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AHHOTAUMA

Uenb ctaTb — nouck nyywen mMogenu Ans nporHo3a BPEMEHHbIX PSAO0B C Y4ETOM MMHMMM3ALMKM OWMOOK U BbICOKOW
TOYHOCTM NporHo3a. Mcnonb3oBaH MeTOA, CPaBHUTENBHOMO aHanun3a Hanbonee NONYNSAPHOM «TPAAULIMOHHOWY» 3KOHOME-
Tpuyeckon mopenu ARIMA u mopenu rnybokoro obyvenus LSTM (Long short-term memory) Ha OCHOBE peKyppeHTHOM
HelMpoHHOM ceTw. NpuBeaeHO MaTeMaTMYeCKOe ONMCaHMe 3TUX MPOrHO3HbIX Moaenei. ABTopbl pa3paboTanu anropuTMbl
L9 NPOrHO3a BPEMEHHbIX PAAO0B, OCHOBaHHblE Ha noaxone “Rolling forecasting origin” («nporHo3MpoBaHue NpoMCXoX-
[eHus»). AnropuTMbl peann3oBaHbl B cpefe nporpammmpoBaHus Python ¢ noakntoueHHbiMm Bubnuotekamm Keras, Theano
n Statsmodels. B kauecTBe BXOAHbIX HAOOPOB AAHHbIX UMNOPTUPOBAHbI 3HAYEHUS KOTUPOBOK aKLIMI POCCUIACKMX KOMMNa-
HuiA: Anpoca, lfasnpom, KamA3, HITMK, Kueu, PocHedTb, BTB 1 Haekc 3a nepuog ¢ 02.06.2014 no 11.11.2019 r. c pa3bus-
KoM no Hepensam. PesynbraTbl NCCNef0BaHUS NOATBEPXAAIOT NpeBocxoacTso Mogenu LSTM, npu KoTopow cpefHekBazpa-
TMYeckas ownbka RMSE Ha 65% MeHblue, yeM npu ucnonbzoBaHun mogenu ARIMA. CoenaH BbIBOA, YTO 415 MOBbILWEHUS
KayecTBa NMPOrHo3a BPeMeHHbIX PSA0B NPeAnoYTUTENBHO NPUMEHSTL airOPUTM Ha OCHOoBe Moaenu LSTM.
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ABSTRACT

The article aims to find the best time series predictive model, considering the minimization of errors and high accuracy
of the prediction. The authors performed the comparative analysis of the most popular “traditional” econometric model
ARIMA and the deep learning model LSTM (Long short-term memory) based on a recurrent neural network. The study
provides a mathematical description of these predictive models. The authors developed algorithms for predicting time
series based on the “Rolling forecasting origin” approach. These are Python-based algorithms using the Keras, Theano
and Statsmodels libraries. Stock quotes of Russian companies Alrosa, Gazprom, KamAZ, NLMK, Kiwi, Rosneft, VTB and
Yandex for the period from June 2,2014 to November 11,2019, broken down by week, served as input data. The research
results confirm the superiority of the LSTM model, where the RMSE error is 65% less than with the ARIMA model.
Therefore, an LSTM model-based algorithm is more preferable for the better quality of time series prediction.
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[IporHosupoBaHue BpeMeHHbIX PSIIOB — CJIOXKHAS 3a-
Jlaya, BO MHOTOM OOYC/IOBJIEHHAsT HEOKMTAHHBIMM U3-
MeHeHMSIMM B 9KOHOMMKe U acuMmeTpueit nHdopma-
uyn. M3-3a BOMaTWIbHOCTU PhIHKA B TIOC/IeTHEe BPeMSI
Cepbe3HYI0 06€CITOKOEHHOCTD BbI3BIBAET KAUECTBO MPO-
IHO30B perpeccMoHHbIX Moesieli, KOTopoe Heobxomu-
MO TIIATeTbHO OIIeHMBATD.

BpeMeHHOI1 psim — 3TO MOCIen0BaTeIbHOCTb 3HaUe-
HUIT HaGTIOIEeHMI KaKOoii-TMO0 BEMUMHBI, B3SITIX Uepe3
OTHOCUTEIbHO PaBHbIE TIPOMEXYTKM BpeMeHu. [Ipume-
paMy BpeMEHHOTO Psifia MOTYT 6bITh: 00bEM BbIITyCKa
MPOIYKILWU, YMCI0 TPOAAHHBIX CTPaXOBbIX MTPOLYKTOB,
HaBOJIHEHMS U T.I1. BpeMeHHbIe PSIbI IIMPOKO UCTIONb3Y-
I0TCSI B CTATUCTHMKE, 00pabOTKe CUTHAJIOB, PACIIO3HABAHUM
06pa3oB, SKOHOMETpUKe, pMHAHCaX, ACTPOHOMMM, VH-
SKeHepUM U B GONTBIIMHCTBE OPYTMX BUIOB UeIOBEYeCKOi
IesITeJIbHOCTU, I[ie U3MEPSIIOTCSI 3HaUeHUs B TeueHue
BpeMeH). AHaJII3 BpEMEHHbIX PSIIOB O0beIMHSIET B cebe
P MozeNneii AJ1st U3BJIeUeHMsT 3HAUMMOii MHGOpMaLn
13 TAHHbIX C IIEJTbIO TTPEICKA3bIBATD OYIyIIVie 3HAUEHMS,
OCHOBBIBAsICh Ha MTPOIIUIbIX.

BpeMeHHOI1 psifi, Bcerpa sSIBIsSIeTCS YIIOPSIIOUeHHbBIM
BO BpeMeHU. JTO OINYaeT aHa/In3 BpeMEeHHOTO psifia OT
MOTePEYHBIX UCCIEN0BaHMI (K IPUMEDY, CBSI3b MEXIY
I10J/IOM YeJIOBeKa U 3apaboTHOI 11aToii). Takke nme-
IOTCSI OT/INYMS U OT MUCC/IENOBaHMS TTPOCTPAHCTBEHHBIX
BBIOOPOK (3aBMCUMOCTD 3apabOTHOI IIaThI OT PErUo-
Ha). Moneny BpeMeHHbIX PSIIOB OTpaskaloT (hakT Toro,
yTO 6/IM3KIME BO BpeMeHM HaO/IoaeH s 6YIyT CBSI3aHbI
CuIIbHee, YeM HabOmomeHyst, 6oee najekue apyr OT Jpyra
BO BPEMEHM.

Llenbio JaHHOJ pabOoThI SIB/ISIETCS ITOVCK aJeKBaTHOIA
MoZIeJT JjIsI ITPOTHO3a BpeMEeHHbIX PSI/IOB C yY4eTOM MMU-
HMMM3aLIMM OIIMOOK Y BHICOKOI TOUHOCTM.

