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K.B. KPOTOB
MATEMATHYECKASI MOJEJIb U AJITOPUTM METOJIA
BETBEM U TPAHMII JIJISI OITUMU3AIIMM PEIIEHUI IO
COCTABAM IMAKETOB B MHOT'OCTAJIMAHBIX CUCTEMAX

Kpomos K.B. MatemaTHyecKkasi MOJeJb M AJrOPHTM MeTOJAa BeTBell M TpaHul AJs
ONTUMH3ALUY PeLIeHuIi M0 COCTABaM NAKeTOB B MHOTOCTA/IMI{HBIX CHCTEMAaX.

AHHoTanus. CoBpeMEHHbIE METO/Ibl PEICHUS 3a/1a4 IUIAHWPOBAHMS BBINOJIHEHUS MaKe-
TOB 33/laHMi B MHOTOCTAJMHHBIX CHCTEMAX XapaKTEPU3YIOTCS HAJIMYUEM OTPaHMYECHUH Ha MX
Pa3MepHOCTh, HEBO3MOXKHOCTBIO TAPAHTHPOBAHHOTO TOJIYYCHHUS JTYUIINX PE3yJIbTaTOB B CPaB-
HEHHUHU ¢ (PUKCUPOBAHHBIMH ITaKETaMH [IPU Pa3IMYHbIX 3HAUYCHHUSX BXOIHBIX IIapaMeTPOB 3a/1a-
yi. B craTbe aBTOpOM peleHa 3a/iaya ONTHMHU3ALUKY COCTABOB MAKETOB 3aJJaHUM, BBIIOJIHAIO-
LIMXCS B MHOTOCTAJMIHHBIX CHCTEMaX, C UCIOJIb30BAaHUEM METoJa BeTBeil u rpanull. [Iposene-
HBl HCCJICJOBAHUS PAa3IUYHBIX CIIOCOOOB (hOPMUPOBAHUS HOPSIKOB BBIIOJHEHHS MAKETOB
3alaHUii B MHOTOCTAJMIHBIX CHCTEMax (IBPUCTUYECKHX IMPABWJI YHOPSIOYMBAHMS I1aKETOB
3aJ]aHuil B TOCJIEAOBATENBHOCTSX MX BBINOJHEHUs Ha mpubopax MC). Ompenenen crnocod
YIOPSIOYMBAHUS NAKETOB B IOCIEIOBATENBHOCTSAX UX BBIIOJHEHUS (3BPUCTHUYECKOE IPaBHU-
710), 00eCIeYNBAIONINI MUHIMH3AIMIO OOLIEro BPEMEHH pealn3aly JeHCTBHH ¢ HUMH Ha
npubopax. Ha ocHOBe monyueHHOro npaBuia cHOpPMYIHPOBAH CHOCOD YMOPSIIOYMBAHUS TH-
TIOB 33JIaHVH, B COOTBETCTBHH C KOTOPBIM UX MAaKEThl PACCMATPHBAIOTCS B MPOLEAYpe MEeTo/a
BeTBel M rpanun. [loctpoeHa maremMaTHyeckas MOJeNb Hpollecca pealu3alyy JeificTBHil ¢
MakeTaMH Ha MPHOOpax CHCTEMbI, KOTOpas 00ECIEeYHBAET BHIYMCICHUE €ro MapaMeTpoB. Bei-
MIOJTHEHO HOCTPOCHUE MeTona (POPMHPOBAHHS BCEX BO3MOXKHBIX PEICHHH MO COCTaBaM IlaKe-
TOB 33JIaHUH UL 33JaHHOTO UX KOJNMYECTBA. PelmeHns o cocTaBaM IaKeTOB 3a/laHUi Pa3HBIX
TUIOB UHTEPIPETHPYIOTCS B MPOLIEAYPE METO/Ia BETBEW U IPAHUIL C LEJIbIO TOCTPOCHUS ONTH-
MaJbHOHM MX KoMOuHarmu. Jljist peayu3aniy MeTosia BeTBel U IpaHHI] ChOpPMYIIPOBaHa IIPo-
Lenypa BeTBIIeHHs (pa3OueHus ), Ipeanoaraomas (GopMUpOBaHHE ITOJMHOKECTB PELICHHUI,
BKJIIOYAIOLIUX MAKEThl Pa3HBIX COCTABOB 3aJaHUil OJHOro Tumna. [IocTpoeHbl BBIpKEHHS AT
BBIYUCIICHHS HIDKHUX U BEPXHHX OLIEHOK 3HAYEHMIT KpUTEPHS ONTHMH3AIMH COCTABOB ITAaKETOB
Ut chOPMHIPOBAHHBIX B MPOLEAype BETBICHUS ITOIMHOXKeCTB. [Iponenypa oTceBa npenmona-
raeT MCKIIOUeHUE MOJIMHOKECTB, HIDKHSS OLIEHKa KOTOPBIX HE MeHbIle pexopna. Jms moucka
ONTHMANIBHBIX PEIICHUH INpPHMEHEHa CTpaTerdsi IOMCKAa B IIMPHHY, IpeIycMaTpUBAIOIIas
HCCIICIOBAaHHE BCEX TMOJMHOXKECTB PELICHUI, BKIIOYAIOIINX Pa3JIMUHbIC MAKeThl 3aJlaHUi OJI-
HOTO THIIA, MOJYYEHHBIX B PE3yJbTaTe MPOLEAYPbl Pa3OMEHUS MOAMHOXKECTB 3aJaHHM, HE
HCKIIOYEHHBIX M3 PAacCMOTPEHMs IOCiIe pealu3alyid HpoLexypsl orceBa. Pa3paboraHHbIe
AJITOPUTMBI PEaTN30BaHbl IPOrPAMMHO, YTO ITO3BOJIMIIO MOJIYIUTh PE3YJIbTATHI INITAHUPOBAHHS
BBINOJIHEHHS [TAKETOB 33/1aHUi B MHOI'OCTQ/IMIHON cucTeMe, siBitoIuecs B cpenHeM Ha 30 %
JIYYIIMH, 9€M U151 PUKCHPOBAHHBIX MTAKETOB.

Ki1roueBble c10Ba: MHOrocTaiMiiHas CUCTEMa, NAKEThl 3a1aHUH, METOJ BETBEH M IpaHMulL,
3BPUCTUYECKOE MPABUJIIO, PACTIUCAHUS

1. Benenue. BrinonHeHne 3a1aHuid pa3HbIX THUIIOB, BXOJSIIUX B UX
Habopbl, B MHOrocTanuitHeX cucrtemax (MC) mpennonaraer ¢popMupoBa-
HHUE MaKeTOB, KOJIMYECTBO 3aJJaHUil B KOTOPBIX OMNPEAEsIeTCs PU ONTUMHU-
3aliU pemIeHni 1Mo ux coctaBaM. Brimonaenne B MC 3amanuii pa3HbIX TH-
TI0B, BKIIIOUCHHBIX B COCTaBBI TAKETOB, CBA3AHO C MEPEHATAKON IPHOOPOB
MC c BHITIOTHEHUS 3aJaHUH OJHOTO THITA Ha BHITIOJHEHHUE 3aJaHUH APYTOTO

Informatics and Automation. 2022. Vol. 21 No. 1. ISSN 2713-3192 (print) 5
ISSN 2713-3206 (online) www.ia.spcras.ru



LUNdPOBBLIE NH®OPMALIMOHHO-TENEKOMMYHUKALIMOHHBIE TEXHONOI M

Tuna. HeoOXoanMocTh ONTHMHU3AINH COCTaBOB MAKETOB BBI3BaHA HEOIHO-
POMHOCTSMH JJTUTEIHBHOCTEH BBITIOMHEHUS 3anaHuii Ha mpubopax MC, a
TaK)Ke HEOJHOPOJHOCTSAMH JUIHTEIFHOCTEH NepeHana ok MprudopoB Ha BEI-
IOJIHEHUE 3aiaHui. [akeT — 3T0 COBOKYNHOCTb 3a[JaHUil OJHOTO THUIIA, BbI-
MONHAEMBIX 0e3 mepeHanxanku mprnoopoB MC Ha BEITIOTHEHUE 3aIaHUH JpY-
roro tuma. Eciii B makeT BKITIOYEHBI BCE 3alaHMsI OJHOTO THIIAa U3 UX Habo-
pa, Takoi makeT siBsieTcsl (PUKCHUPOBAaHHBIM. Tak kak B MC BBINONHSIOTCS
I13 pa3HBIX THIOB, TOrJa HEOOXOAMMO CHOPMHUPOBATH KOMIUIEKCHBIE pe-
HIeHus 1o cocraBaM [13 3THX THIIOB C yYE€TOM BPEMEHHBIX XapaKTEPUCTHUK
nporiecca peanuszauuu neicteuil ¢ aumu B MC. Tlog onTUManbHbIM KOM-
IUIEKCHBIM PELICHUEM IoJpa3yMeBaeTcsi KoMOuHanus cocraBoB [13 pasHbix
TUIIOB, 00ECIICUNBAIOIIAsT IKCTPEMYM MPHUHATOTO MOKa3aTeis 3PPEKTHUBHO-
CTH.

CoBpemeHHble MeToibl TutannpoBanus BeinonHenus [13 B MC npen-
MoJIaraloT MPUMEHEHHUE: IeNI0OUncIIieHHOTo mporpammupoBanus (LUIT) s
onpeaeneHus pacnucanuii BeimonHenus [13 [1]; merasspucTuveckux anro-
putMmoB (renetudeckux anroputmoB (I'A), MeToaa MypaBbUHOW KOJOHHH
(MK)) npu onpenenennu coctaBoB [13 u pacnucanuil ux BbITOTHEHHS [2-
5]; aBpucTHYECKUX TPaBUI pu popmupoBanuu coctapos I13 [6-8]; umura-
IIMOHHOTO MOJEIUPOBaHUs Tporecca o0padotku [13 B HempepbIBHOM Tpo-
H3BOJICTBE UTS OICHKH 3((PEKTUBHOCTH MpUMEHEHus 3BpUCTHK [9]. Mare-
MaTu4ecKas MOJIENIb ONITHMHU3AIMHU PEIIeHUH TP IJIAHUPOBAHUH BBITOJTHE-
Hus [13 Ha mapamiensHO QYHKIIMOHUPYIOIIUX YCTPOMCTBAX paccMOTpeHa B
[1]. OnTumu3anus penieHuit ¢ ee UCMOIb30BAaHUEM IMPEANOAraeT onpee-
JICHUE 3HAYCHUH MEPEMEHHBIX, COOTBETCTBYIOMINX KaK COCTaBaM ITaKETOB,
TaK W MOPsJIKaM MX BbINogHeHus Ha npudopax MC. [Ipumenenue naHHoro
MOAX0/a OTPaHMYEHO Pa3MEPHOCTHIO paccMaTpUBaeMbIX 3anad. [Ipumene-
Hue ['A ans pewenuns 3agaun wianupoBanus ([2]) npenmonaraer, 4to co-
crabl [13 onpenensioTcs cpocoM Ha MPOXYKIUIO, TOCTPOCHUE paciuca-
HUS WX BBITIOJIHEHHS PEATH3yeTCsl C MCIIOIB30BAHUEM 3THUX aJTOPUTMOB. B
[3,4] TA npumenens! i onpenenenus coctaBos I13 (hpopmupyembie Xpo-
MOCOMBI COOTBETCTBYIOT peleHusM 1o cocrasaMm I13). B [5] paccmarpusa-
eTCsl METO/ IUIAaHMPOBaHWA BHIMONHEHHUS [13 Ha mapayuienbHBIX MpuOOopax
Ha OCHOBE JIOKQJIBHOTO MOMCKa COBMECTHO ¢ MeTogoM MK mpm mcmomn3o-
BaHWH IBPHUCTHUYECKUX MPaBWI. B CHITy CTOXacTHYECKOTO XapakTepa pac-
CMOTPEHHBIX aJTOPUTMOB INPU Pa3HBIX 3HAYEHHUSX BXOJHBIX I1apaMeTpoB
3aJja4yll OHU HE TapaHTUPYIOT MOJY4YEHUE PELICHHH, MPUOIIKAIOUIUXCS K
onTUMaNBHBIM. B [6] 3BpHCcTHYECKOE MPaBWIIO MPEAyCMaTpUBAET BKIIOYE-
HHE B MaKeT 3a/laHui, JJIUTEIFHOCTU BBIMOJHEHUS! KOTOPBIX CBSI3aHBI C
JUTNTEIBHOCTBIO BBITIOJIHEHHMS TIEPBOTO 3a/IaHKsI B 3TOM ITaKeTe ONpe/IeseH-
HBIM o0pa3oM. B [7] sBpucTuyeckue mpaBmia npeaycMmaTpuBaior Gopmu-
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pPOBaHNE MHOKECTB OTKJIOHSIEMBIX 3aaHUN W U KaXXJIOTO MHOXKECTBA HE
OTKJIOHEHHBIX 3aIaHui (popMHupoBaHue maketoB. B [8] meTox dhopmupora-
HUS TAKETOB OCHOBBIBACTCS HA TUPEKTUBHBIX CPOKAX OKOHYAHUS BBHITIOHE-
uus 3amanuit. B [9] ompemenenne cocraBoB II3 peanmsyercss HA OCHOBE
WMHUTAMOHHOTO MojaenupoBaHus. OrmpeneneHne MapHIpyTOB IBMKCHUS
13, pacnmcanmii UX BBIIIOJHEHUS PEANN3yeTCs C UCTIONb30BaHUEM IIPaBUII,
a OLIEHHBAETCS C MCIOJIb30BaHMEM HMHTAIMOHHON Mojenu. OTedecTBEeH-
ueie aBTophl (Tanaes B.C., CorckoB 10.H., Kopanes M., JlazapeB A.A.,
Kob6ax B.T'., Heiimopd P.A.) paccMaTpuBarOT METObI MOCTPOEHHS PACIIH-
CaHU# BBHINOJHEHUs eAMHUYHBIX 3ananuid (E3), He oObennHsIeMBIX B make-
To1. B [10] paccMaTpuBaroTCst 9BpHCTHYECKHE TPABUIIA OTIPEACICHHUS COCTA-
BOB IAKETOB W METObI IMOCTPOCHUSI PACHHCAHUN BBITIOJIHEHUS! (UKCUPO-
BaHHBIX [TAKETOB.

Merton Beteit u rpanun (MBI) [11] sBnsercs omHUM U3 6a30BBIX
METOJIOB TUCKPETHOW ONTHMU3AINH pemeHnit. OQHaKo ero NMpuMeHCHHe
TIpH TUTAHUPOBAHWUHN CBA3aHO JIMIIb C PEIICHHUEM 3aJad MOCTPOCHUS PaCIIH-
canmii BemonHeHUs E3 B 00pa0aThIBafOIIUMX CHUCTEMaX Pa3iMYHOTO BHIA
[12-20]. Pa6ortst [12,13] mocesinensr npumenernto MBI npu moctpoenun
pacnucanuii BeimosHeHus E3 Ha ogHOM mpubope (B [12] — ¢ yuetom anpek-
THUBHBIX CPOKOB OKOHYaHwWs BhimojHeHus E3, B [13] — ¢ yuerom dopmupo-
BaHMs NAapTHH, OTIPYXKAEMbIX KIMEHTaM B COOTBETCTBHH CO CIIPOCOM Ha
npoaykiuio). B [14-15] paccmatpuBaercs npumenenue MBI mpu noctpo-
ennn pactmcanuii BeimoiaHeHus E3 8 MC (6e3 oObequHEHUs UX B TAKETHI).
B [14] BBOAsTCSI BRIpKEHHS JUTS HUKHUX OIIEHOK 3HAYCHUI KPUTEPHUS OII-
TUMU3AIHH IPH POPMHPOBAHUH YACTHYHBIX ITOCIICAOBATCIBHOCTEH BBITION-
Henust E3 B MC, BepxHHE OLIEHKH ONpPEAEISIOTCS Ha OCHOBE JOMYCTHMbIX
PEIICHMIA, TOyY4aeMbIX C HCIOJIB30BAHUEM METa3BPUCTHYCCKHUX aJITOPHUT-
MoB. B [15] BeIpakeHus AJist ONpeIe/ieHNs] HIXKHAX U BEPXHUX OICHOK 3Ha-
YEeHUH KpuTepHst (GOPMHUPYIOTCS C yUETOM OCOOCHHOCTEH 3a/au: BEpXHHE
OIIGHKH — C Y4ETOM IIPOCTOEB NPHOOPOB, HIKHHE — C YYETOM BpPEMEHHU
ooxupoBku. B [16,17] MBI npuMeneH npu ¢GOpMHUPOBaHUU paCTIMCAHHMA
BeimonrHeHus E3 Ha mapamnensHeIX npubopax. Ha kaxmom miare mporeny-
put BetBiieHuss MBI B [16,17] dopmupyroTcss HOBbIE YacTHYIHBIE TIOCIIEI0-
BaTENIFHOCTH BBIMONHEHHS E3 Ha pasHBIX mapamiensHO (QyHKIHOHHPYIO-
MUX TpHOOpax, COOTBETCTBYIOIIHE BepiinHam aepesa. B [17] mpu dopmu-
POBAaHUM YACTUYHBIX PACHHCAHUI YYUTHIBACTCS OTHOIICHHUE MOPSAKA JJIs
BBIMOJTHAEMBIX 3agaHuid. Paborer [18-20] MOCBSIICHBI HCHOJIB30BAHUIO
MBI mi1st perieHus 3ama4 MOCTPOCHUS PACIIUCAHUI BBITIONHEHUS IPOCKTOB
npu orpaHnueHusx Ha pecypcel (RCPSP-3anaun).

Ompenenenne coctaBoB I13 cBszaHo ¢ pemenueM 3agau L[UII, sB-
JSIFOLIMXCS. OTPAaHUUYCHHBIMU 110 Pa3MEPHOCTH, C NPUMEHEHUEM METadBpH-
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CTHYECKUX aNTOPUTMOB M 3BPUCTUYECKUX MPABHII, IPUBOISIINX K PEIICHH-
sIM, HE TapaHTUPYIOLUINM MPHUOMIKEHNS K ONTHMalbHEIM. Vcromb3oBaHMe
MBI cBs3aHO ¢ MOCTPOCHUEM pactUcaHuii BoIoJHEHUsT E3 Ha 01HOM TIpH-
6ope, B MC, Ha mapauieIbHBIX PHOOpax, MOCTPOSHUEM PACITMCAHUHN BBI-
TIOJTHEeHUST TIPoeKToB. TpebyeTcsa pa3suteh MBI mns permmenus 3agad onTH-
Mu3armn coctaBoB [13 n mocTpoeHuns pacnucanmii ux BeimoHeHus B MC.

2. Matemarnyeckasi Mojesib nponecca BoimoaHenus 13 B MC.
Jlis mocTpoeHHs MaTeMaTH4ecKod Mojenu mpouecca BelmonHenus 13 B
MC, Buna permenuii no cocrasam 113, pacnucanmii Beimonuenuu 113 8 MC B
paccMOTpeHHe BBEICHBI 0003HAUCHHMS, TIpeicTaBieHHbIe B Tadmure 1.

Tabnuna 1. O6o3HaYeHUs napameTpoB mporecca BoimosnHeHus 113 8 MC

OG6o3HaucHe HasnaveHue napamerpa
1 2
i Unentnduxarop Tuma 3amanuit (1 =1,n).
n' Konuaectro 3aanmii i-ro tuma (i =1,Nn).
I Howmep npubopa (1 =1,L).
m Kosuuectso I13 i-ro tuma (i =1,N ) B pemenuy mo ux cocra-
i
BaM.
M BeKTop KoJIMYecTBa NakeToB i-bix Tunos (1 =1,Nn).
ap, Konnuectso 3ananuit i-ro tuna 8 h-om nakere (h=1,m,).
A Marpuna cocraBos I13 (pazmepHOCTs MaTpuIEl NX M, Tae
m = max(m,) ).
i=1,n
7 ITocnenoBarenpHOCTh BhimosHeHus 113 Ha mpubdopax MC.
n
n, Komnuectso I13 B 10C/e10BATENBHOCTAX 7' ( n,= Z m; ).
i-1
j Homep nosumun I13 B I0CI10BATEIBHOCTSX /7' MX BBIIOITHE-
Hust Ha npubopax MC.
b Marpuua nopsiaka Bemonsesus 113 B 77 (pasMepHOCTh MaTpu-
el NxN;).
Marpuiia KOJIN4eCcTBa 3aJaHHtil i-bIX TUIIOB B [IAKETaX, 3aHHU-
R MAIOIIHX B 7T j-e mosunym (pasmeprocTE NX N ).
¢ JUIMTeIbHOCTD BBIIOJTHEHUS 3a/1aHus i-ro Tuna Ha |-om npu6o-
fi peMC (i=1n,I=1L).
T Marpuia JUINTeIbHOCTEH BBIIOIHEHHUS 3aIaHHH i-bIX THIIOB Ha
npubopax MC (pasmeprocts Matpuipl LxN).
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IIponomxkenue Tadbmuisr 1

1 2

i JIMTeNnbHOCTD MepeHanaaky |-ro mpruGopa ¢ BBIMOJIHEHHS 3a-
1 JIAHUIA i-rO TUIA Ha BHIMOJIHEHUE 3a/IaHUH j-T0 THIIA.

T Marpwusr nepenanaaxu I-six npu6opos (1 =1, L) (pasmep-
HOCTh KaXJ0# 13 MaTpui Nx N ).
MoMeHTBI BpeMEeHH Haualla peanu3aiuu aeicreui ¢ 113 i-ro

tnl . | JR—
i THTA B j-# mosunuu B nocnenosatensHoctu 77 (1 =1, L) nx
BBIIOJIHEHUsI Ha iprbopax MC.

Marpuisl MOMEHTOB BPEMEHH Havaja BBIMONHeHus 113 i-bix

: I 1T
T™ THTIOB B j-BIX TIO3HIHMAX B mocnenosatensuoctax 7 (1 =1,L)

(pasmepHOCTb MaTpuLL NXN,).

IIpoctou |-ro mpuGopa B 0KMAAHAN TOTOBHOCTH K BBIIOJIHE-

. . I
Pri} Huto I13 i-ro Tumna, B j-0¥ MO3UIMHK B TIOCICIOBATCIBHOCTH /T

(1= ]I ) MX BBINOJHEHHs Ha npudopax MC.

MeuoxectBa petienuii [M,A] no cocraBam I13 u pacnucanusm

N,, N —
v [P,R,{T" |1 =1, L}] Bemosnserus 113 8 MC cOOTBETCTBEHHO.

Iopsimox BemoxaeHus I13 mHa mpubopax MC oamHaKoB, OATOMY
¢dopmupyercs onHa MaTpunia P n ogna matpuna R. Torma pacnmcanue BbI-
nonuenus 113 ma npubopax MC umeer Bun: [P,R{T" |l =1L}]. B cuny

TOTO, 4TO pacnucaHue BeinoiaHeHus [13 Ha npudopax MC ¢dopmupyercs Ha
ocHoBe perieHusi [M,A] myTeM MHTepIpeTalMy 3BPUCTHYESCKOTO TPABHUIIA,
TOT/Ia OHO SIBJISICTCS PE3YJIbTATOM OTOOPAKEHHS MHOXECTBA PEIICHHUH MO
cocraam [13 Buna [M,A] Ha MHOKXecTBO pacmucaHuil BeimonHeHus 113, To
ectb N, > N, ([M, A]).

Just hopmupoBanusi HHGOPMALIMOHHOW MO 3a7a4d Z IUIAHUPO-
BaHus BeIMOJTHEHUs [13 KaxaoMy i-My THITY 3a/IaHUil TOCTABIICH B COOTBET-
cTBHE KOpTexX BHaa [21]:

X =<i,T.{T'[1=1,L}>, @

rae T, =(t;,t,;,..,t;)" — i-i BekTOp-CcTONOEL MATMTENBHOCTE} BBINOIHEHNS
3amanuii i-ro Tuna Ha |-p1x mpubopax MC (i-#t cronben (i =1n ) MaTpHILBI
T nuTenbHOCTEN BBITOMHEHHS 3aaHuil i-x THHOB Ha |-bix mpubopax MC),
T =(t :,1!t :Iz,..,t :,n) — -1 BekTOp-cTpoKka Marpumsl T' (1 =1 L) amurens-
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HOCTel mepeHanaiku |-ro mpubopa ¢ BBIIOIHCHHUS 33JaHU i-r0 THIA HA
BBINONTHEHHE 3a/aHuii i'-To THa (1], COOTBETCTBYET BPEMEHH TEpPBOHA-

yaJpHOU Hajaiku |-ro mpuGopa Ha BBINOJIHEHHE 3aJaHui i-ro Tuma). Tex-
HOJIOTHYECKHE MAPIIPYTHI (OMHAKOBBIN (DUKCUPOBAHHBIN TOPSIOK MPHOO-
POB), ITUCHHIUIMHBEI OOCTY)XMBaHUS (TIOCIENIOBATEIHHOE IPOXOXKIACHUE 3a-
JAHUSMU BCEX MPUOOPOB B COOTBETCTBUM C MApIIPyTaMU), MpPaBUIA BbI-
MOJTHCHHUS 1 BCEX THUIIOB 3aJ]aHUH OJUHAKOBBI, MO3TOMY 3TH HapaMeTphl
HE BBIHECEHBI B omucanue (1).

Tak kak B KauecTBE BXOJIHBIX MAPaMETPOB IS 3aJjauu Z 3aJ[aHbl 3Ha-

qermst N' > 1 (i =1n ), TO KaXIblil THII 3aJlaHUI XapaKTepu3yeTcs Kopre-
KeM Bua < X, n' > (i :ﬁ). Torga BXOAHBIMHU IIapaMETPaMHU, Ha OCHOBE
KOTOPBIX BBINOJIHAETCS PEIIEHUE 3aa4H Z, SIBISAETCA MHOXKECTBO KOPTEKEN
BUA < X,,N' >. MOMEHTbI BpeMeHH MOCTYIUICHUS BCEX 3a/aHHii B CHCTEMY

SIBIISIFOTCS. OJJMHAKOBBIMHU, PaBHBIMU (), TUPEKTUBHBIC CPOKU BBITOTHCHHUS
3aJlaHU HE 3aJIaHbl, IPHOPUTETHI BHIIOTHECHUS 3aIaHUI OJMHAKOBBI, TO 3TH
mapaMeTphl He BHIHECCHBI B OIMCAHUE BXOJHBIX JAaHHBIX 3amadn. MHOXe-
CTBO BXOJHBIX TaHHBIX 0003HaumM depe3 X. Bum mHOXecTBa X ciemyro-
mmit: X ={< x,,n' >[i=1,n}. Yepes Y 0603HaUNM MHOMKECTBO PE3yJIbTa-
TOB, ()OPMHUPYEMBIX CHUCTEMOM ILIAHUPOBAHHSI BBIMOJHEHUS 3aJaHUIl MpH
pelieHnn 3a/1a4u Z. B cuity TOro, 4to OrpaHUYEHHs Ha UCIOJb3yeMbIe pe-
Cypchl HE 3a/IaHbl, TOT/Ia 33/1a4a Z, PelIeHHe KOTOPOW BBIMOJIHACTCS B CH-
CTeME IUIAHUPOBAHHMS, XapaKTEPU3yeTCsl BHUIOM BXOJHON HH(OpMAIuH,
BuzioM kputepus Kr, HCIONIB3yeMOro mpu BEIOOpE JIyUIIero U3 MHOXKECTBA
JIOMyCTUMBIX perieHuid. Torma pemaemMoil B cucTeMe 3amave Z B COOTBET-
CTBHE TIOCTaBJICH KOPTEX MapameTpoB Buaa Z =< X,Y,Kr >.

B cootBercTBHE ¢ [22] 3a1aua miIaHupoBaHus BeimonHeHus 113 B MC
npejcTaBieHa B Buje: o | S|y, rae o — tan o0padaThiBaroONIeil CHCTEMBI,

f — Thn pemaeMoi 3ajaun, y — BHJ KPUTEPUsSl ONTHMHU3ALMU PELICHHH.

Tak Kak pacCMaTpUBaeTCs MHOrOcCTaauiiHas cucrema— cucrema FlowShop,
TO B KayecTBe IapaMeTpa « ykasbiBaercs F. PemeHwe 3amaum cBsi3aHO C
KOMIUIEKCHBIM TIaHupoBaHueM BbinonHeHus 113 8 MC (mpexgycmarpusa-
IOIIUM OMpeeNieHne cocTaBoB [13 BceX THIOB M pACIHCAHUT X BBIMOJIHE-
uus B MC). Torzna B kadectBe mapamerpa S ykaseiBaercs batch [10, 22].

UYepes n, 0003HaueHo KONM4IecTBO I13 B MOCHEIOBATENBHOCTAX 7T

(1 =1L ) UX BbINONHEHHs Ha npudopax MC (n, = Zmi ). B aToM cnyqae
i=1
nL

qepes ti n 0003HAYCH MOMEHT BPEMCHHN Haydajla BBINIOJHCHHUA ITOCICIHETO
Mo
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ISSN 2713-3206 (oHnaviH) www.ia.spcras.ru



DIGITAL INFORMATION TELECOMMUNICATION TECHNOLOGIES

n, -ro II3 HekoToporo i-ro THna (3aHUMAIOLIETO MMOCIIEIHION n, —to 1mo3u-

U0 B IIOCJICAOBATCIBHOCTHU 7Z'L BeimoiHenus 113 wa L-om (HOCJ'IGL[HGM)

nlL
in,

npubope MC). Bripaxenue t +l‘i'nptLvi OTIpEJIeNIIET MOMEHT BPEMEHH

OKOHYaHHs BBIIIOJIHCHUA 3TOI'O H3, 3aHUMArOUICro np -0 IO3HMIHIO B II0-

cnenoBaTenbHOCTH 77° Ha L-oM mpuGope (To ecTh MOMEHT BPEMEHH OKOH-
yaHus BeioiHeHus Beex [13 8 MC).

CdopmynmupoBaHHOE IBPUCTHYECKOE TPABWIIO yropsimounBaHus 113
B nocienoBarensHocTsx 7' (| =1L ) ¢ y4eToM JUTHUTENLHOCTEN mepeHaa-
JIOK IIpUOOPOB SBIISETCS CIOCOOOM O0TOOpa)keHMsI MHOXKeCTBa pemeHuit N,

Ha MHOxecTBO pemenuit N, : N; — N,([M, A]). Torma cdopmuposanHoe

¢ ucrnosnb3oBanueM Tpasuna pacrucanue [P,R{T"” |1 =1 L}] ue onTumn-

3UpYeTCsl U COOTBETCTBYET pemieHuio mo cocraBam I13 [M,A]. 3nauenue

MOMEHTa BPeMEHU OKOHYaHus BeInonHeHus [13 Ha mpudopax MC, ompene-

nL
in,

JseMoe BelpakeHueM U+ { ;, XapakTepusyer pelleHue 10 COCTaBaM
L

I13 Buga [M,A]. Tlo 3Toii npuYKHE OHO KCTONB3YETCS B KAYECTBE KPUTCPHS
ONTHMHU3AIMK peuIeHui mo cocraBaMm [I3 (mpemycMaTpuBarOmUX, B TOM
yyciue, U nocrpoenue pacnucanuil BeimonHenus I13 B MC). Torga pemrae-

Mas 3ajja4a IVIaHUpoBaHuA UMeeT Bux: F |batch | (ti”ﬁp +ho b))
BXOIHBIMY TAHHBIMH 3a/1a4¥ UIAHUPOBAHHUS ABISIOTCS: KOJHIECTBO
THIIOB 3a7aHuii N, KonuuecTBo 3aaumii N' (i =1,n) KaXkI0ro THIA, MATPH-
bl JTUTETLHOCTEH BBITIONHEHUS 3aaHuii Ha npudopax MC T u mHTesh-
HOCTel mepeHananok npuéopos MCT' (I :ZII). PesyibpraTaMu IUIAHUPO-

BaHUA ABJIACTCA ONTHMAJbHOC PCIICHUEC MO KOJIUYECTBAM U COCTaBaM 113
Ppa3HbIX TUIIOB BHUa [M,A] 1 COOTBCTCTBYIOIICC €MY paCIIMCAHUC BLIITOJIHE-

mus 113 8 MC suna [P,R{T" |l =]I}] , COPMHUPOBAHHOE C UCIIOJIB30Ba-

HHEM 3BPUCTHYECKOTO IpaBHJIa.
3amaga onTUMH3AIMK cocTaBoB I13 pemraercss B MPEAIOIOKCHHH,

YTO UTUTENbHOCTH mepeHananok |-pix mpubopos (1 =1,L) ¢ BeimonHeHus
3aJaHuMil i-r0 THMA Ha BBIMOJHEHUE 3aAaHHH I'-T0 THIA SBJSIOTCS OJHHAKO-
BeMU (U, =t2 =..=t5), JIMTENLHOCTU BBINONHEHUs 3ajaHuil i-X TUIOB

(i=1,n) Ha |l-b1x npubopax Tarke oguHakoBsl (t; =t, =..=t;). 3Hauenus
JUTHTEIBHOCTEH TepeHaialok MpuGOpOB C BBIMOIHEHHS 3aJaHuil I-T0 THIIA
Ha BBIMOJIHEHNE 3aaHUl I’-r0 THIIA U JTHTEILHOCTEH BBIIOJIHEHHS 3aia-
Huii Ha npubopax MC sBistoTcs He yObIBalOmMUME. B cOOTBETCTBHE C BBe-
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JICHHBIMH TIPEIITOIOKEHUAMH, CBSI3AHHBIMH CO 3HAYCHUSIMU IApaMeTpOB
tt. u t, (1=1L), paccMOTpeHsbI clieyiolie BPUCTUYECKUE TIPABUIA, C
HCIIONIb30BAaHUEM KOTOPBIX peann3yercst (GOPMHPOBAHUE TMOPSAKA BBITIOI-
nenns 13 B 7' (1=1,L) na npu6opax MC:

— TIaKCThbI 3a}.'[aHPII>i ¢ MHHHUMAJIbHOM JJIATCIIBHOCTBIO BBIIIOJIHCHUS

t; — B mepBylo ouepens (mpasmio R1);
— TAaKeTHl 3aJlaHUil C MAKCHMaJIbHOW [UTUTEIILHOCTBIO BBITOJIHEHUS
t; — B epBylo ouepens (npasuiio R2);

— TaKeThl 33JaHUil ¢ MUHUMAJBHOH JNTUTEIBHOCTHIO TIEPEHANAIKA
npuopos t|. — B mepsyto ouepesb (pasusio R3);

— TaKeThHl 33JaHUH ¢ MAKCHMAIIBHOM UTUTEIFHOCTHIO TIEPeHATAIKA
pubopoB ti'i. — B IIEpBYI0 ouepens (mpasuio R4).

HccnenoBanus yka3aHHBIX coco0oB ymopsinounBanus [13 B mocie-
noBarensroctsix 7' (1=1,L) OCYmECTBICHBI MyTeM IOCTPOCHHS JHa-

rpamMm ["aHTa IS KaXka0ro npaBmia (pu pa3HbIX coctaBax [13). s kax-
JIOTO IBPUCTUYECKOTO MpaBHIa M COOTBETCTBYIOLIMX €MY MOCIEI0BATEIb-

nocreit 7' (1=1,L) Bemonuenus 113 3auKCHPOBAHB MOMEHTHI BPEMEHH
OKOHYaHUs peanu3auuu aerctBuil ¢ HuMu B MC. AHanu3 paccMOTPEHHBIX
Ccroco0OB yMOPSAI0YMBAHUS MAKETOB (C TOYKU 3PCHHUS MHHUMU3AIMHA OKOH-

yanus BeinosHenus [13 8 MC) nokasai, 94To HCHOIBb30BaHUE MapamMeTpa ti'i.

u npaswia R3 11 mocTpoeHns pacnucaHMil MO3BOJSET MOJIYYUTh MUHH-
MaJBHYIO JIUTEIHHOCTH BeIMonHeHus [13. Peanu3amnms npasuna R3 ymopsi-

nounBanus 113 B mocnenoBarensHoctsix 7' (| =1L ) mpemycMarpuBaer,
gro: 1) B mepBoii mosuuy B mocaegosarenprocTsx 7' (I = ].,_L) pasmeriia-
etcst [13 ¢ MUHUMAJTLHBIM 3HaUeHHEM t,. ; 2) BO BTOPOH MO3UIHMH B TIOCTIE-
noBaTeNBHOCTSX 7' pasMemaercs 113 co 3HauenneM t'., criemyrommM 3a
3HAYEHUEM ti'i, JUTSL 33JIaHUI B MAKETE B MEPBOM MO3UIIUU B 7 (1 :1,_L ); 3)
B CJIE/LYIOLINX MO3HIMAX B 77 HOC/IEIOBATENHHO PA3MEIIAIOTCS 110 OHOMY
TnaKeTy 3aJaHuil APYruX THIOB, JUTHTENLHOCTH ). TepeHanajiku mpuéopos
C BBINOJIHEHHST KOTOPBIX YIOPSIOYEHBI O He YOBIBaHHIO (70 N-TO THIA
BKJIIOUUTENBHO); 4) B 7 pa3MelaTcs M0 OJHOMY MAaKeTy 3aJaHui pasz-
ubX THTIOB (0T (i=1)-r0 10 (i=N)-rO THIOB), JTMTENBHOCTH t'. mepenana-
JoK prbopoB MC ¢ BBIMOJHEHHUsT KOTOPBIX YIOPSAJAOUYEHBI MO HE yObIBa-
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HHIO; 5) JeWCTBHsI, aHAJOTHYHBIC MYHKTY 4, MPOJOIDKAIOTCS A0 TeX MOop,
noka B 7' (1 =1,L) He GyayT pasMmeliens! Bce NAKETHI.

Ha ocHoBe copMyTupOBaHHOTO IBPHCTUIECKOTO TpaBuia HOpMHU-
poBaHus mopsaka BeimoiaHeHus 113 B MC peanu3oBaHO yHopsIOYUBaHHE

THIIOB SallaHI/Iﬁ C yU4eTOM 3HAYCHUI tili, . B cootBeTcTBUH C 3THM NOpAAKOM

TUTIOB 33J]aHUH PELICHUS 0 COCTaBaM WX IMAKETOB OYIyT BKJIFOYATHCS C
MHOXecTBa (TIOAMHOXKECTBA) pPEUICHHH, (OpPMUPYyeMBIX MpH peaTn3annun
mpornenyps! pa3ouenus (sereinernus) B MBI'. B nononaenne k 0603HaueHN-
ssMm Tabmuupr 1 BBemeHBI ciemyromue o0o3HadeHUS: | — MHOXECTBO THIIOB

3a7anuil, BeONHsEMBIX B MC, yIOpSJIOYEHHBIX C Y4eTOM 3HAaYeHHii t.
(|I|: n); f(t.) — cnoco6 ynopsnounsanus snemMentos u3 | (cBsi3bIBaHMS
3JIEMEHTOB U3 | OTHOLICHHEM TOPSIIKA > ) B COOTBETCTBHH CO 3HAYEHHAMHU
napamertpa t... Cioco6 f(t\.) npemycmarpusaer npu t'. <t!.. cBasbiBanue

THUIIOB 3aaHui i, I', i"" , BXo#smux B |, OTHOIIEHHEM > CIEIYIOIIUM 00pa-
3oM: i'>1i, i"=1i'. Torma (i=1)-oMy THIly 3aJaHHil COOTBETCTBYET MUHHM-

MaJIbHOC 3HAYCHUC t N-My TUITYy — MAKCUMAJIbHOEC tili, .

I[H}I IOCTPOCHUA MaTeMaTHIeCKOM MO,I[eHI/I Imponecca BBIITOJIHCHUA

I13 8 MC B paccMoTpeHue BBeJeH napametp Pr Ij » XapaKTepU3YIOLIHi TIPO-
crou |-ro mpubopa B oxkunaHuu Havana BeimoiHeHwus 113 i-ro Tuma, 3aHu-
Maromero j-ro nosurmio B 7' (i=1,n, j=1, n, ). Ilpocrou (I=1)-ro nputo-

pa B OXHWIAAHUU TOTOBHOCTHU II3 x BBIIOJHEHHUIO OTCYTCTBYIOT. I[aHHOC
YTBEPAKACHUEC NPEJCTABILICTCS B CICAYIOIIEM BUJIC:

1
Pr, Prl(ml) .=0, Pr, _Prz(w) w=0,.,Pr =Pr, =.=0. (2
| o
3HavyeHus Pru OIPCACIIAOTCA HAa OCHOBE C(l)OpMI/IpOBaHHOI/I MaTpu-

el R cemyromumM obpazom:
Pr = maX(O (tnl - |] I ll) (tlnlj -1 |',j—ltl,i' +t|[|) ' (3)

B (3) t"~ MomeHT Bpemenu Hauana Bbinonnenus na (I-1)-m mpu-

60p€ I13 i-ro THIIA, 3aHUMAroICro j-IO HO3UIHMIO B ITOCJIICAOBATCIIBHOCTHU

el ti’f’ j.1— MOMCHT BPEMCHH Hayala BBINOJIHCHNUS 113 i'-ro Tuna, 3aHMMa-

routero (j-1)-to nosumuio B 7'. B cooterctBuu ¢ (2), (3) BBIpaXeHus s

OTIpeICIICHUS 3HAYCHHIA t"’ HMECIOT CJICIYIOIINI BHI;
—mpu |1=1:
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nl _ .40l _ gnl 1 . .4nl _ 4nl 1
=05ty =ttt H st =t

nl __ gnl 1 .
tnn - tn—].,n—l + rn—l,n—lt’l,n—l +tn—1,n 1
nl

__¢nl 1 . o4nl _ 4nl 1 .
N+l T 1:n,n + r-n,ntl,n +tn,1 " tn,2n - tn—1,2n—1 + r-n—l,Zn—ltl,n—l +tn—1,n "

4)

—mpu 1>1:

1-1
nl __ .
1= Z rlltgl )
e

t = ti".vljf1 0t +'[i1,’i + Pr.lj (pu j>2).

i i

()

Bei6op peurenus mo cocrasam I13 i-x tumos (i =1n ) ocyiecTBs-
€TCsI B COOTBETCTBUHM C TpeOOBaHHEM MHUHHMH3ALNK OKOHYAHHS UX BBIMOJ-
nenus B MC. Pacrucanme [P,R{T" |l :1,_L}] SBJISIETCST  PE3yJIbTATOM
orobpaxkenuss N, - N,([M, A]), cOOTBeTCTBYIOLIEr0 SBPUCTHICCKOMY

npaBuiTy (MaTpuisl P 1 R ompenenstoTcesi B COOTBETCTBHHU C 3BPUCTHIECKUM
MpaBUIIOM Ha OCHOBe pemrenusi [M,A], pacmicanne He ONTHMH3HPYETCS).
Torga pemenne [M,A] MoxeT GBITH OXapaKTEPU30BAHO MOMEHTOM BpEMe-

HU okoHuaHus BhinonHenus 113 8 MC. Beipaxenue t'- +r t . (rae 3Ha-
i L

n
deHue N, (n, = Zmi ) ¥ 3HaYCHHUE i, (sBIsIIOTIIEECS PE3YIIBTATOM OTOO-
i=1

paxenus f(t\.)) onpenenstorcs B cootsercTBuM B pentenuem [M,A]) Bae-

JICHHOE BBIIIE, ONpEACIICT MOMEHT BPEMCHM OKOHYAHHS BBITIOJIHCHUS B
MC gcex I13. Torma 3agaya onTuMu3anuu cocTtaBoB 13, BEITOIHAEMBIX B
MC, uMeeT ciaenyrouui BU;

min f([M,A], [PiRi{Tnl || ZH}]) ' (6)

rae f(IM,A], [P, RAT" [I=1L}]) =t/ +1,t

i,np L,

Orpannuennst Ha MHOkecTBa N, 1 N,([M, A]) umeror Bux:

— OrpaHMYCHHUEC HAa KOJIHUYCCTBO 3aJlaHAM B ITAKETaxX:
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m

Zaihzni; Z aihzzni; (7)

n i n
h=1 =1 h=1 i=1

— orpannueHue Ha kKomumuectso 113 i-ro Tuma B 7' (1=1,L):

Z Py =m;; ®)
-1

orpanuuenue Ha obmee kommuectso 138 7' (=1, L):

n

22 P =2m; €)

i=1 j=1 i=1

— OrpaHUYCHHC HA KOJIUYCCTBO 3aﬂaHHI>i i-ro THIa B makeTax B 7Z'I .

p m;
PAAEDIC (10)
= h=1

— OrpaHU4CeHHUC Ha 0611166 KOJIM4YCCTBO 3aHaHI/Iﬁ i-BIX THIIOB (

i=1ln )Bmakerax B 7' (| = 1L ), BBIOJIHAEMBIX Ha Iprbopax MC:

Ty

Zrij :Zzi:aih' (11)

n
i=1 j=1 i-1 h-1

ITocraHOBKa 3ama4yu ONTUMU3AIMH COCTAaBOB [13, BBHIMOJIHIEMBIX B
MC, chopmynmpoBaHa clexyromuM 00pa3oM. 3aaHHBIMHU SIBISIOTCS: KO-

JIMYECTBO N THIIOB 3ajaHuil; Kommaectso N' (i =1,_n) 3aJ]aHu#l KaXJI0ro THU-
na; MaTpuua T JUIMTEIbHOCTEH BBINONHEHNs 3aqanuii B MC; matpuust T
(1 :1,_L) JUTMTENIFHOCTEN TIepeHanaaok mpuoopoB. TpebyeTcs ONTUMHU3HN-
poBaTh KOMILIEKCHOE pemienue mo cocrasam I13 Buma [M,A] u chopmupo-
BaTh COOTBETCTBYIOIIEe eMy pacrucanue [P,R{T" |l = 1,_L}] .

3. IlpumMeHeHHe MeTOJa BepBeil W IpaHUIl MPH ONTHMH3ALMH
KOMILJIEKCHOTO pelienusi mo cocraBam [13, Beimosinsiembix B MC. Pe-
IICHUE 3a/Ia4d ONTUMU3AIMK cocTaBoB [13 obecneunBaeTcs MOCTPOCHUEM:
cnocoba (opmupoBanus perieHuil mo cocraBam I3 i-x Tumos; crmocoba
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ONTHUMHU3AIMK KOMIUIEKCHBIX pelleHui mo cocraBaM [13 pasHbIX THIOB (C
ncrnons3oBanueM MBI).

C menpio ompeneneHus MHOXECTBAa pelieHui 1mo coctaBam 113 u
crocoba (OPMHUPOBAHHS PEMICHHIA TT0 UX COCTaBaM BBeIeHBI yciosus [23]:

— KOJIMYECTBO 3aJ@aHUH | -To THIA B MakeTax He MeHee 2 (8, > 2,

=1,m ); eciu npu MHUPOBaHHU PELICHUS II TaBaM M, i-r
h=1m); ec 0 0Ba ele o coctaam m; II3 i-ro
THUIA JUIA IIePBOrO IaKeTa IOIYy4eHo &, <2, TO JalibHeilllee MoCTpoeHue
peurenuit o coctaBam I13 i -ro THIa B KOJIMYECTBE M, HPEKpaILaeTCs;

— ¢QopMupoBaHHE HAYAILHOTO PelIeHns 11 Konudecta m, I13 i -

— rnI

. i .

o THIA mpenmoiaraer, yro: a, =2 (h=2,m ),a, =n —Zaih ;
h=2

— 3HAUYCHHS IMapaMeTpoB M, , 3aJaBacMble NIEPBOHAYAIBHO IS 3a-
JaHui Beex i-x tunos (i =1,n), paBubr 2 (M, = 2);

— Moaudukauus koaudectsa [13 i-ro Tvna npeamosaraer, 4ro ma-
paMeTp M. yBeIMYUBAETCA 10 TeX IO, IOKA B HAYAILHOM DPEIICHUH II0
cocraBaM M, MAaKeToB BhINONHAETCS ycioBue &, =2 (h=1m); npu
a,, < 2 popmuposanue coctaBos I13 i-ro Tuna npexpariaercs;

— (OpPMHPOBAHUC PCHICHUN MPEANONAracT YBCIUYCHUC KOIHYC-
CTBa 3aJaHKi B makere ¢ MHACKCOM h'>1 W yMeHbIIeHHEe KOJNMYEeCTBa 3a-
nannii B makere ¢ h=1; npu ycnosun a, >a, (h :Tmi) MO I (HKAIIHS
cocraBoB h-pix II3 mpomomxaercs; IpH YCIOBHH a, < &, PELICHHE IIO
cocraBam I13 B konmuecTBe M, He paccmarpusaercs [23].

OrpaHuyeHust MHOKECTBa pelieHuit o cocraBam [13 umeroT Bua:

1) orpannuenue Ha kommdecTBo I13 i-x TumoB (i =1,_n): m =2,

ni
m, < PRk rie [_| — onepauysi OKPYIJICHNS! B MEHBLIYIO CTOPOHY;

2) orpaHuuYeHHE HA KOJMYECTBO 3aJaHU I-X THIIOB B MaKeTax
(i=1n):

in >2(h=2,m), a,22, a, =n _Zlai‘h v iy 2 G, (h=2,m);
h=2

; n'—2(m -2
a, <n' =2(m -1}; a;, < % ;
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3) orpaHuvcHHE HAa 3HAYCHHs KOJMYECTBA 3aaHWM i-X THIIOB B Ta-
KeTax:

n' —2(m, —2)

a;, €{2,3,.,n' = 2(m -}, a,, €{2.3,.., Yh=2,m).

Jna ontuMmzanum pemieHus mno cocrasaM II3 ¢ ucmosnb3oBaHuEM
MBI B paccMoTpeHne BBeieHb 0003HaueHus], NpuBeIeHHbIe B Tabnuie 2.

3HadeHne mapamerpa M, COOTBETCTBYIOLIETO MAaKCHMAILHOMY

kompuectBy II3 i-ro Tuma, ompexmenseTcs CIeXyIOIIUM — 00pa3oM:
i
max

n
mi = ? . B Martpuie A XpaHATCd BCE€ BO3MOXKHBIC PCHICHHA IO CO-

ctaBaM 13 i-ro Tumna, cHopMUpOBaHHBIC B COOTBETCTBHH C PACCMOTPEHHBIM
HIDKE aTOPUTMOM.
3HaveHHe mapamerpa I,y COOTBETCTBYET KONHYECTBY CTPOK B Mar-

HUIe ! OIpeiciIdeTCA BbIpaXKECHUEM BUaa: I _mlz: I+1 rae LJ
puue A, ompexn p aa: r, = - , IO

m;=2 i
OKpyIJieHue B Golbinyto cTopony. Marpuust A??u A2? npennazHaueHb!
JUIS BPEMEHHOI'O XpaHEHHs pelienuii mo cocrasam I13 i-ro tuma (i = Ln ):B
A" XpansTcs peleHus, Ha OCHOBE KOTOPBIX (JOPMHPYIOTCS HOBBIE Pellle-
Husl, 3anuckiBaeMble B Matpuiy AZ? . Crioco6 onpenenenust coctapos I13 i-
ro tuna GopMUpyeT Ha OCHOBE pemnenuil u3 (L -x cTpok marpuust A”?
HOBBIE PENICHHS, KOTOPbIe coxpanstoTes B Matpuue A2? . ITocne Toro, kak
HOBBbIE penleHust chOPMUPOBAHEI, pelenus u3 mMarpuibl A”? nepenuchbipa-
toTcst B Matpuity A", a pemenus uz matpuist A2? — 5 A?? 11 popmupo-

BaHUS HOBBIX pemIeHuil. 3HaueHus I, u I,,, ONPEICISTIOTCS BEIpAKCHIEM
1 1

n'+1
=r

v
A 2<m; <m™* m

r l"IJ'</'

B cootBercTBHY ¢ pa3zpaboTaHHBIM METOAOM (OPMHUPOBAHHS COCTa-
BoB II3 B xaxpoit matpure A" (i =1,n) HakarmIMBarOTCA BCE PEIICHUS MO
ﬁfvz[)
1

COCTaBaM IAaKeTOB i-ro0 THIIA. ManI/IIILI Afiyd) u HCHOJIB3YIOTCA I

(OpMUPOBAaHHUS HOBBIX pelleHuii Mo cocraBam I13 i-ro Tuma.
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Tabmmma 2. O603HaYeHNs, HCIIOJIb3YeMbIe ITPU (GOPMHUPOBAHUN KOMILUIEKCHOTO pe-
meHust o coctasaM 13 i-bIX THIIOB, BEITONHsIEMbIX B MC

O06o3HaueHue Hasnauenne
1 2
Marpuungl, npeaHa3sHaYeHHBIE IS XPaHSHUs PeIIeHHNIl 1o

n
A cocrasam I13 i-biX THIIOB, pasvepHocTh T, m™.
I'Ain Konugectso crpok B Matpune A’ .

mimax MaxkcumainbHoe kosn4ectBo 13 i-ro Tuma.
0; Unpeke crpoku B Matpuue A’ (i =1,n).
(a, )’ KomnnuectBo 3ananuii i-ro tuna B (h=1)-om nakere mis gj-ro

a.n i pelIeHns 0 COCTaBaM IIaKeTOB ITOTO THIIA.

: CueT4rK KOJIMYeCTBa pelieHuii mo cocrasam 13 i-ro tuma B
n

marpuue A’ (i = Ln ).

AL A

Matpuiipl, IpeiHa3HAUYCHHbIE ISl XPAaHEHUs PEILeHHiT 1o
cocrasam 13 i-ro Tuna npu ux GopmMupoBaHuu (pasmep-

HOCTb MAaTPHII rAf""’ xm™ o r agt x m™)
i i

low T
AT

oyg oyg
VA

KommdecTBo cTpok B MaTpuIiax ;

qL, 92

Unnekci crpok B marpunax A7 u AY? .

i
p2

Mot

n

CueTunKH perieHuii Mo cocrasam I13 i-bIX THIIOB, pa3Meriia-

6 6
eMbIX B MaTpuiax A ? y ’iy ?

G

19;

MHosxecTBO pemenuii o cocraBam 113, conepxariee pere-
Hue 1o cocraBy (h=1)-ro IT3 i-ro Tuma, cOOTBETCTBYIOLIEE

Q; -oif cTpoke Matpuisl A’

I MBI’

MHOK€eCTBO TUIOB 3aJaHUM, AJIs1 KOTOPBIX NPU pealn3aluu
MBI BbInonHEHO (OPMHPOBAHUE MHOMKECTB qu .
J

Ha ocHoBe chopmysMpoBaHHOTO CHOCO0a ONpeJeNieHns] COCTaBOB
I13, B paccMoTpeHre BBEJIEHBI YCIIOBHSI, I03BOJIAIONINE COKPATUTh KOIHYE-
cTBO (opmupyembix pernernit [23]. Ecnu 1is Tekymero paccMarpuBaeMo-
ro pemenus (0L - cTpoku MaTpHIbI [;y ?
oy
(aqL,h)li

oy
HEM3MEHHOM 3Ha4eHUH (@y 1) ), @ 3aTEM yBEIMYeHHEe Ha | 3HaYeHHA

) BBITIOJIHACTCA YCJIOBUC

oy

— oy
=(Gq, nia)ii > TO yBenumuenue Ha | sHavenust (ay )i (upu

oy oy
(aq]iyhﬂ)1i (mpu HEU3MEHHOM 3HAYE€HUU (aq]ivh)1i ) o0OycJaBIUBACT IMOITY-

YeHHe OJMHAKOBBIX peleHuii mo cocraBam I13 i-ro Tuma.
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Ha ocnoBe 3TOro ycnoBusi chopMynupOBaHO CIEAYIOLIEE yTBEp-
XJIEHHE, MO3BOJISIONIEe OTPAHUYUTL KOJMYECTBO pereHuii [23]: ecmu mpu
(bopmupoBanuu penrerust o cocrasam M; I13 i-ro Thma Ha OCHOBE perre-

o 6
s, cootsercTByromero (i -it crpoxe matpuus A d’, IUISL DJIEMEHTOB
dTOH CTpOKHM BbIONHAETCS (g D)2 = (ag, )e? 1o He TpeGyetcs yBe-

o .
JNIMMUBATh 3HAYEHNE DNEMEHTA (Gy; p,1)1 5 TPEOYETCS BBIOIHUTD NEPEXOL

K 3HeMeHTy (aqli,h+j )fiwp ((h + J) < rni )7 TaKOMY7 4qTo (aqli,h)fiyq) * (aq].i,h+j fiyd)v

wd _ o
3Ha4YeHue KoToporo Oyzer msmeneno. Ecmm (ag, )i = (dgy na)i” (B 00-

oy _ oy
weM Buge (@ )i =(ag p.j)i" ), TO HA OCHOBE PELUEHNS, NPE/ICTABICH-

Horo (l; -if cTpokoil MaTpuIIbI Aﬁwf’, OyIeT MoJIy4eHO pelieHue, JyOJnpy-
roriee chopMUpOBaHHOE paHee. B ToM citydae, eciu 11 COPMUPOBAHHOTO
pemenuss mo coctaBamm, II3 i-ro Tuma BBINONHSETCS — YCIOBHE

Ay 1 <8, (N=2,m ), To 510 pemenne nybénupyer chopmupoBaHHOE

paHee, OHO HE PacCMATPHUBACTCS M HE WCIONB3YCTCS IS TOCIEAYIOIETro
(bopMupOBaHU HOBBIX pemienuii [23].

Jlst peanmuzanuu anropuT™Ma MOCTPOCHUS pelieHu 1o coctaBaM 113
i-ro Tuma HeoOxoaMMO chOPMUPOBATH HaYaIbHOE pelueHue s M, = 2 (3a-

nate cocraBel II3 (mpu @l =1lwm nipl =1)): ay,=2 (h=2,m),

m;
i z .
aq]i 1= n - aq]iyh , ecian aqL 1 >2 , TO C(l)OpMI/IpOBaHO KOPPEKTHOC pe-
h=2

weHue 1o cocrasam M, = 2113 i-ro Tuna. Ecim a, , <2 , o s i-ro Tuna

a1 .1
3a1anuit popMupyercs GUKCHPOBAHHBIN MAKET, COCTaB KOTOPOTO COXpaHs-
. _ —_ni i
eTcsi B MaTpule A': (| _1’aqi,1 =n ,n, =1.
BXOIHBIMU JAHHBIMH A7 anroputMa (GopMHpOBaHUs PEIIEHHH IO
cocraBaM II3 i-ro THIa Ha OCHOBE PELICHWii, HAXOMAIIMXCS B MAaTpUIE
A" sBastoTes: Ny, — KOJIMYECTBO pemenuii no coctasam I13 i-ro tuna B

matpuue A7 ( N, =1 B HAYaNBLHOM pelieHuu npu M, = 2), MaTpua A
AJITOPUTM MOCTPOEHHS pEIIeHnH 110 cocTaBaM I13 i-ro Tuma Ha OCHOBE pe-
menuii, Haxonsmmxcs B Marpuiie A’? , uMeeT mopsIoK maros:

1. 3aymate 3HaueHHUs mapamerpos: gl =1, nip2 =0,92, =0, nip =0.
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2. 3amaTe HoMep makeTa h' B permmenmnm, cooTBeTcTBYyomeM (L —if
cTpoke Matpuubl A”?, cocTaB KOTOpoOro usMensietcs, pasubiv 2 (h'=2).

3. Monu¢umuposaTs 3HadeHue (2,: 2, =02, +1; B h'-m makere
YBEJINYUTH KOJMYECTBO 3aJaHuil Ha 1 — copMHUpPOBaTH pelIeHne 1Mo cocTa-

Bam I13 i-ro tuna (2,-10 crpoky matpuimr A2?): (3, o = (ay, )0

(h=2,n—1&h=h+"Lm), (8 )" = (@ )27 +1,

(8, )57 =1’ —Z(a“)w, nh, =np, +1.

vh i)
4. Ilposeputs ycinosue (3, Vit < (g, 1 )77 . B ciyuae ero Bbl-
3 oy
nosnHeHus copmMupoBaHHOe B Bujie (2, -if ctpoku matpuupl A)l” pemenue
i i . —
HE MHTEpmpeTHpyercs, Toraa Ny, =N, -1 u 92, =92, —-1; ecau np2 =0,
TO TIEpEeUTH Ha TYHKT 9; eciu n'p2 >0, TO mMepeTH Ha IMyHKT 8; MpH
oy oy oy
(85, 1)51" Z (84, )5 TONYHEHHOE PelleHHe COXpaHeHO B mMatpuue A;”,
BBITIOJHHUTH 33JlaHUe 3HAa4YCHUs mapameTpa j=1 (j—Imar m3aMeHeHHs HOMepa

nakera h’), mepeiTy Ha MyHKT 5.
5. Ecmu (h'+ j)<m;, 10 mpoBeputs (3, ) > (a

oy .
ql; ,h'+j /i

YCIIOBHE HE BBIIOJHSETCS, TO HepeiiTy Ha MyHKT 6. Eciu ycioBue BBIION-
Hercs, To h'=h'+ j, mepeditn na mynkr 3. Ilpu (h'+ ) > m, mepeiitn Ha

5 €ClIn

IyHKT 7.

6. Moauduuuposars napametp j=j+1. [lepeiit Ha myHKT 5.

7. Tpu (h'+ j) >m, chopmupoBans! Bce pemeHust (pa3MelICHHbIE B
matpuie A2?) ¢ MCTONB30BAHMEM PEIIEHHs U3 (L -0l CTPOKH MATpHIIBI

2 mommduimposats 3navenne QL gl =gl +1; ecm @l <n , To

pL’
HepelTy Ha IMyHKT 2; ecid g1, > npl, TO NMEPEeUTH Ha IyHKT 8.

8. Ecmu n' >1, TO BBINOJIHUTD CPABHEHHE PELICHUH, XPAaHUMBIX B
matpuie A2’ ¢ TOUKM 3peHus TyGIMpOBaHUS UMH IPYT ApyTa (CPaBHEHHE

npe/onaraeT (pOpMHUpOBAHME KOMUM MaTpuibl A2?, B KONUU MATpUIIBI

1
A?? — ynopsnouMBaHHME DIEMEHTOB KaKIOH (2, -if cTpoke (2, —1 npz )

0 HE BO3pAaCTaAHHUIO 3HaquI/II/I, IMO2JIEMCHTHOC CPAaBHCHUC Ka)KL[OI/I q2| -’

CTPOKH (92, =1, nipZ -1) c JpyTuMu 02, -Mu CTpOKaMH
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(92, =92, +1, nipz) , ynanenue us Matpunsl A2? ctpok ¢ unnekcamu 2,
KOTOpBIE COOTBETCTBYIOT CTPOKAM B Komuu Matpuilsl AZ? | ryGnupytorum
paccMaTpuBaeMylo (2, -10 CTPOKY; NIpH yJajieHuu (2';-ii CTpOKHM M3 Mart-
pumer A7? peamasyercs msmenenme Ny, =N, —1, mepeynopsgounBanue
peuenuii B A2?); ecrn nip2 =1, To nepeiTu Ha MyHKT 9.

9. Mepesanucars pemenns u3 marpunsl A’ B marpumy A’

i
p1 > MOIH-

n o_ oy _ _ i | i
(aqi,h)i = (aqli,h i” mpu h=1m, ql _1’np1 g =Ny +1’np +n
- i —ni i i . i
uxaums sHasenumit nywm noing=n +ng,, n,=0; ecmu ny, >0, To

OCYILECTBUTH TMEPE3aNuch pelennii u3 marpuusl A2? B matpumy A7?:

(aqLIh)fiy‘p =@y, 1 2 npu h :1,_mi, al, :1,an .92, zl,nipz ; 3a1aTh 3Ha-

YeHHUs MapaMeTpoB airoputma: 0l =1, nipl = nipz, a2, =0, n, =0; ne-
peiTH Ha TIYHKT 2.
10. Eciiu n'p2 =0, To peann3oBaTh MOAN(DUKAIINIO 3HAYCHHS Iapa-

Metpa M, (yBenmuuth Kommuectsa [13 i-ro Tuma): m, =m, +1; chopmupo-

BaTh HauanbHOE pewenue no cocrasam [13: gl =1, a, , =2 (h=2,m,),
ml
i coAi 1.
A1 =N _Zaqli,h ; Ny =1; ecim @, ; 22, TO HHMUMATH3MPOBATH Hapa-
h=2

MeTpsl anropurMa: 2, =0, nip2 =0 mepeiitn Ha MyHKT 2; ecli 8y, ; < 2,

TO HayaJbHOE pellieHre Mo coctaBaM 13 i-ro Tuma He SBIAETCS KOPPEKT-
HBIM, ITEPeHTH Ha TIyHKT 11.

11. OctanoB asropuT™Ma.

B pesynbTaTe peanuzanuy aroputMa Kaxuas g - CTpOKa MaTPHIbI

i .
A (g =1,n, ) sBasiercs pemenrem o cocrasam 113 i-ro Turma.

Jnst npumenenuss MBI npu pelieHn# 3aa4yy ONTUMU3ALMUA COCTa-
BoB II3 N TunoB moctpoeHa MareMaTHYeCKasi MOJAENb Mpollecca UX BBINOJ-
Henus B MC. C ucnioap30BaHUEM DTOW MOJIEHM Ha OCHOBE MaTpHIIbl R, co-

OTBETCTBYIOLIEH TIOpsi/KaM BbironHenus 113 u3 j -x crpok marpun A’

B
| nl . .

7', onpenensiores 3Hadenns tj s [13 i-x THTIOB, 3aHMMAIONIHX j-€ TIO-

3UIIUU B 7Z'I . ManI/IHa R OIpeAcIACTCA AJid KOM6I/IHaHI/II/I peHIeHI/Iﬁ 10 CO-
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craBaMm II3 i-x tumoB u3 (j-x cTpok (j = l,n'p) matpun, A’ (3HaueHus

ri’j 2JIEMEHTOB R OIPCACIIAIOTCA HAa OCHOBE 3HAYCHUI 2JIEMCHTOB aqi h us3

0j -x ctpok matpuri A" B COOTBETCTBUHU ¢ 0TOOpaskenueM f (tili. )).

st ucniosnpzoanuss MBI [11] ¢ wenbro onTHMHU3aIHH KOMILUICKCHO-
ro pemenus o cocraam [13 copmyaupoBaHsl:

— cnoco0 pa30MeHnsT MHOXKECTB PEIICHUH qui , conepxkamux I13

i-ro THIa, Ha TOJMHOMKECTBA DPEIICHHH G(i+1)q(i+1) , BKIIFo4aronmx 113

(i+1)-ro Tuma ( ai+1) = 1’nip+1 ) (Iporierypa BETBIEHUS);

— cmocob BelumcneHns BepxHeil onenku (pexopaa) H® u crnoco6

H
BBIYUCJIICHUS HWXXHHUX OLICHOK Hi ai JUIA ITIOAMHOXKECTB G|q| , BKJIFOYAKO-
i

X pemenus no cocrasam 13 i-ro tuna u3 (j-x ctpok matpui A" .

IIpumenenne MBI mpenycmarpuBaeTr, YTO KOMILJIEKCHOE peEIleHHE
no cocraaM I13 pa3HbIx THIIOB (A€peBO peleHuil) GopmMHupyeTcs ocieno-
BaTenbHO. IlepBoHauanbHO paccMaTpUBAETCSl MHOXKECTBO pEIICHUIl qul ,

cozeprkaiee maket 3amanuii (i=1)-ro Tuma W3 () -ro peIIeHHUsI B MATpHLE

A" (xopuepas BepmmHa nepesa MBI). B pesyasrate pasOuenus qul

(OpMHUPYIOTCS TIOMHOXKECTBA PELICHUN G2q2 (90 = 1,n% ), BKJIIOYAOLIHE

(mapsay ¢ I3 (i=1)-ro tuma) I13 (i=2)-ro Tuma. AHaJIOrHYHBIM 00pa3oM
OyIeT pealn30BLIBATLCS NPOLELYpa Pa3OUEHHs I KaXKIOro MHOMKECTBA,
KOTOPOE HE MCKIKYEHO M3 PACCMOTPEHHS MOCIE PEeaIU3alli MPOLELyPbI
orceBa. B cOOTBETCTBUY ¢ M3II0KEHHOMN TPOLIEaypoit OyaeT chopMUPOBAHO

1
np JACPCBLCB. B KOPHE KaXA0ro HaxOoAUTCs BEPILIMHA, COOTBETCTBYIOIAA

(h=1)-y I3 (i=1)-ro Tuna B (1 -M peurenuu (0 = 1,n% ) o cocrasam 113
u3 Marpuusl A’ . Beibop mydniero penienus no cocrasam I13 ocymecrtsis-

€TCsl MyTeM CpaBHEHWs 3HaYeHui kputepus f(-) s perneHuii, nomydeH-
HbIX npu peanu3auuu MBI nis kaxxaoro gepesa.

