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MOJAENb NPEACKA3AHUA BPEMEHHbIX PAOOB, OCHOBAHHASA HA
MOAN®ULIMPOBAHHOW APXUTEKTYPE TRANSFORMER
OBNACTb TEXHUKA
HacTosilee TexHuyeckoe pelleHne 0THOCUTCS K 0BnacTu BbIMUCIIUTENBHOW TEXHUKY,

B YaCTHOCTHU, K cnocobam NPOrHo3MpoBaHNA 3HAYEHUN BPEeMEHHbIX pAaOoB.

YPOBEHb TEXHUKWA

OpHum u3 cnocobos nonyynTe Bbirogy "3 AaHHbIX ABNSAETCH nporHosnpoBaHune

BPEMEHHbIX psaoB. [loTpebHOCTL B npeAckasaHuM 3HAYEeHWA BPEMEHHLIX PAaoB
HabniogaeTtcs, Hanpumep, B npoussoacTBe. Mogenb MOXET NpPUMEHSIETCA B Lensx
NPOrHo3MpoBaHusa TemnepaTypHbIX nokasaTernei yCTponcTs B NpoU3BOACTBEHHOM Liexe. Eé
(pyHKLUMOHMPOBaHNE OCHOBAHO Ha aHanu3e AaHHbIX, MOMyYeHHbIX OT APYrUX YCTPOMCTB B
TEYEHWe BpEMEeHW, a TaKkke y4yeTe pasHoOOpasHbIX NapamMeTpoB MNPOU3BOACTBEHHOIO
npouecca.

N3 ypoBHA TEXHUKM M3BECTHO pelueHue, BbibpaHHoe B kayecTse Hanbonee 6rnvskoro
ananora, RU2744041C1, ony6n. 02.03.2021. B aHanore packpblT ¢cnoco6
NPOrHO3NPOBAHUA 3HAYEHWIA BPEMEHHOr0 pafja UHTEpeCylolel  XapaKTepUCTUKK,
OCHOBaHHbI Ha MCNoNb3oBaHUW NpeaBapUTENLHO 06yyaeMol UCKYCCTBEHHON HEPOHHOA
cetn (MHC) npsamoro pacnpocTpaHeHusi, copepxalleil BXOAHOW CMOil HeNpOHOB, KaK
MUHUMYM OAWH CKPbITbIA CMOA HEWPOHOB, W BLIXOAHOW CMOW HEWpOHOB, AnA 0ByuyeHus
KOTOpPOW 3anucbiBalOT BPEMEHHOW pAf UCXOAHbLIX AAHHbLIX, BbIAENAA OTAENbHO pAa
3HaYeHUN uccreyemol  XapakTepucTUKW U psii  MOMEHTOB  BPEMEHM, CTPOSAT
WCKYCCTBEHHYI0O HEWPOHHYI0O CeTb C HavanbHbiM HABOPOM BECOBBLIX CUHANTUYECKUX
KO3hMLMEHTOB, NpU 3TOM [Ansi NOArOTOBKM obyvatowleit BbIGOPKM WCKYCCTBEHHOM
HelpoHHoi cetn (MHC) cospatotcs pasbueHuss UCXOAHON BPEMEHHO! LWKanel psaga Ha
BPEMEHHbIE WHTEepBamnbHbie OTPE3KW pasNUYHOW ANUHBLI, Npu 3ToM AnA obydyeHua UHC
“cnonb3yoT TpU pRa: psaa 3Ha4YeHWn MOMeHTa BpEMEHU KOHLA OTpe3ka, paa npupalleHui
BPEMEHM KaKk pasHuUa Mexy 3HAaYEeHUAMU BPEMEHM KOHLUA U Hauyana WHTepBanbHOro
oTpe3ka W psAg  NpupalleHWin caMux U3BECTHbIX 3HAYEeHWIn BpPEeMEHHOro psaa
NPOrHO3MPYEMOIA XapakTEPUCTUKM Ha 3TOM UHTEPBANbHOM OTPE3KE Kak pasHuua Mexay ee
3HaYeHNAMU B MOMEHTbl BPEMEHU, COOTBETCTBYIOLUME KOHLY W Hauyany WHTepBarnbHOro
OTpeska, NpuMYeM B HacTosLlen peanusaunm n3obpeTeHus 2 nepBbiX psAAa UCMONb3YIOTCS
Kak paapl obydyarowieit BbIGOPKK, a 3-i1 psif - Kak psj, 3Ha4eHUI KOHTPOMNbHOMN BLIGOPKK, NpU
STOM nocne NpoXOXAeHUa npoueaypsbl WwudpoBaHus M npeobpasoBaHus B psgbl
MeTajaHHbIX, B COOTBETCTBMU C napameTrpamu hOPMUPOBAHUA BXOAHOMO CUrHana pagbl
obyyalowleii BIGOPKW, UNKU UX YacTu, NOAJAIOTCS B KaYeCcTBE BXOAHOTO CUrHana MpsIMOro

