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AHHOTAIMA

Beedenue. 3amada MOfEMMpPOBAHNSL U IPOTHO3VIPOBAHSI BOTATVIBHOCT
q)OHILOBOI‘O PBIHKA ABIAETCA aKTyaanoﬁ[, €€ penieHne Io3BOJ/INT CHU3UTDH
PUCKM M YBEMMYNUTD TOXOAHOCTb OT PbIHOYHBIX onepaul/n?[. B HacToAlee
BpeMA NEPCHEKTUBHBIMU METOAAMU MOJOEIVNPOBAHVIA BOJTATUIIBPHOCTU
SIB/SIFOTCSL METOfBI VICKYCCTBEHHOTO VHTE/UIEKTA, B TOM YNC/Ie TTyOOKie
HeltpoHHble ceTun. ez, TIpoBepka runoTesnbl 0 60/Iee BHICOKOM TOYHOCTH
HEJMPOHHOI ceT apXUTeKTYpbl LSTM 1Ipy MOJETMpOBaHMI BOIATYIBHOCT
q)OHILOBOI‘O PBIHKA ITI0 CPABHEHMIO C TPAAUIIVIOHHBIMI aBTOPETPECCYIOHHBIMI
mopernsmu (Ha mpuMepe ARIMA) v MofensiMH C JUTMHHOM [TaMSIThIO (Ha Ipy-
mepe ARFIMA). Mamepuanvt u memoov.. Ha paHubIx mHAekca S&P 500,
oTpaxkalolero AuHaMuKy ¢ponpgosoro peiaka CIIIA B menoM, IpoBeneHbl
BbIYVIC/IUTE/IbHBIE SKCIIEPVIMEHTHI IIJI1 IIPOBEPKN BbII[BI/IHyTOﬁ TUIIOTE3BI.
Pesynomamur. LSTM-ceTb TO3BONMMIA HOMYYUTDb IPOTHO3BI, TOYHOCTD
KOTOPBIX CYLECTBEHHO BbIllIe TOYHOCTY NporHo3oB ARIMA- u ARFIMA-
Mojienest Ha 00yJaroLelt i TecToBOi BbiOopKax; ARFIMA-Mopenp nokasana
6071ee BBICOKYIO TOYHOCTD, 4eM ARIMA, 4TO cormacyeTcs ¢ paHee HOTy4eH-
HBbIMU JAaHHBIMI. Bblﬁoabl. PeSy]’IbTaTI)I pa6OTbI TII03BOIAIOT YTBEPXKAATh,
YTO HeJIPOHHBbIE CeTy apXUTeKTypbl LSTM ABIAIOTCA HepCHeKTUBHBIM
METOIOM ITPOTHO3VPOBAHNA BOTATN/IIPHOCTN (1)0HILOBI)IX PBIHKOB 1 MOI'yT
BBICTYIIaTh IIPEMETOM HA/TbHENIINX MCCIETOBAHNIT B JAHHOI OOMacTm.
Vicrionib3oBaHme METOJ0B MAILIMTHHOTO 06yquM;1, B TOM 4IICJIE Hef;[pOHHbIX
ceTell, He TONBKO SIBISIETCST CIIOCOOOM OIpenernieHnst GymyIneil fUMHAMUKI
I[OXOI[HOCTeﬁ[ (bMHaHCOBbIX AKTVBOB, HO VI MOXXET IIPVMEHATDHCA B KOHTEKCTE
OITYMV3ALMN CYLIECTBYIOLINX JITOPUTMOB pa3bamaHCHPOBKM IOPTdereri,
ANIIPOKCYMALIMI VI MOJE/IPOBAHNIS PUCK-METPUK, TIPVOTVDKEHIS BEPOSIT-
HOCTHDBIX XapaKTEPUCTUK (i)I/IHaHCOBbIX VHCTPYMEHTOB.
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Abstract

Introduction. Stock market volatility simulation and forecast are relevant
issues which could contribute into lower risks and higher revenues of the
market transactions. These days, AI-based methods, including deep neural
networks, are quite promising for volatility simulation. Purpose. The paper
verifies a hypothesis concerning a higher accuracy of LSTM neural network
compared to the classical autoregressive models (e.g. ARIMA) and long
memory models (e.g. ARFIMA). Materials and Methods. To check the
hypothesis, the authors conducted simulation experiments with S&P 500
index data generally illustrating the dynamics of the US stock market.
Results. The LSTM neural network gave significantly more accurate forecasts
compared to the ARIMA- and ARFIMA-based forecasts for learning and
test samples; ARFIMA model was more accurate than ARIMA, which supports
previous data. Conclusions. The results of the work prove that the LSTM
neural network is a promising method to forecast stock market volatility
and could be further examined in this area. Machine learning methods,
including the neural networks, could be used to define the future dynamics
in the revenues of financial asserts and optimize current algorithms of portfolio
imbalances, approximation and simulation of risk metrics, approximation
of probabilistic characteristics for financial instruments.
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BBEJEHUE

B nocnennee pecstuiervie GOHTOBBIN PHIHOK
CMOT IIpYB/IeYb MHOYKECTBO YYaCTHIKOB, YTO 00Y-
CTIOBJIEHO IIPOCTOTOM JOCTYIIa K HEMY, a TaKXe
IpolieccamMy II00aIM3aINI Y MHTETPAIIV MeXIY
rocypapcramu. OT4yacTyt pa3sBUTHUIO 3TUX IIPO-
1]eCCOB CIIOCOOCTBOBaIA MacIITabHast U POBU-
3auys. [lapannenpHo ¢ yBenn4eHeM BHUMAHNA
K TOPrOBBIM IUIOLIafKaM OypHOe pasBUTHE Ha-
O/1r0a10Ch U B MUpe MH(POPMAI[MOHHBIX TEXHO-
JIOTHIT, 0COOEHHO B cpepe MCKYCCTBEHHOTO MHTeI-
JIeKTa ¥ MAIIMHHOTO o0y4eHysA. MHorme uccre-
JIOBaTe/MN UILYT CIOCOObI IPYIMEHEHNsI Helpoce-
T€BbIX TE€XHOJIOTUII JJI pelleHusA PasandHOTO
pofia yIipaB/IeHYecKX 1 6M3Hec-3a/1ay, TaKMX Kak
¢dbopMupoBaHue ONTUMATbHOTO HOPTQess LieH-
HBIX OyMar, IpOrHO3MpOBaHMe POHTOBBIX PbIH-
KOB, MOJIeJIIPOBaHNe U UMUTALUs TOBeleHNA
Y4aCTHUKOB pBbIHKA, IleHOOOpasoBaHMe M [p.
ITpuMeHeHMe MHHOBALMIOHHBIX METOJOB I pe-
IIeHNA 9TUX 3a/1a4 TPeOyeT TIATEeTbHOTO VICCIIe-
NOBaHNsA, a NIO/IyY€HHbIE Pe3yIbTaThl — KOMIIE-
TE€HTHOTO CPaBHEHM C pe3y/IbTaTaMI K/1accuye-
CKVIX MOJieIeli Ha CTbIKe (PVIHAaHCOB Y MaTeMaTVIKIL.

