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AHHOTaAIUA

ATMOC(epHBIe TPOIECCH OMMCHIBAIOTCS HEJMHEHHBIMU CHCTEMa-
MH, YTO CYLIECTBEHHO 3aTPYyAHAET X NPSIMOM aHaJIN3 C MOMOIIBIO
YHCJIEHHBIX MeTOJOB. [1ybokoe o0ydeHHe mo3BossieT pa3padaThl-
BaThb MOJEJIH, KOTOPBIE 110 TOYHOCTH CONOCTABUMBI C TPaJULMOH-
HBIMH (DU3UIECKIMHI MOJIEJISIMH AJI51 CPEJHECPOYHBIX IPOrHO30B. B
JaHHOI paboTe KCCieLyeTCsl MOAXO]] IPUMEHEeHHs TITyOOKOro 00y-
YyeHusl JUIsl OlleHKH oneparopa KynmaHna, koTopblii obecrieunBaeT
JIMHEWHOE TpeJ/ICTaBJIeHNUE HEJIMHEHHBIX JUHAMHUK U CIIOCOOCTBYET
MOBBIIIEHUIO ITPO3PAYHOCTH MOJENI OCHOBAaHHOM! Ha JaHHbIX. [ns
9TOro CO34aETCsi HaOOp JAHHBIX, KOTOPHIA ONUCHIBACT JUHAMHKY
Pa3BUTHSI XOJIOAHBIX M TEMIBIX My3bIpelt B aTMocdepe. [anee pea-
JIM3YETCs YACTUYHBINA aBTOHKOJEP Ha OCHOBE CBEPTOYHOM HEHPOH-
HOM1 ceTH, KOTOpbI 00yJyaeTcst Ha 3TUX JlaHHbIX. Pe3ynbrarsl pabo-
TBI MOJIEJI CPABHUBAIOTCS C UICXOAHBIMU JaHHBIMU.

BBenenmne

AHanM3 ¥ MPOrHO3MPOBAHNE AWHAMHYECKUX IPOLIECCOB, TAKMX KaK M3MEHe-
HHME CKOPOCTH BETpa, IJIOTHOCTH M TEMIIEpaTyphl, BOSHUKAOIIMX B aTMochepe,
UrpaloT BaXHYIO POJib B COBpeMEHHOM o01ecTBe. TpajunmoHHsie (pU3MYecKue u
YHCJICHHbIE MOJIENH, XOTsI K 00€CIIEYNBAIOT PUEMJIEMYIO TOUHOCTh, TPEOYIOT 3Ha-
YUTEJIbHBIX BBIYUCIUTENBHBIX pecypcoB. Kpome Toro, cI0)kHOCTh M HETMHEIHOCTD
aTMoc(epHOI AMHAMMKH 3aTPYIHSIOT €€ MPsSMOI aHaIM3, YTO JeIaeT HeoOX0omu-
MBIM ITOMCK ITOAXO/I0B, MO3BOJIAIOIINX OJHOBPEMEHHO YIy4IINTh HHTEPIPETUpYE-
MOCTb MOJICJIEH M COXPAHUTD BBICOKYIO TOUHOCTH IIPOTHO30B.