B martpume R ompenenstoTcss 3IeMEHTHI, KOTOPBIE COOTBETCTBYIOT
13, pa3MelieHHBIM B 7 MU peaiu3aliy TeKYIICH 1 MPEeabLIyIIX UTepa-
LM poreayphbl pa3ouenus (Betsiaenus) B MBI'. AnroputMm ¢Gopmuposa-
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HHA MaTpulbl R Ha ocHOBe 3HaueHUi ag; h 13 Jj-x cTpoK (g =1, n'p ) mat-

pun A" aKTMBM3MpYETCS KaK/Iblii pa3 MPH peanu3alyy IpoueIypsl pasoue-
HHS HOAMHOXECTB JUIS KaXI0ro HOBOro noamuoxectsa. ChopmupoBanHas
Marpuna R HCmonb3yeTcst NpU BEIYHMCICHUM HIDKHUX OLIGHOK 3HAuYeHUH
kpurepust f(-) mis xkaxmoro u3 copMHUPOBAHHBIX TOAMHOKECTB, BHIUUC-
neHus 3HadeHud kputepust f(-) sl JOMYCTHMBIX PELICHHH MO HOPSAAKY
BeInosIHeHHA [13, COOTBETCTBYIOIMX PAacCMOTPEHHBIM MOAMHOMKECTBAM, H
(MKCHPOBAHHBIX ITAKETOB IS I-X TUIIOB 3a[aHHil, COOTBETCTBYIOIIUX HE
chopmupoBaHHBIM TTOIMHOKECTBaM (Tipy Mouukamu pexopa [11]).
Peanu3auusi mpouenypbl BETBICHHS MPEAYCMATPUBACT, YTO KaXIOM
BEpIIMHE COOTBETCTBYET KOPTEXK MapaMeTpoB Buaa < i,Kg,q;,hj >, rme kg -
HOMEp BEpLIMHBI, KOTOpas BHECEHa B (OpPMHpYyEMOE AEpeBO pPEIICHHUH
n
MBI, @;— HOMep pemieHus (MHIEGKC CTPOKU B Matpune A ), KOTopoe co-

MOCTABJICHO C paccMarpuBaeMoi BepiunHO#, hj— Homep II3 i-ro Twma u3

pellieHus, COOTBETCTBYIOIEro (j -if ctpoke mMatpuisl A’ . Kopresoii Bep-
IIUHE COOTBETCTBYET Habop Buga < 11,0i,1>.

Jst peanuzanun MBI onpenenensl Tpu 6a3oBbie npoueaypsl [11]:
NpoLeAypy MOWCKa, MPOIEIYpy OTCeBa W MpOLEAYpYy BeTBieHHs. B kade-
CTBE MPOLEAYpPhI MOKCKA UCIIOJIb30BAH MOUCK B MIMPUHY (TO €CTh MCCIELy-

. i
IOTCS  BCE IOJAMHOXECTBA DEIICHHH qui (Gi =1.np), Brmovaromue

(h=1)-e II3 pa3HbIX COCTABOB pacCMaTPUBAEMOrO i-ro THIa (M3 (j-X CTPOK

matpuist A (G = 1,nip )), chopmupoBaHHbie Ha Tekyuieil urepaunn MBI

TpU peau3alii TPOIeAyphl BeTBieHus). VccnemnoBanue chopMHpOBaH-
HBIX B pe3yabTaTe pa3OUCHHS TOJAMHOKCCTB qui MpeIoiaraeT BbIUnCIIe-

HHE OIEHOK Hin- JUIS. KaKJO0TO M3 HUX, BBIYUCICHUE 3HAUCHUN OIIEHOK
il |
HE xpurepns f(-) a1 GopMuUpyeMbIX HOMyCTHMBIX pELIEHMH (C LETBIO

oGHOByeHHs pekopaa npu ycrnopun HS < H?).

[Mpouenypa pa3doueHHs NpeAIIoNaraeT, YTo KaXI0My HOAMHOXECTBY
G(i_l)q(i_l) , coziepaKalleMy penieHue 1o coctasaM 113 u3 Qj_1 -if cTpoku

MaTpPHIIBI A{Z_ 1(Qi-1= 1,n'p_ 1 ), HE HUCKIIIOYEHHOMY M3 PaCCMOTPEHHUS IO-
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CJIC OTCCBa, CTABATCA B COOTBCTCTBHC IIOJMHOXKCCTBA qul , COJACpIKaIne

gj -e pemenus o cocrasam I13 i-ro tuma (g = 1,n'p ). Kaxxnomy noamuo-

KECTBY PELICHUN qui (gj = 1,nip ) COOTBETCTBYET BeplIMHa aepeBa MBI
¢ xoprexeM <i,kKg,0j,hj >. IIpu peammsanum obxona nepesa MBI B riry-
OuHy onpenemnstoTca UACHTH(UKATOPHI pelleHnil (fj, MaKkeThl U3 KOTOPBIX
pasMemaTcs B IOCIEI0BATEIBHOCTSIX 7. B pe3ynbTare (hopMHpYyeTCs
Marpuia R, Ha OCHOBE KOTOPOil ¢ MCHOIB30BAHUEM MOJENH IPOIEcca BbI-

nonHenus [13 B MC peanusyercs BEIYUCICHHE 3HAUCHUH Hin_ . IIpoueny-
™M
pa OTceBa MPEAINoaraeT, YTo U3 pacCMOTPEHUs UCKIIOUAIOTCS MHOYKECTBA

qui , U1 KOTOPBIX H” > H®. Bouncienue BEpXHEH OLIEHKH 3HAYeHUI

1,0
f(-) mms MHOXKeCTBa pelICHU qul ocCyIIeCTBIIsICTCS. Ha OCHOBE cop-

MHPOBAaHHOTO B COOTBETCTBHH C BBEAECHHBIM MPAaBWIOM DPACIHCAHUS BBI-
MOJNHEHUsT (UKCHpOBaHHBIX I3  i-pIX THMOB. BBemeHo ycioBwe:

Prl1 = Pr21 =.= Prn1 =0, PrlI =0(l= 1L ). IIpocton (I=2)-ro mpubopa B

OXXHMAaHUU TOTOBHOCTH (MKCUPOBaHHBIX makeToB (i=2)-ro u (i=3)-ro Tu-
OB ONPEACISIOTCS B COOTBETCTBHH C BBHIPAKCHUAMH BHIA:

2
Pr22 = max(O,(nltll +t112 + n2t12 )-(X n1t|‘1 +t122 );
1=1
2
Pr32 =max(0,( nltll +t112 + n2t12 +t%3 + n3t13 )-(X n1t| 1 +t122 +
=1
+ Pr22+ n2t22 +t223 ))

B o6miem Bume popmyna st Beraucienus npocroes (I=2)-ro mpu-
0opa B 0KHJIaHHHM TOTOBHOCTH (pMKCHPOBaHHOIO I13 i-ro THIa K BBIIOJIHE-
HUIO UMEET BUJL:

Prz—max(O( Z nltlj+ Z tJ J+1) (n1t11+ Z th2]+ Z Pr +

j=1 =1 i=
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Bripakenne s npocroeB (I=3)-ro mpuGopa B OXKHIaHHH Hayaya
BBINIOJTHEHHST (PUKCHPOBAHHBIX MakeToB (1=2)-ro u (i=3)-ro TUIoB:

2 3
Pr23 =max(0,( Zn1t|1 +t122 + Pr22+ n2t22 )-(X n1t| 1 +t132 );
1=1 1=1
2
Pr33 =max(0,( X n1t| 1 +t122 + Pr22+ n2t22 +t223 + Pr32+ n3t23 )—
=1

3
—( §1n1t| 1 +tf2 + PI’23+ n2t32 +t§3 ))

OOuei BuA (GOpMyIbl U BBIYUCICHHUs TpocToeB |-ro mpubopa B
OXKUJIAHUU TOTOBHOCTH (prukcupoBanHoro I13 i-ro THma K BHIIOIHCHHIO:

| 1-2 i I =
Pri =max(0,( X n]‘tq’1+ Int_gj+ X Prit+ Xt a)-
g=1 j=1 j=1 j=1
1-1 1 i-1 . i-1 I i-1 1
—(Zntq’1+2njt|’j+zPrj+2tj’j+1).
q=1 i=1 j=1 j=1

BripaxxeHne 1 BEIYUCIICHUS BEpXHEH OIIeHKH (pekop/a) B KOpHe:

L
H 6 = > nlt| 1 +t]|__2 + Pr2L+ n2t|_’2 +t£_3 + Pr3L+ n3t|_’3 + ..
11 (12)

+Prh n(”’l)tLV(n_l) +t("n_1),n +Prls n"t .

Bripakenue (12) npeacraieHo B 00IIEM BHJIE:

6 L-1 1 n j n L n-1 L
H® = Izln t|’1+ _Zln tL,j + > PrJ + .thj’jJrl. (13)
= j= j=

j=1

OmnpeneneHue HIDKHEHN OLIEHKH Hi’a_ ocyliecTBIsieTCsl Ipu HOpMH-

I
POBAHUU MHOXECTBA PEIICHUH qui , COIEpIKallero maker i-ro THMA M3
0j -it cTpoku (pemenus) matpuust A’ . GopMupoBaHUe MHOXKeECTBA qui

|
conpoBoxaaeTcs nobaenenuem B nocneposarensuocta 7 (1 =1,L) make-
Ta i-ro TUIa, MapaMeTpbl KOTOPOTO COOTBETCTBYIOT BepiinHe aepesa MBI,
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Hmxusas onenka Hir(;- 1T MHOJXKECTBA qu_ , TIOy4EeHHOTO B pe3yJibTaTe
1 1

I
BETBIICHUS, (hOpMHUpYyeTCs C ydeToM Ao0aBieHHbIX B 7 [I3 paccMoTpen-

HbIX I’-b1x THnoB (i'=1,i ), pa3menienust B xt ¢uxcupoBannsix 13 npy-
IUX THUIOB, IS PELICHUH [0 COCTABAM KOTOPBHIX BEPLIMHBI B JEPEBE HE
c(opMHUPOBAHbI, pa3MeLICHHS B 7t «ocrasmmxcs» sanamuit i’-x TMIOB

(i'=1).

ﬂJ’IH BBIYHMCJICHHA 3HA4YCHUA ngZ CHUHTC3UPYCTCA MaTpula R

L
(c yuetoM mpaBuia GOPMUPOBAHUS TIOCICIOBATEIBHOCTH 77~ ), HA OCHOBE

KOTOpOW pealu3yeTcss BBIYHCICHHE 3HAuYCHHI ti’j” (i=42, j=12,

| :ZII) . Onenka Hg a0 OMIPENEIISIETCS CACIYIOIUM 00pa3oM:

ngz = tfﬁ +Ipt +t£'3 + n3t|_‘3 +t;';4 + n4t|_’4 +..
(14)

L n L 1 L 1
Aoy TNt H (0T =gt g H (0T - o,

Tae Iyy — 9TO KOJNMYECTBO 3a4aHuil B nmakere (i=2)-ro tuma B (j=2)-# nosu-
L
MU B 7T, cooTBeTCcTBYMOMIEee cocTaBy (h=1)-ro makera u3 (,-ro pemeHus
n
B mMatpuue Ay . Ilpu pasbuenun omuoro us noamuoxkects G, Ha noa-
MHOKECTBA Gy JUISl KXKAOTO M3 HUX (JOPMUPYIOTCS BEPIIMHBI B JAEPEBE

MBI, KOTOpPBIM COOTBETCTBYIOT HAaOOpPEI < 3,K;,0,,1>. IIpu atom (h=1)-it

I3 (i=3)-ro Tuma u3 q, -ro pemrenus 1o coctasam 13 noGasnsercs B 7'
dopmupyeTcs MaTpuiia R COOTBETCTBYIOLIErO BHJIA, HA OCHOBE KOTOPOM

peanu3yercsl BIYMCICHHE 3HAYEHHH ti'jll (i =13, j =13,1 :1,_L) Orenka

Hg‘qs OTIPEICTISIFOTCSI CIICAYIOIUM 00pa3oM:

L L 4 L
ng3 Ztgg + r33t|_’3 +1i34 +n t|_’4 + ..+t(n,1)’n +
(15)

n L 1 L 2 3
+NTt p +tyg H (N7 =gt g Hip (0T = )t o +(N7 =133t 3,
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rae 33— 3TO KOJIMYECTBO 3ananHuil B makere (i=3)-ro tuna B (j=3)-i nosu-
LM B 7t , cooterctBymouee (h=1)-y nakery B (3 -M pELICHUH B MaTPHULE

Aj. C yuerom (9), (10) BblpaxeHHe IS BBIYUCIEHHUS] HIKHHX OLEHOK

" 119 MHOXeECTB qui (gj= l,nip ) ¢chOpMHPOBAHO B BHJIE:

idj

H

nL L i+1 L
igp =t AL HlGea AN et Yoy

(16)
L 1 L 2 i
+N"t ey (0T =1y g+t (0% = )t + .+ (0 =t

. . - L
rac rij — 3TO KOJIMYECTBO 3aJaHHUU B IMAKETC I-TO TUIIA B J'I/I o3 B 7

cootBercTBytoniee coctaBy (h=1)-ro nakera B ¢ -M petnenuu B A" . ®op-
MHpPOBaHKE MATPUIGI R U BEIYMCIEHHS 3HAYCHUI Hi*a_ peanusyercs ¢
I

ucnons3oBanueM mnpouenypsl MATRICA R1, paccmoTpeHHOI Huxe.

C uenpio oOHOBIEHHs BepxHel ouenkn H® mna moammoxecTB
qui (hOpMUPYIOTCS TOMYCTUMBIC PEIICHHS 0 MOPSAKaM BhIOIHEHus 113

|
B MC, npenycmarpuBaroiiue, 4T0 B MOCIEJIOBATENBHOCTAX 77 MaKEThl
Pa3MEeMIarnTCs CIIEMYIOIAM 00pa3oM (C y4ETOM SBPHUCTHKH):

— IEPBOHAYaJIbHO B 7! (1 :l,_L) pasmematorcst I13 paccMmoTpen-

HeIX i’-x tunoB (i'=1,i, i~ Tun 3aganuii, mig KOoTOporo cOPMUPOBAHBI
[TOJIMHOYKECTBA PENIEHHI Ha TEKYILEH nTeparuu anropurma MBI);

- B 7 ( =1 L) pasmentatorcst pukcupoBanusie [13 ocraBmmxcs

i"-x Tumos (I'=1+1,n), 111 KOTOPHIX MOJMHOMKECTBA Gi‘qi' He chopmu-
POBaHEL,

- B (I =1, L) Pa3sMEIAlTCs «OCTABIINECS» 3aJaHMs i’-X TH-

nop (i'=1,i) (TunoB, ms KOTOPBIX C(HOPMHUPOBAHBI MOAMHOXKECTBA
Gi‘qr ).
Jlyist nocTpoeHus: MaTpHIbl R, COOTBETCTBYIOIIIEH MOCIeI0BaTEIbHO-

cram 7 , COPMHUPOBAHHBIM C HCIIOJIH30BAHUEM MPEIOKEHHOTO Criocoda,
paspaborana npornenypa MATRICA R2, paccmorpenHast Huke. C ydeToM
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MaTpuisl R, a Takke 3HaYCHHI tirjll(i =1n, j=1,(2i+(n=1i)),I :1,_L)

BhIYHCIISAIOTCS 3HaueHus: f(-), xapakTepusyromnie MoJAMHOKECTBA Gi‘qi- :

f(-):(ti"ﬁp +ri,nptL,i ) (mpu i =1n, j=1,(2i+(n=i))). Iposepsiercs

yerosue H >max f([M,A],[P,RAT |1=1,L}]), npu Bbinonnenuu
koroporo 3Hauenne H® (pexopna) nepeonpenensercs.

[penBapuTenpHas WHUIUANIA3AMUS BXOJHBIX ITaPaMETPOB aIrOPUT-
ma MBI ontumuzanuu pemenus no cocrapam I13 n tunos umeer Bui: 3a-

nath uaeHtudukaTop Tna 3aganuii i paasiM 1 (i=1); nus (i=1)-tuma 3a-

nauuii 3a71aTh 3Ha4YeHne uHaekca (p crpoku B Al (01 = 1,n% ), PELIECHHE H3

KOTOpoH OyIeT HMHTEepIpEeTHpOBaThCd NpH (OPMUPOBAHUM AEPEBA; IS
(i=1)-Tuna 3ananmii 3a1ath HoMep maketa N paBHBIM 1. AnroputM, pea-

nu3yrouii nponenypy MBI ¢ esibio onTuMU3aluy peleHni o cocTaBam
13 pa3HbIX TUTIOB, UMEET CJIECAYIOIIUN TOPSIOK IIATOB:

1. Jms (i=1)-ro tuna 3amanuii chOpMHUPOBATE KOPHEBYIO BEPIIUHY,
COTIOCTAaBUTh KOPHEBOW  BepIIMHE HA0Op 3HAYEHUH  TapaMmeTpoB

<ikg,0i,h > BBHme: <11,q;,1>. Manunmanu3uposaTs Qll : Qll ={1}.

2. Tlo dopmyne (8) BblumMcIMTh 3HaueHue BepxHell omenku H°
sHaueHuil kpurepust f(-) anst paccMaTprBaeMOro MHOMECTBA JIOMYCTH-
MBIX peleHui Glyq " (monydenHoe 3uauenne H° — rexymmii pexopy).

3. MoaubuuupoBars THUIT 3aJaHUi | 1 HOMEP UTEpPALUU AITOPUTMA
s (Homep ypoBHs nepea MBI): i=i+1, s=s+1. Uuuuunanuszuposats Hg
snauennem W (W- Geckoneuno Gonpinoe uncio): Hg =W .

4, Ecmu i <N, To mHMmmManusuposaTh mapamerp N mma paccmar-
puBaeMoro i-ro Tuma 3ajganuii 3nadennem 1 (0 =1). Jlna paccmarpusae-
MOTO i-ro THMa 3aJaHHi BBIIOIHUTh WHHUIHANU3ALUIO0 mapameTpa 0j 3Ha-

genmem 1 (G =1). 3anats 3Hauenne cyetdnka Shy KommuecTBa MOTOMKOB,
3aKpeIUIeHHBIX (3a(MKCUPOBaHHbIX) Ha S-OM ypoBHe JiepeBa MBI, paBHbIM
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0 (shy =0). Muuumanu3upoBaTh MHOXKECTBO QS1 = . Moaunduuuposath

muoxectBO |ypr: | ymr = lypr W{i}. Hepeiitu Ha mynkr 5. Ecm 1>,

1o mammmanmsuposare H® : H® =W _ Ilepeiitn na nynkr 10.
1 8 8 6 8
5. Ecnm Q5_1 =&, 1o nmpoepurs H” > Hg . Ecniu H” > Hg | 1o
UHUOMaIMsuposats  H 6. Hf= HSB . Tlepetitm wa mnyHkr 3. Ecmm

1 1 o
Q. , #J, 10 u3Bneys U3 Q s-1 MACHTHPHUKATOP POAUTENLCKOMN BEpIM-

*

HBI Ks_1., Ut KOTOpOU (hopmupyrorcs MTOTOMKH:
ks_q =min{ks_q |ks_1 € Qsl_l }. Moupuduimposars MHOKECTBO Qsl_l:
*
Qg_l =Q§_1\{k5_1}. Bemonnute mepexon Ha (S-1)-om ypoBHE mepeBa
*
MBI k BepuiiHe ¢ HoMepoM Kg_1 .

6. Mommdurmposats 3uauenne SNy cuerdmka BepumH, 3aduKcH-
poBanHbIX B gepeBe MBI’ Ha S-0if mrepammu amropurma: shy =sh, +1.
CdopmupoBaTh MOTOMKa BepIIMHEI ¢ uacHTH(HKaTopoM K, ;. ITocTaBuTh
el B COOTBETCTBHE HabOp mapameTpoB Buaa < i,Kg,dj,hj > (tme ks = ShS ).

7. BpimonHuTh 00X0J B INIyOMHY M3 KOPHEBOI BEpIIMHBI B pac-
CMATpUBACMYI0 K -I0 BEpIIMHY (B pe3yJbTaTe ONPEACISIOTCS 3HAYCHHUS

mapaMeTpoB j JUTA BeeX BepuinH, nesxammx Ha mytH (i € | ypr)). Boimon-
HuTh BbI30B npoueaypsl MATRICA_R1 nocrpoenns matpuusl R st pac-
cMaTpuBaeMbIx Turos 3anannii | € | ypr u snavennit g (1€ 1)1 ). Bor-

H
YHCIUTh HAa OCHOBE MaTpuubl R 3HadeHme Hi g c(hOpMHUPOBAHHOTO
i

MOJMHOXECTBA PELICHUN Gi,qi (BepiHEI K ). BBIIONHHUTE BBI30B IpoLe-

nypst MATRICA R2 moctpoenms matpuiisl R i TUIOB 3amaHwid
i € lypr v monygennsix snavennit ¢; (i € |ypr). Beraucouts Ha ocHOBe

marpunsl R 3nauenne kpurepus f([M,A],[ P,R,{T"l 1= 1,_L}]) .

8. Ecmm Hin_ >H®, To ynanute paccMaTpHBaeMyio BEpUIMHY U3
i

*
nepesa MBI (B Bepiuute ¢ uaeHTHbHKaTopoM Kg_q yHauumTs CChUIKY Ha

3Ty BepuuHy). Moauduuupopars 3HaueHHe Sh, cUeTYHMKa BEpIIHH, 3aHK-
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cupoBaHHEIX B mepeBe MBI' Ha S-it mrepammm amropmrma: sh, = sh, —1.
BoimonHuTh npoBepky ycnoBus 0 < n'p . Ecmm @ < n'p , TO MOIU(UIMPO-

Bath 3Hauenue (j: G =0j+1. Iepeiitu na nyukr 6. Ecau ¢ > n'p, TO
nosoxuth §; =1. Iepeiitu Ha nynkr 5.

9. Eciu HiH g < H®, To MoauduIMpoBaTh MHOKECTBO Qsl Bep-
i

mnH, 3aUKCUpOBaHHBIX B AepeBe MBI’ Ha S-oif wrepaumm anropurtMa:
Q& :Qslu{ks}. Ecu Hg > f(-), To musmenuts H¢: Hg = f(-). Ecm
H¢ < f(-), To mposepurs @ < nip. Ecmu ¢ < nip , TO MOJU(HULIUPOBATH
snauenue Oj: Oj =0 +1. Hepeiitu na nyuxr 6. Ecou g > nip, TO IOJIO-
#uth O =1. Tepeiitu na nynkr 5.

10. Ecmn Qél #(J, TO BBIICIUTh B MHOXKECTBE Qsl , COOTBETCTBYIO-
eM ToCTIeTHEN UTepalliy aJropuTMa nocrpoeHus aepesa MBI, Bepmny
k: : k: =min{kg | ks € Q;L }.  MoauduiupoBats  MHOXKECTBO Qsl :
Qg = Qg\{ k: }. Ecn Qsl =(J, To nepeiitn Ha myHKT 13.

11. BemonauTh 00X04 B TIIYOMHY W3 KOPHEBOH BEpIIMHBI B pac-

cMaTpuBaeMyio Kg-10 BepIIMHY (ONpeaeNsoTcs 3HaUeHus (; JUIS BEpIIUH,

nexaiux Ha nyTtH). Beieate npouenypy MATRICA_R3 noctpoenus mar-
puibl R Ui paccMaTpuBaeMbIX THIOB 3aJlaHUi. BEMHCINTH Ha OCHOBE
Mmarpuipl R 3nauenne f(-) mis paccMaTprBaeMoro peuieHus.

12.Ecrn f(-)<H®, To 3aduxcupoBath mapameTpsl ( BepuiuH,

COOTBETCTBYIOLIMX pEIIEHUAM 10 cocraBam II3 i-x tumoB (i= 1,n ):
ai =q; (i =1n ). Mopuguuuposate H® = f(-). Ilepeiiru na mwar 10.

13. OcranoB anroput™ma.

B pesynbrare nomydenst uuuekcs! ¢ (i :l,_n) peuieHuit mo cocra-
BaM II3 i-x Tunos (HoMepa (' CTPOK B MaTpuiax A’), KOMILIEKCHPOBaHHE

KOTOPBIX MO3BOJISIET MOJYYUTh PELICHHE C MUHUMAbHBIM 3HaueHueM f (-) .

[Mocne Toro, Kak AJs KaXO0To JepeBa MOJIydeHo Jydllee pelieHne, B Kaue-
CTBE ONTHMAJbHOTO BBIOHMPAETCS PEIICHHE C MHHHMAIBHBIM 3HAYCHHEM
f(). DBpbluncauTenbHas CIOXKHOCTh alrOpUTMa  ONpelelieHa  Kak
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O(n-(n")?) . Jlns BEIYMCIEHUS OLEHOK H;, moamuoxects G;, dopmupy-
etTcs Marpuia R ¢ ucnonezosanuem nporeaypst MATRICA _R1. Bxomusl-
MH [apaMeTpamMu IJIs Hee SIBISIOTCA. MHOXECTBO |, ; 3Ha4YeHWs mapa-
MetpoB (, st BepuuH (i € 1,,,,.). [Iopsnok ee maros cieayomui:

1. BbINOJHUTL MHULMATM3ALMIO MHOXeECTBA |{ THMIIOB 3amaHui,
HCTIONB3yEMOT0 NpHu peanusanuu anropurMa: 1 = 1ypr.

2. 3anars 3Hauenus mapamerpos hj (i € l1) crenyrommm o6pazom:

hy =1, maummanusuposats HoMep j To3umuu 113 B 7' snavenmen 1 (=1).

3. Omnpenenuts B MHOXecTBe |q Tun 3amammii i', mapamerper 113
KOTOPOTO HCHONB3YIOTCS NPH MHULMAIM3ALMK 3HAYEHUs dIeMeHTa [
matpuust R: I'=min(i|i € l1), mogudumuposars 11: 11 =11\{1' }.

4. VHnumann3upoBaTh 3HAYCHUE OdJeMeHTa L.,  Marpuusl R:
I =28,y - Momupuuuposars Homep j nosuumu 13 B 7' j=j+1.

5. Ecmu |, #Q, To nepeiitu Ha nyHkr 3.Eciu |, =, To myHKT 5.

6. OcraHoB asropuTM™Ma.

IMpouenypa MATRICA_R2 peanusyer noctpoeHue marpuiisl R, uc-
MOJIb3YeMOi Ipu BbruucieHnn 3HaueHuid f (-) Ha S-oit nrepaunu MBI st

JOIyCTUMBIX pelieHnil. Ee BXoIHbIE MapaMeTpbl: MHOXKECTBO |, ; 3Haue-
HUSL O, AU BEpLIMH, COOTBETCTBYIOLIMX PELICHHAM 1o coctaBam 113 i-x
tunoB (i € |, ); MHOXKecTBO | THIOB 3ananuil. [opsok mIaroB anropurma

nporexypsl MATRICA R2 crexyrommii:
1. BemonauTh uHHIMaIM3auio: MHoxectBa |: 1 ={2,.,n},

mHOokectBa |, |, =1,,., MHOXKectBa 1, |, =1\, .

2. 3aparp 3HaueHus mapametpoB h (i€ l,) cnenyrommm o6pasom:
h, =1, nnunmanusuposats Homep nosuiu j 113 B 7' 3nauenuem 1 (j=1).

3. Omnpenenuts B MHOKecTBe |, Tum 3agauuii i', mapamerpst 113 xo-
TOPOTO MCTIOJB3YIOTCS NP WHUIMAIM3AIMK 3HAYEHUS DIIEMEHTA [ MaT-
punet R:i'=min(i|i € 1,) , momudpumuposars I,: I, =1, \{i'}.

4. VNHMIMANM3MpOBaTh 3HAYCHHE OIeMeHTa [y j MaTpuupl  R:

i j = ag; hy - Moauduumposats HoMmep | mosuiuu 113 B o j=j+1
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5. Ecnu |{ =&, 1o nepeiitu na nynkr 5. Ecm |1 # ), o nepeiitu
Ha MYHKT 3.
6. Ecnu |y # O, 10 usBneus us |, Tun 3amanmii, puxcuposaHHbIi

Haker KoTophIx pasmemaercs B 7 : i'=min(i|ie I, ). Uaumuamusupo-

BaTh 3HAYEHUE dIeMeHTa [j j Marpuupl Rifj j = n'. Iepeiiti HaA YHKT 6.
Ecmu |y =&, to momudunmposats Homep j nosunuu: j=j+1. Mnuuuanu-
suposath MHOxkecTBO 111 11 =1ypr . Tlepeittu na nynxr 7.

7. Mopaudunuposars Homep j: j=j+1. Ilepeiitu Ha myHKT 5.

8. Ompenenute B || Tun samammii i', pasmemaembix B P
i'=min(i|iely), momupummposars 11: 19 =1\{i" }.

9. VHnupanmsupoBaTh 3HAUEHME ONEMeHTa [ j Marpuubl R

i i1 . l.._.
ij=n — S§1 fi s - Mogudumuposate HoMep | mosuuuu 113 B 7 j=j+1.

10. Ecu |1 =, 1o nepeiitu na nynxr 10. Ecn 1 #J, 10 nepeii-

TH Ha MYHKT 7.
11. OctaHoB ayropuTM™Ma.

IMpouenypa MATRICA_R3 peanusyer nocrpoenue matpuis! R s
IIOJTyYeHHs] OKOHUYATEIBHOrO 3HaueHus kpurepus I (-) mns pemenwuii, mo-
JIyqaeMbIX JUIsi oTAenbHbIX aepeBbeB MBI'. Tlepen peanuzanmeit npoueny-
pot muokectBa |1 u |y samaner cnenyromum obpasom: Iy =1y =1, e | -
YIOPsI0YEHHOE MHOKECTBO THITOB 33/1aHuii. [IOpsI/IOK 1IaroB ajaropurMa:

1. 3amars suauenns napamerpos N (i=1,n): h=1 mpu (i=1n
), THALAIM3UPOBaTh HOMEP mo3uiuH j 113 B 7 3navennem 1 (=1).

2. Onpenenuth B MHoxkecTBe |9 Tun 3ananwmii i', mapamerpsr 13
KOTOPOTO HCIIOJIB3YIOTCS NPH MHALMAIM3ALMH 3HAYEHNS dIEMeHTa [jj Mart-
punst R: ' =min(i|i € 1, ), momudumuposats 1o: 15 =1,\{i' }.

3. VHnupanusupoBath 3HaueHMEe OieMeHTa [y Matpuusl R:

n .
| .
i j =agj hy » Eomn X frp <N, o My thyr =hy +1, Moanduumposars j:
h=1
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n
p ; Y
j=j+1. Hepeiitn nHa mynxr 4. Ecmn Xy =n', 10 17 = 1,\{i' }, momndn-
h=1
upoBath j: j=j+1. [lepeiitu Ha nyHKT 4.
4. Ecmm |2 0, 10 OINpPENEIUTh TUIl 3aJaHui i', AKET KOTOPBIX

pasmemaercs Bz :i=min(i]ie I2). Tepeiitu wa mynxr 3. Ecmm

I, = &, 1o nposeputs yenosue |1 # . Ecmu | # D, o mHummanmsupo-

Batb lp: |y =1q. Tlepeiitu wa nynxr 2. Ecu |y =9, 1o mepeiitn na
IIyHKT 5.

5. OcTtaHOB anropuTma.

Jnst uccnenoBanust 3(GEKTUBHOCTH TUIAHUPOBAHUS C HCIOJL30Ba-
HUEM PacCMOTPEHHOM peanusanuu MBI HCHOB30BaHEl TAPAMETPHL: HEOJI-
HOPOJHOCTh JUTMTENHHOCTEN BBINOIHEHUs 3a1aHuii Ha Tpubopax MC —
max(t}j )/ min(t}; ); HEOTHOPOAHOCTH UIMTENBFHOCTEH MEpEeHANTANOK HPH-

6opos MC - max(tilj )/ min(tilj ). 3navenus maX(tin )/ min(tilj ) 3amaBa-
JHCE paBHBIMH 1, 2, 4, 8, 16; 3mauenuss max(t)j )/ min(t}j ) — paBubMu 1, 2,

4, 8, 16. 3Hadyenns mapameTpa N 3aJaHBl PaBHBIME 3 ® 5, mapamerpa n'
paBHbIMH 6,8,12. 3Hauenne L 3amaHo paBHBIM 5. B kadectBe mapamerpa,
XapaKTEpU3YIOIIEro CHUKEHHE BPEMEHH Ha BhimojiHeHue 13, ucnons3oBa-

TTOCh OTHOWIGHHE £, 00 = ( f PUKE — §MOCH ) | § DUKC | ppe § PUKE _ spage.

f MOCN _ 3HageHne

nue kputepus f i GukcuposanHbx makeToB (DIT),

kpurepus f 115 pelmenns ¢ onTUMU3UpOBaHHBIME cocTaBamu I13. I'padukw,

0TOOpaKaIOIINE 3aBUCUMOCTH CHIDKCHHMS BPEMCHH BBINIOJHCHHUS 3alaHUi

ipu popmuposanuu [13 ¢ ucnonszoanuem MBI 1o cpaBHEHHIO ¢ PUKCH-
i

poBaHHBEIMU TakeTamu i N =5, n' €{6,8,12}, npencrasiens Ha pUCyH-

kax 1-3. AHaJIOTHYHBIC PE3YJIbTAThI IMOJYYCHBI IPH UCCIICAOBAHNH 3aBUCH-

MOCTHU f,;,0c;, OT BXOAHBIX NAPAMETPOB Ipu N =5, n' e{6,812}.
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0,40

0,35

0,30 -

=
=

0,25

0,20

0,15 A

A

CHERCHHE BPEMEHHLIX JATPAT HA BRINOAHEHHE 3130
npH HOPMEPOBAHHH (AKETOR

b
0.10 K _-/_..--I:
0,05
o 1 2 4 8 16
max(t!,ymin(t, )
———— max{t|}/min(t }=1 —a—  max(t!)/min(i}=4 — mnx(l'.)a’min(l")—l(s
————  max(tVmin(t )=2 —a—  max(t))/min(t| )-8

Puc. 1. CHmxeHne BpeMeHH BhINOMHEHUS 3atannii B MC npu onTUMHU3aIMK COCTa-

BoB I13 mo CpaBHeHI/I}OCCDH(n=5,n| =6)

s o
=] A
i [=]

./)7
-
/

CHIKEHHE BPEMEHHEIX IATPAT Ha BLINGIHSHAS FalanHi
npH GOPMEPOBAHKH NAKETOR
1

L — "
_—
015 ¢
0,10 ﬁh__._-—-——"
0,05
1 2 4 # 16
max(t!,Ymin(t, )
e max(t)/min(t|}~1 —e——  max(t))/min(t)~4 ——d—  max(fmin(t|}=16
————  max({ymin(i|)}-2 ——  max (i) min(f )-8

Puc. 2. CHmxeHne BpeMeHH BhIIOIHEHUS 3a1anuii B MC npu onTUMHU3AIMK COCTa-

BOB MMAaKETOB M0 cpaBHeHwHio ¢ I (n=5, n'=8 )

34 MHdopmaTrka 1 aBTomatusaums. 2022. Tom 21 Ne 1. ISSN 2713-3192 (neuv.)
ISSN 2713-3206 (oHnaviH) www.ia.spcras.ru



DIGITAL INFORMATION TELECOMMUNICATION TECHNOLOGIES

0,60
0,55
0,50
0,45
0,40
0,35
0,30
0,25

AN
A\

0,15
0,10
0,05

N

CHmmenme BPEMEHHEX JATPAT HA BRHNIQOIHCHHE EERETV
apH POPMHPOBAHHH NAKETOR

0 1 2 4 8 16
max{t‘“)./min(l‘u)
= max(t')/min(t' )1 ——  max(l))/min(t)-4 —&—— max(t))/min(t)=16
——p—  max{{}/min(t' )=2 —a—  max(t)min(t )-8

Puc. 3. CHmkeHne BpeMeHH BhIIOMHEHUS 3atanuii B MC npu onTUMHU3aIMK COCTa-

BOB TaKeToB 1o cpaBHeHuto ¢ OII (n=5, n' =12 )

PesynbTarhl ucciiejoBaHMiA OKa3aiu, yTo ucnoiszoBanue MBI npu
IUTAaHUPOBAHHUH TTO3BOJISIET MaKCHUMabHO Ha 45% (B cpenHem Ha 30%) cHU-
3UTh BpeMeHHBIC 3aTparhl Ha BhIoaHeHUe [13 B MC (B cpaBHEeHUHU C (PHK-
cupoBaHHbIMH [13).

4. 3akaioyenue. CymiecTBYIOIIHE METOIBI IUIAHHPOBAHUS BBHITION-
Herus [13 8 MC mo3BOIISIOT OMpeensaTh peleHus 3a1a4 1mo cocrasaM I13 u
pacnucaHMsIM HX BBITIOJHEHUS Manoil pasMepHOCTH, HE TapaHTHUPYIOT IO-
JIy4eHHE pelleHHUH, MPUOIIKAIOIMXCsS K ONTHMAlIBHBIM. B TO ke Bpems ¢
ucnoibp3oBanueM MBI peanusyercss IOCTPOCHUSI paCIIUCAHUN BbIIIOJIHEHUS
E3 B cucremax pazHoro Buaa. [nst ucnons3zoBanust MBI ¢ nenbio ontumu-
3anuu coctaBoB 13 pa3zpaboTaHO 3BpUCTHYECKOE NMPABIIO YIOPSIOYHBA-
HUS [IaKETOB B IIOCIIEI0BATEIbHOCTAX UX BhimoaHeHus B MC. Pa3paboTana
MareMaTHueckass Mozaenb npoinecca BbinoiaHenus [13 B MC. Iloctpoenst
BBIpAKCHUS JJIs1 BEIYUCIICHHSI HIDKHUX U BEPXHHUX OLICHOK 3HAUCHUHA KpUTe-
pUs IS K&KAOTO W3 IIOJAMHOKECTB PEIICHUH, COPMHUPOBAHHBIX B PE3yIb-
TaTe pealn3ain npoueaypsl pazouenus MBI'. ChopmynrpoBaH anroputM
¢dopmupoBaHus pemieHHH Mo cocTaBaM [I3 pa3HBIX THIIOB U aITOPHTM
MBI, no3BoJisitoluil onpeAeauTs ONTUMAIbHOE pelieHue o cocraBam I13.
IIporpammHas peanu3ays aJrOpUTMOB IMOKa3ana, YTO HUX HCIOJIb30BaHHE
MO3BOJISIET YBENUYHTh 3((HEKTUBHOCTh IUIAHUPOBAaHUSA B cpeaneM Ha 30%
o cpaBHeHHIO ¢ PII. PesynpraTamu, nmpeacraBieHHBIME B paboTe U 00ia-
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JAIONUMU DJIEMEHTaMHU HAay4YHOW HOBHM3HBI, SBIISIOTCS: MaTeMaTHUeCcKast
Mozens nporecca BeimoHeHus [13 B MC; 3BpHuCTHYIECKOE TIPABIIIO YIIOPS-
nounBanus [13 B 1MocCiieoBaTebHOCTSX WX BBIONIHEHUS B MC; anroputm
MBI, amanTUpoBaHHBINA JJI PEIICHUS 3a7a9d ONTHMHU3AINHA COCTaBoB I13,
BeIoTHsAeMBIX B MC; BEIpakeHHE JJIs pacyeTa HIKHUX OIEHOK M BEepXHEH
OIIEHKH; CII0CO0 TIOCTPOCHHUS IOCIeAOBaTeNbHOCTEH BhIONHEHUs [13 B
MC.
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MATHEMATICAL MODEL AND ALGORITHM OF BRANCH AND
BOUNDARY METHOD FOR OPTIMIZING SOLUTIONS FOR
PACKAGE COMPOSITIONS IN MULTI-STAGE SYSTEMS

Krotov K.V. Mathematical model and algorithm of branch and boundary method for
optimizing solutions for package compositions in multi-stage systems

Abstract. Modern methods for solving problems of planning of task packages execution in
multi-stage systems are characterized by the presence of restrictions on their dimension, the
impossibility of obtaining guaranteed best results in comparison with fixed packages for differ-
ent values of the input parameters of tasks. The problem of optimizing the composition of task
packages executed in multi-stage systems using the method of branches and borders is solved
in the paper. Studies of various ways of forming the order of execution of task packages in
multi-stage systems (heuristic rules for ordering task packages in the sequences of their execu-
tion on MS devices) have been carried out. The method of ordering packets in the sequence of
their execution (a heuristic rule), which minimizes the total time for implementing actions with
them on the devices, is defined. The method of ordering the types of tasks, according to which
their packages are considered in the procedure of the method of branches and borders, is for-
mulated on the basis of the obtained rule. A mathematical model of the process of implement-
ing actions with packages on the system devices, which provides the calculation of its parame-
ters, has been built. The construction of a method for forming all possible solutions for the
composition of task packages for a given number of them has been completed. Decisions on
the composition of task packages of different types are interpreted in the procedure of the
method of branches and borders in order to build the optimal combination of them. To imple-
ment the method of branches and borders, a branching (splitting) procedure is formulated,
which assumes the formation of subsets of solutions that include packages of different compo-
sitions of tasks of the same type. Expressions for calculating the lower and upper estimates of
the values of the optimization criterion for the composition of packages for subsets formed in
the branching procedure are constructed. The dropout procedure involves the exclusion of
subsets whose lower estimate is not less than the record. To find optimal solutions, a breadth-
first search strategy is applied, which provides for the study of all subsets of solutions that
include various packages of tasks of the same type obtained as a result of the procedure for
splitting subsets of tasks that are not excluded from consideration after the implementation of
the dropout procedure. The developed algorithms are implemented programmatically, which
allowed to obtain the results of planning the execution of task packages in a multi-stage sys-
tem, which are on average 30 % better than fixed packages.
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ON THE EXPEDIENCY AND POSSIBILITIES OF
APPROXIMATING A PURE DELAY LINK

Zhmud V., Dimitrov L., Sablina G., Roth H., Nosek J., Hardt W. On the Expediency and
Possibilities of Approximating a Pure Delay Link.

Abstract. When solving problems of controlling an object with delay, it is often necessary
to approximate a pure delay link with a minimum phase link in order to ensure the possibility
of using analytical methods for regulator design. There are many approximation methods based
on the Taylor series expansion, as well as modified methods. The most famous one is the Padé
approximation method. The known approximation methods have significant drawbacks, which
this paper reveals. However, there are other methods of forming other types of filters that can
serve as a better approximation in determining the delay relationship, although they are not
used for these purposes. In particular, methods of forming the desired differential equation of a
locked-loop system of a given order by the method of numerical optimization are known. In
this case, the locked-loop system behaves like a filter of the corresponding order, the numerator
of which is equal to one, and the specified polynomial is in the denominator. Modeling has
shown that such a filter is an effective alternative approximation of the delay link and can be
used for the same purposes for which it was supposed to use the Padé approximation. The
polynomial coefficients in the literature were calculated only up to the 12th order. The higher
the polynomial order is, the more accurate the approximation is.

Keywords: Padé formula, delay, approximation, control, automation.

1. Introduction. The development of numerical methods makes it
possible to easily and efficiently design a controller for a locked-loop sys-
tem if the mathematical model of the object is known with sufficient accu-
racy (as a rule, it is sufficient to know the basic parameters of the model
with an error of at least 1%). However, many research teams are actively
developing analytical methods for the synthesis of controllers, including for
objects containing a pure delay link in their model. This does not seem to be
extremely relevant since such software tools as MATLAB, Simulink,
MathCAD, SimInTech, VisSim allow simulation of a pure delay link with-
out any approximations. Nevertheless, papers on such an approximation are
published [1-7], dissertations are defended [8-10], and this direction is
widely lobbied by various research teams [11-17]. Considerations against
using such an approximation are as follows: a) a pure delay link is charac-
terized by a linear dependence of the delay on frequency, any approxima-
tion by a filter cannot provide such a dependence; b) well-known software
tools and methods for designing regulators based on their use do not require
any approximation, as they easily simulate the delay link inaccuracy; c)
each approximation introduces an error in the calculations and the results of
these calculations. Therefore, the design result with such an approximation
may contain such a significant error that it will be inapplicable.
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However, it would be wrong to reject any research carried out using
such an approximation since a simple simulation experiment shows that in a
certain area of problems this approximation allows obtaining the required
result in a fairly simple way. In this case, it is necessary not to reject any
such approximation completely, but it would be useful to determine the lim-
its of its applicability for solving problems of controller design, and this is
the purpose of this paper. The approximation of a pure delay link by a trans-
fer function in the form of a rational fraction is still widely used to imple-
ment the possibilities of designing controllers for objects with delay [1-17].
Almost all real objects have a delay, and analytical design methods are still
used by many researchers (despite the rapid development of numerical
methods [18-22]), the problem of such an approximation is of interest at
least from the standpoint of an adequate assessment of the results, useful-
ness and scientific contribution of dissertations and new publications using
such an approximation. The Padé approximation is often called the most
adequate in the literature, arguing that it best meets the design objectives of
the controller [11-17]. This statement is justified for objects with large iner-
tia that is not associated with this delay. But this is not always the case.
There are object models for which such an approximation cannot be used.
For example, if the object model is in a series connection of an integrator
and a delay link, then the Padé approximation is not efficient enough. This
could be verified by numerical modeling. In the case of application of the
method of numerical optimization, such an approximation does not allow
solving the problem of regulator design for such objects.

2. Task Statement. Let us consider a control object whose mathe-
matical model has a dependence of the output value y(t) on the input action
u(t), known in the form of the transfer function W(s), which in addition to
the minimum phase part also contains a link of pure delay e-ts. Here s is the
argument of the Laplace transform. The object is affected by an unknown
disturbance h(t), which causes a change in the output value Ay(t). The effect
of this disturbance can be described as an uncontrolled addition to the out-
put value, which gives the output a modified value of z(t). It is necessary to
design a control system for this object so that the output value repeats the
prescription v(t) as accurately as possible and, as far as possible, does not
depend on interference the h(t). This is the classical formulation of the au-
tomatic control problem, which is most successfully solved by creating a
loop with a negative feedback unit with a controller in a front loop, as
shown in Figure 1. As a rule, the problem of design involves finding a
mathematical model of the controller. If the controller is sought in the form
of a PID controller, i.e. a structure containing proportional, integrating and
derivation links connected in parallel so that the output signals are summed
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and fed to the object, then the design problem comes down to finding the
coefficients of these links. As a rule, the controller should provide the high-
est achievable speed, zero static error and, if possible, the minimum over-
shoot, no more than 10%.

: ()l:]et.l H(s)

s o(s ; it ) Z( )
V) ;..[ x ]‘('s)p{ PID-regulator Us) Object ’ :
model

Fig. 1. A typical automatic control system with a sequential PID controller in a direct
loop: values are given in terms of Laplace transforms of time functions

Among the methods for solving this problem can be distinguished
analytical and numerical methods. Analytical methods deal with differential
equations. The presence of a delay link complicates the application of such
methods, as does the presence of nonlinearities and other problematic ele-
ments. Numerical modeling methods are effective for any of the most com-
plex models of an object. In this case, the presence of any nonlinearities
delays or other features of the object model is not in the list of problems, as
all these elements are easily simulated by any of the above software.

The paper [21] provides information on two types of approximation.
The first one is based on the expansion of the transfer function of the pure
delay link in the Taylor series. The second one is the Padé approximation
which differs in the presence in the numerator of the transfer function of a
polynomial of the same order as in the denominator, but the terms with an
odd power of the argument, Laplace transforms in this model have a nega-
tive sign. Paper [21] proposed its own approximation, which is said to be
free from the drawbacks of the two indicated models. Throughout the entire
cycle of works, including [1-22], the approximation is used to calculate the
controller for the object with transfer function containing the following mul-
tiplier:

Wp(s) = e ™. Q)

Here 1 is the time constant. Various models of the transfer function
have been proposed, and according to many authors, this one is the closest
one to the transfer function of this link. The transfer function (1) is general-
ly substituted by a rational fraction in the form of the ratio of two polyno-
mials in the argument s.
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B(s) _ XYM b;st
D(s) Zg':o ajsi’

Wy (s) = 2

Here B(s) and D(s) are polynomials in s. The degrees of these poly-
nomials are equal to m and | respectively. For the transfer function (1) to be
physically realizable, the order of the numerator must be less than the order
of the denominator: | > m. However, for controllers and other elements that
have much faster performance than other elements in the same control sys-
tem, it is allowed that the order of the numerator is equal to the order of the
denominator: | = m. In some cases, transfer functions are used in which the
order of the denominator is one unit larger than the order of the numerator.
For example, in an ideal derivative link: I=m+1.

Taylor's method is based on power series. For the transfer function of
the delay link (1), the Taylor series expansion for a function of the form (1)
gives:

1
1+rs+%(rs)2+%(rs)3+~--' (3)

Wr(s) =

Many publications, including [12, 14, and 21], preference is given to
the Padé approximation, which has the following form:

(n+k)! -k
Y=o (—sT)™
N _ k!(n—k)!
W (s) = N (ntk)! k" 4)
Ek=0itn—t1 5T

Here N is the order of approximation of the model, n is the order of
the polynomial in the denominator of the model, in this case, N = n.

The exact value of the second and subsequent coefficients in (4) de-
pends on the order of approximation. The reason for this preference is not
always clear. In [21] it is mentioned that the possibilities of the second op-
tion are greater, as it has a larger number of variable coefficients. We can’t
agree with this because the number of varying coefficients in relations (3)
and (4) for the same order of the denominator exactly coincides, because in
relation (4) the coefficients in the numerator in absolute value coincide with
the coefficients of the denominator, and their sign alternates, starting with a
positive one. If, in this case, the denominator of relation (4) is specified,
then its numerator is also completely finally specified and no additional
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variation of the coefficients is possible. Paper [21] suggests the model in the
following form:

bg+bis
1+a;s+a,s?’

Wyim(s) = (5)

The unexpected fact is that in model (5) the free term of the numera-
tor is given by a letter and it is determined in the denominator by a specific
value equal to one. The fact is that the ratio of free terms determines the
steady-state value of the response, and for relation (1) it is strictly equal to
one. Therefore, the free term in the numerator must also be equal to one,
and it does not need to be calculated by any method, by=1. It is obvious that
for the case 1=1 the paper [21] has obtained a relation where this is fulfilled:

1-0.317s

6
1+ 0.683s + 0.184s? ©)

Wy (s) =

Figure 2 shows the transient processes when a unit step is applied to
elements that have transfer functions (1), (3), (4) and (6) for N = 4. The re-
sponse of the link with the transfer function (1) is ideal. The response ac-
cording to relation (3) is excessively stretched in time. The response accord-
ing to relation (4) has a very large starting value (which cannot take place in
the original model) and a very large reverse overshoot. In this case, the re-
sponse of link (6) seems to be most closely similar to the response of an
ideal link (1). However, it is far from the ideal case, it stands at an interme-
diate position between the responses of elements (3) and (4), combining
their disadvantages and advantages equally. The undoubted advantage of
this model is the fact that at the zero moment the response is zero, which is
more consistent with the true model (1).

This task aims to address the following issues:

A. How appropriate is the use of approximation?

B. Is not it better to abandon the use of methods that cannot do it
without approximation, and to use only those methods that use an exact
delay model?

C. If the proposed approximation methods can still be used, then un-
der what conditions?

D. If it is appropriate to use the approximation, is it possible to im-
prove it to expand the scope of its applicability, and if so, how exactly?
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Fig. 2. Comparison of responses of models (1), (3), (4) and (6) from publication
[21], order of models N = 2, the designation number is the same as the equation
number

3. The Proposed Research Method. It is proposed to solve the
problem by a method of numerical optimization. The graphical program-
ming structure for solving this problem is shown in Figure 3. It contains a
system model, a setting signal generator, a cost function estimator, an opti-
mizer, and an oscilloscope. In this structure, an exact model of the object is
used, and no approximations are required. To address the question of how
competent the delay approximation is when using analytical methods, it is
proposed to use this approximation when using the method of numerical
optimization and then simulate the system with the obtained controller and
use the exact model of the object. If the result of such a simulation is suffi-
ciently similar to the result of the calculation by the model, it can be argued
that such an approximation can be used. But if the result obtained by the
numerical optimization method is still better than the result obtained using
the approximation, we can supplement this conclusion with the statement
that although the approximation can be used, it still does not give an optimal
solution; thus, it is inappropriate.
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Fig. 3. The structure of graphical programming for solving the problem of numerical
optimization of the controller
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For modeling, the VisSim software was chosen for the reason that
the calculation method in it coincides with the method of operation of any
digital controller. Namely, the simulation is carried out in steps. This sim-
plest advantage turns out to be decisive in comparison, for example, with
the use of the MATLAB software, which allows performing analytical cal-
culations in the form of finding the necessary functions, but at the same
time, it does not form those delays that occur in a real system due to the real
operation of a digital controller, and it does not form those errors in the es-
timation of the derivative and integral of the function by its readings, which
also occur in a real system with a digital controller. Many problems can be
specified that the MATLAB program solves efficiently and accurately, but
the result obtained is not applicable in practice since such accuracy is not
achieved in a real system. With the use of the VisSim software, this does
not happen: if the software gives a result, the same result will take place in
practice since in a real system the same step-by-step algorithms for calculat-
ing errors and control signals will be used.

4. Results of Studies. Comparison of the type of transient processes,
which are the model's response to a single stepwise jump, shows that the
models (3), (4) and (6) are very far from ideal. Indeed, the response of the
Taylor model (3) is unnecessarily prolonged in time (see Figure 1), the re-
sponse of the Padé model (4) is characterized by two drawbacks: firstly, a
nonzero value at the moment t = 0, equal to the amplitude of the input sig-
nal, and secondly, significant reverse overshoot, reaching 40% of this am-
plitude. The response of the model (6) seems to be the best at first glance, as
it starts from zero, the reverse overshoot is less than in the response of the
model (4) and amounts to 15% of the input signal amplitude. In terms of
rising time, this response occupies an intermediate position between the
responses of the models (3) and (4). However, this characteristic is insuffi-
cient for making a decision that the model (6) is the best. Filters are de-
scribed in [22]:
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1

Wen () = Dcu(s)' Q)

The denominator of the fraction (7) contains polynomials. The low-
est and highest coefficients are strictly equal to one. The remaining coeffi-
cients are found by numerical optimization using the following objective
function:

d

F(T) = [y {kuf [e(® 5] + le®e} at. (8)

Here ki, is a weighting factor, e(t) is the difference of the filter output
signal from unity, f is a limiter function that excludes negative values,
which can be specified by the expression:

f[x] = max{x, 0}. 9)

In [22], this coefficient is set equal to one and k,, = 1. These polyno-
mials are called Chegorsky polynomials. However, the detailed studies have
shown that it is very expedient to take a much larger value of this coeffi-
cient, for example, k,, = 100.

The coefficients of the polynomial Dcy(s) can (and it is recommend-
ed) be found even if it is given in the simulation by the product of several
polynomials [22]. For example, several polynomials of the third order, for
the case when the order of the polynomial is a multiple of three. If the order
of the polynomial is not a multiple of three, then some of the polynomials
that are factors may have a lower order, for example, the first or the second.
The paper [22] gives the results of calculating the coefficients of the poly-
nomials Dcy(s) up to order 12 inclusive. Although these coefficients are not
given in general terms, they are only represented by numerical values. This
result can be fully used in modeling or analytical calculations. In addition,
in [22], the polynomials Dcy(s) are presented as products of polynomials of
lower order. This is also not a problem because, if necessary, all coefficients
can be calculated by simple multiplying elementary polynomials. In addi-
tion, finding the roots of polynomials in this form is much easier, and this is
irrelevant in modeling, as it is possible to use any variant of writing poly-
nomials. It is easy to use the polynomial of the highest order among all
Dcy(s) polynomials published so far. Its analytical expression is as follows:

Peyi2(s) = (1 + ays + as? + s3)(1 + ags + azs? + s3)(1 +

ass + ags? + s3)(1 + a;s + ags? + s3). (10)
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In this case, the values of the coefficients are as follows: a;=2.02952,
a,=4.36457, a3=5.51585, a,=5.1134, a;=4.47914, a,=10.5786, a;=1.19969,
ag=3.07125 [22]. It is noticed during modeling that the response of the filter
(7) with polynomial (10) in the denominator models the response of a pure
delay link with high accuracy. To demonstrate this, it is sufficient to use the
VisSim software with the structure of the model shown in Figure 4. The
simulation results are shown in Figure 5. It shows that this graph perfectly
approximates the response of the delay link with a time constant equal to
t=14s.

1
5°+4.364575°+2.029525+ 1 —‘

L

5745 11345245 515855+ —‘

L

57410 578687 +4 479145+1 —‘

1
1= -
57+3.071255°+1 199695+1

Fig. 4. Structure for modeling filter (7) with polynomial (10)

0 5 10 15 20 25 30 35 40 45 50
Time (sec)

Fig. 5. Transient process in the structure according to fig. 2 (line 2) versus the ideal
process (line 1)
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These two graphs coincide in the initial interval from 0 to 5 s, in the
final interval from 20 s and further to infinity, as well as at the point t=14 s.
The value of the time constant t = 14 s is just found from the condition that
at the moment of the jump the indicated function reaches 60% of its steady-
state value, which takes place in Padé approximations of any order. Thus,
filter (7), (10) can be used as a model for the delay link (1) at =14 s. For
the case of an arbitrary value of t, it is sufficient to apply the appropriate
scaling of frequencies and time. For example, if we assume that the unit of
measurement on the graph in Figure 5 is the time interval equal to 14 s, then
this graph corresponds to the model of the delay link with t=1 (in new units
of time). Note that even the seventh-order polynomial Dcy(s) in all parame-
ters better approximates the delay link than approximation (6). For the case
1=1, this polynomial has the following form:

Pcys(s) = (1 +0.4123s + 0.11493s% + 0.00463s3)(1 + (11)
0.5113s + 0.02778s2).

Also, for comparison, the 9" order polynomial was simulated for the
case 1=1. This polynomial has the form:

Pcuo(s) = (1 +0.113s + 0.135%2 4+ 0.001s3)(1 + 0.4321s + (12)
0.02915s2 + 0.001s3)(1 + 0.3824s + 0.08446s% + 0.001s3).

Figure 6 shows the structures for modeling the corresponding filters,
and Figure 7 shows the resulting transients. It is obviously from Figure 7
that model (6) is the worst approximation of model (1) in comparison with
models (11) and (12).
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Fig. 6. Structures for modeling filters (1), (6), (11) and (12)

Time (sec)

Fig. 7. Transient structures in the models according to relations (1), (6), (11) and
(12), the marking of the lines corresponds to the number of the model equation

5. Control of the Object in the Form of an Integrator and a De-
lay Link. Using the known models (4) and (6), as well as the proposed
model (10), we calculate the controller for the object with delay, after which
we will simulate the system containing such a controller and the actual
model of the object according to relation (1). In the same way, let us check
the applicability of the Padé model and other models.

Consider an object of the form

Wor(s) = Wiy ()Wp(s) = Se™™. (13)
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Let pose the problem of finding the PID controller coefficients for
controlling this object in a locked loop. The regulator transfer function is:

WR(S) = kp +k1§+kDS. (14)

The regulator coefficients kp, k;, kp have to be calculated. We will
use the numerical optimization method.

For optimization, the next experiment uses the objective (cost) func-
tion (8), (9). Initial parameter values can be set to zero. Since model (10)
with the above coefficients best approximates the delay link at =14 s, this
value of 7 is put in relation (10). This is acceptable since this result can al-
ways be recalculated for a different time constant by introducing a scale
factor. With the new coefficient, the overall gain of the object will change.
This is also insignificant since the change in the coefficient can be easily
taken into account by proportional changes in all controller coefficients;
therefore, problem (10) remains the most general for any arbitrary finite
value of 1. The structure for designing a regulator for this object is shown in
Figure 8. It fully corresponds to the structure of Figure 3 in terms of graph-
ical programming in the VisSim software. The upper part of this figure
shows the structure of the control system that will be in the implementation
of this system in reality. It has a generator for the reference signal (in this
case, it is a step jump), an adder through which the negative feedback is
closed, a PID controller and an object. In this case, instead of an object,
there is its model, which consists of a model of a delay link and an integra-
tor. The middle and lower parts of Figure 8 show the blocks for calculating
the coefficients of the controller and the calculator of the value of the cost
function. As a result of the optimization, the following values of the PID
controller coefficients were obtained: kp=0.0572943, k=-3.48581.107,
kp=0.322082. These factors can be rounded up to 3-4 significant digits. The
coefficient of the integrating path is very small, and this is natural since the
object contains an integrator, therefore, the integrator is not needed in the
controller. However, for the sake of the purity of the experiment, the calcu-
lated coefficients are saved without rounding. The transient process ob-
tained in this system is shown in Figure 9.

Now the approximation (10) in the structure shown in Figure 8 is re-
placed by the exact model of the object (11). The obtained transient process
in the new system is shown in Figure 9 (line 2), where the process obtained
by the approximation is shown for comparison (line 1). It can be seen that
the process in the system with a real object containing a link of a pure delay
differs from the process obtained in the system with its approximation, but
this difference is not significant since the overshoot does not exceed 10%.
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Fig. 8. Structure for designing a regulator for an object (11)
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Fig. 9. Comparison of the transient process obtained using the approximation (10)
(line 1) and using the exact description of the object (11) (line 2)

The comparison of the two transient processes shows that the process
with the actual delay begins only after this delay time has elapsed, which is
quite natural. Meanwhile, the process with approximation begins earlier,
because the response in this approximate model also begins earlier, as
shown in Figure 5. The response in a real system contains several small
jumps, but in general, the response is quite similar to the response in a sys-
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tem with an approximation. The largest difference is no more than 10%,
except for the initial section, where the difference is inevitable but also not
critical, as the type of the transition process in this initial section should be
different in this way as well. If the Padé approximation (4) is applied in the
considered and detailed method, then, in this case, the optimization with the
help of this objective function will not lead to a result. The VisSim program
cannot complete the calculations because the calculation results in unac-
ceptably large values of the output signals and the objective function. The
use of approximation (6) in solving this problem by the considered method
also does not lead to success.

The above shows that the advantage of the proposed approximation
in the form of a filter based on the polynomial Dcy(s) model has a wider
range of applicability. In particular, if the plant model consists of a delay
link and an integrator, then the Padé approximation does not allow finding
the PID controller by numerical methods. Some analytical methods may not
give the desired result. If, in this case, a filter (7) is used as a model, then
the required optimization result is achieved. In this case, the optimization
procedure allows finding the optimal settings for the PID controller, with
which the real system also works successfully.

Note that the use of the exact model (13) in the structure shown in
Figure 8 easily leads to finding the required optimal regulator.

6. Control of the Object in the Form of an Integrator and Aperi-
odic Link. Consider an object of the form:

Wy, (s) = ——e™™. (15)

s+10

Let's solve the same problem in the same two ways. The experiment
used the fifth-order Padé approximation for 1=14 s:

—-55+305%-42053+336052-151205+30240 (16)
5543054+42053+336052+151205+30240

Wls‘t (s) =

Figure 10 shows the results for calculating the optimal controller us-
ing approximation (14) (line 1) and the results of using this controller with a
real object (11) (line 2). If we neglect the initial part, which must be differ-
ent, then the rest of the transient processes coincide almost perfectly. The
maximum difference between the actual process and the process calculated
with the Padé approximation is 5%, which is a very good result because
overshoot is three times less than required, it does not exceed 3%. The larg-
est jump occurs by 5% and does not contribute to overshoot, the difference
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in the process at the initial stage, when the delay is in effect, is inevitable,
and it is exactly what it can be, that is, before the expiration of the delay
time, there is no signal at the output, which is natural. When using the filter
approximation (10), the results are approximately the same as in the case of
the model with an integrator, i.e. it almost coincides with the processes
shown in Figure 7. In this case, the maximum difference also reaches 10%,
as for the object (10).

Consequently, the proposed model (10) has both disadvantages and
advantages. The advantages have been mentioned above. The disadvantage
of the model is that when using it, the obtained result coincides with less
accuracy with the result obtained using the Padé model.

0 10 20 30 40 50 60 70 30 a0 100
Time (sec)

Fig. 10. Comparison of the transient process obtained using the fifth-order Padé
approximation (line 1) and using the exact description of the object (11) (line 2)

7. The Use of Mixed Approximation. It was found that the serial
connection of the Padé approximation model and the filter model (10) gives
a much more satisfactory result. The transfer function of the composite ap-
proximation WC (s) in this case takes the following form:

We(s) = Wepaa (S)Wls‘t(s)' (7)

The transient process at the output of the synthetic model (17) is
shown in Figure 11. It corresponds to a time delay of =28 s.

Informatics and Automation. 2022. Vol. 21 No. 1. ISSN 2713-3192 (print) 55
ISSN 2713-3206 (online) www.ia.spcras.ru



LUNdPOBBLIE NH®OPMALIMOHHO-TENEKOMMYHUKALIMOHHBIE TEXHONOI M

An even better result is achieved when using the Wc»(s) approxima-
tion in the form of a series connection of two models: the Padé approxima-
tion and filter (10) one:

Wea(s) = Wls‘t(s)WCH12 (S)Wls‘t(s)' (18)

It is possible to successfully solve the object control problem of the
form (13) when set 1=42 s. Figure 12 shows the structure for modeling and
optimization of a system with an object in form (13) using the compound
approximation (18).

o 10 20 30 40 50 60 70 80 90 100
Time (sec)

Fig. 11. Transient process at the output of the synthetic model

Figure 13 shows the transient processes calculated in the system with
object (13) where approximation (16) is used instead of a pure delay (1)
(line 1) and when the system has a real object (13) (line 2). Comparison of
these graphs shows that the coincidence of the two processes is almost ideal
with the exception of small inevitable deviations near the points t;=r, t,=21,
t3=3’l7.
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Fig. 12. Structure for modeling and optimization of a system with an object of the
form (13) using compound approximation (18)
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Fig. 13. Transient processes calculated in the system with approximation (18)
(line 1) and in the system with a real object (10) (line 2)

Discussion. Figure 7 shows that the proposed approximation by the
filter based on the polynomial (10) is better because the solution of the con-
trol problem for an object containing an integrator and a delay link can be
successfully solved only by using this approximation. The rest of the known
approximations, including the Padé approximation, do not work in this case
when using the numerical optimization method. It follows that even when
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analytical methods are used, these approximations may not be applicable or
work worse than the approximation based on the polynomial (10).

Composite approximation (18) is even more accurate. The use of the
two proposed approximations (10) and (18) allows for a more successful
solution of the tasks for designing controllers by the methods of numerical
optimization. In this case, the approximation (10) is not without drawbacks
since there are models of objects, such as model (13), for which the use of
the Padé approximation (4) gives more accurate results. But the advantage
of approximation (10) is that there are such object models as a model ac-
cording to relation (13), for which the Padé approximation does not allow
solving the posed problem of regulator design, while the approximation (10)
allows solving this problem effectively. Also, a composite approximation
(17) and (18) is proposed, and it is much more accurate, and it allows solv-
ing all the problems considered with the highest accuracy. The accuracy of
the solution of the problem was evaluated by the accuracy of the coinci-
dence of transient processes in the resulting system using an approximation
model and similar processes with the same controller, using the exact model
of the object. In the case of using model (15), this accuracy is the highest
one.

The proposed approximation can also be compared with other op-
tions, for example, with a filter approximation with a binomial polynomial
in the denominator, or an approximation based on the Taylor series, as (3),
used in publication [24], or with a polynomial of the following form [25]:

1
145+0.552"

G(s) = (19)

All of these approximations are much less accurate and, thus, per-
form worse. The comparison of the integrals of the modulus of the error of
these approximations with the same characteristic for the approximation
based on the polynomial (10) gives the error that is 1.6 times greater.

