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Oleg Rudenko (Ukraine), Oleksandr Bezsonov (Ukraine),
Oleksandr Romanyk (Ukraine)

NEURAL NETWORK TIME
SERIES PREDICTION BASED ON
MULTILAYER PERCEPTRON

Abstract

Until recently, the statistical approach was the main technique in solving the prediction problem.
In the framework of static models, the tasks of forecasting, the identification of hidden periodicity
in data, analysis of dependencies, risk assessment in decision making, and others are solved. The
general disadvantage of statistical models is the complexity of choosing the type of the model and
selecting its parameters. Computing intelligence methods, among which artificial neural networks
should be considered at first, can serve as alternative to statistical methods. The ability of the
neural network to comprehensively process information follows from their ability to generalize
and isolate hidden dependencies between input and output data. Significant advantage of neural
networks is that they are capable of learning and generalizing the accumulated knowledge.

The article proposes a method of neural networks training in solving the problem of prediction of
the time series. Most of the predictive tasks of the time series are characterized by high levels of
nonlinearity and non-stationary, noisiness, irregular trends, jumps, abnormal emissions. In these
conditions, rigid statistical assumptions about the properties of the time series often limit the pos-
sibilities of classical forecasting methods. The alternative methods to statistical methods can be the
methods of computational intelligence, which include artificial neural networks. The simulation re-
sults confirmed that the proposed method of training the neural network can significantly improve
the prediction accuracy of the time series.

Keywords time series, artificial neural network, training algorithm, activation
function, simulation
JEL Classification Ca5

O.I. Pypenko (Ykpaina), O.0. Besconos (Ykpaina),
O.C. Pomaniok (YkpaiHa)

HEMPOMEPEKEBE NMPOMHO3YBAHHA
YACOBUX PAAIB HA OCHOBI
BAITATOLLAPOBOI'O NMEPCEMTPOHA

AHoOTAaLiA

J10 0OCTaHHBOTO Yacy OCHOBHUM IIpY BUpIIIeHH] 3aia4i TPOrHO3yBaHH:A OYB CTaTUCTUYHMII Mifxif,. B
paMKax CTaTUCTUYHUX MOJe/Iell BUPIIIYIOThCA 3a/ladi IPOTHO3YBaHHs, 3HAXO/)KEHHA IPUXOBAHUX
NepioANYHOCTEN B JJaHUX, aHAJIi3y 3a/IEXKHOCTEN, OLLIHKM PU3MKIB IIpU NPUIHATTI pillleHb Ta iHIIi.
3arajJibHUM HeJOMIIKOM CTAaTUCTUYHUX MOZEJeNl € CKIafHiCTh BUOOpY Tuiy mogeni i migbopy ii
IapaMeTpiB. AJIbTePHATUBOIO CTATVCTIYHIM METOAAM MOYKY Th CTy KT METOAY OOUICTIOBAIBHOTO
iHTe/NeKTy, JO YUCIa AKUX, B MepUIy 4Yepry, Clifi BiffHeCTM MITY4YHi HeJIpOHHi Mepexi. 31aTHICTb
HeIIPOHHOI Mepexi 10 pi3Ho6i4HO1 00poOKu iHdopMalii BuIIMBaE 3 ii 3[[aTHOCTI KO y3arajbHEeHHA i
BUJIiZIEHHA IPUXOBAHUX 3a/IEKHOCTEN MK BXiIHMMM Ta BUXiTHMMM JAaHMMM. ICTOTHOIO IlepeBaroo
HEJIPOHHMX MEPEX € Te, 1[0 BOHM 3[JaTHI ;O HABYaHHA i y3araJTbHEHHA HAKOIIMYEHMX 3HAHb.

Y craTTi 3anpONOHOBAHO METOJ] HABYAHHA HEPOHHUX MePeX IpY BUPIillleHH] 3a/ja4i IPOrHO3yBaH-
HA yacoBoro pAny (UP). binpuricTb npakTMYHMX 3aiad IpOrHO30BaHA YP xapakTepusyoThcs BICO-
KUM piBHEM HEMiHITHOCTI i HeCTaliOHapHOCTI, 3alIyM/IEHICTIO, HAasBHICTIO HEPETY/IAPHUX TPEHIB,
CTpMOKiB, aHOMa/IbHUX BUKUJIB. Y IMX yMOBAaxX >KOPCTKi CTaTMCTUYHI IPUIYIIEHHS IIPO BIACTH-
Bocti YP 4acTo 06MEXYI0Th MOXKIUBOCTI KIACMYHMX METOIB IPOTHO3YBaHHA. A/IBTEPHATUBOIO
CTATUCTUYHNMM METOf}AM MOXXYTb CIIY)KUTH METOHM OOYMCITIOBATLHOIO IHTEIEKTY, 0 YMC/Ia SKUX
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BITHOCATbCA IITY4YHi HelIpoHHI Mepexi. PesynbraTn imiraniiiHoro MozenoBaHHA MiATBEPAVIIN, IO 3alIpOIIOHOBaHMII METOJ, HaBYaHHA
HeJIpOHHOI MepexXi J03BO/IAE 3HAYHO HiIBUIINTY TOYHICTbh IPOTHO3YBaHHSA YaCOBUX PAMIB.

Kawo4uoBi cz10Ba YaCOBMII PsifI, IITYYHA HEJPOHHA MepeXka, a/ITOPUTM HaBYaHHsA, aKTUBalliltHa QYHKIis,
imiTariliae MoeTIOBaHHS
Knacudikauia JEL C45

BCTYI

[IpornosyBanus yacoBux psfiB (UP) e BaX/IMBOK HAayKOBO-TEXHIYHOI0 HPOOIEMOI0, TaK SK J[O3BOJISE
nepen0adnTy MOBEAIHKY PisHUX (aKTOPiB B €KOJIOTIYHNX, EKOHOMIYHNX, COIia/IbHMX Ta IHIINX CUCTEMaX.

