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2Kypnaj mybyimKyeT cTaTbu, COAEHCTBYIONNE PA3BUTHIO TEOPETHIECKUX U MTPUKJIAJIHBIX Me-
TOJIOB MaIlIMHHOT'O 00YYeHUsT U WHTEJJIEKTYaJIbHOTO aHa/M3a JaHHbIX. 2KypHaJ, mpex e Bcero,
[peHa3HaYEeH JIJIs TyOJIMKAINN PE3Y/IbTATOB PAOOT aCIMPAHTOB U CTY/ICHTOB, U3y YAIONIIX KYPC
«YuceHHbIe METO/IBI MAITMHHOTO OOy YeHUsT» U 3aHUMAIOIINXCS TEOPETUIECKIME U SMITUPITIe-
CKUMU HUCCJIEJIOBAHUSAME CBONCTB aJrOpuTMOB perpeccun u kjaccudukaruu. [IpusercrByiorcs
TaKxKe 0030pHbIe, PyHIaMEHTaIbHbIE M METOMYECKUE CTaTh! MCCIIeI0BaTe N ell, pabOTAIONNX B
00J1acTi MaITUHHOTO O0YYeHUS.

TemaTuka >KypHaJja:

® DErpeCcCHOHHBIA aHAJINS,

e kjraccupuKaIus,

e KJjlacTepusalus,

® MHOI'OMEPHBIN CTaTUCTUYCCKUN aHaIns,

e OailecOBCKUE METO/IbI PErPECCHH U KJIACCUPUKAIINHN,

® MeTObl TPOrHO3WPOBAHNS BPEMEHHBIX PsIJIOB,

® MeTO/Ibl ONITUMM3AINN B 3a/a9aX MAIUHHOIO OOy4YeHUs U aHaIu3a JIaHHBIX,
® MeTO/Ibl BU3YaJIM3allnd JIaHHBIX,

e 00paboTKa M pacro3HaBaHue PeYu U M300PaKeHuit,

® aHa/IM3 U MOHUMAaHUe TeKCTa, NH(MOPMAIMOHHBIN TOUCK,

® [IpUKJIaJHbIC 3aJa9M1 aHaJIn3a JaHHbIX.
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Bépcrka: A. A. Madycanos, I1. A. Ceunn
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Ot pemakTopa

[lepBblit HOMED KypHAaJa COJIEPKUT pe-
3yJIBTATHI CEMECTPOBBLIX PAOOT CTYJIEHTOB Ka-
denpor «MHTE/IEKTYaIbHBIE CUCTEMBI» TPE-
TBETO W YE€TBEPTOTO KYPCOB.

Bajiateil TPeTbeKyPCHUKOB SIBJISIJIOCH HUC-
cJIe/loOBaHUe CBOWCTB aJTOPUTMOB ITPOTHO3MU-
poBanusi. B mportecce BbImoJiHeHNsT pabOT UM
TpebOBaIOCh U3YINTh METOIbl U TEXHUKY Ha-
[IUCAHNS HAYYHBIX CTATell U IIPOBEIEHUS BbI-
YUCJUTEIbHBIX IKCIIEPUMEHTOB, a TaKXKe CO-
Iy TCTBYIOIIE 9TOMY MPOIECCY TeXHOJIOTUN —
SI3BIK  pa3MEeTKN Hay9IHbIX TekcToB KIEX,
dopmar npegcraBierus: 6ubmorpaduIecKoi
zamucu BibTEX, sg3bIK IporpaMMupOBaHUs
BBICOKOIO ypoBHsI m-code. JIjis1 BBITOIHEHNS
paboT OBLIM WMCIIOJIL30BaHbI CJIEIYIONINE WH-
crpymernthl: WinEdit/TeXnicCenter — Ha~
obop tekcra, MikTex — kommmiasnusa cra-
e, JabRef — coznanue 6ubnorpaduuecknii
6a3e1, Scilab/Octave/Matlab — nposenenue
BBIYUCIUTEIHLHBIX SKCIIEPIMEHTOB.

Pabora Bk/OYasa CcleAyIONAE STallbl:
cOOp 1 aHAJIU3 JINTEPATyPhl, MaTeMaTHIECKAsT
IIOCTaHOBKA 3a/Ia4M, OIUCAHUE MEeTOJIa pPele-
HUSI 3aJladd U WCCJIEJIOBaHUEe €ero CBOMCTB,
IIPOBEJIEHNE BBIYNCIUTEILHOIO SKCIIEPUMEH-
Ta. KaxKjoMy CTy/eHTy Ipejyiaraiach Iep-
COHaJIbHAs TeMa, I0 KOTOPOil OH aHaJM3M-
poBaJ IyOJUKAIMK OTEYECTBEHHBIX U 3apy-
OeKHBIX HcciejgoBaTe/ el 3a IOCTeIHIe Je-
CATb JIET, CTABUJI 3aJady U Jesaj JOKJIa/l
JUIS TPYIIIBL O MIPEIBAPUTEIHHO TOJIYI€eHHBIX
pesyabrarax. Jlajee BBIIOIHAIOCH MaTeMa-
TUYECKOE OITMCAHUE MEeTOJIa, JIeJIaJICs ITPOMe-
JKYTOUHBIN JIOKJIaJT O cocTtogHun pabor. Ilo-
CJIEJIHUM IIIaroM paboThl OBLT BBIYUCIUTEIb-
HBII 3KCHEPUMEHT, WUJIIOCTPUPYIOIINA CBO-
CTBa METOJa W WCIOJIB3YIONMUI CUHTETHIe-
CKIEe WJIN peasibHbIe JTJaHHble. KaKkas craTbs
peleH3upoBaJiach OJHOI'PYIITHUKAMU aBTOPA,
CUHXPOHM3AIHsI PabOT BBINOJJIHSIACH Ha, Cali-
Te SourceForge.org, mpoekt «MLalgorithmss.
[To pesysibraTaMm paboOT Jeaaacsd JIBaIATUMU-
HYTHBIA JIOKJIQJI.

CrymeHTsl  49eTBEPTOTO  Kypca  U3y-
YA METOJbl  PYKOBOJCTBA  HAYIHO-
UCCJIEJIOBATEILCKIME — TIPOCKTAMH. [Ipu

9TOM KaXKJIBIi TIOJIy4daJl JIBe POJIU: PYKO-
BojiuTeIE ¥ TexHosora. (OTBETCTBEHHOCTH
3a BBIIIOJIHEHNE IIPOEKTa BO3Jjarajach Ha
pyKoBOmuTEIsA.  PyKOBOAUTE/NN  JIOJIZKHBI
OBLIM TIOCTABUTH W PEIINTH OJHY U3 3aJat
MIPOTHO3UPOBAHUS,  BBIIOJHATH  BBIYHUCIIN-
TEJILHBI  SKCHEPUMEHT, ITO/ITBEPKIAIONTNI
AJICKBATHOCTDL IPOTHO3a M HAIMCATH OTYET.
Pazmep oTuera orpaHmvmBaJics JByMs CTpPa-
HUIAMU. Pe3y/bratoM mpoekTa SBJISIICT KOJT
MPOTHOCTUYIECKOTO ~ aJropuT™a. TexHosmorn
BBITIOJTHSIIH  CJIejIytoniue paboThl, MPUHATHIE
B IPOMBIILIEHHOM  IIPOrPAMMUPOBAHUN:
paspaboTka  apXUTEKTYpPbl  MIPOrPAMMHBIX
cucTeM, 00ITast /i BCEX MIPOEKTOB; KOHTPOJIh
CTIWJIsI HAIMCAHWSA KOJAa W JIOKYMEHTAIlNU;
IOHUT-TECTUPOBAHUE  OTJEJILHBIX  MOJLyJIEN;
CUCTEMHOE TEeCTUPOBAHUE; OINTUMU3AINA U
npoduInpoBaHue KoJIa; CO3J/IaHMe TECTOBBIX
O6uOJIMOTEK; CUHXpOHU3AIMA paboT; BEpCTKa
JIAHHOT'O YKypHaJIa. Pe3ysibTaToM BBITIOJTHEHU
paboTr craja mporpaMMHas CUCTeMa ITPOrHO-
3UPOBAHUS MHOIOMEDPHDLIX BPEMEHHBIX DsiJIOB,
uMeroIas  yHupUIMPOBaHHBI — UHTEpdElic
U cojiepKaliasg TPUHAIIATH AJTOPUTMOB.
Orenka obbeMa Kojia — 0OoJjiee JIeCATH ThICTY
CTPOK.

[Togpobuble MaTepuabl TPOBEIEHUS BbI-
IIEIIEPEYNCICHHBIX PA0OT U CCHLIKU Ha Ca-
MU pabOTBI MW KOJ HAXOJATCS Ha caiite
MachineLearning.ru, B crarbax «YmuciieHHbIE
METOJIbI OOyUEHHs 10 MperejeHTaMmy, «AB-
TOMATHU3AIUS ¥ CTAHJIAPTU3AINA HAYTHBIX
uccienopanuity n «PykoBojcTBO mCCeI0Ba-
TEJbCKUMU TTPOEKTAMIS.

VciexoB B HayIHBIX UCCJIEI0BAHUSIX!
Bagum Bukroposua Crpuzkon



CopeprxaHune

VL H _Jleonumunead

MuoromMmepHad ryCeHUIIa. BbIOOD JJIWHBL M YKUCAA KOMITOHEHT| . . .+ « « v o v o v o v o w v i v e v e e e s 2
/. U. Pyo

Buibop dvHKIMKM aKTUBAIMK TPH HTPOTHO3UPOBAHUN HEMPOHHBIMU CETAMM - - .+ « . . o o « o « o o . . . . 11
A_A4 Toxmaxroad

BbLoenerre TepuoanIeCcKON KOMIIOHEHTRL U3 BDEMEHHOTO DA - « + v « « v v v e v v e e e oo e e oo . 31
A Vi D d

[Mctioib30Baine Tecta | perizkepa NpU IPOTHO3UPOBAHUN BPEMEHHDBIX DSJIOH .« .« « « « « « « o o . . . . . 42
HIIEaadud

MccienoBane CXOMMMOCTH IPY IPOrHO3MPOBAHNYN HEMPOHHBIMU CETSIMIA C OOPATHOM CBA3BIK] . . . . . . 97

A_A_FomaHenxd

BripaBHuBaHIE BPEMEHHBIX PsIOB: IPOCHO3MPOBAHME C MCHOJb30BaaneM DIW]. . . . . .. .. ... .. 73

. A. byd d

[Iporno3upoBativie PYHKIMAMA AACKPETHOIO APLYMEHTE .+ + « « « « v v v v v v v e v e e v v e v o . 85
\F. b. Jicammuiposd

[MuOTOMEDHAST ABTOPETPECCHT - « - « « « « « e e e b e e et e e e e e e e e e e e e e e e e 92
Il ) iued

[IporanosupoBaHue TPOMAXK TPYHI TOBAPOH . .« « ¢ « v v v v v vt e e e e et e e e e e e i e oo 9D

H_ 11 Hexur

[ABTOperpecCuoOHHOE MHTErPUPOBAHHOE CKOAL3AMIEE CPEAHEH .« + + « « v v v v v e v v e e v v e e o oo 97

\A. M. Kopruerkd

[TokajibHbIE METO/BI TPOTHO3UPOBAHUS BPEMEHHBIX DAMIOB  « « « v v v ¢ v v v o e e e e e e e e e oo 99
1Y%, K d

ElmepHoe ChmasKuBAHME . . . . . . . . . . o i e e i e e e e e e e e e e e e e e e e e e e 10
H A Cacunod

MeTo THOKMX HAMMEHDBIIUX KBAJIPATOB . .« « v « v v v e v e e e e e e e e e e e e e e e e e e e e e e oo 103

[A.A. Magycanrod
[IporaosupoBakne BPEMEHHOIO PAAa C HOMOIIBLI0 IPUOIMKEHNS TPON3BOAHLIMA pagaM . . . . . . . . 105

[Beibop Mozesnent B 3a/1a4axX MPOTHOSUPOBAHME . - « « « v v ¢« v v e e e e et e e e e e e e e o 107
T_B_Dadees

[Meroi SSA juist IDOIrHO3UPOBAHMSA BPEMEHHDBIX PAJIOH « « + « « v v v v o v v v e e e e e e e e v o o ... 109
[A.H. Qupcmenkd

MeTaonucamne BPDEMEHHBIX DIIIOH - - - « - « « « « e v b e et e e e e e e e e e e e e e e e e e 1
VYI. C. Kononenxd

[IpOTHO3SUPOBAHME COOBITHH .« - + « v & « v e v e et e e e e e e e e e e e e e e e e e e e e e e e e w113
H K2 ugomoscru

[DKCOOHEHIINATHEHOE CIAAKABAHIE . - + « « + « + + o v v v e e e e e e b e e e e e i e e e e e e e e w115
YL C. KOHOHEHK]D
WM. 11. Kysneuos, A. A. Moposos, /. C. Cyneypoqd

CrumeBasdg TpaBKa - - - -+« vt e e e e e e e e e e e e e e e e e e e e e e e e e oo 18
[H A Casunad

Coznanme ba3nl TaHHLIX MHOIOMEDHBIX BPEMEHHBIX DSAJIOB JJIA 3a4a9 IPOTHO3UPOBAHUs] . . . . . . . . . 120

A. Y. KopHruerko, i°. b. Jlacammbiposa., H. 1l. iekun, F. HJ. sauueqd
[Unif-TECTHDOBAHIE . « « + v v v v v e e e e e e e e e e e e e e e e e e e e e e e e s e 122

\H. K. Mmusomosckuu, . C. Konorernkd
[CHCTEMHOE TECTHDOBAHIE  + « « « + v v v e e v e e e e e e e e e e e e e e e e e e e e e e e e e 123

P. b. D D

[podaiimep MATLAB . . . . . . . . e e e e e e e e e e e e e e s 124




MuoromepHasi ryCeHuIa, BoIOOp JJINHBI B 9HACIA KOMIOHEHT 2

MHOI'OMepHaFI rycedHmua, Bbl60p AJIMHbI N HNCJ1a KOMIMOHEHT

JI. H. Jleonmwvesa
MockoBckuit dusuko-rexuaudeckuit uacturyTt, PYIIM, kad. «VHTE/IeKTya IbHbIE CUCTEMBI»

B pabore onmceBaeTca meton rycenubl (SSA) m ero mpuMeHeHme IS TPOTHO3WPOBAHWS BPEMEHHBIX DSJIOB.
Ajropur™ OCHOBaH Ha BBIJIEJICHUN U3 U3y9a€MOr0 BPEMEHHOI'O Ps/ia HEKOTOPOTO HaDOPa ero rJIaBHBIX KOMIIOHEHT
7 TIOCJIEAYIONIEr0o TOCTPOEHHST TPOTHO3A M0 BRIOpaHHOMY Habopy. VccemyeTcst 3aBUCHMOCTD TOYHOCTH TTPOTHO33
OT BBIOOpA JJIMHBL TYCEHUIIbI U YHCJIA €6 KOMIIOHEHT. B BBIUHC/INTE/IbHOM SKCIEPUMEHTe IPUBOIITCS Pe3yJIbTAThL
paboThl AJTOPUTMa HA MEPUOJAMIECKUX PSAAX C PA3HBIM PHUCYHKOM BHYTDHU IIE€PHO/IA, HA PAIaX C HAPYIIEHHEM
MIepUOJUTHOCTH, 3 TaK K€ Ha PEAJHbHBIX PAlIaxX MOYacOoBO#l TeMmmepaTyphsl B Mockse.

KinroueBble cioBa: npozrosuposanue, singular spectrum analysis, cuneyaapHoe passogfcerue.

Beegexue

Jlamnas pabora MOCBAINEHA METOLY aHAJIM3a U IPOrHO33 BpeMeHHbIX PsaoB “I'ycenuria”’, B 3apy0OerkHOit auTe-
paType 3TOT MeToJ| Tak»Ke HasbiBaerca Singular Spectrum Analisys (SSA). JlanHoMy MeTOMY MOCBAIIECHBI KHUTH
[, 2, B8, d]. Mbr ucnoss3opasu Keury [0] Kak OCHOBHOJ MCTOYHWK CBEJIEHWI O METONIE I'yCeHWIbI W TIPHJIep-
JKUBAJIMCh UCHOJb3yeMbIX TaM 00o3HavueHuid u noHaTuit. OMHOM W3 OCHOBHBIX 33Ja4 JAHHONH PabOTHI sIBJISIETCA
WCCTIe0BAHUE 3aBUCUMOCTH KA4eCTBA MPOTHO3a, TTOCTPOEHHOrO C TIOMOINBI) METO/IA TYCEHUIIbI, OT JJIUHBI I'yCe-
HuLbl ¥ yucia ee komnonenr [3, B]. B konie pasnena 3 ciesnaHbl HEKOTOPbIE TEOPETUYECKUE BBIBOJBL 110 ITOMY
BOIPOCY, & B pasjese 4 MpeacTaBIeHbl Pe3YIbTATH PADOTHI AJITOPUTMA HA, JAHHBIX MOYACOBON TEMIEPATYPHI B
3aBUCUMOCTH OT BBIOOpA TTapaMeTpoB. MeTom ryCceHuIThl TPUMEHSIETCS JIJIS PEIeHUsT TOBOJIBHO IMUPOKOTO KPYTa
3amad [R] Takux Kak: pasbueHre psija Ha HHTEPIPeTHpyeMble cocTapisiomue [G], mofaBIeHne [IyMOB U CIIaXK -
BaHue, 3aI0JIHEHUE TIPOIYIIEHHBIX 3HAYeHUl B JaHHbIX [f] 1 MHOrUX APYruX 3a71ad.

NMocTtaHOBKa 3aga4uu

Jan Bpemennoit pax T = {%}:;1, e N — JJIMHA BPEMEHHOrO psaa, ¢ — HoMep orcdera. Tpebyercs, 3a0aB
napamerp [, 1 < | < n (@auHy TYCEeHUIBI) PA3JIOKUTL PAJ B CYMMY KOMIIOHEHT (MCIIO/IB3YS METOJ TIaBHBIX
KOMIIOHEHT), BLIOpaTh YacTh U3 HUX U MOCTPOUTH [0 HUM HPOJIOJKEHUEe paja {x; ?:17.

[IpenmonaraemM, 9T0 B pacCMaTPUBAEMOM BPEMEHHOM Psily HET MPOIYIIEHHBIX 3HAYEHUN U OH UMEET Mepuo-
JVYECKYI0 COCTABISIONIYIO C MEPUOIOM T, HA KOTOPBIH U TTPOU3BOIUTCS TPOTHO3.

Jlist KOHTpOJIS KavecTBa aJropuTMa MPOTHO33 pa3dmBaeM MHOXKeCTBO mHIekcoB N = 1,....,n Ha JBa mMOI-
MHOXKecTBa J1 =n—74+1,...,nu Jo = 1,...,n — 7. Boimengem BO BpeMeHHOM psize 1 IMOC/IeI0BATEIbHBIX
sradennii {x;|i € J1} (KOHTPOSBHYI BBIGOPKY), KOTOPBIE ¢ TIOMOIIBI0 AJITOPHTMA MPOTHOZAPYEM IO TIPEITBITY-
muM 3HauenuaM {x;|i € Jo}. B kauecTBe KpUTEpHs KAYECTBA TIPOrHO3a UCTIONB30BANCE 1Ba (pyHKIHuoHaa: SSE

(cymma kBagparos ommbok) u MAPE (cpenusist abcosoTHas NPONEHTHAS OIIMOKA):
T
SSE = Z Iji — .’L‘i|2,
i=1

— x|

1< |2
MAPE == 100
2>

i=

x|

rie T; — CIPOTHO3MPOBAHHOE 3HAYEHUE B TOYKE i, T; — (DAKTUYECKOE 3HAUEHNE B TOUKE i.
OnwuncaHue anroputma

Amnanns BpeMeHHOTO paja
JLj1st mocsie Iy 'oIero pas3siozKe e Ps/ia 0 TJIABHBIM KOMIIOHEHTAM IIPe0bpa3yeM Pl B TPAEKTOPHYIO MaTpuU-
1y X, KOTOPYIO CTPOUM CJIEAYIONIAM 00pa30M:

T xZo Tk
xTo T3 coo Tl

X=1|. . . |- (1)
ry Ti41 .- In

rae k =n—1+1, k — Bpema x)u3nu rycenunnsl. Marpuiy (0) 6ynem Ha3biBaTh HEIEHTPUPOBAHHON TPAEKTOPHOMN
MaTPUUEN, [IOPOXKIEHHON I'yCEHUIEH JJIMHBI [,
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3ameuanme 1. [IpoBomumelii B majbHEHIIEM aHAIN3 TJIABHBIX KOMIIOHEHT MOYKET MTPOBOIUTHCS KAK IO IIEH-
TPUPOBAHHOM, TAaK U O HEIEHTPUPOBAHHOM BhIOOpKaM. /i ympoieHust BBIKJIAI0K PACCMOTPUM TPOCTEHTTHI
HEIEeHTPUPOBAHHBIN BapUAHT.

TTocTpoum KOBapHUAIMOHHYIO MATPHUILY CJICAYIOMEIM 00Pa30M:
Lo

Beinosiaum €€ cuHryagpHOe Pa3IoKeHne:

C=VAVT,

rme A = diag(\1,...,\;) — mmaromambHas Marpuna cobersennbix wncer, V = [v™M) ... v()] — oproronamsras
MAaTPHUIA COOCTBEHHBIX BEKTOPOB. [Ipu 3TOM Oymem mpenarnosarath, 9T0 COOCTBEHHBIE BEKTOPHI YIIOPSIO9YEHbI 110
yOBIBAHUIO COOTBETCTBYIONIAX CODCTBEHHBIX UUCEI, T. €. A1 > Ao > ... > \;. Beraucanm marpuity U HerenTpu-
POBAHHBIX TJIABHBIX KOMIIOHEHT:
U=VTX =(U,...,U0)"
BoccranoBuM  TpaeKTOpDHYIO MATpHIy 1O HEKOTOPOMY MOJHAOOPY TJIABHLIX KOMIIOHEHT, T. €. JIJIst VvV =
=), ... 0], r<luU=VTX perancasercs marpuna X = VU.

ITociie BOCCTAHOBICHWST MaTPUIIHI X UCXOMHAST TIOCAEIOBATENBHOCTh BOCCTAHABIMBAETCS YCPEIHEHUEM IO
MTODOYHBIM THATOHAISAM MATPHUIIBI X :

S

1 ~

S Z Tjs—jt+1 1<s <,

Jj=1
!
{is: Z‘%S]—‘rl lgsgk,
n—s+1

1 ~

Pra—) -21 Tjvs-kh—jt1 k<s<n

=

C reomeTpuvecKON TOYKY 3peHUs Olepalysd MOAyYeHNs IIABHBIX KOMIIOHEHT €CTh N300pakeHune UCXOMHOM BbI-
6opku B 6a3mce, COCTABIEHHOM M3 BHIOPAHHBIX COOCTBEHHBIX BEKTOPOB, & BOCCTAHOBJIEHHE — MPOCKTHPOBAHME
HMCXOJHO# BBIOOPKK HA TUIEPILIOCKOCTD, TIOPOXKICHHYIO BHIOPAHHBIM HAOOPOM COOCTBEHHBIX BEKTOPOB KOBAPUA-
IIMOHHOH MAaTpHIIBL.

IIporuos BpeMennoro paaa Ilepeiinem Kk MPOrHO3UPOBAHUIO BPEMEHHBIX PSITOB METOAOM TyCeHuIbl. Jls
HA4YaJa OMPEIETUMCS C TEM, 9TO MBI Oy/IeM TOHWMAThH MO/, TPOJO/KEHUEM PSIIa.

Ounpepnenenne 1. Yucrosoii psag {x;}, +1 HA3BIBAETCS IPOAOJDKEHHEM psifa {T; ). |, eCIIH HOPOXK JaeMast M
IIpH TYCEHWIHO 06paboTKe BHIGOPKA JICXKHAT B TOH K€ THIICPILIOCKOCTH, 9TO H Y HCXOZHOTO PSAA.

Pacemorpum cucremy ypaBHeHuit:

S
Z ol = maog,
(2)
S .
Shpl, = an
i=1
Beenem ciegyromue o603Hauenus: v = (vl(il),vl(ig)7 .. 7vl(m), rme0<i;<...<i.<l,m
o) i) olir)
ngl) U;zz) U;z,)
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3ameTnm, 9TO

Taxske mycts @ = (qq)i;i = (Tn_it2,--,2n)T W h = (h1,...,h,)T. B arux obosnavenusx cucrema (2) 3amm-

meTcda Kak

V*h = Q. (3)

Ounpenenenune 2. O606mennpiv penrenneM cucrembl () HazoBem peireHne cHCTEMbI

Omnpenenenne 3. Bemnunwy

b=vh*,

e h* — pemrenne cucrempr (), Ha30BEM OOOBIIEHHDIM HPOJIOKEHHEM DACCMATPHBAEMOrO PsJIa.

YaurbiBag (B), MOXKHO 3anucarb Jjisi IPOrHO3UPYEMOIO 3HAYEHUS Tpt1 CIEAYIONLYI0 GOPMYyILy:
Tpy1 = v((VHTVHLVHTQ. (4)

Bri6op mapamerpoB B sTom pazzese Mbl 00CyuM posib mapamMeTpoB 6a30Boro merona SSA u npuHImna
ux Bbibopa. B 6azoBom merome SSA ecrh jaBa mapamerpa. [lepBriit — 310 Hem0e YUCIO [, JJIUHA TYCEHUIIBI, a
BTOPOI MapaMerp SBJISeTCsS CTPYKTYPHBIM — 3TO CHOCOD TPYIIMUPOBKHU TJIABHBIX KOMIIOHEHT.

Jaaum HECKOBKO PEKOMEHIAIN 110 BBIOOPY JJITUHBI TYCEHUIIBI:

— Cunrysnsipuble pa3JioyKeHus OJHOTO U TOTO Ke Psijia JUIMHBL 1, COOTBETCTBYIOIINE BbIOOPY JJIMHBI T'yCEHUIIHI
l un— 1+ 1 sxsuanenrunl. Ce0BaTeIbHO, 119 AHATN3A CTPYKTYPhI BDEMEHHOTO PSA/Ia HE UMEET CMBICTIA,
6paTh ANWHY TyCEHUIBL, COBINYIO YeM MOJOBUHA, JINHBI PSJIA.

— Yewm Oosiblte AjMHA T'yCEHHUIIBI, T€M 0OO0J€e MeTATbHBIM ITOMYyIAETCA PA3/IOKEHNE HUCXOTHOTO psiaa. Takmm
obpazom, HauboJiee MeTambHOe PAa3JIoXKeHWUe JOCTUTAETCs TPHU BHIOOpPE JJIMHBI TYCEHHUIIbl, TPHOIH3UTETHHO
paBHO# nonosune AyuHbl paga (I ~ n/2). [lpuyem, dem GoJble JAJUHA TYCEHUIbI, TeM 6O0Jee JTeTaabHbIM
MOy IACTCST PABJIOKEHNE MCXOIHOTO PSIA.

— Mastenbkast AJIvHA TYCEHUIIBI MOXKET MMPUBECTH K CMENTUBAHUI0 MHTEPIPETHPYEMbIX KOMIIOHEHT Psijia.

— Ilpu perennun 33729 BbIIEIEHUS TEPUOJNIECKON KOMIIOHEHTBI ¢ HEPUOJIOM T CJELyeT BhIOMpPATh JJIHHY
TYCEHUIIBI | KPATHOMH 7.

— B obimem MeTos ryceHuIbl yCTORYHB OTHOCUTETHLHO U3MEHEHNs JUIMHBL IYCeHuIIbl. DdhdekT nposipysiercs He
CTOJIBKO B KOJIMYECTBEHHOM, CKOJIbKO B KA4Y€CTBEHHOM CMBbICJIE.

Teneps 06Cy UM BayKHBIE MOMEHTHI CBSI3aHHBIE C OTOOPOM TJIABHBIX KOMIIOHEHT. [1ycTs amuHa rycenuns | pukcn-
POBaHA U MBI y2K€ UMEEM CHHTYISAPHOE PA3I0KEHNE TPACKTOPHON MATPHUIIBI UCXOTHOTO PAa. TOraa Core Iy Ionmm
1IaroM ABJIAeTCd TPYNINPOBKA Y/IEHOB CHHIYJIAPHOIO Pa3JI02KEHUA:

— Ecsin MbI BOCCTAHOBHIIM KOMIIOHEHTY DPsiIa TOJIBKO C TIOMOIIBIO OHOI COOCTBEHHOM TPoiiKK (cOGCTBEHHOE 3HA-
YeHue, COGCTBEHHBIN BEKTOD U [VIABHAA KOMIIOHEHTA) U 063 CHHI'YJISAPHBIX BEKTOPA UMEIOT IIOX0XKYI0 HopMmy,
TO BOCCTAHOBJIEHHA: KOMIIOHEHTa OyJeT MMEeTh IPUMEPHO TakKylo ke (popMy. DTO IPABHJIO O3HAYAET, 4TO,
UMest 1710 C eUHCTBEHHOM CODCTBEHHOM TPOWKO, YACTO MOXKHO MPEICKA3ATEH MOBEJEHUE COOTBETCTBYIOIIEH
KOMIIOHEHTBI BPEMEHHOTO psfa. Hampumep, ecian 06a CHHTYISIPHBIX BEKTOPA COOCTBEHHON TPONKHU MOXOXKU
HA JIMHEHHBIE Ps/Ibl, TO COOTBETCTBYIOIIAs COCTABJAIONIAA PANA Takxke Oymer Om3koit k juHelnoi. Kcan
CHUHTYJIAPHBIE BEKTOPHI MMEIOT IKCIIOHEHIINAILHYIO (GOPMY, TO M KOMIIOHEHTA paaa Oymer Taxoit :ke. MoHo-
TOHHBIE CHHIYJISIPHBIE BEKTOPbHI COOTBETCTBYHOT MOHOTOHHOM KOMIIOHEHTE Paja. CHHYCOUIAIbHBIE BEKTOPBI
MOPOXKJIAIOT TAPMOHUYECKYIO COCTABIIAIONLYIO PAIA.

— Yewm 6osbiie cOOCTBEHHOE 3HAYEHUE TJIABHON KOMIIOHEHTBI, T€M DOJIBINE BKJA COOTBETCTBYIOIIEH BOCCTA-
HOBJICHHOU KOMIIOHEHTBI PAJa.

BbiuncnutenbHbiii akcnepumMmeHT

Cuepsa mporectupyeM paboTy aaropuTMa Ha TPOCTHIX Tepuoandeckux pagax. CTpouM MporHo3 Ha MEPUOT,
JUTS 3aIyMJIEHHOTO cuHyca ¢ nepuonom 50. Jaxke mid AJWHBI TYCEHUIBI HE KPATHON MEPUOIY Psijia PE3YILTAT
PabOThI AJATOPUTMA, XOPOIIIHii.
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Puc. 1. IIporao3uposanue 3alryM/JI€HHOr0 CHHYCA IO ABYM II€PBBIM KOMIIOHEHTAM

Ha puc. I mokazan nmporuos, CIeJaHHbI M0 AByM KOMIIOHEHTAM U JIJIMHE T'yCeHUIThl paBHoit 80.

A TeIepb Mbl BO3bMEM TOJIBKO OAHY TIEPBYIO IVIaBHYIO0 KOMIIOHEHTY, a AJIMHY T'YCEHUIIBI OCTaBUM Hpe)KHefI.

AAAAN

15 i i i i
0

Puc. 2. IIporuosupoBanne 3amyM/IIeHHOTO CHHYCA IO TIEPBON KOMIIOHEHTE

MBI cyIIeCTBEHHO He yragaju MePUoI U IIMHA TYCeHUIbl eMy He KparHa. Ilepsas I'K He orpaxkaer ocHOBHOI
MEPHOJ, & TBITAETCS OTPA3UTH TPEHJI, KOTOPOro HET.

Teneps BMeCTO 3anTyMJIEHNS BHECEM B TOT K€ CHHYC C epuoaoM H0 1Ba CHIBHBIX BHIOPOCA U CIIPOTHO3UPYEM
€ro TAKXKe 110 JABYM KOMIOHEHTaM C JJIUHHON ryceHutnsl 80.
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Puc. 3. IIporaosuposanue cuHyca ¢ AByMs CHIbHBIMU BHIOPOCAMU 110 IBYM KOMIIOHEHTAM

Pesyabrar paborsr mokaszan Ha puc. B, 3 KOTOPOrO MOXKHO CAENATh BBIBOJM, UTO AJTOPUTM B HEKOTOPO
cTeneHn ycToiumB K BeiOpocam. OIHAKO MPHU YBEJIWYEHUH YUCIA KOMIIOHEHT PErpeCcCHOHHBIE OCTATKY 3HAYU-
TenbHO yBenmuuuBaioTcsa. Ha puc. @ mokasan pesyabrar paboThl aJrOpUTMa HA TOM Ke Paje ¢ TOH XKe MIHHHON
TYCEHHITbI, HO YHMCJIO KOMIIOHEHT BBIOPAHO paBHOE 3.

20

15F
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Puc. 4. IIporuosuposanne cumyca ¢ AByMs CUJIbHBIMUA BBIOPOCAMU II0 TPEM KOMIIOHEHTAM

Jasee paccMOTpU P, ABJISIOMIAICA CYMMOI IBYX MEPUOIUYECKUX 3AIMYMJIIEHHBIX PAIOB C IEPUOIAMHU D7 U

70.
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Puc. 5. [Isa 3amymiaenasix HecuHba3HBIX PsA/Ia C PA3HBIMEU TIEPUOIOMEI

To ecth cymMMapHBIi psiT UMEET ABA TEPUOIA, KOTOPBIE CUJIBHO OTJUYAKTCA MO JJINHE, HE CUH(A3HBI U
He KparHbl. UTOOBI WX KOPPEKTHO BOCCTAHOBHUTH MBI B3SJIM MEPBBIE YE€THIPE KOMIOHEHTHI U JJUHY TyCEHUIbI
pasuyo 80.

25

50 100 150 200 250

Puc. 6. IIporuo3upoBanue CyMMbI ABYX HEPUOIUIECKAX PAIOB

s mpoBeIeHnsT CAEAYIONIErO YKCIIEPUMEHTA, ObLIIN MCIIOIb30BAHBI JAHHBIE TO9acOBOM moroasl B Mockse B
anpeste 2011 roga. Mbl nporao3upyem noroay Ha OIuKANIIUN 9aC 110 TPEM MPEIBLIY UM THIM.



MuoromepHasi ryCeHuIa, BbIOOD JUIMHBL ¥ 9HUCJIa KOMIIOHEHT

15

W
7
05 1%
¢ LN
KIS
BSOS
0 GOSNl
S 2eTa 20585 20 %N
-~
5 O
35
30 5
Number components Length

Puc. 7. I'padux 3aBucumoctu SSE oT mimHbI 1 9ucia KOMIOHEHT Ha 0OyJYeHUN

Kak BUIHO orubKa Ha, O6y‘{eHI/II/I MaJiO 3aBUCHUT OT AJUHDBI I'YCEHUIIBI, HO PE3KO YMEHLIIACTCA ITPU yBEJIUYICHU N
YUCJIa KOMIIOHEHT.

35
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Puc. 8. I'paduk 3aBucumoctn SSE 0T qyinHBI U 9uC/Ia KOMIIOHEHT HA TPOTHO3€ B JIOTAPU(PMUIECKOM MaCIITabe

Haumenbmas omubka HabIIOIAETCs Ha JJIUHE TyCeHUIbl 0T 22 10 26 u gyucie kommnouerT ot 13 xo 18. Ilpu
YKCJIe KOMIIOHEHT NOPSIJIKA, JJIMHHBL IYCEHUIIbL (TO €CTh IIPU IIOYTH MOJHOM Ha0OPe KOMIIOHEHT) OIUGKa PE3KO
BO3PACTAET, TEM CAMBIM HJIIIOCTPHUPYETCS TepeobydeHne HAIIEro ajJropuTMa. deM MeHBITe IJIMHA T'yCEHMITHI,
TeM pasblie ([IPU MEHbILIEM YUCJe KOMIOHEHT) HAYUHAETCs 1epeolydeHue.
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Puc. 9. I'padux 3aBucumoctu MAPE or giunbl n 9ucia KOMIOHEHT Ha 00y4YeHUU

Takum obpazom, MAPE rakke kak u SSE na 00ydeHur Masio 3aBUCHT OT JIJTUHBI TYCEHUIBI U PE3KO yMEHb-
MTAETCST TIPY YBEJTUYEHNUN TUCII8, KOMITOHEHT.

MAPE

5 10 15 20 25 30
Number components

Number components 35

Length

Puc. 10. I'paduxk 3asucumoctn MAPE oT gjmmubl m 4mcia KOMIIOHEHT Ha IIPOrHO3€

N3 puc. [ MoxkHO 3aKMI0unTh, ur0o MAPE moutu Beioay, kpoMe obsacreil mepeodydeHuss, TpUHUMAET 3HA-
yenusa Mmenbme 10%. 3a cyer mepeobydeHns npu BHIOOpE YHC/IA KOMIOHEHT OJM3KOTO IO BEJUYHHE K IJIAHE
rycenunp! suadenue MAPE nocruraer 40 — 50%.

3aknoyeHue

B nannoii pabore Obuia ucciesosana 3apucuMocth SSE 1 MAPE npu nporHo3zupoBaHuy BpeMEeHHDBIX PsIIOB
meronom “T'ycenuna”’ B 3aBUCHMOCTH OT 3HAYEHWIH BXOIHBIX IMAPAMETPOB, TO €CTb JJUHBI U YHC/Ia KOMIOHEHT
ryceHutibl. Pe3yabTaThl BEIYUCIUTENBHOTO SKCIEPUMEHTA MMOKA3AJIN, 9TO [Jisi MAHAMu3Aun SSE Heobxommmo
BLIOMpATh JJIMHY TYCEHUIBI KPaTHO# (niam mouru KparHoil) nepuoay psazna. IlepeobGydenue, csazanHoe ¢ Goib-
LIMM 4UCJIOM KOMIIOHEHT 110 KOTOPbIM CTPOUTCS [IPOIHO3, HACTYIAaeT (JJid P/IOB 3HAYEHUT 109aC0BOI TeMiepa-
Typbl) npumMepho Ha 10 kommonenTax. [TomumMo 3Toro Gbuta ucciaenoBana 3GdeKTUBHOCT PaboThl ATOPUTMA,
Ha, 3aIIyMJIEHHBIX DAJaX U PIIaxX C BhIOpOCAMU. 3aIyMJIEHHBIE PSIbl METOM T'YCEHWIIHI CTJIAXKUBAET W CTPOUT
xopormmii mporuo3. [Ipu HajgwInu B psgax BLIOPOCOB METOM HEYCTOWYNB K BBHIOOPY YMCJIA KOMIIOHEHT.

Ko, neobxoanmprii 718 MOBTOPEHUS BBIUUCIUTEIFHOTO IKCIEPUMEHTA PACIIOIONKEH HA caliTe:
https://mlalgorithms.svn.sourceforge.net/svnroot/mlalgorithms/GaterpillarLearning/


https://mlalgorithms.svn.sourceforge.net/svnroot/mlalgorithms/GaterpillarLearning/

(1]
2]
(3]
[4]
[5]
[6]
[7]
(8]
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Bbi6op ¢pyHKUMM akTUBaAUUKU NMPU NMPOrHO3MPOBAHUN HEWPOHHbLIMU
cetamMmm

I. ". Pydoi

Mockoscknit pusnko-rexamdeckuii mactutryT, PYIIM, kad. «VnTennekTyanpHbie CUCTEMBI»

Ilenbro paboThI SBIAETCA MCCIEIO0BAHNE 3aBUCUMOCTH Kav9eCTBa IIPOrHO3NPOBAHN BPEMEHHBIX PSAI0B HEHPOHHbBI-
MH CEeTIMHU OT IaPAaMeTpoB HeHPOHHOM ceTu. B wacTHOCTH, aHAIM3UPYETCS 3aBUCUMOCTD OT BBIODAHHON dyHKIMN
aKTHUBAIMK HEMPOHOB B CETH, & TAKXKE€ OT MapaMeTpoB 3TON (yukimu. DyHKINS aKTUBAINNA OIUCHIBAET BBIXO/I-
HOe 3HAaYeHUe HEHPOHA B 3aBUCUMOCTH OT B3BEIIEHHON CyMMbI €0 BXOJIOB U [IOPOIOBOIO 3HAYEHUs CPAbaThIBAHUS.
PaccMaTpuBaiOTCs CETH ¢ IPSIMBIM PACIIPOCTPAHEHUEM CUTHAJIOB (6e3 00paTHON cBsizmn). IIpuBogsaTcs pesyapraThr
BBIYUC/INTE/IFHOTO YKCIIEPUMEHTA 10 MTPOTHO3WPOBAHUIO HEHPOHHBIMU CETSIMHU PA3/UIHBIX BPEMEHHBIX PsIOB U
AHAIU3UPYETCs KA9eCTBO IMPOTHO30B IIPU PA3JIMYHBIX (DYHKIUAX AKTUBAIMK U [IPOYMX IIapaMeTpax CeTH.
KuroueBbie cJioBa: HEUPOHHBLLE CEMU C MPAMBM PACIPOCTIPAHEHUEM CUSHAN0E, AUHETHbLE HEUPOHHBIE CEMU,
MH020CA0UHDIE HEUPOHHBIE CEMU, 2€MEPO2EHHBIE HEUPOHHbIE CEMU, AAZ0PUMM 00pPATNHO20 PACTIPOCTPAHEHUSA
owubxu.

Beegetue

HefiponHas ceTh ¢ IpaMBIM pacipocrpatenneM curaasos [2] [B] [d] — Takas cerb, B KOTOpO#l CHTHAJ pac-
[IPOCTPAHSETCsT TONLKO B ONHOM HANPABJICHHE, OT CJI0s K CJI0K0. KaxKapiit smement cetu (HeHpOH) MMeET OTUH
HJIH HECKOJIBKO BXOJOB K oauH Bbixox. Heiipon mpencrasiger coboit cucreMy U3 IBYX 3J€MEHTOB — CYMMAaTOPa
u dhyskunn akTusanuy. OyHKINS aKTHBAIUE ONPEIENseT BBIXOAHOE 3HAMEeHNe HefPOHA B 3aBUCHMOCTH OT pe-
3yJIbTaTa CyMMaTOpa (B3BEIIEHHON CyMMBI BXOJOB) H HEKOTOPOIO IOPOrOBOroO 3HadeHus. Iloporosoe 3HadeHue
TaKIKe MOXKeT OBIThH IPEICTABJICHO KAK elle OUH (HesIBHBIH) BXOX HeHpPOHA, KOTOPHIH He COSAUHEH HE ¢ ONHHUM
IOPYTUM HEUPOHOM.

NMoctaHoBka 3aga4un

IMycts man Bpemenuod psg ¢ = z(n) | n = 1,...,m, cOCTOdNMI U3 HEKOTOPHIX YUC/IOBLIX IIPU3HAKOB.
TpeGyercss MOCTPOUTH 3HAYEHUE PAJA HA, HEM3BECTHOM TIPOMEKYTKE, TO €CTh, ompemenuts x(m + 1), x(m + 2)
¥ TaK Jajiee, 1 MUHUMHU3UPOBATH CPETHEKBAIPATHIHYIO OMIHOKY ITPOTHO3MPOBAHUA.

Bamada cBoguTcd K BBIOOPY W CPABHUTENHLHOMY AHAJIHM3Y PA3IMYHBIX (DYHKIUA aKTUBAIMK Heifpocerw, a
TAKIKE PA3JINYHBIX METOJOB ODyJYeHU.

