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[1peancnosume

Yero He MOTI'y BOCCO3/1aTh, TOI'O HE ITIOHNUMAlO.

Puuapo Deiinman

Crioco6HOCTD TBOPUTD — HEOTHEMJIEMAs YaCTh YeI0OBEYeCKOil mpuposl. Erte
Ha 3ape CBOETO CYIIEeCTBOBAHNS, JKUBS B TIEIIepax, YeJT0BeK MCKAT BOSMOKHOCTh
C03/1aBaTh OPUTHHAJIBHBIE U KPACHBBIE TBOPEHUs. TBOPUECTBO MEPBOOBITHOTO
YeJIoBeKa BBHIPAKAJIOCh B HACKAJBHBIX PUCYHKAX C JUKUMK JKMBOTHBIMU 1 a0-
CTPAKTHBIMU Y30PaMH, CO3/JAHHBIX C TOMOIIBIO MUTMEHTOB, aKKYPaTHO U METO-
JIMTYHO HAHECEHHBIX Ha CKaJTy. DTI0Xa POMAHTU3MA MOIapUJIa HaM 4y/10 CUM(OHMIT
YailkoBCKOT0, ¢ UX CITOCOOHOCTBIO BBI3BIBATH YYBCTBA TPHyMba U Tpareinu mo-
CPEJICTBOM 3BYKOBBIX BOJIH, CIIETEHHBIX B IIPEKPACHbIE MEJIOJIUN U TAPMOHUU.
W B Hawmum JHU Mbl, ObIBAa€T, BLICKAKMBAEM B IIOJIHOYD U3 JOMY, YTOObI 3a0€KaTh
B KHVKHBIF MarasuH M KyIHUTh TTPOJIOJKEHE UCTOPUH O BBIMBIIIJIEHHOM BOJI-
mebHKKe, MOTOMY 4TO KOMOUHaIUst OYKB 00pa3yeT 3axXBaThIBAIOIIEE TOBECTBOBA-
HII€, 3aCTaBJISIIOIIee HAC TePEBOPAYMBATh CTPAHUILY 3a CTPAHUIIE, UTOOBI Y3HATD,
KaKwWe elle MPUKIIUeHNS KAYT HAIIEeTo TepPost.

[ToaToMy HeyMBUTEIBHO, UTO YETOBEYECTBO 3a[a/I0Ch IJIABHBIM BOIIPOCOM: MO-
SKEM JIM MBI CO3/IaTh YTO-TO, YTO OBbLIO ObI TBOPUECKUM CAMO II0 cebe?

ITonck oTBeTa Ha 9TOT BOIIPOC ABJIAETCA 1EbI0 TeHepaTUBHOTO MO/IeTUPOBAHMS.
baaronaps nociaeinum T0CTUKEHNAM B HayKe U TEXHUKE MBI MOJKEM CO3/1aBaTh
MAaIIUHBI, CIIOCOOHbBIE PUCOBATH OPUTUHAIbHBIE KAPTHHBI B ONPE/IETIEHHOM CTHJIE,
mcaTh ab3aIlbl CBSI3HOTO TEKCTA € XOPOIIO TIPOCIEKIMBAEMOI CTPYKTYPOIi, CO-
YUHATH MY3BIKY, KOTOPYIO IIPUSTHO CJAYIIATh, 1 Pa3pabaTbiBaTh BHIUTPBIIIHBIE
CTpaTeruu JUIsl CJ0KHBIX UI'P, TeHEPUPYST CLIEHAPUU BO3MOYKHOIO Pa3BUTHSI CO-
6bITHil. V1 9T0 TOJIBKO HAYAIIO TEHEPATUBHOI PEBOJTIONNH, He OCTABJISAIONIEH HAM
JIPYTOro BbIOOPA, KPOME OTHICKAHMS OTBETOB HA HEKOTOPbIE M3 CAMbBIX BaXKHBIX
BOIIPOCOB O MEXaHWKe TBOPYECTBA U, B KOHEYHOM UTOTE, O TOM, YTO 3HAYUT OBITH
YeJI0BEKOM.
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NapivMun CJI0OBaMu, celiuac camoe BpeEMA 3aHATHCA M3y4YEHUEM I'€HEPATUBHOIO
MO/I€JIMPpOBaHMA, TaK I[aBaﬁTe HpI/ICTyrlI/IM!

Llenun n nogxopabl

B STOﬁ KHUTE paCCManI/IBaIOTCﬂ KJIIOYEBbIC METO/IbI, I[OMI/IHI/IpOBaBHH/Ie B JIaH/I-
H_Ia(l)Te I‘eHepaTI/IBHOI‘O MOI[eJII/IpOBaHI/IH B ITocJjsiegHue rogbl 1 ITO3BOJIUBIIINE
NOOUTBHC BIIEYaTJISIONIEro IIPorpecca B TBOPYECKUX 3a4adax. Kpome 3HakoM-
cTBa ¢ 6a30BOil Teopueil TeHepaTUBHOTO MOJEIUPOBAHUS, B 9TON KHUTE MbI
OyzeM co3aBaTh JAeHCTBYONNE TPUMEPHI HEKOTOPBIX KJIOYEBBIX MOJIEIEN,
3aVMCTBOBaAaHHBIX 13 JH/ITepaTypI)I, " 1Iar 3a 1nrarom paCCMOTpI/IM peamxlsaumo
KasKI0# U3 HUX.

Ha nporsizkeHuu Beeit KHUTH BaM OY/IyT BCTPEYATHCsI KOPOTKHE TTIOYYNTENbHBIE
UCTOPHH, OOBSICHSIONNE MEXaHUKY HEKOTOPbIX Mojeseii. [Tokanyii, ogun 13
JIYYIIMX COCOOOB M3yYeHMsl HOBOM aOCTPaKTHOW TEOPUM — CHavasia mpeobpa-
30BaTh €€ BO YTO-TO MeHee abCTpaKTHOE, HAIIPUMEpP B PaccKas, U TOJbKO OTOM
HOrpyKaThCs B TexHudyeckoe onucanue. OTae/bHble pasjieabl Teopun OyayT
6oJiee MMOHATHDBI B KOHTEKCTE, BKIIOYAIOIIEM JIIO/AEH, eHCTBUS U SMOIUH, A He
B KOHTEKCTE TAKKX J0BOJIbHO aOCTPAKTHBIX TIOHSITHI, KaK, IOy CTHM, HEHPOHHbBIE
cetH, 0OpaTHOE paclpocTpaHeHre Uin (GYHKIIUU OTEPb.

Pacckas u onrcanue Mojiesin — 9T0 00BIYHBIN IPHEM 0GBSICHEHHUS OJTHOTO U TOTO
JKe ¢ IByX To4ek 3peHust. [ToaToMy, nsydast Kakyo-To MOJeNb, HHOTIA Oy1eT
MOJIE3HO BEPHYTHCS K COOTBETCTBYIONIEMY pacckasy. Eciu ske BbI yKe 3HAKOMBI
¢ KOHKPETHBIM ITPUEMOM, TO MPOCTO MOJIyYAiiTe YIOBOIbCTBIE, 0OHAPYKUBAST
B paccKasax Mmapajiesn ¢ KaxkAbIM 2JIeMeHTOM Mojiesn!

B miepBoii yacTu KHUTH TIPEACTABIEHbI KJIIOYeBbIe METO/IBI TIOCTPOEHUS TeHe-
PaTUBHBIX MOJeJIel, BKJIoUast 0030p riybOKoro oO6ydeHus, BApHAIMOHHBIX
aBTOKOJMPOBIUKOB 1 TeHEPAaTUBHO-COCTSI3aTEbHBIX ceTell. Bo BTOpOil yacTn
ATU METO/IbI TIPUMEHSIIOTCST JIJIsI PEIIEHUsST HECKOJIbKUX TBOPYECKUX 3aj1a4 (pu-
coBaHUe, COUMHEHNE PACCKA30B U MY3bIKH) C TOMOIIIBIO TAKUX MOJIEJIEl, KaK
CycleGAN, mogeneit Tuna kogep-gexonep u MuseGAN. Mbl yBuanM, Kak
reHepaTUBHOE MOJIEJTNPOBAHIE MOMKHO MCIIOJIH30BATD JIJIsT OTITUMU3AIINY BbI-
urpsiiaoii crparerun urpsl (World Models), pacecmoTpum cambie riepegoBbie
reHepaTHBHBIE ADXUTEKTY I, focTymibie ceroamst: StyleGAN, BigGAN, BERT,
GPT-2 u MuseNet.

14 Mpeaucnosme



YpoBeHb NOArOTOBKMN

ITa KHUTA NPEJAII0Jaraet, YTo y YATATENSI eCTh OIBIT MPOTPAMMHUPOBAHMS
ua Python. Eciu Bt He 3uakombr ¢ Python, maunure ero usyuenue ¢ caiita
LearningPython.org (https://www.learnpython.org/). B marepuere ectb MHOTO
GECIIIIATHBIX PECYPCOB, TIO3BOJISIIONIIX TPUOOPECTH IOCTATOYHBIN 0GBEM 3HAHUIT
o Python n71st paboThbl ¢ IpuMepamu 13 9TOM KHUTH.

Kpowme Toro, HeKOTOpBIE MOIETN OTIMCAHBI C NCTIOTb30BAHNEM MaTeMaTHUYeCKIX
0603HaYCHUI, TI0ITOMY GY/IET TIOJIE3HO UMETH I0OCTATOYHO MOJTHOE MPe/ICTaBIe-
HUe O JIMHeNHOiT anrebpe (HApuMep, KakK BBITIOJTHIETCS YMHOKEHE MaTPHUI]
U T. 1.) 1 0011eil TeOpUN BEPOSITHOCTE.

Haxomerr, muist onpo6oBanust mpuMepoB koza 13 pernosutopust GitHub (https://
github.com/davidADSP/GDL_code) KHITH BaM II0TpeOyeTCst IIPOrpaMMHOE OKPYKe-
Hue. [IpuMepsl 15T 3TON KHUTH CO3HATEJNHHO CO3/IaBAJIMCh TaK, YTOOBI He 3a/1eii-
CTBOBAJINCH YPE3MEPHO GOJIBIITNE BBIYUCTUTETbHBIE PECYPCBL.

Muorue ommnboYHO CYUTAIOT, YTO s 00yUYeHs Mojie/ieil TITyGOKOro 00ydeHust
HeoOxoauM rpaduueckuii nporeccop. Koneuro, ero Hajgnyue He 6yaeT JTUITHIM
1 TIOMOKET YCKOPHUTH 00yUeHre MOJIEJIeit, HO 9T0 coBceM He obst3atebHo. Ha ca-
MOM JIeJIe, €CJIH BbI JIeJIaeTe JIUIIIb [IePBbIe ark B 006JacTy TIryO00KOTo 00ydeHus],
TO HaYMHATE C OCHOB, KCIIEPUMEHTUPYITE ¢ HEOONBIIMMK TPUMEPaAMK Ha
HOYTOYKE U TOJIbKO TIOTOM TPaThrech Ha 000pyI0BaHue /il YCKOPEHUST Ipoliecca
00y4YeHMs CBOUX MOJEJIEN.

lNMpoume pecypcbi

B kauectBe O6IH€I‘O BBeJECHNA B MallIMHHOE 1 I‘JIY6OK0€ O6y‘-IeHI/I€‘ PEKOMEH/Y -
I0OTCA ABE€ KHUTU!

B <«Hands-on Machine Learning with Scikit-Learn, Keras, and TensorFlow:
Concepts, Tools, and Techniques to Build Intelligent Systems» Kepona Ope-
abera (Geron Aurelien), Boiteaiast B usgaresnberse O'Reilly;!

U JKepon Opeaven. Ipuxnaatoe maiiaaoe oGyuenue ¢ nomoripio Scikit-Learn u TensorFlow:

Konnenuuu, THCTPYMEHTBI U TEXHUKH /IS CO3/[aHUS MHTEJJIEKTYaJIbHbIX CUCTEM.
M.: Bunbsivc, 2018. — Ipumeu. nep.
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B <«Deep Learning with Python» ITTosne Mparcya (Francois Chollet), Bbimen-
mrast B u3jarebctee Manning.!

BosbiHCTBO cTaTeil, yIloMUHAEMbIX B 9TON KHUTE, TToJ1y4denbl u3 arXiv (https://
arxiv.org/), 6ecIIaTHOrO PENO3UTOPHS HAyYHbIX cTaTeil. Celfuac MHOTHE aBTOPBI
yOJIMKYIOT CBOM CTaThi B arXiv 710 ux perensuposanusa. O630p MoCIeAHUX M0-
CTYILIEHWI B PEMIO3UTOPUI — OTJIIMYHBIN c11OCOO OBITH B KypCe CaMbIX MEPEI0BBIX
pa3paboTOK B 06/1aCTH MAMIMHHOTO 00YYEHHSI.

Ha caiite Papers with Code (https://paperswithcode.com/) MOKHO HallTH caMbie
CBEJKHME pelleHusT Pa3IMIHbIX 3a/1a4 MAITUHHOTO 00YY€EHVsI, CCHIIIKM Ha CTaThH
u opunuanbieie perosutopuu GitHub. 9to orauunbrii pecypce st 106010
JKEJIAIOIIEr0 BBISICHUTD, KAKII€ COBPEMEHHBIE METO/IbI IIOMOTAIOT IOCTHYb CAMBIX
BBICOKUX PE3YJILTaTOB.

Hakower, 110J1e3HBIM PECYPCOM JI7ist 00y4€eHUsT MOJIeJIell Ha BBICOKOIIPOM3BO/IH-
tesbHOM 0bopymoBanuu sipisiercs Google Colaboratory (https://colab.research.
google.com/). Ato GecriatHoe okpysxkenue Jupyter Notebook, He Tpebyioree
HACTPOUKHM U TIOJTHOCTBHIO paboTraiotiiee B oOsiake. Bl MoskeTe HACTPOUTH BbI-
MIOJIHEHIE CBOUX ClleHapUeB Ha TpadhuuecKoM TIPOIIECCOPE, TPEAOCTABISIEMOM
6ecrtatio (1o 12 wacos pa6orsi). [IpuMepbl U3 5TON KHUTH HEOOSA3aTEIbHO
3amycKaTh Ha rpauyecKOM MPOIECCOpe, HO TaKasi BO3MOKHOCTh TOMOIKET
YCKOPUTB TIpoitecc oOyuerust Bammx Moeneit. B mo6om ciyaae Colab — or-
JIUYHBINA CIOCO0 MOJIYyYUTh OECIIaTHBIN HOCTYI K pecypcaM rpahuuecKoro
mpoiieccopa.

U IHonne @pancya. Tmybokoe obyuenne na Python. CII6.: Iurep, 2018. — [pumeu. nep.

16 Mpeancnosue



Tunorpadckme cornaweHns

B aT0i1 KHUTE TPUHATHI ceayonue TUIOrpadCcKue CorIalleHnsl.

Kypcue uctionbayercs piist 0003HaY€HUsT HOBBIX TEPMIHOB, MMeH (haiiioB u pac-
HIUPeHNiT MeH (haiiioB.

MOHOWNPUHHBIA WPMGT NIPUMEHSIETCS I OPOPMJIEHUS JTUCTUHIOB TIPOTPaMM
U TIPOTPAMMHBIX 9JIEMEHTOB BHYTPH OOBIYHOTO TEKCTA: UMEH IepeMeHHbIX
u HyHKIUH, 6a3 JaHHBIX, TUTIOB JaHHbBIX, TIEPEMEHHbBIX OKPYKEHWS, HHCTPYK-
IIUT 1 KJITOYEBBIX CIIOB.

ITOT 9JIEMEHT HCIIOJIb3YETCA JJId 0603HaYeHA HpI/IMG‘IElHI/IfI.

Ucnonb3oBaHue nporpammHoOro Koga npnmvepos

Bcemomorarenbibie MaTepuabl (IPUMePHI KOJIA, YIIPAsKHEHWS U T. /I.) TOCTYITHBI
JULA 3arpy3Ku 110 azpecy https://github.com/davidADSP/GDL_code.

B o6rem carydae Bce mpuMepbl KOjIa M3 9TON KHUTH BbI MOKETE HCIIOJIb30BAThH
B CBOMX IIPOrpaMMax 1 B IOKyMeHTaiuu. Bam He Hy:KHO 0OpaiiaTbes B U3/1aTeb-
CTBO 3a pa3pelleHneM, e Bbl He cOOMpaeTech BOCIIPOU3BOANTD CYIIECTBEHHBIE
4acTH MPOrPaMMHOTO KOJla U3 9TOH KHUTH, OTPaHUYUBAsICh UCIIOJIb30BAHUEM
B [IPOrpaMMe JIMIIh HECKOJIbKUX OTPHIBKOB Koia (B IPOTUBHOM CJIydae MmoJryyde-
HIe pa3penieHsi HeoOX0MuMO, M. Huke ). OHAKO B CIydae MpOIasKi N Pac-
POCTPaHEHUsT KOMITAKT-AUCKOB € IPUMEPaMK U3 9TOH KHUTH BaM HEOOXOMMO
noJyunTh paspenrenue usgareabcrsa O'Reilly. Ecoiu Bbl oTBedaere Ha BOIIPOCH,
[UTUPYS JAHHYIO KHUTY WK IPUMEPBHI 13 Hee, TO TOoJydeHre paspelieHus He
TpebyeTcs.
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BbnarogapHocTn
[TosBoJibTEe OGIArOAPUTH BCEX, KTO TIOMOTAJI aBTOPY B paboTe HaJl 3TOI KHUTOM.

[Ipesk e Bcero, HCKpeHHee cracubo TeM, KTO HAIIE BPeMs /Il HAyYHOTO Peak-
tupoBanus, B yactnoctu: Jlio6e Dsmmort (Luba Elliott), Jappeny Puuapco-
ny (Darren Richardson), Opuky /Ixxopaxky (Eric George), Kpucy Ilony (Chris
Schon), Curypaypy Ckysu Curypreiipccony (Sigurdur Skali Sigurgeirsson),
Xao-Ben loury (Hao-Wen Dong), /Issuny Xa (David Ha) u Jlopue Bap-
knaii (Lorna Barclay).

Kpome Toro, aBTop BbIpaskaeT OrpoMHYI0 0JarofapHoCTh KOJJEraM u3
Applied Data Science Partners: Poccy Buremuaxy (Ross Witeszczak), Kpu-
cy ITony (Chris Schon), /Isuueny Ilapmy (Daniel Sharp) u Omu By (Amy
Bull). Cniacu6o 3a Bariry 61aroCKJIOHHOCTb B TEYEHUE BCETO BPEMEHH PabOThI
Ha/l KHUTOM, ¢ HEeTEPIIEHUEM K1y HOBBIX IIPOEKTOB MAIIUHHOTO OOyYeHUs,
peaynusanueil KOTOPLIX B OyayiieM Mbl OyaeM 3anumarbest BMecte! Ocoboe
crracu6o Poccy 3a Bepy B MeHsI KaK B JI€JIOBOTO IIapTHepa — ecJiu Obl MbI He
pENIIn HAYaTh COBMECTHBINA OM3HEC, TO 3Ta KHUTA, BOBMOKHO, HIKOT/[A ObI
He TTOSIBUJIACH!

51 Takske xouy mMoOIAaroapuTh BCEX, KTO KOTIa-In00 YUl MeHsl MaTeMaTHKe, —
MHE 04Y€Hb TTOBE3JI0, YTO B IIKOJIE Y MeHsI ObLI (haHTaCTHIECKHE ITPEIoIaBaTelIH,
KOTOPbIE PAa3BUJIM MO MHTEPEC K 9TOMY MPEIMETY U ITPU3BIBAJIN MEHS MTPOI0JI-
JKUTD Pa3BUBATh €ro B yHUBepcuTeTe. biiarofapio Bac 3a Baiily caMooT/iauy U 3a
TO, YTO HIEPO JCJTUINCH CBOUMU 3HAHUAMU CO MHOMU.

OrpomHoe criacu6o corpyannkam usgateabctsa O'Reilly 3a o, uto momoranm
MHe B mportecce paboThl Ha 9Toi KHUToi. Ocobyo 6JarofapHOCTh X0Uy BbI-
pasuth Mumrenp Kporun (Michele Cronin), momoraBmieil Ha KaxaIoM sTare
T0JIE3HON 0OPATHOIT CBSI3bIO U MOCHLIABINEN MHE IPYsKECKNE HATOMUHAHUST O He-
00X0UMOCTH TIPOA0JKaTh ucath raasbl! Cracubo takxe Kartu Tosep (Katie
Tozer), Peituen Xen (Rachel Head) u Memanu Ap6po (Melanie Yarbrough) 3a
MoAroTOBKY KHUTH K mevatn u Maiiky Jloykumecy (Mike Loukides), kotopsrit
MepBBIM 0OPATUIICS KO MHE C TIPE/IJIOKEHIEM HalucaTh KHUTY. Bbl Bce okazasu
OTPOMHYIO MOIEPKKY HTOMY TIPOEKTY, ¥ 51 X04y 1M0OJIarolapuTh Bac 3a TO, 4TO
BBI TIPEIOCTABUJIM MHE BO3MOKHOCTD HAIMCATh KHUTY O TOM, YTO s JIFOOJIIO.

Bce Bpems, moka g mucas KHUTY, MOSI CeMbs OKa3bIBajia MHE BCAYECKYIO MOJI-
nepkky. Orpomuoe criacubo moeit mame, JIskusnuan Docrep, 3a TPOBEPKY
KaK/I0W CTPOKHU TEKCTa Ha HAJMYUE OMeYaToOK U 0COOEHHO 3a TO, YTO HAYyYMJIa
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MeHs1 cuntath! TBoe BHUMaHUeE K [IeTaasIM YPe3BbIYaiiHO IOMOTJIO IIPH Peflak-
THPOBAHUU 9TON KHUTH, 1 sl O4eHb OJIaroJfapeH 3a Bce BO3ZMOKHOCTH, KOTOPBIE
MPeIOCTaBUIN MHe ThI 1 Trarta. Moit mamna, Kraits Doctep, Haydusa MeHs po-
IPAaMMMPOBAHUIO — 3Ta KHUIA [10JIHA IPAKTUYCCKUX IIPUMEPOB, KOTOPLIE 5 CY-
MeJT HAlTMCAaTh BO MHOTOM OJIarofiapst €r0 TEPIIEHUIO B Te TOIbI, KOT/A S M3yJall
Beiicuk u nbrrasicst mucathb ¢ytoosbHbie urpsl. Moii 6pat, Po6 Mocrep, — cambrii
CKPOMHBII FeHNi U3 BCEX FeHreB, 0COOEHHO B 00IaCTH JIMHTBUCTHKH, HO Oeceibl
¢ HUM 00 MCKYCCTBEHHOM WHTEJJIEKTEe 1 OYAyIeM MAIINHHOTO 0OyJYeHus Ha
OCHOBE TEKCTOB OKa3aJNCh Ha Y/IMBJIeHUE TIII0JI0TBOPHBIMU. Hakoner, s xoTes
6b1 OGTaroIapuTh MOTO cecTpy Hany — HercesikaeMbIil HCTOUHUK BIOXHOBEHUST
u pagoctu. Ee si000Bb K uTepatype — O/lHa U3 TIPUYNH, TT0 KOTOPOIA 5T PEIIT,
4TO HAIMCATH KHUTY OBLITO OBl 3aXBaTHIBAIOIIIM 3aHATHEM.

Haxomer, st xotest 6bI 10OJIATOIAPUTH MO0 HEBECTY (COBCEM CKOPO OHA CTaHET
Moeti sxeHoit) Jlopay bapkiait. Ona He TobKO TIATETBHO TPOCMOTPeETa KakK10€e
CJIOBO B 9TOH KHUTE, HO 1 OKa3bIBasia MHe OECKOHEUHYIO TIO//IEPIKKY Ha ITPOTSIKe-
HIU BCETO ITPOIIECCa, 3aBapUBAJIA Yail, IPUHOCHUIIA Pa3Hble BKYCHSIIKU U BOOOIIe
JieJiajia Bce, YTOOBI IPEBPATUTD ATY KHUTY B JIy4Illee PYKOBOZCTBO 110 TeHEePATHB-
HOMY MO/IEJIMPOBAaHUIO, Y€/ OTPOMHOE BHUMaHUE IE€TAJIAM U 1€JIIChb CBOUMU
rIyOOKUMU 3HAHUSIMU B 00JIACTH CTATUCTUKYU U MAITUHHOTO 00yuenust. 5 ensa
JIE CMOT ObI 3aBEPIIUTH 9TOT TPOEKT Oe3 Tebst 1 OarofapeH 3a To BpeMst, KOTOPoe
ThI TIOTpaTHJIA, I{TO6bI IIOMOYb MHE PEOPTraHnu30BaTh U PACIIUPUTD YaCTU KHUTH,
KOTOpbIE HYK/IQJIUCh B IONOJHUTENbHOM 00bsiciennn. Oberaio, 4to He Oyry
TOBOPHTH O TeHEPATHBHOM MOJIETMPOBAHIH 32 00€JIEHHBIM CTOJIOM, [0 KpaiiHei
Mepe, HECKOJIbKO HeAeJb ITOoCIe Hy6JH/IKaHI/II/I KHUTH.

OT nspartenbcrTBa

Barmu sameuanus, mpesioskeHust, BOIIPOCHI OTIIPABJIANTE TIO aj[pecy comp@piter.
com (u3aTeibeTBO «IIuTeps», KOMITbIOTEpHAS PeAKITN ).

Mb1 OyzieM pajibl y3HaTh Ballle MHEHHUE!

Ha Be6-caiite usgarebcTBa WWWw.piter.com BbI Haiiziere moapoOHyio HHGOPMAIUIO
0 HaIlIUX KHUTaX.



Yactb I

BBeaeHue B reHepaTUBHoOE
rnybokoe obyueHme

Lienb nepBbiX YeTbipex r1aB — MO3HAaKOMWUTb YMTaTeNlel C OCHOBHLIMU NpUEMaMMU,
HeobXxoAMMbIMU ANS TOro, YTobbl HaYaTb CTPOUTb FrEHepaTUMBHbIE MOAenu rnybokoro
0byueHus.

B rmaBe 1 B 06LMx YepTax paccMOTpeHa 06/1acTb reHepaTMBHOMO MOAENMPOBaHUS, 3aja-
yM, KOTOpble 3Ta 06/1acTb PELLAET, a TaKXKe NPUMEP NPOCTOM BEPOSITHOCTHOM reHepaTUBHOWM
MoZenu. 30€ech Xe MOSICHAETCS], NMoYeMy Mo Mepe PocTa CIOXKHOCTM reHepaTUBHON 3adaun
Heobx0anMO NPUMEHSITb MeTOAbI FyboKoro obyyeHus.

FnaBa 2 coaepXuT pyKOBOACTBO MO MHCTPYMEHTaM M MeTofaM rly6oKoro obyyeHus:, oB-
nafieHne KOTopbIMM He06X0AMMO, YTOBbI HavaTb CO3AaBaTh 6o/iee ClIoXKHbIE reHepaTUBHbIE
MoAenu. JTa rnaBa CKopee MpaKTUYeCcKoe PyKOBOACTBO MO ry6OKOMYy 06ydeHuto, yem
TEopeTUYeCKMin aHanm3. B 4acTHOCTK, 34eck NpeacTaBeH hpeiiMBoOpK Keras — MHCTPYMEHT
ANsl MOCTPOEHUS 1 06yYeHUSt HEMPOHHbIX CETEW C CaMbIMU NepPefoBbIMU apXUTEKTYpaMMu,
YNOMWHAEMBIMU B COBPEMEHHBIX MCTOYHUKAX.

B rnaBe 3 paccMOTpeHa Halia nepBasi reHepaTUBHasi Mofesnb ry6oKoro obyyeHms —
BapWaLMOHHbI aBTOKOAMPOBLLMK, MO3BOMSIOWMIA HE TOMbKO CO3AaBaTb PeasiMcCTUYHbIE
U306paXkeHUst NNLL, HO W U3MEHSITb CYLLECTBYIOLLME M306paXKeHUs, HanpuMep, fo6aBnss
YNbIGKY WK U3MEHSISH LUBET BOJIOC.

FnaBa 4 viccneayeT OAMH U3 CaMblX YCMELLHbIX METOA0B reHepaTUBHOMO MOAETMPOBaHMS
rocneaHux neT — reHepaTMBHO-COCTSA3aTENbHYI0 ceTb. OHa CNYXXMT OCHOBOW Afs CTPYK-
TYPUPOBaHUS 3a/lay reHepaTMBHOrO MOAENTMPOBAHMSI U SBMSIETCS OCHOBHOMW ABUXKYLLEN
cunoit 6ONbLIMHCTBA COBPEMEHHBIX FeHepaTUBHBIX Mofenei. YutaTenu y3HaloT, Kak ee
HacTpauBaTb M afanTUpOBaTb, YTODblI MOCTOSIHHO PACLUMPSTb FpaHULbl BO3MOXHOCTEW
reHepaTMBHOIO MOAENMPOBAHNSI.
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[JIABA 1

[eHepaTMBHOE Mo enupoBaHue

ITa riasa sBJsgeTcs OOIMM BBeJleHIeM B TeHepaTuBHoe Mojenposanue. CHa-
YaJjia MOCMOTPHM, YTO IIOAPA3yMEBAETCS MOl HA3BAHUEM 2CHePaAMUEHas. MOOCIb
1 4eM TeHePaTUBHOE MOJIEJIUPOBAHUE OTJINYAETCS OT H0JIee MUPOKO U3BECTHOTO
OuCKpumunamuenozo mooeauposanus. Ilocie aToro s npeacTasiiio GazoBbie TPHH-
IIUIIBI 1 TTIO3HAKOMJIIO C OCHOBHBIMU MaTeEMAaTUYECKUMU ITOHATUAMU, KOTOPbIE
O3BOJAT HaM chOpMHUPOBATH 00OOIIEHHBIN TTOAX0/ K 3aa4aM, TPeOYIOuM
reHepaTUBHOIO PEIIeHNs.

3aTeMm, onupasich Ha HOBbIE 3HAHW, MBI CO3/Ia/INM HAIIT TIEPBLIT TpUMep reHepa-
TUBHOI MoJiesin (HauBHYIO 0aileCOBCKYIO0 MOJIEND ), KOTOPbIil SIBJISIETCST BEPOSIT-
HOCTHBIM T10 cBoe#t tipupoe. OH MO3BOJIUT HaM TeHEPUPOBATh HOBbIE 0OPA3IIbI,
HaXO/ISAIIMECS 3a TIpejieIaMu 00yJatoIero Habopa JIaHHBIX, a TAK/Ke HCCIIe0BaTh
[PUYUHBI, TIOYEMY MOJIEIN HTOTO TUIIA MOTYT ITOTEPIIETh HEYIA4y C YBEJTMUCHIEM
pasMepa 1 CIOKHOCTH MPOCTPAHCTBA BO3MOKHBIX TBOPEHMII.

YTo TaKoe reHepaTMBHOE MoaenmpoBaHue?

B O6H_II/IX HepTax reHepaTuBHYIO MO/I€JIb MOJKHO OITPE/IC/INTD TaK:

FeHepaTUBHas MopAesb ONUCbIBAET, Kak reHepupyercss Ha6op aaH-
HbIX, C TOUYKU 3pPEHUs BEPOSATHOCTHOIM Moaenu. Ucnonb3ysa aTy Mo-
Aenb, MOXXHO FrEHEPUPOBaTb HOBbIE AaHHbIE.

JlomycTim, y HaC ecTh KOJUIEKITHS H300pasKeHUIT JIOTajieil ¥ Ha ee OCHOBE HYKHO
HOCTPOUTH MOJIENb, CIIOCOOHYO TeHEPUPOBATh HOBbIE U300PasKEHMs JIOTIA/IEH,
KOTOPBIX HUKOT/IA HEe CYLIECTBOBAJIO, HO KOTOPbIE BBITJISAAT PEeaJbHBIMU, 110-
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TOMY YTO MO/JIeJIb BBIyUHUJIa OOIIIMe MPaBUIIA, ONPeeIsIoONiie BHEITH I BU/L
Jomaau. JTy 3aj1a4y MOYKHO PEIIUTh C TIOMOIIBIO TeHEPATUBHOTO MOJIETPOBA-
HUA. KpaTKOC OIIMCaHME TUIIMYHOI'O IIpoIecCa reHepaTuBHOI'O MOJAEJIMPOBaHUA
rokasano Ha puc. 1.1.

[Ipesx e Beero, HeoOXoANM HabOP JaHHBIX, COCTOSAIIMI N3 MHOKECTBA 06Pa3IoB
CYITHOCTH, KOTOPYIO HY’KHO CTeHEPUPOBaTh. ITOT HAOOP TaHHBIX HA3bIBAETCS 00-
yuarowum Habopom, a oJH 00pasell JaHHbIX B HaOOpe HAa3bIBAETCS HAOIOO0EHUEM.

Kaskoe HabGmoieH1e COCTOUT U3 MHOKECTBA NPU3HAKOS — B 3a/a4ax reHepaiuu
1300pakeHUil POJIb IPU3HAKOB 0OBIYHO UTPAIOT OT/e/bHbIe MUKceabl. Hamra
1eJIb — CO3/aTh MOJIEJIb, CIIOCOOHYIO TeHePHPOBATh HOBbIE HAOOPHI IPU3HAKOB,
KOTOpBbIE BBITJIAAAT Tak, OyATO CO3AHbI C MCIOIb30BAHUEM TEX JK€ MPABIII, YTO
u ncxozaHble gannble. KonnenryanbHo renepaiys n300paKeHnii — HEBEPOSATHO
CJIOKHAS 3a/1a4a, YYUTBIBAsI OTPOMHOE KOJIMYECTBO CII0CO00B BIOOpA 3HAYEHMIA
JUUISL OT/IEJIBHBIX MUKCEIOB M OTHOCUTENLHO KPOIIEYHOE YMCJI0 BAPUAHTOB TAKOTO
UX PaCIoJIOKEHNs], KOT/Ia II0Jy4aeTcsl N300pakeHue, [OX0kKee Ha MOJIEIMPYeMblii
O0OBEKT.

lerepaTuBHast MOJIENIb TAKIKe JIOJKHA OBITh 6POAMHOCMHOL, & He demepmu-
nupogannou. Ecam Moziesb IpocTo IpeacTaBiseT (GPUKCUPOBAHHBIC BBIUKC-
JIeHUs, HATIPUMED, BHIOUPAET CpejiHee 3HAUEHe KaK/IO0To TKcesaa B Habope
JIAaHHBIX, TO OHA He Oy/IeT TeHePATHUBHOM, TIOTOMY YTO KasK/IbIi pa3 OyeT 1aBath
ONIMH ¥ TOT XK€ pe3yabraT. Mojenb 1oKHa BKITOYaTh cmoxacmuyeckutl (ciry-
YaiiHbIi1) BIeMEHT, KOTOPBIH BJIMIET Ha OT/eJIbHbie BHIOOPKH, FeHepUpyeMble
MOJIEJIBIO.

obyyeHve BblGopka obpasua

Obyuvatolume
[aHHble

leHepaTuBHas
Mopaernb

CreHepupoBaHHbIii
obpasel,

CnyyaiHbIi Lwym

-

OpuH nukcen U3 HabnogeHus

co 3HaveHnem RGB (136, 141, 78)
I ——— HaGniogeHne

Puc. 1.1. lNpouecc reHepaTUBHOro MOoAENNPOBaHUS
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JIpyTuMU CJIOBaMU, MBI MOKEM TIPEICTABHUTD, YTO CYIIECTBYET KAKOE-TO HEM3-
BECTHOE BEPOSITHOCTHOE PACIIpeiesieHne, OObsICHSIIOIIEe, TIOYeMY OJIHI H300pa-
JKeHUsT MOTJIn Obl IPUCYTCTBOBAThH B 0Oy4vaiotieM Habope, a apyrue Het. Harna
3ajlaya — CO3/1aTh MOJIENb, MAKCUMAJIHHO TOYHO UMUTUPYIOILYIO 3TO pacipe-
JieieHne, a 3aTeM TIPOU3BECTH BBIOOPKY M3 Hee, 4TOObI CreHEePUPOBATH HOBBIE
HaOJII0/IeHNs], KOTOPbIE BBITJISIAT TaK, OYJATO MOTJIA Obl KIMETHCSI B UCXOTHOM
obyuaroreM Habope.

FeHepa'rMBHoe n aoNCKpMmMmnHaTnBHOE MmopgennpoBaHune

YT06bI 10-HACTOSAIIEMY TIOHATD 1[eJIb U BasKHOCTh TeHEPaTUBHOTO MOJEIHPO-
BaHUs, MOJIE3HO CPABHUTD €r0 CO CBOMM aHAJIOTOM, QUCKPUMUHAMUBHOIM MO -
Oenuposanuem. 3HAKOMbIE ¢ MAITMHHBIM 00YY€HMEM 3HAOT, 4TO OOJIBIIIMHCTBO
3a71a4, C KOTOPBIMU BBl CTOJIKHETECH, CKOPEe BCero, HOCIT AUCKPUMUHATUBHBIIN
xapakrep. PaccMoTpum nipumep, 4ToObI IIOHSTh PA3HUILY.

[Tpeanosoxkum, y Hac ecTh HAOOP JAHHBIX C KOJIJIEKITUEN KAPTUH, YaCTh KOTOPBIX
Hanucanbl Ban Torom, a yactb — Apyrumu xynoskHuKamMu. ViMest 1oCTaTOuHbBIM
00'beM JIAHHBIX, MbI CMOKEM OOYUYHUTh TUCKPUMUHATUBHYIO MOJIE]h, CIIOCOOHYIO
npeJcKasarh, OblTa JIM JaHHast KapTrHa Harnrcana Ban Torom. Hara Mozesb Mo-
JKeT Bbly4YHTh, KaK1e IiBeTa, (GOPMbI 1 TEKCTYPBI ¢ GOJIbIIEH BEPOSTHOCTBIO OYAyT
YKa3bIBaTh Ha MPUHAJIE;KHOCTh KAPTUHBI KHCTH TOJIJIAHACKOTO MacTepa, U B CO-
OTBETCTBMH C ATUMH XapaKTepHUCTUKAMHK OIleHUBaTh CBO¥ mmporuo3. Ha puc. 1.2
[OKa3aH IIPOLECC JUCKPUMUHATUBHOTO MOJAEANPOBAHIA — 0OpaTUTe BHUMAHME,
KaK OH OTJIMYAETCS OT MPOLECcca FeHepaTUBHOIO MOJEANPOBAHNUS, U300paKeH-
HoTrO Ha puc. 1.1.

Obyuatowme SRR MuckpumuHaTeHas L
MNpenckasaHve
[aHHble Mogenb

0,83

Habniogexune

MeTka HabnogeHus

o E=o

Puc. 1.2. Mpouecc AMCKPUMNHATUBHOIO MOAENIMPOBAHNS
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O/HO U3 KJII0OYEBbIX OTJIIMYUN COCTOUT B TOM, YTO [IPU BBIIOJHEHNU UCKPU-
MUHATUBHOTO MOJIEJTUPOBAHMS KasxK10e HabIoieHne B 00yJaionmx JaHHbIX
umeet memxy. Jlis 3ajaun OMHAPHON Kiraccu(UKaIMm, TaKOi KakK orpe/iesieHrne
MPUHAIEKHOCTH KapTUHBI, KapTuibl Bam Tora OyayT momedensr MeTKOi 7,
a KapTHHbI IPYTUX XyA0KHUKOB — MeTKO#t (). VccmenoBas aToT HaOOp, HaIa
MO/IeJTb HAYUUTCS PA3INdaTh 3TH JIBE TPYTIITHI U BBIBE/IET BEPOSITHOCTH, YTO HOBOE
HabJTio/IeHiie UMeeT METKY 7, TO eCTh UTO 3Ta KapTuHa HapucoBana Bau [orom.

[To 210l IpUYNHE AUCKPUMHUHATHBHOE MOJETUPOBAHIE YaCTO HA3BIBAIOT 00Y-
ueHuem ¢ yuumenem Wiv onpeeseHneM GyHKIMNT 0TOOPasKeHUsT BXOJAHBIX JIaH-
HBIX B BBIXOJIHbIE C MCIIOJb30BAHUEM MapKUPOBAHHOTO Habopa AaHHbIX. [l
[IOCTPOEHUS TeHEPATUBHBIX MOJIe/Ieil 0OBIYHO UCTIONB3YIOTCS HAGOPHI JaHHBIX
6e3 MeTOK (TO ecTh 3TO (hopma 0OyUeHust 6e3 yUUTENs ), XOTsI TaKKe MOKHO
UCIIOJIb30BaTh HAOOPBHI IAHHBIX ¢ METKaMU, YTOOBI y3HATH, KAK T€HEPUPOBATH
HAOMIOIEHUS U3 KayKIOTO OT/IEILHOTO KJIacca.

JlaBaiiTe pacCMOTPUM HEKOTOPBIE MaTeMaTHYeCKie 0003HAYEHMsI, TOMOTAIOTIIe
OIKCATh PA3HUILY MEXK/IY reHePAaTUBHBIM U IUCKPUMUHATUBHBIM MOJIEJINPOBa-
HIEM.

Jluckpumunamusnas mooens onennsaet p (y|X) — BEPOATHOCTb METKHU Y
JUIST IAHHOTO HAOJIIOIEHNS X.

Ienepamuenas mooens otieHnBaet p (X) — BEPOSITHOCTH MOJTyYeH st HaOJTio-
JeHns X.

Eciin HaGop JaHHBIX COAEPIKUT METKH, TO MOKHO ITOCTPOUTH FeHEPaTHB-
HYIO MOJIeJIb, OLIEHMBAIOILYIO pacupesaesnenue p (X|y).

WNnaue roBopd, AMCKPUMUHATHBHAS MO/JIEJTh OIEHUBAET BEPOATHOCTD TOTO, YTO
HabJTIo/IeHne X OTHOCUTCS K KaTeropuu y. [enepatiuBHast MOJIe/b He YIUTHIBAET
MeTKHU HaOJTIO/IeHNI 1 OIIEHUBAET BEPOSITHOCTH TOTO, YTO CTeHEPUPOBAHHOE Ha-
GJmiofieHre TIOX0Ke Ha OCTAIbHbIe HAOIOAEHNS.

BaskHO 0TMETHUTD, UTO 1asKe ecJi Obl MbI OB B COCTOSTHUN CO3JaTh HACATbHYIO
TMCKPUMHUHATUBHYIO MOJIENH 7T naeHTHd KAy kapTud Baw Tora, To ona Bce
PaBHO He cMoTJIa ObI CO3/1aTh KapTHHY, OXOKYI0 Ha KapTuHbl Ban Tora. Oxa cMo-
JKET JIUIIIb OTTPEIENISITh BEPOSITHOCTH JIJISI CYIIECTBYIOMIUX M300paKeHH A, TOTOMY
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YTO ee yUMIM UMEeHHO aToMy. HaM ske Hy:KHO 0Oy4UTh reHepaTUBHYIO MOJIE/b,
KOTOpasi CMOKET FeHepPUPOBaTh HAGOPbI IIMKCEJIOB, ¢ BBICOKOI BEPOSTHOCTHIO
HNpUHA/JIEKAIIIE UCXOIHOMY HabOpy 00YJatoInX JaHHBIX.

JocTnKeHnsa B MallIMHHOM O06y4yeHun

YTo6bI MOHSITH, TI0YEMY TeHEPATHBHOE MOJIEJTMPOBAHIE MOKHO CUMTATH CJIE/Y-
IOIUM PyOEKOM MAITUHHOTO 00yUYeHMsl, CHavaIa HYsKHO Pa3o0paThCsl, TIOUeMy
JNCKPUMHUHATIBHOE MOJIETTMPOBAHNE TIOCTYSKIJIO IBIKYIIEH CHIIOHN 17151 60JIb-
IITHCTBA TOCTHKEHUIT B METOOTIOTHN MAIIMHHOTO 0OYUYEHVSI 32 TIOCJIEHIUE [IBA
JIECSITKA JIET, KaK B HAYKE, TAK 1 B TIPOMBIIILIIEHHOCTH.

C akajeMU4ecKoll TOUKM 3PEeHUsT TPOTPeCC B TMCKPUMUHATHUBHOM MOJIETUPO-
BaHUM JIETKO TTPOCIEINTh, TaK KaK €CTh BO3MOXKHOCTh U3MEPUTH TTOKA3aTENN
IIPOU3BOJUTEJIBHOCTH 110 OIIPEAE/IEHHBIM 3a/la4aM KJIaCCI/I(l)I/IKaHI/II/I 1 BBIABUTD
JIYUTIYIO METO/IOJIOTUIO B cBoeM Kiacce. OTIeHUTh reHepaTUBHbIE MOJIEITN TPY/I-
Hee, 0COOEHHO KOT/Ia OI[eHKa KaueCTBa MOJTy4aeMbIX PE3YJIbTaTOB B 3HAYNTETLHOI
cTeleHun Cy6T>6KTI/IBHa. [ToaTomy B mocieiHME TOBI 00JIbIIIOEe BHUMAaHUE yaens-
JIOCDh O6y‘-IeHI/HO JAUCKPUMHWHATUBHBIX MOI[GJIGﬁ JJIA JOCTHMXKEHUA HaJeKHOCTU
KJaccuGUKaIuu n300paskeHuil Wik TeKCTa, CPABHUMOI € YeJIOBEYECKON UJTH
Jlazke TPEeBOCXOIATIIET ee.

Hamnpuwmep, B 2012 roxy npousornies BaXKHEHITNHN TPOPBIB B KIacCupUKAIUU
n306paxkeHmii, Koraa Komana Bo riase ¢ /[xkebdom Xunrornom (Geoff Hinton)
u3 yHuBepcutera B TOPOHTO BhIMTpaia KOHKYPC MO Pacmo3HABaHWIO 0OPa30B
ImageNet Large Scale Visual Recognition Challenge (ILSVRC) co cBoeii riry-
6OKOi1 cBepTOYHON HeiipoHHO ceThio. 110 yca0BrAM KOHKypPca TpeGOBaIoCh
KyaccuUIMPOBATh M300PaKEHMsT U OTHECTH UX K OJHOW U3 THICAYHM KaTETo-
pWii, a OJyYeHHbIE PE3yJIbTaThl KCIOJIb30BAINCH JIJISI CPABHEHWSI HOBEHMIITIX
COBPEMEHHBIX MeTO0B. Mozesb riybokoro obyuenus ommbiach B 16 % ciy-
YaeB, OKa3aBIIICh HAMHOTO JIYYIIIe CBOETO OJIMIKANIIETO TIPECTeI0BATESI C €T0
26,2 % omboK. ITO BbI3BAIO OYM B Pa3BUTHH I1yOOKOr0 00yUYEeHUs U TIOBJIEKJIO
JaJbHellIee CHUKEHUe JI0JTH OMUOO0K ¢ Kaxk1biM roioM. [TobenTesib KOHKypca
2015 roma BriepBbie TOOUJICSA CBEPXUETIOBEUYECKUX PE3YJIBTATOB C J0JIEH OIu-
60K 4 %, a cOBpeMeHHas1 MOJIeJIb JOCTUTJIA YPOBHsI olmnOOK Beero 2 %. Tenepsb
MHOTHE CUYUTAIOT ATy MPOOJIEMY PENTEHHOI.

Hapsizty ¢ mpocToToii mybiMKaiun 13MepUMbIX Pe3yJIBTaTOB B aKaJeMIYeCKOil
cpelie, IMCKPUMUHATUBHOE MOJICJIMPOBAHUE UCTOPUYECKH MIPOIIE TTPUMEHUTD
NI pelieHus MPaKTHYecKuX 3a/1a4, YeM reHepaTnBHoe MoziesnpoBanue. [Ipn
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PEIIeHNH MPAKTHYECKUX 3a/1a4 Hac, Kak IIPaBUJIO, He BOJHYET, Kak ObLIN CreHe-
PUPOBaHbI JAHHbIE, HAC HHTEPECYET JIUIITh, KaK KIaCCU(PUIUPOBATH UJIU OIIEHUTD
HOBBIIT o6pasert. Harrpumep:

B [PV U3YYEHWU CITyTHUKOBOTO CHUMKA COTPYIHHKA MUHUCTEPCTBA 0OOPOHDI
OyZIeT HHTEPeCOBaTh TOJBKO BEPOSITHOCTD MTPUCYTCTBHSI HA HEM BPasKECKUX
MOJ[pa3/ie/ICH i, a He BEPOSITHOCTh TOTO, YTO 9TO U300pakeHUE SBJISACTCS
CITyTHUKOBBIM CHUMKOM;

B MeHe/pKepy 1o paboTe ¢ KneHTaMu OyJIeT MHTePeCHee Y3HATh, KAKOH OMOITHO-
HAJIbHBIN HACTPOI UMEET MOJIyYEHHOE UM 2JIEKTPOHHOE TTMCbMO, TIOJIOKUTE -
HBIN TN OTPUIIATEIbHBIN, U OH e/[Ba JIN TIOCUNTAET TI0JIe3HON TeHePATUBHYIO
MOJI€JTb, KOTOPasi MOKET TEHEPUPOBATH 0OPA3IIbI ATEKTPOHHBIX TUCEM KITUEH-
TOB, KOTOPBIX He CYTIECTBYET B I€HCTBUTETHHOCTH;

l Bpauy moJsesnee 6y/:[eT 3HaTb BEPOATHOCTb HaJUYUA NPUSHAKOB TJIAYKOMbI
Ha TaHHOM CHUMKE CE€TYATKHU IJila3d, a HEe BOSMOKHOCTb T€HEPMUPOBATh HOBbIE
H306pa>KE‘HI/IH, TOXOJKMe Ha CHUMKH 3a/JHEll CTEHKH TJIa3HOTO a6JI0Ka.

[TockoJIbKY GOJIBITUHCTBO PEIEHUH, MMEIOIINX TPaKTHYeCKoe TPUMEHEHE,
OTHOCHTCSI K 00JIaCTH AMCKPUMUHATHBHOTO MOZIETIMPOBAHNST, HAOIIOAeTCsT POCT
4KCJIa MHCTPYMEHTOB BUIA Mawunnoe odyuenue kax ycayea (Machine-Learning-
as-a-Service, MLaaS), narereHHBIX Ha KOMMEPITHATU3AINIO IUCKPUMUHATHBHO-
O MOJIEJTMPOBAHUST B IPOMBIIIJIEHHOCTH ¥ aBTOMATU3AIIMIO TTPOIIECCOB COOPKH,
MPOBEPKU U MOHUTOPHUHTA, SBJSTIONNXCS YHUBEPCATBHBIMU JIJIS TIOYTH BCEX
3a/1a4 JMCKPUMUHATUBHOTO MO/IEJTUPOBAHUS.

MosaBneHne reHepaTMBHOrNro MmogeinpoBaHunA

HecmoTpst Ha TO 9TO Tporpecc B 06JACTH MAIMHHOTO 0OYY€EHUsT 10 CUX TIOP
B 3HAQUUTEJILHON CTElleHN 00ecIieYnBaIo AUCKPUMUHATHBHOE MOJIEJTMPOBAHHUE,
HarboJIee MHTEPECHBIE TOCTUKEHUS B 9TON 00JIACTH B ITOCJIEAHNE 3—5 JIET CTan
Pe3yJIbTaTOM IIPUMEHEHUST METO/IOB TTyOOKOT0 0OY4YeHUs IIst 3a/1a4 FeHepaThB-
HOTO MOJIETMPOBAHUS.

B yactHOCTH, BO3pOC/IO BHUMAHKE CPENCTB MAacCOBON MH(MOPMAIINK K TAaKUM TTPO-
eKTaM reHepaTuBHOro MozesupoBanus, kak StyleGAN or NVIDIA!, koTtopsrii

' Tepo Kappac (Tero Karras), Camyuu Jleiitn (Samuli Laine) u Tumo Aiina (Timo Aila),
«A Style-Based Generator Architecture for Generative Adversarial Networks», 12 rexabps
2018, https://arxiv.org/abs/1812.04948.
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criocobeH co3/aBaTh 0OYEeHb PEANTNCTUYHbIE H300PaKEHUsT YeJOBEUECKIX JIMIL,
u s3bikoBast Mogeib GPT-2 or OpenAl!, KoTopast MOKET 3aBEPIIUTH OTPHIBOK
TEKCTa [0 KOPOTKOMY BCTYITHUTEJIbHOMY ab3alry.

Ha puc. 1.3 nokasan nopasuresbHblii IIporpece B obaacT cospanus Goro-
PeANTNCTUYHBIX M300pasKeHN T JInIa, TOCTUTHYThIN ¢ 2014 roga’. Tu ToCTHKEH ST
C YyCIIEXOM MOTYT HMCIIOJIb30BAaThCSI B TAKMX OTPAC/ISIX, KaK pazpaboTKa KOM-
MBIOTEPHBIX UTP U KHHEMATOTpadusi, ¥ B 9TUX Ke 00JIaCTSX HAaBePHSKA HAMIyT
MPaKTUIeCKOe TPUMEHEHNE YCOBEPITEHCTBOBAHHbIE MOIEST aBTOMATHIECKOTO
cosmanus Mysbiku. Eile HensBecTHO, Gy1eM i Mbl B 0003pHMOM Oy/IyIeM Y-
TaTh HOBOCTHBIE CTAThU MJITM POMAHBI, HATTMCAHHbIE TeEHEPATUBHON MOJIEITHIO, HO
[IOCJICHUE JOCTUKEHUA B 9TOU 00IaCTH OLIEIOMIIAIOT U IIO3BOJAIOT HACATh-
Csl, UTO ATOT JIeHb Koraa-Huby b HactaHeT. OIHAKO, HECMOTPST Ha BOCXHIIEHNE
OT HOBBIX JIOCTUKEHUI, BOSHUKAIOT TaKKe ATUUECKHE BOIPOCHI, CBSI3aHHbIE
¢ pacmpocTpaHeHneM (haJbITUBOTO KOHTEHTAa B MHTEPHETE, a 3TO O3HAYAET, UTO
JIOBEPATH BCEMY, YTO MOCTYIAeT K HaM 10 OOLIeJOCTYITHBIM KaHaJlaM CBS3H,
CTAaHOBUTCS BCE TPYIHEE.

2014 2015 2016 2017 2018

Puc. 1.3. KauecTBo M306paXxKeHuii NnL, CreHEPUPOBAHHBIX FEHEPATUBHLIMU MOAENSIMU,
3HaUMTENbHO YYULMIOCh 3a NOCNeAHME YeTbIpe roaa’

[ToMmMmoO TTpakTHYECKOTO TpUMeHeHN (MHOTHE BAaPUAHTBI KOTOPOTO MTOKa He
oOHapy:KeHbI), CYNECTBYIOT €Ille TPU MPUYUHDI, 10 KOTOPBIM T€HEPaTUBHOE
MOJIEJTUPOBaHIE MOKHO CUMTATh KJIIOUOM K TOPas/o 6oJjiee CJI0KHBIM hopMaM
HMCKYCCTBEHHOTO WHTEJIJIEKTA, HEJIOCTYITHBIM ISl TUCKPUMUHATUBHOTO MOJIe-
JINPOBAHMUSL.

Aunex Pendopn (Alec Radford) u ap., «Language Models Are Unsupervised Multitask

Learners», 2019, https://paperswithcode.com/paper/language-models-are-unsupervised-multitask.

2 Maiins Bpangeiax (Miles Brundage) u ap., «The Malicious Use of Artificial
Intelligence: Forecasting, Prevention, and Mitigation», ¢bespanb 2018, https://www.eff.
org/files/2018/02/20/malicious_ai_report_final.pdf.

3 Ucrounuk: Maitns Bpanzeiimk (Miles Brundage) u np., 2018.

YTO Takoe reHepaTMBHOE MOAENNPOBAHME? 27



Bo-1epBbIX, ¢ YMCTO TEOPETHYECKOI TOYKN 3PEHUS] MBI HE JIOJIKHBI I0BOJIh-
CTBOBATBCS yCIeXaMi B 00JIaCTH KiIaccu(DUKAINU JAHHBIX, HO JOJIKHBI CTpPe-
MUTBCA K 60.]166 IMOJTHOMY IMOHUMAaHWIO, KaK 9T JaHHbIE 6bI.7H/I CO3aHbl. STO,
HECOMHEHHO, GoJiee TPpy/IHas 33/1a4a 13-32 BBICOKOH PA3MEPHOCTH POCTPAHCTBA
BO3MOJKHDBIX BbIXO/HBIX JaHHBIX 1 OTHOCHUTEJ/JIbHO He6OJIbIHOI'O qucJia TBOpeHHﬁ,
KOTOpBIE MBI KJacCUbUIMPOBAIH OBl KaK MPUHA/IERAINE HAOOPY TaHHBIX.
OpHako, Kak MBI YBU/IUM Jlajiee, MHOTHE U3 METOJIOB, KOTOPbIE TIPUBEJIN K Pa3-
BUTHIO TUCKPUMUHATUBHOTO MOJIEJTMPOBAHMS, TaKKe Kak Taybokoe oOyueHe,
MOTYT UCITIOJIb30BATHCA U B TEHEPATUBHDBIX MO/IEJISAX.

Bo-BTOpbIX, BeCbMa BEPOSITHO, YTO TeHEPATHBHOE MOJETUPOBAHIE OKAKET
CyIIleCTBEHHOE BJIMSIHIE Ha BBIOOP HAIIPABJIEeHMs Oy IyIUX pa3paboToK B Ipy-
ruX 00JIaCTSIX MAINTUHHOTO 0OyYeHUsl, TAKUX KaK 00ydYeHMe C MOAKPerieHu-
eM (Koraa 00y4aeMblii areHT TOJIyYaeT BO3MOKHOCTb ONTUMU3UPOBATD 1€JT1
MeTooM 1pob u omu6ok). Hampumep, o0ydenne ¢ OAKPEITIEHHEM MOKHO
HCII0JIb30BaTh, YTOOBI 00YIUTH POOOTA XOAUTD 110 AaHHOM MecTHOCTH. [lJist
5TOT0 MOKHO TIOCTPOUTH KOMIIBIOTEPHYIO UMUTAIUIO MECTHOCTH, a 3aTEM
IIPOBECTU MHOKECTBO 9KCIIEPUMEHTOB, IaB ar€HTY BO3MOKHOCTH OIIPOOOBATH
pasubie crpareruu. Co BpeMeHeM areHT BbISIBUT HanGoJiee yCIelIHble cTpaTe-
TUW W, CJIE0BATENHHO, OyIET TIOCTENEHHO COBEPIIEHCTBOBATLCS. Tunnanast
mpobseMa 9TOTO MOAX0/A COCTOUT B TOM, UTO (DU3UKA OKPYIKAIOIIEN CPeIbI
YaCTO OYEHD CJIOKHA U e HeOOXOMMO PACCUNTHIBATE HAa KAKIOM BPEMEHHOM
mare, 9ToObI TIepefaTh MHHOPMAIMIO ATeHTY [IJIsI TIPUHSITHS PEIIEHUSI O €T0
caenytomnieM mare. OHAKO €CJIM areHT CMOKET MOJEJIUPOBATH CBOE OKPY-
JKEHHUE ¢ MOMOIIIbIO TeHEPATUBHOU MOJIEJIU, TO €My He MPUIETCS IPOBEPSThH
CTPATETHIO B KOMIIBIOTEPHOI MOJE/IN WM B PEAJTBHOM MHUPE, TOCKOJIbKY OH
CMOJKET YUUTHCSI B CBOEM 8000pascaemom okpyskennn. B riase 8 Mbl yBuanm
3Ty WIEI0 B ICHCTBUM, HA IPUMeEpPe 00yUEHUsT aBTOMOOWIISE MAKCUMaJIbHO Obl-
CTPOMY JIBUKEHHIO 110 TPACCE, MO3BOJIMB MY YUUTHCSI HEIIOCPEICTBEHHO Ha
COOCTBEHHOIT TAJIITIOI[THAI[H.

Hakowertr, ecii MbI I€HCTBUTENHHO 332 [UMCSI TIEJIBIO CO3/[aTh MAIINUHY, 00-
JIAJJAIONIYI0 UHTEJIJIEKTOM, CPABHUMBIM C Y€JIOBEYECKHUM, TO HaM OIIPe/IeJIEHHO
oTpedyeTCst UCTOJIBb30BATh TPUEMbBI TeHEPATUBHOTO MozieinpoBanust. OnuH u3
SIPKUX TPUMEPOB FeHEePATUBHON MOJIENIN B TIPUPOJIE — YEJIOBEK, UUTAIOIIUHN 3Ty
kHUTY. OTBJIEKUTECh HA MUHYTKY U TTPOBEIUTE MBICJIEHHBIN 9KCIIEPUMEHT, KO-
TOPBIN TOMOKET BaM MTOHATH, HACKOJIBKO HEBEPOSITHON TeHEPATUBHON MOIETHIO
BbI SIBJIsieTeCh. BbI MOKeTe 3aKPBITh IJIa3a 1 IPEACTaBUTh, KaK OY/IeT BbITJISIeTh
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CJIOH TIOJT JTIOOBIMU BO3MOKHBIMU YIJIaMK 3peHusi. Bbl MoskeTe BOOOpPasuTh psijt
BO3MOKHBIX KOHIIOBOK Balllero JIoOUMOTO TEJIEIOY U CIJIAaHUPOBATH CBOIO Hezle-
JITO Hatiepe1, mpopabaTtbiBasi pasHble BApUAHTHI OY/IYIIETO B CBOEM BOOOPasKEHUM.
CoBpemenHast HEPOOUOTOTHUECKAS TEOPHSI MTPEATIOIATAET, YTO HAIIE BOCIIPH-
STHE PEATbHOCTU — 3TO He CIOKHAS TUCKPUMIHATUBHAS MOJIEJTb, TIOTyJaioTast
UHMOPMAIIIO OT OPraHOB YYBCTB U MPOU3BO/IAIIAS TIPEICKA3AHUST HA €€ OCHOBE,
a reHepaTHBHAs MOJIE/Ib, KOTOPas ¢ POKACHUSA 00yJYaeTcss MOJACIMPOBAHUIO Ha-
IIET0 OKPYKEHUs, TOYHO COOTBETCTBYIOIEero Oyayemy. Hekoropbie Teopun
Jaxke MPEAIo/IaraloT, YT0 Pe3yabTaToM 9TON reHepaTUBHON MOJENHN SIBJSETCS
Hallle HETIOCPECTBEHHOE BOCTIPUSITHE peaibHocTh. OUeBHIHO, YTO T1yOOKOe
MOHUMAHHE TOTO, KaK CO3/[aBaTh MAIINHbI, 00JIAIAIONINE ITHMHU CITOCOOHOCTSIMI,
GyJIeT UMETh KJTI0YeBOe 3HAUYEHHUE [IJIsT HAIIIETO JaIbHEHIIero MoHUMaHus paboThI
MO3ra B YaCTHOCTH M MCKYCCTBEHHOTO MHTEJLJIEKTA B I[EJIOM.

A renepb, 110cjie KPATKOIO 3HAKOMCTBA € UCTOPUEH U IepCIIeKTUBaMU, HauHeM
Hallle TMyTenecTBIE B 3aXBATBIBAIOIINI MUP TeHEPaTUBHOTO MOJIETMPOBAHUS.
J71s1 Havasia pacCMOTPUM [IPOCTeNIe IPUMEPDbI FeHePaTHBHBIX MOJlesIel 1 He-
KOTOPBIE UJIeN, KOTOPBIE TIOMOTYT HAaM TIePeiTH K O0JIee CJIOKHBIM APXUTEKTYPaM,
€ KOTOPBIMU MBI CTOJIKHEMCS TI03:K€e B KHUTE.

OcHoBa gna reHepaTMBHOro mogennpoBaHunA

Jlst Havasia moMrpaeM B reHepaTHBHOE MOJAEJIUPOBAHKE B JIBYX U3MEPEHUIX.
S1 BBIGPAJI TIPaBUJIO, COTITACHO KOTOPOMY ObLIT CreHeprupoBaH Habop Touek X, n30-
OpasxenHbIx Ha puc. 1.4. Hazosem sTo mpasuio p,, . Bamna 3aaqa cocTouT B TOM,
4TOOBI BEIOPATD IPYTYIO TOUKY X = (X, X,) B IIPOCTPAHCTBE, KOTOPAs BBITJISUT
Tak, Oy/ITO OHA CreHepUPOBaHA TEM JKe IPABUJIOM.

BoiGpasin? Bbl, BeposITHO, MCIIOJIB30BAJIM CBOU 3HAHMSI O CYIIECTBYIOIINX TOYKAX,
9TOOBI TIOCTPOUTH MEHTAIBHYIO MOJCNID P, . 1 ONPEJICNHUTD, I7le B IPOCTPAH-
CTBe JIOJI’KHA HaXOIUThCA 9Ta TouKa. B aToM oTHOmEHUM p . ABJIAETCA OUeH-
Koul p . . BO3MOXKHO, Bbl PELINIIN, YTO p, . JIOJIKHA BBINJIA/IETD, KaK OKa3aHO Ha
puc. 1.5, — IpAMOYToJIbHOE [0JIe, B KOTOPOM MOT'YT HAXOAUTHCS TOUKH, 1 06/IaCTh
3a TPaHWIIAMU MPSIMOYTOJIBHUKA, T/le TOYKN HAXOAUTHCS He MOJUKHBL ITOOBI
CTEHEPUPOBATh HOBOE HAOJIIOIEHNE, MOKHO IIPOCTO BHIOPATH CIIyYATHYIO TOUKY
BHYTPH TI0JIS1 WJIH, BEIpasKasich GoJiee (hopMasIbHBIM SI3BIKOM, 8blOpams oopasel, s
pactipesiestennst p, . 1103/1paBiisiio, BBI TOIBKO 4TO pa3paboTasm cBOIO IEepBYI0
reHepaTUBHYIO MOJIEJTb!
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Puc. 1.4. Habop Touek Ha ABYMEPHOI NMIIOCKOCTU, CreHepUPOBaHHbIN
C UCMONb30BaHNEM HEN3BECTHOrO NpaBunia p,,,.

PY [ ]
[ ]
[ )
[ ) [ ] [ )
[ ] ) L]
° [ ] [ )
[ ]
~ .
Touka — ® X
creHepupoBaHa
MOAEsbIo ° ® o

P model

Puc. 1.5. OpaHxeBbl NPAMOYrofibHUK p . — 3TO OLieHKa
(haKTUYECKOro pacnpeaeneHns p, .

ITO He CaMblil CJIOKHBIN IIprUMEP, HO €Tr0 MOJKHO MCITIOJ/Ib30BATh, 4TOOBI TOHATD
[eJib reHePaTuBHOTO MO/IEJIMPDOBaHUA. C]IGI[YIOHII/IQ 0a30BbIE IIPUHIAIIBI OITpe-
JEJIAI0T Hallli MOTHUBDI.
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Tenepb pPacKpoeM MCTMHHOE paclipeacIeHue JaHHbIX p, W IIOCMOTPUM, KaK
6a3oBbIe IIPUHIUIIBI HPUMEHAIOTCA K 9TOMY IIPUMEDY.

Kaxk mokaszano ma puc. 1.6, mpaBmio, Ha 0CHOBE KOTOPOTO MOJTYYeHbI JaHHbIEe, —
9TO MPOCTO PABHOMEPHOE PACIIPejiesieHre TOUeK 110 3eMHO CyTITe.

Ouesunano, 4To Hala MOAEb p . — HTO YNPOIIEHHOE TIPEACTaBIECHHE P, .
Touku A, B u C cOOTBETCTBYIOT TpeM HaOIIOAEHIAM, CreHEPUPOBAHHBIM MOJIe-
JIBIO p . C PA3HOM CTETEeHbIO yCIexa:

model

B Touka A mapymraer npaBusio 1 6a30BBIX MPUHIIUIIOB TEHEPATUBHOTO MO/Ie-
JIMPOBAHMsI — SICHO BUJIHO, YTO OHA HE TPUHAJIEKUT PACTIPEAETIEHHIO P,
IIOCKOJIbKY HaXOJUTCA ITOCPELU MOPA.

B Touxa B nHactosbko GIM3KO PACHONIOKEHA OT TOUYKK U3 UCXOIHOTO Habopa
JaHHDbIX, YTO MbI HE BII€4YaTJ/ICHBI CHOCO6HOCTBIO MOZE/IN CO31aTh TaKYIO TOUYKY.
Ecomm Bce 06pasiibl, creHeprpoBaHHbIe MOJEIIbIO, GY/IyT PACIIOJIOKEHbI TAK JKe
GJIM3KO K TOYKAM U3 UCXOAHOTO Habopa, TO 9T0 MOKHO CUMTATh HAPYIIEHUEM
npaBuia 2 6a30BbIX PUHIMITOB TEHEPATUBHOTO MOJIEIPOBAHMSI.

[ | TO‘IKy C MOKHO paccMaTpuBaTh KakK yCIi€X, IOTOMY 4YTO OHa BIIOJIHE MOTJIa
ObBITH [nojay4deHa us paclupenesiesuda p, 1 CymeCTBEHHO OTJIMYacTCA OT BCeX
TOYEK B UCXOJHOM Ha60pe.

° °
°
°
o 0C o esB
° 0A ° -~
° °
°
[} o ° X,
% -9 o
®  JictunHoe pacnpeaenetve
pdata
°
Puc. 1.6. OpaHxeBble NPAMOYrOfibHUKK p,  — 3TO OLIEHKa

WCTMHHOrO pacnpeaenenuns p,.. (cepblie obnactu)
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BA30BbIE MPUHLUUMNbI FTEHEPATUBHOIO MOAEJIMPOBAHUSA
e Y Hac ecTb HaOOP JaHHBIX ¢ HabMOAEeHIAMEU X.

. HpeJIHOJIaFaeTCH, 4qTo Ha6JIIO,ZI€HI/IH CreHepupoBaHbl B COOTBETCTBUN
C HCKOTOPbIM HEU3BECTHBIM paclpeicjieHuemM p, .

o [leneparuBnas Mojiesb p . TIBITACTCS UMUTUPOBATH P, . [IpaBub-
HO 10/[00PaB MOJIE/Ib P, . MBI CMOXEM C €€ OMOII[bIO TeHEePUPO-
BaTh HAOJIIO/IEHUsI, KOTOPBIE BBITJISIAT Tak, OYATO OBLIH MOJIYYEHbI

u3 pdam‘

model

° MOI[GJIbp BII€YaTJ/JIUT HAC, €CJIN:

model

v TIpaBuiio 1: 0Ha CMOKET reHeprpoBaTh 00PasIIbl, KOTOPbHIE BBITJISIAT
TaK, OyJITO MOIy4YeHbI U3 P, .

v TIpaBuiio 2: oHa CMOKET FeHePUPOBATH 0OPABIIbI, OTIHYAIOIHECS OT
nabsmofenuit B X. To ecTb MOJIENb He JOJIKHA TIPOCTO BOCTTPOU3BO-
JIUTH YK€ U3BECTHBIE el HabJIIoIeH .

ObracTh TeHepaTUBHOTO MOJIETTMPOBAHST PA3HOOOPA3Ha, U OIPEIeTeHNS 3a/1ad
MOTYT TIPUHUMATH camble pastbie Gopmbl. OiHAKO B GOJIBITMHCTBE ClIEHAPUEB
6a30BbIe TIPUHIUIIBI TEHEPATHBHOTO MOJIETUPOBAHUS TOCTATOUHO TTOJHO OTpa-
JKAIOT TO, HACKOJIbKO IUPOKO Mbl JIOJIKHBI [yMaTh O PELICHUU 33/Ja4M.

A TEIEPb CO34a/IUM Halll HepBbIﬁ IIpuMep FeHepaTHBHOﬁ MO/JIEJIN.

BepOHTHOCTH bleé reHepaTuBHbIe Moaenn

Cpasy xouy yCHOKOUTDH TeX, KTO HUKOT/|a He U3y4yaJl TeOPUIO BEPOSATHOCTEN.
Yro0bI TOCTPOUTD 1 OIIPOOOBATH GOJBITUHCTBO MOJIETIEN TIyOOKOTO 06yUYeHNs],
KOTOpbIE MbI YBUIMM JaJiee B 9TOI KHUTE, HeOOS3aTeIbHO UMETh IIIyOOKOe To-
HUMaHIe MaTeMaTudeckoil cratuctuku. Ho qTO6bI TIOJIyYUTbh ITOJIHOE ITPEACTaB-
JieHue 00 MCTOPHUH 3141, KOTOPYIO MbI IIBITAEMCSI PEIIUTh, CTOUT MOIMPOOOBAThH
CO3/IaTh FeHEPATUBHYO MOJIENb, KOTOPAsi OTIMPAETCsI He Ha TIIyOOKoe 00yJeHue,
a MICKJIIOYUTEHHO HA TEOPUIO BEPOSITHOCTEH. ITO TIOMOXKET 3aJI0KUTH OCHOBBI
U1 TIOHMMaHMA BCEX T€eHEPaTUBHBIX MOZ[eJIefI, OCHOBaHHDbIX 1 HE OCHOBaHHbLIX Ha
riyGOKOM OOYUIEHNH, C OHOM U TOIT JKe BePOSATHOCTHOI TOUKU 3PEHUSI.
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Ecnu Bbl XOpOLLIO 3HaKOMbI C Teopmel‘/'l BepOFITHOCTeVI, 3TO 340pOBO, U TOrAa
6onbluas YacTb cnegytoLlero pasaena byaet Bam 3Hakoma. Ho B cepeanHe

3TOW rnaBbl eCTb 3abaBHbIV NPUMEp, He NPONycTUTE ero!

[TepBbIM /1€JIOM ONPELEUM YEThIPe KJIIUEBBIX TEPMUHA: 8bLOOPOUHOE NPO-
CMPancmeo, PYHKYUs NIOMHOCMU, NAPAMEMPUUECKOE MOOEAUPOBAHUE T OUEHKA
MAKCUMATDHO20 NPABOONOO0OUSL.

®OYHKLUHNA NJIOTHOCTU BEPOATHOCTU

Qyuryus nrommocmu geposimuocmu (MU TPOCTO PYHKUUS NIOMHO-
cmu), p(X), 0TOGpakaeT TOYKY X M3 BIOOPOYHOIO IPOCTPAHCTBA B YUCIIO
or 0 1o 1. Cymma' pyHKIMY IIJIOTHOCTH TI0 BCEM TOYKAaM B BLIOOPOYHOM
MIPOCTPAHCTBE J0JIKHA OBITh PaBHA 1, TO €CTh 3TO YETKO OIpe/IesIeHHOE
pacrpesiesieHne BeEpOsSITHOCTEN.?

B mpumepe ¢ xapToii Mupa ¢hyHKIN IJIOTHOCTA Halreil Mosienu pasHa 0
3a rpejiesIaMu OPaHKEeBOTO MPSIMOYTOJIbHUKA U TIOCTOSTHHA BHYTPHU HETO.

MAPAMETPUYECKOE MOEJ/INPOBAHUE

Hapamempuueckas modenn p,(X) — 9T0 ceMeiicTBO (GyHKIMIL ILIOTHOCTH,
KOTOPOE MOKHO OITMCATh C UCII0JIb30BAaHUEM KOHEYHOTO YUCJIa apaMe-
TpoB 6.

CeMelicTBO BCeX BO3MOKHBIX MPSIMOYTOJIBHUKOB, KOTOPBIE MOKHO OBLIO
ObI HApUCOBATH Ha PUC. 1.5, IBJISIETCST TPUMEPOM TTapaMeTPUIECKON Mojie-
Jin. B jannom ciydyae Mbl IMeeM YeThbipe MapaMeTpa: KOOPAUHATHI JIEBOTO
mkHero (0., 0,) n npasBoro Bepxuero (0., 0,) yrjioB IpaMOyrolbHUKA.

Taxum o6pasom, kazkzias yHKIHS IJIOTHOCTH p,(X) B 9TOIl mapameTpude-
CKOM Mojtesiu (TO €CTh KasKIblil IIPSIMOYTOJIbHUK ) MOKET ObITh YHUKAJIbHO
npecTaBIeHa 4eTbipbMa uncaamu: 0 = (0,, 0,, 0,, 0,).

1
2

W narerpal, ecam BBIOOPOYHOE MPOCTPAHCTBO HEIPEPBIBHOE.,

Ecii BoI6G0pOYHOE POCTPAHCTBO AUCKPETHO, TOTIA P(X) — HTO IMPOCTO BEPOATHOCTD MPH-

HaLJIEKHOCTU TOYKU X K MHOJKECTBY Ha6]IIO[[€HHfI.

BepoaTHOCTHblE reHepaTUBHbIE MOAENN
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NPABAONOAOBMWE

BepositHocTb L(0]x) HabGopa mmapaMeTpoB 0 siBiisieTcst (hyHKIMEH, KOTOpast
U3MepsieT MpaBIonoode O ¢ y4eToM HEKOTOPO HaOII0IaeMOTT TOUKH X.

OHpeIIe]IHeTC}I OHa KaK

L(01x) = py(x)

To ectb nipaBaONIOA00KE O HEKOTOPOI HAOIIOIAEMON TOUKH X ONPeIeIsieT-
s Kak 3HaueHue (PyHKIUN TIOTHOCTH, TTAapaMeTPU30BaHHO 0, B TOUKE X.

[Tpu Hamuuuuy moaHoro Habopa JaHHbIX X HE3aBUCUMbIX HAOIIOAEHUI MbI
MOTJIU OBl HAITUCATD:

LOX)=[Tr®
xeX
[TockosbKy ¢ BBIUMCAUTETBHON TOYKU 3PEHUST HAWTU 9TO TPOU3Be/IeHNe
JIOBOJILHO CJIOXKHO, BMECTO HETO YACTO UCIIOJIb3YEeTCs JJorapudm 1mpas/io-
nomobust £:

(8] X) = log p,(x)
xeX
EcTb BIIOJIHE ONIpeie/leHHble CTATUCTHYECKIEe TIPUYUHBI, OObSICHSIIOIINE,
[OYeMy MPABONOL00KE OIPEAEISAETCS UMEHHO TaK, HO HAM JIOCTATOYHO
OyIeT MHTYUTUBHOTO TIOHUMaHUsi. MBI IPOCTO ONpe/esieM MpaB/o-
moo6ue TOTo, uTO0 HAbOP MapamMeTpoB O paBeH BEPOSATHOCTHU YBUIEThH
JlaHHbIE B paMKaxX MOJIEJIN, TTapaMeTPU30BaHHOM 0.

B mpumepe ¢ xapToit Mupa opaH;KeBbIi TPSIMOYTOTBHUK, TOKPBIBAIOTITN
TOJILKO JIEBYIO TIOJIOBUHY KapThl, UMeJ Obl TipaBaonogxobue 0 — oH He
CMOJKeT CreHeprupoBaTh HAOGOP JAHHBIX, IIOTOMY YTO MbI HAGJIIOAEM TOUYKH
U B [PaBoii mosioBrHe KapThl. OpaHKeBblil MPSMOYTOJIbHUK HA puc. 1.5
HMeeT MOJIOKUTETTHHOE TIPaBAono[00ue, TaK Kak (QYHKIUS TIOTHOCTH
TTOJIOKUTENIbHA JI7IS1 BCeX TOUEK TaHHBIX B ATON MOJIEH.

CymecTByeT TOIbKO 0/iHa UCTUHHAA (DYHKIUA IIOTHOCTH P, . KOTOpast, Kak
[peJoJaraeTcs,, CrenepupoBasa Hab oaeMblii HaOOp MaHHBIX, 1 OECKOHEY-
HO€ YKUCI0 (PYHKIUH TIOTHOCTH P KOTOPBIE MOKHO MCITOJIb30BATD JIJIS

model’
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OTIEHKH p, . YTOOBI CTPYKTYPUPOBATD IMO/IXO]] K TOUCKY Tojxoasmen p, . (X),
MBI MOKEM HCITOJIb30BaTh METOJI, U3BECTHBIN KaK napamempuueckoe mooe-
auposanue.

[T09TOMY MHTYUTHUBHO [IOHATHO, YTO 1[€JIb [TAPAMETPHYECKOTO MOJIETMPOBAHUS —
IOKCK ONTHMAJIBHOIO 3HaUYeHUs Habopa IapaMeTpoB, KOTOPOe MAKCUMUSUPYET
BEPOSITHOCTD HabJT0/IeHUsT Habopa MaHHbIX X. DTOT METO/ BIIOJIHE YMECTHO Ha-
3BIBAIOT OUECHKOU MAKCUMATLHOZ0 NPABAION0000U.

OLIEHKA MAKCUMAJIbHOTIO NMPABAOMNOAOBUA

Ouenka Makcumaviozo npasoonodobus. — 3To MeTO]I, MO3BOJISTIOIIUIT O11e-
HUTH (1260p MapaMeTpoB O HYHKINHI MIOTHOCTH P (X), KOTOpBIe Hanboee
BEPOSITHO 0OBSICHSIOT HEKOTOPbIe HabJIio[aeMble JaHHble X.

Bosee hopmasnbho:
0= argmax L(0 | X)
0

6 Tak:ke Ha3bIBAIOT OLIEHKON MaKCHMaJIbHOTO MpaBaonoao6us (Maximum
Likelihood Estimate, MLE).

Tenepb, ofipeneinB BCeE HeO6XOIII/IMbIe TEPMUHDBI, IIPUCTYIIUM K OIMMCAHUIO TI0-
PAAKa CO3JIaHUA BepOHTHOCTHOﬁ FeHepaTI/IBHOfI MO/IEJIN.

B 60/1bIIUHCTBE TJIaB 9TOH KHUIHM COAEPIKATCS KOPOTKHE PACCKA3bI, IIOMOTAIO-
e orrcaTb KOHKpETHbIE ITPUEMbI. B 9TOU IJIaBe Mbl HAUHEM C IIyTeneCTBUA
Ha TiaHeTy VpwM, TIe Hac JKIeT TiepBoe 3a/laHle 110 TeHePaTUBHOMY MOJIENPO-
BaHUIO...

MpuseT, Upm!

Ceituac 2047 roz, u Bac, K Baleil pafiocTy, HA3HAYUITN HOBBIM (D3IITH-TUPEKTOPOM
Ha iaHeTe VpM. Teniepb BB HeceTe eIMHOTMYHYIO OTBETCTBEHHOCTD 32 CO3/IaHIE
HOBBIX MOJIHBIX TEHAEHITN A SKUTeTeH TIaHeTHl.

I/IpMHHe, KaK M3BE€CTHO, OoJbIINE MOJHUKH, TTOITOMY BbI JOJIZKHBI CO3/[aBaTb
HOBbI€ CTWJIH, IIOXOKHNE Ha T€, YTO YK€ CYHECTBYIOT Ha IlJlaHETE, HO HE U/EH-
THUYHDbIC M.
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[To mpubBITHH BaM MPeIOCTABISETCST HAOOP MaHHBIX ¢ 50 HAGIIOEHUSIMU MOJIbI
Ha Mpwme (puc. 1.7) u gaetcst oqut geHb, 9ToObI ipuaymMath 10 HOBBIX cTHIIEN
U TIPEJICTABUTH UX B MOJUIIAIO MOJIBI /171 TipoBepKu. Co3/iaBas CBOU IIeIeBPHI,
BBI MOJKETE AKCTIEPUMEHTUPOBATD C MIPUIECKAMU, I[BETOM BOJIOC, OUKAMU, TUTIOM
7 1IBETOM OJIEKIBI.

OcraBasich B TIyOUHE YN CHEUATUCTOM 110 06pabOTKe MaHHBIX, BBl XOTUTE
JUIST PElieHNsT 3a/la4i Pa3BePHYTh reHepaTuBHY0 Mo/esb. [Tocie KpaTkoro mo-
cererrst MekrajmakTHuaeckoil 6ubInoTeKn Bbl Gepere KHUTY MO/l Ha3BaHUEM
«TeneparuBroe riybokoe oOydeHne» u Ha4MHAETe YUTATb...

IIpodoncenue credyem...

Bawa nepBad BepOATHOCTHaA reHepaTnBHaA MmopAelib

JlaBaiiTe BHMMaTeJIbHEE PACCMOTPUM HAbOP JaHHBIX, BpPyYEHHBIN BaM Ha Vpwme.
On coctout u3 N = 50 HabGJI0/IeHIIT MOIHBIX CTUJIEH, PACIIPOCTPAHEHHBIX Ha
IJTaHeTe B HacTosiiiee BpeMst. Kaxkoe HabM0[eHne MOKHO OITUCATH TISIThIO TTPH-
3HaKaMu (Mmun axceccyapos, usem o0encovl, mun 00excovl, 4éem G0J10C, NPUUECKA),
KaK rmokasano B tabur. 1.1.

! Usobpaskenust B3ATHI ¢ caiiTa https://getavataaars.com.
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Ta6nuua 1.1. Mepsble 10 HabntoaeHN B Habope AaHHbIX C MOPTPETaMU UPMSIH

Ne LiBet Tun
Akceccyap LiBeT Bonoc Mpuyecka
n/n ofexabl oaeXabl
1 Kpyrnbie oukn Benbin OyT60nKa Pbixun KopoTkasa cTpuKKa,
C Kpyrblm npAmMble BONOChI
Bblpe30M
2 Kpyrnble ouku Benbin KomburHesoH | CepebpucTo- | KopoTkas CTpuKKa,
cepbin KypyaBble BOJIOCbI
3 ConHuesawuTtHole | benbin OyT60nKa bnoHp KopoTkas cTpuxKa,
OYKM C KpyrmblimM npAmMble BONOCHI
BblpE30M
4 Kpyrnbie oukn benbin OyTt6onka Pbixunn [nvHHanA cTprxKKa,
C KpYrblm npAmMble BONOChI
BbIpE30M
5 Kpyrnble oukn benbin KombuHesoH | CepebpucTo- | HeT Bonoc
cepbi
6 Het benbin KomburHe3oH | YepHbiii [nuHHana cTpuKKa,
npAmMble BONOChI
7 ConHuesawunTHble | benbin KomburHesoH | CepebpucTo- | LAnHHan CTPUXKKaA,
OuKM cepbin npAmMble BONOChI
8 Kpyrnbie oukn Benbin OyTb0nKa Cepebpucto- | KopoTkasa cTpuxKa,
C KpYrblm cepbin npAmble BONOChI
BbIpE30M
9 Kpyrnbie oukn Po3zoBbin Xyaun Cepebpucto- | AnnHHasA CTPUKKA,
cepbin npsAmMble BONOChI
10 Kpyrnble oukn MactenbHbil | DyT6OMKa bronp [nvHHaA cTpuXKa,
OpaHXeBbll | C KPYr/bIM npAmble BONOChI
BbIpe30M

Ka)KIIbeI IIpHU3HaAK MOJKET UMETDH CJIECAYIOIMNE BO3SMOKHDIE 3SHAYEHU A

B 7 Ipuvecok:

HeT BOJIOC;

JIJIMHHBIE BOJIOCHI, CO6paHHbIe B ITYYOK;

JJIMHHaA CTPpUKKa, BOJTHUCTbBIE BOJIOCHI;

MUIMHHAasA CTPUIKKa, IIPAMbIE BOJIOCHI;

KOPOTKad CTpUKKa, BOTHUCTbIE BOJIOCHI;

BepoaTHOCTHblE reHepaTUBHbIE MOAENN
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e KOPOTKadA CTPpUIKKa, IIPAMbIE€ BOJIOCHI;

e KOPOTKad CTPUIKKA, KypdaBbl€ BOJIOCHI.

B 6 1BETOB BOJIOC!
e UEPHBI;
o Ouiong;
e KaIlITAaHOBBIN;
e TIACTEJbHBIN PO3OBLI;
e DBIKWI;

e cepebpUCTO-CEePHIil.

B 3 BuUIa OYKOB (aKCeCCyapoB):
e HET OYKOB;
e KpPYTIJIbIEe OUKH;

e COJIHIIE3alllMTHbIEC OYKH.

W 4 THUIA OJIEeK /b
o Xynu;
o KOMOUHE30H;

(byT6OoJIKA € KPYTIIBIM BBIPE30OM;

(dyT60sKa ¢ V-00pa3HbIM BBIPE3OM.

B S 1IBETOB OJIE/KIbL:
e UEPHBI;
o cununin01;
o ceporii0i;
e TIACTEJIbHDBIN 3€JICHDIIL;
e TIACTEJIbHBIN OpaHIKEBBIN;
e PO30BbBIN;
e KpaCHDIIi;

o OeJbIii.

Wtoro BoaMoxkHO 7 X 6 x 3 x 4 x 8 = 4032 pasHble KOMOMHAIIUY 9TUX IIPU3HAKOB,
TO €CTh BBIOOPOYHOE MPOCTPAHCTBO HacuuThiBaeT 4032 TOUKH.
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MbI MO3KEM TIPEICTaBUTD, YTO HAIl HAOOP JAHHBIX CTEHEPUPOBAH HEKOTOPBIM Pac-
TpezieieHueM p, . B KOTOPOM OJ{HHU 3HAaYeHH sl IIPU3HAKOB TI0JIb3YIOTCs OOJIBIIIM
npeanodTeHreM, yeM apyrie. Hanpumep, kak MoKHO BuieTh Ha puc. 1.7, 6emast
OJIEKIA, KAJKETCSI, TI0JIB3YETCsT OOJIBIION TTOMYJIIPHOCTDIO, TaK JKe Kak cepeOpu-
CTO-CepbIe BOJIOCH U (hyTOOJKHU € KPYTJIBIM BBIPE3OM.

I[Ipo6ema B TOM, 4TO HCTHHHOE paciipesieienue p, HenssecTHo. Ham goctym-
Ha TOJBKO BeIOOpKa Habmogenuii X, crenepupoBaHHbIX PaCIpesie/IeHIeM p, .
[lenpio reHepaTUBHOTO MOZIETMPOBAHNUS ABJIAETCA IOCTPOEHUE MOAETH P, .
C UCII0JIb30BAHUEM 9TUX HAGJIIOEHUH, KOTOPast MOJKET TOUHO UMUTHPOBATh Ha-
OJTI0/IeH IS, TPOU3BOJUMBIE P, .

YT006bI 1OCTUYH DTOH IEJH, MOKHO IIPOCTO HABHAYUTH BEPOSATHOCTDH KasKIOM
BO3MOKHONH KOMOMHAIMU TIPU3HAKOB, OCHOBBIBAsICh Ha MMEIONNXCS JaH-
ubix. Takas nmapamerpudeckas Mogenb Oyzer umersb d = 4031 mapamerp — 110
OJIHOMY Ha KaKIyl0 TOUYKY B BBIOOPOYHOM TPOCTPAHCTBE — MUHYC OJIMH, T10-
TOMY YTO 3HaYeHHE MOCJEHETO apaMerpa OyaeT BIOMPAaThCs Tak, 4TOObI
obmrast cymma Oblia paBHa 1. 3HAYMT, MbI JOJKHBI OIEHUTH TTApaMeTPhbl MOJIe-

(0, ..., 0,..).

ITOT KOHKPETHBIN KJIACC MapaMeTPUIeCKUX MOJIeJIeil M3BECTEH KaK NOIUHOMU-
anvioe (MyavmuUHOMUAIbHOE) Pacnpedeienie, a OlleHKa MaKCMMaJIbHOTO TIPaB-
010100t 6, Kak/I0TO MapaMeTpa olpe/eNsercs Kak

re 1, — Yncio HaOJToieHuil ¢ j-it komOuHanueil B Habope gaHHbIX, a N = 50 —
o011Iee Yncsio HaboeHn .

Muaye roBops, olleHKa KasKI0ro mapaMeTpa — 9TO IIPOCTO A0Jst OT 0OIIero
KOJIMYeCcTBa HaOJIIOeHMIT, B KOTOPOIl MMeJIa MECTO COOTBETCTBYIONAs KOMOM-
Halus.

Hanpumep, crenytomas komGuHanust (HazoBeM ee KoMOMHaImen 1) aBax/bl
HOSIBJIsIETCS] B HAOOPe AaHHBIX (JIMHHAS CTPUIKKA, TIPSIMbIE BOJIOCHI; PHIKUI;
KpyTrJibie 04KH; (hyTOOMKA ¢ KPYTJIBIM BBIPE30M; O€JIbIil ).

To ecth

8,=2/50 = 0,04.
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pyroii npuMep — kombuHanus (Ha30BeM ee KOMOMHaImed 2), KoTopast Hi pasy
He TIOSIBJISIETCST B HAOOPe MaHHBIX (JUIMHHAST CTPUIKKA, TPSIMBIE BOJIOCHI; PHIKHIL;
KpyTJibie 0uku; GyTOOIKA ¢ KPYTJIBIM BhIpe3oM; cuamii01).

To ecth

6,=0/50=0.

TakuM c110c060M MOKHO BBIMHCINTD BCE 3HAUEHMs] O 1 ONPeeuTh pacipe-
JIeJIEHIE TI0 UMEIOLIEMYCsT BBIOOPOYHOMY TIPOCTpaHCTBY. Tak Kak U3 aToro pac-
[peje/IeHus. MOJKHO BRIOMPATh 00PasIibl, HALI CIIMCOK MOT Obl Ha3bIBATHCS FeHe-
paTuBHOI Mozenbio. OTHAKO 9TON MO/ He XBATAaeT TJIaBHOTO: OHA HE MOXKET
reHeprupoBaTh TOTO, YTO ellle He BH/eJa, TaK Kak /st 000 KOMOMHAIINH, OT-
cyTCTBYIONIEil B HCXOAHOM HaGope rammbix X, ;=0.

YroObl PeruTh 3Ty IPOOIEMY, MOKHO HA3HAYUTD JAOTIOJHUTENbHBIN 1Ce6800-
omcuem ot 1 1T KaXKI0W BO3MOKHOW KOMOMHAIINY TIPU3HAKOB. JTOT TIPUEM
u3BeCTeH KaKk adoumuenoe cziancusanie, B COOTBETCTBUU C KOTOPBIM OIEHKA
MakcuMasbHOro mpasaononodus (MLE) s napamerpos Gy/ier omnpeaeasiThes
TaK:

_nj+l'

6, =
T N+d

Tenepb Kask1ast KOMOMHAIKS IMEET HEHYJIEBYIO BEPOSITHOCTD ObITh BBIGPAHHOI,
BKJIIOYAs U Te, KOTOPbIE OTCYTCTBOBAJIM B MCXOIHOM HaOOPe JIaHHbBIX, HO JaKe
C 3TUM JIOTIOJTHEHUEM HaIlIa MOJIEJTh HE SIBJISIETCS YIOBJIETBOPUTEIBHOM reHepa-
THBHOIT MOJIEJTBIO, TOTOMY YTO BEPOSITHOCTD HAOJIOIEHUST TOYKH HE U3 UCXOHOTO
HabOpa JTAHHBIX SIBJISIETCSI TIPOCTOM KOHCTAHTOMU. ECIIH MOTBITaThCS HCMOIB30BATH
TaKyI0 MOJIEJIb JIUIsI CO3/IaHus KapTiH [Inkacco, To oHa ObI TIpH/Iaia OMHAKOBBIIT
BEC U CIYYAIHON KOJIJIEKITUU KPACOYHBIX TTITKCEIOB, ¥ KOTIMH KapTuHb! [I1kacco,
JINITH HE3HAYNTETHHO OTIUYAIONIEICS OT HACTOSIIIEH.

B unease xorenoch O6bl, 4TOOBI Hallla TeHEepaTUBHAS MOJE/b MOA4ePKUBaIa
o6siacTit BHIGOPOYHOTO MPOCTPAHCTBA, KOTOPbIE, TI0 €e MHEHUIO, HoJiee Bepo-
ATHBI, COTJIACHO HEKOTOPOil BHYTPEHHEN CTPYKTYpe 00yYalolMX JaHHbIX, a He
IIPOCTO MIPUCBaNBajIa BEPOSITHOCTHBIE BECA TOUKAM, ITPUCYTCTBYOIINM B Habope
JTAHHBIX.

JIJ1s1 3TOTO HYKHO BBIGPATH APYTYIO TTAPAMETPUUYECKYIO MOJIEIb.

40 Tnasal e leHepaTVBHOE MOAENMPOBAHUE



HaunBHas 6aliecoBcKasa napameTpuyeckas mogernb

HausHast 6aiiecoBcKast lTapaMeTpryecKast MOJIENb UCTIOJIb3YET ITPOCTOE MPEJIIIO-
JIOKeHHUE, YTOOBI PE3KO YMEHBIITUTh KOJUYECTBO MTapaMeTPOB JIJIst OIeHKH. Mbl
HAUBHO TIPE/TIONIATACM, YTO KaK/[blil IPU3HAK X; He 3A6UCUM OT JII000T0 APYroro
npusnaka x,.! B ornomenuu nabopa JaHHLIX, HOTy4eHHbIX Ha MIpme, 5T0 03Ha-
yaeT, HaIlPUMeEP, YTO BBHIOOP I[BETa BOJIOC He BJIMIET Ha BHIOOP TUIIA OLEK/IbI,
a BBIGOP THIIA OYKOB He BJHUSET Ha BBIOOP mpudecku. Bosee hopmanbHo, st
BCEX MPU3HAKOB X, !

p(xf,) = p(x).

ITO U3BECTHO KaK Hausnoe 6allecoséckoe IIpeaIroJIoKeHNE. Y1066 IIPUMEHUTD
€TI0, CHadaJjla UCITOJIb3YETCA HEITHOE ITPAaBHUJIO BEPOATHOCTHU JIA 3allCH (bYHKL[I/II/I
IIJIOTHOCTH B BHU/I€ ITPOU3BEACHNA YCJIOBHDIX BepOHTHOCTeﬁZ

p(X) = p(x,..x) =
= p(xzs-"x[( | xl)p(xl) =
= p(xy---x]( | xpx])p(xz | xl)p(xl) =

K
= Hp(xk | X000 X0,
k=1

rae K — obiiee ymeso mprusHakoB (TO eCThb IATh B IIpUMepe ¢ IaHetoit Mpm).

Terepb TPUMEHUM HAUBHOE OalleCOBCKOE MPETONI0KEHNE, YUTOOBI YITIPOCTUTH
IIOCJIE/IHIOI0 CTPOKY:

P =] px).

910 — HamBHAas OGaleCOBCKasi MOAEb. 3aada CBOAUTCS K OLEHKE IIapaMeTPOB
0, = p(x, = [) 1 KakI0TO TPU3HAKA B OT/ICTBHOCTH ¥ UX TIEPEMHOKEHHIO /IS
OIIpeieIeHUsT BEPOSITHOCTH J11060i BOBMOKHON KOMOMHAIIUN.

CxoapKo mapaMeTpoB HYKHO OIICHUTD B Hallleli 3ajade? /{7151 KaxKaoro mpusHaka
HY>KHO OTIEHUTH TTapaMeTp JId KasKI0TO 3HAUEeHU, KOTOPOE MOKET IPUHATH 9TOT

! Korma npucyTcTByeT nepeMeHHasi OTKJINKA Y, HANBHOE HalleCOBCKOE TIPE/TON0KEHEe

[JIACUT, YTO CYIIeCTBYeT YCAOGHAS He3aBUCUMOCTD MEXK1Y KasK/O 1Mapoii pu3HaKkoB X,
X, IPU 33/[AHHOM Y.
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npusHak. CJiez1oBaTeIbHO, B ITPUMEpE € IIaHeTol VIpM 3Ta MOJIEJTb OTIPEIEISIeTCsT
Bcero 7 + 6+ 3 + 4+ 8 — 5 =23 mapamerpamu.'

OL[eHKa MaKCHUMaJIbHOT'O HpaBIIOHOlIO6I/IH ek/ BbIYMCJIAETCA KaK

rae 0, — 4ucJIo pas, Korja MPU3HaK k MpUHUMaeT 3HaueHue [ B Habope JJaHHBIX,
a N =50 — obtiee unciio HaOIOIEHUIL.

B Tabu1. 1.2 mokasaHbl BBIYMCIEHHBIE TAPAMETPHI 11T Habopa JAHHBIX C MJIAHEThI
Upwm.

YT06bI HAUTH BEPOSATHOCTH, C KOTOPOI MOJIEIb CTEHEPUPYET HEKOTOPOE Ha-
GJII0JIEHE X, JI0CTATOYHO MTEPEMHOKUTD BEPOSITHOCTU OT/IENbHBIX TPU3HAKOB.
Hanpuwmep:

p(Onunnas cmpuixcka, npsamoie 8010CHL; PHIHCULL; KPY2Ible OUKU;
pymbonka ¢ Kpyeavim 8vipe3om; benvlil) =
= p(Onunnas cmpuscka, npamie 6010cvl) X p(poircutl) X p(Kpyzivie oukiL) x
x p(ymbonka ¢ kpyenvim svipesom) x p(benviil) =
=0,46 x 0,16 x 0,44 x 0,38 x 0,44 =
=0,0054

O6parure BHUMaHUE: 9Ta KOMOMHALIMS OTCYTCTBYET B MCXOAHOM Habope JaH-
HBIX, HO HAIlIa MOJIEJIb OTIPEIENISIET JIJisl Hee HEHYJIEBYIO BEPOSITHOCTD,  3HAYUT,
BIIOJTHE MOJKET CreHEPUPOBaTh ee. Kpome Toro, BEpOSITHOCTD 3TOI KOMOMHAT[IH
BbIIIlE, YeM, Harpumep, (OIuHHaAs CIMPUNICKA, NPAMbBLE BOJOCHL; PUINCULL, KPY2ible
ouru; hymooaxa ¢ Kpyzavim 6vipe3om; cunuti(1), motomy 4to OesIbIil IIBET O1EsKIbI
HostBJisieTcsl B Habope HabJII0IeHU valiie, 4eM CUHUIL.

To ectb HanBHast HalieCOBCKast MOJIEJb CITOCOOHA BBISIBUTH HEKOTOPYIO CTPYKTYPY
JIAaHHBIX ¥ MCIIOJIb30BATh €€ JIJIsl CO3/[aHksi HOBBIX 00Pa3IOB, OTCYTCTBYIOIUX
B MCXOIHOM Habope. Mojiesb OlleHnIa BEPOSITHOCTh BCTPETUTH KasKI0e 3HAUe-
HUE TTPU3HAKA HE3aBUCHUMO OT JIPYTUX, TTO3TOMY IPU UCIIOJIb30BAHUN HAMBHOTO
6aiieCOBCKOTO TIPE/IIONIOKEHH MOKHO EPEMHOKUTD 9TH BEPOATHOCTHU, YTOObI
IIOCTPOMTD IIOJIHYIO (DYHKIMIO IIOTHOCTH, Py(X).

U Tlocmennuii uieH B BBIPAKEHUN —d OTPAYKAET TOT (haKT, 4TO MOCTETHUIT TTapaMeT] JJist

KaK/I0TO [IPU3HAKA MOAOUPAETCs TAaK, YTOObI CyMMa €r0 apaMeTpoB Obuia paHa 1.
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Ta6auua 1.2. OueHKM MaKCMManbHOrO NpaBAaornoAobus Ans napamMeTpoB B HaWBHOM
HaiecoBckoi Moaenu

Ha puc. 1.8 mokasanbr 10 Hab/i0AeH i, BBIOPAHHBIX MOZEIBIO.

Mpuyecka n ] LiBeT BOnoc n 8 LiseT opgexpabi n ]
HeT BONoC 7 | 014 YepHbIN 7 014 YepHbIi 0 0,00
OJIVHHbIE BOJOCHI, 0 | 0,00 6noHp, 6 |0,12 cvHMI01 4 | 0,08
cobpanHsie 8 nyuok KawraHoBbin | 2 | 0,04 cepbIii01 10 | 020
AJIMHHAA CTPUXKKa, 1 /0,02 . !
BOJIHUCTbIE BONOCH! nactenbhbiit | 3 1 0,06 | | pacrenpupin 5 10,10

pO30BbI .
OJIMHHAA CTPUKKA, 23 | 0,46 N 3eneHbin
MPAMbIE BONOCI pepy 8 1016 nacTenbHblIi 2 0,04
KopoTKas cTpwkka, | 1 | 0,02 | | cepebpucto- | 24 1 048 | | oparsesbiit
BOJTHWCTbIE BONOChI cepein - " Toos

PO30BbIi ,
KOPOTKanA CTPUMKKa, 110,22 Bcezo 50 | 1,00
npAMble BONOChI Bcezo 50 | 1,00 | | KpacHbIi 3 | 006
KOPOTKan CTPUXKKA, 7 |1 014 6enbin 22 (044
KypuaBble BONOChbI
Bcezo 50 | 1,00

Bcezo 50 | 1,00
Bug oukoB n (] Tun opgexpabl n 0
HeT 11 0,22 Xyan 7 0,14
Kpyrnble 22 | 0,44 KOMOUHE30H 18 0,36
conHuesawmTHole | 17 | 0,34 dyTOONKa C KPYrnbIM BbIPE30M 19 0,38
Bcezo 50 | 1,00 ¢dyT60nKa C V-06pa3HbIM BbIpe30M 6 0,12

Bcezo 50 1,00

,/IJIH ATOU HpOCTOfI 3ala4 HalBHO€E OaliecoBckoe IpeaAIosoKeHne O He3aBu-
CUMOCTHU ITPU3HAKOB ABJIAETCA PAa3yMHDbIM U, CJIE€A0BATEJIbHO, /1a€T XOPOUIIYIO
TF€HEPATUBHYIO MO/IEJIb.

TeHepb IIOCMOTPUM, 4YTO IMOJYYUTCH, €CJIN ITO MPEAIOJOKEHNE OKA3bIBAECTCA

OIIMOOYHBIM.
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Puc. 1.8. [lecaTb HOBbIX CTUNEN AN UPMSIH,
CreHepupoBaHHbIX HaUBHON 6AECOBCKOW MOAENbIO

MpuseTt, Upm! NpoponmxeHne

Bb1 ncnibIThIBaeTe orpejiesieHHOe YyBCTBO TOPAOCTH, TSI/ HA JI€CSTH HOBBIX TBO-
PEeHUIl, CO3/IaHHbIX Ballleil HAMBHOI OaitecOBCKOI Mojiesbio. BoomyiieBiieHHbie
CBOMM YCIIEXOM, BbI O0OpaliiaeTe BHUMaHUE Ha JAPYTYI0 CTOPOHY 3a/1a4H, U Ha 9TOT
pas ona He BBITJISINT TaKOH e MPOCTOM.

Habop zaHHbIX ¢ He3aMbICI0BaTHIM HasBaHueM Planet Pixel, kotopbiii 6611 Bam
MIPEJIOCTABJIEH, HE COJEPKUT ISITH BHICOKOYPOBHEBBIX MPU3HAKOB, KOTOPHIE
BBI BUJIEJN BBIIE (ys8em 60.10¢, mun axceccyapa n T. JI.), a TOJTbKO 3HAUYEHUS
32 x 32 MUKCeJIOB, COCTABJIAIONMX Kaxka0e n3o0pakenue. To ecTh Kaxkaoe Ha-
6uofenine terepb umeet 32 x 32 = 1024 npusHaka u KaskIblil TPU3HAK MOKET
HPUHUMATH JI000€e 13 256 3HaueHnii (OT/IeIbHBIE [[BETA B TAJIUTPE).

V306paskenus u3 HOBOToO Habopa aHHbIX TIOKa3aHbl Ha puc. 1.9, a BbIOOpKa 3Ha-
YEHUIT MUKCEJIOB ISt IEPBBIX JecATH Hab oeHuil TTokasana B Tabur. 1.3.

BbI pemraete nmornpo6oBath HAaMBHYO 0aiieCOBCKY0 MOJIEJIb ellle pa3, Ha ATOT Pas3
obyuenHyI0 Ha HabOpe MaHHBIX TTHKCEJ0B. MOIETh OMEHUT TTapaMeTPhl MaK-
CUMAJILHOTO TIPABAOTIOA00NS, OTIPEIEISAIONIIE PaclipeiesieHue 1BeTa KakI0ro
MUKcesa, YTOObl Ha OCHOBE 3TOTO paclpe/iesieHIs] CTeHePUPOBaTh HOBbIE Ha-
6aonernsi. OIHAKO, 3aKOHYMB MOJIEJTb, BbI IIOHMMAETe, YTO YTO-TO TIOIILIO HE
Tak. BMecTo HOBBIX 00Pa3iioB MOJIbI MOJIEJTh BBIBEJIA JAECSITh MOXOKKX JPYT Ha
Apyra n300pakeHu i, Ha KOTOPBIX HEJIb3sT Pa3/INYUTh HU aKCeCCyaphl, HU YeTKHe
Tpu3HaKky npuaecku wian ofesxabl (puc. 1.10). [logemy Tak cayunmocs?
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Puc. 1.9. O6pa3ubl Moabl B Planet Pixel

Ta6bnuua 1.3. 3HayeHns nukcenos 458-467 ans nepBbiX AECATU HabnoaeHUi

B Planet Pixel
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Puc. 1.10. [lecsTb HOBbIX CTUEN, CreHEPUPOBAHHbIX HaNBHOW 6alecoBCKOM MOAENbIO
Ha ocHoBe Habopa AaHHbIX Planet Pixel

CnoXxHocTtn reHepaTmMBHOro mopgennpoBaHuAa

Bo-11epBbIx, M0CKO/IbKY HanBHas GaiieCOBCKast MOJIE/Ib BBIOMPAET MUKCEJIbl He-
3aBHCUMO JIPYT OT JPYTa, OHA He TIOHMMAET, YTO JBa CMEKHBIX TTHKCeIa 0OBIYHO
UMEIOT TTOX0KHe OTTEHKU, TTIOTOMY YTO, HAllpUMep, SABJILI0TCS 4acTbiO OJHOTO
1 TOTO 3Ke IpeiMeTa ofiesk/ibl. Mojiesib MOXKeT CreHepupoBaTh 1[BeT JIMIA U PTa,
IIOCKOJIbKY BCE 3TH MUKCENbI B 0OydarorieM Habope MMEIOT IPUMEPHO OJIHA-
KOBBII OTTEHOK BO BCEX HAOJIOAEHUSIX; OJHAKO I[BET MTUKCEJOB /s (hyTOOIKM
BBIOMPAETCS CJyIailHO U3 MHOKECTBA IIBETOB, TIPUCYTCTBYIOIIUX B 00ydYaroneM
HabOpe, HE3aBUCUMO OT I[BETA COCEHUX MHKCET0B. Kpome Toro, otcyTcTBYeT
MexaHu3M (pOPMUPOBAHUS TTMKCEJIOB B 00JIACTH BOKPYT TJ1a3, MO3BOJISIONIHIT
HOJTYYUTh KPYTJIble OUKHU, JIN B BEPXHEN YacT M300paskeHsl, YTOOBI OJTYUUTh
KOHKPETHYIO IIPUYECKY.

Bo-BTOpBIX, Ha 9TOT pa3 B BHIGOPOYHOM HPOCTPAHCTBE UMEETCST HEIIOCTUKIMO
6OJIBIIIOE KOJIMYECTBO BO3MOKHDIX Hab/ogennil. JIninp Heboiblasg 4acTb U3
HUX — y3HaBaeMble JINIIA, a ellle MeHbIllee TTOJIMHOKECTBO — JIMIA, KOTOPBIE
npujepxKuBaioTcs mpasua Moabl B Planet Pixel. CiegoBarenbHo, eciu HauBHast
GaiiecoBCKast MOJIE/Ib 00yYaeTcst Ha CUIIbHO KOPPEINPOBAHHBIX 3HAUYCHUSIX TTHK-
CEJIOB, TO BEPOSITHOCTD HAWTH YIOBJIETBOPUTENbHYIO KOMOWHAIMIO 3HAYEHIT
OKa3bIBAETCs OUYEHDb MaJia.
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B niepBoMm cirydae Mbl IMeJIN He3aBUCUMBbIE TPU3HAKU U OTHOCUTEIBHO HEGOIb-
1110e BLIG0POYHOE TIPOCTPAHCTBO, TI0ITOMY HauBHas GailecOBCKast MOJIE/Ib TOKa3a-
JIa HeTIoX e pe3yJibrathl. Bo Bropom ciryuae, Kor/a qanHbie ObLIN Pe/ICTaBIeHbI
HabOpaMU TUKCEIOB, TPEANOTIOKEHIE 0 HE3aBUCUMOCTY 3HAUEHHIT MTHKCETOB
0Ka3aJI0Ch HECOCTOSITETbHBIM. 3HAYEHUST TUKCEIOB CUIBHO KOPPETUPOBAHDI,
a BBIOOPOYHOE MPOCTPAHCTBO OTPOMHO, TOITOMY TIOJIYYUTh [IPABUIbHOE U30-
GpaskeHue IyTeM He3aBUCHMON BBIGOPKH MMKCEIOB MIPAKTUYECKU HEBO3MOKHO.
ITO 0ObSICHSET, TIOUEMY HauBHBIE GalleCOBCKIE MOJEIH MJI0X0 paboTaloT ¢ He-
006paboTaHHBIMU U300PAKEHUSIMU.

PaCCMOTPEHHLIf/,I HaMM IIPpUMEDP BBICBETUJI [IBE€ KJIIIOUYEBbLIC HpO6JIeMbI, KOTOpPbIE
AOJIKHA ITPEOAOJIETD reHeEpaTUBHaA MOJEJ/Ib, YTOOBI J:[O6I/ITI)CH ycuexa.

C/NNOXXHOCTU TrEHEPATUBHOIO MOAEJIMPOBAHUA

o Kax Moziestb MOXXeT CIIPaBUTHCS € BLICOKOH yCJIOBHOI B3aNMO3aBUCH-
MOCTBIO TIPU3HAKOB?

o Kak Mozestb MOKET OTBICKATD OJIHY 13 KPOIIEUHBIX TIPOTIOPIIN, YTOOBI
MOJIYYHUTD YAOBJIETBOPUTENHbHOE HAOMIONEHNE B MHOTOMEPHOM BBIOO-
POYHOM TIPOCTPaHCTBE?

Kirouom K periernto 06enx aTux mpobJieM siJsieTcst Trybokoe o0ydeHye.

Hawm Hy:kHa Mozesb, ciocoOHast BBISIBUTh PEJIEBAHTHYIO CTPYKTYPY B JIaHHBIX,
KOTOpasi He Tpebyer JeaTh Kakux-anbo MpeanoaokerHnii sapanee. VIMeHHO
C 9TUM TIPEKPACHO CIIPABJISiETCsT TIyOboKoe 0OydeHre, U UMEHHO TOITOMY 3TOT
METO/I CTaJl ABUIKYIIEH CUION TMOCAeTHUX TOCTUKEHUN B TeHePATUBHOM MOJIe-
JIMPOBAHWM.

Tor daxr, uto riybokoe obydeHne MoKeT GOPMUPOBATH CBOU MIPU3HAKHU B IIPO-
cTpaHcTBe GoJiee HUBKON pasMEepPHOCTH, O3HAYAET, YTO aTO — (hopMa 0byuenus
npedcmasaenuio. IIpesk e 4eM IPUCTYIIUTD K TITyOOKOMY 00YUYEHHIO B CJIEAYIOIIEHT
rJaBe, Mbl IOJUKHBI Pa300PAThCst ¢ KIIOYEBBIMU MOHATUSIMU O0YUIEHUST TTPe/I-
CTaBJIEHUIO.
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O6yueHune npeacTaBieHNIO

OcHoBHas ujest 00y4eHus TPEACTABIEHHIO 3aKII09AETCs B TOM, YTOObI BMECTO
MOJIEJINPOBAHNUSI MHOTOMEPHOTO BEIGOPOYHOIO IIPOCTPAHCTBA HEIIOCPEACTBEHHO
MOIBITAThCST OTMCATh Kask10e HabJoieHne B obydaolieM Habope ¢ UCIOJIb30-
BaHUEM HEKOMOPOZO CKPHITOTO IPOCTPAHCTBA MEHbIIEH Pa3MEPHOCTH, a 3aTeM
onpeesuTh (PYHKIUIO OTOOPAsKEHMs, KOTOPAst MOKET B3SITh TOUKY U3 CKPBITOIO
[POCTPAHCTBA U OTOOPA3UTh €€ B TOYKY B MCXOAHOM IIPOCTpaHCTBe. JIpyrumu
CJIOBAMU, KasK/ash TOYKA B CKPBITOM IIPOCTPAHCTBE SBJISETCS NPeocmasienuem
HEKOTOPOr0 MHOTOMEPHOTO N300pasKeHUs.

Yto 5TO 0O3HAYAET C NMPAKTUYeCKON Touku 3penus? [Ipennosoxum, y Hac ecThb
obyuaromuii Habop, COCTOAIMMNA U3 YepHO-OebIX N306pakeHuil HopM TOP-
ToB (puc. 1.11).

CoBepIleHHO 0YEBH/IHO, YTO YHUKAJIBHO UAEHTU(GUIIMPOBATH (DOPMbBI TOPTOB
MOJKHO TIO JIByM TIPU3HAKAM: BBICOTE W IUPUHE. 3HAS BHICOTY U NIMPUHY, MBI
CMOKEM HapHCOBaTh COOTBETCTBYIOINLYI0 GOpMY, aske eciiu ee u3obpaskeHne
OTCYTCTBOBaJIO B 0Oy4atomiem Habope. OnHAKO [IJIsT KOMITBIOTEPA 9TO He Tak
MIPOCTO — CHAYaJa OH JIOJKEH MOHSTh, YTO BBICOTA W TMTUPUHA SBJISIOTCS [IBY-
MsI UBMEPEHUSIMU CKPBITOTO IIPOCTPAHCTBA, KOTOPBIE HAUIYYIIUM 00pa3oM
ONKCHIBAIOT HTOT HAOOP JaHHBIX, a 3aT€M CKOHCTPYUPOBaATh (DYHKIIUIO OTO-
OGpaskeHus [, KOTOpast CMOKeT BHIOPATh TOYKY B 3TOM IIPOCTPAHCTBE U MPH-
BECTH €€ B COOTBETCTBHUE C YePHO-OesbiM n3obpakenuem hopmbl. [Ipumep
TAKOTO CKPBITOTO MPOCTPAHCTBA (POPM TOPTOB U MPOIECC TEHEPATTIH MTOKAZAH DI
Ha puc. 1.12.

Puc. 1.11. Habop n306paxkeHnin hhopM TOPTOB
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CKpbITOE NPOCTPaHCTBO

focast .

Puc. 1.12. CkpbiTOe NPOCTPAHCTBO CBOWCTB (hOPM TOPTOB U (hyHKUMS f,
oTobpaxarolas TOYKY U3 CKpbITOro NPOCTPaHCTBa B NPOCTPaHCTBO
UCXOAHBIX 1306paXkeHni

[my6okoe obyueHwe gaeT HaM BO3MOKHOCTD PAa3HBIMU CIIOCOGAMY BBISIBJIATD
HOPOii 0YeHb CJIOKHBIE QyHKIMK oToOpaskeHust f. Hanbosiee BasKHbIe U3 HTUX
c110c000B MbI PACCMOTPHUM B HOCJIE/LYIOIINX IJIaBaX. A TIOKa JOCTATOYHO 0OIIero
MOHUMAaHUSI, KaKKe 1eJIN peceyer 00ydeHue pecTaBIeHuIo.

OzHO U3 npenMyIecTs 00ydeHus PeICTABIEHUIO 3aKII0YAETCs B BO3MOJK-
HOCTH BBITIOJHATH ONEPalliy, BAUSIONINE Ha BBICOKOYPOBHEBbIE CBOIICTBA
u306pakeHuii, B 6oJjiee yIpaBasseMOM CKPBITOM IIPOCTPaHCTBE. B MCXOMHOM
IPOCTPAHCTBE U300paKEHNI HESICHO, KAK CTeHEPUPOBATh KaK/IbIN MUKCEJ,
4TOOBI OJYYUTD HoJiee gvicokoe n3obpakenue Topra. OXHAKO B CKPBITOM
IPOCTPAHCTBE JJIST HTOTO JOCTATOYHO YBEJIMYUTh HA €ANHUILY CKPBITOE M3Me-
peHue, OTBevaollee 3a 6blCOMY, a 3aTeM IPUMEHUTH (DYHKIIUIO 0TOOPasKEeHUsT
IS Tlepexo/ia 00paTHO B MPOCTPAHCTBO M300paskenuii. [Ipumep Takoro moj-
X0JIa MbI PACCMOTPUM B CJIEAYIONIEl T1aBe, HO IPUMEHUTEIbHO He K hopMam
TOPTOB, a K TPaHsIM.
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OO6yuenve MpeCTaBIEHNIO JIJIST HAC, JIIOJIel, HACTOJIBKO €CTECTBEHHO, UYTO BbI,
BO3MOKHO, HUKOT/Ia He 3a/[yMbIBAJINCh O TOM, C KaKOU yIUBUTEIbHON JIeTKO-
CTBIO MBI fiesiaeM 3TO. [IpescTaBbTe, 94TO BBl PEIIUIN ONMKICATh CBOIO BHEITHOCTD
KOMY-TO, KTO JIOJIKEH OTBICKATh BaC B TOJIIEC U HE 3HACT, KAK BbI BBITJISIUTE.
Bbl eBa siu ctasii Obl ONMKMCHIBATH I[BET BCEX MUKCETIOB, GOPMUPYIOIINX Balle
usobpakenue. BMecTo aTOro Bbl HPEAIIOIOKIIN Obl, 4YTO Balll BU3aBU HUMeEET
Ipe/ICTaBIeHUE O TOM, KaK BBITJISIUT OOBIYHBIN YEJI0BEK, M 3aMEHIJIN OITHCAHUE
IIMKCEJI0B BLICOKOYPOBHEBBIMU IIPU3HAKAMU, COOTBETCTBYIOIIMMU I'PyIIIIaM
MIUKCEJIOB, HATIPUMED: Y MEHS OUEHb CBEeMIble 80JI0CHL WU 51 HOWY ouku. Eciiu Bb
HA30BETE C JIECATOK TAKUX MPU3HAKOB, TO Y€JTOBEK CMOKET OTOOPA3UTDH OIHCa-
HIe 06PaTHO B MMUKCEJIBI U CO3/IaTh Balll 06pa3 B cBoeil rosose. Koneuro, o6pas
MOJKET TIOJTYYUThCS JIAJIEKO He MeaTbHBIM, HO JIOCTaTOYHO OJIM3KUM K BallieMy
(baKTHUECKOMY BHEITHEMY BUJLY, YTOOBI BAC MOKHO OBLIO OTHICKAThH CPEIU COTEH
NIPYTUX JIFOZIeH, aske ecyiv BaC HUKOT/[a He BUIeJI PaHbIIIe.

