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BBEJIEHUE

C paszBuTHEM COBPEMEHHBIX TEXHOJOTHI W HAYyIHOIO IIPOIPEcca 4e/I0BeYeCTBO
HAYMHAET MBITATbC MPUMEHATH BafiecoBckne MeToJibl BO MHOTHUX chepax »KI3He/le-
SITEJIbHOCTHU, HaYMHAs C pa3pabOTKU KOMIIBIOTEPHBIX UI'P U 3aKaHUINBasi UCCJIEI0BaA~
HUEM MeJIUIMHCKIX IperapaToB. JlanHblil moaxo1 gaét ermé 00JIbIme BO3MOKHOCTH
MHOTHM aJIrOPUTMaM MAITUHHOIO 0OyUIEHUs: 3aIl0JITHEHIE HEJIOCTAIONINX JTAHHBIX, U3~
BJIeYEHIE TOPO3/10 OOJIBbIIEro KOJUYecTBa MH(MOPMAIMN 13 HEOOJIBIINX J1aTaceToB,
ONTUMM3AINN TTapaMeTPOB HEHPOHHBIX ceTeil m apyrux Mmojesieil. Taxxke baitecos-
CKHE METO/IbI ITO3BOJISIIOT HAaM OIICHIBATH HEOIIPEJIC/IEHHOCTH B aHAJIN3E JAHHDBIX, YTO
SIBJISIETCST HEOOXOIMMOIT 0COOEHHOCTBIO JIJIsT TaKUX objacTell, Kak Memuiuba. [Ipn-
MEHUTEJIHLHO K aJrOpUTMaM IIyOOKOro obydeHnsi, bBailecoBcKme MeTO/bI TO3BOJIAT
CXKUMATh IVIYOOKHEe MOJICJIM B COTHU Pa3, aBTOMATHUIECKH 0JI0MPaTh I'UIepiapaMeT-
pBI TIporiecca 00yUeHus, COXPaHsist BpeMsi U JeHbIN.

BaitecoBckast onTuMu3alinst - 9TO MOJIX0/] K ONTUMI3AINH TIeJIeBbIX PYHKIINT, JJIsT
OIEHKHN KOTOPOro TpebyeTrcst MHOTO BpeMeH: (MUHYT win dacos). JlanHblil mporece
JIydIIe BCEro MOJAXOMNUT JIJIsi OITUMMU3AIMNA B HEIIPEPHhIBHBIX IIPOCTPAHCTBAX Pa3Mep-
HocTu MeHee 20 U JOMycKaeT CTOXaCTUIECKHl IIIyM 1IpU BbluncjaeHnn pyHkinn. OH
CTPOUT CTATHUCTUICCKYIO MOJICJIb JIIs 1eJI1eBOi (DYHKITUHN 1 KOJIMIECTBEHHO OIIPe,1e/Isi-
eT HeOolPeJICJICHHOCTD B 9TOM MOjeIe, UCIOJIb3YsI PErPECCHIO TayCCOBCKOTO MPOIECcca,
1 MeToJ] 6ailecOBCKOro MalllMHHOIO OOyYeHHUsI, a 3aTeM HCIO0JIb3yeT (DYHKIIUIO OlleH-
KU, OIPEJICJICHHYIO 13 9TOi MOJe/i, 9TOOBI PENINTh, Kakas HanboJee onTuMasbHast
MO3UIINIO, YTOOBI BHIYUCUTD I1EJIEBYIO (PYHKIIHIO.

B jpumiomuoii pabore OyaeT moka3aHoO Kak paboTaer 0ailecOBCKast ONTHMUBAIIMST
1 perpeccusi rayCCoBCKOI'O Mpolecca Ha IIpUMepe UTePATUBHOI reHepalun JIni Hecy-
IIECTBYIONIUX JIIOJIEeN 110 3aJIaHHBIM XapakTepucTukaM. [Ipu sTom reneparus Oyjier
OCYIIECTBJISTHCA IIPU TTOMOIIN MOJIEJIM ¢ HaDOpOM HefipoceTeil olpeie/IEHHOTO THIIa,

KOTOPbIE 00yYaINCh Ha OCHOBE HOBEMIINX MCCJIeTOBAHMI.



I'')TABA 1

BBenenne B OailiecoBcKe MeTOIbI

1.1 OcHoBHBbIE onpege/IeHNs.

Bepositnocts Ha () ¢ o-anrebpoit &/ — 510 orobpazkenne P : o/ — R, ymoie-

TBOPSIONIA CJIEJIYIONIM AKCHOMAM:
1. meorpunarenbiocts: P(A) >0, VA€ o

2. HopmupoBaHHOCTE: P(2) =1

3. ajyurusnocth: P(AU B) = P(A)+ P(B), ANB=10

4. HeNpepbIBHOCTH B Hyse: VB D By D B3 D ... u (| Bi=0=
L
P(B,) — 0
n—0

7

Torna (€2, 7. P) — BepodTHOCTHOE IIPOCTPAHCTBO.
pis ) ;

ﬂBe Cﬂyqaf/’leIe BCJIMYMHDBI Ha3bIBaIOTCA HE3aBUCUMbIMHI, €CJIN:
P(ANB) = P(A)P(B)

BepositHOCTH cOOBITHST B 11PN yCJI0BUN CBEPIEHNS COOBITHSI A HA3bIBACTCS YCIOB-

HOW, eCJIN:
P(BN A)
P = —
(BIA) = =55

(Q, o, P)— BeposSITHOCTHOE TIPOCTPAHCTBO.

P(A) >0,

MCXO,HH "3 OIIpedc/JICHUA YCJIOBHOPJI BEPOATHOCTU CJIEAYET LICITHOE IIPaBUJIO.
e P(XNY) = P(B|A)P(A)

e P(XNYNZ) =PX|YNZ)P(Y|Z)P(Z)

N
o P(XiNn---NX,) =] P(Xi|Xy,..., Xi)
i=1



A TaKzKe IIPpaBUJIO CYMMbBI:
P(X) = / P(X,Y)dY

11, nakoHel, camasi BaxKHas TeopeMa, JaHHOII paboThl — TeopeMa Baiieca:
© — mapamMeTpbl (HApUMep MapaMeTpbl MOJIEIN ),
X — nabjrojienns (HAIpUMEpP HEKOTOPBIE JIAHHBIE), TOT/a
P(XNO) P(X|O)P(O)

PO|X) = PX) = PX) , TJie:

P(©) — anpuopHasi BepOSITHOCTH TTapaMeTpoB O (HadaJbHbIe CBe/IeHUs (BEPOSIT-
HOCTB) O IapameTpax (UCXOJlsl U3 pacipejesenus O ));

P(O|X) — amocrepuophasi BEpOSITHOCTh (HaUaIbHbIE CBeJIeHUs (BEPOSTHOCTD) O
napaMerpax, Mocje Moy deHrsi HEKOTOPBIX JaHHBIX );

P(X|©) — mpasponojiobue (MoKa3bIBAeT HACKOJIBKO XOPOIIO MapaMeTpbl HHTEP-
PETUPYIOT HAIIN JIAHHBIE);

P(X) — nosimag BeposSITHOCTL HACTYIUICHUA COOBITHS B.

exonst 13 JaHHOI TeopeMbl MOXKHO BBecTH HoHsiTre online obyuenus. ITpesrio-
Jaras, 4To y HAC €CTh JAHHBIE, IIPUXOJSAIIIE MAJICHLKUME TOPIUAMUI, MOXKHO 0OHOB-
JISITH IapaMeTPhl MO U 3aTeM, UCIOJIL3Ys HOBYIO AllOCTEPUOPHYIO BEPOATHOCTD
KaK allpUOPHYIO0 MOXKHO IIePEiTH K CJICIYIONEMY SKCIIEPUMEHTY C HOBOIl ITOpIMeil

JTAHHBIX:

P(X;|©)P.1(0)
P(Xk)

PaccmoTpum Moaeb HauBHOTO OaiiecOBCKOro KJaccudukaropa. Y HaC eCTh 3Ha-

P.(©) = P(0]X},) =

Jenus Kiacca C'; KOTOpbIe MPAMO BO3JICHCTBYET Ha 3HAYEHUs] U3 JIPYTUX KJIACCOB
Ay, Asz, Az, Ay Tlpu stom Ay, A, A3, Ay He BIUAIOT JpYyT Ha JApPyra U HUX pacipe-
JleJIeHne MOYKeT OBITh Pa3IMvHOe, TOrJIa COBMECTHOE pPacIIpejle/ieHre MPU ITOMOIIH

TeopeMbl baiieca MOXKHO MTPeJACTABUTL B BHUJE:

4
P(CNANANAsNAy) = PC) [ P(AlC)

1=1



Pucynok 1.1 Haupnblit 6aiiecoBckuii KiaaccudukaTop

Takzke BBeJEM MOHATHE MHOIOMEPHOIO HOPMAJIBLHOIO paclpeaeeHnd Kak:

1 —1
N (@, ) = ———==exp 2 EE) e

V|27

EX = p — BeKTOp cpejHnx 3HaYeHnii (BEKTOp MaT. OXKUIAHNA )
Cov[X] = ¥ — marpuiia KoBapuarum

[Tpe/icTaBuM TaKUM 2Ke CIoCOOOM MOJIeb JInHeltHOi perpeccun. Ecth Tpu Kiacca
Beca, JIAHHBIE U METKHU 10/l JaHHble. Torja, ¢ y4éToM TOro, 4To BCe PACIpE/e/IeHNs

HOpMaJIbHbIE, NMEEM:

P(w,y|X) = P(y| X, w)P(w)
P(ylw,X) = A (ylw' X, 0*I)
P(w) = A (y0,~°1)

TOI‘,ZL&, NCXOJsd U3 JaHHOI'O IIpEeACTaBJIEHNA, IIOCTaBUB 3aJa9y MaKCHUMH3allll Be-
POATHOCTH BECOB IIpU YCJIOBUM IIPEIJOCTABJICHHbBIX JJaHHBIX, IIOJYYHM CJICAYIOIIYIO

sajaqy ontummsaryn P(wly, X) — max. I3 KoTopoit MOXKHO MOy IUTh:
w

ly —w' X[*+ Mw|* — max
N——" w

Lo regualizer



weights data

target

Pucynok 1.2 Mogenn muneiinoit perpeccnn

1.2 Conpsi>KkEHHOEe aIpHUOPHOEe pacIpeesieHue.

Anpuopnast BeposiTHOCTb P(©) Ha3bIBAETCs COMPSIKEHHOM €ro MpaBIonoI00H0
P(X|0©), ecitn anpuopnast Beposgrocts P(0) n anocrepropnast P(O]X) u3 oxmnoro
ceMericTBa pacipe/leJIeHIil.

Eciun anpuopHasi BEpOSTHOCTb — HOPMaJibHasi U ITapaMeTpU3UpPOBaHHA HEKOTO-
pPBIMU TTapaMeTpaMy [ W 0, TO, YTOObI OHa ObLIa CONPSXKEHHOI MpaBI0TOI00WI0,7
MbI OXKHJIaeM, ITOOBI allOCTEPUOPHAs BEPOATHOCTb Obljla TAKyKe HOPMAaJILHOM, HO C
yxKe Jpyrumu g u o. Hanpumep, mpasjionoioone HopMaJjibHOe cO cpeJiHuM © u jiic-
nepeneit 02 . Ecan B34Th anmpuopHoe pacipejiesene 3a HopMaabHoe, HO C JIPYTHME
napamMeTrpaMiu, TO IOCJIe EePEeMHOXKEHUST 1 HOPMAJIU3AINI0 HA ONPEIe/IEHHYIO KOH-

CTaHTYy, Mbl TaK>Ke II0JIY9UM HOPpMaJIbHOE pacCIIpeac/ICeHue.

A (y©,0%) A (O]m,s?)
X9) P( )
po)x) = 2
N (yla,b?) \/-/

KOHCTaHTa

PaccmorpuM peastbublil ipuMep. IIpegactaBum, 9To mpaBaononobue HOpMaJbLHOE CO

cpeganM © um nmcnepcueii 1 u anpropHoe pacipejieieHne sIBJIsIeTCsl CTaHIapTHBIM



HOpMAaJILHBIM (cpejaee - 0, gauctepcust - 1), Torja;

p(Oz) = p(x|©)p(©) _ N (x]©,1).4(0]0,1)

p(x) p(x)
p(@|a:) X e_%(x_@)Qe—%QQ

p(O|z) x e O3V
p(OX) = A4 (8]5,5)



I'TABA 2

EM-aaropurm

2.1 Mojesib CKpPBIThIX IIepEeMEHHbIX.

EM-anropurm - ajaropuTMm, UCHOIB3YEMbIH B MaTEMaTUIeCKOH CTATHUCTUKE I
HAXOYKJICHUS OIEHOK MaKCHUMAaJbHOTO IPaBIONOI00Ns MapaMeTpOB BEPOSITHOCTHBIX
MoJieJieil, B cjydae, KOrjia MOJE/b 3aBUCUT OT HEKOTOPBIX CKPBITHIX IlepEeMEHHBIX.

Kak npasuio, EM-ajaropuTty npuMmeHnsieTcs JJid pelieHus 3a1ad IBYX THIIOB:

o K I[I€EpBOMY THUITY MO2KHO OTHECTHU 3ada41, CBA3aHHbIE C aHaJIN30M rZLGIQ/JICTBI/ITe.HbHO
HEIIOJIHbIX JaHHBIX, KOI'Ta HEKOTOPbLIC CTAaTUCTHUYCCKUE AdaHHbIEe OTCYTCTBYIOT B

CUJTy KaKUX-JTUO0 ITPUINH.

e Ko BTOpOMY THITY 3324 MOXKHO OTHECTH Te 3aJIa9i, B KOTOPbIX (DYHKIUS IIPaB-
JI0T10/1001sT MMeeT BUJI, He JIOIYCKAIOMIUI yI00HBIX aHAJIUTUIECKIX METOJ0B HC-
cJieJ/IOBaHUs, HO JIONYCKAIONINil cepbe3Hble YIIPOIEeHNs, ec/ii B 3a/lady BBECTU
JIOTIOJTHUTE/IbHBIE «HeHab I0/[aeMble» (CKPBIThIE, JIaTeHTHbIE) iepeMentbie. [Tpu-
MepaMU TIPUKJIQJIHBIX 3aJa49 BTOPOrO THUIIA SIBJSIOTCS 3aJa49d PaclloO3HABaHUS
00pa30B, PEKOHCTPYKINK n300parkeHuit. MareMaTndeckyo cyTh JaHHBIX 3a/a4
COCTABJISIIOT 3aJIa49i KJIACTEPHOT'O aHaJIM3a, KJIacCu(UKAIIMN U Pa3deIeHIs CMe-

ceil BEPOSATHOCTHBIX pacCIpeIeIeHNI.

