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ADANTUBHBIW PEFYNATOPOP HA
HEMPOMOJOBHbLIX CTPYKTYPAX

JlenneB M. IO.l, boasikun B.N.2
(Vupeorcoenue Poccutickoui akademuu Hayk
HUncmumym npobaem ynpasnenus PAH, Mockea)

Paccmampusaemca noswiii memod ynpaeieHus OUHAMUYECKUMU
obvexmamu. B kauecmeae npumepa aHAnU3UpPyemcs HetpocemManmu-
yeckuti pe2yiamop Ojisl YNpasieHus anpuopHo Heu38ecmHuiM 00b-
ekmom. Ananusupyromcs meopemuyecKkue u npaKmuyecKue pes3yib-
mamul npoyecca 00yueHus u GYHKYUOHUPOBAHUS Pe2YIsimopd.

KiroueBble ciioBa: alalnTUBHBIE PETYJATOPHI, aAalTHBHOE
yIpaBlieHHE, HEHPOMo100HasE CTPYKTYpa.

1. BeedeHue

Jna ynpaBiieHUsI Bce YCIOKHAIOMUMICS TPOU3BOACTBEHHBIMU
NPOILeCCaMu HEOOXOIUMBI HOBBIE METOJIbI, OCHOBOW KOTOPBIX MOTYT
CTaTh HEUPOCETEBBIE PETYIATOPHI. [IJIsl HACTPOMKHU paccMaTprUBaeMoO-
IO B CTaTb€ HEMPOCETEBOTO PEryIITOpa HEOOXOIUMO TOJBKO 3a1aTh
KJIaCChl COCTOSIHMH, OINpenenseMble, HalpuMep, Kak: "HOopMaibHbIE"
wid "HeHopMaJbHbIE" M, HE3aBHCUMO OT XapakTepa BO3MYILEHHIA,
Takas CHCTEMa YIPABJICHUS IOCPENCTBOM BHEIIHUX BO3JECUCTBUI
JOJDKHA HAlTH alroputM (MOCIe10BaTeIbHOCTh KOMaH/: CUTYaIHs —
KOMaHJIa YIIPaBJICHUS) TI0 TOJJCPKAHUIO YIPABISIEMOTO O0BEKTa B
"HopMamsHOM" pexume [2].

Y Muxaun FOpvesuy Jleones, acnupanm (miklesus@mail.ru).
2 Braoumup Hnouu Booskuu, kanoudam @husuxo-mamemamudeckux HAyK,

(body@ipu.ru).
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daktuyuecku, pu MUHUMyMe HH(popManuu ("HOpManbHOE - He-
HOpMaJbHOE" COCTOSIHHE) W TP BO3MOXKHOCTH HCCIIECIOBaHUS BapH-
aHTOB YIPABISIONIMX BO3JEHCTBUN (3Talm OOy4YEHUS), PETyNISTOp
CrocoOeH BBIBECTH YIPABIsEMbIH OOBEKT B 00JaCTh HOPMATbHBIX
COCTOSIHHH ero (YHKIMOHHPOBAaHUS TPH JIOOBIX JOIYCTUMBIX
HaYyallbHBIX 3HAYCHMSIX, a TaKXe MNPHU CIyYalHBIX BO3MYIICHUIX
BHENIHeH cpenbl. B oOmiem ciyyae, HEWpOCETEBOW MOAXOM — 3TO
"pasMeH" CIIOKHOM anropUTMHUECKOM MpolLeaypsl HEKOTOpoil 3a1a-
9 Ha paclpeleNeHHyl0 CTPYKTYpy IMpPOCTBIX MpeoOpa3oBaHMIA,
pEIIAoNIHX Ty JKe 3a7ady.