ITocsie BorumceHrs 3Ha4€HUsT B MOMEHT BpeMeHu m—+ 1 (1, BO3MOXKHO, [IOCJIEYIOIIUE) BBIYUCIISIETCS CPe/IHe-
KBaIPATUYHAS OIMMOKA, SIBJISTIONIASICS TTOKA3ATEIeM KaueCTBA MPOTHO3UPOBAHUSI, U UCCIEIYETCS €€ 3aBUCHMOCTh
OT (DYHKITMU aKTUBAIMU, YUCTA HEHPOHOB, METOMa O0YUYEeHHST U MPOYUX MAPAMETPOB CEeTH.

MyTn peweHns

COBOKYITHOCTh W3BECTHBIX 3HAYEHWI BPEMEHHOrO Psifia 00pasyeT 00yUIaIOIy0 BEIOOPKY.

J7ist IPOrHO3UPOBAHUST BPEMEHHBIX PSIOB HCIOIB3YETCS METOJ CKOJIB3SAMIEr0 OKHA: BBHIOMDAETCS P MOCHe-
JIOBATEJILHBIX 3JIEMEHTOB, COCTABJISIONMX 0OYYAIOINIYyI0 BBIOOPKY U (GOPMUDPYIOIINX 00pa3, KOTOPBIH TOIATCS,
COOTBETCTBEHHO, Ha P PACIPEIeIUTEIbHBIX HEAPOHOB ceTh. P BBIXOIHBIX HEHPOHOB XapaKTePU3YIOT 3HAYEHUS
dyHrUMKM B MOMeHT BpeMenu p+1,p+2, ..., p+ P. Torna KOHKpeTHble METOAbI IPOrHO3UPOBAHNS PA3IMYaI0OTCS
APXUTEKTYPOI CeTH, ee OpTraHu3aIueil U CrIocoboM Moa00pa M HACTPOUKH BECOBBIX KOI(DDUIMEHTOB HEHPOHHOM
CEeTH.

JInHeiinas cetb

Heifiponnast ceTsb, cocTOAMNIASA N3 PACTPEIETUTENHLHBIX HEHPOHOB M OJHOTO BBIXOIHOTO HEHPOHA ([I]), NMEIOIIero
JIVHEHHY0 (DYHKIWI0 AKTHBAINN, HASBIBAETCS AJATHBHBIM HEHPOHHBIM JIEMEHTOM [h] Brixonmoe znauenue
TAKOU CeTu:

n
y= E wijw; — T,
i=1

rae 1" — moporosoe 3HadeHUe yKa3aHHOTO HeHfpOHA, a wj1 — BecoBOH Ko3(hHUINEHT, COOTBETCTBYIOMUI j-OMy
pacpesenTeIbHOMY HeHPOHY.
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Puc. 1. Heitponnast ceTb n3 pacrupeaenTeIbHBIX HEPDOHOB W OJHOrO HEMpOHA C JNHEHHON (DyHKIMell aKTUBaInu

Bamerum, 94TO HEHPOHHYIO CETh C HECKOJBKUME BBIXOIHBIME 3JIEMEHTAMU MOYKHO TPEICTABUTH KaK CyIep-
TIO3UIUI0 COOTBETCTBYIOIETO YHUCIIa HEWPOHHBIX CeTel ¢ OJHWM BBIXOIHBIM 3JEMEHTOM, BBUY HE3aBUCUMOCTH
BBIXOJHBIX JIEMEHTOB IPYT OT Apyra. B aTom pasmesne [1jig MPOCTOTHI MbI Oy/IeM paCcCMATPUBATDL CETH C OTHUM
BBIXOJHBIM 3JIEMEHTOM.

Jlns nuHeiiHo# HeWPOHHON ceTw yKa3aHHBIN paHee METOM CKOJB3AIIEr0o OKHA, COOTBETCTBYET JUHEHHOI aB-
TOPErpecCur U ONMUCHIBAETCS BBIPAYKEHUEM:

P
&(n) = g wrx(n —p+k—1), (1)
k=1
rae wi, k = 1,...,p — BecoBble KO3 GUIUEHTHI HEAPOHHOM ceTH, £(n) — OlEHKA 3HaYeHNs PAia £(Nn) B MOMEHT
Bpemenu n. Torna ommbka MPOrHO3MPOBAHUS ONPEIESSETCS BHIPAKEHIEM

Mpasuno Buapoy-Xodpa

Jlnst oOydeHusT TaKOM CeTH HCIOAb3yercs mpasuio Buapoy-Xodda, m3BeCTHOE TakrKe IO, HA3BAHHEM
deavma-npasusa. OHO MPEIOIATACT MUHUMHU3AIMIO CPEIHEKBAIPATUIHON OMNOKY HEHPOHHON ceTu, KOTopas
ais L BXOAHBIX 0OPA30B OMpeAesseTcs CAeAYIONIM 00pa3oM:

rne E(k) — cpemmeksaparuunas omubka ceru ams k-ro obpasa, a y¥ u t* — coorsercrsenno BbIxOIHOE U
9TaJIOHHOE 3HauYeHus HepOHHON ceru 1uisi k-ro obpasa.

[Ipasuio obyuenns Bunpoy-Xodda basupyercs Ha MeToje paJuenTHOro cirycka. CorsacHo YTOMY TPABUITY
BeCOBbIe KO3 MUIMEHTHI U TIOPOTH HEHPOHHOM ceTn HEOOXOMMMO U3MEHSATD Ha, t + 1-0i1 uTepanuu mo CJIe Iy oImM
BBIPAYKEHUSIM:

wir(t+1) = wj(t) - “m’ i
T(t+1)=T(t) _aaaiif))’ :

rme j =1,...,n, @ — CKOPOCTH OOyIEHNA.

IIpoussonubie CpeaHEKBAAPATHIHON OMKUOKN F 110 JaHHBIM TapaMeTpaM:

oF

awjl(t) = (yf - tk)l‘?, (4)
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k k
S =~ =), (5)
re ¥ — j-as xommonenta k-ro ofpasa.
Moncrasnas (@) u (8) B (2) u (B), mosyuaeM BbIpasKeHUs /i 00yUeHUsI HEHPOHHON CETH 10 JIeIbTa~IPABIILY:

wjl(t —+ 1) = le(t) — Oé(ylf — tk)iﬂf, (6)
T(t+1)=T(@) + oy’ —t*). (7)

B. Bunpoy u M. Xobd nokazamu [H], 970 maHHBIA 3aKOH BCErya MO3BOJSET HAXOAWTH BECOBBIE KO3bOU-
[IMEHTHI HEHPOHHOTO JJIEMEHTA TaKUM 00pa3oM, U4TOOB MUHUMU3UPOBATH CPEIHEKBAIPATUIHYIO OIUOKY CETH
HE3aBUCHMO OT HAYAJIBHBIX 3HAYEHUN BECOBBIX KOdMUImMenToB.

Anropurm 06yUeHVs, OCHOBAHHBIN Ha JEJbTA-IPABUIIE, COCTOUT U3 CJAEAYIONIUX IIAroB:

1. Bagaerca ckopocrb 00yvenust & (0 < a < 1) u MuUHUMAaJIbHAS CPEJHEKBAJApaTUYHas ouwubka ceru Fy,,
KOTOPYIO HEODXOAMMO IOCTHYL B TIpoliecce 00ydeHusl.

Cry4aitHbiM 00pa30M MHUIUMAIU3UPYIOTCS BECOBbIE KO3(DMUIIMEHTHI U TIOPOT HEHPOHHOM CeTH.

IMomarorcs BxoaHBIE 0OPA3bI HA HEHPOHHYIO CETh W BBIYUCISIOTCS BBIXOIHBIE 3HAYCHUSA CETH.
OcyrmecTBagercsa n3MeHeHHe BecOBBIX Koadduinentos cornacyo (B) u (@).

Asropurm paboraer 0 TeX HOP, MOKA CyMMapHast CPEIHEKBAIPATHIHAS OIIMOKA, HE CTAHET MEHbINE 3aJ/1aH-
woit (E < Ey).

CUp @

Mcnonb3oBaHue nceBaoobpaTHOW MaTpuubl

Jlns HACTPOMKY BECOBBIX KO3 (DUIMEHTOB JTMHEHHON HePOHHOM CeTH C IMeIbI0 MUHUMU3AINN CPETHEKBA/I-
PATUYIHOM OMKUOKU MOYKHO MCIOIb30BATH MATPUYIHOE PEINEHNE CUCTEMbI JIMHEHHBIX YPABHEHWH.

[IycTb pazmeprOCTh 06y Yatoieil BEIOOPKU — L, IUCI0 BBIXOJHBIX HEHPOHOB — 1M, YUCJIO BXOIHBIX HEHDOHOB
— n. Torma MaTpuIbl BEIXOMHBIX 3HAYEHUH, BXOMHBIX 3HAYEHWH M BECOBBIX KOI(M@PUIIMEHTOB, COOTBETCTBEHHO,
UMEIOT BU/I:

Y = Y2 %2 - Y2 — MATPHUILA BBIXOAHBIX 3HAYEHUI,
Um Y - Y
X = I% x% e z% — MAaTPHUIA BXOJIHBIX 3HAYECHUN,
w11 Wi2 ... Wim
W= | W W22 ... Wom | MaTPUIA BeCOBLIX K03 puIuenTos.
Wp1 Wp2 ... Wpm

Torma ypaBHeHMe TUHEHHON HEHPOHHON CeTU MOXKHO TPEJICTABATH B BUIE:

Y=XW

B cayuae ucnonn30BaHUsT TIOPOTOB HEMPOHHBIX 3JIEMEHTOB B MaTpuily X T00ABJISETCS CTPOKA, COAEPYKAIIAS
sHauvenust —1, a B marpuity W — cTpoka, B KOTOPO# HAXOAATCS TMOPOTOBbIE 3HAYEHUS HEPOHHBIX 3JIeMeHTOB 1.
B pabore [6] nokazano, 4ro HamsydiuM OPpUbIUZKEHHBIM DEIIEHUEeM CUCTeMbl JIMHEHHbIX yDAaBHEHUil, 1pu
KOTOPOM CPETHEKBAIPATUIHAS OMTHOKA CETH JOCTUTAET CBOETO HAMMEHBINErO SHAUEHUS, SBJISETCS BhIDAYKEHUE

W=X7Y,
rome X — mcesgoobpaTHas MaTpHIA IS MaTPHILL X, OIpeenseMas CAeIyIOmIM 0Opa30M:
X+ — (XTX)leT

DTo pereHne eIUHCTBEHHO [B] 1 MUHUMU3UpPYeT cpelHeKBagpaTuaHyto onmoky ceru: E = |Y — WX ||2.
CywecrBytor passudtbie 3dekTuBHbIe cHOCOObI HAXOXK/IEHUs 11ceB1000paTHOi Marpulp! [6].
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BaMeTHM, ¥TO TIPH MCTIOMTH30BAHIHA MCeBI000GPATHON MATPUIIBI BOSHUKAIOT TTPOGIeMbI, Koraa marpuma X | X
ABJIAETCA BBIPOXKIEHHOM.

MHorocnovHas HeipoOHHasa ceTb

Apxurexrypa MHOrocs0iiHOl HefipoHHo# ceru (puc. B) cocrouT U3 MHOKECTBA, CJIOEB HEHPOHHBIX SJIEMEHTOB.
Bxzodnotli caoli HEAPOHHBIX 3JIEMEHTOB BbIIOJIHAET PACIHPEAeInTe/bHble DYHKLIUK, 6btL00HOT CAOT CILYyKUT JJ1s
0bpaborku nHEGOPMAITMU OT MPEIBIIYINUX CJI0EB W Bbiaaun pesyabrara. CJou, PacmOJOKEHHBIE MEXKY BXOJ-
HBIM U BBIXOTHBIM CJOSIMW, HA3BIBAIOTCI NPOMENCYMOUHBIMY WA CKPLiMbtMU. U BHIXOTHOHN, W CKPBITHIE CJIOH
ABAAIOTCH obpabarbiBarormmu. BhIxom KaxkaIoro HEfPOHHOTO 3IJIEMEHTa MPEIbIAYIIero Ca0d HeHPOHHON ceTn
COEJINHEH CO BCEMH BXOJAMU HEWPOHHBIX 3JIEMEHTOB CJIEIYIOIIEr0 CJIOMA.

Bxomnoit choit CKpBITBIE CJTON Brixomgnoii cmoit

—~

T —Wi Z

)1

Z F Y1

Wim

/wﬂ\
Lo —W2 Z

) ;
FW Z e Fm — 12
e
Wn1
Ve
e .
F1 . .

Ty —Wnm wt/ Z

Puc. 2. Heiiponnas cerb ¢ m — 1 CKPBITbIME CJI0AMU, 1 BXOJaMu U k BbIXOJaMU

B kavectBe byHKINE aKTUBAIMN HEHPOHHBIX IJIEMEHTOB ODBIYHO UCIOJIB3YIOTCH THIEPOOINIEeCKUl TAHTEHC
win curmouHas dbyaxuuda. Ecau cooTBercTByIONue 31eMEHTbl UMEIOT OAMHAKOBYIO (DYHKIIMIO aKTHUBAIUHU, TO
CeThb HA3bIBAETCA 20MO2eHHOU, UHAUE — 2emepo2enHotl.

IIycts W) — marpuia BecoBbIX KO3DUIIEHTOB i-ro ciost. Torma, HAIpHMep, 11T TOMOIeHHOI HeHpOHHOI
CeTH C ABYMHA CKPBITBIMU CJIOAMH MATPHIA BBIXOAHBIX 3HaYEHUH ONpesesigeTcs Kak

Y = F3(Fy(FL(XWO)w@)w3),

rne X = (x1,22,...,T,) — BEKTOP-CTPOKA BXOAHBIX CHIHAJIOB, F; — onpegensdemblii hpyHKIMEH akTUBAIMN
OLEPATOP HEJMHEHHOro Ipeodpa3oBaHus IIs i-To caos. s romorenHoit Hefiponuoit cetn F; = Fj | Vi, j, mna
reTeporeHHol ceru HekoTopbie (Iubo BCe) U3 ONEPATOPOB MOTYT ObITh PA3JIUYHbL.

Yucao ca0eB B MHOTOCJIONHON HEHPOHHOI CeTH OIMpeesseT, KAKHM 00pa30M BXOJHOE IMPOCTPAHCTBO 0Opa-
30B MOXKeT 6bITh pa3bUTo HA NOANPOCTPAaHCTBA Menblieil pasmepuoctu [2]. Tak, aByxcioiinas HefiponHas cerb ¢
OJTHUM CJIOEM HEJTMHEHWHBIX HEPOHOB PasbUBaeT BXOAHOE MPOCTPAHCTBO 06PA30B HA KJIACCHI IIPU TOMOIIY THIep-
mwrockoctu [[A]. Tpexcioiinas HefipOHHASI CeTh, T7ie B KAUECTBe JBYX MOCTIEIHUX CJIOEB UCIOMb3YITCs HeHPOHHbIE
9JIEMEHTHI C HeJWHEeHHO! (DyHKIMel akTUBAINKN, MO3BOJIAeT (GPOPMUPOBATH JIFOObIE BBIMYKJIbE 0OACTH B MPO-
crpancTie pertennii [7] [R]. YersipexcioiiHas HePOHHAS CETH € TPeMsl HEJIMHEHHBIMH CJIOSMU TAeT BO3MOXKHOCTH
MOJyYIaTh OOJIACTH perneHuit 1000 (GOPMBI M CJIOKHOCTH, B TOM YHUCJE U HEBBITYKIOMH.

A. H. Koamoropos nokazas [9], uro m06yi0 HenpepblBHYIO DYHKIIUIO 1 IEPEMEHHbIX HA €JUHUYHOM OTPE3Ke
[0; 1] MOKHO TIpEICTABATD B BAMIE CYMMBI KOHETHOTO YHCJIA OJHOMEDPHBIX (DYHKITHIA:

2n+1

flay, @, ... ) = Z g Z)"(‘OP(I’) ,

p=1 i=1

rie GbyHKIUM g U @) ABIAOTCS ONHOMEDHBIME U HEIPEPBIBHBIME, \; = CONSt /1Jis BCEX 1.
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Jammast Teopema Jiersia B OCHOBY TIOCTPOEHHST MHOTOCTONHBIX HEHPOHHBIX CeTell It anmpoOKCUMAITHN QPyHK-
umii. 13 wee caenyer, 9ro jobyio Henpepbisayio dyukimio [ : [0;1]" — [0; 1] MOXKHO aNNpOKCHMUPOBATDL IIPU
TTIOMOIIYM TPEXCJIONHON HeHpOHHOM ceTH, MMEMIeil N BXOJHBIX, 21 + 1 CKPBITBIX U OJWH BBIXOJIHOH HEHPOH.
JaaubIit pe3yabrar ObLT 3aTeM O0OOINEH Ha MHOTOCTONHYIO CETh ¢ aJrOpUTMOM OOPATHOrO PACIPOCTPAHEHUS
omubku [I0], [3], [T1].

Anroputm 0bpaTHOro pacnpocTpaHeHus owunbku

Aneopumm obpamnozo pacnpocmparenus owubku O6but npenioxked B [I2] u asagerca sbdeKTUBHBIM METO-
JoM myis obyuenns HeHpoHHBIX ceTell. JIaHHBIA aarOpUTM MUHAMHU3HPYET CPEIHEKBAIPATHYUHYIO OMINOKY HeH-
porHO#i cern. TTokaskeM OCHOBHBIE W/IEH, HCTIOIL30BAHHbIE TTPU MOCTPOEHUH 3TOTO ajIroputMma [2].

CorjylacHO MeTOy TDaJMEeHTHOrO CIIyCKa M3MEHEHNEe BEeCOBBIX KO(D@UIMEHTOB U NOPOroB HEHpPOHHOM ceTH
HNPOUCXOIUT IO CJEAYIOIeMY IPaBUIy:

wig (£ 4+ 1) = wiy(t) — O‘&Zit) (®)
T+ 1) = T,(0) ~ s, o)

rne E=1%" (Y — t;)? — cpeaHekBapaTHUHas OMMOKa HEHPOHHOM CeTH /I OHOTO obpasa.
B [?] nokazaro, 9To

oF
= F/ .
awk‘i Vi (Sz)vk (10)
OF B ,
T, Y F'(Si) (11)

re 7y; — BBIXOJHOE 3HAYEHUE (-TO HeHPOHA.

Moncrasnas (M) u (I0) B (B) u (A), noayyaeM claeayromye BbIPAZKEHNS, HOKA3bIBAIOIINE, YTO UL MUHIMU-
3alUM CPEJTHEKBAJPATHYHON ONMMOKY CEeTH BeCOBble KO3MMUIIMEHTHI  TOPOTH HEHPOHHBIX JIEMEHTOB JTOJIMKHBI
U3MEHSITLCS CIEIYIONIM 00Pa3oM:

wi(t+1) = wi;(t) — ay; F'(S;)y: (12)

T;(t +1) = T;(t) + avi F'(S;) (13)

OTH BbIPAYKEHUsI ONPEJIENIAIOT IPABUIIO 00y YeHNs] MHOTOCIOWHBIX HEHPOHHBIX ceTeil B 0DIIEM Bu/ie, KOTOPOE
HAa3bIBAETCH 0006ULLHHBM 0EALMA-TPABUAOM.

Ounpenenum poipazkenus ([2) u ([3) aus Tunuanbix GyHKOUE aKTUBAIMU HEHPOHHBIX jeMenToB. [Ipunvem
obosnauenue S; = Y wi;y; — 1.

— st cuzmoudnoli gynKkyuy BRIXOTHOE 3HAYEHNE j-TO JIEMEHTA, OIPEIeIeTCs CAETYIONINM 00pa30M:
1
14 e 5

B pesyabrare 06001eHHOE JeTbTA-TPABUIO MOKHO IIPEICTABATH B BHUIE:

Yj

wij(t+ 1) = w;(t) — avyy; (1 — ;)i (14)
Tj(t+1) = Tj + avy; (1 — y;)
Ommbka /171 j-r0 HEHPOHA BBIXOIHOIO CJIOM:
Vi =Y —t
JJIsi J-TO HEHPOHA CKPBITOTO CJOsI .
V= Z%’yi(l — Yi)wji,
i=1

rJle M — 9HUCJI0 HEHPOHOB CJIEAYIOIIEr0 CJI0si IO OTHOIIEHUIO K CJIOK j.
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— st 6unoaaproti cuemoudnott GyHKkyuY BBIXOIHOE 3HAUEHNE j-TO DJIEMEHTA ONPEIesIsieTcss mo (hpopMyJIe

2

-t
1+ e5

Yj

O60061TIeHHOE TeIHTA-TIPABUIIO:

1
wij (¢ + 1) = wi(t) = 51— ¥}y

1
Ti(t+1) =T3(t) + gay;(1 - ;)

Ommbka 1718 j-T0 HEHPOHA BBIXOIHOTO W CKPBITOTO CIOEB, COOTBETCTBEHHO:

Vi =Y

1
W= D (= yiwi

— st eunepboaureckozo maHzenca BEIXOTHOE 3HAYEHNUE j-TO HEMPOHA ONMPEIeIsieTcs Kak

S; _ -8,
e~ — e J
y; = th(S;) = P
[Ipoussonuas sroit Gyukuun umeer sun F/(S;) =1 — y?, MOITOMY TIPABUJIO ODYUYEHHST MOXKHO MTPEJICTABUTE
B BHJIE:
Ti(t+1) = T;(t) + ay;(1 - y7) (16)

Ommbka 1711 j-T0 HEHPOHA BBIXOTHOTO M CKPBITOTO CJIOEB COOTBETCTBEHHO:

Vi =Yi—t
_ 2
v =Dl = yi)ws
i
Cam asropurm OOpPATHOTO PACHPOCTPAHEHHS IIPEICTABIAET CJIEAYIONLYIO MOCIE0BATEbHOCTD IIATOB.

1. Bagatorcs mar obyuenns « (0 < « < 1) u Kenaemasa CpeTHEKBAAPATHYIHAS OMMOKA HEHPOHHOH cetn Fy,.

Nuannmanu3upyoTes CiydaiHbiM 00pa3oM BecoBbie KO3(hMHUITHEHTHI U TOPOTrOBbIE 3HAUEHNS HEHPOHHON ceTH.

3. llomarorcs mocaenoBarenbHO 00pa3bl u3 oOydarorieil BRIOOPKK Ha BXOI HeiponHO# cetu. [Ipm sTom s
KazKJIOTO BXO/IHOTO 00Pa3a BBIMOJIHAIOTCH CJIEAYIONHe NeHCTBUS:

N

(a) IIpoussoaurcsa daza npsaMoro pacupocrpanerus obpasa [0 CeTd, IPU ITOM BBIYUCILAETCH BBIXOIHAS aK-
TUBHOCTH BCEX HEHPOHHBIX 3JIEMEHTOB CETH:

yi = F(O_ wiyi —Ty),
i
rlle MHJAEKC J XapaKTEPU3YeT HEHPOHBI CJEYIONIETO CJIOS 110 OTHOIIEHUIO K CJIOKO 1.
(6) OcymecrBasercs daza o6paTHONO PACIPOCTPAHEHUsI CUTHANA, B DPE3YJAbTATE KOTODPO ONpemensiercs

OIIOKa, Vi HeﬁpOHHbIX AJIEMEHTOB JJIsdd BCEX CJIOEB CETH. HpI/I 9TOM, COOTBETCTBEHHO, IJId BBIXOJHOTO
1 CKPBITOT'O CJIOEB:

Vi =Y —

V=Y WF (Siwji
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B mocrenteM BRIpasKeHWH § XapaKTepH3yeT HefPOHHBIE 3JIEMEHTHI CJEIYIONIErO CJI0sT TI0 OTHOIEHUI0 K
CJIOIO j.

() IIpomcxoaur w3MeHeHHe BECOBBIX KO3(bDMUIMEHTOB 1 MOPOTOB HEHPOHHBIX JJEMEHTOB JJisi KaXK 00 CJI0st
HefipoHHO# ceTn B coorBercrBnm ¢ () u (IJ).

4. Boruncigercsa cyMMapHas CpeTHEKB3APATUIHAs OmMMUOKa HeHpPOHHOH ceTn F:

L
=53 k-t
k=1 j

rae L — pasmepHOCTH 00ydaromieil BEIGOPK.
5. Ecmu E > E,,, TO IPOUCXOINT NMEPEXO/ K IMIary 3, HHAYE AJTOPUTM 3aKAHIUBACTCH.

Taxum obpasom, agropuTm (GYHKIIHOHUPYET 0 TEX TOpP, MOKA CyMMapHAasi CPEIHEKBAIPATHIHAS ONIHOKA,
CETU HE CTAHET MEHBIIE 3a/aHHON.
Asiropur™M 06PATHOIO PACIPOCTPAHEHUS] OLIMOOK HAJIEJIEH CJIEAYIOIUMMU IIPOOIeMaMu:

— HewusBecTHOCTD BBIOOPA YHCIA CJIOEB U KOJUIECTBA, HEHPOHHBIX 3JIEMEHTOB B CJIO€.

— Mepgnenras CXOAMMOCTD TPAIUEHTHOTO METOA C MOCTOSHHBIM MTArOM ODYUeHUs.

— CuoxkHOCTH BBIGOpa CKOpocTH 00yuenusi . CHUIIKOM MaJsiasg CKOPOCTb YBEIUYHBAET BpeMs OOyUEHUST U
MPUBOIUT K HAXOZK/IEHUIO JIUIITH JIOKAIBHOIO MUHUMYMAa, B TO BPEMs KaK OOJIbIIAsi CKOPOCTb MO2KET [IPUBECTH
K PaCXOK/IeHUIO 1Ipolecca.

— HeBo3moxHOCTE OmpeeeHrst TOYEK JOKAJBHOIO U IJI00AJBHOTO MUHUMYMOB, TaK KaK IPAIUEHTHBIN METO
X HE Pa3JInYaerT.

— Bumsgnue ciydaiinoil MHUIMAIU3ANMN BECOBBIX KOI(DMOUIMEHTOB HA MOUCK MUHUMYMAa (HEYCTOWYMBOCTD ).

SaMeTuM, 9TO BaXKHYIO POJIb UIPAET MOPSAIOK BEJIWUWH CIy9IaliHO WHATHATU3UPYEMBIX CHHANTHIECKUX CBs-
zeit [I3] [@]. Tak, ans curmMonaHOM (GYHKIMH AKTHBALNK HEHPOHHBIX 3JIEMEHTOB, MPH GOJIBIIMX MO MOILYIIO
3HAYEHUSIX BECOBBIX KOIM@PUIMEHTOB BHIXOIHAS AKTUBHOCTDH OyzeT OMn3Ka K €IMHUIE WUIU HYIIO, U TOTJA 3HA-
venne Beipazkenusa Y, (1 — y;) Gyner Gumsko x Hymo, u, cormacao (), BecoBbre koyddbuUIMEnTH GyayT H3ME-
HATHCS HE3HAYUTEJBHO. DTO [MPUBEJET K TOMY, YTO MPOLECC ODYyUEHMsT OCTAHOBUTCH B OJIMKAMIIEM JIOKAJIBHOM
MHHUMYMe OT cTapToBoil Touku. B [[3] pekoMeHmyeTcs ciydaiiHO BHIOMpaTh 3HAYEHUST BECOBBIX KoabbHIHeH-
TOB, UMEOMUX TOPAJOK W;; ~ %, rae n(i) — 9uCI0 JIEMEHTOB B CJ10e i. JIpyrue aBropbl PEKOMEHIYIOT
WHUTNAIN3APOBATH BECOBbIe KOM(DMOUIMEHTH CIyIaiiHbIMU YmcaIamMy B aranasone nopamka [—0.05;0.05].

JlpyruM BasKHBIM BOIIPOCOM SIBJISIETCS 9HMCJIO HEHPOHHBIX 3JIEMEHTOB B CKPBITHIX CJ10siXx. C OmHOIT CTOPOHHI,
IPY BO3PACTAHUU WX YHUCJIA PACTET TOYHOCTH, C JIPYTOMH, MPU CAUINKOM OOJBIION Pa3MEPHOCTH CKPBITHIX CJIOEB
BO3HHUKAET SIBJICHUE NEPEeMPEHUPOSKU Cemu, YXYAIIAonee o0000maonmue CrocoOHOCTH HefiporHbIx cereil. Io-
TOMY YHCJIO HEHPOHHBIX IJIEMEHTOB B CKPBITOM CJIOE [IOJI2KHO ObITH MEHBIIIE YNCJIa TPEHHPOBOYHBIX 0OPA3IIOB.

Il HefTpanu3auyu 3aCTPEBAHUSA METOIA TPATUEHTHOTO CIYCKA B HEXKEJATEIbHBIX MUHAMYMAaX MPUMEHSI-
ercs MeTos Taxkenaoro mapuka [[3]. B arom ciayuae momudukanms CHHANTHYECKUX CBA3ed HEHPOHHON cern
[IPOUCXOIUT B COOTBETCTBUU C BBIPAKEHUEM

Awij(t +1) = —ay; F'(S))yi + EAwi;(t),

e € — IOCTOSHHAS BEJUYUHA, HA3BIBAEMAS MOMEHMHbLM NAPAMEMPOM. SHAYEHUE MOMEHTHOIO [MapaMerpa
BBIOUpaeTcs w3 auanazona [0; 1], Ha mpakTHKe 4acTo ucrnosab3yercs 3Hadenue & = 0.9 [I3].

AnNropntm nocnoiiHoro oby4eHus

Kak ormeuasocs pamee, ajJrOpuT™M 0DPATHOTO PACIPOCTPAHEHUS OIMMUOKU MMEET Psijl HeJIOCTATKOB, CPEIN
KOTOPBIX 3aBUCHUMOCTH OT HaYaJILHOH MHHUITUAJIN3AITHHA CUHAIITHYICCKUX CBsI3€i. 9TO IPOUCXOOUT M3-3a HaJIUIUA
JIOKAJIbHBIX MUHAMYMOB B II€€BOi (DYHKIUU, U B PE3YIbTATE HE BCIKAas IOMBITKA MPUBOIUT K 00ydeHmio. B
JAHHOM pa3iese MPUBOAUTCA AJTbTePHATHBHBIM AJTOPUTM OOYUEHUS CETH, HMPOABJSIONIAN YCTONYNBOCTD IIPH
pelreHnn HEKOTOPBIX 33/1a4.

PaccmoTpuM amropuTM Ha mpuMepe HEHPOHHON CeTH ¢ OOHMM CKPBITBHIM CIIOEM, T/€ B KadecTBe (DYHKIMH
AKTHUBAIMHA MCIOIb3YeTCsT TUNepOOInIecKnii TaHreHc. BBOIA aIanTHBHBIN IAr ¥ UCIOIB3Yd AJITOPUTM OOpaT-
HOT'O PACIPOCTPAHEHUS OIMMUOKY, BHIPAKEHUS /11 00y ueHns HeHPOHHON CeTH MOXKHO IIPEICTABUTD CJIEIYIONIAM
00pa3oM:

wij (¢ +1) = wi (1) — () (1 =y} )y (17)
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Tj(t +1) = T;(t) + a(t)y;(1 = 53), (18)
rue
Z_j %2'(1 _?/?)
(4 2208) 277 (1 = v)

Anroput™ mOCIORHOTO 00YUeHUST MPEIIIOIAraeT TaKKe MTPOBOIUTEH MOIUMUKAINIO BEIXOI0B HEHPOHHBIX 3J16-
MEHTOB CKPBITBIX CJI0eB. Takas MOTu(UKAIINA OCYIIECTBISIETCI B COOTBETCTBUM C METOIOM TPAANEHTHOTO CITYC-
Ka:

aft) =

yi(t+ 1) = (1) — a@)ajfﬂ

Baech «t) HAXOOUTCA M3 METOIA HAMCKOPEHIEro CIIycKa:

a(t) = min {E@/j(t) - a(t)aji))}

IokasbiBaercs [2], 9To onTUMAIbHOE 3HAYEHNE AJANTHBHOIO Iara o0ydeHus:
iy =) Yo viwi
> (22 viwis)?

Torga BBIXObI HeﬁpOHHbIX JIEMEHTOB CKPBITOI'O CJIOA OOJIZKHBI MO,ELI/I(I)I/IL[I/IpOBaTbCSI Ha OCHOBE€ BbIDasKE€HH:

yi(t+1) =y (t) — ay; (19)
Torma caM aJarOpUTM TIOCTIORHOTO 0OYYeHHs COCTOUT U3 CJAESMYIOMINX IIaros:

1. CayuaiiHasg MHUIMATIU3ANMS BECOBBIX KOIDDUIMEHTOB HEHPOHHON CeTH M 3aJaHre MUHUMAJBHON CpemHe-
KBAIPATHIHON OMmMuOKu F,),.

2. Ha Bx0n cerm mocaeaoBaTeabHO MOAA0TCd L BXOTHBIX 0Opa30B, W JJIsT TOCACIHEr0 CJIOsSI BECOBBIE KO3(MPH-
UEHTHL U Moporu Mojudunupyiorca B coorsercrauu ¢ (L) u (IR).

3. Ha Bxo7 ceTu mocieoBaTebHO TOnaoTcsa L BXOAHBIX 00pa30B, U BBIXOJAHBIE 3HAYEHHUS Y; HEHPOHOB CKPBITOTO
csiost Mmopuduiupyores B coorsercreun ¢ (I9).

4. Ilarm 2 u 3 TOBTOPSIIOTCS IO TEX TMOP, TOKA CYyMMapHAs CPEIHEKBAIPATHYHAS OIMMOKA CETH HE CTAHET
MEHBIIE, YeM 33TAHHAL.

5. Ina L Bxomubix 06pa30B MOIuUIMPYIOTCS BECOBbIE KOIDDUIMEHTHI 1 IOPOTH CJIEIYIOMIErO CI0Sd HEHPOHHON
ceru. IIpn 3roM ommbKa ¢-ro HEHPOHHOTO IJAEMEHTA, Y; = Y; — Y.

6. IIpomemypa moBropgercs ¢ mara 2, IOKa CyMMapHa s CPeTHEKBAIPATHIHA ONNOKA CETH HE CTAHET MEHbIIe
3aJIaHHOM.

leTeporeHHble HelpoOHHbIE CeTun

PaccymoTpuyM mpocTeifinyio reTeporeHHyio CeTh, COCTOAIIYI0 W3 OIHOTO CKPBITOTO CJI0s C HeMHMHEHHON (DyHK-
el aKTUBAIMN HEHPOHHBIX 9JIEMEHTOB W BBIXOJHOTO JHHEHHOTO HefipoHa. Torma BBIXOAHOE 3HAYEHUE CETH:

y= Z viy; — T, (20)

rhe v; — i-blif BeCOBOH KO3(MDUIMEHT BBIXOTHOIO HEMPOHA, Y; — BBIXOIHBIE 3HAYEHWS HEHPOHHBIX IJIEMEHTOB
CKPBITOT'O CJIOA:

yi = F(S;) = F(Z wiiz; —T) (21)
I

Jlis pa3uYHBIX CJIOEB HEHPOHHON ceTw HEOOXOIMMO HCIOJJb30BATH PA3HBIE BBIPAYKEHUS IJIs BBIYUCIEHUS
AJANTUBHOTO mara oOydYeHus. A TaNTHBHBIN TIAT JJIs BHIXOIHOTO CJIOA BBIYUCISIETCS 10 (hOpMyIIe:

1

- 1+ Zz ?Jzz (22)

aq
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AﬂaHTHBHBIﬁ miar AaJjisa CKpBITOFO CJIO4:
22 Gy — t)w
F{(0)F3(0) 32, (32; Ciwig)?

TMokaseieaercs [2], gro ofyvaromme OpaBuIa JJsi BBIXOAHOTO CJIOS M JJIsi CKPBITOTO CJIOS COOTBETCTBEHHO
3aMMMCHIBAIOTCA KaK:

a2 (23)

vilt +1) = vi(t) — ar(t)(y — )y (24)
T(t+1)=T(t) + o (t)(y — 1) (25)
wii(t+ 1) = wj(t) — a2 (t)v F'(Si)z (26)
Ti(t+ 1) = Ti(t) + ()i F' (S:) (27)

Jjist o0y4eHust MOXKET HCIOJIb30BATHCH GAZOPUMM MHO20KPAMHO20 PACTPOCTIPAHEHUA OUWUOKYU B CBA3U C
HECTAOUIBHOCTBIO MPOIEcca 00yUeHrsT N3-3a WUCIOJIB30BAHUS PA3IUIHBIX (DYHKITUN aKTUBAIIAN.

AgnroputMm 06paTHOrO PACTIPOCTPAHEHUS OMUOKY MPEANOIaraeT Ijisi KayKI0r0 TPEHUPOBOUHOTO HAbOpa MO-
JVDUKAIAID CUHAIITUYECKUX CBs3eil BCcex coeB Heiiponuoil ceru. Ilpu aTOM u3MeHeHMe BeCOBBIX KO3hUIm-
€HTOB OIHOTO CJIOsS HEHPOHHOM CeTH MpOuCXomuT 6e3 ydeTa W3MEHEHUsI OCTAJBHBIX CJI0EB. JTO MOXKET MpPHBE-
CTU K HeCTaOWMIJIBHOCTH MPOIECca 00ydeHnss, KOTOPhIA XapaKTePU3yeTcss OTCYTCTBUEM TEHIEHIUU K CHUXKEHUIO
CPeTHEKBAIPATHIHON OmmMOKU ceTu. B reTeporeHHbIX CeTaX MOITOMY MOYKET BOSHHKHYTH PA3CHHXPOHU3AINI
nporecca 00y4YeHus MEXKJy PA3HBIMK CJIOSMU CeTH. AJITOPUTM MHOIOKPATHOIO PACIPOCTPAHEHUS OMIUOKU, B
CBOIO OYEPEb, PEANOJIATAET Ha KAXK 0N HTeparmu MOAUu(MUKAINI CHHATTHIECKUX CBI3€H TOJBKO OIHOTO CJIOsI
HEIPOHHOIT ceTr. B cOOTBETCTBUU ¢ 9TUM KaxKIbIil 0Opa3 Oyaer mocjaenoBaTebHO MOAABATHCS HA HEHPOHHYIO
CeTb CTOJIBKO Pa3, CKOJIBKO HACTPAUBAEMbBIX CJI0€B UMEET CETh.

IIycth p — umcio HaCTpamBaeMbIX CJIOeB HelipoHHoi ceTn. Torma aaropuTM MHOTOKPATHOTO PacIpOCTpaHe-
HU$ OIMMUOKY COCTOUT U3 CIETYIOIINX IITAr0B:

1. 3amaercs kejgaeMasi CPEeIHEKBAIPATHIHAS OIMMHOKa F,),.

2. CuHANTHYECKHE CBSI3W WHUIHATUIUPYIOTCA CIyYaliHBIM 00pa30M.

3. Cyerdmk YHCJIa HACTPAWBAEMBIX CJIOEB WHUIUATU3IUPYETCA TUCIOM P.

4. Tlomaercst mepBbIit TPEHUPOBOYIHBIN HAOOP HA BXO1 HefiporHOM cetu. IIpousBoaurca das3a npsmoro n obpar-
HOTO PACIPOCTPAHEHUS CUTHAJA. B pesysbTaTre OCyIIECTBIsIETCS MOAUMUKAINS BECOBBIX KOI(DMDUITHEHTOB 1
NIOPOT'OB HEHPOHHBIX 3JIEMEHTOB TOJBKO IJIA P-TO CJIOA HEHPOHHON ceTu:

wip(t +1) = wip(t) — a2(t)7pF;;(Sp)yi

Tyt +1) = Tp(t) + a(t) Fy(Sy),

rae ¢ =p— 1.

5. Cuerdmk JeKPEeMEHTHPYETCH.

Ecmu p # 0, nepeiitu k mary 4, naade nepeiity K mary 7.

7. TloBTOpsieTcst poIecc 00y YeHusI, HAUMHAS C T1ara 3, jIs BCEX TPEHUPOBAHHBIX HAOOPOB 00ydatoIeil BEIOOP-
KH.

8. Boruucnsercs cymmapHas CpeHeKBaapaTuvHas ommbka E, u ecnmu E > F,,, TPOUCXOIUT MEPEXO K ATy
3, uHage mporecc oOydeHns 3aBEPIIACTCH.

&

Norapudmunyeckas pyHkUMAa akTBaUuu

Paccmorpum Takoil HEHpPOH, BBIXOJHOE 3HAYEHHWE KOTOPOrO MPEJCTABIIAETCA B BHJE Bbipaxkenus (S; =

= Zl WXy — T):
yi =In(S; +1/S%2+1) (28)

Takoii mefipor umeet morapudMUIecKy0 DyHKIWIO AKTHBAIMN, BO3SPACTAIONIYID MOHOTOHHO OT (—00;00) 1
HUMEIOILY IO TOYKY Teperuba B Ha9ase KOOPAUHAT.
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PaccMoTpuM reTeporeHHy0 HEMPOHHYIO CeTh, MMEIOIIYI0 CKPBITHIA CJIOH HEWpPOHOB ¢ JorapudMUYECKO
dyHKIIMEH AKTUBAIMY W OJVH JIMHEHHBIH BRIXOAHOU HeilpoH. Takas HepOHHAST CEeThb UCITOIh3YeTCs I PEITeHUsT
33149 IPOTHO3UPOBAHNAS.

Brrpaskenus mjist MoguuKAINT HACTPANBAEMBIX TAPAMETPOB CETH MOXKHO MPEICTABUTh B CAEAYIOIMIEM BUIE:

wy(t+ 1) = wy(t) — a2 (t)(y — yiviary,

T;(t +1) = T;(t) + as(t)(y — yiviy;
IIpu sTom
> iy
(430 27) 32, vF (yh)?

OfyuJenne MPOUCXOAUT COTJIACHO BbIBEIEHHBIM panee (hopMysiaM Jijis 00yueHus! rereporeHHbix cereii (24),
(e3) u (22).

Qg =

HucneHHblA 3KCNEpUMEHT

B uwuciennoM 3KCIepUMeHTe HEHPOHHBIE CETH ¢ PA3IUYHBIMU APXUTEKTYPAMU W KOH(MDUTYDAIUSIMU TECTHU-
PYIOTCS IJIs1 BBISBJIEHHS ONTHMAJIbHBIX KOH(MDUTYpaIuii mnapaMeTpoB U XapaKTEePHBIX OCOOEHHOCTEN TIOBEIEHNS .
Ucmonp3yroTcs Kak CHHTETUYECKUE JTAHHBIE, TAK U PEAJbHBIE:

— IIporuosupoBanne GpyHKIUN

y = 0.1sin(3x) + 0.5 (29)

— IlporuozupoBanue yHKIIN
y = 10sinx + 5sin(3x) (30)

— IIporuosupoBanne GpyHKIUN
y = 10sinx 4 5sin(3x) 4+ 2sin(30x) + sin(50x) (31)

— Jlamuble mo moTpebIeHUI0 3IeKTPosHepTUH B TypIrmn.

B xo/e wnceHHOro IKCMepUMEeHTa CHAYAIA 33/IaBAJICS pa3Mep ONHOM BHIOOPKHN MAaHHBIX, 3(MEKTHBHO OTpe-
JIEJTSONTN I KOJTUYIECTBO BXOIOB HEHPOHHOIN CeTH, U PAa3Mep YaCTH BHIDOPKH, HCIOIh3yeMoil 1jist obyuenus. Takxke
33/1aBaJIOCh KOJIMYECTBO TOYEK, KOTOPhIE HEOOXOAUMO CIPOrHO3upoBaTh. HeltponHast ceTb 0b6y4assach 10 JIOCTH-
KEHUs 33JAHHOM CPeqHEKBAAPATHYIHON OmmOKN Ha OOyJaromnieil BHIOOPKE, 3aTeM TPOU3BOIUICH IKCIEPUMEHT
IO TIPOTHO3UPOBAHMUIO JTAHHBIX HA P 11aros Brepe v BBIYUCAAIACH CPEIHEKBAAPATAYHAS OMMUOKA HA CIIPOTHO-
3UPOBAHHBIX JaHHBIX. Kciu apxuTekTypa HEPOHHO CeTH oIpa3yMeBaJia OJ[HOBPEMEHHOE BhIYHC/IEeHNE BCex P
TOY€K, TO OHU BBIYUCIAINCH CPa3y, B IPOTUBHOM CJIy4ae BBIUUCIAIACH JIUIIb OHA UJIN HECKOJIBKO CJIEYIOIINX
TOYEK, OHU JTOOABJISIIINCH B BEKTOD YK€ M3BECTHBIX JAHHBIX M CHOBA NOJABAJINCH HA BXOJ HEHPOHHON CETH.