OpHUM U3 TaKUX MOAXOMOB sBJIAETCS NMpUMeHeHHe onepaTopa Kynmana [2],
[3], xoTophlit IpeoOpa3yeT HENMHENWHYI0 JMHAMHUYECKYI0 CHCTEMY B JIMHEHHYIO
6ecKOHeYHOMepHYI0 cucteMy. HecMOTps Ha TeOpeTHYeCKyI0 IIPUBIIEKATEIbHOCTD
oneparopa KyrnmMana, ero npsimoe npuMeHeHue 4715 3aa4 aTMOC(hEpHOi JUHAMU-
KU OCTaETCs 3aTPyAHUTEIbHBIM BCIISACTBHE OECKOHEUHOH pa3sMEpHOCTU U HeoO-
X0auMOCTH 3((eKTUBHON aMNpPOKCHUMAIIK OlepaTopa B KOHEYHOMEPHBIX IPO-
cTpaHcTBax. COBpeMeHHbIE METO/bI ITyOOKOro OOydYeHHs HpeyiaraioT UHCTpPY-
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MEHTBI I pUOIMKEHHON peanm3aiuu onepatopa Kymvana. ITogxomasr Ha oc-
HOBE HEWPOHHBIX ceTell (HarpuMep, aBTOIHKOAEPOB U CBEPTOUYHBIX HEHPOHHBIX
ceTeil) MO3BOJISIIOT HAMTU ONTUMAJIbHOE MPEJICTABICHUE JAHHBIX B CKPbITOM MPO-
CTpaHCTBe, rae omnepatop Kynmana OyneT OelicTBOBATh JIMHEHHO, COXpaHss MPH
9TOM OOraTcTBO UCXOHOM MH(MOPMAIMH U NIOBbILIAsI HHTEPIIPETUPYEMOCTD MOJTY-
YEeHHBIX Mojiesiedl. B 4acTHOCTH, CBEpTOYHBIC aBTOIHKOIEPHI TIOKA3aIH ceOs1 mep-
CHeKTHBHBIMU OJ1aroyiapsi cnocoOHocTH 3 PEeKTUBHO padOTaTh C MHOTOMEPHBIMH
MPOCTPAHCTBEHHBIMU JAHHBIMHU U YCIIEIIHO CHPABJIATHCS C BHICOKUMHU YPOBHSMU
HEJIMHEIHOCTH U LIyMa.

I'enepanus o0y4Jaromnero Habopa JaHHBIX

duszuueckas mooenv

IIIISI peuieHrda 3aJavu 6yJIeM HCHOJIb30BaTh [ABYMEPHBIC HECTAIMOHAPHbIC
YpaBHEHUA Sﬁnepa, OIKCBIBAIOIIME IBUKEHUE CKUMACMOU KUAKOCTH:
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dpu' . dpulu' +p)  d(pulu?)
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— 2
ot Ozt ox3 0, @)
Opu®  O(pu'v?)  O(pu’v’+p)
T S R A T )
opd  Oputd  Oputl
ot + Oxl ox3 0, @)
Rapd\"”
po( a0 ) =, &)
Po

rag€ p — MJIOTHOCTb XUAKOCTU, P — JaBJICHHUEC, u1 n u3 — T'OpU3OHTAJIbHAA 1

BEPTUKAJbHASI CKOPOCTH COOTBETCTBEHHO, ) — OTCHIIUANIBHASL TeMIIeparypa, t —
Bpems, ' 1 > — rOpU3OHTANbHAS U BEPTHKAJIbHASA IPOCTPAHCTBEHHbIE KOOP/H-
HaTel, g ~ 9.81 m/c? — yCKOpeHHe CBOOOIHOrO majieHus, Ry — y/ienbHas ra3oBast
MOCTOSIHHAS JIJISl CYXOro BO3yXa, -y — MoKasaTelb aauadatsl, pg = 100000 ITa —
OTIOPHOE JIaBJICHUE.

JJ1s1 YMCIEHHOTO pellieHus] IPUMEHsIETCS pa3pbiBHBIA MeTo] [anépkuna 4-ro
nopsika [5] Ha cetke 20 x 20 35eMeHTOB ¢ S y31aMu Ha 3semeHT (Bcero 10,000
Touek). BpeMeHHast qrCKpeTH3anysi BHITONHSETCS OTyHEIBHBIM MeTOIoM Po3eH-

Opoka 2-ro nopsiaka [6] ¢ marom At = 5.
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JIuHeliHBIe cHCTEMBI Ha KaXJOM IIare peHalnTCs UTEPAOHHBIM METOAOM
FGMRES c npepnodycnaBnuBanneM. Matpuia SIKoOM anmpokcuMupyeTcsl Me-
TO/IOM KOHEYHBIX PA3HOCTEH, a JUIsl yCKOPEHHsI CXOAMMOCTH Hucronb3yercs: LU-
pasnoxenue. CpaBHEHHE PELIeHHH C IpeRo0yCcIaBIMBaHIEM 1 0e3 Hero rokasano
npenedpexkumMo mManble pazinuus (lo-HopMa pasHoct ~ 1.1°C, oTHOCHUTENNbHAS
ommOka ~ 0.037% Ha mociieiHeM 1are reHeparum).