B pabore paccmarpuBaeTcsi OCOOBIM KJIacC KIACCUYCCKUX
HeHpoceTeBbIX cucreM — HeipocemanTtmueckue cetu (HCC). B
OTJIMYUE OT TpaaULMOHHBIX HeWpoHHBIX cereil, B HCC kaxmomy
HEWpOnoJOOHOMY DJIEMEHTY COOTBETCTBYET OIpe/ieJiCHHass CEMaHTU-
deckas CMHHIA HCXOIHOTO TEKCTOBOTO IOTOKA', 4TO MO3BOISET
pa3paboTUnKy aHATM3UPOBATH JIOTUKY (YHKIIMOHUPOBAHHS DJIEMEH-
TOB CHCTEMbl B TEpMHHAaX S$3bIKa NpeaMeTHOW obnactu. Bropoii
cymecTBeHHOW xapakTtepuctukodr HCC sBiseTcs ee accoIruaThB-
HOCTb.[1]

[TocTpoeHne TeOopuU HEUPOCETEBHIX ANANTUBHBIX PETYIISTOPOB
BeChMa aKTyaJbHO KakK IS TEXHUYECKO# cdepbl, TaK U I MOJAEIH-
pOBaHUS MMU BO3MOXKHBIX MEXAaHU3MOB B JKUBBIX CHUCTEMax IpHU
MOJJICP)KaHUA MMH TOMEOCTa3a B HEMPEPHIBHO W3MEHSIOIIIXCS
cpenax.

2. lMNocmaHoeka 3adayqyu

PaccMoTpuM 00BEKT, XapakTepU3yIOMIMICS HEKOTOPOU aerep-
MHUHHAPOBAHHOM (YHKIIHEN mepexoa BHyTpeHHnX coctosumii — f(X)
1 00JIaCThIO CYLIECTBOBAHUsI — AS, 110 HEKOTOPOMY BEKTOPY COCTOSI-
Hul — X.

Y Cemanmuueckan edunuya mexcma - smo nociedosamensHoCmb 3HAKOS,
onucwHIBaOWAs HeKoOmopwvllli 0bpas (npoyecc, 00beKm), YEIOCMHOCL U
CMBLCTIOBYIO HAZPY3KY KOMOPOU, 8 C80I0 04epedb, 0OHOZHAUHO ONPeOesisiom
IKCHEPMbL, NOHUMAIOWUE OAHHbLIL MEKCMOBOU MAMEPUAL.
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B xauectBe npuMepa Takux 0OBEKTOB MOXKHO TPHUBECTH UX (PU-
3UYECKHE aHajIoru: "0OpaTHBIM MajdTHHK" (IO OJHOW KOOpPIHMHATE),
"IIapyK Ha HAKJIOHHOM TIOCKOCTH" U 1., CM. puc. 1 @) u b).
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Puc. 1. Ilpumepwr Ounamuueckux 00beKmo8 uccie008anus.

3agaua ynpasieHus: OyeT 3aKiIouaThbesl B BBIOOpE HA N-OM Iia-
re YIpaBIISIONIEro BEKTOpa BO3JeHCTBHS F, Ha 0OBEKT, HaxomsIe-
rocst B coctossann X, Heob6xomumo, aTo0b1 B 3ToM miporiecce HCC-
perynsarop o0y4HicsS MakCUMAIIBHO Joiro (N > max, N — o) yaep-
JKUBATh OOBEKT B €r0 00JIACTH CYILIECTBOBaHUS — AS, 32 MUHUMAaJIbHO
BO3MOYKHOE YHMCIIO TOTBITOK 00y4ueHus — J.

@dopManbHO 3aMyCh NOCTAHOBKH 331441 BBIMJIIIUT CIEILyIOMINM
obpazom:

D) (X =fX) +Fy +2Z4)°

Tme: Xo, Xn={ XL X% X3, .., X"} € AS;
X,F,ZeS;
Xn — mapameTp COCTOsSIHUSI 00BEKTa;
Xo— HavanbHOE 3HAYCHHUE MapaMeTpa OOBEKTa;
M — gucino TuckpeT napamerpa X € AS;
S — 00JIacTh MapaMeTPOB COCTOSTHHS 00BEKTA M €ro yIpaBlie-
HUS;
AS — o6nacTh mapaMeTpoB CyILIECTBOBAHUS OOBEKTA;
f(X) — dbyHkIms nepexoia BHyTPEHHETO COCTOSIHUSI 00HEKTA;
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F, — ynpaBnenue 3HaueHueM mnapamerpa oOwbekra. Fnp = {
FLF,...,F9 ). pu stom, 3 Fy: (VX + Fr) € AS;

Z, — BO3MYIIICHHE 3HAYCHUIT Tapamerpa 00bekTa ( Z, << X );
N — YKECIO LIAroB YAOBJICTBOPUTEIBHOIO YHpaBJICHUS B j-i
TIOTIBITKE;

J — min (4ucno moneIToK 00yYeHH ).