JlnHeiiHas cetb c npaBuaom obyyeHus Buagpoy-Xodda

JInneifinast ceth mpym obyweHWM 10 cpenHekBaaparwdHoil onmbku B E,, = 0.001 nemoncTpupyer Xoporie
Pe3yIbTATHI MIPU MPOTHO3UPOBAHUN MEPUOANYECKUX (QYHKINN KaK HA KOPOTKHUHA TPOMENKYTOK BPEMEHHU, TaK
¥ Ha, HECKOJIbKO TepuoaoB. OIHAKO, TP MOMOIIM JIMHEHHON cetu, obyuaemoii mo mpasuiy Buapoy-Xodda,
YAAJIOCH JIOCTUYb TpebyeMoit E,, TOJbKO [ MepBbIX AByX nepuoaudeckux dyuximii (29) u (80). dua dbyukimu
(8D) merom mubo He cXoAmICA, MO0 3a KPUTHHUECKOE YHCIO0 MTepaluii, ycTanosaerHoe B 10°, He mocThramach
TpedyeMast TOYHOCTh, ¥ MPOLECC MPEPHIBAJICH.

U3 B Bugso, 4T0 cpeaHekBaApaTHYHAs OMUOKA IIPOrHO3UPOBAHUA KaK (QYHKIMS OT YUCJIa HEAPOHOB (U, TO
€CTb, OT YHCJIA BXOJHbIX JIAHHBIX) UMEET OJMH UJIU HECKOJIbKO $IBHO BBIPAXKEHHBIX MUHUMYMOB: IIDH HEI0CTATOY-
HOM YHCJIe HefPOHOB HEHPOHHAS CeTh HE MOYKET TOYHO CPOTHO3WPOBATH CAEAYIOIINE TOUKH, & TPU W3OBITOTHOM
YucjIe HACTyTaeT nepeobytdenve. Takzxke u3 3Toro rpaduka BHUJIHO, UTO €CJIH IPEICKA3bIBAHUE OCYIIECTBIISIeTCs
Ha OCHOBE T€X TOYEK, KOTOpbIe yKe Obuin B 00yUaroiieil Boibopke (Kak B ciayuae 25 TOYEK, jjid 3eJIeHOro rpadu-
Ka), TO CPeHEKBAAPATUYIHAs OMMOKA CYNIECTBEHHO MEHbIe, YeM B o0parHoM ciy4dae (mis 20 Touek, KpacHas
JIUHUA).

Ha rpadwuke B npuBeneHbr pe3yabTaThl MPOrHOZUPOBAHUS JJI ABYX HEWPOHHBIX cereii: ¢ 4 u 14 BxomHbIME
HeHPOHAMHU COOTBETCTBEHHO. BHIHO, 9TO MPOrHO3 HEHPOHHON ceTr u3 4 3JIeMEeHTOB IMPAKTUIECKN COBIAIAET C
9TaJIOHOM, B TO BPEMs KaK /IJIsd [IPOrHO33 HEIPOHHOH cetu ¢ 14 BXOMHBIMHU JIEMEHTAMU IIPOrHO3 CYIIECTBEHHO
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OTKJIOHSIETCST OT peahbHbIX 3Hadennii. CpegrekBaaparudabie ommoOKn pasHbl 0.0452432 n 0.2324168 cooTBeT-
CTBEHHO — TO €CTh, JIJIsl HEHPOHHON ceTn u3 14 s1eMeHToB HabII0IaeTCs epeodyuenre. AHAIOrMYHAS KapTUHA,
Habsogaercst Ha rpaduke 7?7, HA KOTOPOM TIPE/ICTABIEHBI PE3YIHTATHI MPOTHOZUPOBAHUST 3AITYMJIEHHOTO CHHYCA,
(BO) meiipocersMu ¢ 5 u 15 BXOAHBIME HEHPOHAMH.

Bu 3aBucumocru cpegnexBaaparudtoil omubku or uncaa urepanuii upu nporunosuposanuu (B0) ykazan na
?7?7. BameruM JOLOJHUTEILHO, YTO i CeTH ¢ 15 BXOmHbIMM 3jieMeHTaMu 1orpeboBasoch 2303 urepauuu iJs
nocTrkerns Tpedyemoit cpenuneksaaparnanoit omubku B 0.001, a mist cetu ¢ 5 Heitponamu — 1520 ureparuii.

BamMeruM, 9TO JAHHBIM METOIOM He YyAAJIOCHh npenckasarb (BI) u peasbHbie JaHHbIE: 3aJaHHAS TOYHOCTH
HE JOCTUTATIACH 34 YCTAHOBJIEHHOE MPEIETbHOE YUCIO UTEPANNH TPHU TOCTATOYHO MAJION CKOPOCTH OOyUIeHUs v,
60 METOH, PACXOTUICA C YBEIUIEHHEM (.

JlnHeiiHas ceTb C MCMNOMIb30BaHUEM MNCEBAO0OpPaTHON MaTpuULLb

[Ipu wcnonb30BaHUK MCEBIOOOPATHON MATPHUIILI CJIeayeT 3a00TuThes, uTobbl L — p — P > k, rne L — pa3-
MEPHOCTb BbIOOPKH, p — YUCJI0 BXOIOB, k — 3aBuUcCAIlee OT Psjia 1eJ10e Yucao, HanpumMep, 2 1ia (29), 3 ana (B0)
u 6 — 7 na (BI), unage meron nepecraer paborarhb.

Ha rpaduke B npusesenbr nporao3sr cerbio ¢ 8 BxoAHbIMU Helfiponamu Ha 10 u 11 Todyek BrIepes COOTBET-
CTBeHHO. B mepBOM CiIydae TPOrHO3 COBIAMAET ¢ PEeaJbHBIMU 3HAYEHUSIMU, B TO BPEMs KaK BO BTOPOM CJIydYae
HATJISITHO JEMOHCTPUPYETCH OMMUOOYHBIN TPOrHO3, BO3SHUKAIINAN U3-3a HEJOCTATOYHON Pa3MEpPHOCTH BHIOOPKHU
OTHOCHUTEJILHO YKEeJTAeMOr0 UMC/Ia MPEICKA3AHHBIX TOYEK W BXOIHBIX HEHPOHOB.

I'paduku @ v B geMOHCTPUPYIOT BO3MOXKHOCTH IO MPEICKA3AHUIO PEATBHBIX BPEMEHHBIX PAJI0B. 3aMETHUM,
9TO CPEIHEKBAIPATUYHAs ONMOKA, JeJeHHAs] HA YHCJIO MPEICKA3AHHBIX TOYEK, HA TPH MOPAIKA MeHbIne ab-
COJTIOTHBIX 3HAYEHW, U MpubIN3uTeNLHO B 50 pa3 MeHbINe JIOKAJIbHBIX pas3bpocos 3uauenuii. ['padux [ mo-
Ka3bIBAET, YTO HEHPOHHAS CeTh HE B COCTOSHWM TMPEJACKA3ATh CAYYANHBIE TEBUAIMN: B PEAJBHBIX JTAHHBIX HA
TOM yYACTKE CIYyIUICs HEDOBINON MPOBaJ, KOTOPBIM He ObLI MpeAcKa3aH HefpoHHOM cerhio. ['paduk I3 mo-
KAa3bIBAET, 9TO HEHPOHHAS CETh YCHEIIHO CIIPABJISETCH C MPOTHO3MPOBAHUEM HA, YUCJIO TOUYEK, COTOCTABUMOE C
Pa3MEPHOCTHIO 00y YaroIeil BHIOOPKH.

Urak, Mmeros eMOHCTPUPYET XOPOIIYI0 TOYHOCTh IPEJACKA3aHUS U BBICOKYIO IPUMEHUMOCTD JIA2Ke DU HeI0-
CTATOYHOM PA3MEPHOCTH BXOHBIX JAHHBIX OTHOCUTEIHHO YKEJAeMOr0 YUCJIA BXOJOB M PA3MEDHOCTHU TIPEICKA-
3BIBAEMbBIX JTAHHBIX: JOCTATOYHO, 9TOOBI CODJIIOIAIOCH BBINIEYIIOMSHYTOe yCjioBre. KpoMe TOro, mpu HaJIuIuu
9P PEKTUBHBIX METOIOB PACUeTa ICEBIO0OPATHON MATPHUIIBI METO COOTBETCTBEHHBIM 00pPa30M Topa3ao OBICT-
pee MeTo7a, UCIOIb3yoMiero npasuno obyuenns Buapoy-Xodda. 3amMernm Tak, 9TO STUM METOIOM YIaJI0Ch
s dekrusno upejckazars () u peasbhbie gaHHble, 4T0 ObLIO HEBO3MOXKHO LIpU 00yYeHun 110 upasuiy Buapoy-
Xodda. 3amernm Tak )Ke, 9TO IJisT MPOIOIKEHNST BDEMEHHOTO Psifia U3 peaabHbX maHHbX 1o 5000-7000 Toukam
ua 500 ToUYeK BIepen, MPHUIIOCH YBEIUIUTh pa3Mep creka B Scilab mo 10 MUAIHOHOB CJIOB ABOWHON TOYHOCTH,
a myis npoxokenns Ha 2200 Touek mo 4000 TouraMm C pa3zMepHOCTHIO oOydwatomieil BeiObopku 6500 — mo 50
MUJLITHOHOB.

flomMoreHHast MHOrocs10MHast ceTb

AHamu3UPOBATUCH TOMOTEHHbIE HEHPOHHBIE CETH C OJIHUM CKPBITHIM CJIOEM W PA3THIHBIM YUCIOM HEAPOHOB
B BXOJIHOM, BBIXOJHOM U CKPBITOM CJIOSX, & TAK2Ke PA3INIHbIMU DYHKIIUAMY akTuBaruu. s obydenns Bo Bcex
CIYy9IaAX MCIOJIb30BAJICI AJTOPUTM OOPATHOrO PACIPOCTPAHEHUSA OITHOKH.

IIpu mcrnonbp3oBanuu OHUIIOIAPHON CHTMOWIHON (PYHKIIMU B KadecTBe (DYHKIUN AKTUBAINK HU B OJHOM U3
CIAYYaeB He yAajaoCh TOCTUTHYTH cpemuekBaaparuynoii omubku B 0.001 3a uncyio urepaliuii, He MPEBBIIAOIIEE
1057 MO3TOMY BC€ HNAJbHEUINe 3KCIepUMEHTAIbHBIE JTaHHBIE IIPUBEICHBL AJId HEMPOHHON CeTH, UCHOJIb3YIOIIEH
runepbOTMYeCcKrii TAHTeHC KaK (DYHKITWIO aKTHBAIUKA. 3aMETUM, 9TO, B CBS3M C OTPAHUYEHHON 00JACTHIO 3HA-
qeHuil TUIIePOOIMIECKOT0 TAHTEHCA, HEOOXOINMO MACIITabNPOBATH O0YYAIONIYI0 BHIOOPKY K COOTBETCTBYIOIMIEMY
JAAIa30Hy 3HAYCHUI.

I'paduk [ meMOHCTPUPYET XapaKTEPHBIH BUJ 3aBUCUMOCTH CPeTHEKBAIPATHYHOM OMMOKN OT HOMEpa, HTe-
PAIWH.

KagectBO mIpOorHO3MpOBaHUS 3ABUCAT TAKXKe OT UYHCJIA HEHPOHOB B CKPBITOM CJIO€, KOTOPOE OIPEIEsIsIOCh
kak k |p+ P|, tne k BapeupoBanock B xoze 3kcnepumMenTa. [ paduku 3asucumoctr npusenenst Ha [H. Tlo ocn
abCICC OTJIOXKEHO YUCJIO HEHPOHOB BO BXOJIHOM CJIOE, PA3HBIE JIMHUK COOTBETCTBYIOT PA3HBIM YUCJIaM k, KOTODPHBIE
npuBeenbt Ha Jgererae. Ha I8 te ke rpaduku MpeacTaBieHbl KaK TPEXMEPHAs [TOBEPXHOCTD [IJI HATJISITHOCTH.
Bumwo, uro, Haunnast ¢ k = 2, n3MeHeHe YnCIa HEHPOHOB B CKPBITOM CJIOE IPAKTUYECKH He BIUIeT Ha KAUeCTBO
MTPOTHO3UPOBAHUS.

Taxke CTOUT OTMETUTH, 9TO C POCTOM YKCJIA HEHPOHOB BO BXOIHOM CJIOE€ OTHOBPEMEHHO PACTET CPETHEKBAJI-
paTwdHag OIMMOKA IIPOTHO3MPOBAHNS M BO3PACTAET YUCIO MTEPAINil, HEOOXOIUMBIX [JIA JOCTHKEHHST 33TaH-
HOH CPeTHeKBAIPATHIHON OmubKN Ha 00ydaromnieil BBIOOPKE, MTOITOMY B PEAJbHBIX MPUIOKEHUIX UMEET CMBICI
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OTPAHNYUBATHCA MCHBLITTUM YUCJIOM HeﬁpOHOB BO BXOJHOM CJIO€. O;LHaKO, Tpu CJIUTIKOM MaJIOM YUCJIEe BXOJHBIX
HEHPOHOB CEeTh JEMOHCTPUPYET HEJOCTATOYHYIO 0606ImaoIyo crocobuocTsb (LA, mpuseneHbl rpaduKy s cereit
¢ 3 u 4 HellpoOHAMU BO BXOIHOM CJIOE).

C 3auayeit uporunosuposanug Gyukuuu (BI) cerb cupaiisercs, B OTJIMYUE OT OJHOCIORHON cetu, 0byvaemoii
o pasuiy Bunpoy-Xodda, HO nMeeT CynecTBEHHO OOIBINYIO CPEIHEKBAIPATUIHYIO ONMTHOKY, Y€M OJHOCJIOM-
Hasl XKe CeThb, HO 00yUyaeMasi MeTOI0M NceBaoobpaTHoil Marpuibl ().

3aknrydeHune

B pabore paccMOTpeHBbI pa3HYHbIE BAPUAHTHI apPXUTEKTYP HEHAPOHHBLIX cerell 6e3 obparHOi CBsS3H, IIPO-
TECTUPOBAHBI HA CUHTETUYECKUX W PEAJIBHBIX JAHHBIX PA3JIUYHBIE CETH ¢ PA3IUIHBIMU METOMAMU OOYUEHUs,
TPOAHAIM3UPOBAHA 3aBUCAMOCTD KAaYeCTBa, TPOTHO3UPOBAHNS ¥ CKOPOCTU OOYUIEHUS OT TapaMETPOB CETel.

B uwacrrocTn:

— Haburonaercs: 3aBuCHMOCTh Ka4eCTBA IIPOTHO3MPOBAHMSA OT Pa3MepPa OKHA, C OJHUM WJIM HECKOJbKUMH MU-
HUMYMAaMU, U YXYAIIEHUEM KA9eCTBA ¢ YPE3MEPHBIM POCTOM pPa3Mepa OKHa (ABJICHUE TIepeoly eHns ).

— Meron Bunpoy-Xodda ama odyuenus OqHOCIONHON JMHEHHON HEHPOHHON ceTw mepectaer paboTarh s
JOCTATOYHO CJIOXKHBIX 3aBUCUMOCTEH.

— Merton obydenuss OmHOCTONHON JUHERHON HEHPOHHON CETH IPH MOMOIIX IICEBI00DOPATHON MATPHUIIHI TTO3BO-
asger 6bIcTpo (3a BpeMs, HEOOXOAUMOE il BbIYUCIEHHs ICeBAOOOPATHON MATPHIIBL) MOJLY YUTh MUHUMAILHO
BO3MOYKHYIO OIMMOKY MPOTHO3UPOBAHUST HA TAHHBIX.

— CXOIUMOCTh AJITOPUTMa, OOPATHOIO PACIPOCTPAHEHUS OMUOKYN O00ECIeUNBASTCS JIUITh MIPU UCIOIb30BAHNN
runepObOTMIECKOT0 TAHTEH A,

— CyrmecTByeT ONTUMATBLHOE 3HAYEHHE BXOJHOTO YUC/Ia HEHPOHOB JJIs KAXKIOTO THUIIA BPEMEHHBIX PSIIOB.

— TIloBblmmenne CIOXKHOCTA HEAPOHHONH CETH IyTeM BBEIEHWS MOMOJHUTEIbHBIX HEHPOHOB B CKPBITBHIN CJIOM
He ABJsgeTCs YPMEKTUBHBIM METOOM IOBBIIIEHNS KAYECTBA IPOIHO3MPOBAHUS IS BCEX TUIIOB BPEMEHHBIX
PsJIOB.

0.07 T T T

20 Iearn'ing pts ——
25 learning pts

0.06
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0.04
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Puc. 3. 3aBucuMocTb CpeAHEKBaPATUYHON OmMUOKYA IPOrHO3UPOBAHUS OT YUC/IA BXOAHBIX HEHPOHOB LIPHU LIPOIHO3UPO-
Banun (29)
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Puc. 4. IIporuo3 mua dbyuakoum (29) ¢ 20 Toukamu obydwaromeii Boibopku: cetnm ¢ 4 m 14 BxomubIMu Heiiponavu w 35
TpeCKa3aHHBIMU TOYKaMU, 00ydenue 1mo mpasuiay Buapoy-Xodda
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Puc. 5. IIporro3 mna dyaknun (B9) ¢ 20 Toukamu obywaromeil BeIGOpKH: cetn ¢ 8 BXxomHbiMu Heiiponamu u 10 m 11
LPEJICKA3aHHBIMU TOYKaMU, 00y4eHrne MeTOI0M IICEBI00OPATHON MATPULIbL
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Puc. 6. IIpencka3annbie 3HaUeHUs I peabHBIX MaHHBX, 7200 Toyek B oOydatomeii Beibopke, 6600 Bx010B, mpeIcKa-

3anmne Ha H00 Touek

T -prx*--5;...:*:*;:4&..* T
.
w* T e R #*
m X 5 2 --&f*f*.,z*-vt*;t*-iﬁ
— x”u.w SRR K TR e sk |
888 fmﬁ?ﬁﬂ-wfﬁﬂ%&w@& *
] T T,
-E T R e S T
§ i R
- #.w&wmx i*-}:le*|yli.l.m..ywr)c.\ﬁ:mz(.xx..uwﬁ% - XK
B e TN N
g oot o et D
s T KR K~ oY
nn.ﬂWmmi- \-..%..W-::h‘!)-wﬂxum B S *uﬁ*
X3t o --.*&*:rtnxf*--rxfl %&m
P s VI T v 7l ) i
o mm ﬁxﬁ RO SEE SV O S
vaann = SRRV ‘Wﬁww}nx‘&: .&mﬁoﬁ**;
- R o RN SO PR . :
; - »*-.Mﬁ-wm§-.%i-%§
VS USRS S
; m&mx M&*.lww**«w.im&mg
oM T
O SR .-i:-ifhﬁﬂﬂﬂ&#i
f% ....... i : o .
e lﬂ*i&x Wﬁ&&x
S S NV
§ ....... oK M..x*%
.ﬁhﬁmnxnuvrln e
:-i--*l x,-r-tw_o(m-,*-w-r xnvafx
SRESRYeX iy ey
- *mﬂmmﬁ%m zx.&%[)-l*.X#If-.if-v &Xk : ]
: **wm‘*x WME:X.R PP OUORRY oo
J&..K **nt-lrtu*ln%*f* i
, x e 1%
f.*:.....m&a%&w,* o
* -.x{-:;*.,i--*:---l--*s:?%m%»x
: bm%mwwun . s . O :
- VARSI S e
.
; vﬁm SREXEX. H b i
o o o ) ) ) o
S S S S S ] S
o o Is) S S S o
© N N S ® o© <
~ I\ N I - - =

()4

7700

7600

7500

7400

7300

7200

Puc. 7. Ilpencka3annbie 3nadeHns g peabHBIX maHHBIX, 7200 Todek B oOydatomeil Beioopke, 6600 Bx0m0B, mpeacka-

3aune Ha 500 TOYEK, yBeJIWUEeHHAS MMpeICKa3aHHad JacTh
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Puc. 8. IIpencka3annbie 3HaYeHUs I peabHBIX MaHHBIX, 5200 Todek B oOydaromeii Boibopke, 4600 BX010B, mMpeIcKa-

3anmne Ha H00 Touek
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Puc. 9. Ilpeackazannbie 3nadeHns 18 peabHBIX MaHHBIX, 5200 Todek B oOydatomeil Beioopke, 4600 Bx010B, mpeacka-

3aune Ha 500 TOYEK, yBeJIWUEeHHAS MMpeICKa3aHHad JacTh
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Puc. 11. IIpeackazanmbie 3HaUeHUs /18 PeaTbHbIX TaHHBIX, 8200 Todek B 00y4uaromeil Bbibopke, 7600 BXOm0OB, mpeacKa-

3aune Ha 500 TOYEK, yBeJIWUEeHHAS MMpeICKa3aHHad JacTh
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Puc. 12. IIpeacka3anmbie 3HAUEHUsT /I PEATHHBIX MaHHBIX, 6500 Touek B oOyduaromeii Bbibopke, 4000 BX0OM0B, MpeIcKa-
3anue Ha 2200 Touek
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Puc. 13. IIpeackazanmbie 3HaUeHUs /1 PeATbHBIX TaHHBIX, 6500 Toyek B 00y4uatomeil Bbibopke, 4000 BXom0B, mpeacKa-
3aune Ha 2200 ToUek, yBeJMUYEHHAs TIpeICKa3aHHas JaCTh
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Puc. 14. I'paduk yObBanns ommbku Ha obydwatomei Boibopke musa dyrakmmu (E9) ¢ 20 Toukamu 00y9aiomeil BEI0OpKU
u 8 IpenCcKa3aHHBIMKA TOTKAMEI
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Puc. 15. 3aBucumMocTh IPUBEIEHHON CPEHEKBAIPATHIHON OmubKy nporuao3uposanns Gyrkmmn (Z9) ot umcia HefPOHOB
BO BXOJHOM U CKPBITOM CJIOSIX
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Puc. 16. 3aBuCHMOCTD TPUBEIEHHOM CPEIHEKBAIPATHIHON OMMUOKY nmporao3uposanns Gyrkmmn (Z9) ot umcra HeitpoHOB
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Puc. 17. Ilporuos mna dyskmunm (BO) ¢ 20 Toukamm 0Gydaromeil BHIGOPKH: MHOTOCTOWHBIE ceTh ¢ 3 U 4 BXOAHBIMHU
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BobigeneHne nepunogmnyeckoin KOMMNOHEHTblI N3 BPEMEHHOIO psiAa

A. A. Toxmaxosa
Mockosckuit dbusnko-rexuundeckuit macTuTyT, DYIIM, Kad. «VHTE/IeKTya IbHbIE CUCTEMBI»

B mpoekTe mccsemyeTcs BpeMeHHOM Ps HA HAJIMYNE IEPUOTUIECKON KOMmoHeHTh. Ha ocHOBe Teopum o psmax
®ypbe CTPOUTCH TPUTOHOMETPUYIECKAs MHTEPIIOAIUS IIPEIJI0KEHHBIX BDEMEHHBIX PAJ0B METOIOM HAUMEHBIINX
KBaApaToB. Takzke MPOU3BOAUTCS OIEHKA MapaMeTpoB (GYHKIIMU METOAa HANMEHBITHX KBAIPATOB B 3aBUCUMOCTH
OT Ka9eCTBa MMPOTHO3WPOBAHUs. B BBIUNCINTEIHHOM IKCIIEPUMEHTE TIPUBOIATCH PE3YIbTATH pAOOTHI KOPPEIsTin-
OHHOM (DyHKIMK ¥ METOAA HAMMEHbIINX KBAAPATOB HA 3AILy MIEHHOM MOEJIHHOM CHHYCE U PeaJIbHOM BPEMEHHOM
pAfe 3JIeKTPOKapANOT PAMMBL.

KiroueBble cJI0Ba: KOPPeAAUUOHHAA PYHKUUA, MPU20HOMEMPUYECKAA UHMEDPNOAAUUA, MEMOO HAUMEHDUUT
%£6a0Pamos, NepuoduecKas KoOMNoOKewma.

Beegetue

Onpenenenne 1. BpemeHHO! psig — MDOCAEZOBATEIFHO H3MEPEHHBIC YEPE3 HEKOTOPBIE (3a4aCTYIO PABHBIC)
IPOMEKYTKH BPEMEHH JTaHHBIE.

[Ipu mpOrHO3MpPOBAHWYN HEKOTOPHIX BPEMEHHBIX DPSI0B, HANPUMED BPEMEHHBIX PAIOB IPOAAXK, MOTPebIeHus
SHEPTUHU WJIM 3JIEKTPOKAPIUOTPMMBI, Mbl CTAJKHBAEMCS C TE€M, UTO JAHHBIE PAIBI 00JAIAI0T MEPUOIAIECKON
kommoneHToi. CyIecTByer HeCKOJIBKO METOIOB BBISIBIEHUS Mepuoia. B manHol pabore paccMOTPEHbI aJrOpUT-
MBI ATBOKOPPEJISAINOHHON (DYyHKIMYA U METO/Ia HANMEHBIINX KBAIPATOB.

Aemoxoppesayuontas GyrKyuL UCCTIYeT BPEMEHHON A/l HA HAIWYNE TePUOIAIECKON KOMIOHEHTDI, CIBHU-
ras psifi Ha, HECKOJIbKO BPEMEHHDBIX OTCYETOB U CPAaBHHBAs ¢ caMuM coboil. Bosiee noapobHO ajaropurm aBTOKOp-
pensitponHoN (hDYHKIMU NpencTaBieH B KHurax [, B, 4].

Memod naumenvwur xeadpamos(MHK) BbIYUCHsIET TPUTOHOMETPHUYECKYIO AINMPOKCUMAIUIO IAHHOTO HA
BXOa psga. Tak Kak jr0bas mMOCaen0BATEILHOCT, O0IAIAI0IIAsS TEPUOINIHOCTHI0 MOXKET OBITH PAa3JI0XKEHA, B
psin @ypoe [2], HeOOXOAUMO MPUHATL KOIDMUIHEHTHI Tepesi CHHYCAMH W KOCHHYCaM# 3a KO3(MQUIHEHTHI pe-
rpeccun [B] u omenuTh ux Beawuuny. Eciu naiinennas xkoppessiua (Ko3dbdUIMEHT IPU ONPEIEIEHHOM CHHYCE
WJIA KOCHHYCE) BEJIMKA, TO MOXKHO 3aKJIOYUTh, YTO CYLIECTBYET CTPOras IePHOJUYHOCTb HA COOTBETCTBYIONIEH
JacTOTE B JAHHBIX.

Hamnee bymer paccMorpeHa pabora aJrOPUTMOB HA MOJIETBHBIX JAHHBIX, & TAKXKE HA PEaJbHOM BPEMEHHOM
psfe ITEKTPOKAPINOTPAaMMBL. Bymer ucciemoBana 3aBUCUMOCTH KOI(MDUIIMEHTA KOPPEIAIUU 0T PASITUIHBIX
XapaKTEePUCTUK BPEMEHHOTO Ps/ia, & TAaKyKe PACCMOTPEHa BO3MOMXKHOCTH IMPUMEHEHEHWS MEeTOd HAWMEHBIINX
KBaJIPaTOB [JIs TPOTHOZUPOBAHUS JTAHHBIX.

NMocTaHoBKa 3apa4u

Jau BpeMennoii pas f;, Tae n — JIIUHA BPEeMEHHOTO pana, t € {1, ...,n} — momep orcuera. [Ipeanomaraem, 9To
B PACCMATPUBAEMOM BPEMEHHOM PsJie HET TPOIYIIEHHBIX 3HAYEHNUN, 1 OH UMEeT TIePUOIUIECKIE COCTABIIAIONINE
¢ nepuomom T = {7, ..7,}. PaBora cocrout n3 Tpex caemyommx cTymneHei.

Bo-nepsbix, mecmuposanue 1a modeavhoti 3adave. JJan 3amyMaEHHBI CUHYC ¢ U3BECTHBIM I1epuoaoM. Heob-
XOAUMO HCCJIEI0BATH n3MeHeHne K03(hduiimenTa KOPPEAIUd B CIAEAYOMUX CATYAINAX:

— IIpU YBEJUYCHUU LIYMA;
— IIPU YMEHDbIIEHUH YUCJIa OTCIETOB HA IEPHUO/L;
— TIPpHU COKpallleHN! JIJTUHBI BPEMEHHOT'O PAJA.

Bo-BTOpBIX, mecmuposanue na peasbrom epementom pade. JaH BpeMEHHOH pan 3JIeKTPOKAPIUOIPAMMEL,
BKJIIOYAIONTAH TIEPUOTUIECKYIO KOMITIOHEHTY CO CJIOXKHBIM cTpoeHneM. HeoOX0oauMo UCeeIoBaTh ero Ha, HaJIudue
BPEMEHHBIX MTEPUOIUMIHOCTEH, UCITONb3YsT aJITOPUTMbI aBTOKOppeasiuonnoi ¢pyukmun 1 MHK.

B-rperbux, HeoOXOAUMO BBISCHUTD [IPUCOIHOCTL METONA HAUMEHBIINX KBAAPATOB I NPO2HO3UPOGAHUA 8Pe-
MEHHBLT PADOG.

JIist KOHTPOJIS KAvecTBa aarOpUTMa MPOrHo3a OyJeM BBIAE/ISITH BO BPEMEHHOM psile | MOC/Ie0BaATEIhHBIX
3HaveHuli (KOHTPOJIBHYIO BBIGOPKY ), KOTOPbIE ajirOPUTM GyJeT MPOrHO3UPOBATDH MO HPEAbLLYIMM 3HAYEHUAM.
B kadecTBe KpUTEepHs KA4eCTBa IPOTHO3a OyIeM MUHMMHU3HPOBATEH CIEAYIOMUA (HyHKITHOHA:

Q=Y _|f—fil,

t=1
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rae f; — MpOrHO3WpyeMoe 3HaYeHNe B t-blif MOMEHT BpeMeHn, f; — daKkTuIeckoe 3HAUYEHE.

MyTn peweHns 3apgayn
OmnurieM UCIONB3yeMble B paboTe aarOpUTMbI.
AsBTtokoppessinnonHas (bpyHKIAA

Omnpegenenne 2. ABTOKOPPEISIHOHHAS (DYHKIIHT — 9TO XapaKTEPUCTHKA BPEMEHHOTO psifa, KOTOPast MOMO-
raeT HaXOJUTh ero HOBTOPSIIONIHECS YIaCTKH, CKPBITbIE U3-3a HAJIOXKEHHIH IIyMa HJIH APYTHX ITOMEX.

Jlis mucKpeTHoro BpeMeHHOTO psiaa X1, Xo, ..., Xy € U3BECTHBIMYU MATOXKWUIAHUEM (i U AUCIIEPCHEN 0 aBTOKOD-
PEJISIMOHAY 0 (DYHKIIUIO MOYKHO PACCIUTATDH IO CIeAYIomeh g opmyie:

n—w

1

R(w) = = w)o? DX = [ Xeww —

rje N —JIMHA BPEMEHHOTO PsAla, W —TEeKyIlas 33JepPKKa BO BpeMeHH. TakuM oOpa3oM MOSLyduM (DYHKITHIO
R(w), 3apmcsamyo or maros (3amepikek BO Bpemenwm). Vccaemyss ee HA SKCTPEMABHBIE 3HAMEHUS, MOJIYTHM
uckomble 3Hadenns nepuogos I = {1, .7, }.

Ornenka mepuosia OCIOKHSIETCS TeM, YTO B HEKOTOPOM OKPECTHOCTH OIEHWBAEMOrO MepHOa, HAGIIONAI0T-
cq JIOKaIbHBbIe MaKCUMyMbl Kodd dutimentoB Koppessun. CieoBaTenbHo, HeOGXomuMo yepeanerne kodddbu-
[[MEHTOB KOPDEJISINN, a Takxke yaanenne "Gnusknx"n kparubix mnepnonos ("6awskumu"s paforte camrarorcst
HEePUOJIbI, OTJUIAIONIMECS APYT OT APYra MeHee, 4eM Ha BeJUUuHy 0).

Pan ®ypne

CaesiaeM IIPEANOIOXKEHHE O HAJMYUY [IEPUOIMKHU B IIPEJIAraeMOM Dsijie U obparumMcs K Teopeme [2].
Teopema 1. FEcan HeKOTOpas MEpHOAMICCKAS (PYHKIHA ¢ HEPHOJOM 2] Ha HHTepBaie [—j, j| yaoBaeTsopser
yeaoBusm lupuxie (uMeer KOHEYHOe YHCJIO 9KCTPeMyMOB H Todek paspeiBa I poma), 1o ona moxer Obrrb
npescrapiena B Buge cymmbl psaga DPypee (pasiaoxena B psi Dypoe).

Takum 06paszoM, pacCMaTPpUBAEMbIE B JAHHON paboTe BPEMEHHBIE PSIbI MOT'YT OBITH HMPEICTABJICHBI B BUIEL
6eckoneunoro psajga @ypee. Ilocrpoum perpeccuonHyo Mojeb ciaeiyomero sujia [[.

MoKHO 3aMETHTb, 9TO PA3JIOKEHHE BPEMEHHON MOCIeNOBATENbHOCTH B Psifi Oypbe MO3BOJSET OTHICKATH
CKpbIThIe TTepuoauanocTr. OJHAM U3 BO3MOXKHBIX CIIOCOOOB OMpPEIEIeHUsT aBTOKOPPEISIMOHHON 3aBUCHMOCTH
SIBJISIETCST PA3JIOKEHNEe BPEMEHHOTO Psifia B (DYHKIMH CHUHYCOB M KOCWHYCOB M HAXOXKIEHWE JIUHEHHON MHOKe-
CTBeHHO# perpeccun [6].

a " .
X, = 50 + ; ag cos(Agt) + by sin(Agt),

ooe Ay = 27Nk, Nk = %, k=1,2,..,n.
KoaddumnumenTsr a u by onpenesnsitoTcst CAEAYIONUMA PSTAME:

9 n
ag = ﬁ ;XZ COS()\kt)vk = O; ]_,2..,72;

2 & .
b = ~ ZlXi sin(Agt), k =1,2..,n.

KoaddummenTs mpn KocwHycax u cuHycax — 370 KoadduimenTs perpeccun. OHU MOKA3BIBAIOT CTEMEHb,
€ KOTOPO#H COOTBETCTBYIOIIHE (DYyHKIIMA KOPPEJUPYIOT ¢ daHHbIMH. HeobxonnMo 3aMeTnTh, 9TO CAMHU CHUHYCHI H
KOCHHYCHI Ha PA3JIMYHbIX YaCTOTaX OPTOrOHAJBHBL. ByeMm paccMarpusaTh He 60jiee YeM 1 Pa3iIHuvHbIX CHHYCOB
M KOCHHYCOB.

B wnrore onpenesnsiercs koppendnus (hyHKIn CHHYCOB U KOCHHYCOB PA3JIMYHONW YaCTOTHL ¢ HAOIIOIAeMbIMU
nauubivu. Eciu naiinennas koppessiys (KoadduuuenT npu onpeaeseHHoM CUHYCe WM KOCHHYCE) BEJIMKA, TO
MOZKHO 3aKJIOYUTH, YTO CYIIECTBYET CTPOTasA MEPUOJANIHOCTh HA COOTBETCTBYIOINIEH YaCTOTE B JAHHDBIX.

Jauubiit MeTos JaéT TOYHBIH PE3YJIbTaT TOMLKO TOIA, KOIJAA JJIMHA BPEMEHHOrO Dsijia (TO eCTh mapaMerp
Nn) KpaTeH UCKOMOMY IE€PHO/Y. B IPOTUBHOM Cjiydae MbI TIOJYYUM HEKYIO CYNEPIO3UIUI0 CUHYCOB U KOCHHY-
COB, KOTOPYIO IOCTATOYHO CJIOKHO HHTEPIPETUPOBATH. [103TOMY BOCIIONB3yeMCs METOIOM TPUTOHOMETPHIECKOHN
MHTEPIIOAINA € TOMOIIHI METO/I3 HANMEHBIINX KBaAPATOB.
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TpI/II‘OHOMeTpI/I‘-IeCKaSI MHTEePpIHOoJdIud MeTOJO0OM HauMeHbIININX KBaJpaToB

Tpebyercss MOCTPOUTH KPUBYIO, KOTOpPasA BOCIPOU3BOANIA ObI IpadrK MCXOTHOM IKCIEPUMEHTAILHON 3aK0-
HOMEDPHOCTH, TO €CTh ObLIa ObI MAKCUMAJIHLHO OJIM3Ka, K IKCIEPUMEHTAIbHBIM TOYKAM, HO B TO YK€ BpeMsi ObLIa
OBl HEUYBCTBUTEIbHA, K CAYUANHBIM OTKJIOHEHUSM W3MEpPSeMOU BETUYNHBI.

Beenem menpepbiBHyio byHKIMIO ¢(x) I anmpoOKCUMAIMU IUCKPETHOH 3aBucumoct ¢(x;), i = 1,...,n
Byzaem camrarh, uTo ¢(2) NOCTPOEHA IIPU YCJAOBUU HAUIYUIIErO KBAJIPATUIHOIO TPUOIUAKEHNS, €CIII:

n
Q= Z(@(ﬂcz) — g(2;))? = min. (1)
i=1
PaccvoTrpum cydait muHeHON ammTpOKCHMAIIAN:

p(x) = copo(®) + c1p1(2) + oo + Cmipm (2),

TIOE Q0 -5 Pm — IPOU3BOJIbHBIE Oa3ucHbIE (DYHKIUU, Cq, ..., C;y — HEM3BECTHBIE KOddduimentsl. KoantecTBo
6a3uCHBIX (DYHKIUH TOKHO OBITH MEHbIe KOJUYECTBA 33TaHHBIX TOUEK JJIsT TOTO, YTOOBI UX CYMEPIIO3UIINT
OTIPEIeJISNIACH €IMHCTBEHHBIM 00pa30M.

st perienns 3a1a4Mu TUHEHHOMN alMTPOKCHMAIINN B O0IIEM CJIyvae CaeayeT HAWTH yCIoBUS MI/IHI/IMyMa CYyMMBI
KBaJpaToB OTKIoHEHHH (1). 9TO MOXKHO CBECTH K 3aJa9€ HNOMCKA KODHS CHCTEMbl YDABHEHUI 87 =0, k=
= 1,...,m. Boluncienue TaHHBIX MPOM3BOIHBLIX, NpKU yuére paBeHcTBa (1) NPUBEIET K CIEAYIOMEH cucTeMe
asirebpanyecKux ypaBHeHUil:

Z?=1(60900($) +e1p1)(@) + .+ empm () — fi)po(z) = 0;

Soimi(copo(x) + crpn) (@) + .. + cmpm() — fi)er(z) = 0; )

Z?=1(CO‘PO(I) +e1p1)(@) + -+ empm(T) — fi)em(z) = 0.

Hanee caenyer pemutb nosydennyio CJIAY ornocurenbno KO3IGOUIMEHTOB Cy, ..., Cpy,. Jiis pemenns: CJIAY
OOBIYHO COCTABNISAETCS PACITUPEHHAST MATPUIA, KOI(DDUITMEHTOB, KOTOPYIO HA3BIBAIOT MaTpuileil I'pama, aieMen-
TaMU KOTOPOIl SBJISTIOTCS CKAJISIPHBIE TTPOU3BEIeHNsT OA3UCHBIX (DYHKITWIT 1 ¢TOIOEIT CBOOOTHBIX KOIDDUITHEHTOB:

(vo,00)  (po,1) - (Po,Pm) (w0, f)
(p1.00)  (p1.91) oo (P1,0m)  (o1,f)
(me0) (Pre1) o (Pmrm) (s f)

(@), oK) = Z‘Py ;) on (i) (@5 f Z‘Py i) f (i),
i=1

rne j =0,....m, k=0,....m

ITocste TOro Kax € MOMOIIBIO, HAPUMEDP, METOHa laycca HalimeHbl KOIMDPUIUEHTBI Cg, ..., Cym, MOXKHO IIO-
CTPOUTH AMMPOKCUMUPYIOIIYI0 KPUBYIO WJIM BBIUYUCIUTH KOOPAWHATHI 33 JaHHOM Touku. Takum obpas3oM, 3ama4a,
ANMMPOKCUMAIUN PEIeHA.

Jast Toro urobbr chOPMUPOBATH OPTOHOPMUPOBAHHBIN 6a3uc, KOI(DDUIMEHTH HOPMUPOBKU OyIyT CJIEIy-
oy 11g ag — (4/n)%°; ana a w by — (2/n)%°, rae ar — KoabPUIHEHTHI HOPMIPOBKH 11l KOCHHYCOB,
k=0,...,m; by — x03bPUIIMEHTH HOPMUPOBKHY [JIsi CHHYCOB, kK = 1, ...,M; N — KOJHUYECTBO OTCUETOB.

IIpu pabore ¢ BpeMeHHBIMU PAIaMU HEOOXOAMMO YUECTb BO3MOMXKHOE HAJWYUE TPEHIA WU [MPUCYTCTBUE
TOCTOSHHOTO cjaaraeMoro. Obe 3T COCTaBIAIOIINE I/ICK.HIO‘II/IM U3 MaHHBIX, TOCKOJBbKY OHHU MOT'YT IPUBECTH K

GOJIBIIIMM MTOTPEITHOCTIM TIpU TojcuéTe pyHknmonama Q) = Z | ft ft|- Tlomp3ysich METONOM HAMMEHBITHX KB~
t=1
PATOB MbI YUITEM UM TPEH/I U HAJUIHE TOCTOSHHOrO caaraeMoro. HeobxomuMo 3aMeTuTh, 9T0 TPUTOHOMETPHUIECKAS

WHTEPNOJIAIs OCHOBAHA HA pa3iokenun B psan Pypbe, mOITOMY OHA TAKKe HE TOJWUTCS /IS BLISBICHUS II€-
pronrYeckoli KOMITOHEHTHI psaia. B manHO paboTe OHA UCHOIb3yeTCs [T HAXOKIEHWS TPEH/IA, COMEePIKAIIEro
MEPHOANIECKY 0 KoMmoueHTy. OcTaBIimecs: TOYKH UCCAEAYIOTCs [IPU MTOMOIIN aBTOKOPPEIAIMOHHON (hyHKIHEH.
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BbiuvcnutenbHbIi 3KCNepumMeHT

WccaenoBanue MOIeJBHOTO 3allyMJIEHHOTO CHHYca B KadecrBe MOJEJIbHBIX JAHHBIX OyJeM HCIIOJIb-
zoBarh Gyukimo f(t) = 0.3sin(27t/7). Komuuectso orcueros n = 100. I[Ipu uccrenoBanuy BPEMEHHBIX PSIOB
ABTOKOPPENAMOHHON (pyHKImeH a1 moncka "6amaknx " mepnonos Oyaem canrars 6 = 1%.