pacnpocTpaHeHus npu npouegype obydenns MHC, npuyem Ha nepsbiil HEMPOH BXOAHOIO



cnos MHC nopaetca sawmncpoBaHHOE 3Ha4YeHMe BPEMEHHON LUKarnbl - MOMEHTOB BPEMEHMU
NCXOOQHOrO BPEMEHHOro psiia, COOTBETCTBYKOLLUEE KOHLY WHTEpBanbHOro oOTpeska
onpedeneHHoro Lwara, a Ha BTOpoN HelpoH BxogHoro cnos WHC nogaetcs
3awucpoBaHHOE 3HaveHWe, COOTBETCTBYOLEE ANUHE WHTEpPBaNbHOrO OTpe3ka, AaHHOro
Liara BPEMEHHOIo psja, Xapakrepusyiowee npupawieHne napameTpa BpeMeHu, Npu 3Tom
KOHTPONbHbIM  CUrHanom  SBNSAeTCA  3awucpoBaHHOE  3HAYEHWe  MNpupalleHust
NPOrHO3MPYEMON XapakTEPUCTUKU HA BPEMEHHOM WHTepBane, C HayanbHbIM U KOHEYHbIM
MOMEHTAMU BpPEMEHWU, COOTBETCTBYIOWMX WHTEpBanbHOMY OTpe3Ky [aHHOro Lara
BPEMEHHOIO psija, 3aTem, nocne npoxoxaeHus BxogHoro curHana 4vepes3 WHC npamoro
pacnpocTpaHeHusi, C ee BbIXOAHOro HelpoHa CHUMAETCS BbIXOAHOW CUrHar, BbluucnseTca
pasHOCTb MeXAy BbIXOAHBIM CUrHaNoOM W KOHTPOMbHbIM CUrHanoMm, garnee MeToaoM
obpaTHOro pacnpocTpaHeHus owubkn ¢ uUcnonb3oBaHMEM CTaHAapTHOro MeToaa
onTUMN3aUnn, U3BECTHOrO Ha AAHHOM YpPOBHE TEXHUKW Kak MeTon rpajueHTHOro crycka,
MPOW3BOAUTCA KOPPEKTUPOBKa BECOBLIX CUHANTUYECKUX KoadpduumeHTos - obyveHune VHC;
Janee c UCNONb3OBaHWEM TPeX OCHOBHbIX NapamMeTpoB OOyYyeHMUsi, TakuX Kak CKOpOCTb
obyyeHus, Yncno uuknos obyyeHusi ¢ OAUHAKOBLIMU BXOAHBIM U KOHTPOMNbHLIM CUrHanamm
MU uYucro anox, npeacraensiowee u3 ceba 4UCNo NOBTOPSAIOLMXCA «NPOXOA0B» MO BCEN
ANuHe noarotoBrieHHon Aans  obyyenms WHC Bbibopkn kombuHauuii BXOAHBIX W
KOHTponbHOro curHanoe, Ha MHC BBoaaTCcA BCe HOBblE U HOBble AAHHbIE NyTeM cABUra
ABYyX NepBbIX psgoB obydvatollen BbIGOPKM U psiaa KOHTPONbHOW BbIOOPKM KaXKabii pas Ha
OAWH LIar BpeMEHHOro psaaa, C KaXabiM pa3oM BbINOMHAS KOPPEKTUPOBKY CUHANTUYECKMX
KoadppmMumMeHToB, 4YTO MO3BONSIET B pe3ynsraTte NONy4YuTb KOPPEKTUPOBKY Habopa
cuHanTuyeckux BecoBbix koadhdpuumentoB UHC, obecneumsarowumx Haubonee TOUHbLINA
NMPOrHO3 WUCCNefyeMoil XapaKTepucTUKU; Npu 3TOM ANSA NOCTPOEeHUs Hambonee TOYHOro
nporHosa ot obydyeHHo NHC npousBoasT aAeneHve oBLLErO BPEMEHHOr0 MHTEpBana, Ha
KOTOpom TpebyloTCA NOCTPOEHME MNPOrHo3a, Ha OTPE3KM CNyvYaWHOW ANUHbI, 3aTem
noaalTca 3awngpoBaHHble 3HAYEHUA MOMEHTOB BPEMEHU, COOTBETCTBYHOLUME KOHLAM
NOCTPOEHHbIX WHTEPBaNbHbIX OTPE3KOB CMy4YalHON AJNMHbLI U 3aliudpoBaHHbIe 3HAYEeHUSA
ONWH cCaMUX MHTEepBasibHbIX OTPE3KOB B Ka4eCTBE NpupaLLeHns napameTpa BPEMeEHU - Kak
curdanbl Bxoga MHC, T.e. 3HayeHusaMW, NOAAIOLMMUCS Ha NEPBbIA U BTOPON HEWPOHBI
BXOAHOro cnos obydeHHon MHC ans noctpoexus nporHosa, Aanee BbixoaHoii curHan MHC
C ee eAWHCTBEHHOr0 BbLIXOOAHOrO HEMWpoHa NPOXOAWUT pacwmncpoBKY U NepeBos U3
MeTaJaHHbIX B MPOTrHO3HbIE 3HAYEHUS XapaKTePUCTUKN Ha OCHOBE MOSYYEHHbIX NPOrHO3HbIX
AAHHbIX NpUpaLLeHns 3TON XapakTePUCTUKMU.

lMpeanaraemoe TexHUYeCcKoe pelleHMe HanpaeneHO Ha YCTpPaHEeHWe HEeAOCTATKOB
COBPEMEHHOIO YPOBHSI TEXHUKA M OTNMYAETCS OT WU3BECTHbIX peleHurd TeM, YYTO

npeanoXeHHblin  cnocob  obecneuvBaeT  3HaAUWTENIbHOE  YNyullEeHWe  KavecTsa



NPOrHO3MpPOBaHUA HEMpepbIBHbIX BENWYUH C MOMOLLbIO ONTUMU3aAUUN  CTPYKTYPbl

BEKTOPHOro NpoCTPaHCTBA, KOTOPOE CTPOUT MOAErb.

CYWHOCTb M3OBPETEHUA

TexHuueckoi NpobnemMoii, Ha peLLEHNE KOTOPOU HanpaeneHo 3asiBNIEHHOE peLLeHne,

ABNAeTCA co3gaHue cnocoba NpPOrHosMpoBaHWS  3HAYEHU  BPEMEHHbIX  PA/0B.
[lononHutenbHble BapuaHTbl peanu3auuMn HacTosAwero u3obpeTeHus npeacTaBneHbl B
3aBUCMMbIX NYHKTaxX nsobpeTeHus.