Conclusion. The paper proposes a new approximation of the delay
link with a low-pass filter. The approximation of the transcendental transfer
function by a link in the form of a rational fraction of polynomials makes
more efficient the use of analytical methods for designing a controller for
objects with delay. The disadvantages of the Padé approximation are shown
by the method of modeling and numerical optimization and three new types
of approximation, free from the identified shortcomings, are proposed.
Based on the research, it can be said that the known methods for approxi-
mating the delay link by a polynomial transfer function have their draw-
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backs. The expediency of the most accurate approximation can take place
only if it is necessary to use analytical methods of design; since numerical
methods do not need such an approximation, all known packages for model-
ing and optimization easily simulate the exact transfer function (1). Thus,
approximation by known models is far from always advisable, but only if
analytical methods are used further, the known approximation methods are
inferior to the proposed method.

Calculations of the proposed approximation up to the ninth order
have been carried out. Increasing the order leads to a more accurate approx-
imation of the stepwise delay jump. Figure 14 shows transient processes in
filters of the fifth and sixth order, Figure 15 shows the processes in filters of
the eighth and ninth order.

12
IR | S S—

10 : i e

é
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|

-

Time (sec)

Fig. 14. Transient processes in filters of the fifth order (line 1) and sixth order
(line 2) according to the proposed method
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Fig. 15. Transient processes in filters of the 8" order (line 1) and 9" order (line 2)

according to the proposed method

Raising the order above the fifth does not give a noticeable ad-

vantage in optimization, since fairly reliable results are obtained even when
using models of the 3" — 5™ order. Therefore, such an excessive complica-
tion of the model by increasing the order of approximation is apparently
inappropriate.

60
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B.A. KMy b, JI. JUMHTPOB, I'.B. CABJIMHA, I'. POT, SI. HOCEK, B. XAPAT
O HEJIECOOBPA3ZHOCTH U BO3MOXHOCTAX
AIINMPOKCUMAIIUUA 3BEHA C YUCTBIM 3AIIA3ABIBAHUEM

Kmyob B.A., [HQumumpos JI, Cabmuna I'.B., Pom [I., Hocex A, Xapom B. O
1eJ1ec000pPa3HOCTH M BO3MOKHOCTSIX ANNPOKCHMAIMH 3BeHA ¢ YHCTHIM 3ana3IbIBaHHEeM.

Annotamms. Ilpu pemeHun 3ajzad ynpapieHHs OOBEKTOM C 3amas/bIBAHMEM 4YacTo
HEOOXOAUMO AaNMpOKCHMUPOBATh 3BEHO YHCTOIO 3ala3IblBAHUS MHHHMAIBHO (Da30BBIM
3BEHOM, 4YTOOBI 0O0OECIEUUTh BO3MOMKHOCTH HCIIONIb30BAHMS AHATMTHYECCKHX METONOB UL
MIPOEKTUpOBaHKs  peryiasaropa. CyllecTBYyeT MHOXKECTBO METOIOB  allpOKCUMAIUH,
OCHOBAHHBIX Ha paslokeHHH B psing Teimopa, a Takke MOAU(DUIMPOBAHHBIX METOMOB.
Haubonee wu3Becten Merox anmpokcumanuu [lame. M3BecTHbIE METOIBI ANMPOKCHMALUH
UMEIOT CYIIECTBEHHbIE HEJIOCTATKU, KOTOPhIE BBIABIACT AaHHAs padoTa. OJHAKO CYLIECTBYIOT
U JpyrHe cmocoObl (OPMUPOBAHUS IPYTHX THIOB (HIBTPOB, KOTOPBIE MOTYT CIIY)XKHTh
IydIIUM TNPUOMIDKEHHEM IIPU ONPEIENeHHH COOTHONIGHHS 3aJep)KeK, XOTS OHH H He
HCTIONB3YIOTCSI IS 3THX IeNei. B 4acTHOCTH, N3BECTHBI CIIOCOOBI (POPMUPOBAHYS HCKOMOTO
nudbepeHIanbHOr0  ypaBHEHHST 3aMKHYTOH CHCTEMBI 3aJAHHOTO IOpAAKAa METOIOM
YHUCICHHOW oNTUMHU3anuu. B 3ToM ciydyae 3aMKkHyTas cucreMa BefeT ceOs Kak (HIBTp
COOTBETCTBYIOIIETO MOPSAKA, YHCIUTENb KOTOPOrO PaBeH eIMHHIE, a YKa3aHHBIH ITOJIHHOM
CTOMUT B 3HaMeHaTesae. MoienupoBaHue OKa3ao, 4YTo Takod GuibTp siBisiercs 2GdexTUBHOIM
aIbTEpPHATUBHON aNNpOKCUManuell 3BeHA 3aJepXKKU H MOXKET HCIOIb30BAaThCS IS TeX JKe
meneif, ST KOTOPBIX  INPEANONAranoch  KCIOJb30BaTh  ammpokcumarmio  Ilaze.
TonuHOoMManbHBIE KOAGPUIMEHTHI B JINTEPATYPE PACCUUTHIBAIMCH TOJBKO 10 12-T0 mopsaka.
UYeM BblIlIe MOPSAAOK IIOIMHOMA, T€M TOYHEE AINPOKCUMALIH.
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C.C. MAHAEHKO, C.B. JIBOPHMKOB, A.B. ITIIEHNYHNKOB
TEOPETUYECKHUE ACIIEKTbI ®OPMUPOBAHUS
CUTHAJIBHBIX KOHCTPYKIIMU CJIOKHOU CTPYKTYPbI

Manaenxo C.C., [Jeopruxos C.B., [TMwenuunuxoe A.B. Teoperuueckue acmekTsl
(opMupoBaHHSsI CHTHAILHBIX KOHCTPYKIMIA CJI0KHOM CTPYKTYPBI.

AnHoTanus. IIpuemo-niepesaoue TpakThl COBPEMEHHBIX CUCTEM PAaAUOCBA3H CTPOSATCS
Ha OCHOBE OTKPBITOH CTPYKTYpHI, 00ECIIeUNBAIONICH HepapXUIeCKOe PasrpaHHYCHHE JOCTYIa
K TIPefOCTaBISIEMbIM TEICKOMMYHHKAIMOHHBIM yciyraM. OJHAako Takod MOAXOX He
HCKIIOYAaeT  BO3MOXHOCTh  JIOCTyIa K  II€pejaBaéMOMYy KOHTEHTY CO  CTOPOHBI
HECaHKIIHOHHPOBAHHBIX MOJIB30BATENEH. CkpeITHE nabopmManuu MeTofaMu
KpUOTOrpaM4Ieckol 3amUThl B TaKOW CHTYallMd TOJNBKO AKTHBU3HDPYET IOMONHHTETbHBIN
MHTEpEC K nepeaye, Mo3ToMy Hanboliee mparMaTH4HbIM PEIICHUEM SBIISICTCS UCIIOIb30BaHUE
CHTHAJIOB CIIOJKHOH CTPYKTYpBI, CYIIECTBEHHO 3aTPyIHSIOMNX HIH JaXKe HCKIIOYArOMUX
u3BICYEHHE U3  HHX  HMHPOPMAIMU  CTOPOHHMMH  Hoib3oBarexsiMu.  I[IpoOmema
PErJIaMEHTUPOBAHUS CEJISKIMH JIOCTYNa INpH pa3paboTKe ¥ HPOSKTHPOBAHHWH 3JIEMEHTOB
pPagHOCHCTEM SIBISCTCS JOCTATOYHO MHOTOTPAHHOM M 00IafgaeT BBICOKOH CTEHEHBIO
cnokHocTd. OHO W3 HANPaBJICHUH PEIICHUS 3a/1a4 JaHHOH MPeAMETHON 00aacT 6a3upyercs
Ha M3BECTHBIX MOAXOAaX PACIIMPEHHUs 0a3bl CHTHAJIOB, OJHAKO aJTOPHTMBI HX IPAKTHICCKOU
peanu3aluy NOIydeHsl 0e3 yueTa OrpaHHYCHHI Ha BBIICICHHBIA pecypc U 6e3 yuera caMmoro
(axTa mpUMEHEHHUs 3THX aIropuTMoB. Ha OCHOBe TeOpHUH CHCTEM U OOLIeH TEOPHU CBS3U
pa3pabotaH moAxox K ()OPMHPOBAHUIO CHTHAIBHBIX KOHCTPYKIMI CIIOKHOW CTPYKTYpBI,
00eCreynBaOINi TTOBBILICHUE CBOWCTB HMX CTPYKTYPHOH CKPBITHOCTH IO OTHOIICHHIO K
HECAHKIMOHHPOBAaHHBIM I10J1b30BaTe/sIM. [Ipy 3TOoM OBUIH yTOYHEHBI H3BECTHBIE PEIICHHUS Ha
(U3MYECKOM YPOBHE CHTHAIBHBIX NPOCTPAHCTB, YTO MO3BOJIMIO (YOPMAIHM30BATh MPOLEAYPHI
(hopMHpOBaHHS PaTHOCHTHAJIOB, OOJNANAIOIIMMH 3aJaHHBIMU cBoiicTBaMH. OOOCHOBaH METOJ
tdopmanuzauu  QYHKUMM OTOOpaKCHMsI HPOCTPAHCTBA CUTHAIIOB HAa OCHOBE BBIICICHUS
CTOXAaCTHYECKUX CBOMCTB IICEBIOCIYYaWHBIX IIOCIIENOBATENBHOCTEH, UYTO MO3BOJIHIO
00eCIIeUNTh HEONpPEeIeIeHHOCTh HMX CTPYKTYpPHl IIPH HECaHKIMOHHPOBAaHHOH 00paboTke.
Amnpobanusi mpeinaraeMoro MoAXoJa MpHBeJeHa Ha HpHMepe (OPMHPOBAHHS CHUTHAJIOB
KBaJIpaTypHOIl MORYIAIIMM C y4YETOM IOCIEAYIOIIETo aHajlH3a HMX CBOICTB C DPa3NIMIHBIX
MO3WLMHA JITHTHMHBIX M HEJNECTMTHMHBIX IIoib3oBaTeniell. IlomydeHHBle pe3ynabTaThl
MOJTBEPXKIAIOT BO3HUKIIYIO HEONPENECNCHHOCTh IpPU HEIErMTHMHOM 00paboTke mpu
HE3HAYHUTENFHOM YXYAIICHUH CBOICTB IIOMEXOYCTOHYHMBOCTH CHCTEM PaIMOCBS3H. B memom
9TO TIO3BOJISIET CHENIaTh BBIBOA 00 aJeKBAaTHOCTH TEOPETHUYECKHX peEIleHWH. B kauectBe
IpUMepa MpeCTaBIeHbl KOHCTEIIIUOHHBIC JHAaTpaMMbl CUTHAJIOB HA BBIXOJE KBAaJPAaTYpHOIO
npuemMHUKa. [IpencraBieHHas B paboTe COBOKYITHOCTb IPEAIaraeMbIX TEXHHYECKHX PEIICHUH
oIpesieNsseT HOBU3HY JaHHOTO Ioaxoxa. Penraemast HaydHas 3aja4a OTHOCUTCS K KJIaccy 3aad
CHHTE3a CHI'HAJIOB CJIOXKHBIX CTPYKTYP.

KiroueBrble cJ10Ba: CUrHajbl CIOKHONW CTPYKTYpBI, CTPYKTYpHAsi CKPBITHOCTh CUTHAJIOB,
JHEPreTUYECKas CKPHITHOCTh CUTHAJIOB, CUHTE3 CHTHAJIOB CJIOXKHOH CTPYKTYpbl, CHIHAJIbHbIC
KOHCTPYKIHH.

1. BBeneHne. DNeKTPOMArHUTHAs JIOCTYIHOCTh K CUTHAJIAM CHCTEM
pamuoceszu (CPC) B mporecce nepenadn COOOIICHUI CO CTOPOHBI HECAHK-
[UOHUPOBAHHBIX MOJIb30BATENCH 00YCIaBIMBaeT HEOOXOIMMOCTH pa3pa-
OOTKH W MOCICIYIOIIEH peanun3alud Pa3InYHbIX OTPAaHHYUBAIOIIUX MEPO-
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MPUATHI KaK OPraHU3allMOHHOTO, TAK U TEXHIMYECKOTO XapaKTepa.

Jlannas mpobiemMaTnka MHOTOTpaHHA, M JIOCTaTOYHO 9acTO, HAIpH-
Mep B [1], paccMaTpuBaeTcs ¢ TO3MIHIA PETIAMEHTHPOBAHHUS CEIIEKTHBHOTO
JOCTYTIa K TIepeiaBaeMoii (TpaHCIUpyeMoit) HHPOPMAIHH.

B npyrux MCTOYHMKAx, B YaCTHOCTH B [2], 3JeKTpOMarHuTHas IO-
CTYITHOCTh paJgfoOKaHala BOOOIIE paccMaTpUBACTCS C MO3HMIUN COCTaBHON
YacTH CPEICTB MH(POPMALMOHHOI BOWHBI.

OpHaKO CIIOXHOCTh PEIICHUsS 3aJaud, CBSI3aHHOW CO CHM)KEHHEM
9JIEKTPOMAarHUTHOM JOCTYITHOCTH K pajiMOKaHajaM s HEeCaHKIMOHHUPO-
BaHHBIX a0OHEHTOB, BbIHYX/1aeT rosb3oBateneid CPC ncnons3oBaTh KpuIl-
Torpaduyeckue Mepbl CKpbITHI HH(pOpPMaIK. B 4acTHOCTH, TaKo# 1OAX0/
K 3ammre HHOOPMAIMOHHOTO0 0OMeHa mpeioxed B [3], rae npemioxeHo
HCTIONB30BaTh Pa3IMIHbIC KOMOWHAIINA CHMMETPHUIHBIX H ACCHMETPUIHBIX
KPUIITOANTOPUTMOB. JlaHHOE HampaBJCHHE TOCTATOYHO AKTHBHO Pa3BHBa-
eTCsl, O YeM CBHUJACTCIBCTBYIOT MHOTOYHCICHHBIE pa0OTHI B JaHHOM
Harnpasienuu [4-6].

Bmecte ¢ TeM caM (DaKT HCIIONB30BaHHUS METOJOB KPHUIITO3AIIHUTHI
BEICTYTIaET B KaYECTBE SBHOTO NPU3HAKA KEIaHHUS COKPHITH HH(OpMAIIH,
YTO MOXKET BBI3BaTh JOMOJHHUTENBHBIH HHTEPEC CO CTOPOHBI HECAHKIIMOHH-
POBaHHBIX aDOHEHTOB K COJAEPKAHHUIO IepeiaBaeMoro MHGOPMALOHHOTO
konTeHTa [2]. [loaToMy MparMaTHYHBIM B 3TOM ILTaHE BHIUTCSI UCTIOIB30-
BaHHE METOJOB CHWKEHHs MH()OPMALMOHHONW AOCTYIHOCTH HeperaBaeMoi
nH(opManuK Uil HECAHKIIMOHUPOBAHHBIX a0OHEHTOB 33 CUET MOBBIIICHUS
CTPYKTYPHO# CKPBITHOCTH TI€PEIaBaEMbIX CUTHAIIOB, TPEUIOKEHHBIX B [7].

B HacTosimee BpeMs TaHHOE HAIIPABIICHHE aKTUBHO Pa3BUBACTCS, O
9YeM CBUJICTEILCTBYIOT MHOTOYHCIICHHBIC pa0OTHI IO 3TOH MpobieMaThKe.

Tak, B [8] npeanaraercs B CPC npuMeHSATh CTOXaCTHYECKUE Mapali-
JIETIbHO-TIOCIIC/IOBATEINIbHBIE  ITUPOKOIIOJIOCHBIE  CHTHAJIBI, O0Jaaromye
CBOICTBaMH BBICOKOIM HEPreTHYECKOIl U CTPYKTYPHO# CKpBITHOCTH. B [9-
10] mis CPC paspaboTaHbl MOJENH MEpeaadn COOOMIEHHI Ha OCHOBE Xao-
TUYECKHUX CUTHAJIOB, 00JIaIaI0NINX BRICOKOH CTPYKTYPHOH CKPBITHOCTBIO.

Mopenn KOMOMHHPOBAHHBIX CHTHAJNBHBIX KOHCTPYKIMHA C Peryiu-
PYeMBIM yPOBHEM HX CTPYKTYPHOH M SHEPTeTHYECKOH CKPHITHOCTH pa3pa-
ooransl B [11-12].

Crnemyer OTMETHTh, YTO PACCMOTPEHHOE HAIIPABJICHHUE TTOBBIIICHUS
CKPBITHOCTH CBSI32HO C CYLIECTBEHHBIM PACIIUPEHHEM CIIEKTpa CUTHAJIOB,
YTO JOCTAaTOYHO CJI0KHO OOECIEYHUTH B YCIOBUSX OIpaHUYEHHU Ha IOJIOCY
4acToT, BeIJCIsIEMY0 Juis paguokaHainoB B CPC. Bmecte ¢ Tem pocrarouHo
MHTEPECHBIN Moax0] 060ocHoBaH B [13-15]. ABTOpHI Npepmaraot GopMUpo-
BaTh CHI'HaJIbl TAKMM 00pa3oM, 4TOOBI B TPaKTax MpHeMa HECaHKIIMOHUPO-
BaHHBIX a0OHEHTOB MX MapaMeTpbl COOTBETCTBOBAIM CTPYKTYpPaM COBCEM

Informatics and Automation. 2022. Vol. 21 No. 1. ISSN 2713-3192 (print) 69
ISSN 2713-3206 (online) www.ia.spcras.ru



LUNdPOBBLIE NH®OPMALIMOHHO-TENEKOMMYHUKALIMOHHBIE TEXHONOI M

JIPYTUX KOHCTPYKOMHA. O4EeBUAHO, YTO TAKOW IOIXOJ TMPEIIONATracT CIOXK-
HOCTh CHHTE3a CHTHAJBHBIX KOHCTpyKInii CPC, 00ycloBIeHHYIO BBICOKOH
BapHaTUBHOCTBHIO PEaJbHOIN CHUTHAIBHO-TIOMEXOBOW 0OcTaHOBKH. [loaTomy
JUIsL ee ydera IPOIECCHI, ONMCHIBAIONINE YCIOBHA ()YyHKIIMOHHPOBAHUS
CPC, HaeJA0T MUPOKAM JUATA30HOM CTOXACTHYECKHUX CBOMCTB [16-17].
ITpn >ToM HamOONBIIYI0O MHOTO3HAYHOCTh BAPHAHTHI PEIICHUS 3a4a4 JaH-
HOTO KJlacca MNpPUOOpETaloT B YCIOBUSX IECTPYKTUBHBIX BO3JICHCTBH,
CTpaTerHH KOTOPBIX B SIBHOM BHJE OIPEIEIIAIOTCS C HEOCTAaTOYHOM CTere-
Hbto ToyHOCTH [18]. [nst TakMX CHTyalumil He OMpe/eieHbl eAUHBIC MOAXO0-
JIbl K TTOCTAaHOBKE W PEIleHUI0 NpobieMbl pa3paborku curnanos CPC, uto
CBSI3aHO CO CJIOXKHOCTBIO MX (hOpMaJM3allMy Ha Pa3IM4YHBIX YPOBHSX JTa-
JIOHHOW MOJIeNTU B3aUMOAEHUCTBHUS OTKPBITBIX CHCTEM.

B cooTBeTcTBMM C yKa3aHHBIMH OOCTOSTEIHCTBAMH B HAaCTOALICH
paboTe TpeUIoKeH BapHAHT pa3pabOTKH TEOPETHYECKOTO MOAX01a K Mpe-
ctaBieHNI0 U (opmuposanuto curHanoB CPC, obmamarommx cBoiicTBaMu
BBICOKOI CTPYKTYpPHOW M 3HEPI€THUECKON CKPHITHOCTH IO OTHOIICHHIO K
HECaHKIIMOHNPOBAHHBIM A0OHEHTaM (ajee OHM OIpEAENICHBl KaK CHUTHAIIBI
CJIOKHBIX CTPYKTYpP) C HO3WIMH CIIOKHBIX CUCTEM B TEPMHUHAX 00OIIeH Teo-
PHH CBSA3M U CTaTUCTUYECKOI palnOTEXHUKH.

2. AHaIM3 TOAX0A0B K ()OPMHPOBAHUIO CHUTHAJIOB CJIOKHOI
CTPYKTYPbI ¢ mo3uuuii odueii Teopun cucrem. Cornacto [19] k curna-
JIaM CJIOKHOM CTPYKTYpPBI OTHOCST CHUTHaJIbl, IOMEXOYCTOMUNBBIE CBONCTBA
KOTOPBIX ompenesstrores ux 6a3zoil. Kak mpaBuiio, uX CHHTE3 OCYIIECTBIS-
eTcsl pa3IMYHBIMU METO/IAMH PACIIUPEHNUS CIICKTpPa.

Hawnbonee m3BecTHbIE perieHHs 0a3MpylOTCs Ha CHOCOOE MpSMOTo
pacuMpeHust CIeKTpa IyTeM HENOCPEACTBEHHOI'O NEPEMHOXEHUS! TICEBI0-
ciryqaiinbix nocienoBarensHocTed (IICIT) ¢ BEIOOpKaMHu BEICOKOYACTOTHBIX
konebannii. B pesynprare yka3aHHBIX ONEpalyi MoJydaroT (ha3oMaHMITY-
JIMPOBaHHBIC LIMPOKOMOJIOCHBIE CUTHaNBI [19-22].

Jpyroit moaxoa K CUHTE3y CUTHAJIOB CJIOKHOU CTPYKTYPBI CBSI3aH CO
CTOXaCTUYECKUM YTPaBIECHUEM 4acTOTHBIM pecypcoM CPC, KoTopsbIif mo3-
BOJISIET ()OPMUPOBATH CUTHANBI C MICEBJOCTyYalHBIM 3aKOHOM HEPECTPOUKU
pabounx gactot (ITTTPY) [23-26].

3ameTrM, 9TO MeToabl (OpMUpOBaHHS cUrHaIOB Ha ocHoBe I[ICIT
MPEABSBIAECT JOCTATOYHO BBICOKHE TPEOOBAHWSI K MOJENIM KaHajla Pajno-
CBSI3M U TIapaMeTpaM YyBCTBUTEIBHOCTH PAJAHONIPHUEMHBIX YCTpO#cTB [23].

VYka3aHHOE OOCTOSTENBCTBO CYLIECTBEHHO OIPDAaHUYMBAET MX IPaK-
TUYECKOE NPUMEHEHHE, a B YCIOBHIX AECTPYKTUBHBIX BO3JCHCTBUI HOMO-
HUTENBbHO yenoxuser moaean CPC [27], mockombky B 3TOM ciydae HeoO-
XOJMMO pelIaTh 3a7aydl KOBAPHMALMOHHBIX M KOPPENALUOHHBIX BBIYHCIE-
Huii [28].
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Kpome TOTO, CHTHamBl 3TOTO Ki1acca MMEIOT JOCTaTOYHO CIIOKHYIO
CTPYKTYPY ¥ M3HAYAIBHO MPEATNOJIaratoT HaIMIUe ITHPOKONOJIOCHBIX KaHa-
JIOB C OTHOPOJIHOM cTpyKTYypoii [19].

Curnanet ¢ [IITPY anpuopu mpeassBIsSiOT BHICOKHE TPeOOBaHUS K
cucteme yrpasiennsi CPC [23]. Onnako npuMeHEHHE METOIOB ITMPOKOTIO-
JIOCHOTO YaCTOTHOTO CHHTe3a (DaKTHUECKH HHMBEJIMPYET MX CBOWCTBA, Xa-
paKTepHBIE [Tl CHTHAJIOB CO CIIOXKHOM CTpyKTypoii [29].

Kpome Toro, criemyer OTMETHTB, YTO W3BECTHBIC B OOIIEH TEOpHH
CBSI3W AHAJHMTHYECKHE PELICHUS MO (OPMHPOBAHMIO ITOMEXOYCTOHYMBBIX
curranoB [30-31] He yYHTHIBAIOT BCIO MOJHOTY BO3MOXKHBIX CTpaTeruil jie-
CTPYKTUBHBIX BO3JIECHCTBUM, IIOCKOJbKY U3HAYAJILHO IIPEJIIOJIAraoT B Kaye-
CTBE TIOMEX TOJIbKO aJIMTUBHBIN Oenblil rayccos mym (ABI'TI).

Bmecte ¢ Tem B [32] apryMeHTHpPOBaHO, YTO aJeKBaTHBIN ydeT je-
CTPYKTHBHBIX BO3ICHCTBHH KOTHUTHBHOTO XapaKTepa BO3MOXKEH TOJBKO
IpU  ACTANH3alUN  PaJUO3ICKTPOHHOTO KOH(IJIMKTa METOAAMH TEOPHHU
ympaBieHust U obmiel teopum cucteM. Ho Takoi moaxox mpenronaraet
npencraBicane curHanoB CPC kak pesymbraT ¢opMmanu3anuu Mojaeien
CIIOKHBIMHU cTpyKTypamu [33].

C y4eroM yKa3aHHBIX OOCTOSTENLCTB PACCMOTPHM CTPYKTYPY
CPC [34], KaK CIOKHYIO CHCTEMY, OIPEIEISAIONIYI0 CTPATETHIO (HOPMHPO-
BaHMsI CUTHAJIOB C MO3MILUI YBEIMYCHUs UX MapaMeTpUYecKoro MpoCTpaH-
crBa (puc. 1).

{Si} {Si,j} {§'J} {§|}

HC | KK » MC KC > M

Puc. 1. CrpykrypHas cxema CUCTEMBI CBS3H

JIKK | TIC

B obmem ciyuae, ctpykrypy CPC ompenenstor cieayromue GyHK-
LMOHAJIbHBIE TIPOLIECCHI.

dopMUPOBaHNE U3 CTOXACTHUECKOH MHPOPMAIIMN HCTOYHHKA CO00-
meHust (MC) 31eKTpUIecKuX CUTHAJIOB, KOTOPBIE B 3aBUCHMOCTH OT CIIOCO-
6a 00pabOTKH MOTYT OBITH HETIPEPHIBHBIMU WITN TUCKPETHBIMU.

B tom ciydae, xorna VIC ¢opmupyeT HempepbsIBHBIC CHTHAIBI, TO
mepBoii GyHKIMEH Kojepa NCTOUYHUKA SBISCTCS aHAIOTO-IU(PPOBOE MPeod-
pa30BaHME, U JIUIIb 3aTEM PEATH3YIOTCS (DYHKIMH COTIIAcOBaHMA andaBuTa
UCTOYHUKA cooOIieHus ¢ andasuroM kananpHoro koaepa (KK) u ycrpane-
HHE U30BITOYHOCTH TEepeiaBaeMbIx coobmeHui [34].

KanansHoe KOAUPOBAHUE NMOBBIMIACT JOCTOBEPHOCTL MEpPCIaBacMbIX
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coo0rieHnii 3a cueT BBeneHus m3oprounoct. Ha Beixone KK mnst moctpo-
€HUSl CUTHAJILHBIX KOHCTPYKIMHA MU(POBOH MOTOK pa3dmBaeTcs HA OJOKH,

dbopmupyst koreunoe muoxecteo curaanos SM ={s;},i=0,1,..,M -1.

Mopnynsitop curnanoB (MC) nox ynpasineHuem reneparopa [1CIT
pacimupseT MOPOCTPAaHCTBO CYIIECTBOBaHUS curHaioB M 1o ypoBHs
N=MxL, rone L -pa3MepHOCTh uuces, (HOPMUPYEMBIX TECHEPATOPOM
[ICII. 3aTteM MOIyJATOp I'EHEPUPYET rapMOHHYECKOE Hecyllee KoyiebaHue

gN :{Si]j},i =0,1..,M -1, j=0,1,..,L-1 napamMerpsl KOTOPOrO H3Me-

HSIOTCS B 3aBUCHMOCTH OT CTPYKTYPBI CHTHANa U3 c)OPMUPOBAHHOTO MPO-
ctpanctBa N .

IpuyeM ykasaHHBIE MPOCTPAHCTBA CHTHAJIOB JOJDKHBI YIOBICTBO-
pATH ClieayIonM cBoiicTBam [35-36]:

M-1
1) n sM=1{]s,={s
POCTPAHCTBO CUTHAJIOB = i =19 SABJIACTCA METpUYC-
i=0

CKHMM U JIMHCHHBIM;
M
2) dgi,— MHHHMaJIbHOE €BKIMIOBO DACCTOSHUE B IIPOCTPAHCTBE
curnanos SM ={s;};

3) i-it curman npocrpancra SM ={s;} orobpaxaercs Ha mpo-
L-1

crpanctio S = Js; ;= {Si’j} ,1e. S =1f__(s;); obnactsio onpenene-
j=0

HHsl oTOOpakeHuss f, _, sBIseTcs curHanm S;, a o0JIACTBIO M300paKeHHI
N

ABJIAETCS IPOCTPAHCTBO S; = {si j} , BKItoyatoiee B cedst L obpazos cur-

Hama S ;

4) B pesymbrate oOToOpaxkeHHMss f_, IIPOCTPAHCTBO CHUTIHAJIOB

sM ={s;} pasbuBaercs Ha N=MxL 5IIEMEHTOB, T.€.
M-1 M-1L-1

s = U SN = U Sij :{Siyj},HpI/IBTOM sM ﬂSJN =d i+ j;
i=0 i=0 j=0

5) dN. — MHUHHMANbHOE €BKIMIOBO DACCTOSHHE B MPOCTPAHCTBE

N N M .
CUrHaJIOB S = {Si’j} , mpu otoM d ;i < d s
6) npoctpancrea curmanos S™ ={s;} u s ={Si’ j} ABIISIOTCS

B3aUMHO-0/THO3HAYHBIMU.
CymiHocTs mporieccoB peodpazoBanus curaaioB B CPC mnoscHseT-
cs Ha pucyHke 2. CHCTEMHOH omeparmeil Ipu nMpeoOpa3oBaHUAX CUTHAJIOB
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sBasiercss GyHKums otoOpakenus f, ,, KOTOpas Ompejenser mopsIoK me-
pexona mpocrpanctsa curmanos SM ={s;} B mpocrparcrso sN = {Si,j}'
JanHast GyHKIMS JOIKHA 0071a1aTh CJIEAYIOIMMH CBOHCTBAMM.
CoOTBETCTBHSI, COMIACHO KOTOPOMY KaKIBIif M3 CHTHATIOB S; U S; |
UMEET CBOE MOJIOKEHHE B HPOCTPAHCTBE, KOTOPOE XaPaKTEPU3YETCH COOT-
BETCTBYIOIIMMH KOOPIMHATAMH, IIOCKOJIBKY TIPOCTPAHCTBA CUTHANOB S n

S N SABJISIFOTCSL METPUUICCKUMU U JIMHCHHBIMU.
Pa3MepHOCTI/I, B COOTBECTCTBUU C KOTOPLIM ITPOCTPAHCTBA CUTHAJIOB

sM ={Si;dmn} u SN ={Si'j;d#in} (rme (M < N)) ommu4aloTCs MHHH-

MaJlbHBIM €BKIIMIOBBIM paccTosueM (dM. >dN. ).

YropsioueHus, OnpenessIioniero To, 4T0 0TOOpakeHHne MPOCTPaH-
crBa curnanos SV wa MPOCTPAHCTBO S N OyJeT 3aKIIF04aThCs B pa3OuCHUU
MPOCTPAHCTBA CUTHAJIOB SM ma HETePEeCEKAOMINeCs MPOCTPAHCTBA SiN,

npu KOTOPOM YBEJIMYMUBACTCA KOJIMYCCTBO CUTHAJIOB A0 N ", COOTBCT-
CTBEHHO, YMEHBIIACTCA PACCTOAHUEC MEXIAY CUTHAJIAMHU.

IIpocrpancTBo TpocTpaHcTBO TpoctpaHcTBO TpoctpancTBO
CHTHAJIOB CHT'HAJIOB Hab o AeHHI HaOIIIOIeHA I
M M N _ LqN aM _ (&
S ={Si'dmin} S _{si,j'dmin} S *{Si}

-+
o
AN
w
S

,_
K7

)

1 M-1

Puc. 2. Ilpouecc npeobpazopanmii curuaios 8 CPC
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Ocob6erHocThi0 QyHKINH oTOOpaxkeHus f,_; sBIgeTcs TO, 9TO OHA

(opMannzyercst METOIaMH BBIJIEJICHUS] CTOXaCTHYECKUX CBOWCTB HA OCHOBE
I1CII, xoTopas reHepUpyeT cityuaiiHble yncia B quanazone or 0 jo L —1.

B 3aBUCHMOCTH OT YMCIIEHHOTO 3Ha4YeHwUs, chopmupoannoro [1CII,
¢yukius otobpaxennst f _, mpeoOpasyer curHaix S; M3 HPOCTPAHCTBA

curnano S B oauH W3 CHrHAIOB S;,j HPOCTpaHCTBa SN . Ilpu srom s

3nayenus I1CII paBHoro O curHan S; npeoOpasyeTcsi B CMrHall S, 0e3 u3-

MEHEHHs CBOETO TOJIOXKEHUs. B TO BpeMms Kak Ui APYrux (GpopMHUpYyeMbIX
TICIT uncoBEIX 3HAYCHUH, CUTHAT S; MPEOOPA3yeTCsl B CUTHANS; | C U3Me-

HEHHEM CBOETO IOJIOXKEHNUs! B IPOCTPAaHCTBe S|, KOTOpOe 3aiaeT QyHKIus
orobpaxkenus f ;.

B oOmem ciyuae, Bo3aeHCTBYIOIIass HAa KaHall CBSI3W aJIMTHBHAS
nomexa (AIl) mpuBOAUT K JeCTPYKTUBHBIM IOCIEACTBUSM, CBS3aHHBIM C
N3MEHEHHEM I0JI0KEHHS CUTHAJIA B IPOCTPAHCTBE ITapaMETPOB.

B paccmarpuBaeMoil cuTyaluu MojiaraeM, 4TO BO3ACHCTBYIOLIUE
AIl ABIAIOTCA CTPYKTYPHBIMH, T.€. MX IapaMETPhl COOTBETCTBYIOT MpO-
CTpPaHCTBY MapamMeTpoB nepenasaembiM o KC curnanos.

B pesymbrate Ha BXOz pamgmomnpuemHoro ycrpoiictea CPC Oynmer
BO3HCﬁCTBOBaTb aIJIUTUBHAasd CMEChb CUIHAJIa U TIOMCX, XapaKTEpusycmas

IPOCTPAHCTBOM HabmogeHnii S :{§i j}. VY4uTHIBasA, 9TO MPOCTPAHCTBA

curranoB SM u SN ABAIOTCA B3aMMHO-OIHO3BHAYHBIMHE, TO CYIIECTBYET
B3aHMHO-O{HO3HAYHOE COOTBETCTBHME Mexay sinementamu S™ u SN, u
MOKHO TOBOPUTH 00 OTOOPa’KEHMH MPOCTPaHCTBA cUrHaaoB SN Ha mpo-
crpanctio S™ % 1SN —»SM rxe Y - oGpatnoe otoGpaxenue [36].

ByzieM HpeanonaraTh, uto ¢ HCHOIb30BAHAEM ONEPALMH OOPATHOrO

otoGpakenust f ), mepes pemalomyMM yCTPOHCTBOM JEMOJIYNATOPA BbI-

IOJIHSETCS PeoOpa3oBaHHe MPOCTPAHCTBA HAGTIOACHHHA S :{§i j} B

npoctpanctso nabmozennii SM = {5} (puc. 2).
Vka3aHHOE NpeoOpa3oBaHKE MO3BOJISAET IPH IPHHATHH PEIICHHS B

TpoIecce AEMOIYJIAIIH HCTIOJIb30BaTh MPOCTPAHCTBO CHIHANOB S™ .
Takoif momxox 0OECHeYnT yMEHBIIEHHE OMMOOK, 00YCIOBICHHBIX
MOCIIECTBHEM JAECTPYKTUBHBIX BO3ACHCTBHH, BOZHHMKAIONIMX Ha JTaIe
NPUHATHS PELICHHUS.
ITocne nemMonynsAlMU KOIOBBIE CHMBOJBI B JEKOJEpe KaHAJIbHOTO
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kona (JIKK) npeoOpasyiorcss B ”HGOPMAITMOHHBIE U TIOCTYNAIOT K TOIyda-
temto cooomenus (I1C).

[IpencraBnennas ¢ ykazaHHBIX mo3unuid monens CPC mo3Bomser
OTIPENICTUTE TIOPSAIOK CHHTE3a CHTHAJIOB CIIOXKHBIX CTPYKTYp, C OHOU CTO-
POHBI, OONAIAONINX TOBBIIICHHBIMA CBOWCTBAMH CTPYKTYPHOM CIIOKHO-
ctu [23, 38], a ¢ mpyroit — B HaUGOIBINEH CTEICHN aNANITHPOBAHHOM K Ta-
paMeTpaM KaHaja, a TakKe YCTpOWcTBaM MX (OPMHPOBAHUS U 00pabOT-
ku [39-42].

3. ®opmanu3zanus npoueayp (GpopMHPOBAHHUSI CHTHAJIOB CJIOK-
HBIX CTPYKTYp. Peanusanuio mpenjioKeHHOro MOJXO0Ja PacCMOTPUM Ha
npuMepe (GOPMHUPOBaHMS CUTHAIOB KBAaJIPaTYpPHOW MOJIYJISLIMH, B YaCTHO-
CTH, CHTHAJIOB KBaJIpaTypHOH aMIuinTyaHo# Moayssin (KAM) [43].

[IpencraBuM KOHCTEIUIAMOHHYIO Auarpammy curHaioB KAM-M,

rie M =2% k- uetnoe (M= 4, 16, 64,...), Ha KOMIUIEKCHO# IUIOCKOCTH B
BHJIE KBaJpaTa co cTopoHamu pasmepoMm M x+/M . IIpu 3Tom 3Ha4YeHHE

N OylieM noJjarath LEJIbIM HaTypajbHBIM YHCIIOM.

Ocy1ecTBUM nporecc npeodpa3zoBaHuii MPOCTPAHCTB CUTHAJIOB NPU
M =4 (curman KAM-4) u N =16 (curnan KAM-16). Onpenenum cur-
HaJIbHBIC TOYKU co3Be3auss KAM-16 K COOTBETCTBYIOIIMM MPOCTPAHCTBAM

cnrnanos SM ={s;} u S = {si j} TaKuM 00pa3oM, 4To0bl COOIIOIAINCH
(hopMan30BaHHBIE CBOMCTBA IPOCTPAHCTB CUTHAJIOB (pHC. 3).

31ech BepXHHE JIEBBIC CHUTHAIBbHBIC TOYKM B KaKJIOM KBaJIpaHTE
KAM-16 onpezeseHsl K MPOCTPAHCTBY CHUTHAIOB sM, MPEACTABIISIONMIEMY

co6oii curnan KAM-4 S* = {80,51,52,53;d(4)

min}, U YCIOBHO O0DO3HAYCHBI B

Bune kBaapaToB. CrTpenkamu omnpeneieHbl (QYHKIHH OTOOpasKeHHS
fL, ={f,. f;, f,, f3}, KoTOpBIEC B 3aBHCHMOCTH OT 3HAUECHHS YHCIA, CHOp-

mupoBanaoro IICII, npeoOpa3yioT curHamsHy0 Touky KAM-4 B ogHy U3
curHaNbHBIX Touek KAM-16 (0603Ha4eHBI YEPHBIMHU KPY>KKaMH).
Ipu dpopmupoarmu I[1CII uncna 0, pyrknus orodbpaxenus f, Hu-

KaKHX MEePEMEIICHUN HE BBITIOJHSCT, MO3TOMY CHrHaJbHBIE Toukn KAM-4
(Sp,5;,5,,5;) HMMEIOT OJMHAKOBOE IOJOXKEHHE B KBAJPATHOW peELICTKE C

curHanbHbIMA TodkaMu KAM-16 (S, 4,S.0,S,0,530) - TakuM oOpasom,
Ka)kaas curHanbHasg Touka S; KAM-4 otoOpaxaercs B OJHY U3 CUI'HAllb-

HBIX TOYEK S; | ; MPOCTPAHCTBA CHI'HAJIOB Si16 i-ro kBagpanta KAM-16.

Informatics and Automation. 2022. Vol. 21 No. 1. ISSN 2713-3192 (print) 75
ISSN 2713-3206 (online) www.ia.spcras.ru



LUNdPOBBLIE NH®OPMALIMOHHO-TENEKOMMYHUKALIMOHHBIE TEXHONOI M

40
s R
f’3@000 f fy 10 f, Sy, TIpOCTPaHCTBO CHIHAJIOB sM
S00 — 0% | 520 =l 54:{5’3’515’(’(4)}
0000 0010 1000 ;o1 0+ S1sS1 S35 Aipin

N
TIpPOCTPAaHCTBO CHIHATIOB S

> gt =SéGU5116US;6US§6
Sls={Soovso1vsozvsos;dr(nli?}
516:{510’ 110 S120 13’dr(nli?1)}
316 {Szovszlvszz'szavdr(nlu?}
516 {

. A (16)
530' 311 32’ 33’dmm}

Puc. 3. IIpeo6pazoBanue curnaia KAM-4 B curnain KAM-16

Ecnu npucBonTs cUrHanbHbIM ToukaM S; KAM-4 xonoBblie KoMOHU-

HaIuy, To GYHKIUH 0TOOpaxkeHHs f| ; MOXKHO 3amaTh IOCPEICTBOM KOJIH-

POBAHUS UM U3MEHEHHsI KOOPAUHAT CUTHAIBHOM TOUKH.
st mpeoOpazoBanus curnana KAM-4 B curnan KAM-16 ¢yHkumn
orobpaxkeHust f _, B 3aBHCHMOCTH OT 4mce, HOPMUPYEMBIX TEHEPATOPOM

TICII, 0006mmuM B Buae Tadmuusl 1.

Tabmmua 1. ®ynkunn otobpaxenus f__, curnanoss; KAM-4 B curnanst ;| 4

KAM-16

ncn f K H3menenne

L L-1 0IHpOBaAHHE -

SO - SO,Lfl Sl - sl,Lfl SZ - SZ,L%I. 33 i SS‘Lf.'l. Al AQ

0 0000 0100 1000 1100
0 | fo[S0| @ |S0| @ |S0] @ || @ 0 0

1 0001 0101 1001 1101 16
oy | filSa| T [Su] 5 [Sa] g S | 3 o | —dg

2 0010 0110 1010 1110 16
(10) fo | Sz 2 S ®) S22 (10) S32 (14) dr(ﬂm) 0

3 0011 0111 1011 1111 (6) (16)
(11) f3 So3 (3) S13 (7) 823 (11) Ssv3 (15) dmin 7dmin

CortacHo Tabuie 1 KogupoBaHue BBITOTHIECTCS ITyTeM T00aBIeHUS
K KOZIOBOM KOMOMHAIUM, NpUCBOEHHOHU curHany S; KAM-4, muagumux pas-
PAIOB, TIPEACTABILIIONINX c000# nBOMYHYIO GopMmy umcia, chopMupoBaH-
Horo IICII. B pe3ynbrare Takoi onepauuu cursainy S; KAM-4 npucsauba-
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eTcs KojoBas KOMOWHauus curHanma S;,_, KAM-16, 4To 5KBHMBAJEHTHO

M3MEHEHHUIO IOJIOKEeHHsI CUTHabHOM Toukn S; KAM-4 B i-m kBajpanre

kBazpatHOH perreTkd KAM-16 nyreM n3MeHeHHs ee KOOpJIUHAT Ha 3HAa4e-
Hust Al u AQ, npencrasieHssle B Tabauue 1.

VYuureiBasg, 4To NpH (HOPMUPOBAHUM HCKOMOH KOHCTPYKIMH HC-
Homb3yeTcst MomyaTop curaana KAM-16, to ¢yskuum otobpaxennii f,

peaIM3yroTcs IyTeM KOANPOBAHUS UCXOJHOTO OHTa.

Takum ob6paszom, [ICII He BHOCHT M3MEHEHUs B NepellaBaeMylo UH-
(dopmanuio, a U3MEHSET TOJBKO CTPYKTYPY (OpPMHUPYEMOH KOHCTPYKLUHU
npu nepexone or KAM-4 x KAM-16, uto u obecnieunBaeT yciaoXKHEHHE
CTPYKTYpPBI (OPMHUPYEMOTO PE3yJIbTHPYIOIIETO CUI'HAJIA.

[TockosnbKy Ha BXOJE PaZMONPUEMHOrO yCTPOMCTBAa BO3AEHCTBYET
aAJUTHBHAS CMECh CHTHAJa M IOMEX, XapakTepu3yeMas B BHAE MPOCTpaH-

ctBa HaGmosermii S" = {Si j} , TO JJIs IpeoOpa3oBaHus ee B IPOCTPAHCTBO

sM = {5;} HeobxomuMo 3anaTh OGPATHYIO (YHKIHIO OTOOPAKECHHS fh.
Tak kaKk yKka3aHHBIE IIPe0OOpPa30BaHUS BBIIOJIHIIOTCA 0 IEMOIYJATOPA, TO
obpatuble QyHKIMM OTOOpaxenns f ', peanmsyroTcs Ha OCHOBe M3MeEHe-

HUSI KOOPJUHAT JUCKPETHBIX OTCYETOB MPHHATOW CMECH CHUTHAJIA M ITOMEX
§; ; Ha sHaueHust Al u AQ, mpencraBieHHbIe B Tabumue 1.

Takoii MOAX0J MO3BOJKUT HA MPUEMHON CTOPOHE HCIOJIB30BaTh JC-
moaynatop KAM-4 ¢ pacnooKeHHEeM CUTHANbHBIX TOYEK S;, HpPEICcTaB-

JIeHHBIM Ha pucyHke 3. O603HauYUM CHOPMUPOBAHHYIO YKA3aHHBIM CIIOCO-
6om koHCTpyKuHi0 kKak KAM-4(16), monarasi, 9yTo OpHEM CHTHAIa OCY-
mecTBisiercs aeMoayistopoM KAM-4, a cTpykTypa cUrHana Ha Iepesaro-
et cropore hopmupyercs moaynsropom KAM-16.

Pacrionoxenue curHanpHbix Touek curHana KAM-4(16) cootset-
CTBYET OJHOMY M3 YETBIPEX BO3MOXKHBIX CHrHanoB KAM-4, mojy4eHHbIX
nyteM pasouenus curnana KAM-16 nmo merony Yurepboeka [34]. Torma
MOXHO TIOJIaraTh, YTO MHHHMAaJbHOE EBKJHIOBO PACCTOSHHE CHUTHAIA
KAM-4(16) omnpenensercs MUHUMAIbHBIM €BKJIHOBbIM PACCTOSIHHEM CHT-
4(16) _ 5416

Hana KAM-16 cnenyrommeii 3aBucumoctbio d.y,” = 2d. . IIpu atom cur-

HaibHOE co3Be3ane KAM-4(16) oTiyaeTcsi OT KJIacCHIECKOTO CHTHAIBHO-
ro co3se3nust KAM-4 TeM, 4TO €ro CUrHajbHbIe TOYKH CABUHYTHI CHMMET-
PUYHO OTHOCHTENHHO Havaja KOOP/MHAT.

Ipornenypy popmuposanus curaanos suga KAM-M(N), moctpoeH-
HBIX Ha OCHOBE KBaJIPATHOM PEIICTKH, ONPEICIHM B BHJC CIACAYIOIINX ITa-
TOB:
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— TIpou3BecTH BBIOOp nByMepHOH KOHCTpyKimu KAM-N c kBan-

N

patHoit pemerkoii, rae N =2", n>4- gernoe uncno; dY,, — MUHHMAIb-

Hoe eBKnI0BO paccTossane CK KAM-N,;
— pa30uTh KBAAPATHYIO PEIIETKY MCXOAHON KoHCTpykunn KAM-N
Ha M Hemepecekarommxcs npoctpancts o L=N/M curHaasHbeix TO-

aek, rie M =2, Kk <N — geTHOE UHCIIO; TIPH 3TOM HOBBIE IPOCTPAHCTBA
JIOJDKHBI OBITh WAGHTHYHBI, CUMMETPUYHBI, a TaK)Ke HUMETb KBaJIPAaTHYIO
bopmy;

— OMNpeJenuTb B KaXXJOM U3 M MHpOCTpaHCTB MO OAHOM CHUrHAIb-
HOit Touke, koTopsie chopmupytor CK KAM-M(N), u npucBouTh UM HOMe-
pa S;,, D€ | —KOJIOBOE CIIOBO B COOTBETCTBMM C KOJOM OTOOpaXeHHs

KAM-M(N), npuuem curHaiabHbie Touku (opmupyemoit CK BeIOMparoTcs
TakuM o0pasoM, 4ToObl cpennue sHeprum ( Eg) curnanos KAM-M(N) u

KAM-N 6buin Gbl paBHbI U BBINOJHSIOCH b1 yenosue d MM =/Ld N ;
— TPHUCBOUTH C COOJNIOACHUEM I'€OMETPUUECKOH CHMMETPHUH B KaX-
JIoM (OPMHPYEMOM MPOCTPAHCTBE OCTAJIBHBIM CHUTHAJIBHBIM TOYKaM HOMe-

pas; j,Tae j=0,..,L-1 — gucno, onpenensiemoe I1CIIL.

4. UcciienoBanme CBOWCTB CHTHAJBHBIX KOHCTpPyKmuii KAM-
M(N). HccrenoBanue CBOWCTB, pa3pabOTaHHBIX CIOXHBIX CHTHAJIbHBIX
koHcTpykuuit KAM-M(N), mpoBezeM Ha OCHOBe MOKa3aTelei, ompeaens-
IOLIUX UX IIOMEXOYCTONUUBOCTE U CTPYKTYPHYIO CJIOKHOCTb.

Awnann3 nomexoycroitunBoctu curaanos KAM-M(N) ocymectBum
Ha OCHOBE ITOKa3aTelieil JOCTOBEPHOCTH Nepeaadr HH(POPMAIIHH.

B cootBetcTBuH ¢ [34] mocTOBepHOCTH Mepeaadn COOOIICHHIA ¢ HC-
[10JIb30BAHUEM CHUTHAJIbHBIX KOHCTpYKIM ¢ KAM xapakrepusyercs Bepo-

ATHOCTBIO OUTOBOM OIIMOKH B, .

Jlnst rayccoBa KaHalla BEPOSATHOCTH TOSBJIEHHS OMTOBON OLIMOKH
npu Moxysiin KAM-M omnpenensiercst creayromemM oopaszom [34, 44]:

M 2(1_ M 71/2)

5 6log, VM | E,
° " log, VM

M-1 N,

: )

e Q(X)z%jexp(—tz/Z)dt— ¢ynxmms Jlamaca; Ej/ Ny— orHoure-
X

HHUE YHepruy OWTa K CIIEKTPaJIbHOM MIIOTHOCTH MOITHOCTH ITyMa.
[Ipy >TOM MHHHMAaNbHOE EBKIHIOBO PACCTOSHHE JUISI CHTHAJOB
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KAM-M Ha ocHOBe KBapaTHOH pemieTky B [36] onpeneneHo kak

6 Iog2 Eb 6E; )

rae Eg— cpennsas sneprus curnana KAM-M.
C yaetom (2) Beipakerue (1) mpumeT creayromuii BUI

20-M"%) [ dpiy
R =AM o | ®
0g, VM No

OrnpeneneHue BepoOsATHOCTH OWTOBOW ommOku curHanoB KAM-M
COTNIacHO BBIpakeHUsM (2) u (3) crpaBeUIMBO IS CHTHAIBHBIX CO3BE3IHM,
Y KOTOPBIX IEHTP TSKECTH aHCaMOJSl CHTHAJIOB COBMIANAET C HAYajIoOM KO-
opauHat. B cBsi3u ¢ TeM, uro curHansHbie Toukd CK KAM-M(N) caBunyTsI
OTHOCHTEJILHO Hayasla KOOPAWHAT M HE COOTBETCTBYIOT JAHHOMY YCIIOBHIO,
d M (N)

min | HE0O-

TO AJISI OTIPEIEICHUSI MUHUMAIIBHOTO SBKJINA0BA PACCTOSIHUS

XOJUMO  HCIOJB30BaTh ycioBue ¢opmupoBanus CK  KAM-M(N):
M(N) _ ] . 4N

dmm L 'dmin :

IIpu atoM currampHOe co3Be3aue KAM-N, Ha OCHOBE KOTOpPOTO
¢dopmupyercst CK KAM-M(N), umeer 1ieHTp TSKeCTH aHcamOJisi CUTHAJIOB,
COBIIQJIAIONIUI € HadanoM KoopauHat. [lo3Ttomy Juisi ompenencHue dmln
MOYHO HCIIOJIb30BaTh BhIpaskeHue (2) v TOTAa MOIyduM

M(N) _ N 6E; | 6NE;g
dmm \/7 dmm \/7\/ _\/M(N _1)' (4)

YuursiBasg, uto cpennue sHeprunm ( Eg) curmamo KAM-M(N) u

KAM-N pagsnsl, npuMeHuM (4) B BeIpakeHHH (3) U MOIYIHM BEPOSITHOCTH
MOSIBIICHUsT OMTOBOM ommbOku B rayccoBoM kanane miast KAM-M(N) B cire-
JIYIOIIEM BHJIC:
ROV _ 2(1-M2) 6N log, VM E,
log, VM M (N -1)

®)

Pesymprater pacuera momexoycroiamBoctH CK KAM-4 u KAM-
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4(16) cornacuo BeipaxeHwsiM (1) u (5) mpeacTaBiieHbl Ha PUCYHKE 4.

W3 ananu3a pe3ynbTaToB, MPEICTABICHHBIX HA PUCYHKE 4, Cleayer,
yto npH BozaeiicTBun Ha CPC TobKO alAuTHBHOTO O€JI0T0 TayccoBa mymMa
npumeneane CK KAM-4(16) Bmecto CK KAM-4 npuBeneT kK CHUKESHUIO
noMmexoycroiguBocTr Takoi CPC.

B wactHocTH, TIpH OmnOKe Pb'vI =10 cHmXeHHE B IOMEXOYCTOI-

YUBOCTH Aocturaet nopsiaka 1 nb.

IIpoBeneM OmEHKY MpEeAENbHON BEIUYUHBI CHIDKCHHS IOMEXO-
ycroitunBoct CPC mpu ucnosnb3oBannun CK KAM-M(N) B kanamax
C rayccoBBIM LIYMOM. B 3THX mensix Bocnosb3yeMmcsi pe3yjibTaTaMi uccie-
JIOBaHWiA, mpeacTaBieHHbBIX B [45], koTophle 0600mKM B BHAE pacyera
00001meHnHoro nokasarens W:

h

B vy [ oM (N)_om
) [p M () g

rae hf =E, /N, — OTHOILICHHe SHepruu GUTA K CICKTPANbHOH IUIOTHOCTH
MomHocTH myma KAM-M; h,f,,(N) =E) (N) / N, — OTHOIIEHKE SHEPTHH OHUTA

K CIIEKTPaJIbHOM II0THOCTH MomHOCTH Iiryma KAM-M(N).
Ipu ycnosnu pasencrsa BN = BM g (1) u (5), nocie npeoGpa-
30BaHUM MOJIYIHUM

M (N —1))' ©)

W =10lg| ———
[15] g(N(M—l)

Awnanus cnoxuoctu cTpykrypsl CK KAM-M(N) npoBenem Ha ocHO-
BE 2JIEMEHTOB TEOPHH, MPEICTaBICHHOI B pabote [7]. CI0KHOCT CTPYKTY-
PBI OTIPENIENIM YUCIOM JABOMYHBIX n3Mepenuit (JJNU3), koropsie HeoOX01u-
MO IPOBECTH JUIA NOJNHON popmanuzanuu cTpykrypsl CK.

OO1iee BbIpaskeHUE IS ONIPEEICHUS JaHHOTO MOKa3aTesst IpUMeM
B BHUJE!

S=log, A,
rae A— nomycTUMble 3Ha4Y€HUs TPOU3BOJILHOTO MapaMeTpa curuana. Takum
mapaMeTpoOM MOJKET OBITh BRIOpaHA aMIUIUTY/a, BUI MOIYJISINH, CTPYKTY-

pa CK u gp.
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KAM-4(16)
- KAMA

pM

E, /Ny, nb
Puc. 4. Tlomexoycroitunocts CK KAM-4 u KAM-4(16)

Jins CK KAM-M konuuecTBO BapHaHTOB COOTBETCTBHSI KaxJIOH
touke CK cuMBoIIOB ¢ yuetom koja I'pest onpenensieTcst pasMepHocThio M,
nostomy S =log, M . Jlns momHo# dopmammsanun ctpykTypsl CK KAM-
M(N) HEoOX0IUMO IOMONHHUTEIBHO YYECTh BAPUAHTHI COOTBETCTBHS (DYHK-
My oToOpaxkeHnst f, _, CHIHAJIBHBIM TOYKaM KBaJpaHTa KBaAPaTHOH pe-
mretku CK (puc. 3) u uncnam, popmupyemsim IICII, uto paBHOZHAYHO KO-
JMYECTBY IEPECTaHOBOK U3 L 1 MokeT OBITh onpenenerHo xkak L! .

Toraa cioxuocts cTpykTypel CK KAM-M(N) onpenenum B creny-
IOLIEM BUsIE

S =log, (M(N/M)!). (7
Pesynpratel pacuera BbiOpanHbIXx mapametpoB CK KAM-M(N)

npeacTaBieHsl B Tabnune 2. M3 aHann3a Mojgy4eHHbIX Pe3yJIbTaToB Cliely-
eT, uto ¢ yBenmuenueM L croxuocts crpykrypel CK KAM-M(N) Bo3pacra-
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€T, OJJHAKO MPHU ITOM MOTEPU B IOMEXOYCTOWYMBOCTH yBEIMYUBAIOTCS HE-
sHauntebHo. Tak, Hanpumep, mis CK KAM-4(16) u KAM-4(256) ciuox-
HOCTh CTPYKTYpbI yBeluuuinach B 42 pa3a, a MoTepd B MOMEXOYCTOHYHUBO-
cTH cocTaBiistroT He 6osee 0,26 nb.

Tabxnuua 2. Pesynbrars! pacuera napamerpos CK KAM-M(N)

S, _ W,
KAM-M 3 KAM-M(N) L=N/M e S, a3
KAM-4(16) 4 0,97 7
KAM-4 2 KAM-4(64) 16 1,18 47
KAM-4(256) 64 1,23 298
KAM-16(64) 4 0,21 9
RAM-16 4 KAM-16(256) 16 0,26 49
KAM-64 6 KAM-64(256) 4 0,05 11

Bwmecte ¢ TeM, peanm3arus pa3paObOTaHHBIX aJTOPUTMOB Hamboliee
nenecooOpasHa A MOBBIMICHUS YHEPTETHYECKOW CKPBITHOCTH PEasIn30-
BanHOU CPC Ha 0cHOBEe METOIOB JOCTyIIa aDOHEHTOB K KaHajlaM PaJilOCBsI-
3u. JleCTBUTENFHO, HENETUTUMHBIM a0OHEHTAaM HEM3BECTCH CIocod ¢op-
MHUPOBaHHA U 00PaOOTKH CUTHAJIOB, YTO ONPEAENAET BO3MOXKHOCTD JOCTYTIA
B CPC TompKO TeM aboneHTaM, KoTopbiM BeieneHs! kirtoun [ICII u ¢pyHK-
M rnpeodpazoBanus curHaioB. [Ipuuem paspaboraHHbIE MOAXOIBI K GOp-
MHUPOBAHHIO U 00PAOOTKH CUTHAJIOB, B OTJIMYHE OT MU3BECTHHIX [18, 22], He
NPEABSBISIOT BEICOKMX TPEOOBaHUI K MapaMeTpaM 4yBCTBUTEIBHOCTH pa-
JquornpueMHsIx ycrpoiicts CPC.

5. Pe3yabTaThl 3kcniepuMenTa no Moaeanposanuio CPC ¢ KAM-
M(N). [lns mpoBepkH aJeKBaTHOCTH IOJyYEHHBIX TEOPETUYECKUX PE3yJlb-
TaToB TMpoBereHo MonenupoBanue CPC, mcmomssyromei pa3paOOoTaHHBIH
cnoco6 ¢opmupoBanust CK. [ 3Toro pazpaboTaHbl CTPYKTYPHBIE CXEMBI
moaynsitopa u aemoaynstopa CK KAM-M(N), npezncraBieHHbIe HA PUCYH-
Kax 5 u 6 cooTBeTcTBEHHO. B cXeme MonmynsaTopa konep M pa3duBaet JBo-

WYHBIA [U(PPOBOI MOTOK HA OJIOKH JUIHHON K = \/V OWT U TICPCBOJUT UX B
JiecaTHYHYI0 GopMy cuuciieHns, GopMHUpyst 3TUM IIPOCTPAHCTBO CUTHAJIOB
KAM-M (SM ={s}). Hanee ¢ nomompto ymuokenust Ha L=N/M n
npuOaBiIeHus JECSITUYHOrO YKcia, chopMmupoBaHHoro reneparopom IICII
{0,1,..,L—1}, curHany mpuCBaHBaeTCsi HOMEP, KOTOPBIl OMPEAENsieT ero

T0JIOXKEHNE B CHTHALHOM Co3Be3un MoxyisTopa KAM-N (SN ={si.L1}) -
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{Si} {Si,O} {Si,L—l} {si,L—l}

Monynasitop
KAM-N

Konep M

f,={01.,L-1

Icn

Puc. 5. Crpykryphas cxema moayisitopa CK KAM-M(N)

1S4} s}

Hemonynsatop
KAM-M(N)

fljl ={Al L1 AQL—l}

IICIT

Puc. 6. CrpykrypHas cxema aemoayisropa CK KAM-M(N)

Ha BxXoa mpuemMHHKa MOCTYNAOT JUCKPETHBIE OTCUETHI A AUTUBHON
CMECH CHTHaJla M TayccoBa IIlymMa, o0pasysl MPOCTPAHCTBO HAOIOJCHUI
{5, .1} T'eneparop IICII npueMHUKa CUHXPOHHO C aHAJIOI'MYHBIM T'€HEpa-

topom IICII mepenartumka GopMHPYET COOTBETCTBYIOIINE 3HAYCHUS KOOP-
muHaT Al M AQ, KOTOpBIE TOCTYIAalOT Ha BBIYMTAIONIEE YCTPOHCTBO. 3a

CYeT U3MEHECHHUsI KOOPAMHAT JUCKPETHBIX OTCUETOB MPOCTPAHCTBO HAOIIO-
nenuit {S;, ;} mpeobpasyercs B mpocrpancTBo Habmoaenuit {S}, uro

MO3BOJIUT [JIsl TIPUHATHA PpEIIeHWH HCTOoNb30BaTh Aemoayisitop KAM-
M(N).

IIporpammHasi peanu3anus CUCTEMBI CBSI3U B MPOTPAMMHOU cpejie
Simulink mpeacrasnena na prcynke 7.

Ha pucynke 8 mpencraBieH nmpuMep CHIHAJIBHBIX CO3BE3[MU LIS
moayastopa KAM-16 u gt nemonyistopa CK KAM-4(16).

C HCIoSb30BaHUEM TIPEACTABICHHOW MOJICIIH B MIPOIPaMMHOM Cpesie
Simulink mpoBeneH 3KCIEPUMEHT METOJOM CTATHCTHYECKUX HCIBITAHUN
qna oueHku nomexoyctoiunBoctu CK KAM-4(16), KAM-4(64), KAM-
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16(64). Pe3yabTaTs! IpUBEICHBI Ha PHCYHKax 9-12.

Consiekabon Dagram | Condalalion Diagram

PRM QAM-3{16)

MOD CAM-A(18)

AP ™
Random
whiger

Random Integes
Genardor

il 10 Irtwger
Coewamar

Bttoineger
Conane

Rictangular

0 Gemeral
')

Damcdiator

QAM-4(16)
Random Infegor
Ganemort Ganeratoc

To Workspace

1Tidedd)
)
ELET

Enor Rale
Caleulation .

J
Ener Rale Caluaion

B0 Enoe Dot

Puc. 7. Mogenb cucremsl cBsizd B mporpamme Simulink

KAM-16 KAM-4(16)
) .
X X X X X
0. 05
X X X .
s : :
. ; u u E
X X £ X X
05 3 os
1 X X X X 1
In-phase Amplitude In-phase Amplitude
a) 0)

Puc. 8. Curnansasie co3Be3nus: a) Mmoxyiitopa KAM-16;
6) nemonynsitopa KAM-4(16)

Ha pucynke 9 mpexacraBieHbl (parMeHThl KOHCTEIALMOHHBIX JUa-
rpaMM aJUIMTHBHOW CMECH rayccoBa IlyMa M CHTHaja, JeHCTByIOIIEH Ha
BXOJlc TIpHeMHMKa (a) U Ha Bxoje aemoxyistopa KAM-4(16) (6) mocime
IPOBE/IEHUs PE0OPa3OBaHuii MPOCTPAHCTB HAOMOAEHUA §; | | —> §; mpu

OTHOIICHUN JHCPTHUU onra K CHCKTpaHBHOﬁ IUIOTHOCTU MONIIHOCTH IIIyMa
E, /N, =10 1b.
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o | ”

4 4| Constellation Diagram1 == gg
File View Simulation Help £
Ore e e Bk

1.5 |
[ o 1 e |
=
=
T 05 -
£
= .
@ 0 .
3 & : |
© b
5 -05
(5] 1
3 .
g 4
-15
-1 0 1
In-phase Amplitude
Ready T=7%05200.000
a)

File Tools View Simulation Help L]

X IEIEIESEREIE

PRE FE
1 . it
© .\‘ .t "
h=l .- |
£
3 05
E
= .
= X L ee
g o MY
S 05 - 2]
3 | .
© |
-1

-1 -0.5 o 0.5 1
In-phase Amplitude
Ready T=800.00

— 5

Puc. 9. KoHcTensuonHast inarpaMma: a) mpoctpanctso Habmogennit {S; | _,} Ha
BXOJIe IPUEMHHKA; §) IPocTpancTBo Habmozenuii {S;} Ha Bxoxe nemMoxymnsTopa

KAM-4(16)
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M
Pb o KAM-4(16) wogenwp.
KAM-4(16) Teoper.
= = = KAM-4 Teoper.

KAM-16 Teoper.

E, /Ny .ab

Puc. 10. ITomexoycroitunBocts CK KAM-4(16)

O KAV4(64) mogenupos.
e KAW-4(64) TeODET.
= = = KAM-4 reoper.
---------- KAM-64 Teoper.

- * E, /Ny, 1B
Puc. 11. TTomexoycroitunBocts CK KAM-4(64)
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M
R [A wwreesuomenpos |
vy oo fe L] — KAM-16(64) Teoper.
= = = KAM-16 Teoper

tesnenies KAM-64 Teoper.

| | | | | | VW | kWl

" E, /N, 1b
Puc. 12. TTomexoycroiunocts CK KAM-16(64)

AHanu3 pe3ynbTaToB, NPEACTABICHHBIX Ha pucyHkax 10-12, no3so-
JSIET CAeNaTh CIENyIolIee 3aKII0YeHHe. TeOpeTHUECKUEe BBIBOJBI MOJHO-
CTBIO MOATBEPXKIAIOTCS JaHHBIMH KOMIBIOTEPHOTO MOAENUpoBaHMs. Taxk,
rpauKu 3aBUCHUMOCTH BEPOSITHOCTH OWTOBOW OIMMOKA OT OTHOIICHWS
9HEPruM OWTa K CHEKTPaIbHOM INIOTHOCTH MOIIHOCTH IMyMa, XapakTepH-
3yromue nomexoyctoiunBocts CK cl10kHOI CTpyKTYypBl, OJNyYeHHbIE ITy-
TeM MOJCIHUPOBaHHS U MOCTPOCHHBIC B COOTBETCTBHHU C BhIpakeHHEM (D)
MIOJTHOCTBIO COBMajaloT. Takum 00pa3oM, MOKHO yTBEp)KIaTh, UYTO paspa-
OoTaHHbIE TEOpEeTUUECKHE OCHOBBI (hopmupoBanus u oopadotku CK ciox-
HOW CTPYKTYPHI SBIISIFOTCSI IPABOMEPHBIMU 1 000CHOBAHHBIMH.