Tl T

02r

0.1F : 4 : i

10

10 20 30 40 50 60 70 80 90 100

Puc. 1. Mogesbusiit Bpemennoit psx f(t) = 0.3 sin(27¢/7)

Hccenedosanue seaurmuno, K0IPHUUUEHTNG KOPPEAAUUY 6 3AEUCUMOCTNY O HAKAGIBEaeMO20 wyma. Bblia
olpee/ieHa 3aBUCHMOCTh KO3 duinenTa KOppesisiun B 3aBUCHMOCTH OT HIyMa, (BeJIMYMHA [IYyMa, OMpeIesis-
JIaCh B MPOIEHTAX OT MAKCHUMAJILHOro 3Havenus dyukiuun). Pacnpenenenue myma — pasaomepsoe. Pesyibrarst
[IpeJicTaBJIeHbl HA puc. O.
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Puc. 2. 3aBucumoctsb k03dduimenTa KOppeasanuu OT IryMa,

MakcumasbHOe 3HaUeHne QYHKIMNA frq, = 0.2925. Makcumanbubrit Koaddunuent koppensnnn Ry,q, =
= 0.9234 cooreercreyer 10%-omy samymmenuo. MuanManbubii kosddunpent koppensanun R, = 0.6499
coorsercrByer 100%-0oMy 3arryMieHuo.

Hcenedosanue sesunumv, K0IPPuuuenma Koppesyuy npu YMeHbUWeHUY YUCAE 0MCuemos 36 nepuod. Bor-
JIM BBIYUCJIEHA 3aBUCUMOCTH KO3(h UIMEHTa KOPPEISAIUy OT YMEHBINEHUS KOJIUYECTBA OTCYETOB 33 MEPUOI.
Pesynbrare! npescrasiessl Ha puc. 3.
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Puc. 3. 3aBucumoctsb kK03d dunmenTa KOppeadanun OT KOJIUIEeCTBA 0TCIETOB 34 TIEPUO,

MaxkcumasbHbIH KO3(DduimenT koppensun Ry,., = 0.9295 coorBercrByer 100-Tu oTcyeram 3a mepwo.
MunuManbHbIH KO3DPUINEHT KOPpeaainn R, = 0.4355 coOTBETCTByeT 7-MH OTCUYETaM 33, IEPHUOI.

Hcenedosanue sesunumsve K03Phuyuenma Koppessyus npu CoOKPAwERUY spemerntozo pada. Pacuer 6L mpo-
n3BeeH HadnHas ¢ anuHbl paga n = 100 o n = 10. Beanunna mara coctapisia 10 BpeMeHHBIX OTCIETOB.
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Coefficient of Correlation
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Puc. 4. 3aBucumoctsb k03dduiimenra KOppessinyuy 0T JJIMHbIL BDEMEHHOTO PsA/1a

MaxkcumasbabIi KO3 dunment koppensumu R,,., = 0.9295 coorsercreyer n = 100. MunnmManbHbIi KO3(h-
dunment koppensituu R, = 0.3085 coorBercrByer n = 10, rame n — ajuHA psa.

BriBoa:

1. mpu yBenwdeHun 1mryma Ko3(hOUIMEHT KOPPEISANNY yMEHbITIAETCS;
[PU YMEHBIEHUH KOJUYIECTBA OTCIETOB 33 NEpUo ] KOIMDMUIIMEHT KOPPEJISIIIUN Y MEHbIIAeT S,
3. mpu yMEHBIEHUNU [JIMHBI BDEMEHHOTO Psia KOIDDUIUEHT KOPPETAIUN YMEHBIITAETCH.

»o

JlaHHBIE BBIBOIBI HAMPAMYIO CJIEIYIOT U3 YCTPOUCTBA KOPPEISAITUOHHON (DYHKITNN.

HCCJ’Ie,[[OBaHI/Ie peaJibHOTO BpeMEHHOI'o pd/jia 3JeKTpoKapJaAnorpamMmmMbl

PaccymoTpum peanbHbIT BpeMeHHOHN psif caoKHON meproauku. Kommdecrso orcaeros n = 4170.
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Puc. 5. BpemenHoil psij1 3/1eKTPOKAPIAOT PAMMBbI

[Tocne mpumeneHnst KOPPEIAITUOHHON (DYHKINK K MEPBOHAYAIBHOMY DSy TONYYUM Clemyromnme kKoadhdu-
MUEHTHI KOPPEJIATNN:

Koppensamus | 0.6 | 0.6 | 04 | 0.4 | 04 | 0.3 | 0.2 0.1 0.1
Ilepuon, 43 | 121 | 453 | 163 | 205 | 288 | 2371 | 2089 | 2811

IIpu amajuwse Tabmunpl ¥ rpaduKa TOJYIUM, UTO KOPPEIANUOHHAS (YHKIMS ONpeaeauaa IoKa b
HBIH" Iepro/l BpEMEHHOrO Psijia, TOTIa KaK TI00albHAsd MePUOIUKA OCTAIACH HE BhIsiBIeHHON. CTOMT 3aMeTHTD,

9TO JIOKAJIBHBIHM MIEPUO/T TAKZKE ONPEIEIEH HE TOYHO U KOIPDUINEHTH KOPPEIAAA O9€Hb MAaJIhI.

[IpumenuM MeTOn HANMEBHINNX KBAIPATOB T MIOJTYIEHNU TPUTOHOMETPUYECKOTO TPEH 1A TAHHOTO BPEMEH-
HOTrO psijia. ATIPOKCHMAIINE MPOUCXOIUT € TIOMOIIBIO JBYX TAPMOHUK.
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Puc. 6. Boigenenre TpuroHOMeTpUIECKOr0 TPEHIA

Jl7ist BBISIBJIEHUST CKPBITON MEPUOINKU HEOOXOAWMO BBIUECTHh W3 WCXOMHOTO PAa €r0 TPUTOHOMETPUYECKYIO
WHTEPTOIATNTO.
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Puc. 7. Psg s;teKTpoKapauorpaMmbl C UCKJIIOYEHHBIM TPUTOHOMETPUYECKUM TPEHI0M

ITocite 06pabOTKH MOYyIEHHOTO BPEMEHHOIO Psi/Ia ABTOKOPPEISIINOHHON (DYHKIIMEH MMOIYIUM CJIeLyIOIne
CKPBITHIE TEPUOANKA ¥ KOIDPUITHEHTHI KOPPEIISIIIH:
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Koppensamusa | 0.5 0.2 0.2 0.1 0.1
ITepuogn, 459 | 2700 | 3160 | 1320 | 868

BaMeTuM, 9TO XOTsT KOIDPUIUEHTHI KOPPEIAIUNT MaJIbl, TEPUOINKA PANA OIpeaeIeHa BepHo. MaaocTs Ko-
3P PUIHIEHTOB OOBICHIETCST CJTOXKHBIM CTPOSHUEM P

UccaenoBanme npuMmereanss MHK nis mporHo3umpoBaHus peajibHbIX BPEMEHHBIX PSJIOB

Meros, HAUMEHBIINX KBAaJAPATOB IIPH TPUIOHOMETPHYECKONH MHTEPIIOJSIMU OCHOBBIBAETCHA Ha J00ABJICHHH
HOBBIX TAPMOHWK JJIsl JIYUIIIEr0 COBIAIEHUs peasibHON (hyHKImN u eé anmmporcumanyu. Kputepuem cxoskecTn
CAYKWIT DYHKITMOHAI:

l
Q= I~ fil
t=1
rae ft — MNPOTHO3UPYEMOE 3HAYEHUE B t-bIii MOMEHT BpeMeHu, f; — (paKkTHIecKoe 3HAYSHUE.

B pannoit pabore pacder Bescd HaduMHasg € JABYX rapMoHuk. OCTaHOBKA AJrOpUTMa MPOUCXOAWIIA B JIBYX
caydasax:

— HOMEp IapMOHHMKH OOJIbIIE IOJOBUHLI JJINHBL PAIA;
— OTHOCUTeJIbHad OHINOKa Ha OOUH OTCYET cocrasjger Menee 1%.

Pesynbrar pabors! asropurMa [Ijisi PeajbHOTO BPEMEHHOTO PsIa MPUBEIEH HA, pUC. 8.
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Puc. 8. Tpuronomerpuyeckas armpoKCHMaIldsl BPEMEHHOTO Psiia

Pesyabrar npornosuposanus psaga npuseién Ha puc. H.



0.6 T T

0.5¢ : : 1

_02 | 1 1 1 1 | 1 1 1
3000 3100 3200 3300 3400 3500 3600 3700 3800 3900 4000
X

Puc. 9. Peasibublit 1 CIpOrHO3UPOBAHHBIA BPEMEHHOMN PsiT

Juua sxomaoro psma 3000. IIporuos wa 1000 Touek. OcranoBka npownsonuia Ha 148 rapmonuke. @yHKIHO-
HaJI KadecTBa cocTaBma Q = 163.6817 ma 1000 BpeMeHHBIX OTCYETOB, 9TO cocTapusger 16.3%.

ILnoxme pe3ynbTarhl 0ObACHAIOTCI TEM, YTO METOJ HAMMEHDBIITHX KBAIPATOB OepET 3a MEePHO KOJIHIECTBO OT-
cuyéroB papHoe AjuHe psaia. CiaenoBare/bHO, IPU IPOrHO3UPOBAHUHK IIPOMCXOAUT KOIIMPOBAHUE IIEPBOHAYAIbHBIX
TOYEK.

[Iporuo3upoBaTh METOIOM HAUMEHBIIHX KBAJIPATOB MOXKHO TOJBHKO PsIbl, KOTOpbIE 00JaJal0T CTPOroii 1me-
PUOAMYHOCTBIO. OIHAKO, METOJ TIOIXOAUT JiJisi UHTEPIOJIIUN BPEMEHHOIO Dsjia BHYTDH OTpE3Ka (CO3IaHue
HEIPEPBIBHBIX PAJIOB), & TAKXKE JJId aHAJIUTHYECKOro onucanus (npencraBienus B Buje pana Oypbe) paios,
O0OJIAIAIONINX TEPUOANIECKON KOMIIOHEHTOMH.

3aknydeHue

B pabore paccMoTpeHa 3aBUCHMOCTD KOI(DPUITHEHTa, KOPPEISIIHNA OT PA3ANIHBIX BXOJHBIX TapaMeTpos. Vc-
CJIe10BAaHBI CHOCO6bI TIOJTYy9IeHUd TEPUOINTHOCTH BPEMEHHBIX PAAOB, a TaAK2KEe METO HaXOXKJICHUA CKPBITHIX TePH-
O,ZI;I/ILIHOCTGI../’I. PaCCMOTpeHa BO3MOXKHOCTDb IIPpUMEHEHUA METOAa HAUMEHBIINX KBAaAPATOB AJA IIPOrHO3UPOBAHNUA
BPEMEHHOI'O P13, C IePHOANIECKON KOMIOHEHTON. AHaIN3 IPOBOAMIICS HA MOJEJBbHBIX AAHHBIX U HA PeaabHOM
BPEMEHHOM Ps/Ie JIECKTPOKAPAUOIPAMMBIL.

HeobxomuMebril N1 IOBTOPEHNs BBITHCIMTENBHOIO SKCIEPUMEHTA KOJ MOKHO HAlTH Ha caiire:
https://mlalgorithms.svn.sourceforge.net/svnroot/mlalgorithms/PeriodicComponents/
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Ncnonb3oBaHune TecTa FpeH,cpKepa npv NporHO3mMpoBaHNMM BpeMeHHbIX
psagos
A. II. Mompenxo

Mockosckuit dbusnko-rexuaudeckuit uacTutyT, DYIIM, kad. «VHTE/mIeKTya IbHbIE CUCTEMBI»

PaboTa mocBsiieHa UCCIe0BAHUIO BOBMOXKHOCTEN TpUMeHeH st TecTa ' peHzKepa B IPOrHO3MPOBAHNUN BPEMEHHBIX
panos. B ocuose Tecra I'penmpkepa jexkar CTaTUCTHYECKUE TECTHI U UCHOJb30BAHUE JIMHEHHBIX PErPecCUOHHBIX
mozeseit. Vccsemyercss 3aBHCHMOCTD KAQdeCTBA IPOTHO3a OT MOPsIKA MOIesH, crocoba obpaborkm mannbix. B
BBIYUCJINTEIFHOM SKCIIEPVMEHTE MIPUBOISATCS PE3y/IbTaThl PADOTHI AJITOPUTMA HA PA3/IMYHBIX BPEMEHHBIX PSIaX:
CTAIMOHAPHBIX, HECTAIMOHAPHBIX, C OOPATHON CBA3bIO, HE3ABUCUMBbIX 110 ' DEHKeEDY.

KuroueBsie caoBa: mecm 'pendorcepa, casual connectivity, 6v60p nopadka pezpeccuornoti Mooeau.

Beegexue

HazoBem BpeMEHHBIM PSIOM TIOCJIEI0BATENHHOCTD 3HAYEHUH HEKOTOPO BenmmauHbl X (t), m3MEpeHHOi uepes
paBHBIE TIPOMEKYTKH BpeMeHu. OCHOBBIBAACH Ha THX JAHHBIX, & TAKKE UCCIIEAys JPYTHE BPEMEHHbIE Db,
MOKHO CLPOrHO3MPOBATh 3Hauenus paja X(t) B Oyaymem. B qacTHOCTH, BO3HUKAIOT CHTyanuu, KOIAa UCTOPUS
JIPYTUX DSIIOB JIyUIlle TIOMOTAET CIEJATh IPOTHO3, YeM HMCTOpHs caMoro X(t). OnpenenuTh, CyIecTBYeT Ju
3aBHCHMOCTh TaKOTO DOJA, JAET BO3MOXKHOCTH TeCT ['DeH/Kepa — CTATHCTHYECKUI MEeTOJ, MPeIOXkKeHHbIH
Kmnaiteom I'penprepom (Clive Granger) B 60-x rogax [0].

NMocTtaHoBKa 3apa4un

HUcnonbzosanne Tecta I'permkepa mogpasyMeBaeT MPOrHO3UPOBAHKE C TIOMOIIBIO JTIHHEHHBIX PETPECCHOHHBIX
mogeneit. Tlyers x1(t) u Xo(t) — uccaeayeMble BpEMEHHBIE PSAIIBI, TOTAA TIPUMED TAKOH MOIe/Hn

xi(t) =Y an()xi(t =) + ) ali)xe(t - j) + Er(b),
=1 j

Jj=1

xa(t) = Za21(j)x1(t —J)+ Zazz(j)xz(t —J) + Eaft).
j=1

Jj=1

31eCh p — KOJIMHYECTBO IPEABLLY IIUX 3HAYEHU, IPHHUMAaeMblX BO Buumanue, marpuud A(j) ¢ koadduuenra-
MU G (j) comepKuT Beca y3i0B, a Ei(t) u E1(t) — ommbkn nporHosnposanusi. ByaeMm caurars, 4To X; caeayer
U3 X2 , eCJiu OMMOKa MPOTHO3UPOBaHNs X1 (f) YMEHBINAeTCsl TP BKJIIOYEHUN B MOJEJb 3HAUEHUH psna Xg (To
ecrb ecau KO3hTHL Aja j 3aMETHO OMIMYAIOTCH OT Hy/Isd). Pe3ynbrar dyBCBHTEIEH K M3MEHEHHUIO IapaMerpa p;
9Ta 3aBUCHMOCTD UCCIEAYETCA B pabore.

Tecr I'penjizkepa IPUMEHHM K PsinaM, 0613 JAIO0NMM OCTOSHHBIME (HE 3aBHCSIIMME OT BPDEMEHH) MATOXKH-
JarueM u aucnepcueii. Ecmm ucenemyemprit pan me o6manaer sTuMm CBOMCTBaME, HEOGXOIMMO NPUBECTH €r0 K
COOTBETCBYIOMEMY BuLy. [IpennosaraeTca npoOBECTH HCCIEIOBAHUE 3aBUCAMOCTH PE3YJIbTAaTa OT Cnocoba npeos-
Pa30BaHUA JAHHBIX.

st OIEHKM KauecTBa POTHO3UPOBAHNS BBIIETAM KOHTPOIBHYIO BHIOOPKY JIMHBI M U TOCTPOUM (DyHKIH-
OHAJ

Q = (&) - x(0))"

rage x(i) — CHpOrHO3MPOBAHHOE 3HAYEHHUE 3JIEMEHTa BBIOOPKH, X(i) — €ro MCTHHHOE 3HAYCHHE.
MyTn peweHunsa

IToaroroBka JaHHBIX

IIpexme Bcero, HEOOXOAUMO YAOCTOBEPUTHCS, ITO PSAObI CTAITMOHAPHBL. /Ia OIeHKH 3TOr0 CBOHCTBA, MOXKHO
ucnoaszosarb ADF recr (2], ocnoBanubiil Ha HyseBoil runorese 06 OTCyTCIBUN CTAIMOHAPHOCTU UJIM, JOIIOJIHU-
renbHO K ADF, KPSS recr [B], mpeanonararormmuii ee Hamuuwe. Ecan mpopepka najia OTPUIIATENBHBIH Pe3YIIbTAT,
He0OX0MUMO MOAUMUIUPOBATE Psiabl. CYMIECTBYIOT PA3IUIHBIE CIIOCOOB:
— auddepeHIupoBaHue pAga — T.e. IePexoi, HEIOCPEICTBEHHO OT 3HAYEHWH K UX U3MEHEHMSAM. DTa Olepa-

M yBEJIWYUBAET BEPOATHOCTDH yCIleXa M MOXKEeT IMOBTOPATHCA HECKOJIBKO Pa3, OJHAKO KaxKJasd WUTepanud
3aTPyIHAET MHTEPIPETAINIO [OJIYIYEHHBIX JTaHHBIX, IOITOMY B JaHHON padore auddepeHmpoBanue mpo-
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BOINTCS JNTITh ofnH pa3. C maHHBIMA, JJIs KOTOPBIX OJHOKpaTHoe mud pepeHtinpoBanne He TPUBOIAT K
HOJIOKUTEIBHOMY PE3YJILTATY (TO €CTh HE yJAeTCs MOAYYUTh CTAIUOHAPHBIN Psil), aIropuT™ He paboTaet.

— MeTOJ OKHa — HCIOJIb30BATh JIUIIL 9acTh U3BECTHOrO pAxa. llogxon ocHOBaH Ha uIee, 9TO YeM KOpOdUe pAn
TeM OOJIbITE OH TTOXO0XK HA CTAIMOHAPHBIN.

Bri6op mapamerpos

KiroueBbim nmapamerpom pu ucnosib3oBanuu Tecta ['penjipkepa siBigercs 1M0paaok Mojgenu (HOpsaIoK Jaru-
POBaHU#A), T.e. KOJUIECTBO MPENBIIYIINX W3MepeHnutl (3HAUeHu psina), YITEHHBIX MPU MPOTHOSUPOBAHUN OUe-
PeNHOro 3Ha4eHus. Ecam 3ToT mapaMerp He MOXKeT OBITh BHLIODAH Ha OCHOBE ANPHOPHOTO 3HAHWS, TO MOTYT
OBITH WCTIOIB30BaHbl HHGOpMaoHHble kpuTepun Akanke (Akaike information criterion, AIC) [d] nan Baifieca
(Bayesian information criterion, BIC) [8], no3Bossioiiue cpaBHUBATH MOJIEJIN € PA3JINIHBIM YHUCIOM IAPAMETPOB.
Paccvorpum ux nomgpobee.

B nmannoit pabore paccMaTprUBaeTCs TOJIBKO JUHEHHAS PErPECcCHs, MOITOMY KpUTepHit AKauke MOKeT ObITh
IpeJICTaBJIeH B BUJE!

AlIC = 2p—|—man.
m

Ananornynslii BUJ, B cilydae JIMHEHHON! perpeccuu nMeer u OailecoBCKuil Kpurepuii, onHako PpyHKIHA mrpada
38 CJIOZKHOCTH MOJieu (T.e 3a ee MOPsIIOK) 31eCh JKecTye:

BIC =plnm+mln —.
m
B oboux ciyuasx HaWIydIIed MOIEIN COOTBETCBYET MUHUMAJIBHOE 3HAYEHWE KPUTEpHs. BaxKHO, 9TO MOmean

CPaABHUBAIOCTS TI0 BHIOOPKAM OJIMHAKOBOMN IJINHDL.

IIporrosmpoBaHe BpEMEHHBIX PSJIOB

B maHHOM SKCIEpHMMEHTE perpeccusi CTPOMTCS CJAEAYIOIUM 00pa30M: MyCThb XK xT — MaTPHIA, CTPOKH
KOTOPOH COMEPYKAT FJIEMEHTHI BDEMEHHBIX PSIZIOB, & CTOJIOIBI COOTBETCBYIOT MOMEHTaM BpeMenu. B el Buizeanm
mocsieiHueE P cTo010B. UTOOB! ONTpeIenTh MaTpPUIly KO3(DPUIIEHTOB PErPpecChH, COCTABAM MATPHUILy R pazmMepom
(T — p) x Kp, Noay4eHHyIO U3 X, CO CTPOKAMHU 7'; BUJIA:

x (T —2p+k—1) T
x1(T —2p+k)
R xl(T—p-i-k—l) (1)
¢ x(T—2p+k—1) ’
XK (T —p+ k — ].)
Torma
)Zi = RB“
rie X; — BEKTOp, COCTABJIEHHBIN U3 3JIEMEHTOB psija X;, or T —p no T, b; — - BekTop K03 PUIEHTOB PErPECCUN.
Takum 06pasoM MOKeM OnpenesuTsb J;:
Bi =%;R %

ITycTh MBI XOTMM BBISICHUTB, 3aBUCHT Ju pan X(t) ot y(t). deficrByem mo crepyromeit cxeme |6, ron.17]:

1. Ilpormo3mpyeM psan X jauHeiiHO# perpeccueil ¢ nopsaakoM p. IIpm 3Tom mcnonap3yeMm 3HaAYEHU ITOTO PAIA U
JIOOBIX APYTUX U3BECTHBIX PsAoB, KpoMe y(t). T1o MOy YeHHbIM JAHHBIM BbIYUCIISIEM

n

RSSk =Y (X(t — i) — x(t — 1))>.

i=1

Bmece RSSr — o6osnauenme mst residual sum of squares (restricted), X(t —4) — mo-mpexkHEMY, CIIPOTHO-
3MPOBAHHOE 3HAYCHHUE 3JIEMEHTa PsAa, X(t — 1) — ero HCTHHHOE 3HaYeHHe.
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2. TIporuosupyem psan x(t) JuHeHON perpeccuedi, HO yiKe C UCMOJb30BAHUEM 31eMeHTOB psana y(t). [lo momy-

YEeHHBIM JaHHBIM BBIYUCJIAEM
n

RSSyr =Y (X(t—i) —x(t —i))>.
i=1
Baecs RSSyr — obosnauenue ajs residual sum of squares (unrestricted).
HyneBas rumoresa: 3/1eMeHTH Y HE yIACTBYIOT B PETrPECCHUM.
4. Omnpenenum Benuuuny F ciaenyrommm 06pa3oM:

©w

(RSSr — RSSur)/p

F =
RSSUR/(n - m)
Ob6o3HaveHusa: p — KOMMYECTBO DJEMEHTOB Psifia Y, 3a0efiCTBOBAHHBIX B PErPECCUM T1.2, COBIAIAOIIEE C
MOPAIKOM MOIEJN; M — IJINHA, KOHTPOJBHON BBIOOPKH.

5. Ecsn Bbruncientoe 3nadenue F' 1peBOCXO/UT HEKOTOPOE KPUTUUYECKOE 3HAUEHUE, OTBEPIAEM HYJIEBYIO I'MIIO-
Te3y, T.¢ X 3aBUCHUT OT Y.
6. AwmamornuHble NeHCTBUS TPOBOIUM Ha CAyYall CyIecTBOBaHUs OOPATHOMN CB3M.

BbiuncnutenbHbiii akcnepumMmeHT

Pab6ora aJiropuTMa Ha MOJeJIbHBbIX JaHHBbIX

B xoze sxcriepumenTa UCIONb30BAIUCH CHHTeTHYeCK e qanHbie(puc. ), cocrosiue U3 naTh PsiIoB, s [10-
JIy9eHHUs KOTOPBIX TOCTYIINM CJIEAYIOIIM 00Pa30M: CreHEPUPYEM MATPUIY X5x T, KAXKIbIA 9JIEMEHT KOTOPOH —
HOPMAaJIbHAS CAydaifiHAg BEIMINHA; 3aTE€M IIEPEOIPE/ICINM KazKIbIil CTOI0I, HAYNHAS C IIATOT0, YTOObI KAK IbIi
9JIEMEHT TAKOTO CTOJIDOIA, YAOBIETBOPSI hopMmyse

x1 (i) = 1.6x1 (i — 1) + 0.65x(i — 2),
xa(i) = 1.5%5(i — 1) — 0.3x5(i — 2) — 0.3x3(i — 4) + 0.6x4(i — 1),
x3(i) = 1.8x3(i — 1) — 0.7x3(i — 2) — 0.1x5(i — 3),
x4(i) = 1.5x4(i — 1) + 0.9x3(i — 2) + 0.4x5(i — 2),

X5(7:) = 17X5(Z - 1) - O5X5(Z - 2) - 02X3(Z - 1)

Takum 06pa3oM KaKIBIA Psi/i OMPEIETSIeTCS HE TOAHKO CBOEH UCTOPUEH, HO W MPONLIGIMA 3HAYEHUSIMU IPYTUX
psnoB. Hampumep, pan Xs 3aBUCHT OT X1, & H3MEHEHWsT PAIOB X3 U X4 MOBJIEKYT 32 cOOON M3MEHEHHE Xo. DTa
3aBHCHMOCTD IIPOJAEMOHCTPUPOBaHA Ha pucyHKax B u B.
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variables

AL
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time

Puc. 1. Bug uccnemyembx psjioB.
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Puc. 2. Cxema 3aBucumocreii Mexay pagavu. [udpbl cOOTBETCTBYIOT HOMEpPAM PsI0B, HAIIPUMED, P X2 3aBUCUT OT
X3 1 X4. KpacHoit jimHueit 0603Ha"eHa JABYCTOPOHHSS CBA3b.
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to
w
T

from

Puc. 3. AnprepHaruBHblii criocob mpeacTaBIeHUs PE3yIbTATOB. 3eCh 3aKPAIleHHAs KJIETKA HA [IEPECeYeHUur CTPOKU U
CcTOJIONA O3HAYAET 3aBUCUMOCTD JIEMEHTA CI001a oT sj1ementa crpoku. Hanpumep, 2 Biewer 3a coboit 1.

B namHOM cnydae Bce Psibl OKA3aJIUCh CTAIMOHAPHBIMHU, JOMOJHUTENbHAs 06paboTKa He mOTpebOBaIach.
Kpurepun AIC u BIC nanu ontuMmanbHOE 3HAYEHUE TIOPSAIKA MOJIETH, PABHOE 2. DTOT PE3yIbTAT MOKHO TTPOBE-
PHUTB, TIOCTOPOUB 3aBUCAMOCTD (DYHKITHOHAIA KAYECTBA OT IMOPSAKa MOgean. Jnsa HarasaHocTH Oy1eM HCIOIb-
30BaTh TAK HA3BIBAEMBI OTHOCHTENBHBIN (PYHKITHOHAT KAUECTBA:

- $ ()

Puc. @ u B aeMOHCTPUDYIOT, YTO NPU YBEJUYEHHH NOPAAKa Mojgenn (p > 2) DYHKIMOHAI PE3KO BO3DACTAET, B
cooTBeTCTBUU ¢ Kpurepuamu Ankake u Baiieca.
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Puc. 4. 3aBucumMocTb 0THOCUTEIHHOTO (DYHKIIMOHAIN KA4eCTBa OT MOPsika Mojeu p miis Xz Ilpu p 6oabmux 5 3navenue

omubOK 3HAYUTEIBHO BO3PACTAET.
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Puc. 5. Ananornynas 3aBUCUMOCTD [IJIsl X3.3/1€Ch KAY€CTBO IIPOTCHO3UPOBAHUS YXYAIIAETCH y¥Ke npu P 6oabmmx 2, 9410
W COOTBETCBYyeT 3HadeHusM, Halgeranbim ¢ nomompio BIC u AIC.

PaGora aJITOPpUTMa Ha peaJibHbIX JaHHBbIX

B pabore Tak Ke HCIOIL30BAINCH peaJbHBbIC JAHHBIC — IIEHBI HA PA3JINYHBIE BHILI TOBAPOB 3& KaXKILIH
mecsr ¢ 1960 mo 2010 rox [9]. B wacrHOCTH, BB HCCTETOBAHBL

1. 3aBucumocts 1ien Ha caxap B CIIIA ot men na caxap B Espore B.
2. cBa3b Mexy nenamu Ha npupoaubiii raz 8 CIIIA u Espone u uenamu na suepruto (World Bank) 77,
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Puc. 6. Bup 3aBucumocTeil ieH Ha caxap oT BpeMmenu: cuauM B — Espore, 3enensim — B CIITA.
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variables

0 100 200 300 400 500 600
time

Puc. 7. Bug 3aBucumocreii qns naaabx (2). CuHAM 1 3€/€HBIM [IBET COOTBETCTBYET IeHaM Ha ra3 B EBpome m Amepuke,
KPACHBIM — [€HAM HA YHEPIHIO.

B neproM ciydae ajqropuTM BBISBUI 3aBHCHMOCTH BUJA "IEHBI HA caxap B EBpore BAMAIOT HA IEHBl HA caxap
B CIITA". Takoro pe3yabTara MOXKHO ObLIO OXKUJIAThH, U3YIUB BUJ puc. B. Urobbl yOeauThesi B MPABUILHOCTH
pe3yJIbTaTa, MOCTPOUM TaKKe 3aBUCHMOCTb OTHOCUTEIbHBIX (DYHKIIMOHAJIOB KAYECTBA OT IOPs/IKA MOJEIHU [IPO-
ruoza 1iel B CIITA ¢ ucnonp3oBanuem JaHHBIX O eHax (HazoBeM ero unrestricted) B Espone u Ge3 (restricted) B.
Buimo, 4o oreHKa, MOJydeHHAs IPU yYeTe JIOMOTHATEIbHON nHdopMaru, 6ojgee TOTHA.
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Puc. 8. 3aBucuMocTh 0THOCUTEIHHBIX (DYHKIMOHATIOB KAYeCTBa OT IOPA/IKA MOJE/IM: CHHAM I[BETOM — JJIsi IIPOTHO3H-
poBanus 110 cobcTBeHHON neropun(uensr Ha caxap B CIITA), 3enenpim  — 110 mcropun nen Ha caxap B CIITA u Espore.

Pesynbrarsl, nmogydeHHble BO BTOPOM CJIydae, TpeAcTaBieHbl Ha pucynke B. Yrobbr mpomeMoHCTpUpPOBATH
CIIPABEJINBOCTh PE3YJIbTATA, HA ITOT Pa3 MPEICTABUM HA, OTHOM PUCYHKE rpaduku 3aBUCUMOCTEH UCXOIHOTO
pana u ero mpeickasaHHbix 3HadeHuit or Bpemenu M. Kak u B mpempigyiem ciydae, mocrpoum s paga 1
unrestricted u restricted mpornossr. 13 puc. [, oTpakaiomero Ty ke 3aBUCHMOCTb, HO B APYroM MmaciTade,
BHJIHO YTO HCIOJIH30BAHNE BCIOMOIATEIbHBIX JAHHBIX MPUBEJIO K DOJIEe TOYHOMY IIPOTHO3Y.
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Puc. 9. 1 — uenst va npupozgssiii ra3 B Espone,2 — B CIIIA; 3 — nenst Ha suepruto. 3/ech, Hanpumep, 1 3aBuUcuT oT
3u 2.
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Puc. 10. IIporuos njist 1ieH Ha ecTecTBeHHBIN ra3 B EBporre; 3es1eHbIM 1IBETOM 0003HAYEHBI UCXOIHBIE JAHHBIE, CAHUM —
HOJIy9€HHbIE B pe3yJbrare paborel asropurMma.BBumay HecTanmmoHApHOCTH JAHHBIX, HA rpaduKax 0TOOPAXKEHBI HE CaMK
3HAYEHWS WCCIETYEMbIX BEJIMYNH, a UX M3MEHEHWS.
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Puc. 11. TIporuos nen Ha ecrecTBeHnbiii Ta3 B EBpone, B yBenudennom macinrabe. 371eCh 3€J€HbIM IIBETOM 0603HAYEHB
HCXOaHbIE ﬂ,a.HH]:;Ie7 CUHUM — HOJ'Iy‘-IeHHbIe B pe3yanaTe HpOFHOSI/IpOBaHI/IH C UCIIOJIb30BaHUEM BCIIOMOTraTeJIbHbIX ;LaHHbIX,
KPaCHBIM — TIPOTHO3 TI0 MCTOPUU CAMOTO PSIa.

B sakmrouenue JAHHOTO paszfesa OTMETHM, YTO W3 CPEIU MPUBEIEHHBIX TPUMEPOM CTAIMOHAPHOCTHIO He
obJ1a1a1u BpeMeHHbIe PSAIbL BO BTOPOM cay4dae. V3 ykasaHubix B pazgene "TloaroroBka JaHHBIX-METOI0B 00pa-
60TKN HamboJIee NefCTBEHHBIM OKa3aa0Cch nuddepenirpobanne. B AeficTBUTEIEHOCTH, HA B OMHOM U3 PACCMOT-
PEHHBIX CJIy9aeB METO/] OKHA HE MPUBEJI K HOJOKUTEIHLHOMY pe3yiabTary. Uro Kacaercs npUMeHeHHsT aJIrOPUTMa,
K 33BEIOMO HECTAIIMOHAPHBIM JAHHBIM, BO3MOXKHBI KaK TOYHBINA MTPOTHO3, TAK U MOJHOE HECOOTBETCTBUE C Ieii-
CTBUTEILHOCTHIO.

3aknoydeHue

B pabote paccMoTpeHa BO3MOKHOCTD HCIIONb30BaHKA TecTa ['permKkepa mpu cocTaBIeHN: IPOruo30os. Mccie-
JIOBaHA 3aBUCHMOCTH Ka4eCTBA, PAOOTHI aJrOPUTMA OT PA3JIMYHBIX [IAPAMETPOB, BRIOOD KOTOPBIX IIPOAHAIU3UPO-
BAH C TOYKU 3PEHUS] KATECTBA MTPOTHO3UPOBAHUS; TAKIKE PACCMOTPEHBI CITOCOOBI 0OPADOTKY BXOMHBIX JAHHBIX.
Ananus TpoBOAMIICS HA MOJEIBHBIX U PEATbHBIX JAHHBIX.

HeobxomuMbIit 7151 TOCTPOEHUA BBIYHCINTEILHOTO IKCIIEPUMEHTA, KO, MOYKHO HANTH HAUTH Ha caiTe:

https://mlalgorithms.svn.sourceforge.net/svnroot/mlalgorithms/GrangerForecasting/
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MccnepoBaHne cxogumocT npuv MporHO3vMpPOBaHUN HEMPOHHbLIMMU
ceTsiMu Cc obpaTHOI CBA3bIO
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Wccnemyercst 3aBUCHMOCTH CKOPOCTH CXOIUMOCTH TIPY TTPOTHO3UPOBAHUN BPEMEHHBIX PSIIOB OT TTAPAaMETPOB Heli-
pOHHO# ceTu ¢ 00paTHOM CBA3bI0. B KauecTBe MOzmen HEHPOHHON ceTw mCHOab3yercs ceth lxkopmana. [Ipemgma-
raercs IPOAHAIM3UPOBATH CKOPOCTH CXOAMMOCTH B 3aBHCHMOCTHU OT BbIOOPA pyHKImU akTuBanuu (CUrMOHIHOM,
rUMEepOOMIECKOTO TAHTEHCA), OT IUC/Ia HEHPOHOB B IIPOMEXKYTOYHOM CJIOE U OT NIMPUHBI CKOJIB3ANIEr0 OKHA. Tak-
Ke pa3dbupaercs CIrocod MOBBIMIEHUS CKOPOCTH CXOAUMOCTH HPU KUCIIOJIHB30BAHUM 0DOOIIEHHOrO JIeIbTa~-IIPaBUIA.
KumroueBble ciioBa: mawurhoe obyuenue, netpornnse cemu, cemds Jocopdana, epaduenmunid cnyck, 0606wennoe
0eAbMa-npasu.no.

Beepgetue

Ilepsoie B maru B ob1acTu HeiipoHHBIX cereil ObLmn caenansl B. Mak-Kamoxom

(W. MCculloch) u B. IIntcom (W. Pitts). Onr mokasaim, 9T0 IPH [IOMOINH HEHPOHHBIX IEMEHTOB MOXKHO
pean30BaTh UCUUCIICHNe JI0ObIX jtorndeckuii dyuknumii [I]. B 1949 r. Xe66 (D. Hebb) mpemmoxknn mpasmio
obydenusi, KOTOPOe CTajJ0 MATEMATHIECKONH OCHOBOU mjisi 00yueHus psia HeWpOHHBIX cereit. B 1957—1962 rr.
®. Posenbnar (F. Rosenblatt) npeaioskun u uccaeqoBan Mojaeib HEHPOHHON CeTH, KOTOPYIO OH Ha3BA/I Hep-
cernrporoM. Oua Gblia monysaapuoi 1o 1969 r., koraa M. Munckuii (M. Minsky) u C. Iaituepr (S. Pappert)
omybamkoBasu Mouorpaduio [2], B koropoit Gbuin 10Ka3aHbI OrPAHUYEHHbIE BO3MOXKHOCTH Tepcentpona. B 1986
r. pag asropos (D. Rumerhalt, G. Hinton, R. Williams) upeayioxxuinu anropurm 06paTrHOro pacipocrpaHeHus
ormubKu st 06y UeHnst MHOTOCTONHOIN HeliporHoit ceTn [3].

BXOJTHOU CJIOM KOHTEKCTHBIHN €/10ff IPOMEXKYTOYHBINA CJIONU BBIXOIHON CJI0M

—_—l
@ St L)
w1 L(t) H |
\U)l;[(t) t)\

w1 (t)
(B0)Z e 5u0) [
w;m (t) 7

w1 (t) / a

Si(t)

(1) y )
/ \

wo1 (1) / 7
/ n(t L / o
AOOH(t) us(t / //é"(t) \
= P @

Puc. 1. Apxurekrypa ceru I:kopaana

PexkyppenTHbIe ceTH — HEUPOHHBIE CETH, B KOTOPBIX BBIXOIBI HEUPOHHBIX 3JIEMEHTOB TIOCIEAYIONTUX CJIOEB HMEIOT
coeluHenne ¢ Hefiponamu npegmectsyonmx caoes (Puc. 0). Boixoguoe 3nadenune HelpOHa POMEXKYTOUHOIO
CJI04:

Si(t) = X wi(t)e, + é (Ot — 1) — T,
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rre w;;—Becoroil KoapdunmenT MexIy j-M HEHPOHOM BXOIHOTO M i-M HEHPOHOM TPOMEXKYTOUHOTO CJIOER; P
— YMCJIO HEHPOHOB BBIXOIHOTO CJIOS; Uk;— BECOBOM KOo3aduimenT Mexay k-M KOHTEKCTHBIM HEHAPOHOM U i-M
HelfPOHOM TIDOMEXKYTOYHOTO cjiog; T; —Toporopoe 3HadeHNe -0 HeHpOoHA MPOMEXYTOTHOTO CHOH; N — pas-
MEPHOCTH BXOTHOT'O BEKTOpPA. JTO MPUBOAUT K BOZMOMXKHOCTH yUeTa Pe3yJbTaTOB Mpeobpa3oBaHus HEHPOHHOM
ceThI0 MHGMOPMAIINK Ha MPEABIIYIIEeM dTame 1j1d 06paboTKu BXOJHOTO BEKTOPA HA, CIAEAYIONeM drame (yHKIINO-
HupoBanus ceru. Cyluecrsyer MHOXKECTBO apXUTEKTyD Hellponnbix cereil [4, B, B, ). Jus uzyuenus cxonumocru
B JAHHOI paboTe MCMOIB3yeTCs: MPOCTEHIas apXUTEKTYPa PEKYPPEHTHOU cetn — cerh JXKopmaHa, mpencras-
sienHas B [7]. B kauecTBe MOJEIBHBIX JAHHBIX HCIOJB3YIOTCS TPUTOHOMETPHIECKIE DYHKIMH (TTepHOTIMIECKHi,
3AlllyMJIEHHBIH U ANePUOJIMYECKUI BPEMEHHbIE DsJIb).

NMocTtaHoBKa 3apa4yu
Hano:

fi: X = R,i=1,...,n —4uca0BbIE IIPU3HAKH,
n
(w,x5) = > filz)w; — wy — nuneiinas kKOMOMHAIMA TPU3HAKOB
i=1
wWo, W1y ..., Wy, € R.
Omnpenesieane 1. Hefipor — BepmuHa B3BEICHHOTO OPHEHTAPOBAHHOTO Tpada (HefiporHofi ceTn).

Onpenenenue 2. DyHKIUS aKTHBAHH — OHOEPATOP HE HOIO NIPeoOpa30BaHHS BXOJHBIX JAHHBIX HEHPOHA
IPOMEKYTOYHOI'O CJIOS.

COBOKYIIHOCTh M3BECTHBIX 3HAYEHUN BPEMEHHOrO psija 00pasyior obydaromlyio BeIOOPKY. Obo3naunm ee pas-
MepHOCTb L. ApXuTeKTypa HeHPOHHON CeTH: 1 BXOMHBIX HEHPOHOB (B JaIbHEHIIEM, ITUPUHA OKHA), P HEHPOHOB
MTPOMEXKYTOUHOTO CJIOsI, OJWH BBIXOIHOM HEHPOH, XapaKTepu3yroIuil 3Hadenre B MOMeHT Bpemernu n + 1. Tpe-
OyeTrcs 1O M3BECTHBIM 3HAYEHUSM Dsifia, OMPEIe/IUTh 3HAYEHNE B MOCTIE YOI MOMEHT BPEMEHH.
Boruncistercst cpeaHekBaApaTHIHAS OITHOKA.

E=3(yi —t.)*
1
rge y; — SHA4YeHHe HA i-M BBIXOZE, ¢; — JTAJOHHOE 3HAYEHHE. 3aTEM 3allyCKACTCH AJTOPHTM OOPATHOrO pac-
npocrpanenusa omubku. Mccnemyercsa cxoauMOCTh OT YMCIa, HEHPOHOB B IIPOMEXKYTOYHOM CJIOE, OT (DYHKIHH
AKTHUBAIUY, U [ITUPUHBL OKHA. JIJIsT 3TOro HY3KHO JIJIsl KaykI0r0 Habopa mapamMerpoB HAUTH 9uciIo uTepanmii a-
ropurMa. Jlajee HalizeM onTUMAIbHBIN HAGOD MAPAMETPOB I KayKJI0r0 BPEMEHHOTO psifa. [Ipoananusupyem
OIMH W3 CIIOCO0OB YCKOPEHHSA CXOIUMOCTH.

PeweHnue 3aga4n

OnuncaHue apxmTekTypbl

Brixoanoe 3nauenue j-ro HeiipoHa HOCJIEIHEro CJos onpejesaercs 10 (PopMyie
m
yi(t) = > vijpi(t) — 1},
=1

rze v;; —BecoBoit KO3ddUIUeHT MeK Iy -M HePOHOM MPOMEXKYTOYHOTO CJIOA U j-M HeHPOHOM BBIXOJHOIO CJIO-
eB. p;(t)— BbIXOAHOE 3HAYEHHE 1-I'0 HEHPOHA IIPOMEKYTOUHOIrO CJ0fd; 1j— IOPOroBoe 3HadeHue j-ro HelpoHa
BBIXOTHOTO CJIOS.