[MomuepkHeM: 06yYeHue MPEACTABICHHUIO He TIPOCTO MPUCBAMBAET 3HAUCHISI OTIPe-
JleJIEeHHOMY Ha0bOpy NMPU3HAKOB, TAKUX KaK c8emJible 8010Chl, pocm u T. 1. Cuia
00y4eHUsT ITPEICTABIEHIIO 3aKII0YAETCST B TOM, YTO STOT TIPOIECC TO3BOJISIET BbI-
SIBUTh B MCXOJIHBIX JAHHBIX HanboJIee BasKHbIE TPU3HAKH, TIO3BOJISIIOIINE OTHNCATh
umerotecs: HaboaeHust. JoBOPsT MaTeMaTHYECKUM SI3BIKOM, 1eJIb 00ydeHuUsT
MPEJICTABIECHUIO COCTOUT B TOM, YTOOBI HANWTH BBICOKOHETHHEITHOE MHO2000pasue,
Ha KOTOPOM JIeXKaT JTaHHbIE, & 3aT€M YCTAaHOBUTDH U3MEPEHUSsI, HEOOXOAMMBIE TSI
MTOJTHOTO OITMCAHUs 3TOTO MmpocTpancTsa (puc. 1.13).

Takum 06pazoM, 0OyUeHIe TPEACTABICHUIO BBISBISET HAOOIee BaKHBIE BbI-
COKOYPOBHEBBIE TPU3HAKH, OMUCHIBAIOIIIE TPYIIIBI TUKCEIOB, TI09TOMY JITO-
6ast To4Ka B CKPHITOM ITPOCTPAHCTBE BITOJHE MOJKET MPEACTABISTH MPABUIBHO
chopmupoBanHoe nzoOpakenue. VaMeHsist 3HaYeHUsI TIPU3HAKOB B CKPBITOM
[IPOCTPAHCTBE, MOKHO CO3/[aBaTh HOBbIE TIPE/ICTABJIEHNUST, KOTOPBIE ITPU 0TOOPa-
JKEHWH B ITPOCTPAHCTBO UCXOAHBIX N300PasKeHUIT UMEIOT ropas/io GOJIbIIe MaHCOB
BBITJISIZIETD TIOXOKUME HA peaivible M300paKeH s, 4eM eCJIU OBl MBI TIBITAJIACH
paboTaThb ¢ OTAETLHBIMU THKCEJTAMHU.

[To3HaKOMUBIIKCH € Ujeeil 0OyYeHUsT PEACTaBICHUIO, KOTOPOE SIBJISIETCS
OCHOBOW MHOTHX TIPUMEPOB FeHEPATHUBHOTO IIyOOKOTO 00YUYEHUS B 9TOM KHHUTE,
HaM OCTaeTCd TOJIBKO HACTPOUTL OKPYsKeHHEe, B KOTOPOM Bbl CMOJKETe HAaYaTh
co3/1aBaTh COOCTBEHHBIE FeHePaTHBHBIE MOJIEJIH TJIyOOKOI0 00yYEeHMS.
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MHoromepHoe NpocTpaHCTBO

CkpbITOe NpoCTpaHCTBO (MHOroobpasune)

Puc. 1.13. Ky6 npeacraBnsieT MHOrOMepHOe NpOCTPaHCTBO BCEX M306paXkeHuit;
0by4yeHune NpesCcTaBNeHNIO MbITAETCS HAUTW CKPbITOE MOANPOCTPaHCTBO,

W1 MHOroobpasune, C MEHbLIMM YMCIIOM U3MEPEHUI, Ha KOTOPOM pacriofaratoTcst
onpeaeneHHble BUAbI 306paxkeHnii (Hanpumep, MHoroobpasue cobak)
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HacTpoika okpy»xeHus

B 5T0i1 KHUTE TPUBOIUTCS MHOKECTBO IIPUMEPOB MOJIEJIEii, KOTOPbIE Mbl Oy1eM
00CyKIATh.

Yr0o6bl OLYYUTH JOCTYIT K 9TUM IIPUMEPaM, BbI JI0JIKHbI KJIOHUPOBATH PEIIO3UTO-
puit Git, co3nannblii 7151 9To1 KHUTH. Git — 9TO ccTeMa ¢ OTKPBITHIM UCXOHBIM
KOJIOM JIJIST YIIPABJIEHUS BEPCUSIMU, KOTOPas MO3BOJIUT BaM CKOITUPOBATH KO HA
CBOM KOMITBIOTEP, 4TOOBI BbI MOTJIM 3alyCKaTh €r0 JIOKAJIbHO WK B 00JaYHOM
oKpy-keHnu. Bo3aMoK1o, 9Ta crucTeMa y:ke ycTaHoBIeHa y Bac. Ecau met, To cie-
Ny#Te MHCTPYKIIMSM IS Ballleil onepanonHoii cuctemsr (http://bit.ly/2MUrvN1).

Y1065l KIOHHPOBATH PEMOZUTOPHIA ¢ TPUMEPAMH JIJIsT ITON KHUTHU, B OKHE Tep-
MUHAJIA TIepeiiinTe B TAIKY, Ky/a BbI XOTEJIH Obl COXPAHUTH (Dailyibl, U BBEIHUTE
CJIeLyTONIYI0 KOMaH/Y:

git clone https://github.com/davidADSP/GDL_code.git

Kaskzprii pas, npuctymnasi K onpoOOBaHUIO TPUMEPOB, HE YITYCKalTe BO3MOKHOCTD
TTOJTY9UTH TMOCJIETHION0 BEPCUIO KO/A, BHITIOJHNB KOMAH/LY

git pull

Tenepnb B BLIOpAHHOIT BaMH TTallKe Ha BallleM KOMITbIOTEPE 0JIKHBI HAXOAUTHCST
haitirpl, CKOMUPOBAHHBIE U3 PETIO3UTOPUS.

Jlasiee Hy’KHO HACTPOUTD BUPTYAJTbHOE OKPYKEHME. ITO camasi 0ObIIHAST TTATTKA,
KyJIa BBI JIOJDKHBI YCTAHOBHUTH CBEXKYIO Km0 Python u Bce makeTsl, nemosbay-
emble B 970l kHuTe. [Ipy TakoM moxozie Bbl Oy/ieTe YBEPEHBI, YTO HU OJ[HA U3
6UGJIMOTEK, KOTOPBIE MBI KCIIOJIb3YEM, He 3aTPOHET CHCTEMHYIO Bepcuto Python.
Te, ko mosb3yercst quctpubytusom Python mox massannem Anaconda, MoryT
HACTPOUTH BUPTYATBHOE OKPYKEHUE KOMAHIOM

conda create -n generative python=3.6 ipykernel

OcrasbHble MOTYT YCTAHOBUTD virtualenov u virtualenvwrapper komanoit'

pip install virtualenv virtualenvwrapper

! UcyepnpiBaioniye HHCTPYKIMU 110 YCTAaHOBKE virtualenvwrapper Bl Haligere B opuiinaib-

noit noxymenraruu (http://bit.ly/2x8LPQ4).
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Taxske 06aBbTe CIIEAYIONME CTPOKK B CIIEHAPUI 3a1ycKa KOMaHAHOH 0007104~
ku (Harpumep, B .bash_profile):

export WORKON_HOME=$HOME/.virtualenvs (1)
export VIRTUALENVWRAPPER_PYTHON=/usr/local/bin/python3 @
source /usr/local/bin/virtualenvwrapper.sh ©

o HaHKa, /1€ HaXOAATCA Ballili BUPTYaJIbHbIE OKPYIKEHUA.

® Bepcust Python o ymosraanuio, MCoib3yemast JJist CO3/I[aHist BUPTYaJIbHOTO
OKPYsKeHUsI, TpUdeM 3T0 A0JKHA ObiTh Bepcust Python 3, a ne Python 2.

© Komama 3amycka ciieHapust HHUIHATU3anun virtualenvwrapper.

Yro6bl cO3/1aTh BUPTYATbHOE OKPY’KEHUE C IMEHEM generative, IPOCTO BBEIUTE
CITEYIONTYT0 KOMAH/Iy B TEDMUHAJIE:

mkvirtualenv generative

¥Y3HaTb, UTO BBl HAXOJUTECh BHYTPU BUPTYAJIBHOTO OKPYKEHUSI, MOXKHO II0 Ha-
JU4nio TeKeTa (generative) B CTPOKe IIPUTJIANIIEHUS K BBOLY.

Tenepb MOJKHO YCTaHOBUTDH BCE HeO6XO,lII/IMBIe ITaKE€ThI, BBITIOJIHUB CJICAYIONLYIO
KOMaHy:

pip install -r requirements.txt

Ha npotsiskenuu Bceit kuuru Mol 6yaem ucrosab3oBath Python 3. Maiin
requirements.txt COIep>KUT UMeHA M HOMepPa BepCU BCeX MaKeTOB, KOTOPbIE BaM
MOHAO0SITCST [IJIsT 3aIyCKa TIPUMEPOB.

Jluist poBepkr paboTOCIIOCOOHOCTH BUPTYAIbHOTO OKPY/KEHUS BBEAUTE KOMAH/LY
python B TepMUHAJIE U 3aTeM HONbITalTECh UMIIOPTHPOBaTh Keras (6ubanoTexy
r1y6OKOTO 00yUYEHNUs, KOTOPYIO Mbl IIMPOKO Oy/ieM KMCII0JIb30BaTh B 9TON KHUTE).
Bo1 mosktbl yBuaeTs npuriaiienne Python 3 ¢ coobiennem or 6ubsmorexu Keras
0 TOM, 4TO OHa Hcroab3yeT 6ubmoreky TensorFlow, kak mokazano na puc. 1.14.

Haxowner, Hy)kHO yOeAuThCs, 4TO Ballle BUPTyaJbHOE OKPY/KEHKE TOCTYII-
Ho u3 6aokHoTOB! Jupyter Notebook, Haxoasmuxcs Ha BalieM KOMIIbIOTepe.
Jupyter — 2T0 MHCTPYMEHT MHTEPAKTUBHOTO IporpaMmupoBanus Ha Python
B OKHe Gpayasepa 1 OTJIMYHBIN c110co0 JJIsT BOTIIOIIEH!ST HOBBIX Hel 1 0OMeHa
KOJIOM C €IMHOMBIIILJIEHHUKAMK. BOJIBIIMHCTBO IPUMEPOB B TOM KHUIe HAIIN-
caHbl ¢ ucnoJb3oBatnueM Jupyter Notebook.

! Tak nasbiBaioTcs cuexapuu B Jupyter Notebook. — Ilpumeu. nep.
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Z[JIH 9TOT'O BBIIIOJIHUTE CJIEAYIONIYIO KOMaH/ly B OKHE TEpMUHAJIA, BHYTPU BUP-
TYaJbHOI'O OKPYIKE€HUA:

python -m ipykernel install --user --name generative @

@ Ora KoMaH/[a OTKPOET IOCTYII K HACTPOCHHOMY BaMU BUPTYAJTbHOMY OKpPY-
KeHuio (generative) us 6sokHOTOB Jupyter Notebook.

[l IpoBepKu B TOM >Ke OKHe TepMUHAJIA MepeiiuTe B MaIKy, Kya Bbl KJIOHU-
POBAJIU PETIO3UTOPUI ¢ TTPUMEPAMU [IJII KHUTHU, U BBITIOJTHUTE KOMAH/LY

jupyter notebook

Ha sxpaHe 0KHO TOSIBUTHCSI OKHO Opaysepa ¢ COIePKUMBIM, HATTOMUHAIOTITUM
nzobpaskenue Ha puc. 1.15. IlleskHITE MBIITKON Ha OJTOKHOTE, KOTOPBI BBI XOTe-
Jit OBI 3aIlyCTUTD, ¥ B PaCKPbIBaroIieMcst ciircke Kernel — Change kernel BbiGeprTe
BUPTYyaJbHOE OKPYsKEHUE generative.

Tenepb BbI TOTOBbBI HA4YaTb CO3/laBaTb FT€HEPATUBHbBIC CETU FJIy6OKOI‘O O6y‘{eHI/I${.

Python 3.6.5 (default, Oct 6 2018, ©9:49:35)
[GCC 4.2.1 Compatible Apple LLVM 10.0.0 (clang-1000.11.45.2)] on darwin
Type "help", "copyright", "credits" or "license" for more information.

>>> import keras

Using TensorFlow backend.
>>> keras.__version__
'2.2.4'

Puc. 1.14. NpoBepka paboToCnocO6HOCTM OKPYXKEHMS

_ Jupyter

Select ferns to perform actions on them, Upicad  Neww | &

4 days ago

) 4 days ago 519 k8

) 4 days ago 20,8 kB

Puc. 1.15. Jupyter Notebook
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NTorm

B sT011 r1aBe BBI MO3HAKOMUJINCD C TreHepaTUBHbLIM MO/ICJIMPOBaHNEM, BaKHbBIM
pases oM MalllnHHOTO 00YYeHMsl, IOMOJIHSIONIM XOPOIIO U3YYEHHYIO 06/1acTh
AUCKPUMUHATUBHOI'O MOZEJIMPOBAHUA. B namrem TIepBOM IIpuMepe I‘eHepaTI/IBHOIl/)I
MOZIEJIA MbI KCIOJIb30BaJIM HAUBHOE GaiiecoBCKOE J0IyIeHne, YTO0bI OJTyYnTh
BEPOSITHOCTHOE Paciipe/iesieHe, CIIOCOOHOE TIPEICTABIISITh BHY TPEHHIOIO CTPYK-
TYpY NaHHBIX ¥ TeHEPUPOBATh 00Pa3Ilbl, HE BXO/SIINE B 00yJalonuii Habop.
Mpb! Takke YBUE/IN, KaK 9Ta MO/I€JIb MOJKET IIOTEPIIETb HEY/[a4yy C YBEJIMYECHUEM
CJIOKHOCTH FeHEePaTHBHOM 3a/Iaut, U IPOAHATIM3UPOBAJIH OOIIHE MTPOOIEeMbI reHe-
PAaTUBHOI'O MOZEJIMPOBAHUA. HaKOHeH, MbI 6POCI/IJII/I HepBbII';I B3TJIAL HA O6yquI/Ie
IpeACTaBJEHUIO — BaKHYIO U/IEIO0, JIeKall[yI0 B OCHOBE MHOI'MX IreHepaTUBHBIX
MO/IeJIEN.

B caienyronieii riiaBe Mbl MPUCTYIUM K UCCJAEAOBAHUIO T1yOGOKOTO 0OydeHuUst
U YBHUINM, KaK MCIIOJIb30BaTh 6ubanoreky Keras ajs moctpoennst Mojaeneii,
CIIOCOOHBIX pPeliaTh 332491 TMCKPUMUHATHBHOTO MOJIETUPOBAHMS. DTO JaCT HAM
HEOOXOIMMYT0 OCHOBY JIJIsI IAJIbHEHIIEr0 M3y4YeHnsT TeHePATUBHOTO TJIyOOKOTO
00y4YeHMsI B TIOCJEYIONUX IJIaBax.



[JIABA 2

[ny6okoe obyuyeHue

HaumeM ¢ yIpoIeHHOTo Ope/iesieH st TIyOOKOro 00y YeH s

Fny6okoe 06yueHue — 3TO K/1acC aJirOPMTMOB MALLMHHOIO 06yueHus,
MCroNb3YIOLWMNX HECKOJIbKO COCTaBHbIX C/lI0eB C 06pabaTbiBaloUMMm
MoAyNSAMM Q151 BbisiBJIEHUS] BbICOKOYPOBHEBbIX NPEeACTaB/IEHUI B He-
CTPYKTYPUPOBAHHbIX AaHHbIX.

Yto6bI YSICHUTD CyTh IJIYOOKOTO OOYUYEHsI U €T0 3HAYeHHe /IJisl TEHEPATHBHOTO
MO/IETUPOBAHMsI, B3TJISTHEM Ha OIpe/lesieHe HeMHOTO mmupe. [Ipeskie Bcero
YTOUHUM, YTO MO/[PA3YMEBAETCSI TI0]] <HECTPYKTYPUPOBAHHBIMU JIAHHBIMU» U MX
MPOTUBOTIOIOKHOCTHIO — «CTPYKTYPUPOBAHHBIMU JTAHHBIMU» ?

CTPYKTYpupOBaHHble N HECTPYKTYPUPOBaHHbIe
AaHHbIe

MHor#e aIropuT™Mbl MAITHHHOTO 0Oy4YeHusT TPEOYIOT Tepeladuul UM CIMpPYKmy-
PUPOBaNHLIY TAHHBIX B TabGJNIHON (hopMme, Tae Kaxkjaoe HabIo1eHne-CcTpoKa
OIKMChIBAaETCS PU3HaKaMuU-cToOaMu. Harpumep, Bo3pact uesioBexa, ero J0XojI
U KOJINYECTBO TIOCETeH it BeO-caliTa 3a MOCJeTHUI MecsII] — BCe 9TO TPU3HAKH,
KOTOPBIE MOTYT TIOMOYb TIPE/ICKA3AT, MOITUINETCS JIU YETIOBEK HA OITPE/IETIEHHYTO
OHJIAIH-YCIIyTY B ciaeyiomnieM Mecsiiie. CTPYKTYPUPOBAHHYIO TaOJIHILY € 9TUMU
MPU3HAKAMU MOKHO ObLIO OBl HCIOJIB30BATh JIJIst 00YYEeHUSsT JTOTHCTUYECKOM pe-
rpeccud, caydaiHoro jeca nin Moaenn XGBoost mia mpeackazanmsa oTBeTa Ha
BoIIpoc, moanuIineTcs aToT yenoBek (1) uam met (0). 371ech KaykAbIN OTAETHHBII
MPU3HAK COAEPKUT KPYIHILy WH(MOPMAIUU O HaOJIIOAECHIH, U, aHAJTM3UPYS UX,
MOJIEJTb CMOYKET Y3HATD, KAK BCE 9TH MIPU3HAKU B COBOKYITHOCTHU BJIUSIIOT HA OTBET.
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[Tox necmpyxkmypuposarnvimu TAaHHBIMU TTOPA3yMEBAIOTCS JIIOObIE TaHHbBIE, HE
CTPYIIIMPOBAHHBIE €CTECTBEHHBIM 0OPA30M B CTOJIOIBI TPU3HAKOB, HATIPUMED
n300paskeHusl, ayino3aicy u Tekcet. Koneuno, n306paskeHnst IMEIOT IPOCTPaH-
CTBEHHYIO CTPYKTYPY, ayIN03aMNCH — BPEMEHHYIO, BUIE03ATTNCH — W TPOCTPaH-
CTBEHHYIO, ¥ BDEMEHHYT0, HO TOCKOJIBKY JIaHHbIE He PACTIPEIEICHBI IO CTOJIOIIaM
MPU3HAKOB, OHW CYUTAIOTCS HECTPYKTYypUpoBaHHbIMU (puc. 2.1).

Korma nanmbple HE CTPYKTYPUPOBAHBI, OTAEeIbHbIE MUKCEBI, YaCTOTHI WU
CUMBOJIBI HE HECYT TTOYTH HUKAKON nHbopMannu. Hanpumep, 3Hanme TOTO,
uT0 234-it muKcesa B M300pasKeHUU MMEET TEMHO-KOPUYHEBBII 11BET, HUKAK He
MOMOTAET OIPEIETUTD, YTO H300PAKEHO — JIOM WJin cobaka. TOYHO Tak Ke 1 3Ha-
HUE TOTO, YTO 24~ CUMBOJI B TIPEJIJIOKEHNH — 9TO OYKBa e, HUKAK He TI03BOJISIET
CY/IUTD, O YeM TOBOPUTCS B TEKCTE — 0 (hyTOOIIE Mith 0 osmTrKe. [Tukcesbt (cum-
BOJIbI) — HTO JIMIIb Ma3KK Ha XOJICTE, U3 KOTOPBIX cOOpaHbl HHMOPMaTUBHBIE
npusHaKy GoJiee BBICOKOTO YPOBHST: M300paskeHue IbIMOXO0/a WU CJI0BO Hanada-
touguii. Ecim m306pasuTh IBIMOXOJL HA JIPYTOi CTOPOHE I0Ma, TO U300pakeHne Bee
paBHO OyzieT coaepskaTh IBIMOXO/, HO Ta e WHMOopMaIs OyAeT mepeiaBaThCst
COBEPIIEHHO JAPYTUMHE TTHKcenaMu. EC/i cJIOBO Hanadarouyuil OSIBUTCS B TEKCTE
4yTh PaHbIlle WU YyTh TI03Ke, TO TEKCT BCe PaBHO OyAET MOBECTBOBATH O (hyT-
6oJie, HO Ty ke nH(MOPMAIUIO OYAYT TepeaaBaTh CUMBOJIBI B JAPYTOil TIO3UIIHL.
[leTampHOCTD TaHHBIX B COYETAHWHN C BBICOKOU CTEMEHBIO MTPOCTPAHCTBEHHON
3aBUCHUMOCTH HE TI03BOJISIET PACCMATPUBATh MUKCEJ (CUMBOJ) KaK OT/AEIbHBIIH
nH(MOPMAIMOHHBIN TIPU3HAK.

CTPYKTYPUPOBAHHbBIE JAHHBLIE HECTPYKTYPUPOBAHHBIE JAHHbIE
id age gender height (cm) location
0001 54 M 186 London . L
0002 35F 166 New York terrible!
0003 62 F 170 Amsterdam
0004 23 M 164 London ok

b Your website is

0005 25 M 180 Cairo great!
0006 29 F 181 Beijing _
0007 46 M 172 Chicago images audio text

Puc. 2.1. Pa3Huua Mexay CTPYKTYpUPOBaHHbLIMU
N HECTPYKTYPUPOBAHHBLIMU AAHHbLIMU
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Ecin 06y4uTh aJropuT™ JOrMCTUYECKON PErpeccru, Cayd4alHoro jgeca uin
XGBoost Ha HCXOAHBIX 3HAYEHUSIX MMUKCEJIOB, TO 0OyUYeHHasT MOJEIb YaCTO
Oyner paboTaTh MJIOXO0 MOYTH BO BCEX CJYUAsIX, KPOME CaMbIX IIPOCTHIX 3aj1a4
KaccuUKaIMm. DTH MO MOJIaraloTcs Ha MH(MOPMAaTUBHOCTD BXOAHBIX ITPH-
3HAKOB U UX TPOCTPAHCTBEHHYIO 3aBUCUMOCTD. Moies rirybokoro o0ydeHus,
HAIIPOTHB, CIIOCOOHBI CAMU BBISIBJISITH BBICOKOYPOBHEBbBIE MH(MOPMATUBHbIE ITPH-
3HAKM HEMTOCPEICTBEHHO U3 HECTPYKTYPHPOBAHHBIX AaHHBIX. [TTyO0KO€E 00yUeHme
MOZKHO TIPUMEHUTD U K CTPYKTYPUPOBAHHBIM JaHHBIM, HO €0 HACTOSIIIAsT MOTITb,
0COOEHHO B reHepaTUBHOM MOJIEJINPOBAHIHY, 3AKII0YAETC B CIIOCOOHOCTH Pabo-
TaTh ¢ HECTPYKTYPUPOBaHHBIMU AaHHBIMU. HaM vare Tpedyercs reHepupoBath
HECTPYKTYPUPOBAHHbBIE JaHHBIE, TAKUE KaK HOBbIE M300PasKeHUsT MU CTPOKU
TEKCTa, ¥ KIMEHHO [09TOMY TJIyOOKOe 06ydeHne 0Kasasio Takoe GOJIbIIoe BJAMSHUE
Ha chepy TeHepaTHBHOTO MOZIECIUPOBAHMSL.

Fny6oKne HelMpPOHHbIE ceTH

BosbmuHCTBO crcTeM riryboKoro 00ydeHust IPeACTaBIsaIoT coO0il uckyccmaen-
note neuponnvie cemu (Artificial Neural Networks, ANN) min ipocto HeiipoHHbBIE
CETU C HECKOJIBKIMU CKPBITBIME CJTIOSIMHU, HAJIOKEHHBIMU APYT Ha Apyra. [To aToit
[PUYIHE TEPMUH 21y60K0e 00yuenue Terepb CTal MOYTH CHHOHUMOM TepMIHA
enyboxue netiponrole cemu. OTMETHM, OGS CUCTEMA, HCTIOTB3YIOMIAs HECKOJIBKO
CJIOEB [IJIsI BBISIBJIEHUST BBICOKOYPOBHEBBIX TIPEICTABIEHIUIN BO BXOIHbIX TAHHBIX,
TaksKe sBJsieTcss GopMoil riryboKoro oOydyenusi (Harmpumep, ceTu TayOoKoro
nosepust (belief networks) u rimy6okue manuabr Bosbiivana (deep Boltzmann
machines)).

JIist Hawasta pacCMOTPUM B OOIIIX YepTax, Kak rryOoKast HeHPOHHAS CETh MOKET
reHepUpOBaTh ITPOTHO3BI, OTIMPAsICh HAa KOHKPETHbBIE BXOHBIE JaHHbIe. [ryGoKast
HEWPOHHAs CEThb COCTOUT U3 MOCJIEI0BATEIHHOCTHU CJIOEB, HATIOKEHHBIX JPYT HA
npyra. Kaxapiil ol comep:KutT y3ivt (HEHPOHDI ), CBSI3AHHBIE € y3JIaMU B TIpe-
JIBIIYIIEM CJIOE TIOCPEACTBOM Habopa 6ecog (BecoBbIX KOadduIreHToR). Kak Mb
YBUJIUM Jlajiee, CYyNIeCTBYET MHOTO Pa3HbIX TUIIOB CJIOEB, HO Ha MPAKTHIKE Yalle
BCETO MCIOJB3YIOTCS nonHocessanvle (dense) cIou, coeMHSIONINE KasKIbIil
CBOH y3eJl CO BCeMU y3JaMt B IpebiyteM cioe. [Ipu Hamoxkennn cioes apyr
Ha ZIPyTa y3Jbl B KAKIOM TOCJIEAYIONIEM CJIO€ TOJIyJYatoT BO3MOKHOCTD TIPE]I-
CTaBJISATH BCe OoJiee CII0KHbIE ACTIEKThI BXOTHBIX TaHHBIX.

Hanpumep, cioii 1 Ha puc. 2.2 COCTOUT U3 y3JI0B, aKTUBUPYIOLMIMXCST CUIIbHEE,
Korzia 0OHapy;KUBAIOT OIpeie/ieHHble 0a30Bble TPU3HAKKM BO BXOJIHOM H300pa-
JKEHUH, TaK¥e KaK Kpasi U IpaHuIlbl. BbIXOHbIE JaHHbIE U3 9TUX Y3JIOB 3aTeM
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MepeatoTcs B Y3JIbl YPOBHS 2, KOTOPBIE MOTYT UCIIOJIb30BATh 3TY HH(MOPMAIIUIO
U1t OOHAPYsKEHUsT 4y Th GOJIee CIOKHBIX TIPU3HAKOB, 1 T. 1. KyJibMUHAIINE 5TOTO
HpoIIecca SIBJISIETCS BBIXOIHOM YPOBEHD B KOHIIE: OH BBIBOJMT HAOOP YnCeJI, KOTO-
pble MOKHO TPeoOpasoBaTh B BEPOSITHOCTH MPUHA/IIEKHOCTA UCXOAHBIX TaHHBIX
K OJ[HOI1 13 7 Kateropuii. Bosme6eTBO TiryOOKHX HEHPOHHBIX CETell 3aKII04aeTCst
B UX CIIOCOGHOCTH HAXOUTh HAGOPbI BECOB VIS KAXK/IOTO CJIOsT, TAIOIINe HanboJiee
TOYHBIE MTPOTHO3BI. IIpoItece moncka sTUX BECOB HA3bIBAETCST 00yUCHUEM CETH.

B nportecce obydyeHust cetn mepeaaoTcs makeTbl H300pakeHil 1 MOJIyYeHHbIe
Pe3yabTaTbl CPaBHUBAIOTCA C UCTUHHBIMU. OH_H/I6Ka B IIPOTHO3UPOBAHUN 3aTEM
pacrpocTpaHsercst 00paTHO MO CETH M KOPPEKTUPYET KasK/Ablii Habop BECOB Ha
HeGOJIbIIYIO BeIMYMHY B HATIPABJICHNH, YIy4IIAOIEeM IPOrHO3. TOT MPOLECC
TaK W HasbIBaeTcs: obpammuoe pacnpocmpanenue. I10CTENEHHO Kax /bl y3e
CTAaHOBUTCA KBaJII/Iq)I/IHI/IpOBaHHI)IM B onpege/ieHn KOHKPETHOTO ITPpU3HaKa, 4YTO
B KOHEYHOM UTOT€E IOMOTAET CETH IeIaTh 00JIee TOYHbIE TPOTHO3DL.

[my6okue HEHPOHHBIE CETH MOTYT UMETD JIDOOE KOJIMYECTBO CII0EB B CEPE/INHE,
KOTOpbIe Ha3bIBAIOTCsT ckpormuimu. Haipumep, cetb ResNet!, npennazuauennast
JUISE pacTio3HaBaHust U300pakeHuii, copep:kut 152 cinos. B rmase 3 Mbl yBummmM,
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Puc. 2.2. lnarpamMma, NpeacTassiollasl OCHOBHYIO MAE0 Fy6oKoro 0byyeHms

! Kaiimunr Xe (Kaiming He) u 1p., «Deep Residual Learning for Image Recognitions, 10 ze-

kabps 2015, https://arxiv.org/abs/1512.03385.
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4To rIyOOKUE HEHPOHHbBIE CETH MOKHO UCIIOJIb30BaTh JIJisi U3MEHEHUS BHICOKO-
YPOBHEBBIX MPU3HAKOB M300paskeH il (1IBET BOJIOC WIIH BHIPAsKEHIIE JIUIA) Ty TEM
PYYHOH HACTPONKHU 3TUX CKPBITHIX CJI0EB. ITO BO3MOKHO TOJBKO TIOTOMY, YTO
HauboJiee TIIyOOKHE CJIOU CETHU BBISIBJISIIOT BBICOKOYPOBHEBbIE MTPU3HAKH, C KO-
TOPBIMH MOKHO paboTaTh HAIIPSIMYTO.

A teriepb nepeiiieM K MpaKTHYECKOI CTOPOHE TIIyOOKOT0 00Yy4YeHUsT U HACTPOUM
Keras u TensorFlow — aBe 6ubmoTexu, KOTOpbIe TO3BOJIAT BaM HauaTh CO3/a-
BaTh CBOM COOCTBEHHbBIE reHepaTUBHBIE IIyOOKHe HEPOHHBIE CETH.

Keras n TensorFlow

Keras — s10 BhicOKOypOBHeBast 6ubanoreka aas Python, npeannasHadenHas
JUISE KOHCTPYMPOBAaHUsT HEHPOHHBIX ceTell, U OCHOBHast OGMOINOTEKA, KOTOPYIO
MbI Oy/IeM UCII0JIb30BaTh B 9TON KHUTE, DTO Ype3BblYaiiHO THOKast OubmoTeKa
¢ oueHb yao006HbIM API, 4TO esaer ee uaeasbHbIM BHIOOPOM I/l HAUaJIbHOTO
3HAKOMCTBa ¢ IiiybokumM obydyenrem. Kpome Toro, Keras npeziaraer MHOKECTBO
CTPOUTEBHBIX OJIOKOB, 00BEAMHSIS KOTOPbIE MOKHO CO3/[aBaTh OYE€Hb CIOKHBIE
APXUTEKTYPBI TIIYOOKOTO 00yUeHUsI.

Keras He BBITIOJIHSET HU3KOYPOBHEBBIE ONIEPAIK ¢ MACCHBAMU, KOTOPbIE HEOO-
XOIIMMBI JIJIst 0OyUeHUsT HEHPOHHBIX ceTeit. J[JIst 9TOI e/ OHa UCIOJIb3YET O[HY
u3 Tpex Hu3KoyposHeBbix Oubanorek: TensorFlow, CNTK u Theano. Bbr moskere
BbIOpATh Ty, KOTOpas JJist Bac yo0Hee 1In KoTopas OblcTpee paboTaer ¢ ceTsiMu
¢ KOHKPETHOI apXUTeKTYpoil. B 60JbIMHCTBE ciryyaes He nMeeT GOJIBIIOro 3Ha-
YeHUs1, KaKOH BapraHT BBl BBIOEPETE, TOTOMY 4TO OOBIYHO BaM He MoTpebyeTcst
nucath KO, HAPSIMYIO MCIOJIb3YIONINN HU3KOYPOBHEBbIe DYHKIIMHU. B aToii
KHHre MbI ucroabsyeM TensorFlow, Tak kak ona sBisgercs HanboJsiee MHUPOKO
PacIpoCTpaHeHHON 1 XOPOIIO TOKYMEHTIPOBAHHOIM.

TensorFlow — a10 6rbmoreka a1t Python ¢ OTKpbITBIM HCXOIHBIM KOJIOM, TIPE/I-
HazHaYeHHast [Jist MAIIMHHOTO 00y4eHus u paspaborattast B Google. Ceituac a10
ojtHa u3 6ubIMoTEK, HarbOJIee IMUPOKO UCTIOIB3YEMbIX B PEIIEHHSIX MAITHHOTO
o6y4eHust, IpudeM ¢ 0cOObIM YIIOPOM Ha MaHUITY IMPOBaHKe TeH30paMu (0TCIo/1a
U TaKO€e Ha3BaHUe).

TeH30pbI B KOHTEKCTE TITyOOKOr0 00YYEHUsT — 9TO POCTO MHOTOMEPHBIE MACCH-
BBI, KOTOPBIE XPAHAT JaHHbIE, TIPOXO/IATINE Yepe3 ceTh. Kak MBI yBUANM Jadee,
TTOHUMAaHUe TOTO, KaK KaXKIbI CTIOM HEHPOHHOU ceTu n3MeHseT (hopMy TaHHBIX
[IPU UX TIPOXOKIEHNUH, SIBJISIETCS COBEPIIEHHO HEOOXOIUMBIM JIJISI UCTUHHOTO
MOHUMAHUST MEXaHUKU TTyOOKOTO OOy IEHHsI.
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Ecymi BbI TOJIBKO HaYMHAETe 3HAKOMCTBO € TJIyOOKUM 0OYYIeHUEM, sl HACTOSITETLHO
pekomenjyto BeiOparh Keras ¢ HuskoyposHeBoii Oubsmorekoit TensorFlow kak
OCHOBHbIE HHCTPYMEHTBI. DTH JiBe OMOIMOTEKN 0OPa3yI0T MOIIHYI0 KOMOUHA-
II110, C MTOMOIIBIO KOTOPOIi BbI CMOJKETE MTOCTPOUTH JIFOOYIO CETh, KAKYIO TOJBKO
CMOJKeTe TPeCTaBUTh, U TpejaraioT MpocToil B ocBoeHun API, 94To odenp
BayKHO LTSI 6BICTpOI‘O BOILJIOIIEHUS HOBBIX WU/€ U ITOHATUI.

Bawa nepBasn rny6okaa HeilipoOHHaA ceTb

Jliist Havasa ybeinMest, HaCKOJIbKO JIETKO CO3/IAl0TCsT TTyOOKIe HEPOHHbIE CEeTH
¢ nomoribio Keras. B xauectse pa60qer0 IIpuMepa UCII0JIb3yeM 670xkHOT 02_01_
deep_learning_deep_neural_network.ipynb miist Jupyter Notebook us perosutopust
C IpUMEPaAMU 7T KHUATH.

3arpyska gaHHbIX

B sTom npumepe mMbl ucnosbdyem Habop manubix CIFAR-10, Kosmekiuio
u3 60 000 nBerHbIx M30OpakeHuil 32 x 32 mukceaa, BXOAALINI B cOCTaB
auctpubyTrBa Oubanorekn Keras. Kaskoe nsobpaskeHue npuHa/Ie;KuT OAHOMY
U3 MeCSTH KaaccoB (puc. 2.3).

Cuieytonuii Ko/ 3arpyskaer u MaciiTabupyeT UCXOAHBIE JaHHbIE:

import numpy as np
from keras.utils import to_categorical
from keras.datasets import cifarile

(x_train, y_train), (x_test, y test) = cifarl0.load data() @

NUM_CLASSES = 10

x_train = x_train.astype('float32') / 255.0 @
x_test = x_test.astype('float32') / 255.0

y_train = to_categorical(y_train, NUM_CLASSES) ©
y_test = to_categorical(y_test, NUM_CLASSES)

O 3arpyska Habopa manueix CIFAR-10. x_train 1 x_test — 9T0 MacCHUBBI humpy
c hopmoii [5ee00, 32, 32, 3] 1 [10000, 32, 32, 3] COOTBETCTBEHHO.y_train
1 y_test — 9TO MaccwBHI numpy ¢ (DOpMOIi [50000, 1] 1 [10000, 1] COOTBET-
CTBEHHO, cojiepsKaliie 1eouncaeHHbie MeTKH oT 0 10 9, KOTOpbIe OIPeNesTIoT
KJIACC KasKI0TO U300PasKEeHNUs].
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@® llcxommble JaHHBIE MTPEACTABIEHB MACCTBOM ITUKCEJIOB, B KOTOPOM KasK/IbIi
KaHaJI I[BeTa KayKJIO0ro IUKCceIa IIpeicTaBieH 1esbiM yncaom ot 0 go 255. Heii-
POHHBIE ceTH PabOTAIOT JIydlile, KOT/a BXOJ[HbIE 3HAYEHWST HAXOASATCS B JIHa-
masore oT —1 710 1, TOATOMY MBI IOJIKHBI PaseuTh Yrcaa Ha 255.

© Taxke HYKHO M3BMEHUTB IEJI0YNCICHHBIE METKU N300PasKeHUI, IPEBPATUB UX
B BEKTOPBI IIPSIMOT0 KopnpoBanust. Eciiu estourciieHHast MeTka, 0003HaYaonast
KJIacc M300paskeHust, UMeeT 3HaueHHe i, TO COOTBETCTBYIOIIUIT €l BEKTOP IIPSIMOTO
KkofupoBanus uMmeet jnny 10 (uncso kraccoB), ¢ HyJISMH BO BCEX 2JIEMEHTAX,
KpOMe i-r0, KOTOPbIi paBen 1. B cBs3u ¢ aTuM y_train 1 y_test moJryyaioT HOBbIE
dopMmbI: [50000, 10] 11 [10000, 10] COOTBETCTBEHHO.

Puc. 2.3. MNMpuMepbl n3o6paxeHnin n3 Habopa AaHHbIX CIFAR-10!

' Ucrounuk: Anexc Kpukesckuii (Alex Krizhevsky), «Learning Multiple Layers of Features
from Tiny Images», 2009, https://www.cs.toronto.edu/~kriz/cifar.html.
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Crout 0c060 oT™MeTUTH (hOPMY JaHHBIX, IPEACTABISAIONINX U300PAKEHNS B X_
train: [50000, 32, 32, 3].IlepBoe uzMepeHue 3TOTO MacCuBa ONpPeeisaeT
MHJIEKC U300pakeHrs B Habope JaHHbBIX, BTOPOE U TPEThe — pasMepbl M300pasKe-
HUs', a Moc/IeiHee — MHAEKC KaHasa (TO eCTh KpACHbIM, 3€JIeHbII NN CUHUIA, 110-
TOMY uTO n300paskerust xpausarcst B hopmare RGB). B atom Habope 1aHHBIX HET
HU cmoa61086, H CMpPOK, HO €CTh MeH30p ¢ YeThIPhM n3Mepenusmu. Hampumep,
CIIEAYIONINN 97eMEHT COOTBETCTBYET 3HAUEHMIO 3eeHoro Kanana (1) mukcena
B nozutmn (12,13) nzobpaskeHust ¢ HOMEPOM S4:

x_train[54, 12, 13, 1]
# 0.36862746

KoHcTpynpoBaHune mogenn

Keras npeiaraet iBa criocoba orpeziesienisi CTpyKTypbl HEHPOHHOIT CETH: B BH/IE
MO/JIeJTH Sequential Mau ¢ ToMoIbIo hyHKIIMoHATbHOTO API.

Mogenb Sequential yz0OHO UCIIOIb30BATh, KOTAA HYKHO OBICTPO OIIPENeNUTh
JMHENHYTO TTOCTIE0BATENBHOCTH CJI0EB (TO €CTh KOTJA OUH CJIOH Hemocpe-
CTBEHHO CJIE/LYeT 3a MPEAbILY M 6e3 Kakoro-11u00 BeTBiieHus ). O[HaAKO MHOTHE
MOJIEJIH, TTPEICTABJIEHHbBIE B 9TOI KHUTE, TPEOYIOT, 4TOOBI CIIOU MEPeIaBaIi CBOH
BBIXO/IHBIE JJAHHbBIE CPa3y HECKOJbKUM CJIOSAM, HAXOASAIUMCS 32 HUMU, WJIU, Ha-
060poT, YTOOBI CJIOH TOJTyYa/l BXOAHBIE JAHHBIE OT HECKOJIBKUX CJIOEB HePe]l HUM.

Y106l TOCTPOUTH CETh C BETBJIEHUSIMH, HYKHO HCIIOJIB30BATh HAMHOTO OoJiee
rubkuii pyukimonaabhbiii APL $I coBeTyio ¢ camoro Hayasa MCIoJab30BaTh
dynxrmonanbabiii AP 6ubaorekn Keras, fase 17ist CO3aHust TMHEITHBIX MO-
JieJieif, IOTOMY YTO 3TO yMEHHE TIPUTOJUTCS BaM TIOTOM, KOT/Ia Balll HePOHHBIE
CeTH CTaHYT CJIOXKHee B apxuTeKTypHoM oTHomeHnn. Dynknnonanbubrii API
JaeT MOJTHYT0 CBOOO/Y B BHIOOPE apXUTEKTYPHI TIIyOOKOI HEHPOHHOIT CETH.

Jluist IeMOHCTpaIK Pas/IMYKii MesKLy 9TUMU ABYMS HOAXOAaMU B JIMCTHHTaX 2.1
u 2.2 mOKa3aHa OjiHA U Ta K€ CETh, PeATN30BaHHAsI C MCIOIb30BAHIEM MOJIEIH
Sequential u ynkironaabroro API. Onpobyiite 06e n oOpaTuTe BHUMaHKE Ha
TO, YTO OHM JIAIOT OJAMHAKOBBII PE3yJIBTaT.

JincTmHr 2.1. Peanuzauusi CETU C UCMONb30BaHNEM Mogenu Sequential

from keras.models import Sequential
from keras.layers import Flatten, Dense

! Vupexcol CTPOK 1 CTOIOIOB B MUKCEIbHOIT MaTpuile n300pakenus. — [pumeu. nep.
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model = Sequential([
Dense(200, activation = 'relu', input_shape=(32, 32, 3)),

Flatten(),
Dense(150, activation = 'relu'),
Dense(10, activation = 'softmax'),

D

JIncTuHr 2.2. Peanunsauusi CETU C UCMO/b30BaHMEM (hyHKLMOHanbHOro API

from keras.layers import Input, Flatten, Dense
from keras.models import Model

input_layer = Input(shape=(32,32, 3))

x = Flatten()(input_layer)

X = Dense(units=200, activation = 'relu')(x)
x = Dense(units=150, activation = ‘relu')(x)
output_layer = Dense(units=10, activation = 'softmax')(x)

model = Model(input_layer, output_layer)>

SIIGCI) MbI UCIIOJIB30BAJIN TPU CJIOS Pa3HbIX TUIIOB: Input, Flatten u Dense.

Cuoli Input — 3T0 TOUKA BX0/a B ceTh. C €ro IIOMOIIBbIO MBI COOOIIAEM CETH, YTO
KasK/IbIil 9JTEMEHT BXO/IHBIX IAHHbBIX nMeeT hopMmy KopTeka. OOparute BHUMAHUE,
MBI HEe YKa3bIBAEM pasMep MakeTa; B 9TOM HET HeOOXOAUMOCTH, TOTOMY YTO MbI
MOJKEM TepeiaTh B CJI0H Input Jii060€e KOIMIecTBO n3o6pakennii. Ham e HysKHO
SIBHO YKa3bIBaTh pa3Mep IaKeTa B OTPe/IeIEHNN BXOIHOTO CJIOSI.

3areM Mbl «CILIIONMBAEM» BXOIHbIE JaHHbBIE, TPeoOpasysl UX B BEKTOP C I10-
MOIIbIO cJiosd Flatten. B pesysnbrate nmonyuaercst Bektop ¢ anunoit 3072 (=
32 x 32 x 3). lenaeTrcs 9TO O TOH NMPUYHHE, YTO MOCIEAYIONINIT CJI0H Dense
Tpebyert, 9TOOBI Ha ero BXOJ MOIaBANCh IaHHbIE B BUJIE TIIIOCKOTO BEKTOPA, a He
B BUJIe MHOTOMEPHOTO MaccuBa. Kak Mbl yBUIUM J1ajiee, APYTUE TUIIBI CJIOEB MIPH-
HUMAIOT MHOTOMEPHbBIE MACCUBBI, TIOITOMY, BEIOMPAst CJIO¥ TOTO WJIM MHOTO THIIA,
BbI JIOJKHBI 3HATH (hOPMY €ro BXOAHBIX M BBIXOIHBIX AHHBIX, YTOOBI ITOHSITD,
KOT/Ia CJIeIyeT NCIIOTb30BaTh Flatten.

CJ101i Dense sIBJIsIeTCS, MOKaIIYii, IPpeoOaaJaIONIMM TUIIOM CJI0sI B J11000ii Hell-
pouHOI cetu. OH COMEPKUT OTMpeNeTeHHOEe KOTUUECTBO Y3JI0B, TTOTHOCTHIO
CBSIBAHHBIX C MPEABLIYIIIUM CJI0EM, TO €CTh KayK/Iblil y3€J B 9TOM CJIOE CBSI3aH
C KQK/BIM y3JIOM B TIPE/IBIJIYIIIEM CJIOE Yepe3 eINHCTBEHHYIO CBSI3b, MMEIOIIYIO
Bec (KOTOPBIN MOKET OBITh MOJIOKUTENBHBIM HJIN OTpUllaTeIbHbIM ). Ha BbIxoze
KaKIBIN y3€JI BO3BPAIIAET B3BEIIEHHYI0 CYMMY BXO/IHBIX TAHHBIX, TTOJYIEeHHBIX
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OT IIPEABIAYIIEro CJI0d, KOTopasd 3aTeM IepefaeTcs CAeyIoleMy CJI0I0 Yepes
HeJTMHENHYI0 Qynkyuio axmugaruyu. OyHKINS aKTUBAINN UTPAET BAKHENTITYTO
POJIb B CITOCOOHOCTH HEMPOHHOMW ceTH 00y4aThCsl — BBISABJSTD CJIOKHBIE TIPHU-
3HAKM, a HEe TIPOCTO BHIBOANUTH JTMHEHHYIO KOMOMHAINIO BXOAHbIX JaHHBIX.

CyiecTByeT MHOTO BUIOB (DYHKIIMIT aKTUBAIIUH, HO HarboJIee BaXKHBIMU M3 HUX
saistiorcst ReLU, sigmoid u softmax.

DOyuknns aktusanun ReLU (Rectified Linear Unit — 610k JmHefHON pekTrdi-
KaI[i1 ) BO3BPAIaeT HOJIb, €CJIN BXOJIHOE 3HAUEHHE OTPUIATEBLHOE, 4 B OCTAb-
HBIX CJyYasix BO3BpAIaeT camo BXojaHoe 3HadeHne. DyHKINS akTUBAINN
LeakyReLU ouenb noxosxka Ha ReLLU, Ho, B oriimune ot ReLU, aiist orputiatesib-
HBIX BXO/HBIX 3HAYEHMIT OHAa BO3BPAIIlaeT He HOJIb, @ HeOOJIBIIOEe OTPUIATEbHOE
YUCJI0, TPOITOPITMOHATBHOE BXOTHOMY 3HAUEHUIO. Y3JIbI ¢ (DYHKITHEN aKTHBAIIIHT
ReLU MoryT mHOTIA yMUpams, v BCETIa BO3BPAIIAIOT HOJIb M3-3a 6OJIBIIOTO
CMEIIeHUsT TTPEaKTUBAIINY B CTOPOHY OTPHUIATETbHBIX 3HaYeHnIi. B aToM ciry4ae
IPaJIMEHT MMOJIyYaeTCsl PAaBHBIM HYJIIO U Y€Pe3 9TOT y3eJl He TIPOUCXOJUT 0Opar-
Horo pacnpoctpanenus omubOku. Oyukius akrusaiun LeakyReLU pemraer
pobJieMy, rapaHTHPYS, YTO TPaJreHT He OyIeT paBeH HyJ 0. B HacTosiee Bpemst
cunTaeTcs, 9to GyHKINN, ocHoBaHHble Ha RelLU, siBaistioTest Hanbo ree HalesKHbI-
MU MHCTPYMEeHTaMU JIJIs Tlepeiadn nHGOPMAILUU MEKLY CIOAMU TIIyOOKOH ceTu
1 cTabUIBHOCTH O0YYEeHMUS.

DyHKIUS aKTUBAINY Sigmoid MOKET TIPUTOIUTHCST, KOT/Ia TPeOYeTCst, 4T0ObI BbI-
XOJIHBIE 3HAYECHHS MACIITAOUPOBAIINCH B inarnasone Meskay 0 u 1, kak, Harpumep,
B 3a/1a4ax OMHAPHOIT KTacCu(DUKAINH € OJTHUM BBIXOHBIM Y3JIOM WJIN B 3a/[a4aX
KJIacCU(UKAINU ¢ HECKOJBbKUMHU METKAMH, KOT/la KaskK[0e HabJII0IeHne MOKET
OTHOBPEMEHHO ITPUHA/IJIEKATh HECKOJIBKUM KJaaccaM. /{1 cpaBHeHUS Ha puc. 2.4
nokasatel rpaduky pyurimii aktuBanun ReLU, LeakyReLU u sigmoid.

BbIXOA, BbIXO[, BbIXOA (y) 1
v ) Y= TEew
y=x y=x
0.5
y=0 BXOA (x) BXOA, (x) BXOf (]
y=ax
RelLU LeakyRel U Sigmoid

Puc. 2.4. ®yHkumm aktmeaumm RelLU, LeakyReLU u sigmoid
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DyHKIMST aKTUBAIUY SOftMax MOKeT MPUTOAUTHCST, KOTIa TpeOyeTcst, 4TOObI
o0111ast CyMMa BBIXOIHBIX 3HAYEHUIT CJ10s1 Oblila paBHA eNHUIIE, KaK, HATIPUMED,
B 3a/[a4aX MHOTOKJIACCOBOI KJTacCu(DUKAIINK, KOT/Ia KasK/I0e HabJTI0eHIe MOKET
TIPUHA/JIEKATH TOJBKO K 0JJHOMY KJaccy. OHa ompesesnsgeTcs Kak

X

et

yl = ] v,
E',:,e“

3nech J — obiiiee Yrcio y30B B ciioe. B Hateil HeHPOHHOM ceTr MbI ICTIOIb3yeM
AKTUBAIMIO SOftmax B MOCIIEIHEM CJIOe JIJIsI TIOTyYeH s Ha BBIX0/ie Habopa n3 jie-
CSITH BEPOSTHOCTEH, CyMMa KOTOPBIX paBHA eIMHUIIE. DTH BEPOSITHOCTH MOKHO
MHTEPIPETHPOBATH KAK BEPOSTHOCTH MPUHAIIEKHOCTH U300PasKEHUST KAKIOMY
knaccy. B Keras dyHKIIMM akTuBaninm MOKHO TaKyKe OMPENENSITh B OTI€TbHOM
cJroe, HaTpuMep:

X
n

Dense(units=200)(x)
Activation('relu')(x)

X
n

ITOT KO/l 9KBUBaJICHTEH CJIE/IYIOIIEMY:

x = Dense(units=200, activation = 'relu')(x)

B Hamem npuMepe MbI ITPOTTyCKaeM BXOJIHBIE JIaHHbBIE Yepe3 /[Ba TIOJTHOCBSI3AHHBIX
CKPBITBIX CJ10s1, TiepBbiil — ¢ 200 y3mamu, a Bropoii — ¢ 150, 1 06a ¢ byHKIsIMu
aktuBaiuu ReLU (puc. 2.5).

byHKUMS aKTUBALMN  (DYHKUMS aKTUBALMK  (DYHKLMS aKTVBALIAN
(relu) (relu) (softmax)

0.15 camoneTt

BXOHOW 4/, N @ 0.36 kopabsib
crow /1~ NX \ \
(32 x 32 x3) )\ -0 i Nl @ 005  rpysosuk
cnovi npeobpa3oBaHnst  NMONMHOCBSA3AHHbIN NONHOCBS3aHHbIN NONHOCBSI3aHHbIV
MaccyBa B BEKTOP cron (200 y3noB) cnion (150 y3noB) cnoti (10 y3nos)

Puc. 2.5. CxeMa HelpOHHOM ceTu, obyyatouleiicst Ha Habope AaHHbIX CIFAR-10
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[Tocemnuii mar — onpezesieHne caMOil MOJIEJIN C MCITOJTb30BaHUEM Kyracca Model.
B Keras moziesb oripeiesnisieTcst BXOJHbIM U BBIXOJIHBIM CJIOSIMU. B 1anHOM ciry-
yae MMeeTCs OJIMH BXOIHOU CJION, KOTOPBIM MBI OIIPE/IEJIAIIN BBIIIIE, a BBIXOIHON
CJIOU — 9TO TOCTIETHUN CJIOH Dense € IECATHIO y3aaMu. Tak:Ke eCTh BO3MOKHOCTb
OTIPENIENTUTh MOJIETh C HECKOJTPKIMU BXOAHBIMI U BEIXOAHBIMU CIOSIMU; KaK 3TO
JIeJTAeTCST, MBI YBUIMIM JTaJIee.

Dopma BXOZHOTO CJI0ST B HAIIIEM IPUMePe COOTBETCTBYET hopMe x_train, a op-
Ma BBIXOJIHOTO CJIOs Dense COOTBETCTBYeT hopMme y_train. YOeauThest B 9TOM
MOJKHO C TTOMOIIIBIO MeTO/1a model.summary (), KOTOPBIN BBIBOJIUT (POPMBI BCEX
CJIOEB B CETH, KaK 1I0Ka3aHo Ha puc. 2.6.

Layer (type) Output Shape Param #
input_1 (InputLayer) (None, 32, 32, 3) 0
flatten_1 (Flatten) (None, 3072) 0
dense_1 (Dense) (None, 200) 614600
dense_2 (Dense) (None, 150) 30150
dense_3 (Dense) (None, 10) 1510

Total params: 646,260
Trainable params: 646,260
Non-trainable params: 0

Puc. 2.6. CBogHas nHdopmaums o cetu

O6patuTe BHUMaHUE: 4TOOBI TOKA3aTh, YTO KOJUYECTBO HAOMIOAEHIH, KOTOPbIE
OyIyT Tlepeanbl B CETh, TIOKA Hen3BecTHO, Keras ncnosb3yer Mapkep None.
Ha camoMm jiesie 9T0 4KCII0 U He HY3KHO; MBI MOKEM TI€PEATh B CETh M OJHO
Ha6.7HO[[eHI/Ie, " ThICAYY, IOTOMY YTO TE€H3O0PHbIEC OIl€pallul IIPOBOAATCA 110
BCeM HAOJIIOICHUSIM OJTHOBPEMEHHO € UCIIOJIb30BAHUEM AJITOPUTMOB JINHEIHON
anreGpbl, KoTopbie peasnusyet 6ubanoreka TensorFlow. Dtum ske 06ycioBieHo
" yBeJIM4eHunue IMMpou3BOJUTEIbHOCTH, KOT' A 06yquI/Ie F]Iy6OKI/IX HeflpOHHbIX
ceTell TPON3BOANTCS HA TPAbUUECKUX MTPOIIECCOPAX BMECTO OOBIYHBIX: Tpadu-
4ecKue MPOIECCOPhI ONITUMU3UPOBAHBI JIJIsI YMHOKEHUsT OOJIBIINX TEH30POB,
IIOTOMY 4YTO 9TU BbIYUCJIEHUSA TaAKIKE H606X0[[I/IMBI JJI CJIOKHBIX MaHI/IHyJIHHI/H./JI
¢ TpauKOI.
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Mertoz summary Tak:ke BHIBOAUT KOJIMYECTBO TTAPAMETPOB (BECOB), KOTOPBIE OY/IyT
06y4JaThest B KaxI0M ciioe. Eciii Bbl 0OHApy:KUTe, YTO Ballla MOJIETh 00ydYaeTcst
CJIUIIITKOM ME/IJIEHHO, TO BBIBEIMTE CBOAHYIO HH(MOPMAIINIO, 4TOOBI YBUIETH, ECTh
JIN B CETH KaKue-HUOY/b CIOM ¢ OTPOMHBIM KOJITIECTBOM BecoB. Eciti Takue ciion
UMEIOTCsI, TO TIOyMaliTe Ha/l TeM, MOJKHO JIK YMEHBIIUTh YUCJIO Y3J0B B CJIOE,
4TOOBI YCKOPUTH 00y YEHIE.

Komnunayna mogenn

Ha aTom sTamne mpon3BoANTCS KOMIMJIATINS MOJENH € 3aJaHHBIMU O TUMU3ATO-
poMm u (pyHKIMEH MOTEPh:

from keras.optimizers import Adam

opt = Adam(1lr=0.0005)
model.compile(loss="categorical_crossentropy', optimizer=opt,
metrics=["'accuracy'])

DyHKIMS IOTEPh UCIIOIb3yeTCsl HEHPOHHOM CEThIO /I CPABHEHUS ee TIPOo-
ruosa ¢ ucTuHoi. OHa BO3BpalaeT OHO YUCJIO JJs KaKA0ro HaOI0deH IS,
yeM GOJIBIIIE HTO YHUCII0, TEM XYIKE CETh CIPABUJIACH C IIPOTHO3UPOBAHUEM 9TOTO
HaOTI0/IeHUS.

Keras mpemyaraeT MHOXKeCTBO BCTPOEHHBIX (DYHKIINH MTOTEPD, a TAKKE /JaeT BaM
BO3MOKHOCTD CO3/IaBaTh CBOM cOOCTBeHHbIe. Ha IpaKTHKe Yartie BCero UCIOJIb3y-
10TCst TpU (DYHKITMI: CPeAHEKBAPATHYHAS OITHOKA, MHOTO3HAYHAST TIEPEKPECTHAST
SHTPOIHS 1 OMHAPHAS TTePEKPECTHAST FHTPOITHSL. BaskHO ITOHUMATD, KOT/[A JIydIiie
HCI0JIb30BaTh KOK/IYIO U3 HUX.

Ecun Baima HeitpoHHas ceTh ITpeiHa3Hau€eHa /Ui pellieHns 3a71aun perpeccuu (To
€CTh BBIXOJIHBIE JIAHHbIE [TPE/ICTABJISIIOT 3HAUYEHUsI 3 HETTPEPHIBHOI 00J1acT ), TO
MOKHO UCTIOJIb30BaTh (DYHKIMIO TIOTEPU — CPEOHEKBAOPAMUUHYIO OUUOKY. ITO
cpejiHee 3HaYeHne CyMMBbI KBIPaTOB Pa3HOCTEN MEsK/y MCTUHHBIM 3HAYEHUEM Y/,
U TPOTHO3UPYEMBIM ), B KaK/I0M BBIXO[HOM y3Jie, TJie CpejiHee 6epeTcs Mo BceM
71 BBIXO/THBIM Y3JIaM:

n

1
MSE==Y(y,-p)"

nis
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Ecom nefiponnas ceTh pe/iHa3HaueHA JIJIS PENeHUS 33/[a4i KJIACCUDUKATIIH,
rJie Kaxaoe HabJIioIeHe MOKET OTHOCHTBCS TOJIBKO K OJTHOMY KJIaccy, TO Ipa-
BUJIbHEE Oy/IeT BHIOpATh (DYHKIINIO TIOTEPh, U3BECTHYIO KaK MHO203HAUHAS Nepe-
kpecmuas sumponus. OHa ONPEESIeTCs CIAEAYIONIM 06pPa3oM:

= v log(p,).
i1

Haxowert, eciin HelipoHHAs! ceTh MpeIHasHaYeHa JIJIs PEIeH s 3a[a91 OUHAPHON
KJIacCUDUKAINY C OJTHIM BBIXO/IHBIM Y3JI0M WJIU KJIacCU(DUKAIUY C HECKOJIbKH-
MU MEeTKaMHU, KOT/Ia Kask10€e HabJioieHue MOKET OJIHOBPEMEHHO IIPUHA/TIEKATD
HECKOJIbKUM KJIACCaM, TO CJIe[yeT MCIOJIb30BaTh OMHAPHYIO MTEPEKPECTHYIO
SHTPOTIHIO:

_%Z(% log(p,)+(1-,)log(1-p,))

OnTrMHU3aTOP — 3TO AITOPUTM, UCTIOJIb3YEMBbIil /171sT OOHOBJIEHUST BECOB B HEIi-
POHHOII ceTH Ha OCHOBe rpajreHTa (GyHKImK nmorepb. OMHUM U3 HarboIee 4acTo
UCITIOJIb3YEMBIX U CTaOUJIbHBIX ONITHUMU3ATOPOB siBJsiercst Adam'. B GosbiiHcTBe
Cy4JaeB BaM He TIPUIETCS HaCTPAauBaTh MAaPaMEeTPHI IO YMOJIAHITO OITUMHU3aTO-
pa Adam, 3a uckimoueHneM cKopocTu o6ydeHwst. Yem BhIliie CKOPOCTh 00y JYeH s,
TeM cuiibHee Oy/LyT MEHSIThCS Beca Ha KaskaoM Iare obydenust. ObyueHue npu
6oJiee BBICOKOI CKOPOCTH M3HAYATBHO TIPOUCXOHT OBICTPEE, HO OHO MPOTEKAET
MeHee CTaOMJIBHO M MOJKET He HallTH MUHUMYM (DYHKIIUHU TIOTEPU. DTOT MapaMeTp
MO’KHO HACTPAMBATh U KOPPEKTUPOBATDH BO BPEMST OOy IEHTISI.

Jlpyroii pactipocTpaHeHHBII ONTUMHU3ATOP, C KOTOPBIM BBl MOKETE CTOJTKHYTh-
cst, — RMSProp. PaboTas ¢ HUM, BaM TaKsKe He MPUAETCs 3aHUMAThCS KPOIIOT-
JIUBOYM HACTPOUMKON €ro mapaMeTpoB, HO 51 COBETYIO MTPOYNUTATH TOKYMEHTAINIO
Keras (https://keras.io/optimizers), 4T0OBI MOHSATH POJIb KA OO ITapaMeTpa.

B BbI30B MeTO1a MOJIe/ N compile miepenaeTcss PYHKIMS TOTEPb, ONTUMHU3ATOP
U IapaMeTp metrics, B KOTOPOM MOXKHO IIepeaTh JI0ObIe JOIMOJHUTENbHbIE
METPUKH, KOTOPbIE XOTEJ0Ch ObI TIepeaTh B Mpoiecc 00ydeHust, HalpuMep
TOYHOCTB.

U Nupuepux Kunrma (Diederik Kingma) u /[zxkummu Ba (Jimmy Ba), «Adam: A Method for
Stochastic Optimization», 22 nexabpst 2014, https://arxiv.org/abs/1412.6980v8.
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O6yueHne mogenu

[lo cux 1mop Mbl He Tiepe/lajiyu B MOJIeJlb HUKAKUX JJAHHBIX, & TOJIbKO HACTPOUIN
ApPXUTEKTYPY U CKOMITIJINPOBAIN MOZIED € (DYHKITHEH MOTEePh U OIITUMU3ATOPOM.
Y1065 06YIUTH MOJIEJTB, TOCTATOYHO BBI3BATH METOJ fit:

model.fit(x_train @
, y_train @
, batch_size = 32 ©
, epochs = 10 @
, shuffle = True ©
)

© licxomHble faHHBIE — MACCHUB € M300PaKEHUSMI.
® Metku KJaccoB B hopMate MpsiMoro KOJMPOBAHUSI.

© Ilapamerp batch_size onpezesisieT, CKOIbKO HabJOeHII OyIET IepeaBaThCst
B CETh HA KAK/IOM Iare 00y4eHwusl.

O [lapamerp epochs OIpeseIsIET, CKOJIBKO pa3 ceTh Oy/IeT MPOCMaTPUBATh TOJI-
HBII KOMIIEKT OOYYAIONHX TAHHBIX.

O Eciu shuffle = True, TO TTAKETHI 06yqafomnx ITaHHbIX 6y11yT InepeMenBaTbCsa
CJIy4YaitHbIM 06Pa3oM Tiepe/l KaxKIbIM [IaroM 00ydYeHusl.

Kop 3anyckaer o0yuenwe riyOoKoil HEHPOHHOMN CETH MPEICKAa3aHUIO0 KATerOPHH
nzobpaskenust us Habopa ganabix CIFAR-10. B mportecce oOyuenust Beca ceTu
CHaYaJ/la MTHUIIUAJIUSUPYIOTCA He6OJIbH_H/IMI/I CﬂyqaﬁHbIMH 3HAYEHUAMU. 3aTeM
CETh BBITOJIHSET CEPHIO 1TaroB 0Oy YEHHUS.

Ha kasxaom mare o6yd4eHuss B ceTh HepegaeTcst OJUH MaKeT U300pakeHmit
U B X0/e 00paTHOrO PacIpoCTpaHeHUs OMUOKN KOPPEKTUPYIOTCs Beca. Ilapa-
MeTp batch_size ompezesser KOJIMIeCTBO U306pasKeH i B KaskKIoM makeTe. Yem
GoJibIlie pa3Mep TaKeTa, TeM CTaOUJIbHEe PE3YJIbTaT BBIYUCIEHUS TPAJINEHTa, HO
KasK/IbIil 111ar 06y4YeH st BBIOJIHSIETCST MeiIeHHee. Ecin /171t BBIYMCICHUST TPajii-
eHTa Ha KasK/[OM Iare o0y4eHus HCII0JIb30BaTh BECh HAOOP JaHHbBIX, TO MOTpedy-
€TCsI CJIUIITKOM MHOTO BPEMEHH U BBIUUCJIUTEHHBIX PECYPCOB, TOITOMY Pa3Mep
makeTta 06bIYHO BBIOMpaeTcs B Auamasone ot 32 1o 256. Takike peKOMeHayeTcs
MOCTENEHHO YBEJINUNBATh pa3Mep TaKeTa B rmporecce o0ydyeHus. !

' Camtoasb JI. Cymut (Samuel L. Smith) u ap., «Don’t Decay the Learning Rate, Increase the
Batch Size», 1 nosi6pst 2017, https://arxiv.org/abs/1711.00489.
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model.fit(x_train

¢ Y_train
batch_size=BATCH SIZE
epochs=EPOCHS

shuffle=True)
Epoch 1/10
50000/50000 [=====s======ssssssssssss====== ] - 8s l64us/step - loss: 1.8424 - ace: 0.3354
Epoch 2/10
50000/50000 [ ] - 8s 154us/step - loss: 1.6592 - acc: 0.4048
Epoch 3/10
S0000/50000 [ mmmmm ] - 8s 153us/step - loss: 1.5733 - acc: 0.4381
Epoch 4/10
50000/50000 [ ] - 8s 154us/step - loss: 1.5232 - acc: 0.4579
Epoch 5/10
50000/50000 [ ] - 8s 155us/step - loss: 1.4874 - acc: 0.4698
Epoch 6/10
50000/50000 [ ] - 85 1l65us/step - loss: 1.4569 - acc: 0.4799
Epoch 7/10
50000/50000 [ ] - 10s 208us/step - loss: 1.4281 - acc: 0.4887
Epoch 8/10
50000/50000 [ ] - 8s 165us/step - loss: 1.4038B - acc: 0.4984
Epoch 9/10
50000/50000 [======s==sss=ss====== ] - 8s 153us/step - loss: 1.3797 - acec: 0.5084
Epoch 10/10
50000/50000 [=====s==cccssscssssssss====== ] - 8s 155us/step - loss: 1.3571 - ace: 0.5187

Puc. 2.7. BoiBog MeToaa fit

Tak mpooJIKaeTCs, OKA CeTh He YBUAUT BCe HAOIOIEHIST, UMEIOTITIeCsT B Habope
JAHHBIX. ITUM 3aBeplraeTcs mepBas 3noxa. 3aTeM HauWnHaeTCd BTOPas 310Xa,
Y JTaHHBIe BHOBD MEPEAIOTC B CETh TaKeTaMU. JTOT MPOIIECC TTIOBTOPSIETCS /10
TeX 10, TIOKa He OY/IET TIOCTUTHYTO 3a[aHHOE YHCJIO ATIOX.

B nporecce o6yuenust Keras nundopMupyer o Xo/e BBITIOJHEHKS, KaK M0-
KazaHo Ha puc. 2.7. Kak Buaute, B aToM mpuMepe oOydaoiuii Habop maaH-
Hbix 13 50 000 Habmogenuii 6b11 06paboTan cerbio 10 pas (To ecTh BBIIOJI-
Hero 10 amox) co ckopocTbio mpuMepHo 160 MUKPOCEKYH I Ha HabIogeHueE.
IToTepst MHOTO3HAYHOI TIEPEKPECTHOI sHTponK cHusmiach ¢ 1,842 no 1,357,
YTO MTPUBEJIO K YBEJIMUEHUIO TOTHOCTH ¢ 33,5 % Toce mepBoi anoxu 10 51,9 %
mocJie 1eCATOMN.

OueHka mogenm

MbI 3HaeM, 4TO MoJIeJIb JocTuria Tounoctu 51,9 % Ha obyvatomiem Habope, HO
HACKOJIBKO XOPOILIO OHA CIPABUTCS € JAHHBIMU, KOTOPBIE HUKOI/A HE BUJIEJIA
npeskze? YToObl OTBETUTH Ha HTOT BOIIPOC, MOYKHO MCIIOJIb30BaTh METO/ evaluate
n3 6ubauorexu Keras:

model.evaluate(x_test, y_test)
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Ha puc. 2.8 ITOKa3aHO, YTO BbIBEJI 3TOT METO/I.

10000/10000 [ ] - 1s 55us/step

[1.4358007415771485, 0.4896]
Puc. 2.8. BbiBoa MeToga evaluate

ITOT METOJ BBIBOIUT CIIMCOK OTCJIEKUBAEMBIX METPUK: MHOTO3HAYHAS Iepe-
KpecTHast 9HTPOIKA U TOYHOCTh. TOUHOCTh MoJesin cocTaBisieT 49 % Ha uso-
OpaskeHUsIX, KOTOPble OHA HUKOT/Ia paHbliie He Bujesa. O6parute BHUMaHME:
ecsi ObI MOJIEJIb yTajiblBasia CydaitHbIM 00pa3oM, TO OHa MMesa Obl TOYHOCTD
okosio 10 % (moromy uro numeercst 10 kmaccon), mosromy 50 % — xXoporiwuii pe-
3YJIBTAT, YYUTHIBASI, YTO MBI HCIIOJIB30BAIN OYEHbD TPOCTYIO HEHPOHHYTO ceTh. Mbl
MOZKEM TIPOCMOTPETh HEKOTOPbIE TIPOTHO3BI VISl K300PaskeH i B KOHTPOJIbHOM
Ha60pe, HCII0JIb30BAB METO/I predict:

CLASSES = np.array(['airplane’, ‘'automobile', 'bird', ‘cat', 'deer', ‘'dog’,
‘frog', 'horse', 'ship', 'truck'])

preds = model.predict(x_test) @
preds_single = CLASSES[np.argmax(preds, axis = -1)] @
actual_single = CLASSES[np.argmax(y_test, axis = -1)]

O preds — 310 MaccuB ¢ (popMOii [10000, 10], TO eCTh BEKTOP C JIECATHIO BEPOSIT-
HOCTSIMU TIPUHA/IJIE;KHOCTH K PA3HBIM KJIaccaM ISt KayKI0T0 HaOJII0IEH I

® OJTOT MacCHB BEpPOSITHOCTEN MTpeoOpasyeTcsi B €INHCTBEHHOE TIPe/ICKa3aHIe
C UCITOJTh30BaHMEM (PYHKIIUU argmax U3 numpy. 3/1eCh axis = -1 TIoJ[pa3ymMeBaeT
(byHKIIMIO CBEPTKU MAcCUBA T10 MTOCTeIHEMY U3MePEeHUI0 (M3MEePEHUIO KJIacCOB),
TO eCTb preds_single uMeeT hopmy [10000, 1].

MbI MOKEM ITPOCMOTPETH HEKOTOPbIE N300PAKEHMsI BMECTE C UX METKAMU 1 IIPO-
THO3aMU, BBITIOJIHUB CJIeaytonnii Ko, Kak u 0:kuianoch, TOUHOCTh ITPOTHO3UPO-
BaHM cocTasJsieT mpuMepHo 50 %:

import matplotlib.pyplot as plt

n_to_show = 10
indices = np.random.choice(range(len(x_test)), n_to_show)

fig = plt.figure(figsize=(15, 3))
fig.subplots_adjust(hspace=0.4, wspace=0.4)
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for i, idx in enumerate(indices):
img = x_test[idx]
ax = fig.add_subplot(1l, n_to_show, i+l)
ax.axis('off")

ax.text(0.5, -0.35, 'pred = ' + str(preds_single[idx]), fontsize=10
, ha='center', transform=ax.transAxes)
ax.text(0.5, -0.7, 'act = ' + str(actual_single[idx]), fontsize=10

, ha='center', transform=ax.transAxes)
ax.imshow(img)

Ha puc. 2.9 nokaszatbl HEKOTOPbIE CTyYaiiHO BBIOPaHHbIE M300PAKEHUSI C TTPO-
THO3aMU MOJIEJTV U UCTUHHBIMU METKAMU.

[Tospassiio! Bbl TOIbKO YTO CKOHCTPYMPOBAJN CBOIO TIEPBYIO TITYOOKYIO Heli-
POHHYIO ceTb ¢ noMmolibio Keras u nciosp3oBasu ee sl IPOrHO3UPOBAHUS
HOBBIX JIaHHbIX. HecMOTpst Ha TO 4TO 3Ta 3aj1aua SIBJSETCs 3a1a4eil 00ydeHust
C yuuTesieM, B loc/lelyIoMNX IJlaBax (IIpU pacCMOTPEHUU BOIIPOCOB CO3/1aHus
reHepPaTUBHBIX MOjiesieil) MHOTHE M3 OCHOBHBIX MOHATHH ((YHKIIUH TTOTEPD,
(hynkmm akTBaIIM ¥ (GOPMBI CITOEB U JIP.) HE YTPATAT CBOeil BaskHOCTH. Terepnb
[IOCCMOTPUM Ha BO3MOXKHBIE ITyTH YJIYyUIIeHNs 9TOH MOJIe/IN BBEAECHIEM HECKOJIb-
KHX CJIOEB HOBOTO THUIIA.

pred = horse pred =cat pred = ship pred = ship pred = deer
act=horse act=bird act=ship act=truck act=frog

> Y e

pred = airplane pred = cat pred = ship pred = frog préd = dog
act = airplane act=cat act=ship act=frog act=cat

Puc. 2.9. HekoTopble NpOrHo3bl, CAeNaHHbIE MOAENbIO, U (PaKTUYECKME METKM

YnyyuweHune mopenv

OjiHa U3 TIPUYKH TOTO, TIOYEMY Hallla CeTh paboTaeT He TakK XOPOIIo, KaK MOTJa
Obl, 3aKJIIOYAETCST B TOM, YTO B Hell HET HUYEro, 4TO YUYUTHIBAJIO ObI ITPOCTPAH-
CTBEHHYIO CTPYKTYPY BXOJIHBIX M300pakeHnil. DakTUUecKn Ha TEPBOM IIare
MBI «CILTIOIUBAEM» M300PasKEHUsT B BEKTOP, 4TOOBI IIEpPeaTh UX MEPBOMY CJIOIO
Dense! Pemuth mmpobieMy MOKHO, UCTIOJIb3YST CBePMOUHbLL CLOU.
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CBepTOUHbIE CON

YT0 moapasyMeBaeTcst MO C8epmKoll B KOHTEKCTE TIIyOoKoTo 06yuenus? Ha
puc. 2.10 mokasaHo, Kak BbIIIOJHAETCS cBepTKa hparmenta 3 x 3 x 1 uepHo-6eJ10-
ro u300pakeHus ¢ UCHOJIb30BaHueM uavmpa (au sopa) 3 x 3 x 1.

CBepTKa OCYIIECTBJISIETCS TIyTEM TIOMUKCEIbHOTO YMHOKEHUS (DUIbTpa Ha
(dbparMeHT n300pakeHus U MOCAEYIONIEro CyMMUPOBAaHUs Pe3ybraToB. Yem
6JsKe (parMeHT M300pakeH sl COOTBETCTBYET (DUIIBTPY, TeM OOJIbINE Pe3yJIbTaT,
1 Ha06OPOT, YeM MeHblle GparMeHT COOTBETCTBYET (DUIIBTPY, TEM MEHbIIIE pe-
gyaprar. [lepemeriiast GuisTp Mo BceMy n300pakeHUIo, CJieBa HATIPABO 1 CBEPXY
BHI3, U 3aIIMChIBAst PE3YJIKTaThl CBEPTKH, MbI IIOJIYYMM HOBBII MAaCCUB, B KOTOPOM
Pe3Ko OYAYT BHIAEAATHCS KOHKPETHbIE 0COOEHHOCTH BXOAHOIO M300paskKeHUsI
B 3aBUCHMOCTH OT 3HAY€HUH B (DUIIBTPE.

parmeHT 3x3

N30BpakeHNs unbTp

060206 1111

01]-02[-03 % o/lo0|0 = 23
-0.5[-0.1|-0.3 11-11-1

-0.6]-0.2|-0.6 1111

01/02]03]| % o/lolo = 2.3
05|01 |03 1111

Puc. 2.10. Onepauus cBepTku

VMmeHHO 17151 3TOTO U IIpe/lHa3HAuYeH CBEPTOYHbBIHN CJION, HO OH CONEPKUT He-
CKOJIbKO bubTpoB, a He oxauH. Hanmpumep, Ha puc. 2.11 nokasansl 1Ba GuiabTpa,
BBIZIEJIIONTNE TOPU3OHTATbHBIE U BEPTUKAIbHbBIE TPAHUIIBL. YBUIETH, KaK MPO-
TEKAEeT 3TOT CBEPTOYHBII IIPOIEce, MOKHO B OokHoTe 02_02_deep_learning_
convolutions.ipynb 13 pemro3uTopust ¢ ipuMepamu st Kuuru. [Ipu pabote ¢ 1iBet-
HBIMU M300paskeHUAMM KaKAbIi (DUIBTP HOJKEH UMEeTh TPU KaHaja, a He
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o/vH (TO eCTh KaXK/[bIH (UIIBTP JA0JKEH UMeTh (popMy 3 X 3 X 3), YTO COOTBET-
CTBYET TpeM KaHasiaM (KpacHbIH, 3eJIeHbIil, chHUil ) n300pakenust. CJioit Conv2D
B Keras nmpumMensiet CBePTKHU K BXOJHOMY T€H30DPY C /IBYMsI IPOCTPAHCTBEHHBIMU
usMepeHusiMu (M300pakeHne Kak pas sABJSIeTCS TaKUM TeH3opoM ). Harpumep,
BOT KaK BBITJISIIUT KOJI, UCTIOJIb3yotnii Keras, KOTOPbIN COOTBETCTBYET jiHa-
rpamme Ha puc. 2.11:

input_layer = Input(shape=(64,64,1))

conv_layer_1 = Conv2D(
filters = 2
, kernel_size = (3,3)
, strides =1
, padding = «same»
) (input_layer)

0 0 0

1 -1 | -1

BXO/HOW CroW _1 0 1

1x64x64x1

pasmep nakeTta x BbicoTa X 1 0 1
LMPMHA X YMCrIO PUNBLTPOB

R 1

pesynbTart
2 counbTpa (kaxapii 3 x 3 x 1) 1x64x64x2

pasmMep nakerta x BbicoTa X
LUMPWHA X YUCITIO DUNBTPOB

Puc. 2.11. [IBa cBepTOYHbIX DWIbTPA NPUMEHSIIOTCS K YEPHO-6€M10MY M306paXkeHnto
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MAPAMETP STRIDES

[Tapametp strides ompe/essieT BeJIMYMHY Iara nepeMenienusi hujibTrpoB
110 BXOIHBIM JaHHBIM. YeM OoJIblIle 1rar, TeM MEeHbIIe pasMep BbIXOIHOTO
Tenzopa. Hampumep, Tpu strides = 2 BbICOTa U MIUPUHA BBIXOHOTO TEH-
30pa Oy/yT BABOE MEHbIIIE BHICOTHI U MIUPUHBI BXOJHOTO. TO BasKHO J1JIsI
YMEHBIIIEHU ITPOCTPAHCTBEHHBIX Pa3MePOB TeH30pa IIPpU NMPOXOKAEHUN
Jepes CeTh IIPU OJTHOBPEMEHHOM yBEJIMUYEHUN KOJIMYECTBa KaHaJIOB.

MAPAMETP PADDING

Ecan 3agan mapamerp padding = "same”, TO BXOJHBIE JaHHBIE OYIYT 10-
HOJTHITHCST HYJISIME, 4TOOBI Pa3Mep BBIXOHOTO T€H30pa B TOYHOCTH CO-
BIA/IaJl C Pa3MePOM BXOJIHOTO TIpu strides = 1. Ha puc. 2.12 mokazano
a1po 3 X 3, KOTOpoe MepeMenaeTcst Mo BXOJHOMY U300pakeHuIo 5 X 5,
¢ mapaMmeTpaMi padding = "same” u strides = 1. Ha BbIxoze aTOrO CBEp-
TOYHOTO CJIOST TIOJIYYUTCST TEH30P € TEM JKe PasMeEPOM O X 5, TaK Kak J[0-
MIOJTHEHUE [TO3BOJISIET SIIPY PACIIUPUTD MPAHUIIBI N300paskeHus Ha KpasX,
4TOOBI MOKHO OBLIO IPUMEHUTD €0 IAThH Pa3 B 000UX HalpasaeHusx. bes
JOIOJHEHUS SIPO ObLIO ObI HPUMEHEHO TOJbBKO TP pasa BAOJb KaxkKIOI0
HalIpaBJIEHUS, ¥ B pe3yJIbraTe MOoJydnsicst Obl TeH30p 3 % 3.

Puc. 2.12. fgpo 3 x 3 x 1 (cepoe) nepemMeLlaeTcs no BXOAHOMY U306paXkeHunto
5 x5 x 1 (cuHee) ¢ napameTtpamu padding="same" u strides = 1, B pe3ynbTaTe
MoJTy4aeTCst BbIXOAHOM TEH30p 5 X 5 X 1 (3eneHbin)!

[TapameTp padding = "same" 1103BOJISIET KOHTPOJUPOBATH Pa3Mep TeH30pa
110 Mepe MPOXOKAEHN Yepe3 MHOKECTBO CBEPTOYHBIX CJIOEB.

' Ucrounuk: Buncent Jomysen (Vincent Dumoulin) u @panuecko Bucun (Francesco
Visin), «A Guide to Convolution Arithmetic for Deep Learning», 12 ssuBaps 2018,
https://arxiv.org/pdf/1603.07285.pdf.
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3HaueHus B (QUIBTPAX — 3TO BeCa, KOTOPBIE OMPEIEISIIOTCS HEHPOHHON CeThIo
B npoitecce oOyuenus. [leppoHayabHO OHM BBIOUPAIOTCS CIyYaiiHbIM 00PasoM,
HO MOCTENEHHO afalTUPYIOTCs], 00peTast HHTepecHble 0COOEHHOCTH, TaKKe Kak
IPAHUIIBI UJIU OTIPe/IeJIEHHBIE I[BETOBBIE KOMOWHAIHH.

PesynsraTtom c1os1 Conv2D SIBJISIETCS IPYTOU YeTHIPEXMEPHBIN TEH30P, UMEIOIITIT
dbopmy (pazmep nakera, BbICOTA, IMUPUHA, YUCIO (DUIBTPOB), TOITOMY CJIOU
Conv2D MO’KHO TIOMEIATh PYT 3a [PYTOM M T€M CaMbIM YBEJUYNBATH IJIyOUHY
HePOHHOI ceTn. BaxkHO TOHMMATh, KAk MeHsieTcst (hopMa TEH30Pa IIPH TEPEXO/Ie
JAHHBIX OT OJTHOTO CBEPTOYHOTO CJI0s K cienyiomemy. [l narmsaanoct npe-
CTaBUM, YTO MbI IPUMEHsIEM CJIOM Conv2D K Habopy aanHbix CIFAR-10. Ha atot
pa3 BMECTO OJIHOTO KaHasia (OTPe/EesIOIIero OTTEHOK CEPOro) y Hac uX Oy/er
TpH (KPACHBIM, 3eJIEHbIN 1 CTHUTT).

Ha puc. 2.13 nokazana cetb, KOTOpas peajn3yeTcs CAeyIONNM KOJIOM:

input_layer = Input(shape=(32,32,3))

conv_layer_1 = Conv2D(
filters = 10
, kernel_size = (4,4)
, strides = 2
, padding = 'same'
) (input_layer)

conv_layer_2 = Conv2D(
filters = 20
, kernel_size = (3,3)
, strides = 2
, padding = 'same'
)(conv_layer_1)

flatten_layer = Flatten()(conv_layer_2)
output_layer = Dense(units=10, activation = 'softmax')(flatten_layer)
model = Model(input_layer, output_layer)

YBuieth, Kak MeHsieTcst (hopMa TEH30pa MPH MPOXOKIEHUH Yepe3 CeTh, MOKHO
C TIOMOIIIBIO MeTo/1a model. summary () (puc. 2.14).

[Ipoananusupyem 3Ty ceTb OT BXO/Ia /0 BbIX0/1a. BXo/HbIE JaHHbIE UMEIOT
dbopmy (None, 32, 32, 3) — Keras ucnosbayer None, 4T0ObI TOKa3aTh, YTO MbI
MOKEM TIEPE/IaTh B CETh Cpasy Jioboe KoanuecTBO n3obpakenuit. [[ockoabKy
CeTb IIPOCTO BHITOIHSET OIepalii TeH30PHOI aareOpbl, Mbl MOKEM IiepeaBaTh
nU300pakeHust B CETh nakemami, a He 1o OTIAeJbHOCTU. B IepBOM CBEPTOYHOM
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cyioe GUIBTPHI UMEIOT GopMY 4 X 4 X 3, Tak KaK MbI BBIOpaJIH (DUIBTP ¢ BBICOTOM
u mupuHoii 4 (kernel_size = (4,4)) U B IPEABIAYIIEM CJI0€ TaHHBIE UMEIOT TPU
KaHasa (KpacHbBIN, 3eieHbIi U cuHuil ). Ciie1oBaTesbHO, YUCI0 TTapaMeTPoB (MJTH
BeCcoB) B cjioe coctaBisieT (4 % 4 x 3 + 1) x 10 = 490, rue ciaaraemoe + 1 06-
YCJIOBJIEHO BKJITOUYEHUEM UJIeHA CMETEeHNS, TTPUCOETNHEHHOTO K KOKIOMY U3
dbuasrpos. OT™MeTHM, 4T TIyOrHA (GUIBTPOB B CJI0E BCErja paBHa KOJUYECTBY
KaHaJIOB B ITPEJIBIIYIIEM CJIOE.

10 kaHanos 1280
. yanos
3 kaHana ‘//'
3 kaHana ) 10 kaHanos /4 \
{ ! ﬁ‘ 7
LI: \ : / pasmMep BbIXOHOMO
= 3 Lli pasmMep BbIXOAHOMO | / TeH3opa
BXOOHOW cron ) TeH3opa /// (? X 8x8x20)
(?X 32 x32x3) (x16x16x10) [T )
CNOM MPEOBPA3O-  MOMHO-
10 dounbTpOB 20 chunbTpoB BAHVISI MACCVBA  CBSIBAHHbIN
B BEKTOP cnown

Kakabin pasmepoM 4 x 4 x 3 kaxabli pasamepom 3 x 3 x 10

pasmep pasvep
(NpUMeHAoTCA ¢ NapamMeTpamu (MPUMEHSIIOTCS C MapaMeTpaMil  BLIXOAHOTO  BbIXOAHOTO
stride = 2 1 padding = "same") stride = 2 u padding = "same") ~ T€H30pa TeHsopa
= = N . (? X 1280) (? X 10)
CBEPTOYHbIN CNOW 1 CBEPTO4YHbIV CNOW 2

Puc. 2.13. CxemMa CBEPTOYHON HEMPOHHOWN CETU

Layer (type) Output Shape Param #
input_1 (InputLayer) (None, 32, 32, 3) 0
conv2d_l (Conv2D) (None, 16, 16, 10) 490
conv2d_2 (Conv2D) (None, 8, 8, 20) 1820
flatten_1 (Flatten) (None, 1280) 0
dense_1 (Dense) (None, 10) 12810

Total params: 15,120
Trainable params: 15,120
Non-trainable params: 0

Puc. 2.14. CeoaHast MHbopMaLmMsi O CBEPTOYHON HENPOHHOW CeTu
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Kax u pesxie, pe3yabraToM MpUMEHEHUS KasK0T0 (DUIBTPa K KaykIoMYy dpar-
MEHTY 4 % 4 X 3 BXOJHOTO M300pasKeHMsI SIBJISIETCST CyMMa MOMUKCENbHBIX TPO-
U3BeJeHMII BeCOB (PUIbTPa Ha 3HAYEHUSI KAHAJIOB BO (pparMeHTe N300pasKeHusl,
KOTOPBIN TTOKPBIBAET 3TOT PUJALTP. Tak Kak 3a/jaHbl TapaMeTpsl strides = 2
1 padding = "same", IIMPMHA M BHICOTA BBIXOHOTO T€H30Pa B /IBa pa3da MEHb-
T1e TMUPUHBI U BBICOTBI BXOJHOTO TeH30pa U PaBHBI 16, a TTOCKOJIbKY MMeeTCs
JecsITh (DUIIBTPOB, BBIXOJ MIEPBOTO CJIOST TIPECTABIISIET COOOIT MAKeT TEH30POB,
KaK/[bIil U3 KOTOPBIX uMeeT hopmy [16, 16, 10]. B 0b1em ciydae BHIXOIHOI
TEH30p CBEPTOYHOTO CJIOST C TTapaMeTPOM padding="same" nmeeT (popmy:

8bLCOMA BXOOHO20 UZ0OPANCEHUS
(None, ,
pazmep uiaza

UUPUHA BXOOHO20 U300PAdHCEHUS.

, YUCTIO Punempos).
pasmep uiaea

Bo BTOpOM cBepTOUHOM CJ10€ MbI BEIOpasiu (hopmy 3 X 3 115t GUIBTPOB, U TETIEPD
onu uMeroT Try6uHy 10, coryiacHO KOJIMYECTBY KaHAIOB B MPEABIAYIIEM CJIOE.
ITockosbky B 3TOM cioe y Hac 20 (hubrpos, 001iee KOJTMIECTBO MapaMeTpoB (Be-
coB) nostydaeTcst paBHbIM (3 x 3 x 10 + 1) x 20 = 1820. 1 cHoBa MbI HCTIOIB3yeM
napaMeTpsbl CJIod strides = 2 1 padding = "same", 13-3a Yero MpuHa 1 BbICOTA
BBIXOIHOTO TEH30Pa YMEHbBINAOTCS BABOE. TakuM 00pasoM, BBIXOAHON TEH30P
nMmeet opmy (None, 8, 8, 20). [locse mpuMeHeHM: TOCIEIOBATEITHHOCTH CJIOEB
Conv2D HY’KHO NpeoOpa3oBaTh MHOTOMEPHBII TEH30P B BEKTOP, UCIIOJIb30BAB
cJI0i Flatten. B pesyiibraTe mosrydaercs Habop us 8 x 8 x 20 = 1280 ajemMeHTOB,
KOTOPBIH MOKHO TMepeiaTh B 3aKJIIOUUTEBbHBIN CJIOH Dense C JECATHIO y3Ja-
MU U QYHKIMEH akTHBaIK softmax, mpeacTaBIsIOIUMU BEPOSTHOCTD TIPH-
HAJITEXKHOCTH N300paKEeHUsT K KaK/[0 KaTeropuu B 3ajiave Kiaccuuraimm
C JICCATBIO KaTETOPUSIMHU.

ITOT pUMep HATJISIIHO IEMOHCTPUPYET, KaK U3 HECKOJIbKUX CBEPTOUHBIX CJI0EB
CO3/IaTh CBEPTOYHYIO HEHPOHHYIO ceTh. Ho mpeske yeMm moxasath, HACKOIBKO 3Ta
ceTb ahderTrBHEE PACTIO3HAET M300PAKEHUS MO CPABHEHUIO C TIOJTHOCBSI3aHHOI
HEHPOHHOM CeTbhIo, B3IVISIHEM ellle Ha /IBa TUIIA CJIOEB, TAKKE II03BOJISIIONIUX YBe-
JUYNUTH Ka4eCTBO ITPOTHO3UPOBAHYUA: BatchNormalization 1 Dropout.

NMakeTHan HOpMannsauna

OpHa 13 pobJIeM, YaCTO BO3HUKAIOIIUX TP 00YYeHNH TTyOOKUX HEHPOHHBIX Cce-
TeH, 3aKJII09AETCS B COXPAHEHUN 3HAYEHUH BECOB B PAa3yMHBIX Tpe/IesiaxX — ecJin
OHU CTAHOBSITCSI CJIMIITKOM OOJIBIITMMU, 9TO MIPU3HAK TOTO, YTO CETh CTPAIAET OT

YryylieHne Mogenm 79



TaK Ha3bIBAEMOTO 83pblea zpaduenma. I10CKOIbKY OMMUOKU PacpOCTPAHSIOTCS
yepes ceTh B 0OpaTHOM HarpaBJIeHUH, TPAJANEHT, BBIYUCIISIEMBIN B PAHHUX CJIOSIX,
MOJKET WHOT/IA PACTU B 3KCIIOHEHIIUAIBHON TIPOTPECCHUH, BBI3BIBAS TUTAHTCKUE
Kosiebanust 3HavYeHwit Beca. Ecim Baima hyHKINS IOTEPh HAYMHAET BO3BPAIIATh
NaN (Not a Number — He unciio), To, cKopee BCero, Ballli Beca BBIPOCIU HACTOJIb-
KO, UTO CTaJIM BBI3BIBATD ONMTUOKY MEPETTOTHEHMS.

[Ton06HOE MOKET TIPOUCXOAUTD He Cpa3dy Iocjie Hauaia obydenus cetu. Muo-
Ila CeTh MOXKET OJIarOmoJIyYHO 00ydaThCs YacaMu, U BAPYT (DYHKIIUS TIOTEPh
BHE3AITHO BO3BPAIIAET NaN, 1 CETh B3PIBAETCSL. ITO OCOOEHHO HEIIPUSITHO, KOT/IA
CETh, KA3aJI0Ch Obl, YCIIEITHO 00yYaeTcsl B TedeHHe JIJIUTETbHOTO BpeMeHu. YToOb!
3TOTO HE CIYYUIIOCH, HY’KHO TIOHATh TPUYNHY B3PhIBA TPAANEHTA.

OnHOI U3 TaKUX IPUYUH sIBJIsieTCs obeciiedenre cTabuaIbHOro Hadyaaa o0yde-
HUSI B TeUEHUeE TEPBBIX HECKOIbKUX urepanuil. [lockobKy Beca ceTn nsHa-
YaJIbHO BRIOMPAIOTCS CyYaliHO, HeMacITaOuPOBaHHble BXOHbIE JaHHbIe T10-
TEHIMAJIbHO MOTYT IIPUBECTH K ITOJYYEHHUIO OTPOMHBIX 3HAYEHUI aKTHBAIINH,
KOTOpPbIe HEMEIJIEHHO TIPUBOAST K B3PBIBY TpaaueHTa. Hanpumep, BMecTo
nepegayn paKTHYECKNX 3HAYEHUH ITMKCEJT0B, U3MEHSIONNXCS B JUAlla30He
or 0 10 255, MbI OOBIYHO MacCIITaOUPyeM ST 3HAYEHUS U IIPUBOAUM K Ua-
nazony ot —1 1o 1.

[TocKO/IbKY BXOZAHBIE aHHbIE MACIITAOUPYIOTCS, €CTECTBEHHO 0KM/IATh, 4TO
AKTUBAIMK BO BCEX MOCEAYIOMMX CI0SX TOKE OyAyT A0CTATOYHO XOPOIIO
MaciTabupoBaThesi. B mepBbIX UTEPAIUsIX 9TO JAEHCTBUTETHHO MOKET OBITh
TaK, HO 10 Mepe 00y4YeHus ceTh Beca OyAyT OTOABUTATHCS BCE JaJbIle OT CBOUX
CJIyYaifHbIX HAYaIbHBIX 3HAYEHUIA, M B PE3yJIbTaTe [IPEAIION0KEHNE MOKET TIepe-
CTaTh COOTBETCTBOBATH JIEHCTBUTEIBHOCTH. DTO SIBJIEHUE U3BECTHO KaK cO8UZ
nepemennwvix (covariate shift).

[IpencraBwre, UTO BBI HECETE BBICOKYIO CTOTKY KHWT, U BAPYT HaJeTaeT BETEP.
Bbl Hak/JIOHSETE CTOIKY HABCTPeUYy BETPY, YTOOBI KOMIIEHCHPOBATH €r0 BO3-
NelicTBHE, HO TIPU 9TOM HEKOTOPble KHUTU CABUTAIOTCS, TaK UTO BCS CTOMKA
CTAHOBUTCS MeHee yCTONINBOIL. [lepBoe BpeMs BbI IPOJI0JIKAeTe HECTH CTOTIKY,
He MCIBIThIBast 0COOBIX MTPOOJIEM, HO ¢ KasKIbIM IIOPbIBOM CTOTIKA CTAHOBUTCS BCE
GoJiee u GoJiee HEYCTOWYMBOI 1 HAKOHEIT TTaIaeT. DTO 1 €CTh CABUT IEPEMEHHBIX.
BepreMcst K HEHPOHHBIM CETSIM: KasKAbIH UX CJIOi 0100eH KHUTE B CTOIIKE.
Yro0bl He MOTePATh CTaOUIBHOCTD, KOTJIa CeTh OOHOBJISIET BECa, KasK bl CII0ii
HesIBHO TIPEIOJIaTraeT, YTO pacipeiesieHe BXOAHbIX JaHHbBIX, TOJy9IaeMbIX OT
HPEABIAYIIETo CJI0s, TPUOIU3UTENHHO OAUHAKOBO BO BeeX ureparusax. OQHako
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ITOCKOJIbKY HHUYTO HE MOJKET IIPEJOTBPATHUTD 3HAYUTEJIbHOE CMENIEHNE PaCIIpe-
JleJICHH A Kakoii-1mbo 13 aKTI/IBaHI/Iﬁ B OIIpe/ICJIEHHOM HallpaBJIEHWH, NHOTa 9TO
MOJKET ITPUBOIUTb K HEKOHTPOJIMPYEMbBIM USMEHEHUAM 3HAYEHUI BECOB U O6IH€-
MY KOJLJIAIICy CETU.

Ilakemnas nopmarusayus 3HAYUTEIHHO CMsITIaeT 9Ty 1pobiemy. PerreHue Bbi-
[JISIIAT HA yauBJeHue npocThiM. CIoll makeTHON HOPMATu3allui BEIYUCISIET
cpeziHee 3HAUYEHWE U CTaH/IAPTHOE OTKJIOHEHNE JIJIS KayK/I0TO M3 BXOTHBIX KAHAJIOB
B TTaKETE M HOPMAJIN3YeT 3TU MTOKA3aTeNH, BBIYUTAS cpe/iiee 3HAUYCHUE U JIeTs
ero Ha CTaHAapTHOE OTKJIOHeHue. [/ KakKI0To KaHala ecTh Ba 00ydaeMbIX
napamerpa: Macirad (ramma) u casur (6era). BoIxoj ¢/ios — 9TO BCEro JIUIb
HOPMaJIM30BaHHbII BXOJI, MacIITaGUPOBAHHBII 110 BEJIMYNHE TaMMbI 1 C/IBUHY -
TBII Ha Besimunny Geta (puc. 2.15).

CJoii makeTHOH HOPMaTU3aIIUH MOKHO ITOMECTHUTD TTOCJIE TIOJTHOCBSI3AHHBIX WJIH
CBEPTOYHBIX CJI0EB, YTOOBI HOPMAIN30BATh MX BBIXO. ITO MOX0Ke Ha 0OBIZKY
KHUT B CTOIIKE, TAPAHTUPYIONULYI0, YTO C TEYUEHUEM BPEMEHH B UX I1OJIOKEHUN He
MIPOU30UIYT OTPOMHBIE CIBUTH.

BxoaA: 3HaueHusi X B nakeTe B={z1 m}:
MapameTpsbl Ans obyyeHus: v, 8
Buixoa: {v: = BN, g(z:)}

1 m
— — T Il ¢
LB mZ ; penHee Mo nakery
i=1

1 m

o — = > (@i — ps)? /| cTaHpapTHOe
i=1 OTKIOHEHMe Mo nakeTy

~ Ti — uB
Ti & // Hopmanuaaums

\/UBZ +e€

y; < 7Z; + 8 = BN, g(z;) // macwTabuposaHue v casur

Anroputm 1: Batch Normalizing Transform (Mpeo6pasosaHue
nakeTHON HopManu3aumm), MPMMEHSAETCH K akTUBaLMM X B MUHUW-NAKeTe.

Puc. 2.15. Mpouecc NakeTHoW HopManu3aumn'

! Ucrounuk: Cepreit Modde (Sergey loffe) u Kpucruan JKerexu (Christian Szegedy),
«Batch Normalization: Accelerating Deep Network Training by Reducing Internal
Covariate Shift», 11 ¢espans 2015, https://arxiv.org/abs/1502.03167.
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Kax aToT c10ii paboTaer Bo BpeMst TecTupoBatusa? Ha arare nmporaosupoBaHust
MOKET TIOHAZIOOUTHCST CIIPOTHO3UPOBATDH TOJIBKO OIHO HAOJIOIEHUE, TO €CTh He
CYIIECTBYET MAKETa, JJIs1 KOTOPOTO MOKHO BBIYUCJNUTH CPEeHUE 3HAUeHUSA. YTo-
6b1 060iiTH 2Ty TIPOGJIEMY, BO BPeMsl 00YY€eHUs CJI0i MaKeTHOI HOpMasiu3aliu
TaK’Ke BBIUNCIISET CKOJIB3AIIEE CPe/lHEE OT CPEHET0 3HAYCHUS U CTAHIAPTHOTO
OTKJIOHEHUS KayK/I0OTO KaHa/la U COXPaHSET ero B CJI0€ JIJIsl UCTIOJIb30BaHUS BO
BpPEMSI TECTUPOBAHUSL.

CKOJIBKO TTapaMeTPOB COJIEPKUTCS B CJI0€ TTaKeTHOU HopMasin3arun? J{ist kaxk-
JIOTO KaHaJia B IPEABIAYIIEM CJI0e ONPE/eIsioTCs Ba Beca: MaciiTad (ramMmma)
u casur (6era). 10 — 0b6yuaemvie napamerpbl. CKOJb3sIIIEE CPEIHEE U CTaH-
JAPTHOE OTKJIOHEHUE BBIYMCJISIIOTCS JIJIsl KAYK/IOTO KaHajia Ha OCHOBE JIAHHBIX,
MIPOXOASIIUX Yepes CJI0i, a He Ha OCHOBE OMIMOOK, PACIIPOCTPAHSIIOIIMXCS B 06-
paTHOM HaNpaBJIEHUU, U IOTOMY Ha3bIBAIOTCST HEOOyUaAeMbLMU TTapaMeTPaMU.
Takum 06pasoM, U3 YeThIPeX MapaMeTPOB JIJIsl KasKI0TO KaHala B IIPEbIAYIIEM
cJI0€ JIBa SIBJISTIOTCSI 00y4aeMbIMH, a JIBa — HEOOYYaeMbIMH.

B Keras nmakeTHyo HOpMaJIU3aInio peajnusyeT cjaoil BatchNormalization:

BatchNormalization(momentum = 0.9)

[TapameTp momentum — Bec, TIpUABaEMBbI TPEIBILYTIIEMY 3HAYEHUIO TTPU BBIUHC-
JIEHUU CKOJIB3STIETO CPETHETO U CTAHAAPTHOTO OTKJIOHEHUS.

Cnowu npopexuBaHus

[Tpu OATOTOBKE K K3aMeHY, 4TOOBI MOAKPEIUTh 3HAHWS, CTYAEHTHI 0OBIYHO
UCTIOJIB3YIOT CBOU KOHCITEKTHI U TIPUMEPHBIE BOTTPOChl. HekoTopbie mbITaloTCA
3allOMHUTDb OTBETBHI HA 3TU BOIIPOCHI, HO 3aT€M UCIBITBIBAIOT TPYAHOCTH HA 9K-
3aMeHe, TOTOMY 4TO He TIOHMMAIOT CYTH BoTpoca. bosee ycrmentHbie CTyIeHTH
YUTAIOT YIeOHUKH U PEIIAfOT TIPaKTHYECKIe 3aaui, YT00BI YIJIyOUTh CBOE I0-
HUMaHUe MpeJMeTa U CyMeTb IIPaBUJILHO OTBETUTD Ha BOITPOCHI, KOTOPbIE ITPeK/ie
UM He 33/1aBAJINCh.

TorT ke IPUHIIKII AeHCTBYeT 1 B MAIIMHHOM 00y4eHun. JIxoOoi ycremnbiii an-
TOPUTM MAIlIMHHOTO 0OYYEHUs J0JKEH yMeTh 060011aTh MoJydYeHHbIe 3HAHWS,
npek/e HeBUIaHHbIE UM JaHHbIe, a He TIPOCTO 3anomunams Habop obydaro-
IUX JaHHBIX. ECJIM aJrOpUT™M TTOKa3bIBaeT XOPOIIke Pe3yJ IbTaThl Ha Habope
00yYaIOIIIX JaHHBIX, HO YaCTO OINOAETCst Ha KOHTPOJBHOM HaOOpe JaHHBIX, TO
OYEBH/IHO, YTO OH CTPAZIAET OT nepeobyuenus. JIJist cMATYeHrst 5TO# mpoOIeMbl
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UCIIOJIB3YIOTCSI METO/bI Pe2yaapu3ayuu, TApaH THPYIOIINE, YTO MOJENH OyIeT
omrrpadoBaHa, eCJIM HAYHET MepeodydaThes.

Ectb MHOTO €1IOCOG0OB pery/isipusaiuy aJropuTyMa MaliiHHOTO 00YYeHMs, HO
B TIyGOKOM OGYYeHUH Jalle BCEro MCIOJIb3yeTCs IPUeM, OCHOBAHHBINA Ha IIPU-
MEHEHUU CJIOEB npopexcusanus. ta uies ObLia npeacrasieta Jxeddpu Xun-
toHoM (Geoffrey Hinton) B 2012 rozy, a AByMsI ToJIaMU TIO33Ke OIMCaHA B CTaThe
[IIpuBacrasel (Srivastava) u ero coaBropoB.! Cjiou nMpopeKuBaHus yCTPOEHbDI
04€eHb TIPOCTO. Bo BpeMst 00yueHMst KaKIblil TPOPEKUBAIONINN CJI0I BLIOMpaeT
cay4yailHbIil HabOP Y3JI0B U3 TIPEBIAYIIEro CJI0SI U yCTaHABINBAET UX BIXOAHBIE
3HAYeHUsT paBHBIME HYJII0 (puc. 2.16).

Ita MpocTast MAHUTIYJISIIISA 3HAYUTETHHO CHIKAET BEPOSITHOCTD Mepeodyde-
HVIsI, TaDaHTHUPYSI, 4TO CETh HE CTAHET YPE3MEPHO 3aBUCUMOI OT OTIPEIETEHHBIX
Y3JI0B WJIM WX TPYIIIL, KOTOPBIE, IO CYTH, IPOCTO 3aIIOMUHAIOT HAOIIOACHUST 13
obGyuarorero Habopa. IIpu 106aBIeHNN TIPOPEKUBAIONIMX CJIOEB CETh GOJIbIIE
He MOJKET CJIMIIKOM I0JIaraThCsl Ha KaKOH-TO OAWH y3eJI, T09TOMY 3HaHUs pac-
HPEIEJISIIOTCS TI0 Beeid cetn Gotee paBHOMEPHO. Tak Mojesb oOpeTaeT crocob-
HOCTb JIy4iiie 0000IIaTh TPek/ie He BCTPEYABIINECS eif JaHHbIe, TOCKOIBKY ObLia
obyueHa JlaBaTh TOYHbIE TPOTHO3BI IasKe B HE3HAKOMBIX YCJIOBHSIX, BBI3BAHHBIX
cOpOCOM 3HAUCHUIT CITyYallHBIX Y3JI0B. B IpopekuBaroiiem cjioe HeT BECOB ISt
06y4eHust — 0TOpachiBaEMbIE Y3JIbl OIPEAEIAIOTCS CTOXACTUIECKH (CIYyIaiiHO).
Ha srane TectupoBaHus HPOPEKUBAIONINIT CJI0I HUYEro He 0TOPACHIBAET, 110-
9TOMY JIJISI TIPOTHO3UPOBAHUST MCIIOJIB3YETCSI BCS CETh.

ITO HATIOMUHAET TO, KaK CTY/ICHT-MaTEMATUK YUTAET KOHCIIEKTHI, CJIy4ailHO BbI-
O6upast KJro4eBbie (HOPMYJIbI, OTCYTCTBYOIINE B cripaBouHuKe (yueOHuke). Tak
CTY/JIEHTBI y4aTCsl OTBEYaTh HA BOIIPOCHI, IIPUMEHSISI OCHOBHbIE IIPUHIIUIIbI, & He
OTBICKIBAsI TOTOBbIE perenusi. Ha ak3amene nM OyzieT ropas/io mpoiie OTBevaTh
Ha BOTIPOCHI, KOTOPBIE TIPEKE UM He 33/[aBAJINCh, OMUPAsACh Ha CBOU CITOCO0-
HOCTH 1TpoBOAUTH 00061eHust. Cioil Dropout B Keras peanusyer aty (hyHKIIHIO
C TIOMOIIBIO TTapaMeTpa rate, OMPEAEISIONIETO OJII0 OTOPAChIBAEMbBIX Y3JI0B
U3 MIPEIbIIYTIETO CIIOS:

Dropout(rate = 0.25)

! Hurum [Ipusacrasa (Nitish Srivastava) u ap., «Dropout: A Simple Way to Prevent Neural
Networks from Overfitting», Journal of Machine Learning Research 15 (2014): 1929-1958,
http://jmlIr.org/papers/volumel5/srivastaval4a/srivastavai4a.pdf.
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[MonHocBA3aHHbIM - [1popexnsatoLwmnin
cnow cnou
rate = 0,5

Puc. 2.16. MpopexuBaroLwmii crom

O6bIYHO cIOU Dropout MCIIO/Ib3YIOTC: I1I0CJIE CJIOEB Dense KaK HauboJiee CKJIOH-
HbI€ K Hepeo6yquI/Ho 13-3a GOJIBIIOTO KOIMYecTBa BecoB. Ho X MOKHO UCITONb-
30BaTb U I10CJI€ CBEPTOYHbBIX CJIOEB.

MakeTHas HopManu3auws, NPeacTaB/eHHas Bbille, TOXE yMeHbLUaeT Be-
POSITHOCTb NepeobyyeHuns, 1 MO3TOMY MHOTME COBPEMEHHbIE apXUTEKTYpbI
rnybokoro obyueHunst BOO6LUE He UCMONb3YKT NpopexXunBaHue, NpUMeHss
ANs perynspuvsaumm TOMbKO MaKeTHYK0 HopMmanusaumio. Kak u B criyyae
C 60NbWMHCTBOM MPUHLMMNOB ry6oKoro obyuyeHusi, He CyllecTByeT 30-
NIOTOro npaBufa, NPMMEHUMOro B Mool cuTyaumn. EAMHCTBEHHbIN Cro-
€06 TOYHO Yy3HaTb, YTO Jlyulle, — MPOTECTUPOBATb Pa3Hble apXUTEKTYpPbI
N onpeaenvTb, Kakue nydwe Bcero paboTatoT C KOHTPOJIbHBIM HabopoM
[aHHbIX.

CoepnHAeMmM BCe BMecCTe

Nrak, Bbl MO3HAKOMUJIUCH C TPEeMsI HOBbIMU THUTIaMu cjioeB B Keras: Conv2D,
BatchNormalization u Dropout. /laBaiiTe 00beIMHIM UX B HOBYIO apXUTEKTYPY
r1y6OKOro 00y4eH st 1 IOCMOTPUM, HACKOJILKO XOPOIIIO OHA CIIPABUTC C 3a/1a4eii
kaaccudukarmn Habopa ganubix CIFAR-10. JIj1st 5T0ro MOsKHO BOCIOJIb30BaThCS
6s10xkH0TOM 02_03_deep_learning_conv_neural_network.ipynb 11 Jupyter Notebook
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M3 PENO3NTOPUA C IpUMEPAMU [IJIAA KHUTH. Bort kax BBITVIAANUT apXUTEKTYPa MO-
A€JI, KOTOPYIO Mbl ITPOBEPUM:

input_layer = Input((32,32,3))

X

X X X X

X

Conv2D(filters = 32, kernel_size = 3

, strides = 1, padding = 'same')(input_layer)

BatchNormalization()(x)
LeakyReLU() (x)

Conv2D(filters = 32, kernel_size = 3, strides =

BatchNormalization()(x)
LeakyReLU() (x)

Conv2D(filters = 64, kernel_size = 3, strides =

BatchNormalization()(x)
LeakyReLU() (x)

Conv2D(filters = 64, kernel_size = 3, strides

BatchNormalization()(x)
LeakyReLU() (x)

Flatten()(x)
Dense(128)(x)
BatchNormalization()(x)
LeakyReLU() (x)
Dropout(rate = 0.5)(x)

Dense(NUM_CLASSES) (x)

2, padding = 'same')(x)

1, padding = 'same')(x)

2, padding = 'same')(x)

output_layer = Activation('softmax"')(x)

model = Model(input_layer, output_layer)

311ech NCTOIB3YIOTCS YETBIPE CI0ST Conv2D, 32 KAKIBIM M3 KOTOPBIX CJEAYIOT CTION
BatchNormalization u LeakyRelLU. IToce Hpeo6paBOBaHI/I$I MOJIyYEHHOT'O TeH30pa
B BEKTOP MBI IIPOITYCKAaeM JIaHHbIe Yepe3 cJIoil Dense ¢ padmepoM 128, 32 KOTOPBIM
CHOBA CJIeZIYIOT BatchNormalization u LeakyRelLU. [lasiee ciemyet cJioii Dropout
JUIST PETYJISIPU3AlIig, 2 3aBEPIIAeTCS CeTh BBIXOIHBIM cJioeM Dense ¢ pazmepoM 10.

Mopsipok cnepoBaHUs €noeB BatchNormalization M Activation — 370
BO MHOrOM BOMPOC JIMYHBLIX MPeAnoYTeHW. MHe HpaBUTCS MOMeLLaTb
BatchNormalization nepea Activation, HO B HEKOTOPbIX YCneLl-
HbIX apXMTEKTypax 3TU C/ION MPUMEHSIIOTCS B obpaTHOM nopsiake. Ecnn
Bbl PEWNTE WCNOIb30BaTb BatchNormalization nepen Activation,
TO 3alOMHUTb NOPAAOK BaM TMOMOXET MHEMOHMYECKOE COKpalleHune
BAD (BatchNormalization, Activation 3aTeM Dropout)!
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Ha puc. 2.17 nmokasana cBogHast MHGOPMAITUS O MOIEJIH.

Layer (type) Output Shape Param #
input_2 (InputLayer) (None, 32, 32, 3) 0
conv2d_3 (Conv2D) (None, 32, 32, 32) 896
batch_normalization_1 (Batch (None, 32, 32, 32) 128
leaky_re_lu_ 1 (LeakyReLU) (None, 32, 32, 32) 0
conv2d_4 (Conv2D) (None, 16, 16, 32) 9248
batch_normalization_2 (Batch (None, 16, 16, 32) 128
leaky re lu 2 (LeakyReLU) (None, 16, 16, 32) 0
conv2d_5 (Conv2D) (None, 16, 16, 64) 18496
batch_normalization_3 (Batch (None, 16, 16, 64) 256
leaky re_lu_ 3 (LeakyReLU) (None, 16, 16, 64) 0
conv2d_6 (Conv2D) (None, 8, 8, 64) 36928
batch_normalization_4 (Batch (None, 8, 8, 64) 256
leaky re_lu_ 4 (LeakyReLU) (None, 8, 8, 64) 0
flatten_2 (Flatten) (None, 4096) 0
dense_2 (Dense) (None, 128) 524416
batch_normalization_5 (Batch (None, 128) 512
leaky _re_lu 5 (LeakyReLU) (None, 128) 0
dropout_1 (Dropout) (None, 128) 0
dense_3 (Dense) (None, 10) 1290
activation_1 (Activation) (None, 10) 0

Total params: 592,554
Trainable params: 591,914
Non-trainable params: 640

Puc. 2.17. CeepTouHas HelipoHHasi ceTb (Convolutional Neural Network, CNN)
ansa knaccmgukaunm CIFAR-10
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Mpexae yeM ABWUraTbCa Aanblle, NpPoOBEpPbTE, CMOXETE NI Bbl BPYYHYHO
BbIYMCUTL (DOPMY BbIXOAHOrO TEH30pa M KOJIMYECTBO MapaMeTpoB ANs
Ka)k[Ioro cfosi. 3To XOpoLUniA cnocob AokasaTb cebe, UTO Bbl MOMHOCTHIO
MOHSINN, KaK YCTPOEH Ka)k[bl C/IOM W KaK OH CBS3aH C npeablayLmnM cro-
em! He 3abyabTe nNpo Beca CMELLEHMI, KOTOpbIE BK/IOUYEHbI B COCTaB C/I0EB
Conv2D U Dense.

CrommuanpyeM u 00y4uM MOJENb TaK Ke, KaK 1 PaHblile, i BBI3OBEM METO]
evaluate, YTOOBI OIIPEAEINUTD €€ TOUHOCTh Ha KOHTPOJIbHOM Habope (puc. 2.18).

Kaxk BuanTe, 9TOM MOAENN yAATOCH JOCTUYD TOUHOCTH 71,5 %, 4TO MOXKHO
cunTaTh OOJIBIIMM YCIIEXOM [0 CPAaBHEHUIO ¢ TOUHOCTHIO 49,0 %, OTMEUeHHOIT
y mpenpinyIieit Mogesnu (puc. 2.19).

model.evaluate(x_test, y_test, batch_size=1000)

10000/10000 [==== == ===] - 15s lms/step

[0.8423407137393951, 0.7155999958515167]

Puc. 2.18. Pe3ynbTaTthl Knaccudukauum ¢ ncnonb3osaHnem CNN

pred =dog pred =frog pred=truck pred=ship pred = ship
act = dog act = frog act=truck  act = ship act = ship

-
pred =dog pred =cat pred = horsepred = airplane pred = ship
act = dog act = cat act = deer act = airplane act = airplane

Puc. 2.19. lNMporHo3sbl, caenaHHble ceTbio CNN
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Cromb 3aMeTHOE yJIydlieHue JOCTUTHYTO TIPOCTBIM U3MEHEHUEM apXUTEKTYPhI
MO/IeJIN, BKJIIOYEHNEM B Hee CBePTOYHBIX CJI0€B, TAaKeTHON HOpMaJIU3aliuu U IIpo-
peskuBanust. OOpaTuTe BHUMaHUE: KOJUYECTBO apaMeTPOB B HOBOM MOJIe/In
MEHbIIe, YeM B TIPEABIAYIIEH, XOTSI KOJTUYECTBO CI0EB M YBEJIMIUIOCH. ITO
TTOKA3bIBAET, HACKOJBKO BaKHO HKCIIEPUMEHTHPOBATD C aPXUTEKTYPOI MOJEH
U MOHUMATh, KaK B CBOMX MHTEPECaxX MCIIOIb30BATh pa3Hble TUTIBI cI0eB. [Ipn
KOHCTPYMPOBAHUU reHepaTUBHBIX MOJIeJIel ellle BaskHee TOHUMATh BHYTPEHHIO
paboTy MOZIENTH, IOTOMY YTO IMEHHO CJIOU B CEPEINHE CETHU BBISIBJISIIOT BHICOKO-
YPOBHEBBIE IPU3HAKH, KOTOPBIE OOJIbIIIE BCETO HAC HHTEPECYIOT.

NTorn

VTak, MBI pacCMOTPEJIM OCHOBHBIE H/IeU TJIyOOKOTO 00yUYeHHsT, KOTOPBIE MOHA-
100SITCS BaM TIPH CO3/IaHUK CBOUX TEPBBIX TIyOOKNUX TeHEPATUBHBIX MOJIEE.
Camblil BaKHBIN YPOK 9TOM TJIaBbl — B TOM, YTO I/1yOOKMEe HEHPOHHbIE CETH TI0
cBoeil prpojie 001a1at0T OOJIBIIOI THOKOCTHIO 1 HE CYIIECTBYET IPABUII, JKECT-
KO PerJiaMeHTUPYIONUX CO3/IaHUEe aPXUTEKTYPbI MOJIEJIH, UTO 1TO3BOJISIET CMEJIO
AKCIIEPUMEHTHPOBATD CO CIOSMU 1 UX TTOPSAAKOM. Kpome Toro, HeKOTOpBhIE CIIOH,
Kak 1 HaOOpP CTPOUTETBHBIX GJOKOB, MOTYT OKa3aThCsl HECOBMECTUMBIMHE JPYT
C JIPYTOM, TIOCKOJIbKY (DopMa BXO/IHBIX AHHBIX OJTHOTO CJIOS HE COOTBETCTBYET
(hbopMe BBIXOHBIX JaHHBIX APYTOTO. ITH 3HAHUS IPUIYT C OIBITOM U TJIYOOKUM
MOHUMAHKMEM TOTO, KaK KayK/IbIi cJIoN MeHsieT (hOopMY TeH30pa Ipu Iepeaye
JAHHBIX TI0 CETH.

BaskHO 1 TO, UTO CBEPTOUHBIMU SBJISIOTCS CI0U B TIIyOOKON HEHPOHHON ceTH, a He
cama ceTb. COOTBETCTBEHHO, MO/l «CBEPTOYHBIMU HEHPOHHBIMU CETAMU» B JI€ii-
CTBUTEJILHOCTH TIOIPA3yMEBAIOTCS <HEPOHHBIE CETH, COAEPIKAIIIE CBEPTOUHbIE
cions». BaskHO MOMHUTH 06 9TOM, 4TOOBI HE YyBCTBOBATH €051 0OSI3aHHBIMU HIC-
0JIb30BATh TOJIBKO apXUTEKTYPbI, 3aMMCTBOBAHHbBIE 13 KHUT, — PaccMaTpuBaiite
UX KaK IIPUMEpPbI, IeMOHCTPUPYIOIINE BOZMOKHOCTD COYETAHUSI CJIOEB PAa3HbIX
TUIIOB. APXUTEKTYpa CO3/1aBaeMOii HEIPOHHOI ceTH OrpaHnY€eHa TOJbKO BalliM
BOOOpasKEHNEM U, IJIABHOE, IOHUMAHUEM TOTO, KaK Pa3JIndHble CJIOM COYETAIOTCS
ApyT ¢ ApyroMm. lajiee Mbl yBHIUM, KaK HCIIOJb30BaTh 9TH CTPOUTEIbHbBIE OJTOKH
JUUISI KOHCTPYUPOBAHUSI CETH, CITOCOOHOI TeHEPUPOBATh N300PAKEHUSI.



