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B craree mccmemyercs OZHO W3 BO3MOXKHBIX PEUICHHH 3amaull KOMICHcAIu coOcTBeHHBIX momex (SIC,
Self-Interference Cancellation), Bo3HuKaromei npu npoektupoBannu mosHoxymiekcHsIx (IBFD, In-band Full-
Duplex) cuctem cBszu. [TomaBneHne COOCTBEHHBIX TOMEX OCYIIECCTBISAETCS B MU(POBOW OOJACTH C MOMOIIBIO
MHOTOCJIOMHBIX HEJTMHEHHBIX MOJICNICH, KOTOPBIC aJalTUPYIOTCs HAa OCHOBE METO/Ia FPaJMEeHTHOTO ciycka. Hamu-
YHe JIOKAJbHBIX ONTUMYMOB M CEIUIOBBIX TOUCK IIPH aaNTAI[id MHOTOCIOWHBIX MOJEJICH JellacT HEBO3MOKHBIM
UCIIOJIb30BAHNUE METO/IOB BTOPOTO MOPSI/IKA BBUAY 3HAKOHEOIPEIEICHHOCTH MaTpHuIlbl [ecce.

B nannO# paboTe mpemIokeHO MCIOoIb30BaTh cMemanHblii Meton Herorona (MNM, mixed Newton me-
thod), KoTopbrif yuuThIBaeT HHOOPMAIHIO O CMETIAHHBIX POM3BOAHBIX BTOPOTO MOpsAKa (GYHKINH ITOTEPh U, KaK
ClieZIcTBUE, 00CCIICYMBACT BEICOKYFO CKOPOCTh CXOAMMOCTH 110 CPABHEHUIO C TPAJAUITHOHHBIMI METOIaMHU MIEPBOTO
nopsiika. VIcrosb30BaHKe JIHIh TOJIBKO CMEIIAHHBIX YACTHBIX MPOU3BOIHBIX BTOPOTO MOPS/IKA TPU MOCTPOCHUH
MaTpuibl [ecce mo3BossieT U30ekKaTh MPOOICMBI «3aCTPEBAHHS» B CEIUIOBBIX TOYKAX MPH HMCIOIB30BAHHH CME-
[IaHHOTO MeToa HbIoTOHA JUIsl aJlanTalii MHOTOCJIOWHBIX HEJIMHEWHBIX KOMIIEHCATOPOB COOCTBEHHBIX MOMEX
[PU IPOCKTUPOBAHUH TTOTHOMYIUIEKCHBIX CUCTEM CBSI3H.

B kadyecTBe MojIeNT COOCTBEHHBIX HETMHEWHBIX TIOMEX BhIOpaHa MOjeib ['aMMepITeiiHa ¢ KOMIUICKCHBIMU
napameTpamu. JlaHHBI BBIOOP OOYCIIOBICH T€M, YTO MOJCIb 3(P(GEKTHBHO OMUCHIBACT (PU3MUYCCKUEC CBOWCTBA,
JICKAIME B OCHOBE (POPMUPOBAHHS COOCTBEHHBIX MoMeX. biaromapsi cBoicTBY ronoMop(hHOCTH BBIXOIA MOJIC-
7 CMeIIaHHbI MeToZ HpioToHa 00ecreunBaeT CBOMCTBO «OTTANKUBAHUS» OT CEIJIOBBIX TOYEK B JaHmadre
(hyHKINH TIOTEPB.

B paboTe npuBOIATCS KPUBBIE CXOMUMOCTH MPH a1l Talluk Mojiesid ['aMMepITeiiHa CMEIIaHHBIM METOIOM
HeroToHa, a TakKe Mpu MOMOIIY KIACCHYCCKHUX TIOX0/I0B HA OCHOBE METOJIa TPAMEHTHOTO citycka. Kpome Toro,
MIPUBOJUTCS BBIBOJ TIPEIJIOKECHHOTO METO/Ia, & TAKXKE OLICHKA BBIYMCIUTEILHON CIOKHOCTH.

KiroueBrle cioBa: METO/ BTOPOI'O IopsAaKa, KOMITJICKCHO3HAYHBIN reécCuaH, MOJIHOAYIIICKCHBIC CHU-
CTEMBI CBA3U, KOMIICHCAIIUs COOCTBCHHBIX TTOMEX
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The paper investigates a potential solution to the problem of Self-Interference Cancellation (SIC)
encountered in the design of In-Band Full-Duplex (IBFD) communication systems. The suppression of self-
interference is implemented in the digital domain using multilayer nonlinear models adapted via the gradient
descent method. The presence of local optima and saddle points in the adaptation of multilayer models prevents
the use of second-order methods due to the indefinite nature of the Hessian matrix.

This work proposes the use of the Mixed Newton Method (MNM), which incorporates information about
the second-order mixed partial derivatives of the loss function, thereby enabling a faster convergence rate
compared to traditional first-order methods. By constructing the Hessian matrix solely with mixed second-order
partial derivatives, this approach mitigates the issue of “getting stuck” at saddle points when applying the Mixed
Newton Method for adapting multilayer nonlinear self-interference compensators in full-duplex system design.

The Hammerstein model with complex parameters has been selected to represent nonlinear self-
interference. This choice is motivated by the model’s ability to accurately describe the underlying physical
properties of self-interference formation. Due to the holomorphic property of the model output, the Mixed
Newton Method provides a “repulsion” effect from saddle points in the loss landscape.

The paper presents convergence curves for the adaptation of the Hammerstein model using both the Mixed
Newton Method and conventional gradient descent-based approaches. Additionally, it provides a derivation of
the proposed method along with an assessment of its computational complexity.
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BBenenue

OfHUM M3 KJIFOYCBBIX HAIPaBJICHHUI HCCICIOBaHUI B 00JaCTH TEICKOMMYHUKAIUHN SIBISICTCS
3a/1aga MHOTOITOJIE30BaTEIILCKOTO OOCTY)KMBAHHS C BBICOKUMHU CKOPOCTSAMH Iepeladn JaHHBIX [Saad,
Bennis, Chen, 2020]. Cpeau MHOXeCTBa MOAXONOB K PEIICHUIO ATOW 3aJa4d MEPCICKTHBHBIM Ha-
TIPaBJICHUEM SIBJISICTCS TEXHOJIOTHUS ITOJHOMYIIICKCHOW CBSI3H, TIO3BOJIAIONIAS YIBOUTEH 3PPEKTHBHOCTH
UCIIOJIb30BaHMsI CIIeKTpa. Miest Takoro mojixoaa OCHOBaHA Ha COBMECTHOM HCIIOJIb30BAaHUM OIHOM TIO-
JIOCHI YacTOT TepemardukoM W mpueMHuKoM [Luo, Holm, Ratnarajah, 2021; Cirik et al., 2016; Lee,
Min, 2015], mpu 3TOM MOIIHBINA CUTHAN NIepeaTYhKa SBISCTCS MOMEXO0H JUIsl NpueMHuKa. Takum oOpa-
30M, ITOIaBJICHUE COOCTBEHHBIX MTOMEX IepeIaTInKa SIBIISCTCS KITFOUEBOM 3a1aueil TPy MIPOSKTHPOBAHUN
MOJTHOIYTJICKCHBIX CUCTEM CBSI3H.