He repsromeit akTyaJbHOCTY AB/AETCA 3a-
Jlaya MOJe/VIPOBaHNs BOJIATWIBHOCTY (POHTOBOTO
pbIHKa. Ee pelenne ¢ 0CTaTOYHO BBICOKOI CTe-
IIEHbI0 TOYHOCTY ITO3BOJIUT IIO/Ty4aTh JOCTOBEP-
Hble IIPOTHO3bI ITHAMUKY PIHKOB U MICIIO/Ib30-
BaTh VX I NOBBIIIeHVS 3¢ (eKTVBHOCTY yIIpaB-
JIeHYeCKNX pelleHnit. BomatniapHocTh Ha QoHAO-
BbIX pPbIHKAX SBJI€TCS HEIPEPbIBHBIM IIPOLIECCOM.
Oco60e BHIMaHIIE YIaCTHUKOB 1 MCCTIEIOBATENIEN
PBIHKOB IIPUBJIEKAIOT IIEPMOJbI TOBBILIEHHO BO-
JATWIBHOCTY, K KOTOPbIM OTHOCATCS UIIOTEYHbIN
Kpusuc 2008 r., BaloTHBIN Kpusuc B Poccuiickon
Qepepanun 2014 1., KpU3NUC, BbI3BAHHDIN ITaH -
mueit COVID-19 B 2020 r., n gp. CymecTByer
007IbIIIOE KOMMYECTBO MAaTeMaTHYeCKIX METO/IOB
VI CTATYCTUYECKUX MOJe/IeN /11 IPOTHO3MPOBa-
HIS BOJIATW/IBHOCTY, KOTOpas Ha MIPAKTUKE BbI-
paxkaeTcst (GUMHAHCOBBIMY BPEeMEHHBIMU PSIAMIL.
K Takum MeTolaM OTHOCATCA MOJ€/M K/IacCOB
ARIMA n GARCH, Bxovaromye 6a3oBbie (Kiac-
CUYeCKyie) AITOPUTMBI 11 VIX Pa3HOOOpa3HbIe MO~
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¢duKanuy, B TOM 4MC/Ie MOJEN C JUIMHHOM Ia-
MAThIO (PppakTanbHble). B HacTosAmeM uccneno-
BaHMY HaMJ ITOCTaB/IeHa 3ajladya MOJIE/IVIPOBAHV
IVHaMMKYU GOHIOBOTO PbIHKA (Ha IIpUMepe pas-
BuTtoro peiHka CIIIA) i mpenckasaHns ypoBHA
€ro BOIATYJIBHOCTY IIPY IOMOIIY COBPEMEHHOTO
VHCTPYMEHTAapus — HEePOHHOM CeTy, a TaKxe
3ajlaya CpaBHEHV IO TOYHOCTYU IIPOTHO3A YKa-
3aHHOTO MeTofia ¢ 6ojiee TPaAVIIVIOHHBIMU MO-
JIe/LIMM, @ IMEHHO aBTOPErPeCcCOHHON MOJIE/IbIO
ARIMA u ee moguduKaiyer ¢ JIMHHOI TaMsi-
Tbi0 ARFIMA.

CTONUT OTMETUTD PSIJ| IPEUMYLIECTB VICIIO/b-
30BaHIIS HEVIPOHHBIX CeTell B 3ajiadye IIPOTHO3M-
POBaHUs BOJATUIBHOCTHU, KOTOPBIMU ObIT 00Y-
CTIOBJIeH MX BBIOOP B KauecTBe MeTOZHa Moje-
nuposanus [10]. Bo-mepBbIX, HellpOHHBIE ceTn
CIIOCOOHBI M3B/IEKATh M3 JAHHBIX HETUIINYHbBIE
IPU3HAKM U aalTUPOBAThCA K TaHHBIM pas3yind-
HOVI CTPYKTYPBI, @ HEOTHOPOIHOCTb, KaK M3BECTHO,
XapakTepHa it GVHAHCOBBIX BpEMEHHBIX PANOB
(cMm. addexThl KIacTepU3aUM BONTATUIBHOCTYI
[8] 1 4yepenoBaHMe YYACTKOB PSAJOB PA3TNIHON
dbpakranbHoit pasmepHocTu [15]). Bo-BTOpPBIX,
HelpoceTy 00/TafjaloT CBOVICTBOM Y4eTa CTIO>KHBIX
He/IMHEITHBIX 3aBUCUMOCTEN B CTPYKTYpPe JAHHBIX.
ITO BaXKHO, TaK KaK TeKyllye 3Ha4YeHUs pUHaH-
COBBIX PSJIOB 3a4aCTYIO HEIMHENHO 3aBUCAT KaK
OT IIPOIIIBIX 3HAYEHNII, TAK ¥ OT MHO>KeCTBa 9K-
30TeHHBIX (pakTopoB [7].

TaxyuM 06pasom, TMIIOTe3a HAIIeTO MCCIef0-
BaHI COCTOUT B TOM, YTO HEJPOHHAsS CETb I103-
BOJISIET IIOJTy4YaTh IPOTHO3BI C MEHbIIIell OIMNO-
KOJI B CpaBHEHUU C OoJee KJIaCCUYeCKMMM CTa-
tuctudeckumu mopensammu (ARIMA, ARFIMA)
PV MOJIeTMPOBAHUY BOJIATWIBHOCTU (POHZO-
Boro pbiHKa CIIIA.