[JIABA 3

BapuaumnoHHble
aBTOKOAUPOBLYUKK

B 2013 roxy lunepuk I1. Kunrma (Diederik P. Kingma) u Maxc Besuriunr (Max
Welling) omy6imkoBanm cTaThio, 3aI05KUBIITYI0 OCHOBBI THIIA HEHPOHHOMN CETH,
U3BECTHON KaK BapMallMOHHBINA aBTOKOAMPOBINKK (variational autoencoder,
VAE)!. Tenepb 970 0/iHa 13 caMbiX (QyHAAMEHTAIbHBIX U XOPOIIO U3BECTHBIX
apXUTEKTYP IyOOKOTO 0OyUYEHUS /LI TeHEPATUBHOIO MOJAEIMPOBAHUS. DTy
IJIaBy Mbl ¥ HAUHEM C CO3[[aHUs CTAaHIapPTHOTO aBTOKOAMPOBIINKA, a 3aTeM 110~
IBITAEMCS [OJIYYUTh BAPUALMOHHbINA aBTOKOANPOBIIMK — HAILI IIEPBBIN IPUMED
reHepaTHUBHON MOjesn TIyOoKOTo 06ydenst. [1omyTHO AeTalibHO PACCMOTPIM
0ba Thna Mozeseit, 4ToObl IOHATh, Kak OHK paboTatoT. K KOHILy TJ1aBbl BbI OJIY-
YUTE TIOJHOE TIPEICTABJIEHUE O TOM, KaK CO3/[aBaTh MO/ U MAHUITYJINPOBATh
MU Ha OCHOBE aBTOKOAMPOBIIKMKA U, B YaCTHOCTH, KaK CO3/laBaTh BapUal[MOH-
HbIIT aBTOKOAMPOBIIUK € HYJISA JIJIsI TeHepaluu n300paskeHuil Ha OCHOBE Balero
co6CTBEHHOTO 0OyJarolero Habopa.

Haunewm xe MbI ¢ ITOCEIIEHM A HEOOBIYHOI XleO)KeCTBeHHOfI BbICTaBKMH.

Xypo)KecTBeHHaA BbiCTaBKa

JlBa 6para, muctep H. Kogep u muctep /1. Kozgep, pyKoBOASIT Xy0KeCTBEHHOI
rasepeeit. [1o BBIXOHBIM 3/1€Ch TPOBOMTCS BBICTABKA, TIOCBAIEHHAS UCCIIE/0-
BaHUSIM MOHOXPOMHBIX M300pakKeHUH OJHOPA3PSIAHBIX Ynces (COCTOSIIUX U3
eIMHCTBEeHHOI 1 pbl). BoicTaBKa HEOOBIUHA TeM, YTO pa3MelieHa TOIbKO Ha

1

Iunepuxk I1. Kunrma (Diederik P. Kingma) u Makc Besmunar (Max Welling), «Auto-
Encoding Variational Bayes», 20 nexa6ps 2013, https://arxiv.org/abs/1312.6114.

XyOoXKecTBeHHas BbiCTaBKa 89



ozmoii crerie (puc. 3.1) u ne conep:kut baktndeckux pabor. Korna mnosiBisiercst
HOBasi KapTHHAa /711 okasa, muctep H. Kozep mpocto BbiOMpaeT Mecto Ha cTene
JUIST KADTUHBI, CTABUT MapKePOM TOYKY B 9TOM MECTe, a 3aTeM BhIOpachiBaeT
opurnHaibHyo pabory. Koraa kiment npocut mokasars Kapruiy, muctep /1. Ko-
iep TIBITAeTCs BOCCO3/IATh ee, MapKUPYs TOJIBKO KOOPANHATHI TOUKH Ha CTEHE.
Kaxas yepHast Touka Ha Hell — 3TO cJe/] MapKepa, OCTaBJIEHHBII MICTEPOM
H. Komepom /711 ipejicTaBiieHust KapTHHBL 3/1eCh JKe 1T0Ka3aHa OjIHA U3 KapTHH,
ormedyenHas mucrtepoM H. Kozmepom Ha crene TOUKoOil ¢ KoopAinHaTamu [-3.5,
-0.5] 1 pekoHcTpynpoBanHag muctepoM /I. KomepoM Ha ocCHOBE 9THX UnCedI.

opurvHan PEKOHCTPYKLS

muctep H. Kogep muctep . Kogep

—To [ 1 * 3

Puc. 3.1. CteHa Ansa Xy[0XXeCTBEHHOW BbICTaBKU
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Ha puc. 3.2 nmpezncraBiieHbl IPUMePHI IPYTUX OPUTHHATBHBIX KapTHH (BepXHUI
Psin), KOOPJAMHATHI TOUEK Ha CTeHe, TlocTaBaeHHbIX MucTepom H. Kozepowm, 1 kap-
TUHBI, Bocco3anHbie MuctepoM /[I. Koxepom (HuzKHUI psjn).

Ho kax mucrep H. Kozep Boibupaer mecto ajist Mmapkuposku? Cucrema pas-
BUBAJIACh B TEUEHME HECKOJBKUX JIeT 00yUYeHUsI U COBMECTHO# paboThl. [TocTe-
MIeHHO U3MEHSIINCh KPUTEPUU Pa3MellleHns TOUeK U PEKOHCTPYKIIUY KapTUH
1o HUM. BpaTbs BHUMaTeTbHO CIeiaT 3a moTepei 10X0/10B, KOT/Ia TTOCETUTEN
TpeOYIOT BEPHYTH J€HBIHM M3-3a MJIOXO PEKOHCTPYUPOBAHHBIX KapPTUH, MO-
CTOSIHHO COBEPIIEHCTBYIOT CUCTEMY, CBOJISI 3TH MOTepU K MUHUMYyMY. Kaxk
BU/IHO Ha puc. 3.2, cuctemMa paboTaeT 3aMevaTeIbHO — KIMEHThI OYeHb PEKO
JKJIYIOTCSI Ha TO, YTO KaPTUHBI, Bocco3diannbie MmuctepoM /. Kogepowm, 3naun-
TeJIbHO OTJIMYAIOTCS OT OPUTUHAJIBHBIX MTPOU3BEIEHNH, KOTOPbIe OHU BUIEJIN
paHee.

Omnaxast y muctepa H. Kozepa nosiBusiach ujiesi. A 4to, ecimu cryvaiftHo rmocta-
BUTH TOYKHU B T€X MECTAX Ha CTEHE, I/le B HACTOSIIIEE BPEMsI OTCYTCTBYIOT JIOOBIE
touku? 3atem mucrep /1. Kogep Mor 661 HorpoboBaTh BOCCO3/1aTh KapTHHBI, CO-
OTBETCTBYIOIUE OTUM TOYKaM, ¥ 32 HECKOJIbKO JIHEH OHM CMOTJIN ObI TIOJTYYUTh
BBICTaBKY COBEPIIEHHO OPUTHHAIBHBIX IpousBeaeHnit. Hegoro aymast, Gparbst
MPUCTYTIUJIA K PEaJN3aIliU CBOETO TJIaHA U YK€ BCKOPE OTKPBITN HOBYIO BbI-
cTaBKy st myosauku (puc. 3.3).

Kak Buanm, monbITKa He nMesia 60Jibinoro ycrexa. Obiee pazHooOpasue ocTaB-
JISIET JKeJIaTh JIy4IIero, IpuyeM HEKOTOPbIe IPOU3BEIEHIS He 0YE€Hb MOXOKH
Ha ofiHOpaspsAaHble yncaa. [TonpodyeM pazo6paThes, YTO MOILIO He TaK U Kak
GpaThst MOTJIM ObI YCOBEPIIEHCTBOBATH CBOIO CXEMY.

& | 2 § 43 & Q|

[-2. -05] [18.7-6.5] [1114] [0.603] [-29-123]  [-0.3 04] [-39-33] 0.2 0.2] [0.51.9] [17.8-44]

Puc. 3.2. Eule npuMepbl OpUriHabHbIX KapTUH U UX PEKOHCTPYKLIMIA
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Yy 2 9 wuw oo u oo | b |

[27.7 22.7] [37 2] [02 -2.8] [-7.9 -135] [-7.7 5.9] [-9.2 -15.2] [-15. 5.7] [25.8 -9.5][-10.5 -10.7] [18. -6.8]

7T 9 O© + 2 2 /

[0.7 -23.5] [0.7 -10.8] [-15.5 -2.7] [34.9 -1.9] [4.7 62] [3.6 3.6] [162 4] [24.1 -0.4] [-12.8 0.4] [18.7 -12.3]

17 b o 7s 00 ! 7 7 |

[21.2 2.2] [11.1 -9.4] [-13.4 -8.9] [12.5 1.5] [33.9 -1.5] [-9.6 -1.5] [8.4 -0.7] [-0.7 -25.3] [2.4 -25.9] [32.7 -9.2]

Puc. 3.3. HoBas BbiCTaBKa reHepaTMBHOIO UCKYCCTBA

ABTOKOANPOBLMKHN

ITOT paccKa3 OMUCHIBAET AHAJIOT aBTOKOUPOBINIKA — JBYXKOMIIOHEHTHON
HEUPOHHOI ceTH, BKItoUaomiei (puc. 3.4):

B CeTb KOOUPOBUUKA, KOTOPAsT CKIMAET BXO/IHbIE MHOTOMEPHDIE JIaHHbIE B BEK-
TOP MEHbIIIETO Pa3Mepa;

B ceThb 0eKo0uposuuKa, KOTopast pa3BOpauMBaET JAHHBIN BEKTOP TIPEICTABIEHIST
0OpaTHO B UCXOJIHbIE JAHHBIE.

B niporiecce oGyuenust ceTb onpeesisieT Beca AJIsi KOAMPOBIIUKA 1 IeKOIUPOBIIHI-
Ka, MUHUMU3UPYIOLIKE TIOTePU MEKILY OPUTHHATIBHBIMU BXOAHBIMU 1 PEKOHCTPY -
UPOBAHHBIMU JAHHBIMU, TIOJyYEHHBIMU [10OCJIE TIPOXOKIEHUS BXOHBIX JAHHbIX
yepes KOAMPOBIIUK U JIEKOAMPOBIIUK. BeKTOp npeacTaBieHust — 310 pe3yJibraT
CKATHSL UCXOAHOTO M300PasKEHUsI B CKPBITOE IPOCTPAHCTBO C MEHBLIMM YHCIOM
nsmepenuii. Mlges B ToM, 4TO npu BeIOOPE 120001 TOYKU B CKPLITOM IIPOCTPAH-
CTBE MBI JOJIKHBI TIOJIYyYUTh HOBOE M300paskeHe, MPOIYCTHB 9Ty TOUYKY Yepes
JEKOAUPOBIIHK, 00yYEHHBIN TPeoOPasOBAHUIO TOYKHU B CKPBITOM IIPOCTPAHCTBE
B COOTBETCTBYIOIIEE N300paKeH1e.
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OpUrMHarnbHble BXOAHbIE AaHHble
aBTOKOAMPOBLUMK

W

[-2.0, -0.5] B28KTOP
npeacrasneHna

OeKoanpoBLLKK

PEKOHCTPYKUUA BXOOHbIX AAaHHbIX

Puc. 3.4. Cxema KoaMpOBaHUS/AeKoAMPOBaHMNS

B pacckase (cM. BbIIIe) 715t KOAUPOBaHUS Kask1oro nzoopasxkenus mrctep H. Ko-
nep u muctep Jl. Kogep UCIob3yoT BEKTOPBI IPEACTaBJEHNUS B IBYMEPHOM
CKPBITOM ITPOCTPAHCTBE (Ha cTeHe). DTa aHAJIOTUS TIOMOTaeT HaM MPEACTaBUTh
CKPBITOE TIPOCTPAHCTBO, TIOTOMY YTO MbI JIETKO MOYKEM CTaBUTh TOYKK HA JIByMEp-
HOI1 T10cKocTH. Ha 1pakTuke aBTOKOANPOBIIMKK OOBIYHO UMEIOT OOJIbIIE ABYX
u3MepeHuii, YT0Obl UMETh OOJIbIIE CBOOOADI JISI BHISBJICHU OOJIbILETO YUCIA
HIOAHCOB B M300PaKEHUSX.

ABTOKOZIMPOBIIUKHY TaKKe MOKHO UCTIOJIb30BATD /LIS OUMCTKY MCKaKEHHBIX 130-
OpakeHu OT 1TyMa, IOTOMY YTO B ITPoIlecce 00YUIeHUsT KOMUPOBIIUK Y3HAET, YTO
6eCCMBICTIEHHO MBITATHCST (PUKCUPOBATD CJYYANHDIN [ITyM B CKPBITOM TIPOCTPAH-
ctBe. B 10og06HbIX 3a/1a9aX IBYMEPHOE CKPHITOE IIPOCTPAHCTBO CJMIITKOM MaJIo
TS TIPE/ICTaBJICHNS PeJIeBAaHTHON NH(OPMAITIH, TIPUCYTCTBYTOTIEH BO BXOTHBIX
nanHbIX. O7IHAKO, KaK Mbl YBUAMM Jlajiee, yBeJndeHe Pa3MepHOCTH CKPBITOTO
POCTPAHCTBA OBICTPO MPUBOAUT K POOJIEMAM, €CJTH UCTIOJIB30BATH ABTOKO/IH-
POBIIIMK B KauecTBe reHepaTUBHON MOJIEIH.
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Baw nepBbifi aBTOKOANPOBLNK

Tenepb CKOHCTPYMPYEM aBTOKOAUPOBIIKK ¢ moMolibio Keras. Ero peanusaiuio
BbI Haiiziere B O10kHOTE 03_01_autoencoder_train.ipynb Jupyter Notebook (B pero-
3UTOPHH C TIPUMEPAMHU JIJist KHUTH ). BooO11e pekoMeH [yeTcst co3aBaTh KJIacchl
Mojziesieii B OTaebHbIX (paiisax. IIpu TakoM MOAX0/Ie BbI OJIyYaeTe BO3MOKHOCTh
CO3/1aBaTh 9K3eMILISAPbI 00beKTa Autoencoder ¢ TapaMeTpaMu, OIPeIe ISTIOIUMI
KOHKPETHYIO apXUTEKTypy Moeun B 6okHore (auerunr 3.1). Ito caenaer Mo-
J1eJIb O4eHb IMOKOM, IPOCTON B TECTUPOBAHUY M JIETKO MEPEHOCUMON B APyIrue
IIPOEKTHI, €CJIM ATO MOTPEOYeTCs.

JInctuur 3.1. OnpeaeneHne aBTOKOANPOBLUMKA

from models.AE import Autoencoder

AE = Autoencoder(
input_dim = (28,28,1)
, encoder_conv_filters = [32,64,64, 64]
, encoder_conv_kernel_size = [3,3,3,3]
, encoder_conv_strides = [1,2,2,1]
, decoder_conv_t_filters = [64,64,32,1]
, decoder_conv_t_kernel_size = [3,3,3,3]
, decoder_conv_t_strides = [1,2,2,1]
, z_dim = 2)

PaccMOTpuM apxXuTEKTYpPy aBTOKOAMPOBINUKA MOApoOHee, HAYaB, OHAKO,
C KOIUPOBIIYKA.

KoaupoBwmk

3aaya KOAUPOBIIKA — OTOOPA3UTDH BXOJHOE H300PaKEHIE B TOUKY B CKPHITOM
[POCTPAHCTBE.

Yro0bl MOJYIUTH TPEOYEMYIO apxXuTeKTypy (pHc. 3.5), CO31auM BXOIHOM CIIOi
JUIS IpreMa U300 paskeH N, OCIeI0BATEBHO ITPOITYCTUB UX Y€PE3 YETHIPE CJIOST
Conv2D, KasK/IbIil N3 KOTOPBIX BBISABJISIET BCe GOJIee BBICOKOYPOBHEBbIE AIEMEHTBI.
Wcnonbdyem pasMep Imara 2 B HEKOTOPBIX CJIOSX, YTOObI YMEHBIIUTh PasMep
BBIXO/IHBIX [TAHHBIX. Pe3yJbraT moc/ie/fHero CBEPTOYHOTO CJIOsT TIPeobpasyeTcst
B BEKTOP U TIEPE/IaeTCs B CJION Dense C pa3MepoOM 2, TIPEJCTABJISIONINI Hallle
JIBYMEPHOE CKPBITOE MTPOCTPAHCTBO (JUCTUHT 3.2).
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Layer (type)

Output Shape

Param #

encoder_input (InputLayer) (None, 28, 28, 1) 0
encoder_conv_0 (Conv2D) (None, 28, 28, 32) 320
leaky re lu_1l (LeakyReLU) (None, 28, 28, 32) 0
encoder_conv_1 (Conv2D) (None, 14, 14, 64) 18496
leaky re lu_ 2 (LeakyRelU) (None, 14, 14, 64) 0
encoder_conv_2 (Conv2D) (None, 7, 7, 64) 36928
leaky re_ lu_3 (LeakyReLU) (None, 7, 7, 64) 0
encoder_conv_3 (Conv2D) (None, 7, 7, 64) 36928
leaky re lu 4 (LeakyReLU) (None, 7, 7, 64) 0
flatten_1 (Flatten) (None, 3136) 0
encoder output (Dense) (None, 2) 6274

Total params: 98,946
Trainable params: 98,946
Non-trainable params: 0

Puc. 3.5. ApxutekTypa KoaMpOBLUUKa

Jinctmur 3.2. KoanpoBLumnK

### KOAMPOBIMK

encoder_input = Input(shape=self.input_dim, name='encoder_input') @

X = encoder_input

for i in range(self.n_layers_encoder):

conv_layer = Conv2D(

filters = self.encoder_conv_filters[i]

padding = 'same'

~—~ e v v

x = conv_layer(x) @

name = 'encoder_conv_"'

+ str(i)

kernel_size = self.encoder_conv_kernel size[i]
strides = self.encoder_conv_strides[i]
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x = LeakyReLU()(x)

shape_before_flattening = K.int_shape(x)[1:]
x = Flatten()(x) ©

encoder_output= Dense(self.z_dim, name='encoder_output')(x) @

self.encoder = Model(encoder_input, encoder output) @

O OrnpeziesieHne BXOIAHOTO CJI0S1 KOAUPOBINNKA (TPUHUMATOIIETO H300paskeHue ).
® CrolKa CBEPTOYHBIX CJIOEB, HAJIOKEHHBIX IPYT Ha APyTa.

© IIpeobOpazoBanue pe3yabraTa MOCTEIHETO CBEPTOYHOTO CJIOST B TLIIOCKUI
BEKTOD.

O Ci0ii Dense, TIPeOGPA3YIONIHIT BEKTOP B IByMEPHOE CKPHITOE MTPOCTPAHCTBO.

© Mojenb Keras, onpeesnsiioniast KOAUPOBIINK, — MOJIeJIb, KOTOPas MPUHUMAEeT
HCXO/IHOE N300paskeHne U KOAUPYET €r0 B TOYKY B IBYMEPHOM IIPOCTPAHCTBE.

Y100Obl KIBMEHUTH KOJIMYECTBO CBEPTOUHBIX CJIOEB B KOANPOBIIHUKE, JOCTATOYHO
106aBUTh HOBbIE AJIEMEHTBI B CIIMCKH, OTIPEEISIONINE aDXUTEKTYPY MOIETN
B 6utokHOTe. O0s13aTENbHO SKCIIEPUMEHTHPYIITE C TTapaMeTpaMu MOJIEEH, TTPe/i-
CTaBJIEHHBIX B 9TOI KHUTE, YTOOBI ITOHSITh, KaK apXUTEKTYpa BJIMSIET Ha KOJIUJe-
CTBO BECOB B KAJK/IOM CJIOE, KAU€CTBO U BPEMSI BBITIOJTHEH ST MOJICJIH.

JexkoanpoBwnkK

JlexoMpOoBIIKK SIBJISIETCS 3€PKAJTBHBIM OTPAKEHUEM KOAUPOBIITUKA, HO BMECTO
CBEPTOYHBIX CJIOEB B HEM UCIIOJB3YIOTCS CJIOU 0Opamioi céepmiu (puc. 3.6).

OTMeTrM, apXUTEKTypa JIEKOIMPOBIIMKA HEOOSI3aTEIBHO I0JIKHA OBITh 3ePKaJib-
HBIM OTPasKEHUEM apXUTEKTYPbI KOAUPOoBIHKa. OHAa MOKET OBITh KaKOil yTO/IHO,
€CJIN BBIXOJ] IOCJICTHETO CJI0A IEKOUPOBIIMKA UMEET TOT K€ Pa3Mep, 4TO U BXOJT
KOAMPOBIKKa (MIOTOMY 4TO Hama (GyHKIKS 0TePh OY/AeT CPaBHUBATH UX 110
TTTKCEIaM ).
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Layer (type) Output Shape Param #
decoder_input (InputLayer) (None, 2) 0
dense_1 (Dense) (None, 3136) 9408
reshape 1 (Reshape) (None, 7, 7, 64) 0
decoder_conv_t_0 (Conv2DTran (None, 7, 7, 64) 36928
leaky re lu 5 (LeakyReLU) (None, 7, 7, 64) 0
decoder_conv_t_1 (Conv2DTran (None, 14, 14, 64) 36928
leaky_re lu_6 (LeakyReLU) (None, 14, 14, 64) 0
decoder conv_t_2 (Conv2DTran (None, 28, 28, 32) 18464
leaky re_lu_7 (LeakyReLU) (None, 28, 28, 32) 0
decoder_conv_t_3 (Conv2DTran (None, 28, 28, 1) 289
activation_1 (Activation) (None, 28, 28, 1) 0

Total params: 102,017
Trainable params: 102,017
Non-trainable params: 0

Puc. 3.6. ApxuTekTypa AeKOANPOBLLMKa

.HHCTHHF313HeMOHCTppreTpeaHHSaHHK)ﬂeKOHHpOBHHHQlCHCHOHBSOB&HHQM

Keras.

Jinctunr 3.3. [lekoavpoBLUMK

### NEKOAUPOBIUMK

decoder_input = Input(shape=(self.z_dim,), name='decoder_input') @

for i in range(self.n_layers_decoder):

conv_t_layer = Conv2DTranspose(

filters = self.decoder_conv_t_filters[i]

padding = 'same'

v e v o

name = 'decoder_conv_t_' + str(i)

Dense(np.prod(shape_before_flattening))(decoder_input) @
Reshape(shape_before_flattening)(x) ©

kernel_size = self.decoder_conv_t_kernel_size[i]
strides = self.decoder_conv_t_strides[i]
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)

x = conv_t_layer(x) @

if i < self.n_layers_decoder — 1:
x = LeakyReLU()(x)

else:
x = Activation('sigmoid"')(x)

decoder_output = x

self.decoder = Model(decoder_input, decoder output) @

C/IOM OBPATHOIA CBEPTKU

OOGBIYHBII CBEPTOYHBIN CJIOi MTO3BOJISIET BIBOE YMEHBIIUTD BHICOTY U IITH-
PUHY BXO/ITHOTO T€H30Pa, €CJIU YCTAHOBUTD TapaMeTp strides = 2. Cioit
06paTHOI CBEPTKU UCIIOJIB3YET TOT K€ MPUHITHII, YTO U OOBIYHBII CBEpP-
TOYHBIN (TPUMEHSIET (PUIIBTP K M300PasKEHHIO ), C TOU JIIIb PA3HUTIEH, 4TO
napamerp strides = 2 ydsausaem BbICOTY U IUPUHY BXOIHOTO TEH30PA.
B citoe 06paTHOiT CBEPTKM TapaMeTp strides ONpeesisieT pa3Mep BHYTPeH-
HETo JIOTIOJTHEHNUS JIJIsT I00ABIEHNUS HyJIeBBIX 3HAYECHN I MEK/LY ITHKCETaMU
B 3o6paskernu (puc. 3.7).

Cuioii Conv2DTranspose B Keras 103BoJisieT IpUMEHATD K TEH30pPaM Ollepa-
1110, 06paTHy0 cBepTKe. JI06aBIIsIst TaKKe CI0U, MOKHO TIOCTENIEHHO YBe-
JINYMBATDH Pa3MeP BBIXOJHBIX JIAHHBIX, UCIIOJIb3YsI [IApaMeTp strides = 2,
J10 TIOJIYYEHHs Pa3MEPOB, COOTBETCTBYIONMINX PadMepaM OPUTHHATILHOTO
nuzobpaskenus 28 x 28.

Puc. 3.7. MpuHumn paboTbl cnosi obpaTHOW CBepTkU: 3a4ecb hunbTp 3 X 3 X 1 (cepblit)
nocnefoBaTeslbHO HaKaAblBaeTCsl Ha n3obpaxeHne 3 X 3 X 1 (cuMHee) C mapaMeTpoM
strides = 2, u B pe3ynbTaTe Mosly4yaeTcst BbIXOAHOM TEH30p 6 X 6 X 1 (3eneHbii)!

' Buncent Jomonun (Vincent Dumoulin) u @panuecko Bucun (Francesco Visin),
«A Guide to Convolution Arithmetic for Deep Learning», 12 January 2018, https://arxiv.
org/pdf/1603.07285.pdf.
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O Ormnpenenenyie BXOAHOTO CJI0ST A€KOAUPOBIINKA (TPUHUMAIOINIETO TOUKY
B CKPBITOM IIPOCTPAHCTBE).

® DBxopmble JaHHble epeaioTcs B CJIO Dense.

© Tlosy4yeHHBII BEeKTOP npeobpasyeTcsi B TeH30p ¢ (hOPMOii, B KOTOPOii ero
MOJKHO TIepe/IaTh TIEPBOMY CJIOT0 OOPATHON CBEPTKHL.

O Crornka c10eB 06paTHON CBEPTKU, HAJIOKEHHBIX IPYT HA JPyTa.

© Mogmenn Keras, onpeaessionias 1eKOIUPOBITUK, — MOJENb, TPUHIMAIOIIA
TOUKY B CKPBITOM IIPOCTPAHCTBE U JAEKOAUPYIONIAs €€ B M300pakeHne B MCXOAHOM
MIPOCTPAHCTBE.

O6beaviHeHVEe KOAMPOBLMKA U AeKOANPOBLYMKA

Y106bI 06YyUNTH KOAUPOBIIUK ¥ JEKOAUPOBIIUK OJHOBPEMEHHO, HYKHO
OTIPEIESTUTD MOJIEJb, KOTOPast Oy/IeT HAPABJISTH MOTOK N300pakeHUil yepes
KOJIMPOBIIMK 1 06paTHO Yepes AekoanpoBirk. K cuactoio, Keras ymporaer sty
3agavy (aucTur 3.4).

JINcTUHr 3.4. [NosHbIM aBTOKOANPOBLUMK

### MNONHbIA ABTOKOAUPOBIIMK
model_input = encoder_input # @
model output = decoder(encoder_output) # @

self.model = Model(model input, model output) # ©

O Ha Bx0/ aBTOKOAMPOBIINKA ITOAAIOTCS Te Ke AaHHbIe, YTO U Ha BXOJ KOU-
POBIIUKA.

® BrixojHble JaHHbIe aBTOKOAMPOBIINKA — 9TO BBIXOAHbBIE JJAHHbIE KOIUPOB-
IIUKa, TIPOIIeIINe Yepe3 AeKOANPOBIINK.

© Mogenb Keras, onpezesionias moJHblii aBTOKOAUPOBIIMK, — MOJEJb, KOTOpast
npuHUMaeT n300paskeHue, TPOMYCKAET eTo Yepe3 KOAUPOBIINUK U 3aTeM 06PaTHO
yepes JIEKOIMPOBIINK, B Pe3yJIbTaTe YETo MOJydyaeTcsl PeKOHCTPYUPOBAHHOE M30-
OpaskeHue.

Teneps, KorIa Y HAC €CTH MOJIENb, OCTATIOCH TOJBKO CKOMITUIUPOBATD €€ ¢ (PyHK-
nuei morepb 1 ontuMusaTopoM (JmctuHr 3.5). Ha poib dyHKIUM mOTEPD
00bIYHO BBIOGHpaeTcst b0 cpemnHekBaaparndnast omnoka (Root Mean Squared
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Error, RMSE), 6o 6unapHas mepekpecTHast SHTPOIMSA MEKAY OTACAbHBIMU
IIKCENaMK MCXOHOTO U300pakKeHUsI 1 €r0 PEKOHCTPYKINU. BuHapHas mepe-
KpecTHast SHTPOITUsI HaKJiajbiBaeT GoJiee skecTKue mrpadbl Ha TPeICKa3aHusl,
CUJIBHO OTJIMYAIOIIMECS OT UCTUHBI, YTO CIIOCOOCTBYET CABUTY MPEACKa3aHMil
B cepeIvHy Jnara3ona. B pesybrare creHeprpoBaHHbIE M300paKeH s TTIOTyIa-
foTcst MeHee apdexTHbMu. [1o aT0l MpuYMe MpeanoYTUTETbHEE UCITOTH30BATh
RMSE. Ho nmetliTe B BULY, YTO HET 3aBEIOMO TIPABUJILHOTO WJIN HETIPABUIBHOTO
BBIOOpA — JKeJIaTeIbHO TOMpoOoBaTh BCe BAPUAHTHI U BHIOPATh TOT, KOTOPbIil
Jrydiiie TOAXOAUT 71T BAIlleTO CIydast.

JNnctuur 3.5. Komnunauus

#i## KoOMnmMnauuna
optimizer = Adam(lr=learning_rate)

def r_loss(y_true, y_pred):
return K.mean(K.square(y_true — y_pred), axis = [1,2,3])

self.model.compile(optimizer=optimizer, loss = r_loss)

OO0y4anM MO7IesTb aBTOKOANPOBIINNKA, TIEPEIAB NCXO/HbIE N300PAKEHNS Ha BXO]
1 BuIxo[ (JTucTwHT 3.6).

JInctuHr 3.6. ObyueHne Moaeny aBTOKOAMPOBLUMKA

self.model.fit(
x = x_train
, Y = X_train
, batch_size = batch_size
, shuffle = True
, epochs = 10
, callbacks = callbacks_list

~
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AHanus aBToKO4MPOBLYMKA

3asepinuB 00ydeHe, TOCMOTPUM, KaK ABTOKO/IMPOBIIUK TIPECTaBIISIET H300pa-
JKEHMA B CKPBITOM IIPOCTPAHCTBE. 3aTeM Mbl TO3HAKOMHUMCS C BapHallMOHHbIMN
ABTOKOJIMPOBIIMKAMI — €CTECTBEHHBIM PACIIMPEHUEM, YCTPAHSIIOIIMM 1PobJie-
MBI, XapaKTePHBIE JIJIsT OOBIYHBIX aBTOKOANPOBIIUKOB (CM. KO/ B O10KHOTE 03_02_
autoencoder_analysis.ipynb B cocTaBe pernosuTopus ¢ IpuMepamMu 71 KHUTH ).

Bosbmem Habop HOBBIX H300pasKEHUIT, KOTOPbIE MOJIENb He BUJEJIa B IPOIECCe
06y4eHust, IPOIYCTUM UX Yepe3 KOAUPOBIIUK U HAHECEM WX JBYMEPHbIE TIPe/I-
CTaBJICHMS Ha uarpammy paccestHus. Ha caMoM ziesie Mbl yske BUJIEIN 9TY Ha-
rpammy Ha puc. 3.1: aTo crena, Ha kotopoit muctep H. Kozep craBui roukn. Pac-
KpPacHuB TOUYKHU B 3aBUCHMOCTH OT TGP, KOTOPBIE OHNU [IPE/ICTABJISIIOT, [10JIy4aeM
auarpammy, nuzobpakernyio Ha puc. 3.8. CTOUT OTMETUTH, YTO XOTSI BO BpeMs
06yueHust MOJIesib He BUJIeJIa METOK, YKA3bIBAIOIIUX Ha UMD, aBTOKOANPOB-
UK CYyMeJI CTPYIIUPOBATH TIOXOKUE 110 HAYEPTAHUIO III(PDI B OHY 061aCTh
CKPBITOTO ITPOCTPAHCTBA.

BoT HECKOJIBKO MHTEPECHBIX HAOIOEHNI, KOTOPBIE MOKHO C/IeJIaTh, paccMa-
TPUBAS 3TY ANATPAMMY:

1. Touku pacroyioxKeHbl HeCUMMETPHYHO oTHOcUTEbHO (0, 0), 1 obacT ux
KOHIIEHTPAIIMK He UMEIOT YeTKuX Tpanuil. Harpumep, Touek ¢ oTpuiiaTesib-
HbIM 3HaY€HUEM KOOP/AWHATBHI iy HaMHOTO 60.711)1]18, yeM C IIOJIOJKUTEIbHDBIM,
a HEKOTOPHhIe axke UMeIoT KoopanHaTy y < —30.

2. Touku, COOTBETCTBYIOITNE HEKOTOPBIM IrpaM, KOHIICHTPUPYIOTCS B OY€Hb
MaJIeHbKOM 00J1aCTH, a IpyTHe OoJiee paccesiHbl Ha KOOPAMHATHOM IIJIOCKOCTH.

3. Umerorcst GoJibliime mycTbie 00JIacTy MEK/LY TPYIIIaMK TOYEK Pa3sHOTO IIBETa.

HanomuuM, Hatia 1ejib — B TOM, YTOOBI TIOJIYYHUTh BO3MOKHOCTD BHIOPATH CJIy-
YaWHYIO TOYKY B CKPBITOM ITPOCTPAHCTBE, MIPOITYCTUTD €€ UYepes3 AeKOANPOBITUK
U TIOJIYIUTh U300pakeHre mudpbl, KOTOpast MOX0kKa Ha HacTosIyo. B nxeane
JKeJlaTeIbHO, YTOOBI MOCIe HECKOJNBKIX TaKUX MOMBITOK Y HAC MOJYyYUJIaCh
KOJIJIEKIIMS, COjiepsKaliasi IPUMEPHO PaBHOE KOJIMYECTBO PA3HBIX TUMOB UMD
(TO ecTh MOZIENTh HE JIOJKHA TeHEPUPOBATh OIHY U TY Ke udpy). ITY ke 1eJib
npecyenoBanu u 6parbst Kojep, Koraa BeIOUpain ciydaiiHble TOYKUA Ha CBOEHT
CTEeHe JIJIST CO3[[aHuUsT HOBOTO M300PasKEHUSI JIJIsT CBOEIT BBICTABKI.
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Puc. 3.8. CkpbITOe NPpOCTPaHCTBO, B KOTOPOM TOYKM, COOTBETCTBYHOLME
pasHbIM LndpaM, packpalleHbl B pasHble LBeTa

[TyHkT 1 0OBSICHSIET HEOYEBUIHOCTD ITPABUJI, KOTOPBIMHU JKEJIATETbHO PYKOBO/I-
CTBOBATHCS MPU BBIOOPE CIYUALIHOL TOUYKU B CKPBITOM ITPOCTPAHCTBE, HEM3BECT-
HBIM pacrpe/eseHneM Touek. TeXHUUeCKH Mbl BOTbHBI BBIOPATH JIOOYIO TOUKY
Ha TJIOCKOCTH, TIPUYEM HE TaPaHTUPYETCsT, YTO TOYKU GYIYT COCPEOTOYCHDI
BokpyT (0,0), uTO KETaET BHIGOP MPEACTaBUTENHLHOTO 0Opasiia n3 CKPhITOTO TPO-
CTPAHCTBA YPE3BBIYANHO TPOOIEMATHIHOM 3a/1a4€eil.

[TyHKT 2 0OBSICHSIET OTCYTCTBHE Pa3HOOOPA3Usi B CreHEPUPOBAHHBIX M300pa-
KeHusX. B nzeasne, BoiOMpas caydyaiiHble TOYKH B CKPHITOM TIPOCTPAHCTBE, MbI
XOTeJIM OBl MOJIyYUTh MPUMEPHO PaBHOE KOJNYECTBO pasHbix 1udp. Ho aBro-
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KOJIMPOBIIUK He rapanTupyer sroro. Hanpumep, obmactsb udpbl «1» HaMHOrO
GoJibiire, gyeM 001acTh UMPHI «8», 1, BHIOMpas caydaiiHble TOYKU B CKPHITOM
IIPOCTPAHCTBE, MbI ¢ OOJIBIIEI BEPOSITHOCTBIO BBIOEPEM TO, UTO JAEKOAUPYETCSI
B M300paskeHue, OOJIbIIE TIOX0Kee Ha «1», a He Ha «8».

[TyHkT 3 0O6BSICHSIET, TOYEMY HEKOTOPBIE CTeHEPUPOBAHHbIE N300PaKEHUST MAJIO
noxoxku Ha nudpsl. Ha puc. 3.9 nmokazanbl TPU TOUKU B CKPBITOM ITPOCTPAHCTBE
U COOTBETCTBYIOIIUE UM J€KOANPOBAHHBIE H300PAKEHUS, HIT OJTHO U3 KOTOPBIX
He SIBJISIETCST 9€TKO C(hOPMUPOBAHHBIM N300paskeHneM MU PHL.

OtyacTit 310 00YCJIOBIEHO HATMYKEM OOIUPHBIX MYCTHIX 06J1acTel Ha rPpaHnIax
[IPOCTPAHCTB, TJI€ IPUCYTCTBYET BCETO HECKOJIbKO TOUEK, — Y aBTOKOIUPOBIIUKA
HET OCHOBAHWIT TapaHTHPOBATH EKOJNPOBAHUE ITUX TOYEK B Pa30OpUNBbHIE (-
PbI, MOCKOJIbKY B 9TH 00JIaCTH KOAMPYETCst 04eHb Masio u3obpaskenuii. OHako,
uT0 erre 6oiee HEMPHSITHO, IasKe TOUKH, HaXOASIINECs B cepeinHe MPOCTPAHCTBA,
MOTYT He JIEKOINPOBAThCS B UETKIE N300paskeH st ITO CBSI3AHO € TEM, YTO aBTO-
KOJIMPOBIIMK He 00si3aH 00eCTieYnBaTh HenpepobieHocmy npoctpancTsa. Hamprmep,
TouKa (2, —2) MOXKET JIEKOIUPOBATHCST BO BIIOJIHE YIOBIECTBOPUTEIbHOE M306pa-
JKeHue «4», a Touka (2.1, —2.1) y:ke MOXKeT He 1aBaTh CTOJIb JKe YAOBIETBOPUTEb-
HOTO M300paKeHUS «4» 13-32 OTCYTCTBHSI HEOOXOANMBIX JIJIS1 9TOTO MEXaHU3MOB.

3 &

Puc. 3.9. HekoTopble HEKaYeCTBEHHO CreHeppPOBaHHbIE M306paXxeHUst
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[Tpu MCHONb30BAaHUU IBYMEPHOTO CKPBITOTO MPOCTPAHCTBA 9Ta MPobieMa
MaJjio3aMeTHa — aBTOKOMPOBIIUK OTPAaHIYEH HEOOIBITUM KOJUIECTBOM U3~
MEepEeHUI U BBIHYKJIEH BTUCKUBATD IPYIIILI ITUMP B y3Kue pamMku. B pesymsraTe
MIPOCTPAHCTBO MEXK/Y 3TUMU TPYTIIaMU OKa3bIBAETCS OTHOCUTEIHHO HEBe-
auko. Ho ¢ yBesmuenunem uncjia usMepeHuil st co3fanusi 6ojiee CI0KHbBIX
n300pakeHNi, B TOM YHCJIe ¥ TaKUX, Kak Jiila, mpobJieMa cTaHOBUTCS GoJiee
oueBuHON. Ecin 1aTh aBTOKOAUPOBIIUKY MOJHYIO CBOOOLY MEWCTBUN B UC-
M0JIb30BAHUK CKPBITOTO TIPOCTPAHCTBA JIJIsT KOAMPOBAaHUS U300paskeHu i, TO
MBI TTOJTy9UM OTPOMHBIE TTPOMEXKYTKU MEXK/Y TPYIITaMH MMOX0KHUX TOYeK, He
MO3BOJISIOIIHIE TIOJTYYUTh TIPABUIIbHO chopMUpOBaHHbIe H300paskeHwst. Kak ke
MOZKHO PEIIUTH 3TH TIPOOJIEMBI, TOJTOTOBUB aBTOKOAMPOBIIMK K UCTIOIb30Ba-
HUIO B POJIV TeHEePAaTUBHON Mozienn? BepHeMcs K XyI0KeCTBEHHON BBICTaBKe
6patheB Kojep, rjie ¢ MOMEHTa HAIIETro MOCJIEHEr0 BUUTA TIPOU3OIILIN He-
KOTOpBbIE N3MEHEHUS...

BbicTaBKa BapMaLMOHHOro NCKYCCTBa

Mucrep H. Kozmep ObLI TOJIOH PEIIUMOCTH C/IeJIaTh BBICTABKY FeHepaTUBHOIO
HCKYCCTBA BBICOKOZOXOIHON M 06paTHUJICS 3a TIOMOIIBIO K CBOEH jodepu JIi-
cuno. ITocse KpaTKOro 06CYKAEHMS OHU PELIMIN U3MEHUTH criocod BbIOOpa
TOYEK Ha CTeHe, PEJCTaBISIONINX KapTUHbI, cieyionuM obpazom. Korza HoBast
KapTruHa npuObiBaeT Ha BbicTaBKy, Muctep H. Komep BoiOupaer Ha creHe MecTo,
r7ie XoTeJ Obl MOCTaBUTh TOUKY, TIPEACTABIISIONLYI0 H300pakeHe, KaK U PaHblIIe.
Ho terepb OH He CTaBUT TOYKY Cpasy ke, KaK TOJBKO BbIOEPET MECTO /IS Hee,
a coobIIaeT cBoe MHEHHe J0Yepr DICUIOH, KOTOpask YTOUHSET MECTOIIOIOKEHIE
Toukyu. KoHeYHO, OHa yYUTHIBAET MHEHUE CBOETO OTIA, TOATOMY OOBIYHO CTABUT
TOYKY T/Ie-TO PsIZIOM C MeCTOM, KoTopoe rpessoxut oteil. Ho muctep /I. Koxep
B CBOeil paboTe UCIOJIb3YeT TOJBKO TOUKHU, TIOCTAaBJIeHHbIE DIICUIIOH, HUYETO He
3Hasl 0 mepBoHavYaabHOM MHeHun Muctepa H. Koxepa.

Mucrep H. Kozep Takike coobiaer cBoeil Jo4epr, HACKOJIbKO OH YBEPEH, YTO
TOYKA JI0JKHA HAXOAUTHCS MMEHHO B 3TOM Mecte. Uem Oosiee OH yBEpeH, TeM
GJIMIKE K TIPETIOKEHHOMY MeCTY JTICUJIOH CTaBUT OKOHYATEIbHYIO TOUKY.

U erie 0HO U3MEHEHUE B CTAPOI CUCTEME: PAHbIIIE eUHCTBEHHON 00PaTHOI CBSsI-
3bI0 ObLIa TI0TEPS J0X0/Ia U3-32 HEKaueCTBEHHON PEKOHCTPYKIUK U300pasKeHUii.
Eciin Gparbst Bugesn, 4TO Kakue-TO U300paskeHrsl BOCCO3aHbl HEJOCTATOYHO
TOYHO, OHM MOTJIM CKOPPEKTUPOBATH MECTOIOJIOKEHE TOYKH 1 BHOBD CT€HEPH-
poBaTh U300paskeHue, YTOObI YMEHbBIIUTD IOTEPHU TOXOI0B.
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/I / 950727 22 907 3 ¢%
19 o\ 6762 7 03 0 ¢ 57
Puc. 3.10. KapTuHbl C HOBOW BbICTaBKM

Tenepb MOSABUIICA ellle OAMH UCTOYHUK 06paTHON ¢Bsa3u. OQHaKO IICUIOH 10-
BOJIbHO JICHUBA U €€ Pa3/[paskaeT, KOr/a OTell IIPejljiaraeT MoCTaBUTh TOUKY I10-
JTAJIbITIe OT IEHTPA CTEHBI, T7e JIeSKUT JecTHUIa. Eil Takke He HpaBUTC, KOTA
OH CJTUTIIKOM CTPOTO OTIPEIETIIET MECTOTIONOKEHNE TOUEK, TTOCKOJIBKY TyBCTBYET
orpanuyeHue cBoeii cBobobl. TOUHO Tak e, ecJIu OTel[ He OYeHb YBepPeH, Kyla
MIOCTaBUTH TOUKY, Y HEe BO3HUKAET ONIYIIEHNe, UTO MMEHHO OHA JIeJIaeT BCIO
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pabory! Ero yBepeHHOCTh B MECTOIOJIOKEHUN TOYEK J0JKHA JaBaTh JICUIOH
OIILyIIEHNE CYACThS OT BBITOJHEHHON PabOThI.

YT00OBI KOMIIEHCHPOBATD HEJIOBOJIBCTBO I0YEPH, OTEIL TJIATUT el 32 paboTy 6OJIb-
11Ie, eCJIN He MPUIEPKIUBAETCS ATUX TIPABUJIL. B OyXTasTepcKoil OTYETHOCTH ITH
pacxojibl yKazaHbl Kak KoHMuaeHma bube. [109T0My OH I0JIKEH OBITH OCTO-
POKHBIM, YTOOBI HE TJIATUTh CJAUIIKOM MHOTO CBOEI JI0Y€pH, a TaKKe CIIEAUTh
3a norepeit 1oxoa B kacce. [Tocse aTux npoctbix namenennii muctep H. Kozep
BHOBb MPOOYeT NPUMEHUTH CBOIO CTPATErniO pa3MeIleHnst TOYeK Ha MyCThIX
y4acTkax creHsbl, 4toObl Muctep /1. Kojep Mor BOCCTaHOBUTD UX B OPUTHHAIBHbIE
kaptunsl (puc. 3.10).

B pesyJsibraTe B rajiepeio oBaJIuIi TOJIIbI TOCETUTENEH, JKEeJAIONUX YBUIETb 3TO
HOBOE, 3aXBaTHIBAIOIIEE TEHEPATUBHOE UCKYCCTBO U Y/IUBUTHCS OPUTHHAIBHOCTH
1 Pa3Ho0OPa3MIo KapTHH.

KoHcTpynpoBaHne BapuaLiOHHOro
aBTOKOAMPOBLYMKA

[Tpenbinymas uctopus mokasasna, Kak HECKOJBKUMHU ITPOCTHIMU U3MEHEHUAMNI
MIPEBPATUTD XYIO0KECTBEHHYIO BBICTABKY B YCIEIIHBII TeHEePATUBHBIH TIPOIiecC.
Tenepb nonpoGyem pa3zodpaThest ¢ MaTEMaTHYECKONW TOUKU 3PEHMUST, YTO HYKHO
CIIeTaTh € HAIMM aBTOKOJMPOBIIIMKOM, YTOOBI TPe0GPa30BaTh €T0 B BapUAIIHOH-
HBIH aBTOKOAMPOBIIUK U TTPEBPATUTD B HACTOSIIYIO TeHepaTUBHYIO Mozenb. Ha ca-
MOM JIeJie UI3MEHUTD HYKHO TOJIBKO JIBE YACTHU: KOJUPOBIIUK U (PYHKITUIO TIOTEPD.

KoaupoBwmk

B aBTOKOAMPOBIIIKE Kaxk/10€ N300pakeHne 0TOOPaKAeTCsl HETIOCPEICTBEHHO
B TOUKY B CKPBITOM IIPOCTPAHCTBE. B BapramoHHOM aBTOKOIUPOBIITNKE KaK/10€
nsobpaskenne 0ToOpakaeTcsi B MHOTOMEPHOE HOPMAJIbHOE Paciipe/ie/ieHne BO-
KPYT TOUKU B CKPBITOM TTpocTpancTBe (puc. 3.11).

BapuaiinoHtbie aBTOKOAUPOBIIUKH TIPE/IIONATAIOT OTCYTCTBUE 000N KOppe-
JISITIY MESK/TY UI3MEPEHUSIMU CKPBITOTO TIPOCTPAHCTBA U, CJIEIOBATENBHO, TO, UTO
KOBapuaIlMOHHAs MAaTPUIIA SBJSETCS AMaTOHAIBHON. JTO 03HAYAET, UYTO KOJU-
POBIIHK JIOJKEH JIMIIb 0TOOPA3UTh KaK/Iblil BXOJ B BEKTOP CPEAHUX M BEKTOP
JUCTIEPCHH, He HECTTOKOSICh O KOBapHUAINK MEXK/IY M3MepeHusiMu. JacTo Takske
BbIOMpAETCst OTOOpaKeHUE B 102aApu@M AUCTIEPCUH, TIOTOMY YTO OH MOKET IIPHU-
HUMAaTh JI00bIe JIeHCTBUTEIbHBIE 3HAYEHUST B JMaia3oHe (-00, o), 4TO COOTBET-
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CTBYET eCTECTBEHHOMY AUAlla30Hy BBIXOAHBIX 3HAYEHWIT y3/1a HEHPOHHOM CeTH,
TOI/Ia KaK 3HAYeHUs AUCIEPCUH BCETa IOJI0KUTENbHbL. B nTOre KOAMPOBIIMK
Oy/ieT mpeoGpasoBbIBATH Kak/I0€ BXOAHOE M300pasKeHUE B [Ba BEKTOPa, mu 1 log_
var, KOTOpbIe BMECTe OIPEAEIAI0T MHOTOMEPHOE HOPMAJIbHOE paciipe/ie/icHue
B CKPBITOM IIPOCTPAHCTBE:

mu
CpemHsisa TouKa pacrpeiesieHus.
log_var
Jlorapudwm aucnepcuu Kaskaoro U3MepeHus.

[TpeobpazoBaTh M300paskeHEe B OTMPEIETEHHYIO TOUKY z B CKPBITOM ITPOCTPaH-
CTBE MOJKEM ITyTeM BBIOOPKH U3 3TOTO PACITPEAETIEHHSI C TTOMOIIBIO CJIEYIOTIEro
YpaBHEHWS:

z = mu + sigma * epsilon,
rjae Sigma BBIUUCIIACTCH Tak!:
sigma = exp(log_var / 2)

epsilon — 9TO TOYKa, BRIOPAHHAst M3 CTAHAAPTHOTO HOPMAJIBHOTO PACIIPEIETICHHUSL.

&6

KoAupoBaHue l

é

KogupoBaHue

X Xy

aBTOKOAMPOBLLUK BapunaLVOHHbIN aBTOKOANPOBLLMK

Puc. 3.11. Paznmumsa mMexzay KoAMPOBLUMKOM B 06bIYHOM 1 BapvaLMOHHOM
ABTOKOAMPOBLLMKE

1 5 =exp(log(o)) = exp(2log(c?)/2) .
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HOPMAJIbHOE PACMPEQENEHUE

HopwmanbHoe pacmipesiesieriie — aTo paciipeieieHrie BeposiTHOCTEH, Xa-
pakTepusyolieecs: creruduIecKoil KoJI0K0I000pasHoil GopMoil Kpu-
Boil. OlHOMEPHOE pacIlpejie/ieHre OTPeIeNSIeTCs ABYMS TIePEMEHHBIMU:
cpednum (p) n gucnepcueit (6%). Cmandapmuoe omxaonenue () — 3aTo
KBAJ[PATHBII KOPEHb U3 JIMUCIIEPCUN.

DyHKIMS TIOTHOCTA BEPOSITHOCTH OJTHOMEPHOTO HOPMAJIBHOTO paciipe-
NleJIeH s UMeeT BUT

f(xlu,cz) = ¢

Ha puc. 3.12 mokazaHo HECKOJIBKO OJTHOMEPHBIX HOPMAJIBbHBIX pacIipejie-
JIEHUH C pa3HbIMU 3HAYEHUSAMH cpefHero u aucnepenn. Kpacnas kprusas
COOTBETCTBYET CIMAHOAPMHOMY HOPMATLHOMY PACIPEOeeHUI0 — HOPMATTb-
HOMY pacIipefieJIeHIio co cpeHnM 3HauenneM 0 n aucrepcueii 1.

BoiGparhb TOUKY z 13 HOPMaJIBHOTO PACIIPEAETEHUS CO CPETHUM L U CTaH-
JLAPTHBIM OTKJIOHEHUEM G MOYKHO C IIOMOIbIO YPaBHEHUA

zZ= U+ og,
rje € — 3HadeHue, BLIOPaHHOE U3 CTAHAAPTHOIO HOPMAIBHOTO PACIIPEE-

JICHH .

HopmasbHoe pacrpezenenne MOKeT ObITh He TOJbKO OJHOMEPHBIM —
(YHKIMS TIOTHOCTH BEPOSITHOCTH JIJIst 0000IEHHOTO MHOTOMEPHOTO
HOPMAJIBHOTO PACIIPEAEIEHU C R M3MEPEHUSIMU BbITJISLAUT TaK:

exp( -3 (1) T "(x-w)|
FCom X)) = 2
o Jen'[3

[l nBymMepHOTO pacipezie/IeHsT BEKTOP CPeIHUX |L 1 CUMMeTPUYHAS
KOBapHallMOHHAS MaTPULA X OIIPEJICJISTIOTCS TaK:

u_[uljy Y= GIZ pclzcz ’
HZ pGlGZ GZ

rzie p — KoahGUITNEHT KOPPETSAITUN MEXKTY IBYMS U3MEPEHUSIMA X, U X,
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Puc. 3.12. OgHOMepHOe HOpMarbHOEe pacnpeaeneHue!

B nameit uctopuu mu nipezicrasisier mHeHue mucrtepa H. Kozepa o Towm, rie Ha
CTEHE JIOJIKHA MTOSIBUTHCST TOYKA. epsilon — 9TO CAYYallHBIN BHIGOP €r0 J0YepH,
OTIPENETITIONINH PacCTOTHUE OT mu, T7e (PaKTUIECKU CJeYeT MOCTAaBUTh TOUKY,
MacitabupoBaHHOE 3HaYeHHEeM sigma — yBepeHHOCThIO Muctepa H. Komepa
B MeCTOnoJIoKeHnr Toukr. Ho mouemy cTosib HeGOIIbInoe M3MEHEHUE CIIOCO0-
CTBYET TIOBBINIIEHUTO KaYecTBa KOAMPOBAHUS ?

[Ipeske K HEMPEPBIBHOMY TIPOCTPAHCTBY HE MPEAbBISAIOCH TpeboBaHMe He-
MIPEPBIBHOCTH — JlaKe ecyir TouKa (—2, 2) 1eKoaupoBajach B IPaBUJIbHO chop-
MHPOBaHHOE U300paskeHue UPBI «4», HTO HE 03HAYAIIO, YTO U300PAKEHKE ISk
Touku (—2.1, 2.1) 10JKHO GBITH TTOXOKKUM. Terepb ke, TOCKOIbKY MbI BBIOWPaeM
CIIyYallHYIO TOUKY M3 00JIACTH BOKPYT mu, IEKOANPOBIIHK J0JIKEH IEKOANPOBATH
BCE COCEIHNE TOYKHU B OYEHbD TOXOKHE M300PaKEHUsI, TO €CTh IIOTEPU ITPU PEKOH-
CTPYKIIUHU JOJIKHBI OCTaBaThCst HEOONBIIUMEI. ITO CBOWCTBO TapaHTUPYET, YTO
IpU BBIOOPE TOYKHU B CKPBITOM IIPOCTPAHCTBE, KOTOPYIO IEKOAUPOBIIUK MIPEHK/IE
HUKOT/Ia He BUJIEJI, OHA ¢ OOJIBIIOI BEPOSITHOCTBIO OYIET IEKOMPOBAHA B XOPOIIIO
copmupoBarHoe nzobpakenue. [TocMOTPUM, KAk CKOHCTPYHUPOBATh 3Ty BEPCUIO
komuposiuka B Keras (nmucrunr 3.7). Bol Moskere 06yuuTh cOOCTBEHHbII Bapra-
IMOHHBIN aBTOKOAMPOBIIKK, 3a1rycTuB O10KkHOT 03_03_vae_digits_train.ipynb u3
PEo3uTOPUSI C IIPUMEPAMHU JIJIsI KHUTH.

! Ucrounuk: Bukumemus, https://ru.wikipedia.org/wiki/HopManbHoe_pacnpeaeneHue.
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JNinctmnur 3.7. KOLlVIpOBLLlVIK BapuauMOHHOIro aBTOKOAMPOBLLMKA

### KOAMPOBLKMK
encoder_input = Input(shape=self.input_dim, name='encoder_input')

X = encoder_input

for i in range(self.n_layers_encoder):
conv_layer = Conv2D(
filters = self.encoder_conv_filters[i]
, kernel _size = self.encoder_conv_kernel_size[i]
, strides = self.encoder_conv_strides[i]

, padding = 'same'
, hame = 'encoder_conv_' + str(i)

x = conv_layer(x)

if self.use_batch_norm:
X = BatchNormalization()(x)

x = LeakyReLU()(x)
if self.use_dropout:
X = Dropout(rate = 0.25)(x)

shape_before_flattening = K.int_shape(x)[1:]
x = Flatten()(x)

self.mu = Dense(self.z_dim, name="mu')(x) @
self.log_var = Dense(self.z_dim, name='log_var')(x) #

encoder_mu_log_var = Model(encoder_input, (self.mu, self.log var)) @
def sampling(args):

mu, log_var = args

epsilon = K.random_normal(shape=K.shape(mu), mean=0., stddev=1.)

return mu + K.exp(log_var / 2) * epsilon

encoder_output = Lambda(sampling, name='encoder_output')([self.mu, self.log_

var]) @

encoder = Model(encoder_input, encoder output) @

© Cuioiit mpeo6pa3oBaHusl B IJIOCKHIA BEKTOP MOAKIIOUAETCS HE K ABYMEPHOMY
CKPBITOMY IIPOCTPAHCTBY HEIIOCPEACTBEHHO, a K CJIOSIM mu U log_var.

® Mojenn Keras, koTopast Bo3Bpaiiiaer 3nadetusi mu 1 log_var JIJisl JaHHOTO
BXOJIHOTO M300PaKEHMS.
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mu: Dense

(None, 3136)

(None, 2)

BXO[: (None, 28, 28, 1)
encoder_input: InputLayer
Bbixod: | (None, 28, 28, 1)
y
BXOA: (None, 28, 28, 1)
encoder_conv_0: Conv2D
Bbixod: | (None, 28, 28, 32)
y
Bxoa: | (None, 28, 28, 32)
leaky_re_lu_1: LeakyReLU
Bbixoa: | (None, 28, 28, 32)
y
Bxog: | (None, 28, 28, 32)
encoder_conv_1: Conv2D
Bbixof: | (None, 14, 14, 64)
y
Bxoa: | (None, 14, 14, 64)
leaky_re_lu_2: LeakyReLU
Bbixod: | (None, 14, 14, 64)
y
Bxoa: | (None, 14, 14, 64)
encoder_conv_2: Conv2D
Bbixoa: | (None, 7,7, 64)
y
BXOA: (None, 7,7, 64)
leaky_re_lu_3: LeakyReLU
Bbixoa: | (None, 7,7, 64)
y
BXOA: (None, 7, 7, 64)
encoder_conv_3: Conv2D
Bbixog: | (None, 7,7, 64)
y
BXOA: (None, 7,7, 64)
leaky_re_lu_4: LeakyReLU
Bbixog: | (None, 7,7, 64)
y
BXOA: (None, 7,7, 64)
flatten_1: Flatten
BbIXO/: (None, 3136)
Bxoga: |(None, 3136) BXOA:
log_var: Dense
Bbixoa: | (None, 2) BbIXOA:
Bxoa: | [(None, 2), (None, 2)]
encoder_output: Lambda
BbIXOA: (None, 2)

Puc. 3.13. Cxema C yCTPOWCTBOM KOAMPOBLLMKA B BapUaLMOHHOM aBTOKOAMPOBLLMKE
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© I10T 1011 Lambda BHIOMPAET MPEICTaBICHUE TOUKHU z B CKPBITOM ITPOCTPAHCTBE
13 HOPMaJILHOTO PacCIipe/le/IeHusT, OTPEIe/IIEMOro mapaMeTpaMu mu U log_var.

® Mogenn Keras, onpenemnsionias KOAUPOBIINK, — MOJIEJb, KOTOpas TPpUHUMA-
€T BXOJIHOe M300pakeHue 1 mpeobpa3yer ero B TOYKY B JIBYMEPHOM CKPBITOM
IIPOCTPAHCTBE, BBIOMPAsT €€ U3 HOPMAJIBLHOTO PACIIPEIETIEHUST, OMPENETAEMOrO
napaMeTpaMi mu 1 log_var.

CNOW LAMBDA

CJ10it Lambda CITysKUT JIJISI TPOCTOTO 00EPThIBAHMSI TPOU3BOJIBHBIX (DYHK-
nuit. Hanpumep, cieayoniuii cjioi BO3BOJAUT CBOM BXO/IHbIE 3HAUEHUS
B KBaJIpar:

Lambda (lambda x:x ** 2)

Ero yo6H0 HCIIOTb30BaTh, KOT/Ia TPEOYETCST IPUMEHUTH K TEH30PY (hyHK-
1uIo, elle He BKouenunylo B Keras B Buje cranapTHOIO CJIOSL.

CxemMma ¢ ycTpoiicTBOM KOAMPOBIIKKA TTOKa3aHa Ha puc. 3.13. Kak ynoMmunanoch
BbIllle, B OOBIYHOM U BaPUAIMOHHOM aBTOKOAUPOBINUKE UCIOIB3YETCS OJIMH
1 TOT JKe IEKOANPOBINNK. EMMHCTBEHHOE, YTO €11ie MBI JIOJKHBI N3MEHUTD, — 3TO
dbynxmmsa noreps.

QOyHKUNA noTepb

[Ipexusist Hatma GYHKIUS TTOTEPD OIEHIBAIA TOJBKO CPEHEKBAIPATHIHYIO
omuOKy MEKIY N300paKeHUSIMI U UX PEKOHCTPYKIMSIME TTOCJIE TIPOXOKIE-
HUsI Yepe3 KOAUPOBIIUK U EKOIUPOBIIIK. JTa nOmeps npu PeKoHCmpyKuuu
HMeeTCsI TaKKe B BapUAIIMOHHOM aBTOKOIMPOBIIMKE, HO HAaM HEOOXOIUM OJIUH
JIOTIOJTHUTENIbHBIA KOMITIOHEHT: paccmosiiue Kyiwoaxa—Jleioarepa (Kullback—
Leibler divergence). Paccrostuune Kynbbaka—Jleiibiepa usmepsiet, HAaCKOJIbKO
OJTHO pacrTpe/ieJieHne BEPOSTHOCTH OTINYAETCS OT APyroro. B Bapuarmonuom
ABTOKOAMPOBIIIKE TPeOYeTCst 3HATH, HACKOJIBKO Hallle HOPMAJIbHOE pacipejie-
JIEHUE C TapaMeTpaMy mu ¥ log_var OTJINYAETCsI OT CTaHAAPTHOTO HOPMAJbHOTO
pactpenenenws. /Lyt gaHHOTO cirydast pacctosiiue Kyibbaka—Jleiibepa nveer
3aMKHYTYIO (hOpMY:

kl_ loss = -0.5 * sum(1l + log_var — mu ~ 2 — exp(log_var)),

112 [naBa 3 ¢ BapuaLMOHHbIE aBTOKOAMPOBLLMKM



WJI B MaTeMaTUYECKOU 3aIICH:

DK,‘[N(u,c)HN(O,i)] =%Z(1+log(cz)—u2 —02).

CyMMa BBIYHCIISIETCS 110 BCEM U3MEPEHUSIM B CKPBITOM ITPOCTPAHCTBE. k1_loss
MuHUMHU3UPYyeTces 10 0, Korjaa /s BceX U3MepeHuil mu = O u log_var = O.
Korma atu aBa uiena naunmHaoT otandaTbes oT 0, k1_loss yBeJIMYUBAETCS.
Takum o6pasom, el ¢ paccrosiiueM Kyinbb6aka—Jleiibiepa Haka3biBaeT CETh
3a npe/cTaBieHne HaOIOIeH B BU/le 3HAYEH W mu 1 log_var, 3HAaYUTETHHO
OTJIMYAIOIINXCS OT TTaPAMETPOB CTAHIAPTHOTO HOPMAJILHOTO PacIipe/ie/IeHus,
a UMEHHO mu = @ 1 log_var = ©. B Haieii uCTOpUM ITOT YJIEH TIPE/CTABIISET
pasapaskeHne IICUIOH U3-3a HEOOXOAUMOCTH OTOJBUTATh JIECTHUILY OT Ce-
peaunbl crensl (mu oTanvaetcs ot 0), a TaksKe U3-3a HEYBEPEHHOCTH MUCTEPA
H. Kozepa B Bpib6ope nosuiuu Touku (log_var oriauvaercs ot 0). B oboux
caydasx pacTyT pacxojbl. YeMm ke momMoraer takasi 100aBKa B (hyHKIIHIO
1oTephb?

Bo-1iepBbIX, UMeeTCs 4eTKO OTpe/ie]IeHHOe pacipesieieHue, TPUTOIHOE st
BbIOOpA TOYEK B CKPBITOM MPOCTPAHCTBE, — CTAHAAPTHOE HOPMAIBHOE pac-
npezeenne. Boibupast 3SHaue€HUE M3 3TOTO PACIIPEIeIEHNUSsT, MBI, CKOPEe BCETO,
MOJIYIMM TOUKY, JIEXKATYTO B TIPEJIeIax TOTO, YTO BUJIET BADUAITMOHHBIH aBTO-
konupoBIUK (VAE). Bo-BTOPBIX, MOCKOJBKY 9TOT YJIeH MBITAETCS TIPUBECTH
BCe 3aKOJMPOBAHHbBIE PACIIPE/Ie/IeHNs K CTAaHAaAPTHOMY HOPMaJIbHOMY pac-
Mpe/leIeHNI0, YMEHBIITAeTCST BEPOSTHOCTh BOSHUKHOBEHMST MEXK/TY KIACTEPAMU
TOYEK GOJIBIITIX TYCTIX MPOCTPAHCTB. BMECTO 9TOTO KOAMPOBIIHUK MOBITAETCST
HCIOJIB30BATh MTPOCTPAHCTBO BOKPYT UCTOYHIKA MAKCUMAJIbHO CUMMETPUIHO
1 apheKTUBHO.

B kone dynkius moreps 1751 VAE BBITJSIIUT KaK MPOCTOE CJIOKEHUE TOTEPD
IPU PEKOHCTPYKIMHU ¢ pacctossuueM Kynbbaka—Jleiibaepa. Mbl B3BelnBaeM
MOTEPH [TPU PEKOHCTPYKITUY 3HAUEHWEM r_loss_factor, TapaHTUPYIONIUM COTJIa-
coBaHHOCTH ¢ paccrostarieM Kysbbaka—Jleiibiepa. Eciiu npuaars morepsiM mpu
PEKOHCTPYKIUH CIUIIKOM GOJIbINOI Bec, To paccrosiaue Kynbbaka—Jleiibiaepa
He Oy/IeT OKa3bIBaTh KEJAEMOTO PETYIUPYIONIET0 3(h(PeKTa U MbI CTOJKHEMCSI
¢ nipobsieMaMu, TIPUCYIIUMHU 0OBIYHOMY aBTOKOAMPOBIIMKY. Ecain ke 3amaTh
CJIMIIIKOM MaJIeHbKHii Bec, TO paccrosinne Kyabbaka—Jleiibaepa Oymer 1oMu-
HUPOBATh U PEKOHCTPYMPOBAHHBIE M300PAKEHUST OKAKYTCsl HEKAUeCTBEHHBIMU.
ITOT BeCOBOI KOI(PDUIIMEHT — OJMH U3 MAPAMETPOB, HACTPAUBAEMBIX B XOJIe
obyuenus VAE (iucrunr 3.8).
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Jinctunr 3.8. BrnoueHue pacctosHus Kynbbaka—/lenbnepa B GyHKUMIO NOTEpPb

### KoMnmnAauuna
optimizer = Adam(lr=learning_rate)

def vae_r_loss(y_true, y pred):
r_loss = K.mean(K.square(y_true — y_pred), axis = [1,2,3])
return r_loss_factor * r_loss

def vae_kl_loss(y_true, y pred):
kl_loss = -0.5 * K.sum(1l + self.log var — K.square(self.mu)
— K.exp(self.log var), axis = 1)
return kl_loss

def vae_loss(y_true, y_pred):
r_loss = vae_r_loss(y_true, y_pred)
kl_loss = vae_kl loss(y_true, y_pred)
return r_loss + kl_loss

optimizer = Adam(lr=learning_rate)
self.model.compile(optimizer=optimizer, loss = vae_loss
, metrics = [vae_r_loss, vae_kl loss])

AHanus BapnaunoOHHOIro aBToKognpoBLnKa

Bce neobxoaumoe s anaansa BKIOYEHO B 010KkHOT 03_04_vae_digits_analysis.
ipynb, KOTOPBIH BBl HalifieTe B PEMO3UTOPUN € TpUMepaMu g Kauru. Ha
puc. 3.10 BuaHO, KaK MI3MEHWJIACh OPraHU3aIUsI CKPBITOTO ITpOoCcTpaHcTBa. Uep-
HbIE TOYKHU MOKA3bIBAIOT 3HAYEHUST mu KayK/I0TO 3aKOANPOBAHHOTO M300PasKEHNSI.
Yien, onpenensiionuii paccrosinue Kyinbbaka—Jleiibiepa, rTapaHTUPYET, 4TO
3HAYEHMsI mu U sigma He OY/IyT CUJIBHO OTKJIOHSATBCS OT CTAHAAPTHOTO HOPMaJib-
Horo pacrpeaesienust. CoOTBETCTBEHHO, 4TOOBI CreHEPUPOBATh HOBbIE TOUKH
JUIST IEKOAUPOBaHust (BBIZETEHBI KPACHBIM ), MOKHO C/IeJIaTh BBIOOPKY U3 CTaH-
JAPTHOTO HOPMAaJIBHOTO pacipeieserus. Kpome Toro, y Hac MOJyYUIOCh HE TaK
MHOTO CTeHEepPUPOBAaHHBIX UGP, chOPMUPOBAHHBIX HEITPABUIBHO, TOTOMY YTO
CKPBITOE TIPOCTPAHCTBO JIOKAJBHO HEMPEPBIBHO M3-3a TOTO, YTO KOAUPOBIIUK
Terepb CTOXACTUYECKUH, a He IeTEPMUHUPOBAHHBII.

Hakoner, okpacuB TOUYKHU B CKPLITOM IIPOCTPAHCTBE PA3HBIM IIBETOM JIJISI pa3-
HbIX 1udp (puc. 3.14), MOXKHO YBU/IETDh, UTO HUKAKKUE TOUKU HE MOJTb3YIOTCS
HUKakuMU npedeperiuamu. Ipaduxk crpasa mokasbiBaeT IPOCTPAHCTBO, TIpe-
06pa3oBaHHOE B p-3HAYEHUS, U, KAK BU/IMM, BCE TIBETA PECTABJIEHBI TPUMEPHO
OIMHAKOBO, TIPHYEM METKH BOOOIIE HE UCIIOIB30BAINCH BO BPeMst 00yUeHUsT —
VAE camocToATepH0 n3yuns pasubie GOpMbI TGP, CTPEMSACh MUHIMU3UPOBATH
HOTEpY TIPU PEKOHCTPYKIINN.
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Puc. 3.14. CkpbITOe NpOCTPaHCTBO BapnaLUMOHHOIO aBTOKOANPOBLLMKA,
B KOTOPOM TOYKM, COOTBETCTBYIOLLME pasHbIM Lndpam,
packpalleHbl B pa3Hble LiBeTa

Jlo cux mop, paboTast HaJi 0OBIYHBIM U BaPUAI[HOHHBIM aBTOKOAMPOBIIUKOM, MbI
OTPAHNYUBAJIACH IBYMEPHBIM CKPBITHIM IIPOCTPAHCTBOM. JTO MTOMOTJIO HATJISITHO
HoKa3aTh BHyTpeHHI0I0 paboty VAE 1 oHATH, moyeMy HeOOJIbIIIe H3MEHEHUST
B apXUTEKTYPe aBTOKOANPOBIINKA TOMOIJIN IIPeobpa3oBaTh €ro B H0Jiee MOIIHbIIT
KJIACC CETH, IPUTOHOM JIJIsk TeHEPaTUBHOTO MOJIe/IMpoBaHust. Terepb o6paTum
BHUMaHUe Ha 6oJiee CJI0KHbBII HAOOP JaHHBIX U TIOCMOTPHUM, KaKUX YAMBHUTEb-
HBIX Pe3yJbTaTOB MOTYT JIOCTUYb BapUallMOHHbIE aBTOKOJAMPOBIIUKH IIPU yBe-
JIMYEHUU Pa3MEPHOCTU CKPBITOTO IIPOCTPAHCTBA.

Mcnonb3oBaHne BapnaLuiOHHOro aBTOKOAMNPOBLYNKa
ANA reHepayun nsobpakeHnn nuy

B sToM paszese Mbr rcnoabsyeM Habop ganubix CelebFaces Attributes (CelebA,
http://bit.ly/2WSiOXt) nmns o6yquMﬂ HAIIIero CJEAYIONEro BapualnoHHOTO
asTokouposnrka (VAE). dra komnekiust cogepxut 60see 200 000 1iBeTHbIX
n300paKEeHII JIMI 3HAMEHUTOCTEN, CHAGKEHHBIX PA3INYHBIMHU TIOATUCSIMU (Ha-
pUMep, 8 wiiane, ¢ Yyavloxou u T. ii., puc. 3.15). Koneuno, HaMm He HYKHBI METKH
st 00yuenust VAE, HO OHM IPUTO/ISTCST TOTOM, KOT/Ia MBI HAYHEM HUCCJIE0BATD,
KaK 3T TPU3HAKH (PUKCUPYIOTCS B MHOTOMEPHOM CKPBITOM TIpocTpancTie. [1o-
cite o0yuenust VAE MbI cMOsKeM BBIOUPATH TOYKU U3 CKPHITOTO MTPOCTPAHCTBA
U FeHEPUPOBATh HOBbIE M300PaKEHMSI JIIL 3HAMEHUTOCTEI.
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B oukax

Puc. 3.15. MpuMepbl n306paxkeHnii 3 Habopa CelebA!

O6yueHune VAE

ApxuTeKTypa ceTd s MOAEINPOBAHMS JIUL II0X0Ka Ha apXUTEKTYPy CEeTU U3
npuMepa ¢ 1 pamMu 1 IMeeT JIUIITb HECKOJIBKO HEOOIBIITNX OTIIIHIA:

1.

Hamnmn nanmbie Temepb uMeioT Tpu BXoanbix kanasa (RGB) Bmecto oamo-
ro (oTTeHKH ceporo). To ecTb MBI IOJIKHBI U3BMEHUTH KOJTMYECTBO KAaHATIOB
Ha 3 B KOHEYHOM CJIoe 00PaTHON CBEPTKHU JIEKOepa.

MbI Gy/1eM UCTIOJIB30BaTh CKPBITOE TIPOCTPAHCTBO C JABYMsI COTHSIMU H3Mepe-
HUI BMecTO ABYX. IT0CKOJIBKY M300paskeH st JIMIL HAMHOTO CJIOJKHEe 1udp,
MbI YBEJIMYUM Pa3MEPHOCTh CKPBITOTO MPOCTPAHCTBA, YTOOBI CETh CMOTJIA
3aKOIMPOBATh MUHUMAJIHLHO HEOOXOMMOE KOJUYECTBO JIeTasIel.

[TocJte KasK10r0 CBEPTOYHOTO CJI0s1 J0OABJIEHbI CJION TAKETHOM HOPMAJIN3aIum
1UIst yeKopeHust o0y4enust. HecMoTpst Ha TO 4TO 06paboTKa KasKI0Tro MakeTa
3aHUMaeT 6OJH)HIC BpeMeEHHU, AJIA JOCTUIKEHU A TOI';I JK€ BEJIMYMHDBI IIOTEPH TPE-
OyeTcst HAMHOTO MEHbIIe MakeToB. TaksKe UCTIOMb3YIOTCSA POPEKUBAIONINE
cJiou Dropout.

1

Wcrounuk: Jlo (Liu) u ap., 2015, http://mmlab.ie.cuhk.edu.hk/projects/CelebA.html.
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4. Becosoii K0adduIMeHT OTEPH MPU PeKOHCTPYKINHU yBeander g0 10 000.
IroT napamerp TpedyeT HACTPOWKHM; st JaHHOTO HabOpa JaHHBIX U TaHHOMN
APXUTEKTYPBHI 9TO 3HAUEHUE JIAET XOPOIIINE PE3YJILTATHI.

5. g nepepaun nsobpaskernii B VAE 13 manku Mbl UCIOJIb3YEM 2eHepamop,
4TOOBI He 3arpy:KaTh Bce M300paskeHust B TaMsITh 3apaHee. [Tockonbky VAE
oOy4aeTcst B MaKETHOM PEKIMe, HET HEOOXOANMOCTH TIPEJBAPUTENbHO 3a-
Ipy’KaTh BCe M300PasKEHUsI B TAMSITh, TI09TOMY MbI CIIOJIb3y€EM BCTPOCHHBIN
MeToj1 fit_generator, KoTopbiii Keras mpe/iaraer 1uist aTeHust 1300paskeHui

TOJIBKO TOrja, Kor/jia OHmn Tpe6y10TC51 JUUIA O6y‘I€HI/IH.

Layer (type) Output Shape Param # Connected to

encoder_input (InputLayer) {(None, 128, 128, 3) O

encoder_conv_0 (Conv2D) (None, 64, 64, 32) 896 encoder_input[0][0]
batch_normalization_1 (BatchNor (None, 64, 64, 32) 128 encoder_conv_0[0][0]
leaky_re_lu_ 1 (LeakyReLU) {(None, 64, 64, 32) 0 batch_normalization_1[0][0]
dropout_1 (Dropout) (None, 64, 64, 32) 0 leaky re lu_1[0][0]
encoder_conv_1 (Conv2D) {None, 32, 32, 64) 18496 dropout_1[0][0]

batch normalization_2 (BatchNor (None, 32, 32, 64) 256 encoder_conv_1[0][0]
leaky_re_lu_ 2 (LeakyReLU) {(None, 32, 32, 64) 0 batch_normalization_2([0][0]
dropout_2 (Dropout) (None, 32, 32, 64) 0 leaky re lu_2[0][0]
encoder_conv_2 (Conv2D) {None, 16, 16, 64) 36928 dropout_2[0][0]

batch normalization_3 (BatchNor (None, 16, 16, 64) 256 encoder_conv_2[0][0]
leaky_re lu_3 (LeakyReLU) {(None, 16, 16, 64) 0 batch_normalization_3([0][0]
dropout_3 (Dropout) (None, 16, 16, 64) 0 leaky re lu_3[0][0]
encoder_conv_3 (Conv2D) {None, 8, 8, 64) 36928 dropout_3[0][0]

batch normalization_4 (BatchNor (None, 8, 8, 64) 256 encoder_conv_3[0][0]
leaky_re lu_4 (LeakyReLU) {None, 8, 8, 64) 0 batch _normalization_4([0][0]
dropout_4 (Dropout) (None, 8, 8, 64) 0 leaky re lu_4[0][0]
flatten 1 (Flatten) {None, 4096) 0 dropout_4[0][0]

mu (Dense) (None, 200) 819400 flatten 1[0][0]

log_var (Dense) {None, 200) 819400 flatten_1[0][0]
encoder_output (Lambda) (None, 200) 0 mu[0][0]

log_var[0][0]

Total params: 1,732,944
Trainable params: 1,732,496
Non-trainable params: 448

Puc. 3.16. Koanposwmk VAE ans obpabotkm Habopa aaHHbix CelebA

Wcnonb3oBaHWe BapyauMOHHOMO aBTOKOAMPOBLLMKA

117



Ha puc. 3.16 u 3.17 nmokasana rmoJiHast apXuTeKTypa KOAMPOBIINKA U IEKO/IN-
POBIITHKA.

Yro6sr 06yunth VAE Ha nHabope panubix CelebA, samycrure 610kHOT Jupyter
Notebook 03_05_vae_faces_train.ipynb u3 PENO3UTOPUA C IPUMEPAMU JIJId KHUTH.
[Tocne msiTrt a110x 00yuenusi VAE o/keH ObITh TOTOB FeHEPHPOBATH HOBbIE M30-
OpaskeHus JIML] 3SHAMEHUTOCTEN!

Layer (type) Output Shape Param #
decoder_input (InputLayer) (None, 200) 0
dense_1 (Dense) (None, 4096) 823296
reshape_1 (Reshape) (None, 8, 8, 64) 0
decoder_conv_t_0 (Conv2DTran (None, 16, 16, 64) 36928
batch_normalization_ 5 (Batch (None, 16, 16, 64) 256
leaky re_lu 5 (LeakyReLU) (None, 16, 16, 64) 0
dropout_5 (Dropout) (None, 16, 16, 64) 0
decoder_conv_t_1 (Conv2DTran (None, 32, 32, 64) 36928
batch_normalization_6 (Batch (None, 32, 32, 64) 256
leaky re_lu_ 6 (LeakyReLU) (None, 32, 32, 64) 0
dropout_6 (Dropout) (None, 32, 32, 64) 0
decoder_conv_t_2 (Conv2DTran (None, 64, 64, 32) 18464
batch_normalization_7 (Batch (None, 64, 64, 32) 128
leaky _re_lu_7 (LeakyReLU) (None, 64, 64, 32) 0
dropout_7 (Dropout) (None, 64, 64, 32) 0
decoder_conv_t_3 (Conv2DTran (None, 128, 128, 3) 867
activation_1 (Activation) (None, 128, 128, 3) 0

Total params: 917,123
Trainable params: 916,803
Non-trainable params: 320

Puc. 3.17. Jexoanposlumk VAE ana obpaboTtku Habopa aaHHbIx CelebA
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AHanus BapnauMoOHHOro aBTOKOANPOBLYMKA

IToBTOPUTH aHAIU3, OIUCHIBAEMBII HIKE, MOKHO, 3aIlyCTHB OJ10KHOT 03_06_vae_
faces_analysis.ipynb cpasy mocie 00yuenust VAE. MHorue ujieu, mpeicTaBjieHHbIe
B 9TOM pasjiesie, ObLIM MOYEPIHYTHI U3 caeaytomieil cratbu.! [list Havama pac-
CMOTPUM TIPUMEPBI PEKOHCTPYNPOBAHHBIX JUI. B Bepxuem pamy wa puc. 3.18
HOKa3aHbl UCXOAHbIE N300PaKEHUs, a B HUKHEM PSALY — UX PEKOHCTPYKIIHH,
MTOJTyYeHHbIE ITOCTIe TPOXO0KIEHNS Yepe3 KOMUPOBIITUK U JeKOANPOBIINK.

VAE 6/1aronostyqHo yIoBUJI KJTIOUEBbIE Y€PTHI KasKI0TO JIUIa — YrOJ HaKJIOHA
TOJIOBBI, TPUYECKY, BBIPAJKEHIE JTUTIA U T. /. HeKoTopble MeTKue leTain OTCyT-
CTBYIOT, HO He 3a0bIBaiiTe, UTO 11eJIb CO3/IaHUs BAPUAIIMOHHOTO aBTOKOAMPOBIIMKA
COCTOMT HE B TOM, YTOOBI JOOUTHCS MACANBHOI TIOTEPU MIPU PEKOHCTPYKIIUH.
Haima koHewyHas 11eJib — CO3/IaH1e HOBBIX JIUIT IIyTeM BBIOOPKH CJIYYAHBIX TOYEK
U3 CKPBITOTO ITpoCTpaHcTBa. J{J1st 5T0T0 TpebyeTcst rapaHTUPOBaTh OJIM30CTh Pac-
npefesieHus] ToYeK B CKPhITOM TIPOCTPAHCTBE K MHOTOMEPHOMY CTAHIAPTHOMY
HOPMAJIbHOMY pacripe/ieieHuio. Mbl He MOKeM TIPOCMATPUBATh BCe M3MEPEHUST
OTHOBPEMEHHO, TI03TOMY Oy/IeM TIPOBEPSITH PacIIpe/iesieHre KaskK0TO CKPBITOTO
U3MepeHus B oTeIbHOCTH. Eciin o6HapyskaTcst Kakue-11n00 n3MepeHust, 3Ha-
YUTEJTHHO OTJIUYAIONIUECS OT CTAHAPTHOTO HOPMAJIBHOTO pacIipe/ie/ieHus, TO
HaM, BEPOSITHO, CJIeIyeT YMEHBITUTD BECOBOI KOa((MUIIMEHT TTOTePh IPU PEKOH-
CTPYKIIUH, TIOCKOJIbKY YJIeH, onpeesisiionuii paccrostune Kynbbaka—Jleiibiepa,
He OKasbIBaeT joctaTounoro Biausiausa. Ha puc. 3.19 mokasamnsr nepsoie 50 us-
MepeHUil B HAllleM CKPbITOM npoctpancTBe. Kak BujmM, Bce pacrpejeseHust
MaJIO OTJINYAIOTCS OT CTAHAAPTHOTO HOPMAJIBHOTO, TIOATOMY MBI MOJKEM ITE€PEUTH
K CO3/IaHUIO0 HEKOTOPBIX JIUI!

ERabala=
BEabalaEDE

Puc. 3.18. PekOHCTpynpOBaHHbIE LA, MNOMyYEHHbIE NOCE NPOXOXAEHUS
yepes KOAMPOBLUMK U AEKOAMPOBLUMK

! Cancy Xoy (Xianxu Hou) u ap., «Deep Feature Consistent Variational Autoencoders,

2 okts6pst 2016, https://arxiv.org/abs/1610.00291.
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Puc. 3.19. PacnpezeneHue Touek Ans nepebix 50 namMepeHui
CKPbITOro NPOCTPaHCTBa

FeHepupoBaHMe HOBbIX NUL

CreHeprpoBaTh HOBBIE JIMIIA MOKHO C ITOMOIIbIO KO/, IIPEACTaBJIEHHOTO B JIN-
crunre 3.9.

Juctnnur 3.9. FeHepMpOBaHMe HOBbIX /1ML MO TOYKaM B CKPbITOM NPOCTPAaHCTBE

n_to_show = 30
znew = np.random.normal(size = (n_to_show,VAE.z_dim)) @
reconst = VAE.decoder.predict(np.array(znew)) @

fig = plt.figure(figsize=(18, 5))
fig.subplots_adjust(hspace=0.4, wspace=0.4)
for i in range(n_to_show):
ax = fig.add_subplot(3, 10, i+1)
ax.imshow(reconst[i, :,:,:]) ©
ax.axis('off")

plt.show()

O Bri6upaem 30 Touek uz 200-MepHOroO CTaHAAPTHOIO HOPMAJIBHOTO Paciipe/ie-
JIEHVS. ..

® ..u niepe/iaeM uX B IEKOJMPOBIIIHK.

© B pesyibrare noaydaem nsobpaskenns 128 x 128 x 3, KOTOpbie MOKHO IIPO-
cmotpeth (puc. 3.20).

Ynusurensto, Ho VAE cMor nipeo6pazoBaTh Kak/Iyi0 BHIOPAHHYIO HAMHU TOYKY
B JIOBOJIBHO PEATTMCTUYHOE M300paskeH e Jnia YenoBeka. /{a, m3obpaskeHst He
U/IeaJIbHBI, HO OHH PA3UTETbHO OTJIMYAIOTCS B JIYUIIYIO CTOPOHY OT TeX, UTO ObLIN
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Puc. 3.20. HoBble creHeprpoBaHHble nua

MOJTy4YeHbI ¢ HAauBHOH GaiiecOBCKOIT MO/IEbIo (CM. T1aBy 1), KOTOpas He yauThi-
BaJla 3aBUCUMOCTHU MEXK/LY COCEZIHUMM MTUKCEJIaMH, TOCKOJIBbKY He MOJIepsKuBaIa
HOHSATHUS 8bICOKOYPOBHEBHIX NPUIHAKOB, TAKMX KAK CONHUEIAUUMHDLE OUKU TITH
kawmanosvie soocvl. VAE He umeet 910l 11poOIEMBI, TOCKOJIBKY CBEPTOYHbIE
CJIOU KOAMPOBIIMKA CIIOCOOHBI TIPE0OPa30BaTh HU3KOYPOBHEBBIE TIMKCEIbI B BbI-
COKOYPOBHEBbIE TIPU3HAKH, A JIEKONPOBIIUK 00YYeH PeIaTh MPOTUBOMOIOKHYIO
3a/1a4y IPeodpPa3OBaHIsT BHICOKOYPOBHEBBIX IIPU3HAKOB M3 CKPHITOTO IIPOCTPAH-
CTBa 0OPATHO B IIPOCTHIE TINKCEJTDL.

ApudmeTunKa CKpbITOro NnpoCcTpaHCTBaA

OpHUM 13 IPEUMYIIECTB 0TOOPaKeH st H300PasKeHNI B IIPOCTPAHCTBO MEHBbIIIE-
TO pa3Mepa SIBJISIETCS] BOSMOKHOCTD BBITTOJTHEHVST apU(PMETHIECKUX OTePaIfiii
C BEKTOPaMU B CKPBITOM ITPOCTPAHCTBE, PE3YIBTAThl KOTOPBIX MOKHO TIpeodpa-
30BaTh B BU3yaJbHbIe aHAJIOTH MyTEM JEKOANPOBAHUS B IIPOCTPAHCTBO UCXO/I-
HbIX H300paskeHwii. HarprMep, peaonoxkmM, 4to Mbl PEIIUIN peodbpa3oBaTh
nu306pakeHe TPyCTHOTO JuIa B yabibatomieecs. Jljs aToro cHayajia HyKHO
HalTH BEKTOP B CKPBITOM IPOCTPAHCTBE, KOTOPbIN YKa3blBAET B HAIIPABJICHIH
yBeJMUYEeHUsT TPU3HaKa «yabi0ka». [IpubaBUB ATOT BEKTOP K KOAUPOBAHHOMY
UCXOIHOMY M300PaKEHHIO B CKPHITOM IIPOCTPAHCTBE, MBI IIOJIyYIM HOBYIO TOUKY,
KOTOpast TIPH JI€KOANPOBAHUH JI0JKHA IaTh YJIBIOAIONIYIOCS BEPCHIO UCXOIHOTO
n306pasKeHUsL.

Ho kak HaiiTi BEKTOp, COOTBETCTBYIONMI MPU3HAKY «yJIbi0Ka»? Kaxmoe nso-
6pakenne B Habope manHbix CelebA ormeueno arpuGyraMu, OUH 13 KOTOPHIX —
¢ yavtoxoi. Eciiv B3STh CPEIHIO MO3UIIIO 3aKOIUPOBAHHBIX N300pasKeHU I
B CKPBITOM ITPOCTPAHCTBE € aTPUOYTOM € YIblOKOT Y BBIUECTD CPEIHIOI O3UIIUIO
3aKOJMPOBAHHBIX U300paskeH Mt 6e3 9TOTO aTpUOyTa, TO MBI TIOJYYUM BEKTOP,
KOTOPBII YKa3bIBAET B HAIIPABJICHUY YBEJIUYEHUS IPU3HAKA «YJIbIOKa»> . DakTu-
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YECKU MBI BBITTOJTHUM CJIEIYIONIYI0 apU(METUYECKYIO OTIePAIlUIo C BEKTOPAMHU
B CKPBITOM IIPOCTPAHCTBE, /i€ alpha — KO hUIIMEHT, ONPeesISIONINi CTETIeHb
YBEJIUYEHUS UJIA YMEHbIIEHWS ITPU3HAKA, COOTBETCTBYIOIIETO BEKTOPY:

z_new = z + alpha * feature_vector

[TocMoTpuMm, Kak 310 paboraet. Ha puc. 3.21 nmokasaHo HECKOJIBKO H300paKeHM,
3aKOJIMPOBAHHBIX B CKPBITOE TPOCTPAHCTBO. Mbl 106aBJIsieM WJIK BBIYMTAEM BEK-
TOp (HanpuMmep yabiOKa, GIOHIMHKA, My KUNHA, OYKK ), YMHOKEHHBII Ha KO3(-
(buIenT, 9TOObI TTOJIYYUTh Pa3Hble BEPCUN U300PasKEHNST, B KOTOPBIX MEHSIETCST
TOJIBKO TPEOYEMBII TPU3HAK.

MCXOAHOG BblunTaHve BeKTOpa MpubaBneHne BeKTopa
n306pa-
XKeHue

e LI
wmeﬁﬁﬁee@eeo
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~ H 000009990
~BRARRBRIIIN

Puc. 3.21. [lJo6aBneHune 1 BbluUTaHNE MPU3HAKOB M3 M306paXKeHUIA N
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BecbMma npumMeuaresbHO, 4TO Aaske MPU 3HAYUTETbHOM IlepeMelleHUN TOYKU
B CKPBITOM ITPOCTPAHCTBE OCHOBHASI 4aCTh N300PasKeHUsI TIPAKTHYECKN HE MEHSI -
eTcsI, KpoMe MTPU3HAKA, KOTOPBIM MBI TTBITAEMCS MAHUITYJIUPOBATh. DTO JIEMOH-
CTPHUPYET MOIIHYIO CIIOCOOHOCTH BAPUAIIMOHHBIX ABTOKOAMPOBIIUKOB BbISIBJISATH
1 KOPPEKTHPOBATH BLICOKOYPOBHEBbIE TPU3HAKHU B M300PAKEHUSIX.

Mpeo6pa3oBaHue oaHOro Nnua B gpyroe

ATy Ke UIeI0 MOKHO UCTIOIB30BATH U JIJIs IPE0OPA30BAHMST OTHOTO JIMIA B IPY-
roe. [IpencTaBsTe 1BE TOYKM B CKPBITOM TTIPOCTPAHCTBE, A 11 B, cooTBeTCTBYIOMIIE
ABYM usobpazxenusm. Eciu mpoiiti us Toukn A B Touky B 1o npsamoii, qekoau-
Pys KayKIyto TOUKY JIMHUY 110 MEPe IBUKEHUS, TO MOKHO YBU/IETH TIOCTETIEHHOE
npeBpalleHue HayaJabHOTrO JIUIA B KOHeUYHOe. MaTeMaTu4ecKu 3Ty IPsIMYTo
JINHUIO MOKHO OTIMCATD CJIEYIONINM yPaBHEHUEM:

z_new = z_A * (1- alpha) + z_B * alpha

31nech alpha — 910 ymcso Mexkay 0 1 1, onpejiesisiioniiee paccTosiHue OT HAYATh-
Holl Touku A (puc. 3.22). Mbi 6epeM j1Ba U306paKeHusi, KOAUPYEM UX B CKPBITOE
MPOCTPAHCTBO, a 3aTEM JIEKOIUPYEM TOUKH, JIESKAIINE HA TPIMON JTUHUN MEKTY
HUMU Y€pe3 PaBHbBIE TPOMEXKYTKH.

0 alpha 1
N3ob6paxeHne A M3o6paxeHune B

feeeceRAAAAA
AARARARAAAAA
AnAAARRREREE
deaddaga9aaa3
CEEEEEEEEEEE

Puc. 3.22. [peobpazoBaHre 0gHOroO nvua B Apyroe
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Ob6paTuTe BHUMAaHNE, HACKOJIBKO IIJIABHBIM BBITJISUT IEPEX0/] — AasKe MPU 13-
MEHEHUU HECKOJIBKUX TPU3HAKOB OJTHOBPEMEHHO: Y/IaJIEeHU OYKOB, U3BMEHEHU N
1BeTa BOJIOC U 1oJia 1 Ap. Takas IIaBHOCTD ellle pa3 JI0Ka3bIBAET, YTO CKPBHITOE
MIPOCTPAHCTBO BAPUAIIMOHHOTO aBTOKOINPOBIIUKA JIEHCTBUTEIHHO HETIPEPBIBHO,
ero MOKHO 00ONTH 1 MCCIIe0BaTh, CO3/1aB MHOKECTBO Pa3HbIX YEJTOBEYECKUX
JIVIL.

NTornm

B 3101 Ty1aBe MBI y3HAJIN, YTO BapUAIIMOHHBIE ABTOKOIUPOBINUKHU SIBJISTIOTCS
MOIIHBIM UHCTPYMEHTOM B apceHajie reHepaTUuBHOTO MojesupoBanus. CHa-
YaJjia Mbl IOCMOTPEJIH, KAaK MOKHO UCIIOJIb30BATDh MIPOCTHIE aBTOKOIUPOBIIUKY
111 0TOOpaskeHUsT MHOTOMEPHBIX M300paskeHUil B CKPBITOE TTPOCTPAHCTBO
¢ HeOOJIBIIUM YHCIOM U3MEPEHUH, YTOObI U3 OT/AENbHbIX HEMH(MOPMATUBHBIX
IIUKCEJIOB M3BJI€Yb BHICOKOYPOBHEBbIE ITpusHaku. OMHAKO, KaK U B CJIyYae C Xy-
JIOKEeCTBEHHOI BbIcTaBKOi 6parbes Kozep, Mbl 6BICTPO BBISICHIIIN, YTO IIPOCTHIE
aBTOKOIUPOBIIUKHU U3-3a CBOMX HEJAOCTATKOB MaJIOIIPUTOJHBI Ha POJIb TeHepa-
TUBHOI MOJIeJIn — BBIOOP MPEACTaBUTENbHBIX TOYEK U3 TOJYYECHHOTO CKPBI-
TOTO TIPOCTPAHCTBA COIPSIKEH ¢ HEKOTOPBIMK IIPOOIEMaMHU 110 PSILY TIPUYKH.
BapuarmonHple aBTOKOIUPOBIIUKH PENIaioT 9T MPO6IeMbl, BBOAS B MOEIb
AJIEMEHT CJIYYaliHOCTH U OTPaHUYNBasi PaclpeesieHrie TOYeK B CKPBITOM IIPO-
crpancTie. C HeOOMbIINMU U3MEHEHUSIMU OOBIYHBIN aBTOKOAUPOBIIUK MOKHO
npeobpas3oBaTh B BAPUALMOHHBIIL, YTO II03BOJISIET UCIOIb30BATh €r0 B KAYECTBE
TeHePaTUBHOU MOJEN.

Haxomerr, Mbl IpUMeHNJIN HOBYIO TEXHUKY /Il TeHepaluu JIUI] U YBUEJIU, YTO
JUIST TIOJTYYeHUsT HOBBIX JIMIT MOSKHO TIPOCTO BBIOMPATh TOYKU U3 CTAHIAPTHOTO
HOPMaJILHOTO pacnpesiesiennd. bosee Toro, BuimorHsasg aprudmMeTndeckue onepa-
MM € BEKTOPaMU B CKPBITOM IIPOCTPAHCTBE, MOXKHO JIOCTUYb HEKOTOPBIX /-
BUTEJNbHBIX 3(PDHEKTOB, TAKMX KaK TpaHChHOPMAIIHS JIUIA U MAHUITYJINPOBAHIE
06beKTaMu. DTH IKCIIEPUMEHTbI HATJISIZHO [TOKA3AJIH, [I0UYeMYy BapHalMOHHbIe
ABTOKOZIMPOBIIUKY TIPHOOPEHN MOMYJISIPHOCTD B 3a/[a4aX TeHePaTUBHOTO MOjie-
JINPOBAHUS B ITOCJETHUE TO/IbI.

B CJIEZ[yIOH.[efI TJIaB€ Mbl paCCMOTPUM TUIIL FeHepaTI/IBHOIL/,I MO/1eJin, TIPpHUBJIEKAIO-
HIefI ele 0oJIblICe BHUMAHNE: TFeHEPATUBHO-COCTA3ATEJbHYIO CETb.



[JIABA 4

[eHepaTuBHoO-
cocTA3aTeNbHble CeTH

[Isroro mexabpst 2016 roga Ha kondepennun Neural Information Processing
Systems (NIPS) B Bapcenone Su Iyadennoy us Google Brain npezcraBui yueb-
HOe PYKOBOJICTBO T0[T Ha3BaHmeM «Generative Adversarial Networks» (https://bit.
ly/2WkkB7r).! 1 ien, ipeicTaBieHHbIE B PYKOBOCTBE, TEMEPh PACCMATPUBAIOTCSI
KaK OJIMH 13 TIOBOPOTHBIX MOMEHTOB B PAa3BUTHHU TeHEPATUBHOTO MOJIEJTPOBa-
HUS, U C TeX TOP MOSBUIOCH MHOKECTBO UX Bapuallfii, KOTOPbIE OAHSIN 3Ty
obstacTh Ha ere GOJIBIIYIO BBICOTY. B 9TOIl T1aBe MbI CHava/Ia TI03HAKOMIMCSI
C TEOPETHMYECKON OCHOBOH reHepaTUBHO-COCTA3aTeabHbIX ceTell (Generative
Adversarial Networks, GAN). 3arem Bbl y3HaeTe, Kak ¢ TIOMOIIbI0 GUOIHOTEKH
Keras st Python co3naBaTh cBou reHepaTuBHO-cOCTsI3aTesbHbie cetr. Ho cHa-
Yyajia Mbl OTIIPABUMCSI B [UKYHTJIH, YTOOBI BCTPETUTHCS € JIKUHOM.

NlaHuUMan

OHaK/Ibl, TTPOTYJIUBASICH 10 MECTHBIM JUKYHIJISIM, JIJKUH yBUIE JKEHIUHY,
JIUCTAIONLYIO YepHOo-0esbie hoTorpaduut 1 IBHO 4eM-TO oOecrokoeHHy0. OH
MOJTOTITEST ¥ CITPOCHUJT, MOXKET JIN 4YeM-TO TIOMOYb eif. JKeHInHa TTpeicTaBIIach
Kak /l¥, TOSICHUB, YTO OXOTUTCA 32 HEYJIOBUMBIM 2AHUMANOM, MUDUIECKIM CY-
IIECTBOM, KOTOPOE, KaK TOBOPST, OPOAUT T10 LKYHTJIsIM. [T0CKOJIbKY CYIIECTBO
BeJIeT HOYHOU 00pa3 Ku3HH, Y /I ecTh TOJBKO KOJIEKITHsT HOUHbBIX (hoTorpaduii
raHuMasa, KOTOpble OCTaBUJIN B JUKYHIJIAX JIpyTue ucciaenosarenu (puc. 4.1).

U Tan Goodfellow, «NIPS 2016 Tutorial: Generative Adversarial Networks», 21 nexa6ps 2016,
https://arxiv.org/abs/1701.00160v4.
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Il 3apabatbiBaet, nmpoaasasi pororpadun KOJIEKIIMOHEPaM, U 00ECTIOKOEHA TEM,
4TO HUKOT/IA He BH/IeJIa TaHUMAaJIa U 9TO ee OU3HEC YraCHET, eI OHA He CMOJKET
B O/msKaiiiiee BpeMs ceaaTh HoBble (poTorpaduu.

bynyuu 3asmiabim pororpadom, [xxun pemaer momous [Iu. O coryanraercs
c/lenath /It Hee HOBbIe (hotorpadmu HOuHOTO 3Bepst. OHako JsKuH HUKOT/IA He
BHUJIEJ TaHWMaJa U He 3HaeT, Kak cjenaTh xopomire dhotorpadun. Kpome Toro,
oCcKoJIbKY /¥ 1pojiaBajia TOJIbKO Halij/ieHHble eio (hoTorpaduu, OHa HE CMOKET
OTJIMYUTD XOPOIITyTo (hoTorpaduio rannmaia ot hotorpacdnn cpeHeTo KauyecTBa.
YuuThiBas MOJHOE OTCYTCTBYE HH(MOPMAIIUU O TaHUMAaJIe, KaK J0OUTHCST, 4UTOOBI
JI>KUH B KOHEYHOM UTOTe cjiesiall BrieyaTstonire hororpadun?
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Puc. 4.1. OpurvHanbHble doTorpadum raHnumana
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Ju n [xun npugymanu caenyioniee. Kaxmayio noub [xun gemraer 64 dororpa-
(bum B pa3HbIX MeCcTax ¢ Pa3HBIMU CJIYYAWHBIMU BbIIEPKKAMU U CMETTNBAET UX
¢ 64 dortorpadusasmu raHMMasIa U3 OPUTHHATBHON KoJleKInu. 3atem /lu mipo-
cMaTpuBaeT aToT Habop GoTorpaduil U MBITAETCS yragaTh, Kakie ObLIN CIe/IaHbl
JIkuHOM, a Kakue sSBJsgioTcst opuruHagamMu. OCHOBBIBAsCh Ha CBOMX OINMMOKAX,
oHa yunuTcs oTJan4aTh dororpadun /[xxkuHa ot opurnuaabubix. [locae atoro
[lxun nenaer ere 64 hoTtorpacdun 1 BHOBB MokasbiBaeT ux /lu. /lu mpucsanBaet
Kkaxxzaoi ororpaduu oreHky ot 0 710 1, B 3aBUCUMOCTH OT CTeIleHU KaxKyIelics
peasnctudHOCTA. OCHOBBIBASICH HA ATUX OlleHKaX, J[JKITH IiepeHacTpanBaeT CBOO
Kamepy, 4ToOBI B CJICAYIONIMIA pa3 caenaTh otorpadum, KoTopbim J{u mpucBonuT
BBICOKYIO OIIEHKY ¢ OOJIbIIIEN BEPOATHOCTBIO, U T. [I.

ITOT MPOIIECC MPOIOJIKAJICS MHOTO JiHel 1 Heziesnb. [TepBoe Bpems /[skuH He 110-
JIy4aJl HHKaKOii II0JIe3HO0# 00paTHOI ¢Bsi3n OT J[1, TaK KaK OHa JIMIIb CJIy4aiiHO
yrajbiBaia noaiuntbie pororpapun. OQHAKO CIYCTS HECKOJbKO Heaeslb 00-
VUeHHs OHa cTajia Pa3indaTh UX JYUIIe U, COOTBETCTBEHHO, CMOTJIa 00ECTIeUNTh
6oJiee IIEHHY10 0OPAaTHYIO CBSA3b, HA OCHOBE KOTOPOM J[5KIH MOT HACTPOUTD CBOTO
KaMepy. JTO YCJIOKHUIO 3a1a4y A1 /lu, Tak Kak ternepb ortorpadpum /IxuHa
CTaJIO CJIOXKHEE OTJIMYUTH OT HACTOSIIIUX, TI0O9TOMY €il TIPUIILJIOCh CHOBA COBEP-
nieHcTBoBaTh cBou ymenust. Co BpemeneM [[skuH Bee Jiydilie v Jiydliie CIPaBJIsICs
¢ Tpou3BOICTBOM (hoTorpaduii raHMMAasa, M B KOHIE KOHTIOB /1 oT™MeTHIa, UYTO
He MOKeT OTIn4IuTh potorpacdun :xuna ot opurnHasos. Ouu B3saau GoTo-
rpacdun, caenannbie JKUHOM, BHICTABMIJIM X Ha ayKIIMOH, U 9KCIEPTHI ObLIN
MOpa’kKeHbl KAYeCTBOM HOBBIX HAOJMIOIEHIIT — OHU ObLIN TaK ke yOeIuTe bHbI,
KaK ¥ OpUTHHAJBI (pUC. 4.2).

Puc. 4.2. MNMpumepbl poTorpaduii raHnmMana, caenaHHble pKnMHoM
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BeepeHune B reHepaTnMBHO-COCTA3aTeJibHbIE CeTHU

[puxnouenus [[xxunra u A, 0XOTAImMMUXCsI HA HEYJIOBUMOTO HOYHOTO TaHUMA-
J1a, — 910 MeTadopa OJHOTO M3 CAMbIX BayKHBIX IOCTHIKEHUIT TIIyOOKOTO 00yUYeH s
MTOCJIEIHUX JIET: CO3/IaHUsI TeHePATUBHO-COCTSI3aTeIbHbIX ceTell. [Iporie ropops,
reHepaTHBHO-COCTA3aTeIbHAS CETh — HTO OUTBA MEKLY IBYMS IIPOTUBOOOPCTBY-
IOIUMU CTOPOHAMU: TEHEPATOPOM U JAUCKPUMUHATOPOM. [eneparop rnbitaercs
peobpas3oBaTh CIAyYallHbIN IIyM B HAOJIOEHNUsT, KOTOPbIE BBITJISIISIT TaK, KaK
Gy To OB BBIOPAHBI U3 MCXOHOTO HAOOPa JAHHBIX, & IMCKPUMIHATOP CTapa-
eTCsT ONPEIEIINTD, HCXOIUT JIK HaOI0/IeHI e U3 OPUTHHAIBHOTO HabOpa JaHHbBIX
WJIN IBJISETCS OMHON U3 MOAENIOK TeHepaTopa (puc. 4.3).

CreHepupoBaHHoe
Cny4anHbI LWym n3obpaxeHve

O
]
O
[m]
O
O
=]
[m]

}

[eHepaTop

M3o06paxeHne (HacTosiLee OueHka peanbHOCTK
Unn noaaensHoe) n3obpaxeHus

Puc. 4.3. Bxoabl 1 BbIXoAbl ABYX NOACETEN
B reHepaTUBHO-COCTSA3aTENTbHOW CETH

B Havasie mpotiecca reHepaTop BBIBOIHUT CKAKEHHbIE H300PAKEHNS, 2 TUCKPH-
MUHATOP OIEHMBAET UX CIyJailHbIM 00pa3oM. [aBHast 0COGEHHOCTD TeHePaTHB-
HO-COCTSI3aTeIbHOM CeTH — IOIepeMeHHOe 0OyYeH e IBYX MOJCETEN: TeHEPaTOP
MIOCTENIEHHO COBEPIIEHCTBYETCS] B OOMaHe AUCKPUMHUHATOPA, & IMCKPUMIHATOP,
AIATITUPYSICh, YIUTCS MTPABUIBHO OTPENEISITh (habiiBbie HAOIIOAEHUS, YTO
3aCTaBJIET TeHePATOP UCKATh HOBbIE CITOCOOBI OOMaHa TUCKPUMUHATOPA, U T. JI.
Yro0bl yBUIAETD MIPOIIECC B AEHCTBUH, TIOCTPOUM FeHePATHBHO-COCTI3aTENbHYIO
ceTb, hopMupytonryio hotorpagun HOTHBIX TAHUMAJIOB.
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Bawa nepBad reHepaTNBHO-COCTA3aTeJ/IbHaA CeTb

[Ipesk e Bcero BaM HYKHO 3arpy3uTh o0y4dalolue gaHHbie. Mbl Gy1eM KCII0/Ib-
30BaTb Habop panHbIx Quick, Draw! (http://bit.ly/30HyNgg) ot kommanum Google.
IT10 06UIe0CTYIIHAS KOJUIEKIUSA YepHO-0e/bIX PUCYHKOB pasMepom 28 x 28
MUKCEJIOB, MAPKUPOBAHHBIX 10 TeMaMm. Habop maHHBIX OblI cOOpaH B XO/e
OHJIAITH-WUTPbI, B KOTOPOIT MTPOKAM IPE/JIarajoch HaprcoBaTh M300pasKeHe,
npezcTassioniee 00beKT MU UEI0, a HEHPOHHASI CETh IBITANACh YIajaTh 9TOT
00BEKT. DTO AEHCTBUTENLHO [TOJIE3HBIN 1 3a0aBHBIN HAOOP JAHHBIX, KOTOPBIIL
MO’KHO MCTIOIb30BaTh JIJIsl 3HAKOMCTBA C OCHOBaMU TJIyOOKOTo 00yuyenwus. Uro-
ObI TIOJIYYUTh 9TOT HAOOP JAaHHBIX, HYKHO 3arpy3uTh camel B (hopMate numpy
U COXPaHUTD €T0 B IalKe ./data/camel/, BHyTpU pero3uTopus ¢ IpuMepamu 1
kuuru.! VicxoHble JaHHbIE cOepKaT 3HaueHus1 B aranasone [0, 255], obosHa-
YaroIe MHTEHCUBHOCTD OKPACKH TIMKCETIOB. [IJIst Hy K/1 Hallleit ceTy MbI TIpeos-
pasyeMm ux B ananason [—1, 1]. 3amycrus 6ao0kHOT 04_01_gan_camel_train.ipynb 13
PENO3UTOPHS C TIPUMEPaMK, HauHeM OOydYeHIe TeHePaTHBHO-COCTSI3aTeIbHON
ceru. Kak v B mpeibi/1yIiieii riaBe, paccKa3bIBaoleil 0 BApUaIlnOHHBIX aBTOKO-
JMPOBIIMKAX, BbI MOJKETE CO3/IaTh IK3EMILISIP CeTH B OJOKHOTE (JIMCTHHT 4.1)
U MO9KCIIEPUMEHTUPOBATH C MTapaMeTpaMu, YTOObI YBU/IETh, KAK OHU BJIUSIOT
Ha MOJIEJTh.

JinctuHr 4.1. OnpeaeneHne reHepaTMBHO-COCTA3ATENBHON CETU

gan = GAN(input_dim = (28,28,1)
, discriminator_conv_filters = [64,64,128,128]
, discriminator_conv_kernel_size = [5,5,5,5]
, discriminator_conv_strides = [2,2,2,1]
, discriminator_batch_norm_momentum = None
, discriminator_activation = 'relu’
, discriminator_dropout_rate = 0.4
, discriminator_learning_rate = 0.0008
, generator_initial_dense_layer_size = (7, 7, 64)
, generator_upsample = [2,2, 1, 1]
, generator_conv_filters = [128,64, 64,1]
, generator_conv_kernel_size = [5,5,5,5]
, generator_conv_strides = [1,1, 1, 1]
, generator_batch_norm_momentum = 0.9
, generator_activation = 'relu’
, generator_dropout_rate = None
, generator_learning_rate = 0.0004

! Tlo cyacTIMBOMY COBIIQJICHUIO TAHUMAJIBI OUEHb IOXOKU Ha BepOutooB. (M daiiia camel
MEPEBOANTCI KaK «BepOJIIOfl», TO €CTh OH COAEPKUT PUCYHKH, M300pakalone BepoIio-
noB. — Ipumeu. nep.)
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, optimiser = 'rmsprop’
, z_dim = 100
)

Cnauaja BbISICHUM, KaK BBITVIAAUT KOHCTPYKIUA JUCKPUMUHATOPA.

AvnckpumuHatop

HGJIL JAUCKPUMHWHATOPA — OIIPEAECJIUTD PEATbHOCTD H306pa>KeHI/IH. ITO — 3alada
KJIaCCI/I(bI/IKaHI/II/I 1/1306pa>1<eH1/1171 C YUUTEJIEM, ITIO3TOMY Mbl MOJKEM HCIIOJ/Ib30BATb
TY K€ CETEBYIO aPDXUTEKTYPY, YTO U B TJIaBE 2: Imocjae10BaTeJIbHOCTb CBEPTOYHBIX
CJIOEB, 3a KOTOPbIMU CJIEAYET BI)IXOI[HOﬁ IIOJIHOCBSI3aHHBII CJIOI.

B opurnHanbHOI cTaTbe, OMMChIBAIOIIEH paboTy reHepaTUBHO-COCTSI3aTETbHOI
cet (GAN), BMECTO CBEPTOYHBIX MCIIOJIH30BAJIUCH MOJHOCBI3aHHbIE CJIOU.
OpHako BIOCIEACTBUM OBLIO He Pa3 MOKa3aHO, 4TO JUCKPUMUHATOP CO CBEp-
TOYHBIMU CJIOSIMU 00JTa1aeT GOJIbINeil pecKa3aTeIbHOI cuitoit. B mrepaType
CETH 9TOTO TUTIA MHOT/[a HA3bIBAIOT IIYOOKMMHU CBEPTOUHBIMHU F€HEPATHBHO-CO-
crasarenbubiMu cetssmu (Deep Convolutional Generative Adversarial Network,
DCGAN), HO B HacTosIIIee BpeMsl TTOUTH Bce apxuTekKTypbl GAN comep:kar
CBEPTOYHbIE CJIOH, TT0ITOMY, Kor/ia Mbl roBopuM 0 GAN, nipucraBka «DCs» Boc-
MPUHUMAETCSI KaK caMo coOoil pasymerotnasicsi. Takske B AMCKPUMUHATOPAX
opurnuasbHBIX GAN 9acTo BCTpeyaloTcs CJA0M MaKeTHOW HOPMaJIU3anny, HO
JUIST TPOCTOTBI MBI He Oy/ieM UX UCIo/ib30BaTh. Ha puc. 4.4 mokasaHa moJHast
aApXUTEKTypa AUCKPUMUHATOPA, KOTOPYIO MBI TIOCTPOUM.

B smctunre 4.2 npencrasien xoj, ncnob3yomunii Keras m konctpynpyronuit
TVUCKPUMUHATOP.

JIncTuHr 4.2, InckpyuMmnHaTop

discriminator_input = Input(shape=self.input_dim,
name='discriminator_input') @
X = discriminator_input

for i in range(self.n_layers_discriminator): @
x = Conv2D(

filters = self.discriminator_conv_filters[i]
, kernel_size = self.discriminator_conv_kernel_size[i]
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, strides = self.discriminator_conv_strides[i]
, padding = 'same'
, name = 'discriminator_conv_"' + str(i)

) (x)

if self.discriminator_batch_norm_momentum and i > @:
x = BatchNormalization(momentum = self.discriminator_batch_norm_
momentum) (x)

x = Activation(self.discriminator_activation)(x)

if self.discriminator_dropout_rate:
x = Dropout(rate = self.discriminator_dropout_rate)(x)

x = Flatten()(x) ©
discriminator_output= Dense(1, activation='sigmoid'
, kernel_initializer = self.weight_init)(x) @

discriminator = Model(discriminator_input, discriminator_output) ©

O OnpeiesieHre BXOAHOTO CJI0ST TUCKPUMIHATOPA (1151 TprieMa M300pakeHuil ).
® Habop CBEPTOYHBIX CJIOEB, CJEAYIONINX IPYT 32 JIPYTOM.
© [IpeobpasoBaHiie BHIXO/A TIOCJIEHETO CBEPTOYHOTO CJIOSI B BEKTOP.

® Cuioii Dense, cojiepKanuil €IUHCTBEHHBIN y3ea ¢ DYHKIINEH aKTUBAIIMT
sigmoid, koTopast IpeobpasyeT pe3yJibTaT MOJHOCBI3aHHOTO CJIOS B AMara-

3o0H [0, 1].

© Monean Keras, onpenensiiomas AMCKpUMUHATOP, — MOJEJ]b, KOTO-
pad IpUuHUMaAET UCXOAHOE I/1306pa)K€HI/I€ 1 BbIBOAUT €IUHCTBEHHOE YU CJIO
mexny 0 m 1.

OTMeTHM, YTO B HEKOTOPBIX CBEPTOYHBIX CJIOSAX UCIOJAb3YETCs Al ¢ BeJu-
YMHOI 2, IO3BOJISIONINIT YMEHBIITUTH pa3Mep TeH30pa TPU TPOXOKICHUH Ye-
pes3 ceTb, P 9TOM MbI YBEJUUUBAEM KOJUYECTBO KaHaIoB (0T 1 B MCXOAHOM
yepHO-6es0M n3obpaxkenun 10 64 u 3atem g0 128). OyHKIMUS aKTUBAIIUN
sigmoid B 3aKJTIIOUUTETHHOM CJIo€ 00eCIIeunBaeT MacIITabMPOBaHNE BHIXOIHOTO
3Havenus B auamasoH ot 0 1o 1. Ono Gy/er urpathb poJib OIEHKH JOCTOBEPHOCTH
U300pasKEHMS.

Ballia nepBas reHepaTMBHO-COCTS3aTe/lbHas CETb 131



Layer (type) Output Shape Param #

discriminator_input (InputLa (None, 28, 28, 1) 0
discriminator_conv_0 (Conv2D (None, 14, 14, 64) 1664
activation_1 (Activation) (None, 14, 14, 64) 0
dropout_1 (Dropout) (None, 14, 14, 64) 0
discriminator_conv_l (Conv2D (None, 7, 7, 64) 102464
activation_2 (Activation) (None, 7, 7, 64) 0
dropout_2 (Dropout) (None, 7, 7, 64) 0
discriminator_conv_2 (Conv2D (None, 4, 4, 128) 204928
activation_3 (Activation) (None, 4, 4, 128) 0
dropout_3 (Dropout) (None, 4, 4, 128) 0
discriminator_conv_3 (Conv2D (None, 4, 4, 128) 409728
activation_4 (Activation) (None, 4, 4, 128) 0
dropout_4 (Dropout) (None, 4, 4, 128) 0
flatten_1 (Flatten) (None, 2048) 0
dense_1 (Dense) (None, 1) 2049

Total params: 720,833
Trainable params: 720,833
Non-trainable params: 0

Puc. 4.4. JnckpyMUHATOP reHepaTUBHO-COCTSI3aTeNbHOW CETU

Fenepatop

Ternepb ckoHCTpyUpyeM reHepatop. Ha BXoj1 reHepaTopa o1aeTcst BEKTOP, 00bI4-
HO MOJTy4aeMblli 13 MHOTOMEPHOTO CTaHIAPTHOTO HOPMAJIBHOTO PacIipe/iesIeHus.
Ha BbIxojie mosrydaeTcst u306paskeHue TOro e pasMepa, YTo U u300pakeHust
B MCXOHBIX 00yYaoImuX faHHbIX. KOHCTPYKIHeii reHepaTop HAlIOMUHAET JIEKO-
JIep B BapuaIllmOHHOM aBTOKOAUPOBIKKe, DaKTUUeCKU reHepaTop B TeHepaTHB-
HO-COCTSI3aTeJIbHOI CeTH pellaeT Ty Ke 3aJjauy, UTo U JeKo/iep B BapUalluOHHOM
ABTOKOMPOBIIKKE, IPe0OPa3ysi BEKTOP M3 CKPBITOTO MPOCTPAHCTBA B U30-
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Gpaxenue. Vaes nmpeobpazoBaHust TOYKK U3 CKPHITOTO TIPOCTPAHCTBA 0OPATHO
B MCXOHYIO 06J1aCTh OYeHb PAaCIpOCTPaHEeHa B TeHEPATUBHOM MOJIETMPOBAHUH,
HOCKOJIbKY ZIa€T BO3MOKHOCTb MaHUITYJIMPOBATh BEKTOPAMU B CKPHITOM IIPO-
CTPAHCTBE ¥ TEM CaMbIM U3MEHSITh BHICOKOYPOBHEBbBIE XapaKTEPUCTUKU U30-
OpaskeHUil B UCXoAHOM obmactu (puc. 4.5).