ITockoneky coOctBeHHBIE TToMexu B FD-cucremax BO3HMKAlOT M3-32 OJHOBPEMEHHOW palOTHI
nepefiaTivka W MPUEMHUKA, W3BECTHBI CHUTHAJ Tepelardika HeoOXOAMMO BBIUECTh M3 CHTHAJIA Ha
NPUEMHON YacTh ycTpoiictBa. TeM He MeHee BBIYMTAaHHE CHUTHANA IMEpeAaTyhKa He JOCTATOYHO IS
pemenust 3a1a4u SIC, TOCKONBKY CHTHAJ TIepeiaTunKa UCKaKaeTCsl B KaHaJIe PaclpoCTpaHeHHs TIOMeX
TX-RX (oT nepenatunka K MPUEMHHUKY TOTO )K€ YCTPOICTBA), B IIepe/laloIieM TPaKTe 3a cueT (a3oBoro
nucOaiianca kBajaparypaoro momyisitopa [Korpi et al., 2014], ¢a3oBsix mrymoB [Syrjala et al., 2014],
HenuHeiHbix uckakeHuit ALTT/ITAIT [Balatsoukas-Stimming et al., 2015], a Taxke HeTMHEHHOCTEH
ycwnTeIs MomHocTH M auiuiekcepa [Ghannouchi, Hammi, Helaoui, 2015], koTopeie BHOCIT Hawu-
OoJiee CyLIECTBEHHBI BKJIaJ B HEJMHEHHbBIC MCKaKCHUsSI CHTHAJA MepeaaTyhka. TakuMm oOpa3om, st
KOMIICHCAITUN HEIWHEHHBIX MOMeX HEOOXOAMMO MOCTPOUTH MaTeMaTHYECKyH0 MOJENb M MPOU3BECTH
ONTUMU3AIUIO TTAPAMETPOB MOJIEIH TI0 33/IaHHOMY KPUTEPHIO KayecTBa.

KomneHcanus cOOCTBEHHBIX TIOMEX YCTPOICTBA CBA3M TPAJUIIMOHHO IPOU3BOANUTCS B HECKOJIBKO
3TanoB. Bo-mepBbIX, aHANIOroBas KOMIECHCALMS HMPUMEHSETCS K BXOOHOMY CUTHAJIy NPHEMHHMKA, 3a-
TeM OH oOpabarbiBaeTcsi B udpoBoit odmactu [Tehrani, 2012]. B nanHOW craTbe MBI paccMaTpuBaeM
aKTHBHOE LH(POBOE NOAABICHHE.

B coBpemennbix nccienoBanmsax Ha Temy SIC BBIIENAIOTCS BA OCHOBHBIX HampasieHus. [lepoe
CBSI3aHO C aJamnTaledl KJIacCHYeCKUX MOJIENIeH, TaKuX Kak Mojaens Bunepa-—I['ammeprureiina [Tapio,
Juntti, 2021; Campo et al., 2021]. Bropoe HampaBieHne NMpeaCTaBICHO MOCTPOSHHEM Mojieneii co0-
CTBEHHBIX MOMEX HAa OCHOBE HEHPOHHBIX CETeH C NCHCTBUTENBHBIMH M KOMIUICKCHBIMH ITapameTpa-
Mmu [Kurzo et al., 2020; Kristensen, Burg, Balatsoukas-Stimming, 2020; Elsayed et al., 2021].

Bce BBIICYTOMSIHY ThIE MOJIENH, KaK MPABUIIO, 00YYIAIOTCS TPAAUCHTHBIMU METOIAMH, TIOCKOIBKY
MOJICTIH SIBJISFOTCS JIBYX- U TPEXCIOMHBIMHU, W IieeBas (pyHKIHSI UMEEeT CEUIOBBbIE TOYKH, K KOTOPHIM
nputrarusaercss Meroll HeroToHa B cilydae 3HakoHeomnpenesleHHOM Marpuubl ['ecce. B gaHHOI crarbe
MIPEICTaBICHBI Pe3yJabTaThl MPUMEHEHHS CMelIaHHoro Meroma Herotona [Bakhurin et al., 2022] mis
ajanTaluy Kiaccuueckor moaenu ['ammepiureiina. Mcronb3oBaHUE TOJIBKO CMEIIaHHbBIX IIPOU3BOJHBIX
MIPU TTIOCTPOCHUHU MaTpHIlbl [ ecce mo3Bossier 00ecnedyuTh CBOMCTBO OTTAIKUBAHHUS METO/Ia BTOPOTO TI0-
psiZKa OT CEIJIOBOM TOUKH, TEM CaMbIM PEIIUTh MPOOJIeMy OCTaHOBA anroputMa agantarnuu. [Ipemacras-
JICHO CPaBHECHHE PE3YIBTUPYIONINX YPOBHEH KOMIICHCAIIMU TIOMEX, a TaKKe CKOPOCTEH CXOAMMOCTH,
Meroga MNM ¢ knaccuyecKuMu METOaMU MEPBOro MOPsIKa.

Moaesab CHCTEMBI

B nannom pasnene mpejcTtaBieHa ynpoleHHas cxema FD-npuemornepenaryuka ¢ MOAyJieM ak-
TUBHOHN NU(PPOBON KOMIICHCAINH TTOMeX. Taxke BBOAUTCS KJIACCHUIECCKasT MOACTh HEMMHEHHBIN TTOMEX,
HCIIONb3yeMasl B TEKYLIUX IKCIIEPUMEHTAaX.

2024, T. 16, Ne 7, C. 1579-1592
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Puc. 1. Cxema HICHTU(HUKANNN COOCTBEHHBIX MOMEX. X — IU(POBOI CUTHAI MepeaaTdnka, r — udpoBoi mo-
JIC3HBI CHUTHAJ MpUEMHHKA, d — MUPPOBON CUTHAT MOMEXH, € — MUPPOBON CHUTHAT 00pabOTAaHHON MOMEXH.
AK — mMonyns amanTuBHOW KoMrieHcanuu, YM — ycunutens moutHocTH, L{AIT — nudpo-anamorossrii mpeodpa-
3oBarenb, ATl — ananoro-nmdpoBoii mpeodpazosarens, [ITP — mepenatomuit Tpakt, [IPT — npuemHbIH TpakT

3aoaua Komnencauyuu coOCMEEHHLIX HOMEX

brok-cxema uneHTHQHUKANINK TTOMEX IMMOKa3aHa Ha puc. 1. OTcueTsl MUGPOBOrO CHUTHANA TIepe-
Jardyuka x, [peoOpa3yloTcs B aHAJIOIOBbIM CUTHAJ, IIOCIE YEro CUTHAaJl IPOXOAMUT depe3 HEIHUHEH-
HBIC aHAJIOTOBBIE KOMITOHEHTHI, TaKhe KaK aHaJIOTroBbIH YM (yCHJIHMTENh MOIIHOCTH) W IHILIEKCEp.
Pesynbrupyromuii curaaia npeacTaBiIseT coboil HelMMHEeHHbIe NCKaKEHUs, PAcIpOCTpaHsIomuecs ia-
Jiee B MpueMHbIN TpakT 1o kaHainy TX-RX. B pesynbrare mosie3Hblil curHaji NpueMHHUKa CMEITHBAETCs
C TIapa3uTHBIMH [TIOMEXaMHU, [TOCIIe Yero mpeodpaszyercst B HU(POBbIE OTCUETHI 7, +d,,, TIE ¥, — OTCUETHI
MOJIE3HOTO CUTHANA, d,, — OTCUETHI HEIMHEHHBIX TOMEX.

