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TO THE READER

This is the first issue of Problems of Control and Information
Theory, a new quarterly edited jointly by the Academy of Sciences
of the U. S. S. R. and of the Hungarian Academy of Sciences.

The main purpose ofthis journal is to endeavour exchange of
new ideas in the field of control processes and information theory.

Original contributions, survey papers and short reports on
new advances in these very fields are to be published.

It is hoped that this journal will be of use to a large interna-
tional community of the relevant specialists. It is kindly asked to
send any critical comments or suggestions to the Editorial Board.

B. N. PETROV, F. CSAKI
EDITORS



YBAXAEMbBIE UYNTATEIN!

MbI HauYVMHaeM BbIMYCK HOBOTO MEXAYHapOLHOr0 COBETCKO-BEH-
repckoro >xypHana [lpo6nembl ynpaBneHus u Teopun UHGOopMaLmu.

OCHOBHas 3afaya Hallero KxypHana — 06ecneunTb ObICTPbIA 06-
MeH MHOopMaLMein 0 HOBLIX pesyfibTaTax Hay4HbIX WCCMefOBaHWA U
pa3paboToK B 0651acTV MNPOLECCOB YMNpaBfeHWa W Teopun WUHGOop-
mavuu.

B xypHane 6yfyT ny6/11MKOBaTLCS OPUrMHaA/IbHbIE Hay4YHble CTa-
TbW, CTaTbl 06G30PHOr0 XapakTepa MO BaXKHeWLWWM npobnemam u
KpaTKune COOOLLEHNS O HOBbIX JOCTUDKEHUAX B AaHHbIX 061acTAX Ha-
VKU N TEXHWKN.

Mbl HafileeMcs, 4TO >XYpHan GyZeT No/e3eH LUMPOKOMY Kpyry
MWPOBOIA Hay4HOIi 06LLECTBEHHOCTM W OygeM 6GnarogapHbl 3a Batuu
MOXeNaHns 1 KPUTUYECKME 3aMeyvaHus B afpec XypHana.

b. H. METPOB, ®. YAKW.
PEJAKTOPbLI XXYPHANA
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TEOPETUYECKWE TMPOBNEMbBI TPAKTUYECKOIO
MPNNOXEHNA TEOPUMN KOHEYHbLIX ABTOMATOB

M. A TABPUIOB

Mocksa

(Moctynuna B pefakuuio 23 espansd 1971 r.)

B cTaTbe ONMCLIBAETCS COCTOSIHE Y MPO6/IEMbI, BOHUKAIOLLME B TEOPUM KOHEUHbBIX
aBTOMAaTOB B CBSI3W C MPaKTUYeCKUMU TPeGOBaHUSMYM, BOSHMKAIOLMMU TP CUHTE3e
CTPYKTYp peasibHbIX AUCKPETHbIX YMNpPaBAsOLLMX YCTPOWCTB. PaccMaTpuBaroTcs npo6-
NEMbl CO3aHNS A3bIKa AN OMUCAHWS YCMOBUIA PaboThl PeneliHbIX YCTPOWCTB, 6/IM3KOro
K eCTECTBEHHOMY, a TaKXe Mpo6/ieMbl CTPYKTYPHOFO M abCTPaKTHOFO CUHTE3a YCTPOIACTB
6O/bLLIOI pa3MEPHOCTM.

Bonpoc 0 NpakTUYeCKOM MPUIOXEHUN TEOPUM KOHEYHbLIX aBTOMATOB MMeeT
[lBe CTOPOHbI: OfHA W3 HUX 3aKNKYaeTCs B PaCCMOTPEHUM TOro, YTO TpebyeTca oT
TEOPUM KOHEYHbIX aBTOMATOB B 3TOM OTHOLLEHMW, a BTOpast —B TOM, YTO 3Ta Te0pMS
MOXET B HaCTOsLLEee BpeMs AaTb.

HacToAwas ctaTbs NOCBALLEHa PacCMOTPEHUIO 06eMx 3TUX CTOPOH W pac-
CMOTPEHMIO BO3HUKAKOLLMX MPU 3TOM MpPo6/ieM, OTHOCALLMXCA K Camoil Teopuu
KOHEeYHbIX aBTOMAaToB.

PaccMOTpUM MepBOHAYabLHO, YTO B MPUHLMME XOTeN Bbl MOTYYUTL OT TEOPUN
KOHEYHbIX aBTOMAaTOB MPOEKTUPOBLLMK AUCKPETHBLIX YCTPONCTB. MOXHO cthopmy-
NupoBaTb 3TO, BEPOATHO, B ClefyloLleM Bue:

a) MeTogbl CUHTe3a CTPYKTYpbl [AUCKPETHbIX YCTPOMCTB [O/MKHbI ObiTh
NpMcnoco6neHbl K BBOAY YCNOBUIA X paboTbl HA A3blKE, BO3MOXHO 60niee 6/1M3KOM
K eCTeCTBEHHOMY f3blKYy, 00bIMHO YNOTPebasieMOMY B MPOEKTHbIX paspaboTkax;

6) OHM [O/MKHbI YUMTbIBaTb BCE OrFPaHUYeHus, NPUCYLLMe peasibHbIM peneit-
HbIM 3/1IEMEHTaM, U OrpaHUYEHUs, CBA3aHHblE C MOHTaXeN UX B peanbHbIX YCo-
BUSIX;

B) OHWM AO/DKHBI YKasblBaTb MPOEKTUPOBLUMKY HA OLIMOKM B OTHOLLEHWM
MOMHOTHLI 1 NPOTMBOPEYNBOCTM CPOPMYMPOBAHHBIX YCMOBUIA 1 NO3BONSATL NEFKO
KOPPEKTMPOBaTbL MOCNefHWE;

) OHW AO/KHbI [aBaTb BO3MOXHOCTb YYMTbIBaTb [JOMOSHWTE/bHbIE Tpe-
60BaHMS K CTPYKType YCTPOMCTBA B OTHOLUEHWWN ee ObICTPOZEWCTBMSA, HaLeX-
HOCTW, PEMOHTONPUIOAHOCTM U T. T;

[l) Heobxoammo, 4TOObl MeToAbl CMHTe3a fAaBann CTPYKTYPbl AUCKPETHbIX
YCTPOICTB, 6/IM3KME K ONTUMa/IbHbIM, U NMO3BOMISAM MPOEKTUPOBLLMKY NOMYyYaThb



6 FTABPU/TIOB: TEOPETUYECKWE MPOBJEMbI

albTepHATMBHbIE PeLleHMs KaK B OTHOLUEHWM MapameTpoB MoJlyYaeMbiX CTPYKTYP,
TakK 1 B OTHOLUEHWUW YCNOBUIA PaboTbl CUHTE3UPYEMbIX ANUCKPETHBLIX YCTPOMCTB;

€) B npefnaraeMbiXx MeTOAax CUHTe3a [O/MKHA OblTb NpeaycMoTpeHa BO3-
MOXHOCTb aHa/nu3a noslyyaeMbiX Pe3y/bTaTos;

>K) pa3sMepHOCTb pellaeMbixX 3afad A0/MKHbI cocTaBnaTh: 200—300 Bxof-
HbIX MepemeHHbIX, 200—300 BbixogoB, 300—400 BHYTPEHHUX COCTOSHWIA (Ans
KOMOUHALMOHHbIX CTPYKTYp 1000—1500 nHTepBanios).

Heckonbko fieT TOMY Ha3aj 3TW TpeboBaHWs paccMaTpuBanucb Obl Kak
yTonuueckme. {1 nocTaparocb MokasaTb, YTO CeAYac OHU SIBASKOTCA peasbHbIMY,
XOTA M TPeBYIOT CYLLEeCTBEHHOr0 PasBUTUS TEOPUM KOHEYHbIX aBTOMATOB U CYLLeCT-
BEHHOr0 M3MEHeHMsi caMol MeTOLOMorMn CUHTe3a.

1. S3bIKK 3anucu ycroBuiA PaboTbl AUCKPETHBLIX YCTPOWCTB

B HacTosiLLee BpeMsi CyLLECTBYET AOCTATOUHO GO/bLIOE KOMMYECTBO $3bIKOB
LN 3aMnUCU YCNoBUIA paboTbl AWCKPETHLIX YCTPOMCTB. K HUM MOXHO OTHECTW:
A3bIKM TabnuML, NepexofoB W Tabnuy, COCTOAHMWIA, rpadbl NepexofoB, A3bIK fOru-
yeckux cxem anroputmos (JICA), a3blK 6/104HOMO0 CUHTE3A, A3bIK OMMUCAHUS anro-
PUTMUYECKMX CTPYKTYP BbIYUCAMTENbHbIX MawnH (AJ1IOC) n 1. 4

OfHaKo NoAaBnAoLLEe YMCIO0 U3 HMX WMEKOT B CBOEW OCHOBE HEKOTOpbIE
mMaTemMaTnyecKne MOJEen AUCKPETHBIX YCTPOMCTB 1 cnabo npucnocobneHbl Ans pe-
LUEHNs MpaKTUYecKnx 3afgadvy. [OCTOMHCTBOM WX SIBASIETCA OnpefesneHHas qop-
Manusaumus. OfHako WMEHHO 3TO0 U CAYXWUT NPUYUHOW TPYAHOCTM WX Mpak-
TUYECKOro WUCMOJIb30BaHNA W HEeLOCTAaTOYHON pa3MepHOCTM 3afady, AN KOTOpPbIX
OHU MOTYT MPUMEHSATBLCS.

Knaccmyeckum nprMepom 3TOMY MOXET CNYXWUTb A3blK TabnuL, nepexopfos.
OH J0OCTaTOUHO MCYEPMbIBAOLLE TEOPETUYECKMN U3YYEH U TApaHTUPYET, YXKe B CUly
XapakTepa 3anucu, MOMHOTY W HEeNpOTMBOPEUYMBOCTbL YCOBWIA. [1nd Hero paspa-
60TaHbl (hOpMasM30BaHHblE MeTOAbl Mpeobpa3oBaHWiA YCOBUSA, BKIKOYAsA MUHU-
MM3aUMo 3anucK («oxatme» Tabnuu nepexogos). Ons Hero paspaboTaHbl METOAbI
KOAMPOBaHUA C YYeTOM YCTpaHeHUs HefOoMyCTUMbIX COCTA3aHWi, obecneyeHus
3alaHHOl 6e30TKa3HOCTUN U T. A

OfHako B ero 4Ynctom Buie, faXKe Mpu UCMosb3oBaHUM YBM, OH npurogeH
N peLueHns 3agav pasMepHocTbio A0 10—11 BXOAHbIX MEPEMEHHbIX B CBA3N C
rPOMO3AKOCTbIO CamOi 3anuMcu 1 FPOMO3AKOCTbIO Mpeobpa3oBaHuii 1 TpebdyeT
OMnbiTa W OMpeAeneHHbIX WMHTYUTUBHbLIX MPUMEMOB MPWU 3anuCK YC/IOBUIA paboThl
JaXe Hanbonee NPOCTbIX AWUCKPETHLIX YCTPONCTB C MNOCNeA0BaTeIbHOCTAMM
«KOHKpPeTHOro tuna».1

14na nocnepoBaTeflbHOCTHLIX AUCKPETHbIX yCTpOI7ICTB, C TOYKWN 3peHua UX METOA0B
CMHTE3a, N0NMEe3HO pasinyaTtb Cneayrolme nx Knaccbl:
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Mo3TOMy BO3HMKaeT He0OXOAUMOCTb B pa3paboTKe TaK HasblBaeMbIX «Mep-
BMYHbIX» A3bIKOB 3anN1CU YCNoBUiA paboTbl ANCKPETHBLIX YCTPONCTB. TpeboBaHUs K
TakUM A3blKaM MOTYT BblTb COPMYNMPOBaHBI CeLyHOWMM 06pa3oM:

1 Bbnm3ocTb f3blka K ectecTBeHHOMY. (IMog A3bIKOM €eCTECTBEHHOro Tuna
nofpasyMeBaeTcsl f3blK, OYKBEHHbI COCTAaB KOTOPOr0 COOTBETCTBYET ClOBap-
HOMY cOCTaBy, ynoTpe6isemMomy B f3blKaX, MPUMEHSEMbIX KOHCTPYKTOPCKUMU
1 MPOEKTHLIMU OpraHu3aLusamMmn Npy paspaboTke NPOEKTOB AUCKPETHBIX YCTPOIACTB,
a TaKXe Hanbosee YacTo BCTPevatowmmes parMeHTam sToro A3bIKa).

2. Y4yeT 0cobeHHOCTeld pas/iMyHbIX K1acCoB AWUCKPETHBLIX YNPaBfsOLLnX
YCTPOMCTB, a MMEHHO:

a) 0COGEHHOCTEN 3anncK ycnoBuidi 1 onepaunii CMHTe3a AN KOMOWHALMOH-
HbIX W MNOCNefOBaTeNbHOCTHLIX YCTPOWCTB, B TOM 4ucie A5 OLHOLIAroBbIX M
MHOrOLLaroBbIX;

6) 0COBEHHOCTel 3anncK YCnoBuiA paboThbl AUCKPETHBIX YCTPOWCTB 1 onepa-
LUMIA CMHTEe3a C 3apaHee 3afaHHbIMW WUCMOMHUTE/bHLIMA 371EMEHTaMW, BbINOJHSA-
IOWYMU TaKXe (PYHKLMM 3/IEMEHTOB MamsTy;

B) OCOOEHHOCTU 3aMnCK YCNOBWiA paboTbl 1 Onepaumnin CUHTE3a ANt AUCKPeT-
HbIX YCTPOWMCTB C NOTEHUMaIbHBIMUA M UMMYbCHBIMU BO3AEACTBUSMM Ha BXOAaX M
BbIXOfaxX.

3. SA3bIK JOMKEH cogepXkaTb onepauvu Mo OMnpejeneHWuto NOAHOTbI U He-
NPOTUBOPEUYMBOCTU 3aMMUCK YCNOBUIA paboTbl UM JO/MKEH ObiTb NpefyCcMOTPeH
MHTEPNpPeTaTop, OCYLIECTBAAIOWMIA 3TN Onepauun Ha Apyrom, 6onee hopmanmso-
BaHHOM A3blIKe.

4. XXenaTeNbHO UMETb B COCTaBe fA3blKa Onepaluu, KOTOpPble NO3BONSAN Obl
ynpowarth BblpaXeHUsE A3blka WM MPOBOAMTL TaKXe onepauuy C MOMOLLbHO
NHTepnpeTaTopa B Apyrom, 6onee (hopmMann3oBaHHOM SA3bIKE.

5. XenaTenbHO MMeTbL B COCTaBe A3blKa Ornepaluu, No3BonstoLLmMe NoayyaThb
afbTepHaTUBblI TEXHWYECKUX YCMOBWIA, B TOM 4uC/e MpU U3MEHEHUM XapaKTepa
BO3AENCTBUIA NO 06paTHLIM CBSI3AM OT OObEKTa.

EcTecTBeHHbIMY TpebOBaHMAMN ABAAKTCA: NPOCTOTA 3aNUCK, He TpebytoLLas
OT MPOEKTUPOBLLMKOB CheLManbHbIX MaTeMaTuyeckax 3HaHWiA U 3aTpaTtbl 60/ib-
LLOrO BPeEMEHMU.

a) YCTpoiicTBa C MOCNe/0BAaTENbHOCTAMN «KOHKDPETHOTO» TWMa, ANS KOTOPbIX MOXHO
MepeyncnTL BCe 3afjaHHble MOCNef0BaTeNbHOCTI CMeHbl COCTOAHMIA Ha BXofax YCTpoicTBa v
COOTBETCTBYIOLLME VM MOC/IEAO0BATENIbHOCTY CMEHbI COCTOSHUI Ha BbIXogax U 6) ycTpoiicta C
roc/eaoBaTelbHOCTAMN «OBLUETo» TUMa, ANA KOTOPbIX MOXHO MepedncinTb MWllb NPUSHaKK,
XapaKTepu3yoLLie HeKOTOPBIV KNace CMeHbl COCTOSHNIA Ha BXoAax YCTPOWCTBa 1 COOTBETCTBYO-
LMe UM CMEHbI COCTOSHWIA Ha BbIXOfAX.

1TMoHSATHE «yNpoLLaTh BbIPAXKEHWE» OMpPeAensieTcs B 3aBUCUMOCTW OT Leseid npeo6paso-
BaHWS: B psfie Cly4yaeB 3TO OMpefensieTcsl HeoOXOAUMOCTHIO YMEHbLUIEHUS YMCNa CUMBOJIOB B
BBIDKEHUM, B APYFUX CYyYasaX 3TO MOXET 6bITb HEOGXOAMMOCTb MPUCNOCOBNEHNSA BbIPaXKEHMS
K CTPYKTYPHbIM 0COGEHHOCTAM peneiiHbiX 3N1eMeHTOB UK 6/I0KOB, Ha KOTOPbIX MpejnofiaraeTcs
peann3oBaTb YCTPOICTBO.
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BAM30CTb K eCTECTBEHHOMY fi3blKy €CTECTBEHHO YMeHbLUaeT hopManun3auuto
A3blKa U yBeNMUMBaeT TpeboBaHUs K npoLegypam 06HapyXeHUs npoTMBOpeYu-
BOCTU YCMOBUIA U OOHApY>XXeHUA HENOMHOTbI MX.

Kak nokasbiBalOT MCCMef0BaHUs, NPOBeAeHHble B WHCTUTYTe npobnem
yNpaB/ieHns, Cr0BapHbLIA COCTaB €CTECTBEHHOro f3blka 3anucu Ycnosuidi paboTl
OMNCKPETHBIX YCTPONCTB HEMHOTQYUC/IEH W COAEPXKUT AOCTATOYHO MPOCTble MOHS-
TWA, XOTS U AO/HKEH BKAOYaTb ANa M3bexaHns 601bworo nepebopa CUMBOSbI, Xa-
paKTepusytowme HekoTopble 06LiMe (parMeHTbl. MpuMepoM Takux (parmMeHTOB
MOXET CNY)XXUTb AOCTaTOYHO BaXKHbIV PParMeHT: «BCe OCTalbHOE», BBOAUMBIA A5
obecneyeHnst MOMHOTbI YCA0BUIA 1 CY)XKaLWiA ANS BbIPOKEHUA BCEX 3/IEMEHTOB, He
BXOAALLMX B CHOPMY/IMPOBaHHbLIE YCMOBUS, Hanpumep A5 BbIPaXXEHUS COBOKYN-
HOCTW Noc/fiefjoBaTeIbHOCTEN BO3AENCTBUIN HA BXOAAX WM COBOKYMHOCTU COCTOS-
HWIA, KOTOpble HE MOTYT UMETb MECTO, WM KOTOpble MPUBOAAT K OMpefeneHHbIM
OAVHaKOBbIM BO3AeNCTBUAM Ha BbixofaxX. K Takum (hparMeHTam OTHOCATCS Takxe
BbIpXKEHWS: «BO3BPAT B MCXOAHOE COCTOSIHME», «CUET YMCNa LMKIOB» U T. M.

3anucb yKasaHHbIX BbIpaXEHW i B BWUAE MEPeYHs Moc/iefoBaTebHOCTEN
BO3ZENCTBUIA M MEPEXOfOB WM COCTOSIHWIA eCTeCTBEHHO HEBO3MOXHA. [MosTomy
HeobxoauMa pa3paboTka HEKOTOPOro HOBOIO WCYUCNEHWS, OMNepupytoLlero B
3KOHOMHOI (hopMe C KOMMIEKCaMK MOCNeAoBaTeNlbHOCTel, COCTOSIHWMIA U T. M., B
yucne onepaumii KOTOPOro MMenacb Obl onepauus «onpefeneHue LOMO/HEHUS,
npegycmaTprBaroLlas Hanpumep OnpefenieHne «BCEero OCTa/IbHOro» Kak PasHULb
MEXAY «BCEM BO3MOXHbIM» U «BCEM 3a[jaHHbIM.

Hauano Takomy paccMOTpeHuto Obi1o MNofoXeHo B pa6otax [1] u [2].
MepBas U3 HUX KacaeTca onepauuv MeXxay HeKOTOpbIMW KaTeropusmMu nogMHo-
YKECTB COCTOSIHWIA paboueld (Ha BbIXOAe A0MKHA OblTb eAuHMLA) 1 Hepaboueld (Ha
BbIXOZE AOMKEH ObITb HY/Ib) YacTAMY TabnuLbl COCTOAHWA. BTopas paccmaTpuBaeT
TabuLbl MEPEXO/0B U B Hell 3afayYa NOMYYEHNs «A0MONHEHWS» CBOAUTCSA K AeKOM-
nosuUW1 aBTOMATOB.

OuyeHb 4acTO U3 TPEX KaTeropuii COCTOAHWIA: paboumnx, Hepaboumx u ycnos-
HbIX (Ha BbIXOAE MOXET ObITb HY/b WM €AMHNLA) NPOEKTUPOBLLMK 3HAET TONLKO
OAHY KAaTeroput0 COCTOSHWIA, O6O/bLUE 4YacTbi0 TO/LKO KaTeropuio paboumx
COCTOSHWI. OnpefeneHne oCTaNlbHbIX COCTOSHWMA, YTO OblBaeT Heo6XOAWUMbIM ANs
MOAYyYeHUs ONTUMATbHBIX WAM GAN3KMX K ONTUMAIbHBIM CTPYKTYp, TpebyeTt
TaKXKe MNPUMEHEHWS MpU 3annCX  YC/OBUIA CUMMBOMIA «BCE OCTa/IbHOE», a Mpu
onpefeneHnn CcofepXXaHuWs 3TOro CMMBONA — MPUMEHEHWUS onepaumMn «aonon-
HEHMSI».

OnpegeneHyie NOMHOTLI Y HENPOTUBOPEUMBOCTM CHOPMYMPOBAHHBIX YCI0BUIA
paboThbl AUCKPETHbLIX YCTPOMCTB SABNAETCA BECbMa FPOMO34KOIA 1 TpebytoLuein 60b-
LLIOrO BPEMeHU MpoLeAypoid, Aaxke npu ncnonb3oBaHun YBM. Cnegyet nonarartb,
4TO Ae/iCTBEHHOCTb 3TOF0 3Tana CUHTe3a AN5 3afay 60/bLUOA PasMEpPHOCTU MOXET
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6bITb 06ecreveHa TONbKO NpU pa3paboTKe IPMEKTUBHLIX METOLOB OOLLEHUS Yeno-
BEKA C BbIYMC/UTENbHOW MALUMHONA, T. €. Npu pa3paboTke HEKOTOPLIX YEN0BEKO-
MalUMHHbIX npouesyp. MoXHO npefcTaBuTb Cebe 3T0 B BUZE Pa3paboTKu HEKOTO
poii MalIMHHOM Nporpammbl, NPU KOTOPOM YCN0BUSA PaboTbl AUCKPETHOIO YCTPOWA-
CTBa BBOASATCA MO3TanHoO (B npefenie Kaxjoe YC0BYe B OTAEMLHOCTU), @ BbIYUCIN-
TefbHas MallnHa, B KOTOPYH BBeAeHbl TAKXe CBEeAeHUA O CUHTE3MPYEMOM Knac-
Ce OUCKPETHbIX YCTPOMCTB, CBefeHWMSi 06 W3BECTHbLIX HEWUCMO/b3yeMbIX COCTOSA-
HWAX W T. M., BblgaeT NPOEKTUPOBLLMKY faHHbIe O HEOOXOAMMON KOPPEKTUPOBKE
YCNIOBUIA CTOYKM 3PEHNS NX MOHOTHI M HEMPOTMBOPEUMBOCTU. Takas paboTa npoek-
TUPOBLLMKA C MALUMHOM A0/HKHA MPOAO0/MKATLCS A0 TeX Mop, MoKa BCe U3BECTHble
MPOEKTUPOBLLUKY YCNOBUA He OyAyT BBefeHbl M MalliMHa He MOATBEPAUT KX
MOSIHOTY W HENpOTUBOPEYMBOCTD.

Pa3paboTKa COOTBETCTBYHOLLMX METOAOB M MALLUMHHBIX NPOrpaMM ABUTCSA, M0
MHEHWIO aBTOpa A0KNafa, CYLUECTBEHHbLIM LUAroM Ha NyTW BHEAPEeHUs Hay4yHo
060CHOBaHHbIX METOJ0B CUHTE3a AWUCKPETHLIX YCTPOWCTB B NPaKTUKY.

CylLeCTBEHHOI 0COBEHHOCTHI0 hOPMYMPOBKM YCNOBUIA paboTbl JUCKPETHBIX
YCTPOWCTB B MPaKTUYECKMX 3afayax, ABAAETCA UX YKPYMHEHHOe MpeacTaBieHue,
a UMEHHO B BUAe pa3breHns o6LLMX YCOBUIA Ha GNOKMU 1 NpeAcTaBeEHNs BXOAHbIX
BO3MENCTBUIA 1 BO3LEWACTBUIA Mexay 6/ioKamyu B WHTEpBasibHOW topme, T. €. B
BUJe NPOV3BeAeHUIA MepemMeHHbIX MU CKOGOYHbLIX (hOpM.

Mpy 6GonbluMx pasMepHOCTAX 3afady 3Ta opMa NpeacTaBneHUs sABNAeTCH,
BEPOATHO, EeAMHCTBEHHO BO3MOXHOIA.

B Buge 6/10K0B, MHOrAA AOCTATOMHO C/IOXHbIX, MOTYT 3a/laBaTbCA TAKXeE U
3/1EMEHTbI, HA KOTOPbIX HEOOX0AMMO peann3oBaTh CTPYKTYPY AUCKPETHOIO YCTPOii-
CTBa.

3TN 06CTOATENLCTBA BbIABMIalOT 3afauy CO3[aHUs A3bIKOB /1 OMUCaHUsA U
npeo6pa3oBaHMs GNOYHBIX CTPYKTYP, a TakXe OrnepupoBaHUs NPU CUHTE3e He C
COCTOSIHMAIMW MEPEMEHHBIX, & C WHTepBasaMy WM CKOOBOYHLIMU (hopmMamm, 4TO
TaKXXe ABNAETCA O6/OYHbIM NpeACTaBNeHUEM YCMOBUIA paboTbl AMUCKPETHBIX
YCTPOICTB.

B HacToswee Bpemsa B CCCP 1 B Apyrux cTpaHax umeeTcs pag pabor,
MOCBALLEHHbIX PAcCMOTPEHMIO 3afady GI0YHOr0 CUHTE3a. Y KaxeMm, Harpumep,
Ha f3blK NIOTMYECKMX cxeM anroputmoB JSICA, npeanoxeHHbld A. A. JIANYHOBbLIM
N pa3BUTbIA NPUMEHUTENBHO K 33fadaM Teopun AWUCKPETHbIX YCTPOMCTB B VHCTK-
TyTe Mpobnem nepepaun uHdopmaumm AH CCCP, cneunanbHblil S3bIK ANS ONK-
CaHUii aIrOPUTMUYECKNX CTPYKTYP BbIYUCAUTENBHBIX MalWH 1 ycTpolicts (AJ10C),
paspaboTaHHbIli B IHCTUTYTe KnbepHeTukn AH YCCP, A3bIK 6/104HOr0 CUHTE3A,
pas3paboTaHHbIl B NHCTUTYTe npobnem ynpaBneHus (aBTOMaTUKU U Tefemexa-
HUKW) 1 ap.
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PaccmoTpyM npo6nemy npeobpa3oBaHns 6/0UHLIX CTPYKTYP AMCKPETHbIX
YCTPOWACTB Ha MpuMepe A3blka 6104HOr0 cMHTe3a (puc. 1).

AnhaBnT 3TOr0 A3blka COCTaBNAOT:

a) 6710Kn qu @2 ..., gn, ycnoBma paboTbl KOTOPbIX 3anncaHbl Ha KakoM-n1160o
(hopMasin30BaHHOM fI3bIKE;

6) BHelUHMe BXOfbl U BbIXOAbl B/I0YHON CTPYKTYPbI, K KOTOPbIM OTHOCATCA
BXOfbl U BbIXOZbl B/I0KOB, He CBA3aHHbIE C BXOAAaMM U BbIXOAamu ApYrux 6/10KOB,

a- W1=1
Puc. 1

BXOASALUMX B [JaHHYIO CTPYKTYpy (X- U 2, Ha puc. 1, rae WHAEKC i O3HauvaeT
HoMep 6/10Ka, K KOTOPOMY NPUHAANEXUT BXOL U BbIXOA) U B) BHYTPEHHME BXOLbl
1 BbIXOfbl, K KOTOPbIM NMPUHAAMEXAT BXOAbl U BbIXOAbl 6/10KOB, CBA3aHHbIE C BXO-
Jamy 1 BbIXO4aMKW ApYruX 6/10KOB, BXOAALLMX B AaHHYHO CTPYKTYpY (Xy v Zy Ha
puc. 1, rae nepsblii UHAEKC O3HaYaeT Homep 6/10Ka, K KOTOPOMY MpPUHaLNexXuT
[aHHbIA BXOL WM BbIXOL, a BTOPOA WMHAEKC — HOMep 6/10Ka, OT KOTOPOro uau
K KOTOPOMY OH MAeT).

Onepaymsmmn A3blKa 6I04YHOr0 CUHTE3a ABNAKOTCS CleaytoLyve:

a) «YMHOXEHVE» — 3aMeHa MOC/ef0BaTe/lbHO BK/IKOUYEHHbLIX G/IOKOB OAHUM
3KBMBA/IEHTHbIM (puc. 1a) — 0603Ha4YaeTCA CUMBOJ/IOM C3

6) «06beanHeHNe» — 3aMeHa MapanfiesibHO BK/IHOUYEHHbIX 6GN0KOB OAHMM
3KBMBANIEHTHbLIM (prC. 16) — 0603Ha4aeTCs CUMBO/IOM O

B) «pasgeneHue» (puc 1B) — pasgeneHue 6710Kka N0 BHYTPEHHUM BbIXO4aM
(puc. 1B) — o0603Ha4aeTcss CUMBOIOM 610Ka C BEPXHUM MHAEKCOM BbIXofa, Mo
KOTOPOMY MpOW3BefeHO pasfeneHue;
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r) «0bpaLlieHe» — B3aMMHasl 3aMeHa B Tab/uLe NepexofoB CYMBOJIOB BXO-
[OB W BbIXOAOB C COOTBETCTBYHLLMM MpeobpasoBaHMeM Tabnuubl MepexoioB
(puc. 1r) — o603Ha4aeTca BEPXHUM MHAEKCOM — 1 YMHOXeHWe nepBOHayaslb-
HOro ¥ 06paLleHHOro 6/10Ka AaeT NPSIMYH CBA3b MEXAY BbIXOZAMU W BXOJamu
610YHOIN CTPYKTYpbI, COAepXKallein 3T B0Ku.

Ha puvc. 2 gaH npumMep npeobpa3oBaHus 6I0UYHON CTPYKTYPbI, COCTOALLER U3
Tpex 6/10KOB, K OAHOMY 3KBMBAJIEHTHOMY C MOMOLLBIO NPUBEAEHHbIX BhILLE Onepa-
UM 1 gaHbl opMynbl NPeobpa3oBaHuii.

B [2, 3, 4, 5] nokas3aHO, YTO C MOMOLLbIO YKa3aHHbIX onepauuii nobas 610u4-
Has CTPYKTypa MOXeT OblTb MpoBefeHa K O4HOMY 3KBMBa/IEHTHOMY 610Ky wWm
pa3buTta Ha 3aaHHoe unc/io 6/10koB. PaspaboTaHbl NpoLeaypbl OnpeseneHus ycno-
BUIA paboTbl 3KBUBANEHTHOrO 6/10Ka NpM KOMMNO3ULMM 610KOB Ha OCHOBE YCOBUIA
paboTbl NepBOHaYabHbIX 6/I0KOB, a TaKXe YCnoBus paboTbl 6/10KOB, NOMYyYaeMbiX
npy 4eKOMNo3nLUmMn 610K0B. MonyyeHbl OLEHKN YnCna 3N1EMEHTOB NaMsATN U COXK-
HOCTU peann3auun 0rMYecKoid Yactu 6/104HON CTPYKTYpbI, NO3BOMSIOLWME CYANTD
0 CpPaBHUTENbHOW CNOXHOCTY peanusaummn, pasnnyHbiX 6A0YHBIX CTPYKTYP.

PaccmMoTpuM Terepb BOMNPOC O MOJYYEHWU anbTEPHATUB YCNOBUA paboThl
OUCKPETHBIX YNPaBAAOLWMX YCTPOWCTB MPU Ha/IMUUM 3afaHHbIX YCOBUIA PaboThl
OUCKPETHOW CUCTEMbI B LIE/IOM W YCNOBWIA paboThbl ynpaBaseMoro o6bekta. B
NpUvHLUMNe, ecnu 3afaH B BUAe aBTOMATHOrO OTOGPaXEHUA airoOpUTM (PYHKLMOHNU-
POBaHMSA [AUCKPETHOM CUCTEMbI W YMpaBnstoLlee YCTPONCTBO UMEET AMCKPETHBIN
XapakTep, T. €. JUCKPETHbIMU ABASKOTCS KaK BO3AENCTBUSA, MONyYaeMble UM U3BHE
1 1o 0BpaTHbIM CBA3SM OT YNpaBnseMoro 00beKTa, TakK W BO3AENCTBUSA, OKa3blBa-
eMble MM Ha 3TOT 0OBEKT MO YNPaBASAIOLMM CBA3AM, TO YMNPaBSeMbIii 0ObEKT, BHE
3aBUCMMOCTU OT €ero (hM3MYeckoli Mpupofbl, MOXHO NPeACTaBUTb TakXe, Kak
OMcKpeTHOe ycTpoiicTBo. OfHako Torja 3ajadvy MoflydeHust BCEX allbTepHaTuB
yCnoBuii paboThl YMPaBASOLLIEr0 YCTPOWCTBA MOXHO NpefcTaBUTh cebe, Kak
3afjauy BblJeNeHNs M3 AWCKPETHOro YCTPOWCTBa, NMpefcTaBnstoLIero coboi BCo
CUCTEMY B LIENOM, ANCKPETHOrO YCTPOWCTBA, NPeACTaBAsOLWeEro coboi ynpasns-
eMbli 06beKT. OCTaTKOM 3TOr0 BblgeNieHns OyfeT ABAATLCS, O4EBMAHO, YNpaBs-
foLLiee YCTPOIMCTBO BO BCEX €ro MoAudMKaLmsx.
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Takoe BbleNieHne NpeacTaBaseT coboit, Mo CyLecTBY, Onepaumio «40MosHe-
HUSI», O KOTOPOM YMOMWHANOCh Bbie. OHO MOXET O6bITb MPeACTaBNEHO TakKXe
KaK 3afaya Agekomnosvuuyu astomartos (puc. 3).

[JelicTBuTeNbHO, NyCTh 3ajaHa AuUcKpeTHas cuctema [AC, cocToswas wus
yNpaBNsOLLIEr0 YCTPOCTBa Y'Y 1 ynpaBnsemoro o6bekta YO (puc. 3). Bbigenum
ynpaBnsieMblii 06BbEKT U3 AUCKPETHOW cucTembl. s 3TOFO NPUMEHUM Onepauuio

Puc. 3

o6paleHnst K 06bekTy YO 1 onepaumto 6/104HOr0 YMHOXEHUS K ycTpoincTtey AC u
ob6palleHHoMy 06bekTy YO-1, (puc. 36). MNpomn3seas 3aTeM onepauuto 6104HOrO
YMHOXeHUsi ¢ YO #n YO-1 nonyymm B OCTaTKe YMpaB/stoLLee YCTPOMCTBO Y.
Onepauus obpalleHns 610KOB, KaK NokasaHo B [2], gaeT HeAeTepMUHUPOBAHHbIN
aBTomaTt. Mo3Tomy ynpaBnsioLLee YCTPOWCTBO, MOMyYeHHOe B pe3ynibTaTe onucaH-
HO npoueaypbl, OyfeT cofepxaTb BCE BO3MOXHbIE YC/OBUA YMPaBSAHOLLErO
YCTPOIACTBa paboTbl B hopMasn30BaHHOM Buae (EC/IM OHM CYLLECTBYHOT), KOTOpbIE
YLOBNETBOPSAIOT YCNOBUAM, 3aflaHHbIM AN AUCKpeTHol cuctembl AC. Cnepyet
yKasaTb, YTO OMMCaHHbIA METOA MOJTyUYeHWs anbTepHaTWB YCNO0BUIA paboTkl ynpa-
BNSIHOLLUX YCTPOICTB, faeT peLLeHye 3Tol 3a4a4un IvLlb B MpuHUmMne. Ana npaktu-
4ECKOro NPUMEHEHUs 3TOr0 MeToAa HeobxoauMo paspaboTaTh MPOLedypbl Nonyye-
HMA M3 MHOXECTBA BO3MOXHbIX a/lbTEPHATUB, KOTOPOE MOXET ObITb BECbMa 60/1b-
LUMM, NOAMHOXeCTBa, AaroLLme Hanbosee NPOCTYHO peasnsaumio Ha 3a4aHHOM Habope
peneiHbIX 3N1eMEHTOB UM YAO0BETBOPAIOLMNE KaKUM-MBO APYTUM YCOBUAM.