MATEPWAJIbl U METO/ bl

B xauecTBe TaHHBIX B UCCNIENOBAHUY VICIIOb-
3YIOTCA CKOPPEKTMPOBAHHbIE LI€HbI 3aKPBITUA
¢donpoBoro nHpekca S&P 500 (kom MHCTpyMeHTa
SPY). PaccMoTpeHa iHaMMKa 3HaU€HMIT MHIEKCa
3a nepuop ¢ 01.01.2020 o 01.09.2023, yacroTta
cocTaB/IseT OfiVH JieHb. VICTOYHMK JTaHHBIX — IIPO-
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Baiifep ppiHOYHON MHpopMmanuu Yahoo Finance.
B pesynbraTe chopmupoBaHa BEIOOPKA HaHHBIX
06beMOM 649 HabTIOIEeHNII.

Ha Texymuit MOMEHT 13 Mofienelt TITyboKoro
o0yueHM s Ha GOHJOBBIX PBIHKAX MOTYT IIpUMe-
HATBCS C/IeAYIOLIVie AITOPUTMbL: peKYpPpeHTHbIE
HeiipoHHble ceTn (RNN), cCBepTOYHbIe HEVPOH-
Hble cetyt (CNN), MHOTOCTIOVIHBIE IIEPCEIITPOHBI,
rMOpuiHble HEVIPOHHBbIE CETV, aBTOSHKOJEPHI,
HeJpoTeHeTIYeCKue CeTH, /I HellpOHHBIE CeTH
HEe4YeTKOTO BBIBOJA, GYHKLMOHMPYIOLIVE Ha OC-
HOBe IIPaBUJI HeYeTKOIt Tormku [2; 11].

[ meneit MopenupoBaHusA (QUHAHCOBBIX
BpPEMEHHBIX PsAJOB HauboJIblllee pacpoCTpaHe-
Hue nonyywmi RNN [2]. Haubonee nomynspHbM
anroput™MoM cperyt RNN sIBJsieTcsl MOZe/b JOJTOM
KpaTKoCcpo4Hoit mamsty (long short-term memory
network, LSTM) [4]. LSTM oby4aercsi Ha OCHOBe
IPUHLIMIIA 0OPaTHOTO PacPOCTPaHEeHVIS OIIVOKIL.
OcobenHocTb apxuTekTypbl LSTM-cetn cocTouT
B TOM, YTO B HeJl BMECTO HEe[POHOB IPUCYTCT-
BYIOT «KJIETKV ITaMATV», COCTOSAIIVE U3 TPeX Ya-
CTell: BXO/ia, BBIXOJa ¥ CaMOJ 30HBI MAMATH.
30HBI BXO/la ¥ BBIXOJA, IO CYTW, BBIIIOJHAIOT
$YHKIMM aKCOHA ¥ [IeHAPUTA OOBIYHOTO Hell-
pOHa, B TO BpeMs KaK 30HAa IAMATYU OTBeYaeT
3a oOyuyeHMe ¥ 3allOMUHaHVe HY>XKHOI MHPOP-
MalVy U3 IaHHBIX, T0/JaBaeMbIX Ha 30HY BXOfia.
Takum 006pa3oM, B HacCTOSIEM VICC/IEOBAHNMA
ISl pellleHMs 3afayyl IPOTHO3MPOBAHMS BOJIa-
TWIBHOCTY MHAeKca S&P 500 Hamu ObUIa BIOpaHa
HeJpOHHAs ceTh apxXUTeKTypbl LSTM kak Hau-
6o71ee MIMPOKO MCIIO/Ib3yeMast U JOKa3aBIIas CBOIO
a¢pekTnBHOCTD [3]. B kauecTBe KOHKYPUPYIOLINX
METO/IOB VICIIO/Ib30BaHbI TaK/e MOJE/MN, KaK VH-
TErpUPOBAHHAS MOJE/Ib ABTOPETPECCUM — CKOJIb-
3smero cpenHero (Autoregressive Integrated Moving
Average, ARIMA) v po6HO-MHTErpUpOBaHHAS
MOJIe/Ib ABTOPETPECCHI — CKOTIb3AIIETO CPeTHETo
(Autoregressive Fractionally Integrated Moving
Average, ARFIMA). ARIMA(p, d, q) aBnaercs
MOJIE/IBIO C KPaTKOCPOYHOJ TAMATBIO, B TO BPeMsI
xak ARFIMA(p, d, q) momyckaeT Hellenoe 3Haye-
HIIe ITOKa3aTe/Isl MHTETPUPOBAHHOCTH d, YTO I103-
BOJISIET MOJIeTTPOBATh 9P PEKTHI JOITOCPOYHOI
(mmmHHOI) mamMATH. DTU MOJE/M MNPOKO VC-
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C/Ie[[OBAaHbI U OMMCAHbI B HAYYHOII TUTEPAType
(cm., HaripuMep, [14]).

7151 oLjeHMBaHMs KadecTBa IOy YeHHbIX ITPO-
THO30B IIPY MHTEPIIPeTalNy Pe3yIbTaTOB HaMI
VICITOJIb30BaHBbI TaKye METPUKU TOYHOCTH IIPO-
THO3MPOBAHNS: CPeJHeKBagpaTHIecKas ommnoxa
MSE u cpenusis abcomtotHas omnbka MAE [9].