P0O3BMTOK IPOrHOCTMKY K HayKM B OCTAHHI JeCATMIITTA NPU3BIB 0 CTBOpPeHHs Oe3yiui Moperneit i MeTofiB,
HpOLeAYpP, NPUOMIB NPOrHO3yBaHHS, HEPIBHOLIIHHMX 3a CBOIM 3HA4YeHHAM. 3a OLiHKaMM 3apyOiKHMX i
BiTUM3HAHUX (axiBIiB 3 IPOTHOCTUIIi BXXe Ha/MIYYETbCA ITOHAJ CTAa METOAIB IPOTHO3YBaHHS, B 3BA3KY 3 YUM
IIOCTA€ 3aBJaHH: BUOOPY METOAIB, sAKi aBajy 6 aleKBaTHI IPOTHO3Y /151 JOCTIKYBaHMX ITPOLECiB 260 CHCTeM.

Jlo ocTaHHBOTO Yacy OCHOBHMM IIpY BUPIlLlleHH] 3aia4i IpOrHO3yBaHHsA OyB cTaTMCTMYHUI mifxif. B pamkax
CTaTUCTUYHUX MOJE/eN BUPIIIYIOTbCA 3aJadi NPOrHO3yBAaHHHA, 3HAXOM>KEHHS IPUXOBAHUX NEPiOAMIHOCTEN
B JAaHMX, aHAJ/Ii3y 3a/eXKHOCTEN, OLiHKM PUSUKIB IpM NpUIHATTI pimleHdb Ta iHmi. Cepep icHylo4oi 6e3miui
CTaTUCTUYHMX MOJeell IPOrHO3YBaHHs Hal0i/NblIOK MOMY/ISAPHICTIO cepef, MaTeMAaTUKIB, sKi 3aliMalOThC
IIVIM 3aBJJaHHSM, KOPUCTYETbCSI MOJie/Ib aBTOperpecii i koBsHoro cepegaboro (ARIMA). CBo€ monynsipHicTIO0
I MOJieib, B IlepIly 4epry, 300oBs13aHa poboraMm Bokca i [Ixenkinca [7], siki 3ampomnoHyBaay i po3BUHYIN
y3aranbHeHY Mozenb ARIMA. Ane KpiM IpeAcTaBleHNUX IIMMY aBTOpPaMy Mojesiell, 3BM4aliHo, iCHYI0Tb i iHIi
eeKTUBHI Mofe/i i MeTofM IIPOrHO3yBaHH:A, 30KpeMa, aBTOperpeciiiHa Mofie/b IIPOiHTerPOBAHOTO 3MiHHOTO
cepeguboro (ARIMAX). Cnij TakoXX BiJ3HaYMTV MOJe/i eKCIIOHEHIIia/IbHOTO 3IVIaJKyBaHHSA, fKi Oym
3aIpoNOHOBaHi B poboTax [8, 16] mie fo nmosiBu pobit bokca i [lkenkinca.

HesBa)xaroun Ha Oi/bII IPOCTMIA i JOCTYIIHMII MaTeMaTUYHIIL allapart, IPOTHO3yBaHH 3a JOIIOMOTOI0 MOJeelt
€KCIIOHEeHI1ia/IbHOTO 3I7IafI)XYBaHH: YacTo Ja€ pe3y/bTaT, AKUIl MO)KHA MOPIBHATY 3 pe3y/lIbTaToM, OTPUMaHUM
npu BukopucranHi mopienni ARIMA. Ile He AMBHO, TaK AK MOfjeJli €KCIIOHEHIlia/IbHOTO 3I/1aJ)KyBaHH € OKPeMUM
BumaskoM Mopeneit ARIMA. IHmmuMu cinoBaMmy, KOKHa MOMie/b €KCIIOHEHI[iaJIbHOTO 3I7Iaf)KyBaHHA Mae
BiJIIIOBiZHY ekBiBa/ieHTHY Mofieib ARIMA.

Jlo epesar aBTOperpeciiHuX Mofiefniei i METOJiB, a TAKOX MOJe/IeN i METOMiB €KCIIOHEHIIiaTbHOT O 3I71aJl)KyBaHHA
MO>XHa BiJJHECTM HACTYIIHi:

1. IIpocrorainpos3opicTb MOAENIOBAHHA.
2. OpHaKoBiCTb aHa/i3y i TPOeKTyBaHHA.

Crip 3a3HaYMTH, IIO Ll KIac MOfesiell € OFHMM 3 Hailbi/bll MONMYIAPHUX, Y 3BA3KY 3 UMM iCHye 6araTo
NPpUKIALiB 1X 3aCTOCYBaHHA I BUpPiLleHHA 33/lad NporHosyBaHHA YP npu BupilleHHI HIMPOKOro CIEKTPY
NpaKTUYHMX 3ajJad. Bifj3Haummo, 110 BUKOPUCTAHHS TiHIHUX perpeciiiHux Mopeneil 3abesmnedye Kpaigy
HIBUJIKOJil0 IPOTHO3YBAaHH A, Hi>K BUKOPUCTAHHS iHIINX MOJIETEN.

HeponikaMu faHOTo Kj1acy Mofieieit €:

Benuke 4ncno napameTpiB Mofeni, ineHTUdiKalis AKMX HEOZHO3HAYHA.
PecypcomicTkicTb.

JIiHiIHICTD Ta HU3bKa aJalITUBHICTh MOJIEIEN.

BifcyTHIiCTb 3[aTHOCTI MOJI€/TIOBAaHH A HEMiHITHMX IIPOLECiB.

Ll R

OcHOBHUMM HelO/TiKaMy He/TiHIHUX perpeciiiHuX Mojesiell € HaCTYIIHi:
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1. CkmapHicTh BU3HauYeHHS BUAY QYHKI[iOHATBHOI 3a/I€KHOCTI.
2. TpymoMicTKicTb BU3HaueHH: NMapaMeTpiB Moferi.