OpHolt 13 pacpoCcTpaHeHHbBIX 1 YaCTO MPUMeHSIeMbIX
B KOHTEKCTe IMPOTHO3MPOBaHMsT (DMHAHCOBBIX BPEMEHHBIX
psinoB siBsieTcst Momenb ARIMA (ot aHri. Autoregressive
moving average — MHTerpMpoBaHHas MOAE/b aBTOper-
peccum CKOJb3SIIero CpeaHero, MHOTAA ee Ha3bIBAIOT
mopenbio bokca-/I>keHkmHca) [1]. [lonynsipHbIMY MO-
IeIsIMMU TTyOOKOro o6yuenns siBistiorest RNN (OT aHIL.
Recurrent neural network — pekyppeHTHast HeiipOHHasI
cetb) [2] 1 ee Mogudbmkanyst LSTM (ot anr. Long short-
term memory — CeTb JOITOV KPATKOCPOYHO IMaMsITH),
npenyioxkeHHast B 1997 r. 3. Xoxpaitrepom u 0. lmuz-
xybepom [3]. [iy6okoe o6ydeHMe MO3BOSIET HAXOIUTh
CJIOXKHBIE 3aKOHOMEPHOCTH B TTOC/Ie0BaTe/IbHBIX ITPO-
CTPaHCTBEHHBIX LIeNTOYKaxX. PeKyppeHTHas HelipOHHAas
ceTh, HATIpUMep, MPUMEHSIeTCs IJ1s1 paclio3HaBaHUS
PYKOOMCHOTO TekcTa u peun. LSTM Mofienb, B 4aCTHOCTH,
OblTa MCITOIb30BaHA /IS TTPeACcKa3aHysI BOMTATYIbHOCTHM
mnHpekca S&P 500 [4-6].
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B paHHOI1 cTaTthe cpaBHMBAIOTCS Mogen ARIMA
n LSTM, a KputepueM CpaBHEHMS SIBJSIETCSI MUHVMM -
3a1ys OIMOKM IporHo3a. Mogenb ARIMA BbiGpaHa,
MICXO[ISI U3 ee CTIOCOOHOCTY paboTaTh C JAHHBIMM HeCTa-
LIMOHAPHOTO XapakTepa. M3 crieKTpa Mofesieii [IyOoKoro
o6yuenns BoiopaHa LSTM Kak HamGosee OgXOasIast
MOJe/Tb TPOTHO3MPOBAHYS BpeMEeHHbIX PSIZOB C BO3MOK-
HOCTBIO COXpaHEeHMsI ITaMSITH B Te€UeHME ITTUTETbHOTO
repyuoaa BpeMeH!.

AnropuTMUYECKast TOPTOBJISI B TIOC/IETHE IECITUIIE-
TUSI aKTUBHO pa3BUBaeTcs 61aromapst COBOKYITHOCTH
(akTopOB: CTpEMUTEILHOMY Pa3BUTHUIO METOIOB Ma-
MIMHHOTO 06yUYeHMSsI, Pa3BUTUIO TEXHOJIOTHUIT paboThI
C JAHHBIMM ¥ UX aHajau3a, POCTY BO3MOKHOCTE Xpa-
HeHUs 1 06paboTKy 6oMblero oobemMa JaHHbIX. Kpome
TOTO, CJIOKHOCTD IIPUMEHSIEMbIX YUaCTHUKAMM PhIHKA
aJITOPUTMOB TOPTOBBIX CUCTEM PACTET, IIOCKOIbKY OHU
KOHKYPMPYIOT He TOJbKO C TeMU, KTO He MCIIOIb3yeT
aBTOMAaTU3MPOBAHHbIE CUCTEMBI, HO ¥ IPYT C IPYTOM.
B CcBSI3M € STUMU TEHAEHIIUSIMY MCCIeqOBaHye TpuMe-
HUMOCTY Pas3IMUHbIX aJITOPUTMOB MallIMHHOTO 06yue-
HMUS K 3a[1a4aM aJITOPUTMUUECKO TOPTOBIIM SIBJISIETCS
aKTyaJIbHOJ 3amaveil. B momoOHbIX MCC/IeT0BaAHNUSIX
€CTh MHTEPEC He TOIBKO CO CTOPOHBI KOMITAHMIA, 3aHU-
MaloUIUXCS aJITOPUTMUUECKON TOPrOBJIei, TAKMX KaK
XeK-(OHIbI, HO ¥ CO CTOPOHBI HAYYHOT'O COOOIECTBa,
ITOCKOJIbKY MMPUMeHEeHMe aJITOPUTMOB MAIIMHHOTO 00-
yueHMsl K pacCMaTpUBaeMOii 06J1aCTy CIIOCOGHO MPY-
BHECTY HOBbIe 3HAHUSI B pa3BUTHE MAIIVHHOTO 06yue-
HUS KaK pasfienia KOMITbIOTEPHBIX HayK, KOTOPbIE MOTYT
OBbITh IPMMEHEHBI K IPYTUM ITPeIMETHBIM 00IaCTsIM.

TeopeTnuecKoi1 IIeHHOCThIO PabOTHI SIBJISIETCS Pa3BU-
THe VCCIeMOBaHMI1 110 IPUMEHEHIIO METOIOB MaIllMHHO-
0 0OYUEeHMS K aITOPUTMIUUECKOIT Toprosite. Kpome Toro,
MMOIOOHbIE METO/IBI, MOTYT OBITh IIEPEHECEHBI HA IPYTHE
MpeIMeTHbIe 06JIaCTH ITPY ITOMCKe CTpaTerny Hambosee
TOYHOT'O IIPOTHO3a CJIEAYIONIEr0 3HAUEHVSI BpDEMEHHOT'O
psima oISt MaKCMMM3aluy Mpuobui. B KauecTBe mpak-
TUYECKOI LIEHHOCTU PaboThl MOKHO pacCMaTPUBaTh
BO3MOKHOCTb CO3[IaHMsI [IPOrPAMMHBIX IIPOTYKTOB [IJIsI
TOPTOB/IM Ha 6MpPsKe HAa OCHOBAHMY aJITOPUTMOB, MCCITe-
IyeMbIX B pabore.