Bsserennas cymma, i-ro HEMpPOHA TPOMEXKYTOYHOTO CJIOSi OMPEIeIseTcs: CIEAYIONUM 00pa3oM:

M=

Si(t) = i wis (2 + 3 w(Oya(t — 1) — T,

k

1

Torma BBIXOMHOE 3HAYEHHE i-TO HEHPOHA TIPOMEKYTOUHOTO ciost p;(t) = F(S;(t)), rne F — dbyHkuns aktu-
Bamuu. B kagectBe F' ncmomb3yercs: runepOoIndIecKuii TAHPeHC MM CHTMONIAIbHAs (DYHKITHUSI.

Anroputm oby4eHus

AnropuT™ 06paTHOrO pacnpocTpaHeHus OmuO0K ObLT mpetoxeH B [B] n aBnsiercst 3¢bdHEKTUBHBIM CPEICTBOM
i o0y4yeHus MHOIOCJIOMHBIX HEHPOHHBIX cereil. AjropurM 0OydeHHs] PEKKYPEHTHOH cerw B OOIIEM ciydae
COCTOHUT U3 CJELYIOIMIUX IIArOB:
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1. B mauampHbIii MOMEHT BpeMenu t = 1 BCe KOHTEKCTHBIE HEHPOHBI YCTAHABIUBAIOTCS B HYJIEBOE COCTOSTHUE, T.
€. VX BBIXOIHbIE 3HAYEHUS PABHSIOTCS HYJIO.

2. Bxommoit 06pa3 momaeTcs HA CETh W TPOUCXOAUT MPSIMOE PACITPOCTPAHEHUE €r0 B HEHPOHHOI ceTH.

3. B coorBercTBHU € aaropuTMOM OOPATHOTO PACIIPOCTPAHEHHUS OIMUOKH MOAUMDUITUPYIOTCS BeCOBbIe KO3hdu-
[UEHTHI U MMOPOTOBbIE 3HAYEHUS HEHPOHOB.

4. Ycranasiusaercs t =t 4 1 u ocyuiecTBisiercs nepexoi K mary 2.

OmnpenensieTcs cpesHeKBaIpaTAIHAs OMHUOKA HEHPOHHOI CeTm:

E= %Z(yj - tj)2’
J

r7le t; — 3TAJOHHOE BHIXONHOE 3Ha4YeHWe j-ro HelpoHa. COracHO MeTOLy I'DaJNeHTHOTO CITyCKa M3MeHEeHHe Be-
COBBIX KO3(D(UIMEHTOB U TIOPOTrOB HEHPOHHOM COTH TPOUCXOAUT T0 CJIEIYIONIEMY TTPABUIY:

wi(t+1) = w;;(t) — a#f(t)’
Tj(t+1) = T;(t) — ag -

OrmmubKa j-ro BBIXOTHOTO CJIOS:

hj :yj —tj.

Teopema 1. s 1106010 TPOMEXKYTOUHOTO CJIOST © OUIHOKA, 1-T'0 HEHPOHA OIIPENEISIETCS PEKYPCHBHBIM 00Da30M
yepe3 omubKH HEHPOHOB CAEAYIOMIErO CJIOS j:

hi = > hiF'(Sj)wij,
=1

e m — 4HCJIO HeHPOHOB CJIeAyIOIIero CJos IO OTHOLIeHHS K CJIOIO i W;j — BEC MEXJIY i-M H j-M HelpoHaMmu
Pa3JIHYHBIX CJI0EB; S j— B3BellleHHas CyMMa, j-I'o HeHpoHa.

HUcnonb3yst pe3ysbrarsl JaHHON TeopeMbl, chOPMYITUPOBAHHON 1 TOKA3aHHOI B [7], MOXKHO OIpEIeTuTh OMIMOKN
HEHPOHOB MPOMEXKYTOYHOTO CJIOs 9epe3 ONTHOKYM HEHPOHOB CJEAYIONMIETO CJIOfA MO OTHOIIEHHWIO K IIPOMEXKYTOY-
HOMY CJIOHO.

Teopema 2. Ilpou3BogHbIe CPEAHEKBAAPATHIHON OMIHOKH 110 BECOBBIM KO(D(PHUIIHEHTAM H IIOpOraM HEHPOHOB
JIJIST JTIOOBIX IBYX CJIO€B I M j MHOIOCJOHHO CeTH OMPeNeisiiOTCs CACIVIONIIM 00pa30M:

2 = —h; F'(S))y;;

Qw;;

5t = hiF'(S)).

Caencrsue 1. Jid MUHOMH3AOHA CPEIHEKBAJPATHIHON OMHOKH CETH BECOBBIE KOI(D(DHUIIHEHTHI H MOPOrH
HEHPOHOB JO/IXKHBI H3MEHSITHCST ¢ TEYeHHEM BPEMEHH CJAELYIONM 00Pa30M

wij(t+ 1) = wi;(t) — ah; F'(Sj)y;;
Tj(t + 1) = tj(t) + ath’(Sj),

rJie a - CKOpocTh 00yueHust. JIoKa3aTeapCTBa MOXKHO TIOCMOTPeTh, HanpuMep, B [[].

OOy4eHune pekyppeHTHOII ceTun

[Iycth cpemnexBagpaTutdHas OMUOKA OJHOIO BXOTHOIO 00BHEKTa
E(t) = 3(y(t) —e)?, rie e — 9TaI0HHOE 3HAUEHNE [1/15l COOTBETCTBYIOLIEr0 BXOAHOro obbekTa. s onpeenenust
aJIToOpuUTMa OOPATHOTO PACIPOCTPAHEHNsI OMHOKN HAMIeM MPOMU3BOIHBIE (DYHKIMH CPEIHEKBAIPATHIHON OIINO-

KU II0 HACTPAMBAaEMbIM mapaMerpam ceru. Tormia

OF _ 9B 0y — (y(4) — ¢)p,(t);

ov; y Ov;
e}
% — B0 — —(s(1) - )

Oy Op; P .
a?fj = %Qi agi 385” = (y(t) — e)”iF/(Si)xj(t>;



UccoenoBanue CXOQUMOCTH IPU IPOrHO3UPOBAHUY HEHPOHHBIME ceTsiMu ¢ 00parTHO# cBa3bpio, H.Il. Bamxgun 60

dy Op; 0S; __ .
DB — 9B 00 B D50 — (y(t) — e)viF'(Si)y(t — 1);

Jy Opi 8S; __
OE _ 98 00 9505, _ _(y(s) — ), (),

rae F'(S;) — npomssonaas GyHKINE aKTUBAIAH MTPOMEKYTOTHOTO CIIOS

Hepoctatku anropntma obpaTtHOro pacnpocrpaHeHusi owmnokm

Asroputm 06paTHOrO PACIPOCTPAHEHUST OMUOKH, B OCHOBE KOTOPOIO JIEXKUT I'PATIUEHTHBIN METO/I, CO31AeT
psia pobsieM TPU OOYUEeHUH MHOTOCIONHBIX HEHPOHHBIX ceTeil. CyIecTBYIOT CIeIyoIme mTpodIeMbl:

— HeU3BECTHOCTH BBIGOPA YHCJIA CJOEB U KOJINYECTBA HEHPOHHBIX 9IEMEHTOB B CJIO€ /1S MHOIOCJIONHOM ceru,

— Me/JIeHHAs CXOAMMOCTh MPATVEHTHOTO METO/Ia C TIOCTOSTHHBIM TTIArOM 00yUeHHs,

— CJIOKHOCTDL BBIOOpa MOAXOASIIEH CKOPOCTH 00y IeHus,

— HEBO3MOXKHOCTH OTJIEJIEHNST TOYEK JIOKAJIBHOTO M TI00AJBHON0 MUHUMYMa (IPaJHeHTHBIN MEeTo/ UX He pas3-
JIMYAET).

Cnocob nosbiweHnsi CKOpocTu oby4eHust

B aaropurMe ob6paTHOrO pacupocTpaHEHNs OIMMUOKU UeM OOJblle mapaMerp obyueHus a, TeM OOJbIIe KOp-
PEKTHPOBKA BECOB W, CIEJOBATENBHO, TEM BBIIE CKOPOCTH 00ydenus. OIHAKO, B ITOM CJIyYae CHCTEMA MOYKET
repeiTu B HeycToiiunBoe cocrosaue. IIpocrefimum crrocoboM MOBBIIIEHHST CKOPOCTH 00y deHus 6e3 moTepu ycToii-
YUBOCTH SBJISIETCS TOOABJIEHNE 3aBUCUMOCTH TEKYINEr0 W3MEHEeHWs BECOB OT M3MEHEHW BECOB HA MPEIBIAYIINX
nrarax ajropuTMa ¢ KakuMu-to kodddunmentamu 7 (Tak Ha3bBaeMOe 060BIIEHHOE AeabTa-TIPABUIIO).

wij (t+ 1) = wi; () + nAw;;(t — 1) — aigfﬁg),

rae

OE(t—
Awij(t — ].) = nAw,J(t — 2) — a%

OcobennocTr 060DIIEHHOrO [IeIbTa-IPABUIIA;

1. Tekymiee 3Hadenne Koppeknun Becos Aw;;(t) IpeacTaBiser CO00H CyMMy SKCIOHEHIIHATILHO B3BEIICHHOTO
pana. s Toro 9robel DA CXOMUICA, TTOCTOSHHAS 1) JOJKHA HAXOMUTHCA B quanasone 0 < || < 1 (cwm. [4]).
Ona MoxKeT ObITh ¥ OTPUIATENBHOM, XOTH 9TO HE PEKOMEH/IyeTCs Ha HPAKTHKE.

OE(t
2. Ecau wacrnaga IIPOU3BOOHAA 7{31&1((1)5) UMEET OAMH U TOT 2K€ 3HaK Ha HECKOJIbKHUX ITOCIE€A0BATC/IIbHBIX UTE€PpalIudX
ij

, TO SKCIIOHEHIIMAJILHO B3BenleHHaa cymma Aw;;(t) Bo3pacraer mo aGCONOTHOMY 3HAMEHHIO, TIOITOMY BECA
MOTYT MEHAThCsI Ha 3HAYUTEIHHYIO BEJNUUHY (YyCKOPEHUE CITYCKa).

OE(t
3. Eciau vacraas IPOU3BOIHAA &07((;) Ha HECKOJIBKUX UTEPAIUAX MEHACT 3HaK, TO 3KCIIOHECHINAJIBbHO B3BCIICH-
ij

Hag cymMmma Aw;;(t) yMeHbImaeTcs 110 aGCOMOTHON BEMYHUHE, MOITOMY BeCa W;; () MEHAIOTCA HE3HATUTENBHO.
BbiuncnnrenbHbiii 3KCnepumMmeHT

daHHbie

B kauecTBe eprogumYecKoro, 3alry MIEHHOIO U AllePUOANIECKOI0 BPEMEHHBIX PAI0B UCIOJIb3YIOTCH MOIE/ b~
HbIe JaHHbIE:

— y = 0.4sin(5z) + 0.5,
— y = 0.2sin(20z) 4 0.3 cos(15x) + 0.1 cos(5x) + 0.3 sin(3z),
— y=0.1z + 0.1sin(x) + 0.05 cos(30z).

PazmepnocTs obyuarorieit BHIOOpKYT — L, IHCI0 TPU3HAKOB Y OOBEKTa — N, INCI0 HEHPOHOB B IPOMEKYTOTHOM
ciioe — p, dyHKus akruBanun — F', mar obydenuss — a, MuHUMYM OmuOKu — FE,p;,, Kkoadduiment B 0600-
MIEHHOM JIeJIBTA-TPABUIE —1).

Uccnenyiores ape dyukiuu akrusaiuu (Puc. B):

1. F(S) = H% (curmouniHast),

2. F(S) = ﬂz%:z (rumepboMMIecKuil TAHTEHC).
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Activation Function
1 T

(1- exp‘(—ZZW(l + exp(-22))
1/(1 + exp(-z))

Puc. 2. Oyuknum aktuBammmn

1. y = 0.4sin(5z) + 0.5 (Puc. B)

y = 0.4sin(5x) + 0.5

>—
Pe3synbTaThl
1
0.8 —
0.6
>
0.4 —
0.2 -

Puc. 3. I'padux bynxiuu y = 0.4sin(5z) 4+ 0.5
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Munnmywm omubru F,,;, = 0.0001, mar obyuenust a = 0.03. Pazmeprocts oby4arorieit sribopku L = 40 co
3HAYEHUAME, PABHOMEDPHO pacro/ioxenubiMu Ha orpeske [0, 27]. Pesyabrars: Tab. O.

Tabmuma 1. Hucoo wrepanmit u omubKa HAa KOHTPOJIHHON BBIOOPKE TMpPU MPOTHO3WPOBAHWN BPEMEHHOTO psiia y =
= 0.4sin(5z) + 0.5 B 3aBUCUMOCTH OT TAPAMETPOB

Yucao HeHPOHOB IMPOMEKYTOUHOIO CJIOA P
3 6 9 2 15

5 | 146(0.0001) 81(0.031) 83(0.014) | 95(0.013) | 76(0.021)

44(0.002) 19(0.007) | 27(0.0001) | 21(0.002) | 17(0.002)

6 | 626(0.000012) | 159(0.00001) | 120(0.0001) | 85(0.007) | 79(0.007)
31(0.002) 28(0.0009) | 24(0.0005) | 27(0.0004) | 26(0.0005)

9 53(0.05) 82(0.01) 69(0.02) | 66(0.016) | 64(0.017)
Iupuna 33(0.0002) 20(0.0009) | 22(0.0012) | 23(0.0001) | 21(0.0002)
okHan | 54(0.05) 67(0.02) 68(0.02) 62(0.02) | 71(0.02)
18(0.004) 21(0.0024) | 22(0.002) | 22(0.0024) | 21(0.0024)

5 42(0.06) 81(0.03) 72(0.03) 67(0.02) | 67(0.02)

9(0.003) 11(0.001) 18(0.006) | 7(0.0041) | 8(0.003)

o1 65(0.03) 105(0.03) 88(0.03) 89(0.02) | 78(0.02)

21(0.003) 17(0.002) 16(0.002) | 18(0.001) | 16(0.005)

IIpommmocTpupyeM JaHHBIE B Tabanne Ha rpadrKax 3aBHCHMOCTH 9HCJIA NTEPAIU OT YUCIIa HEHPOHOB B
LPOMEXKYTOUYHOM CJI0€ sl KaxK 10l wupunbl okua (puc. B).

y = 0.4sin(5x)+0.5

70

40 -

30

Number of iterations

20

10 - « : -

Puc. 4. Pesynbrarst qys Gyukuun y = 0.4sin(5z) + 0.5 (mmpuna oxkua 3 - 7).
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y = 0.4sin(5x)+0.5

25 T T

=]
HOoWw®

ER=2-}
[}

e

Number of iterations

Puc. 5. Pesymprater qua Gyuaknun y = 0.4 sin(5z) + 0.5(mupuna oxna 8 - 12).

y = 0.4sin(5x)+0.5

Number of iterations

Puc. 6. Pesynprater mua Gyakmun y = 0.4 sin(5z) + 0.5(mupuna oxna 13 - 17).
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Ha rpadwukax B, B naditomaeM yMEHBIIEHUE YNCIA UTEPAIIANA TPU YBEJUIEHUN meaa HEHPOHOB TTPOMEIKY-
—2
TO4HOrO ciiog. Pesynbrarel paboTsl aaropurma mpu n = 15, p = 15, F(S) = 1=%— u uuc/Ie BBIXOIHBIX

1+4e
ueiiponos 5 — Puc. B.

y = 0.4sin(5x) +0.5

1 T T T

Real
Results

0.6 . -

0.4 - -

Puc. 7. Pesynbrarst qus Gynknun y = 0.4sin(5z) + 0.5.

2. y = 0.2sin(20x) + 0.3 cos(15z) + 0.1 cos(5z) + 0.3 sin(3z) (Puc. @).
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y = 0.25in(20x) + 0.3cos(15x) + 0.1cos(5x)+ 0.3sin(3x)

Puc. 8. I'pabuk dyuxmumny = 0.2sin(20z) + 0.3 cos(15z) + 0.1 cos(5z) + 0.3 sin(3z).

Munumywm omubru FE,,;, = 0.0001, mar obyuenus a = 0.03. Pazmeprocts obyuarorieit seibopku L = 40 co

3HAYEHUSME, DABHOMEPHO PACTIONEKEeHHBIME Ha, oTpeske [0, 27]. Pesymbrarsr: Tab. B

Tabuaumna 2. Yucio urepamuii 1 omuOKa Ha KOHTPOJIBHON BBIOOPKE IIPH HPOTHO3HMPOBAHUKA BPEMEHHOI'O PAIa Y
= 0.2sin(20z) + 0.3 cos(15z) + 0.1 cos(5x) + 0.3 sin(3x) B 3aBUCUMOCTHU OT ITAPAMETPOB.

Yucsno HelpOHOB TPOMEXKYTOYHOTO CIIOS P

3 6 9 12 15
3 »>2000 »>2000 »>2000 »2000 »2000
»2000 »2000 »2000 »2000 »2000
s | 426(0.006) | 358(0.007) | 322(0.008) 225(0.01) 181(0.017)
98(0.006) 118(0.005) | 102(0.005) 127(0.006) 124(0.005)
o | 665(0.0003) | 687(0.0002) | 666(0.0002) | 773(0.00009) | 781(0.00005)
Iupusa 190(0.0003) | 191(0.0001) | 186(0.0001) | 187(0.0001) 185(0.0002)
oxwan [ 7| 427(0.0005) | 411(0.0003) | 390(0.0004) | 405(0.0004) 421(0.0004)
99(0.00026) | 117(0.00059) | 105(0.0002) | 106(0.0002) 93(0.00001)
15 | 559(0.00006) | 537(0.00006) | 540(0.00003) | 560 (0.00002) | 534(0.00001)
130(0.00005) | 142(0.00005) | 144(0.00005) | 170(0.00006) | 151(0.00005)
51 | 644(0.00004) | 510(0.00005) | 492(0.0000) | 490 (0.000006) | 517(0.0000001)
119(0.0001) | 113(0.00005) | 115(0.00004) | 117(0.0002) 124(0.0003)

[MpounmocTpupyem manubie B Tabauie Ha rpaduKax 3aBUCUMOCTH YHMCJIA UTEPAIUA OT YHCIa HEpPOHOB B

OPOMEKYTOUHOM CJI0€ JJIs KaXKJIOH MUPUHbI OKHA (puc. H).
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y = 0.2sin(20x) + 0.3cos(15x) + 0.1cos(5x)+ 0.3sin(3x)

2000 T T T

S 3S3533
LI 1 T
wo~Now;

1500

1000

Number of iterations

500

Puc. 9. Pesynbrarsr qys dyunknmm y = 0.2sin(20z) + 0.3 cos(15z) 4 0.1 cos(5x) + 0.3 sin(3z) (mmpuna okna 5 - 9).

y = 0.2sin(20x) + 0.3cos(15x) + 0.1cos(5x)+ 0.3sin(3x)

500 T T T T

400

w
o
o

Number of iterations

100

0 10 20 30 40 50

Puc. 10. Pesysbrarst qst Gyuxmuu y = 0.2sin(20x) 4+ 0.3 cos(15z) + 0.1 cos(5z) + 0.3 sin(3z) (mupuna oxxa 9 - 14).
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y = 0.2sin(20x) + 0.3cos(15x) + 0.1cos(5x)+ 0.3sin(3x)

2000 T T T

>
)
[
o

1500 —

1000 —

Number of iterations

0 10 20 30 40 50

Puc. 11. Pesynsrarst qost dyskimn y = 0.2sin(20z) 4 0.3 cos(15z) + 0.1 cos(5z) + 0.3 sin(3z) (mupuna okma 15 - 19).

He ynanock BBISIBUTH 3aBHCHMOCTH YHCJIA UTEPAIWI KAK OT YHUCJA HEHPOHOB MPOMEXKYTOYHOIO CJIOH, TAK U
_ 38
OT IIMPUHBI OKHA. Pe3ynbrarsl paboTsl ajropurMma npu n = 12, p = 15, F(S) = 1oe o u umcre BexOIHBIX

1+e—25
ueiiponos 5 — Puc. 2.
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y = 0.2sin(20x) + 0.3cos(15x)+ 0.1lcos(5x)+ 0.3sin(3x)

Real
Results

Puc. 12. Pesysbrarsl anropurma jyis Gyskimun y = 0.2sin(20z) 4 0.3 cos(152) + 0.1 cos(5z) + 0.3 sin(3z).

0.7

3. y=0.1z 4+ 0.1sin(z) + 0.05 cos(30x) (Puc. [3J).

0x)

y = 0.1x + 0.1sin(x) + 0.05co0s(3
T T

Puc. 13. I'padux byukuuu y = 0.1z + 0.1sin(z) + 0.05 cos(30z).

Munumywm omubru E,,;, = 0.0001, mar obyuenus a = 0.03. Pazmeprocts obyuarorieit seibopku L = 40 co

3HAYEHUSME, PABHOMEPHO PACTIONEKEeHHBIME Ha, oTpeske [0, 27]. Pesymprarsr: Tab. B
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Tabuuma 3. Yucsao urepamuii u ommnbdKa Ha KOHTPOJIbHON BHIOOPKE PY HPOrHO3UPOBAHUK BpeMeHHOro pama y = 0.1z +

+ 0.1sin(z) + 0.05 cos(30x) B 3aBUCHMOCTH OT TAPAMETPOB

Yucsno HefpOHOB TPOMEXKYTOYHOTO CIIOS P

3 6 9 12 15
3 »2000 »2000 »2000 »2000 »2000
»2000 »2000 »2000 »2000 »2000
6 »2000 »2000 »2000 »2000 »2000
687(0.00005) 703(0.0002) 636(0.0001) 786(0.00002) 653(0.0002)
3 »2000 »2000 »2000 »2000 »2000
720(0.00005) 827(0.0002) 811(0.0001) 825(0.00002) 831(0.0002)
MMupuna 9 »2000 »2000 »2000 »2000 »2000
OKHa N 675(0.0003) 626(0.0001) 685(0.0002) 744(0.0004) 793(0.0002)
19 2591(0.0001) 2432(0.0002) 2260(0.0004) 2134(0.0001) 2128(0.0005)
392(0.00086) 412(0.00069) 424(0.0002) 489(0.0008) 471(0.0006)
15 2337(0.0001) | 1994(0.00004) | 2052(0.00003) | 2026(0.00003) | 2150(0.00005)
343(0.0004) 325(0.0006) 334(0.0005) 358(0.0006) 382(0.0006)
91 4057(0.00001) | 2929(0.00003) | 2972(0.00003) | 2972(0.00005) | 2999(0.00005)
539(0.0004) 501(0.0001) 548(0.0001) 529(0.00015) 567(0.0002)

[Ipounmtoctpupyem manabie B Tabsuie HA rpaduKax 3aBUCAMOCTH YHUCJIA UTEPAIUI OT YHCIA HEHpPOHOB B

IPOMEXKYTOUHOM CJIO€ JIJIs KAXKAOH mMupuHbl OKHa (puc. [d).

Number of iterations

3000

y = 0.1x + 0.1sin(x) + 0.05cos(30x)

2500 -

5

o

=3

=}
T

1500 —

1000 —

S35 335
(LI I (|
[=Nt=-F. N

10 20

50

Puc. 14. Pesysibrarsl qyist dyakuuu y = 0.1z + 0.1sin(z) + 0.05 cos(30z) (wmpuna okua 6 - 10).




UccoenoBanue CXOQUMOCTH IPU IPOrHO3UPOBAHUY HEHPOHHBIME ceTsiMu ¢ 00parTHO# cBa3bpio, H.Il. Bamxgun

70

y = 0.1x + 0.1sin(x) + 0.05cos(30x)

550 ‘ :

e i
(GRS Ny

500 —

Number of iterations

350 —

300 i i i i

Puc. 15. Pesynprarer qua Gysakoun y = 0.1z 4+ 0.1sin(z) + 0.05 cos(30z) (mwmpura oxma 11 - 15).

y = 0.1x + 0.1sin(x) + 0.05cos(30x)

650 ‘ :
n=16
n=17
n=18 ——
n=19 ——
=20
600_ L A S P n .......... —
550 — 4 —
500 : : -

Number of iterations

300 I \ I I

Puc. 16. Pesynprarer qua Gyaknun y = 0.1x 4 0.1sin(z) + 0.05 cos(30z) (mwmpura oxma 16 - 20).



Ha rpadwkax 4,508 BrHO, 9TO TTPH YBEIUIEHUN YNCIA HEHPOHOB B TTPOMEKYTOUHOM CJIO€ TUCJIO0 NTEpa-

muii cHawama yObBamo, 3areM BO3pacTano. PesymbrarTel anroputMa npu n = 15, p = 6, F(S) =

YUCJIe BBIXOJAHBIX Heliponos 5 — Puc. [

y = 0.1x 4 0.1sin(x) + 0.05cos(30x)

0.7 T T

176—25

1je-25 H

Puc. 17. Pesynbrarsr anropurma jgis Gyuknun y = 0.1x + 0.1sin(x) + 0.05c0s(30x) (8600 nreparmit).

g sydmiux (B CMBICJE CKOPOCTH CXOAUMOCTH) [IAPAMETPOB KaxK A0l DyHKIMKU IpUMeHUM OGOBIIEHHOE JIe/IbTa-
upaBuiio ¢ napamerpom 7 = 0.2 u cpaBaum ¢ nepsbiMu pesysnbraramu (Tab. H).

Tabauna 4. Yucno nrepanuii 1py uCHo/b30BaHIE 0000MEHHOTO Ae/IbTA-IPABIIA B OOy YEHIU CEeTH.

TepBhIe obobrierHoe
PE3YBTATHI | IEIBTA-TIPABUIIO
y = 0.4sin(52) + 0.5 8(0.003) 6(0.04)
y = 0.2sin(20x) + 0.3 cos(15z) + 0.1 cos(5z) + 0.3sin(3z) | 91(0.00001) 81(0.0004)
y = 0.1z 4+ 0.1sin(z) 4+ 0.05 cos(30x) 325(0.0006) 276(0.0006)

3aknoyeHue

B pafore paccMoTpeHa KJIacCHIeckas apXuTeKTypa PeKyPPEHTHON HEHPOHHOI ceTr ¢ 06paTHOl CBA3bIo (CeTh
Jzkopaana), IpoaHaAIU3UPOBAHDI Ha, MOJEILHBIX JAHHBIX 3aBUCUMOCTU CKOPOCTH CXOAUMOCTHU aJIrOPUTMa 0OpaT-
HOTO PAaCIpOCTpaHenusi OmmOKu 0T (DYHKIWH aKTUBAIIAN, YUCJI, HEHPOHOB MPOMEKYTOUYHOTO CJIOS U ITHPUHBI

OKHA, NCCJIEIOBAHO 000OIIEHHOE JeIbTa~-TIPaBuIo. IlomydeHbl pe3yabTars:

— HCIOJIb30BaHHE B Ka4e€CTBE Cl)yHKU;I/II/I AKTHBAIIH TaHFeHHI/IaﬂbHOfI beHKI_[I/II/I IIOBBIIIAET CKOPOCTH CXOAHUMO-

cTH,

— DOBINAsT PA3MEPHOCTD MTPOMEKYTOYHOTO CJIOST TIOBBIMIAET CKOPOCTh CXOAUMOCTH,
— mpumMeneHue 0O00IEHHOTO AeIhTa-TPABUIA TOBBIIAET CKOPOCTH CXOIUMOCTH,

— He HaliJIeHO 3aBUCUMOCTH MEXK]IY CKOPOCTBIO CXOJMMOCTH M IITUPUHON OKHA,

— JJIsT KaXKJIOr0 BPEMEHHOTO Psijia, CYIIECTBYET HEKWil ONTHUMAJIBHBIN BBHIOOD, MAKCUMU3UPYIONIANA CKOPOCTD

CXOOUMOCTH.

HeobxomumMblit 17151 TIOBTOPEHNs] BBIUUCIUTENBHOIO IKCIIEPUMEHTA KO/ MOXKHO HalTU Ha caiiTe:
https://mlalgorithms.svn.sourceforge.net/svnroot/mlalgorithms/FNNForecasting/


https://mlalgorithms.svn.sourceforge.net/svnroot/mlalgorithms/FNNForecasting/
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BbipaBHuBaHue BpemMeHHbIX psSiAoB: NMPOrHO3MpoBaHMeE C
ncnoab3osaHnem DTW

A. A. Pomanenxo
Mockosckuii dbusnko-rexuaudeckuit uacTutyT, PYIIM, kad. «VHTE/mIeKTya IbHbIE CUCTEMBI»

BpemenHnoit psi — 9TO MOBCEMECTHO BCTEYAOMIASICA (POPMaA IIPEICTABIIEHUS JTAHHBIX BO MHOTHX HAYYHBIX IHC-
HUIUIMHAX. 3a/ad9a, COIyTCTBYIOIAs IOIBJIEHUI0 BPEMEHHBIX DPs/0B, — CPABHEHME OHON I0CJIEeI0BATEIbHOCTH
JaHHBIX ¢ apyroit. Dynamic time warping (DTW) mpencrasiser co6oit Texuuky 3¢h@dEKTUBHOTO BHIDABHUBAS
BpeMeHHBIX psamoB. Meroast DTW ucmosip3yioTcs mpu paclio3HaBaHUU PEYH, IPU aHaIn3e WH(OpMAIun B podo-
TOTEXHUKE, B [IPOMBIIIJIEHHOCTH, B MeJuinae u apyrux cdepax. [Ipegmaraercsa kmaccuaecknit asmroputm DTW u
YIIOMUHAIOTCST €r0 BO3MOXKHBIE MoAuduKaImu. B pabore OMMUCHIBAETCS aJIrOPUTM MONCKA B TOCIEIOBATEIHLHOCTH
[IO/IITOCJIETOBATEJIbHOCTH, «0OJIbIle BCErO IIOXOXKeil» HA JAHHYIO IIOCJIeI0BATEIbHOCTh. IIpuBemeHs! pe3ysbTaTh
paboThl ajaropurma.

KuroueBsblie cioBa: gwpashusarue epemennux pados, DTW anzopumm, time warping, warping path

BeegeHue

Bpewmennoit psg — 9TO MOBCEMECTHO BCTEYANOMIAACH (DOPMa, MPEICTABIEHUS TAHHBIX BO MHOTHUX HAYYIHBIX
nucrunraax. PacmpocTpanennas 3ajada, CBA3aHHAsS C BPEMEHHBIMU PsIIAMH, 3TO CPABHEHWE OIHON MOCIIe-
JoBaresbHoCcTH ¢ Apyroii. Hanmpumep, mporHo3upoBanue MeH Ha akiuu 0a3upyercs HA CPABHUBAHWM TEKYIIEH
TIOJIITOCIIEIOBATEILHOCTH DPSIJIA € HANIEHHON MOAMOCIeI0BATEIbHOCTRIO Psila, COXpaHeHHOTo B ncropun [M]. st
PACMO3HABAHUS PeUr, PYKOIMUCHOTO TEKCTa, ¥ MOANKUCH YCIEITHO MPUMEHSIeTCS MEeTOIbI, TPEOYIOIHe CpaBHEHUS
JIBYX BpeMeHHBIX psifioB [2, B]. B HEKOTOPBIX ciIyuasix JOCTATOYHO B KAUECTBE PACCTOSIHUS MEXKJY MOCJIe0Ba-
TEIBHOCTSIMU BBIOPATH €BKJIHIOBO paccrosuue. Ho 9acTo cpaBHEHME TaKUM MPOCTHIM MyTEM J1aeT OMHOOIHBIE
pesyabrarbl. Dynamic time warping (DTW) npeacrasiser coboil rexuuky 3¢hdeKTUBHOrO BbIpaBHUBAs Bpe-
mMeHHbIX PagoB. Merogapt DTW ucnosbp3yrorcss B I€peYnCIEHHBIX BbIII€ OTPACAX, P aHAJH3e nHOOPMAIUT
B pobororexuuke [A], B Menunune [B, 6], B 6nonndopmaruke |4 u npyrux cdepax.

Jasnee 6yner omucan kiaaccuueckuit DTW anmropurm. OH naer Hemoxue pe3yabTaThl, HO KOHEYHO K€ OH He
TIO3BOJIACT JOCTUYb HAWJIYHINTECTrO0 BhIpABHUBAHUA. STO CBA3aHO C TEM, 9TO 3TOT aJIOPUTM OYCHL 9YBCTBUTEICH
K HCKaK€HHAM BPEMEHHOI'O PAda IO OCH Y TaK}Ke OIINCaH aJrOPHUTM IIOMCKa B IIOCJIEA0BATCJILHOCTH IIOAIIOCTIC-
JOBATEILHOCTH, «OOJIBINIE BCETO MOXOXKEH» Ha JAHHYIO IOCJIEI0BATEIbHOCTh. IIpuBeIeHbI pe3yabTaThl PabOThI
AJITOPpUTMa Ha UCKYCCTCHHBLIX U PEaJIbHBIX BPEMCHHDBIX DAdaX.

NMocTtaHoBKa 3aga4u

Kuaaccudeckuiit DTW ajaroputm
ITycrs nanbl gse nocaenosaresibuocT @@ u C (BpeMeHHBIX PAJA) JJIMHON 1 U 11 COOTBETCTBEHHO:

Q=q1,q92,...,qn, C=c1,co,...,Cm.

Kuaccuaeckuit DTW asropurm 1o 3TuMm 110C/I€10BATEIBHOCTAM CTPOUT NYmMb Haumenbweld cmoumocmu. 1lo-
SICHUM, UTO 9TO 3HAUUT.

Ounpenenum marpuiry 2"*™ 1ak, 94T00bl €6 3j1eMeHT (i,]) COOTBETCTBOBAJ PACCTOSHUIO MEXKIY i-bIM M j-bIM
sJIeMeHTaMu ocienoBarenbuocTeit (Q u C, TO eCTb COOTBETCTBOBAJ BBIPABHUBAHUIO MEXKIYy ¢; U ¢j. Mbr Oyznem
6paTh eBKIMIOBO PACCTOAHUE:

d(gi,¢;) = (q; — ¢5)*
B kadgecTBe METPUKYM MOXKHO B34Tb U APYyrue (hyHKIIUH, HATPUMED:
d(%cj) = \qz‘ - Cj\ .

[To maTpurie §) mocTponM HEKOTOPBIH nymb W. DTOT myTh BRIpazkaer coorsercTBue Mexny () u C. k-brit
snement W onpegensercs kak wy = (i, j). Hanee mox d(wy), tae wy = (4, j)k, Gynem nonumars d(g;, ¢;), T.e.

d(wy) = d(gi, ¢;) = (¢ — ¢;)°.

Nrak, MbI mMmeem
W:wl,wg,...,wk,...,wK,
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rae K — nomaa mytn. K O9eBNIHO YIOBJIETBOPSET CJIEAYIOMEMY YCIOBUIO:
min(m,n) < K <m+n— 1.

[Iycts myTs W ymoBIeTBOpSIET CAEAYIONIUM YCIOBUSIM:

— I'pannunsle ycnosus
O6brano npegnoaraor, uro wy = (1,1) u wx = (n,m), T.e. Havano u kouer, W HaxoudTCd Ha IUATOHAY
B TIPOTHBOMOJIOKHBIX yTiax (2.

— HemnpepoiBHOCTD
Mycrs wy, = (a,b) n wg—1 = (p,q). Toraa

D10 orpaHNYEHNEe HY>KHO, 9TOOBI B 1are myTr W yuacTBOBAJIH TOJIBKO COCETHIE IEMEHTHI MATPHUIILI ( BKIIIO-
gasi CoCeHHe TI0 THATOHAJIH).

— MonoTorHOCTH
IMycrs wi = (a,b) n wg—1 = (p,q). Toraa

D70 orpaHUYeHNe HYKHO, YTOOBI TOUKH W MOHOTOHHO MEPEMEIIAINCH BO BPEMEHH.

[Tyreil, yioBIeTBOPAIONINX ITUM TPEM YCJIOBHAM, MOXKET ObiTh OYeHb MHOrO. QOHAKO HAM HYXKEH IIyTh, HA
KOTOPOM JOCTHUTAeTCsa MUHUMYM CMOUMOCTU NYMU:

DTW(Q,C) = min

Suamenaresib K HyKeH JJIs1 TOTO, YTOOBI y4eCTh pa3indnyio jmny W.

Takum obpazom, nymob Haumenbwed CIouMocmu (6upasruaouull nyms) ajid nocjaenopareiabaocreii Q) u
C sto myrs W, Ha KOTOPOM mocTuraercs MunuMym croumoctu myta DTW(Q, C).
Knaccuaeccknit DTW anropuTM moncka MyTH MWHUMAJIbHOW CTOMMOCTH PEKYPCHUBHO HAXOAUT IJUHY TYTH
HaMMeHbIIell CTOUMOCTH 7Y; ;j 10 KazKIOr0 3IeMeHTa MaTpulpr § :

Vi = d(wi ) +min(y; j-1,%i-1,5, Vi-1,5-1)

O mpyrux cnocobax BBIUHCIEHHS 7, ; MOXKHO n3Hars n3 [8, 9, I0].
SameTuM, 4TO €BKJIUIOBO paccrosaue mexkay () u C' — 3ro gacrusiit ciaydait anropurma DTW, korma myTb
HaMMeHbIeil croumocTu W orpanuveH yCIOBHEM

wkZ(i,j)k, iZjZk.

ITocranoBka 3amaun
Tenepn nycTh JaHbl ABe NOCAeH0BaTebHOCTH () u C' 1JIMHONH N U M COOTBETCTBEHHO (N>Mm):

Q:lIh(IQ»---an 02017027"'767n-

Tpebyerca, ucnonb3ya Knaccudeckuit DTW aiaropurs, HafTH TaKyio IOAIOCIEI0BATEIBHOCTL (' TocIenoBa-
resbHOCTH (), KOTOpas «bosbIie Beero moxoxkay na C, 1. e. Ty NOAMOCIEI0BATEIbHOCTD, HA KOTOPO JOCTUTAETCS
3HavYenne QyHKINN

1
DTW(Q',C) = min { —
@', C) in 3 2

Onucanue aJropnTmMma noncka <K MOXOXKen» noanocsieaosatesibHOCTU

Wnea anropurmMa COCTOUT B TOM, 9TOOBI C MOMOIIBIO TIEPBOTO npuMeHeHus kiaaccudeckoro DTW asropurma
OTCedThb II0JIIIOCIE0BATEIIbHOCTH, KOTOPble He MOryT yuaosiersoputhb (1). A 3arem 0ObIYHBIM 1IEPeOOPOM U3
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OCTAaBIINXCS TO/IMOCTIETOBATETHHOCTEH BHIOPATH ONTUMATILHYIO ¢ MOMOINBI0 Kiaaccudeckoro DTW axropurma.
Koz anropurma ¢ 6osee moapoGHBIM OMUCAHIEM MOXKHO B3dTb u3 [L].

BbiuncnutenbHbiii akCnepumMmeHT

AJIFOpI/ITM TECTUPOBAJICA KaK Ha MCKYCCTBCHHBIX BPEMEHHBIX DAJAX, TaK 1 Ha PEAJIbHBIX.

ITouck mnmoamocjie10BaTeJIbHOCTUN B CUHYcouU/ie

Bosemenm B KauectBe () curycommy Ha orpeske [0; 7], mmmra Q: n = 1001. A B xawectBe C' BO3BMEM €€
HOAIOCJEA0BATENBHOCTS AarHbL M = 350. C IIOMOIIBIO HALIErO aJTOPUTMAa HAMIEM IIOMIIOCIEI0BATENbHOCTD Q'
u nyth W ,Ha KoTOpBIX BhIMONHsiercst (1), (Puc. 1-3)
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Puc. 1. BurpaBuusatomuit myts W.
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value

0 50 100 150 200 250 300 350 400 450
time

Puc. 2. Tlocnemosarensaocts C' (KpacHBIM IBETOM) U HalileHHad TO/TOCIEI0BATEILHOCTD Q' (3eIeHBIM T[BETOM).
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value
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time

Puc. 3. IlocienosareapHOCTS () U TOANIOCIE0BATEIHHOCTS Q' B Heil.

Kak Buano m3 rpadukoB, aJropuT™M Halles ONTHMAJIBHYIO MOANOCICAOBATENLHOCTh (' 1 Ha mpocTedmux
MOJIEJIBHBIX JAHHBIX pPab0OTAET TPABUILHO.

Ilomck moxarmocse/I0BaTEJIBHOCTH B 3alllyMJIeHHOM cuHycouae IIpoBemem TecT momo0HBIH mpembIy-
LIEMY, TOJBKO B KadecTBe () BO3bMEM 3aIllyMJIEHHYI CHHYCOHIY, a B KadecrBe C' — 4acTh IVIAJAKON CHHYCOUIBI.

(Puc. 4-6)
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Puc. 4. Berpasuusartomuit myts W.
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Puc. 6. IlocienosareapHOCTS () U TOANIOCIE0BATEIHHOCTL Q' B Heil.

Buano, uro ajaroputM paboTaeT TPABUILHO, TOATOCIEI0BATETLHOCTD HAWIEH], BEPHO.
CTOAT OTMETHTH, 9TO SKCHEPUMEHT NnpoBomuics pu 5% myme. Ilpm GONBIMX MIyMax aarOpUTM MPEeKpaal
paborarh.

Pabota Ha peaJbHBIX JAHHBIX

Jasee mpesocTaBIeHbl pe3yIbTaThl paboThl ATrOPUTMA Ha PEATIbHBIX JAHHBIX. B KadecTBe () BO3bMEM 3aBH-
CHMOCTB IIPONAzK HEKOTO TOBAapa OT BpeMeHH, B KadecTBe C' HeGOMIBIIYIO TOCIEI0BATEIBHOCTD, HE SIBJISIONIYIOCST
nognocieaosarenbHoctsio Q. (Puc. 7-9)
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Puc. 9. IlocienosareapHOCTS () U MOANIOCIE0BATEIHLHOCTS Q' B Heil.

Ha Puc. 7 KoHell BHIDABHUBAIOIIETO TyTH MPAKTUYIECKHA BEPTUKAIEH. DTO O3HAYAET, YTO XBOCT MOCIEIOBA-

renbrocTr C HYYKHO HEMHOTO PACTIHYTH [0 OCH BPEMEHH, 4TO MOATBep:KIaeT Puc. 8.

3aknto4eHne
B pabore paccmarpuBaercsa kiaaccuueckuiit DTW amroputm. O6 ero yaydineHusix u MOIA(MUKAIUAX MOK-

HO y3Harh w3 [I2, R, O, [0, [3]. TakKe pacCMOTPHM AJITOPUTM TIOUCKA «IIOXOMKEH» TOIOCIE0BATEILHOCTH,
ocHOBbIBarommiica Ha kKjaaccudeckom DTW aaropurwme. [IpuBenersr mpuMepb pabOTHL 3TOTO AJTOPUTMA.
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MporHo3mpoBaHue pyHKLUNAMN OUCKPETHOrNO aprymMeHTa
E. A. Bydnuxos

Mockosckuit dbusuko-rexuaudeckuit uacturyTt, PYIIM, kad. «VHTE/IeKTya IbHbIE CUCTEMBI»

B paboTe mccieayoTcs KOpOTKHE BpEMEHHBIE Psi/ibl Ha IprMepe MOHO(MOHMIECKUX MY3bIKAJIbHBIX Menoauit. I1po-
KCXOJIUT [IPOTHO3UPOBAHUE OHON HOTHI SKCIIOHEHIIUAJIBHBIM CIJIAXKUBAHUEM, JIOKAJIbHBIM METO/IOM, a TaK¥Ke Me-
TOJIOM TIOMCKA TTOCTOSTHHBIX 3aKOHOMEDPHOCTEIA.

BoraucauTenbHbIi 9KCIIEPUMEHT ITPOBOIUTCA Ha IBYX MEIOAUAX, OJIHA U3 KOTOPHIX UMEET TOUYHO TOBTOPSIOIIUECS
dparMmeHTsI.