Bimomo, 110 Ipouec NpOrHO3yBaHHA B KOXKHOMY KOHKPETHOMY BUIIA[JKy BMMAarae iHAMBilyaJbHOIO Mifgxony i
3a3BUYail BK/TIOYAE B ceOe Li/Inil psifi poLefyp, HaIlPUKIIAZ:

1. AHasi3 yacoBill IOCTiIOBHOCTi Ha IpeAMeT HaABHOCTI IPONYIIeHMX i BUIIaJlal0Th 3HaYeHb. Kopekijisa nux
3HaYEeHb.

2. BusHaueHHA HasABHOCTI TPeHAY i 1ioro TuIly. BusHaYeHHA HAABHOCTI NepiOJMYHOCTI B TOCTiJOBHOCTI.

3. IlepeBipka MOCIigOBHOCTI Ha CTAaLliOHAPHICTbD.

4. AHaji3 mocnioBHOCTI Ha ITpeaMeT HeoOXiTHOCTI onepeHboI 00poOKM (JTorapudMyBaHH, B3ATTA PiSHUID
TOLO).

5. Bubip moperi.

6. BusHayeHHA mapaMeTpiB MOJEIIL.

7. Jocmig>keHHS afeKBaTHOCTI MOJeJTi.

8. [Ilporuos Ha mifcraBi o6paHoi Mozerti.

9. OuruiHKa TOYHOCTi IPOTHO3YBaHHA MOJeTIi.

10. Amnazi3 XapaKkTepy HOMMIOK 06paHOI MOfieTIi.

11. BusHaueHHs afeKBaTHOCTI o6paHol Moferni i B pa3i HeoOXifHOCTI i1 3aMiHa i MOBepHEHH: [J0 MONEpeRHiX
IIYHKTIiB.

3arajibHUM HENONIKOM CTaTUCTMYHUX MOJeNell € CKIafHicTh Bubopy tumy Mogeni i mifbopy il mapamerpis.
Kpim TOTO, MpM BUKOPUCTAaHHI CTAaTUCTUYHOTO MiAXOAy OJHMUM 3 TOMIOBHUX BMMOT JIO YaCOBOTO PAAY € Jioro
CTalliOHAPHICTD, fIKa MOJATAE€ B TOMY, 11O PO3IOALN JI0r0 3Ha4Y€HDb € iHBapiaHTHMM ILOI0 MOMEHTY 4acy, A
SIKOTO BOHO NOOYOBAHO.

Tpapnuiitai crarucTuyaHi Metoay aHanizy YP yacto BUABIAITHCS HeeeKTUBHUMU 3 OISy Ha Te, IO I
MeTOAY MOTPeOYIOTh allPiOPHOI HASIBHOCTI JOCUTD BEIMKOI i pelpe3eHTaTMBHOI BUOIpKH.

1. NITEPATYPHUW Ornaa

[ns BubOpy Mopeneil, sika ONUCYIOTb JocnimkyBanmit UP, Oynu BBemeHi HACTYNHI KiJIbKiCHI MeTpUKM Iif
Ha3BoW0 iHopMauiitai kpurepii. Haitbinpi yacTo Ha MPaKTHIl 3aCTOCOBYIOTHCS iHPOpMaLiHNIT KpuTepii
Axaike (AIC) i BaiteciBcpkmit indopmaniitumit kpurepiit (a6o kpurepiit llIsapiga (BIC a6o SIC)) [36].

Crnif, ogHaK, BiI3HAYUTH, 110 B Oi/IBIIOCTI MPAaKTUYHUX 3a7a4 MporHo3oBaHi YP XxapaKkTepusyoTbCcsi BUCOKUM
piBHeM HeMiHITHOCTI i HecTal[iOHApPHOCTi, 3aLIYM/IEHICTIO, HAasSBHICTIO HEpPEeTyIsApHUX TPEHAIB, CTPUOKIB,
aHOMa/IbHUX BUKV/iB. Y IIVIX YMOBaX KOPCTKi CTATUCTUYHI IPUITYLIleHHA PO BIacTUBOCTi YP yacTo 06MexXyoTh
MOXX/IMBOCTI KJTACUYHMX METOJ|iB IIPOTHO3YBaHHA.

AJIbTepHATUBOIO CTATUCTUYHUM METONAM MOXYTb CIY>KUTU METOAY OOYMCITIOBaJIbHOTO iHTENEeKTY, O YMciIa
SIKUX, B IIEPLIY Yepry, C/Iifi BijHec T Ty YHi HevipoHHi Mepexxi (ITHM) [6, 21, 29, 34, 36]. By ny4u yHiBepcaipHUMM
anpokcumaropamy, feski tunu [ITHM n03BOIAIOTH BiHOBUTM 3 3a[JaHOI0 TOYHICTIO OYAb-fAKY SIK 3aBTOZHO
CKIagHy Oe3lepepBHY HeNMiHIHY (QYHKIiI0, BUKOPUCTOBYIOUM YsBIeHHS (yHKIJii, [0 allpOKCUMYETBCS Y
BUIJIA/II HEMIPOHHOI MepexXi, YTBOPEHOI HellpoHaMM, MapaMeTpU AKUX BU3HAYAKOTbCA LUIAXOM il HaBYaHHA.
3naTHICTb HeMIPOHHOI MepexXi 1o pi3HOoOiuHOT 00po61i iHdopMalii BuIIMBaE 3 i 3JaTHOCTI O y3arajbHeHHA i
BUJIi/IEHHA IIPMXOBaHMX 3a/7IEXKHOCTEN Mi>K BXiTHMMU Ta BUXiZHVMMY JAHUMU. ICTOTHOIO ITepeBaror HelpOHHMX
MepeX € Te, 110 BOHM 3/1aTHi [JO HABYAaHHS i y3araJbHeHHs HAKOIIMYEeHUX 3HaHb.

