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MoaxoA K pacno3HaBaHUIO CTUASl BOXKAEHUA
BOAUTEAA TPAHCMOPTHOro CPpeAcTBa
Ha OCHOBE UCNOAb30BaHUA CeHCOopoB cMapTdoHa

W. B. AawkoB® 5, HayuHbIi coTpyaHMK, orcid.org/0000-0001-6418-4660, igor-lashkov@ya.ru
8YHuBepcuter UTMO, KpoHBepkckuii np., 49, CaHkT-lerepbypr, 197101, P®
SCaHKT-leTepbyprekmit MHCTUTYT MHPOPMaTUKK M aBToMatudaumnm PAH, 14-a avaus B. O., 39,
CaHkr-lletepbypr, 199178, PO

BBeaeHuMe: aHaA13 MOBEAEHUST BOAWUTEAS 3@ PYAEM TPAHCIOPTHOIO CPEACTBA U OLIEHKA Er0 CTUASI BOXKAEHMST MO3BOASIIOT 00-
paTUTb BHUMaHUe BOAMTENS] HA HaBblKW yrpaBAEHMS, CHU3WTb NPOLIEHT He6Ee30MacHOro BOXAEHUS, NOBbICUTb 3PPEKTUBHOCTb
3KCrAyaTaLmu TPaHCIOPTHOIO CPEACTBA U, TaKUM 06pa30M, CHU3UTb KOAMHYECTBO AOPOXHO-TPAHCMOPTHbIX npoucLuecTBui. OA-
HaKo COBPEeMEHHbIE CUCTEMbI COAEHMCTBUS BOAUTEAKD OrpaHUYeHbl B BO3MOXHOCTSX MEPCOHaAM3aLMU CUCTEMbI ANST BOAUTEAS,
CHUWXasi 06LLYH0 3GPEeKTUBHOCTb PaboThbl MOAOOHbLIX CUCTEM U Cyxasi ux obAacTb npumMmeHumMocTy. Lieab nccaesoBanmua: paspa-
60TKa MOAXOAA K aHaAM3Y M OLIEHKE CTUAS BOXAEHMUSI BOAMTEAS MPU YpaBAEHMM TPAHCMOPTHLIM COEACTBOM C MCMIOAb30BaHMEM
PPOHTaALHOM KaMepbl M CEHCOPOB CMapTPOHa, OPUEHTUPOBAHHOIO Ha NPUMEHEHWE B CUCTEMAaX MOBbILLEHUs 6e30MacHOCTU
BoAUTEAS. Pe3yAbTartbl: onvcaHa cxema rnoToKOB AaHHbIX C CEHCOPOB CMapTdOHa AN CUCTEMbI MPEAYNPEXAEHUS aBapUIHbIX
CUTyaLmi; npeacTaBAeHa MHGOPMaLMOHHAs MOAEAb NMPOPUAST BOAMTENS; pa3paboTaH aArOpUTM aHaAu3a CTUAS yrpaBAEHMS
TPAHCMOPTHBIM CPEACTBOM UHAMBUAYAAbHO AAST BOAMTEAS], MO3BOASIFOLLMI MOBbLICHMTL KAYECTBO pacrno3HaBaHM s OracHbIX COCTO-
SIHUM B MOBEAEHUU BOAUTEAS] BO BPEMST BOXAEHUS U yUUTbIBAIOLLIMI MPEALIAYLLIMI OMbIT UCMIOAb30BaHMWSI CUCTEMbI, @ TaKXE rpe-
AOCTaBASIFOLLMI BO3MOXHOCTb OLIEHNTb CTUAb BOXAEHMS KaXAOr0 BOAUTEAS B OTAEABHOCTH, TEM CaMbiM 06paThB ero BHUMaHue
Ha HaBbIKKW yrpaBA€HWS TPAHCMOPTHLIM CPEACTBOM; pa3paboTaH MpOTOTHI CUCTEMbI OLEHKU CTHUASI BOKAEHMWS BOAUTEAS] MPU
yrnpaBAE€HWUN TPaHCHOPTHLIM CPEACTBOM Ha OCHOBE 06paboTKU AaHHbLIX C CEHCOPOB CMapTdOHa 3a CHYET BbIAEAEHMS CBS3EH
MEXAY HUMU U XapaKTepUCTUKaMU YrpaBAEHUs] TPAHCIOPTHLIM CPEACTBOM, a Takxe aHaAu3a UCTOPUM B3aUMOAEHCTBUS BO-
ANTEAS] C CUCTEMOM MPEAYNPEXAEHNS aBapHiHbIX cUTyaumi. MpaKTuyeckas 3HaYUMOCTb: [TOAYYEHHbIE PE3YAbTaTbl MO3BOASIT
MOBLICUTb TOYHOCTb PACNO3HaBaHMS ONAaCHbIX COCTOSIHUI U, KaK CAEACTBME, 3PPEKTUBHOCTb CUCTEMbI MPEAYNPEXAEHUS aBa-
PUIAHBIX CUTYaLUMI, a TakxKe HahAyT NPUMEHEHUE NP GOPMUPOBAHMM M OTOBPAXKEHMU OTHETOB AN MPEACTaBUTEAEH CTPaxo-
BbIX KOMMaHWH, aAMUHUCTPATOPOB aBTONAaPKOB U PYKOBOAUTEAEN AOTMCTUUECKMX KOMMaHMWH, OCYLLECTBASIIOLLMX HabAOAEHME
M KOHTPOAb 3@ CTaTUCTUKOM COBEPLLEHMS MOE3A0K BOAUTEAIMM U3 LUTATa aBTONapKa.

KaroyeBble cAOBa — COBPEMEHHbIE CUCTEMbI COAEMCTBHS BOAMTEAKD, BOAWUTEAb, TPAHCMOPTHOE CPEACTBO, MOBEAEHME
BOAUTEASA, CTUAb BOXKAEHUSA.

Iuruposanue: Jlamkos 1. B. Ilogxo/ kK pacrio3HaBaHUIO CTUJIS BOXK/IEHNS BOAUTEJIS TPAHCIIOPTHOT'O CPEACTBA HA OCHOBE UCIIOTIb30BAHUS
ceHcopoB cmaptdona. Hrupopmayuonno-ynpasaswousue cucmemvt, 2018, Ne 5, c. 2-12. doi:10.31799/1684-8853-2018-5-2-12
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sistemy [Information and Control Systems], 2018, no. 5, pp. 2-12 (In Russian). doi:10.31799/1684-8853-2018-5-2-12

Beenenmne

Cormacuo cratuctuke I'ocaBromucnekiiuu MB]I
Poccuu 6osee 80 % IOPOKHO-TPAHCIOPTHBIX IIPO-
HCIIIECTBUU IMPOUCXOLAT II0 BUHE CAMUX BOAUTEJIEH.
DaKTOpPBEl PUCKA, COOTBETCTBYIOIINE IICHUXO(MU3NO-
JIOTUYECKOI COCTaBJSIOIIEll ITOBeIeHUs BOILUTEJS,
OKAasbIBAIOT 3HAUNTEJbHOE BINAHNE HA BOSHUKHOBE-
HUe TOPOKHO-TPAHCIIOPTHLIX ImpouciiecTBuii. K Ta-
KuM (paKTOpaM IIOBBIIIIEHHOr'0 PUCKA HACTYILICHUS
MOPOKHO-TPAHCIIOPTHOTO IIPOUCIIIECTBUS MOKHO
OTHECTHU YCTAJIOCTDh U OCJIa0JeHHOe BHUMAaHIEe BOAU-
TeJIsI, TPOSABJAIONINECS B CUTYaIlAX, B KOTOPBIX BO-
OUTEJIN 3a4acTyi0 caMU He OCO3HAIOT HACTYILJIEHUe
MIPUBHAKOB TOT'O MJIM WHOT'O OIIACHOT'O COCTOSTHUS.

OpgHUM 13 BapUAHTOB MOBBITIIEHUA 0€30TIACHOCTH
BOIUTEJISA ABJISETCSA UCIOJIb30BAHNE CUCTEM aKTUB-
HOIT 6e30IIacHOCTH, HAIIPABJEHHBIX Ha IpPeIoTBpa-
IeHVe aBapUUHBIX CUTyaIldil Ha OCHOBE MOHUTO-
pUHTa TOBeJIeHUA BOAUTEJNSI U CBOEBPEMEHHOTO ero

OIIOBEIEeHUs O TeKYINel CUTyalluy 3a cUeT reHepa-
U eMy KOHTEKCTHO-OPMEeHTUPOBAHHBIX PEKOMEH-
nmamuii. [lepBble rccieJo0BAHUSA YUEHBIX 110 pa3padoT-
Ke crcTeM MOHUTOPHHTA OKPYIKaIoIel 00CTaHOBKHU
U IpeaynpesKAeHnss BOOUTEJA aBTOMOOMIsSI 00 omac-
HOCTU oTMeueHbI 1992 rogom. MOHHUTOPUHT OIIACHO-
T'0 IOBEIeHNS 3a PYJIEM CIIOCO0EH ITIOMOYb BOIUTEJIIO
o0paTuTh BHUMAHNWE HA CTUJIb CBOErO BOMKAEHUA U
CBSBAHHBIE C 9TUM PHUCKH, U TeM CAMBIM CHU3UTD
IIPOIIEHT HEOCTOPOYKHOT'O BOMKAEHUA U YJIYUIIUTH
HaBBIKU 0€30ITaCHOTO TOBEIeHUA Ha JOPOTe.

ITo hopme mmpencTaBiIeHNA ¥ TPUHIIUITY (DYHKITU-
OHUPOBAHUS BCE CUCTEMBI CJIEKEHUS 38 COCTOSTHUEM
BOAUTEJSA U JOPOIKHOM 06CTAHOBKON MOIKHO YCJIOB-
HO Pa3JleJINTh HA YeThIPEe KATeTOPUN: CUCTEMBI IIPE/-
YIOpeKIeHNs aBapUNHBIX CUTyaIlluii, CYIIeCTBYIO-
e B BUZE allapaTHO-IPOrPaMMHBIX KOMILJIEKCOB
U ycTaHaBJIWBaeMble aBToIpousBomureaamu [1],
MOOUJIbHBIE CHCTEeMbI TeHepaliuud pPeKOMeHIAIlUiA,
CYIIeCTBYIOII[Ee B BUJEe MOOUJIBHBIX IPUJIOKEHUI

2 7 VHOOPMALIMOHHO-YMNPABASIOLLIVIE CUCTEMBI

/7  Nes, 2018
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nasi cMapTgoHOB [2], BumeokamMephl, ycTaHaBJIUBae-
MbIe BOAMTEJEeM B KaOMHe TPAaHCIOPTHOTO CPeaCTBa
(TC), mpencraBiieHHbIe AaBTOMOOUJIBHBIMU BHIe0pe-
THUCTPATOPaMU 1 OTHAEJIbHBIMU YCTPOMCTBAMU BUIE0-
HaOJIIOeHNs, HAPaBJIEeHHBIMU HA BOIUTEJNS, WU
Ha gopory [3], ycTpoiicTBa HOCUMOM 9J€KTPOHUKH,
HaJeBaeMble I HOCUMBbIEe BOAUTEJIeM Iepe coBepIie-
HUEM KaKJI0l Moe3TKu Ha aBToMobu.ie [4].

OCHOBHO¥I 11€JIbI0 JAHHOU CTATHU ABJAETCA Pa3-
paboTka moaxona K aHaJIu3y MMOBEJeHUS BOLUTEJs,
OCHOBAHHOTO HA WCIIOJb30BAHUU TIPEIBIAYIIIETO
ombITa B3amMmojeiicTBusa Boguresas ¢ TC, BKIouaio-
M KOHTEeKCT BHyTpHu Kabuusl TC, 1aHHbIe ¢ CeHCOo-
poB cMapT(doHa 1 OIlacHbIe COCTOSIHUSA B ITOBEIeHUU
BomuTesd [5—7].

0630p MuTEPATYPHI

Anroput™Mbl, aHAJIUBUPYIONIVE TOBEJeHVEe BOLN-
TeJid Ha OCHOBE €ro IPEeJbIAYIIEro OIbITa B3aWMO-
nmetictBus ¢ TC, mpencTaB/ieHbI MHOTOUMCJIEHHBIMI
WCCJIEIOBAHUAMHU U Pa3paboTKaMu, PACCMOTPUM He-
KOTOpbIe, HanboJee 3HAUNMbIE U3 HUX.