Hy>XHO OTMeTUTb, YTO YyKasaHHasf npouefypa [aeT TakXe BO3MOXHOCTb
HaxoXAeHUs Hambonee ONTUMATbHOIO B3aMMOAENCTBUA MEXAY YMNpaBAsioWwuUM
YCTPOWCTBOM UM YMpaBnsieMblM OOBLEKTOM, MOCKO/IbKY B psfie Cly4vaeB NPOeKTU-
POBLLMK MOXET BO3AENCTBOBATL Ha CTPYKTYPY CaMOro 06bekTa (BO BCAKOM Ciydae
B OTHOLUEHWW XapaKTepa ero o6paTHbIX BO3AENCTBWIA Ha ynpaBAstoLlee YCTPOWA-
CTBO) C LIeNbI0 MOMTyYeHMs1 Hambonee ONTUMANbHON peann3auun BCe AUCKPETHOWA
CMCTEMbI B Lie/IOM. BeposiTHO peLueHWe 3TOM 3agaumn ByaeT Hanbosnee Lienecoobpas-
HbIM TaKXXe C MOMOLUbIO pPa3paboTKM YeNOBEKO-MaLLUMHHBIX MPOLeayp, NOJ0OHbIX
OMNVICaHHON BbILLIE.
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2. TMpobnemMbl CTPYKTYPHOFO CUHTe3a

CTPYKTYpPHbI/ CUHTE3 OCTaeTCA MOKa HenpeMeHHbIM 3TanoM CUHTe3a CTPYK-
TYPbl MHOrOTaKTHbIX (MOCNeA0BaTeNlbHOCTHBIX) PeNeHbIX YCTPOUCTB 1 OCTaHeTCs
OCHOBHbIM 3TanoM CUHTE3a OAHOTAKTHbIX (KOMOUHALMOHHBIX) pefieiiHbIX YCTPOWCTB.

Tpeb6oBaHusa, NpeabsBseMble K METOLaM CTPYKTYPHOrO CMHTE3a O CTOpO-
Hbl NPaKTUYeCKUX 3aday, MOryT 6biTb CHOPMYNMPOBaHbI CMeyoLMM 06pa3oM:

a) MpakTuyeckas NMpUrofHOCTb NpW 3afaHuK YCMoBWUiA PaboThl PeneiiHoro
YCTPOICTBA B NOMHONM WM MHTEPBaNbHOM (hopMe, ANS MOMHOCTLIO OMpPeAeneHHbIX
N HeJoONpedeNeHHbIX YCNOBUIA U NpW pasmMepHOCTM 3agay: a0 200—300 BXOAHbIX
nepemeHHbIX, 200—300 BbIxofoB 1 A0 1000—1500 334aHHbLIX MHTEPBAOB;

6) NPUroAHOCTb ANA LUMPOKOrO K/acca 3/IEMEHTOB B TOM UYMCE U3BbITOUHBIX
HabopOoB 3/1EMEHTOB2 N MPOU3BO/IbHBLIX 31IEMEHTOB,3 MPK YUeTe peasibHbIX OrpaHu-
YEHWIA: Ha YNCNO BXOLOB 3/IEMEHTOB, Ha YMCMO PA3BETB/IEHWI, HA XapaKTep coeau-
HEHWIA 3NEMEHTOB ApPYr C APYroM, Ha FNy6UHY CTPYKTYpbl (Y4MCNO YPOBHENR)
MT. N.;

B) Ha/iMuve Mpouefyp ANS HarpaBjeHHOro MOWCcKa peanu3auuii, 6Imn3kmx
K ONTUM&/bHLIM, C YYETOM CTPYKTYPHbIX CBOWCTB 3/1EMEHTOB;

r) HaaMume npouesyp, YUUTLIBAIOWUX B CAy4Yae HEOOXOAUMOCTM OrpaHu-
YeHMs, CBA3aHHbIE C MOJaYeil Ha BXOAbI CTPYKTYPbl NMLLb HEMHBEPCHLIX 3HAYEHUI
MepeMeHHbIX U NpefycMaTpuBalOLLUX MOAYYEHWe A5 3TOro Ciyyas CTPYKTyp,
6/M3KUX K ONTUMASbHBIM, C YY4eTOM 4uMCia MHBEPTOPOB HAa BXOAaX;

L) Hanuuve npoueayp, NpefycmaTpuBaloliMx B Cllydae Heo6X0LUMMOCTM
yCTpaHeHWe COCTA3aHMIA MeXy BXOLHbIMU NepeMEHHbIMU 1 06ecrneyeHre 3aaHHO
6e30TKa3HOCTW CTPYKTYPbl MPU 0TKa3axX /I0rMYecKUX 3/1eMEHTOB;

€) Hamume npoueayp, 06ecrneumBaroLLMX MOMYyYEHUE HEU3BbITOUHLIX pe-
anunsauuin cTpyktyp.4

CyllecTBytOLLME METOAbI CMHTE3a, OCHOBAHHblE HAa KflacCMYeckux pabotax
KBaliHa 1 Makknaccku (onpegesneHne Tak HasblBaeMbIX «MUHUMASbHbIX YIEHOB» U

- Mpu U3BLITOUHOCTU B HABOPE 3/IEMEHTOB CBEPX YMCNA, HEO6XO%VIMOFO ANs oGecneyeHust
(PYHKLMOHANLHON MOJIHOTLI, BO3HWKAET [AOMOSHUTE/bHAS 3afjada BbIbOpa Ha KaXoM 3Tarne
CMHTE3a M3 MHOXECTB BCEX 3/IEMEHTOB 3/IEMEHTA, 0GECMEUMBAIOLLErO HauGosee ONTUMabHYH
peanu3auuio CTPYKTYpbI.

3[1puMepoM MpPou3BOLHOTO 3/IEMEHTA MOXET CNYXUTb 3/IEMEHT, A5 KOTOPOro paGouve
1 Hepaboune COCTOSHWS (UM UHTEPBaIbI) ONpeaenstoTCs C MOMOLLBbK reHepaTopa CydaliHbIx
uncen. MPUrofHOCTb METOAA CMHTE3A A1 TAKWUX 3/IEMEHTOB [ieN1aeT ero B NPUHLMNE NPUrOAHLIM
AN No6bIX 371EMEHTOB.

1 OfHVM 13 BO3MOXHbIX OMpefe/ieHniA Hen3BbITOUHOM CTPYKTYPbI SBASETCS CeayHoLLge:
MHOTOBbIXOAHAA CTPYKTYpa TuNa CBA3HOIO /iepeBa HensbbITouHa, ecii HeAonyCTUMbI (MPUBOAAT
K MpOTVBOPEUMBOI peann3auuu) cnefytolime npeobpasoBaHWs: aj 3amMeHa MepemMeHHoOM Ha Ka-
KOM-7IM60 BXOAe KaKoro-nn6o 3/eMeHTa Ha KOHCTaHTy, 6) HemoCpeACTBEHHOE COEVHEHWE Bbl-
X0f]a KaKOro-im60 BHYTPEHHErO 3/1IEMEHTA CTPYKTYPbl C KAKUM-/IM60 BbIXOAOM BCEW CTPYKTYpb
B LE/IOM 1 B) HEMOCPeACTBEHHOE COeAMHEHWE BbIXOAA KAaKOro-nnbo BHYTPEHHEro 3/ieMeHTa
CTPYKTYpbI C KaKUM-/IM60 BXOAOM KaKoro-m6o Apyroro BHyTPEHHEro 3/1eMeHTa CTPYKTYpbI.
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«MUHUMa/IbHBIX MOKPLITUIA®), MPUCMOCO6/EHBI, KaK NPaBU/IO, K peann3auun CTpyk-
TYpP Ha NpOCTEeALMX NOrMyecknx anemeHTax. OHW JatOT B pesy/bTaTe nNpouesypbl
CUHTEe3a onucaHue CTPYKTYP B HOPMaibHOW (hopme GyneBbiX PYHKUUIA, HE YUUTbI-
BalOT peasibHbIX OrpaHUYeHIiA 3N1EMEHTOB, C1abo NPUCNOCO6/EHbI K pean3aunm Ha
3/1IeMEHTax C YC/OXKHEHHbIMU CTPYKTYPHbIMU CBOWCTBAMU U XapaKTepusyoTcs
pesKvM BO3pacTaHVWeMm umcia HeobXOAMMBbIX OMepauuini ¢ poCTOM PasMepHOCTM
pewaembIx 3agad. lMosyveHne abCOMOTHO MWHUMAILHON peanu3aumn TpebyeT B
3TWX MeTOfAax MOJHOro nepe6opa pelleHuid. MpUMeHeHVe pasnnYHbIX 3BPUCTUYEC-
KUX npouesyp An8 NoayyeHUs NPUOBIMIKEHHbLIX PeLLeHMWid, XOTA U LaeT BO3MOX-
HOCTb CYLLECTBEHHOIO pacLUMpeHUs pa3MepHOCTM peLlaemMblX 3afjay, HO, KaK npa-
BW/I0, HE YCTPaHAET HeLOCTATKOB, CBA3AHHbLIX C HEYUYETOM peaslbHbIX OrpaHUYeHNi
3/IEMEHTOB U UX CTPYKTYPHbIX OCOGEHHOCTEN.

Bonee 3theKTMBHbIMKM SIBAAKOTCS pasBUTbe B MOCMeAHME TOAbl METOABI,
OCHOBaHHbIE Ha TaK Ha3blBaeMOW «(PYHKLMOHaNbHOW aekomnosuuum», Obuas noc-
TAHOBKa 33Jayyl COCTOMUT 3[€eCb B C/iefyIOLLEM.

3afiaHbl ycnoBua paboTbl MHOMOBLIXOAHOIO HeLoOMpeAeneHHOro peneHoro
YCTPOICTBa B BUAE Habopa K iyHKUWIA OT N nepemeHHbix: Frnik= {Fv F.,, . ..,Fk}.
Kaxpaa u3 dyHkunini Ft (1 <, i < K) 3agaHa Habopamy KOHCTUTYEHTOB (MM
WHTEpBaIOB) Ans pabounx u Hepaboumx coctosHui: M[ = {a[ o4, ... dn}un
Mo = {B[, 3*, mm,, Rp}, rae ai aé....... 0ifn— KOHCTUTYEHTbI (WX UHTEPBaNbI), Jato-
Lme Ha r-mBbixoge eguHuyy v B[, B2 . .., Bp — KOHCTUTYEHTbI (M UHTEPBASbI),
Jatolme Ha M BbIXofe HyNb. 3afaH (PYHKUWOHaNLHO MOSHBIA UM U36bITOUHLINA
Habop 3NeMEHTOB, Ha KOTOPbIX AOMXHA OblTb peann3oBaHa CTPYKTypa ¢ =
= {>Y- o me> Y Kax/ablil aneMeHT g, 3a4aH HabopaMu COCTOSIHUIA ero BXOAOB:
A={£{&mm C}luni={{r1..., ,roef — COCTOSIHUA BXO[0B,
[alolme Ha BbIXOAe 3neMeHTa eguHuudy u w, nf, .. ., rji — cOCTOAHMS BXOAOB,
Jalolye Ha BbIXOAE 3/1eMeHTa Hy/b.

TpebyeTcA MOCTPOMTb HEM3OLITOUHYH) CTPYKTYPY, Peann3yioLlylo 3ajaH-
Hyt (yHKumto F(n,k) Ha 3agaHHOM Habope anemeHToB @, 6M3KYH0 K OMNTUMaSlb-
HO MO YMCAY 371IEMEHTOB C YYETOM MPUCYLUUX UM OFPaHUYEHWIA, OrpaHUYeHniA no
peasim3auum CTPyKTypbl U T. M.

O6LWan naes peLleHus 3TOW 3ajayy 3aKni4vaeTcs B TOM, 4YTOObl MpeacTa-
BUTb (pyHKUMIO F(n, K) B BAE HEKOTOPO KOMMO3ULIMKX 3/1EMEHTOB M3 Habopa P,
T. €. NPeAcTaBUTb ee 3aBUCALLEN He OT MEPBUYHBLIX MEPEMEHHBLIX Xb X2, ..., X,
a 0T HEKOTOPbIX NOANYHKLUWIA, peasim3yeMblX BblGpaHHbIMI 3/1EMEHTaMK 13 Habopa
®, nyTeM COOTBETCTBYHILLEr0 Bbl6Opa KakK CamMmX 3/1EMEHTOB, TaK U NEPEMEHHBIX,
NnofaBaeMbIX Ha HMX, O06ECMeYMBaloLLEro ONTUMaIbHYO WM 6/M3KYH0 K ONTW-
Ma/lbHOW peanu3auuio.

TpeboBaHWs HEM3ObITOYHOCTU peanu3auin U 61M30CTM ee K OMTUMaTbHOM
CYLLECTBEHHO OCMOXHSAOT 3Ty 3afjauy. YKaXeM, Hanpumep, 4To B C/lyyae peanusa-
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LM MHOFOBBLIXOAHON CTPYKTYpbI AN MOMyYeHWUs peann3auum, 6aM3Koi K OnTu-
Ma/ibHOM, HYXXHO YMETb HaxoAuThb:

a) OMTUMa/IbHYI0 MOCNefoBaTe/lbHOCTb peann3aunn BbIXOAHLIX (QYHKLUNIA
CTPYKTYPpbI;

6) ANS KaX40ro /-ro BbI6paHHOr0 BbIX0A4a-0NTUMalbHbIi BbIXOAHON 3/1EMEHT;

B) 41 K&XJ0ro BblOPaHHOr0 BbLIXOAHOMO 3/1eMeHTa-ONTUMAa/bHbIA Habop
MepeMeHHbIX UM (PYHKLMWIA, NoJaBaeMbIX Ha BXOfbl 3TOTO 3/IeMeHTa U 0becrneyu-
BalOLMX OMTUMANbHYIO peann3auuio BCeil CTPYKTYPbl B LIESIOM.

[ns yKaszaHHbIX Bblle BbIOOPOB NPUMEHAIOTCA PasInyHble KPpUTEPUU, OCHO-
BaHHbIe Ha Pas/IMYHbIX 3BPUCTUUECKMX CO0OpaKeHMsX. OCHOBHOW rUMOTe30i
MpW 3TOM, WUCMONb3YeMOlM B MOAABASAOLEM 4MC/e CAy4vaeB, AB/SETCS TMMIOTE3a O
TOM, YTO peanu3auma CTPYKTYpbl B LENOM MOMYYaeTcsa TeM MPOLLE, YeM «Bamke»
(hYHKUMS, peannsyemas Ha AaHHOM BbIXOAE CTPYKTYpbl (MK 4acTu ee), BblbpaH-
HbIM BbIXOAHbLIM 3/1eMEHTOM. C y4eTOM MaKCUMa/ibHOTO AOCTVMXXEHMWS 3TOW 6/M30CTU
BbIOMPAIOTCA MEPeMeHHble MU (DYHKLUMKU, NOLaBaeMble Ha BXOAbl 3TOTO 3/IeMeHTa.

Pa3nnuHble NpefoXKeHHble METOAbl MOXHO pasfennTb Ha ABe OCHOBHbIE
rpynnbl, OT/Mvalolmecs ApYyr OT Jpyra MeTojamu OrnpejeneHus Haubonee
«BMIM3KMX» (DYHKLMIA, peannsyemMbiX Ha BbIXOLHOM 3/1IEMEHTE.

B nepBoil M3 HUX paccMaTpMBalOTCA WM TaK HasblBaeMble «AeKOMMO3u-
LIMOHHbIE Tabnuupl [6], gatolime nepeyeHb PYHKUWIA, Ha KOTOPble MOXHO pasno-
XUTb 3afaHHYI0 PYHKUMIO 6E30THOCMTENBHO K CTPYKTYPHLIM AaHHLIM 33faHHbIX
3/1EMEHTOB, U/IN BCE BO3MOXHbIE (YYHKLMM, KOTOPbIE MOXHO MOMYUYUTb C MOMOLLLH
nojayn Ha BXOAbl 33flaHHbIX 3/IEMEHTOB BCEX BO3MOXHbIX KOMOWHALWIA BXOLHbLIX
MepeMEHHbIX N KOHCTAHT. M3 MHOXecTBa MOMyYeHHbIX NPU 3TOM (PYHKUMIA Bbl-
61paeTcsa C MOMOLLbIO COOTBETCTBYIOLWMX KPUTEPMEB Hambonee 6/1M3Kas K 3ajaH-
HOW Ana AaHHOro Bbixoga [7, 8]. 3TM MeToAbl, OCHOBaHHbIE Ha BbIGOPe MOAXOAS-
el PYHKLMK, TPeBYIOT eCTECTBEHHO MOMHOMO nepebopa, UTo, B CBA3M C YPe3Bblyaii-
HO ObICTPbIM POCTOM BCEr0 MHOXECTBa (YHKUWI NpyM pocTe umcna BXOAHbIX
MepeMeHHbIX, Pe3KO OrpaHUYMBaeT Pa3MepHOCTb peLlaeMbiX 3a4ay.

Bo BTOpoOil rpynne MeTOA4oB (PyHKUMS, Hambonee 65m3Kas K 3afaHHOW,
onpefensieTcs ¢ NOMOLLBIO KOHCTPYMPOBaHUS ee MyTeM OMpefefieHMs Ha OCHOBe
COOTBETCTBYHOLUMX KPUTEpreB Habopa MepeMeHHbIX U KOHCTaHT, MOAaBaeMbIX Ha
BXO/bl BbIXOAHOIO 3neMeHTa. [epebop MpuxoAMTCA 34eCb NPUMEHATL TOMLKO B
npefenaxyncna 3afaHHbIX 3/1EMEHTOB MPU BbIbOpe Hanbosiee ONTUMANIBHOTO U3 HUX.

Mo MHEHMIO aBTOpa METOJ KOHCTPYMPOBAHWS OMNTUMA/IbHBIX BbIXO4HbLIX
(hYHKLMIA NO3BONSET Hanbonee NOMHO YAOBMETBOPUTL CHOPMYIMPOBAHHLIM BbiLLe
YCNoBUAM 151 CTPYKTYPHOrO cuHTe3a [9]. PaccMOTpUM KOPOTKO €ro uierHyo
CTOPOHY.

MycTb ycnosus paboTbl peneriHOro ycTpoincTea 3ajaHbl B BUAE TakK Ha3blBa-
EMOIN «0B06LLEHHOW TabnuLbl COCTOSHMIA», B KOTOPOW KaX[JOMYy COCTOSIHAKO Ha
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BX0fax, 3afjJaHHOMY B MNOSIHOW WM MHTepBa/ibHOW (POPME, COMOCTaB/IEHO COCTOS-
Hue BbIXoAoB (puc. 4). Ycnousi paboTbl KaXKAoro M3 BbIXOAOB MOTyT 6biTb Nnpep-
CTaBMeHbl MpW 3TOM B BWAE HEKOTOPOrO MHOXECTBa OMpPeAeneHHbIX COCTOSHWIA
M = MxUMO.

Tak Kak peanusauusa 3afaHHOW (PYHKUMM MOXET ObITb OCYLLECTB/IEHA Kak
MO0 MHOXECTBY COCTOSIHWMA MU TaK 1 Mo MHOXECTBY COCTOSHWIA MO, T0 ana 06Lu-
HocTV ByfeM 00603HaYyaTb peann3yemMyto CTOPOHY Tabnuubl COCTOSHWIA ANS KaXc-
foro /-ro Bbixoga 4yepe3 M'e, a Hepeanusyemyto — yepes M4

XIx2X3 XA --—--xn  A2273... zK
10 1 — ... 0 01 - eee1
=) ] eee'ee] 1- 0 eee

Puc. 4

OueBMAHO, YTO peann3aluns Ha BbIXOLAHOM 3fieMeHTe Y, PyHKuuK F,, 3agaH-
HOW 3TUMW MHOXECTBaMU, ByfeT pelleHa, eCiM Ha ero BXoAbl 6yAeT nojaH Takom
Habop BXOAHbLIX MEPEMEHHbIX N KOHCTAHT UK (DYHKLMIA OT HAX WU U TeX W apy-
rMX O4HOBPEMEHHO, YTO AN KaXAOro W3 COCTOSHWIA, NpUHAANeXalmnx nogMHO-
XecTBY M &Ha BbIX0/e 3TOr0 3/1eMeHTa OyAeT NOSBAATLCS BO3AENCTBME, PaBHOE €, a
A9 KaX40ro U3 COCTOSIHWIA, NPUHaAIeXallero K nogMHoXecTBy M &—Bo3geiicT-
BWe, paBHoOe &.

O603Ha4YMM COBOKYMHOCTb 3HAYEHWI NePeMeHHbIX UK PYHKLUNUIA, MOAaHHbIX
Ha BXOfbl 3/MIEMEHTA Y-, COOTBETCTBYHLLYH KaKOMY-IMO0 COCTOSHUIO u3 M &
yepe3 IU M COOTBETCTBYIOLLYIO KaKOMY-M60 COCTOAHMIO 13 TVlj — uepe3 hl Ha-
30BEM «MPVBEJEHHON TabMLEA COCTOSHWA» (YHKUMM F, Mo anemMeHTy y, Tabauuy,
cogepxawyto MHoxectBo Hé= {/Bn, /¢2 .. ., /dbr} CTPOK, COOTBETCTBYHOLLMX
BCEM COCTOAHMAM M3 Me n mHOoxecTBo H~— {/thg, /b2 .. ., /miB} cTpok, cooTBeT-
CTBYHOLLUMX BCEM cOCTOAHMAM u3 M{. 3Tta Tabnuua 6ygeT OYeBMAHO, COAepXKaTb
M cTpok ngo) crtonbuos, rae o) — umcno BXOA0B 3nemMeHTa ;- (puc. 5B).

XLX2 X3 Xn xixj ... Xa ﬁ fiooo_fq_

a) Puc. 5 ©0) B)
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Bynem xapakTepu3oBaTb 3/1eMeHTbI CNeayoLMMK napaMmeTpaMu:

a) «xapaktepuctuyeckum uucnom» ([TA]), npeacTaBngOWMM COGOA MUHK-
Ma/lbHOE YWC/O BXOAOB, Nofadva Ha KOTOpble OnpefefieHHbIX BO3LEACTBUIA faeT Ha
BbIXO/Ie 3/IEMEHTA TaKXXe OMpeae/ieHHOe BO3/AeliCTBME HE3aBUCMMO OT BO3AENCTBUA,
NnofaBaeMbIX Ha OCTa/lbHble BXOLbl;

6) «MHAEKCOM BXOXAeHUs» (y) - 3HaYeHMEM BO3LEWCTBUIA, Nofada KOTOPbIX Ha
4yMCNo BXOJOB 3NeMeHTa, paBHoe [T9], faeT onpefeneHHOe 3HaUYeHWe BO3LeNCTBUA
Ha ero BbIXOLE;

B) «MHAEKCOM peaninsauum» (€) - 3Ha4yeHVeM BO3AeCTBUSA Ha BbIXOLe 3/1EMEHTa,
KOTOpOe MMeeT MeCTo Mpv nogadve ero [T,] BXOLOB BO3LEWCTBUIA, paBHbIX y.5H

HasoBeM paHroM r cOCTOAHMA 13 MHOXecTBa M = Me U M| unicno nepemeH-
HbIX, MPUHUMAIOLLMX B 3TOM COCTOSHUW 3HayeHue Y. ChopmynMpoBaHHOE Bbille
YC/0BME peann3auuy Ha BbIXOLHOM 3/1eMEHTE 3aaHHOW MHOXECTBOM M “ (pyHKLMK
F' 6ygeT, 04eBMAHO, BbIMO/IHEHO, €CIM ANS BCEX COCTOSHWIA M3 MHOXecTBa M4
paHr r <; [19]—1u ans BCeX MHOXECTB M3 COCTOSAHWIA M & paHT T ;> [TY].

MepBoi1 onepayueli anropuTMa ABASETCA ONpesenieHne nocnefoBarTe/lbHoCTu
peann3almmn BbIXOLOB CTPYKTYPbI. CNOMOLLLIO CNeumanbHOro KpUtepus, fatoLero
OLEHKY CNOXXHOCTU peanus3almu CTPYKTYpbl MO MOLLHOCTM MHOXecTB Méun M4
BbIXOAbl CTPYKTYpbl pacnonaralTcs B MOPsKe BO3pacTaHUs CMOXKHOCTU UX
peanuzaumm U, B NEPBYH 0O4Yepedb, PeaM3yeTcs BbIXOf, MMEHOLLMA HaMMEHbLUYHO
OLIEHKY CJ/IOXHOCTU peannsaunu.

BTopoilt onepauuveil sBnseTcs ornpegeneHve ONTUMasbHOTO Habopa nepe-
MEHHbIX W KOHCTaHT, MOJaBaeMblX Ha BXO[bl BbIXOLHOIO 3/IEMEHTA W MOCTPOEHUE
TaK Has3blBaeMOl MepexoaHol «Tabnuupl» (puc. 56). BbiIGop TaKMX NepeMeHHbIX
MPOU3BOAUTCA C MOMOLLLIO KPUTEPUEB, ONpefenstomx ANns KaXxaon nepemMeHHoM
6/1M30CTb €6 HEMHBEPCHOTO MM MHBEPCHOTO 3HAYEeHMWS K 3afaHHOW (hyHKUMK. Ecnin
BbIGOP HEMHBEPCHOIO UM MHBEPCHOIO 3HaYeHUst 6e3pasnnyeH (Ha BXodax CTPYKTY-
pbl MOTYT 6bITb MOMYYeHbl Kak Te, TaK U ApYyrue), T0 OLEeHKa MepemMeHHbIX Npoun3s-
BOAMTCS MO HaUbO/MbLLEMY 3HAUYEHWNIO U3 KPUTEPUEB: Sy — A1 HEMHBEPCHOrO 3Ha-
YeHuss 1 ANa uHBepcHoro, s = max {sy, Sy}. Ecnn ctaBuTCs 3agaya nonyude-
HUS CTPYKTYpPbl C HAUMEHBLLIMM YMCOM UHBEPTOPOB Ha BXOfax, YTo BblGOp nepe-
MEHHbIX MPOU3BOANTCA MO KpuTepuio Sye. CTPYKTYpHbIe CBOWCTBa 3/1EMEHTOB
YUMTHLIBAKOTCA TEM, UTO ONpefefieHne KpPUTEpMeB Sy U Sp 41 MepeMeHHbIX Nocne
BblbOpa KaXk[OW MNepeMeHHOW MpOM3BOAUTCA C Y4YEeTOM TONbKO TeX COCTOf-
HUIA, 4NA KOTOPbIX PaHru, MOYYeHHble B pesynbTaTe Bbibopa MpefblayLimx nepe-

5YKa3aHHble napaMeTpbl XapaKTepu3yroT 3/leMEeHTbI C CUMMETPUYHBLIMK BXofamu. OfHaKo
MpY HEKOTOPOM PaCLLMPEHUN UX OHWU MOTYT NPUMEHATLCA U /19 3IEMEHTOB C HECUMMETPUYHBIMU
BXOfaMM.

6prMeHeHne anropmMTMa rnokKasblBaeT, YTo 3TO AaeT B HEKOTOPbIX cnyyaax go 20—25%
3KOHOMUWW 3/1IEMEHTOB C YYETOM yucna HeobXoAMMbIX MHBEPTOPOB.

2
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MEHHbIX rs< [TA] u re+ /!> [Tp], rae /-4ncno He3anoNHeHHbIX CTON6LOB Mnepe-
XO[HOW Tabnumupbl.
Kputepun sy 1 s- UMEKOT CriefytoLnii BUA;

ny mnX nt mni

Y M+ nr ni+ni

3pecb nl{n\) — uncno 3HayeHmin y(y) nNepeMeHHON B cocTosHMsAX Me,
COOTBETCTBYHOLUMX COCTOSAHUAM  MEPeXOfHoi Tabnuupl, ANAS  KOTOPbIX paHr
r < [r<pl, v ni{nB) — uncno 3HaueHmnin y(y) NnepemMeHHO B COCTOAHMAX M-, COOT-
BETCTBYIOLLMX COCTOSIHUAM MEPEXOAHON Tabnuubl, Ans KoTopbixX rB-- li> [rj.

Ecnm nocne 3anofHeHUs CTONMBOLOB NepexofHoi Tabnvubl 3HAYEHUAMMW Bbl-
OpaHHbIX MepeMeHHbIX OKaXeTCH, UTO YKasaHHble Bbllle YC/0BMSA peanusauuu
3aflaHHO (PYHKLMW BbIMNOJHEHBI, TO 3T0 OYfeT 03HayaTb, UYTO peanusaums ee
MOXeT 6bITb BbIMO/HEHA Ha OfHOM BbIXOAHOM 3/1EMEHTE, MOCKOJ/IbKY MepexofHas
Tabnuua 6yneTr coBnagaTb C MPUBELEHHOW. ECAUM XXe OKaXKeTcs, YTo AN HEeKo-
TOPbIX COCTOSAHWIA U3 MepaHr r < [r,] ¥ AN HEKOTOPbIX COCTOSHWUIA 13 MEpaHr
r 1> [tv], To sTo OYOET 03HA4aTb, YTO HEKOTOPbIE WM BCE MEPEMEHHbIE LO/MKHbI
ObITb 3aMeHeHbl PYHKLMAMMW, YCTPaHAIOWMMU NPOTMBOPEUMBYHO peain3aumio 3a-
[JAHHOW (DyHKUMKM, T. €. ANs peanu3auum ee NOMUMO BbIXOLHOrO 3/7eMeHTa Tpeby-
I0TCA TaKXe U Jpyrue.

MepexofHble Tabnuubl COCTaBAAKOTCA ANA BCEX 3MEMEHTOB M3 Habopa,
MMEIOLLLErocs B paCnopsiXKeHUN NPoeKTUPOBLLMKa. KpuTeprem ans Bblbopa U3 HUX
Hanbosiee ONTUMANLHOINO SBMAETCA UMCMO COCTOSHWIA, KOTOpPble peann3yroTcs
NPOTMBOPEYMBO, T. €. ANs KoTopbiX re< [r,] ut,-* [1,]. Bblbrpaetcsa anemeHT,
[N KOTOPOro 370 YMCAO ABNAETCA HaMMEHbLUMM.

Peanunsauuns 3agaHHON (PYHKLUWM Ha BLIXOAHOM 3/1EMEHTE Ha OCHOBE Xapak-
TepucTMyeckoro umcna [T9] No3BonseT Nerko BbIMOMHUTL TpeGoBaHWe obecre-
YeHWA 3ajaHHO 6e30TKa3HOCTU CTPYKTYpbl. MycTb, HaNnpumep, 3afaHo, 4To CTPYK-
Typa YCTpOICcTBa fO/HKHA 06ecneymBaTb TOYHOE BbINOHEHME 3aaHHON (DYHKL UK
npu OAHOBPEMEHHOM OTKase TMna y -+Yy Ana dy s/1eMeHTOB U Tuna y ->y ang dy
3NEMEHTOB. JTO TpeboBaHMe O6yaeT, O4YEBMAHO, BbIMOMHEHO, €CIN BblIGpaTb MpK
peanm3auun CTPKyTypbl paHrn re= [ty] + dy n re= [1?]— 1—rfp BToM cnyuae,
€C/IN 3TO He MOXeT ObiTb 06ecrneyeHO MOSIHOCTLH Ha BbIXOAHOM 3/1EMEHTE, TO
obecrneyeHne WX TMEPeHOCUTCS Ha 3/1EMEHTbI, PAcMOfIOXKEHHbIE B CleAyHLIMX
YPOBHSIX.

Ecnn ycnosusa peanusauum 3aaHHON (YHKLUW He BbINOMHATCA Ha BbIXO[-
HOM 3/1eMeHTe, TO CfefytoLleil onepaumeld noce BbiIGopa ONTUMANLHOIO BbIXO[-
HOrO 3/7eMeHTa SIBASETCA A0OMpefeNieHne BblOPaHHbIX MEPEMEHHBbIX Ha BX0Aax
BbIXOLHOIO 3/M1eMeHTa [0 (PYHKLMIA, HENPOTMBOPEUMBO PeasiM3yoWmnX 3afaHHyo
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(DYHKLMIO, T. €. NMO3BOJIAIOWLMX MEPENTU OT NepexofHoi Tabnuubl puc. 56 K npu-
BeJEeHHON Tabnuue 5B.

MepexogHaa Tabnuua COePXUT BCe CBeLEeHWUs, HeobXxoauMble ANa onpeje-
NeHns 3TUX (PYHKUMA. OueBMAHO, 4YTO AN HEKOTOPOW NepeMeHHOR X' Tabnuua
COCTOSIHUIA [O/MKHA CojepXxaTb B MOAMHOXecTBe M E Bce COCTOfHMA, Ans
KoTopbIX < [1,] »n B nogMmHoxectBe M\ Bce COCTOAHUS, AN KOTOPbIX
r;> [pl—1

Peanuszauns fgoonpefensoowmx GyHKUMA MOXeT paccmaTpuMBaThbCs Kak
peann3aLnsa HOBbIX 3afaHHbIX PYHKLUMIA, T. €. N0 OTHOLIEHWIO K HAM MPUMEHSIOTCA
BCE MepeymncneHHble Bbllle onepauuy. OfHAKo Mpu UX peanu3auum BO3HWMKaeT
BeCbMa BaKHasf MnpakTUyeckas 3afaya Takoro [J0OonpefesieHns MnepeMeHHbIX,
MOLAHHbIX Ha BXO[bl BbIXOLHOI0 3/1EMEHTA, NPU KOTOPOM ry6uHa CTPYKTYpbI Gbina
Obl NPUMEPHO OAMHAKOBA MO BCEM BXOAM.

BO3MOXHOCTb 3TOr0 3aK/OYaETCA B TOM, YTO MPU JOONPeSeneHNN NepemeH-
HbIX [0 HEKOTOpbIX (YHKUMWIA / CylecTBYET MHOFO ajbTepHaTWB MOCTPOEHNS
Tabmu, cocTosIHWIA nocnegHUX. JeicTBUTENbHO, NYCTb A8 KaKOro-1nMbo COCTOSHMSA
3 MepaHr re= [r—1 310 cocTosHue OyAeT O4eBUAHO peasn30BaHO, €C/iM Ha
Kakom-m6o (nobom) 13 BXofoB goonpegenawowan hyHKUus OyaeT Takosa, YTO B
3TOM COCTOSIHMM 3HAaYeHWe nepeMeHHoOr y ByaeT 3aMeHeHO Ha y. 310 AaeT BO3MOX-
HOCTb MOCTPOEHUA HEKOTOPOro afjanTMBHOIO npouecca, NO3BONAIOLLEr0 MOy4YnUTh
peLLeHne yKas3aHHO Bbiwe 3agaun. OguMH U3 BapMaHTOB 3TOr0 npoLecca COCTOUT B
TOM, YTO foonpefensioas yHKLUA, BbIGpaHHas NepBoi 419 peannsaluu, peanu-
3yeTCsl Ha OfHOM 3/ieMeHTe. Peannsanms Bcex COCTOSIHMIA, AN KOTOPbIX MPU 3TOM
PaHrn re v rj nosyvatoTcs He COOTBETCTBYHOLLMMW YCNOBUAM peanu3auun, nepe-
HOCATCS Ha LOONPeSenstoLLyo (YHKLMIO ClefyHoLLEero BbIXxoaa nyTem pacllupeHuns
ee nogmMHoXecTB Me 1 M-e. Takoil npoLiecc nepeHoca Hepeann3oBaHHbIX COCTOSA-
HWIA NPOAO/KAETCS, €CAN 3TO HeOobX0AMMO, A0 Aoonpefenstowe PyHKUUU no-
cnefHero Bbixoga. Ecnm ata yHKUMA OKaXKeTCs TaKoil, YTO OHa He MOXET ObiTb
peasM30oBaHa Ha OfHOM 3/IEMEHTE, TO OCYLLECTB/IAETCA MOMbITKA peann3auun ee
Ha cnefytoLlem ypoBHe. Ecnu Takasa opraHu3alms BTOPOro YpPOBHSA Ha NocfiefHeM
BXOZe BXOAHOrO 3/IeMeHTa TakXe He MpuBeAeT K MOMHOW peanu3auun 3afaHHOM
(OYHKLUW, TO NEPeXofAaT K OpraHusauuMm BTOPOro YPOBHSA Ha npeganocnefHem
BXOfe BbIXOAHOrO 3/1IeMeHTa U T. ., NOKa He GyfeT 3ano/iHeEH BTOPOI YPOBEHb ANS
BCEX BXOOB. 3aTeM MEepexofsT, ecin 3T0 OKaXeTcs HeobXoAuMbIM, K OpraHu3sa-
LMW TPeTLero YpoBHA U T. [

Mocne MOMHOrO MOCTPOEHWS CTPYKTYPbl MEPBOr0 BbIXOA4a MHOIOBbLIXOAHON
CTPYKTYPbI BbIXOAbl BCEX COCTaBANOLLMX €e 3/1eMEHTOB MPUHUMAIOTCS 3a HOBblE
MepeMEHHbIE U MX 3HAYeHWs BBOAATCS B MepBOHAYa/IbHYH Tabauly COCTOSHUIA
MHOI0BbIX0HOW (hyHKUMK F(,,fc). 310 genaeTcs gna TOro, 4Ytobbl NpKU peanunsaunn
LpYrnx BbIXOLOB MOC/NEAHEN BbIXOAbl 3/IEMEHTOB YXXe MOCTPOEHHON CTPYKTYpHI,

2%
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€C/in 310 ByZeT BbIFOAHO, MOr/IM ObITb MCNOML30BaHbI 418 peanun3auny yHKL Wi
LPYTUX BbIXOAOB NyTeEM BBEAEHWUS CBA3HOCTU MeXAY HUMW. TakuM Xe nyTem
peann3yeTcs CBA3HOCTb W MpW peanv3aunv SO0ONpeaensowmx GyHKUNA Kakoro-
Nn60 OJHOTO BbIXOZA.