6. 3akmiouenne. Pazpaborannble Moaxoapl K ()OPMUPOBAHUIO CHT-
HaJIbHBIX KOHCTPYKIMH CIIOKHOH CTPYKTYPHI B CBOEH COBOKYITHOCTH 00ec-
MEYNBAIOT HOBBIMIEHUE CIIOKHOCTH CTPYKTYPHI NIPH HE3HAYUTECIHHOM CHH-
KEHUH TIoMeXoycToitunBocTh. [Ipn 3TOM HETEeruTUMHBIM a0OHEHTaM Orpa-
HUUYMBaeTcs Aoctyn K ¢opmupyeMbiM CPC kaHamam 3a cyeT M3MEHEHHUS
CTPYKTYpPBI M3Iy4aeMOT0 PaJHOCHTHANIA, YTO ITO3BOJISICT OTHECTH pa3pado-
TaHHBIE MeToAbI K kitaccy CPC Ha ocHOBe curHayioB 6oubmioit 6a3sl. OTim-
YHUTENILHOM OCOOEHHOCTBIO MPEJIOKEHHOI0 NOoAX0Aa (pOPMHUPOBAHMS CHUT-
HaJIOB CJIOKHOM CTPYKTYPBI ABJIACTCA TO, YTO IPHU €ro HMCIOJB30BaHUU HE
3a[eficTByeTCsl TOMOIHUTENBHO 4acTOTHEIN pecypc CPC, mockonbKy yBe-
nYeHue 0as3bl CUTHAJOB NOCTHUIAeTCs Ha OCHOBE PACIIMPEHHUs] MPOCTPaH-
CTBa CHI'HAJIOB.

[IpuMeHeHne CUTHANIOB CIIOKHOW CTPYKTYpPBI Ha OCHOBE CHI'HAJIOB C
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KBaJpaTypHOU aMIUTUTYAHOM MOAYJISIMEN MO3BOJIMT 3a CUET PaCIIMpEHUs
npoctpancTBa curHaioB KAM-4 B 4 pa3a yBeIWYHTh CIOKHOCTb CTPYKTY-
pHl B 3,5 pa3a, a MpH YBEIWYCHUN MPOCTPAHCTBA CUTHAJIOB B 16 pa3 ciox-
HOCTB CTPYKTYpBI yBeIHUUBaeTcs B 23,5 pa3a, IpH 3TOM ITOMEXOYCTOWIH-
BocTb cHm3uTcs Ha 1,18 nb. Ilpm pacmmpeHnn mpocTpaHCTBa CHUTHAIOB
KAM-16 B 4 pa3a cnoxHOCTh Bo3pacTtaeT B 2,25 pa3a, HO IpH 3TOM IIOMe-
XO0yCTOMYMBOCTH CHIDKaeTcs TojbKko Ha 0,21 nb.

Takum o0Opa3oM, B cTaTbe ONpeAeNseTcs Kiacc 3a1a4 1o pa3paboTke
TEOPETHYECKHX MOJIOKEHHH, popManu3ytomux ceoiicta CPC ¢ curnanamu
CJIO’KHBIX CTPYKTYp Ha OCHOBE PaclIMpPEHHs MPOCTPAHCTBA CUT'HAJIOB.
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S. MANAENKO, S. DVORNIKOV, A. PSHENICHNIKOV
THEORETICAL ASPECTS IN FORMING COMPLEX STRUCTURE
SIGNAL

Manaenko S., Dvornikov S., Pshenichnikov A. Theoretical Aspects in Forming Complex
Structure Signal.

Abstract. Receiving and transmitting paths of modern radio communication systems are
built on the basis of an open structure that provides hierarchical differentiation of access to the
provided telecommunication services. However, this approach does not exclude the possibility
of access to the transmitted content by unauthorized users. Hiding information by methods of
cryptographic protection in such a situation only activates additional interest in transmission,
therefore the most pragmatic solution is to use signals of a complex structure, which
significantly complicate or even exclude the extraction of information from them by third-party
users. The problem of regulating access selection in the development and design radio system
elements is rather multifaceted and has a high degree of complexity. One of the directions for
solving problems in this subject area is based on the well-known approaches to expanding the
signal base, however, algorithms for their practical implementation were obtained without
taking into account the limitations on the allocated resource and the very fact of using these
algorithms. Based on the theory of systems and the general theory of communication, an
approach to the formation of signal structures of a complex structure has been developed,
which ensures an increase in the properties of their structural secrecy in relation to
unauthorized users. At the same time, the known solutions at the physical level of signal spaces
were refined, which made it possible to formalize the procedures for the formation of radio
signals with specified properties. The method of formalizing the function of displaying the
signal space based on the allocation of stochastic properties of pseudo-random sequences has
been substantiated, which made it possible to ensure the uncertainty of their structure in case of
unauthorized processing. The approbation of the proposed approach is given on the example of
the formation of quadrature modulation signals, taking into account the subsequent analysis of
their properties from various positions of legitimate and illegitimate users. The results obtained
confirm the uncertainty during illegitimate processing with a slight deterioration in the noise
immunity properties of radio communication systems. In general, this allows to conclude the
adequacy of theoretical solutions. As an example, constellation diagrams of signals at the
output of a quadrature receiver are presented. The set of proposed technical solutions presented
in the work determines the novelty of this approach. The scientific problem to be solved
belongs to the class of problems of synthesis of signals of complex structures.

Keywords: signals of complex structure, structural secrecy of signals, energy secrecy of
signals, synthesis of signals of complex structure, signal structures.

Manaenko Sergey — Ph.D., Senior lecturer, Department of radio communication, Military
academy of communications. Research interests: construction of noise-immune radio
communication systems, methods of generating and processing signals of complex structures.
The number of publications — 78. manaenkoss@mail.ru; 3, Tikhoretsky pr., 194064, St.
Petersburg, Russia; office phone: +7(812)247-98-11.

Dvornikov Sergey — Ph.D., Dr.Sci., Professor, Professor of the department, Department of
radio engineering and optoelectronic complexes, Federal State Autonomous Educational
Institution of Higher Education "St. Petersburg State University of Aerospace
Instrumentation”. Research interests: construction of noise-immune radio communication
systems, methods of generating and processing signals of complex structures. The number of

Informatics and Automation. 2022. Vol. 21 No. 1. ISSN 2713-3192 (print) 91
ISSN 2713-3206 (online) www.ia.spcras.ru



LUNdPOBBLIE NH®OPMALIMOHHO-TENEKOMMYHUKALIMOHHBIE TEXHONOI M

publications — 283. practicdsv@yandex.ru; 3, Tikhoretsky pr., 194064, St. Petersburg, Russia;
office phone: +7(812)247-98-11.

Pshenichnikov Alexander — Ph.D., Dr.Sci., Associate Professor, Deputy head of department,
Department of radio communication, Military academy of communications. Research interests:
construction of noise-immune radio communication systems, methods of generating and
processing signals of complex structures. The number of publications — 147.
siracooz77@mail.ru; 3, Tikhoretsky pr., 194064, St. Petersburg, Russia; office phone:
+7(812)247-98-11.

References

1. Mal'cev G.N., Harchenko A.V., Shtan'ko S.V. [Comparative analysis of methods of
restricting and controlling access in radio engineering systems with broadcasting
information] Trudy Voenno-kosmicheskoj akademii imeni A.F. Mozhajskogo.
[Proceedings of the Mozhaisky Military Space Academy]. 2018. no. 665. pp. 56-68.
(In Russ.).

2. Makarenko S.l. Informacionnoe protivoborstvo i radiojelektronnaja borba v
setecentricheskih vojnah nachala XXI veka [Information confrontation and electronic
warfare in network-centric wars at the beginning of the XXI century]. Sankt-
Peterburg. 2017. (In Russ.).

3. Shtan'ko S.V. [Restriction of unauthorized access in radio engineering systems with
broadcasting information]. Informacionno-upravljajushhie sistemy. [Information and
control systems]. 2018. no. 5 (96). pp. 57-65. (In Russ.).

4. Moldovyan D.N., Moldovyan N.A., Moldovyan A.A. Commutative encryption
method based on Hidden logarithm problem. Bulletin of the South Ural State
University. Series: Mathematical Modelling, Programming and Computer Software.
2020. vol. 13. no. 2. pp. 54-68.

5. Moldovyan A.A., Moldovyan N.A., Phieu N.H., Nguyen H.M., Tran C.M. Digital
signature algorithms based on Hidden discrete logarithm problem. Advances in
Intelligent Systems and Computing. 2020. vol. 1014. pp. 1-12.

6. Kuzmin A.S., Markov V.T., Mikhalev A.A., Mikhalev A.V., Nechaev A.A.
Cryptographicalgorithms on groups and algebras. Journal of Mathematical Sciences.
2017. vol. 223. no. 5. pp. 629-641.

7. Kanevskij Z.M., Litvinenko V.P. Teorija skrytnosti [Theory stealth]. VVoronezh: lzd-
vo Voronezh.gos. un-ta. [Voronezh: Publishing Voronezh State. University]. 1991. P.
142. (In Russ.).

8. Pantenkov D.G., Litvinenko V.P. [Algorithms of formation and processing of radio
signals of command and telemetry radio lines and technical proposals for their
implementation]. Vestnik  Voronezhskogo gosudarstvennogo tehnicheskogo
universiteta. [Bulletin of voronezh state technical university]. 2020. vol. 16. no. 2. pp.
90-105. (In Russ.).

9. Gavrishev A.A. [Application of ks-entropy for quantitative analysis of civil defense
communication systems]. Sibirskij pozharno-spasatel'nyj vestnik. [Siberian fire and
rescue bulletin]. 2020. no. 3 (18). pp. 47-54. (In Russ.).

10. Sizov A.S., Cyplakov Ju.V. [Analysis of composite signals in radiolocation and
secured radio communication]. Telekommunikacii [Telecommunications]. 2020. no.
5. pp. 33-40. (In Russ.).

11. Zhilyakov E.G., Belov S.P., Ursol D.V. About signals allowing to provide
sustainability to impacts of short-term and or focused on spectrum interference.
International Journal of Engineering and Technology (UAE). 2018. vol. 7. no. 2. pp.
16-20.

92 MHdopmaTrka 1 aBTomatusaums. 2022. Tom 21 Ne 1. ISSN 2713-3192 (neuv.)
ISSN 2713-3206 (oHnaviH) www.ia.spcras.ru



DIGITAL INFORMATION TELECOMMUNICATION TECHNOLOGIES

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Kichenko A.N., Savel'ev A.V., Shishakov K.V. [Analysis of signal-code structures in
the tasks of increasing the energy stealth of radios]. Intellektual'nye sistemy v
proizvodstve. [Intelligent systems in production]. 2020. vol. 18. no. 4. pp. 11-20. (In
Russ.).

Kirillov S.N., Lisnichuk A.A., Lukasin I.V., Pokrovskij P.S. Methods to form both
anti-interference and hiding radio signals for prospective communication systems.
International Siberian Conference on Control and Communications. (SIBCON’2019)
Proceedings. 2019. P. 8729649.

Dvornikov S.V., Manaenko S.S., Dvornikov S.S. [Parametric mimicry signals
modulated oscillations formed in various functional basis]. Informacionnye tehnologii.
[Information technology]. 2015. vol. 21. no. 4. pp. 259-263. (In Russ.).

Kirillov S.N., Lisnichuk A.A., Lukashin 1.V., Pokrovskij P.S. Algorithms to form and
process signals for multilevel defense of transmitted data based on the principles of
cognitive and software-defined radio. Moscow Workshop on Electronic and
Networking Technologies. (MWENT’2018) Proceedings. 2018. pp. 1-6.

Fink L.M. Teorija peredachi diskretnyh soobshhenij [Discrete message transmission
theory]. M.: Sov. Radio. 1970. P. 718. (In Russ.).

Middleton D. An introduction to statistical communication theory. Volume 1. 1960.
Russ. ed.: Middlton D. Vvedenie v statisticheskuju teoriju svjazi. Tom 1. M.: Sov.
Radio. 1961. P. 782.

Feher K. Wireless digital communications. Modulation and spread spectrum
applications. Prentice Hall PTR. 1995. Russ. ed.: Feer K. Besprovodnaja cifrovaja
svjaz'. Metody moduljacii i rasshirenija spectra. M.: Radio i svjaz'. 2000. P. 520.
Varakin L.E. Teorija slozhnyh signalov. [Complex signal theory]. M.: Svjaz'. 1970. P.
317. (In Russ.).

Pickholtz R.L., Schilling D.L., Milstein L.B. Theory of Spread-Spectrum
Communications — A Tutorial. IEEE Trans. Commun. 1982. vol. 30 (5). pp. 855-884.
Anderson J.B. Called Modulation Systems. N.Y.: Kluwer Academic Publishers. 2003.
P. 544,

Dvornikov S.V., Pshenichnikov A.V., Manaenko S.S. [Model of phase-shift keying
broadband signal with program operating frequency tuning]. Telekommunikacii.
[Telecommunications]. 2017. no. 9. pp. 8-12. (In Russ.).

Borisov V.I, Zinchuk V.M., Limarev A.E. Pomehozashhishhennost' sistem
radiosvjazi rasshireniem spektra signalov metodom psevdosluchajnoj perestrojki
rabochej chastoty. [Interference immunity of radio communication systems by
spreading the spectrum of signals by the method of pseudo-random tuning of the
operating frequency]. M.: RadioSoft. 2008. P. 512. (In Russ.).

Bekkiev AJu., Borisov V.I. [Estimation of the anti-interference ability of radio
communication channels under electronic warfare conditions]. Radiotehnika i
jelektronika. [Journal of Communications Technology and Electronics]. 2019. vol. 64.
no. 9. pp. 891-901. (In Russ.).

Dvornikov S.V., Pshenichnikov A.V., Rusin A.A. [Generalized functional model of a
radio link control its frequency resource]. Voprosy radiojelektroniki. Serija: Tehnika
televidenija. [Questions of radio electronics. Series: television technology]. 2016. no.
3. pp. 49-56. (In Russ.).

Dvornikov S.V., Dvornikov S.S., Pshenichnikov A.V. [Analysis of frequency resource
for fhss mode]. Informacionno-upravljajushhie sistemy. [Information and Control
Systems]. 2019. no. 4 (101). pp. 62-68. (In Russ.).

Pshenichnikov A.V. [Estimation of statistical parameters of operating frequencies for
radio model in conflict situations]. T-Comm: Telekommunikacii i transport. [T-
Comm: Telecommunications and transport]. 2017. vol. 11. no. 1. pp. 4-9. (In Russ.).

Informatics and Automation. 2022. Vol. 21 No. 1. ISSN 2713-3192 (print) 93
ISSN 2713-3206 (online) www.ia.spcras.ru



LUNdPOBBLIE NH®OPMALIMOHHO-TENEKOMMYHUKALIMOHHBIE TEXHONOI M

28.

29.

30.
31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

94

Tuzov G.l. Statisticheskaja teorija priema slozhnyh signalov [Statistical theory of
complex signal reception]. M.: Sov. Radio. 1977. P. 116. (In Russ.).

Dvornikov S.V., Pshenichnikov A.V. [Design of spectral-efficient signal construction
in radio data transmission control and measuring complexes]. lzvestija vysshih
uchebnyh zavedenij. Priborostroenie. [Journal of Instrument Engineering]. 2017. vol.
60. no. 3. pp. 221-228. (In Russ.).

Proakis J.G. Digital communication. Mc Graw-Hill. 1995. Russ. ed.: Prokis Dzh.
Cifrovaja svjaz'. M.: Radio i svjaz'. 2000. P. 800.

Klovskij D.D. Peredacha diskretnyh soobshhenij po radiokanalam. [Transmission of
discrete messages over radio channels]. M.: Radio i svjaz'. 1982. P. 304.(In Russ.).
Dvornikov S.V., Pshenichnikov A.V. [Noise immunity radio link model in dynamic
intentional exposure]. Izvestija vysshih uchebnyh zavedenij Rossii. Radiojelektronika.
[Izvestia of the Higher Educational Institutions of Russia. Radioelectronics]. 2017. no.
2. pp. 16-22. (In Russ.).

Mesarovich M., Takahara Ja. Obshhaja teorija sistem. Matematicheskie os-
novy.[General systems theory. Mathematical foundations]. M.: lzdatel'stvo «Shir'».
1978. P. 315. (In Russ.).

Skljar B. Cifrovaja svjaz': teoreticheskie osnovy i prakticheskoe primenenie. [Digital
Communications: Fundamentals and Applications]. M.: Vil'yams. 2016. P. 1099. (In
Russ.).

Helstrom K. Statisticheskaja teorija obnaruzhenija signalov. [Statistical signal
detection theory]. M.: Izdatel'stvo inostrannoj literatury. 1963. P. 432. (In Russ.).
Wilson S.G. Digital Modulation and Coding. Prentice Hall. 1996. P. 667.

Franks L.E. Signal theory. Prentice Hall Inc Englewood Cliffs. N.J. 1969. Russ. ed.:
Frenks L. Teorija signalov. M.: Sov. Radio. 1974. P. 344.

Dvornikov S.V., Pshenichnikov A.V., Manaenko S.S., Dvornikov S.S. [A method of
forming multiposition jamproof signal constructions]. Informacionnye tehnologii.
[Information technology]. 2017. vol. 23. no. 9. pp. 669-676. (In Russ.).

Mehrota A. Analog and Digital Systems.Artech House. London. 1996. P. 205.
Ungerboeck G. Trellis-coded modulation with redundant signal sets Part Il: State of
the art. Communications Magazine. IEEE. 1987. Vol. 25. Is. 2. pp. 5-11.

Torrieri D.J. Principles of secure communication systems. Dedham. MA.: Artech
House Inc. 1985. P. 286.

Pshenichnikov A.V. [Model of multi-position noise-proof signal structure based on
QPSK modulation]. Informacija i kosmos. [Information and Space]. 2017. no. 2. pp.
48-52. (In Russ.).

Cahn C.R. Combined Digital Phaseand Amplitude Modulation Communication
Systems. IRE Transactionson Communications Systems. Vol. CS-8. 1960. pp. 150-
154.

Korn I. DigitalCommunications. N. Y.: Van Nostrand Reinhold Co. 1985. P. 676.
Buga N.N. Informacija i jelektricheskie signaly [Informations and electrical signals].
L.: LKVVIA. 1960. P. 71. (In Russ.).

MHdopmaTrka 1 aBTomatusaums. 2022. Tom 21 Ne 1. ISSN 2713-3192 (neuv.)
ISSN 2713-3206 (oHnaviH) www.ia.spcras.ru



DIGITAL INFORMATION TELECOMMUNICATION TECHNOLOGIES

YK 519.7:004.045:681.5.07 DOI 10.15622/ia.2022.21.4

B.I'. MAJIOPOB
CBOMCTBA TAPMOHUYECKHUX U COCTABHBIX ITOJTYBOJIH,
OIIPEJIEJIEHUE UHTEPBAJIA PABHOMEPHOM
JAUCKPETU3AIIUU BPEMEHU HU®POBBIX CUTHAJIBHBIX
MHIPOLECCOPOB

Maiiopos B.I. CpoiicTBa TapMOHHYEeCKHX H COCTABHBIX MOJYBOJIH, OIpe/eJIeHue
HHTEpPBaJa PABHOMEPHOIH  JMCKPETH3alMH BpeMeHHM NH(POBBIX CHIHAJBLHBIX
NPOoLEeCcCOPOB.

AHHoTauus. [Ipu mnocTtpoeHMHM aBTOHOMHBIX cHUCTeM peanbHoro Bpemenu (CPB)
HEOOXOAUMO pelaTh 3ajady ONTHMAaIbHON MHOT03aJauHON 3arpy3Kd psija IapauielbHO
(OYHKIMOHUPYIOIMX HU(PPOBBIX CUTHAIBHBIX MpoleccopoB. OXHUM U3 PE3epPBOB TOCTHKECHUS
HEOOXOAMMOTo pe3yibTaTa BBICTYNIAET pealu3alds BHIOOPOK W3 CHTHAIOB JATYUKOB
nHdopMau O BeNMYMHE CHTHajla HamOoiee peako BO BpeMeHH. IIpu 3ToM HeoOXoaumo
obecrieunBaTh JIMHEHHYIO WM CTYIEHYaTyHO AallpOKCHMALMIO CHTHala IO BBIOOpKaM c
JIOIYCTUMOM  IOTPENIHOCTBIO BOCCTaHOBJIEHHsA. OnHOM M3 CHCTEMHBIX 3aJad 3THX
MIPOLIECCOPOB SBIIsIETCS (PUIBTpAysl CUTHATIOB MM OTPaHHYCHHE CIEKTPa JI0 YaCTOTHI Cpe3a.
OTINYUTENBHOI OCOOCHHOCTBIO MPEIAraeMoro B CTaThe IOAXOAA SIBISIETCS BBINOJIHEHHE
YCJIOBHS: €CIM M3MEPEHHE 3TOH YacTOTHI 3aTPYIHEHO (HApHUMep, B 3JIEKTPOMEXaHHIECKHX
cperctBax CPB), To A TakuX CHUTHAIOB IPENTIOKEHO COITACOBBIBATH MAKCHMAJbHbIC
BEIMYMHBI T1apaMETPOB TApPMOHMYECKOH IOJyBOJHBI: IOTPEUIHOCTh  ANIPOKCHMAIIWH,
CKOpOCTb M yCKOpeHHue. lccienoBaHHE OTKPBIBAET MEPCIEKTHBY HMPUMEHEHUS HOBBIX
MOAXOJO0B IO AUCKPETH3alUH BPEMEHM CHUTHAJIOB B aMIUIMTYJHO-BPEMEHHOH 00IacTd U
ompejeNeHre Il TAKUX CUTHAIOB OJKBHBAJICHTHOM dYacTOTHl cpe3a CIEKTpa CHrHama. B
HacTOsIIEH cTaTbe MOJTy4eHbl 3aBUCUMOCTH BEJTMYMHBI €IMHULIBI CHCTEMHOT'O BPEMEHH BBOZA-
BBIBOJA JAaHHBIX OT CTCNCHH COIVIACOBAHMS MEXKIY COO0OH MAaKCHMAlIbHBIX BEIUYHH
IapaMeTpoB cUrHana. Maremarudeckass MOZAEIb SKCTPEMATIbHOIO IOBEICHHS CUTHANA MEXIY
JIBYMsI COCEIHUMHU BBIOOpKaM¥ 3aJlaHa B BHJE TapMOHHYECKOH HOJyBONHEL lcciemoBanue
PACIpPOCTPAHEHO TAaKXKEe HA BBINTYK/IbIE COCTaBHbIE IapMOHMYECKHE (DYHKIUH, IO KOTOPBIM
CHTHAJI MOXET OTKJIOHATBCS OT PEe3yJIbTaTOB JIMHEHHOH WIH CTYHNEHYaTOH ammpOKCHMAaIHu
CHUTHAJIa 10 3THM BEIOOpKaM. IIpoBeneHO cpaBHEHHE MOJENCH 10 BEIMYHHE OTHOCHTEIBHBIX
MHTEPBAJIOB JHCKPETU3A[MU BPEMEHH, 3aBUCAIINX OT CTEIEHU COITNIACOBAHMS MAKCHMAIbHBIX
IapaMeTpoB TapMOHHYECKOH IOMyBOMHBL IIpu cpaBHEHHH, KpOME ATHX MAaKCHMAalbHBIX
rnapamMeTpoB, YYTEHa CBS3b MaKCHUMallbHOM CKOPOCTM CHUTHaJla C  IOIPELUIHOCTBIO
aNMpOKCHMAIMU BBIOOPOK CTYHNEGHbKAMH M CBSI3b MAaKCHMAJIBHOIO YCKOPEHHs CUTHana ¢
MaKCHMAaJIbHOH IOTPEIIHOCThIO JIMHEHHOH annmpoKCUManuu. Pe3ynbTaThl  MO3BOJSIOT
OMNpPENENATh JIUTEIBHOCTH UHTEPBAJIIOB PAaBHOMEPHOH AMCKPETHU3allMd BPEMEHHM CHIHaNa IO
pe3yabTaTaM o0cIen0BaHus 00beKTa yIpaBlIeHHs, 000CHOBBIBAIOT CYLIECTBEHHOE YBEIUUCHHUE
HHTepBasa JUCKPETH3alMU BPEMEHH WM aHAJIIOTUYHOE yBEJIMYEHUE YHCIIAa PEIlaeMblX 3a1a4d B
€AMHUILy CUCTEMHOI'O BPEMEHH.

KroueBble cj10Ba: CHCTEMBI yIPABICHUS PEATbHOTO BPEeMEHH, MU(POBBIC CUTHAIHHEIC
IIPOLIECCOPEI, (PUIIBTpANUsi CUTHAA, MOJEIb CUTHAJIA — FTApMOHUYECKAs IOTyBOIHA, COCTABHEIC
TI0JIyBOJIHBI, PABHOMEPHbIE BHIOOPKH, paBHOMEPHAs MCKPETH3allusl BPEMEHH, CTylEeHYaTas u
JIMHENHAs! alpPOKCUMAIMs CUTHAJIA, TOITyCTUMAasl OTPELIHOCTb.

1. BBeueHne. ﬂI/ICerTI/IZ’)aHI/IH BPEMCEHHN U BOCCTAHOBJICHUEC CUTHAJIOB
10 BLI60pKaM SABJISACTCA TpaﬂHHHOHHOﬁ 3a)1aqe171 06pa6OTKI/I CHUT'HAJIOB B
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nH(pOPMANMOHHON TEXHHUKE, KOTOpas pelIaeTcs IpH MPOSKTUPOBAHUY WIIN
BbIOOpEe KaHANOB cOopa M 0O0pabOTKM MHPOPMALIMU B CHCTEMaxX YIpaBe-
HUsL. OTa 337a4a akTyaldbHa NPU HNPOEKTHPOBAHHWU alIapaTypbl 0OpaTHOH
CBSI3U M KQHAJIOB BBOZA AAHHBIX I U(PPOBBIX aBTOMATHUECKHX W aBTOMa-
TU3WPOBAaHHBIX CHCTEM yrpaBlieHHs peaidpbHoro BpemeHu (CPB). Cyme-
cTBeHHBIM cBoiicTBoM CPB sBisiercs TOT ¢akrt, 9yTo OHH pPabOTAIOT B
«CTPYKType BpEeMEHH, OpeaesieMoil X010M BHELIHUX nporeccos» [1, 2] u
B HHMX IPUMEHSIOT COBpPEMEHHbIE NHM(POBBIE CUTHAIBHBIE MPOLECCOPHI
(ICIT) nnst perieHns 3a1a4 MepBUYHOM 00paboTku curHaios [3—7].

Ecte MHeHHe, 4TO MOJydeHHBIE PE3yJbTaThl MO3BOJST YIPOCTHTh
pacupenenenue 3ana4d u BcrpauBanue LICII B pobactaeie CPB mpu onru-
MU3aLUH WX 3aTPy3KH I IEPBUYHOI 00pabOTKH CHI'HAJIOB.

1.1. OcoGeHHOCTH NMEePBHYHOI 00pPadOTKH CHUTHANA HHPPOBHIMH
CHTHAJbHBIMH Mpoueccopamu. dusnueckue mapaMmeTpsl 00bEKTa yHpas-
JICHWs] CHUMAIOTCA JaTYMKaMH B PEATbHOM BPEMEHH, MpeoOpasyloTcs B
NIEKTPUUECKUE CHTHAJbI, CHEKTPBI KOTOPBIX XapaKTEPU3YIOTCSI M30BITOU-
HBIMH BBICOKOYAaCTOTHBIMHU COCTaBISIOIMNME U 3¢dekrom anmacunra. [o-
sTomy curHansl B CPB mogseprarot nmpeasaputensHoit oopadorke u [IOHY
- hwbTpanuy npu noMoIy nuppPoBBIX CUrHANBHBIX poneccopos (LICII) B
aMILUTUTY/JHO-4aCTOTHOH 00J1acTH.

Ha pucynke 1 mokaszan ycnoBHo L[CIT u ero ocHoBHBIE (QyHKINH
NP NepBUYHON 00paboTKe aHaOroBbIX curHajioB B CPB.

Duznyeckue | Tepprunas 06paboTka CHTHATOB
CHIHAJIBI

| ALy, LioH!
Jlarunk o - KOl
LCI1 ——

|
| OcHOBHBIC (IYHELHH:
- auexpernzauus g ALLL
| - kpaHTOBaHue B AL,
|- undposas GHILTPALMA H YCTpa-
HEHHE AIHACHHTa cnexTpa B LIHY]
| - xpanenne BEGopoK,
|
I
|
|

Jatank

- HHTEPNOIALMA CTYNCHAMH HIH
OTpe3KaMi npAMbIX nuHuil B LIATL
- pPelIeHHE NPHKJIaIHBIX

MyneTHITEKCOP

|
|
|
JlaTunk |
|
|

3a1a4 (HanpHMEp: r——

ynpagnenue OIC) TTATT aHaiaor
|

Puc. 1. O6mas cxema nepBHIHON 00pabOTKH CUTHATIA

DTH omepaluu ONPEACISIIOT TPEOOBAHUS K MPOLECAYpaM TUCKPETH-
3al[MM BPEMEHH M BOCCTAHOBJIEHHWS CUTHAla 1Mo BbIOOpKaM [3—7], KOTopbIe
CIIEAYIOT U3 0COOCHHOCTE! POEKTUPOBAHHMS, IIPUMEHEHUSI U IKCILTyaTallun
apronoMHubIXx CPB ¢ IICII:
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— BENIMYMHA DPABHOMEPHOTO HHTEpBala IUCKPETH3AlMM CHUTHAJA
(pyHKUINE) IO BpEMEHN HAXOAMTCS 1O JETEPMUHUPOBAHHBIM BBIPAKEHHSM,
3aBUCHT OT THIIA ANMPOKCHMALUK CUTHANA 10 BHIOOPKAM M HEOOXOAMMOM
TOYHOCTH €T0 BOCCTaHOBICHHUS. [Ipy 3TOM ajantupyromas anmpoKCUMAaIHs
C MEPEeMEHHBIM IAaroM AWUCKPETH3ALUH M CTOXaCTHYECKHE (OPMYJbBI, Kak
MIPaBUJIO, HE IPUMEHSIOTCS;

— anmnpoKCHUMAIMIO CHT'HAJa 110 BRIOOPKAaM M3 HEro OCYIIECTBIISIOT
CTYNEHbKaMH HJIM OTPE3KaMH MPSIMBIX JIMHUHA ¥ PEIKO MCIONB3YIOT (QyHK-
o Sinc(t) [5] mo mpuurHe GOJBIIMX BPEMEHHBIX 3aI€PKEK;

— 00paboTKy MH(OpPMAaLUK C JaTYNKOB M BbIJIauy CUTHAJIOB yIIPaB-
JICHUSI Ha MCIIOJIHUTENbHBIE OPTaHbl U B KOHTYP OTPHULIATEILHOM 00paTHOM
cBsi3u CPB BBINONHAIOT MaKCUMYM 32 OJIMH WJIM JIBa IlIara JUCKPETU3aLNU
Bpemenu Ha L{CII,;

— COXpaHSAIOT 3HAUEHWs CHUTHaNa 0e3 MCKaXEHHH B TOYKAX OCy-
IIECTBIICHNUS BEBIOOPOK M3 CHUTHAJIA IIPU €T0 BOCCTAHOBJICHHHU.

OnHUM K3 OCHOBHBIX (PM3MYECKUX NTapaMETPOB CHTHAJIOB SIBISETCS
gacrora cpe3a f crekrpa [6, 7] wnm yacToTa rapMOHHYECKON MOJIYBOJIHBI
f. = 2f, roe mHAEKC «Cc» O3HAYaeT MPH3HAK «cornacoBaHoy. s mpemot-
BpalleHus 1notepu MHGOPMALMK O CHI'HANe NpU (UIbTPALMM CUTHAA B
LI®HY sty yacroty npuHuMmarot ¢ npebiieHuem f. = 2Kf. Koaddumuent
npessimenuss K~ 8+10 onpenenstor onbITHBIM myTéM. J{nst BoccTaHOBIIE-
HUsI CUTHajla 1o paBHoMepHbIM BeiOopkam B L[CII CPB mpumenstor am-
MIPOKCHMAINIO CTYNEHSIMH WM OTPE3KaMHM NPSIMbIX JIMHUH.

K 0co0bIM citydasiMm MOKHO OTHECTH 00pa0OTKY CHUTHAJIOB (ITIpOIiec-
COB), M3MEPEHHE YacTOTHl Cpe3a KOTOPBHIX 3aTPYAHEHO WM OTCYTCTBYET
nHpopManus 00 UX CHeKTpe. DTO ABIHACTCS HEONPEOeNEHHOCThIO 00BbeKTa
yOpaBJieHHS U ero mHpopMmannoHHoro omucaHus. Takwme cpenctBa u CPB
OTHOCAT K poOacTHBIM cucTeMaM [3, 4] ¥ IPUMEHSIOT B PasHOOOpa3HBIX
oOmacTax:

— TC0aKyCTHYECKash SMHCCHS: OJHHM U3 CHOCOOOB MpEICKa3aHHs
W3BEPIKCHUSI BYJIKAHOB SIBJISICTCSI ONMCAHUE U CHCTEMATH3aLMsI TEOMMITYJIb-
COB B aMIUIMTYIHO-BPEMCHHBIX KOODAMHATAX, BBISIBICHHE aHOMAaJbHBIX
[ATTEPHOB M MX aHAJIN3 IS IPUBSI3KHU K ceficMuuecKuM cobbrtusiM [8];

— poOOTOTEXHUKA: Ui YIPABICHHUS IPHUBOJAMHU MAHHITYJISTOPA
Opu KOmupyromeMm ture ynpapienus [9], obecrieuenus mnepeMenieHus
CXBaTa MaHMITYJISITOPA U3 HAYAIbHOTO IMOJIOKCHHS [OKOS B 3aJdHHOE KO-
HEYHOE MOJIOKEHUE MOKOs 32 MUHIMabHOe Bpems [10];

—  ONTHKO-3JICKTPOHHOE HAOJIOJCHHE: Ul IEPeXBATa JABIKYLICHCS
0 TIPEAMICAHHON TPAaeKTOPHH Iien MariHoi Jlyounca [11-14];

— HeHpoHHBIC ceTH: ISl 0000IEHUS MOICTH XUMHUYECKUX B3aHMO-
JeHCTBHIA MeX Ty Heliponamu [15];
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— siiepHas MEIWIMHA. U1 MOJCITHUPOBAHUSA M JTO3UMETPHUYCCKOTO
TUTAHAPOBAHUS PAJANONOATEPAITHH IIUTOBHMIHOM skere3bl [16];

— OHMOTEXHOJIOTHS, METAJUTYPTHsl: JJIs1 0OECIIeYEeHHUsI Ka4ecTBa Mpo-
JTyKTa B YCIIOBUSIX allPUOPHON HEOIPEAETEHHOCTH TEXHOJIOTUYECKHUX Mapa-
MeTpoB [6] mpoilecca H3roTOBIEHUS TIPOIYKTa H MHOTOE JPYTOE.

Mopgenu nporeccoB U CUTHANIOB, XapaKTEPU3YIOIUXCS TPYIHOCTIMHU
B omnpeznenenun cnekrpa (CTOC), TpaIuIIMOHHO ONUCHIBAIOT B aMIUIUTY/I-
HO-BPEMEHHOI1 00JlacTH: B aBTOMAaTHYECKUX CHUCTEMax Ipaduk onTumaib-
HOTO TpoIiecca yIpaBieHus 3a1al0T B BHJIE compsraeMbix mapabon [17, 18];
MOJICTIMPYIOT PaBHOYCKOPEHHOE JIBH)KCHHE MaHMITYJIITOpa PYyKH KBajpa-
tiyHbiM TpéxunenoM [9, 10]; mpenctaBisioT ceficMHYECKHE COOBITHS B
BUIC JMHEHHBIX cTenmeHHbIX (yHkimil [8]. B kauecTBe K03 duIHEHTOB
TPEXWICHA HCIONB3YIOT MaKCHMAJIbHBIC 3HAYCHUS! YCKOPEHUS U CKOPOCTH
curHana. [Insa curnanoB CTOC onpenensioT HHTEpBAI AUCKPETU3ALUU
BPEMEHH, WCIIONB3Ysl JiBa W3BECTHBIX MOJXOJa: KPUTEpHi HamOONbIIEro
OTKJIOHEHUS H, C CYILECTBEHHBIM JomylieHueM, reopemy HKII. B nacros-
el cTaThe MpeasaracTcst HoBasi KOMIPOMUCCHAS M TOYHAS MOJIEIb.

1.2. Kputepuii HauOoJb1Iero oTkJIoHeHus. [lonxon B BUAe KpH-
Tepus HanOombiero otkiaoHeHus (KHO) ans ompeneneHuss BeTUUNHBI UH-
TepBaja AucKperusauuu Bpemenu Tp. [3, 6, 19] Teopernueckn obocHOBaN
B.H. XicTyHOB, KOTOPBIH NMPUMEHWIT JJIsl 3TOW 11eIM HauOoubliee 3Have-
HHE ocTaToyHoro wieHa Gpopmyisl Jlarpamka. KHO ucnone3yror B usmepu-
TenbHOW TexHuke W B apyrux npumenenusix L[CIT [3-7]. JloctouHcTBa
npumenerns kpurepuss KHO g curaanos CTOC cnenyromue:

[omyyens! m o6ocHOBaHB! BEIpaxkeHnss KHO ams ompenenenus wH-
TepBANOB TUCKPETH3AIMK BpeMeHH Tp =A/N u T,= (8A/2)*°, B KoTOpBIX
HHIEKC «P» O3Hauaer mapabonuueckyro (parabola) 3aBucumocTs,
maxp@(t) = A - MakcHMAaTBHO TOMyCTHMAs TOPENIHOCTH AMMPOKCHMALHH
CUTHaJa CTYNEHBKON MM OTPE3KOM JIMHUH MO JIBYM COCEJHHM BBIOOpKaM,
maxp)(t) = V - nanGonsmas ckopocts curuama, maxp@(t) = a - nan6ous-
11ee yCKOpEeHHe CHI'Haa.

st BocctanoBieHus curaana P(t) mo BEIOOPKaM U3 HEro uepe3 WH-
TepBall BpeMeHH Ty =A/V HCHOJB3yeTCsl CTyMneH4aTas ammpoKCHMAIlHs.
Jlns nHTEepBaNa JUCKpETU3auu T = (8A/a)*® ucrons3yercst nmuueiiHas an-
IpoKCcHManus. ITH yCIOBHS allPOKCUMAIMK TUKTYeT popmyia Jlarpanxa.

Henocratkn kpuTepuss HanOONBIIETO OTKIOHEHUs, KOTOpBIE HE
onpenenens B [3, 6, 19]:

a) OTCyTCTBYeT CBf3b BEIMYMHBI IPaHUYHOI dacToThl f B crektpe
currana p(t) ¢ MakCUMaTbHBIME 3HaYeHUsAME Tlapametpos {V, a} curnana.

6) CosmectHoe paccmoTpenne Boipaxkennit KHO Ty, u T, nokasel-
BAET, YTO Tp; 3aBUCHUT TOJNIBKO OT MaKCHMAaJIbHOH ckopocTn V 1 MorpemHo-
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CTU A CTYNIEHYATOH anmnpoKCHMALUWK CHI'HAa Mo BeIOOpKaM, a Ty 3aBUCHT
TOJBKO OT MaKCHMAJIbHOTO YCKOpeHHs (@) W IMOTPENIHOCTH A JMHEHHOM
annpoKCUMAallUM CHIHAjla MO BbIOOpKaM. 3aBUCHUMOCTb Ty OJHOBPEMEHHO
OT CKOpPOCTH | ycKopeHus curHaia B.H. XnmuctyHOBEIM He momydeHa. DTo
o0ycnoBneHo TeM, 4To ero moaxon k momydernmo KHO, 3axmouaercs B
HCTIOJIB30BaHUH OCTaTOYHOTO 4WieHa (opmyisl Jlarpamxka u He TO3BONSET
(IPUHIIMTTHATIFHO) TIOJIYYUTh HEOOXOIUMBIN PE3yIIbTAT.

B) OTCYTCTBYET BO3MOXKHOCTb ONpPEENEHHs BEIUYMHBI Tp, (eciu
N> 3) npu ycIOBUM BOCCTAHOBIICHHSI CUTHAJa TMPH IOMOIIU CTYIEHYATOH
WIN JTUHEHHOM alNpoKCHMAIMH, TaK KaK OCTaTOYHBINH wieH ¢opmyunsl Jla-
rpamka mnpu N =3 COACPKUT MAKCHUMAIBHYIO BEIUYMHY TpETheH
maxp(g)(t) =R npousBognoii ot curHana. [Ipu 3TOM anmpokcuMarys ocy-
IIECTBISIETCS, KBaIPAaTHIHBIMA MapabojaMH 1O TPEM TOYKaM, a HE OTpPe3-
KaMH{ TPSIMBIX JIMHUH WK cTyreHbKaMu. [10700HbBIH HeToCTaTOK HpersT-
CTBYET ONpEJENICHUIO BeIMUUHBI mara Tp, JUCKpEeTH3aluy curHana p(t) mo
BpEeMeHH, eciu N > 3.

Henocrarok 6) KHO yctpanen aBtopom B crathe [20], Tae momyde-
HO BBIpaKEHHE (MaTeMaTHYecKas MOJICNIb) B BUIe 0000IEHHOTO KPUTEPHS
HanOomnbirero orkinoHenus (OKHO) nust nuHEHHONW anmpoKcHMaluu cur-
Haia P(t) oTpe3koM mpsMOil TUHKUH MO TBYM TOYKAM

_2A |V
TPZ_VJFE’

rae npu V= (2Aa)"® 910 BhIpaxenne npeobpasyercs 8 KHO Tp= (8A/a)°?,
I cTyneHuyartoil anmnpokcumanuu Oepém Tp= 0,5Ty,, a—oo, momydaem
KHO Tp; =A/V. Bripaxenune V= (2Aa)°° HA3BAHO YCIOBHEM COITACOBAHHS
MaKCHUMAaJIbHBIX 3HAYCHUI MapameTpoB Max{A, V, a} curnaina p(t).

OO0myM HEJOCTaTKOM NPUMEHEHHUS! CTENIEHHBIX NPUOIIMKEHUI 1 MO-
nemn OKHO sBisieTcst 0TCyTCTBHE MaTeMaTHYECKOH CBSA3M C YaCTOTHBIMHU
XapaKTepUCTHKaMHU CUTHAJIOB U rporeccoB Trrna CTOC wm ¢ matemarnde-
CKMMU MOJEJISIMHU, UCIIOJNB3YIOIIUMH 3TH YaCTOTHBIE XapaKTEPHCTUKH.

1.3. Teopema HaiixkBucra, KoreasnukoBa, Illennona. Btopoii
MOAXOJ K ONPE/ICNICHUIO HHTEPBAJIOB TUCKPETU3ALUH BPEMEHH TPAJUIINOH-
Ho ompeneneH Teopemoir HKIII (HaiikBucra, KorensHukoBa, IlleHHOHA)
[21-23]. On ocHOBaH Ha YACTOTHBIX CBOICTBAX CHUTHAJIOB M IMPOIECCOB,
cB0OOzIeH oT ob1ero HenocTatka kpurepueB KHO u OKHO.

Teopema HKIII (teopema otcuetoB) [21] mokasana K. [llenHOHOM
Ha ocHOBe Teopembl B.A. KotenbuukoBa [22, 6] u pabotsl I'. HaiikBucra
[23, 3] u uconb3yeTCs B TEOPHU M TEXHUKE CBSI3H:
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Teopema HKI: Eciu ¢pynxyus ne codepocum wacmom eviwe T Iy,
OHA NOJIHOCMbIO ONPEOeNAemcs CEOUMU MCHOBEHHIMU 3HAYEHUAMU 6 MO-
Mmenmbl, omcmosuue opye om opyea na 1/(2 f) cex.

Wurepsan Bpemenn 1/(2f) massan K. Illennonom [21] uHTepBagoM
I'. Haiiksucra [23]. Hemocratku teopembl HKII mpu pemienun 3amad B
ynpasmomux cucreMax CPB crienyior u3 mporenyp €€ MpakTHYECKOTro
HCIIONB30BaHMS [UTS IUCKPETU3AINE U BOCCTAHOBICHHS cUrHaIOB [21]:

a) Boccranopnenue curaana mpoucxonuT B TEYCHUE OOJIBILIOTO Bpe-
MEHH Ty CYLIECTBOBAaHHs 3TOTO 3BYKOBOTO CHIHAJa C INOCIIEI0BATENbHBIM
npeobOpaszoBanueM SiNC(t) 1 cyMMHUpOBaHHEM BCEX MIHOBEHHBIX 3HAYCHHM
(BBIOOPOK), KOTOpBIE OBUIM CleNlaHbl U3 3TOI (YHKIMM 4Yepe3 WHTEPBalbl
BpeMeHHU KpaTtHble Ts. [Ipu aTOM 3apaHee M3BECTHO, YTO CIPaBEJIUBO HEpa-
BeHCTBO Ty >> T, B CPB GosbLine 3a1epsKKK IpH 00pabOTKe CHIHATIOB BO
BPEMEHH HE JIOITYCTUMBI.

ITompo6Hee: B ycTpoiicTBe BOCCTaHOBICHHS (DYHKIIHH IO €€ OTCUe-
TaM B Kaxz1oil Touke orcyera NTs (N=1, 2, 3...) Ha UHTepBaNe BpeMeHHU T
MOMEIAI0T UMITYJIEC C aMIUIUTYIOH, PaBHOM BEIHMYMHE KaXIOTO OTCYUETa,
Ha MECTO 3TOTO OTCUETa, OCYIIECTBIIAIOT MOCIENO0BATENbHOE TPE0Opa3oBa-
HHE 3TOr0 MMITYJIbCa IO HEepPelaTOuyHOl XapaKkTepucTuke (GpuibTpa HHKHUX
YacTOT, PE3yJIbTaThl NpeoOpa3oBaHU HAKAIUIMBAIOT B TEUYEHHE MHTEpBaia
BPEMEHH T M MONYYaroT UCXOAHYIO (QyHKIHIO.

MaremaTiyecky Ipoluecc Ipeodpa3oBaHusl U BOCCTAHOBIECHHS CHUT-
Haia P(t) (3BykoBoro curhana) onuchiBaeTcs psaom B.A. KorenbHukoBa
[22, 6], xoropeiii momoGeH rapMmonudeckoMmy psay Dypbe u sBIsETCS
CJIOKHBIM C TOYKH 3PEHHS KOJIMYECTBA HEOOXOJMMBIX BBIYHCIUTEIHHBIX
onepauui Ui ero peaau3auuu. BeipaskeHus A1 CTyNeH4aTol 1 JIMHEHHOM
anmpoKCHMaIuu (111 BOCCTAHOBICHMS CHTHaJa IO BBIOOPKAM W3 HETO)
CYIIECTBEHHO MPOIIE B MATEMATHIECKOM OTHMCAHNH U PEaT3aLIH.

0) [IpumensiemMble B TIpakTHKe pa3paboTku u peammusarmd CPB mero-
JIbl CTYIIEHYAaTOM M JIMHEHHOM anNpOKCUMaluu HE MCIONb3YHOTCS U HE
yIIOMUHAIOTCSI TIPH JTIoKa3aTeascTBe TeopeMsr HKIII [21, 22].

B) B teopeme HKII mist onpenenenust Ts HCMONB3yeTCs TOIBKO Tpa-
HUYHAsI YacToTa f B CIEKTpe YacTOT CHrHama, a OCTalbHBIC MapaMeTpsbl
max{A, V, a} curnana p(t) He UCTOIB3YIOTCA.

r) Ha npakruke [5] u B Teopuu [3, 6] npu UCIIOIB30BaHUN TEOPEMBI
HKII n crymeH9aTol MiIM TUHEWHOW alIpPOKCHMAINH CUTHAJIA TI0 BBIOOP-
KaM OOBIYHO HCIOJB3YIOT aMnupuueckoe cootHomenne f= (8+10)2f, xoto-
poe sBIsAeTCS NMPHUOMM3UTENBHBIM M HE MMEET CTPOTOro TEOPETHIECKOTO
000CHOBaHHA. JTO OOYCIIOBJIEHO OOJBIION MOIMYISPHOCTHIO M H3BECTHO-
cteio TeopeMbl HKII u nemaer morpeniHocTs pacu€TroB HeOMpeaeTEHHON
BEJIMYHMHOM.
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B cBs3M ¢ 3THMHU ¥ IPOYNMH HEJAOCTATKaMHU HEPAIMOHAIHHO OIpe-
JIeJsSITh MHTEepBaJl AUCKpeTu3anuu curHana Ts mo teopeme HKII mpu ocy-
IIECTBICHNN TOYHBIX HHXCHEPHBIX PAcUeTOB, PH HCIOIH30BAHUH CTYIICH-
YaTod M JIMHEHHOM aNNpOKCHUMAalMK Ui BOCCTaHOBJEHHs curHaiga P(t).
B.H. XnucryHoBbiM [24] crenan CripaBeMBBIil BEIBOJ O HEOOXOIUMOCTH
ucrnons3oBanus TeopeMbl HKIII Toibko B TeopuH CBs3W (PagUOTEXHUKE)
JUIsl BOCCTAHOBJIEHUS pEYEBOI'0 CUTHAJIA, HO HE B CHCTEMaX W3MEPEHUS CHT-
HAaJIOB M YIIPABJICHUS B PEAIbHOM BPEMEHH.

1.4. TloctanoBka 3aga4ydm HcciaeAoBaHusi. B Hacrosimield craTbe
NpeUI0KEHAa U PACCMOTPEHAa MOJENb CHTHaja B aMIUIMTYIHO-BPEMEHHOM
00JlacTH B BUJI€ TapMOHHYECKOH MOJIyBOJIHBI (M €€ HOBBIX MOAN(DHUKALMIA).
Omnucanbl OCHOBHBIE CBOICTBA MOJECJIN, KOTOPBIC IMO3BOJACT YCTAHOBUTH
CBSI3b €€ MapaMeTpoB C aMIUINTYIHO-9aCTOTHBIMHU IMapaMeTpaMH CHTHAla.
JJis 3TOTO TOTydeHBI BRIPA)KEHISI, CBABIBAIOIINEC MATEMAaTHICCKH [[BA THIIA
ONHCAHWS CHTHANOB. ['apMOHWYECKas MOJYBOJIHA SBJSIETCS MOJOBHHOU
BOJIHBEI 4acToTHI cpe3a f crextpa (moBTopsiercst ¢ yactoroit f, = 2f). Kpome
HanbonpIrero mapamerpa f, oHa xapakrepuzyercs HAaHOOIBIIEH CKOPOCTHIO
curnana maxp™(t) = V, nanGonbuuM yckoperneM curuama maxp@(t) = a.
AMIUIHTY]a TAPMOHUYECKOW MOIYBOJHBI maxp(o)(t) = A sBsE€TCS MaKCH-
MaJIBHO JIOITyCTHMOMW TOTPELIHOCTHIO alNPOKCUMAIMK CUI'HAJIAa CTYIIEHBKOM
WIN OTPE3KOM JIMHUH II0 JABYM COCEIHHMM BbIOOpKaM. [lanee mokaxkeM, 4To
rapMOHMYECKasl MOJTYBOJIHA SIBISETCS YHUBEPCAIBHOW MOJEINBIO Ul OIH-
CaHUsl B aMIUIMTYJHO-4aCTOTHOM 00JacTM M B aMIUINTYAHO-BPEMEHHOMN
00JacTH TPOILIECCOB M CUTHAJIOB W CBA3BIBACT IBE IPYMITBI MAKCHMAIbHBIX
BenmmuuH mapamerpos curaana max{A, f.} u max{A, V, a, T.}, rne T =1/~
BpEMEHHOW HWHTEpBal IMOJYBOJHBL llepBas Bepcus MOAOOHOW MOJENH
MpeUIo’keHa W NpUMEHEHa aBTOPOM TIpH pa3paboTke mepudepuilHbIX U
cereBbIX ycTpoiicTe OBM «3mb6pyc-90mukpo» [25]. Passuruem 3T0i Mo-
JIENTA SBIISTIOTCSI COCTABHBIC TIOITYBOJHBI, KOTOPHIE SIBIISIOTCS OOIIMM CITyda-
€M TapMOHHYECKHX I0JIyBOJH. [Ipn 00paboTKe CHUTHANIOB, XapaKTepU3yIO-
nmxcs TpyaHocTsmu B ompernencHun cnektpa (CTOC) mpemmaraercst mo
3aMepeHHBIM (M3BECTHBIM) mMapaMeTpaM Takoro curhHama max{A,V, a}
OIpEe/IeNTUTh BPEMEHHON HHTepBan monyBomHbl T.=1/f. s nomydeHus
HOBBIX BBIp&KCHUI (Mojeneil) npuMeHuM BenuauHbl T, win f, u chopmy-
JIMPOBaHHBIE paHee CBOMCTBA M BBIPAXKEHHUS JUISl IBYX KJIACCOB MOJTYBOJIH.

B kauecTBe OCHOBHOTO WHCTPYMEHTa CPaBHEHHUS PAa3TUIHBIX MOJE-
JIeH TIOYBOJH WCIIOJIB3YEM YCIIOBHE COTJIACOBAHHS IapaMeTpPOB CHTHANA
(YCII). MakcumanbHBIe TapaMeTphl CUTHAJIA MOTYT OBITH COTJIACOBAaHHBIMHU
Mexy coboit minn Bxonuth B YCII B Buzme paBercTsa. [lapamerpsl curnana
MOTYT BXOIWTH B HepaBeHCTBO, Torna YCII Oymer oTpakaTh MPOIEHT CO-
rmacoBaHus. [lokaxeM CyIIECTBOBaHHE W HCCIEIYeM B3aMMO3aBHCHMOCTH
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kod¢pdunmenta YCII ¥ BenWUMHBI WHTEpBalla JUCKPETH3AIMH BPEMEHH
curHana. CpaBHUM BENMYWHBI MHTEPBAJIOB IWUCKPETHU3AIMM BPEMEHH 1,
COTJIACOBAHHBIX TAPMOHHYECKHUX TOMYBOJH [26] ¥ MpemIoKeHHBIX HOBBIX
MoOJIeNel IS COTIIaCyeMbIX COCTaBHBIX TOTYBOIH.

Mogenu u BeIpakeHUsI OyIyT moje3Hsl paspaboramkam CPB mms
ompenereHnss 000CHOBaHHOH BENWYMHBI HHTEPBaa UCKPETH3AINN BpeMe-
HH cHUrHana (Tpolecca) 1, B CBSI3U C 3TUM, JUIsl 00ECIICUSHHsT ONITUMAaIbHON
3arpy3ku LICII npu pazpabotke CPB ¢ LICII.

2. CornacoBaHHasi MoJeJb TapMOHMYECKOil TOJYBOJIHBI, €€
CBOIiCTBa M MOCTAHOBKA 32/1a4M HCCIeT0BAHUS

2.1. IBa mpoCTeHINX YACTHBIX CJIy4Yasi HAXOKIEHHS IIara J{uc-
KpeTH3allu¥ BpeMEeHU CHUIHAJIa. YpaBHEHUE IPOCTENMIIEeH rapMOHUYECKOU
MOJTYBOJIHBI [26]:

p(t) = Asinot, (1)

rae 0 <t<T, T.=T/2=1/2f — unarepsan Haiikucra, f — yacrora cpesza B
cnekrpe curraia p(t) mocne ¢mibrpauu B IIOHY, T — nmepuoj 4acToTHI
cpesa, ® = 2xnf — kpyroBas gactora, A — aMIUTUTY/a TAPMOHHYECKOM TMOITY-
BOJIHBI WJIM MaKCHMaJbHasl TIOTPEITHOCTh JINHEHHON almpOKCUMAITHH IBYX
BBEIOOPOK M3 MTOJTYBOJIHEI B MOMEHTHI BpeMeHH t = 0t =T..

IMepas mpoussojHast (i = 1) OT rapMOHMYECKOH MOTYBOITHBL:

p(=1)(t) = wAcosot, 2

rae (i) — mopsmok npousBoano, 1 <i<n. Bropas (i =2) u tperbs (i = 3)
NPOM3BOJIHBIE OT TAPMOHMYECKON MOJTyBOJIHBIL:

p(=2)(t) = —w2Asinet, pi=3(t) = —®3Acos ot. 3

I'apMoHnUeckas MOTyBOJHA M JBE MPOM3BOAHBIE OT HEE M300paxe-
HBI Ha pUCYHKE 2.

Bripakenue (1) (rapMoHHYECKas II0JIyBOJIHA) OITUCHIBAET MaTeMaTH-
gyecku nonoBuHy T.=T /2 =1/ 2f nepuoga T gactotsl cpesza f B cmekrpe
curnana p(t). Yacrora 2f mmMpoKko UCMONB3yeTCsi B TEOPUH CBS3H, yIpaBlie-
Hus 1 B uHGopmaTuke [4-6].
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p(o), (o), a(t)

annpoxcumanus
Oeyx eubopox

arete(+ 4]

l ?lICC‘\

_[/,,,,,,,,,,,,,,,,,,,,,,,,,,,,,L';;-;.,.J

Puc. 2. CornacoBannasi, rapMOHHUYECKask [TOJIyBOJIHA

IMepBas BrIOOpKa M3 curHana P(t) ocyniecTBieHa B MOMEHT BPEMCHH
t =0, Bropas — B MoMeHT BpeMmenu t = T, = T /2. JIunei#iHas UHTEPIOALUS
MEX1y JBYMS BEIOOpKaMHU M300pakeHa JIByX LITPUXOBOM JuHue. [Torper-
HOCTBH TaKOW MHTEPIIONSAINH A TOCTUTAeT MAaKCUMAJIFHOTO 3HAYCHUS B TOU-
ke (0.5T., A), KoTopasi SBISETCS BEPIIMHONH TapMOHHYECKOH IMOJYBOJHBI.
IIpoxomsiias yepe3 BepuuHy BeprukaigbHas auaus t = 0.5T, = 0.25T ciy-
KHUT €€ 0ChI0 cUMMeTpuH. CBS3b KPYyrOBOI YaCTOTHI (® M MHTEPBaja rapMo-
HUYECKOM MOITYBOJHEI T 3allUIIEM B BHJIC BHIPAKCHHS

o=2nf =2E -1 (4)

OrmpenenuM HHTEPBAIl FTAPMOHUYECKOM MONYBOJHBL T, Yepe3 MaKCH-
MaJibHbIE [IAPAMETPhI CUTHAIIA, KOTOPBIE JOJDKHBI ObITh M3MEPEHBI IIPU HUC-
cliefioBaHuK criekrpa curhaia p(t) wim moiydeHsl npu 00paboTKe pe3yiib-
TaToB 00cieIoBanus 0ObeKTa yrpasienust, eciu curaain ssisiercs CTOC.

B BBIpakeHHe TIepBOi MPOM3BOAHON (2) MOACTABUM MOMEHTHI Bpe-
Menu BbIGOpok u3 curhana P(t): p(t =0) =0 u p(t = T.) = 0 u npupasHsieMm
JBYM 8 MakcHMabHbIM 3HadeHmsam: Maxp(t=0, t=T,) = [£V|, yurém
(4), momyunm:

Ta =2 ©)
\Y

rae unaekc (i = 1) u3 (2) nepexomut B HHACKC T MpH moxydeHud (5).
B BhIpakeHHe BTOpOH Hpou3BOAHOH (3) MOACTABUM MOMEHT Bpe-
menu (t = 0.5T,), mpu KOTOpOM HacTylaeT MaKCHMYM YCKOPEHHS CHIHAJA
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p(t) u mpupaBHsieM eé MakcuManbHOMY 3Hauennto: maxp(t = 0.5T,) = |-a|.
Hcnonp3yem (4), HOTydInM IETIOYKY PaBEHCTB:

C.

__A_- __V_- __|A
Tl—nvaz—‘ltEsz—ﬂ: g (6)

Ananornuso (6), npu usMepenHoM 3uadennn maxp(t =0, t=T,) = R,
MOKHO 3aITicath 6osee ATHHHYIO [EeNOYKy PABEHCTB!

2.2. O6mue BhIpaKeHHs! ISl HAX0KAEHHUs] HHTePBaJa rapMOHHU-
4ecKkoi MoyBOJIHBIL. [IpuMeHnM MaTeMaTHYeCKYyI0 MHIYKIHUIO K BBIpaXe-
HsIM (5), (6), (7) ¥ 3anuIIeM LETOYKY PaBEeHCTB B 00IIEM BHJIE:

1/i

(t) A
(0] =T 0} ! (8)
max p(t) max p")(t)

max p('fl)

=T

rae 1<i<n, maxp@0.5T) = A, maxp®(0) =V, maxp®@(0.5T,) = -a,...
[IpeoOpa3zoBanue MEpBHIX Map 3BEeHbEB Lemnovyek paBeHCTB (6) u (7) maér
yCIIOBHE COrNacoBaHHs MakcuManbHbix mapamerpoB (YCII) curHana:
V? = Aa, wiu ycroBHe CHPaBeUTUBOCTH PABEHCTB 3BEHBEB IIEMIOUEK MEXKITY
coboit. MoxkHO 3amucaTh o01Iee BhipaxxeHue st onpenenenus Y CII:

(i+1)

maxp(i)(t) = J maxp(i_l) t) xmaxp" (t) , 9)

rae 1 <i<(n-1), n>2. 13 Bropoii yactu Beipaxkerus (8) u BoipaxeHus (4)
3alMIleM BBIpOKEHHE [UIS ONMPEACICHNs] MAKCHMAIIbHBIX BPEMEHHBIX Mapa-
METPOB TapMOHHUYECKOH TTOTYBOJIHBI:

_ _ i VY
maxp®(t)= A@nf) nm ©=2nf = [@gﬂﬁj , (10)

rae pu (i= 1) © = V/A, upu (i = 2) © = (@A), upu (i = 3) © = (RA)™-.
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2.3. CpoiicTBa cOrj1acOBaHHBIX I'apMOHHYECKHX MOJYBOJH. 3a-
MHCAHHBIC BBIPAKEHHS W PUCYHOK 2 MO3BOJISIOT C(HOpMYJIHPOBATH OCHOB-
HbIE CBOMCTBA MOJIENEH, KOTOPBIE UCIIOJIb3YEM AAJIEE!

CoiicTBo 1. (Axcuoma mamemamuueckoeo nooobus) I'apmonuue-
ckas nonyeonna (1) cuenana p(t) umeem nonuwvili KOMNIEKC YACMOMHO-
epemennvix u amnaumyonsix napamempos {f., A, maxp?(t), 20e 0 <i <n},
xkomopuie umeem cuenan P(t), nosmomy moscem Goime ucnorb308aHa Kax
Mamemamuyeckas Mooenb 0 UCCAe008AHUA 3a8UCUMOCHEl MAKCUMATb-
Hulx senuuun napamempos cuznana p(t) meocoy coboil.

CBoiicTBO 2. (Axcuoma nuneiinou annpoxcumayuu). JIoooi cueHan
p(t), cocmoswuii uz capmonux wacmom om 0 do f, moowcno eoccmanosume
npu NOMOWU TUHEIHOU ANNPOKCUMAYUU C MAKCUMATILHOU NOZPEUHOCMbIo A
pasHou amnaumyoe eapmoHuku yacmomoi T npu nomowu evibopox, cnedy-
towux opye 3a opyeom uepes 1/(2f) cexyno, smo cnedyem usz onucanus mo-
Oenu 2apmonuuecxoll nonygoanst (1) u pucynxa 2.

CBoiicTBO 3. B obnacmu MAaxcuManbHO20 YCKOPEHUs 2apMOHUYE-
cxoti nonyeoaner [maxp@(t = 0.5T,) = a] omuocumensnasn nozpewrocmeo
JIUHEUHOU annpoKCUMAYUU COCEOHUX 8bIOOPOK U3 IMOU NOJYEONHbI MAKCU-
MAnbHA, OMHOCUMENbHAS NOZPEUHOCHb CIYREHYAmOoU annpoKCUMayuu
coceonux ebibopox u3z smoi noxysonnvl munumanvra (1), (2), (3), [6].

CBoiicTBO 4. B 0O1acmsix MakCUMaibHOU CKOPOCMU 2APMOHUYECKOU
nonysoaner [Maxp®(t=0, t=T.)=+V] omuocumensras nozpewnocmo u-
HEUHOU annpoKCUMayuu COCeOHUX 6blOOPOK U3 3MOU NONYGONHbI MUHU-
MAnbHA, OMHOCUMENbHAS NOSPEUWHOCHb CIYREHYAMOU annpoKcUMayuu
coceonux evlbopox u3z smoi noxysonnvl maxcumansua (1), (2), (3), [6].

CoiicTBO 5. Vcnosue coenacosanus napamempos (9) agnaemces pa-
BEHCMBOM, MO YKaA3bleaem Ha axm: n06as uzmMepumenvHas nozpeul-
HOCcmb 8 3amepax napamempos amniumyost A u wacmomot f, npusooum x
UCKANCEHUIO BENUNUHBL UHMEPEALA 2aAPMOHUHecKOU noayeonnsl (8).

CBoiicTBO 6. Cmynenuamas u JuHelHAs annpOKCUMAYUU COCEOHUX
6b100pOK 6 001acmU MAKCUMANILHO20 YCKOPEHUs! [maxp(z)(t =0.5T,) =a]
UMelom pasHvie 3HAYEHUs. NOSPEUHOCU ANNPOKCUMAYUL, eCTU YaCmOomd
HOBMOpEHUs 6bIOOPKU, ANNPOKCUMUPYEMOL CMYNEHbIO 8 084 pa3d 6biuie
4acmomsl 8blOOPKU, ANNPOKCUMUPYEMOU OMPE3KOM NPAMOU TUHUU.

CaoiicTBo 7. Maxcumanvhas npousgoonas nopsoxa (1) om cuenana
p(t) wru eapmonuueckoli NOXY8OIHBL AGNAEMC CPEOHUM 2€0MEMPUUECKUM
MAKCUMATBHBIX NPOU3600HbIX nopsaokos (i—1) u (i + 1) (9).

CpoiicTBo 8. Eciu 3amepumv napamempvl 2apMOHUKU YACHIONbL
cpesa cnekmpa cuenana: amnaumyoy A u wacmomy f u noocmasume ux
suavenus 6 nepesuiti sapuanm (10), mo mooicno paccuumame (1 <i<n) ge-
nuwun napamempos maxp(t) cuenana p(t) unu capmonuueckori nonysonns.
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CaoiicTBo 9. (o6parnoe CsoiictBy 8). Eciu amnaumydy A u wacmo-
my f ecapmonuueckoil nonyeoanvl zamepums 3ampyoOHUMeEnbHO U3-3a Om-
cymemeust ungpopmayuu o cnekmpe (CTOC), mo MoxucHO usmepums Max-
cumanvHo donycmumoe omkioHeHue A obvekma om 08yxX cOCeOHUx 8blbo-
POK, MAKCUMANbHYIO cKOpocmb | OMKIOHEHUs. U NO 6MOPOMY GAPUAHMY
(10) onpedenume sxeusaneHmMmYIO SPAHULHYIO KPY2OBYIO YACHOMY .

2.4. OcHOBHbIE HENOCTATKH MOJeJH TapMOHHYECKOW MOJIYBOJI-
HbI, HATIPABJIEHHUS UX YCTPAHEHHS WU 321a4H UCCIIeI0BAHUS.

Henocrarox 1. Hanpumep, nosepxuocts YCII V = (Aa)*®, uzoGpa-
*KEHHas Ha pUcyHKe 3 wiuttocTpupyeT CBONCTBO 5.

JIis yCTOHYMBOTO COTJIaCOBaHUSI ITAPAMETPOB CUTHAIA HEOOXOMMO,
9TOOBI 3Ta MOBEPXHOCTH JEIMIA MPOCTPAHCTBO A, V, @ Ha JBe 4acTH MO
MPU3HAKY COTJIACOBAHUS M PACCOTTIACOBAaHUsI MapaMeTpoB curHana. Toraa
paspemenHas komOuHaIms B Buge 0 <V < (Aa)o'5 Oyner HaXOOUTHCA B TIO-
nynpocTpancTBe Hike mosepxuoctr V = (Aa)>>.

