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BBEJIEHUE

C pas3BuTHEM COBPEMEHHBIX TEXHOJIOIHil U HAyTIHOIr'O IIPOrpecca 4de/0BeYecTBO
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/I0 OOJIBIIEro KOJUYecTBa MH(MOPMAINN 13 HEOOJIBIINX JIaTaceToB,
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.

BaitecoBckasi onruMusalius - 3TO OJX0/ K ONTHUMU3AIUN TIeJIeBhIX (DYHKIHUII,
JJIsT OIIEHKU KOTOPOro TpebyeTcsi MHOTO BpeMeHu (MUHYT Wi 9acoB). JlaHHblil mpo-
1IECC JIyYIlie BCEro MOXOMUT JIjIst ONTUMU3AIUN B HEIIPEPBIBHBIX IIPOCTPAHCTBAX Pas-
MepHOCTH MeHee 20 U JIONYCKAeT CTOXAaCTUYECKUI IIyM IPU BBIYUCICHUN (PYHKITUH.
OH CcTPOUT CTATUCTUUECKYIO MOJIEJIb JI/IsI 11eJIeBOl (DYHKINK U KOJIMIECTBEHHO Olpe-
JIeIIeT HeOolpPeae/IeHHOCTD B 9TOM MoJie e, CIOIb3ys PErPECCUIo TayCCOBCKOIO TPO-
1ecca U MeTo/1 0alieCOBCKOr0 MAIMHHOIO OOYYEHU, a 3aTeM UCIOJIb3yeT (PYHKITUIO
OIIEHKH, OIIPEJICJIEHHYIO U3 9TOI MOJIE/IN, YTOObI PEIINTh, KaKas Haunboee OlTUMa b
Hasl TIO3UINIO, YTOOBI BHIYUCIUTD 1EJIEBYIO (DYHKITUIO.

B auniomHuoit pabote OyeT rmoka3aHo Kak paboTaeT OaiiecoBCKast ONTUMU3aIUsT
1 perpeccusi rayCcoBCKOI'O Mpolecca Ha IIpUMepe UTePATUBHOM 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.



OBIIIAAd XAPAKTEPUCTUKA PABOTDI

B marucrepckoit quccepranuu 57 ctpanui, 16 noctpanuil, 6 nCTOYHUKOB, 3
TTPUJIOYKEHUS .

Kimouessie ciioa: MOJIEJIb CKPBITBIX ITEPEMEHHBIX, EM-AJI'OPUTM,
BAPUAIIMOHHBIE ABTOKOJMPOBILINKN, TAYCCOBCKUII ITPOIIECC, BAIL-
ECOBCKA{ OIITUMUSAIINA

OOBEKTOM HCCIIEIOBAHNSA JINCCEPTAINN SIBJIsIeTCS KOMIIBIOTEPHOE TPeICTaB Ie-
HIe N300paKeHus JInia JeI0BeKa.

[esbio paboOTHI ABJIAETCA pean3alisd UTePATUBHOTO Te€HEPUPOBAHUS M300pa-
JKEHUST JINIA 9e/I0BEKa, 110 3aJaHHBIM MTapaMeTpaM.

JIst TOCTUZKEeHNS TTOCTaBJICHHO e/ OBLTN MCIIOJIB30BaHbl: SI3bIK ITPOrPaMMI-
poBanust Python, 6ubsmoreka jyist Tenzopubix Bbraucsennit TensorFlow (meror re-
Hepalni n300pazkeHnii Ha OCHOBE BAPUAIIMOHHOTO aBTOKOJINPOBIINKA) 1 OHOJINOTEKH
GPy u GPyOpt (peanusaiust HIOAHCOB aJroputMa bBaiteCcoOBCKOH ONTHUMU3AIIII JIIsT
1o100pa apaMeTpoB TeHEPATINH ).

B Jduccepraignn I10JIYy4YEHbI CJIEYIOIIUE pe3yJIbTaThI:

1. Pazpaborana Mmojesib BapuallMOHHOI'O aBTOKOJIMPOBIIUKA JIJIsi IeHepalin

st Peamm3oBan ajropuTMm padoThl balieCOBCKON ONTHMU3AIINN.

2. IIpounsBejieHbI SKCIIEPUMEHTBI 110 TIOJI0OPY TAPaMeTPOB JIJIs TeHePaIH JIUIA

4JeJIOBEKa C 3adaHHbIMU XapaKTEPUCTUKaMU.

Bce pesynbraTbl MarucTepcKoil jmccepTalinn JIOKa3aHbl B COOTBETCTBHUH C ...
Hosuzna pesysibraroB coctouT B ... OG0CHOBAHHOCTH U JIOCTOBEPHOCTD IOJIYY€HHBIX
pPe3yIBTATOB 00YCJIOB/ICHA ...

M&FI/ICTepCKaH JAuccepTanngd BBIIIOJIHEHA aBTOPOM CaMOCTOATEJ/ILHO.



ATYVIJIbHAA XAPAKTAPBICTBIKA ITPAIIDBI

Y maricrapckaii JpicepTallbli 57 crapoHak, 16 Masonkay, 6 KpbIHill, 3 j1aaTKa.

Kmouasbis ciiosbl: MAJIDJIb I[TPBIXABAHBIX [TEPAMEHHBIX, EM-AJIT'A-
PBITM, BHIPAAIBIMHBIA AVTAKAJTABAJILHIKI, TAYCAVCKI ITPAIIRC, BA-
ECAVCKAS AIITBIMI3AIIBIA

AbG’exkTaM maciegaBaHHsI JAbICepTalibli 3'siyJIdera KaMIlyTapHasl BblsiBa, acoObl
JaJiaBeka.

MbsTait npanbl 3’sdyserna iTopaTblyHae reHepaBaHHe BBISBBI acoObl JaJjiaBeKa
na 3a/1a/I3eHbIX TapaMeTpax.

s nacarueHds nmacTayieHail MIThl BBIKAPBICTOVBAJIICA: MOBa IIparpaMaBaHHs
Python, 6i6tisiTaka st ToH3apHBIX BhLTIUsHHSY TensorFlow (Meran reneparibii ma-
JIIOHKAY Ha aCHOBe BapbldlibliiHara ayrakaiasajbhika) i 6i6aiamoki GPy 1 GPyOpt
(prautizarpl HIoAHCAY agrapeiTMy Baecajckail anTbiMizarbi 1jist magabopy mapaMer-
pay reHeparipii).

Y JbIcepTalibli aTpbIMalbl HACTYITHbBIS BBIHIKI:

1. PacnpanaBana MaJpib BapbIdlblifHara ayTakajlaBajbHiKa JIsd TeHepallbli

BbIAY acob. PrasizaBanbl aarapblTm Baecayckail anTbiMizalibli.

2. IIpaBejBeHbl SKCIIEpBIMEHTHI 112 11a100py HapaMeTpay Jijisl reHepallbli acoObl

JaJlaBeKa 3 3aJ1a/13¢HbIM1 SIKACIISIMI.

Yce BBIHIKI Marictapckail aplcepTalbli JaKa3aHbl ¥ ajamaBeaHacti 3 ... Hapizna
BBIHIKAY CKJIajaenia ¥ ... AOrpyHTaBaHaCIb 1 JIaK/Ia/IHACIL aTPhIMAHBIX BbIHIKAY
abyMo¥JIeHa ...

Maricrapckas JabicepTallbld BbIKaHAaHa ayTapaM caMacToiHa.



GENERAL DESCRIPTION OF WORK

The master thesis is presented in the form of an explanatory note of 57 pages,
16 figures, 6 references, 3 applications.

Keywords: LATENT VARIABLE MODEL, EM-ALGORITHM, VARIATIONAL
AUTOENCODER, GAUSSIAN PROCESSING, BAYESIAN OPTIMIZATION

The research object of the thesis is to study a computer generated picture of a
person’s face.

The purpose of this work is an iterative generation of a person’s face by specified
parameters.

To achieve the goal we used Python programming language, the framework
for tensor computing TensorFlow (picture generation method based on variational
autoencoders) and GPy and GPyOpt libraries (implementation of the nuances of the
Bayesian optimization algorithm for selecting the generation parameters).

The main results of the thesis are as follows:

1. The model of variational autoencoder for face generation was obtained.

Bayesian optimization algorithm was implemented.

2. Experiments to select parameters for generating a person’s face with given

characteristics were carried out.

All the results of the thesis are proven in accordance with ... The novelty of the
results lies in ... The validity and reliability of the obtained results are due to ...

The master thesis was done solely by the author.



I'')TABA 1

BBenenne B OailiecoBcKe MeTOIbI

1.1 OcHoBHBbIE onpege/IeHNs.

Beposithocts Ha ) ¢ g-aaredbpoit &/ — 310 orobpaxkenune P : o/ — R, ynosie-

TBOPSIONIA CJIEJIYIONIM AKCHOMAM:
1. meorpunaresbaocts: 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, .«/. P) — BepodTHOCTHOE IIPOCTPAHCTBO.
pis ) )

Z[Be cnyqaf/’lele B€JIMYMHDbI Ha3bIBalOTCA HE3aBUCHUMbIMU, €CJIN:
P(ANB) = P(A)P(B)

BepositHocTh coObITHSI B 1pu ycJIOBUM CBepIieHust coObITHsa A Ha3bIBAeTCst

YCJIOBHO1, €CJIN:
P(BN A)
P = —
(Bl =—F

(Q, o, P)— BeposSITHOCTHOE TIPOCTPAHCTBO.