@DOoHIOBBII PHIHOK — MTyOIMYHASI TOPTOBast IUIOMIAIKA
ILJIST TIOKYTIKM M TIPOJasKy I@eHHBIX OyMar pasanaHbIX
KOMITaHMiA. ITOIBITKY TOUHO ITpefCcKa3aTh OyayIiye 3Ha-
YeHMs LIeHbl TOM MJIM MHOM aKLM SIBJISIIOTCSI BaKHOM
9KOHOMMYECKOI 3a7aveit ISl IIMPOKOTO Kpyra KOM-
TaHUIA, TaK KaK YCHeITHbI MPOrHO3 MOXEeT BbITUThCS
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B 60J1b11I0¥ (prHAHCOBBIN yerex. C caMOro 3aposkaeHNs
(hOHTOBBIX PHIHKOB JIFOIV MCKAJIM U Pa3BUBAJIM CIIOCOObI
MAaKCYMAaJIbHO TOYHO MPeACKa3bIBaTh KOTUPOBKM I€H-
HbIX 6yMar. B mtore copMupoBaImCh TPY OCHOBHBIX
rnogxona: GyHIaMeHTaTbHbI aHAINU3, TEXHUYECKMIT
aHaJIM3 ¥ TEXHOJIOTMYUEeCKIe MeTombl. HecMOTpst Ha ITopoit
B3aMMOMCKITIOYAIOIIVie Pe3y/IbTaThl UCIIONIb30BAHMUS ITUX
TIOXOMIOB B paMKaX OHOM 3a1auy (OIHM ITPeICKa3bIBAIOT
Oymylilee 3HAUEHNE, APYTVE — HATIpaB/IeHe ABVOKEHNS
IIJIST 3aJaHHOTO Meproia BpeMeHM), BCe OHU MCIIONb3Y-
IOTCS JI/IST TOPTOB/IM Ha (POHIOBBIX phIHKAX. [Tpy 3TOM
3a/1a4ua MOBBIIIEHMS TOYHOCTY ITPOTHO3a ITPOIOJIKAET
0CTaBaThCS aKTYaJIbHOM IJIsI BCEX KOMIIaHMIA, paboTaro-
X Ha (QOHIOBBIX PhIHKAX. [laHHAs paboTa MOCBSIIeHa
TIPYMEHEHNIO MAIIMHHOTO (BK/TIOYAs ITyOOKOE) 06yUeHsT
K Ipo6ieMe IPOrHO3MpPOBaHMs Ha (GOHAOBOM PhIHKE.
U kyaccuyeckoe MalllMHHOe 0GyveHue, M HeiipOHHbIe
CeTU UCIOIb3YIOTCS B KAUECTBE IIPOrHO3HBIX MHCTPY-
MEHTOB, TeM He MeHee 06yueHMe C IIOAKPEIUIEHUEM U Te-
HETMYECKMe JITOPUTMbI He 06PesIV TO¥ MOITYJISIPHOCTY
¥ CTETIeHM pa3paboTaHHOCTH, KaK MHOTE KIacCUIecKme
QJITOPUTMBI (CTyYaltHbI Jiec, METOM, OTIOPHBIX BEKTOPOB).
OIHMMM U3 U3BECTHBIX BUIOB HEJIPOHHBIX CETell SIB/ISIeT-
s HelipOHHAs CeThb MPSIMOTO PAaCIIPOCTPaHEHMSI BMeCTe
C METOIOM 06PAaTHOIO PacIIPOCTPaHEeHMS OMIMOKM (KaK
MeToma o6ydyeHust). B Toprosiie Ha GOHIOBOM pPbIHKE
HePOHHBIE CETU MOTYT UMUTUPOBATh IEICTBUS areHTa,
BBITIOTHSIIOLIETO T€ M/IY MHbIE 3a[auli Ha PbIHKE aKIIMIA.
BaykHo11 3aaueii py IOCTPOeHMM HEJIPOHHDIX ceTe
SIB/ISIETCS ITPeno6paboTKa JaHHBIX, M MHOTHME MCCIen0Ba-
TeJM PelaioT ee I0-CBOeMY, Ipe/ijiarasi HoBble MeTO/IbI,
TaK KaK He CyIIeCTBYET YCTOSIBIIMXCS ITPAKTUK OIHO3-
HAYHOI pego6paboTKM BXOIHbBIX MAaCCHMBOB JAHHBIX
BBMIY 6OJIBIIIOTO PAa3HOO6Pa3Ns KaK CaMUX JAaHHbIX, TAK
U ee TUTIOB. BbIXOIHbIE JaHHbIE B pAMKaxX KOHKPETHO
3a[1auM, HAIIPOTUB, MOTYT ObITh OMHO3HAYHO OIpe/este-
HbI, TPUMHMMAs BUA, (GMHAHCOBBIX MY SKOHOMUYECKMX
nokasaresneit. UTo KacaeTcs OLleHKU pe3yJIbTaTOB, TO
HanboJsee YacTo yroTpes/iieMbIM METOIOM SIBJISIETCS
CpaBHEHME Pe3yIbTaTOB pabOThI AITOPUTMA CO 3HAYe-
HUSIMU 13 TECTOBOI BHIGOPKIA.

Hanbomnee TpaguIMOHHBIM CIIOCOG0M ITPUMEHEHMUS
MAaIIMHHOTO O0YYeHUS K 3a7aue aJIrOPUTMIUYECKOI
TOPTOBJIM SIBJISIETCSI 00yUeHMe C yuuTeneM (supervised
learning). B xauecTBe 11e1eBOIi IepeMeHHOI1, 3Haue-
HMe KOTOPOIi MpeCcKa3biBaeTCs aITOPUTMOM, BbICTY-
TaeT U3MeHeHMe 11eHbl aKTMBa 32 HEKOTOPbIi Ieprop,
BpPeMEeHM WK, aIbTePHATUBHO, BOJIATU/IBHOCTD PhIHKA.
B Hauase ucciiemoBaHmii Mo MIPUMEHEeHMI0 MalllMHHO-
ro 06y4YeHUs K MPOTrHO3MPOBAHNIO COOBITUIT HA QU-
HaHCOBBIX OMPIKaxX YacTO MCIIOIb3YeMbIMM aJTOPUT-
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MaMM ObLTY TIPOCTBIE U XOPOIIO M3YUeHHbIE TepeBbsi
pellleHul i MalllMHbl OMOPHBIX BEKTOPOB. 1 TaKUX
JITOPUTMOB BXOHBIMU MTPU3HAKAMM OOBIUHO SIBJISI-
IOTCST TEXHUYECKMe MHAMKATOPHI phIHKa. C HaYaIoM
YCITELTHOTO MPUYMeHEeHMST HeIIPOHHBIX CeTeli K IPyTuM
3a7auam, TaKMM, KaK 3a/1aun 06paboTKy eCTeECTBEHHOTO
s13bIKa (natural language processing), He/ipOHHBIE CETU
CTaJIV IPUMEHSTHCS ¥ B 06/IaCTY aJITOPUTMUIECKO
TOPTOBJIN, HATIPUMeP, IJISl TTpeICcKa3aHusl IBVKEHUI
IIeH Ha PbIHKE IOJ BIMUSHMEM ITOSIBJISTIOIIMXCS IO/ -
TUYECKUX MY SKOHOMMUUECKUX HOBOCTeli. I[TosiBuIach
BO3MOKHOCTb M3BJIEKATb CUTHAIbI PhIHKA U3 HECTPYK-
TypUpoBaHHOM nHGopmMalyu. ObydeHme ¢ IogKperie-
HueM (reinforcement learning) siByisieTcst oMHMUM U3 GbI-
CTPOPa3BUBAIOIIMXCS PA3AeIOB MAIIMHHOTO 06yJYeHMs,
C TIOMOIIIIO STOTO METO/Ia JOCTUTHYTHI TaKMe Pe3yilb-
TaThl, KaK CITOCOGHOCTH KOMITbIOTEPA UTPATh B Pas3/INy-
HbIe UTPBI Ha CUMYISTOpe Atari Ha ypoBHe, IIpeBoC-
XO[SIIeM YPOBeHb UelioBeKa, HUUero M3HayaabHO He
3Has O ITPaBW/IaX UIPBI.

[TprMeHeHMe 06yUeHMs C TIOOKPEIVIEHMEM K 3aauaM
aITOPUTMMUYECKOI TOPTOB/IY MMEJIO MECTO U paHee, HO
6oJ1ee pacripocTpaHeHHBIM ObIIO IPYMeHEeHVe 00yIeHUS
C YYMTENIEM, TAK KaK TTO3BOJISIO JOCTUYb JIYUIIUX PE3YJTb-
TaTOB, OMHAKO B IOC/IeJHee BpeMsi B CBSI3U C yCIIeXaMu,
JOCTUTHYTBHIMU C ITOMOIIBIO 00YUeHMS C TIOOKPEIVIEHEM
B IPYTUX IPEIMETHBIX 00/IaCTSIX, BO3POC MHTEPEC K UC-
CIeIOBaHMSIM BO3MOXKHOCTY IIPMMEHEHMS 3TOTO Kacca
aITOPUTMOB K 3aiauaM aJITOpUTMUUIECKOI TOPTOBJIN.