I[Tpouecc 06yueHMsT BCeX TpeX alrOPUTMOB
peann3oBaH Ha CMOJIEMPOBAHHO ICTOPUYIECKOIT
BojaTuAbHOCTU MHAeKca S&P 500, koTopas no-
JTydeHa [Py IIOMOLIM MOJE/IV 9KCIIOHEHIIMATbHOI
00600111eHHOIT aBTOPETPECCUOHHOI YCIOBHOII reTe-
pockenacrianocty (Exponential Generalized Auto-
regressive Conditional Heteroskedasticity, EGARCH).
ITopxop, COCTOSILINIT B CITTa)KMBAHUY MICXOJHOTO
PBIHOYHOTO psifia C IOMOIIBI0 MOJIE/N, OIIMCaH
B pabote H. 1. bepsona n E. A. Cymnikoro [13].
OH 103BOJIs€T MOBBICUTH TOYHOCTD MOJENNPO-
BaHW U TIPOTHOSMPOBAHS, TIO3TOMY OBUIO IIPU-
HSTO pelileHye 00yJaTh HepoCeTh He Ha UCXOJ-
HBIX, @ Ha MoJie/IbHBIX flaHHbIX. EGARCH(p, q)
SIBTISIETCS MOMGUKALelT KIacCUIecKo MOfien
GARCH(p, q), B oTmnume ot 6a30BOI BepCcui,
obrajjaronieil CrlocCOOHOCTIO YUYUTHIBATD ACUM-
MeTpu4Hble 3PHEeKTbI MEXAY MOI0OXKUTETbHON
VI OTPULIATEIBHO TOXOJHOCTHIO MOJE/INPYEMOTO
aktuBa. [IpuBenem obuyro dopmynry mMomenu
EGARCH(p, q):

X, =&,

P
ln(GtZ) =a,+ Zai(‘st_l‘ trE) (1)
i=1

9
+ Y B,In(o;,),
j=1

I7ie X; — 3HaueHle BPEeMEHHOIO psAfa B MOMEHT
BpeMeHMU f; G; — YCTIOBHOE CTaHJAPTHOE OTKJIO-
HeHMe (yC/lIOBHAs BOJIATMIBHOCTb) B MOMEHT
BpeMeHH f; p — IOPAJOK MOJe/IN KOMIIOHEHTOB
ARCH; ao, ay, a,..., d, — IapaMeTpbl MOJeNN
KoMIoHeHTbl ARCH; g — OpAi0K MOZIeNV KOM-
noneHToB GARCH; Bi, Ba,..., Pg — mapameTpsl
Mopenu KomnoHeHTol GARCH; €; — cTanfiapTu-
3MpOBaHHbIE OCTATKI.
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BenmuunHbI NOPAIKOB p, ¢ MOJeNN OIIpefie-
JIeHbl HaMJM 110 MH(OPMAIIOHHOMY KPUTEPUIO
Axanke (AIC). Ciocob6 3ajanus pacrpefieeHus
OCTAaTKOB TaK>Ke BBIOpAH C IIOMOIIBIO JAHHOTO
KPUTEPUSL.

Bei6op ommcanHoi mopudukanym GARCH-
Mojien 00YCTIOB/IEH TeM, YTO BOJIATVIBHOCTD
Ha pBIHKe OKa3bIBAeTCs BbIIIIE ITOCTIe MOCTYILIe-
HJISL HETaTUBHOM MHGopManmy (OTpuiaTebHas
JIOXO/IHOCTb), 4eM ITOC/Ie OCTYIUIeH VS IO3UTYB-
HOV MHbOpMaryy (TIOT0>KUTeNbHAs JIOXOJHOCTD).
JlaHHBI aCUMMeTPUYHBII TPU3HAK Ha3bIBAETCS
apdexroMm neBepumka. Takum ob6pasom, Ha oc-
HOBaHMY Pe3y/IbTaTOB Psfia NCC/IETOBAHMI Y 9KC-
nepuMeHTOB [1; 13] MOXHO yTBep>XAaTb, YTO
mozienb EGARCH(p, q) siBnsetcst aQdpeKTMBHBIM
VIHCTPYMEHTOM OLIeHKV YC/IOBHOV BOTTATVIBHOCTIL.

HACTPOMKA U KAJIMBPOBKA
HEMPOHHOM CETU LSTM

Hacrpoiika apXuTeKkTypbl HEIPOHHON CETU
BKJTIOYAeT B Ce0s1 HECKOIbKO K/II0YEBBIX 9TAIlOB.

Ha nepBoM aTarmne ncxopHble JaHHbIE JO/KHBI
OBITb HOPMa/TM30BAHBI JIsI MICK/TIOUEHMS ITPO6-
JIeMbl «B3pBbIBHBIX» TpafineHToB. Hopmanusanusa
JaHHBIX pean30oBaHa Ipy IoMouy GopMyst

. x —min(x)
X =

2)

max(x)—min(x) ’

I7le X — ICXOJHbII pAZ, YCTIOBHON BOTATM/IBHOCTI.

CrnepyomyM IIaroM SIBJAETCA pasje/ieHne
JaHHBIX Ha 0OYYaIoIIyIo U TeCTOBYIO BBIOOPKI.
B pamkax mccrmegoBaHus ObUIO pellleHO pasfe-
JIUTH JAaHHBIE B COOTHOILEHUN 9: 1, B pe3ynbTaTe
06BbeM obyJarolielt BLIOOPKI COCTaBIII 584 HaOIIO-
IleHMs, a TECTOBO — 65 HaOmomennit. Torma nH-
TepBaJl AaT /11 00y4aloleil BEIOOPKI COCTAaBIIsET
¢ 01.01.2021 mo 25.05.2023, a BpeM€eHHOI MH-
TepBaJl I/I1 TECTOBOW BBIOOPKU — ¢ 26.05.2023
no 01.09.2023.

Ha BTOpOM 3Talne onpepensaoTcs OCHOBHbIE
napaMeTpbl HelipoHHOT cetu LSTM (Tak Ha3bl-
BaeMbII1 TIOHVIHT): KOJIYECTBO CTIOEB Y HEVIPOHOB,
MEeXaHU3M ONTYMU3ALVIN, QYHKLA IIOTeph U1 MeT-
PUIKM IJIS OLIEHKM KadecTBa MOJIENN, BUT, peTy-
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JISIPU3ALNN AITOPUTMA JIsI UCKITFOYEeHUs TPO6-
JIeMBbI TTepe0OydeHNsT MOJIe/TN, HACTPOJIKa TUIep-
ITapaMeTpoB (CKOPOCTY 00ydeHus ), 3aaeTcst PyHK-
LVIs1 aKTUBALIMI U KOIMYECTBO 30X 00ydeHNsI.

O6ocHyeM BBIOOP ITapaMeTpPOB IS IIOCTPO-
enust mogenu LSTM.