Layer (type) Output Shape Param #
generator_input (InputLayer) (None, 100) 0
dense_9 (Dense) (None, 3136) 316736
batch_normalization_10 (Batc (None, 3136) 12544
activation_36 (Activation) (None, 3136) 0
reshape_4 (Reshape) (None, 7, 7, 64) 0
up_sampling2d_10 (UpSampling (None, 14, 14, 64) 0
generator_conv_0 (Conv2D) (None, 14, 14, 128) 204928
batch_normalization_l1 (Batc (None, 14, 14, 128) 512
activation_37 (Activation) (None, 14, 14, 128) 0
up_sampling2d_11 (UpSampling (None, 28, 28, 128) 0
generator_conv_1l (Conv2D) (None, 28, 28, 64) 204864
batch_normalization_12 (Batc (None, 28, 28, 64) 256
activation_38 (Activation) (None, 28, 28, 64) 0
generator_conv_2 (Conv2D) (None, 28, 28, 64) 102464
batch_normalization_13 (Batc (None, 28, 28, 64) 256
activation_39 (Activation) (None, 28, 28, 64) 0
generator_conv_3 (Conv2D) (None, 28, 28, 1) 1601
activation_40 (Activation) (None, 28, 28, 1) 0

Total params: 844,161
Trainable params: 837,377
Non-trainable params: 6,784

Puc. 4.5. 'eHepaTop
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YBEJINYEHUE PA3PELLUEHUA

B nexomepe BapuamoHHOTO aBTOKOAMPOBINIKA, CO3/[AaHHOTO B TIpe-
Z[I)IZ[yUlefI TyiaBe, Mbl y/iBarBaJid MIWPUHY W BbICOTY T€H30pPa C ITOMOIIbIO
c710eB Conv2DTranspose C BETHIMHOM m1ara 2. ITU CJIOU BCTABJISLIN HYJIe-
Bbl€ 3HAYEHUA MEK/Y ITUKCEIaMU TIEPE/ BBITIOJTHEHUEM Ollepaliil CBEPTKHU.

B a1oii ceTu A5t yIBOGHMST IIUPUHBL U BbICOTHI BXO/IHOTO TE€H30Pa Mbl
HCIIOJIb3YyeM CJIOW Upsampling2D, KOTOPBIi IIPOCTO AyOJIMpPyeT KasKmaylo
CTPOKY U CTOJIGEI] BO BXOIHBIX JaHHBIX. 3a HUM CJIefyeT OObIYHbII CBep-
TOYHBIHN CJION ¢ pa3MepoM Iara 1, BBITIOTHSIONINI OMeparuio CBEPTKH.
Waes — Ta e, uTo U B 00pPAaTHOM CBEPTKE, HO BMECTO 3aII0JIHEHUST TIPOMeE-
JKYTKOB MESK/Y MTUKCeJIaMU HYJISIMU OTI€PAIlust yBeJTMUYEeHUs pa3perieHms
MIPOCTO TIOBTOPSET 3HAYEHUS CYIIEeCTBYIONIUX MTUKCEJIOB.

O6a metona — Upsampling2D + Conv2D u Conv2DTranspose — C YCIIEXOM
MOZKHO UCTIOJIb30BAT JIJIs TPE0OPA30BaHUsT TOYKH U3 CKPBITOTO TIPOCTPaH-
cTBa 06pPaTHO B 00JIACTh UCXOAHBIX U300paKEHUH. ITO KaK pa3 TOT CJIy-
Jail, Kor/ia JKeJiaTesibHO MorpoboBaTh 00a METoa U OCMOTPETh, KAKOii
13 HUX MO3BOJISET TMOJYUUTD JYUIIHE Pe3yabrarhl. [1o OmbITy, METO

Pendopa (Radfor) n ap., Canumanc (Salimans)  [JoHaxbto (Donahue)  [OiomoneH (Dumoulin)
2015 v ap., 2016 v ap., 2019 n ap., 2016

Puc. 4.6. AptedakTbl, NOABNAOLMECS NPU UCMONb30BaHUM
cnoes Conv2DTranspose!

' Ucrounuk: Oracrec Onena (Augustus Odena) u ap., «Deconvolution and Checkerboard
Artifacts», 17 oxtsa6psa 2016, http://bit.ly/31MgHUQ.
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Conv2DTranspose MOKET NTPUBECTHU K TIOSBJIECHUIO apmedaxmos, N a¢h-
(bexTa MmaxMaTHON JOCKH, B BBIXOAHOM u3o6paskeHuu (puc. 4.6), cHuzKa-
IOIUX KauecTBO pe3yJabraTta. TeM He MeHee OHM BCe ellle UCTIOJIb3YIOTCS
BO MHOTHUX BEChbMa BIEYATIAIONINX TeHEPATUBHO-COCTSI3ATEIbHBIX CETSIX
B JINTEpAType W TOKA3AJIU, UTO SBJSIOTCS MOITHBIM WHCTPYMEHTOM B ap-
ceHaJie MPaKTUKOB IIy6oKoro 00yuenust. VI cHOBa st COBETYIO TTOIKCIIEPH-
MEHTHPOBATh ¢ 00OUMHU METOJAMU U MTOCMOTPETH, KAKON U3 HUX JIyUIIle
MOJIXOJIUT JIJIsl Balllelt 3aj1auu.

Tenepb ITO3HAKOMUMCA C HOBBIM THUIIOM CJIOEB: CJIOEM Ye6eluUenus paspeule-

nus (upsampling layer).

B muctunre 4.3 nipencTaBiieH Ko, KOHCTPYUPYIOIIUIA TEHEPATOP.

JinctmHr 4.3. ['eHepaTop

generator_input = Input(shape=(self.z_dim,), name='generator_input') @
x = generator_input

X

Dense(np.prod(self.generator_initial_dense_layer_size))(x) @

if self.generator_batch_norm_momentum:

X

x = BatchNormalization(momentum = self.generator_batch_norm_momentum)(x)
Activation(self.generator_activation)(x)

Reshape(self.generator_initial_dense_layer_size)(x) ©

if self.generator_dropout_rate:

x = Dropout(rate = self.generator_dropout_rate)(x)

for i in range(self.n_layers_generator): @

x = UpSampling2D()(x)
X = Conv2D(
filters = self.generator_conv_filters[i]
, kernel_size = self.generator_conv_kernel_size[i]

, padding = 'same'
, hame = 'generator_conv_' + str(i)
) (x)

if i < n_layers_generator — 1: ©
if self.generator_batch_norm_momentum:
x = BatchNormalization(momentum = self.generator_batch_norm_
momentum) ) (x)
x = Activation('relu')(x)
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else:
x = Activation('tanh')(x)

generator_output = x
generator = Model(generator_input, generator_output) @

O Ormnpejesienrie BXOAHOTO €105l reHepaTopa — BekTop ¢ annoit 100.
® 3a HuM cremxyer cyioi Dense ¢ 3136 y3namu...

© ... KOTOPBIiA, TI0C/IE TIPUMEHEHUST TAKETHON HOPMaIn3aiuu 1 yHKIIMY aKTH-
saiu ReLU, npeoGpasyercs B TeH30p ¢ popmoii 7 x 7 x 64.

O /lajsiee TEH30P MPOITYyCKAETCS Yepes3 YeThIpe CJI0s Conv2D, TIEPBBIM JIBYM M3 KO-
TOPBIX MIPEAIIECTBYIOT CJION Upsampling2D, yBeJIMYNBAIOIINE pa3Mep TeEH30pa cHa-
wasa 110 14 x 14, a 3aTem 10 28 % 28 (pazmep MCXOAHBIX M300pakennii). Bo Bcex
CJI0AX, KPOMeE TOCJIE/THETO, NCTIOJIb3YETCS AaKeTHAS HOPMaJIN3alus U (yHKITIS
aktuBanmu ReLU (Takke MOKHO ObLT0 ObI HcTIoNb30BaTh LeakyReLU).

@ Ilociie moceaHero ciost Conv2b UCIIOJIb3YeTCs aKTUBALNS tanh, 4ToObl Ipeod-
pa3oBaTh BBIXO/HbIE 3HaUEHUs B Arana3on [—1, 1], B cooTBeTCTBIM € 061aCTHIO
MCXO/IHBIX N300pasKeHMil.

® Mogenb Keras, onpezensionias reHepaTop, — MOJIeb, KOTOpasi IPUHUMAET
BekTOp ¢ anunoit 100 1 Bo3BpatmaeT TeH3op ¢ hopmoii [28, 28, 1].

O6GyueHue reHepaTUBHO-COCTA3aTe/IbHOWN ceTH

Teneparop u auckpuMutaTop B GAN UMEOT 04eHb IIPOCTYIO apXUTEKTYPY, He
CUJTBHO OTJIMYAIONITYIOCST OT MOJIETIEHT, KOTOPbIE MbI paccMaTpuBasi patee. Kioyom
k nounmannio GAN sBJsiercst moHUMaHue mpoiecca ooydenus. Jljist obydenus
JIMCKPUMHUHATOPA HYKHO CO3/aTh 00yJaroliii Habop, B KOTOPOM 4acTh M300pa-
JKEHUI SBJISETCA CIIy4ailHO BBIOPAHHBIMU PeaibHbiMu HAOTIOIECHUSIMM, @ YaCTh —
pesyJisratoM paboThl TeHepatopa. /[Jist HCTHHHBIX M300paKeHU OTBET M0JIKEH
ObITh paBHbIM 1, a s crenepupoBannbix — 0. Ecmm pacecmarpuBath 9Ty 3aauy
Kak 00ydYeHHe C yYUTeJeM, TO MbI JI0JKHBI OOYIUTH TUCKPUMIHATOP OTJIHYATH
VICXOJIHbIE ¥ CTeHEPUPOBAHHbIE M300PaKEHNSI 1 BBIBOAWTD 3HAUEHMst, Osi3Ke K 1,
JUUISI UICTUHHBIX M300paskeHui 1 3HaYeHus, 6imskue K 0, — [71s1 oIe/IbHbIX.

O6yquI/Ie reHeparopa BbIIVIAAUT CJIOKHEE, TaK KaK B 9TOM CJiydae HET 06yqa—
romrero Ha60pa, C ITIOMOIIbIO KOTOPOT'O MOKHO OBLIO ObI OIIPENENUTD UCTMUHHOE
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n300pakeHe, KOTOPOMY JIOJIZKHA COOTBETCTBOBATh KOHKPETHASI TOYKA B CKPBITOM
mpocTpaHcTBe. BMeCTO 3TOr0 reHepaTop J0/KEeH HAYIUThCS TeHEPUPOBATD TAKUE
n300paskeH s, KOTOPbIE AUCKPUMHUHATOP HE CMOKET OTJIMYUTH OT MCTUHHBIX,
TO €CTh KOT/Ia Takoe n3obpaskenue GyaeT moJaHo Ha BXOJ TUCKPUMUHATOPA,
TOT JI0JIZKEH BEpHYTh 3HaueHue, Osmskoe K 1. YToObl 00y4UTh TeHEPATOP, MbI
JIOJKHBI TTOJIKITIOYHTD €T0 K IMCKPUMIHATOPY U cO3/1aTh Mo/iesib Keras, KoTopyio
3areM MOKHO Oy/ieT 00y4rTh. B 4acTHOCTH, MBI JIOJIKHBI TIEPEIATh BHIXO/ TeHe-
paropa (n306paskenue 28 x 28 x 1) Ha BX0J] AUCKPUMUHATOPA U HA BBIXOJIE ITOI
KOMOMHUPOBAHHOI MOJIEI 00ECIIeYUTh BEPOSITHOCTD TOTO, YTO CreHEPUPOBaH-
HOe U300paKEeHNe SIBJISIETCS PEAibHbIM C TOYKH 3PEHNUsT IucKpuMunaropa. st
00yueHnsT KOMOMHIPOBAHHOI MOZIEJTH CO3/IAIM OOYYAIOTIHE TAKEThI, COCTOSIITIE
u3 cjydaitHo crenepupoBaHHbIX 100-MepHBIX CKPBITBIX BEKTOPOB C OTBETOM,
paBHBIM 1, TOCKOJIBKY MBI XOTUM O0YYHUTh TEHEPATOP CO3/IaBaTh U300PaKEHNS],
KOTOPbBIE AUCKPUMUHATOP CUNTAET PEATHHBIMU.

B nannom ciydae hyHKIUsI HOTEPH — ATO MPOCTO OUHAPHAS TIEPEKPECTHAS IH-
TPOINS MEXK/IY BBIXOZIOM IUCKPUMUHATOPA U BeKTOpoM oTBeTa 1. [loguepkuem:
MbI JIOJKHBI 3aUKCHPOBATD Beca IMCKPUMUHATOPA HA BpeMs 00ydeH st KoMOU-
HUPOBAHHON MOJIeJd, YTOOBI OOHOBJISIICH TOJIBKO Beca reHepaTopa. B mporus-
HOM CJIydae IUCKPUMUHATOP OyeT KOPPEKTHPOBATD BECA, CTPEMSICH ¢ OOIIbIIeit
BEPOSITHOCTBIO OTIPEIEIUTH CTeHEPUPOBAHHBIE M300PaKEHNUS KaK pealbHble, ITO
HexesmaTebHo. HaM HysKHO, 4TOOBI cCreHeprpoBaHHbIe H300PaKEHISI OTPEIEIIst-
JIUCh KaK OJIM3KHE K PeaibHbIM UMEHHO BCJIE/ICTBIE TIPEUMYIIIECTB reHepaTopa,
a He [IOTOMY, UTO IUCKPUMUHATOPY MPUCYIIN HegocTaTKu (puc. 4.7).

Teriepb TOCMOTPYM, KaK 9TO BRITJIAANT B Kojie. CHavYama Hy;KHO CKOMITUITMPOBATD
MOJI€JTb IMCKPUMUHATOPA U MOJIENTb, KOTOPast 00ydaeT reHepatop (JIMCTUHT 4.4).

JInctuHr 4.4. KoMnunaums reHepaTMBHO-COCTA3ATENbHOM CETU
### KOMNUNALMA MOAENN, OBYYAWUEA AUCKPUMUHATOP

self.discriminator.compile(
optimizer= RMSprop(lr=0.0008)
, loss = 'binary_crossentropy’
, metrics = ['accuracy']

) O

### KOMNUNAUUA MOLENW, OBYYAWWEN TEHEPATOP

self.discriminator.trainable = False @®
model_input = Input(shape=(self.z_dim,), name='model_input')
model_output = discriminator(self.generator(model_input))
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self.model = Model(model_input, model output) ©

self.model.compile(
optimizer=RMSprop(lr=0.0004)
, loss="binary_crossentropy'
, metrics=["accuracy']

) @

O /[UCKPUMIHATOP KOMITHIUPYeTCs ¢ (PYHKIMEH oTeph OMHAPHOI TEPEKPecT-
HO¥ 9HTPOITNH, TIOCKOJIBKY OTBET UMeeT OMHAPHBIN XapaKTep, U Ha BBIXOJE €CTh
eIMHCTBEHHBIH y3eJI ¢ QYHKIMEN akTUBAINY Sigmoid.

@ 3ateM MBI GUKCUPYEM Beca TUCKPUMUHATOPA — ATO He BIAUAET HA YKe CKOM-
MUJINPOBAHHYIO MOJIeJIb JUCKPUMHUHATOPA.

I'Ipou,ecc 06yyeHuns auckpuMmHaTopa

U Ob6yyatowmii naket
CryyanHbiv Wym y .

O6yuyatoLmnin naket
(Habop
n3obpaxeHnin)

1
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g | 0.2 0 '
O ! . = !
a : L 0.1 0 a
: —| leHepaTop P\ [uckpumnHatop : : = =
5| : : 5
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O 0.6 0 .
1

T TTTTTTTTETTmm T T T TITTTT i
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: ﬂMCKpMMMHaTop . : —» E :

: (@)

: 0.4 1 =

' 0.7 1 '

! 1

! 1

! 1

! 1

1
I 1
1 1
' O MporHo3 | Orteer '

]

P — o5 | 1 | E:
: D —p| leHepatop —p II —p [IVCKpUMUHATOP—P> : —» E :
1 . . 1
! O 0.6 1 8 :
' s . 0.2 1 '
1 O6yuaroLmin naket |
1 1

Puc. 4.7. ObyyeHune reHepaTUBHO-COCTSA3aTENbHOW CETU
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© OrnpenesnsieM HOBYIO MOJIEJNb, Ha BXO/ KOTOPOI nogaetcst 100-MepHBIi CKPbI-
TBII BEKTOP; OH TIEPEAETCsT Yepe3 TeHepaTop u 3aUKCUPOBAHHbBIN JIUCKPUMHU-
HATOP C TEeJIBIO MOTYYEHUST BEPOSITHOCTH Ha BBIXO/IE.

O /lsist KOMOMHUPOBAHHON MOJIEJIN TOBTOPHO MCITOJIb3yeM OMHAPHYTO Tepe-
KPECTHYIO 9HTPOTHIO B posikt GYyHKIIMHU MOTEPh — 00ydYaThCsT TaKask MOJIENb
OyzeT MeIJIeHHEee, YeM IUCKPUMUHATOP, TIOTOMY YTO YaCTO JKEJIaTeIbHO, YTOObI
JAMCKPUMUHATOP ObLI cuibHee reHepatopa. CKOpocTh 0OyueHuss — 9T Hapa-
MeTp, K HACTPOIKE KOTOPOTO CJIEAYET MOAXOAUTD € 0COHO0I OCTOPOKHOCTHIO,
HE3aBUCUMO OT 33/1a4M, KOTOPYIO IIPU3BaHa PelllaTh reHepaTuBHO-COCTI3a-
TeJbHAs CEeTh.

OG6yunm cerb, yepe/yst 00ydeHre JUCKPUMUHATOPA 1 reHepaTopa (JINCTHHT 4.5).

Jinctuir 4.5. O6byyenwne cetn

def train_discriminator(x_train, batch_size):

valid = np.ones((batch_size,1))
fake = np.zeros((batch_size,1))

# OBYYEHWE HA PEAJNbHbIX M3O0BPAXEHMAX

idx = np.random.randint(@, x_train.shape[@], batch_size)
true_imgs = x_train[idx]
self.discriminator.train_on_batch(true_imgs, valid) @

# OBYYEHUE HA CrEHEPWUPOBAHHbIX M30BPAXEHNAX

noise = np.random.normal(@, 1, (batch_size, z_dim))
gen_imgs = generator.predict(noise)
self.discriminator.train_on_batch(gen_imgs, fake) @

def train_generator(batch_size):
valid = np.ones((batch_size,1))

noise = np.random.normal(@, 1, (batch_size, z_dim))
self.model.train_on_batch(noise, valid) ©

epochs = 2000
batch_size = 64

for epoch in range(epochs):

train_discriminator(x_train, batch_size)
train_generator(batch_size)
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O OjuH UK 00yYeHUsT IMCKPUMUHATOPA BKIIIOYAET TePBbIil aTar 00y4eHrs Ha
IaKeTe HCTUHHBIX M300paskeHnil ¢ OTBETOM 1...

@® ..u BTOPOI aTarn oOydeHus Ha aKeTe creHepuPOBaHHbIX U300paKeHUI ¢ OT-
BetoMm 0.

© OjuH UK 06ydeHrs TeHepaTopa BKIYaeT 00ydeHne Ha makere creme-
pupoBaHHBIX M306paskeHuii ¢ orBetamu 1. TIOCKOJIbKY Beca AUCKPUMUHATOPA
3a(DUKCUPOBAHbI, KIBMEHATHCS OYIIyT TOJIBKO Beca TeHepaTtopa, B HallPaBJICHIH,
IIOMOTIOIIEM TeHEPUPOBATh U300PaKeHUs, KOTOPbIE ¢ GOJIBIIEN BEPOSTHOCTHIO
OyIyT BOCIIPUHATHI JUCKPUMUHATOPOM KaK MCTUHHBIE (TO €CTh A KOTOPBIX
JAMCKPUMHUHATOP OY/IeT BO3BPAIaTh MPOTHO3, OJIM3KUN K 1).

CiiycTs HECKOJIBKO 3TIOX AUCKPUMUHATOD U FeHepaTop HAWIyT paBHOBECHE,
MO3BOJISIONIEe TEHEPATOPY HAYATH YJIABANBATH 3HAUMMYTI0 HH(DOPMAIIAIO OT
JAMCKPUMHUHATOPA, TTOCJIE YeT0 Ka4eCTBO TeHEPUPYEMbIX U300paskKeH il CTaHeT
yayumiaTbes (puc. 4.8).

Habuonas 3a n306paskeHUsAME, CO3/[aHHBIMU T€HEPATOPOM B PasHbIe SIIOXU
oOyuenust (puc. 4.9), JIeTKO 3aMETUTH, YTO TEHEPATOP MOCTENEHHO HAOMPAETCsT
OIBITA B CO3/IAHIH N300PaKEeHU T, TOXOKIX HA U300paKeHUsT 13 00YUIAIOIIETO
Habopa.

HemHOTO yAMBUTENBbHO, UTO HEPOHHAsS CeTh ClIocoOHA MpeodpasoBaTh CJIy-
YalHBIA ITyM BO 4TO-TO 3HAYUMOe. MBI He mepefasu Moean HUKAKUX J0-
MOJTHUTENbHBIX PU3HAKOB, KPOME IIPOCTHIX IMNKCEIOB, IOITOMY OHA I0JKHA
CaMOCTOSITEIHHO BBISIBUTH BBICOKOYPOBHEBBIE TIPU3HAKH, TaKKe KaK 20p0, Hozd
unu zorosa. Hausuble GaitecoBekue Mojenn (cM. riaBy 1) He criocoOHBI 10-
CTUYb TAKOTO YPOBHS CJOKHOCTH, IIOTOMY 4TO HE MOTYT MOJICJUPOBATh B3a-
MMO3aBUCUMOCTH MEK/Y MUKCEJIaMu, KOTOPble UMEIOT peliaolnee 3HaueHue
nst hOPMUPOBaHUST BBICOKOYPOBHEBBIX NPpU3HaKkoB. Ele ogHo TpeGoBaHue
K YCIIEIIHON TeHepaTUBHON MOIEIN — OHA He JO0JKHA BOCIPOM3BOIUTD N30~
Opaskenust u3 oOyuyaromiero Habopa. YToObl yOeauThCs, YTO HaIlla MOJEb CO-
6J01aeT 910 TpeboBaHe, MOKHO HallTh n300pakeHre 13 oOyJaromiero Habopa,
Han6oJiee 6JIM3K0e K KOHKPETHOMY CIreHEPUPOBAHHOMY TIPUMEPY, U ONIPEAEUTD
paccrostHue MeXK/Iy HUMHU. B KauecTBe Mepbl pacCTOSHIS MOKHO UCIIOJIb30BATh
paccrostaue L1, onpenessemoe Tax:

def 11_compare_images(imgl, img2):
return np.mean(np.abs(imgl — img2))
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Puc. 4.10. Camble 6n13Kkue Apyr K Apyry CreHepupoBaHHble
n obyuatowme n3obpaxkeHns

Ha puc. 4.10 mokasaHbl camble 6JIU3KKe APYT K APYTY CTeHEPUPOBaHHbIE 1 00Y-
vaiotre n3o6pakenst. Kak BuanTe, HeCMOTPsI Ha OTIPe/ieJIeHHOE CXOJICTBO, CTe-
HepupoBaHHbIE 1 O6yanOH_II/Ie I/1306pa}K€HI/I$I HE NACHTUYHDI. KpOMe TOTO, Hallla
CeTh MOXKET JIaKe 3aBepINUTh HEKOTOPbIE HE3AKOHYEHHbIE PUCYHKH, HATIPUMED,
1106aBUB HOTH WJIU TOJIOBY. DTO JIOKA3bIBAET, YTO TEHEPATOP BBISIBUJI COOTBETCTBY-
OIIIME BBICOKOYPOBHEBBIC IIPU3HAKNA 1 CMOT CTEHEPUPOBATH IIPUMEPHI, OTJINYHbIC
OT TeX, KOTOPbIE OH YIKe BUJIEJL.

I'Ip06neMb| reHepaTnuBHO-COCTA3aTEJIbHbIX ceten

[TosBnenne TeHEPaTUBHO-COCTSA3ATETBHBIX CETEH CTATIO0 KPYITHBIM IIIAaTOM B Pa3-
BUTHH FeHePaTUBHOTO MOJAEJUPOBAHIS, HO OHU OY€Hb CJIOKHBI B 00yuenuu. Pac-
CMOTPHUM HanboJiee TUITMYHbBIE TPOOIEMbI, Bo3HUKaoIue mpu ooyuernn GAN,
a 3aTeM uccye/yeM HeKoTopbie n3MeHenus B apxutekrype GAN, momoraorime
YCTPaHUTh MHOTHE U3 3TUX TPOOJIEM.

Kone6aHusa notepb

[ToTepu B AUCKPUMUHATOPE U TEHEPATOPE MOTYT HEOKUAAHHO HAYaTh KOJIeOaThCs
B IIMPOKOM JMAIA30He, BMECTO TOTO YTOOBI cTabuansuposarbes. Kak mpasuiio,
MESKLy MakeTaMu HaOJTioAaloTest HeOoIblie KoieOaHust TI0Tepb, HO B IIPOIIECce
00y4YeHUs IOTEPHU JTOJIKHBI CTAOUIM3UPOBATHCS MU TIOCTENIEHHO YBEJTNYNBATHCS
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Puc. 4.11. KonebaHus notepb B HeCcTabunbHol cet GAN

WM yMeHbIatbest (M. puc. 4.8), uto obecriednBaer cxoqumoctb cet GAN
U yJIydllieHne ee TeHepaTUBHBIX criocobHocTeil. Ha puc. 4.11 mokasaH mpumep
GAN, B KOTOpPOIi TOTepU AUCKPUMUHATOPA U TeHePaTOpa HauaJld BHIXOIUTD U3-
IO/l KOHTPOJIS Tie-To B paitone maketa 1400. TpyaHo mpepckasaThb, TpOU30HIET
JIV 9TO KOTIa-1u60, TIOTOMY YTO OOBIYHBIM F€HEPaTUBHO-COCTSI3aTEIbHBIM CETSIM
CBOMCTBEHHBI TAKOTO POJa HECTAOMIbHOCTH.

Konnanc mogenn

Kouwmaric Moesin BO3HUKAET, KOT/[a reHepaTop HaXOAUT HeOOIbINOe KOJTUIEeCTBO
00pasI1oB, 0OMaHbIBAIOIIUX AMCKPUMUHATOP, M3-3a YETO OKA3bIBAETCS HE CIIOCO-
66H CreHepupoBaThb HUKAKUX [IPYTUX IIPUMEPOB, KPOME 3TOTO OTPAHNMYEHHOTO
Habopa. [Togymaem, Kak 910 MOsKeT pousoiitu. IIpeanonoxum, 4to Mbl 00ydaem
reHepaTop Ha HECKOJIbKUX TTaKeTax, He OOHOBJISISA AMCKPUMUHATOP MeK/LY HUML.
B aTom cayuae renepatop 6yz[eT CTPEMUTHCS HAUTHU €/IMHCTBEHHOE HabJI01e-
Hue (TakKe U3BeCTHOE Kak gopma (mode)), KoTopoe Beeraa 0OMaHbIBaeT JHC-
KPUMUHATOP, U HAYMHAET COIIOCTABJISITh KAYK/YIO TOUKY B CKPBITOM IIPOCTPAHCTBE
¢ aTuM HabmoeHeM. B pesysisrate rpagueHT HyHKIMN TOTEPh MAAET MOYTH JI0
HyJist. Ecoin 3aTeM 1o1bITaThest BO30OHOBUTH 0OyY€eHMe AUCKPUMUHATOPA, YTOObI
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MIPEKPATUTD €T0 O/[ypAYMBAHUE ITON eIUHCTBEHHON TOYKOH, TO TEHEPATOP TIPOCTO
Haiier Apyryio Gopmy, 0OMaHBIBAIOIYIO IUCKPUMUHATOP, TOCKOJIBKY OH yiKe
CTaJl HEHYBCTBUTEJIEH K €TI0 BRJIAAy U, CJI€/I0OBATE/IbHO, HE UMEET CTUMYJIOB [IJIdd
yBeJUYEHUs Pa3HOOOPasus CBOUX Pe3yibraToB (puc. 4.12).

HenHndopmaTuBHbIE NOTEPU

[ToCKOIBbKY TIETThI0 MOJIETH TITyOOKOTO 0Oy Y€EH s SIBJSIETCS] MUHUME3AIUs (DyHK-
IIUH TIOTEPh, ECTECTBEHHO MOJIATaTh, YTO UeM MeHbIllee 3HaUeHNe aeT GYHKITUI
[OTEPh TEHEPATOPA, TEM BbIIIIE KAUYECTBO MOJIyYaeMbIX UM n3o6paskennii. Ho mo-
TepH TeHepaTopa OTEHUBAIOTCS TI0 TEKYIIEMY TUCKPUMHUHATOPY, KOTOPBIH 1T0-
CTOSIHHO COBEPIITEHCTBYETCS, TTIOITOMY HETh3sI CDAaBHUBATD IMIOTEPH, TIOJTyUEHHbIE
B pa3Hble MOMEHTBI B TIpoiecce 00yuenus. /leiicTBUTEIbHO, TOTEPU reHepaTopa
Ha puc. 4.8 co BpeMeHeM yBEJNYMBAIOTCS, XOTSI Ka4eCTBO U300paskeHuil SIBHO
yayumiaetcsa. OTCyTCTBUE KOPPESAINU MeXXY MOTePIMU TeHepaTopa 1 Kade-
CTBOM M300paskeHUI MHOT/[A 3aTPYAHSIET KOHTPOJIb HAJ[ TIPOIIECCOM 00yUYEeHNUsT
GAN.

MmnepnapameTpbl

Jlaske B IPOCTBIX TeHEPATHBHO-COCTSI3ATENbHBIX CETSIX UMEETCsT GOJIBINOE KO-
4eCTBO UIEPIapaMeTpoB, JOCTYIHbBIX sl HacTpoiiku. Hapsiay ¢ obmuieil apxu-
TEKTYPOIi IMCKPUMHUHATOPA U reHepaTopa HEOOXOMMO YYUThIBATH [TapaMeTPh,
YIIPABJISIONINE MTAKETHON HOPMAaJIM3aIliel, TpOPeKIMBaHIEM, CKOPOCTBIO 00yJe-
HUS, CTTOSIMU aKTUBAIIAY, CBEPTOYHBIMY (DUIIBTPAMHU, PA3MEPOM /1P, BEJTMIYNHON
niara, pa3MepoMm MakeTa U Pa3MepoM CKPBITOTO TIPOCTPaHCTBA. leHepaTuBHO-
COCTSI3aTeIbHbIE CETU OYEHb UYBCTBUTEJBHBI JIa’Ke K CAMBIM HE3HAYNTETTHHBIM
M3MEHEHMSIM 9TUX [TapaMeTPOB, U HEPEIKO MOUCK MOAXO/SAIIEro Habopa napame-
TPOB BBITIOJHSIETCST METOZIOM ITPO0 1 OITHOOK, & He B COOTBETCTBUH C YCTAHOBJICH-
HBIM HaOOPOM peKoMeHIanuil. BoT moyeMy Tak BasKHO MOHUMATh OCOGEHHOCTH
paboThl reHePaTHBHO-COCTA3ATENbHBIX CeTEH U 3HATh, KAK MHTEPIPETUPOBATH
(bYHKIINIO TOTEPh — Y4TOOBI OCMBICJIEHHO KOPPEKTUPOBATDH I'MITepPIIAPAMETPHI,
KOTOPbIE MOTYT YJIYYIITHTh CTAOUIbHOCTD MOJIEJIH.
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Puc. 4.12. Konnanc moaenm

PeweHne npobnem reHepaTUBHO-COCTA3ATE/NIbHbIX ceTel

3a moceaHre TOAbl OBLIO MPEATOKEHO HECKOMBKO KITOUEBBIX YIYUIIEeHU,
MO3BOJIMBIINX 3HAYUTENHHO MOBBICUTH 0010 cTabnIbHOCTH MOsesieir GAN
U YMEHDBIIUTDH BEPOSITHOCTH HEKOTOPBIX TIPOOJIEM, TIEPEUNCIIEHHBIX BBIIIIE, TAKUX
Kak KoJurarnc Mojenu. B octaBiieiicss yacTu 9TOW TJIaBbl Mbl PACCMOTPHUM J1Ba
takux yayurrennst: Wasserstein GAN (WGAN) u Wasserstein GAN — Gradient
Penalty (WGAN-GP). O6a siBiistioTcsl He3HAUNTeIbHBIMU U3MEHEHUSIMU B WH-
dpacTpykType, uccieJOBAaHHON paHee, TPpUYEM TIOCTeHee yaydllleHne B Ha-
CTOsIIIee BPEMSI CUYUTAETCS JIYUYIIUM U3 JIOCTYITHBIX HA CETOAHSANIHUHN J€Hb TSt
oOyuenust HarboJiee coBepieHHbIX GAN.
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FeHepaTMBHO-cOCTA3aTeNbHbIE CeTN C PyHKLMENn
notepb BaccepwTtenHa

[TosaBnenne reHepaTUBHO-COCTSA3aTENBHBIX ceTell ¢ (hyHKITUeR oTepb Baccep-
mreitna (Wassertein GAN, WGAN) craio oJHIM 13 TIE€PBBIX GOJIBIINX IaroB
K crabuinsanuu o0ydeHus TeHepaTUBHO-COCTSI3aTeIbHBIX ceTeil.! [[o6aBuB He-
CKOJIbKO U3MEHEHWH, aBTOPAM 3TOTO TI0/IX0/Ia YIaJI0Ch TOKA3aTh, KAK TOJYUNUTh
reHePaTHBHO-COCTSI3aTEIbHYIO CeTh, KOTOPasi 00JIaaeT CJAeyIONMMK IBYMS
cBOlcTBaMU (IIUTATA U3 CTATHN):

B OCMbICJIEHHbIE 3HAYEHUS TI0TEPb, KOPPEJIUPYIOIIIE CO CXOAMMOCTBIO TeHepa-
TOpa ¥ KaueCTBOM 06PasIloB;

[l IIOBbINICHHAA cTabGUIbHOCTD Imponecca OIITUMH3allnn.

B yactrocth, B cTaThe npencTaBieHa HOBask GYHKITUS TTOTEPD [T TUCKPAMITHATO-
pa u reHeparopa. Vlcrob3oBatue 910ii (QyHKIMN OTEPh BMECTO GUHAPHOIT repe-
KpPeCTHOM sHTpormi faeT 6o:ree ctabmibiyio cxoanmoctb GAN. Maremariaeckoe
oObsicHeHVEe 3TOH (QYHKIMK BBIXOAUT 32 PAMKH KHUTH, HO B MHTEPHETE €CTh
HECKOJIbKO MTPEBOCXOJIHBIX PECYPCOB, /i€ laeTcst 000CHOBAHUE MEPEXO/ia K Hell.

PacemoTpum onpesienenie pynkimn motepb Baccepmteiina (Wasserstein).

dyHKuna notepb BaccepwrenHa

Jluist Havasta BCIOMHUM, KaK BBITJISIIUT OMHApHAST TePEKPeCTHAST IHTPOITUS —
(YHKIHS, KOTOPYIO MBI HCIIOTIb30BAJIH JIJIst O0YUEeHUST AUCKPUMITHATOPA ¥ TeHe-
paTopa reHepaTUBHO-COCTSA3aTeIbHON CETH:

bunapnas nepexpecmunas snmponusi

L3 (log(p) +(1-3)log(1- )

B mporiecce o6yuennst muckpuMuHaTOpa D Mbl BBIYHC/ISIEM TOTEPH, CPABHUBAST
OIIEHKH JUIS peasibHbIX n3o6paskenuii p, = D(x,) ¢ oTBeTOM y, = 1 ¥ OIEHKH IS
creHeprupoBaHHbIX 300paskentii p, = D(G(z,)) ¢ oTBeTOM ¥, = 0. MUHIMU3AINIO
dbyHknuy moTeps i guckpumunatopa GAN MOKHO 3amucaTh Tak:

! Maprun Apxoscku (Martin Arjovsky) u ap., «Wasserstein GAN», 26 stuBapst 2017, https://
arxiv.org/pdf/1701.07875.pdf.
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Munumusayus pyuxyuu nomeps ons Juckpumunamopa GAN

min,,— (EM,X [logD(x)|+E__, [log(l - D(G(z)))}) :

B niportecce o0yuenust renepatopa G Mbl BBIYKCIISIEM [IOTEPH, CPABHUBAsT OIEHKH
JUIA CTeHePHPOBaHHBIX M300paxkenuit p, = D(G(z,)) ¢ orsetom y, = 1. Coot-
BETCTBEHHO, MUHUMHU3AINIO (PYHKINU TTOTePh A7 TeHepatopa GAN MOKHO
3aIucaTh TakK:

min,; — (EZW [log D(G(z))})

Cpasrenne ¢ ¢pyHKIIMEl TOTepb Bacceprireiina mo3BoJisgeT 3aKII0YUTD CIe/Ty-
otee. Bo-tiepBbix, hyHKIMs morepb Baccepinreitia Tpebyer MCIoIb30BaTh
METKH Y, = 1lu y, = —1 BMecto 1 n 0. VI3 mocyiesiHero caost AUCKPUMHUHATOPA
HYKHO yOpaTh (DYHKITUIO aKTUBAIHH Sigmoid ¢ TeM, 4TOOBI OIeHKH p, 60JIbIIe He
orpaHnduBasuch guanazornom [0, 1], 1 Terepb OIEHKH MOTYT IPUHUMATh JIOObIE
3HaYeHUs B Auarnasone [—oo, oo]. [lo aroit mpuumie auckpumuaaTop B WGAN
00bIuHO HasbIBaOT kKpumukom. ynkius noreps Baccepiireiina Toraa onpese-
JISIETCST CJIELYIOIUM 00pa3oM:

I <
_;zizl(ylpi)'

B mportecce obyuenist Kputrka D MbI BBIYHCIISIEM TIOTE€PH, CPABHUBAS OI[EHKU
7171 PeaTbHBIX n3o0paskenii p, = D(x,) ¢ oTBeToM y, = 1 11 OIIeHKH /IS CTeHepy-
poBanHBIX H300paxenuii p. = D(G(z,)) c otetoM y,= —1. To ecTh MUHIMI3AIHIO
ynkuuu noreps 111 kputnka WGAN MOXKHO 3anucaTh Tak:

min,,—(E,_, [ D(x)]-E., [ D(G(=))])

Wubimu ciioBamu, Kputuk WGAN 1ibITaeTcsi MAKCUMU3UPOBATH PA3HUILY MEKIY
OIIEHKAMU JIJISI PEaJIbHBIX ¥ CTeHEPUPOBAHHBIX M300PasKEHMIA, TP 9TOM Pealib-
Hble U300pasKeHMs Oay9aoT Gosiee BBICOKYIO OIeHKY. B mporecce oOy4yeHust
reneparopa WGAN MbI BbIYHCIISIEM TOTEPH, CPABHUBAST OTIEHKH JIJIsSI CTeHEPH -
poBaHHBIX n3obpaskenuii p, = D(G(z,)) ¢ otBeToM y, = 1. 3HAYNT, MUHNMH3AIUIO
¢dbyuknmu noreps s renepatopa WGAN MoKHO 3a1icaTh Tak:

min,~(E,_, [ D(G(2))])
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Komnumupyst mozenu, obydatoniue kputuka u renepatrop WGAN, ormernm,
4TO BMECTO OMHAPHOII IePEKPECTHON SHTPOITUK XOTUM MCIIOJIb30BaTh (DYHKIIUIO
norepsb Baccepmrreiina (smuctunr 4.6). Tobasum, uto aast WGAN 00bIdHO Hc-
MOJTB3YIOTCSI MEHBIITHE CKOPOCTH OOYUEHUSI.

JINCTUHr 4.6. KoMnunaums Moaenei, obydatolmnx KpUTUka U reHepatop

def wasserstein(y_true, y_pred):
return -K.mean(y_true * y_pred)

critic.compile(
optimizer= RMSprop(lr=0.00005)
, loss = wasserstein

)

model. compile(
optimizer= RMSprop(lr=0.00005)
, loss = wasserstein

OrpaHunyeHune Jiunwnuya

Bwmecto nipumeHenust QyHKIIMT aKTUBAIAH SIgMOid, OTpaHUYNBAOIIEH BHIXOIHOE
3HaueHue OObIYHBIM Auana3zorom [0, 1], MbI TTO3BOJIIIIN KPUTHKY BO3BPAIAThH
Jo6bIe OIEHKH B inamnasote [—oo, oo|. [To aToit mpuymte Besnunna motepu Bac-
CepIITeHa MOJKET MOTYYUTHCST O4eHb OOJIBINON, 4TO BBI3BIBAET GECTIOKONCTBO —
0OBIYHO cJieIyeT u30eraTh MOSIBJIEHNS CIUIIKOM OOJIBIINX YMCEeN B HEHPOHHBIX
ceTsx!

Dakruuecku aBTopbl ctaThi 0 WGAN yTBEPKIAIOT, 4TO TIPU UCIIOJIb30BAHUN
dbynkimn notepb Baccepiireiina Takske He0OXOIMMO HAJIOKUTD JOTOTHUTETBHOE
orpaHMYeHKEe Ha KPUTHKA. B 4acTHOCTH, KPUTHUK JOJIKEH OBITh 00HOMEPHOT JUn-
wuyesotl Henpepvlenotl gynxyueti. OcTaHOBUMCS Ha 3TOM 1opodHee. Kputnk —
aTo pyHKIMs D, npeobpasyoriast H300pakeHre B OIEHKY peasbHOCTH. Mbl
TOBOPHM, YTO 9TO OJIHOMEpHad JUIIIIHIIeBa PYHKINA, €CJIN OHA YAOBJIETBOPIET
cTIeJTyIoNeMy HepaBeHCTBY /IS TIOOBIX ABYX BXOJIHBIX H300PaskeHHIL, X, 1 X,:

’D(xl)— D(xz)‘
— =<1

|x1 X |
31ech x, — X, — 9TO CPEe/IHAs MONNKCEIbHAT a0COTIOTHAS PA3HIUITA MEK/TY JIBYM:T
m3obpaskerusivu, a [D(x,) — D(x,)| — abcomoTHast pasHHIla MEK/Y OI€HKAMH
kputuka. [1o cyTu, Mbl OrpaHUYMBAEM CKOPOCTH, C KOTOPOI MOTYT MEHSITHCSI
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Puc. 4.13. HenpepbiBHas (yHKUMS JTMnwmnLa — CyLLECTBYET TaKoW ABOMHOM KOHYC, UTO
rae 6bl OH HU HAaXOAMACS Ha NPAMOW, (yHKLMSI BCEraa OCTAETCs MOSIHOCTbIO BHE KOHYyCa'

OIEHKHU KPUTHUKA MEKITY IBYMsI H300paskeHUusIMU (TO €CTh abCOTOTHOE 3HAUEHTE
rpajineHTa HUT/IE He J0JKHO TIPEBBINIATh e/IMHUILY ). ITO BEPHO /IJIST OJTHOMEPHOI
HenpepeiBHON dyHKIMK JInmmmumna (puc. 4.13) — HU B OHON TOUKE JTUMHUSA HE
Horajaer B 06JacTh KOHyCa, Tie Obl BB HU OMECTUJIM KOHYC Ha JuHud. VHadye
rOBOPSI, CKOPOCTD, € KOTOPOI JINHUST MOKET IIOZIHUMATbLCSI MJIN OITyCKATbLCS B JIIO-
6oii TouKe, OrpaHIYeHa.

JKenatomum riry6ke BHUKHYTh B MaTeMaTH4ecKoe 000CHOBaHMeE, moyeMy (hyHK-
1 moteph Baccepinrefina MOXKeT aTh MOJTOKUTEIBHBIE PE3YIBTATHI, TOTBKO
KOTIJIa IIPUMEHSIETCs 9TO orpaHuuenue, Jsxonaran Xyaii (Jonathan Hui) npen-
JIaraeT oTImdHoe oObsicHeHue B cBoeli crathe (http://bit.ly/2MwSS8rc).

YceyeHne BecoB

Asrops ctatbt 0 WGAN 110Ka3bIBaIoOT, Kak peain3oBaTh orpaHnyenue Jlnmmmia
ycedeHreM BecoB KpuTuka 1o auarnasona [—0,01, 0,01] mocie kaxmoro obyyaro-
mero nakera. /[06aBuTh ycedenre BecoB B HaIy (hyHKIHIO 00yIeHUsT KPUTHKA
WGAN MO’KHO Tak, Kak MOKa3aHo B JIUCTUHTE 4.7.

JinctuHr 4.7. O6yyeHune kputuka WGAN

def train_critic(x_train, batch_size, clip_threshold):

valid = np.ones((batch_size,1))
fake = -np.ones((batch_size,1))

# OBYYEHUE HA PEAJ/IbHbIX M3O0BPAXEHNAX
idx = np.random.randint(@, x_train.shape[@], batch_size)

U Ucrounuk: Bukumemus, http://bit.ly/2Xufwd8
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true_imgs = x_train[idx]
self.critic.train_on_batch(true_imgs, valid)

# OBYYEHME HA CrEHEPWPOBAHHbIX WU30BPAXEHMAX

noise = np.random.normal(®, 1, (batch_size, self.z_dim))
gen_imgs = self.generator.predict(noise)
self.critic.train_on_batch(gen_imgs, fake)

for 1 in critic.layers:
weights = 1.get_weights()
weights = [np.clip(w, -clip_threshold, clip_threshold) for w in weights]
1.set_weights(weights)

O6yueHne WGAN

[Tpu ucnosp3oBanuy (GyHKIMK TOTEPb Baccepiireiina KpUTHK 00y4aeTcst CXOIU-
MOCTH, 9TO 00eCcIiedrBaeT MPaBUIbHOE U3MEHEHIEe TPAJUeHTOB, HCIOJIb3YeMbIX
muist o6HoBJIeHust reHepaTtopa. ItuM WGAN oT/iyaercst OT CTaHIapTHOIN ceTH
GAN, riie Ba)kKHO He JIOIYCTUTh, YTOOBI AUCKPUMIHATOP CTAJI CJMIIKOM CHJIb-
HBIM, 1 U30€KaTh 3aTyXaHUsI TPaZAneHTOB. TakuM 06pa3oM, MpUMeHEHKe TOTepr
Baccepinreiina yctpaHsieT 0/IHY U3 KITIOUEBbIX CJI0KHOCTE, BO3HIUKAIOIIUX TTPU
obyuerun GAN, — MOMCK MPABUIBHOTO OaaHca MKy 00yIeHHEeM AUCKPH-
MUHaTOpa U rereparopa. B ciyuyae ¢ WGAN MOKHO HECKOJIBKO pa3 00y4nTh
KPHUTHKA MEK/LY OOHOBJIEHUSIMU TEHEPATOPa, YT0ObI YOEAUTHCS, 4TO OH GJIM30K
K cxoauMocTH. TUITHYHOE COOTHOIIEHUE — MATh OGHOBJIEHUN KPUTHKA HA OJ[HO
obHoBJIeHME TeHepaTopa (JIMCTUHT 4.8).

Jinctunr 4.8. O6yyeHne WGAN

for epoch in range(epochs):

for _ in range(5):
train_critic(x_train, batch_size = 128, clip_threshold = 0.01)

train_generator(batch_size)
Tenepnb MbI 0xBaTHIN Bee ocHOBHBIE pazinyus Mexkay GAN u WGAN. HanomHhto,
YTO!
B WGAN ucniosib3yet pyHKIHIO ToTeph Baccepuireiina;

B 1upu oOyuenun WGAN B kauecTBe METOK MCIIONB3YIOTCS: 1 [T peasbHbIX
n300paxkeHuil u —1 st OIe/IbHbIX;
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B B noceaneM ciaoe kputuka B WGAN He TpebyeTcst uenosib3oBaTh (QyHKIMIO
aKTUBAIUU Sigmoid,;

Bl BecCa KpUTHKaA yCEKaIOTCA ITOCJIe KaX10Tr0 UX O6HOB]I€HI/IH;

B 1epe/ KakAbiM 0OHOBJIEHHEM IeHepaTopa BhIOIHAETCS HECKOIBKO IIUKJIOB
00yYeHIST KPUTHKA.

Ananns WGAN

Brr MmozkeTte 06qu/ITb cBoio cetb WGAN, ucrosb3oBaB Ko U3 6J10KHOTa 04_02_
wgan_cifar_train.ipynb (pemo3uTtopuii ¢ mpuMepaMu JJist KHUTH ). DTOT KO 00ydaeT
cetb WGAN renepupoBaTh n3o0paskeHus Jjomageil Ha npuMepax us Habopa
CIFAR-10, xoTopbIii MBI HCTIOJNBb30BaMN B TyiaBe 2. Ha puc. 4.14 moxasanb He-
KOTOpbIe 00pasiipl, crernepupoBanubie ceTbio WGAN.

OueBu/IHO, 9Ta 3aj1aua CJIOKHEe TIPEIbIAYIIEH, I/ie Mbl TEHEPHPOBAIN H300paKe-
Hust TaHuMasia, Ho cetb WGAN 1peKpacHO clipaBUJIach ¢ Heil, CyMeB OTIPEIETUTh
KJIIOYEBbIE XapaKTePUCTUKHN N300paskeHuii jomazieii (Horu, Hebo, Tpasa, THeI0H
okpac, Tetb u T. 1.). Kpome niBera, WGAN BbisiBIIIa B 0OyuaroiieM Habope MHO-
JKECTBO PasJUYHBIX YII0B, GopM 1 GoHOB. /la, kKauecTBO M300paKeH Ml TaIeKO
He ujieajibHoe, Ho caM (pakT, uto Haia ceTb WGAN cMmoriia TOUHO BBISIBUTD BbI-
COKOYPOBHEBbIE TIPU3HAKH, XapaKTePHbIe JIJIsI IBETHBIX (hoTorpaduii Jomajiei,
BCEJISIET OIPeIeJIEHHBIN OIMTUMU3M.

Opun u3 raaBHbIX HegocTaTkoB cetd WGAN — cHukenue ee cmoco6HOCTH
K 00y4YeHHUIO 13-3a ycedeHus BecoB Kputuka. B cratbe 0 WGAN 06 aToM cKa-
3aHO CJIeflytolee: « YcedeHne BeCOB — JaieKo He JIyUIiTiii crocob TPUMeHEHsT
orparndenns Jlnmmuias. CUIbHBIN KPUTHK UMEET pelnaoliee 3HaUeHNe IS
ycrexa WGAN, notomy 4to 6e3 TOUHBIX IPaJJMEHTOB FeHEPAaTOP He CMOKET Ha-
YUUTHCST aIAITUPOBATH CBOM Beca JIJIst TIOJTyYeH st JIyqinx o0pasios. [Toatomy
APYTHE UCCIEOBATEIH TIPOIOIKUIN OMCK aTbTePHATHBHBIX CIIOCOOOB ITpUMe-
Henus orpanndenst Jlummmia u yseandenus ciocoonoctt WGAN BbISBIISTH
cyoxkHbIe pu3Haku. OIUH 13 TAKUX TIPOPBIBHBIX CMTOCOOOB MBI M PACCMOTPUM
B CJIEIYIOIIEM Pa3JieJie.
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CreHepmposaHHble o6pa3u,b| O6pasubl 13 obyyatoLlero Habopa
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Puc. 4.14. O6pasubl, co3gaHHble reHepaTopoM WGAN,
06y4YEeHHbIM Ha M306paXkeHUsX NoLiaaei

WGAN-GP

Onnum u3 ocrenuux pasputuii ugen WGAN aBisieTcst cTpykTypa Wasserstein
GAN-Gradient Penalty (WGAN-GP).! Teneparop WGAN-GP ornpenensiercst
U KOMITUJIMPYETCST TOUHO TakK ke, Kak u reneparop WGAN. Vamenenus kacarorcst
TOJIBKO OIPeIeJIeHUsT U KOMITUJISITINY KPUTHKA. B 11es10M TpebyeTcst BHecTr Tpu
usMenenust B onpezeserre kputrnka WGAN, uTo0ObI mpeoOpa3oBath €ro B Kpu-
tuka WGAN-GP:

B 106aBUTH B QYHKIIUIO TIOTEPH YiieH mTpadOBaHUs IPAJNEHTa;
B y6parb yceyeHue BeCOB;

B e UCII0JIb30BaTh CJIOU IIAKETHOI HOpMaJjin3alinu.

Jluist Hayasia IIOCMOTPUM, KakK 100aBuUTh TpadoBaHie rpajreHTa B (hyHKIINIO
oTepb. B craTbe, ONuChIBaIOIIEN CETH 3TOTO BUA, ABTOPBI MPEJIATAIOT AJIbTEP-
HATUBHBIN CI10CO0 MpUMeHeHus1 orpanndyerus Jinmmuia Kk KpuTuky. Bmecto
yCeYeHNS BECOB OHU TIPUMEHSIOT OTPaHUYeHIE HATTPSIMYTO, BKIIOUUB B (DYHKITHIO
TTOTEPH UJIEeH, OMPeAEIIONTNI BeTUINHy MmTpada B 3aBUCUMOCTH OT OTKJIOHE-
HUST HOPMBI TpajgenTa kputuka ot 1. Corsracumest, 310 — GoJiee ecTeCTBEHHbII

! WMmaau Tyapamkanu (Ishaan Gulrajani) u np., «Improved Training of Wasserstein GANs»,
31 mapra 2017, https://arxiv.org/abs/1704.00028.
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c11ocob pUMeHEHUsT OTpaHIYeHMsI, 00eCIeYMBAOIINI OGJIBIITYIO0 CTAOUIBHOCTD
npoieccy 0OydeHusl.

QOyHKUNA noTepb wTpada 3a rpagueHT

Ha puc. 4.15 nokaszana quarpamma mpoiecca o0ydeHust Kputuka. Eciit cpaBHUTD
ee ¢ AmarpaMMoii Trporiecca 00y4eHust INCKPUMIHATOPA Ha PHC. 4.7, TO MOKHO
YBHJIETb, YTO KJIIOUEBBIM JOMOJTHEHNEM B 00IIYI0 (QYHKIIMIO TIOTEPh, KPoMe (hyHK-
1Mn oTeps Baccepreiina, aBygeTcs mrpad 3a rpaueHT MesKIy peaTbHbIMN
n 1moaaeJIbHbIMU I/I306pa>KeHI/IHMI/I.

Dyuknus noTepb mrpada 3a TPAJAMEHT U3MePSIET KBAJAPAT PAZHOCTU MEXK/IY
HOPMOI TpajiieHTa MPOTHO30B JIJIsT BXOAHBIX M300paskenuii u 1. EcrecTBeHHO,
MOJIeJTb OY/IET CTPEMUTHCST HANTH Beca, TapaHTUPYIOIHe MUHUMAJIBHBIH mrTpad
3a TPAJMEHT, CTapasch TeM CaMBbIM COOTBETCTBOBATH OrpannyeHunIo Jlnmmmnia.

OHako 66110 ObI OYEHD CIIOKHO BHIYHUCIISATH ITOT MPAJUEHT TIOBCIO/LY B IPOIIECCE
oGyuenus, oatomy B WGAN-GP 0H o1ileHuBaeTcst JIUIIb 10 HECKOJIBKUM TOUKaM.
Jlist coxpareHust 6aiaHca Mbl HCIIOJIb3yeM Habop MHTEPITOJIMPOBAHHbBIX M300pa-
SKEHUI, JIeSKAIUX B CIy4aitHO BBIOPAHHBIX TOYKAX BIOJIb JUHUN, COCAMHSTIONINX
Hapbl peajbHbIX U MOJIEIbHBIX H300paskeH il B makere (puc. 4.16).

Hns BpimosHnenus aToil untepnoadnuu B Keras MoXHO co37aTh cJoON
RandomWeightedAverage, HacJeYIONIUI BCTPOECHHBIN CJION _Merge:

class RandomWeightedAverage(_Merge):
def __init_ (self, batch_size):
super().__init_ ()
self.batch_size = batch_size

def _merge_function(self, inputs):
alpha = K.random_uniform((self.batch_size, 1, 1, 1)) @
return (alpha * inputs[@]) + ((1 — alpha) * inputs[1]) @

O Kax1oMy M300pakeHHIO B TTaKeTe MPUCBANBAETCs CIyYaiiHOe YUCJI0 B [Ua-
nmazone ot 0 710 1, coxpangemoe Kak BeKTOp alpha.

® CJi0ii Bo3Bpamnaer Habop WHTEPIIOJNPOBAHHBIX U300PAKEHU, JIEKAIUX Ha
JIMHUSIX, KOTOPBIE COEINHSIOT peasibHble n300paskeHust (inputs[@]) ¢ moIeb-
HbIMU (inputs[1]), ¥ B3BEIIEHHBIX 110 3HAYEHUIO alpha IS KaXKIOH Maphl.

Dyukius gradient_penalty_loss, loKazaHHas B jiuctunre 4.9, Bo3ppaiia-
€T KBa/[paT Pa3HOCTU MEXAY I'paJ/lUE€HTOM, BbIYMCJIIEHHBIM B TOYKE MHTEPIIO-
s, u 1.
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MoppenbHble n3obpaxeHus
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n3obpaxeHus

Puc. 4.15. Npouecc obyyeHns kputnka WGAN-GP

JIncTmHr 4.9. OyHKuma notepb Wrpada 3a rpagueHT

def gradient_penalty loss(y_true, y_pred, interpolated_samples):
gradients = K.gradients(y_pred, interpolated_samples)[0] @

gradient_12_norm = K.sqrt(
K. sum(
K.square(gradients),
axis=[1:1len(gradients.shape)]
)
)
) @

gradient_penalty = K.square(l — gradient_12_norm)
return K.mean(gradient_penalty) ©

O Dynxinus gradients B Keras Boluncisier rpajueHTbl IPOTHO30B JIJISI MHTEP-
MOJIMPOBAHHBIX U300paskeHuil (y_pred) B oTHoLIeHNH BXxoja (interpolated_
samples).

® Boruucisiercst Hopma L2 ji1st aToro Bektopa (TO eCTh €ro €BKJINI0Ba IJINHA).
© DyHKIMs BO3BpaIlaeT KBa[paT paccTosinus Mexay Hopmoit L2 u 1.

Tenepn cJi0if RandomWeightedAverage, KOTOPBII HAXOAUT UHTEPIIOJSIINIO MEKILY
ABYMsI H300pakeHUsIMU, U (DYHKIINIO gradient_penalty_loss, BBIYUCJISIONILYTO 110-
TepH rPaMEHTOB JIJI1 HHTEPIIOJNPOBAHHBIX M300paskeHNH, MOKHO UCIIOJIb30BATh
B ITpoTiecce KOMIUJIATINT MOJIETH KPUTHKA.
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peanbHoe

nopaensHoe .. """ nsobpaxeHne
n3obpaxeHne
WHTEPMNONMPOBaHHOE
n3obpaxeHve

Puc. 4.16. NHTepronsiums n3o6paxeHni

B npumepe WGAN MbI HAPSAMYIO CKOMITUJIPOBATIM KPUTHKA TaK, 4TOOLI OH
OIEHUBAJI PEATHHOCTD JAHHOTO n300paskennst. UTOOBI CKOMITHINPOBATD KPH-
Tika WGAN-GP, Hy’KHO HCIIOJIB30BaTh MHTEPIIOINPOBAHHBIE M300PasKEHNUST
B dyHKIMIO TOTEPH, HO Keras mojepkuBaeT moib3oBaTeabckue GyHKIIHT
HOTEPb TOJIBKO C JABYMS TTapaMeTpaMi: IPOrHO3aMU U UCTUHHBIMU METKaMHI.
Yro6b 060#iTH 3Ty MTPOOIEMY, HCTIOIB3YeM (DYHKIIUIO partial M3 CTaHAAPTHOI

6ubamorexn Python (smuerunr 4.10).

Jinctmur 4.10. Komnunaumsa kputmka WGAN-GP

from functools import partial
### KOMNUNAUMA MOLE/IN KPUTUKA
self.generator.trainable = False (1)

real_img = Input(shape=self.input_dim) @
z_disc = Input(shape=(self.z_dim,))
fake_img = self.generator(z_disc)

fake = self.critic(fake_img) ©
valid = self.critic(real_img)

interpolated_img = RandomWeightedAverage(self.batch_size)([real_img,

fake_img]) @
validity_interpolated = self.critic(interpolated_img)

partial_gp_loss = partial(self.gradient_penalty_loss,
interpolated_samples = interpolated_img) ©
partial_gp_loss._name__ = 'gradient_penalty' @

WGAN-GP
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self.critic_model = Model(inputs=[real_img, z_disc],
outputs=[valid, fake, validity_interpolated]) @

self.critic_model.compile(
loss=[self.wasserstein,self.wasserstein, partial_gp_loss]
,optimizer=Adam(1lr=self.critic_learning_rate, beta_1=0.5)
,loss_weights=[1, 1, self.grad_weight]

) ©

O 3adukcupoBaTh Beca TeHepaTopa. ITO HEOOXOAUMO, TIOTOMY YTO TeHEPATOP
SIBJISIETCST YACTHIO MOJIEJIN, KOTOPasi UCIIOJIb3Y€eTCst JIJIst 00yYeHUsT KpUTHUKA, ¥ FH-
TePIOIMPOBAHHBIE N300pAKEHNST TETIePh aKTUBHO MCMONb3YIOTCSA B (DYHKITHN
OTEPb.

® Mojienb MMeET /(Ba BXOJIa: TIAKeT PeajibHbIX N300pakeHuit 1 Habop crydaiiHo
CreHEePUPOBAHHBIX YUCE], KOTOPbIE UCIIOJIB3YIOTCS ISl CO3/[AHUS TIAKETA TI0/I-
JIeJTbHBIX N300PasKeHUI.

© PeasbHbie U MO/IETbHBIE H300PaKEHSI TIEPEIAOTCS KPUTHKY [IJI5T BHIUHCIIE-
HUS ToTepu Baccepiireiina.

O Ci0ii RandomWeightedAverage cO3/1aeT HHTEPIIOJMPOBAHHbBIE H300PaKEHNU,
KOTOPBIE 3aTe€M TIePEeIaloTCs KPUTUKY.

© bBubsmoreka Keras nojyiep:xuBaer hyHKIIMK TOTEPH TOJBKO C JIABYMs TTapa-
MeTpaMy — MPeACKA3aHUSAMK 1 CTHHHBIMU METKaMK, — U 4YTOOBI OPraHU30BaTh
nepesadyy MHTEPIOJNPOBAHHBIX N300paskeHnii B Hally (PyHKIUIO gradient_
penalty_loss, MBI omIpefiesisieM CBOIO (DYHKIIMIO TTOTePh partial_gp_loss, uc-
0JIb30BaB (QYHKIINIO partial u3 ctangapTHoi 6ubanoreku Python.

@ Keras tpebyer, 4To0Obl GyHKIMI ObLIN UMEHOBAHHBIMHU.

@ Mojenb, koTopast oOydaeT KpUTHKa, UMeeT JBa BXoja (IakeT peajbHbIX
U MaKeT CAYyYallHO CreHepUpPOBAHHBIX MMOAJEIbHBIX M300paskeHNl) U TPU BbI-
xoza: 1 — g peanbHbIX U300paxkeHuil, —1 — IS MOALeNbHbIX U300 PasKeHMii
1 GUKTUBHBIN BeKTOp (), KOTOPBII Ha caMOM JleJie He UCTIOJIb3yeTCs, HO ero
Tpebyer 6ubmmoreka Keras, moroMy uto Kaskiast GyHKIUS TIOTEPb J0JKHA OTO-
Gpakatbest B BBIX0jL. [ToaTomy ObLt co3man pukTuBHbIil BekTop 0 17151 Dy HKIIN
partial_gp_ loss.

O Kputuk KoMmmuanpyercs ¢ TpeMs GyHKIMSMU TOTePh: /1Be (GYHKIINH TOTEPh
Baccepireiita jis1 peajibHbIX U OIETBbHBIX H300pakeHil 1 (DYHKITHS TIOTEPh
mrrpada 3a rpaguent. O61as moTepst BBIYUCAAETCS KaK CyMMa 9THX TPeX TT0Tepb,
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MIpUYEM TIOTePsI 32 IPaIeHT B3BelInBaeTcss MHOKHUTeTeM 10, B COOTBETCTBUM
C PEKOMEH/IAIUSIMY B OPUTHHAJIBHOI cTaThe. MBI UCIIOTb3yeM ONTHUMU3ATOP
Adam, KOTOpBIiT curTaeTcst IyqnM onrtumMusaTopoM Juist mogeneii WGAN-GP.

MAKETHAA HOPMAJIN3ALIUSA B WGAN-GP

[Ipexme uem nepeiitn Kk coznannio WGAN-GP, BakHO OTMETUTb, 4TO
B KPUTHUKE He JO0JIKHA MCIIOJb30BaThCs MaKeTHast HopMau3anus. [Ipu-
YUHA B TOM, UTO TTaKeTHAsi HOPMAJIU3AIUs CO3/Ia€T KOPPEJISIIUI0 MEXKITY
n300paKEHUSMU B OJHOM IIAKETE, YTO CHIKAET 3G (MEKTUBHOCTD ITpada
3a rpaauent. Kak mokasanu axcriepumentsl, ceti WGAN-GP criocobmbr
JlaBaTh MPEBOCXOAHBIE PE3YJIbTATHI Jaske Ge3 MaKeTHOM HOpMaJ3aliu
B KPUTHUKE.

AHnanns WGAN-GP

st o6yuenust mojgesin WGAN-GP na Habope mannbix CelebA ¢ dororpadu-
SIMM JIUI] 3HAMEHUTOCTEH 3amycTuM 6J0KHOT 04_03_wgangp_faces_train.ipynb 13
peros3utopust ¢ npuMepaMu K kaure, CHavaa pacCMOTPUM HECKOJIBKO CIYYaitHO
BbIOpaHHBIX 00PA31I0B, CO3JAHHBIX reHepaTopoM mocie 00yuernns Ha 3000 maxe-
tax (puc. 4.17).

Puc. 4.17. MNpuMepbl N306paXKeHmii, CreHepupoBaHHbIX ceTbio WGAN-GP
nocne obyyeHns Ha Habope aaHHbIx CelebA
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Kax BusmM, MOJIesIb cCyMeJia OIPe/Ie/IUTDh CyIIeCTBeHHbIC BBICOKOYPOBHEBBIC
MPU3HAKY JIMI] ¥ He TPOSIBUJIA TPU3HAKOB KoJuiarca. OOpatum BHUMAHWE 1 HA
TO, KaK 9BOJIOINMOHUPOBAIN (DYHKIIUN TIOTEPh MOJIEJIM C TEYEHNEM BpeMe-
uu (puc. 4.18) — dyHkuu nmorepb 060MX KOMIOHEHTOB, AUCKPUMUHATOPA
U TeHePaTOPa, OCTAIOTCST CTAONIBHBIME ¥ TIOCTETIEHHO CXO/ISATCSI.

Ecau cpaBuutsh BeiBo cett WGAN-GP ¢ BbIBOZIOM BapruallmOHHOTO aBTOKO/IM-
POBIIMKA, TO MOKHO YBU/IETh, YTO F€HEPATUBHO-COCTSI3aTE/IbHASI CETh CO3/IAET,
Kak MpaBuiio, Oojiee yeTkre n300paskeHus, 0COOEHHO 9TO KacaeTcst TPaHUIIbI
MesKLy BoJiocaMu 1 (hoHoM. BapualmoHibie aBTOKOANPOBIIUKN CKJIOHHbBI CO3-
naBarh OoJiee MATKUe U300pakeHusl, C Pa3MbITBIMU IPaHUIAMU I[BETA, TOT/A
KaK reHepaTUBHO-COCTSI3aTe/IbHbIE CETH CO3/1aI0T O0JIee YeTKIE U KOHTPACTHBIE
uzobpaxkenus. CTOIb e BEPHO U TO, YTO TeHEPATUBHO-COCTA3aTENbHBIE CETH,
Kak IPaBUJIO, TPY/IHEE MOAAI0TCS 00YYEHUIO, YeM BapUaIlMOHHbIE aBTOKOIUPOB-
IIMKK, ¥ [ JOCTHKEHUsI YA0BIETBOPUTEIBHOTO KayecTBa Tpebyercst GoibIie
BpeMenn. Tem He MeHee OOJIBITMHCTBO COBPEMEHHBIX TeHEPATUBHBIX MOJE/Iei
OCHOBAHO Ha reHePaTHBHO-COCTI3aTEIbHbIX CETAX, IIOTOMY Y4TO 00yYeHue KPYII-
nomaciTabubix GAN Ha rpaduyecKuX IPOIeccOpax B TeYEHUE AAUTENbHOIO
BpeMeHU iaeT GoJiee BIeyaT/IsaIonue Pe3yIbTaThl.

~100

150

noteps BacceplutenHa
1
15§.
-
wTpad 3a rpagueHT

200 *
b 500 1000 1500 2000 2200 0 500 1000 1500 2000 2500
naket naket

-250
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Puc. 4.18. ®yHkumm notepb B WGAN-GP
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NTorm

B aT0ii Ts1aBe MBI paccMOTpEI TPY Pa3HOBUIHOCTHU FeHEPATUBHO-COCTSI3aTEh-
HBIX ceTell: oT cambix pocTeix GAN mo Wasserstein GAN (WGAN) u cambpIx
coBpemeHHBIXx WGAN-GP.

Bce reHepaTHBHO-COCTSI3aTEIbHBIE CETH UMEIOT aPXUTEKTYPY «Ie€HepaTop POTUB
JIMCKpUMUHaTOpa (MM KPUTHUKA)», T/le IUCKPUMUHATOP MBITAETCS «3aMETUTh
PasHUILY» MEXK/Y PeaJbHbIMU U TIOAIEIbHBIMU U300PaKEHUSIMHI, a TEHEPATOP
cTpeMuUTCst 0OMaHyTh AUCKpUMIHATOP. IIpu cObamaHcupoBaHHOM OOYYEHUH 9TUX
ABYX conepHrKoB reiepatop GAN MOKeT IOCTeIIeHHO HayYUThCs IIPOU3BOIUTh
HabJII0IeH 1S, TIOX0KKEe Ha HabJoieHns B oOydartonieM Habope.

[IpocThIM TeHEepaTHBHO-COCTA3ATENBHBIM CETSIM CBOHCTBEHHO HECKOJIBKO TIPO-
6J1eM, BKJTIOYAsT KOJLJIATIC MOJIEJTN U HeCTaOUIbHOCTH 00ydeHvst. DyHKIMS ToTeph
Baccepuireiina nusbasisier 0T MHOTUX U3 9THX 1IpobJieM, gesas ooyderre WGAN
GoJiee mpejicka3yeMbiM 1 HazieskHbIM. EctecTBenHOe passutne WGAN — mMoziesib
WGAN-GP, Britouatoriast B mporecc 00ydeHusi OJHOMEPHYIO HEelPEPbIBHYIO
dyukmio Jlummmia B Bue 4ieHa B QYHKIMN TOTEPb, YTOObI TIOATSIHYTh HOPMY
rpaanenTa x 1.

Hakownelr, mpyMeHNUB HOBBII TIOJIX0/] K 3ajlaue TeHepaIlnu JIUII, Mbl YBUJIEJH,
Kak, BbIOMpPast TOYKU U3 CTAaHAAPTHOTO HOPMAJIBHOTO paclipe/iesIeH s, MOKHO
HOJIy4aTh HOBBIE Jiniia. IIporiece BBIOOPKH OUeHb TTOX0K Ha UCIOJIb30BABIINICS
B BapUaIOHHOM aBTOKOAMPOBIINKE, HO JUIA, co3aanHble ceThio GAN, cytie-
CTBEHHO OTJIMYAIOTCS — OHK Y4acTo 6oJiee KOHTPACTHBIE U UMEIOT GoJiee YeTKUe
TPaHUIIBI MEK/LY PA3INYHBIMU YacTsIMU. [1pu 00yueHnu Ha GOJIBIIIOM KOJIMIECTBE
rpadryecKux MPoIeCcCOPOB TO CBOMCTBO TIO3BOJISIET FeHEPATUBHO-COCTSI3ATEb-
HBIM CETSIM JI00MBATHCS BIIEYATJIAIONIMX PE3YJIBTATOB U TIOHUMAET FeHePaTHBHOE
MOJIeJIMPOBaHIe Ha HOBBIIA, H0JIee BBICOKHIT YPOBEHb.

B 1ies10M, Kak BUIMM, TeHEPATUBHO-COCTI3aTEIbHbIE CETU 00J/Iaal0T OrPOMHO
TUOKOCTBIO ¥ C YCIIEXOM MOTYT IPUMEHSITHCST BO MHOTHX ITPAKTHYECKIX HATTPaB-
sernsax. OH 13 BapUAHTOB TPUMEHEHIST MBI M PACCMOTPUM B CJIeIYIOIIeH TaBe
¢ TeM, YTOOBI BBISICHUTD, KAK MOKHO HayYUTh MaIlIMHbI PUCOBATb.



YacTb 11

YyuM MallUHbI pUCOBaTh,
nUcaTb, COUMHATb MY3bIKY
M Urpatb B Urpbl

B wactu I 6bina npeacraBneHa obnactb riybokoro reHepaTMBHOrO oby4yeHuns v npo-
aHanM3npoBaHbl ABa Hanbonee BaXXHbIX AOCTUMXXEHWUS MOCNEAHUX NET: BapvauMOHHble
ABTOKOJAMPOBLUMKN M FreHepaTUBHO-COCTA3aTeNbHble ceTU. OcTasibHasi YacTb 3TOW KHUMM
NpeacTaBnsieT Habop TeMATUUECKUX UCCNEA0BaHUIA, AEMOHCTPUPYIOLNX NMPUMEHEHUE
METOZOB reHepaTUBHOMO MOAENNPOBaHMS ANs PeLLUEHNs KOHKPETHbIX 3aaad. Cnegyowme
TpW rnaebl NOCBSLLEHbI TPEM OCHOBHbLIM CTOJINAM YeI0BEYECKOro TBOPHECTBA: XKMBOMUCH,
MTepaTypHOMY TBOPYECTBY M COYMHEHWNIO MY3bIKMU.

B rmaBe 5 Mbl pacCMOTPUM ABa NpUeEMa, OTHOCALUMXCSH K MALMHHOMY XYAOXECTBEHHOMY
TBOpYecTBY. CHayana pedb novaeT o cetu CycleGAN, koTopasi, Kak CreflyeT U3 Ha3BaHusl,
OCHOBaHa Ha apxuTekType GAN 1 No3BONSET HayunTb MoAenb nNpeobpas3osbiBaTh POTO-
rpacdvun B KapTWHbI B ONpefeneHHoM ctune (M HaobopoT). 3ateM 06paTtnM BHUMaHWE Ha
nMpueM HEMPOHHOW nepefayn CTUAS, peann3oBaHHbIA BO MHOTUX MPUIOXKEHMSIX ANS pe-
[aKTMpoBaHusi hoTorpadmii, NO3BONSIOLWMI NEPEHECTU CTUIb KapTuHbI Ha doTorpaduio,
yTo6bl CO34aTb BNEYaT/IeHNe, YTO KapTuHa NPUHAANEXUT KMCTU TOMO XKe XyAOXKHUKA.

B rnaBe 6 Mbl BO3bMeMCS 3a 3aAadvy 06yvyeHusi MalLnHbI IMTepaTypHOMY TBOpPYECTBY —
3afiayy, KOTOPOW NMPUCYLLM MHOTUE CITIOXKHOCTH, CBS3aHHbIE U C CO34aHUEM 1306paXkeHNM.
B 37Ol rnaBe onucbiBaeTCS apXUTEKTypa pekyppeHTHOM HelMpoHHoM ceTk (Recurrent Neural
Network, RNN), no3sonstoLwas npeogonesatb Npobiembl, CBA3aHHbIE C CO34aHMEM nocre-
[OBaTeNbHOCTEW AaHHbIX. Mbl TakoKe YBUMANMM, Kak paboTaeT apxXuTekTypa Koaep-AeKoaep,
¥ MOCTPOMM MPOCTON reHepaTop BOMPOCOB M OTBETOB.

B rmaBe 7 paccMaTpuBaeTcs 3aada MallMHHOro O6y‘-IEHVIF| reHepauumm My3blKKn, KOTO-
pasd, XoTa n ABNAETCA 3agaven reLHepauummn I'IOCﬂe,CI,OBaTEJ'IbHOCTel\/II, CTankmnBaeTcsa C Ao-
MNOJTHUTENbHBLIMU CNNOXXHOCTAMU, TAaKUMU KaK MOAeNTMpoBaHne My3bIKaﬂbHOVI TOHA/IbHOCTU
N puUTMa. 34eCb Mbl YBUAUM, YTO MHOMME METO/bI, MPUMEHSBLUNECS A1 reHepaLmmn TeKCTa,
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C YCTEXOM MOTYT NMPUMEHSITLCS U B 3TOM 06/1aCTy, @ TaKKe UCCNelyeM apXUTEKTypy rny6o-
KOro 0byueHusi, n3BecTHyto kak MuseGAN, KoTopasi NpUMEHSIET naeun u3 rnaebl 4 (0 reHe-
PaTMBHO-COCTA3ATENbHbIX CETSAX) AS1S1 COUMHEHMS MY3bIKM.

FnaBa 8 feMOHCTpUpYeET, Kak reHepaTMBHbIE MOAENM MOTYT UCMOJb30BaThCA B APYrux
0651acTsIX MalMHHOMO 0By4YeHusi, HanpuMep B 06yYeHWUM C NOAKPEnNeHneM. B 3Toii rnaee
npeAcTaBieHa OAHa M3 caMblX 3axBaTblBaloLWmx paboT, onybnmMKoBaHHbIX 3a nocneaHue
rozbl, B KOTOPO aBTOPbI MOKa3bIBalOT, KaK UCMOMb30BaTb reHepaTUBHYIO MOAESb B Kaye-
CTBe cpefbl 06y4eHnst areHTa 1 No3BOSIUTb eEMY Medmamb O BO3MOXHbIX ByayLmx cueHa-
pusSIX 1, B paMKax CBOEM KOHLENTyanbHOW MOAENW OKpY>Katolei cpefpl, NpeacTaBnsTh,
YTO NPOU30MAET, ECNIN OH NPeANnpUMET OnpefeneHHble AeNCTBUS.

HakoHeL, rnaBa 9 0606LaeT TeKyLlyto KapTUHY reHepPaT1BHOMO MOAENMPOBaHUS U METO-
Abl, NPeACTaB/EHHbIE B 3TOW KHUre. B 3Tol rnaBe Mbl 3arnsHeM B 6yayLiee v nonbiTaeMcs
BbISICHUTb, KaK CaMble COBPEMEHHbIE METOAbI MOTYT U3MEHUTb Halll B3r/Is/ Ha TBOPYECTBO
M CMOXKEM /M Mbl KOTAa-HUBYAb CO34aTb UCKYCCTBEHHYIO CyLLIHOCTb, CMOCOBHYIO CO3AaBaTh
TBOPYECKME NPOU3BEAEHMS, HEOT/IMUMMbIE OT PaboT, CO3AaHHbIX XyAOXKHMKAMK, nucaTte-
NAMU U KOMMO3UTOPaMM.



[JIABA 5

PucoBaHue

J1o cHX TIOP MBI MCCJIEIOBAJIN CIIOCOOBI 00YYEHMsI MOJIEJIel CO3/IaHII0 HOBBIX 00-
PasIoB Ha OCHOBE TOJIBKO 00ydaionero Habopa JaHHbIX, KOTOPbIE MOZIEJIb JOJIKHA
MMUTUPOBATD. ITH CIIOCOOBI IIPUMEHEHBI K HECKOJIbKUM HabopaM JaHHbIX. B pe-
3yJIbraTe BapUallMOHHbIE aBTOKOAMPOBIINKHA U F€HEPATUBHO-COCTA3AaTENbHbBIE
CeTU CII0COOHBI YCTAHOBUTH COOTBETCTBUE MEKIY CKPBITHIM IIPOCTPAHCTBOM
U IIPOCTPAHCTBOM MCXOJ/HBIX ITMKCEN0B. BoiOpaB TOUKY M3 pacrpejeneHust
B CKPBITOM IIPOCTPAHCTBE, MOKHO C MOMOIIBIO FeHEPATUBHON MOZE/IH TTOJYYNTh
L1 Hee HOBOE U300pakeHue B IIPOCTPAaHCTBe IMUKCea0B. OTMETUM, 4TO BCE Pac-
CMOTpPEHHbBIE PaHee IIPUMEPbI CO3AI0T HOBbIE HAOIIOAEHNUS ¢ HYJIsI, He TT0JIyYast
HUKaKKMX APYIUX BXOIHBIX JaHHBIX, KDOME CJAYYAiiHOTO BEKTOPA, B3ATOTO U3
CKPBITOrO IPOCTPAHCTBA.

JIpyroii 06JacThio TIPUMEHEHWSI TeHePATUBHBIX MOJIEJIEH SIBJISIETCS nepedaua
cmuist. B aTOM cirydae Halla 1ejib — MOCTPOUTH MOJIEb, CIIOCOOHYIO TIPpeoOpaso-
BBIBATh BXOJTHOE 6A3060€ U300pajcenue Tak, 4ToObl CO3/1aTh BIeYaTICHIE, YTO OHO
MPUHAJIEKHUT TOI 5Ke KOJUIEKIINH, YTO U JaHHBII HAOOP u300paxcenuil c 0bpasuya-
MU Cmuist. DTOT METO]] UMEET SIBHbIe KOMMEPUYECKHe TPUMEHEHUsT M B HACTOIIIee
BPEMSI UCITOJIb3YETCSI B CUCTEMAX KOMIBIOTEPHON TpaduKU, KOMIIBIOTEPHBIX
Urpax v MPUIOKEHUSX /I MOOMIbHBIX TesleOHOB (CM. IprMepbl Ha puc. 5.1).

[lesibto miepeaum CTUIIS IBJISIETCS. He MOJIETMPOBaHue 6a30BOTO pacipeiesieHnst
n300pakeHuil ¢ obpasamMy CTIIsS, 8 U3BJIEYEHME U3 DTUX U300pakKeHU CTUIIN-
CTUYECKUX KOMIIOHEHTOB M MX BHeZIpeHue B 6azoBoe uzobpaskenue. CoepiieH-
HO [IOHATHO, YTO HeJb3sh 00beAMHUTH Ha30B0Oe M300paXKeHre ¢ U300PaKEHIEM,
NPEACTABJSAIONMM 00pasel] CTUJIS, HOCPEACTBOM WHTEPIIONSINHI, TOTOMY 4TO
CO/IEPKIMOe N300pakeH st CTHIISE OYIET TIPOCBEYMBATH CKBO3b 6a30Boe n306pa-
JKEeHHe, a 1[BeTa CTaHyT MyTHBIMU U PasMbITBIME. BoJiee TOro, 00pasiios CTHIIS,
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McxogHoe
n3obpaxeHne

Puc. 5.1. NpuMepbl nepegayn ctmuns!

OTpaKAMOMIMX CTUJIb XYITOKHUKA, MOKET OBITH MHOKECTBO, TOITOMY HYKHO
HAlTH c110c00, MOMOTAIONIIIT MOJIEJIM U3YYUTh CTHJIb BO BCEH KOJUIEKI[UU M30-
OpaskeHui. MbI IOJKHBI CO3/1aTh BIIEYATJIEHIE, YTO XYAOKHUK UCIOJb30BA
6a30Boe N300paKeHIe KaK OCHOBY VISl CO3/IaHKs OPUTHHAIBLHOTO IPOU3BEIEHIS
HCKYCCTBA, IOTIOJTHIB €T0 CTUJIEBBIMU 2JIEMEHTAMHU, XapaKTePHBIMU JIJIS IPYTUX
MIPOM3BEIEHUI B €0 KOJIJIEKITUN.

B aroii raBe BBI y3naeTe, Kak MOCTPOUTD JIBE Pa3Hble MOJIEJN TTepeiadn CTH-
a1 (CycleGAN u Neural Style Transfer) 1 ¢ ux momoiipio mpeo6pazoBaTh CBOU
dororpaduu U WILTIOCTPAIMU. A HAUHEM MBI C TOCEIEHNsT OBOIITHOTO Mara3nHa,
Ijie BCe He TaK, KaK KasKeTCs.

AGNOKN N anenbCUHbI

Babyst Cmut u Dyiopuga — COBIIAAETUIBI OBOIIIHOTO MarazuHa. dTo0bl 1001 Th-
cs1 MAaKCUMaJIbHOI 9 (EeKTUBHOCTH, KaK/1ast 3a00TUTCS O CBOMX ITOJIKaX B Mara-
sune. Hanpumep, 6abynss CMUT ropauTcest cBoMM BbIGOpoM 510710k, a Diropuzia
JacaM¥ PacKJIa/bIBAET alleJIbCUHbI, J0OUBASCh UX UACATBHOTO PACIOIOKEHUSI.
O6e HACTOIBKO yBEPEHbI B cebe, YTO COTMIACUIIMCh HA CEJIKY: TIPUOBLIb OT IPO-
naxu 670K oiaeT Ha 10110 6a0yun CMuT, NPUOBLIL OT HPOAAKK AIETbCUHOB —
Ha oo Daopust.

U kyn-Su Wy (Jun-Yan Zhu) u ap., «Unpaired Image-to-Image Translation Using Cycle-
Consistent Adversarial Networks», 30 mapra 2017, https://arxiv.org/pdf/1703.10593.pdf.
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K coskanenmuto, au 6a6ysst Cvut, Hu DJiopuza He HaMEPEHbI COCTSI3aThCS YECTHO.
Korga @opuza ve BuanT, 6abysist CMUT NpoOUpaeTcst K BATPUHE C alleIbCHHAMU
U HAUMHAET KPACUTh UX B KPACHBIN 11BET, YTOOBI OHU BBITJISIIEH KaK si010Ku!
Duopuia AeHCTBYET TOYHO TaK 5Ke: OHA MbITATCs CAeIaTh 160K 6abyau CMuT
GoJiee TOXOKMMU Ha aTleJIbCHHbI, UCTIOJB3YsI CIIPEN MOAXO/ISAIIETO TIBETa, KOT/a
Ta MOBOpPAYMBaeTCs CIUHON. V3-3a 9TOr0 MOKyaTe/n 4acTo BHIOMPAIOT He Te
(bPYKTHI, KaKre HaMepeBalInuCh KyNnuTh. Te, KTo COOUPAICs KYIUTh areJbCuHbI,
MHOIIA 110 OIMbKe BHIOUpaoT 610KH, okpaiierHbie Diopuoii, a e, KTo XoTesn
KYIHTB SI0JI0KH, 110 ONTHOKE BRIOMPAIOT alleIbCUHbI, 3aMacKpOBaHHbIe 6adyreit
Cwmurt. B koHIte KOHIIOB TIPUOBLITH 32 KaKAbIH (DPYKT CYMMUPYETCST U JTETUTCST
COOTBETCTBEHHO JIOTOBOPEHHOCTSIM — 0a0yist CMUT TepsieT eHbTH BCSIKHUiT pas,
KOT'/Ia OJIHO U3 ee A6JIOK MPOJIAETCsT KakK aresbert, a Dyopuga — Kora ofuH u3
ee areIbCUHOB TPOIAeTCs KakK sI6JI0KO.

[Tocute 3akpbITHs MarazuHa 00e IPUCTYTIAIOT K HaBEIEHUIO MOPSIKa Ha MMOJKaX
¢ ¢pykramu. Ho BMeCTO TOTO YTOOBI IIBITATHCS OTMBITH KPACKY, HAHECEHHYIO
COTIEPHHUIIEHT, 06€ TPOCTO KPACAT TIOJIEJKH, CTapasiCh MPUBECTH UX B MEPBOHA-
YaJIbHBIN BU. [/ HUX BaKHO ciesiaTh 9Ty paboTy IPaBUABHO: €CJii (PPYKTHI
He Oy/IyT BBITJISAAETh KaK HYKHO, TO OHU HE CMOTYT IIPOJAATh UX Ha IOl
JIeHb U CHOBA MOTEPSIOT MPUOBLIL. UTOOBI YOEAUTHCS B IPABUIBHOCTH CBOMX
JEHCTBUIA, OHU MHOT/IA IPOBEPSIIOT CBOM METO/IbI HA CBOUX COOCTBEHHBIX (DPYK-
tax. Dropuia ONphICKUBAET CBOU alleJIbCUHbI U IPOBEPSIET, BHITIAAAT JIU OHU
TOYHO TaK jKe, KaK ¥ IepBoHadanbHo. Babysa CMuUT mpoBepsier CBOU «yMeHUsI»
Ha sibokax. Ecsin oHr oOHapysKaT OueBH/IHbIE HECOOTBETCTBUS, TO UM TIPUAETCS
TPATUTh € TPYJAOM 3apabOTaHHYIO TPUOBLIb Ha U3y4YeHue OoJiee COBEPIIEHHBIX
MeTozioB (puc. 5.2).

[TepBoe BpeMsi OKyIaTes i 4acTo omubaTest B Bbibope. OHAKO CO BpeMeHeM
OHU HaOMPAIOTCST OTIBITA U YIaTCsI ONPE/IENISATh, KaKue (hPyKThI ObLIH TTO/IE/IaHBbL.
Iro BeiHyKAaeT 6abyro Cvut u Dropusy COBEPIIEHCTBOBATHCS B MOJIEIIKE
(bpyKTOB ApYT ApyTa, a TaK)Ke B BOCCTAHOBJIEHUN MOAIEIOK 10 TTEPBOHAYAH-
Horo Buza. Kpome Toro, uM HyKHO NEpUOAMYECKH YOEKAAThCS B TOM, YTO TIPHU-
€Mbl, KOTOPBIE OHH UCTIOJIb3YIOT, He U3MEHSTIOT BHEITHUI BUJL UX COOCTBEHHBIX

bpyKTOB.

[Tocsie MHOTHX IHEN 1 HEJEb 9TON HEJIeTION UTPhI OHU 3aMETHJIN, YTO ITPOU30-
IIJT0 HEYTO YAUBUTENbHOE. KITMEHTRI TIepecTain pa3ndaTh HACTOSIINE U TTOJI-
nenbHble GpykThl. Ha puc. 5.3 mokasaHo, Kak BBITJISAST ILIOABI TTOCe (abCh-
(ukaiuu 1 BOCCTAaHOBJIEHUSI, a TAKKe ITOCJIE TECTUPOBAHMUS.
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G-O

dnopuaa Tectupyert ‘ I MokynaTtenu, xenatome
cBOV mMeTop, KYMUTb anenbCuHbl

? @
——————-
Babyna Cmut dnopuaa
noafenbisaet BOCCTaHaB/MBaeT

2

_
®nopuga Babyna Cmut
nopaenbisaet BOCCTaHaBAMBaeT

Babyns CmuT TecTMpyeT I MoKynaTenu, }enatowme
CBOW MeToz, KynuTb A610KM

ol

Puc. 5.2. Cxema nogaenku, BOCCTAHOB/EHUS U MPOBEPKN (DPYKTOB

B OBOLLHOM MarasuHe
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...rocrne Toro ...rocrne Toro dropvaa nposepuna

AnenbCyHbl kak 6abyns kak dnopuaa Ha HUX CBOW MeTof
dropuabl CmMuUT nokpacuna ux nepekpacuna mx BOCCTaHOBNEHUS
Lol

fiiat

OpurnHarnbHble
A6noku nocne Toro
Kak 6abyns CMut

...Nocre Toro Kak ...nocne Toro npoBepuna Ha HI1X
Abnoku dnopuaa Kak 6abyns Cmut CBOI MeToq

6abynu Cmut nokpacuna unx nepekpacuna nx BOCCTaHOBMEHMSI

-

Puc. 5.3. O6pasubl anenbcMHOB 1 610K B OBOLLHOM MarasvHe

CycleGAN

[IpebIAyIast HCTOPHST — 9TO AJJIETOPUS], OIUCHIBAIOIIAST PA3BUTHE OJHOTO U3
KJIIOYE€BbIX HaHpaBHeHI/Iﬁ B reHepaTuBHOM MOJEJUPOBaAHUU, U3BECTHOTO KakK
nepeava CTHJIS: IIUKJIMYECKU COTJIACOBAHHYIO F€HEPATUBHO-COCTS3ATEIbHY O
cetb, uim CycleGAN. Crarbsi, ONUCHIBAIOIIAS OTY CETh, SIBJISIETCS 3HAYUTETbHBIM
IIarOM BIIepel B 00JIACTH Mepelauy CTUJIS U OKa3bIBAET, KaKk 00yYUTh MOJIEJb,
CIIoCOOHYI0 KOMUPOBATH CTUJIb U3 HAOOPA ATATOHHBIX M300paKeHUil B IPyTroe
nsobpaskenne 6e3 NCmoIb30BaHMsT 00YJAIOIero Habopa MapHBIX MPUMEPOB. !

Cy11ecTBOBABIIIME 10 9TOTO MOJIEJIH TIEPEIaut CTUJISA, TaKhe Kak pix2pix?, Tpebo-
BaJIi, YTOOBI Kask10€ n300pakeHre B 0OydatorieM Habope CyIecTBOBAJIO U B HC-
XOJTHOW, U B 11e71eBoit (hopme. /111 HEKOTOPBIX 3a/1a4 TlepeHoca CTUA (HapuMep,

' Uky (Zhu) u ap., 2017, https://arxiv.org/pdf/1703.10593.pdf.
2 @Oumunn Wzoaa (Phillip Isola) u ap., «Image-to-Image Translation with Conditional
Adversarial Networks», 2016, https://arxiv.org/abs/1611.07004.
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st peobpaszoBatus YepHo-0esbix hororpaduii B [[BETHBIE, KAPT — B CITYT-
HUKOBbIe CHIMKI) MOKHO CO3/[aTh TaKOW HAOOP JaHHBIX, HO /IS APYTHUX ITO
[IPOCTO HEBO3MO:KHO. Harpumep, y Hac HeT opuruHajibHbIX (hororpaduii npy/a,
¢ Kotoporo MoHe Hammcasa cBoio cepuio «Bosaabie MTuinny, 1 KapTUHBI KUCTH
[Tukacco ¢ m3o6pakerreM IMmaip-creiir-ounauar. [lo anamoruu, morpedboBa-
JICH ObI OTPOMHBIE YCHIIHSI ¥ [JIST TOTO, 4TOOBI TTOJydnTh (hoTorpadu jomaeit
1 3e0p, CTOSIINX B OIMHAKOBBIX 1T03ax. CTaTbs ¢ ormcanem CycleGAN Bbiira
BCET0 Yepe3 HECKOJIBbKO MeCSIIeB MOCJe CTaThH, ONMCHIBAIONIEN METO/ PiX2PiX,
1 ITIOKa3bIBa€T, KaK O6y'-II/ITb MO/i€Jib peliaTh T€ JKe€ 3a/la4, HO B OTCYTCTBUE 11ap
HCXOHBIX U IeJIeBbIX n300paskennii. Ha puc. 5.4 nmokasaHa pasHuiia MesKLy map-
HBIMU U HeTTapHBIME HabopaMu gaHHbix pix2pix u CycleGAN cooTBeTcTBEHHO.

Ecom meTos1 pix2pix 1mo3BoJIIET MOJIETTMPOBATH M3MEHEHUST TOJIBKO B OJTHOM Ha-
npasjieHnu (0T UCXOMHOTO cTUIst K 1iesieBomy ), To CycleGAN obygaer Mojieb
B 000WX HATIPABJICHUSIX OHOBPEMEHHO, OJIaroapst Y4eMy MOJIEb YIUTCS TPe-
06pa30BHIBATh UCXOHBIE M300paKeHUsI B 1l€JIeBbie U 0OpaTHO. ITO CBOHCTBO
00y CJIOBJIEHO apXUTEKTYPON MOJIEJIH, T0OITOMY BO3MOKHOCTH TIPe0OpasoBaHust
B 00paTHOM HAIPaBJIEHUH BbI TOJyYaeTe aBTOMATHUYECK.

pix2pix CycleGAN
(ony6nukoBaHa B Hos16pe 2016) (ony6nukoBaHa B mapTe 2017)
Habop AaHHbIX Habop AaHHbIX
(napHble nsobpaxeHus) (HenapHble

n3obpaxeHus)

we

! &

pix2pix

E
W0 ®

Puc. 5.4. Habop aaHHbIx pix2pix n CycleGan n npumep npeobpa3oBaHms

CycleGAN 167



IMocmoTrpum, kak ckoHcTpyrposarh Mozeb CycleGAN ¢ nomorpio Keras. s
Havyajsa BO3bMEM 32 OCHOBY TIPEBILYIIUN TPUMEp € SIOJOKaMI 1 alleTbCHHAMU,
npoiinemcst 1o BceM yacTsim CycleGAN 1 1109KCIIEPUMEHTUPYEM C €€ apXUTEK-
TYpOii. 3aTeM IPUMEHKUM TOT JK€ MOAXO0/, YTOObI CO3/IaTh MOJIE]b, KOTOPask CMO-
JKeT MPUMEHUTD CTUJIb OMPe/IeJIEeHHOTO XYI0sKHIKa K hoTorpadun mo Bamemy
BBIOODY.

Bawa nepBas cetb CycleGAN

BoJbiiast gacTh cieayronero Kojaa Obijia 3amMCcTBOBaHa U3 perosutopust Keras-
GAN (http://bit.ly/2Za6832), nonnep;kuBaemoro Jpukrom Jlungepom-Hope-
HoM (Erik Linder-Norén). 9toT 3amMedaTesIbHbII pecype COAEPKUT MHOKECTBO
MIPUMEPOB FeHEPATUBHO-COCTSA3ATENbHBIX CeTel U3 Pa3HbIX KHUT, PEaTN30BaHHBIX
c momormnbio Keras.

Jlsist Havasta BaM HY’KHO 3aTpPy3UTh JaHHbIE, KOTOPbIe OYAYT UCTOTb30BATHCS
st oOydeHust. B marike, Kyjia Bbl KJIOHMPOBAJIW PENO3UTOPHIL C TIPUMEPAMH TSI
KHUTH, BBITTOJTHUTE KOMAH/TY:

bash ./scripts/download_cyclegan_data.sh apple2orange

B sarpyskernoM Habope n300paskeHn il sIOI0K U areIbCHOB, KOTOPbIe MbI Oy1eM
HCIIOJIb30BATh JlaJiee, TaHHbIe Pa3OUThI Ha YeThIpe MAIKU: [rainA v testA copepxkar
usobpakenust 610K, a trainB u testB — nzobpaxkenus aneabcuHos. To ectb A
[IpeICTaBJIsAeT IPOCTPAHCTBO U300paskeHuii A6JI0K, a B — IPOCTPAHCTBO U30-
OpaskeHuil anesrbcuHOB. Halra 1eib — 06yunTh MOJIe/Ib Ha HabOpax JaHHbIX
B TIalKax train mpeodpas3oBbiBaTh U300pakeHus 13 Habopa A B Habop B, u Ha-
o6oport. M300paskeHust B Mankax test Mbl KCIIOJIb3yeM JIJIsI TPOBEPKH KayecTBa
MO/IEJTH.

0630p

Cerb CycleGAN (akrnuecku COCTOUT U3 YETBIPEX MOJIEJIEH: IBYX TEHEPATOPOB
U IBYX IMCKPUMUHATOPOB. [1epBbiii Terepatop, G_AB, mpeobpasyer n300pakeHust
U3 IpocTpancTBa A B ipocTpancTBo B. Bropoii reneparop, G_BA, mpeobpasyer
nzobpaxkeHust U3 MpocTpaHcTBa B B mpoctpancTBo A. B orcyrcTBre mapHbIX
n300paskeHnii 1ist 00ydeH s TeHePaTOPOB HYKHO OOYUUTH /B TMCKPUMUHA-
TOpa, KOTOPbIE OYAYT OIIEHUBATH YOEIUTETHHOCTH N300PaKEHNIT, CO3IaHHBIX
rerepatopamu. [lepBblil AUCKpUMHHATOP, d_A, 00yJIaeTcsi Pa3InvyaTh peaibHbie
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U TIOA/Ie/IbHBbIE M300pakeHUs B IPOCTPAHCTBE A, CO3laHHbIE TeHEPATOPOM G_BA.
Bropoii aiuckpuMuHaTOp, d_B, 00y4aeTcsi pa3indaTh peajbHbie U MOIebHbIE
n300pakeHus1 B IPOCTPAHCTBE B, co3iaHHble reHepaTopoM G_AB. CBsI3b MEKILY
YETHIPbMST MOJIEJISIMU TIOKA3aHa Ha Puc. J.5.

D, Dg
i i
I Gap I
A B

Gra

Puc. 5.5. Cxema cetn CycleGAN c yeTbipbMsi MOAENsaMM'

3anycrus 6;10kHOT 05_01_cyclegan_train.ipynb 13 pernosuTopusi ¢ ipuMepaMu JJist
KHUTH, BbI MOKeTe 00yunTh cBoto ceTh CycleGAN. Kak u B mipe/ibIyinx riasax,
BBI MOJKETE CO3/1aTh 00BEKT CycleGAN B GI0KHOTE (CM. JIMCTHHT 5.1) 1 Mo9KCIIe-
PUMEHTHPOBATH € ITapaMeTpaMu, YTOOBI OHSTh, KAKOE BJIUSHUE Ha MOJIE/b OHU
OKa3bIBaIOT.

JinctuHr 5.1. Onpegenexue cetn CycleGAN

gan = CycleGAN(

input_dim = (128,128,3)
learning_rate = 0.0002
lambda_validation = 1
lambda_reconstr = 10
lambda_id = 2
generator_type = 'u-net’
gen_n_filters = 32
disc_n_filters = 32

P

U Ucrounuk: Ixxyn-du Yoy (Jun-Yan Zhu) u ap., 2017, https://arxiv.org/pdf/1703.10593.pdf.
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Crauyasia mOCMOTPHUM Ha apXuTekTypy rereparopos. O6bruno B CycleGAN
HCIIOJIB3YIOTCS TeHepaTopbl ABYX BuioB: U-Net u ResNet (Residual Network —
OCTATOYHAS CETh). ABTOPbI METOJUKH PixX2pix! UCIIOJb30BAIN APXUTEKTYPY
U-Net, a aBropsl CycleGAN nepexounauch Ha apxutektypy ResNet. B aToii
riaBe MbI onmpobyem 06e apxutekTypbl u Haurem ¢ U-Net.?

FeHepaTopbl (U-Net)

Ha puc. 5.6 mokasana apxurekrypa U-Net, KOTOpyto Mbl Gy/IeM UCIIOJIb30BATb.
Yrapgaiite, mouemy ona noJiyunsia Hazpanue U-Net.?

[To06HO BaprallMOHHOMY aBTOKOIMPOBIIHKY, ceThb U-Net cocTOUT U3 IBYX T10-
JIOBUH: TIOHMKAIONIEN pa3pelieHne — C;KUMAIoIel TPOCTPAHCTBEHHbIE Pa3MePhI
BXOJIHBIX M300PaKeHNH, HO PACITMPSIONIEH YMC/I0 KAaHAJIOB; U TIOBBIIITAIOIIEN pas-
pellienne — yBeJIMYUBaIONIe TPOCTPAHCTBEHHbIE pa3MePhl, HO YMeHbIIAIONIeH
YUICJI0 KaHAJIOB.

O/Hako, B OTJAUYME OT BAPUAIIMOHHOTO aBTOKOAMPOBINUKA, B U-Net mexay
CJIOAMU C OZ[I/IHaKOBOfI (I)OpMOfI B ITOJIOBMHAX, ITOHUKAIOIINX 1 ITOBBIIIAIOIINX
paspeliieHne, UMeIOTCsI IOTIOJHUTEIbHbIE TIPOITYCKAIONUe CBsI3U. BapuarmoHHblii
ABTOKOJIMPOBIIUK JEHCTBYET JUHEWHO; IAHHbIE TIEPEIAIOTCs Yepes3 BCIO CETh, OT
BXO/Ia K BBIXO/TY, OT OTHOTO ¢Jiost K ipyromy. B U-Net umeiorcst 1omoHUTe IbHbIE
CBSI3M, KOTOPBIE MPOIYCKAIOT YacTh WH(pOpMAIUK 110 6osiee KOPOTKOMY Iy TH
MEXKIY CTOSIMU C OTMHAKOBOU (POPMOTi.

Vzest 3aK1109a€TCA B CIEAYIOIEM: ¢ KasKIbIM TTOCJAELYIONINM CJIOEM B YaCTH CETH,
HOHMKATOIIEN pa3perene, MoJe b Bee OOJIbIIe KOHIIEHTPUPYETCS Ha TOM, Um0
n300pakeHo, u Tepser nH(MOPMALIIO 0 TOM, 20e 3T0 u3obpaxkeno. B touke nepe-
ru6a U-o6pasHoii KpUBOM KapTa IPU3HAKOB HAIIOJHITCS KOHTEKCTHON UHMOP-
MaHI/IeI';I O TOM, YTO HaXOJAUTCA Ha I/I306pa>KeHI/II/I, W IIOYTH IMOJIHOCTBIO YTPATUT
UH(OPMAIUIO O TOM, TJI€ 5TO HAXOUTCS.

Jlst Mozesteit KiaaccuuKaIm aToro 6oJiee 4eM J0CTaTOYHO — OCTAHETCST TOJIb-
KO 106aBUTh 3aBEPINAIONIUI TOJHOCBSI3aHHbBIN CJIOI M BHIBECTH BEPOSITHOCTH

U @unnm Mzona (Phillip Isola) u ap., «Image-to-Image Translation with Conditional
Adversarial Networks», 2016, https://arxiv.org/abs/1611.07004.

2 Ouxaad Ponne6eprep (Olaf Ronneberger), @uaunn @umep (Philipp Fischer) u To-
mac Bpoxe (Thomas Brox), «U-Net: Convolutional Networks for Biomedical Image
Segmentation», 18 mast 2015, https://arxiv.org/abs/1505.04597.

3 PouneGeprep (Ronneberger) u ap., 2015, https://arxiv.org/abs/1505.04597.

170 Inasa 5 e PucosaHue



IPUCYTCTBUS OIPEAESEHHOT0 Kiacca B usobpakennn. OHaKO A/ pelieHus
[epBOHAYAIBHO 3asBACHHBIX 3a1a4 (cerMeHTalns N300pakeHns ), a TaAK/Ke JJIsT
nepegayn CTUJIS OYeHb BAKHO, YTOOBI B IIPOLECCE MOBBIIIECHUS Pa3PeLIeHHS
n300pakeHusT 10 UCXOAHOTO B KaXK/IbIH CJION mepeaBaiach MPOCTPaHCTBEHHAST
nHbOpMaIusd, TepdeMasd B X0/e TOHIKeHN pa3pelnenusd. VIMeHHO 1719 9TOTO
U HY KHBI TIpoITy cKarotiie ¢Bsa3u. OHM MO3BOJISAIOT CETH CMENTBATh aGCTPAKTHYTO
MH(GOPMAIUIO BEICOKOTO YPOBHS, BBIZIEJIEHHYTO BO BPEMST IIPOIIeCCa TTOHIKEHUST
pasperieHus (TO €CTh CMuib N300pakeHus ), C KOHKPETHON IIPOCTPAaHCTBEHHOI
uHbOopMarmeii, mocTynaIei U3 MPeAbIAYIINX CI0EB CeTH (TO ECTh codepircumoe
nu300pakeHust).

HpOl‘[yCKaIOIHI/Ie CBA3U ,Z[O68.BJIHIOTCH C IIOMOIIIbIO CJIOEB €llle OJHOT'0 TUulla:
Concatenate.

128 x 128 x 3
128 x 128 x 3
Faas
64 x 64 x 32
64 x 64 x 32
[OMNOSHUTENbHbIE NPOMNyCcKaloLLme CBA3N
32x32x64 32x32x64
MOHMXEHWME MOBbIWWEHVE
PASPELLEHNA 16 x 16 x 128 16 x 16 x 128 PA3PELLEHNA

\/

Puc. 5.6. ApxutekTypa U-Net
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CNOW CONCATENATE

CJ10ii Concatenate IIPOCTO coeAMHSIET HAGOPHI CJIOEB BIIOJIb OIIPEAETECHHON
ocu (110 yMOTYaHuIo Tocieindst och). Hampumep, BoT kak B Keras MmosknO
00BETMHUTD [[BA TIPEBIYIINX CJIOST, X U y:

Concatenate()([x,y])

B cern U-Net ciion Concatenate MCHOJIB3YIOTCS ISt T0OABJICHUST CBSI3U
MEXK/y CIOSIMU B BETBSIX MOBBINIEHNS U TIOHIKeHN paspenterns. Cion
COEMMHSIOTCS BMECTE TI0 pa3Mepy KaHaIOB, TOITOMY KOJTMIECTBO KaHAJIOB
YBEJIMYMBAETCS OT k 710 2k, a KOIMYECTBO TPOCTPAHCTBEHHBIX M3MEPEHUI
0OCTaeTCs HEM3MEHHDBIM.

O6paTI/ITe BHHUMaHUE, 4TO B CJI0€ Concatenate HET BECOB, KOTOPBIE TOJIK-
HbI KOPPEKTUPOBATHCA B IIpolecce O6yquI/I$I; OHU TIPOCTO «CKRJIEUBAIOT»
IpeAblyline CJion BMECTE.

CJI0 HOPMAJIU3ALIMM IK3EMIISIPA

Teneparop cetu CycleGAN ucnosb3yer cion InstanceNormalization
BMeCTO BatchNormalization, 4TO B 3a7a4ax IIepeHoca CTUJISA I03BO-
JSIeT MIOJIYYUTH Gosee yIoBJIeTBOpUTeNbHbIe pe3yabrarsl.! Cioit
InstanceNormalization HOpMaJIN3yeT KaK10€ HabJI0/IeHUe OT/IeJIbHO,
a He Bech IMakeT. B orune ot BatchNormalization, OH He Tpe6yeT, 4TOODI
[mapaMeTPhI mu U sigma BBIYUCIIAINCH KaK CKOJIb3IIEE CPELHEE BO BPEMA
06yquH§1, IIOTOMY YTO BO BpeMs TeCTUPOBAHUA CJIOH MOXKET HOPMaJIu-
30BaTbCA 71 KAKIOTO 9K3EMILJIAPA, KaK U BO BPEMSI O6y‘{€‘HI/IH. Cpennue
3HAYEHU U CTAaHAAPTHBIE OTKIOHEHUS, UCIIOIb3yEMbIE I HOPMAIU3AIINI
KaK/IOTO CJIOS, PACCUYUTBHIBAIOTCSA IJIs1 KaKI0Or0 KaHayla U JJId KaKJA0ro
HaOJIOIEHUS.

Kpowme Toro, cmon InstanceNormalization B 9TOI ceTu He UMEIOT BECOB,
KOTOpBIe TpebyeTcst 00yUnTh, HOTOMY YTO MbI He HCIIOJIb3YeM ITapaMeTphl
MactiTabupoBanus (gamma) u casura (beta).

U Omutpuii Yabsnos (Dmitry Ulyanov), Auapea Benanbau (Andrea Vedaldi) u Bukrop
Jlemnukuii (Victor Lempitsky), «Instance Normalization: The Missing Ingredient for
Fast Stylization», 27 uiozst 2016, https://arxiv.org/pdf/1607.08022.pdf.
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Ha pwuc. 5.7 moxasaHa pasHuiia Mex/Iy MaKeTHONH HOpMaau3ainei u Hop-
MaJI3aIel 9K3eMIIIIAPA, a TaKKe MEKIY BYMS IPYTUMU METOIaMHu
HOPMaJU3ay (HOPMATU3AIN CJIOS ¥ TPYTITIHI ).

3necb N — ocb maketoB, C — ock KaHasos, a (H, W) nipezcraBasioT mpo-
crpaHcTBenHble ocu. Ky6 mpeacraBisier BXOAHON TEH30D /ISt CI0ST HOP-
Manuzanun. [Tnkcenst curero 1iBeTa HOPMATU3YIOTCA TI0 OHOMY W TOMY
JKe cpeHeMy 3HAUeHUI0 U UcIiepcuy (PacCUYUTHIBAIOTCS 110 3HAYEHNAM
3TUX TTUKCEJIOB).

[MakeTHaa Hopmanusauus Hopmanusauns Hopmanusauns
HopManusaums cnos ak3emMnnspa rpynnel

Puc. 5.7. YeTblpe pasHbIXx MeTOoAa HOpManusauun'

OTMeTuM, 4TO TeHEepPaTOP COAEPKUT U OJJUH HOBBIH CJI0M — InstanceNormali-
zation.

Pacriosarast BceM HeOOXOAMMBIM, MOKHO € TToMOIIbio Keras cozaars renepaTop
U-Net (cm. simctuar 5.2).

JInctuar 5.2. [eHepatop U-Net

def build_generator_unet(self):

def downsample(layer_input, filters, f_size=4):
d = Conv2D(filters, kernel_size=f_size
, strides=2, padding='same')(layer_input)

d = InstanceNormalization(axis = -1, center = False, scale = False)(d)
d = Activation('relu')(d)
return d

! Ucrounuk: Oiicunp By (Yuxin Wu) u Kaiimun Xe (Kaiming He), «Group Normalization»,
22 mapra 2018, https://arxiv.org/pdf/1803.08494.pdf.
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def upsample(layer_input, skip_input, filters, f_size=4, dropout_rate=0):
u = UpSampling2D(size=2)(layer_input)
u = Conv2D(filters, kernel size=f size, strides=1, padding='same')(u)
u = InstanceNormalization(axis = -1, center = False, scale = False)(u)
u = Activation('relu')(u)
if dropout_rate:
u = Dropout(dropout_rate)(u)

u = Concatenate()([u, skip_input])
return u

# BxofHoe wn30bpaxeHue
img = Input(shape=self.img_shape)

# MoHuxeHne paspeweHns @
dl = downsample(img, self.gen_n_filters)

d2 = downsample(dl, self.gen_n_filters*2)
d3 = downsample(d2, self.gen_n_filters*4)
d4 = downsample(d3, self.gen_n_filters*8)

# MosblweHne paspeuweHns @

ul = upsample(d4, d3, self.gen_n_filters*4)
u2 = upsample(ul, d2, self.gen_n_filters*2)
u3 = upsample(u2, di, self.gen_n_filters)

ud = UpSampling2D(size=2)(u3)

output = Conv2D(self.channels, kernel_size=4, strides=1
, padding='same', activation='tanh")(u4)

return Model(img, output)

© [eHepaTop coCTOUT M3 ABYX MOJOBUHOK. [lepBas ymMeHbIIaeT paspernieHue
n300pasKEHNUST, HCIOJIBb3YST CIOU Conv2D C TIaroM 2.

® Bropas moBbIIaeT pa3pernierue, BO3Bpalias TEH30p TOTO JKe pa3Mepa, 4To
1 UCXOHOE n300paskeHue. Blloku, yBemunBaoIme pasperieHne, CoaepsKkar CIiou
Concatenate, mpunaoniue cetn apxuTtekTypy U-Net.

AnckpymunHaTopbl

JlucKpUMUHATOPBI, pacCMaTPUBABIINECS paHee, BO3BPAIain eJIMHCTBEHHOE
YKCJIO: OIEHKY BEPOSITHOCTH TOTO, YTO BXOAHOE U300pakeHUe SIBJISIETCST «pe-
anbHbIM>. JlckpumuaaTopbl B CycleGAN, KoTOpbIe MbI TOCTPOUM, GYIYT BO3-
Bpalarh OAHOKaHAJIbHBINA TeH30p 8 X 8. 10 00ycaoBIeHO TeM, uTo CycleGAN
HACJIe/lyeT apXUTEKTyPy AMCKPUMHUHATOPA OT MOJIEJIH, M3BeCTHOIT Kak PatchGAN,
rje AMCKPUMUHATOP AETUT U300pakeHre Ha KBagpaTHble (hparMeHThl («3a-
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naarku» — patches) ¢ mepekpbITHEM M OIEHUBAET PEATHHOCTH (hPAarMeHTOB,
a He Bcero n3obpaxkenus 1eqnkoM. [1oaToMy-To Ha BBIXO/E AUCKPUMUHATOP
BO3BpAIaeT TEH30P, COAEPKAIIII BEPOATHOCTD /I KaKAOTO (DparMenTa, a He
€IMHCTBEHHOE YHCJIO.

O6paruTe BHUMaHKE, BEPOATHOCTH [/t (PPAarMEHTOB MPeACKa3bIBAIOTCS OLHO-
BpPEMEHHO: TepeiaBast u300pakeHue B CeTh, Mbl He JIeJIMM ero Ha ¢parMeH-
Tl BpyuHYyt0. /leJleHre TPOUCXOUT eCTECTBEHHBIM 00Pa3oM, KaK CJIeJCTBUE
CBEPTOYHOI apXUTEKTYPbI [UCKpUMHUHATOPA. [IpenmyiiiecTBO UCIoIb30BaHUS
muckpumuaatopa PatchGAN B ToM, 4T0 (DyHKIIUS TTOTEPH MOKET U3MEPUTD,
HACKOJIBKO XOPOIIO AUCKPUMUHATOP PA3iIndaeT Cmuib U300paKeHuil, a He ux
codepacumoe. Tak KaK KasKIBII OTIEIBHBIN 2JIEMEHT B TIPEICKa3aHUuN MCKPUMU-
HaToOpa OCHOBaH Ha HeOOJIBIIOM (hparMeHTe M300PaKeH s, OH BbIHYIK/IEH OIlCHH-
BaTh CTUJIb ()ParMeHTa, a He €ro COAEPKUMOe. ITO UMEHHO TO, YTO HAM HYKHO;
HAII JUCKPUMUHATOP AOJIKEH XOPOILIO PasIndaTh U300PaKeHUsI, OTINYAIOIUECST
CTHJIEM, A HE COIEPKUMBIM.

B smcrunre 5.3 mokasaH Ko, CO3AAIOIINN IUCKPUMIHATOPEI ¢ ToMoIibio Keras.

JInctuHr 5.3. [IMCKpMMUHATOpbI

def build_discriminator(self):

def conv4(layer_input,filters, stride = 2, norm=True):
y = Conv2D(filters, kernel_size=4, strides=stride
, padding='same')(layer_input)

if norm:
y = InstanceNormalization(axis = -1, center = False,
scale = False)(y)

y = LeakyRelLU(0.2)(y)

return y
img = Input(shape=self.img_shape)
= conv4(img, self.disc_n_filters, stride = 2, norm = False) @
= conv4(y, self.disc_n_filters*2, stride = 2)

= conv4(y, self.disc_n_filters*4, stride = 2)
= conv4(y, self.disc_n_filters*8, stride = 1)

<K <<

output = Conv2D(1, kernel_size=4, strides=1, padding='same')(y) @

return Model(img, output)
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O /Tuckpumunatop CycleGAN — 5T0 mocsie0BaTeIbHOCTh CBEPTOYHBIX CIOEB
C HOpMaJIn3aluel aK3eMILIsipa (KpoMe TIepPBOro CJI0st).

@® TlocenHuii CJI0i — 3TO CBEPTOUHBIH CIOH ¢ OMHUM (DUIBTPOM 1 6e3 aKTHBa-
IUN.

Komnunauyunsa CycleGAN

HamomHuum, Hala 1eJib — co3aaTh Habop Mojesieii, ciocoOHbIX mpeobpaso-
BaTh M300paskeHue u3 obsactu A (Hampumep, usobpaxkenue ss6J0K) B 06-
Jacth B (manmpumep, nzobpaxkeHue amnejbCMHOB) U HA060POT. 3HAYUT, MbI
JOJIKHBI CKOMIIUJIMPOBATH YeThIPe padHble MOJIEJIH, IBA TeHEPATOPa U JIBa
IUCKPUMUHATOPA:

g_AB

Yuurest npeo6pa3oBbiBaTh U306paskeHust U3 obaactu A B ob6actb B.
g_BA

Yuurcs npeo6pasoBbiBaTh H300paskeHus U3 obaacT B B o6acTb A.
d_A

Yaurcst oTm4aTh peajibHble M300pakeHust 13 001acT A OT CO3IaHHbIX
TeHepaTopoM g_BA.

Yaurcst OTaIMYaTh peaibHble H300paKeH s U3 00J1acTH B 0T CO3IaHHbIX
reHEPATOPOM g_AB.

MbI MOKEM CKOMIUJINPOBATH JBA TUCKPUMUHATOPA HAIIPSIMYIO, KaK MOKa-
3aHO B JINCTHHTE 5.4, IOTOMY YTO y HAC €CTh BXO/IHbIE JJaHHbIe (M300pasKeH s
13 Kak[0ii ob6actu) U BhIXogHble (OGMHAPHbBIE OTBETHL: 1, ecn usobpaskeHue
npuHaieskut obmactu, wiun 0, ecin n3oOpakeHre creHepupoBaHO MUCKYC-
CTBEHHO).

JIncTuHr 5.4. Komnunauusa auckpmuMmHaTopa

self.d_A = self.build_discriminator()

self.d_B = self.build_discriminator()

self.d_A.compile(loss="mse",
optimizer=Adam(self.learning_rate, 0.5),
metrics=["'accuracy'])
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self.d B.compile(loss="mse",
optimizer=Adam(self.learning_rate, 0.5),
metrics=["'accuracy'])

OHaKO CKOMIMJIUPOBATH T€HEPATOPDI HANIPSIMYIO HEJIb3sl U3-3a OTCYTCTBUS
HapHbIX U300pakeHUii B HaOope JaHHbIX. BMECTO 5TOT0 OlleHUM reHepaTopbI
OJTHOBPEMEHHO TI0 TPEM KPUTEPUIM:

1. IIpasdonodobue. IlpusHatOTCs M peanbHbIMU U300PasKEHUsI, CO3IaHHbIE
reHepaTopoM, COOTBETCTBYIONIMM AUCKpuMuHatopom? Harnpumep, pesybrar
reHeparopa g_BA IIPU3HAETCS MPABAONOAO0OHBIM AUCKPUMUHATOPOM d_A,
a pe3yJIbTaT g_AB IIPU3HAETCS TPABAOIOA00HBIM AUCKPUMUHATOPOM d_B.

2. O6pamumocmy. Eciiv npUMeHNTH [iBa reHepaTopa JApyT 3a ApyroM (B 060ux
HAIPaBJICHUSIX ), TIOJIYIUTCS JIK UCXOIHOE M300pakerne? OTMETHM, UTO CETh
CycleGAN mnosyuniia cBoe HazBaHUE OT KPUTEPHS UUKAUUCCKOU OOPATHMOCTH.