TexHudeckuit  pesynbTaT  3aknioyaeTca B NOBbIWEHUM  3D(PEKTMBHOCTU
npeaocTaBneHus Habopa NpU3HaKoB BpEMEHHbIX PAAOB, YTO B AanbHenwemM obecnevnsaet
apdekTMBHOE O0OyYeHMe HEWPOHHOW CceTu AnA NPOrHo3WpoBaHUS 3HaYeHWd psAoB,
Hanpumep, NpeackasaHusa TemnepaTypHbIX NoKasaTenen ycTpomucTs. '

3asBneHHbI pe3ynbTaT AOCTMraeTcs 3a CcYeT  ocyllecTBneHusa cnocoba
NPOrHO3NPOBAHUA 3HAYEHUI BPEMEHHbIX PAAOB, BKIIOYAKOLWEro aTanbl, Ha KOTOPbLIX: Ha
BX0A agantupoBaHHol mogenu Transformer nogatoT AONONHUTENLHBIA HABOP NPU3HaKOB U

ae) tn npunyem wmoAaenb

HaBop 3Ha4eHWit NPOrHO3MPYEMOro BpeMeHHoro psja t o

ocyllecTBndAeT NPOrHo3 Ans 3Ha4YeHus tn; npyv 3TOM AN4 npeacrtaBneHna KateropuanbHbIX

NPU3HAKOB LIENIOr0 BPEMEHHOro psiga CTPoAT Tabnuubl BEKTOPHbIX NpeacTaBneHui, rae
KaXpoe OTAenbHOE BEKTOpHOE NpefcTaBneHue oTpaXkaeT 3HauyeHwe KarteropuarnbHoro
npusHaka; ans r{peACTaBneHMﬂ HEeNpepbIBHLIX NPU3HAKOB LENOro BPEeMEHHOro psiga
KOHKaTEHMPYIOT BCe NMpuU3Haku WM nponyckaiwT ux yepe3d Feed-Forward Layer cnon; ans
NpeacTaBrneHnss KaTeropuanbHbiX NPU3HAKOB OTAENbHOrO COOLITUA BpeMeHHOro psja
cTposTca Tabnuubl BEKTOPHbLIX NpeAcTaBneHuit; AnA nNpeacTaBneHus HenpepbiBHbIX
NPU3HAKOB OTAENbHOrO COBLITUS BPEMEHHOro paAa KOHKATeHUPYIOT UX U MojaloT yepes
otaenbHbid Feed-Forward Layer crnon.

B yacTHOM BapuaHTe peanusauumn onucbiBaemoro cnocoba, nogasaemsivi B MoAens,

DONONHUTENbBHLIN Ha6op NMPU3HaKoB - 3TO BpeMeHHbIE pAAbl UK CKanAapHbie NPU3HaKn.

OMUCAHWE YEPTEXXEN

Peanusauus V|306peTeHVIFI 6y,qu onucaHa B [fanbHenweM B COOTBETCTBUN C

npunaraembIiMn YepTexamu, KoTopble NpeAcTaBneHb! ANA NOACHEHUA CYyTU U3obpeTeHns 1
HMKOUM o06pasoM He orpaHuuMBaloT obnacte u3obpetenus. K 3asBke npunaraioTcs
cneayloLme YepTexu:

our. 1, UNNIOCTPUPYET NOSICHAILWUIA BUA, HA KOTOPOM cxemaTudecku nsobpaxeHa

apxuTekTypa HEWpOHHOW CceTW, ucnonb3dyemas Hamu Aans obyyeHus Ha 3apade



npejckasaHus, ¢ BXOAHbIMM AaHHbIMM B Encoder u Decoder crion - HabopoM BpeMeHHbIX
PSA0B.

dur. 2, NnoCcTpUpyeT NOACHSAIOWMIA BUA, HA KOTOPOM M306paXeH Croil NoCTPOeHUs!
ambeaavHros, NpeanoXeHHbIi Hamu. Ha Bxog nogaloTcA BpeMeHHble psgbl, ux oblue

XapaKTEPUCTUKN, a TakKXkKe XapakKTepUCTUKU OTAENbHbLIX MOMEHTOB BO BPpEMEHMN.

OETANNIbHOE OMUCAHUE NSOEPETEHNA

B npneegeHHOM HUxe ﬂOD,p06HOM onucaHun peanunsauuu VI306peTeHI/IF| npueeneHbI

MHOTOYUCIIEHHbIE AeTanu peanusaunn, npusBaHHble 06ecnevynTb OTYETNUBOE MOHUMAaHUE
HacToslero usobpeteHua. OpHako, kBanuULMPOBAHHOMY B nNpeaMeTHoOW obnacTu
cneuunanucty, 6yaeT o4YeBMAHO KakMMm 06pa3oM MOXHO MCNoNb3oBaTh HacTosee
usobperteHne, Kak ¢ AaHHbIMW AeTansiMu peanusauuvu, Tak u 6e3 Hux. B gpyrux cnyvasx
XOpOLWIO W3BECTHble METOAbI, Npoueaypbl U KOMMNOHEHTbl He Obinum onucaHbl nNoapo6HO,
4yTOObl HE 3aTPYAHATHL U3NULUHE NOHUMaHUe 0COBEHHOCTEN HACTOALLEro N306peTeHus.

Kpome TOro, us npuBeaeHHOro u3noxeHus Oyaer SCHO, 4YTO K3obpeTeHue He
orpaHu4YuBaeTcs npuBeaeHHOMN peanusauuen. MHorouncneHHble BO3MOXHbIE
MoaudukaunMn, W3MEHEeHWs, BapuauuMu U 3aMeHbl, coxpaHslowme cyTb U opmy
HacTosiero nsobpeteHuns, ByayT oyeBUAHBIMUA ANS KBANMULMPOBaHHLIX B NpeaMeTHOM
obnacTtu cneynanucTosB.

N3obpeTeHne oTHOCUTCA K 06NacTu NporHo3MpoBaHMS 3HAYEHUIA BpEMEHHBIX PAAOB.
PelwweHne nossonseT noBbICUTL 3thheKTUBHOCTb NPOrHO3UPOBaHUA PSAA0B NyTeM obyyeHus
mMoancULMpoBaHHOW BepcUn HerpoHHoi cetn Transformer. MpegnoxeH cnocob nepesoaa
NPU3HaKOB, penpeseHTUpYIoLWMX BPEMEHHbIE paabl, B OOHOBNEHHbIN BUA Nepea nopayeil B
Encoder n Decoder cnow. [JaHHbii cnocob noseonsieT oborawiatb BpEMEHHblE paabl Ans
HEAPOHHON CeTU Kak TabnmUYHbIMM JaHHbLIMU, XapaKkTEPU3YIOLMMU BeCb BPEMEHHON pag,
TaK 1 JaHHbIMU, XapaKTepusyowme oTaenbHbI MOMEHT BO BPEMEHU.