Ha cerommdammauii 1eHb OJHUM U3 IITTPOKO BCTpE-
YaIOIUXCS IOIXOA0B AJs MHTEJIJIEKTyaJIbHOTO aHa-
JI3a TaHHBIX ABJSETCA IPUMEeHEHVe PA3INUHBIX Me-
TogoB Data Mining [8—12] u mamuHHOTO 00yUeHUA
[13—17], opueHTUPOBAaHHBLIX HA O0yUYEHUE B YCIOBUAX
PeIIeHns MHOYKEeCTBa CXOMKUX 3aau. SHAUNTEIbHAA
YacThb IIPeJJiaraeMbIX YUEHBIMU PEIeHnd B 00JIacTu
U3yUYEHMA BO3AEHCTBUA NOBEAEHUA BOAUTENSA HA I0-
POKHYI0 00CTAaHOBKY OPMEHTUPOBAHA Ha HCIIOJIH30Ba~
HUe JaHHBIX ¢ JaTYNKOB U ceHcopoB TC (aBToMOOMIsT)
wiu cMmaprdoHa BoguTenda. OOIIUM Jid BCeX TaKUX
CHCTEM SABJSAETCA OIpeIeseHre II0CJeJ0BaATEeIbHO-
CTU COBEPIIIEHHBIX BOAUTEJIEM B HEKOTODPHINT MOMEHT
BpeMeHU IelcTBUil, 00pasyoIuX IaTTePH IT0BeJe-
Hud [18]: anroputm onpenenenusd [19] peficTBuii BO-
IUTEJA Ha OCHOBE JAHHBIX C JAaTYMKOB aBTOMOOWMJIA
TIOCPEICTBOM MCIIOJIB30BAHUSA CIEIINATIU3UPOBAHHOTO
aBTOMOOUJIBHOTO CHUMYJIATOPA AJISA MOAEJTUPOBAHUA
nporiecca ympasiaenuda TC; ajropuTm paclio3HaBa-
HUS TaTTepPHOB noBeneHusd [20] BoguTeid 3a cUeT quc-
KPEeTu3alnuu ero JefCTBUM IIyTeM UCII0JIb30BaHUA He
(PUKCUPOBAHHOTO OTPAHUUYEHUS KOJMUECTBA IIOCTY-
TalOMINX Ha BXOJ| CUCTEME COOBITHI, a BPEMEHHOTO
WHTEpBaJa, a TaKKe APyTrue UCCJIeI0BaHU, perao-
mue 3a7javy aHaJu3a U KJIacCU(PUKAINU TIOBeIeHUA
BoguTens [21-29].

CTOUT OTMETHTH, UTO PACCMOTPEHHBIE WUCCJIe-
MOBaHUA HAaIleJeHbl Ha pPeIIeHue TOJbKO 3ajauu
KJIacCu(DUKaIUU II0OBeJeHUA BOAUTEIIA U (PUKCUPO-
BAHHOH OIIEHKU €r0 CTUJIA BOXKIEHUA 0e3 yuera ero
IpeabIAYIEe UCTOPUY B3AUMOAEHCTBUA C CUCTEMOM
IpenynpeskIeHnA aBapUUHBIX CUTyalluii, BKJIIOYA-
IOIIlell pacio3HaBaHUeE OMTACHBIX COCTOSHUI B €0 110~
BezieHUU (YCTAJIOCTh, OCIa0JIeHHOe BHUMAHYE).

CxeMa MOTOKOB JaHHBIX B CHCTEMe
npeaynpeskIeHusa aBaPUWHBIX CUTyaI[UH

C 1menpio OOIIEr0 IPEACTABJIEHUA O B3aMMOJEH-
CTBUU BOAUTEJIA C CUCTEMOI MTPeAyIpe:KIeHns aBa-
PUUHBIX CHUTyalMil IIPEAJIOJKeHa CXeMa IIOTOKOB
IaHHBIX, CUNTBIBAEMBLIX C CEHCOPOB cMapT(doHa u
IIPUMEHSIeMBIX B JaJIbHEHIIIeM [IPU aHAJIN3€ U OlleH-
Ke HaBbIKOB ynpasjienusa TC (puc. 1). UcxogabiMu
TaHHBIMU AJISI CUCTEMBI IIPeNyIPeKIeHUs aBapuii-
HBIX CHUTYaIlui ABJIAIOTCS IMOKA3aHUA BCTPOEHHBIX
B cMapTdOH CEHCOPOB, TAKMX KaK (POHTAJIbHASA
kKamepa, GPS, akcemepomeTp, TUPOCKOI, MarHUTO-
MeTp, MUKPO(OH U JaTUNK OCBeIeHHocTHr. [loayuas
nsobparkeHre BOAUTENIA C (PPOHTAJILHOU KaMepsl,
MOOUJIBPHOE TIPUJIOYKEHNE IIPUMEHSAET II0CJIeloBa-
TeJbHOCTh MPOTPAMMHBIX OIlepaluii AJs BBIgese-
HUA JIUIEBBIX XapPaKTEPUCTUK BOLUTENSA C IIEJIBIO
OIIpefieJIEHNA ero OIIaCHOT'O IIOBEJeH U A.

VsmeneHUs B CKOPOCTH, YCKOPEHUU UJIU TOPMO-
JKeHnHN aBTOMOOMUJsSA, BeIuncasembie GPS u axcee-
POMETpPOM Ha OCHOBE CITyTHUKOBBIX TaHHBIX U YCKO-
PEeHUA CUJIBI TAMKECTH, IIO3BOJISAIOT ONUCATH IIOBE-
nenue Boputesa npu yupapiaeHun TC. Iloso:xkenne
B ITPOCTPAHCTBe cMapT(OHa 1 HAaTIpaBJIeHUE ABUKe-
uusa TC, ompenensgeMble THPOCKOIOM X MarHUTOMe-
TPOM, IIO3BOJIAIOT TOYHEE OXapPaKTePU30BaTh TO UK
WHOe ToBeJZieHMe BoxuTesd. MuKpoOdOH, M3Mepsaro-
U ypoBeHb curuaJa myma B kadbuue TC, mpume-
HAETCA IIPU TeHepaluu PEeKOMeHJAIUil BOJUTEIIO
IJIsl OIpefesIeHusl CUTYyallnil, KOrja BOAUTEND eeT
ONVH MUJIU C MaccakupamMu. [laTuynk OCBEIeHHOCTH
cMapT@oHA UCIIOJb3YeTCA IIPU BHIABIEHUN TEMHOTO
BpEeMeHHU CYyTOK, Korja 00paboTKka 1300paskeHuil Bo-
INTeJA ¢ PPOHTAIHLHON KaMephl CTAHOBUTCS HeIlesIe-
€c000pa3HOi BBUY HEBOBMOKHOCTU PACIIO3HABAHUSA
JUIEBBIX XapaKTepucTuk. Ha ocHoBe mu(popMauu
C CEHCOPOB cMapT(oHA IPOUCXOAUT yBEeZOMJIEHUE
BOIUTEJISA O HACTYILJIEHUY OIACHOTO COCTOSHUSA IIPU
TIOMOITI PEeKOMEeHIAIlnii, MOCTYIAOINNX BOAUTE-
JI0 uepe3 rpaduuecKUil AUCIIel, ayauo AUHaAMU-
KU cMapTdoHa uiu BUOPAIMU YCTPOMCTBA HOCUMOI
BJIEKTPOHUKU.

NudopmanuonHas Moaeab NIPopuis
BOAUTEJA

PaspaborarHaa mHGOPMAIMOHHAA MOJEJb IIPO-
(una BoxmTeNs pacupeneeHHOW CHUCTEMBI IIpeS-
yupexaerua aBapuiiabix curyarnuii (PCITAC) npu
yrupasiaeunnu TC moxkasaHa Ha puc. 2. AHaJIu3 mMoBe-
IeHua BoguTensa B KabuHe TC mo3BOIMII BBIAEIUTH
cJenyooNyio nHGopMaIu: oomasa nadopmManud o
BOJITEJIE, €r0 KOHTEKCT, KOMIIETEHI[UY BOAUTENSI 1
UCTOPUA ero B3aUMOAEHCTBUA C CUCTEMOIA.

Pasgen O6wasn ungopmayus o sodumeJie BKJIIO-
yaeT B ce0A YHUKAJIBHBIN UIeHTU(DUKATOP BOTUTE-
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B Puc. 1. Cxema 00'beJMHEHNS CEHCOPOB HA OCHOBE MCIIOJIb30BAHNA cCMapThoHa
B Fig. 1. Scheme of combining sensors fusion based on the use of a smartphone

JIs1, UM, PaMUInIo, MoJ, JaTy POKIAEHNUA, CeMeiiHoe
TOJIOJKEHNE, CTa’K BOMKIEHWUS, HOMeP MOOWJIHLHOTO
Tesedona. [larHaa nHGOpMAIIUA ABIAETCA 6a30BOM
¥ TIePBOHAYAJHLHO XapaKTePu3yeT BOAUTEI.

Pasnen Kommerxcm omnucbiBaeT WHOOPMAIIUIO,
XapaKTepU3yIIIyIl0 OKPYKAMIYI0 O00CTAHOBKY,
B KoTopoii HaxoxsTcs Bogutenb m TC, u cocro-
UT U3 ABYX IoApasmenoB Kowmewxcm sodumens u
Koumerxcm TC.

Paspen Konmerxcem 8odumeis CONEP:KUT UHPOP-
MaInio, KoTopas U3MeHsIeTCs B 3aBUCUMOCTH OT Te-
Kyireil curyanuu B Kabuue TC u mopokHO# obcTa-
HOBKU U BKJIIOUAET B ce0s CIIeIYIONINeE aTPUOY THI:

1) mapaMeTpsl KaJIMOPOBKYM CUCTEMBI — IIO3BOJISA-
IOT JIYYIITe TIOJICTPOUTHCA O KOHKPETHOT'O BOIUTEIA.
OHU OIIMCHIBAIOT CBEJIEHUS O BOAUTEIe (HaIpuMep, Ha-
KJIOH T'OJIOBBI BOAWTEJIA BJIEBO/BIIPaBO, BIIEPEN/Ha3a]l
110 OTHOIIIEHUIO K TYJIOBUIIY), HACTPOUKU U BO3MOK-
HOCTH ero cMapTdoHa (HaIpuMep, IPUCYTCTBUE TOT'O
WU WHOTO JATUYNKa, He0OXOIMMOro IJid (PYHKIIMOHU-
poBanusa PCITAC, ypoBeHb I'POMKOCTY IIPEAYIIPeKae-
HU# 00 OITacHOIT CUTYAaI[IT) ¥ TPAHCIIOPTHOT'O CPEICTBA
(JIerKOBO¥ MJIM TPYB0BOM aBTOMOOUIB);

2) ucmonb3yeMoe 00OPYyZOBaHWE — OIKCHIBAET
TeXHUYEeCKUe XapaKTePUCTUKY cMapT(OHA, UCIIOIb-
syemoro Boauresiem TC;
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B Puc. 2. UupopMaiuoHHas MOAEHb ITPOQUIII BOAUTEILA
B Fig. 2. Information model of the driver profile

3) ncmoab3yeMoe IporpaMMHOe obeciieueHue —
XapaKTepusyeT MPOrPpaMMHBIN KOMILJIEKC, yCTaHaB-
JUBaeMbIl 1 HACTpauBaeMbIii HA cMapT(OHe BOLU-
TeJsT W TpeIHa3HAUYeHHBIN A ITPOrHO3WPOBAHUS
BEPOSATHOCTH HACTYILJICHUS AaBAPUNHBIX CUTYAI[Uii;

4) ncuxopu3noJI0TUUECKIe 0COOEHHOCTH BOAUTE-
JIS — OIUCBHIBAET COCTOSHME BOAUTENS B TEKYIITUI
MOMEHT BpPeMeHU, XapaKTepusysd ero CKOPOCTh pe-
aKI[UM, TOUHOCTD U IIOCJIEI0BATEJIbHOCTD TeHiCTBUIA;

5) cuMnOTOMBbI He6Ee30IIaCHOTO IIOBEEHUS — CO-
IEePKUT UHPOPMAIINIO O BEIABJIEHHOM He0e30IIacHoOM
TOBEIEHUY BOAUTEJIS 34 PYJeM aBTOMOOWJIA C Iie-
JbI0 JAJIbHEHIed BBIPAOOTKYM PEKOMEHIAIIWH IJIsa
IpenoTBpAllleHNsA HACTYILJIEHUS aBapUUHON CUTya-
UM, HAIPUMED, KOJIUUECTBO YACOB HEIIPEPBIBHOTO
yupagsenus TC;

6) cocTossHMEe OOCTAHOBKM BHYTPHU CaJIOHA Ka-
6unbl TC — omnwuchiBaeT pasUYHBIE ITapaMeTpPhl U
ycJyioBusa obctaHoBKY B KabuHe TC, Hanmpumep, ypo-
BeHb OCBEINeHHOCTH, YPOBEHb CUTHAJIA IITyMa.