3. Hoenmuunocmo. Eciv TPUMEHUTD KKIbIiT TeHEPATOP K U300PAKEHMSIM U3
CBOeII 11eJ1eBOiT 06J1aCTH, TO OCTAHETCSI JI U300PaKeHe HEN3MEHHBIM?

B suctunre 5.5 nokazano, Kak CKOMITHJIMPOBATH MOJIENb, CTPEMSIIYIOCS CO-
GJIFOCTH 9TH TPH KpUTEPHs (YUCTIOBbIE MAPKEPbI B KOJIE COOTBETCTBYIOT ITYHKTAM
CITMCKA BBIIIIE).

JIncTrHr 5.5. KoHCTpynpoBaHWe KOM6MHUPOBaHHOW Moaenu ans obyyeHns reHepaTopoB

self.g AB = self.build_generator_unet()
self.g BA = self.build_generator_unet()

self.d_A.trainable = False
self.d_B.trainable = False

img_A = Input(shape=self.img_shape)
img_B = Input(shape=self.img_shape)
fake_A = self.g BA(img_B)
fake_B = self.g_AB(img_A)

valid A = self.d_A(fake A)
valid B = self.d_B(fake_B) @

reconstr_A = self.g BA(fake_B)
reconstr_B = self.g AB(fake A) @

img_A_id = self.g_BA(img_A)
img_B_id = self.g_AB(img_B) ©
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self.combined = Model(inputs=[img_A, img_B],
outputs=[ valid_A, valid_B,
reconstr_A, reconstr_B,
img_A_id, img_B_id ])
self.combined.compile(loss=['mse', 'mse’,
'mae', 'mae’,
'mae’, 'mae'],
loss_weights=[
self.lambda_validation
, self.lambda_validation
, self.lambda_reconstr
, self.lambda_reconstr
, self.lambda_id
, self.lambda_id
1,

optimizer=optimizer)

KombGuumrpoBaHHast MOJIe/Ib TPUHUMAET MaKeT N300PaKeH il 13 KasK10i 00J1acTH
U JIS KQXK/I0M BO3BPAIIAET TP BBIXOHBIX 3HAUEHUST (OIEHKU COOTBETCTBUS TPEM
KPHUTEPUSIM ) — BCETO IIEeCTh BBIXOAHBIX 3HaUeHu. [loquepkaeM: MbI hukcupyem
BecoBble KOA(GUITUEHTDI JUCKPUMUHATOPA, YTO TUITMYHO JIJIsSI TeHePaTUBHO-
COCTSI3aTeNIbHBIX CETell, HOTOMY YTO KOMOMHUPOBaHHASA MOJIE]h 00YYaeT TOIbKO
reHepaTopbl, HECMOTPS HA TO YTO JUCKPUMUHATOP TOKE YUaCTBYET B ee paboTe.
OO61iast cyMMa 1oTepb B3BENIMBAETCSI CYMMOU MOTEPH [IJIsT KaKI0TO KPUTEPHSI.
JLJist OlleHKM KPUTEPHSsT MPaBAOIOL0OUs UCIIOIB3YETCs CPeIHEKBAIPATUIHASI
ommbKa — pe3yJIbTaT JUCKPUMUHATOPA CPaBHUBAETCS ¢ 0TBETOM 1 (peasbHoe)
nn 0 (moziesIbHoe), a IS IPYTUX ABYX KpuTepres (00paTUMOCTh U MIEHTHY-
HOCTb) UCIIOJIb3YETCS CPeIHsIsA aOCOMIOTHASA OITOKA.

O6yueHune CycleGAN

CKOMITMJIMPOBAB JUCKPUMUHATOPHI U KOMOMHUPOBAHHYIO MOJIEJIh, MOKHO
HPUCTYIHUTH K 00YYEHUI0. DTOT TIOJX0/L COOTBETCTBYET CTAHAAPTHOI NPaKTHKe
HCII0JIb30BAHNUST TEHEPATUBHO-COCTSI3AaTEJNbHbBIX CETEl, KOT/Ia 00yYeH e TUCKPH-
MHUHATOPOB Yepeyercst ¢ 00ydeHneM reHepaTopoB (JINCTUHT 5.6).

JInctmHr 5.6. O6yyeHune CycleGAN

batch_size = 1
patch = int(self.img_rows / 2**4)
self.disc_patch = (patch, patch, 1)

valid = np.ones((batch_size,) + self.disc_patch) @
fake = np.zeros((batch_size,) + self.disc_patch)
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for epoch in range(self.epoch, epochs):
for batch_i, (imgs_A, imgs_B) in enumerate(data_loader.load_batch(batch_
size)):

fake_B
fake_A

self.g AB.predict(imgs A) @
self.g BA.predict(imgs_B)

dA_loss_real = self.d_A.train_on_batch(imgs_A, valid)
dA_loss_fake = self.d_A.train_on_batch(fake_A, fake)
dA_loss = 0.5 * np.add(dA_loss_real, dA loss_fake)

dB_loss_real = self.d _B.train_on_batch(imgs_B, valid)
dB_loss_fake = self.d_B.train_on_batch(fake_B, fake)
dB_loss = 0.5 * np.add(dB_loss_real, dB_loss_fake)
d_loss = 0.5 * np.add(dA_loss, dB_loss)

g loss = self.combined.train_on_batch([imgs_A, imgs_B],
[valid, valid,
imgs_A, imgs_B,
imgs_A, imgs_B])

© M ncriosibayeM oTBeT 1 115t peaibHbIX M300pakeHuii u 0 1JIs1 creHepupPOBaH-
HbIX. /[7151 Kaxxaoro hparMeHTa onpeziesisieTcs CBO, OTAEeNbHBIN OTBET, TOTOMY
YTO UCHoJb3yercs auckpumunaTop PatchGAN.

® [l 00y4yeHus JMCKPUMUHATOPOB CHAYasa ¢ OMOIIbIO TeHEPATOPOB CO3/1a-
IOTCS TTAKEThI TTO//IEJIbHBIX U300pakeH 1, a 3aTeM U peasibHble, U HO/IeIbHbIE
1300pakeHus UCIOAb3YIOTCs s 00yueHust 06oux aucKkpuMunatopos. Kak
npaswuio, pu o0ydennn CycleGAN pasmep nmakera BpiOupaercst paBHbimM 1 (01HO
usobpakeHue).

© [enepaTopbl 00yYAIOTCST KOMOMHUPOBAHHOI MOJIEJTHIO BMECTE 32 OJIMH IIIAT.
[ITecTh BBIXO/IOB COOTBETCTBYIOT MIECTH (PYHKITUSIM ITOTEPH, KOTOPHIE MBI OIPe-
JIJTVJIA BBITIIE, Ha ATarie KOMITUJISIIIH.

Ananns CycleGAN

Tenrepb mocmotpum, kak CycleGAN cripaBiisieTcsi ¢ HAIlIUM TPOCTHIM HAGOPOM
n300pakeHuit 100K U aneJbCUHOB U KaK M3MeHEHUe BECOBBIX MapaMeTpPOB
B (DYHKIIMU OTEPb MOJKET TIOBJIUATH HA PE3YJIBTaThl. Mbl yiKe BUIEIM Ha PUC. 5.3
IPUMEP BBIXOJHBIX JAHHBIX, moJrydeHHbix Moaeabio CycleGAN. Tereps, moory-
uyuB nipencrapienne 06 apxurektype CycleGAN, Bbl 6e3 Tpy/ia onpeeanuTe, 4To
5TO N300pakeHHe TPECTABIISIET TPH KPUTEPHSI, IO KOTOPHIM OTIEHUBAETCST 00b-
eJlHEHHAs MOJIe/Ib: [IPaBAoIIoA00ue, 00pPaTUMOCTh ¥ MAECHTUYHOCTD. JJob6aBum
HOJIKCH B 9TO H300paskeHue, COOTBETCTBYIOMNINE (DYHKIHSIM, 4TOOBI MOSKHO OBLIIO
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YBUETH 310 GoJiee yeTko (puc. 5.8). O6yueHe ceTH TPOIILIO YCIENTHO, TOTOMY
YTO KasK/blil TeHepaToOp BU3YaJIbHO U3MEHSIET BXOJHOE U300pakeHue 1 JIeJiaeT
€0 TIOXOKIM Ha peaibHOe N300pakeHne 13 IIPOTUBOIIOJI0KHOI obmacti. Kpome
TOTO, KOT/Ia TeHEPATOPBI TPUMEHSIOTCS JIPYT 32 JAPYTOM, Pa3HUIA MEXKTY BXO/I-
HBIM ¥ BOCCTAHOBJIEHHBIM U300paskeHNEM MOJIydaeTcsl MUHUMaIbHOIT. Hakowerr,
KOT/Ia KasK/Iblil reHepaTop MPUMEHSIETCS K U300pakeHII0 U3 €ro COOCTBEHHOI
obsracTu, n300pakeHue TTOYTH He MEHSETCSL.

[ocToBepHOCTb

1 Dp(a)
0 Da(Gga(b))

O6paTnmocTb MOoeHTUYHoCTb

ObpaTtmocTb MaeHTnyHoCcTb

Ga(Gpg (@) Gga(a)

0 Dg(Gpg(a)
1 Dg(b)

[ocroBepHoCTb

Puc. 5.8. Pe3ynbTathl, NoMy4YeHHblE KOMOUHUPOBAHHOW MOAESbIO
U UCNosb3yeMble s BbluMCieHns obLuelt notepu
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Pesynbrar [Nocne BoccTaHoBneHuss  MaeHTU4HoCTb

Puc. 5.9. PesynbTaThl, NonyyeHHble ceTbio CycleGAN, nocne ycTaHoBKM Beca
MOEHTUYHOCTU paBHbIM HYJIO

B crarbe ¢ ommcannem CycleGAN morepst nieHTHIHOCTH Oblia BKITIOYEHA KAk
JIOTIOJTHEHME K 00s13aTeIbHBIM OTEPSIM 00PaTUMOCTH U TIPaBAOIoA06ust. UToOb!
M0Ka3aTh BAKHOCTD 4JIeHa B (DYHKIIUH OTEPb, OTBEYAIOIIETO 32 NIEHTUYHOCT,
HOCMOTPHM, YTO TIOJIYYUTCS, €CJU YAAJTUTb €ro, yCTAHOBUB COOTBETCTBYIOIINI
BECOBOII TapaMeTp paBHBIM HYJTIO (pHC. 5.9).

Ceru CycleGAN yzajoch peBpaTUTh alleJIbCHHbBI B TOJIO0KHM, HO IIBET JIOTKA U3-
MEHUJICS ¢ YePHOTO Ha GeJlblil 13-3a OTCYTCTBHSI YieHa TOTEePH UAEHTUYHOCTH,
MPeI0TBPAIAIONET0 n3MeHeHue 1BeTa (hoHa. YseH NJIeHTUIYHOCTH TOMOTaeT
OTPETYJIUPOBATH T€HEPATOP, YTOOBI TOT KOPPEKTHUPOBAT TOJIBKO T€ YACTU U30-
OpaskeHusl, KOTOPbIe I0JKHBI OBITH IPe0Opa3oBaHbl, 1 He HoJiee TOro.

IKCIEPUMEHT MOTYEPKUBAET BA)KHOCTD B3BENINBAHUST TPeX (DYHKIMI ToTeph. Ecim
HoTepst MIAEHTHYHOCTH MOJTYYUT CITUIITKOM MaJIEHBKUI BEC, TO BO3HUKHET TpobJiemMa
cMerteHus 1Beta. Ecm jke motepe WaeHTHIHOCTH IPHU/IATH CIIUIITKOM OOJIBITION Bec,
10 CycleGAN Oy/ieT MeHbIIIE CTPEMUTBCS UBMEHUTH UCXOIHOE H300pakeHune, YTo0bI
OHO BBITJISAZIEI0 KaK M300paskeH1e 13 TIPOTHBOIOJIOKHON 001acTH.

CycleGAN, pucywwasn B ctune MoHe

[TosnakomuBIIuCch ¢ 6a3oBoit cTpykTypoit CycleGAN, obpatum BHUMaHUe
Ha HanboJiee MHTEPECHBIE W BIIEUATIIAION[IE TPUMEHEHUST ATOI TeXHUKH. Tax,
B ctatbe ¢ onmcanneM CycleGAN ymoMsHyTO O/IHO U3 BBIIAIOMINXCS TOCTHKE-
HUIT — BO3MOKHOCTb HAYYUTh MOJIEJb IIPEBpaIaTh umeommecs dpororpadun
B KapTUHbI, HAPUCOBAHHBIE B CTUJIE KOHKPETHOTO Xy10KHIKA. Kpome Toro, 6ia-
rojiapst CBoeii cuMMeTprdHoOiT prpoje, moziesb CycleGAN crioco6GHa BBITIOHATE
obGpatHoe nmpeobpas3oBaHKe — NPEeBPaIlaTh KAPTUHbI XY/I0KHIKA B PEAIMCTUIHbIE
dororpacdun. 3arpysum Habop ganmbsx monet2photo:

bash ./scripts/download_cyclegan_data.sh monet2photo
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Termepb CKOHCTPYHUPYEM MOJENb € TapaMeTpaMy TakK, Kak MO0Ka3aHO B JIKC-
TuHre 5.7:

JNnctunir 5.7. Onpegenexne cetn CycleGAN ansi pucoBaHus B cTune MoHe

gan = CycleGAN(
input_dim = (256,256,3)
, learning_rate = 0.0002
, lambda_validation = 1
, lambda_reconstr = 10
, lambda_id = 5
, generator_type = 'resnet’
, gen_n_filters = 32
, disc_n_filters = 64

FeHepaTopbl (ResNet)

Temreps TO3HAKOMUMCS € HOBBIM TUTIOM aPXUTEKTYPBI TeHEPATOPA — OCMAMOUHOU
cemwio (residual network), i ResNet!. Apxurekrypa ResNet nogo6Ho U-Net
MO3BOJISIET NH(OPMAIUHU TTePETeKATh OT MPEABIIYINX CJI0EB K TOCTIETyIONNM.
Opnnako BMecTo coznanust U-06pasHoil (hOPMBI IyTeM COeMHEHUsI CI0EB U3
YacTH, IOHUIKAIOIIEN pa3pellieHne, ¢ COOTBETCTBYIONIMMU CJIOSIMU B YACTH, 110-
BBITIAONIEH pa3pernenne, ResNet cTponTcest n3 0CTaTOUHBIX OJTOKOB, HAKJIA IbIBA-
eMBIX CTOIKOM JPYT Ha IPyTa, T/ie KasKAbIi OJOK UMEET TIPOITYCKAIOTIYIO CBSI3b,
COEIMHSIONLY 0 BXO/I ¥ BBIXO/[ GJIOKA TIEpe/l Iiepejiaueii pesyibrata CJaeyomeMy
cso10. CTPyKTypa OIHOTO OCTaTOYHOTO OJIOKA TToKa3aHa Ha puc. 5.10.

OCTaTOYHbIN
610K
: I
(1]
83 .x relu 25 s relu
> 332 —> % e -
Q5 3 20
o
) [}
m o

Puc. 5.10. OanH ocTaTouHbIN 610K

' Kaiimun Xe (Kaiming He) u ap., «Deep Residual Learning for Image Recognition», 10 ge-

kabpst 2015, https://arxiv.org/abs/1512.03385.
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Bssemmusatonrue ciion B Hamieil cetr CycleGAN — 29T0 cBepTOUHBIE CJION C HOP-
Masm3arueii sxsemiiapa. B Keras ocrarounbiii 610K MOKHO OIPEIENUTD Tak,
KaK MTOKa3aHo B JIMCTUHTE D.8.

Jinctunr 5.8. Onpegenexune octatoyHoro 6noka B Keras

from keras.layers.merge import add

def residual(layer_input, filters):

shortcut = layer_input

y = Conv2D(filters, kernel_size=(3, 3), strides=1, padding='same"')

(layer_input)

InstanceNormalization(axis = -1, center = False, scale = False)(y)
= Activation('relu')(y)
Conv2D(filters, kernel_size=(3, 3), strides=1, padding='same')(y)
InstanceNormalization(axis = -1, center = False, scale = False)(y)

KKK
] ]

return add([shortcut, y])

ITo o6e cTopoHbI OT OCTaTOYHBIX GJI0KOB B reHepatope ResNet Takske mpucyT-
CTBYIOT CJIOU, MOHMZKATOTITIE U MOBBITIAONIIE pa3perierue. O0Imas apxutekTypa
ResNet nokasana Ha puc. 5.11.

Ha mpakTuxe apxutektypsl ResNet MOTyT comepskaTh 10 HECKOJBKUX COTEH
U Jlaske TBICSY CJI0EB U He CTPaJaTh MPOOJIEeMO samyxanus epaduenma, Koraa
rPa/INEHThI HA PAHHUX CJIOSIX OKA3BIBAIOTCST OUeHb MAJIEHbKUMU, U3-32 YETO CKO-
pPOCTh 0OYUEHUS OKa3bIBAETCsT OUEHb HUBKOI. ITO CBSI3aHO C TEM, YTO IPAJUEHThI
omubOK MOTYT CBOOOIHO PACIIPOCTPAHATHCS 110 CETH Yepe3 MPOIyCKAIINe
CBsI3U, KOTOPBIE SIBJISTIOTCSI YACTHIO OCTATOYHBIX OJI0KOB. Kpome Toro, cunraercs,
4TO H0GABJIEHUE IOMOJHUTENBHBIX CI0EB HE MPUBOANT K CHUKEHUIO TOYHOCTH

MOHWMXEHNE MOBbLIWEHNE

PA3SPELWLEHNA [V / \ / [V \ PASPELWIEHNA

I 6nok conv2d (sgpo 7 x 7, war 1) D OCTaTOYHbIN 6ok

D 6nok conv2d (sapo 3 x 3, war 2) D 6nok obpatHoi ceepTku conv2d (sapo 3 x 3, war 2)

Puc. 5.11. 'eHepaTop ResNet
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MOJIEJIH, TIOTOMY YTO MPOITYCKAIOIIIe CBSI3U TapaHTUPYIOT CBOOOIHOE MepeMe-
1eHre nHopMaru 06 UACHTUIHOCTH U3 MPEIbILYIIErO CJI0s], €CJIU HUKAKHe
JIOTIOJTHUTE/IbHbIE UH(OPMATUBHbIE IPUBHAKU HE Y/IAETCSI U3BJI€Ub.

Ananus CycleGAN

B opurunasnbhoii cratbe ¢ onucanrem CycleGAN mozesns o6ydanach Ha mpoTsi-
skernnu 200 2110X, 4TOOBI JOCTUYD BBIIAIOIIUXCS PE3YJIBTATOB 110 TIEPEHOCY CTUJISI
xynoskuuka Ha ororpadun. Ha prc. 5.12 mokazanbl n300paskeHust, CO3[aHHbIE
KaK[BIM T€HEPaTOPOM Ha PA3HbIX Tarnax 00ydeHust, YT0ObI MPOJEMOHCTPUPO-
BaTh IIPOTPECC B 0OYUEHUN MOJIENN TIpeBpaniath kaptutbl Mowe B hororpadum
u Hao0opOT. B BepXHeM psily Mbl BUJNM, KaK OTJIMYUTE/IbHbIE [[BETA 1 MA3KH,
ucnosb3yembie Mote, 1peoOpasyiorcst B bosiee ecTeCTBEHHbIE TIBETA U MTABHBIE
Hepexo/ibl, XapakrepHbie /7t hororpaduii. AHaIOrnaHBIM 00PA30M, B HIKHEM
PSILy IEMOHCTpPUPYeETcst 0OpaTHBIN mpoliece — o0ydeHune reHeparopa mpeobpa-
3oBanuio Gpororpaduu B KapTUHY, KOTOPYIO MOT ObI Hamvcath Mote.

Ha puc. 5.13 nokazaHbl HEKOTOPBIE PE3YJIbTAaThl U3 OPUTUHAIBHOI CTATbH, KOTO-
PBIX YIATOCh IOCTHYD MOJIEJIH TIOcIe 00yUeH st Ha poTsikerun 200 a11ox.

KapTuHa Mocne obpaboTkm
KucTM MoHe O[HOTO NakeTa Onoxa 1 Onoxa 2

X

Mocne obpaboTkm

dotorpacus OZHOro nakeTa

Puc. 5.12. Pe3ynbTaTthl, NonyYaeMble Ha pasHbiX 3Tanax obyyeHus
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KapTtunHa kuctn MoHe CreHepupoBaHHasa dotorpacus

CreHepupoBaHHas KapTuHa
OpvrnHansHas doTorpadums B cTune MoHe

Puc. 5.13. Pe3ynbTaTthl, AOCTUTHYTbIE Nocse 06y4yeHns Ha npoTsikeHnn 200 snox!

HenpoHHbIN NnepeHOC cTUNA

Boime Mol yBugean, kak CycleGAN moxeT mpeoOpa3oBbIBaTh U300paKeHMs
MESKIY ABYMs 00J1acTsIMU, KOT/Ia M300paskeHusi B 0OydatomemM Habope MOTryT
He UMETh COOTBETCTBYIOIINX UM TIAPHBIX n300paxkenuii. Temepb paccMOTpUM
JIPyTOE TIPUMEHEHe TEXHUKY Mepeladll CTUIISE — 0e3 MCIIO0Ib30BaHus 00yJaio-
1ero Habopa, Koraa mpocTo TpedyeTcst MePeHecTH CTHIIh OJIHOTO H300PaskKeHNUsT
Ha JPyroe, Kak MOKa3aHo Ha puc. 5.14. DTOT NpueM U3BECTEH KaK HelpoHHbLlL
nepenoc cmuisi’.

U Ucrounuk: Yy (Zhu) u ap., 2017, https://junyanz.github.io/CycleGAN.

2 Jleon A. Tatuc (Leon A. Gatys), Asekcauap C. Ikep (Alexander S. Ecker) u Maruac
Berre (Matthias Bethge), «A Neural Algorithm of Artistic Style», 26 asrycra 2015,
https://arxiv.org/abs/1508.06576.
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BasoBoe nsobpaxeHune

KombBuHnpoBaHHoOe n3obpaxkeHne

M3o00paxeHune ctuns

Puc. 5.14. MpumMep HENPOHHOro nepeHoca cTuns!

WNnes ocnoBana Ha MpeirochblIke MUHUMN3AINN (DYHKIIMY 1TOTeph — B3BEIIEeH-
HOI CYMMBI TPeX Pa3/INYHbIX KOMIIOHEHTOB:

ITomepst codeparcumozo

Ham HYJKHO, 4TOOBI KOM6I/IHI/IPOB8.HHO€ 1/1306pa>1<eH1/1e nMeJIo TO XKe
COZIEPKHUMOE, 4YTO U HazoBoe.

Iomeps cmunst

Ham HYKHO, 4TOOBI KOM6I/IHI/Ip0BaHHOG I/1306pa>KeHI/Ie NMEJIO TOT JKe
06IHI/IIL;I CTUJIb, YTO U I/ISO6P8.>K€HI/IC CTIJIA.

Ilomeps obweti ducnepcuu

Hawm HysKHO, 9TO6BI KOMOMHUPOBAHHOE U300pakeHIe He BBITIISIEI0
MO3aN4YHbIM.

MuUHUMU3HPYEM ITY MOTEPIO € TIOMOIIIBIO TPATHEHTHOTO CITYCKa, OGHOBJISISI 3HA-
YeHue Kak/I0To TTUKCea Ha BEeTMUNHY, TPOTIOPIMOHATHHYIO OTPHUIATETBHOMY
rpauenTy (GYHKIIUKM TOTEePh, HA MPOTSKEHUN MHOTHX uTepanuil. [Ipu tTakom
HOZIXO0/I€ TIOTePsi Oy/IET OCTEMEHHO YMEHBIIATHCS € KaKION UTepaIineil, 1 Mbl
MOJIyYuM HU300pakeHue, 00beUHSIONIEE COAEPKUMOE OJHOTO N300paKeHMS
CO CTHJIEM JIPYTOTO.

OHTI/IMI/ISaIII/IH CreHEpUpPOBAHHOTI'O pe3yJibTaTa C IIOMOIIbIO TPAaMEHTHOIO CITyCKa
OTJIMYa€TCA OT IIPUBBIYHOTO HaM criocoba peuieHuda 3ala4 reHepaTuBHOTO

U Ucrounuk: Tatuc (Gatys) u ap., 2015, https://arxiv.org/abs/1508.06576.
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MojzienpoBanus. Panee Mbl 00yuanu riyboxue Heiiponusie cetn VAE i GAN
METOJIOM 0OPATHOTO PACIIPOCTPAHEHUST OMMMOKY 110 BCEil CeTH, 4TOOBI M3BJIEYb
uHbopmanuio u3 odyyariiero Habopa 1 000OIUTH ee Uit CO3MaHMS HOBBIX
n300pakeHnil. 3/1eCh MBI HE MOKEM HCIIOJIB30BATH ATOT CIIOCOO, TIOTOMY 4TO
y HaC IMEETCs TOJIbKO JiBa 300paskeHus: 6azoBoe n3o0pakeHue u n300pakeHme
cruis. OgHako, Kak OyIeT IMoKasaHo Jajiee, Mbl BCe ellle MOKEM KHCI0JIb30BaTh
IpeIBAPUTENHLHO 00YIEHHYIO TJIYOOKYI0 HEHPOHHYIO CETh JIJIsT TIPEIOCTaBIEHUST
Ba)kKHOM MHMDOPMAINH 0 KaxKI0M H300paskeHnn B (hyHKIMAX moTepu. Haunem
C ompeniesieHUsI TPeX OTAETbHBIX (DYHKITUI TOTEPb, SIBISIONIUXCS OCHOBON Me-
XaHN3Ma HEHPOHHOTO TIePEHOCa CTHUIIA.

MoTepAa coaepXnmoro

[Torepst cOMEPKUMOTO U3MEPSIET CTENEHb OTIMYKS BYX M300PaKEHUIT C TOUKH
3PEHUst OCHOBHOTO COZIEPKIMOTO U €r0 pa3MelieHust. J[Ba n306pakeHust ¢ oxo-
JKUMU clieHaMu (Harpumep, aBe GpoTorpadu ¢ psiioM OAHUX 1 TeX JKe 31aHMuii,
CHATBIX IIPU PA3HOM OCBEIEeHUH ¥ /UJIU 10/l PA3HBIM YIJIOM) JOJIKHbBI KMETh
MEHBIIYIO TIOTEPIO, YeM JIBa U300PaKEHNUsI C COBEPIIEHHO PA3HBIMU CIIEHAMHU.
ITpocToro cpaBHEHUS MUKCEIOB IBYX M300pasKeHMIT HEOCTATOYHO, TOTOMY YTO
HIUKCEJIBI JIasKe B JIBYX PasHBIX M300paKEeHUSIX C O[HON M TOH JKe CIieHOU Oy/IyT
UMeTh pasHble 3HaueHus. Ham coBceM He HY:KHO, 4TOObI (DYHKIIMSI TOTEPU CO-
JEPKUMOTO YUUThIBa/IA 3HAYEHUS OTAETbHBIX TUKCEJIOB; OHA J0JIKHA OI[EHUBATh
U300paKeHUs 110 HATMYUIO U TIPUOIM3UTETHHOMY MOJI0KEHUIO BBICOKOYPOBHE-
BBIX 0OBEKTOB BPOJIE 30anus, 1Hebo Ui pexd.

Mpbl yike BeTpedasnch ¢ aToi uaeeir. OCHOBHasI TIPEIIOChLIKa r1yboKoro 00y-
YeHus1 — HeHPOHHAs ceTh, 00yUeHHAs PACIIO3HABAHUIO COAEPKIMOTO M300pasKe-
HUSI, €CTECTBEHHBIM 0OPA30M BBISABIISIET BHICOKOYPOBHEBbIE IIPU3HAKK B GoJiee
r1yGOKUX CJI0SIX, KOMOMHUPYst GoJiee POCTbIe TIPUSHAKH, BbISIBICHHbIE TIPE/IbI-
aynmMu crosivi. To ecTb HaM Hy»KHA TIyOOKast HEHPOHHAST CeTh, KOTOPAst yiKe
YCIIENTHO 00yUYeHA PACIIO3HABAHUIO COAEPKUMOTO U300PaKEHUI, 4UTOOBI MOIKHO
OBLIIO BHEIPUTHCS B HanboJiee rryOOK ML ee CII0ii 1 U3BJIEYb BHICOKOYPOBHEBbBIE
NPU3HAKK aHHOTO BXOAHOTO n300paskeHus. MI3MepuB cpeiHeKBaApaTHIHY IO
oIOKY MEXKIY PEe3yJIbTaToOM /s GA30BOr0 U TEKYINEro KOMOMHUPOBAHHOTO
M300PaKEHNU, MbI TIOJTyYUM Hally (GyHKIMIO IOTEPH COAEPIKUMOTO!

Jlanee ucrosbayeM npeaBaputesbio ooyuernyio cetb VGG19. 9o 19-croiinast
CBEpPTOYHAs. HEHPOHHAST CeTh, OOyUYeHHAst IS KaacCupUKaiuu n300paskeHmii
B THICSIIY KaTeropuii 00beKTOB Ha 6oJiee 4eM MUJIIMOHE U300paskeHIi n3 Habopa
nmanubix ImageNet (puc. 5.15).
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2 cnosi Conv2D

2 cnost Conv2D © 512 dpuner-

co 128 dwunbT- pamm 3 x 3

2cnos Conv2D  pamn 3 x 3 convS_1 2 crnos Dense

¢ 256 punbt- convd_1 conv5_2
2. cnosi Conv2D  pamn 3 x 3 convd 2 conv5_3 4096 y3nos
co 128 cpuneT- 4 3 convs_4 1000 y3nos
< B | conv4_ V%
3 2cnos Conv2D  pawp 3 x 3 22233_2 convd_4 + softmax
BxogHow C 64 cunbT- conv2_1 Sl = +maxpool
cnou pamn 3 x 3 conv2_2 conva 4 +maxpool
conv1_1 -
convl_2 +maxpool +maxpool
+maxpool

Puc. 5.15. Mogenb VGG19

B nucrunre 5.9 npencrabien ¢pparMeHT KO/a, KOTOPBINA BBIUUCISIET BEJH-
YMHY [OTEPH COAEPKUMOTO MEKIY ABYMsI M300pakeHUSIMU, 3aMMCTBOBAH-
HBIM M3 pUMepa HEHPOHHON Tepefiaun CTUIIS B OPUIMATHHOM PEITO3UTOPUN
Keras (http://bit.ly/2FIVUOP). YTo6bI 0mipo60oBaTh IIpUMEP U MOIKCIEPUMEHTH-
pOBaTh C ITapaMeTpaMu, COBETYEM UCII0JIb30BATh ATOT PENO3UTOPUIL B KAYECTBE
OTIIPABHOM TOYKH.

JINCTUHr 5.9. OyHKUMS NoTEpU COAEPXKUMOro

from keras.applications import vggl9 @
from keras import backend as K

base_image_path = '/path_to_images/base_image.jpg’
style_reference_image_path = '/path_to_images/styled_image.jpg’

content_weight = 0.01

base_image = K.variable(preprocess_image(base_image path)) @
style_reference_image = K.variable(preprocess_image(style_reference_image_

path))
combination_image = K.placeholder((1, img_nrows, img_ncols, 3))

input_tensor = K.concatenate([base_image,

188 rnaBa5 ¢ PucosaHue



style_reference_image,
combination_image], axis=0) ©

model = vggl9.VGG19(input_tensor=input_tensor,
weights="imagenet', include_top=False) @

outputs_dict = dict([(layer.name, layer.output) for layer in model.layers])
layer features = outputs_dict['block5 conv2'] ©

base_image_features = layer_features[0, :, :, :]
combination_features = layer_ features[2, :, :, :] @

def content_loss(content, gen):
return K.sum(K.square(gen — content))

content_loss = content_weight * content_loss(base_image_features
, combination_features) @

O B cocras 6ubmorekn Keras BXOAUT MpeaBapuTeIbHO 00yUeHHAST MOJICIb
VGG19, koTopyio MOKHO IMIIOPTUPOBATb.

® Mol ompejiesisieM [[Be TlepeMeHHbIe st XpaHeHUs 6a30BOT0 M300paskeHsT
1 M300pasKeHUsT CTUJIS, & TAKIKe IePEMEHHYIO JIJIsl XPaHEHUs! CTeHEPUPOBAHHOTO
KOMOMHUPOBAHHOIO N300pasKeHUsl.

© Bxoznoii rersop st mopen VGG19, obbenHsonuil Bce Tpu n300paskeHusl.

® 3jiech MbI cozzraeM sr3emiuisp mojiesin VGG19 u ykasbiBaeM BXOIHOM TEH30D
1 HavyaJibHbIe Beca st 3arpy3ku. [lapamerp include_top = False yKa3bIBaeT,
YTO Beca He JOJIKHBI 3aTPY’KAaThCs B KOHEUHBIE TTOJHOCBSI3aHHbBIE CJIOU CETH,
OCYIIECTBIIAIONIIE KIaCCH(PUKAIIIO H300PasKeHs, TOTOMY UTO HAC MHTEPECYIOT
TOJIBKO TIPEJIIIECTBYIONINE UM CBEPTOYHBIE CJI0U, (DUKCUPYIOITUE BBICOKOYPOB-
HeBble IPU3HAKU BXOLHOIO n3obpaxenus, a He (PaKTUYECKUEe BEPOSITHOCTH,
KOTOPBIE UCXO/IHAsT MOJIENb OblIa 00yYeHa BHIBOINTD.

© /111 BBIYKCJIEHUS TIOTEPU COAEPKUMOTO UCIIOJIb3YeM BTOPON CBEPTOUHBII
cyioit isiToro 6J10ka. Beibop ciiost BiusieT Ha TO, Kak (DyHKIUS IOTEPh OyIeT
OTIPEJIEIISITH «COMEPIKUMOE» 1, CJIe[OBATEIbHO, HA CBOMCTBA CTE€HEPUPOBAHHOTO
KOMOUHIPOBAHHOTO M300PaKEHHSI.

@ 3/1ech MBI M3BJIEKaeM ITPU3HAKK 6a30BOT0 1 KOMOMHMPOBAHHOTO H300pasKeH Uit
13 BXOJTHOTO TEH30Pa, MpoIyIieHHoro yepe3 cetb VGG19.

@ IloTepst COAEPKUMOrO ONpeIesisIeTcst Kak CyMMa KBaJpaToB PacCTOAHUMN
MESK/Ly BBIXOJ[AMHU BBIOPAHHOTO CJIOST [7Ist 000MX N300pakeHil, yMHOKEHHAs Ha
BECOBOI TTapaMeTp.
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MoTtepsa cTuna

O1eHuTDb MOTEPIO CTUJISI HEMHOTO CJIOXKHEE, TOCKOJIbKY He BIIOJIHE SICHO, KaK
U3MEPHUTH CXOACTBO CTHUJIEN ABYX M300paskeHuii. Peenue, mpeaiokeHHOe
B OPUTUHAJILHON CTaThe C ONMUCAHUEM HEHPOHHOTO TIepEeHOca CTUJISI, OCHOBAHO
Ha 1/Iee CXOICTBA MabJIOHOB KOPPEJISIIUI MEK/Y KapTaMy IIPU3HAKOB B JAHHOM
cyIoe I n300paskeHuil CO CXOKUM CTUJIEM. ITY UIEI0 MOKHO O0bSICHUTD Ha
caenyiomiem npuMepe. [Ipeamosnoskum, B cetu VGG19 ecth kKakoii-To cJoil, ogmH
KaHaJl KOTOPOTO HAYYHJICS HAEHTH(DUIIMPOBATH YACTH N300paKeHNsT, OKPaIlleH-
HbIE B 3€JIEHBIH T[BET, IPYTON HAYUNJICS OMPEAETIATH HATNYNE KOToueK (TITHUTOB),
a TpeTHii — naeHTU(GUIMPOBATH YACTH N300paKeHNsT, OKPaIlleHHbIE B KOPHYHE-
BBIH 11BeT. BoIxopr KanamoB (KapThl MPU3HAKOB) /IS TPEX BXO/IOB TIOKA3aHbI HA
puc. 5.16.

MpuaHak 1 MpusHak 2 MpunaHak 3
(netekTop (neTekTop (netekTop
3eneHoro LBeTa) KOmMYecTu) KOPUYHEBOIO
useta)

MN3o06pa-
XeHne A

M306pa-
»eHne B

M306pa-
»eHue C

Puc. 5.16. Bbixoabl Tpex KaHanos (KapTbl MPU3HAKoOB) ANs TPeX 3aflaHHbIX BXOAHBIX
1306parkeHnin — 6osniee TEMHbIE LIBETa COOTBETCTBYIOT HO/MBLUMM 3HAYEHUSM
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Kak Buanm, nzobpakenus A u B II0X0XKH 10 CTUII0 — 002 OHU mpassHucmole.
Crub uzobpaskerns C HEMHOTO OTJIMUAETCSE OT CTUIIA U300pakenuii A u B. Ecim
II0CMOTPETH HA KAPThI TIPUZHAKOB, MOKHO 3aMETUTh, UTO KAHAJIBI 3€1€H020 4Bema
¥ KOJI0UECY YACTO CHUITBHO KOPPETMPYIOTCSI B O/[HOM 1 TOM JKe TTPOCTPAHCTBEHHON
obsacTu Ha M306pakeHnsix A u B, Ho He Ha nzo6paxkernu C. HampoTuBs, KaHaJbI
KOPUUHEB020 YBema Vi KoJouecmi, 9acTo KOPPeJaUpPyIOT B OJHOM ¥ TOii ke obJracTu
Ha uzobpaxkennu C, HO He Ha U300pakeHusiX A u B. UToObl U3BMEPUTDH KOPpPEJIsi-
MO IBYX KapT MPU3HAKOB, MOKHO CTJIAJINTh UX ¥ BBIYMCIUTH CKAJISIPHOE TIPOU3-
Bezietvie'. Bouibllioe 3HaueHMe yKa3biBaeT Ha 3HAUMTEILHOE KOPPEJIUPOBAHUE Kap-
ThI IPU3HAKOB, MAJIOE — HAMPOTUB, HA TO, YTO KAPTHI IPU3HAKOB HE KOPPEIUPYIOT.

Mpb1 MOKeM OTTpeiesTUTh MAaTPUILY, COJEPSKAIIYI0 CKAJISIPHbIE TPOU3BEIEHUST BCeX
BO3MOJKHBIX TIap MPU3HAKOB B CJioe. JTa MAaTPUIlA Ha3biBaeTcsa mampuyeil Ipa-
ma (Gram matrix). Ha puc. 5.17 nmokasarsr MmaTpuiibl [pama /i71st TpeX IpU3HaKoB
KaK/I0TO U3 M300pasKeHHil.

N3obpaxeHne A M3obpaxeHune B
MpuaHak 1 MpuaHak 2 MpusHak 3 -+ MpuaHak 1 MpusHak 2 MpusHak 3 =+

Mpu3sHak 1

MpwuaHak 2 -

MpusHak 1

Mpu3sHak 2

Mpu3Hak 3 Mpuarak 3

M3obpaxeHne C
MpusHak 1MpusHak 2 MpuaHak 3 -

Mpusnak 1

MpusHak 2

MpusHak 3

Puc. 5.17. ®parmMeHTbl MaTpuL Mpama ans Tpex u3obpaxkeHuin —
60nee TeMHble LBETa COOTBETCTBYIOT H0/bLLIMM 3HAUYEHUAM

! Yro6bl BBIYMCIUTD CKAJSIPHOE IIPOM3BEIEHUE IBYX BEKTOPOB, HYKHO [TOIIAPHO YMHOKHUTD
UX 3JIEeMEHTBI U CJIOKUTh Pe3YJILTaThI.
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Kax Bumim, nzobpaxerust A u B, TIOXOKHE [0 CTUITIO, IMEIOT MOXOKKIE MAaTPHIIbI
I'pama miist BeIOpaHHOTO cJiost. ComepskuMoe n300pakKeHn i MOKET CUIIBHO OT-
JIMYaThCS, HO MaTPUIlel [pama, oTpaskaroliie KOppessaiiuy MeK/1y BCeMU TapaMu
TTPU3HAKOB B CJI0€, TTOXOXKH.

Vtak, 9TOObI BEIYUCTUTD TTOTEPIO CTUJISI, HYKHO BBIYMCANTH MaTpuily I'pa-
Ma (GM) BO Bcex CJI0sIX ceTH JiJist GazoBOTO M KOMOMHUPOBAHHOTO M300PaKeH Ui,
CPABHUB WX CXOJCTBO C MOMOIIBIO CYMMBI KBAIPATOB OMIMOOK. AjreGpandecku
MOTEPIO CTUIISE MKy 6a3oBbiM (S) u creHeprpoBaHHBIM (G) H300paKEHUSMIE
B gannoMm cioe (/) ¢ pasmepom M, (BbicoTa X mmpuna) 1 N,KaHaaaMu MOKHO
3aImcaTh CIeAYIONMM 06pasoMm:

Lo (8:G.0) =3 T (GM[1)(8), ~GM[1](G), )

! [

2

O6parrte BHUMAHUE Ha TO, KaK TPOU3BOMTCS MAaCIITabUPOBaHKe, YTOObI yUECTh
KoImyecTBO Kananos (N)) u pasmep ciosg (M)). IT0 HeOOXOAUMO, TIOCKOIBKY
001I1ast TTOTepst CTUJIST BBIYHUCIISIETCST KAK B3BEIIEHHAs CyMMa [[JIsT HECKOJIbKUX
CJIOEB, KaXK/IbIil M3 KOTOPBIX UMeeT pasHbie pazmepbl. O0Iast moTepst CTHJIS Bbl-
YUCIAETCS CICAYIOMUM 06pasoM:

L
leyle (S’G) = ;WIL(IM (S7G31)~

C ucnoab3oBanuem 6ubanorexn Keras BolumcieHne MOTEPH CTUIIST MOKHO
pean30BaTh, Kak MOKa3aHo B juctunre 5.10.!

JInctuHr 5.10. OyHKuMs notepu cTuns

style_loss = 0.0

def gram_matrix(x):
features = K.batch_flatten(K.permute_dimensions(x, (2, 0, 1)))
gram = K.dot(features, K.transpose(features))
return gram

def style_loss(style, combination):
S = gram_matrix(style)
C = gram_matrix(combination)
channels = 3
size = img_nrows * img_ncols
return K.sum(K.square(S — C)) / (4.0 * (channels ** 2) * (size ** 2))

! HWcrounuk: GitHub, http://bit.ly/2FIVUOP.
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feature_layers = ['blockl_convl', 'block2_convl',
'block3_convl', 'block4_convl',
'block5_convl'] @

for layer_name in feature_layers:
layer_features = outputs_dict[layer_name]
style_reference_features = layer_features[1, :, :, :] @®
combination_features = layer_features[2, :, :, :]
sl = style_loss(style_reference_features, combination_features)
style_loss += (style_weight / len(feature_layers)) * sl ©

0 HOTepH CTUJIA BBIYUCJIAETCH 110 IIATU CJI0OAM — HepBbIM CBCpTO‘-IHbIM CJIOSAM
B KayK/I0M 13 1At 6s10Kk0B Mozean VGG19.

@® 3/1ech 13 BXOIHOTO TEH30Pa, rpoiryckaeMoro yepe3 cetb VGG19, uzsmekatorcst
NPU3HAKK M300pasKeHMsI CTHIISE 1 KOMOMHUPOBAHHOTO M300PasKEHMSI.

(3] HOTepH CTHNJIA MaCH.ITa6I/IpyeTCH BECOBDBIM IMIapaMETPOM U YMUCJIOM CJIOEB, 110
KOTOPBIM ITPOU3BOANJINCH BbIYNCJIEHUA.

MoTepsa o6wen gucnepcun

[Torepst 0011elt TUCTIEPCHH SIBJISIETCS TPOCTO MEPOH MTyMa B KOMOMHIPOBAHHOM
uzobpaskennu. YtoObl CyIUTh O BEJMYKMHE IIIyMa B M300PasKeHMH, MOKHO C/[BH-
HYTb €0 Ha OJIMH ITUKCEJ BIPABO U BBIYUCIUTH CYMMY KBaJIPATOB PA3HOCTEM
MEJK/Iy CMEIIEHHBIM U UCXOAHBIM M300paskeHusiMu. JlJist Gaanca MOKHO BbI-
HOJIHUTB TY Ke MPOLELYPY, CABUHYB M300pakeHre Ha OuH nuKces BHu3. CymMmma
9TUX JIBYX 3HAYEHUIT IPeICTaBIIsIeT TI0TEPIO 001Iel aucepcun. B mcrunre 5.11
MOKA3aHO, KaK 3Ta TOTePsI BhIUUCIsgeTcs ¢ moMornipio Keras.!

JIncTmHr 5.11. OyHKUWS NoTepu obLLelr aucnepcum

def total variation_loss(x):
a = K.square(
x[:, :img_nrows — 1, :img_ncols — 1, :] — x[:, 1:, :img_ncols — 1, :]) @
b = K.square(
x[:, :img_nrows — 1, :img_ncols — 1, :] — x[:, :img_nrows — 1, 1:, :]) @
return K.sum(K.pow(a + b, 1.25))

tv_loss = total_variation_weight * total_variation_loss(combination_image) ©

loss = content_loss + style loss + tv_loss @

I Mcrounuk: GitHub, http://bit.ly/2FIVUOP.
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O CymMa KBaJ[paTOB Pa3HOCTEN MEKIY MCXOMHBIM U300pakeHUEM 1 TEM JKe
n300pakeHneM, CIBUHYTHIM Ha OJIUH ITHKCE] BHU3.

® CymMa KBaJpaToB PasHOCTEH MEKIY MCXOAHBIM M300PaKEHIEM U TEM JKe
n300paskeHneM, CABUHYTHIM Ha OJIUH ITUKCEJ BIIPABO.

© [lorepst obIeit gucepcun MacTabuPyeTcst BECOBBIM MapaMeTPOM.

O IlosHast TOTEPST — ITO CyMMa MOTEPDH COAEPKUMOTO, CTUJISI U 00TIel ac-
TIepCHH.

3aI1YCK HEI‘/'IpOHHOI'O nepeHocCa ctuna

[Iporiecc 06yveHMsT BKIIOYAET TPAAUEHTHBII CITYCK /1T MUHUMU3AINHU (DYHKITUT
MOTEPb, OTIMCAHHOI BBIIIIE, B OTHOIIEHUH TMKCEJI0B B KOMOMHUPOBAHHOM H300pa-
skenun. [losnbrit ko — B crieHapuu neural_style_transfer.py (http://bit.ly/2FIVUOP),
pasmerieHHOM B ounimanbHoM pertosutopun Keras. B smcrunre 5.12 npezicras-
JieH (hparMenT Ko/ia, peasiu3yIion il IUKJI 00ydeHusl.

JincTuHr 5.12. Liykn 06yyeHns MOAEN HEMPOHHOrO NepeHoca CTUAs

from scipy.optimize import fmin_1_bfgs_b

iterations = 1000
X = preprocess_image(base_image_path) @

for i in range(iterations):
X, min_val, info = fmin_1_bfgs_b( @
evaluator.loss ©
, X.flatten()
, fprime=evaluator.grads 3)
, maxfun=20

)

© B nauvasie nporiecca 00yueHust B PO KOMOUHUPOBAHHO20 BBICTYIAET UCXOJHOE
nusobpaxeHue.

® B kax/1011 uTepaium TeKkyiiee KOMOMHUPOBAaHHOE N300pakeHue (B BUJIE MTPO-
CTOTO BeKTOpA) TepenaeTcs B (GyHKITUIO ONITUMHU3AITNH fmin_1_bfgs_b 13 makeTa
scipy.optimize, KOTOpas BBITIOJIHSAET OJWH IIAr TPAJAMEHTHOTO CITYCKa B COOT-
BeTcTBUU C anroput™MoMm L-BFGS-B.

© evaluator — 9T0 OOBEKT, COAEPIKAIIIIT METOIBI, KOTOPBIE BHIYKCIISIOT MTOJTHY IO
[OTEPIO, KaK OIKMCAHO BBIIIIE, U TPAJUEHTbI TOTEPH OTHOCUTEIHHO BXOJHOTO M30-
OpaskeHusl.
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AHanuns moaenu HeliPOHHOrO NepeHoca CTUnA

Ha puc. 5.18 nokaszan pe3ysibrat HEHPOHHON MEPeayy CTUJIST HA TPEX Pa3HbIX
aTamax mpoiecca 00yIeHus CO CJELYIOINME TapaMeTPaMH:

® content_weight: 1
® style weight: 100

® total_variation_weight: 20

Kaxk Bugnm, ¢ KaskbiM MmaromM o6y4eHust ailTOPUTM CTUIIMCTUIECKH Bee GOJIbIITe
HPUOJIMKAETCS K CTUIIEBOMY M300PaKEHUIO, TEPsist €T U COXPaHsist 00IILy0
CTPYKTYpy 6a30BOTO N300paskeHUst. DTa apXUTEKTYpa Mpejiaraet boraTbie BO3-
MOKHOCTH JIJISI 9KCTIEPUMEHTOB. MOKHO 1TOITPOOOBATh M3MEHUTD BECOBBIE TTapa-
MeTPbI B (GYHKIIUN TTOTEPb WX TIOMEHSTD CJIOH, UCTIOB3YEMBIN 71T OTIPEeIeHUS
CXOJCTBA COAEPKHUMOT0, YTOObI YBHUIETH, KAK 9TO TIOBJIUSAET Ha KOMOMHUPOBAHHOE
n306pakeHne U CKOpoCcTh 00ydeHus1. Takske MOKHO MOTIBITATHCST YMEHBIINUTD BEC,
MPUCBAMBAEMbIH KaXKJIOMY CJIOI0 B (DYHKIIMU ITOTEPY CTUJISA, CMECTUB MOJIEJb
B CTOPOHY Ilepeiadu Oojiee TOHKUX MU Oosiee TPYObIX 91€MEHTOB CTHISI.

BasoBoe nsobpaxeHune M306paxeHune ctuns

WTepaums 1 WTepaumnsa 200

Motepst: 9.25 x 10'° Motepst: 1.54 x 10'° Motepst: 1.44 x 10

Puc. 5.18. Pe3ynbTaT HelipoHHOM nepeaayn ctuns nocne 1, 200 n 400 utepauuii

HelpoHHbIl nepeHoc ctuna 195



NTorm

VTak, Mbl MCCJIEIOBAJIH JIBa Pa3HbIX CIIOCOOA CO3/IaHUS HOBBIX XY/I0KECTBEHHBIX
TIPOU3BEIEHUT.

Cnioco6 1a ocHoBe Cycle GAN 1103BoJIsieT cO3/1aTh MOJI€JIb, CIOCOOHYIO U3YUYHUTh
O0OMIMIl CTUITH XYZOKHIKA 1 TEPEHOCUTH ee Ha (oTorpaduu, BO3BpaIias n3o-
OpaskeHwst, BBITJISISIIIE TaK, OYATO OHN HAPUCOBAHBI XY/I0KHIKOM. JTa MOJIETD
MO3BOJISIET BBITIOJMHATH M 00paTHoe MpeobpasoBamie: MpeBpaniaTh KapTHHBI
B peanuctuunbie hororpadun. Baktno ormeruts, uto Mogesun CycleGAN ne
TpebyIOTCsT TapHble N300paKEHMsT U3 PA3HBIX OOJIACTEN, U ITO JIETAET €€ Upe3-
BBIYAITHO MOIIHBIM U THOKIM UHCTPYMEHTOM.

Criocob HelipoHHOI TIepeiayn CTHJISE TO3BOJISIET IEPEHECTU CTUIb YHUKATHLHO-
ro n3o6paxenus: Ha 6a30Boe M300PAKEHUE € UCIIOIB30BAHNEM 0OOCHOBAHHO
BBIOPAHHON (DYHKIIUK OTEPb, MTPadYONUEH MOJIETb 38 CIAUIKOM GOJIbIIOE
OTKJIOHEHHE OT COAEPKUMOTO OCHOBHOTO M300PaKeHUsT U XYA0KECTBEHHOTO
CTHJISL CTUJIEBOTO M300PaKeHNSI 1 OAHOBPEMEHHO COXPAHIONLEH TIaJKOCTD U30-
OpakeHust Ha BBIXOJE. DTOT CIOCOO KOMMEPIMATU3NPOBAH MHOTUMU U3BECTHDI-
MU TPUJIOKEHUSMHA, PEATU3YIOTNMA cMeTTnBanne (hoTorpaduii moab30BaTe I
¢ 3aJlaHHBIM HAGOPOM CTUJIUCTUYECKUX PUCYHKOB.

Tereps nepeHecemcst 13 001ACTH TeHEPATHBHOTO MO/IEJIPOBAHNST N300PAsKEHII
B 00J1aCTh TEHEPATHBHOTO MOJIETIMPOBAHNS TEKCTA, TAI€ TePel HAMU OTKPOIOTCST
HOBBIE TIPOGJIEMBI.



[JIABA 6

JlutepaTypHoe TBOpYECTBO

B 2011 riraBe paccMOTpeHbl METO/IbI KOHCTPYUPOBAHMUS TeHEPATHBHBIX MOIE/ICH
JUISE TEKCTOBBIX JJAHHBIX. TEKCTOBBIE JaHHbBIE U U300PaKEHUsT UMEIOT HECKOJIb-
KO KJIFOYEBbIX PAs3/NYUi, N3-32 Y€r0 MHOTHE METOIbI, IPEKPACHO paboTatoIne
¢ M300paKeHUSIMH, MJI0XO TOAXOAST JJIsi paOOThI ¢ TEKCTOBBIMU JTaHHBIMU.
B gacraocTn:

B TekcToBbBIe JaHHBIE COCTOST U3 IUCKPETHBIX (PPArMEHTOB (CUMBOJIOB WU
CJIOB), TOTJIA KaK MMKCEJIbl Ha N300PaskeHNHU SBJISAIOTCS TOYKAMU B HETIPEPbIB-
HOM I[BETOBOM cTIeKTpe. MBI JIETKO MOKEM C/I€/IaTh 3eJIEHbIH TUKCEJ CHHUM,
HO TIPEBPATUTh CJIOBO KOUKA B CJIOBO COOaKa HAMHOTO cJioxHee. V13 aToro
CJIEJLYET, YTO MBI JIEFTKO MOKEM MTPUMEHUTD ITPUEM 0OPaTHOTO PacIpoCcTpaHe-
HUS K U300paKeHUSIM, BBIYUCIISISE TPAAMEHT (DYHKIIUU TOTEPh B OTHOIIEHUN
OT/IETHHBIX TTUKCEJIOB U OTPe/IeIsisl HAallPaBJIeHye, B KOTOPOM JIOJIKHBI U3Me-
HSTBCSI I[BETA TTMKCEJIOB JIJIsI MUHUMU3AIK motepu. [IpumMeHuTh o6paTHOE
pacrpocTpaHeHne K JUCKPETHBIM TeKCTOBBIM JIaHHBIM OOBIYHBIM CII0COOOM
He MOJIYYUTCs, IOITOMY HYKHO HallTH crlocob 000TH 3Ty TIpobJieMy.

B TexcroBble JaHHBIE UMEIOT BpeMEHHOE U3MePeHne, HO He MMEIOT ITPOCTPaH-
CTBEHHOT'O M3MEPEHMsI, TOT/IAa KaK N300pakeHNsT MIMEIOT ABa IIPOCTPAHCTBEH-
HBIX U3MEPEHMS, HO He UMEIOT BPeMEeHHOTO usMepenus. I1opsampok cioB
B TEKCTOBBIX JaHHBIX OYEHb BaKeH, U, K IIPUMEPY, CJI0Ba, PACIOJI0KEHHbIE
B 00paTHOM TOPSIIKE, TEPSIIOT CMBICJI, TOT/IA KaK M300pakeH st 0OBIYHO MOTYT
HepeBopaYnBaThCa O€3 MOTEPH CMBICI0BOTrO HanosiHeHust. Kpome Toro, B mo-
CJIEIOBATEBHOCTSIX CJIOB HEPEIKO CYIIECTBYIOT IPOTAKEHHbIE 3aBUCUMOCTH,
KOTOPbIE MOZIEJIb JIOJIKHA YMETh BBISIBJISATH, HAPUMEP: OTBET Ha BOIPOC WU
HepeHoC BIepe/ KOHTEKCTa MeCTOMMeHus. B ciydae ¢ n3o0pakeHusaMu Bee
IIUKCEJIBI MOTYT 00pabaThIBaThCS OJIHOBPEMEHHO.
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B TexcToBbI€ TaHHBIE OY€HDb YYBCTBUTEIbHBI K HEOOJIBITUM U3MEHEHUSAM B OT-
JeJbHBIX euHrIax (CJ0Bax Win cuMBoJiax). MzobpaskeHus, Kak IpaBuiio,
MeHee YYBCTBUTENbHBI K N3MEHEHUSIM B OTIENbHBIX MUKCETbHBIX €IMHU-
ax — B M300paKeHUH IOMa BCe PABHO MOKHO Y3HATH JIOM, [asKe U3MEHUB
HEKOTOPbIE MTUKCEJIbI, hopMupyolue ero nzodpaxenre. OHAKO U3MEHEHHEe
JIa’ke OJTHOTO CJIOBA B TEKCTE MOXKET PAUKAIBHO U3MEHUTH €T0 CMBICIT WJIH
MIOJTHOCTBIO JIUIIUTH CMBICJIA. DTO OY€Hb 3aTPYAHSIET 00yUeHIe MOJIETH CO-
3[IaHKIO CBSI3HOTO TEKCTA, TAK KaK KaK/I0€ CJIOBO JKU3HEHHO BayKHO JIJIsT 00111e-
TO 3HAUEHUS OTPBIBKA.

B TekcroBbie JaHHbIE UMEIOT CTPYKTYPY, OCHOBAHHYIO Ha TPAMMaTHYECKUX
[paBUJIax, Torga Kak n300paskeHust He CIeAyI0T KaKuM-JT00 TIpaByIaM, pe-
rJIAMEHTHPYIOIIUM, KaK JI0JKHBI HadHAYaThCsl 3HaUeHust muKceam. Hampu-
Mep, B JII0O0OM KOHTEKCTE ObLIO Obl IPAMMATUYECKU OE3TPaMOTHO HAIIUCATD:
«Komka cupnt Ha obsmagaroruii». CyIecTByOT TakKe ceMaHTHYECKHE Ipa-
BUJIA, KOTOPBIE YPE3BBIYAITHO TPYAHO CMOETMPOBATH; HATIPHMED, BHIPAKEHIE
<1 B ILISIZKE» CEMAHTUYECKHU [TOCTPOEHO HEIIPABUIIbHO, XOTS TPAMMATHYECKU
B HEM HET HUYETO ILJIOXOTO.

B MojiesmpoBaHuu TeKCTa JOCTUTHYT GOJBITNON TIPOrPECE, HO MOAXO/bI K peliie-
HUIO BBIIIEYTIOMSHYTHIX TIPOOJIEM BCE ellle OCTAIOTCS TIPEIMETOM UCCIIE0BAHNUIA.
PaccmoTpum asiee oHy 13 HanboJiee YCTOSIBITIXCST MOZIEIEH, TIMTHPOKO UCTIOb-
3YEMBIX JIJIS TeHePaIy MOCIe/I0BaTeIbHBIX JAHHBIX, TAKMX KaK TEKCT, — PEeKyp-
penTHyIo Heliponnyio ceth (Recurrent Neural Network, RNN), u B wactHoCTH
cJioit roroit kparkocpouHoii mamsitu (Long Short-Term Memory, LSTM). A 3a-
TEM MO3HAKOMUMCS C HEKOTOPBIMU HOBBIMHM METOJIAMM, TTOKA3aBITUMU MHOTO-
oberranliye pe3yabraTbl B 00J1aCTH TeHeparuy map Borpoc,/orser. Ho cHavasma
OGpOCUM B3IJISIT HA UCTOPHUIO O TIOPHME, 3aKJII0YeHHbIE KOTOPOH OPraHu30BaJN
JIATEpaTypHOE 00TIECTBO.

JintepatypHoe o6wecTBO ANA NPO6aEeMHbIX
npaBoHapywurenen

TiopeMHbIil Hagzupareab Jasapa Comnn HeHaBuIed cBOIO paboTy. OH TPoOBO-
JAJT THU, HAOJTI0/1ast 32 3aKJII0YEHHBIMU, TIOYTH HE MMest CBOOOIHOTO BPEMEHH,
4TOGBI ITPEATHCST CBOEH MCTHHHO CTPACTH — HAIIMCAHUIO KOPOTKUX PACCKA30B.
B koHIle KOHIIOB BoxHOBeHHe mokuHy0 Comnmna u eMy moHa[00uICs Croco0,
MO3BOJISIIONIIIT BOCCTAHOBUTH CIIOCOOHOCTh K COYNHUTETBCTBY.
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OpHasK /1Bl €MY B TOJIOBY TIPHIILIA OJIECTSAIIAs Wiest, BOIUIOTUB KOTOPYIO OH CMOT
ObI CO3/1aBaTh HOBbIE Xy/I0KECTBEHHBIE TIPOU3BEICHUS B CBOEM CTHJIE, U B TO JKe
BPeMsI 3aHSATh 3aKII0YeHHbIX. Ves Oblaa B TOM, 4TOOBI 3aCTABUTH 3aKII0OYEHHBIX
mucaTh pacckasbl 3a Hero! O ocHosas HoBoe oOmiectBo LSTM (Literary Society
for Troublesome Miscreants — jurepaTypHoe 0OIECTBO A TPOOJEMHBIX
paBoHapytuTesei ).

TiopbMa, Te paboTaeT DaBapi, — HEOObIYHAS, TOTOMY YTO B HEH MMeeTCs
TOJIBKO OJTHA (OJIBbIIASA KAMepa, T/ COAEPKaTCs 256 3aKIOUeHHBIX. Y KasKI0T0
3aKJII0YEHHOTO €CTh CBOE MHEHKE O TOM, KaK CJIe/yeT MPOAOJIKUTh TEKyIUii
pacckas dusapzaa. Kaxaplil 1enb Dasap/ cooOmaeT 3akIi04eHHbIM TT0CTIeHee
CJIOBO U3 CBOETO PaccKasa, a Te J0JKHbBI CKOPPEKTHPOBATH CBOE TIPEACTaBIeHIe
0 TEKYIIEM COCTOSHIN PACCKa3a, OIIPAsICh Ha HOBOE CJIOBO M BUEPAIIHIE MHEHHUS
3aKJIIOUEHHbIX.

Kaskprit 3akmoueHHBIN KOPPEKTUPYET CBOE MHEHUE, COTIOCTABIISISI HOBOE CJIOBO
U MHEHUST IPYTUX 3aKTI0YEHHBIX CO CBOMM COOCTBEHHBIM MHEHHMEM B ITPOIILIIOM.
[Tpeskie Beero, KaxkIblil PeraeT, 4To U3 BUEPaIHEro MHEHHSI OH JI0JIKEH 3a0bITh,
OTIMpasiCh HA HOBOE CJI0BO U MHEHUA APYTUX 3aKJIOYEHHBIX B KaMepe. 3aTeM
BCe 3aKJII0YeHHbIe (DOPMUPYIOT HOBBIE MBICJIU U PENIAIOT, KAKMe U3 HUX CIeTyeT
N0GABUTD K TIPEKHUM MHEHUSIM, KOTOPBIE PEIIEHO TEPEHECTH U3 TIPEIBIIYIIETO
nust. [ocae aToro Kaxabiit hopMUpPYyeT CBOe HOBOE MHEHUE HA TEKYTINIT I€Hb.

O[[HaKO 3aKJIIOYEHHbIE CKPBITHBI 1 HE BCErJa AeJATCA CBOMMU MbBIC/TIAMU C CO-
KaMepHUKaMU. Onu takxe VMHANBUAYAJbHO UCITIOJIb3YIOT ITOCJ/IEHEE BbI6paHHO€
CJIOBO 1 MHEHHUA JIPYTUX 3aK/JIOYE€HHDbIX, YTOOBI PEINTD, KaKyIO 4aCTb CBOETO
MHEHUA PAaCKPbITb.

Korzma 9aBapa Xo4eT MOJyIUTh CIAEAYIONIee CJI0BO, OH TPOCUT 3aKII0OUEHHBIX
COOBIIUTH CBOU MHEHUSI OXPAHHUKY, CTOSIIEMY Y IBEPH KaMePbl, KOTOPbIil 06b-
eIMHsIeT TOJTyYeHHYI0 HHGOPMAIIMIO U BBIOUPAET, KaKoe CJI0BO Oy/IeT 100aBIeHO
B KOHEI[ pacckasza. ITO HOBOE CJIOBO 3aTeM COODIIAETCS 3aKTIOYEHHBIM B KAMEPE,
U IIPOIIECC TIPOIOJIKAETCSI, TOKA PAccKa3 He OyIeT 3aBepIIeH.

Y0661 06YYNTD 3aKITIOUEHHBIX ¥ OXPAHHKUKA, DABap/ epeJacT HallUCAHHbIe MM
KOPOTKHME I10CJIeI0BATEJIbHOCTU CJI0OB B KaMepy U IIPOBepseT, HACKOJbKO IIpa-
BUJIBHO 3aKJIIOUEHHbBIE BBIOpasK cieayiotiee coBo. OH coobIaeT uM, HaCKOJIb-

! 3meco urpa ciios: ab6pesuarypa LSTM B Mupe ManmHHOro 00ydeHust paciuiudpoBbIBAeTCs

kak «Long Short-Term Memory» (zo/ras KpaTKkocpodHas namMath). — [pumeu. nep.
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KO HpaBI/IJII)HHﬁ BI)I60p OHHU C/ieJTa/Iv, 1 ITIOCTEIIEHHO 3aKJ/JII0Y€HHbIE O6y‘{aIOTCH
IIMCaTb paCCKa3bl B CBOEM cOOCTBEHHOM YHUKaJIbHOM CTUJIE.

[Tocsie MHOKeCTBA UTEpaIyii 00yueHust DaBap 0OHAPYKUI, YTO CUCTEMA JI0-
CTHTJIA IOCTATOUYHO BBICOKOTO YPOBHS COBEPIIIEHCTBA B CO3/IAHUN PEATTMCTUIHOTO
tekcra. [IpaB/a, TeKcTaM He XBaTaeT CeMaHTUIECKON CTPYKTYPBI, HO OHH, Ge3yc-
JIOBHO, IEMOHCTPUPYIOT XapaKTePUCTUKH, CBOMICTBEHHBIE €T0 MPEeAbIAYIITIM pac-
ckazam. Hakoner, yosieTBopeHHblil pesysbratamu Cori my6uKyeT cOOpHUK
pacckas3oB non HazBaHueM «bacuu 3. Cormmas.

CeTun c AoNron KpaTKkoCpo4yHON NaMATbIO

Ucropust mucrepa Corira u ero 6aceH, HalTMCAHHBIX KOJJIEKTUBOM 3aKJII0Y€H-
HBIX, BeCbMa HAIIOMUHAET OJIHY U3 HanOoJiee YCIENHbIX 1 ITUPOKO UCITOJIb3Y-
€MbIX METOIMK TJIyOOKOTO OOYyYEeHHMsI LIS CO3/aHMsI TAKUX TOCJIE0BATETbHBIX
JIaHHBIX, KaK TEKCT: CETh C J0JIT0i KpaTkocpounoii mamsteio (Long Short-Term
Memory, LSTM). Cetb LSTM — 5T0 pasHOBUIHOCTD peKyppeHmmoll HelupoHHOU
cemu (Recurrent Neural Network, RNN). Cetit RNN cozepskaT peKyppeHTHbIi
cioit (M stuediky ), criocoOHbI 0OpabaThiBaTh MOCIE0BATENbHbBIE JaHHbBIE
Y TeHEepUPOBATh HOBBIE JJAHHBIE, XaPAKTEPHbBIE [IJIST OIIPE/IEJICHHOTO BPEMEHHOTO
1mara, popMUpPYs YacTh BXO/HBIX JAHHBIX JIJISI CJIEYIONIET0 BPEMEHHOTO 111ara,
Gmarogapst yeMy nH(GOPMAIUS U3 TPOIILJIOTO MOKET BJIMSTH HA IIPOTHO3 HA Te-
KyIeMm BpeMeHHOM 1nare. Takum o6pasom, mox cemovto LSTM noppasymeBaeTcst
HeHWpOHHAas CeThb ¢ peKyppeHTHbIM coeM LSTM.

Korzma cetrt RNN TO/IbKO MOSIBUJINCH, PEKYPPEHTHBIE CJIOU OBLIM OY4€Hb MPO-
CTBIMU U COCTOSIII UCKIIOUNTETHFHO U3 OTlepaTopa tanh, KOTOPBIN TAPAaHTUPOBAJ
MacitabupoBaHue HHGOPMAIIUH, TepeaBaeMoil MesK1y BpeMEHHBIMU IIaraM,
B nuamna3on oT —1 1o 1. Ho mo3aree BBISICHUIIOCH, YTO 9TO pellieHne CTpajaeT
poOJIEMOI 3aTyXaHUsT TPAJINEHTa U TJI0X0 TOAXOANT JIJIS CO3MaHUS JITTHHHBIX
[IOCJIeI0BATEJIbHOCTE.

Briepsoie stueiiku LSTM ynomsiayTsl B 1997 rony B craThe! 3erna Xoxpaiitepa
u IOprena IImuaxy6epa. B 91001 cTathe aBTOpbI OMKCHIBAIOT, todeMy LSTM ne
cTpagaT mpodIeMON 3aTyXaHus TPaJneHTa, XapaKTepHOH uist 06braHbIX RNN,
U MOTYT 00y4aThCsi Ha TTOCJAEI0BATETbHOCTSIX JVIMHON B COTHM BPEMEHHBIX I11a-
roB. C tex mop apxutextypa LSTM amantuposana u yayuriera. B HacTosiee

' Sepp Hochreiter u Jiirgen Schmidhuber, Long Short-Term Memory», Neural Computation
9 (1997): 1735-1780, http://bit.ly/2In7NnH.
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BpEMSI ee BapUAIUU MIMPOKO UCTIOJIB3YIOTCS U JIOCTYIIHBI B Bujle cioeB Keras
Kak ynpasisemvie pexyppenmuvie 610xu (Gated Recurrent Unit, GRU). Urak,
HOCMOTPHUM, Kak ¢ omolbio Keras mocrpouts mmpocryio cetb LSTM, criocoGHyo
reHeprpOBaTh TEKCT B CTHJIEe OaceH D301a.

Bawa nepsBas cetb LSTM

CHauaJjia HYJKHO ITOJIYYUTb UCXO/IHbIE JTaHHDIE.

B kauecTBe OCHOBBI HCIIOJIb3YyeM KoJLIeKInio GaceH D3oma (http://bit.ly/2QQEfST),
ckauaB ee ¢ caiita Project Gutenberg (http://www.gutenberg.net/). HammomunmM, aTo
KOJLJIEKIUS GECILIATHBIX 9JIEKTPOHHBIX KHUT B BUJIE TIPOCTBIX TEKCTOBBIX (DaiiJIoB.
Omna gBJsIeTCS OTANIHBIM UCTOUHUKOM JAHHBIX, KOTOPBIE MOKHO MCTIOJIH30BaTh
115t (hOPMHUPOBAHUST TEKCTOBBIX MOJIENEN TJIyOOKOTO 00yUeHUSI.

3arpysum JaHHBIE:

bash ./scripts/download_gutenburg_data.sh 11339 aesop

Terepb pacCMOTPUM ATk, KOTOPbIE HY’KHO BBITIOJHUTD, YTOOBI TPUBECTH JIaH-
Hble B (hopmy, mpuroanyio 1yst ooyuerust cetu LSTM. CooTBeTCTBYIOMMI KOJT
BBI HalizieTe B 6soxHOTE 06_01_Istm_text_train.ipynb.

Jlekcemunsayna

[lepBbiii 1miar: OunCTKA U JIEKCEMU3AIHs TeKCTa. Jlekcemuzayusi — 3To TmpoIece
paszaeisieHnuda TEKCTa Ha OTAeJIbHbIE € JUMHUIIbI, JIEKCEMbI, TAKHE KaK CJIOBa W1
CUMBOJIBI.

[Topsinok nekceMusaluy TeKCTa 3aBUCUT OT TIeJiel, CTOSIINX TIePe]l MOJEbIO.
Jlesienue TekcTa Ha CJIOBa U HA CMBOJIBI IMEET CBOM ILIIOCKHI I MUHYCBI, U BBIOOD,
KOTOPBIN MbI c/iejiaeM, OyIeT BJIUATH Ha TO, KaK CJIeAyeT OUUCTUTD TEKCT Hepe]
MOJIETUPOBAHNEM U UTO TIOJYIUTCS HA BBIXO/IE€ MOJIET.

[Ipu seKceMU3aIUK 110 CI0BAM BECh TEKCT MOXKHO IPeo0pasoBaTh B HUMKHIIA
perucTp, 4ToObI rapaHTHUPOBATH OJUHAKOBYIO JIEKCEMU3AIUIO CJIOB C 3arJIaBHbI-
My OYyKBaMU B Hayajie TPe/JIOKEHUI U TeX JKe CJI0B B CePelnHe TIPEIIOKEH L.
O/1HaKO MHOT/IA 9TO MOKET ObITh HEsKeJIaTeIbHO: HAIPUMED, COXPaHEHHE 3araB-
HBIX OYKB B HEKOTOPBIX MMEHaX COOCTBEHHBIX (MMeHa JIojieil, reorpaduyeckue
Ha3BaHs1) MOKET JIaTh OIPeIeJIeHHbIE BBITO/IbI, TIOTOMY YTO OHU OYIyT JieKce-
MU3UPOBATHCS HE3ABUCUMO.
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B TexcToBbIi c106aps (HAOOP OTAETHHBIX CJIOB B 0OydaoieM Habope) MOKET
HOJIYYUTHCST O4eHb GOJIBIIUM, TPH TOM HEKOTOPbBIE CI0BA OYLYT UCIOJIB30-
BaTbCsl B TEKCTE OUEHDb PEJIKO UJIH JIaXKe TOJIBKO OAIUH pas. Takue «yHUKaJb-
HBIE» CJI0BA MOJKET OBITH 11e1eCO00Pa3HO 3aMEHUTD CIIEIUATBbHON JIEKCEMOTI,
0603HAYAIOIIEl HeussecmHoe cl06o, a He BKJII0YAaTh UX KaK OT/Ae/IbHbIE JTeKCe-
MblI, YTOOBI YMEHBIIUTH KOJINYECTBO BECOB B HEHPOHHOI CETH.

m CJiioBa MOKHO ynpocmums, CBe/isl UX K MpocTeiieii hopme, ¢ TeM 4TOGbI
IJIArOJTBl B PA3HOM BPEMEHU JIEKCEMU3UPOBAJINCH B O/IHY Jiekcemy. Harpu-
MED: NPOCMOMP, NPOCMOMPEMb, BPOCMOMPE U NPOCMOMPENU — BCE ITU CIIOBA
OymyT 1peoOpPa3oBaHbI B JIEKCEMY NPOCMOMP.

B 3HaKu [PernvHAHUS HY/KHO OyJeT TOoXkKe JIeKCeMU3UPOBaTh M BOOOIIE OT-
OPOCHTB.

B [Ipumenenue jiekceMuU3alu CJI0B 03HAYAET, UTO MOJIEJIb HUKOT/IA HE CMOJKET
CTeHepPHPOBATD CIIOBO, He BOIIEIIee B ydeOHBIN CITIOBAPbD.

Ecmm BI)I6P3.TIJ JIEKCEMU3AINIO 110 CUMBOJIaM, TO MO/I€JIb CMOJKET T€HEPHUPOBATDH
ImocJje10BaTeJIbHOCT CMMBOJIOB, O6p3.3y10HII/I€ HOBbI€ CJIOBa, HEe BOIIe/AIIne
B y‘-Ie6HI)II>'I CJIOBapb. ITO MOKET OBITH KEIATEIbHO B OJJHNX KOHTEKCTaX, HO He-
JKeJlaTeJIbHO B IPYTUX.

|| 3ariaBHbBIE 6YKBI)I MOTyT HpeO6paBOBbIBaTbCH B CTPOYHbBIE UJIX COXPAHATbHCA
B BU/€ OT/IC/IbHBIX JIEKCEM.

|| C]IOBapb IIpy1 UCITOJIb3OBAaHUU JIEKCEMU3AIINU 110 CUMBOJIaM 00OBIYHO moJiy-
Ya€eTCd Ky/la MEHEE 00BEMHBIM. ITO CHOCO6CTByeT YBEJIMNYEHUIO CKOPOCTHU
O6y‘-I€HI/I$I MOZ€eJIN, TaK KaK B KOHEYHOM BbIXO/ITHOM CJIO€ COAEPIKHUTCA MEHbIIIE
BECOB.

B 5TOM mprMepe MbI KCITOIB3YeM JIEKCEMU3AIIHIO 10 CJIOBaM C TIpeobpazoBaHueM
CYIMBOJIOB B HUZKHUI perucTp u 6e3 yrpoiieHust (cmemmunea) cioB. Mbl Takske
OyieM JIEKCEMU3UPOBATh 3HAKK MPEIUHAHUS, YTOOBI MOJIE/Ib CMOTJIa MPEICKa-
3bIBaTh, KOT/Ia, HAIIPUMeED, JOJLKHBI 3aKaHUYUBATHCS TIPEIJIOKEHUS] UJTH OTKPBI-
BaThCs/3aKPBIBATHCS MPsAMast pedb. HakoHelr, Mbl 3aMeHIM TTOC/IeI0BATEThHOCTH
CHMBOJIOB IIEPEBO/IAa CTPOKH, OT/EJSIONINE PAaCCKasbl, 0JIOKOM CUMBOJIOB HOBbLIL
pacckas, || |111IIII11111]1]]. Baarogapsg aTomy, reHepupyst TEKCT € IIOMOIIBIO
MOJIEJTH, MBI CMOJKEM TIEPEaTh €l ATOT GJOK CHMBOJIOB, YBEIOMJISTIOIINI O TOM,
YTO MOJIEJTb JI0JIKHA HadaTh HOBBIN paccKas.

KO,Z[ B incTunre 6.1 OUMIIAET TEKCT W BBIIIOJIHAET JIEKCEMU3AIINIO.
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JInctuHr 6.1. JlekceMunsaums

import re
from keras.preprocessing.text import Tokenizer

filename = "./data/aesop/data.txt"

with open(filename, encoding='utf-8-sig') as f:
text = f.read()

seq_length = 20
start_story = '| ' * seq_length

# OYMCTKA

text = text.lower()

text = start_story + text

text = text.replace('\n\n\n\n\n', start_story)
text = text.replace('\n', ' ")

text = re.sub(' +', '. ', text).strip()

text = text.replace('..', '.")

text = re.sub(' ([ !»#$ %&()*+,-./:;<=>@[\1*_"{|}~1)"', r' \1 ', text)
text = re.sub('\s{2,}', ' ', text)

# NEKCEMU3AUMA

tokenizer = Tokenizer(char_level = False, filters = '')
tokenizer.fit_on_texts([text])

total_words = len(tokenizer.word_index) + 1

token_list = tokenizer.texts_to_sequences([text])[@]

Ha puc. 6.1 mokazan ¢parMeHT TeKcTa 1ocjae OUUCTKU.

Ha puc. 6.2 okazaH CJIOBApb JIEKCEM C COOTBETCTBYIOIIMMU UM NHIAEKCaMU,
a TaKyKe (bpaI‘MeHT JIEKCEMU3UPOBAHHOI'O TEKCTA C COOTBETCTBYIOHIMMU CJIOBAMU,
BbI/ICJICHHBIMMU 3€JICHBIM IIBETOM.

TTLILPELEEEE LT 1] | the fox and the grapes . a hungry fox saw some fine bunches of grapes hanging from a
vine that was trained along a high trellis, and did his best to reach them by jumping as high as he could into the air . but it
was all in vain , for they were just out of reach : so he gave up trying , and walked away with an air of dignity and unconcern
, remarking , " i thought those grapes were ripe, butisee now they are quitesour." | | [ [ ] [T 11111111 ]]|the
goose that laid the golden eggs . a man and his wife had the good fortune to possess a goose which laid a golden egg every
day . lucky though they were , they soon began to think they were not getting rich fast enough , and , imagining the bird
must be made of gold inside , they decided to kill it in order to secure the whole store of precious metal at once . but when
they cut it open they found it was just like any other goose . thus , they neither got rich all at once , as they had hoped , nor
enjoyed any longer the daily addition to their wealth . much wants more andlosesall. | | | [ [ [ 1111 11111]1]111
the cat and the mice . there was once a house that was overrun with mice . a cat heard of this, and said to herself , "
that\'s the place for me , " and off she went and took up her quarters in the house , and caught the mice one by one and
ate them . at last the mice could stand it no longer , and they determined to take to their holes and stay there . " that\'s
awkward , " said the cat to herself : " the only thing to do is to coax them out by a trick . " so she considered a while , and
then climbed up the wall and let herself hang down by her hind legs from a peg, and pretended to be dead . by and by

Puc. 6.1. TeKCT nocne o4YncTku
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tokenizer.word index token_ list

{l|r l: l
|’r= D f
"the': 3, gé
'and': 4, '
rotE B, 4,
'a': 6, 3,
"o’y 7, 940,
Hhl By Sy
tof’ s 9. 6,
'he': 10, 382,
'his': 11, 56,
'was': 12, 94,

Puc. 6.2. Cnoapb, 0TO6paXatoLLuii C/loBa B MHAEKCHI (CneBa),
N TEKCT nocne nekcemmsaunm (cnpasa)

Co3paHue Ha6opa AaHHbIX

Hama cers LSTM 6ymer o6ydaTbcs MpeACcKasbiBaTh CAeAYONee CIOBO 110
UMEIOIENCS TTOCJAEI0BATETHHOCTH, C YUETOM CJIOB, IPE/IIECTBYIONUX TEKYIIEN
no3unuu. Harnpumep, Mbl MOKeM IepefiaTh B MOJIEIb TEKCT «KaJAHBII KOT U»
U OJKHU/IaTh, YTO MOJIENTh BBIBE/IET TIOAXOAIIee Caeyoniee CJI0BO (HalpuMep,
«cobaka», a He «B»). J{JIMHA MOCIe10BaTEIbHOCTH, UCIIOIb3yeMOil st 0Oyue-
HUST MOJIEJIH, SIBJISIETCSI TapaMeTPoM Tipoiiecca oOydenus. /s aToro mpumepa
MBI PENTUJIN UCIIOJIb30BaTh MOCIEI0BATETbHOCTD JJINHONM B 20 CJIOB, TO3TOMY
pazobbeM TekcT Ha GparmMenTsl o 20 coB. Beero MokeT ObITH IOCTPOEHO
50 416 Takux 1MOCAEI0BATEIBHOCTER, MOITOMY HaIll HAOOP OOYUAIOIINX JTaHHBIX
X mpejcrasiisier coboil MaccuB ¢ popMoii [50416, 20]. B oTBeT Ha KasKIyIo MO-
CJIe0BATEIbHOCTD MOJIEJIb Oy/IET BO3BpaIlaTh CJeyloliee 3a Heil CI0BO, pej-
CTaBJIEHHOE B BHUJIe BEKTOPA IIPSIMOTO KOAMPOBAHUS ¢ IanuH0H 4169 (KommmuecTBO
OT/IETHHBIX CJIOB B cJioBape). To ecTh OTBET SIBJISIETCS MACCUBOM JIBOMIHBIX TTUDP
¢ ¢hopmoii [50416, 4169].

Cosmanvie Habopa JAHHBIX OCYIIECTBJISIET KOJI, TIPECTABICHHBIN B JIUCTUHTE 6.2.

JInctmHr 6.2. Co3gaHve Habopa AaHHbIX

import numpy as np
from keras.utils import np_utils
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def generate_sequences(token_list, step):

X =[]
y =[]

for i in range(@, len(token_list) — seq_length, step):
X.append(token_list[i: i + seq_length])
y.append(token_list[i + seq_length])

y = np_utils.to_categorical(y, num_classes = total_words)

num_seq = len(X)
print('Number of sequences:', num_seq, "\n")

return X, y, num_seq

step = 1

seq_length = 20

X, y, num_seq = generate_sequences(token_list, step)
X = np.array(X)

y = np.array(y)

Apxutektypa moaenu LSTM

Ha puc. 6.3 nmokasana o6miast apxurektypa Mozesn. Ha BXox Mozesu mogaercst
MOCJIeI0BATEJIbHOCTD 11€JIOYNCIEHHBIX NHIEKCOB JIEKCEM, a Ha BbIX0/[€ BO3Bpa-
[IaeTCs BEPOSITHOCTD 1711 KasK/I0I0 CJIOBA B CJI0BAape, YKa3bIBaloIas, YTO UMEHHO
9TO CJIOBO JOJKHO OBITH OUEPEIHBIM B IIOCIEN0BATEAbHOCTUA. YTOOBI IOHATS,
Kak paboTaeT MOJIE]Ib, HY5KHO TO3HAKOMUTHCST C JABYMSI HOBBIME THITAMH CJIOEB:
Embedding 1 LSTM.

Layer (type) Output Shape Param #
input 1 (InputLayer) (None, None) 0
embedding 1 (Embedding) (None, None, 100) 416900
lstm 1 (LSTM) (None, 256) 365568
dense_1 (Dense) (None, 4169) 1071433

Total params: 1,853,901
Trainable params: 1,853,901
Non-trainable params: 0

Puc. 6.3. ApxutekTypa Mmogenum LSTM
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Cnon Embedding

Croit Embedding (co3/laHnsi BEKTOPHOTO TIPEJICTABIEHUSI) — 3TO, 110 CYTH,
TabJIMIla COOTBETCTBUM, TPpeodpasyolast KKy JeKCeMY B BEKTOP C JIJIUHON
embedding_size (puc. 6.4). To ecTb KOJMYECTBO BECOB B 9TOM CJIOE PABHO pa3Mepy
CJI0Baps, YMHOKEHHOMY Ha embedding_size.

CJ0ii Input mepesaeT TeH30D IeJOYNCIEHHBIX TIPEICTABIEHNIT TeKceM ¢ Gop-
Mol [batch_size, seq_length] B cJioli Embedding, KOTOPBII BO3BpaIlaeT TEH30P
¢ (hopmoii [batch_size, seq_length, embedding_size], KOTOPBIH 3aTeM Tepe-
maetcs B cyoit LSTM (prc. 6.5).

[TesrouncieHHOE TIPeICTaBIeHIE KasKI0U JIEKCEMbI TPe0OpasyeTcst B HENPePhIB-
HBII BEKTOP, MTO3BOJISAS MOJIEN BBIYUUTh BEKTOPHOE TIPEICTaBIeHNE KasKIOTO
CJIOBa, KOTOPOE MOKET OOHOBJISATHCS Ha dTare 0OPaTHOrO PacipoCTPaHeHUsI.
MBI TaksKe MOTJTH OBI HCTIOIB30BaTh METO/[ TPSIMOTO KOAMPOBAHIS [T KAKI0H
BXOJIHO JIEKCEMBI, HO TTOIXO0/l Ha OCHOBE BEKTOPHOTO ITPEICTABIEHUSI C UCITOJTh-
30BaHUEM CJI0s Embedding IIPeIIOUTUTENBHEE, TIOCKOIBKY JIEJIAET 9TO BEKTOPHOE
IpejicTaBieHne 06y4aeMbIM, YTO YBETMIMBAET THOKOCTD MOJIE/N [TPU TPUHSTHN
PELIEHKs O TOM, KaKOe [IPEJCTABICHHIE JOKHA UMETh KaxKAasl JICKCEMa, YTOObI
IIOBBICUTD Ka4€CTBO MOJIEJIN.

Embedding
3 -0.13 0.45 0.13 -0.04
% 0.22 0.56 024  -0.63
a 0.16 -0.70 -0.35 1.02
=
g 098  -0.45 015  -0.52

I
Pa3mep BekTOpHOro npeacTasnenns nekcemsl (100)

Puc. 6.4. Cnoii Embedding — 310 Tabnuua npeobpa3oBaHus LLeNOYUCTIEHHBIX
NpeacTaBNEHNI NIEKCEM B BEKTOPbI
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22 064 024 | - | o085]-007
z 2 0,22 | 0,56 0,24 | -0,63
% 56 -024 1068 | - | 022]-025
§ 3 098 | 053 | - |-0.25]-045
2 g 022 | 056 | -~ | 024 [-063
= ) i) =
gl5 — s " &
- =
5 | 940 5 067 [ 034 | ~ |[-025]-066
£ | 941 1,34 [-015| - |-013]-0,10
g | 62 094 033 | ~ [o63]o032
(0]
5 5 084|057 | -~ |o092]-055
(o]
C 581 -0,73 | 0,23 0,14 | 0,83

U

Pa3mep BekTopHOro npeacraeneHusi nekcembl (100)

Puc. 6.5. Kak eanHCTBEHHAs NocnefoBaTenbHOCTb nepecekaeT coi Embedding

Cnon LSTM

Yto0bl OHATH, Kak padoTaet cioil LSTM, cHayasia mO3HAKOMUMCSI ¢ paboTOit
PEKYPPEHTHOTO CJIOSI.

PexyppeHTHBI#T 0l 001aaeT 0co00i BO3MOKHOCTBIO 0OpabaThiBaTh TOCIE-
JoBaTe/IbHbIe BXOAHBIE JaHHbIE [X,, ..., X |. OH coCTOUT U3 Aueiiku, OOHOBJIS-
folIeii cBoe ckpbumoe cocmosnue h, 1o Mepe IPOXOXKICHUA KasKI0TO 21eMEHTa
0C1e10BaTeIbHOCTH X,. CKPBITOE COCTOSHIE — BEKTOP, IJIMHA KOTOPOTO PaBHa
KOJIMYECTBY Y3108 B siUeliKe, — MOKHO PACCMaTPUBATh KaK TEKyIllee MOHNMaHUe
MOCJIe/IOBATEIBHOCTHY sTuelikoil. Ha BpeMeHHOM I1are ¢ stueiika UCIoJib3yeT Tpe-
JIbITyIIIee 3HAYEHNe CKPBITOTO COCTOSTHUSA /1, | C IAHHBIMI U3 TEKYIIIero BpeMeHHO-
rO I1ara X,, 4YT00bI HOJTyYUTh OOHOBIECHHBII BEKTOP CKPLITOTO COCTOAHNUA /. DTOT
PEKYPPEHTHBII MIPOIIECC MTPOJIOJIKAETCS 10 KOHIA rocjienoBareabHoctu. Koria
[OCJIE/IOBATEBHOCTh 3aKOHUUTCSI, CJIOM BO3BPAIAET OKOHUYATEHHOE CKPBITOE
cocTogHue AUelikn /1 , KOTOpoe 3aTeM MepeiaeTcs B CIeyIONnii C/I0i ceTn. ITOT
mpoIiecc mokasan Ha puc. 6.6.

Y1006bI 00BSICHUTD PAOOTY €101 H0JIee TIOAPOOHO, PasBEPHEM IIPOIIECC U TIOCMO-
TPUM, KaK OJMHOYHAS ITOCTIEA0BATEIbHOCTD epecekaeT coi (puc. 6.7).
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Puc. 6.6. Cxema
paboTbl MPOCTOro

PekyppeHTHbIV crion

A 4

Avenka

pEKYPPEHTHOrO Cost

v

h

n

Embedding

3 MNocnenoBaTtenbHOCTb U3 20 nekcem
X
2
2 (slalelgle] [8]e=[s]=
5 LIRIR|IRI= S B4 IS) B (S)
%8 Yo ol Kspl
oo AR B Y =88]
cl olo|o|*R]|e A A K= k=) k=)
© 3
Ha Bxop sueiiku 2z
MoJalTCs BEKTOPHOE 8—%
o
npeacTaeneHne g5 MEEEE SAEEINE
COOTBETCTBYHOLLETO @ olsleolo]|s SN KSN S =Y S
_ Q
cnoBsa B nocrneno o zlsllzly NAEAEE
BaTeNbHOCTN a 1l ieal e 22|82 5
1 CKpbITOE COCTOSHVE

13 npeabliayLiero
BpPEMEeHHOro wara
\d

-
-

\
\ / PekyppeHTHbIV cnoﬁ\ \
y

ho h:‘ h2 ha
—:—b Auerika fF——Pp|Aueika Pl Aveiikaf——p - ——Pp|Aueiika Pl Aveika Pl Aueiika
| :
1 1
| |
! 1 h
HauanbHoe ckpbiToe | 20
COCTOsIHNE ! ¥
[0,34 -0,12 .. 0,54 -0,23] [0,93 -0,72 .. 0,19 -0,61]
units (256) units (256)

Kaxxpas siuelika nepeHoCUT CBOe «CKpbIToe»
COCTOsIHWE Ha crefyoLuii BpeMEHHO Luar.
[lnvHa 3TOro BEKTOpa paBHa KOMMYECTBY Y3rI0B B SiUelKe.

Cnon BO3BpaLlaeT OKoH4YaTesibHoe
CKpbITOE COCTOAHME. [AnunHa atoro
BEKTOpa paBHa KONMM4ecTBY y3510B B aYenke.

Puc. 6.7. Kak oauHo4Has nocneaoBaTeibHOCTb NepecekaeT pekyppeHTHbIN Cloi
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ITa AuarpaMMa peKyppeHTHOTO MPOoIecca, T/e Kaxkaas syeiika MpecTaBIser
OT/IETHHBIN BPEMEHHO TIar, HaTJIs/HO UJLTIOCTPUPYET, KAK CKPBITOE COCTOSTHIE
HOCTOSIHHO OOHOBJISAETCS IIPU IIPOXOKACHIH Yepes3 STYeiiKu. 31eCh SICHO BU/HO,
YTO TIPEBIAYIIEe CKPBITOE COCTOSTHIE CMETITUBAETCA € TEKYIIeN TOUKOU JaHHBIX
B TIOCTIEIOBATENBHOCTH (TO €CTh C BEKTOPHBIM IIPeICTaBIEHIEM TEKYTIIETO CI0BA)
U CO3MIAeTCSI CJIeyTIOIee CKPBITOE COCTOsIHIE. Pe3ybraToM CJ1osT SIBJISIETCST [10-
CTUTHYTOE CKPHITOE COCTOSTHUE SUEIKH Tocse 00pabOTKU BCEX CJIOB BO BXOIHOI
I0oCJIe/I0OBAaTeTbHOCTH. BaskHO MMOMHUTD, YTO BCe sTYENKM Ha 9TOM AuarpaMme
HMMeEIOT OJIMTHAKOBBIE Beca (ITOTOMY UTO HAa CAaMOM JIeJie 3TO OTHA U Ta JKe sTJeiika).
Mesxmy aToii tnarpammoii u puc. 6.6 HeT HUKaKOH pa3HUIIBI; 3TO TPOCTO IPYTON
c11oco0 MpeicTaBIeHst MEXaHUKK PEKYPPEHTHOTO CJIOS.

Bbl60p Ha3BaHUA «CKpPbITOE COCTOAHME» AN pe3ysibTaTa, Mosy4YaeMoro
HHGVIKOVI, ABNSETCA CeACTBMEM HeyAayHOoro cornalleHuns. Ha camom gene
OHO He CKPbITO, U Bbl HE AO/HKHbI CYMUTATb €ro TakosbIM. B [ENCTBUTENBbHO-
CTK nocneaHee CKpbIToe COCTOAHUE CTAHOBUTCA pPe3yibTaTOM BCEro CNo4,
N KpOME TOro, ganee B 3TON rnaee He pa3 6YLl,eT NnoKa3aHa BO3MOXHOCTb
A0CTYyNa K CKPbITOMY COCTOAHUIO Ha KaXXA0M OTAEIbHOM BPEMEHHOM LUare.

Aluenka LSTM

Tenepb, yBuieB, kKak paboTaeT MpOCTON PEKYPPEHTHBII CIIOM, PACCMOTPUM OT-
nenpHyto syeriky LSTM.

3anava sueiikn LSTM — BepHyTb HOBOE CKPBITOE COCTOAHUE /1, ONMpPAACh Ha
Tpe/bIIyIIee CKPLITOe COCTOSTHNE o, 1 BEKTOPHOE TIpe/icTaBlieHye TeKyero
cioBa x,. Hamommmwm, umina z, pasna xommdectBy y3aos B LSTM. 9to — ma-
pameTp, yCTaHABJIMBAEMBIN TP OIIPE/IEIEHNHN CI0s M He MMEOINI HIKAKOTO
OTHOIIIEHUS K JUINHE TTocsIefioBaTeTbHOCTH. He myTaiiTe moHATHA Aueiixa v y3e..
B cmoe LSTM ectb omgna stuetika, onpenessgeMast KOTHIECTBOM COAEPIKATITUXCS
B Hell y3J10B (Tak ke, KaKk B TIOPEMHOH KaMepe 13 Halllell MpeIbICTOPUN CoJIepiKa-
JIOCh MHOTO 3aKJIIOYEHHBIX ). MBI 4acTo n306paskaeM PeKyppeHTHBIN CJIOi B BUjle
Pa3BEPHYTON 1IETIOYKH SgUeeK, IIOCKOJbKY 3TO IOMOTAaeT HATJIS/IHO [1PE/ICTABUTD,
KaK MPOMCXOAUT OOHOBJIEHNE CKPBITOTO COCTOSTHNUST HA KaKIOM BPEMEHHOM ITIare.

Aueiika LSTM nomep:xusaet cocrosnune C, KOTOPOe MOKHO PacCMaTpUBaTh KakK
BHyTpeHHee ee YOesKIeHIe O TEKYIIEM COCTOSTHUH TTOCIe0BATENLHOCTH. DTO CO-
CTOSTHHE OTJIMYAETCS OT CKPBITOTO COCTOSHUSA /1, KOTOPOE B KOHEYHOM HTOTe BO3-
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BpalaeTcs sueitkoii mocie nocueanero spementoro mara. Cocrosuue C, umeer
Ty JKe JIJTUHY, YTO ¥ CKPBITOE COCTOsTHUE (PABHYIO KOJUYECTBY Y3JI0B B sTUeiiKe).
Paccmorpum noapo6Hee OTNEJIbHYIO STYEUKY U TO, KaK MTPOUCXOIUAT 0OHOBJIEHUE
CKPBITOTO cocTogHud (puc. 6.8).

Xt
Punstp
3abbIBaHUSA Bxopn Bbixoa
h t—1 t ﬁ hf
.
Iy ¢, O,
' —
fy
Ct -1 C(
©

Avenka LSTM

fi=a (W lher, ] + by)
i = o (Wi [he—1,2¢] + bi)
B C: =tanh(We:[hs—1, 2] + beo)
BC =/f+C_1+ixC

or =0 (W, [he-ymd + bo)
A /= o+ tanh (Cy)

Puc. 6.8. fdueiika LSTM

210 Tnasa 6 ¢ JuTepaTypHOe TBOPHECTBO



CKpI)ITOG COCTOAHME OOHOBJIAETCA B IECTD IIPpUEMOB!

1.

CkpbITOE COCTOSHNE, TIOTyYeHHOEe Ha TIPebITYIeM BpeMEeHHOM Tiare £, |,
1 BEKTOPHOE IpeJicTaB/lenne TeKyIero ciosa X, 00beIMHAIOTCS 1 Tepe-
faioTcst yepe3 GUIIbTpP 3a0vi6anus, SIBJSTIONMNACSA OOBIYHBIM MTOJHOCBSI3aH-
HBIM cJI0eM ¢ Matpuieii Becos W, cMenieHnem b ;1 GyHKIMeR akTHBaLII
sigmoid. BexTop f, Ha BbIXO€ (DUIBTPA NMeET AIUHY, PABHYIO KOJIUIECTBY
Y3JI0B B sTYeliKe, U COMEPKUT 3HAUeHns B Auamaszone ot 0 mo 1, ompemens-
IONIKe, KaKast M0JIs MPEABIAYIIETO COCTOAHMA Adeiiku C, | TOJKHa coXpa-
HUTHCS.

OO6beIMHEHHBII BEKTOP MEPeaeTcst Yepe3 BXOAHON (hUJIbTpP, KOTOPHIH, 1M0-
N06HO (DUIIBTPY 3a0bIBAHUS, SIBJISIETCS TOJTHOCBSA3AHHBIM CJI0EM ¢ MaTPHUIIEi
BecoB W, cmeneHrem bl. u HYHKIUENR akTUBAIK sigmoid. BerxomaHoi BeKTop i )
3TOTO (PUIBTPA UMEET JJINHY, PABHYIO YUCTY Y3JI0B B STYeliKe, U COMEPIKUT
3HavYeHusI B 1uarna3one ot 0 10 1, onpenesioniye, Kakas 0Jisi HOBOI nH(MOP-
Maruu Oyzier gobaBiieHa B peblLyIiee cocTosiHue staeiiku C -

OO06beMHEHHBIN BEKTOD TI€PeIaeTCs Yepes MOJHOCBA3aHHbIN CJI0 ¢ MaTpu-
ueii Becos W, cmeniennem b - ¥ pyHKIMEl akTHBaLK tanh, 4T0OBI MOJTYYUTDH
BEKTOP C't, coJiepsKaIril HOBYIO MH(OPMAIIUIO, KOTOPYIO sSTYeiiKa PEeIia co-
xpanuThb. OH COZEPKUT 3HAUEHUS B /inarasone ot —1 710 1, 1 ero jammHa Toxe
paBHA KOJIMUECTBY Y3JI0B B dUeiKe.

Bexropst f, 11 C, | yMHOKAIOTCS TI09/IEMEHTHO ¥ CK/I/[BIBAIOTCS C OIJIEMEHT-
HbBIM IIPOM3BEACHUEM 1, U C . DTO PaBHOIEHHO 3a0BIBAHMIO YaCTH TIPE/IbITY-
IET0 COCTOSTHUS STYEHKK 1 T0OABJIEHUIO HOBOI pesleBaHTHOW MH(MOpPMAIIUN
JI7151 TTOJTydeHnst OOHOBJIEHHOTO COCTOSHUA sueiiku C,.

Wcexoaubiit 06beIMHEHHBII BEKTOP TaKsKe IepeaeTcs: 4epe3 BhIXOIHOM
buabTp: mosHOCBA3aHHbIH /0l ¢ MaTpuieil Beco W, cmemenuem b
W aKTHBaINueil sigmoid. BexTop pesyasTaTa 0, HMeeT JUIHY, PABHYIO KO-
JIMYECTBY y3JI0B B A4elike, M XpaHUT 3HadeHnd B AnamaszoHe oT 0 o 1, ompe-
fleigoniue, Kakas 10158 00HOBIEHHOTO cocTosAHNA C, MOXKeT TIOKUHYTh
SYEHKY.

0, YMHOKAIOTCS ITO3JIEMCHTHO Ha 0GHOBJIEHHOE COCTOSHUE TYEHKI Ct, a 3aTeM
IIPUMEHAETCA aKTUBaAlIA tanh, YTOOBI CO31aTb HOBOE CKPbITOE COCTOAHUE /’lt.

B mictunre 6.3 mokasan koj, koHcTpyupyionnii cetb LSTM.
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Jinctunir 6.3. KoHcTpyvpoBaHue cetu LSTM

from keras.layers import Dense, LSTM, Input, Embedding, Dropout
from keras.models import Model
from keras.optimizers import RMSprop

n_units = 256
embedding_size = 100

text_in = Input(shape = (None,))

X = Embedding(total_words, embedding size)(text_in)

X = LSTM(n_units)(x)

x = Dropout(0.2)(x)

text_out = Dense(total words, activation = 'softmax')(x)

model = Model(text_in, text_out)

opti = RMSprop(lr = 0.001)
model.compile(loss="categorical_crossentropy', optimizer=opti)

epochs = 100
batch_size = 32
model.fit(X, y, epochs=epochs, batch_size=batch_size, shuffle = True)

I'eHeplnpOBaHlne HOBOIO TeKCTa

Ternepb, ckoMunpoBas 1 06y4uuB cetb LSTM, MOKHO Ha4aTh UCIIOJIH30BATH €€
TS TeHEePaIlny JVTHHHBIX CTPOK TEKCTa:

1. Hepez:[aTb B CE€Tb UMEIOMIYIOCA IMTOCJIEeJOBATEC/IbHOCTD CJIOB 1 IMOIIPOCUTH €€
HpeﬂCKaSaTbCHBAYKHHCCSaIKﬁiCHOBO.

2. J106aBUTb 3TO CJIOBO B KOHEI IIOCJIEA0BATENbHOCTU U IIOBTOPUTb.

Cetb OyzeT BBIBOIUTH HAOOP, BKITIOUAIONIUI BEPOSITHOCTH JIJISI BCEX CJIOB B CJIOBA-
pe, OIMPAsiCh Ha KOTOPbIE MBI MOJKEM Jie/IaTh BEIOOP. Taknm 0OpasoM, rermeprpo-
BaTh TEKCT MOXKHO cToxacTrdecku. Kpome Toro, B mipoiiecc BbIOOpa MOKHO BBECTH
TeMIIEPATYPHbII TapaMeTp, YTo0bI yKa3aTh, HACKOJIBKO [€TEPMUHIPOBAHHBIM
JIOJKEH OBITH 9TOT Tiporiece (JmucTunr 6.4).

JInCcTnHr 6.4. l'eHeprpoBaHue TeKCTa C NoMoLLbo cetn LSTM

def sample_with_temp(preds, temperature=1.0): @
# BcrnomoraTenbHas ¢yHKUMA Bbibopa MHAEKCA B MaccuBe BepoATHOCTeW
preds = np.asarray(preds).astype('float64"')
preds = np.log(preds) / temperature
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exp_preds = np.exp(preds)

preds = exp_preds / np.sum(exp_preds)
probs = np.random.multinomial(1, preds, 1)
return np.argmax(probs)

def generate_text(seed_text, next_words, model, max_sequence_len, temp):
output_text = seed_text
seed_text = start_story + seed_text @

for _ in range(next_words):
token_list = tokenizer.texts_to_sequences([seed_text])[0] ©
token_list = token_list[-max_sequence len:] @
token_list = np.reshape(token_list, (1, max_sequence_len))

probs = model.predict(token_list, verbose=0)[0] ©
y_class = sample_with_temp(probs, temperature = temp) @

output_word = tokenizer.index_word[y_class] if y_class > 0 else

if output_word == "|": @
break
seed_text += output_word + ' ' (8]

output_text += output_word +

return output_text

O Orta GyHKIUA B3BENMIMBAET JOTapU(MbI BEPOSITHOCTEH ¢ KOadDUImeHToM
temperature Iepeji MOBTOPHBIM TIpUMeHeHeM (DYHKIUHU softmax. Yem Omke
3HauYeHWe TeMIlepaTypbl K HyJIf0, TeM 0oJjiee 1eTepPMUHUPOBAHHBIM T10JIydYaeT-
cs1 BBIOOP (BBIIIE BEPOSTHOCTL BEIOOPA CI0Ba ¢ HAUOOJIbIIEH BEPOSITHOCTHIO),
a TemrepaTypa, paBHas 1, 03HaYaeT, YTO CJIOBA BHIOMPAIOTCS C BEPOSITHOCTBHIO,
BBIBE/ICHHON MO/JIEJIBIO.

® HauajbHbII TEKCT — 9TO MOCJIE0BATENBHOCTD CJIOB, KOTOPYIO Tpebyercst
nepeaaTh MoJIe/IH, YToOBI 3aIlyCTUTD MPOoIiece TeHepaluu. Ilocae1oBaTeIbHOCTh
(KOTOpast MOKET OBITH MYCTOI ) HauMHAETCs ¢ OJIOKA CUMBOJIOB, OTMEYATOIIEro
radazno pacckasa (| [[[TITTTHTTTTED-

© CioBa MpeodpPasyroTCs B CIIMCOK JIEKCEM.

O CoxpaHsioTcs TOJTBKO MocaeaHne max_sequence_len jekceM. Cioit LSTM mo-
JKEeT IIPUHUMATh Ha BXOJIe TI0C/Ie0BaTeIbHOCTH JTI0O0I AJINHBI, HO YeM JJIMHHEE
MOCJIEI0OBATEIBHOCTD, TeM GOJIbIIE BpeMeHU TpebyeTcsi, YTo0bl CreHeEPUPOBAThH
CTIEIYIOTIEE CJIOBO, TIOATOMY JIJTHHY MOCTEI0BATETBHOCTH JKEJATENLHO OTPAHU-
YUTB.
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(5] MOlIeJII) BO3Bpallla€T BEPOATHOCTDb KaKA0I'0 CJIOBa B CJOBape CTaTb CJAEAYIO-
IITMM CJIOBOM B ITOCJI€J0OBATEJIbHOCTU.

@ BeposTHocTH Tiepeaiorest yHKINT sample_with_temp, KOTOpas jesaeT BBIOOD
C YUYETOM IIapaMeTpa temperature.

@ Eciu c10BO Ha BBIXOJIE SIBJISIETCSI MAPKEPOM Havasla pacckasa, TO MpoIecc
FeHEPUPOBAHUS CJIOB MPEKPAIIAETCS, TIOTOMY Y4TO TAKUM CIIOCOOOM MOJIEJTh CO-
00II[aeT, 4TO XOUEeT 3aKOHYUTD ITOT PACCKaA3 M HAYaTh CIIELYIOMIHiil

® B npoTUBHOM cilydae HOBOE CJIOBO J0OABJISETCS B MCXOAHBIN TEKCT IS CJIe-
JIyIOIIel nTepaiuu.

JlaBaiiTe MTOCMOTPYM, YTO TEHEPUPYET TA CETH C ABYMST PA3HBIMU 3HAYEHUSIMU
temperature (puc. 6.9).

EcTh HECKOJIBKO MOMEHTOB, KOTOPbIE CTOMT OTMETUTh B ATHX [[BYX OTPbIBKAX.
Bo-11epBbix, 00a CTHIMCTHYECKH TIOX0KM Ha GacHU 13 obydatorero Habopa. Oba
OTKPBIBAIOTCS 3HAKOMbIM BbICKa3bIBAHNEM IIEPCOHAKEN GAaCeH, a TEKCT B KaBbIY-
Kax 0O4eHb HAIIOMUHAET IUAJIOT, IPHYEM CXOJCTBO YCUIUBAETCS UCITOJIb30BAaHIEM
JIMYHBIX MECTOUMEHHIT, KOTOPbIE COMIPOBOKIAIOTCS CJIOBOM Said (CKasal).

Temperature 0.2

the ass and his lion . a certain man who had an ass and a stag at them in a good . " do , " said the other saying , "
you but the ass to be so . to come and you are in the way of ever see how you are , in the man of a lion . " the lion
replied , " you not very much to me , and i will be a eyes upon you , and , as that you were for the good of a on tha
t men will be had all the dog to be a lion . as the cock came , and the ground for it in a very much to wolf , " you
take my oh , if you will do not get me in any time the a very way of some day . " well again , which had very well on
ly a man , he turned up and said to the , " but i see what you see how i are day : but you not one of them to be not
well ? " . he saw what be a of master in the ass was said to him , " the other , you are a man of me , and i were so

. " the wolf was so much to the man and said to his master , you , in the friend of you are ; and then he should be
running up they found for you said he had a way to make them . " as the very way , for it was that he could not see a
t the eagle and said to him , " i will be a lion and i have was one day , and you know that you go again , but come a
nd see what you are of the better . "

Temperature 1.0

the great man and the time . a sheep master fell on a head and had been in a other to get them . so the ass , caught

a young horse and was by me , and so he got himself into a horse than the lion of their put out ; and why , he found

a lion in a ass . you must go , he they we not only could not a bull by one day the tortoise in gratitude in a place

live of the very do wish you . so , as he could not the fox no one make the ass of the day , where in the well have w
ould all she had been in a good first , but the other dog and then a cock in a moment . i'm not a lion , who had " co
me off , that do you see that you find that the lion , who they fell on to be very much more good good strength , and
have to a mouse go . when the other who is same , who had no town mouse , and found a cat up out of a great much . "

the better feed in the water , that she came to a bird . the eagle never do so good a frog or and drink ; so my maste
r , saw that the master is was well and the ass at my a very good time . the ox turned too use for a way to have to h
erself : but if the will very fox came to let him one as one as it , and man as he should there well on by the place

and stood there . for the time the lamb ass in the ass , for his the lost these all , should found turned down . a us
e of the hard went to make it , " and the never soon can be of out of a ass . " the master , so not much be a eagle n
ever should be oh ! " presently , not to be a ass , who do not how were heavy : i'm not a do you , you get off in the
water , and not come to we are very take the just so ever even in my master .

Puc. 6.9. [1Ba pparmeHTa TEKCTa, CreHepMpoBaHHbIX CeTbo LSTM
C ABYMS pa3HbIMU 3HAYEHUAMKU NapaMeTpa temperature
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Bo-BTOpBIX, TEKCT, CreHEepUPOBAHHBIN € TApaMETPOM temperature = ©.2, BbI-
rsiuT GoJiee TOCIe0BATENbHBIM U CBSI3HBIM, Y€M TEKCT, CTeHEPUPOBAHHbIIT
C mapamMeTpoM temperature = 1.0, HOTOMY YTO HU3KKe 3HAYEHUsI BJEKYT Oosiee
JIeTEPMIUHUPOBAHHBII BBIOOD.

W nakoHerll, SICHO BUJIHO, YTO OMUCAHHBIN MTPUEM IJIOXO TIOJIXOUT JIJIS CO3/a-
HUST PACCKa30B JJIMHOM OOJIbIle HECKOJIBKUX MPEIJIOKEHHI, TTOTOMY YTO CETh
LSTM He 1mOHMMaET CMBICJIOBOTO 3HAYEHUsI TeHEPUPYEMbIX ¢JIoB. UTOOBI cre-
HEpUPOBATh OTPBIBKY, UMEIOIINEe GOJIbIIE MAHCOB TOJIYYUTHCS CEMAaHTHYECKH
MIPaBUJIBHBIMU, MOKHO CO3/IaTh TEKCTOBBIN TeHEPATOP C yIACTHUEM YeTOBEKA,
rzie Mojiesib BBIBOAUT 10 cJI0B ¢ HAMBBICIIIEH BEPOSTHOCTHIO, 2 OKOHYATEIBHBII
BBIOOP M3 ATOTO CIUCKA JIEJIAET YeJT0BEK. DTO MOX0Ke Ha (DYHKIUIO TIPE/ICKa-
3aHUsI TEKCTA B BallieM MOOUJIbHOM TeJiehOoHe, KOT/Ia BaM TIpe/iaraeTcsi BhI6op
13 HECKOJIBKUX CJIOB, KOTOPBIE MOTYT CJIEIOBATh 32 TEKCTOM, KOTOPBII BHI yrKe
BBesn. [list gemoncTpanuu Ha puc. 6.10 mokasaner 10 coB ¢ HanbobIIEH
BEPOSATHOCTBIO CJIEIOBAHUS 32 PA3JUIHBIMU TOCIeI0BaTENbHOCTIMU (He 13
obyuaiolero Habopa).

Mozesrb MOXKeT TeHEPUPOBATH CIIUCOK CJEAYIONNUX HAarOoIee BEPOSTHBIX CJIOB
B TIpeiesiax KoHTekcTa. Hampumep, XoT Moziesib HIYero He 3HAET O YacTIX peuH,
TaKUX KaK CYIeCTBUTEIbHbIE, TJIar0JIbl, TIPUIaraTeIbHbIe 1 MPE/JIOrH, OHa 00bIY-
HO c1ToCcOOHA Pa3/IesITh CJI0BA HA 9TH KJIACChI U UCIIOJIb30BATh UX IPAMMAaTHYECKU
npaBuJIbHO. MOjiesh TaksKe MPEIIIoN0KIIa, 4TO GacHst 06 opJie, CKOpee BCero,
JIOJKHA HAYMHATLCS C aPTUKIIS an, a He a'.

[Tpumep co 3HaKaMu MpennHaHust Ha prc. 6.10 moKasbiBaeT, YTO MOJIEb YyBCTBH-
TeJIbHA ke K He3HAYNTEIbHBIM U3MEHEHUSIM BO BXOHOI MOC/IEI0BATEIbHOCTH.
B nepsom orpoiBke («the lion said,» — «JieB ckasza,») MOJEIDb IPEAIIOIOKIIIA,
4TO JIaJiee ¢ BEPOSITHOCTDIO 98 % MOJKHBI CJIE/I0OBATH IBONHbIE KABBIYKM, OTKPBI-
BaroIye TPAMYIO pedb, IIOTOMY 4TO MOA0OHBIE BBIPAKEHISI YACTO PE/IIECTBYIOT
npsimoii peurt. OiHako npu gobaBieHnn coo3a «and» (1) mocsie 3ansaTon ceTh
OlpeiesIiIa, YTo MpsiMast peub Jlajiee MaJOBEPOsITHA, TaK KaK [UaJor, CKopee
BCEro, 3aMEHEH MOBECTBOBATEIbHBIM TIPE/IJIOKEHIEM.

! B aHrmMiicKOM SI3bIKe apPTUKJIb @ UCTIOJIb3YETCS Mepesl CI0BAMU, HAUMHAIONUMIKCS C CO-

[JIACHOTO 3BYKa, & apTUKJIb N — C [JIACHOTO. AHIIMICKOE CJI0BO «eagle» (0pest) HaumHaeTCst
¢ raacHoro 3Byka. — IIpumeu. nep.
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Noun Verb
the fox and the stag . there was a
21.3% : time
19.1% : lion

the fox and the snake . one day a fox
49.9% : came

19.8% : saw
15.7% : man 8.0%

: went
11.6% : ass 6.0% s,
8.6% : good 5.5% : was
4.3% : fox 4.2% : were
2.0% ra 1.2% : said
1.8% : once 1.1% : go
1.7% : old 0.4% : had
1.3% : dogs 0.3% : put
Preposition Adjective / Verb
the dog and the hare . a dog was lying the farmer and his sheep . a farmer was
68.6% : in 17.2% : unable
21.6% : on 8.3% : afraid
6.7% : at 6.1% : so
0.6% s by 5.4% : good
0.5% : into 5.0% : lying
0.4% : from 4.6% : sitting
0.3% s to 4.2% : who
0.3% : with 2.4% : by
0.2% : about 2.3% : going
0.2% : for 2.3% : caught
Article Punctuation
the eagle and the sea . the lion said , the lion said , and
89.4% : an 98.0% : " 84.4% : the
4.1% : the 1.1% : and 5.2% : you
1.5% : just 0.4% : that 3.4% : that
1.2% s thus 0.1% : the 3.0% s if
0.7% : two 0.1% : much 0.3% : well
0.7% : presently 0.0% : you 0.2% P
0.6% s a 0.0% s do 0.2% s i
0.5% : there 0.0% : time 0.2% : my
0.4% : jupiter 0.0% : as 0.2% : we
0.1% : at 0.0% s a 0.2% 1 very

Puc. 6.10. PacnipeseneHve BEpOSTHOCTEN C/IOB, KOTOPble MO 6bl MPOAO/IKUTh
pasHble NoCNeA0BaTEIbHOCTH

PacuwumpeHuna RNN

B npezbiayiinem pasjesie ObLI MpeacTaBIeH MPOCTONH MpUMep 00yUYeHUsT CETH
LSTM renepupoBaHUIO TEKCTA B 33J]aHHOM CTHJIE. B aTOM pasziesie Mbl paccMo-
TPUM HECKOJIBKO PACIIUPEHUI 9TON UIe.
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MHorocnonHblie peKyppeHTHble ceTn

CeTb, KOTOPYIO MBI TOJIBKO YTO PACCMOTPEJIH, COJIePKajia BCETO OJMH CJIOM
LSTM, HO aHAIOTMYHBIM 00PA30M MOKHO 0OydaTh CETH CO MHOKECTBOM CJIOEB
LSTM, uto6bl usBjIeyb U3 TekcTa Gosee raybokue ocobeHHOCTH. [lJIst 9TOTO
HY’KHO YCTaHOBHUTH MapaMeTp return_sequence B tepBoM coe LSTM B 3nauenne
True. JTO 3aCTAaBUT CJIOH BBIBOAUTH CKPBITOE COCTOSTHIE M3 KasKOTO BPEMEHHOTO
mrara, a He TOJIbKO Tocentero. Bropoii cinoit LSTM, cienyrontnii 3a HIM, MOKET
HCITOJTb30BATh CKPBIThIE COCTOSIHUS 13 IIEPBOTO CJIOSI B KAUeCTBE CBOMX BXOIHBIX
JaHHBIX. DTOT TIpoIecc n3obpaker Ha puc. 6.11, a 061ast apxuTeKTYpa MOIEIN
rokaszaHa Ha puc. 6.12.

Ko, koHCTpyHpytoiuii MHOTOCI0MHYIO ceTh LSTM, nmokasaH B sinctusre 6.5.

JIcTmHr 6.5. KoHCTpymMpoBaHue MHOrocionHomn cetu LSTM

text_in = Input(shape = (None,))
embedding = Embedding(total_words, embedding size)
X = embedding(text_in)
X = LSTM(n_units, return_sequences = True)(x)
X = LSTM(n_units)(x)
X = Dropout(0.2)(x)
text_out = Dense(total words, activation = 'softmax')(x)

model = Model(text_in, text_out)

X1 XZ X3 XZO
( | RNN layer 1 | )
gmg{ Avenka ]Qq Avelika }gq Avenika ]gi o 44[ Avuenka ] { Ayeiika }4{ Avenka ]
. J
g9, 9, 9 920
( | RNN layer 2 | )
hy‘{ Avyenka }ﬁq Avenka }ﬁq Avenka ]ﬁi v 44{ Averika ] { Avenka }4{ Advelika ]
\ J
hZO

Puc. 6.11. Cxema MHOrOCNIONHON PEKYPPEHTHO CETU: g, 0603HAYaIOT CKPbITble
COCTOsIHUSA B MEPBOM Cloe, a h, — BO BTOpOM cJioe
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Layer (type) Output Shape Param #

input_1 (InputLayer) (None, None) 0
embedding 1 (Embedding) (None, None, 100) 416900
lstm 1 (LSTM) (None, None, 256) 365568
lstm 2 (LSTM) (None, 256) 525312
dropout_1 (Dropout) (None, 256) 0
dense 1 (Dense) (None, 4169) 1071433

Total params: 2,379,213
Trainable params: 2,379,213
Non-trainable params: 0

Puc. 6.12. MHorocnoiHas cetb LSTM

YnpaBnaemble peKyppeHTHble 6510Ku

[lpyroit Tun cioeB, mUpoko ucnoab3yeMbix B RNN, — ynpasnsemvie pexyp-
penmnvte 6a0ku (Gated Recurrent Unit, GRU).! BoT ocHOBHBIE €10 OTJINYMS
or LSTM:

1. Bxoownoti punsrp u Guiabrp sabvieanus 3amemaiorcss GuiabTpaMu copoca
" 00HOBAEHUSL.

2. OTCYTCTBYIOT COCMOSIHUE SUEUKU U 6bIX00HOU (DUITBTP, UMEETCST TOJIBKO CKPbL-
moe cocmositie, BBIBOINMOE STYCHKOIL.

CKpBbITOE coCcTOsTHIIE OGHOBJISIETCS B UeThIpe MpHeMa, Kak IoKa3aHo Ha puc. 6.13.
Bor kak aTo mponcxoauT:

1. CxpbITOe coCTOSHME MPE/BITYIEro BpeMEeHHOTO Iara /i, 1 BeKTOPHOE ITpe/i-
CTaBJICHUE TEKYIIETO C/I0BA X, 00beIMHAIOTCS U UCTIONb3YIOTCA 715 CO3IaHMs
dbunbrpa coHpoca. ITOT GUIBTP OPraHU30BaAH KAK TTOJTHOCBI3aHHBIN CIION

1

Kronuruxén Yo (Kyunghyun Cho) u ap., «Learning Phrase Representations Using RNN
Encoder-Decoder for Statistical Machine Translation», 3 urona 2014, https://arxiv.org/
abs/1406.1078.
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¢ matpureil Becos W u dynkimeit akrusanny sigmoid. Bextop pesyibra-
Ta 7, UIMEET JIIMHY, PaBHYIO KOJIMYECTBY Y3JI0B B slueiiKe, 1 XPaHUT B JUara-
3one oT 0 710 1 3HAYEHUS, KOTOPBIE ONPE/IEIISIIOT, KaKast I0Jisl IPE/bILYIIEr0
CKPBITOTO COCTOSTHUS /i, | JIOJIKHA MCHOTb30BATDCS JITIS BBIYUCTICHHS HOBBIX
yOeKIeHIiT TIeHKH.