P(A) >0,

I/ICXO,ZLEI U3 OIIpeaeJICHUA yCJIOBHOﬁ BEPOATHOCTHU CJICAYET IEITHOE ITPaBUJIO:
e P(XNY) = P(B|A)P(A)

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

N
o P(XiN---NXy) =] 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:
© — mapaMerpbl (HaIpUMep HapaMeTpbl MOJIEIH ),
X — nabjrojienns (HAlpuMep HEKOTOPbIE JIAHHBIE), TOTIa,
P(XNO) P(X|O)P(O)

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

P(©) — ampuopHasi BeposITHOCTDH IapaMeTpoB O (HavdabHBIE CBejleHUs (Bepo-
SITHOCTB) O TapaMeTpax (UCXOJlst U3 pactpejiesenus O ));

P (0| X) — anocrepnopHasi BepoSTHOCTH (Hada/IbHbIE CBeJIeHUsI (BEPOSITHOCTH) O
napaMerpax, Mocje MoJydeHrsi HEKOTOPBIX JaHHBIX );

P(X|©) — npasmomnonobue (mokasbBaeT HACKOJIBKO XOPOIIO TapaMeTphl HHTEP-
PETUPYIOT HAIIN JIAHHBIE);

P(X) — nosimag BepoSTHOCTD HACTYILICHNSA COOBITHS B.

Ncexost u3 JaHHOi TeopeMbl MOYKHO BBeCTH IoHsITHEe online obyuenust. [Ipero-
Jaras, 4To y HaC €CTh JIAHHBIE, IIPUXO/SIIIE MAJCHLKUME OPIUAMUI, MOXKHO 0OHOB-
JIATH apaMeTPhbl MOJEIN U 3aTeM, UCIO/IL3Ysl HOBYIO allOCTEPUOPHYIO BEPOSITHOCTD
KaK allpUOPHYIO0 MOXKHO IIePElTH K CJICIYIONEMY IKCIIEPUMEHTY C HOBOIl ITOpIeil

JTAHHBIX:

P(X;|©)P.1(0)
P(Xk)

PaccMoTpuM Mojie/Ib HauBHOTO 6aiiecoBCKOro KaaccudukaTopa. 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 BBeJIEM MMOHATHE MHOIOMEPHOI'O HOPMAJIBLHOI'O PacIpeacIeHId Kak:

1 —1
N (@, ) = ———==exp 2 EE) e

V|27

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

[Tpe/icTaBuM TakM Ke CIocobOM MOJIEb JInHEHHO perpeccun. Eetb Tpu Kiiac-
ca Beca, JIAHHBIE 1 METKH 1O JaHible. Toria, ¢ y4EToM TOro, 4To BCe PACIpe/Ie/IeHIs

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)

Toma, HNCXOJsA M3 JaHHOTI'O IIpedcTaBJICHMA, IIOCTaBMB 3aJady MaKCHUMHU3allln
BEPOATHOCTH BECOB IIpU YCJIOBHHU IIPEAOCTABJICHHBIX JaHHBIX, IIOJYYHUM CJICAYIOIIYIO

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

ly —w' X[*+ Xw|* — max
N——" w

Lo regualizer



weights data

target

Pucynok 1.2 Mogenn muneiinoit perpeccnn
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1.2 Conpsi>KkEHHOEe aIpUOPHOEe paclpeesieHune.

Anpuopnasi BepositTHocTb P(©) Ha3bIBA€TCs CONPSYKEHHOI ero mpaB 01010010
P(X|0©), ecitn anpuopnas Beposgriocts P(0) n anocrepuopnast P(O]X) u3 ommoro
ceMelicTBa paclpe/ieseHnil.

Eciin anpuophast BEpOATHOCTL — HOPMaJIbHAs ¥ [apaMeTPU3UPOBAHHA HEKOTO-
pBIMU TTapaMeTpaMy [ W 0, TO, YTOOBI OHa ObLIa CONPSKEHHOI MpaBI0TOI00WI0,Z
MBI OKIJIAE€M, 9TOOBLI aIllOCTEPUOPHAA BEPOATHOCTEL ObLIA TaKyKe HOPMAJILHOM, HO ¢
yxKe apyrumu i 1 o. Hanpumep, npasuonogobue HopMajibHOe CO CpeaHnM O u juc-
nepcueit o2 . Ecam B34Th anprnopHoe pacipe/iesHene 3a HOpMaJbHoe, HO ¢ JAPYTHMA
mapaMeTpaMu, TO HOCJEe MEePEMHOKEHNsI U HOPMAJIM3AINIO HA OIPEJCAEHHYI0 KOH-

CTaHTy, Mbl TaK2>Ke€ IIOJIY9YMM HOpMaJIbHOE€ pacClpeJc/IeHue.

N (y©,0%) A (O]m,s?)
P(X @ P( )
N (yla,b?) \/—/

KOHCTaHTa

Paccmorpum peasibhblil npumep. [IpegcraBuM, 9To mpaB/iomnogodue HOpMaIbHOE CO
cpeJHuM O u jucrHepcueil 1 u anpuopHoe pacipejeseHne siBIsSieTCs CTaHIapTHBIM
HOpMaJIbHBIM (CpeﬂHee - 0, nucnepcus - 1), TOrJa:
_ p(©)p(©) A (2]0,1)4(6]0,1)
p(Olz) = =
p(x) p(x)
p(O|z) x e (@0 =50’

p(O)z) o e~ (073
p(6X) = A4 (0[5,7)

11



I'TABA 2

EM-aaropurm

2.1 Mojesib CKpPBIThIX IIepEeMEHHbIX.

EM-anroputm - aaropuTsm, UCIOJb3YEMbII B MATEMATUIECKON CTATUCTUKE JIJIsT
HAXOYKJICHUS OIEHOK MaKCHUMAaJbHOTO IPaBIONOI00Ns MapaMeTpOB BEPOSITHOCTHBIX
MoJieJieil, B cjydae, KOrjia MOJE/b 3aBUCUT OT HEKOTOPBIX CKPBITHIX IlepEeMEHHBIX.

Kak npasuio, EM-ajaroputy npuMmeHsieTcs JJid pelieHus 3a1ad IBYX THIIOB:

e K rmepBomMy THITY MOYKHO OTHECTH 331241, CBA3AHHBIE C AHAJTU30M JIEHCTBUTETHHO
HEIIOJIHBIX JIAHHBIX, KOIJ[a HEKOTOPbIE CTATUCTUYECCKUE JIAHHBIC OTCYTCTBYIOT B

CUJTy KaKUX-JTUO0 ITPUINH.

e Ko BTOpOMY THIIY 33184 MOYKHO OTHECTH Te 3aJa4l, B KOTOPBHIX (DYHKIIHS 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 IPUKJIAHbIX 3aJiad BTOPOIO THUIIA SABJIAIOTCA 3aJadld paclio3HaBaHUA
00pa30B, PEKOHCTPYKINK n300parkeHuit. MareMaTndeckyo cyTh JaHHBIX 3a/a4
COCTABJISIIOT 3aJIa49i KJIACTEPHOT'O aHaJIM3a, KJIacCu(UKAIIMN U Pa3deIeHIs CMe-

ceil BEPOSATHOCTHBIX pacCIpeIeIeHNI.

Ha nepeioBbix pyberkax 1yryboKoro obydeHust 4acto Tpedyercs MOCTPOUTH Be-
POSITHOCTHYTO MOJIE/Tb BXOJIA, Pmodel (). B IIpUHITIAIIE, B TAKON MOJIEIN MOYKET HCIIOJIb-
30BaThCsl BEPOSITHOCTHBIN BBIBOJI JIJIsI IIPEJICKA3aHMs JII0OOH IepeMEeHHO B ee OKpY-
JKEeHHNN 1IPU U3BECTHBIX JIPYTHUX IIePeMeHHbIX. BO MHOIMX MOJE/ISIX MMEROTCsT TaKzKe
JIATEHTHBIE TIepeMeHHbIe h, Tak 9TO0 Prodel(T) = EpPmodel (| h). JlaTenTHbie nepenven-
HbIe JIAIOT eIlle OJINH CII0CO0 IpeJICTaBIeHNS JAHHBIX. PaciipejiesieHHble mpejicraB/ie-
HUSI, OCHOBAHHBIE Ha JIATEHTHBIX IIEPEMEHHBIX, MOI'YT MOJIb30BATbCSI BCEMHU ITPENMY-
mecTBaMu ooy UeHus npejacrapaeHuii. [Ipeamnosoknm, 9To B IaHHBIX €CTh JIATEHTHBIE
IepeMeHHbIe (CKPBITHIE TIEPEMEHHbBIE, CKPBIThIE KOMITOHEHTHI ), IPUIEM MOJIETh YCTPO-
eHa TakK, YTO ecJiu Obl Mbl UX 3HAJIH, 33ja4a cTaja Obl MPOIE, a TO U JIOIyCKaJa, Obl

aHaJuTH4YecKoe perrenne. Ha camom jese, coBepiieHHO He 00s13aTeIbHO, YTOOBI 9TH

12



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 IPUMEHUTb METOJIbl K HEeHPOHHBIM CeTsIM, CHadaJia HY»KHO BBISICHUT,
KakK paboraioT OailecoBckue MeTo bl Vlcxons us Toro, 4To paccMoTpuM baiiecoBcKoe
obocHOBaHUE JIJIsi OJIHOTO U3 OCHOBHBIX METOJIOB KJIACCUUIECKOTO 00yUueHusi Oe3 y4u-
TeJid, aJroputMm Expectation — Maximization, KOTopblii 0OBIYHO HA3BIBAIOT IIPOCTO
EM-anropurmom.