TeHeTHUeCKYE aITOPUTMbI YCIIEIIHO ITPUMEHSIOTCS
K IIMPOKOMY CITEKTPY IPUKJIAIHBIX 001acTel, Harpyumep
K pob6oToTexHMKe. MOKHO IMTPUMEHSITh TeHeTMIecKue
aJITOPUTMbI K 0000IIEHHBIM 3a7auaM, HalIpyMep TaKuM,
KaK ITOCTPOeHNe aHcaMOJ1eit aIrTOpMTMOB MAIIMHHOTO
06y4eHys 1151 TIOBBIIIEHVST TOUHOCTY pabOThI OTHAETbHBIX
aJITOPUTMOB U TTOCTPOEHME EPEBBEB PeIlieHMIA. B Takux
3a/1a4ax reHeTuyecKye aIrTOPUTMbI TAKKe ITOKa3bIBAIOT
CBOI0 3((HeKTUBHOCTb. B 3aauax aJiropuTMUUECKOi
TOPTOBJIM M3HAYATIBHO OHY MMPVMEHSUTCh B OCHOBHOM
TSI TeHepalvy TaK Ha3bIBAEMbIX TOPTOBBIX MTPABIIL. ITOT
MeTO]I, 3aK/TI0YAeTCs B TOM, UTO C IIOMOIIbIO TEHETUIECKUX
aJITOPUTMOB CO3IAIOTCST GYHKLMY OT TEXHUYECKUX UH-
IMKaTOPOB PhIHKA, KOTOPbIE HaMbO0Iee TOUHO CITOCOOHBI
MTPe/ICKa3bIBaTh I3MEHEHVE IIeHbI aKTMBA Ha HEKOTOPOM
MIPOMEKYTKe BpeMeHU. B HacTosiee BpeMsl TeHeTH -
YyecKye aJiTOPUTMbI TIPUMEHSIIOTCS Ha MTPaKTUKE JIJIs
ITOCTPOEHMS aBTOMATU3UPOBAHHBIX TOPTOBBIX CUCTEM.

AHanu3 BpeMeHHBIX PSIOB MPeCcTaB/seT co60ii UH-
TepecHyI0 00J1aCTh UCCIETOBAHUS C OOIBIITMM KOJM-
YyeCcTBOM IIPUKIIaAHBIX 3a1a4 B OM3HeCe, SKOHOMMUKE,
(uHaHCcax ¥ KOMITbIOTEPHBIX HayKaX. Llebio aHam3a
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BPEMEHHOTO PSifia SIBJSIeTCS M3yYeHMe ero AMHaMUKMY,
MOCTpOeHNe MOAENH, ONUChIBAIOIIEN CTPYKTYpY AaH-
HBIX ¥, HAKOHEII, ITPOTHO3 OYIYIIMX 3HAUEHUIT psifa.
KpaitHe BaskHO mocTpoeHue 3(pdheKTUBHOM Momenn
C MOJTyYeHMeM MaKCYMalbHO BO3MOYKHOV TOUHOCTH.

[TporHo3MpoBaHyeM BpeMEHHBIX PSIIOB TPAAUIMOH-
HO 3aHMMaeTCsl 5SKOHOMETPUKA, UCIIONb3Ys pa3/iMyHble
meTtoabl. Mogenb ARIMA B TedeHMe JOJITOTO BpeMEHU
CUMTAeTCsI CTAaHJAPTOM B JaHHOI o6acti. OgHaKo, He-
CMOTPpSI Ha KpaifHe IMPOKOe MUCII0/Ib30BaHMe, MOJIeh
ARIMA umMeeT HeKOTOpbBIE OrpaHnvyeHust. Hanpumep,
¢ momo1tpro Mozenu ARIMA ¢105KkHO MOZIenMpOoBaTh Hellu-
HeJiHbIe 3aBUCUMOCTY MEeXIy IepeMeHHbIMU. boree Toro,
TpeJosaraeTcs [IOCTOSTHHOEe CTaHIapTHOe OTKIIOHEHe
OIIMOOK B MOJIEJIN, UTO Ha MPAaKTUKe He HaOMI0IaeTcs.
Hcronb3oBaHue MHTErPMPOBAHHOTO MTOJX0/Ia COBMECTHO
¢ mogpenbio GARCH (ot anmi. Generalized auto-regressive
conditional heteroscedasticity — aBToperpeccruoHHas
YCJIOBHAS TeTEPOCKENACTMIHOCTD) IIO3BOJISIET OC/IAOUTD
3TO OrpaHuueHue, HO TOCTPOeHMe U OIITUMM3ALIMS MOJie-
JIV CTAHOBSTCS 6ostee C/I0sKHOI 3amaueit. Momenb GARCH,
B 9TOM CMBIC/Ie, TpeHa3HAYeHa /Il pa3bsiCHEHUST Kila-
cTepyu3alMy BOMATMILHOCTY Ha (MHAHCOBBIX PhIHKAX [7].

TpaauiioHHOe MalllMHHOe 06yueHye ITPUBHECIO
HOBbBIE MIOOXO/BI K 33JlayaM MMPOTrHO3MpoBaHus. Takue
QJITOPUTMBI, Kak MeTo[; OIOPHBIX BEKTOPOB (Support
Vector Machines — SVM) u Crryuaiinblii iec (Random
Forest — RF) nonb3yloTcs 3aC/Ty>)KeHHbIM BHUMaHVEM
CTEIMATUCTOB BO MHOXKECTBE 061acTelt, BKTouas hu-
HaHCbl. C1eyI0IIYM LIaroM SIBJISIZIOCh IPUMEHEeHe
aaropuTMOB ITy60Koro obyuenust (Deep learning — ry-
60KOe obyueHue).

B o6macTy iry6oKoro o6ydeHust IS IPOTHO3MPOBa-
HMSI BpEMEHHBIX PSIIOB Hambosiee 4YacTo MPUMEHSIeTCS
momenb LSTM — 0co0blit TUTT CBEPTOUYHO HEITPOHHOI
cetu. HecMoTpsl Ha OTHOCUTENIbHYIO0 HOBU3HY 3TOTO Me-
TOJA, TIOIXO, CO CTOPOHBI ITYOOKOT0 06yUeHusT 06pet
IIMPOKYI0 TTOMY/ISIPHOCTD Cpeayu uccienoBareneii. Ha-
npumep, K. Kpaycc 1 ero Kosieru UCIonb30Baan psy,
MTPOTHO3HbIX MTOIX0IOB — ITyOOKOe 00yueHue, rpamn-
€HTHBIV OYCTUHT HaJ| IePEBbSIMM U CITYUAHBIN JIeC IS
mopempoBanust S&P 500 [8]. PesynbraTamu SIBASIIOTCS
BBIBO/IbI O HM3KOJ ITPOM3BOAUTENbHOCTY MOAEEN TTy-
6OKOro 00yYeHMST U CJIOKHOCTU UX 06yueHyst. CpaBHEeHMe
pas3IMYHbIX MOJeJielt TPOBOAMUIOCh HA OCHOBE 3KOHO-
MMUYeCKMX JaHHbIX [9, 10].