Ha niepeioBbixX pyOexKkax 1/1yboKoro odydeHus 4acto TpedyeTces MOCTPOUThL BEpO-
STHOCTHYIO MOJICTTh BXOJIA, Pmodel (). B IpuHIMIE, B TAKOH MOJIEIN MOYXKET HCIIOJIb-
30BaThCsl BEPOSITHOCTHBIN BBIBOJI JIJIsI IIPEJICKA3aHMs JII0OOH IepeMeHHO B ee OKpY-
JKEeHHNN 1IPU U3BECTHBIX JIPYTHUX IIePeMeHHbIX. Bo MHOIMX MOJE/ISIX MMEIOTCsT TaKzKe
JIATEHTHBIE TIepeMeHHbIe h, TaK 9TO Piodel () = EpPmodel(|h). JlaTenTHbie nepenven-
HbIe JIAIOT eIlle OJINH CII0CO0D IpeJICTaBIeHNS JAHHBIX. PaciipejiesieHHbie mpejicran/ie-
HUSI, OCHOBAHHbIE Ha JIATEHTHBIX IIEPEMEHHBIX, MOI'YT MOJIb30BATbCSI BCEMHU ITPENMY-
mecTBaMu ooy UeHus npejacrapaeHuii. [IpeamnosmoknM, 9To B IaHHBIX €CTh JIATEHTHBIE
IepeMeHHbIe (CKPBIThIE TIePEMEHHbBIE, CKPBIThIE KOMITOHEHTHI ), IPUIEM MOJIETh YCTPO-
eHa TakK, YTO ecJin Obl MbI UX 3HAJIH, 33ja4a cTaja Obl MPOIE, a TO U JOIYCKaJa, Obl

aHaJuTHYecKoe perrenne. Ha camom jese, coBepiieHHO He 00s13aTeIbHO, YTOOBI 9TH

9



nepeMeHHble MMeJIN KaKOH-TO (PU3UIECKUN CMBIC, MOXKET OBITh, TaK MPOCTO Y 100~
Hee, HO (PU3MUIECKUil CMBICT (TAKOM, KAK HOMED KJIacTepa B MPeJbLIyIIeM IPUMepe),
KOHEYHO, OOBIYHO MTOMOTaeT MX IpUayMaTh. Hampumep, 3aa1a OpOXKIeHNnsT KApTH-
HOK ¢ m3o0OpakenneM nudp. B nanHoil 3a/1a1e He0OX0IMMO TTOPOUTH BCIO KAPTUHKY
IEJIMKOM Tak, 9TOOBI OHa OblLIa «IIOCBAIIEHa» OJHONW M TOH Ke mudpe, Belb I0JI0-
BUHA JIBOIKU 1 TTOJIOBUHA BOCHMEPKH JIQJIyT CKOPee ITO-TO MOXOyKee Ha, PYyKOMUCHBII
TBEP/BII 3HAK, YeM Ha KOHKpETHYIO 1nudpy. I 910 yjao0Hee Bcero BHIpa3uTh NMEHHO
TaK: cHaYaJ/a Mbl MTOPOK/IaeM CKPBITYIO ITepeMEHHYIO Z, KOTOpasd COOTBETCTBYET TO-
MYy, KaKyIo TPy X0UIeTcs MOPOAUTD, a TIOTOM BCe paciipe/ie/ieHe BUINMbIX JTaHHbIX

p(x|z) Oymer yxe 3aBuCeTb OT 3HAUCHUST 2.

2.2 EM-ajgroputmMm

Y100bI HIPUMEHUTb METO/bI K HEIPOHHBIM CETsIM, CHadaJia Hy?KHO BbISICHUTb, KaK
paboratotr baitecoBckue MeTo bl Fcxomst n3 Toro, 9To paccMoTpuM daiiecoBckoe 060c-
HOBaHMeE JIJIsi OJTHOTO M3 OCHOBHBIX METOJIOB KJIACCHYECKOro oOyUeHust 6e3 yauTess,
asroputMm Expectation — Maximization, KoTopslii 00bIYHO Ha3bIBAIOT HPocTO EM-
AJICOPUTMOM.

Unea EM-anropurma goBosbHO mpocta. Hampumep, 3ajada KaacTepusalnd Ha,
06bIuHOf IockoeTn R?: cyIecTByeT MHOKECTBO TOUYEK, HEOOXOMMO pasonTh nx Ha
IIOJIMHOYKECTBa TaK, UYTOObI BHYTPHU KaxKJIOH M3 HUX TOYKH OBLIN <«IIOXOXKHU» JIPYT
Ha Jpyra, TO eCTb OHM OJIM3KH JPYI K JPYry, U TOUYKH U3 PA3HBIX TOIMHOXKECTB
MOTJIA Obl OBITH 3HAUUTEJIHLHO 0O0JIee Pa3/IMUIHbI, TO €CTh HAXOMWINCH Obl JIaJIeKO Ha
ILJIOCKOCTH.

[Tpe/11o/102KiM, 9TO CyIIeCTBYEeT BEPOSITHOCTHASI MOJIE/Ih, OlIpejieigeMast COBMECT-
ubiM pacipegesterueM p(X, T|O). Bnecy X — nabop HabJIIOaeMbIX TEPEMEHHbIX, 1" —
HabOp HEHADJIIOAAEMbIX IIePEMEHHBIX 1 © — HabOp mapaMeTpoB Mojen. PaceMorpum
pobJIeMy U3yUeHnsT MoJIe/In (TTIOUCK mapamMeTpoB O 1o obpasity X) ¢ MCIOIb30BAH-

eM MeTo/[a MAKCUMAaJILHOTO MPAB/ION0I00usI:
log p(X|0©) = log/p(X,T\@)dT — max (2.1)

Pacemorpum npomssBosibHOe BeposiTHOCTHOE pactpeseenne ¢(1'). Torma crpa-

BeJ/INBa CJIe/IyIolas 1ernoyka paBeHCTB:

10



p(X,T|0©)

P2 P ar =
p(T1X,0)

log p(X|©) = /Q(T) log p(X|0©)dT" = /Q(T) log

) pX.TIO) oT) ],
= [ " ) =

T\X
= [amyospx.i)T ~ [ 9Ty oga(m)ir - [ a(r)iog " Ear
£ KL{glp(T|X.0))
Huseprentus K L(q||p(T]X,0)) > 0, crepoBaresbho:
log p(X|©) = L(q) (2.2)

EM-asropur™ jyist perennst 3aadn (2.1) sBiagercs amagorom merojia Heioroma
JIUTsT ONTUMI3AIIH TPOM3BOJILHON (DYHKITUH, I'JIe BMECTO KBaJIPATUUHOTO MTPUOJTIKE-
HUsT B TEKYTIEH TOUKe UCIOJIb3yeTcst HuKHsIsA orienka (2.2). [lycts HekoTopoe 3Hate-
Hue mapaMerpoB O, Oyier dukcupoBanubiM. CHaudasta (Ha mare E) onpesesnsercs
pacrpesenenne ¢(1') Kak pacrupeiesieHne 3HAUYeHI CKPBITBIX [IEPEMEHHBIX C 3a/TaH-

HBIMU ITapaME€TpaMMu:

(X, T|Ooa)

9(T) = p(T|X, Oola) = [ (X, T|Oga)dT

(2.3)

[Ipu Takom Beibope ¢(71') HuKHsAs oreHKa (2.2) sBistercst TOTHON st © = Og)q.
Barem (ma M-mmare) HOBbIe 3HAYEHMS MAPAMETPOB HAXOMAT IIYyTEM MAKCHMU3AIINN

HuzKHel rpanutibl £(q), 9T0 SKBUBAJEHTHO PEIeHNI0 3a,/1a9M:
E7x,004 logp(X,T|0) — mgx (2.4)

tak kak surporms — E,log ¢(T') pacupenenenns ¢(T') ne 3asucur or ©. [llarn E n
M noBropsitoTcst B 1ukJie j1o cxoaumoct. O4ueBuHO, 9TO B 1polecce EM-ureparnii
HIKHsIST OTIeHKa (2.2), a TakxKe 3HaUeHue mpasononodust p(X|0) we yosiBaiot. Mo-
HOTOHHOe HeyObiBatue mnpapononobus p(X|©) u ero orpaHUYeHHOCTb CBEPXY I'a-
PAHTUPYIOT OOIIYI0 cXoauMocTh EM-urepariuii.

Urepanuonnslii mporecc B EM-airopurme npounsuiocTpupoBal Ha pucyake 2.1.

Huxuas onenka (2.2) obosnauena depes L(q,0). [lo amasorunm co MHOrEIME HTe-

11



pallMOHHBIMM METOdaMM OIITHUMHU3alllH, EM—&HFOPI/ITM IIO3BOJIAET HaXOJIUTHL TOJIBKO

JIOKAJTbHBIIT MAKCUMYyM TIPaBJIONO0 1001

geld gnew

Pucynok 2.1 Urepannonnsrit mporecc B EM-anropurme

3aMeTnM, 9TO BO MHOI'HX MPAKTHYECKUX CJAYUagX peIleHne 3a1a9u 2.4 HAMHOTO
npoire, dem perienne 3ajadn 2.1. B gactHOCTH, B paccmaTrpuBaeMoil HIKe 3aja-
e pasjieseHus rayCCOBCKOl cMecH 3ajada onrtumusanun Ha M mmare Moxker ObITh
peIleHa aHATUTHICCK.

Berancenne saagennst byHkimn npasonogooust p(X |©) B pukcupoBanHoil ToU-
Ke TpeOyeT HHTErPUPOBAHIS 110 TPOCTPAHCTBY 1’ 1 B Psijie CJIYUIACB MOYKET MPEJICTaB-
JIATH OO0 BBIUNCIUTETHHO TPYI0EMKYTO 33/1a9y. 3aMEeTUM, ITO 9Ta BeJININHA [TPAB-
JOTOI00UST HEOOXOIMMa TAaKKe JIJIS BBIUHCJICHUST allOCTEPUOPHOTO PACIPEeIeIeHIs
p(T| X, Ouq) va E-mare. Oxnaxo, pacupesenenne p(T| X, Ogq) ucnosbsyercs 3arem
TOJIBKO JIJIsl BBITHCJICHNST MATEMATHIECKOTO OXKUJIAHUST JJorapudMa MOJTHOTO MPAaB-
nonoobust Ha M-mare. Kak npasuiio, 3j1ech He TpebyeTcst 3HaTh BCe arloCTepUOPHOE
pacIpe/ie/ieHne MeJIMKOM, a JOCTATOTHO 3HATD JINIIb HECKOJIHKO CTATHCTHK TOTO PAC-

npejiesienns (HAIPUMeD, TOJbKO MAT.0XKIJIAHUs OTAEIbHBIX KOMIIOHEHT Erxe u

oldtn
napuele Koapuanun Ky x g ¢, ). 1loaromy EM-aaroputv MoKeT OBITH BLIMHCIIH-
TeJIbHO dP@PEKTUBEH Jlake B TeX CJIydasx, KOrjla BbIYUCICHIE 3HAUCHUS ITPaBIIONO-

no6ust p(X|O) B ofHOl TOUKE 3aTPY/THEHO.
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EM-aroputM MOKHO pacCMaTpUBATL KAK MOJBLEM 10 KOODAMHATAM sl MaK-
cuMuzanun HuKHell rpapuns 2.2. CHavasa npu GpUKCHPOBAHHBIX HapaMeTpax Ogq
HUKHSIsT TPaHUIA MakcuMusupyercst mo pacrpejesernto (1) (9ra 3amada nmeer
anasurudeckoe pererne ¢(1T) = p(T| X, Ogq)). Sarem s buxcuposatuoro q(71)
HIDKHSS PPaHiia MAKCUMI3UPYeTCs 110 napaMerpaM. Ecim anocrepruoproe pacipe-
nenerne p(T| X, Ogq) He MOKET OBITH BBITHUCIEHO, TO MBI MOZKEM OTPAHUINTH CeMefi-
crBo pacipeesenuii ¢(T) mapamerpuyeckum uii GaKTOPU30BAHHBIM CEMEHCTBOM 1
PEIINTH 3a/ady MAKCUMU3AIUKE HUMKHEH IPaHUIbLI B IpeesaxX BLIOPAHHOIO ceMeli-
cTBa pacupenesenuii. B atom ciyuae Oyner obecrieden MOHOTOHHBIN POCT HUZKHETO
pejie/ia, IpaBIonoI00ust, HO, BOOOIIE rOBOPs, HE CAMOr0 3HAUCHUs IIPABJIONO00uUsT
p(X|O). B ciyuae HEBO3ZMOKHOCTH TOYHOIO pellieHust 3ajadu Ha iare M MOKHO
OrPAHUIUTHCS TOJIBKO JIBIZKEHUEM B HAIIPABJICHUH YBeJINYIeHUsT HIKHE TpaHuIbl. || |

EM-ajropurm MOXKHO IPUMEHSATEL TaKzKe JJIs1 PeLIeHNs 33 /1a4i 00y YeHIs BePOsT-
HOCTHOM MOJIe/Ti O CKPbIThIME TiepeMeHHbiMU p(X, T'|©) ¢ moMolbp0 MakcuMu3aum

AIIOCTEPHOPHOTO PACIIPE/IETIeHNSE:
p(0|X) — max & log p(X|0) + logp(©) — max

3iech p(©) — anpuopHoe pacipejiesieHne Ha napamMeTpbl Mojesn. B sTom ciry-
yae HUXKHeHl OIEHKON JIJIsi OINTUMHU3UPYeMoro (pyHKIMOHAJIA SABJISIETCS CJIeIyoIast

BeJIMYNHa:

log p(X|©) +log p(©) = L(q) + log p(O)

Urepannontast ONTHMHI3AIMST TAHHON HIZKHE rpaHuilbl 10 pacipeesternto ¢(1")

1 110 mapaMeTpaM NpuBoauT K E-mary 2.3 u M mary:

Erix.0,,logp(X,T|O) + log p(©) — max

2.3 lIpumenenne u nmpumepbl EM-ajsropurma

PaccmoTpum BepogTHOCTHYIO MOJIE/Ib CMECH HOPMAaJILHBIX PacIpe e IeHuit:

K
p(x) = Zwk/\/(x\uk,ilk), Zwk =1, w,>0 (2.5)
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Mogerb cmecu pactpeieenuii (He 06s13aTeIbHO HOPMATBHDBIX) MOYKHO PacCMaT-
puBaTh KaK MOJE/Ib CO CKPBITON IepeMeHHol t, KoTopas obo3HadaeT HOMEpP KOMIIO-

HEeHTbl CMECH:

p(t = k) = wy (2.6)
plalt = k) = N (2|, Zp) (2.7)

Jlerko 1mokasarb, 4TO MapruHajbHOe pactpejesenue p(x) =y, p(z|t = k)p(t =
k) B sToit Mosiesin coBrasiaet ¢ pacipeseneruem 2.5. B arom embicsie mogenn 2.6 — 2.7
1 2.5 9KBUBaJIEHTHBI. VIHTepIpeTalims BeposiTHOCTHON MO/JIE/I CMECH paclipejieIeHnii
KaK MOJIEJT CO CKPBITOI MepeMEeHHOI TI03BOJIIeT IeHepUPOBaThH BLIOOPKY U3 MOJIEN
cMecH cieaytomuM obpazom. CHagasia ¢ BEPOITHOCTIMUI, PABHBIMU W, TeHEPUPYETCS
HOMEp KOMITOHEHTBI CMeCH, U3 KOTOPOil 3aTeM TeHepupyeTcs TOUKa X.

st anpokcumarun Boioopku X = {x1, ..., 2y} ¢ TIOMOIIBIO MOJIEJI CMECH U3

K rayccuman MO2KHO BOCIIOJIb30BaTbCA METOAOM MaKCUMaJIbHOI'O HpaB,ZLOHO,ZLO6I/IHI

p(X|w, i, 21) = 102y p(X|w, s S
=TI (D@ (alyan, 30 ) = ma,
K

Wk, X

K
Ywp=1, wp>0 (2.8)
=1

ZKzév ZK>'O

Hannasi mpobjieMa yCJIOBHOM ONTUMU3AIMI MOXKET ObITh 9(p(MEKTUBHO pelleHa ¢
ucnosb3oBanneM EM-ajaropurMma, onmcaHHOTO B NpeabLAyIneM Imojpasjiene. Ctout
oOpaTuTh BHUMAaHKE, YTO YHMCJI0 KOMIIOHEHTOB cMecu K He MOxKeT ObITh HaiiJeHO
aHAJIOTMYIHBIM 00PA30M IIyTeM MaKCUMHU3allil BEPOATHOCTHU, IIOCKOJILKY 3HadYeHHe
BEPOSITHOCTU JIAHHBIX TEM BBIIIE, YeM OOJIbIle HCIIO0JIb3yeTcss KoMioHeHT K. Yrto-
Obl HaliTH oNTUMAaJIbHOE 3Ha4YeHne K, MOXKHO HCIIOJIb30BATh KPOCC-BAIUIAIINIO, TJIe
KpUTepueM KadecTBa alllIPOKCUMAIIUN TECTOBLIX JAHHBIX SIBJISETCS 3HaYeHUe IpaB-
nonogobust. 1] Ilpn ucnonbzoBarun EM-amropurva i perienus 3ajgadu 2.8 Be-
POSITHOCTHAs MOJIE/Ib CMECH PacIpee/IeHnii HHTEPIPETHPYETCsI KaK BEPOATHOCTHAST
MOJIeJIb CO CKPBITBIMH IIePeMEeHHbIMU. BBIUNC/IUM 3HaUYeHHe MaTeMaTUIecKoe OyKHU-

naHne jgorapudma, IOJHOINO HIPaBIONOI00MsI, HEOOXOAUMOTO JIjIsI PEIIeHHsI 381N
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onTuMmu3alun Ha M mrare:

N K
E log p(X, Tlw, {m}, {Zk}) = Y Y q(tn = k) (logwy, + log N (x| s, Tp)) (2.9)

n=1 k=1
BprEL)KGHI/Ie 3aBUCUT TOJIBKO OT BepOHTHOCTeﬁ OTJ€JIbHbBIX CKPBLIThIX IIEPEMEHHDBIX

q(t, = k). DTn BeIMINHBI MOXKHO HAWTH CJICIYIOMINM 00Pa30M:

Yok = q(tn = k) = p(tn = K|y, 0, {pg}, {S9}) =
W 0 ) (2.10)
— Zngl w?ld./\/(xn“i?ld,z?ld)

K
3ajtaua Makcumuzain Kputepust 2.10 npu orpaHnydeHusx y . wy = 1, wy > 0

MOZKET OBITD peluieHa aHaJIMTUIeCKU:

|
Wi = > Yok (2.11)
n=1
ZnN: TnkLn
o, = 2z Ik (2.12)

5 SN (@ — ) (@n — )T (2.13)

N
anl Tk

Pemenne jyist ), 2.13 yJI0B/IeTBODSIET YCIOBHIO CUMMETPUYHOCTH M IOJIOKH-

TeJIbHOIT otpejiesieHHocT. Kpome Toro, dopmystst 2.12; 2.13 coOTBETCTBYIOT OllEHKAM
MaKCIMAJILHOTO MTPAaBIONON00S /I MHOTOMEPHOT'O HOPMAJILHOTO pacipeaeaeHus,
B KOTOPBIX KazKJIblil 00bEKT T, OEPeTcsi ¢ BECOM Yk .