Cnip 3asHaumty, mo ni Bractusocti IITHM o6ymoBunm iX JOCHMTD IIMPOKe BUKOPUCTAHHS IpU pillleHHi

pisHOMaHITHMX 3aa4 IPOrHO3yBaHHs. TaK y 3araynbpHii mpo6eMi HelipoMepeskeBOro IIPOTrHO3yBaHHS 0CO0/MBe
Miclle 3aliMa€ 3aJja4a IpOrHO3yBaHHA CIIOKVMBAaHHS €IEKTPUYHOI eHepril [4,9, 13, 19, 20, 24, 31, 35, 39], 3aBOAKU
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CBOIl IPAaKTUYHIM 3HAYYWOCTI i CKIagHOCTI (XaOTUYHICTh, KBasinmepiogmuHicTp, ckauky) BipmosigHux 4P,
CTPYKTYpa SIKMX MOXKe 3MiHIOBAaTHUCs Hellepei6auyBaHUM YMHOM.

B pob6orax [15,28] posrnsaganocs sukopuctanns [ITHM pis pinieHHst 3aa4 IPOrHO3YBaHH I KOPOTKOCTPOKOBOTO
HaBaHTa)KeHHA.

B po6orax [3] Ta [22] HaBogunucs gociifKeHHs mono Bukopuctanus [IIHM o mporHo3yBaHHs CTOKY piku Ta
Te/leKOMYHiKal[iiiHOro TpadiKy BifjIIoBigHO.

B pobori [40] onucano sacrtocyBanusa IIIHM s nporHosyBaHHs PiBHS IJIIOKO3M B KPOBi I XBOpUX Ha
incynino3ane>xxHmit fiaber.

IcHye focuTh 6araTo pobiT NpUCBAYEHNX HEVIPOMepe>KeBOMY IIPOrHO3YBaHHIO B 6i3Heci, 30kpeMa [1, 2, 11, 17, 18,
25, 30, 32, 37, 41].

IlTe 6inble pobiT IPUCBAYEHO BUCBIT/IEHHIO 3ara/IbHMX MUTAaHb BUKOPUCTAHHS LITYYHNUX HEPOHHUX MEPex
B 3ajlayax IPOTHO3yBaHHs, Hanpukiay [10, 27]. Cnig 3a3HaunTy, 10 B po6oTi [10] posrismaeTbcs Ba>kanuBe
IUTAaHHA poOaCTHOTO HEJIPOIIPOTHO3yBaHHA.

Amnayiz 0co6MMBOCTell HEPONPOTrHO3yBaHHSA [O3BO/SE 3pOOMTY TaKMii BUCHOBOK: y 3arajJibHOMY BUIIQJKY,
3aBJIaHHA IPOrHO3YBaHH A 4aCOBMX pAAiB 3a goromoroxo IITHM sBoguTbCs 10 HACTYIHOI IOCiJOBHOCTI €TalliB:

1. 36ip maHux A1 HaBYaHHSA (eTall, AKMiT BBA)XXAETHCS OJHUM 3 HalOi/IbII CK/TATHMX).

2. IligroroBka i HopMmani3auis ganux (mpuBefgeHHs Ko Bupy YP).

Bub6ip rtomomorii IITHM (Ha 1pomMy erami NmpuiiMaeTbcsl pillleHHSA PO KilMbKiCTh IIapiB i HasBHOCTI
3BOPOTHOTO 3BSI3KY).

Emniprynnii (LisixoM eKcriepuMeHTy) minbip xapakrepuctuk [ITHM.

Emnipuynuii nig6ip napaMeTpiB HaBYAHHS.

Hapuanna HIHM.

IlepeBipka HaBYaHHA Ha a/eKBATHICTb IIOCTABIEHUM 3aBIaHHAM.

KopurysaHH#A mapaMeTpiB 3 ypaXyBaHHAM IONIEPETHBOTO KPOKY, OCTATOYHE HABYAHH .

Bep6anizaunis IIIHM (miHiMi3anmis ommucy 3 BMKOPUCTAHHSM [eKilbKOX anreOpaiyHumx abo JIOTi4HMX
(dYHKIIi) 3 METOIO TOAA/IBIIOTO BUKOPVUCTAHHS.

0 0NN

Taxum ynHoOM, BukopuctanH: IIIHM Bumarae BupinieHHs 3afad CTPyKTYpPHOI Ta MapaMeTpUYHOI OITUMi3allii,
BifMIOBifHMX BIOOPY ONTHMAIbHOI TOIONMOTII MepexKi i i HaBYaHHSL.

Y maHiit po6oTi posriAgaeTbCcs 3aiaua IPOrHO3yBaHHA YaCOBOTO ANy 3ac06aM HEIPOHHUX Mepex.

2. META AOC/NIAXKEHHA

Mertoio po60Tu € po3pobka HellpoMepeXeBUX MeTOAiB Ta 3aco0iB JyIsi NPOTHO3YBAaHHS YacOBUX PAMIB Y
peaJIbHOMY Yaci IIAXOM CUHTe3y 00U MCTIOBaIbHIX CTPYKTYP, IO A03BO/IATD MiIBUIIMTU AKICTh IPOTHO3YBaHHA
npu 36epexxeHHi 260 MokpaniaHHi QyHKIIiOHaIBHUX XapaKTepUCTUK, HA OCHOBI IITYYHUX HEVIPOHHUX MEpPeX.

3. METOAM AOC/NIAMKEHHS

Meropy mocmifKeHHs 6a3y0ThCs Ha Teopii 06YMCIIOBATIBHOTO iHTEIEKTY, @ CaMe Ha MeTOfaX Teopil MTyIHUX
HEMIPOHHUX MEPEeX, AKi JO3BONM/IN CUHTE3YBaT! HellpOMepeKeBi MOZie/li Ta OTpUMATY IPOLeSy Py iX HABYaHHA.

26 http://dx.doi.org/10.21511/dm.5(1).2019.03
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4. BATATOLIAPOBUI NEPCEMTPOH AAK HENPOMEPEEBA
MOAE/b

Merot0 6y/b-sIKOTO IIPOTHO3yBaHHSA € CTBOPEHHS MOJeI, sIKa JO3BO/ISE IPOTHO3YBAaTH MailOyTHE i OL[iHUTHU
TeHZeHIii B 3MiHax Toro 4 iHmoro ¢akropy. JKicTp NpOrHO3y B TAKOMY BUIAJKY 3aJIeXKUTh BiJj HasBHOCTI
nepepicTopii 3MiHIOBAaHOTO YMHHMKA, IIOXMOOK BYMiPIOBaHHS aHOI BEJIMYMHM 1 iHIINX YMHHUKIB.