OnucaHHbIA anropuTM Obla 3aMporpaMMUpoBaH Ha MaluvHe M-220 ans
npeaenbHO pa3MepHOCTK 3aday Ha 200 BXOAHbIX NepeMeHHbIX 1 200 BbIXOAOB U
Habopa anemeHTOB: «/b, «MN», «HE», «MJTN-HE», «-HE» 1 maxoputapHble.
[na 3agay [OCTaTOMHO GOMLLUOK PasMepHOCTM MpU BbICTPOLEACTBMN MaLLUWHBI B
10 000 omepauuii B CeKyHAy anropuTm TpebyeT B cpegHem 15—20 ceK Ha ane-
MEHT CTPYKTypbl. CTaTuCTMYeCKas MpPOBepka anropMtMa Ha MoTOKe 3ajady, 06-
pasyeMoM C MOMOLLBK FeHepaTopa MCEBAOCyYaiHbIX YKCen, MoKasana, Yto npu
Habope anemeHTOB «», «JIN», «<HE» TouHO B 50% Cny4yaeB Ha BbIXO4E CTPYKTY-
pbl BbIGUpancs anemeHT «/b» 1 B 50% —anemeHT «AJMN», a npu Habope 31eMeHTOB
«W», «NN», «HE», «3-X BXOA0BOI MaXXOPUTaPHbIA C OTPULLAHUEM» U «5-TU BXO[0-
BOM MaXOpWUTapHbIA C oTpuuaHMeM» BO Bcex 100% Ha BbIXOAe CTPYKTYpbI
BblOMpacs 5-TM BXOA0BOW MaXXOPUTAPHbIA 3/1EMEHT, @ HA BTOPOM YPOBHe Tpex-
BXOAO0BOW MW 3neMeHT «AJIW». 3TO NOMHOCTbIO COOTBETCTBYET CTATUCTUYECKON
npupofe noToka 3agay.7

HecmoTpsi Ha [OCTaTOYHO 60/MbLUY0 pPasMepHOCTb 3afay, PeliaemMbiX C
MOMOLLbK) PACCMOTPEHHOIO Bbllle a/IrOpUTMa, OH MMEET OrpaHuyeHus, CBA3aHHbIe
C camoll hOpMOii 3aaHns MHOTOBbLIXOAHOW (yHKUMK F(HQ. 3anuck ycnoswuii
paboTbl ANCKPETHOrO aBToMarta B Buae Tabnuubl puc. 4 ABNAETCA HeLOCTATOYHO
3KOHOMHOW, T. K. TpeGyeT 3anofiHeHMs BCeX KNeTOK Tabnuubl. bonee aKOHOMHOW
ABNSETCA B 3TOM OTHOLUEHWM 3aMuCb B BUAe aHAIUTUUYECKOro BbIPaXeHus. 310
0COBEHHO CYLLECTBEHHO MpW 3anucu YCoBUA paboTbl NMOMHOCTLIO ONpefeneHHbIX
aBTOMATOB, 3aJaBaeMblX NULLIL MHOXecTBOM M E BBMAY rpoMO3LKOCTW B psfe
CNy4aeB MHOXecTBa Me 1 60/1bLLOI TPYJ0EMKOCTM ero onpefeneHns. CyLlecTBeH-
Hble 3aTPYAHEHUS BbI3bIBAET TAKXKE 3aMucb YC0BUIA paboThbl 3/1IEMEHTOB CO CIOX-
HbIMU CTPYKTYPHbLIMU CBOCTBaMU, YWNCNO BXOA0-BbIXOLOB KOTOPbLIX ANSi COBpe-
MEHHbIX MUKPO3/1EKTPOHHbIX 3/1EMEHTOB MOXET COCTaBNsATb nopagka 15—20.

MepeBog onepauunii NHO60ro anropnTMa ¢ TabanyHoi hopmMbl Ha GYKBEHHYIO
He MpeAcTaBnsieT NPUHUMNUAIbHBLIX TPYLHOCTEA, OfHAaKO B CBA3U C 6GOMbLUON
rPOMO3AKOCTLIO OMepauyii B 3TOM (opMe, NPaKTUUECKoe NPUMEHeHNe Takux onepa-
umin TpebyeT pa3paboTKM creuuanbHbIX NPUEMOB A1 Nepexofa, Harpumep, OT
MHOXecTBa M EK MHOXecTBy M E [ONOMHUTENBHBLIX MEePEeMEHHbLIX, OnpeaeneHns
Joonpeaensowmx QyHKUWA 1 T. M.

ABTOp He yTBEPXAaeT, YTO ONUCaHHBIA anropuTM ABASETCA HAUNYyULWUM K3
BO3MOXHbIX. Ero athheKTMBHOCTb, a TakXe 3PMEKTUBHOCTL pAfa AONOAHUTESb-

7 CraTucTMyecKkas NpoBepka MNpoBoAMfach ANA O4HOBbLIXOAHbIX CTPYKTYp C paBHOMEP
HOCTbIO 3a/ia4 B 45 BXOAHbLIX NepeMeHHbIX. Bpemsa pelueHns 3agay cocTaBnano 2—3 cek.
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HbIX orepauuii, KOTOpbIe 34eCb He GblIN OMMUCaHbI, MOXET BbITb OMNpeaeneHa TONbKO
MpU CTAaTUCTMYECKOM CPaBHEHWM Ha MOTOKE 3afay C APYrMMU aHaIorMYHbIMI
anropuTMamMu, ecni TakoBble CYLLECTBYHOT. OfHAKO NpWBEAEHHOE OMUCaHKe Mo-
3BONSET YTBEPXKAATb, YTO CO3AaHKE aNroOpUTMOB CTPYKTYPHOrO CUHTE3a, YAOB/e-
TBOPSAIOLLEr0 MPUBEAEHHLIM B Hayane HacTOSLLEro pasgena KOMMIEeKCHbIM Tpe6o-
BaHMsIM, SIBNSIETCS BrOMHE peasibHbIM, B 0COGEHHOCTU, €CIN BbIMOMHEHNE UX BYAeT
OpraHUYecKn cnefoBaTb, Kak B OMUCAHHOM asirOPUTME, M3 OCHOBHbIX, 3a/10XKeH-
HbIX B HEM MPUHLMMOB.

3. MpobnemMbl abCTpPaKTHOro CUHTEe3a

OO6LLeynoTpebuTeNbHbLIM NPeLCcTaBIeHNEM JUCKPETHBIX YCTPOMCTB Ha aTanax
abCTPakTHOro CUHTE3a AB/ISAETCA MaTeMaTMyeckas MOfAeNb KOHEYHOro asToMaTa,
npeanoXkeHHan ewle B 1951 rogy r. KnuHu. He 6yaeT oWMOKOA CKasaTb, 4YTO B
HacTosiLLee BpeMS TEOpUS KOHEYHbIX aBTOMAaTOB pa3paboTaHa MCYEprbiBatOLLE.
[aBas o6LieTeopeTnyeckyto 6asy 415 PacCMOTPEHUS KOHeUHbIX AUCKPeTHbIX
aBTOMATOB, OHa, TEM He MeHee, BeCbMa Aasieka OT MPaKTUYECKOro MPUMEHEHUS B
CBA3N C PASOM MAeann3auunil, UMEIOLMXCA B ee OCHOBE.

OCHOBHOI 33ia4eil TEOpM KOHEYHbIX aBTOMATOB SB/SETCA PacCMOTPEHMe
npeobpa3oBaHMs YCMOBWIA paboThl AMCKPETHOrO YCTPOMCTBA, HaNpaBfieHHOro K
MUHUMU3ALMN YMCNa BHYTPEHHUX COCTOSIHUIA W OMpefeneHne Ymcna BHYTPEHHUX
3/1EMEHTOB M MEPEXO0B UX U3 OAHOr0 COCTOSIHWA B Apyroe. [MCKpeTHOe YCTPOii-
CTBO NpeACTaBNSETCA NPU 3TOM B BUE B3aMMOAENCTBYHOLUX MeXAY CO60i noru-
Yyeckoro 6710ka U 6/10Ka «NaMsaTV», COAEPXKALLEro 3afepXXKU WM 37eMeHTbl C
thukcaumeld Bo3aeiicTeuid (puc. 6).

Mogenb KOHeYHOro asBTOMaTa OMUCHIBAETCH HEKOTOPbIM MHOXECTBOM CO-
CTOSIHWIA €ro 3MeMeHTOB.

A= (X,Y, Z 672}

roe X — MOAMHOXECTBO COCTOSIHUIA BXOAO0B, Y —MNOAMHOXECTBO COCTOSIHUIA BHY-
TPEHHUX 3/1EMEHTOB, Z — MOAMHOXECTBO COCTOSHWI BBIXOAO0B, $— MOAMHOXECTBO
(DYHKUMIA NepexofoB BHYTPEHHUX cocTosHuiA: Yt+Hl = b{Xt, Yt) »n /.-nogmHo-
YKECTBO (hYHKUMIA BbIXxoAoB Zt = AMX(, Y.

Puc. 6
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Ecnn onmucaTb KOHEYHbIA aBTOMAT B TEPMMHAX TaK Ha3blBaeMbIX «MOJHbIX
coctosHuii» S = {X, Y}, TO AeiiCTBME KOHEYHOro aBTOMAaTa MOXHO NPeAcTaBWTb
cebe KaK [BVWKEHME M0 psAjy HernepecekarolmxXcs TPaeKTOpUin B AUCKPETHOM
MHOTFOMEPHOM MNPOCTPaHCTBE, B KOTOPOM KaX[O TOUKe ero, COBMafjatoLlei ¢
Kakon-nnbo TpaeKTopueld, CONOCTaBEHO 3afjlaHHOE COCTOSIHWE BbIXOLOB.

OCHOBHOI# 3afayeil CMHTe3a AUCKPETHOrO ynpaB/soLLEero yCTPoicTBa B ero
abCTpPaKTHOM MpPeACTaBeHNN SBMSETCH pasMeLleHMe YKasaHHbIX TPaekTopuil B
MHOrOMEPHOM MPOCTPaHCTBE HaUMEHbLLE BO3MOXHOW pasmMepHOCTY Npu Hanbonb-
Weld npocToTe (YHKUMA 4 U F U BbINONHEHUS TPebOBaHWN K «yCTOMYMBOCTU»
YCTPONCTBa. ITU TPeboBaHMA B OOLLUEM CMbIC/E 3aK/OYAtOTCS B OTCYTCTBMN (MK
rapaHTMpPOBaHHOW BEPOATHOCTW, He MNpeBbllLaloLLel 3aaHHOW) MepexofoB OT
O/HOI 33laHHOI TPAaeKTOpUN K APYroi npu U3MeHeHWM (B 3aflaHHbIX Mpefenax)
BPEMEHHbIX U APYrUX napaMeTpoB 3/IEMEHTOB U T. M.

Mogens KOHe4yHoro asToMarta 00/1a7aeT, C TOYKM 3PEHUS MPaKTUYECKMX
TpeGoBaHWiA, PAAOM CYLLECTBEHHbLIX HEAOCTATKOB, K YWC/Y KOTOPbIX MOXHO OT-
HecTu:

a) CNOXHOCTb peanu3alny AUCKPETHOrO YCTPOICTBA OMNpeaensieTcs Kak
YCNIOM 3M1IEMEHTOB 6/10Ka NaMsATK, TakK U YNC/IOM 3/IEMEHTOB NIOTMYECKOro G/10Ka.
Mexnay TeM, BCe anropuTMbl, pa3paboTaHHbIE N5 9TarnoB aGCTPAKTHOIO CUHTE3a,
MPecnefytoT LeMb MUHUMM3ALMM Wb YMC/A 3NEMEHTOB B 6/10Ke MamsTy

6) B anropMtMax abCcTpakTHOrO CUHTE3a Y4MTbIBAlOTCS HEKOTOpble 06Lme
CBOWCTBA 3/1EMEHTOB, & UMEHHO HEOAMHAKOBOCTb 3aAepXKeK, Hainune nam oTcyT-
CTBME OTKA30B U T. N. KOHKPETHble CTPYKTYPHbIE CBOWCTBA 3/1EMEHTOB HE YYMUTbI-
BalOTCA HECMOTPSA Ha TO, UTO OHW CYLUECTBEHHO B/MSIIOT HA CMI0XHOCTb peann3a-
UMW OUCKPETHOrO YCTPOIACTBa

B) MOJeNb KOHEYHOro aBToMarta TpebyeT AeTalbHOr0 MepevyucrieHns ane-
MEHTOB MHOXecTB X, Y u Z. 3T0 [enaeT BecbMa 3aTpyAHMTENbHbIM (Jaxe Ha
YBM) pelueHune 3a4a4 € YACNOM nepeMeHHbIX 6onee 10—15 ({X} = 210—21.

TpeboBaHus, NpeabsBAseMble K 3Tanam abCTpakTHOIO CUMHTE3a MpakTuyec-
KUMKM 33fla4aMu, MOXXHO C(OPMY/MPOBaTh ClefyrowymM 06pa3oMm:

a) Hannyme npouedyp AN npeobpasoBaHMA CTPYKTYP Ha aTanax abCTpakT-
HOTO CMHTE3a C OLEHKOI MPOCTOThbI peann3auun 1 y4yeToM CTPYKTYPHbIX CBOWCTB
3/1EMEHTOB U TPebOBaHWN K BObICTPOAEACTBMIIO

6) B cnyyae 3afiaHMs [UCKPETHOro YCTPOICTBa B BUAe O/104YHOW CTPYKTYpbI
— Ha/iMuvme npoueayp AN NpeobpasoBaHNs 6/10UHBIX CTPYKTYP C OLEHKOW NpocTo-
Tbl peanm3auum ¢ y4eTOM CTPYKTYPHbIX CBOMCTB 3/1EMEHTOB M TpebOBaHW K
ObICTPOAEINCTBIIO

B) HalMuMe NpoUeAyp ANS HanpaBleHHOrO MOWCKa peanu3auuii, a Takxe
KOAMPOBAHWS COCTOSHWIA, 6/IM3KNX K ONTUMa/bHBIM MO CNOXHOCTU peannsauuu,
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C YYeTOM, B CTy4ae HEO6XOAMMOCTM, YCTPaHEHMS COCTA3aHMI, 0becrneyeHnst 6e30T-
Ka3HOCTU M T. N,

PaccmoTpum 3Ty TpeboBaHMA HECKOMbKO Moapo6Hee.

Mpoueaypbl paBHOCKILHOIO NPeobpa3oBaHns YC0BWIA paboTbl ANCKPETHBIX
YCTPOMCTB Kak npu 6/I04HOM, TaK M HeGMIOUHOM WX MOCTPOEHWUW, paspaboTaHsbl
[0CTaTOuHO NOAPO6HO, OAHaKO 6e3 OLEHKM CNOXHOCTU MOMyYaeMbIX CTPYKTYP.
OueHKa yucna 31eMeHTOB NaMATU He NpefcTaBnseT CMOXHOCTU. o Bonpocy 06
OLIEHKe CMOXHOCTW NOTMYECKoro 6/10Ka M3BECTHA Wb NpegsiokeHHas A. K.
puropsiH acCMMNTOTMYECKAas OLeHKa [A/1 3anucu YCNOBUA paboTbl AMCKPETHbIX
YCTPONCTB Ha A3blke Tabnuy, nepexonos, umetowas sug [2,3]:

R = N (— 2'/=i RiI°g2Pi),
rae Pi= — , N — obllge uMCno KMETOK, 3an0/IHEHHbIX B TabMLLe Nepexofos,

@- — YMCMO BXOXAEHWIA i-r0 COCTOSIHMSI BHYTPEHHMUX 3M1EMEHTOB KaK B YCTOM-
UMBbIX, TaK W HEYCTOWYMBLIX COCTOAHMAX. MeTO4OB HanpaBfeHHOro npeob-
pa3oBaHMs CTPYKTYpP, BeAylMX K MOAYYEHUO WX ONTUMabHOW CAOXHOCTM
peanusauun, noka He CyllecTByeT. CneayeT yKasaTb, YTO C/IOXKHOCTb peanunsauunm
MOXET CYLLECTBEHHO M3MEHSITbCA B 3aBUCMMOCTM OT Crocoba peanmsalimn 3/eMeH-
TOB MaMsATU (Hanpumep, C MPMMEHEHMEM 3a[epXXeK WM 3NEMEHTOB C (mKcauuei
BO3JENCTBUIA TPUITEPOB).

YNOMSIHEM TaKXe, YTO ANS OfHOLLAroBbIX ANCKPETHbIX YCTPONCTB BO3MOXX-
Ha peanu3auuns CTPYKTYypbl 0e3 3afepXXeK B LIeMsX 06paTHOM CBA3M, YTO TakXe
MOXXeT NPeAcTaBUTb OAMH M3 BapuaHTOB peanusaunn. CpaBHUTE/bHAsA OLEHKa 3TUX
BapMaHTOB MOKa OTCYTCTBYET.

UTo KacaeTcs yyeTa CTPYKTYPHbIX CBOWCTB 39/1€EMEHTOB, TO 3TO BeCbMa BaX-
Has 3afjlaya Moka Mo4YTM HUKEM He uccregyeTcs. VMetoTcs aBa acnekTa ee: ydeT
CTPYKTYPHbIX CBOWCTB 3/1€MEHTOB MpPW OLEHKE CNOXHOCTW peann3aummn AucK-
PETHbIX YCTPOICTB M HEMOCPEeACTBEHHbIA CUMHTE3 CTPYKTYpPbl Ha 31eMeHTax C
3afaHHbIMU CTPYKTYPHBIMU CBOCTBaMM.

YueT CTPYKTYPHbIX CBOWCTB 3/1EMEHTOB AN15 Liefiell OLEHKM CNIOXHOCTU pea-
NN3aLMN OKAXKETCH, OYEBUAHO, NOMIE3HLIM NpU pa3paboTke MeTOLOB HaMNpaB/eHHO-
ro MoMcKa ONTUMa/IbHbIX WM O/IM3KMX K ONTMMa/IbHbIM CTPYKTYp Ha 3Tanax
abCTpaKTHOro CuHTE3a.

Pa3paboTka MeTOf0B HEMOCPeACTBEHHOTO CUHTE3a SBMSETCS UCKMOUMTENb-
HO Ba)KHOI 3aJayeil B CBA3W C TeM, YTO, BO-MEPBbIX, HA/IMUME TaKUX METOAOB Mo-
3BONNT YCTPaHWUTb AOCTATOYMHO FPOMO3ZAKME METOAbI CTPYKTYPHOTO CUHTE3a W, BO-
BTOPbIX, B CBSA3W C TEM, YTO 3TO BYAET CMY>XUTb HEMOCPeACTBEHHbIM MEPEXOAOM K
CUHTE3y AWCKPETHbIX YMPaBASOLWMX YCTPOUCTB Ha Cy66/i0Kax. MocneaHss mno-
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CTaHOBKa HEMOCPEeACTBEHHO CBfi3aHA C Pa3BUTMEM MWKPO3/EKTPOHMKM, B TOM
yncne 60MbLUINMX UHTErpaslbHbIX CXEM.

B npuHuune 3afayva cuHTE3a CTPYKTYpbl [AUCKPETHOrO YCTPOMCTBa Ha
abCTpaKTHOM YpPOBHE MOXET ObITb CBeAeHa K 3adaye LeKOMNOo3uLyM aBTOMATOB.
[ecTBMTENbHO, CTPYKTYPHbIE CBOCTBA 3M1EMEHTOB MOryT ObiTb 3anucaHbl Ha
TOM e (DOpMa/IN30BaHHOM A3blKe, YTO W YCNOBMA PaboTbl BCEro AMCKPETHOro
yCTpOWCTBa B LenOM. Takum 00pasoM, TaK XXe Kak W A1 3TarnoB CTPYKTYPHOrO
CUHTE3a, MpoLecc abCTPaKTHOrO CMHTEe3a MOXET ObITb MpeAcTaBleH KaK Bbl6op
ONTMM&a/IbHOTO BbIXOAHOIO 3MeMeHTa (MK OAHOBPEMEHHO HECKOMbKMX 3/IEMEHTOB),
W BblAeNeHne ero («BbIMMTaHWS») U3 CTPYKTYPbI B LIEIOM C ONpeae/ieHneM 0CTaTka,
C TeM, 4TOBbl C 3TMM OCTaTKOM (MK ocTaTkamu) MocTynaTb TakUM XXe 06pasom,
noka peannsaumsa CTPYKTYpbl He ByaeT 3aBeplleHa (OCTaTOK paBeH Hynto). OCHOB-
Hble onepauuy AeKOMMO3WLMK, a WMEHHO, BblAeNeHNe B Pas/IMYHbIX BapuaHTax
nofasTomaTa g U3 3aaHHOro asTomata Q (MapanfienbHO OT BXOZOB W BbIXOLOB,
MoC/nef0BaTe/lbHO OT BXOJOB W BbIXOAOB, C BBEAEHVMEM 0OpaTHbIX CBA3EH W T. M.)
OblM paccMOTpeHbl B [2, 3] M COCTaBNAOT MPUHUUMMAILHOE pPeLleHne 3Tol
3agaun. OfHaKo, Kak W Ana CTPYKTYPHOrO CWHTe3a, 415 NpPakTUYecKoro npume-
HEHWS [LEeKOMNO3ULMM 34eCb AO/MKHbI ObIThb paspaboTaHbl KpuTepuu Ans OnTu-
MaJbHOr0 WA GAM3KOTO K OMTUMasbHOMY BbIGOPY BXOAHbLIX MEPEMEHHBIX U
(hyHKUMIA, NoAaBaeMbIX Ha BXOfbl 31EMEHTOB, U cama MpoLeaypa CUHTe3a, obecne-
YMBAIOLLIEr0 BbIGOP U3 GOJBLUEr0 YMCNA BO3MOXHbBIX BapUaHTOB HEW3ObITOUHOW U
0NM3KOIN K OMTUMAaNbHON peannsaumu.

EcTecTBeHHO, 4TO 3Ta Mpoueaypa CyLECTBEHHO OT/IMYAETCA OT PacCMOTPEH-
HOW BblLLE AN5 CTPYKTYPHOIO CUHTe3a, OA4HAK0o B METOLOMOMMYECKOM OTHOLLEHWUN B
HUX, BEPOATHO, MOXHO OyAeT HaWTX MHOro o6Luero.

[pyrum HanpaBfeHVem pelleHnst 3afadn CUHTe3a CTPYKTYp Ha aTanax
abCTpaKTHOro CUHTe3a ABAAETCA CUHTE3 Ha TUNOBbIX 6/10Kax. CyLlecTBEHHbIM
34€eCb ABNSAETCA Knaccmukaums JUCKPETHbIX YCTPOICTB, NO3BO/AIOLLLASA BbIACHUTD
MX Hambosee BaXkKHble CBOMCTBA, BMAIOLLME HA XapaKTep peanvsauuu.

PelueHwe 3ol 3agaun TpebyeT geTaslbHOro 06¢cnea0BaHMsA WMPOKOro Knacca
OUCKPETHBIX YCTPOIACTB, MPUMEHSIEMBIX Ha MpakTuke. lNMpefBapuTeNibHas Kiaccu-
thmkauus, paspabotaHHas B CCCP, faHa Ha puc. 7.

Puc. 7. 1—wmHoroTakTHble (NOC/ne40BaTeIbHOCTHBIE) YCTPOWCTBA. 2 —€ MOC/e[0BATEIbHOCTAMM
KOHKPETHOr0 TWma. 3 —C MOC/ef0BaTeNbHOCTAMI OBLLEr0 TuMa.
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K knaccy ycTpoincTs ¢ nocnefoBareibHOCTAMM 06LLEro TUNna OTHOCATCA Takue
YCTPOWCTBA, A8 KOTOPbIX MOXHO MEepevnucinTb BCe 3afjaHHble MOCnefoBaTeslb-
HOCTM CMeHbl COCTOSIHWIA Ha BX0fax YCTPOWCTBAa WM COOTBETCTBYHOLUME UM CMEHbI
COCTOSIHWI Ha BbIX0Aax.8 Ko BTOpPLIM OTHOCATCA Takue, A/1 KOTOPbIX MOXHO NULLb
NepeYmncIMTb MPU3HAKK, XapaKTepusylolime OnpefeNeHHbI Knace aTux nocnego-
BaTe/IbHOCTEN.

PaccmoTpeHVe pasfiyHbIX peanu3auuii  ycnosuii paboTbl Nepsoro Tuna
MOKa3bIBAET, YTO OAHVM U3 TUMOBLIX 6/IOKOB 4151 HUXABAAETCSA CABUIOBbIA PErUCTP.
O6LLee nccnefoBaHe MeTOAOB peasnsauyMn Ha CABUFOBbIX PerucTpax nposefeHo
[0CTaTO4HO McueprnbiBatoLle (cM. Hanp. [10]). Pa3paboTaHbl cneumanbHble METOAbI
KOAVPOBaHWS 1 METOAbI ONpefeneHnii ONTUMa/IbHbIX Pa3MEPOB CABUIOBLIX PErnCT-
POB MPU MX Pas3/IMYHOM B3aMMOLENCTBMM, a TakKXe Mpouefypbl BBefeHUs L0MNO0J-
HUTENbHbLIX BHYTPEHHUX MEePeMEHHbIX, 06ecrneynBatoLLX BbINOMHEHWE Heo6Xoan-
MbIX Mpouesyp KoaupoBaHus. Creayer OTMETWTb, UYTO MPUMEHEHWE 34eCb Cy-
LLECTBYHOLLMX OBLLUMX METOA0B KOAMPOBAHUSA AT CYLUECTBEHHO He OMTUMANbHYHO
peanun3aumnio CTpyKTyp.

[na nocneposaTtenbHOCTE O6LLUEro TWNa CYLLECTBEHHOW ABMSETCS 3ajava
onpegeneHns cy66n0koB, 06ecneyMBalOLLMX ONTUMATIbHYIO WX peann3auuio.
MocTaHOBKa 3afayuy MOXET 6blTb CHOPMYNMPOBaHAa 34eCh ClefyrowmyM 06pa3om.
3afjaHbl yCnoBMs pab0Tbl HEKOTOPOr0 MHOXECTBa MOAUMMKALMA YCTPOIACTB.
TpebyeTcs onpefennTb COBOKYMHOCTb TUMOBbIX 0/10KOB, ONTUMa/IbHO peanunsyo-
LWMX 33jaHHOE MHOXECTBO MOAU(UKaLMIA C TOUKM 3peHNs, Hanpumep, Heobxoam-
MOFO umcia cy66/10K0B, UX U3BLITOYHOCTM M T. M., MPU 3a4aHHbIX OrpaHUYEHNsX
B UnC/e BXOLOB-BbIXOA0B Cy66/10Ka, UMC/e ero BHYTPEHHUX 3/1EMEHTOB UT. M. 3Ta
BeCbMa BaXKHas 3afjaya Haxo4WUTCH elle B caMOM Hayane CBOEro WUCCNefoBaHus.

OpHoli 13 CyLLECTBEHHbIX 3a4ay 34ech OyneT ABMATLCA OnpedenieHne «6nu-
30CTU» BblOMpPaeMbIX CyB6/10KOB, K 33flaHHbIM TUMOBLIM YC/OBUSM PaboTbl UK
yacTaMm UX.

B 3akntoueHne 0CcTaHOBMMCS Ha Npo6ieme KOAMPOBaHUS BHYTPEHHMX COCTO-
SHUIA C 0becneyeHWeM YCTOMUMBOCTU (YCTPaHEHUS HEAOMYCTUMbIX COCTA3aHMIA)
1 6e30TKAa3HOCTW AMCKPETHbIX YCTPOWCTB. PeLUeHM0 3TUX 3afjay B OTAE/bHOCTM
MOCBSILLIEHO BeCcbMa 60/MbLIOE YMCMO PaboT. [eTanbHblii 0630p UX C XapaKTepuc-
TUKOWM Pa3NNYHbIX CYLLECTBYHOLLMX HAaNpaBaeHWii gaH B [11]. MOXHO cumTaTb, YTO
3afjaya KOAMPOBaHMS COCTOSIHUIA C YYeTOM 0bGecreveHuss He0OXOAUMON YCTONUN-

8B npuHUMNe nepeyncrieHne BCeX KOHKPETHbIX I'IOCﬂE,qOBaTeanOCTEVI Ha BXopgaxX WU
BbIX04aX HEBO3MOXHO. OHO, OfiHaKO, CTaHOBUTCA BO3MOXHbIM, €CIM YMCNO 3afaHHbIX Mocre-
,CI.OBaTerIbHOCTeVI nepeynciMmo, a OTHOCUTE/NIbHO BCEX OCTa/lbHbIX M3BECTHO, YTO OHW HE MOTYyT
ObITb, NI YTO OHK BCE NPUBOAAT K BMOJIHE ONpesenieHHOMY COCTOAHUMIO Ha Bbixodax. OfHako npu
9TOM CYLLECTBEHHbIM ABNAETCA, KaK YXX€ YKa3blBa/lOCb BbIlLE, 3HAaHNE NPUEMOB AN14 q)opmaanon
3anncun BbIPaXKEHNS «BCE OCTA/IbHOE». C]'IE,D'XGT OTMETUTDL, 4TO NP aBTOMAaTM3aL M NMPOMbILL/IEH-
HbIX NPOLECCOB YKa3aHHbIN BbIle 4YaCTHbIN Cly4dan ABNAETCA TUMUYHBbIM ONA NOAABNAKOLEro
60/bLUNHCTBA BCTpEYaroWmMxXca 3aad.
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BOCTU pelleHa AOCTaTOYHO MONHO. HaigeHbl s(hPeKTVBHbIE anropuTMbl KOAUPO-
BaHWii 1 pa3paboTaHbl HEO6XOAUMbIE MALUMHHBIE MPOrPaMMbl.

B 3agaye KOLMPOBaHNA COCTOSIHWIA C YUETOM ObecneyeHWs 3afaHHOW 6e30T-
Ka3HOCTU 3HAYMTENbHOE YMC/I0 NPUHLUMMUAbHBIX BONPOCOB TakXXe PeLLleHo Ha OCHO-
BE PacrnpoCTpaHeHNs Ha 3T 3afja4yM OCHOBHbIX Pe3Y/IbTaTOB, MO/YYEHHbIX B TEOPUN
KOPPeKTUpYLWMX KogoB. OfHaKO OKasanocb, YTO Hambonee ah(heKTUBHbIE KOAbl
TpebyroT BeCbMa C/IOXHOM peanu3aunn. 3agayva HaxoxaeHns Kogos, 061afatoLmx
[0CTaTOMHO MPOCTON peasim3aumein N OfHOBPEMEHHO [LOCTATOYHO 3PMEKTUBHBLIX B
OTHOLLEHWW HEOOXOAWMMOI ANMHbI KOAOBLIX CAOB, YTO COOTBETCTBYET MUHUMYMY
yncna BHYTPEHHUX 3/IEMEHTOB, eLle He pPeLleHa.

MpaKTUYecKn HafeXHOCTb BbIMOHEHMS 3aaHHbIX YCT0BUIA paboThl 3aBUCUT
Kak oT 0becneyeHns yCTOMUMBOCTM, TaK M OT obecneyveHnss 6e30TKa3HOCTM paboThbl
JOMCKPETHBIX YCTPOMCTB. JTO3HAUNTENLHO YC0XHSAET 3aja4y KOAMPOBaHUSA COCTONA-
HuiA. Ecnn, Hanpumep, TpebyeTcs 06ecrneunTb TOYHOE BbIYMCIEHWE anropuTMa
(hYHKLMOHMPOBaHMS (NP1 OAHOBPEMEHHOM OTKa3e d BHYTPEHHWX 3/1EMEHTOB YCT-
policTBa (Tak HasblBaemMas d — 6e30TKa3HOCTb), TO ANA KaXAOW U3 3aflaHHbIX
TPaeKTOpUiA MEepexofoB B MOAEM KOHEYHOrO aBTOMaTa KaXAyl BeplivHY B
MHOTFOMEPHOM MPOCTPAHCTBE HYXXHO 3aMEHWUTb HEKOTOPOi 06/1acTbio 3TOr0 Mpo-
CTPaHCTBa, rpaHuLbl KOTOPOI OTCTOSNN Obl OT «OCHOBHOW» BEPLUWHbI Ha d eAnHNY-
HbIX MepexofoB. 3afaya pasMelLeHUs efUHUYHBLIX TPaeKTOpPUI nepexofoB 3a-
MEHSIeTCS MpY 3TOM 3afayeil pasMellieHMs 6e3 MepeceyveHunii My4yKoB TPAEKTOPWIA,
COOTBETCTBYIOLUMX YKa3aHHbIM 06/1acTsM.

BnepBeble 3TV 3agadva Oblna uccnefgoaHa B pabotax HO. J1. Caranosuya
[12], koTopbI NpeanoXun TUMOBYH TabAMLy pa3MeLLeHNid, NoJo6GHYH0 Tabnuue
L. XagpmeHa. Tpebyemoe umcno snemeHToB coctaenseT (2d+ 1) (N— 1) <,n<i
<, (20f+ ) (N+ )—1, rge N = k"R # R — uncno cocTosHUiA TabnuLbl nepe-
X0A0B. Takxe npeanaraeTcs MeTof, 3aKnrouarolimiics B noBTopeHnn (2d + 1) pas
Koga, 0becneumBaroLLero ycTpaHeHe HeonyCcTUMbIX COCTA3AHUIA.

B pabote [13] aHanornyHas 3agaya peLleHa B NPeAnoNOXKEHUU, YTO OTKasbl
3/1EMEHTOB MOTYT BO3HMKAaTb TO/IbKO B YCTOWYMBLIX COCTOSIHWSIX YCTPOMCTBA.
MonyyeHbl TUNOBLIE pasmeLleHuns, Tpebyrowue 3 [log2R] aneMeHTOB NamsaTU Npu
d — 1 CootsercTBylOWas Tabnuua ansd R = 4 nokasaHa Ha puc. 8. AHano-
FMYHble pa3MeLLeHUss MOryT ObITb MOMyYeHbl Takxke M gna d> 1 B Toil e
paboTe NoKasaHo, YTO ecnu rpad) NepexofoB ANs yCTpaHeHWs COCTA3aHMWIA 3aKoau-
POBaH COCEAHVUM KOAOM [AjMHbI T, TO npu d = 1 JOCTaTOYHO 3TOT KO YABOWUTH
1 NprbaBUTb €LLE OAHY BHYTPEHHIO MEPEMEHHYHO TakK, YTOObl CMEXHbIM BepLLM-
Ham rpada mepexofga OblM MpUMMCaHbl PasfMyHble 3HAYEHUA LOMONHUTENbHOW
nepeMeHHOIA.

MpuBeAeHHbIe Bbille COOOPaXKEHMS MOKa3bIBAKOT, YTO peLLeHue TpeboBaHuiA,
BbIABMraeMbIX MPaKTUYECKMMW 3afadyamu, Ha 3Tanax abCTPakTHOIo CUMHTe3a eLle
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[lanekn OT CBOEro pelleHus. Haubonee BaXHbIMU 3ajavyaMu 30eCb SABAAKOTCA:
Y4eT Ha aTanax abCTpakTHOro CUHTe3a CTPYKTYPHbIX CBONCTB 3/1EMEHTOB, peLLeHue
3afjaun onpefenieHNs ONTUMaNbHbIX Cy66/10KOB AN OTAEMbHbIX KNaccoB Mocie-
[l0BaTeNbHOCTEN, pa3paboTka METOAOB OMpefeneHns «Bamn3ocTu» Cy66/10KOB K
CTPYKTYpbl YCTPOWCTBA B LIEIOM U pa3paboTka MeTOA0B CMHTE3a CMIOXKHbIX CTPYK-
TYp Ha cyb66nokax c obecneyeHnem 3aflaHHOM YCTOMYMBOCTU U 6e30TKa3HOCTU.

Y1y2y3
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Theoretical problems of practical application of finite automaton theory

M. A. GAVRILOV
(Moscow)

Summary

Modem discrete systems are distinguished, in some cases, by great complexity
and, on the other hand, their practical realization, require to take real restrictions inherent
to logical elements into consideration. In the present paper the requirements and the
theoretical problems are investigated which arise in discrete system synthesis with the
following characteristics: about 200—300 inputs, about 200—300 outputs and about
300—400 inside states. For systems of such complexity the operational conditions of
discrete devices, in some cases, are given only for blocks and not always can be formulated
in a non-contradiction manner. Our task is to create a language for the work conditions
of discrete systems, and to create a man-machine system which automatizes the elimina-
tion of non-completeness and contradictionary work conditions.

The Ianc]quages for the block structures of discrete systems are investigated. For
example, the block synthesis language, elaborated in the Institute of Control Problems
(USSR) is presented. Block structure transformations are described (Fig. 1). The alterna-
tive condltlons of discrete control systems are also considered applying decompositions
if the controller and controlled plant are given in the form of finite automata (Fig.3).

The real properties of the logical elements are taken into consideration, mainly
in structural synthesis. Therefore, in these stages corresponding procedures demanding
the consideration of restrictions on the number of inputs and on the number of bifurca-
tions of outputs, on the connections, on the number of structural levels, and the like, must
be taken into account.

The technical requirements to the stages of structural synthesis are formulated.
Directed construction methods of structures are considered: expedient choice is carried
out for the subsequent direction of operations by applying appropriate criteria. The
so-called state-transition-table method is described (Fig. 5) in which the structural
_syr]lthesis is realized beginning from the output elements. The following expedient choice
is foreseen:

a) realization of the output function structure similar to the optimal sequence;

b) for every given output — an appropriate choice of output element type similar
to the optimal;

c) for every given output element — an optimal choice of input variables or
fulnctlons The method is applicable on wide class of logical elements including arbitrary
elements.

In abstract synthesis the consideration of structural properties and logical elements
restrictionsisofgreat importance. These problems are solved by means of finite automaton
decomposition techniques. The coding of states, connecting the abstract and structural
synthesis, becomes essentially complicated if it is necessary to ensure specified reliability
of performance (stability and efﬂmency? By way an example the standard coding is
also presented considering both the stability and reliability (Fig. 8).

npot. M. A. "'aBpunos, un. kopp. AH CCCP

WHCTUTYT npobnem ynpasneHns (aBTOMAaTUKWU U TenemexaHuKm)
CCCP Mocksa B-485
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A DISPERSION EQUATION OF NONLINEAR PLANT
IDENTIFICATION

A. L. BUNICH, N. S. RAJBMAN
Moscow
(Received February 23, 1971)

General identification equation for a nonlinear plant by random function
dispersion methods is obtained. The optimal weighting function of a linearized
nonlinear plant is given by dispersion identification equation. Some practical
examples are applied.