Momsocts (M) umcia coctosuuit AS pasna Mg = (N° + N) / 2
1 Q, COOTBETCTBEHHO, paBHaA Mg = ((N-1)? +N-1) / 2, uTo npu npu-
HATOM, B KadectBe npumepa, N=7, Ms = 28 u Mg = 21. My, = (N N
)' =N? = Ms + Mg =28 + 21= 49.

OrmerumM, 9to Ms ~ Mg (Ms = Mg +N). Ora orenka npumep-
HOT'O PaBeHCTBa MOIIHOCTeH MHOxecTB AS u Q Oyner Ham ynoOHa
NPY OLICHKE BEPOSTHOCTEH CIIy4aiiHOTo ()OPMUPOBAHUS TPASKTOPHUH.

3. YnpaeneHue o6 bLeKkmom

W3 ypaBuenus (1) crexyer, 4To mpoliece yrpaBlieHHs 3aKIr0va-
eTcs B BBIOOpE M3 AEKaPTOBOTO MPOCTPAHCTBA COCTOSIHUM 00BEKTa U
ynpasienusi (X*F) BeiOpars Bce maps! (Xp,Fn), KoTopble mpuHaie-
*,at €Q.

Pemuts 3amauy BeiOopa F,, Ha Tekymee X, , IpH anpruOPHO He-
WU3BECTHOM OOBEKTE, MOXHO TOJLKO IepebopoM (CIydailHbIM,
HampaBJiIeHHBIM, ...) B MPOCTpaHCTBe cocTosHui (X*F). Oro mpo-
CTPaHCTBO OyAET pa3lelieHO Ha JBa MHOXECTBAa MOIIPOCTPAHCTB:
napsl (X, Fy), kKoTopeix €AS u napsr (X,,F,), kKoTopeix ¢AS.

OOGiacte 3HaYeHWH "HEHOPMATBHBIX" COCTOSIHHMA 00BekTa Q
Kne1 = 1+X + Fy +Z, <1 u Xpiy = 14X+ Fpt Z,> 7) coBMECTHO
¢ obmactbeio "HOpMaNbHEIX" cocTosHmi 00bekTa AS (1 < X = 14X,
+ F,+ Z, < 7) npeacrasiens! B Tabnuie 1.
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Tabauya 1. Obnracme 3uauenuti cocmosnuil 0ovekma

Fn
-ay -ap -as -, -as -ag -az

as i as | az | ax a; Q

as { as as as az a

as as as as as az ag

a; az as as ag az ao a;

JJ1 BBIABNICHHS 3TUX MHOXECTB B TpaekTopusix Xgq—> Xi,Fp —
Xo,Fo = ... > X1 Xie1 €AS B j-0if TpaeKTOpHH OOYUEHHS, MBI
BEIOMpaeM mocnenHiow mapy Xn,F, u craBum 3amper Ha F,, mpu
TEKYIIIEM COCTOsSHUM 00bekTa — X, . Takum oOpa3om, 3HaueHue F,
NpY 3HAYCHUH X, MOMAJAeT MOJ 3alpeT YIPABJICHHS PEryISTOPOM.
llenenanpasienHo mepeOpaB Bce MPOCTPAHCTBO cocTosiHUi (X*F,
1.e. Bee mapsl Xp,Fn = {XE XX, X"Y{F F2,..., F%} ) 3a J Tpaek-
TOPUIA, KOTOPhIC HA30BEM, YKCIIOM MOIBITOK 00YYEHHsI, MBI 00yUUM
HEHPOCEMaHTHUECKUI PETyNATOp YCTOWYHMBO YIPABIATh JTaHHBIM
o0bekToM (cM. puc. 2). IIpomecc oOyueHus peryisiropa MoaApoOHO
paccmatpuBaercs B [3].

60
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Puc. 2. I'paghux 0b6yuenus HelpoceManmuyuecko2o pe2yisimopa
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JU1st OCHeyIoIIero TeOpeTUIeCKOro MCCIeOBAaHUS MEXaHH3-
MOB aJanTaliyd HEWPOCEMAHTHYECKOTO PpEryJsiTropa pPaccMOTPUM
(u3NUECKyI0 MOJENb, MPEACTaBICHHYIO Ha pHc. 1(0).