1. AnropurMm ontuMmsauyu. Hanbornee nc-
II0/Ib3yeMbIMIL METOZIAMI OTI TMMM3ALVNA SIBJISIFOTCST
anroputmsl Adam, Adamax, Adadelta, Adagrad,
SGD, RMSProp [5]. Hamu BbIOpaH alroput™ om-
tumusaty Adam (Adaptive Moment Estimation),
4TO 0OYCIOB/IEHO COYeTaHVEM B HEM KaK HaKOII-
JIeHNs JBVDKEHUS, TaK U 00jiee MeJIEHHOTIO 00-
HOBJIEHVSI BECOB JI/IS1 TUIIOBBIX IIPU3HAKOB, UTO,
B CBOIO OY€peNb, MO3BOSIET OTYACTI PELIUTD
npo6nemy nepeodydenns. Kpome toro, anmroputm
Adam ajanTuBHO olpefenseT CKOPOCTb 00yde-
HUS, 9TO PellaeT BOIPOC MOA00pa ruieprapa-
metpoB. Eiie ogHuM mocronrcrBom Adam siBist-
€TCs1 TO, YTO OH KOMOMHMPYET METO/; MOMEHTOB
Y QialITVBHOE 00y4eHMe, 6/1arofjapsi 4eMy I03BO-
nsier apdexkTMBHO paboTaTh KaK ¢ OONBIIVIMI,
TaK U C MaJIBIMU TPaIVieH TAMIA.

2. ®yukums norteps. [Ipu pabote ¢ BpemeH-
HBIMIU psijaMit B chepe MCKYCCTBEHHOTO MHTeI-
JIeKTa ¥ MALIVTHHOTO O0yYeHNs IPUHSTO UCIIO/b-
30BaTh QPYHKLMU MTOTEPh BUJA «CPefHEKBagpa-
Tideckas ommbka» (Mean Squared Error, MSE)
VTN «CPeHss abcomoTHas ombka» (Mean Abso-
lute Error, MAE) [7]. BXOmHbBIMI TaHHBIMMU [I/IsI HETI-
poceTn ¥ APYTUX IPOTHO3HBIX MOJIeTIell B HallleM
CITy4ae sIB/ISIIOTCS HaTypasibHble TorapydMbl orje-
HOK CTaH/JAPTHOTO OTKIOHEHVIS PsIfja, IOy IeHHbIX
c nomoibio Mogemt EGARCH(1, 1). Vicxopuble 3Ha-
yeHs HaxopasaTcs B auarasoHe ot 0,005 mo 0,025,
T. . 67IM3KM K Hy/TI0. DTO OTIpefiesieT BBIOOp QyHK-
1y notepb B nonb3y MSE, a ne MAE, Tak Kak Be-
nravHa MAE MoxXeT ObITb HeoTIpefie/ieHHO 6o
OecKOHEeYHOI1 B CTy4ae, ec/iyl ICTVHHOE 3HaYeHe
KaKoro-nmbo HaOIoIeHns] paBHO Win OIM3KO
K Hymo. Popmyna GyHKIMM TOTEPh MMeeT BUJ

MSE =12(x1. -x), (3)
n

rne MSE - cpenHekBajipaTideckas ommoka (PpyHk-
Y51 IOTEPB); 1 — KOIMIECTBO PUMEPOB B Habope
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IaHHBIX; X; — QaKTMYecKoe 3HAYEHIVE 11e/1eBOi
TIepeMeHHOIT AJIs1 i-T0 HaOMIoNeHns; X, — Mpef-
CKa3aHHOe 3Ha4YeHNe 1Ie/IeBOJ TePeMEeHHO 1A
i-rO HaOIIOmEeH .

Hpyrum npeumyiectBoM MeTpuku MSE Kak
$YyHKUMM TTOTEphb ABAETCA TO, YTO 9TA BeNlNU-
YJHa [IPeCTaB/IAeT cO00IT CpeHMIT KBapaT OT-
KIOHEHMs MICXOIHBIX M IIPefiCKa3aHHBIX 3Haye-
HUJI, C/IefOBaTe/IbHO, OO/bIINe OMNOKY OymyT
IPUBOJUTD K BBICOKUM LITPadaM, YTO MUHIMHA-
3MpyeT BIUsHME KPYIHBIX BEHIOPOCOB ¥ IT03BO-
nset 6oyee 3¢ HeKTUBHO 0OYIUTD MOJEIb.

3. OyHknua akTMBanuyu. B apxurekTypax
HeJPOHHBIX CeTel MICIIO/Ib3YeTCs Le/IbIil PSJ M-
HEJHbIX ¥ HeJIMHENHbIX QYHKIUII aKTHBAII,
TaKUX KaK JVMHeJHas, CUTMOUAA, rurepbonde-
ckuil tanreHc, ReLU (Rectified Linear Unit),
Leaky ReLU, Softmax [6]. Hamu BbiOpaHa pyHKIMA
aKTVBAIMY BUJA «TUIEPOOTMYECKIIT TAHTEHC»
(tanh) mo cnepyroImMM IpUYMHAM: IMHAMIKA VIC-
XOJHBIX JJaHHBIX YC/IOBHOJ BOTATV/IBHOCTY SIB-
JsIeTCs HenmyHeitHo; tanh omoraer LSTM-cetn
B KOHTEKCTe COXpaHeHNUs U lepefauy MHPopMa-
1y, Tak Kak LSTM-ceTb MMeeT MeXaHU3MBI /15
XpaHeHus U 0OHOB/IeHN A MH(OPMALVIN O IIPENbI-
AYIINX COCTOSIHUAX (C VMICIIO/Ib30BaHMEM 3a0bI-
BAIOIIETO 3aTyXaHUsA M BXOZHBIX VM BBIXOJHBIX
BOpPOT); PyHKIVA akTUBaLuy tanh sBIAETCS BbI-
YUCTINTENBHO O071ee 3 eKTNBHOI II0 CPaBHEHNIO
¢ gpyruMu GyHKysiMy aktyBanyu. OOmit Bup
byHKUVMM akTMBaUuM tanh Cremyrommii:

X —-X
flo)=—"—. (4)
e

+e”