The rapidly advancing identification theory is now applied in biology,
medicine, agriculture [1] etc. as well as in traditionally “technological” fields.
Recently, effective methods for linear plant identification have been developed
based on the correlation theory of random functions treated in sufficient detail
in [2]. Unfortunately, most actual plants are nonlinear. This paper deals
with the problem of obtaining an identification equation for a nonlinear plant
by random function dispersion methods discussed in [3]. As a result, a disper-
sion identification equation is obtained that gives the optimal weighting
function of a linearized nonlinear plant. The use of dispersion methods of
random functions for the estimate ofthe nonlinearity degree and the correspon-
dence between the model and the actual plant was the subject of [3, 4].

1. Basic definitions. Let us first introduce certain definitions of random
function dispersion characteristics (see also [3]).

A function of three variables

Qumit, s,t) =M {[Miyt/xJ] - M(yD] M(zsx2) —M{z9)]},  (1.1)

where M is the symbol of mathematical expectation will be termed a mutual
cross dispersion function of random functions Y(t) and Z(s) with respect to
the random function X(t).

For simplification all random functions are assumed centered. In particu-
lar, we will not differ the terms of the correlation and the covariant function
of two random functions. Consequently, a cross dispersion function can be
defined as a covariant of the appropriate mathematical expectations

&yzx{t, s, r) = cov {M(yt'xz); M(zslx2)}. (1.2)



30 BUNICH -RAJBMAN: A DISPERSION EQUATION

This definition is recommended for practical measurements of mutual generali-
zed dispersion functions of actual plants or models. The function 0yyx(, t, x) =
= M{M(ytxr)Y of two variables is termed a mutual dispersion function of
the processes yt and XxT, while the function 0, t, x) = M[M(xtxn)}2 is a
mutual self-dispersion function ofthe process xt [3, 4]. For brevity these func-
tions will be denoted 0 yx{t, x) and 0 xx(t, x) respectively. These functions can
also be defined in the following way 0 yx{t, x) —D {V Tt)) >0 xx(b T) = F>{Ur(t)},
where UTt) = M(xt/xr), VTt) = M(y,/xr); D —is the symbol of dispersion.
From the definition of dispersion functions and the Cauchy inequality follows
the important estimate

10yzx(t, s,x 2 <, 0yx(t, X) 02¢S, X) . (1.3)

In particular, for non-dispersion cross-sections, i.e. when 0vyz(t, x) = 0 or
02¢v, T) = 0, the cross generalized dispersion function with the appropriate
values of the argument vanishes. The random function xt is termed stationary
in the dispersion sense if the following conditions are met [5]:

a) the distribution function xtis constant, i.e.

FX(u) = FX(u) for all t,s,u, (1.9

b) the regression function depends only on the difference between the
arguments t and s, i.e.

M(xt/xs) = qi-s(xs), M(xgxt) = (Ps-t(zt) for all t, xt, xs, s.

This property is an amplification of the concept of stationarity in a broad
sense in the correlation theory of random functions.

Two functions, yt and xs, stationary in the dispersion sense are called
stationarily bounded in terms of dispersion if for any t and s the regression
function depends only on the difference of the integrals t and s and is indepen-
dent of their position on the time axis; in other words, for all t and s the follow-
ing condition is met

M{ytXs) = igt-s(Xs) ; M{xgyt) = Cs-tiyt) m (1-5)

2. Dispersion equation of identification. In the problems of linear identifica-
tion the optimality criterion depends on a function of the difference between
the signal at the output to the converter and the desired value. For stationary
linear systems the solution of the problem is equivalent to the minimization
of the functional

1(g) = D{yt— J g(t - x)xxdx} 2.1

and leads to the Wiener-Hopfequation for the weighting function of the system.
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In order to obtain a more general optimality criterion, let us formulate
a problem of searching for a linear identifier (or a linear integral operator
whose kernel is the model weghting function) that would relate the conditional
mathematical expectations of the signals rather than the signals xt and yt
themselves.

The quality, I of the plant identification by a linear operator L can be
estimated by the quantity

I(L) = 0Ix(t, X) (2.2)

where | y —Lx the linearization error.
The latter expression can also be represented in the form

I(L) = D{Vrt) - J gzt s)/7As)ds} , (2.2)
where gT(t, s) is the kernel of the operator L. The identification quality improves
with decreasing I(L) and we come to the following criterion for finding an
optimal L:

I(L) = min. (2.3)

The necessary extremum condition has the form
oI(L; x,y) =0. (2.9

We have therefore come to a general problem of the optimization the
linear system at fixed x = ro0 by the minimal r.m.s. error for the input signal
ur(t) and the required output signal vxt). For a stochastic plant this statement
of the problem optimization involving the consideration of the signals un()
and vz(t) is evidently quite natural.

Consequently, the final result can be written as
t
J M(Cs) Ruu(s, s”)ds' = Rwut, s), (- oo< s< i), (2.5)

where Rwi is a self-correlation function uz(t) while Rwi is a cross-correlation
function of uz(t) and vz(t). By using the dispersion functions we will represent
eq. (2.5) in the form

t

J s)Oxds', s, x)ds' = Oyxx(t, s, X) . (2.6)
This dispersion equation (2.6) is considerably simplified when the processes
xt, yt are stationarily related in terms of dispersion. In this case the mutual
cross-correlation dispersion functions do not change at a simultaneous time
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shift of the variables, therefore the notation 0xx(p, s) = 0xx(p,s, X),
Oyxx{t, s) = Oyxx(t, s, t) would be useful. Furthermore, since the time x can be
assumed fixed (to select another time for the fixation of the cross-section xT
would be equivalent to a time shift), then a new designation for the weighting
function of the plant could be introduced g(t, p) = gTt -+ X, p + r). Then the
dispersion equation (2.5) could be represented as

t
J u{t>p) 0xxx(p, S)dp = O0yxx(t, s) . (2.7

For a linear, physically feasible, model where the random process yf at
the output and a random process xrat the input are relatedby the linear integral
operator

t
yf = J g(t, r) xTdx + 71t, (28)

where ftis a noise stochastically independent of xx
M[yt/xs) = J@g(t, t) M (xjxs)dt. (2.9

By equating the dispersion of both parts of the latter equation to disper-
sion we will have

@y-x(t,5) = J ] g{t.x)g(t,x")0Ayx}-r* s)drdr". (210

Therefore, if we know the mutual dispersion function 0 yx(t, s) ofthe plant,
then the difference between 0yx(t,s) and the right-hand part of eq. (2.10)
may be assumed to be the nonlinearity measure. In the case where the generali-
zed mutual dispersion function of the plant is known, the identification quality
I(L) can be taken as such a measure.

From the identity

t t
D{yt— J or(t, S)xsds} = DM {\yt — j gft, s) xsds\/xz) + (2.11)

t
+ MD{[yt- j gTt
@

follows that the quality I(L) of identification by using the functional (2.3)
is at least as good as that by the criterion (2.1). For systems that are irreducible
to linear the conditional dispersion in the right-hand part ofeq. (2.11) is strictly
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positive, therefore the quality of identification hv the criterion (2.3) is better
than by the criterion (2.1).
A dispersion equation for a plant with n inputs and m outputs can be
obtained in a similar way from the optimal criterion
lij(Lij) = OeX(t, r) = min, (2.12)
where
=Vi— LijX, i=1ee,m j=1,...,n
i=i
The corresponding set of linear integral equations has the form

nm t
Y jfirt, s")Ow (S, 8 t)ds' = OyXX(t, s, 1), (i= 1,2,..., to) (2.13)

In computer solution it is preferable to use directly the optimal criterion
(2.12) by using direct methods of extremalization. Where high accuracy is not
required, the system may be solved by statistical tests. Where the number
of channels is not high and the computer storage is sufficient for the system
coefficients, the solution can be obtained by conventional algorithms [6].
In this case integration should be replaced by summation over a discrete lattice
with a constant step.

3 On methods to solve the dispersion equation. If a self-dispersion function
of a random process at the input to the plant decreases sufficiently quickly on
the infinity, then the kernel of the integral operator Oxxx(s', s, x) is quadrati-
callv integrable and in this case the dispersion identification equation (2.6)
is an integral Fredholm equation of the first kind. This equation is known to
belong to the class of improperly stated problems and is solvable by a regulariz-
ing algorithm described in [7].

On the other hand, unlike a correlation function of an ergodic process,
stationary in a wide sense, the self-dispersion function of a random process
should not necessarily tend to zero on the infinity.

Therefore, the integral operator in the left-hand part of the dispersion
equation (2.6) is generally speaking unbounded and the functional 1(g) should
not necessarily be continous. Then the functional may achieve the exact lower
edge at no eigen-elements of the space and generalized solutions to eq. (2.6)
should be considered.

When solving eg. (2.6) on a computer at a fixed value of the variable t
we will have the following matrix equation for the weighting function
NS > X)gTE s ) = 0yxt, s, X)

t

s’=

The system of integral equations (2.13) is solved in a similar way.
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4, Comparison with the Wiener-Hopf equation. Let us show now that an

integral equation from the correlation theory of identification can be regarded
as a first approximation to a dispersion equation. If to use series expansion
of the conditional mathematical expectation and eliminate the terms which
contain xr in powers above one, then M(xt/xT) = f(s', ® xT  0(xz), where
0(xr) —is an infinitesimal of the second order with respect to xT. Consequently,
in a linear approximation the process regression function at the input B{s', r) =
=f(s', t)xz. By multiplying the identity M (xxyt'xr) —xr M(yt/xr) by f(s, r)
we will have f(s, t) M\xryt/xr\ = M(xgxr) M(yt/xz) or, in terms of mathema-
tical expectation and equating both parts we will have

@xx(t, s, x) = f{s, r) Ryx{t, x). 4.2)
In particular, at yt = xt we have
f{s, X) Rxx(t, X) = Oxxx(t, s, X). 4.2

Following the substitution of (4.1) and (4.2) into eq. (2.6) and dividing by
f(s, X) we will have

J YA, s") #xx(s', X) ds = Ryx{t, x). 4.3)

Similar considerations applied to the dispersion equation (2.7) for processes
stationarily related in terms of dispersion lead to the Wiener-Hopf equation.
For processes with linear regression this approximation is accurate and
in this case the dispersion equation is equivalent to its correlational analog.
Gaussian processes may be an example.
In the general case a dispersion equation contains more information
than the corresponding correlational equation. Indeed, from the identity

Ryx{t, *)= M[ytxT)= M{M |Xy,XT]}= M{xTM[yt/xr\) =M {M (yt/xT)M (xjxn}

and
B xx(t, x) = 0 XL, X, X),

which is obtained from the preceding one by replacing y by x it follows that
the dispersion equation (2.6) becomes the correlation equation (4.3) if the
arguments s and x coincide. Generally speaking, the cross-correlation function
of the processes xxand ys can vanish and the correlational equation will lead
to a zero solution. But to conclude that there is no statistical relation between
the signals whose cross-correlation function vanishes would be erroneous.
A quadratic detector with a Gaussian process at the input is an example.
In that case the cross-correlation function Ryx(t,s) = Rxx(t, s) = 0 but at
the same time the mutual dispersion function Oyx(t, s) = 2Rxx[t, s) 132{xt)
is non-zero [3].
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5. Examples. 1) The random process x(t) for which the conditional
mathematical expectation M(xt/xs) is a white noise will be termed white noise
stationary in terms of dispersion. The dispersion function of such a process
is a delta-function of the difference between the arguments tand s: 0 xxdt, s, t) =
= 8(t — 8). The substitution of this expression into the dispersion equation
(2.7) gives

grt, s) = Oyedt, s, X, 5.1

in other words the weighting function of the plant coincides with its mutual
generalized dispersion function.

2) Let us solve the dispersion equation explicitly for the case of an iner-
tialess plant described by the functional equation yt = f(xt). Since a cross-
section of ytdepends uniquely on the cross-section of xt, the weighting function
should naturally be sought in the form gz(t, s') = m(t, x) 8(t — s'). The substitu-
tion of this expression into the dispersion equation will give

$ft, 1) Oxeet, S, x) = Oyeeft, S, x) . (5.2
Assuming t = s we will have
= (53
Oxx{I>0
3) Let us consider a dynamic plant where the relation between the
input process xt and the output process yt can be described by the equation
Y =Qx+ W, (5.9

where Q is a linear integral operator, while W is a process andispersed with x.
Then 1(Q) = Owx({t, x) = 0 and since the functional | is non-negative, the
identification by the operator Q is optimal. This example is the only case
where the left-hand part of eq. (2.6) vanishes since 1(Q) = 0 follows from. (5.4).
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YpaBHeHVe AuCNepcun NAeHTUMKaLUM HeNMHENHbIX 06beKTOB
A J1 BYH/Y-H. C PAVBVAH

(Mockga)

Pestome

HenapameTpuueckas MAEHTUPMKALUA NIMHENHBIX CTalMOHapHbIX OOBLEKTOB CBfA3aHa C
C peLLeHeM UHTErpanbHOro ypasHeHns BuHepa—Xonda ¢ Lenbio onpegeneHns BeCOBOA yHK-
LUMn 06beKTa MO KOPPENsUMOHHON (PYHKLMM BXO4a M B3aUMHOW KOPPENSUMOHHON (yHKLMK
BXO/a W BbIx0da. B HacTosLeli cTaTbe NONYYEHO aHalorMYHOe ypaBHeHWe A1 UAeHTUdMKaLMn
HeNMHelHbIX 06beKTOB. O6blYHbIE METOAb! MAEHTU(MKALMM, OCHOBaHHbIE HA ONPeAeNieHn Beco-
BOW (DYHKLMM NMHEHON Modenn 06beKTa MO MX KOPPENALMOHHbIM XapakTepucThKaM He yuu-
TbIBAIOT CTPYKTYPY C/y4aiiHOro npoLiecca Ha BXofe 0bbekTa. Tak, Hanpumep, NOCKO/bKY Nt06as
aBTOKOPPeNAUMOHHas (YHKUWA ABNAETCA aBTOKOPPENALMOHHON (YHKUMEA HEKOTOPOro Hop-
MafbHOro npouecca, To CyyaiHblli NpoLecc Ha BX0Ae 06beKTa MOXHO CUMTaTb HOPMasbHbIM
1 TaKoe NpeAnoNioXKeHNe HUCKOMbKO He BAMSET Ha NOCTPOEHWE ONTUMAbHOWM NTMHEHOW Mogenk.
Kpome Toro B3aMmHas KOppensuMoHHas QyHKLMSA NPoLEeccoB Ha BXOAE W Ha BbIXOAe 06bekTa He
ABNSAETCS [LOCTATOYHO MOHON XapaKTepUCTUKOWM cToXacTuyecKoi 3aBmcumocTu. Tlpu mccnefo-
BaHNW 0OBEKTOB C HENMHEHON perpeccrieli B3auMHas KOppensunmoHHas QYHKLMA MOXKET TOX-
[leCTBEHHO 06paTUTbCA B HY/b UM LaTb 3aHMXKEHHOE 3HauYeHre CUibl CBA3M MeXJy npoueccamm
1 B3ITUX CyYasx BeCOBasA DYHKLMA ONTUMANbHO TMHENHON MOJENN He ABNAETCS YAOBNETBOPY-
TeNbHON XapakTepuCcTUKON MAeHTUDULMPYEMOro 06bekTa. Takum 06pa3om BO3HWKAeT Heobxo-
[OVMMOCTb BBEAEHWS 60/ee MOMHbIX XapaKTepuUCTUK CiydaliHbIX MPOLECCOB W MOCTPOEHWE Ha
OCHOBE 3TUX XapaKTepPUCTUK ONTUMA/bHOW MOJE/M, YUUTBIBAIOLLEN CTPYKTYPY BXOJHOMO Cur-
Hana. 310 ypaBHeHWe 6a3UpyeTcs Ha ANUCMEPCUOHHBIX METOAAX CyuYaiiHbiX (DYHKUWNA, KOTOpbIE
paccmoTpeHb! B [3]. B nepBoit yacTy CTaTbi BBOAATCA OrpefesneHne 0606LLEHHON AUCTIEPCUOHHO
dyHkuun (1.1), NOHATWE CTaLMOHapHON cnyyalHoi yHKUMM (1.4) U CTauMOHApHO CBSI3aHHbIX
(1.5) cnyvaiiHbIX PYHKUWIA B AMCMEPCMOHHOM CMbicfie. BTopas 4acTb MOCBALLEHA MOMYYEHWO
[VCNEPCVOHHOTO ypaBHEHUS WAEHTU(MKALMM NO KPUTEPUIO MUHUMYMa (yHKLMoHana (2.3).
B pe3ynbTate nonyyeHo ypaBHeHUe naeHTUunkaumum (2.6), a Ans CTaumoHapHOro B AMCTEPCHOH-
HOM CMbIC/e cnyyas — ypaBHeHue (2.7). MpuBognTcs Takke 0606LLeHe HA MHOTOMEPHBIN Ciy-
yai —gpaBHeHl/le (2.13).
3aKnoueHne 06CYXaeTcqd BOMPOC O KOPPEKTHOCTWM  AWMCMEPCUOHHOTO  YPaBHEHWS
MAEHTUUKALMK, CPaBHEHWE MOCNEAHEr0 C KOPPENAUMOHHbIM YPaBHEHVEM ¥ NPUBOAATCA MpU-
Mepbl.

A. L. BuweH—N. S. Rajbman
Institute of Control Problems
Profsoyuznaya ul. 81

Moscow V—485, USSR
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ON ITERATION RULES WITH MEMORY
IN MACHINE LEARNING
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Constraints are studied under which a broad class of machine learning
procedures, governed by iteration rules with memory, converge. More distinctly,
iteration rules with weak (or just finite) memory with respect toPrevioustproposed
discrimination functions are assumed. Procedures of this sort offer rich possibilities
to find convergent learning algorithms with more powerful processing steps and
reduce, in this way, the time necessary for learning. Relations of interest in
devising such sort of iteration rules are proved.

1. Introduction

Assume a teacher, drawing samples at,t = 0, 1, . . . afteranother from,
say, a finite dimensional Euclidean space Q, and presenting, together with
each o, also either a real O(cot) or, simply, a binary label (to indicate which of
two assumed hypotheses HOand Hx holds).

When {a, O(cot); t = 0, 1, .. .} is directly taught, our problem obviously
is to devise, by observing this sequence, an estimate for the unknown function
0 = {0(co), of Q).

However, also for binary labels, one may appropriately pose, at least
as an initial step, the problem of learning as a problem of estimating some
appropriate discrimination function 0. We may take for this purpose the a
posteriori probability function with respect to say Hv which is, in typical
learning problems, of course, also unknown. (0 () stands for the conditional
probability that, e.g., Ifxholds, given co.) Specifically, for unambiguous decision
problems, we may take, as a0, any real valued function for which

provided HO and H1 hold iff x£A and x £ B, respectively, and wt£ A UB,
for all t.

It does not make much matter, within the scope of this study, which
way the teacher exactly works, and how is 0, specifically, introduced. Neverthe-
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less, in order to avoid vagueness, one may simply think of a0 which is defined,
just in one of the previous ways. Let our problem be estimating O recursively.
Let us denote by Zt = {Zt(c0), 0 £ Q} the estimate we propose, having obser-
ved o

Assume 0 as well as any Zt to be members of some separable Hilbert
space XK the inner product of which is, for any f, T£XX <£, rjy. (LE£12= I».

One may, of course, also specify the function 0 and any Zt, simply, by
a sequence of coordinates with respect to either some base or other complete
linearly independent set of functions in %[5, 6]. (This is just another way to
describe a class of functions defined in Q.) There are, however, also learning
problems inwhich some 0 istobe estimated in aspace Xwhich is not, specifically,
a space of functions defined in Q. Non-supervised learning, governed by costs
and assuming for each class prototypes, is a well known example for such
learning problems [5].

Let us propose, as an estimate of 0 att, Zt= Xt (t£T = (0, 1, mm)),
X = {Xt,tET) being an iteration process, defined successively, starting
at some arbitrary X 0£J1 ¢ 3[E [[X0]]2< 00), by

Xt+l = O(Xt + a Wt). (@)

(E stands for the expectation.)

While the distinction, at t, between an arbitrary estimate Zt and the one
Xt, generated by previous estimates and labelled samplesaccording, specifically,
to the iteration rule (1), may seem subtle, it turns out in the sequel, that
we actually need this distinction.

a = {o(flo stands for a sequence of positive constants (to be specified
in the sequel). @: XX-*afd denotes a truncation (also to be specified in more
detail) by which the range of X may be kept, for all tET, within some appro-
priately defined odaXX.

The labelled samples given by the teacher (or the evaluation in unsuper-
vised learning) governs, at t, the iteration through Wt mWt is assumed to be
a function within XXand measurable with respect to §(X*) X d&. (IF(Af) denotes
the c-algebra generated by X1= {Xf)$ t) and I~ the Borel sets in
X#=0Qd, Qd= {m,}). We term, in the sequel W regulator.

There are well known ways how to arrive at such regulators.

Let, e.g.,, dim XX=n and X-“l¢ @ denote the least square estimate
of a real valued function F = [F(w), 0 £ Q) being taught sequentially by a
teacher, with respect to some set {n¥=x °f linearly independent functions.
(Let aa, t = 0,1, ... be drawn completely independently, according to some
probability distribution Q. Assume F and @ to be in £2(Q), and take, simply,
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® —1. (Denote by 2Zf=lc, {9 the approximation, we propose having
observed oa. It is well known [5] that one may, in this case, set up a learning
algorithm in terms of {&¢=1 and Xt = {[¢}'=1, taking as a regulator
17, = {W?)U-(WY> = 2(F(oy)-XUc?)V ,H)"), i = MO-

We may take as another example for 17 any of the well known correction
terms in potential function type learning algorithms, as defined by Aizerman,
Braverman and Rozonoer [1, 2]. One may also use, as a regulator, correction
terms, according to Parzen estimators and kernel type estimates of a similar
sort [13].

In these well known cases one usually adopts such regulators 17, which
either depend, at any t, on the collection ZI = [Za ft  t] of previously propo-
sed estimates just through the most recent estimate Zt, or assume specific
expression for the dependence on Z{[12]. In contrast to this, we admit in this
paper regulators 17, having almost arbitrary dependence on ZI, apart from the
usually met constraint that all previous estimates, proposed sufficiently long
ago, are assumed to have, on 17, either no or just negligible influence. We
reduce in the sequel, by means of this and some other properties, the conditions
under which a broad class of such procedures converge, to well known criteria
by Braverman and Rozonoer [2] on the stability of random processes. By this
we get a useful insight (i) how to guarantee convergence for such sort of
learning procedures (or retain their convergence when modifyingthe algorithm)

and (ii) extend the scope of random processes, for which stability may beproved,
essentially.

2. Regulators with weak memory

Next let us define the properties, we assume for 17, precisely. (We
impose, in what follows, conditions (C.l) through (C.3) for any t*T almost
surely.)

Let
E(1117| R 1Z]) <; CO, (C.h

(E(.].) stands for the conditional expectation and0,, i = 0, 1,. . .for some given

positive real.) We also assume weak memory with respect to previous estimates,
in the sense that for some /n> 0:

_ NE(T7,1Z")-E (17 ,|™)]] = o(r-"), (C2)
as 1-+ oo.

(Z° rt—{zd; ft<11); Z&—Zafort —x < ft<t, and Zd= 0 for ft<[t —r.)
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If, specifically, there exists some r0> 0, for which
WE(W' 121) - E(WtIZI~ )\ = 0, (C.23)

for any T> rowe say Wt exhibits, with respect to ZI, finite memory.

Let
GAZ) = E(<Z,-0, Wty\Z").

We assume for this functional the following property:
\07")-0,(2")\<,Chbigaf (C3
for any Zt, Zt£cA Here dt = sup#<i |jZ9— Z911
In addition to these restrictions (which are loose in the sense that meeting

them scarcely makes any difficulty) let us impose on the regulator W also the
following three significant constraints: Let:

W, 1Z2Y8B=" t= o), (C4)

for any | £A independently of t (which means a sort of conditional statio-
narity), and assume that there exists such a 0 £0f for which

<|- 6xm()>< 0, (C5)
for all 1 £A, and let
Hm Pk \W\zZtk-Q\\ = 0, (Cs)

for any subsequence {£<}“=0 f°r which P(limfr>8DVi= 0) = 1, provided
that Z,F| A for all tk. (Vt -<Zt —0, m(Zt))I lim p denotes limit in

probability. Here, and in what follows E(Z | denotes, for any
random variable Z, the value E(Z |Z') takes, provided Z' takes the value
Z» = £,&").

There are learning problems for which we can not guarantee that condi-'
tion (C.6) holds, however, instead of this, we have an evidence for the following
two specific properties. Viz., (i) the objects &8, cov . ..aredrawnatt =0, 1, . ..
completely independently, according to some probability distribution Q, and
(ii) there exists a 0 £aA for which

<|- 0, mE)>= —C, nf I - 0(co) 1Q(dco). (%))

Here, and in what follows, we specifically assume that ad= {a
<[ e)<&&= 1,2,...} (i.e, we take as ada parallelepiped, spanned by
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some base {e}=i in 'E —o0”™ a </ bt</ oo being a priori fixed reals)
and define the truncation operator ® by
or]) = 1] if jE£aA,

<d(4), er> (2)

Theorem L1 If (i) for the regulator W (C.1)—(C.6) hold, (ii) we generate
the process X by iteration, according to (1) and (2), and (iii) impose on a the
following constraints

Smxt: \ SOO <C °*> Sm d <l o> ) ai ( niax < , 3
t=0 *° (So io ‘ /So (t-tV<«<.th;9 ° ()

for any e > 0 and some 0 < ij< 1, then P(lim*a| | —O0J||] =0) = 1

Theorem 2. If (i) the samples a0, ool . . . are drawn completely indepen-
dently according to some probability distribution Q, (ii) the regulator W is
uniformly bounded (viz., ||[TF(|| <6'2 | Wt(©) | < (73 for all t and oi) and
also meets (C.1) (C.2a) (C.3) (C.4) and (C.7) and (iii) the process X is generated
as given in Theorem 1, then P(limi*© J ] Xt —0(co) \Qdco) = 0) = 1

Remarks. (1) Observe that the essential constraints imposed on regulator
W in Theorems 1 and 2 (viz. (C4)—C.6), and (C.4) and (C.7), respectively)
constrain the regulator W only under that specific configuration of previous
estimates ZI for which all Zinft <[ t are identical. For any other ZJ we have
no essential constraint how to devise W. This offers a considerable freedom
to adopt even heuristic ideas when devising algorithms with guaranteed con-
vergence [4]. — (II) Condition (3) holds, e.g., if xt= t~I for t> 1 and
0<Ch<f12. - (HI) One may also extend a broad class of well known tem-
porary continuous iteration procedures [9 11, 3] in an almost similar way to
regulators with memory.

One may specialize (C.6) by

Lemma 1. (C.6) holds if, in addition to (C.5), we have

<[ — ><
e<|||?TOII | —0, m(]) 0, (0.8)
for any ££adand s> 0.
3. Cost functions

Assume we may, at any instant t £T, evaluate the performance of the
learning procedure by some appropriate cost function Yt (i.e., an appropriate
function taking non-negative values) which, however, may have memory with
respect to the previous estimates Z1
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Let us assume the use of costs in statistics as well as, specifically, in
machine learning well known [5, 6], provided Y; depends on Z' merely through
the most recently proposed estimate Z;,, We, therefore, immediately turn to
the more general form of this sort of dependence.

Observe that, within a wide scope of actual learning problems, the final
form of the estimate has to be developed within some finite training period,
and one has actually to use the classifier only at such instants ¢ at which the
after-cffccts of this training period have for long disappeared; and at such
instants we may well replace Z' by {Z; = Z;, & < t}. '

Assume that Y is conditionally stationary, at least in the sense that
E(Y; | Zt)z1>=5’,9£[ = R(&) is independent of ¢ If Y is such and the classifier is
really to be used only long after the training has ended, we obviously have,
in the course of the learning procedure, to search for such a function @, for
which R(£) = min, if £ =0. (L.e. @ isaminimum of the regression function R.)

In machine learning we may in many cases, introduce Y ourselves, and
may, therefore, compute, at any ¢, either its gradient defined in an appropriate
sense (if such exists) or look for some other function which may take, in fin-
ding 0, a similar role.( Next, for the sake of simplicity, we assume that, for the
Y that is given, grad, Y, exists).

In this case it is a well known and efficient way to use, for finding @,
some gradientlike function instead of Y,. One need not, however, insist in so
doing. In this section we show that any ¥; may be used instead of Y, for
this purpose, provided E(Y; | Z;)z,—¢ s+ behaves, for all £ € 4, like grad, R.

More distinctly, assume that Y is such that (i) E(Y; IZ’)Z.)=€,'9£t = (&)
is independent of ¢, and (ii) (&) = grad; B for any & € 4. (We term any
such Y, a quasi-gradient of Y;. Obviously, great many functions may serve
as quasi-gradients, given Y.)

The first of these relations means a sort of conditional stationarity. The
second enables one, this time again, to introduce also heuristic ideas when
associating a quasi-gradient ¥ with some given Y. (Observe that in all of these
cases one may find O among the roots of the regression function r.)

That any such quasi-gradient may play, in finding O, the role of a gra-
dient, follows from

Theorem 3. If (i) for the specific choice of the regulator W; = — Y}
(C.1), (C.2)—(C.4) and (C.8) hold, and (ii) we generate the process X by itera-
tion, as given by (1) and (2) adopting coefficients a« according to (3),then
P(lim,_,, [|X; — O]| =0) = 1.

Remarks (I) For the specific choice of the regulator W; = — Y, (C.8)
means that the regression function R has just a single minimum within ol
and does not approach to such at the boundaries. — (II) Confining X to
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some bounded of is particularly relevant if we can not a priori specify any
oA, for which (C.8) holds, and R may also be multimodal. (For such cases
presently just some fundamental theoretical results are known [9, 10].) The
truncation of X to some bounded set enables one to embed (1) into some
Monte Carlo search, in a sense that we draw o at each time from some sub-
division of ¥, and then adopt iterations with coefficients o« and —« after-
another.,

4. Potential functions

Assume that a teacher presents, together with cach sample wy, specifically,
the value @{w,) that the discrimination function @ takes at ;. Let us adopt,
when defining the regulator W, a potential function [1]; more distinctly, an
extention of this to a more general class of positive definite functions [7].
Accordingly, let us define the regulator W by means of a positive definite
function K = {K(w, ®), (0, ®) € QxQ}, for which O ¢ H(K) =% holds.
(#(K) stands for the reproducing kernel Hilbert space, generated by K. We
assume that ol C % (K)).

Some possibilities of regulators with memory, generated by means of
a potential function, are illustrated by

Theorem 4. If (i) the samples w; ¢ =0,1,... are drawn completely
independently according to some probability distribution @, (ii) |K(w, ®)| < O,
for any (o, ®) € Q x Q (iii) we generate the process X by iteration according
to (1) and (2), taking a sequence « of coefficients according to (3), and (iv)
adopt, at any t€7T, as a regulator W, = (X, 7rs(wy)) K(., 0) (rs(ews) =
= sign((@(wy) — Zslwy)), 4 C [t — 7,, t], T, denoting some a priori fixed integer)
then P(lim,_ f | Xi(w) — O(w) | Q(dw) = 0) = 1.

2

Remarks (I). We have chosen a regulator, specifically, as given by (iv)
in Theorem 4, just for illustration. However, this specific choice already points
out some obvious possibilities how to include heuristic steps into convergent
iteration procedures. — (II) One may completely define initial conditions,
e.g., by setting Z, = 0, for all 4 << 0. — (III) Condition (i) is adopted just
for the sake of simplicity. For results including also dependent observations
see Ref. [4a].

Appendix — Proofs

The problem in proving Theorems 1 and 2 is how to relate the conditional
expectations E(|| X,/ 2| X') and E(W,|Z")z,-x,s: (the former being of interest
in convergence studies, and the latter within the properties (C.4)—C.8)) although
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the conditioning is in these two cases different. One may remove this difficulty
by means of (C.2) and (C.3), as we show it, precisely, next in Lemma 3.

The main point is, therefore, the proof of Lemma 3. Having done this,
Theorems 1 and 2 may readily be reduced to well known convergence theorems
by Braverman and Rozonoer [2, 8] concerning certain functionals of X 1

Theorems 3 and 4 are corollaries for specific choices of the regulator IF.
Let Xt = Xt—0 and

Xt = A, + a, IF,. (A.])

From (A.l) and the definition of ® (viz. (2)) obviously follows

Lemma 2
INe —WV<. lI-'"t —WV. for anY V€ [}

Le., @ is, with respect to oA, uniformly norm-reducing.

Remarks. (I) The specific form of the set /T and the truncation ® enables
us to give upper bounds on ||X,+1]| and [|X,+1 —X,||, simply, by means
ofthe untruncated iteration (A.1). —(Il) (2) is the sort of truncation one usually
adopts when computations are to be confined to finite intervals. (2) also is,
specifically in one dimension, the truncation usually adopted for confining
probability estimates to [0, 1] [1].

Lemma 3. For X the following inequality holds:

E(JAEL2 1X) <, |IX, ]2+ 2«,<X,,m(X,)>+ S,,

where St is a non-negative valued oF(Xf)-measurable function, and
XPIOE St< oo0.

Remark. The inequality, in Lemma 3, together with the constraints on
the regulator W and the iteration rule (1), says that, as t —moo, X approaches
to a super-martingale, with probability one.

Proof of Lemma 3. From (1) and Lemma 2:
E(LA<1]21X") < [|X,[I2+ 2d@G@E«A(Wt=>\X1) + a?E(]] IF]I2!'X9). (A2>
Let us consider the following approximations:

E«A( IF) IXt) = <A, m(X)>+ <X, ht(r) + ht()>+ g,.  (A3)
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for all t£ET, where
ht(r)

E(TF, \X ) -E (W t\X7),

fit GAXI") - GA/'p7),
ht(r) — E(WE 17j0)2"/%r,1 —m (X1,

(Here f~ Tt= {/*, &< t}j*Md= Xtfor t—r < &< t, /,, = 0 for &< t—.

X Tt is defined as replacing Z by X. Here, an in what follows,
e.g., E(Z \Zt)4>=,,»"t denotes, for any random variable Z, an oHZ)-measu-
rable function, which takes the value E(Z! , provided Zt takes

the value f. In (A.3) we also realize that X is separable, and, therefore,
E(«4, Wt) 1Z)) = <Zi; E(IT* 1Z)} is obvious.)

Let

and r = fi4]. (0 <C <CVa "l stands for 1 + ent f).
From this and (C.2):

MW M (A4)
almost surely for any t> t0>>0.
From the triangle inequality and Lemma 2

(A5)

Observe that for Z1—Air< as well as Z1= we have Za= 0
for d t—x The deviation between these two sequences is, therefore (in
the sense given in (C.3))

A@T) = max IX,- Z,[|~ 2 1I*f- **]| (A.6)
t—r<&<t | =
From (A.5) and (A.6):

UA\M)A V' 2«s\\W s\\. A.
\M)A Vo 2«s\W s (A7)

Observe that 0((M™1) and the property that |([G]) isa " (X )-measurable
function, for all t.
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From (A.4) and Schwartz’s inequality:
l<xt, U\M) + MTU)> 1~ ceuxtn (A8)

for all t >mt0, almost surely.
From (A.3), (A.8), the definition of 6<([i4])
and (C.3)
2a, E« X(, Wt>1XD < 23, <Xt,m(Xt)>+ 8t (A9
Here:

\St\=2a,(| X,\\Ctt«m+ C7TW D) (A-10)
From (A.2) and (A9)
E(]IX,+112]|X") < UX, 12+ 2Za,<X,m(X,)> + S, (A1)

(Si = tf<+ aRi?(||TF,||2|X0O).
From E UX0 W< oo, (A 10), (A 11), (C.5 and (C.I):

ELX, [[2<C8 (A.12)

From (AJ10), (A.12), (A.7) and (C. 1)
E|S, I< a,(Cg + C10?n max 0%*). (A.13)

Since 6,(fial) is a non-negative valued d{X()-measurable function, and
all right side terms in (A.13) are, for given t, fixed positive reals, Stis also a
non-negative valued ~(X*)-measurable function.

It follows from (A.13) and (3) that there exists such a0 <t)< 1, for
which

A E S(< o0,
f=

by which we proved that all conditions imposed for St hold. This completes the
proof of Lemma 3.

We refer to the following two results on the convergence of random
processes:

Theorem 5 (Braverman and Rozonoer [2, 8], Theorem I1l). Let, for
any tET, U, be a non-negative valued §{X”-measurable function, and
EHO< oo. In addition, let V = {Vt,t £T] be a non-negativ valued sequence
of random variables, related to U = {Ut,tET} as follows:

E(HI+1 IXQ0 <€ (1 + R U, -y,Vit+ $0), (A.14)
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for any t ;> tx;> 0 where {Bt}*0 and {7f}<o0 are a priori fixed real valued
sequences Rt> 0, yt> 0,
im = 0, syt — °°, Vet <O
<0 (0]
*30 is a non-negative valued &FAi)-measurable function, and Aft 0EiSfJ)<C oo.
In addition assume that

iimPfc-*« Uft = ° (A.15)

for any such subsequence {h}T= for which Pilim " Vt = 0) = 1.
Then: P(limCn U, =0 = 1

Theorem 6 (Braverman and Rozonoer [2, 8]. Theorem 1V). Let, for any
tE£T, Ut be a non-negative valued uF(Xi)-measurable function, and vt a non-
negative valued sequence of random variables, meeting condition (A.14),
for which

i if+i<!(1+ Cuyt)Vt+ CRyt+ (A.16)

for any t t2y>0, where 8" is a non-negative valued cF(Al)-measurable
function and Z°DE $()) < o0o. Then Pflim~" Vt= 0) = 1

Remark. We refer, in the present context, with some slight extensions
[2, 8] to Braverman’s and Rozonoer’s Theorem 111, and to Theorem IV in the
somewhat restricted form that (A.16) holds almost surely.