[To6ynoBa MaTeMaTM4HOI MOZe/i, BUKOPYCTOBYBAHOI IPY IIPOTHO3yBaHHi, ITOBsI3aHa 3 aIPOKCUMAIIEI0 TesAKUX,
B 3aTa/IbHOMY BUIIQ/IKy HeTiHIIHUX, QYHKIIiIL.

y(x)=f(x)+¢, 1)
T . . v e .
me X = [xl, xz...,xN] - BEKTOp y3arajbHEHOro BXifjHOro curHany NxI; f(') - HeBijoMa HeniHilHa QyHKIIis; 3

- 3aBafia; T - CUMBOJI TPAHCIIOHYBAHHSL, TOOTO IIOJISATAE B OTPUMAHHI OLiHKY QyHKIT [ (°) 3a BUMIipIOBaHHAMU
BXiJHUX i BUXiTHUX 3MiHHUX.

BipcyrhicTb iHdopmanii mpo Bup He NMiHINHOCTI YacTO HPU3BOAKUTD 1O HeeDeKTUBHOCTI TPAULIIHNX METO/iB
alpoKcuMalii, a B pAJi BUIIAAKIB - JO iX HENPUAATHOCTI.

3 inmoro 60Ky, geski Tumy IITHM 103BOAIOTH BifHOBUTH 3 3aJaHOI0 TOYHICTIO OYAb-AKY 5K 3aBTOJJHO CKJIAIHY
Oe3nepepBHY HeNMiHIHY (QYHKIIiI0, BUKOPUCTOBYIOUM YsABAEHHs QYHKINI, 10 allpOKCUMYETHCS Y BUITIALAL
HEMIPOHHOI MepeXi, yTBOPEHOI HePOHAMU, ITApaMeTpy AKUX BU3HAYAIOTHCA LJIAXOM Ii HABYaHHSA Ha OCHOBI
Ipe[AB/IeHHs HABYAI0UUX [ap {x(k),y(k)} k=1,2,....

Cepepn HaOi/IBII MMPOKO 3aCTOCOBYBaHUX A BupimeHHs w1i€l 3ajayui [IIHM (6araTormapoBuil mepcenTpoH

(BIT), papianbHo-6asucHi Mepexxi (PBM) i mepexxa CMAC (Cerebellar Model Articulation Controller) [6, 21, 29,
34, 36]), nocutb edpexTrBHMM € BII, AKMIT BUKOPUCTOBYE allpOKCUMAIlil HeMiHiTHOTO oneparopa f (s) BULY

H(x)=F(x)= /1 (Wq)qu‘l[(Wq“)qu‘z ...fl[(Wlirbl)T}. b, @)

ne W' - BexTOp BaroBux I1apaMeTpiB HePOHIB i-ro mapy mepexi; f ' [s] — akTuBaniitna ¢pyukiis (AD) i-ro
urapy; b, — 3MileHHs i-ro HefipoHa.

B sikocti AD HaityacTille BUKOPUCTOBYIOThCS Taki QyHKII:

et —e”
fth(x)—tanh(x)—m 3)
Ta

1
Jroe (%) =T 4)

IcHYIOTD IBa OCHOBHUX IiJXOAV J/Is HaJaHHS HeIPOHHMM MepexkaM Ha 6a3i BII BracTuBoCTell, HEOOXiTHMX
11 0OpOOKM IMHAMIYHMX JAaHUX: JOJJaBaHHs €/IEeMEHTIB 3aTPUMOK CUTHA/Ny Ha BXOZAI Mepexi Ta [JofaBaHH:I
PEKYPEHTHUX 3B5I3KiB /10 BHYTPIIIHbOI CTPYKTYpU Mepexi. B mepimomMy BUNIafKy, Ipy BUKOPUCTAHHI «<METORY
4acoBOTO BikHa» [6, 21, 24, 28, 29], HeilpoHHa Mepe)ka OTPUMYE Ha BXiJi pa30M 3 IOTOYHVM 3HaUeHH M 3aTpUMaHi
B 4aci MuHy/i BXifgHi curHamm. HaBuyaHHA HelipoMepexi 3[i/ICHIOETBCA 3a BilOMMM METO[OM 3BOPOTHOTO
nomnpenss (Backpropagation, BP) i 3 3acTocyBaHHAM IpaJjieHTHUX METOJiB ONTUMi3alii (30kpemMa, MeTOAiB
l'ayca-HpioToHa, JleBen6epra-Mapkyapzpra Toio). He3Ba)karouy Ha IPOCTOTY ¥ TEXHOJIOTIYHICTH IIbOTO HiAXOAY
(3a oninkamum [28], 3apa3 6inbim Hix B 90% BUIAAKIB I IPOTrHO3YBAaHHA YaCOBUX PAJiB BUKOPUCTOBYETLCSA
caMe TaKa CxeMa), IIpM JIOoro 3aCTOCYBaHHI He0OXiTHO anpiopi BU3HAYMTY PO3Mip 4acOBOTro BiKHa (Iie BiTIoBifae
BU3HAYEHHIO CTPYKTYPY Mepexi), 10 CyTTEBO BIUIMBA€E Ha AKiCTh IporHosdyBaHHA. Cilifi 3a3Ha4NTH, 1O IPU
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BUKOPUCTaHHI CTPyKTYpM MOJIe/i He afleKBaTHiil CTPYKTYpi JMHAMIYHOIO IIPOLECY, 3A/IMIIAETbCA BIIKpUTUM
NUTaHHSA HaBYaHHSA HelipoMmepexi. KpiM TOro, sKIo mpyu TakoMy Mifxofi fis 6araTOKpOKOBOTO IIPOTHO3Y B
AIKOCTi BXiJJHMX JaHUX BMKOPUCTOBYIOTbCA BJIACHI IPOTHO3HI [aHi HellpoMepexXi, OTpUMaHi [/ MoNnepefHix
KPOKIB, AIKiCTb TaKOTO IIPOTHO3Y Oy[ie HU3BKOIO.