4. KonnyectBo crnoeB n HelipoHoB LSTM-
CeT! U MeXaHU3MBbI perynsapusanyy Dropout v L2.
Ity napamerps! cGOPMUPOBAHBI IIPU TOMOLIN
MexaHnsMa GridSearch ¢ npuMeHeHeM MeTOz
Kpocc-Banmupamyy. OmpeneneHne HaWIy4dlIero
CoYyeTaHNUsA IapaMeTPOB BBHINOTHEHO METOJOM
nepebopa, IpU 9TOM VICIIO/Ib30BAINCH CIIEAYIO-
e Habopbl HapaMeTPOB:

- KonmyectBo cnoeB LSTM (2, 3,4, 5);

— KOJIN4eCTBO HelipoHoB Ha cnoe LSTM (50,
75, 100);
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- ypoBeHb Dropout — 07151 HElpOHOB, KOTO-
pble OYyT CIy4aifHO OTKIIIOUEHBI BO BpeMs 00Y-
gyenus (0,2; 0,4; 0,6);

- ypoBeHb L2 perynspusanum — koappum-
€HT, YMHO>XaeMbIll Ha CyMMYy KBaJlpaTOB BCEX
BecoB napameTpoB LSTM-cetu, mpubaBisieMblit
K GyHKUMM 1oTepb 1o Bpems ooydenus (0,001;
0,01;0,1).

Takum 06pasom, ob11iee KO/mr4ecTBo KOMOMHA-
1y mapaMeTpoB (pasmnyHbIX Bapuantos LSTM-
cereit) coctaBuio 4 - 3 - 3 - 3 = 108, cpexyt KOTOPBIX
oTOMpanach HayTy4nIasi KOMOVHALVA 10 MVHY-
MaJIbHOMY 3HadeHuio MSE.

Crout 06paTuTh BHMMaHME Ha TO, YTO BKIIIO-
4yeHle B apXUTEKTypy BbicTpamBaemoit LSTM-
CeTV MEXAaHU3MOB Pery/IApU3aluy AB/IAETCA BaXK-
HBIM ILIaroM K MCK/IIOYEHVIO IPOoOIeMbl Iepe-
obyuennsa mogemn. VinctpymenTsl Dropout n L2
MO>KHO VICIIO/Ib30BaTh KaK OTHEIbHO, TaK ¥ KOM-
OMHMPYA UX B OJHOI HEIPOHHOM ceTn. B Hamem
ciay4ae L2-perynapusanys BCTpauBanach Ha Iep-
Bblit LSTM-coit u BBIXOAHOI II0THBIN (Dense)
cnoit; Dropout, B cBOIO 04epefib, ABIAETCA OT-
IeJIbHBIM C/I0€M HEVIPOHHOM CEeTU, pacllojiarar-
myMcs nocie nepsoro LSTM-cnos.

5. KomrgectBo anox o6y4enst. [Tapamerp mo-
3BOJISIET YIIPAB/IATb COOTHOLIEHMEM CKOPOCTH 1 Ka-
JecTBa 00y4yeHus ceTy. Mbl OCTAaHOBWIVCD Ha BEJ-
yyHe 200, 4TO AB/IAETCA HEKOTOPHIM KOMIIPOMMC-
COM, NTO3BOJIAIOIIVM IOCTMYb IIpYeM/IEMbIX BE/IN-
YYH TOYHOCTY Y JJIUTEIBHOCTY OOy 4eHNS MOJIEIN.

B pesynbTare NpoBefeHHBIX BHIYVICIUTEIb-
HBIX 9KCIIEPMMEHTOB YCTaHOBJIEHO, YTO HaW/ITy4-
1Ie’t TOYHOCTbIo o6mazfaetr LSTM-ceTb co ceny-
IOIMMM TTapaMeTpaMy: KOJIMYECTBO C/IOEB — 4,
KOJIMYECTBO HEJIPOHOB Ha KaxzaoM LSTM-cnoe -
50, yposenb Dropout pasen 0,6, ypoBeHb L2-
perynapusanum - 0,1.

B crepyromieM pasperne IpeficTaB/IeHbl Pe3yib-
TaTbl MOJI€/IMPOBAHMAL.

AMPOBALMA MOAENU

OO6yueHue HEVIPOHHOJ CETV U BCe STAIIbl MO-
IENVPOBaHMsA BBINOIHEHDI C VICIIO/Ib30BAHUEM
A3bIKa IIporpamMmMmupoBanus Python 3 B cpene
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Google Colaboratory. Ilpu nocTpoeHnn Mopeneit
JVICTIO/Ib30BaHbl OubnmoTexkn arch, keras n ten-
sorflow, statsmodels, a Tax>xe rpy2 (1t NCIIOTb-
3oBaHuA peamm3sanyi ARFIMA-Mopeny, JoCTyII-
HOJI [i1g A3bIKa R).

Ha puc. 1 npencraBneHa apxuTeKTypa Crpo-
exTupoBaHHON LSTM-ceTn.

Istm_438_input | input: [(None, 9, 1)]
InputLayer output: [ [(None, 9, 1)]
Istm_438 input: (None, 9, 1)

LSTM output: | (None, 9, 50)
dropout_304 | input: | (None,9, 50)
Dropout output: | (None, 9, 50)
Istm_439 input: (None, 9, 50)
LSTM output: | (None, 9, 50)
Istm_440 input: (None, 9, 50)
LSTM output: (None, 50)
dense_134 input: (None, 50)
DENSE output: (None, 1)

Ycmounuk: cocTaBNeHO aBTOPaMM.
Puc. 1. Paspaborannas apxurtexrypa LSTM-cetu
Fig. 1. The designed architecture

Kak MO>XXHO 3aMeTUTb, B IIpe[iCTaB/IEHHOI
HEJIPOHHON CeT! MCIOonb3yeTcs yeTbipe LSTM-
cnos, Dropout-cnoit nocne nepsoro LSTM-cnos
U IUIOTHBIN Dense-cnoit Ha Bbixome. Ob1ee Ko-
NYeCTBO IapameTpoB cocrabnsger 50 851, Bce
napaMeTpbl 00y4eHbI, IPOITYCKY OTCYTCTBYIOT.