PaccMoTpuM cxemy aJlaTHBHOTO peTyJsTopa Ha HelpoceMaH-
THYECKOH CETH, CM. pHC. 3.

o l4327e] [7:4 41 41 46 o | [52.. \
‘ "’ ” HCC
” u‘ s OO0 - O
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a) Xne1 = 1+ Xy + Fp + Z, hd
IT\
Xo

Puc. 3. Cxema adoanmuenoeo nelipoceManmuiecko2o pezynamopa

Oro aeyxcnoitnas HCC (ciou 0 u e, cM. puc. 3) ¢ QyHKIHO-
HAJILHO YIIPOIIEHHBIMU Helponoao0HeiMu N-amementamu [2]. Oc-
HOBHOE UX OTJIMYHE OT KJIACCHYECKMX HeHpoHOB [1] ¢ anreOpanue-
CKOM cyMMallied CUTHAJIOB Ha BXOJE 3aKJIOYaeTcsi B BEKTOPHOMU
(TTIpOCTpaHCTBEHHO-BPEMEHHOH) 00paboTKe BXOAHBIX CHTHAJIOB.
Mexanu3sM (YHKIMOHHPOBAaHUS N-3JEMEHTOB CTAHET SICHBIM U3
OIMUCaHuA aJiIropruT™Ma HaCTpOﬁKH paccMaTpruBacMoro aJgariTUBHOTO
perysitopa.[3]

[Mpumep mMexaHu3Ma U3MEHEHHUSI COCTOAHUM 00BbekTa (X,) 0TOO-
pakeH Ha ypoBHe ¢ prcyHka 3. Ha ypoBHe 6 0TOOpa)KeH MPOTOKOI
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W3MEHEHHUS COCTOSHHH OOBEKTa W YNPaBISIOIINX BO3JEHCTBHHA
perymstopa (Fy). IIpoTokon mpuBsizaH K TUCKPETHOH BpEMEHHOM OCH
(t)). Andasur npotokona coctout u3 N+2 3unakos (1, 2, 3,4, 5,6, 7,
—, ®). I'pamMmmarnka ¢GopMHpPOBaHUSA MPOTOKOJA — ITO IOCIEIOBA-
TEJILHOCTH MOIBITOK 00YyYeHHs, KaKJast U3 KOTOPBIX - 3TO MOCIEN0-
BarenbHOCTh map (X, F,), 3aBepmiatomasics 3uakoM "e". Ecim xe
JUIMHA TIOCJEI0BAaTENbHOCTH MAap TMPEBBIIAET HEKOTOPYIO JUIMHY
(manpumep, pasayio N2 ~ 2*Mg) , To OHAa paccMaTpHUBAETCS KAK
MOJIOXKUTENBHBIN pe3ynbTar 00y4eHUs, 1 Ipu O0y4eHHH '"METOIOM
Haka3aHus'" B MaMSITH PETYISTOPa MOKET HE OTOOpaKaThCA.

Ha ypoBHEe ¢ 0TOOpakeHbI KOMIIOHEHTHI MPOLECCA: COCTOSHUS
obwekra (Xn), BosmeiictBuii perymnsropa (Fy), 3aBeprienus i-ii mo-
TIBITKH (@), a TaKKe MEeXaHW3M OJOKa YNPAaBIISIOMIETO BO3IEHCTBHA
(610x max Fy, cM. puc. 3). Pabora Omoka 3axirouaercst B BeIOOpe
aneMeHTa M3 F-rpynmbl 3J€MEHTOB YPOBHSA 2 € MaKCHUMaJIbHBIM
3Ha4YE€HHEM HEKOoTOpoi BenuuuHbl U(n), KOoTopas KOJIMYECTBEHHO
OTpa’kaeT BENWYMHY Mepbl "ONM30CTH K HakazaHuio", T.e. Kk "e",
BBIYUCIISIEMYIO Ha N-3JIeMEHTaX.

Ha ypoBHe 2 oToOpakeHbI JBEe TPYIIBI 3JIEMEHTOB aji(aBHTa,
oToOpaKaroIe 3HAYCHUsI COCTOSIHUS 00BbeKTa (X,) M BO3IEHCTBUS
perymsatopa (Fp). OTr 3eMeHThl BRIOIHAIOT (QYHKIAIO MPOCTEHIIei
aCCOIIMAaTHBHOW KOMMYyTaumuu pasnuunbelx map (X, F,) mma N-
3JIEMEHTOB CJI0A 0 TIPU peau3aii KOHKPETHBIX MOMBITOK O0yYeHHS
perymsrTopa.