InmyM migXomoM BBeNEHH:A OMHAMiKM B HeIpOMepeXXi NpsAMOro NOIIVPEHHS € NOJaBaHHA BHYTPIiLIHIX
PEeKYPEeHTHUX 3B13KiB y IPMXOBaHi, BXifiHi a00 BUXifHi mapu Heitpomepesxi (Mepexi [l)xopnana, Enmana toio)
[6, 21, 29, 34, 36]. Crip BinsHaunTH, 1110 L MepeXi MOTeHLiTHO IPYUIATHI /11 IPOrHO3yBaHH A (301<peMa, YacOBUX
paziB). OgHaK BiJOMO TakKoOX, IO HEVIPOHHI MepeXi IpsAMOro HMOIMINMPEHHS 3 YCIiXOM CHPaBISIOTHCA 3 UM
3aBJJaHHAM - [IPaBJia, He y BCiX Bunajkax. [Ipy mpomMy 3acTOCOBYIOTbCA CllelliaIbHi METORMKI «PEKYPEHTHOTO
HAaBYaHHA B pealbHOMY 4aci» ab0 «3BOPOTHe MOIIMPEHHA B Yaci» [yl BU3HAYEHHS BIUIMBY MUHY/INMX €IIOX
HaBYaHHA Ha pe3y/lIbTaT, OTPMMAHMI Ha MOTOYHIN itepanii. HamamryBaHHA Bar HelipoMepexKi 3[i/ICHIOETbCA
TaKOX OYZb-KMM TpafieHTHuUM anroputMoM. CTPyKTypa TakUX Mepexx Oifpll BifjlloBifjae AMHAMIYHUM
nporecam, 1[0 MOJETIOIThCA, 1 TOMY IX 3aCTOCYBaHHS IPY BUpillleHH] 3aia4y KepyBaHH: i 6araTOKpOKOBOTO
IPOTHO3YBaHHA € Oinbll epeKTUBHUM. Ajle C/liJ BiI3HAYUTH, L0 HaBYAHHSA TaKUX MEPEX € CKIAZHIIINM
3aBJaHHSM Y 3BI3KY 3 HAsIBHICTIO B HMX JJOJATKOBUX CTYIIeHiB cBoOou. [TnTaHHSA CTa/IOCTi TAKMX MEPeX TAKOX
HeoOXxigHO focmipxysaru. e moB’M3ano 3 TUM, 1[0 IIPY PO3paxyHKaxX AMHAMIYHMX ITOXiZHMX Y IIEePCENTPOHO-
HOZIOHMX MepeXKax MoXKe MaTi Micie epekT SHUKHeHHs rpafienTa [21].

5. BUBIP CTPYKTYPU MEPEXI

KiZIbKiCTh HEJPOHiB MPUXOBAHOTO MIAPY TIOMEPEAHBO MOKHA OL[iHUTYU TAKNM YiHOM [23]:
N

—-n—-m<n <—-n-m, (5)

10 2

e M, - KilIbKiCTh HEIPOHIB B IPUXOBAHOMY IIApi; 72 - KilbKICTh BXifIHMX CUTHAJIIB; M - KibKiCTh BUXiJHUX
curHamiB; N - KiTbKicTh eleMeHTiB CTaTUYHOT B]/I6ipKI/I, HeoOXiHOI /I HaBYaHH .

3 iHmoro 60Ky, 3HaYeHHA 71, MO>KHA OIIiHMTY TaKMM YMHOM [26]:
N-¢g.
—>n,, 6)

n

Ie &; - BIJHOCHA IOMUJIKA IPOrpaMyBaHHA HEMPOMepexi.

3 ypaxyBaHHAM (6) MOXKHA 3aIIMCaTH:

NN,
10 n )
MSl—n—m.

n 2

Bupiuryroun (7) BigHocuo N , orpumyemo:
2n(n+m) 10n(n+m)

—— < N——~. (8)
(n—10¢;) (n—10¢;)

IIpu &, — 0 nepiBHicTb (8) mpuitmMae Bup:
2n(n+m)SNS10n(n+m). )
KiZIbKiCTh CMHANITMYHNUX BAT IS IEPCENTPOHA C OLHUM IIPUXOBAHUM LIAPOM OOUNMCIIOETHCS TaK:

K, =n-n,-m. (10)
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6. AIFCOPUTM HABHAHHA MEPEXKI

PosrnaneMo sagady IpOorHo3yBaHHA 9aCOBOTO PAXY, L0 OIMCYEThCA PiBHAHHAM:

(k)= (z(k)= 1 (w"x(k)), (v
e Z(k) = W*Tx(k),x(k) =(x (k),x2 (k),...xN (k))T — BEKTOP BXiJIHUX CUTHAIiB;
N x1;x, (k) = x(k —i—l),i = 1,2,...N;f(') - HeBiZloMa HeiHiiTHa QYHKILis;

*

W=, (k), w, (k),...w v (k))T — BeKTOp BaroBux mapamerpis N x1; T-cuMBOJ TPaHCIOHYBaHH.
[ToMuKa IPOrHO3y BaHH I BUSHAYAETHCS TAKUM YMHOM:

)=y (0-»(0). )

me y (k) - curnan, mo nporxosyeTbes.

TounicTh MpOrHO3yBaHH: Oy/IeMO OL[iHIOBATM 32 KpUTepieM:

E(k)=0,5¢ (k). (13)

STk Byke 3a3Havasnocs Bulle, 3agada HaB4aHHs [IIHM nonsrae B HamamtyBaHHi BekTopa ii mapametpiB w(k) 3a
dbopmyow:

w(k+1):w(k)+Aw(k), (14)

ne AW(k) = _VVW[E(k)]W:W(k) — IPUPICT 3HAYEHDb BEKTOPA MapaMeTpiB; /' — Koedil[ieHT, 1[0 BIUIMBAE HA 9ac
HaBYaHHA.