Takum ob6pa3om, Uenbld HaCTOALWEro U300peTeHus SABNSAETCA MOBbILLEHUE
achheKTUBHOCTU npeacTaBneHMas Habopa npu3HAKOB BpPEeMEHHbIX PpsagoB, HYTO B
AanbHeinwem  obecneunBaeT  adpdpekTUBHoe oOydyeHuMe  HEWpoHHON ceTn AnA
NPOrHO3NPOBaHUA  3HAYEHWA pAAoB,  HanNpumep, nNpefckasaHuss  TEMNEepaTypHbIX
nokasaTtenemn yCTpoucTs.

B paHHOM peweHue ocyuwectensetcs obyyeHue mogenu Buga Transformer ans
npeackasaHna Oyaywnx 3Ha4YeHWii BpeMEeHHbIX psAoB, OCHOBbIBasicb Ha HabGope
npeablaylmx — 3HavyeHuin  (pUMKCUpoOBaHHOW AnuHbl). B u3obperteHun npeanoxeHa
W3MEHeHHaa Bepcua Moaenu, npeacTaBneHHas B cTatbe [1], KoTopas MOXeT
ncnonb3oBaThCA AnA OOy4eHMs BEKTOPHbIX NPEeACTaBrEHUA BPEMEHHbIX PALOB MyTem

obyuyeHna Encoder cnos (Tak HasbiBaeMoW WNPOBKON BPEMEHHBIX PALOB U OTOGpaXeHus



B MHOrOMEPHOM BEKTOPHOM npeAacTaBneHun) u Decoder crnosi(tak HasbiBa emou
OEWNPOBKOA  MHOrOMEPHOTO  BEKTOPHOTO  NpeAcTaBfeHus) AN BOCCTAHOBNEHUs
OyayLiero sHa4eHuss BpeMEHHOro psaa.

MepBoHayanbHas HelpoHHasa ceTb oby4yaeTca nyTeM  BOCNpPOM3BEAEHUS
3aMacKUpOBaHHbLIX TOKEHOB, OMpPEeJEnss SBMSIOTCA NW BPEMEHHble pAAdbl Normdeckon
nocrnenoBaTeNbHOCTHIO U UCNONb3ys (DYHKUMIO NOTEPb, OCHOBaHHYIO Ha 3TUX ABYX 3aJavax.
B aaHHOM n3obpeTeHnuU, B CBOIO ovepeab, ocyluecTensieTcsa obyyeHne HeMpoHHOW CeTn Ha
dbyHkuun noteps MAE, roe TOkeHbl He Mackupylotcs. Taioke Mbl Moauduumpyem cnocob
oToGpaeHus puyelt BpeMeHHbIX psaoB, NPeanoXeHHON B cTaTbe [2].

MepBoHayanbHaa apxutekTypa 6asupyeTca Ha HelpoHHowW cetu Transformer.
AsTopbl Transformer cpasy onybnukosanu moaenu, oby4yeHHble Ha OrPOMHOM KONUYecTBe
fAaHHbIX. [anblie 3T Moaenu MOXHO A000y4uTb ANs pasfuyHbIX 3ajad, Hanpumep -
3ajava aeTekuuy coobLleHmnin Ha NpeaMeT Hanuyua Xanobbl Ha cCoTpyAHMKA.

Mo3axe 3Ty MOAENb Hayanu MCMonb3oBaTh U ANS 3a4ay CBA3AHHBLIX C BPEMEHHbIMM
psgamu. ABTOpbl apXuTEKTypbl, MpeAcTaBneHHoin B cTathe [1], KOTOpylo  Mbi
moauduuMpoBanu, agantuposanu moaens Transformer noa yHMBapuaTUBHbIE BpeMEHHbIe
paAabl.

ApanTupoBaHHas BEPCUS NPUHUMAET Ha BXOJ HE MpeanoXeHua U3 Cnos, a uenble
PAAbI, [Ae KaXAbld ANEeMEHT 3TO 3HayeHue B onpeAeneHHbli MOMEHT BO BpeMeHu. [anbLie
BXOJHblE PAAbI NEPeBOAATCS B BEKTOPHbIE NpeAcTaBrneHus M NpoxoAAaT Yepes3 HEeCcKOoNbKo
CrnoeB KOAMPOBLLMKOB, KOTopble UAyT noapsa. KoaupoBLLMK-CIION COCTOUT U3 MexaHu3Ma
Self-attention [3], a Takke u3 cnos Position-wise Feed Forward [3]. Takke ucnons3syercs
residual connections [3] Bokpyr Self-attention u Postion-wise Feed Forward, 4TOGbI
NO3BOMMUTbL MPOXOAUTL MHGOPMaLMKM Yepe3 HECKOMbKO crioes noapaa 6es notepu AaHHLIX U
ycKOpeHus pacnpocTpaHeHus rpagueHTa. bnarogaps atomy, Moaens cnocobHa ynaenusarb
CNOXHbIE 3aBUCUMOCTU MEXAY PpasnUYHbIMU 3HaYeHusmu u cos3pgasaTb Bornee TouHble
npefcTaBNeHUs KaxabiX 3HAa4YEeHWA BO BpeMeHHOM psaay. [laHHble HopManu3yloTcsa nocne
kaxgoro u3 asyx residual connections ¢ nomowpio Layer Normalization [4]. lNocne cnoes
KOAVPOBLUMK, MOMYyYEeHHOEe BEKTOPHOE NpeAcTaBneHUs BMecTe ¢ Habopom nocnegHux
3HAYEHU BPEMEHHbIX PSAAOB MNOAAETCA B CNOM-AEKOAVUPOBLUMKW. [1eKoaMPOBLLMK-CRON
Taloke COCTOUT U3 MexaHuama Self-attention, Position-wise Feed Forward BmecTe ¢ residual
connections u Layer Normalization.