KiroueBble cioBa: gpementots pad, npozno3uposanue meaoduli, MawurHoe 00yvenue, nPoeHo3uUPosaHue HyHK-
YUAMU QUCKPEMHOZ0 APLYMEHTNG, AOKAALHBLE MEMOJbL NPOZHOZUPOBAHUL, TOUCK NOCTIOAHHBLE 34K0HOMEPHOCMel.

BeepgeHue

B oruere mpejcTaBiena MONBITKA TPOTHO3UPOBAHUS TAKUX CIEMU(PUISCKUX BPEMEHHBIX PSAJIOB, KAK MOHO-
doHmYecKre MeIOIuN. BhIIn OCYIIEeCTBIEHBI TPU PA3IUYHBIX TTOIX0A: IKCIOHEHIINAIHHOE CIIIAXKWBAHNE, JIO-
KaJIbHOE MTPOrHO3UPOBAHNE M TIOUCK MOCTOSTHHBIX 3aKOHOMepHOcTel. [lepBbiit 3 HUX — XOpOIo pa3paboTaHHbIi
meroq, onucanubiii B [, B]. Bropoit onucan, nanpumep, B [U]. Tpernii npemiaraercs B mosHoit Mepe B paborax
@, B].

[Ipenaraercst opobOBATE IEPBBII METO B TPAJUITHOHHOM ero (hopMe, ITOOBI OTBETUTH HA, BOIIPOC, TPUTOIEH
JIN OH JIJIs PelleHusl JaHHON 3a/adu. 3aTeM [peJjiaraercs BO BTOPOM METOJIE IPOBEPUTH PabOTOCIIOCOOHOCTH
ko3 durmenta koppeaanuu [lupcona B KagecTBe MEpPbI CXOACTBA. 1 pernii 6y1er uCmoib30BaTHC B YIIPOIIEHHOM
BapHaHTe.

NMocTtaHoBKa 3apa4u

Menomus ects dyuriusg m : 1T — X XY, rme T =0,1,2,... — nozumus #orer, X = 0,1,2,... — KOHEUHOE
MHOXKECTBO HOT, 3aHYMEPOBAHHBIX B TIOPSIKE YBEJIMUEHUS TOHA, ¥ — IJAUTEIbHOCTh HOTHI, B CEKyHIAX. Taxkum
obpaszom, Oymem paboTaTh ¢ MyYKOM U3 IBYX BPEMEHHBIX PSIOB.

IIpennosaraercs, 9ro MeIoAus JaHA 3aKOHYEHHAs, HO He3 HecKOJbKUX (bUHAILHBIX HOT(6e3 orpaHuveHus
obuaocTr onHoi ). Heobxonumo ux npeicka3ars.

MyTun peweHns 3apgaun

DKCIOHEHIMAIBHOE CTIIAKMBAHUE
IIycrs X = {z1,...27} — BPEMEHHOI psi.
DKCIOHEHINATBHOE CTIAKUBAHAE PsAA OCYIIECTBIAETCA O PEKYyPPEHTHOR dhopmyIe:

Sy =axt+ (1 —a)Si—1, a€(0,1).

Yem MeHbIe (v, TeM B OOJIBITIEH CTEmeHN (DUIBTPYIOTCS, TOJABISIOTCS KOMEDAHNS UCXOIHOTO PSIIa U Iy Ma.
Ecnu mocnemoBaTenbHO HCTIOTB30BATH PEKYPPEHTHOE 3TO COOTHOIIEHNE, TO IKCITOHEHITHATILHYIO CPETHION St
MOKHO BBIPA3UTh 4epe3 3HAYEHWsT BPEMEHHOTO psaa X .

t—1
Si=axi+ (1 —a)(azi—1+ (1 —a)Si—q)=---= aZ(l —a)'x_; + (1 —a)'S,.
i=0

TTocie mogsnenna pabor P. Bpayma skcroHeHmma bHOE CrIayKHBAHME TACTO WCIIONL3YeTCs MJId PEIleHus
33/1a41 KPATKOCPOYHOTO [IPOTHO3UPOBAHUS BPEMEHHBIX PSIOB CIEAYIOMIAM CIIOCOOOM.

[IycTb 3aman BpeMeHHON pam: y; - - - Yy, Y; € R.

Heobxonumo pemuth 3a7a9y MPOrHO3MPOBAHUS BPEMEHHOTO PSIa, T.€. HalTH

Gt4d = fr.a(y1--y), d € {1,2,...D}, D — ropu3soHT IPOTHOZMPOBAHU, HEOOXOAUMO, ITOOBI

T . .

Qr =321 (Yi — i) = min

IIpenuosnoxkum, 4ro D - HeBesuKo (KparkOCPOYHbLH LPOIHO3), TO [jls PELIEHUs TAKON 331341 UCIIOJIb3YIOT
Mojiens BpayHa.

Gt+a = @y + (1 — @)3r, Go = yo, @ € (0,1).

Ecmu pacemarpusars mpormos mHa 1 mar snepes, T0 (Yr — §:) — TOTPEITHOCTEH 3TOTO MPOTHO3a, & HOBBIH
MIPOTHO3 §J¢41 HNOJYYAETC B PE3YIBTATE KOPPEKTUPOBKHU MPEABIIYINEr0 MPOrHO3a ¢ YIETOM €ro OnmmbKH — CyTh
aJIAITAIHN.



IlpornosupoBanue OyHKIUAME AUCKPETHOrO aprymenta, . A. Byguukos 86

ITpu KpaTKOCPOUHOM MPOTHO3UPOBAHUN JKEJIATETHHO KAK MOYKHO OBICTPEE OTPa3WUTh HOBHIE M3MEHEHWUS] U B
TO K€ BpeMs KaK MOXKHO Jjyurne "oaucTuts " ps or caydaiiabix koebanuii. T.o. caenyer yBenmuausars Bec 6oee
cBeXkuxX HabMOMeHuit: o — 1, Yirq — Vi

C apyroit CTOPOHBI, [JIs CLIAYKUBAHUS CJIyIaliHBIX OTKJIOHEHUH, (v HY>KHO yMEHBIMUTh: & — 0, Jry1 — Yt

T.o. aru aBa TpeGoBanus Haxo#aTCs B nporusopednn. Mol Oyaem Gpars o u3 uarepsaia (0,0.5).

JlokaabHbIe MeTOABI MIPOTHO3UPOBAHUS

My3bIKaJabHbI# BpeMEHHON Psifl OTJIMYAETCHA OT OOBIYHOIO XA0THIECKOrO: OH HOYTH HE XaoTH4eH (/s CIIelu-
aJIMCTOB, A JAyMaio, cjioBo "mouru" mMoxHO yOpaTh). B HEM BCTpEUAIOTCS MOXOXKUE, TIOBTOPSIONIMECS] U TTPOINE
PeryJsipHble CTPYKTYDHI.
Onpenenenune 1. PeryaspHoii cTpYKTypoii HA30BEM KYCOK BPEMEHHOTO Psia, OOJAJAOHIHI ABTOHOMHOCTBIO
110 OTHOHIEHHIO K OCTaJIbHOMY BPEMEHHOMY DSV, CKJIOHHBIH K IOBTOPEHUI0 B HEMHOT'O HCKAXKEHHOIH hpopme

Ouesunno, uro "memuoro" momKHO ompemenAThCA HeKOM (dyHKImel O6im3octu. B pabore mcnomp3oBasics
BapuaHT KoadgdunrenTa koppensinn Heiimana-IIupcona:

[ fg

I7le UHTErpaJl MOHMMAeTCsI B CMBICJIE CYMMBbI B CHJIY JUCKPETHOCTH (DYHKITHH.

IIporuos Oyzer CTPOUTHCsT HA €CTECTBEHHOM IIPEIIION0KEHNN KOMIIAKTHOCTH PErYJISPHBIX CIPYKTYP: y MO-
XOKUX KYCKOB BPEMEHHOTO DA JOJIZKHBI OBIThH MOXOKUE TTPOIOJIKEHUS .

Bocnonp3yemcest caMbIM TPOCTHIM JIOKAJIBHBIM AJITOPUTMOM, KOTODBIN HINET OJnzKailiiero coceia K MpOrHo-
3UPyEMOMY yYacCTKY.

k(f,9) =

ITouck TMOCTOAHHBIX 3aKOHOMEpPHOCTEN

PaccMmorpuM ofuH U3 OAXOM0B K TIOUCKY 3aKOHOMEDPHOCTEH B MyYKaX BPEMEHHBIX PAI0B, KOTOPBIM TPEIIo-
JIaraeT OTCYTCTBUE U3MEHEHUIl B 3aKOHOMEPHOCTAX C TeYeHneM BpeMeHu. iisi mpocToTh OyeM paccMaTpuBaTh
€/IMHCTBEHHDBIN BPEMEHHON DsiJl MJIMHBL 1’ BMECTO I1y9Ka.

Mackoii w Ha oTpeske HazoseM Oy/eBy crpoky miuabl N (31ech napamerp N onpeienser MaKCUMATbHBLI
OTCTYII 1O BpeMeHH). UncIo ennHn; B Macke w OyJeM Ha3bIBATH BECOM MacKh u ofoszHadarb H(w). Diement
MACKH, HAXOIAMUNCS Ha i-0M MecTe 6ynem obo3HauaTs w(i) mwmm w;. 3akoHoMepHOCTHIO R Hazosem mapy (w; f),
IJle MacKa w yKa3bIBAeT HA 3HAYEHUs PAJIA, SBIMIONINECs apryMenTaMu hpyHKnun f, 8 9acTUIHO-ONpe e IeHHAd
dbysrums f 3amaer 3aBUCHMOCTD 3HAYEHUH IIEJIEBOTO PAIA OT MEPEMEHHBIX, Ha KOTOPBIE YKA3BIBAET MACKA W.

[ XH@ o X U{A},

rjae A 03HavYaeT, 9To QYHKIMs He ONpee/ieHa Ha COOTBETCTBYIONEM HABOPEe MepeMeHHbIX.

Badukcnposas renepb macky w = [1, 1, 1], mocrponm muamkecTBO nap (o, vy), tae oy = [m(t), m(t+1), m(t+
+2),av,=m(t+3),te{1,2,...,T —3}.

ITonyvwennoe MHOXKECTBO AP 3AIMHUCBIBACTCA B BUE TAOIMIBL 9ACTOT ||Vo,y|| € IMCIOM CTPOK, DABHBIM “HC-
Ty BCEX BO3MOMKHBIX HabopoB m3 X7 = 23y wpcrom cron6uos, pasabM |X|. DieMeHT TabauIpBl 9acTOT
lVawll (0 <a<|XP-1, 0<v < |X|—1) — 310 umcio pa3, KOTOPOE 3HAMEHHE U BCTPEUAETCS BO BXOTHBIX
NAHHBIX Ha HAbOpe & ¢ HOMEepoM o m3 X°.

(Ilpeanonaraercs, 4To HABOPHI PACHOIOKEHBL B JIEKCUKOIPAPUIECKOM TOPSIJIKE. )

O603HAIUM Vo maz = max Vaw B Uy = aIg max Ve (B CIIydae eciam MaKCUMYM JIOCTHTa-
ve{l,2,...,|X|-1} ve{l,2,...,|X|-1}

€TCsl Ha HECKOJbKUX 3HAYECHUSIX, Uy, BHIOGMPAETCS CPEIM ITUX 3HAYEHUI IPOU3BOJILHBIM 06pa3oM).

X|—1
O603HAYUM TAKIKE Vo maz—1 = Vo B Vg = ZL:‘O Ve p-

max
ve{l,2,..,|X|-1},v#vm

Ha ocHOBe TaGIHUITBI 9ACTOT MOPOKAAETCA 3AKOHOMEPHOCTD (w; f), T/Ie 9acTHIHO- ompeneneHaas QOyHKINSA
f 3amaerca Ha KaxIOM Habope & m3 X° caenyromuM o6pasoM:

f(&) _ Um, €CIHN Vo maz — Va,maz—1 P k- Vo
A,  uHa4e

3mech cuMBOI A 0003HAYAET OTCYTCTBHE 3HAYEHHWs HA JAHHOM Habope, a kK — mapamerp ajropurma, 0 <
k< 1.

BbluncnutenbHblii IKCNepnMmeHT

SKCHOHeHHI/IaJ'II)HOE CIVIa>KmBaHue
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B kagecTBe nccaemyemoit Memoaun cHavamga o611 B3aT daiia Iycr.mid.

ﬂﬂﬂ AKCIIOHEHIUAJBHOI'O CrJIaKUBaHUA OBLIa, BbI6paHa G, Ipn KOTOpOI7I CpeTHEKBaJAPAaTUIHOE OTKJIOHEHUE

paga OT ero CriiakKnuBaHUA ObLIO MUHUMAJILHEIM.

Smoothing of original =serie

5g T T T T T T T
S - -
54 |- -
i
£
=
'_
52 - -
50 - b
as 1 1 1 1
] =] in 15 20 25 20 35 40
Humber of note
Puc. 1. znagansuerit Bpemennoit psag ['ycu.mid u ero skCrioHeHIMa bHOE CryIasKUBAHIE

D10 3HaYEHHE OKa3ajoch paBHbiM o = (0.4361.

Hy u pucynok ¢ npencka3aHHOM MOCTeTHEH HOTOM:
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Temneps mccaemyeM Apyryio Meaoanio, emre 6osee KOPOTKyIo, KuTalickoe.mid
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Smoothing of original serie

T T T T T

&S = -
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Puc. 3. I3nauanapublil BpeMeHHO psijg KuTaiickoe.mid 1 ero SKCIOHeHIMAIBHOEe CIJIA’KUBAaHIe

SmaveHme mapaMeTpa 3mech OKa3aJa0Ch PABHBIM « = 1. M Bce PaBHO SKCIOHEHIMAILHOE CIVIAZKMBAHHE HE
moxker "poruarb" ps,.
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Smoothing of serie with prediction
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Puc. 4. Bpemenuoii psij ¢ mpecKa3aHHON TOYKON

JlokasibHOE IIPOrHO3HPOBaHUE

JIoKaJIbHOE MPOrHO3MPOBAHME OKA3aJIOCh ycrenHeii. B ciydae mepBoi MeToauu OHO HE TOJBKO MPABUIBLHO
HAILIO TOXOXKUN KYyCOK METOANY W TMPABUIBLHO MPEICKA3aI0 (DUHAJBHYIO HOTY, HO M B CJIyUae MHOTOKPATHON
MIPOTOHKU AJITOPUTMa, TIOBTOPSLIIO TMOCTIETHEE TPEIOKEHNE MeJIOauH. Pe3yabTarsl paboThl AITOPUTMA, TPEICTAB-
Jensl B (daitmax outl.mid m out2.mid.

ITonck HOCTOHHHBD(3aKOHOMBpHOCTeﬁ
B kauecTBe ucciegyemoit mesionuu cHoBa 66wt B3sT daitn ['yen.mid. Meron okazascsa yiaauabiM. Pesynbrarst
paboThl aaropuTMma mpeacTaBieHbl B daitie out3d.mid.

3aknr4deHue

B zaksrouenne MOXKHO CKa3aTh, 9TO MPOJIEIAHA COBCEM HeOOJbInas paboTa, HO yKe TOYHO MOXKHO CKa3aTh,
9TO IKCIOHEHINATHHOE CIJIA2KWBAHUE HE MOYKET OBITh HCIOJb30BAHO I YCIIEINTHOTO PEIIeHHUsT MOCTABICHHON
3ama4n. JIOKaJbHbIE K€ METOIbI MPEeICTABIAIOTCA 0oJsiee MEePCHeKTHBHBIMM B TOM ILIAHE, YTO HA MEJIOIUIX,
ODJIAIAIONINX HEKUMHU MTOXOXKUMHU TOBTOPSIONIUMUCS (PPArMEHTAMH, €CTh CMBICJ HCIIOJIb30BATH MMEHHO TAKHE
MeTonpl. K coxkarennio, B pabore ObLIN TTPOIEIAHBI MCCAEIOBAHUS JIUIIL ¢ OJIHON METPUKOM, MMEET CMBICI
HCCJIEJI0OBATH TIOBEJIEHNE NPYIUX METPUK.

Meton moucKa TMOCTOSHHBIX 3aKOHOMEPHOCTEH OKa3aJscs TaKKe YIAdHbIM. TeMm He MeHee, s CKJIOHEH Pac-
CMaTPUBATH 3TO CAEACTBUEM TOrO, YTO MEJIOINS WMEIa TOYHO TOBTOPSIIONINECS KyCKu. 1O eCTh I/ IIPOrHO3a
ObLT HAMIeH WAEHTUIHBIN KYCOK, paHee BCTPEYABIIUICI B MEJIOINN, & B KQUECTBE MMPOrH03a ObLIA IIPOCTO B3ATa
CTIEIYIONAs 38 YIOMAHYTHIM KyCKOM HOTA. B cmiy MaJjofl JJIMHBI MEJIOAMH ITOCTPOeHHAsS (PYHKIHS OKA3aJIaCh
KpaliHe MaJjo OIpe/eIeHHOl Ha, MHOMKECTBE BCEBO3MOYKHBIX HAO0OPOB 13 X °. BO3MOXKHBIM BBIXOIOM M3 JAHHOI
CUTYyallii, KPOMe OYE€BUTHOTO YBEJUYEeHNU JIJINHBI U3BECTHON YacTH MEJIOINH, g [ToJIaraio BblIejIeHue ITPH TTOMO-
1M SKCIEPTa, JINOO METOMAMY KJIACTEPU3AIIAY MPUMHUTHBHBIX 3JIEMEHTOB MEJIOINY, JAJIbHEHIee ee KOIUPOBAHNE
B TEPMUHAX 3THX NPUMHTUBOB. DTOT AT IIO3BOJMT CHU3UTH MOIIHOCTH MHOXKECTBA JOIYCTUMbBIX 3HAYEHUI
BPEMEHHOT'O Ps/1a, & CJIeIOBATEIHHO H MHOXKECTBA, BCEBO3MOKHBIX HAOOPOB u3 Hero ke. VI mckoMasa JacTU<HO-



ompenenienHas pyHKIAs OyIAeT ONMpeeseH MIOTHEE.

HeobxomumMblit 1J151 TIOBTOPEHNST BBIYUCIUTENBHOIO IKCIIEPUMEHTa KO/l MOXKHO HalTH Ha caiiTe:
https://mlalgorithms.svn.sourceforge.net/svnroot/mlalgorithms/DiscreteForecasting/
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MHoromepHas aBToperpeccus

P. B. /lorcammuiposa

AHHOTAaNMS

MHuoromMepHasi ABTOPETrPECCUs ABISETCS YKOHOMETPUIECKON MOIEIbI0, KOTOPYIO UCIOAb3YIOT /i TPOHO3U-
pPOBaHNsT BpeMEHHBIMHU psiaaMu. MHOroMepHasi aBTOpErpeccrsi siBIAseTcss 0DOOIEeHneM MOIEIN aBTOPErpEeCCHH
(AR).

IlocTraHOoBKa 3a4a4nu

Jlaubr BpeMenHoit paf 81 = [21,...,27_1)7, r; € R! 1 Marpuma npu3HaKkoB, CTOIOIAME KOTOPOH ABIAIOTCH
BPEMEHHBIE PSAJIBI So, 83 - - - Sp,. HeoOXOMUMO CIPOrHO3UPOBATE CEAYIONIYIO BEIMUWHY T PIIa Sq.

IIpennonaraercs, 9To

— OTCYEeTHI ¢Je/TaHbl Yepe3 PaBHbIE MPOMEXKYTKH BPEMEHH,
— pPAJ UMEeT NMePUOAUIECKYIO0 COCTABIAIONIYIO,

— pPdAJl He UMEET [IPOIYIIEHHbIX 3Ha4YeHuit,

— JJIMHA P2 KpaTHa mepuoay k.

Cocrasnsiercss (m X k) -Marpuna 3Ha4eHUil BpEMEHHOTO Psiza:

xrr Tr—1 oo TT—k+1
Tm-1)k | T(m—1)k—=1 -+ LT (m—2)k+1
S =
Tnk Tnk—1 cee xn(k71)+1
Tk Tp—1 R o |
Beenem 0b603HaueHMST
xT XT
y X
B caydae, Korma yIuTBIBAIOTCS BPEMEHHBIE PAIBI S1,S9, - . . , Sy, A/ KayKJI0T0 j-I0 BPEMEHHOrO PAJa CTPO-

MTCS aBTOPETPECCHOHHAS MATpHIA S; 1 TIpucoenuHseTcs cnpapa. [lonyyennas marpuna
A= [Sl So .- Sm].

ITycrs 3aman wabop gyukmuit G = {g1,...,g,}, HAOPAMED, g1 = 1, g2 = /T, g3 = =, g4 = x+/x. Marpuna
HOPOXKASHHBIX TPU3HAKOB UMEET BHJT

xrr g1oTr—1 oo grOTT_1 oo 10741 oo GrOTT k41
Tim-1)k | 91 °L(m-1)k—1 -+ YGr °L(m-1)k-1 -+ G1O9L(m-2)k+1 --- YGr O L(m—2)k+1
Tnk g1 © Tnpk—-1 cor GrOTnk—1 <o 919 Tn(k-1)+1 <o Gr O Tp(k-1)+1
Tk 91 ° Tk—-1 cer GrOTk-—1 ce. g1027 -ee groan

Ilytn pemenns 3agaun Tpebyercs pemmth 3a0ady TuHeinHo# perpecenn || Xw — y||? — min . Mcrombrit
BEKTOP MAPAMETPOB MMEET BUI:

_(vTy\-1/vT
w=(X"X)""(X"y).
B TepMmnax nmuHelHOH perpeccun
y =Xw
yr =< XT, w >
Bo3mokHbBI /1Ba 1OAX0/a K HAXOXKJIEHMIO 3Ha4deHWs Xp. llepBwlil 3akiiouaercs B MOCIEIOBATENLHOM I[10-
CTPOEHMH IIPOrHO3MPYEMbBIX 3HAa4YeHH. B KauecTBe BeKTOpa X! BubupaoTca K — 1 mpeapuiyiux 3HaUeHmii

BPEMEHHOT'O PsIA, U [JId KA2KIOT0 CJIETYIOMEro 3HAYEHUS LT 41, TT+2, ---, TT+] HEOOXOANMO 32HOBO CTPOUTH aB-
Toperpeccuonnyo marpuiy X. Bropoit noaxon 3aknrovyaercd B MPOrHO3MPOBAHUH EPHUOIA PAIA MO UCTOPHHU..
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B xadectse BEKTOpA xT BeIOHpatoTcst K — 1 3HaUeHuil psiga mpeaiecTBYOMIEro nepuoga. Ilpu JaHHOM MOaXoIe
TEPECTPANBATE ABTOPErPECCUOHHYIO MATPUILy X He HYXKHO.



PesyabTaT paboThl ajropurma
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JntepaTtypa
[1] Crpuxos B. B. Meronst BeIGOpa perpeccuoHHbIX Mogesei, 2010.

[2] V. Strijov. Model Generation and its Applications in Financial Sector, 2009.
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I'IporHosmpOBaHme npoaga>x rpynn tosapos
E. 0. 3atiues

zaytsev.yevgen@gmail.com
Mocksa, Berauncanrensusiii Ientp PAH

NMocTtaHOBKa 3aga4uu

3asaHbl BpEMEHHbIE PAJBI IPOJAZK TOBAPOB ;;(t) € R — mposazkm i-ro Toapa B j-TOM MAara3uHe 3a BPeMsd
t (rme i € I, I — MHOXKeCTBO TOBapoB; j € J, J — MHOXKecTBO Marazunos; t € N). 3Hauenus npogaXK U3BECTHBI
mpu tg < t < t1. Takxe 3a7an ToBapHBIH KaaccudUKATOP, KOTOPBIH pa3dUBaeT TOBAPHI HA IPYIIILI, 00PA3Y O
nepapxuvyecKyro CTyKTypy.

TpebyeTcst CTPOrHO3UPOBATE MPOIANKY 3aJAHHOTO TOBAPA B 33JaHHOM Mara3wHe Ha CJIeAYIONINI TeHb MTOCTe
t1.

MaTtemaTtuyeckoe onncaHue

1. Haiity BCce Trpymmbl HMKHErO YPOBHsS — pasOmeHne MHOXKeCTBa | Ha HEIepeceKalomnecs MOIMHOXKECTBA,
I, C 1.
Jl7ist BCex TPYIIT HUKHETO YPOBHsI I TOBTOPSATH CJIEIYIONINE TITarH.

2. Haiitu cymMapHbie mpoaarku TOBApOB u3 I, BO BCEX Mara3mHax

tl

sp(w) = Y wi(t),

t=t;1—w—+1

e w - pa3Mep odydaioiiei BHIOOPKH.
Obo3na4uum

Sw = Z ZSU(M)

i€l jeJ
3. Onpenenuts m0MM MPOAAXK OTIAETBHBIX TOBAPOB W3 T'PYIIIBI
Duli) = =3 sij(w)
1) = — S;ilw).
w Sw . ¥
jeJ

[MoeTOpsaTh mist Becex j € J u BCeX IPYINT HUXKHErO YPOBHS [, CIEIYIOIIHE IATH.
4. BpraucauTh M0 METOMY CKOJIB3SIIErO CPEIHEro MPOrHO3 MPOIaK TOBAPOB u3 [, B Mara3vHe j Ha, CJIEIYIONnii
JIEHb:

S@j(Ik) = % Z S,’j(v).

i€l

5. PacmpemennTs IpencKa3aHHOE IUCJI0 TOBAPOE COTMIACHO Benmaumaam D, (1):

Yij = Suj(Ix) Du (4)-

Pe3ynbTaThl

Pesynbrar paboThl agropurMa MpUBEAEH Ha rpachuke.



e series
ult of algorithm
moving average

400 450 500 550 600 650 700 750 800
time

Taxoke IpUMEHNM [JAHHBIA aJrOPUTM HE K TOBAPAM, a K I'PYNIIAM TOBAPOB HUYKHETO YPOBHsI

result of algorithm
moving average

400 450 500 550 600 650 700 750 800
time

Ha oboux rpadukax CuHsisd JIMHAS TPOTHO33, OIMUCAHHOTO BBIMNIE AJTOPUTMA U KPACHAS JUHUS MTPOTHO3a
METOJIOM CKOJIB3SIIEro CPEeIHero onepexkamr rpaduk npogazxk (3ejeHas KpUBas) Ha OJMH IIIAr.

Jlntepatypa

[1] https://mlalgorithms.svn.sourceforge.net/svanroot/mlalgorithms/tsforecasting/groupforecast/.
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ABTOpeI'peCCVIOHHoe MHTEerpnpoBaHHOe CKOJ1b3slllee cpeaHee
H. II. Hexunr

ivkinnikita@gmail.com
Mocksa, Berauncanrensusiii Ientp PAH

Iesp10 MPOEKTa ABIACTCA TPOTHO3 BPEMEHHOTO PSAJIA HA HECKOIBKO 0TcaeToB aaropurmom ARIMA (autoregressive
integrated moving average).

NMocTaHoBKa 3aga4u

Pemraercsa 3amada mporao3upoBanust BpeMeHHbIX psoB. O6ydaroriel BBIOOPKOIL ABJISETCS BPEMEHHON psi,
Ha3bIBAaEMbIi ucTopueii. TpedyTcst CIIporHO3UpOBATE TajbHElIee TOBEIEHNEe HEKOTOPOTO TTOKA3ATENs JAHHOTO
BPEMEHHOI'O PAAa.

MyTn pewennsa 3apayn

JI7si HAXOMKIeHWsT PellleHus TperaraeTcs ncnosb3oparh Momenb ARIMA[1]. Mogeas ARIMA sipasercs
0000IIEHIEM MOJIEIH ABTOPErPECCHOHHOr0 CKOJIb3smiero cpeauero (ARMA). Moneas ARMA sBigercs cunrezom
ABTOPErPEeCCUOHHON MOLENH U MOJEIN CKOJIB3AIIEro CPeIHero.

Ilycrs 3aman Bpementoit pan X;, e t — meaoe 9ncyio u X; — BENIeCTBEHHDBIE UHCIIA.

ABTOperpeccuonnas MOJENb MOPAIKA P 3aJACTCA CICTYIONUM OOPA3OM:

p
X = C+Z<PiXt—i+€t7 (1)

i=1

rie ; — TMapaMeTpbl MOJENN, ¢ — KOHCTAHTA, €4 — OeJIbI IIIyM.
Motesib CKOJB3SIIErO CPETHErO TMOPAIKA ¢ 33 AeTCs CAEAYIOMMUM 00pa30oM:

a
X = Z Oice—i + €, (2)
i=1

rae 0; — mapamerpsl Mogenn u £, < N(0,02?).
Mogeas ARMA(p,q) 3anaerca caenyommm o6pa3om:

P q
X = Z wiXe—i + Z Oiet—i +c+er. (3)
i=1 i—1

Monens ARMA paboraer B IpeInoiosKenne, 9ro psif cranuonaper. [[puBoIuTh psifi K CTAIIMOHAPHOMY TIPeJI-
JlaraeTcs MeTOJOM B3ATHUS TOCIEA0BATENbHON pasHocTu. JJaHHbIH MeTom He 0643aTeNTbHO TPUBOJAUT UCXOTHBIN
PAn K CTAIMOHAPHOMY, HO HEIJIOXO peniaer mpobseMy Hajawdus TpeHza. Merom 3ak/Ir04aercs B [MOCTPOEHUE
HOBOTO Psifia, Z; TAKOTO, YTO:

Zt - AXt - Xt - Xt71~ (4)

Mogensr ARIMA (p,q,d) 3akio4yaercd B NpUBEIEHNE Psiia K CTAIMOHAPHOMY BUJY B3ATHEM IMOCJIEI0BATEIb-
HOIl pasHocTH d pa3 U B IPUMEHEHHE K HOBOMY BpeMmeHHOMY Dpsaay mozpeiaun ARMA (g,d).

OnpegenexHue napamertpos p,q,d

st onpesenienust mapamerpa d 6ymem 6parh MOCIEI0BATEIBHYIO PA3HOCTD /10 TeX TOP, TOKA TeCT CTAIINO0-
napuocru Jduku-@ysnepa [1] ve oupoBeprier HyJeByIO MMIOTE3Y JJisl Oy YUBLIEIOCH BDEMEHHOIO DsJIA.

[TapameTpsl p u ¢ TpeAIaraeTcs HAXOAUTH MUHUMU3UPYIOMUME GyHKIHOHAT KadecTBa SSKE. Ha mpakTuke
3HAYEHHUS ITUX MAPAMETPOB PEIKO OLIBAIOT OOJBINE TPEX.



PesynbraTtel pabotsl anroputma (ogHOMEpHbIV Cryyaii)
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Time

Puc. 1. OnrHomMepHbIi cydait

7.3405

7.341
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x 10°

[1] Maruyc f.P.,9xonomerpuka.Hauanbusmit kype:Yueb.-6 m3mx.—M.:/1en0,2004.—576 c¢. ISBN 5-7749-0055-X
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JlokanbHble MeToabl NPOrHO3MPOBAHNSA BPEMEHHbLIX PsSi40B

A. . Kopruenxo
aleksej.kornienko@phystech.edu
Mocksa, Beraucianrensusiii nearp PAH

HUccnenyerca anropur™M mporHo3upOBaHUs BPEMEHHBIX PAIOB. AJIrOPUTM OCHOBAH Ha JIOKAJIbHBIX METO/AX C HC-
MOJIL30BAHUEM PA3JIMIHBIX (DYHKITMOHAIOB KAa4eCTBa.

Beepgetue

B pabore uccienyerca meTom mporHO3WPOBAHNSA BPEMEHHBIX PAA0B. Bee MeTOIbI MOCTpOeHMs MPOrHO3a Bpe-
MEHHBIX PSAJIOB MOXKHO PAa3JEIUTh HA JIOKAJbHbBIE U TyiobasibHbie. [T100ambHbIE METOIBI NCIIOIB3YIOT BCIO U3BECT-
HYIO UCTOPHUIO IS TIOCTPOEHUS IIPOTHO3a. JIOKaJbHBIE NCIONB3YIOT TOJBKO YacTh UCTOPUH.

Mer ucesmenyeM aJropuTM, OCHOBaHHBIN Ha, MeTome k Oamxkaiimux coceneit. Mbr pemaem 3a1ady HACTPOHKY
apaMeTpoB aJITOPUTMA U IIapaMETPOB METPHUKH.

K mapamerpam amropurmMa OTHOCATCH:

1. Yumcao OamKaiImx cocenei.

Merpuka.
3. IlnuHa paccMaTpUBaEeMOro BEKTODA MIPEIBICTOPHH.

o

Paccmorpennbie MeTosbl GbLin panee npeioxkensl B paborax [0, 2.

MNocTtaHoBka 3aga4u NPOrHO3upoBaHUS

SaaHbl HECKOJIBKO BPEMEHHBIX PAJ0B, OJIUH M3 KOTOPBIX TPeOyeTCsi CIIPOrHO3MPOBATH HA A IIATOB BIIEpE.
[Mpesnonaraercs, 9T0 MPOrHO3UPYEMBIH OTPE30K JIEXKUT CPA3Y 2KE 3a OKOHYAHWEM HM3BECTHBIX HAM 3HAYEHU
PSIOB, T.e. 33 KOHIIOM HUCTOpWH. Bymem cumTarh, 9TO B MCTOPUH HET MpomyckoB. Torma B KadecTBe OOBEKTa
OyIeM pacCMaTPUBATH MOCIEA0BATEIBHOCTH TOYEK JIJIVHBI [.

Tpebyercs maiitu k HamboIee MOXOKHUX OOBEKTOB HA OKOHYAHME MCTOPHUU B CMBICTE BHIOPAHHON METPUKH.
[Iporuo3 crpouTcs Kak JauHelHas KOMOMHAIN TPOTHO30B COCEIEH.

OnwuncaHue anroputma

OCHOBHYIO CJIOXKHOCTB COCTABJISIET OLPEJIEJCHAE METPUKHU, B CMbBICJIE KOTOPO# onpejensercs 6Jan30cTb 00b-
€KTOB.
Cxema ajropurMma;

1. Brormensiem o0beKT AAWHBI [.

2. Hopwmanu3syeMm BbLIeIeHHBIN 0O0beKT. BerantaeM MUHHMYM ¥ J€JUM HA PASHUIY MAKCUMAJBHOTO U MUHU-
MaJILHOTO 3HAYEHUH 10 BCeM HAHHBIM PAIaM.

3. Jamee, HAXOAUM PACCTOSHNE MEXK/IY BBIICICHHBIM W ITAJOHHBIM OOBHEKTAMH:

dist(z,y) = Iﬂi? p(x, Ay +b).

B nanmoii paboTe paccMaTpUBAIOTCS TBE METPUKH:

plx,y,w) =D w(a(k) —y(k))?

l
pla,y,w) = 3w a(k) - y(k)|.
k=1

B ciyuae, korga pam — MHOTOMEPHBIH, BEITHCISIETCS METPHKA, M KAZKJOr0 P CO CBOMM TIAPAMETPOM W,
U 3aTeM 3HAYEHUs CKJIAIbIBaloTCsd. [lapaMerp w HAacTpamBaercsi B Xoje 0byUeHrs MOIEH.

4. Ecsm obbekT OKazasics cpeiu k OuvKkafllinx Ha JTAHHBI MOMEHT, 3allOMHHAEM IIOJIyYE€HHbBIC [1APAMETPbl U
paccrostarie. BribpacbiBaeM W3 CIIMCKA, CAMbBIA JAJEKHil OT ITAJOHHOTO OOBEKT.

5. Ilo pesysbraram paboThl BhIAeasieM k Jydmux OOBLEKTOB U BBIJEISEM 33 HUMU DS JJIAHON JOCTATOYHOM,
9TOOBI TIOKPBITh UCTOPHUIO.

6. U3 mosy4eHHBIX PsAIOB CTPOUM BBITYKJIIYIO JIMHEHHYIO KOMOMHAIMIO C PABHBIMU BECAMU.

7. Boibupaem Te 3j71€MEHTBI CIIPOrHO3UPOBAHHOIO PAJA, 0 KOTOPBIM HEOOXOAMM MPOIHO3.
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Puc. 1. Pegysibrarsr nporao3upoBaHus
BbiuncnutenbHbiii 3KCnepMmMmeHT

Jlist mpuMepa UCIOIb30BAJICT MOIEIbHBIN Psij

x = sin(8sin(a)) + &,
rjae a — BekTop apudmernyeckoii nporpeccun u3 1000 Touek, y koropoit a; = 1, a1900=500; £ € N (0,0.1) —
HOPMAJIBHO pacrpeiesieHHasd CIydaiiHas BeTUIHHA.

Obyuenne — mnepsble 600 anementoB psana. [Iporuos crpourca s 50 caeAyOMUX BPEMEHHBIX OTCYETOB,
Ipu4YeM IjId BCeX TOYEK Cpasy.

Ha pucyuke: cunuii (Time series) — ucxonubiii psa, kpacabiii (Forecast) — cnporuo3upoBaHHble 3HAUCHHUS.
3akntoyeHune

B nmammoit pabore mccaeqoBaH aJrOPUTM IIPOTHO3UPOBAHUS BPEMEHHOIO PAIA, OCHOBAHHBIN Ha JIOKAJILHBIX
METOOaX. HpOBe,ZLeH BBIUHNCIIATEIbHBIN IKCIIEpDUMEHT.

Jlntepatypa
[1] ®emoposa B. IIL

JlokajpbHBIE METOIbI TPOTHO3WPOBAHUS BPEMEHHBIX DAJIOB.
M.B.JIomomocosa, 2009.

Master’s thesis, MI'Y wuwm.
[2] J. McNames. Innovations in local modeling for time series prediction. PhD thesis, Stanford University, 1999.
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A pepHoe crna>kmBaHue
M. II. Ky3sneuos

mikhail.kuznecov@phystech.edu
Mocksa, Berauncanrensusiii lentp PAH

ITenpro mpoekTa sIBIsI€TCS IPOTHO3 BPEMEHHOTO PAIa HA HECKOJIHBKO OTCUETOB METOIOM SIIEPHOTO CIUIAKUBAHUL.
st TOCTUKEHUsT HAMTyYIIIero Ka4ecTBa, MPOTHO3a MCIOJIh3YeTCsT BHIOOD TTapaMeTPOB MOIEIIN.

NMocTtaHoBKa 3aga4u

Permaercs 3a1a1ua BOCCTAHOBIEHUST PETPECCHHU. 33IAHO TPOCTPAHCTBO 00beKTOB X M MHOXKECTBO BO3MOXKHBIX
orBeroB Y = R. CymecrByer Hem3BecTHas 1eseBas 3aBucuMocTh y* : X — Y| 3HaUeHUs KOTOPOl M3BECTHBI
TOIBKO Ha obbexTax obyuaromeit soibopku X' = (x;,%;)i_,. Tpebyerca mocrpours aaropurm a : X — Y,
AIIIIPOKCUMHUPYIOMINH TEJEBYI0 3aBUCUMOCTD .

MyTun peweHnsa 3apgayu

Onpenenenne 1. Imagkas, HeBospacratomasi, orpaamaeraas Gyaknus K : [0, +00) — [0,400) HaspBaAETCS
SAIPOM.

C momormbio PYHKIMY Sapa 3303 MM BeCa 00bEKTOB:

Omnpenenenne 2. Ilapamerp h B (hopmyste Ha3pIBACTCS MIHPHHON OKHA CTIAKHBAHUISI

Onpenenum (QyHKITMOHAT KAYECTBA!
l
N _ ] Y .
Q(a, X') = ;wz(x)(a y)* = min,
e w; — Beca o0yYaoImX 00bEKTOB.

IIpupaBHAB K HYITIO % = 0, monyunm dpopmyny Hamapas-Barcona:

l
ok (452)

K (%)

CymiecTByeT TeopeMa, KOTOpasi yTBEPXKIAET, YTO JJIsi MMHUPOKOTO Kjacca sijep omenka Hamapas-Barcona cxo-
JATCA K OXKHUJAEMOMY 3HAYMEHHUIO BOCCTAHABINBAECMON 3aBUCUMOCTH TTPU HEOTPAHUYUEHHOM YBETUIEHWH JITTHBI
BBIOOPKHU | M OZHOBPEMEHHOM yMEHbBIIEHUH IITUPUHBLI OKHA, h.

ah(m,Xl) ==

BbiObOp WMPUHBI OKHA

st BeIGOpa MUPHUHBI OKHA, TPOU3BOAUTCA MUHHME3anms (yukinonata Leave-One-Out:

!
LOO(h, X') = Z(ah(xuxl\{%} — i) — min.

i=1

Bbibop sigpa

Ha TIPAaKTUKE UCITOJb3yeTCsd HECKOJIbKO BUJIOB ANep:

Ksapruaeckoe K(u) =81 —u?)?I(Jul <1)
Enaneunukosa K (u) = 0.

Taycca K(u) = (
TpeyronbHoe K(u) =
ITpstmoyronbaOe K(u)



W3 5 mocTynHBIX siiep BBIOMPAETCS TO, KOTOPoe maeT MuHuMyM SSE mpu onTuMaabHON NIUpUHE OKHA.

Pe3synbtaTt paboTbl anroputma (ogHOMEpHbIV CAy4Yai)

Ucxonnasa 3aBUCUMOCTD — CHHYC C TayCCOBCKUM MmymMoM. Ha jieBoil KapTWHKe TPUBETIEH Pe3yAbTaT JIJIs ITH-
PUHBI OKHA, paBHOU 10, Ha MpaBoit — IJId IMUPUHLI OKHA, paBHOi 50. Mcnoab3yeMoe SApo — KBapTUYECKOE.

o data ¢ data

3l = window length = 10 3 window length = 50
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JlntepaTtypa

[1] B. Xapane. Ipuraadras nenapamempuseckan pezpeccus. 1989.

[2] K. B. Bopounos. JIekyuu no aizopummam 60CCTAHOBACHUA PELDECCUL.
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MeTtoa rubknx HanmMeHbLLINX KBaapaToB

H. A. Casunos
nikolay.savinov@phystech.edu
Mocxksa, Berancmurensusiii llearp PAH

OO6uias nocTtaHoOBKa 3a4a4M U aJifOPUTM peLleHust

Pemmaercsa 3amada BOCCTaHOBIEHUA HecTallmoHapHOU perpeccuu. IlycTs 3amana namHeitHad HOpMaJIbHAS MO-
JeJb CUTHAJA CO CKPBITOW KOMIIOHEHTOM:

xy = Vixe_1 + &, t=2...T, (1)
yt:C’{Xt-’-'f}t, tle, (2)

riae x; € R™ — ckpbltasg koMmnoHenTa (BekTop koddduimenTos perpeccun), y; € R — nabonaemas KoM-
noreHTa (Mporrosupyemas nepemennas); & € R"™ — HyTpenuuii mywm, 1; € R — sremmut mywm, cov (&) =
= %Ut_ !\ — OTHOmIeHHe MHTEHCHBHOCTEl BHEIIHETO i BHYTPEHHEro IIyMOB (rumeprmapaMerp mozemnn). Iapa-
MeTpbl Vi € R™*" U, € R"*" sanatorcs anpuopn, a ¢; € R™ — 3HaueHne MHOTOMEPHOTO BPEMEHHOTO PSia, MO
KOTOPOMY BBITIOTHAETCS TTPOTHO3UPOBAHME.