[l oTpMMaHHA IpaByIa HA/IAIITYBaHHA PO3IIAHEMO PO3KJ/Ia], IIOMU/IKY IIPOTHO3YBaHHA Ha k+1-y Kpolli B psj,
Teitopa i 06Me>XXMMOCH NiHITHUMM YTeHaMMU:

T T
de(k) 6e(k)] oe(k) .
elk+l)=e(k)+| ——=% | Awlk)+| —= | Ax(k)+—5Ay (k)+.... (16)
() =ete)+| 200 ey | 280 e 2
Y 3B’M3Ky 3 UM KBaJpaT IIOMM/IK/ MOYKHA NIPEACTaBUTU TAKUM YMHOM:

de(k)

T
8e(k) 2
Hhk+1)=e*(k)+2e(k)| ——4 | Aw(k Aw(k
e( +) e( )+ e( )(aw(k)J W( )+(6w(k)] w( ) (17)
Bpaxosyioun (11), (12) Mo)kHa OTpUMATH HACTYIIHI BUpasy A/is NOXigHUX y piBHAHHI (17):

i CO) G NS

a
T T
0elk) ) p (i = aw” (1) 22K 2eU) 15,
ow(k) ow(k) | ow(k)
Ile no3Bosnsie sanucary (15) HACTYIIHUM YMHOM

Aw(k)= —ye(k)f'(z(k))x(k). (19)
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BpaxysaBmu, 1mo:

8e(k) Ge(k)

o (0 S0 LR ()= 0 (A 4 (<06 (),
MOKHa 3anycaTy HacTymHuit Bupas i e(k +1):

e(k+1)xe(k)| 1-7]7 (R x(k)' ]

mwo fosonse mpenctasutn e (k +1) Tak:

¢ (k+1)= ez(k)[l—zy( £z (R) (k) + 7 f(z(k)j)‘*x(k)“}.

Ins 36ixHOCTi anroputmy (14),(15) HeoOXigHe BUKOHAHHS HEPiBHOCTI:
1-2y(f(z(k) ) x (k) + yz(f'(z(k)])“x(k)“

3BiJKJ MaEMO

<1,

O<y<

2
S (2(k))x(k) 0
3 YMOBU:
oe* (k + 1) 0
oy

MoskHa OTpUMAaTy BUpa3 s ONTMMA/NbHOIO 3HAYEHHs MapaMeTpa ), IpK SKOMY IIBUIKICTb 301KHOCTI
aJITOPUTMY HaBYaHHA Oy/ie MaKCYMaIbHOIO:

oPT _ 1
O G wpw @

To6to orpumyemo anropurm Kaumaska (Yigpoy-Xodda) [5-8].

ITpu 3acrocyBanni A® Bupy (3), (4) noxigui, mo BUKOPKUCTOBYIOThCS B (20), (21) /erko 064YMCIIOOTBCA 32
dbopmynamu (151 HAIIOTO BUMIAKY):

Si(z(k))==2(k) (1= 12, (2 (k)),

S (2(K)) = 2(K) fug (2(8)) (1= £ (2(K))
abo

S (W) = x (R) (1= (W),

f1og (WTx) - x(k)flog (Z(k))(l_flog (WTX)'

s migBuineHHSA OOYMCIIOBANIBHOI CTIMKOCTI IPOLEAYpM HaBYAHHS CHIiJ CKOPUCTATUCSA peryaspusalieio
anroputMy HaBuaHHA [12, 33, 38], To6TO 3aMicTb (21) B3sATH:

, B 1
= e o (6)

zie 5(k) > () - mapaMeTp perynApusalii.

(22)
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ITo anaorii 3 (20) HeBa)XKO OTPMMATH, IO A1 361>)KHOCTI pery/Apu30BaHOTO a/ITOPUTMY HeoOXilHe BUKOHAHHA
HEepPiBHOCTI:

0< ! < 2
G o) R

3 HepiBHOCTI (23) OTPMMY€EMO, 1J0 PEryIsApU30BaHMITI aNTOPUTM Oyze 36iratucs, sKIIO IMapaMeTp IMapaMmeTp
perynsapusanii O (K ) sagoBonbHse HepiBHOCT:

5(k)> —%( 7(z(0))x(k) . (24)

SIx BupHO 3 (24), mapamerp O (k) € 3MiHHMM Y 4aci i MOke KOPUT'yBaTNCA Ha KOXKHOMY KpOLji TP HaIXOJKEeHHI
HOBOI iHpopMaLii, HaIpUK/IaZ, TAKIUM YMHOM:

5(k)=§(k—l)—aV§[E(k)]5:5(k). (25)
aJie IIpy LIbOMY BMHUKA€E NUTAHHA IOfi0 BUOOPY NapamMeTpa o .

Hesixi pekomenpaanii moxmo Bu6opy & MoKHa 3HaiiTu B [5, 12, 33, 38].

7. MOAE/NIIOBAHHA

Posrnspganack 3afjadya MpoOrHO3yBaHHs 00’€MY IMacaXMpOIOTOKY y aeponopTtax Himewunun. [Ins uporo 6yno
BUKOPUCTAHO JjaHHi 3 odiuiriHoro cainty Eurostat [14] - craTuctu4HOi cmy>k6a €BpOIECHKOrO COM03Y, L0
3alIMa€eThCs 300pOM CTaTUCTUYHOI iHpopMaii o kpainam-wienaM €C i rapMOHi3aIli€l0 CTATUCTUIHIX METOLIB
BUKOPMCTOBYBAaHMX JAHMMU KpaiHaMI.