ITokaxem pmanee, 4TO TakOW pe3ysbTaT AAET UCCIIEIOBAaHUE 3aBUCHU-
MOCTH BEJIMYUH UHTEPBAJIOB JBYX BAPHAHTOB COCTABHBIX MOJYBOJH OT Be-
JUIUHBI K03 duruenta coriaacoBanus napamerpos (Y CIT) aTux Monenei.

28

5/ -%tn,‘o’.‘
0 %"%‘:"‘a‘l ‘\
s |
@’n}%v’a“o“.“ W \\\Jn"
ey T
RS SR TN
s AT
a, BT ,;-,;.,‘0.3 N

8 s

Puc. 3. MecTo TOYek coriiacoBaHHBIX ITApaMETPOB CUTHAJIA (IpoLiecca)
B BUJIC Tapa0OIMICCKON TOBEPXHOCTH

Henocratok 2. U3 akcuomsr mo CeoiictBy 2 1 Beipaskenust (10) cie-
IIyeT: BeIMYMHA MAaKCHMAJIBbHOM MOTpemrHocTd A (Iocie BOCCTAaHOBJICHHUS
curtana p(t) mo BBIOOpKAM TMPH MMOMOINK CTYNEHYATOW W JIMHCWHOMN ar-
MPOKCHMAIINK) PaBHA aMIUIATYe A TAPMOHWKH 4acTOTHI cpesa f B crekTpe
gactor curHana p(t), KoTopas ocragach B COCTaBe CHT'HANA MOCIIE HH3KOYa-
CTOTHOH (MIBTPAIIH U MOKET OBITH JOCTATOYHO OOJBIION.
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DTOT HEAOCTATOK HE MO3BOJIAET 0OOCHOBATH MM YTOUHUTH IMITUPH-
yeckoe cootHorrenue T, < (1/2f)/(8+10) mus nMHEHHOM WHTEPIOJISIIUH,
KOTOpPOE€ SIBHO TMPHBOIUT K yYMEHBIICHUIO MHTEpBAJIA JAMCKPETH3ALUHU 10
CPaBHEHHIO C MHTEPBAIOM rapMoHudeckoi momysoiasl (1/2f) 8 (8+10) pas.

Hcnonezyem CBoiicTBO 1 U mpoleaypy paBHOMEPHOW IHCKpPETH3a-
MM BpPEMEHH WHTEPBAJIOB T[aPMOHUYECKOW MOJYBOJIHbI M WHTEPBAJIOB
MpeIaraeMbiX, COCTABHBIX MOJYBOJH JJIS MOJYYEHHS MATEMaTHYECKUX
BBIP@KEHUH, 3aMEHSIONUX W YTOYHSIONIUX 3TO COOTHOIIEHHE.

3. IlpeacrasiieHne Mojiesieii COCTABHBIX MOJIYBOJIH, COIJIACYEMbIX
10 BeJIMYMHE MAKCUMAJILHOM CKOPOCTH CHTHAJIA.

3.1. Moaesib COCTABHOM MOJIYBOJIHBI MPU MOCTOSIHHOM CKOPOCTH
HA HAYAJLHOM M KOHeuHOM eé yuacTkax. J[ns yctpanenust Hemocratka 1
HCIIOIb3yeM COCTABHYIO TOJIYBOJIHY, Tpaduueckas MOJelib KOTOPOH H300-
pakena Ha pucytke 4. [Ipeanonoxum, 4to [yis curHana win nporecca p(t)
npu  oOcCieIoBaHUK O00bEKTa YIPABJICHUS W3MEPEHbl TPHU Iapamerpa
A, Ve, a, pu 3TOM BEJIMYMHA MaKCHUMaJIbHON CKOpPOCTH
Ve = const <V = (Aa)®®, a gacrora f HemsBecTHa M3-3a CBOWCTBA CHTHANA
CTOC. HOpyrumu cioBamu YCII curHama He BBITIOTHICTCS, a IMapamMeTphbl
rapMOHUYECKOU MOJYBOJIHBI SIBIISIFOTCS PaccoriacoBanHbiMu. J[Jist cormaco-
BaHMs TPACKTOPUH UCIOJIB3yeM KO3 duireHT K u cornacyem HauGoIbIIyIO
CKOPOCTh U3MeHeHus V¢ ¢ mapamerpaMu A, @ CurHana;

Ve =kV =k(Aa)*’, (11)

rae 0 <k < 1. U3 Beipacerms (11) Ve = const < V = (Aa)*° cenyer:

CoiicrBo 10. Tpéxmepnas obnacms 0 <V(t) <(a)®® pacnonaca-
emes nuoice nosepxnocmu N = (4a)*>(cm. pucynox 3), exmouaem 6 cefs
MY NOBEPXHOCMYb U AGIACMCA 0OIACMBIO CYUWeCMBOBAHUA MOOETU MPAEK-
Mopuu COCMABHOU NOYBOTHYI.

I'paduyeckas MOZIENb TPAGKTOPHU COCTABHOM HOJYBOJHBI XapakTe-
pu3yeTcs MakCUMAJbHOH CKOPOCTBIO Vc, KOTOpas NOCTOSHHA B Hayale M
KOHIIe TpaekTopuH +Vc = *const . [loaToMy 3Ty HOJIyBOJHY Ha30BEM «IIO-
JYBOJIHOH, corilacyemoil AByMsi OTpe3KaMu MPSMBIX JTHHUI» U BBEAEM HH-
JIEKC «» B 0003HAYCHIE BEJIUYHNHBI HHTEPBAJIa COCTABHOM MOJIYBOJHBI T .

IlepBasi BHIOOpPKA M3 COCTABHOM IMOJYBOJIHBI OCYLIECTBICHA B MO-
MEHT BpeMeHH (- tyo), Bropas — B MomeHT Bpemenu (T, + t) (cM. pucy-
HOK 4).
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p(®), V(1), a(t)

N deyx aniGopox
MoMenmol epexenu
“to nTet+to

-p(Y)

Puc. 4. CocraBHas nonyBOHA, coTrylacyeMasi IByMsl OTpe3KaMu
NPSMBIX JUHUH, £V = +const

Takum 006pa3om, UHTEpBaJI COCTABHO MOITYBOJIHBI:
Ty =T +2[two]. (12)

Mexny nByMsl BBIOOpPKaMH CHUTHAJl OTKJIOHSAETCS MO0 COCTaBHOW MO-
JIyBOJIHE, COCTOSILIEHN U3 TPEX yacTeil:

— Ha uHTepBaye BpeMeHn (—tgo <t<tc) ¢ MOCTOSHHON CKOPOCTBIO
Ve < (Aa)o's, [0 IPSAMON JIMHUU KacaTeJIbHOW K FapMOHUYECKOH MOIyBOJIHE
cunycounsl (1) B Touke C;

— Mexay Toukamu kacanusi C u D nuHMi kacaTesbHBIX K CHHYCOH-
ae (1) mo rapMoHueckoii momysonue (1);

— Ha uHTepBane BpeMeHH (ip <t<T. +tp) ¢ MOCTOSHHOW CKOpO-
cTbi0 Ve > —(Aa)*>, o mpsivMoit muHmE KacaTensHOI K (1) B Touke D.

Jlis. HaXO)KAEHWSI WHTEepBaa MOJYBONHBI T, 1O Beipaxkenuto (12)
OTIpefeIMM MOMEHT BPEMEHH 1 M HaiiIEM KacaTeslpHYIO K MOJIYBOJIHE CH-
nycouasl (1) B touke C. IepByto npoussoauyto ot (1) B Touke C mpupas-
usieM ckopoctu Ve, yurém (11) Ve = KV, nomydmm:

tc =%arccosk u p(tc)=A1-k2.

IMepeceuenie KacaTenbHOM ¢ 0chi0 KoopauHar (0, t) Ha pucyHke 4 maér:

teo = %[ /kiz—l—arccosk}
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IIpeoGpasyem 3T0 BhlpaskeHHE — HCmoib3yeM (4) o =7/T, u (11)
Vc = kV. IToacraBum npeoOpa3oBaHHOE t B (12) 1 monydum:

T -T. {1+721[\/k127—1—arccoskﬂ, (13)

rae 0<k<l. [ns cpaBHeHWsI BENMYMH HMHTEPBAJIOB U COTJIACOBAHHOM
TrapMOHWYECKON IOJYBOJIHBI T, M COIJIACYeMOI JIMHHEH COCTaBHOW IIOJTy-
BoJHBI T, (13) BBeZEM OTHOCHTEINIbHBIC BEIMYMHBI HHTEPBAJIOB PacCMaTpH-
BaeMbIX TONyBOJH T, = T,/ T, u 1. =T,/ T, = 1. TIpeobpazyem (13), mony-
9UM TpadUKH T, U T, (CM. PUCYHOK 5).

I'padukn mokaswIBaIOT, 4TO MPH yMEHbLICHWH Kod(duIreHTa co-
riacoBaHust K MM yMEHbBIIIEHHH MaKCUMAITBHOM CKOPOCTH M3MEHEHHUS CHT-
Hama Ve = KV mpouCcXoanT CyNIeCTBEHHOE YBEIMYCHUE HHTEPBAIa BPEMEHH
COCTaBHON TOJTYBOJHBI 1, DTOT pe3yiabTaT IO3BOJISIET CHOPMYIHPOBATH
HOBOE MH(OPMAIIHOHHOE CBOHCTBO!

CaoiicTBo 11. Vuenvuenue seruuunvt koogppuyuenma K unu ysenu-
YeHue cmeneHu paccoendco8aHus 6eUYUH 8PEMEHHbIX MAKCUMATIbHBIX 3HA-
yenui napamempos max{4, V, a} cuenara unu npoyecca p(t) npusooum k
yeenuueHuio unmepeana epemenu 1, cocmasnoti noaysoamsl. Ilpu smom
MAKCUMATbHAS ADCONIOMHASL NOZPEUHOCTNb USMEPEHUS PABHA AMNIUMYOe
2apMOHUYecKol nony8oaHsl A unu HeusMeHHa.

5.0

0.e.

4.0

3.0

WHTepBan cOCTaBHOW NonNyBONHel T,,

2.0

] 0.2 0.4 0.6 0.8 1.0
koathMUWEHT COrnacoBanma k, 0.e.

Puc. 5. 3aBHCHMOCTh OTHOCHTEIIBHOTO HHTEPBAJIa COCTABHOM MOJIYBOJIHBI
ot ko3 dunrenra K cornacoBanust mapaMeTpoB CUrHaIIA
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st mpoBepku obiHocTr Moaeneit (13) u (6) 3amagum kK =1 B (13)
WITH BBITIOTHAM ycstoBue cornacoanus. [lomyunm T,(k = 1) = T, ¥ro mo3-
BOJISIET C(OPMYIIUPOBATH CBOWCTBO:

CBoiicTBO 12. Mamemamuyeckan mooenv 2apMOHUYECKOU NOYBOI-
Hbl C CO2NACOBANHBIMU GDEMEHHBIMU NAPAMEMPAMU CUSHANO08 (Npoyeccos)
SAGIAEMCSL YACMHBIM CILYYAEM MOOENU COCMABHOU NOLYBOJIHbI, CO2NACYEMO
08YMSL CUMMEMPUYHBLMU OMPE3KAMU KACAMENbHBIX NPSMBIX.

3.2 Mopeab cocTaBHO# MOJTYBOJIHBI MPH NEPEMEHHOH CKOPOCTH
Ha HAYaJbHOM M KOHEYHOM y4acTkax. ['paduueckas MOfelb COCTaBHOM
TIOJTYBOJIHBI C IIEPEMEHHOI CKOPOCThIO N300pakeHa Ha pUCYHKeE 6.

Cornacyromue y4acTKM 3TOIl IOJSYyBOJHBI OMMCHIBAIOTCA ABYMS
CUMMETPUYHBIMU YacTSIMH TapMOHUYECKOH (DYHKIMH, Ille HYIPKHUNA WHJIEKC
«K» 0003HAYACT KACAHHUE JICBOW YaCTH rapMOHNIecKON (yHKuun B Touke C
K rapMOHHYECKO# momyBoHe (1):

p(t) = AK Sin(mxt + (p0)' (14)

rae Ay, Qp, ® — COOTBETCTBEHHO, aMIUINTyAa, ($a3za W Kpyromas dYacToTa
COCTaBHOM MOMYBONHBI, (—t) <t < 0.5T,, @o/®, = teo, ©, = 20/T, ®, = V/A.

\\
nrct%(- 3]
.;_ S—— _w._e_ NI T —
KKO 0_)
jr‘ll‘

Puc. 6. CocTaBHast OJIyBOJIHA, coryiacyeMast AByMst
rapMOHHYECKHMH JTHHHAMH, £V(t) = +var

Takasl noJayBOJHA COTJIAaCOBAHA T'APMOHMKOM, IIO3TOMY BBEIEM HH-
JIEKC «I™» B 0003HaUEHUE HHTEPBAJIa BPEMEHH MOTYBOJIHBI T .

ITpeamnonoxum, 4T0 sk CUrHana win nporecca P(t) mosydeHs! Tpu
napametpa A, Vg, a. Ilpunuém BenmurHa MaKCHMAIbHOW CKOPOCTH B TOYKE
C pasna V¢ = kV = k(Aa)*®, rae 0 <k < 1. TIpomecc OTKIOHEHHS TOTyBOI-
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HBI OT MPSIMOM, ANMpPOKCHUMHUPYIOIIEH JBE COCeJHUE BHIOOPKH B MOMEHTHI
BpeMeHH (— tg) U (T, + t), IPOMCXOIUT IO TPEM yUaCTKaM:

— B HHTepBaie BpeMeHH (— to <t <tc), 1o JeBoii YacTH rapMOHUKU
(14) ot TouKH (- tyg) 10 Touku C, mpu aTOM ckopocTh Ve < Vo <V = (Aa)*>;

— Mexay Toukoi kacanust C rapmonndeckoi pynkmum (14) x cu-
mycouzne (1) B MoMeHT BpeMeHH t =l 10 TOUKH e€ mepecedeHnsi ¢ OChIo
CcUMMeTpHuH B MOMeHT Bpemenu t = 0.5T,;

— B unrepBaie Bpemenu (0.5T. <t < T, + t) CHMMETpPUYHO BTOPO-
MY M IEPBOMY y4acTKaM OTHOCHTENIbHO oc cummeTpun t = 0.5T,.

HHTepBal BpeMEHH COCTABHOI TOJYBOJHBI T, MOXHO ONPEICIHThH
no BeIpaxkeHuto (12) ¢ yuérom Bennuunsl ¢Gassl (14) rapMOHHYECKOH Tpa-
EKTOPUH HAMOOJBIIEro OTKIOHEHHUS |to| = @o/w, 1 o, = 270/T

— 1
Tr - TC +ETK(pO :Tc (1+%(p0r)' (15)

roe r=TJ/2T,, T,>T=2T, r>1. Jlns onpeneneHus (py BOCIOIb3YEMCs
paBeHCTBOM cKopocteit V¢ B Touke B3aumuoro kacanus C(tc, p(tc)) rapmo-
Hudeckux ¢yHkuui (1) u (14). Ot 3TUX BBIpaXXEHUIH BO3BMEM IPOH3BO/I-
HbIE 10 BPEMEHH, HCIONb3yeM BbipakeHuss nomobueie (11) Ve =KV,
V¢ = mV,o. [Ipumenum Beipakenue (4) o = /T, 1 eMy nogo0HOE BbIpaKe-
Hue O = 27/T,, moayqum:

(= arccosm — % arccosk. (16)

Haiiném cBs3p Mexay BelHMYHMHAMHU KO3(Q(PHUIIMEHTOB COTIACOBAHUS
napameTpoB curHajia K, m u kospduieHToM I.

Beipakenue (1) npu t = tc 3anumem B Buje Asinotc = p(tc) u mocie-
JIOBaTEIbHO Mpeo0dpaszyeM ero 1o U3BECTHOH TPUrOHOMETPUYECKOH (hopMy-
ne arcsinx = arccos[(1 — x%)]°°, nonyuum:

0.5
ot, = arcsin [ p(te )/A] = arccos [1— (p(te )/A)Z} . 17)

IMepras npoussoanas ot (1) mpu t=tc paBHa ckopoctu V(tc) = Ve,
u3 (2) zanmmeMm: Amwcosotc = V. B 3T0 BhIpakeHHE MOJICTaBUM BTOPYIO
gacTe BBIpaxeHHus (17) W TPUMEHHM TPHUTOHOMETPHUYECKYIO (GOPMYIy
cosarccosx = x. Iomyunm Beipaxenne p2(tc) = A (Vd/o)?, B kotopoe mo-
ciepoBarenibHO moactaBuM o = V/A u3 (10) u Ve = kV u3 (11), B utore mo-
nyanm: p¥(te) = A%(1—KP).
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AHanorugHo npeobpasyem BoipakeHue (14), mpu 3TOM UCTIOIB3YeM
o =Vo/Ay m3 (10), u Ve=mV, wu3 (11). Ilonxyuyum BBIpaKEHHE:
p2(tc) = AZ(1 — m?). JlBa BeIpaxkeHus i HaxoxaeHus P (tc) mpeoGpasyem
COBMECTHO U HOJTYYUM:

A2 _1-m2 _
A2 1-k2 M2. (18)

OmnpeznenuM OTHOLICHHE aMIUIMTYZ COCTAaBHOM TPAaeKTOPHH OTKJIO-
HeHus A u A, depe3 K03()(DHUUEHTHI COTJIACOBAHUS MapamMeTPOB CHIHAa
m, k u koadduuuent r. J{ns 3Toro mocienoBaTeNbHO MPUMEHHM BBIpaXke-
uust (10) A =V/w, A = V/o,, Beipaxenus (4) o = 7/T,, o, = 2n/T,, Bbipa-
xenust Ve = KV, Ve = mV,, monyunm uactaoe A/A, = m/kr. TlogcraBum 310
Beipakerue B (18) u BeigeauM K03()(GHUIUEHT COrIacoBaHus I, KOTOPHIil B
coorBercteud ¢ (15) r > 1:

1-k2
- ﬁ >1. (19)

r=m

[EEN

U3 (19) cnexyer: m > k. Beipakenue (19) ymuoxum Ha (16) (poxr) u
pesyabrar moacTasuM B (15). BBeeM OTHOCHTENBHYIO BEIHYHHY HHTEPBA-
JIa TAPMOHUYECKOW COCTABHOM MoTyBONHEI T, = T./T.. B pe3ynprare mpeob-
pa30BaHuUil MOJYYUM OKOHYATEIBHOE BhIPAKEHHE!

_Tr _ g m 1_k2 _
Tr _Tcl-'_n(—l( 1T—mz2 arccosm arCCOSkj, (20)

rae 0 <m <1, m>k. IMocrpoum rpaduku . st m=0.2, m=05m=0.8wu
JUTSL HATTISLTHOCTH COBMECTHM X € TpaduKamu T, U T, (CM. PUCYHOK 7).

Kaxapiit rpaduk T, onpenenéH B cBoeit BepxHei vactu (T, > 1.=1),
npu ko3 durmeHTe coriacoBanusi U3 3aMKHYTOro uHTepBama 0 <k <m,
gro cuexyet u3 (19) u (15). [IpaBbie rpaHUNBI ONpEAETICHAS JIeXKAT B TOU-
Kax mepecedeHus rpapuka T, = 1 ¢ KaKIsIM U3 TPEX TPaPUKOB 3aBUCUMO-
crei . = F(k, m = const).

Haiiném npenmen Boipakenus (20) limt (m—1) =1, nmo npasuny Jlo-
MUTAJS, IPU 3TOM packpoeM Heompenen€HHocTh 0/0, TOIydrM BBRIpaKeHHE
(13). U3 atoro criemyet CBOWCTBO:

CaoiicTBo 13. Mamemamuueckas modenb cOCmMAaBHOU NOYEOHYL C
COCNACOBANHBIMU BPEMEHHBIMU NAPAMEMPAMU CUSHANO8 (Npoyeccos) npu
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noMOWU 08YX OMPE3KO8 NPAMbBIX JTUHUL ABIAECA YACHHBIM CLyuaem Mooe-
JIU COCMABHOU NOTYBOHbI, CO2NACYEMOU 08YMA CUMMEMPUUHBIMU YACTIAMU
2apMOHUYECKOU QYHKYUU.

n
[=]

-
=

T i=0.2
T, m=0.5
s

T, m=0.8

ta
=]

o

— — |

WHTEpBankl COCTABHLIX NONYBOMH 1, T, 0.2,
" i
[=]

0 0.2 0.4 06 0.8 1.0
KO3 MUMEHT COrnacoBaHuA &, 0.e.

Puc. 7. 3aBUCHMOCTH OTHOCHUTEIBHBIX HMHTEPBAJIOB COCTABHBIX IOJIYBOJIH
oT KOBq)(i)HHHeHTa Kk cormacoBanmus napaMeTpoB CUI'HaJIa

4. Mopeaun NTMCKpeTHU3alHUM MOJYBOJH MO BpeMeHM. {11 m30bI-
TOYHOW (WIBTPAINU CHTHAJA TIPHMEHSIOT SMIIMPUYECKOE COOTHOIICHHE
T. <(1/2)/(8+10), koTopoe SBHO NPHUBOAUT K YMEHBIIEHHWIO HHTEpBala
JIUCKPETH3AIUH 0 CPaBHEHUIO ¢ WHTepBajioM HaiikBucra (cM. HemgoctaTok
2, nyHkT 2.4). Kpome storo mo CaoiictBam 3, 4 oTHOCHTENbHass MaKCH-
MaJIbHas IOTPEIIHOCTh AMMPOKCUMAIIMU COCEIHUX BBIOOPOK M3 OMHUCAHHBIX
MOJTYBOJIH 3aBHCUT OT THIIA ANMPOKCUMAIMH. YUYTEM B JalbHEHIIEM 3TU
00CTOSATENBLCTBA MPH OTIMCAHUH MOJICIICH.

4.1. Mopesib THCKPETU3AMHH TAPMOHHUYECKOH TMOJYBOJHBI W
BOCCTAHOBJIEHHE €€ cTynmeHbKaMH. ['apMOHMYecKasi MOJTYBOJIHA COTJIACO-
Bana, umeer YCII (V = (Aa)™®), usobpaxena Ha prcyhke 2. Ilepasi BbI-
Oopka U3 TOJIyBOJIHBI Ipou3BeeHa B MomeHT Bpemenu t = 0. [pearmoro-
JKUM, 9TO BTOpas BBIOOpKa mpou3BeneHa He B =T, a panee: B MOMEHT
BpemeHH t = T, T1ie IEPBbIA HHACKC «C» O3HAYAaeT COTIACOBAaHHOCTH Iapa-
METPOB TOITYBOJHBI, BTOPOH WHAEKC «C» 03HAYAET alpPOKCHMAIIHIO CHTHA-
Jia 10 BBIOOpKaM cTymneHbKaMu. [Ipu 3TOM aOCOIIOTHAS TOTPEIIHOCTh CTY-
MEHYATON anmpoKCHUMAIMU CUrHajia uin nporecca P(t) cocrarmsiet A Uc-
nosib3yeM CBoicTBO 4. CBsI3b BpPEMEHHM M MaKCHUMAaJIbHOW IMOTPEIIHOCTH
[OJIyYUM TOJICTAaHOBKOM B BbIpakeHue (1) yKa3aHHBIX BEJIUYUH:
Asin® T = Ay.. O003HaUUM O = A /A, uctionszyem (4) ® = /T, noxyIuM
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HHTEPBAJ JAMCKPETH3aLUHU MOayBOaHbL T = (T./m)arcsind... IorpemHocts
ANMNPOKCUMAIMU O.. BBIpa3uM depes Kodhduiuent Q. = T./T.. mpesbimie-
HUS YaCTOThl FAPMOHUYECKOM MOITYBOJIHBI YACTOTOM paBHOMEPHOM TUCKpeE-
THU3AIUH 3TOW TOJTYBOJHEI MJIM CHUTHAJIA TIPH BOCCTAHOBIICHUH CHUTHANA CTY-
TIEHbKaMH:

T

Qcc '

Scc=S8iNn (21)

Ha pucynke 8 n300paxén rpaduk O, A1 MOJIEIH 1O BeIpaskeHHIo (21).

4.2. Mopesib TUCKPETU3AIMH COCTABHON MOJIYBOJIHBI, COIJIAco-
BaHHOI 0Tpe3kaMu MPAMbIX JuHUMH. Tpaekropus n3odpakeHa Ha PUCYH-
ke 4. IIpu obcnenoBannn 00BEKTAa YIPABJICHUS U3MEPEHBI TPH MapamMeTpa
(A, Ve, @), mpu stom (V¢ < (Aa)*®) wm VCII cureama He BBIIOTHSCTCS.
IepBas BEIOOpKA M3 TIONYBOJHBI MPOU3BEICHA B MOMEHT BpeMeHH t = —ty,
BTOpasi BEIOOpKA mpousBesieHa He B MoMeHT Bpemenu t = (T, + to), a panee:
4yepe3 UHTEPBAIl BpEMEHH T . OT MEPBOIl BEIOOPKH.

U3 pucynka 4 cnenyet T, = A, /Vc. 3agaaumcsi He0OX0UMOM OTHO-
CHUTEJIBHON TOTPENTHOCTHIO aNMpPOKCUMANU Oy.: Ay = 8,.A. Hcmonb3yem
Caotictso 4. Ucnomszyem (11) Ve =kV, (10) AV = o, (4) ® = n/T.. B urore
noyauM: T, = &, /Ko.

1.0
0.8
0.8

g =ARHPORCIIGHIA CRTRENBRAAT
0.7 e -
06 A7 O (k= 0.3, m=0.5)
. -
0.5 i ,ﬁ_w (A 0.3}
0.4 el e B (=03, m=0.7)
03 - Bk annposfuanud oopesdi spahse s

0.2
0.1

0
0.1

OTHOCUTENBHARA NOPELIHOCTL ANNPOKCUMALMH 5, 0.

1 & 11 % 21 26 31 36 41 46 51

KOIPPUUMEHT (I NPEBBILUEHWA YECTOTE MEPMOHUHECKDR NONYBONHE!
M H3CTOT COCTABHBIX NONYBONH, 0.8,

Puc. 8. 3aBiCUMOCTb MOTPELIHOCTH O CTYIICHYATON U IMHEWHOI! almpoKCHMaIiu
ot ko3¢ dunuenta Q NpeBbILIEHNS YaCTOTHI FAPMOHUHYECKOH TOYBOJIHBI M YaCTOT
COCTaBHBIX MOTYBOJIH 4aCTOTON JUCKPETH3aIMU CUTHANA
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Tiist 3anucn kodddunmenta Q. = T,/T,. IpeBHILICHHUS YaCTOTHI rap-
MOHHMYECKON NOJYBOJHBI YACTOTOM PaBHOMEPHOM IUCKPETH3ALMU CUTHAIA
IIpU BOCCTAaHOBJICHWH CHTHaja CTyNeHbKamMH Bocmosbdyemcs (13), (4)
® = 7/T.. TlorpemHOCTh anmpoOKCUMAITUH O, BBIPA3UM depe3 KOdIPPUITUSHT

Que
Snc = K T+2 fi—l—Zarccosk . (22)
an k2

Ha pucynke 8 uzobpaxkén rpaduk 8, mpu k = 0.3 mms Moenu mo BeIpaxe-
Huto (22).

4.3. Mopesib TMCKPeTH3alMH COCTABHON MOJIYBOJIHBI, COIJIACO-
BaHHOH YacTsIMH rapMonmyeckoii ¢pynkmum. Tpaexropusi m3o0pakeHa
Ha pucyHke 6. IIpu oOcnenmoBaHMM OOBEKTAa YIPABICHHS H3MEPCHBI TPU
napamerpa (A, Ve, @), mpu stom (Ve < (Aa)*®) wm YCII curnana e BbI-
nonHsieTcs. [lepBas BEIOOpKA W3 MOJYBOJHBI MPOM3BECHA B MOMEHT Bpe-
MeHH t = —t, BTOpas BEIOOpKA W3 IOJYBOJHBI MPOU3BEACHA HC B MOMECHT
Bpemenn t = (T ), a Yyepe3 UHTEPBA BPEMEHU T, OT IEPBOM BHIOOPKH.
U3 pucynka 6: 8., = A JA, u3 (18) M = A/A,. B Boipakennu (14) mpumem
¢o =0 WM cOABMHEM HAYaJ0 TapMOHWYECKOH (YHKIMH B HAYaJO0 KOOPIH-
HaT. OTO YIPOCTHUT IMOITydaeMble BEIPAKEHUS M HE TOBJIHUACT HAa BEIHIHHY
MOTPEITHOCTH  aNNpPOKCHMAaluM  cTymeHpkoil. Ompemenmum w3 (14):
sin(@Tre) =8, M, yurém w3 (14) u (15): o =2n/T=n/rT.. 3anuiem
T..= (rT/m)arcsin(d,.M).

Beném koap¢punuent Q. = T,/T npeBbleHHs 4aCTOTHI COCTAB-
HOW TIOJNYBOJIHBI, COTJIACOBAHHOW JBYMS TapMOHHUYECKHMHU (DYHKITUSIMH,
4acTOTOH e€ paBHOMEPHOM MUCKpETH3aIMH, HCoib3yeM (20), monydnm:

_ J1=Kk2 g k_ [1-m2 m [1-k2 _
Orc = 1_mzsm(mQrc k2 (n+2k 1z arecosm 2arccosk)j, (23)

rre 0<k<1,0<m<1 m>Kk Hapucynke 8 uzobpaxxeHs aBa rpaduka oy
npu k=0.3, m=0.7 unpu K = 0.3, m = 0.5 aust mogenu (23).

4.4. Moaesib AUCKPeTH3allHH TAaPMOHHYECKO#i NMOJYBOJIHBI MPH
BOCCTAHOBJICHHM CHTHAJIa 0TPe3KaMM NMPSIMBIX JUHHN. Bocnonezyemcs
PHCYHKOM 2 M pacCMOTPHM OTpe30K mpsimoit [A, B], koTopsrit annpokcumu-
pyet noiyBoiHy KoTenbHHKOBa MO JBYM COCEJIHHM BbIOOpDKaM H3 Hee B
MOMEHTHI BpeMeHH {tp u tg. V3 pucynkos 2, 4 u 6 cienyer:
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CBoiicTBo 14. Bce paccmompentvie 8 5moil cmamve 8apuanmul no-
JIYBONIH C CO2NACOBAHHBIMU U CO2TACYEMBIMU NAPAMEMPAMU UMEIOM 0OUHA-
KOBYI0 OMHOCUMENbHYIO NOSPEUHOCTb TUHEUHOU annpoKcuMayuu, max Kax
ona nux cnpaseoauswvl Ceoticmea 3 u 10 unu 6ce oHu umerom 0OUHAKOBYIO
2e0MEMPUIo 8ePULUHBL NOTTYOTH.

B cootBercTBUmM co CBoiicTBOM 14 Ha puCyHKEe 8 TPUBEAEH TONBKO
OJMH rpaduK C MOTPEHIHOCTHIO OT JUHEHHOW ammpOKCHUMALUH Oy = A /A,
IJle MHJEKC «C» O3HAuyaeT COIJIaCOBAHHOCTH NapaMeTpoB I'apMOHUYECKOMN
TIOJTYBOJIHBI, BTOPOM MHJEKC <U1» O3HAYaeT anNpoKCHUMAIMIO rapMOHHYe-
CKOM TT0JTyBOJIHBI MJIM CHTHaJIa 1I0 BEIOOpaM OTpe3KaMH MPSMBIX JIMHHH.

Otpe3sok [A, B] siBrsieTcss TOpH30HTANBHBIM YYaCTKOM alMpoOKCHMa-
UK 1 aenutcs ockto cumMmerpuu t = 0.5T, Ha nBe paBHble yacTu. Omnpene-
JIMM MOMEHT BpeMeHH tx Hayaia oTpeska. Bocnonsszyemces koaddunnentom
Qcn = T/T,,; IPEBBILICHHUS YACTOTHI TAPMOHNUYECKOI TOTYBOJIHBL

ta= 0,5T.—0,5T,, = 0,5T. (L-1/Qc,). (24)

B Boipaxkenue (1) moacraBum ta (24), yutem o = n/T, u3 (4), nony-
gum  P(ty) = Asin[0.57(1 — 1/Q,,)] = Acos(n/2Q.,) — BeIpaXKEHHE TOPHU30H-
TaIBHOTO OTPE3Ka MPAMOit, Mpoxosieit uepe3 Touku A, B (cM. pucyHOK 2).
3aBHCHMOCTD MOTPENIHOCTH ammpokcuManni A, (t) or Bpemenu t omperme-
JIMM Kak pasHocThb Beipaxkenus (1) u p(ta):

Aca(t) = Asin ot — Acos(n/ 2Q_ ). (25)

BripaxkeHue s MaKCUMAalbHOTO 3HAYEHHUS OTHOCUTEILHOW ITO-
IPENIHOCTH BOCCTAHOBICHUS O, =A., /A nonyuum nioacranoskoit t = 0.5T, u
4) o =7/T. B (25):

den =1-cos(n/2Q,). (26)

Ha pucynke 8 nzobpakeH rpaduk O, AT MOJICIH 0 BBIPAKCHHUIO
(26), xoTOpasi COOTBETCTBYET ANNPOKCHMAIIMH OTPE3KaMH IMPSIMOI JIHAN
PaBHOMEPHbBIX BHIOOPOK M3 CHI'HANA MM TAPMOHUYECKOMN MOJTYBOJIHBI.

5. O6padoTka pe3yabTaToB MOJAEJIMPOBAHUS. [[JIs1 cpaBHEHUS Ba-
PUAHTOB PACCMOTPEHHBIX MOJIEICH MpuBecHa Tabmuma | 3HAYCHUI 3aBH-
CHUMOCTH TIOTPEITHOCTH O¢ U O, AMMPOKCUMALUH OT KOA(PGUIHEHTOB Q. U
Qe VT TAPMOHMYCCKOW TIOITYBOJIHBI ¥ TAKXKE JUIS COCTABHBIX MOJTYBOJIH.
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Tabmuma 1. CBs13b kKod(duIenTa NpeBhIIIeHHS YaCTOTHI YSTHIPEX THIIOB
TIOJTYBOJIH C BEJIMYMHOMN MOTPEITHOCTH aNpOKCUMAIINT

Qcc = an = Qrc = Qcm o.c.
6 11 16 21 26 31 36
3,0.e. | «c» | 0.5000 | 0.2620 | 0.1960 | 0.1210 | 0.1210 | 0.1010 | 0.0870
«ae» | 0.3480 | 0.1900 | 0.1310 | 0.1000 | 0.0800 | 0.0670 | 0.0580
«rey» | 04330 | 0.2410 | 0.1660 | 0.1270 | 0.1030 | 0.0860 | 0.0740
«m» | 0.0340 | 0.0100 | 0.0048 | 0.0028 | 0.0018 | 0.0013 | 0.0010

W3 Tabmumer 1 (cM. cTpoky 4) cliemyeT, 9To SMIMPHIECKOE COOTHO-
menue T, < (1/2f)/(8+10) mis nauMHEHHON ANNPOKCHMMAIMH IaeT IIOTPELl-
HOCTB BoccTaHoBIeHHUs 6onee 1%. Bripaxenne T, < (1/2f)/(Q.,=11) coor-
BeTcTBYyeT morpemHoctd B 1%. ns obecneuenus morpemnoctu B 0.1%
HE00XO0IMMO HCIIONb30BaTh BhIpaxkeHue T, < (1/2f)/(Q.,=36).

W3 Beipaxkenus (21) u Tabnunpl 1 (cM. cTpoky 1) cienyer, 4Tto M-
nupudeckoe cootHomenue T <(1/2f)/(8+10) ans anmpokcHManuu CTY-
NEeHbKaMH JaeT MOrpelHoCcTh BoccTaHoBieHus donee 30.9 %.

ITpu MCHONIB30BaHUH CTYMEHYATOH alMpoOKCHMAalii OOHAPYKHBaCT-
csl CYLIECTBEHHOE mNpeBbliiieHHe Q.. YacTOThl rapMOHHYECKOH MOJIYyBOJIHBI
JUTS BCEX THIIOB HAMOOJIBIINX OTKIOHEHHH Hax Q. (cM. Tabmiry 2):

Ta6nnua 2. HpeBI)IH_IeHI/Ie HacCTOThI JUCKPETU3AlITUN LIeTI)IpéX THUIIOB IIOJIYBOJIH
JUIsL TpéX THUITOBBIX 3HAYCHHUIA TMOTPEHIHOCTH alllIPpOKCUMaIlNU

mind, % Qcc, 0.€. Que, 0.€. Q.., m=0.7 Qe 0.€.
10.0 31.363 20.907 23.839 3.483
1.00 314.154 209.069 238.610 11.095
0.10 3142.000 2091.000 2386.000 35.121

Pesynbratsl, mpuBenéunsie B Tabnmunax | u 2, onpenensiorT:

CoiicTBO 14. /[ 6binonHeHUs MOYHbIX NPeoOPA308aHULl CUCHALO8
¢ oamuuxoe CPB ¢ L]CC npu munumanbHom Koaudecmee 6blo0poK 6bl200HO
NPUMEHAMb MOJBKO JUHEUHYIO ANNPOKCUMAYUIO O BOCCIMAHOBIEHUS CU2-
HAN08, 051 4e2o pacyém GeIudUH UHMeEPBAI08 PAGHOMEPHOU OUCKPemuU3d-
YUU 8PEMEHU HYICHO NPoeooums no evipadicetusm (26) u (6): T,=T./Q.,.

6. IIpumep ucnosrp30Banust Moaeteii. PaccMoTpuM JBe aBuanmoH-
HbIE ONTHKO-3JIeKTpoHHBIE cucteMbl (ODC) mpomsBomutenei Poccun u
Anrmuu [27] ¢ 3aBeZIoMO pasTMYHBIME 0 BEJMYHMHE MACTTOPTHBIMHA TTapa-
MEeTpaMHu AJisl IPOBEPKU 1OCTOBEpHOCTU Mozenel. Haliném vactory onpoca
nmatauka asumyta ODC ams obecnieueHNs 3aJaHHON ITOTPEITHOCTH allIpOK-
CHMAalWu paBHOMEPHBIX BEIOOPOK. 10 MOTydeHHBIM BBIpaKEHHUSAM OIICHUM
BO3MO>KHOCTh TIPUMEHEHUS MOJIEIICH 110 Ha3HAYCHHUIO M CPABHUM HX MEXKIY
coboit. Ocobennoctpio OOC sBIIsIETCS OTCYTCTBHE CIIEKTpa CUrHaja a3u-
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MyTa, M03TOMY HCIOJIb3yeM MaKCHMaJbHbIE MACIIOPTHBIC MTaAPaAMETPhI: CKO-
pocth V U yckopenue BpamieHus a (cM. ctonoust 2 u 3 Tabuwmret 3) [27].
CornacoBaHHasi MOJIelIb TAPMOHHYECKOW TOIYBOJIHBI BOZHUKAET B PEIKHME
peBepca ODC, KOTOPHIH BHITIOTHICTCS 10 pean3alliil alTOPUTMOB MalllH-
ubI Jlyounca [11]. OCHOBHBIMHE 3TariaMu peBepca SIBISIOTCS:

— ODBC Ha MakcuMalbHOU YTIIOBO# ckopoctH (+V, pan/c) cremaut
3a BO3AYIIHBIM 00bekTOM BO1;

— OD3C nepekovaroT Ha pexxuM ciexeHus 3a BO2, nanpaBieHue
BEKTOpa CKOPOCTH KOTOPOTO MPOTHBOIMOJIOKHO BEKTOPY ABIKeHus BO1;

— BKJIIOYACTCS MaKCHMAIIbHOE OTPHUIATEIHHOE YIIIOBOE YCKOPEHHE
(-a, pan/c?) u uepes untepsan Bpemenn (6) 0.5T, = 0.5nV/a (c) MrHOBeHHAs
ckopocth Oyaer paBaa Hymo V(0.5T.) = 0 (cMm. pucyHOK 1), yros «MrHOBe-
aus» ocranoBa ODC (i3 (9) npw i = 1) Gyzer pasen A = VZ/a (cM. cTomnOIb!
6 u 7 Tabnuel 3);

— Jiajiee CKOpOCTh BpallleHHst Bo3pactaeT 10 Beaumuunsl V(T.) = -V.
IIpomecc momoOeH TapMOHHMYECKOH TOMyBOJHE (cM. pUCYHOK 2, CBOii-
cTBO 9), mosTomy moryBoiHa (1) mpumeneHa st MmoaenupoBaaus OOC.

Tabmuma 3. [TacriopTHBIE TapaMeTphl, HCXOJHBIE JAaHHEBIC M PE3yIbTaThl
MoJieIupoBanus it AByX Tunos O2C

Mapxka MaxkcumansHsre, Ipumep Pacuérubie PesynbraTel pacuéTOB MapaMeTpoB rapMOHH-
09C TacIopTHbIE HCXOJHBIX XapaKTePUCTHKH YECKOH MOJIYBOJIHBI M MTAPaMETPOB COCTABHOM
napamerpsl ODC JIAHHBIX 0OC (6), (9) npu MOJIYBOJIHBI C BOCCTAHOBJICHHEM CHUTHAja I10
[27] Mozeneit i=1 BBIOOPKAM CTYIECHSMH U OTPE3KaMU MPAMBIX
Vrnosas | Vriosoe (3anaHsel) Unrepsan | Yron JIMHUI

CKpOCTb | ycKoOpe- pesepca ocTa- cc (21) e (22) ci (26)
HHe 5, [k |Te=nVia, |nosa Qe | Tew | Qo | Tae [ Qen | Tem
V,pawe |a pawc® |oe |oe |[C A=V, | o M o.e. MC oe. | Mc

pan

1 2 3 4 5 6 7 8 9 10 11 12 13
ronc-4 1.047 1.745 0.01 |03 1.885 0.628 314 6.0 209 20.0 11 170
Type239 2.094 17.453 {0.01 |03 0.377 0.251 314 1.2 209 4.0 11 34

B tabmuue 3 (cMm. cronOupl 4 1 5) 3a1aHbl HCXOAHBIE JaHHBIE MOJIC-
Jieli: morpemHocTs Boccranosienus O = 0.01 s Tpéx Moneneii, paccorna-
coBanue napametpos K = 0.3 mis cocraBHO# moyBosHbL B cronbuax 8+13
pacIooKeHbl pe3ysbTaThl MOJEIMPOBaHMS 10 BbIpaxeHusMm (21), (22),
(26), u3 xoTopbIx cienyet, uto OOC Type239 no BennuyMHe MHTEpBaa pe-
Bepca OopicTpee ODC 'ODC-4 B AT pa3 ¥ IMEET YroJ OCTAHOBA MEHBIIIE B
2.5 paza. 310 obecrieurBaeT 0'ONBIIYIO OIIEPATUBHOCTH IIPH MEPEKITIOUCHUN
B PEXXHUME CONPOBOXKACHUSI C OAHOMN LIENN Ha IPYTYIO U OTIPEIEIseT:

CBoiicTBo 15. Moodeau capmonuueckux noay8oaH u COCMABHLIX NO-
JIY8ONIH ONPeOensiomes 08yma uHmezpanvhvimu xapakmepucmuxamu O3C
UHMEPBANIOM pesepca U YoM «MSHOBEHUA» OCMAHOBd, KOMOpble MOICHO
onpedensamy uepes HACHOPMHbIE NAPAMEMPYL Y2N08YI0 CKOPOCHb U YCKOpe-
Hue o oyenku onepamusiocmu peakyuu OIC na cmeny yeau.
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CeoiicTBo 16. Koagpguyuenm Q npesviutenus senuyunsl 4acmomol
2apPMOHUYECKOU NOTYBONHbL U COCMABHBIX NONYBOIH SENUUUHAMU YACOM
PABHOMEPHOU OUCKpemu3ayuy 3asucum om muna noJy80JHblL (2apMOHUYe-
CKAsl NONYBONIHA UU COCMABHAS NOTYBOIHA), MUNA PABHOMEPHOU ANNPOK-
cumayuy (CmynenvKa Uiy ompe3oK npsamoti), 8eiudut MaKCUMAIbHOU, Om-
HOCUMENbHOU NO2PeuHOCIU annpoKCUMAYUL.

B nmpouecce axcmnyatanuu OOC MoXKeT IPOU30HTH pa3psil aKKyMy-
nsTopa, nutaromero OOC, 4To MPUBEAET K CHUKCHUIO BEJIMYUHBI MAaKCH-
ManbHO#H ckopocTtd B cootBetcTBuU ¢ (11). Ilpumem k = 0.3 B Tabmuue 3
(cM. crombuet 5, 10 u 11). B atom cayuae tpackropus ODC B pexxume pe-
Bepca COOTBETCTBYET BhIpaxkeHMIO (22) miu (23). 910, B 000UX ciaydasx
(cM. pHCYHOK 7), MPUBOJWT K YBEIUUCHUIO HMHTEpBAla JUCKPETH3AINU
BpPEeMEHH T, WIH T, IO CPaBHEHHIO C MHTEPBAJIOM .. JlaHHOW cuTyammn
COOTBETCTBYET CBOWCTBO Tom00HOe CBOHMCTBY 11, HO C BO3MOMKHOCTBHIO
3aJaHus HEOOXOJUMOH MOTPENTHOCTH BOCCTAHOBJICHHUS CHTHAJIA MO BBIOOD-
KaM:

CmoiicTBo 17. Ymenvuwenue senuuunvt xodpguyuenma K coanaco-
8aHUA NAPAMEMPO8 CUSHANA (YAPABIAEMO20 MEXHOL02UYeCKo20 npoyecca)
npueooum K yeeaudenuto unmepsana ouckpemuzayuu epemenu T, = T,/Q ;¢
wmu T = T/Q,c no cpasnenuio ¢ Ty, = T/Q npu 3adanuu odunaxosoii ge-
JIUYUHBL NOZPEUIHOCIU ANNPOKCUMayuu Oy, = Oy UIU NPUBOOUM K 0DOCHO-
BAHHOMY YBEUUEHUIO eOUHUYbI USMEPEHUSL CUCIEMHO20 BPEMEHU.

CBolicTBO 14 mOATBEpIKIACTCS KOJIMYECTBEHHO PE3yIbTaTaMU B Ta0-
qurie 3 (eMm. crom6oiel 8, 9 u 12, 13). I[Ipumenenne B L[CII nuneiHO#N arm-
MIPOKCUMAINIAN BEIOOPOK M3 CUTHANOB ¢ Hatdnka azumyra OOC B mojacucre-
Me cOopa nHpopmanun CPB BMecTo cTymeH4aTo# anmpoKCHMaIiy COKpa-
IIaeT KOJNYeCTBO BBIOOPOK B Q./Qc, = 28.54 pasza (mpu oxuHAKOBON TOY-
HOCTH BOCCTAHOBJICHHSI CUTHAJNA O = O.; = 0.01) M, COOTBETCTBEHHO, yBe-
JIMYMBAET HHTEPBAI AUCKpeTH3aiuu B T.,/T.=28.33 pasa.

7. 3akiroueHne. B TeXHUUECKUX CHCTEMax CYNIECTBYIOT CHI'HAJBI U
MPOIIECCh, XapaKTEPHU3YIONIMECS TPYIHOCTSIMH OIPEICIICHUs] CHEKTpa
(CTOC), nampumep, OT 00BEKTOB yIPaBICHUS POOACTHBIX aBTOMATH3HPO-
BaHHBIX CUCTEM ympaBiieHus peajgpHoro Bpemenu (CPB):

— TIPOIIECC BBIBOJA MApOBAPOYHON KaMephbl HA PEKUM BapKH KOJ-
0ac CBsI3aH C CUTHAJIAMHU TEMIICPATYPhI U BIAKHOCTH Mapa, KOTOPhIe HEOO-
XOIMMO HanOoee OBICTPO MPHUBECTH K MOKA3aTEIsIM, OTOBOPEHHBIM B COOT-
BETCTBYIOIINX TEXHUICCKHUX YCIOBHX, H B TIPOIIECCE BAPKU PETYIHPOBATH;

— B ONTHKO-IEKTPOHHBIX cucTteMax (OJC) HeoOXoauMO yIpaB-
JSATh YTJIOM a3UMyTa M yIJIOM MECTa BPALICHHS ONTHYECKUX W JIa3ePHBIX
JATIUKOB W CUNUTHIBATH UX 3HAYCHUS C HEOOXOAMMOM TOUHOCTHIO;
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— Ha BBICOKOCKOPOCTHBIX Maructpaisx (BCM) Heobxomumo pery-
JUPOBATh CKOPOCTH COCTaBa M MPEACKAa3BIBaTh €T0 TOJOKEHHE TPH IKC-
TPEHHOM TOPMOXKEHHH, €CJIM HE0OX0uMO 00ecreduTh 0€301acHOCTh JBH-
KCHHSI COCTaBOB C HMHTEPBaJOM B TPH MHHYTHI cO ckopoctbio 350-400
KM/4...

[Tpumepsl UMEIOT 00IIKe CBOWCTBA (U3NIECKUX MapaMEeTPOB CHTHA-
JIOB WJIH IIPOLIECCOB: MaKCUMaJbHYIO CKOPOCTh M MAaKCUMAJILHOE YCKOPEHHE
N3MEHEHHsI, MAaKCHUMaJIbHOE OTKJIOHEHHE OT YCTaHOBHUBILETOCS 3HAYCHHUS.
3aMepuM MaKCHUMaJbHbIE 3HAUCHMS ITHUX NAapaMEeTpOB Ul MapoBapOYHON
kamepsl, OOC, TIOKOMOTHBA U ydacTKa IMyTH MU APYTUMHU CIOBaMU IIPOBe-
néM obcienoBaHne OOBEKTa YNPABJIECHHS HA CTaJUM IPOSKTHPOBAHUS CH-
CTCMBI YIIpaBJICHUS PEAJILHOI'O BPEMCHU.

Vcnonp3yeM MakcHMalbHBIC 3HAUCHHUS MapaMETPOB: OIPEACIAM
YCIIOBHE WX COTJIACOBaHHUS B COOTBETCTBHU C MPEIIOKCHHBIMH HOBBIMU
MOJIEJISIMU TIONYBOJIH W MX CBOWCTBaMH. BrIOepeM rapMOHHYECKYIO ITOITY-
BOJIHY, €CII MaKCUMaJIbHBIC IMapaMeTpPhl COTJIACOBAHBI MIIM COCTABHYIO IT0-
JYBOJIHY, €CII OHH paccorilacoBaHHbIC. HOBBIE MOIENH STHX ITOIYBOJH
MTO3BOJIIOT IO MaTEMAaTHYECKUM BBIPAXCHUSIM CTaTbH ONPEICITUTh SKBHBA-
JICHTHYIO, COTJIACOBAHHYIO YacTOTY BBIOOPOK f, M3 curHama wim mpouecca
CTOC. Dra yactora f, rapaHTHPOBaHHO OOECMEYHUT 3aJAHHYIO B TEXHUYC-
ckoM 3amanuu Ha CPB morpemrHocts BOCCTaHOBIICHHS! CUTHala WM IPO-
Lecca 1o BBIOOPKaM M3 HEro, €Cii allpoKCHMAIMIO MPOBOAUTH CTYICHb-
KaMH WM OTPE3KaMHM MPSIMBIX JIMHUHA. B HOBBIX MOJEISX MOJYBOJIH 4acTo-
ta BEIOOPOK f, 06ocHOBanHO (f. = 2Qf) cBs3ana ¢ wacroroit cpesa f uudpo-
Boro ®HY u HeoOxoauMa T MPOSKTHPOBAHUS TIporiecca UPPOBOi mpe-
BapUTEIILHON 00pabOTKH CHUTHAJIOB B ITU(GPOBOM IMPOIECCOPE CHUTHAIOB
(LIIIC). Toce Boccranonierns B IIIIC MHOXECTBO CHTHAJIOB MOCTYIACT U
COBMECTHO 0OpabaThIBacTCS B MEHTPAIBFHOM IIPOIIECCOPE CHCTEMBI peajb-
HOTO BPEMEHH.

AHaNoOru4yHo, €CIii anmapar BelBieroB (Wavelet) mo3sossier uccine-
JIOBaTh ¥ WHTEPIIPETHPOBATh NPEICTABICHUS CHTHAJIOB B CHEKTPaJbHOW
06.]'laCTI/I, TO HpeﬂﬂO)I(eHHbIﬁ B CTAaThC alrmnapar COCTaBHBLIX IMOJYBOJIH I1O3-
BOJISIET MHTEPTIPETUPOBAThH curHaisl U npouecckl CTOC Bo BpeMeHH.

HccnenoBanue MoJened COCTaBHBIX IPOJIYBOJIH IIOKa3bIBAET, YTO
YMEHbIIIEHNE BeINYMHBI KO3 duIeHTa cornacoBaHus napaMmeTpoB CUTHa-
na (YIpaBiIseMOTo TEXHOJOTHYECKOTO IPOIecca) MPUBOIUT K YBEINICHUIO
WHTEpBaJIa AUCKPETH3alMU BpeMeHH (Ooyiee 4eM Ha MOPSIOK) WA IPUBO-
IUT K OOOCHOBAaHHOMY YBEIHUYCHHIO CIWHUIIBI M3MEPEHHS CUCTEMHOTO
BpEMEHH U TEM CaMbIM K CHHKeHMIO 3arpy3ku LI1C.
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B. MAYOROV
PROPERTIES OF HARMONIC AND COMPOSITE HALF-WAVES,
DETERMINATION OF THE UNIFORM TIME SAMPLING
INTERVAL OF DIGITAL SIGNAL PROCESSORS

Mayorov B. Properties of Harmonic and Composite Half-Waves, Determination of the
Uniform Time Sampling Interval of Digital Signal Processors.

Abstract. When building autonomous real-time systems (RTS), it is necessary to solve the
problem of optimal multitasking loading of a number of parallel functioning digital signal
processors. One of the reserves for achieving the desired result is the implementation of
samples from the sensor signals of information about the magnitude of the signal most rarely in
time. In this case, it is necessary to provide a linear or stepwise approximation of the signal by
samples with an acceptable reconstruction error. One of the system tasks of these processors is
filtering signals or limiting the spectrum to the cutoff frequency. A distinctive feature of the
approach proposed in the article is the fulfillment of the condition: if the measurement of this
frequency is difficult (for example, in the electromechanical means of the RTS), then for such
signals it is proposed to match the maximum values of the harmonic half-wave parameters:
approximation error, speed and acceleration. The study opens up the prospect of applying new
approaches to sampling the time of signals in the amplitude-time domain and determining the
equivalent cutoff frequency of the signal spectrum for such signals. In this article, the
dependences of the value of the unit of system time for input-output of data on the degree of
agreement between the maximum values of the signal parameters are obtained. A mathematical
model of the extreme behavior of a signal between two adjacent samples is given in the form of
a harmonic half-wave. The study is also extended to convex composite harmonic functions,
according to which the signal can deviate from the results of a linear or stepwise approximation
of the signal for these samples. The comparison of the models by the value of the relative time
sampling intervals, depending on the degree of matching of the maximum parameters of the
harmonic half-wave, is carried out. When comparing, in addition to these maximum
parameters, the relationship of the maximum signal speed with the error of approximating the
samples by steps and the relationship of the maximum acceleration of the signal with the
maximum error of the linear approximation was taken into account. The results make it
possible to determine the duration of the intervals of uniform sampling of the signal time based
on the results of the inspection of the control object, substantiate a significant increase in the
sampling interval of time or a similar increase in the number of tasks to be solved per unit of
system time.
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WNCKYCCTBEHHbLIV UHTENNEKT, MHXEHEPWA OAHHBIX 1 3HAHUI

YK 681.518.5 DOI 10.15622/ia.2022.21.5

B.JIL. SIKUMOB, I".H. MAJILLIEB
I'MBPUJIHBIE CETEBBIE CTPYKTYPbI 1 UX
HNCITIOJBb30BAHUE ITPU TUATHOCTHUPOBAHUU CJIOKHBIX
TEXHUYECKUX CUCTEM

Axumoes B.JI., Manvyes I 'H. Tnépuanbie cereBble CTPYKTYPhI H HX HCHO/Ib30BaHHE NPH
JAHATHOCTHPOBAHMH CJIOKHBIX TEXHHYECKHX CHCTEM.

AnHoTanmus. IlpennokeH mNOAXoJ K TEXHUYECKOMY JUArHOCTUPOBAHMIO —CIIOKHBIX
TEXHUYECKHX CHCTEM II0 pe3ylbTaTaM oOpabOTKM TeleMETpUYEeCKOW MH(OpMalny BHENIHEH
CHCTEMOH KOHTPOJIS H JUATHOCTHPOBAHUS C HCIIONB30BAHHEM THOPHIHBIX CETEBBIX CTPYKTYP.
PaccMoTpeH NpPUHIMI MOCTPOEHHUs JAMATHOCTUYECKHX KOMILIEKCOB CIOMKHBIX TEXHHUECKUX
cucTeM, 00OECIEYHBAIONIMI aBTOMATHU3aLHUIO IIPOLECCA TEXHUYECKOIO JUArHOCTHUPOBAHMS U
OCHOBAHHBIIl Ha HCIIONB30BaHUM IIPU 00pabOTKe TeaeMeTpHieckoil MHpOpMaIuu Mojeneil B
BUJIE THOPHIHBIX CETEBBIX CTPYKTYp, BKJIIOYAIOMIMX MHOTOCIIOHHBIE HEHPOHHBIE CETH H
JIUCKPETHbIe 0alleCOBCKME CETH CO CTOXacTHYecKMM oOydeHneMm. PaspaboraHbl Mozelnb
H3MEHEHUs] TapaMeTPOB TEXHHIECKOTO COCTOSHHMS CIIOXKHBIX TEXHHYECKHX CHCTEM Ha OCHOBE
MHOTOCIIOWHBIX HEHPOHHBIX CETEH, TO3BOJISIONAs CHOPMHUPOBATE BEPOSTHOCTHYIO OIEHKY
OTHECEHMS TEKyIleH CUTyanun (QyHKIMOHUPOBAHUS CIIOKHOM TEXHMYECKOH CHCTEMBI K
MHOXECTBY  PACCMOTPEHHBIX  CHUTyanuii  (YHKIHOHHPOBAaHHS IO  OTAEIBHBIM
TeJIEeMETPUPYEMBIM TTapaMeTpaM, U MHOTOYPOBHEBasl HMepapXuyecKas MOJIENb TEXHHYECKOro
JIMaTHOCTHPOBAHHS CIIOXKHBIX TEXHUYECKUX CHCTEM Ha OCHOBE JIUCKPETHON 6alieCOBCKOM ceTn
€O CTOXAaCTUYECKHM O0ydYeHHEM, IO3BOJLIOIAs arPErupoBaTh MOTYyUCHHYIO OT HEHPOCETeBBIX
MoJienel MH(POPMAIMIO W PAacIo3HAaBATh TEKYIYI0 CHTYalnio (QYHKIMOHHPOBAHHS CIOXKHOH
TEXHUYECKOH CHUCTeMBl. B yclOBHAX HeEITaTHBIX CHTyanui (QYHKIMOHMPOBAHHUS CIOKHOM
TEXHUYECKOW CHUCTEMBI MO pe3ylbTaTaM OOpabdOTKM TENeMETPUYECKOW HHGpOpManun
JIOKAJIM3YIOTCS HENCIIPaBHbIE (BYyHKIMOHAIBHBIE Y3IIbI M (OPMHpPYETCs 0OBSICHEHHE MPUYHHBI
BO3HUKHOBEHHMS HEINTaTHOM CHTyalnu. JleTanu3mpoBaHbl 3Talbl PEatn3alud TEXHHYECKOTO
JIMAaTHOCTHPOBAHMS CJIOXKHBIX TEXHHYECKHX CHCTEM C HCIOIb30BAaHHEM IIPEATOKECHHBIX
THOPHIHBIX CETEBBIX CTPYKTYpP NMpH 00paboTke TeneMeTprueckoil napopmanum. IIpencrasnen
IpUMEp WCIIONB30BaHMA Pa3pabOTAHHOTO TIOJXOJa K pEIICHHIO 3a7ad TEeXHHYECKOTo
JIHaTHOCTHPOBAHUS OOPTOBON CHCTEMbl KOCMHYECKOTo ammaparta. [loka3aHbl IpeuMyIecTBa
TPEIaraeMoro MoXo/ia K TEXHHIECKOMY JTHarHOCTHPOBAHHIO CIIOKHBIX TEXHHYECKHX CHCTEM
B CPaBHEHHH C TPAJUIMOHHBIM TIOAXO/OM, OCHOBAaHHOM HAa aHANM3€ TPHHAIICKHOCTH
3HAYCHHUH TeIeMeTPUpPyeMbIX IapaMeTPOB 3aJaHHBIM JIOIIYCKaM.

KiroueBble cj10Ba: CIOKHAs TEXHHYECKAs CHUCTEMA, TEXHMYECKOE IMarHOCTHPOBAHUE,
ruOpuaHas ceTeBas CTPyKTypa, OaifecoBckast CeTh, CTOXaCTHUECKOE 00ydIeHHE.

1. BBenenune. B pazmuuabix cdepax JesATETLHOCTH B TIpoIecce
IKCIUTyaTallMl  CIOXHBIX  TexHmdecknx cucteM (CTC)  mmpoxo
HCTIONB3YETCA TPHHIMMIT CHTyarmouHoro ympasmenust [1]. Tlpum stom
nputnune yrnpasienue CTC ocylecTBIsSeTcs ¢ Y4eTOM TEKyIIeH CUTyaluu
(GyHKIMOHHpOBaHUS, omnpenensiemMoil ycmoBusamu mnpumenerus CTC,
TEXHHYECKHM COCTOSTHHEM W (YHKIHMOHAJIbHBIMH  BO3MOKHOCTSIMH.
[Mpunumaemble pemenust mo ymparieHuto W npumenennto CTC mo
Ha3HAYECHUIO B 3HAYMTEILHOM CTEIeHH OIIPCACIAOTCA PpE3yJIbTaTaMU
TEXHUYCCKOI'O JAUAarHoCTUPOBaHMA, XapaKTCpU3yromumn TCKYyLIEC
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TexHudeckoe u GynkuuoHampHoe coctosaus CTC [2, 3]. Orcrona cieayer
BaXHOCTh 3aJadn TexHm4yeckoro muarHoctupoanus CTC, npatomero
HEOOXOIUMYI0 MH(POPMAIHIO T 00OCHOBAHHOTO NPHHATHS PEIIeHHH 10
ynpasienuto u npumenerno CTC.

OCOOCHHOCTBIO  TIpoIecca  TEXHUYECKOTO  THATHOCTHPOBAHUS
cospemerHbIx CTC sBiseTcss pacrpenelieHHe 3aiad JHarHOCTHPOBAHUS
MEXJIy BCTPOEGHHBIMH ¥  BHEIIHHUMM CPEICTBAMM  KOHTpOJIL U
JMarHocTUpoBaHus. Taxke HeoOXoqUMO Hanuuue 0a3 AaHHBIX C HAOOPOM
TUNOBBIX curyanuid QyHknuonupoBanuss CTC uM  MX NPHU3HAKOB,
(opMHpyEeMBIX Ha OCHOBE NMPHHUMaeMOil TejleMeTpuueckoil nHdopmannuu
(TMH). Dto XapakTepHO, B  YaCTHOCTH, M  TEXHUYECKOTO
JIMarHOCTHPOBAHMSI HAXOJIIUXCS Ha OpOMTE KOCMHUYECKHMX arapaToB
(KA) [2-6]. Hanuume 6a3 nmannbix cutyauuii ¢ynkuuonupoBanus CTC
MO3BOJISICT BBIABIATh W YCTPaHATH (TIAPHPOBATH) PACCMOTPEHHEIC B HEX
HEIITaTHBIC CUTYallil C TIOMOINBI0 BCTPOCHHBIX CPEICTB KOHTPOJIA,
TEXHUYECKOTO TUATHOCTHPOBAHUSA M BOCCTAaHOBJICHHSA PabOTOCIOCOOHOTO
cocrossHuss CTC. B To ke Bpemss Npu BO3HUKHOBEHHMM HELITATHBIX
CUTyallWif, He paccMOTpeHHBIX B 0a3ax maHHBIX CTC, pacmo3HaBanme
Tekyieil curyanuu ¢yakuuoHupoBanusi CTC ocCyIiecTBIseTCS BHEUTHEH
CHCTEMOM KOHTPOJII TEXHHYECKOTO COCTOSIHMA M auaraoctupoBanus CTC
o pesynbrataMm oopabotku TMU. BoccranoBieHne ee paboTocrocoOHOro
COCTOSIHUS TAKXKE OCYILIECTBIISETCS BHEIIHEN CUCTEMOM YIIPABJICHUS.

C HCTIONB30BaHUEM BHEIITHUX CpencTB TEXHUYIECKOTO
muarnoctupoBanuss CTC BBISBISIOTCS OTKa3bl M HEUITATHBIE CHUTYAIH,
OTCYTCTBYIOIIME B 0a3e NAaHHBIX, a TAKKEC CUTyallMd (PYHKIHOHUPOBAHUS,
XapaKTepU3YIOUINECsS CYIIECTBCHHOW aNpHOPHOW HEONpEAeIeHHOCTHIO
3HAYCHUH BPEMEHHBIX PsIOB TeleMerpupyeMmbix mnapamerpos (TMII) u
CJIO’KHOCTBIO BBISIBIICHUS! MPUYMHBI MX BO3HHUKHOBEHHS, HEOOXOJIMMOCTBIO
NIPOBEJICHUS YITyOJICHHOTO aHalW3a BCEW MMEIOLIEHCS] TUarHOCTUYECKOM
napopmanuu. Y pazpaborunkoB KA momoOHOro ponxa CHTyaruu
(GYHKIHOHUPOBaHMS TOJYYIM HAa3BaHUC «TSDKEIBIX» OTKa3oB [4, 6].
Bo3mokHOCTH pacmo3HaBaHUsS Takux cuTyanuid ¢pyHkruonuposanus CTC
Ha OCHOBE TPATUIIMOHHO HCIIONB3YeMOT0 MPH KOHTPOJIE WX TEXHHYECKOTO
COCTOSIHHSI JOIYCKOBOT'O KOHTPOJS OTpaHWYeHbl. Pa3mudHBIE CUTyamuu
¢yakunornpoBanus CTC momycka Ha 3HadeHHS oTnenbHBIX TMII moryT
nepecekaTbcsi.  OTIIMUUTEIBHBIM — NIPU3HAKOM  TOJOOHBIX  CHTyalMid
¢ynkipronnpoBanusi CTC MoeT OBITH XapakTep W3MEHEHHs OTIEJIbHBIX
TMII, a He oOnacte ompencneHus WX 3HaYeHUU. [l03TOMYy B OCHOBY
TexHuueckoro auarHoctupoBaHus CTC, ais KOTOPBIX XapaKTepHBI Takue
CUTYyaIlH (yHKIIMOHUPOBaHMS, JIOJDKHO OBITh MOJIOXKEHO
JUarHOCTUPOBAHUE C UCIIOJIb30BaHUEM Mojenel usmenenus ux TMII. IIpu
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9TOM  JOMycKa  MOTyT  OBITh  WCIONB30BaHBI IS KOHTPOJISA
pabotocrocodHoctn CTC m 3amaBaThest Kak JUIs oTAeabHBIX TMII, Tak u
U1 000OIICHHBIX MapaMeTPOB TEXHUYECKOTO COCTOSHUS, ONpeAersieMbIX
110 coBokynHoctyu TMII.

