTh:

def train(sess, batch_size=100, training_epochs=10, display_step=5):
for epoch in range(training_epochs):
avg_cost = 0.
total_batch = int(n_samples / batch_size)
# Uukn no MuHM-6aTuyam
for 1 in range(total_batch):
xs, _ = mnist.train.next_batch(batch_size)

# O0byyaeMm Ha TekyuweMm MUHM-6aTye

_, ¢ = sess.run((optimizer, cost), feed_dict={x: xs})
# Compute average loss

avg_cost += c / n_samples * batch_size

# Kaxgpie display_step waros BbiBOAVMM TeKyuyw OYHKLUMKW MOTEpPb
if epoch % display_step == 0:
print("Epoch: %04d\tcost: %.9f" % (epoch+1, avg_cost))

init = tf.initilalize_global_variables()
sess = tf.InteractiveSession()
sess.run(init)

train(sess, training_epochs=200, batch_size=batch_size)

[Tocsie TOTO KaK 3TOT KO OTPAOOTAET, MBI TOJIYYUM aBTOKOAUPOBIIUK, KOTOPBIH TI0-
HUMAaeT CTPYKTYPY BO3MOXKHBIX BX0/I0B (PYKOIMCHBIX ITU(MP) U MOKET KaK PEKOHCTPYHU-
poBaTh MUGPHI, TaK U TTOPOKAATH HOBBIE, BHIOWPAst CKPHITBIE (haKTOPbI U3 HOPMAJILHOTO
pacnpenesetuss. YTo6bl MOCMOTPETH, KAk OH PEKOHCTPYUPYET, IOCTATOYHO MOJACTABUTH
Kakue-HUOY/[b HOBbIE PYKOIIHUCHBIE III(PBI B KAYECTBE BXOJOB X U TIOCMOTPETD, UTO 13
HETO MOJIYYUTCS B CPeJTHEM PEKOHCTPYUPOBAHHOTO paCIIpe/ie/IeHHsI x_reconstr_mean:

x_sample = mnist.test.next_batch(100)[0]
x_logits = sess.run(x_reconstr_mean_logits,
feed_dict={x: x_sample, eps:
np.random.normal(loc=0., scale=1., size=(batch_size, n_z))})
gen_logits = sess.run(x_reconstr_mean_logits,
feed_dict={z_mean:
np.random.normal(loc=0., scale=1., size=(batch_size, n_z))})

PesynbraThl pekoHCTpYKIIMY 1TOKa3aHbl Ha puc. 10.4.
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Puc. 10.4. [Ipumep paboThl BAPUAIIMOHHOTO ABTOKOAUPOBIIUKA: @ — MCXOHbIE N300PaKEHMUST;
6 — PEKOHCTPYUPOBAHHBIE; 6 — COMILIMPOBAHHDIE

A erite MBI MOKEM TIOTIPOOOBATH IIPOBEPUTD, AEHCTBUTEIBHO JIU B IIPOCTPAHCTBE Jia-
TEHTHBIX IPU3HAKOB MOJIyYaeTcst 0GelaHHOe HOPMaibHOE pactpeenenue. [lapaiite me-
PEOBYUNM TY JKe MOJIENTb, HO C IBYMEPHBIM ITPOCTPAHCTBOM JIATEHTHBIX TIPU3HAKOB, 4TO-
6Bl €10 MOKHO GBITIO HAPUCOBATH U YTO-TO TIOHATH B HEM; JIJIS 9TOTO HYJKHO TPOCTO B KOJIE
BBIIIIE TIOMEHTh n_z=20 Ha n_z=2, Korga MbI 9T0 czie1aeM, MOKHO OYIET TOCMOTPETh, KAK
1 PBI 13 TECTOBOTO HAGOPA PACTIPENETUINCH B IPOCTPAHCTBE TATEHTHBIX TPU3HAKOB:

XS, ys = mnist.test.next_batch(5000)

z_mu = sess.run(z_mean, feed_dict={x: xs})
plt.figure(figsize=(8, 6))

plt.scatter(z_mu[:, 0], z_mu[:, 1], c=np.argmax(y_sample, 1))
plt.colorbar()

PesysbraThl I TPEX pasHbIX 9TAlloB 00y4eHus IoKasatbl Ha puc. 10.5; Ha rpadu-
Kax TOYKH, COOTBETCTBYIOIIIE PA3HBIM IIM(PaM, TIOKA3aHbl Pa3HbIMU Mapkepami. [leii-
CTBUTENBHO, 06IIee pacipe/ieieHne BeeX MuGp BO BCEX TPEX CIyUYAsIX BBITJISAUT BEChbMa
MOXOKUM Ha CTAaHAAPTHOE HOPMaTbHOe pactpenenenve. Ho eciu o Havama 06ydeHmst
BCe TM(PbI B 9TOM PACTIPEIEIEHUT TTEPEMETITAHBI AOCOTOTHO CIYYaiHBIM 06Pa3OM, TO
CO BPEMEHEM B Xa0Ce HAUMHAET MOSIBIISATHCSI CTPYKTYpa. K KOHITY 00y4eHuUsI yIKe TOBOJIb-
HO ITPOCTO PA3JIUYUTD KJIACTEPHI (P B IMPOCTPAHCTBE MPUIHAKOB, U IIPU ITOM 0OIIast
KapTHHKA BCE PABHO OCTAETCS MTOX0KA HA CTAHAAPTHBIH IBYMEPHBIi TayccuaH! YUnuThI-
Basi, YTO MBI B3SLJIU BCETO JIUIIb IByMEPHOE MTPOCTPAHCTBO CKPBITBIX (PaKTOPOB, TO €CTh
CYIIECTBEHHO YITPOCTUIIM MOJIENIb, 3TO OTIMYHBIN PE3yJIbTAT.

MozkHO TIOWTH JaJibllie: HAPUCOBATh KOHKPETHBIE TIPUMEPBI TeX (P, KOTOPbIE TI0-
JIYYAIOTCS U3 PA3HBIX 06IacTell TPOCTPAHCTBA TATEHTHBIX TPU3HAKOB. /L7151 9TOTO BBIOE-
pPEeM TOYKH B y3JiaX PENIETKH U TIOCTPOUM COOTBETCTBYIOILYIO PEIeTKy 13 nudp:

nx = ny = 20
x_values = np.linspace(-3, 3, nx)
y_values = np.linspace(-3, 3, ny)

canvas = np.empty((28*ny, 28*nx))
for 1, yi in enumerate(x_values):
for j, xi in enumerate(y_values):
z_mu = np.array([[xi, yil])
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Puc. 10.5. 2D-nipezictaBiienue pacipeesenust pykonucHbix mudp B gatacere MNIST

X_mean = sess.run(x_reconstr_mean, feed_dict={z: z_mu})
canvas[(nx-1-1)*28:(nx-1)*28, j*28:(j+1)*28] = x_mean[0].reshape(28, 28)

plt.figure(figsize=(8, 10))

Xi, Y1 = np.meshgrid(x_values, y_values)
plt.imshow(canvas, origin="upper")
plt.tight_layout()

PesyabraT nokazan Ha puc. 10.6: BUIHO, 4TO UG PHI MEHSIIOTCS IOCTATOYHO TLIABHO,
HO TIPH 3TOM BCE BPEMSI OCTAIOTCSI BIIOJIHE PACIIO3HABAEMBIMHE, TPAKTUYECKH €3 HeIo-
HSATHBIX IPOMEKYTOYHBIX 3HAUEHUIL. ITO U €CTh TOT IP(PEKT, KOTOPOTO MbI OKUTAEM OT
XOPOIIET0 aBTOKOJAMPOBIIKKA: ITyTEIIeCTBUE Yepe3 MPOCTPAHCTBO JIATEHTHBIX ITPU3HA-
KOB He NPUBEIET HAC K IPUMePaM, KOTOPhIX He ObIBaeT B peajibHOM JKU3HH, BCEe BPEMS
OyIyT MOPOKIATHCSI HOPMaJIbHBIE PYKOMUCHBIE IIU(PHI (€CTECTBEHHO, Pa3HBIE B Pa3HBIX
obtacTax npocrpancTsa). CpaBuure, keratu, puc. 10.6 u pesysbrar 200 510X 00ydeHus
ua puc. 10.5: 9T KapTUHKU COOTBETCTBYIOT IPYT APYTY, U BBl BUANUTE COOTBETCTBUE MEK-
1y 06JIaCTAMMY, TIPUBO/IAIIMMH K OJTHUM ¥ TeM Ke U pam.

[laBaiiTe Temepp cresaeM CaenyIOMWH Iar W J0BeeM Halll TIPUMep 710 YCIOBHOTO
BapualnoHHOro aBTokouposinuka (conditional VAE). Dta KOHCTPYKIINS aHAJIOTHYHA
YCJIOBHOMY COCTSI3aTETbHOMY aBTOKOAMPOBINUKY (CM. pasziest 8.5): yCJI0BHbBIN Bapualu-
OHHBIH aBTOKOAMPOBIIUK ABHBIM 0OPA30M MOJYYaeT Ha BXOJ METKHU IUGP U B PE3yib-
TaTe JIOJUKEH CYyMEeTh TIOPOXKAATh 33JaHHyI0 ITUppPY. st 9TOT0 HY:KHO 1TOIaTh HA BXOJ
KOJIMPOBINUKY ¥ JIEKOANPOBIIUKY OJHY U Ty K€ MeTKY TeKyIel 1udpsl. B xoze BoIe
5TO MOKHO CJIEJIATH C COBCEM HEOOMBITUMY U3MEHEHUSIME, 3a/1a/IUM 3aTJIYIIKY JJIs Me-
TOK y, 00bEIUHIM BEKTOPBI X U y U MOAaJUM 00a Ha BXOJI TIEPBOTO CJIOSI KOJMPOBIINKA:

y = tf.placeholder(tf.float32, [None, 10])
xy = tf.concat([x, y], 1)
enc_layer_1 = tf.nn.tanh(tf.add(
tf.matmul(xy, w["w_recog"]['h1']), w["b_recog"]['b1']))
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Puc. 10.6. [Tpumepsl pyKoOnucHbIX TGP, COMIITMPOBAHHBIE U3 PA3HBIX YacTel pacipeieieHust
CKPBITHIX (DAaKTOPOB

Boixon u3 IIEPBOTO CJIOA TEIEPb TOKE MOIIOJIHACTCA METKOM TEKYIIET0 3Ha4Y€HUd,
" OHH BMECTE IMOAAIOTCA B IECKOANPOBIIUK!

zy_mean = tf.concat([z_mean, y], 1)
zy = tf.concat([z, y], 1)
dec_layer_1 = tf.nn.tanh(tf.add(
tf.matmul(zy, w["w_gener"]['h1']), w["b_gener"]['b1']))
mean_dec_layer_1 = tf.nn.tanh(tf.add(
tf.matmul(zy_mean, w["w_gener"]['h1']), w["b_gener"]['b1']))