Pasnen Koumexcem TC BKJIIOUaeT B ce0s CIIeyIO-
e aTpubyThI:

1) MecTOmoOIOKEeHNEe — COLEPKUT MHMOPMAIIUIO
0 TeKyIneM reorpaguueckomMm mectomojoxkeHuu TC
¥ GJIMBJIeIKAIIINX MECT OTABIXA, UCIIOJIb3YEeMbIX TIPU
dopmupoBauuu pekomenganuii. CBeJeHrA 0 MecTax
OTIBIXA OIMCHIBAIOT IIPUIOPOKHBIE OCTAHOBKU (Ka-

(e, oTesn, aBTOMOOUIBbHBIE 3aIIPABOYHbBIE CTAHITUN),
KOTOPBIMU BOAUTENb MOKET BOCIIOJIbL30BATHCA IIPHU
HACTYILJIEHUN YCTAJOCTH UM OCJIA0JIEeHHOI0 BHIMA-
HUS U cAesiaThb Hebobmoi oTabix B 20—30 MunyT,
BBIIIMB TOHU3UPYIOMINI HATIUTOK, UJIU K€ BOCIIOJIb-
30BaThHC TTOJTHOIIEHHBIM 7—8-4acOBBIM CHOM, BOCCTA-
HOBUB CUJIBI TIEPE]] CJIENYIOIIEel T0e3aKOIi;

2) XapaKTepUCTUKU JBUMKEHUA — COMEPXKUT WH-
(hopmariio o HampaBJIeHUU U CKOPOCTHU ABUKEHUS
BOAUTEJISA B KOHKPETHBIA MOMEHT BPEeMEH!;

3) TOPOsKHBIE YCIOBUSI — OIMMCHIBAET BpeMs B ITy-
TH, OCTaBIIIeeCs BpeMs 10 KOHEUHOI'0 MyHKTa Ha3Ha-
YeHNsA, TEKYIIee BPeMs CYTOK 1 OTPAYKAET TeKYIIYIO
CTeNeHb 3aTrPysKeHHOCTY aBTOMOOUIBHBIX JOPOT.

Pasgen Hcmopus eé3aumodeiicmeus BKJIOUYAET
WCTOPUIO PAOOTHI BOIUTEJIA C CUCTEMOM IIPeYIIPesK-
IeHUS aBapUUHBIX CUTYaIlUH:

1) craTucTKAa WCHOJIB30BAHWA CHUCTEMBI (IPO-
TOKOJIMPOBaHME OEeHCTBUHM BOAUTENA), coOMpaeMas
B OCHOBHOM HESIBHBLIM 00pa3om;

2) KOHTEKCT BOTUTEJIS;

3) KOMIIETEHIIUY BOAUTEJIS.

Pazgen Komnemenuuu e6o0umens OINCHLIBAET
CIIOCOOHOCTD W CTPEMJIEHIEe BOAUTEJA K AeHCTBUAM
HA OCHOBE €ro JMYHOCTHBLIX IIapaMeTpOB, 3HAHWI,
HABBIKOB U BKJIIOUAET B ce0s:

1) coburroreHme TpaBUJI JOPOIKHOT'O IBUIKEHUT;
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2) maTTepHbl IIOBENEHUS — OIIMCHIBAIOT YCIIEIIl-
HOCTB, TI0CJIEIOBATEILHOCTD Y BPEMS BBITIOJTHEHUS T€X
WM UHBIX IEUCTBUI KOHKPETHOTO BOLUTENS B KasK-
IBITT MOMEHT BPEMEHH Ha OCHOBE MCIIOJIB30BAHUS CUM-
THIBAEMBIX CEHCOPHBIX JAHHBIX 1 MHMOpMAINU, OIIpe-
nIensonieit npoduib Bogutesd. [Ipymepom maTTepHa
TOBEIEHU BOJUTENA MOMKET CJHIYKUTb CHUTyallusd,
oIuchIBaroIas mporecc Topmoskenusa T'C nepen Kpac-
HBIM CHUTHAJIOM cBeTo(opa Ha HEKOTOPOM IITPOMEIKYT-
Ke BpeMeHU. B maHHOM ciydae HaTTEPH ITOBEINEHUS
BOIUTEJISI BKJIIOUAET ITOUTH Hem3dMeHHoe nBirkeHue TC
B HaAIIPaBJIEHUY IPSMO, PETUCTPUPYEMOE TPOCKOIIOM
¥ MAaTHUTOMETDPOM, CHUKEHWE CKOPOCTU BUKEHUS
TC, peructpupyemoro cericopom GPS, oTpuriareabHbie
3HAUYEHWs, CYUTHIBAEMbBIE IIPU ITIOMOIIM aKceaepoMe-
Tpa cMapT(OoHAa U CBUIETEILCTBYIOITNE O TOPMOYKEHUN
TC u, HaxkoHerll, npexparlienne asu:xenus TC u ycra-
HOBJIEHVIE €70 CKOPOCTH, PABHOM HYJIIO;

3) rpynmnsl BoguTeJell — BKJIOUAIOT B ce0s BbI-
ABJIAEMYI0 WH(POPMAIINIO O IPUHAAJIECKHOCTHU K TOM
WJIY WHOI I'PYIIe, K KOTOPOM crucTeMa OTHecJia JaH-
HOT'O BOAUTEJNIA.

Pasgen Komnemenuyuu sodumeJieil 3am0IHIETCS
CHCTEeMOII aBTOMATUYECKU Ha OCHOBE UCTOPUU pabo-
TBI C CCTEMOM, ITATTEePHOB MOBEMEHUA U CTUJIA BO-
JKIOeHUS BoauTeasa. PopMaansanusd KOMIeTeHITHH
TI03BOJISIET OCYIIIECTBUTH aABTOMATHUYECKYIO KJacTe-
pusamnuio BoAUTe el MOCPeACTBOM (POPMUPOBAHUS
THOoBeleHYEeCKUX TPOoMUIEH ¢ IMOCTEAYIONUM BBIAB-
JIeHVEeM TPYIII BOAUTEJEHl CO CXOKUMU XapaKTepu-
ctukamu B yrpasiaenun TC (maTTepHbl MOBeAeHNA,
CTUJIb BOXKAeHUA). [laHHAS mHDOPMAIIUA UCIIOIb3Y-

eTcs O TajibHeNIel CHHXPOHUBAIUY ¢ 00JIaUuHBIM
cepBUCOM M o(praiH-aHAIN3a AENUCTBUHN BOJUTENA U
O0OHOBJIEHUSI pasfiejia B aBTOMATUUYECKOM pPeKIMe.
C 11eJ1bI0 BBIIEJIEHUS TPYII BOOUTEEH CO CXOKUMU
XapaKTepuCTUKaMU Ha OCHOBe MH(pOpMAIUU 00 UX
nosegennu 3a pyjeM TC mcIoIb3yeTcss MeTO ] KJac-
cupuranuy ux npoduiei.

AJropuT™M OI€HKH CTHJIS BOKICHUA
Boauressa TC

Wudbdopmarua o maTTepHax MOBEIeHUA BOJUTENS
B Kabuue TC okaswpIiBaeT 6OJbINIOE BIAUSHNIE HA pac-
IMO3HaBaHMe ONACHBIX COCTOAHUM U reHepaIinio PeKo-
MeHJAaIni, OpUeHTUPOBAHHBIX HA TIOMOIIH BOAUTEIIIO
IJiS IpefoTBpaIleHnsa HACTYILJICHUS aBapUITHOU CH-
ryanun. [[1a perreHnsa mpobJsieMbl HEIIOJHOTHI 3HA-
HUU 0 BOAUTEJE IIPeAJaraeTcsa PeIInuTh 3aJady pea-
JIN3anuu 00y YeHU s CUCTEMBI JJIS KaKIOr0 BOIUTEJLS
MyTeM IPUMEHEeHUsT MeTOJ0B MAIITMHHOr0 00yUYeH’d,
paboTarIux Jailie BCEero C YNCJICHHBIMU 3HAUYEHU-
amu. JlaHHble MeTOAbI JAOJIPKHBI OBITH IIpeHasHaue-
HBI [JIs PEellleHus 3a1a4 pacliosHaBaHUSA 00pa3oB Ha
OCHOBE WCIIOJIbB0BAHUA METOJOB KJIACTEPUBAINU U
UAeHTUPUKAIUU 00BEKTOB, XapaKTePU3YIOIINXCA
KOHEUHBIM HA0OPOM HEKOTOPBLIX IIPU3HAKOB. B pe-
3yJbTaTe Yero CTPOUTCA MOJENh, TPEACKAa3bIBAIOIIAA
HepocTarone aTpudyThl (IPU3HAKY) MOBEIEHUA BO-
IUTEJA B KOHKPETHBINT MOMEHT BpeMeHM!.

B oOmiem ciydyae aJirOPpUTM OIEHKHU CTUJISA BO-
senenus Boxurena TC (puc. 3) BKatouaeT B cebsa

Hauaio

IIpeobpasoBanue

CeHCOpHBIE
CEHCOPHBIX JaHHBbIX

IaHHbIe
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\ 4

KaYKJ0ro COOBITUS
(a,d,u,c)

B Puc. 3. O6uas cxema ajJropuTMa OIpPe e IeHUS CTUIS BOXKAEHUA BOJUTEIIS
B Fig. 3. General scheme of the algorithm for detection of the driving style

6 7 VHOOPMALIMOHHO-YMNPABASIOLLIVIE CUCTEMBI

/7  Nes, 2018



\ OBPAGOTKA UHMOPMALIMA N YNPABAEHVNE N\

pellieHVe CJENYIONINX 3aJad: BBIJEeJIeHWEe Xapak-
TEePHBIX MIPU3HAKOB B MOBEJEHUN BOAUTEJSA B KaOu-
He TC, cuuThiBaHUe U IpeobpasoBaHle CEHCOPHBIX
MTaHHBIX, KJacCU(PUKAIIUA COOBITUII MO IpaBuUJjaM,
CerMeHTHPOBaHMNe NyTel ABUKEHUS, OTOOp IIpHU-
sHaxoB SMA (Simple Moving Average — mpocToe
CKOJIb3sIIlee CpefHee) A TaHHBIX, KJIaCTepU3aIiud
npoduiieii BOZUTEJEN Ha TPYINIIbI, COOTHECEHNE BO-
IUTEJIA C TPYIIIOH.

OpnHOI 13 IIePBOCTEIIeHHBIX 3a1au IpeaIaraeMo-
TO aJITOPUTMA SABJIAETCS IIOCTPOEHUE CBA3EH MEXKIY
HAOJIOZAaeMbIMU XapaKTePUCTUKAMU IOBEJEeHUS
BOAUTeJA 1 oOpabaTbIBaeMbIMU M3MEPEHUSIMU KOH-
Texcra Bogureasa u TC. BXoOHBIMU JaHHBIMH IJIS
TAKOr'0 aJrOPUTMA ABJSIOTCA CEHCOPHBIE ITOKa3aTe-
JIV C JATYUKOB CMapT(OHA, BKIIOUAIOINE aKCEeJIePO-
meTp, rupockorn, GPS u marauTomerp. Takas cBsa3b
dopmMupyeTcss 3a cueT OTOOpaKEHUs IIapaMeTPOB
TOBeeHU A BOAUTE, K KOTOPBIM OTHOCATCS:

— JIUTEBBIE XapaKTEPUCTUKM: YTOJI IIOBOPOTA M'OJIO-
BBI BJIEBO U BIIPaBO, HAKJIOH BIIEpE W Ha3a], IPOJOJI-
*KUTEJbHOCTD 1 yacToTa Mopranus Bexk, PERCLOS;

— xapakrepuctTuku ymupasiaeHus TC: CKOpoCTb
IBUKEHUSA, YCKopeHue u TopmoskeHue TC Ha KOH-
KPETHOM JIOPOKHOM YUAaCTKeE;

— cnucok rpyonsix Hapymrenuii III[[]: Bo:xaeHUE
B QJIKOTOJILHOM OIbAHEHWU, IIPEBHIIIIEHNE CKOPOCT-
HOTO PeKMMa, UCI0JIb30BaHe MOOMIBHOTO Tesiedo-
Ha BO BPEMs JBUIKEHUA.