Proof of Theorem 1. Let us adopt the following substitutions: Ut= \\Xt 12

v, = - vi, vt = <Xt, m(Xt)y, yt =Q, S{0 = st = 0. Then (A.14) follows
from Lemma 3, and (A.15) from (C.6). Thus the functionals Ut = ||A (||,
and vi= — vt meet the conditions given in Theorem 5, from which

P(lim,_ 1AdI= 0)= 1 follows. This completes the proof of Theorem 1.
Proof of Theorem 2. Let us follow the substitutions adopted in the proof
of Theorem 1, and let 8j2*= 0. Then (A.14) follows from Lemma 3.
From the property of conditional expectations, we already referred to,
and (C.4), follows

E«Aif, W} 1eZ)Zi=x,,eM = <X(, m(Xt)y.
Thus
Gi(f}d = <Xt+vm(Xt+)>= G+ 0 . (A 17)

x = {2,= X,,8"t}).
Observe that Vt = Gi(fX), from which and (A.17):

\Wit+1- VL = \Gt(fx,+1) — Gt(fXi\.
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From this, (C.2a) and (C.3):
IVt+1- VH\<.CB||X,+1-X .. (A.18)
By (A.18), Lemma 2 and ||1F(|| <iC3:
\WVt+i — Vtl< Cu xt

for any t >-13>- 0. Thus, for the same t,

Yits1 yt+ cida,,

from which (and the aforementioned substitutions) (A.16) follows.
Thus Theorem 6 holds, and

P(hm”, fIXf@)- 01 1QQ0) = 0) = 1.

This completes the proof of Theorem 2.

Proof of Lemma 1. Considerations well known for Robbins Monro proces-
ses [8] may be carried over also to this case, provided we replace the regression
function by —m. (We reproduce, here the proof only to provide a complete
overview.)

We prove more then Lemma 1, viz., show that lim/c_m 1A)(/)|!=0
for any sequence {tk}if=Foand sample function X(A), for which lim*~ Vt = 0.

Assume that, on the contrary of our assertion, there is some sequence

and an elementary event # for which Vii{).) = 0, howerever
limie* i UX (/(a) U™ 0. In this case, there exists a real e >>0 and a sequence
{Cjlm" {4} =o for which X #X) 1> s for all tk. Then, however, it follows
from (C.8) that |F*.(A)| > q(e) *(7 (e) being for, any given s, some fixed positive
real) which contradicts the initial assumption. By this, the considered asser-
tion and, therefore, also Lemma 1 is proved.

Proof of Theorems 3 and 4. Theorem 3 readily follows from Theorem 1 and
Lemma 1, if one takesm = —.

In Theorem 4, (C.1), (C.2a), (C.3), (C.4) follow from the definition of the
regulator W. Concerning (C.7) we refer to the complete independence of
at, t =0, 1 ... and the notion of the conditional expectation. From this
and for the specific form of IF,

m(Zt) = \A\ ( *co) K(.,w) Qda>). (A.19)
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(|zJ] stands for the number of elements in J1) From (A.19), rt(co) =
= sign(o (o) —f(w)), and the reproducing property of the kernel K, we obtain

*<1—0, m(|)> = —\AISf 11(to) —O0(co) i Qda>),
from which (C.7) follows.

Thus, by adopting XK= X(K) and the chosen specific form for regulator
W, all conditions imposed in Theorem 2 are met, and, therefore, P(lina*
J [X,(e0) —0(<u)] Qd<x>)=Q) = 1. This completes the proof of Theorem 4.
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0 MalWHHOM 06yYeHUU NpY UTepaLUOHHbIX MNpaBuiax C MamAaTbio
L. YMBW
bypanewr
Pestome

B paboTe 4atoTCs OrpaHUYeHNs, NPY KOTOPbIX LUMPOKUIA KNace yrnpaBisieMblX MALUMHHbIX
MEeTOf0B 06YUYEHNS CXOAUTCS B CMydae NPUMEHEHUS UTEPALMOHHBIX MPABUA C NamsTbio. TOYHee,
paccMaTpuBalOTCA MTEPaLMOHHbIE MpaBuia, o6nafalolive cnaboi (UM AaXe KOHEUHOW BO
BpEMeHI/S NamsTbi0 OTHOCUTENBHO (DYHKLWIA AMCKPUMUHALMM, NPEI0XKEHHBIX B NPEXHUX MO-
MeHTax. Takue MeTodbl MPeAOCTaBIStOT boraTble BOMOXHOCTM [/ NPUMeHeHUs 6onee adtek-

4
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TVBHbIX LWAroB 06paboTKM B CXOAALLMXCA arOPUTMaxX MU Tem caMbIM 415 COKPALLEHNs BPEMEHMU,
Heobxogumoro Ans 06ydeHus. [loKa3blBatOTCA COOTHOLUEHWS, CMOCOGCTBYIOLLME KOHCTPYMPO-
BaHWIO UTEPaLIMOHHBIX NpaBu Takoro poga. MprMeHeHre CoobLLaeMbIX pe3ynbTaTos, Hanpumep
[15 COXpaHsIoLWen CXOAMMOCTb MOAMGMKALMN CXOLALMXCSH 00YyYaroWwmxcs anropuTMoB, U
[pyrue aHanormyHble BOMpockl 6yAyT paccMOTPeHbl B fanbHelilein paboTe.,,

MycTb 6ypeT Q = {ra} NnpocTpaHCTBO MpeAcTaBieHHbIX cumnToMoB M 0 = {©(co), o £ R}
— (YHKUMA SNCKPUMUHALMK, A8 KOTOPOI Hado faTb OLEHKY, Hamp. Ha OCHOBaHWM MPOu3Be-
[leHHOrOo B MOMeHTax BpemeHn t = 0,1, . .. 06yyeHus. TycTb bygete, = (Z,(co), ®£ .0} oyeHka,
npegnaraemMas B MoMeHTe T [Mpeanonoxum, Yto UCKoMas (yHKLMA gucKprMmHaumm 0 v BO3-
MOXHbIE OLEHKN Z, ABNAIOTCA 3nemMeHTaMu cenapabenbHoro [unbbepToBa npocTpaHcTBa XK
TouHee npeanonoxum, yto 0 (/1 ¢ XK rge afd He aBnseTcs 0643aTe/IbHO NOANPOCTPAHCTBOM.

PaccmaTpmBaeTCs Cregytolmii Knacc MTepaTMBHbIX 06yyJatoLmMxcs anroputMoB. MycTb
OygeT B itobom MomeHTe t = 0,1,... Z, = X,, rae ntepaymoHHsIii npoyecc X = {Xt,t = 0,1,..},
UCXOASA U3 NMPOW3BO/LHOWM HayanbHOW oueHkn XOE </1(E ||XQ|! < °0), co3gaeTcs C NOMOLLbHO
utepaumoHHoro npasuna (1) X,+1  ®(X, + g, IV,). (B gaHHOM cnyyae CyLECTBEHHO OT/MYaThb
CO34aHHYI0 MPOW3BONLHO OLEHKY Z, OT BblpaboTaHHOW crneumansHo no (1) oueHku). 3gech a
NpejCTaB/sieT co60ii N0 CyLYECTBY MOC/IEA0BATE/IbHOCTb KOS((PULIMEHTOB, COOTBETCTBYHOLLYHO 06bI4-
HbIM OrPaHUYEHNAM Cy4aiHoro nNpubmKkeHuna. @: XK > <A —yceyeHwue, ¢ NOMOLLbIO KOTOPOTro
X MOXHO YAepXuBaTb B Npedenax BblIOPaHHOrO Hafnexawmm o6pasoMm MHoxecTBa </1c XK
MHOXecTBO 01 MOXeT ObITb IIO6LIM Napasnenenmnesom B XX @ — paBHOMEPHO yMeHbLUaOLLee
HOpPMYy OTOGpaXKeHWe, UMes B BUAY CNefyHOLMiA Lar OLeHKW W 0ol aNeMeHT MHOXecTBa Ofl
O6yueHne B MOMeHTe t BAMseT Ha uTepauunto yepes perynatop W,

CHayana [aroTcs XOpOLUO U3BECTHbIe NMpuUMepsl And perynatopa IV. 3atem ycTaHaB/ivBa-
10TCA OrpaHnyeHuns, KoTopbiM perynatop W LO/mKeH yA0BNETBOPATL ANA 06ecneyeHns cxoau-
MOCTU.

Ha perynatop IV HanoxeHbl cnabble M CubHble OrpaHnyeHus. Cnabble orpaHuyeHuns
ABNAOTCH CYLECTBEHHBIMU C TOYKWN 3PEHUSA CXOAMMOCTU mpoLiecca 06YYeHuUs, HO UX BbIMOJHe-
HMe He CBA3aHO C 0co6bIMU TPyAHOCTAMU. Takue orpaHuyeHus: (C. 2) — cnabas (UM KoHeYHas
BO BpemeHu) namAtb u (C. 3) — uyBCTBUTENbHOCTL E«Z, —0, W,> | Z1), He npeBbiwaroLLas
OnpefieNleHHY0 rpaHuLy B OTHOLLEHUM BCeil coBOKynmHocTw ZI = {Zj,, &< t} paHee npegno-
XEHHbIX OLEHOK. 3ecb <. >03HayaeT BHYTPeHHee npousBefeHve. B To ke Bpema CUNbHbIE
OrPaHNYEHNA NN CYXKMBAKOT KPYT UCCNeAyeMblX NMpobnemM, wim ABASOTCA OrpaHUYeHnssMU no
KoHCTpyKumun. (Takosbl: (C. 4) — He3aBUCMMOCTb OT BPEMEHW YCNOBHOIM0 MaTeEMAaTUYecKoro
oXugaHua T perynatopa IV, B3ATOro B NPeAnofioXeHUN TOXAECTBEHHbLIX MPEXHUX OLEHOK
(4TO 03HAYaEeT YCNOBHYIO CTaLMOHAPHOCTL CBOETO POAa) M OrPaHNYeHNs MO KOHCTPYKLUMK 6onee
o6Lero nnn 6onee cneundmyHoro xapakrtepa (C.5... C. 7

[nsa perynaropos (V Takoro poja [0Ka3sblBalOTCA TEOpPeMbl CXOAMMOCTU. Teopembl 1 v 2
OTHOCATCA K perynaropam o6LLero Bufia, TeopemMa 3 OTHOCWUTCA K MTepauyOHHbIM MpoLeccam,
yrpasfiseMbiM pacxofiamu, a Teopema 4 — K UTepaLMOHHbIM NpoLeccam, Co3AaBaeMbIM Ha OCHO-
BaHVN NOTeHLMabHbIX (YHKUWA. V13 3TUX TeopemM XOpOLIO BWAHO, YTO, OCTaBasCh B npefenax
perynsTopoB, YAOBNETBOPAIOLLMX HAWUM Tpe6GoBaHWSM, CXOAMMOCTb WTEpaLuu 3aBUCUT M0
CYLLECTBY TO/IbKO OT CBOMCTB MOMeHTa T, T. €. OT TeX CBOWCTB perynatopa IV, KoTopble npu
TOX/IECTBEHHBIX MPEXHUX OLeHKax NMosBNATCS, Tak Xe 1 B cnydyae Z~= const, &<t. 370 pac-
no3HaBaHue faeT BeCbMa LUMPOKMeE BO3MOXHOCTM A5 PaCLUMPEHNs Kpyra CXOAsLLMXCA npoLeayp
06yyeHus 1 gaxke AN BHeLPEHUA 3BPUCTMYUECKUX LLAroB 06paboTky MHopMauum.

CyLLeCTBO HalLMX [0Ka3aTe/IbCTB 3aK/0HaeTCA B TOM, YTO NpobsieMbl 06yyeHus, obnagato-
LLyie NaMATLIO TAKOTO POAa, C MOMOLLBIO SIEMMbI 3 CBOAATCS K Teopeme bpasepmaHa 1 Po3oHo3pa,
OTHOCSILLENCA K CyyvariHbIM mpoLeccam.

3710 NPUBOANT K 3HAYUTENIbHOMY PACLUMPEHUIO FapaHTUPOBAHHO abCONMIOTHO CTabUMbHbIX
MPOLIECCOB, CO3JaBas HOBble BO3MOXHOCTW /15 OTbICKaHWUA (yHKUMoHanos U n V Tuna

NanyHosa.

Séndor CsiBi
Telecommunication Research Institute
Budapest 2, Gabor Aron Gt 65, Hungary
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In this paper the potential function type learning algorithm is generalized.
As potential function, an arbitrary positive definite function is chosen. Concerning
the discrimination function to be produced by the algorithm it isassumed that this
isan element of Hilbert space with a reproducing kernel generated by the potential
function. It is demonstrated that the convergence theorems of the algorithms
introduced in [1—6] (which are special cases of this) remain true also in the general
case. Two theorems for the convergence rate ofthe algorithms are proved and some
problems of the choice of potential functions are investigated.

The problem
In this paper we are concerned with learning discrimination functions
with a teacher.

Definition 1. Given a space X of points x, and a pair of disjoint subsets
A and B in X. Viz.,

ADB ¢ X 1)
ATB =0 (2)

We call the real-valued function/ = {/(x), x £A} discrimination function
with respect to {A, B} provided
1 if XA, 3
1 if x$B @)

Definition 2. We call, in the present paper, the sequence 77={x1,X2, ...xn...}
of points in X sequence of learning samples if

a) 77is atotally independent sequence of points in A UB

b) the probability density function of every x1is p(x) for all i, [p(x) =
= 0ifx( (AUTc], (where superscript G stands for the complement.)

Definition 3. We call the sequence 77 = {x1 x2,...x,!...} of random vari-
ables x' = f(x") the sequence of labels. Here

X is the i-th learning sample

/(x) is the value the discrimination function / takes at x.

sign/(x)

4*
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Let Yinand I1Tnbe the first n members of the sample and label sequences,
respectively. Viz.,

1Jn = {XIx2,...x"} (4)
nn= {xl,X2,..,Xn} (5)

The purpose of learning to devise a function fn= {/,,(x), x £ Xn}, which

depends on x, I1n, TJn, and tends as n “moo, is some appropriate sense (to be
specified in the sequel) to a discrimination function/ in accordance of what has
been taught us to n by the teacher.

Viz.,

AX)= A;non n” f{X)
for any xU U 5.

Prerequisites in the theory of potential function type algorithms ([1—®6])

Given X, {A, B},p(x); M, I, assume there exists a partition function
/(x) of the form

"= _ ©

Here {¥(x), x £ X) denotes a system of linearly independent functions, N an
integer and
C= {Gv C2...Gn}and X-tuple of reals.

Let us consider learning algorithms of the following form:

lo(x ) -0

and

Inx)= 2, )KEX x)e (7)

In Aizerman’s — Braverman’s and Rozonoer’s fundamental theory
[1] the function K = {K(x, y), X, y £X} is defined by

K(x, y) = - CF(x) (y) ®)

and is called potential function. It is also assumed, that | K(x, y) |< L
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Specifically, for unambiguous teaching, the following choices of the
coefficient rk are well known:

rk(x) = O[/(x) —/n(x)] where 0 < 0 <2/L ©)]
rk(*) = yksign [/(xX) —/n(x)] where

<(x) = sign/(x) —sign/ax), W)

Observe that, specifically, for f, the teacher has, of course, not to present
(together with x'//(x")) itself but only sign /(x!).

For (10)—(12) the most simple convergence theorems are as follows
([1]—61): As M— oo,

Mx Y(x) - /®(x; Mn, Mn) 2-* 0 in probabihty (12a)
Mx 1/(x) —/n(x; Mn,fln) 1—0 in probability (12b)
Mx 1sign/(x) - sign/n(x; IIn, MM 2 0 in probability (12¢)

(Here Mxdenotes the expectationwith respectto x, in (12c) |/(x)|>e>0
is also assumed for some e > 0 and any x £A\JB.)

Prerequisites in the theory of Reproducing Kernel Hilbert Spaces [7—11]

The results to be presented are based on the theory of reproducing kernel
Hilbert-spaces. We recollect here, only the notions and theorems we directly
refer to in the sequel.

Definition 4. Hilbert-space of functions {/(«), sd"S} is a reproducing
kernel Hilbert-space (RKHS), if there exists a function {K(s, t); (s, t) £ SxS},
such that

K{-,1)£H VEES, (13

(f(-),K(-,t)) =f(t) VI/6H. (14)

K(s, t) is called the reproducing kernel of the space.

The reproducing kernel defines the RKHS unambiguously in the sense
of the following Lemmas 1—3.

Lemma 1[9]
An RKHS may process only one reproducing kernel
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Proof: Assume, that K(s, t) and K'(s, t) are two reproducing kernels.
Then, foranyf£H :
(), K(s, 1)) = ((«), K'(s, 1)) = (1)
Thus: (/(5), K(s, t) - K'{s, 1)) =0

and, therefore: K(s, t) —K'(s, t) 1 f(s) V/£4

However, this may hold only if K(s, t) —K'(s, t), which completes the
proof.

Lemma 2 [9]

The function-set {K(s, t), t £ S} isabasis in the RKHS generated by K.
Proof: —1ff(s) 1 K (s, t) for some/ £ H and t, then:

(f(s), K(s, 1)) = 1(t)
(/(*), K(s, 1)) s O
Thus: ft) =0
Lemma 3 [9]. — A reproducing kernel can be associated only with single

RKHS

Proof: — Let us suppose, that Hland Il, are two RKHS-s having the
same kernel K(s, t). According to Lemma 2, llvand H2 are the closures of
convex linear manifolds with respect K

However
(K{s, 1), K(s, u))1= (K(s, 1), K{s, u))2= K{s, t),
from which
Il Ec K(s, tf) |[[x= WE c K{s, ti) ||2,

from which Lemma 3 follows. (The subscripts refer to H1land IL.r, respectively.)
Next we show how are reproducing kernels related to positive definite
functions.
Definition — 5. A function K = K(s, t)\ (s, t) £S X S of two variables
in positive definite, if for any positive integer n, any u-tuple (zv ...zn) of
complex numbers and any u-tuple (tv t,, .. .tn) of reals

Y yx@Lthzi>0
i=l j=\
holds and (15) equals Oonly ifz, = Oforalli = 1,2, ... n

Lemma 4 [9]. — The kernel K = {K(s, t); (s,t) £S x S} of any RKHS
is positive definite
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Proof: — For any positive integer n, i,£S and {}=1
0<_  yK(s, ti)z Yy (K, 1), K(s, t))zt4  jg yw>1)zz
li=1 &1 1=l 1=

holds, from which Lemma 4 follows.

Moore’s Theorem — [9]. For any positive definite function if there exists
one and only one RKHS, the kernel of which is K. (For the proof of Lemma 4
see [9])

Consider functions of the following form:

f(s) = JECIK (s°F) (15)

(n denotes a positive integer, {c,} a sequence of reals, {/,;} a tuple of n elements

from S.)
We obtain in this way a linear space. Let us generate an inner product by

n m
(l.g) = izi )%:lcidi KA~jli)-
]
g(s) = JZdjK(s, t')).
1=1
(Thebar stands for the complex conjugate.) Let us take the closure ofthe convex
linear manifold of (15). The space, obtained in this way is an RKHS with
kernel K(s, t).
We will denote, in the sequel, by H(K) the reproducing kernel Hilbert
space generated by a positive definite function K.
How are convergence properties related in an RKHS is shown by
Lemma 5 [5]. — in RKHS convergence in norm implies pointwise
convergence. If K is uniformly bounded, pointwise uniform convergence
holds.
Proof: — Obviously

L 1(s) —1,,(9) 1= 1(/(«), K(u, ) —(,(u), K(u, 8))| =
= 1(/(u) - fr), K(u, 5)) 1° 1) - fr(n) LN K(u, s) 1,

which completes the proof.
Example. Any finite dimensional Il Hilbert space of complex valued
functions isan RKHS. Let {d,;(x) } j be a complete orthonormal system in 11.

having

Then only the functions of the form /(x) = ~ ¢, gi(x) belong to H.
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Given y, consider

.. y) =|2=i<R(X)<Fi®>x6X.
Obviously:
K(x,y)tH VYeZ
and

(9. 20, ) = 2, 2 SWLL 2489 = /(y) +

Further significant examples for RKHS-s may be found in Hajek [13],
Parzen [7—8] and Kailath [11].)

Extending potential function type learning algorithms

We (i) extend, in what follows, the algorithms given by (9—11) and
prove, that the convergence theorem [12] hold even under more general condi-
tion, (ii) prove, that the convergence bounds, given in [5], hold even under
more general condition (iii) and make some remarks concerning the choice
of potential functions.

Theorem 1. Given a positive definite function K={K(x, y), (x,y) [1x1].

Assume, that |K(x, y) | <*L and /(x) £ H(K). Then the estimate fn =
= {/,(x), x[1} defined by (9)-(11), with

lo(x) = 0 (16)
lu(x) = k2=| rk-i(x,i) ~ (x> (17)
tends, as n —Moo, to /(x), in the following sense
JIX /(X)) —/®(x) 2->0, in probabihtv (18)
Mx If(x) —fn(x) 1 =m0, in probability (19
Mx Isign/(x) —signf'rix) 2 0, in probability (20)

((18)—(20) refer of the cases when / equals /,,, /;(and/,, respectively, the defini-
tion of which is given by (9)—(11).)
Proof: (See Appendix 1.)

Remark 1. Theorem 1 obviously extends the scope of the potential func-
tion type algorithms defined in [1]. It may be readily shown that

K={KKy) = i2=193(X) i), % y) £1X X}
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is a positive definite function and H(K) is a function space of the form
I(x) = £ ¢ F(X).
i=1

Theorem 2. Assume, that a real r > 0 exists, for wich

r K(u, v) < MxK(x, u) K(x, V) (21

forall (u,v)(Ix X.
If, in addition to (21), conditions in Theorem 1 also hold, we have (for
any 1—ar< 1)

(22)

(23)
fn(x) /(x) if 7—»00 (almost everywhere) (29)

Proof: (See Appendix 2)

Theorem 3. If in addition to the conditions in Theorem 2 we have, for
some 4> Oand 1n > n0

(Gv C2denote given positive constants)

Proof: (See Appendix 3)

Remark 2. Obviously from (26) the property 27yfc< oo also follows and
(25) implies Z7yk -2 oo

Remark 3. Theorems 2 and 3 on error hounds are the extensions of the
corresponding theorems in [5]. Further theorems in [5], concerning the algo-
rithms, given by (9)—(11), may also be extended in a similar way.
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Remark 4. Define the relation  between two positive definite functions
as follows:
(29)
if
(30)

Obviously if the potential function is K2and if f(x) £EH(KX then Theo
rems 1—3 hold and

AK)= > kIO KX, xK (31)

converges, as n —»00, to f(x).

Obviously if the potential function is K1 and /(x) £H(K), and the
orthogonal decomposition of / with respect to H(KX) is

(33

(Observe that /,,(x) £ H(KX) jjer definition.)

Remark 5. Theorem 1 offers further possibilities for finding appropriate
potential functions. E.g., let X be the real interval [a, b]. Assume that A
resp. B may be separated by an almost everywhere continuously differentiable
function (e. g. by a polynomial).

Observe that in this very case a discrimination function / £ H(K) exists,
provided

K(t,s) = %e-‘SI'-*I and fn->f (34

if we replace in (17) K(x, xK) by a potential function according to (34).
The inner product specifically for this H(K) may be written as

(h g = J [(t) Bh{t)] bg'(t) + Bar@d] dt + 231{a) g(a) (35

which obviously follows from the fact that H(K) is now, specifically, the
space of almost everywhere continuously differentiable functions [7]—]8].
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Appendix 1 — Proof of Theorem 1

We adopt the ideas given in [4] to our more general context. Let us
introduce the following notation

= 11/00 —(X nn, n |k A1)
(Observe that fnas well as/ is a member of H(K).)
Because of the reproducing property:

(K (X, xn+D), K(x, x"+D)) = K(xn+l, xn+]) , (AL2)
and

(/(x) - W, K(x, x"+i)) = f(xn+l) - /,(x"+i) , (AL3)
Therefore:
dH1= /() - [,+IW 1I2= 11/00 - fn(x) -

rn+1(x"+1) K(x, x"+i) lI2=
[1/(x) —/,,(x) N12- 2rm+1 (x"+1)(/(x) -/,,(x) 4 (X, x"«)) +
+ r*1(xn+l) (K(x, xn+l), K(x, xn+)).

From which we obtain:

Xn+L=xn- 2rmEL(XNHL) [J(ooH) - 1, (xeH)] + rE+L0c*) K(x"+\ xn+1) (AL4)

This relation is the same as (20) in [4] and from here on the proof exactly
follows that of [4].

Appendix 2 — Proof of Theorem 2
2a. We prove, that

r 1/ ir< Mx 1/(x) 2

(A2.1)
for any / £4.
Consider the set of functions in H-space which are of the form
IX) = V 6K(x, x"). (A2.2)
1=1
For these

W)= {1N=2 2 cCaAs-xPASNK) = 2 2 daKxIx) (A23)
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and

MXi/(x) 2= MXY v agK(X x9Kx X)) -
Elj=1

=2 cig MxK(x, x)K(x, xJ). (A2.4)
i=l 1=1

(A2.1) follows, for such /, from (2.1) by comparing the right sides in (A2.3)
and (A2.4)

Next let us expand (A2.1) for any / in H. Observe that any f £H is
the limit of functions of the form (A2.2). Since, by Lemma 5, from convergence
in RKHS — norm pointwise convergence follows, we get, as n -“m oo,

nx)  f(x) (A2.5)
for all x £ H.
By (A25) and Lemma 5

[/n(X)|<*"VN(x,x) Ifn\\<G (A2.6)
that’s why thus we may use Lebesgue’s theorem and write

Mx Ifn(x) 2-> Mx Y(x) R (A2.7)
Observe that

() - 11/W I (A2.8)
From (A2.5) and (A2.8) we finally get:
r\\\\2< M x \f(x) 2 (A2.9)

2b. For the sake of brevity shall adopt, in whaC follows, the following
notations

Bn = Mx \f(x) —fn(x; Mn, Mn) 2 (A2.10)
Then we may replace (A2.9) by:
r M(an) < M(R3n) (A2.11)

2c. Let, specifically, rn= r®& Then

(A2.12)
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from which we obtain:

<;d®- 20/3,, + 02LRn,

MK+)<,MK)-aM(Rn).
Here
a=20- 02A.

2d. lterating (A2.13) n-time, we get:
< w<) (I - or) £ M(af) 1 - ar)n
observe that

From which we get

by which (23) in Theorem 2 is proved.
2e. The proof of (24) directly follows from (23), since

11(*)-1.,(x) RMLI(x)-1.,(x) |p
and therefore
M(Bn) <LM(x°)

From (A.2.18) and (A.2.20) we get:
M\f(x) -/,,(x)p L Mcoa) < L_,lI

MI/X)R  _ "rMYX)|p r
2f. —In order to prove (24) we write, by using (A2.21):

ar),,

61

(A2.13)
(A2.14)
(A2.15)

(A2.16)

(A2.17)

(A2.18)

(A2.19)

(A2.20)

(A2.21)

2 M@BK=2 W /(*-/,p" M iit2(1- ank= LM\fL &
«=1 k=\ r k= ar-

By Markov’s inequality
p(\f(x) —fox) 2> e) < * .
k=1

for any e >m 0. Thus, by the Borel-Cantelli lemma, we get
I(x) -1,,(x) -0,

(A2.22)

(A2.23)

(A2.24)

asn oo almost surely, which is (24). This completes the proof of Theorem 2).
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Appendix 3 — Proof of Theorem 3
3a. — First we prove, that
[1(x)-Aa(x) \<A,
(A being, for any n the same constant). It is sufficient to show, that

/W -/E(X) V< A
since
/(*) - Ax) I~ L 0/(x) - A(x) 1,

In order to prove this, we replace in (A.1.4.) rmby ra. l.e.,
<H=< - 2¥m|/(xntl) - THHD) I+ rB+HW + 1 Xn+1) -
By overbounding (A3.4) and rearrangement:

- “nti—*n< Yn+l m

Let = W this:
i=i

S S
Y ({+—xj) = @+l —do= L YyP<LLr,
=] it

and
*S+i + «@” ¢\,

from which we obtain

<+1 = 1li(x) - [E+i(X) IR< A,
and

Ux) - fa(x) 1< A
Let
bn = Mx V(x) - /n(x, Mn, Mn) 1
3b. — From (A3.8) and (A3.9)
Bn= MxV(x) - AX)[2<; Adfx|/(x) - /,,(X) |= A<

and from this and (A2.11)

rd/(a,,)<>X (™M AA/(«5n)
from which we obtain

’A—)K(Xn)<:|v|(0n).

(A3.1)

(A3.2)

(A3.3)

(A3.4)

(A3.5)

(A3.6)

(A3.7)

(A3.8)

(A3.9)

(A3.10)

(A3.12)

(A3.12)
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3c. —From (A3.11) and (A3.4)
W<-n) " w<) ~ 2¥n+H M(6n) + Ly*+L<

O - 27 Ml O + Ly*+< (A3.13)

by which we arrive exactly at the relation obtained in [4], from which it follows,
in the same way as in [4] that

and

Observe that
[JVW -/ n(x)|p(x)dx]2< j |[/(X) - | n(x)|]2™(x)dx-j>(x)dX;

From this

tn<TFn,
N)e
Obviously: LL" KX\":LI' )

[J SQp(x) dx12<[ j YA p(x)dx < [Bn{x)p(x)dx §p(x) dx = M(Bn),

and

Therefore, (observing that M(Rn) < Cy,, if ©> ) we obtain
(A3.19)

from which and (A3.9) follows (28) by which Theorem 3 is proved.
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13.H

06 0606LeHN anropuTmMa 06y4HeHUSI NOTeHUMaNbHbIX (DYHKL W
M 0 CKOPOCTW CXOAMMOCTU

0. IY/IbALL
(Bynpanewr)

Pestome

B paboTe 0606LLaeTcA METOA NOTEHLUAbHBIX (DYHKLMWIA.

MycTb K(X, y) 6yfeT NonoXWTeNbHO-0NpefeNieHHas, KOHeuHas DYHKLMA Ha MHOXeCTBe
XxX. Myctb H(K) 0603HayaeT MMnb6epTOBO NMPOCTPAHCTBO C BOCMPOU3BOAALLMM AAPOM, 06pa-
30BaHHoe U3 yHkuun K(x, Y).

O6o3Haumm {X/},” 1 NocnefoBaTeNbHOCTb HE3aBUCUMbIX CAy4YalHbIX BEIMYMH C OfHUM W
TEM >Ke pacnpefeneHnem, OnNpedeNieHHy0 Ha X-MHOXECTBe.

Teopema 1

Ecnn /(x) £EH(K), Torga anroputm /n(x):fél' ric_t(x,) K(x, x;;) cxogutea K /(X) B
cmbicne (12), roe rk(x) 3agaH B popmynax (9), (10), (11).
Teopema 2

Ecnun pobasum K ycnoemsim Teopembl 1 ycnosue (21) i rk(x) BbibepeM cOOTBETCTBEHHO (9),
TOrga CyLIecTBYIOT KpuTepuu (22), 23), (24) oTHOCALMECH K CKOPOCTU CXOAMMOCTY anroputma.

Teopema 3

Ecnun po6asum K Teopemam 11 2 ycnosus (25), (26) u rk(x) Boibepem cooTBETCTBEHHO (10),
TOrda CyLIEecTBYHOT KpuTepum (27), (28) OTHOCALLMECH K CKOPOCTM CXOAMMOCTW aropuTMa.
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The class of stochastic systems is defined and its closeness -with respect
to all possible connections by which large-scale systems are composed is proved.
The concept of a decision function as the main characteristic of a stochastic system
is introduced. The relations between the decision functions of the main types of
connections of stochastic systems and those of connected systems are established
yielding the means to find the decision functions of any composed stochastic
system given the decision functions of the components. The stochastic system
can serve as a model of a system with indeterministic behaviour ingeneral statistical
theory of control processes.

1 The main problem of modern control theory is the control of the
large-scale systems usually containing men. The behaviour of such a system
is somewhat indeterministic. Performing repeatedly in the same situation the
behaviour of such a system is not the same each time. The result is that the
outcome of the action of such a system can not be predicted with absolute
accuracy.

The natural tendency is to apply the powerful techniques of probability
theory to study indeterministic systems. Hence it is necessary to determine the
probabilistic models of such systems. In other words it is necessary to specify
a class of systems (i.e. mathematical models of systems) which admit a statistical
description.

On the other hand, the main achievements of recent automatic control
theory must be used. In particular, the structural theory being so fruitful in
automatic control theory [1], it is natural to generalize this theory in such a
manner that it be applicable to systems with indeterministic behaviour. Hence
it is necessary to extend the definition of the main types of connections of
automatic systems to more general systems and to define a statistical model of
a system with indeterministic behaviour in such a way that the class of such
models be closed with respect to all possible connections by which large-scale
systems are composed of simpler ones.

The definitions of a stochastic system and ofthe maintypes of connections
of such systems are given in this paper. The closeness of the class of stochastic
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systems with respect to all possible connections is proved, and the relations
between the characteristics of connections and those of the connected systems
are derived [2].

2. We call the system any ensemble of interacting subjects of any nature.

The set of all external influences on a system, including the influences
of surrounding medium, is called the input of the system.

The set of all essential features of the behaviour of a system is called its
output.

Various features of phenomena in a system and surrounding medium
can serve as the inputs and outputs in control problems. For instance, the
inputs and outputs of automatic systems represent scalar or vector functions,
those of finite automata are logical variables, those of service (queueing)
systems are flows of events, those of recognition systems are images, sounds
of speach, situations etc. It is thus necessary to consider inputs and outputs
of systems as elements of any abstract spaces in general control theory.

A relation between elements of two spaces X and Y called respectively
the space of inputs and the space of outputs can serve as a mathematical model of
a system. Given an input x £ X, the system elaborates such an outputy £Y
that the pair (x, y) belongs to the relation characterizing the system.

To apply statistical methods it is necessary to consider only systems
having the input-output relation of a statistical nature.

3. We call stochastic a system whose input-output relation is a family
of probability distributions in the space of outputs Y depending upon the
input x £X. Such a system elaborates its output y £Y in accordance with
the probability distribution in Y corresponding to a given

To develop stochastic system theory it is necessary to suppose that the
spaces of inputs and outputs are measurable. We shall thus suppose that a
er-algebra <A of sets is defined in the space of inputs X, and a er-algebra s
defined in the space of outputs Y.

The probability distribution in the space of outputs 7 of a stochastic
system for a given input x £ X is determined by a conditional probability
measure p(E \x) representing the probability of an output belonging to a set
E £Siforagiveninput x £X. The measure p(E | x) is a non-negative u-additive
function of a set E defined on the u-algebra Bfor each x £ X and a function of
point X measurable with respect to the cr-algebra <f1for each set E £ $>[3].

It is natural to take conditional probability measure y(E | a) as the main
characteristic of a stochastic system. We shall call this measure the decision
function of a stochastic system. Considering several stochastic systems we add
corresponding subscripts to u. For instance, the decision function of the system
aA we denote yA.
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4. The main types of connections of systems are the parallel connection,
the connection in cascade and the feedback. Any complex systems can be
composed using these typical connections.

The parallel connection of systems A and B is such a connection in which
A and B have the same input x, and the pair (y, x) of their outputs serves as
the output of the composed system (Tig. 1). The parallel connections of the

Fig. 1 Fig. 2

systems A and B we denote A © B. It is evident that the parallel connection
is commutative B © A —A 0 B.

The case in which only some of the components of the input of the system
A coincide with some components of the input of the system B is evidently
covered by above definition the common input x of A and B representing the
set of all components of the inputs of A and B. This case is thus a special
case in which the decision functions of A and B are independent of some of the
components of x.

The connection of systems A and B in cascade is such a connection in which
the input of B contains the output of A (Fig. 2). The connection of the systems
A and B in cascade we denote A B. Itisclear that the connection in cascade
is not commutative in general B ® A ™A ® B.

The usual connection in cascade considered in automatic control theory
in which the input of the second system is the output of the first one represents,
evidently, the special case of the general connection in cascade with the input-
output relation of the second system independent of the input x of the first
system. On the other hand the general case can be reduced to this special case
the pair (x, y) being considered as the output of the parallel connection of the
system A and the identity system | (Fig. 3),A B = (A®1) $B.

Fig. 3
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The elementary feedback of a system A is such a connection of A with itself
in which the input of A contains its output. Fig. 4a shows a system A whose
input represents an element (x, y) of the Cartesian product of spaces X X Y and
output is the element z of the space Y. Fig. 4b shows the elementary feedback
of the system A. The elementary feedback of the system A we denote by [A].

xy)- A 2 X mA A -y,
b

Fig. 4

The connection of a system A with itself in which its input contains only
some of the components of its output is, evidently, the special case of the general
elementary feedback in which the input-output relation of A is independent of
some of the components ofy.

The feedback of a system A via a system B is such a connection in which
the input of the system A contains its output transformed by the system B
(Fig. 5). This connection we denote [A]R.

Fig. 5 Fig. 6

It is clear that the feedback of the system A via the system B is equivalent
to the elementary feedback of the connection of the systems B and A in cascade,
[A]B= [B ® A] (Fig. 6).

It is easily understood that all possible connections of systems represent
various combinations of parallel connections, connections in cascade and
feedbacks. For instance the system N shown in Fig. 7is [[G© H) ®([D ®
®(C®A©BO©Iu ©/,)] ®F)], Inand Ivrepresenting the systems with
the input (x, u, v, p, g) and outputs u and v respectively (i.e. identity systems
for the signals n and v non-passing other components of the inputs). Figs
8, 9, and 10 show consequent steps by which the system N is composed.

5. The main feature of connections of stochastic systems is the possibility
of random breaking and arising of some connections. The connections in a
stochastic system are thus stochastic themselves. The random variations of the
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Fig. 7. System N

Fig. 8. System L = [LO (A© B © lu)\

connections in the stochastic system cause the corresponding random variations
of its decision function. The random variations of the decision function of a
stochastic system may also be caused by any other random variations of its
inner state.