Bce ocranbHoe — abCcoMIOTHO 6e3 U3MEHEHU: OMMOKa MO-TIPEKHEMY CKJIabIBACTCST
13 OIMOKK aBTOKOAUPOBIIUKA U OIIUOKH Ha CKPBITOM CJIO€, TOJIBKO TEIIEePb [0Iy4aeTCs,
YTO pacrpeeenne CKPhITHIX (DAKTOPOB CPABHUBAETCS ¢ HOPMAJIBHBIM <TI0 OT/AETBHO-
CTHU» JIJIST KaXK/IOTO KJIACCA, M Ha BBIXO/IE MTOJIYUAeTCs CTAaHAAPTHOE HOPMAJIbHOE Pacipe-
JieJieHre B Kak/ioM kiacce (cM. puc. 10.7 — Ha HeM HUKAKOH pa3HUIBI MEX/TY PA3HBIMU
KJIaCCaM¥ He TIPOCMATPUBAETCs ). 3aTO TEMEPh MOKHO C/IEJIaTh YCIAOBHOE TIOPOKIECHUE:
Ha puc. 10.8 nokazaubl TpUMepbI PE3yJIbTATOB COMILJIMPOBAHUS C PA3HBIMU METKAMU-
yCJIoBUSAME. 371€Ch HeT 00I1el IByMEPHOU KapTHHKY, Kak Ha puc. 10.6, Ho mo-tipexxHeMy
«ITyTENIECTBUS> Yepe3 MPOCTPAHCTBO CKPBITHIX (PaKTOPOB, KOTOPbIE TIOKA3aHbI B KaXK-
noit ctpoke puc. 10.8, Bce BpeMs IPUBOJISAT K Pa3yMHBIM ITOPOXKAEHHBIM ITUDPaM.
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Puc. 10.7. 2D-nipezictaBienue pacnpenesenus: pyKomucHbIX mudp B garacete MNIST
B YCJIOBHOM BapHalliOHHOM aBTOKO[MPOBIINKE

Celiyac momysipHOCTh BapUAIMOHHBIX aBTOKOJMPOBIIMKOB ¥ PAa3HBIX BAPUAHTOB
3TOW apXUTEKTYPbI IPOIOJIKAET PACTH, OHU ycIelnHo conepunyaiot ¢ AAE 3a 3panue
Jiydnieii moposkaaionieil Mojiesi, OCHOBAaHHON Ha HeMPOHHBIX ceTsX. KoHeyHo, 1nosBu-
JINCD U PacUIMPEHNs, ¥ HOBbIe BADMAHTbBI BAPUAIIMOHHBIX aBTOKOIUPOBIINKOB.

Hanpumep, B pabote [550] cTpouTCst KOHCTPYKIIHSI TAK HA3BIBAEMOTO BAPUAIIMOHHO-
ro aBrokoauposirka ¢ norepsamu (lossy VAE), B KOTOpOM KOHTPOJIb HaJl CTPYKTYPOT
CKPBITOTO TIPEICTABIEHUS UCTIOIB3YETCS JIJISt TOTO, YTOOBI PA3JIUUUTh BaXKHBIE U HEBAK-
HbIe YaCTH MOCTYIAIOINIETO Ha BXOA 00beKTa (HATPUMED, OTAETUTh OOBEKTHI, 306pa-
JKEeHHbIe Ha (P)OTO, OT TEKCTYPhI 33]IHETO IJTaHA), & 3aTeM «3a0bITh» HEBAKHbBIE YaCTH IIPU
JTAJTbHENTIIEM TTOPOKIEHUMN.

A B[394] cTpositcsa nenapamempuueckue BApuauOHHbIE ABTOKOMPOBIIUKH, TO €CTh
VAE c HenmapamMeTpUYeCKUMHU allPUOPHBIMU pacIlpeieJIeHussMU. JTO 3HAYUT, YTO OHU
MOTYT YBETMYUBATH CIOKHOCTH ITO MEPE YCTOKHEHNUS 1 YBETUUEHUST 00y YaIOIIero 1aTa-
ceTa, ¥ 3Ta U/es janee Pa3BUBACTCS B uepapxuyeckue Hermapamerpudeckue VAE, koto-
pbie ciocoOHBI 06yYaTh HEPaPXUUECKUE CTPYKTYPHI ((haKTHUECKH IePeBbs ) KOHIIEIUT
Y TeHEePUPOBATh HOBbIE IPHMEPBI U3 KAXK/IOTO y3J1a IOy YaIOIIIXC s JIePEBbEB.

OtaenbHO X04uercss oTMeTuTh paboty [400], KoTopast mpemaraeT 00U B3I HA
BapUAITMOHHBIE U COCTS3aTeJbHbIE aBTOKOMPOBIIMKY. OKa3bIBAETCS, UTO U TE, U JIPY-
rue B HEKOTOPOM CMBICJIE MUHUMH3UPYIOT anBeprenimio Kynsbaka — Jleiibaepa Mmesxry
MCTHHHBIM U MOJIETbHBIM PaCIIPeleIeHISIME, TIPOCTO B PA3HBIX HANIPABJIEHUSIX, U TI09TO-
MY WX MOKHO PacCMaTPUBATh KaK JIBE pasHbie (ha3bl KIACCHUECKOTO aaroput™a wake-
sleep, xoropstit 6611 paspaboran emie B 1990-e roasl st 00yueHUsT HEHPOHHBIX ceTel
6e3 yunresns [555], npuuem 6e3 yuactus Jxeddpu XuHTOHA U TaM He 0001LI0Ch. XOTS
MBI y2Ke HEe CTaHeM yriyOssIThes B €T 3THX M JPYTUX COBPEMEHHBIX PACITUPEHUN
uzeii 6alleCOBCKMX HEMPOHHBIX CeTel, HeT COMHeHul, uTo Gymyiee TiIyboKoro obyde-
HUS TI0 KpaiiHell Mepe 0TYaCTU UMEHHO 32 TAKMMU METOIaMHU.
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Puc. 10.8. [Ipumepsl pyKonucHbIX TGP, COMIITMPOBAHHBIC U3 PA3HBIX YacTel pacipeieIeHus
CKPBITBHIX (DAKTOPOB YCIIOBHBIM BAPUAIIMOHHBIM aBTOKOMPOBITTKOM

10.5. banecoBcKue HEMpPOHHbIe CEeTU U aponayT

Jluna. Ax, 3aueM Bbl MEHSI CXBAaTUJIM HA PYKU U TaluTe K okHy? Heyske-
JI BBI XOTHTE MEHSI BBIGPOCHUTD?
Xodomos. Het, nomuyiiTe... IT0 51 Bac Tak Jio6io!

A. Asepuenxo. Ha nepenymve

A Terepnb BepHeMCsT K 6alleCOBCKOMY BBIBOJY Ha COOCTBEHHO HEMPOHHBIX CETSX, KO-
TOPBII MBI aHOHCHPOBAJIN B IIEPBOM Pasjiesie 3TOH IJIaBbl; TaKas 110CJIel0BaTebHOCTD
U3JIOKEeHWsT Oblila Hy)KHA TIOTOMY, YTO JUUIST BHIBOJA B OQIeCOBCKUX HEUPOHHbIX CEMSX
(Bayesian neural networks) Mbr o11s1Th Oy 1eM aKTHBHO UCITOJIB30BATh TY JKE CAMYIO UIEI0
BapHALMOHHBIX IIPUOIMIKEHII, KOTOPYIO 00bscHsIu B paszese 10.3 1 3aTeM pacimpsi-
JIM alllIPOKCUMAaTOpaMu B Br/le HePOHHBIX ceTell. B KayecTBe OCHOBHBIX UCTOYHUKOB
0 COBPeMeHHOM 0aileCOBCKOM BBIBOJIE B HEIPOHHBIX CeTsIX pekomenayem [171, 172, 191,
279] v HeraBHO NOsIBUBIIYIOCS Auccepranuio Apuna Tana [170].

Jluist HelipOHHBIX ceTell GaiieCcOBCKMIA BHIBOJ B IIPUHIIUIIE BHIIJISAUT TOYHO TaK Ke,
KakK ¥ JJIst JT060U JAPYroil BEPOSITHOCTHOM Moze . Mbl XOTUM HAlTH allocTepHOPHOE
pacrpeiesicHue:

p(D | w)p(w)

p(w| D)= (D)

o p(D | w)p(w),
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rae 4epes3 w Mbl 0603HaAYNIN BEKTOP BCEX BECOB CE€TH, a Uepe3 X — umeroniuecs JlaHHbIE,
a ITOTOM HalTH IIpeacKa3aTeJIbHOE paclpeeseHne:

pe | D)= [ plalwipw| D)dw s | pla | wip(D | wip(w)dw,
w w
B uactHOCTH, B HajsbHeiieM Mbl OyzeM [ OIIpeJeJIeHHOCTH TOBOPUTH O 3ajade
knaccudukaryy, korra D = (X,Y) cocrout us nap Buga (x,y), ¥ MbI UIIEM allOCTe-
PHOPHOE pacIpe/ie/ieHHe:

p(Y | X, w)p(w)
p(Y | X)

p(w | X,Y) = o p(Y [ X, w)p(w)

1 IIpeacKa3aTe/JIbHOE pacIIpeae/IeHue:

Py 2, X,Y) = / p(y | 2 w)p(w | X, ¥)dw o / p(y | zw)p(Y | X, w)p(w)duw.

w w

B neiiponnbix cetsx, pagymeercs, p(w | X,Y') uMeeT 04eHb CIOKHBIN BUI, U AaHAJH-
THYECKH HAWTH 3TO pacipesie/ieHue He TONYIaeTest — HY KHBI IPUOTMKEHUS.

HauHeM ¢ Kpatkoro ucropudeckoro 063opa. Ha mpoTsukeHny Beeil KHUTH MBI Pa3
3a pa3oM yOEXKIAIUCH B TOM, YTO MOAABJISIIONIeE OOIBITUHCTBO UJIEH, UCIIOIb3YIOIINX-
€51 B COBPEMEHHBIX HEHPOHHBIX CETSX, II0SBUINCH OYeHb JaBHO (110 MepKaM MallliHHO-
ro o0yueHus, KOHeYHO): rirybokue cetn 00ydasuch ¢ 1960-x T010B, CBEPTOUHBIE apXU-
TEKTYPBI U3BECTHBI U TIPUMEHSIIOTCS Ha mpakTuke ¢ KoHia 1980-x, LSTM paspabarsi-
Bajica B Tederrie 1990-x u . 1. C 6aileCOBCKMM BbIBOAOM B HEHPOHHDBIX CETAX MOJIYYH-
JIaCh POBHO Ta ke MCTOPHS: OailecOBCKUe HeHPOHHbIE CeTH BOCXOAAT K KoHIy 1980-x ro-
10B [294, 534], a B ABHOM Bujie uest J0OaBUTh B HEMPOHHBIE CETH allPUOPHbIE PacIpe-
JIeJIEHUS U TTONpoboBaTh MOJIyyaTh He OJHY OIEHKY, a allOCTEPUOPHOE PacIipeieieH1e
HOSBUIIACH B 11epBOi nososuHe 1990-x, B paboTax M3BECTHBIX CIIEIUATUCTOB [0 CTaTH-
cTUKe U MammuHHOMY 00yueruto Pagdopna Huna [383] u [louna Makkest [344]. Ampu-
OpHOE pacIipe/ie/ieHre Ha Beca 0OBIYHO BBIOUpPAToch HOpMaibHbiM, p(w) = N (O, 1),
a OCHOBHAs TIPOBJIEMa COCTOSJIA, KAK BCET/IA B 9TOM JIEJIe, B TOM, KaK ITPOBECTH BBIBOJI.
B nuccepranun Hua [383] BbiBoa Obu1 Ha ocHOBe MeToa0B MonTe-Kapio mo cxeme
MmapkoBckoii tieru (Markov chain Monte Carlo, MCMC). A, nanpumep, B kaure Kpu-
crodepa buriona [44], KOTOPYIO MbI BCEIIeJIO PEKOMEHIYEM KaK OJIHY U3 JIYUITUX KHUT
0 6aiieCOBCKOM BBIBOJIE, KYJIbMHHAIUEH TJIaBbl 0 HEHPOHHBIX CETSIX CTAHOBUTCS OIUCA-
HI€ OCHOBAHHOTO HA JIATIJIACOBCKOM TIPUOJIVKEHUH aJTOpUTMa 6aileCOBCKOTO BBIBO/IA,
KOTOPBIH MTpeiHa3HAYEM [1JisT 00yUEHUS [TAPAMETPOB IayCCOBCKOTO IIPUOJIMAKEHUS K AT10-
CTEPUOPHOMY pacipeiesieHnto. Takum 06pa3soM MOKHO TTONYIUTh TIPUOIHKEHHOE aIto-
CTEPUOPHOE PACIIPEIETIEHIE, OIITUMI3UPOBATh TUIIEPIIAPAMETPBI U akKe [00PAThCS 110
MIPeJICKA3aTeIbHOTO pacipeesie s, 3aMeTHO YJIYUIIUB Pe3yJIbTaThl, KOTOPbIE TTOKA3bI-
BAIOT «KJIACCUYECKUE>, HETTTYOOKUE HEHPOHHDIE CETH; HO K COBPEMEHHDIM TJIyOOKIM ce-
TSIM BCE 9T PacCy>kKJeHMs yKe He BIIOJIHE IIPUMEHUMBI.
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CoBpeMeHHbII 6alieCOBCKUI BBIBO/L B HEHPOHHBIX CETSIX OCHOBAH, KaK MBI yIKe YIIO-
MUHAJIU, Ha BapUallMOHHbIX Ipubamkenusx. Kak u B pasaene 10.3, Mbl BBOAUM HOBOE
pactpenesenne ¢(w) U IbITaeMcst TPUGIM3UTD UM UCTUHHOE AlIOCTEPHOPHOE PacIpesie-
genne p(w | X,Y), Munumusupys paccrosinue Kyiabbaka — Jleiibiepa MesKIy HUMU:

KL (g(w)|[p(w | X,Y)) =

_ q(w) q(w) _
= /q('w)log mdw /q(w) log @) (Y| X,w)dw + const =

= _/Q(w) logp(Y | X, w)dw + /q(w) 1ogm

:_/( Jogp(Y | X, w)dw + KL (g(w) [p(w)) + const —

dw + const =

- Z / ) logp(y: | (i) + KL (g(a0) [p(aw) + const,

TJIe B CONSt CIIPSITAHBI CJlaraeMble, He 3aBUcsIIue OT ¢(w) (OHU He YIaCTBYIOT B MUHIMU-
3a1un), a B ocJieineit crpoke npasaonogotue p(Y | X, w) pasiiokeHo B IPOU3BeIeHUE
IO TOYKAM JIAaHHBIX.

BriepBble Takyio MUHUMHU3AIUIO TIOMBITATNCH IPOBECTH, OTIATH K€, B IEPBOM TIOJIO-
Bute 1990-x rozxos, B pabore [226], riie UCI0Jb30BaNI0Ch OY€Hb CUIIbHOE TIPEAIIOJIOKE-
Hue o hopme npubIMKEeHUsT. TaM MPeAnoIaraiock, 4To ¢(w) MOJTHOCTHIO PACKIA/IbIBA-
eTcs B IPOU3BeIeHNEe HOPMAJIbHBIX PACIIPeIeJIeHU 110 OTAETbHBIM BECaM:

H qllwyo'w(w) = H N(IU ‘ ﬂwﬂw)
wew wew
Jlaxke 3TO 0Ka3aI0CH HEJIETKO: TOJBKO JIJI51 ceTel C OTHUM CKPBITBIM YPOBHEM PE3YJIb-
TaT yAaeTcs HOJIyYUTh aHATMTUYECKH, 4TO 1 ObL1o npojesano B [226]. Ho B mo6oM ciy-
Yyae METOJI, He YUUTBIBAIOIIME KOPPEJISIIINY MEX/y BeCaMU, JIAe€T He caMble JIydITie pe-
3yJIBTAThI, @ TONMBITKU 00aBUTh IPUOIMKEHUIO BhIpasuTebHOCTH [31] IpUBOAAT K TO-
MY, 9YTO AJITOPUTMBI BBIBO/IA CTAHOBATCS KBAJPATUYHBIMU OT YNCJIA BECOB B CETU — JIJIST
COBPEMEHHBIX OTPOMHBIX HEHPOHHBIX CETEH 9TO CMEPTU MOI0OHO.
OCHOBHbIX CJIOKHOCTEH € MCXOMHOM 3ajjauyell MUHUMU3AIMM JIBe: BO-TIEPBBLIX,
J q(w)p(y; | fw(x;))dw HUKAK He BBMUCIUTD, €CN y ceTn GOIBIIE OLHOTO CKPBITOTO
ypOBHH, BO-BTOPBIX, HOJIYYAETCsI, UTO JasKe YTOOBI MOACYUTATH (PYHKITHIO, KOTOPYIO MBI
MUHUMU3UPYEM, HY;KHO B3SITh CYMMY 110 BCEMY JataceTy. Bropyto mpobiemy penmTh
HE TaK YK CJIOKHO: /JaBaiiTe BMECTO CyMMUPOBAHUS 110 BceM N TPEHUPOBOYHBIM TIPHU-
MepaM BbIOEpPEM 13 HUX CIydYailHOe TIOJIMHOKECTBO S padmepa M < N ¥ TIePeB3BECHM.
Tenepb Mbl OITUMU3UPYEM TaKYIO (PYHKIIUIO:

Lw)= 3 / p(yi | fuo(:))dw + KL (q(w)[[p(w)) .

€S
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Ecsm S BbIOMpaTh CJAyYaiiHO, TIOJTYYUTCS HECMEIEHHAS OIEHKA UCXOAHON CYMMBI.
[TpumepHO Tak e Mbl KOT/IA-TO 3aMEHSIJIN IPAJIUEeHTHbIN CciycK (KOTOPbIN TOKe, (hop-
MAaJIBHO TOBOPSI, TPEGYET CYMMHUPOBAHUS TI0 BCEMY JIATACETY) CTOXACTHYECKUM TPAJI-
€HTHBIM CITyCKOM, T7Ie CyMMa GepeTcst o MUHU-6ATYy BMECTO BCETO JIATACETa, 4 Temeph
MBI BBIOMpaeM MUHU-0AT4 .S JJist BBIYUCTIEHNS] (DYHKIIUU ONTUMUBAI[HH.

C uHTerpajoM IPUAETCS TOBO3UThCS. ECTh pasHble CIIOCOGHI TIOCTPOUTD XOPOIIYIO
CTOXACTUYECKYIO OIEHKY JIJIST 3TOTO MHTerpasa [45, 405], Ho HaM ceffuac omsITh TOMOKET
npeoReHHbIi B [279, 280] TPIOK, ¢ KOTOPBIM MBI y3Ke TO3HAKOMUIKCH B paszesie 10.3.

ITpeskzie Bcero 3ameTuM, 4TO HAM HY’KHO OLIEHUTDb He caM MHTEerpa, a IPOU3BOHYIO
OT HETO, KOTOPYIO MBI MOTJIH OBl HCIIOJIb30BAThH B TPAUEHTHOM CITYCKE:

10)= o [ oty

[Ipexmonoxkum Terephb (pernapaMmeTpusaiius), 4To pg(r) MOKHO MapaMeTpU30BaTh
Kak p(e) ysxe 6e3 mapaMeTpos, rie x = g(0, €). ITo, HATPUMED, BEPHO [Jist HOPMATBHOTO
pacrpesenenus: ecin pg(x) = N(z | p,02), 10 g(0,€) = pu+ o6, m p(e) = N(e | Q).
Terneps, TOYHO KaK BbIIITE, MBI TIOJTy4aeM HECMEIIEHHYIO OI[EHKY:

0 0 , 0
5 | Fewela)de = 55 1a(6.0) = £(9(6.0) 559(6.0.
Hampumep, 1711 HOPMAIBHOTO PACIIPEAETIEHUS & = [i + 0€, T MBI TOJYUM:
9 :
5 [ F@weaide = [ f@pa(oyds,
0 , —
s [ f@pa@ie = [ £@)™ L pp(a)d.

U Teriepb MOKHO TIOJICTABUTD 3Ty OIIEHKY 0OpaTHO B 11esieByto dyHkiuio L(w). Cue-
JlaeM perapameTpu3aInio:

£(9) = —% Zg/(w(w) logp(y; | fuw(x;))dw + KL (q(w)||p(w)) =
1€
-5 Z; / p(€)10gp(yi | fyo.e)(xi))de + KL (g(w)|p(w)) ,
1€

a 3aTeM I10/ICTaBUM HECMENIIECHHYIO CTOXaCTUYECKYIO OIIEHKY BMECTO MHTETrpaJia:

£00) =~ > logp(i | fya.0 (i) + KL (g(aw)[p(ww)).
€S

TakuM 06pasoM, OIMH IITar aJAropuTMa MUHIUMH3AINN PACXOKIEHNS MEKIY gg(w)
up(w | X,Y) Oyzer BbITJISIIETD TaK:
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* CHayasa COMILIMPOBaTh M CiydailHbIX HPUMEPOB U3 TPEHHMPOBOYHOIO Habopa
pasmepa N u M cayvaiiHbIX BelndnH €; ~ p(€);
* 3aTeM BBIYUCIUTH OGHOBIEHNE BECOB:

80 =S S 10gp(yi | Fypep(0)) + ApKL(gw)lp(uw)).
i€S
ITOT AJTOPUTM, TTOCTEIIEHHO OOHOBJISISI TapamMeTpbl 6 pacupesesenns gg(w), Ipu-
BEJIET HTO PacIpe/ieieHre Kak MOXKHO OJIMIKe K HCTHHHOMY allOCTEPHOPHOMY paciipesie-
sermio p(w | X,Y) — pOBHO To, 9TO MbI U XOTeJH c/iesath. [loToM MoskHO Oy et u Haiie-
COBCKHE MPEICKA3AHMUST [IeTaTh OOBIYHBIM CTOXACTHYECKUM METO/IOM: TIOCIMILINPOBATh
HECKOJIBKO Pa3HbIX HAOOPOB BECOB Wy ~ gg (W) ¥ YCPEIHUTD PE3YIIbTATHL:

R
1 .
q(y | x) := i > oy | @,dy).
r=1

Ho aT0 emie He Bce — camoe mHTEpecHOe TOMbKO HaunHaeTcst! JlaBaiiTe 11 mpume-
pa paccMOTPUM OOBIYHYIO MOJHOCBS3HYIO HEHPOHHYIO CETh ¢ OJHUM CKPBITBIM CJIOEM.
Y Hee Tpu Buia TapaMeTPOB: MaTPHUIA BECOB BXOIHOTO c10s W1, MaTpuUIila BECOB CKPBI-
TOTO €J10s1 Wo 1 BEKTOP CBOOOAHBIX 4ieHOB b, To ecTh 8 = (W1,Ws,b). [laBaiite BbIOEpEM
B Ka4eCTBe gg (w) OZIHO KOHKPETHOE CEMENCTBO PacIipeiesIeH T, KOTOPOE BBITIISIAUT TaK:

* CHayaja BO3bMeM OMHAPHBIE CIyYaliHble BEJIUYUHBI €] U €3, KOTOPbIE ABJIAIOTCS
pesyJibTaTaMi He3aBHUCUMbIX OPOCKOB HECKOJIBKUX MOHETOK C BEPOSITHOCTSIMU Py
1 P2, U COMIIUPYEM UX, TIOJYIUB BEKTOPHI €] U €3;

* 3aTeM IMOCTPOMM U3 HUX JuaroHajibHbie MaTpuilbl diag(éq) u diag(és);

* u onpenesnm byukimo g(0,¢) = (diag(é)W1, diag(és)Wa, b).