IlonyuenHbIe TapaMeTPHI MOBEAEHUA BOAUTEIEH
GopMUPYIOT COBOKYIHOCTL aTPUOYTOB (IUCKPUMU-
HAHTHBIX ITPUBHAKOB), XapaKTEePU3YIOIINX CTUJIb
BOJKJAEHUSA TOTO WJIM WHOTO BOAUTEJS B OTJIUYNE OT
CTUJIA BOXKIEHUA OCTAJIbHBIX YUYACTHUKOB CUCTEMBI.
JlarHbBIE ¢ CEHCOPOB cMapT@OHa KJIaCCUPUITUPYIOT-
csA CIe YoM 06pasoM:

— OMHAapHBIE, OTBETOM HA KOTOPBIN SABJISETCSA
«ma» nin «ueT» (1 uau 0): oI BOAUTEN, YCTAJTIOCTD,
ocJiabjieHHOe BHIMAHIE;

— MOPAIKOBBLIE, OTBETOM Ha KOTOPBIHA SBJSETCS
KOHKDETHBIA KJIACC: CTEIleHb YCTaJIOCTH, CTENeHb
oc1abJIeHHOT0 BHUMAHUS, YPOBEHb 'POMKOCTH 3BY-
KOBBIX CUTHAJIOB CMapT(oOHa, YPOBEHb OCBEII[eHHO-
ctu B kabuue TC;

— KOJMYECTBEHHbIE, OTBETOM Ha KOTOPBIH ABJIA-
eTcA YUCJIO, XapaKTepusyrlee KOHKPETHYIO Mepy:
BO3pacT BoauTesd, cTask BokaeHusda, PERCLOS,
TIPOJOJIKUTEJIILHOCTE MOPraHUS BEK, OTKPBITOCTH
pTa, yroJ HaKJOHA ¥ TOBOPOTA I'OJIOBEI.

IIpumepoM BXOAHBIX MaHHBIX ABJIAIOTCS JaHHbBIE
c akcesepomeTpa cMapT@OHA II0 OCHU Z, XapaKTepuay-
IoIue MPoAoabHOe yeKopenue Texyiero TC (puc. 4).
ITosmosxkuTenbHbIEe 3HAUYEHUSA IIPOJOJBHOTO YCKOpe-
HUS MO3BOJIAIOT OxXapaKTepu3oBaTh yckopenue TC,
a oTpuIaTejabHble 3HaUeHUsa — TopMmoskeHnue TC.

Hamee, arpubyThl 1 COOBITHA, BHIIBJICHHBIE B pe-
3yJbTaTe paboThI AJITOPUTMA HA IEPBOM JTate, IPo-
XOASAT Hpollecc PUILTPAIIUU U ITPefo0pabOTKU «BbI-

OMBAIOIUXCA» 3HAUEHUN B pAMKaXxX TOTO WJIU MHOTO
mpusHaka. Il pelieHusA 9TOW 3aJauud B KauecTBe
IIepBOrO Iara WCHIOJb3yeTcsa aaroputm sliding
window [30] (puc. 5), mo3BoJAIOIINIT BEIOUPATH UH-
(opmanuro 3a oIpeieIEHHBIN IPOMEKYTOK BpEMEHN
13 HEIPEPHIBHOTO MOTOKA JaHHBIX TaKUM 00pasoM,
YTO OT(HUIBTPOBBIBAIOTCS HamboJiee yecTapeBIue Ha-
OOpBI TAKUX TAaHHBIX.

Ha BTopowm mrare npuMeHsieTcAa GUIBTDP HUMKHUX
gacroT (LPF, low-pass filter) [31], mponyckaroruii
CIIEKTP CUTHAaJa HUKe HEeKOTOPOHU YacCTOThI U IIOAA-
BJIAIOIIUY YacCTOTHI CUTHAJIA BBIIIIE 3TOM UACTOTHL.
Anroputm ¢punsrpa LPF onuckiBaeTcs ciegyonium
obpasom:

output[i] — output[i] + a*(input[i] — output[i]), (1)

—
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B Puc. 4. TIpogosbHOE yCKOpPEeHNE BOAUTEJNSI HAa OCHOBE
TIOJIyUeHHBIX JaHHBIX C aKCeJIepoMeTpa

B Fig. 4. Longitudinal acceleration of the driver based
on the data from the accelerometer

Pasmep okHa

Bpema

B Puc. 5. Cxema anropurma sliding window
B Fig.5.Scheme of the sliding window algorithm
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4 OBPABOTKA IHOPMALIN N YNIPABAEHVE /

roe o0 — KO3(P(PUIUEHT CrIa’KuBaHUA (PUILTPA;
input — MaccuB BXOAHBIX 3HaUeHU; output — mac-
CUB BBIXOJHBIX 3HAUEHU.

ATpubyTsl (opMUPYIOTCA B BHAE MHOYKECTBA
TPU3HAKOB JJIA KaKJA0T0 i BOQUTEJISA, T/e X — aTpu-
0yT; Y — KaTeropus, IIOKas3bIBAIOIAs BUJ PACIIO3-
HaHHOT'O OITACHOT'O COCTOAHUA Y BOIUTEJIIA:

X0 = {x® 2O, ., xD }urmace YO.

Ha Bropom sTame paboThI aJropuTMa IIPOU3BO-
IATCS KiaaccupuKamus M oT00p cobObITHil (ycKope-
HUEe (a), Topmoskenue (d), IOBoOpoT pPyasa (1), BpeMsa
Hakara (C)) mo uX TUIY Ha OCHOBE 3apaHee OIIpeje-
JIEHHBIX IPaBUJI:

—a—if(a,ny>0,1)N(@>0),

—d—if(an<0)n (> 0),

—u—if(a;,>0)n(ag,>ary) N> 0),

—c—if(v=0),
rae ayy — npogonbHoe yckoperue TC; ap, — morme-
peunoe yckopernue TC; v — ckopocts TC.

Kak ToapKo Kaxkmoe coObITHE OBILIO UIAeHTU(DU-
IIPOBAHO, HA CJIELYIOIEM dTalle TPOUCXOAUT CBEPT-
Ka COOBITHI OZWHAKOBOIO THUIA U (hOPMHUPOBaHUE
Habopa {e, t, t1, [} A1 KaKLOT0 HOBOTO O0OBEKTA, T
€ — THI coOBITuSA; t() — BpeMs Hadasa coObITHA (MC,
nporreamue ¢ noxyroun 01.01.1970 mo UTC); ¢, —
BpeMs OKOHUYAHUSA COOBITHS (MC, IIPOIIEIINE C I10-
ayrouu 01.01.1970 mo UTC); I — reorpaduueckue
KOODPAWHATHI COOBITUA (JOJITOTa, IITNPOTA U BEICOTA).
HauHas omeparnus obpabaTbIBaeT YUCJIO COOBITHUIA,
TOJIyUYeHHOE B Pe3yJbTaTe pasfie/ieHus BpeMeH! I10-
e3nKu Ha mHTepBaJbl B 10 cexyH.

Ha caiegyrorem rare aJropurmMa IpOUCXOIUT BhI-
uncjaenne SMA-IpusHAKOB A1 cobbiTUi {a, d, u, c}
C IIeJIbI0 HAXOMKAEHUS CPeIHero apuMeTUYecKOoro
3HAUYeHUII COOBITHH Ha WHTEpBaJe II0 CJeayIoIiei
Gopmye:

1 n-1
SMA, ==3 e, @)
i=0

rae SMA, — 3HaueHNe IIPOCTOT'0 CKOJIb3AIEI0 Cpes-
HEro B TOUKe f; 7 — KOJUUYECTBO 3HAUEHUMN MCXO-
HOM (DYHKIIMU AJIA pacyeTa CKOJIb3SAIINEero CpeaHero;
e, ; — 3Ha4YeHNe MCXOJHOU (yHKINH B TOUKe I — i.

ITopor uyBCTBUTEIHLHOCTH AJISI KAXKIOTO U3 COOBI-
Tl (@, — IPOJOIbHOE YyCKOpeHUe, a, — IIoIeped-
HOe YCKOpeHUe), YKa3aHHbIN B Ta0JIUIlE, TTO3BOJISAET
0XapaKTepPU30BaTh TO UJIU WHOE COOBITHE II0 CTETIEHU
PE3KOCTH COBEPIIIEHHOI'0 BOAUTEIEM MaHeBPa.

Iajlee TPOUCXOAUT BBIUUCIIEHUE PEUTUHTA AJIA
KaskJJOT0 COOBITHA 110 (DOpMYJIe:

1 n m
= BjsNijst (6))

S

rae S;, — PeHTHHT COOBITUA 3a IEPHOJ BPeMeHHU i;
DT — Bpems BOXKIEHUA 3a BeCh IIEPUO/T; Nijst — KO-
JINYECTBO MaHEBPOB THUIA j U OITACHOCTHU (PE3KOCTH)
S, KOTOpPbIe BOAUTEb COBEPIIIILI; Bjs — Beca (Koad-
(GUIIMEHTHI) PAa3JUYHBIX MAaHEBPOB. BbIumcieHue
pelTuHra AJis Bceli COBEePIIeHHO MOe3IKU IPOMU3BO-

JUTCSA TI0 CJIeNYIOIIel (hopmyie:

_ 1&
S = _Z Xi» (4)

Mico
rme S — cpeaHee 3HAUEHWE PEATHUHTOB BCEX COOBI-
TUH; N — KOJWYECTBO 3HAUEHUU MCXOTHON (PYHK-

MU AJIA pacueTa CKOJIb3AINETO CpefHero; X; — 3Ha-
yeHUe PedTUHTa PYHKIIUU B TOUKE i.

Ha mocaenaem sTame paboThI aJropuTMa IIPOU3-
BOAUTCS OIlEHKA CTUJIA BOKICHUSA BOAUTEJNA (B UH-
rTepBaJie sHaueHui [0; 1], rme 0 — CIIOKOWHBIN CTUJID
BOXKJEHUsA, a 1 — arpecCUBHBIN) HA OCHOBE IIPEIPOo-
IIECCUHTA arperupPoBaHHBIX aTPUOYTOB (IPU3HAKOB).
IIpomeccuur mpeacTaBsieT cO00H OTOOpaKeHUe
JaHHBIX (IIOJI, BO3PACT, CTAX BOYKIEHUS BOLUTENIS,
tun KysoBa TC) B ¢hopMaT, mpUTOAHBIN AJIA 00yUe-
HUs mMozenu. MoXKHO BBIIENUTH ABE OCHOBHBIE OIle-
pamnuu, IPOu3BOUMbEIE Ha 9TAlle IPEIPOIleCCUHTa:

1) Cosmamme BEKTOPHOT'O MPOCTPAHCTBA IIPU3HA-
KOB, I7ie OyIyT PacIioJIOMKeHbl IPUMePhI 00y Yatorieit
BbIOOpPKU. Ilo cyTH, 9TO mpoIlecc MPUBEAEHUA BCEX
JTaHHBIX B YHMCJOBYIO (DOPMY, O3BOJIAIONIUIN OTONTH
OT KaTerOPUHUHBIX, OYJIE€BBIX U OCTAJbHBIX HE YKNCJIO-
BBIX THUIIOB.