Nnes EM-aaropurma 1oBoJIbHO 1pocTa. Hanpumep, 3ajada KiacTepu3anumn Ha
06bIuHOf IockoeTn R?: cyIecTByeT MHOKECTBO TOUYEK, HEOOXOMMO pasonTh nx Ha
IIOJIMHOYKECTBa TaK, UYTOObI BHYTPHU KaxKJIOH M3 HUX TOYKH OBLIN <«IIOXOXKHU» JIPYT
Ha JIpyra, TO €CTb OHU OJIM3KU JIPYT K JIPYTy, U TOUKU U3 PA3HBIX IMOJIMHOXKECTB
MOTJIA Obl OBITH 3HAUUTEJIHLHO 0O0JIee Pa3/IMUIHbI, TO €CTh HAXOMWINCH Obl JIaJIeKO Ha
ILJIOCKOCTH.

[Ipe/io/ioxKuM, 9TO CYIIEeCTBYET BEPOSITHOCTHAsI MOJE/hb, OIIpejelisieMasl COB-
mecTHbIM pactpesenenneM p(X,T|0). Buece X — Habop HAOIIOIAEMBIX TEPEMEH-
HbIX, 1’ — HaOOP HeHAOJII0aeMbIX ITepEMEHHBIX 1 © — HAabOp ImapaMeTpOB MOIEJIH.
Pacemorpum mipobiiemy m3ydenunst Mojie/in (monck mnapamerpoB © mo obpasiy X) ¢

HCTIOJIb30BAHIEM METO/a MaKCHMAJLHOIO TIPABIONOI00HS:
log p(X|0©) = log/p(X,T\@)dT — max (2.1)

Pacemorpum nponssosibaoe BepositHocTHOe pactpesenenne ¢(1'). Torma crpa-

BeJ/INBa CJIe/IyIolas 1ernoyka paBeHCTB:
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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))
Huseprentust K L(q||p(T|X,0)) > 0, ciaegoBarenbHo:
log p(X|©) = L(q) (2.2)

EM-asropury™ g pemenns 3agaan (2.1) sBisercs axagorom meroga Hbro-
TOHA JIJIsT ONTUMUBAIIY TPOU3BOIBLHON (DYHKITNH, T/Ie BMECTO KBaJIPATUYIHOTO TPHU-
OJIKEHHsT B TEKYIIEell TOUKe UCIOJIb3yeTest HiKHsst oretka (2.2). [lycrs HekoTOpOe
3HaueHne mapaMerpoB Ogq Oyier dukcuposanubiv. CHadasta (Ha mare E) omnpee-
nsiercst pactpejenenne ¢(1) Kak paciipe/iesieHne 3HAYeHNH CKPBITHIX TePEMEHHBIX €

3a/JJaHHBIMU ITapaME€TpaMn:

(X, T|Ooa)

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

(2.3)

[Ipu Takom Beibope ¢(T") HIKHsAS olleHKa (2.2) siBJIsieTcst TOUHOI /7151 © = 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) ue yosiBaiot. Mo-
HOTOHHOe HeyObiBatue mnpapononobus p(X|©) u ero orpaHUYeHHOCTb CBEPXY I'a-
PAHTUPYIOT OOIIYI0 cXoauMocTh EM-urepariuii.

Urepanmnonnslii mporecc B EM-aropurye mponsiiiocTpupoBan Ha pucyHke 2.1.

Huxuas onenka (2.2) obosnauena depes L(q,0). [lo amasorunm co MHOrEIME HTe-
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pallMOHHBIMM METOdaMM OIITHUMHU3alllH, EM—&HFOPI/ITM IIO3BOJIAET HaXOJIUTHL TOJIBKO

JIOKAJTbHBIIT MAKCUMYyM TIPaBJIONO0 1001

geld gnew

Pucynok 2.1 Urepannonnsrit mporecc B EM-anropurme

3aMeTnM, ITO BO MHOTHX MPAKTHIECKIX CJIYUasX peleHne 3a1aqu 2.4 HaMHOTO
npoire, dem perienne 3ajadn 2.1. B gactHOCTH, B paccmaTrpuBaeMoil HIKe 3aja-
e pasjieseHusi rayCCOBCKO cMecH 3ajada ontumusanun Ha M mare Moxker ObITh
peIleHa aHATUTHICCK.

Berancienne suadenns GyHknun mpasaonogobust p(X|©) B dbukcnpoBaHHOI
TOUYKe TpeOyeT MHTEerPUPOBAHNUST 110 TPOCTPAHCTBY 1’ 1 B psijie CIyUIaeB MOYKET MPE/I-
CTABJIATH COOOM BBIUNCIUTETHHO TPYJIOEMKYTO 33/1ady. 3aMeTuM, ITO 9Ta BeJINInHa
IPABJIONOI00UsT HEOOXOIMMA TAKZKe JJIsT BBIYHUC/ICHUST AllOCTEPHOPHOTO paciipe/iesie-
aust p(T]X, Opq) Ha E-mare. Onnako, pacupejenenne p(T|X, Oqq) ucnoibyercs
3aTe€M TOJIbKO [JTs1 BBIYMCJICHUST MATEMATHIECKOTO OKUJaHUs Jorapudma MoJTHO-
ro mpasgononobust va M-mare. Kak mpaBuso, 3/ech He TpebyeTcst 3HATH BCE arlo-
CTEPHOPHOE PACIIPE/IC/ICHNE TEJIMKOM, a JOCTATOYHO 3HATDH JIMIIb HECKOJIBKO CTATH-
CTUK 9TOrO PACIpeJiesieHns (HAIPUMED, TOJbKO MAT.OXKUJIAHIST OTIEJTbHBIX KOMIIO-

HeHT Kz x o u napuble Kopapuarmun Epix e ..+, )- [loaromy EM-anropury mozer

oldtn
6I)ITb BbIYUCJINTEJIBHO SCbeeKTI/IBeH JdazkKe B T€X CJIy4dadX, KOr'/la BbIMMCJIEHNE 3HaY€-

Hust paBonoooust p(X|©) B oHOI TOUKe 3aTpY/IHEHO.
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EM-aroputM MOXKHO pacCMaTpUBAThL KAK IIOLEM 110 KOOPJAMHATAM JJIs 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-ajiroputm MOKHO HPUMEHSITH TaKzKe JJis PelleHs 3a/1a4i 00y YeHnsl BEpo-
SITHOCTHOMN MOJIeJTH CO CKPbIThIME HepeMenHbiMu p( X, T'|©) ¢ moMoIb0 MaKCHMU3a-

U1 AIOCTEPUOPHOIO PACIIPEJIeIEHHUSI:
p(0|X) — max & log p(X|0) + logp(©) — max

31ech p(©) — anpuopHoe pacipejie/ieHne Ha apaMeTpbl Mojean. B srom ciry-
yae HUXKHeHl OIEHKON JIJIsi OINTUMHU3UPYeMoro (pyHKIMOHAJIA SABJISIETCS CJIeIyoIast

BeJIMYNHa:

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

Urepannontast onTuMu3anius JaHHON HUKHEH MpaHuiibl o pactpeeneriio q(1)

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

Erix.0,,logp(X,T|O) + logp(©) — max

2.3 lIpumenenne u nmpumepbl EM-ajsropurma

PaccmoTpnm BeposgTHOCTHYIO MOJIE/IH CMECH HOPMAaJILHBIX PacIpe/ieIeHnii:

K
p(x) = Zwk/\/(x\uk,ilk), Zwk =1, w,>0 (2.5)
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Mogeb cmecu pactipe/iesiernii (He 06s13aTeIbHO HOPMAJIBHBIX ) MOZKHO PACCMAT-
puBaTh KaK MOJE/Ib CO CKPBITON IepeMeHHol t, KoTopas obo3HadaeT HOMEpP KOMIIO-

HEeHTbl CMECH:

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

Jlerko nokazarh, 4TO MapruHajibHoe pacipejenenne p(x) = Y, p(x|t = k)p(t =
k) B sToit Mosiesin coBrasiaeT ¢ pacipesenaernem 2.5. B arom embicsie mogenn 2.6 — 2.7
1 2.5 9KBUBaJIEHTHBI. VIHTepIpeTalins BeposiTHOCTHON MO/JIE/IM CMECH paclipeieIeHn
KaK MOJIEJT CO CKPBITOI IepeMEHHOI TI03BOJIsIeT IeHepUPOBaThH BLIOOPKY U3 MOJIEIN
cMecH cieaytomuM obpazom. CHagasia ¢ BEPOITHOCTIMUI, PABHBIMU W, TEHEPUPYETCS
HOMEDP KOMITOHEHTBI CMeCH, U3 KOTOPOil 3aTeM reHepUpyeTcs TOUKa, .