Iaee mpMBeHeHO MaTeMaTHUYeCKOe OICcaHMe IIPo-
rHo3HbIX Mozeneit ARIMA n LSTM.

ARIMA — 310 0606111eHHast Momenb ARMA (Auto-
regressive moving average), KOTopasi COeIMHSIET B cebe
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AR (Autoregressive) 1 MA (Moving average) ITpo1iecchl.
Kak ykasaHo B akpoHnmMe momenu, ARIMA(p, d, q) coctout
U3 cenyromyx yacreii [1, 11]:

AR — autoregressive. PerpeccoHHast Mofenb, KOTO-
past UCTIO/Ib3YeT 3aBUCMMOCTh MEXAY HaOMIOIeHUSIMU
M YMCII0 MHTETPUPOBAHHBIX HAOMoneHuii (p);

I — integrated. [I;1s1 o6ecrieyeHust CTaIMIOHAPHOCTA
ITyTeM B3STUS pasHocTeii (d);

MA — moving average. [Tonxof, aHaMM3UPYOINUi
3aBYCMMOCTb MEKIY HAOTIOIEHVSIMI 1 OCTATKaMM TPy
TIPMMEHEeHUM MOIeTN K MHTErpMPOBaHHBIM HaO/IOme-
HUSM (q).

ITpocrast popma AR Mozenu mopsiaka p, T.e. AR(p)
MOKET ObITh 3aITMCaHa KaK JIMHEHBII ITPOLeCcC Cemy-
IOIIM 06pa3oM:

X, =C+Z(pl.x,_1+ e, D

Ime X, — CTalMOHapHas epeMeHHast; ¢ — KOHCTaHTa;
¢; — K03 ULMEHTHI aBTOKOPPEJISLNY; & €, — OCTaT-
KU MOJIeJH, GesbIii IIIyM C HYJIEBBIM CPEIHVM.

I[pocras dopma MA Monenu nopsizika g, T.e. MA(q)
MOKET ObITb 3aITMCaHa TaK:

q
X, = u+29i S (2)
i=0

e p — MaTeMaTHyeckoe oXXujaHue rnporecca (06bl-
YHO MpeZTIoaraeTcs PaBHbIM Hy/0); 0, — Beca; 0, —
TIPEAITIOIaraeTcsl paBHbIM 1; €, — GeJblii IyM C HyJle-
BbIM cpemHuM. KoMOMHAIIMS STUX OBYX MOIeIei qaet
HaM Monenb ARIMA nopsizika (p, q):

)4 q

X, =C+Z:(pixH +€; +Zei € - 3)

i=l i=0

[TapameTpsl p 1 q Ha3bIBAKOTCS MOPSIAKOM AR 1 MA,
COOTBeTCTBeHHO. Vcronb3oBanne ARIMA no3BosnsieT
JleNiaTh IIPOTHO3 Ha HeCTAI[MOHAPHBIX JJaHHbIX 113-3a BBe-
JIeHUsI B MOJIe/Tb MHTerPUPOBAaHHOCTU. ITO IOCTUTAETCS
C IOMOIIBIO B3STUSI PA3HOCTEN — BbIUUTAHUS YPOBHEN
BpEeMEHHOTO psiia APYT U3 ApyTa.

VUuThIBast CE30HHOCTh BPEMEHHOTO Psifia, C 6OMIbIION
BEpOSITHOCTHIO BECOMbIi BK/IaZ, B MOZe/Ib BHECYT KpaT-
KOCPOYHbIEe KOMITOHEHTbI. TaKMM 06pa3oM B MOIeINn
TaKke HEOOXOIMMO YUUTHIBATh CE30HHOCTb — C€30H-
Hy10 ARIMA (seasonal ARIMA — SARIMA). Hau6onee
BaKHBIMM 3TaITaMM SIBJISTIOTCSI OLIeHKa KO3 GUIIMEHTOB
mogpenu. Ecim gucriepcust pacTeT ¢ TeueHueM BpeMeH!,
HEe0OXOIVIMO MCIIOTb30BaTh CTAOMIM3UPYIOIIVE TVCIIED-
cuio TpaHcopMaly U B3ATHe pasHocTelt. Mcomnb3yst
aBTOKOPPEISIIIMOHHYIO (PYHKIIVIO ¥ YACTHYIO aBTOKOP-
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PENSIIMOHHYIO QYHKIIVIO, CIeAYeT M3MepSITh IMHENHYI0
3aBUCUMOCTb MEKITY HAOMIOMEeHMUSMY Y BEIMUUHY (.

LSTM — aTo moaBu, CBepTOUYHOV HEMIPOHHOI CETU CO
CTI0COOHOCTBIO «3aTIOMUHAHS» 3HAUeHMIT HAO/TI0Ie it
PaHHMX 3TATIOB J/IS UCITOJIb30BaHMs UX B GymyIeM. [Iis
o3HakoMienust ¢ LSTM HeoGX0mMMO JaTh HEKOTOPbIE
orpezeneHus U NOSICHeHus [2, 3].

Artificial neural network (McKyccTBeHHast HeiipOHHasI
CeTb) — HEVPOHHAs CETh, COCTOSIIASI U3 10 KpaitHeil
Mepe TpeX CJIOeB: BXOAHOI'0, CKPBITOTO U BBIXOIHOTO.
KomuecTBO riepeMeHHbIX B Habope JaHHbIX OIpeIesiseT
pasMepHOCTb WM YMCIIO0 Y3JI0B BO BXOIHOM CJIo€. OTU
Y3716l COeOMHEHbI pebpamu, KaKI0e 13 KOTOPBIX HeceT
KaKo¥1-71O0 BeC, OT KOTOPOT'O 3aBYCUT, MOKET JIV CUTHAIT
TIPOITM Yepe3 CiIoii mi HeT. HeltpoHHast ceTh 06yJaeTcs,
M3MEHSISI 3TU Beca Ha OCHOBE JAHHbBIX. B CKPBITHIX CIOSIX
y3JIbl UCTIONB3YIOT (PYHKIINMIO aKTUBALIMY (HAIIpUMeD,
CUTMOM/[IQ) HAa B3BEIIeHHOV CyMMe BXOIHbIX JaHHbIX,
YTOOBI ITPEOOPA30BATh MX B BHIXOIHBIE (B HAIIEM CJTyJae
npenckasaHus). BeIXOIHOI €10l reHepupyeT BeKTOp Be-
POSITHOCTENA [I7151 pa3/IMYHbIX IPeICKa3aHHbIX 3HAYEHUI
1 BBIOMpAET ONMH C HauMeHbllielt oubKoii. Beca He Mo-
T'yT ObITh ONITUMAJTbHBI CPa3y, HOITOMY HelipOHHAs CeTh
06yJaeTcs C yueToM pesyJibTaTa MpenbiayIieit uTepaumum
00yUeHMs. DTV UTepaly Ha3bIBAIOTCS STI0XaMM 1 Beca
MU3MEHSIIOTCS IO TeX MOP, ITOKa He JOCTUTHYT ONTUMAaJlb-
HOTO (33JaHHOT0) 3HAYEHWSI.