It is clear that the flow of events causing random variations of the state
ofastochastic system A, in particular, of the connections among its components,
can be considered as the output of some other stochastic system B and at the
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Fig. 9. System M = [D ® (L@ IV]

Fig. 10. System N = [((? @ H) ® (M ® Fb]

same time as the additional component of the input of A. Thus the study
of the system A with random variations of its decision function can be reduced
to the study of the connection in cascade of two stochastic systems with definite
decision functions. One is the system B generating the random flow of events
causing the variations of the decision function of the system A, and other
is the system A .
6. Consider the parallel connection of stochastic systemsA and B (Fig. 1).

The decision functions uA and us of these systems define the conditional
probability distribution in Cartesian product FXZ of the spaces of outputs
of these systems for a given input x £ X. The corresponding conditional pro-
bability measure is given by

[IEIX) = jJ yA{dy IX) ftB(dz IX) = j fiB(Ey\x) /iA{dy\x), EEBXC, (1)

Ey being the section of the set E in the pointy, EO= {y : (y, z) £E) (i.e. the
set of y for which the pair (y, z) belongs to E), &the o-algebra of sets of the
space Z, and Shx S the product ofthe o-algebras Si and 6, i.e. the least o-algebra
containing all measurable rectangles BxC, B ~Si, C £S [3].
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Thus the parallel connection of stochastic systems A and B represents the
stochastic system G whose decision function ycis determined by (1).

7. Consider the connection of stochastic systems A and B in cascade
(Fig. 2). The decision functions y A and yBof these systems define the conditio-
nal probability distribution in the Cartesian product spaceY / Z ofthe outputs
of these systems. The corresponding conditional probability measure is uniquely
determined by

yD(F \x) = éayB(Fy IX, Y)yA{dy \x), F £3$ x(2 )]

Fy being the section of the set F in the point y. and FO= {y : (y, 2 £F}.
To find the conditional probability distribution in the space Z for a given
x £ X we must restrict the measure pDto the cr-algebra <2 To do this it is
sufficient to put F = YXE, E €, in (2) yielding the conditional probability
measure ucin Z:

ME IxX) = j yB(E Ix, y)yA(dy Ix), EE Q €))

the integral being extended over the whole space Y.

Thus the connection of stochastic systems A and B in cascade represents
the stochastic system C with the decision function yc determined by (3).

8. Consider the elementary feedback of a stochastic system A (Fig. 4).
Define a one-to-one measurable transform Ty of the space Y onto itself,
u=Tyz (z, nEY), transforming the measure yA(E \x, y) in such a way that
the resulting measure u{TyE \x) be independent of y*):

y(F\x) = yATyY1F\x, y), F £Sb- 4

(* Such a transform always exists. In particular, it is easily determined,
if the output of the system A may be represented by a finite-dimensional ran-
dom vector, or separable scalar or finite-dimensional vector random function,
taking jx(F 1x) = yA(Ty™ F \x, y0) for an arbitrary yQ)

Then the equation z =y, i.e. n = Tyy = Sy determines the output y
of the elementary feedback of the system A as the function of the element un
of the space Y with the probability measure y(F \x) for a given X £ X. In other
words, the output of the elementary feedback of the system A represents the
random variable Y in the space Y which is a function of the random variable
U in the same space Y.

The equation n = Sy has always an unique solution with respect to
y because only in this case the closed-loop system [A] canperform (i.e. elaborate
a single realization y of the random output Y for a given input X). Hence the
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conditional probability measure yo(E | x) of the output Y of the close-loop
system [A] for a given input x £ X is determined by

ydE IX) = y(SE IX), 17£<& 5)
Putting y =y0, F —SE in (4) relation (5) takes the form
UC(E Ix) = yA(T~f SE Ix,y0), SE£&. )
The right hand member of (6) is independent of y0, since for any y
EA(TYIF \x,y )= liA(T-}F\x,yii) (7)
in virtue of (4). Furthermore, putting F = TyE we obtain from (7)
Ea(E\x,y) —YyA(TY]TVE I, y0). )

This relation shows that the operator Vy = Ty*Ty is independent of the
specific choice of the measure y. Therefore the equation n = Vyay = TN
Ty y = Ty' Sy is also independent of y. Hence the right hand member of
(6) is independent of y. Taking y(F |x) = yA(F \x, y0) formula (5) coincides
with (6).

Thus the elementary feedback of a stochastic system A represents the stochastic
system C with the decision function yc determined by (6).

To find the decision function of the feedback of the stochastic system
A via the stochastic system B it is sufficient to substitute into (6)

yD(F Ix,y) = j YA(F Ix, 2)yB(dz \x, y), F £

instead of yA(F | x, V).

0. The three theorems proved establish the closeness of the class of
stochastic systems with respect to all possible connections. In virtue of these
theorems any connections of stochastic systems represent stochastic systems.
Relations (1), (3) and (6) enable us in principle to determine the decision
function of any compound stochastic system given those of its components.

The properties of the class of stochastic systems established enable us
to apply structural approach to study complex systems. Representing a complex
system as a connection of suitable subsystems and determining the statistical
properties of each subsystem we may then study the behaviour of the overall
system. This principle may be used, in particular, to simulate the behaviour of
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large-scale systems using electronic computers. Determining first available
statistical characteristics of the subsystems we may then use these characte-
ristics instead of the subsystems themselves in simulating the behaviour of
the overall system. As a result we obtain a reduction of the amount of neces-
sary computations for simulating a given system and hence the possibility
to enlarge the scope of systems which may be studied by a given computer.

However, the decision functions of components of large-scale systems
are usually unknown or partially known (i.e. only incomplete information is
available concerning their statistical characteristics). Thus the main problems
of stochastic system control and optimization have to be posed and solved
supposing that only such information about the decision functions involved is
given which is practically available. This has to be taken into account in further
developments of stochastic system theory.
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CToxacTn4yecKne CUCTEMbI U UX COELUHEHUA

B. C. MYTrAYEB
Mocksa
Pestome

1. OCHOBHO# NP06/1EMOIA COBPEMEHHOI TEOPWUU YNPABNEHNS ABASETCS YNpaB/ieHUe CNoX-
HbIMW CUCTEMaMK, KaK MNpaBuio, BKIOYAOWMUMK fofeid. [Ns Takux CUCTEM XapaKTepHa
HeKoTopas HeonpeaeneHHOCTb MOBeAeHUs.

EcTecTBEHHO CTpemieHue MPUMEHUTb NS UCCNe0BaHUs CUCTEM C HeonpeAeneHHbIM
NOBEAEHMEM MOLUHbIA annapaT CTaTUCTUYECKMX METOAOB.

C [pyroii CTOPOHbI, NPY MOCTPOEHNM 0BLLE CTAaTUCTUUECKOI TEOPMM NPOLIECCOB YNpaB/e-
HUSA LieNecoobpasHo MCNonb3oBaTh CTPYKTYPHBIA MOAX0L, OKasaBLUMIACSH TaKWM MIOLOTBOPHbLIM
AN UCCNefOBaHNA CNOXHBIX aBTOMaTWuYeckux cucteM [1]. Mo3TOMy HEOGXOAMMO ONpesenuTh
CTaTUCTMYECKYID MOJENb CUCTEMbl C HeOoMpefeNieHHbIM MOBEAEHWEM Tak, YTOObl Knacc 3Tux
mogenelt 6611 3aMKHYT OTHOCUTE/IbHO BCEX BO3MOXHBIX COEAMHEHNIA, C MOMOLLH0 KOTOPbIX CTPO-
ATCS CNOXHbIE CUCTEMBI.

B paHHoli paboTe onpefenstoTCs MOHATUE CTOXACTUYECKOW CUCTEMbI U OCHOBHbIE TUMbl
COefHEHNI TaKMX cuCTeM. [l0Ka3blBaeTCsl, YTO K/ACC CTOXACTUYECKMX CUCTEM 3aMKHYT OTHO-
CUTENBHO BCEX BO3MOXHbIX COBAVHEHWIA, U BLIBOAATCA COOTHOLLEHUS MEX/Y XapaKTepucTuKamu
COEfMHEHNIA 1 COEfUHSAEMbIX cucTeM [2].

2. Byfem HasblBaTb CUCTEMOI 0By COBOKYMHOCTb B3aMMOAEMCTBYHOLLMX MPeAMETOB
no6oli Npupoapbl.

CoBoi YNHOCTb BCEX BHELUHWX BO3AeMCTBUIA, KOTOPbIM MOJBEPraeTcs CUCTeMa, BK/OYast
BO3[E/CTBIS Cpefbl, B KOTOPOI OHa paboTaeT, ByeM HasblBaTb BXOAHbIM CUTHAIOM CUCTEMBI.
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COBOKYMHOCTb BCEX MHTEPECYHOLLMX HAC XapaKTEPUCTUK NOBEAEHNS CUCTEMbI BYEM Hasbl-
BaTb BbIXOfHbIM CUTHAJIOM CUCTEMI.

BX0OAHBIMU U BbIXOAHBIMY CUTHANAMU CUCTEM, C KOTOPbIMU MPUXOAMTCS BCTPEUaTbCs B
3afjayax yrpaBneHus, MOTYT CNYXWUTb CaMble PasHOOGPa3HbIe XapaKTePUCTUKM SBMEHWiA, mpo-
UCXOAALLMX B CUCTEME U B OKpYXKatoLLeii ee cpefe. Tak, HanpuMep, BXOAHbIE 1 BbIXOAHbIE CUT-
HaNbl B aBTOMATWYECKUX CUCTEMAX NPeACTaBNsAOT coB0i CKaNspHble UM BEKTOPHbIE %)yHKLI,VIVI,
B KOHEYHbIX aBTOMAaTax — /IOMMYECKMe NepeMeHHbIE, B CUCTEMAX MacCOBOr0 06C/TY)XMBaHUS —
MOTOKU COGbITWIA, B CUCTEMAX Pacrno3HaBaHWs — U306paXKeHUsl, 3BYKU ey, CUTyauum 1 gpyrue
06pasbl, KaK MX NPUHATO HasbiBaTb. [103TOMY B OOLUEN Teopuu HeoGXOAMMO paccMaTpuBaTh
BXOZHbIE 1 BbIXOAHbIE CUTHA/IbI CUCTEM KaK 3/IEMEHTbI MPOM3BO/IbHBIX aGCTPAKTHBIX MPOCTPAHCTB.

MaTemaTN4ecKol MOZeNbio CUCTEMbI MPY TAakoM OGLLEM MOAXOAE MOXET CNYXUTb HEKO-
TOpOE OTHOLLIEHWE MEXAY 3/IeMeHTaMK BYX MPOCTPAHCTB — NPOCTPaHCTBA BXOAHbBIX CUTHA/OB X
M NPOCTPaHCTBA BbIXOAHbIX CUTHAN0B Y. TIpM AaHHOM BXOAHOM CUrHane X£X cuctema Bbipaba-
TbIBAET TaKO BLIXOAHON curHany £ F, uto napa (X,y) NPUHAANEXUT XapaKTepUsyHLLeMy cucTe-
MY OTHOLLIEHWO. UTOBbI MOXHO ObII0 MPUMEHUTL CTATUCTUYECKME METOAbI, HEOGX0AUMO OFpaHu-
UMTbCS TOMbKO TaKUMU CUCTEMaMI, Y KOTOPbIX OTHOLLUEHWE MEX[Y BXOAHLIMA U BbIXOLHbLIMY
CMTHANaMM UMeeT CTaTUCTUYECKYHD MpUpoay.

3. byaem Ha3blBaTb CTOXaCTWYECKON CUCTEMOI Takyl CHUCTeMy, KOTOpas CTaBWT B CO-
OTBETCTBME [JaHHOMY BXOAHOMY CWUrHany X £ Y OnpegeneHHoe pacrpefeneHne BEepPOSTHOCTEN
B NPOCTPaHCTBE BbIXOAHbIX CUTHAMOB Y.

Lna nocTpoeHWs Teopum CTOXacTUYECKMX CUCTEM Heob6X0AaMMO paccmaTpuBaTb Mpo-
CTPaHCTBa BXOAHbIX M BbIXOAHbIX CUTHAMOB KakK M3MepuMble MpoCcTpaHcTBa. B cooteTcTBUM C
3TuM 6ydeM cumTaTh, YTO B MPOCTPAHCTBE BXOAHLIX CUMTHANOB X onpefeneHa a-anrebpa MHO-
XecTs J1, a B NpOCTPaHCTBe BbIXOAHbLIX CUrHANoB Y — a-anrebpa MHOXeCTB Si.

PacnpefeneHvie BepOSTHOCTEA B NPOCTPAHCTBE BbIXOAHbLIX CUTHAM0B Y CTOXACTUYECKOM
CWUCTEMbI MPU AaHHOM BXOAHOM curHane X £ X onpefenseTcs YCMOBHOW BEPOATHOCTHOW Mepoii
p (E\X) — nepexogHOI BepOATHOCTbIO, KOTOpas MpeAcTaBnseT Coboli BEpPOATHOCTb TOro, YTO
npy 4aHHOM BXOAHOM CUrHanex£ X cuctema BblpaboTaeT BbIXOLHOW CUTHANY, NpUHaanexallnii
MHOXecTBY E £ Si. Mepa p(E \x) npu kaxgomy npefcTaBnseT coboli HeoTpumuaTenbHyto (/-ag-
OVUTVBHYIO (YHKLMIO MHOXECTBa E, onpegeneHHyto Ha a-anrebpe Si, 1 Npy KaXXJ0M MHOXECTBe
E £ Si (hyHKUMIO NEPEMEHHON X, M3MEPUMYIO OTHOCUTENLHO CT-anrebpsbl <1 [2].

Mepy p(E IX) ecTecTBEHHO MPWHATL 3a OCHOBHYKO XapakKTepUCTUKY CTOXacTU4ecKoi
cuctembl. Mbl 6yAeM HasblBaTb 3Ty XapakTepUCTUKY peLuatoLLieil (iyHKLMeA CTOXaCTUYECKON cuc-
TeMbl. PaccmaTpmBas HeCKOMbKO cucTeM, GydeM OTMeuaTb MX peluatolime (PYHKLMM COOTBET-

CTBYIOLMMM WMHAEKCAMWU. Hanpumep, pellaroLlyo (yHKUMIO cuctembl A bygeM 0603HavaTh
CMMBO/IOM LA.

4. OCHOBHbIMW TUNaMW COEAVHEHWIA CUCTEM SBNAIOTCS MapannefilbHOe COeauHeHWe, Mo-
CNefoBaTeNlbHOe COefVHEHWe 1 3aMblKaHVe 06paTHON CBA3bIO.

MapannencHbiM coefuHeHneM A ® B cucteM A 1 B ByfeM HasblBaTb TaKOe UX COeLMHEHNE,
npy KOTOPOM Ha HWUX NOLAETCA OAMH W TOT XXe BXOAHOW CUTHan X, & BbIXOAHbIM CUFHa/IOM CAy-
XXWT COBOKYMHOCTb (Y, ) BbIXOAHbLIX CUIHAN0B 3TUX cucTem (puc. 1). OueBnaHo, YTO napannens-
Hoe coelqMHeHme KOMMyTaTMBHO B @ A = A® B.

ocnefjoBaTeNbHbIM CoefuHeHneM A ® B cucTeM A 1 B 6yfieM HasblBaTb TaKoe WX Coeay-
HEHWe, MPU KOTOPOM BbIXOAHOW CUTHan MepBOi CUCTEMbI BXOAWUT B COCTaB BXOLHOMO CUrHana
BTOpOM (puc. 2). OYeBMAHO, YTO MOCNEAOBaTENbHOE COeAMHEHME B OOLLUEM ClyyYae HEeKOMMyTa-
TUBHO, B ® A 9" A ® B.

3amblkaHuem [A] cucTembl A 3aneMeHTapHON 06paTHOR CBA3LIO Gydem HasbiBaTb BBOS
BbIXOAHOrO CUrHana CUCTEMbl A B COCTaB €e BXOAHOrO curHana. Ha puc. 4a nokasaHa cuctema
A, y KOTOPOIi BXOAHbIM CUTHANOM CYXWT 371eMEHT (X, ) Npou3BefieHns npocTpaHcTB X X Y,
a BbIXOAHbLIM CUTHANIOM — 3/1EMEHT r npocTpaHcTea Y. Ha puc. Ab nokaszaHo 3aMbIKaHWe CUCTEMbI
A 31eMeHTapHON 06paTHOW CBA3bLIO.

3amblkaHvem [[1]B cucTembl A 06paTHOI CBA3LIO Yepes cucTemy B Byfem HasbiBaTb BBOZ
BbIXOJHOIO CUrHana cucteMbl A, Npeo6pasoBaHHOr0 CUCTEMO B, B COCTaB BXOAHOMO CUrHaia
cuctemsl A (puc. 5). Jlerko BugeTb, uto [A]ls = [B ® /1] (puc. 6).

J1erko NoHATb, YTO BCE BOSMOXHbIE COEAVHEHWA CUCTEM NPeACTaBNAlT co6oii KOMOUHa-
LMW1 napannenbHbIX W NOCNeA0BaTENbHbIX COEAVHEHWI 1 3aMblKaHWUIA 0BpaTHbIMK CBA3AMU. Tak,
Hanpumep, cuctema N, MoKasaHHas Ha puc. 7, NnpeAcTasnseT coboii

[GOH) ®(D®(C®(N©B® /)] O /)] ®F)],
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roe lum v — cucTembl C BbIXOAHBIMU CUTHANAMU H U V COOTBETCTBEHHO MPU BXOAHOM CUTHase
(X, 1, V, p, 0) (cMCTeMbI TOXECTBEHHOrO MPeo6pa3oBaHUs CUIHAMOB U U V, He MPOMyCKaKoLLue
APYTUX KOMMOHEHT BXOAHbIX CUTHAMOB).

5. XapaKTepH0|7| 0COBEHHOCTBHO COEAMHEHNIA CTOXACTUYECKMNX CUCTEM SIBASIETCS BO3MOXK-
HOCTb C/ly4aliHOro BO3HWKHOBEHWA U HapyLUEHWA CBA3e B Npouecce paboTbl CUCTEMbI. TakuMm
06pasom, CBA3N B CTOXACTUYECKOW CUCTEME TOXKE ABNAIOTCA CTOXacThYeckumn. CydaiiHoe 13-
MEeHeHVe CBSI3eil B CTOXaCTUYECKOW CUCTEME NPUBOAUT K CyYaliHbIM M3MEHEHWAM €€ peLatoLLei
DYHKLMN.

OueBMAHO, YTO MOTOK COGLITUI, ONPEAENAOLLMIA ClyHalHbIE N3MEHEHNS PeLLatoLLeii (yHK-
LMKN CTOXAaCTUYECKOW CUCTEMbI A, MOXHO paccMaTpuBaTb KaK BbIXOAHOW CUTHan HEKOTOPOW
[pYroii CTOXacTUYEeCKOW CUCTEMBI B 1 B T0 Xe BPEMS KaK [OMOMHUTE/IbHYH0 KOMIOHEHTY BXOA-
HOro curHana ,El,aHHOI/I cuctembl J1. Torga muccnefoBaHue cucTembl A €O ClyyaiiHbIMW M3MEHEHUS-
MV PeLLatoLLen yHKLMM CBEAETCA K M3YUEHMIO MOCNeN0BaTe/IbHOr0 COeAMHEHWS ABYX CTOXacTy-
YECKUX CUCTEM —CUCTEMbI B, reHepupyoLLeil NOTOK COObITWIA, YNpaBAstOWMiA CyYaiHbIMU 13-
MEHEHUAMU peLLatoLLeit (*)yHKLI,VII/I cUCcTeMbl A, U AaHHOI cucTeMbl A.

6. Pewatowine pyHKLmMM LA 1 pB cncTeM A 1 B, coegrHeHHbIX napaniensHo, onpefenstoT
YCNOBHYIO BEPOSTHOCTHYIO Mepy B MPAMOM MNpPOW3BEAEHWN NPOCTPAHCTB Y X Z BbIXOAHbIX
CUrHaN0B 3TKX cucTeM. JTa Mepa BbipaxkaeTca topmynoi (1), rae Ey — ceyeHne MHOXecTBa E B
Touke y, EO= {y: (y, z) ££}, a 6 — cT-arebpa MHOXeCTB NpPoCTpaHcTBa Z.

Takum 06pas3omM, napanienbHoe CoeMHEHNE CTOXacTUYeCKUX cucTeM A B npeacTasnseT
co60ii cToxacTH4eckyto cucTemy C, peluatoLlas yHKLMS KOTOpoi pconpefensieTcs opmynoit (l).

7. AHanornuHo pelatoiye (yHKLM pA 1 /e cuctem A n B, CoeuHeHHbIX nocnefosa”
Te/bHO, ONpeAensoT YCIOBHOe pacrpeeneHne BeposTHOCTeN nNpu ,u,aHHOM X £ X B NpsMOM npo-
13BEAEHNN NPOCTPaHCTB Y X Z UX BbIXOAHbIX CUTHa/0B ((popmysia (2)). UToBbl HaidTK YCnoBHOe
pacnpegeneHue BepOATHOCTEN B NPOCTPAHCTBE Z NpW AaHHOM X £ X, [OCTaTOYHO OrpaHWMu4nTbCs
B (hopmyne (2) mHoXecTBamMu F Buga Y X E, EE&. B pesynbtaTe nonyyaem qopmyny (3).

Takum_ 06pasom, MOC/Ef0BATE/bHOE COBAMHEHNE CTOXAcTUYeckux cucTem A u B npeg-
cTaenseT coboil cToxacTuyeckyto cuctemy C, pelaiowas yHKLMA KOTOPOI /re onpegenseTcs
thopmynoii (3).

8. PaccmMOTpUM 3aMblkaHWe CTOXACTUYECKOW CUCTeMbI A 3feMeHTapHON 06PaTHO CBA3bIO-
Onpe,qenMM B3aUMHO O/HO3Ha4YHOE M3MepuMoe 0TobpakeHwe Ty npocTpaHcTBa Y B cebs, M =
= Tyz nefeso,u,ﬂu.l,ee mepy /mA (E\x, y) B gaHHyo mepy U(TyE\X), He 3aBucALLyO0 OTY ((bop-
myna (4

(*) Takoe 0TO6paXKeHMe Bcerga CyLIecTBYeT MpW COOTBETCTBYHOLLEM BbiGOpe Mepbl L.
B yacTHOCTW, Takoe OTOBPaXKeHUe NIerko HaxoAWTCH B Cy4yasX, KOraa BbIXOAHOW CWUrHan cuc-
TeMbl A NpeJCTaBnsfeT cob0 KOHEYHOMEPHBIA CyYaiiHbIii BEKTOP WK cenapadesbHyo ckansp-
H'¥IO WM KOHEYHOMEPHYIO BEKTOPHYIO ClyuyaiiHyto GyHKumio, ecnm npuHate p(F\x) = pA

\x, yO) npu npoussonbHom y0.)

Torpa ypaBHeHue z = y, T.e.m = Tyy = Sy, ONpeAenuT BbIXOAHOW CUTHANYy 3aMKHY-
TOi cucTeMbl [A] KaK OJHO3HAUHYHO (DYHKLMIO 3/IEMEHTA U NPOCTPaHCTBa Y, B KOTOPOM pacripe-
[ieneHvie BepoaTHoCTel npu faHHoM X £ X onpegensetca mepoid p(F £Xx). OAHOSHaHHOCTb 3TOl
(yHKLMM HeobXoaMMa AN1A TOro, YTOBbl 3aMKHYTas C1cTeMa MOrnia paboTarh (T. €. COMocTaBNATL
KaXXA0MY BXOLHOMY CUTHany X £X eAWHCTBEHHYIO peanus3aumio y Cry4YaiHOro BbIXOLHOIO
curHana Y). MNostomy ycnoBHas BeposiTHOCTHas Mepa pc(E [X) BbIXOAHOTO curHana Y 3aMKHy-
TOI cuctembl [A] npn faHHOM X £ X onpegensetca gopmynoi (5). 3ta popmyna npuBoauTCs
K Buay (6) Bcnefcteme (4). Ha ocHoBaHuu dopmyn (7) n (8), BbiTekarowmx u3 (4), nﬁ)asaﬂ
YyacTb (opMysibl (6) He 3aBUCUT OT Bbl6opa 3HadeHust yOu Mepbl p. Ecnm npuHATb p(F\X) =
=PA(Ty£F\x,y0, 10 ¢popmyna (5) cosnazet c (6).

Takum 06pasom, 3aMblKaHue CTOXaCTUYECKOHA CUCTeMbl A 3neMEeHTapHON 06paTHOI
CBA3LIO MpeAcTasnsgeT co6OW cToxacTuueckylo cucTemy C, pelsarowas yHKLUS KOTOPOA pc
onpegenseTca opmynoii (6).

9. [lokasaHHble TpW TeopeMbl YCTaHaBAMBAIOT 3aMKHYTOCTb K/acca CTOXaCTUYeCKuUX
CACTEM OTHOCUTE/IbHO BCEX BO3MOXHbIX COEAMHEHWIA. Popmysibl (1), (3) 1 (6) AatoT NnpuHLMnuas-
HYI0 BO3MOXHOCTb HAaXOAMUTb PeLLatoLiye yHKLUM NH06bIX COEAMHEHNI CTOXACTUYECKMX CMCTEM
N0 AaHHbIM peLwalowmmM QYHKLUAMW COeAMHAEMbIX CUCTeM. YCTaHOB/EHHble CBOWMCTBA Kiacca
CTOXaCTMYECKMX CUCTEM [atOT BO3MOXKHOCTb NMPUMEHUTL A1 U3YUEHUS CNOXHBIX CUCTEM CTPYK-
TYpHble MeTOofpl. PacuneHnB CMOXHYK CUCTEMY Ha MOLCUCTEMbI, MOXHO MCCNef0BaTb XapakTe-
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PUCTVKW OTAENbHBIX NOACMCTEM, a 3aTEM M3Y4YMTb NOBEAEHWE BCEN CUCTEMbI B LIENIOM. 3TO MOXET
CYLLECTBEHHO YNPOCTWUTb MOAENMPOBaHME MNOBEAEHUS CMNOXHbIX CUCTEM Ha OBM, COKpaTUTb
00bEM BbIMMCNEHWIA 1 YBENMYNTb MacLUTab CUCTEM, KOTOPble MOXHO MOAENNPOBATh C MOMOLLBHO
[laHHOIn 3BM.

Mpy WCCNefoBaHUM CMIOXKHBIX CUCTEM pellalolime PYHKUUM BXOASLWMX B WX COCTaB
CUCTEM, KaK MpaBuW/IO, HEM3BECTHbI UMM U3BECTHBI NMLLb YaCTUYHO (T. €. UMEeTCs NINLLb HenonHas
MH(opMauus 0 HiX). Mo3TOMY OCHOBHbIE 3324 YNpPaB/ieHNs1 CTOXaCTUHYECKUMU CUCTEMAMU U X
ONTMMM3aLMKN HEOBXOAMMO CTaBUTb U pellaThb, Npeanonaras, YTo 06 UX pellarwmx (yHKLMsX
MMEETCA TOMbKO Ta UH(opMAaLIMs, KOTOPas MOXET ObITb NPaKTUYECKM MOMyYeHa. ITY XapaKTep-
HYI0 0COGEHHOCTb 3afilay WCCNefoBaHMs CTOXAaCTUYECKUX CUCTEM HEOGXOAMMO Y4uTblBaTb B
[aUIbHEALEeM pasBUTUM TEOPUN CTOXACTUUYECKUX CUCTEM.

V. S Pugachev

Institute of Control Problems
Profsoyuznaya ul. 81
Moscow V—485 USSR
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MNPUBIVOKEHHBIE METObl OMNMUCAHWA PABOTHDI
OOHONMMNHENHOW CUCTEMbI MACCOBOIO
OBCNTYXXNBAHUA

A. A. BOPOHOB, 1O. B. YHACTAKOB

Mocksa

(Moctynuna B pepakunto 23 tespana 1971 r.)

[Nns OfHONWHEIHOI CUCTEMbl MacCoBOTO OBGCNYXWBAHWS, Y KOTOPO (YHKLUS
pacnpefeneHnsi BXOASLLEro MoToKa W OGCAYXWMBAHUS He SBNSAIOTCS OfHOBPEMEHHO
peLueTyaTbiM1, 06/13atoT KOHEYHbIMIA, He PaBHBIMM HY/IO, CPEAHMI 3HAUEHMAMW NONY-
UeHbl BbIpaXEHWs Ans npeobpasoBaHuii Jlannaca-CTiinTbeca OT (YHKLUWiA pacnpepene-
HUS BPEMEHU 0XXMAaHUs Hauana o6Cy)XMBaHUS, NPOCTOS NPUBOPA Y BbIXOASALLETO NOTO-
Ka. [Jns Ux NpakTUueckoli peasmsauny paspaboTaHbl NPUGIMKEHHbIE METOAbI, UCMOJb-
3yloLLMe MOHATUS YaCTHBIX XapaKTepUCTUK U OrapudMUUECKUX KOPHEBbIX roforpados.

Teopuss MaccoBOro O06CAYXMBaHWA HAXOAWUT LUMPOKOE MNPUMEHEHWE MpW
pa3paboTke BONbLUIMX CUCTEM, B YaCTHOCTW, B PELLEHMN BOMPOCOB 0BOCHOBAHHOIO
Bblbopa TEXHUYECKUX CPefCcTB 15 aBTOMAaTWU3MPOBaHHbLIX CUCTEM YMpaBneHus
[1, 2]. Cpean mogeneii TeOpUM MaccoBOro 06CNYXXMBaHWA 0COB0E MeCTO 3aHUMaeT
OfHONMHENHas cucTeMa. K Heil MOXET ObITb CBEAEHO MaTeMaTMuYeckoe onmcaHue
60NbLLIOT0 YMCna Pas3IMUHbIX PEXXMMOB PaboThl peasibHbIX TEXHUYECKUX YCTPONCTB.

B HacToALei paboTe npefnaratoTcs NPUGAMKEHHbIE METOLbI ANA UCCefo-
BaHMA paboTbl OAHOMMHEHOW CUCTEMBI C LOCTATOMHO MPOW3BO/IbHBIMK (DYHKLUSAMU
pacrnpejeneHns BXOASLLEro NOTOKa M 06CAy>XMBaHUA. BrnepBble 3Ta 3agaya bbina
pelleHa B paboTe [3]. B HacTosALwel paboTe faeTcs Apyroe pelueHve 3Toi npobne-
Mbl. Pa3paboTaHHble NPV 3TOM MNPUOAMKEHHbIE METOAbI CHabXeHbl Tabnuuamm
M NPOCTbl B WUCMO/b30BaHUN.

1. BepodaTHOCTHasA MOAe/b

PaccmaTtprBaemasi CMCTEMa MaccOBOr0 0OCMYXXMBaHWUSA COCTOWUT M3 OJHOrO
npnbopa, Ha KOTOPbIA MOCTyNnaeT PeKyppeHTHbI NOTOK 3asBOK, 3a4aHHbIA PYHK-
uveid pacnpegenenuns A(():

A{t) = P{ak<,t), k> 1,

ak= tjc— tk-i, U — MOMEHT nocTynneHns B CUCTEMY K-I1 3asBKMU.
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BpemeHa 06CnyXuBaHWSi OTAe/bHbIX 3asiBOK MPeACTaBAstOT co60i He3aBu-
CMMble, OAMHAKOBO pacnpefefieHHble Cy4aiiHble BeNMUMHbI, 3afaHHble DyHKLUE
pacnpegenexuns B(t):

B(t) = P{bk<,t}, 1

bk =Tic — TK, T K— MOMEHT Hauyana O0OCNY>XWBaHWUA K-l 3aABKMN; XK — MOMEHT
OKOHYaHMA ee 06CNYXMUBaHWA; bk — Bpems 00CNyXUBAHUA K- 3asBKU.

Ecnv B MOMEHT MOCTYM/IEHUS OYEpPeSHO 3aiBKM NPUOBOpP OKasasics 3aHAThIM
06cny>KMBaHWeM OfIHOM M3 paHee NOCTYNMBLUMX 3aBOK, BHOBbL NMOCTYNMBLUAsA 3a5B-
Ka CTaHOBWTCA B odyepefdp. [/nvHa oyepean npeanonaraeTcs HeorpaHUYeHHOIA.
O6cnyXnBaHue 3asBOK MPON3BOAMTCS B NOPSAKE NOCTYM/IEHUS B CUCTEMY.

Puc. 1. BpemeHHasa guarpaMma

Ha puc. 1 nokasaHa BpeMeHHasl juarpamma MPOXOXAEeHWS Yepe3 cucTemy
A>oin (K + 1)-0i1 3a9BOK. pWHATBI crnefytoLme 0603HaYeHNS:

cK ~ rk+1 XK >
XK—a4 +1, ecm tk tk+1> O,

Wkt 1 0, ecimm XKk tkHl< o,

WKk — Bpemsi 0XXnaHus Havana 06Cny>XKMBaHNUs K-M3asBKuU;

Victi h+i~xk ecnn tktl—rk”O,
H o, ecim tktl—rk< o,

Yy K — BpeMsi NpocTos npubopa nepep HayanoM 00CNYXUBaHUA K- 3aBKU;
2 — caBur no dhase [4] ana K- 3aABKKU, paBHbIA Wk, ecnn zk ;> 0, unu
—YK, ecnm zk < o;
'zt+1, ecnn xK- tk+x O,

zk+1, ecnn XKk —tk+l< o .

HenocpeAcTBEHHO 13 BPEMEHHON AuarpamMbl MOMyYaeM CreAyroLine 3aBu-
CUMOCTV MEXAY CNyYaiiHbIMW BEMYMHAMM:

zk + bk —akHl = zk+l + zk+1, (1-1)
- (12
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PaccmatpuBaemMble ciyyaliHble BeIMUMHbI 06M1aJatoT CnefyownMm CBOMNCTBaMMN:
1 ZENO, bk'2:Q, y*>0, ¢> 0, zk< 0, (1.5)

2) CnyualiHble BenmuuHbl WK, bk 1 a/(+1, a Takke 1 btmexagy coboil He3aBu-
CUMbI Ana nboro 1.

Mepeigem B BbipaXkeHMAX (1.1—1.4) oT cAyvaiiHbIX BEIMYUH K UX PYHKLN-
M pacnpefeneHuns, KoTopble Oyaem 0603HayaTb COOTBETCTBYHOLUMMMW MPOMUCHbI-
MW BYKBaMW C yKaszaHWEM aprymeHTa.

®opmynam (1.1)—(1.4) cOOTBETCTBYIOT BbIpaXKeHUS:
B |z|<44.(t), ecm t>o, (16
1ZkH(t), ecmm t< o,

roe
P{zk<t}, ecmm t>o0, (1.7)
0, ecnm t< o )
1, ecm t> o, (18)
P{Zk<t}, ecm /< o;
(1.9)
(1. 10

(1.1

AHanorMyHo ToMmy, Kak B pabote [5] mokasaHO CyllecTBOBaHME npefena
"T@ Wk(t) = W(t), MOXHO MoKasaTb, YTO CYLLEeCTBYIOT Npejensi }||IT@Y k) = Y(t)
K- -

" Liﬁr;mZk(t) = Z(t), B cuiy 4Yero npm pacCMOTPEHUM CTALMOHAPHOro pexwuma,

COOTBETCTBYHOLLEr0 /C->-°°, WHAEKCbl B BbIPAXEHUAX (1.6—1.11) MOryT OblTb
ONyLLEHBbI.
B panbHeiwem 6yaem paccmaTpuBaTb TOMbKO 3TOT CTALMOHAPHLIA PEXUM.

2. OCHOBHble COOTHOLLEHUS

Mepeiigem B BblpaKeHMsAx (1.6—1.11) K 0606LeHHbIM NPeobpa3oBaHNAM
Nannaca-Ctuntbeca [5], KoTopble 6yaem 0603Ha4aTb COOTBETCTBYHOLUMMWU CTPOY-
HbIMM OYKBaMW C yKazaHMEM apryMeHTa.
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®opmyne (1.6) cOOTBETCTBYET BblpaXeHUe
z+(s) b(s)a(—s) = zHs) - z(s). (2.1)

[JelicTBMTeNbHO, packiagbiBas MmokasaTeslb NpW SKCMOHEHTe Ha COOTBET-
CTBYIOLUME Cnaraemble, MPOU3BOAA 3aMeHY NepeMeHHbIX U — X-\-ywv = t — X,
a TakXKe MpUMHUMas BO BHMMaHWe cBolicTBa (1.5), neBast YacTb BbipaxkeHus (1.6)
MOXKeT 6bITb npeobpasoBaHa cnegytowyM 06pasom:

J e-std, J Z+(t x)dx J B(x --y)dA(y) —

— — 00

j es(<x)dt ( Z+(t —x)e~s(x+Adx J B(x + y)e~s(- y)dA(y) =

f e~svdZHv) ( e~sudB(u) f esydA(y) =

( e~sedZHv) j e~sudB(u) j esydA(y) = z+(s)b(s)a(—s).
[ns npasoii yacTu BbipaxkeHua (1.6), B cooTBeTcTBUM C (1.5), nonyunm

J e~s,dZ+(t)= J e~s,dZ+(t) = z+(5);

00

J egdZ-(1) = | e-sdZ~(t) = - feddZ(- )=  2~(s).
0

-«

AHaNIOrMYHO MoJyyarTCAd COOTHOLLUEHUS:

y(is) =1 z-(s) (2.2
\v(s) = z+(s); (2.3)
®) = y(s)s(s). (2.4)

Mpu onpegeneHHbIX OFPaHUYEHWsAX, Ha/OXEHHbIX Ha (YHKUMM pacnpe-
nenennst A(t) n B(t), ncnonb3ys cBOICTBA aHAIMTUYHOCTU (YHKLWIA, BXOASLLINX
B ypaBHeHus (2.1—2.4), C NOMOLLBIO KPaeBOM 3afayn PumaHa Teopumn (yHKLUWIA
KOMIM/IEKCHOTO MepeMeHHOro [6 ] 3T ypaBHEHUst MOTYT BbITb peLleHbl. [NepBoe npu-
MeHeHVe 3afia4ym PumaHa K pelueHnto nogobHoro poga npobnem 6bi1o gaHo B [7].