MoMuMo apxuTekTypbl, aBTopbl Transformer npeactaBnser cnocob ob6yyeHus
HEMpPOHHOW CeTU, OCHOBaHHBbIA Ha AOBYX 3ajavax - onpefdeneHue B3aWMOCBA3M ABYX
NPeanoXeHWiA No CMbICIY W BOCNPOU3BEAEHWE 3aMacKUpPOBaHHbLIX TOKEHOB. ABTOPbI

apxXUTEKTYpbl ANs BPEMEHHbIX pAfOB OTKa3bliBalOTCA OT obeux 3agayn B Nonb3y o6yl—|eva



BOoCnpousseneHns Oyaylumx 3HavyeHWid BpPEMEHHbIX PsSAoB M ucnonb3yloT Huber Loss.
ApxuTeKkTypa npeacrtaeneHa Ha dwur. 1.

BxoaHble naHHble B mopenb. [daHHble nogawTcs B MoAenb C OAWHAKOBbIMM
pasmepamn paaos. Kaxxabiii BpeMeHHOR psg COCTOUT U3:

1. KaTteropuwanbHbIX napameTpoB, NpeACTaBNSaOWMX Lenblii BpemeHHol pag. K
npumepy, TN NPOU3BOAUMON NPOAYKLMN.

2. HenpepbiBHbIX NapameTpoB, NPEACTaBMAAIOWNX LENbIA BpeMeHHoW paa. K
npuMepy, Maccy NpoayKLUuu.

3. KaTeropuanbHbiX napameTpoB, MNpeACTaBNSOWNX OTAESNbHbIE MOMEHTbI
BpemeHn. K npumepy, OyneBa nepemeHHas, oTpaxatowasa ¢akT Havana
npouecca o6paboTku B YCNOBHLIA MOMEHT BPEMEHM.

4. HenpepbiBHbIX napameTpoB, MNPeACTaBnAOWMX OTAEMbHbIE MOMEHTbI
BpemMeHu. K npumepy, Temnepartypa B YCNOBHbI MOMEHT BPEMEHMN.

dopmanbHo,

U = [TCatl, TCatZ, vy TCatp, TNum v TNumz, - TNumU X " X g Xi, e X ]

n

X

i

[S(); FCatl(i); F(.‘atz(i); el FCatq(i); FNum (i); FNumz(i); FNumk(i)],
1

rae Kaxgblii BpemeHHol psg U MOXHO npeacTaBuTh B BUae Habopa U3 p KateropuanbHbiX

napameTpoB, NpeACTaBNALMA Uenblii BPEMEHHOW psg [Tl, T2, Tp], vV HenpepbIBHbIX
napameTpoB, NpeACTaBNAWAUX Uenbii BPpEMEHHOW psj [TNuml, TNumz, TNumV], (7
nocnenoBaTenbHOCTU n  cobbITUI [Xl, X2, ey Xi, Xn]. Kaxxgoe cobbiTue Xl,, B CBOIO

ouepelb, XapakTepusyeTcsl 3HayeHuem cobbiTusi S(i), g KaTeropuanbHbIMKU nNapameTpamMu

[FCatl(i); FCatz(i); - FCatq(i)] n k HenpepbIBHbIMY napameTpamu
[FNuml(i); FNumZ(i); e} FNumk(i)].

Mbl  cTpoum oOTAenbHbIA  cnol  nocTpoeHua ambeaauwHros, moauduumpys,
npeanoXeHHbIN B cTaThe [2], BapuaHT NoCcTpoeHms ambeaanHIOB.

Ana npeacraBneHust KareropuanbHblX NapamMeTpoB LENOro BPEMEHHOTO psga Mbl
CcTpoum Tabnuubl BEKTOPHbIX MPEACTABNEHUNA, fAe KaXAabli OTAENbHbIA 3ambenauHr (Tak
HasblBaeMoe BEKTOPHOE NpeAcTaBneHune) oTpaxaeT 3Ha4YeHue KaTeropnanbHon ounyn.

[Ona npeacrasneHuss HenpepbiBHbIX NapaMeTpoB LENOro BPEMEHHOro psaa Mbl
KOHKaTeHUpyeM Bce napameTpbl U nponyckaeM ux yepes Feed-Forward Layer(5].

[na npeactaBneHus  KaTeropuanbHbIX  NapameTpoB  oTAernbHoro  cobbitus
BPEMEHHOrO psia Mbl TaKXKe CTPOUM Tabnuubl BEKTOPHbIX NpeACTaBNEeHWA.

[na npeactasneHUsa HenpepbiBHbIX MapaMeTpoB OTAENbHOro cobbiTMA BPEMEHHOro

psga Mbl TaKKe KOHKaTeHUpyeM ux u nogaem vyepes otaensHbit Feed-Forward Layer.



Taioke Mbl Nponyckaem Bce 3HavyeHus cobuiTuii S Yepes otaenbHblii Feed-Forward
Layer.

Mocne npousBeAEeHHbIX Onepauunii Mbl BCce cknagbiBaeM, a Takke aobasnsem K
BXOAHbLIM AaHHbIM Positional Encoding. [JaHHbI cnocob npounniocTpupoBaH Ha dur. 2.

MpeanoxeHHoe M306peTeHVe NPUHAANEXUT KNaccy aBTOPErpeCCUOHHBIX MoAenen
AONONHUTENBHBIMKM  nNpu3Hakamu. Takum obpasom, Ha BXOo4 MoAenu OTAAEeTCs
AOMONHUTENbHbLIW HAabop NPU3HAKOB (TAaKUX Kak BpPEMeHHble psabl UM O0OblYHblE
cKkansipHble NpuUsHaKu) n Habop 3HaYeHW NPOrHO3UPYEMOro BpeMeHHoro psga tn-k, ..., tn -
1. Mopenu HeobxoaAUMO NOCTPOUTL NPOrHO3 ANnA 3HadeHus tn . [JlononHuTenbHble NPU3HAKK
MOryT npeacTaBnsaTb cobON BpeMeHHble psiabl MU OblTb OObLIYHBIMW  CKANSPHBIMU
npuaHakamu. OHK TakKe MOryT BbITb AUCKPETHBIMU UNWN HENPEPLIBHLIMMU.