Recurrent neural network (cBepTouHast HelipOHHasI
ceTb) — 0cobast HeiipOHHAs CETh, 1IeJIbI0 KOTOPOI SIBJISI-
eTCs peickasaHye CIeyIoIero HabMoIEHUS B CEpUML.
Uneeii, crosmieii 3a RNN, saBiisieTcs xkenaHue U3BjIeUb
MOJIe3HYI0 MHAMOPMALIMIO U3 cepuy HaGIIOaeHMIA IJ1sT
coBepleHus mpeackasanmii. CoOoTBeTCTBEHHO, 6ojiee
paHHMe HabMomeHnsT HeoOXOIMMO 3aIIOMMHATD. B Mo-
et RNN BHYTpeHHMIA 101 CTY>KUT 1181 3aTIOMUHAHUS
MHGOPMAIVY C TTPEIbITYLINX HAabMIIoaeHui cepyin. [nas-
HOJ1 ITPO06JIEMOJA SIBJISIETCS 3aIIOMMHAHME HEOOIBIIIOTO
KOJTMYECTBA MPeIIIeCTBYIONIMX HAGMIOOeHNI, YTO He
TIOAXOIOUT /ISl IUTMHHBIX ((DMHAHCOBBIX, SKOHOMUYECKMX)
repuomoB. [IJIs1 perieHust 3Toi 3agaun 6611 paspabo-
Ta"bl LSTM ceTn.

Long short-term memory HeltpoHHas CeTb (Honrast
KpaTKOCPOYHasi aMsITh) — 3TO UCKYCCTBEHHAs1 CBEPTOY-
Hasl HEJIPOHHASI CETh, VICTIONb3yeMasi B 00/1aCTH [ITyOOKOro
06yuyeHMs. B ommume oT 0ObIYHBIX HEPOHHBIX CETE
C MpsIMOIA ¢BsA3b10, LSTM ceTyt MMeIOT 0OpaTHBIE CBSI3M.
TMomoGHbIEe ceTH CIIOCOGHBI 06PabaThIBATD HE TOIBKO OT-
IleJTbHbIe eIVHUYHbIE JaHHbIE (HAIIpUMep, U300paskeHusT),
HO U 1ieJIble TIOC/IeOBaTelbHOCTHM JaHHBIX (HarpuMep,
ayamMo3anuch peun wiu sugeosanucu). [lostomy LSTM
CeTM CITOCOOHBI pelaTh Takye 3a1auy, Kak pacro3HaBa-
HMe PYKOIIMCHOTO BBOJIA, paclio3HaBaHe peun, orpesie-
JIeHVie aHOMaJTuii B OOJIBIIINMX TTOTOKAX JAHHbIX (CETEBOIA
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TpaduK, 6aHKOBCKME TpaH3akiyu). LSTM HeltpoHHbIe
CeTM XOPOIIIO IOAXOMST IS KiTaccupUKalum, 06paboTKI
M MTOCTPOEHNS IIPOTHO30B HAa OCHOBE BPeMeHHbIX PSIZIOB,
IJle B3aMMOCBSI3aHHbIE SIBJIEHMSI MOTYT ITPOMCXOIUTD
C HeoTpeie/IeHHbIM BpeMeHHbIM JIarOM. DTOT BpeMeHHO
JiaT IPUBOAMT K 3aTPYAHEHNUSIM B UCITO/Ib30BaHUY KITacCH-
YeCKMX HEMPOHHBIX CETEN B pellleHNM JaHHBIX IIPo6IeM
13-3a 3aTyXaHMsI rpaAyenTa, B TO Bpems Kak LSTM cetun
HEUYYBCTBUTEbHBI K BeJIMUMHE BpeMEeHHOrO Jiara.

B LSTM ceTu Cy1eCTBYIOT 3 THIIA CIOEB:

1. Crnoit «3a6biBanus» (Forget gate) — Ha BBIXOJ,
nomaercs uncio ot 0 1o 1, e 1 o603HauaeT Heo6Xomu-
MOCTb ITOJTHOTO 3arlOMUHaHMus, a 0 IOTHOCTBIO CTUPAET
U3 MaMSITH.

2. Cnoii «3anmoMuHadus» (Memory gate) BoIGMpa-
€T, KaKye JaHHble HeOOXOIMMO COXPaHUTh. B mepByio
ouepeb C IOMOIIbI0 CUTMOMIHOTO CJIOS BBIOMPAIOTCS
3HauYeHMsI, KOTOpbIe 3aTeM 3alIOMUHAIOTCS.

3. BerxomHoit ctoit (Output gate) BeiGupaeT uHOP-
MalMIo U3 KasKI0i «STUeiiKi», B KOTOPOi IIPOM3BeNeHO
3allOMMHaHMe.

IToctaBuB 1iebi0 cpaBHeHMe Mogeneii ARIMA n LSTM,
aBTOpaMu GblIa MIPOBeEHA CepUs SKCIIEPUMEHTOB
Ha (GMHAHCOBBIX JAHHBIX B BUJIe BPEMEHHBIX PSIIOB.
[1aBHBIM BOITPOCOM MCC/IeNOBaHMS — KaKO¥ alTOPUTM
ARIMA mnmn LSTM mo3BoJisieT 60/1ee KaueCTBEHHO IPo-
U3BOAUTD ITPOTHO3bI BpEMEHHBIX PSIIOB.

ABTOpamMu cobpaHbI! CTOpUIECKIME TAHHbIE I10 IIeHaM
AKIMI POCCUNCKUX TIpeanpusiTuii: Aipoca, I'asmpom,
KamA3, HJIMK, Kusi, Pocaedts, BTB 1 SIHgexc. Kaskmpiit
HabOop JaHHBIX COMEPSKUT TaKMe 3HaueHusl, Kak ‘Open’,

‘High’, ‘Low’, ‘Close’, ‘Volume’. [Ijist aHa/3a BbIGpaH Habop

JAHHBIX 110 3HaueHMIo ‘Close’ 3a mepuop ¢ 02.06.2014 o
11.11.2019 r. ¢ pa36uBKoi1 110 HemestsiM. Takke ITpou3sBee-
HO pa3[ie/ieHye JaHHbIX Ha TPEHUPOBOYHBIN U TECTOBbI
Hab6op B cootHoleHny 70% k 30% 6e3 nepeMelIBaHusI.
TpeHNPOBOYHBI HAGOP JAHHBIX ObUT MCIIONTb30BaH IS
o6yueHMsT MOMIE/N, a TECTOBBIN — IS OLIEHKM KauecTBa
ee o6yueHust. I'paduky cOGpaHHBIX JaHHBIX ITPENCTAB-
JIeHbI Ha puc. 1.