[Tpu takoM BbIGOpe PYHKIMU ¢ IOJYYUTCS, YTO IIPU BHIUUCIECHUH 11eJIeBOil (hyHK-
1 ﬁ(@) [l Halleil MUHUMM3AlUK MBI CYMTaeM BBIXOJ HEHPOHHON ceTu Kak OyaTo
C IPOTIAyTOM C BEPOSITHOCTBIO | TIOCJIE TIEPBOTO CJIOSI U pa Ttocyie BToporo! Ecin ske Mbr
Terepb BBIGEPEM B KAYeCTBE AIIPHOPHOTO pacTpeeienust p(w) He3aBUCHMbIE HOPMATTh-
HbI€ PaciIpeie/IeHIs Ha KasKJI0M U3 BECOB, TO 1ieieBas (DyHKIMA Oy IeT HPOIIOPIUOHAIb-
Ha cJIeyIonel BeJInunHe:

N 2 2 2
i > 1ogp(wi | fyo.e) (@) + AW + Xal[Wa > + As||b]|?,
ies
TO €CTb MbI ITOJIYIUM, UTO O6bI"IHbH>’I BbIBO/] B HeﬁPOHHbIX CETAX C IPOTIAyTOM B TOYHOCTU

COOTBETCTBYET 6aiieCOBCKOMY BBIBOJLY B BAPUAIIMOHHOM MPHOJIMKEHUN C TAKUM CeMei-
CTBOM pacIpeieIeHni q1.

1 TokasarenbeTBa aTOr0 yTBEpIKAeHUsA 1 TOTro, 4To log p(y; | f4(0,¢) (%)) COOTBETCTBYET TENEBHIM (DYHK-
IUSIM B OOBIYHBIX 3a/Ia4aX PErPeCCHN U KIACCH(DUKAIINT, JOCTATOYHO TPOCThI. MBI OCTABIIsIEM NX YHTATEJIIO
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[Momyunmack BOT KaKast MOCJAEI0BATEIBHOCTD. [[POTIay T M3HAYANTBHO GBLT HHIKEHED-
HBIM PellleHneM, HEKOTOPOe BPeMsI 3TO OBLIT IIPOCTO TPIOK, KOTOPBIN MTO3BOJISIT HEHPOH-
HBIM ceTsiM paboTaTh Jiyuiire. KOHEUHO, JIFOM U PaHbIIle THITATUCH JaBaTh TEOPETHYE-
ckue 00bsicHeHust peHOMeny aporayta. Hampumep, xxeddpu XuHTOH B CBOUX JIEKIIU-
SIX PACCKA3BIBAJ O TOM, KaK JIPOIAyT NPeCTaBJIsieT co00il B HEKOTOPOM pojie «baiiecos-
CKO€ yCpeIHEeHNe» OrPOMHOTO YHCJIa PA3HBIX MOJIENIeH, OTIMYAIONINXCS IPYT OT Apyra
APXUTEKTYPOU: BCe OHMU JEJISIT MEKIY COGOM Beca, M Kaxk/Iast MOJIEh 00y4aeTcst TOJBKO
Ha OJTHOM-€/IMHCTBEHHOM MUHU-0aTue, KOT/Ia BBIIAAET 3Ta KOHKPEeTHAst KOH(PUTY PaI[iist
BBIOPOIIIEHHBIX HEHPOHOB.

Hexuii 06pas cBsa3u Mexay 6alleCOBCKUM BBIBOZOM M APONAYTOM B 3TOM OOBIACHE-
HUM €CTh, HO TOJIBKO IIOCJI€ TIPOLMTUPOBAHHBIX BbIlIe padot [171, 279], oTHocAIUXCI
K 2015 roxy, AponayTy HAKOHEI[-TO OBLIO JAHO AEHCTBUTEIBHO ITOJHOE U YOBJIETBOPHU-
TeIbHOE TEOPETHIECKOE 0DOCHOBAHIE! .

3aueM HYKHO 9T0 060cHOBaHue? Kazasiock Obl, IPOayT U TaK OTIUYHO PabOTaer.
OJiHO BasKHOE CJIEAICTBHUE COCTOUT B TOM, YTO M3HAYAIBHO JIOJIST BHIOPACHIBAEMbIX HEH-
POHOB B ipotiayTe Oblia huKkcrupoBaHHbIM yrcioM. Ho Teneps, Koraa Mbl iepedopMyin-
poBai 06ydeHNe ¢ IPONAYTOM B BUJIe MAKCUMM3AIIUU BAPHAIMOHHOM HUKHE OLIEHKH,
MBI 6€3 TPO6IEM MOKEM ONITUMHU3UPOBATH JOJII0 APOHAYTA TOKE: sl STOTO JOCTATOY-
HO TIPOCTO 3a(UKCUPOBATH OCTAJIbHBIE BeCa M MAKCUMU3UPOBATH Ty K€ CaMyIO OTIeH-
Ky 110 f0J1e pporaytal Bosee TOro, MbI Terepb MOXKeM TOAOUPATh €€ MHAUBUILYAITHHO:
TSI KQKJIOTO CJI0s], JIJIsT KAsK[IOTO HEHPOHa, Iake JJIsT KaXKIOM CBSI3U MeXK/ly HEHPOHAMHU.
ITOT MeTOoJI IOJIYyYIJI HasBaHue sapuauuonniil oponaym (variational dropout) [279].
N3navanbHast mpoleiypa AporayTa TaKUuX BOJIbHOCTEN COBEPIIEHHO He TIPeyCcMaTpu-
BaJia, U3 Hee He ObLIO TIOHITHO, KAK MOKHO aBTOMATHYECKU HACTPAUBATH BEPOSITHOCTh
npormayTa. IIpr 3TOM HUKAKOTO CTpaxa MepeoOydnThCsl HET — Mbl He MEHSIEM allpPUOp-
HOE paciipe/ieieHue, IPOCTO BCe TOUHEE U TOUHee IPHOIMKaeM anoctepropHoe. bosee
TOTO, BBISICHUJIOCE, YTO BAPUAIMOHHBIN APOTayT M00aBISET Pa3speskeHHOCTH B TIy6o-
K€ HeHPOHHBIE CETH, TO CTh OGHYJISIET MoAaBJIsItolIee OOIBIIMHCTBO BecoB [374]; aToT
pe3ynbTart, Ketatu, ObL Tostyder B Poccuw, B tabopatopuu JImutpust Betposa.

A Jipyroe BaKHOe CJIEICTBIE COCTOUT B TOM, UTO TEIIEPb Mbl MOKEM JIy4IIle TIOHSTh,
KaK HY’KHO JIeJIaTh JPONayT B O0Jiee CIOKHBIX MOJENSIX. PacCMOTpUM, HATIpUMED, Ta-
KOI BOIIPOC: KaK JIeJIaTh JAPOIAyT B PEKYPPEHTHBIX ceTsix? B usBectHOl pabote [583]
MPOBOANIOCH TOAPOOHOE UCCITEOBAHNE METOIOB APOTIAYTA [ PEKYPPEHTHBIX CETEM.
ABTODPBI IPUTILJIN K BBIBOJLY, UTO JI€IATh IPOMAYT HY;KHO TOJBKO MEKIY CIOSIMU, & MEK-
Jly y3JIaM¥ OIHOTO PeKypPPeHTHOTO cios He HyxkHO (puc. 10.9). DToMy HalIoCh 04eHb

B KayecTBe yIPakKHEeHUs, a TakKe ccplaeMcst Ha [171, 279], rae MoKHO HAiTH 1 MHOTO IPYTUX MHTEPECHBIX
3amevaHuii 06 9TOM BBIBOJIE.

! Kerary, npuMepHo Takas ske HCTOpHs CIydnaach B Korie 1990-X TO0B ¢ APYTiM H3BECTHBIM arlliapa-
TOM MaIIUHHOTO 00YyYeH ist, GYCTHHTOM: HEKOTOPOE BPEMsI OH «IIPOCTO paboTali», a TIOTOM YiKe YAAJI0Ch MO-
HSITh, YTO B OYCTHHTE IIPOMCXOUT Ha CAMOM JieJie U Kakoil (hyHKIMOHAT onTuMusupyercst. V1 cpasy e okasa-
JIOCh, UTO KOT/IA FICCIIEIOBATEIH TIOHSITH (OYHKIIOHAT /TSI ICXOHOI KOHCTPYKITHN GYCTHHTA, OHU CPa3y JKe
CMOTJIM €10 000OUIUTD, PACTIPOCTPAHUTD Ha IPYTHE CIYYan U MOJTYIUTh MHOTO HOBBIX MOJIEJICH 1 AITOPUTMOB
BBIBOJIA.
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Puc. 10.9. /I[pomayT B peKyppeHTHBIX CETSIX:
a — ponayT TOJbKO MexK1y ypoBHsamu [583]; 6 — apomnayt Besze [169]

JIOTUYHOE OOBSICHEHHE: IPONAYT MEKLY Y3JaMU OJIHOTO PEKYPPEHTHOTO CJIOSI PA3pyIiia-
€T BO3MOXKHOCTb C/IETATh JI0JTOCPOYHYIO TAMSTh, BE/Ib CBSI3b C TIPEIBIYIIINM HEHPOHOM
OYEeHD YacTo OyIeT HAPYITeHa, a MBI XOTUM KaK pa3 00yYUTh Kak MOXKHO 6oJee 10Jro-
cpoutbie 3apucuMoctd. OHAKO TTOCTIE TOTO KaK TOSIBUJIOCH TEOPETUYeCKoe 000CHOBA-
HUe JIJIST IPOIAyTa, TYT JKe POIIACH U U/l O TOM, KaK ero JIeIaTh BHYTPU PEKYPPEHT-
Horo cios [169].

HeiicTBuTENbHO, JaBaiiTe pACCMOTPUM QYHKIHUIO fy = fg(e,e) B CJIyyae peKyppeHT-
HOM cetr (/151 IpocToThI 00b14HOM, HO Ha LSTM 1 GRU 310 TOXE MOKHO pacipocrpa-
HUTD). OHA TeTepb 3aBUCHT €€ OT CKPBITOTO COCTOSIHIUS, OHO, B CBOIO 0Yepe/ib, 3aBUCUT
OT BECOB Ha MPeJbIIYIeM YPOBHE Yepe3 (yHKIIUIO fj,, U TaK Jlajiee:

fy(ht) = fy(fu(@e, he—1)) = fy(fn(@e, fu(@e—1fn(. .. falz1, ho) .. 2)).