YpoBeHb 0 — 3TO TepBEIi clloit N-371eMEHTOB HeHpOCeMaHTHYC-
CKOH CeTH aJanTHBHOTO PerynsTopa. N-3JeMeHTBI 3TOTO CJIoS uMe-
0T /1Ba BXOZa, AJIsl KOMIOHEHTHI X, cocTOoAHUs 00bekTa (1-i Bxox) u
i F, oTBeTHOrO BO3melcTBUS perynaropa (2-ii Bxox). DTo cioi
acCOIMATUBHBIX ~ N-3JIEMEHTOB, OTOOpaXaOIUX  MPOCTEUIIHE
"ycnoBHBIE peduiekch” perynsaTopa. B HeM HaxomsATCsS TOJIBKO pas-
nuuHble (YHUKadbHbIE) napsl (X, Fn). Ecim B mpoTokose BcTpeuaroT-
Cs TOXKICCTBEHHBIE IMaphl, Hampumep, "4-1... u 4-1", To oHM 0TOO-
pakaroTcs TONBKO OXHMM N-3IeMEHTOM ¢ HH()OPMALHOHHBIM
conepxxanreM "4-1". Kaxnas ke HOBas peanu3aisl mapbl, TOXIe-
CTBEHHass HMHGOPMALMOHHOMY COJIEPKaHHUI0 N-3JIEMEHTa, TOJBKO
I00aBIsieT CChUIKY (CBSI3b) ¢ N-3J€MEHTOM BBILIETICKAILIETO CIIOS
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(YpoBHSL €), OTOOpaxaroIMM KOHKPETHYIO IOMBITKY OOYydYEHUsI.
O61ee urciio N-31eMeHTOoB O cliost He npesbimaer N ™.

N-3J1eMEHTBI YPOBHS € UMEIOT YUCIIO BXOJIOB, PABHOE YHCITY Tap
(Xn Fn) B kaxmoit omeiTke 06yuenus. 3asepuarowasn napa hopmu-
pyercs b0 MpU MOMagaHuu X, B MHOKECTBO COCTOSIHUM Q (CHUTHAN
- """, 3TO MOTIONHUTENBHBIN BXOJ], MIOKA3aHHBIA HA PHUC. 5 U MpHBe-
JIeH JIMIIb JUTst OOJbIIel HILUTIOCTPATUBHOCTY MaTepHania) Jubo, eciiu
YHCIO TMap MpeBBIMIACT 3amanHoe N° — "MOTOKUTETbHAS TPAeKTO-
pus". HoBbiii N-371eMeHT ypoBHS ¢ (OPMHUPYETCSs M3 PE3ePBHOTO
N-snemenTa (camblii TpaBblii CBOOOMHBIH B cioe). CHrHaOM K
(hopMUPOBaHUIO HOBOTO N-3JIEMEHTA CITY)KUT TOSBICHUE 3aBepliia-
foreit mapel. Pe3epBHBIA N-2JIeMEHT UMEET MPaKTUIECKH OeCKOHEeU-
HOE Y¥CJIO BXOJIOB.

CBoiicTBO cioeB N-3JI€MEHTOB aJJallTUBHOTO PETYISITOpPA TaKo-
BO, YTO B KaXI0M N-3JIeMEHTE COJEPKUTCS POBHO OIHA CEMaHTHYe-
CKas eIMHHIA CBOETO HepapXUdecKoro ypoBHS ("YCIOBHBIA pe-
¢dekc" kak KOHKpeTHas mapa Xn F, - cioli 0, win KOHKpeTHas
TpaekTopust — B cioe e). CeMaHTHYeCKas €JIWHUIA TMPEICTaBISET
MOCIIeTIOBATEILHOCTh 3HAKOB B paMKax andasura oobekra (1, 2, 3, 4,
5, 6, 7, —, o). CBOWCTBO COOTBETCTBUS CEMaHTHICCKOW CIMHUITHI B
KOHKPETHOM (hU3N4ecKoM oToOpaxeHuu (N-3IIEMEHT) Ype3BhIYaitHO
BaXHO B aJaNTHUBHBIX MH()OPMAIMOHHBIX CHCTEMAax, MO3TOMY 3TO
CBOMCTBO M TMOJUYEPKUBAETCA B €ro Ha3BaHUU - HEHMpoceMaHTH4e-
ckuid. bosee moapoOHO ATOT acneKT paccMarpuBaercs B [2].