2) IIporecc HOpMaIU3aIU JAHHBIX, B Pe3yJbTa-
Te KOTOPOTr'o He0OX0AMMO U3MEHUTh MIKAJy U3Mepe-
HUI TaKUM 00pasoM, YTOObI cpeiHee 3HAUEHIe KasK-
JIOr0 IPU3HAKA II0 BCEM JaHHBIM ObIJIO PABHO HY.JIO,

B Tlopor 4yBCTBUTEJIbHOCTH COOBITUM
B Threshold for the intensity of the events

ITopor uyBcTBHUTEIBHOCTH (M/C2)
Tum cobbITHA
Husknuii Cpenuuii Bricoxkuii
VYcxkopenue TC 0,1<a,<0,5 0,5<a,<1,5 a,>1,5
Topmoskenue TC -0,1<a,<-0,5 -0,5<a,<-1,5 a,<-1,5
TIosopor TC BeBO/BIPaBO 0,1 <la,/<0,5 0,5 <la,|<1,5 la,|> 1,5
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a cTaHJapTHOE OTKJIOHEeHNe — OgHOMY. B 001mem Bu-
e HOpMaJIU3alusa JAaHHBIX BBITVIAAUT CJIeYIOIITM
obpasom:

X =(X - p)/o. (5)

C mesbio pa3bneHUsA BCeX BONUTEJEH CHUCTEMBI
Ha KOHEYHOe UYMCJO Ipynm (KJIacTepoB), xapakTe-
PUBYIOIINX CTEeNeHb CXOYKECTH BOAUTEJIeH II0 CTH-
JII0O BOJKJAEHUSA, PEIIuM 3aZavy KJacTepus3alluu.
BxogHbIMU maHHBIMU AJIA METOAA KJAcTepUl3aliuu
BHICTyIIaeT chOPMUPOBAHHBIN HA OCHOBE HAKOIIJIEH-
HBIX CBeJIeHUH Tpo(huJIb BOOUTEJIA CUCTEMEL, & B Ka-
YyecTBe KJlacca — CTUJb BOXKAEHUA BOoAUTeNA (B WH-
TepBaJie MHOKecTBa 3HaueHu [0; 1] oT crrokoiiHOTO
IO aTPecCuBHOTrO).

B HacTodAlllee Bpemsa KJjacTepus3anud SABJIAET-
cA OJHOUW M3 OCHOBONOJATAIOIIUX 3akauy B o00Ja-
cTu aHasmsa maHHbIX 1 Data Mining. CymectByer
00JIBIIIOE KOJUUECTBO METOAOB KJIACTEPU3AIIUU, KO-
TOpPbIe MOYKHO YCJIOBHO Pa3JeJUTh Ha CJIeXYIOIne
OCHOBHBIE TPYIIILI: TPUMEHSION[Ne BePOITHOCTHBIHA
moaxon (K-means, EM-aaropurm), MeTOIBI HCKYC-
CTBEHHOT'O WHTEJIJIEKTA (TeHeTUYeCKue aJTrOPUTMEI,
HEeHPOHHBIE CETHU), MCIOJb3YIOINe MepapXxudyecKue
aJITOPUTMBI U TeopeTuKo-rpadoBbie Momenu. C 1e-
JILI0 JOCTHMIKEHUS BBICOKOI CKOpoCTH 06paboTKu;
MTaHHBIX, HATJIAJHOCTH U IIPOCTOTHI Pean3aliuu
MeTOoJja IJIs BBIABJIEHUA TI'PYII BOTUTEJEH CO CXO-
kumu komnerennuamu (User-User, KossiabopaTus-
Hada (uiabTpanud) BRIOPAH METOH KJIACTEPUBAIMU
k-cpenuux (K-means) [32]. KiroueBbIMU BXOJHBIMU
mapaMeTpaMu s JAHHOTO aJTOPUTMAa ABJISAIOTCS
n, obos3HayvaroIlee MCXOJHOE UYMCJIO0 OO0BEKTOB (Ha-
OJIIOEeHU ) 1J1d 00paboTKM, U B — UKCJIO KJIacTepoB
(rpynn) HaOJIIOLEHWA, COAEPIKAIUX ITOXOYKUEe 3JIe-
MEHTHI BHYTPU IPYIIILI U HEIIOXOKYE Ha 9JeMEHTHI,
He IIpUHAAJIeKaIue K JaHHoi rpyime. IIpu ncmoab-
30BaHUU JAaHHOTO METOZa BO3HUKAaeT HeoOXOau-
MOCTB B OIIpeJIeJIEHN U YMCJIa KJIACTEePOB AJiA pa3due-
HuA. [IperBapuTeIbHBIN aHAJINS3 UCXOIHBIX JAHHBIX
T03BOJISIET HAWTHU OINTHMAJbHOE UYUCJIO KJACTEPOB
1A pa3breHus 3a cCUueT MUHUMU3AIIUY CyMMbI BHY-
TPUKJIACTEPHBIX paccTosHMI. Vcxonda us BbIIIeIe-
PEeYmCIeHHOr0, /s KJiacTepusaluu mpoduieir Bo-
IuTesel ObLI BRIOPAH aJITOPUTM E-means.

Pazobbem MHOKeCcTBO 00'bEKTOB X (BCEX YUaCTHU-
KoB cuctembl PCITAC) Ha KOHEUHOE YUCJIO Hellepe-
ceKaloImuxcd KJaaccoB S;...S,,, KaKIbII 13 KOTOPHIX
COOTBETCTBYET OIPEAEeJEHHOMY CTUJIIO BOXKIEHUA
BOJAUTEISA

X ={xy, eeer X, —
Ha M HemepeceKaromnXcsa KJIacCoB. (6)

CyTp ajropurma k-means 3aKJIOUaeTCsI B TOM,
YTO OH CTPEMHUTCA MHUHUMUSUPOBATH CYyMMAapHOE
KBaJpaTUYHOE OTKJIOHEHHE TOUYeK KJACTePOB OT
IEHTPOB 3TUX KJIACTEPOB:

Bk m
2
S=3 3 (x-n)’, )
j=lxef§;
rfle £ — YHCJIO KJIacTepoB; S; — IOJIydeHHBbIe KJa-
CTepBI; |; — IeHTPhI Macc Bcex S; 00bEKTOB X U3

kJyacrepa S;. IlocaegHuM aTamoM paboThI aJTOPUT-
Ma KJIACTEPUBAIIUU SIBJISIETCSI COIIOCTABJIEHNE KaiK-
nmoro Bogutesas cuctrembl PCITAC c ompenesieHHBIM
HOMEpPOM KJIacTepa, UJIu, MHaue TOBOPs, 38 KasKIbIM
BOAUTEJIEM 3aKPeIlIfAeTcs MeTKa KJacTepa, xapak-
TepPU3YIOoIIas IPYIIY BOAUTEJEH CO CXOKUM CTUIEM
Boskgeuusa TC. CTOUT OTMETHUTH, UTO AJITOPUTM KJia-
cTepusanuu mIpoduaeil BoguTeaeH MEePUOAUUECKU
3aIlyCKAaeTCsI IIOBTOPHO IPU N3MEHEeHU Y YKCJIa BOAU-
TeJiell MU TOCTYIJIEHNY HOBOM mH(pOpMAIUU B 00-
JIAUHBIN CePBUC O CTATUCTUKE UX BosKaeHus TC.

B pmanbHerimmeMm pesysabTaThbl pabOTHI KJiacTepusa-
I HCIIOJIB3YIOTCS CUCTEMOM TP OIEHKE HMATTEePHOB
IOBEJIEHNS TOr0 WJIM MHOI'O BOAWTEJS BO BPeMsi BO-
skpernd. OmeHKa TATTEePHOB IIOBENEHUS BOTUTEJISA,
ompezieJieHHAsl 3apaHee AJs HEKOTOPOrO KOHTEKCTa,
TIOMOTaeT CKOPPEKTHUPOBAaTh MOHUTOPHHT OIIACHOT'O
noBeqieHUs BoguTesasa B Kabure TC 1 TeM caMbIM TOY-
Hee cOPMUPOBATH KOHTEKCTHO-OPUEHTUPOBAHHBIE
PeKOMeH AN, HeOOXOAUMbIe IJIS IPUHATHSI Mep 10
IPeIoTBPAIIeHUIO0 aBapUMHOM cuTyaruu. Tak, Hampu-
Mep, aJTOPUTM BbISABJIEHUSA OITACHBIX COCTOSHUM B II0-
BeIeHUHU AJIs BOAUTEJsA ¢ 00Jiee arpeCCUBHBIM CTUJIEM
BOXKIEHUs paboTaeT ¢ BUAOUBMEHEHHBIMY BXOTHBIMU
nmapaMeTrpamu (BpeMs paclo3HaBAHUA, HOJIA OMMACHBIX
COCTOSTHU K OOITeMY YMCJITy COOBITUM U T. 11.).

Peanuzanmus aaropurMa aHaJINu3a CTUILA
BOKIECHU S BOIUTEJIeH

AJiropuTM aHaJM3a MOBEJEHUS BOAUTENA, OC-
HOBaHHBIN Ha 00pabOTKe HAaHHBIX CEHCOPOB CMapT-
¢doHa, KJgacTepusdanuu HOpoduiieil BOAUTEJIE U
aHaJIN3e CTATHUCTUKYN B3aMMOJENCTBUS BOLUTEJIE
C cucTeMoli, peajJnu30BaH C HUCIIOJb30BAHUEM A3bIKA
nporpammupoBauus Python. Bei6op siseika Python
00yCJIOBJIEH Pa3BUTOM CTaHAAPTHON OMOJIMOTEKOI
byHKIIUHA, GOJIBIITUM MHOKECTBOM CTOPOHHUX MOJY-
Jel 1 JIAaKOHUYHBIM CUHTaKCHCOM.

Amanu3 CTaTUCTUKU B3aMMOJENCTBUA BOAUTE-
JIe#l ¢ CUCTEeMOIi 3aKJII0UaeTCs B MOJyUeHUU JaHHBIX
co cmapT(doHa BOAUTEJNSI, UX aHAINU3, 00PabOTKY U
dunapTpanuio ¢ meJbi0 IajbHeiIel 3anucu B 6asy
mauabix ClickHouse. B BbIOpamHOIl 6ase JaHHBIX
3apaHee co3aHa Tabyuna pure_stat events, conep-
JKaIas JaHHbIe 00 OMAaCHBIX CHUTYyaIlUsaX, U TabJIu-
1ma pure_critical event, comepskaias JaHHBIE 00
OIACHBIX COCTOSAHUSX JIS KasKJOr0 BOAUTEJS CHU-
crembl PCITAC. 3azaueit 6asel gauubix ClickHouse
ABJISIETCS IIPEeNOCTaBJIEHNE XPAHAMIUXCA TaHHBIX
IJIST MOZYJIA KJIacTepu3aluy Ipoduieil BoguTe e
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4 OBPABOTKA IHOPMALIN N YNIPABAEHVE /

C IeJIBI0 JAJIbHEUIIer0 OIPe/IeSIeHUs CTUIISA BOYKIe-
HUA KayKJI0r0 U3 HUX. 3aIIPOC BEIOOPKU JaHHBIX (CM.
JIucTUHT) TO3BOJISET IOJYUYNUTh HEeOOXOAUMbIe HaH-
HBIEe IJIA KJIacTepusanuu npoduieil BOgUTeIe.