MbI 3HaeM, 9TO JAPOIAYT COOTBETCTBYET MOAOGPACHIBAHUIO MOHETKH JIJIST KAKIIOTO Be-
ca marpuilbl. MaTpuil, Kak Mbl IIOMHUM U3 TJIaBbI 6, Y PEKYPPEHTHOI CETH TPHU: BXOJ-
Has U, BeixomHast V 1 MaTpuIla peKyppeHTHbIX BecoB W . nTynIust, onvucannas B [ 583 ],
FOBOPUT, YTO APOIayT Ha MaTpuile W He paboTaer, MOTOMY Y4TO PEKYPPEHTHBIE CBSI3U
JIOJKHBI COXpaHsAThes. 1loaToMy iponayT foJKeH BBITJIAAETH Kak Ha puc. 10.9, a, co-
XpaHsist BCE PEKYPPEHTHbIE CBSI3U U BHIOPACHIBASI YACTH CBSI3€H MEXKY YPOBHSIMHU.

Ho ecn 1o6aBuTh AponayT 110 ¢XeMe BBIIIE, B BUE IOA0PACHIBAHNS MOHETKH 00UH
pas i Kaxaoro croabdia mMarpunbl W, To s1a npobiaeMa ncuesaer: ga, MaTpuia W
y4yacTByer B (hopMyJie MHOTO pas, HO BCE CBSI3M BO BPEMEHU MeXIy HeipoHaMu OyayT
COXPaHATHCS, TOTOMY UTO KaxKIbIi HEHPOH OyaeT b0 BKIIIOUYEH, JTUOO0 BBIKIIOUEH OJI-
HOBPEMEHHO Ha BCEM IIPOTSAKEHUU BXOLHOM HocIef0BaTeIbHOCTH. Takum o6pa3oM, 1mo-
JIy4aeTcst, YTO JAPONAYT HA PEKYPPEHTHBIX CBSI3SIX UCIIOJIb30BATh MOXKHO, HY’KHO TOJIb-
KO 3a(UKCUPOBaTh CIyYaiiHO BHIOpachIBaeMble HEIPOHBI OMMH pa3 AJs KasKA0ro BXO-
na (i MUHU-6aTya), @ Ha PasHbIX BXOJaX MOYKHO GPOcaTh MOHETKM 3aHOBO, HUYETO
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He ucroptutcs. Takoil aponayT Mbl u3o0pasuiu puc. 10.9, 6: Teriepb MOKHO BbIOPACHI-
BaTh He TOJBKO CBSI3U MEK/Y YPOBHIMU, HO M OT/IE/IbHbIE KOMITOHEHTBI PEKYPPEHTHBIX
CBsI3€l, TOJIBKO JIeJIaTh 3TO HA/I0 OJJMHAKOBO Ha TIPOTSKeHUH Beero cos. B [169] mpu-
BOJISITCSI PE3YJIbTATHI HKCIIEPUMEHTOB, JOCTATOUHO YOEAUTENHHO MOKA3bIBAIOIIIE, YTO
TAKOH JIponayT JeHCTBUTEIbHO JlelaeT PeKyPPEeHTHbIE CETH JIydllie U IIpefoTBpaliaeT
oBepGUTTHHT 6e3 YXY/IIeHNs KauecTRa.

BaiiecoBckue HEHPOHHBIE CETH — 3TO OYEHBb OBICTPO pa3BUBAOIIasicss 061acThb. Bee
9TU Pe3yJIbTaThl GbLIK IOTyYeHbl OYKBAJIbHO B TEUEHIKE MOCIEIHETO FOJa-ABYyX, HO YiKe
€CTh ¥ KOHKPETHBIE MTPpaKTHuecKue pruMeneHus. Hampumep, B pabote [488] crpoutest
CUCTEMA aBTOMATHUYECKOTO TIepeBO/ia Ha OCHOBE KOPITyca IEePEBOIHBIX HOBOCTEH B PaM-
Kax KOHKypca, mpoBoauBuiemcss Ha KoHdeperiuu WMT 2016 [157] (kcratu, cpean
MOCTPOEHHBIX MOJIEIEll eCTh U MEPEBOJl C AHTJIMIICKOTO Ha PYCCKUI 1 06paTHO). ABTO-
PBI UCTIOJTH30BAIM CTAHIAPTHYIO CXEMY C 9HKOJIEPOM, JEKOJIEPOM U CEThbI0 BHUMAHWS
(BciomuuM paszei 8.1), HO B HEKOTOPBIX CAyYasx 0Ka3aJoCh, UTO JIJIST TOTO YTOOBI M3-
6exaTh OBeP(UTTUHTA, HY;KHO OBLIO UCTIOJIH30BATh IPOTIAYT B PEKYPPEHTHOM apXUTEK-
Type. OHU UCITOJIB30BAJIN BAPUAIIMOHHBIH JAPOIAyT O IPUBEAEHHOM BBIIIE cXeMe 1 T0-
JIYUUIIU CyIIeCTBEeHHOE yiyutieHue. B pabore [574] paccMarpuBaeTcs 3ajada «CIInBa-
HUsT» BMECTE YacTell 0[HOTO M306paKeHNs, B YACTHOCTH JIJIst TAKUX MEAUIIMHCKUX TTPHU-
MeHeHUH, Kak MPT pasHbIX yacTell OJHOTO U TOTO K€ MO3Ta. ABTOPBI TTOCTPOUIN MO-
JIeJib, OCHOBAHHYIO HA CBEPTOUYHBIX CETSX, HO PACCMOTPENH ee ¢ GalleCOBCKUX MO3UIUT.
Jlesio B TOM, 9TO pasHble U300PAKEHUS 3/1ECH «CITUBAIOTCSI» HE BIIOJIHE TOYHO: MEKIY
PasHBIMU CHUMKAMU TIPOXO/UT BPEMs, OHM MOTYT OBbITh B PA3HOI CTEIIEHH 3aIyMJIEHBI,
HAIMeHT MOI HEMHOI'O CABUHYTbCS U Tak fgajee. V1 a1y MeAMIIUMHBI BaKHO IIOHUMATh,
KaKue 4acTU TIOJYYEeHHOTO CHIMKA MBI 3HA€M TOYHO, a KaKWe He 0Y€Hb; IJIsI 3TOTO U XO-
TeJIOCHh ObI 3HATDH BCE AlIOCTEPUOPHOE PACIIPEIEIICHUE T[ETUKOM U YMETh OIEHUBATH €TO
JIUCTIEPCHIO, & HE TOJBKO MOJIYYUTH OJHY ONTUMATBHYIO TOYKY. AHAJIOTUYHbIE TIPUMe-
HEHUST, B KOTOPBIX y N300PAKEHUST TOSIBIISIETCST «KapTa HEOIIPEIEIEHHOCTHY, OTl€HIBa-
1011128l HeOoIIPe/IeJIEHHOCTD [T0JIyYeHHON MOZIE/IN B Pa3HbIX €ro YacTAX, OSBUJIUCH U, Ha-
IpUMep, IPU CO3aHUu GeCITUIOTHBIX aBTOMOGUIIEH [276, 277].

Ectb u npyrue uHTEpECHbBIE TIPUMEHEHMS, HO 3AaKOHYUTD XOUETCS BCE-TaKU Ha TOM,
4T0 HalleCOBCKUE HEHPOHHBIE CETH — 3TO, HECOMHEHHO, Oy LyIiiee 00yUeH st HEHPOHHBIX
cereil. Yike cam (hakT TOro, YTO IMIUPUUECKHE «TPIOKU» 00yUeHUsT rIyOOKUX ceTell mo-
CTEeTIeHHO HAYMHAIOT MOJIy4aTh CTPOTHE MaTEMATHYECKIE 0OOCHOBAHUS, BCENISET HAJIEK-
ny. BaitecoBckue 00bsICHEHNS TIPOUCXOJISATIETO MOTYT TIPUBECTH K 1[EJIOMY PSITY HOBBIX
BaKHBIX ITpojBrzkennit. Hammpumep (cm. Taksxke [172]):

* €CJIV MBI TOHUMaeM, KaK CBA3aHbI METO/IbI OOYUEHUS ¥ PEryJIIPU3AIINH C AlIPHOP-
HBIMHU PACTIPE/IEJICHUSMU U aJITOPUTMAMU TIPUOJIMKEHHOTO BBIBO/IA, MBI MOKEM
HOJIyYUTh HOBBIE METOIBI 00YUEHMsI, IIPOCTO MOJCTABJISISI [PYTHE AlIPHOPHBIE Pac-
TpeJIeIeH st, Te, KOTOPbIE JIyUIlle MOAXOISIT [JIsI KOHKPETHOM 3a1a49m;

* GaliecoBckoe oOydeHre 0ObIYHO MOZKHO IIPOAOJIKUTH [0 00ydeHus Tuieplapa-
METPOB, TO €CTh TIAPAMETPOB APUOPHBIX PACTIPEAEJeHHiT, 13 KOTOPLIX 6epyTcs
mapamMmeTpsl MOJIEII;
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* 0GaiieCOBCKIE METO/BI, KaK B YIIOMSIHYTBIX BBIILIE IIPUJIOKEHUSX, TO3BOJISIIOT OLle-
HUBATh HEOTPEIEIEHHOCTD, OCTAIIYIOCS B MOJEIH MOCJe 00YUEHUST; 9TO TOKE
MMeeT OUYEBUIHYIO [IEHHOCTbD JIJIsI IPUJIOKEHUIA;

* MHOTHE KJaccudeckue GaileCOBCKUE MOIEM AOCTUTAI0T XOPOUIUX Pe3yJIbTaToB,
UCIIOJIb3YsI OYeHb IIPOCThbIE 6a30BbIE MIPEAOIOKEHNs (HAIIPUMED, TEMATHIECKOE
MozeIupoBatue paboTaeT, IIpeBpalliast TEKCThI B MEIIIKHU CJIOB); BBIPA3UTENbHOCTh
3TUX MOjIeJiell HaBepHsIKa MOJKHO 3HAYUTEIHHO YJIYUIIUTh, 3aMEHUB YIIPOIIA0-
Hye NpeAnooxenns Ha Oojee rnOkue mMomenu, GopMaJUu3yeMble ¢ IOMOIIBIO
riyGOKIX HEUPOHHBIX CETEN.

Mrtak, Kak Mbl YBU/IeJIU Ha IIPOTSKEHIM 9TOM TJ1aBbl, 6aileCOBCKUE MOIEH 1 TIy0o-
K¥e HelipOHHbBIE CETH MOTYT IIOMOIaTh JAPYT APYTy: HEPOHHBIE CETH JeIaloT baiiecoB-
ckue Mogenu 6osree THOKUMU U GoraThbiMu, a GaiiecoBckoe 00yueHne Mo3BOIsIeT JIyUllle
HOHKMMAaTh, Kak 00yJaTh HeiipoHHbIe ceTd. OHAKO ceiiuac aTa 00/1aCTh HAXOIUTCS TOJIb-
KO B CaMOM HayvaJe IyTU U JKAeT HOBBIX nccienoBareseil. /lepsatite, konnern!

10.6. 3akno4yeHUe: 4TO He BOLUIO B KHUTY
M yTo bypeT panblue

..OHa coBceM He M3 3TOH CTPaHbl — OHA M3 TEX CBETO3aPHBIX KPAeB,
r7ie HaC JAaBHBIM-/IAaBHO JKAYT. TaM BEYHO MCKPUTCS poca M KOJIBIIIETCS
CTPOUHBIN TPOCTHHUK.