Taxmm obpazom, EM-anropuTm st cMecu HOpMaJIbHBIX pacipee/IeHuil 3aKTio-
qaeTcs B uTepalimoHHoM npumMenennn dpopmyst 2.10 u 2.11-2.13. DToT nporecc nmeer
IIPOCTYIO0 MHTEPIIpeTannio. BelmanHa vy, MOKa3bIBAeT CTEIeHb COOTBETCTBUSA MEK-
1y 00bEKTOM T, 1 KOMIIOHEHTOI k (ompejie/isieT Bec 00beKTa Xy, JJisi KOMIOHEHTBI
k). Dru Beca 3areM ucnosib3yoTces Ha M 1mare jijisi BBIYUC/IEHUST HOBBIX 3HAYEHUI
napaMeTpoB KoMIOHeHT. [Ipnmep mpuMenenns EM-anroputva f1a pasgeienuns Hop-
MaJIbHOI CMeCH ¢ JIByMsT KOMIIOHEHTaMH [oKa3aHa Ha pucyHke 2.2. Ha pucynke 2.2(a)

ITIOKa3aHa MCXOJHad BbI60pKa 11 Ha4aJIbHOEC HpI/I6JII/DKeHI/Ie JJId IBYX KOMIIOHEHT. Ha
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pucytke 2.2(b) nokazan pesysibrar E mara, npu 3ToM 1seta 06beKTOB COOTBETCTBY-
0T BHAUCHUAM Y. Ha pucynkax 2.2(c) — 2.2(f) mokasaHbl pe3yJbTaThl BEIMICICHMUI

nocste 1, 2, 5 u 20 ureparmit. |!]

L i)

1

[ 3%

=

0

Pucynox 2.2 IIpumenenusa EM-anroputma ajis pasjenenns HOpMaJbHOM cMecn

OjiHuM U3 MPUMEHEHU CMeCH HOPMAJILHBIX Paclpee/IeHil SABJIsSIeTCs pelieHne
3a/1aun Kjaacrepusanun Ha K kiactepos. B aToM ciaydae Homep KiacTepa st 00b-

eKTa X, OIpee/IsdeTCd BeJININHOIN:

k, = arg max "y,
i

Takast cxema KJIacTEepU3AINHU SIBJIAETCA BEPOATHOCTHBIM 0000IIEHNeM U3BECTHO-
ro MeTojia Kjaactepusanun K-cpegaux. B 3ak/odenne 3Toro pasjesna 3aMeTuM, UTO
BOCCTAHOBJICHIE TIJIOTHOCTH IO JIAHHBIM (B 9ACTHOCTH, CMECH HOPMAJIBHBIX PACIIpe-
JeJICHU{T) SIBJISIETCs TPOCTEHIITIM CIIocOOOM pertieHust 3a1a9n uieHTudukanun. s

9TOI0 CHavaJsa JJisi BceX 00beKTOB 00ydarolneil BIOOPKHU, 00/1a1al0luX 38 aHHbIM
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CBOJICTBOM, BOCCTAHABINBACTCS ILJIOTHOCTD Pacipejie/ieHus. 3aTeM, JIJisi HOBOIO 00b-
eKTa X pelleHre 0 HaJIMIlK y Hero 3a/IlaHHOI0 CBOMCTBA IIPUHUMAETCS, €CJIM 3HaUeHne

BOCCTAHOBJICHHOM IIJIOTHOCTH P () BBIIIE OMPEIETEHHOIO TIOPOTra.
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I')TABA 3

BapI/IOI_[I/IOHHI)Ie ABTOKOJINPOBIINKN

3.1 BBenenue B BapuoIMOHHbIE aBTOKOJIUPOBIIUKNA

[ny6okue ceeprounbie Heiiportbie cett (CNN) ObLIM UCITIOIB30BAHBI JIJisl JOCTH-
JKEHHUsI CAMbIX COBPEMEHHBIX XapaKTEePUCTUK BO MHOTMX KOHTPOJUPYEMBIX 3ajadax
KOMIIbIOTEPHOI'O 3PEHUs, TAKIX KaK Kjaccuukalms n300paskeHunii, IIOUCK, JIeTeKIIHsI
1 BoccTaHoBjeHue. [1ybokue remeparuBHble Mojgesan Ha ocHoe CNN, BeTBb HEKOH-
TPOJIMPYEMBIX METOJIOB O0YYEeHHsI B MAITMHHOM OOyY€HUN, CTaJIi Topsiueil TeMoil nc-
cJieJIoBaHIil B 00JIacTH KOMIILIOTEPHOI'O 3PEHUsl B IIOCJIEeHUE T'0Jbl. ['eHepaTuBHAas
MOJIEJIb, OOyUYeHHas ¢ JaHHBIM HAOOPOM JAaHHBIX, MOXKET HCIIOJIb30BATLCA JIjIsI TeHe-
paIyn JaHHbIX, IMEIOIINX CBOWCTBa, aHAJIOIMYHbIe 0Opa3iaM B Habope JaHHbIX, JIJIst
U3ydeHUst BHyTPEHHE CyITHOCTU HAabOopa JIAHHBIX U «XpaHeHUs» Beell nHOpMaIliy B
OIPaHMYEHHBIX ITapaMeTpax, KOTOPhIE 3HAUNTE/ILHO MEHbIIEe, YeM 00yJaronnii Habop
JIAHHBIX.

Bapuanunonnbrii aBrokauposink Variational Autoencoder (VAE) cran momy-
JIIPHOI MOPOXKIAIONIEH MOJEIbIO, YTO IIO3BOJIAET (POPMaJIM30BATH IIPOOJIEMY B paM-
KaxX BEPOsITHOCTHBIX IpaduiecKnx Mojesieil co CKpbIThIMU IepeMeHHbIMU. [To yMmoI-
YAHWIO JIJIsT U3MEPEHNS Pa3HUIIbl MEXK/TY BOCCTAHOBJIEHHBIMHI W MCXOJHBIMEI H300Pa-
JKEHUSIMU HCIIOJIL3YEeTCsl U3MepPEeHue 10 IUKCEe/IsIM, Hapumep (pYHKIUs 1MoTepb Lo
nin PYHKIMS IO0TepPhb JIOTHCTUYecKoil perpeccun. Takue n3MepeHusl JIEFKO OCYIIe-
CTBUMBI 1 3PDEKTUBHBI JIJIsI TJIYOOKOT0 00yUeHusT HeiipoHHoit ceTtn. OHAKO CreHepu-
poBaHHbIE N300parKeHNs UMEIOT TeHACHIINIO ObITh OUE€Hb Pa3MbITBHIMH 110 CPABHEHUIO
C eCTeCTBEHHBIMI N300ParKeHUSIMU. DTO CBSI3aHO C TE€M, 9TO IOTEPU 110 ITHKCEJISIM He
OTpazKaloT PA3HUILY B BOCIIPUSTUN U IIPOCTPAHCTBEHHYIO KOPPEJISIINI0 MEXKTY JIBYMsI
nzobpazkenusgmu. Hanpumep, ojHO u TO »Ke nzobpazkeHue, CMelleHHOe Ha HECKOJIb-
KO IIIKCeJeil, OyaeT uMeTb He3HAUUTEIbHOe BU3yabHOE BOCIPUSITHE JIJIsl JIOAeil, HO
OHO MOYKET UMEeTh OYEHb BBICOKYIO IOIUKCEJIbHYIO (DYHKIIMIO ITOTEPh. DTO XOPOIIO
U3BeCTHasl 1IpobJjeMa B COODIECTBE 110 U3MEPEHUI0 KadecTBa M300ParKeHusl.

3 sreparypbl 110 U3MEPEHUIO KadecTBa M300ParkeHUsl U3BECTHO, UTO IIOTEPsI

IIPOCTPAHCTBEHHOI KOPPEJIAIIHI SABJISIeTCS OCHOBHBIM (PaKTOPOM, BJIMSOIINM Ha BHU-
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3yaJIbHOEe KavecTBO n3obparkenusi. Heapame paboThl 10 CHHTE3Y TEKCTYP U Iepeja-
e CTHJIA [TOKA3aJIi, 9TO CKPBIThIE IpejcTaBierns riyookoit CNN moryT 3axBarThbl-
BaTh Pa3/IMIHbIE CBOWCTBA ITPOCTPAHCTBEHHON KOPPEJSINN BXOIHOTO W300PAZKEHMA.
Bocnonibsyemcst stum coiictBoMm CNN u nbrtaemcst yinyuamnth VAE, 3aMeHus 1o-
IIKCEJBHYIO TIOTEPIO Ha ITOTEPI0 BOCIPUSITHSI 00bEKTa, KOTOpasi ONpeIesIsaeTcss KakK
pPa3HUIA MEXK/Y CKPBITBIMU IIPEJICTABICHUSIMU JIBYX W300payKeHuil, M3BJIeIeHHBIMI
u3 npeaBapuTebio ooy4aennoit rirybokoit CNN, takoit kak AlexNet u VGGNet mpo-
uin obyuenne 1o ImageNet. OcHoBHas mjest COCTOUT B TOM, YTOOBI IHOIIBITATHCSI
YAYdINNTh KadecTBO reHepupyeMbix n3odparkennit VAE myrem obecrievdenns: cora-
COBAHHOCTHU CKPBITBIX IPEJICTABICHNI BXOJHOIO U BBIXOZHOIO M300parKeHuil, dro,
B CBOIO OYepe/ib, HaJaraeT IMPOCTPAHCTBEHHYIO KOPPEIAINOHHYIO CONIACOBAHHOCTD
nByx m3obpazkennii. Takzke Oymer mokKasaHO, 9YTO CKPBIThIE BeKTOPhl AVE, 00yuen-
HbIE C [OMOIIBIO JIAHHOI'O MeTo/ia, 00JIaal0T MOIIHON KOHIICNTYaJbHOM CIIoCOOHO-
CTBIO MPEJICTABJIEHUSI M MOI'YT HCIIOJIb30BATbCSI JJIs1 JIOCTUKEHUSI CAMBIX COBPEMEH-
HBIX XapaKTePUCTUK B IIPOrHO3ZUPOBAHIN XapPaKTEPUCTUK JINIIA.

VAE nomoraer senarh jBe Bemn. Bo-IIepBBIX, 9TO MO3BOJISIET KOJUPOBATL M300-
pazkeHue X B CKpBITHIA BeKTOp z = Encoder(x) ~ ¢(z|x) ¢ nomorpio cern Koje-
pa, a 3aTeM CeTh JeKoJepa HCIOJIb3YeTCs JJIs TeKOIMPOBAHNsT CKPBITOTO BEKTOPA
z 0bpaTHO B m300parkeHue, KOTOpoe OyJIeT TaKUM »Ke, KaK HCXOJIHOe M300parkeHue
T = Decoder(z) ~ p(z|z). To ectb HAM HYKHO MAKCUMH3UPOBATDL IPEJIEIBLHYIO
JorapuMUIeCKy0 BEPOSITHOCTb KayKJ0ro HaOJojeHns (MUKcesis) B X, a MoTepu
pekorcTpykinn VAE L. - 5T0 oTpunaresibHast oxKujgaemast jJorapudmuieckas Be-
posiTHOCTH HabJofeHnt B x. Apyrum Baxkabim cBoiictBoMm VAE sBisiercst crioco6-
HOCTb YIIPAB/ISTH PaclpeieleHneM CKPBITOIO BEKTOpa 2, KOTOPBI HMeeT Xapak-
TEPHYIO HE3aBUCHUMOCTb OT €IMHUIHBIX I'ayCCOBCKUX CJIYUalHbBIX BEJUIUH, TO €CThb
z ~ N (0, ). Kpome Toro, paziuune MexLy pacipejenenuem ¢(z|z) u pacipejesie-
mneM [aycca (HaspiBaeMOe pacxoMMOCTBIO IMBEPreHIny Kybbaka-yefibaepa (K L))
MOYKeT OBITh KOJMYECTBEHHO OIEHEHO W MUHUMU3UPOBAHO C MOMOIIBIO aJrOpUTMa
rpajiuenTHoro criycka. Ciemoarenbno, mogenn VAE Moo obydarh myTem onTu-
MU3AINE CYMMbI [OTeph Ha BoccTaHOBJeHHE (Lye.) U IOTEPb HA PACXOXK/IEHUE [Tl

Beprelnnn Kysbdaka-eiidepa (Li) myTeM rpaieHTHOrO CIIyCKa.
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Eree = —Eq(z‘x) [logp(x\z)] (3.1)
Ly = Du(q(z|z)||lp(2)) (3.2)

ﬁvae — ﬁrec + ﬁk] (33>

Bbuin mpeiiozKeHbl Ipyrie MeTo/Ibl JIJIsl yIydIeHust mpon3Bogureabnoctn VAE.
Hanpumep MOXKHO pacHmupuTbh BapualllOHHBIE aBTOKOJEPHI JIO IOJIYYIIPaBISEMOIO
00y4eHHsI ¢ IIOMOIIBI0 METOK KJjaccoB. [Ipyroit mero mpejjaraer pa3zHooOpa3Hble
YCJIOBHO-3aBUCUMBbIE TIJTyOOKHE BapHalllOHHBIE aBTOKOJIEPHI M JEMOHCTPUPYET, UTO
OHU CIIOCOOHBI M€HEPUPOBATHL PEATUCTUYHBIC JINIA ¢ Pa3HOOOpPa3HbLIM BHEITHUM BH-
oM, Deep Recurrent Attentive Writer (DRAW) coderaer B cebe MexaHH3M IpPO-
CTPAHCTBEHHOI'O BHUMAHUS C [IOCJIEI0BATEJILHON BapUAIlMOHHON CTPYKTYPOIl aBTO-
KOJIMPOBAHUsI, KOTOPasl II03BOJISIET ITOBTOPATL reHepalnio n3o0parkennii. [Ipunmmast
BO BHIMAHIE HEJIOCTATOK IIONUKCEIbHON IOTepU, 3aMEHUTh ee Ha MHOroMacITab-
HYIO OIIEHKY CTPYKTYpHOTO cxojcTBa (MS-SSIM) u jgeMoHCTpUpPYET, 9TO OH MOYKET
JIy4Ille I3MepsITh BOCIPUTHE KAYecTBa M300parkKeHusl. TakzKe MOyKHO YCUJIUTD I1eJ1e-
BY10 (DYHKIINIO JIUCKPUMUHAIIMOHHON peryJisipusaliueit. Eine oinH 1MoaX0 1 bITaeTCst
obbeuanTh VAE 1 nopoxkgaroriyto coctsizarenbayio ceth (GAN) 1 ncmnosb3oBaTh
IpeJicTaBIeHre N3y YeHHbIX Ipu3HakoB B JuckpumunaTrope GAN B kauecTBe OCHOBBI

JUIst ey pekoHeTpykinn VAE.