B nacrosmee Bpemst aist 6onpnmmacTBa CTC 3amaun yrimyOiieHHOTO
aHaJM3a MNOJIHBIX NOTOKOB TMM pemaroTcss B OTIOKEHHOM pPEXHME B
TeYEHUE JIOCTATOYHO MPOJODKUTEIBFHOTO IMepuoja BpeMeHH. Tak, MpHu
TEXHAYECKOM JIMAaTHOCTUPOBAHMM HAaXOIAmMXcs Ha opoute KA s
yOIyOJICHHOTO — aHaiM3a  TaKuX  CHUTyauud  (DYHKI[MOHHUPOBAHUS
ucnone3ytorcs npuHsaTele ¢ KA monneie nmotoku TMU. TlpuBnekarotcs
9KCHEPTH M pa3paboTuuku 6opToBOM ammaparypsl. Kocmuueckuil anmapat
Ha BpeMs aHallu3a TEXHUYECKOTO COCTOSHUS W HEIITaTHOW CHUTYyalluu
(YHKIMOHUPOBaHUSA OOPTOBOU ammapaTyphl MEPEBOAUTCS B CIICIIUATBHBIN
IeXypHBIA pexxum. [ToaToMy aBTOMaTH3amus Mporecca 00padOTKH HOTHBIX
notokoB TMU o texuumueckom coctossaun CTC u  moBbIIEHUE
OTEPATUBHOCTH TIPOBEACHUS YIIyOJNCHHOTO AaHalW3a CHUTyaIlmid WX
(YHKIMOHUPOBAaHUS HMMEET BaKHOE 3HAYCHHE /ISl COBEPLICHCTBOBAHUS
nuarHoctuueckux komiuiekcoB CTC. Ona mo3BoisieT  ONepaTMBHO
BBISIBJISITh M TApUpOBaTh HEMITATHBIE CHUTyalldd MW  peaan30BaTh
MEPCTIIEKTUBHBIE CXEMBI CHTYAI[MOHHOTO U TPOAKTHUBHOTO YIPaBJICHUS
npumenennem CTC [7-10].

B crathe paccMOTpeH MOAX0A K TEXHUYECKOMY JAMArHOCTUPOBAHHIO
CTC mo pesynbratam o6pabotkn TMMU BHemnrHe#l cuCTeMON KOHTPOJIS H
MUArHOCTHPOBAHUS C WCIOJNB30BaHUEM MOJENIcii B BHAC THOPUIHBIX
CETEBBIX CTPYKTYp, BKIIIOYAIOIINX MHOTOCIIOWHBICE HEWPOHHBIC CETH U
JIUCKpETHBIC OaleCOBCKME CETH CO CTOXAaCTHYECKUM  OOYYCHHEM.
MHorocioiiHple HEWpPOHHBIE CETH, PEATU3YIOUIMEe BBIBOJ O CHUTYyalUsX
(YHKIMOHUPOBaHUS ammapatHeix Monyineir u moacucreM CTC mo
otnensHbIM TMII, SBISIIOTCS MepapXWYecKH CBS3aHHBIMH MEXIY COOOH
MoJeNsAMHU u3MeHeHusI 1 00paboTku TMU. JluckperHbie 6aiieCOBCKHE CETH
CO CTOXaCTHYECKHM OOydYeHHEM, pealu3yIomie BEIBOJ O CHTYaIHsIX
¢yakmmonnpoBanust CTC B menmom, SBISIOTCS MOJEIBIO PacIiO3HABAHUS
Tekymiei curyanuu GyakmunonupoBanus CTC.

2. 06mas  XapaKTepUCTHKA TOAX0Ja K  TeXHUHYECKOMY
auardoctupoBanuio CTC mno pesyastatam ob6padorku TMHU c
HCIOJIb30BAHMEM MojeJieil B BuJe THOPHIHBIX CeTEBBIX CTPYKTYP.
[IpennaraeMplii moAX0 peanu3yeT UIeU TEXHUYECKOTO UAarHOCTUPOBAHUS
CTC. OH ocHOBaH Ha MOJENSAX, U UX MHOIOMOJEILHOM OMUCAHUHU. DTOT
MOAXO0JT B HACTOAIIEE BPEeMsl MOJYYaeT LIMPOKOE PACIpOCTpaHEHHE MPH
pELICHHH 3a/1a4 TEXHMYECKOTO JUardoctupoBanust u ynpasienus CTC [11-
14]. Tlpu »>ToM A OMHCAHMS MPOLECCOB (YHKIHOHUPOBAHHUSA U
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TexHr4yeckoro auaraoctuposanuss CTC ucronb3yeTcs IMUPOKUHA CIEKTP
MaTeMaTHYECKUX MOJENCH: BEPOSTHOCTHBIE MOMAENH, NPOAYKIMOHHBIE
MOJENH, MOJEIM HAa OCHOBE pa3IWYHBIX aBTOMAaTOB, CETEH W Apyrue
mogenu [12, 15-20]. BriOpaHHBIE THIBI MOJENEH — MHOTOCIOMHBIE
HEWPOHHBIE CETU U AUCKPETHBIE OallECOBCKHE CETH — XOPOIIO COTTIACYIOTCS
¢ 3amaueit texmmueckoro muarHoctupoBaHus CTC. Otm CTC wumeror
MHOTOYPOBHEBYIO HEPapXUUECKyI0 CTPYKTYpY M CIOXHBIH XapakTep
3aBUCUMOCTH MEXJy MapaMeTpaMi, OTpakaroline TEXHUIECKOe COCTOSIHUE
1 (QyHKIMOHAJIBHBIE BO3MOXKHOCTH cHcTeM. MoJenu MX oObeqUHSIOTCS B
arperupoBaHHbIe THOPUIHBIC CETEBBIE CTPYKTYPHL.

IIpumenenne wMopeneir wusmeneHus TMII CTC Ha ocHoBe
MHOTOCJIONHBIX HEHPOHHBIX CeTeil M03BOJIIET O00ECHeunTh: BBICOKYIO
JIOCTOBEPHOCTH pacIio3HaBaHHsA CUTYyaluH (YHKIIMOHUPOBAHUS
annapatHeix Mmonyned u moacucreM CTC B yclnoBHSX 3HAYUTEIBHOU
HEONPEICICHHOCTH 3HAaUYC€HWH M CYIIECTBEHHO HEJIMHEHHOTO Xapakrepa
TMII;  BO3MOXHOCTH  OOpablOTKH  pa3HOPOOHOH  (HE  TOJBKO
TeleMeTpuIecKoil) nHpopmanuu o curyauusx QysknuonupoBanus CTC;
pacliapajuleliBaHie TMPOIEecCOoB 00pabOTKM MOMHBIX MOoToKoB TMMU s
JIOCTH)KCHHUSI BBICOKOW OINMEPAaTHBHOCTH €€ yriyOJeHHOro aHamusza [21-24].
Mogenu muarHoctupoBanusi CTC Ha oOcHOBe IMCKpEeTHOW OaifecoBCKOM
CeTH IIO03BOJIIET OOBACHUTH IOJTYYECHHBIE pE3yNbTaThl pPacIO3HABAHUS
curyanuii pyakuuonupoBanuss CTC u onpenenutb HanboJiee BEPOSTHBIC
NPUYNHBI BO3HUKHOBEHHS paHee HE PACCMOTPEHHBIX HEIITaTHBIX
CUTyallMid, 9TO OYEHb BaKHO I (OPMHUPOBaHUS 0a3 JaHHBIX CHCTEM
HOAACPKKH NPUHTUS peruenust no ynpasnenuto CTC [25].

CyniecTBeHHOH OCOOEHHOCTBIO  PACCMaTPUBAEMBIX THOPHIHBIX
MoJieJiel B BUJIE CETEBBIX CTPYKTYP € TOUKU 3pEHUS UX UCIIOJIL30BAHUS MIPU
TexHnueckoM nuarHoctupoBanun CTC sBiseTcd BO3MOXKHOCTb pelIaTh B
paMKax OJHOW arperupoBaHHOM MOJENU HE TOJBKO 3aJaydl KOHTPOJISA
TEXHHMYECKOTO cocTOsiHM M aumarHoctupoBanuss CTC, HO u 3amauy
BBIBJICHUSI HETATHUBHBIX TCHICHIMH M3MEHEHHS TEXHHYECKOTO COCTOSHUS
CTC Omna B oTiu4me OT 3aJadd SKCTPAMOJAIUU BpeMeHHBIX psgoB TMII
CTC, sBnsercss BOCTpEOOBAaHHON Ha MpaKTHUKE, HO JOCTATOYHO CJIabo
ocgemena B Jureparype [33]. Ilpm sToM mpemmaraemas peaau3anus
JIUCKPETHOW 0aileCOBCKOH CeTH UWMEEeT OTJIMYUS OT OOIICTIPHUHATHIX
peau3aiyii, pacCMaTpUBaeMbIX B OOJIBITHHCTBE UCTOYHUKOB [26-32]. Ona
IpeAroaraeT COBMECTHYIO 0OpaOOTKY ABYX BHIOB MH(POPMAIMU 00 OJHUX
n Tex ke curyauusax ¢ynkuumonupoanuss CTC, momydyaemylo Ha OCHOBE
3HAHMH DKCIIEPTOB W MO pe3ynbraraM obpaborku TMU. Drto Hamwio
OTpaXEHHE B €€ apXUTeKType M (YyHKIMOHMPOBAaHMHM W NOTpeOOBaIO
pa3paboTKN OPUTHHAIBHOTO CTOXaCTHYECKOI'O MOAX0/Aa K OOYUSHHIO CeTH
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Ha OCHOBE JHUCKPETHO-COOBITUHHOTO MMHTAIIOHHOTO MOJEIHpOBaHMA. B
JIOCTYIHBIX MCTOYHUKAX HMPUMEPHI peaan3aliy TaKUX CEeTe W MoapoOHOe
onucaHue UX (PYHKIHOHMPOBAHHS MPAKTHIECKH OTCYTCTBYIOT, a MOIXOJBI
K COIJIACOBAHMIO PA3HOPOAHBIX JAaHHBIX B  0all€COBCKHX  CETSIX
paccMOTpEeHbI B He3HAUNTENNBHOM crerern [30].

IMonxon x TexHmueckoMmy auarHoctupoBarntio CTC mo pesynbraram
o0pabotkn TMU ¢ mpuMeHEHHEM MOJENci B BHIC THOPUIHBIX CETEBBIX
CTPYKTYp OCHOBaH Ha CcIeAymolled mpoueaype. OTo NpeodpazoBaHHE
UCXOJHBIX 3Ha4eHUil pasHopoiHblx TMII BO MHOXECTBO OAHOPOIHBIX
BTOPUYHBIX IIPU3HAKOB C HCIOJb30BAaHHMEM MHOXXECTBA HEIMHEHHBIX
Mmozeneit {M,,}, XapakTepusyroIMX H3MeHeHHe pas3nuuHeix TMII B
pasnmuHbIX  curyanusax — @yHkuumonupoBanus —CTC.  Ilpusnakamu
texHrmyeckoro coctosiHuss CTC  ABASIOTCST  BEPOSITHOCTH  OTHECEHHMS
TEeKyllell auHamuueckod peanuzanuu v-piIx TMII B p-pIX cuTyanusx
¢ynknuonupoBanus Kk MozemsaM {M,,}. JlaHHEIC BEpPOATHOCTH, KaK
MPU3HAKA TEXHUIECKUX COCTOSIHUH, CBS3BIBAIOTCSA MEXIy c000il B pamMKax
arperMpoBaHHOM  MOJIENH My,  oTpaxaromeid = MHOTOYPOBHEBBIC
nepapxuueckue  B3amMmocBs3u  mapamerpoB  CTC.  PesympraTtom
TEXHUYECKOI0 [UarHOCTUPOBAHMSA SBISIETCS pACHO3HABAaHHE CUTyalui
¢ynxnuonuposanust CTC. Mogemu {M,,} nu My cosnmatorca Ha dtame
npoektupoBanuss CTC u KOppeKTHpYIOTCS Ha MOCIEAYIOIIMX 3Tamax HX
XKHU3HEHHOro IMKNa. Tak, HelTaTHas CUTyallus, BBISBICHHAs BHEUIHEH
CHUCTEMOM KOHTpPOJII M JMAarHOCTHPOBaHMS M OTpaOOTaHHas BHEUIHEH
CHCTEMOH ympaBneHus, [no0aBimsieTcss B 0a3y [JaHHBIX CHUTyalHi
¢yaxunornposanus CTC.

Peanusanust nmpuHIMIOB TexHWYeckoro amarHoctuposanust CTC,
OCHOBaHHOTO Ha MOJENIIX, ¥ WX MHOTOMOJEIIFHOE OIMCAHHE SBISIOTCS
Hanbomee NPOAYKTHBHBIMH IIPH aBTOMAaTH3MPOBAHHOM pPEIICHUH 3agad
00pabotku momHBIX TOTOKOB TMU o Texnmueckom coctosaun CTC B
YCIOBUSAX alpHOpHOH HeompeaeneHHOCcTH. Kak Moka3bIBaeT MpPaKTHKA,
BKIIIOYCHHE  HEJIMHEMHBIX MoJeJlel B MEXaHU3Mbl  ONpeAeTeHUs
TEXHHYEeCKoro cocrosiHua aHammsupyemoilt CTC wu  pacno3HaBaHuA
HEIUTAaTHbIX CHUTyaluid ee (YHKIHOHMPOBAHUS II03BOJSET IOJYYaTh
NPaBWJIbHBIE pEIICHHUS B CIOXHBIX ycnoBusax ¢yHkuuoHupoBanus CTC,
KOIJla aJITOPUTMBI TOJBKO HAa OCHOBE JIOTHYECKUX IPaBMI U JOITyCKOB
HenocTatouHo G dexrusHbl [11].

JIOCTOMHCTBOM IIpEAJIaraeéMoro I0JX0/a K IMOCTPOCHHIO MoJelen
TexHnyeckoro auarHoctupoBanuss CTC ¢ ucIonap30BaHMEM T'MOPHIHBIX
CETEBBIX CTPYKTYp SIBISIETCSI BO3MOXKHOCTH IIOBBIIICHUS JJOCTOBEPHOCTH
peLIeHus 33/1a4X paclo3HaBaHUS TEKyIIeH cuTyanuu (pyHKIMOHMPOBAHMS
CTC. Ot10 nenaercs 3a CUET:
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— (¢opMHpPOBaHUS  TPOCTPAHCTBA  ONHOPOJHBIX  BTOPUYHBIX
MPU3HAKOB (B TOM YHWCIIE HEJIMHEHHBIX), B KOTOPOM 3ajada OO0y4eHHs
Mozenu pacro3HaBaHus cuTyaruu QyHKimonupoBamus CTC Oymer
pematbes OvicTpee. [Ipu 3amaHHOM BpeMeHH 00y4eHHs: OyaeT JOCTHraThCs
OoJtee BBICOKAst JOCTOBEPHOCTH UX PACIIO3HABAHNS;

— pacmHpeHus NPOCTPAHCTBA IMATHOCTHYCCKUX MPU3HAKOB MpHU
YBEJIMYEHUH KojndecTBa cuTyanmid ¢pyHkuuonupoBanus CTC Ha Kaxaom
YPOBHE arperupoBanHoi moaenu Ms;

— oOecrieueHHss WMHBapUAHTHOCTH BTOPUYHBIX IIPH3HAKOB K
pexuMam paboThsl B ycnoBusM QyHkunonuposanus CTC;

— BO3MOXHOCTU  JOCTIDKEHHMS ~ HHM3KOM  YyBCTBUTEIbHOCTH
BTOPUYHBIX NPU3HAKOB K Pa3IMYHOTO pOJa BO3MYIIEHHSM BO BPEMEHHBIX
psnax TMII 3a cdeT uX GUIBTPALHK C HCHIOIb30BaHHeM Mogenei {M, }.

I'uOpuaHbIl  XapakTep WCHOJIB3YEMBIX MOZENeH TEXHHYECKOTO
nuarsoctupoBanuss CTC ompenensercst oObeAWHEHHEM B HUX MoOJeENei
JIBYX THIIOB. MHOTOCJIOMHBIX HEHPOHHBIX CETEl M  JUCKPETHBIX
OaifecoBcknx cereil. CeTeBOWM XapakTep HCHONB3YEMBIX MOJENeH
00ycIIOBIIEH MHOTOYpOBHEBOH wuepapxudeckoil crpykrypoir CTC wn
OpUCYLIE UM  CTPYKTYpPHOM  CIOKHOCTBIO Ha  KaXAOM YpPOBHE
npexactaenenus. [Ipu aToM camu rHOpHUIHBIE CETEBbIE MOJEIN UMEIOT JIBa
ypoBHs onucanus curyaiuid ¢ynkumonuposanus CTC: HWKHUIA ypOBEHb
JUIsl CUTyalMid (QYHKIIMOHHUPOBAHUSI allapaTHbIX MOJYJEH M IOJCHCTEM
CTC mno otagensHeiM TMII u  BepxHHH YypOBeHb [UIi CHUTyauui
¢yakunonnpoBanus CTC B menoM mo BCeMy aHaIM3HPYyEMOMY ITOTOKY
TMU. BemonanM (GOpMaTH30BaHHOE OIMMCAHWE THOPHIHBIX CETEBBIX
Mozenell texHuueckoro auarHoctupoBanus CTC, HauumHas C BEPXHETO
YpOBHS, HA KOTOPOM OCYILIECTBIISICTCS MIPHHATHE PEIICHUS O TEXHHYECKOM
coctrosnun  CTC w  pacmo3HaBaHuWE — TEKyLIEH  CUTyalud €€
(YHKIMOHUPOBaHUS.

3. ®opManu30BaHHOE ONHCAHME TMpPOlEcca  TEXHUYECKOIo
auarHoctupoBanuss CTC no pesyabratam o0padotkm TMHU ¢
HCNOJIb30BAHUEM AUCKPETHBIX OaiiecoBckuMx cereii. B obmem ciyuae
arperupoBaHue HHGOPMAIMK OT TUHAMUYECKHUX Mojeieit mamenenuss TMIT
{M,,} mpu ouenke texuudeckoro cocrossuus CTC wmoxer ObITh
pean30BaHO Pa3IMyYHbIMK crioco0amu [13-21]. Marematnyeckue MOJAENH
JIMCKPETHBIX OaitecoBckux cereit [11, 24—30] mo3BoIIAIOT:

— peamn3oBaTh AarperHpoOBaHHYI0O MoAenb My TEXHHYECKOTO
muarHoctupoBannss CTC w  pacno3HaBaHHS €€ TEKylleH CHUTyalun
(YHKIMOHUPOBAaHUS MO pe3ynbTataM o00paboTkm coBokymHOcTH TMI],
oOpasyrommx moiHs notok TMU;

— HachITUTH MOJeTb My UMEIOIIMMHUCS SKCIEPTHBIMU 3HAHUSIMU O
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¢yakmuonnpoBanin  CTC ®W  OOBSACHUTH TOJNYYCHHBIE PE3YJIbTATHI
pacrio3HaBaHus curyanuii pyuakiunonuposanus CTC.

BaxxHBIMM JOCTOMHCTBAMH JWCKPETHBIX OaleCOBCKUX CeTeH mpu
pelieHnHn 3amad  TexHudeckoro auarHoctupoBanus CTC  sBusrorcs
MaTeMaTHYeCKH JOKa3aHHBIE CBOMCTBA HEMPOTHBOPEYMBOCTH BBIBOAA,
BO3MOXXHOCTh €T0 B YCJIOBHSX HEMOJHOTO BEKTOpa IHAarHOCTHYECKUX
MPU3HAKOB, OCYILECTBUMOCTh Pa0OTHI C 3a/1a4aMH OOJIBIIOW PasMEpHOCTH,
MHOroo0pasue MOaX0J0B K UX 00yueHuio u npumenenuio [11, 21-30].
KpomMe ToOro, ucmonp3oBaHHE IHATHOCTHYECKHX MOJeENCH Ha OCHOBE
JIMCKPETHBIX 0alecOBCKHMX CeTeil IMO3BOJISIET BBIIIOJIHUTH TpeOOBaHUE K
aBTOMaru3auuMu  mporeccoB  obpaborku TMUM wu  TexHHMYECKOro
nquarHoctupoBanus CTC B uHTepecax MOJIICPKKH NPUHSTUS PELISHUH MO
yopasienuto CTC. B  coorBercTBUM € HHMMH 1O  pe3yJibTaTaM
pacmozHaBaHms ~ curyanuii  QysknmonmpoBaHus ~CTC  Tpebyercs
(dopMHUpOBaHHE BapHAaHTOB NpUHATHS pemieHuit mo ympasieHuio CTC u
MIPEABSBICHNE JINIY, IPUHAMAIONIEMY pEIICHNE, OOBSICHEHHS MOIYyIEeHHbBIX
pesynbraroB  [11]. MMEHHO TO03TOMY HCHOJIB30BaHUE JUCKPETHBIX
0allecCOBCKHMX CeTel sBISETCS OJHMM M3 HauOojee aJeKBAaTHBIX MOAXOAOB
sl peanusanmu - AuarHoctudeckux  mozeneid CTC, mo3BOISIONIUM
peanu3oBaTh JOTMKO-BEPOSATHOCTHBIE DPACCYXACHHUS M CPOPMHPOBATH Ha
ocHoBe 6a3bl JaHHBIX CTC 000CHOBaHHBIN BBIBOJ O TEKYIIEH CHUTyaluu ee
(GyHKIMOHUPOBAHUSL.

CtpykTypHast ~ cXeMa  MOJIENH  paclo3HaBaHMSA  CHTyaluid
¢ynkironnpoBanust CTC Ha OcHOBE IUCKPETHOH OalecOBCKOH ceTw,
peanuzyromast paccMmarpuBaeMbIi TIOJIXO0T K TEXHUYECKOMY
quarHoctuposanuto CTC, mpencraBnena Ha pucynke 1. Mogens orpaxaer
nepapxuueckytro  ctpyktypy CTC wu myta pasBuTHd  CUTyalui
(YHKIMOHMPOBAaHUSI ~ MEXJIy ypPOBHSAMH ee  uepapxuu. Mozenb
IpeAcTaBsieT coO0ol HampaBieHHBIH rpad, Oe3 nukmoB. Jyru rpada
0TOOpaXKaloT NPUIMHHO-CIECJCTBCHHBIE CBSI3M MEXIY IEPEMEHHbBIMH,
Omaromapst 4eMy IHCKpETHbIE OallecCOBCKME CETH TaKKe Ha3bIBAIOT
MPUYHUHHO-CJICICTBEHHBIMH CETSMH. CrpykTtypa HpeaIaraeMoi
MHOTOYPOBHEBOH mepapxmdeckoir Momenun My COAEpKUT MATh ypOBHEU
uepapxum: otAenpHelx TMII, anmapaTtHelx Monyineil, HOACUCTEM,
¢yaknuonanpHbix cucteM u CTC B menom. Takas AeKOMIO3HMIUS
ctpyktypsl CTC mo3Bonsier ommcath mupokuii kiaacce CTC pasmmaHOTO
Ha3HAYCHUSL.

KomnuectBo ypoBHe# mepapxuum mozenn My Obuto BBIOpaHO Ha
ocHOBe m3ydeHMs1 TUHOBBIX CTPYKTYp CTC M HM3BECTHBIX IMOAXOJOB K
TakoMy JeleHuto [3], a Takke aHaJlM3a COOOIIEHHH O HEHCIPaBHOCTAX B
CTC paznuuHoro Ha3HaueHHWs. /[l ommcaHWsl mponecca TNPHHATUA
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pemenns o ynpasneHuto CTC auckperHas OailecoBCKasi CETh MOXKET OBITh
JIOTIOJIHEHA ~LIECTHIM YPOBHEM C BEpUIMHAMH, XapaKTepPH3YIOIUMHU
06o6mennsre cocrossHus CTC. B kadecTBe HUX BBICTYMAIOT COCTOSIHHS:
mrratHoe  yHkimonuposanne CTC, HemraTHble CHTyalWd (4acTHYHO-
pabotocmocobHoe cocrostune CTC u mp.) [2, 4, 6]. KomuuectBo ypoBHeit
Hepapxuu MOXKET BapbHUPOBATHCS, B 3aBHCUMOCTU OT TpeOyeMoO# cTeneHu

ACTajin3allii TIpU JIOKAJIW3allMu HEHUCIPABHBIX (l)yHKHI/IOHaJ'ILHI)IX y3J1I0B
CTC.

1,2,ip.ip

Puc. 1. CtpykTypHast cxeMa MOZENIN paclo3HaBaHUS CUTYyaIMi (yHKIIMOHNPOBAHHS
CTC Ha ocHOBe TUCKpETHOI OaitecoBcKoit ceTH

MHOXeCTBO 3HAY€HUH BCEX YYMUTHIBAEMBIX MPU TEXHUYECKOM
nuarHoctupoBanun TMII onpenenser MHOXKECTBO HayallbHBIX COCTOSHUM
Mozmend. Ha KaxmoMm TOCIeayromeM YpoBHE (ammapaTHBIX MOIYJIEH,
MOJICKICTEM W (YHKIHOHAJHHBIX CHCTEM) MMEET MECTO KOHEYHOE YHCIIO
TUTIOBBIX ~IITATHBIX CHTyanud (YHKIIMOHHPOBAHWUS W  HEIITATHBIX
CUTyalii. BBIXOMHBIM pe3ynbTaTOM SBISIETCS OJHA W3 BO3MOXKHBIX
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curtyannii  pyaknuonupoBanuss Ha ypoBHe CTC, ompepenstonux
MHOXKECTBO IOTJIOMIAIONIMX COCTOSHUH MOJIENIH, YHCIO KOTOPBIX MOXKET
OBITh 3HAYUTEIILHBIM U COCTABIISAITh HECKOJIBKO COTEH CHTYAIHUH.

BBeziem cnenyromine 0003HaYCHHSL:

N, — KomM4ecTBO cUTyalwii ()YHKIIMOHMPOBAHHUS Ha KakaoM |-om
ypoBHE (KOIMIeCTBO BepinuH), rie |=1...5 — Homep ypoBHS;

N; — KOJIMYECTBO HAYAIBHBIX COCTOSIHUMH;

N5 — KOTMYECTBO MOTJIOMIAIOIINX COCTOSHHIA;

{Ql,il‘{xl,il}} — MHOXecTBO BepmuH {Q,; } YPOBHA JIMCKPETHOU

OaitecoBckoii cet ¢ HoMmepoM |=1, COOTBETCTBYIOLIMX AWHAMHYCCKHM
peanuzanusaM i-six TMIT u npeacTaBasSIonMX OO0 MHOKECTBO 3HAYEHHI

{X1,i1};
{Qi;}— MHOXECTBO BEpIIMH YPOBHJ AMCKPETHOH 0aliecOBCKOM

ceTh ¢ HOMepoM |,  XapakTepuW3ylOIIMX  INTATHBIE  CHTYallHH
(GYHKITMOHMPOBAHWSI H  HeEMTaTHble curyanuu B anementax CTC
pasnmuHoro yposHs uepapxuu (1=2,3,4) u CTC B nenom (1=5);

{P,_14} — MHOXeCTBO MaTpHIl BEpPOSATHOCTHBIX MEPEXOOB MEKIY

CMCKHBIMU  YPOBHSMU, HayuvHasA CO BTOPOI'0, XapaKTCPU3YIOINX
NMPUYUHHO-CJICACTBECHHLIC CBA3U MCKAY CUTYyaAllUSIMU (byHKIII/IOHI/IPOBaHI/Iﬂ;

{P;XI } — MHOXKECTBO MAaTpHII IEPEXOI0B MEXIY NEPBBIM YPOBHEM U

OCTAJIbHBIMH YPOBHSIMH, HAuHMHAasi CO BTOPOT0, OTPAXKAIOMIUX YCIOBHBIE
BEPOSATHOCTH  BO3HHKHOBCHHSI  CHUTyallud  (YHKIUOHUPOBAHHS O
pe3ynpraTaM  cooTHeceHus  3HaueHudt TMII  u  HeilpoceTeBbIX

JUHAMHUYCCKHUX Mo,ueneﬁ X U3BMCHCHMUA Mll il )

P, — BEKTOpa BEPOATHOCTEH TOCTHIKEHHS BEPLIMH KaKIOTO YPOBHS

¢ nomepamu I=1...5.

[lornowmaronie BepIIMHBI Ha ISITOM  YPOBHE  OUCKPETHOM
0aifeCOBCKON CETH COOTBETCTBYIOT MHOXECTBY PACCMOTPEHHBIX CHUTYyallui
¢yukuuonnposanus CTC, koTopoe, B 00IIeM ciay4ae, BKIFOUACT MITATHBIC
cutyaruu  pynkiuonupoBanuss CTC W  pacCMOTpEHHBIC HEIITATHBIC
cutyaru u3 6a3el nanaeix CTC.

[lepBrliif ypoBEeHb MOJIENH CBSI3aH CO BCEMHU OCTaJbHBIMU YPOBHIMHU

Yepes paspesKeHHbIE MAaTPHULIBI BEPOSTHOCTEHN TEPEX0/i0B Py,

PZI.,I,l,l I:?I.,I,ZL,Z PZI.,I,l,N|
| e e esiss
I:?I.,I,Nl F?I.,I,N:[,Z I:>1,|,N1,N|
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DneMeHTHl  MaTpuLbl — BeposiTHOCTell  mepexonoB P,  Buma (1)

ompenensioTess Mo pesynabrataM o6pabotkn TMII ¢ wucmomp3oBaHmEM

JAMHAMUYECKUX MOJIeNel X u3MeHeHuss M, iy -

CMeXHbIE YpOBHH, HauWHAs CO BTOPOTO, CBS3aHBI MEXIy COOOH
pa3peReHHBIMH MATPULIAMH BEPOSITHOCTEH mepexooB Py, :

PI—l,l,l,l PI—1,I,1,2 PI—l,l,l,N|
Pl—lxl — I:)I—1I21 PI—%,.I.,Z,Z I:)I—lzll,.Z,N| ,3<1<5. (2)
F)I—l,I,N|,1,1 I3I—1,I,N|,1,2 IDI—l,I,N|,1,N|

Marpunpsl Py, omiMuaroTcs OT MaTpul] P, TeM, 4TO OHH conepXaT
BEPOSITHOCTH OTHECEHHUS MPEJICTABJICHHBIX HA TIEPBOM ypoBHE i1-bix TMII
i, -biM curyanmaM  Qynkuuonuposanust CTC Ha Gomee BbicokoMm |-om

YPOBHE MEpapXuu 4epes Mo My, ; .

HauanpHple  3HAa4YeHUS] DJIEMEHTOB  MATpUIBl  BEPOSITHOCTEH
nepexonoB P, Buma (2) ompenenstorcst Ha OCHOBE 3KCIIEPTHBIX 3HAHMIA

paspaborunkoB CTC wyepe3 MopenbHble BpeMmeHHble psiael TMIT B
pasnuuHbIX curyarmsax ¢yHkuuonupoBanuss CTC, a Takke Ha OCHOBE
craructiuky otkazoB CTC mo pe3ynbraraM cOOOIIEHHH O HEUCIPABHOCTSIX
u ucneitanuii ogHotunueix CTC [6, 32, 33]. B mpormecce o0ydeHus
OaifecoBckoii ceTr Ha peanbHBIX JaHHBIX TMU o pynkmmonnposannun CTC

MaTpuisl Py_y, mommexar Koppekuuu.
Bekropa P =[R; ] XapakTepu3yioT BEePOATHOCTH MOABICHHS || -bIX

curyanuii pyaknponupoBanus CTC Ha KaxaoM |-oM ypoBHE HepapXuH.
[Ipu 3TOM cripaBeUIUBEI CIEIYIONINE COOTHOIICHUS:

P, =P.P % =PiPig
P e,

Py =P3Psy, P _p'p : (3)
S
P, =PP,,

Cootromienus (3) ONMUCHIBAIOT Pa3IMYHBbIC BAPUAHTHI B3AMMOCBS3U
TMII u curyarmit pynknmonupoBanns CTC Ha pa3iamdHBIX YPOBHSX ee
HepapXUuecKoll CTPYKTYpbl U  SIBIISIIOTCS OCHOBOW  arperupoBaHus
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Pa3HOPOAHON MHPOPMAITUH, ITOTYISHHOH TI0 pe3ysibrataM oopadoTkn TMIT
U 3HaHWKA OKcrepToB. OHU MPENIOJIaraloT PaBEHCTBO BEPOSTHOCTEH
JNOCTIDKEHHMST OTHUX W TeX K€ Y3JIOB JHUCKPETHOW OailecOBCKOW ceTn
OpSIMBIM CIIOCOOOM — € MEpBOro ypoBHs Ha |-blif ypoBeHb — BCieacTBHE
Hanuuusg TMII, HenocpeACTBEHHO CBSI3aHHBIX C COOTBETCTBYIOLIMMH
curyammsiMu pyaknuorupoanns CTC, n omocpemoBaHHO — uepe3 Y3JIbI
JIMCKPETHOM 0alleCOBCKOM CeTH MEHBUIET0 YpOBHS HEpapxXuh — IpHU
nammunn TMII, xapakrepusyromunx curyanun ¢ynknuonupoanus CTC
KOCBCHHBIM 00pa3oM.

C yderoM 000011eHHsT COOTHOIIEHHH (3) MOJMy4YnM OTrpaHHYEeHHUs] Ha
3HAYEHMs] BEPOSITHOCTEH BOSHUKHOBEHHS CUTyaluil pyHKIMOHUPOBaHHS Ha
KaxJI0M ypoBHe uepapxuu npeacrasienus CTC B BUie paBEHCTB:

P'I = PII—1P|1-1X|1, 3< |1 <5

. : 4
PP, . 2<l,<5 )

*

P|2 = xlp 1

rae |y u |, — HoMepa ypoBHEl HepapXuH.

B mpomecce oOydeHWs MoOAeNH  pACIO3HABAHUS  CUTYaluid
¢yakunonnpoBanuss CTC Ha ocHOBe JIHCKpeTHOH OaliecoBCckoil ceTu
HEOOXOIUMO OOECIeYHTh MAaKCHMAaIIbHOE€ 3HAueHHE aroCTePHOPHBIX
BEPOSATHOCTEH BO3HUKHOBEHUS 3a/IaHHBIX JI-BIX CUTyarnui
¢yukimonupoBanusi CTC Ha BbIxojie Kax10ro |-ro ypoBHs uepapxuu:

Nj Nj
P|,j| (Pll—lxll ! Pl><|2 ) =1- z Pl,i (Pll—lxll ’ Plxlz )H (1_ PI,r (Pll—lxll ’ Plxlz ))
i=L, -1

r=1,
i]) r#i , (5)
{Pytety » Pty Jope = arg max R
Pl —1xh +Pixlp
rae {P,lflxll,Pfx,Z}opt — CKOPPEKTHPOBAHHBIC MATpPHUIIBI BEPOSTHOCTEH

MEPEX0J0B,  IO3BOJLIIOIIME  MOJTYYUTh  MAaKCHMalbHOE  3HAuYCHHE
allOCTEPHOPHON  BEPOSITHOCTH  HA  BbIXOAE Kaxmoro |-ro  ypoBHs
arperupoBaHHON MOJENH.

Jnsg npuHATHS peleHui npu TexHuueckoM auarsoctuposanuu CTC
BHEIIHEH IOJCHCTEMON TEXHHYECKOTO0 JAWarHOCTHPOBaHUS Haubosee
NPEANOYTUTENbHBIM  sIBIIsieTCs  Kputepudl Banpma. D710  00ycioBieHO
0COOCHHOCTBIO Mpolecca OTPabOTKU M aHanM3a «TspKenbix» otkazoB CTC,
XapaKTEPU3YIOLIErOCsl HENPEPBIBHBIM  «HCCIIECAOBAHUEM» HEHUCIIPABHOM
CTC u MTOITyICHUEM BHEITHEN  IIOJCHUCTEMOM  TEXHHUYECKOTO
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JIMarHOCTUPOBAaHUS JOMONHUTENbHOU TMMU 1Sl OLIEHKH €€ TeXHUYECKOTo
coctosiHus. B 3Toil cBsizm kputepuit Banbia MOXHO cuHMTaTh KpUTEpUEM,
Hambonee  ameKBAaTHBIM  CYIISCTBYIOIIMM  OCOOCHHOCTSAM  IpoIiecca
nuarHoctupoBanuss CTC. DTo cormacyercs C OIEHKaMH SKCIEPTOB IO
TexHnIeckoMy aunaraoctupoBaHnio CTC u HaxXxomuT cBOe BEIpaKEHHE B
OIMPOKOM  HCITIONIB30BAaHUM  JAHHOTO  KPUTEPUS TIPH  TEXHHYECKOM
nuarHoctiupoBanun KA [34].

Jns peanusanuy TPUHATHS PEHICHUN MO KpUTepuio Banbpma B
arperupoBaHHON MOJENH, MpPEACTaBICHHOM Ha pucyHke 1, Ha BbIxOzE
ISITOTO  YpOBHSL MoOAEIHM Hcmojib3yercsi Ns IOpOroBBIX YCTPOWCTB, Ha
KOTOpbIE  MOCTYMAIOT  YCIOBHBIC  BEPOSITHOCTH  BO3HUKHOBEHUS
cootBerctByroux PC u3 6a3pr qanueix CTC. B kaxmoe is-oe moporosoe
YCTPOICTBO BBOAATCS JBa mopora ag u b, KOTOpbIe obecrieunBatoT
3aJJaHHBI YPOBEHH OMIMOOK IEPBOrO U BTOPOTO POJa MPH PacliO3HABAHUU
cooTBeTcTBYIOMIEH cutyaruu ¢pynkuonuposanus CTC. B 3aBucumoct oT
3HAYCHUS BEPOATHOCTEH P, HAa BBIXOJE IATOTO YPOBHS IO dakty

nepecedeHrss HWKHETO0 WM BEPXHEro Iopora, MPUHUMAETCs pelleHHe
06 is-oii curyauuu (ynkunonuposanus CTC. IMocie Toro, Kak 1o BCeM
BO3MOXHBIM Is-bIM ~ abTEPHATHBAM MOJNy9IECHBI 3HAYCHHUS YCIOBHBIX
BEPOSITHOCTEH B |\ , OCYLICCTBISCTCS NPUHATHE PCIICHHS B HIOJIB3Y OIHOM

WIN HECKONBKHX Hamboyiee BEPOSATHBIX COTJACHO KPUTEPHUI0 MaKCHMyMa
armoCTepUOPHON BEPOSITHOCTH cutyanuii pyaknuonupoBanus CTC.
Hcnonw3oBanne  kpurepuss Bampga  pacmupsier  nepeyeHb
HACTPAMBAaEMBIX IMAPaMETPOB IATOTO YPOBHS AarperHPOBAHHON MOJEIH
pasButus curyaumii QynkiuonupoBanus CTC mapamerpaMu MOPOTOBBIX
YCTPOMICTB al,...,aNS,bl,...,sz. IIpu 3TOoM pelieHre Ha BBIXOAE MSITOTO

YPOBHS 110 BCEM aJlbTepHAaTUBAM He OyneT copMHpOBaHO /10 TEX MOp, IMOKA
He OyJeT peneHus 10 KaXI0H albTepHaTHBE Ha OCHOBE KpuTepus Baibpna.
IMockonbky Matpunbsl (1) u (2) SBIAIOTCS CHIBHOPa3pE)XEHHBIMH U
HUMEIOTCSI OTpPaHMYECHHS Ha 3HAUCHMs BEPOSTHOCTEH KaKIOTO YpPOBHS
HepapXuM B BUJE PABEHCTB (4), TO CYIIECTBYeT HEIMHEHHAas 3aBUCHMOCTH
aroCTePHOPHON BEPOSTHOCTH TIPHHSTHUSL PEIIICHUS B TIOJB3Y is-0i CHTYaInu
(GYHKIMOHUPOBAHUS  OT  YCTAHOBJICHHBIX  MOPOTOBBIX  3HAYEHHU.
CTaHOBHUTCSI BO3MOXKHOW CTPYKTYpHasi ONTHMH3AIMs YPOBHS MOJCHCTEM
arperupoBaHHOi Mozenu. Ilpu 3ToM Hambosiee aJeKBATHBIMH METOJAMHU
HACTPOHKH 3JIEMEHTOB MaTpull (2) M KOppeKmuu 3jeMeHTOB maTpuil (1)
SIBJISIFOTCST METO/IbI CTOXACTUUECKOU onrumusanuu [35,36].

CroxacThudyeckoe OOydeHHWE JUCKPETHOW 0alieCOBCKOW  ceTh
npeAcTaBisieT co0ol Mmpoueaypy «oOy4eHUs! C y4UTeNleM» U BKIIIOYAeT J1Ba
B3aUMOCBSI3aHHBIX IIpolecca. JTO TNPOLECC ONTUMH3ALUH DIEMEHTOB
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marpunl (2) w koppekumn Matpui (1) TO KpUTEpHIO MaKCUMyMa
aTrlOCTEPUOPHON BEPOATHOCTH Ha BbIXoAe Kakporo ypoHa CTC, a taxke
mporiecc KOppeKIuHu MaTpull (2) depe3 oOpaTHyIO CBA3b W Marpuusl (1),
MONydeHHbIe B pe3ynbrare o0pabotku TMII. PesympraTom mpomecca
o0ydeHUsT ABISIETCSI  arperMpoOBaHME OSKCHEPTHOW HH(opMmamumu ¥
pesynsratoB 06padotkn TMII B Bume oOHOBieHHBIX MaTpull (1) u (2), a
TaK)Xe HOBBIE MPUOOPETEHHbIE BO3MOXKHOCTH 110 PACHO3HABAHUIO THUITOBBIX
curyauui ¢yHkuponupoBanusi n3 0a3pl gaHHeIX CTC wm nokanm3anuun
HEHCIPAaBHBIX aNNapaTHBIX MOJyJel. YTOUHEHHbIE 3KCIEPTHbIE 3HAHUS B
BUAe Marpull (2) MOryT OBITh HCIONB30BaHbl Ui pELICHHA 3aJauu
nquarHoctupoBanuss CTC mpu orcyrctBum otaensHbix TMII wim mpu
HaJIM4YUU 3HAYUTENBHBIX IIPOIIYCKOB 3HAYEHUM BO BpeMEHHBIX psanax TMIL
Jlist 00y4eHHUsT MCHONB3YIOTCS CHTyallMd (DyHKIMOHHPOBAHHS 3JIEMECHTOB
CTC Ha KaXZIOM YpOBHE CETH WM MAaTpPHUIBI BTOPHYHBIX BEPOSTHOCTHBIX
npm3HakoB (1), momyueHnele B xonme o0Opabotku TMII, comepxkumoe
KOTOPBIX B Tporiecce 00yUeHNs NI HE3HAYUTEILHO KOPPEKTUPYETCSL.

Pemenne 3amaun (5) ocymiecTBISETCS, MCXOAS W3 LENCBOM
GbyHKIHN:

5 N

22

1=2 ji=1

P|TJ'I (P|1*1X|l ) N PlTJ'I (Pl*xlz )‘

ZS: % Ry

1=2 ji=1

B (Py—say s Pl*xlz s8-8y by by ) =

(6)

B Beipaxkennn (6) ams nieneBord GyHKIUK E; YUCTUTENH ONPENENIeT CyMMY
BCEX HEBSA30K MEXKIY AaloCTePHOPHBIMH 3HAUYCHUSIMH BEpOATHOCTEH Ha
BBIXOJIE KaXX/IOTO YPOBHS MEpapXuH, IMOIydeHHBIX HA OCHOBE IKCIIEPTHBIX
OLICHOK  BEPOSTHOCTEH IIEPEeX0/0B, W OLEHOK COOTBETCTBYIOIIUX
BEPOSATHOCTEH, TMOJYYCHHBIX IO pe3ynpratam  o0Opabotkm TMIL
3HaMeHaTeN b NpEACTaBIsIeT Cco0OM  CyMMy BCEX — aloOCTEPHOPHBIX
BEPOSATHOCTEH BO3ZHUKHOBCHUS ji-bIX cuTyauuid ¢yHkuunonuposanus CTC
Ha BBIXOJIC KQXIOTO |-ro ypoBHsI HepapXuu TUCKPETHOW OaitecOBCKOi ceTH,
CBSI3aHHBIX c aHAJIU3UPYEMOI paccMOTpEeHHOM cUTyanuen
¢yHKuroHnpoBaHus n3 6a3sl JaHHBIX CTC.

Ilenesass Gyukuus Ej, ompenensemas BoipaxkenneM (6), mo3BossieT
BEIMIOJIHUTh ~ YCIIOBHE MAaKCHMH3AIlMH  AIlOCTEPUOPHOH  BEPOSTHOCTH
MPaBUIBHOTO pacro3HaBaHUs curyannii ¢yHkunonupoBanus CTC mpu
OTPaHMYEHUSIX B BHJE PaBEHCTB (4) C yUeTOM HCIIONB30BAaHUS KPHUTEPHUS
Banpna:
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(Pll—lxll ) I:)1><I2 )Opt = arg mIP El(P|1—1><|1’ P1><|2 ) IZl_IJ_:d2 €[Pixl5  min, Pixlp, max 1. ' (7)
Py ~1xlg -Pixlp |ﬁl—lxl]_ E[Hl—lxll,min,P|:|.—l><|:|.,ma>(]v
a.-aNg 3<h <5,2<17 <5,
b1---bN5

3anaua (7) peraercs Ipy 3aJaHHbBIX JOIyCKaX Plxlz,min P_|><|2,max ,

Ry —1xky,min-Ay—1xh ,max | Ha 3HAYCHHS BAPBUPYEMBIX BEPOSITHOCTEH

IIEPEX0I0B JIUCKPETHOU OaifecoBCKOM CEeTH, OIpenesAeMbIX
paspaboTyMkaMK 1O  pe3yJbTaraM  MOJCJIHMPOBAHUS,  IPOBEACHUA
pasnuyHoro poaa ucnsitanuil u sxcmayatanuu CTC. Ilpu sToM uHTepBan

Rlxlz.minvﬁxlz,max}

JOIIYCTUMBIX BTOPUYHBIX BEPOSATHOCTHBIX ITPU3HAKOB

3HAYMTEJIbHO MEHbIIE, YEM HHTEPBAT Hl—lxll,min ,F’|1_1><|17max} .

PesynbraToM peuieHust 3ajaun  onTuMuzanuu  (6)  siBisiercs
YTOYHEHHBIA HAOOp BEPOATHOCTEH MEKYPOBHEBBIX MEPEXO0B JUCKPETHOM
0alieCOBCKOIl CEeTH M IEepPEeXO00B C IIEPBOTO YPOBHS Ha OCTAIBHBIE YPOBHHU.
JIms olleHKM KadecTBa PEUICHUS 3a/1a9 TeXHUYECKOTO AHATHOCTHPOBAHMUS,
pacro3HaBaHus curyanuit QysKinuoHupoBanus CTC, wucmoms3yercs
MOKa3aTesb JOCTOBEPHOCTH MPHHSTHUSI PELICHHS B MONB3Y j5-OH CUTyaLUH

Dj OIpENEIAeMON Ha OCHOBE IIOJIHOM IPYIIIbl BO3MOXKHBIX PEUIEHUN Ha

BBIXO/I€ TIATOTO YPOBHS AUCKPETHOH OaliecOBCKOI ceTH:

N5 N5

Dy =1- 2, P[J(-R). ®)
&=l =l
s reé

3HayeHne mokaszareis JocToBepHoCcTH auarHoctuposanus CTC D is

JUIl BHEIIHEH CHUCTEMBI KOHTPOJS M JAWArHOCTHPOBAHHUS JOJDKHO OBITh
BBIIIIE 3HAYEHMs IIOKa3aTelsl JOCTOBEpHOCTH auarHoctuposanus CTC
BCTPOEHHOM CHCTEMOW KOHTpOJIS, KOTOPOE 3a7aeTcs B IKCILTyaTallMOHHO-
texHndyeckoil pokymeHtanuu Ha CTC. JlOCTaTOYHOCTh AOCTHXKEHHUS
Tpebyemoii noctoBepHOCcTH auarHoctupoBanuss CTC MOXHO ompenenuTsb
Yyepe3 3alaHHYI0 HaneXHOCTh (yakumonmpoBanuss CTC, xoropas Taxke
oTpeieieHa HOPMaTHBHBIME JOKYMEHTaMH [6].

BaxHBIM  [OCTOMHCTBOM MpPEIJIaracMoro IOAXOAa  SIBISETCS
BO3MOKHOCTh OOYYEHHUS IHUCKPETHOW O0aifleCOBCKOM CEeTH Ha THIIOBBIX
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3HAUCHHSAX BEPOATHOCTEH IEPeX010B Py 1, H Pry , W3 33/[aHHBIX JIONYCKOB

—Ixh

I:'l><|2,min !plxlz,max} u [Hl—lxll,min ﬂl—lxll,max , OIIPEEITIIEMBIX

JKCIIEPTaM|, Jaxe B OTCYTCTBHMU peambHor TMMUM. DT0 BakHO Ha
HaJaJIbHOM JTalle MPUMEHEHHS AUATrHOCTUIECKON MOJIENI U SKCIDTyaTaluu
CTC. [lns mnpakTHYECKOW peanu3alil CTOXaCTHYECKOTO OOYyYeHHS
PaCCMOTPEHHON JHUCKPETHOW OaleCOBCKOW CETH B MOJIEIHM HCITOJIb30BaH
PaHOOMU3HUPOBAHHBIN  aITOPUTM  CTOXAaCTHYECKOW  amlMpOKCHMAIIHH,
KOTOpBIM MpUMEHSETCS] MPU PELICHUH 3aJady MHOTroMapaMeTpUyYecKoi
ONTUMU3AIMK C OOJIBIIMM KOJMYSCTBOM HACTPAHMBACMBIX MApaMETPOB U
CHUJIbHOPa3pEeKEHHBIMU MaTPUIIAMU HACTPaWBaeMbIX MMapaMeTpoB (MaTPHUIIBI
Py s ¥ Pl’;,z) [35,36].

[Tomy4yeHHBIE C TIOMOIIBIO MOJEITH JAUCKPETHOH OaileCOBCKOW ceTd
BEPOATHOCTH JIOCTHKEHHs BEPIIMH Ha KaXJOM YPOBHE Hepapxuu P,

MOXHO paccMaTpuBaTh Kak OOOOINEHHBIE MapaMeTpbl COCTOSHUS
ammapaTHbIX Monyined u moxacucteM CTC. VX MOXHO HCIIONB30BATh IS
pelIeHusl 3aJayd JIOKAJM3allMy MPOOJIEMHBIX (YHKIMOHAIBHBIX Y3JIOB
CTC, ¢yHKIMOHMpPOBaHHE KOTOPHIX C HauOOJbIIeH BEPOSTHOCTBHIO
orTianyaeTcs ot mratHoro. C 3Toi Lenblo He00XO0IUMO MPOAHAIU3UPOBATH
BEPOSITHOCTh JOCTH)KEHHSI BEPIUUHBI Ipada COCTOSHUI Ha KaXkJJOM YpOBHE
HEepapXUM U COOTHECTH 3Ty BEPOATHOCTb C BEPOSATHOCTBHIO TOCTUKEHUS
BEpUIMHBI, XapaKTepu3ylolled ImTatHoe (YHKIMOHHPOBAHHE JaHHOTO
anemenTa CTC. IIpu 3TOM Ha KaXJIOM YpOBHE HEpapXWu penraercs 3a1ada

IIOMCKa MHOXCCTBa {JLHC’Ple ,HC} HOMEPOB BEPIIUH, COOTBCTCTBYIOIINUX

HEMTATHBIM cuTyanusM ¢yakiuonnpoBaruss CTC, ¥ BeposSTHOCTEH WX
JOCTHIKESHUS

Rl =argmax g, (Plfn R ),Vj, ; )
A

€ MakCUMH3aIueH 1eseBoi QyHKunu

*

Eori :(PLJ] _PIVJ'LHJQJ)/PI»J],"J@' (10)

B Beipaxenns (9) u (10) BXomsr ciemyrouue BEpOSTHOCTH: Plfh .

BEPOSITHOCTh ~ JIOCTHXKEHHSI -0  BEpIIWHBI CeTH Ha ypoBHe |,
XapaKTepu3ylomnias cUuTyaruio mratHoro ¢pyakiuonnpoBanus CTC, Pl*jI
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BEPOSITHOCTh ~ JNOCTWKCHHS Jj-OW BEpIIMHBI CceTH Ha ypoBHe |,
XapakTepu3ymoomas TeKynrylo curyanuio ¢yaknuoHupoanus CTC,
R.jj.e — BEPOATHOCTb NOCTHXKCHHs Ji-Oi BEPIUMHBI CETH Ha YPOBHE 1,
XapaKTepu3yIomias CUTyalruio HemraTHoro GynkuuonupoBanus CTC.

Jnst Hopmansho GyHkmmonupytomux CTC pemenne 3amaun (9) u
*
aHaIM3 W3MeHeHus OOOOIIEHHBIX mapameTpos P jluc BO BPEMCHH IO

pesynbTaTaM HECKONBKHX IPOLENYyp TEXHHYECKOIO JUATHOCTHPOBAHUS
MO3BOJMT BBIABUTh HETaTUBHBIE TEHACHIUH B M3MEHEHHHM TEXHHYECKOIO
coctostaust CTC 1 CBOEBPEMEHHO MX TTApUPOBATh.

IIpencraBnennoe (opmannzoBaHHOE OIHCaHHE mpornecca
TexHuueckoro guarHoctupoBanms CTC mo pesymberatam 00paboTKH
HNOJHBIX MOTOKOB TMMU oTpakaeT HampaBiIEHUE COBEPLUIEHCTBOBAHUS
METOJOB  yriayOJeHHoro asanmuza TexHudeckoro cocrosHus CTC,
HaIpaBJICHHOE Ha IOBBIIICHHE JOCTOBEPHOCTH HMX JUATHOCTHUPOBAHHUSA H,
TEM caMbIM, MOAJIEp)KaHHe TpeOyeMol HaJeXKHOCTH (YHKIMOHUPOBAHUSL.
He meHee BakHBIM HampaBlieHHEM oOOecIieueHHsi TpeOyeMoil Hale:KHOCTH
¢ynkmuonnpoBanust CTC  sBnsercs aBTOMAaTH3anus PacCMOTPEHHOTO
mponecca TexHudeckoro guarHoctupoBanus CTC u  gocTwxkeHHe
TpeOyeMoil  OIepaTHBHOCTH yIUIyOJICHHOTO aHalW3a, OIpeleNsieMOn
MEPHOANYHOCTHIO CheMa B 00pabOTKH MONIHBIX ToToKOB TMMU 1 Bpemenem
NpUHATHS pemieHns no ynpasienuto CTC.

4. ®opManN30BaHHOE OMNUCAHHME HEJTUHEHHbIX JUHAMHYECKHX
moneseil n3meHenuss TMII CTC ¢ ucnosib30BaHMeM HCKYCCTBEHHBIX
HEHPOHHBIX  cerTed. MareMaruueckuil — anmapar  MCKYCCTBEHHBIX
HEUPOHHBIX CETEH IIO3BOJIIET PEalu30BaTh HEIMHEHHBbIE JUHAMUYECKHE
monenu usmenenus TMII {M,,} B mmpokoM uama3oHe cHUTyalui
(GYHKIMOHMpPOBaHUS amnmapaTHeIX Moxayneit u noacucrem CTC. Hx
UCIONb30BaHUE  JaeT  BO3MOXHOCTb  TOBBICUTH  JOCTOBEPHOCTb
pacrio3HaBaHus curyanuii  pyHkimumonupoBannsi CTC B ycrloBmsX
3HAYUTENBHON HEONPEACTICHHOCTH 3HAYEHUI U CYIECTBEHHO HEJTMHEHHOTO
xapakrepa u3MeHeHus: TMII npu BO3HUKHOBEHMHM HEIUTATHBIX CHUTYallUil.
IIpu o>ToM, Kak TOKa3bIBAE€T TEOPHSI M MpaKTHKa NPUMEHEHUS
HCKYCCTBEHHBIX HEWPOHHBIX CETeH JuId pemeHns 3amad  o0paboTKu
BpeMeHHbIX psanoB TMII, 10CTaTouHbIM SBISETCS  UCIOJNb30BAHUE
KJTACCHYECKHUX HEHPOHHBIX CETeH C JIBYMs CKPBITHIMHU ciosimMu [21, 24].

B mpocreiiuem ciydae mozenu msmenenns TMIT {M, ; ; } moryr

OBITH 3a7aHbl HAOOPOM JOIMYCKOB [I[H it > A i J, B npejenax KOTOPBIX

usMeHstoTes  ip-pie TMIT B i-bIX  cuTyanusix  (yHKIMOHHPOBAHUS
ammapatHbeIx Moxyineit u moacucreM CTC. B mpeamonoxeHNH raycCOBCKOH
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cratucTuky 3Hadenuii TMII, Bepoarnocts P, otHecenus i;-ro TMIT k

Lig i
ii-o#f cutyanuu GyHKIMOHUPOBAHUS ONPEACISICTCS BEIPAKCHHEM:

- %
- ]:[B,Ilu n _® ﬂu,llq il v (11)
%y %

IDl,l,i;]_,i|

rae X'l — MaT€MaTH4YCCKOC OXXHJaHUC |1-F0 AHAJIU3UPYEMOI'O TMH O'Il -

CpelHeKBaipaTHIECKOE OTKIOHEHUE 3HAYeHUH i1-To aHan3upyemoro TMII
OT MAaTeMaTHYECKOTO OXHIAHUA Xi ; [I[H TRTAN ilil:| — JOBEPUTENLHBIA

HHTEpBaX (IOmMyck) Ha 3HaueHumst i;-ro TMII B i-oit cuTyanum
(YHKIMOHMPOBAaHUS  ammapatHelx wmoxyned u  moacucrem CTC,
ONpENeIsiEMbIi B COOTBETCTBHM CO CTATUCTUYECKHMMHU KPHTEPHSIMHU C
TOBEPUTENBHON ~ BEPOATHOCTBIO  Pr,,  4EPE3  MONENBHBIE  3HAYEHHSA
CPE/IHCKBAIPATHYECKOTO OTKIOHCHHS & ; U MATEMATHYCCKOrO OXKMIaHHs
Xy i1-ro TMII B ii-off cuTyamun (yHKIMOHMPOBAHKS; Mo+ Hoigiy =
HIDKHSISU U BepXHsIS TPaHMIbBI AOMycKa Ha 3HaveHus ij-ro TMII B ij-oit
cmyaunn (l)yHKLII/IOHI/IpOBaHI/ISI COOTBETCTBEHHO;

CDX

\/_ jexp —? dx - <¢yaxkuus Jlammaca. Bemmumuaa Py,
ompenenseTcs HMCXoas M3  TpeOyeMBIX  JOCTOBEPHOCTH  KOHTPOJISA
TEXHHYECKOTO COCTOSHUS U Hajie:kHOCTU PyHKImonuposanust CTC [37].

B xadecrse mozeneii {M,,; ;} Takke MOTYT OBITh HCIIOJB30BAHBI

HeJIMHEWHble TuHamudeckue mozenu usmeHeHus TMII B mpoexknusix ux
($a30BOr0 MPOCTpAHCTBA C peanu3alfeldl MapUUaTbHOW HEIHMHEHHON
¢unbTpanuu [38]. B nanHOM cTaThe /1 pa3paOOTKHU HETMHEHHBIX MOJIEIICH
{My, i } HCTIONB3YIOTCS HCKYCCTBEHHBIC HEHPOHHBIE CETH.

CrpykTypHas cxeMa HeifpoceTeBoil Moaenu usmeHenus TMII B Bune
MHOTOCJIOIHOM HEHPOHHOH CeTH IIPeICTaBICHA HAa PUCYHKE 2.
Bxonnoit BekTOop X HEHPOHHOHN CETH COIEP>KUT 3HAUYECHHUS

Ll
JIUCKPETHBIX OTCUETOB i1-bix TMII B i-bIX CHTyalusx ()yHKIHOHUPOBAHHUS
CTC B npezaenax ¢-TO «OKHa HaOJIIOJEHUS»

JUTMHOH L TMCKPETHBIX OTCYETOB:

Xitigire = DX0nigi ko X k-1 X k-t -
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Puc. 2. CtpykrypHasi cxema HelipoceTeBoi Moaein u3menernss TMIT B 3aganHO#R
curyarnuu ¢pynkiponuposanus CTC

Kaxnplif cioil HEWpPOHHON CETH XapaKTepU3yeTcss MaTpUIedl BECOBBIX
koadumento W" u Bexkropom cmemenuit CY, rae p — HOMeEp ciios,
p=1...3. BeIxox ceTu MMeeT €IUHUYHYI0 Pa3sMEpPHOCTb. 3HAUCHHE €ro, B
psize ciaydaeB, MOXXHO TPAaKTOBAaTh KaK YCJIOBHYIO BEPOSTHOCTH OTHECCHMS
TEKYIETO (-TO yYacTKa BpeMeHHOM peammsarmu i;-ro TMIT x ij-oi
cuTyanuu (QYHKIIMOHHUPOBAHMS alMapaTHBIX Moxyned m moxacuctem CTC
Poliviie OYHKIUOHUPOBAHUE IPEACTABICHHON MHOTOCIIOMHON HEIPOHHOM

CEeTH BKITIOYAET 3TAlbl 00YICHHS ¥ IPAMEHEHIS.
Ha oJrame oOydeHWss  MHOTOCIOWHBIX  HEHPOHHBIX  ceTei
MUHUMH3HPYETCS CpeTHEKBaApaTHIecKas onmoka

Eiiii = Z(Pl,l,il,i, o =Pl am )21 (12)

¢

tae Py san P“’il’il o — 3aJaHHOE M TCKYIICe 3HAYCHMS BEPOSTHOCTCH Ha

BBIXOJIE MHOTOCIOIHOW HEHpOHHOH cern. BeposrtHoctd By i .,

MPUHUMAIOT CTUHIYHOE 3HAYCHUE «1» — MPH MPEIbIBICHUN CCTU HA ATAIe
00yJeHHS (P-BIX Y4acTKOB MHOKECTBa peanuzanuit TMII,
COOTBETCTBYIOIUX -0 cHUTyanmunu (GyHKIMOHHPOBAHUS ~AIMIAapaTHOTO
mopyst uin noacuctembl CTC. HyneBoe 3HaueHune «0» — OHM UMEIOT NpU
MPEeObSIBICHAN CETH Ha JTame OOyYeHHUs ¢-bIX YyJacTKOB MHOXKECTBA
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peanmzanmii TMIT BceX ocTambHBIX CUTyallui (GYHKITMOHUPOBAHHSI TAHHOTO
ammapatHoro wmoxyns wimm moxacucremMsl CTC, a Taxke MHOXECTBa
MPOU3BOJIBHBIX CIYYaWHBIX peanm3anuii, (OpMHUPYEeMBIX B mpeaenax
TeJIeMEeTPUIECKOl IIKajapl Ha ATare OoOydeHWs MHOTOCIOWHOW ceTH. Jms
00ydeHHsT MOIETH HCIIONB3YeTCs aJTOPUTM HAMCKOPEWIIEero CITycKa WIIN
anroputm JleBenbepra-Mapksapara [24].

Ha o2Ttane npuMeHeHHMs MHOTOCIOMHBIX HEHPOHHBIX ceTeH

OINPEACIIACTCS BEIXOAHOEC 3HAYECHUE BEPOATHOCTH Pll il @ .

Puain o = (11 (X oW+ W2 5.7 )WP 1 C2), (13)

rae f(-) — HenuHeHnbIH yHKIMOHAN TPe0OPa3oBaHUs BEKTOPA BBIXOIHbIX

3HAQUEHMH KaXJIOro CJIOSi, OCHOBAaHHBIM Ha JIOTMCTHYECKOW (YHKIMH
aktuBanuu. JlIs  NpHHATHS ~ pemieHusT O TeKylled — CHTyaluu
(bYHKIHOHUPOBaHHMS anmapaTHoOro Moayis wid noacucteMbl CTC mo ig-biM

TMII ¢ ucronp3oBannem HeiipoceteBbix Mozeneii {M, ; ; } Heobxoxumo

OCYIIECTBUTD:

— TIepeMCUICHUE «OKHA HAONIOJCHUS» B MpeleliaX pealu3alfiu
kaxaoro i1-ro TMII o BpeMeHHO# MIKaJe;

— pacrmo3HaBaHHWE AaHAIM3HPYEMOTO (-TO YyJacTKa BpPEMEHHBIX
psanoB TMIT;

— HAKOIUIGHHE TIOJNIy4YeHHBIX pPe3yJIbTaTOB pPACIIO3HABAHHSA B
npesenax Bcel aHaM3upyeMon BpeMeHHou peanuzanuu TMII;

— HOpMAaJM3alHUI0 MOJIYYeHHON CyMMBI U MOIY4YeHHE BEpOSITHOCTEH
oTHeceHHs Bcedl peammzanuu ip-ro TMIT &k kaxmol ij-o#f cuTyanmu
(YHKIIMOHUPOBAHMUSL:

Zpl,l,il,il:‘P
i Zzpl,l,il,iw
o

R (14)

HOJ’Iy‘IeHHLIe B pE3yJbTaTe MOACIUPOBAHUA BEPOATHOCTU Pl,|,i1,i|

00pa3yloT  MaTpuIlbl  BEPOSTHOCTEH  TEPEXOJ0B  MHOTOYPOBHEBOM
MepapXUIECKOil MOZIENM HA OCHOBE AMCKPETHOI GaifecoBekoi cetn Py, (1).
5. OcHOBHBIE 3Talbl peaju3alUd M pPe3yJbTAaThl NMPUMeHEeHUs

noaxoaa K Texunyeckomy auarnocrupoanuio CTC ¢ ucnonp3oBannemM
Mojedeil B BHJAe TUOPUIHBIX ceTeBbIX CTPYKTYp. Ilpakruueckas
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peanm3anys MpeaIaraeMoro moaxoa K TeXHHIECKOMY JHAarHOCTHPOBAHUIO
CTC ¢ ucnonp30BaHHEM MOJIEICH B BHJE TMOPUIHBIX CETEBBIX CTPYKTYP
BKIIIOYAaeT JBa JTama. oO0ydeHHWe TUarHOCTHYECKOTO KOMIUIEKCa M €ro
MIpUMEHEHNE TI0 Ha3HAYCHUIO I TeXHH4YecKkoro auarnoctupoBanms CTC.

Ha sTame o0ydeHus OUMAarHOCTHYECKOTO KOMIUIEKCA BBITIOTHSIOTCS
CIEIYIOIIHE IIarH:

1. TlonmydeHune craTHCTHYECKOW 0a3bl AWHAMHUYECKHX pealn3alui
i--bix TMII B Buze MHOXKECTBA MX 3HAYCHUH {x;,} B iI-BIX CHTyauusx

(YHKIMOHMpOBaHUS amnmapaTHeIX Moxayneit u noacucrem CTC, a Takxke
peammzanmii TMII, cdopmMHupoBaHHBIX Ha OCHOBE 3HAaHHMH HSKCIEPTOB B
obnactu ¢ynkunonuposanus nanHoi CTC. Pa3Ouenue skcnepToM Bcex
JIAHHBIX MOJIy4YeHHOW 0a3bl Ha TP BEIOOPKH: 00yYaIONIyI0, IPOBEPOUHYIO U

TECTOBYIO.
2. ®opMHUpOBaHHE MHOXKECTBa Mojenei u3MeHeHHs ij-bix TMII
B ij -bIX cHTyauusx (yHKIMOHHWPOBAHHS AaNIapaTHBIX MOIYJICH U

nojacucrem CTC {M } Ha ocHOBe momydeHHbIX peanusanuii TMII

1L,
{x,;} ¢ ucnonb3oBaHUEM MHOT'OCJIOMHBIX HEHPOHHBIX CeTell U LeneBoil

¢bynkimun (12).
3. ConmoctaBnenue peanusauuii  TMII {x,, }m3 oOyuaromie,

MIPOBEPOYHOH M TECTOBOM BBIOOPOK C MOJYYEHHBIMH MOJCISIMH HX
usmeHeHus  {My; }  H (dopMHpOBaHHE  pE3yJIbTaTOB  JaHHOTO

COTIOCTaBJICHUS B BHJIE MHOXECTB BTOPHYHBIX BEPOSTHOCTHBIX ITPU3HAKOB
{Poiii Yoo {Puiipi 3o ¥ {R,i }. cornacuo (13) u (14).

4, ®opMupOBaHHE CTPYKTYPHI MHOTOYPOBHEBOW HepapXHuecKoi
Mozenn My Ha ocHOBE MH(POPMAIKU O B3aWMOCBS3SX MEXKIY CUTYaIHsIMU
¢yakunonnpoBanuss CTC Ha pa3smUUHBIX HEPApXHUUECKHX YPOBHAX ee
MIPEJICTABIICHUS B BUJIE JUCKPETHON 0alieCOBCKOM CETH.