4. 3akno4yeHue

Pe3ynbTaThl 3KCIEPIMEHTOB C aaNTUBHBIM PETYIATOPOM TO-
TBEPAWIH OXHUIAEMble aHATUTHYECKUE pacdeThl. TaK IMPH MOIIHOCTH
Ms ~ Mg, BEpOATHOCTS (p) 3aBEpIIECHUS TPAEKTOPHUH, T.€. MONAJaHNSL
napsl (X, Fr) B 06macte Q B Havarne nporecca 00y4eHus peryiiaropa
B 3aBHCHUMOCTU OT YHCJa LIaroB TPAaeKTOpHH (n) BEIHKAa M HMEET
cienyroruii yuciaooir Bua: n=2, p=0.50; n=4, p=0.88; ... n=8,
p=0.99; CoOTBETCTBEHHO 3THM W OOBACHIIOTCS KOPOTKHE Havallb-
HBIC TPACKTOPHHU B SKCIIEpUMeHTax. [3]

Ha sTane 3aBepiienns 00ydeHus (YUCII0 MOMBITOK ~ M) JUTMHBI
TPaeKTOPHH TOJKHBI HECKOIBKO BO3pacTaTh, HO HeHaMHOTro. Bepo-
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SATHOCTH (p) TOTO, YTO PETYJIATOP CMOXKET MOCTPOUTH TPAEKTOPHIO
mmHoi mo N* map (X, F,) npu mocienneii HeHnaiinennoit mape (X,
Fn) n3 obnactu Q paBHa p ~ 0.007. Takum oOpa3oM, Ipu YUCIIE MO-
neITok MW (MW = N2 = MS + MQ) BeposITHOCTh HaX0XKIEHHS BCEX
nap (X, Fy) obmacti Q u 3amoMuHaHUA UX PEryisITopoM B hopme N-
3JIEMEHTOB YpoBHS O mopsinka p ~ (1 - 0.00005). CnenoBarensHo, 3a
My oOyd4arommx TpaeKTOpUH aIanTHBHBIA PETYJSTOp Ha Hekpoce-
MaHTUYECKOM CeTH CHOCOOCH OOyYUThCS M YCTOHUMBO IOIAEPIKHU-
BaTh (p>0.9999) 06BekT B 007acTH S, IO CPaBHEHHUIO C aHAJIOTHYH-
BIMH PETYJISATOPaMH Ha KJIACCUYECKUX HEHPOHHBIX CETSIX.

[41[5]

OKCIEpUMEHTBl TI0 CHHTE3Yy ajJlrOPpUTMOB YIIpaBJieHUs Oojee
CJIO)KHBIMH JHHAMUYECKUMH OOBEKTaMH, 10 C PABHEHHIO C TIPEe.-
CTaBJICHHBIMHU Ha pucyHke la u 16, monTBepxaaroT 3¢QeKTuBHOCTH
MPEVIOXKEHHOTO0 METOJAa M JIOKa3bIBAlOT BOSMOXKHOCTB €TI0 MPUMEHEHUSI
0e3 Kakoro-nubo IOTONHMATENFHOTO aHain3a OOBeKTa YIpaBIieH-
us. [IpenMyiiecTBOM MeToAa SBISIETCS BO3MOXKHOCTH OBICTPO 00Y-
YaThCsl YHPABICHUIO O0BEKTaMH, O KOTOPHIX HET HUKaKOH ampu-
OpHOI NH(OPMAITHH.
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ADAPTIVE CONTROLLER ON NEURAL STRUCTURES

Mikhail Lednev, Institute of Control Sciences of RAS, Moscow,
graduate student (miklesus@mail.ru).

Abstract: A new method of control of dynamic objects. As an
example, analyzes the neuro-semantic controller for controlling a
priori unknown object. The theoretical and practical results of the
learning process and the operation of the regulator.
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