3.2 BbpicokoypoBHEBas IpOCTpaHCTBeHHAas (DYHKINS MMOTEPH
(perceptrual loss)

HeckonbKo HeaBHUX PadOT YCIENHO TeHepUpYyIoT M300parKeHus MyTeM OIITH-
MUBAIIN TIOTEPU BOCIPUSTHS, KOTOPas OCHOBaHa Ha BBICOKOYPOBHEBBIX (DYHKITHSIX,
U3BJIEUEHHBIX U3 TpejaBapuTebio odydennbrx riyookux CNN. Ilepemada meitpon-
HOI'O CTWJISL U CUHTE3 TEKCTYPBI IIBITAIOTCA COBMECTHO MUHUMU3UPOBATH OTEPU IIPU
BOCCTAHOBJIEHUU 3JIEMEHTOB BBICOKOI'O YPOBHS U MOTEPU IPU PEKOHCTPYKIIUU CTUJIS

myTeM onTuMu3anu. Kpome Toro, m3006pazkenns MOTYT ObITh TaKyKe MOJTYyJIeHbI ITy-
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TeM MaKCHUMU3AIMH OIEHKN KJiaccuuKalun Wikl OTAeJbHbIX dyHKInii. B npyrux
paboTax JesaeTcsd MONbITKA OOYUNTh CeTh MPAMOIl paclpocTpaHeHus I Tepe adn
B peXKMMe PeabHOTO BPEMEHN W CBepXpa3pellennst Ha OCHOBE MOTEPH BOCIIPUATHUS
dyukmuu. B panHoit riase Oyjier odydaThed iyOOKUil ¢CBEPTOYHBIN BapualllOHHBII
ABTOKOUPOBIIUK /I TeHEPAINN M300pakeHnsl, 3aMeHssd MOTepI0 PEKOHCTPYKITIH
NUKCeJIb 3a MUKCeJIeM ToTepeil BoCIpuATHs (PYHKIINN, OCHOBaAHHOW Ha IpeIBapu-
Te/IbHO 00yueHHol T1ybokoit CNN.

[TpocTpancrBennasi pyHKIMs OTEPh MPU3HAKOB JIBYX M300parKeHuit orpe;ieisi-
eTcsd KaK PasHulla MKy CKPBITBIME IPU3HAKAMU B MPEABAPUTEILHO 00YIeHHOi
ry1ybOKOi cBepTOUHOiT Heifponnoit cetu. Bymem ncnoss3oBars VGGNet B kauecTBe
CeTU TOTEPL B SKCIEPUMEHTE, KOTOPDLINT 00yYeH pelrennio 3aaun KJacCupuKaimm
B Habope janHbiX ImageNet. OcHoBHasi ujest NpocTpaHCcTBEeHHAsT (PYHKIUS [I0TEPh
3aKJII0YaeTCs B TIOUCKE COIVIACOBAHHOCTH MEYKTYy CKPBITHIMU MPECTABICHIAME JTBYX
n3o0pazkenuii. [TocKo/IbKY CKPBITHIE IIPeJICTaB/IeHNsT MOI'YT OXBAThIBATH BasKHbIE Xa-
PAKTEPUCTUKN BOCIIPUHIMAEMOI'O KAUecTBa, TaKIe KaK MPOCTPAHCTBEHHAsT KOPpe/si-
1S, MEHbBIAas PasHuIla CKPBITHIX ITPeJICTaBJeHnl yKa3biBaeT Ha COTJIACOBAHHOCTD
IIPOCTPAHCTBEHHBIX KOPPEJIANN MKy BXOJOM U BBIXOJOM, B PE3YJIbTATe Mbl MO-
JKeM TIOJIYUIUTD JIydlliee BU3yaJbHOE KadeCTBO BBIXOJIHOTO M300parkeHus. B dacTHO-
ctu, myers ®(x)! npescTasiser BI [-TO CKPBITOTO €105, KOT/Ia, BXOIHOE M300pazke-
rue x nojgaercs B cetb ®. Maremarnueckn ®(x) 1 - maccus TpexmepHbIX 0JIOKOB
bopmbr [C! x W x H!, rne C! - xomruectso duisrpos, W' n H' - mupuna n
BBICOTa, KayKJI0#1 KApPThl 0OBEKTOB s [-I'0 CJIosi COOTBETCTBEeHHO. [loTepst Bocmpus-
TS JIJIT OJTHOTO CJ10sT (1) MexKTy JIByMsl H300PAKEHUSIME & U T MOXKET ObITh IIPOCTO
orpesiesieHa KBaJIpaTOM €BKJINI0Ba paccToguusd. Ha camoMm siesie 970 04eHb 1MOXoxKe
Ha TONMUKCETbHYIO (PYHKINSA TTOTEPh, 38 UCK/II0YEHIEeM TOT0, YTO IIBETOBOI KaHaJ He

paBeH OoJiblIe 3.

| ol Wl H
L= SO Z Z Z((I)(x)f:,w,h - CD(T)lc,w,h)z

c=1 c=1 c=1

Koneunble 1morepu Nnpu BOCCTAHOBJICHUU OIPEIEJIAIOTCS KaK 0OIue MOTepH ITy-
!

rec- Kpome Toro,

TeM oObejauHenns pasindHeiXx yposreit cetu VGG, Ly = Y, L
MBI NIPUHUMAEM TIOTEpU JUBEPreHInN Kyabbaka-jeitoaepa Ly, YTOObI peryJepusu-

POBaTh CeTh KOIMPOBIIMKOB JIJIs YIIPaBJIEHUs paclpee/ieHneM CKPBITOI epeMeHHOI
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z. Yrobbl 00yunth VAE, MBI cOBMECTHO MUHUMHU3UPYEM 1oTepio juBeprerimn KL

L1 1 noTepio socipuaTns Ll 119 PasHbIX CI0eB.

l
»Ctotal - @Ekl + ﬁ Z ’Ciec

raec o u B - BE€COBLIC [TIapaMETPbI AJIgd JUBEPIreHInn KL u BoccTanoB/ieHns 1/13o6pa>Ke—
HISI. DTO OYeHb IIOX0XKEe Ha nepegady CTujid, €CjJIM Mbl pacCMaTpuBaeM JAUBEPIrEHIMIO

KyJibbaKka-Jieitbjiepa Kak peKOHCTPYKIINIO CTHJIS.

3.3 lerasam Moaesii aBTOKOAMPOBHIUKA

PaspabarbiBaeMas cucreMa COCTOUT U3 JBYX OCHOBHBIX KOMIIOHEHTOB, KaK MOKa-
3aHO Ha pHUCyHKe 3.1: ceTh aBTOKO/Iepa, BKJoUalonas B cebst ceth F(x) Kojepa u cethb
D(z) nekosepa, u cerb norepb P, KOTOpasi sIBJISIETCsI MPEJIBAPUTEIBLHO 00y YeHHOi
riryookoit CNN i1t ornpejie/ieHnsi XapakKTepUCTHKI BOCIPUATHS TTOTepu. BxojHoe
m300pazkeHne T KOJNPYyeTcst KaK CKPBIThIi BeKTOp 2 = F(x), KoTopslit Oy/1er jeKo-
JIMPOBAH 00PATHO B IPOCTPaHCTBO n3obpaxkenus T = D(z). [locie obydenust cerbio
JIEKOJIEPOB MOZKET ObITH CreHepUPOBAHO HOBOE M300ParkeHne ¢ 3aJaHHbIM BEKTOPOM

zZ.

L.mu LHM'I Llrlu.l,l £|du|_l Llrlui,l

rec rec nec mc mec

™, i
Encoder Decoder
e ——
] ; .
Input Image y Output Image

* 19-layer VGGNet for Feature Conceptual Loss
,{:H KL Divergence Loss

.,

101024 JUATE]

Pucynok 3.1 Monenb aBTOKOJIMPOBITIKA,

Yrobsr 00yanTh VAE, HaM HY»KHBI JIBe IIOTE€pPHU, OJIHA U3 KOTOPBIX - HOTEpsI -
Beprernuu Kyibbaka-yeiibiaepa L = Dy(q(zz)||p(z)), koropas ucnosb3yercs s
TOTO, 4TOObI YOEJUTHCs, YTO CKPBITHIH BEKTOD 2 SBJSAETCA HE3aBUCUMOIl ejuHuIel

caydaitHoii nmepemenHoii ['aycca. [Ipyras ocoOeHHOCTb - ITPOCTPAHCTBEHHAS 11OTEPS.
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Bwmecto Toro, 4Todbl HEIIOCPE/ICTBEHHO CPABHUBATHL BXOJHOE M300pasKeHue W CreHe-
pupoBaHHOE M300parkKeHne B MUKCEJHHOM IPOCTPAHCTBE, MbI MOJaeM X 0OOMX Ha
npeasapuTeabno odbydennyio riaybokyio CNN @ cooTBeTCTBEHHO U 3aTeM U3MepseM
PABHUILY MEK/IY [IPEICTABICHISIMI CKPBITOIO CJI0ST, TO €CTb Lyee = LY+ L2+ -+ L1,
rjie L; mpejicTaBiisieT oTepio 00beKTa Ha [-M CKPLITOM cjioe. TakuM oOpa3oM, MbI
HCIIOJIb3YEeM IIOTEPIO IPU3HAKOB BBICOKOI'O YPOBHSI, UTOOBI JIydIlle U3MEPUTh BOCIIPHU-
HUMaeMbIe 1 CeMaHTHIECKNe P3N MEXKLY JABYMsl N300parKeHUsIMU, IIOTOMY UTO
1peJiBapuTeIbHO 00yUeHHAas CeTh 110 KJacCuuKaIun 1300parXKeHnii yKe BKIIOUNIIa,
BOCIIPUHUMAEMYIO 1 CEMaHTUIECKYI0 NH(MOPMAIIIIO, KOTOPYIO MbI »KeJiajin. Bo Bpemst
00yUeHUsI CeTh ¢ IPEeBAPUTENIBHO MOINOTOBICHHBIME OTEPSIMU ABJISIETCA (DUKCHPO-
BaHHON U IIpejiHa3HAYCHA TOJBKO JIJIsi BHICOKOYPOBHEBOI'O M3BJICUEHUs TTPU3HAKOB,
a 10Teps JUBepreHiun KyJjabbaka-jieiidyiepa Ly UCIOJIB3YeTCs JJisi OOHOBJICHUS Ce-
TH KOJiepa, B TO BpeMsl KaK (DYHKIMA IMOTEPH BOCHPUATHA (DYHKIUNU OTBEYaeT 3a
ODHOBJICHIE TTAPAMETPOB KaK Kojlepa, TaK U JICKOJep.

Cerb Kozepa u jnexojzepa ocHoBaHa Ha riybokoit CNN, rakoit kak VGGNet.
Cosmamum 4 cBepTOYHBIX CJIOSI B ceTu Kojaepa ¢ 4 X 4 sapamu, u mar (Qpukcu-
pyercst paBHBIM 2 JIJId JIOCTUKEHUs] HPOCTPAHCTBEHHON IOHMKAIOIIEH JUCKPEeTH-
3all1l BMECTO HCIIOJIB30BAHUS JI€TePMUHUPOBAHHBIX IIPOCTPAHCTBEHHBIX (PYHKIHIA,
TakKux Kak maxpooling. KaxkJiblil cBepTOUHBIN CJI0i1 COIPOBOXKIaeTcss cjioeM batch
normalization n cioem aktusaruu LeakyReLU. 3arem jiBa 1mOJHOCTBIO CBSI3aHHBIX
BBIXOJIHBIX CJIOS (JIJIs1 CPEJIHEr0 3HAYEHUs U JUCIEPCUn) J00aBJISIIOTCS B KOJUPOB-
UK ¥ OYJIyT UCIOJIb30BATHCs JIJIsi BBIUNUC/IEHUs TIOTEPh Ha JIMBEPreHINI0 KyJIbOaKa-
Jefibsiepa n BBIOOPKHU CKPBITOI 1epemennoit z. s jekojgepa Mbl UCHOJb3yeM 4
CBEPTOYHBIX CJIOZ C djipaMu 3 X 3 U yCTaHABJIUBAEM IIar paBHbIM 1, a cTaHjiapT-
HOE 3all0JTHEHUE HYJISIMU 3aMEHsieM 3all0JTHeHUEM PeIIMKAIlUKl, TO €CTh KapTa 00b-
eKTOB BBOJIA JIOIOJIHSIETCs peIlInKalueil rpaHuibl Bxoja. Takzke ncnosb3yercs batch
normalizationu, 9ToOBI TOMOYb CTAOMIN3UPOBATHL 0OyUeHNe 1 ncnoJib3dyeMm LeakyReLLU
B KadecTBe (DYHKINKM aKTUBaluK. /leTajn apXuTeKTyphbl aBTOHKO/IEpa IIOKa3aHbl Ha,

pucyske 3.2.
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Layer Output Size i 1 Layer Output Size

| | i ' ] |

input image (x) Ixedxed H i latent variahle z Thi]

| I J |

32xdnd conv, siride 2 + BN + LeakyRel U 32x32x 32 FC 409 256x 4 x4
&dudxd eony, siride ll + BN + LeakyReL Ll e Ifsx l& upsample + com IJRJJ.:J + NB + LeakyReLU 128 xlIR x8
| Mxdxd comy, slrid..:‘l— BN + LeakyReLU 128 JR x8 unﬁ-ﬁmplc—comﬂxExJ + NB+ LeakyReLU 6 x Iléx 13
256xdxd conv, stridcll— BN + LeakyRelL U 256 xIJ x4 upsample + mndlxng +NB + LeakyReLU 32x Jllx 32
FCIIOID FCIIOID IL‘I I:!Ilo upsampk —Ilmm 128x3x3 Jxﬂlxﬁq

Pucynok 3.2 ApxurekTypa cereil aBTOKOINPOBIINKA

3.4 Pe3ynbTaThl U JeTajii 00yJdeHnd

Bbl/1 TPOBO/IEH 9KCIEPUMEHT Ha N300PayKeHUsX JIUI, 9TOOBI MPOBEPUTH METOJI.
B wactHOCTH, CHavYaIa OIEHUBAEM TPOU3BOINTEIHLHOCTD TeHEePAIN N300paKeHus 1
CpPaBHUBAEM C JIPYTMMHU I€HEPATUBHBIMU MOJIe/IsIMI. KpoMe TOro, Mbl TaK:Ke HCClie-
JIyeM CKPBITOE ITPOCTPAHCTBO U U3yUaeM CeMaHTUYeCKNEe OTHOIIEHIS MEXKJLy Pa3Jind-
HBIMU CKPBITHIMI TTPEJICTABICHUSIMI U TIPUMEHSIEM WX JJIs TPOTHO3UPOBAHMS XapaK-
TEPUCTHK JINIIA.