TI'enepayus oannvix

Ha ocHoBe monenmn WxFactory [4] co3paH HaOOp TaHHBIX C TETIJIOBBIMH ITy3bI-
psmu [[7] B nBymepHoii atmocdepe. IlapameTpsl reHepanuu:

e Certka 1000 x 1000 m

e 1-2 ropstaux (0 = 30.3 — 30.6°C') u 0-2 xonoaubx (6 = 29.8 — 29.95°C)
Iy3bIpen

» TayccoBo pacnipeienienue Temneparyphi: (1) = A-exp|—(r —a)?/s?| npu
r>a, Anpur < a

e Paguycsl a = 10 — 80 M, koopauHaThl LEHTpoB g = 200 — 800 M, 29 =
50 — 750 m

Pe3y/lbmambl 2eHepauuu

Bcero Obu10 crenepupoBato 960 yHUKAIBHBIX CLIEHAPHUEB SBOJIOLUY aTMOC]e-
pyt (720 obyuatomux u 240 BanaauuoHHbIx). Kaxkaplii clieHapuii conepxur 1o
215 BpemeHHBIX 1maroB. [Ipy reHepanyv HEKOTOpbIe BpEMEHHBIE IIIary CTAJIKUBa-
JICh C HEYCTOMYMBOCTHIO, B TAKMX CJIydasix B HAOOp He J0OABJIsUINCH MTOCTIEAHNE
10 maros.

ApxutekTypa mojeju u oneparop Kynvana

Onepamop Kynmana
Paccmotpum ) C R?, Beenem:

$k($17£€3) = (pk(mlvx?))v ui(xl,x?’), ui(xl,x?’), ak(xla‘rs)) Q= R47
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THE Pk, U, Wy, O — IUIOTHOCTh, CKOPOCTH BETPA B JIBYX HAIIPABJIECHHUAX U TEMIIE-
patypa cooTseTcTBeHHO. Paccmotpum M = L2(,R*), M - MHO)eCTBO COCTO-
siHUA. [IMHaMuKa cucTeMsbl onpeaenseTcs oroopakenueM f € C*° : M — M,
Zg+1 = f(zk), oOpasys QUCKpeTHyO AuHAMEIYECKyo cuctemy (M, f).
Oneparop Kynvana K : F — F,tne F = {g : M — C}, 3amaércs kak

[Kg](zr) = g(f(xr))

Yacmuunolii a8MoIHK00eP HA OCHOBe CEEPMOUHOL HeUPOHHOI cemu

Pabota [8] npeocTapiser 6a30Byl0 METOIMKY OLEHKM onepatopa Kynmaua,
OJIHAKO €€ MOAXO0]] CTAIKMUBAETCS C CEPbE3HBIMU TPYIHOCTSIMH TP IPUMEHEHUH K
JAaHHBIM BBICOKOH Pa3MEPHOCTH (1. B nanmoit paboTe ucronb3yeTcst MOAUpUIIU-
POBaHHas CTPYKTypa aBTOSHKOJIEpa, TIpeUTokeHHas B padoTe [[10]. Dukoaep npe-
o0pasyer ) B CKpBITOE NpejcTaBieHue 2z, = g(x), rie g — HeJIMHeHHOe 0TO0-
paxeHue. B ckpeITOM pocTpaHCTBe pUMeHsieTcs onepaTop K, : 2p+1 = Ky 2.
JleKojiep BOCCTaHABIMBAET COCTOSIHUE: Tk 11 = g (241)-

Puc. 1: ApxutekTypa 4aCTUYHOrO aBTOHKOJEpa Ha OCHOBE CBEPTOYHON HEHpPOHHOM ce-
TH. DHKOJEp (CyeBa): ocTaTouHsle 6s10ku 1 Max Pooling. CkpbITOe IpOCcTpaHCTBO (LEHTP):
K, nas npoapmkeHus coctosiHus. [lexozpep (cnpapa): ocTaTouHble OJOKM U TPAHCIIOHH-
poBaHHasA CBEPTKA.