Jlucmune. 3anpoc BLIOOPKY JAHHBIX JIJIA KJIacTe-
pusanum

SELECT * FROM " pure_critical event” p

INNER JOIN °~ pure_stat eventss ps ON
ps.id = p.event_id

3aKaoueHue
Pa3pa60TaH IIoaxon K aHa/JIu3y IIOBeJeHUs BO-

ngurens TC ¢ umcmosb3oBaHMEM MHMOPMAIMOHHONM
MOJe I TPOMUISA BOAUTETSA W aJTOPUTMa aHaJIU-

3a CTHJIS BOYKIEHUS BOAUTEJS, KOTOPBINI OCHOBAH
Ha HCIIOJB30BAaHUU NAaHHBIX C CEHCOPOB cMapTQo-
Ha, (DOPMUPOBAHUU CBA3EN MEXKAY M3HAUAJIHLHBIMU
JDaHHBIMU W XapaKTepuctukamm ynpaBjieHus TC
U UCTOPUU B3aMMOJEHCTBUA BOAUTEJS C CUCTEMON
OpenyIpe:kIeHnsa aBapUUHBIX curyanuii. Taxoi
TOIXO/ TI03BOJISIET HE TOJBKO O0pPAaTUThL BHUMAHUE
BOAUTEJA Ha HABBIKU YIIPABJIEHUA U XapaKTePUCTU-
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Smartphone-based approach to determining driving style with on-board sensors

I. B. Lashkov® P, Researcher, orcid.org/0000-0001-6418-4660, igor-lashkov@ya.ru

aITMO University, 49, Kronverkskii Pr., 197101, Saint-Petersburg, Russian Federation

bSaint-Petersburg Institute for Informatics and Automation of the RAS, 39, 14 Line, V. 0., 199178, Saint-Petersburg,
Russian Federation

Introduction: Driving behavior analysis and driving style evaluation allow you to pay the drivers’ attention to their driving
skills and characteristics, reduce reckless driving rate, increase the vehicle usage efficiency and thereby reduce the number of traffic
accidents. However, the available driver assistance systems lack personalization, which in its turn decreases the efficiency of these
systems and limits the scope of their usage. Purpose: Developing an approach to analysis and evaluation of a driving style, based on
smartphone features such as a front-facing camera and sensors, and focused on its usage in driver safety systems. Results: The article
discusses a scheme of combining data from smartphone sensors for a driver assistant system. It presents an information model of a
driver’s profile. An algorithm has been developed for the analysis of an individual driving style in order to to improve the quality of
recognizing dangerous states in one’s driving behavior, taking into account the previous experience of using the system. This algorithm
allows drivers to evaluate their driving style and thereby to pay more attention to their driving skills. A prototype has been developed
for a system evaluating a driving style based on the data from smartphone sensors related to the vehicle operation parameters, taking
into account the history of driver’s interaction with the assistant system. Practical relevance: The obtained results allow you to increase
the accuracy of recognizing dangerous states and, thereby, improve the efficiency of the driver assistance system. They also can be used
for generating and displaying driving reports for insurance agents, fleet managers and logistic managers who observe and monitor the
driving statistics.

Keywords — advanced driver assistance systems, driver, vehicle, driving behavior, driving style.
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Heuetkuu cynepsusop NMUA-perynatopa

M. B. BypaKkoB?, kaHA. TEXH. HayK, AoueHT, orcid.org/0000-0001-8047-9493, bmv@sknt.ru

A. C. KoHoBanoB?, AOKTOpP TEXH. HayK, npogeccop, orcid.org/0000-0001-6127-6789
aCaHkT-lNetepbyprckuii rocyaapCTBEHHbIN YHUBEPCUTET a3POKOCMMYECKOro nprbopoCTPOEHMS,
B. Mopckas yA., 67, CaHkT-letepbypr, 190000, PO

IMoctaHoBKa npobaembi: [TVA-pEryASTOPbI SIBASIFOTCS OCHOBHbIM MHCTPYMEHTOM aBToMaTm3almm npom3BoACTBa. OAHaKO
MX HaCcTPOHKa TPaAULMOHHBIMM CPEACTBAMMU TPEBYET BbIMOAHEHMS OMbITOB C 0OBLEKTOM, YTO CHMXKAET 3PPEKTUBHOCTH CUCTEMbI
YrpaBAEHUS MPU U3MEHEHMUM YCAOBMI paboThbl. AASI peLueHMs 3Tok npobaeMbl HEOOX0AMMO MCMOAL30BaTb KOHTYP aaarnia-
LMK, aBTOMaTMYECKM M3MEHSIOLLMI napameTpbl PeryAsitopa npu yxXyALLeHUH OLEHOK KadyecTBa. Lieab: pa3paboTtka CTpYKTypbl
W aAroputMa QYHKLUMOHMPOBAHMS HEYeTKoro cynepsusopa MNA-peryasitopa AAs NOBbILLEHUS] KauecTBa paboTbl B YCAOBUSX
HEKOHTPOAMPYEMOro M3MEHEHUSI napamMeTpoB oObekTa. Pe3yAbTaTbl: NpeArararoTCsl ABa BapuaHTa OpraHmM3aumm HEeYeTko-
ro cynepsm3opHoro ynpasaeHus [MUA-peryaaTopom. lepBbiti BapuaHT npeanoAaraeT HenpepbiBHOE U3MEHEHME NapamMeTpoB
KOHTPOAAEPa Ha OCHOBaHWW MHPOPMaLmMKU O TeKyLLeN olwmnbke ynpaBreHUs. ObydeHue cynepBm3opa MPOMUCXOANT B pexume
off line ¢ MOMOLLIbKO rEHETUYECKOrO aAropuTMa. Takoy rnoaxoa obecrneunmBaeT yHUBEPCAAbHOCTb MPUMEHEHMS, OAHAKO MOAY-
UeHHas CTPYKTypa SIBASIETCA «4EPHbIM ALUMKOM». BTOpPOK BapuaHT MCMOAb3YET OLEHKMU KayecTBa rnepexoAHoro npouecca m
MOXET MPUMEHSATLCS MPU NEePUOAMYECKOM M3MEHEHUM BXOAHOIO CUrHaAa. [llapameTpbl KOHTPOAMEPA M3MEHSIIOTCS C MOMOLLbHO
HeUYETKUX MPaBmA, UMEILLMX ACHYI0 CEMaHTHKY. [Toka3aHo, UTo CUCTEMbI C HEYETKUM CYNEPBU30POM MO3BOASIOT COKPATUTh
nepeperyAMpoBaHmue 1 CTaTMuecKyto oLLMOKY, KOTOPbI€ MOryT BO3HUKATb MpHU M3MEHEHMM NapamMeTpoB 0ObEKTa yrpaBAEHHS.
BbINOAHEHO MOAEAMPOBaHUE paboTbl cUCcTeMbl cpeacTBamu MatLab Simulink. lMpakTnueckas 3HaYMMOCTb: MPUMEHEHNE
MUA-peryAsTopoB ¢ HEYETKMMMU CyriepBU30paMmu MOXET OKa3aTbCsl MOAE3HbIM MPU MPOEKTUPOBaHMN CUCTEM YIPaBAEHUS LUK-
POKMUM KPYrom AMHaMMUYECKUX 0ObEKTOB.

KaroueBbie cnoBa — asantaums, NMUA-peryraTop, HeYeTkas AOrmKa, HeYeTKui CynepBm3op, MOAEAUPOBaHNE, reHeTye-
CKWI aArOpPUTM.

IutupoBanue: Bypakos M. B., Konosamos A. C. Heuerkuii cynepsusop IIN[-perynaropa. HH@opmayuonho-ynpagaioujue cucmemot,
2018, Ne 5, ¢. 13—21. d0i:10.31799/1684-8853-2018-5-13-21
Citation: Burakov M. V., Konovalov A. S. Fuzzy supervisor for PID controller. Informatsionno-upravliaiushchie sistemy [Information

and Control Systems], 2018, no. 5, pp. 13—21 (In Russian). doi:10.31799/1684-8853-2018-5-13-21

BBenenune

HUcnonwzoparnme IIN]II-peryasaTopoB HAJIs TPO-
MBINIJIEHHON aBTOMATU3AaIUU IIPOAOJIJKAeTCA YIiKe
MHOTHTE TOAbI GyiaromapA IPOCTOTE IIPOEKTUPOBA-
HUA, HUBKOW CTOMMOCTHU 1 BBICOKO# 3(h(HEKTUBHOCTHU
9TOro moaxoxa. TpaauIIMOHHBIN BapruaHT HACTPOI-
ku IIU]l-perynasaropa OJd KOHKPETHOTO OOBEKTa
mpeanoaraeT IPoBeleHre CEPUY ONIBITOB, B Pe3YJIb-
TaTe KOTOPHIX BEIOUPAIOTCS 3HAUEHUA TPeX Kodhdu-
IUEeHTOB, BXOAAIMINX B ONMCAHNE 3aKOHA yIIpaBJe-
Hua [1].

CoBpeMeHHasA TeXHOJOTHUUECKas 6a3a MO3BOJISET
peanusoBbiBaTh I JI-peryasTopbl ¢ ITOMOITBIO MU-
KPOKOHTPOJIJIEPOB, UTO JaeT JOMOJHUTEJIbHbBIE IIpe-
MMYIIIeCTBA B BUJIe BOBMOYKHOCTH TEPEIPOrpaMMu-
POBaHUSA U ONMEPATUBHON KOPPEKINU 3aKOHA YIIPAB-
Jenusa [2—4].

ITockonpky wraaccuueckut IIU]I-perymarop AB-
JISIeTCS JUHENHBIM KOPPEKTUPYIOIIUM 3BeHOM, OH He
MOJKeT ObITh 3(h(EeKTHUBEH IPU yIpPaBJIeHUU 00beK-
TaMU C CYIIEeCTBEHHBIMU HEJINHEWHOCTAMU WUJIU He-
ompeneeHHBIME ITapamMerpamu. IlosTomy B mocJiien-
HUe TOAbl WHTEHCUBHO Da3BUBAIOTCA HeJIWHEINHBIE
mopupuranuu [T -peryasaTopoB Ha 6ase Heiipoce-
TEBBIX U HEYETKUX TexXHoJyorui [5—9].

Wcnonbp3oBaHme UCKYCCTBEHHOM HEHPOHHOM ceTu
(HC) B kauectBe cynepsusopa IIN[-perynaropa mo-
IIyCKaeT pasHble BApUAHTHI ucmoHeHuA. Hampumep,
B pabote [10] mpumenena HC npsimoro pacmpocTpa-
HEHHUs W aJTOPUTM O0paTHOTO PaCIpPOCTPAHEHUSA
omubku, B [11] — HC Xoundwunna, B [12] — panu-
aabuo-0asucuass HC. Ommaxko ucnoanzoBanue HC
U HEMPOHEUETKUX CUCTEM CBSI3aHO C peasnsaliuei
aJITOPUTMOB 00yUYEHU s, B TOM YKCJI€ — aJTOPUTMOB
SBOJIIOIMOHHON onTuMusanuu [13, 14]. B pesyabra-
Te MOJIyYeHHAasI CTPYKTYPa ABJIAETCSA «U€PHBIM AIHU-
KOM», ¥ ITPOUCXOAUT IIOTePA CEMAHTUKU, XapaKTep-
HOM 151 HEUETKUX IIPaBUI.

Heuerkue cymepsusops! [IU]I-peryasaTopos 06-
Pa3yIOT Ba'KHBIA KJIACC CHUCTEM IIPAMOTO aJalTHUB-
HOT'O yIIpaBJIeHUs, KOTOPbIe He TPeOyIOT IpuMeHe-
HUA UTeHTUPUKATTMOHHBIX Ipotenyp. HeueTkue cy-
nepBu3opsl [TV [I-peryiaTopoB MO3BOJIAIOT IIPUATH
cucTeMe yIIPaBJEHUS aJalTUBHBIE CBOMCTBA IIPU
COXPaHEHUU MIPOCTOM CTPYKTYPHI 3aKOHA yIpaBJIe-
HUsA. XOTA Ues HeUeTKOr'o CyIepBr30pa BOSHUKIA
IoctaTouHo maBHO [15, 16], ee KOHKpPETHBIE BOIJIO-
IIeHUsA MOTYT OTJINUYATHCA OOJIBIIINM PasHooOpasu-
€M, KOTOPO€ IPOSABJIAETCSA B CIIOCO0AX IIOJYUYEHUS
uHoOpMAaIuu OT 00beKTa yIIpaBIeHusd, B 00padboT-
Ke 9Tolf mHGOpPMAIIUY II0 HEUYETKUM IIPAaBUJIAM U

NeS, 2008 N\
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B coco0e Koppekiiuu Koadduiinerntos [T ]-perymns-
TOpa.

HeueTkre cynepBu3opbl B HACTOdAIEe BpeMs
TPUMEHSAIOT B TAKUX 00JIaCTAX, KaK 3JI€KTPOTEXHU-
Ka [17], pobororexuuka [18], aBTOMOOMIECTPOCHIE
[19]u 1. &.

B Hacrosameii pabore aHAJIU3UPYIOTCSA Pas3any-
HBble BapUaHThl OPraHU3aIMU HEUETKOTO CYIePBU-
30pHOTO ympasjeHusa. Ha ocCHOBaHUM CJeJIaHHOTO
aHaJIM3a MpeAJaraiTcsa ABa 0a30BBIX BapUAaHTa Op-
TaHU3AIUU CYIEPBU3OPHON CUCTEMBI, KOTOPBIE WC-
CJIELYIOTCS C IIOMOIIIBI0 KOMIIBIOTEPHOTO MOJIEJINIPO-
BaHUA.