Moiestb ObL1a 00y aena na Habope manmbix CelebFaces Attributes (CelebA). CelebA
- 9TO KPYITHOMACIITAOHbIIT HAOOP JAaHHBIX aTpudyTOB Juna ¢ 202599 nzobparkeHussMu
st Habop obyJaronux JaHHbIX IIyTeM 00pe3KN U MacIITadDupOBaHUs BHIDOBHEHHBIX
n3o0paxkennit j1o pazmepa 64 x 64 mukcens. Mbl obyuaem narry Mojessb ¢ batch size
paBHBIM 64 st 5 910X 110 HAOOPY I 00yUeHMsT 1 UCIOJb3yeM Meron Adam st
ONTUMM3AINN ¢ HadabHOI cKopocThio obyuenus: 0,0005, KkoTopasi yMeHbIIaeTCs B
0,5 paza st mocjaeayomux 3muox. 19-cioitaast cetb VGGNet BoiOpaHa B KauecTse
cetn moreph P 71 MOCTPOEHUS TOTEpU BOCHPUATHS (PYHKIUH JIJIsT BOCCTAHOB/IE-
HUS N300pazkeHns. Dbl MPOBE/IeHbI SKCIIEPUMEHTHI ¢ PA3JINIHBIMI KOMOUHAITISME
CJI0EB, YTOOBI IIOCTPOUTD IIPOCTPAHCTBEHHYIO (DYHKIIMIO TOTEPh pu3HakoB. CooTBeT-
cTBEeHHO OBl 00yUenbl jBe Mojesn: VAE-123 u VAE-345, ucnionb3yst cion relul 1,
relu2 1, relud 1wmrelud 1,relud 1, relud 1 coorBercTBenno. Kpome Toro, pazmep
CKpBITOr0 BeKTOpa z ycranonseH pasubiM 100, kak DCGAN, a BecoBblie mapamer-

pbl oTepb o 1 3 paBubl 1 u 0,5 cooTBercTBenHO. Peam3alius Oblia BBITOJTHEHA BO
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dpeitmBopke TensorFlow.
Pesyibrarbl 00yUeHnsI pasjiesieHbl Ha JIBe YacTH: PEKOHCTPYKIUS JINIa SHKOJIe-
poM u JiekoziepoM, rerepaitust jmna u3 N (0, 1) geKogepoM 1 1IpeJicTaBIeHbl Ha pi-

cyHKax 3.3 u 3.4.

(a) Opurnnanbuble uzobpakenus: (b) Pekoncrpykims uzobpakennii (¢) CirydaiiHast TeHepaIyst JIAIL Je-
JIHIY JIHIY KOJIEPOM

Pucynok 3.3 Pesy/brarsl 00ydeHnsi BApHAIIMOHHOTO aBTOKOIUPOBIIIKA, (pasMep
CKPBITOTO BEKTOPA 8)

(a) Opurnnanbubie mzobpazkenus: (b) Pexkoncrpykrmst msobpakennit (¢) Ciyuaiinas reHeparyst Jur fe-
JIAIY JIAIY KOZIEPOM

Pucynok 3.4 Pesyibrarbl o0ydeHusi BapHAIMOHHOIO aBTOKOJUPOBIIHKA (pasmep
ckpbiTOro BekTopa 100)

25



I')TABA 4

I'ayccoBckuii mporiecc n 6ajiecoBcKas ONTUMU3AIINS

4.1 TI'ayccoBcKwuii mmpotiiecc

B Hacrosinee BpeMsi OJHUM 13 HamboJiee IOIIYJISPHBIX METOIOB PeIleHHsl IIPOo-
OJ1eMbI BOCCTAHOBJIEHHUsT (AIIPOKCUMAIINN) HEN3BECTHON (DYHKIIUH TTyTeM BBIOOPKN
ee 3HAUEHUI SIBJISIETCS perpeccusi, OCHOBaHHAsI Ha I'ayCCOBCKHUX MPOIECCaX.

B paMKax 9T0ro mojxoa IpearoaaraeTcs, 9To allpoKCuMupyeMas OyHKIUS sTB-
JIsileTcsl peasin3alieil rayccoBCKOIO IMPOIEcca, paclpejiesieHe KOTOPOI'o IOJIHOCTHIO
olpejiesisieTcs 3aaHHoi pyHKImei Mat. oxKuganus u pyuknueit aucrnepcuu. Canra-
eTcst, YTO (PYHKIINS JIUCIIEPCUN MEXKTY 3HAUEHUAME I'ayCCOBCKOTO MPOIECCa 3aBUCUT
TOJIBKO OT TOYEK, B KOTOPBIX TU 3HAUEHUS IOJIydeHbl. Torga B KauecTBe MpOorHosa,
3HAYECHUST AIlIIPOKCUMIPYEMOil (DyHKIUN B HOBOI TOUYKE HCIOJIB3YIOT AIIOCTEPUOPHOE
3HAUYCHUE MaT. OXKUJIAHUs, & JIJIsI OIIEHKH HEOIPEeJIeJICHHOCTH 9TOTO MPOIHO3a - COOT-
BETCTBYIOIIYIO alloOCTEPUOPHYIO Juciepcuto. IIpn 5ToM amocrepuopHoe MaT. 0XKujia-
HUE W allOCTEPUOPHYIO JIMCIIEPCHIO. MOYKHO PacCUYNTATh aHAJUTUYECKN U TTOJIHOCTHIO
OIpeJIe/INTh (PYHKIUEH raycCOBCKOIO Ipolecca.

OO0bIYHO TpeIoaraeTcss, 9To (PYHKIUsI I'ayCCOBCKOI'O IMPOIECCca IMPUHAIEIKNT
HEKOTOPOMY TapaMeTPUIECKOMY CEMENCTBY, U IIO9TOMY 3aJiada MOCTPOCHUST Perpec-
CUHM Ha OCHOBE I'ayCCOBCKUX IPOIECCOB CBOJUTCS K HPOOJIEME OIEHKHU ITapaMeTpoB
caMoil (DYHKIINN IayCCOBCKUX TPOIECCOB. )]

CraHlapTHBIE METOJIbI, OCHOBAHHbBIE Ha IayCCOBCKUX IPOIECcax, NUMEIOT Kyoude-
CKYIO CJIO?KHOCTH pasMepa BbIOOPKH, ITO JieJIaeT HEBO3MOYKHBIM X HCIIOJIb30BAHIE B
3aj1a49ax ¢ OOJIBIINMEI OObeMaMu JaHHbIX. B ¢Bst3u ¢ atuM, Haunnas ¢ 2000-x 1oJioB,
MHOTHE ICCJIe/IoBATE/ I pa3padaThiBaIOT NPUOIN3UTEIbHBIE CXEMBbI JIJIsi 00y YeHHsT MO-
JIEJISIM TayCCOBCKHUX IIPOIECCOB. PazBuTie MeTo/I0B, OCHOBaAHHBIX Ha BCIIOMOTATE Ib-
HBIX TOYKaxX (MHJYIUPYIONMX BXOJHBIX JAHHBIX), MO3BOJIJIO IPUMEHUTH IayCCOB-
CKHe MPOIECCH K 3ajiadaM ¢ 6ostbinmmvn Boibopkamu (6ostee 100 000 06beKToB).

['ayccoBcKue IIpoIecehl OIPeIEIsiIOT alIPUOPHOE PaciIpeiesieHne 110 Habopy (PyHK-
Uil 1 TIO3BOJISIIOT HAXOJIUTh CJOYKHBIC B3aUMOCBSI3U B JAHHBIX. Ha ocHoBe rayccos-

CKHUX ITPOIIECCOB OBLIO ITOCTPOEHO MHOI'0 MOjeJsieil, KOTOPbIe YCIIeITHO UCIIOIb3Y0TCs
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JJIA pelleHns pa3/IMYHbIX 3a/Ja4 MalllHHOI'O 06yquH5{ - perpeccun nu KJI&CCI/I(bI/IKa—
O, Sl METOIbI IIO3BOJIAIOT aBTOMaTHY€CKHN KOPPEKTUPOBATL CJO02KHOCTL MOIEJIN,
a TaKzKe ITO3BOJIAIOT OIEHHUTHb HEOIIPEACJIEHHOCTL B IIPOI'HO3E.

Taknum o6pa30M, FaYCCOBCKI/Iﬁ IIpoecc Ha3bIBaeTCsd C.HY‘-I&ﬁHbIM IIponeccoM, 9bu

KOHEUYHOMEPHBIE PacIipeie/ieHsl I'ayCCOBCKUE.

p(&(wvxl)v s 7£(w7xn)) - N(ﬂﬂa E)

Ha pucynke 4.1 npuBojuTcst IpuMep raycCcoBCKOTo Iporiecca. [oybast 001acTh
MOKA3bIBAET 30 - MHTEPBAJ HEOIPEJEIEHHOCTH TPOoIecca (JI0BepUTEbHbBI HHTED-
BaJI), & TEMHO-CHHsIS JIMHUST — MAaT. OyKHUJaHue mpoiecca. LIBeTHble TUHIN TOKA3bI-

BaIOT CJIyvaliHble peajn3aluu 1poliecca.

0.0 0.2 0.4 0.6 0.8 1.0

Pucynok 4.1 OHOMEpHBII TayCCOBCKUIT TTPOIIECC

B 1anHoi TyIaBe pacCMOTPUM T'ayCCOBCKUE IMPOIECCH, 3aaHHble HA BEIIeCTBEH-
HbIX HpocTpancTBax RY . Torna ciyudaiiHblil IPOIECC HA3BIBACTCS M'ayCCOBCKUM IPO-
[IECCOM, €CJIN JiIst JII0OOr0o 1, U JJIs J11000ro Habopa ti,ts, ..., t, € RP coBmecTHoe

pacipejeseHne MMeeT BII.
f<t1)7 f<t2)7 ceey f(tn) ~ N<mt7 Kt)7 e 1 € Rna Kt c Rnxn
MaremaTnueckoe o:KujaHme orpejessiercs gyHxuneil cpeanero m : RP? — R
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rayCCOBCKOI'O IIponeccCa:

my = (m(tl)a m(tQ)a S 7m(tn))T

Hannasi GyHKINS MOYXKET OBITH MPOM3BOJILHOI.
Anajiorndaso, mMarTpuiia Koapualinn K; onpejieseTcst KoBapualoHHoi (s11po-

Boit) bynximeit npomnecca k : RP? x RP — R.

k(ti,t1) k(ti,ta) ... E(t1,t,)
K — k(ty,t1) k(te,ta) ... k(to,ty)
=
k(tn,t1) k(ta,ta) ... k(ta, tn)
Matpuiia KoBapuaiun st J1000ro Habopa 3HadeHunii ty, to, . . . , t, JOJ2KHA OBIThH

CUMMETPUIHON U HeOTpHUIATE/ILHO OIPe/IeJIeHHOIA.
['ayccoBckuii mpoIece moJTHOCTBIO OIIpeiesIgeTcs CBOUMU (PYHKIIMEH MaTeMaTnae-
CKOI'0 OXKMJIaHUs U KOBapUAIMOHHOM (byHKImeit. [Ijs1 rayccoBcKoro mporecca oyaem

NCIIOJIb30BaThb 3allUCh:

¢ (byHKHEI CpeJIHEro m 1 sJIpoBOit pyHKIHEH k.
['ayccoBcKMe IPOIECCHl ABJISIIOTCA JOBOJILHO M'HMOKUM CPEJICTBOM OIMCAHUS TaH-
HBIX, & CTelleHb “TJIaJIKOCTH IIPOIEeCCa OIpPeIeIdeTcs BUIOM KOBApUAIMOHHOM (DyHK-

. Ha pucynke 4.2 npegctaB/ieHbl TPUMeEPDbl peaan3aluii cTalinoHapHblX [ayCccoB-

CKUX CJIyYaflHbIX ITPOIECCOB C PA3JIUYHBIMU KOBaAPUAITMOHHBIMU (DYHKIIMAMU.
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Pucynok 4.2 Peanuzanmii cTalimoHapHBIX FayCCOBCKUX CJyUYallHBIX IIPOIIECCOB C
PA3JIMIHBIMI KOBAPUAIMOHHBIMU (DYHKITUSIMI

PaccMoTpuM perpucuoHHyio Moje/b Ha OCHOBE IayCCOBCKHUX IporieccoB. [IycTh
X = (z1,29,...,2,)" € R™P - onucanne BbIGOpKH 3 n 00bekTos. [lyeth Y =
(Y1,%2,...,Yyn) € R™ - cooTBeTCTBYIONIE UM 3HaueHus. Byjem cuutaTh, 4TO Ha-
OJrro/1aeMble TIepeMeHHbIe Y - 3allyMJIEHHbIE 3HAYeHUs] HEKOTOPOI'o CKPBITOIO Tayc-
coBckoro mporecca f @ RP? — R, ¢ Hy/IeBbIM MaTeMaTHIECKIM OKIJIAHIEM U KOBa-

puarmonsoit gpyukuuneit k(- ).

Beejiem ckpbirbie nepementbie f = (f1, fo, ..., fn) € R" 3Hauenus nporecca f B

TOUYKax obydaoieii Bbioopku. Tora

p(yilf) = N (vl fi, v°)
e v — pa3bpoc myma. Tpebyercst OleHITh Hen3BeCTHOe 3HadeHne mnporecca f, € R/

B HabOpe HOBBIX ToueK X, € R™P . PaccMoTpnM Mojie/h:
n
ply, F1X) = p(ul Hp(f1X) = p(f1X) | p(wil £:) (4.1)
i=1
['paduueckast Moesb /51 JaHHON 3a1a4n n300parkeHa Ha PUCYHOK 4.3.
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Pucynoxk 4.3 I'pacdudeckast Mojiesib JIJisi MOJIEIN PErPecCuil Ha OCHOBE I'ayCCOBCKIX
IIPOIECCOB

O6o3HaINM MATPHUILY MMOINAPHBIX 3HAYEHNN KOBapPUAIMOHHON (PYHKIINN, BBHIUNC-

JIEHHYIO Ha JIByX Habopax Touek A = (ay, as, ..., a,)" € R™PuB = (b, by, ..., b,)" €

R™*D gax:

k:(al,bl) k(al,bg) k(al,bm)
k(ag,bl) k(ag,bg) k(ag,bm)

TOF,H& I1O OIIPEACJIEHNIO I'ayCCOBCKOI'O IIPOILECCa PacClIpeae/ICHIE

()-8 289))

Tak Kak y npeJicTaBjsgeT U3 ceds 3alyMICHHYIO Bepcuio f , TO

Y Ao K(X,X)+ v K(X, X,)
I« ’ K(X., X) K(X,, X))
MoxkeM BBIpa3UTh yCJIOBHOE paclpe/ie/ieHue Ha f, TPU YCJIOBUH JIAHHBIX
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rjie

Elf.|y] = m = K(X,, X)(K(X,X)+v*I)" 1y
cov(fuly) = K = K(X,, X,) — K(X., X)(K(X, X) + 1)\ K(X, X.)

>l

(4.2)

Taknm 06pa3oM, CJIOKHOCTB IMOJYUCHNS DACHPEICTICHUs Ha fi ONpPEeIeIseTcs
ciozknocTbio obparenust Marpuipl K (X, X) + v € R™™ u umeer acUMITOTH-
Ky O(n?).

Ha pucyrke 4.4 nokasan mpumep mpeicKa3aTebHOr0 PACIPEIeJCHIs I rayc-
COBCKOT'0 Tporiecca ¢ v = (), HACTPOEHHOI0 MO TPEM TOYKaM, 0003HAMEHHBIM CHIIMA
kpyramiu. lomybas o0sacTb MOKa3bIBaeT 30-HHTEpBaJ i 3HAUEHUil mporecca, a
TEMHO-CHHSIsSI JIMHAS — €r0 MaTeMaTHIecKoe oyKujanne. [IBeTHble JnHIN MoKa3bBa-

10T CIydaiiHble peau3aliuu MpoIecca.