Encoder-cnon. Encoder-crion B apxuTekType HelpoHHoi ceTu Transformer urpatot
Kniouesylo ponb B 06paboTke BXoAHbIX AaHHbIX. B apxutektype Transformer ncnonbaytorcs
nosTopsowmeca 6noku, HasbiBaemble "Encoder layers” unu "Encoder blocks”, koTopble
obpabarbiBaloT BXOAHYI nocneaoBaTenbHocTb. Kawawii Encoder crnoin coctout wus
crnegyloLwmnx 0OCHOBHbIX KOMMNOHEHTOB:

Self-Attention;

Position-wise Feedforward Layer;

Layer Normalization;

Residual Connection.

K Beixogy us MultiHead Self-Attention n Position-wise Feedforward Networks
NPUMEHSIOTCS crnon AoBaBneHus n Hopmanusauuu (Hanpumep, Layer Normalization). 3to
nomoraetr B Honee crabunbHom oOyyeHuu mopenu. B kaxaom noabnoke Encoder crnos
ucnonbayetca cybcnoit cBsa3mn, KOTopblii Jo6aBnseT opurMHasnbHblA BXO4 K BbIXOAY CETMW.
370 nomoraeT B NpeaoTBPaLLEHUN 3aTyXaHUs TPagMEHTOB U yny4llaeT obyyeHue.

Transformer cocTouT U3 Heckonbkux Takux Encoder cnoes, KoTopble NMPUMEHSAIOTCA
nocnenoBaTensHo. Kaxablil cnoit obpabartbiBaeT BbIXoA NpefblayLiero cnos, nocTteneHHo
usBnekas Gonee cnoxHble npuaHaku. O6was uges Encoder cnos B Transformer -
acppekTBHO 0bpabaThiBaTh BXOAHbLIE MOCNEAOBATENbHOCTU, YrNaBnueas BaXHble
3aBUCUMOCTM W MO3BONASA MoJenu paboTaTb C NocneaoBaTenbHOCTAMU NepeMeHHON
ANWHBI.

OnucaHve wmexaHusma Self-attention. Self-attention - 310 MexaHu3Mm, KoTopbIi
UCMONb3yeTc B  HEWPOHHbIX ceTax rnybokoro obByyeHus Ans  MoAenupoBaHus
3aBUCMMOCTEN MexJay arnemeHTamu B nocnepoBatenbHocTh. OH paboTaeT nyTem
BbIUMCMIEHMA BECOB ANS KaXXA0ro 3MieMeHTa Ha OCHOBE ero CBA3N ¢ APYrUMU aneMeHTaMu 1
ncnonb3yeT 3TV Beca ANA reHepauun HOBOTO NpeACTaBrieHUsl sremeHTa. OTo Mo3Bonser

MogenuposaTh 3aBUCUMMOCTM MeXOy 3nemeHTaMu U UCnonb3oBaTb 3Ty uMHpopmauuio angd



pelleHns pasnuuHbIX 3aAay, Takux Kak npefckasaHue Oyaywmx 3sHayeHud BpEMEHHbIX
psnoB.

Onucanve cnos Position-wise Feed Forward. Position-wise Feed Forward - ato cnou
HEAPOHHOI CeTU, KOTOPbI COCTOUT U3 ABYX NMHENHbIX npeobpa3oBaHuil ¢ NpUMEeHeHneM
HENUHENHON PyHKUMM akTuBauum mexay HumU. OH NPUMEHSETCA K KaXaoMy 3rfieMeHTY
BXOAHOW MocCnefoBaTeNnbHOCTU OTAENbHO (OTcloAa U HasBaHue position-wise), bes yuéta
KOHTEKCTa BOKPYT HEro.

Decoder-crion. Decoder-cnon B apxuTekType HeWpoHHo# ceTu Transformer
BLINOMHAOT [JeKoAWpOBaHME BbIXOAHBIX nocreaoBaTenbHocTeid. Ha Bxog UM nogaeTcs
BbIXOAHblE AaHHble encoder-croeB U HoBas nocrnegosaTenbHocTb. Mbl BKMtoYaem B HOBYIO
nocneaoBaTesnibHOCTh MOCNEeAHUIA MOMEHT BPEMEHU NoAaHHbIA B encoder-criou, a Takke
NPON3BOMNbLHOE KOMIMYECTBO MOMEHTOB NOCMeE NOCMEeAHEro AHA NnogaHHoro B encoder-crnow
d.

OHM urpatoT KIo4YeBYy0 ponb B 3ajadax, Takux Kak npefckasaHue BpeMEHHbIX psAoB,
rae TpebyeTcs reHepauus nocnefoBaTeNbHOCTU Ha OCHOBE BXOAHBIX AaHHbLIX. OCHOBHbIE
komnoHeHTbl Decoder-cnos B Transformer:

Self-Attention

Position-wise Feedforward Layer

Layer Normalization

Residual Connection

Kak u B Encoder, Transformer cogepxut Heckonbko cnoee Decoder, kotopble
NPUMEHSAIOTCA nocnegosaTenbHO Ans noLarosow reHepauum BbIXOAHOM
nocnenosatensHoctT. Decoder-cnon B Transformer o6ecneunsaior addekTuBHOE
MOAENUpOBaHMe  3aBUCMMOCTEN  BHYTPU  BbIXOAHbIX  NOCNEeAoBaTenbHOCTEN U
B3aUMOJENCTBUEe C BXOAHBIMU NOCINEAOBATENbHOCTAMW ANA reHepauun npaBUNbHbIX U
KauyeCTBEHHbIX pe3ynbTaToB.

PesynbTaTbl 3KCNEpMMEHTOB MO NpefcKkas3aHunio.
[Jns aKcnepuMeHTa Mbl B3SiNu OTKpbIThIA AaTaceT oT Walmart [6]. [lataceT coctout
U3 cneayoLwmx KONMOHOK:
e Store - Homep marasuHa
e Dept - Homep genapTameHTa
e Date - para
e Weekly_Sales - HegenbHbie npoaaxu
e IsHoliday - 6bin N1 NpasgHUK B 3Ty Heaeno
e Size - pasmep marasuHa
TakKke UmeloTca credyoLime XapakTeEPUCTUKN MO KaXKAon Heaenu:

e Temperature - cpegHas TemnepaTtypa B AaHHYIO HeAenio



e Fuel_Price - ctonmocTb 6eH3uHa B pernoHe
e CPI - nugekc notpebutenbckux UueH
e Unemployment - nokasatens 6e3paboTtuupl

[laHHble npeacTtasneHsbl B nepuog ¢ 05.02.2010 no 26.10.2012.