Anroputm momyuaer Ha BXOA BBIOOPKY {y:, Ct}, t = 1...T, Ha BRIXOmE BBImAeT HAOOP 3HauUeHHH KO3bdU-

uueHToB perpeccuu {x:}, t = 1...T. Ina ouenku Ko3(pHUUEEHTOB HCIIONb3YETrcsa KBaAPATHYHAA (DYHKIIA
MOTEPD:
n n
T(xtsxr) = > te(ly) + A Y vi(xi-1,%), rae (3)
t=1 =2
Ve (xe|ye) = (¢ — e’ x¢)? = (x¢ — x)TQY(x; — x¥) — orkmonenne or Momenu curmamna ¥, 4)
x) = gt ¢, Q¥ =c,c!’ — rouka mMummMyma u Marpua KBagpaTEaHOH GOPMBL Yy (X4 |yt ), (5)
t Ct
Ye(Xp—1, %) = (Xt — Vtxt_l)TUt (x¢ — ViX;_1) — OTKIIOHEHWE OT MOJIETH CKPBITHIX TIEPEMEHHBIX.  (6)

Jamnasg yHKINI MTOTEPh 00bEeIUHIET 2 MPOTUBOPEUMBLIX TpeOoBaHuS K K0P DHUIIMEHTAM PErpeccuu Xi:
TOYHOCTh BOCCTAHOBJIEHWST CHTHANA Y (MEpPBOE CIAragMoe) W TIIAIKOCTh M3MEHeHWs! caMuX K03 dUIMeHTOR
perpeccuu (Bropoe ciaraemoe). KoMpoMuce MexX Iy 9TUMU TpebOBAHUSIMY JOCTUTAETCS BHIGOPOM ruIiepnapa-
MeTpa A.

IIporeaypa oreHWBaHWS CBOAUTCS K MPUMEHEHWIO (pUIbTpa-uHTeprnonaTopa Kamvana-Bbiocu u BBITOHS-
eTcd B 2 3Tana.

1. Ounbrpanus:

(a‘) X1j1 = X(lJv Ql\l = Q(l)a t=1,

©) Que=Q+ (ViQi_1p—1 V" +3U ), t=2...T,

(8) k; = Q;‘gct, t=2...T,

(r) X = Vixeap—1 + ke(ye — ctTVtxt_l‘t_l), t=2...T.
2. Nureprionsamns:

(a) Hy= @+ 53U (V)™ Que) L t=T—1...1,

(6) Xy = X¢|t + Ht(kt—i-l - Xt\t)a t=T-1...1.

Jl7ist oleHKH rumepapaMerpa A HCHONb3yeTcs MeTos cKomb3smero Korrposs LOO. B craree [1] nosydenst
CAeAyOLIAEe COOTHOIICHMS [IJIs 3HAYEHUH [TapaMeTPOB X; Ha OCHOBAHMHK JAHHBLIX C IPOIYIIEHHBIM 3HAYCHUEM Ut

% (Y®,\) = Q) (Qurxyr — QYxY), (7)
ng)“ = Qur — QY. rie (t) o3HauaeT BEIOPOIIEHHOE M3MEPEHHE Uy (8)
Qir = (HtVt_JrllQ;l1|T(Vt_+11)THtT +(Qupe + AVE U Vi) )™ (9)

Torna erermauit kpurepuit LOO BBIYUCASETCS IO OMPEIETEHITO:

LOO\) = J(%,(YD N, ..., %0 (YT N).



[Ipn permiennn 3a1aun 3HadeHNe A BLIOWPAETCS M3 YCAOBUS MWHUMMBAIINN BHENTHETO KPUTEPHSI:

A =argmin LOO(A).
A

IIponemypa obmamgaer TUHEHAHON CIOKHOCTHIO IO JAUHE 1’ BPEMEHHOTO PAIa.
Jna npuMenenus anroputma cienyer 3agath Uz, t = 1...7T (Ha IpakTUKe MOXKHO HCIOJb30BATH IHATO-

HAJIbHbIE MATPUIILL), & Takke Vi, t = 1...7T, KOTOpbIE ONPEJEIIIOT MOJENb U3MEHEHUs CKPLITOH KOMIIOHEHTHI.
B ucxozmHoit pabore 1] HCTOIB3YIOTCS €TMHIYHBIE MATPHITHL.

MpumeHeHne gnsi NporHo3MpoBaHUsE

Cuadasa mpou3BOIUTCS OIEHKA A\ 110 M3BECTHON MCTOPHWH BPEeMEHHBIX pAmoB hist. Jlanee BbIMOSHAECTCA TTPO-

THO3UPOBAHUE B 33JAHHOM BPEMEHHOM WHTepBase frc.

U o =

[1]

2]
(3]

[4]
[5]

IIporuosupyercs ¢¢, t € fre (¢ NOMOIILIO YKCIOHEHITUMATLHONO CIIAYKUBAHUS).

IIpornosupyercs mpeapapuTebHOe SHAYCHHE Yyj¢—1 (C TOMOIIBIO SKCIOHEHINATLHOIO CrIAXKHBAHMSA ).
FLS onennpaer criaxeHHbI KOIMDOHUIUEHT PErpeccus Xy|;.

Brraucngerca criaxennoe sHaUCHHE Yy|; = ctht|t.

t:=1t+1.

Cwm. ucxonubriii koz: [3].

TecToBbIVi NPOrHo3
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Jlutepatypa

Vadim Mottl, Olga Krasotkina, Michael Markov, and Ilya Muchnik. Time-varying regression model with unknown
time-volatility for nonstationary signal analysis. 2006.

R. Kalaba and L. Tesfatsion. Time-varying linear regression via flexible least squares. 1989.

Nikolay Savinov. Flexible least squares. https://mlalgorithms.svn.sourceforge.net/svnroot/mlalgorithms/
TSForecasting/FlexiblelLeastSquares/, 2011.

Vadim Mottl, Olga Krasotkina, Michael Markov, and Ilya Muchnik. Dynamic analysis of hedge funds. 2006.

Vadim Mottl. Lectures on statistical methods of signal and data array analysis.


https://mlalgorithms.svn.sourceforge.net/svnroot/mlalgorithms/TSForecasting/FlexibleLeastSquares/
https://mlalgorithms.svn.sourceforge.net/svnroot/mlalgorithms/TSForecasting/FlexibleLeastSquares/
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NMporHo3mnpoBaHue BpeMeHHOro psiga C NOMoLbio Npuban>xxeHns
NpPou3BogHLIMU pAgaMM

A. A. Magycanros
mafusalov@gmail.com
Mocxksa, Berancimnrensustii Illearp PAH

Ilesbi0 IpoekTa ABIAETCHA MPOTHO3MPOBAHME BPEMEHHOTO Psa Ha OCHOBAHUU IIPOTHO30B [JIsi TTPOU3BOIHBIX OT
HETro PAIOB.

NMocTtaHoBKa 3apa4u
Iycrs nam Bpemennoit psax S = (s1,...,S7), Ipyu 3Hauenusx spemenn T = (t1,...,tr). IlycTh Takxke maHbI
[IPOU3BOAHBIE OT HErO PsiIbI
{Sz = (Sli’ s 7SZT) ?:17

TIpY TeX K€ 3HATYEHUAX BPEMEHU, JJIT KOTOPBIX CYIECTBYET MPOTHO3
Qo 7 7 n
{Si = (5T+17 ) ST-‘,-T)}’i:l?

upu 3HaYeHuAx BpemeHu (tr41,...,tr4,). Hanpumep, Npou3BOAHBIMYU ABJISIOTCH Psifibl, 3HAYEHHUs KOTOPBIX B
KaKJIO TOYKE PABHBI CPEIHAM 3HAYCHUAM MCXOMHOTO PANA B HEKOTOPOH BPEMEHHOH OKPECTHOCTH COOTBETCTBY-
IOIIEN TOYKMH.

Tpebyerca moctpomts mporaos {S =  (spy1,...,S74,)}"., Ha WHTepBaje 3HAYCHWH BpPEMEHH

(tT+17 oo 7tT+T)-
Bymem cTponTh mporuo3 Kak (byHKIHMIO MPOTHO30B MPOU3BOIHBIX PSJIOB:

5, =F(st,...,s"), F:R" =R

NocTtaHoBKa noa3agaqu
TpeGyercs: maiiru {F7(Sy, .. .75’,1)],~|jli1 = {FF(w,S1,...,5)| Ykep, TOE F € §, § — MHOXKeCTBO
J
N-MECTHBIX HEIPEPbIBHbIX (DYHKIHUH JeficTBUTEeabHON Hepementoii, F* € §,, § — MuoxkecrBo dyHKIui u3 J,
3ABUCAIINX JTOMOJHUTENHLHO OT BEKTOPA MAPAMETPOB, k € K — MHOXKECTBO WHIEKCOB (DYHKINH MHOKECTBA §,
W — HacTpauBaeMblil BekTop napamerpos, w € 20(k), W(k) — MHOKECTBO JOMYCTUMBIX BEKTOPOB [1APAMETPOB
by F*.
Muozkecrso {F¥ '}, ¢ p — napero-onrumaibHOe MHOXKECTBO 110 COBOKYIIHOCTH KPHTEPHeB KauecTsa:

W=wW

P = {k € R|POF(F*) =1},

rne POF(FF) — nomep mapero-c/iosi, B KOTOPOM JIC?KHT MOJEJIb C MHIEKCOM k U BEKTOPOM IIAPAMETPOB, Ha-
CTPOEHHBIM M0 MUHUMW3AINU CYMMBI KBaIPATOB PErPECCHOHHBIX OCTATKOB HA 00YUAaOIell moaBhIOOpKe:

* = in Ry, (FF).
W' =arg min 5 (F7)

Tnsa xazknoit F* BekTOp mapaMerpoB HAXOTUTCS KAK

¥ = in Ry, (F¥).
wj =arg i | 5, (F7)

MogroTtoBka K peweHnto 3aga4qun

1. Haifném MHOMKECTBO mpou3BOmHBIX panos {S; = (si,...,sh)}" | Kak 3navenns byHKIHH OT TPOU3BOTHOTO
paga: S; = H;(S), H; : R — R™,

2. Ipomum Kax/iplil U3 NPOU3BOJHBIX PAJIOB KAKMM-/1M00 METOOM IIPOIHO3HPOBAHMA [0 MOMEHTa BPeMeHH
T + 7, momyans nporuosbr: {S; = (84, 1,587 ) ey

MeTtop peweHus 3agaqu

O/iuH U3 MeTOIOB pelenus noa3aaa4u onucat 31ech [, 2]. Ouumem mMeTon perennst 3312491, Onupaommics
Ha METOJ, pellaruil 1oa3a1a49y.



Bamamam andasut dynkmmit: { f;(w,x)}F_ || rae x — BexTop-TlepeMenHas, W — BEKTOp TIapaMeTpoB, — /s
MIOPOXKIEHUA CYIIEPIIO3UITNAIL.

BrifepeM IOIMHOMKECTBA, HPOU3BOIHBIX PAIOB {5, (a), -+ -1 S, (a)(a)}ae A M I KasKIoro a € A mocrpoum
cynepnozunuu F{, . .. ,F;fl(a), IpUOINKAIOMPE UCXONHBIA DA M ONTUMAJIBHBIE B CMBICIIE IIOCTAHOBKH IIOI-
3aIA4H.

Jitst KazK/J0ro u3 NPOU3BOAHBIX PiAJIOB BBIMUCIUM KOJIMYECTBO BXOXK/JIEHUN B CYLIEPIIO3ULIUYU 110 BCEMY MHO-
JKeCTBY TIOJyIeHHBIX (DyHKIINIA.

BribepeM HECKOIBKO IPOU3BOIHBIX PSIIOB Sy, , . . . , 9, , KOTOPBIE HAUOOIIbIIEe YUCIIO PA3 ObIIN UCIOIH30BAHEL
B ONTHUMAJIBHBIX CYNEPIO3HIAIX.

Pemum noszanady HaxoxieHust cynepro3unuii, npubaukamonmx psaj S IPOU3BOIHBIMY PAAAMU S; , . . ., 54,
monyunMm byarunn Fi, ..., F,.

Ha ocHoBaHWM CTPOrHOZMPOBAHHBIX 3HAYEHWH TPOM3BOAHBIX PATOB {S; = (8%, 1,..., 57, ) }iy Mo dynKIy-
siv 3aucuMocta Fy, ... Fy, momyaum nporaossr {S7 = (8741, .. ., §T+T)}§-”’:1.

Pe3synbtat paboTbl anroputma

Huxe npencraBiensl pe3ysibTaThl ABYX MIPOTHO30B HA PA3HBIX BPEMEHHBIX DP:AJIAX, BBIIOJHEHHBIX AJTOPUT-

MOM.

Long Term Forecast
70
65 / \
A
[ /W\ [&%/’
A
b |/
AT,
Sel N Ay (Y
: IR
TE /
s LI .
4[\ y \ — history
A/ ( forecast
45+ ﬁ]
40 | | | | | | | |
7.3375 7.338 7.3385 7.339 7.3395 7.34 7.3405 7.341 7.3415
time X 10°
Short Term Forecast
20
18 /
16 /\/ e e /\
. Y
= 14r /
= /\/ /\
12 NN
history
10 forecast
I /
8 \\/\ | | | | | | |
7.3395 7.3396 7.3397 7.3398 7.3399 7.34 7.3401 7.3402 7.3403
time X 10°
Jlntepatypa

[1] Llopoxkrnenne HeMHEHHBIX PErPECCHOHHBIX MOJEIEH

[2] Llomck mesmneiinoi moBepxHocTH MOXOpOBHMYMIA


http://www.machinelearning.ru/wiki/index.php?title=%D0%9F%D0%BE%D1%80%D0%BE%D0%B6%D0%B4%D0%B5%D0%BD%D0%B8%D0%B5_%D0%BD%D0%B5%D0%BB%D0%B8%D0%BD%D0%B5%D0%B9%D0%BD%D1%8B%D1%85_%D1%80%D0%B5%D0%B3%D1%80%D0%B5%D1%81%D1%81%D0%B8%D0%BE%D0%BD%D0%BD%D1%8B%D1%85_%D0%BC%D0%BE%D0%B4%D0%B5%D0%BB%D0%B5%D0%B9_(%D0%BF%D1%80%D0%B8%D0%BC%D0%B5%D1%80)
http://www.machinelearning.ru/wiki/index.php?title=%D0%9F%D0%BE%D0%B8%D1%81%D0%BA_%D0%BD%D0%B5%D0%BB%D0%B8%D0%BD%D0%B5%D0%B9%D0%BD%D0%BE%D0%B9_%D0%BC%D0%BE%D0%B4%D0%B5%D0%BB%D0%B8_%D0%BF%D0%BE%D0%B2%D0%B5%D1%80%D1%85%D0%BD%D0%BE%D1%81%D1%82%D0%B8_%D0%9C%D0%BE%D1%85%D0%BE%D1%80%D0%BE%D0%B2%D0%B8%D1%87%D0%B8%D1%87%D0%B0_(%D0%BF%D1%80%D0%B8%D0%BC%D0%B5%D1%80)
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Bbi6bop mopgeneii B 3agavax nporHo3mpoBaHus

. C. Cyneypos
elekt@bk.ru

Mocxksa, Beranciurensusiii Illearp PAH

ITe/1b10 TPOEKTA ABJISETCA MOIECIUPOBAHNE MHOTOMEPHBIX BPEMEHHBIX PAIOB. AJITOPUTM OCHOBAH HA PACITUPEHUNA
MIPOCTPAHCTBA TMTPU3HAKOB C TIOMOIIHIO TOPOXKIAIONNX (DYHKITHI U MOC/IEIYIONEM BHIOOpE JIMHEHHBIX MOJIEJICH.

MocTtaHoBKa 3ag4a4u u anropuTM peLleHuns

Pemaercs 3aaua BOCCTaHOBJICHUS perpeccutl. 3agana Bpibopka D = {(&",y") }, — MHOXKeCTBO TIap BEKTODa

sHauennit n cpoboaHbrx mepemennbrx £ = (£1)V_ | € RY u snavenma ommoit samcumotii nepemennoit y' € R1.
oY _ 1%
Bamanro MHOXKECTBO opoxparomux byrkmuit G = {g, },—

Ob6osnauum a; = ¢,(&,), rae ¢ = (v — 1)U 4 u. Paccmorpum JiekaproBo npoussenenue = X G (E — MHOKe-
CTBO CBOOOIHBIX IEPEMEHHBIX). DIEMEHTY ((y, &, ) MOCTABAM B COOTBETCTBHUE CYTIEPIIO3UITAIO Gy, (&, ), OMHO3HAMHO
OTIPETIENISIEMYI0 HHIEKCAMH U, V.

B kadecTBe MOJIE/N, OTMCHIBAIONIEH OTHOINIEHNE MEKIY 3aBUCHMOM TEPEMEHHON Y M CBOOOMHBIMH TEPEMEH-
HBIMH a;, ACIIOIb3yeTcs moauaoM Kommoroposa-I'abopa:

uv uv
y=Po+ Zﬂlaz + Z Zﬁlgalag + .. (1)
=1 ¢=1
rae B = (Bo, B1, Bi¢s --)i,¢=1,2,... — BeKTOp K03 DUIMEeHTOB.

BamuineM 3TOT MOJUHOM B BHIE JUHEHHONH KOMOMHAIINY MOPOXKIACHHBIX IEPEMEHHBIX, TIe j — HOMEp UIeHa,
JUHERHON KOMOMHAITAN:
y= E Bixj, |J]=n.
jed
[lepemennble x; MOCTABICHBI B OJHOZHATHOE COOTBETCTBHE MOHOMAM MOJHHOMA. B Marpuunoit (popme cooT-
HOITIEHNE MMEeT BUI:

y = Xp,

rae X — MaTpuia OpH3HAKOB CO CTOIOIAaMHU X1, -« , Xy, 8 = (81, -+, Bn) — BEKTOp HapaMeTpoB.

ITpeamonaraercs, 9T0 BEKTOPHI X; = (... 2™

Gy T ) JMUHEHHO He3aBUCAMBL. JIMHEHHO 3aBHCHMBIE BEKTODA WC-
KJIO9aloTcd U3 JajbHelnero paccMorpenns. s obHapyKeHua MyJIbTUKOINHEAPHOCTH HCIOIb3YeTCa METOZ
Bescau [0].

IIycTs MaTpuna npu3HakoB X mMeeT pa3Mep m X 1, IeHTPIPOBaHa U HOpMEUpoBaHa. IIpoBoaurcea cuarynap-

HOE Pa3J/I0ZKEHHE:

X =UAVT,

rine U, V — opToronajibubie MaTpUIlhl, A — nuaroHaibHas MaTPUIA ¢ CHHTYISPHBIME YUCJIAMHU HA JUATOHAJH,
YIOPSITOYEeHHBIMU 10 yOBIBAHUIO.

WNunexc 00yCIOBIEHHOCTH ¢ HOMEPOM ¢ — OTHOINEHUE MAKCAMAJIBLHOTO CHHIYASPHOIO YHUCIa K (-MY CHHTY-
JAAPHOMY YHUCJY:
Amaz

0y

KoBapuannontas MaTpuia METOa HAMMEHBIITHX KBAIPATOB MOXKET OBITh 3aMMCAHA CIeIYIOMMUM 00Pa30M:

n: =

V(B)=*(XTX)" =a?VATPVT

O6osuaunm V = (v;;) U mepenuiem mpebIayIiee BEIPAYKEHHe:

2 2 2 n 2
-2 in _ ij
o V(ﬁi)—)\ +)\ )\%Z—(Qi1+%2+"'+(1m 2227727

rae ¢;; — JUCIePCHOHHBIC JOJH, T.€. OTHOINICHHA COOTBETCTBYIOIIECTO CIIAraeMOrO B Da3JIOXKECHAN o 2V (B;) xo
BCEl CyMMe.



Boapmue 3navenns mHIEKCOB 06YCIOBICHHOCTH O3HAYACT HAINYAE MYJbLTUKOJLINHEAPHOCTH. Bonbmme 3Ha-
YEHUS ¢, COOTBETCTBYIOMIHE GOJIbINNM HHACKCAM O0YCIOBISHHOCTH OTHOCSTCS K IPH3HAKAM, MEXKIY KOTOPBIME
3Ta, 3aBUCHMOCTD CYIIECTBYET. AJNTOPUTM OTOpPACHLIBACT TIPU3HAKN, HAXOMASANINECS B 3aBHCUMOCTH C WHICKCAMHM
00yCIOBJIEHHOCTH IIPEBLIMNAIOIIUMY 38 aHHOe 3HAYeHHe.

O160op NPU3HAKOB OCYIIECTBILETC OJHUM U3 cjaeayomux Meronos(cu. [2]).

1. Tlonmwrit mepebop Momeneii.
2. Temerwtdeckuii aJaropur;

3. Meron rpynmoBoro ydera apryMeHTOB;

4. Anropurm Jlacco;

5. LARS;

6. IlocnenoBarennHoe nobaBjeHHe TPU3HAKOB C OPTOTOHAIM3AIINEH;
7. Cny4aliHbIN TTOUCK C aJAITaIne;

8. I'pebuesas perpeccus;

9. Tlowck camoii JJIMHHOM MTPOEKINY BEKTOPA, OTBETOB HA OMCCEKTOPHI BEKTOPOB MPU3HAKOB.

IIo OTO6paHHbIM IPpU3HaAKaM BBITIOJIHAETCA BOCCTAHOBJICHNE JVHEHHO! perpeccun.

Mpumep paboTbl anropmuTma

Ha rpacduke mokazano paboTa aJaropuTMa Ha, JAHHBIX OUPIKEBBIX OMIIMOHOB.

1.5

0.5

Volatility

JntepaTtypa

[1] David A. Belsley. A Guide to using the collinearity diagnostics. Computational Economics, 4(1):33-50, February
1991.

[2] Crpuxos B.B. Meronpt BbiGopa perpeccmonnbix momesneit, BIT PAH 2010.
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MeTton SSA gns NporHo3nMpoBaHUSI BPEMEHHbIX PsiAoB*
H. B. @adees

MockoBckuit dbusnko-rexuudeckuit macTuTyT, DYIIM, kad. «VHTE/IeKTyaIbHbIE CUCTEMBI»

OnwuncaHue anroputma

NMocTtaHoBKa 3aga4u

. k
Habmogaercs cucrema pyHKIUH IUCKPETHOTO apryMenTa ( fi( ))fil, roe k = 1, ..., 8. S — YHCIO BPEMEHHBIX
psanos, k — Homep psga, N — 1jinHa BPEMEHHOTO Psifia, i — HOMep oTcueTra. 1 pebyercs pa3iokuTh Pl B CYMMY
KOMIIOHEHT (MCIOJIb3Ysl METOJM TJIABHBIX KOMIIOHEHT, CM. OIMCAHUE AJIOPUTMA), WHTEPIPETUPOBATDH KAXKIYIO

k
KOMTIOHEHTY, U TTOCTPOUTD MPOIOKenne pana ( f, ( ))N M

i = 110 BbI6paHHbIM KOMIIOHEHTaM.
MocTpoeHne maTpuubl HabnoaeHni

PaccMoTpum cHadana omHOMepHLIH Bpementoit pan (f;)N ;. Beibepem n Takoe, uto 0 < n < N — 1 — Bpewms
JKU3HU MHOTOMEpHOM ryceHurpl. [lycrs 0 = N — n 4+ 1 — mimHa rycenuisl. [ToctporM mocienoBaTeibHOCTD 13
n BekTOpoB B R? ciemyromiero Buia:

y®W e R,
YW = (fiy-1)7y

Ob6o3HaguM

Z=W, . . y™):

Bynem Ha3biBaTh Z HENEHTPUPOBAHHON MaTpurieil HAOI0IeHn , TOPOXK IEHHOM I'yCEHUIIEH CO BpeMEHEM K13~
HU 1.

B ciayyae MHOrOMEpHOrO BPEMEHHOTO PsAjia MATpPUIlell HAOIOAEHNS HA3BIBAETCH CTOJIORI] N3 MATPUIL, HADIIO-
JEeHUil, COOTBETCTBYIOIINX KAXKA0H M3 KOMIIOHEHT.

IIpoBomuMbIil B JasbHENIIIEM aHATIN3 TJIABHBIX KOMIIOHEHT MOXKET IPOBOIUTHCSA KaK IO IIEHTPUPOBAHHON, TaK
¥ TI0 HEIEHTPUPOBAHHON BhIOOPKaM. /It yIIpoIeHus BBIK/IAI0K PACCMOTPUM MPOCTEHINT HEIleHTPUPOBAHHBIN
BapHUAHT.

AHanun3 rnaBHbIX KOMMOHEHT

PaccMoTpruM KOBApHAIIMOHHYIO MATPHILY TIOJIYY€HHON BHIOODKH:

1
C=-z7".
n
BoimomnnMm eé svd-pasnoxkerne:
C=VAVT,
rne A = diag(\y, ..., \;) — amaronampHas MaTpuna cobcreennnix uucer, V = (v .. v(M), (v)Tyl0) =

= 0;; — OPTOrOHaJIbHAA MATPUIA COOCTBEHHBIX BEKTODPOB.
Jlasiee pacCMOTPUM CUCTEMY IJIABHBIX KOMIIOHEHT:

U=VvTz,U=WW, . . . U™,

[Tocsie mpoBeIeHNS AHATA3A TJIABHBIX KOMIIOHEHT OOBIMHO HPENOJIAraeTCsl MPOBEICHNE ONEePAlNE BOCCTa-
HOBJIEHUST MCXOMHON MATPHII HAGTIONEHWH 0 HEKOTOPOMY MOTHAGOPY TIABHBIX KOMIOHEHT, T. €. nus V/ =
= (@), ... vy u U = V'TZ serancasiercs marpuna Z' = V'U'.

Janee BOCCTAHABIMBAIOTCS UCXOIHBIE MOCIEIOBATETLHOCTA. B OHOMEPHOM CJIydae i-asi KOMIIOHEHTa BOCCTa~
HOBJIEHHOTO DsI/Ia €CTh CPeJIHee 3HAYeHHUe 10 i-0if TMArOHATN BOCCTAHOBIECHHON MAaTPHUbI HAOMOne N Z’.

B MHOrOMEpHOM Ciy9ae yCDETHEHWE MPOBOAUTCS € yY8TOM TOTO, UTO MATPHIA HAGTIOICHWH COCTOWT W3
MOIMATPHII, COOTBETCTBYIONIAX KAXKIOH KOMIOHEHTE DsifIa;

Haywunslit pykoBogutens B. B. Ctpuxos
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Torma mporHo3upyemblie 3HAYEHUsT CUCTEMBI B TOYKe N + 1 BBIUKCISIIOTCS 110 (DOpMYyIIe:

Iy =w(VIV)TIVIQ.

TecToBbIVi NpPOrHo3

IIpoTecTpyeM aJrOpUTM Ha TECTOBOM BPEMEHHOM PAJIE, CAHTE3UPYEMOM KaK CyMMa, IMHEHHOM KOMIOHEHTBI
(Tpenjia), ABYX CE30HHBIX KOMIIOHEHT (CHHYCOWJ PA3HON 4acTOThI) M HOpMaJbHOrO myma. Ha rpaduke npen-
CTABJICH UCXO/HBL BpeMEHHOM psij (CUHMIT) U LIPOrHO3UPYEMbI ¢ IOMOLIBIO ajgropurma SSA (KpacHbiil):
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MeTtaonucaHne BpeMeHHbIX psgoB

A. H. ®upcmenxo
alexnickfirstOgmail.com,
Mocksa, Berauncanrensusiii lentp PAH

Hccmenyercs BO3MOXKHOCTH METAOINCAHNS BPEMEHHBIX DSIOB C IEJIbI0 Iocjeayomeil nx kiaaccudukarmu. [Tom
METAOINCAHNEM Psi/Ta TIOHUMAETCS HEKOTOPBIN HA0OD IPU3HAKOB, XaPAKTEPU3YIONNX BpeMeHHo psa. B kadectse
METKM KJIACCa JIjIs HEKOTOPOIO BPEMEHHOI'O Ps/ia BBICTYIIAE€T HA3BAHUE TOrO aJI'OPUTMa U3 HallepeJ, 3aJaHHOI'O
MHOXKECTBA AJITOPUTMOB IIPOTHO3UPOBAHUS, KOTOPHIN IPOrHO3UPYET STOT DS HAWIYIIINM 00pPa30M.

BeegeHue

JI71s1 TpOTrHO3MpOBaHNs BPEMEHHBIX DSJIOB CYIIECTBYeT GOJIbIoe KonndecTso anroputMos |1, 2. Pesyabrar
PabOThHI KayKI0r0 AJTOPUTMA 3aBUCUT OT CBONCTB MPOTHO3UPYEMOTO Psijia, TIOITOMY BOZHUKAET 3371a49a aBTOMAa-
THYECKOTO BBIOOPA HAWIYUIIEro aJrOpUTMa U3 HEKOTOPOTO 33JaHHOTO ceMeicTBa.

Jaumyo 3a1a1y MOXKHO PacCMaTPUBATh KaK 3amady Kiaaccudukarnmu. ObberkTaMu KiacCupuKaIi aBIsiOT-
csl BpEMEHHbIE Psifibl. [1jisi MeTaonucanus BpeMEeHHOTO Psifia co3/1aeTca Habop IPU3HAKOB. B KadecTBe MpU3HAKOB
OBLIN UCTIOJIB30BAHBI JIUHA PSIIa, YUCIO BCIOMOTATENbHBIX PSII0B, MAKCUMAJIbHOE W MWUHMUMAJIBHOE 3HAUEHUS
Psa, YUCI0 MPONYIIEHHBIX JAHHBIX, CPEIHEE 3HAYEHNE BPEMEHHOr0 psifa. MeTKaMu KJIaccoB SBASIOTCS HA3BA-
HUS aJITOPUTMOB [IPOTHO3UPOBaHUs. BpeMeHHOi psili OTHOCUTCS K HEKOTOPOMY KJIACCY, ECIM COOTBETCTBYIOIIUI
TOMY KJIACCy aaropuTM paboTaer HA BPEMEHHOM Psfe HAWIYUIIUM 06pa3oM 10 3aJaHHOMY (DYHKITHOHATY Ka-
YeCTBA.

Has knaccudukanun 6bUl HCIONB30BAH ANropuTM k B3BelIeHHbIX Guuzkaiimmx coceneii [T].

NMocTtaHoBKa 3a4ad4n MeToOoNMCaHna BpeMeHHbIX pagoB

3amano0 MHOKECTBO MHOTOMEDHBIX BpeMEHHBbIX panos S = {s;}7 ;. 3amaHo MHOXKECTBO AJITOPUTMOB ITPO-
ruosuposannsa A = {ax},_,. Baman bynxmmonan kagecrsa paborel amropurtMa L(s,a). Tpebyercs mocTponts
AJITOPUTM KJacCH(bUKAIUN, KOTOPBI BLIOGMPAET /1 HOBOIO BPEMEHHOTO PAAA S AITOPUTM Uopt, TAKOH 9TO:

Aopt = arg %igl L(s,a).

OnwncaHue anroputma

AnropuT™ perrieHnst TOCTaBIEHHON 3aJaH.

Jmst Kaska0ro psaga s; € S COCTABATH €ro NPU3HAKOBOE OTMUCAHWE X; = (L1, vy Tim )-
s Kaxxmoro pazga s; € S oupenenurs MeTKy y; = k, Toe ap = arg miE L(s;,a).
ac

Hacrpouts knaccudukarop mo X, y.
KnaccudunupoBars § 110 €ro Mpu3HAKOBOMY OIMHCAHUIO.

= w o=

BbluncnutenbHbilii IKCNepnMmeHT

Boin mpoBeieH BRIYUCIUTENBHBIN IKCIEPUMEHT Ha, BBIOOPKe 13 120 psaaoB, MO pe3yabTaTaM MPOTHO3MPOBA-
Hust ux Tpemsa agaropurmamu — SSA; ARIMA, jnokaJbHBIMEH METOJAMU MPOTHO3UPOBaHUs. VCXOomHbie TaHHbIe
nocrynabl 3uech[d]. ITo pesynbraram mporHo3upoBanus KaxK bl Pl ObLI OTHECEH K KJIACCY, COOTBETCTBYIOLIEMY
aIrOPUTMY, KOTOPBIN HA TAHHOM psjie paboraer HawiaydmM obpasom. Beuio nposemena 1000 skcriepuMeHTOB, B
X07e KayKJI0T0 U3 KOTOPLIX BBIOOPKA CAYYIARHBIM 00pa30M JEIUIacCh HA TECTOBYIO U OOYUAIONIYIO C COXPAHEHUEM
MPOMOPIHi O KjaaccaM. Pe3ybraThl IKCIEepUMEHTa TPUBEIEHBI B TAOJIATIIE.

SSA  ARIMA LOCAL
Psanapr B ucxomHoit BIOOPKE, IIIT. 14 49 57
Psinpr B o0y4aroreit BiOOpKe, wIT. 4 16 19
Psinpr B TecTOBOI BRIOODKE, IIIT. 10 33 38
B cpemmsem HenmpaBuIbHO KAACCHPHUIUPOBAHO, T, | 9.7 20.7 24.1
BbiBoabl

Ucexons u3 pe3ynbraToB BBIYUCIUTEIHLHOIO SKCIEPUMEHTA, MOXKHO YTBEPKIATH, 9TO I GOJIee YCIeITHOro
ABTOMATHYECKOT0 BHIOOPA AJTOPUTMOB IIPOTHO3UPOBAHNA Tpedyercs: H0/ee TIATENbHBIH BEIOOD MPU3HAKOB 114
METAOIUCAHUS PSIJIOB, a TAKXKE, BO3MOXKHO, CJIe/IyeT UCIOIb30BATh APYIUe AJTOPUTMBI KJIACCU(DUKAIIH.



JlutepaTypa
[1] Kalaba R., Tesfatsion L. Time-varying linear regression via flexible least squares. — 1989.
[2] McNames J. Innovations in local modeling for time series prediction: Ph.D. thesis / Stanford University. — 1999.
[3] Boponyos. Manuutuoe 06yuenue (Kypc JeKIuit).

[4] https://mlalgorithms.svn.sourceforge.net/svaroot/mlalgorithms/tsforecasting/tsmetadescription/data/.
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NporHo3unpoBaHune cobbiTUii

. C. Kononenxo
daniilkononenko@gmail.com
Mocksa, kadenpa «Uurennekryanpabie cucrembr», DYIIM MOTN

PaccmarpuBaercs mMeTo 1 IpOrHO3UPOBaHMUs COOBITHI Ha OCHOBaHMHM WHGMOPMAIMKA O HAJUYUKA COOBITHI BO Bpe-
MEHHBIX Dsigax, JAHHOU 3kcreproM. llpemraraercs croco® mopoxkieHust M 0TOOPA IPU3HAKOB, OMUCHIBAIONINX
BPEMEHHOM psiji. AJIOpUTM OCHOBAH Ha pa3MeTKe WHTEPBAJIOB POCTA U MAJEHUS BPEMEHHOTO pPsA/a U MPUMEHEHUN
JIOTUCTUYIECKON perpeccuu Jjid HAaCTPOUKH ITapaMeTPOB JIUWHEMHON MOJE/IN U OIEHKU €€ KadeCTBa.

NMocTtaHOBKa 3aga4uu

JlaHna BRIOOPKA BPEMEHHBIX DSIIOB, PA3MEUYEHHBIX IKCIEPTOM:
{(x',y'},xt= (2%, ..., 2k)e R i=1...1

3mech 1eneBas IepeMeHHasd:

1, B JaHHOM psife ecThb COOLITHE,;

0, B maHHOM pse HET COOBITHUS.
Heobxonumo mpeaio)uTh MPU3HAKOBOE ONMKMCAHNE BPEMEHHOTO Psijia:

9(z") = (g1(a"),- .., gn(2")).

Ha ocHoBapmu 3TOro omumcanus TpeOyercd pEIIUTh 3aJady KJIACCUDUKAIMH — I[OCTPOMTH MOJEb
f:RYx RT - {0,1}, rme R — mpoCTpaHCTBO ApaMeTPOB MOTIEIH.

Sanadva paszdbuBaeTcs Ha TPH ITATA.
1. TlopoxkjeHure MHOXKECTBA YUCIOBLIX NPU3HAKOB (g1(Z), ..., gn(Z)), ONUCHIBAIONINX BPEMEHHOH DsiI.

[Ipennoxenne KpuTEpus: KAYECTBA MOJIEIH.
3. Beibop nammydieit momenu.

o

Anropntm peweHus

IopoxKeHne MHOXKecTBa IPU3HAKOB.
Badukcupyem muokectBo Merok M = {'U’'/ D’'}: 'U’ — nosbimenne 3uadenust pajga, "D’ — noHuKeHWE
(cm. (D). Pasmegaem BpemeHHOH psam (myq, ..., m7):

T/
U', ecmnxp —xp_1 >0,
my =

(1)

'D',  unade.
TakuM 06pa3oM, JIs KayKI0TO BpeMeHHOro paja X' nomydaem crpouky u3 (T — 1) cumpona ‘U’ nmm 'D’: m* =
=m} ... mY_; — caoeo maunbl (T — 1) B andasnte M.

Paccmorpum renepb Bee cioBa JyiuHbl He Oosiee w B andasure M. Takux cios N = (2% — 1) (uckiiouaem
nycroe cioBo). [Iponymepyem ux: R = (rq,...,7y). CloBy 7g =} ... 7" HOCTABAM B COOTBETCTBHUE 2 YUCIOBBIX
IpU3HAKA.

1. Bunapnblii npu3HaK
1, ecam B CTpOKe M’ €CThb IOJACTPOKA Tk;

92k—1 (Iq) =
0, wuHadue.

2. JleiicTBUTENBHBIN TIPU3HAK

i
-z,

0, €CJIM B CTPOKE M’ HET MTOJACTPOKH Tk .

i i (i i _ (1 nY.
gon (1) = Ty n eciiu B CTPOKe M’ eCTh TMOACTPOKA Ty & (M 1, ..y, ) = (T, 7%);
;) =

Ecnn koMGrHaImsa BCTpEYAeTCs B Psille HECKOIBKO Pa3, TO MbI PACCMATPUBAEM TOJBKO €€ IMOCJEIHEE IO BPEMEHHU
BXOXKJleHUe (U 3AIUCHIBAEM B JIEICTBUTEbHBIN IPU3HAK CYyMMAPHOE M3MeHeHue LeHbl Ha HeM ). Takum obpaszom,



MBI oy4gaeM 2N = 2(2¥ — 1) 9ucI0BBIX TPU3HAKOB ¥ MATPHUILY OOHEKT-TIPU3HAK pa3mepa | X 2N:

gi(zl) ... gan(x!)

al) . ()

OT16op mamay4drineii Mmogesnn.

Crpouth KiaccuduKaTOp W ONEHHBATH KAYECTBO MOJENH GyIeM ¢ HOMOIIbIO JIOTHCTHIECKON perpeccun [I].
3a oreHKy KadecTBa Mojeau npumeM mioniaas nog ROC-kpusoil qanHoro xiaccudukaropa.

O16op HammyuIeii Mogesnu 6yJeM NPOU3BOAUTD C MIOMOIIBIO [EHETHYECKOro asropurma (2.

DukcupyeM YeTHOE YUCJI0 — JJIMHY MOJesu N (KOJMYecTBO IPU3HAKOB B Heil). Panee Mbl nocrpousu muoze-

¢TBO ¢10B R = (71,...,rN) JnunHbl He Gostee w B andgasure M 1 KaKJIOMY CIIOBY T) MOCTABUIN B COOTBETCTBUEC
NPU3HAKA §op_1 U (o. AKTHBHOC MHOMKECTBO MPHU3HAKOB A — NMPHU3HAKH, HA OCHOBAHWH KOTODBIX CTPOUTCS
Tekymas Mojenb, |A| = n. TloctaBuM emy B COOTBETCTBHE aKTHBHOE MHOXKeCTBO muiekcos Z = {iy,...,in},
ir € {1,...,N}, [Z| = 5, crenymomum obpasom:

I: {11777’%} @A: {922’1717921'17" '7922'%71)927;%}'

Takum 06pa3oM, TPU3HAKA §oi—1 M gop BCETIA MUCIOMB3YIOTCA WK HE WCIOIb3YIOTCAI B MOJETn BMecTe. Moaemn
TIOJTHOCTBIO OMHCHIBAETCA aKTUBHBIM MHOXKECTBOM HHIEKCOB, IMMO3TOMY JaJjee T€HeTUIeCKU aJrOpUTM OHUIIEM
B TEPMUHAX ITUX MHOIKECTB.

lenernueckuit aaropuT™ COMEPKUT CIASAYIONMIAE TAPAMETPHI s 0TOOpa Momeseii: F' — qucio jay4immx Mo-
mesieit B onysianuu, Fy — 9uciio Momesnieit a1 CKpemuBanusi, P» — BepOATHOCTH BBIOOPA MOJEH JJIs MYyTAIlAHN.

Hauanbhoe muoxkecrBo Mozeseil (nomyssuuio) Beibupaem ciydaiinbiM o6pasom. esum Bce MHOXKECTBO MH-
nexcos {1,..., N} cayvaiimeiv 06pasom Ha MOAMHOXKECTBA Pa3Mepa 4 (M1 IpocToTh canraeM, 4to 2N genurcs
Ha M)

(L Ny = {1y kn), (ks k), } = (T, Tp),

roe P = % — pasmMep MOy,
WrepaTuBHO BBIIOTHAIOTCS CIAEAYIONIAE ONEPAITHH.
1. Or6op.

Mogenu copTupyiorcs mo yobiBanus kadecrsa (mromaab noga ROC-kpusoii), 1 B crepyioinee MOKOJEHUE
monagaoT F'oaydmmx.

2. CuyuaitapiM 06pa3oM BeiOuparoTca F Mozesneil 1iist CKpeluBaHus U MY TAIAH.

3. CkperuBanue.
BriOpanHbre MOIEIHN CIyYARHBIM 00PA30M IEJISITCS Ha, Taphl. B KaxK 10l mape aKTUBHBbIE MHOKECTBA, UHIEKCOB
T, = (K,..., k%) uZ, = (ki,..., kq%) Pa3bHBAIOTCA TOYKON KPOCCHHTOBEPA M, BBIOMPAEMOI CIydaiiHo U3
muozkectsa {1,... 5}, ma 2 gacru. [Ipoucxomur obmen smementoB MuOXKecTB I, u Z; TaK, 9TOGBI B HOBBIX
MHOXKECTBAX He ObLIO OJMHAKOBBIX WHIEKCOB:

p p 1P P p p 1.4 q
(kzl,...,km,kmﬂ,...,k%) (lﬂl,...,kwkmﬂ,...,k%)
.4 q .9 q .4 q p P
(kl,...,kwkmﬂ,...,k%) (kl,...,km,kmﬂ,...,k%)
4. Myrarmus.
Kaxknaa monens Z = (k1, ..., k») A3 HOJYIEHHOIO MHOMKECTBA, C BEPOATHOCTBIO Po moaBepraercsa MyTALAN:
) 3 2 y y
caydaitHbIM 06pa3oM U3 MHOKecTBa {1,... %5} BBIOUpaercd umcio j, u 3HaueHne k; MeHsercs Ha CIydaii-

HO BbIOpaHHbIH MHAEKC U3 MHOKecTBa {1,...N}. IIpu 9TOM KOHTPOIMPYETCs, YTOOLI B HOBOM MHOYKECTBE
MHIEKCOB He ObLIO OIMHAKOBBIX MHIEKCOB.

5. OneHka 1MOJIy4YeHHBIX MOIEJEH.
Hosbie Mozenu nacrpauBarorcs u oneauBaiores (M. nynkT OUeHUBAHUE KaYeCTBA MOJEJIH).

[Toce 3a1aHHOrO YUCTA MATOB TEHETHIECKOTO AJTOPUTMA, BIOUPAETCS JIYUIas MOIETb, TAKUM 00Pa30oM MOJTY-

yaeM HabOp MPU3HAKOB (g1, ..., gn), HA OCHOBAHUU KOTOPBIX CTPOMTCS MTOrOBBIN K/IACCH(MUKATOD.
Jlntepatypa

[1] K. B. Bopounos. Mawunnoe 06yuenue (kypc aexyud).