_3 1 L L 1

0.0 0.2 0.4 0.6 0.8 1.0

Pucynoxk 4.4 IlpejckazaresbHoe paciipejiesieHe B 3ajaue Perpeccuu

4.2 BaiiecoBcKasl OIITUMU3ANNA

Baiiecosckast onrnmmsanus (Bayes Optimization) npemncrasisier coboit kiace me-

TOJO0B OIITUMM3allU Ha OCHOBE MallIMHHOI'O O6y‘IeHI/IH, OPHUEHTUPOBaHHBIX Ha PECIe-
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HHE 3a1a9H.

max f(z) (4.3)

€A
rJe JOIYyCTUMOE MHOXKECTBO U IiejieBas (DYHKIMsI OOBIYHO UMEIOT CJIeJIyIONIe CBOii-

CTBa.

e 1 naxomurcs B RY rie 3nauenu d He cimmkoM Besnko. O6brano npu d < 20

HarboJIee yCIelIHble PUJIOYKEHUsT 0aiieCOBCKO ONTUMU3AIIIH,

e 1neneBast pyHknusa [ HernpepbiBHa. OOBIYHO 9TO TpedyeTcs JI/IsT MOJICTNPOBAHNST

f C HUCIIOJIb3OBAHMEM DETPECCHUN Ha OCHOBE I'ayCCOBCKOI'O IIpOIECCa,

® [ «JIOPOro BBIYUC/ISATHY B TOM CMBICJIE, UTO YHCJIO BBIYUCJIEHUN, KOTOPhIE MO-
I'YT OBITH BBIIIOJIHEHBI, OI'PAHUYEHO, KAK IIPABUJIO, HECKOJbKIUMU COTHAMU. JTO
orpaHnyeHre OOBIYHO BO3HUKAET U3-3a TOI'0, UYTO KarKJ0€ BBIYNCJICHUE 3HAave-
HUst (DYHKIMN 3aHUMAET 3HAUNTETbHOE KOJIMUYeCTBO BpeMeH! (0ObIYHO YacoB), HO
TaKzKe MOXKeT MPOUCXOJAUTH M3-3a TOr'0, YTO JJAaHHOE BbIYUCJEHHE MOKeT HeCTU
JIEHEsKHBIE 32TPAThl (HAIPUMED, OT TOKYTKH MOIHOCTH OOJIAYHBIX BBIYUC/ICHUIT
WJIN TTOKYIIKE JTA0OPATOPHBIX MaTEPHAJIOB) WM AJbTePHATUBHBIE 3aTPATHI (Ha-
IpuUMep, ecu BbluucjaeHue f TpedyeT 3ajaBaTh YeJOBEKY BOIIPOCHI, KOTOPbLIE

Oy/IyT TEPIETh TOJBKO OIPAHNIEHHOE YUCJIO Pas),

e f. 110 cBOell IpUpoJie, He SBJIFAETCA BOIHYTOH MM JIMHEHHO, XOTs JaHHbIE Xa-
PAKTEPUCTUKHU [TO3BOJIIN Obl YIIPOCTUTH ONTUMHU3AIMIO C UCIOJIb30BAHIEM M3-
BECTHBIX 1 KJIACUNYECKIUX METO/I0B, KOTOPbLIE UCIIOJIL3YIOT JaHHble CBOMCTBA JIJIsd

HOBbIIIIeHNsT 3(PHEKTUBHOCTH,

® KOTJIa IIPOUCXOJIUT BhIYUCIeHNE f, HET BO3MOXKHOCTH MOJIYIUTh HUKAKIX TTPOM3-
BOJIHBIX IIEPBOI'O IJIK BTOPOI'O MOPSIIKA. DTO OTPUIlATe IIPUMEHEHIEe METOI0B Oll-
TUMU3AIUU [IEPBOTO U BTOPOTO MOPsIKa, TAKIUX KaK I'paJUueHTHbII CIIyCK, MEeTO/]
HrroToHa min KBasMHBIOTOHOBCKHIE MeTOJ0B. IIpobseMbl ¢ JlaHHBIM CBOICTBOM

HA3bIBAIOTCS «0O€3 ITPOU3BO/IHBIX »,

o f(x) mabmomaercst 6e3 myma. OHAKO TIOUTH BO Beex paboTax 1o OaiiecoBCKOM
ONTUMU3AIIN TITyM CUNTAETCS HE3ABUCHMBIM OT BBIYUCJIEHWI 1 TAYCCOBBIM C T10-

CTOSTHHOIT jtncriepeneii (0ObIMHO CTAHIAPTHOE IayCCOBOE PaCIpeieIeHne),
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® BHUMaHHUE aKIICHTUPOBAHO Ha IIONCKE F.HO6&.H£>HOFO, a He JIOKaJIbHOI'O OIITUMYMa.

BaiiecoBckasi onTuMusalius COCTOUT U3 JIBYX OCHOBHBIX KOMIIOHEHTOB: OaiiecoB-
CKOIl CTATHCTHIECKOIT MOJIETH JIJTIsT MOJIe/INPOBAHNS 11e/1eBoii (DYHKINI (0OBITHO TayC-
coBckuit mporecc) u GyHkuuu orenku (acquisition function) jyist npunsTHS petie-
HIS O TOM, TJIe NCKATh ONTUMYyM jaJbiine. [locie BeIuncieHus 1es1eBoii (pyHKINN B
COOTBETCTBHN C [T€PBOHAYAIBHBIMI JTAHHBIMU, ITPOCUXOIUT BhIYUCIeHNE ['ayccoBCKO-
ro IpoIecca 1 ero o0yueHus s 10g00pa napamMerpoB (bYHKINH KOBAPUITMOHHOM
(stmpomoit) dbyukimu. [oce sToro cocrasisercss (DyHKIWs OINEHKH HA OCHOBE IO-
JIy9eHHOT0 ['ayccoBCKOTO Tporiecca, HAXOIUTCA ONTUMYM JIAHHON (DYHKIINU OTEHKH,
BBIYHC/ISIETCST 3HAUEHHE T1e/IeBOH (DYHKIIUE B JAHHOM OIITHMYME, MOC/Ie Yero JaHHoe
3HadeHne jjobapisiercss B Habop JaHHbIX. [Iporecc moBropsieTcst CHOBa JIO OIpejie-
JIEHHOI CXOJMMOCTH WJIN TIOCJI€ BBIYHUCIEHUsT OIPEJIEIEHHOIO KOJTNIeCTBa NTEePAIlnii.
Bcé Boimmeonucannoe 00001aeTcs B aJITOPUTM.

Ora urepariusi 6alieCOBCKO ONTUMUBAINT C UCIIOJIHL30BAHUEM PEIPECCUU rayc-
COBCKOTO TIpoliecca 1 (pyHKIHe oneHKn oxkugaemoro yaydaiienns (Expected
improvement) mpousuiocTpupoBata Ha pucynke 4.5. Ha Bepxueil nanesn moka3aHbl
OeclryMHbIC 3HAYCHUSI 1eJIeBOI (DYHKIMN ¢ CHHUMU KPYXKKaMu B Tpex Toukax. On
TaK’Ke MOKa3bIBaeT Pe3y/IbTaT PerPecCui rayCCoBCKOIo Mpolecca. Perpeccnst raycco-
Ba MPOTIECCa JIaeT aroCTePUOPHOE PACIIPeIe/IeHNe BePOSITHOCTE [7Tst Kaxk10ro f(x),
KOTOPOE 0OLIYHO PaCIIPEeIe/IsAeTcs Co CPeHIM 3HaueHneM i, (x) u quctepcueit o2(x).
D10 n306parkeno Ha pucynke 4.5 ¢ u,(x) B BUme cromHoil kpacuoit jgunnn u 95 %
OaiiecoBCKNM JIOBepUTEIbHBIM HHTEpBasoM st f(x), p,(x) £ 1,96 X o,(x) B Buje
IMYHKTUPHBIX KpacHbIX JinHuil. CpejiHee MOXKHO HHTEPIPETUPOBATH KAK TOUYCUHYIO
orerky f(z). JlocToBepHblii naTEpBaJ JIEfCTBYeT KAK JOBEPUTE/BHBIII UHTEPBAJ B
CTATUCTHKE YaCcThIX cjydaeB u cojuepkuT f(x) ¢ BepositHocTbio 95 % B cooTBet-
CTBUU C TOCJEHUM pacipejeienuem. CpejiHee 3HAUYECHUE UHTEPIIOJUPYETCsT paHee
JTAHHBIM TOYKaM (HAYATBHBIM JaHHBIM). B 9TUX TOUKAX ITOBEpUTEIbHbINH HHTEPBAI
mmveer mupuHy 0 U pacimpsieTcst o Mepe yiaJeHns OT HuX.|3]

Huzknuii pucyHOK 1mokasbiBaeT (pyHKIIO OleHKU oxKujtaemoro yiydiienue (Expected
improvement) dyHKInI cO0pa, KOTOpasi COOTBETCTBYET JTAHHOMY aroctepuopy ayc-
coBcKoro tporecca. CronT oOpaTnTh BHUMAaHUE, 9TO OHAa NpUHUMaeT 3HadeHne O B
TOYKAX, KOTOPbIE OBLIN paHee BBIYUCIEHBI. JTO MPUEMINMO, KOTJIa 3HAUEHUS Iee-

BOil (PYHKIMKM HE MMEIOT IIyMa, MOTOMY YTO OHH He JIAI0T IMOJIE3HON MH(pOpMAIITH
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JUIst perenns. TakykKe cTouT oOpaTUTh BHUMaHUE, YTO OHA MMEET TEeHCHIINIO ObITh
OoJIbIlIe JJIsI TOUeK ¢ OOJIbIINME JOBEPUTEIbHBIMI UHTEPBaJIAMU, I0TOMY YTO 3HAa-
JeHusi ToUYKH, e ['ayccoBeKmil mmporecc 0ojiee He YBEPEH B IEJIU, IMEET TEHJICHITIIO
OBITH 0OOJIee IOJIE3HBIM B IIOMCKE XOPOIINX PUOJINKEHHBIX IVI00AJIbHBIX OITUMYMOB.
Crour oOpaTuTh BHEMAHUE, YTO OHA MMEET TeHJIEHIINIO ObITh OOJIbIIe I TOYEeK C
OOJIBIIIIM allOCTEPUOPHBIM CPEJIHUM, IIOTOMY YTO TaKue TOUKHU, KaK IIPaBIIO0, OJIN3KI

K XOpOolInmM HpI/I6JH/ISI/IT€JIbeIM 1100 IbHBIM OIITUMYMaM.

»|- Gaussian process posterior on the objective function i
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Pucynoxk 4.5 IIpejckazaresibHoe paciipejiesieHe B 3a/iaue Perpeccuu

DyHKIns oneHKN oxkugaeMoro yiaydrienne (Expected improvement) BeiBoguTest
u3 dKcIepuMenTa. onycTuM cioab30BaHie ajropuTMa 6ailecoBCKoil OonTuMuI3alim
1yist pertierust (4.3), B KOTOPOM &, 0603HAYAET TOUKY, BHIODAHHYIO HA UTEPAIUN 1, a
Y, 0003HAYAET COOTBETCTBYIOIIEE eif 3HadeHue. JlomnycTum pelieHne Kak Hallle OKOH-
qarebHoe pererne (4.3). Takke J0MycTuM, 9TO HET BO3MOYKHOCTH IOJIYIUTH 3HA-
yeHue (GYyHKIMU, KOTOpOoe HEOOXOAUMO, U PEIIeHUe JIOJIXKHO ObITh OCHOBaHO Ha TeX,

KOTOpPbIE€ y2K€ BLIIIOJIHCHBI. HOCKOJTbe MBI BbIYUCJIAEM f oe3 mryMa, OIITHUMaJIbHBIM
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pEIIeHIeM SIBJISIETCs IIPE/IBAPUTEIBHO BBIYHICIEHHASI TOYKA ¢ HAHOOJIBIINM IOy YeH-
HbIM 3HadeHneM. [lyers f¥ = max,,<, f(x,,) Oyaer 3HaueHneM 5TON TOUKH, TJIE 1 -
KOJIMYECTBO UTEPaIUil.

Tenepb IPe/IIONOKIM, YTO Ha CAMOM JleJIe €CTh BO3MOXKHOCTB BBIIOJTHUTH O/THO
JIOIOTHUTETbHOE BBIYHICICHNE, I MOYKHO €0 BBIIOJHUTE IJie yTOIHO U KOT/la YTOJIHO.
Ecom Borancsnuts B 2, nosyanres suadenue f(x). [locse mosmyaenus nosoro 3navenns
Jy et TOUKu g0J12KHO ObITh b0 f(z) (ecoun f(x) > fF), mubo f (ecmm f(x) < fF).
Yayamenne f(z) — f¥ nonoxkurenproe nim 0 B mporuBHOM cirydae. Torma namnoe
VIIygIIeHne MOYKHO 3aIcarh 6oJiee KoMnakTHo Kak [f(z)— £, rme at = max(a, 0).

Heob6xo/mmo BEIOpATE 2, 9TO0BI JJAHHOE YTy dIieHne ObLI0 OOJIbIINM, Tak Kak f ()
HEN3BECTHO J10 OKOHYaHM BeIuucaIeHns. OIHAKO MOZKHO B34Th MaT. OKIJIAHIE STOTO
VJIydIIeHUs] 1 BBIOMPATh T, OTHOCUTEIbHO MaKCUMU3alun MatT. oykujanus. Onpee-

JIdeM MaT. OzKIJJaHne Kak.

El(x) = E[[f(z) = f;]"]
3necy E,[-] = En[|T1m, Y1.n] yKa3bIBaET MAT. OXKHUJIAHUE AIIOCTEPHOPHOTO PaC-
pejie/IeHnsI, TaHHoe TP BRIYUCACHNN f B X1, ..., Ty, DTO allOCTEPUOPHOE pacIpe-
nenenne f(x) 3amaérest popmyiioii (4.2).
Ozxnjiaemoe yaydiieHne MOyKeT OBITh BBIYHC/IEHO ¢ TMOMOMIBIO (pOPMYJIbI WHTE-

rpupoBaHust 110 gactsaM. OIyCTUB BHIUNUCICHUST, TTOJIYIIM.