st anmpokcumarun Beibopku X = {x1,..., Ty} ¢ HOMOIIBIO MOJIEIN CMECH

n3 K rayccuan MO2KHO BOCIIOJIb30BaTbCA METOAOM MaKCHUMaJIbHOI'O Hp&BﬂOHO,B;O6HHI

p(X|w, i, 21) = T10_, p(X |w, s S
=TI (D@ (alpan 30)) = ma,
K

W, X

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

ZKzév ZK>'O

Hannas mpobJieMa YCJIOBHONW ONTUMHI3AIUN MOXKET ObITH 3(PEKTHUBHO perieHa
¢ ucrojib3oBanneM EM-ajropurMma, onmcaHHoro B npeblayiieM mnojapasjese. Ctout
o0paTuTh BHUMAaHKE, YTO YKMCJI0 KOMIIOHEHTOB cMecu K He MOyKeT ObITh HaiiJeHO
AQHAJIOTMIHBIM 00PA30M IIyTeM MaKCUMHU3allil BEePOATHOCTHU, IIOCKOJILKY 3HadYeHHe
BEPOSITHOCTU JIAHHBIX TEM BBIIIE, YeM OOJIbIle HCIIOJIb3yeTcss KoMIoHeHT K. Yrto-
Obl HaliTH oNTUMAaJIbHOE 3HaUeHne K, MOXKHO HCIIOJIb30BATh KPOCC-BAIUIAIINIO, TJIe
KpUTepueM KadecTBa alllIPOKCUMAIUN TECTOBLIX JAHHBIX SIBJISETCS 3HaYeHUe HpaB-
nonogobust. 1] Ilpn ucnonbzoBarun EM-amropurva i perenus 3ajgadu 2.8 Be-
POSITHOCTHAs MOJIE/Ib CMECH Paclpee/ieHnii HHTEPIPETHPYETCsI KaK BEPOATHOCTHAST
MOJIeJIb CO CKPBITBIMH IIePeMEeHHbIMU. BBIUNC/IUM 3HaUYeHHe MaTeMaTUIecKoe OyKHU-

naHne jgorapudma, IOJHOINO HPaBIONOI00MsI, HEOOXOAUMOTO JIjIsI PEIIeHHsI 381N
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onTuMmu3alun Ha M mrare:

N K

E,logp(X, Tlw, {m} {Zk}) = ) Y altu = k)(logwy + log N (| s, Zp)) (2.9)
n=1 k=1

Boipazkenue 3aBUCUT TOJIBKO OT BEPOSITHOCTEN OTIEIBHBIX CKPBITHIX I€peMeH-

HbIX §(t, = k). DTH BeJUIHHBI MOYKHO HANTH CJIEYIONIM 00PA30M:

Yok = q(tn = k) = p(tn = K|y, w0, {pg}, {Z9}) =
W 0 ) (2.10)
— Zngl w?ld./\/(xn“i?ld,z?ld)

K
Bajiaua MakcuMusanuu kpurepus 2.10 npu orpaHndennsax y . wy = 1, w, > 0

MOZKET OBITD peluieHa aHaJIMTUIeCKU:

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

N _ _ T

anl Tk

Pemenne jyist ) - 2.13 y10BI€TBOPSIET YCJIOBHIO CHMMETPHYHOCTH U HOJIOZKH-

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 .

Taxnm obpazom, EM-ajiroputm jij1s1 cMec HOpMaJIbHBIX PACIIPE/Ie/ICHI 3aK IO
qaeTcs B uTepalimoHHoM npumMenennn dpopmyst 2.10 u 2.11-2.13. DToT nporecc nmeer
IIPOCTYIO0 MHTEPIIpeTannio. BeamanHa vy, MOKa3bIBAeT CTEIeHb COOTBETCTBUSA MEK-
1y 00bEKTOM T, 1 KOMIIOHEHTOI k (ompejie/isieT Bec 00beKTa Xy, JJisi KOMIOHEHTHI
k). Dru Beca 3areMm ucnosib3yoTcs Ha M 1mare jijisi BBIYUC/IEHUST HOBBIX 3HAYEHUI
napaMeTpoB KoMIoHeHT. [Ipnmep mpuMenenns EM-anroputva f/is pasigeenuns HOp-
MaJIbHOI CMecH ¢ JIByMsT KOMIIOHEHTaMH [ToKa3aHa 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

OHuM 13 TPUMEHEHHI CMeCH HOPMAaJIbHBIX PACIIPEJIe/IeHN ABJISeTCs pelieHne
3a/1aun Kjaacrepusanun Ha K kiactepos. B aToM ciaydae Homep KiacTepa st 00b-

eKTa X, OIpee/IsdeTCd BeJININHOIN:

k, = arg max "y,
i

Taxast cxeMa KJIacTepU3aIn sIBJISETCS BEPOATHOCTHBIM 0000IIEHIEM N3BECTHO-
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.

20



I')TABA 3

BapI/IOI_[I/IOHHI)Ie ABTOKOJINPOBIINKN

3.1 BBenenue B BapuoIMOHHbIE aBTOKOJIUPOBIIUKNA

[ny6okue ceeproutbie Heitporubie cetit (CNN) ObLn UCIIOIB30BAHBI JIJIsT JTOCTH-
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 00y Jaronnii Habop
JIAHHBIX.

Bapuanunonnsiii aBroka uposiink Variational Autoencoder (VAE) cras mory-
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 eCTeCTBEHHBIMH N300ParKeHUSIMU. DTO CBSI3aHO C TE€M, 4TO 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.

M3 nurepaTypbl IO M3MEPEHUIO KadecTBa M300payKeHUs M3BECTHO, YTO IIOTE-

psI IIPOCTPAHCTBEHHON KOPPEJISIIIUN sIBJISIETCSI OCHOBHBIM (PaKTOPOM, BJIMSIIOIIUM Ha,
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BHU3yaJIbHOE KauecTBO m300parkeHusi. HejapHue paboThl 110 CUHTE3Y TEKCTYD U Iepe-
Jlade CTUJIs TIOKA3aJ/Il, 9TO CKPBITHIE TpejicTapienns riryookoit CNN MoryT 3axBaThbi-
BaTh Pa3/IMIHbIE CBOWCTBA ITPOCTPAHCTBEHHON KOPPEJSINN BXOIHOTO W300PAZKEHMA.
Bocnonibsyemcst stum coiictBoMm CNN u nbrtaemcst yinyuamnth VAE, 3aMeHus 1o-
MIKCEJILHYIO TIOTEPI0 Ha MOTEPI0 BOCHPUATHST 00bEKTa, KOTOpasl ONpeJIessseTcs Kak
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-
COBAHHOCTH CKPBITBIX IIPEJICTaBJIEHNN BXOJIHOIO M BBIXOJHOTO M300parkKeHmil, 9To,
B CBOIO OYepe/ib, HAJaraeT IMPOCTPAHCTBEHHYIO KOPPEIAIMOHHYIO COTJIACOBAHHOCTD
nByx m3obpazkennii. Takzke Oymer mokKasaHO, 9YTO CKPBIThIE BeKTOPhl AVE, 00yuen-
HbIE C [OMOIIBIO JIAHHOI'O MeTo/ia, 00JIaal0T MOIIHON KOHIICNTYaJbHOM CIIoCOOHO-
CTBIO IPEJICTABJIEHNs] U MOI'YT HCIOJIB30BATbCs JIJIsl JIOCTUXKEHUsT CAMBIX COBPEMEH-
HBIX XapaKTePUCTUK B IIPOrHO3ZUPOBAHIN XapPaKTEPUCTUK JINIIA.

VAE nomoraet jenath jBe Belu. Bo-1epBhIX, 3TO MO3BOJISIET KOAUPOBATH M300-
pazkeHue X B CKpBITHIHA 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 YIIPaBJISTH PACIPEJIe/IEHUEM CKPBITOIO BEKTOPa 2, KOTOPBI MMEET 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 mpeijioKenbl Apyrue MeTo bl [IJIsl yiIydiieHust npousBoanrenbHoctn 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 peryJisipusaliueil. Eine oinH 1M0aX01 MbITaeTCst
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 memaBHUX pabOT yCIENTHO TeHepUPYIOT M300parKeHusl MyTeM OITH-
MUBAIIN TIOTEPU BOCIPUSTHS, KOTOPas OCHOBaHa Ha BBICOKOYPOBHEBBIX (DYHKITHSIX,
U3BJIEUEHHBIX U3 TpeaBapuTebuo 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.

[IpocTpancrBenHasi pyHKINs MOTEPh MPU3HAKOB JIBYX M300parKeHuii orpe;ie-
JISIeTCsT KaK PasHuIla MeK/Iy CKPBITBIME MTPU3HAKAMEI B IIPEIBAPUTEIHLHO 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

KoneuHnble ToTepu pu BOCCTAHOBJICHIH OIPEJIE/IAIOTCS KaK OOIIe MOTepH ITy-
!

TeM oObepunenns pasindHeix yposueit cetu VGG, Lyee = Y Lo

Kpome Toro,
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 /leraau moaean aBTOKOIUPOBIINKA

PazpabarbiBaemast crcTeMa COCTOUT M3 JIBYX OCHOBHBIX KOMIIOHEHTOB, Kak IIO-
Ka3aHOo Ha pUCYHKe 3.1: ceTh aBTOKOJepa, BKIOUalas B ceds cetb F(x) Kojepa u
cerb D(z) mexosiepa, u ceThb norepb $, KOTOpasi sIBJISIeTCsI PEJIBAPUTEILHO 00y YeH-
Hoit rimydokoit CNN 151 onpejiesieHnsl XapaKTepUCTUKN BOCIPUSITHSI ToTepu. Bxo/i-
HOe M300parkeHne T KOJIUPYETCs KaK CKPBITHIi BeKTOp z = F(x), KOTOpbIil Oyer
JEKOIPOBAH OOPATHO B MPOCTPaHCTBO n3obpaxkenus T = D(z). [Tocie obydenust
CETBIO JICKOJIEPOB MOZKET OBITH CreHEPUPOBAHO HOBOE M300parKeHne ¢ 3a/laHHbIM BEK-

TOPOM Z.

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 Mojesb aBTOKOIMPOBIIIKA

Yrobsr 00yunth VAE, HAM HY2KHBI JIBE TIOTEPH, OJIHA U3 KOTOPBIX - IIOTEPS JI1-
Beprermun Kyibbaka-eiibiaepa L = Dig(q(zx)||p(2)), Koropast ucnonb3yercs s
TOr0, 9TOOBI YOEJUTHCS, UTO CKPBITHIN BEKTOP 2 ABJISETCS HE3aBUCUMON eTMHUIEl

cay4JaitHoit rnmepemenHoii 'aycca. [pyras ocoOeHHOCTb - IIPOCTPAHCTBEHHAsI 11OTEPSI.
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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.