[2] B. B. Crpuxos. Memodun swubopa peepeccuonnux modeaet. BIL PAH, 2010.
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3KCI‘IOH€HLI,I/IaJ'IbHoe crna>xmBaHwume

H. K. 2Kusomoscxuii
nikita.zhivotovskiy@phystech.edu
Mocksa, Berauncanrensusiii lentp PAH

ITenpro mpoekTa sABASETCS TPOTHO3 BPEMEHHOTO PsIa HA HECKOJIPKO OTCUYETOB METOAOM SKCIIOHEHITNAIBHOTO CIyIa-
KuBaHUsA. [ MOCTUKEHNS HAWIYYIIero KadecTBa, MPOTrHO3a UCIOJIH3YeTCsl BHIOOD TTapaMeTpa MOJIEJIH.

NMocTtaHoBKa 3apa4u

Pemmaercsa 3amatda mporHo3upoBaHns BpeMEeHHOTO paaa. IlycTh 3a1aH0 TPOCTPAHCTBO 00bekToB X 1 331aH
spemennoii pan {z¢ )2, x; € X, npuyem ussecTHbIMHU cuuTatorcs nepssie N orcueros. Tpebyercsa mocrpouts
angroput™ a : {1,..., N + D} — X, annpoxkcumupyiomuii 3asucumocts x;, ¢ = {1,..., N + D}. Tlapamerp D
HA3bIBAETCS TOPU3OHTOM MTPOTHO3ZUPOBAHMUS.

st pernernst 9TOH 3a0a9M UCITOIb3yeTCsl TEXHUKA SKCIOHEHITUATHHOTO CIVIAYKUBAHMS.

Onucanue metoga

Omnpegenenne 1. PsqoM SKCHOHEHIHAIBHBIX CPEIHIX, IOCTPOEHHBIM 110 BDEMEHHOMY psity {w:} 1., Ha3bIBa-
ercs psaa {S;}, HOCTPOCHHBIH HHIYKTHBHO:

Sy =ax;+ (1 —a)Si—q, t>1.

B onpeanenennn psna Sy — BbibpanHoe HadaibHoe 3uadenue. Bemmuuna o € (0,1) Ha3bBaeTcs napaMerpoM
CrJIa>KHBaHHUS.

Suauenne S;_1 OyJeM HCIOTB30BATh KAK MMPOTHO3 JJIst T¢. JaMKHyTasg (opma s Sy mosydaercs mpeobpa-
30BAHUEM CYMMBbI:

N
Sy = QZ(I —a)z i+ (1 —a)VS,

i=0
roe N — uwucioo uneHoB psga. Takum obpaszom, S; — B3BENIEHHAs] CyMMA YJIEHOB PAd. 3AMETHM, UTO UeEM
«CTapIey YjIeH PAaa, TEM MEHBIIE €ro BeC.

B 3agayax KpaTkKOCpPOYHOrO IPOrHOSUPOBAHKS sl IOBBIIIEHUS 3HAYMMOCTH «CBEXKUX» HaO/IIONEHHN mapa-

METD CLJIAXKUBaHUS ClleyeT yBeandnBarh. OOHAKO AJ1d CIUIaXKUBaHUsI BHIOPOCOB (v HY>KHO yMEHbIIATH. TakuMm
obpa3oM, 3a/a49a CBOAXUTCS K IIOMCKY KOMIPOMHCCHOI'O 3HAYEHHS LIapaMeTpa.

Bbibop 3HaueHus S

Suadenne S MOMKHO 33IaBATHCS C YIETOM aIPUOPHOM nHdopMarmu. JacTo HCIoIb3yeTcs CpeIHee 3HAUEHNE
psjia WM cpejHee 3HadeHue HaGIIONeHUN B IPEIbICTOPUH, CJIH OHA J0CTynHA. Takyke B KadecTBe Sy MOXKeT
OBITH IIOJIOZKEHO 3HA4YEHHUE Tq.

B mannoii pabore B KauecTBe Sy UCIOJb3yeTCA CpedHee 3HaYeHne HaOII0IaeMOro psiia.

Paccunraem, CKOJBKO MOCTETHUX UJIEHOB PsIJIa, BHOCST CYIIECTBEHHBIN BKJIL B TPOrHO3. [lycTh 27 - TekyImee
nabmogenne. HasoséMm Bo3pacToM HaOIIOAEHUST Ty OTHOCUTEILHO Habmomenus xp ducao 1 — t. B gacrHOCTH,
BO3paCT TeKyIero unabsoaenus pases 0, mpeasiayinero — 1.

Onpenenenune 2. CpeqHuM BO3PACTOM UIEHOB DSIa HA3bIBAETCS B3BEIIEHHAS CYyMMa, BO3PACTOB C KO3(p@u-

3] 00

muerravu {o(l — ) }32,.
Cpemuanii BO3PACT CXOANTCA UPH JIJIMHE PSAJA, CTPEMAIIEHCA K OECKOHETHOCTH, K BEJUINHE

11—«

O-at+l-al—a)+2-a(l—a)?...= -

SHa4uuT, MaJible 3HAYEHUS (¢ YBEJUIUBAIOT CPefHuil Bo3pacT uHdOpMaIuu.

Bbibop napameTtpa craa>kuBaHus

N-1
Buauenne o murmvmsupyer Leave One Out Cross Validation: o = argmin Y (S; — x;41)?
@ i=0



Pesynbrat paborbl anroputma

50 100 150 200 250 300
step

Jlntepartypa

[1] JIykammn FO. II., AmanTuBHBIE METOIBI KPATKOCPOYHOTO MPOTHO3WPOBAHUS BPEMEHHBIX PA0B, OUHAHCH M CTATH-
cruka, Mocksa, 2003.
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Busyanusauyus
. C. Kononenxo

daniilkononenko@gmail.com
Mocksa, kadeapa «UuTennexkryanpabie cucrembl», DYIIM MOTU

Ilesbio 1aHHON TEXHOJIOIMYECKON KapThl saBJidercyd onucanue paborbl dynkuuu Budyasmsamuu PlotTS.

OnuncaHne Bo3MOXHOCTEN

Peanuzosanbl ciemyromniye Onmmm:

ITocrpoenne rpaduka UCTOPUN BPEMEHHOTO PAIA.

ITocrpoenue rpaduka Iporao3a.

DopMaTUPOBAHNE TUATAZOHOB TI0 OCSIM.

BriBog, sierenibr.

Orobparkenne 33IaHHOTO B apaMeTpax 3HadYeHus (PYHKIIUUA OMEHKN KAadeCTBA MPOTHO3A.

BoiBos Ha monOTHUTETBHOM TPadUKe BCIOMOTATEIbHBIX BPEMEHHBIX PsI/I0B, HCIOIb30BAHHBIX TIPY TPOTHO3E.
Coxpanenusg rpacduka B daii.

N ot e

JIast meTajabHOrO ONMMCAHUST BXOJMHBIX M BBIXOAHBIX MapaMeTPOB (DYHKIMH W TPUMEPOB paboThl cM. daitn
PlotTS.m. ®opMaT BXOAHBIX MapPaMETPOB CTAHIAPTHBIN, BCE MAapaMeTpPhl MOCTPOEHUs TpaduKa MepealoTcs B
crpykrype plotOptions. B omnoit nanke ¢ daitnom PlotTS.m momkue gexars daitasr defaultPlotOptions.mat
and uniteStructures.m. B daiine defaultPlotOptions.mat mMoxuHO mOCMOTpETh MpUMeEp 33JAHUS TAPAMETPOB
nocrpoenus rpaduKa, TAKXKe OTTYAA MOAIPYKATCA IapaMeTpbl, He yKa3aHHbIE 10Jb30BaTesneM. [Ipumep Bbi-
BoguMoro rpacduka — puc. ().

SSE =7.77
150
8 100 -
(&)
©
o 50r
history
forecast
O 1 1 1 1
May Jun Jul Aug Sep
100
50
Index Dow Jones
Price Gase
O 1 1 1
May Jun Jul Aug Sep

Puc. 1. IIpumep paborsr PlotTS
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CtuneBas npaBka
M. II. Kyaneuos, A. A. Moposos, /. C. Cyneypos

mikhail.kuznecov@phystech.edu, morozovmipt@gmail.com, elekt@bk.ru
Mocksa, Berauncanrensusiii Ientp PAH

Ilenpro mamHOM TEXHOIOTMYECKOM KAPTHI AB/IAETCH yKa3aHUe [IOCIeI0BATEIbHOCTH AeMCTBUI MpU IPOBEPKEe KOIa
KOPPEKTOPOM M OCHOBHBIE OTMUOKN PYKOBOIUTEJIEH TTPOEKTOB.

Mopspok paboTsl

1. OTKpBITH KO, TOCMOTPETH OCHOBHYO (DYHKITHIO TPOrpaMMbI. B Hell JO/I2KHO OBITH HEMHOTO CTPOK, BBI3OBbI
HEKOTOPBIX TPOIEIAYP, CBA3AHHBIX ¢ MoabopoM mapamerpos. [locie mpocMoTpa hyHKIMH JOTKHO CTATH TTOHATHO
TIOHSITHO, KaK paboTaeT ajJirOPUTM, U Ha Kakne 0/10Ku pazouT. Ecam 3T0 HEMOHATHO, TO, CKOPee BCEro, MporpaMma,
CIIPOEKTUPOBAHA KPHUBO.

2. CvoTperhb Kaxkayio BbYHKIHIO, CAeys JOrHKe paboThl TPOrPaMMBL.

3. TlocMoTpeTh HA BXOJHBIE/BBIXOIHBIE HapaMeTpbl. ECau BBIXOJHBIX MAPAMETPOB MHOTO, 3TO HMOJ03DEHHE
Ha, TO, 4TO (DYHKIIW, CKOPEEe BCEro, JOJIKHA, ObITh pa3bura HA HECKOJBKO MajeHbkux. Kaxknas u3 noadyHkunit
JIOJIXKHA BBIIOJIHATH CBOIO paboTy.

4. Ilpounrars gokymentanuio u example. 3 Hux, onsaTh ke, MOIKHO OBITH MOHATHO, KaK Oyaer padorarh
dyuruus. Ecau myHKTHL 1-4 BBIIOTHEHBI 7OGPOCOBECTHO, TO 3TO CHILHO ODJEMIUT JATBHEHIITYIO TPOBEPKY KOJA.

5. [IpuctynuTh K TpoBepKe KOHKpeTHOHN dyHKImu. OCHOBHAS 3371a4a KOPPEKTOPA — CHIEJATH TaK, YTOOBI KO
cran noHATHBIM. COOTBETCTBEHHO, €CJIM KOJI, TOHITEH KOPPEKTOPY CPa3y, CKOPee BCEro, rpyOhIX 3aMedaHnii B HeM
e Oyner, n HaobopoT. Huxke mpuBemeHbl CTAHIAPTHHIE 3aMEYaHMsd, HA KOTOPBIE CaeayeT obpaInarh BHEUMAHMIE
[IPU HAIIMCAHWUN W TPOBEPKE KOJIA.

CraHgapTtHbie 3amevaHus.

1. HasBanus mepeMeHHBIX: HAJI0 TPUAYMBIBATH MEPEMEHHON Ha3BaHWE, Coiepkaiiee B cebe ee CMBICH, HE
60gCh TIEPErpPOMO3IUTh KO/ coBaMu. Jlaxke ecin 9Ta nmepeMenHasi — MPOCTO WHIAEKC HEBGOMBIIOTO MHKIIA.

2. B caygae, korma mepeMeHHasi — WHIEKC, CJIEyeT MPUIUCHIBATL €if mpedUKe «iy Wil «j», HAIpUMep,
iFunction. Ecanu nepevennas o603Ha4aeT KoJau4uecTBO (pasmep) 4.-1mbo, CJAELyeT IPUIUCHIBATL eli npedukc
«ny. Hampuwmep,

for iFunction = 1:nFunctions

3. Bce oneparopbr THma, «=», «==», «<»,... CJIEIYET BbIIEJATH IPOOETaMu.

4. He nomxk#O ObITh OyJIeBCKUX IepeMEHHBIX ¢ HazBanuamu tuia «fags. Hazsanue moboro diara momkao
mepesaBaTh ero cMbIca. Jlydire craButs npedukc «isy, mHampumep, «isFounds.

5. B onmcanmne Bcex dyHKIHMI HAAO0 BCTABIATH example.

6. Bomnbimyto GbyHKIMIO Beerma aydiine pa3aenTh Ha HECKOIBKO MATIEHBKHUX, KaXKIad U3 KOTOPHIX BBITOJIHIET
KOHKpeTHOoe feiicrBue. Eciu Tak He menarh, TO CIeayeT BCTABIATh B TEIO (DYHKIUU KOMMEHTAPUH, PACKDPBIBA-
OIIHE CMBICI KazKJIOr0 OTJEIBHOIO KYCKA.

7. ludp B xOme [0MKHO OBITH 1O MHHHUMYMY, OHH JOJKHBI BBIHOCHTHCS B HA4AI0 QyHK-
[N KOHCTaHTaMHu. KOHCTAHTHI CJelyeT Nucarh ¢ OONbINON OyKBbI, 4Yepe3 NOMYCPKUBAHUE, HAIPUMED,
NUMBER_OF ELEMENTS.

8. Ha3zBamms cTPYKTYD JAOKHBI HAYUHATHCSA C 3AIJIABHON OYKBHI.

9. IIpu mepeuncaennu apryMmeHToB (DYHKIINH, CIEAYET CTABUTH MPOOEBI MOCIE 3aAIMSITHIX:

result = Function(argl, arg2, ..., argN);

O6Hapy>xeHHble owmnbkn (CyHrypos).

1. dnepuoe crmazkuBanne (Muxann Kysuenos). 3amedanuit Her.

2. Flexible Least Squares (Hukonaii Casunos). [Tapa omu6ok B Ha3BaHUAX NePEMEHHBIX U KOHCTAHT. Qmubku
WCIIPABIICHBI.

3. Jlokanbubie anropurmbl (Asekceit Koprauenko). Heckonbko OmmboK B HA3BAHUAX IIEPEMEHHBIX, HE BbI-
JIeTICHHBIE TTPODETIaMU OMIepPaTOPbI, OTCYTCTBHE TPODEJIOB MIPHU MEPEUNCTCHHN apryMeHTOB (DYHKIINI, OTCYTCTBHE
example B onucannu Gyurnuii. OmubKU UCIIPABIEHDI.

4. T'pyunosoii nporuos (Esrenuit 3aiines). MHOKeCTBO OMUOOK B HA3BAHUAX [IEPEMEHHBIX, HE BbIIEJIEHHBIE
pobeIaMu OepPaTopPbl, OTCYTCTBIE MPOOEIOB MPH MEPEUNCICHUE apTyMEeHTOB (DYHKIHI, OTCYTCTBHE example
B onucanusax ¢ysakuuil, ruragrckue Gyaxinnn. OmubKHU UCIIPABIEHBI.



Ob6Hapy>xeHHble ownbkn (Mopo3os Anekceit).

1. IMapasenbubie Borauciaenus (Poman Boicrpbiii).

Boinectu KOHCTAHTBI B OT/Ie/bHBIE lepeMentble. Her npumepoB B DyHKIME, HE OIMUCAHBL BXOIHBIE U BBIXO/I-
HbIE JAHHBIE.

2. Meraonucanue BpeMenHbIX panoB (Anexcanap PUPCTEHKO).

B dyukmuu tsAlgLabel nepementbie m, best He UCnONB3yOTCA, yIAJIATH WK 3aMeHUTh Ha . [lepeMenHast
n (nCol), Y (numLabels), i (iCol, index) nyxHo nepenmenosarb na Gosee nounsarubie. B dyukiuu tsClassify
Ha BBIXOJIE IPUCYTCTByeT nepementas predictions, a oma Hukak me onmcana. [Ipepiaraercs nepenMeHOBaTD TIe-
pemennnie X (featureDescription) u Y (Weight). B dyukiuu tsClassLearn Hy»KHO NmepenMeHOBAThL HA3BAHUSA
crpykrypbl PP (paramOfMethod) u nepemennsix XL, YL. B dynkuuu tsFeatureDescription Hy:KHO nepenme-
Hosarh nepemennyio X (featureDescription), i (index). B ¢yukuun TSFeatureGeneration usmMeHuTh Ha3BaHUE
dyuruun tsFeatureGeneration.

3. IIpubnuxkenus upoussoaubivu paaavu (Anexcanap Madycanos).

Bru10 npeaiokeHo 3aMeHUTb PYCCKOS3BIYHBIE KOMMEHTAPUH HA AHTJIOA3BIYHbIE. Hy>KHO OTKOMMEHTHPOBATH
byHKIMYM — BXOJIHBIE, BHIXOIHBIE JaHHBIE.

4. Muoromepnas asroperpeccusi (Pauca J[:KaMThIpOBa).

[Mepemennbie mOMKHBI OBITH HATUCAHBI ¢ MaseHbKON OykBbl, Hanmpumep numberOQfPoints. Hyxwo orkom-
MEHTHPOBaTh (DYHKIMU — BXOJHBIE JAHHBIE, BBIXOJHBIE, UTO Aenaior, npumepsl: getTreeDimentionalMatrix,
CatNewMatrix, ForecastOnePeriod, GetLinearCoefficients. B dyukiuu ForecastOnePeriod 3amennrs nepemven-
Hble, KOTOpbIe He ucnoab3yiorcs Ilepevennas 1 B 3it cTpouke He Hecer cMbICA. 3aMenu Ha . B dyHKIun
ManyDimentional AR na Bexome dbynxnuun MatrixOfLinearCoefficients, a mwe par. B ¢dyukmuun modul ucnpa-
BUTH B mepBoii crpouke forecastinf ua forecasting. vy byuxkmmio Hy)HO onucars. [Ipeanaraercsa Bce omeparun
¢ pucoBaHMeM T'PapUKOB BHIHECTH B OTAEIbHYIO (yHKIHUIO. B QyHKIEH params Hy>KHO OTKOMMEHTHPOBATD
dbyHKIMY — BXOAHbBIE JAHHBIE, BHIXOAHbIE. 3JAMEHUTH ITepeMeHHy0 params Ha paramsOfAlg.
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Co3pgaHue 6a3bl gaHHbIX MHOMOMEpPHbIX BPEMEHHbLIX PAO0B A5 3aga4
NMPOrHO3MpoBaHNA

H. A. Casuros
savinov.nikolay@phystech.edu
Mocxksa, Berancimnrensustii Illearp PAH

Ilesbro maHHOM pabOTHI ABAAETCH O0bsICHEHUE IIPUHIIAIIOB IIOMCKa BpeMeHHbIX psijioB B Marepuere. IIpuBogurcs
TaKKe TEXHOJIOTMYECKUN OTYET O CO3TAHUN 0A3bl JAHHBIX U CPEICTB aBTOMATHYECKOTO CKAUNBAHUS.

3apava noncka BpeMeHHbIX psiaoB

Bpemenubie psianpl OBIBAIOT 2 OCHOBHBIX TUIIOB: TPUPOIHBIE U (DHHAHCOBO-9KOHOMUYECcKue. Tpebyemcea nalimu
PpAadvl 000UT TUTIO8, HCEAGMENDHO OP2AHUI0EGTND AETNOMATUYECKOE CKAYUBIHUE.

Haubonwimuit o6bem nuHbOpMauy MOXKHO TOJYIUTh OT CAEAYIOMNX WHMOPMAITNOHHO-(DUHAHCOBBIX CHCTEM
(OHU ABJIAIOTCS TJIABHBIMEA MUPOBBIMU IIOCTABIIMKAMU YTUX JAHHBIX):

1. Yahoo finance

2. Google finance

3. Bloomberg

4. Datastream Thomson Reuters
5. World Bank

Haunnarhs momcK Takumx CHCTEM HY?KHO XOTf ObI C OZHOTO KPYIIHOIO HUCTOYHMKA (DUHAHCOBOH MHMOpPMAINHN.
Beomum google finance 8 Wikipedia, mosyuaem cebiiku wa yahooFinance, Bloomberg, Reuter (8 pasmene Cw.
Taxzke Wiki-crarbu). DT0 HOYTH MOJHBIA CIUCOK BCEX KPYIHBIX MH(DOPMAIMOHHBIX UCTOUHUKOB B MHTEpHETE.

IIpu sToMm GecmaTHbIE TaHHBIE TPEIOCTABISIOT TOJILKO 1, 2, 5.

Hns cxkaumBaHWsA MaHHBIX B 9THX CHCTEMAaX BbIOMpaeMm wuH7AeKC/aknmio, historical prices, download to
spreadsheet. Tamnnble cOXpaHsioTcs B hopMaTe .CSv.

Mo3KHO OPraHnu30BaThH ABTOMATHYECKOM CKAUMBAHUE, 33aBast COOTBETCTBYIOIINI 3apoC B aIPECHOM CTPOKe.
Taxke 1j1sT AaBTOMATHIECKOTO CKAYMBAHUS MOYKHO UCIIOAL30BaTh Matlab, B cocras koroporo sximouen Datafeed
Toolbox. B moxymenrainn pa3obpad npuMep ¢ noakiaodenuem K 6aze Bloomberg (ecth BO3MOXKHOCTH paboTaTh
¢ GecruiarHbiMu JanHbIME Yepe3 Yahoo finance).

Nwmeerca ananor UCI gus Bpemennbix pagos: UCR Classification/Clustering Page by Eamonn Keogh (22
psja). OLHAKO Jyis CKAYMBAHUS OTTYAA TPeOyercs PerucTpalus ¢ yKa3aHueM JIMYHbIX JaHHbIX . JIpyrue ucrou-
HUKY WHGOpMAINE MOXKHO Haiitu ¢ momomnibio Google. [lpu 310M MOTYT OBITH TOJIE3HBI CJIEIYIONINE 3AMPOCHL:

time series db (time series database)

time series repository

time series download

time series data library

(time series) + subject area (meteorology, weather, precipitation, quakes, tide, wind, temperature, solar
radiation) - IpUPOIHbIE BPEMEHHBIE Psi/IbI

U o =

OHako maHHbIe, IOy YeHHbIE U3 GOJBIIOr0 9UCIa PA3HOPOIHBIX HCTOYHHKOB, MOTYT PAa3JINYaThCst M0 (POPMaTy
7 crocoby AOCTyIa K HUM, [IO3TOMY OPIaHM30BATH ABTOMATHYECKOE CKAYMBAHNE TAKUX DSIOB 3ATPYIHUTENHHO.

3apava co3gaHua b6a3bl AaHHbIX B 3agaHHOM chopmarTe

[Ipu co3manum CHCTEMBI TPOrHO3UPOBAHUS BAYKHO UCIOIB30BATH OMPEIEICHHBIH (DOPMAT JAHHBIX, C KOTOPBIM
OyayT paboraTb BCE YYACTHHKH IIPOEKTa. I103TOMY HEODXOZMMO c03damb npouedypy, npusodiwyro paovt U3
Popmama crawusarus 6 ycmanosaenmvili opmam (B nanHom ciayuae, dbopmar ts).

PaboTa TexHonora

Brimosnenne nyHKTOB, BbIIEIEHHBIX KypcuBoM. [locie co3manus 6a3bl TaHHBIX OCTAJIBHBIE YIACTHUKHU MIPO-
€KTa TECTUPYIOT CBOM AJITOPUTMbBI HA ITUX JAHHBIX, NIPU HEOOXOIUMOCTH O0beanHsisd PAnbl u3 0as3bl, ciaemys
CTaH/IAPTY XPaHEHUHA JAHHbBIX.

Pe3synbTtathl paboTbl TexHonora

1. Hammcama mporpamma, IO3BOJISIONIAs CKAYHBATh paAabl ¢ Yahoo Finance nmo 3amannomy B TeKCTOBOM aiise
HabOPY MHIEKCOB (B 33JaHHOM MPOMEXYTKe BpeMenu): downloadT'S m.

2. Bpyunyio cobpan cnucok u3 210 uHmeKCOB (IIOTOMY YTO HET OTKPBITHIX UCTOYHUKOB MHIEKCOB HA JAHHOM
pecypce): securifiesA fxf.


http://www.mathworks.com/help/toolbox/datafeed/f9320.html
https://mlalgorithms.svn.sourceforge.net/svnroot/mlalgorithms/TSForecasting/TimeSeries/downloadTS.m
https://mlalgorithms.svn.sourceforge.net/svnroot/mlalgorithms/TSForecasting/TimeSeries/securitiesA.txt

Hamucana mnporpaMva, TPHBOIAIIAS PSAbl, CKAYaHHBIE C pecypca, K YCTAaHOBIEHHOMY dopmary ts:
table2ts m.

B pesysnbrare mosydensr 210 MHOTOMEPHBIX BPEMEHHBIX DAIOB B HYKHOM dopmare ts. OHM 3arpyzKeHbl Ha,
Source Forge: Sources.

Coznmana 6aza B dopmare .csv, KOTOpas BKIOYaeT 16 psamOB W3 pa3HBIX MpeaMeTHbix obsacreil. B Gaze
HAXOJMTCS caM psJ U onmcanue B gpopmare .txt. B onmucanuu ectb CCbUiKa HA UCTOYHUK, 9TO MOXKET ObITh
MOJIE3HO AJs1 JajbHelnero moncka uHpopmarmn. Crpannma 6asel Ha ML: Bpemenwnoit psig (6ubamorexa
OIPUMEPOB ).

MoppobHasi knaccudmkauns BpemerHbix psigos (¢ npumepamu n3 6a3bl Ha ML)

TunmyHble CHHTETHYECKIE (CJIaGOBaIJ_IyMJIEHHbIe)

Koncranra Constant
Cunyc Sine

2 cunyca 2Sines
[Musa Saw

Tpanemnus Irapezium

BbICOKOHepI/IO,Z[I/I‘IHI)Ie

IMoTpebaenne mexkTposrepruu Energy Consumption
Pabora mamun 1 MexaHu3MOB

3ByK

Myssika LedZeppelin

HepI/IO,Z[I/I‘-IHI)Ie 3allry MJIEHHbIe

Ilenbl Ha 3JTEKTPOIHEPTHIO

enbr Ha TOTPEOUTENBCKIE TOBAPDI

Ob6bem cHbiTa ToBapoB RetailSalesltems

Hewnr Ha caxap SugarPrice

Hensr na xs1eb WhiteBreadPrices

O6beM oTpebaeHnsT HATTMTKOB

Iloroma: TemmepaTypa, BIazKHOCTD, cria BeTpa (GermanWeather
O6beM naccaxkupckux (1 rpy30-) IMepeBo30K

Co CII0XKHBIM IIepunoaoM

Duekrpokapauorpamma ECG
IIynbcoBast BoHA
QuuedanorpaMmma
OTparKeHHbIe BOJIHBI

Anepuogndrabie

Pacnpocrpanenue rpurma FlullSA
Murparnust HaceaeHust
Murpanus nTutt

CujabHoO 3alllyMJI€eHHbIe

Ilenn! (06beMbl) HA OCHOBHbIE OMPZKEBbIE MHCTPYMEHTHI (iSco
Bupxkessre nrankaropsr DowJonesIndustrialAverage
Ienbr Ha onumons! (110 ceTke)

CobbiTHiiHbIE

Semmerpacenus Arkansaskarthquakes
Ounancorble y3bipn FinancialBubbles
Pexopant


https://mlalgorithms.svn.sourceforge.net/svnroot/mlalgorithms/TSForecasting/TimeSeries/table2ts.m
https://mlalgorithms.svn.sourceforge.net/svnroot/mlalgorithms/TSForecasting/TimeSeries/Sources/
http://www.machinelearning.ru/wiki/index.php?title=%D0%92%D1%80%D0%B5%D0%BC%D0%B5%D0%BD%D0%BD%D0%BE%D0%B9_%D1%80%D1%8F%D0%B4_%28%D0%B1%D0%B8%D0%B1%D0%BB%D0%B8%D0%BE%D1%82%D0%B5%D0%BA%D0%B0_%D0%BF%D1%80%D0%B8%D0%BC%D0%B5%D1%80%D0%BE%D0%B2%29
http://www.machinelearning.ru/wiki/index.php?title=%D0%92%D1%80%D0%B5%D0%BC%D0%B5%D0%BD%D0%BD%D0%BE%D0%B9_%D1%80%D1%8F%D0%B4_%28%D0%B1%D0%B8%D0%B1%D0%BB%D0%B8%D0%BE%D1%82%D0%B5%D0%BA%D0%B0_%D0%BF%D1%80%D0%B8%D0%BC%D0%B5%D1%80%D0%BE%D0%B2%29
https://mlalgorithms.svn.sourceforge.net/svnroot/mlalgorithms/TSForecasting/TimeSeries/Sources/constants.mat
https://mlalgorithms.svn.sourceforge.net/svnroot/mlalgorithms/TSForecasting/TimeSeries/Sources/sines.mat
https://mlalgorithms.svn.sourceforge.net/svnroot/mlalgorithms/TSForecasting/TimeSeries/Sources/2sines.mat
https://mlalgorithms.svn.sourceforge.net/svnroot/mlalgorithms/TSForecasting/TimeSeries/Sources/saws.mat
https://mlalgorithms.svn.sourceforge.net/svnroot/mlalgorithms/TSForecasting/TimeSeries/Sources/trapezia.mat
https://mlalgorithms.svn.sourceforge.net/svnroot/mlalgorithms/TSForecasting/TimeSeries/Sources/tsEnergyConsumption.csv
https://mlalgorithms.svn.sourceforge.net/svnroot/mlalgorithms/TSForecasting/TimeSeries/Sources/tsLedZeppelin.csv
https://dmba.svn.sourceforge.net/svnroot/dmba/Data/RetialSalesItems.csv
https://mlalgorithms.svn.sourceforge.net/svnroot/mlalgorithms/TSForecasting/TimeSeries/Sources/tsSugarPrice.csv
https://dmba.svn.sourceforge.net/svnroot/dmba/Data/WhiteBreadPrices.csv
https://mlalgorithms.svn.sourceforge.net/svnroot/mlalgorithms/TSForecasting/TimeSeries/Sources/tsGermanWeather.csv
https://mlalgorithms.svn.sourceforge.net/svnroot/mlalgorithms/TSForecasting/TimeSeries/Sources/tsEcg.csv
https://mlalgorithms.svn.sourceforge.net/svnroot/mlalgorithms/TSForecasting/TimeSeries/Sources/tsFluUSA.csv
https://mlalgorithms.svn.sourceforge.net/svnroot/mlalgorithms/TSForecasting/TimeSeries/Sources/tsCSCO.csv
https://mlalgorithms.svn.sourceforge.net/svnroot/mlalgorithms/TSForecasting/TimeSeries/Sources/tsDJIA.csv
https://mlalgorithms.svn.sourceforge.net/svnroot/mlalgorithms/TSForecasting/TimeSeries/Sources/tsEarthquakesArkansas.csv
https://mlalgorithms.svn.sourceforge.net/svnroot/mlalgorithms/TSForecasting/TimeSeries/Sources/tsFinancialBubbles.csv
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Unit-TectnpoBaHune

A. U. Kopruenxo, P. B. Jotcammuiposa, H. II. Hexun, E. FO. 3atiues
ivkinnikita@gmail.com, raisad90@yandex.ru, zaytsev.yevgen@gmail.com,
aleksej.kornienko@phystech.edu
Mocksa, Berauncanrensusiii Ientp PAH

Ilenpro yTamHOM TEXHOTOTMYIECKON KAPTHI ABJIAETCH yKA3aHME [TOCIeI0BATEIFHOCTH AeHCTBUI IPU HAIIMCAHUE CH-

cTeM unit-TeCTUpPOBAHMS M TUMUIHBIE ONIMOKN PYKOBOAUTEEH TTPOEKTOB.

Mopsigok paboTbl

IlepBbiM meoM HEOOXOOMMO A00ABHTH MANKY XUnit K cmmcky mpocMmarpuBaeMmbix MatLab’om. Ins sToro

HeoOX0MMO BocHOb30BaTbed Komman1oil addpath(’yte k nanke’). CobGerBenno cam npouecc, rpebyembiit oT
HaC:

1.
2.

Co3aTh OTIENBHYIO TANKY JJIg BCEX UNit-TeCcTOB [Jisd TAHHOTO MPOEKTA.

Kaxxuplii coznaBaemblii rect n0JpKeH HasbiBarbed B cruie testfunction mim TestFunction (camo coboit, na
mecTo function cTaBUM MCTUHHOE MMsl TECTUPYEMOi (hyHKINH).

Wneiinas cyth 3aJaHus — OOJABATH HA BXOJ (DYHKIUU DA3JIMIHBIE KOHTPOJIbHBIE 3HAYEHUS] U TOBEPSTH
MPABUJILHOCTD PE3YIBTATA.

Has sTux mesneil mocraTovHo MCHONIb30BarTh Beero oany dyukumio: assertEqual(A, B, message): ec-
au A = B — BeikpukuBaer message. B kadecrBe message mnpejiaraercd B3ATb Takyilo ¢GopMmy —
"FunctionName::ResultError:: FunctionName(A)!=B’. Unorna dbyuakuuu assertEqual Gyzer memocraTodno,
HO JIJIsi TAKOH CHUTYaIluy CYNIeCTByeT JOKyMeHTanus K nakery MatLab x-unit.

Jlist 3amycka BCeX TECTOB CPA3y HAMWIIEM KOPOTEHBKYIO (DyHKITHIO:

function StartUnitTests

suite = TestSuite.fromName("Hazpanue manku co BceMu TecTaMu’);
suite.run

end

SamyckaeM u mpoBepsaeM.

TunuyHblie ownbkun

OcHOBHOI OIMMOKO#T OBLIO TO, YTO BCE PYKOBOIUTE U MEPETPYKAJIA CMBICIOM TIOUTH KAXKIYI0 DYHKIHUIO, B

TO BpeMs KaK Unit-TecTupoBaHUe CO3TAHO [JIsI TPOBEPKHU PADOTOCIIOCOOHOCTH MPOCTEAINX, UAEHHO TOYTH HE
HArpPyzKEHHBIX TeXHWIeCKnX (QyHKIni. BTopoit ocHoBHON ommbKo#i OBLIO TO, UTO MMOYTH BCE MOAABAJIN CBO
KOJ[ Ha unit-recTupoBanme, KOraa pabora HaJ, KOAOM DbLIa y¥Ke 3aBepINeHa, B TO BpeMs Kak unit-tecTupoBaHue
TIpeoIaraeTcst NCHoabL30BaTh UMEHHO BO BpeMs pa3paboTKM, a He ToCe.
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CucremHoe TectupoBaHue

H. K. 2Kusomoscxuti, /1. C. Kononenxo
nikita.zhivitovskiy@phystech.edu, daniilkononenko@gmail.com
Mocksa, Berauncanrensusiii Ientp PAH

HeﬂbIO ﬂaHHOI‘;I TEXHOJIOTUYeCKOM KapThl ABJI4€TCA yKa3aHHWE II0C/IeJ0BATe/JIbHOCTU rZI;GI‘/'ICTBI/II‘/JI IIPW BBIIIOJIHEHUN
CUCTEMHOTO TECTUPOBAHUA, a TaK¥XKe OMMMNCaHne OCHOBHBIX OTMOOK pyKOBO,D;PITeJIefI TTPOEKTOB.

Ilopanok paboTbi

1. OrkpeiTh ckpunt algtest-new.m.
2. B coorBercTByIONINE MOJIsI BHECTU HA3BAHWUS AJTOPUTMOB, BPEMEHHBIX DSIOB, METPUK KAYECTBA.
3. lobasuts daitner u3 n.2 8 path Matlab
4. 3agars FRC-PROPORTION — 5105110 06bE€KTOB BBIOOPOK, YYACTBYIOIIYIO B 00yYeHUH.

5. Bamycrurs ckpunt. Bce HalienHble 9uciaoBble 3HAUEHHS OYIyT HAXOAUTHCA B TPEXMEPHON MaTpHIE

final-qual.

CrangapTHbIe 3aMeYaHNA.

1. ®yHuua He IPOXOAUT HPOCTHIE TECTHI.

2. Her coorBercTBUs CTaHIAPTHBIM WHTEphEHcaM.
3. Ha Bxox dyHKIUs TpebyeT MOMOJTHUTEIbHBIE MAPAMETPHI, HE MMEIOIINe 3HAYEHUHN 110 YMOTIAHUIO.

4. TIporpammMa paboraer HACTOJILKO JIOJITO, YTO TECTUPOBAHME HA OOJIBIIIOM YHCJIE TECTOBBIX PsiJIOB POOJIe-

MAaTHUYHO.

PesyiabraThl TECTUPOBaHUS
CeMb anropurMoB ObLTH MPOTECTUPOBAHBI Ha 121 peanbHOM (huHAHCOBOM psije. PaccmarpuBaaoch KpaTko-
CPOYHOE NMPOTHO3MPOBAHHUE: JJIMHA TPOTHO3a npuMepHO 1% nnmabr 06yvenuns. Jnuaa o6y4yenus B cpenpem 400
OTCYETOB. AJITOPUTMBI CPABHUBAINCE 110 cpeaneii omubke MSE. Ha kaxkmoM u3 psamoB Aydmuil u3 aaropuTMoB
nosnyuan 6 Gamnnios, caepyomuit — 5, ..., xymmumit — 0 6amnos. B tabmune (0) npuBeseHa cymma 6aios, a
TaKKe CpejHee BpeMsi PAbOThI aJIFOPUTMA HA PAe.

Tabsmma 1. Cpasuenue paboThl aJrOPUTMOB HA KPATKOCPOYHOM IIPOTHO3UPOBAHUK
Asrop Hazsanue asropurma Cymma 6amios | Cpennee Bpems paboThl Ha psje
Unba Oanees SSA 198 MeHee CEeKYHIIbI
Hyurpuiit Cynrypos Model Selection 92 MEHEe CEeKYHIbl
Agekceit Kopauenko Local Forecasting 463 MeHee CeKyHIIbI
Huxwura UBkun ARIMA 462 MEHEe CEKYHIbl
Anexcanmp Madycanos | Subseries Superposition Producing 295 35 cekyHT
Muxana Kysuernon Kernel Smoothing 503 120 cexynng
Huxkwnra ZKuBoroBckuii Exponential Smoothing 528 MeHee CEeKYHbI

Busno, 9uTo 1o cymMe 6aJI0B BIIEPET BRIPLIBAIOTCSA YE€THIPE AJTOPUTMA C TPUMEPHO OJUHAKOBBIMHU PE3y/IbTa-
ramu: Local Forecasting, ARIMA, Kernel Smoothing, Exponential Smoothing. Tpu u3 5Tux aaropurMoB TakKe

paboraior OBICTPO.

Tak:ke derbipe anropurMma ObLIM MPOTECTHPOBAHBI HA JOJATOCPOYHOM IporHosuposanuu. Ha rex xe ¢u-
HAHCOBBLIX PAJAX JJIMHA MPOTHO3a cocTapsiia npumepno 10% obyuenusa. Baaner — or 3 mo 0. Pesynbrarer —

rabmuna (B).

Tabsmga 2. CpasHeHne pabOTHI AJTOPUTMOB HA JOJTOCPOYHOM IIPOTHO3UPOBAHUN

Asrop Hazpanue anropurma | Cymma Gammos | CpemnHee Bpemst pabOTHI HA Psijie
Nnba Dajeen SSA 85 MeHee CeKyH bl
Anekceit Kopauenko Local Forecasting 221 MeHee CeKyHIbI
Huknra UBknn ARIMA 205 MeHee CEeKyH bl
Hukwnra ZKusorosckuii | Exponential Smoothing 215 MeHee CEKYHIIbI

Ha monrocpounom nporaozuposanun anroputmbl Local Forecasting, ARIMA u Exponential Smoothing pa-
6OTAI0T 3HAYMUTEIBHO JIydIre, deM SSA.
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NMpodaiinep MATLAB

P. B. Buicmpuwiti

Mpodcaiinep B Matlab

WNucrpykums mo ucnosib3oBanuio npodaiinepa 8 Matlab:
http://www.mathworks.com/help/techdoc/ref/profile.html.

ITepeuncium OCHOBHbIE MOMEHTBI, HAJI KOTOPBIMHU CTOHUT 33/lyMaThCsl [IPU HCIOJIb30BAaHNU Npodaiinepa.
Heobxonumo 3anyckats npodaitiep Ha npuMepax BpeMmst paboThl KOTOPBIX COCTABJISET XOTs ObI Iapy MUHYT.
[Tone3Ho oleHUTH 3aBUCHMOCTD BPEMEHH MCIOJIHEHUsT (DYHKINU OT JJIMHBI BXOJHDBIX JIAHHBIX, & TaKxXKe OIle-
HUTb paclpejie/leHie BDeMeH! BbIIIOJHEHUS MKy MOIYJIAMU.

Heobxoaumo coieanthb, 4To Gbl OCHOBHBIE (DYHKIIMU TECTHPOBAIKMCH HA HEHYJIEBBIX JIAHHBIX (TAK KaK Olepaluu
¢ 0 poucxXomsAT HECPABHEHHO OBICTpEE).

Mouck cnocoba yckopeHusi koga

IIpodaitnep ykaxker «mpobieMHBIE» MECTa, HO HE IMMOACKAKET KaK WX YCKOPHUTH. IIOMCK myTeit ycKOpeHus

CJIeIyeT OCHOBBIBATH HA ABYX HaesX. Bo-mepsBbix, Matlab — mHTEpIpeTnpyeMplii A3bIK, 8 3HAYAT JIUIIEH CTAH-
JIAPTHON ONTHUMHU3AIMN, KOTOPAsi BBIIOJHIETCs HA dTale KOMIIIAuU. Bo-BTOpbIX, HY?KHO OOpATUTh BHUMAHUE
Ha, CTaHIAPTHBIE omubky mporpammucta Matlab.

icc:

CUb @ =

CTaH,ELapTHLII;'I Ha6op ONITUMU3ANNOHHBIX IMaros KOMITNJIATOPA MOXKHO IMTPOYUTATH B JOKYMEHTAIIUU K gCC NN

http://gcc.gnu.org/onlinedocs/.
OcHoBHble OUOKK POrPaMMKUCTa, (OCHOBBIBASICH HA OIIbITE IIPOCMOTPEHHBIX paboT):

HEOOXOINMO KOHTPOJIUPOBATH OMEPAITUH CTOAINNE B IUKJIAX W BBIHOCUTH 33 ITUKJI BCE 9TO MOYKHO BBIYUC/IATH
BHE HETO.

caemayer u3berarTh JMHAMUYECKUX U3MEHEHHUI pa3MepoB CTPYKTYpP. PeKOMEHIyeTcsT CHavaIa CO3aTh CTPYK-
TYPY HY2KHOTO Pa3Mepa, 3A0JTHEHHYI0 HYJISMU, & MOTOM €€ 3alOJHATh, 8 He JUHAMUYIECKH M00aABISITH JJ1e-
MEHTBI.

He UCnoJb30BaTh ciaoxkubie cell() crpykrypbl 6e3 HeoOXoauMOCTH.

PaboTa TexHonora
Jamee mpuBegeHa TOCTAEI0BATEIHLHOCTh JEHCTBUS TEXHOJIOTA.

Samyckaem unit-rect.

Banyckaem mpodaiiiep, HAXOMUM «IPOOJIEMHBIE> MOYJIH.
UcnpapnsieM KOJI.

Banyckaem mpodaiiiep, OIeHNBaeM Pe3yJIbTaThl CBOEH 1esiTeIbHOCTH.
BamyckaeM unit-rect, KOHTPOIb KOPPEKTHOCTH PABOTHI TPOrPAMMBI.


http://www.mathworks.com/help/techdoc/ref/profile.html
http://gcc.gnu.org/onlinedocs/
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