@uapTp cO6poca IPUMEHAETCA K CKPHITOMY COCTOSHUIO A, |, U pe3yIbTaT
00beIMHACTCS ¢ BEKTOPHBIM IPe/ICTaBICHIEeM TeKYyIIero cJIoBa X,. 3aTeM
00beIMHEHHBII BEKTOP TIepeaeTCs B MOJHOCBI3aHHBIN CJI0M ¢ MAaTpUIlEi
BecoB W u (byHKIMeN akTuBanum tanh, a Ha BHIXOJIE MOJIYIAETCS BEKTOP ﬁz,
B KOTOPOM XPaHSTCsl HOBbIe yOeskaeHust siueiik. OH NMeeT JJIMHY, PaBHY O
KOJIMYECTBY Y3JI0B B siUelike, M XpaHUT 3Havenus ot —1 o 1.

Xt
h
. t
b
cbpoc
=
LT
< > .
oGHoBneHve £t
@
ht—i h’t
Averika GRU

Ty =0 (L{f’r “ [h.f__l.fl’:t])
h = tanh (W - [ry * hy—y, 24])

zt =0 (Wy - [h—1,4])

hf_ = (1 — Zg) * ht—l —+ zZ4 * J}ig

Puc. 6.13. EanHcTBeHHas a4eika GRU
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3. Pesyabrar 0ObeAMHEHNS CKPBITOTO COCTOSHUS MPEAbIAYIIEr0 BPeMEHHOTO
mara s, , 1 BeKTOPHOTO TIPe/ICTaBIeH s TEKYIIETO CI0Ba X, TAK/Ke UCIOJIb-
3yercst JJist co3anust GuIbrpa 00HosaeHUs. ITOT (PUIBTP OPraHM30BaH KaK
TTOJTHOCBSI3QHHBIN CJION ¢ MaTpUIIE BECOB WZ 1 (hyHKIMEN aKTUBAINH Sigmoid.
Bekrop pesy/bTrarta z, MMeET JJIMHY, PaBHYIO KOJIMYECTBY y3JI0B B SY€liKe,
U XpaHuT B Anamna3one ot 0 10 1 3HaveHns1, KOTOPBIE ONPENENAIOT, KaKast TOJIs
HOBBIX YOesKIeHHI E{ OyZneT cMemana ¢ TeKyIIIM CKPBITHIM COCTOSTHIEM /1, .

4. Hosble yOeskaeHus Ssueiiku Et ¥ TEKyIIlee CKPBITOE COCTOSHYE /1, | CMeIInBa-
I0TCSL B IPOIOPIINH, OTIPe/iesiAeMoli (puiabTpoM 0OOHOBJICHHS 2, TIOC/IE YeTO
nosryyaeTcs 0OHOBJIEHHOE CKPBITOE COCTOSAHME /1, BBIBOAMMOE U3 SUeiiKiL.

ﬂByHaﬂpaBHEHHble AYenkn

[l 33124 TPOTHO3MPOBAHUS, KOT/Ia MOJIEJIN JIOCTYTIEH BeCh TEKCT /LIS aHAIM3A,
HET OCHOBaHUI 06padaThIBATh MOCJIE0BATENBHOCTD TOJIBKO B IIPSIMOM HATIPABJIE-
HUY — ee TakKe MOKHO 00paboTaTh B 00paTHOM HalpaBieHnn. Bocmorb3o0BaTbest
STUM MPEUMYIIECTBOM TTO3BOJISIET CJI0#T Bidirectional. OH xpaHuT aBa HabGopa
CKPBITBIX COCTOSTHHIA: OJTHO SIBJISIETCST PE3YIIBTATOM 06PabOTKU TTOCTIET0BATE -
HOCTHU B IIPSIMOM HAIpaBJieHun, Apyroe — B oOpaTHoM. Takum o6pasom, ciioii
MOJKeT 00y4aThcst Ha MH(MDOPMAIINH U IPEAIIECTBYIONIEN 3a/laHHOMY BDEMEHHOMY
mary, ¥ cJe/yroleid 3a HUM.

B Keras 910 peanmsyercst Kak 06epTKa BOKPYT PEKYPPEHTHOTO CJIOST:

layer = Bidirectional(GRU(100))

CxpbITbIE COCTOTHUS B TIOJYIUBIIEMCS CJI0€ — 9TO BEKTOPHI C IJTUHON, PAaBHON
YIIBOEHHOMY KOJIMYECTBY Y3JIOB B 06EpHYTOII siueiike (0ObeMHEHUE TIPSIMOTO
1 06pPaTHOrO CKPHITOrO COCTOsSIHMA ). TO €CTh CKPBIThIE COCTOSHUS CJIOS B IIPU-
Mepe — 9TO BeKTOpPHI ¢ aaunoit 200.

Mopenun KoanpoBLWNK-AEKOANPOBLYNK

WTak, MbI BRIICHUIIN, KakK ¢ ToMotTbio ceTeil LSTM Mo:kHO reHepupoBath Mpo-
NOJKEHEe CYTIECTBYIONIEN TEKCTOBOM TIOCTIeI0BATETbHOCTH. MBI TaKsKe yBUIEIH,
kak eauncTsernbii ciaoil LSTM mosker nmociegoBareabHo oOpabarbiBaTh JaH-
Hble ¥ OOHOBJISITH CKPBITOE COCTOSTHUE, OTPAKAOIIEE TEKYIIEE MTPEICTABIEHUE
cJ104 0 nocsieoBaTesibHOCTH. [lepesaBast OKOHUATEIbHOE CKPBITOE COCTOSTHUE
B ITOJIHOCBSA3AHHBIN CJIOH, CEThb MOYKET BbIBECTU paclipe/iesieHe BEPOSTHOCTU
IS CTIEeIYIOMIETO CI0BA.

220 Tnasa 6 ¢ JluTepaTypHOe TBOPHECTBO



O,ZIHaKO B HEKOTOPbIX CIydasAX HEJIbIO ABJIAETCA HE ITPEACKa3aHuE €/IMHCTBEHHOT'O
CJIOBA, IPOJIOJIZKAIOIIETO TTOCJIEAOBATEJIbHOCTD, a CO3/laHNE HOBOH ImocaenoBa-
TEJIbHOCTU CJIOB, KAaKMM-TO O6p8.30M CBSI3aHHOM €O BXOILHOﬁ rmocJje0BaTeJIbHO-
cThio. Bor HEKOTOpPbIE ITPUMEPDI HOIIO6HI)IX 3a1ayd:

IIepesod ¢ 001020 s3viKa na Opy2z01l

Ceru InepesaeTcda TEKCTOBasA CTPOKaA Ha NCXOAHOM S3bIKE, a OHa JOJIKHaA
BEPHYTDH TEKCT, HepeBeHeHHbeI Ha He]IeBOfI A3DbIK.

lenepuposanue sonpocos

Cetu mepenaercs hparMenT TEKCTA, a OHA JIOJKHA CTEHEPUPOBATDH
BOITPOC, KOTOPBIN MOKHO OBLITO OBI 33/1aTh TIPUMEHUTETHHO K TEKCTY.

Obobwenue mexcma

Cern IepegaeTcd 6OJIBIION (I)paI‘MeHT TEKCTa, a OHa AO0JI)KHa CO3/1aThb
KPaTKO€ U3JIOKEHUE.

Jlist TakoTO POJIa 33/1a4 MOKHO HMCIIOJIb30BATh CETH, M3BECTHBIE KaK KOOUPOG-
wuK-0exoouposuyux. Mbl yrke BUIESN TIPHIMeED TaKoil CETH, KOT/Ia MCCJIeT0BAIN
3aj1a4y TeHepUPOBAHUsT N300PAKEHUIT: BAPUATIMOHHBIN aBTOKOAUPOBIIHK. [list
OCJIEZI0BATETbHBIX AHHBIX MPOIECC KOMMPOBAHUSI-IEKOIMPOBAHIS paboTaeT
CJIEIYIOMIIM 00Pa3oM:

1. Kopuposumwk RNN mpeobOpasyeT BXOAHYIO MOCT€0BATETBHOCTD B €[HHbII
BEKTOP.

2. ITOT BEKTOP UCIIOJb3yeTCs I MHUITUATU3ANH 1eKoaupoBIrmka RNN.

3. Ckpoitoe cocrosinue gekoanporinnka RNN, mosyuaemoe Ha KaK10M BpeMeH-
HOM TIIare, epeaeTcs B MOJTHOCBI3AHHBIN CJIOH, BBRIBOASIINN pacTpeesieHye
BEPOSITHOCTEH 110 CJIOBAPIO CJIOB. TaK AEKOAMPOBIINK, HHUIIUAIN3NPOBAHHBII
Hpe,Z[CTaB]IeHI/IeM NCXOAHbIX /ITaHHbIX, CO3/laHHbIM KO,Z[I/IPOBH_[I/IKOMy MOJXET
CI‘eHepI/IpOBaTb HOBYIO TCKCTOByIO II0CJIe10BATEJIbHOCTD.

[luist ipuMepa Ha puc. 6.14 1okasaH 1mpoiiecc nepeBojia ¢ aHIIMHCKOro SI3bIKa Ha
HEMEITKAH.

OxoHYaTeThHOE CKPBITOE COCTOSHIE KOAMPOBITUKA MOKHO PACCMATPUBATh KaK
[peICTaBIeHIE BCErO BXOAHOTO JOKYMEHTa. 3aTeM JeKOIUPOBIINK IpeodpasyeT
9TO TIPeJICTaBJIeHNE B TTOCIEI0BATENbHYIO (POPMY, HAIIPUMED, B TIEPEBOJL TEKCTA
Ha IPYTO SI3BIK WX B BOTIPOC, KACAIOMIUIICS JOKYMEHTA.
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Bo Bpemst 06yueHns BEIXOAHOE paciipeesieHue, Co3aBaeMoe IeKOAMPOBITITKOM
Ha KayK/IOM BPEMEHHOM II1are, CPAaBHUBAETCS CO CJEYIONIUM UCTHHHBIM CJIOBOM
JUIST BBIYMCJICHUST BETMYMHBI IOTEePb. [Ipu 00yvYeHr IeKOANPOBIIUKY HE HYKHO
JIeJIaTh BBIOOP U3 HTHX PACIIPEACTCHIIA IJIst TIOJIYYEHUS CJIOB, TaK KaK B IOCJIE/LY-
IOIIYIO STYEKY MMoaeTcst HCTUHHOE CJIelyTollee CJI0BO, a He CJIOBO, BhIOpaHHOe
U3 TIPEbIAYIIEro BBIXOAHOTO pacipeieseHus. ITOT crnocod obydeHus cereit
THUIIA KOAUPOBIIKK-IEKOJUPOBIINK U3BECTEH KaK nomoub Hacmasnuxa (teacher
forcing). IIpeacraBbre, 4TO CETh — ITO yUYEHUK, MHOT/A AAIOMIUN ONTHOOUHbBIE
IIPOTHO3bI PacIIpeesIeHus], HO YTO Obl HU BBIBEJIA CETh HA KAXK/IOM BPEMEHHOM
rare, HAaCTaBHUK TTepelacT MPAaBUIbHBIN OTBET HA BXOJ B CETh B BUJIE CJEIYTO-
1I[E€r0 CJIOBA.

FeHepaTop BOMpPOCOB N OTBETOB

Ternepb paBaiite cobepeM Bce BMECTE ¥ MOCTPOUM MOJIEJb, CIIOCOOHYIO TeHEPHU-
poBaTh Mmapbl BOIIPOC,/0TBET st OoKa TekcTa. [IpoToTHmom /st 9Toro mpoekra
MTOCJTY KUJIH: TEHEPATOP BOIIPOCOB M OTBETOB qgenworkshop (http://bit.ly/2EUkIg8),
ucnosbsytomuit TensorFlow, u mogens, npemnoxennas Tour Banrom, Cunmm
I0anem u Agamom Tpuriepom.!

Mopmesnb cOCTOUT U3 ABYX YaCTEN:

B cerb RNN, onpesensiioniast BO3MOKHbBIE OTBETBI 110 COJAEPKUMOMY OJI0Ka
TEKCTa,;

B ceTb KOJMPOBIIUKA-/IEKOIUPOBIIUKA, FeHEPUPYIOTIAS TIOJXO/ISIINE BOIPOCHI
JIJIST OTBETOB, BbIAeIeHHBIX ceThbio RNN.

Hamnpumep, paccMoTpuM cJre[yIomuii OTPBIBOK M3 TEKCTA ¢ ONMUCAHUEM (DYT-
6OJILHOTO MaTya:

The winning goal was scored by 23-year-old striker Joe Bloggs during the match
between Arsenal and Barcelona .

Arsenal recently signed the striker for 50 million pounds . The next match is in
two weeks time, on July 31st 2005 . "

ITepeBo:

(NobepHbli ron B MaT4ye Mexay ApceHanoMm M bapcenoHoi 3abun 23-n1eTHWIN Hanmagjawwuit
Ioxo bnorrc .

! Tour Baur (Tong Wang), Cunau FOub (Xingdi Yuan) u Agam Tpuriep (Adam Trischler),
«A Joint Model for Question Answering and Question Generation», 5 uiosst 2017, https://
arxiv.org/abs/1706.01450.
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HepaBHO ApceHan nofanucan C HanajawwuMm KOHTPaKT Ha CymMmy 50 MUANMOHOB OYHTOB .
Cnefywuwmnii MaT4y COCTOMTCA 4Yepe3 ABe Hegenu, 31 uwona 2005 roga . ")

Xoreoch 6I)I, yTOOBI Halla IepBad CETb CMOIJIa OIIPEAECJINTD ITOTEHIIMAJIbHbIC
OTBETLI BPOJE:

"Joe Bloggs"
"Arsenal”
"Barcelona"

"50 million pounds™”
"July 31st 2005"

[Tepeso:

("IOxo Bnorrc"
"ApceHan"

"BbapcenoHa"

"50 MunnanoHoB ¢yHTOB"
"31 uwwna 2005 roga")

A BTOpasA CMorJIa OBl JUTA KaK/10T0 OTBETa CreHepupoBaTh BOIIPOC, HAIIPUMED!

"Who scored the winning goal?"
"Who won the match?"

"Who were Arsenal playing?"

"How much did the striker cost?"
"When is the next match?"

[TepeBog:

("KTo 3a6bun nobepHoit ron?"

"KTo nobeaun B maTt4ye?"

"C kem ApceHan nojnucan KOHTpakT?"
"CKONbKO CTOMUT Hanagawwmi?"

"Korpa coctouTca cnepywuuii maty?")

I[aBaﬁTe JJIA HadaJjia 6oee AE€TaJIbHO PAaCCMOTPUM Ha6op JIaHHDbIX, KOTOpI:-IfI MbI
6YI[€M HCITIOJIb30BATh.

Ha6op gaHHbIX c BONpocamMmu 1 OTBETaMM

Mur 6yzneMm ucnoab3oBaTh Habop manHbix Maluuba NewsQA, KoTOpbIil MOKHO
HOJIYYnTh, cienyst uncTpykimsim B GitHub (http://bit.ly/2Ky7ulq).
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Maiibl train.csv, test.csv 1 dev.csv ciieyeT IIOMECTUTD B IAIKY ./data/qa/ BHYyTpU
Pero3uTOpus ¢ IpuMepamMu Jjid KHUTHU. Bee ot hailipl nMeoT 0IMHAKOBYIO
CTPYKTYPY, KaK ITOKA3aHO HUKE:

story_id
YHUKaJNbHBIN nAeHTUPUKATOP pparMeHTa TEKCTA.
story_text
Oparment TexcTa (Hampumep, «I[Tobe HBINA T B MaTde MeXKIY Apce-
Hasiom 1 Bapcenonoi 3abun 23-neraunii Hanagarommii Ixo Biorre...»).
question
Bomnpoc, koTopbIit MOJKHO 3a1aTh K TEKCTY (HampumMep, « CKOTBKO CTOUT
HaIaaIoNui ?» ).
answer_token_ranges
ITo3uiug jiekceMbl B TeKCTE ¢ OTBETOM (Hanpumep, 24:27). Moxet

OBITD YKa3aHO HECKOJIbKO /[MAITa30HOB (qepes SaHHTYIO), €CJINn OTBET
IOABJIAETCA B TEKCTE HECKOJIBKO pas.

Vcxopmbie faHHbie 00pabaThIBAIOTCS 1 JIEKCEMU3UPYIOTCS € TEM, YTOObI KX MOK-
HO OBLIO Hepearh Ha BXo Hamlell Mozgesn. Iloce aToro npeoOpasoBanust Kax-
noe HabJIo/ieHre B 0OydarolieM Habope BKII0YAET CJEAYIOINIHIE MSITh TPU3HAKOB:

document_tokens

Jlexcemu3npoBaHHbBIN TeKeT (Hanipumep, [1, 4633, 7, 66, 11, ...]),
YCEUYEHHBIN WJIU JIOTIOJHEHHBIN HYJISMU /10 UIMHBI max_document_
length (mapameTp).

question_input_tokens

JlekcemusupoBaHHbBIN Borpoc (Hanpumep, [2, 39, 1, 52, ...]),
JIOTIOTHEHHBIN HYJIIMU 10 IJTUHBI max_question_length (mpyroii ma-
pameTp).

question_output_tokens

JlexceMU3UPOBAHHBIN BOTPOC, CMENIEHHBIN HAa OJWH BPEMEHHOU
mrar (Hanpumep, [39, 1, 52, 1866, ...]), AOMOJHEHHBIH HYJISAMHA 10
JUIMHBI max_question_length.

answer_masks
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Marpuria ¢ 6uHapHO MacKoii, nMeroias GopMmy [max_answer_length,
max_document_length]. 3Havyenue [i, j] MaTpuIbl paBHO 1, eciin
i-€ CJIOBO B OTBETE HA BOIIPOC HAXOIUTCS B j-M CJIOBe MOKyMeHTa, u ()
B IIPOTUBHOM CJIy4ae.

answer_labels

Bunapusiii BeKTOp ¢ AMMHOM max_document_length (Hampumep, [0, 1,
1, 0, ...]).i-il a7IleMeHT BeKTopa paBeH 1, ecsin i-e CJI0BO B TOKYMEHTE
MOJKET CUUTATHCS YaCThIO OTBeTa, 1 () B IPOTUBHOM CJIyYae.

PaccMoTpuM apXUTEKTYPY MOJENH, CIIOCOOHOI TeHepUpOBaTh apbl BOIIPOC,/
OTBET JIJIST 33JIaHHOTO OJIOKA TEKCTa.

ApxuteKkTypa moaenmu

Ha puc. 6.15 nokasana o61ast apxutekTypa coszaBaeMoii mogesu. He Bosmyii-
TeCh, €CJIM BCE CKa3aHHOE BhIIIE BBITJISUT 7151 Bac myraonmm! OHa cocTouT
TOJIBKO M3 2JIEMEHTOB, KOTOPbIE MbI YK€ BUJIEJU, ¥ B TOM pasJiesie Mbl IIar 3a
IIarOM TIPOUIEMCS TI0 aPXUTEKTYPE.

Jlu1st HavasIa pacCMOTPUM KO/, CO3/IAFOIINI YaCcTh MOJIENH, U300PasKEHHYIO B BEPX-
Heli YacTu IuarpaMMbl, KOTOPast IIPE/ICKA3bIBAET, SIBJISIETCS JIU KAXKI0€ CJI0BO
B IOKyMEHTE 9acThIO OTBETA WU HEeT. ITOT KO/ moka3aH B auctunre 6.6. JKemna-
IOII[Ee MOTYT CJIEZI0BATh 3a 0OCYsKAECHUEM, HCIIOIb3yst OJOKHOT 06_02_qga_train.
ipynb 13 pemo3uTOPUS ¢ MpUMepPaMu 71T KHUTH.

JIMCTUHr 6.6. ApXUTEKTYpa MOZENM, FEHEPUPYIOLLIEN Mapbl BONPOC/OTBET

from keras.layers import Input, Embedding, GRU, Bidirectional, Dense, Lambda
from keras.models import Model, load_model

import keras.backend as K

from gqgen.embedding import glove

#it## TTAPAMETPDI ####

VOCAB_SIZE = glove.shape[0] # 9984
EMBEDDING_DIMENS = glove.shape[1] # 100

GRU_UNITS = 100
DOC_SIZE = None
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ANSWER_SIZE = None
Q_SIZE = None

document_tokens = Input(shape=(DOC_SIZE,), name=»document_tokens») @
embedding = Embedding(input_dim = VOCAB_SIZE, output_dim = EMBEDDING_DIMENS
, weights=[glove], mask_zero = True, name = 'embedding') @®

document_emb = embedding(document_tokens)

answer_outputs = Bidirectional(GRU(GRU_UNITS, return_sequences=True)

, name = 'answer outputs')(document__emb) ©
answer_tags = Dense(2, activation = 'softmax'
, name = 'answer_tags')(answer_outputs) @

© JlekceMbl U3 IOKYMeHTa IepejatoTcest Ha BXo Mogean. ITo6bl omnmcath 00bem
BXO/IHBIX JaHHBIX, MbI UCITOJIb3yeM TIepeMeHHYIO DOC_SIZE, HO (DaKTHYECKH e
[IPHUCBOEHO 3HaueHue None. IIpuumnHa B TOM, UTO apXUTEKTyPa MOJIEJIN He 3aBU-
CHT OT JUIMHBI BXOJIHOM MOCJIE0BATEIBHOCTH: KOJUYECTBO siYeeK B cJioe OyaeT
aIANTUPOBATHCS K JJIMHE BXOIHOI TIOCIEI0BATEIHOCTH, TOITOMY He TpebyeTcst
YKa3bIBaTh €€ ABHO.

® CJioil Embedding WHUIIMANU3UPYETCS BekTOpamu cjioB GloVe (cMm. Bpesky
HIKE).

© PexyppeHTHBIN cyl0if Bidirectional — ABYHANpPaBJIeHHBIH yIIPaBIsSeMbIi
pekyppentHbiit 610k (Gated Recurrent Unit, GRU), Bo3Bpalmaromiuii CKpbIToe
COCTOSHUE Ha KaXKJOM BPEMEHHOM IIIare.

® Buixo/1HO# TOJTHOCBI3aHHBIN CJIOH Dense TOJTYYaeT CKPBITOE COCTOSHUE Ha
Kayk/IOM BPEMEHHOM IIlare ¥ MMeeT TOJbKO /[Ba y3Ja ¢ PYHKIUEH aKTUBAIUU
Softmax, NpeCTaBISIIONINX BEPOSITHOCTD TOTO, YTO KasK10€ CJIOBO siBJisieTcst (1)
nin He sBJsieTcs yacThio otBeTa (0).

Yro6bl ucmonbszosath Habop GloVe B arom mpumepe, 3arpysure baiin
glove.6B.100d.txt (BeKTOpHbIE MTPeACTaBIeHNs 6 MUIINAPOB CJIOB, KaXK/I0€ U3
kotopbix nmeet iy 100) ¢ BeO-caiita mpoexta GloVe, a 3aTem 3amycrute cJie-
Jyroruii criieHapuii Ha Python u3 perosuropuist KHUTH, 4TOOBI OCTaBUTH B HAGOpe
TOJIBKO CJIOBA, IPUCYTCTBYIONIKE B 00yYaIoNieM KOPITyce:

python ./utils/write.py
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BEKTOPbI C/10B GLOVE

CJ0it BEKTOPHOTO TIpe/icTaBJIeHUsI Embedding MHUIIMATU3UPYETCS Ha-
6OPOM TIPEABAPUTETHHO MOATOTOBIECHHBIX BEKTOPHBIX TIPEACTABICHIIT
CJIOB, a He CIYYailHBIMU BEKTOPAMMU, KaK MbI JeJai 9TO paHee. DTH
BEKTOPHBIE TIPE/ICTABICHUS ObLIN CO3/IaHbl B paMKax mpoekrta Stanford
GloVe («Global Vectors») B xone 00yuenus 6e3 yunTesst ¢ HeJIbio MOJy-
YeHUs PENPE3EHTATUBHBIX BEKTOPOB J1Jist GOJIBIIOrO Habopa CJIOB.

ITH BEKTOPbI 06J1a1aI0T MHOKECTBOM TI0JIE3HBIX CBOMCTB, TAKUX KaK CXO/I-
CTBO BEKTOPOB POJICTBEHHBIX CJIOB U /Ip. Harmpumep, BeKTOpHbIE TIPe/ICTaB-
JIeHUS cJI0B man (MysK4rHa) U woman (MKEHIIMHA) CXO0KU MEKIY cOboii,
TaK jKe KaK BEKTOPHBIE TIPEICTABJIEHUS CIIOB king (KOpoJib) U queen (Kopo-
JieBa), Kak ecJiv Obl POJL CJIOB ObLI 3aKOIMPOBAH B CKPHITOM ITPOCTPAHCTBE,
B KOTOPOM HAXOJSATCST BEKTOPHL. VHUIIMamM3aIust ¢iost Embedding Habopom
GloVe yacTo mo3BoJisieT MoJyYuTh JIydlliie pe3y/abraThl, 4eM 00ydeHue
C HYyJIsI, TOCKOJIbKY B TIpotiecce cosaatus Habopa GloVe yske npojesnana
GoJbIasi, Tskesnas paboTa Mo BBISBJICHUIO BHICOKOYPOBHEBBIX IPU3HAKOB.
B pesysbraTe Halll aIrOPUTM MOKET aIallTUPOBATh BEKTOPHBIE ITPE/ICTaB-
JIEHUS TI0]T CBOI KOHKPETHBIN KOHTEKCT.

Bropas yacTb Mojiesin — 3TO CeTh KOJAMPOBIIUKA-/IEKOIUPOBIINKA, KOTOPAsT
MPUHUMAET JAHHBIH OTBET U MbITaeTCsl cHOPMYJIUPOBATH COOTBETCTBYIONTUAN
BOTIPOC (HUKHSIST 9acTh prc. 6.15).

Koa, xoHcTpyupyionuii 3Ty 4acth ceTu ¢ rmomoinbio Keras, mokasan B Juc-
TuHre 6.7.

Jluctmur 6.7. ApXMTeKTypa CETN KOAMPOBLIMKa-AEKOAUPOBLLWKa B MOAENN,

KoTopasi hopMy/IMpYET BOMPOC MO 3a4aHHOMY OTBETY

encoder_input_mask = Input(shape=(ANSWER_SIZE, DOC_SIZE)

, name=»encoder_input_mask») @
encoder_inputs = Lambda(lambda x: K.batch_dot(x[0], x[1])

, name="encoder_inputs")([encoder_input_mask, answer_outputs])
encoder_cell = GRU(2 * GRU_UNITS, name = 'encoder_cell')(encoder_inputs) @

decoder_inputs = Input(shape=(Q_SIZE,), name="decoder_inputs") ©

decoder_emb = embedding(decoder_inputs) @

decoder_emb.trainable = False

decoder_cell = GRU(2 * GRU_UNITS, return_sequences = True, name =
‘decoder_cell")
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decoder_states = decoder_cell(decoder_emb, initial state = [encoder cell]) ©

decoder_projection = Dense(VOCAB_SIZE, name = 'decoder_projection’
, activation = 'softmax', use_bias = False)
decoder_outputs = decoder_projection(decoder_states) @

total_model = Model([document_tokens, decoder_inputs, encoder_input_mask]
, [answer_tags, decoder_outputs])

answer_model = Model(document_tokens, [answer_tags])

decoder_initial_state_model = Model([document_tokens, encoder_input_mask]
, [encoder_cell])

© Macka oTBeta nepegaeTcda Ha BXOA MOAE/IN — 9TO ITO3BOJIMT C IIOMOIIbIO CJIOS
Lambda nmepeziaTh B KOJAUPOBIIUK-IEKOANPOBIINK CKPBITHIE COCTOSIHIA U3 OTHOTO
Jnaria3soHa OTBETOB.

® KoaupoBIIMK — 9TO CJI0M GRU, ITepealoninii Ha BXOJ CKPBITbIE COCTOSHUS JIJIsT
Jara3oHa OTBETOB.

© Bxo/HbIMU JaHHBIMY JIJIST IEKOUPOBIIUKA CJIYKUT BOIIPOC, COOTBETCTBYIO-
U 3aIAaHHOMY [TUAMa30Hy OTBETOB.

O Jlexcembl CJI0B B BOIIPOCE TIEPEIAIOTCS Yepes TOT JKe CJI0ii Embedding, KOTOPBI
MCIIOJIB30BAJICS B MOJIEJTH UJICHTU(UKAIUY OTBETA.

O /lexonnpOBIIUK peayn30BaH KakK CJI0H GRU, THUIIUATU3NPYEMBIH TTOCTETHUM
CKPBITBIM COCTOSIHMEM KOJUPOBIITUKA.

® CKpbITBIE COCTOSIHUS IEKOUPOBIIIKA TIEPEIAIOTCS B MTOJTHOCBSI3AHHBIN CJION
Dense jiJist (pOPMUPOBAHUSI PACIIPEEJIEHUST IO BCEMY CJIOBAPIO JIJISI CJIEAYIONIETO
CJIOBA B TIOCJIE/IOBATEIBHOCTH.

Ha aTom MbI 3aBepiiiaeM KOHCTPYUPOBaHUE CETHU /I TeHepalluu 1map BOIpoc/
otBeT. YT0OBI 06YUUTD CETh, HY/KHO TIEpeiaTh €l Ha BXOJ TEKCT JOKYMEHTa,
TEKCT BOIIPOCA M MACKHW OTBETOB B TTAKETHOM PeKUMe 1 MUHUMU3UPOBATH TIepe-
KPECTHYIO 9HTPOIUIO IPU TPOTHO3MPOBAHUHU TTO3UIIMK OTBETA U CJIOB BOIIPOCA,
HUCIOJIb3Ys OJIMHAKOBbIE Beca.
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BbluncneHune pesynbraTtos

YT06bI IPOTECTUPOBATH MOZIEIH Ha BXOAHOM [TOC/IE[0BATEIbHOCTH JOKYMEHTOB,
KOTOpbIE OHa IPesK/le HUKOI/Ia He BUJIesa, HYKHO BBIIIOJHUATD CJeyIolee:

1. Ilepenarb CTPOKY € JOKYMEHTOM B FeHEPATOP OTBETOB, YTOObI IIOJYYUTh Bbi-
GOPKY MO3KIINI OTBETOB B JIOKYMEHTE.

2. BwIOGparh OJMH U3 MOJYyYEeHHBIX OJIOKOB OTBETOB ¥ TIePeIaTh ero B TeHEPaTop
BOITPOCOB (CO3/1aTh COOTBETCTBYIOIIYIO MACKy OTBETA).

3. Tlepenarb JOKYMEHT ¥ MACKy OTBETa B KOAMPOBIIKK, 4TOOBI CTeHEPUPOBATH
HayaJIbHOE COCTOSTHUE JIJIS JIEKOJIUPOBIIIAKA.

4. VHnnnanuaupoBaTh JI€KOAUPOBIIUK STUM HAUYATbHBIM COCTOSTHUEM U BBECTU
JieKceMy <START>, 4T0OBI CreHepHPOBaTh MEPBOE CJIOBO Borpoca. IIpogosrkaTh
ATOT TIPOIIEeCC, TI0/[aBad Ha BXO/] CTeHEPUPOBAHHBIE CJI0BA, O/THO 34 JIPYTUM,
MTOKA MOJIEJTb He BhIBE/IET JIeKceMy <END>.

Kak oT™medasioch BbIlle, BO BpeMsi 00yUYeHUsT MOJIENb UCIIOJIb3YeT TIOMOIIb Ha-
CTaBHUKA B BHUJIE€ BBO/Ia UCTUHHBIX CJIOB (BMECTO CIEAYIOMNX TTPEICKAZAHHBIX
CJIOB) 06paTHO B STYEHKY JeKoAnpoBIrKa. OIHAKO BO BPeMs BBIYUCIEHIIT MO-
JIeJTb JTOJIKHA caMa CreHepUPOBaTh BOIIPOC, IIO3TOMY HaM HYKHA BO3MOKHOCTD
nepeaBaTh Ha3a/l B STYEHKY J€KOIUPOBIIUKA MTPe/ICKa3aHHbIe CJIOBA, COXPAHSIS
IIPH 3TOM CKPBITOE COCTOSTHUE. /1151 5TOr0 MOKHO OIPENETUTh AOIOJTHUTEIbHY O
mojenb Keras (question_model), MPUHUMAIOTIYIO JIEKCEMY TEKYIIETO CIOBA
U TEKYIlee CKPBITOE COCTOSTHIE JIEKOJANPOBITNKA U BLIBOSIIYIO TTPOTHO3UPY-
emMoe pacripe/ieJieHre CJIeAYIONero cjoBa i 0GHOBIEHHOE CKPBITOE COCTOSTHUE
JEeKOAMPOBINIKA (JIUCTUHT 6.8).

JincTmHr 6.8. NporHo3upytowas Moaenb

decoder_inputs_dynamic = Input(shape=(1,), name="decoder_inputs_dynamic”)
decoder_emb_dynamic = embedding(decoder_inputs_dynamic)
decoder_init_state_dynamic = Input(shape=(2 * GRU_UNITS,)

, name = 'decoder_init_state_dynamic')
decoder_states_dynamic = decoder_cell(decoder_emb_dynamic

, initial_state = [decoder_init_state_dynamic])
decoder_outputs_dynamic = decoder_projection(decoder_states_dynamic)

question_model = Model([decoder_inputs_dynamic, decoder_init_state_dynamic]
, [decoder_outputs_dynamic, decoder_states_dynamic])
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ATy MOJIENIb MOYKHO UCITOJIB30BATH B IUKJIE JIJIST TOCJIOBHOM reHepainun BOTpo-
coB (suctuHr 6.9).

JInctmHr 6.9. leHepauus nap BONpoC/OTBET Ansl AAHHOMO JOKYMEHTA

test_data_gen = test_data()
batch = next(test_data_gen)
answer_preds = answer_model.predict(batch[«document_tokens»])
idx = 0
start_answer = 37
end_answer = 39
answers = [[@] * len(answer_preds[idx])]
for i in range(start_answer, end_answer + 1):
answers[idx][i] = 1
answer_batch = expand_answers(batch, answers)
next_decoder_init_state = decoder_initial_ state_model.predict(
[answer_batch[ 'document_tokens'][[idx]],

answer_batch[ 'answer_masks']J[[idx]]1])

word_tokens = [START_TOKEN]
questions = [look_up_token(START_TOKEN)]

ended = False
while not ended:

word_preds, next_decoder_init_state = question_model.predict(
[word_tokens, next_decoder_init_state])

next_decoder_init_state = np.squeeze(next_decoder_init_state, axis = 1)
word_tokens = np.argmax(word_preds, 2)[0]

questions.append(look_up_token(word_tokens[0]))

if word_tokens[@] == END_TOKEN:
ended = True

questions = ' '.join(questions)
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PesynbTaTbl MOgenupoBaHuA

Ha puc. 6.16 nokasanbl ipuMepbl pe3yabTaToOB, MOJTYIEeHHBIX MOIEIbIO (CM. TaK-
ke 610kHOT 06_03_qga_analysis.ipynb B peo3uTopuu ¢ puMepamu JIJisi KHUTH).
[lnarpamma cripaBa TOKa3bIBAeT BEPOSITHOCTD KAJKOTO CJIOBA B IOKYMEHTE CTaTh
gacThio oTBeTa. /lajiee 9T (hpaswl c OTBETAMU TIOCTYTIAIOT B TEHEPATOP BOTIPOCOB,
Pe3yJIbTaThl BBIYUCIEHUH KOTOPOTO 0TOOPaKAOTCS B JIEBON YacTH [HarpaM-
™Mbl («IIpesickazanHbIit BOIIPOCS ).

IIpex e Bcero o6paTrTe BHIMAHIE, HACKOJIBKO TOYHO TEHEPATOP OTBETOB OIIpe-
JIeJISIET, KaK¥e CJI0BA U3 IOKYMEHTA BEPOSITHEE BCETO OY/IyT COMEPKATHCS B OT-
Bete. OZIHO 9TO y’Ke BIeyaTJisieT, 0COOEHHO eCJIi yUeCcThb, YTO OH HUKOT/A He
BU/IEJI 3TOT TEKCT paHblile, a TaKKe, BO3MOXKHO, He BUJIeJ HEKOTOPbIE CJIOBA,
BKJIIOUEHHBIE B OTBET, Takue Kak Bloggs (Biorre). 113 KonTeKcTa MOKHO MOHSITD,
9TO 9TO, BEPOSITHO, GaMUIIVST Y€T0BEKA, KOTOPAs, CJIEOBATETHHO, MOKET OBITH
4acTbIO OTBETA.

KoaupoBuiuk usBiekaeT KOHTEKCT U3 KaKIO0T0 U3 9TUX OTBETOB, YTOODI JEKO-
JUPOBIIMK CMOI CTEHEPUPOBATH IIOAXOAANIME BOIPochl. OOpaTuTe BHUMAHME:
KOJIUPOBIITUK CMOT [TOHSITh, YTO B OTHOIIEHUU TIEPCOHDI, YIIOMSTHYTOM B IEPBOM
0TBeTe, 23-year-old striker Joe Bloggs (23-meTHero manazgaiotiero /[;ko biorrca),
MOKHO c(OPMYJIMPOBATH BOIPOC, KaCAIOUIUICS ero crocoOHOCTH 3a01BaTh
TOJTBI, U TIEPEIAT ATOT KOHTEKCT JIEKOIUPOBIIUKY, & TOT CTeHEPUPOBAJ BOTIPOC
«who scored the <UNK> ?» («kt0 3261 <UNK> ?5), a He, Hanlpumep, «KTO
SIBJISIETCST TIPE3UIEHTOM ? .

L[eKoaep 3aKOHYMJI 3TOT BOIIPOC TEroMm <UNK> (HeI/ISBeCTHO), HO HE IIOTOMY, 4TO
HE€ 3HAET, 4TO /i€JIaTb JaJiblll€, — OH IIPOCTO IIPpEeAIIoJJIaraeT, 4To CJI0BO, KOTOPOE
CJIeyeT aJjibllie, BEPOATHO, OTCYTCTBYET B OCHOBHOM CJiOBape. He crour yauB-
JIATHCA, YTO MOEJIb HpH6eraeT K ITOMOIIY Tera <UNK> B TOM KOHTEKCTE, TaK KaK
MHOTHE U3 Y3KOCIIENUAJIM3UPOBAHHDBIX CJIOB B OPUTUHAJIbHOM KOPITyCE€ MOTYT
JIEKCEMU3NPOBATHCA TaAKUM O6p3.30M.

OTMeTbTe, YTO BO BCEX CJIydastX ACKOAMPOBIIUK BbIOPAJ MPaBUIbHBIN «THIT»
BOIIPOCA — KTO, CKOJIBKO MJIM KOTJ[a — B 3aBUCHMOCTH OT THIIA OTBeTa. Tem He
MeHee B pe3yJibraTax HabJIio1al0TCs HEKOTOPbIe IIPOOIeMbI: HAIIPUMED, OH CreHe-
puposai Borpoc <how much money did he lose?» (ckosbko geHer oH noTepsin?)
BMecto «<how much money was paid for the striker?» (ckosbko crout Haraja-
I01UIi?). DTO BIOJIHE 00BACHUMO: JEKOAUPOBIINK «BUAUT> TOJIHKO KOHEUHOE
COCTOSTHVE KOJIMPOBIIMKA U HE MOKET 0OPaTUThCS K UCXOAHOMY JOKYMEHTY 3a
JOTIOJTHUTENHHON NH(MOPMAITHET.
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0 the 0.21

1 winning 0.18

Z goal 0.18

3 was 0.13

4 scored 0.16
Bbi6paHHbIin Avana3oH oteTta 6 : 9 5 by 0.13
['23-year-old', 'striker', ‘joe’, 'bloggs’] (['23-neTHuit, 6 23-year-old 0,72 ==--==s=rsee
'Hanapatowuit', 'axo’, ‘énorre’]) 7 striker 0.72

N B joe 0.84

CnporHo3npoBaHHbIi BONPoC CI S Y T T N 1 F I ——
<START> who scored the <UNK> ? <END> 10 during 0.07

(<START> kT0 3a6un <UNK> ? <END>) 11 the 0.08
12 match 0.11

BbiGpaHHbIi AnanasoH oteeta 14 : 16 13 between 0.12

g o o "o Vo \ 14 arsenal 0.25 ——---—--ooemeo
['arsenal’, 'and’, 'barcelona’] (['apcenan’, 'w', ‘6apcenoHa']) 15 and 0.25

i 16 barcelona 0.26-------=-=-==s=locmceaoaacg
CnporHo3npoBaHHbI BONPOC o

<START> who defeated <UNK> ? <END> 18 arsenal 0.31

(<START> kT0 npowurpan <UNK> ? <END>) 19 recently 0.09
20 signed 0.06
21 the 0.08
BbiGpaHHbI ananasoH oteeTta 24 : 26 22 striker 0.17
L 23 for 0.17
50 million pounds (50 MunnMoHOB dyHTOB) 24 50 0,89 <oonommmeomemmomeeo oo

o 25 million 0.5€
CnporHo3v1poBaHHbI BONPOC 26 pounds 0.48

<START> how much money did he lose ? <END> 27 . 0.0
(<START> ckonbko aeHer oH notepsin ? <END>) 28 the 0.02

29 next 0.03
30 match 0.03
31 is 0.02
32 in 0.03
33 two 0.04
34 weeks 0.06
35 time, 0.04

Bbi6paHHbIii AnanasoH oteeTa 24 : 26
[july’, '31st', '2005"] (['wronb’, '31-¢', '2005')

36 on 0.02
CnporHo3anMpoBaHHbIi BONPOC 37 july 0.12
<START> when did the <UNK> start ? <END> (< 38 3lst 0.12
START> korga <UNK> Haunetcs ? <END>) :: 20:500- - —
41 0.1

Puc. 6.16. Pe3ynbTaThl, NONyYEHHbIE MOAESBIO

CynrecTByeT HECKOJIBKO PaCIIUPEHii ceTell KOAUPOBIINK-IeKOAUPOBIIUK, KO-
TOPbIE MOBBINIAIOT TOYHOCTH U FTeHEPATUBHYIO MOIIHOCTDh Mojieu. VI3 Hux Hau-
GoJiee MUPOKO UCTIONB3YIOTCS cemu yKazameneu' v mexanusmol snumanus’. Cetu
yKasareJieil [aloT MOJIEJTU BO3MOKHOCTb «YKa3bIBaTh» HA KOHKPETHBIE CJIOBA
BO BXOJIHOM TEKCTe JIJISI BKJIIOUEHUST B CTeHEPUPOBAHHBIN BOIIPOC, & HE TOJIBKO
[T0JIaraThCsl Ha U3BECTHBIE CJIOBA B CJIOBape. ITO IIOMOTaeT PElInTh IPodIeMy

Opwuoa Bunbsuic (Oriol Vinyals), Meiipe @oprynaro (Meire Fortunato) u Hasaun [Ixaiit-
s (Navdeep Jaitly), «Pointer Networks», 9 utosss 2015, https://arxiv.org/abs/1506.03134.
Jmutpuit Borganay (Dzmitry Bahdanau), Kionraxén Yo (Kyunghyun Cho) u Homya
Benskuo (Yoshua Bengio), «Neural Machine Translation by Jointly Learning to Align and
Translate», 1 cenrsiopst 2014, https://arxiv.org/abs/1409.0473.
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C TeroM <UNK>, YITOMSTHYTYIO Bbillle. MBI PACCMOTPUM MeXaHU3Mbl BHIMAHMST
B CJIe/IyIOIIell riaBe.

NTorm

B 21011 T71aBe MBI BBISCHWIIN, KaK TPUMEHATH PEKyPPEHTHBIEC HEHPOHHBIE CETH
JUTS TeHEPAITUK TEKCTOBBIX TOCIEI0BATENbHOCTEN, MMUTUPYIONINUX OTpee-
JIEHHBIHN CTUJIb TTUCHbMAa, a Tak’Ke JIJIsI CO3/IaHUsI BEPOSITHBIX TTap BOMPOC,/OTBET
JUIS TAHHOTO MOKyMeHTa. MBI MCCIe0BaIN IBa Pa3HbIX TUITA PEKYPPEHTHBIX
cJI0eB, foJroi Kparkocpounoii mamsatu u GRU, u To, Kak 9T sSYeiiKi MOKHO
KOMITOHOBATh WJIU JIeJIaTh JIBYHAIIPABJIECHHBIMU /IJIsi (DOPMUPOBAHUST CJIOKHBIX
CETEBBIX APXUTEKTYP. APXUTEKTypa KOAUPOBITUK-AEKOIUPOBIINK, TTPECTAB-
JIeHHas B 9TOU TJIaBe, SIBJSIETCS Ba)KHBIM TeHEePaTUBHBIM MHCTpyMeHToM. OHa
MTO3BOJISIET YITAKOBATh TOCTEI0OBATENbHBIE JaHHbIE B BEKTOP, KOTOPBII 3aTeM
MOKHO JIEKOJMPOBATD B JIPYTYIO ITOCIEA0BATENBHOCTb. DTOT TIPUEM TTPUMEHNM
KO MHOTHM 3ajiladyaM, KpoMe TeHepaIuu 1map BOIPOC/0TBET, TAKIM KaK ITepeBOJI
C OJIHOTO sI3bIKA Ha JIPYToil 1 0600IIEeHEe TEKCTA.

B 060ux ciryuasx Mbl BUEIHU, KaK BaKHO YMETb [IPe0OPa3OBbIBATH HECTPYKTYPU-
pPOBaHHbBIE TEKCTOBBIE JAHHBIE B CTPYKTYPUPOBAHHBIN (hOPMAT, KOTOPHIT MOKHO
HCIIOJIb30BaTh C PEKYPPEHTHBIMU CJI0SIMU HEMPOHHOU ceTu. Xopoliee ITOHUMa-
HUE TOTO, Kak MeHsieTcsT (hopMa TeH30pa MPH Tlepeiade JaHHbIX Yepe3 CeTh, TOXKe
umeet GOJIBIIOE 3HAYEHME JIJIS CO3/IaHUsT YCIIENTHBIX CETell, a peKyPPEHTHBIE CJIOM
TpebYIOT 0000 OCTOPOKHOCTH B 9TOM OTHOLIEHHUH, IOTOMY Y4TO BPEMEHHOE 13-
MepeHHe B I10CJIe0BaTeIbHbIX JAHHBIX 00aBJISIET JONOJIHUTEIbHYIO CI0KHOCTD
B Ipoiiecc mpeobpasoBanisi. B cienytolieii riase pedb MougIeT 0 TOM, Kak Te JKe
unen, pexkainme B ocHoBe RNN, MOKHO TPUMEHUTD K IPYTOMY THUITY TIOCJIeI0Ba-
TeJTbHBIX TAHHBIX — MY3bIKE.



[JIABA 7

CounHeHue My3blKku

CounHenmne My3bIKI, HAPSAY C KUBOIHACHIO W CO3/IAHUEM JINTEPATYPHBIX MPO-
U3BEJIEHNI, — OIHO U3 ApYailllinX MPOSBACHUI TBOPUECKHUX CIIOCOOHOCTENH
YyeJsioBeKa.

YT06BI COUMHATH FAPMOHUYHYIO, IPUATHYIO [Tl YEJOBEYECKOTO CIyXa MY3bl-
Ky, KOMIIBIOTED JI0JIKEH YMETh ITPEO0I0JIeBaTh TEXHUYECKUE MTPOOJEMbI CPOJHN
PacCMOTPEHHBIM B IPEAbIAYIIEH I1aBe, BBIABJIATD 1 BOCCO3AaBaTh MOCIEA0BA-
TEJILHYIO MY3BIKQJIbHYIO CTPYKTYPY, a TaK:Ke BBIOMPATD TTOCAEYIONHE HOTHI 13
JMCKPETHOro Habopa.

Bouiee Toro, Mojiesib, TeHEPUPYIOTIast My3bIKY, CTAJIKUBAETCSI C IOTIOJHUTEIbHbI-
MU IpoGJIeMaMiu, KOTOPbIE OTCYTCTBYIOT IIPU FeHEPUPOBAHUU TEKCTa, 8 UMEHHO
olpejieJieHre BHICOThI TOHAJBHOCTH W PUTMa co3/1aBaeMoit Menoauu. Kpome
TOTO, MY3bIKa YaCTO MOJU(OHUYHA, TO €CTh OJHOBPEMEHHO 3BYYUT HECKOIHKO
[IOTOKOB HOT, M3BJIEKa€MbIX Ha PA3HBIX MHCTPYMEHTaX, KOTOPbIe 00beANHSIOTCS
U CO3/IAIOT IUCCOHAHTHbBIE (KOHMIIMKTYIOIINE ) M KOHCOHAHTHBIE (COrJIacyio-
I[1eCs ) FapDMOHKH, T09TOMY [IPU T€eHEPUPOBAHUN MY3bIKU, B OTJIMYKE OT TEKCTA,
Tpebyercst 00pabaThiBaTh HE €IMHCTBEHHBII TOTOK CJIOB, a MapaJslieibHbIe T0-
TOKU aKKOP/IOB.

TekcT MOKHO 00pabaThIBATH MO CJIOBAM, OIHAKO MOAOOHBII METO/l COYMHEHNST
IJT0XO MOAXOMUT JIJist PAGOTHI ¢ MY3BIKAJIBHBIMY JAHHBIMU, TIOTOMY YTO HAH-
GOJIBIINI HMOITMOHATIBHBIN HACTPOIT BHI3BIBAET POCYIINBAHNE MY3BIKH, ITOJTY-
garoreiicst 00beIMHEeHNEM Pa3INYHbIX PUTMOB B ancamOsie. Harmpumep, rutapuct
MOJKET UTPATh OBICTPO CMEHSIIONIIECS] HOTBI, TOT/IA KaK MHAHICT CIIOCOOEH BOC-
[POM3BOANTH OOJIEe UTMHHbIE BbIIEP;KaHHbIe aKKOP/IbL. [Tpotie roBopsi, co3namue
MY3bIKH HOTa 32 HOTON — CJIOJKHOE JIEJI0, TOTOMY YTO YACTO OBIBAET HEJKETATEN b
HO, YTOOBI BCe MHCTPYMEHTBI MEHSIJIU HOTY OJIHOBPEMEHHO.
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Mpb1 HaYHEM ATY TJIABY C TOTO, YTO YIIPOCTUM 33/1a4y M COCPETOTOUNMCS Ha TeHe-
PUPOBAHUU MY3bIKU 71T OMHON (MOHOGOHUYECKON ) My3bIKaIbHON JrHNN. Kak
BBI YBUAUTE caMu, MHOTHE MeTobl RNN, omnrcannble B IpebIIYIIeil TIaBe, TIe
PACCKa3bIBAJIOCh O TEHEPUPOBAHNUU TEKCTA, TOKE MOTYT UCIIOJIb30BATLCS JIJISI Te-
HEePUPOBAHUSI MY3BIKHU, TOCKOJIBKY 9TH JIBE 324l UMEIOT MHOTO 061ero. B aroii
rJaBe Takyke OyJIeT Tpe/cTaBIeH MeXaHu3M BHUMaHus (attention mechanism),
MO3BOJISIONINI CO3/IaBaTh PEKYPPEHTHBIE CETH, CIIOCOOHBIE BBIONPATh, HA KAKIX
HPebIAYIINX HOTaX COCPEAOTOUNTHCS, YTOObI IIPEICKA3aTh, KAKIe HOTHI J0JIKHBI
caenoBaTh gasee. HakoHelr, MbI pacCMOTPUM 3371a4y CO3AAHUS TTOTN(MOHUIECKON
MY3BIKH U Y3HAeM, KaK Pa3BepHyTh apXUTEKTypPy, ocHoBaHHyI0 Ha GAN, ¢ 11e/1h10
CO3/IaHUST MY3BIKH 711 HECKOJIBKUX TOJIOCOB.

BctynneHne

[TpucTymast K penennio 3ajia4i reHepupOBAHUST MEJIOANH, HEOOXOINMO MTPEKIE
HOJIYYHTH OOIIee TPEACTABIEHIE O TEOPHH MY3bIKI. PaccMOTprM 0CHOBHBIE (hop-
MBI 3aIUCH MY3bIKH ¥ TO, KAK TIPEACTABUTD MY3bIKY B «I[U(Pe», YTOOBI IepeiaTh
ee B TAaKOM BHJIe Ha BXOJl TeHEPATUBHOI MOJEH JIJIst OOy YeHUsI.

31ech HAC BHOBD BBIPDYYUT 60xHOT 07_01_notation_compose.ipynb u3 pernosuTo-
pud ¢ IpUMepaMu AJsl KHUTU. /[pyTUM IIeHHBIM PECYPCOM JJIS JKeJAoNInX 3a-
HATHCS FeHeprupoBaHueM My3bikd Ha Python mosker mocaysxuth crarbs (http://
bit.ly/2XtmRXr) B 6siore Curypaypa CKyJIu U COMYTCTBYOMUNA PETTO3UTOPUTIL
B GitHub (http://bit.ly/2107hgv).

B kauecTBe MCXOMHBIX JaHHBIX B 9TOI TJIaBe MbI MCmoab3yeM Habop MIDI-
aitnos ¢ counnennsmu M. C. Baxa ais Buosonyesn (B 6JI0KHOTE BbI HalizeTe
BCe HeOOXOAMMbIE HHCTPYKIUH 110 3arpyske). JKesaronire MOryT HCIOIb30BaTh
WHOM HabOp JaHHBIX ITO CBOEMY BBIOODY.

JIJ1s1 IpOCyIMMBaHUs MY3bIKH, CT€HEPUPOBAHHON MOJE/bIO, TIOHAZOOUTCS
nporpaMMHoe obecriedenne, cocoOHoe co3AaBaTh HOTHYIO 3aIliCh, HAIIPUME]
MuseScore, 10CTYITHBII GeCILIATHO.

HoTHasa 3anuchb

s sarpysku u o6paborkrn MIDI-(daiinos uctonbsyem 6ubmoreky ais Python
music21. Jluctunr 7.1 geMoHcTpupyer, Kak 3arpysutb MIDI-daiin u n306pasuthb
ero (puc. 7.1) B Bu/le MapTUTYPHI U CTPYKTYPUPOBAHHBIX TAHHBIX.
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JNuctmir 7.1. VimnoptuposaHue MIDI-daiina

from music21l import converter

dataset_name = 'cello’
filename = 'csl-2all’
file = "./data/{}/{}.mid".format(dataset_name, filename)

original_score = converter.parse(file).chordify()

YTo0bI C;KaTh BCE OJHOBPEMEHHO TIPOUTPBIBAEMbIE HOTHI B aKKOP/IbI BOEIMHO,
ucnoab3yercs MeTosl chordify. ITockosbKY 3Ta Ibeca UCIOJHAETCS OJTHUM
WHCTPYMEHTOM (BUOJIOHUEJIBIO), MBI UMEEM MOJHOE TIPaBO Ha 3TO, XOTS MHOTAA
ObIBAET JKeJIaTeIbHO OCTaBUTh OT/EJIbHBIE YaCTH, YTOOBI CTeHEPUPOBATH TIOJIN-
(honnyeckyto My3bIKy. ITO CO3/IaeT AOMOJHNUTETbHBIE CITOKHOCTH, KOTOPBIE MBI
[IpeojioJIeeM Jasee B 9TOM ryase.

Kon B smcTunre 7.2 iepebupaet B IUKJIE COAEPKUMOE MAPTUTYPhI U U3BJIEKAET
BBICOTY ¥ JUTNTEIHHOCTH KAKAON HOTHI (¥ 1ay3) B Ba crucka. OTaeabHble HOTBI
B aKKOP/IaX pas/ieJieHbl TOYKOH, T0O3TOMY BECh aKKOP/l MOKHO COXPAHUTH KaK
O/IHYy CcTPOKY. HucJIo 1ociie KaskJoro Ha3BaHMsI HOTBI YKA3bIBAET €€ OKmasy —
HocKoJbKY MMeHa HOT (0T A 710 G)' OBTOPSIOTCS B KXK/IOI OKTaBe, 3TO J0TI0JI-
HUTEJbHOE YHCJIO IOMOTAeT O/IHO3HAYHO OTIPE/Ie T BBICOTY HOTBI. Hanprmep,
G2 Ha OKTaBy HUXe, yeM G3.

JINCTUHr 7.2. 13BNe4yeHne aaHHbIX

notes = []
durations = []

for element in original_score.flat:

if isinstance(element, chord.Chord):
notes.append('."'.join(n.nameWithOctave for n in element.pitches))
durations.append(element.duration.quarterLength)

if isinstance(element, note.Note):
if element.isRest:
notes.append(str(element.name))
durations.append(element.duration.quarterLength)

else:
notes.append(str(element.nameWithOctave))
durations.append(element.duration.quarterLength)

1 B anmmiickoM si3bIKe HCIonb3yioTes HasBanus HoT: A, B, H, C, D, E, E, G — z14, cu-6emouin,
cu, 110, pe, M, da, cosb. — [Ipumeu. nep.
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[Tonyuennbiii nabop gannbix (tab. 7.1) Temepb GOJbIIE TOX0K Ha TEKCT, € KO-
TOPBIM MBI UMeJH Jiesio paHee. CJI0Ba MPENCTABISIOT 38YKU, U Mbl JIOJIKHBI 110-
[BITATHCSI TOCTPOUTD MOJIEJIb, TIPEJICKA3BIBAIOILYIO CJIE/IYIONTUI 3BYK, UCXO/IS U3
TIPeIBIAYIIEH TOCAe0BATENBHOCTH 3BYKOB. JTY K€ N/IeI0 MOKHO MTPUMEHNTD
K CITUCKY AsnTenbHocTel. Keras 1aeT HaMm BO3MOKHOCTH CKOHCTPYHPOBATH MO-
JteJTb, CIOCOOHYI0 TIPOTHO3MPOBATH BBICOTY TOHA U JTUTEJIBHOCTH O[HOBPEMEHHO.

Ta6nuua 7.1. BbicoTa M AIMTENbHOCTb KaXXA0oW HOTbI, XPaHSILLENCS B Crincke

OnutenbHocTb BbicoTa AnutenbHoCTb BbicoTa
0,25 B3 0,25 G3
1,0 G2.D3.B3 0,25 D3
0,25 B3 0,25 E3
0,25 A3 0,25 F#3
0,25 G3 0,25 G3
0,25 F#3 0,25 A3

Bawa nepBas cetb RNN ana reHepupoBaHna My3biKin

Yt06bI co31aTh HAOOP AAHHBIX JJIst OOYUEHUsI MOJIEJIN, CHaYala HYsKHO TIPH-
CBOUTD KAKI0H HOTE U IJIUTEJBHOCTHU TeTIOUNCcIeHHOe 3HaueHue (puc. 7.2), Kak
MBI JIeJIAJTN 9TO JIJIST CJIOB B TEKCTOBOM Kopiryce. HeBakHO, KakuMu GyIyT 9TH
3HAUEHUSsI, TaK KaK Mbl OyIeM HUCII0JIb30BaTh CJIO BEKTOPHOTO MPEICTaBICHUS
JUIs TPe0OPa3OBAHUS EJOYUCIEHHBIX 3HAYEHUH B BEKTOPBI.

note_to_int duration_to_int
{'A2': 0, {0: 0,

'A2.A3': 1, Fraction(l, 12): 1,
'A2.B2': 2, Fraction(l, 6): 2,
'A2.C3': 3, 0.25: 3,

'A2.D3': 4, Fraction(1l, 3): 4,
'A2.E-3': 5, 0.5: 5,

'A2.E3': 6, Fraction(2, 3): 6,
'A2.E3.A3': 7, 0.75: 7,
'A2.E3.C#4': 8, 1.0: 8,

1.25: 9,

'A2.E3.C#4.24': 9,
: 10, Fraction(4, 3): 10,

'A2.E3.C#4.E4'

Puc. 7.2. Cnosapu a/isi npeobpasoBaHust HOT U ANUTENLHOCTEN
B LI€IOUYNC/IEHHbIE 3HAYEHUS!
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3areM MBI co3gaanM obydalomuii Habop, pasbuB gaHHbIE HA HeOOIbIINe OJI0KN
10 32 HOTBI C TIEPEMEHHOI OTBETA, COAEPIKAIIEN CIIELYIONLYI0 HOTY B TOCJIEN0Ba-
TeJTBHOCTH (B (hopMaTe MPsIMOTO KOAUPOBAHUSA ), TO €CTh BBICOTY TOHA U IJIUTEITh-
HOCTH 3By4aHud (puc. 7.3).

Mojesib, KOTOPYIO MBI TOCTPOUM, TIPEACTABISIET cOO0IT MHOTOCTONHYIO CETh
LSTM ¢ MexaHM3MOM BHUMaHVsI. B IIpe/ibIyIieii riiaBe Mbl BUIEN, Kak 00ben-
HaTh ciou LSTM u nepeaBaTh CKPBITOE COCTOSHUE TTPEIBITYINETO CJI0S Ha BXOJ
crepyiorero. Takoii cmocob 00beAnHEHNsT CI0EB TI03BOJISIET MOJIE/IN BhISBJISAThH
GoJiee CI0KHbIE IPU3HAKK B IaHHBIX. B 9TOM pasjiesie Mbl II03HAKOMUMCSI ¢ MeXa-
HU3MOM BHUMAaHUs!, KOTOPBII B HACTOsIIIIEEe BPEMS SIBJISIETCS HEOTHEMJIEMON
YaCTBIO CJIOKHBIX MOCIEI0BATEIbHBIX TeHePATUBHBIX Mojiesieit. [losBienue aToro
MeXaHU3Ma [TOPOIUIIO MPAHCHOPMEPbL — TUTI MOJIEJIEH, OCHOBAHHBIX UCKJIIOUH-
TEJIbHO HA BHUMAHWK U He TPEOYIONMX HAJIMYNsT PEKYPPEHTHBIX MU CBEPTOYHBIX

pitch input

[386 77 340 77 27 371 260 371 168 237 260 371 27 77 144 196 77 371
260 371 237 168 124 61 124 168 237 260 371 27 77 144]

duration input
[03833333333333333333333333333333)

pitch output

(0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
0. 0.0.1.0. 0. 0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0O.
0. 0. 0. 0.0, 0.0.0.0.0.0.0.0.,0.0.0.0.0.0.0.0.0.0.0O.
0. 0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0O.
0. 0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0O0.
0. 0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0O.
0. 0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.20.0.0.0.0.0.
0. 0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0O.
0. 0. 0. 0.0, 0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0O0.
0. 0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0O.
0. 0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0O.
0. 0. 0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0. 0.
0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.20.0.0.20.0O0.0.
0. 0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0O.
0. 0. 0. 0.0, 0.0.0.0.0.0.0.0.,0.0.0.0.0.0.0.0.0.0.0O.
0. 0. 0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0O.
0. 0. 0.]

duration output
(0. 0. 0. 1. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.)

Puc. 7.3. BbIXoZHble ¥ BbIXOAHbIE AaHHbIE rEHEPATUBHOW My3blKasibHOWM MOAENM

' Jlmurpuit Borganay (Dzmitry Bahdanau), Kionraxén Yo (Kyunghyun Cho) u Momrya
Benskuo (Yoshua Bengio), «Neural Machine Translation by Jointly Learning to Align and
Translate», 1 centsi6pst 2014, https://arxiv.org/abs/1409.0473.

Bawa nepsas cetb RNN ans reHepMpoBaHus My3bIKK 241



cioeB. Bosee mogpo6Ho apxuTekTypa TpanchopmMepoB OyaeT 00CyKAATHCS
B IvIaBe 9, a OKa COCPeIoTOYNMCS Ha BHEJIPEHNN MeXaHN3Ma BHUMAHUS B MHOTO-
caoitnyio cetb LSTM, nompo6oBas mpejickasath CIeAyIolyio HOTY, OCHOBBIBAsICh
Ha TT0CIe/10BATeTbHOCTH MPEBIYTIUX HOT.

BHyumaHune

HCpBOHa‘-IaJIbHO MEXaHU3M BHUMaHUA IIPUMEHAJICA B 3a/la4aX IIEPEBO/ia TEKCTa
C OTHOTO SI3bIKA HA IPYTOI, B YaCTHOCTHU C aHTJIUNCKOTO HA (hpAHITY3CKUIL.

B nipenpiayineit riaBe Mbl BUIEJH, KAK CETH THUTIA «KOAUPOBIIUK-EKOIUPOB-
IUK» PEIIAIoT ATy 3a/1auy, IIPOIYCKasl CHAYa/a BXOHYIO TOCIE0BATEIBHOCTh
yepe3 KOAMPOBIIKK, 4TOOBI CreHEePUPOBATh BEKTOP KOHTEKCTa, KOTOPHII 3aTeM
BO3BPAIlaeTCs Yepes CeTh AeKOAMPOBIINKA B Buie iepeBoa. OHa 13 mpobiem
TaKOT'0 MO/IX0/Ia — B TOM, YTO KOHTEKCTHBII BEKTOP MOKET CTaTh Y3KUM MECTOM.
Wudopmariusg 13 UCXOHOTO TIPEIOKEHNS MOKET OKA3aThCsI CYIIeCTBEHHO Pa3-
6aBJIEHHOM, JOCTUTHYB BEKTOPa KOHTEKCTA, YTO OCOOEHHO BEPHO IS ATUHHBIX
npemoxenuii. [Toatomy nHorma paspaboTYnKK MPUMEHSIIOT TOTOJTHUTEIbHBIE
MeXaHU3MbI, TOMOTAIOIIHE COXPAHUTH BCIO HEOOXOAUMYIO MH(MOPMAIIIIO IS
GoJiee TOYHOTO TIEPEBO/IA UCXOAHOTO TEKCTa AEKOAUPOBITKOM.

Hampumep, Moziesb I0JIKHA TIEPEBECTH CIIEYIONIEe MPEITIOKeHIe Ha HEMEIKHUIL:
I scored a penalty in the football match against England (st 3a6wmn nenasisru B hyT-
6OJIBHOM MaTyde MPOTUB AHTIINAN).

OueBH/IHO, YTO CMBICJI ATOTO TPE/JIOKEHIS B KOPHE UBMEHUTCS, €CJIU 3aMEHUTh
c10Bo scored (3a6wmir) Ha missed (IPOMYCTUIT), TPUYEM €CTh BEPOSITHOCTD, YTO
KOZMPOBIIMK HE CMOKET COXPAHUTD 3TY WHMOPMAIUIO B KOHEYHOM CKPBITOM
COCTOSTHUM, TaK KaK CJIOBO Scored HAXOANUTCS B HAYAJIE TIPEJIOKEHIIS.

[TpaBusbHBIN TIEpeBOJ Tipeaiokenust: Ich habe im FuBBballspiel gegen England
einen Elfmeter erzielt.

Kak Buaum, B mepeBojie Ha HeMEIKUI SI3BIK CJI0BO scored (erzielt) neficTBUTEIbHO
HaXoJIUTCsI B KOHIle Tipeaioskerus! To ecTb nHgopmalus 0 ToM, 4TO TeHAJIBTH
ObLI 3a01T, a He TIPOIYIIEH, H0JKHA COXPAHUTHCS TIPU TPOXOKIEHUHN HE TOJBKO
yepes KOAMPOBIINK, HO U uepe3 JIEKOUPOBIIHUK.

To :xe BEpHO 1 B OTHOIIIEHUW MY3bIKH. /[JIsT OTIpeiesieHust HOTBI UJIN TI0CJIe/[0Ba-
TEJILHOCTU HOT, KOTOPasi, CKOPee BCETO, MOCJEAYET 32 KOHKPETHBIM OTPBIBKOM,
BIIOJIHE MOJKET MPUTOIUTHCS MH(MOPMAINS U3 TAJIeKOTO Havala OTPHIBKA, a He
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TOJIbKO U3 GJ3Jieskaiero ¢hparmerta. Harpumep, BOT BCTYIUTEIbHbINA OTPBIBOK
u3 npeioauu k cioute Ne 1 baxa a5t Buosiondenu (puc. 7.4).

Kaxkag nora momkma ciaemoBarh ganbiine? Jlake ecim y Bac HeT MY3bIKAJIbHOTO
obpaszoBaHust, BbI BCe PaBHO cMozkeTe foragarbest. CkasaB «Cojib» (TiepBast HoTa
B 9TOM TIPOU3BE/IEHNH ), BbI Oy/I€T€ COBEPIEHHO MPAaBbl — BO3MOKHO, 3AMETHB,
YTO KaKbII TaKT U IOJIOBUHA TaKTa HAYMHAIOTCS C OJHOI U TOH JKe HOTBI, 1 UC-
10J1b30BaB 9TOT (HaKT /11 000CHOBAHUS CBOETO peliennst. X0Tea10Ch Obl, 4TOObI
Halla MOJIEJTb CMOTJIA TPOJEJIaTh TOT JKe TPIOK, TO €CTh YT0ObI OHa 3a00THIACH HE
TOJIBKO O MeKyuieM CKPHITOM COCTOSIHIK CeTH, HO 1 ye/isaa 0coboe BHUMaHNe
CKPBITOMY COCTOSIHUIO, MIMEBIIEMY MECTO BOCEMb HOT TOMY Hasaj, Korjia Oblia
BcTpeueHa rpeabiyimas Hota G (coJib) HUXKHEH OKTaBbI.

Jluist pemienust 9Toi 1poGeMbl OBLT IPE/JIOKEH MeXaHU3M BHUMaHust. BmecTo
€IMHCTBEHHOTO KOHEYHOTO CKPBITOTO COCTOSTHUS JIJIST CO3/IaHMUST BEKTOPA KOHTEK-
CTa MeXaHN3M BHUMaHU MCIIOJIb3yeT B3BENIEHHYIO CYMMY CKPBITHIX COCTOSTHII
kogupoBimka RNN, nMeBIInX MecTo Ha BeexX MPebIyIIUX BPeMeHHBIX ITarax.
MexaHu3M BHUMaHUSI — 9TO MIPOCTO HAOOP CJI0EB, KOTOPbIE TPE06PasyIoT mpe-
NIBITYIIIE CKPBIThIE COCTOSHUS KOAWPOBIINKA U TEKYIIEe CKPhITOE COCTOSHIE
JIEKOTMPOBIIIUKA BO B3BENTEHHBIE CYMMBI, Ha OCHOBE KOTOPBIX T€HEPUPYETCS
BEKTOP KOHTEKCTA.

Eciau 910 00bsicHEHNE TTOKA3ATIOCHh BaM CJUIIKOM CJIOKHBIM, He BOJTHYNUTECH!
MbI HaYHEM € TOTO, YTO 10OABUM MEXaHM3M BHUMAHUSI TIOCJIE TIPOCTOTO PEKYP-
PEHTHOTO ¢Jiost (4TOOBI PEIIUTH 3a/1a4y TPOrHO3UPOBAHUSI CJEAYIONIE HOThI
B cioute Ne 1 Baxa jiisi BHOJIOHYEJIH ), U TOJIBKO MOTOM Oy/IeM paccMaTpUBATh,
KaK 3TOT IIPUEM TIPUMEHUTH K CETH KOAUPOBIINK-AE€KOIUPOBIIUK, YTOObI ITPE/I-
CKa3aTh y:Ke He OJ[HY, a 1[eJIYIO [T0CJI€JI0BATEbHOCTD HOT.
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Puc. 7.4. BcTynuTenbHbIM OTPLIBOK U3 NPEntoann
K ctouTe NQ 1 Baxa Anst BUOSIOHYeNU
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KoHcTpynpoBaHue mexaHnsma BHUMaHUA
c nomouwbto Keras

[l Hagama BCIIOMHUM, KaK MCIOJIb30BATh CTAHAAPTHBIN PEKYPPEHTHBIN CI0H
LTS TTPOTHO3UPOBAHNA CJIEAYIONIeH HOTBI, OTMPAsCh Ha MOCJIE/[0BATEIbHOCTD
npeabLymux Hot. Ha puc. 7.5 mokasano, kak BXOJiHasl OC/I€I0BaTeIbHOCTD (X,
..y X) TIOJIACTCSI HOTA 32 HOTOI B CJIO}, KOTOPBI Ha KaXK/IOM Iare 0OHOBIISAET
CBOE CKPBITOE cOCTOsiHME. BXo/iHast 1oce/0BaTe/IbHOCTh MOKET COCTOSTh U3
BEKTOPHBIX TIPEICTABIEHUI HOT UJIU CKPBITBIX COCTOSTHUN U3 MPEIbIIYIIEro
peKyppeHTHOTO cyosi. Ha BeIXozie peKyppeHTHOTO 10 MOTydaeTcsd KOHEUHOe
CKPBITOE COCTOSTHIE, BEKTOP KOTOPOTO UMeeT JITTIHY, PABHYIO KOJTMYECTBY Y3JI0B.
Jlajiee aTOT BEKTOP MOKHO TI€PE/IATh B CJION Dense ¢ BBIXOJOM SOftmax, 4ToObl
IpeicKasaTh Hanboiee BEPOSITHYIO CIIEAYIONLYIO HOTY.

Ha pmuc. 7.6 mokazana Ta ke ceTb, HO YK€ ¢ MEXaHU3MOM BHUMAHUS /IS yUeTa
MPEBIYIINX CKPBITHIX COCTOAHUIN PEKYPPEHTHOIO CJIOS.

[laBaiiTe paccMOTpuM, TIar 3a MIaroM, Kak AeHCTBYeT aTa ceTh (JTUCTUHT 7.3):

1. Crayvama Kaxjoe CKpbITOe COCTOSTHUE h]. (BexTOp, /VTNHA KOTOPOTO paBHA KO-
JINYECTBY Y3JI0B B PEKYPPEHTHOM CJIO€) TiepesiaeTcs B (PYHKIUIO a, KOTOPYTO
Ha3bIBAIOT (DYHKIMEN CO2Laco8anust, 4T0ObI TIOTYIUTh CKAJISIP e. B aTom npu-
Mepe (hYHKIIHSI COTJIacCOBaHUST pean30BaHa Kak OObIYHbII OJTHOCBSI3aHHbII
CJIO¥ ¢ OIHUM BBIXOIHBIM Y3JI0M ¥ (DYHKIMEN akTUBaIiu tanh.

2. Jlanee, K BEKTOpY €, ..., €, IPUMeHsAeTCA PyHKIUA SOftmax, 4To0bI OTyInTh

BEKTOP BECOB 0., ..., O, .

3. Hakownel, Kakaplii BEKTOP CKPBITOTO COCTOSIHUSI hy. YMHOKAETCSI Ha COOT-
BETCTBYIOILNI BEC 0, U PE3YJIBTAThI CyMMUPYIOTCS, 4TOObI TOJIYYUTH BEKTOP
KOHTEKCTa ¢ (COOTBETCTBEHHO, C IMEET TY JK€ JJTNHY, YTO U BEKTOP CKPHITOTO
COCTOSTHUS).

[Tosryyenusrit BEKTOP KOHTEKCTA MOKHO TTepeaTh B cIoil Dense ¢ BHIXOIOM
softmax, Kak 0OBIYHO, YTOOBI MOJYUUTH PacipeieieHIe BEPOSTHOCTEN 1JIst cJie-
Nytollell MOTeHITNAIbHON HOTHI.
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PekyppeHTHbI
cnow

X2

X3

Xn

. hy . h, - hsy . 2
hy Averika Averika Averika Auenika Averika

h?!

Dense

Puc. 7.5. PekyppeHTHbIl CNoi Anst NpeackasaHns CreayroLlen HoTbl

B MOCNeA0BaTeNbHOCTM 6e3 MexaHM3Ma BHUMaHKWS

Jinctunnr 7.3. Coopka RNN ¢ MexaHM3MOM BHUMaHUS

notes_in = Input(shape =

X1 =

X2 =

x = Concatenate()([x1,x2]) ©

X =

X = LSTM(rnn_units, return_sequences=True)(x)
e = Dense(1, activation='tanh')(x) ©

e = Reshape([-1])(e)

alpha = Activation('softmax')(e) @

0 n
o

Multiply ()([x, c])

(g}
U}

notes_out = Dense(n_notes, activation
durations_out = Dense(n_durations, activation

model = Model([notes_in, durations_in], [notes_out, durations out]) ©

att_model = Model([notes_in, durations_in], alpha) @

(None,)) @

durations_in = Input(shape = (None,))

opti = RMSprop(lr = 0.001)

model.compile(loss=["'categorical_ crossentropy',
optimizer=opti) @

Embedding(n_notes, embed_size)(notes_in) @
Embedding(n_durations, embed_size)(durations_in)

LSTM(rnn_units, return_sequences=True)(x) @

= Permute([2, 1])(RepeatVector(rnn_units)(alpha)) @
Lambda(lambda xin: K.sum(xin, axis=1), output_shape=(rnn_units,))®

'softmax', name

'pitch')o @
'softmax', name

'categorical_crossentropy'],

"duration')®
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PekyppeHTHbIN x X, Xy Xn
cnoit !
) hy N h, B by 2 B
hy Averika Auerika Averika Averika Averika
MEXAHN3M h h. . h,
BHUMAHMS ' : ? "

Dense (1) J [ Dense (1) J [ Dense (1) J [ Dense (1) J [ Dense (1)
e [e e [- [en
[ SOFTMAX
l a laz l l an

las
[ A A S
_ a9 Y

~
)
)

1| e = a[hj) = tanh(W - h))

H a; = [softmax(e)]j = 2:)2:(%

C:Zajhj

]

Puc. 7.6. Cnoii ans npeackasaHust CneayoLein HoTbl B NOC/IeA0BaTeIbHOCTH
C MEXaHW3MOM BHUMaHUS

O CeTb UMeeT ABa BXOA: TIOCAEI0OBATEIbHOCTh HA3BAHUN TPEABIIYITUX HOT
U 3HaYeHKs UX JuTeabHocT. OOpaTtuTe BHUMAaHME: JJTMHA TOCIEA0BATEIbHOCTH
He yKaszaHa — MeXaHM3M BHUMaHUsI He TpebyeT, 4TOObI BXOIHASI TIOCIe/[0BATE b-
HOCTh UMeJIa (PUKCUPOBAHHYIO JJINHY, TIO9TOMY MbI MOKEM ITPeHeOpeyb €lo.

® CJioun Embedding peobpasyioT 1eJI0UNCIeHHbIe 3HAYEHSI, COOTBETCTBYIOIIIE
Ha3BaHUAM HOT U JUTUTEJIbHOCTU HOT, B BEKTOPBI.

© 113 1ByX BEKTOPOB (hOPMUPYETCsI OMH OOJIBIION BEKTOP JIJIst TIepeadyr B pe-
KYPPEHTHBIE CJION.
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O PekyppeHTHYIO yacThb ceTu 06pasyior asa caosg LSTM. O6parure BHUMaHME:
3/1eCh MBI TIEpe/laeM TlapaMeTp return_sequence cO 3HaYeHUEM True, 4TOOBI 00a
CJTOSI BBIBOZIMJTN TIOJTHBIE TIOCTIEZI0BATEIBHOCTH CKPBITBIX COCTOSTHUI, 2 He TOTBKO
KOHEYHOE CKPBITOE COCTOSTHHE.

O DyHkuus coracoBaHus — 9TO0 OOBIYHBIN CJIOH Dense ¢ OJHUM BbIXOIHbBIM
yasoM u yHKIHeH aktuBanun tanh. Cioit Reshape MCTIONB3YETCS IS CARATHS
BBIXO/IHBIX JIAHHBIX B €/IMHCTBEHHBIN BEKTOP, /UVIMHA KOTOPOTO paBHA JJUHE
BXO/THOI TIOCJIEIoBaTEIbHOCTH (seq_length).

@ Beca BBIYNCIISIOTCS TIPUMEHEHNEM (DYHKIUE aKTUBAIMN SOftMax K COraco-
BaHHbBIM 3HAYCHUAM.

@ YT00bI TTOIYYNUTh B3BEHIEHHYIO CYMMY CKPBITBIX COCTOSTHU, UCIIOJIb3YEM CJIOI
RepeatVector, KOTOPBII KOMUPYET Beca B rnn_units 1 co3maeT MAaTPUILY ¢ (hopMOoi
[rnn_units, seq_length]. 3aTeM TPAHCIIOHUPYEM 3TY MATPUILY € IIOMOIIIBIO CJIOST
Permute, 4TOOBI MOJIyYUTDb MaTPUILY C dopmoii [seq_length, rnn_units]. I[loTom
[I039JIEMEHTHO YMHOKUM MATPUILY HAa CKPBITbIE COCTOAHMA U3 KOHEYHOTO CJI0A
LSTM, koropsiii Tak:ke mMmeeT ¢hopmy [seq_length, rnn_units]. Hakowerr, wc-
HOJIb3YeM CJION Lambda JIJIst CYMMUPOBAHUSI 110 OCH seq_length, 4TOOBI TOJYYNUTH
KOHTEKCTHBIN BEKTOP C AJTWMHON rnn_units.

® Cerb umeer IIByCTOpOHHI/Iﬁ BbIXO/l: Ha3BaHUE C]IeIIYIOH.IE‘ﬁ HOTBI 1 €€ AJINTEJIb-
HOCTbD.

© OxkonuaTesbHas MOJIeJIb IPUHUMAET Ha3BAHUS TPEIbIIYITUX HOT U UX JIJIN-
TEJIbHOCTH M BBIBOAMT paciipejieieHrie BePOSITHOCTE Uit BBIOOpa HazBaHUsI
creyroniel HOTBI M €€ TTPOJI0JIKUTETHHOCTH.

© /lonosIHUTENBHO CO3/IAeTCST MOJIENTh, KOTOPAst BBIBOJUT BEKTOP CJIOsI alpha,
4TOOBI MOJKHO OBLIIO TIOHSTh, KAK CETh OMPEIEISIeT Beca st TIPEABILYIIMX CKPbI-
TBIX COCTOSHUIL.

® Mogerb KOMITUIMPYETCS ¢ NCT0B30BaHNEM (DYHKITNI 1TOTePh categoryorical
crossentropy /I HA3BaHUU U IIIUTEIbHOCTU HOT, TOTOMY 4TO 9Ta 3a/1a4a OTHO-
CUTCS K KATETOPUU MHOTOKJIACCOBON KIaccubuKaimu.

Ha puc. 7.7 nokaszana guarpamma I0JHON MOJIeJIM, CKOHCTPYUPOBAHHOM € 110-
moripio Keras.O6yuntsb oty cetb LSTM ¢ MexaHH3MOM BHUMAHISI MOYKHO, 3a-
IIyCTUB OJIOKHOT 07_02_Istm_compose_train.ipynb 13 pero3utopus ¢ npuMepamu
JUIS1 KHUTH.
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Bxoa: | (None, None) Bxoa: | (None, None)

input_1: InputLayer input_2: InputLayer
Bbixoa: | (None, None) Bbixoa: | (None, None)
BXO4: (None, None) BXO4: (None, None)
embedding_1: Embedding embedding_2: Embedding
BbixoA: | (None, None, 100) BbixoA: | (None, None, 100)

4

BXOA: [(None, None, 100), (None, None, 100)]

concatenate_1: Concatenate

BbIXOA: (None, None, 200)
A 4
BXOA;: (None, None, 200)
Istm_1: LSTM
BbixoA: | (None, None, 256)
A 4
BXOA;: (None, None, 256)
Istm_2: LSTM
Bbixof: | (None, None, 256)
BXOA: (None, None, 256) \\
dense_1: Dense
BbIXO/: (None, None, 1)
A 4
BXO[: (None, None, 1)
reshape_1: Reshape
BbIXO/: (None, None)
A 4
BXO[: (None, None)
activation_1: Activation
BbIXOA: (None, None)
A 4
BXO[: (None, None)

repeat_vector_1: RepeatVector
Bbixod: | (None, 256, None)

A 4

Bxoa: | (None, 256, None)

permute_1: Permute

Bbixof: | (None, None, 256) /

BXOA: [(None, None, 256), (None, None, 256)]

multiply_1: Multiply

BbIXOA; (None, None, 256)
A 4
BXOA;: (None, None, 256)
lambda_1: Lambda

BbIXO/: (None, 256)

Bxoa: | (None, 256) Bxoga: | (None, 256)
pitch: Dense duration: Dense

Bbixod: | (None, 387) Bbixoa: | (None, 18)

Puc. 7.7. Mogenb LSTM ¢ MexaHM3MOM BHUMaHUS AN NpeackasaHus creaytoLleid HoTbl
B MOCNeAoBaTENbHOCTH
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AHanu3 cety RNN c MmexaHn3mMoMmM BHUMaHUA

AHasi3, onrchbIBaeMbIi 1ajiee, MOKHO BBITIOJHUTD, 3aITyCTUB OJOKHOT 07_03_
Istm_compose_analysis.ipynb n3 perno3uTopus ¢ IpuMepamMu JJisd KHUTHU TOCJIe
00y4YeHMsI CETH.

YroObI creHeprpoBaTh MY3bIKATbHBIN (ParMeHT ¢ HYJIs, epeaiiM CeTH T10-
CJIE/IOBATEILHOCTD C €INHCTBEHHBIM TETOM <START> (TO €CTh COOOIINM MOJIEINH,
YTO OHA JI0JI’KHA HAYaTh C CAMOTO Havasa). 3aTeM CreHeprupyeM MY3bIKaJbHBIH
(bparMenT, UCIoJIb3YsT TOT JKe CIIOCO0, YTO NCTIOIB30BATICS B TyIaBe 6 /1s rere-
PUPOBaHUS TEKCTOBBIX II0CJIEA0BATEIbHOCTEH:

1. Ha ocHoBe Tekyteli mociae1oBaTeIbHOCTH (C HA3BAaHUSAMU HOT U UX JIJTUTEITh-
HOCTSIMHU ) MOJIEJIb CIIPOTHO3UPYET /IBA PACIIPEIeIEHNST BEPOATHOCTEN IS
BBIOOPA CJIEAYIONIEeN HOThI U €€ TIPOJIOJIKUTETbHOCTH.

2. Boibepem 3HauyeHus: U3 060MX pacipejesieHuil, UCTOJIb3Yys MapamMeTp
temperature, KOTOPBIN yIIPaBJISIET AOJIEH CYyYallHOCTH MTPH BBIOOPE.

3. CoxpaHuM BBIOPaHHYIO HOTY, a €€ Ha3BaHWe U MPOIOJIKUTEIBHOCTD 100aBUM
B COOTBETCTBYIOIIHE MOCJIE/I0BATEIHHOCTH.

4. Ecin pimna creHepupOBaHHOMN 110CJIE[0BATENBHOCTH IIPEBLICUIIA JAJTUHY
o6yuJaiolieil oc/IeI0BaTeNBHOCTH, TO YAATUM OJIMH dJIEMEHT M3 HayaJa 1o-
CJ1e/10BATEJIbHOCTU.

5. Tlporiecc moBTOpsieTCS ¢ KAsKI0H HOBOI MOCIEI0BATENBHOCTBIO /10 TOJTYIEHUST
(bparmenTa sxesraeMoii JUTUHBI.

[Ipumepsr MenoUiA, CTeHEPUPOBAHHBIX MOJIEJIBIO C HYJId, IPU PAa3HBIX KOJIUYeE-
CTBax aMox 00y4YeHwsl, MPeICTaBIeHbI Ha prc. 7.8.

OcHOBHOE BHUMaHUE B 9TOM Pas/iesie Mbl Y/IeJTUM MTPE/ICKa3aHNUSM TOHAJTbHOCTU
HOT, IOTOMY YTO CIOUTHI Baxa /iJiss BUOJOHYEIN UMEIOT OYeHb CJIOKHBII rapMo-
HUYECKUIT CTPO, PUTMHUKY KOTOPOTO TPYAHO BBISIBUTH, YTO TPEOYET TOPas/io
6oJiee TIATETLHOTO OOyUeH st ceT. TeM He MeHee Te JKe TIPUEMbI aHAJIN3a, YTO
OTIMCBIBAIOTCS Iasiee, MOSKHO TIPUMEHUTD U K PUTMUYECKIM ITPOTHO3aM MOIENH,
YTO MOKET OBITh OCOOEHHO aKTYaJIbHO JIJIsT IPYTUX MY3bIKAIbHbBIX CTUJIEN, KO-
TOPbIe MOTYT ObITH UCIIOJIb30BAHbI JIJIsT 00yUeHUsT MOjIes N (HAIIPUMED, YAapPHbBIX
UHCTPYMEHTOB).
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CuestyeT Takske OTMETUTB HECKOJIbKO MOMEHTOB, KACAIOMIUXCS CTEHEPUPOBAHHBIX
(dbparmeHTOB Ha prc. 7.8. Bo-1epBbIX, ¢ KaXKI0H 9110X0i 06ydeHnsT My3bIKa BCe
GoJiblire ycsokHsieTcst. B caMoM Hadajie MOJIe/ib CTPEMUTCSI BOCIIPOU3BOIUTh
Bce Te JKe TPYIbl HOT U puTMOB. K amoxe 10 Mozers Hauasa reHeprupoBaTh He-
GOJIBIIIIIE CEPUHU HOT, a K a1oxe 20 — MpOu3BOIUTH UHTEPECHBIE PUTMBI, TPOTHO
3aKPEIUBIIICH B BBIOOPE TOHAIBHOCTH (MU-6EMOJIH MaKOD ).

Bo-BTOpbBIX, MBI MOKEM [TPOAHAJIN3UPOBATDH PacIIpejieJieHrue BBICOT HOT BO Bpe-
MEHH, TIOCTPOUB TETIOBYIO KAPTY MPOTHO3UPYEMOTO PaCTIPE/Ie/IEHIT HA KaXK/IOM
BpeMeHHOM miare. IIpumep TenaoBoii kaprel ast snoxu 20, n306paskeHHoi Ha
puc. 7.8, mpencraBieH Ha puc. 7.9.

RN (R e S )

OlMNOXA 2
= — I
Pibef Lol UL 1F7T0Tm T2 ST

OMNOXA 10
sre=e—=scesresmae————
944 L7 Frerier gelreer ST ﬁﬁgﬁg;gj; sifes

AIMOXA 20
P e ies= ===

Puc. 7.8. HekoTopble npuMepbl My3blKkasibHbIX (DparMEHTOB, CreHepUpPOBaHHbIX
MOZENbIO, Ha BXOA KOTOPOW 6bl NofaH eANHCTBEHHbIN Ter <START>; 3aechb
1cnonb3oBasncs napameTp temperature co 3HayeHnem 0,5, ynpaBnsiowmin BbI6OpoM
Ha3BaHWI HOT M MUX NPOAOSIHKUTENBHOCTM

250 Tnasa 7 ¢ CouMHeHME My3bIKN



BbICOTa TOHa (B 3HayeHusax MIDI)
g3
[
|
||
I. .
)

HOMED HOThI

Puc. 7.9. PacrnpesieneHne BeposSiTHOCTEN BO3MOXHbIX CleflytoLmx HOT B anoxy 20:
yeM TeMHee KBaApaTuK, TEM Bbllle BEPOSTHOCTb, YTO MOAENb BbIOEPET 3Ty HOTY
B KauecTBe creayoLleit

JIT060TIBITHO, YTO MOJIETh YETKO OTIPEIeIIa, KaKue HOThI TPUHA/TIEKAT KOH-
KPeTHbIM monanviocmsam. O6 3TOM CBUAETETbCTBYIOT TPOGEJIBI B paciipe/iesie-
HUSX, COOTBETCTBYIOIINX HOTAM, He TPUHA/JIEKAINM TOHATbHOCTH. Hanmpumep,
B ALY st HOTBI 54 (cosib-6eMoJib/(ha-Makop) MMeETCs CEpPbIil pa3pbiB. JTa
HOTA BPSIJI JIN MTOSIBUTCST B MY3bIKQJIbHOM TIPOU3BE/IEHUH, UMEIOIIEM TOHATLHOCTb
Mu-6emMoJib Maskop. Ha parneii cragum nporiecca (JieBast 4acTh JHarpaMmbl ) TO-
HAJIBHOCTD €II[e He OTpe/ieieHa, U TIOITOMY CYIIeCTBYeT GOJIbIIast HEOTpeIeeH-
HOCTB B BBIGOpE creytonieil HoThl. [To Mepe MpOIBIKEHUsT MOJIEb BEIOUpAeT
oTIpe/leJIeHHYI0 TOHAJTBbHOCTD, U TI03TOMY HEKOTOPBIE HOTHI MIOYTH HE UMEIOT
manca 66ITh BEIOpaHHBIMU. OCOOEHHO ITPUMEYATENbHO, YTO M3HAYAIBHO MOJIENb
He BbIOMpaJia TOHAJBHOCTB JIJISi TEHEPUPYEMOI My3bIKH, 2 OYKBaJIbHO MPUIyMaJia
ee, TIBITasICh TI0I00PATh HOTY, KOTOPAsI JIy4Ilie BCETO COOTBETCTBYET T€M, 4TO OBLIH
BBIOpAHBI paHee.

Bawa nepsas cetb RNN an1s reHepvpoBaHns My3biku 251



CTouT TakKe OTMETHTD, YTO MOJIEJb BBIYYNIIa XapaKTepHbIN /st Baxa cThib
MOHIZKEHUST TOHA B KOHITE (PPasbl € MOCTEAYIONUM PE3KUM MEPEX0IOM Ha BbI-
cokyto HoTy. [TocMoTpuTe Ha okpyskeHue HOTBI 20. Dta pasa 3akaHUIMBAETCS
HU3KUM MHU-0EMOJIb — B CBOMX CIOMTAX [IJisi BUOJIOHYEH B HavYaJIe CJACIyoIeit
(dpasbl Bax 06bIYHO Bo3Bpalaercst K 60Jiee BHICOKOMY, 60Jiee 3By4HOMY JiHaria-
30HY MHCTPYMEHTA, YTO OYEHb TOYHO TIPEICKA3BIBAET MOJIETb. MeKIy HU3KUM
MU-6eMoJIb (BbICOTa TOHA 39) 1 caieyoleil mpeacKka3saHHON HOTOM (¢ BBICOTOM
toHa 50) umeercst GOJIBIION CEPBIN TTPOMEKYTOK, YTO TOBOPUT 00 OTCYTCTBUM
1epe6OPOB B HU3KON TOHATHHOCTH.

Haxkonen, gaBaiite mpoBepuM, Kak paGoraeT Hall MeXaHU3M BHUMAaHUS.
Ha puc. 7.10 mokazanbl 3HaUeHU 2JIeMEHTOB alb(ha-BeKTOPa, BEIUMCIECHHbBIE
CETBIO B KAXK/ION TOYKE CTEHEPUPOBAHHOM TIOCIe10BaTeIbHOCTH. [Opr3oHTaIbHAS
0Cb COOTBETCTBYET CTreHEPUPOBAHHO MOCIEI0BATEIBHOCTH HOT; BePTUKATbHAS
0Ch TIOKA3bIBAET, Ky/1a OBLJIO HAITPAaBJIeHO BHUMAHUE CETH ITPU TPOTHO3UPOBAHUH
Kak/I0H HOTBHI Ha TOPU3OHTAIBHON och (TO ecThb anbda-BekTop). Yem TemHee
KBaJ[paTuK, TeM GOJIbIlle BHUMAHUST YAEJSIETCS CKPHITOMY COCTOSIHIIO, COOTBET-
CTBYTOTIEMY 3TOH TOUKE MTOCJIE0BATETLHOCTH.

Kak Buaim, Ha Bropoii HoTe BO (pparmenTe (B-3 = cu-6eMOJIb) CeTh pelriia
TIOYTH BCe CBOE BHUMAHUE YIEAUTh TOMY (haKTy, YTO IEPBOI HOTOH MHECHI TOXKE
ObL1a HOTA B-3. B 9TOM ecTb orpejiesieHHbIi CMBICT: 3Hast, YTO TIepBasi HOTA — CH-
6GeMOJIb, BBI IOYTH HaBEPHIKaA BOCIIOJIb3yeTeCh 9TON nHMOpMaIneii mpu Bbibope
caeyroleil HoTel. /lasee ceTb IPUMEPHO OJIMHAKOBO paclipesiesisieT CBOe BHU-
MaHUe MEK/LY TIPeIbITYTIIUMU HOTaMH, BECbMa PE/IKO BBIIE/ISAS HOTBI, OTCTOSTIINE
GoJiee yeM Ha MIECTb HOT Ha3a/l. V1 B 9TOM eCTb OIPe/IeIeHHBIN CMBICT: CKOpee
BCET0, B IIPEABIAYIINX HIECTH CKPBITBIX COCTOSTHUSX COJEPKUTCS JOCTATOYHO
uHGbOPMAIIH [IJisI TOTO, YTOOBI TIOHSITh, KAK 3Ta My3bIKaibHast (hpasza JoJKHA
IIPOJIOJIKATBCSL.

EcTb Taxske mprMepbl, KOT/Ia CETh Peliiia MTHOPUPOBATD OIPe/IeJIEHHY 0 OJIM3KO-
PAaCIIOJIOKEHHYTO HOTY, TOTOMY YTO Ta He J00aBIISIeT JONOJTHUTETbHON nHpopMa-
UK K MOHUMaHuio (hpasbl. Harprmep, mocMoTpuTe Ha IPSIMOYTOJIBHUK € OeJIbl-
MU PaHNIAMHE B TIEHTPE AMarpaMMBbl 1 06paTiTe BHUMaHIE, YTO B CEPEINHE eCTh
oJI0Ca TIPSIMOYTOJIbHUKOB, HAPYIIAIOIIast CIOKUBIITIIACS MAOIOH 3arIsiibIBAaHMsT
Hasaz Ha 4—6 HoT. [Touemy ceTb OXOTHO Mpenoydsia 661 UTHOPUPOBATH ATY HOTY,
[PUHUMas pelieHne o Beibope npopo/kenus dhpasoi? [TocMoTpes, Kakoii HOTe
aTa M0JI0CA COOTBETCTBYET, BbI YBUUTE, YTO ATO — TIePBasi U3 TPeX HOT E-3 (MU-
6eMoJTh). Moesb mpeAnodia MPOMTHOPUPOBATH €€, ITOTOMY UTO €l MPEAIIeCTRY-
eT Ta ke HoTa MU-0GeMOJIb, HO Ha OKTaBy HusKe (E-2). CKPBITOE COCTOSIHME CETH
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Ha 9TOM 3Tall€ IIPEI0CTaBJIAET MOJAEJIN IOCTAaTOYHO I/IH(i)OpMaIII/II/I, YTOOBI ITIOHATD,
YTO MU-0EMOJIb SBJISIETCS] BAKHOM HOTOI B 9TOM OTPBIBKE, 1 IIO3TOMY MO/I€JIN HET
HeO6XOIII/IMOCTI/I o6pamaTb BHHMaHME Ha IIOCJIEAYIONIYIO 6osee BbBICOKYIO HOTY
MI/I'6eMO]II), TaK KaK Ta HE I[O6aBJIHeT HUKaKON lIOHOJIHI/ITeJII)HOﬁ HH(bOpMaHI/II/I.

CrEHEPWPOBAHHbIV &PATMEHT

30HA BHUIMAHUA

Puc. 7.10. LiBeT KaXxaoro KBagpaTuka OTpaxaeT KOMYECTBO BHUMaHMS,
YOENABLUErocs CKpbITOMY COCTOSIHUIO CETU, KOTOPOE COOTBETCTBYET HOTE
Ha BEpPTMKabHON OCK B TOUKE NMPOrHO3UPOBaHUSI HAa FOPU30HTaNIbHOM OCK;
yeM 60ree HacbILEHHbIV KPacHbIM LBET UMEET KBaZpaTuK, TeM bosblue
BHUMaHWA yAensnochb

Bawa nepsas cetb RNN an1s reHepvpoBaHns My3biku 253



JlomosHuTeIbHBIE IOKA3aTEIBCTBA TOTO, YTO MOJIETh HAavaa TIOHUMATh UET0
OKTaBbl, MOKHO YBUJIETh BHYTPU TIPSIMOYTOJIbHUKA C 3€JIEHOM PAMKOU, HUKe
U TIpaBee. 3/1eCh MOJIEJb PENIIIa UTHOPUPOBATH COJIb HUKHEH OKTaBbI (G2), 110-
TOMY UTO €l TIpe/IIiecTBOBaJIa Ta JKe HOTa coJb (G3), HO Ha OKTaBy BbIle. Kak
BbI IOMHKTE, MbI HIYETO He COOOIIANN MOJIETN O TOM, KaK CBSI3aHbI HOTBI Yepe3
OKTaBbI, — MOJIeJIb caMa 0OHapysKuJia 310, mpocto u3y4urs My3biky V. C. Baxa,
4TO OCOOEHHO IPUMEYATETbHO.

MexaHn3M BHUMaHUSA B CETAX TUNA KOANPOBLYNK-
AeKoOANPOBLUK

Mexann3M BHUMaHUA — MOIIHBII WHCTPYMEHT, TIOMOTAIONUI CeTH PEITUTD,
KaKWe MPebIIyIIe COCTOSHUS PEKYPPEHTHOTO YPOBHS BasKHBI I TPOTHO3M-
POBaHUSI TIPOAOJIKEHMS ITOCIE0BATENbHOCTH. [l0 CHX ITOP MbI HCIIOJIb30BAJIN €TI0
TOJIBKO JIJIsT TPOTHO3WPOBAHUS Ha OTHY HOTY BIlepea. Ho Mexanmam BHIMaHUS
MO>KHO BHEJIDUTD U B CETh THUITA KOJUPOBIINK-/IEKOIUPOBIINK, TPOrHO3UPY OO
MOCJIEIOBATENLHOCT OYAYIIUX HOT € MOMOIIBI0 Aekoauposinnka RNN, BMmecTo
TOro 4ToOBI BBIOUPATh HOTHI 110 0HOI. Ha puc. 7.11 1mokasano, Kak MOKeT BbI-
[JISIZIETh CTaHaPTHAS MOJIEIb KOAUPOBIIMK-IEKOINPOBIIUK [IJIsSi TEHEPUPOBAHUS
MY3bIKI 6e3 MeXaHn3Ma BHUMaHU (C CEThIO ATOTO BUa MBI TIO3HAKOMIJIHCH
B ryiaBe 6, a Ha puc. 7.12 mokaszaHa Ta JKe CeTb, HO C MEXaHM3MOM BHUMAaHMSI
MEKIY KOIUPOBITIKOM U IEKOUPOBIITIKOM ).

MexaHn3M BHUMaHKS B 9TOM cJIydae paboTaeT TOYHO Tak Ke, KaK OMUCaHO
BBITIIE, C OJIHUM MCKJIIOUEHNUEM: CKPBITOE COCTOSHUE JEKOANPOBINKA TaKKe
MepelaeTcst B MEXaHU3M, [T09TOMY MOJIETh MOJKET COCPE/IOTOUUTh BHUMAHKE HE
TOJTPKO Ha TIPEIBITYIIIX CKPBITHIX COCTOSTHUSX KOIUPOBIITIKA, HO U HAa TEKYIIIEM
CKPBITOM COCTOSTHUM fiekoaupoBiiuka. Ha puc. 7.13 mokasano BHyTpeHHee
YCTPOUCTBO MOMYJIST MeXaHU3Ma BHUMAHUS B CTPYKTYPe KOAMPOBIIUK-TEKO-
TV POBIIUK.

HecmoTpst Ha To 4TO B ceTH THTIA KOJUPOBIIHUK-ACKOAUPOBIIIK NMEETCI MHO-
rO KOIUIT MeXaHn3Ma BHUMAaHUSI, BCE OHU UCIOJIb3YIOT OJTHU U T€ e BECOBbIE
K09 HUIMEHTHI, TT09TOMY HAKJIA[HBIE PACXO/bI HA 00yUYeHUEe HE 3aBUCST OT
YyycJia U3yv4aeMbIX apaMeTpoB. EquHcTBEHHOE OT/IMYKE B TOM, YTO TEIeph
B BBIUUCJIEHUAX MEXaHN3Ma BHUMAHUS yIaCTBYET U CKPBITOE COCTOSTHUE IEKO-
JPOBINKKA (KpacHbIE IMHUU HA IHATPaMMe ). ITO HEMHOTO MEHSIET YPaBHEHW,
KOTOPBIE Tellepb BKJIIOYAIOT JOMOJHUTEIbHBIN UH/EKC (1), OTpee oI ar
TEKOANPOBIITIKA.
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Ha puc. 7.11 ckpbiTOe cOCTOSTHIE IEKOAMPOBINKA UHUIUATU3UPYETCS KOHEY-
HBIM COCTOSTHMEM KOJIMPOBIINKA. B ceTsX THIa KOAMPOBIINK-TEKOIUPOBITUK
C MEXaHU3MOM BHUMaHUA AEKOAUPOBHIMK WHUIUAJU3UPYETCA C TTIOMOIIbIO
BCTPOEHHBIX CTAHAAPTHBIX MHUITNATN3ATOPOB PEKYPPEHTHOTO c1o4. /{1 Kaxkmoit
SYEHKY JIEKOJTAPOBIITIKA CO3/IAETCST PACIIMPEHHBIN BEKTOD JIAHHBIX, OJTYIaeMBblii
IyTeM 06BEZII/IHGHI/IH BEKTOPA KOHTEKCTA Ci CO BXO/IHbIMHU /TaHHbIMU _1/1;1. Takum
006pa3oM, BEKTOPBI KOHTEKCTA MOKHO PacCMaTpUBATh KaK JAOMOJHUTETbHbIE
JTAHHDIE, TIepelaBaeMble B IEKOIUPOBIIHK.
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Puc. 7.13. MexaHu3M BHUMaHUS B KOHTEKCTE CETU TUMa KOAMPOBLUMK-AEKOANPOBLLMK,
MOAK/IIOYEHHBIN K AEKOANPOBLUMKY SUENKM i
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FeHepupoBaHuMe NOANPOHNYECKON MY3bIKMN

Nudpactpykrypa RNN ¢ MexaHn3MoM BHUMaHUs, KOTOPYIO Mbl MCCJI€I0OBAJIN
B 9TOM Pas/ieJie, IPEKPACHO CIIPABJISIETC C 3a/[aueii TeHeprupoBaHus MOHO(DOHU-
YeCKOU My3BIKH. A MOKHO JIW IalITUPOBATB €e JIJId TeHEPUPOBAHUS TTOTUMDOHNN ?
Uudpacrpykrypa RNN, 6e3yciioBHO, 061a1aeT 10CTaTOYHON THOKOCTBIO U T10-
3BOJISIET CO3/IATh APXUTEKTYPY, TEHEPUPYIONIYIO Cpa3y HECKOTBKO MY3BIKATBHBIX
mHui. Ho Hai Tekynii Habop AaHHbIX IJIOXO MOAXOANT /I 9TOIO, IIOTOMY 4TO
AKKOPZIbI XPaHATCS B HEM KaK OT/e/IbHbIe 0ObEKTHI, a He KaK YacTH, COCTOSIIIE
13 HECKOJIBKUX OT/IeIbHBIX HOT. Harta Tekymiasi cetb RNN He criocoOHa MOHSITH,
HaIPUMep, YTO aKKOP/L I0-Makop (10, MU ¥ COJIb) Ha CAMOM JieJie 04eHb OJIU30K
K aKKOPAY JsI-MUHOP (711, 10 U MU ) — JAOCTATOYHO 3aMEeHUTD JIUIITh OHY HOTY:
coJib Ha Jist. BMecTo 3TOTO OHA cUMTAET UX ABYMSI OTIEJIbHBIMU dJIEMEHTAMHU,
KOTOPbIE MOTYT TIPeICKa3bIBAThCs He3aBUCUMO. B nease Ham HysKHa CeTh, KOTO-
past IPUHUMAET HECKOJIBKO MY3bIKAJbHBIX KAaHAJIOB B BUJIE OT/IEJbHBIX TTOTOKOB
U M3yYaer, KaK 9T MOTOKKM B3aMMOJAENHCTBYIOT APYT € APYTOM, 4TOOBI TIOTOM
reHepupoOBaTh KPACUBYIO MY3bIKY, a HE IUCTAPMOHUYHbBII ITYM.

Jluist reHepupoOBaHust N300pakeHU I, HATTOMHUM, MCIIOJb30BAIMCh TPU KaHaaa
1BeTa (KpacHbIM, 3eJIeHbIil ¥ CUHUI), ¥ C€Th YYUJIach KOMOMHUPOBATD UX JIJIsI
cos/anust 06pa3oB, a He CYYAHOTO MUKCENbHOTO MyMa. DaKTH4ecKu, KaKk Mbl
YBUIMM B CJIEyTOIIEM pas/iete, 3a1ady TeHepUPOBAHNA MY3BIKH MOSKHO CUNTATh
MPSIMBIM AHAJIOTOM 3aJIa4i TeHEPUPOBAHUS N300paKeHiT. ITO O3HAYAET, UTO
BMECTO PEKYPPEHTHBIX CeTeil MOKHO MCITOTb30BaTh TE K€ METO/[bI Ha OCHOBE
CBEPTKH, KOTOPbIE TaK XOPOIIO 3apPEeKOMEHI0BaJIN cebsl B 3a/1auax reHeprpoBa-
HUST 1I300paskeHN B My3bIKe, B yacTHOCTH, B ceTsix GAN. Ho mipesx/ie uem mpu-
CTYIUTD K MCCJIEJIOBAHUIO HOBOW apXUTEKTYPbI, [IOCETUM KOHIIEPTHBIN 3aJl, Tie
HayMHAETCS KOHIIEPT.

My3biKanbHbIli opraH

Jlupuskep ABakAbI MOCTydYas Majg04dKoil Mo monuTpy. KoHnepT nHaunnaer-
cs1. Ho na ciiene — opkectp, uctnosusionuii ne cumbonnn berxoBena u ne
yBepTiopbl HallKOBCKOTO. DTOT OPKECTP COUNHSAET OPUTHHATBHYIO MY3bIKY
" COCTOUT N3 I/ICHOJIHI/ITG.HCI';I, IMOoChIAOIINX KOMaH/Ibl O'POMHOMY MY3bIKaJIb-
Homy oprany (#azoBeM ero Muse GAN), KOTOPBITT TpeBpaniaeT 3T KOMaH bl
B TIPEKPACHYTO MY3BIKY, IOCTABJISIONLYIO YIOBOJIbCTBHUE caymiaressiMm. OpkecTp
MOJKHO Hay4YUThb reHEPUPOBATb MY3bIKY B OIIpe/J€JIEHHOM CTUJIEe, IIDUYEM HU
OJIHO U3 eT0 BBICTYIIEHU He moxoske Ha apyroe. CTO ABAAIIATh BOCEMb HC-
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NOJTHUTEJIEHl B OPKECTpe pas/ieJieHbl Ha YeThIPe PaBHbIC CEKINU 1Mo 32 uc-
nomHuTend. Kaxaad cexnms qaet Komanasl oprany MuseGAN u nmeet cBon
00s13aHHOCTH B OPKECTpe.

CexIyst cmujist OTBEYaeT 3a CO3/IaHne OOIIEro My3bIKaJIbHOTO CTHJISI UCTIOJTHEHUSI.
Bo MHOTHX OTHOIIEHUSX OHA BBIMOJIHSET CAaMyTO TMPOCTYIO PaboTy: KaskK/IBIN MC-
MIOJTHUTEJTb 9TOH CEKINY JOJKEH CTEHEPUPOBATh TOJIBKO OJTHY KOMAaHY B Hauaje
KOHIIepTa ¥ 3aTeM HeIIPePbIBHO 1o1aBaTh ee B Muse GAN Ha IPOTSIKEHUN BCETO
BBICTYILJICHUS.

Cexiust dopodicex BBITIOTHSIET TIOXO0KYIO PabOTY, HO KasK/IbIil CIIOJTHUTEb B HEil
BBIJIAET YK€ HECKOJIBKO KOMAH/I: 110 OJIHOM JIJIST KasK/I0i MY3bIKAJIbHOUT napmuu,
KoTopad BeiBoauTcst opranoM MuseGAN. Hamprmep, B 01HOM KOHIIEpTe KasK bl
YYACTHUK CEKI[UU JIOPOKEK TIOJATOTOBUII MIITh KOMAH/I, TI0 OIHO JIJIsl KyK /101 13
[ATH NAPTUIL: BOKAJIBHOM, (hopTenrantoii, CTpyHHOM, GacOBO 1 MapTUU yaap-
HBIX HHCTPYMEHTOB. X paboTa 3aK/IF049aeTcst B TOM, 4TOObI 00eCTIednTh JOPONHCKY
JUIST KQSKJIOTO OT/IEJIBHOTO MHCTPYMEHTa, KOTOpast Oy/IeT MPUCYTCTBOBATD Ha TIPO-
TSSKEHUH BCETO WCITOTHEHNS.

Cexnmn CTUISA U TOPOXKEK He MEHSIOT CBOUX KOMaH/I Ha TTIPOTSKEHUN BCETO HC-
noJiHeHus1. /[MHaMUKY B MCIIOJTHEHIE TPUBHOCST OCTAJIbHbIE JIBE IPYIIIIBI, 00€-
CIIeYNBAIONINe U3MEHEHNE MEIOINN B KayK/I0OM TakTe. laxm (Miu yugpa) — aTo
eIMHUYHBIN (DparMeHT MEJIOVH, COeP KAl HeOobIoe U (PUKCUPOBAHHOE
KOJIMUecTBO dojietl. Harpumep, eciiu, CayIiast My3bIKY, BbIl MOKETe COCUUTATh 1,
2,1, 2, TO 3TO 3HAUNT, UTO KAXKIBII TAKT COCTOUT U3 IBYX JI0JI€H 1, CKOPEe BCETO,
ato Mapii. Ecin Bl MoskeTe cocuutath 1, 2, 3, 1, 2, 3, 3Ha4uT, KOXKAbIN TaKT CO-
CTOUT U3 TPEX JI0JIEN U BbI CJIyIIAETe BAJIbC.

VlcoTHUTEN B CEKITUU akKopdoé MEHSIOT CBOM KOMaHIbl B Hadaje KaKIoTo
TakTa. ITO MPHUIAET KaKIOMY TaKTy OCOOBIN My3bIKaJbHbII XapakTep. Kaskprit
HCITOJTHUTENTb B 3TOH CEKITNU TIOCHIJIAET OJIHY KOMAHIY B Hauaje KaxKI0ro TaKTa,
KOTOPas 3aTeM MIPUMEHSIETCS K KaXKI0W HHCTPYMEHTATbHON TOPOXKKE.

VcrosHuTe i B CEKIMU MeL00Ul BBITIOIHSIIOT CAMYIO YTOMUTENBHYIO paboTy:
JIAI0T Pa3Hble KOMAHJIbI /IS KaXKI0W MHCTPYMEHTAIBHON JOPOKKHU B HAavYase
Kak0ro Takta. OHM UMEIOT HanboJiee TOMHBII KOHTPOJIb HaJl MY3BIKOiL, U T10-
HTOMY UX MOKHO PacCMaTPUBATh KaK CEKIIMIO 00eCIIeYeH ST MeJTOINIECKOI
JINHWM.

3aKOHYMB 3HAKOMCTBO € OpraHu3aiuei opkectpa, 06001NM 00SI3aHHOCTH KaskK-
noii cexrmu (Tabu. 7.2).
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Ta6bnumua 7.2. Cekumm opkectpa MuseGAN

KomaHpbl nsmensorca PasHble KOmaHAbI
B KaXKioM TakTe? B pa3HbIX fOpPOXKKax?
Crunb x x
Jopoxku x v
Akkopgpbl v x
Menoaus v

Kaxmerit coemyiomnuii TakT Muse GAN moskeH creHeprupoBaTh C yIETOM TEKY-
mero Habopa u3 128 komanz (110 OAHOHN OT KasKa0ro uctoanuTens ). O0y4uTh
MuseGAN sTomy Heserko. [lepBoHavyasbHO UHCTPYMEHT MIPOU3BOAUT TOJTHKO
yKacaloluil yM, TaK KaK He MOKET MOHSITh, KAK MHTEPIPETUPOBATH KOMAH/IbI
U CO3/IaBaTh M3 HUX TAKThI, HEOTJIMYMMBIE OT HacTosMIel My3biku. Ha moMorntsb
oprany MpuXoAUT AuprsKep. upusxkep coobimaeT emy, Korjaa 3ByKi, KOTOPbIE
OH BOCTIPOU3BOINT, IBHO OTJIUYAIOTCS OT HACTOSMIEH My3bIKU, TTOCJE YeTO
MuseGAN azanTupyeT cBOM BHYTPEHHME CBSA3U, YTOOBI B CIEAYIONIUIA pa3
¢ 6oJIbIIEN BEPOSITHOCTDHIO YIOBJAETBOPUTD OKUIAHUS Aupuskepa. upuskep
u MuseGAN crenyoT ToMy ke mpoileccy, KOTOPBIII Mbl BUeJH B TJaBe 4,
korga I u JIskun paboraau BMecTe HaJ yayulieHneM doTtorpaduii KIUBOT-
HBIX, cemanubix [xunom. Vcnomnntenn, ynpasisiomne opranoM Muse GAN,
MyTENeCTBYIOT 110 MUPY, AaBast KOHIEPTHI B JII0OOM CTHJIE, €CJIH TOJYYaloT
IOCTATOYHO TIPOAOJIKUTENbHBIN MY3BIKAJIbHBINA (PparMeHT s 00ydeHus
MuseGAN. B cienyiorem paszesie Mbl yBUIUM, Kak co3nath MuseGAN c mo-
Molibio Keras u HAQyYuTh €ro reHepupoBaTh PEAJTMCTUYHYIO MOJTU(DOHUUECKYIO
MY3BIKY.

Bawa nepBas cetb MuseGAN

Cerb MuseGAN mnpejcrasiena B ctatbe « MuseGAN: Multi-Track Sequential
Generative Adversarial Networks for Symbolic Music Generation and Accompa-
niments».' B Heil aBTOPHI ITOKa3aJIH, KakK ¢ IIOMOIIBIO HOBeliIIero ¢ppeiiMBOpKa
GAN 00y4nTh MOJIESTH TEHEPUPOBATDH TOTU(DOHITIECKYIO MY3bIKY U, PA3/IeJisis

! Xao-Ben [lour (Hao-Wen Dong) u ip., «MuseGAN: Multi-Track Sequential Generative
Adversarial Networks for Symbolic Music Generation and Accompaniment», 19 cenTsi6pst
2017, https://arxiv.org/abs/1709.06298.
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00513aHHOCTH MEK/Yy BEKTOPaAaMU 1lIyMa, KOTOPbIE ITUTAIOT reHeEpaTop, obecneynTh
ITOJIHBIN KOHTPOJIb Ha/l BBICOKOYPOBHEBbBIMU TIPU3HAKaAaMU MY3bIKH.

Y0661 0IPO6GOBATH HTOT MPUMEP, CHaYala HyKHO ckadaTh MIDI-daiisl,
Ha KOTOpbIX Gyzer obyuarbes cethb MuseGAN. Vcnosb3yem Habop gaH-
HbIX 13 229 xopasos U. C. baxa aist yeTbpex TOJIOCOB, OCTYITHBIN Ha
GitHub (http://bit.ly/2HYISrC). 3arpysum HabOp ¥ MOMECTUM €ro B marnky data
B PEMO3UTOPUH € TPUMEPaMU Jiuist KHUTH (B nioznanky chorales). Habop nqaHHbIx
COCTOUT M3 MAaCCUBA, COJIEPKAIIETO TI0 YeThIPE YUCTIA [T KAKIOTO BPEMEHHOTO
mara — BeicoTy HOTBI MIDI as1g kaxkmaoro us yerbipex rosocoB. BpemeHnHoi
1ar B 5ToM Habope paBeH OJ[HOII 1ecTHAAIaTON HOThL. Tak, HanpuMep, B OHOM
TakTe ¢ 4 yerBepTsimu Oyzer 16 BpeMeHHbIX maros. Kpome toro, Habop naH-
HBIX aBTOMATHYECKU JEJUTCS Ha 00yUaioujuil, nposepouHblil i KOHMPOJLbHbLLL.
Jlnst o6yuenust MuseGAN wucrionbayem obyuarowuii Habop. CHavaa JaHHbIE
HY’KHO TIpUBeCTH K hopme, mpurogHoit amns nepegaun B GAN. Crerepupyem
JIBa TaKTa MY3BIKH U TIO9TOMY CHaYasa U3BJIeUeM N3 KayKI0TO XopaJia mepBbie
aBa TakTa (CM. TOPSIIOK TIPeoOpa3oBaHust MCXOAHBIX JaHHBIX B BEKTOPDI JIJIst
nepenaun B ceTb GAN

U COOTBETCTBYIOIIYIO UM MY3bIKAIbHYIO HOTAIIWIO Ha puc. 7.14). Kaskabrit TakT
nenuTcest Ha 16 BpeMEeHHBIX 11AroB, TO eCTh BCETO JIJIs YeThIPeX napTuit — 84 mara.
CuieioBateibHO, TTOAXOsIIast (hopMa st IPeoOPa30BAHHBIX TAHHBIX UMEET BUJIL

[batch_size, n_bars, n_steps_per_bar, n_pitches, n_tracks]

T7e

n_bars = 2
n_steps_per_bar = 16
n_pitches = 84
n_tracks = 4

YTo06bl IPUBECTH JIaHHbIE K 9TOH (hopMe, 3aKOAUPYEM YHCTIOBbIE 3HAUEHUSI
HOT B BEKTOP € MUINHON 84 1 pazobbeM KaKIyio MOCJIE0BATETbHOCTD HOT
Ha /IBe TPYIIHI IO MIECTHAAIATD, 4TOOBI nonyunTh Ba takta.! [logroroBus
JaHHble, AaBaiiTe paccMOTpuM 0o61IyI0 cTpyKTYpy MuseGAN, HaumHas ¢ re-
HepaTopa.