I'. Munnep. Tponux Kozepoea

Bor u nmoaxoauT K KoHIly Halia KHUTA. B 3aKkjioueHre Mbl PACCKaXKeM O HECKOJbKUX
HAIIPaBJIeHUSIX, KOTOPbIE B KHUTY He BOIILIN — KaK 3HATh, MOKET ObITh, OHU OYAYT *KIaTh
yuTaTesel B CIEAYIONMX U3AHUSIX — a TaKyKe TTOIpoOyeM JIaTh IIPOTHO3 O TOM, Ky/a
OyeT JTajibliie IBUTaThCsI YeT0BEYeCKast MbIC/Ib.

B ruiaBe 5 MbI 10ipOGHO TOBOPUJIM O COBPEMEHHBIX aPXUTEKTYPaX JIJisI PACIO3HABA-
HUsT U300paskeHuii, KoTopbie o0y4atorcs Ha ImageNet, To ectb Kaaccupuuupyior ¢o-
TorpauIo COrIacHO TOMY, KaKkoil 00beKT Ha Heil usoOpaskeH. OfHAKO B )KU3HU MBI, KO-
rla CMOTPHUM BOKDYT cebsl, pelllaeM He 9Ty 3ajlauy, a 3a[ady Pacno3naeanus 00oexmos
(object detection): Ha dororpadun MoKeT GbITH MHOTO YEro U300PasKEHO, 1 MBI yMe-
€M PAcro3HaBaTh KaK/blil U3 9TUX OOBEKTOB M YKa3bIBATh, T/l€ UMEHHO OH HAXOJIWT-
cA. A mHOT/A TPUXOMUTCS PelIaTh U 3a7auy ceemenmayuy (segmentation): He TPOCTO
PacIIo3HaTh, KaKKe U CKOJbKO 00BhEeKTOB Ha (POTO, HO U OYKBAJIBHO YMETh YKA3bIBaTh,
Kakue ukcesan dhortorpaduu UM MpUHAZIEKAT. {151 3TOTO TPUMEHSIOTCS APXUTEKTY-
pBI, KOTOpBhIe ocHOBaHbI Ha Bce Tex ke VGG unm ResNet, HO nMeroT A0MOTHUTETbHBIE
CJTOU, KOTOPBIE 0OYUAIOTCS OTBEYATh Ha BOITPOC, T7le UMEHHO HAXOSITCS Ha hoTorpadun
Te WM UHble 00beKThl. JIngepaMu aToil 00JacTu ceiiyac ABJASIOTCS TaKie MOZIEJIH, KaK
YoLo [444, 576] u Faster R-CNN [152] myst pactiosnaBanust o0bektoB u SegNet [20],
U-Net [454] u Mask R-CNN [353] mjis1 cerMeHTammu.
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B riaBe 8 MBI OCTATOYHO KPATKO MOTOBOPUJIU O MOJENSAX C BHUMAHWEM U 060-
IIJIA TeM CaMbIM BHUMaHUEM HECKOJbKO WHTEPECHBIX HANPaBJIEHWI Pa3BUTHUS ITON
unen. Tak, 7y OTBETOB Ha BOIPOCH MPUMEHSIOTCS TaK Ha3bIBaeMbIe Cemu ¢ Namsi-
muto (memory networks) [10, 561, 565], KoTOpbie MOTYT SIBHBIM 00Pa30M XPaHUTDb BXO][
U YIPABJISITh 3TOW HAMSITHIO € TIOMOIIBIO CBOEOOPAZHOTO MEXaHM3Ma BHUMAHMS, KOTO-
PBIi pelaeT, K Kakoit MIMEHHO YacTH MaMsTH HYKHO ceiiuac 06paTUThCS.

A ciiemyromuii mar B pa3BUTUN 3TOU UIEU C/IEJIATTN TaK HAa3bIBAEMbIe HelPOHHbLE M-
wunwvt Toropunza (neural Turing machines) [194], kKoTopbie HCIOJIB3YIOT CBOCOOPA3HBIN
BapUaHT MEXaHU3Ma BHUMAHUS 7T TOTO, YUTOOBI GYKBAIBHO YIIPABJIATH JIEHTON MAIli-
Hbl ThIOpUHTA 1 06yYaThCS TEM WJIH WHBIM aJITOPUTMaM 110 HAOOPY BXOJIOB U BBIXOJIOB.
CoBpeMeHHBIE «<HEHPOKOMITBIOTEPBI> 00YUYAIOTCSI ¢ TIOMOII[BIO OOYUEHUST ¢ MOAKPETLIE-
HueMm [582], u ceifuac 5T0 HalpaBJIeHNe aKTUBHO Pa3BUBAETCS BO BCE TOW JKe KOMIIA-
nuu DeepMind. Tlocsieauii BapuaHT TaKON MOJIEJIH, TOJIYYMBIINN rPOMKOe (HO 3acJry-
JKeHHOe) HasBaHue dugpepenvyupyemuiii netiponnvii xomnviomep (differentiable neural
computer, DNC), criocobeH yske yrpaBJsiTh PAKTUIECKU HACTOSIIEH «0repaTuBHON
MaMATBIOY, IeJiasi YTeHWE U 3aIHCh 110 a/[pecaM, W PellaTh 33/[aui, IPUAYMBIBAS aJTo-
puTMBI Ha Tpadax [240].

[Moposkpatorue cocrsizarenbHbie ceTh (raasa 8), Tiybokoe o6GydeHue ¢ TOIKPeILie-
HueM (T1aBa 9) u HeiipobaiiecoBckoe 00yueHre, KOTOPOMY MOCBSIIEHA 9Ta IJIaBa, Ceil-
4ac pasBUBAIOTCS TaK GBICTPO, UTO JIJIsT KHUTH TJIYTIO | TIBITATHCS OCTABATHCA HA TIEPE/I-
HeM Kpae. QuepeHol HabOP BaKHBIX HOBBIX W OBLI ITPe/ICTaBICH Ha KOH(pEPEHIIUM
ICML B aBrycre 2017 roga. Hanpumep, B pabore [450] npezcrasiieH BapuaHT oOyue-
HUS C MOJKPEIIeHneM ¢ TIpoTuBHUKOM (adversarial reinforcement learning), B koTopom
MIPOTUBHUK aKTUBHO TIBITAETCS COUTD areHTa ¢ TOJKY TeMU WA WHBIMU JeCTaOUIn3U-
pytoumu geiicrBusmu. B [8] paspaboran BapuanT GAN, B KOTOPOM BMECTO JIMBEPIeH-
unn Mencena — Illennona ncnosb3syercs paccrosnue Baccepuireiina (koTopoe o6bu-
Ho HasbiBaercss Earth Mover’s Distance, EMD), uto npuBoaut k 6ojiee cTabHIbHOMY
00YUYEHUIO 1 MEHbBIIIEMY CXJIONBIBaHIIO MO A pabota [357] pasBuBaeT HOBBIII METOJ
00yuYeHUsT BAPUAIIMOHHBIX aBTOKOMPOBIIUKOB, KOTOPBIN... TIPECTABISIET MAKCUMU3a-
U0 TPABOIO00MS KaK UTPY MEKILY IByMSI UTPOKAMU U OCHOBAH HA COMEPHUYAIOTIITX
CeTsIX.

B nocieitee BpeMst HAGJIIOIa€TCST OUE€BUIHBIN TPEH]] Ha COMMKEHIE MEKITY COCTSI3a-
TeJbHBIMU CETSIMU U OaiiecOBCKMMU MeTogaMu: B paGore [461] nmpegiaraertcss KOHCTPYK-
s Gaitecosckoro BapuanTa GAN, a B [549] k GAN ycCIHemHo IpUMEHSIOTCS METOIbI
BapUAIIMOHHOIO BBIBO/IA. MBI IoJ1araeM, uto OimKaiiiee Oyyiiee — MIMEHHO 3a TAaKON
«CMBIYKOI» MEKY 6alieCOBCKUMU U COCTSI3ATEIbHBIMEI METOIAMU.

Ectb 11 HOBBIE TOBOPOTHI H0JT€E KITaCCUYeCKUX Hjielt: Harpumep, B [440] mpemmaraor-
cs1 Tak HasbiBaeMbie recurrent highway networks (z1a, B aToii paGore TosKe He 0001LTOCH
6e3 IOprena [Mmuaxy6epa), KOTOPbIe pacmpsioT apxutekTypy LSTM HOBBIMU CBSA351-
MU U TEM CAMBIM PAJMKAIBHO YIIYUIIAIOT, HATIPUMED, SI3bIKOBOe MoesinpoBanue. U ato
JIVIIb HECKOJIBKO MPUMEPOB. B 1esiom, ceifuac MOKHO CMeJIo OTKPBIBATH CITUCOK PabOT
J060# Beyieit KoHhepeHIuu Mo MAITHHHOMY 00y4YeHuio (JIBe caMble JIydIlne — 3TO
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ICML, International Conference on Machine Learning, u NIPS, Annual Conference on
Neural Information Processing Systems), o6st3aTeibHO OyA€T OUeHb MHOTO HHTEPECHO-
IO,  €CJIY BbI [IPOYJIU 3Ty KHUTY, TO U ¢ OOJIBIIMHCTBOM COBPEMEHHBIX CTaTel 110 00yde-
HUIO TJIyOOKMX CeTell JOJIKHBI CIIPABUTHCSL.

U, HakoHell, IJIaBHBINA Botpoc: uto Oyzer ganbine? Kyma Bce ato Katuresi? YecTHo
CKayKeM, YTO IbITAThCS JIeTaJIbHO IIPEJCKA3bIBATh Pa3BUTHE HAYKU — 3aHATHE aOCOJIIOT-
HO GecriepcriektuBHOe. Eci 661 Mbl 3HAIH, YTO OyeT Jajibllie, Mbl Obl YK€ JaBHO 3TO
caenanu. Ho Hekuil o0uii BEKTOP YBUAET MOKHO.