Mbl cpaBHMBaeM Hawy moanULMPOBaHHYO apxutekTypy Transformer ¢ ee
OpWIrMHaNbHOW Bepcuel, a Takke CTPOUM CUCTEMY npefcKasaHus, WUSMeHAs nullb
NCNOMb3yEMYIO HEMPOHHYIO CETb.

Ana npenobpaboTtkn Weekly _Sales mbl ncnonbsosanu Quantile Transformer. [na
oByyeHunsi Mbl UICMONb30BANU OgHy U Ty Xe BupTyanbHyto mawmHy (GPU: NVIDIA Tesla T4,

O3Y: 16 I'B). KoHdurypauus opurmHanbHon HeMpoOHHOW ceTu npeacTasneHa Ha Tabnuue 1.

Hidden Size 256
FeedForward Hidden Size 512
Encoder Layers Count 3
Decoder Layers Count 3
Self-attention Heads Count 8
Dropout Probability 0.2
Batch Size 128
Learning Rate 0.0001
Epoch Num 200
Optimizer AdamwW
Encoder Sequence Length 24
Decoder Sequence Length 2

TAB. 1
KoHdpurypauma MoamcdumpoBaHHON HEMPOHHOW CeTH NpeAcTaBneHa Ha Tabnuue 2.

Hidden Size 256
Encoder-Decoder FeedForward Hidden | 512
Size

Embedding FeedForward Hidden Size 512
Encoder Layers Count 3




Decoder Layers Count 3
Self-attention Heads Count 8
Dropout Probability 0.2
Batch Size 128
Learning Rate 0.0001
Epoch Num 200

TAB. 2

Mbl ncnonb3yem oAMHaKoBblE KOHUrypauum ceteil. B moauduumpoBaHHoii Bepcun

pnobaensetca napamerp Embedding FeedForward Hidden Size, kotopbiit onucbiBaet

pasmep ckpbiToro crios FeedForward B cnoe noctpoeHus 3MOe4AVHIOB - Mbl UCMOMNb3yeM
Ty Xe pasmepHocTb ckpbiToro cnos FeedForward, uto n y Encoder-Decoder crnoes.

PesynbraThl 0BydeHus moaenen npeacrasnexa Ha Tabnuue 3.

MAE

OpmrMHanBHan apxutekTypa Transformer 0.028

Apxutektypa Transformer ¢ uameHeHHbim | 0.022

cnoem nocTpoeHunA ambeaanHros

TAB. 3

BeluucnuTtenbHas cuctema, crnocobHas obecneuuBatb 06paboTKy  AaHHbIX,
HeoOXoAMMYIO ANS peanu3auym 3asBIIEHHOTO peleHus, B obluem crnyyae, COAepXuT Takue
KOMMOHEHTbl Kak: oavH unu 6ornee NpoUEccopoB, NO MEHbLUEW Mepe OAHY NaMsATb,
CPeACTBO XpaHeHWs AaHHbIX, MHTepdeiickl BBOAA/BbIBOAA, CPEACTBO BBOAA, CPEACTBA
ceTeBoro BzammogencTsusa. Npu UCNoNHEHUN MaLLMHOYMTaEMbIX KOMaHA, CoAepXaLluuxcs B
onepaTMBHOI NaMsATV, KOHOMIYPUPYIOT NPOLIECCOpP YCTPOMCTBA ANA BbINONHEHMA OCHOBHbIX
BBIYNCANTENBHLIX ONepauuii, HeoBXxoAUMbIX AN (PYHKLUMOHMPOBaHUA YCTpOMCTBA WUNU
(OYHKLMOHANBLHOCTU OAHOrO, Wnu Gonee ero KOMMOHEHTOB. [lamsATb, kak npaBuno,
BbinonHeHa B Buage O3Y, kyga 3arpyxaetca Heobxoaumas nporpaMmHas rnoruka,
obecneunBamowas Tpebyemsiit pyHkumMoHan. Mpu ocyuwiecTeneHnn paboTel npegnaraemoro
pelleHus BbigensoT obbeM namaTi, HeobxoauMbIA ANs ocyllecTBNEHUS npeanaraemoro
peleHus. CpeacTso XpaHeHWst JaHHbIX MOXeET BbinonHATea B Buae HDD, SSD auckos,
peill MaccuBa, CETEBOTO XpaHunuwa, cnaw-namatm u T.n. CpeAcTBO MO3BONAET
BbIMOMHATL [OMFOCPOYHOE XpPaHEHWe pasNuyHOro BWAa MHopMauuKn, Hanpumep,