MonyyeHHbIN B HACTOALLEN paboTe pe3ynbTaT CHOPMYNMPYeM HWXKe B BUAE
Teopembl, [0Ka3aTe/IbCTBO KOTOPOW MpuBedeHO B M. 4.



BOPOHOB—HYUNCTAKOB: MPUB/TNXEHHbBIE METO/AbI 81

Teopema: Ecnu ¢yHKUMS pacnpejeneHns Bxogsuwero notoka A(t) u
BpeMeHM o06cnyxunaHus B(t) He ABNAETCA OAHOBPEMEHHO PeLUeTHaTLIMU W,
KpoMme TOro,

1) (o) <1, 5(0) < 1; (2.5)

2) €= J tdA(i)<oo, b= J idB(i)<°°; (2.6)
0 0

3y a>b, (2.7)

TO 4N CTaLMOHApHOrO PeXuMa, COOTBETCTBYHOLLErO K-* °o, ANS npeobpas3oBa-
HWin  Nannaca-CTuntbeca OT (YHKUWIA pacnpefeneHus BpPEMeHW OXuhaHus
w(s) 1 npoctos npubopa y(s) cnpasefMBbl CReAytoLine BbIpaXeHNs:
T
iv(s) = ft*(j o) exp {----- — dal 9 Res>o; 2.8
() (jo) pf ol 3 a@—s) 0% AN (2.8)
..1...

= 1—ft*(/ exp I— 1 =TIl dal Res>o0, (2.9
ye) = 1=feo)sexp o | gl ) 98) A Res>o. (29)

rae

1 —fl(—s) b(s)

k(s) = ;

MopctaBnas BblpakeHue (2.9) B BbipaxeHue (2.4), NONyUYUM TakXe Bblpa-
XeHue ana npeobpasoBaHus Slannaca-CTuntbeca OT (DYHKUWMM pacnpeseneHus
BbIXOAALLEr0 NOoTOKa ).

3. YacTtoTHble MeTofbl pacuyeTa

B BbipaxeHusix (2.8), (2.9) un (2.4) nepeiigem K npegeny npu s “m/co, rae
@ C(—"°°, °°), BOCMOMb30BaBLWINCL NpK 3ToM thopmynoit Coxoukoro [6]:

wi(/co) = K,WOLexp 1i__c_12_ r"«Mbl. (3.1)
//co) 120/ ) acr—om)

= 1+ /coft*(/o)ft*(/co)exp 6}3/ J|' é[r(lcfrt(/ff))dffjl-, (3.2)
2 4-C0

c(jco) = y(jco)b(jco). (3.3)
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Mponorapmmmnpyem MonyyeHHble BbIPaXKEHMS 1 Pa3foXUM TOXAECTBO AN
KOMMNEKCHbIX (DYHKUMIA Ha [Ba TOX/AECTBa, COOTBETCTBEHHO, AN BELLECTBEHHONA
N MHUMOW YacTu:

(34
(3.5)
(3.6)
(3.7

roe
argg(imy=y - y argk(co)- /,(- co), 38
In Jo(/co)l = Ino + In|A(/0)] + y In\k(jco)\ + /2(— co), (3.9)
Inlc(/ag)l = In |y(/co)] + Inlb(joo)l, (3.10)
arg c(/co) = arg y(/co) + arg b(jm), (3.12)
fi(co) cler, (3.12)
ifor. (3.13)

OTMeTUM, 4TO BblpaXkeHue (3.2) yaob6HO CHayana pasfoXuTb Ha BELLECTBEHHYIO
M MHUMYHK YaCTb.

Mo aHanormm c [8 ] BBeAeM NOHATME YaCTHLIX XapakKTePUCTUK, MOHMMAA Moj,
HUMK rpathuyeckoe N300paKeHNe COOTBETCTBYHOLIMX (hYHKLMIA OT NePEMEHHON @,
Ha3bIBaeMOI YaCTOTHOM.
MocTpoeHue /r(co)

BbINONHWUM psif 3KBUBaIEHTHbIX Npeobpa3oBaHuii BbipaxkeHus (3.12):
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B npouecce caenaHHbIX npeobpasoBaHWii, MCMOMb3YS CBOWCTBO HEYETHOCTY
thyHkumn argk(jo), npexzae Bcero, OblIM U3MEHEHbI Mpefenbl MHTerpupoBaHus;

- 0
Aasiee oblna caenaHa 3aMeHa NepeMeHHOro, UCMONb3YHoLas NOACTAHOBKY — = € ;

6blna ncnosb3oBaHa Popmyna UHTerpupoBaHus no yvactam ( [9], popmyna 569.1),
a TaKXXe TO 06CTOATENbCTBO, YTO

CrpaBef/IMBOCTb YEro MOXET BbiTb AOKas3aHa no npaswuny JSlonutans, ecnv Jonosn-
HUTENIbHO YYeCTb, YTO MPW MasnblX 3HavyeHMsAX aprymeHTta argk(ja) ~ a. Ha 3a-

Ké1VPIOLIVITeI'IbHOM 3Tane npeo6pa3oBaHUn Oblna cAenaHa 3ameHa MEePEMEHHOr0
e = X.

MpvHMMas BO BHUMaHUe, YTO
- - argk(jooer) = —— argk(jo), (3.15)
du alna
annpokcumupyem yHkumto arg k{ja) KycouHO-nMHeRHbIMU YHKUMSMU NpK No-
rapugpMmyeckom macitabe no ocu Cr.

argk(jo)  k\i(o), (3.16)
=i

npuyem, Npom3BogHas ot yHKumMm Fhi (c1) uveeT Bua:

0, ecwm  In al< Inff, — fi
2kt ’
dFU?) sign cil ki, ecnm i-~ ft 3.17
diner [sign e ki, N0 i K In 2ki (3.17)

0, ecnn I off1> Infi-+ T
2ki
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rae

B aTOM cnyyae
(3.18)

roe

oTKyfa

ifx (3.19)

MockonbKy li(o>, ki, (pi,Oi) 3aBUCUT OT BENUYMH ol n (P, To gna nony-

Kf
- n

yeHua Ix(w,ki,(pi, 0,) Heobxogumo (yHKUMO /X |00, K/,—, 1 MepeaBUHYTb

napannenbHo camoil cebe Ha BenUUMHY Inc- U M3MeHWTb MaclwTab no Bep-

TMKanmM B —  pas. Mpu GOMbLIMX 3HAYEHUSX 0 UMEET MECTO
h((@, ki, cpi,Oi)L In-A-. (3.20)

MpownssogHas OT (yHKUUKN /X

dx\ =
dinl N

(3.21)
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n
Takum 06pasoM, AOCTATOYHO WMETb 3HAYeHWUs GYHKUMM IX o 5 » A

ana 0< m<; |. 3HayeHMe e 3TOM (YHKUMM ana 1<, @< °° MOryT OblTb
1
MOCTPOEHbl, Kak cymma 1IX I r - | m ——=Into, npuyem nocnesHas
co 2

(DYyHKUMA npyu norapmMmMUeckoM MacluTabe no ocu @ NpeacTaBnseT HaKIOH-

HYI0 NPSAMYIO, NPOXOAALLY Yepe3 Touky (1.1) ¢ HakMoOHOM — —.

B Ttabnuue 1 npuBefeHbl 3HadeHus (yHkuun WXla>  — , 1j gna paga

3HauYeHW [c-
WuTerpan 1r{co) cornacHo (3.18) nonyyaeTca Kak CymmMa COOTBETCTBYHOLLMUX

nHterpanos IX(o, /o Ay, or) ANA YHKUWMIA, annpoKcumupyowmx arg k(ja).
MocTpoexune 12co)

BbINONHWB  psj  SKBMBAJIEHTHbLIX Npeobpa3oBaHWil BblipaxeHus (3.13),
nosyynm
&«

B npouecce caenaHHbIX npeobpa3oBaHWil, WCMOMb3YS CBOWCTBO YETHOCTU
hyHkuum In 1k(ja) |, npexxae Bcero uHTerpan no ocu (—°°, °°) 6bla 3aMeHEH WH-
Terpanom no nyuy [o, °°); fanee 6bina chenaHa 3ameHa NePeMeHHOro, NCMonb3ys

MOACTAHOBKY — = ei, W Oblna WCMO/b3oBaHa (OpMy/na WHTErPUPOBaHWs Mo

vactam ([9], hopmyna 140.02), a TakXKe TO 06CTOATENLCTBO, YTO

. 1+e
lim _In I"'lz

0,
U@ 1-¢u\

CnpaBeA/IMBOCTb YEro MOXKET GbITb MPOBEPeEHa No npaBuny JlonuTans. Ha3aknio-
uMTeNbHOM 3Tane Npeobpas3oBaHWil Gbina cAenaHa 3amMeHa MepeMeHHOro:

en= X.

[MpuHMMas BO BHVMMaHMWeE, 4To

. d .
% In \k(jcoeu)\ ] In k(ja)l, (323

din
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Tabnuua | 3HadeHus™* mHterpana Ix;kit . 1j

* 3HayeHus faHbl B feumnbennax [3<5).
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Tabnuua |
(nnopgomkeHwe)

* 3HayeHusa aaHbl B feunbennax [90].
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annpokcumupyem In |k(ja) | nony6ecKoHeYHbIMM NPSAMbIMKU NPY NOFapMUGNYECKOM
macliTabe no ocu a:

\n\k(ja)\r J RN (3.24)
i=

npuyem nNpousBogHas oT (yHKumMn F 2ir(cr) nveeT BuA:

(3.25)
B atom cnyyae

(3.26)
rae

(3.27)

3 nonyyeHHOro BblpaXkeHUs cnefyeT, uto 1Aco, <T,) 3aBUCAT OT BENUYMHbI
— 1 U Takum 06pa3om, ecnim M3BECTHO 3HauveHve 12(co, 1, 1), TO ANA Nony4veHus
®

12Aco, U, cT) HeOBXOAMMO 3Ty (hYHKLMIO NepeaBuUHYThL NapannesibHo caMoii cebe Ha
BefMUKHY In at u U3MeHUTL MacluTab Mo BepTMKanu B /, pas.

Mpun 60MbLUMX 3HAYEHMAX O UMEEM

(3.28)
39

MpownssogHas ot (yHkumn |1 Aco, 1, 1) no In o paBHa

(3.29)

Taknum 06pa3om JOCTaTOYHO MMETb 3HavyeHus yHkumm 12co, 1,1) gna O< <[ L
3HauyeHnsa e 3Toih yHKuMM Ana 1<[ o< €O MOryT OblTb MOCTPOEHbI, KaK

/12—, 1 1 .B pabote [10] npuBeaeHbl TabnMLbl 3HAYEHUIA YHKLM

O‘—IeBI/I,qHO MMeeT MeCTO COOTHOLLEeHue
2Aeo, 1,1) = 0,5 ¢%10) , (3.30)
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noatomy Ana noctpoeHms 13co, 1, 1) MOXHO BOCMONb30BaTbCA MPUBEAEHHON B
paboTe [10] Tabnuuein, ymHoxas Ha 0,5 COOTBETCTBYIOLLME 3HAYEHNUS.

WHTerpan /2(co), cornacHo (3.24), nony4yaeTcss Kak CymMma COOTBETCTBYHOLLMX
MHTErpanos /2(lw, u, a,) Ans QyHKUWii, annpokeummpyrowmx In keo) |.

[ns yno6cTBa MOCTPOEHUA MOMYT ObiTb M3rOTOBMEHBI LIAGMOHBI (YHKLNIA

h i,l/]l/llZ{CIll,l).

4. TpwunnoxeHune

Jloka3aTensCTBO TeopeMbI

PyHKuMKN b(S), z+(S), W(S), Y(S) ¥ C(S) ABNAOTCSH aHAIUTUYECKUMU B MONY-
nnockoctn Res 0.

[JelicTBNTENbHO, B 3TOM NOMYMIOCKOCTYN 3TN (DYHKLUM ABASAKOTCA OrpaHnYeH-
HbIMW, TaK Kak, Hanpumep,

W\ = 1J e-«dB(t) I<€ J \e~*1\dB(t)\ = J \dB(t) = 1, (4.1)
(0] 1 O 0

B CWy TOro, Yto B noaynaockoctu Res > 0 unmeeT mecTo e~sl= e~a + e~imt, rge

a;>0, > 0 — BELLECTBEHHbIE YMCNa, W, KPOME TOr0, B CUY CBOIACTBA Npenenb-

HbIX COOTHOLLEHWIA Ans npeobpasoBaHuil Jlannaca-CTunTbeca cnpaBes/iMBo:
Hwb(s) = lim B(t) = 1. 4.2)

s-»0 <—>»

AHanornyHo nokasbiBaetcsa crnpasegmBocTb (4.1) n (4.2) gna yHKUMA zH{),
ir(s),y(s) n c(s).
TOYHO TaKXXe MOXHO MOoKa3saTb, YTO (hYHKLMS a(—sS) ABNSETCS aHa/IMTUYeC-
Ko B nonynnockoctm Res<[0. OTHOCUTENbHO >Ke (QYHKUMM Z“(S) MOXHO
NUWb 0Ka3aTb CrpaBefMBOCTb B MOAynnockoctm Res 0 cooTHoweHus (4.1).
CooTHoleHne (4.2) ans 3Toi PYHKUMKW He BbINOMHSAETCS W, 60nee TOro, cripa.e-
[/IMBbl COOTHOLLIEHUS:
lim z~(s) = lim Z~(t) = O, (4.3)

S>—0

lim  ~ lim — [z+(s) —Z+(s) b(s) a(—s)] =
s*0 ds

- bl + f(O)=5- a< o, (4.4)

B CWUAY MpefenbHbIX COOTHOLWEHUIA Ans npeobpasoBaHuil Jlannaca-CTuniTbeca.
W3 cooTHoweHwnin (4.1), (4.3) n (4.4) cnegyeT, uTo (yHKUMA z~(S) sABNsieTCA
aHanuTMYeckoi B nonynnockocT Res 0 3a UCK/IOYEHUEM GECKOHEYHO YaaneH-
HOIi TOYKW, TAe OHa MMEET OCOBEHHOCTb TWMa MOJKOC NEPBOr0 MOpPsAKa.
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BBeenem BcnomoratesibHble PYHKUMKW z£(S) n z/(S), CBA3aHHbIE CeayoLLIMMM
COOTHOLUEHUSIMU C (DYHKLMAMW, BXOAALLMMU B BbipaXkeHns (2.1—2.4):

zx(s) = Zi(s)z|*(s); (4.5)
zi(s) = zi(s)k(s); (4-6)
~ () = 2j*(s) | C)
roe
1 a( s)h(s)
npuyem QYHKUUM Zz*(S) U z**(S) — aHaIMTMYecKMe BO BCeli MpaBoi nony-

nnockoct Res ™ o, (yHKUMA z*(S) — aHa/NMTUYecKass BO BCE NeBOi Mony-
nnockocTu Re s <[ 0, a PyHKL NS 2**(S) —aHanmMTuyeckas Bo BCeld 1eBOW NOynioc-
KocTn Re s <, 03a UCK/OYEHNEM OECKOHEYHO YAa/eHHOM TOYKW, rAe OHa UMeeT
MOMKOC MEepBOro Mopsigka.

PaccmoTpuM cBoicTBa (PyHKUUMK K(S) Ha MHUMOM oc Res= 0 U Ha KOHTYpe
Cr, cOCTOsILLEM M3 OTpe3Ka MHUMOIA ocu [—//?, jR] 1 NonyoKpy>KHOCTK paguyca
R, nexallei B NpaBoii NOMYMAOCKOCTHU.

CaoiicTBa (hyHKUMM k(s) Ha MHMMOIA ocn Res = O

ApPrymMeHT S Ha MHMMOIA ocn 6ygem 0603HauaTb uepe3 /co, £ (—  °°).

L Ecnn dyHkumm pacnpegeneHus A(t) un B(t) o6nafatoT KOHEUHbIMM 3HaYe-
HUSIMA ~ MaTEMATUYECKMX OXUAaHWUA K » n b< °° COOTBETCTBEHHO, TO
hyHKumsa k(jco) yaoenetBopsieT ycnosuto Menbgepa [6].

[JeictButensHO, Mpy CPOPMYIMPOBAHHBIX YCTOBUAX UMEEM:

<b

TO eCTb, (hyHKUMM a(s) 1 b(S) yAOBNETBOPSAOT YCNoBUIO [efbaepa Ha MHMMOR ocu
Re s = 0. CgenaHHoe Bbllle YTBEPX[eHWe CnpaBef/MBoO, TakK Kak corfnacHo [6]
CyMMa 1 npowv3BeAeHre (yHKLUMWIA, YA0BNETBOPSIOWMNX YCcnoBUO [enbaepa, Takxe
YLOBNETBOPSAOT 3TOMY YCNOBUIO.
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2. Ecnn thyHKummn pacnpegenedmsa A(t) n B(t) He sBnsaOTCS OAHOBPEMEHHO
peweTyatbiMu [11] ©, kpome Toro, a > b) JI(0) < 1um B(Q) < 1, TO yHKLMA

k(ico) - 0 TOMbKO MPU o = 0O
[JelicTBUTENBLHO,
lim k(jco) = lim *~ n(- {a>)boco) =0
- Im

TaK KakK Ha OCHOBaHUW npefefibHbIX COOTHOLEHWA Ans npeobpa3oBaHuil Jla-
nnaca-Ctuntbeca:
lim a(jco) = lim A(t) = 1(0) < 1

i-> 0

C0—>o00

lim b(co) = lim B(®) = R(0) < 1.

—> 00 I—f

Mpu = 0 nony4mm 3HadeHue fc/co) NyTeM packpbITUS HeoNpeLeieHHOCTM
no npasuny Jlonutans:

1 —i(—/ o) b(jco) ja'( jeo)b(jco) ja(jo=>)b’(ja>) i
jeo -1 Jw=0
=a—6> 0,

lm o) = i

MpUYeM 34ecb Mbl BOCMOMb30BAIMCL NPeLebHbIMW COOTHOLLEHVSMU ANS Npeobpa-
30BaHmMi Jlannaca-CTunTbeca.
[ns 3HaueHnin o~ 0, = °0 cnpaBea/nBO

\a{- jco)b{jco)\<\ ,

Tak Kak ecnu Obl Npy Kakom-nmbo 3HayeHUn <o¥=o, £ 00 OLHOBPEMEHHO BbINOS-
HAMOCb, 4TO a/co) = 1 m b(jco) = 1, TO 310 Bbl O3HAYa/O0 COrnacHO [11], uTO
A(t) n B(t) ogHOBpeMEHHO SBAAIOTCA peLleTYaTbiMK, YTO MPOTMBOPEYUUT CAe-
NaHHbIM Ha 3TW (DYHKUUKW orpaHuyeHuam. CnegosaTesnibHo, npu 0 < Jegj < °°
ana yHkumm k(jco) cnpaseanneo

o<|t(/c)y=1]"- < H -
I -/®
3. Mpy caenaHHbIX Bbie Ha (yHKUMM A(t) u B(t) orpaHuyeHusx, usme-

HeHVe aprymeHTa yHKuum k(jco) npy n3mMeHeHnM 0T —O0 A0 -|- 00 PaBHO HYy/IO.
[LelicTBUTENbHO, BCe 3HAYEHMS PYHKUMM i(—f o) D(jco) nexat B kpyre |s 1
lMogorpad ¢yHKkumMM 1—a(—joo) b(jco) nexut B kpyre 1—s| <[ 1 1 Anwb npu
= 0 KacaeTcs Hayasa KoOpAWHaT, npuyem

. 1 & ioppieoy  =a —5>0,

|«=0
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TO €CTb M3MeHeHue aprymeHTa yHkumm 1—a(—/co) b(jto) npu nameHeHwun apry-
MeHTa @ OT —°0 A0 +00 paBHO —2/1. APrymeHT (hyHKUUN -mpaBeH 2n. Cpe-

JaHHOe YTBEPXJeHWe CMpaBeAnvBO, TaK KakK apryMeHT MpOM3BeAeHWsi paBeH
CYMMe apryMeHTOB COMHOXMWTENEA.

CaoiicTBO thyHKuUMK k(s) Ha koHTYype CR

CaoiictBa (hyHKUMK k(S) Ha oTpeske [—//?, //?] coBnagaloT C pacCMOTPEH-
HbIM paHee AN MHUMO ocn Re s= 0. AprymeHT s Ha ayre CR 6yaem 0603HauaTh
Re7’, y£ (—n, n). bByaem cuntathb, 4to Ana dyHKunid A(t) n B(/) BbINONHAOTCA BCe
OrpaHuMyeHunsi, chenaHHble BblLLe.

1 Ha ayre CR dyHkums k(s) yaosneTBopsieT ycnosuto enbfepa, TakK Kak
4na Touek Res > O cnpaBen/iMBo:

da(s) 3 Je~ary KdA(t) e~imi\dA(D\<_a;

ds
0

I db(s)
i ds

2. Ha gyre CR thyHKums k(s) B HoMb He obpalyaeTcs, Tak Kak gnsa Res > O
lo(s) 1< la(fco) I; 1b(s) | < |b(jco)|, a k(jw) ¥=0 npu s [—R, R].

3. Mpwn 06xope KoHTYpa Cs n3MeHeHne aprymeHTa QyHKUMKM K(S) paBHO Hy/o
B CUMY CO0OPaXXeHWI, BbICKa3aHHbIX paHee NPy [40Ka3aTe/bCTBE aHasorMyHOro
YTBEPXAEHMS MPK 006X04e MHUMOIA ocn Res = o.

BbipaxkeHune (4.6) cnpaBefMBO KakK Ha MHMMOA ocu Res —O0, TaK 1 Ha KOH-
Type CR, Tak KaK Tam OrpegenieHbl (yHKLMK, BXOAALLME B 3TO BblpaXXeHMe.

Ha koHType CR BbINOAHAKTCA ycnoBus 3agaum PumaHa [6] (Ha MHMMOINA
oc Res= 0 3TW ycnoBus He BbINOMHAKOTCA, TaK Kak (yHKuua k(s) obpalyaercs
B HyNb B TOUKe S = /°0, NpMHafexallein sToin ocu), BOCMO/b30BABLLMCL peLle-
HMEM KOTOPOI MoNfy4Yum

<.b, Tak Kak \e d| 1 4nd al]>o.

z¢(s) = Aiexp | — J" OnssEca> (4-8)

*~(*)= Aexp{-"J N- Ana s$Cw, (4.9)
CB

roe s g CR 0603HayaeT, yto TOYKa MPUHAANEXUT BHYTPEHHen 061acTi KOHTypa
CR, a 06X0f 3TOro KOHTYpa MpOoM3BOANTCA TaK, YTO BHYTPEHHSS 06/1aCTb OCTaeTcs
cneBa; AT — MpPou3BO/bHasA MOCTOSIHHAS.
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Onpegenvm Tenepb QYHKLMKN Z2**(S) Tak, Y4TOObl Ha KOHTYpe CR BbIMOHANOCH
ycnosue (4.7), MpUYEM HaMOMHUM, UTO (QYHKUMUA z*Js) — aHaIMTU4YecKas B
nonynnockoctn Res>0, a dyHKums z**(s) — B nonynnockoctn Res<"0 3a
NCK/THOYEHNEM GEeCKOHEYHO YAANeHHOW TOUKW, TAe OHa WMEEeT MOMKC MNepBoro
nopsaka. Ecnm Takue yHKUMKU z**(S) HalifieHbl, TO B cuny ycnosus (4.7), (yHK-
LUmm Z**(s) n —sz**(s) Ha KoHType CR coBnagatoT W, cnegoBaTeflbHO, 06pasytoT
OfHY aHaIMTUYECKYHO BO BCEW KOHEYHOM NIOCKOCTY PYHKLMI0. 3Ta (hYHKLNA UMeeT
B 6ECKOHEYHOCTW MOMOC MepPBOro NopsAka, W, cnefosaTe/ibHO, COrflacHO Teopeme
Nnysuna [e]

r = N2, (4.10)
7**(s) = —sAj. (4.12)

O6beanHss (4.8—4.11) — nony4yum

— L rnapg n
2nl ) o« - % |

roe

0TKyJa

[MocToAHHYIO A onpefenvMm K3 ycnoBus

limrv(s) = lim W(t) = 1.
s-*0 <!

C 3TOin Lenblo, BOCMO/Mb30BaBLLMCE (hopmysnoii CoxouKkoro [6], paccMOTpUM 3Ha-
YeHVie PYHKUUM W(S) Ha KOHType CR:

w(u) = AK~* (1) exp da

Cr
OTKyaa

(4.16)
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MoacTaBnsAs NofyyYeHHOe 3HavyeHne A B BbipaeHUs (4,14) n (4.15), nonyuum

Mepexofs B MOMTyYEHHbIX BbIpXXEHWAX K mpegeny npu R -> OKOHYa-
TeNIbHO NOAYUYUM BbipaXkeHus (2.8) u (2.9), 4to 1 TpeboBanocb NokKaszaTb.

3ameuvaHune. Teopema, ChOpMynMpoBaHHasa B W. 2, OCTaeTCs CnpaBea/IMBOMN,
ecnn yHkumm pacnpegeneHuns A(t) n B(t) ABnatoTca pelseTyaTbiMy, HO MHTEPBa-
Nbl VX OUCKPETHOCTW KpaTHbl HEKOTOPOMY uucny A.

[LelicTBUTENBHO, B 3TOM ciiydae thyHKumMs k(jo) SBNseTca nepuoamnyeckoi ¢

2N o
nepnogom — . Mo3ToMy MOACTaHOBKOW I = e MOXHO 3Ty 3afa4vy CBecTU K

PACCMOTPEHHOI B HACcTOsLLEM pa3fene.

5. Tpumep

B KauecTBe Mpvmepa pacCMOTPMM BaXKHbIA YaCTHbIA cnyyaid, korga A(t) v
B(t) npeacTaBnatoT coboli Apo6HOpaLMOHaNbHbIE (YHKLMK:

(5.1)

roe aitr n bit\ 7=1,2, — BeWeCTBEHHblE MNOMOXKMNTENbHbIE YUCNA;

b

3ameTM, 4TO, TaK KaK f0bas (PyHKUWMA pacnpefeneHns npeacTaBnser
cO00 MOHOTOHHO-BO3paCTalOLWLYH (YHKUMIO, ee MpeobpasoBaHue Jlannaca-
CTunTbeca He AO/MKHO COAepXKaTb KOMMIEKCHbIX Hyfei 1 MocoB. 310 B 0au-
HaKOBOW Mepe 0THOCUTCA KaK K MCXOAHbIM yHKLMAM a(s)nb(s), Tak 1 K Nponssoa-
HbIM OT HUX, UCKOMbIM (PYHKLMAM iV(S), Y(S) 1 c(S).

W3 BbipaxkeHus (5.1) cnepyeT, uto dyHkumm J1(/) n B(t) yaoBneTsopsitoT
YCNOBUSAM TeopeMbl, cHOPMYNMPOBaHHON B pasgene 2.
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PyHKLMA K(S) B paccMaTpMBaeMOM Cliyvae UMeeT BUA:

(5.2)
npuyem
P+ Q=K+ M-1; (5.3)
dij; i — 1,2 —BeLLECTBEHHbIE NOMIOXKMNTENbHbIE YMCNa, ABNAIOLMECS, COOT-
BETCTBEHHO, MOMOXUTENbHLIMW U OTPULATE/IbHBIMIA KOPHAAMU MHOFOYNeHa
(5.4)

KOTOpbIe MOTYT ObITb ONPeAeneHbl, HaNpyUMep, METOA0M SIOrapUPMUYECKNX KOPHe-
BbIX rogorpados [s];
KO3PMUMEHT C OnNpeaenseTca us ycnoeus

41 R R (55)
T=1"T Jk 2K p=1dip p1 Q@p

MoacTaBnas BbipaxeHue (5.2) B hopmyny (4.17), nonyunm:

I-L’Ji

ona s £CH]
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[na onpefeneHvs MnepBoro MHTerpana, BXOAAWEro B BblpaxeHue (5.6),
paccCMOTPUM MHTerpan no KOHTYpy, NokKasaHHOMY Ha puc. 2a. COrfiacHo Teopeme o
BblyeTax [12], nonyyum:

Cr

Wcnonb3ys nonyuyeHHble pe3ynbTaThl, 415 MEPBOr0 MHTErpana m3 Bbipaxe-
Hus (5.6) nonyunm:

exp (5.7)

[ns onpeaeneHns BToporo (NATOro) MHTerpana PaccMOTPUM MHTErpan no KoH-
Typy, NoKazaHHOMY Ha puc. 26. BHyTpu 3TOro KOHTypa (yHKUMS norapugma
[OMyCKaeT BblfeneHVe OfHO3HAYHOW BeTBM. Byaem paccmaTpuBaTb BeTBb, YAO-
BNETBOPAIOLLYIO Ha KOHType HepaBeHCTBY

- onm”™ arg |l + 7 —aj
| dip !

Puc. 2. KoHTYpbl UHTerpupoBaHus
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CornacHo Teopeme O BblYyeTax, Noayynm:

jr -jR In

di,p I

Cr

Wcnonb3ys nonyyeHHble pe3ynbTaTbl, A8 BTOPOro (NATOro) MHTerpana us
BblpaxeHus (5.6) nonyuum:

(5.8)

Cr 1+ — s
d\,p
[ ns onpeaeneHust TPETbero (UETBEPTOr0) MHTerpana pacCMOTPUM MHTerpan
Mo KOHTYpPY, NOKa3aHHOMY Ha puc. 2B. BHY TP 3TOro KOHTYpa (PyHKLMS norapugma
[IONYCKaeT BbleneHne OfIHO3HAYHOW BeTBW. Bygem paccmaTpuBaTh BETBb, Y/0-
BNETBOPSIIOLLYI0 HA KOHTYpe Cr HEepaBeHCTBY

CornacHo Teopeme 0 BblYeTax, MOay4YUM
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MocnegHue YeTbipe MHTErpana Y4YuTbiBatOT TOT (haKT, YTO MpU 06XOfe TOUKU
0 = dXq NMeeT MeCTO W3MEHeHWe aprymeHTa (YHKUMW, CTOSLLEA MOA 3HAaKOM
norapuma, Ha BeIMYUHY —2/1.

I--L a
d.

TOYHbIE 3HAYEHWS WHTErPasioB NPU KOHEYHOM 3HaYeHMM R NoayumTb He yaaercs,
MoO3TOMY PacCMOTPUM NpefenbHbIi ciyyain npu R -> °o.
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Mcnonb3ys nonyyeHHble OLEHKW, 415 TPETbero (MATOro) MHTerpana us Bblpaxke-
Hus (5.6) nonyunm:

(5.9)

MopctaBnas B BblpaXKeHue (5.6) pesynbTatbl, nonyyeHHble B (5.7—5.9), 1 nepe-
XOfs B 3TUX BbIPXEHUSAX K npegeny npy R -> °0, noayyum

(5.10)

4TO COBMaJaeT C pPesynbTaToM, MOMYYeHHbIM A1 PaccMaTtpuMBaeMoro cryyas B
pabote [5]. AHanorMyHo, BOCMOMb30BABLUMCL COOTHOWEHWUAMU (4.18) n (2.4),
noayYnM:

(5.11)

®) (5.12)

BbiBogblI

1 [lokasaHa TeopeMa, pacluumpsitolias Knacc (yHKUWA, ANS KOTOPbIX A0
HacTosALEero BPeMEHW OblM NonyyeHbl [5] aHaIUTUYECKME BbIPAXKEHUA Ans
npeobpasoBaHnin  Slannaca-CTuntbeca OT (YHKUMIA pacnpefeneHns BpeMeHu
0XMAaHWA 3a8BKOIN Havasia 06paboTKK, MPOCTOS NpMbopa M BbIXOAALLErO NOTOKa
3a9BOK.

2. PaspaboTaH pafg NpuBAMKEHHbIX METOAO0B pacyeTa, OCHOBAHHbIX Ha
NCMOMb30BaHUN NTIOrapUPMUYECKMX KOPHEBLIX roforpafoB 1 N0rapummnyeckmx
YaCTOTHbIX XapaKTepUCTUK, ABNAKOLLUXCA 6onee YA0OGHbIMA B BbIYMCIUTENBHOM
OTHOLLEHUW, YeM CYLLECTBYIOLLME [0 HACTOsALero BpemeHn [3].

7*
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Approximate methods of description of one-channel queueing system

A. VORONOV—YU. CHISTYAKOV
Moscow

Summary

One-channel queueing system fed by recurrent flow of demands determined by
the distribution function A(t) is considered. Servicing times of each demand are mutu-
ally independent and identically distributed and determined by the distribution func-
tion B(t). Demands arriving in the system are serviced immediately if a server is free, and
get in a waiting line if it is busy servicing an earlier arrival. The length of the waiting
line is supposed to be unlimited, demands are being serviced in order of their arrival.

For the above mentioned system the following theorem is proved.

Theorem: If the distribution functions A(t) and B(t) are not latticed at one and the
same time and conditions (2.5) —(2.7) are satisfied then in a stationary process for the
Laplace-Stielties transformation from the distribution function W(t) — the time the
demand waits for the beginning of the servicing and Y(t) — the time the device waits
for the demand, the equations (2.8) and (2.9) are fulfilled.

Restrictions emposed by the conditions of the theorem may be easily checked.

For the functions A(t) and B(t) the calculation method based on the frequency
characteristic of determining the fimctions W(t) is worked out. The determining of the
functions W(t) and Y(t) is supposed to be carried out by way of the trapeze frequency
characteristics. To determine them the well-known tables and nomogramms can be used.

To calculate singular integrals (3.12) and (3.13) a piece linear approximation of
the under integral expressions are suggested to he used.
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The approximating functions (3.17) and (3.19) are selected in such a way that
their graphs at a random value of argument can be determined by way of changing their

scale and parallel displacement of their graphs of the functions having certain value of
arguments for which tables are given.

As an example an important case is considered wnere the Lapiace-Stielties transfor-
mation from the functions A(t) and B(t) is a ratio of rational functions. The obtained
equations (5.10) and (5.11) correspond to the equations obtained for a similar case of
[5], which confirms the correctness of our results.

A. A. BopoHos, HO. B YucTtakos

WNHCTUTYT npobnem ynpasneHus (aBTOMaTUKW U TeeMexaHuKum)
CCCP Mocksa B-485

MpodcotosHas yn. 81
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N3MEPEHVA N VNHD®POPMAUWOHHO-N3MEPUTEJIbHbIE
CNCTEMBbI

6. C. COTCKOB

(Mocksa)

W3MepeHUs SIBASIOTCA OfHOM M3 BaXKHEMLIMX COCTABASIOLMX Hay4HbIX MCCne
[0BaHUA 1 COBEpPLUEHCTBOBaHUS TEXHOMOMMYECKMX MNpoLeccoB. B cTaTbe paccMatpu-
BaeTCs CTPYKTYpa COBPEMEHHbIX M3MEPUTE/bHBIX YCTPOWCTB, BOMPOCHI Pa3BUTUSI HOBbIX
(U3NYECKMX MPUHLMMOB WX MOCTPOEHWS, METOAOB M CPEACTB XpaHeHus u 06paboTku
pe3ynbTaToB M3MEPEHUs, NMPUMEHEHWSI BbIYMCNUTE/bHBIX YCTPOWCTB U MaLH.

OnpegensieTcs psf OCHOBHbIX 33afady A/si COBPEMEHHOrO 3Tana pasBUTWS CPeAcTB
M3MEPUTENIbHON TEXHWKU: M3bICKAHWE HOBbIX (IM3MYECKUX MPUHLMMOB MOCTPOEHNS,
pasBUTUE CPEACTB Mepeaadn U3MEepUTENbHON MHAOPMALIMKM, Pa3BUTHE CPEACTB XPaHeHUs
1 06paboTKM MHAOPMaLWK, aBTOMATK3aLMs OCHOBHbIX W BCMOMOraTe/bHbIX MPOLECCOB
npu uaMepeHun. OfHOM M3 OCHOBHbIX 33fjay CTaBUTCS CTaHAApTU3auus MapaMeTpoB
CUTHA/IOB, MapaMeTPOB UCTOYHWKOB MWUTaHUs, (JOPM M NapameTpoB HoCuUTened WMHGop-
Malun npy 3anucu U Crocob6OB 3anvcy U BOCMPOM3BEAEHWS: YHU(DUKALMUSA KOHCTPYK-
TMBHBIX (DOPM M MECT COEAVHEHMS.

3mepeHne — npoLecc MoJsiyveHWUst KOSIMYECTBEHHbIX AaHHbIX (KOnnMyecT-
BEHHOIM WHGopMaLMM) 00 M3y4yaeMoli BEAMYMHE WKW MNapameTpe — ABAseTCA
OAHOM M3 OCHOBHbIX COCTaBSAIOLNX Hay4YHbIX WCCNef0BaHWUA.

A(PPeKTUBHOCTL HAYUHbIX WCCMELOBaHWUA ONpefenseTca He TONAbKO Hau-
umeM KBaM(MUMPOBAHHbIX Hay4YHbIX KafpoB, HO W HaaM4MeM AOCTATOYHO MOJ-
HO W CBOEBPEMEHHOW Hay4HOW WH(opMaLuM U BOOPYXEHHOCTLIO COBPEMEH-
HbIMW CpPEeACTBaMU WCCMEA0BaHWA, W3MEpPeHWiA 1 06paboTKM pe3y/nbTaToOB M3Me-
peHuii. TONbKO Te 06M1acTU Hayku, rge Cob6MofatoTcs 3T YC0BUS, YCMELIHO
Pa3BMBAKOTCA W MPUHOCAT HOBbIE, 4YacTO MWCK/HOUMTENIBHO BaXXHble Hay4Hble
pesy/bTatbl. [lOCTaTOYHO YKa3aTb Ha pasBUTME KOCMUYECKWUX WCCNEe0BaHWA,
NcCnefoBaHNn B SiAepHON (DM3MKe, paamnoacTPOHOMUM W psae Apyrux obnacrtei
HayKMW.