ITokasatenb RMSE (ot anr. Root Mean Square Error,
RMS Error — cpegHeKBagpaTUUHAsT OIMIMOKA) VICIIO/b-
3yeTcs JiJIsl OIleHKM KauecTBa ITpefcKa3aHmust MOJeu.
OH u3MepsieT pasHUIY MEXIY UCTUHHBIM U TIpeJiCKa-
3aHHBIM 3HaUeHUsIMU. DopMy/ia TTOKa3aTesIs 3a0aeTcs
dbopmynoit [12]:

1 URL: https://www.finam.ru/profile/moex-akcii/gazprom/export/
(maTa o6parienns: 14.11.2019).
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Puc. 1 /Fig. 1. AMHaMuKa M3MEHEHUSA aKLmiA poccuickux Komnanuid / Stock performance of Russian companies
McmoyHuk / Source: coctaBneHo asTopamu / compiled by the authors.

4)

rie N — obuiee uncio HabmogeHN; a Z(xi -X;)

1
peacTaB/sgeT co60if KBaapaT CyMMbl pasHOCTe
MCTMHHOTO 3HAUYeHMST U TIpe[icKa3aHus Momenn. [as-
HBIM JOCTOMHCTBOM MCHO/Ib30BaHMSI MeTpuKu RMSE
aBJIsieTCs «ITpadoBaHMe» MoJenyu 3a 6oabline
OIIOKNA.

PA3PABOTKA AJITOPUTMOB
ARIMAUN LSTM
AnroputMsl pa3paboTaHbl aBTOpaMu JJIs1 TPOTHO3a
BpeMEHHBIX PSIOB M OCHOBAHBI Ha moaxone “Rolling
forecasting origin” («mporHo3upoBaHye IPOUCXOXKIe-
HusI») [13]. B ocHOBe anropuTma J1eXXUT QOoKyC Ha Mpef-

FINANCETP.FA.RU ([

CKa3aHUM CeAyolieli TOUKM BpeMeHHOT'0 psiia KaKIo-
ro Habopa JaHHbIX. [TogXom UCIOIb3YeT TPEHMPOBOY-
HbIe HabOPbI JAHHBIX, KasKAbIN 13 KOTOPBIX COAEPSKUT
Ha OIHO HabIomeHye 6obIle, YeM mpeabimynmii. Cy-
1[eCTBYeT HECKOIbKO Pa3/IMIYHbIX Bapualuii JAHHOTO
aJITOPUTMa, Cpelii KOTOPBIX M3BECTHBI CIeYIOIINe:

1. OgpHorraroBblit 6e3 nmepeoiieHKu. Moenb ole-
HMBAET OIVH HAOOP TPEHMPOBOUYHBIX JAHHBIX M 3aTEM
BBIUMCJISIET IIPOTHO3 Ha OMIMH IIar BIIepe]I.

2. MHOroIaroBslii 6e3 rmepeoieHK. AHAIOTMYHBbI
MpeabIayIeMy, OGHAKO MPOrHO3 AAeTCsI Ha HECKOBKO
CJTeqyIOLIMX 1IaroB.

3. MHoromarosslii ¢ repeor,eHKoi. [Iporuos Burun-
CJIsIeTCs Ha HeCKOJIbKO I1aroB BIlepe[l, OJlHaKO MOZelb
obyJaeTcst 3aHOBO Ha KaXK[I0Vi uTepalyy mepe mpo-
THO30M.

B manHoOI% cTaThe UCTIONB3yeTCsI AITOPUTM C IOCTPO-
eHMeM HOBO MOZIe/ IV KaskIblii pas, Koraa J00aB/IsIOTCS
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# Cronezaumaa ARIMA
Bxon: epemeHHOR pafg
Buxog: RMSE nporwHoza

history « train
predictions « empty
MpozHoz

(=3 - W) I S FT R N S - S -2

PazBuenue damnHsx Ha mpequpoBodnwd u mecmoBwl Habopw:
7% ana mpeHupoBouHoz2o u 38X dna mecmoBo2o

size + length(series) * .72

train +« series[@...size]

test + series[size...length(size)]
ModezomoBka cmpykmyptl GaHHbIX

for each t in range(length(test)) do

7. model « ARIMA(history, order=(5, 1, 8))

8. model fit « model.fit()

9. hat +« model_fit.forecast()

18.

11. observed « test[t]

12. history.append(observed)
13. end for

14. MSE =

15. RMSE = sqrt(MSE)

16. Return RM5SE

predictions.append(hat)

mean_squared_error{test, predictions})

Puc. 2 / Fig. 2. Anroputm ckonb3siero okHa ans mogenu ARIMA / Sliding window algorithm for ARIMA model
McmoyHuk / Source: coctaBneHo asTopamu / compiled by the authors.

HOBbI€ JJaHHbIE. AJITOPUTMbI peaM30BaHbI B Cpee Ipo-
rpamMmupoBaHus Python? ¢ momk/ItoueHHbIMY OMO/IMO-
texkamu Keras, Theano u Statsmodels.

Ha puc. 2 ipepncraBiieH aaTOPUTM CKOJB3SIIIETO OKHA
st momenut ARIMA. Anroputm ARIMA pas3éut Ha cte-
IyIoIlyie STarlbl:

1) BxomHbIe JaHHBIE (KaXKOblii (MHAHCOBBIN Bpe-
MEHHOIJ1 psi) pa30MBalOTCS Ha TPEHUPOBOYHBIN U Te-
CTOBBIIT HAGOPBI;

2) co3marTCs OJOTOIHUTEbHbIE CTPYKTYPBI (Mac-
CUBBI, B KOTOPBIX XPAHSTCS 3alIMCK U BHOCSITCSI U3Me-
HEeHMSI O «TeKYILMX» UCTOPUUECKUX JaHHbIX, TPOTHO3bI)
ILIs1 OGyUeHMsT MOZENN;

3) mopenb o6ydaeTcs Ha TEKYIEM Habope JaHHbBIX
Y IIPOU3BOIUT IIPOTHO3, KOTOPBIN Iajiee 3aIChIBaeTCs
B MaccuB predictions, n3MeHsist MaccuB history;

4) Beiunciasercsa metpuka RMSE nmis momenn
ARIMA.

Ha puc. 3 mpeacraBiieH aJifOPUTM CKOIb3SIIIET0 OKHA
s mogeny LSTM.

B omiune oT Moferei perpeccyu, B aHaIM3e BpeMeH-
HbIX TAHHBIX CYII[eCTBYeT MOC/IeI0BaTeIbHOCTD 3aBUCK-
MOCTelt MesKIy BXOIHbIMM TlepeMeHHbIMN. CBEPTOUHbIE
HEJPOHHBIE CETY OYEHb XOPOIIIO YIaBIMBAIOT ITOI00HbIE
3aBUCUMOCTH.

Asnroputm LSTM pas6ut Ha CIeAyromye STarbl:

2 URL: https://www.python.org/ (nata o6pamenus: 15.01.2020).
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1) maHHbIe pa36MBaIOTCS HAa TPEHUPOBOYHBIN U Te-
CTOBBIIT HAGOPBI;

2) dukcupyetcs mapametp random_state Jij1st Boc-
MIpOM3BeIeHMsI Pe3y/IbTaToB;

3) ompepnensercs pyukuus fit_1stm, B KauecTBe ap-
TYMEHTOB MPUHUMAETCSI Hab0p AAHHBIX, UMCIO STTOX
Y YMCJIO HEIIPOHOB;

4) CO3/1aeTcst CKPBITHIN CII0N;

5) 3amaeTcs ONTUMM3AaLMOHHBIN AJTOPUTM
1 pyHK1Ms noTepsb (Adam u MSE);

6) Tocjie 3TOro MoJenb 06y4aeTcs, Ipyu 3TOM ee
BHYTpeHHee COCTOSIHME KaKIbIi1 pa3 BOCCTAHABINBA-
eTcs (Kof, B CTpOKe 12) Ha UCXOIHOE;

7) TPOU3BOOUTCS IIPOTHO3 U BBIUMUC/ISIETCS METPY-
ka RMSE nj1g mogenu LSTM.