Cetb KoOzepa u jexojepa ocHoaHa Ha riyookoit 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 Iepemennoit z. [l jekojepa 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]

| | | |

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

BbL1 TPpOBOJIEH SKCIEPUMEHT Ha M300paXKEeHUsX JIUIL, YTOObI IPOBEPUTH METO/I.
B wactHOCTH, CHavYaIa OIEHUBAEM TPOU3BOINTEIHLHOCTD TeHEePAIN N300paKeHus 1
CpPaBHUBAEM C JIPYTUMHU IeHEPATUBHBIMU MOJIE/IsIMI. KpoMe TOro, Mbl TaK:Ke HCCie-
JIyeM CKPBITOE ITPOCTPAHCTBO U U3yUaeM CeMaHTUYeCKNEe OTHOIIEHIS MEXKJLy Pa3Jind-
HBIMU CKPBITHIMI TTPEJICTABICHUSIMI U TIPUMEHSIEM WX JJIs TPOTHO3UPOBAHMS XapaK-
TEPUCTHK JINIIA.

Mogmesns Oblta 0bydena wa nabope namnbix CelebFaces Attributes (CelebA).
CelebA - 310 KpynHOMACIITAOHBIH HAOOpP AAHHBIX aTpudyTOB Juia ¢ 202599 13006~
paxkenugmu Jjni. Habop oOydarommx JJaHHBIX IIyTeM OOPEe3KU U MacIITaOupOBaHUs
BBIPOBHEHHBIX M300pazkeHuit /10 pasMepa 64 x 64 nukcesnsd. Mol obydaeM Hamry Mo-
nenb ¢ batch size paBabiM 64 111 5 910X 110 HAOOPY JIA OOYUYEHUs] W UCIOJIb3yeM
meros Adam st onTEUMHU3AIUN ¢ HadaJbHON ckopocThio obyuenust 0,0005, koro-
pasi ymenbIinaercsd B 0,5 pasa jjis nocieaytonmux smox. 19-cioitnas cerb VGGNet
BBIOpaHa B KauecTBe CeTH MmoTepb P 71t MOCTpoeHnsi TOTepr BOCIPUATHS (DY HKITHH
JIJIsT BOCCTAHOBJIEHN s M300parKeHns. BbLin TPOBeIeHbl SKCIIEPUMEHTBI ¢ Pa3ITIHBIME
KOMOMHAIIUSIMU CJIOEB, YTOOBI TOCTPOUTH MTPOCTPAHCTBEHHYIO (DYHKITUIO TIOTEPh MPHU-
3HakoB. CooTBeTCTBEeHHO OB 00yveHbl jiBe Mojesnn: VAE-123 u VAE-345, ucross-
3ys cion relul 1, relu2 1, relu3d 1 u relu3 1, relud 1, reludb 1 coorBercTBeHHO.
Kpome Toro, pasmep CKpbITOro BekTopa z ycranonsen paBHbiM 100, kak DCGAN,

a BecoBble TMapameTphl nmorepb v u 3 paBubl 1 u 0,5 coorBercTBeHHO. Peasmzarms
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ObLTa BbITIOJTHEHA BO peiimBopke Tensorklow.
Pesynbrarel 00ydeHusT pa3jesieHbl Ha JBe YACTH: PEKOHCTPYKIMA JIMIA SHKO-
aepom 1 jiekogepoM, rerepanus Jmna 13 N (0, 1) JeKoepoM 1 1pe/IcTaBIeHbl Ha

pucynkax 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)
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I')TABA 4

I'ayccoBckuii mporiecc n 6ajiecoBcKas ONTUMU3AIINS

4.1 TI'ayccoBcKwuii mmpotiiecc

B nacrosiiee BpeMmst 0JHUM U3 HauboJIee IOIYJISIPHBIX METOJ0B pPEelIeHUs IIPO-
OJ1eMbI BOCCTAHOBJIEHHUsT (AIIPOKCUMAIINN) HEN3BECTHON (DYHKIIUH TTyTeM BBIOOPKN
ee 3HaYEHUl SBJII€TCS PErpeccusi, OCHOBaHHAas Ha I'ayCCOBCKUX IPOIeccax.

B pamkax 3TOro nojxojia Mpejro/aracTcs, 9To almpoKCuMupyeMast QyHKINs
SIBJISIETCST peasin3aliieii raycCoBCKOIO IIPoIecca, paciipe/ie/ieHre KOTOPOTro IOJIHOCThIO
olpejiesisieTcs 3aaHHoi pyHKImei Mat. oxKuganus u pyuknueit aucrnepcuu. Canra-
eTcs, 9TO PYHKIUS JIUCIIEPCUN MEXKTy 3HAUEHUSIMI T'ayCCOBCKOTO MPOIECCA 3aBUCUT
TOJIBKO OT TOYEK, B KOTOPBIX TU 3HAUEHUS IOJIydeHbl. Torga B KauecTBe MpOorHosa,
3HAYEHUs alllPOKCUMUPYEMOil PYHKITUN B HOBOIl TOUKE MUCITOJIb3YIOT allOCTEPUOPHOE
3HaUeHre MaT. OyKUJIaHU, a JIJIsi OlleHKN HeolpeaeleHHOCTH 3TOTO ITPOTHO3a - COOT-
BETCTBYIOIIYIO alloOCTEPUOPHYIO Juciepcuto. IIpn 5ToM amocrepuopHoe MaT. 0XKujia-
HUE W allOCTEPUOPHYIO JIMCIIEPCHIO. MOYKHO PacCUYNTATh aHAJUTUYECKN U TTOJIHOCTHIO
OIpeIeTUThL (DYHKINENH TayCcCOBCKOTO MPOIECCa.

OOBIIHO HIpeioaraeTces, 9To MYHKIUS IayCCOBCKOIO MPOIECcca IPUHAIEYKNT
HEKOTOPOMY TapaMeTPUIECKOMY CEMENCTBY, U IIO9TOMY 3aJiada MOCTPOCHUST Perpec-
CUU Ha OCHOBE I'ayCCOBCKMX IPOIECCOB CBOJIUTCA K MpobJieMe OIEHKU TapaMeTpoB
caMoil (DYHKIINN IayCCOBCKUX TPOIECCOB. )]

CraHlapTHBIE METO/IbI, OCHOBAHHBIC Ha I'ayCCOBCKUX IIPOIleccax, UMET KyOu-
YeCKYI0 CJIOXKHOCTBH pa3Mepa BBIOOPKHU, YTO JieJlaeT HEBO3MOXKHBIM UX HMCIIOJIH30Ba-
HIIEe B 3aJla9aX ¢ OOJIBIINMU O0beMaMu JaHHLIX. B ¢Bs3u ¢ atum, HaduHas ¢ 2000-x
I'0JI0OB, MHOTHE HCCJIe0BaTe I pa3padaThiBalOT MPUOIN3UTEIbHBIE CXEMbBI JIIsi 00Y-
YeHUsT MOJIEJISIM I'ayCCOBCKUX ITPOIECCOB. Pa3BuTne MeToj10B, OCHOBAHHBIX Ha BCIIO-
MOTaTebHbIX TOYKAX (MHIYIUPYIONMX BXOJHBIX JIAHHBIX), MO3BOJIIO TPUMEHHUTD
rayCCoOBCKIE TIPOIECCh K 3aadam ¢ bosbimMu Boibopkamu (6ostee 100 000 obbex-
TOB).

['ayccoBckue IpoIecchl ONpeIesaioT allpIopHOe pacipeie/IeHIe 110 Habopy PyHK-

U;I/Iﬁ 1 ITO3BOJIAIOT HAaXOAUTH CJIO?KHDBIC B3aMMOCBA3U B JIaHHDIX. Ha ocnose rayccoB-
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CKUX IMPOIECCOB OBLIO TIOCTPOEHO MHOT'O MOJIe/Iell, KOTOPbIe YCIENTHO NCIOIb3YIOTCS
JUUIsl PEIlleHnsT Pa3/JIMIHbIX 33/a49 MAIIHHHOTO OOYyUYEHUs - PErpeccun u Kjiaccuduka-
[UH. DTU METO/IbI TTO3BOJISIIOT aBTOMATHIECKN KOPPEKTUPOBATH CJIOYKHOCTD MOJICJIH,
a TaKzKe II03BOJIAIOT OIICHUTh HEOIIPEe/IeJIEHHOCTD B IIPOI'HO3E.

Taxkum 0O6pa3oM, rayCcCOBCKHIT ITPOIECC HA3BIBACTCS CIYJIalHBIM MTPOIIECCOM, IbU

KOHEUYHOMEpHBIE paclpeeeHns TayCCOBCKUE.

p(f(w,xl), S 75(w7$n)) = N(f“ﬁ, E)

Ha pucynke 4.1 npuBouTCcs IpUMep TayccoBCKOro mporecca. [omybast o01acTh
MOKA3bIBAET 30 - WHTEPBAJ HEOINPEIeIEHHOCTH polecca (JI0BepUTEIbHbI HHTEP-
BaJI), & TEMHO-CUHsIsl JIMHUsI — MAaT. OyKuJaHue npoiecca. [IBeTHble JTMHUN TOKA3bI-

BalOT cJyvaliHble peaju3aluu 1poliecca.