A~

ET,(x) = var[fn(2)](2n®(2n) + (20))
rie

var(fu ()]

® — QyHKIUS IOTHOCTH HOPMAJIBLHOTO pacipejeenns ((byHKIsT pacIpeIeeH s ),

fn — cTaTHCcTHYECKAST MOJIETH Ha n-oif ureparyn (layccoBekuii mporiecc).

n Y

SaTeM pearacrced 3adada OIITUMU3alln:

Tpe1 = argmax E1,(x) (4.4)

B ornnune ot LLGJIGBOﬁ (byHKHMH f B Haleil HepBOHaqaﬂbHOﬁ 3aJa4ec OIITUMMU-
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sannu (4.3), E1,(x) siBasieTcst HeJJOPOTOil JJisi BBIYUCICHUST U [O3BOJISIET JIETKO OI1e-
HITH TTPOU3BOJIHBIC TIEPBOIO N BTOPOTO MOPsJIKA. Peasmsanum ajropurMma 0yKuac-
MOT'O YIIYHIIEHIsT MOTYT TaKzKe HCIOIb30BATH HEIPEPBIBHDIA METO/IbI ONTHMU3AIINN
IePBOTO WK BTOPOro Topsijika Jyist perterust (4.4). Hanpumep, opna MeTo1, KOTOPbIi
XOPOITIO 3aPEKOMEHIOBAJ cebs JIJIsA aBTOPA, - 9TO BBITUCJUTD IE€PBbIE TPON3BOIHBIC
¥ MCTIOIb30BaTh KBasnubioTonoscknii Meto L-BFGS-B (Liu and Nocedal, 1989).
Ha pucynke 4.6 nokazan rpacduk junuit yposuss El,(x) B Tepmunax A, () =
Ef(z) — m(x) u anocTepuopHoro CTaHAapTHOrO OTKIOHEHHS oy(z) = var|fo(z)].
EI,(x) ysemmausaercs npn ysesedennn u A, (), n o,(x). Kpussie A, (z) n 0,(x)
¢ paBubIM I mokasbiBaioT, Kak EI DajlancupyeT MexKJ1y OIEHKOH B TOYKaX C Bbl-
COKHIM OKIJIAEMbIM YJIYUIIeHneM (BBICOKIM A, (x))) U BBICOKOIT HEOIpeIeIeHHO
CTBIO (BBICOKNM 07, (2)). B KOHTEKCTE ONTHMU3AINN BHIYUCICHNE B TOYKAX C BEICOKIM
OZKH/IAEMBIM YJIy UIIIeHNEeM OTHOCHTEJIBLHO TIPEbIYINel HAMIY IIeil TOUKN SBJISeTC
HanboJiee BayKHBIE, TIOTOMY UTO XOPOIITHE PHOJIN3UTEIbHbIE TTI0OATBHBIE OITHMY MBI,
BEPOSITHO, OY/IyT HAXOIUTHCS OKOJIO TakuX ToueK. C JApyroil CTOPOHBI, BLIMICICHUE
B TOYKAX C BBICOKON HEONPEIETEHHOCTHIO MEPCIEKTUBHA, [IOTOMY UTO HOMCK OITH-
MyMa IIPOCHXOZKUT B T€X MECTaX, 0 KOTOPBIX MaJIO U3BECTHO [ 'ayCcCOBCKOMY MPOIecCy
(BBICOKMIT Pa3bpoc 3HAUECHHI) I KOTOPBIE, KAK MPABUIIO, HAXOIATCS JAJIEKO OT TOTO,
97O panie ObLI0 BhauCIeH0. ONTHMYM, KOTOPBIH MOKET ObITh 3HAUNTEIHHO JTydIle,

9€M TOT, KOTOPYIO y2K€ €CTb, BIIOJIHE BO3MOXKHO MOZKET OBITH B TEX MECTaX. [ ]

Pucynok 4.6 I'paduk suuuit yposust E1(x)
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Pucynok 4.5 nokasbiBaercst FI() na nmxHeMm rpaduke. MoKHO OTCIEIUTH T10-
BeJIeHIe JTaHHON (DYHKINU, Ije HanboJIbIlee 0XKUJIAeMOoe YIYUIlIeHNe, UIETCS TaM,
rJie BBICOKOE CTAHJAPTHOE OTKJIOHEHHE (JIAJIeKO OT paHee BBIYNCJCHHBIX TOYEK) W
BbICOKOE MaT. oxkujanue. Haumenbiee oxxkujiaemoe yiydiienune - 0 B ToYkax, e
U3BECTHBI 3HaUYeHUs IesieBoil gyukmuu. CTanjapTHoe OTKJIOHEHHE B 3TUX TOYKaX
pasubl (, a MaT. oyKuJIanme 00sg3aTeTbHO He OOJIBINe, YeM JIydllias paHee BbIUNUC/IeH-
HBIl OIITUMYM.

B nannoit pabore ObLIO TPEJJIOKEHO TOJICTPANBATH 3HAYEHUST CKPBITOIO BEKTO-
pa z JieKojiepa aBTOKOIMPOBIIUKA IO/ NeHepaIlnio JIUIA HAIEepE] 3aJaHHbIM BU3Y-
AJIbHBIM XapaKTePUCTUKAM IIPU TTOMOII baitecoBckoit onTuMu3alun. 3ajiada 1moJib-
30BaTesIsl 3aK/II0UACTC B OIEHUBAHUU CIHCKA CPeHePUPOBAHHBIX (IO OIpejeséH-
HBIM CKPBITBIM BEKTOPaM) JIAIL 10 H-OaTbHOM MIKase 10 3aJIaHHON XapaKTepUCTHKe
(6ostbiie-srydrie). 3arem OaifecOBCKasi ONTUMU3AINS TTLITACTCS MPEVIOKUTH HATOO-
Jiee JIydIuii CKPBITHI BEKTOP 2 (HE0OSI3aTeIbHO U3 CYIIECTBYOIINX B CIIICKE CreHE-
PUPOBAHHBIX, HO OH MOYKET ObITh OU€HD TTOXO0K HA OJIMH U3 CYIIECTBYIOIINX ), KOTOPBIE
OTTPABJIAETCS B JIEKOAEp aBTOKOINPOBIIUKE I 13 3TOT0 BEKTOPA JIEKONPYETCs JINTIO

¢ HamnboJtee Jrydlneil BuU3yaJabHON XapakTepucTukoii. [leneBas dpynkmus A JanHo-

mark

max(mark) * Beca mojesn aBTOKOMPOBIIIKA

ro THUIla ONTUMHU3AINU 3aJlaBajlach KakK
B3ATHI ¢ PA3MEPOM CKPBLITOTO BEKTOP paBHOrO 8. Pesyibrarsl mpejicraBieHbl Ha PH-

cynkax 4.7 n 4.8.
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num_2 num_3 num_4

(a) CrumcoK CreHepUpPOBAHHBIX JIAI] M UX OICHKH

(42,251

Darkest hair

(b) Pesynbrar BbIGOpa
Juna ¢ Hambosiee TEM-
HBIMU BOJIOCAMHU

Pucynox 4.7 Pesynbrar npumenenus baitecoBCKOIT onTUMU3AINHT K 1T000DY
3HAYEHUI CKPBLITOIO BEKTOPa JEKOAepa aBTOKOINPOBIIIKA JIJIs XapaKTePUCTHKH
HanboJjiee TEMHBIX BOJIOC.

(a) Crncok CIreHepUPOBaHHBIX JIUIT U UX OIIEHKU

Widest smile

(b) Pesynbrar BbIGOpA
JuIa ¢ HamboJiee IIm-
POKOIil yIIBIOKOI

Pucynok 4.8 Pesynbrar npumenenns baitecoBCKoil oNTUMU3AIIT K TOJI00PY
3HAUYCHUIT CKPBITOI'O BEKTOPA JICKO/Iepa aBTOKOINPOBIIIKA, JIJIsI XapaKTePUCTHKH
HanboJ1ee MUPOKOIT YIBIOKH.
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SAKJIIOYEHUE

B xone paboTbl ObLIM HCCIeI0BaHbl HOBEHIIIIE IPUHIUIILI TeHepallil 1300Parke-
HUIT HA OCHOBE aBTOKOIUPOBIIUKOB, & TaKKe 0COOEHHBII TiIl 00yueHns] Mojeseil gaH-
HOTo THuia. TakyKe ObLIN U3YUYeHbI OCHOBHBIE TTPUHIIUIILI 0aiieCOBCKOI ONTUMU3AINN
n perpeccun ['ayccoBcKoro mporiecca.

PesyibraToM paboThl cTaj10 00yUYeHHbIH Ha jaTaceTe Jinil 3HaMeHuTocTeil celebA
AaBTOKOJIMPOBIIUK, CIIOCOOHBINI MeHepUPOBATH JIMIA HECYNIEeCTBYIOMUX Jitojeit. T
00y4YeHUsT CONPOBOXKIAJICS CIIEIUAaJILHOM TPOCTPpaHCTBEHHOM (DyHKIMEH moTepn
(perceptrual loss). Tak:ke pesysibTaToM CTaJI0 HEKOTOPOE TPHUJIOXKEHIE OCHOBAHHOE
Ha OailecoBCKOM ONTHUMUBAINN, KOTOPOE CIIOCOOHO UTEPATHBHO OAOMpATh JIUIO I10
3a/JaHHBIM XapaKTEPUCTUKAM.

B nepcrnekTuBe craBsaTcsd 3aa4un YIYUIIeHUs CIIoco0a IOMCKa ONTUMAJJIbHBIX 00-
JlacTeil, 3HaYeHNit y 1eeBoil (pyHKINKM Ha OCHOBe BaliecoBCKoii onTuMMU3aIun Ipu
TIOMOIIN U3MEHUS TUIla I1eJIeBoil (DYyHIMN U cIocoda, OlEeHUBAHUS M300paykKeHuil, a
TakK>Ke yJIydIleHne KadecTBa pabdoThl MOJEIN aBTOKOIUPOBIINKA IIYTEM YCOBEPIICH-
CTBOBAHMS apXUTEKTYPhl MOJIeJIeil 1 YCJIOXKHEHUsI IPOCTPAHCTBEHHO! (DYHKIIUK 10~

tepu (perceptrual loss function).
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IMTPUJIO2KEHUE A

Koa nporpammvbl. Mogenb aBTOKOAMPOBIINKA

import numpy as np
import tensorflow as tf
from tf vae.vggl6 import vggl6

class dfc_vae model(object ):

def _ init _ (self, shape, inputs, alpha = 1, beta = 0.5, vgg layers = [], learning r
self .shape = shape
self .img input = inputs
self .alpha = alpha
self .beta = beta
self.gstep = tf.Variable (0, dtype=tf.int32, trainable=False, name=’global step ’)
self .vgg layers = vgg layers
self .learning rate = learning rate

def get weights(self , name, shape):
with tf.variable scope (" weights", reuse=tf.AUTO REUSE) as scope:
w = tf.get variable (name=name + > W |
shape=shape ,
initializer=tf.truncated mnormal initializer (stddev=0.1))
return w

def get biases(self , name, shape):
with tf.variable scope("biases", reuse=tf.AUTO REUSE) as scope:
b = tf.get variable (name=name + ’ b’
shape=shape ,
initializer=tf.truncated normal initializer (stddev=0.1))
return b

def conv2d bn_relu(self, inputs, name, kernel size, in_channel, out channel, stride
with tf.variable scope(name) as scope:

4+ setup weights and biases
filters = self. get weights(name, shape=[kernel size, kernel size, in_channe
biases = self. get biases(name, shape=[out channel])

4+ convolutional neural network
conv2d = tf.nn.conv2d(input=inputs,
filter=filters ,
strides=[1,stride ,stride ,1],
padding="SAME’ |
name—name -+ ' _conv’)
conv2d = tf.nn.bias add(conv2d, biases, name—name+’ add’)

### in case of batch normalization
if bn = True:
conv2d = tf.contrib.layers.batch norm(conv2d,
center=True, scale=True,
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is_training=True,
scope='bn")

#4444 in case of leaky relu activation
if activation = True:
conv2d = tf.nn.leaky relu(conv2d, alpha=0.1, name—name)

return conv2d

def encoder(self, reuse=False):

with tf.variable scope("encoder", reuse = reuse):
### Conv2d _bn_ relu Layer 1
convl = self. conv2d bn_ relu(self.img input,

name="convl",
kernel size=4,
in channel=3,
out channel=32,
stride=2)

##4# Conv2d bn relu Layer 2

conv2 = self. conv2d bn_relu(convl,
name="conv2",
kernel size=4,
in channel=32,
out channel=64,
stride=2)

### Conv2d _bn_ relu Layer 3

conv3d = self. conv2d bn relu(conv2,
name="conv3"
kernel size=4,
in channel=64,
out channel=128,
stride=2)

### Conv2d bn_ relu Layer 4

convd = self. conv2d bn_relu(conv3,
name="conv4",
kernel size=4,
in channel=128,
out channel=256,

stride=2)
### flatten the output
conv4d flat tf.reshape(convd, [—1, 256x4x4])
### FC Layer for mean
fcmean = tf.layers.dense(inputs=conv4 flat,
units=8§,

activation=None,
name="fcmean")

##4# FC Layer for standard deviation
fcstd = tf.layers.dense(inputs=conv4 flat
units=8§,
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activation=None,
name="fcstd ")

## fcmean and festd will be used for sample z value (latent variables)
return fcmean, fcstd + le—6

def decoder(self ,inputs, reuse=False):

with tf.variable scope("decoder", reuse
##4# FC Layer for z

= reuse):

fc = tf.layers.dense(inputs=inputs,
units = 4096,
activation = None)
fc tf.reshape(fc, [—1, 4, 4, 256])
###+ Layer 1
deconvl = tf.image.resize nearest mneighbor(fc, size=(8,8))
deconvl = self. conv2d bn_ relu(deconvl,
name="deconvl",
kernel size=3,
in channel=256,
out channel=128,
stride=1)
#4HE Layer 2
deconv2 = tf.image.resize nearest neighbor(deconvl, size=(16,16))
deconv2 = self. conv2d bn_relu(deconv2,
name="deconv2"
kernel size=3,
in channel=128,
out channel=64,
stride=1)
### Layer 3
deconv3d = tf.image.resize

_nearest neighbor (deconv2, size=(32,32))
deconvd = self. conv2d bn relu(deconv3,

name="deconv3" ,
kernel size=3,
in channel=64,
out channel=32,

stride=1)
##4# Layer 4
deconv4 = tf.image.resize mnearest neighbor(deconv3, size=(64,64))
deconv4d = self. conv2d bn_ relu(deconv4,

name="deconv4",
kernel size=3,
in_channel=32,
out channel=3,
stride=1,
activation=False

bn=False)

)

return deconv4

def load vgg(self):
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### pass the input image to VGG model

self .resize input img = tf.image.resize images(self.img input, [224,224])
self .vgg real = vggl6(self.resize input img, ’'vggl6 weights.npz’)

self .11 _r, self.12 r, self.13 r = self.vgg real.get layers()

self .resize gen img = tf.image.resize images(self.gen img, [224,224])
self .vgg gen = vggl6(self.resize gen img, ’'vggl6 weights.npz’)
self .11 g, self.12 g, self.13 g = self.vgg gen.get layers()

def calculate loss(self):

###4 calculate perception loss

11 _loss = tf.reduce sum(tf.square(self.ll r—self.ll g),
12 loss = tf.reduce sum(tf.square(self.12 r—self.12 g),
13 loss = tf.reduce sum(tf.square(self.13 r—self.13 g),
self .pct_loss = tf.reduce _mean(11 loss + 12 loss + 13 lo

### calculate KL loss
self.kl loss = tf.reduce mean(—0.5%tf.reduce sum(
1 + self.std — tf.square(self.mean) — tf.exp(self.std), 1))

### calculate total loss
self .loss = tf.add(self.betaxself.pct loss,self.alphaxself.kl loss)

def optimize(self):

##+# create optimizer
var list = tf.get collection (tf.GraphKeys.GLOBAL VARIABLES, scope=’encoder’) + t

self .optimizer = tf.train.AdamOptimizer(self.learning rate).minimize(self.loss,g

def build model(self ,reuse=tf.AUTO REUSE):
##4# get mean and std from encoder
self .mean, self.std = self.encoder(reuse)
### sampling z and use reparameterization trick
epsilon = tf.random normal ((tf.shape(self.mean)[0],8), mean = 0.0, stddev=1.0)
self .z = self .mean + epsilon * tf.exp(.5*xself.std)
### decode to get a generated image
self.gen img = self.decoder(self.z,reuse)
### load vgg
self .load vgg()
### calculate loss
self.calculate loss()
##+# setup optimizer
self.optimize ()
### generate random latent variable for random images
self .random latent = tf.random normal((tf.shape(self.mean)[0], 8))
self .ran_img = self.decoder(self.random latent, reuse)

### load VGG weight

def load vgg weight(self , weight file, sess):
self .vgg real.load weights(weight file ,sess)
self .vgg gen.load weights(weight file ,sess)

44



IMTPNJIO2KEHUE b

Ko nporpamvbl. O0y4deHne aBTOKOJIUPOBIIUKA

import dfc vae model as dfc
import tensorflow as tf
import numpy as np

import cv2

import scipy.misc

import urllib

from zipfile import ZipFile
from PIL import Image
import matplotlib.pyplot as plt
import os

import sys

import imageio

Hyper—Parameters
### Adjust parameters in this part

BATCH_SIZE = 32

NUM_EPOCH = 10

VGG TAYERS = [’convl 1’,’conv2 1’ ,’conv3d 1]

ALPHA = 1

BETA = 8e—6

LEARNING RATE = 0.0001

IMG_HEIGHT = 64

IMG_WIDTH = 64

TRAINING DATA = ’celeb data tfrecord’

IMG_MEAN = np.array ([134.10714722, 102.52040863, 87.15436554])

IMG_STDDEV = np.sqrt (np.array ([3941.30175781, 2856.94287109, 2519.35791016]))