Jliist Toro yToOBI M30aBUTHCS OT HAPa3UTHBIX IOMEX d,,, MOLYNb aJanTUBHON kommeHcanuun AK
Ha puc. | HacTpamBaeT mapaMmeTpsl HelmHelHoro Onoka f = f(x,, z), THe Z — MapamMeTpbl HEIUHEH-
Horo Onoka. [TockonmbKy MONE3HBIN CUTHAI 7, HE KOPPEIUPYET C CUTHAJIOM IIOMEX, OJIOK aJalTUBHON
KoMIIeHcauun MuHuMusupyet Sl d,. B pesynbrare orcuers! curHajga IpUeMHHKA MOTYT OBITh Hpes-
CTaBIICHBI KaK 1, + e, Tne e, =d, —y, =d, — f(x,, 2).

Kpurepuii kadyectBa HISHTHPUKALINY TIOMEX MPEACTABICH CPEIHUM KBAJIPATOM OTKJIOHEHHS BbI-
xoma mozaenu ot currana nmomexu (MSE, Mean Square Error) [Tehrani, 2012]:

MSE = ) ¢le, = elle, (1)

mee=d-y,ec CV deCV yeCN N — nmmna nocnenoBarensHocTH curaana, ()7 —
OIIEPATOP SPMHUTOBOIO COPSIHKEHUS.

Mooenv napazummnvix nomex

Mopenu niomex [Tehrani, 2012] gomkHBI OTpakaTh GU3NUESCKUE MPOIIECChl BOSHUKHOBEHUS JIaH-
HOro pona moMex. Hampumep, comiacHo puc. 1 B 3a1ade KOMIICHCAIMM COOCTBEHHBIX ITOMEX CHTHAl
nepeaTunKa UCKaXKaeTcsl BCIEACTBHE HEMTMHEMHOCTH XapaKTEePUCTHK YCUIIMTENS MepefaTdynka U Ju-
IUIeKcepa. 3aTeM CUTHaJl HCKaXKaeTcsl BCIEACTBHE pacnpocTpaHenus no kanaiay TX-RX. Takum oOpa-
3oM, Mozenb ['ammepmreiina [Tehrani, 2012], npexncraBieHHast Ha pHcC. 2, OTpakaeT MPOIECC BO3HUK-
HOBEHHS COOCTBEHHOW ITOMEXH B IIPUEMHOM TPAKTE U MOXKET OBITh UCIIOIB30BaHA IJIsl PEILICHUS 3a1a4l
UACHTUUKAIINY. 3aMeTUM, YTO MOJIeNIb ['amMmMepInTeiiHa sBisgercs ynpoueHiueM mozaenu Bunepa —'am-
mepiuteiiHa [ Tehrani, 2012] mist cyuast HenuHEHHBIX 3 dexToB O6e3 nmamstu. biok HennHeiHocTH f(-)

KOMIIBIOTEPHBIE UCCIIEJOBAHUS U MOJAEJIUPOBAHUE
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Puc. 2. Mopenb HeJTMHEWHBIX MCKaKEHUH. X, — OTCUET CHI'Haja IepelaTunKa, §, — BBIXOIHOM OTCUeT HeJInHEH-
HOCTH, y,, — BBIXOJHOM OTCUET MOJICTIH TTOMeX, f(-) — HeNMnHeHHas (GyHKIUS, ¢ — TMOPAAO0K HHTEPMOMYIALMOHHBIX
UCKakeHHH, h — oOydaemble TmapaMeTpsl HeMMHeHHOH (yHKunu, w — oOydaemblie mapameTpsl KUX-dmisrpa.
KUX — ¢pmibTp ¢ KOHEYHOH UMITYyIbCHON XapaKTepUCTHKOW, YM — yCHIINTEIb MOIITHOCTH

Ha PUC. 2 MOXeET OBbITh NPEICTABICH CTEIIEHHBIMH, TPUTOHOMETPUYECKUMH, CIUIAHHOBBIMHU HOJIMHOMA-
MU " Jp. B maHHO# pabore omHOMEpHBIH crutaifHOBBINA nosmHoM [Molina, Rajamania, Azadet, 2017]
ObU1 BBIOpAaH B KaueCTBE HEJIMHEHHOCTH BBHUIY €r0 HM3KOHW BBIYMCIHUTEIBHON CIOKHOCTH M IPOCTO-
THI aNMapaTHOW peayn3alui. AJANTHBHBIC MapaMeTphl OJOKa HEIMHEHHOCTH TPECTaBICHBI BEKTO-
pom h € CP*!| P — nopsmox momuuoma. ITapamerpr! amantusHOro KUX-dunsrpa [Haykin, 2014]:
w e CX1 L — 1 — nopanox ¢unerpa. CTeneHb g Ha NIPaKTUKE BBHIOUPAETCS B COOTBETCTBHH C MOPSII-
KOM MHTEPMOAYSIUH. Tak Kak mepeJaTiuk U MPUEMHUK padoTaloT B OMHOHN MOJIOCE YacToT, B JAHHON
pabote BbIOpaH g = 1. B pe3ynbsrare BHIXOZHOH OTCUeT MoAenH ['aMMmepIuTeiiHa MOXKET OBbITh BBIPAXKEH
B BHJIC

D P-1

yn = Z Wm hkxn—mf(|xn—m|)’ (2)
m=—D k=0

e L = 2D + 1, f(-) — 6a3ucHast GyHKITUSA Ha OCHOBE cIiaifHOB [Molina, Rajamania, Azadet, 2017].

AJIFOpl/ITM KOMIICHCAIlMH COOCTBEHHBIX IOMeX

Tekymmit paszen pa3neicH Ha CICOYIOIIHe YacTH. BO-TepBBIX, MPUBOMUATCS OO ITOIXOM
U CBOICTBa CMeIIaHHOTO MeToaa HeioToHa. 3areM mokazano mpumenenne MNM k momenu ['ammep-
IITEHHA.