5. ®opmMupoBanue MHOXECTBa BEPOATHOCTEU TepEex0/I0B
{R i1yt MEXKIY PasIMIHBIMU CHTYaIHsIMH ¢dyuxkmmonuposanuss CTC

Ha BCEX HEPApXMUYECKHX VYPOBHIX €€ MPEICTABICHUS, OMNpeIeICHHe
JOMYCTUMBIX 3HAYEHUM Ha M3MEHEHHE BEpOSTHOCTEH MepexolloB

Ay bty min Ay bpmax | | Pdpmin Pl max | 35hss, 2hss, ¢

UCTIONIb30BaHMEM 3HAHU SKCTIepTOB B 001acTH ¢pyHKironuposanust CTC.
6. BBoa B aMcKpeTHYIO 6alieCOBCKYIO CETh MOJTYYEHHBIX BTOPUYHBIX
BEPOATHOCTHBIX TPU3HAKOB {P,; ; },, COOTBETCTBYIONUIMX 00ydaroleit

BEIOOpKE, a TaKKe HAYaNbHBIX 3HAYEHWH BEpOSTHOCTEH {Rviiit H
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apaMeTPOB IIOPOrOBLIX YCTPOUCTB @, ..., ag by sz .

7. Croxactuueckoe oOy4YeHHE MAUCKpETHOW OaifecoBckoi ceTH ¢
UCMONIb30BAaHMEM  aJrOPUTMa  CTOXACTUYECKOM  ammpoOKCHUMAIMH B
COOTBETCTBHH C 1eneBoii pynkiueit £1 (6) u (7) U orpaHMYCHUAME B BHIC
paserctB (3) m (4). Ilomyuenme B pe3ynpraTe OOydYeHHS MHOXKECTBA

i * * * * *
BepoATHOCTEH {P_y,; , ;} M TapaMeTpoBa™,,...,a*y, ,b>,....b*, .

8. IlpoBepka pe3yiabTaTa OOYUCHHS TUCKPETHON OaileCOBCKOW CeTH
Ha MHOXCCTBE BTOPHYHBIX ~BCPOATHOCTHBIX —mpusHakoB {P; ; },

MIPOBEPOYHON BEIOOPKH M MHOXKECTBE TIOIYYCHHBIX B PE3yIbTaTe 00ydICHUS

BeposaTHocTel {B_y,; ¥, BbIUHCIICHHE 3HAYCHHS LEICBON (GyHKumH E;

Buza (6). Eciu 3Hauenue neneBod GyHKIUM E; yMEHbIIACTCS B CPABHEHUT
CO 3Ha4YeHHEM, IIOJIyYeHHbIM Ha TNpeNbIAyIIeM IHMKIe OOydYeHHs, TO
(UKCHPYIOTCSl TEKYyILME MapameTphl JUCKpeTHOH OaiiecoBckor cetu. Ecnu
KOJINYECTBO LIUKJIOB OOYyYEHMs HE NPEBBICHIIO 3aJlaHHOTO 3HAueHHS N, sy,
TO OCYLIECTBJISIETCS BBINIOJIHEHUE 111ara 7, nHaye — mara 9.

9. IlpoBepka pe3ynbTaTa OOY4YEHHS TUCKPETHOH OaileCOBCKOW ceTH

Ha TECTOBOM BLI60pKe {Pll il }T C UCIOJBb30BAHUCM MOJYYCHHOI'O B XOH€

O6y‘{CHI/IH MHOXCCTBaA BTOPUYHBIX BEPOATHOCTHBIX IIPU3HAKOB
{Pl—ll i_1,il }*: BBIYUCIICHUC BBIXOIHBIX BepOHTHOCTeﬁ Ha KaXaoM CJIo€

IHUCKpeTHON OaifecoBckoir cetn {P);}, oueHka moctoBepHocTH D s
NPUHATHS PELIEHUS B TOJIB3Y j5-0i curyauuu (ynknuonuposanus CTC B
cootBeTcTBUM C BhipaxkeHueMm (8). Eciu 3nauenue D j5 HHKE 3aJaHHOTO

3Ha4eHus D,,;, TO ocymiecTBIsAeTCS MEPeXo ] K BEIITOJHEHHIO IIara 7, HHade
— 3aBepIICHUE dTarna 00y4eHHs JUCKPETHOH 0aifeCOBCKOM CeTH.

Ha sTane npuMeHeHMs THarHOCTUIECKOTO KOMITJIEKCA BHITIOTHSIIOTCS
CIEIYIONTHE IIarH:

1. Tlonyuenue HOBBIX peanu3aiuii i;-pix TMII B BHIe MHOXeCTBA
OTCYETOB BPEMEHHBIX PANOB {X; ; } -

2. ComocTaBieHne TMONYYeHHBIX peanm3anuit  i-pix  TMIT ¢
MoaeasMu  u3MeHeHus — TMII {M1Ii1 iI} B IBIX  CHTyalusx

(YyHKIMOHMpOBaHUS anmapatHelXx Monyned u  moncucteM CTC wu
(opMHpOBaHHE MHOXKECTBA TEKYIIUX BEPOSTHOCTHBIX OLIEHOK JaHHOTO
conoctasnenns {P,, ; ; }-

3. BBoJ B JMCKpeTHYIO 0aileCOBCKYIO CETh BEPOSITHOCTEH {Pl,l,il,n }

a Taxxe BeposTHoCcTER {P ¥} M mapamMeTpoB MOPOTOBBIX YCTPOHCTB

=1L =10
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a*,..., a"‘NS b, b*NS , IOJTyYCHHBIX Ha ATare 00yJYCHUSI.

4. BeiBont nHdopmannu 0 BEPOSITHOCTAX CHUTYaINH
dynxunonnposanmus CTC Ha BbIX0O/e TUCKPETHOM GaiiecoBCKOil ceTH Py s

Ornpenenenue HanOomee BeposTHOU cuTyanuu ¢pyHkimorupoanus CTC.

*
5. Onpenenenue  3HaueHHWil 00OOIICHHBIX mapameTpos R i e

anmementoB CTC wu nokanm3aiuss Hawbosee MPOOJEMHBIX U3 HUX,
YIOBIETBOPSIONIUX KpuTepuio (9).

6. BoissBieHWEe  TEHJACHIMM pa3BUTHS HETATHBHBIX  IPOIECCOB
nU3MeHeHus TexHuaeckoro cocrosauss CTC Ha OCHOBE aHANM3a 3HAYCHHM

*
00OOIIEHHBIX  MAPAMETPOB Pl,il e

MONYyYEHHBIX MO  pe3yibTaTaM
00paboTkM TONMHBIX MOTOKOB TMU mpu mpoBeneHMH MOCIEAYIOIINX
CEaHCOB IMarHOCTUPOBAHUS U YIPABJICHHS €€ TEXHUIECKHM COCTOSHUEM.

B  pesymbrate TexuHuueckoro auarHoctupoBanus CTC ¢
UCTIONIb30BAaHMEM PACCMOTPEHHOM JUAarHOCTHYECKOM MOAENH B BHIE
THOPHUIHBIX CETEBBIX CTPYKTYP BO3MOXKHBI CIEIYIOIINE HCXOIBI:

1. B ogHOM WIM HECKONBKHMX BBIXOAHBIX Yy3JIaX IHUCKPETHOU
0aifecOBCKOH CeTH MPUHATO PEIICHIE O HAHINH PACCMOTPEHHON CUTYaIun
¢yakunonnpoBanus u3 6a3pl gaHHBIX CTC. ®opmupyercs oOBsICHEHHE
pe3ynbTata pacro3HaBaHMS CUTyalud (YHKIMOHWPOBaHMS B BHIE

IIOCIIE/IOBATENBHOCTH BepIIMH rpadudeckoil mogemn {P"  } Ha KaKIOM

j| HC
ypoBHe uepapxudeckoro mpeiacrasnenus CTC u  nokanusyercs
HeucnpasHsblil anemeHnT CTC.

2. B BBIXOIHBIX y37ax JUCKPETHOW 0aileCOBCKOW CETH HE MPUHSATO
pelleHne O pacCMOTPEHHOH CcHUTyanuu (QYHKIMOHUPOBaHUS U3 0a3bl
Aannpix  CTC. Ocywectisiercss pawxupoBaHue BepunH {B imcr B

cootBercTBUM ¢ KpurepweMm (9) Ha KaXIOM YPOBHE HEPapXHUECKOTO
npencrasneHnss CTC u JoKamm3yloTcss HanOojee MpoOJeMHBIE DJIEMEHTHI
CTC.

3. Ha ocHoBe ananm3a BBISBICHHBIX MPoOIeMHBIX dieMeHToB CTC

1 0000uIeHHbIX TapameTpoB {B jlmct TO PE3YNbTAaTaM IOCICIYIONIHX

C€aHCOB AMAarHOCTUPOBAHUS U YIPaBICHUS TeXHH4YecKkUM coctosiaueM CTC
(opMupyeTcst BBIBOJ O Pa3BUTUM HETaTHUBHBIX TCHACHIMH B M3MEHEHUH
TEXHHYECKOT0 COCTOSIHUS U (pyHKironupoBanuu CTC.

B nepBom ciydae B pe3ynbTaTe TEXHHYECKOTO JUArHOCTUPOBAHHUS
CTC ocymecTBisieTcsl MOAJAEpKKA MNPUHATUS PpELIEHUs BO BHEIIHEH
cucreme ynpasieruss CTC npu peannsanyuy CHTYallHOHHOTO YIPaBICHUS
e TEXHWYECKHUM COCTOSIHUEM M MOBBIIAaeTcs kadecTBo ynpasieHus CTC c
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TOYKH 3pEHHS OTIEPATHBHOCTH NPUHATHA pemeHus. Bo BTOpoM U TpeTbeM
ciIydae B pe3ynbraTe TexHmueckoro auaraoctupoBanus CTC BBISBIAIOTCS
BO3MOJKHBIE HETaTHBHBIE TEHACHIMHM B HM3MEHCHHH TEXHHYECKOTO
cocrostaus U pyHKImonupoarns CTC u npooiemusle anemenTsl CTC, uto
MO3BOJISIET ~ pEaNn30BaTh  NEPCHEKTHBHBIE  CIIOCOOBI  IPOAKTUBHOTO
ympasiennst CTC [8-10, 39].

CrnenyeT OTMETHTh, YTO MPH PEaHM3alldd MPeIIaracMoro IMoIxo/aa
Ba)XKHasi POJIb OTBOJUTCS 3KcrepTaM B obnactu (yHkipoHuposanus CTC,
pa3pabarbIBAIOUINM  CTPYKTYPY JUCKpPETHOM OaliecoBCKOM ceth U
OIIPEACIAIOINM ArUala3oHbl U3MCHCHUA BepOHTHOCTeﬂ MEepPeEX010B MEKIY
CUTyallusiMu q)yHKIlI/lOHl/IpOBaHI/ISI arnmnapaTHbIX Mo;[yneﬁ n 1IOACUCTEM B
CTC. IIpu 3TOM CYIIECTBYET TPU CIIOCO0A MOTYUCHUS YKCIICPTHBIX 3HAHUUN

0 BeposTHOCTAX mepexonos {R_;; , }. Tlepseii cmoco6 ocHoBan Ha

NPUOITH3UTETBHON OLICHKE JOTYCTHMBIX 3HAYCHUH
hl—lxh,minﬂl—lxll,maxy HUCXOAs W3  aHaiW3a  COOOWmEHWH o

HEWCTIPABHOCTAX W Pe3ynbTaToB HcHbITanuid omHoTumHbIX CTC. BTopoit
croco® OCHOBaH Ha KOCBEHHOHM IMPHONM3UTEIFHOW OIEHKE JIOIYCTHMBIX

3HaYCHHH hl—lxll,minﬂl—lxll,max} B XOA€  IPEIBAPUTEIHEHOIO
UMHUTAlOHHOTO OJKCIIEPIMEHTA ¥ CTOXAaCTHYECKOTO OOYUCHHS CeTH,
HATIOMHEHHOH  BEPOATHOCTAMH  TIEPEXOJOB Pixly,min-Pixly,max | »

MOJyYEHHBIX Ha OCHOBe MonenbHbIXx TMII, 3agaHHBIX BKCHepTaMu I
pasnmuHbIX cutyanui ¢pynkuuonuposanus CTC. Tperunit cioco6 ocHoBaH
Ha KOMOMHHPOBaHUH 000MX IEPEUHCIIEHHBIX CIIOCO0OB.

6. PesysibTaTel  MOfIEJMPOBAHMSI  MpoHeEcca  TEXHHYECKOIro
auarHoctupoBanuss CTC Ha mnpumepe OGoproBoii ammaparypsl KA.
IIpoBeneHo MonenupoBaHHE Mpoliecca TEXHUYECKOTO JUArHOCTHPOBAHUS
CTC c wucnonp30BaHWEM IIpe/ularaeMoro mojaxopaa. B kauectBe oObekra
TEXHHYECKOTO AMarHOCTHPOBAHUS paccMaTpHBaiach OOpTOBas cHCTEMa
npremMa u nepenaun uHGopmarnun. B mepapxmueckoM mnpeacraBieHun KA,
kak CTC, naHHas cucTeMa OTHOCHTCS K yPOBHIO (DYHKIIHOHATBHBIX CHCTEM
KA. IToaToMy MOJ€ENs TEXHUYECKOTO AUATHOCTUPOBAHMS JaHHON CHUCTEMBI,
B OTJIMYHE OT OOOOIIEHHOW MOAENH, NMPUBEICHHOW Ha pUCYHKE 1, MMmeer
Ooyee TPOCTYIO 4eTHIpEXypoBHEBYIO CTpykTypy: TMII, annaparHbie
MOJIyJIU, HOACUCTEMBI, (yHKIHOHANbHas cucTteMa. [loporosele ycTpoicTBa
HCHOJIB3YIOTCA Ha BBIXOJAC YETBCPTOIO YPOBHA MOJCIHU, HA KOTOPLBIC
MOCTYNarOT YCJIOBHBIC BEPOATHOCTH BO3HUKHOBCHUSA TeKyIlIeﬁ CUTyallun
(GYHKIMOHMPOBAHUS CHUCTEMBl TpUeMa M Mepenadyd  HMHPOpMaIHu.
MonenupoBaHue pabOThl AUCKPETHOW 0aleCOBCKOUW CETH OCYIIECTBIISIIOCH
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B Cpejie MMHUTAI[MOHHOrO MoenupoBanus AnyLogic [40].

Ha pucynke 3 mpencraBieHO oTOOpakeHHE IHArHOCTHYECKON
MOJENH CHCTEMBI NpUeMa U Tnepeaadn MHGOPMALUH B BUAE TUCKPETHON
OaifecoBckoii cetn B cpene AnyLogic. B momemn yunteiBarorcs 13 TMII
(Bepmmasr Q1 1 — Q1_13), monyueHHBIC B XOIE CEAHCOB YIPABICHUS
c KA. Bpemennple peamm3amii WX TIPEOOpPa3ylOTCS BO BTOPUYHBIC
BEPOSITHOCTHBIEC NMPU3HAKH CUTyaluil (yHKIMOHUPOBAHUS aHAU3UPYEMOM
cucteMbl, W 23 curyauuu (QYHKIMOHUPOBAaHHMS Ha BCEX YPOBHIX
(opMann3oBaHHOTO onucaHus (YHKUMOHMPOBAHMS CHCTEMbl B BHJE
JMCKpeTHOM  OaitecoBckoit cetn (Bepmmubl Q2 1-Q4 2). Beixoa
JIMCKPETHOM  OaiflecOBCKOW CEeTM MpEeACTaBIeH JBYMS BEPILIUHAMH,
XapaKTepU3yIOUIMMH IITaTHOe (YHKIMOHMPOBaHHE CHCTEMbI (BEpIIMHA
Q4 1) m Hammume HemTaTHOW curyanmmu (BepmmHa Q4 2). Jlmama3oHBI

M3MCHEHHs BeposTHocTer mnepexomoB {R_; ,;} ¥ HX HayajibHbIC

3HAUEHHs  OMpEIeNieHbl  MPHOIMKEHHO Ha OCHOBE  JIOTHKH
(O YHKITMOHUPOBAHHS arnmaparypebl. Jonst hopmupoBaHUs

BepostHOCTel {P,) ; ; } OTHECCHHS CUTYyaLUH (yHKIMOHUPOBAaHUS

chucTeMbl TpueMa M nepenaun uH(opmammn KA Ha KaxmoM ypoBHE
Hepapxud K THIOBBIM CHUTyallMsM (DYHKIHMOHHPOBAHMS IO PEaNU3alMAM
TMII ucnons3oBaHel TuHaMH4Yeckhe Moaenu u3MmeHeHuss TMII Ha ocHoBe
MHOTOCJIONHBIX HEHPOHHBIX ceTell. Pa3mep «okHa HAOIONCHUS» KaKIOTO
TMII BapwsupoBaincs ot L=50 no L=150 orcueros. Helipounsie cetu nMenu
KOJINYECTBO BXOAHBIX HeilpoHOB — oT 50 po 100, KOIMUECTBO CKPBITHIX
CIIOEB — 2, KOJIMYECTBO HEHPOHOB B KaXJOM CKpbiToM cioe — 10,
KOJINYECTBO BBIXOJIHBIX HeHpoHOB — 1. [Ipu 0OyueHMHM HEHpOHHBIX ceTeit
UCTIONIb30BaHbl KPUTEPHH MHUHHMYyMa CpEIHEKBAaJPaTH4YEeCKOW OMIMOKH M
aNrOpUTM HaucKopeiiero cimycka [24].

Honydyennsle 3HaueHus BeposrHocTed  mepexonos  {P; ; }

u{R .yt 3arpyXKamich B  JHCKPETHYIO  0alleCOBCKylO  CeTb,

MIPEJICTABIICHHYIO Ha PUCYHKE 3.

Croxactndeckoe OOyYeHHE CEeTH pealnM30BaHO Ha  OCHOBE
MMHUTAMOHHOTO OJKCIIEPHMEHTa, B XOJ€ KOTOPOrO Ha BXOA MOJENH
IVICKpeTHOH OaffiecoBckoil cetm B cperne AnylLogic ogHOBpeMeHHO
MIOCTYTIAJN 3asBKH, PACIPOCTPAHSIONINECS BIONb €€ Tpada B COOTBETCTBUU
C 3aJaHHBIMH BEPOSTHOCTAMH TIepexofoB. [Ipm 3ToM mpomcxoamia
(uKcays KOJIMYECTBA 3asSBOK, JOCTHITINX KaKJOW BEPIIMHBI HA KaKIOM
YPOBHE MEPAPXUU CETH, U OICHUBAINCH BEPOSTHOCTH HX IOCTHIKCHHS =
B xome o0OydeHHs MOJETU MPOMCXOJWIO HM3MCHEHHE BEPOSTHOCTEU
MEPEeX0/I0B B MaTpHULAX P iy M OCYIIECTBISIACE KOPPEKIHS BEPOSTHOCTEH
MEepexoJ0B B Matpulle P ¢ Lenpo onTuMHU3aImu IeneBod GpyHKuuu (6)
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IpU OTPAaHWYCHHUAX B BHAC paBeHCTB (4) Ha OCHOBE alTropHTMa
CTOXAaCTHYECKOH allpOKCUMAIIHH.

IIpomeskyTOUbIi
YPOBeHb

Teneparop
3a5IBOK

Yposenn Yposenn Yposenn Yposenn
TMIT ANnmapaTHbIX NoJACHCTeM dynxu.
MojyJeii cHeTeM

Puc. 3. OroGpaxenue B cpene AnyLOgiC 1HarHocTHIECKOH MOIEIH CHCTEMBI
IpHeMa U nepeaads HHQOPMALNK M Pe3yIbTaTa JOKAIM3ALHH e€ MPOOIEeMHOTO
anmapaTHOro0 MOAYJSI — HCTOYHHKA BTOPUYHOTO 3EKTPOITUTAHUS IPUEMHHKA

OOydveHHass MOJENb IO3BOJIJIA  PACIO3HATH PACCMOTPEHHBIC
CUTYAIUH HITATHOTO (PYHKIIMOHUPOBAHUSI U HEIITATHBIE CUTYAIIUU CUCTEMBI
npueMa W mepefaur WHPOpMAIMK Ha KaXIOM YpPOBHE €€ HepapXuu u
pemuTh 3aaa4y (9) mokamu3almu ee npoOIeMHBIX 3JeMeHTOB. Kpome Toro,

MOJIeNb M03BOJIMIIA BBISIBUTH HEPaCCMOTPEHHYIO CUTYAIHIO
(YHKIIMOHMPOBAHUSI ~ AHAIN3UPYEMOW  CHCTEMBI W JIOKaJIHU30BaTh
NpoOJIEMHBIH ~ ammapaTtHbli  MOZYJNb —  HCTOYHMK  BTOPHUYHOTO

UIEKTPONIUTAHUS  TPUEMHHKA, XapaKTepU3yeMbIil  HECTaOMIbHOCTBHIO
HaNpsDKeHUS. TUTAHUS M W3MECHEHHEM €ro 3HaueHWs BOJNU3M HIDKHEH
rpaHUIb qomycka. Ha pucynke 3 mMyHKTHpPHOH JHMHHEH MMOKa3aH pe3yJbTaT
JIOKJIN3AIMX JAaHHOTO allapaTHOTO MOAYJIS, CBSI3aHHOTO CO CIEAYIOIINMHU
BepIIMHAMHU AuarHoctuyeckoit cetn: Q4 2, Q3 4, Q2 10,Q2 13, Q1 11.
Ha pucynke 4 mpencTaBieHbl pe3yibTaThl PacO3HABaHUS CUTyallui
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(YHKIIMOHNPOBAHUS] OJHOTO U3 3JICMEHTOB MPUEMHHUKA CHCTEMBI IpHeMa 1
nepenady MHYOPMALMH — alapaTHOr0 MOAYJIS IyMOBOM aBTOMAaTH4ECKON
perynupoBkn ycmieHusa (ILIAPY) o ogaomy u3 ee TMII — «Hanpsoxenue
perynmupoBkn». Ha pucyHke 4a mpencTaBiIeHBI 3HAUCHHS BEPOSITHOCTEH
Py OTHECEHMs pEalM3aLMH  AHATH3UPYEMOTO TMII «Hamnpsoxenue

perymupoBKu» K cuTyamusM  ¢yekmuoHmpoBaHus  «llltatHOe
¢byHKIHOHHpOBaHUE» (HOMep curyanud — 1) u «OOpHIB B 1emu 0OpaTHOH
CBA3W» (HOMEp CUTyaluud — 2), TMOJy4eHHBIE C WCIOIBb30BaHHEM METOa
JIOITYCKOB (CTONIONBI 1) M HA OCHOBE HEHPOCETEBOH TMHAMUYECKOH MOJEIH
n3menenust TMII (ctonOrpl 2) B OTCYTCTBUM BO3MYIIEHUH U IIIyMOB.

I:?l,l.ili, iy
1

%0¢

oy/
1

L].LlK
0 0.02 0.04 0.06 0.08 0.1
a) 6)

Homep CO

Puc. 4. Pe3ynpTaTsl pactio3HaBaHUs CUTyalui (yHKIIHOHNPOBAHHS
anmnapatHoro moxayist LIIAPY npueMHuKa cucteMsl mpreMa U nepenadu
nHpopMaru 1o ogaomy u3 ee TMII — «HamnpsbkeHne peryaupoBKuy»: a) 3HaUSHUS.
BEpOATHOCTEN OTHECEHHUs peanusanuu aHanuzupyemoro TMII «Hanpsixenue
PETYIUPOBKI» K CUTYyarusaM (yHKIMoHUpoBaHus «llITatHOEe HyHKIIMOHHMPOBAHUE»
(aomep cutyarmu — 1) u «OOpbIB B LierH 00paTHO# CBA3M» (HOMEp CUTYyaluH — 2)
0) 3aBHCHMOCTH ITOKAa3aTelsl JOCTOBEPHOCTH IPHHSATHS PEIICHHS O BO3MOKHBIX
CUTYyaLUsIX

Ha pucynke 40 mnpeacTaBieHBl 3aBUCHMOCTH — ITOKa3aTells
JOCTOBEPHOCTH D, ;| NPHUHATHS PCLICHUS O BO3MOXKHBIX i|-bIX CHTyaIMsAX
(O YHKITMOHHPOBAHMS [IJISI PACCMOTPEHHOTO arnmapatHoro moxyis [ITAPY.

HpI/IBe,HGHHI)IG 3aBUCUMOCTHU TIOKa3aTeysi JOCTOBCPHOCTHU D oT

il
BENWYUHBI Gy/L,, HOMydeHBl 10 pe3ynbTaTamM (GOPMHPOBAHMS BTOPHYHBIX
BEPOSITHOCTHBIX NPHU3HAKOB M1 KaKAOH CHUTyalMu (yHKIMOHHPOBAHUS
ammapataoro moxyis LIIAPY Ha ocHoBe ompemeneHHs TPHHAIIC)KHOCTH
TMII «HanpsokeHne perynupoBKn» jgolryckam (KpuBasi 1) M Ha OCHOBe
HeHpoceTeBbIX ANHaMUUecKux Mozeneit nsmenenus TMII (kpuBast 2).

Ha pucynke 5 npencraBieHsl pe3ysbTaThl Paclio3HABAHUS CUTYalUU
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(YHKIIMOHMPOBAHUS. CHUCTEMBl MpHUEMa M Iepefadn HH(GOPMALHUH II0
copokynHocth ee 13 TMII. Ha pucynke Sa mpejacTaBieHa
9KCTIEPUMEHTANbHASL 3aBHCUMOCTh M3MEHEHUS! HOPMHPOBAHHBIX 3HAUYCHHUH
esieBot GyHKIMH (6) OT AUCKPETHOTO BpeMeHH K 0OydeHus GaifecoBCKOM
cetm. Ha pucynke 50 mpencTaBieHBl 3aBHCHMOCTH — ITOKA3aTels

JOCTOBEPHOCTH D, pacno3HaBaHWs — aHAIM3UPYEMOH  CHTyauLuH

(YHKITMOHHPOBAHMSI CHCTEMBI TpUEMa | Iepeaadyd HHPOpMAIUH 110
coBokynmHOCTH TMII ¢ wcmonp30BaHHEeM ITUCKPETHOW 0aleCOBCKOWM CEeTH B
YCIIOBUSIX JAMHAMHYECKUX BO3MYIIEHHH BO BpeMeHHbIX psanax TMII ot
napamerpa CpeIHEKBaIPaTHUECKOTO OTKJIOHEHUS raycCoOBCKOTO
BO3MYIICHHUS Gy, HOpPMUPOBAHHOTO K mikaie TMIT L.

N
%EL—>|

oy L

0.02 0.04 0.06 0.08 0.1

6)

Puc. 5. Pe3ynpTaTsl pacrio3HaBaHUs CUTyalUN ()yHKIIHOHUPOBAHHUS
CHCTEMBI ITpHeMa U repeiad nH(opMaryu 1o coBokynaoctu ee TMIT:

a) SKCIepUMEHTAIbHAs 3aBHCHMOCTD U3MEHEHHST HOPMHPOBAHHbIX 3HAUCHUIT
1eseBoit GyHKImH (6) OT TUCKPETHOTO BpeMeHHU K 06yueHust 0aiieCOBCKOI ceTH;
6) 3aBHCHMOCTH ITOKa3aTelst JOCTOBEPHOCTH PAcIO3HABAHUS AaHATM3UPYEMOI
CHUTYaIUH

B pesynbraTe MonaenupoBaHHs MOKa3aHa BO3MOXHOCTb MOJIYYEHUS
Bemrpeima g0 20% B JOCTOBEPHOCTH paclO3HaBaHMs CHUTyaluit
(YHKIIMOHMPOBaHUS aHAIM3UpyeMoll (QyHKUMOHaNbHOH cucteMbl KA mpu
UCTONB30BaHUM B JMAarHOCTMYECKOM CeTH HeHpOCEeTeBbIX Mojenei
n3MeHeHuss TMII B cpaBHEHMM € MOJIEISIMM Ha OCHOBE JIOIIYCKOB.
HeiipocereBbie MoneNy, peanu3ylONHe KBa3HONTHMAIBHYIO (HIBTPALUIO
otnenbHblx TMII, MO3BOAMMIN MOBBICUTH JOCTOBEPHOCTH PACIIO3HABAHHUS
cuTyanmii  (QYHKIMOHMPOBAaHUS  alMapaTHBIX  MOXyJed  OopToBoi
anmapaTypbl IpU yBEIMYEHUM HHTEHCHUBHOCTH IIOMEX, ACHCTBYIOIIMX B
panuokanane nepenaun TMU ¢ KA, a Takke npu HaJU4uU CYIIECTBEHHBIX
BO3MYLICHMA M HEIUMHEMHOrO Xapakrepa BpeMeHHbIX psnoB TMII,
XapaKTepU3yIOIUX HEKOTOPhIE HEIITATHBIE CUTYallUH.
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7. 3akaovyenne. IIpemnoxeHHBIH TOAXOJ K  TEXHUYECKOMY
nmuarHoctiupoBannio CTC cOOTBETCTBYeT MHOTOMOJIEIIFHOMY OIHCAHUIO
MIPOIIECCOB UX (QYHKIIMOHNPOBAHUS Ha PA3IMYHBIX HEPAPXUIECKAX YPOBHIX
MIPEACTaBICHAS M THOPHIHOMY ITOCTPOCHHIO WHTEIUIEKTYyalbHBIX CHCTEM
00paboTkn WHPOPMANINH, TIPEAIIONATralONIeMy COBMECTHOE HCIIONB30BAHHE
MOJICUCTEM CTATUCTUYECKOTO PACIO3HABAHMS U JIOTMKO-BEPOSITHOCTHOIO
BbIBOja. [IpakThyeckass peanu3anuss PAcCMOTPEHHBIX MoOJeled B
nuarHoctuueckux komruiekcax CTC pa3nuyHOro HazHa4YeHHs MO3BOJSIET
3¢ (GEKTHBHO peliaTh KOMILICKC B3aMMOCBSI3aHHBIX 3a/1a4 UX TEXHHYCCKOTO
JIMaTHOCTUPOBAHUSI:

— 00paboTku NONHBIX MOTOKOB TMU u OTHEeceHUs TeKyuien
cuTyari (DyHKIMOHUPOBAHHUS K MHOXKECTBY M3BECTHBIX INTAaTHBIX U
HEIITaTHBIX cuTyanuit 3 6a3el qanHeix CTC;

— OoOHapyXeHHs CUTYyalHH (YHKIMOHUPOBAHMS, HE
paccMmoTpeHHBIX B 0a3e gaHHBIX CTC;

— YTOYHEHHS INTATHOH CHUTyallmd (YHKIMOHUPOBAHUSA IMIpH
ommubouHoMm nuarHoctupoBanmr CTC  BCTpOGHHBIMH  CpEICTBaMHU
TEXHUUYECKOTO JUarHOCTUPOBAHHSI;

— JIOKQIW3al[i¥ HEUCIPABHBIX M TMPOOJIEMHBIX 3JEMEHTOB C
BbIJJaueii  BO  BHEIIHWE CHCTEMBl  KOHTPOJS W  TEXHUYECKOTO
nuarHoctupoBanus u ynpasienus CTC npeanoxkeHuit mo ux JIeTaibHOMY
HCCIICIOBAHUIO;

— BBISIBJICHUS HETaTHMBHBIX TCHACHIIMH B U3MEHEHUM TEXHUYECKOTO
cocrostanss CTC mo pe3ynmbTataM JIOKaJdM3alWHd HauOolee MPOOJIEMHBIX
3JIEMECHTOB.

JlanbHeilee pa3BUTHE PACCMOTPEHHOIO MOAXOAa K TEXHUYECKOMY
muarHoctupoBanuto  CTC  cBs3aHO € MOUCKOM  aJE€KBAaTHOTO
MaTEeMaTHYECKOTO ammapaTta Uis pa3pa0OTKH JAHHAMHYCCKUX MOJeNeH
m3MeHeHnss TMII, MO3BONSIOIIMX  JTOCTHYH  OOJEe  BBIPAKCHHBIX
MaKCHMYMOB THCTOTPaMMBI pacCHpe/eNieHNsT BEPOSTHOCTEH OTHECEHHsI
peamm3armii  TMII Kk BO3MOXHBIM CHTyanusM (PyHKIIMOHHPOBAHHUS
OTJIEJIFHBIX almapaTHBIX Moayien u moacuctem CTC.
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HYBRID NETWORK STRUCTURES AND THEIR USE IN
DIAGNOSING COMPLEX TECHNICAL SYSTEMS

Yakimov V., Maltsev G. Hybrid Network Structures and Their Use in Diagnosing Complex
Technical Systems.

Abstract. An approach to the technical diagnostics of complex technical systems based on
the results of telemetry information processing by an external monitoring and diagnostics
system using hybrid network structures is proposed. The principle of constructing diagnostic
complexes of complex technical systems is considered, which ensures the automation of the
technical diagnostics process and is based on the use of models in the form of hybrid network
structures for processing telemetric information, including multilayer neural networks and
discrete Bayesian networks with stochastic learning. A model of changes in the parameters of
complex technical systems technical state based on multilayer neural networks has been
developed, which makes it possible to form a probabilistic assessment of attributing the current
situation of complex technical system functioning to the set of functions considered situations
according to individual telemetry parameters, and multilevel hierarchical model of complex
technical systems technical diagnostics based on a discrete Bayesian network with stochastic
learning, which allows aggregating the information received from neural network models and
recognizing the current situation of complex technical system functioning. In the conditions of
functioning emergencies of the complex technical system, according to the results of
processing telemetric information, faulty functional units are localized and an explanation of
the cause of the emergency is formed. The stages of complex technical systems technical
diagnostics implementation using the proposed hybrid network structures in the processing of
telemetric information are detailed. An example of using the developed approach to solving
problems of spacecraft onboard system technical diagnostics is presented. The advantages of
the proposed approach to the technical diagnostics of complex technical systems in comparison
with the traditional approach based on analysis of telemetry parameters values belonging to the
given tolerances are shown.
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I'b. MAPIIAJIKO, 1O.A. TPYGAHOBA
INOJIMHOMMWAJIBHBIE AIIITPOKCUMAIIMA HEKOTOPBIX
OYHKIINN AKTUBAIIM HEMPOHHbBIX CETEU

Mapwanxo I'B., Tpygparosa F0.A. TlonnHOMHUAIbHbIE AaNIPOKCUMANUH HEKOTOPBIX (hyHKIIt
AKTHBAIUH HEHPOHHBIX CeTei.

AHHOTamus. AKTHBHOE BHEJPEHHE CHCTEM MAIIMHHOTO OOy4YeHHs CTaBUT aKTyaJbHYIO
3agady oOecrnedeHHs UX 3allUThl OT Pa3/MYHBIX TUIOB aTaK, HANPABJICHHBIX HA HapyLIeHHUe
CBOMCTB KOH(bHICHINAIBHOCTH, IIEJIOCTHOCTH U JOCTYITHOCTH KaK 00padaThIBaeMbIX JaHHBIX, TaK
1 00y4daeMbix Mogeseil. OJHUM U3 NEePCHEKTUBHBIX HAIPABJICHUIA 3AILKThI SIBJISETCS pa3paboTKa
KOH(PUICHITMAIBHBIX CUCTEM MAIIHHHOIO OOYYeHUs, MCIHOJb3YIOMUX TOMOMOP(hHbIE CXEMBbI
Mg poBaHUs VIS 3aIUThl MOfieiel U JaHHbIX. OJIHAKO TaKue CXeMbl MOTYT 00pabaThIBaTh TOIBKO
HOJIMHOMHAJIbHBIE (DYHKIUH, YTO B CBOIO OUepeb CTABHUT 3a[ady IOCTPOSHNUS MOIMHOMHAIBHBIX
aNMpOKCHMALM KCIIOJb3yeMbIX B HEHPOCETEeBBIX MOIEJSIX HeJMHEeHHbIX (yHKumii. llessio
HacTOsIIIIei paGOTHI SIB/ISAETCS MOCTPOCHNE HanboIee TOUHBIX AMPOKCUMALIHIT HEKOTOPBIX [IMPOKO
UCIIONIb3YeMbIX (DYHKIMII aKTHUBALMii HEHpOHHBIX ceTeil, a MMeHHO RelLU, joructuueckoro
CHUIMOM/Ia ¥ TUIEPOJIONIMYECKOTO TaHIeHC A, IPU OrPAHUYCHUSX Ha CTEIeHb allPOKCUMUPYIOLIEro
MOJIMHOMA, a TaKXe OIEHKa BJIMSHHS TOYHOCTU TAaKOU allPOKCUMAIIMH Ha Pe3ysbTaT padoThl
HEUpPOHHOM CeTH B LeJOM. B oTiiune oT onyOaMKOBaHHBIX paHee pabOT pacCMaTPHBAIOTCS U
CPaBHHUBAIOTCS PA3JIMIHbIE CIIOCOOB! IIOCTPOSHNUS alPOKCUMUPYIOIHX MTOJIMHOMOB, BBOASTCS
METPUKM TOYHOCTH IPUOJMKEHUS, TPUBOJUTCA KOHKPETHBIA BHJ AaIrlIPOKCUMHUPYIOIINX
MOJIMHOMOB, a TaKXe COOTBETCTBYIOLIME 3HAUCHHs TOYHOCTH mpubmmkeHus. IIposogutcs
CpaBHEHHWE C allpOKCUMAIMsIMH, NpPUBEICHHBIMI B OIyOJMKOBAaHHBIX paHee paborax. B
3aKJII0UeHUe U1l IpocTeiiieil HePOHHOM CeTH SKCIEPUMEHTAIBHO OLEHEHO BIUSHUAE TOUHOCTU
NPUOJIKEHNUS AIIPOKCUMUPYIOIIETo MOJIMHOMA Ha BeJIMUKMHY OTKJIOHEHHUs 3HAUSHHIT BHIXOXHBIX
HEHPOHOB TAKOH CETH OT COOTBETCTBYIOIMX 3HAYEHUI BBIXOAHBIX HEHPOHOB UCXOIHOW CETH.
Pesynbrarsl mokaseBaiotT, uto Mt (yHkimu ReLU Hawmmyumnee npuOImkeHHe MOXKET OBITh
TOJIYYEHO C MOMOIIBIO YNCIICHHOTO METO/IA, & VIS JIOTHCTMYECKOTO CUTMOM/IA U TUTEPOOIMYECKOro
TaHTeHca — C MOMOIIbI0 MonuHOMOB YeObimeBa. IIpy 3ToM Hawmgydmlee HNpHOIMKEHHWE U3
TpeX paccMOTpeHHbIX (pyHKUMiT nonyuyeno i ¢yHkimu ReLU. IlomyyeHHsle pe3ysnbTaThl B
JaJIbHEHIIEM MOTyT ObITh UCTIOIB30BaHbI PY MOCTPOSHUH ANMPOKCUMALNIA (DYHKIIHMIT aK THBALUH
B KOH(HIEHIIHAIBHEIX CHCTEMaX MAIIHHOTO 00yYeHHsI.

KuroueBble ciioBa: (yHkuus aktuBaiuy, ReLU, runepOoanyuecKuii TaHreHe, IOTMCTUYEeCKHi
curmonsi, romomopdHoe mmbposanue, BGV, CKKS, HelipoHHas ceTb, MOIMHOMUAIbHAS
anmnpoKcUManus, KOH(UAEHIMAIbHOE MAIIMHHOE 00y YeHHe.

1. Beenenune. OHUM U3 CLIOCOOOB 3aLUTHI CUCTEM MALIMHHOTO 00Y-
YeHUS OT LIMPOKOT0 CNEKTPa CYIIECTBYIOIIUX aTak [1] ABiseTcs nocTpoeHue
cHCTeM KOH(pMAEHINAIbHOTO MAIIMHHOTO 00yUYeHHs C UCTIONb30BaHUEM CXEM
romomMoproro mmdposanus [2—4]. [IpumepamMu HCMONB3YEMBIX CXEM (-
poBanus sinstiorcss BGV [S], CK K S [6] u ap.

Heo6xoMMbIM YCJIOBUEM peasin3allii BHIYUCICHUIT IPU TAKOM METOJIe
3aIIUTHI ABJISETCS 3aMeHa HeJIMHEHHBIX (DYyHKIMHA aKTUBALIMK HEMPOHOB MX
MOJIMHOMUAJILHBIMY NIPE/ICTaBJIeHNIMU. Ecii cTeneHp HeJIMHEHOCTH TaKuX
Npe/ICTaBJIeHUI OyeT OTHOCUTEIBHO MaJia, TO IPUMEHEHHe TOMOMOPQHBIX
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CXeM, TaKuX, Harpumep, kak BG'V 103BoiuT 00ecreynTh rapaHTHPOBAHHYIO
3allMUTy JaHHBIX n/unm MOﬂeﬂeﬁ Ipyu CPaBHUTEJILHO HC6OJ1])LL[OM CHUXCHUU
CKOpOCTH paboThl. DTO CBA3AHO C TEM, YTO COBPEMEHHBIE CXEMbI TOMOMOpP-
HOTO MM(POBAHUSI OCHOBAHHI Ha CJIO)KHOCTHU PEIIeHUS 3a1a9i 00yUeHHUS C
oumbkamu (LWE) wmu o6y4enus ¢ ommbkamu B konblie (RLWE) u ucnionb3y-
10T 1pH (POPMHUPOBAHUM MU(PPTEKCTA IIyMOBBIE TTOCIE0BATEIBHOCTH. [Ipn
BBIIIOJIHEHHUU apI/Iq)MCTI/I‘{CCKI/IX onepauuﬁ «aMIUIUTyJa» IyMa YBEJIMYNBACTCA
Y, HAYMHAs C HEKOTOPOTO MOMEHTA, KOPPEKTHOE paciimppoBaHUe CTAHOBUT-
¢Sl HeBO3MOKXHBIM. OCOOEHHO OBICTPO IITyM HAKATUTMBACTCS TIPU YMHOXKEHVIH.
CHUBHUTH YpOBEHb ITyMa MOKHO C TIOMOINBIO T.H. OTEpalliy Mepe3arpy3Ku,
OIHAKO OHA BBIIONHSETCS AOCTATOYHO MEIJICHHO, YTO CYIIECTBEHHO CHU-
KaeT CKOpOoCTh MUPpOoBaHus. B 3T0il CBSI3M Ba)KHO OrpaHUYMBATH CTETIEHb
roMOMOp(HO BbMHCIIsIEMOro nojauHoMa. C Ipyroil CTOpoHsI, ISl COXpaHe-
HUS CBOWMCTB OOYUYEHHBIX MOJIEJIeii MAIIMHHOTO O0yUYeHHsI HAM HEOOXOTUMO
UCTIO30BATh JOCTATOYHO TOYHBIE ANMPOKCUMAIIMY UCXOMHBIX (DYHKIIH, UTO,
OYEBHIHO, HAKJTAABIBACT OTPAHIMYEHIS] HA MUHIMAJIBHO HOIyCTHMOE 3HAYCHHE
CTeTeHH MOIMHOMA.

HccnenoBatesnu B 06JaCTy MPUMEHEHHs TOMOMOP(MHOTo MU pOBaHUS
K HEHPOHHBIM CETSIM PacCMaTPUBAJIU U JIPYroil clocod 00paboTKY HEeJIMHE -
HBIX (pyHKIUMI. OH 3aKII0YaeTCs B IPEABAPUTEIHHOM BBIYHCICHIN 3HAYCHUI
(pyHKIIMM aKTHBAIMH 7151 HAOOpa AUCKPETHBIX 3HAYCHUI U COXPAHEHUH! STUX
pe3yJIbTaTOB B MOUCKOBYIO Tabnuily [7]. OnHako, B 3TOM cliyyae KauecTBO
pa®oThl HEHPOHHOM CETH HATIPSMYIO 3aBHCHUT OT YKCJIa 3allUCeil B TOUCKOBOM
TabJmIe, TO €CTh JAaHHBI oX0 TpeOyeT OOoMbIIKMX 3aTpaT 1o namsrtu. [o-
9TOMY OIPaHUYMMCS PACCMOTPEHUEM MMOJTMHOMUAJBHBIX ATIPOKCUMAITHIA JIJIST
(pyHKIIMIT aK THBAITHH.

B noctymHoit MTEpatype 1o JaHHOH TeMaTHUKe MPaKTHYECKU OTCYT-
CTBYIOT l'lO)lpO6HbIe OImucaHusA METOHOB MOCTPOCHUA MMOJIMHOMHUAJIIBHBIX all-
NpoKcUMaIuii (pyHKIMI aKTHBAllMM HEAPOHHBIX ceTell, KOHKPETHOro BUIA
MOJTYYAIOIIAXCS TOJTMHOMOB M 0OOCHOBAHUSI TOYHOCTH AIPOKCUMAITHH.

OpnHO¥ 13 IepBHIX PadoT, B KOTOPO# OBLIA ONMCAHBI PUHIIUIIHL TIPAME-
HEeHHsI TOMOMOP(HBIX CXeM MM poBaHUS B 3a/1a4aX MAIIIMHHOTO O0yJeHHS,
Obl1a padora uccienoBareneit Microsoft [2].

B HeKkOTOpBIX paboTax, B YaCTHOCTH [2, 8], OBUIO MPeJIOKEHO 3aMEHUTD
dynkiumio aktusarmu Re LU nomunomom z2. OnHako, B padote [9] GbL1o
MOKAa3aHO, YTO TaKasl alpOKCHUMAIIHS XOPOIIO paboTaeT TONbKO Ha HEHPOHHBIN
CeTsX ¢ HeOOJBIINM YUCIIOM c1oeB. [Jis ITyOOKHMX HEMPOHHBIX CeTell KauecTBO
paboThl Npy 3aMeHe GyHKIMiA akTuBatmn Re LU Ha ¥ + x Bblllle, 4eM Npu

3aMeHe Ha 12, XOTs U MPOUTPHIBAET OPUTMHAJILHOM CETH.
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B pa6ore [3] aBTOpBI KPATKO OIKCAIHN MOIXO/bl, KOTOPBIE MOTYT OBITh
MIPUMEHEHb! [JIS alllPOKCUMALIMU TaKUX IIUPOKO MCTIONB3YeMbIX (DYHKIIMH
aktuBamu Kak Re LU , aozucmuueckuti cuzmouod v 2unepooruuecKuii maHzerc.
OpnHaKo KOHKPETHBII B allTPOKCUMHPYIONIHX TIOJIMHOMOB IPUBEJEH HE ObLL.

B penosutopru GitHub mpencrasien npoekt [10], peanusyrommumii
onucaHHbIil B padore [3] moaxon. ABTOPBI IPOEKTA MPEICTABUIIH OIMHOMBI,
MOJTy4YeHHbIe TIPY MTOMOIIH YETHIPEX METOAOB AMMPOKCUMAINK JIs (PyHKIHI
aktuBauuu Re LU u eunepboruueckuii maneerc CTenieHy, He MpeBbIIAOIEi
4, mpu4eM HU OJUH U3 IpaUKOB MOTYUYEHHBIX (DYHKIWI HE COOTBETCTBYET
pe3yibTaTam, IpeacTaBjIeHHbBIM B padote [3].

B pa6ote [11] npeacTaBieHsl pe3yabTaThl UCCIEJOBAHUI IO OICH-
Ke OJM30CTH MOJIMHOMMAJIBHBIX MPUOJIMKEHUIT HEMPOHHBIX CeTel K MCXO/I-
HBIM B 3aBUCHMMOCTH OT IapaMeTpa TOYHOCTU <. ABTOPHI pacCMaTpUBAlOT
(yHKIMIO OMIMOKM anNMPOKCUMHUPOBAHHOW MOJEJM I10 OTHOIIEHUIO K HC-
XOJIHOH, TTOKa3blBasi, YTO OHA MOXET OBITh CAEJIaHa CKOJIb YTOAHO MaJIoi:
|F'(z) — Fo(x)] < Const - 27%. 3aecy F'(x) — 310 (yHKLWSA, ONMUCHIBAIOLIAS
HCXOJIHYIO HEfPOHHYIO CETh, F, () — MIPUOIMKEHNE C TOYHOCTHIO (v, B KOTOPOM
CTeleHb annpOKCUMUPYIOIIMX MHOTOWIEHOB ONpPE/IeIeHHBIM 00pa3oM 3aBHCHT
OT AaHHoro napamerpa, C'onst — HeKoTopast KOHCTaHTa. B 3Toil paboTe aBTOpHI
B IBHOM BUJI€ IIPUBOAAT B alIIPOKCUMUPYIOIHUX NOJIMHOMOB, TO3BOJISIOIAX
HOJTyYUTh CYLIECTBEHHOM O0JIee TOYHbIE HEMPOCETEBble MOIEIH 110 CPABHEHHIO
¢ paboroii [3]. BMecTe ¢ TeM nosty4eHHbIe UMH HOJIMHOMBI MIMEIOT CTEIEHb He
MeHee 7, 4TO, Kak ObUIO yKa3aHO BbIIE, CYIIECTBEHHO 3aMeJIsSieT CKOPOCTh
paboTHI 3aIIMILEHHON MOJIEIH.

Yka3zaHHble Bbllle paOOTHl HE PACKPHIBAIOT JleTaJlel Mporecca BhIpa-
OOTKM NPUBEICHHBIX B HUX AIPOKCUMHUPYIOLIMX IMOJIMHOMOB. B cBsizu ¢
STHM BOIPOC O BHIOOpE HAMJIYYIIEro MeToAa IPHOJIMKEHUs, pAaBHO KaK U
TOYHOCTHU TIOJyYaeMbIX MPHUOJIMKEHUIA, OCTAaeTCsl OTKPBITBIM. HacTosimas
paboTa MoCBsIleHa UCCIIE0BaHUI0 PA3IMYHBIX CIOCOOOB MPUOIMKEHNUST HEJ-
HEeIHBIX (PYHKIMII aKkTUBalMY, OLIEHKE B3aUMOCBS3U TOUYHOCTU U CTEIEHU
HEJIMHEWHOCTU TaKUX MPUOJIMXECHHUI U TOJYYeHHUIO SBHBIX IpeICTaBICHUI
TaKUX MPUOIVKEHHI.

2. OcHoBHbIE cBeieHHs 1 0003HAYEHH .

2.1. dysknun akTHBaun. PaccMatpuBaioTcs clieyoinue Haubosee
YacTO UCTIONb3yeMble IIPU OCTPOSHUH HEHPOHHBIX ceTell (DyHKIINM aK TUBALMN
(Puc. 1):

— Rectified linear units (ReLU): ReLU(x) = max(0, z);
o . . . _ 1 .
— Jloeucmuueckuii cuzmoud (Sigmoid):  o(x) = Tres’
— I'unepboauveckuii manzenc: tanh(x) = 2.
e*+e
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3

—— RelU
= Tanh
——Sigmoid

3

Puc. 1. Vccnenyemble (byHKIMU aKTUBALIUH

2.2. Metoap! annpoxcumanun. I1ycts f(x) — GyHKIHMS, KOTOPYIO MBI
XOTHM aIllpOKCUMHIPOBATh MIOTHHOMOM p(x) cTenend, He Boitue N . PyHKIws
f(z) onpenenena na otpeske [a, b]. Touku x; € [a, b] — y3JIbl HHTEPIOJSALMH
(t=1,...,m; m > N).

Bynem uccrie1oBath clieJyI0IIe METOIBI AIMPOKCUMAIUH:

1. P50 Teiinopa 6 okpecmnocmsix mouku z € |a, b]
PasnoxeHue cTpouTcst YMCIEHHBIM MeTOIOM. OCHOBHAs UJiesl 3aKJII0YaeTCs B
MOCTPOSHUH TOJIMHOMA, MPUOJIMKAIOIIET0 UCXOIHYI0 (DYHKIIMIO Ha 331aHHOM
otpe3ke, metonoM Kpora [12], u paznoxenun 31oil pyHkuuu B psaa Teitnopa B
OKPECTHOCTSIX 338JJaHHOM TOYKH.

2. Yucaennwlii memoo
Koadduments: momuHoMa p(x) creneHn N MOAOUPAIOTCS HPH MOMOIIM
JIOTUCTUYECKO perpeccuu TakuM 00pa3oM, 4TOObl MUHIMHU3UPOBATh CPEIHIO
KBaJIpaTUUHYI0 omroOKy (mean squared error - MSE) B y3/1aX UHTEPIIOJISAIMA
{@i, f@) F2y

3. Annpoxcumayus noaunomamu Yeboiuésa
Arnmpokcumanst pyHkuud f (x) Ha oTpeske [a, b] cTpouTcs B hopme HONMMHOMA
crenyromiero Buna [13]:

N
f(I) ~ z_;aiTi (Qz_z - 1) s

rae T;(x) = cos(iarccos(x)), x € [—1, 1] — nomusomMsl YeObIERa, cv; — COOT-
BeTcTBYyIoIMe Ko3(duimentst. s T; cpaBeiuBbl Cliey0le paBeHCTBA:

To(z) =1,Ti(x) = x,

Tip1(x) =22T;(x) — Ti—1(x),i = 2,3,. ..
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4. I100x00, 0CHOBAHHDII HA ANNPOKCUMALUYU NPOUZBOOHOTI
I[Tycts p1 () — moMMHOMUAIBHOE MPUOJIMKEHHUE [UTsl MPou3BoaHOM f(x) Ha
oTpe3ke [a, b], moMyYeHHOe OJHMM M3 METO/IOB, OMMCaHHbIX paHee (1. 1 — 3),
degpi(xz) = (N — 1). Torma anmpokcumanueii ¢pyHkiun f(x) Ha oTpe3ke
[a, b] sBsieTcs nonmHOM p(x) crenenu N [3]:

p:/pl(m)dx.

Bynem paccMaTpuBath CIeyOIIKe CIIOCOOBI BHIOOPA y3JI0B MHTEPIIOJISI-
o {7
— paBHOMepHOe pacrpejeseHne Ha otpeske z; ~ U(a,b) (Puc. 2);

Puc. 3. z; ~ N(0,1)P(x; €
[~3,3]) ~ 0,99

-3 2 1 0 1

Puc. 2. z; ~ U(-3,3)

2

— HopMasbHoOe pacripeienienue z; ~ N (u, 02) (Puc. 3), rae
i=[(a+b)/2),0 = [(b—a)/6] = P(z; € [a,b]) ~0,9973;
- xi:(ri—&—l)b_T“—i—a, k=1,...,m,

rae m > N — uucio y3710B uaTeproswu (Puc. 4),
7 — KOPHA MHOTOWIeHOB UeObIéBa CTeNieHr He BhIe [V

<2i -1 )
r; = —C0S ).
2m

ITo rpacdmkam BUIHO, YTO KOHIIEHTPAIMS Y3JI0B HHTEPIOISLIAM:

— MPUMEPHO OAMHAKOBA HA BCEM OTpe3Ke NMPU PaBHOMEPHOM pacIipe-
JIeJICHUH,

— MaKCcHMaJbHa B Cepe/InHe OTpe3Ka M YMEHBIaeTCs K ero KOHIIaM
TIPY HOPMAJIBHOM pacIipeie/IeHIH,
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-3 -2 -1 0 1 2 3

Puc. 4. z; — kopHu MHOrowieHOB YeObIéBa, 0TOOpaXEHHBIE Ha OTPEe30K [—3, 3]

— MakCHMaJlbHa Ha KpasX OTpe3Ka M YMEHBIIAETCS K CepeAnHe A
KOpHeil MHOro4ieHoB YeObIéBa.

CrnetoBaTe/IbHO, MOKHO OKHMIAThb, YTO IIPU PABHOMEPHOM pacrpe/ie-
JICHUM TOYEK MOJIMHOM OYJET CTPEMHUTHCS NPUOIN3UTD UCXOAHYIO (DYHKIIMIO
OJMHAKOBO XOPOUIO HAa BCEM OTpPe3Ke, IPY HOPMAJIbHOM paclpeesieHUd — B
cepelMHe OTpe3Ka, AJIs1 KOpHed MHOrowIieHOB YeObléBa — Ha KOHIIaX OTpe3Ka.

OTmeTuMm, 4TO I amIpoKCManyy (hyHKIUH Yepe3 pas3jIioKeHHe B
pan Teiinopa y3.bl MHTEPNONALNY HE UCTIONb3YI0TCA. HyXKHO 3HAaTh 3HaUeHUE
(pyHKIIMM ¥ ee IPOM3BOIHBIX JIMIIb B OHON TOUKE, B OKPECTHOCTSIX KOTOPOH
BBINOJIHSETCS AlMPOKCUMALHSL.

3. Boanmble orpaHuyeHms1.

3.1. Cnoco0bl onleHKH KavecTBa anmmnpoxkcumanmu. CyiecTByoT
Ppas3yIM4Hble CIIOCOOBI OLIEHKM KaYecTBa alPOKCUMALMH, TaKHe KaK:

— cpenHsist abCOMIOTHAS OIIMOKa

m

MAE(f,p) = %Z |f(x3) — p(z;)],

i=1
— Cpe€aHAA KBaapaTUuyHasd ommoKa

m

MSE(f,p) = % Z(f(fﬂz) —p(x:))?,

i=1
— MaKCUMaJIbHO€ 3HAUYCHHE Pa3HOCTU
maz_loss(f,p) = max | f(x;) — plz)|
1=1,....,m

u JIp.
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Onenku M AE u M SE uMeloT CXOXHil CMBICII, TO3TOMY B JAHHOW
pabote O6ynyT paccmarpuBatbcst MSE v max_loss, KOTOpbIE BBISBIISIOT
pa3/IMYHbIE TUIBI OTKJIOHEHHH 3HAYEHUI UCCIIeyeMbIX (hYHKIIUIA.

B kauecTBe eMHON METPHKH /IS CPABHEHUS TOYHOCTH arlMPOKCUMAITII
Oy/IEM HCTIOB30BATh

o(f,p) = \/Z\LSYE(f,p)2 + mazx_loss(f,p)3.

JlaHHas1 METpUKa MOXET PaCCMATPHBATHCS KaK aHANIOT €CTECTBEHHOM €BKIIHI0-
BOWl METPUKH B IBYMEPHOM HPOCTPAHCTBE, e MeTpuku M SE u max_loss
OTIPE/IETISIOT PACCTOSHUE MO COOTBETCTBYIOIIMM KOOPAUHATAM.

3.2. Bri6op oTpe3ka st annpokcumManuun. PaccMoTpum noeejeHre
ynkimit anmmpoxcumaruu (Puc. 1):

— ReLU — KycOYHO-TIOJMHOMHANbHAsE Ha oTpe3Kax (—oo, 0], [0, 0o),
HPUHUMAET 3HaYeHus U3 oTpe3Ka [0, 00);

— Sigmoid — MOHOTOHHO BO3pacTaet, Touka meperuda B 0, o(x) €
(0,1),0(z) — 0,0(x) — 1.

Tr—r — 00

r——+0o0
— Tanh — MOHOTOHHO BO3pacTaeT, Touka neperuda B 0, tanh(x) €
(-1,1), tanh(z) — —1,tanh(z) — 1.
r——+00

T——00

Hcxonst U3 BBIIIECKA3aHHOTO, OYEBHIHO, YTO HEOOXOAWMO BHIOH-
paTh OTPE30K aNNpOKCUMALMM, CUMMETPUYHBIII OTHOCUTEJILHO HYJIA, BUAA
[—1,1], I # 0. B pabote [3, 10] ucronbzoBanocs 3Hadenre | = 200. Mbl
TaK:Ke MCIOJIb3yeM OTpe30K anmpokcumarmn [—200, 200] B nesisx cpaBHEHHs!
pe3yJbTaToB.

[TockosbKy MHOXXECTBA 3HAUEHUI paccMaTpyBaeMbIX (DYHKIIMA aKTHBa-
IIMY PA3JIYHBL, TSI KOPPEKTHOTO CPABHEHHS Ka4eCTBA MPUOIMIKEHHSI, KOTOpOe
IIOKa3bIBAIOT pAaCCMaTPUBAEMbIE METO/bI AIIIPOKCUMALIMK, HOPMAJIM3YEM 3Ha-
ueHHs (PYHKIIMIA U TIOMIMHOMOB € MOMOIIIBIO TPOEKIMK Ha oTpe3ok [0, 1]:

Y — Ymin

Ymax — Ymin

— ReLU(x) : Ymin = 0, Ymaz = 200;

- (T(iL’) L Ymin = O;ymam =1

— tanh(z) : Ymin = =1, Ymaz = 1.

IToce Takoit 3amensl 3HadeHuss M S E v max_loss U3MEHSITCS Cliey-
IOLIIM 00pa3oM:

Ynormalized =

MSE

MSEnormalized = m
mazx min

)
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max_loss
(ymaw - ymzn) '

Hanee B Tabmuuax 1, 2, 3, 4, 5 umwkune uagekchl M SE,, ormalized 1
maz_losSpormalized OMYIIEHBI 11T KPATKOCTH.

3.3. Brioop crenenn mosmHoMa. [TockomnbKy, Kak ObUIO OTMEUEHO
BO BBEJICHUH, CYIIECTBYIOIHE CXE€Mbl FOMOMOP(HOro mudpoBaHUs orpa-
HUYMBAIOT JIOITYCTUMOE KOJIMYECTBO OMEepaIiii yMHOXKEHHS, pa3paboTunKaM
HEOOXOIMMO O BO3MOKHOCTH OTPaHIMYNBAThH CTENICHb AMIIPOKCUMHPYIOIIETO
nonrHoMa. BMecTe ¢ TeM, KOHKpEeTHbIe 3HAUeHHs CTeneHei OyayT 3aBUCETh OT
BUJA HEHPOHHOM CETH U MapaMeTPOB UCTIOIB3YEMOIl CXeMbl TOMOMOP(HOTO
umdpoBaHus. B cBsi3u ¢ 3TUM Janiee OyLyT pacCMaTpUBATHCSI IIOJIMHOMBI CTe-
nieHeii 2, 3, 4 ananormyHo [3, 10] ¢ TeM, YTOOBI IMETh BO3MOKHOCTh CPABHEHUS
MOJTYYeHHBIX Pe3yJIbTATOB.

4. IlonyuyeHHble pe3yabTaThl. [lanee OyIyT UCTIONB30BAHBI CICAYIO-
e 0003Ha4YEeHUA:

— M SFE — HopManu30BaHHasI CpeAHEKBapaTHYHasl OIMOKA IPUOJIH-
JKEHUsI UCXOJIHOM (PYHKIIUU MOTMHOMOM,

— max_loss — HOpMAIM30BaHHOE MaKCUMAaJIbHOE 3HAUYCHHUE PA3HOCTH
MeKIy TOJyYeHHBIM TIOJIMHOMOM U UCXOIHOMN (DyHKITHEH.

Heo0xonumo ciienaTh HEKOTOpbIe 3aMevaHtsl OTHOCUTEJIBHO MOCTpOe-
HUsI npuoIvkeHnit 1uist pyHkimu Re LU .

Oyukims aktuBanuu Re LU Henuddepenipyema B Hysie, IO3TOMY
He UMeeT pasyiokeHus B psip Teitopa B OKPeCTHOCTSIX 9Toi TOUKU. OmHa-
KO, TIOCKOJIbKY JIJIsI [IOCTPOCHUSI pasJIOKEHUs B psn Teimopa ncnons3yercs
YUCJICHHBI METO[], 3TO OrpaHUYEHHE MOXHO OOOUTH.

ITpousBoanoii pynkumu Re LU saBnsercs ¢pyHkuus Xepucaiiga:

mal'_lossnormalized =

ReLU'(x) =% * =0
1, 220

Ota (yHKUUA pa3pelBHA U HeauddepeHuupyema B Hyse. [ToaTomy
aBropaMu paboTsl [3] ObUTO MpPEAIOKEHO BMECTO Hee arpOKCHMHUPOBATH
(pyHKLIMIO JTOTMCTHYECKOTO CUTMOH/IA, KOTOpast UMeeT acuMnToThl y = 0 rpu
x — —oouy = 1npux — 400, To ecTh NpuOIMKaET (GyHKIMIO XeBHUcaiia.

4.1. TTosyuyeHHble MOMHMHOMBIL. B Tadimiax 1, 2, 3 ganee npuBeacHbI
MOJMHOMHUANBHBIE anmnpokcumanuu (pyHkuuil Re LU, TOrHCTUYECKOrO CUTMO-
W/1a ¥ TUIIepOOJIMUECKOTr0 TaHTeHCa, COOTBETCTBEHHO. [1JIs1 anmpokcuManym
NPOU3BOIHO MCHOIB30BAJICS METOJ alllPOKCUMAIIMY MHOTOWIeHaMu YeObl-
EBA, TaK KaK OH NPOSBUI ce0sl HAMITYYIMM 00pa3oM Cpeli PACCMOTPEHHBIX
METOJOB.
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Tabmuma 1. [TonmHOMMATBEHBIE anmpokcuMarmu it Re LU

Meron IonuHOMBI MSE | max_loss| p
T 0.0023612+0.500<37xg§18.5 0.0013] 0.0925 0.0925
25 ~ U(-200,200) —2.834 10~ 723  + | 0.0013| 0.0924 0.0924
’ 0.002358z2 + 0.5074z +

18.47

—5.178 - 10~ 8z% — 2.154 - | 0.0003| 0.0575 0.0575

10823 + 0.00412422 +

0.5021x + 11.49
I ——— 0.003022+0.49152+13.25 | 0.0032] 0.1734 0.1735

o —2.011 107%2% 4+ | 0.004 | 0.2385 0.2385

@i ~ N(0,67°) 0.00305122 + 0.5175z +

13.07

—5.114 - 10~ 82% +1.103 - | 0.0008| 0.0614 0.0614

10=%23 + 0.004391z2 +

0.4841z + 10.1
YuceHHbI METOI. 0.00212222 + 0.5z + 21.22 0.0015| 0.1061 0.1061
Z; — KOPHU MHOTOWIEHOB | —7.846 1072123 + | 0.0015| 0.1061 0.1061
YeOblEBa. 0.00212222 4 0.5z + 21.22

—4.244 -10782% 4+ 6.431 - | 0.0004| 0.0637 0.0637

102123 4+ 0.00382z2 +

0.5z + 12.73

0.001472z2 + 0.5x + 40 0.0063| 0.2 0.2
Psp Teitnopa —4.466 107623 4+ | 0.0063| 0.1503 0.1504

0.003028z2 + 0.634x +

8.965 - 1015

—1.03 - 1078z* 4 3.6 - | 0.0025| 0.1429 0.1429

1072123 + 0.002091x2 +

0.5z + 28.57

0.00212222 + 0.5z +21.22 | 0.0015| 0.1061 0.1061
TTonuHoMbI YeObliéBa —3.217 10~2123 4+ | 0.0015| 0.1061 0.1061

0.00212222 + 0.5z +21.22

—4.244-10~8%2% —9.181e- | 0.0004| 0.0637 0.0637

102123 4+ 0.00382z2 +

0.5z + 12.73
Arnmpokcumanus 0.00159222 + 0.5z +36.34 | 0.0047| 0.1817 0.1818
npousBoaHoii (byukiusa | 1.017 1072123 4 | 0.0047| 0.1817 0.1818
XeBucaiina) 0.00159222 + 0.5z + 36.34

—2.653-10782% — 7.138 - | 0.0006| 0.0756 0.0756

102123 + 0.003183z2 +

0.5z + 15.12
Anmnpoxkcumanus 0.00159122 +0.5x +36.34 | 0.0047| 0.1817 0.1818
MPOU3BOHO —3.311 102123 4+ | 0.0047| 0.1817 0.1818
(norucTiueckuii curmounn)| 0.001591z2 4 0.5z + 36.34

—2.652-10"8z% — 7.138 - | 0.0006| 0.0756 0.0756

102123 + 0.003182z2 +
0.5z + 15.13
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Ta6J11/1ua 2. [TomuHOMUAIBHBIE AMIMpoKCUMaln JJid JIOTUCTUYECKOI0 CUrMmounia

107823 —-3.103-10~ 2122 +
0.004774z + 0.5305

Meron IonuHOMBI MSE | max_loss| p
e — —5.352 10~72Z 4 | 0.0602] 0.4917 0.4953
25 ~ U(-200,200) 0.003761z + 0.5167
’ —1.378 - 10~ 723 — 3.097 - | 0.0328| 0.4679 0.4691
10~7z2 + 0.007042z +
0.5127
5.441 - 10~ gz% — 1.378 - | 0.0329| 0.4754 0.4765
10~ 723 —2.166- 10622 +
0.0070412 + 0.5201
e — —7.977 10722 + | 0.1333] 0.7518 0.7636
25 ~ N(0,672) 0.006058z + 0.4916
’ —2.395-10" 723 +1.031- | 0.0512| 0.6101 0.6122
10~ 622 40.00917240.487
2.507 - 10~ 192% — 2,456 - | 0.0565| 0.8034 0.8053
10722 — 5.33 - 107622 +
0.0093z + 0.5
YyICTIeHHEII METO. 2.292 10=292Z | 0.0641] 0.4784 0.4827
Z; — KOpHU MHOrowieHos | 0.003183z + 0.5
YeOpnuéna. —1.061-10~ 723 —9.173 - | 0.0340| 0.4594 0.4606
102122 40.006365x+0.5
9.441 - 10~2%2% — 1.061 - | 0.0340| 0.4594 0.4606
10~ 723 —2.817-1072022
0.006365z + 0.5
—7.5 10=%22 4+ | 0.0756| 0.5944 0.5992
Pan Teiinopa 0.004472x + 0.6
—2.437-107823 — 2.054 - | 0.0634| 0.4774 0.4815
101922 40.003363x+0.5
2.232 - 10~ 1024 — 9.958 - | 0.0374| 0.5303 0.5316
10823 —1.071-10 %22 +
0.006377x + 0.5714
—9.932 10=2122  + [ 0.0641| 0.4784 0.4827
TTommHoMbI YeObliéBa 0.003183xz + 0.5
—1.061-10" 723 —2.141- | 0.0340| 0.4594 0.4606
1072022 40.00636524-0.5
—1.248-10"252%4 —1.061- | 0.0340| 0.4594 0.4606
10~ 723 —1.901-107 2022
0.006365z + 0.5
Anmpokcumars —5.818 102222  + [ 0.1547] 0.6697 0.6872
—— 0.001592z + 0.3183
—5.305 10~8z3 4+ | 0.0445| 0.4994 0.5014
0.004774z + 0.5305
2.182 - 1072624 — 5.305 - | 0.0445| 0.4994 0.5014

B tabimiax 4 v 5 Mbl npuBefieM SIBHbI BUJ U OLIEHKU TOYHOCTHU

ANMpOKCUMAaLIMK MOMMHOMOB 13 poekTta CryptoDL [3, 10].
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Ta6Jn/1ua 3. [TonmuHOMUAILHBIE alIMpOKCUMalu 0Jis mnep60m/mecxor0 TAHI'CHCa

Meron

TTomHOMBI

MSE

max_loss

p

YuciaeHHbli METOI.
z; ~ U(—200,200)

7.093 107822+
0.007516z — 0.01842
—2.775 - 10~ 73 — 1.734 -
107722 + 0.01418z +
0.002386

7.749 - 10711zt — 2,776 -
10~ 723 —2.809 - 10622 4
0.01418z + 0.01252

0.0612

0.0338

0.0338

0.4938

0.4725

0.4776

0.4976

0.4737

0.4788

YucieHHbI METO/.
x; ~ N(0,672)

—7.288 107722 +
0.01221z — 0.004985
—4.893 - 10~ 723 + 5.002 -
10~722 + 0.01845x —
0.01014

5.371 - 10~ 1024 — 5.007 -
10~ 723 — 1.295 - 10~ %22 +
0.01861z + 0.01763

0.1369

0.0545

0.0596

0.7378

0.617

0.8218

0.7504

0.6194

0.824

YucieHHbI METO/.
Z; — KOPHU MHOTO4ICHOB
YeObIéRa.