7 7 7 7

##HE get the image
def crop center image(img):
width start = int (img.shape[l]/2 — 150/2)
height start = int (img.shape[0]/2 — 150/2)
cropped img = img[height start: height start+150, width start: width start+150, :]
#print (cropped _img.shape)
return cropped img

##4# download according to address provided and perform cropping
def load and crop image(img, img width, img height):

img = scipy.misc.imread (img addr)
img = crop center image (img)
img = scipy.misc.imresize (img, [img width,img height])

return img

def register extension (id, extension):
Image .EXTENSION| extension .lower ()] = id.upper ()
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def

def

def

def

def
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def

register extensions(id, extensions):
for extension in extensions: register extension(id, extension)

create grid img
the image inputs will be 4 dimensions, which 0 dimention is the number of example
build grid img(inputs, img height, img width, n _row, n_col):
grid_img = np.zeros ((img_ height*n row, img widthxn col, 3))
print (inputs.shape)
count = 0
for i in range(n_col):
for j in range(n_row):
grid_img[iximg height:(i+41)*img height, jximg width:(j+1)*ximg width,:] = inp
count += 1
return grid img

save images as a grid
save grid img(inputs, path, img height, img width, n _row, n_col):

Image.register extension = register extension

Image.register extensions = register extensions

grid _img = build grid img(inputs, img height, img width, n row, n_col)
scipy . misc.imsave (path, grid img)

_int64 feature(value):
return tf.train.Feature(int64 list=tf.train.Int64List(value=[value]))

__bytes feature(value):
return tf.train.Feature(bytes list=tf.train.BytesList(value=[value]))

convert image into binary format

get image binary (img):

shape = np.array (img.shape, np.int32)
img = np.asarray (img,np.uint8)

return img.tobytes (), shape.tobytes|()

write data into tf record file format (images are stored in zip file)
write tfrecord (tfrecord filename , zipFileName, img height, img width):

### images counter
count = 0

#H## create a writer
writer = tf.python io.TFRecordWriter(tfrecord filename)

with ZipFile (zipFileName) as archive:
for entry in archive.infolist ():
# skip the folder content
if entry.filename = ’content/’:
continue

with archive.open(entry) as file:

sys.stdout.write (’\r’+str (count))
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##+# pre—process data

img = np.asarray (Image.open(file))

img = crop center image (img)

img = scipy.misc.imresize (img, [img height,img width])
img, shape = get image binary (img)

#H## create features

feature = {’image’: Dbytes feature(img),
"shape ’: _bytes feature(shape)}
features = tf.train.Features(feature=feature)

#H# create example
example = tf.train.Example(features=features)

#H## write example

writer.write (example. SerializeToString ())
sys.stdout. flush ()

count += 1

writer.close ()

##4+ parse serialized data back into the usable form
def parse(serialized data):

features = {’image’: tf.FixedLenFeature([], tf.string),
"shape ’: tf.FixedLenFeature ([|, tf.string)}
features = tf.parse single example(serialized data

features)
img = tf.cast(tf.decode raw(features|’image’]|,tf.uint8), tf.float32)
shape = tf.decode raw(features|[’shape’],tf.int32)
img = tf.reshape(img, shape)

return img

#4HE read tf record
def read tfrecord(tfrecord filename):

##4# create dataset

dataset = tf.data.TFRecordDataset(tfrecord filename)
dataset = dataset.map( _parse)

return dataset

def download(url, file path):

if os.path.exists(file path):
print ("the file is already existed")
return

else:
print ("downloading file ... ")

urllib .request.urlretrieve (url, file path)

print ("downloading done")

##4# restore checkpoint from "Checkpoint" folder
def restore checkpoint(saver, sess):

ckpt _path = os.path.dirname(os.path.join (os.getcwd(),’ checkpoint/’))
ckpt = tf.train.get checkpoint state(ckpt path)
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if ckpt and ckpt.model checkpoint path:
saver.restore (sess, ckpt.model checkpoint path)
print ("get checkpoint")

return ckpt path

### create dataset and return iterator and dataset
def get data(training data tfrecord, batch size):

dataset util.read tfrecord(training data tfrecord)
dataset dataset .batch(batch size)

iterator = dataset.make initializable iterator ()
return iterator , dataset

def train_dfc_vae ():

##+# setup hyper—parameter

batch size = BATCH SIZE

epoch = NUM_EPOCH

vgg layers = VGG LAYERS

alpha = ALPHA

beta = BETA

learning rate = LEARNING RATE

img height = IMG_HEIGHT

img width = IMG_ WIDTH
training data tfrecord = TRAINING DATA

##H+# get training data
iterator , = get data(training data tfrecord, batch size)

444+ create iterator ’s initializer for training data
iterator init = iterator.initializer
data = iterator.get mnext|()

###+# define input data

img input = (tf.reshape(data, shape=[—1, img height, img width, 3])-IMG MEAN) / IMG |
### build model graph

model = dfc.dfc_vae model ([img height ,img width], img input, alpha, beta, vgg layers
model . build model ( tf.AUTO_REUSE)

### create saver for restoring and saving variables
saver = tf.train.Saver ()

with tf.Session() as sess:

###+ initialize global variable
sess.run(tf.global wvariables initializer ())

### restore checkpoint
ckpt _path = restore checkpoint (saver ,sess)

#### load pre—trained vgg weights
model.load vgg weight (’vggl6 weights.npz’, sess)

##4# lists of losses, used for tracking
kl loss = []
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pct_loss = []
total loss = []
iteration = []

##4 count how many training iteration (different from epoch)
iteration count = 0

for i in range(epoch):

#4#+ initialize iterator
sess.run(iterator init)

try:
while True:
sys.stdout.write(’\r’ + ’Iteration: ' + str(iteration count))
sys.stdout. flush ()

### every 100 iteration , print losses

if iteration count % 100 = O:
pct, kl, loss, tempmean, tempstd = sess.run([model.pct loss, moc
pct = pct * beta
print ("\nperceptual loss: {}, kl loss: {}, total loss: {}".forma
print (tempmean [0 ,0:5])
print (tempstd [0,0:5])

iteration .append(iteration count)
kl loss.append(kl)

pct _loss.append(pct)

total loss.append(loss)

### every 500 iteration , save images
if iteration count % 500 — O0:

### get images from the dfc_vae model
original img, gen img, ran_ img = sess.run ([model.img input,model

##+4# denomalize

original img = original imgxIMG_STDDEV + IMG_ MEAN
gen img = gen img+IMG_STDDEV + IMG MEAN

ran_img = ran img+IMG STDDEV + IMG MEAN

##4# clip values to be in RGB range and transform to 0..1 float
original img = np.clip (original img ,0.,255.). astype(’float32’)/2
gen img = np.clip(gen img,0.,255.). astype(’float32’)/255.
ran_img = np.clip (ran_img,0.,255.). astype (’'float32’)/255.

### save images in 5x5 grid

util.save grid img(original img, os.path.join (os.getcwd(), ’outp
util.save grid img(gen img, os.path.join(os.getcwd (), ’outputs’,
util.save grid img(ran_ img, os.path.join (os.getcwd(), ’outputs’,

### plot losses
plt.figure ()

plt.plot (iteration , kl loss)
plt.plot (iteration , pct loss)
plt.plot (iteration , total loss)
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)

plt.legend ([ k! loss’, ’perceptual loss’, ’total loss’], bbox_to
plt.title (’Loss per iteration ’)
plt .show ()

##4+ run optimizer
sess.run(model.optimizer)
iteration count += 1

except tf.errors.OutOfRangeError:
pass

#HHE save session for each epoch

##+# recommend to change to save encoder, decoder, VGG’s variables separately
print ("\nepoch: {}, loss: {}".format(i, loss))

saver.save(sess, os.path.join (ckpt path,"Face Vae"), global step = iteration
print ("checkpoint saved")

def test gen img(model, sess, 1):

def

real img, gen img, ran img = sess.run ([model.img input, model.gen img, model.ran_ img

ran_img = ran img+IMG STDDEV + IMG MEAN
real img = real img«IMG STDDEV + IMG MEAN
gen img = gen img+IMG STDDEV + IMG MEAN

ran_img = ran_img/255.
real img = real img/255.
gen img = gen img/255.

util.save grid img(ran img, os.path.join(os.getcwd(), ’'outputs’, ’'test’ , ’'random-—’ -
util.save grid img(real img, os.path.join(os.getcwd(), ’outputs’, ’test’ , ’'real =7 +
util.save grid img(gen img, os.path.join(os.getcwd(), ’outputs’, ’test’ , ’gen—’ + s

test interpolation (model, sess, 1i):

z1 = sess.run(model.z)
z2 = sess.run(model.z)
print (z1.shape)
print (z2.shape)
print (z1[0,:5])
print (z2[0,:5])

z = tf.Variable(np.zeros(zl.shape).astype(np.float32))
gen img = model.decoder(z, tf.AUTO_ REUSE)

interpolated img list = []

for j in range(31):
interpolated z = z1 * (30—j)/30. + z2 = j/30.
sess.run(z.assign (interpolated z))
interpolated img = sess.run(gen_img)
interpolated img = interpolated img«IMG STDDEV + IMG MEAN
interpolated img = interpolated img/255.
interpolated img = util.build grid img(interpolated img, interpolated img.shape]|
interpolated img list.append(interpolated img)
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for j in range(31):
imageio . mimsave (os.path.join (os.getcwd (),

)

"outputs’, ’'test interpolated’ , ’inte:

return interpolated img list

def test ():

### setup hyper—parameter

num test set = 2

batch size = 64

vgg layers = VGG_LAYERS

img height = IMG_HEIGHT

img width = IMG_WIDTH

training data tfrecord = TRAINING DATA

##H# get training data

iterator , = get data(training data tfrecord, batch size)
##4+ create iterator ’s initializer for

iterator init iterator.initializer

data = iterator.get mnext()

##+# define input data

img input (tf.reshape(data, shape=[—1, img height, img width, 3]) — IMG_MEAN)/IMG |

### build model graph

model = dfc.dfc_vae model ([img height ,img width]|, img input)

model. build model (tf.AUTO_REUSE)

##4# create saver for restoring and saving variables

saver tf.train.Saver ()

training data

with tf.Session() as sess:

### initialize global variable
sess.run(tf.global variables initializer ())

#4+ restore checkpoint
ckpt _path = restore checkpoint (saver ,sess)

sess.run(iterator init)
for i in range(num test set):

test gen img(model, sess, 1)
x = test interpolation (model, sess, i)

if name — ' man ’:

tf. reset_defa_ult_graph 0)
train _dfc_vae ()
test ()
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import tensorflow as tf
import numpy as np
import os

import GPy

import GPyOpt

import tf vae.dfc _vae model as dfc
import matplotlib.pyplot as plt

def restore checkpoint(saver, sess):
ckpt path = os.path.dirname(os.path.join (os.getcwd(),’/home/dl/dl/thesis/checkpoint
ckpt = tf.train.get checkpoint state(ckpt path)
if ckpt and ckpt.model checkpoint path:
saver.restore (sess, ckpt.model checkpoint path)
print ("get checkpoint")
return ckpt path

###+ define input data

IMG_MEAN = np.array([134.10714722, 102.52040863, 87.15436554])

IMG_STDDEV = np.sqrt (np.array ([3941.30175781, 2856.94287109, 2519.35791016]))
img input = tf.placeholder (dtype=tf.float32 , shape=(1,64,64,3))

#4#4 build model graph
model = dfc.dfc_vae model ([64, 64], img input)
model . build_model (tf.AUTO REUSE)

#H#E create saver for restoring and saving variables
saver = tf.train.Saver()

sess = tf.Session ()
sess.run(tf.global variables initializer ())

#44+ restore checkpoint
ckpt _path = restore checkpoint (saver ,sess)

class FacialComposit:
def _ init  (self , model, latent size):
self . latent size = latent size
self.latent placeholder = tf.placeholder (tf.float32, (1, latent size))
self.decode = model.decoder(self.latent placeholder, tf.AUTO REUSE)

self.samples = None
self.images = None
self .rating = None

def get image(self, latent):
img = sess.run(self.decode,
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feed dict={self.latent placeholder: latent|[None, :]})
img = img+IMG STDDEV + IMG MEAN
img = img/255.
return img

@staticmethod
def show images(images, titles):

assert len (images)
clear _output ()
plt . figure(figsize=(3xlen (images), 3))
n = len(titles)
for i in range(n):

plt.subplot (1, n, i+1)

plt .imshow (images[i])

plt.title (str(titles[i]))

plt.axis (’off )

len(titles)

plt .show ()

@staticmethod

def draw_border (image, w=2):
bordred image = image.copy ()
bordred image[:, :w] = [1, 0, 0]
bordred image[:, —w:] = [1, 0, 0]
bordred image[:w, :] = [1, 0, 0]
bordred image[—w:, :] = [1, 0, 0]

def

def

return bordred image

query initial(self, n_start=>5, select top=None):

29

Creates initial points for Bayesian optimization

Generate *n_startx random images and asks user to rank them.
Gives maximum score to the best image and minimum to the worst.
:param n_start: number of images to rank initialy.

:param select top: number of images to keep

AR

self .samples = np.zeros((n_start, self.latent size))

self.images = np.zeros((n_start, 64, 64, 3))
self.rating = np.zeros((n_start,))

#44+ Show user some samples (hint: use self. get image and input())
prior distr = tf.random normal((1, 8), mean = 0.0, stddev=1.0)
for i in range(n_start):
self.samples[i] = sess.run(prior distr)
self .images[i] = self._ get image(self.samples|[i])
self. show images(self.images, [’num ’+str(i) for i in range(l, n_start+1)])
rate = input ()
self .rating = np.array ([ 100«(int(i) / n_start) for i in rate.split(’,’)])
# Check that tensor sizes are correct
np.testing.assert equal(self.rating.shape, [n_start])
np.testing .assert equal(self.images.shape, [n_start, 64, 64, 3])
np.testing .assert equal(self.samples.shape, [n_start, self.latent size])

evaluate (self , candidate):

Queries candidate vs known image set.
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def

def

def

composit

composit .

composit
composit

composit .

composit

Adds candidate into images pool.

:param candidate: latent vector of size 1xlatent size

initial size = len(self.images)

## Show user an image and ask to assign score to it.

## You may want to show some images to user along with their scores
## You should also save candidate, corresponding image and rating
self. show images(self.images, self.rating)

image = self. get image(candidate [0])

self .images = np.append(self.images, image, axis=0)

self. show images(image, [’mark?’])

rate = 100x(int (input())/ initial size)

self .rating = np.append(self.rating, [rate], axis=0)

self .samples = np.append(self.samples, candidate, axis=0)
candidate rating = rate

assert len(self.images) = initial size + 1

assert len(self.rating) = initial size + 1

assert len(self.samples) = initial size + 1

return candidate rating
optimize (self , n_iter=10, w=4, acquisition type="MPI’, acquisition par=0.3):
if self.samples is None:

self.query initial(n_ start=>5)

bounds = [{’name’: ’z_{0:03d}’.format (i),

"type ’: ’continuous ’,
"domain’: (—w, w)}
for i in range(self.latent size)]
optimizer = GPyOpt. methods.BayesianOptimization (f=self.evaluate, domain=bounds,
acquisition type = acquisition tj
acquisition par = acquisition pa:

exact eval=False, # Since we are
model type='GP’,
X=self.samples,
Y=self .rating[:, None],
maximize=True)

optimizer.run_ optimization (max iter=n_iter, eps=—1)

get best(self):
index best = np.argmax(self.rating)
return self.images|[index best]

draw_Dbest(self , title=""):
index best = np.argmax(self.rating)
image = self.images|[index best]
plt .imshow (image)

plt.title (title)

plt.axis (7 off )

plt .show ()

= FacialComposit (model, 8)
optimize (n_iter=>5)

.draw_best (’Darkest hair 7)

= FacialComposit (model, 8)
optimize (n_iter=10)
.draw_best (’Widest smile )
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