PesynbTaThl UCIIOTHEHMS QJITOPUTMOB IIpeLCTaB/IeHbl
Ha puc. 4. Ha GuHaHCOBBIX BpEMEHHBIX PSIAaxX MOMIENb
LSTM mokasasia cebs yuie, uem mogenb ARIMA. 3Ha-
yenuss RMSE mogeneii paBusl 10,8 u 26,7, COOTBETCT-
BeHHO. [Ipumenenue moneny LSTM nio3BossieT ymeHb-
mmTh 3HaueHne RMSE Ha 65% 110 cpaBHEHMIO ¢ MoJie-
nb10 ARIMA.

CpaBHUTENbHBIN aHAIN3 IBYX AITOPUTMOB Ha OCHOBE
mogeneit LSTM u ARIMA omnpenennii IpeBOCXOACTBO
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# Cronezmyud LSTHM

Bxon: spemedHoR pag

Buxog: RMSE nporwoza

# Pazfuenue domHex Ha mpeHupoBounsil u mecmoBull wabops::
# 78X Ons mperupoBoyHoze uw 38% dns mecmoBozo
1. size + length{series) * 9.7@

2. train + series[8...size]

3. test + series[size...length(size)]

# Qurcupyem random seed dna Bocnpouszbodumocmu pezyawmama
4. set random.seed(7)

# Cozdanue u obyvenue modenu

Procedure fit lstm{train, epoch, neurons)

5. X « train

6. ¥y « train - X

7. model = Sequential()

8. model.add({LSTM(neurons), stateful=True))
9. model.compile(loss=’mean_squared_error’,
optimizers?adam’)

18.for each i in range{epoch) do

11. model.fit{X, y, epochs=1, shuffle=False)
12. model.reset_states()

13.end for

return model

# lMpozHoz Ha waz Bneped

Procedure forecast_lstm(meodel, X)

14. yhat + model.predict(X)

return yhat

15. epoch « 1

16. neurons + 4

17. predictions + empty

# Ob6ywenue LSTM modenu

18. lstm model = fit lstm(train,epoch,neurons)
# MpozHoz HO mpedupoBoydom Habope daHHuX

19, lstm _model.predict{train)

# Banudayus Ha mecmobex JarHsx

28. for each i in range(length(test)) do

21. # npozHoz

22. X + test[i]

23. yhat + forecast_lstm(lstm_model, X)

24, # coxpaHumbs NPOZHO3

25. predictions.append(yhat)

26. expected « test[i]]

27. end for

28. MSE + mean_squared_error(expected, predictions)
29, Return (RMSE « sgrt(MSE))

Puc. 3 / Fig. 3. Anroputm ckonb3siero okHa ans mopenu LSTM / Sliding window algorithm for LSTM model
McmoyHuk / Source: coctaBneHo astopamu / compiled by the authors.

momenu LSTM Hang mopenbio ARIMA B yacTu MUHM-  JIeii B pPasIMUHBIX 06/IaCTSIX HAyKy. [JTaBHBIM BOITPOCOM
Mu3aluu cpegHeKBafpaTuueckoii omubkyu RMSE.  SBISeTcS TOUHOCTD U aieKBaTHOCTh HOBBIX ITOIXO/IOB
3uauenne ook RMSE momenu LSTM MeHblIe cO- IO CPaBHEHMIO C TPAOUIIIOHHBIMY MeTOIaMu. B craTbe
OTBETCTBYIOILIE ook ajist momennt ARIMA B cpefi- MpoOBeIeHO CpaBHEHME TOUHOCTY IIPOTHO3MPOBAHMS
HeM Ha 65%. mogeneit ARIMA 1 LSTM, ripeAcTaB/IsIOIIMX ABa pa3HbIX

PasBuBaloIyecs: B HacTosiee BpeMsi TeXHomoruy — Metona. 06e Mmomen 6pIIu MpYMeHEeHbI Ha PasIMIHbIX
aHaaM3a 60JbIINX JaHHbBIX, AJITOPUTMbI MAIIIMHHOTO  HabopaxX (MHAHCOBBIX JaHHBIX — BPeMEHHBIX psiTax
00yUYeHMST 1, B YaCTHOCTH, aJITOPUTMBbI TTyGOKOTO 00-  II€HbI 3aKPBITHMS aKLIMY Ha KOHEII HelleJIi — Y Pe3y/IbTaThl
yUeHMs] HabMparoT MOIMY/ISIPHOCTh CPeIy MCC/IenoBaTe- IOKa3bIBAIOT PeBOCXOACTBO Momeny LSTM.
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WMma komnavuw LSTM RMSE ARIMA RMSE YwmeHeweHuwe RMSE, %

0 Anpoca 1,12 3,04 63,158
1 lasnpom 3.81 8,17 53,366
2 Kamas 0,38 1,76 78,41
3 HITMK 1,19 5,34 77,715
4 Qiwi T 63,13 59,892
5 Pochedts 4,61 13,73 66,423
6 Yandex 39,19 91,67 57,249
7 CpegHee 10,803 26,691 65,173

Puc.4 / Fig. 4. Pe3ynbtatbl ucnonHenus anroputmos ARIMA u LSTM / ARIMA and LSTM algorithm execution results

McmoyHuk / Source: coctaBneHo astopamu / compiled by the authors.

Cy1ecTByroII/e Ha AAHHBI MOMEHT 3a/1a4/ OLIEHKM B HEeIPOHHBIX ceTelt, 60MbIMX rpadoB 1 MaIMHHOTO
KauecTBa Mojiesielt BeCbMa MHOTOUMCIEHHBL. ABTOPBI 3a-  OOyUeHMS /1T MCCIeIOBaHMs MHCTPYMEHTOB (DyHaH-
TPOHYJ/IN JIUIITh HEKOTOPbIE UX aCTeKThI. [IpeficTaB/isseTcsi  COBOTO PhIHKA POCCUIICKMUX KOMITaHUIA. B 3TOM cMbIC/TE
11e/1ecoo6pasHbIM MCCIeIOBaHYe Y IIPMMEHEHNE HOBbIX  TTepCIIEKTUBHBIM BUAUTCS arpervpoBaHHbIi TOAXO]I,
aJITOPUTMOB 06PaGOTKM GOMBINNMX JAHHBIX Ha OCHO- KOMOMHMPYIOIIMIT pa3Hble MOIXOIbI ¥ aJITOPUTMBI.

Pa6ota BeINomHeHa Mpy nogaepskke rpanta PO®U 18-00-01103. duHaHCOBBIN yHUBEpCcUTET, MockBa, Poccus.
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