Cmewennntit memoo Hotomona. Oowuit nooxoo

Cwmemrannplii MeTox HploTOHa — METO/ BTOPOTO MOps/IKa, MpeHa3HAYSHHbIH A1 00y4eHus: Mo-
Jieneii ¢ KOMIJIEKCHBIMHU TapaMeTpaMu myTeM MuHuMu3anuu (1). s koppekTHoi paboThl anropurMa
BeKTOp oumMOKH e (1) moypkeH OBITh TOJIOMOP(HBIM OTHOCHUTEIBHO MAapaMEeTpPOB MOIEIH Z, TO €CTh
JOJDKEH HE 3aBHCETh OT COIPSHKEHHBIX MapameTpoB z*: e = e(x, z). B atom canydae MNM obnagaer
CBOMCTBOM OTTAJIKUBAHUS OT CeIoBBIX Touek [Bakhurin et al., 2022].

IIycts D () — oneparop auddepeHuMpoBaHus MO IapaMeTpaM MOIEIH Z € CKX1 rne K —
KOJIMYECTBO IapaMeTpOB BCEH MOJIEINH:

DO =(3 a5  m) 3)

Torna D,J € C™K _ npomsBomHas cKalspHOH BelleCTBEHHO3HA4HOH (yHkimmuu J € R 1o BekTopy
napameTpoB Bceil monenu. Takum oOpaszom, nuddepenuuan nepsoro nopsaka Gpyakuuu J = J(z, 2°)
MOXeT ObITh npeacTasieH kak [Hjorungnes, 2011]

dJ =D,Jdz+ D, Jdz", )
e D,J € CYX, D_.J e C™K dz e CK, dzr e CKX.
2024, T. 16, Ne 7, C. 1579-1592
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[TpousBoaHAs BTOPOTO TOPS/IKA CKATSIPHON BEIECTBEHHOM (QYHKIMH J 110 BEKTOPY MapamMeTpoB
OTIMICHIBACTCS CIACAYIONINM 00pa3oM:

D (D,)" = H, ,J € C*K — marpuua Tecce, (5)

rae (-)7 — omeparop TpaHCIOHHpOBaHMSL.
Hcnosnb3yst BBElICHHBIC BbIIIe 0003HAUCHUS, TUPPEePEHIINAT BTOPOro MOPSIKa PYHKIUH J MOXKET
OBITH OTUCaH ciemyromuM odpaszoM [Hjorungnes, 2011]:

H..J H..J dz
2, T \T 2,z .2
d2J = (dz d(z") )(Hz,z*‘] Hz*,z*‘]) (dZ*)' (6)

Hockoneky anroput MNM ucrionb3yer TONBKO CMeIIaHHbIH reccuan H . J juis 00yueHus napamer-
poB mozenu [Bakhurin et al., 2022], To pazHOCTHOE ypaBHEHHsI CMEIIaHHOTO MeToa HproToHa MoxeT
OBITH TIPEACTABICHO CIEAYIONINM BBHIPAKCHHUEM:

Ll = 2 —H (Hz*,z‘])_1 (Dz*J)T ’ (7)

rne J — MSE, onpenenennas Boipaxenuem (1).

ITycTh BEKTOp OTKJIOHEHHs BBIXOJa MOJIEJIH OT 3HaYeHHit momexu e(x, z) € CVX! — romomopdnas
(GYHKIUS OTHOCUTENIBLHO Z. BBIYMCIMM TpaJiieHT W CMEIIAHHBIN reccuaH (DYHKIIMH CpPEIHEKBaApaTuy-
Horo otkioHeHus (7). ['pamuent MSE nmeer Bua

(D,-9)" = (D (e"e))' = (D (¢"€”)) = (' Dye") = (" (D)) = (D,0)"e. ®)

[Tockonbky e = d—y(x, z), Tne d HEe 3aBUCHT OT ITApaMeTPOB MOJICITH Z, TO TIOyYUM TPAIHEeHT (PYHKIIUU
MoTEeph BUIA

(D,9)" = ~D e, ©)

e D,y € CN*K _ marpuria SIko61 BBIXOA MOZIETH OTHOCHTENEHO BEKTOPA TTAPAMETPOB MOJIEIIH.
B 10 %€ Bpems, cormacHO 0003HAYCHUIO (5) M BBIPAKEHUIO Ui rpagucHTa (9), cMemaHHBINA
reccraH MOYKHO PacCYHUTAaTh CIEAYIONIMM CIIOCOO0M:

H,..J = D,(D.J) = -D_((Dy"e) (10)

HOCKOJ'ILKy BCKTOP BbIXOJad MOACIIN Yy ABJIACTCS FOJ'IOMOp(I)HLIM OTHOCUTCJIBHO IMapaMEeTpoOB MOACIH, TO
CMEIIaHHBIA T'€CCUaH MOXKET ObITh MPEACTABJICH KaK

H,..J=Dy"D,y. (11)

Takum obpazoM, yautsiBas BeipaskeHus (9), (11) u (7), aroputM cMmemanHoro Mmetona HeroToHa MoXk-
HO TIPEJICTABUTH CIICIYIOIIUM Pa3HOCTHBIM YPaBHCHUEM:

et = % T H ((Dzy)HDzy)_l (D,y)e. (12)

Cmewannutit memoo Horomona ona modenu I'ammepumeitna

CornacHO pa3HOCTHOMY ypaBHeHHIO (12) cMemranHbid MeTon HploTOHa TpeOyeT BBIYHCICHUS
MaTpullbl SIKoOM BBIXOAHOTO BEKTOPa MOJEIN OTHOCHTEIHHO MapaMeTpoB Moaenu z. Moxens ['ammep-
MITeHa — JABYXCIONHHAS MOJENb, BKIIOUAIONIAs B ceOs HEIMHEHHOCTh 0€3 MaMsITH C aJalTHBHBIMU
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napamerpamu h € CP*! u ananrususiii KUX-¢unerp ¢ napamerpamu w € CX*!. Torna Bexrop mapa-

METpOB MoJesn I'ammepIITeiiHa U BEKTOP COIPSDKEHHBIX MAPAMETPOB MPEICTABIISIOTCS CIEAYIOLIUM

obpa3zoM:
zZ= (z), 7= (:l}*) € C(P+L)Xl. (13)

SlkoOmnan BbIXOAHOI'O BEKTOpa MOACIN FaMMGPMTCﬁHa 110 mapamMeTpaMm NpeACTABICH BbBIPAKCHHUEM

D,y =(D,y D,y)eCVb). (14)

Takum oOpaszoM, IS mojcyeTa MaTpullbl [ecce U rpaaneHTa neneBoil pyHKIMU HEOOXOIMMO BBIUHC-
JIMTH TIPOU3BOHYIO BBIXOJJHOTO BEKTOpa MOJEIH 10 mapameTpam ciiosi HeiauHeitnoctn 1 KUX-¢punbrpa.