Hunamyka yukiyy noreps MSE 1o Bpems
o0y4eHMs NIpuBeeHa Ha puc. 2.

OtMeTnM, YTO AIBHOM TEH[EHLMA K CHIDKe-
Huo pyHKyy norepb MSE Bo BpeMs o0y4eHus
Ha 200 snoxax He Habmomaercs (cM. puc. 2). ITo
CBSI3aHO C aJIeKBAaTHOI pabOTOI MeXaHNM3MOB pe-
rynapusanuu Dropout u L2, KOTOpbIE He ITO3BO-
nstot Mofenu LSTM mepeoOydaTbcsi, COXpaHss
BenmunHy MSE Bo BpeMs oOydueHMs Ha JJOCTa-
TOYHO CTaOM/IBHOM YPOBHe.

I[Tocne o6ydennsa LSTM-ceTvt Ha JaHHBIX 00Y-
JaroIeli BBIOOPKI ObIT peani30BaH IPOTHO3 BO-
JIaTUIPHOCTY Ha TECTOBOI BBIOOPKe (puc. 3).

I'pacdmueckuit aHamm3 puc. 3 MO3BOJAET Cle-
JaThb BBIBOZL O TOM, 4TO NporHo3 LSTM-cetn
B LI€/IOM OTpaKaeT TPeH, JUHAMMKA BOTaTU/Ib-
HOCTJ Ha TECTOBOM [IMalla30He JaHHbIX. MO>XHO
IPeAIIOoNO0XNUTh, YTO IIOCTPOEHHAs HelIpOHHAasA
CeTb ajIeKBaTHO BOCIIPMHMMAET JJaHHbIE BHE 00y-
JaroIero Habopa, KOTopble 0OTafaoT HeM3BeCT-
HOVI pupopoit. [y mopTBep KaeHnsa cPopMyu-
POBAHHOJ TUIIOTE3BI Jlajiee MepeiifieM K Cpab-
HEHMIO VI MHTepIpeTaryy MeTpyK ommook LSTM-
CeTU U APYTUX MOJesIell IPOrHO3MPOBaHNs Bpe-

of the LSTM network MEHHOTO pAfa BOMATUIbHOCTM.
Training Loss
. f

0,019 - 3

0,018 { [
m
w
=

0,017 - b v

0,016 1

0,015

0 25 50 75

Hcmounux: coctaBneHo aBTOpaMMU.

100 125 150 175 200
Epochs

Puc. 2. lnnamuka ¢pyukunu norepb MSE B iepuop o6yuenus LSTM-cetn

Fig. 2. Dynamics of the MSE loss function during the LSTM network training period
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0,025 H

0,020 H

0,015 A

BonatniabHOCTD, 0

0,010 A

0,005 -

—— IIporuoss! Ha TecTOBOM
Ber6opke, LSTM

---------- O6yuarommit Habop

----- TecroBbIit HA6OP

2021-01 2021-05 2021-09 2022-01

Hcmounux: coctaBneHo aBTOpaMMU.

2022-05

2022-09 2023-01 2023-05 2023-09

Iara

Puc. 3. [Iporaos BomatuiabHOCTH ¢ ToMoIbio LSTM-cetn
Fig. 3. Volatility forecast with the LSTM network

CPABHEHUE MOJENEN
U OBCY>XXOEHUE PE3Y/IbTATOB

YToOBI IPOBEPUTD BBIIBUHYTYIO B ICC/IEN0-
BaHMY TUIIOTE3Y, BHIIOTHUM cpaBHeHue LSTM-
cetu ¢ mogenamu ARIMA n ARFIMA no xaue-
CTBY MOJI€/IMPOBaHNsA, UCIONb3YsA MeTpuku MSE
u MAE (tabnuia).

CpaBHeHMe TOYHOCTY IIPOTHO3a BOTATW/IBHOCTH
mopeneit LSTM, ARIMA u ARFIMA

Comparison of volatility forecast accuracy
among LSTM, ARIMA, and ARFIMA models

Mopenn LSTM-cer» ARIMA ARFIMA
MSE (o6yqarommas 0,018 0,041 0,035
BBIOOpKA)

MSE (TecroBas 0,010 0,173 0,171
BBIOOpKA)

MAE (o6yuyaromas 0,010 0,143 0,123
BBIOOpKA)

MAE (tecroBast 0,074 0,274 0,219
BBIOOpKA)

HUcecmounuk: coctaBneHo aBTOpaMI.

ITo uToram aHanmsa TabIUIIBI MOXKHO Clie-
JIaTh BBIBOT, YTO LSTM-ceTh MeeT HaIMeHbIIINe
3HavyeHusa MSE n MAE xak Ha o0ydaromieif, Tak
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Ul Ha TECTOBOII BBIOOPKaX, T. e. LSTM-ceTpb Hau-
Ty4muM o6pasoM BBISBM/IA 3aKOHOMEPHOCTY
B JJAHHBIX, YTO IIO3BOJINJIO €1 CAleaTh Oojee ToY-
Hble ITPOrHO3bL. [IprurHamMy TakuX IpenMyIecTB
ABMA0TCA cnenytomye: LSTM-ceTb ciocobHa y4u-
TBIBAaTh 0OJIee C/IO’KHBIE 3aBUCUMOCTY U CTPYK-
TYpbl B JaHHbIX, 4eM ARIMA n ARFIMA, 4to
0CcO0EHHO BaKHO IpM paboTe ¢ BpeMEeHHBIMU
pAZaMM C HeTMHENHBIMY U JOJITOCPOYHbBIMMY 3a-
BucuMmoctsamy; LSTM-cetb umeeT 60s1ee rTMOKyIo
Y CJIOKHYIO apXUTEKTYPy ¥ MOXKeT OBITh HACT-
pOeHa [ ONITMMATTbHOTO ITPOTHO3MPOBAHNA IIPU
IIPaBMIBHOM U aleKBaTHOM IIO0Ope TuUIepIa-
paMeTpoB.