! HPCHHOJIaFaeTCH, UTO KayKIbIi XOpaJl UMeET YEThIPE J0JIM B KaK/IOM TaKTe, 4YTO BIIOJIHE

PasyMHO, 1 fiake ecJii ObI HTO OBLIO He TaK, TO He 0Ka3aIo Obl OTPUIIATETHHOTO BIUSHUS
Ha 00yYeHue MOJIEIN.
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2 TakTa

16 BpEMEHHbIX LLIaros

MCXOOHbIE OAHHBLIE
4 0OPOXKKK
array([[74., 70., 65., S8
[74., 70., 65., 58
[74., 70., 65., 58
[74., 70., &5., 58
[75., 70., 58., 55
[75., 70., 58., 55
[75., 70., 60., 55
[75., 70., 60., 55
[77., 69., 62., 50
[77., 69., 62., 50
[77., 9., 62., 50
[77., 9., 62., 50
[77., 70., 62., 55
[77., 70., 62., 55
[77., 69., 62., 55
[77., 69., 62., 55
[75., 67., 63., 48
[75., 67., 63., 48
[75., 69., 63., 48
[75., 69., 63., 48
[74., 70., 65., 46
[74., 70., 65., 46
[74., 70., 65., 46
[74., 70., 65., 46
[72., 69., 65., 53
[72., 69., 65., 53
[72., 9., 65., 53
[72., 9., &5., 53
[72., 69., 65., 53
[72., 69., 65., 53
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FeHepaTop MuseGAN

[Tomo6HO BeeM reneparnBHO-cocTsizatebubiM ceTsiM (GAN), MuseGAN cocrounT
M3 regeparopa u KpuTrka. [emepatop meiTaeTcs ofypaunTh KPUTHKA CBOMMHU
MY3BIKQJIbHBIMHI TBOPEHUSIMU, & KDUTHUK CTAPAETCS MTPETOTBPATHTD ITO, TIHITASICH
OTJIMYUTD TTOJI/IETbHBIE XOpasbl baxa, co3fannbie reHepaTopoM, OT HACTOSTIIHX.
Ocobennocts cetrt Muse GAN B TOM, 4TO ee TeHepaTop MPUHUMAET Ha BXOJIE He
OJIMH BEKTOP TITYMa, a TIeJIBIX YeThIPE, KOTOPbIE COOTBETCTBYIOT YeThIPEM CEKITH-
SIM OpKecTpa (CM. BBIIIE) — aKKOPJOB, CTUJIS, MEJIOANH U TOPOXKEK (TOJIOCOB).
YrpaBiisist KasKIbIM U3 9TUX BXOJIOB, MOXKHO MEHSITh BBICOKOYDOBHEBBIE CBOCTBA
CTeHepUPOBAHHON My3bIkHU (puc. 7.15).

Ha auarpamme BuiHO, Kak BXO/IHble TEH30PbI aKKOP/IOB U MEJIOJIMN CHadyasa
[epeanTesa B IPOMEKYTOUYHYIO CETh, KOTOPas BBIBOAUT TEH30P, OJHO U3 U3Me-
PEeHMI KOTOPOTO PABHO KOJUYECTBY CTeHEPUPOBAHHBIX TAKTOB. birarogaps aTomy
HeT HeOOXOAMMOCTH PaCTSTMBATh BO BpEMEHU BXOJIHbIE TEH30PBI CTUJIEH U JI0PO-
JKCK, TaK KaK OHU OCTAIOTCSA IMTOCTOSIHHBIMU HA ITPOTSKCHUN BCETO TPOU3BEICHUA.
3areM, yTOObI CreHepUPOBATh KOHKPETHBIN TAKT JIJIsi KOHKPETHOI TapTui, 00b-
E€IMHAIOTCA COOTBETCTBYIONINE BEKTOPBI aKKOP/0B, CTUJIA, MEJIOJUN U JIOPOKEK.
Onu opmupytor GoJiee ITMHHBINA BEKTOP, TIepeIaBaeMblii B TEHEPaTOp TAKTOB,
KOTOPbIY B KOHEYHOM UTOTE BHIBOJMT YKA3aHHBIN TaKT /IJIs YKa3aHHOU TapTHH.
O06benHEHNEM CTEHEPUPOBAHHBIX TAKTOB [[JIS BCEX MaPTHUH CO3aeTCs apTUTY-
pa, KOTOPYIO KPUTHK MOKET CPAaBHUTH C HACTOSAIIUMU Pe3yJIbTaTaMy. 3alyCTUTh
o6yuenne MuseGAN MOKHO ¢ TIOMOIIbI0 Os10KHOTa 07_04_musegan_train.ipynb 13
PETO3UTOPHUS C TPUMEPAMU /ISt KHUTH (JIMCTUHT 7.4).

JinctuHr 7.4. Onpepenexdne MuseGAN

BATCH_SIZE = 64
n_bars = 2
n_steps_per_bar = 16
n_pitches = 84
n_tracks = 4

z_dim = 32

gan = MuseGAN(input_dim = data_binary.shape[1:]
, critic_learning_rate = 0.001
, generator_learning_rate = 0.001

, optimiser = 'adam'
, grad_weight = 10
, z_dim = 32

, batch_size = 64

, h_tracks = 4

, h_bars =2

, h_steps_per_bar = 16
, h_pitches = 84
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AKKOpAbl, CTUIb, MENOANA N [OPOKKIN

Terepb paccMOTPUM MOGJIMIKE YETHIPE BXOAHBIX BEKTOPA, KOTOPbHIE TIEPEAAIOTCSI
B T€HEPATOP.

AKKopAbl

Bxonnoit Ten3op akkopmoB umeeT AMUHY 32 (z_dim). MBI ZOJKHBI TTOJTYIUTD
pasHble BEKTOPBI IJIsT PA3HBIX TAKTOB, TIOTOMY 4TO MX 3a/a4a — 0OeCIeunTh JAu-
HAMHUYECKYI0 UBMEHYNBOCTb MY3bIKH ¢ TedeHreM Bpemern. O6paTrre BHUMAHUE:
HECMOTPST Ha CBOe MMsI chords_input, 3TOT TEH30p MOXKET KOHTPOJUPOBATH BCE,
YTO KacaeTcst MBMEHEHMsI MY3bIKH ¢ HA4aJlOM HOBOTO TaKTa, HAIIPUMep OOIIuii
PUTMHUYECKUI CTHIIb, O€3 TIPUBSA3KH K KAKOH-TMO0 KOHKPETHOI TTapTHi. ITO J10-
CTUTAETCSI C TOMOIIBIO HEPOHHOI CETH, COCTOSIIIEH U3 CI0eB 0OPATHOI CBEPTKH,
KOTOPYIO MBI Ha3bIBAEM NPOMEIICYymounoll cemuio. Onpenenenre aToH CeTH ¢ To-
Mombio Keras nokasano B iucrunre 7.5.

JINCTUHT 7.5. KOHCTpYMpOBaHWE MPOMEXYTOYHOM CETH

def conv_t(self, x, f, k, s, a, p, bn):
x = Conv2DTranspose(
filters = f
, kernel_size = k
, padding = p
, strides = s
, kernel_initializer = self.weight_init

) (x)

if bn:
x = BatchNormalization(momentum = 0.9)(x)

if a == 'relu':
x = Activation(a)(x)
elif a == 'lrelu':

x = LeakyReLU()(x)
return x
def TemporalNetwork(self):
input_layer = Input(shape=(self.z_dim,), name='temporal_input') @
x = Reshape([1,1,self.z_dim])(input_layer) @
x = self.conv_t(x, f=1024, k=(2,1), s=(1,1), a= 'relu’,
p = 'valid', bn = True)

x = self.conv_t(x, f=self.z_dim, k=(self.n_bars — 1,1)
, s=(1,1), a= 'relu', p = 'valid', bn = True) ©
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output_layer = Reshape([self.n_bars, self.z_dim])(x) @

return Model(input_layer, output_layer)

© Ha Bxoze mpoMexyToUuHas ceTb TPUHUMAET BEKTOP ¢ ATUHOM 32 (z_dim).

® JtoT BekTOp 1peobpasyercst B TeHs3op ¢ popmoii 1 x 1 1 32 kanamaMu, 4TOObI
K HEMY MOKHO OBLITO TIPUMEHUTD OTIEPAIIo 00PaTHON CBEPTKH.

© Cuiou Conv2DTranspose YBEJIUUYMBAIOT Pa3Mep TEH30pa BIOJb OJIHON U3 OCel,
4TOOBI OH TIOJIYYHIT JITUHY, PABHYIO n_bars.

oC IIOMOIIIbIO CJIOS Reshape yZaIAIOTCS CTaBIIINE HEHYKHBIMU JIOITOJIHUTEIbHbIE
N3MEPEHUA.

Ucnionb3yem cBepTOUYHBIE OIIepallMi BMECTO Tlepelaun IByX He3aBUCUMBbIX BEK-
TOPOB TAKTOB, C TEM YTOOBI CETh 3HAJIA, YTO TAKTHI JOJIKHBI CJE0BATH JPYT 3a
npyrom. Mcnosib3oBaHue HEHPOHHOM ceTu 7151 pACIIUPEHUST BXOTHOTO BEKTOpa
BJIOJIb OCU BPEMEHHU TI03BOJISIET MOJICJIA Y3HATD, YTO MY3blKa UCIIOJIHSETCS TaK-
TaM1 M KaKJIBIH CIeYIONNH TaKT He SABJSETCS MOJTHOCTHIO HE3aBUCUMBIM OT
MPEIbIYIIETO.

Ctunb

BxomHolt TeH30p ctuiig Toxke uMmeeT JUMHY z_dim. OH TepesaeTcs B TeHEPaTop
TaKTOB 06€3 KaKuX-J1nO0 U3MEHEHUHH, IOTOMY YTO JIJisl HETO HE CYIIECTBYET TI0-
HATWH MMAPTUU U TakTa. J[pyruMu cioBaMu, reHepaTop TaKTOB JIOJIXKEH UCITOJTh-
30BaTh 3TOT TEH30P JIJIsl COIJIACOBAHUS TAKTOB U MAPTHIA.

Menogua

Bxomnoit Tensop mesoanu — aTo MaccuB ¢ hopMoit [n_tracks, z_dim], U A7
KaK/IOM TapTUU MOJIEJIN TIepelaeTcs CIyYallHbIi BEKTOP IyMa ¢ JJIUHOU z_dim.
Kaxprit u3 9TUX BEKTOPOB TEPETAETCS YEPE3 CBOIO KOITHUIO TTPOMEKYTOUHOI
ceTu, onucanHoil Borme. O6paTuTe BHUMaHKeE: Beca B TUX KONMUAX pasHbIe,
U TI03TOMY Ha BBIXO/I€ JIJIsT KXK0U MapTUU B KAKIOM TaKTe IMOJIYyYaeTCsI BEKTOP
¢ HOM z_dim. [Tpu mogo6HOI OpraHu3aIy reHepaTop TAKTOB MOKET UCTIOJb-
30BaTh 9TOT BEKTOP JJISI TOTHOU HACTPOUKHU COAEPSKIMOTO KAKIOTO OTAEIBHOTO
TaKTa B KaXK/J0W apTUU.
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Hopoxkn

Bxonnoit TeH30p AOPOKEK TOXKE ABIAIETCS MaccUBOM ¢ (opMOl [n_tracks,
z_dim], TO eCTb MACCUBOM, COJIEPKAIIUM BEKTOP CO CJIYUAIHBIM IIIYMOM U JIJIU-
HOU z_dim s ka0 naptun. B oTimume ot TeHsopa MeIoauu, OH He Ipeod-
pasyeTrcs TPOMEKYTOUHON CeThIO, a TIepPelaeTCsT HETIOCPEICTBEHHO B TeHEPATOP
TaKTOB, KaK TeH30p cTuid. Ho, B oTTmame oT TeH30pa CTUJISA, KaXKI0H MapTun
COOTBETCTBYET OTJ/ieJIbHAST BXO/HAS OPOKKA. TakuM 00pa3oM, 9T BEKTOPLI
MO>KHO HUCITOJIb30BATh JIJIs1 HE3aBUCUMON HACTPONUKHU KaXK/I0H IMapTUu.

FeHepaToOp TaKkTOB

Teneparop TakToB Mpeobpasyer BEKTOP C IJIUHON 4 * z_dim B OAMH TaKT IS
OJIHOW MapTHUH, TO eCTh B TEH30P ¢ (popMoii [1, n_steps_per_bar, n_pitches,
1]. BXxogHOU BEKTOP co3/1aeTCs oObenuHeHneM YEeThIPEX COOTBETCTBYIONIUX
BEKTOPOB aKKOP/IOB, CTUJIEH, MEJIOANH 1 IOPOKEK, KaKIbIM 13 KOTOPHIX UMeeT
nmuHy z_dim. TemepaTtop TakTOB — 3TO HEHPOHHAS CETh, KOTOPas MCIOJIb3yeT
con 06paTHOM CBEPTKU 71T YBEAUUCHUS Pa3MEPHOCTEH, COOTBETCTBYIOIINX
BpeMeHM ¥ HOoTaM. MBI CO3aluM TSI KasK0H TTapTHU CBOI reHepaTop TaKTOB,
U Bce TeHepaTopbl OyyT nMeth cBou Beca. Ko B inctutre 7.6 MokasbiBaeT, Kak
¢ oMoIibio Keras moctpouTs reHepaTop TaKTOB.

JIncTuHr 7.6. KOHCTpyMpoBaHWE reHepaTopa TakToB

def BarGenerator(self):
input_layer = Input(shape=(self.z_dim * 4,), name='bar_generator input') @

x = Dense(1024)(input_layer)
BatchNormalization(momentum = 0.9)(x)
x = Activation('relu')(x)

x
]

= Reshape([2,1,512])(x) @

= self.conv_t(x, f=512, k=(2,1), s=(2,1), a= 'relu’,
= self.conv_t(x, f=256, k=(2,1), s=(2,1), a= 'relu’,
= self.conv_t(x, f=256, k=(2,1), s=(2,1), a= 'relu’,
= self.conv_t(x, f=256, k=(1,7), s=(1,7), a= 'relu’,
= self.conv_t(x, f=1, k=(1,12), s=(1,12), a= 'tanh’,

= 'same', bn = True) ©
= 'same', bn = True)

= 'same', bn = True)

= 'same',bn = True) @

= 'same', bn = False) ©

X X X X X X
I

T ©T T T T
I

output_layer = Reshape([1, self.n_steps_per_bar , self.n_pitches ,1])(x) @

return Model(input_layer, output_layer)
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© Ha Bxoj renepaTopa TaKTOB IT0/IaeTCs BEKTOP C IJIMHOM 4 * z_dim.

® IIporycTuB TEH30p Yepes CI0ii Dense, MbI MOJATOTABIMBAEM €T0 K 00paTHOM
CBEPTOYHON OMeparny, N3MeHA (hOPMY.

© Cuhauvajia TeH30p PaCIIUPSIETCs 10 OCH BPEMEHHBIX I1aroB...
O ...a 3areM 110 OCH HOT.

© B nocienneM cioe UCIob3yercst (GyHKIMs aKTUBAIMN tanh, TTOTOMY 4TO
nasee st o6ydenus cetu ucnosb3yercs mexannam WGAN-GP (Tpebyronuii
akTuBanuu tanh).

® Dopma TeH30pa U3MEHSIETCS, YTOOBI TIOTOTOBHUTD €T0 K 00beIMHEHHUIO C [IPY-
IUMHU TaKTaMU U TapTHAMHE, 100aBIeHUEM JABYX AOMOJHUTENIbHBIX U3MePEeHUI
¢ pazmepom 1.

O6begnHAeM Bce BMecTe

B 1teiom cetb Muse GAN mMeeT eTMHCTBEHHBII TeHePaTOP, BKIIOYAOIIHIT B ce0st
BCe TIPOMEKYTOYHBIE CETH U TeHePAaTOPHI TAKTOB. JTA CETh MIPUHUMAET YETHIPE
BXOJIHBIX T€H30pa U MpeoOpa3yer WX B MaPTUTYPY € HECKOJBKUMU TaKTaMU
u aptusiMu (JIMCTUHT 7.7).

JInctuHr 7.7. KoHcTpympoBaHue reHepatopa MuseGAN

chords_input = Input(shape=(self.z_dim,), name='chords_input') @

style input = Input(shape=(self.z_dim,), name='style input')

melody_input = Input(shape=(self.n_tracks, self.z_dim), name='melody input')
groove_input = Input(shape=(self.n_tracks, self.z_dim), name='groove_input')

# AKKOPAbl -> MPOMEXYTOYHAA CETb @

self.chords_tempNetwork = self.TemporalNetwork()
self.chords_tempNetwork.name = 'temporal_network’

chords_over_time = self.chords_tempNetwork(chords_input) # [n_bars, z_dim]

# MENOAMA -> MPOMEXYTOYHAA CETb ©
melody_over_time = [None] * self.n_tracks # list of n_tracks [n_bars, z_dim]
tensors
self.melody_tempNetwork = [None] * self.n_tracks
for track in range(self.n_tracks):
self.melody_tempNetwork[track] = self.TemporalNetwork()
melody_track = Lambda(lambda x: x[:,track,:])(melody_input)
melody_over_time[track] = self.melody_tempNetwork[track](melody_track)

# CO3[AHVE TEHEPATOPA TAKTOB AA KAXZOW NAPTUM @
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self.barGen = [None] * self.n_tracks
for track in range(self.n_tracks):
self.barGen[track] = self.BarGenerator()

# CO3[AHVE BbIXOAA [/1A KAXAOro TAKTA W NAPTMM ©
bars_output = [None] * self.n_bars
for bar in range(self.n_bars):

track_output = [None] * self.n_tracks

c = Lambda(lambda x: x[:,bar,:]
, name = 'chords_input_bar_"' + str(bar))(chords_over_time)
s = style_input

for track in range(self.n_tracks):

m
8

Lambda(lambda x: x[:,bar,:])(melody_over_time[track])
Lambda(lambda x: x[:,track,:])(groove_input)

z_input = Concatenate(axis = 1

, name = 'total_input_bar_{}_track_{}'.format(bar, track)
)([c,s,m,g])

track_output[track] = self.barGen[track](z_input)

bars_output[bar] = Concatenate(axis = -1)(track_output)

generator_output = Concatenate(axis = 1, name = 'concat_bars')(bars_output)®

self.generator = Model([chords_input, style_input, melody_input, groove_input]

, generator_output) @

© OrnpeneTMTh BXO/IHBIE CJIOW TeHepaTopa.

® OpranmnsoBaTh Mepeiavy BXOHOTO TEH30pa aKKOP/IOB Yepes TPOMEKYTOTHYIO

CETb.

© OprannsoBaTh Nepeiady BXOIHOTO TEH30pa MEJIOINN Yepe3 MPOMEKyTOYHYIO

CETb.

O CosmaTh HE3aBUCUMYIO CETh TeHEPATOPa TAKTOB TSI KaXKIOH MTapTHH.

© BoinoiHuTH 06XO0/1 APTHIi ¥ TAKTOB M CO3/IaTh TeHEPUPYEMBIH TAKT JIJISI KakK-

JIOM KOMOMHAIIWY.

@ O6bequHUTD BCe BMecTe U chOpMUPOBATH OOLIUI BHIXOLHON TEH30P.

® Mogenp MuseGAN npuHUMaeT 4eTbIpe TeH30pa C MIyMOM U BBIBOJUT CreHe-

PUPOBAHHYIO TAPTUTYPY.

leHepatop MuseGAN
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Kputnk

ITo cpaBHEHUIO ¢ reHEPaTOPOM KPUTHK UMeeT GoJiee MIPOCTYIO apXUTEKTYPY (4TO
IoBOJIBHO XapakTepHo 171 cetett GAN). KpuTuk meItaeTcs OTAMYUTh TApTUTY-
PBI, CO3IaHHbIE TEHEPATOPOM, OT (hparMeHTOB HACTOANINX XopasoB baxa. ITo
CBEPTOYHAd HEHPOHHAS CeTh, COCTOAIIAsE B OCHOBHOM U3 CJIOEB Conv3D, KOTOPbIE
CBEPTBIBAIOT APTUTYPY B OJUH BBIXOAHOI MPporuos. [lo cux mop Mbl paboTann
TOJIBKO CO CJIOSIMU Conv2D, IPUMEHSS UX K U300paskeHUsIM, UMEIOIUM TPU 13-
MepeHU: IMUPUHY, BBICOTY U KaHAJBI I[BETA. 3/1€Ch MBI JOJIKHBI UCIIOIb30BaTh
caou Conv3D. Ouu mogo0OHbI CI0sIM Conv2D, HO IPUHUMAIOT YETbIPEXMEPHBIE
TeH30pHI (n_bars, n_steps_per_bar, n_pitches, n_tracks).

Kpowme Toro, MbI He UCTIOIB3YEM CIIOU MTAKETHON HOPMAJIU3AIINH B KPUTHUKE, TIOTO-
My uto st ooyuenust GAN Oyzmem nucnosb3oBarh nadpactpykrypy WGAN-GP,
KOTOpast 3alperaeT HOpMaTH3aInio.

B nmmcrunre 7.8 mokasaH Ko, KOHCTPYUPYIONNI KPUTHKA ¢ TOMoIIbIo Keras.

JInctuHr 7.8. KoHcTpympoBaHue kputnka MuseGAN

def conv(self, x, f, k, s, a, p):
x = Conv3D(
filters = f
, kernel_size = k
, padding = p
, strides = s
, kernel_initializer = self.weight_init

) (x)

if a =='relu':

x = Activation(a)(x)
elif a== 'lrelu':

X LeakyReLU() (x)

return x

critic_input = Input(shape=self.input_dim, name='critic_input') @

X = critic_input
self.conv(x, =128, k (2,1,1), s = (1,1,1), a
self.conv(x, =128, k = (self.n_bars — 1,1,1)

, s =(1,1,1), a = "lrelu', p = 'valid")

x
1}

‘lrelu', p = 'valid') @

x
1}

x = self.conv(x, =128, k = (1,1,12), s = (1,1,12), a = 'lrelu’, p = 'same') ©
x = self.conv(x, f=128, k = (1,1,7), s = (1,1,7), a = 'lrelu', p = 'same')

x = self.conv(x, =128, k = (1,2,1), s = (1,2,1), a = 'lrelu', p = 'same') @

x = self.conv(x, f=128, k = (1,2,1), s = (1,2,1), a = 'lrelu', p = 'same")
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‘same')
‘same')

X
I

self.conv(x, f=256, k
self.conv(x, f=512, k

(1,4,1), s = (1,2,1), a = 'lrelu’', p
(1,3,1), s (1,2,1), a "lrelu’, p

X
I
I
I
I
I

X
I

Flatten()(x)

x = Dense(1024, kernel_initializer = self.weight_init)(x)
x = LeakyReLU()(x)
critic_output = Dense(1l, activation=None

, kernel_initializer = self.weight_init)(x) ©

self.critic = Model(critic_input, critic_output)

© Ha Bxo/1 KpUTHKA MOJIAETCSI MACCUB MTAPTUTYPBI ¢ (hOPMOIT [n_bars, n_steps_
per_bar, n_pitches, n_tracks].

® CnauaJjia BBIIIOJHIETCS CBEpTKa TeH30pa B/I0JIb OCU TaKTOB. [[JI?I pa6OTbI
C YeThIpEeXMEPHBIMU TEH30PaMU MbI UCIIOJIb3YeM CJI0U Conv3D.

(3] [[aJIee BBIITIOJIHAETCA CBEPTKa TEH30Pa BAOJIb OCU HOT.
(4] HaKOHeH, BBITIOJIHAETCA CBEPTKaA TEH30Pa BAOJIb OCH BpEMEHHDBIX IITaroB.

© Pesyibrat GopMUPYETCs CJI0eM Dense ¢ €IMHCTBEHHBIM Y3JI0M 6€3 (hyHKIMN
aKTUBAINHU, Kak Toro Tpebyer Mexannsm WGAN-GP.

AHanns cetn MuseGAN

MoskeTe HEMHOTO TTOKCIIEPUMEHTUPOBATH ¢ Batieli ceTbio MuseGAN, renepupyst
HapTUTYPBI U 3aTEM HACTPAaNBasi HEKOTOPbIE TapaMETPbI BXOAHOTO TIyMa, 4TOObI
YBU/IETh, KaK OHU BJIMSAIOT Ha pe3yJbTaT. Pe3yabraTtoM reHepaTopa siBIsieTCs
MaccuB 3Hauenuil B auanazone [—1, 1] (u3-3a bynkinuu akruBanuu tanh B mo-
ciemxreM cioe). UToObl mpeobpasoBaTh €ro B eAMHCTBEHHYIO HOTY B KaxK10ii
HApTHH, JIJIsT KaXKIOTO BPEMEHHOTO IIara BLIOMPAETCsT HOTa ¢ MAKCUMATbHBIM
3HaueHUeM U3 BceX 84 HOT. B opurunanbHOU ctathe ¢ onmucanueM MuseGAN
aBTOPBI UCITIOJIB3YIOT TTOPOroBoe 3HaueHue 0, MOCKOIbKY Kask/[ast TaPTUsST MOKET
COJIepsKaTh HECKOJIBKO HOT, HO B HAIlleM cJIydae ¢ XopajaMu baxa MoKHO TIpo-
CTO B35ITh MAaKCUMAJIbHOE 3HAUYCHIE, YTOOBI TAPAHTHPOBATH POBHO OIHY HOTY Ha
Kayk/IOM 11are B Kayk/10i [apTUu.

Ha puc. 7.16 nokazana napTuTypa, CreHepupoBaHHAS MOJIEJIBIO U3 BEKTOPOB
CO CIIyYaltHBIM HOPMAJBHO PacIipe/ie/IeHHBIM ITyMOM (BBepXy cieBa). Mbr Mo-
JKeM HaiiTu OJvsKaiinmyio (110 eBKJIMI0BY PacCTOSIHUIO) MapTUTYPy B HabGope
JIQHHBIX ¥ YOEIUThCSI, 4TO CreHePUPOBAaHHAS MAPTUTYPA HE SIBJISIETCS KOMUEN
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My3bIKaJIbHOI IIbEChI, CYIIECTBYOIIElH B HaGOpe MaHHbIX, — OJIMsKaiiias mapTi-
Typa I0Ka3aHa 4yTb HUKe, U, KAK HETPY/IHO 3aMETUTh, OHA HE ITOX0’Ka Ha CTeHe-
PUPOBAHHYIO TAPTUTYPY.

Terepb MOIKCIEPUMEHTHPYEM CO BXOHBIM IIIYMOM, YTOOBI YJIyUIIUThH CTEHEPHU-
poBanHyI0 apTuTypy. /15 Hauasa nu3MeHM BEKTOP NryMa (CM. HUKHIOIO YacTh
puc. 7.16). Kak BuanmM, Bce mapTul U3MEHUJINCH, KaK U OKUAAIOCH, U TAKThI
Terepb NMEIOT pa3Hble CBOicTBA. Bo BTopom TakTe 6a3oBast maptsi GoJiee [uHa-
MUYHa, 8 BEPXHSST UMeeT 00Jiee BRICOKYIO TOHAIBHOCTb, YeM B IIepBoM TakTe. IIpu
U3MEHEeHUH CTUJIs (BBEPXY CIpaBa) 0ba TaKTa MEHSIOTCST OIMHAKOBO. TaKThI He
UMeEIOT GOJIBIION PA3HUIILI B CTHIIE, HO BECH (hparMeHT M3MEHMJICS 10 CPAaBHEHUIO
C MePBOHAYATLHO CTEHEPUPOBAHHON TTAPTUTY PO,

CrEHEPUPOBAHHAA NAPTUTYPA W3MEHEHWE BXOOHOIO TEH3OPA CTUNA
e e === JF = —=—-—=
e R e EE  l TE S === \|
D R e oq . e =
M laz SiEe==———i===—=— ‘|

N3MEHEHWE BXOJHOIO TEH30PA

BINVXKAVLASA PEANIBHAA NAPTUTYPA C MENOOMEWN, TOJ:leO ONA NEPBOV
(BEPXHEWN) NAPTUN
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N3MEHEHME BXOOHOIO TEH30PA AKKOPOB
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Puc. 7.16. MapTutypa, creHepmpoBaHHasi ceTbio MuseGAN, bnmxalillast K Her
peanbHas napTuTypa n3 o0byyaroLwmx AaHHbIX U NPUMEpPbl BAUSIHWS MOMbITOK U3MEHNUTb
BXOAHOW LUYM Ha CreHepupoBaHHY0 NapTUTypy
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MpbI TakKe MOXKEM U3MEHSTH OTEJbHbIE TTAPTUH YepPe3 BXOIHbIE TEH30PBI MEJIO-
muu u joposkek. Ha puc. 7.16 MmoskHO BuieTh aheKT n3MeHeHUs BXO[HOTO IyMa
B HAUQJIbHOM TE€H30pe MEJIOIUU TOJIBKO JIJII BepXHel My3bIKaabHOU TapTin. Bee
OCTaJIbHBIE YaCTU OCTAIOTCS HEM3MEHHBIMU, HO BEPXHSSI TMAPTUI U3MEHUIACH
JIOBOJIBHO CyTTIeCTBeHHO. MOKHO 3aMeTUTh U U3MEHEHNe PUTMA MEKTY TaKTaMU
B BEPXHEll apTUK: BTOPOM TaKT MOJY4nJIcst 6oJiee JMHAMUYHBIM — OH COAEPIKUT
6oJiee KOPOTKHE HOTBI, YeM HEPBbIil.

Haxkomner, Buusy cripaBa Ha puc. 7.16 nmokasana naptutypa, CreHepupoBaHHast
[ocJie U3MEHEHUST BXOHOTO T€H30Pa JIOPOKEK TOJBKO /sl HUKHEN TapTuu.
U cHoBa Bce ocTasbHble YaCTH OCTAIOTCS HEU3MEHHBIMU, & U3BMEHUJIACH TOJIBKO
HYCKHSIsE TTapTust. BoJiee Toro, B 001IeM U 11€JI0M TaKThI B HUJKHER TTApTHH COXPa-
HUJIN CXOJICTBO MESKY COOOM, KaK ¥ CJIEI0BAIO OKUIATh.

ITOT IPUMEpP TOKA3bIBAET, KaK, U3MEHSIS BXOIHBIE MTapaMeTPhI, MOXKHO BJIHATDH
HEeIOCPEe/ICTBEHHO Ha BbICOKOYPOBHEBbIE IIPU3HAKN CTeHEPUPOBAHHOM MYy3blI-
KaJbHOMU TIOCJIeI0BATEIbHOCTH, — MOYTH TaK Ke, KaK B IPEbIYINX IJIaBax, I7e,
PEryJIMpys CKPBITbIE BEKTOPbI B BAPUAITMOHHBIX aBTOKO/IMPOBIIUKAX U FeHepa-
TUBHO-COCTA3ATEJIbHBIX CETAX, Mbl U3MEHSJIN BHEIIHUI BUJ CTeHEPUPOBAHHBIX
o6paszoB. OnMH U3 HEJOCTATKOB MOJE/NN — B HEOOXOAUMOCTH 3apatee orpe/ie-
JIUTH KOJIMYECTBO F€HEPUPYEMBIX TaKTOB. UTOOBI M30aBUTHCS OT HETO, ABTOPHI
IIPeJIOKUIIM paclIMpenue, peajausyloniee rnepejady mpeAblyIlinx TaKTOB Ha
BXO/l, 4YTO TI03BOJIAET MOJIEJIM TeHepUPOBAThH JJMHHBIE IAPTUTYPHI 32 CUET He-
HPEPBIBHOII Tlepelaui CaMblX TTOCJIEHUX CTeHEPUPOBAHHBIX TAKTOB 0OPATHO
B MOJIeJIb B KQUeCTBe JIOMOJHUTEIbHBIX BXOIHBIX JAHHBIX.

NTtorm

WTak, MbI pacCMOTPEJIH /1B Pa3HbIX THIIA MOJEJIEN /Il TEHEPUPOBAHMS MY3bIKH:
MHorocsoiHy0 ceTb LSTM ¢ mexanuzmom BHUManug 1 Muse GAN. CBouM gu3aii-
HOM MHOTOCJI0MHAs ceTh LSTM HanoMuHaeT ceTH /1Sl TeHeEpUPOBAaHUS TeKCTa (CM.
raBy 6). MysbIKa ¥ TEKCT MMEIOT MHOTO OOIIEr0, ¥ YacTO /ISl UX TeHEPUPOBAHMSI
MO>KHO UCTIOTh30BATh OIMHAKOBbBIE MeTO/IbI. MBI PaCIIUPUIN PEKYPPEHTHYIO CET,
100aBUB B Hee MEXaHU3M BHUMAHUS, TTIO3BOJISTIONIII MOZIEIU COCPEAOTOUNThLCS Ha
KOHKPETHBIX TIPEIBIIYIIIX BpEMEHHBIX IIarax, pelasi 3a71a4y MpeJACcKa3aHms CIey-
IOIIEl HOTBI, U YBUJIEJIH, KAK MOJIEJIb CMOTJIA BbISBUTH TAKKE MOHSATUSI, KAK OKTABBI
U TOHATBHOCTH, HAYYUBIITICH TOYHO UMUTUPOBATh My3bIKy baxa.

3aTeM MbI YBUAEJIM, YTO AJIA TEHEPUPOBaHMA ITOCTIEA0BATE/IbHBIX TaHHbIX Heobs-
3aT€JbHO UCIIOJIb30BATb PEKYPPEHTHYIO MO/I€J/Ib — CETb MuseGAN CO3/1a€T I10-
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JMOHNYECKUE MY3bIKATBHBIE TTAPTUTYPbI C HECKOJIBKUME TTAPTUSIMU, UCITOJIB3Y ST
CBEPTOYHBIE CJIOM U 06pabaThiBast MAPTUTYPY Kak CBOeOOpasHoOe n300pakeHue,
B KOTOPOM TaPTUX UTPAIOT POJIb KaHaaoB nsobpaskenus.. Hopusna MuseGAN
3aKJII09AETCS B TOM, YTO YETBIPE BXOIHBIX TEH30Pa € MIYMOM (aKKOPBI, CTHJID,
MEJIOINST U IOPOKKN) OPTAaHU30BAHBI TaK, YTOOBI ¢ UX TTOMOIIHIO MOKHO OBLITO
YIPaBJISATH BBICOKOYPOBHEBBIMK CBOMCTBaMU My3bIku. [/la, 6azoBast rapMOHUs
BCe ellle He TaK COBEpIeHHA WM pasHooOpa3Ha, Kak B IpousBeeHnsx baxa, Ho
ATa CETh SABJSIETCS XOPOIIIEH TTOMBITKOM PENTUTD YPE3BbIUANHO CIOKHYIO 3a/1auy
U MOJYEPKUBAET CIIOCOOHOCTh reHEPATUBHO-COCTA3ATEbHBIX CETEl penaTh
IITUPOKUH CIIEKTP 3a7a4.

B caenytonieit rinaBe Mbl TO3HAKOMUMCS C OJTHOHM U3 CAMBIX 3aMeUaTebHbIX
Mojiesieit, pa3pabOTaHHBIX B MOCJIEHUE TOJbI, — C MOOEIbI0 MUpd. ABTOPBI 3TOI
MO/JIEJTN B CBOEH HOBATOPCKOM CTaThe MOKA3bIBAIOT, KaK OCTPONUTDL MO/IENb, KO-
TOpast TI03BOJISIET AaBTOMOGHITIO TIPOEXATh TI0 CBIMATHPOBAHHOI TOHOYHOIT Tpacce,
MIPEIBAPUTENBHO MTPOBEPSIS CTPATETHH B CBOEM <«ITPECTABIEHUN» 00 OKPYsKato-
1eit cpejie. DTO MO3BOJISIET ABTOMOOUJIIO MIPEYCIIETh B IBUKEHUH 110 PEATbHOI
Tpacce, OCHOBBIBASICh HA «TECT-APaAiiBe» 10 BOOOPasKAEMOIl MOJIE/IN MUPA.



[naBa 8

Wrpaem B urpbl

B mapre 2018 roga Jdosun Xa u FOpren [IMmuaxybep omyGaMKOBaIM CTATHIO
«World Models».! B Heit onn nokasanm, Kak 00y4uTh MOJEJb, CIIOCOOHYIO BbI-
HOJIHATH ONPE/IeJICHHYIO 3a/a4y, yTeM SKCIIEPUMEHTOB B CBOUX I'€HEPaTHBHBIX
IPEICTaBJIEHUSIX, a HE B CAMOM OKPY’KEHUH. TO — OTJIUYHbII IIPHUMEP UCTIONb-
30BaHUs TeHEPATUBHOIO MOJEJMPOBAHUA /IS PEIIEHNs IPAKTUIEeCKUX 3a/1a4,
KOT/Ia OHO MIPUMEHSIETCST HapsILy ¢ APYTUMHU METOAaMU MalIMHHOTO 0OyYeHus],
B TOM YHCJIE TAKUMH, KaK OOYIeHIE C TOAKPEILTIEHIEM.

KitoueBbiM KOMIIOHEHTOM apXUTEKTYPHI SIBJIICTCS TeHepaTUBHAS MOJIEb, CIIO-
cOOHast BBIYMCIMTD PACIIPEIe/IEHNE BEPOSITHOCTEH JIJISI CJIEYIOIIETO BO3MOKHOTO
COCTOSHUS C YIeTOM TEKYIIETO COCTOSHUA U TIpeoaaraeMoro aeiictsus. 1lo-
JIVIUB TIpeZICTaBIeHe O (DU3UKe OKPY KAIONIEN CPebI ¢ TTOMOIIBIO CIYJIaTHBIX
JIBUKEHUIA, MOJIeJTb MOKET 3aTeM HayUUThCS PelllaTh COBEPIIEHHO HOBbIE 33/1auH,
JEVCTBYSI NCKJIIOUUTENBHO B PAMKaX CBOETO0 BHYTPEHHETO MPeCTaBIeHIs 00
OKpyzKaroliel cpeie. ITOT MOAXO MO3BOJUI TOJTYUUTH JYUIINE Pe3yIbTaThl
B 00erX 3aj1a4ax, Ha KOTOPBIX OH ObLI IIPOTECTHPOBAH.

B aT0i1 T/1aBe MBI TIOJAPOOHO HCCIEyEM MOJIENb 1 TOCMOTPUM, KaK CO3/aTh
CBOIO BEPCHIO 3TOU yIUBUTENBbHON 1epe/ioBoi TexHosorun. Onupasich Ha cTa-
ThIO (CM. BBIIIE), TIOCTPOUM AJITOPUTM O0YUEHUS C MOAKPEIJICHUEM, KOTOPBII
HAY4YUTCA BOIUTH MAIIMHY Ha TOHOYHOM Tpacce. B kKagecTBe okpy Katomieli cpe/ipl
MCTIOJIb3yeM JIBYMEPHYIO KOMITBIOTEPHYIO MOJIE/Tb, HO 3TO HE 3HAYUT, YTO TAaHHBIN
METOJ] HeJIb3sI IPUMEHUTD K CIIEHAPHUSAM PEaTbHOTO MUPA, KOTA TECTUPOBAHME
B peasibHO# 06CTaHOBKE CTOUT CJIUIIKOM JIOPOTO MJIU B TIPUHITUATIE HEBO3MOKHO.

! David Ha u Jlirgen Schmidhuber, «World Models», 27 mapra 2018, https://arxiv.org/
abs/1803.10122.
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Ho nipeskie ueM IpucTyIuTh K CO3laHUI0 MOJIENIN, PACCMOTPUM GoJiee TI0APOGHO
uero oObyuenus ¢ noakperierrem u miargopmy OpenAl Gym.

OﬁyquVIe cnoaKpensneHmnem
OGyuervie ¢ MOAKPEILTIEHIEM MOKHO OITPE/IE/TUTD TaK:

Obyuenne c noakpenneHnem (Reinforcement Learning, RL) — obnactb MalimH-
HOro 0bYyYeHusl, Lenbto KOTOPON SBNSIETCS 0bydYeHue areHTa A1t ONTUMasbHOro
peLLeHnst KOHKPETHbIX 3aay B KOHKPETHON cpefe.

B oTsiume 0T AMCKPUMUHATUBHOTO U FeHePATUBHOIO MOJEJIMPOBaHUs, Ha-
[PaBJIEHHBIX Ha MUHUMU3AINI0 QYHKIUKA IOTEPD 110 HAOOPY HAOJIIOAEHNIA,
oOydeHue ¢ TOAKPEIJIEHUEM CTPEMUTCS MAaKCUMU3UPOBATh J0JTOCPOYHOE BO3-
HarpakJeHUe areHTa B JJAaHHOM OKPY/KEHUI. JTOT MOAXO0/] YaCTO OIMChIBACTCS
KaK OJIHa U3 TPeX OCHOBHbBIX BETBEH MAIIUHHOTO 00YYEHUS HAPSILY C 00yUeHueM
¢ yuumenem (MPOTHO3MPOBAHUE € UCITOJIb30BAHNEM MAPKMPOBAHHBIX AaHHBIX )
u obyuenuem 6es yuumens (00ydeHue o HeMapKUPOBAHHBIM JaHHbIM ). J{J1s1 Ha-
Yajia MO3HAKOMUMCS ¢ HEKOTOPBIMU KJIIOUEBBIMU TEPMUHAMME, OTHOCAIIUMUCS
K 0OYUYEHHUIO C MOAKPEIIEHIEM:

Oxpyarcenue (cpeda)

Mup, B KOTOPOM JEHCTBYET areHT. XapaKTePUCTUKI MUPA OTIPEIes-
10TCsT HAGOPOM TIPABIUJI, KOTOPbIE YIIPABJISIOT TIPOIIECCOM OOHOBJICHUST
COCTOSTHUS UTPbI U PACTIPe/ie/IeHreM BO3HATPAKIEH W, C y4eTOM TIpe-
IBIIYITUX IEWCTBUI areHTa 1 TeKyIIero cocTosHus urpel. Hampumep,
JUIST Q7ITOPUTMa 00YUYEHUST € IOAKPEIIEHIEM, H3YYalOIero Urpy B Iax-
Marhbl, cpe/ia OyieT XapakTepU30BaThCs TPABUIIAMHE, OIIPEIEISTIONINMY,
KaK JaHHoOe JeficTBUe (HaIpuMep, X0/ e2-e4) BIAUSIET Ha CJAeAyIOIIee
COCTOSTHTE UTPBHI (HOBOE pacmosioxkenne (puryp Ha T0CKe) 1 KakK ompezie-
JINTb, ABJIAETCA JIN JaHHasA IIO3NITNA MaTOM, 1 HA3HAYUTb HO6eﬂHBLHeMy
UTPOKY Bo3HarpaskaeHue 1 mocie mobeaHoro Xoa.

Azenm

Cy1HOCTD, peANpUHNMAIONIasd JeHCTBUS B OKPY KAIOIIel, peaTbHO
CKJTA/IBIBATOIIIEIICST FITH CMOJIETTMPOBAHHON 0OCTaHOBKE.
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Cocmosinue uzpol

Jlannble, onucpIBaloNe KOHKPETHYIO CUTYAINIO, C KOTOPOW MOJKET
CTOJTKHYTHCS areHT (MHOT/IA Ha3bIBAETCS TIPOCTO COCMOSHUEM), Ha-
npuMep KOHKPETHOE pacrojioskeHne (puryp Ha maxMaTHON J0CKe
C JIONOJIHUTEJIbHOM UTPoBOii MH(bOpMaIeil (Halpumep, 0 TOM, KOMY
MIPUHAJJICKUT TIPABO CIEAYIONIETO X0 ).

Jleticmeue
X0/, KOTOPBII MOKET C/IeJIaTh areHT.
Bosnazpascoenue

IenHoCTH, BO3BpalllaeMas areHTy Cpeloil 1mocye BhIITOJTHEHUS el -
CTBUA. ATEHT CTPEMUTCS MAaKCUMU3UPOBATD JIOJTOCPOUYHYIO CYMMY CBO-
uX Bo3Harpaxkaenuil. Hampumep, B mraxmaTax MaT KOPOJIIO TPOTUBHUKA
MO3BOJISAET TTOJMYUYNTH BO3HATpakAeHue 1, a 3a KaXKIbIH CIeTyIonit
X0/ Bo3Harpaxkaenue paBao 0. B apyrux urpax Bo3HaTrpaKaeHus T0-
CTOSIHHO TIPUCYKIAIOTCS Ha MIPOTSIKEHUU BCEro anusoia (Hanpumep,
ouku B urpe Kocmuueckue zaxsamuuxis).

Inuzod

OnuH ceanc IeficTBUI aTeHTa B OKPYKEHUW; MHOT/A AMTN30/] HA3BIBAIOT
TaK;Ke 1P02ZOHOM.

Bpemennoii wae

B nuckperHOM OKpysKEHUU BCe COCTOSTHUS, JICHCTBUS U BO3HATPasK/le-
HUS OTHOCATCST K KOHKPETHOMY BpeMeHHOMY 1mary ¢ (puc. 8.1).

AreHT

COoCTOoAHUE BO3HarpaxaeHue nencreve

a

OkpyxeHune

Puc. 8.1. lnarpamMma paboTbl anropuTMa 0byyeHns C NoaKpernsieHnem
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Cpena MHNIMAIM3UPYETCSA € TEKYIIMM COCTOSHUEM UTphL, S,. Ha Bpemennom
1Iare ¢ areHT TOJIy4aeT TeKylee COCTOSAHUE UTPBI S, M UCIIOJI3YET €0 I Bbl-
6opa CJIeyIoIero ONTUMAIBHOTO AECTBISL, KOTOPOe 3aTeM BbioHseT. [Toce
JIEViCTBUS areHTa Cpe/ia BBIYUC/IAET CJEYIONEEe COCTOSHUE S, M BETUYMHY BO3-
HarpaKIeHus 7, , BO3BPAIasd UX areHTy, YTOObI TOT MOT Ha4yaTh HOBBIH IIMKIL.
[IMKJI TIPOJIOIIKAETCST IO TEX 110D, MOKa He Oy/1eT IOCTUTHYT KPUTEPHA OKOHYAHUS
aMM30/1a (HAIPUMep, 33[aHHOE YHCJI0 BDEMEHHBIX IIAr0B MK T00e/1a,/ TIopaskeHre

areHTa).

Kax 3actaBuTh areHTa MaKCUMHU3UPOBATH CYMMY BO3HArPaK/IEHUI B JAHHOM
OKpysKeHrr? MOKHO ONpefenTh Habop MPaBUJI, PYKOBOACTBYSICh KOTOPHIMHE
areHT J0JIKEH pearnpoBaTh Ha TO WJIM MHOe cocTostHue Urpbl. OIHAKO 9TOT
MOX0J OBICTPO CTAHOBUTCS HEOCYIIECTBUMBIM IO Mepe YCA0KHEHUS cpe-
JIbl — MbI HE CMOZKEM CO3/4aTh arenTa, 00/1aal0niero CBEPX4egl0BedeCKUMU
CII0COOGHOCTSMI B KOHKPETHOM 3ajiaue, KeCTKO 3ajiaBas npasuia. Obyuenue
C TIOIKPETJIEHNEM TIPeIyCMaTPUBAET CO3/IaHNE aT€HTa, KOTOPBIM MOYKET caMo-
CTOSITEJTHHO BBISIBJISITh ONTUMAJIbHbBIE CTPATETUHU B CJIOJKHBIX YCJIOBUSX, MHOTO-
KpaTHO TIOBTOPSIS UTPY, — UMEHHO 3TOT ITOAXO0/T MBI M UCTIOJIb3yeM B 9TOI TJIaBE,
4T00BI CO3/IaTh CBOETO areHTa. A rerepb mosHakomumest ¢ OpenAl Gym, 1omMmom
JUUIST CpeJibl CarRacing, KOTOPYIO MBI HCIIOJIB3YEM JIJISI UMUTAIIUN JIBUKEHUS 110
TOHOYHOM Tpacce.

OpenAl Gym

OpenAl Gym (https://gym.openai.com/) — 9T0 HaOOP UHCTPYMEHTOB JIJIsI pa3pa-
GOTKHM aJITOPUTMOB 00YUYEHUS € TIOAKPEILIEHUEM, IOCTYITHBII B BU/IE OMOINOTEKH
nis Python.

B coctaB 6ubin0oTEKN BXOAUT HECKOJIBKO KJIACCHUECKUX OKPYKEHUIT 15t
00y4eHusI ¢ MOAKPEIIEHIEM, TAKUX KaK CartPole U Pong, a TaKJKe OKPYKEHIS,
TIpeICTABIISTIONINE GOJIee CIOKHBIE 33/[a4M, TAKWE KaK 00yveHne areHTa Xoapoe
TT0 HEPOBHOI MECTHOCTH WJIM BBIMUTPHINTY B urpe Atari. Bee okpyskenms mpej-
JIaTaloT METOJI step, BBI30OBOM KOTOPOTO MOKHO COOOTIUTH O BBIOJHEHHOM
NIefICTBUY; B OTBET OKPY’KEHIE BepHeT CJeAyIollee COCTOSTHAE U BO3HATpaK/e-
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Hrie. MHOTOKPATHO BbI3bIBAsI METO/I step C AEHCTBUSIMU, BBIODAHHBIMU areHTOM,
MOKHO BOCIPOM3BECTH AMU30/] B OKPYKeHUHU. B momosHeHe Kk abcTpakTHOI
MeXxaHHKe Kax10ro okpykerns: OpenAl Gym Tax:ke npezsiaraet rpadudeckue
CPE/ICTBA, MO3BOJISIONTIE HAGI0aTh 32 pabOTOIl areHTa B IaHHOM OKPYKEHUN.
ITO MOKET TIPUTOAUTHCS TIPU OTJIAJIKE W ITOUCKE HallpaBJIeHUH /sl 1aTbHe-
IIETO COBEPIEHCTBOBAaHMS arenTa. /lasee Mbl OyieM UCIOIb30BATh OKPYKEHUE
CarRacing m3 OpenAl Gym. [TocMoTprM, Kak B HEM OMPE/IETAIOTCS COCTOSTHIE
WTPBI, IeNICTBUS, BO3HATPAK/IEHNE U STTU30/;

Cocmosinue uzpol

Nzob6paskenue 64 x 64 nukcena B hopmare RGB, nmokassiBaionee BU/I
CBEPXY Ha Tpaccy U aBTOMOOUJIb.

Jleticmeue

Habop u3 tpex 3HaueHUil: HampaBaeHue (yroJ MoBOpPOTa pPyJis
(ot —1 o 1)), yckopenue (ot 0 1o 1) u Topmoskenue (ot 0 go 1).
Ha xaxom BpeMeHHOM II1are areHT J0JKEH YCTAHOBUTD BCe TPU 3Ha-
YEHUSI.

Bosnazpascdenue

Orpunatesnsusiit mtpad —0.1 3a KAk BpeMEHHO Iar 1 MOJI0KH-
terpbHoe BosHarpakaenne 1000/N 3a nepecederie TpaHUIIbl HOBOTO
dparmenta Tpeka, rae N — oliiee KOJmuecTBO (hparMeHToB, COCTaB-
JISTIOIINX TPEK.

Inusod

INu30/1 3aBEPINAETCS, KOT/Ia aBTOMOOUJIb MepecekaeT (HUHUIIHYIO
yepty uin 1o npoiectTBun 3000 BpeMeHHBIX MIAroB.

Ha puc. 8.2 uzobpaskeno rpaduueckoe mnpeacrasienne urpbl. O6parure BHIMA-
HUE: areHT BUAUT TPEK KaK 6I>I C BBICOTBI IITUYBETO 110JIETA N YIIPABJIAET aBTOMO-
OuJIeM, KOTOPBIIT JIBUKETCST 110 TPEKY.

OpenAl Gym 279



Tpek AenuTcst Ha HeBUAMMbIE
«parMeHTbI». AreHT nonyyaet
BOo3Harpaxpaenue, pasHoe 1000/N,
BCSIKWIA pas, Koraa nepecekaet
rpaHu1Ly HOBOro dparmeHTa,

a Takke wrpad -0.1 3a kaxabln
BPEMEHHOW Luar

ycKopeHue

AreHT JOMmKeH BbibpaTh
3HayeHus B Habope,
onncbiBaLWEM AeNCTBUS

MOBOPOT pyrisi

TOPMOXeHne

Puc. 8.2. MNpadmyeckoe npeacTaBieHne OAHOMO COCTOSIHUSI UMPbI
B OKpy»xeHun CarRacing

ApxuteKktypa moaenu mupa

Ternepb paccMOTPHUM B OOIIHX YepTaxX apXUTEKTYPY, KOTOPYIO Oy/1eM HCIIOIb30-
BATh JIJISI CO3/IAHIIS Aar€HTa, 00YYAIOIIEroCsT METOIOM OOYUEHMST C TTO/IKPETLIEHITEM,
a TIOTOM TIePeTi/IeM K TIOJIPOOHOMY OIMCAHIIO ITAMIOB CO3[IAHUST KaKIOTO KOMIIO-
HeHTa. PelieHre cOCTONT U3 TPeX OCHOBHBIX KOMIIOHEHTOB, M300PasKEHHbBIX HA
puc. 8.3, 00y4aeMbIX HE3aBUCUMO:

Vv
Bapuammonnstit aBTokoanposmuk (VAE).

M

PexyppenTHas HefipoHHas CETh € TOJHOCBSA3AHHON CETHIO CMECH pac-
npenenernit (MDN-RNN).

C

KonTpoasep.
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Puc. 8.3. ApxuTtekTypa Mogenn Mupa

BapuaunoHHbIN aBTOKOANPOBLYNK

[Ipn nmpunATHM pelieHnit BO BpeMs BOXKIEHWS HUKTO U3 HAC HE aHAJIU3UPYET
KKIBII BUAMMBIH TUKCEJ — BMECTO 3TOTO MBI YIIJIOTHSEM BU3YaTbHYIO HHMOP-
MAI[UIO 110 HECKOJIbKUM MapaMeTpam: IPSIMOJIMHENHOCTD JIOPOTH, ITPEJICTOSIIIIE
MOBOPOTBI U MOJIOKEHIE aBTOMOOUJIST Ha IOPOTE, YTO IOMOTAET BHIOPATDH CJIEMTY-
foriee seiicTBue. B riaBe 3 MBI BUIeHN, KaK BaPUAITMOHHBIN aBTOKOMPOBITIAK
NPUHUMAET Ha BXOJe n300paskeHue OOJIBIIOr0 pasMepa 1 IyTeM MUHUMU3AIH
ommnbOKu BoccTaHoBaeHus u paccrosnus Kynbbaka—Jleitbaepa (Kullback—
Leibler, KL) cikmMaer ero B HEKOTOPYIO CAYYailHyIO IEPEMEHHYIO0 B CKPBITOM
HPOCTPAHCTBE, MPUOJIN3UTETHHO COOTBETCTBYIOIIYIO CTAHIAPTHOMY MHOTO-
MEPHOMY HOPMaJIbHOMY paciipe/ieJieHn10. ITO FapaHTUPYeT HEPEPhIBHOCTD
CKPBITOTO ITPOCTPAHCTBA ¥ BO3MOKHOCTD JIETKO JIEJIaTh BBIOOPKY U3 HETO, YTOObI
TeHEePUPOBATh HOBbIE 3HAYMMbBIE HAOJIIOICHIISI.

B npumepe aBToMOOUIBHBIX TOHOK BAPUALMOHHBINA aBTOKOAUPOBIIMK CKUMAET
BXoHOE n3obpaxenue 64 x 64 x 3 (RGB) B 32-MepHy10 HOPMaJIbHO pacrperie-
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JICHHYIO CJIy4ailHyIO0 BEJIMUNHY, IIapaMeTPU30BAHHYIO JABYMSI [1€PEMEHHBIMH, mu
u log_var, rie log_var — 3T0 Jorapudm auciepcun pacupeaeaeHus. Mpr Mo-
JKEM C/IeTaTh BBIOOPKY U3 paCIpe/ieieH isl, YTOObI TOJYIUTh CKPBITHIN BEKTOP Z,
LIPEJCTABJISAIONINI TeKyllee COCTOSIHIE. DTOT BEKTOP LIepPeAacTcst caelyomeMy
romnoHeHTy ceTt MDN-RNN.

Cetb MDN-RNN

Bo Bpemst BoxeHUST Kak0€ CIeayloniee Hab0eHIe He SIBIISeTCS sl Hac
MOJIHON HeOXKMAaHHOCThIO. Eciin TekyInee HabIoeHne TTOKa3biBaeT BIIepen
JIEBBII ITOBOPOT, TO, IOBOPAuYMBask PyJib BJIEBO, Mbl OKU/AEM, UTO K MOMEHTY
cJIeyIoNero Habro[eHrs Bee elnfe OyaeM HaXoAuThest Ha gopore. Ecim 661 aTO
OBLIIO HE TaK, MbI €3/I1JI ObI TI0 I0POTaM, BIJIsISI U3 CTOPOHBI B CTOPOHY, TaK Kak
He 3aMedasii Gbl HeOOJIBIIIOTO OTKJIOHEHHMSI OT IIEHTPA Ha CJIEYIOIIEM BPEMEHHOM
IIare, ¥ 3aTeM OKa3bIBasiCh B TIOJIOKEHIH, TPEOYIONEM HEMEIJICHHBIX U aKTHBHBIX
JICHICTBUIA.

ITa MpeycCMOTPUTENBbHOCTh — 30Ha oTBeTcTBeHHOCTH cetrt MDN-RNN, koTopas
TIBITaeTCs MPeJICKa3aTh pacipe/iesieHue caelyIoIero CKPbITOr0 COCTOSTHNAS Ha
OCHOBE TIPEJIBIIYINETO CKPBITOTO COCTOSHUS U TIPEABIAYIIero feficTBud. B gacT-
noct, MDN-RNN — a70 cioit LSTM ¢ 256 CKpbITBIMU y3JTaMH, 32 KOTOPBIM
caielyeT BBIXOIHOM cJioii cetn cMecH pactpesenennii (Mixture Density Network,
MDN), KOTOPBIiI yYUTHIBAET TOT (DAKT, UTO CJIEAYIOIee CKPhITOE COCTOSTHIE
(baKTHYECKN MOKHO TTOJIYYUTh U3 JIF0OOT0 U3 HECKOJIBKUX HOPMaJbHBIX pac-
TpefieIeHu 1.

Puc. 8.4. eHepauusi pyKoOnMCHOro TekcTa ¢ nomolubo MDN
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Tor sxe MeTOJ IPUMEHSIICS M OJHIM U3 aBTOpoB cTatbu « World Models» [Iosu-
oM Xa, K 3a/1aue reHepaluu pykomucHoro tekcta (http://bit.ly/2Wm9X01), YTOOBI
OINCATh, YTO JIajiee EPO MOKET [BUTAThCS B CTOPOHY JIFOOOH M3 KPaCHBIX 06-
gacreti (puc. 8.4).

B 1nipumepe ¢ roHOYHBIM aBTOMOGHIIEM MBI JIOTTYCKAEM, YTO KayK/IbIii 9JIEMEHT CJie-
JYIOIIEro HaBJIF0IaeMOTO CKPBITOTO COCTOSTHUST MOKET OBITH MOJIYY€EH U3 JIF0OOTO
U3 IATU HOPMAJIbHbBIX PACIIPEAEIEHUN.

KoHTponnep

Jlo aT0oro MoMeHTa MbI BOOOIIE HE YIIOMUHAIK BHIOOD JEHCTBHUS. JTa OTBETCTBEH-
HOCTD JIESKUAT Ha KOHTPOJIEPE, PeATM30BaHHOM KaK TIOJTHOCBA3aHHAs HeHpOHHAs
CeTh, Ha BXOJ[ KOTOPOII MO/laeTcsl KOHKATeHAIs BEKTOpa z (TEKYIIETr0 CKPhITOTO
COCTOSIHUSI, BBIOPAHHOTO M3 paciipejieJieHus], 3aK0IUPOBAHHOTO BapUAI[HOH-
HBIM aBTOKOAMPOBIIUKOM) U CKPBITOTO cocTogHus ceTd RNN. Tpu BbIXOAHBIX
HePOHA COOTBETCTBYIOT TPeM AeUCTBUAM (TIOBOPOT, yCKOPEHHE, TOPMOKEHUE )
1 MacITabupPyIOTCst, YTOOBI TIOMACTH B COOTBETCTBYIOIINE AMATIA30HBI.

MbI 10JKHBI 00YYUTH KOHTPOJLIEP, UCIIOJIB3YsI METO/ 00YYEHHUsI C TOJKPEILIe-
HIEM, TTOTOMY YTO y HAC HET 00y4aIoIero Habopa TaHHbIX, KOTOPBIE TTOMOTaJ Obl
HOHSITh, KAKOE JIEMCTBIE X0pouee, a KaKoe nioxoe. ATEHT JIOJKEH caM OTpejie-
JIATH 3TO Ty TEM TIOBTOPHBIX 9KCIIEPUMEHTOB. Kak MbI yBU/IMM j1asiee, CyTh CTaThi
«World Models» 3akmouaercst B JeMOHCTpAINH, Kak 0OyYeHe ¢ MOAKPEIICHIEM
MOZKET IPOUCXOANTDH BHYTPHU FeHEPATUBHOI MOJIETN OKPY/KEHWSI B ar€HTe, a He
B okpy:keHuu OpenAl Gym. VIHbIMU c10BamMu, 3TO TPOUCXOAUT HE B PEATTbHOM
OKPY’KEHUH, a B €I0 BEPCUH, BbIMbIULEHHOU areHTOM. UTOOBI TIOHSATH POJIb KasK-
JIOTO M3 9TUX TPeX KOMIIOHEHTOB U TO, KaK OHKM paboTaioT BMecTe, BOOOpasuM
cebe CIeyIOTIHiA IHasIoT:

VAE (npocMmaTpuBas nocnegHee HabnogeHve 64 x 64 X 3): BbIMSAUT Kak nps-
Masi Aopora, € MosIorMM NIEBbIM MOBOPOTOM, K KOTOPOMY NMPUBIMKAETCS aBTOMO-
6unb, cneayoWMiA B HanpaeneHnn goporu (z).

RNN: ncxoas n3 atoro onucanus (z) u Toro dakTa, YTo Ha Npeaplaylem Lare
KOHTPOJIJIEP PELMA CUIIbHO YCKOpUTbCS (action), 1 06HOBMIO CBOE CKPbLITOE CO-
CTOsIHWE U B CrefytoleM HabntoaeHn fopora No-npeXXHeMY OCTaHeTCst NpsIMOi
AOPOroi, HO C HEMHOTO 60JIbLLMM NIEBLIM NMOBOPOTOM BrEpean.

KoHmporsnep: ncxoas U3 onvcaHns, nonyyeHHoro ot VAE (z) u TeKyLlero cKpbl-
Toro coctosiHnst RNN (h), Mosi HEMpPOHHas ceTb NpeacKasblBaeT creaytollee aAei-
CTBUe [0.34, 0.8, 0].
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3aTeM JIeficTBIe, CTeHEPUPOBAHHOE KOHTPOJIJIEPOM, TTePeaeTCs B OKPYKEHNE,
BO3Bpalnaolee 0OHOBJIEHHOE HabI0IeHNe, 1 UK/ HaulHaeTcs cHoBa. J{omo-
HUTEJIbHYI0 THMOOPMAIIUIO O MOZIeJI MOKHO TTOTYYUTD 371ech: https://worldmodels.
github.io/.

NMopgroroBKa

Tenepb MOKHO IPUCTYTIATH K CO3JaHUI0 M 00YyYEHUIO 9TON MOJIEIN € TOMOIIBIO
Keras. Eciii y Bac ecTb HOyTOYK C BBICOKMMU TEXHUYECKMMHU XapaKTePUCTHKAMH,
MOJXeETe SaHyCTI/ITb penienue Ha HEM, HO A 61)1 IIOpeKOMEeHA0BaJI NCII0JIb30BaTb
obmaunbie pecypebl Bpoae Google Cloud Compute Engine (https://cloud.google.
com/compute), MOJY4YHUB JOCTYII K MOITHBIM KOMIIBIOTEPAM, KOTOPBIMU MOKHO
0JIb30BAThCs, 3aIyCKas KOPOTKUE CEAHCHL.

Cnepytowmii kop npotectvpoBaH B Ubuntu 16.04, nosTtomy ero cnepyet
BbIMOMHSATH B TepMUHane Linux.

CHavasia yCcTaHOBUM CJIeyIOTIe OUOIMOTEKN:

sudo apt-get install cmake swig python3-dev \
z1liblg-dev python-opengl mpich xvfb \
xserver-xephyr vnc4server

3areM KJIOHUPYEM CJIeYIONNIl PETO3UTOPUIA:

git clone https://github.com/AppliedDataSciencePartners/WorldModels.git

Tak xax Koz IIPOEKTAa XPAHUTCA OTJAEJbHO OT PENO3UTOPUA KHUTH, TTPpeE/JjIarato
CO34aTb OT/ZEJIbHOE BUPTYAJIbHOE OKPYIKEHUE [/IJId SKCIIEPUMEHTOB!

mkvirtualenv worldmodels
cd WorldModels
pip install -r requirements.txt

Terepb MOKHO JBUTATHCS BIiepe!
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0630p npouecca obyueHnsa

[Tpottecc 06ydYeHUst BKIIOYAET IISITh HTAIOB:

1.

C060p laHHBIX B XO/I€ CJYYalHBIX TIPOTOHOB. 3/IECh MEPEJl ATEHTOM HE CTOUT
1eJIb PENIUTD 3a/[a4y — OH TIPOCTO UCCJIEYET OKPYsKEHNE CITydaiiHbIM 0Opa-
3oM. Ha atom atarte ¢ nomorbio OpenAl Gym nuMuTHpyeTcst HECKOJIBKO 9111 -
30/I0B, 1 HA KKIOM BPEMEHHOM IIIare COXPAHSIIOTCST HAOJIOAeMO€e COCTOSTHUE,
neiicTBIe ¥ BO3HArpaxkieHwe. Vliest B ToM, 9TOOBI TIOYyIUTh TaHHbIE O paboTe
OKpY:KeHus, KoTopble 3aTeM VAE cMokeT n3ydnTh 1 HAyYUThCSA TIPE/ICTABIATD
COCTOSIHWS B BUJIE BEKTOPOB B CKPBITOM TIpocTpancTBe. 3aTeM MDN-RNN
CMOJKET Y3HATh, KAK CKPBITbIE BEKTOPHI PA3BUBAIOTCS C TEYEHHEM BPEMEHH.

O6yuenne VAE. Vcnonb3yst maHHbie, COOpAHHBIE B XOJI€ CIYYailHBIX TIPOTO-
HOB, 00yunM VAE Ha Habmi0/1aeMbIX H300pakeHUsIX.

Co6op manubix ayst o6ydenuss MDN-RNN. TTocsie o6yuenust VAE ucriosibayem
€ero s KOAUPOBAHUST KaXKIOTO U3 COOPAHHBIX HAOJIIOACHUN B BEKTOPHI mu
n log_var‘, COXpaHUB X BMECTE C TEKYIIUM ZIeI';ICTBI/IeM 1 BO3HarpaXX/JeHueMm.

O6yuenne MDN-RNN. BosbmeM maketsi 1o 100 a11130/10B 1 Ha KaskioM Bpe-
MEHHOM ITIare 3arpy3uM IepeMeHHbIe mu, log_var, action 1 reward, KOTOpPBIE
ObLIN creHepUpoBaHbl Ha Iare 3. 3areM BbIGEPEM BEKTOP z M3 BEKTOPOB mu
1 log_var. 3aTeM Ha TEKYIIEeM BEKTOpE z, action 1 reward 06yurM MDN-RNN
[IPe/ICKa3bIBaTh CJIEYIONINI BEKTOP z U reward.

O6yuenue xkonrpoJaepa. Mcmoabsys noarorosiennbie VAE u RNN,
00y4rM KOHTPOJLIEP MPEACKA3bIBATh AECTBHUE JIJIsI TEKYIIETO z U CKPHITOTO
cocrosinus h cetu RNN. B kauectBe onTuMu3aTopa KOHTPOJIJIEP UCIIOJIb-
3yet aBosmoinonHbiil anroputMm CMA-ES (Covariance Matrix Adaptation
Evolution Strategy — 9BOJIIOIIMOHHAs CTPATErysi € ajanTaleil MaTpPUIIbl
KkoBapuanwuii). OH MOOIIPseT Beca MATPUITI, KOTOPbIE TEHEPUPYIOT AeHCTBUA,
IPUBOZAIINE K G0Jiee BBICOKOMY 00IIEMY BO3HATPAKICHUIO, TOATOMY TaKOe
JKeJlaeMoe [oBeJIeHre TT0YTH HaBepHsKa OyAeT yHacaeJ0BaHo OyayuMu
MTOKOJIEHUSIMU.

A teniepb 110ipoOHO PACCMOTPUM KasK/[bIiT 9TAIL.
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C60p AaHHbIX B Xoae cnyqa|7|Hb|x MPOroHoB
Yro06bl 3a1ycTUTH COOP JaHHBIX, BBITIOJHUTE CJEAYIONLYI0 KOMAH/Iy B TEPMUHAJIE:

bash 01_generate_data.sh <env_name> <parallel_process> <episodes_per_process> \
<render> <action_refresh_rate>

Tiepe/aB el caemyToniue mapamMeTphL:

<env_name>

Nnmsa oxpyskeHus, ncmoab3yeMoro GyHKINel make_env (Hampumep,
car_racing).

<parallel_process>

Yucro 0JHOBPEMEHHO 3aITyCKAEMBIX MPOIECCOB st 00paboTKu (Ha-
PUMED, 8 JIJIs1 KOMITbIOTepa ¢ 8-s/IEPHBIM ITPOIIECCOPOM ).

<episodes_per_process>

CKOJIBKO 3MU30/I0B JIOJIKEH 3aIyCTUTh KaXK bl Mpoliecc (Hapumep,
125, uTo6BI 8 TIpOIIecCcoB B 0OIIeit caoxuocTr cozaamu 1000 anu3o108).

<max_timesteps>

MakcumanbHOe 9MCI0 BpEMEHHBIX I1aroB B OJTHOM 31HM30/ie (HApH-
Mep, 300).

<render>

1 — it oTOOpasKeH st IpoIlecca MPOroHa B OKHe (MHaye 0).

<action_refresh_rate>

KosmuecTBo BpeMeHHBIX 1IAroB, I KOTOPBIX HE0OX0ANMO 3a(uK-
CUPOBATh TEKYIIlee JelCTBUE TIePe/] UBMEHEHHEM. DTO MPENSTCTBYET
CJIMIIKOM OBICTPOMY M3MEHEHUIO JCHCTBUIL B MPOIIECCE JBUKEHUSI
ABTOMOOMIIAL.

Hampumep, st KoMIbioTepa ¢ 8-sIepHBIM IIPOIIECCOPOM KOMaH/Ia MOTJIa Obl
BBITJISINIETD TaK:

bash 01_generate_data.sh car_racing 8 125 300 0 5
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Omna 3amycTuT 8 mapajiebHbIX TIPOIECCOB, KaXK/bIN 13 KOTOPBIX CHIMUTHPY-
eT 125 51130108 ¢ MAKCUMAIBHON A/INTe/IbHOCTHI0 300 BpeMEeHHBIX IIaroB Kask-
JbII 1 OOHOBJIEHUEM AECHCTBHUA Yepes3 KasKIble IIsITh BPEMEHHBIX 11aros. Kaskaprii
npotiecc OyzeT BBIIOJIHATH clieHapuil Ha Python 01_generate_data.py. Kirtouesast

YacCTb ClieHapud IIpeacTaBaeHa B JIUCTUHTE 8.1.

Jinctuur 8.1. Boigepxka u3 cueHapus 01_generate_data.py

# ...
DIR_NAME = './data/rollout/’

env = make_env(current_env_name) @

s =0

while s < total_episodes:
episode_id = random.randint(@, 2**31-1)
filename = DIR_NAME + str(episode_id)+".npz
observation = env.reset()
env.render()
t=20
obs_sequence = []
action_sequence =
reward_sequence =
done_sequence = []
reward = -0.1
done = False

[l
1

while t < time_steps:

if t % action_refresh_rate == 0:
action = config.generate_data_action(t, env) @

observation = config.adjust_obs(observation) ©
obs_sequence.append(observation)
action_sequence.append(action)
reward_sequence.append(reward)
done_sequence.append(done)
observation, reward, done, info = env.step(action) @
t=t+1

print("Episode {} finished after {} timesteps".format(s, t))
np.savez_compressed(filename
, Obs=obs_sequence
, action=action_sequence
, reward = reward_sequence
, done = done_sequence) ©
s=s+1
env.close()

C60p AaHHbIX B X0Oe Cy4YalHbIX NPOroHoB
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© make_env — mosib30BaTesIbCcKask PYHKIUS U3 PEMIO3UTOPUS, KOTOPAs CO3/1a€T
cootBeTcTBYyIOIIEee okpy:kenre OpenAl Gym. B ganHoM ciyuae Mbl co3aem
cpeny CarRacing ¢ HecKOMbKUMU HacTpoiikamu. Daiiy OKPYKeHUsT XPAHUTCS
B ITAIIKE CUStom_enus.

@® generate_data_action — moJsib3oBaTesbcKast (PYHKITNS, KOTOPAst OMPEEessieT
IpaBUJIa JIJIst BIOOPA CJIyYallHbIX IeCTBUIL.

© Habmoziermis, Bo3BpalilacMble OKPYKEHIEM, COEpP/KaT Yncia B AnanasoHe ot 0
110 255. Ham Hy»kHO MacinTabupoBaTh UX B Anamason ot 0 10 1, mostomy ganHas
(OYHKIINS TPOCTO JEJUT YHCIa HA 255.

O Kaxnoe okpyskenne B OpenAl Gym BkiiodaeT MeToq step. [l 3amanaoro
JeHCTBUsI OH BO3BpaIaeT ciaeyoliee HabIoieHre, Bo3HarpaxeHue u goar
<BBITIOJTHEHOY .

© Kaxaprit a1M30/ MBI COXpaHsIeM B OTAeIbHOM (haiiie B Katajore ./data,/
rollout/.

Ha puc. 8.5 nokasanbi kazpsl 40—59 13 0HOTO S1I30/1a, KOTAA MALIUHA [IPUOII-
JKaeTcst K IOBOPOTY, a TaK/Ke CJy4aiiHO BbIOpaHHbBIE ICCTBUST U BO3HArPasKIe-
Hust. O6paTrTe BHUMaHUe, YTO BO3HArPaskIeHUe YBeJInarBaeTcs 10 3,22, Korua
MallliHa TepecekaeT TPaHnIly HOBOTO (hparMeHTa TPEKa, a B OCTATbHBIX CIyUasTx
B3picKkuBaercs mrpad —0,1. Kpome Toro, neiicTBre MeHseTCS yepes Kask/bie
ISATh KaJPOB, IOTOMY 4TO IapaMeTp action_refresh_rate paBeH 5.
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a=[0.27 0. 0] a=[0.27 0. 0] a=[0.27 0. 0] a=[0.27 0. 0]
r=-0.1 r=3.22 r=-0.1

a=[0.27 0. 0] a=[042 0. 0] a=[042 0. 0] a=[042 0. 0]
r=-0.1 r=-0.1 r=3.22 r=-0.1

a=[0. 0.43 0]

=-0.1 =-0.1 =-0.1 r=3.22
a=[0. 0.43 0] a=[0. 0.43 0] a=[0. 0.43 0] a=[025 0. 0]
~ r=-0.1 =-0.1 =-0.1 =-0.1
a=[-0.25 0. 0] a=[-0.25 0. 0] a=[-0.25 0. 0] a=[-0.25 0. 0]
r=3.22 r=-0.1 r=-0.1 r=-0.1

Puc. 8.5. Kagpbl 40-59 13 ogHoro anu3oga
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O6yuenue VAE

Terepb Ha OCHOBE COOPAHHBIX TAHHBIX MOKHO ITOCTPOUTH FT€HEPATUBHYIO MOJIETb
(Bapmanmonnsiii aBTokoaupoBmuK VAE). Hamomanwm, mens VAE — gath Bo3-
MOKHOCTb CBEPHYTH OJIHO H300pazkeHue pazmMepoM 64 x 64 x 3 B HOpMaJIbHO pac-
Ipezie/IeHHyI0 CIy4aifHyIo BeJIUYuHy, paciipe/iesieHre KOTOpoii apaMeTpru30BaHo
JIBYMSI BEKTOpaMu, mu 1 log_var. Kask/iblil U3 9TUX BEKTOPOB UMeEET JITUHY 32.

Yrobsl 3anyctuth oOyuenue VAE, BBITIOTHUTE CIEAYIONLYIO KOMAH/Y B TEPMU-
HaJe:

python ©2_train_vae.py --new_model [--N] [--epochs]
nepesiaB el ceyIonie mapaMeTphl:
--new_model

Kimou, Tpebytormuii 06yunTs Mojiesb ¢ Hyist. Vlcmombayiite aToT duiar
[IPY TIEPBOM 00YUYEHUM; E€CJIH €TI0 OMYCTHUTD, TO KOJI OYIeT UCKaTh (hail
./vae/vae.json 1 IPOIOJIKATH OOyU€EH e ITPEeIbIAYIIEN MOIEIH.

--N (Heobs3amenvhbiil)

KoumruecTBo a1m30/10B, ncnosb3yeMbix pu oOydyennn VAE (Hanpumep,
1000 — /IS IOCTUZKEHUST XOPOIIUX PE3YJIBTATOB HEOOSI3aTEIHHO HC-
M0JTb30BATh BCE AIM30/IbI, TIOITOMY, YTOOBI YCKOPUTH 0OyUeHne, MOKHO
HCII0JIb30BaTh TOJBKO YaCTh 3IIU30/[0B).

--epochs (neobssamenviwlii)
Yucso snox obydenust (Harpumep, 3).

Ha puc. 8.6 nmokaszaHo, Kak J0JKEH BBITJISAETD TPOIece 00yYeHUst B TEPMUHAJIE.
Beca 06quHH01‘/’1 CETH COXPAHSIOTCS B KOHIIE KaskK/I0H 3110Xu B (paiije ./vae/vae.json.

Imported 350 / 1000 Current data size = 25500@ observations
Current dota size = Z79@0@ observaotions

Current dota size = ZB580@ observations

Current data size = 390000 observations

: Current data size = 390000 observations

] - 26325 9ms/step - loss: B6.7616 - voe_r_loss: 69.8272 - vae_kl_loss: 16,9344
] - 52705 lBms/step - loss: 48.5849 - vae_r_loss: 32.8335 - voe_kl_loss: 16.4714

] - 5151s 17ms/step - loss: 43,7458 - voe_r_loss: 27.3376 - voe_kl_loss: 16.4081

] - 34235 1llms/step - loss: 41.6480 - voe_r_loss: 25.2663 - voe_kl_loss: 16.3737

Puc. 8.6. O6yuenne VAE
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Apxutexktypa VAE

DyHKIMOHANBHBII TIPOrpaMMHbBINA nHTepdeiic bubanorekn Keras mospoJsier
OTpENIEJTTh He TOJIBKO MOJHYI0 Mojeab VAE st 00yueHus, HO U JOMOJIHU-
TeJIbHBIE MOJIEJTH, TIPEACTABJISIONINE OTAETbHO KOJAUPOBIINKA U IEKOTUPOBITAKA
obyuaemoii cet. OHU MOTYT TIPUTOMTHCS, €CJIU BAPYT TOSABUTCS JKeJIaHue 3a-
KOAMPOBATh KOHKPETHOE N300paskeHIe WIN AEKOANPOBATh HEKOTOPBIH BEKTOP z.
B sToM mipuMepe MBI OTIpeies M YeThIpe pa3ible Mojiesn BHyTpu VAE:

full model

[TosHast Mozeb 17Is1 00y IeHUsI.

encoder

[Tpuaumaer Habmoaenue 64 x 64 x 3 u BBIBOAUT BeKTOP z. Eciiu BbI-
3BaTh MeTO/J| predict 9TOI MOJIEJIH 7T O/THOTO U TOTO Ke HAOJI0/IeH ST
HECKOJIbKO pa3, TO OH BEPHET pa3Hble Pe3yJbTaThl, IOTOMY UTO, He-
CMOTPSI Ha TIOCTOSTHCTBO 3HAUEHUH mu U log_var, CJIyUYailHbII BEKTOP z
KaK/Iblii pa3 OyeT OTJIMIaThCSI.

encoder_mu_log var

[Tpunumaer Haboaerne 64 x 64 x 3 U BBIBOAUT BEKTOPbI mu U log_var,
COOTBETCTBYIOIIUE 9TOMY HabJIIOeHNIO. B oT/mure o Mojie/in encoder,
€CJTU BBI3BAaTh METO/I predict 3TOI MOJIEIM HECKOJIBKO Pas, KasK/IbIi pas
oH Gy/IeT BO3BpAIaTh OJMH U TOT K€ PE3YJIbTaT: BEKTOP mu € JAJIMHON 32
1 BeKTOp log_var ¢ AMmHOM 32.

decoder

[IpuHuMaeT BEKTOP z U BO3BpallaeT BOCCTAHOBJIEHHOe HabI0/1e-
Hue 64 x 64 x 3.

Ha puc. 8.7 npencrasiena quarpaMmma, oTpaxkamomias apxuTekTypy VAE. Bor
MOJKeTe TI0IKCIIEPUMEHTUPOBATD € ATON apXUTEKTYPOH, OTPEAAKTUPOBAB (haiir
./vae/arch.py, Tie onpenendaoTcd Kaace BApUAlMOHHOT0 aBTOKOAMPOBIIUKA 1 T1a-
paMeTpbl HEHPOHHOU CETH.

AHanuns VAE

Ternepb MOCMOTPUM, UTO BO3BPAIIAIOT METO/IBl predict pa3IUUHBIX MO
B VAE, 4T00BI IOHATH, YeM OHM OTJIMYAIOTCS, a 3aTeM — To, Kak VAE Moxer
CO3/IaBaTh COBEPIIEHHO HOBbIe HAOIIOEHUS TPEKA.
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vae_full
vae_encoder

observation_input: B || (e, 6% 6%, 3)
InputLayer sbixoa:| (None, 64, 64, 3)
A 4

Bxoa: | (None, 64, 64, 3)
Bbixoa:| (None, 31, 31, 32

conv_layer_1: Conv2D

A 4

Bxoa: |(None, 31, 31, 32
Bbixoa:| (None, 14, 14, 64

conv_layer_2: Conv2D

A 4

Bxoa: |(None, 14, 14, 64
Bbixoa:| (None, 6, 6, 64)

conv_layer_3: Conv2D

A 4

Bxoa: | (None, 6, 6, 64)
Bbixoa:| (None, 2, 2, 128),

conv_layer_4: Conv2D

A 4

Bxoa: | (None, 2, 2, 128)

flatten_1: Flatten

BbIXOA: (None, 512)

BXOA: (None, 512) \
log_var: Dense
BbIXOA: (None, 32) X
A 4
BXOA: (None, 32) BXOA: (None, 512)
sigma: Lambda mu: Dense
BbIXOA: (None, 32) BbIXOA: (None, 32)
v BxoA: | (None, 32), (None, 32)
z: Lambda
BbIXOZ: (None, 32)
vae_decoder A 4
BXOA: (None, 32)
dense_layer: Dense
Bbixoad:|  (None, 1024)
A 4
BXOA: (None, 1024)
unflatten: Reshape
BbixoA:| (None, 1, 1, 1024
A 4
deconv_layer 1: Bxoa: |(None, 1, 1, 1024
Conv2DTranspose bixog:| (None, 5, 5, 64)

A 4

Bxoa: | (None, 5, 5, 64)
Bbixoa:| (None, 13, 13, 64

deconv_layer_2: Conv2DTranspose

A 4

Bxoa: |(None, 13, 13, 64
sbixoz; | (None, 30, 30, 32

deconv_layer_3: Conv2DTranspose

A 4

sxopa;: |(None, 30, 30, 32

deconv_layer_4: Conv2DTranspose
vv Bbixoa:| (None, 64, 64, 3),
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MonHasa mopgenb

[Tocne o6yuyenust Mmogenn full_model Ha HAGJIIOAEHUSIX OHA CMOKET BOCCTaA-
HOBUTbH TOYHOE M300paxenue Tpeka (puc. 8.8). IT0 MOKET IPUTOAUTHCS J1JIst

BU3YaJbHONI MPOBEPKH MpaBubHocT paboTsl VAE.

Bxon Bbixon

Puc. 8.8. BxoaiHble AaHHble NonHOM Moaenu VAE 1 Nony4YeHHbIV elo pesynbtaT

Mogenun KoanpoBLLMKOB

ITocse 06y4yennss Mojesn encoder_mu_log_var Ha HaOJIOeHUSIX OHa OYIET BO3-
BpalllaTh CreHePUPOBAHHbBIE BEKTOPHI mu U log_var, OIKICHIBAIOIIE MHOTOMEPHOE
HOpMaJIbHOE paciipezeseHre. Moesb encoder fejaeT elle OAUH Iar BIepes
1 BBIOMPAeT KOHKPETHBII BEKTOP z UX 3TOTO paclripe/iesieHust. Pe3yibraThl, BO3-

BpalaeMble STUMU MOJIEJIIMU KOAMPOBIIIKOB, TOKa3aHbI Ha puc. 8.9.

encoded_mu_log_var = vae.encoder mu_log_var.predict(np.array([obs]))
mu = encoded_mu_log_var[0][0]

log_var = encoded mu_log _wvar[1][0]

print("mu = " + str(mu))

print("log_var = " + str(log_var))

encoded_z = vae.encoder.predict(np.array([obs]))[0]
print("z = " + str(encoded z))

mu = [ 0.461 0.2408 0.9884 0.0459 0.9623 1.0147 0.6555 -0.586 -0.4304

-0.08%2 -1.5475 0.0319 0.426 0.1936 0.0838 -0.9127 -0.0823 -0.0321
0.0829 -0.2372 -0.1084 -0.0069 0.011 -0.0201 -1.735 -0.8933 0.0082
0.5342 0.1%82 0.056 =-0.0389 0.0389]

log_var = [-1.8887 -0.1232 -2.1576 0.0093 -5.2961 -2.2058 -3.0662 -3.1458 0.0018

-0.0412 -3.1433 0.0278 -0.0169 0.0186 -0.0313 -0.8884 -0.0468 -0.0565
0.0075 0.014% -0.0285 -0.0013 -0.006 -0.0468 -3.2442 -3.9082 0.0348
-2.0272 -0.0264 -0.0202 -0.0585 -0.0103]

z = [ 0.4681 0.3364 0.969 -0.3118 1.0631 1.1805 1.1039 -0.6603 =-1.5317
-0.0679 -1.4819 -0.537 1.2687 -1.2981 -0.0219 -0.7657 0.5345 -1.3642
-0.1958 -1.2382 1.6123 -1.9301 0.1032 -0.1125 -1.8621 -1.2199 0.3788

0.6171 0.6412 -0.6444 -0.0741 -1.4384)

Puc. 8.9. Pe3ynbTaThl, BO3BpallaeMble MOAENAMU KOAMPOBLUMKOB
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plt.plot(mu);

plt.plot(log var);

hot zs = np.where(abs(log var) > 0.1)[0]
hot_zs

array(( 0, 1, 2, 4, 5, 6, 7, 10, 15, 24, 25, 27])

-2 i '

-3 u '

0 5 10 15 20 25 30

Puc. 8.10. Mpach1k n3MeHeHUs 3HaUeHUI Bcex 32 U3MepeHuii B mu (CUHSAS JIMHUS)
1 log_var (opaHxeBasi IMHUS) ANS KOHKPETHOro HabntogeHus

BarisinuTte Ha rpacduk n3aMeHeHNs 3HAYEHWH BeeX 32 M3MepeHuil B mu 1 log_
var (puc. 8.10) 11t KOHKpPETHOTO HaGI0IeH st 1 0OpaTHTE BHIMAHHE, 4TO TOJTHKO
12 n3mepeHuii 3HAYUTENHHO OTJINYAIOTCS OT CTAHAAPTHOTO HOPMAJILHOTO pac-
npenenenus (mu = @, log_var = @). ITO CBA3aHO C TEM, YTO BaPUAIIMOHHBIN aB-
TOKOJIMPOBIIHK MBITAETCSI MUHUMHU3UPOBATh paccTtosiiuie KL, 9ToObI KaKk MOKHO
MEHbIIIE UBMEPEHUN OTJINYAJIOCH OT CTAHIAPTHOTO HOPMAJIBHOTO PaCIIPe/Ie/IEHUS,
pems, yTo 12 M3MepeHuil copepsKar T0CTaTOUHbIN 00beM HH(POPMAIMK O Ha-
OITIOIEHUSIX JITIST TOYHON PEKOHCTPYKITHH.

Mogenb fekoanpoBLmKa

Mopesb 1eKoUPOBITUKA TPUHUMAET BEKTOP z U PEKOHCTPYUPYET UCXOTHOE
nzobpaskenne. Ha puc. 8.11 nokasan pesyJibraT IMHEHHON WHTEPITOISIINY ABYX
U3MePEeHUIl B z, TO3BOJSIONINI YBU/IETh, KAaK KaXKJ0€e U3MEPEHUE KOJAUPYeT
olpejieJIeHHbII actieKT Tpeka. Harpumep, z[4] onpeiesisieT HallpaBjieHue TpeKa
BJIEBO/BITPABO OTHOCHUTEJIHHO aBTOMOOWIIS, @ z[ 7] — KPYTU3HY TPHOIMIKATONIE-
TOCS JIEBOTO TIOBOPOTA.
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ITO JI0KA3bIBAET, YTO CKPBITOE TIPOCTPAHCTBO, N3YYEHHOE BaPUAIMOHHBIM
ABTOKO/IMPOBIIUKOM, SIBJISIETCS HETIPEPBIBHBIM U MOXKET UCIIOTH30BATHCS [T
reHepUpPOBaHKs HOBBIX (hparMeHTOB TPEKa, KOTOPbIe paHblile He HAGJI0aINCh

areITOM.

2[4]-2.0 2[4]-2.0 2[4]-2.0 2[4]-2.0 2[4]-2.0
2[7]=-1.0 2[7]=0.0 Z[71=1.0 Z[7] = 2.0

z[71=1.0 z[71=2.0

2[4] 0.0 2[4]0.0 2[4] 0.0 2[4]10.0 2[4] 0.0
2[7] = -2.0 2[7]=-1.0 2[7]= 0.0 2[7]= 1.0 2[7] = 2.0

2[4] 2.0 2[4] 2.0 2[4] 2.0 2[4] 2.0 2[4] 2.0
2[71=-2.0 2[71=-1.0 2[71=0.0 2[71=1.0 2[71=2.0

Puc. 8.11. JIuHelHas VHTepnonsauus ABYX U3MEPEHWI B Z
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C6op paHHbIX gna obyueHnsa RNN

O6yuennsbiit VAE Terniepb MOKHO MCIIOJIb30BaTh [IIsI TeHEPHUPOBAHUST 00YYAIOIINX
nanubix 17 cetn RNN.

Ha stom aTarie nponycTum Bce JaHHbIE CJAYYaUHOTO IIPOrOHA Yyepe3 MoJIesb
encoder_mu_log_var 1 COXpaHUM BEKTOPBI mu 1 log_var, COOTBETCTBYIOIINE KaK-
JIOMY HaOIIOAEHII0. DTU 3aKOAUPOBAHHbBIE JaHHbIE, BMECTE ¢ COOPAHHBIMU JIaH-
HBIMU O IEHCTBUSX U BO3HATPAKIEHUSX, OYIYT UCIIOIb30BATHCS I 00yUEHMSI
MDN-RNN. 3armycrum cO60p JaHHBIX, BBIIOJTHUB CJIEAYIONIYI0 KOMaH/Y B Tep-
MUHAJIE:

python ©3_generate_rnn_data.py

B suctunre 8.2 npuBoauTest BoiiepikKa u3 daiina 03_generate_data.py, nimiocTpu-
pyoliasi, Kak IPOU3BOAUTCS TeHepUupoBaHe AaHHbIX 11t 00ydyerrss MDN-RNN.

JlucTuHr 8.2. Boigepxxka u3 darina 03_generate_data.py

def encode_episode(vae, episode):

obs = episode['obs"']
action = episode['action']
reward = episode['reward']
done = episode[ 'done’]

mu, log_var = vae.encoder_mu_log_var.predict(obs) @

done = done.astype(int)
reward = np.where(reward>@, 1, @) * np.where(done==0, 1, 0) @

initial mu = mu[e@, :]
initial_log_var = log var[e, :]

return (mu, log var, action, reward, done, initial _mu, initial_log_var)

vae = VAE()
vae.set_weights('./vae/weights.h5")

for file in filelist:
rollout_data = np.load(ROLLOUT_DIR_NAME + file)
mu, log_var, action, reward, done, initial_mu
, initial_log var = encode_episode(vae, rollout_data)

np.savez_compressed(SERIES_DIR_NAME + file, mu=mu, log_var=log_var
, action = action, reward = reward, done = done)
initial_mus.append(initial_mu)
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initial_log_vars.append(initial_log_var)

np.savez_compressed(ROOT_DIR_NAME + 'initial z.npz', initial_mu=initial mus
, initial_log_var=initial_log_vars) ©

© 3/1ech UCTIONIB3YETCST MOJIENb encoder_mu_log_var, 4TOOBI TIOJIYYUTh BEKTOPBI
mu 1 log_var /it KOHKPETHOTO HaOIIOIEeHNS.

@ 3naueHre Bo3HArpakaeHus mpeodpasyercst B 0w 1, 4To6bI €10 MOKHO OBLIO
nepenath Ha Bxoa B MDN-RNN.

© HauasibHble BEKTOPBI mu ¥ log_var COXPaHSIIOTCS B OT/EJIbHBIN (paill — oHu
HPUTOSTCS HAM TTO37Ke JIJIST HHUITHATU3AINN BOOOPAKAEMOT0 OKPY KEHUSI.

O6yuyeHune cetu MDN-RNN

Tenepb 06yunm cetb MDN-RNN mpejickasbiBaTh pacipeesieHue cieayroie-
rO BEKTOPA z ¥ BO3HATPAXK/IEHUS, UCXO/IS U3 TEKYIIEro 3HAUeHUs z, TEKYIIEero
JerictBus u npenbiayiiero Bo3Harpakaenud. [leap MDN-RNN — npenckasath
Oyyliee Ha ouH mmar Brepes. ITocsie 3Toro Mbl CMOKEM UCIIOJIb30BaTh BHY TPEH-
Hee ckpbiToe coctogaue LSTM nuig nepepaun Ha BXO/ KOHTPOJLIEPA. 3allyCTUM
oOyuenne cett MDN-RNN, BbITIOJTHUB CJIEYIONTYI0 KOMAH/Iy B TEDMUHAJIE:

python 04_train_rnn.py (--new_model) (--batch_size) (--steps)

CO CJIEYTONTUMU TTapaMeTPaMu:

new_model

Kirtou, Tpebytomuii 00ydnTh MOZENb ¢ HyJIs1. VIcmob3yiiTe aToT (hiar
[IPY TEPBOM 00y UY€EHNH; €CITH €T0 OIyCTUTb, TO KOJ[ Oy/IeT HCKATh (haiin
.JJrnn/rnn.json 1 IIPOJIOJIKATH o6yqu1/1e NpebIYIed MOJIeIH.

batch_size

KosnvecTBo 21130108, ucnosab3yempix 1mpu o0yuennn MDN-RNN
B KayK/101 NTEepaIn.

steps
Obiiiee yncio urepanuii 00ydeHusI.

Ha puc. 8.12 nokasano, Kak BBITJISIUT Ipoliecc oOydeHust B TepmuHasie. Beca
00y4Y€eHHOIT ceTH coXpaHstioTest B (haiis ./rmn/rnn.json depes Kaxpie 10 maros.
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20ms/step H ran_z_loss: rnn_rew_loss: @.6928

1Zms/step Her 4 ron_z_loss: rnn_ren_loss: @.6587

12ms/step 32, ran_z_loss: ron_rew_loss; @,6138

12ms/step d rnn_z_loss: ron_rew_loss: @.5789

12ms/step HE B ran_z_loss: ron_rew_loss: @.5278

1ims/step 1 ron_z_loss: ron_rew_loss: ©.4700

1ims/step A ran_z_loss: ran_rew_loss: @.4068

Puc. 8.12. O6yueHune cet MDN-RNN

Apxutektypa cetu MDN-RNN

Ha puc. 8.13 mpezncrasiiena quarpamMma, oTpaskaionias apxutektypy cett MDN-
RNN.

Cetpb coctout u3 caog LSTM (RNN), 3a KoTOpBIM cieyeT TOJTHOCBA3aHHBIN
cioit (MDN), mpeobpasyiontuii ckpbiToe cocrosine LSTM B mapaMeTpbl cMech
pacupenenenuii. /[aBaiite paccMOTPUM 3Ty apxXUTEKTYypy JetaibHee. Ha Bxon
ciost LSTM nozaercst BeKTop ¢ nHON 36 — KOHKaTeHalus BeKTopa z (¢ J1Ju-
HOI 32), MOMy4eHHOTO BAapUAIIMOHHBIM aBTOKOIUPOBIINKOM, TEKYIIETO Jeii-
cTBUA (C ATMHOU 3) U TPeIBIIyIero Bo3Harpaxaenns (¢ aauuoit 1). Ha Berxome
cioit LSTM BosBpaiiiaer BeKTOp ¢ AJAUHON 256 — 110 OJIHOMY 3HAUYEHUIO JIJIs1
Kax 01 stueiiku B cioe LSTM. 9tot BekTop nepenaercss B MDN — oObraHbrit
MOJTHOCBSI3aHHBIN CJIOH, KOTOPBIH peobpasyeT BEKTOP ¢ AIUHON 256 B BEKTOD
¢ nuHon 481.

[Mouemy 481? Ha puc. 8.14 mokasano, Kak yCTpOeH BEKTOP, TTOJydaeMblil Ha
Bbixozie 13 MDN-RNN. Harmomuum, 11e1b ceTu cMecu pacipesieieHuii — CMOo-
JeJIMPOBATh BO3MOKHOCTD MOJIYUEHUS CIEYIONEr0 BEKTOPA COCTOSHUS z U3
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HECKOJIBKUX BO3MOJKHBIX pPacIipe/ieIeHUl ¢ OTIpe/ieIeHHON BEPOATHOCTHIO.
B nipuMepe ¢ TOHOYHBIM aBTOMOOWIIEM MbI BBIOPAJIN MSITh HOPMAJILHBIX pacipe-
nesiernit. CKOJIbKO MapaMeTpoOB HYZKHO, YTOOBI OITPEIE/IUTD 9TH pacipe/ieJieHus ?
JUtst KaxK[I0H M3 TISITH CMecell HaM HYSKHBI mu U log_sigma (4TOOBI OTIPEETUTD
pacripe/iesieHrie) 1 BepPOSITHOCTD BBIGOPa 3TOH cMecu (log_pi) ISt KaXKIOTO
u3 32 usmepennii B z. To ectb 5 x 3 x 32 = 480 nmapamerpos. Enie oguH 10110J1-
HUTEJTBHBIN MapaMeTp MpeHa3HaueH I TPOTHO3WPOBAHNS BO3HATPAKICHMS,
TOouHee, JorapudMuIecKux KoaGUIIMEHTOB BO3HATPAKICHUS Ha CJIEAYIONeM
BPEMEHHOM IIIare.

BXO[: (None, None, 36)
input_13: InputLayer
BbIXOA: (None, None, 36)
y
BXOA: HECKOJIbKO BEKTOPOB

Istm_5: LSTM

Bbixod: | [(None, None, 256), (None, 256), (None, 256)]

y

BXO/: (None, None, 256)

dense_5: Dense
Bbixod: | (None, None, 481)

Puc. 8.13. ApxutekTypa cet MDN-RNN

HOMep cMecu
i BEKTOP C AnnHon 32

——
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
[ 11 11 11 || 1[ 11 I 11 11 | 10 1L 1L 11 10

log_pi mu log_sigma T
norapudmMmyeckmne KoaULMEHTbI BO3HarpaxaeHus

Puc. 8.14. BekTop Ha Bbixoge 13 MDN-RNN
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Bbi6opKa cnepaylowero COCTOAHUA U BO3HarpaxkaeHus
n3 MDN-RNN

MbI MOsKeM cliesiaTh BBIOOPKY M3 BHIXOAHBIX AaHHbIX MDN, uT0GbI cCreHnepupo-
BaTb IIPOTHO3 /I z U BO3HATPAKIAECHUS Ha CJeLyIoNeM BpeMEHHOM Iare, Kak
OITMCAHO HUIKE:

1. Pasmenutpb 481-MepHBIi BBIXOJHON BEKTOP Ha TP MepeMeHHble (log_pi, mu,
log_sigma) 1 3HAUEHWE BOZHATPAKIECHUS.

2. MacurabupoBath BEKTOP log_pi Tak, YT0OBI €0 MOKHO OBLIO HHTEPIIPETH-
poBaTh Kak 32 pacipezieieHus: BEpOATHOCTEN MATh UHAEKCOB CMECE.

3. Jlist kaskaoro us 32 uaMepeHuii B z c/iesiath BIGOPKY M3 pacipeieieHuit,
CO3/IaHHBIX U3 log_pi (TO ecTh BBIOPATh OJHO U3 ISATU PACIPEAeTEeHIIT s
KaKJI0TO U3MEPEHUS B 7).

4. IomyunTh COOTBETCTBYIOITNE 3HAUCHUS mu U log_sigma /IJIs ATOTO pacIipe-
JleJIeHUSI.

5. TlomyunTh BEIOOPKY 3HAYEHWMI /1151 KasKI0T0 M3MEPEHNUS B Z U3 HOPMAJIbHOTO
pacrpe/iesieHns, MapaMeTPU30BAHHOTO MMapaMeTpaMu mu U log_sigma, COOT-
BETCTBYIOIUMU STUM U3MEPEHUSIM.

6. Ecim 3HadeHust jorapudmMudecknx KoahOUImeHToB BO3HArpaskAeH1ii 60JIb-
e 0, mporHO3UpPyeM BO3HATPasK/eHNUE 1; MHAYE TTPOTHO3UPYEM 0.

Q®yHKkumnsa notrepb B MDN-RNN

Dyuknus motepb st MDN-RNN — 310 cymma 1motepb 1pu peKOHCTPYKIUN
BEKTOPa z M BO3HATPKIEHUS.

B mmctunre 8.3 mokasana BeIJiep:KKa U3 ¢aiiia rnn/arch.py, onuchIBaIoONero
apxutekTypy MDN-RNN, ¢ peanmsanimeii morb30BaTeIbCKOM QYHKIIUN TTOTEPb.

JiucTuHr 8.3. Boiaepkka u3 daiina rnn/arch.py

def get_responses(self, y_true):

z_true = y_true[:,:,:Z_DIM]
rew_true =y true[:,:,-1]
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return z_true, rew_true
def get_mixture_coef(self, z_pred):
log pi, mu, log_sigma = tf.split(z_pred, 3, 1)
log pi = log pi — K.log(K.sum(K.exp(log pi), axis = 1, keepdims = True))
return log_pi, mu, log_sigma
def tf_lognormal(self, z_true, mu, log sigma):
logSqrtTwoPI = np.log(np.sqrt(2.0 * np.pi))
return -0.5 * ((z_true — mu) / K.exp(log_sigma)) ** 2 — log_sigma —
logSqrtTwoPI
def rnn_z_loss(y_true, y pred):
z_true, rew_true = self.get_responses(y_true)
d = normal distribution_MIXTURES * Z_DIM
z_pred = y pred[:,:,:(3*d)]
z_pred = K.reshape(z_pred, [-1, normal distribution_MIXTURES * 3])
log pi, mu, log_sigma = self.get mixture_coef(z_pred) @

flat_z_true = K.reshape(z_true,[-1, 1])

z_loss = log pi + self.tf lognormal(flat_z_true, mu, log_sigma) @
z_loss = -K.log(K.sum(K.exp(z_loss), 1, keepdims=True))

z_loss = K.mean(z_loss)
return z_loss
def rnn_rew_loss(y_true, y pred):
z_true, rew_true = self.get_responses(y_true) #, done_true

d = normal distribution_MIXTURES * Z_DIM
reward_pred = y_pred[:,:,-1]

rew_loss = K.binary_crossentropy(rew_true, reward_pred, from_logits = True) ©

rew_loss = K.mean(rew_loss)
return rew_loss
def rnn_loss(y_true, y_pred):

z_loss = rnn_z_loss(y_true, y_pred)
rew_loss = rnn_rew_loss(y_true, y_pred)
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return Z_FACTOR * z_loss + REWARD_FACTOR * rew_loss @

opti = Adam(1r=LEARNING_RATE)
model.compile(loss=rnn_loss, optimizer=opti, metrics = [rnn_z_loss,
rnn_rew_loss])

O BoixozHoii 481-MepHBII BeKTOP pasbuBaeTcst Ha Tpu repeMenHbie (log_pi, mu,
log_sigma) U 3HAUEHWE BOZHATPAKICHUS.

® D10 pacuer MOTEPh MPU PEKOHCTPYKIIUU BEKTOPA z: OTPUTIATETHHAS JIOTA-
pudMUYecKast BEPOSTHOCTb HAOIIOAEHMS UCTUHHOTO Z B CMECH PACIPELeIeHnI,
mapameTtpusoBanHoii pe3yasratoM cet MDN-RNN. /7151 Hac *keaTebHO, 4TO-
ObI 5TO 3HaYEHME OBLIO KaK MOXKHO OOJIbIIIE, YTO SKBUBAJEHTHO MIHUMU3AI[IH
OTPHIIATETTHHOTO JIOTapr(Ma BEPOSTHOCTH.

© /[J151 BHIYKCIIEHUS TOTEPD BO3HATPAXKIEH S HCIIOIb3Y€ETCsT TPOCTAst OMHAPHAST
TepeKpecTHasd IHTPOMUS MEK/Ty NCTUHHBIM BO3HArpakeHeM 1 TPOTHO3UPYe-
MBIMH JIoTapUMUYECKIMA KO3(hPUITNEHTAMHU U3 CETH.

O OO61ast moTepst BBIYKUCIISIETCS] KaK CyMMa IT0TePh IIPU PEKOHCTPYKIINH z U BO3-
HarpaskJeHust — BECOBBIM MapameTpaM Z_FACTOR 1 REWARD_FACTOR 3/1eCh TIPHUCBOE-
HO 3HaY€HMe 1, HO BOOOIIE MX MOKHO CKOPPEKTHPOBATH, YTOOBI IPUAATH OOJIbIIIE
Beca [OTEPSIM TP BOCCTAHOBJIEHUH WJIM TIOTEPSIM BO3HATPAKICHUSI.

Ormerum, uto st 06ydennss MDN-RNN He moTpe6oBaioch BBIOMPaTh KOH-
KPETHBIE BEKTOPHI z M3 BBIXOAHBIX JaHHBIX MDN: ToTepn BBIYMCIISIOTCS HETIO-
CpencTBeHHO U3 481-MepHOTO BBIXOHOTO BEKTOPA.

O6yuyeHune KOHTponnepa

[Tocaeauauii aTanm — obydeHue KOHTpoJLIEpa (CeTH, KOTopast BBIOUpAeET JeiiCTBIE)
¢ ucroab3oBaHueM aBosonnonHoro aaroputMa CMA-ES (Covariance Matrix
Adaptation Evolution Strategy — sBoJironinoHHast cTpaTerust ¢ ajanTaiueil Ma-
TPUIIBI KOBAPHAIHIL ). 3aIyCTUM 00yUYeHIe KOHTPOJLIEPA, BBITIOTHIB CJIEAYIOILY IO
KOMaHy B TepMHUHAJE (BBOIOM B OJIHY CTPOKY ):

xvfb-run -a -s «-screen @ 1400x900x24» python 05 _train_controller.py car_racing
-n 16 -t 2 -e 4 --max_length 1000
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CO CJIEAYIOIMUMU ITapaMETpaMu:

KousnuectBo pabouux mporeccoB, KOTOpbie OyAyT MapaiiebHO TeCTH-
poBath petenust (X A0JKHO OBITH He OOJIbIIE, YeM KOJTIMIECTBO SIIEDP
B IIPOIeccope Ha BalieM KOMITBIOTEpeE).

t
KosmmuecTBo pereHuii, KoTopble KasKAblii pabounil poIiece Moy YT
JIJIST TECTUPOBAHUSA B KAK/IOM ITOKOJIEHUN.

e
KosmmuecTBo a1m30/10B, Ha KOTOPBIX OYET IPOBEPSATHCS KasKI0€e peliie-
HUE 1711 BBIYUCJIEHUS CPeIHETO BO3HATPAYKICHUSI.

max_length

MaxkcumMasibHOE KOJTMYECTBO BpDEMEHHBIX IIaroB B KAyK/IOM 3TTHU30/I€.
eval_steps

KosinuecTBo MOKOJIEHUI MEK/LY OIEHKAMU TEKYIEro HauIydiiero Ha-
6Gopa napameTpoB.

Komamna, mpuBeieHHast BBIIIE, NCTOIBb3YET BUPTYATIbHbINA Oydep (xvfb) st
0TOOpasKEeHMS Ka[POB, C TeM YTOOBI KO/l MOT BBITIOJTHSATHCS HA KOMITbIOTEPE
¢ OC Linux 6e3 ¢usnueckoro sxpana. Pazmep momyJsisiiiy omnpeessieTcs: Kak
pop_size = n * t.

ApxuteKkTypa KOHTpoanepa

KonrpoJiiep nmeer oueHb TPOCTYIO APXUTEKTYPY. ITO TTOJTHOCBSA3AHHAS HEHPOH-
Hasi ceTh 6€3 CKPHITOTO CJIOS; OHA COEUHSAET BXOAHON BEKTOP HEIIOCPEICTBEHHO
C BEKTOPOM JIEHCTBUSI.

Bxoanoit BEKTOp — 3TO KOHKaTeHAIs TEKYIIETo BEKTopa z (¢ ATuHoH 32) u Te-
Ky1iero ckpbitoro cocrostarst LSTM (¢ muHoit 256), KoTopast siBJISIETCSI BEKTO-
poMm ¢ ayuHoH 288. [TockoMbKYy KasK/Iblil BXOTHON Y3eJI OAKIII0YaeTCsI HeoCpeI-
CTBEHHO K TPEM BBIXO/HBIM Y3JIaM, 00IIee KOJTNYeCTBO BecoB paBHO 288 x 3 = 864
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IUTIOC TPU Beca CMeIIeHus, TO ecTh Bcero 867 Becos. Kak ske 00yuuThb 9Ty ceTh?
ITa 3aj1a4a He OTHOCUTCSI K KATETOPUHU OOYUEHHUST C YIUTETeM — MbI HE ITBITAEMCST
npedckasamv PaBUIIBHOE JleficTBIE. Y HAC HeT 00ydJaroiero Habopa ¢ npasuiv-
HbLMU IECTBUSIMU, TaK KaK Mbl HE 3HAeM, KaKoe JICTBIE SIBJISICTCST ONTUMAJIb-
HBIM B IaHHOM COCTOSTHUU OKPY’KEHUSA. DTO — OTJIMYHUTEIbHAS YepTa 3a7ad
obyuenusi ¢ nmojikperieHreM. Ham Hy:KHO, 4TOOBI areHT caM HalllesT O THMAJIbHbIe
3HAYEHMSI BECOB, 9KCIIEPHMEHTHPYsI, OOHOBIISISI BECA 1 OIMPAsICh HA 0OPATHYIO
CBSI3b. DBOJIIOIINOHHbIE CTPATETUHU MOJIb3YIOTCS OOJIBIIION MOIYJISIPHOCTBIO B 3a-
fayax o0ydeHusi ¢ MOAKpeIieHrneM Gaarofapst ux mpoctore, ahdeKTUBHOCTH
u Macimrabupyemoct. Mbl GyieM HCII0Jb30BaTh KOHKPETHYIO CTPATETHIO,
usBectHylo Kak CMA-ES.

CMA-ES
IBOJIIOIIMOHHBIE CTPATErNH OOBIYHO IPUAEPIKUBAIOTCS CIIEAYIOIIEr0 MPOIEcca:

1. Cosnaercst nonyaayus areHTOB, 1 KK/l HHUIIUATU3UPYETCS CIIydaiiHBIMU
3HAYEHUAMU ITapaMeTpPOB.

2. B uuxme:

a)  KaXXIbIM areHT JefCTBYeT B OKPYKEHUM U BO3BpAllaeT cpefHee BO3HA-
TpaKIeHNe 32 HECKOJIBKO AMU30/I0B;

6) IIPONU3BOJAUTCA CEJIEKIUA ar€eHTOB C JIYUIITUMU pe3yJibTaTaMU [IJI CO3/1a-
HHWA HOBBIX YJIEHOB ITOITYJIAITNU;

B) B ITapaMeTPbl HOBbIX YJIECHOB ,ZIO63.BJIHIOTCSI C]Iy‘iaﬁHbIe HNCKaKeHUd;

F) IIyJ1 IMOIyJIAI1 areHTOB OOHOBJISIETCS: B HETO I[O6aBJIHIOTCH HOBbBIE
YJIEHBI 1 YIAJIAOTCA CTapble, ITIOKa3aBIINE XY/IIINE PE3YJIbTAaThl.

Bce aT0 HartoMuHaeT npoiecc aBOJIONUN B S)KUBOTHOM Mupe. MIMeHHO rmoatomy
3TH CTpPATETUN M HA3BIBAIOT 980.10UuoHHbIMU. 11O «cemekineii» 3/1ech MOJ-
pasymeBaeTcst MpocToe 00beIMHEH e CYIIECTBYIOIINX areHTOB C JIYUYIIUMU pe-
3yJIbTaTaMu, YTOOBI MOBBICHTH BEPOSITHOCTD MOJTYYEHHSI BBICOKMX PE3YJIbTaTOB
B CJIE/LyTOTeM MOKoJIeHnH. Kak 1 BO Beex peleHusix 00y4eHusT C TTOAKPEIICHIEM,
HEOOXOIMMO HaiTH OalaHC MEK/LY sKaJHBIM MOMCKOM JIOKAJTbHO-OMTHMATbHBIX
PeIeHn il 1 KCCIeIoBaHMEeM HEM3BECTHBIX 00J1acTell B IPOCTPAHCTBE MapaMeTPOB,
IJie MOTYT CKPBIBAThCSI JIyUIITHe pernenust. BoT mouemy BasKHO 100aBUTH 3JIEMEHT
CJIYIAHOCTH B MOMYJISIIINAIO, YTOOBI HE CY/KATh TI0JIE TIONCKA.
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CMA-ES — 370 Bcero Jmuib 0/{Ha U3 MHOKECTBA 9BOJIIOIMOHHBIX CTPATETrUii.
Ona ocHOBaHa Ha MCIIOJIb30BaHUKM HOPMAJIBHOTO PACIIpe/ie/IeHnsT U BEIOMpaeT
HapaMeTphI 71 HOBBIX areHTOB U3 HEero. B KasK10M IIOKOJIEHUH aITOPUTM CTpa-
Ternu 0OHOBJISET CpefHee 3HAUEHNE PaCIIPeeIeH ST, YTOOBI MAKCUMU3UPOBATh
BEPOATHOCTH BHIGOPA areHTOB ¢ BHICOKMMHU MOKa3aTeNsIMU U3 MPEIbILYIETO
BpeMeHHoro mara. OHOBPeMEHHO OH OOHOBJISET KOBaPHAI[MOHHYIO MaTPH-
1y pacnpesenenns, 4To6bl MAaKCUMU3UPOBATh BEPOATHOCTH BHIOOpA areHTOB
C BBICOKOI OIIEHKOM, ONMpasiCh Ha IIPeIbLAYIIee CpeaHee 3HadeHne. Ero MokHO
paccMaTpuBaTh KaK PasHOBMIHOCTb IPAMEHTHOTO CIIyCKa, 00JaJaonlyio 10-
HOJHUTEIbHBIM IPEUMYIIECTBOM — B Heil He MCIOJIb3YIOTCS IIPOU3BOHbBIE,
a 5TO 03HAYAET, YTO HE HY’KHO ITPOU3BOIMUTH JOPOTOCTOSIINE BHIYNCIEHIS /IS
onenkn rpaauentos. Ha puc. 8.15 npeacTaBieHo 0HO TOKOJEHUE aIrOpUTMa.
3/16Ch MBI IBITAEMCS HAWTU MUHUMYM CUJILHO HEJIMHEHHON IBYMePHOii (DyHK-
MK — B KPACHOH 1 4epHOi 061acTaxX (PyHKIM MMeeT GOJIbIINe 3HAYECHMS, YEM
B KeJITOI 1 GeJtoi.

Bort aTn marn:

1. Crauana reHepupyeTcs ciaydailiHoe IByMepHOe HOpMaJIbHOE paciipesiesieHue,
13 KOTOPOTO BHIOMPAETCST MOIYJISIIHS KaHIM/IATOB, N300pasKeHHBIX KaK CUHIE
TOYKH.

2. 3aTeM IS KaKIOTO KaHAuAaTa BEIYUCASETCS 3Hauerne pyHKINU U BhIOH-
patorcst Jryuinue 25 %, n300pakeHHble Kak (ProJeTOBbIe TOUKH, — Ha30BEM
9TOT HabOP TOYEK P.

3. Tlo toukam 13 Habopa P BBIYUCIISIETCS CPe/lHEe 3HAYEeHUE JIJIT HOBOTO HOP-
MaJIbHOTO paciipejiesieHust. ITOT IAr MOKHO PACCMATPUBATH KAaK CTAIUIO
CEJIEKITNH, B KOTOPOil BBIOUPAIOTCS JIydIiie KaHAUAATHI s BBIYUCTICHUS
cpeziHero HOBOTO pacipesesnerus. [lo Toukam u3 Habopa P BBIYHUCISETCS
KOBapuaIlMOHHAas MaTPUIla HOBOTO HOPMAJIBHOTO pacipeiesieHust, HO ¢ UC-
MOJIb30BAHUEM TIPEKHETO CPETHETO 3HAYEHNUSI, & HE TEKYIIETO, TOJTYYEeHHOTO
1o Habopy P. Yem GoJibIiie pasHUIA MEKLY TIPEKHUM CPEJHUM U 4eM 00JIb-
e Touek B Habope P, TeM GOJIbIIE AUCTIEPCUsT CIEAYIONEro HOPMAJIbHOTO
pacmpenenenusd. ITo co3maeT ahheKT UMITYTbca B TIOUCKE ONMTHMAIbHBIX
MapaMeTpOoB.

4. 3aTeM U3 HOBOIO HOPMAJbHOTO PACIpeiesIeHUsI ¢ HOBBIMU CPEJAHUM 3Ha-
YeHMEM U KOBAPUAIIMOHHOI MaTpUIlell BBIOUPAETCST HOBasT MO JISIIINST KaH-
J/IaTOB.
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Lar 2 Lar 3 Lar 4

Puc. 8.15. OanH war obHoBneHus B anroputmMe CMA-ES!

Ha puc. 8.16 mokazano HECKOJIBKO TTOKOJIeHNH TTpotiecca. [locMoTpuTe, kKax
KOBapHaIisi PaCIIMPSIETCs, KOT/Ia CPeiHee 3HAYCHWE ABUKETCsT GOJIBITIMHU I11a-
raMu K MUHUMYMY, ¥ CY’KaeTCsl, KOT/[a CpejiHee 3HaUeH e JJOCTUTAET UCTUHHOTO
MUHUMYMA.

[NokoneHwue 1 MokoneHue 2 MNokoneHune 3

MokoneHue 4 [NokoneHue 5

Puc. 8.16. CMA-ES?

U Tlpusozautes ¢ paspemrenus lasuna Xa (David Ha), 2017, http://bit.ly/2XufRwg.
2 Hcrounuk: https://en.wikipedia.org/wiki/CMA-ES.
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B 3aaue ¢ TOHOUHBIM ABTOMOOUIIEM BMECTO YETKO ONPEAeJICHHOM (PYHKIINH, KO-
TOPYI0 MOKHO ObIJIO ObI MAKCHMU3UPOBATH, Y HAC UMEETCsT OKpYsKeHue ¢ 867 ma-
pameTpamu, OTPEIeJITIONIUMU, HACKOJIBKO XOPOIIO JleficTByeT arenT. [lepBoHa-
YaJTbHO HEKOTOPBIE HAOOPBI MTAPAMETPOB M0 CJAYYANHOCTH OYIYT AaBATh BHICOKUE
OIEHKHU, U QJITOPUTM OY/IET IOCTETIEHHO CMEIATh HOPMAIbHOE PacipeesieHue
B HATIPABJIEHUN TTAPAMETPOB C CAMBIMH BBICOKUMU OIEHKAMU B OKPY KEHUH.

MapannenbHoe BbinonHeHune anroputma CMA-ES

Opnum u3 Gonpimux npenmyirects anroputma CMA-ES asisercst mpocrora
ero pacrapayieJMBanust ¢ momolbio 6ubimorexkn Python, cozpannoii /[psu-
noMm Xa (David Ha), mox nassanueMm es.py. Haubosee Tpy10eMKOH 4acThio
QJITOPUTMA SIBJISIETCS BBIYMCIIEHIE OTEHKH JIJIs 33JIaHHOTO HAOOpa mapamMeTpoB,
MOCKOJIBKY JIJIST 9TOTO HEOOXOANMO CMOJIETUPOBATH MOBEEHIE areHTa ¢ ITUMMU
rmapamMeTpaMy B OKPYKEHNUU. DTOT TIPOIECC MOKHO paciapasyiesnTh, TaKk KaK
MEXK/TY OTAETbHBIMHU 9K3EMIIJIIPAMI areHTa HeT HUKAKuX 3aBucuMocTeit. [l
ATOTO MCIOJIb3YEM apXUTEKTYPY BEIYIIHNI/BEJIOMBIH, I/le €CTh IJIaBHBIN (Bery-
I[HiT) TIPOTIECC, KOTOPBIN OTIIPABJIsiET HAGOPBI TAPAMETPOB VISl TAPAJLIETBHOTO
TECTUPOBAHUS MHOKECTBY [TOJUMHEHHBIX (BEZOMBIX ) TIpolieccoB. Begomble rpo-
1[eCChl BO3BPAIIAIOT PE3YJIBTaThl BeYyIIeMY, KOTOPbII HAKAIJIMBAET UX U 3aTeM
nepezaet ool pesysrat B 00bekT CMA-ES. 91oT 06beKT 0OHOBJISIET Cpe/Hee
3HaUeHre M KOBAPUAITMOHHYIO MaTPHUILy HOPMAJILHOTO pPacIipe/iesieHus, KaK 1o-
KazaHo Ha puc. 8.135, U TiepesiaeT BeyIeMy MpOoIeccy HOBYIO TIOIYJISIHIO JIJIst
TECTUPOBAHMS. 3aTeM IUKJI 1ToBTopsiercs. luarpamma Ha puc. 8.17 nosicuser
IPOUCXOJISIIIEE.