CormacHo Teopum ananTtuBHOW QuusTpannu [Haykin, 2014] BekTOop BBIXOMHBIX OTCYECTOB
KUX-¢punsTpa MokeT ObITh BBIpaXKeH uepe3 MaTpuily coctosnus U:

y=Uw, UeCN<L (15)

Martpuria CoCTOSTHUS UMEET ClleAyromyio cTpykrypy [Haykin, 2014]:

SD .« . sl SO 0 ... 0
Spei S 51 So 0
uv=| : N : : : - 8
0 Sy-t Sn—2 Sz 7 Snop—2
0 - 0 Sy Sy, " Syp

37Iech 5, — BXOMHOW oTcyeT ¢guibsTpa (puc. 2). B coorBeTcTBUM C BhIpakeHHEeM (2) BXOAHOM OTCUEeT
KUX-dmrerpa B Momenmu I'aMMepinTeiiHa MOXKET OBITh BBIPAKECH Kak

v

s, = ) hx, f(x,D). (16)
0

=~
I

[Tockonpky MaTpuia cocrostaus amantuBHoro KM X-dumsrpa He 3aBHCHT OT ero nmapamerpos (16), To,
comtacHo (15), mpon3BoHasl BEIXOJHOTO BEKTOpa MOJEIH 10 MapamerpaM (GuibTpa paBHa

D,y =D, (Uw)=U. (17)

ITonrHOM Ha OCHOBE CILIAMHOB HEPBOTO MOPSIKA PEATU3YET KyCOUHO-IMHEHHYIO MHTCPIOJISALHUIO IPU
MOCTPOEHUH HeIMHENHHON Moaenu. JlaHHbIi Buj 0a3ucHBIX (PyHKIMHA 3pPEKTHBEH C TOUYKU 3pEHUS YKC-
Jla onepauui, OCyIIECTBISEMbIX B AMHUILY BPEMECHHU IPU BBIYMCICHUM 3HAYCHUH ITOJIMHOMA, T03TOMY
OH ObIT BHIOpaH B KaueCTBE MOJIEIN HEJIMHEHHOCTH aHAJIOTOBBIX KOMIOHEHT CHCTEMBI.
ITpencraBuM BBIXOIHOH BeKTOp Mozesu ['ammepiuTeliHa y B BUae NEPEMHOKCHNS. MATPHLIBI BXOA-
HOTO CHTHaJIa MOJIETIM ¥ BEKTOpa MapaMeTpOB HeNWHEHHOCTH. [ 3TOro paccMOTPUM BEKTOP BXOIHBIX
orcuetoB KUX-¢punsrpa:
s=Vh, VecCV¥ (18)

Marpuiia cOCTOSIHUSL HEJIMHEHHOCTH V Ui CIUIAHOBOTO IIOJIMHOMA IOKa3zaHa Huxke [Molina,
Rajamania, Azadet, 2017]:

0 O XL =4y x)A, -+ 0

0 - x(I-A) x, A, -0 0
v=|: |

0 0 x(1-A) xA, -+ 0
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Kaxnas ctpoka marpuiibl COCTOSIHUSL V' BKITIOYAET TOJBKO JBA HEHYJEBBIX 3JIEMEHTA: xk(l — Ak) Hu xkAk,
e x, — BXOIHOW orcuer mozenu l'ammepuireiina, A, = ||xk| — |_|xk|J|, -] — omeparop okpyIyieHus
qrcia K OIMKanuIleMy MEHbIIEMY.

Tekymas MaTpuLa COCTOSHUS MOXKET OBITh 3allCaHa yepe3 ee CTOIOLBL:
V= (Vo v, - vP_l), (19)
TOTrJa BXOAHOM BekTop (huisTpa (18) MoxkeT OBITh BBIpaXKEeH Kak
S=hyy+hw, +---+hp_vp_,. (20)
Brixomnoit Bektop Mozenu ['ammepinTeiiHa MOXKeT OBITh MIPECTABICH B BUJE
y = conv,,(s), 21)

rae conv,, () — OJHOMEPHBIN JIMHEHHBIN omnepartop cBepTKH. Mcmonb3ysa cBOWCTBO JTMHEHHOCTH CBEPT-
Kd, 3 ypaBHeHu#t (20) u (21) momyuaem BbIX0J Mozaenu ['aMMmepiiTeliHa yepe3 MaTpUYHO-BEKTOPHOE
YMHOKEHHE:

y =conv,, (hgvy+ -+ hp_vp_;) = hyconv,,(vy) + -+ + hp_jconv,(vp_|) =

= (convw(vo) convw(vP_l))h = th. (22)

Takum 00pa3oM, BBIXOIHOW BEKTOp MOjenH | 'aMMepiiTeiiHa BBIBOIUTCS Yepe3 NMpOH3BelleHHEe MaTpH-
[l COCTOSIHUSI HEJTMHEWHOCTH, (PUIBTPOBAHHON TI0 CTOJIOIAM, M BEKTOPA MapaMeTPOB HEJIMHEHHOCTH.
OTMeTHnM, 4TO MaTpHIia Vf HE 3aBHCHUT OT IapaMeTpOB MOJUHOMA f.
B pesynbrare, ucnonn3ys ypaBHeHHE (22), mOTydaeM MPOU3BOAHYIO BBIXOAA MOCTH IO Iapa-
MeTpaM HEeIHHEHHOCTH:
D,y = Dh(th) =V, (23)

HakoHer, ucItonb3ysl BRIpOKEHUS I MaTpuIel SIkoou Beixoma momenu (14), (17), (23), pasHocTHOE
ypaBHeHHe cMmentaHHoro merofa HeroToHa (12) MoXKHO mepenucarh Kak

H Hyn~1 /v H
Vfo VfU Vf

T le 24
UHVf viu) \uv? 24)

Tpp1 = 2 TH

Crenyer OTMETHTh, YTO aIrOpUTM (24) MOXKeT OBbITh MOIU(HUUUPOBAH MyTEM IOMCKA ONTHUMAJIbHOTO
3HAYEHMs [Iara ajanTanuu (. B TeKyIuX BBIYMCIECHUSX IapaMeTp [ HACTPAUBAECTCS B COOTBETCTBUU
C peLICHHEM OJHOMEPHOM 3aJa4i ONTHMH3ALNN Ha KaXIOM IIare ajaropurMa.

Taxxe cienyer 3aMETUTbh, YTO METOJ| TPAJUEHTHOIO CIIyCKa JUIsl MoAenu I'ammepiuTeiiHa npen-
CTaBJIEH CIIEAYIOIIUM BBIPAKECHHEM:

VH

T
Zk+1 =Zk +M(Dz*‘l) =Zk +[1 U{'I e. (25)

BoeruncnurensHas cinoxkHocTs mara MNM (24) onpenensiercs Bbruucienuem marpuny U (17),
Vf (23), rpamuenta D,.J (25), MaTpu4HO-BEKTOPHOTO TPOM3BENEHHUs MaTpullbl ['ecce u rpaauenta,
a TaKKe BbIYMCICHUEM U obpaleHneM reccuana H . J (11).