0.0 0.2 0.4 0.6 0.8 1.0

Pucynoxk 4.1 OjiHOMEpHBII TayCCOBCKUIT TTPOIECC

B nanHOII riiaBe paccMOTPUM rayCCOBCKIE IIPOIECCHI, 3aIaHHbIe Ha BEIEeCTBEH-
HbIX HpocTpancTBax RY . Toria ciyuaiiHblil IPOIECC HA3BIBAETCS I'ayCCOBCKUM HPO-
IIECCOM, €CJIN Jlsl JII0OOro n, U JJIsl J11000ro Habopa ti,ts, ..., t, € RP coBmecTHOe

pacrpe/jieJiecHue nMeeT BUJIL.

f(tl)a f(t2)7 RN f(tn) ~ N(mta Kt)y rae my € Rna Kt S Rnxn
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MaremaTnuecKoe oxKujaHue onpejenserca GyHukiuei cpeguero m : RP — R

rayCCOBCKOI'O IIPOIECCa:
my = (m(ty), m(ts), ... ,m(tn))T

JlanHast QyHKINSA MOXKET ObITh ITPOM3BOJIBHOII.
Anajiornano, MaTpuiia Kopapuannu K; onpejesisiercss KOBApHaInoHHoO (51,1po-

Boit) bynxmueit npomnecca k : RP? x RP — R,

k(ty,t1) k(ti,ta) ... k(ty,ty)
o | k(e t) k(ta o) o K(ta.t)
=
k(tn,t1) k(tn,ta) ... k(ta, tn)
Matrpuiia KoBapuanun jijisi J00oro Habopa 3Havdenuii ¢, to, . . . , t, JTOJKHA ObIThH

CUMMETPUYHOII 1 HEOTPUIATEJIbHO OIPE/IeJIEHHOIA.
[ayccoBeKmit poriece MOJTHOCTBIO OMpee/IAeTcss CBOMME (DYHKITHE MaTeMaT-
YeCcKOro OXKUJIaHUsST M KoBapuarmonnoi gpyukimeit. /1s rayccoBeckoro nporecca Oy-

€M HCIIOJIb30BaThb 3allUCh:

f o~ GP(m(:), k()

¢ byHKHEI cpejIHero m u sApoBoit pyHKImeit k.

['ayccoBcKue IIPOIECChI SIBJISIOTCSI JIOBOJIBHO THOKKUM CPEJICTBOM OIMCAHUSI JTaH-
HBIX, & CTeIeHb “TJIaJIKOCTH IIPOIIECCa OIpPEeIeIdeTCsd BUJIOM KOBApUAIMOHHOM (DyHK-
uu. Ha pucynke 4.2 npejcraBjieHbl IPUMEPDI Pean3alinii CTalllOHAPHBIX FayCCOB-

CKUX CJyJaflHbIX MPOIECCOB C PA3JIMIHBIMI KOBAPUAIIMOHHBIMU (DYHKITUSIMU.
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Pucynok 4.2 Peanuzanmii cTalimoHapHBIX FayCCOBCKUX CJyUYallHBIX IIPOIIECCOB C
PA3JIMIHBIMI KOBAPUAIMOHHBIMU (DYHKITUSIMI

PaccMoTpuM perpucronnyio MoJie/ib Ha OCHOBE TayCCOBCKIX IporieccoB. Ilycrn
X = (z1,29,...,2,)" € R™P - onucanne BbIGOpKH 3 n 00bekTos. [lyerth 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 ckpbitbie niepemennbie f = (f1, fo, ..., fn) € R™ 3nadenus npouecca f

B TOUKax oOy4Jarorieil Beioopku. Tora

p(yilf) = N (il 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 MaTPUILY TTONAPHBIX 3HAUYEHWH KOBapPUAIMOHHON (DYHKIIN, BBIUNC-
JIEHHYIO Ha JIByX Habopax Touek A = (a1, 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,IL& 1O OIIPEACJIEHNUIO I'ayCCOBCKOI'O ITPOLECCa pPacClIpeae/JieHne
fe IK(X., X)) K(X,, X))
TaK KaK Yy IpeAacTaBJideT U3 CG6H SalllyMJICHHYIO BEPCHUIO f , TO
y KX, X))+’ K(X,X,)
~ N |0,
f K(X.,X) K(X,X,)
MO}KQM BbIpa3uTh YCJIOBHOE pacClIpeec/iIeHne Ha f* IIpn yCJI0BUN JaHHDbIX

rie
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E[f.]y] = = K(X,, X)(K(X, X) + 1)y

cov(fily) = K = K(X,, X,) — K(X,, X)(K(X,X)+ ) 'K(X, X,) (4.2)

Takum 00pa3oM, CJI0KHOCTH IOJIyUEHHUsT paclpejieieHnsi Ha [, onpejeisieTcs
ciosKHOCThIO obpartienns Marpuibl K (X, X) + v2 € R™™ u umeer acUMITOTHKY
O(n?).

Ha pucynke 4.4 nokazan mpuMep IpecKa3aTeTbHOTO PACIIPeIeIeHs I Tayc-
COBCKOTO Tiporiecca ¢ ¥ = (), HaCTPOEHHOI'O TI0 TPeM TOUYKaM, 0003HAUYEHHBIM CHHIMHE
kpyramu. [osybas obJacTh MOKa3bIBaeT 30-WHTEpPBaJ JjId 3HAYEHUIl Iporecca, a
TEMHO-CUHssI JIMHUS — €ro MaTeMaTudeckoe oxkujanue. [{BeTHble iMHUM MOKa3biBa-

10T CIydaifHble peau3aliui MpoIecca.

_.3 1 L L 1

0.0 0.2 0.4 0.6 0.8 1.0

Pucynoxk 4.4 TlpejckazaresibHOE pacipejiesieHe B 3a/aue Perpeccuu

4.2 BaitecoBcKass onTUMUI3aIAsI

BaitecoBckast onrumusarust (Bayes Optimization) mpejcrasisier coboit Kjace
MEeTO/I0B OITHMU3AIMK Ha OCHOBE MAIINHHOIO OOYYeHUsl, OPUEHTHPOBAHHBIX Ha pe-
IIeHNe 3aJ1a9H.

max f(z) (4.3)

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

CTBa.

e x naxonurcst B RY, rie 3nadenn d He cimmnkoMm Besmko. O6erano npu d < 20

HaunboJIee ycIelnrHble IPUIoyKeHns 0aiieCOBCKON ONTHMU3aIINH,

e 1ejieBasi pyHKIMS f HenpepbiBHA. OOBIYHO 3TO TpebyeTcst Jjist MOJIETNPOBaHUST

f C HUCIIOJIb3OBaHMEM PErpeCCUN Ha OCHOBE I'ayCCOBCKOI'O IIpOIECCa,

e [ «JIOPOrO BBIUUCATH» B TOM CMbBIC/IE, YTO YNUCIO BBIYUCIEHUI, KOTOPbIE MO-
I'yT ObITH BBITIOJTHEHBI, OTPAHUYIEHO, KAK MMPAaBUJIO, HECKOJILKUMU COTHAMU. DTO
orpaHnyenne OOBIMHO BO3HUKAET W3-3a TOTO, UYTO KarKJI0€ BLIYUCJIEHUE 3Have-
HUst (DYHKIMN 3aHIMAET 3HAYUTETHHOe KOJIMIeCTBO BpeMeH! (0ObITHO YacoB), HO
TaKzKe MOXKET IIPOUCXOJUTH M3-3a TOIO, YTO JIAHHOE BBIYUCJICHUE MOXKET HECTH
JEHEKHBIE 32TPAThI (HAIIPUMED, OT TOKYTKH MOIHOCTH OOJIATHBIX BBIUUC/ICHUT
WIH TOKYTIKE JIAOOPATOPHBIX MATEPUAJIOB) WJIN ajibTepPHATHBHBIE 3aTPaThl (Ha-
npuMep, ecau Bblunciaenne f TpebyeT 3ajaBaTb JeJOBEKY BOIPOCHI, KOTOPBIE

Oy/IyT TEPIETh TOJBKO OIPAHNIEHHOE YUCJIO Pas),

e f, 110 cBoeil Mpupojie, He SIBJIFETCA BOTHYTON WM JUMHEHHOH, XOTs JaHHbIE Xa-
PAKTEPUCTUKU TO3BOJIUIN ObI YIIPOCTUTH ONTUMU3AINIO C UCIOJIB30BAHUEM W3-
BECTHBIX U KJIACUNYECKUX METO/I0B, KOTOPbLIE UCIIOJIB3YIOT JaHHble CBOMCTBA JIJId

1oBbIIeHNsT 3(PHEKTUBHOCTH,

® KOI'/Ia [IPOUCXO/UT BhIYUC/IeHNE f, HET BO3MOXKHOCTH IOy IUTH HUKAKUX [TPOM3-
BOJIHBIX II€PBOI'O IJIK BTOPOI'O MOPSIAKA. JTO OTpUIlaTe IPUMEHEHIe MeTOI0B Oll-
TUMU3AIMHI [IEPBOIO U BTOPOI'O MOPsIKa, TAKUX KaK I'PaJUeHTHBIN CIIyCK, METO/
HpioTona min KBasMHLIOTOHOBCKHE MeTOH0B. IIpobieMbl ¢ jlaHHBIM CBOICTBOM

HA3BIBAIOTCA «0O€3 MTPOU3BO/IHBIX »,

e f(z) mabmonaercs 6e3 myma. OHAKO MOYTH BO BCeX paboTax 1o OaitecoBCKOIt
ONTUMU3AIIN IITyM CUNTAETCSA HE3ABUCHMBIM OT BBLIYUCJIEHWI 1 TAYCCOBBIM C T10-