© Benyuwmii nporecc sanpaimbaer y oobekra CMA-ES (es) Habop napamerpos
15T O1TPOOOBAHUS.

@® Bemymnmii mporiecce pacipeiessieT apaMeTpbl MEK/TY BEZIOMBIME TIPOIIECCAM.
3/ech KaskbIi U3 YeThIPeX BEOMBIX TIPOIECCOB MOTyYaeT 1Ba Habopa mapame-
TPOB.

© Beombie TIPoOIeCCh 3amycKaoT paboure MOTOKH, KOTOPbIE B IIUKJIE TIepe-
6upaioT HaOOP MAPaMETPOB ¥ [T KaJKIOTO BBIMOTHSIIOT HECKOIBKO IMU30/I0B.
Kaskprii Habop mapamMeTpoB OmpoGyeTcst Ha TPeX ATHU30/ax.

O /Iy BO3HATPAKIEHUI BO BCEX IU30/AX BBIUKCISIETCS CpelHee, KOTOPoe
CITYSKUT OIEHKOM ISt KaKI0ro Habopa mapaMeTpoB.

© Beomblii ipoliecc BO3BPANIAET CIIMCOK OIEHOK BEYIIEMY.
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@ Beuymmii mpoiecc TPyNmupyeT OMeHKH U MOCHIAET MOJTyYeHHbII CIICOK
00BEKTY es.

@ OO0bEKT es BBIUUCIISIET 110 CIICKY OIEHOK HOBOE HOPMaJIbHOE pactipeieie-
Hue (cM. BHOBB puc. 8.15).

Kntoy
@ BosmoxHoe pelleHve

A

es.tell(reward_list) E
577, 823, 754, 723, 582, 688, 668, 723

es.ask()
000060000

BeayLUnin

send_packets_to_slaves() receive_packets_from_slaves()

577,823 OO 754,723 @O0 @0 668,723

BEOMbIN BE€AOMbIN BEOOMbIN BEOOMbIN

° 577 © 754 © 582 0 668
pabounii NoTok pabounii NoTok paboymnii NoToK pabounin noTok
579 478 674 832 743 687 456 592 698 591 613
cpegHee 577 cpegHee 754 cpegHee 582 cpenHee 668

Puc. 8.17. MapannenbHoe BbinonHeHne anroputMa CMA-ES — 3aech nmeetcs
8 nonynauuii u 4 BeaoMbIx npouecca (No3ToMy Kaxzblii BEAOMbIV NpoLiecc
BbIMOMHSIET t = 2 UCMbITAHWI)
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BbiBOA KOHTpONepa B npouecce obyueHuns

Ha puc. 8.18 nokasan BbIBOJI KOHTPOJLIEPA B TIpoiiecce oOydennst. Beca 00yueH-
HOW CceTH COXpaHsSIOTCs B (haiijie uepe3 Kask/ible eval_steps MTOKOJIEHUH.

Ka}KlIaH CTPpOKa B BbIBO/I€ ITPE/ICTABJIAET O/HO IIOKOJIEHUE, CTEHEPUPDOBAHHOE
B X0/1€ o6yquH51. Z[]IH Ka’X/10I0 ITIOKOJIEHWA BbIBOAATCA CJIEAYIONINE CTaTUCTUKUA:

1. VMg oxpyxenus (HarmpuMmep, car_racing).
Howmep nokosiennst (Harpumep, 16).

Texyimee mpote/iiee BpeMs B CeKyH/1ax (Harmpumep, 2395).

s~ wo

Cpennee Bo3HATpakJAeHNE, TOJYyUeHHOE TTOKOJIeHeM (HapuMep,
136.44).

5. MwunHnMagbHOE BO3HATPAKIAEHNE, TOJYUeHHOE TOKOIeHEM (HaTTpuMep,
33.28).

6. MaxcumanbHOE BO3HATPAKIEHNE, TIOTYYEeHHOE TTIOKOJIeHeM (HarpuMep,
246.12).

7.  CranjapTHOE OTKJOHEHWE BO3HATpasK/IeHus (Harmpumep, 62.78).

Puc. 8.18. BbiBoa KOHTponnepa B npouecce 0byyeHus
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8. Texymuit koacDUIMEHT CTAaHIAPTHOTO OTKJIOHEHUS TIPOIecca 3BO-
JIOIIMOHHON cTpaTeruu (MHUITNAJU3NPYeTCsT 3HAaUeHUeM 0.5 U 3aTeM
YMEHbBIIAeTCs Ha KasK/IOM BPEMEHHOM II1are; HalrpruMep 0.4604).

9. MuHuMaJIbHOE YUCJIIO BPEMEHHBIX IITAaroB 10 3aBEPIICHUA (HaHpI/IMep,
1000.0).

10. MakcumabHOe YHCJIO BPEMEHHBIX IIaroB JI0 3aBepiieHus (HarpuMmep,
1000.0).

[Tocne eval_steps BpeMeHHBIX ATOB KaXKIBIM BEJIOMBIH TIPOIIECC OTIPEesIeT
HabOp MapaMeTpoB ¢ JIydIieil OIeHKON 1 BO3BPAIIAET CpejiHee BO3HArPaK/IeHUE
110 HECKOJIbKUM 31TU30/iaM. DTU 3HAUYEHUSI 3aTEM CHOBA YCPEIHSIIOTCSI U BO3BPa-
maloTCes Kak ob1as omeHka Habopa nmapamerpos. IIpumepro yepes 200 BpemeH-
HBIX IIATOB MPOIlece 00YUYEHUs B 3ajiaue YIIPaBJIEHUsI TOHOYHBIM aBTOMOOHIIEM
TOCTUT cpefHel BemImHbI Bo3Harpaxaenns 840.

O6GyuyeHne B MHMMOM OKpPYXeHuu

Jlo HacTosIIero BpeMeHn oOydeHre KOHTPOoJIIepa MPOBOANIOCH € MCIIOJIb30Ba-
HUeM MeTo/Ia step OKpPYysKeHus CarRacing u3 OpenAl Gym, KOTOpHIl peaqnusyer
mepexo/i MOJIeJIM U3 OJTHOTO COCTOSIHUS B fipyroe. JTa (DYHKIINUSI BBIYUCTSAET
cJIeyIolee COCTOIHIE U BO3HATPAKIEHNE, UCXOMSI U3 TEKYIIETO COCTOSHUS
OKPY’KE€HUsT ¥ BBIOPAHHOTO jieficTBUsA. OTMETUM, YTO (DYHKIIMOHATHLHO METO/
step ouenb 11oxo:x Ha cetb MDN-RNN B nameit mogenn. MDN-RNN BuiBoguT
[IPOTHO3 z ¥ BO3HATPAKAEHMS, KCXO/S 13 TEKYIIEro z U BIOPAHHOTO JeiiCTBUS.

Maxruueckn MDN-RNN M0:xkHO paccMaTpuBaTh Kak CaMOCTOSITEIbHOE OKPY-
JKeHue, paboTaroliee B IPOCTPAHCTBE z, @ He B IIPOCTPAHCTBE UCXOAHBIX U30-
Opaskenuii. HeBeposiTHO, HO 9TO 3HAYMT, YTO MbI MOKEM 3aMEHUTH PeaibHOe
okpyxkenne kornueid cett MDN-RNN u 06yuuTh KOHTPOJLIEP, UCIOAb3YS UC-
kmountenbno cetb MDN-RNN, KoTopas npedcmasisem, Kak H0JAKHO BECTH
cebst OKpYIKEeHHe.

WNusmvu cmoBamu, cetb MDN-RNN noctatouno xoporio nsydymnia GuUsuky pe-
AJIbHOTO OKPY’KEHUsT Ha MCXOMHOM HabOpe JaHHbIX ¢ nH(pOopMaIuei o cayvaii-
HBIX TIepeMeIeHUSAX U Telepb ee MOKHO UCIIOJIb30BaTh B KAUeCTBE 3aMEHUTEIS
PeaIbHOrO OKPY KEHUs [/t 00YUEHMsT KOHTPOJLIIEpa. DTO 03HAYAET, YTO areHT
MOJKET HAyYMTbhCA pelaTh HOBbIE 3a/la4M, CMpeMsch MAKCUMU3UPOBATh BO3HA-
rpakjieHre B MHUMOM OKPY:KeHUH, 6e3 HeoOXOAUMOCTH IIPOBEPSTh CTPaTerun
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B peasibHOM Mupe. [Tociie 3Toro oH CMOKET XOPOIIIO BBINOJIHUTD 33124y € IEPBOTO
pasa, He BBITIOJHSAS €€ B PEAbHOCTH JI0 9TOTO HU Pasy. DTO 0ObACHSET, OUeMy
cratbst «World Models» Tak BaxkHa 1 mouemy reHepaTMBHOE MOJEJIMPOBAHUE
HOYTH HAaBEPHSIKA CTAHET KJII0YEBbIM KOMIIOHEHTOM MCKYCCTBEHHOTO HHTEIJIEKTa

B Oyy1ieM.

Huzke npuBOANTCS cpaBHEHUE apXUTEKTYP /ISt O0YYEHHs B PEAIBHOM U MHUMOM
OKPY’KEHUSIX: apXUTEKTypa ¢ peaJlbHbIM OKPY’KeHNeM MoKa3aHna Ha puc. 8.19,
a ¢ MEIMBIM — Ha puc. 8.20.

OO6paTuTe BHUMaHUE, YTO B aDXUTEKTYPE C MHIUMbBIM OKPYsKEHUEM 0OydeHHe
KOHTPOJLJIEPa MTPOUCXOUT TIOJTHOCTHIO B IPOCTPAHCTBE z U HET HEOOXOAMMOCTH
JIEKOIMPOBATH BEKTOPBI z 00paTHO B M300paskeHust Tpeka. KoreaHo, Mbr

BO3HarpaxaeHue

OkpyxeHue CarRacing (OpenAl Gym) AeiicTene

HabnogeHve

VAE (V)

KOAVPOBLLMK Tf?ﬂ? bd| nekoavpoBLmK

BO3HarpaxaeHue z
A4

nencreme

RNN Kontponnep nencTene
(C)

Puc. 8.19. O6yueHne KoHTponepa B okpyxeHun n3 OpenAl Gym
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MOTJIU ObI C/IEIATh 3TO, YTOObI BU3YAJIBHO TPOBEPUTH PaboTy areHTa, HO JIJIst
00y4YeHMsI HTOTO He TpedyeTcsl.

O6yueHMne KOHTpoJISIepa B MHMMOM OKpY»XeHUu

Y1o6bl 06YYUTh KOHTPOJLJIEP B MHUMOM OKPY’KEHUH, BBITIOJHUM CJIEAYIONLYIO
KOMaH/Iy B TepMuHase (BBOJIOM B OJIHY CTPOKY ):

Xxvfb-run -a -s «-screen @ 1400x900x24» python ©5_train_controller.py car_racing
-n 16 -t 2 -e 4 --max_length 1000 --dream_mode 1

ITa ke KOMaH/la UCIOJIb30BANIACE st 00yUeHUsI KOHTPOJLIEpa B PeaJbHOM
OKPY>KEHUU C JIOTIOJTHUTEJILHBIM ITapaMeTpPoM --dream_mode 1. BeIBOjI mipoitecca
o0yueHus nokasan Ha puc. 8.21.

nencreme

RNN

_BO3HarpapkaeHne

MHUMOE OKPYXEeHUe —
A

[ —————————— ———]

BblbGOpKa
VAE (V) «— A
[EKOANPOBLLYK| 21
z
Aenctene RNN BO3HarpaxaeHve Kom(p(c:))nﬂep nencTeve
_|h ,
v h
/ MDN \
OO L LN

Puc. 8.20. O6y4yeHne KOHTposiepa B MHUMOM OKpyxeHunn cet MDN-RNN
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[Tpu oOyueHrr B MHIMOM OKPY’KEHUN OIeHKaMU TIOKOJIEHUI CITyKaT CPeIHIe
CyMMBbI MHUMBIX BO3Harpaxkaenuii (To ectb 0 wiau 1 Ha KaxkJI0M BPEMEHHOM
mare). Berancaenue oneHkn yepes Kaxapie 10 mokoJsieHnit Bee ele mMpon3Bo-
JIUTCSI B PEAJIbHOM OKPY:KEHUM U TI0ITOMY OIPE/ESeTCsI Ha OCHOBE CYMMbI
nHarpazn u3 okpykeausg OpenAl Gym, 9To 1aeT BO3MOKHOCTb CPABHUTD METOIBI
obyueHusl.

Crnycta Bcero 10 mokosieHnit B MHUMOM OKPY’KEHWH CPe/IHAS OlleHKa areHTa
cocrasuiia 586,6 110 1IKajie peaTbHOr0 OKPYsKeHUs. ATEHT ClIOCOOEH BECTH aBTO-
MOOHIIb TOYHO 1O TPEKY U YCIIEITHO CIIPABJISETCS ¢ OONBITHHCTBOM TIOBOPOTOB,
KpoMe 0COOEHHO KPYThIX. ITO YAUBUTENbHOE JOCTUKEHIE — HAIIOMHUM, YTO
KOT/Ia KOHTPOJLJIEP OlleHuBasicst mocye obyuenust 10 moKoseHnil B peasbHOM
OKPYsKEHUHU, OH HUK020a He TBITAJICS eXaTh 110 TpeKy ObicTpo. OH MpocTo BHIOU-
paJI corydaiiHble IeHCTBUS, YIIPABJIsisi aBTOMOOMJIEM B PEAIbHOM OKPY KeHWMH (J1JIst
obyuenusi VAE u MDN-RNN), a 3atem, yke B cBoeM MHUMOM OKPY’KE€HUH,
00yYNIT KOHTPOJLIED.

('car_racing’, 69, 2.24, 1.0, 10.25, 2.14, ©0.09895, 1000.0, 1000))
('car_racing', 133, 5.52, 1.0, 21.25, 4.28, 0.098, 1000.0, 1000))
('car_racing', 19%, 16.81, 1.0, 71.75, 16.87, ©.09713, 1000.0, 1000))
('car_racing', 261, 17.18, 1.5, 71.5, 16.79, 0.0963, 1000.0, 1000))
('car_racing', 324, 29.7, 1.25, 118.0, 28.6, 0.09553, 1000.0, 1000))
('car_racing', 388, 46.91, 5.75, 136.75, 35.33, 0.09481, 1000.0, 1000))
('car_racing', 453, 65.85, 5.5, 152.0, 40.97, 0.09412, 1000.0, 10@0))
('car_racing', 518, 105.47, 15.75, 203.5, 41.4, 0.09348, 1000.0, 1200))
('car_racing’, 584, 123.28, 40.75, 206.5, 36.28, 0.09287, 1000.0, 1000))
('car_racing’, (10, 650, 139.37, 70.5, 218.5, 38.2, 0.09228, 1000.0, 1000))
[349.541 489.1644 644.3677 708.0521 495.2128 647.6338 530.0317 515.0535
661.6697 527.1665 720.0582 665.7434 646.2141 637.3213 572.7351 629.6684
676.5256 529.0831 626.0878 575.0685 626.9549 664.0143 632.5556 599.2186
326.8668 599.7362 694.7311 652.5841 603.1318 659.2366 447.6374 418.6205]
[586.61520625]

('improvement', 10, 584.37520625, 'curr', 586.61520625, 'prev', 2.24, 'best', 586.61520625)
('car_racing', (11, 975, 168.35, 99.25, 213.5, 24.7, 0.0917, 1000.0, 1000))
('car_racing”, (12, 1039, 163. 70.25, 253.5, 38.67, ©.09116, 1000.0, 1020))
('car_racing’, (13, 1104, 184.42, 80.75, 268.0, 41.62, 0.09065, 1000.0, 1000))
('car_racing', (14, 1168, 200. 122.75, 265.5, 29.68, 0.09016, 1000.0, 1000))
('car_racing’, (15, 1232, 205. 80.75, 261.5, 44.21, ©.08969, 1000.0, 1000))
('car_racing', (16, 1297, 201.39, 96.0, 260.25, 44.5, 0.08923, 1000.0, 1000))
('car_racing', (17, 1360, 221. 101.25, 293.75, 35.19, 0.08878, 1000.0, 1000))
('car_racing', (18, 1426, 236. 159.25, 281.25, 28.93, 0.08835, 1000.0, 1000))
('car_racing', (19, 1492, 226. 75.5, 283.5, 42.45, 0.08793, 1000.0, 1000))
('car_racing', (20, 1558, 233. 119.75, 300.75, 42.47, ©.08752, 1000.0, 1000))
[387.4787 111.7849 417.2107 533. 8831 448.2589 536.753 204.1228 188.0443
333.7994 335.6777 486.4987 306.7614 252.5269 247.3025 417.719 212.4605
511.8903 353.9119 398.2054 516.7442 374.3491 624.1784 413.6094 372.7289
262.7903 449.3083 322.7305 324.8756 301.511 299.5016 388.2149 302.5429]
[363.667975]

("improvement', 20, -222.94723125000002, 'curr', 363.667975, 'prev', 586.61520625, 'best', 586.61520625)

Puc. 8.21. BbiBoa npouecca 06y4eHnsi B MHUMOM OKPYXXeHWM
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Jlnst cpaBuenusi, mocse o0ydenusi 10 HokoJieHuii B peabHOM OKPYKEHUH areHT
ObLIT e/1Ba crioco0eH IBUHYTHCS BIIEPe]] ¢ JTUHUK cTapta. Bosee Toro, obydere
Ka’K/I0TO MTOKOJeHNST B MHUMOM OKPY’KE€HUU TPOUCXOJUT ITPUMEPHO B TPHU-
dyeThipe pada GbIcTpee, TOTOMY YTO MPOTHO3MPOBAHWE z M BO3HATPAKICHUS
B MDN-RNN npouncxoaut 6sicTpee, 4eM BBIUNUCTIEHNE z U BO3HATPAKICHUS
B okpy:kernu OpenAl Gym.

HepocTatkn 06y‘-IEHI/IiI B MHMMOM OKpYy>XeHun

OpHUM 13 HEOCTATKOB 00YYEHMS areHTOB MOJHOCTBIO B MHUMOM OKPY/KEHIH
MDN-RNN sBisiercs riepeodydere. ITo IPOUCXOANT, KOTa areHT 0OHaPY KK -
BaeT GECIIPOUTPBIIIHYIO CTPATErUI0 B MHUMOM OKPY/KEHKH, HO He 0000IIaeT ee Ha
peasibHOe OKpyskeHue n3-3a Toro, ¥to MDN-RNN He cmorsia u3yunTs noseneHue
UCTUHHOTO OKPYKEHUSI B OIPE/IEJIEHHBIX YCAOBUSX. DTO MOKHO 3aMETUTh HA
puc. 8.21: mocie 20 moxoeHnH, Aaske TIPU TOM, UTO OIleHKa B MHIMOM OKPY:Ke-
HUW TPOJOJIKAET PACTH, B PEATHHOM OKPYKEHUH are€HT MOJIYINII OIIEHKY BCETO
snb 363,7, 4o MeHblle, yeM nocsie o0ydyenus 10 mokoJeHuii.

Asropsl opurntasbhoil ctatbu « World Models» moguepkusaior aty npobiemy
1 TTOKA3bIBAIOT, KAK BKJIIOUEHHUE TTapaMeTpa temperature JIJis YIIPABJIEHUST HEOTIPe-
JIeJIEHHOCTBIO B MOJIEJTH MOKET TOMOYb PEITUTD ee. YBeJMUeHre 9TOro apaMeTpa
BJIeYeT yBeandenue guciiepcun npu Boidope z us MDN-RNN u ymenbIiienue
cTaOUJIBHOCTU MIPOTOHA TIpU 0O0yYeHUN B MHUMOM OKpyskeHuu. KoHTposuiep
MOJIy4aeT BBICOKME BO3HArpaskeHus 3a 6oJiee Oe30MacHble CTPaTeruu, KOTOpble
CTAJIKMBAIOTCS C XOPOIIO U3BECTHBIMU COCTOSTHUSMU U, CJIEIOBATETBHO, JIyUIlle
06001atoT peasbHoe OKpyskeHne. OHAKO MapaMeTp temperature He MOKET yBe-
JIMYUBATHCS GECKOHEYHO, HHAYE OKPY/KEHHE TIOJMYYUTCS HACTOIBKO H3MEHINBBIM,
YTO KOHTPOJIJIEP HEe CMOKET TIPUUTH K KAKOI-TO ONPe/IeJIeHHON CTPaTETuH U3-32a
HEXBATKHU COTJIACOBAHHOCTU B TOM, KAK MHUMOE OKPY’KeHUE MEHSIETCS ¢ TeUeHH-
€M BpeMeHH.

B craTbe onmcan mpuMep yCIrenHoro MTpuMeHeHUs 3TOro IIpueMa B [PyToM
OKpYy>KeHUM: DoomTakeCover, OCHOBAHHOM Ha KOMIIbIOTEPHOIl urpe Doom.
Ha puc. 8.22 nmokasaHo, Kak U3MEHEHUE T1apaMeTpa temperature BiUSeT Ha
BUPTYAJIBbHYIO (B MHUMOM OKPYKeHUN) U Ha (haKTUIeCKyIo (B peaibHOM OKPY-
JKEHUW ) OTIEHK.
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TEMPERATURE T VIRTUAL SCORE  ACTUAL SCORE

0.10 2086 + 140 193 + 58
0.50 2060 £ 277 196 £+ 50
1.00 1145 4+ 690 868 + 511
1.15 918 + 546 1092 + 556
1.30 732 + 269 753 + 139
RANDOM POLICY N/A 210 4108
GYM LEADER N/A 820 + 58

Puc. 8.22. Vicrnonb3oBaHve napaMeTpa temperature Ans ynpaeneHus
M3MEHYMBOCTBIO MHUMOIO OKPY>KEeHUs!

NTorm

B aTo0i1 r1aBe Mbl y3HATHU, KaK MCIIOJb30BaTh reHepaTuBHY0 Mojenab (VAE)
B YCJIOBUSIX 0Oy4YeHUsI ¢ MOJAKPeTeHneM, 4ToObl MO3BOJIUTH areHTy HAlTH
9 bEKTUBHYIO CTPATETHIO MyTEM TIPOBEPKH TIPABUJ B MpeiesiaX cCOOCTBEHHOTO
CreHepUpOBAaHHOTO MHMMOTIO, a He peajbHOTr0 OKpysKeHus. Bapuannonnslii
aBroronpoBIrK (VAE) yunTcs nsyuaTh CKPbBITOE ITpe/ICTaBICHIE OKPY KEHMS,
KOTOpOe 3aTeM Iiepe/iaeTcs Ha BXOJ peKyPPeHTHO HeIfPOHHOII ceTH, TPOrHO31-
pyioliieii Oyytiiie TPAeKTOPHH B CKPBITOM IIPOCTPAHCTBE.

YnuBUTENBHO, HO aTeHT MOXKET 3aT€M MCIIOTh30BATD 3Ty TE€HEPATUBHYIO MOJIEC/Ib
B KaueCTBe MHUMOTO OKPYSKEHUS JJIsl UTEePAaTUBHONM POBEPKU IIPABUIL, HC-
MOJIb3YsT 9BOJIIOIUOHHYIO METOIOJIOTHIO, KOTOPAst XOPOIIo 06001aeT peasibHOe
OKpY’KeHHe.

U Ucrouynuk: Xa (Ha) u lmuaxy6ep (Schmidhuber), 2018.



[JIABA 9

byayuiee reHepaTUBHOIO
mMoAenupoBaHuA

s1 wauas catp a1y KHUTY B Mae 2018 roza, BcKope 11ocJie myOInKaum CTaThby
«World Models» (riaBa 8), crpemsich, 4TOObI MMEHHO 9Ta CTAThsl 3aHsLIa TI€H-
TPaJIbHOE MECTO B MOCJIEIHEN, OCHOBHOII TJIaBe KHUTH, TIOTOMY YTO OHa OITMChIBa-
eT CaMbIii TIePBBIN MPAKTHYECKHIT TPUMEP TOT0, KaK TeHepaTHBHbIE MOJEIN MOTYT
croco6CTBOBATh Pa3BUTHIO GoJiee TIyOOKON (OPMBI O6YUYEHVS, TIPOTEKAIONIETO
B MOJIEJIM OKPY’KeHMs BHYTpHU areHTa. Ho u ceiiyac s HaX0XKy 9TOT IIPUMEP CO-
BEPIIEHHO MOPA3UTEIbHBIM. DTO B3I B OyLyIiee, KOrjia areHThl OYIyT YUUThCs
He TOJIbKO 3a CYET MaKCHMMU3AIMU BO3HATPAK/ICHU B OKPY/KEHUHU 110 HAIIeMy
BBIGOPY, HO ¥ 32 CYET CO3/IAHNUST COOCTBEHHOTO TIPEICTABICHUST OKPY/KEHUST U, KaK
CJIE/ICTBHE, TIOJIYYaT BOSMOKHOCTD CO3/[aBaTh COOCTBEHHbIE (DYHKIINI BO3HATPAK-
JIeHUs I onTUMu3aluu. B aToii riiaBe Mbl paszbepeM aTy HIEI0 U HOCMOTPHM,
Ky/la OHa HaC TIPUBEJIET.

Cravana MBI BCTaHEeM Ha TTepeHNI Kpail TeHepaTUBHOTO MOJIETMPOBAHNS, T/Ie
HaXOJATCS caMble PAMKATBHbBIC 1 MTHHOBAIMOHHBIE UIEN. 3aMevy, uTo ysKe Moce
Hayasa paboThl HA/l KHUTOI B T€eHEPATUBHO-COCTSI3aTENbHBIX CETSIX U METOJI0-
JIOTUSIX, OCHOBaHHBIX Ha BHUMaHWU, ObLIIA JOCTUTHYTHI 3HAUYNTEJbHbIE YCIEXH,
MIPUBE/IINE K TOMY, YTO TEIIEPh MbI MOJKEM F€HEPUPOBATH M300PasKEHMsI, TEKCT
1 MY3BIKY, IPAaKTHUYECKN HEOTJINYNMbBIE OT IPOU3Be/IeHUH, CO3/JaHHBIX YesIoBe-
koM. MBI HauHEM C TTPe/ICTABJIECHNS ATUX JOCTUKEHNH Ha TTPUMepax, KOTOpbIe

316 Tnasa 9 e Byayuiee reHepaTUBHOrO MOAENMPOBaHMS!



YiKe nuccjaenoBajiu, u HpOfIlIeMCH 110 CaMbIM IIEPEAOBbIM aPXUTEKTYPaM, JOCTYII-
HbIM B HaCTOAIIIEE BpEMI.

MaTb ner nporpecca

Vcropust reHepaTHBHOTO MOJIETTMPOBAHIS KOPOTKA, €CJIN CPABHUBATH ee ¢ Hoiiee
IIUPOKO M3YYEHHBIM AMCKPUMHUHAIIMOHHBIM MOJIETMPOBaHIEM — U300peTeHne
reHepaTuBHO-cocTsI3aTeTbHBIX ceTell (GAN) B 2014 roxy MOKHO, IOy, pac-
CMATPUBATh KaK UCKPY, pasxkuraiomtyio miamst. Ha puc. 9.1 nmokazana cBogHast
H(MOPMAIHS O KITIOYEBBIX COOBITHUSIX B TeHEPATHBHOM MOJIEIMPOBAHNN, MHOTHE
13 KOTOPBIX Mbl YK€ UCCJIEIOBAIN B 9TOU KHUTE.

ITO HU B KOEM CJIydae He MCYEPIBIBAOIIUI CIIUCOK — CYNIECTBYIOT JeCATKN
Pa3HOBUIHOCTEH reHepaTUBHO-COCTSA3ATENbHBIX CeTeli, HOBATOPCKUX B CBOMX
o6s1acTsax (Harpumep, FeHepUpPYIOLINe BUAEO I IIPeobpasyIonne TeKCT B M30-
OpaskeHue). 31ech s TTOKaKy MOAOOPKY CaMbIX TOCJIEHUX pa3dpaboTOK, KOTOPbIE
Pa3ABUHYJIN TPAHUIIBI TEHEPATUBHOTO MOAEINPOBAHKS B LIETOM.

C cepenunbl 2018 roga mpousoIest Heblil P IpUMedaTeIbHbIX COOBITUI B 06-
JIACTU TeHePAaTUBHOTO MO/IEINPOBAHUS Ha OCHOBE MOC/Ie[0BATEIbHOCTEN 1 M30-
GpazxeHuii. MojempoBaHue Mocie0BaTeIbHOCTeN 10 GOJIbIIEN YacTH OCHOBAHO
Ha u300peTeHnn TpaHchopMepa, MexaHu3Ma BHUMaHUsI, KOTOPBIH MOJTHOCTHIO
ycTpaHseT HeoOX0UMOCTh B MCITOJb30BAaHUU PEKYPPEHTHBIX WUJIM CBEPTOUHBIX
HEIPOHHBIX CeTell U B HACTOSIIEE BPeMsI MOAAEP/KUBAETCSA OOIBITUHCTBOM CO-
BpeMeHHbIX nocenoBarebHbx Mojiesiell (BERT, GPT-2 u MuseNet). Tenepu-
poBaHue N300paKEHN TOCTUTJIO HOBBIX BBICOT GJiarofapsi paspaboTKe HOBBIX
TEXHOJIOTHUI HAa OCHOBE TeHepaTUBHO-cocTa3aTenbHbIX ceTell (ProGAN, SAGAN,
BigGAN u StyleGAN).

JleTazbHOE OIMCAHME 3TUX COOBITUI U UX MOCJIEACTBUN MOKET JIETKO 3aII0JTHUTD
neyto KHUry. [loaToOMy B 9TO# r1aBe MbI pACCMOTPUM UX JIUITH HACTOIBKO, UTO-
ObI TIOHATH Oa30BbBIE WEH, JIesKallle B OCHOBE COBPEMEHHOIO TeHEPATUBHOIO
MOJIEIUPOBaHKS. 3aTeM, BOOPY KUBIIKCH 9TUM 3HAHUEM, Mbl IIOIIPOOYEM HOHATD,
B KaKMX HalIpaBJeHusIX OyeT pasBUBaThCs 9Ta 001acTh B OJisKaiinem Oymayiiem,
U [IPEJICTABUTD, YETO YAACTCS JOCTUTHY T B OJIVKAIIITNE TOIbI.
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2014 |

2015

2016

2017 _|

2018

Cetb CycleGAN

BapuauuoHHbii aBTokoavposLumk (VAE)

KoavpoBLUMK-AEKOANPOBLUMNK

leHepaTVBHO-cOCTA3aTENbHbIE
ceTn (GAN)

BHuMaHue

Cetb U-Net
CeTb ykasaTenen

HenpoHHasa nepegava ctuns

CeTtb ResNet

Mopenb pix2pix
Cetb WGAN

Cetb WGAN GP

"eHepaTop BONPOCOB 1 OTBETOB
TpaHchopmepsb!

CeTb MuseGAN

[MporpeccuBHble reHepaTUBHO-
cocTasaTernbHble CeTH

Cratbst « World Models»
CeTb C MEXAaHU3MOM CaMOBHUMaHWS
(Self-Attention GAN, SAGAN)

CeTb BigGAN
CeTtb BERT

— Cetb StyleGAN

Cetb GPT-2

CeTb MuseNet

Pwuc. 9.1. KpaTtkas

NCTOPUSI FTEHEPATUBHOIO
MOAENMPOBaHUS: 3e/eHbIe
METKV NPeacTaBnsioT Uaen,
KOTOpblE paccMaTpuBaloTCs

B 3TOW KHWre, @ KpacHble —
Naeu, KOTopble Mbl PACCMOTPUM
B 3TOW raBe
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TpaHcdopmep

Brepsbie mexanusm tpancdopmepa onucan B cratbe «Attention is All You
Need»!, rae mokasaHo, Kak co3/aBaTh MOIIHbIE HEHPOHHBIE CETH JJISI TIOCJIe-
JI0BATEJLHOTO MOJAEJIUPOBAHUS, He TPeOYIOIIe CJIOKHBIX PEKYPPEHTHBIX WJIN
CBEPTOYHBIX aPXUTEKTYP M TOJATAIONINECS TOJTbKO Ha MEXaHU3Mbl BHIMAHUS.
K macrosiemy BpeMeHU MpeCTaBIeHO HECKOTBKO BIIEUATIISIONINX TTPAKTHYIE-
CKHX IIPUMePOB reHepaTuBHOTO MojienpoBanus Bpojge BERT u GPT-2, cosnan-
HbIX B Google st pernennst si3bIKOBbIX 3aa4, 1 MuseNet /171t reHepUpOBaHMUsI
mysbikn. Ha puc. 9.2 nokasana 060011eHHast apxUTeKTypa TpaHchopmepa.

ABTODBI IPUMEHUJIM MOZIeIb TpaHchopMepa /i IiepeBo/ia TEKCTOB € aHTJINI -
CKOTO Ha HEMEIKUI U ¢ aHTINHCKOTO Ha dpanirysckuil. Tpanchopmep nmeer
TUTTUYHYIO /I Mojiesiell TiepeBojia apXUTEKTYPY KOJNPOBIINK-/1eKOINPOB-
muK (ONMrCcaHHyto B T7aBe 6), HO, B OTJIMYME OT HUX, BMECTO PEKYPPEHTHOTO
caiost, mogo6H0r0 LSTM BHYTpU KOAMPOBIIUKA 1 IEKOIMPOBIINKA, TpaHchopmep
HCIIOJIb3YeT I10CJIe10BATEe/IbHOCTH CI0eB BHUMAaHUSL.

CueBa Ha puc. 9.2 nokaszan HaOop u3 N = 6 cJi0eB BHUMaHUST, KOAUPYIOIIAX BXO/I-
HOE TIpeJIokKenne X = (X,, ..., X,) B IIOC/JIe[0BaTeIbHOE pe/iCTaBlenne. 3aTeM
JIEKOJIMPOBIINK, CIIpaBa Ha puc. 9.2, reHepUpyeT BBIXO/HbIE CJIOBA 110 OJHOMY,
HCTIOJIb3Y$l PE3YJIBTAT ATOTO KOJUPOBAHUS U MTPEJIBIIYIINE CJIOBA KaK OMOJHU-
TeJIbHbIE BXO/IHbIE JaHHbIe. UTOObI TIOHSITh, KaK JA€HCTBYET 3TOT MEXaHU3M, pac-
CMOTPHM TIO IIaraM mpoiecc 06paboTKH BXOIHOM MOCIEA0BATEIbHOCTH.

Mo3nunoHHoe KoanpoBaHue

CHauasia cJ10Ba repeatoTcst B cJ1oii Embedding, 4ToGbI TpeoOpa3oBaTh Kaskioe U3
HUX B BeKTOp ¢ AymHoit d, = 512. Tak Kak B 9TOii apXHTEKType OTCYTCTBYeT
PEKYPPEHTHBII €01, HeOOXOAMMO 3aKOANPOBATD TOJIOKEHIE KaKIOTO CIOBA
B IPE/JIOKEHUH TTOCPEACTBOM (DYHKIIUHU TIO3UIIMOHHOTO KOIUPOBAHMS, TIPE0O-
pasyIolieil TIO3UINIO POS CIOBA B MTPEJIOKEHNN B BEKTOP C ITMHOI d,

mndel:
. oS
PE/)U,\‘,Zi =sm p—Zl/d“ ’

10000 ‘mode

B pos
PEpus,ZiH - COS(IOOOO(ZHI)/(I,,,M,/ j

! Amum Bacsanu (Ashish Vaswani) u np., «Attention Is All You Need», 12 utonst 2017,
https://arxiv.org/abs/1706.03762.
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Ucrounuk: Bacsanu u ap., 2017.

-/
G)—@ Mo3nLmoHHoe

KogunpoBsaHune

(caBMHYTbLIE BNpaBo)

Jlst MasbIx 3HaUeHuii i 9Ta YHKIMS UMEET KOPOTKHI ITEPUOJI, TO9TOMY €€ 3Ha-
dyeHue OBICTPO UBMEHSIETCST BJIOJIb OCH, COOTBeTCTBY oIl rosuiinu. C yBesmde-
HUEM 3HAYEHWS § YBEJTMUUBAETCS TIEPHO/ (DYHKITHH, TIOITOMY st OJIM3KUX IPYT
K IPYTY CJIOB TEHEPUPYIOTCS TIPUMEPHO OJMHAKOBbIE 3HaYeHMsI. TAKUM 00pasoM,
KaK/Tast TIO3UITHS TTOTyIaeT CBON YHUKAIBHBIH KO/, a TOCKOJIBKY (QYHKITHS MOKET
PUMEHSTHCS K JTI0OBIM 3HAYEHUSIM POS, €€ MOKHO UCIIOJIb30BATh sl KOJUPO-
BaHUA JIOOBIX [IO3ULKHI, HE3aBUCUMO OT JUIMHBL BXOHOM I10CJIeL0BATEIbHOCTH.
YT06bI CO34aTh BXOAHbIE JaHHbIE [JISI IIEPBOTO CJIOSI KOAUPOBUIUKA, MAaTPUIA
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MO3UIIMOHHOTO KOIUPOBAHUS CKJIAIBIBAETCS C MATPUIIEH BEKTOPHBIX TIPE/ICTAB-
sierntii cnoB (puc. 9.3). [Ipu TakoM 1o/1X0/1e CMBICJT ¥ TIOJIOKEHHUE KaXKI0TO CJI0BA
B [TOCJIEIOBATETHHOCTH (DUKCUPYIOTCST B OJTHOM BEKTOPE € TTUHON d

model

d_model

BxogHow cnon
Embedding

OnvHa
nocnegoBaTenbHOCTM (N)

Mo3numoHHoe
KOAMpoBaHue

Puc. 9.3. BxogHas MaTpuvLa BEKTOPHbIX NMPeACTaB/EHWI CI0B
CKNaJblBAETCS C MAaTPULIEN MO3MLIMOHHOMO KOAMPOBAHWS,
YTObbI MOMYYUTb BXOAHbBIE JAHHbIE A5 NEPBOro C/I0S KOAVPOBLLMKA
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MHororonosoe BHUMaHue

3aTeM TEeH30p NepeaaeTcst B EPBbIN U3 IECTH CJI0eB KOAMPOBInKa. Kaskabiit
CJI0IT KOAMPOBIIMKA COCTOUT U3 HECKOJIBKUX BJIOKEHHBIX CJIOEB, HAUMHAS CO CJIOST
MH020207106020 enumanus (multihead attention layer).

KoaupoBimuk u eKOAUPOBIIIK UMEIOT OJHY U TY K€ apXUTEKTYPY MHOTO-
rOJIOBOTO BHUMaHUsI ¢ HEGOJIBIIUME OTINYUsIME. B 00111eM Bujie apXuTeKTypa
1oKasaHa Ha puc. 9.4.

CJ10if MHOTOTOJIOBOTO BHUMAHUST IMEET J[Ba BXOJA: TEH30P 3ampoca X% u TeH30P
KJouell /3Hadenuii 48V, 3amada cjiost — B TOM, 4TOOBI Y3HATH, HA KaKUE TIO3UTHH
B TEH30PE € KJIIYaMU/3HaYeHUSIMU CJIe/lyeT 0OPaTuTh BHUMAHUE TSI KaXKI0H
IIO3UIUU B 3alIpocCe. Hu OJHa M3 BECOBLIX MaTpHI] CJIOA HE 3aBUCUT OT IJIMHDbI
Ter3opa 3arpoca (n2) win TeHsopa ¢ Kiouamu /3uadenusiMu (75Y), moaromy cJioii
MOJKeT 00pabaThIBaTh TTOCIEI0BATEILHOCTH TPOU3BOIBHOM ATUHBL. KoanpoBImk
HCITIOJIb3YET MEXaHU3M CamMosHuManus (self-attention), To ectb 3a11poc u KJIOUH/
3HAYEHUsT OCTAIOTCSI HEM3MEHHBIMK (B TOM BHUJ€, B KAKOM OBLIH TTOJy4€eHbI OT
MIPEBIAYINETO CJI0sT B Koauposiuke). Hanpumep, Ha 06a BXojia epBOro cJiost
KOZMPOBIIKKA TTOAETCST PE3YJIbTaT 0ObeINHEHNUS] BEKTOPHBIX MPEACTaBICHUI
CJIOB ¢ MAaTPHUIIEH MO3UITMOHHOTO KOAMPOBaHUs. B 1eKOANPOBIINKE BXOAHON
3a1pocC MOCTYHAeT OT MPEABIAYIIETO CJI0s IEKOINPOBIIIKA, a KJII0UN/3Hade-
HUST — OT TIOCJIE[THETO CJI0s1 KOAUPOBITKa. Ha mepBoMm 1are cJioii co3aaer Tpu
MaTpuilbl: 3arpoca Q, kitoueit K v 3HaueHuit V, yMHOKast BXOJl Ha TPU BECOBbIE
matpuisr, W WKku W".

Q= x2We K = xKV WK V= xkVY

Qu K aBasA10TCS MTPe/ICTABICHISIMY 3a1TPOca U KJTfoveli/3HaueH i COOTBETCTBEH-
HO. MBI JIOJIKHBI OIEHUTH CXO/ICTBO THX MPEICTABICHU /7T KAXKI0H MO3UINU
3amnpoca u kJoda,/3nadennsi. Crenarb 3To MOKHO, yMHOKUB MaTpuily Q Ha K'
U IPUMEHUB MacIITabupyIonuil Koadhuimert \/Z [Tomo6HbBII METOJ | HA3bI-
BACTCSI GHUMAHUEM 636CULCHHO20 CKAAPHO20 npoussedenust (scaled dot-product
attention). MaciitaGupoBaHue UTPAeT BaKHYIO POJIb, FAPAHTHPYSI, 4TO CKAJISIPHOE
npousBeieHne BeKTopoB Q u K He MOJTyYUTCS CIUIKOM OOJIBIIUM.
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CyMMMpOBaHI/Ie n HopmManunaauuns
Aimodet

MHororonoBoe BHUMaHue

dy
G‘ Attention(Q, K. V)
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Puc. 9.4. OpraHu3aums MoZlysisi MHOFOro/10BOrO BHUMaHMs!, 338 KOTOPbIM cresyeTt
C/I01 CyMMUPOBaHUS 1 HOpManusaumm
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3arem npuMensieTcs GYHKIMSA Softmax, 4ToObl TapaHTUPOBATh, YTO CYMMa BCEX
cTpok Oynet paBHa 1. ra Mmarpuiia umeer hopmy N, X Ny, ¥ SKBUBAIECHTHA
MaTtpuile BHuManus Ha puc. 7.10. TTocaennnii mar, 3aBepiaioniuil 1eicTBUS
eIMHCTBEHHOTO MOIYJISI BHUMAHUS, — YMHOKEHIE MATPUITbI BHUMAHUS HA Ma-
Tpuily 3HadeHus V. J[pyrumMu cioBaMy, MOYJIb BEIBOAUT B3BEIMIEHHYIO CYMMY
Mpe/icTaBIeHU 3HaYeHs V 1T KaXKIO0 ITO3UITNY B 3aIIPOCE, T/le Beca OTpejie-
JISTIOTCST MATPUTIe BHUMAHMUS.

Her, Bmpouem, HUKaKUX MPUINH OTPAHUUNBATHCI €AUHCTBEHHBIM MOYJIEM
BHUMaHUs. B cTaThe aBTOPbI UCTIOIB3YIOT BOCEMb MOJLYJIEH, KOTOPbIE 00YYaIOTCST
TapaJIIeTbHO I KAXK/IBIiT 113 KOTOPBIX BBIBOIUT MATPHILY 72, X d . Vicnionb3oBanme
HECKOJIBKUX MOJTYJIeli TIO3BOJISIET KasK/[OMY U3yUUTDb CBOI MEXaHU3M BHUMAHUS
U 3HAYEHUsT, 4TO 0OOTaIaeT BBIBO/ CJIOSI BHUMAHUSI C HECKOJIbBKUMU MOJTYJISIMH.

BoixosHble MaTPUIbl U3 HECKOJbKUX MOJYJeil BHUMaHUSA 00beANHSIOTCS
U YMHOKAIOTCS HA MATpuUIly BecoB WP. 3aTeM pe3yJibTaT CKJIaJ[bIBAETCS T0-
3JIEMEHTHO CO BXOJIHBIM 3alPOCOM 4Yepe3 MpolycKatolue coeanrenus (skip
connections), U K pe3yJabTaTy MPUMEHSIETCS CJI0H HOpMaIr3aIuu (CM. puc. 5.7).

[Tocoennum s71eMEHTOM KOAUPOBIUKA SIBJSIETCS CJOH MPSIMOTO PacipocTpa-
HeHus (IMOJIHOCBS3aHHBIN ), IPUMEHSIEMbBIN OT/IEJIBHO K KaXK/0H mo3uiinu. Beca
pacIIpeiesiSIIOTCsT MEK/LY TIO3UIUSME, HO HE MEXK/Y CJIOSIMU KOJIMPOBIIUKA-/Ie-
KomupoBIuKa. KognpoBimuk 3aBepImaeTcs OJHUM TOCTETHUM TTPOITYCKAIOIITM
coelMHeHneM U coeM Hopmaausaiuu. OOpaTiTe BHUMAaHUE, YTO BBIXOJ CJIOST
MeeT Ty ;Ke (hopMYy, UTO U BXOAHOM 3arpoc (7 0% d. .- ITO IO3BOJIAET HAJIO-
SKUTH IPYT Ha APYyra HECKOJBKO CJIOEB KOAMPOBINUKA, 61aroaapst 4eMy MOJAENb
MOJTy4YaeT CIIoCOOHOCTH U3ydaTh OoJiee ryOOKue PU3HAKL.

DekoanpoBwmnk

Ciou B AEKO/IMPOBIINKE OYE€HDb IMOXO0KHN Ha CJION B KOAMPOBHIUKE — C YYETOM
ABYX Ba’KHbIX OTJIMYMIA:

1. Hauaspublii cJI01 CAMOBHUMAHWS — MAaCKUPOBAHHBIH, BCJIE/ICTBYE YETO MH-
opmanmst u3 mocseayoNUX BPeMEHHBIX IIaroB He UCIIOJIb3YeTCs BO BPeMs
00yuenns. MacKMpOBKa OCYIECTBIISIETCS YCTAHOBKON COOTBETCTBYIONIUX
3JIEMEHTOB BXOJIa B SOftmax paBHbIMU —o0.

2. BbIXOlI CJIOA KOAMPOBHIMKA TaKK€E BKJIIOYAETCA B Ka)KZIbeI cJon JNEKOJIMPOB-
IIMMKa IMocJjie Ha4YaJIbHOI'O MEXaHN3Ma CaMOBHUMAaHM . 311ec1> BXOlIHOﬁ 3alrpoc
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MOCTYIIAET U3 IMPEAbIAYIIETO CJIOA AEKOAMPOBIINKA, a K]IIO‘{I/I/SHB.I{GHI/IH — U3

KOJIMPOBIINKA.

Kasxmas mosutins na BRIXOJIe U3 TTOCTEIHETO CI0S TeKOIUPOBIIKA TTepeaeTCs
B IOCJIEIHUI TTOJHOCBSA3AHHBINA CJI0H ¢ QyHKIMEH akTUBauu softmax, 4ToObl

IOJIYYUTDb BEPOATHOCTD CJIECAYIOHIIETO CJI0BA.

AHanus TpaHchopmepa

B penosuropun GitHub nipoekra Tensorflow umeercst 6iokunor Colab (http://bit.
ly/2HPW4Cw), B KOTOPOM MOKHO MTO9KCIIEPUMEHTHPOBATD ¢ 00YYEHHOI MOIEBIO
TpamcdopMepa 1 TOCMOTPETh, KAK MEXaHU3Mbl BHUMAHWS KOANPOBIINUKA U Jie-
KOJIMPOBIINKA BJIUSIOT Ha ITEPEBO/I 32IaHHOTO TIPEJTIOKEHNS HA HEMEITKHH S3bIK.
Hampumep, Ha puc. 9.5 mokaszaHo, Kak /[Ba MOJLYJisl BHUMAHUS B CJIO€ IEKOITPOB-
muKa paboTaioT BMecTe, YTOObI JaTh IPABUIbHBII IEPEBO HA HEMELIKUI A3BIK

Layer: s [g Attention: input - output  |BJ

The_
animal_
didn_

1

t

Cross_
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street_
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it_
was_
too_
tire

d

Das_
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Uber
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Puc. 9.5. lNpyMep Toro, kak 0avH MOAYsb BHUMAHUS CeauT 3a CrioBoM «the»,
a Apyroi — 3a C/IoBOM «street», 4To6bl NPaBUIbHO NEPEBECTU aHMIUACKUI
apTukib «the» B HeMeLkuin «die» — onpefeneHHbI apTUKIb XEHCKOro poaa

ansa cnosa «Straf3e»
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apTUKJIS the, KOT/Ia OH UCTIONB3YETCS B KOHTEKCTE the street. B HEMETIKOM si3bIKe
€CTh TPH OTIpe/leJIeHHBIX apTukst (der, die, das), KoTopble UCTIOIB3YIOTCS B 3a-
BUCUMOCTH OT POJIa CYIIECTBUTEILHOTO, HO TPaHC(hOPMED 3HAET, YTO IOJIKEH
BBIOpATH aPTUKIID die, MOTOMY YTO OJIUH MOJIYJIb BHUMAHUSI CJIEAUT 32 CJIOBOM
Street (B HEMETIKOM S3bIKE MMeeT KeHCKIH PO ), B TO BPeMs KaK JPYTOH CIeTUT
3a TIePEBOIMMbIM CJIOBOM (the).

BosMoskHOCTD BKITIOUATh MH(MOPMAIIAIO 13 HECKOJIBKUX MECT BO BXOJTHOM IIPE/i-
JIO)KEHUH W B TEKYIIEM TIepeBOjIe ISl BBIOOPA CJIEYIONIETO CI0BA MO3BOJISET
TpanchopMepy epeBOINTD YPE3BLIYANTHO CIOKHBIE W ITMHHBIE TIPEJIOKEHUS.
ApxuTextypa Tpanchopmepa CTUMYJINPOBAa TOSBJIEHNE HECKOJIbKUX TTOCTe-
IYIOIUX MOJIesIel, KOTOPbIe UCIOJIb3YIOT MEXaHU3M BHUMAHUS C HECKOJIbKUMU
Moxaysamu. /lasmee MbI KpaTKO PACCMOTPUM HEKOTODPBIE U3 HUX.

BERT

BERT (Bidirectional Encoder Representations from Transformers — aByHa-
IpaBJIeHHbIN KOAUPOBINUK IIPeJCcTaBIeHnil Ha OcHOBe TpaHchopmepa)' — Mo-
nenb, paspaborannag B Google u npejckasbiBaonias IPOMyIeHHbIEe CI0Ba
B IIPE/VIOKEHUH C YYETOM KOHTEKCTa (10 ¥ MOCJIe TPOIIYIIEHHOTO CJI0Ba). ITO
JIOCTUTAETCSI C TOMOIIIBIO MOOEIU A3bIKA ¢ MACKOU: BO BpeMsi 00yueHust 15 % cioB
MaCKUPYIOTCS CTydaitHbIM 06Pa3oM, a MOJIe/Ib JI0JIKHA TTOTBITaThCs BOCCO3/IaTh
HCXOIHOE TIPE/TIOKEHIE 10 MaCKUPOBaHHOMY. BaxHo ormernTs, uto 10 % sek-
ceM, BLIOpAHHBIX /Il MACKMPOBKHU, Ha CAMOM JIeJIe 3aMEHSIIOTCS JPYTUM CIOBOM,
a He JIEKCEMOI <MASK>, IT09TOMY MOJEJb J0JKHA HAYyYUThCSI HE TOJIBKO 3aMEHSITh
JIEKCEMBI <MASK> PeaIbHbIMU CJI0BAMM, HO M HAXOJUTH BO BXOHOM ITPEIIOKEHNN
CJIOBA, HE COOTBETCTBYIONIME KOHTEKCTY, KOTOPbIE MOTYT OKa3aThCs CJI0OBAMHU,
3aMEHMBIIMMU peaibHble CJIOBA.

Mogens BERT npeBocxoaut cou ananoru tuna GloVe, nmosnyuast npeacras-
JIEHUS CJIOB, UBMEHSIIOIIUECS B 3ABUCUMOCTH OT KOHTEKCTa. Tak, B aHTJIMICKOM
sI3bIKE CJIOBO water (Bojia) MOKET HCIOJIb30BaThCst Kak rirarodt (I need to water
the plant — MHe HY3KHO TIOJIUTD paccary) win cyectsutesbroe (The ocean is full
of water — okeat oo Bogbl ). B Monesm GloVe BeKTOPbI OIPEIEISIOT OHO U TO
JKe TIPeJICTABJIEHUE /IS CJI0BA water He3aBUCUMO OT KOHTeKCTa, Torjia kKak BERT

U Ikeiiko6 Jlesiun (Jacob Devlin) u ap., «BERT: Pre-Training of Deep Bidirectional
Transformers for Language Understanding», 11 okrsi6pst 2018, https://arxiv.org/
abs/1810.04805v1.
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nobasJisieT nHGOPMALUIO 06 OKPYKEHUH, YTOOBI MOJYYUTh WHANBULYAJbHOE
Mpe/ICTaBJIeHIE CTI0BA B KOHTEKCTE.

Mogenbp BERT nossoisier 106aBIsTh HaACTPOMKI — BBIXOIHbBIE CJIOM IS Pe-
NIeHns1 KOHKPeTHOH 3ajaun. Hanmpumep, /17151 perienns 3aja4 KiaaccuuKaIum,
TaKUX KaK aHAJIU3 SMOIMOHAIBLHON OKPACKU, MOKHO T0OaBUTH CJIOi, TPUHUMA-
0NN BBIBOJ] TpaHC(hOPMEpa, a 175 TeHePUPOBAHUS BOIIPOCOB U OTBETOB MOXKHO
OPraHM30BaTh MAPKUPOBKY OTBETOB BO BXOIHON TTOCIEA0BATEIBHOCTH, UCITOb-
30BaB CeTb yKasareJell B KauecTse BbIXoAHOro cyos /151 BERT. B3ss 3a ocHoBy
mpeaBapuTenbHo obydennyio Moaesb BERT u HacTpanBast JOMOJTHUTENbHDIE
BBIXO/[HBIE CJIOU, MOKHO GBICTPO OOYYUTh YPE3BbIYANHO CIIOKHBIE SI3BIKOBBIE
MOJIEJIN JIJIS1 PA3JINYHBIX 327124 MOJIEJIUPOBAHUSI.

GPT-2

Mogenbs GPT-2, paspaborannas OpenAl, o6y4yeHa npeackasbiBaTh CJAeAyIO-
1iee ¢JI0BO B 0TpbiBKe TekcTa. Ecim mogesib BERT Gbliia 0TBETOM KOMITAHWH
Google na nosisienue pauneii sepcun moges OpenAl GPT, o GPT-2 — aro
npsamoit otBeT Ha BERT. B ornune ot asynampasiennoit monenn BERT,
GPT-2 asasiercst ogHOHampaBaeHHONU. Takum o6pasom, 17t GopMUPOBAHUS
npezacTaBiaenus Tekyiero ciaoBa GPT-2 me ncnoab3yet nndopMaIuio u3 cjios,
CIIeYIONINX 32 HUM, M TI0O3TOMY TIpe/lHa3HaueHa I PeleHns 3a/1ad TeHepu-
poOBaHUS NPEJIOKEHNI, TAKMX KaK paccMaTpuBaBlasics B riaase 6 3ajava
reHepupoBaHus TeKcTa B cTuie Obacen J3ona. Ha puc. 9.6 mokasan npumep
TEKCTa, ToIydeHHOTO Moesbio GPT-2 Ha ocHOBe HAUAIBPHOTO TTPEATOKEHNUS,
NIPE/IOKEHHOTO CUCTEMOIA.

Ecnm Bac HeMHOTO HalTyTasa peaucTUYHOCTD MOJYIeHHOTO TEKCTa, TO 3HANTE,
4YTO BbI HE OAMHOKU. 3-3a OmaceHuii, 4To sTa MOJEIb MOXKET OBITh MCIIOJIb30-
BaHa 3JI0YMBINJICHHIKAMU, HATIPUMED, I CO3aHUS TOAAETbHBIX HOBOCTEMH,
hanmbIUBHIX cTaTell, (PUKTUBHBIX YIETHBIX 3aMCeH B CONMMATBHBIX CETIX UJIN
HOJIEJIKN TIOL JIIoJieil B OHJlaitH-00mennn B uarepruere, B OpenAl pemin He
ny6ankoBaTh HabOP AaHHBIX, Koz 1 Beca Mogean GPT-2. BmecTo atoro onu
oUIUATBLHO BBITYCTUIIA TOJIbKO Manyio (117 MULIMOHOB TapaMeTpoB) U Cpe/l-
Hio10 (345 musmonoB mapametpos) Bepcun GPT-2 (http://bit.ly/2WShm7t).!

ITo cocrostnuio na mait 2019 roza J1st JOBEPEHHBIX TAPTHEPOB, 3AHUMATOIITUXCST HCCIIEI0BA-
HUEM BO3MOKHOTO BJMSAHUA TAKUX CJOKHBIX MOJENEH 1 CII0COOOB IIPOTUBOAECHCTBHA He-
[IPaBUILHOMY HCIIOIb30BaHuI0, Oblia BhiytieHa Bepcuss GPT-2 ¢ nmosyTopa MuLIMapaamMu
apaMeTpoB.
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MuseNet

MuseNet (http://bit.ly/31hT2vl) — Moesib, Tak:Ke BoimyiieHHast B OpenAl u nmpu-
MEHSIOIIAs apXUTEKTYPy TpaHchopmepa i1 reHeparun Mmy3biku. Kak u GPT-2,
OHa SIBJISIETCST OTHOHAIIPABJIEHHON 1 00yUYeHa ITPeICKa3bIBaTh CJEAYIOILYIO HOTY,
UCXO[II U3 TIOCJIEI0BATETbHOCTH TTPEABIAYTINUX HOT.

B 3amauax remepupoBaHus My3bIKH JIJIMHA [TOCTE0BATENbHOCTH N yBeJIUun-
BaeTCsI 110 MepPe MPOJIBUIKEHUSI BIIEPEJl, TO €CTh BBIUUCSATD U XPAHUTH MATPUILY
N x N 1y Kax/10TO MOy Il BHUMAHUS CTAHOBUTCA oYeHb oporo. Ho Mbr e
MOKEM TIPOCTO B3SITh M 00pe3aTh BXOAHYIO TOCJAEI0BATEIBHOCTD, TIOTOMY YTO
JKeJIaTeIbHO, YTOOBI MOJIENb CTPOMIIA (PPAarMEHTBI, ONUPASICh HA J0JITOCPOUHYIO
CTPYKTYPY, ¥ TIOBTOPsiJia MOTUB U )Pa3bl, OTCTOSIINE HA HECKOJIBKO MITHYT Ha3a/l,
KaK 9TO YaCTO JIeJIAI0T KUBbIE KOMITO3UTOPBI.
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Puc. 9.6. lNMpumep, kak Moaenb GPT-2 npoo/mKaeT HavaslbHoe MpeaioXeHne,
NpeasioXeHHoe CUcTeMon’

U Ucrounuk: «Better Language Models and Their Implications», 2019, https://openai.com/
blog/better-language-models.
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Jliist ipeotosienust aToil ipobieMbl B MuseNet 1cIosib3yercst pasHOBUHOCTD
Tpancdopmepa, u3BectHas Kak Sparse Transformer (http://bit.ly/2ESY8Ve) — pas-
peskeHHbIN Tparchopmep. BecoBbie k0ahPUIIUEHTHI B KayKI0H BBIXOIHOH 1T031-
[[UK B MaTPHIle BHUMAHKS BBIYUCIISIIOT TOJBKO JIJISI OTPAaHMYEHHOTO MoHabopa
BXOJIHBIX TIO3UI[HI1, TEM CAMBIM YMEHBINAIOTCS CIOKHOCTD BEIYUCIIEHWIT 1 00heM
naMsTH, HeoOXOAMMBbIii i oOyuerns mozesn. [Tostomy MuseNet mosker pa-
6orarh ¢ MoJHbIM BHUMaHueM K 4096 sjieMeHTaM U M3y4daTh J0JTOBPEMEHHYIO
U MEJIOINYECKYTO CTPYKTYPY Pa3JIMYHBIX CTUJEH. B kauecTBe MPpUMEPOB MOXKHO
npuBectu dhparmerTs!, umutupyionme [lomena (http://bit.ly/2IX0JOW) u Morap-
Ta (http://bit.ly/2Zyt5pp) B o6sake OpenAl Ha SoundCloud.

LoCcTmKeHNA B reHepMpPoOBaHNN N306parKeHU i

B nociesinme To/pl reHepaTUBHOE MOJIENPOBAHIE N300PAKEHMIT TPETEPIIETO
PEBOJTIOIMOHHbIE M3MeHeHUsT 6JIaroiapsi BHEAPEHUIO HECKOJIbKIX Ba)KHBIX yCO-
BEPIIIEHCTBOBAHUI B apXUTEKTYPY U 0OydeHre MOJIeJieil Ha OCHOBE reHepaThB-
HO-cocTa3aresabHbIX ceTedl (GAN), TOUHO Tak ke, KaK MOsBJICHNE apXUTEKTYPbI
TpaHcgopMepa CTAJIO TOBOPOTHON TOUKON HA MyTH Pa3BUTHUS T€HEPATUBHOTO
MOJIEJTUPOBAHMSI TOCTIEI0BATEIbHOCTE. B aTOM paszese OyayT mpeacTaBaeHb!
yerbipe Takue paspabotku — ProGAN, SAGAN, BigGAN u StyleGAN.

ProGAN

ProGAN — HoBas MeToaunKa, paspaborannast B NVIDIA Labs ayis nosbimenust
ckopoctu u crabuibnoctn o0yyennus GAN'. Bmecto 00yuenus GAN Ha uso-
OpakKeHUX C MOJHBIM Pa3pelieHueM B CTaThe TPe/jlaraeTcst cHayaaa 00yuuTh
reHepaTop ¥ JUCKPUMHUHATOP Ha N300pakeHUSAX ¢ HU3KUM paspelieHneM, cKa-
JKeM, 4 X 4 MUKceJta, a 3aTeM POJI0JIKUTH 0OyUYeHne, TIOCTENIEHHO YBeTMYuBast
paspenienne 1 KOJU4eCTBO CJI0EB. DTOT Ipolece n3odpaxen Ha puc. 9.7.

Boutee pamue cjion He GUKCUPYIOTCS B ITpoiiecce 00yUYeH s U OCTAIOTCS TTI0JTHO-
cTio oOyuaembiMit. HoBbIiT Mexanuam o6ydemnusi ObLI IPUMEHeH U K n300paske-
HusaM u3 Habopa gantbix LSUN, gaB otsmusbie pesyabraThl (puc. 9.8).

! Tepo Kappac (Tero Karras) u zp., «Progressive Growing of GANSs for Improved Quality,
Stability, and Variation», 27 oxtst6pst 2017, https://arxiv.org/abs/1710.10196.
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eHepaTop

MpocTpaHcTBO MpocTpaHcTBO MpocTpaHcTBO
CKPbITbIX MPU3HAKOB  CKPbITbIX NPU3HaKOB CKPbITbIX MPNU3HAKOB

ey ©
1MpocTtpaHcTBO

:peanbubm

|PeanbHbIX | N306paxeHuii

1
1
1
H |n306paxennii
1
1
1

4x4 4x4
OuckpumuHaTop

»
»

Mpouecc oby4eHuns

Puc. 9.7. MexaHvka 0byueHusi NpOrpeccMBHON FreHEPaTUBHO-COCTSA3ATENIbHOM
cetu (Progressive GAN) 1 HECKOJIbKO NMPUMEPOB CreHepUPOBaHHbIX M306paXxeHui nuL!

U Ucrounuk: Kappac u zap., 2017.
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PacTeHue B ropLuke Jowanb [nBaH ABTOGYC Xpam Benocvnen OkpaH

Puc. 9.8. N306paxxeHus, creHeprpoBaHHbIE reHEPaTUBHO-COCTA3aTENbHON CETbIO,
nocTeneHHo 06y4aBLLENCs Ha U30BpaXkeHUsIX C pasmepamm 256 x 256
13 Habopa AaHHbIX LSUN'

! Ucrounuk: Kappac u ap., 2017.
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Self-Attention GAN (SAGAN)

TerepaTUBHO-COCTsI3aTENbHbIE CETH ¢ MeXaHU3MOM camoBHuMaHus (Self-
Attention GAN, SAGAN)! gBJIsIIOTCS Ba’KHBIM JOCTH/KEHMEM, TaK KakK Je-
MOHCTPHUPYIOT BO3MOXXHOCTh UCTIOTb30BAHUS MeXaHU3Ma BHUMAHUS 7 Te-
HEPUPOBaHUs M300paKeHUi, KOTOPBIN MEPBOHAYANBHO 3ayMbIBAJICS ISt
TTOA/IEP;KKY TTOCTIeI0OBATENBHBIX MOJIEeH, TaknX Kak TpaHcdopmep. Ha puc. 9.9
[IOKa3aH MeXaHU3M CaMOBHUMaHUs U3 crarbu. OOpaTnuTe BHUMAHUE HA CXOACTBO
C opraHusaieil Mo/1yJisi MHOTOTOJIOBOTO BHUMAHUS B apXUTEKTYPe TpaHchop-
Mepa Ha puc. 9.2.

[Tpobema mozeneii Ha ocHoBe GAN 6e3 MexaHU3Ma BHUMaHUs 3aKJII0YAETCs
B TOM, 4TO CBEPTOYHbIE KaPThI IPU3HAKOB MOTYT 06pabaThIBaTh TOJBKO JIOKAIb-
Hyto nagopmaruio. s nepegaun nHOOPMAIH O TTUKCENIAX C OJIHON CTOPOHBI
n306paskeHusT Ha JAPYTYIO TPeOYeTCsT HECKOJIbKO CBEPTOYHBIX CJIOEB, KOTOPbIE
YMEHBIIAIOT IPOCTPAHCTBEHHBIEC U3MEPEHUS U300PaKEHUS] U YBEJUYUBAIOT
KOJMYIECTBO KaHaaoB. TouHasg wH(OPMAIIUI 0 MECTOTIONOKEHNHN TTOCTETIEHHO
CBEPTHIBAETCS HA MIPOTSKEHUH BCETO 9TOTO IPOLecca, M CeTh 3aXBaThiBaeT 00b-
eKThI Bce OoJiee BBICOKOTO YPOBHS, UTO JAeJIaeT TaKOH MoAX0/1 Hea(PheKTUBHBIM
B BBIYMCJINTEIBHOM OTHOIIEHUH JIJISI U3yUEHUST TATTbHOIEHCTBYIONINX 3aBUCHMO-
CTell MeXIY yAQJIeHHBIMU IPYT OT npyra nukceramu. Moneab SAGAN perraer
3Ty MpobJIeMy BKIIOUYECHHEM MeXaHH3Ma BHUMAHUST, KOTOPbI Mbl HCCIIEA0BAIN
BBITIIE B 9TOM Ti1aBe (puc. 9.10).

Kpacnast Touka oTMe4aeT nukces1 Ha TeJie ITUIbI, TO9TOMY BHUMAaHKE eCTeCTBEH-
HO IaJIaeT Ha OKpy:Kaloliue sueiiku B Tese. 3eIeHas TOYKa OTMedaeT ITHKCes
doHa, u 371ech BHUMaHNE (GAKTUUYECKHU TAJAeT HA JAPYTYIO CTOPOHY OT TOJOBBI
TITUITBI, HA PYTUE TUKCeTbl (hona. CHHSIST TOUKA OTMEYAET MTUKCEN HA JITTTHHOM
XBOCTe IITHIIBI, TT09TOMY BHUMaHKe 0OpaleHo Ha APyrue MUKCeJabl XBOCTA,
MHOT/IA OTCTOSIIIIE IATIEKO OT CUHEN TOUKU. Bblio ObI TPYAHO MOIEPKUBATD
3Ty NAJIbHOAEHCTBYIONIYIO 3aBUCMOCTD MTUKCEJIOB 6e3 MexaHn3Ma BHUMAHUS,
0COOEHHO B OTHOIIEHWHN JUTHHHBIX U TOHKUX CTPYKTYP B n300paskeHnn (Kak, Ha-
TTpUMeED, XBOCT B TAHHOM CJIyYae).

' Xan Yanr (Han Zhang) u np., «Self-Attention Generative Adversarial Networks», 21 mas
2018, https://arxiv.org/abs/1805.08318.
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1 TpaHCNoHnpoBaHne

CBEPTOYHbIE KapPThl iy iom KapTa
NpU3HaKos (X) BHUMaHNSA
® softmax KapTbl MPU3HaKOB

caMoBHUMaHus (0)

v

— b
xlcony ® gy [ ol

Puc. 9.9. MexaHn3M camoBHMMaHuUs1 B moaenn SAGAN'

Puc. 9.10. V306paxkeHne NTulbl, CreHepupoBaHHOE MOAENbIO
SAGAN (kpaliHee crieBa) v KapTbl BHUMAHWSI KOHEYHOIO C/I0S FeHepaTopa
C MEXaHV3MOM BHUMAHUS A7 MUKCENOB, OTMEYEHHbIX TPEMS LIBETHLIMU
TOoYkaMu (OcTanbHble TpU N306paxkeHns)?

BigGAN

Mogens BigGAN?®, paspaborannas B DeepMind, pacumpsier ujen u3 craTbu
c ortucanueM SAGAN u nokasbiBaeT Bbliatornuecs pesyasratsl. Ha puc. 9.11
HpeJICTaBIEHbl HEKOTOPbIE N300paskeHNsI, creHeprpoBaHHbie Moziesbio BigGAN,
obyuenHoit Ha Habope manHbix ImageNet.

! Ucroununk: Yaur (Zhang) u np., 2018.

2 Hcrounuk: Yanr (Zhang) u ap., 2018.

3 Auupro bpok (Andrew Brock), /Ixedd Tonaxwio (Jeff Donahue) u Kapern Cumonsia (Karen
Simonyan), «Large Scale GAN Training for High Fidelity Natural Image Synthesis»,
28 centabps 2018, https://arxiv.org/abs/1809.11096.
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Puc. 9.11. MNMpumepbl 306paxeHunil, creHepMpoBaHHbIX Moaenbto BigGAN, 06y4eHHow
Ha Habope gaHHbIX ImageNet ¢ nsobpaxeHusamu pasmepom 128 x 128!

B nacrogmiee Bpema monens BigGAN aBagercs myurieil n3 Moziesielt, TeHepu-
pylomux u3obpasxkenus mnocjie ooydenus: Ha Habope ImageNet. Hapsay ¢ ne-
GosbMK U3MeHeHuaME 6a3oBoii Mogen SAGAN, B cTaTbe IMpeacTaBIeHbl
U HOBOBBEJIEHUSI, KOTOPBIE BBHIBOJISIT MOJIENIb HA COBEPIIEHHO HOBBIM YPOBEHD
CJIOKHOCTH.

O/1HO 13 TaKMX HOBOBBEJIEHUI — TaK Ha3bIBaeMbIil mprox yceuenus (truncation
trick), Korza CKpbITOE pacipeiesieHne, UCIOIb3YEMOE JIJIsi BBIOOPKU, OTJINYAETCST
ot pacmpezesenusi z N(0, 1), ucrosnbayemoro Bo Bpemsi 00yuenusi. B yactHocTH,
pacripeiesieHIe, UCTI0Ib3YeMOe JIJIst BHIOOPKH, SIBIISIETCS YCEUCHHBIM HOPMATOHBIM
pacnpedenenuem (MIPU MOJYYEHUN BEJTMUUHBI, TPEBbIIIAIONIEN ONPe/eIeHHbIIT
[IOPOT, TIPOU3BOANUTCS MOBTOPHAsE BBIOOPKA 13 z). YeM MeHbllle TIOPOT yCedeHus,
TEM BBbIIIIE JOCTOBEPHOCTh FreHePUPYEMbIX 00Pa3IloB 3a CYET YMEeHbIIEHUs 13-
MEHUYMBOCTU. JTa ues MoKa3aHa Ha puc. 9.12.

Kpowme Toro, xak caenyet n3 HazBauusd, BigGAN npeBocxoqut SAGAN otuactu
TIPOCTO 32 cueT yseauuenus paamepon. B BigGAN ucmorb3yiorces makeThl ¢ pas-
mepoM 2048, To ecTh B 8 pas Goubliie, ueM B SAGAN, r/ie maker UMeeT pasmep
256, a YN0 KAaHAJIOB B KAKIOM cJioe yBesmueHo Ha 50 %. Oxnako BigGAN mo-
KasbIBaeT Takske, YT0 SAGAN MOKHO YJIYUIIATE CTPYKTYPHO 32 CUET BKJIIOYEHNS
00111er0 BEKTOPHOTO TIPEACTABIEHMS, ITyTEM OPTOTOHAIBHON PEryJIspU3aiim
U BKJTIOUEHUS CKPBITOTO BEKTOPA Z BO BCe CJIOM TeHEPaTOpa, a He TOTHKO B Ha-
yaspHbIi. [loTHOE onMcanie HOBOBBeEH W, NTpeIoKeHHbIX B BigGAN, BbI
HaliJleTe B OPUTHMHAJIBHON CTaThe U CONPOBOAUTENbHBIN TTpe3enTanun (http://
bit.ly/31g3tza).

! Ucrounuk: bpok u ap., 2018.
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Puc. 9.12. Tpiok yceyeHus: cneBa Hanpaso,
ncnonb3yetcs nopor 2, 1, 0.5 n 0.04!

StyleGAN

OanuM 13 caMbIX TIOCTETHIX YCOBEPIIEHCTBOBAHWH reHepaTUBHO-COCTSI3aTe N b-
HBIX CETEll, ONMCAHHBIX B JINTEpaType, aBistercs cetb StyleGAN, paspabGoranHast
B NVIDIA Labs.? 9ta ceTb OCHOBBIBaeTCSI Ha JIBYX METO/IaX, KOTOPbIE MBI yiKe
uccyienoBau B atoi kaure: ProGAN u HeitponHoi epenaye ctuist (Taasa 5).
Yacro npu o6yuernrn GAN B CKPBITOM IIPOCTPAHCTBE TPY/AHO BBIACINUTH BEK-
TOPBI, COOTBETCTBYIOIIME BBICOKOYPOBHEBBIM aTPUOyTaM, — OHU YaCTO CRYMAHbL,
TO €CTh, HATIPUMEP, IIPH MOIBITKE U3MEHUTH N300pakeHue, YTo0bl J0OaBUTH Ha
JUIo GOJIbIIIe BECHYIIEK, TAK/KE MOXKET HEOKHMIAHHO U3MEHUTHCS 11BET (hOHA.
Cetb ProGAN renepupyet (haHTaCTHYECKU PeaTUCTHYHbIE H300paKeHMsI, HO
OHa He SIBJISIETCST UCKJTI0YeHUEM U3 9TOT0 00Iero mpasuia. B ngeane xoteaoch
Obl UMETH TOJTHbII KOHTPOJIb HaJl CTUJIEM U300pakeHus, a IJIst 9TOr0 TpedyeTCst
YeTKOoe pasfeieHre BEICOKOYPOBHEBBIX MTPU3HAKOB B CKPBITOM MTPOCTPAHCTBE.
Ha puc. 9.13 nokasana o6001enHas apxutekrypa redeparopa StyleGAN.

Certb StyleGAN permaet mipo6ieMy CryTaHHOCTH, 3aUMCTBOBAB UJIEH 13 JTUTEPA-
TYPBI € OITHCAHUEM TPUEMOB Tiepenadn cTiist. B uactroctr, StyleGAN wnctmosn-
3yeT METOJL adanmusHotl HOPMAIUSAUUU IKIEMNIAPA.® DTO CJI0I HETPOHHOI CeTH,
peryIpyionuii cpeinee 3HaueHKue 1 JUCIEPCUIO KakI0i KapThbl TPU3HAKOB X,
BO3BpAIaeMoil 3a/laHHBIM CJI0EM B CHHTE3UPYIOIIEN CeTH B COOTBETCTBUH CO

! Ucrounuk: bpok, lonaxpio 1 Cumownsia, 2018.

2 Tepo Kappac (Tero Karras), Camyuu Jleitn (Samuli Laine) 1 Tumo Aiiia (Timo Aila),
«A Style-Based Generator Architecture for Generative Adversarial Networks», 12 nexabps
2018, https://arxiv.org/abs/1812.04948.

3 Cionp Xyan (Xun Huang) u Cepx Benonru (Serge Belongie), «Arbitrary Style Transfer
in Real-Time with Adaptive Instance Normalization», 20 mapra 2017, https://arxiv.org/
abs/1703.06868.
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CMellleHueM 3TaJIOHHOIO CTUIA Y, 1 MacmTaboM Y. HpI/IBOHI/IM YpaBHEHUE
aI[aHTI/IBHOfI HOpMaJIn3allnun:

AdaIN(X,-,y) — yw_ w+ yb,, .

o(x))

JIJist BBIUMCJICHUST TAPAMETPOB CTHUJISI CKPBITBIN BEKTOP 2z CHAYAJIa MepeIaeTcst
dyepes ceTb 0TOOPaKEHUsI [, UTOOBI TIONYYUTD TPOMEKYTOUHBII BEKTOP W. 3aTeM
IIPOMESKYTOUHBII BEKTOP MPe0OPa3yeTcst MOJTHOCBSI3aHHBIM cJ10eM (A), KOTOPbIii
TeHepupyeT BEKTOPbI Y, U Y, ; € JUIMHOM 7 (KOTMYECTBO KaHAIOB Ha BBIXO/IE U3
CBEPTOYHOIO CJIOSI B CHHTE3UpYyIotiell cetn ). CMBIC 9THX PeobpasoBaHHmii co-
CTOWT B TOM, YTOOBI OTAEIUTH TPOIECC BHIOOPaA TSt (CeTh OTOOPaKEHUST) OT
CHUHTe3a M300paKeHNUs ¢ 3a[aHHBIM CTUJIeM (CHHTe3upyIomas ceth). Ciaou aarn-
TUBHON HOPMaJIM3allMU 9K3EMILISIpa FapaHTUPYIOT BIMSAHIE BEKTOPOB CTHJIEI,
BHEJPSIEMbIX B KasKAbIH CJIOM, TOJIBKO Ha IPU3HAKK B 9TOM CJIO€ U OTCYTCTBUE
yTedek 000l nHGOPMAIIK O CTUJIE MEXKLY CIOSIMU. ABTOPBI TIOKa3bIBAIOT, YTO
B pe3yJIbTaTe CKPhIThIe BEKTOPBI W MOJIYYAIOTCST 3HAYUTETHHO MEHEe CITyTaHHbI-
MM, YeM MCXOJIHBIE BEKTOPHI Z.

[Tockosbky cuHTE3UpyOIIas ceTb ocHOBaHa Ha apxutektype ProGAN, BekTo-
PBI CTUJIEN B CaMbIX MIEPBBIX €€ CJI0sIX (KOT/Ia pa3perieHie n300pakeH st CaMoe
HU3Koe — 4 X 4, 8 x 8) BiusoT Ha Oosiee TpyObie PU3HAKH, YEM CJIEAYIOININE 32
HuMH (¢ paspemnierareM ot 64 x 64 1o 1024 x 1024). IIpu Takom 1ox0/1e MBI He
TOJIBKO MOJIYYaeM TIOJHBIA KOHTPOJIb HaJl CTeHEPUPOBAHHBIM H300pakeHueM
yepes3 CKPBITBII BEKTOP W, HO TaK)Ke MOKEM II€PEKI0YaTh BEKTOP W B Pa3HBIX
TOYKAX CUHTE3UPYIOIIeil ceTH, YTOObI U3MEHUTH CTUJIb Ha PA3HBIX YPOBHSX Ji€-
TaJTN3aIH.

Ha puc. 9.14 MOKHO BUIETh Pe3yJIbTaThl paOOTHI ATOI apXUTEKTYPbL. 3/1eCh MMe-
I0TCS JIBa MCXOXHBIX M300pakenns, A 1 B, creHeprpoBaHHbBIX M3 IBYX Pa3HbIX
BEKTOPOB W. UTOOBI MOJIy4YnTh 0GBEANHEHHOE M300pakeH e, BEKTOP W HUCXOIHO-
ro 1306pakeHust A TIPOITYCKaeTCsl Yepes3 CHHTE3UPYIONLYIO CEeTh ¥ B HEKOTOPbIiA
MOMEHT 3aMEIAETCsT BEKTOPOM HCXOAHOTO M300pakenust B. Ecim aTo 3amerierne
MIPOMCXO/IUT paHblIiie (Ha ypOBHE paspemnieHust 4 X 4 wiu 8 X 8), To U3 UCXOTHOTO
nsobpaskeHust B B ricxoHoe nzobpaskenune A mepeHocsTest rpyoOble CTUIIN: 1033,
opma sintia u ouku. Eciiu 3aMenienne npoucxouT mo3ske, To U3 UCXOTHOTO
nsobpaskeHust B B ucxopHoe n3obpaskenne A mepeaaoTcst TOJbKO MEeJKUe Je-
TaJI, TAKKE KaK I[BET U MUKPOCTPYKTYPA JIUIIA, TOT/[A KaK IPyObIe DIeMEHTHI 13
ncxoxHoro usobpakenus A coxpansiorcsa. Hakoner, apxurekrypa StyleGAN
706ABJISIET TITYM TIOCTIE KAyKI0N CBEPTKH /TSI IOOABICHUST CTyYallHOCTH B JICTAJTH
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(pacrosioskeHre OTeIbHBIX BosIoC 1 (hon). OTsiTh e, riyOrHa, Ha KOTOPOil
BBOJIUTCS IITyM, BJITMSIET HA TOYHOCTD BO3/I€HICTBUSI.

CkpbiTOE
npoctpaHcteo Z € Z

| Normalize '

CeTb

oTobpaxeHus f
¥ —{A}

CuHTesupyoLlas ceTb g LLym

? ¢

? ¢

Puc. 9.13. ApxuTtekTypa reHepatopa StyleGAN'

! Ucrounuk: Kappac, Jleita u Aitna, 2018.
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NcxoaHble
n3obpaxeHust A

n3obpaxenns B

McxoaHble

py6ble cTunm ns nsobpaxeHus B

CpegHue ctunmn
13 nsobpaxeHus B

Menkue ctunm
13 nsobpaxerus B

Puc. 9.14. O6beanHeHNe CTUNEN ABYX M306paXKEHUI Ha PasHbIX YPOBHAX AeTanv3aumn'

U Ucrounuk: Kappac, Jleitn u Aiina, 2018.
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O6nacTy NnpuMeHeHNsA reHepaTUBHOro
MojenupoBaHuA

Kak sicHO BU/IHO U3 NIPEAbIAYIINX IPUMEPOB, TeHEPATHBHOE MOIEJIMPOBAHME Jla-
JIEKO MTPOJIBUHYJIOCH 32 TIOCJIETHUE TISATH JieT. PasBuTE JOCTUTIIO TAKOTO YPOBHS,
4TO BIIOJIHE MOKHO MPE/IIONOKHITD, YTO CJAEAYIONIEMY MOKOJEHUIO GYIET CTOJb
K€ CBOMCTBEHHO BOCXUIIATHCS KOMITBIOTEPHBIM MCKYCCTBOM, KaK M HCKYCCTBOM
4eJI0BEKa, YNTATh KOMIIBIOTEPHBIE POMAHBI 1 CJYIIATh KOMIIBIOTEPHYIO MY3BIKY
B JIIOOMMOM CTHJIe. ITO ABVIKEHME yrKe Hayanio Habuparb 000pOTHI, 0COOEHHO
B 006J1acTH N300Pa3UTENLHOTO U MY3bIKAJIBHOTO HCKYCCTBA.

I/I306pa3V|Teanoe TBOpPUYECTBO NCKYCCTBEHHOIO
NHTeJNNIeKTa

HenaeHo st ipucyTcTBOBaJ Ha BeTpede 1o/ HazBanueMm «Dopma, huryps
n BigGAN», nposoausiieiicsa B JIoHmoHe, Te ObLIN MTPeACTaBICHBI TPOU3Be-
nenus xynoxkauka Ckorra Mtona (Scott Eaton) u coznatens BigGAN Duapio
Bpoka (Andrew Brock). Berpeua 6b11a opranusosana JIio6oit diimort (Luba
Elliott) — kyparopom HarpasjieHUsI KOMIIBIOTEPHOTO N300Pa3UTEIbHOIO UC-
KkyccrBa. B cBoeit pa6ore CKOTT 4acTO MCIOJIb3yeT MOJAENN PiX2pixX AJIs1 cO3-
nanus usobpaskenuii. Moesb o6ydeHa Ha IBETHBIX GoTorpadusax TaHIOPOB
U COOTBETCTBYIOIIMX UM YepHO-6eabix n3obpaxkenusix. OH co3maeT HOBbIE
dhopmbr, pucyst TuHUN (TO €CTh KOHTYPBI) U TIO3BOJISISI MOJIETH TPe0Opa3oBaTh
PHUCYHOK B I[BeTHYIO (hoTorpaduio. PucyHKr HEOOs13aTENbHO HOJKHBI OBIThH
peaMCTUYHBIMU YeJ0BEYECKUMU (hOPMaMu; MOJIETh HaiIeT crocob cuenaTh
prcyHOK OoJiee yesioBedHbIM. /IBa mprMepa ero paboThl oKasaHbl Ha puc. 9.15.
V3HaTh GOJIbIIE O €r0 XyI0KECTBEHHOM TBOpYecTBe MOKHO Ha YouTube (http://
bit.ly/2F7zkcf).
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My3 blKaJIbHO€ TBOpP4Ye€CTBO NCKYCCTBEHHOrIo
NMHTeNNeKTa

[ToMUMO CO3IaHMUST HCTETYECKI MHTEPECHBIX U 3aTIOMUHAIOIIMXCS U300PaKEHMI,
reHepaTHBHOE MOJENNPOBAHNE UMEET IIPAKTHYECKOe TPUMEHeHne U B 00JacTh
CO3JIaHUST MY3BIKH, OCOOEHHO 1/ BUAEOUTP U (hUIbMOB. MbI yiKe BUAEIH, KaK
MuseNet MokeT reHeprupoBaTh OECKOHEUHOE KOJIUYECTBO MY3bIKAIbHbBIX IIPO-
M3BeIeHUIT B ONIPEeIeJIEHHOM CTHJIE, a 3HAYUT, ee MOKHO a/IallTUPOBATh U JIJIst

reHepupoBaHusi (POHOBOI MY3bIKU, CO3/IaI0MEN HACTPOEHUE B (DUIbMAX MU
BUJIEOUTPAX.

Puc. 9.15. [IBa npumepa pabotbl CkoTTa UTOHa,
CreHepupoBaHHbIe MOAENbIO PiX2pix, 0by4eHHON Ha dhoTorpadusix TaHLOpoB!

! Ucrounuk: Cxort Uton (Scott Eaton), 2018, http://www.scott-eaton.com.
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25 anpesst 2019 roga kommanust OpenAl TpaHc/impoBasia B IpssMoM a¢upe aKcIie-
PUMEHTATTBHBIN KOHIIEPT, B Xojie KoToporo MuseNet co3aBajia My3bIKy B Pa3HbBIX
CTUJISIX, KOTOPYIO HUKTO U3 JIIOJIell HUKOT/IA PaHbliie He cJibliaji. Briosine Bo3-
MOJKHO, 9YTO BCKOPE MBI CMOKEM HACTPOUTHCS Ha PAAUOCTAHIINIO, Ge3 IepephIBa
TPAHCIUPYIONIYIO MY3bIKY B HAIlleM JIIOOMMOM CTHJIE, KOTOPYIO MBI HUKOT/IA He
cabimanu npesxe! BepositHo, y Hac GyeT BO3MOKHOCTD COXPaHITh 0COOEHHO
MOHPABUBIIIIECS OTPHIBKU MJIN MCCJIE0BATH HOBYIO MY3bIKY, TEHEPUPYEMYIO
MOJIETHIO Ha JIeTy. MBI ellle JaJieKh OT TOTO MOMEHTA, KOT/Ia MCKYCCTBEHHBIN
HHTEJIIEKT CMOJKET TeHEPUPOBATh OCTATOYHO YOEUTEIbHbIE TEKCT M MY3bIKY,
4TOOBI TIPU UX OObEAMHEHUH MOJYYAINCh MOIYJISPHbIE TIECHU, HO YYNUTHIBAsI
BITEUAT/ISIONINI TIPOTPECC B JINTEPATYPHOM U MY3bIKaJIbHOM TBOPYECTBE, IOCTHT-
HYTBIH 32 [TOCJI€IHIE TO/[bl, HABEPHSIKA ITPOMIET HE TAK MHOTO BPEMEHU, ITPEIK/IE
YeM 9TO CTaHEeT PeabHOCTHIO.



[JIABA 10

3aKknouyeHune

B 27011 KHUTE MBI COBEPITNIN TTyTEIIECTBHUE TT0 TOCAEHEN TTOJTOBUHE /1eCs-
TUJIETHUS UCCJIEI0BAHUI B 00JI1aCTH TeHePATHBHOTO MOJIEJTMPOBAHIS, HAUAB
C OCHOBHBIX M/ICH, ITOJIOKEHHBIX B OCHOBY BapUAIlMOHHBIX aBTOKOAMPOB-
IIMKOB, FeHEPATUBHO-COCTIA3aTEIbHBIX I PEKYPPEHTHBIX HEHPOHHBIX ceTell,
1, OTIMPAsICh HA 3TH OCHOBBI, MOCTAPAINCH TTOHSITh, KAK COBPEMEHHBIE MOJIe-
au (Tpancdopmepsl, HoBelinmie apxutekTypsl GAN 1 Mmozesit Mupa) pasaBu-
raloT IPAHUIBI CIIOCOOHOCTEH TeHEePAaTUBHBIX MOJEIEH PenraTh MHOKECTBO
3ajad. 5 yBepeH, uTo B OyzyliieM reHepaTuBHOE MOJIETUPOBAHUE CMOKET CTATh
KJII0YOM K GoJiee TIy6oKoi hopMe HCKYCCTBEHHOTO NHTEJLIEKTA, KOTOPAsi 110-
3BOJIUT MAlIMHAM BBIUTH 32 PaMKU JI0OON KOHKPETHOU 3a1auu 1 (HhOopMyJIu-
pOBaTh CBOM COOCTBEHHbIE CTPATETUH, BO3HATPAXKAEHUS U, B KOHEYHOM CUETE,
IIOCTUTATh CBOE OKPY KEHUE.

C caMoro MJrajieH9ecTBa Mbl IOCTOSTHHO MCCJIE/lyeM Hallle OKPYsKeHIe, BBICTPa-
MBasi MEHTAJIbHYIO0 MOJIEJIb BOBMOKHBIX BaPHAHTOB Oy yiero 6e3 Kakoi-g1n6o
OYEBM/IHOM I1€JIH, KPOME KaK JIist OoJtee rirybGoKOro oHnMaHus Mupa. Ha maHHbIx,
KOTOPBIE MbI TIOJIy4aeM, HeT HUKaKMX METOK — TOJIBKO KasKyIIUECs CydailHbIMU
MOTOKK CBETOBBIX ¥ 3BYKOBBIX BOJIH, GOMOApANPYIONIe HAIU OPTaHbl YyBCTB
c MOMeHTa poxaeHus. [laxke Korja MaMa MJIM Iala MOKas3hIBAlOT HaM 6JI0K0O
U TOBOPSIT «sI0JIOKO», HAIIl IOHBII MO3T He TT0JTy4aeT HUKAKO# MOICKa3KH, TOMO-
raloniel MoHsTh, YTO CBET, TOMaIafoNIMi B HAIT TJIa3 B 3TOT KOHKPETHBIIT MOMEHT,
KaKiM-TO 00pa3oM CBsI3aH CO 3BYKOBBIMU BOJIHAMM, JIOCTUTTIUMK HAIIINAX YIIEH.
V nac Het oOyuaroiiero Habopa 3ByKoB 1 00pa3oB, 00yJaroiero Habopa 3arnaxos
U BKYCOB, a TaKsKe 00ydJaioniero Habopa aefcTBuil U BosHarpaskaeHuii. Toabpko
6ECKOHEUHBIN TOTOK YPE3BBIYAITHO NCKAKEHHBIX JaHHbIX.
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W Bce ke ceityac, YnTasi STU CTPOKH, Bbl, BOSMOXKHO, HACIaK/1aeTech BKYCOM Kogde
B 1yMHOM Kacde. Bol He obpariiaete BHUMaHUS Ha (DOHOBBIN MIyM, TOTOMY 4TO
KOHIIEHTPUPYETECh Ha TIPe0OPA30BAHIN HEOCBEIIEHHBIX YYACTKOB Ha KPOIIEYHOIT
YaCTH Balllell CEeTYATKU B MOCJE[0BATEILHOCTD aOCTPAKTHBIX MOHSATHIA, KOTOPBIE
MOYTH He TIePeIAl0T CMBICTIA 110 OTIeIBHOCTH, HO TP 0OheANHEHUH BBI3HIBAIOT
BOJIHY MapaJiIeIbHBIX TIPEJICTABJIEHIH B BallleM pa3yMe — 00pasbl, SMOIIUH, UIEN,
YOEK/IEH ST 1 TIOTEHIINATIbHbIE IEHCTBIS 3aMOTHSIIOT BaIlle CO3HAHIE 1 OJKHIAIOT,
KOT/Ia BBl y3HAeTe UX.

Tot ke TIOTOK JAHHBIX, TOYTH OECCMBICAEHHDIN /IJISI IETCKOTO MO3Ta, ¢ BO3-
PacTOM CTAHOBUTCS YiKe He TaKUM GeccMbIceHHBIM. Bee oOpeTaer cBOi CMbICIT
N7 Bac. Bol BunTe cTpykTypy Besne. Bol yike He yauBiserech hu3MKe I0-
BCEHEBHOM *kM3HU. Bl BocpuHuMaeTe MUP TaKUM, KaKOi OH €CTb, IOTOMY
YTO BAIl MO3T PEIINJI, 4TO TaK U JOJZKHO ObITh. B 9TOM cMbICIe Balll MO3T Tpe/-
craBiisieT co00il YPE3BBIYAITHO CIIOKHYO FeHEPATHBHYIO MOJIEJIb, OCHAIIEHHYTO
CTIIOCOOHOCTHIO yIEISATH BHUMAHUE OMPEIeJeHHON YacTH BXOAHBIX TaHHBIX,
(hopmMupoBaTh NpeaCcTaBIEeHNUS B CKPBITOM IIPOCTPAHCTBE HEHPOHHBIX IyTei
u oOpabaThIBaTh MOCIEI0BAaTEIbHbIE JaHHbIe ¢ TedeHneM BpeMenu. Ho urto
UMEHHO OH TeHepupyeT?

I[aﬂee OCTa€eTCA TOJbKO JOMbBIC/INBATD, TIOCKOJIbKY Mbl OKa3aJIUCh ITOYTU Ha
CaMOM Kpalo IMOHNUMaHUA ocobeHHocTel pa60TbI Ye/JI0BEYEeCKOIo MO3ra (I/I YK
TOYHO Ha CaMOM Kparo mM0€e20 TIOHUMaHUA 4€JI0BEYECKOTO MOBI‘a). Tem He menee
IIpoBeEAEM MBICJIEHHBII IKCIICPUMEHT, YTOOBI TIOHATD CBSA3b MEXK/Yy TEHEPATUBHDbIM
MO/I€JINPOBAHUEM U MO3TOM.

[IpeamomoxuM, 4TO MO3T SABJSETCS TIOYTU UAEATHHON TeHePaTUBHON MOIETBIO,
KOTOPasi MOJIy4yaeT MOTOK BXOJHbBIX JaHHbIX. J[pyrumMu cjioBaMu, OH MOKET
CTeHEPUPOBATh BEPOSITHYIO MTOCJIE0BATETLHOCTD BXOAHBIX TaHHBIX, KOTOPAsT
nocsefoBana Obl IPY TIPHEMeE cBeTa OT 06JacTh B (hopMme Silla 1 3ByKa XPsCh,
Korga obyacth B hopMe siila Pe3Ko mepecraer JBUTaThCs. DTO JOCTUTAETCS
MyTEM CO3aHUS TPEACTABIEHUI O KIOUEBBIX ACTIEKTAaX BUANMOTO U CIIBITIN-
MOTO U MOJIE/IUPOBAHMUsI, KaK 9TU CKPbITIE TIPEICTABIEHUsT OY/IYT PA3BUBATHCSI
¢ TedenueM Bpemenn. OHAKO B 9TOI TOUKE 3PEHKS €CTh OHA OMINOKA: MO3T He
SIBJISIETCSI TACCUBHBIM HabJmoaTesieM coObiTuil. OH MPUKPEIIeH K 1ee 1 Habopy
KOHEYHOCTEl, KOTOPhIE MOTYT IIepeMelaTh OCHOBHBIE BXOIHbIE JAaTYNKH B JII000€E
MECTOTIOJIOKEHNE€ OTHOCUTETbHO NCTOYHIKA BXOHBIX TaHHBIX. [eHepupyemas
MOCJIEIOBATENBHOCTD BO3MOKHBIX BAPUAHTOB OY/YIIETO 3aBUCUT HE TOJBKO
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OT IIoHUMaHKs (PUBUKKM OKPY’KAIOIIel Cpe/bl, HO U OT IIOHUMAHUS CAMO20 CeOs.
1 BO3MOKHBIX CITOCOOOB JIeHiCTBUIA.

ITo mpocTas uies, KoTopas, Kak s rmoJjiaraio, B OJmKaiinme 1ecsath JeT mpu-
BJIeUeT BHUMaHUe K TeHePaTUBHOMY MOJIEJIMPOBAHNIO KaK K OJJHOMY U3 KJ04Yei
K UCKYCCTBEHHOMY MHTEJIJIEKTY B 11esoM. IIpecTaBsTe, UTO BBl MOKETE CO3/1aTh
reHepaTHBHYIO MOJIEJIb, KOTOPast He MOJIEJIUPYET BO3MOKHOE Oy/1yliiee B COOTBET-
CTBUH C 33/IJaHHBIM JICICTBHEM, KaK B TIPUMepPe C MUPOBBIMU MOJIENISIMH, 2 UMEET
BO3MOZKHOCTD MPEINPUHUMATD 1CTBUS B MOJIEJIUPYEMOM OKPYKEHUU.

Ecau peficTBus mepBoHAYaNbHO SBJSIOTCS CAYYalHBIMU, TO, CIIPAIIMBAETCS,
3a4eM MOJIEJI YUUThCI YeMY-TO ellle, KpoMe TpeICKa3aHus CIydalHbIX /eii-
CTBUI Tesa, B KOTOPOM oHa HaxoanTcA? OTBET MPOCT: TOTOMY 4TO Hec/TydaifHble
neiicTBA 006JIeTYaoT reHeprupoBaHie MOTOKa JaHHbIX 00 OKpy:KeHuu. Ecim
eINHCTBEHHA 11eJIb MO3Ta — MUHUMHU3MPOBATH KOJUUYECTBO HEONCUOAHHOCTEH
Ipu cpaBHEHNN (PaKTUUECKOTO BXOAHOTO ITOTOKA AAHHBIX M MOIEIN OyIyIIero
BXOJIHOT'O TTOTOKA, TOT/[a MO3T JI0JIZKEH HATH CI10co0 ¢ IIOMOIIBIO CBOMX IeHCTBUN
cosaBath Oyylee, KOTOpoe OH OJKHU/IACT.

Ho pasBe He pasyMHee [IJIsi MO3Ta J€liCTBOBATh B COOTBETCTBHH C IMOJUTUKON
MaKCUMU3aKUK BosHarpaxaeHus? I[Ipobaema, oHaKO, B TOM, YTO IPUPOLA He
BO3Harpa;aa€T, a JIMIb IIOCTaBJIAECT JaHHbIC. EIII/IHCTBGHHOG NCTUHHOE BO3-
Harpask/[eHue — OCTATbCS B JKUBBIX, HO 3TO BPSIJL JIU MOKHO HUCIIOJIb30BaTh
It 0OBSICHEHUS JIF0OOTO JIEHCTBUS PasyMHOTO CylecTBa. BmecTo aToro, ecan
IepeEBEPHYTH BCE C HOT Ha I'OJIOBY, HOTpe6OBaB, I{TO6I)I lIeI>’ICTBI/Ie 6I)IJIO YaCTbIO
C03/1aBaEMOTO OKPY/KEHMsI, U IOIYCTUTD, YTO €IMHCTBEHHOM 1[€JIbI0 MHTE/LIEKTA
SIBJISIETCSI TEHEPUPOBAHNUE JIEHCTBUIT 1 OY/LyIIIEro, KOTOPbIE COOTBETCTBYIOT peaJib-
HOCTU BXOAHbBIX JaHHbBIX, TO, BOSBMOXHO, MbI I/136€>KI/IM H€O6XO[[I/IMOCTI/I HaJan4yunAa
70001 BHEIIHEH (DYHKIMK BO3HArPasKIACHUS 13 OKpy:KeHust. OnHako Oymaer Ju
3Ta CUCTEMA FeHEPUPOBATD JIEHCTBUSI, KOTOPbIE MOKHO KJIACCU(pUITMPOBATDH KaK
HHTEJIIEKTYaJbHbIe?

Kax a YK€ TOBOPUJI, 3TO YUCTbI€ JOMBICJIbI, HO JJOMbBICJINBATDb YBJIEKATEJ/IbHO,
TI09TOMY A NPOAOJIKY 9TO A€J1aTh. A ITpur3bIBalo BaC MOCTYIIUTD TaK K€ 1 IIPOJ0OJI-
JKUTH U3y4YeHUe reHepaTuBHbIX MOIIeJIef/,I 110 MaTepuaiaM B UHTEPHETE U APYTUM
KHHTaM. CHaCI/I60, YTO HalllJIM BPEM:A U IIPOYJIN 9Ty KHUTY /10 KOHIIa, — S Ha/le-
I0Cb, YTO BaM ITOHPaBWJIOCHb YUTATb €€ TaK K€, KaK MHE ITOHPaBWUJIOCH €€ ITHNCaTb.
<KOHEI>



O6 aBTOpEe

Iasua Docrep — coyupeautensb Applied Data Science, KOHCANITHHTOBOI KOM-
IIaHUU B O6JIaCTI/I JaHHDbIX, pa3pa6aTbIBanmeI‘/’I MHAWBUAYaJbHbIC DEIIEHUA JIJIA
KJIMCHTOB. HO]Iy‘{I/I]I CTEIIEHb MarucTpa 1o MmaTeMaTrke B TpI/IHI/ITI/I'KOJUIeZI}Ke,
Kem6pumsk, Bennkobpuranus, 1 CTeeHb MarucTpa o OlepanoOHHbIM HCCIe-
JIOBaHUSIM B YOPBHUKCKOM YHHBEPCUTETE.

Bbiurpas HECKOJIBKO MEKAYHAPOAHBIX KOHKYPCOB [0 MAITUHHOMY OOy4YEeHUIO,
B TOM 4HCJIe KOHKypC Ha npuobperenue npoaykros InnoCentive Predicting
Product Purchase. Bour yoctoen mepBoii Harpa/ibl 3a BU3yaJu3aInio, O3BO-
JuBIIyIo hapmaresTudeckoil kommanuu B CIITA ontumMusupoBaTh BIGOP MecTa
NI KITUHUYECKUX UCTTBITAaHUT.

AKTUBHBIII yYaCTHUK OHJIAiTH-CcO00IIECTB, WHTepecyonuxcst data science,
U aBTOP HECKOJIbKUX YCIENIHBIX cTaTell B 6Jiore, MOCBSIEHHBIX TIyOOKOMY
o6yuenuio, Bkiiodast «How To Build Your Own AlphaZero AI Using Python
and Keras» (http://bit.ly/2J6fGhU).



06 0bnoxke

Ha o6sokke kuurn «lenepaTuBHoe TiyboKkoe oOydeHne» n300pakeH Kpac-
HOXBOCTBIN nonyrail (Pyrrhura picta). Pon Pyrrhura otHoCcUTCS K ceMeiicTBY
Psittacidae, ontiomy u3 Tpex cemeiicTs momyraes. K ero mogcemeiictBy Arinae
OTHOCATCS HECKOJIPKO BUIOB apa U TOIyraeB 3amaHoro noayiapus. Kpac-
HOXBOCTBIH TOIyraii oOuTaer B IIPUOPEKHBIX JIeCaxX U ropax CeBEPO-BOCTOYHOM
yacTtu OxxHOIT AMepuxu.

Boxpimag gacTh Tera KpacHOXBOCTOTO TOIYTas TIOKPBITA SPKO-3€JI€HBIMU T1e-
PbSIMHU, HO HAaJ] KJIIOBOM TIEPbsl OKPAIIeHbl B CHHWH 1[BET, HA BEPXHEH YacTu To-
JIOBbI — B KOPUYHEBBIN, a HA TPY/IU U XBOCTe — B KpacHbI1. CaMoe NHTepecHoe,
YTO [EPhsI HA lllee KPACHOXBOCTOTO TIOIYTast BBITJIS/IST KAK Yelysi; KOPUUHEBbIE
B IIEHTPe, OHU UMeTOT Gestyio Kaiimy. Takast KOMOUHAITHSI TIBETOB TIOMOTAET TITHIIE
MaCKMPOBATHCS B TPOITUUYECKOM JIECY.

KpacnoxBocTbie moryran 0ObIYHO ITUTAIOTCS B TIOJIOCE JIECa, T/Ie UX 3eJIEHOe OTie-
peHre MacKUpyeT ux Jrydiiie Bcero. OHu KOPMSITCST Pa3HOOOpasHbIMU (DPYKTAMH,
ceMeHaMu ¥ I[BeTaMu. VIHOT/Ia KPaCHOXBOCTBIE MOIYTal YIIOTPEOISAIOT B TIHTILY
BOJIOPOCJN W3 JeCHBIX BogoeMoB. OHM BeIpacTaioT g0 9 mioiiMoB (23 canTu-
METPOB) B UINHY ¥ 5KUBYT OT 13 710 15 sieT. O6BIYHO KPACHOXBOCTBII MOITyTall OT-
KJIQ/IBIBACT IISITh SUII, U3 KOTOPBIX BBLIYIIJISIOTCS IITEHIIBI ITTMHON MEHEee OJTHOTO
mioriMa (OKOJIO IBYX € TOJIOBUHON CAHTUMETPOB).

Muorue )KUBOTHBIE, M300pakaeMbie Ha 00J10/KKax KHUT usnateabcrBa O'Reilly,
HaXO/ISATCS 10T YTPO30l BLIMUPAHMS; BCE OHU OY€Hb Ba)KHBI /I HAIIIETO MUPA.
Y1006l y3HaTh, YeM BBl MOKeTe TIOMOYb, TIOCETUTE caiT animals.oreilly.com.

Nnmoctpanuio napucosasa Kapen Montromepu (Karen Montgomery), B3gB
3a OCHOBY 4epHO-0estyio rpaBiopy u3 Knuru «Shaw’s Zoology».
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duapio Tpack

rpoREacm

I'rydoxoe FpOKaeM
rJy0OKoe o0ydeHune

Iny6okoe 06y4eHne — 3TO pas3aen UCKYCCTBEHHOMO MHTENNEKTa, Lieflb KOTOPOro
HAY4UTb KOMMbIOTEPbI 06Yy4aTbCS C MOMOLLBbIO HEMPOHHBIX CETEN — TEXHOMOMK,
co3aaHHoii No 06pasy 1 Noaobuto YenoBeyeckoro Mo3sra. OHNanH-NePeBOAYMKMY,
6ecnmnoTHbIE aBTOMOBM/IN, PEKOMEHAALIMM MO BbI6OPY TOBApOB MMEHHO AN Bac
1 BUPTYyalbHbl€ FOMI0COBLIE MOMOLLHUKM — BOT JIMLIb HECKOMbKO AOCTUXEHWM,
KOTOpble CTa/iM BO3MOXHbI 6n1arofapst rny6oKkoMy 0By4eHuto.

«pokaeM rnybokoe 06ydeHMe» HAYUMT KOHCTPYMPOBATb HENPOHHbIE CETU
C Hynsa! SHApto Tpack 3HaKOMUT CO BCEMU AETANSIMU U TOHKOCTSIMM 3TOMN Hener-
Kol 3aaauu. Python n 6ubnmoteka NumPy cnocobHbl Hay4nTb Bally HEMPOHHbIE
CEeTM BMAETb M pacno3HaBaTb M306paxeHns, nepeBoanTb Ntobbie TEKCTbI Ha BCe
A3bIKM MUPaA U Aaxe nucaTtb He Xyxe LLekcnnpal

KYMAUTb '


https://www.piter.com/book.phtml?978544611334

Angpeii bypkosn

MamuHHoe
o0yueHmne
0e3 JIMIIHUX CJOB

Bce, uTO BaM AEMCTBUTENBHO HY)KHO 3HATb O MALMHHOM 0BYYeHMM, MOXET yMe-
CTUTBCS Ha Mape COTEH CTPaHuL.

HayHeM C NPOCTON UCTWHBI: MALLMHBI He yYaTcsl. TUNMYHOE MalLMHHOE 06yyeHune
3aK/I0YAETCA B MOMCKE MaTeMaTMueckolr hopMysibl, KOTOpas Mpu NpUMEHEHUM
K Habopy BXOAHbIX AaHHbIX (Ha3blBaEMbIX 06YYAIOLLMMM AaHHBIMKW) AACT XKenae-
Mble pe3y/bTaThl.

AHngpeli BypkoB nocTapancs AaTb Bce HE06X0AMMOe, YTO6bl KaXzablii MOr CTaTb
OT/IMYHBbIM COBPEMEHHbIM aHaNIMTUKOM WM  CMEUMannMcToM Mo  MalMHHOMY
06yyeHuto. To, YTO yaanocb BMECTUTb B MApy COTEH CTPaHuWL, B APYrMX KHUrax
PacTSHYTO Ha ThICSYN. TUNUYHbIE KHUMM MO MalIMHHOMY OBYYEHWIO KOHCepBa-
TUBHbI ¥ aKaZieMWUYHBbI, 34€Cb Xe YNop CAENaH Ha anropuTMax U MeTofax, KoTo-
pble NPUroasTcs B NOBCEAHEBHOM paboTe.

KYNUTb '


https://www.piter.com/book.phtml?978544611560

U3YHAEM
PYTHON

NPOTPAMMHPFOBAHME TP,
BHIVAAHIAUMA AAHHMY, BEE-NPHAOXENHA

NMPOAAHO
CBBIIWE 500 000
3K3IEMNNAPOB!

«M3yuyaem Python» — 370 camoe

NpOrpamMMbl, YCTPaHsATb OLIMEKU 1

B nmepBoOi 4aCTW KHUMM Bbl MO3HAKOMUTECH C OCHOBHbLIMW KOHLEMUMUAMU MpPO-
rPaMMMPOBaHUs, TaKUMU KaK MepeMeHHble, CMUCKK, KNacCbl U LMKIbI, @ Npo-
CTble ynpa)KHeHUs MO3HAKOMAT Bac C LWabnoHaMn 4YUCTOro Koaa. Bel y3HaeTe,
Kak Aenatb nporpamMmMbl MHTEPAKTMBHBIMU U Kak NpOTECTUPOBaTb KOA, npexae
yeM n06aBnSATL B NPOEKT. Bo BTOPOW YacTu Bbl MPUMEHWUTE HOBble 3HAHWUS Ha
NpaKkTUKe 1 co3JaavTe TpWU MpoeKTa: apkafHyto urpy B ctune Space Invaders,
BM3yanM3aumio AaHHbIX C yaobHbiMm 6ubnmotekamm Python n npoctoe Beb-

IJpuk MasTus

H3syuaem Python:
IpOrpaMMHpOBaHIe
Urp, BU3yaJu3alys
JTaHHBIX,
BeO-IIPUIOKEHHUST

3-e u3o.

nonynsipHoE B MUPE PYKOBOACTBO MO SI3blKY
Python. Bbl cMOXxeTe MakCMManbHO BbICTPO 0CBOMTL Python, HayuuTech nucaTb

co3aaBaTb pa60Tar0u.u4e NPUNOXEHUA.

MPUIOXEHNE, KOTOPOE MOXHO BLICTPO Pa3BepHYThb OHMAMH.

KYMNHUTb '


https://www.piter.com/book.phtml?978544611528

Cepreit Huxkosenko,

BV (0] Apryp Kanypus,
OBYYEHUE Exarepuna ApxaHreibcKas

MorrPyYHEHUE B MUP
HEWPOHHBIX CETEM

I'ny6okoe 00yueHne

Mepen BamMu nepBasi KHWra o rnybokoM obydeHWW, HanmcaHHasi Ha PYCCKOM
a3blke. [NybokMe Moaenu oKasaMcb KJIlOUYOM, KOTOPbI MOAXOAUT KO BCEM
3aMKaM Cpa3y: HOBbIE APXWUTEKTYPbl W anropuTMbl 0By4YeHMsl, a TakxXe yBenu-
UYMBLUMECS BbIYMUCIUTENbHbIE MOLUHOCTM M MOSIBUBLUMECS OrPOMHbIE Habopsbl
[aHHbIX NPUBENM K PEBOJTIOLMOHHBIM MPOpbLIBaM B KOMIMbIOTEPHOM 3pEHUK, pac-
NMo3HaBaHMM peun, 0bpaboTke eCTECTBEHHOrO S13blka U MHOMMX APYrUX TUIMUYHO
«YesioBeYeCKMx» 3afadvax MalMHHOro obyyeHusi. DTV 3axBaTbiBaloWMe naew,
BCS1 UICTOPUSI M OCHOBHbIE KOMMOHEHTbI peBositoLmm rnybokoro obyyeHusi, a Tak-
)Ke CaMble COBPEMEHHbIE AOCTMXXEHUS 3TOM 061acT AOCTYMHO U UHTEPECHO W3-
NOXEHbI B KHUre, MakCMMyM 06BbSICHEHWUI, MUHUMYM KOAQ, CEPbE3HbIV MaTepuan
0 MalUMHHOM 06YYeHUW U yBneKaTeSIbHOe W3MIOKEHWE — B 3TOW YHMKaSIbHOM
paboTe 3aMeyaTeNbHbIX POCCUINCKUX YUYEHBIX N UHTENIEKTYasIoB.

KYMNAUTb '
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®dpancya [lone

I'my6okoe 0o0yueHnne
Ha Python

l. HAHHING

Fny6okoe obyyeHne — Deep learning — 370 Habop anropuTMOB MaLUMHHOMO
0byyeHunsi, KOTopble MOAENMPYIOT BbICOKOYPOBHEBbIE abCTpakuum B AaHHbIX,
UCNONb3Yys apXMTEKTYpPbl, COCTOSAILUME U3 MHOXECTBA HENMHENHBLIX Mpeobpaszo-
BaHWiA. CornacuTechb, 3Ta dpasza 3By4uT yrpoxatolle. Ho Bcé He Tak CTpallHo,
ecnm o rnybokom obyyeHun pacckasbiBaeT ®paHcya Lonne, KoTopbi cozgan
Keras — camyio MOLLHY0 61bnmoTeky ans paboTbl C HEMPOHHBIMK ceTAMU. [o-
3HaKOMbTECb C rNy60oKMM 0byYeHMeM Ha NpPaKTUYECKUX NpUMepax U3 cambiX pas-
HOO6pa3HbIX 0bnacteit. KHura AenuTcs Ha ABE YacTu: B NEPBOW AaHbl TEOPETU-
YecKune OCHOBbI, BTOPast MOCBSALLEHA PELLUEHNIO KOHKPETHbIX 3aAady. 3T0 NO3BOSIUT
BaM He TOJIbKO pa3obpaTtbecsl B 0cHoBax DL, HO 1 Hay4MTbCS MCMOb30BaTb HOBbIE
BO3MOXXHOCTM Ha MpaKTUKe.

O6yyeHre — 3TO NMyTEWECTBUE AJIMHOWN B XXM3Hb, OCOBEHHO B 0611acTU MUCKYC-

CTBEHHOIO MHTENJIEKTA, rAe HEeN3BECTHOCTEN ropasgo 6onblue, YeM onpeaeneH-
HOCTW.

KYNUTb l


https://www.piter.com/book.phtml?978544610770

	Предисловие
	Цели и подходы
	Уровень подготовки
	Прочие ресурсы
	Типографские соглашения
	Использование программного кода примеров
	Благодарности
	От издательства

	Часть I. Введение в генеративное глубокое обучение
	Глава 1. Генеративное моделирование
	Что такое генеративное моделирование?
	Генеративное и дискриминативное моделирование
	Достижения в машинном обучении
	Появление генеративного моделирования
	Основа для генеративного моделирования
	Вероятностные генеративные модели
	Привет, Ирм!
	Ваша первая вероятностная генеративная модель
	Наивная байесовская параметрическая модель 
	Привет, Ирм! Продолжение
	Сложности генеративного моделирования
	Обучение представлению
	Настройка окружения
	Итоги

	Глава 2. Глубокое обучение
	Структурированные и неструктурированные данные
	Глубокие нейронные сети
	Keras и TensorFlow
	Ваша первая глубокая нейронная сеть
	Загрузка данных
	Конструирование модели
	Компиляция модели
	Обучение модели
	Оценка модели
	Улучшение модели
	Сверточные слои
	Пакетная нормализация
	Слои прореживания
	Соединяем все вместе
	Итоги

	Глава 3. Вариационные автокодировщики
	Художественная выставка
	Автокодировщики
	Ваш первый автокодировщик
	Кодировщик
	Декодировщик
	Объединение кодировщика и декодировщика
	Анализ автокодировщика
	Выставка вариационного искусства
	Конструирование вариационного автокодировщика
	Кодировщик
	Функция потерь
	Анализ вариационного автокодировщика
	Использование вариационного автокодировщика для генерации изображений лиц
	Обучение VAE
	Анализ вариационного автокодировщика
	Генерирование новых лиц
	Арифметика скрытого пространства
	Преобразование одного лица в другое
	Итоги

	Глава 4. Генеративно-
состязательные сети
	Ганимал
	Введение в генеративно-состязательные сети
	Ваша первая генеративно-состязательная сеть
	Дискриминатор
	Генератор
	Обучение генеративно-состязательной сети
	Проблемы генеративно-состязательных сетей
	Колебания потерь
	Коллапс модели
	Неинформативные потери
	Гиперпараметры
	Решение проблем генеративно-состязательных сетей
	Генеративно-состязательные сети с функцией потерь Вассерштейна
	Функция потерь Вассерштейна
	Ограничение Липшица
	Усечение весов
	Обучение WGAN
	Анализ WGAN
	WGAN-GP
	Функция потерь штрафа за градиент
	Анализ WGAN-GP
	Итоги


	Часть II. Учим машины рисовать, писать, сочинять музыку и играть в игры
	Глава 5. Рисование
	Яблоки и апельсины
	CycleGAN
	Ваша первая сеть CycleGAN
	Обзор
	Генераторы (U-Net)
	Дискриминаторы
	Компиляция CycleGAN
	Обучение CycleGAN
	Анализ CycleGAN
	CycleGAN, рисующая в стиле Моне
	Генераторы (ResNet)
	Анализ CycleGAN
	Нейронный перенос стиля
	Потеря содержимого
	Потеря стиля
	Потеря общей дисперсии
	Запуск нейронного переноса стиля
	Анализ модели нейронного переноса стиля
	Итоги

	Глава 6. Литературное творчество
	Литературное общество для проблемных правонарушителей
	Сети с долгой краткосрочной памятью
	Ваша первая сеть LSTM
	Лексемизация
	Создание набора данных
	Архитектура модели LSTM
	Слой Embedding
	Слой LSTM
	Ячейка LSTM
	Генерирование нового текста
	Расширения RNN
	Многослойные рекуррентные сети
	Управляемые рекуррентные блоки
	Двунаправленные ячейки
	Модели кодировщик-декодировщик
	Генератор вопросов и ответов
	Набор данных с вопросами и ответами
	Архитектура модели
	Вычисление результатов
	Результаты моделирования
	Итоги

	Глава 7. Сочинение музыки
	Вступление
	Нотная запись
	Ваша первая сеть RNN для генерирования музыки
	Внимание
	Конструирование механизма внимания 
с помощью Keras
	Анализ сети RNN с механизмом внимания
	Механизм внимания в сетях типа кодировщик-декодировщик
	Генерирование полифонической музыки
	Музыкальный орган
	Ваша первая сеть MuseGAN
	Генератор MuseGAN
	Аккорды, стиль, мелодия и дорожки
	Генератор тактов
	Объединяем все вместе
	Критик
	Анализ сети MuseGAN
	Итоги

	Глава 8. Играем в игры
	Обучение с подкреплением
	OpenAI Gym
	Архитектура модели мира
	Вариационный автокодировщик
	Сеть MDN-RNN
	Контроллер
	Подготовка
	Обзор процесса обучения
	Сбор данных в ходе случайных прогонов
	Обучение VAE
	Архитектура VAE
	Анализ VAE
	Сбор данных для обучения RNN
	Обучение сети MDN-RNN
	Архитектура сети MDN-RNN
	Выборка следующего состояния и вознаграждения 
из MDN-RNN
	Функция потерь в MDN-RNN
	Обучение контроллера
	Архитектура контроллера
	CMA-ES
	Параллельное выполнение алгоритма CMA-ES
	Вывод контроллера в процессе обучения
	Обучение в мнимом окружении
	Обучение контроллера в мнимом окружении
	Недостатки обучения в мнимом окружении
	Итоги

	Глава 9. Будущее генеративного моделирования
	Пять лет прогресса
	Трансформер
	Позиционное кодирование
	Многоголовое внимание
	Декодировщик
	Анализ трансформера
	BERT
	GPT-2
	MuseNet
	Достижения в генерировании изображений
	ProGAN
	Self-Attention GAN (SAGAN)
	BigGAN
	StyleGAN
	Области применения генеративного моделирования
	Изобразительное творчество искусственного 
интеллекта
	Музыкальное творчество искусственного 
интеллекта

	Глава 10. Заключение

	Об авторе
	Об обложке