BrraucnutenbHas CII0KHOCTh BBIXOJHOTO OTCYETa HEIMHEHHOCTH Ha OCHOBE CIUIaifHa MEepBOTO
nopsiika (16) onenuBaercs kak O(1) omepanuii ¢ riasatomiein Toukoit (FLOPs). CiioxHOCTh BbIUHC-
JIeHUs BBIXOJA HEJIMHEHHOCTH JUIA BCeil MOCIe0BATENBHOCTH BXOAHBIX oTcueToB x¥ € CNX! y, kak
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CIIEAICTBUE, CIIOKHOCTH BhruucicHuss marpull U u V moryrt ObiTh oneHenbl kak O(N) FLOPs. Jlis
¢wuerpannu matpunsl V (19) — O(PLN) FLOPs.

Berunciienue rpaauenta u marpuinbl [ecce tpebytor O ((P + L)N) u O((P + L)ZN) oneparuit
COOTBETCTBEHHO. CIOKHOCTh BBIYUCICHUS MPOW3BEACHUS OOPATHOTO TEeCCHaHa W TPAJMCHTa pPaB-
Ha O((P + L)Z). WHuBepcus marpumnbl ['ecce sABISCTCS OMHOW W3 HAMOOJIEe BBIYMCIHTEILHO TPYIHBIX
orneparuid. [IocKoIbKY CMEIIaHHBIA TecCHaH Uil TOJOMOP(MHBIX (YHKIHH SBISICTCS SPMHUTOBON Mat-
pUIeH, TO HHBEPCUS MATPHUIBI MOKET OBITh peajM30BaHa C IOMOIIBIO CIICKTPAIbHOTO Pa3IOKCHUS,
CJIOKHOCTh KOTOPOT'O OLIEHUBAETCS KakK O((P + L)3) [Golub, Van Loan, 2013] FLOPs.

B cooTBeTcTBUU C BbIIIECKa3aHHBIM CJI0KHOCTb I1ara CMEIIaHHOTo ajaroputmMa HbproToHa o1ieHu-
BaeTCs Kak

Xunm = ON) + O(PLN) + O((P + L)N) + O((P + L*N) + O((P + L) +
+0((P+L)*)=0((P+L)* +(P+L>N). (26)

TakuMm 00pa3oM, BBEIYHCICHUEC M HHBEPCHUS T'eCCHaHa SIBIISIOTCS HAnOOJee CIOKHBIMH C TOYKU 3PEHUS
yucia onepalnuil ¢ iaBaromed TOUKoM.

3aMeTHM, YTO CIIO)KHOCTh BBIYMCIICHUS I11ara rpaJIM€HTHOTO CIyCKa CYIIECTBEHHO HUXKE, TaK KaK
JUTSI 3TOTO TPeOYIOTCS TOJBLKO BhIunciaeHue Marpui U, V /> @ TAKKE TPaJIMCHTA:

Xgrad = O(N) + O(PLN) + O((P + L)N) = O(PLN + (P + L)N). 27)

Tem HEe MEHEE YHCIIO H€06XO[[I/IMI>IX maroB ME€Toa IrpaAuC€HTHOIO CITyCKa Uil JOCTHUIKCHHA ONITUMYMa
B PCaJIbHOM IIPUTTOKCHHUU MOKET OBITh MHOTO BBIIIIE I10 CPaBHCHHUIO C YHUCJIOM IIaroB METoga HproroHa.
Takum o6pa30M, HCIIOJIB30BAHHUEC BBIYHCIUTCIBHO CJIIOKHOI'0O CMCIIAHHOTO METOJa HrroToHa MoxeT
obecreunTh Oojiee 6LICTp0€ JOCTHIKCHHUEC OIITUMYMaA 34 CUCT MCHBIICTO YHCJIa IIaroB.

JKCIePUMEHTAJbHASl YCTAHOBKA

Curnan nepeaaTdrka npeacrasiser coboit QAM-moaynupoBanHbiii OFDM-curnan ¢ mupruHon
mostocel 60 MI'm. Yactora muckperusanuu cocraBisier 484 MI'm. [lomHbIi HabOp MaHHBIX COCTOUT
u3 80000 orcueroB, 50 % U3 KOTOPBIX UCIIONB3YETCsl KAK TPCHUPOBOUHAS BHIOOPKA, OCTaIbHBIC OTCYE-
ThI HCTIONB3YIOTCS KaK TECTOBasl BHIOOPKA.

Ananorossrit
CUT'HAJI IIepeIaTunKa, AnaJiorossrit
T'enepaTop W (17 I'T'm) Bbix07; Y M (AHaHI/BaTOp CIIEKTPA,

»
»

CUT'HAJIOB L zaxsar ma 1,7 T

nepejlaTInKa

ITudposoit curmaa
( W ITudposoit Beixom YM
L IIK (Python) Ji

Puc. 3. Cxema YCTAHOBKHU IJIsI T€HEPpAlU HEJIMHEHHBIX MCKaKCHHMH curHana. YM — YCUIIUTEIb MOITHOCTHU

Cxema dKCIIepUMEHTAIIBHOM yCTAaHOBKH IMOKazaHa Ha puc. 3. OrcueTsl udpoBoro nepenarduka
OTHPABIISIIOTCS Ha TEHEPATOp CUTHAJIOB, e NMPeoOpa3yloTcs B aHAJIOIOBBIM CHUTHANI U NEPEMELIatoTCs
Ha Hecymryto dactoty 1,7 I'Tm. Ha pagmodacrore curHam mpoxoaut depe3 YM co cpemHeil BBIXOn-
HOW MomrHocThi0 20 nbM u 3axBaThIBaeTCs ¢ MOMOIIBIO CIIEKTpoaHaiu3aTopa Ha uacrtore 1,7 I'T.
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3axBaueHHbIN curHai gainee ornpasisgercs Ha [TK. Pacnpocrpanenue curnana no kanainy TX-RX mo-
Jenupyercsi ¢ omounsio nudpposoro KUX-punsrpa 50 mopsinka. OnudpoBaHHBIA CUTHAN € BBIXOHA
YCHIIUTENS. MOUTHOCTH TIpOITycKaeTcsi yepe3 crenepupoBaHHblil KUX-puerp. Beixon duierpa nanee
paccMaTrpuBaeTcsl Kak MOCIeI0BaTeIbHOCTh OTCUETOB COOCTBEHHOM MOMEXH.

3aMeTuM, YTO B pEaJbHOM IPHJIOKEHUU IOMEXH CYMMHPYIOTCSI C ITOJIE3HBIM CHUTHAJIOM IpH-
eMHHKa, Kak Ha puc. 1. TeM He MeHee MOAYIb aJAaNTUBHOM KOPPEKUIHH IOJABISAET TOJIBKO CHUTHAI
COOCTBEHHBIX TIOMEX, ITOCKOJIbKY TIOJIE€3HBIN CHUTHAJ, MPUXOAALINA HA TPUEMHHK C APYTHX YCTPOMHCTB
CBsI3M, HE KOppenupyeT ¢ curHaioMm nepemardymka [Haykin, 2014]. [loaTomy B HAmWX CHUMYISIIHSIX
MBI HE YUNTBIBAaEM I0JIe3HbIH RX-cUTHAN U paccMaTpuBaeM TOJIBKO COOCTBEHHBIE IIOMEXH B KaUECTBE
CUTHaJIa B IPUEMHOM TpPAaKTe.