BapuaHThl OpraHu3anuu HEYETKOro
cymepBHu30pa

3akoH ymnpaBJjeHua KJaccuueckoro ITW]II-pery-
JIATOpA OIIMCHIBAETCS (POPMYJIION

t
de(t)
u(t)=~k,e(t)+k; dt+£k& .
(1) =hpe() +hy; fe()dr+ kg =
0
rae u(t) m e(t) — cuUrHaJ yIpaBJeHHs W OINUOKa

yIIpaBJIeHUd; kp, k,u k; — HacTpauBaeMble Koo du-
IUEHTHI PeryasaTopa.

W nes HeueTKOro CymepBusopa 3aKJII0YAETCS B OIIU-
caunu Koa(pduimenToB IINI-perynsaropa Kak GyHK-
Uil BpeMeH!, 3HAUEHUS KOTOPBIX OMIPEeNeJIAI0TCS
HEUeTKVMHU JIOTUYECKMU ITpaBuIaMu. B pesyibrare
BO3HUKAET JBYyXYPOBHEBAas CUCTEMa yIIPaBJIeHNUA.

Heuerkuii cymiepsus3op o0pasyeT BepXHUN YPOBEHbD
CHCTeMBbI VIIPaBJIeHUs, HA HUKHEM yPOBHE KOTOPOIi
pacmonaraerca IINI-perynarop. KoumenryaabHo cy-
TIepBU30D ABJIAETCA HEUETKUM JIOTUUECKUM DPeryJId-
Topom (HJIP), comep:kaiium Bce HEOOXOOUMBIE KOM-
HOHEHTBI: 0JIOK (passupurainuu, 6asy IpaBuI 1 OJIOK
nedaszsuduranuu [20]. Takum o6pasom, IpU IPOEK-
TUPOBAHUU CYyIIEPBH30pPa HEOOXOAMMO BBHIOPATH €ro
BXOMI-BLIXONHbBIE TIEpEMEHHbBIE, OIMPEeIeJTUTh WX JIMHT-
BUCTHYECKOE OIMCAHNE U COCTABUTDH HEUEeTKUe JIOTU-
YeCcKue IpaBuJia IJId OIIUCAHUA 3aKOHA YIIPABJIEHUA.

OpuH 13 BapUaHTOB PAbOTHI HEUETKOT'O CYIIepPBI-
30pa, PacCMOTPEHHBIN, HAaIpuMep, B crarbax [21,
22], HeIpepHIBHO HCHOJb3yeT Ha BxofAe uHGoOpMa-
I[AIO O ITOBEJEHUU OIIIUOKY YIIPABJIEHUS U ee ITPOu3-
BomHOM. TakuM 00pas3oM, 37eCh OIMUCHIBAECTCS OIIpe-
nesieHne Ko GUITeHTOB peryisaTopa B Buie

k, =Fi(e, €); kg = Fs(e, €),

rae Iy, Fy — HedeTKHue PyHKIUN.

CTpyKTypa CyHepBU30PHOI CHUCTEMBI IIPeACTaB-
JieHa Ha puc. 1.

Hna ommcaHMA KasKIOU M3 BXOAHBIX II€PEeMEH-
HBIX CyHepBu3opa B padore [21] uconb30BaHBI JIUHT-

—>| d/dt |% Heuerxuit
CyIIepBU30P
ky | Ra | B
g() e(?) na- u(t) O6BexT y@
PeryasaTop YIIPaBJIEHUA

B Puc. 1. BapuauT opranusanuu HeUeTKOTO CyIIePBU30-
pa

B Fig. 1. The variant of the organization of the fuzzy
supervisor

BUCTHUEeCKUe nepeMenubie (JIII), mmeroliue mo mATH
TEPMOB C TPEYTOJbHBIMU (PYHKIUAMU IPUHAIICHK-
HOCTH, PaBHOMEPHO pPAaCIIpeIeIeHHBIMHU II0 HOpMa-
JU30BaHHBIM 0a30BBIM IITKajJaM. Basa mpaBHUJ CO-
CTOHUT M3 TPEX YacTell — OTAeJbHO IJIA KayKI0ro Ko-
a(ppuirmenTa kp, kyu k;, TAaK 9TO BCETO UCIOIb3yeTCsA
75 yIIpaBIaAOINX IPABUJI. YIIPABISIOIINE IIPaBUIa
OCHOBAHBI Ha aHAJI3€e CBOMCTB IIePeX0qHOTO IpoIiec-
ca B cucreMe. [1o00HBII TOAXO/ BIIEPBbIE M3JIOKEH
[22] pns onucaHMA TPABUJ HEYETKOIO PETYJIATOPA.
Hanpumep, «ecau ommbOKa ymopaBJeHUS O0O0JbINAs
U MeIJIeHHO M3MEHAETCs, TO kp IOJIYKeH OBITh 00JIb-
IIIUM», THaUEe, «eCJIU OIINOKA yIIPaBJeHUA MaJiad 1
OBICTPO MBMEHSETCS, TO kp IOJIYKEH OBITH MAJIbIM».
Omuaxo ecau miaa HJIP ympasisioiiye mIpaBuja
MMEIOT SCHYIO CeMaHTHKY, TO AJIS CyIepBU30pa ce-
MaHTHKAa OOJBINTMHCTBA U3 75 MPaBUJI HEOTHO3HAY-
Ha. Eme 6osbIlle 9Ta CUTyausa YXYAIIAeTCA IPU HC-
IIOJIb30BAHUN CEMH TE€PMOB [JIS ONMCAHUS OIINOKM
U1 ee mpousBogHOIi [23]. 3mech KOIMUYECTBO ITPABUII
yBeanuuBaeTcs 10 343, COOTBETCTBEHHO, PACTeT He-
ompeseIeHHOCTh UX (OopMyaIupPoBKU. Kpome Toro,
Ipy yIpaBJeHUN KOI(PPUIMEHTAMU PeryaaTopa
BasKHYIO POJIb MOJKET UTPATh WHTETPaJ OMINOK Y, TI0-
ATOMY HEOOXOAUMO OIIMCATEH 3aBUCUMOCTD

k; = Fy(e, é).

ITo errie O6oJiee YCIOMKHAET 3a0aU4y COCTABICHUA
IIPaBUJI, eJIas ee IPAaKTUUYEeCKN HEBOSMOYKHOM.

Taxkum o0pasom, obecHeueHNe aJeKBATHOI'O BbI-
O0opa 3aKoHa ymupajieHusa Koadduiuenramu IT]II-
peryJAaTopa OKa3bIBaeTCsI BOBMOYKHBIM TOJBKO ITPU
MCIOJB30BAHUU IPOIEAYp onTuMusanuu. [lomyctum,
YTO TE€PMBbI JUHTBUCTUYECKUX ITEPEMEHHBIX, OIIUCHI-
BAIOIIUX BXOJBI ¥ BBIXOJbI HEUETKOTO CYIIEPBU30pa,
00pasyoT HedyeTKoe pasbueHre COOTBETCTBYIOIIUX
0a30BBIX MIKAJI, a AJA Ae(as3supPUuKaIny UCI0Ib3Y-
eTcsA MeTOJ IIeHTpa TAMKEeCTH. B aToM cayyae 3HaUe-
HUS KO9(P(PUIIMEeHTOB Ha BHIXO/e HEeUeTKOU CUCTEeMBI
JUHENHO 3aBUCAT OT ee BXoz0B [24]. Torma peamuso-
BaTh OTOOpAasKeHMe BXOI-BBIXOJA MOKHO C IIOMOIIILIO
aunennoi HC, nmpeacraBienHoit HA puc. 2.

14 7 VHOOPMALIMOHHO-YMNPABASIOLLIVIE CUCTEMBI
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de,, /dt

le,,dt

U

B Puc. 2. OnucaHue cymepBrU3opa Kak JUHEHHON He-
POHHOII ceTu

B Fig. 2. Description of supervisor as linear neural net-
work

B Tab6ruya 1.3dderTs IpU yBeaundeHUN Kod(hhuIiueH-
ToB [IN][-perynaropa

B Table 1. Effects from increasing PID controller ratios

Bpewmsa ITepeperynu-
Craruyeckas
Kospdumuenrt | HapacTranus poBaHUEe
ommubra £ o
T, P, %
kp YmenbiaeT | YMeHbIIAET | YBEJINUNBAET
kg He Biuser | He Bausier | YMeHbIIaeT
E; YMeHbIIaeT | YerpaHdeT | YBeJHYUBaET

Heuerkuit X | Ouenkn
CYIIepBU30D KadgecTBa |< ]
Ak, | Ak | AR,

g) e(t) - u(®) O6BexT y(@)
peryiaTop yIIpaBIeHns

B Puc. 3. HeueTKuil cymepBu30p C OIEHKOM KadecTBa
IEePeXO0IHOTO IIPoIlecca

B Fig. 3. Fuzzy supervisor with an assessment of the
quality of the transient process

Martpuria BecoB W Ha puc. 2 1oy:KHa OBITh Halife-
Ha B IIPOIlecce ONTUMMU3AIUN, KOTOPasd MOKeET ObITh
BBITIOJITHEHA C IIOMOIIBI0O TEHETUYECKOTO aJITOPUT-
ma [13, 25] unm npyroro mMeroza ryio0ajabHOTO IIO-
ucKa.

Bropoit BapuaHT cXeMbl HEUETKOT'O CYIIEPBU30pa
(puc. 3) peasmsyetr ompenesieHne KoahdHUIimeHToB
peryiaTopa B Buze

kp =R (X); kg = F(X); k; = F3(X),

rae X — BEKTODP OIEHOK IIapaMeTPOB II€PEXOIHOTO
mpoIecca, 06pasyoInil BX0 CyIIepBU30pa.

IATOT BapMAHT HEUETKOrO CYIepPBU30pa IIPEIIIo-
jJaraeT WHKDPEMEHTAJbHOe U3MeHeHWe Kod(duiiu-
entoB IIN][-perynsaTopa Ha OCHOBAaHUM IIOCTPOEHUA
OIIEHOK KauyecTBa IIEPEXOJHOT0 IIPOIlecca, TaKUX
KaK cTaTmuecKasa OIIMOKa, IepeperyaupoBaHUe U
BpeMs Hapacrauus. IIpeznosaraercs, 4YTo BXOIHOE
Bo3meiicTBre g(f) HOCUT HMEePpUOAUUECKUI XapaKTep.
IleneBbIMU 3HAUEHUSMU SABJSAIOTCS MaJioe Iepepe-
TYJIMPOBaHME U Majiasg CTaTHUUecKad OIMMOKa IIpu
MaJIoM BpeMeHU HapacTaHUA.

Kax usBecTtHo, koahdunuents: [IN[I-peryasaropa
OKAa3bIBAIOT PAa3JIUYHOE BIUAHNE Ha IapaMeTpPHI Ie-
pexomHOro mmporiecca (tad. 1).

Ha ocroBanmm Tabs. 1 MOXXHO chopMyIHMpPOBATH
IpUMepHble MpaBUjIa U3MEHEHUS K09 UIIMEeHTOB
IIN I-perynaropa:

— ecJu cTaTUuecKas ommubka Oosibliasg, To K
cJIeyeT YBeJIUYNBATh;

— eCJIV cTaTUYecKasd OInOKa OUeHb 00JIbINA s, TO
k, cnenyer yBeau4uBaTh;

— ecJIu IepeperyaupoBaHue 60JIbIIOE, TO k,; Clle-
IyeT yBeJIUUNBaTh;

— ecJiu TIepeperyJIupoBaHme OUueHb 0OJIbIIIOE, TO
kp cJaenyeT YMEHBIIIATh;

— €ecJIM IlepeperyJnpoBaHye MaJoe, To k, cieny-
eT YBeJIUYNBATh.

IlocnenHee mpaBUJIO MO3BOJISET COKPATUTH Bpe-
Ms HapacTaHUs.

Bynem cumraTth, 4TO OOBEKT YIIPABJICHUSA YCTOM-
YMB U II€PEXOJHBIN IIPOIeCcC rapaHTUPOBAHHO 3a-
KaHumBaeTcs 3a Bpemsa T, Torma

E =g(T) - y(T);
P = (Yyax — Y(T)) x 100 %.