OObiiee HACTPOEHNUE B HAYAJIEe PEBOIOINHU TIIyOOKOTO 00yUeHwMsI OBLIO, ECIT MOKHO
TaK BBIPA3UTHCS, «JIYIJUCTCKUM>. BHE3aITHO 0KA3a/I0Ch, YTO BEPOSITHOCTHBIE MOJIENH,
KOTOpPBIE COCTABJISIM OCHOBHOE COZI€PKaHUe MAIlUHHOIO 0OyYeHUsI B TeYEHHE MOYTH
IBYX JECATUIETHI, KaK Obl U «HE HYKHBI»: MOKHO IIPOCTO MPUAYMaTh YAa4HYI0 apXu-
TEKTYPY HEIHPOHHOII ceTH, HayaTh 00yYaTh ee rPaJUeHTHBIM CIIyCKOM, U IIPU J0CTATOY-
HO 0OJIBILIOM JaTaceTe U A0CTaTOUHO MOIIHOM BUEOKaPTe BCe 00513aTeIbHO IOy UYUTCS.
BosmoxxHO, BbI 1 caM¥ BBIHECJIU TAKOE OIIYIEHUE U3 ITEPBBIX IJIAB 9TONH KHUTU: Mbl He
pas MmoaYepKUBAIH, YTO MHOTHE IIPOPBIBbI B MAIIMHHOM 00YYEHUH, O KOTOPHIX MBI IIH-
CaJIv paHee, MOJIyYeHbl «BCETO JIMIIb MPAMEHTHBIM CITYCKOM», 6E30 BCAKOM 0COOEHHO
CJIOJKHOI MaTeMaTUKH, XOTh U He 6e3 BaKHBIX U He0YeBUIHbIX TPIOKoB. Ho ceituac mo-
CTEIIEHHO CTAaHOBUTCA IOHATHBIM, 4TO 0€3 MaTEeMATUKH BCE-TaKU He 000OUTHUCH. B aT0It
rJIaBe MbI TIOTIBITAJIUCH JIaTh OY€Hb KPATKOE BBEJIEHNE B TO, YTO CEMYAC MPOUCXOUT HA
nepeaHeM Kpae oOydeHus: raybokux cereil. XoTs ceiiuac peBOJIOLM TIIyOOoKoro 0oy-
YeHWs BCe ellle B CaMOM pasrape, U B 3TOW HayKe PacIBETAlOT BCe I[BETHI, Mbl ITOJIara-
eM, 9To Oyayiee — 3a 6alleCOBCKUME METOAMU U CJIMSTHIEM BEPOSITHOCTHBIX MOJIETIEH
C HEPOHHBIMU CeTSIMU. FIMEHHO Ha 9TOM Ty TH TI0JIyY€eHbl CAMble NHTEPECHbBIE U3 HE/laB-
HUX PE3yJbTAaTOB, © UMEHHO B 9TOM HAIPABJIEHUU JBUTAIOTCS BEyIIIME UCCIIe/I0BaTe-
s, B pesysbrate rryboKue HelipoHHbIE ceTh OYAyT JeaTh TO, YTO OHU JEJIAi0T JIy4Ille
BCETO: CIY>KUTHh YHUBEPCATbHBIMU AMTTPOKCUMATOPAMH JIJIsT OY4€Hb CJIO0KHBIX (QDyHKITHH;
a QYHKI[UH 9TH OYAyT, HATIPUMED, MJIOTHOCTSIMUA WHTEPECYIOIINX HAC PaCIIpPeaeIeHHi.
Kak 510 Bcerja u GbIBaeT, OuepesHON BUTOK CIMPAIM PA3BUTHS HAYKU HE OTMEHSIET
NpeAbY NN, 2 PACIIUPSET, YCAOKHIET U YJIYUIIAET €ro.

Eme oxHo 6Gosbliioe HalpaBjieHue, KOTOPOe ceddac TOJIbKO HAYMHAETCS, COCTO-
UT B TOM, 4TOOBI OOBEAUHATh Pa3HBIX «ar€HTOB», BHIPAKEHHBIX HEUPOHHBIMU CETSIMU
(a BOBMOKHO, U APYIMMU THIIAMK MOJEJIeN MAIIMHHOTO 00y4YeHHs) B HEKYIO eIUHYIO
apXUTEKTYPY, KOTOPast MOIJIa Obl KCIOJIb30BATh PasHbIX areHTOB /IS Pa3IMYHBIX 3a1a4
U He 1epeobyyarhes I KaskJI0ro HOBOTO THIIA 3324 3aHOBO. TeopeTrnyecKu, UMEHHO
9TO JJOJIKEH TaK MJIM MHAYe JeIaTh UCKYCCTBEHHBIA MHTEJUIEKT 00LIero HasHaYeHnst, KO-
TOPBII MOT ObI UMETh HIAHCHI JOCTUYD YPOBHS YeJI0OBEKA.

VHTepecHbIil TIepBbIil AT B 9TOM HampasjeHun — Mozesb PathNet, nmpeacrasieH-
Hast Bce TeM ke DeepMind [414]. PathNet — 510 Moy istpHast HEPOHHASI CETh, COCTOS-
11as1 U3 HECKOJIBKUX YPOBHEM, HA KAXKJ/JOM U3 KOTOPBIX PACIIOJIOKEHO HECKOJIBKO «MO-
nyneit», KaXIblil U3 KOTOPBIX TOXKe SBJIeTCS HeHPOHHOU ceTbio. [l pasHBIX 3a1a4
PathNet cTpouT HOBBIE IIyTH Yepe3 9Ty MOAYISPHYIO apPXUTEKTYPY, TO €CTh IJIS 3a1a4n
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pacro3HaBaHUsI PYKOTUCHBIX (P MOKET OBITh UCIIOJB30BAHO JIPYTOE TIOJMHOKECTBO
MOJLYJIEl, ueM JIJIs 3a/[auil UTPhI B IIPUCTaBKY Atari, HO MOIYJIH IIPU 5TOM OBIIHUe, a Pas-
HBIE Ty TH BBIOUPAIOTCS [0 CYTH SBOJIIOIOHHBIM METOIOM, TEHETHUECKUM JITOPUTMOM.
PesysbraTsl B [414] moctaTouHo yoeaquTeIbHbI, U XOTs II0Ka 9TO TOJIBKO IEpPBbIi 1I1ar,
HeT COMHEHWIA, uTo mepenoc obydenus (transfer learning) u nocrpoenue apxurexkTyp
00111eT0 Ha3HAYEHUST — ATO OJ[HA M3 EHTPAJIBHBIX 33/[a4 B MAITUHHOM 00yJYeHN Ha 61~
JKaIIIme rojIbl.

A 3aKOHUUTH XOYETCsl Pe3yJbTaTaMu OIPOCOB, KoTopbie B 2014 romy ObLIn 1OAbI-
ToXKeHbI B pabore Buncenra Miojuiepa u yxe ynomunasuierocs Hamu Huka Bocrpo-
Ma [380]. Onu onpalunBamu BeAyIX 9KCIEPTOB B 00JaCTH UCKYCCTBEHHOIO MHTE/LIEK-
Ta; B OTPOce OBLIO HECKOJIBKO IPYIIIN YYACTHUKOB, OT YYaCTHUKOB KoHbepeHun AGI
(Artificial General Intelligence) o Tom-100 yueHbIxX B 3T0M 06JaCTH IO HHIEKCY ITUTH-
poBanus (kctatu, oTBeTrn 29 m3 100, uTo MOKa3bIBaeT cepbe3HOCTh 3aTen ). Ha Botmipoc
0 TOM, KOT/[a MBI CMOKeM Pa3paboTaTh MOJHOIEHHDBIA UCKYCCTBEHHBIN HHTEJIEKT de-
JIOBEYECKOTO YPOBHsI, MEAUAHHBIA 0TBeT ObL1 — K 2075 rogy (uHTEpecHo, 4To Tom-100
YUEHBIX 3/1eCh ObLIH Iaske 4y Th 60siee ONTUMUCTUYHBL, ¢ Mearanoii B 2070 rozy), a Bepo-
SATHOCTH B 50 % 9TOMY COOBITHIO MOJIOBMHA YYACTHIKOB OIpoca AaioT yxe B 2040 roay
WJIU PaHbIIIe.

ITO 3HAYUT, YTO BOBCE HE UCKIIOYEHO (XOTS, KOHEUHO, HUKEM U He TapaHTHUPOBA-
HO), YTO MBI C BAMHU, IOPOTHE YNUTATEIIH, TOKUBEM JI0 TOTO MOMEHTA, KOT/Ia NCKYCCTBEH-
HBIH UHTEJIIEKT CPaBHSETCS C HAMU... 2 TaM U IpeB3oiiziet. Ilocie nocTikennd napurera
HCKYCCTBEHHOMY MHTEJJIEKTY YsKe BPSJL JIM UTO-TO CUJIBHO IIOMeIIaeT Hac IIPeB30ITH.
U Torja Haila )KU3Hb Hen30eKHO U3MEHHUTCS JI0 TTOJTHOM HEY3HABAEMOCTH: IaKe eCIIU
He Oy/leT HUKAKUX «B3PbIBOBY» M «CUHTYJISIPHOCTEN», CKOPOCT TEXHOJOTUYECKOTO U Ha-
YUYHOTO TIPOTPECCa HABEPHSIKA BBIPACTET HACTOJIBKO, YTO BCE COBPEMEHHBIE KAI0ObI HA
«TIOCTOSTHHO MEHSTIONAHACS MUP», KOTOPBIE TAK JTIOOAT HEKOTOPbIE CUXOJIOTH, TOKAKY T-
€4 IeTCKUM JierieToM. Kak ysKUTbCs ¢ HaCTOSALIMM MCKYCCTBEHHBIM MHTEJJIEKTOM, a He
IPOCTO HAOOPOM CHEIUATU3UPOBAHHBIX MOJIEIEH, KasKask U3 KOTOPBIX YMEET TOJbKO
WUTPaTh B TO WJIM BOJIUTH MAIIUHY, — 3TO BOMPOC, KOTOPBII HAM C BaMU, BO3MOXKHO, TIPU-
JleTcs pelaTh B TeyeHue Halrell sku3Hu. VI oT Toro, Kak MbI €r0 peniuM, 3aBUCUT BCe
Gynyliee Halllel ¢ BAMU [[UBIJIN3AIHN.

A mosker, Bce 6yziet coBceM He Tak. Yl 9T0 yKacHO HHTEPECHO.
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Aptyp Kagypun 6maromapes ceiny Muxauny u xeHe AJIeKCaHAPE, KOTOPBIE YacTO
MO3BOJISIM €MY JKEePTBOBATh CEMEHHBIMU 00s13aTEIbCTBAMU PAJU HATUCAHWUS 9TOM KHU-
ru. Kojteram u apysbsm — Msany Backosy, Ilasny Hecrepoy, Kysbme XpabpoBy —
AKTUBHO CJIEMBIIMM 3a IIPOLECCOM U MOTUBHUPYIOLIUM Ha IIPOAOJIKEHKE. A TaKKe ObIB-
neMy pykooautesio — Muxanay Dupyauky, KOTOPBINA TOMOT BCTATh Ha ITyTh laTacai-
€HTHUCTA U C/IeJIaTh Ha ATOM ITyTH TT€PBbIE IIaTH.

Exarepuna ApxaHresnbckas GraroapHa cBoeil ceMbe, a B 0COOEHHOCTH CBOEMY Jie-
nynrke Barentnny MuxailyloBUdy 3a O/IEP;KKY ¥ TOHUMaHUE B ITPOIlecce HATUCAHUS
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U30ATEJNbCKUIA 1OM «MUTEP» npepaaraer
npodeccnoHanbHylo, NONYASPHYIO U JETCKYI0 Pa3BUBAIOLLYIO TUTepaTypy

3aKa3aTb KHAMM ONMTOM MOXXHO B HaLUUX npeacraBUTENbCTBAX

POCCHA

CaHkT-TeTepOypr: M. «Bbiboprckas», b. CaMncoHneBckunii np., 4. 29a
Ten./dakc: (812) 703-73-83, 703-73-72; e-mail: sales@piter.com

MockBa: M. «31eKTpo3aBoACKas», CemeHoBCKas Hab., A. 2/1, cTp. 1, 6 3Tax
Ten./dakc: (495) 234-38-15; e-mail: sales@msk.piter.com

BopoHex: Ten.: 8 951 861-72-70; e-mail: hitsenko@piter.com

ExatepuHOypr: yn. Tonenosa, A. 43a; Ten./dakc: (343) 378-98-41, 378-98-42;
e-mail: office@ekat.piter.com; skype: ekat.manager2

Hwxuwii HoBropop: Ten.: 8 930 712-75-13; e-mail: yashny@yandex.ru; skype: yashny1

PocToB-Ha-[loHY: yn. YnbAHOBCKaq, 4. 26
Ten./dakc: (863) 269-91-22, 269-91-30; e-mail: piter-ug@rostov.piter.com