CTOSTHHOI1 jincriepcneii (0ObIMHO CTAHJIAPTHOE I'ayCCOBOE PaCIpeieieHue),

® BHUMaHNE€ aKIIEHTUPOBaHO Ha ITONCKE F.HO6&.HBHOFO, a HE JIOKaJIbHOT'O OIITUMYMa.
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BaitecoBckasi onTuMmusaliust COCTOUT U3 JBYX OCHOBHBIX KOMIIOHEHTOB: Daiiecos-
CKOIi CTATUCTUIECKOT MOJIE/IH JIJist MOJIeIUPOBaHNUS T1eJ1eBOil hyHKINN (0OBITHO TayC-
COBCKHII Tporiecc) u (byHKIMK OleHKHN (acquisition function) st mpuHsaTHs perie-
HUSI O TOM, IJIe UCKaTh ONTUMyM gajbiie. [locse Bbraucsenuns mesieBoil pyHKINN B
COOTBETCTBUHU C TIEPBOHAYAIbHBIMI JAHHBIMU, ITPOCUXOJIUT BhluncieHne ['ayccoBcko-
ro IpoIecca U ero o0ydeHus: Jjist 1Mojd0opa napamMeTpoB (PYHKIUN KOBAaPUIIMOHHOI
(staposoit) dyukiwun. [locie sToro cocrapisercst GyHKIUs ONEHKH HA OCHOBE IMO-
JIydeHHoro ['ayccoBckoro mporiecca, HaXo/IUTCs ONTUMYM JIAHHON (DYHKITUN OIEHKH,
BBIUHC/ISIETCS 3HAYEHHE 11eJIeBoil (PYHKIMN B JAHHOM OITHUMYME, II0C/Ie Yero JaHHOoe
3HadYeHne j1obaBisieTcs B HaOOpP JaHHBIX. [Iporecc moBTopsieTcs CHOBa, J0 OIpe/ie-
JIEHHOM CXOJIMMOCTHU UJIU TIOCJIC BBIYUC/ICHUS ONPEIEJTEHHOIO KOJIMIECTBA UTepaluii.
Bcé Boimeonncanaoe o000IaeTcst B aJrOPUTM.

OjiHa nrepanus 6aiiecOBCKON ONTUMUBAIINHT C UCIIOJIb30BaAaHUEM PEI'PECCHH T'ayC-
COBCKOI'O Tiporiecca u pyHKIMeil oleHku oxkutaeMoro yiayudiienns (Expected
improvement) nponsutrocTpupoBana Ha pucytke 4.5. Ha Bepxueil manesn mokasanbl
OecllyMHbIe 3HAYCHUS 11€JIeBOI (DYHKIIMKM ¢ CUHUME KPYKKaMu B TpexX Toukax. OH
TaKzKe 110Ka3bIBAaeT Pe3ysIbTaT Perpeccun rayccoBCKOTro Iporiecca. Perpeccust raycco-
Ba [POIECCa JIAeT aroCTePHOPHOe PaCIpeieIeHne BEPOsITHOCTe Jjist Kaxkaoro f(x),
KOTOPOEe 0OBLIMHO PACIIPE/IC/ISIeTCs CO CPeJIHIM 3HaueHneM [, (z) u puctepcueii o2 (z).
1o n306pazkeno Ha pucynke 4.5 ¢ u,(x) B BUje cionHoil kpacuoit junnu u 95 %
OafieCOBCKIM JIOBEPUTEJILHBIM HHTEpBaJIOM i f(x), pn(x) £ 1,96 X 0,(x) B BHIC
IIYHKTUPHBIX KpacHbIX JjuHuii. CpejiHee MOXKHO MHTEPIIPETHPOBATh KaK TOYCUHYIO
oleHky f (x) JlocToBepHBIT MHTEPBaJ JIECTBYET KaK JOBEPUTE/ILHBIN WHTEPBAJ B
CTATUCTHKE YaCThIX CaydaeB u cojep:xkut f(x) ¢ Bepogrnocrbio 95 % B coorBer-
CTBUU C TOcJIeHUM pacupejiesierHueM. CpejiHee 3HAUYEHNE MHTEPIIOJIUPYETCS PaHee
JAHHBIM TOYKaM (HAYAJBHBIM JaHHBIM). B 9TUX TOUKax JOBEpUTE/bHBIN MHTEPBAJI
nMeeT mupuHy ) U PACIHIUPSETCs 110 Mepe yJaJleHns OT HuX.|3]

Hikauil prcyHOK OKa3biBaeT GyHKIMIO OIEHKH 0xKiiaeMoro yayudrirerne (Expected
improvement) GyHKIMN c6opa, KOTopast COOTBETCTBYET JaHHOMY aroctepuopy Layc-
coBckoro tmporiecca. CTout odpaTuTh BHUMaHKE, 9TO OHA HpUHUMaeT 3HadeHue 0 B
TOYKaX, KOTOPhIE ObLIN paHee BbIYUCAEHBI. DTO IMPUEMJIIMO, KOI'Jla 3HAUEHUs IieJIe-
BOI1 (PYHKIINK HE MMEIOT IIyMa, IOTOMY 9TO OHM HE JIAI0OT I0JIe3HONH HMHQOPMAINN

JJId PEelIeH M. Takzke cTout O6paTI/ITb BHUMaHME, 9YTO OHa MMEET TCHIACHIIMIO OBITD
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OO0JIbIIIe JIJIsI TOUEK ¢ OOJIBIINME JOBEPUTEILHBIMI UHTEPBAJIAMEI, [IOTOMY YTO 3HAa-
JeHusi TOUYKH, Iye ['ayccoBeKkmii mporecce Oojiee He YBEPEH B IeJId, IMEeeT TeHIeHITIIO
OBITH OO0JICE TTOJIE3HBIM B ITOMCKE XOPOIINX HPUOJINKEHHBIX IVI00aJIbHBIX OITUMYMOB.
Crour 006paTuTh BHEMAHIE, YTO OHA MMEET TeHJIEHIINIO ObITH OOJIBIIE JJIsT TOUYEeK C
OOJIBIIIIM allOCTEPUOPHBIM CPEJIHIM, IIOTOMY UTO TaKue TOUKHU, KaK IIPABIIO, OJIN3KI

K XOpOolIInM HpI/I6JH/ISI/ITeJIbeIM 100 ILHDIM OIITUMYMaM.

>l Gaussian process posterior on the objective function |

50 100 150 200 250 300

T
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T
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Pucynok 4.5 IIpenckazaTenbioe pacipeaeacHne B 3ajia9e perpeccun

DyHKIs oleHKN oxkuiaemoro yiydarrerne (Expected improvement) BeiBognTcst
u3 sKcrepuMenTa. JlomycTim ncnosib3oBanne ajropuTMa 6aiieCoBCKO OMTUMI3ATITIH
1ytst pertiernst (4.3), B KOTOPOM &, 0003HAYAET TOUKY, BEIODAHHYIO Ha UTEPAIUH 7, &
Yn 0003HAUAET COOTBETCTBYIONIEE eif 3Hadenne. /omycTuM perenne Kak Hallle OKOH-
garesbHoe pererne (4.3). Takke JOMyCTHM, 9TO HET BO3MOYKHOCTH TOJIYIUTh 3HA-
yeHne QpyHKIMU, KOTOPOE HEOOXOIMMO, U PEeIlleHre JIOJIZKHO ObITh OCHOBAHO Ha TeX,
KOTOpbIE yzKe BbINOJIHEHbI. [[0CKOIbKY MbI Bhlunc/sieM f 6e3 1yMa, onTuMaJibHbIM

peuienueM (ABJIAdeTCd IIpeJBapuTE/JIbHO BbIYMCJIE€HHad TOYKa C HaNOOJIBIITNM I[IOJIy4€H-
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HbIM 3HadenneM. [lycrs f = max,,<, f(x,,) Oyaer 3Hadenuem 5Toi TOUKH, TJe N -
KOJINYECTBO UTEPAIUIl.

Teneps MpeIIONIOAKIIM, YTO HA CAMOM JI€JI€ €CTh BO3SMOXKHOCTH BBIITOJTHITD OJTHO
JIOTIOJTHUTEJIbHOE BBIUMC/IEHNE, I MOXKHO €0 BBIITOJHUTD IJI€ YIOJHO 1 KOI'/ia YTOIHO.
Ecmu Braucints B ¢, nostyunrest suadenne f(x). [locse momyuenns HOBoro 3uaveHust
JIydInedi TOIKN J0JKHO ObITh smbo f(x) (ecom f(x) > f¥), mubo f¥ (ecom f(x) < f).
Yoyamenne f(z) — f nonoxkurenbnoe win 0 B MpOTHBHOM cirydae. Torga naHnoe
yIIydIleHre MOYKHO 3anucarh 6o/iee KoMnakTHo Kak [f(x)— f*]7, rue a™ = max(a, 0).

Heobxomumo BeiOpaTh &, 4TOOBI JaHHOE YJIydIleHne ObLIO OOJIBIINM, TaK KakK
f(x) memsBectHO J10 OKOHYaHUsT BbrancjeHnst. OJHAKO MOXKHO B3sITh MAT. OXKHJa-
HUE 9TOr0 YJIYUIIeHUs U BLIOUPATH &, OTHOCUTEILHO MaKCUMI3AIUN MAT. OZKUIaAHUS.

OmnpejieisieM MaT. OKHUJIaHNIE KAK.

ElL(z) = E,[[f(x) — f;]"]
3necy B[] = E,[-|T1.0, Y1.n] yKa3bIBaeT MaT. 0KHJAHUE AOCTEPHOPHOIO pac-
PEJIeICHNUSI, JIAHHOE IIPU BBIUUCJICHUU f B X1,...,T,. DTO allOCTEPUOPHOE PACIIPE-
nenenne f(x) 3amaéres dopmyioit (4.2).
OzkujraeMoe yaydlieHue MOyKeT ObITh BLIYUCICHO € HOMOIIBLIO (DOPMYJILI HHTE-

I'pupoBaHUsd 110 YaCTAM. OHyCTI/IB BbIYMCJICHU A, IIOJTYYIHM.