ApXHTEKTypa MOJE/ I pe/icTaBIeHa Ha pucynke [l dukoaep cocTouT us 6110-
KOB cHIkeHus1 paspemenusi (DownBlock), koTopble BKioUaloT B ce6s1 mocieno-
BaTEeJILHOCTU NBYX ocTaTOYHBIX OJ0KoB (Residual Blocks) [E], 1ocJjie KOTOPBIX
uner ornepauuss Max Pooling. [lekonep BK/IoYaeT GJIOKM MOBBHILEHUs pa3pelie-
Hust (UpBlock) ¢ TpaHCIIOHMPOBaHHO# CBEPTKOM M OCTaTOYHbIMU OJ10Kamu. [Toce
SHKOJIepa JaHHbIE MPe0OPa3yIOTCs B BEKTOP, IPOSUPYIOTCS B CKPHITOE NPOCTPaH-
CTBO, e npumensercs K ,,, u 3aTeM AeKOIUPYIOTCH.
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Mempuku oyenku u oynKyUU nomeps

II.TIH OéyquI/IH HCHIOJBb3YCTCA CPEAHCKBAApaTUICCKAA ommuoKa:

n

1 .
MSE =~ > i — )%,

i=1

re y; — UCTHHHOE 3HaYeHHe, §j; — NPEACKa3aHHOe.

B padote [8], nis 3¢pdexTBHOrO 00yuUeHUs1 aBTOSHKOIEPa, OLICHUBAIOIIE-
ro HeJMHeiHbIe MpeoOpa3oBaHusl BMecTe ¢ onepatopoM Kynmana, BBOASITCS TpU
(yHKIMH OTEPh (BOCCTAHOBJICHUS, NIPEICKA3aHKS U JTUHEAHOCTH). [ oIy drie-
HUs1 00001IA0IIEll CIOCOOHOCTH MOJIE/IH U e€ peryspu3aruu B padote [|1] mpen-
JIATaeTCsI ABa JOMOIHUTEIbHBIX OrpaHrieHust ((DyHKIMK [OTEePh IIyMa 1 3aMEeHbI).
OO01mas (pyHKIMSI TOTEpb:

L =|lzr — g~ (g(zi)lIuse + |zr1 — 97 (Kmg(2k))|Imse
BOCCTaHOBJICHHUEC Hpe}lCKa3aHﬂe

+l9(zr41) — Kmg(zr)lImse + 1|9(Zr41) — Kmg(zk)|Imse

(6)

JIMHEWHOCTh yM

+ lg(Zr+1) — 9(xrt1)lImsE

3aMeHa

Pe3yabTaThl 00yueHnst

Mopenb o0y4anach Ha Habope u3 151545 BEKTOPOB COCTOSIHMIA, BAIMIAIN-
OHHBbII HaGop comepxkan 50344 Bekrtopa. Mcrnonp3oBanach paHHsISI OCTaHOBKA
(Early Stopping) 1uist KOHTPOJISI O0YYEHHSI, ONTUMH3AIMS POBOIWIIACH ATOPUT-
mMoM Adam co ckopocThio 00ydenns 1 x 1076,

IceBaocXoAMMOCTh JOCTUTHYTA Ha 81 3M0Xe, ¢ MUHUMAaIbHBIMHI 3HAUCHUSIMH
noteps 0.351 (TpeHrpoBouHbIil Habop) 1 0.399 (BaymIauMoOHHBI HaOOP).