Jlis sxcriepuMeHTOB Oblila BeIOpaHa Moaenb ['ammepinreiina (puc. 2) ¢ aIanTHUBHBIM (DUIETPOM
¢ L = 45 yucnoMm nmapamMeTpoB, a Takke KyCOUHO-JIMHEHHON (yHkumel, cogepkamieit P = 8 cruaifHOB
niepBoro nopsijaka. Crenenb g = 1.

Bce mpemocTaBiieHHBIC pe3yibTaThl OBLIM IONyYeHBI Ha TpadudeckoMm mporeccope NVIDIA
Tesla V100 ¢ 16 I'b O3YV.

YuciieHHbIE pe3yJIbTaThl

B manHOM pasjerne mpUBOAXUTCS KPaTKOE ONMHUCAHUE KIIACCHYECKUX TPAJHEHTHBIX METOJ0B, TAaKUX
Kak OnouHbIlil rpaauentHbIi ciiyck (BGD, Block Gradient Descent) u cToXacTHUECKHH TpaJneHTHBINR
ciyck (SGD, Stochastic Gradient Descent), ¢ KOTOPBIME ITPOU3BOIUTCS CPAaBHEHUE TPEIOKEHHOTO Me-
TOJla BTOpOro mopska. Kpome Toro, mpoBOANTCS CpaBHEHHE PE3YJIBTHPYIOIIETO YPOBHS KOMIEHCALUU
MIOMEXHU U CKOPOCTH CXOJIMMOCTH.

[lar agantanuu cMemanHoro Meroga Hetotona u BGD nepecuuThiBaeTcs Ha BCEl TPEHUPOBOU-
HOU MOCJIeI0BaTeNIbHOCTU. [[pyrumMu ciioBamMu, MaTpHUIlbl Vf u U B ypaBHeHUX (24), (25) BEIYUCIIAIOTCS
g 40 000 orcueTos.

C nmpyroii cTtopossl, B ciydae SGD Bcst TpeHHPOBOYHAS TIOCIIE0OBATEILHOCTD JISIUTCS Ha HElle-
peKpBIBatOmInecs OTOKH, KOTOphIe ymakoBeIBatoTCs B 50 OmokoB mo 200 orcueToB Kakield. Takum
o0pa3zoM, 3a OIHY SMOXy (OIHO TPOXOXKJIECHUE BCEH TPEHUPOBOYHOW IOCIEIOBATEIHHOCTH) MOJIEIb
TpeHupyercs Ha 4 Oiokax. [ pagMeHTh! BBIYUCIAIOTCS U Kaxqoro 6moka (mo 200 oTcueToB) u ycpen-
Hsarotes (1o 50 6okoB). PasMep Gitoka ObUT BEIOpaH SKCIIEPUMEHTAIBHO ¢ TOYKH 3PESHUS MAaKCUMHU3AIINN
PE3YIBTUPYIOIIETO YPOBHS KauecTBa MOAEIH.

Taxxe ciemyer oOpaTUTh BHUMaHHe, 4yTo B ciydae BGD m MNM mapaMeTpsl OOHOBJISIOTCS
OJIMH pa3 3a 3I0Xy, TO €CTh MOoCJe MOACYeTa IIara Ha MOJIHOW IMOCIeI0BaTeIbHOCTH TPEHUPOBOYHBIX
JMaHHBIX. B To BpeMs kak B SGD mapameTpsl mepecyuThIBAIOTCS MOCIE BEIYUCIEHHUS CTOXACTHYECKOTO
rpagueHTa Ha KaxkaoM 61oke (50 X 200 oTcueToB).

B crenyromux cCUMYISIIHSIX HOPMHPOBAHHAs CpeaHeKBaaparwuHas omuoka NMSE orciexun-
BaeTCs Ha KaXJOW 3IM0Xe Ha TPEHHPOBOYHON W TECTOBOW MOCIENOBATEIBHOCTH, YTO OTPAXKEHO Ha
puc. 4, 5.

CpaBHEHHE CKOPOCTH CXOAUMOCTH OJIOYHOTO TPaMEHTHOTO CITyCKa ¢ OITUMHU3aTopaMu Momen-
tum u Adam, a Taxke cmenranHoro merona HeroroHa mokazano Ha puc. 4. MNM tpeGyer mpubim-
3utenbHO 30 3MOX Ui TOCTHIKEHUS Pe3YNbTUPYIOIIETO 3HAYeHUsI YPOBHS KOMIICHCAIUH, B TO BpEMs
kak BGD ¢ oboumu onrummszaropamu TpeOyroT ~ 10000 smox mjisd JOCTHOKEHHUS TAKOro JKe 3Haue-
uuss NMSE.

Ha puc. 5 npencrasiensl KpuBble oOydeHus, monydeHHble s SGD ¢ ontummsaropamu Mo-
mentum 1 Adam u cMemnranHoro Merona HeroroHoMm. ['paduku cXOMUMOCTH OTpa)aroT TOT (axT, YTO
SGD Takxke Tpedyet nmpudnuzutensHo 10 000 3mox i JOCTHKEHHsI YPOBHSI KOMIICHCALIMH TTapa3UTHOM
IIOMEXH, IIOJIYyYEHHOro npu nomomu MNM.
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Puc. 4. KpuBbie cX0IUMOCTH Ha TPEHUPOBOYHOM M TECTOBOH mocienoBareabHOCTsX. CpaBHeHne BGD ¢ ontumu-
3aropamu Momentum, Adam u cmemrannoro Merona Hetorona. BGD — GiounHbIif rpagneHTHBIN criyck, MNM —
cMmemanubiil Metoq; Hetorona, NMSE — HopMupoBaHHasi cpenHekBaapatuyHas omrbka, Adam, Momentum —
ONTUMH3ATOPHI FPAIUECHTHOTO CITyCKa

——— SGD + Momentum o6ym.

— = SGD + Momentum recr
—— SGD + Adam 06yu.
- SGD|+ Adam rect

—— MNM oGyHu.
— = MNM Trecr
_______________________ |
[da]
=
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o 4
|91

Puc. 5. KpuBble cXOmMUMOCTH Ha TPCHUPOBOYHON M TECTOBOM mocienoBarenbHOCTAX. CpaBuenue SGD ¢ om-
tumuzaropamu Momentum, Adam u cmemansoro metoga HerotoHa. SGD — cTOXacTHYCCKHI TI'pa MCHTHBIH
cinyck, MNM — cmemanssrii Mmeton Herotora, NMSE — HopMupoBaHHas cpeHeKBagpaTudHas omnoka, Adam,
Momentum — ONTHMH3ATOPbI TPAJUSHTHOTO CITyCKa

OTMeTHM, 4TO HapaMeTphbl ONTUMM3AaTOPOB M TEMIl OOyUCHMS I'PaJHCHTHOTO CIyCKa ObLIM BbI-
OpaHbl ¢ TOYKU 3pEHHS HAWIIYyHIIEeTO Pe3yJIbTHPYIOIIEr0 KauecTBa MOJEIH U BBICOKOM CKOPOCTH CXOJH-
MOCTH.
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CrnekrpanbHble TIOTHOCTH MOITHOCTH (CIIM) mcxomHOW M KOMIICHCHPOBAHHOW pa3THYHBIMHU
MeTo/laMH TToMeXHu n300pakeHsl Ha puc. 6. I'paduxu CIIM nmocTpoeHsl Ha OCHOBE TECTOBOM MOCIEIO0-
BaTEIHLHOCTH.