Crij 3a3HaYNUTH, 110 YACOBI PsAM, AKi BioOpakaroTh MacaXXMPONOTIK OyIb-sIKOTO TPAHCIIOPTY € HaJ3BUYATHO
HONY/ISAPHI IPM TeCTyBaHHI Pi3HOMaHITHUX CUCTEM IIPOTHO3YBAHHS, OCKI/IbKM BOHM MalOTh yci HeoOXifgHi
CK/IaJIOBi 4aCOBOTO PANY — TPEeH[|, CE30HHICTh Ta LMK/IIYHICTb. OTXe, [Is IPOrHO3YBaHHSA 00€MY Iacaxu-
pOIOTOKY y aeporioprax HiMeuunnu BukopucroByBascs 6araromaposuii nepcentpos (BII) 3 Tppoma BXogaMu
Ta OZHMM BUXOZOM ([/IsI IPOTHO3YBAaHHS Ki/IBKOCTi MacaXMpiB y HACTYIIHOMY MicsIli BUKOPUCTOBYBAINCh
JaHHI 3a Tpu MUHYNuUX Micsaus), BII maB gBa mpuxoBaHuX Imapa 1mo 20 HellpOHiB KOXHUIL. [[/i1 HaBYaHHS
HellpOHHOI Mepexxi 6y1o chopMoBaHO HaBYaw4y BUOIPKY, y sAKiit 6y/0 BifoOpa’keHO 3MiHM [TaCa>KMPOIIOTOKY
HimeyunHu 3a octaHHi 16 pokiB. Pesynbratu mMojenoBaHHA 3 BUKOPMCTAaHHAM PiSHUX 3HAY€Hb IapaMeTpy
O Y alrOpUTMi HaBYaHHA MepeXi HaBefeHO Ha Pucynky 1-a,0). Ha pucyHkax crononrHowo iHi€lo mokasaHo
peanbHUI MACAXKUPONOTIK, a IYHKTUPHOIK — CIIPOTHO30BaHMI1 3a fornomMororo BII. Pesynbratn Ha PucyHky 1-a
Bi/ITIOBi/[a10Th HaAIITYBaHHIO BignosigHo 3 (25) mpu @ =0.01, a na Pucynky 1-6) - npu a =0.05.

SIK BUJTHO 3 pe3y/IbTaTiB MOJIeNIOBaHH L, Tpu BuGopi sHauenHs mapamerpy o = 0.01 manpukinni yacosoro psamgy
IIOMMJIKA IIPOTHO3YBaHHA iCTOTHO 3pOC/Ia i pe3ynbTaTyl IPOTHO3YBaHHA iCTOTHO BifipisHANNCDH BiJi peajibHUX
3Hayensp. [Ipn Bubopi x napamerpy @ = 0.05 Bpanocst orpumaryu pesynbrati IPOrHO3yBaHHS, AKi CYTTEBO He
BiJIpi3HANNCD BiJ| peaJbHUX.

BUCHOBKMU

B po60Ti HaBefieHO pe3y/IbTaTy HOCTIA>KEeHH I BIACTUBOCTEN IPaiiEHTHOTO a/ITOPUTMY HaBYaHHs HellpoMepexi
(bararorapoBoro nepcenTpony). OTpuMaHO yMOBMU 301XKHOCTI a/ITOPUTMY i BUpas [i/Is OIITUMAIbHOTO 3HAYEHH
mapaMeTpy 30iXKHOCTI, sike 3abe3ledye MaKCUMa/lbHY IIBUAKICTh HaBYaHHA. KpiM TOro, BU3Ha4eHO yMOBU
361KHOCTI [/Is1 Pery/sipM30BaHOTO A/ITOPUTMY HaBUaHHA. [I0Ka3aHO, 110 MOXK/IMBUM € BU3HAUEHHs 3HAYEHHs
ONTMMA/JIbHOIO TIApAMETPy PperynApusauil, AKuil € 3MIHHMM Yy d4aci, IJAXOM MiHiMisaljii fesaKoro, 30Kpema,
KBa/[paTUYHOTO QYHKIIIOHAITY.
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PI/IcyHOK 1. PeBy.T[bTaTI/I MOJEJIIOBaAHHA

[xepeno: Po3pobneHo aBTopamu.

HaBemeHo pesynbTaTy MOJeNOBaHHSA, fAKi HifTBepaunu e(eKTUBHICTb BUKOPUCTAHHA PETy/IsApU30BaHOTO
aJITOPUTMY /ISl HABYaHH:A 06araTolIapoBOro MepceNTPOHY 3i 3SMiHHUM NapaMeTpOM pery/sApusanii BifnoBigHo
3 popmyromw (25). OpHak crif 3a3HAYUTH, 1O BIAKPUTHUM 3a/IMLIAETHCS MUTAHHS LIOI0 BUOOPY OITUMATIBLHOTO

3HaYeHHs iHIIOoTOo mapameTpy (& ), AKMit BXOAUTH B GOPMYITY JIsI KOpeKIii ITapaMeTpa perynispusariii.
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3 MeToI0 MiIBUIIIEHHA AKOCTi IPOTHO3YBaHHA BUKOPMICTOBYIOTh PEKYPEHTHI HellpoHHi Mepexxi. CTpyKTypa 1ux
MepeXX MICTUTDb JOJATKOBi 3BOPOTHI 3B’SI3KM, a JyIA iX HaBYaHHI BUKOPVCTOBYETbCA CIeUM(IYHNUI aIrOpuTM,
AKMIT JO3BOJISIE PO3paxyBaTy BIUIMB BJIACHUX IOXMOOK Ha SKiCTh mporHosy. Ciiif 3a3HauuTH, M0 PeKypeHTHa
HeiiponHa Mepeska NARX (Nonlinear AutoRegression with eXternal inputs) € Mmopudikanierwo 6araromaposoro
IepCEeNTPOHA 3 JOlaBaHHAM 3BOPOTHIUX 3B A3KiB 10 BXi/JHOTO LIIapy HEPOHIB, peali3oBaHUX 3aTpuMKamu. Tomy
15 11 HaBYaHHS MOYKHA BUKOPYICTOBYBATH JOCIIIKEHNIT B pOOOTI aTOPUTM.
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