Ha pucynkax E 1 3 TOKa3aHkbl peajbHOE Pa3BUTHUE Iy3bIPA U3 BAIMIALIMOHHO-
ro HabOpa M OJHOIIATOBBI MPOTHO3 €ro COCTOSIHUS C MCIOJIb30BAaHUEM Havdallb-
HOIl TeMIepaTypbl COOTBETCTBEHHO. [loydeHHbIe pe3y/IbTaThl CBUIETEIbCTBYIOT
0 3HAYHUTENBHOI CIIOCOOHOCTH MOJIeIH K 00001eHno. HecMoTpst Ha To, uTo Moze-
JIBIO HCTIONB30BaJIaCh TOJIBKO OJIHA ITepeMEHHasI, €€ MIPOrHO3bI XOPOIIO COTTACYIOT-
Csl ¢ peaJIbHOM JUHAMUKOM pa3BuTuUs TemnepaTypHoro nous. Kpome toro, gaxe ¢
OIr'paHUYE€HHBIMU 3HAHUAMU O JUHAMHWKE MO/ICJIb MOXKET BbIIIOJIHATH OJHOIIArOBLIC
NpeJ/ICKa3aHusl, UCTIONb3Y sl TOJIbKO HaYaJbHOE COCTOSHHE.
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Puc. 2: OpuruHanpHOE pa3BUTHE My3bIPSI Puc. 3: OpgHOokpaTHOe mpeicKa3zaHue C
U3 BAJIMIALIIOHHOTO HA0Opa JaHHBIX. UCHOJIb30BAHUEM MOJIEJIM IIPU TEX XKe Ha-

YaJIbHBbIX YCJIIOBUSIX.

3akaroyenue

B naHHoit paboTe paccMOTpeH MOAXO0 K JIMHEWHO# arlpOKCUMAIIAK CJIOKHBIX
HEJIMHEHHBIX TPOLIECCOB B IMHAMUKE aTMOC(EpHl C HCIIOIb30BaHUEM OIepaTopa
Kymmana. AKTyaabHOCTh BRIOPaHHOW TeMaTHKHM OOYCJIOBJIEHA CJIOKHOCTBIO aHa-
JIM3a U NTPOTHO3UPOBAHMST aTMOC(EPHBIX SIBJICHHUI, YTO MMEET BaXXHOE 3HaUECHHE
U1 METEOPOJIOTHH, KJIMMATOJIOTMH M CMEXHBIX 00JIacTe.

J71s1 aTOro 61 c(POPMUPOBAH CHHTETHYECKUII HAOOp JaHHBIX, MOICIMPYIO-
IIM# SBOMIOLMIO TEMIIEPATYPHI B HIeaTM3UPOBaHHOI atMocepe. Bruta peanmuzo-
BaHa MOJIeJb, CrocoOHast 3(PPEeKTUBHO HAXOOUTh MPOCTPAHCTBO, IJIE ONEpaTop
Kymnmana peiictByer ymHeiiHo. [locie oOydyeHus: MOJeM Ha CreHepHpOBaHHBIX
JaHHBIX OBUIO TIPOBEJICHO CPAaBHEHME MTPOrHO3a MOJIENH C IAHHBIMH U3 BaJMali-
OHHOM BBIOOPKH. Pe3ysbTaThl MOKa3aju, 9To Aaxe IpU UCTIOIb30BaHUH JIMIIb OfI-
HOT0 KaHaJia (TeMIlepaTyphbl) apXUTEKTypa YCIIEIHO YJIaBIMBACT KJIIOUYEBbIE 3aKO-
HOMEPHOCTHU JUHAMUWKU. Hpencxa3aHH1)1e OJHOCTYIIEHYATBIC MpUpAIIEHHUA COCTO-
SIHUA XOPOLIO COINAaCyIOTCS ¢ OPUTMHAIBHBIMU JAHHBIMU, YTO CBUAETEIBLCTBYET O
CMOCOOHOCTH MOJIEJIM BOCTIPOM3BOIUTH KPATKOCPOUHYIO AMHAMHKY aTMOC(hEPHI ¢
MOMOIIBIO JIMHEHHOTO OMepaTopa.
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