Crout Tarxoke OTMETUTD, YTO 3aAB/IEHHOE MHO-
TYIMYU aBTOpaMi (CM., HalIpuMep, paboTsl [12; 14;
16]) mpeBOCXO/ICTBO MOJIE/NY C IJTMHHON aMSThIO
ARFIMA niepen, ARIMA B 3ajiaue NpOrHO3MPO-
BaHUA (PMHAHCOBBIX BPEMEHHBIX PANOB B OYe-
PeHOII pas MOATBEPANIIOCH, IPUTOM 4TO He ObITIO
IIPOBEJEHO MCCIejloBaHNe PpaKTaTbHBIX CBOVICTB
MOJIe/IMPYeMOTO psfa.

K orpanuveHusM InpoBeSEeHHOTO UCCIENO-
BaHMA MOXXHO OTHECTH CTIefyIoLye:

— U1 TO/Ty4eHus 6a30BOrO MOZEMPYEMOro
pAMa UCIOIb30BAIACh TOTBKO OJJHA MOJeNb —

Perm University Herald. Economy, 2024, vol. 19, no. 1
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EGARCH(1, 1), orobpaHHas UCXons U3 Teope-
TUYECKMX COOOpaXKeHN, IpyTe MOZIe/ He pac-
CMaTpUBA/IVCh;

- mogaenb ARFIMA obyyanach ¢ HacTpoit-
KaMM a/ITOPUTMa 10 YMO/TYaHUIO, B TO BpeMsA KaK,
COIVIACHO pe3y/IbTaTaM HEKOTOPBIX MCCIefOBa-
HUIL, HaripuMep [14], B KauecTBe TOYHOI OI[eHKI
napameTpa d MoXKeT OBITh MCIIONb30BaHa OLleHKa
¢dbpakrampHOI pasMepHOCTH psifia MeTomoM DFA,
YTO MO>KET IIOBBICUTD Ka4eCTBO MOJIE/IIPOBAHNS;

— JAHHbIE MOJE/IMPOBA/IVICh TOJIbKO Ha OTHOM
BPEMEHHOM IIPOMEXYTKE; IIPYIMEHEHNE METO/Ia
CKOJIb3A1I[€T0 OKHA C YCPEeJHEHMEM Pe3y/IbTaTOB
MOTI7IO OBI IIOBBICUTH JOCTOBEPHOCTD ITOTYYeH-
HBIX Pe€3y/IbTaTOB.

HeB3upas Ha onycaHHble OTPaHNYEHNS, Pe-
3y/IbTaThl IIPOBEIEHHOTO MCCIEJOBAaHUA NAOT
OCHOBaHMA CUNUTATh, YTO HEMPOHHbIE CETU ap-
xuTeKTypbl LSTM ABNAI0OTCA IEPCIEKTYBHBIM Me-
TOZIOM IIPOTHO3MPOBAHMSI BOTATUIBHOCTY POH-
JOBBIX PIHKOB, I03BOJISAS ITO/TyYaTh O0JIee TOYHbIe
IIPOTHO3BI I10 CPABHEHUIO C «TPASULVIOHHBIMI»
METOMlaMM.

3AKNMTIOYEHUE

ITo uToramMm nmpoBefleHHbIX SKCIIEPUMEHTOB
Ha JaHHbIX poHpoBOrO pHIHKA CIIIA MOXHO YT-
BEpXK/IaTh, YTO BBIJBMHYTas TUIIOTE3a MOATBEP-
AVIach: HeyipoHHasA ceTh (Ha mpumepe LSTM-
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CeTM) ITO3BOJISIET MOTy4YaTh IPOTHO3bI BOTTATIIb-
HoCTH, ob/aaromye 6ojee BHICOKOI TOYHOCTBIO
B CPaBHEHUU C aBTOPErPECCYOHHBIMM MOJEIAMMA
ARIMA n ARFIMA. HecoMHeHHO, IIpMIMeHeHe
HEJIpOHHBIX CeTell B 3ajjayaX MOJIeIMPOBAHNA
VI IPOTHO3MPOBaHMs (POHAOBBIX PHIHKOB 3aCTTy-
KMBaeT CaMOTro NpUCTaTbHOTO BHMMaHus. [lep-
CIIEKTMBHBIMM HaIIPaB/ICHVMAMM JaTbHENIINX UC-
CTIelOBaHMIA B 9TOJ 00/IACTY MOYKHO CUMUTATB:

— U3y4eHMe B/IMAHUSA Ha TOYHOCTb IIPOTHO-
3MPOBAaHMA HEMPOHHONM CEeTM MCIO/Ib30BaHMUA
B Ka4eCTBe BXO/[HBIX JJAaHHBIX OI]eHOK (ppaKTasb-
HOJI pa3MEpHOCTY BPEMEHHOTIO P/, YTO II03BO-
JINT OTHECTM TAKyI0 MOJIe/Ib K ppaKTa/bHBIM Me-
TOZaM IIPOTHO3MPOBAHMS (PMHAHCOBBIX PS/IOB;

- npuMeHeHne LSTM-ceTu B KauecTBe IIpo-
THO3VPYIOLIETO aITOpUTMa Ipy (POpMUPOBAHUN
VIHBECTUIIVIOHHBIX TTOpT(erieil U CpaBHeHMe ee
C IpyTMMM UCC/IEIOBAaHHBIMI B PaMKax JaHHOI
3aJa4y MOJIETIAMM;

— pa3paboTKa 1 TeCTHpOBaHMe a/IbTePHATVB-
HbIX LSTM-ceTu apXUTEKTyp MCKYCCTBEHHOTO
VIHTEJ/IJIEKTA /I pellleHNs 3a/layyl IPOTHO3UPO-
BaHVA BOJIATMIBHOCTY (POHIOBOTO PHIHKA;

— CpaBHEHMe SMIVPIYecKoli 3 HeKTUBHOCTI
B paMKax pelleHNsA 3ajadyyl IIPOTHO3MPOBAHMA
BOJIATV/IBHOCTY I AVHAMUKM (PVIHAHCOBBIX Bpe-
MEHHBIX pAfoB npy nomoiy LSTM-cetu ¢ MeTo-
JaMU IPOTHO3MPOBAHMA IVIOTHOCTU pacIipefere-
HVISI BEPOATHOCTEN AMHAMUKY OY[YIVIX JaHHBIX.
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