Camapa: yn. Monogoreapaeiickas, a. 33a, opuc 223
Ten./pakc: (846) 277-89-79, 277-89-66; e-mail: pitvolga@mail.ru,
pitvolga@samara-ttk.ru

bEJIAPYCb

MuHck: yn. Po3bl JTiokcembypr, f. 163; Ten./pakc: +37 517 208-80-01, 208-81-25;
e-mail: og@minsk.piter.com

U3garenbckuii gom «MuTep» nNpueaawaer K COTPYgHUYECTBY BTOPOB:
Ten./dakc: (812) 703-73-72, (495) 234-38-15; e-mail: ivanovaa@piter.com
MogpobHas nHdopmaums 3gecs: http://www.piter.com/page/avtoru

U3gatenbckwnii gom «[utep» NpuzaaiaeT K COTPYgHUIECTBY 3apyOexHbIX
TOP20BbIX NAPTHEPOB MM MOCPEGHUKOB, UMEIOLLIMX BbIXOG HA 3apy0GexHbIfi
PbIHOK: Ten./pakc: (812) 703-73-73; e-mail: sales@piter.com

3aka3 KkHu2 gns By30B n 6uG/noTek:
Ten./dakc: (812) 703-73-73, gob. 6243; e-mail: uchebnik@piter.com

3aka3 kHM2 no noyte: Ha casite www.piter.com; Ten.: (812) 703-73-74, gob. 6216;
e-mail: books@piter.com

Bonpocbl no npogaxe 31eKTPOHHbIX KHK2: Tes.: (812) 703-73-74, gob. 6217;
e-mail: kuznetsov@piter.com



HHUA-NOYTOW

3AKA3ATb KHUITU N3JATEJIbCKOIO AOMA «MUTEP»
MOXXHO J1IObbIM YAObHbIM /11 BAC CNOCObOM:

* Ha Halwem cante: www.piter.com
* 10 3nekTpoHHol noute: books@piter.com
* 1o Tenedony: (812) 703-73-74

Bbl MOXXETE BbIBGPATb JIIO6OM YAOBHbIWN /151 BAC C[TOCOB OMJIATDI:

HanoxeHHbIM NAATeXOM C ONAATON Npu NoayyYeHnn B bamxaniuem
NOYTOBOM OTAE/IEHNN.

®

C nomoLwbio 6GaHKOBCKOI KapTbl. Bo Bpemst 3aka3a Bbl OyaeTte
nepeHanpas/ieHbl Ha 3aLMLLEHHbIA CepBep HaLero oneparopa, rae CMoxere
BBECTV CBOW JJaHHble A1 onnatbl.

®

INeKTPOHHbIMM AeHbramu. Mbl NpuHMMaeM K onnate AHaeKkc.[leHbru,
Webmoney u Kiwi-koLenex.

®

®

B nobom BaHke, pacneyatas KBUTAHLMIO, KOTOpast GopmmpyeTcs
ABTOMATMYeCKN NOC/e COBEPLLEHNS BaMM 3aKasa.

Bbl MOXXETE BbIBPATb JIO6OM YAOBHbIN A1 BAC CITOCOB JOCTABKU:

* [locbInkn OTNpaBnstoTcs Yepes «Mouty Poccum». OTpaboTaHHas
cncTeMa no3Bo/iseT HaM OPraHn30BbIBATh AOCTABKY BaLLMX MOKYMNOK
MaKCUManbHo BbIcTpo. [laTy OTI'IE)aB}'IeHl/IFI BaLLeN NMOKYMNKW 1 aaty
[OCTaBKM Bam coobLyar no e-mail.

*  Bbl MOXeTe 0pOpMUTb KypbepCKyto AOCTaBKY CBOEro 3akasa (bonee
noapo6Hyto MHGOPMALWIO MOXHO MONY4MTb Ha HALLeM caiTe www.piter.com).

*  MoxHO 0pOpPMUTb JOCTABKY 3aKa3a Yepe3 NoyToMarhbl (afpeca noYTomMaros
MOXKHO Y3HaTb Ha Hallem canTe www.piter.com).

MNP O®OPMJIEHUN 3AKA3A YKAXKUTE:
* damunuio, ums, oT4ecTBo, TenedoH, e-mail;

* M04YTOBbIN MHAEKC, PErMOH, PaiOH, HACENIEHHbIN NYHKT, yAnLy, 40M,
KOpNyc, KBAPTUPY;

¢ Ha3BdHWE KHUTN, aBTOPA, KOJIMYECTBO 3dKa3bIBAEMbIX SK3EeMIJIAPOB.

BECIMJIATHASl JOCTABKA: °* KypbepoMm no Mockse 1 CaHkT-leTepOypry
npu 3aKase Ha cymmy ot 2000 py6.

* 104TOM Poccum Npu NpefBapuTebHON onare
3akasa Ha cymmy oT 2000 pyo.
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BALWWA YHUKAJIbHAl KHUTA

XotuTe u3gatb CBOKO KHU2Y? OHA CTaHeT ngeasbHbIM N0gapKOM /sl MAPTHEpPOB

1 gpy3e#i, OTINYHbIM MHCTPYMEHTOM g/l POgBIMKeHus Ballie2o bpeHga, npe3eHToM
g/15 IAMSATHbIX COObITHI! Mbl CMOXeM OCyLecTBUTb BaLum itobble, gaxke cambie
CMesible 1 C/I0XKHbIe, Ugeun 1 MPoeKTbl.

Mbl NPEAOJTATAEM:

e M3/aTb Bally KHUTY
e W3[aHWe KHUMN A5 NCNONb30BaHNS B MAPKETUHIOBbIX aKTUBHOCTSIX
o KHWIM KaK KOPMopaTHBHbIe Nofapku

e peknamy B KHUrax

e M3[aH1e KOpNopaTVBHOM O1GINOTEKM

ﬂoqemy Hago Bbl6pGTb UMEHHO Hac:

M3gatenbctBy «[utep» 6osee 20 feT. Haww onbIT — 2apaHTHs BbICOKO20 KAYecTBa.

Mbi npegiaazcaem:

o ycyrn no 06pabotke n fopaboTke Ballero TekcTa

o COBpPeMeHHbIN Au3aiiH T NpodeccroHanos

e BbICOKMI YPOBEHb NOAMIPAPUUECKOr0 UCMOTHEHNS

e MPOJAXY BaLLE KHUIV BO BCEX KHWKHbIX MarasuHax CTpaHbl

ObGecneuynm npogBmxeHne Baei KHU2n:

e peknamoin B npodubHbix CMU 1 MecTax npogax
peLeH3NAMMN B BEAYLMX KHVKHbIX M3LaHNAX
o VIHTEPHET-NOAAEPXKKON peKkI1amMHOM KamnaHnm

MbI nmeem cobCTBEHHYI0 ceTb gUCTpMOYLMM M0 BCeli POCChu, a TaKke Ha YKpanHe
1 B benapycu. COTpygHN4aeM C KpynHEeRMMmI KHKHbIMU MA2a3MHAMM.

13gatenbctBo «[1uTep» SIBASETCS NOCTOSHHBIM y4aCTHUKOM MHO2MX KOHepeHLmit
1 CeMMHApOB, KOTOPble MpegoCcTaB/sIOT LWMPOKYI0 BOSMOXHOCTb Peaan3aumm KHu2.

Mbl 0693aTe/IbHO rnpociegmm, yTOObI BALLA KHM2A NOCTOSHHO MMEAAcCh B HAIMYMN
B MA2a31HAX v Obl/1a BbIIOXeHd HA CaMbIX BMgHbIX MeCTax.

ObecrieynM MHGMBMGYabHbINA MOGX0g K KAXJOMY KNNEHTY, IKCKIIO3MBHbINA gU3aliH,
Nt06ov TUPAX.

Kpome 1020, npegnazaem Bam BbliyCTUTb 31IKTPOHHYIO KHMR2Y. Mbl pasmectm
ee B KpyrnHesLLnX MHTepHeT-Maza3nHax. KHuea byget ceepctaHa B popmarte ePub
1 PDF — cambix NOMYASPHbIX M HAGEXHbIX POPMATAX HA CE20GHSILLIHMIA geHb.

CBAXKutTeCb ¢ HaAMM npsamo ceiyac:

CaukT-NetepOypr - AHHa TuToBa, (812) 703-73-73, titova@piter.com
MockBa - Cepeesi KnebaHos, (495) 234-38-15, klebanov@piter.com



	Как обучать нейронные сети
	От биологии к информатике, или We need to go deeper
	Революция обучения глубоких сетей
	Искусственный интеллект и машинное обучение
	Немного о словах: каким бывает машинное обучение
	Особенности человеческого мозга
	Пределы нейробиологии: что мы на самом деле знаем?
	Блеск и нищета современных нейронных сетей

	Предварительные сведения, или Курс молодого бойца
	Теорема Байеса
	Функции ошибки и регуляризация
	Расстояние Кульбака—Лейблера и перекрестная энтропия
	Градиентный спуск: основы
	Граф вычислений и дифференцирование на нем
	И о практике: введение в TensorFlow и Keras

	Перцептрон, или Эмбрион мудрого компьютера
	Когда появились искусственные нейронные сети
	Как работает перцептрон
	Современные перцептроны: функции активации
	Как же обучаются настоящие нейроны
	Глубокие сети: в чем прелесть и в чем сложность?
	Пример: распознавание рукописных цифр на TensorFlow


	Основные архитектуры
	Быстрее, глубже, сильнее, или Об оврагах, долинах и трамплинах
	Регуляризация в нейронных сетях
	Как инициализировать веса
	Нормализация по мини-батчам
	Метод моментов: Ньютон, Нестеров и Гессе
	Адаптивные варианты градиентного спуска

	Сверточные нейронные сети и автокодировщики, или Не верь глазам своим
	Зрительная кора головного мозга
	Свертки и сверточные сети
	Свертки для распознавания цифр
	Современные сверточные архитектуры
	Автокодировщики
	Пример: кодируем рукописные цифры

	Рекуррентные нейронные сети, или Как правильно кусать себя за хвост
	Мотивация: обработка последовательностей
	Распространение ошибки и архитектуры RNN
	LSTM
	GRU и другие варианты
	SCRN и другие: долгая память в обычных RNN
	Пример: порождаем текст символ за символом


	Новые архитектуры и применения
	Как научить компьютер читать, или Математик - Мужчина + Женщина = ...
	Интеллектуальная обработка текстов
	Распределенные представления слов: word2vec
	Русскоязычный word2vec на практике
	GloVe: раскладываем матрицу правильно
	Вверх и вниз от представлений слов
	Рекурсивные нейронные сети и синтаксический разбор

	Современные архитектуры, или Как в споре рождается истина
	Модели с вниманием и encoder-decoder
	Порождающие модели и глубокое обучение
	Состязательные сети
	Практический пример и трюк с логистическим сигмоидом
	Архитектуры, основанные на GAN

	Глубокое обучение с подкреплением, или Удивительное происшествие с чемпионом
	Обучение с подкреплением
	Марковские процессы принятия решений
	От TDGammon к DQN
	Бамбуковая хлопушка
	Градиент по стратегиям и другие применения

	Нейробайесовские методы, или Прошлое и будущее машинного обучения
	Теорема Байеса и нейронные сети
	Алгоритм EM
	Вариационные приближения
	Вариационный автокодировщик
	Байесовские нейронные сети и дропаут
	Заключение: что не вошло в книгу и что будет дальше

	Благодарности
	Литература