~

EL,(z) = var[fo(2)] (2, P(2n) + P(22))
rie

_ Efufe) = m(2)
var(f, (@)

& — QyHKIMS IOTHOCTH HOPMAJIBLHOTO pacipejienetns ((byHKIs pacIpeeeH st ),

n 9

A

fn — cTaTHCTHYECKAST MOJIETH Ha n-oif ureparyn (layccoBekuii mporecc).
Barem penraercd 3a/a49a ONTHMABAINN:

Tpi1 = argmax ET,(x) (4.4)

B ornmmane ot nesieBoit (pyHknum f B Halleil mepBOHAYAJIBHOI 3aja4e OITH-

vusarun (4.3), El,(x) siBiisercst HeJopoOroit jjist BEIYUCJCHUST U TIO3BOJISIET JIETKO
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OIEHUTH TIPOU3BOJIHBIE [IEPBOIO U BTOPOIO MOpsijiKa. Peausanun ajJiropuTMa oxKuia-
eMOr0 YJIyUIlleHHsI MOT'YT TaKyKe MCII0JIb30BaTh HEIIPEPBIBHbII METO/IbI OIITUMU3AIIU
IePBOr'O WK BTOPOro opsijika Jyist perterust (4.4). Hanpumep, ojns MeTo1, KOTOPbIi
XOPOIIIO 3aPEKOMEH/I0BaJI cebs JIJIs aBTOPa, - 9TO BBIYUC/UTD I€PBbIe TIPOU3BOJIHBIE
U MCIO0JIb30BaTh KBasnubioToHOoBCKUil MeTos L-BFGS-B (Liu and Nocedal, 1989).
Ha pucynke 4.6 nokazan rpaduk juuanit yposust El,(x) B Tepymunax A, (z) =
Ef(z) — m(z) 1 anocTepuopHOro CTAHAAPTHOIO OTKIOHCHHS on(z) = var|fa(z)].
EI,(x) ysemmauBaercs mpn ysesedenun u A, (), n o,(x). Kpussie A, (z) n o,(x)
¢ paBubIM FI nokasbiBaioT, Kak F1 OajlaHCUpyeT MeXKIy OIEHKOIl B TOUYKAaX C Bbl-
COKHMM OXKHIJIAEMBIM YIIydIieHneM (BBICOKUM A, (Z))) ¥ BBICOKOIl HeOIpe/e/IeHHO-
CTbIO (BBICOKUM 0, (). B KOHTEKCTE ONITUMU3AIINE BBIYUCIEHNTE B TOUKAX C BBICOKUM
OXKUJIAEMbBIM YJIY IIIEHHEM OTHOCHTEJILHO TIPE/IbLYIIel HAMTY IIIeii TOUKU SIBJISeTCs
HanboJiee BasKHbIE, TIOTOMY YTO XOPOIITHe IPHOJIN3UTeIbHbIE TTI00ATBHBIE OITUMY MBI,
BEPOSITHO, OYJIyT HAXOJUTHCsT OKOJIO TakuX ToueK. C JIpyroil CTOPOHBI, BBIYUCICHUE
B TOYKaX C BBICOKOH HEONPEJIEJIEHHOCTBIO MEePCIEKTUBHA, [IOTOMY YTO MOMCK OINTU-
MyMa TIPOCHXOYKUT B TE€X MeCTaX, 0 KOTOPBIX MaJIo u3BecTHO ['ayccoBcKoMy mporieccy
(BbICOKHUIT pa3bpoc 3HAYEHUIT) 1 KOTOPbIE, KaK MPaBI/IO, HAXOIATC JAJIeKO OT TOTO,
4T0 paHHe ObLI0 BbUUCIeH0. ONTUMYM, KOTOPbIH MOXKET ObITh 3HAUUTEIHHO JIyUllle,

9eM TOT, KOTOPYIO y2Ke €CTh, BIIOJIHE BO3MOYKHO MOYKET OBITh B TeX MecTax. |J]

Pucynok 4.6 I'paduk sunuit yposust E1(x)
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Pucynok 4.5 nokasbiBaercst E1() na nmxkaem rpaduke. MoxKHO OTC/IEIUTE 110~
BeJIeHIe JTaHHON (DYHKINU, Ije HanboJIbIee 0XKUJIAeMOoe YIYUIIeHNe, UIETCS TaM,
rJie BBICOKOE CTAHJAPTHOE OTKJIOHEHHE (JIAJIeKO OT paHee BBIYHUCJCHHBIX TOUEK) W
BbICOKOE MaT. oxkujanue. Haumenbiiee oxxkujiaemoe yiydiienune - 0 B ToYKax, e
U3BECTHBI 3HaUYeHUs IejieBoil gyukiuu. CTanjapTHOoe OTKJIOHEHHE B STUX TOYKaX
pasubl (), a MaT. oyKuJIanme 00sg3aTeTbHO He OOJIBINe, YeM JIydllias paHee BbIUNC/IeH-
HBIl OIITUMYM.

B nannoit pabote OBLIO TPEJJIOKEHO MOJICTPANBATL 3HAUYEHNA CKPBITOIO BEKTO-
pa z JieKojiepa aBTOKOIMPOBIIUKA IO/ NeHepallnio JIUIA HAIepE] 3aJaHHbIM BU3Y-
AJIbHBIM XapaKTePUCTUKAM IIPU TTOMOIIH bBaiiecoBckoit onTuMusalun. 3ajiada 1moJib-
30BaTesIsl 3aK/II0UACTC B OINEHUBAHUU CIHCKA CPeHePUPOBAHHBIX (IO OIpejeséH-
HBIM CKPBITBIM BEKTOPaM) JIAIL 10 H-OaTbHOM MIKase 10 3aJIaHHON XapaKTepUCTHKe
(6ostbiie-sryare). 3arem GaifecOBCKasi ONTUMU3AINS TTLITACTCS MPEJIOKUTH HATOO-
Jiee JIydIuii CKPBITHIT BEKTOP 2 (HE0OSI3aTeIbHO U3 CYIIECTBYOIINX B CIIICKE CreHE-
PUPOBAHHBIX, HO OH MOYKET ObITh OU€Hb TTOXO0K HA OJIMH U3 CYIIECTBYIOINIIX ), KOTOPBIE
OTTIPAaBJIAETCS B JIEKOAEp aBTOKOINPOBIITIKE 1 I3 3TOT0 BEKTOPA JIEKONPYETCs JINIIO

¢ HamnboJ1ee Jrydlneil BU3yaJabHON 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 xojie paboThl ObLIN UCCIe0BaHbl HOBEMINNE TTPUHIIAIILI TeHEPAITUN T300Pa-
JKeHUIl Ha OCHOBE aBTOKOJIMPOBIIUKOB, a TaKyKe OCOOCHHBIN THII 00yUeHus MoJieeil
JAHHoOro Tuma. TakxKe OBLIN N3yYeHbl OCHOBHBIE TTPUHITUIILI OaileCOBCKOIT OMTUMU3a-
1IN U perpeccuu ['ayccoBcKoro mporecca.

PesyibraToM paboTh! cTaIo 00yIeHHbI Ha jjlaTacere Jull 3HameHuTocteit celebA
ABTOKOJIMPOBIIUK, CIHOCOOHBINI TeHeprpoBaTh JIUIA HEeCYIeCTBYIONMX Jojeil. Tur
00y4YeHUsT CONPOBOXKIAJICS CIIEIUAaJILHOM TPOCTPpaHCTBEHHOM (DyHKIMEH moTepn
(perceptrual loss). Tak:ke pesysibTaToM CTaJI0 HEKOTOPOE TPHUJIOXKEHIE OCHOBAHHOE
Ha OailecoBCKOM ONTHUMUBAINN, KOTOPOE CIIOCOOHO UTEPATHBHO OAOMpPATh JIUIO I10
3a/IaHHBIM XapaKTePUCTUKAM.

B nepcriekTuBe cTaBATCA 38191 YIyUIIeHNs CII0coba TONCKa ONTUMATbHBIX 00-
JlacTeil, 3HaYeHNit y 1eeBoil (pyHKINKM Ha OCHOBe BaliecoBCKoii onTuMMU3aIun Ipu
TIOMOIIN U3MEHUS TUIla I1eJIeBoil (DYyHIMN U cIocoda, OlEeHUBAHUS M300paykKeHuil, a
TaKKe YIydllleHne KadecTBa pabOThl MOJIEN aBTOKOIUPOBIIUKA ITyTEM yCOBEpIIEH-
CTBOBaHUS apXUTEKTYPbl MoJIeell U yCJIOXKHEHNsT TPOCTPAHCTBEHHON (DYHKITUH TI0-

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 mnearest 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 mneighbor (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
deconv4d = tf.image.resize nearest 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)
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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

THIH
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def

def

def

def

def

s
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 width*n col, 3))
print (inputs.shape)
count = 0
for i in range(n_col):
for j in range(n_row):
grid_img[iximg height:(i+1)*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

###+# 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 img+IMG_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—" +
util.save grid img(gen img, os.path.join(os.getcwd(), ’outputs’, ’test’ , ’gen—’ + s

test interpolation (model, sess, i):

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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IMPNJIO2KEHUE B

Koa mporpammbl. I'ayccoBckmnii mpoiiecc u 6aliecoBckast
ONTUMU3ANSI

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):

)9

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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