BbILLIEYNOMSIHYTLIX baiirioB ¢ Habopamu [aHHbIX nonb3oBaTenen/naccaxupos, 6asbl

10



AaHHbIX, COoAEepXalnx 3arnucu M3MEPEHHbIX AMA KaXKAOro nonb3oBaTenst BPEeMEHHbIX
WHTepBanoBs, WaeHTUMMKaTOpoB Nonb3osartenen u T.n. MiHtepdeicsl npegcrasnsiot coboin
CTaHOapTHbIE cpeacTBa ANA NOAKIMIOYEHUA U paboTbl NepudepuitHbix U NPOYUX YCTPOUCTB,
Hanpumep, USB, RS232, RJ45, COM, HDMI, PS/2, Lightning n T.n. Beibop nHTepdeicos
3aBUCUT OT KOHKPETHOrO WCMOMHEHUs YCTPOWCTBA, KOTOPOE MOXET NpeAcTaBnsaTb Coboi
NepCcoHanbHbIA KOMNbIOTEP, MENHMPENM, CEPBEPHbINA KnacTep, TOHKUA KITMEHT, cmMapTdOH,
HOYyTOYK M T.N. B kadecTBe cpeacTs BBOAA AaHHbIX B Mi06GOM BONMOLWEHUN CUCTEMBI,
peanuaylolen onucbiBaembii cnocob, MOXET MCNonb3oBaThbCA KrnaBuaTypa. AnnapaTHoe
UCNOSMIHEHVE KnaBuaTypbl MOXeT ObiTb MObIM M3BECTHBIM: 3TO MOXET ObiTb, Kak
BCTPOEHHAA KnaBuaTypa, ucnonb3yemasi Ha HoyTOyke unu Hetbyke, Tak U obocobneHHoe
YCTPOWCTBO, MOAKIMIOYEHHOE K HACTONbHOMY KOMMbIOTEPY, CepBepy WNu UHOMY
KOMMbIOTEPHOMY YCTpOMCTBY. [MogknioyeHne npu 3TOM MOXET ObiTb, Kak NPOBOAHLIM, Npu
KOTOPOM coeauHuTEnNbHbIN Kabenb knasBmatypbl nogkniodeH Kk nopty PS/2 unm USB,
pacnonoXeHHOMY Ha CUCTEMHOM Ornoke HaCTONMbHOrO KOMMbloTepa, Tak u 6ecnpoBoAHbIM,
NpU KOTOPOM KNaBuaTypa ocyLLecTBNseT 06MeH AaHHbIMM MO kaHany 6ecnpoBOAHON CBA3N,
Hanpumep, paguvokaHany, ¢ 0a3oBOn cTaHuueih, KoTopasi, B CBOWO ouyepedb,
HEeNnocpeACTBEHHO NOAKIIOYEHA K cucTeMHomy 6noky, Hanpumep, Kk ogHomy us USB-nopTos.
MomMuMo KnaemaTtypbl, B COCTaBe CPEACTB BBOAA AAHHLIX TaKKe MOXET UCMONb30BATLCSA:
IDKOWUCTUK, aucnnen (CEeHCOPHbIM aucnnein), npoekTop, Taynag, MaHUNynsTop Mbillb,
Tpekbon, cBeToBOE Nepo, pAuHamMukn, MukpocpoH wu  T.n. CpeacrtBa ceTeBoro
B3aMMogencTeus BblibupaloTcs M3 yCTpoWcTBa, obecneunMBaloWuii CETEBOW nNpuem u
nepegavy AaHHbix, Hanpumep, Ethernet xapty, WLAN/Wi-Fi moaynb, Bluetooth moayne,
BLE moaynb, NFC moaynsb, IrDa, RFID mogyne, GSM mogem u T.n. C nomoLubio CpeacTs
obecneuynBaeTcs opraHusauuss obMeHa AaHHbIMM NO NPOBOAHOMY unu HecnpoBoAHOMY
KaHany nepepaqn pganHbix, Hanpumep, WAN, PAN, JIBC (LAN), WuTtpaHeT, WHTepHeT,
WLAN, WMAN wunu GSM. KOMNOHEHTbI YCTPOWCTBA CONPSXXEHblI NOCPEeACTBOM 0obLuen
WKHbI Nepegayun gaHHbIX.
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B HacToswmMx maTepuanax 3asBku Obifio npeacTaBneHo npeanoyYTUTENbHOE
packpbiTUe OCYLLECTBMEHNE 3asiIBIEHHOrO TEXHUYECKOTO peLUeHUsl, KOTopoe He AO0MMKHO
UCMONb30BaTbCA Kak OrpaHUYMBalOLLee WHble, YacTHble BONMOLEHUA €ro peanunsauuu,
KOTOpble He BLIXOAAT 3a paMku ucnpawmeaemoro o6bema npaBoBOW OXpaHbl U ABMAOTCA

o4vyeBMaHbIMW ONA cneunanncTtoB B COOTBeTCTBYIOLLleVI obnacTtu TeXHUKMW.
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dopmyna
1. Cnoco® nNporHO3NpOBaHMA 3HAYEHUW BPEMEHHbIX PAAOB, BKMOYAOLMUA
aTanbl, Ha KOTOPbIX: Ha BX0o4 ajanTupoBaHHoi mMopaenu Transformer nogaroT
JONONHUTENBHBIA Habop npusHakoB U Habop 3Ha4YeHW NPOrHO3UPYEMOro BPEMEHHOro
psga t

ey tn npuyem mofeinb OCyLleCTBNAAET NMPOrHo3 AnA 3Ha4deHud tn; npun 3TomM

K -1’
Ana  npeacTaBrneHus KateropuarnbHbIX TPU3HAKOB LIENOr0 BPEMEHHOro psaa CTpoAT
Tabnuubl BEKTOPHbLIX NpeACTaBneHun, rae Kaxaoe oTaenbHoe BeKTOpHoe npeacTaBneHue
oTpa)kaeT 3HauyeHue KaTeropuanbHOro npusHaka, Ans nNpeacTaBneHus HenpepbiBHbIX
NPU3HaKOB LIENOoro BpEMEeHHOro paga KOHKaTeHUPYIOT BCE NPU3HAKU K NPOMyCKaloT UX Yepes
Feed-Forward Layer crnon; Ana npegcTaBneHus KaTteropuanbHbIX NPU3HAKoOB OTAENbHOro
coObITUA BPEMEHHOro psaa CTposiTcs Tabnuubl BEKTOPHbIX NPEeACTaBneHun; ans
NpPeacTaBneHns HenpepbiBHLIX NPU3HAKOB OTAENbHOrO cobbiTUS BpemeHHoro psAaa

KOHKaTEeHUPYIOT MX U noAaloT Yepes otaenbHbi Feed-Forward Layer cnoi.

2. Cnocob no n.1, B KOTOPOM, NoJaBaeMblii B MoAerb, AONONHUTENbHbIA Habop

NPU3HAKOB - 3TO BpEMEHHbIE pAAbl UNN CKaNApHbIE NPU3HaKW.
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MOpOYaI[UH H300peTaTeNLCKHH YpOBeHb B COUCTAHHH ¢ JPYTUMH JOKyMEHTAMH
TOH JKe KaTerOpHHU

«&» - TOKYMEHT, SIBIAIOMHNCS TaTeHTOM-aHaJIOTOM

«L» - TOKYMEHT, IPUBEACHHBIN B IPYTUX IEIIX

Havamsrux praBJ'ICHI/IH SKCIICPTUSBEL

JlaTa mpoBeieHUs TIATEHTHOTO IIOHCcKa: 25 amperst 2024 (25.04.2024)
! Hopssony pognacas
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