— Hol\’lexa Ha IIpUEeMHHKe

01 ~—— BGD + Momentum
—— BGD + Adam

—— SGD + Momentum

—10 —— SGD + Adam

—— MNM

—20

NMSE, 1B

~0.20 —0,15 —0.10 —0,05 0,00 0,05 0,10 0,15 0.0
YHacrora, I'T'r

Puc. 6. CniekrpanbHble MIIOTHOCTH MOITHOCTH UCXOAHOW M KOMIIEHCHPOBaHHBIX omeX. BGD — Gnounslit rpaau-
eHTHbIH cnyck, SGD — crToxacthuyeckuil rpaaneHTHbIH cnyck, Adam, Momentum — ONTUMH3aTOPBI TPAJANECHT-
Horo crycka, MNM — cmemianssiii metoq Hetotona, NMSE — HOpMupoBaHHasi cpelHeKBaApaTHYHasi OIIHOKa

Tabnuma 1 oTpaxkaer 3aMeTHOE YBEIWYEHHE CKOPOCTH CXOJMMOCTH CMEIIaHHOTO Metona Hbro-
TOHA IO CPAaBHEHUIO C KJIACCHMUYECKUMHM TI'PaJUCHTHBIMU MeTofaMmu. J[Js JOCTHXKEHUsl COMOCTaBUMOIO
ypoBHs komnieHcanuu st MNM tpebyercs Bcero 30 smox. HecMoTpst Ha TO 4TO TpH UCTIONIB30BaHUU
MeTO/1a BTOPOTO MOPS/IKa TpeOyeTcs CyIeCTBEHHO MEHBIIIee YHCIIO [IaroB ONTUMU3AINH, KK IbIH I1ar
aJIanTalliy BEIYUCISIETCS. B ~ 5 pa3 fosbine. Tem He MeHee o0liee BpeMs, 3aTpaunBacMoe Ha 00ydeHne
MOJIENIH, CYIIECTBEHHO MEHBIIIE 110 CPABHEHUIO C METOAAMHU IIEPBOTO MOPSIKA.

Ta6muma 1. CpaBHeHI/Ie YPOBH: KOMIICHCAIIUM MTOMEXU U CKOPOCTHU CXOAUMOCTHU

BGD BGD SGD SGD
Adroputy Moment. | Adam | Moment. | Adam MNM
Howmep smoxu 10000 10000 10000 10000 30
Bpewms 3a smoxy, 1072 ¢ 3.8 4,0 3,7 4,1 21
Oo6mmee BpeMst pabOThI, ¢ 380 403 386 412 6,2
NMSE, nb -45,1 -46,7 -46,6 -46,5 | —46,9

CormacHo pacueram, MPUBEACHHBIM B TEOPETUYCCKON YaCTH, BEIUUCIUTENbHAS CIIOKHOCTD II1ara
MNM (26) BbICOKa MO CPaBHCHHIO C aJTOPUTMaMU Ha OCHOBE I'paguceHTHOTO crmycka (27). Tem He
MEHEE YHCIIO IIaroB, HEOOXOAUMBIX JJIs JOCTHXKEHHUS TAKOTO KE YPOBHSI KOMIICHCAIINH, 3HAYUTEIHHO
MeHbIIe it cMmemanHoro Heiotona (tadmuma 1). Takum ob6paszoM, MNM OTIMYHO MOAXOIUT IS
UCCIIEJOBAHNS BO3MOXKHOIO YPOBHs KadecTBa mopeneil. Kpome toro, cmemannelii meton HeroToHa
MOYKHO HCIIONIb30BATh JIJIsl OHJIAIH-00yYeHUsT MOJIeTIel, TaK KaK B peasIbHBIX MPHIIOKECHUAX TpeOyeTcs
HaKOIIJICHHE MaTpUIlbl l'ecce U, KaK CIeNCTBUE, YaCTOTa IIaroB ONTHMU3AINH CYIIECTBEHHO MEHBIIIE
M0 CPAaBHEHHIO C METOJAMU MIEPBOTO TOPSIKA.
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3akiouenue

B manHo# paboTe mpemIokeHO UCIIONb30BaHUE METOa BTOPOTO MOPSIKA IS KOMITCHCAIUH CO0-
CTBCHHBIX TIOMEX B MPUEMHHKE MOJHOIYIUIEKCHOTO yCTpOHCTBa cBsi3u. C HMCIOJNB30BAHUEM HHCTPY-
MEHTa MaTPUYHOTO MU (GHEPSHIIMPOBAHK METOJ CTPOTO BBIBSACH IS CIIydasi UCIOIL30BAHUSA MOICTH
I'amMeprTeliHa B KauecTBE MOJCIH ITaPa3UTHBIX MTOMEX.

HecMmorpst Ha TO 4TO BBIYMCIICHHE IlIara ONTHMH3AIUK CMEIIaHHOTO MeTona HeroToHa TpedyeT
B ~5 pa3 Oonbllie BpEMEHH, 00IIast [UIMTEILHOCTh OOyYeHHsI YMeHbIeHa 10 30 310X 10 CpaBHCHHIO
¢ 10000 »smox, HCOOXOAMMBIX JJISI KITACCHYECKUX METOJIOB ONTHUMH3AIUHU TIEPBOTO MOPSIKA IS JOCTU-
JKEHHUsI TOro e ypoBHs komneHcanuu 46,9 nb.

B nocnenyronmx padoTax IJIaHUPYETCS PACCMOTPEHUE MPUMEHUMOCTH IMPEUIOKEHHOTO aJro-
pUTMa BTOPOTO MOPSIAKA Il 00ydeHHUsT HeTMHCHHBIX MOJCIICH, MTPEICTaBICHHBIX HCHPOHHBIMU CETAMU
C KOMIUICKCHbIMU Tiapamerpamu. CMmemaHHbii MeTon HbroToHa TpedyeT OOJIbIIOro YMcia Oneparuil
IUTsT pacdeTa MaTpuibl [ecce u ee oOpameHus. TakuM 00pa3oM, BaKHEHIIIMM HalpaBICHHEM HCCIIe-
JIOBaHU SIBIISICTCS MOJMQUKAIINAS CMEIIAHHOTO MeTo/la HhIOTOHA JIJIi MUHUMU3AIIUKM HAKJIaHBIX pac-
XOJIOB BBIUMCJICHHSI W MHBEPCHUH TeCCHaHa, YTO MOXKET OBITh peajH30BaHO, HANPUMED, HPH ITOMOIIN
pa3IMYHBIX OIEHOK OOPATHOW MaTpPHIIBI.
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