—5.393 102122 +
0.006366x

—2.122 - 10~ 723 + 2.024 -
10~212240.01273x+6.64-
10717

3.092 - 102424 — 2.122 -
10~ 723 —1.32- 1071922 +
0.01273z 4 9.531 - 1016

0.0651

0.0350

0.0350

0.4869

0.4742

0.4742

0.4913

0.4755

0.4755

Pan Teiinopa

—1.5-10~°2240.008944x+
0.2

—4.874 - 10~ 823 — 8.165 -
1071922 4+ 0.006726x +
2.429 -10~14

4.464 - 1071024 — 1,992 .
10723 —2.143 - 10 %22 +
0.01275z + 0.1429

0.0766

0.0645

0.0384

0.5944

0.4862

0.5454

0.5993

0.4905

0.5467

TTomHomer YeObIméBa

—1.835 1072922 +
0.006366z + 3.309 - 10~16
—2.122 - 10~ 723 — 1.835 -
1072022 4+ 0.01273z +
3.309 - 10—16

1.048 - 10~ 2424 — 2,122 -
10~ 723 —4.442.1072022 +
0.01273z + 8.387 - 10~17

0.0651

0.0350

0.0350

0.4869

0.4742

0.4742

0.4912

0.4755

0.4755

Arnmpokcumanust
TIPOU3BOJHOM

1.115-10~212240.003183z
—1.061 107723 4
0.009549z
5.091 - 10~26z% — 1.061 -
10~ 723 —6.206-10 2122 +
0.009549z

0.1227
0.0446

0.0446

0.4933
0.4806

0.4806

0.5083
0.4826

0.4826
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Tabnuma 4. TlomiHoMuasbHbIe anmpokcuMaryu it ReLU uz npoekra [3, 10]
Meron IonuHOMBI MSE | max_loss| p
0.0021z2 + 0.5z + 21.22 0.0015| 0.1061 0.1061

TTominomsl Jlexanapa
—3.517 - 1071623 4+ | 0.0015| 0.1061 0.1061
0.0021z2 + 0.5z + 21.22
—4.244.10"8z% 4+ —3.517- | 0.0004| 0.0637 0.0637
101623 + 0.0038z2 +
0.5z + 12.732

0.0016x2 + 0.5z + 38.557 | 0.0057| 0.1928 0.1929

YucaeHHbI METO/,
—1.6093 - 10~ Mz3 4+ | 0.0057| 0.1928 0.1929
0.0016x2 + 0.5z + 38.557
—1.73 - 10~ 8z% — 3.61 - | 0.0021| 0.1373 0.1373
10723 + 0.002522 +
0.5z + 27.453

0.00234z2 + 0.5z + 18.75 | 0.0013] 0.0938 0.0938

TTommHoMb1 YeObliéBa
9.363 - 10720z3 4+ | 0.0013| 0.0938 0.0938
0.00234x2 + 0.5z 4 18.75
—5.127-10"82% +9.363 - | 0.0003| 0.0586 0.0586
10=2023 4+ 0.0041z2 +

0.5z + 11.719
Anrnpokcumanus 0.0013z2 + 0.5z 0.0106 | 0.2344 0.2346
TIPOU3BOJHOM (CUTMOW)

—9.677 - 107223 4+ | 0.0043| 0.2344 0.2346

0.002z2 + 0.5z

B cBoaHbIX Tabsmiax 6 U 7 MpUBeIeHbl HAWTY YLK METO, allpPOKCH-
Malll1 U COOTBETCTBYIOIIIEE 3HAUSCHUE METPUKH p JIJIST KAKAO0H pacCMOTPEHHOMI
CTeIMeH! anMmpoKCUMUPYIOLIEro MOJMHOMA U KX A0H pacCMOTPEHHOM (pyHKLIUU
AKTUBALIMK, IOJIyYEHHBIE B IaHHOM UCCJIEJOBAHUU 1 UCIIOJb30BaHHBIE B IIPOEK-
te [3, 10], cooTBeTCTBEHHO. B 11€710M, IOy YeHHBIE PE3Y/IbTAThl COINIACYIOTCS
B CMBICJIE TIOPSI/IKA OIMMOKY anmnpoKcUMaluu. Bmecrte ¢ TeM, B HaCTOSIIIEM
UCCJIeIOBAHKS YIAJIOCh MOTYYUTh HECKOJIbKO O0Jiee TOUHYIO arpOKCUMAIIUI0
st pyskimn Re LU (x), yem B mpoexte [3, 10].

[Tony4eHHble anpOKCUMALIAU AJ1s1 JIOTUCTUYECKOTO CUTMOU/A CYILe-
CTBEHHO TPOWTPHIBAIOT B TOYHOCTU (pyHKIMM ReLU, omHako OKa3ajwch
HECKOJIBKO JIydIlle, YeM armpOKCUMAIIMH 1151 TUIIepOOINYECKOro TaHTeHea.

Kak OblJI0 OTMeUeHO BO BBEJICHUH, 3aj1adya BHIOOpA alllpOKCUMHPYIOIIE-
'O MOJIMHOMA SIBJISIETCS 10 MEHbIIIeH Mepe JIByXIapameTpuyeckoi (MUHUMU3A-
IVS1 ¥ OIIMOKY aIlpOKCUMAITHH, U CTEeTIeH! MoMHOoMa). [ToaToMy npeicTaBisiet
MHTEpeC CpaBHEHHe OIMOOK IMPU pa3HbIX cTeneHsax. s kaxaoi pyHKImu
AKTHBAIMHU Hali[IeM OJIMHOMBI cTeneneidt 2,3,4, naoliye Hauyviiee mproJIKe-
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TaGmna 5. TToMMHOMMAIBHBIE AMIPOKCUMAIINHY [Tl TUTIEPOOTNYECKOrO TAHTEHCa 13
npoekta [3,10]

Meton IToJMHOMBI MSE | max_loss| p
0.00637x 0.0651| 0.4869 0.4912
TTomuowms! Jlexanapa
—2.1219 10~ 723 4+ | 0.035 | 0.4742 0.4755
0.0127x
—2.1219 10~ 723 4+ | 0.035 | 0.4742 0.4755
0.0127x
0.00587x 0,0696| 0.4879 0.4928
YucieHHbI METOT,
—1.2015 107723  + | 0.0445| 0.4806 0.4827
0.0095z
—1.2015 107723  + | 0.0445| 0.4806 0.4827
0.0095z
0.00745x 0,0611| 0.4847 0.4885
TTomHomel YeObiméBa
—2.734-10" 723 4+0.0141z | 0.0338| 0.4716 0.4728
—2.734-10" 723 4+0.0141z | 0.0338| 0.4716 0.4728

Ta6uia 6. CBoaHast TabyHIa ANMPOKCUMAIMI (DYHKIMI aK TUBALH

® CreneHpb MOJNHOMA .
YHKIMS 5 3 I Jlyummii pe3yjabTat
ReLU YucneHHbI YucaeHHbI YucneHHbI YucieHHbII METO/.
METO/. MeTOfI. METO/I. z; ~ U(—200,200),
T; ~ | x; ~ | xz; ~ | deg =4,
U(-200,200),| U(—200,200),| U(—200,200),| p=0.0575
p = 0.0925 p = 0.0924 p = 0.0575
Sigmoid | TlomuHomsl Ye- | TlomuHomsl Ye- | IMommHomsl Ye- | IMommuuombl YeObiméBa,
OBIILEBA, OBIIIEBA, OBIILIEBA, deg = 3,
p = 0.4827 p = 0.4606 p = 0.4606 p = 0.4606
Tanh TTomuuomsel Ye- | YuciieHHBIH TTomuomer Ye- | YucaeHHbIA METO.
ObIEBRA, METO/I. ObIIEBRA, z; ~ U(—200,200),
p =0.4912 x; ~ | p=0.4755 deg = 3,
U(—200, 200) p =0.4737
p =0.4737

HHUE. HJ’[F[ KaxJa0ro u3 HUX paccuyuTacmM OHII/IGKY AlllIpOKCUMAI U BBIYUCJIUM
MOAYJIM UX MNOMMapHbIX pa3HOCTCﬁ. HOHy‘IeHHLIC PE3YJIbTAThI IPEACTABJICHBI B

Tabuuue 8.

MoXHO BUAETb, UTO AJIS:
— ¢yskiuu Re LU ucnonb3oBaHue MOJIMHOMA TPEThel CTENeH! Mpak-
TUYECKHU HE JJaeT BBIMIPHIIIA [10 CPABHEHMIO C HCIIOJIb30BAHUEM IOJIMHOMA
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Ta6uma 7. CBoxHas TabJuMIIa aNNIPOKCUMAIIMIA (PYHKIIMIA aK THBAIMK U3 TIpoekTa [3, 10]

DyHKIMA 5 CTgﬂeHb fominoma I Jlyummii pe3yabTaTt
ReLU TTosmuomsl Ye- | TTosuromsl Ye- | TToimuromsl Ye- | TTosuHombl YeObinéBa,
ObIIIEBA, OBIIIEBA, OBIILIEBA, deg = 4,

p = 0.0938 p = 0.0938 p = 0.0586 p = 0.0586

Tanh TTosmuomsl Ye- | TTosmuaomsl Ye- | TTommaomsl Ye- | ITommHoMBI YeObiéBa,
ObIIIEBA, OBIIIIEBRA, ObILIERA, deg = 3,
p = 0.4885 p =0.4728 p =0.4728 p=0,4728

Ta6uuia 8. TaGiuiia MOYIIsl pa3HOCTH OIIMOKM ANMPOCKAMAIINK JIJTsI HAWITY YIIHX
ANMpPOKCUMUPYIOIIMX MHOTOYJICHOB Pa3jIMUHbIX CTENEeHEeN

L S— Creneny noJIMHOMOB

2-3 2—-4 3—4
ReLU 0.001 0.035 0.034
Sigmoid 0.0221 0.0221 0
Tanh 0.0239 0.0188 0.0051

BTOPOI1 CTENEeHH, XOTsI OHU YCTYIAKT MO TOYHOCTU MOJTMHOMY YeTBEPTOM
CTeIleHU;

— JIOTUCTUYECKOTO CUTMOH/IA, OTCYTCTBYET Pa3HUIIA MEKIY OMIMOKaMU
anmpoKcuManuii 3 u 4 creneHei;

— rUnepOOIMYECKOro TAHI€HCa HAMIYYIIMM BHIOOPOM SIBJISIETCS HC-
M0JIb30BaHUE MMOJIMHOMA TPETheil CTeTEHH.

DTH pe3yIbTaThl 1eJecO00pPa3HO UCHONL30BaTh IJIs1 ONTHMU3AIIH
peay3anuii roMOMOP(HBIX BEIYHCTICHHI.

5. OueHka ommOKU HeHPOHHOI ceTH. [Ipe/icTaBsieT HHTEPEC OLIeHKa
BJIMSIHUS FICTIONB30BAHM S TIOJTyYEHHBIX alllIPOKCUMANuUil (PyHKIMH aK THBAIN
Ha paboTy HEWPOHHOII CETH B 1IEJIOM.

OHUM U3 CIIEeHAPUEB MCIIOJIb30BaHUsI TOMOMOP(HOTrO My poBaHUs
SIBIISICTCS 3aIIUTA YKe 00YJIEHHOU MOJIEIIH, HAIpUMep, OT U3BJICUSHUS] JTaHHBIX
006 oOyyaroiniei BoiOopke. B 3TOM crieHapuu cHavaia o0ydaeTcsl CTaHIapTHAs
MOJIEJTb, TTOCTIE STOTO MPOMCXOINT 3aMeHa HeTMHEWHBIX (PYHKIUI TOJTMHOMAMH.
3areM K HEPOHHO# ceTH pUMeHsieTcsi romoMopdHOe mudpoBaHKe, Mocie
Yero oHa MOXET OBITh MCIOJIb30BaHa J1jis1 Oe30nacHoi 00pabOTKK JaHHbIX.

B 37Ol CBSI3M TIpelCTaBIsET UHTEPEC OIEHKA OIMOKM pe3yJibTara
BBIYMCIICHHUS BRIXOTHOTO 3HAUEHHUS 3aM(PPOBAHHON HEMPOHHOMN CETH OTHOCH-
TEJIbHO MCXO/IHOM CeTH, BbI3BAHHOUN 3aMEeHOM (PyHKIMIA aK TMBAIMK TPUOIIHKE-
Husamu. B pabotax [2,3,10] takas 3aj1aua B SBHOM BHI€ HE pACCMATPUBAIOTCS —
aBTOpr SKCHepl/IMCHTaﬂbHO OLICHUBAKOT TOYHOCTH KJ'laCCI/ICpI/IKaLII/II/I CETU Ha
CTaHJAPTHHIX HAOOpaX JaHHBIX.
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B pab6ore [11] aBTOpBI NpeJiaraioT oOIIuii MOJX0/], OCHOBAHHbII Ha
MpeICTaBJICHUN HEHPOHHON CETH B BUJIe KOMITO3HUIIUHU JIEMEHTAPHBIX MTPe0d-
Pa30BaHMIA, IS KAXKIOTO UX KOTOPBIX BEIYHCIISIETCS OIEHKA OIMOKH aIpOK-
cumarmu. [TokazaHo, 4To MOAYIIb pAa3HOCTH 3HAYCHUS BHIXO/IA HCXOTHOI ceTn
U ee alnpoKCUMAIIUM MOXeT ObITh OrpanuyeH BemuunHoit Const - 27 %, rie
« — napamertp, a C'onst — HeKoTopasi KOHCTaHTa. Bo3HUKaeT 3ajjaua OLIEHKU
3HA4YEHUS 9TON KOHCTAHTHI.

Tak B padore [14] oTMeuaeTcs, YTO MOIXOM, UCTIONL30BaHHBIA B [11] 1
OCHOBAHHHI Ha BRIYUCIICHIH KOMIIO3UIIUY TIPpe0Opa30BaHUi, MOXET MPHUBO-
JWTh K 3aBBIICHUIO OIIEHKH. DTO CJIeAYET U3 TOro (pakTa, 9To eciu (pyHKIUS
UCTIOJIb3YET KaKyIo-MO0 MepeMEeHHY0 HECKOJIBKO pa3, a TAKOe CIPaBEJIUBO
JUTs HEAPOHHBIX CETei ¢ OOJMBIINM YKCIIOM CJIOEB, OIIMOKM, BHOCHMbIE JaHHOU
TepeMeHHOM, MOTeHITMAILHO MOT'YT KOMITEHCUpOBaThesl. [1Jist Gojiee TOUHOM
OIIEHKH MOXET ObITh MCIIOJIb30BaH OIMCAHHBIIA B TOH ke MOHOTrpadyy aHa M-
THYECKUIA C1IOCO0, OHAKO OH TPeOyeT BHIUMCICHUS YACTHBIX TPOU3BOIHBIX
OT (bYHKIIUH, OTMCHIBAIOIICH HEHPOHHYIO CETh LIEJIMKOM, YTO B OOIIEM CITy-
yae MOXET SIBJIATHCS TPyLOEMKOU 3ajadyeil. BMecTo 3TOro 111 KOHKpeTHOMI
HEAPOHHOU CeTH MBI MOXEM OLIEHUTh TAKYI0 OIIMOKY SKCIEPUMEHTAIBHO,
BBIYKCJIMB OILIEHKY Besmdaunbl maz_loss(F, F*). 3neco F, F* — (yHkium,
OIMMCHIBAIOIIHE UCXOMHYIO U MPUOTMKEHHYI0 HEPOHHBIE CETH COOTBETCTBEHHO,
a MakCUMyM OepeTcs 110 MHOKECTBY BXOJHBIX apT'yMEHTOB.

PaccmoTpum npocreiiilylo CBEpTOUHYI0 HEMPOHHYIO CETh JJIsl pac-
nmo3HaBaHus u3o0paxkenuit nudp ot 0 1o 9 u3 6a3sl manHpIx MNIST [15]
Y TPUOJIMKEHHBI BapUAHT TaKOM CETH, JIJIA KOTOPHIX BBIYKCIMM yKa3aH-
Hoe 3HaveHue max_loss. Kaxkmoe n3o0pakeHre sIBISICTCSI MOHOXPOMHBIM
Y TIpeICTaBIIsIeT COOOM KBapaT co CTOpoHOU 28 nuKkceneil. Bynem cunrarts,
YTO KA IMKCeJb MprHUMaeT 3HadeHue oT -200 qo 200, yTo mo3BOJseT
TOJIb30BATHC S TTOYUYSHHBIMH BBIIIIE OLEHKAMHU.

HeiiponHas cetp peanuzyeTcs ocie0BaTeIbHBIM IPUMEHEHUEM:

1. CBepTOYHOTO CJIOS C SIAPOM CBEPTKH 5 X 5 MUKCeeid, mpeodpas3yo-
mwero MaTpuy A = (a;;)28x28 B MaTpuLy B = (b;;)24x24 € HOCIEAYIOIIM
MacIITaOMpPOBAHMEM 3HAYEHHUIl 3J€MEHTOB B YKa3aHHBIA BBHIIIE MHTEPBAJ
(b;; € [—200,200)).

2. Cnos pynkimu aktuBaiu Re LU , KoTOpasi IpUMEHsIeTCS K Kk JI0MY
3JIEMEHTY TIOJTyYeHHON MaTpPUIIbL.

3. Cnost cyOmecKpUTH3alMK, NaoIero Ha Beixome matpuily C' =
(Cij)12>< 12, Cij = 1/4(R6LU(b21‘,2J‘) + ReLU(b21'+172j) + ReLU(b2i’2j+1) -+
ReLU(bQZ‘JrLQjJrl)), Cij € [—200, 200]

4. Cr0s1 peryaspu3aliiy, UCKIII0YAIIEero ciiydaitHpiM oopazom 20%
HEpPOHOB, B pe3y/IbTaTe Yero B 0OIIeil CIIOKHOCTH ocTaeTcs 116 31eMeHTOB,
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MOJJIeKAIUX AajibHeililei o0paboTke. be3 orpanuueHust oOHOCTU OynemM
CUUTATB, YTO BEIOMpAIOTCs IepBble 116 anementos: D = (dy, ..., d116), dij €
[—200, 200].
5. onHocBA3HOrO cn0 U3 116 HelpoHOB ¢ (PyHKIMEH aKTUBALMU
ReLU,E = (e1, ..., e116)-e; = ReLU (Y ;15 vijd;). e; € [0,200].
6. GUHABHOTO MOIHOCBAZHOTO ¢J1051 U3 10 HEHPOHOB C MHOTOMEPHOM
e®i

goructudeckoit pyukuueit (Softmazx): F = (f1, ..., fi0), fi = S0 €
j=1

[0,1], tme z; = 2;1:61 Kije;, TIPA 9TOM 3HAYEHHA 2; HOPMHUDYIOTCH: z; €
[-1,1].

SKCHEPUMEHT IO OLIEHKE BO3HUKAIOIIEH MPpY annpoKCUMAaLiy (pyHKLIUHA
ReLU ommbku paccMOTPEHHOI HEHpOHHOI CEeTH B LIEJIOM 3aKJIovajcs B
Clie Iy IOIIeM:

1. CnyyvaiiHpiM 0O6pa3oM BhIpaOATHIBAIMCH BECOBbIE KOI(DUIIUEHTHI
HEHPOHOB.

2. CiyyaitHbv 06pa3om BhipabaThiBanoch 106 Bxomubix Matpui A.

3. s Kaxgoit M3 MaTpuLl Beraucssuiocs 3Havenue | f1(A4) — f1(A4)*,
e fi u f{ —3HaueHue epBOro BEIXOJHOTO HEMPOHa AJ1s1 ICXOIHOW HEHPOHHOM
CeTH ¥ ee alnpoKCUMAIIMK Ha OJHOM M TOii ke BXOIHOM MaTpule A.

4. Beruncisiocs  3HaveHue  QyHkumm - maz_loss(f1, ff) =
max | f1(A) — f1(A)*].

ATIpoKCHUMAIH TPOBOIMIIACH C TOMOIIIBIO MOJIMHOMA YeTBEPTOIi cTere-
HH, Ja0IIero Havtyuiiee npudamkenue (cM. Tadmuny 1). @ynkuus mazx_loss
HE aInpoKCUMHUPOBAJIACH, TOCKOJIbKY OHA He COIepKUT MH(MOPMAIIUU O rapa-
MeTpax HEMPOHHOM CETH.

[TpoBeneHHBI IKCIIEPUMEHT NoKasan, 4ro max_loss(f1, fy) =
0.200293.

TaxkuM oOpa3zoM, Jaxe )1 paCCMOTPEHHOM CPaBHUTEBHO IIPOCTOMN
CeTH MCIIOJIb30BaHKE aANMPOKCUMAIMi (DYHKIMI aKTUBALIUU MOKET MIPUBOAUTh
K JIOCTATOYHO OOJIBIIMM UCKaKCHHSAM BBIXOIHBIX 3HAYEHUIA.

6. 3akmrouenue. [ToydyeHHble pe3yIbTaThl HE IO3BOJIMWIA B TOYHOCTH
MOJTYYUTh TPUOJIMKEHUS, OMyOJIMKOBaHHbIE B IIMPOKO LUTHPYEMON pado-
te [3], uam ucnonb3yeMbie B JOCTYMHON B ceTr MHTepHET mporpaMMHOI
peaym3armu [10], moaroroBneHHON Ha ee ocHOBe. OIHAKO TOYHOCTD TTOJTY-
YaeMbIX allIPOKCUMALMIA B LIEJIOM COIJIACyeTCsl ¢ ONyOJIMKOBAaHHBIMH paHee
pesyibratamu. st pysxumu Re LU (x) yaanoch MOTy4YnTh IPEACTABICHIE
ANMPOKCUMUPYIOLIETO MOJIMHOMA, 001a/JalonIero Oombieil TOYHOCTBIO, YeM B
PaAcCMOTPEHHBIX UCTOUYHHMKAX, B CMBICJIE UCTIONB30BAHHON METPUKU TOYHOCTH
npubaxenus p. [lomyveH Buj anmpoKCUMUPYIOLIHX HOJIMHOMOB 1151 (DY HKLIN
JIOTHCTUYECKHUI CUTMOWI.
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[TonyuyeHHBIE pe3ynbTaThl MOKA3BIBAIOT, YTO HAWIYYIIEE MMOJMHOMHU-
aJIbHOE NPUOJIMKEHUE U3 TPEX PACCMOTPEHHBIX (DYHKIHMIA aKTHBALIMK MOXHO
noctpoutsb 1jist pyskimu Re LU () ¢ MOMOIIBIO YKCIIEHHOTO METOJIA, YTO 00Y-
CJIOBJICHO €€ TIOBeICHUEeM Ha YHCJIOBOH MPSMOH, a IMEHHO HEOT pAHUICHHBIM
Bo3pactaHueM. TOYHOCTD MOTYUYEHHBIX C MOMOIIBIO TTOIUHOMOB YeObiieBa
HAWTYYIIMX [OJMHOMHAJBHBIX arpoKcuManuil pyHKuuid o(x) u tanh(x)
HIDKE M3-32 HAJIMYMsl aCUMIITOT Npu & — F00. Takum oOpa3om, st CHU-
KEHMsI OMMOOK KJ1acCu(pMKALMK TIPH 3aIIMTe HEHPOHHBIX CETel ¢ TOMOIIBIO
JITOPUTMOB TOMOMOP(HOTO I POBAHUS IIeJIecO00Pa3HO HCIOIb30BaTh CETH,
cocrosimue 13 HeiipoHoB ¢ (yHkumeit aktuauun Re LU (x).

Il mpocTeiiiieil CBepTOYHOM HEHPOHHOM CETH, BKJIIOYAIOLIEH Ba CJIOS
HeJIMHEHBIX npeoGpa3oBanuii ¢ GyHKIueil aktuBatmu Re LU (x), npuBelieHa
SKCIIEpUMEHTa/IbHAS OLIEHKAa OTKJIOHEHHs B 3HAYEHUU OJHOTO BBIXOJHOTO
HelipoHa ee MPUOJIMKEHHOTO BApHAHTa OTHOCUTENILHO UCXOJHOTO.

B ormmume OT OIMyOIMKOBAaHHHIX paHee pabOT HAMHU HCCJIeIOBAHBI
Ppa3JIMYHBIE TIOAXOB! K TIOCTPOCHHUIO alpOKCAMAIA (PYHKIUH aKTUBAITUN.
PesynbraThl paboThl (IOTyYSHHBIE TPUOIMKEHUST UM METO/BI TOCTPOSHUS
HAWTYYIIMX TPUOJIVDKEHUR U1 paCCMOTPEHHBIX (PYHKIIHUIT) 11e1eco00pa3HO
WCIIONIb30BaTh MPH peaM3alui METOA0B KOH(pHISHIIMATIBHOIO MAITTHHOTO
00yJeHHUS.
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G.B. MARSHALKO, J.A. TRUFANOVA
POLYNOMIAL APPROXIMATIONS FOR SEVERAL NEURAL
NETWORK ACTIVATION FUNCTIONS

Marshalko G.B., Trufanova J.A. Polynomial Approximations for Several Neural Network
Activation Functions.

Abstract. Active deployment of machine learning systems sets a task of their protection
against different types of attacks that threaten confidentiality, integrity and accessibility of
both processed data and trained models. One of the promising ways for such protection is the
development of privacy-preserving machine learning systems, that use homomorphic encryption
schemes to protect data and models. However, such schemes can only process polynomial functions,
which means that we need to construct polynomial approximations for nonlinear functions used in
neural models. The goal of this paper is the construction of precise approximations of several
widely used neural network activation functions while limiting the degree of approximation
polynomials as well as the evaluation of the impact of the approximation precision on the resulting
value of the whole neural network. In contrast to the previous publications, in the current paper
we study and compare different ways for polynomial approximation construction, introduce
precision metrics, present exact formulas for approximation polynomials as well as exact values of
corresponding precisions. We compare our results with the previously published ones. Finally,
for a simple convolutional network we experimentally evaluate the impact of the approximation
precision on the bias of the output neuron values of the network from the original ones. Our results
show that the best approximation for ReLU could be obtained with the numeric method, and for
the sigmoid and hyperbolic tangent — with Chebyshev polynomials. At the same time, the best
approximation among the three functions could be obtained for ReLU. The results could be used
for the construction of polynomial approximations of activation functions in privacy-preserving
machine learning systems.

Keywords: activation function, ReLU, tanh, sigmoid, homomorphic encryption, BGV, CKKS,
neural network, polynomial approximation, privacy-preserving machine learning.
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O. FUENTES, J. SAVAGE, L. CONTRERAS
A SLAM SYSTEM BASED ON HIDDEN MARKOV MODELS

Fuentes O., Savage J., Contreras L. A SLAM System Based on Hidden Markov Models.

Abstract. Methods of simultaneous localization and mapping (SLAM) are a solution for the
navigation problem of service robots. We present a graph SLAM system based on Hidden Markov
Models (HMM) where the sensor readings are represented with different symbols using a number
of clustering techniques; then, the symbols are fused as a single prediction, to improve the accuracy
rate, using a Dual HMM. Our system’s versatility allows to work with different types of sensors
or fusion of sensors, and to implement, either active or passive, graph SLAM. A graph-SLAM
approach proposed by the International’s Karto Robotics in Cartographer, the nodes represent the
pose of the robot and the edges the constraints between them. Nodes are usually defined according
to contiguous nodes except when loop closures are detected where constraints for non-contiguous
nodes are introduced, which corrects the whole graph. Detecting loop closure is not trivial; in the
ROS implementation, scan matching is performed by Sparse Pose Adjustment (SPA). Cartographer
uses an occupancy map in order to estimate the position where the map representation is done
via Gmapping. The Toyota HSR (Human Support Robot) robot was used to generate the data
set in both real and simulated competition environments. In our SLAM representation, we have
wheel odometry estimate according to initial position of the robot, a Hokuyo 2D Lidar scan for
observations, and a signal control and a world representation is estimated. We tested our system in
the kidnapped robot problem by training a representation, improving it online, and, finally, solving
the SLAM problem.

Keywords: localization, SLAM, robot navigation, mapping, Hidden Markov Model, sensor
fusion, service robot

1. Introduction. Service robots, such as the Toyota HSR [1], are in-
creasingly becoming a part of our everyday life, so the ability to explore,
map, and navigate its surroundings is of the utmost importance. SLAM or
simultaneous localization and mapping is a solution for this problem.

There are many accepted and well studied methods for solving SLAM,
a brief overview of the main paradigms used for solving SLAM is presented on
section 2. Depending on the application, one approach might be better suited
than other. The sensors information available is also an important factor to
decide which approach to use, e.g. Wheel information is an efficient way of
estimating small changes in position, however a drone would not have this
valuable information. Taking into consideration these differences may favour a
SLAM method or type of sensor in a specific environment or even a specific
region in an environment, e.g., a dark corner may be a terrible place to use
image-based methods, on the other hand, a colored flat wall would render little
information to a LIDAR-based one.

We propose a graph SLAM system based on HMM’s (Hidden Markov
Models). Our method can take advantage of several types of sensors measure-
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ments (or sensor fusion) while estimating a graph topological representation.
Dual-HMM allows us to use two different quantizers-simultaneously, effec-
tively fusing data at a symbol level. Furthermore, new nodes can be added
without modifying the graph (modularity). They can be grown or altered
without training an entirely new model.

In summary, our main contributions are:

— A graph SLAM system based on Hidden Markov Models.

— A modular system capable of using a wide variety of sensors and
features.

— An autonomous training method.

A navigation method capable of obstacle avoidance.

— A robust localization method.

The remaining of the paper is divided as follows. In Section 2 we
present a summary of the SLAM problem and the HMM-based approaches.
Then, in Section 3 we introduce our probabilistic approach to the graph SLAM
problem and in Section 5 we describe the experimental results. Finally, the
main findings are discussed in Section 6.

2. Related Work. The three main SLAM paradigms are Kalman Filter,
Particle Filter and Pose graph based implementations, and all of these can be
found in the most commonly used open-source libraries.

2.1. EKF SLAM. The Extended Kalman Filter SLAM [2, 3] is one of
the most accepted SLAM solutions; it consists of three basic operations:

2.1.1. Robot Movement. The agent moves increasing its position un-
certainty due to odometry errors.

St A f(stflauvn)v

where:

— f - motion model,

— S; - state of the robot at time 7,

— u - control signal,

— n - noise.

2.1.2. Discovery. The agent finds new interesting landmarks, which
need to be referenced. The position uncertainty and sensor error readings are
modeled using an inverse observation model i.e. where a landmark is in the
map, given the scene seen by the robot.

Li = g(Shahyi)a
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where:

— g, Direct Observation model,

— L; - i-th landmark,

— S; - robot state at time t,

— y; - measure of i-th landmark.

2.1.3. Re-Discovery. The agent finds a previously mapped landmark
and re-estimates both its position and landmark position.

The extended Kalman filter has a “stage” for each of the above opera-
tions, making it a useful estimator for propagating the uncertainty related to
the three mentioned actions.

yi = h(SlaélaLi)a

where:

— h - Indirect Observation model.

The map representation itself is a matrix that stacks vectors of all
mapped landmarks on any given robot state

S
Ly

map = | " |,
Ly

where:
— S - robot state.

2.2. Particle Filtering. One of the most important characteristics of
this SLAM approach is the building of an occupancy grid map. This map is
later used to achieve localization with solutions similar to de EKF filtering,
hence the name Filtering in Particle Filtering. Localization is achieved with
Adaptative Monte Carlo Localization AMCL, a member of Markov localization
algorithms. Murphy [4] et al. proposed Rao-Blackewllized Particle Filters as a
SLAM solution; the key idea of the Rao-Blackwellized particle filter for SLAM
is to estimate the joint posteriori P(X;,m | Z,4,;—1). The Rao-Blackwellized
particle filter for SLAM makes use of the following factorization:
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P(X];[,m | Zl:laul:tfl) = P(m | xl:taZI:t)P(xlzt | Zl:t;ul:ftfl)a

where x is the pose of the robot, m is the map, Z; are the observations at time ¢,
and U, is the control signal.

Importance Sampling Filters (such as Sequential Importance Resam-
pling or SIR) are employed to estimate the posterior P(x1 | 21, %1:—¢—1), as
mentioned by Grisetti et al. in [4], where "each particle represents a potential
trajectory of the robot. Furthermore, an individual map is associated with
each sample. The maps are built from the observations, and the trajectory
represented by the corresponding particle".

2.3. Graph SLAM. According to Grisseti et al., "one intuitive way of
formulating SLAM is to use a graph whose nodes correspond to the poses
of the robot at different points in time and whose edges represent constraints
between the poses"” [6].

From a probabilistic point of view, SLAM can be represented with a
sequence of random variables as X (robot pose), M (map features), Y (sensor
readings), and U (robot motion). To solve the SLAM problem, we simply use
the maximum a posteriori probability:

P(XIaM | Yt;Ul‘axO)a

for each time step ¢.

There has been a lot of work on solving this estimation problem [6] [7].
However, special attention has been given to [8], where the authors apply
variable elimination techniques to reduce the dimensionality of the optimization
problem. In the work presented in [9], a solution to the active SLAM problem is
proposed "in scenarios in which some prior information about the environment
is available in the form of a topo-metric graph".

2.4. ROS SLAM. As mentioned before, many state-of-the-art solutions
can be found as open-source libraries in popular frameworks such as the
Robot Operating System (ROS). Here, we present some of the most popular
implementations.

2.4.1. Gmapping. Gmapping [10] is based on Rao-Blackwelized Par-
ticle Filters proposed by Grisetti et al. in [11]. Particle Filters are a known
application of Bayesian Filters in which a large number of importance weighted
particles represent the a-posteriori probability; a probabilistic occupancy grid
is used as a map representation, and AMCL, Adaptative Montecarlo Localiza-
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tion, is used for localization in this map — AMCL is a member of the Markov
localization algorithms family.

2.4.2. HECTOR SLAM. HECTOR SLAM does not use odometry
information for the localization; it rather uses high update rates and low distance
measurements to estimate the robot movement. A version of ICP is used to
estimate the pose between samples and maintain the robot pose estimate.

2.4.3. CARTOGRAPHER. A graph-SLAM approach proposed by the
International’s Karto Robotics in [12] — in Cartographer, the nodes represent
the pose of the robot and the edges the contraints between them. Nodes are
usually defined according to contiguous nodes except when loop closures are
detected where contraints for non-contiguous nodes are introduced, which
corrects the whole graph. Detecting loop closure is not trivial; in the ROS
implementation, scan matching is performed by Sparse Pose Adjustment (SPA)
[13]. Cartographer uses an occupancy map in order to estimate the position
where the map representation is done via Gmapping.

As we can see from this brief review, some methods are better suited
for specific tasks or robot architectures. Our research is based on the idea that
each method has its strengths, and we propose a method that, focusing on the
versatility of application, tries to take some of the advantages inherent to these
methods.

3. HMM-based graph-SLAM. We propose a versatile graph-slam
system based on Hidden Markov Models; the goal is to estimate a topographic
graph given noisy sensor measurements and pose estimates. In this section we
will briefly describe the core concepts in our implementation.

3.1. Hidden Markov Models. A Hidden Markov Model (HMM) is
a two random variable stochastic process in which only one of the random
variables is directly observable. In its discrete version, and provided the Markov
property [14] is fulfilled, the system dynamics is fully defined by a transition
matrix A, an emission matrix B, and, optionally, an initial conditions vector 7.

aij :P(S[ =5j | Si—q :S,'),

ail ain ... AIN
any ann ... 2N
A= asq asp ... asn |,
an1  dani ... 4NN
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bj(k) =P(Vi| 4 =S),

bi1 b ... by
b1 bx ... by
B = ,
|bv1 D1 - by |
A —[A,B,7].

We propose the hidden random variable to represent the pose of the
robot, and the observable variable will be a discrete representation (quantiza-
tion) of the sensor measurements. The dynamic programming based algorithms’
family related to HMM’s [15] provide efficient estimations to probabilities
related to the localization problem.

Our approach on Markov localization uses a discrete code-book to
represent the sensor’s readings. The symbolic representation of the readings
allows for any sensor or fusion of sensors to be used as observations. Local-
ization is achieved, as any other Markov localization approach, by estimating
the probability of being on state S; = s, given a last known state S;_; = s,, a
sensor(s) observation symbol O, =V, and a control signal U (¢). The 2D pose
state space is defined by the tuple (x,y,0).

For each time step ¢, random variable S can take the value of a discrete
set of N states; similarly, the observations of each time step will be a member of
the discrete code-book observation set of K symbols V. Control signal U (¢) is
assumed constant, and only an on-off signal for the potential fields autonomous
navigation system is necessary, as follows:

Si—1=81,0r = vka(t) =u.

An action set is used for the active slam pose belief exploration. The
planning path is then obtained using a search algorithm like Dijkstra or A*.
Pose traces are proposed, so given a state belief and an action the most likely
future state is estimated.

The algorithms typically associated with HMM’s can efficiently estimate
this probability using dynamic programming. Even though a number of states
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in the models are reported as fixed, it was done to have uniformity between
models, since models are modular and can easily be connected to form a
global model, similar to sub-maps in Cartographer. The balance between
computer costs and accuracy can be fine-tuned with the number of states, and
the observations code-book size.

The resulting representation of the environment is a symbolic pose
graph, where each node or state is the centroid of the free region surrounding
it; orientation is also accounted for with a scaling factor. The HMM model
is completed by recording all the observations in the code-book sensed while
the agent is at any given state. As the agent acquires more information by
exploration, new states are formed, or the existing ones are moved to account
for new data, eventually including all the explored areas. The number of total
states is a hyperparameter of the model, and it can be seen as a scale factor to
be used. The more states in which free space is divided, the more accurate the
correction is at the expense of more computational expenses.

One of the main advantages of the method is adaptability, since it can
use any sensor or fusion of sensors. As briefly mentioned above, observations
are not used directly. A symbol, part of a discrete data set, is used to represent
sensor readings. This quantization of readings allows the method to be used
with various sensors, different sensor coding, or even sensor fusion. In HMM
terms, we have various emission matrices for each transition matrix. We
perform estimation on various models, each related to each sensor, or fusion
of sensors. The model likelihood given a set of observations is easy to obtain
with HMM algorithms like Forward Algorithm, (eq. 2 ) and its Backward
counterpart,(eq. 3); and it is used as a metric to decide which model to use on
a specific area. A lidar will gather more information from a dark corner, while
a camera would do better on a long hallway with distinctive visual landmarks.
Computational cost is in the order of NT (eq. 4 ). However, the number of
states rapidly increases the computational cost, "the curse of dimensionality",
where the direct calculations without dynamic programming algorithms are in
the order of N7 (eq. 1).

S i=T
P(O | )“) = Z Ts1 aS1~5r+1bsr—5t+1(0i) ) (D
j=1 =1
N
oyy1(i) = Z (o (i)aij)bj(0i41), 2
i=1
N
Bi(i) =Y (aijbj(0r+1)Brs1(j) A3)
i=1
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PO A) Za, (1)B. (i) )

Finally, localization is performed using the Viterbi algorithm; this al-
gorithm estimates the most probable sequence of states given a sequence of
observation symbols. The model with maximum likelihood is obtained with
the Forward Algorithm. The most likely model given the readings is used in

the Viterbi algorithm, with max [P(§ |4, 5)} being the discrete representation

of the space in which each state is the closest centroid to the robot state at the
time of sensor capture. The size of the free region represented by each state is
variable, but it is kept to a small enough area to make wheel odometry reliable.
The transitions between states happen on well-defined regions normally dis-
tributed around a transition point. The most frequent transition point between
states is used as a "reset" wheel odometry according to that point. Similarly to
cartographers’ sub-maps, wheel odometry is reliable in small regions.

4. Implementation. We have presented all the components of the sys-
tem we propose in a very general way. Now, we will show some interesting
implementations using those components. It is important to mention that a
map is not necessary for our method but, if one is available or needed, given
that our method deals with the same probabilities as the particle filter used in
AMCL [16], it is possible to use Rao-Blackwellization. Furthermore, as our
training methods create a decent grid estimation, whether using a map or not
is greatly dependant on the application and error scale needed.

In our implementation, a global reference frame is created. However,
global mapping based on iterative closest point (ICP) methods is also a possi-
bility we explored in some regions, especially when a high.

In our SLAM representation, we have wheel odometry estimate accord-
ing to initial position of the robot, a Hokuyo 2D Lidar scan for observations,
and a signal control and a world representation is estimated. The HMM Model
is trained as follows.

4.1. Training. Short exploration runs are conducted, gradually restart-
ing to a known value, like an entrance or a recharging station; this episodic
learning approach makes the wheel odometry reliable. The duration of the
episodes is such that wheel odometry is reliable. The control signal in explo-
ration mode is an on/off signal enabling a reactive potential fields behavior [17].
Some additional constraints are added to the behavior, as mentioned in our
previous work [18], like an exploratory turn every given time sample, or an
artificial attraction towards doors.
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Model training is done with a labeled training set. This training set
is formed by a vector O, that contains all the 720 laser readings from a laser
sensor and an odometry-based pose vector or hidden state Sy.

Baum-Welch [15] is the most commonly used method for the HMM
model estimation. It is an elegant approach that calculates the optimal model
parameters given the observations; it is also an Expectation-Maximization
(EM) algorithm [19]. The optimization is done by maximizing the Likelihood
of the Model given some readings. The most common training method is used
offline and will serve as an initial estimation for our method. We maximize the
likelihood of the model given some observations (training set). An auxiliary
variable & is defined.

‘gt(iaj) =P(s; = 1,541 = jlo,A),
i oy = GDaibj(or+)Br1 ()
5!( a])_ P(Ouy)

o (i)aijbj(or+1)Br+1(J)
N XN aa(D)aijbj(or 1) B ()

)

N

T—1
Y n(i)=5,
=1

where ST is the number of transitions from S; over T time steps.
T—1 ,
Z ét(la]) = Sija
=1
where Sl-Tj is the number of transitions from S; to S; over T time steps.
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This variable can be easily represented with the Backward and Forward vari-
ables, as follows [15] uses Z,T:1 1o,—y, to represent number of times V; is seen
in state j.

We also use a gradient descent implementation of the Baum-Welch
algorithm [20] to keep optimizing the model online. This can introduce subtle
changes when the environment changes or when a new area is mapped and
added to the global model. A mini-batch approach can also be used to re-
estimate the model every time a batch buffer is filled. Each new reading
contributes to an infinitesimal change in its respective row and column in the
transition matrix. Note from eqs. 5 and 6 that changes only happen on the row
and column related to the reading. The least frequent poses will be absorbed by
the more frequent (desired) readings. This online process allows aligning the
new readings and reinforcing the optimal values given a space and obstacles
configuration into the matrix.

or & .
dai; =Y a()bj(Or11)Br+1()), 5)

t=1

oP 0;1B1(/) t=1

=< X , . : (6)
9b;(0y) E,l 01 (D)bij(O1)Bi(j) 1 #1

Due to the low complexity for estimating a model and, later on, nav-
igating the model to obtain information, it is possible to use several models
simultaneously; this allows us to add new nodes (i.e. states) to the model
without the need to re-estimate the whole model.

In case autonomous mapping is not required, and human interaction is
used to "explore" the scene, the model will benefit from different strategies,
and active policy estimate can be obtained. Again, versatility is an important
characteristic of our method. Regardless of how the training set is obtained and
the model estimated, that is, either offline, online , batches, etc., an HMM is
obtained with the Baum-Welch algorithm. Figure 1 shows a topological node
graph obtained from the transition matrix of the proposed HMM after online
navigation. Results found in Section 5 and Figure 10 and Figure 11 show this
process in a standard competition arena where an apartment is explored, and
an initial graph is estimated; the green arrows represent the state <x,y,0>. The
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background image is just a reference for illustrative purposes since the map is
not being used.

Fig. 1. Topographical graph representation, obtained from the transition matrix of the
HMM trained. Graph is created with the states corpus (2D poses) shown as green
arrows

4.2. Observations. Observations used for the estimation of the HMM
are quantized (and finite) in nature, so the method used for the quantization
or the kind of the sensor itself is not important as long as we use a finite
code-book to represent them. We explored various observation alphabets for
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the code-book where Lidar readings were treated using different clustering
techniques, namely K-means and affinity propagation (Figure 2).

Fig. 2. Apartment scene with its corresponding Hokuyo Lidar reading

Some experiments were also done by fusing LIDAR and 2D images
features obtained with Resnet [21] architecture. The final pose estimator
efficiency greatly depends on good readings. "A good reading is that which
can be re-observed, and one easily differentiates from other reads" [22].

4.2.1. Lidar. K-means (or mini K-means in this case) works well when
a large amount of data is used. The low occurrence of outliers takes them
out of the estimation; however, highly repeated values will "skew" the means
resulting in some information loss. A different algorithm is proposed (Affinity
Propagation) [23] to quantize the laser readings based on their similarity,
rather than their frequency of appearance. A dual HMM is introduced, which
estimates independently using code-books from each clustering algorithm,
and trusting only matching estimates obtained independently by each model.
A block diagram of the proposed DUAL HMM architecture can be seen in
Figure 3 . The statistical characteristics of most readings are quite similar. This
similarity enables the usage of affinity propagation clustering techniques to
generate more heterogeneous clusters; however, the drawback is the lack of
scalability when there are many samples. On the other hand, K-means works
well with large data sets and being a Euclidean distance approach, it can be
used online (with the previous centroids).

In sum, we use measurement symbols as anchors of information and
depending on the sensor’s nature, on the environment conditions, and even on
the route, one kind of symbol generation might result in a better performance.

A robust SLAM system should benefit from all symbol representations;
Sensor Fusion [24] is used in this way, yet we propose a much simpler approach:
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Fig. 3. Block diagram of the proposed DUAL-HMM system

Dual-HMM. In our experiments, we use two different features extracted from
the same observations vector, but this applies to any kind of observation.

Figure 4 shows a common scene of a service robot, and on the right side
is an example of a typical lidar measurement in green; the centroid obtained
with K means in orange and the Affinity Propagation exemplar in green.

Comparison Between real read and cuantized

Fig. 4. Example of a Hokuyo typical reading (blue) with its K-means centroid (orange),
and affinity propagation exemplar (green)

The final pose estimator’s efficiency greatly depends on good readings
"a good reading is that which can be re-observed, and one easily differentiates
from other readings" [22]. K-means (or mini K-mean, in this case) works well
when a large amount of data is used since the low occurrence of outliers takes
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them out of the estimation; however, highly repeated values will skew the
means. Affinity Propagation [23] is another clustering algorithm, and it was
used to quantize the Hokuyo readings based on their similarity rather than
their frequency of appearance. Figure 5 shows K-means information loss in the
most observed symbol. In comparison, Figure 6 shows the symbols assigned
by the more computationally expensive Affinity Propagation to a series of new
readings.

Comparison Between real reading and cuantized symbol Ten random readings cuantized as the same symbol K-means code-book

—— R — I

)9 vy ) 44 v

] ‘
J +  Real Reading + RealRe

eading
s Cuantized Symbol | 15 Cusntized Symbol

o s 00 05
eeeeee meters

Fig. 5. Most common read and 10 samples clustered in the same K-means alphabet
symbol

In our approach, a dual HMM makes independent estimates using
symbols from each clustering algorithm. Although there are other methods
to achieve sensor fusion, in our proposal, we use a simple symbol level data
fusion.

4.2.2. Resnet feature extraction. Another observations alphabet was

quantized by getting an observation vector O; from the last layer of a Resnet
50 CNN (Convolutional Neural Network). Such vectors were quantized into
an alphabet and their respective emission matrix estimated. All models share
the same transition matrix. Results reported in section 5 show models using
the fusion of a Resnet symbol with a lidar K-means symbol.

4.3. Localization. Once a model, or several models, are found, it is
possible to estimate the robot’s pose with a set of past observation symbols
0= Vi,Vi—1, ..., Vi—p. The most direct approach is to the Viterbi algorithm [25]
that takes a sequence of quantized observations O, an HMM model A, and
an initial conditions vector 7, and yields the most probable state sequence
traversed by the system given the observations and HMM model.
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Py =m;-bi(01),

B(j)= [max_ [Pi—1(i) - aij] - bj(or),

S,(j) = Po(i)-a;;
() arglrg%v[t 1(i) - aif],

P(§| 6,&).

The length M of this observations vector is called the Viterbi buffer, and
it is a hyperparameter that should be trained to optimize the models. Forward
and Backward algorithms are used to find the most common state sequence
and the probabilities of being in a specific state given the observations.

4.4. Pose Correction. Wheel odometry is an easy way to estimate
a pose with the information from the wheels and the control signals. This
estimation is reliable in the short term because a small error — due to slips
and control noise — is accumulated over time, i.e. a reference point must be
maintained. The accumulated error makes the estimation unreliable in the long
run; this error is normally distributed [26] so, it is possible to characterize a
particular floor-wheel interaction odometry error.

In our proposal, wheel odometry is corrected by resetting the reference
point where the correction is made when a state transition is detected via the

Fig. 6. Most common read and 10 samples clustered in the same affinity propagation
alphabet symbol

Informatics and Automation. 2022. Vol. 21 No. 1. ISSN 2713-3192 (print) 195
ISSN 2713-3206 (online) www.ia.spcras.ru



WMCKYCCTBEHHbLIV UHTENNEKT, MHXEHEPWA OAHHBIX 1 3HAHUI

Viterbi algorithm. It is easy to observe from the training set that the transitions
from one state to another usually happen approximately in the same pose
value, i.e. transitions happen in a normally distributed point with the same
distribution as the wheel odometry error; this value is used as the correction
value on trusted transitions. Wheel odometry can be trusted inside the small
region related to a specific state or centroid or time interval.

Figure 7 shows in green the position estimate of the Wheel odometry
in a run traversing through two states; black points show the real pose of the
robot. Two independent HMM’s correct the position according to their own
estimates — it can be seen in the upper part both models estimate the same pose,
and correction is the same.

Real Measurement

HMM Vic. Kmeans
HMM Vi ATt Prop
Wineel
REAL

nce (m)

Iy

Fig. 7. Real pose in black and three different pose estimation methods. Wheel odometry
in green, a single HMM (K-means) in blue and single HMM (aff.prop.) in blue

4.5. Navigation. After the training process, the possible states of the
system are represented with the pose centroids corpus; the topological map
used by the Dijkstra algorithm is a version of the HMM’s transition matrix.
We propose different kinds of nodes; some of them are bidirectional, others
one-directional, some others only landmarks used to re-estimate the position.
This is called labeling in some literature relating to HMM and must not be
confused with the labeling of the training set. Again, the graph nodes (or pose
centroids) are re-estimated online with each reading, and they tend to align with
the optimal route as the robot navigates by being attracted to a single centroid
at a time (virtual attractor). Dijkstra route will be then a path containing the
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sequence of centroids to visit to get from a current position to a goal. Potential
fields reactive behavior is used to sequentially visit these virtual attractors
while avoiding unmapped or dynamic obstacles. Figure 8 shows a sequence
of images of the robot traversing a path made of such attractors — the control
signal is simply an on/off signal, and the robot is either trying to get to the next
attractor or it is static on a fixed position.

. T
N LR

Fig. 8. Different moments of reactive navigation through a route formed by virtual
attractors. Route is produced after planning using Dijkstra to navigate the joint
transition matrix of the Dual-HMM

5. Experiments. We present results using a Gazebo simulated home
environment, a typical indoor setting for service robots [27]; even though a
map is provided with the simulated environments, we do not use it in our
SLAM tests, except for Figure clarity.

5.1. Benchmark. We use a benchmarking method proposed in [32]
to compare our models. Dieter et al. propose "a metric for measuring the
performance of a SLAM algorithm not by comparing the map itself but by
considering the poses of the robot during data acquisition”. As mentioned, a
map might be useful for human interaction, and feature comparison, but there
are many other representations that can work as a "map" and, although our
method could be used to build an occupancy grid with gmapping, the map
itself is not required for our SLAM method, and is only presented for clarity.

The proposed metric also allows to compare methods that use a map
with others that do not since it only relies on estimates of the trajectory of the
robot given by a set of poses where the observations are taken.

5.2. Training. First, the robot roams the environment reactively and, at
the same time, registers wheel odometry and laser measurements at every time
step. In order to make wheel odometry reliable, episodes are run among known
fixed locations like doors or furniture, or in short periods of time — this serves
as ground truth comparisons for the localization task and odometry correction
metric.
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Once enough training data is obtained (around 15k samples in our ex-
periments), two HMM’s are calculated, both HMM'’s share the same transition
matrix and, as a consequence, the same topological representation; each HMM,
however, uses a different code-book to represent the observations (K-Means
and affinity propagation, respectively). Each code-book favors different world
areas, so dual representation or sensor fusion can be applied; however, we
opted for a dual HMM. The dual approach ensures that only correct estimates
are used for correction; as a consequence, wheel odometry is corrected only
when both HMM’s yield the same estimation given the observations.

The pose can come either from regular uncorrected wheel odometry
or, ideally, corrected odometry. In the simulations, Gaussian noise with the
parameters obtained from the real robot was added to the ideal training set as a
data augmentation pre-processing technique.

Additionally, to test the results of the different models we later perform
around 100 sample runs in the arena with no initial information and random
routes.

In Figure 9, an example run is shown. Pink points represent older real
poses (still unreliable since no initial conditions are used for estimation) and
yellow points are poses with a big enough buffer to be reliable. The Figure
shows an example of a correct estimation, this problem is commonly known as
Kidnapped Robot [30], meaning no initial conditions information is used for the
estimates; however, once a correct estimation is made initial, state probabilities
are available for further estimates, greatly improving accuracy. Green dots
represent the poses centroids, i.e. the corpus of the HMM hidden variable X,
and blue and red dots represent real and estimated hidden states, respectively.
Wheel odometry correction is not applied at this stage, and accuracy is tested
with the quantized states, not the real odometry, i.e. correct estimations on the
HMM’s with no initial conditions 7.

5.3. DUAL-HMM. The simple HMM using K-means Lidar alphabet
was enough for the WRS tasks but, in order to test various data fusion schemes,
a dual HMM is trained with the same training set — dual HMM uses both
Lidar alphabets where the K-means and the Aff. Prop. symbols create each an
emission matrix for the same transition matrix. Finally, a fused data model is
proposed where the alphabet code-book is the fusion of 2D Lidar readings with
the normalized features obtained from the Resnet CNN. Even though some
information can be obtained this way, it is highly correlated with the random
starting point because, by nature, there are regions with better features than
others and, even using initial information, no significant improvement to the
model is found.

198 NHdopmaTuka n asTomatmsaums. 2022. Tom 21 Ne 1. ISSN 2713-3192 (neu.)
ISSN 2713-3206 (oHnawH) www.ia.spcras.ru



ARTIFICIAL INTELLIGENCE, KNOWLEDGE AND DATA ENGINEERING

In our experimental setup, the considerable computer expenses related
to CNN’s do not make it worth it to solve the robot relocalization problem, since
accuracy does not improve significantly. This fusion may favour a different
application, robot configuration or environment, and, since we show data
fusion using different code-books, it is included in this work as a possible
configuration for visual SLAM.

5.4. Modularity and Online Improvement. To show modularity, we
use a multiple room environment. New graphs (or states) can be added after an
initial HMM was found, or even a completely new HMM for each room; there
is no need to retrain the whole model, as our previous research suggests [18].
Figure 10 and Figure 11 show the centroids aligning closer once enough online
training had taken place. Online training yields a more structured and organized
topological representation of the explored environment (shown in Figure 11),
i.e. the topological representation keeps improving as the robot successfully
navigates it thanks to on-line Baum Welch algorithm. Figure 10 and Figure 11
show the topological graph representation before and after online improvement.

Test Run Buf Vit=90

distance {m)

0
distance (m)

Fig. 9. An example run with a correct estimate and no initial conditions information
traversing three states. State corpus in green, estimates on red and blue, beginning of
the test run in pink
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5.5. Pose Correction. A different virtual environment was used to
validate wheel odometry correction. The reality gap is broken since the training
data obtained from the model was used to navigate the real world arena, both
used in the World Robot Summit 2018 and 2020 (WRS) competitions. Figure
12 and Figure 13 show the arena and the topological graph found.

Fig. 10. Initial topological representation of the environment as obtained from oft-line

training
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Fig. 11. A more structured and organized topological representation of the explored
environment, thanks to on-line training
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Fig. 12. World Robot Summit arena with the proposed topological graph representation

Centroids POSE

Fig. 13. WRS arena HMM representation Topological Map graph
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Wheel Odometry and dual HMM. Known initial pose

Fig. 14. Comparison with known initial location of Wheel Odometry estimate with
known initial conditions in green , Dual-HMM pose estimate in red. Each of the dual
single components observations K means in orange and Affinity Propagation in blue.

Real trajectory shown in black

Absolute pose error with known initial conditions

Fig. 15. Absolute pose error of Figure 14

Again, the robot was trained by acquiring the training set on a potential
fields autonomous exploration run. Since the dimensions of the arena made
wheel odometry reliable enough, the whole arena was modeled in the same
HMM transition matrix (Figure 13).

The test runs shown do not use initial state information (kidnapped
robot); however, this initial information is available after a good estimate, and
could be used for maintaining the agent’s pose estimate.

Such a case is shown in Figure 14 where a comparison between the real
trajectory and the components (K-means in orange and Affinity Propagation in
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blue) of dual HMM, as well as dual HMM in red; the real trajectory is displayed
in black.

In case a good enough current initial position is known, wheel odometry
is a very good way to estimate pose; once error starts growing, it can be seen that
Dual HMM keeps pose estimates better aligned on the long run. It is important
to note that HMM has a small quantization error on the first estimation because
there is no initial information, and as such no initial transition, just the centroid
of the hidden state is available in the first kidnapped robot estimate. A much
longer run is shown in Figure 16 to further illustrate this idea. Figure 15 and
Figure 17 report the absolute error in pose estimate over time.

Viheel Odometry and dual HMM. Known

Fig. 16. Same initial conditions than Figure 14 but a much longer run. Wheel
odometry in green clearly diverges while Dual-HMM in red remains operational
trough the whole run

Absolute pose error with known initial conditions

Fig. 17. Absolute pose error of a long run
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5.5.1. Kidnapped robot. The wheel odometry has no initial informa-
tion, and no way to re-estimate its real position, so the error keeps growing as
time goes on, unlike the dual HMM odometry; as the agent continues to move
it keeps traversing reliable states and correcting its pose. Results shown in
Figure 18 and Figure 19 suggest that the kidnapped robot problem was solved
once enough time to traverse a trusted transition had elapsed; however, if wheel
odometry pose has initial conditions, it is a better estimate for the first few time

steps.

Fig. 18. In case wheel odometry has no initial information

1 Odometry, 2 single HMM's , and dual HHMM. No initial pose

Fig. 19. Absolute pose error of run with unknown initial conditions

5.5.2. Catastrophic Event. An example run before such an event is
shown in Figure 20. It can be seen in Figure 21 that the wheel odometry error
is smaller than the quantization error. Then, in Figure 22, the beginning of a
catastrophic event that greatly increases wheel odometry error is shown. Such
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error is can be seen in Figure 23; however, dual HMM SLAM can re-estimate its
pose after traversing a reliable transition, since the system resets its odometry
to a known transition value, remaining operational on the long run as shown in
Figure 24 and Figure 25.

Fig. 20. Wheel Odometry and Dual-HMM error. Event start. In black the real pose
sequence, green is wheel odometry with initial conditions, in red the Dual-HMM,
which has a quantization error at the beginning of the run before a catastrophic event

ggggg

Fig. 21. Absolute pose error of wheel odometry and Dual-HMM. Both errors are
relatively small, it is interesting to see how after a few time steps Dual HMM error is
similar

6. Conclusions and Future Work. We proposed a SLAM method
based on Hidden Markov Models which generated a modular graph represen-
tation of the environment; once the model was calculated, the kidnapped robot
problem was solved in a number of environments using 2D sensor readings as
observations.
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odometry and

Fig. 22. Wheel Odometry in green and Dual-HMM in red during Event

Absolute pose error. during catastrophic wheel odometry failure

— whesteror
— Dua Hits eror

ED & 7o £ £
ampies

Fig. 23. Wheel Odometry and Dual-HMM error during Event

Real pose with and 3 p failur

Fig. 24. Wheel Odometry and Dual-HMM estimates after Event
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Real pose with wheel odometry and HMM estimates. after catastrophic wheel

ED 1000 100 200 1500 1200
samples

Fig. 25. Wheel Odometry and Dual-HMM error after Event

Also, although it was not shown here, the localization system remained
operational during different home service tasks that required robot navigation
in crowded environments. The experiments suggest that SLAM was performed
successfully; it is important to notice that the online implementation of the
algorithms made it possible for real-time optimization of the graph representa-
tion.

The same measurements were quantized combining different symbols
from the same source using two clustering methods.

The same principle could also be applied to a wide variety of sensors or
different features extracted from the same sensor measurements. This makes
our system not only robust but also versatile, as it can be easily adapted to use
a wide variety of sensors and action policies.

Future research is being conducted with aims in an active SLAM im-
plementation using sensor fusion of laser, 2D image features, CNN extracted
features, and 3D map features (octomaps [31]). At the same time, the optimal
action policy to navigate the environment will be found using Q-learning or
other appropriate reinforcement learning techniques.
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O. ®y3HTEC, X. CABAX, JI. KOHTPEPAC
CUCTEMA SLAM, OCHOBAHHA {1 HA CKPBITBIX MAPKOBCKHUX
MOIEJIAX

Qysumec 0., Casayxc X., Kommpepac JI. Cucrema SLAM, 0CHOBaHHAsi Ha CKPbITHIX
MAapKOBCKUX MOJeJIsX.

AnHOTammA. MeTozbl OHOBPEMEHHO! JIoKaim3auu 1 Kaprorpaguposanusa (SLAM)
SIBJISIIOTCS PEILIEHHEM [IPOOJIEMbl HABHT ALY CEPBUCHBIX poOOTOB. MBI MpecTaBisieM rpacoByo
cucremy SLAM, ocHOBaHHYIO Ha CKPHITBIX MapKoBckux Mozessx (HMM), roe noka3aHus nqaTum-
KOB IIPeJICTaBJIeHbl Pa3JIMYHBIMU CUMBOJIAMH C UCIOJIB30BaHHEM PsAla METOAOB KJIACTepU3aLu;
3aTeM CHMBOJIb OObEeJUHSIOTCS B OJUH JJIsI TIOBBILIICHUS TOYHOCTH C MCTIOIb30BAHUEM JBOMHBIX
HMM. YHuBepcasbHOCTD Hallleil CHCTEMBI MO3BOJISAET PaboTaTh C NATYMKAMU PA3HBIX THIIOB
I KOMOMHUPOBATh JATYMKHU, a TAaKXKe Pealn30BaTh aKTUBHYIO WM ITACCUBHYIO rpacoByio
cucremy SLAM. B noaxope Graph-SLAM, npemyoxenHom Karto Robotics International B
Cartographer, y3J1bl Ipe/ICTaBISIOT MOJIOKEHUE POOOTa, a pedpa MpeICTaBIIOT OrPaHUYCHHsI
MeXJy HAMHU. Y3Jbl OOBIYHO 32/1AI0TCsI IO HENPEPHIBHBIM y3JIaM, 332 UCKJIOUEHHEM CITydaeB
OOHapyKEHMs1 3aMBIKaHMs LUKJIA, KOTJa BBOJSTCS OrPAaHMYEHUs] HAa HECMEXKHBIC Y3JIBI, YTO
KOppeKTupyeT Bech rpacd. O6HapyKeHue HUKIMBAHUS He SBJISeTCS TPMBHAILHBIM; B peaIi3aliu
ROS conocrasnenyie CKkaHUPOBaHUS BBINOIHAETCS € UCHOIb30BAaHUEM PETYIUPOBKH MOJNOKEHUS
paspesxeHHocTu (SPA). Kaprorpad mucnonb3yeT kapTy 3aHATOCTH, YTOOBI OLIEHUTD ITOJIOXKEHHE,
B KOTOPOM KapTa otoOpaxaercs ¢ nomompio Gmapping. Podor Toyota HSR (Human Support
Robot) ncnonb3oBasics Ans coznanus HaOOpa AAaHHBIX KaK B peaIbHbIX, TaK U B CMOJEIHPOBAHHbIX
yCJIOBUSAX cOpeBHOBaHMi. B Hamem npeacrasienu SLAM ecTb OLieHKa OJOMETPUU KOJIEC B
COOTBETCTBHY C HAuyaJIbHBIM MOJOXEHHEM pobora, 2D-nuaapHoe ckanupoBanue Hokuyo s
HaOJIOJEeHUIA, a TaK)Ke KOHTPOJIb CHTHAJIOB U OLIEHKA KapThl OKPY KAIOIIEro IPOCTPAaHCTBA. MBI
HPOTECTUPOBAJIN HAllly CUCTEMY B 3aj1aue O MOXUILEHHOM PO00Te, 00YUMIM HaYaJIbHYI0 MOJIEIIb,
3aTeM YJIy4IlIWINA €e B OHJIAIH pexXUMe U, HAKOHell, peliu 3aaaay SLAM.

Krouessie ciioBa: jokammsanus, SLAM, Hapuraims po6ora, kKaprorpadpoBaHue, CKphITast
MapKOBCKasi MOZIEJIb, JaTUHK.
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