Jioboe n3MepuTeNbHOE YCTPOICTBO (NPUOOP) MOXHO pa3fennTb Ha Tpu
OCHOBHblE (DYHKLIMOHANbHbIE YaCTW: MePBYI0 («AaTUMK»), BOCMPUHUMAIOLLYIO BO3-
[eiicTBME M3MEpPsSieMOl BeNUUMHbI (MapameTpa) — «x» U CO3JAlOLLYI0 Ha BbIXOLe
M3MEHEHME APYrOil BeNNUMHBI — «y» («ECTECTBEHHLIN» WM «MepPBUYHBIA» CUTHAN),
OAHO3HAYHO CBSA3aHHOW CO 3HAYEHVEM M3MEPSEMOli BEIMYMHLI, BTOPY0 — NpOom3-
BOLSALLYHO CPaBHEHWE BENNUMHBI «y» C HEKOTOPbIM €4VMHUYHBIM 3HaueHueM («Me-
POii») Y = yo M (DOPMMPYIOLUMM BBIXOAHOM CWUTHaN 2; TPETbH («MHAMKATOP»)
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— CAyXaly [A18 MpeBpalleHns BbIXOAHOT0 CUrHana z B ApYroi curHan 2*
nyTeM SIMHEAHOrO WX YINI0BOr0 MepemMelleHns cTpenku (ykasatens) no rpagywv-
POBaHHOW LUKane WM Ha 3KpaHe ocuunnorpada, VMEHLWEro rpagyvnpoBKy.

N3mepuTenbHOE YCTPOMCTBO MOXKET COCTOATb U3 YKa3aHHbIX TPexX OTAeSNb-
HbIX 4YacTell NM60 OHW MOTYT ObITb KOHCTPYKTUBHO 06bLEAMHEHbI B OfHO Lenoe
(«M3MepUTeNbHBIA MPUGOP»).

B cnyuae, ecim MeXAy JaTUMKOM UM M3MepUTENbHOW 4acTblo npubopa, rae
NPOU3BOAMTCS CPaBHEHWE CUTHaNa AaTyiuka C efVUHWYHLIM 3HAYeHVEM («Mepoit»),
b0 Mexay W3MepuUTEeNbHOWM YacTblo U MHAMKATOPOM MMeeTcsi 60/bLIoe pac-
CTOSiHME, TO MPUXOAWTCS BBOAWUTL YETBEPTYHD YacTb — 3M1EMEHTHI ANA nepejayn
cUrHana oT fJatyMka WM W3MepuUTeNIbHOM YacTu Mo TeM WM WHbIM KaHanam
cBA3M. B 3TOM cfyyae M3MepuUTEeNlbHOE YCTPOWCTBO Has3blBaeTCsl Te/ileMeTpu-
YECKMM.

Pa3BuTe COBPEMEHHON W3MEPUTENLHOW TEXHUKU ONpeaensieTcs peskum
YBEIMYEHUEM YuCa BeMUMH (MapameTpoB), NOAMEXaWMUX M3MepeHuto. Tosbko
ONs NPUKNagHbIX U3MepeHuiA (B TeXHUKE, CeNbCKOM XO3AACTBE, MeauuuHe)
B HacTosiLLee BpeMsi TpebyeTcsa M3MepATb OKOM0 2 000 BENUYMH (MapameTpos), a
CYLLECTBYHOLLME METOAbl M CPeACTBa MO3BOMAKT WM3MEPUTbL BCETO /MLIb OKOJIO
450—500 BennuunH (NapameTpoB).

Bce 3T0 BbI3bIBAET HEOOXOAMMOCTL KOPEHHOIO W OMepeXxaroLlero passuTus
Teopuu, METOAOB W CPEACTB M3MEPEHMUIA.

B TexHWKe M3MeEpeHMst MCNOMb3YKTCA KaK MpsMble U3MEepPeHUs WHTepe-
CYlOLLel BEIMYUHBI WM NapaMeTpa, Tak W 60Mee CNOXHble — KOCBEHHbIE W
COBOKYMHbIE UM3MEPeHWsi, KOorfja usMmepsieMas Be/MYMHA OMNpefensietcs nyTem
06paboTKN pe3ynbTaToB W3MEPeHWU ApYrux, CBA3aHHbLIX C Hel, BENUUMH.

MepBas u Havbonee TpyAHas 3ajava NpPU CO3[4aHUM HOBLIX CPEACTB U3Me-
PEHUS COCTOWT B UCMOMb30BAHWUMW YXKE U3BECTHbIX U B M3bICKAHUM HOBbIX €LLe He
MCNOMb30BaHHbIX (PU3NYECKMX 3PEKTOB M ABMEHWUI AN MOCTPOEHMS YaCTei
(opraHoB), BOCMPUHMMAIOLMX BO3AEACTBME M3MEPSEMOW BeNMUYMHLI (NMapameTpa)

M CO3AAIOLLMX Ha BbIXOAE «ECTECTBEHHbIA» (MM «MEPBUYHBINA») CUFHAS.
1 O6blvHaa («Kiaccuyeckast») CTPYKTypHas CXema MOCTPOEHWUs U3Mepu-
TenbHOro npubopa 6bina
X
nm
X

roe /| — ycunue, | — nepemelleHne, /* — nepemeLleHne CTPeKU UK yKasaTens
Mo rpagyvMpoBaHHON LUKane.
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3Ta CTPYKTYypHas cxeMa NpPoAO/IXKaeT NMPUMEHSATLCA U pa3BmBaTbes. 3Mech,
KpOMe MeTOfa HEenoCPeACTBEHHOM OLEHKW, LUMPOKO WCMOMb3YHTCS KOMMEHCa-
LMOHHbIE METOAbl, MNPU KOTOPbIX MPOU3BOAMTCS KOMMEHcauus nepemMeLLeHns
(pexxe ckopocT) wunm ycunus. KomneHcauuWoHHble W3MepUTENbHbIE NPMOOpLI
06bI4HO 06M1a4aK0T MEHbLLEA MOrPeLLUHOCTbIO, YTO OMNpeaensieT UX LWUPOKOe UCNOSb-
30BaHMe.

OfHaKo BO3MOXHOCTW MOCTPOEHWUS M3MEpUTE/bHbIX MPUGOPOB MO AaHHOM
CTPYKTYPHOIi CXeMe OTHOCMTENIbHO HeBeNMKW. Kpome TOro, BLIXOAHOM CUrHan
B BUJe MepemelLeHns CTPeKM UK yKasaTens HeyfobeH ANns nepefaym Ha pac-
CTOSIHME WM ANa fJanbHelileli aBTOMaTMYeckol 06paboTku. B cBsi3n € 3Tum
LUMPOKOE MpUMeHeHMe 3a nocnegHme 25—30 NeT MNoAyyYunu 3MeKTpUyeckune
MeTOfbl U3MEPEHMSI HESNEKTPUYECKUX BENUUUH.

2. B anekTpuyecknx Metofax W3MepeHUs He3NeKTPUYECKUX BEINYUH W3-
MeHeHUe NObIX U3MEPSEMbIX (MEXaHUYeCKMX, akyCTUYeCKUX, TenaoBbIX, ONTW-
YeCKUX, 3MEKTPUUYECKMX, MArHUTHBLIX) BEIMHYMH MPUBOAMT K U3MEHEHUIO KaKoro-
6o U3 3NEKTPUYECKMX MapaMeTpoB: conpoTusneHnss — AR, emkoctn — AC,
WHOYKTUBHOCTU UM B3aMMOUHAYKTMBHOCTM — AL wam AM, 34C — Ae n T.4.

[ns 3toro Mcnonb3ytoTcs pasfiMuHble (U3NYECKMEe ABNEHUS U 3((eKTbl,
CBSI3aHHbIE C W3MEHEHWEM 3NEKTPUYECKUX (P, €, €) WM MarHWTHbIX () CBOICTB
BewecTB. HaumHatoT MCMonb30BaTh [BOMHbIE 3dekTbl (3thdekT Xonna, ahekT
KukovHa u T. n.), Korga W3MeHeHWe BbIXOAHOr0o 3MeKTPUYEeCcKoro napamerpa
(06bl4HO Ae) onpeaensieTcsl COBMECTHbIM BO3[EMCTBMEM [ABYX (M3NYECKMX Be-
NNYUH.

MonyyeHHoe uW3MeHeHVe 3nekTpuyeckoro napametpa AR, AC, AL, AM
nnu Ae MCMONb3YeTCs B W3MEPUTENbHON CXeme A5 CPaBHEHUA C HEKOTOPbIM
HOpMasibHbIM  («00PA3LIOBLIMY», «3Ta/IOHHbIM») 3HAYEHWEM TOFO XK€ MapameTpa W
(hOpMUPOBAHNS BbLIXOLHOIO CUTHaNA.

Mpn MCnob30BaHUK MOCTOSHHOrO TOKa MPOUCXOAMT (DOPMUPOBaHUE Bbl-
XO[HOT0 CUrHana HanpsKeHUs WK TOKa, 3HAYeHWe KOTOPOro NponopLuoHaibHO
3HAYEHNIO U3MeHeHWs anekTpudeckoro napametpa (AR, AC, AL n AM uam Ae)
W, CNefoBaTeNlbHO, W3MEPSEMOW BeNMYMHBI (MapameTpa) «o.

Mpn MCNOMb30BaHUM UMMY/LCHLIX U3MEPUTENbHBIX CXEM BbIXOLHOW CUMHAs
MOXeT (hOpMMPOBATLCA MYTEM W3MEHEHWS aMMAWUTYAbl, AAUTENbHOCTM, (asbl,
4acTOTbl WM YWCMA UMMY/bCOB.

LLIMpOKO MCMONb3YIOTCA U3MEpUTE/IbHbIE CXEMbl MEPEMEHHOrO TOKa, KOTO-
pble MOTYT (JOPMMPOBATL BbLIXOAHbIE CUMHANbI C U3MEHSIOLLEACH B 3aBUCUMOCTU
OT 3HAYeHWs W3MepPSeMOi BeMMUUHbI (NMapameTpa) «x» amnauTYLONR, 4acToToi
nnn ha3oil HanpsHKeHUs WM ToKa.

Mcnonb3ytoTcs U3MepuTe/ibHble CXeMbl MEPEMEHHOr0 TOKa C YacToTamu
MUTalOLLEro TOKa OT AeCATKOB repl [0 [ecATKOB W COTeH Merarepu. [Mpume-
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HEHVEe TOKOB BbICOKOM 4acTOTbl MPY PE30HAHCHLIX W (Pa3oBbIX MeTodax ¢op-
MVPOBaHWA BLIXOAHOTO CUrHasa MO3BONAET JOCTUraTh BECbMAa BbICOKOM 4yBCT-
BUTENBHOCTU U3MEPUTE/IbHBIX YCTPOWCTB WM NPUBOPOB 415 WU3MEPEHUS MHOMUX
(hM3nMYecknMx BennUMH (MapameTpoB).

[JanbHeAwym ecTecTBeHHbIM LIAroM SBASETCA MEepexof K MUAAMMETpo-
BOMY UM OMTWMYECKOMY AMana3oHy 3/1EKTPOMArHUTHBIX KOfebaHuiA, 4To MO3BOMT
BBECTW PS4 HOBbIX METOLOB (HOPMMPOBAHWS BLIXOLHOMO CUrHaa.

OfHaKo, HeCMOTPS Ha uYpe3BblYaiiHO LUMPOKME BO3MOXHOCTW, [aBaeMble
3MEKTPNYECKMUN METOAAaMMN M3MEPEHUS HE3NEKTPUYECKUX BEMYWH, B psje Chy-
YaeB OHW He MOTyT OblTb HEMOCPEACTBEHHO WMCMO/Mb30BaHbI U NPUXOAWUTCA Mpu-
MEHATb BCMOMOraTe/ibHble (U3MYecKMe MNPOLECChl WM  XUMUYECKME peakLmu.

Cpean BCMOMOraTe/bHbIX (U3NYECKMX MPOLECCOB MEPBOE MECTO 3aHMMaeT
NCNONb30BaHMe 3PMEKTOB WMHTErpalbHOr0 WM CeNEKTUBHOMO MOF/IOWEHUS WK
OTP@XEHUA MOTOKOB Pa3fIMYHbIX U3NYYeHWA:

a) aKyCTMyeCcKmx (MH(Pa3BYKOBbIX, 3BYKOBbIX, Y/bTPa3BYKOBbIX);

6) aNeKTPOMarHWTHbIX (PasNIMYHbIX PagMOBOSTHOBBLIX, MHMpPaKPaCHbIX, BU-
OUMBIX, YNbTPAPUONETOBLIX, PEHTFEHOBCKUX, Y-U3/TyUYeHWA);

B) &, B W HENTPOHHbIX.

3MeHeHVe WHTEerpanbHOrO WKW CeEKTUBHOMO MOTOKa W3/TyYeHWA BOC-
NPMHUMAETCA OfHUM U3 MPUEMHUKOB M3Y4YeHWs C M3MeHsoWwmMes R uam e, a
3aTeM MPOUCXOAUT fanbHelllee (OpMUPOBaHME CUTHaMA, Kak U B CyYae 3feKT-
PUYECKNX W3MEPEHUIA HE3NEKTPUUYECKNX BEINUVH.

Kpome usnyyeHuid, B cryyae M3MepeHWid CBOMCTB U COCTaBa BELLEeCTB, Npu-
MEHAIOTCA BCroMoraTe/ibHble (DM3NYeCKMe MPOLECChl, CBA3aHHbIE:

1. C npeobpa3oBaHveM (a30BOro COCTOAHWS MNPO6LI:

(1.1. — ¢ KOHfeHcauuein npobsl,
1.2. — C WCNapeHneM npoobbl);

2. C COPBUMOHHLIMM MpOLEeccamm:

(2.1. — ¢ abCcopOUMOHHBIMM MNpoLieccamu,

2.2. — C aAcop6UMOHHbIMI MpoLeccamu,
2.3. — C XpomaTorpaMyeckumM pasfeneHnem CMecu).
BcnomoratenbHble XMMUYECKME peakumy UCMOoNb3YTea AN TOro, 4Tobbl
NoNy4nTh:

1 W3meHeHne o06bema Mpobbl.

2. W3meHeHMe TennoBbIX CBOMNCTB MM BO3SHWKHOBEHMWE TEMNOBbIX 3HEKTOB.

3. VI3MeHeHune 3neKTPONpPOBOAHOCTM KWUAKOCTM WM MOHU3MPOBaHHOMO
rasa.

4. VI3vMeHeHWe ONTWMYecKUX CBOWCTB (UBeTa, Mpo3payHoCTM U T. n.).

Oco6yto, O4YeHb BaXKHYIO U ObICTPO Pa3BMBAlOLLYHOCA TPYMMY COCTaBAAOT
CMEKTPOCKOMMNYECKNE W PE30HAHCHbIE METOMbl.
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Hambonbluee NPUMEHEHWE OHU MOAYYUNM ANS ONpefeneHWst coctaBa U CTPYK-
Typbl BEWECTB, KOHTPONs cogepXkaHus HD 1 HO, xofa XMMUYECKMX MPOLIECCOB,
n3MepeHns psga (U3MYECKUX BEANUMH. TTPUMEHSIIOTCS METOADI:

1 OnTn4yeckoil CrekTpockonun (MHMPaKPacHOW, BWUAMMON, YnbTpagmo-
NeToBON).

2. PeHTreHo- n y-CMeKTpocKonmu.

3. Macc-cnekTpockonuu.

Bce 6onee LWIMPOKOE MPUMEHEHWE HAXOAAT METOAbI, MCMOMb3YHLWME ONTU-
YECKUA N AAepHbIA PE30HaHC:

1 DNeKTPOHHbIA napaMarHUTHbIA pe3oHaHc (JMI).

2. SlaepHbIi MarHUTHBIA pe3oHaHc (AMP).

3. ApepHblii KBagpynonbHbIA pe3oHaHe (AKP).

4. ApepHblii y — pesoHaHC (3dhekT Meccbayapa).

5. MeTogbl, MCNONb3yHLLME ra3oBoe MWKPOBOSIHOBOE Pe3oHaHCHOe Mor/o-
LLEHMe.

CokpallaloTcs CpoKM MeXAY MOMEHTOM OTKPbITWUS HOBOTO (PU3MYECKOrO
abthekTa MM ABMEHUS M BPEMEHEM €r0 MPUMEHEHWSI A/ MOCTPOEHUS CPeAcTB
NONMyYeHNss MEPBUYHON MHKOPMaLMM B U3MEPUTENbHOM TEXHWKE WM aBTOMa-
Tnke. Ecnn gna adekta Xonna aToT Cpok 6bin 0kono 60 net, To Ana agekta
Meccbayapa OH coCTaBWn Bcero 4—o6 neT. [danbHellwunii ycrnex pasBuUTMSI U3Me-
PUTENIbHOW TEXHUKU B 3HAUMTE/IbHOW Mepe OyfeT onpefensiToCs MpUBEYEHWEM
HOBbIX, €Lle HEWNCroNb30BaHHbIX (3NYECKMX SPHEKTOB W ABMEHWIA.

Lpyrum BaXKHbIM W3MEHEHWEM B COBPEMEHHOW W3MepPUTENbHOM TEXHUKE
ABNSETCA ObICTPOE M pa3HOOOpasHOe pa3BUTUE METOAOB W CPeAcTB 06paboTKM
N3MEepPUTENbHON MH(OPMALLUK.

[lo nocnegHero BpeMEHW W3MEPUTENTbHOE YCTPOMCTBO  (M3MEPUTENbHBIIA
npubop) KMeno, KpoMe BOCMPUHUMAIOWEN 4acTy («gaTuvka») WU U3MEepUTeb-
HOW 4acTW, WHAMKATOP B BWUAE OTAENbHOro npubopa WM  3NEKTPOHHOIO
ocuunnorpaga M perucTpaTop B BuAe CaMONULIYLLEro npubopa wWnu LLneid-
Horo ocuwunnorpaga (puc. 1).

B HacTosiLee BpemMsi 3Ta YacTb W3MEPUTENIbHOrO YCTPOWCTBA KOPEHHbLIM
06pa3oM m3meHwnacb. Kpome uHAMKaTopa v perucrpatopa (CTPenoyHoro npu-
60pa, aNeKTPOHHOro ocuwunnorpada, camonucua W LWiendHoro ocuymnnorpada)
AN 00paboTKM pe3ynbTaTa W3MEPEHWIA (BbIXOAHOIO CUrHana W3MepUTe/bHOM
yacTu) B aHaJIOroBOW (hopMe (pUC. 1) MCMOMb3YHOTCS:
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a) pasnnyHble aHanM3aTopbl:
a.a) amnanTygHble,

a.6) 4acTOTHbIe,
a.B) A4NA cTaTmyeckoih 06paboTKM [aHHbIX M3MepeHuin (Bknoyas koph

penorpagsl),

Puc. 1
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0) aHa/IOroBble CYETHO-BbIMUC/IUTENbHbLIE YCTPOWCTBA WM MallWMHbI, Heoo-
XOAUMbIE :
6.2) N8 KOCBEHHbIX W COBOKYMHbIX W3MEPEHWUA,
6.6) oA KOpPeKUUW [AMHAMUYECKUX MOrpeLlHOCTEN M3MepUTENbHOro

YCTPOIACTBa,

B) aHanorosble BbIMUCAUTENbHbIE MawuHbl (ABM) — ans  o06paboTku
pesy/sbTaTOB B COOTBETCTBMM C 33[aHHOI 3aBMCMMOCTBIO U MpefcTas-
NeHns pesynbTaTta B BUAE rpaduKoB.

MosBMAUCL M BCE LUMPE UCMOMb3YKOTCA aBTOMaTbl ANS CUUTLIBAHWUA U 06-
paboTKK 3anuceil ocuMInorpamMmM 1 aMarpaMM 1 nepefadn pesynbTatoB 06paboTKu
B 3LUBM.

Kpome Toro, uepes npeobpasoBaTenb «aHanor-uuppa» W Ha BbIXOAE W3Me-
PUTENLHOFO YCTPOMCTBA MOFYT O6biTb BK/HOUEHSI:

a) uuposoin ykasatenb (LUM(POBOWA WHAUKATOP);

0) ycTpoiicTBa MamsaTu — Ha nNepdoneHTax U nepdokapTax;
Ha MarHUTHbIX NeHTax, 6apabaHax, AMCKax, (PeppoMarHUTHbIX Kyb6ax;

B) MeCTHble QLIBM («MUHK-3LBM») — ana umdpoBoit 06paboTKn pesysb-
TaTOB M3MEPEHMWIA Ha MecCTe:

r) yCTpoicTBa nNepefayn [aHHbIX 4Yepe3 KaHafbl CBA3W (NpoBofa, pagvo
M T. N.) B UeHTpaIbHble JLBM.

BakHeiilweld 3agayeil B HaCTOsLLEE BPeMSI SIBNSIETCS YCTaHOBMEHUE OOLLMX
TEXHUYECKUX MPUHLUNOB MNOCTPOEHUS CPEACTB M3MEPUTENbHOW TEXHWUKM: CTaH-
[apTv3auMm napaMeTpoB BbIXOAHbIX CUTHANIOB A4S WM3MEPUTENIbHOW 4YacTu 1
NS BbIXOAHbIX cUrHanoB ABM, ycTpoiicTB namatu u SLBM, cTaHgapTusaumu
(hopM W napameTpoB HOCUTENEW, MapameTpoB WCTOYHMKOB CUTHAMOB, YHU(K-
Kaumy KOHCTPYKTMBHbIX (QOPM UM COEAMHUTENbHBIX 3/1EMEHTOB. 3JTO  M03-
BONSIET CTPOMTb HEOOXOAUMblE W3MEPUTE/IbHbIE CUCTEMbI W KOMMJIEKChl U3
TUMNOBbIX COCTaBHbIX YacTeil, UTO 3HAYUTE/LHO YAELIEBUT U YCKOPUT CO3LaHue
CPeACTB M3MepWTENIbHOW TEeXHUKW. B HacToslee Bpemsi BOWa B MNPaKTUKY
cuctema YPC (I'CIT) — ans NpoMbILWAeHHbIX YCTPOWCTB KOHTPONS U ynpasfe-
HWS, paspaboTaHbl M HAXOAAT MPUMEHEHWE CUCTEMbI TUMOBLIX KOHCTPYKTUBHBLIX
npubopHbix Mogyneii: NIM (Nuclear Instrument Module); DIM (Digital
Instrument Module); ADIOS (Analog Digital Input-Output System) w,
ocobeHHo, CAMAC (Computer Application to Measuring and Control).
LlenecoobpasHo ycTaHOBNEHWe OfHON M3 3TuX cuctem (Hanpumep, CAMAC) B
KayecTBe TWUMOBOW AN M3MEPUTENbHbLIX NPUOBOPOB M YCTPOWCTB 415 Hay4HbIX
NCCneaoBaHMiA.

ApyrM BaXKHelLMM BOMPOCOM SIBMISIETCS YHU(MKaLMS HOCUTENe 1 cno-
COGOB 3anncy MH(oOPMaUUM 1 ee BOCMPOU3BEAEHMS. BbICTPOE, HO HEKOOPAMHM-
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poBaHHOE pa3BUTME CPeACTB M CrOCO60B 3anucK MPUBENO K TOMY, 4TO 60/bLUIOE
KOMIMYECTBO Hay4yHOW M TEXHUYECKON WMH(OpMaLMK, HaKOMIeHHOe 3a nociefHue
rogpbl, ckopo (4epe3 3—5 NeT) He CMOXET ObiTb MCMOML30BAHO BCMEACTBME Bbl-
Xofa M3 ynotpebfieHns Tex 4aCTHbIX METOLOB M CPeACTB, C MOMOLLLIO KOTOPbIX
OHa MOXET 3anucbiBaTbCA W BOCMPOU3BOAMUTLCS. HeobXoauMo yCTaHOBMEHUE,
Hanpumep, ¢ nomowpto SO, cTaHAapTHBIX GOpM U NapameTpoB HOCUTeNel W
Crnoco6oB 3amucy M BOCMPOM3BELEHWSA. 3TO MO3BOMUT CO3AaThb eAWHbIE S3bIK U
cpeAcTBa AN perucTpaumMm 1 XpaHeHUs U3MEepPUTENIbHOM WMHGopMauuu, uTo

OcHoBHble Tunbl cTpykTyp MUK

D- patunku
K- kommyTaTopbl

WY-nsmeputesnibHoe
YCTPOCTBO

PY-peructpupytouiee
yCTPOWCTBO

KY- KOHTpo/bHOE
YyCTpOWCTBO

BY- 6nok (3agaHunin)
»yCcTabok"

Pwuc. 2
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UUC c.Henocp. CBA3bIO C/i0KanbHoi 3LIBM

nePPneHTa, nepgookapra
XpaHeHue- [MaFHUTH.NeHTa, AUCK
BwBOg; Ta6no, nevatb

ynpaBneHue

UUC c NpOMEe3aKyTOYH. xpaHeHuem W J0KanbHON SLIBM

XpaHeH. 3y BM
B}
Go—o —"U -
YA
Dher-o —H i“-'

Puc. 3

111
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06nerunt 06MeH Hay4HOIi MH(opMaLMeil 1 MPOBeAEeHNe COBMECTHbIX MCCeaoBa-
HWiA, KOTOpble BCE LUMPE W LUMPEe Pa3BMBAKOTCA B Pas3fiMUHbIX 061aCTAX HayKu
(KOoCMUYeCcKMe U OKeaHONorMyeckme WCCNefoBaHUs, WCCNefoBaHUA N0 npor-
pamve MexayHapogHoro reousnyeckoro roga v T. n.).

B cnyuyae HeobX0AMMOCTU KOHLEHTpaLMUM pe3ynbTaToB M3MEPEHUS B OLHOM
MeCTe LUMPOKO MPUMEHSIOTCA TaK Ha3blBaeMble MAalUWHbI LEeHTPaI130BaHHOIO
KoHTpons (MUK) (puc. 2). B HMX MpousBoaUTCA NepuoUYecKuint uau ¢ onpe-
[eneHHbIM MPUOPUTETOM COOP MEPBUYHBIX CUTHANOB OT [AaTUMKOB, LEHTpanu-
30BaHHOE MNpoBefeHWe onepauuii U3MepeHWs W LEeHTpan3oBaHHas peruct-
pauma ux pesynbTatoB. Yacto, napannefibHO C W3MepeHMEM MPOU3BOAATCA
onepauun KOHTPONS, T. €. CpaBHEHWEe C 3afaHHbIMU NS JAHHON BEeINYWHbI
(napameTpa) 3HauYeHUAMU—«<yCTaBkamm». [1pu BbIXOAE BENMYUHBI (MapameTpa) 3a
3aflaHHble BEPXHUE WM HWKHUWE [OonyCTUMble Mpefenbl NpPou3BOAUTCH PerucT-
pauma KX 3HauyeHus, a TakXXe MOJAOTCA Mpefyrnpexzatolime curHanbl nepco-
Hany Wnn BBOAATCA perynnpyloLive BO3AeACTBUS B KOHTPOMMPYEMBbIA npoLecc.
B stom cnyvae MUK 06nagaloT HEKOTOPbIMK HadanbHbIMW PYHKLMAMW YrpaB-
NAOLWMNX  BbIYNCIUTENBHBIX MaLUWH.

MpumeHeHne MLIK Lenecoobpa3Ho BCneacTBMe OTHOCUTENbHO HeBO/bLLION
CTOMMOCTU 4151 KOHTPONIA MHOMMX TEXHONOrMYeCKMX MpoLLEeccoB U BCMNOMOra-
TeNbHOTO KOHTPONA paboTOCMOCOBHOCTU MOLLUHBLIX WCCNe0BaTelbCKUX  YCTa-
HOBOK.

[pyrum MeTofoM KOHLUEHTpauun pe3ynbTaToB W3MepeHuid, 6onee Lwumpo-
KM MO CBOVMM BO3MOXHOCTAM, SB/IAETCA MpPUMEHeHMe LeHTpabHbiX 3LIBM,
CBAI3aHHbIX C W3MEPUTE/IbHbIMKA YCTPOCTBAMU MOCPEACTBOM MPOBOAHLIX JIAHWIA
CBA3M WU CreupabHbIX KaHaNoB nepefadn faHHbIX, BKYaoLWMX annapartypy,
MO3BOMAIOLLYI0 YCTPaHATb UCKaxeHus curHanos (AMA4).

O6paboTka pe3ynbTaTOB W3MEPEHWUA MNPOUCXOAUT HEMNOCPELCTBEHHO WK
nocne BPEMEHHOT0 HAKOM/EeHUs AaHHbIX B OydepHbIX YCTPOACTBaX MamsTh (puc.
3): nepokapTax, nepthoneHTax, MarHUTHbIX HOCUTENAX (NeHTa, AUCKKM), mar-
HUTHbIX Kyb6ax. OnTYManbHOe MaHWpOBaHWe U opraHu3auums nepejadn LaHHbIX
M3MEPEHNSI N MX 00pPabOTKU SIBNAETCS COXHOW 3ajauveid, onpeaensieMoin oco-
OEHHOCTAMU 00BLEKTA W3MEPEHWUI A WM BO3MOXHBIMU PEXMMAaMMN €ro paboTbl.

OfHoOM 13 CYLLEeCTBEHHbIX 33fay SBNAETCA Mepefada AaHHbIX WU3MepeHus
K MecTy nx o6paboTku U perncrpauum, 4Yto CTUMYNMPYeT pasBUTME Pa3/IMYHbIX
CPeACcTB TeNneMeTpuu ANA Nepefayn AaHHbIX B aHaloOroBoi W LudpoBoli thopve
MO pas/IMYHbLIM KaHa/lam CBSi3W: MPOBOAHbLIM, PAAMO0, aKyCTUYECKUM U ONTUYECKUM.

TpygHOCTM CO34aHMS MOMEXOYCTONYMBBLIX KaHA/IOB CBA3W M HEOOXOAMMOCTb
Ny4lero Mx WCNonb30BaHWUA NPUBEIN K MOSABMEHWMIO U PasBUTUMIO METOLOB U
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CPeACTB ANS CXaTus nepeaaBaeMoli MH(opMaLuy 1 NOBbLILLEHNUS NOMEXOYCTONYM-
BOCTV nepefayn AaHHbIX.

M3yyeHne HeobbIYHbIX cped: KocMoca, rny6uH OKeaHa, Fny6uH 3eMnm—
TpebyeT pa3paboTKM HOBbIX CMELUaIN3NPOBAHHBLIX CPEACTB TeNeMeTpUYecKon
nepefayn fAaHHbIX. 3Ta paboTa YCMeLHO MPOBOAUTCA B psje CTpaH.

v

HakoHel,, BakHelillelA OCOGEHHOCTbH) COBPEMEHHON W3MEpPUTENbHOM Tex-
HUKW SBNSIETCA aBTOMAaTuM3aLus MpoLeccoB U3MepeHWsl, BKOYas BCe MOAroTOBM-
Te/lbHble W BCMOMOraTe/ibHble OnepaLuu.

Hanbonee ApKMM MPUMEPOM SIBASETCA MPUMEHEHME PasHOOOpa3HbIX aBTo-
MaTMYeCKUX KOCMUYECKUX CTaHUMA MU CNyTHWKOB. BoobLle, npu uccnegoBaHusx
B HeoOblYHbIX cpefax: KocMmoce, rnybuHax okeaHa W rny6uHax 3emMaM — posb
aBTOMATMYECKNX CTaHUMIA ABMSETCA MEPBOCTEMEHHON M UX PasBUTMIO [O/DKHO
YAeNnATbCA HenpepbIBHOE U caMOe 60/bLIOe BHUMaHWe. Pa3BuTue rmapomMeTeopo-
NOTUYECKON Cnyx6bl CBA3AHO C MPUMEHEHWEM aBTOMAaTUYECKUX pPajmo-MeTeo-
ctaHunii (APMC) u paamo-30HA0B. COBpEMEHHblE OKEaHONOrMYeCKMe WCCNeno-
BaHUA BK/HOYAIOT LUMPOKOE WUCMO/b30BaHWE aBTOMATUMUECKUX SKOPHbIX U Apeid-
yWNX CTaHUMA («OyeB») M aBTOMATMYeCKMe W MOSlyaBTOMaTUYeckne 6yKcu-
pyemble cTaHuuMW. Bce 3T0 06beAMHSIeTCA LeHTpamy 06paboTKM MHGopMauum Ha
ncecnefoBaTenbCKUX Cyaax.

AHaNOrMYHO CTPOATCA CNYXObl ANA TeothU3NUECKUX UCCNEA0BaHURA, C Toi
pasHuLeid, 4To YacTo 06paboTKa BCE MH(hopMaLUK NPOU3BOANTCS B OAHOM OOLLEM
BLI.

MHOre COBpEMEHHbIE (PM3MYECKMEe WCCNe0BaHUS, B MEPBYH)  O4epedb
NccnefoBaHNs B SAEpHON (m3nke, TPeBGYHOT MHOFQUUCIEHHBLIX O4HOBPEMEHHBIX
N3MEepPEHUiA, BbICTPO COBMECTHOW 06paboTKM Pe3ynbTaToB WM3MEPEHWIA W, B CAy-
yae HeobXOoAMMOCTW, BMELLIATE/IbCTBA B MPOBOAUMLINA 3KCMepuMeHT. [ns obcny-
XKNBAHWA CMIOXKHbIX 3KCMEPUMEHTOB MPUXOAWUTCA MCMO/b30BaTh PAL COBPEMEH-
HbiX 3LIBM, yacTb KOTOpPbIX paboTaeT Mo npeABapuTenbHON 06paboTKe AaHHbIX
M NOArOTaBNMBAET BXOLHbIE jaHHbIE B ObICTPOLEMCTBYHOWME LeHTpanbHble SLIBM.

MocTpoeHMe TaKUX COXHBLIX WHHOPMALUOHHO-U3MEPUTENbHBLIX CUCTEM C
MepapxmMyecko CTPYKTYPOR CTaBUT psAf HOBbIX MPOGEM.

MpoBefeHne MacCOBbIX (U3NYECKMX, XUMUYECKMX, OMONOTUYECKMX U Me-
OUUMHCKMX NabopaTopHbIX UCCMef0BaHUA CTaHOBUTCA HEBO3MOXHbIM 6e3 npu-
MEHEHUs TWMOBbIX WM CMEeLnanM3MpoBaHHbIX aBTOMAaTUYECKUX W3MEpUTESb-
HbIX YCTAHOBOK W Aa)e 6e3 co3faHWsi aBTOMATMYECKMX WM aBTOMAaTU3MpPOBaH-
HbIX WM3MepuTe/bHLIX nabopaTopuit. 3a nocnegHne 5—8 neT BO BCeX CTpaHax
Mupa NpMBopPOCTPOMTENbHAsA NPOMbILINEHHOCTL pa3paboTana v BbiNycTuna 60nb-
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LLIOe YMCI0 aBTOMATUYECKUX YCTaHOBOK U NabopaTopuii pasnMyHOro HaszHaydeHus.
MHorve u3 aTUX YCTaHOBOK MOryT paboTaTb Kak C MECTHbIMW ManorabapuTHbIMM
JUBM («MuHK-3LIBM»), Tak U B pexumMe pasgefieHns BPEMEHW C MOLLHbLIMK
LeHTpa/ibHbiMn  SLIBM.

\%

Bblilwe 6bI1M M3N0XKEHbI HanboNee XapakTepHble YepTbl COBPEMEHHOIO pas-
BUTUSA TEXHWKWU WU3MEPEHWUIA, KOTOPbIE BbI3BAIM €6 KOPEHHble W3MEHeHUs 3a Mo-
cnegHue 10—15 net. EcTb elle MHOrMO BaXKHbIX 3ajady, CBA3AHHLIX, B MePBYIO
oyepefpb, C NOBbLILEHWEM TOYHOCTU U BbICTPOAEACTBMA CPEACTB M3MEPEHUs, CO3-
JaHvem 3TaNoHOB M 06pasuoB, pa3BUTMEM Teopuu, MPUHLMMNOB MNOCTPOEHMUA
M METOOB pacuyeTa pas/iMyHbIX BWAOB W3MEPUTENbHbIX NPUGOPOB, YCTPOICTB
M T. N., KOTOpble LO/MKHbI NOMYYUTL CBOE fanbHeiillee pasBUTMeE.

OfHaKo OCHOBHbIMW 33fayvyamu SBMAKOTCA: KOPEHHOEe pacClUMpeHue BO3-
MOXHOCTEA M3MEPUTENIbHON TEXHWKW, MyTei W3bICKAHWSA BCE HOBbIX U HOBbLIX
(hU3NYECKMX MPUHLMMOB NOCTPOEHUS M3MEPUTENbHBLIX MPUGOPOB U YCTPOICTB,
pa3BUTME METOLOB W CPEeACTB XpaHeHWs, nepegayn v 06paboOTKM pe3ynbTaToB
N3MepeHns C NpUMeHeHWeM pas3finyHbiX BM, nonHas waM 4yacTuyHas asBTOMa-
TU3aUmMa uccnefoBaHuWiA. PelleHne 3Tux 3afay TpebyeT CO34aHWsi COBPEMEHHOWA
TEeopuy M3MepeHnin U NHHOPMALMOHHO-U3MEPUTENBbHBLIX CUCTEM.

Measurements and information-measurement systems
B. S. SOTSKOV

(Moscow)

Measurements is one ofthe most important fields of scientific research. Only those
branches of science advance successfuly that are equipped with modem hardware for
data acquisition, transmission, storage and processing.

Fig. 1 represents a block-diagram of a modern meter. The rapid increase in the
number of quantities to be measured dictates a search for new physical principles for the
construction of elements that would convert the effect of the given quantity (or a para-
meter) into a signal. Various physical phenomena and effects inside substances cause a
change in an electrical or magnetic parameter of the substance under the action of the
quantity measured. Methods using various radiations such as acoustic, radio, optical,
X-ray, radioactive are widespread. Auxiliary physical processes such as the transition
from one state into another, sorption, etc. or auxiliary chemical reactions cause changes
in electrical, optical, heat, or mechanical parameters leading to the appearance 