Takum oOpasom, II0 pe3yJabTaTaM CHAeJaHHOI'O
aHaJM3a MOTL'YT OBITH PACCMOTPEHBI ABa BapHUaHTa:
CYIIepPBU30p HEIIPEPHIBHOTO AeHCTBUSI U CYIIePBU30D
ePUOINUECKOTO NeMCTBUS.

MopgeaupoBaHnue pad0ThI HEYETKOTO
CyImepBH30pa HeNMPEPHIBHOTO A CTBU S

Cxema skcnepumenTa B Simulink MatLab npez-
craBjeHa Ha puc. 4 (0J0Ku Simout MUCIOJIb3YIOTCS
TP TeHEeTUYEeCKOM OOy UeHU ).

IIpu HacTpoOiiKe PeryaaTopa UCI0Jab30BaJICd 00h-
€KT yIIpaBJIeHNU, 3aJaHHBIH C IOMOIIBIO ITIepefaTou-
HOll pyrKmum W. Ilpu TecTUpOBaHUY HCIOJIb30Ba-
JIUCHh BapUAHTHI 00'HEKTOB C IIepeJaTOUHbIMU (DYHK-
nuamu Wy, Wy, e

1,5

Wi(s) = _—
0,5s% +s+1

———; Wh(s)=
0,152 +s+1

1

Wi(s)=————.
0,1s2 +0,1s+1

HuHaMuyecKue XxapaKTePUCTUKY 3TUX 00'HEKTOB
WJLITIOCTPUPYET PUcC. 5.

NeS, 2008 N\
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[e1] }»m [e1] k4 [e1] }'W
From  Gain4 From3  Gain3 Fromé Gain15
+ + +
[e2] »@—» + B K] [e2] »@—» + b k2] [e2] }»kg . [k3]
From1  Gain5 — Goto From4  Gain10 ;\dd1 Goto1 From7 Gain12 — Goto2
[e3] }-P k3 [e3] k6 [e3] >->k9
From2  Gain6 From5 Gain11 From8 Gain13
»|  simout —»( [e2] k2]
To Workspace Goto5 From10
u >
Group 1 To Workspace1
E Signal 1 >+ Derivative ‘Product N
—P - 1 ox >+ I 1
Signal Builder Subtract k1] ) . 0.152 +s+1
e el e VLR Transfer Fcn3
X
Goto3 Goto4 (k3]
Fromi1 Product2
y > L]
L pl o
S f Scope
Integrator
B Puc. 4. Brok-cxeMa cynnepBu30pa HeIIPEPHIBHOTO AeHCTBUA
B Fig. 4. Block diagram of continuous operation supervisor
[ " " 1
1,6 W, 1
1,4+ 0,5
1,2} e (
W, y) 0
1r 2
y(®) -0,5
0,8} ’
0,6 -1 ]
0.41 0 5 10 15 20 25 30 35
> t,cC
0,21
0 B Puc. 6. IlepexoHBIH ITPOIIECC B CUCTEME C CYIIEPBU30-
0 1 2 3 4 5 6 7 8 9 10 poM: I — BXOAHOI curHAJ; 2 — BBIXOJ CICTEMBI

B Puc. 5. I[lepexogHble XapaKTePUCTUKU 00HEKTOB

t, C

B Fig.5. Transient processes for plants

B Fig. 6. Transient processes in system with supervi-
sor: I — input signal; 2 — system output

ITocime oOyueHus Obljia IIOJydYeHa CJeAYIOIIas
MaTpuIia BeCOBhIX KOA((MUIIUEHTOB CyIIEPBU30pA:

—4,5 3,42 76
WwW=|425 0,32 9,5
73,8 4,88 0,51

Peakiusa cucteMbl ¢ CynepBU30POM AJIs 00BEKTA
W, nokasana Ha puc. 6. Ha puc. 7 npeicrasiieHbl
rpa)uKu U3MeHeHUA KOd(P(PUIINEeHTOB peryasaTopa

—
r v
25 30 35

B Puc.7.Usmenenue koapdunuentos [T ]I-perynaropa
B Fig.7.Changing of PID controller coefficients

16 7 VHOOPMALIMOHHO-YMNPABASIOLLIVIE CUCTEMBI
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0,5 I
v 0 - I
-0,5 ¢} W2 -——[,.—
-1t J
0 5 10 15 20 25 30 35

t, C

B Puc. 8. IlepexogHble IPOIECCHI IJIA 00HEKTOB
B Fig.8. Transient processes for plants

BO BpeMs IepexonHoro mpoiecca. Ha puc. 8 mokasa-
HBI IIePeXOIHbIe IIPOIIECCHI AJISI TECTOBBIX 00'BEKTOB
Wy u Wy, KauecTBo paGoThl OCTaeTCsA yAOBJIETBOPU-
TeJIbHBIM, XOTA AUHAMHKA O0BEKTOB YIIPAaBJICHUS
CYIIIeCTBEHHO pa3jnvHa (CM. puc. H).

MopgenupoBaHue pad0ThI HEUETKOTO
cynepBHu30pa NePHOTUIECKOTO JeHCTBUA

JIMHTBUCTHMYECKOE ONMCAaHNEe BXOJAHBIX II€pPEeMeH-
HBIX HeUeTKoro cymnepBusdopa B Simulink MatLab
IoKasaHo Ha puc. 9, a u 0 (rae ip(x) — cTeleHb IPH-
HAJIE)KHOCTY 3HAUEHUA X K TepMy T COOTBETCTBY-
foIel JUHIBUCTUYECKOM IepeMeHHo; Z, S u B —
COKpAallleHus HauMeHOBAaHUI TepMoB Zero, Small,
Big).

BrixogHble mepeMeHHBIe ONMUCHIBAIOTCA C IIOMO-
IIbI0 TPEX TePMOB C TPEyTroJbHOU (hyHKIIVe! Ipu-
HaIJIEeKHOCTH U JUHTBUCTUYECKUMU MeTKamMu N,
Z, P (Negative, Zero, Positive). Ha puc. 9, 6 ipen-
CTaBJIEHO ONUCAHUWE IJIA IIPOIOPIMOHAJIBLHOTO KO-
s(ppumnuenta. Onucanue aad gudpPepeHnnaIbLEOTO
¥ WHTErpaJbHOTO KO3(P(PUIIMEeHTOB aHaJOTUYHO,
HO pasmep 6aszoBoii mkaael — 0,02 u 0,01 cooTBet-
CTBEHHO.

MaxcumabHOE KOJIMYECTBO YIIPABJIAIOIINX IIpa-
BUJI PABHO MOIITHOCTY [OeKapTOBa TIPOU3BEICHUS
TEPM-MHOKECTB TIOCBHLJIOK HOpaBui. Tak Kak Iid
onucauusa E u P UCIIOJIb30BaHbI II0 TPU TE€PMa, BCETO
TOJIyYaeTCsA AeBATH YIPABJIAIOINUX IPABUJ HEUET-
Koro cymnepsusopa (tab. 2).

Kaxk mokasaio mozmenupoBaHUe, HEIIOCPEICTBEH-
HO WCIIOJIL30BAaTh OIEHKY BPEeMEHU HapacTaHWUs Ie-
PEXOIHOTO IIPoIlecca HeT HEeoOXOJMMOCTHU, IIOTOMY
YTO STOT IapaMeTp 3aBUCUT OT 3HAUEHUS MAaKCU-
MaJIbHO JOIIYCTHUMOI'O IEePeperyJupoOBaHUA — IIPU
MaJIOM TIepeperyJIupoBaHUMN MOKHO YBEJIWUYUBATDH
TIPOIIOPIIMOHAJIBHEIN KO3 MUIIUEHT, yMEHbIIIadA TeM
caMbIM BpeMs HapacTaHUs.

0,2

B %

8)
HT(kp)
1

0,8}
0,6
0,4}
0,2

0
-0,1 -0,06 -0,02 0,02 0,06 0,1

B Puc. 9. HeueTKoe ontucaHue CTATUUECKOI OIIUOKY (a);
mepeperynupoBaHus (0); mpupaineHus KoahuiimeHTa
I I-perynaropa (8)

B Fig.9.Fuzzy description of static error (a); of overshoot
(0); of the increment of the PID controller coefficient (8)

B Tabruya 2. Tabauiia JUHTBUCTUUYECKUX IIPABUI
B Table 2. Table of linguistic rules

NeS, 2008 N\

E P k, ky k,

Z Z Z Z Z

Z S Z Z Z

Z B N P Z

S Z Z Z P

S S Z Z P

S B Z P P

B Z p Z P

B S P Z P

B B p P P
NHOOPMAUNOHHO-YNPABASIIOLLVNE CUCTEMbI \ 17



/7 VHOOPMAUVOHHO-YNPABASIOLLIVE CUCTEMbI

7

i}

Transport
+
[E] -+ N [kp]
From17  Saturation Add4 Goto7 7
g/ il sl
[P] / Fuzzy Logic Add5 Goto8
Controller E
From18 Saturation1 D%(}
l Transport
Transport Delay1
B Puc. 10. Biiok-cxeMa HEUETKOI'0 CyIIepBrU30pa
B Fig. 10. Block diagram of fuzzy supervisor
a
[0 (o
From6 From5
+
e
From7 Add1 Abs
0) > u
N RmaX(u,y)y —L
MinMax1
T
Iyl u From12 _uTitch 1l
min(u,y)y From14
From8 +—>R 4
MinMax [T] + &
_ 100 In1  Out1 Jul [P]
From13
@' Add3 Gain T Abs1 Gotob
y
Delay I3
o
From9

B Puc. 11. Bsiok-cxeMa IJis OIIpeieIeHUA CTATUUECKOH oInOKY (a) U nepeperyaupoBanus (0)
B Fig. 11.Block diagram for determining static error (a) and overshoot (6)

Ha puc. 10 nokasaHa peansaiius HEUYeTKOIO Cy-
nepsBusopa B MatLab. Ha puc. 11, a u 6 npuBemeHns!
O0JIOKU M3BJIEUEHUS KAUeCTBEHHBIX XapaKTEPUCTUK
IIePexOoIHOr0 ImpoIecca.

1711 OlleHKU KauecTBa pabOThI HEUETKOTO CyIIep-
BM30pa PACCMOTPUM 3a/1auy YIIPaBJIeHUS 00BEKTOM,
3aJaHHBIM K0JIe0aTeIbHBIM 3BE€HOM:

0,8
0,0252 +0,0255+1

W(s)=

Koaddumumentsr [T -perynaropa AOJKHBI ObITH
HACTPOEHBI TAKUM 00pa30M, UYTOOBI YMEHBIIIUTE CTa-

THUUYECKYIO0 OIIMUOKY, IepeperyiupoBaHue u KoJeba-
TeJILHOCTD.

dra 3agaua peraeTcs BIOJHE YIO0OBJIETBOPUTEb-
HO (puc. 12). 3HaunUTEeIbHBIE KOJEe0AHUA Ha TEePBBIX
CeKyHIaxX BBI3BaHBI T€M, UTO HauaJbHbIe 3HAUCHUS
K02 (PUITMEHTOB CUJIBHO OTJIMYAIOTCS OT TPeOyeMbIX
3HAYEHUIA.

IIpu HyneBbIX HAYaJbHBIX 3HAUEHUAX K03DDU-
IIUEeHTOB PeryJjsaTopa Iocje KaKIOTO ITMKJA pery-
JUPOBAHUSA MHPOUCXOAUT UX KOPPEKIIUA, KoTopas
IIpeKparlaeTcs 1o JOCTUIKEHU U XOPOIIIero KauecTa
peryaupoBauusa (puc. 13, a).

Ha puc. 13, 6 1 6 mokasaHbl UBMEHEHUS OIEHOK
KauecTBa BO BpeMs IIePEeXOTHOTO Ipoliecca.
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B Puc. 12. TlepexonHble IPOIECCHI B CUCTEME C HEUET-
KUM cylepBusopoM: 1 — 3ajaiolee BoazeiicTaue; 2 —
BBIXOJ CUCTEMBI

B Fig. 12. Transient processes in a system with a
fuzzy supervisor: 1 — driving impact; 2 — system out-
put
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B Puc. 13. Usmenenue xoaddunuentor I[TU]I-perymnsa-
Topa (a); OlleHKU IiepeperyaupoBaHus (0); CTaTUUYECKON
ook u (8)

B Fig. 13. Changing of PID controller coefficients (a);
in the estimation of overshoot (6); of static error (8)

ITeprommuecKkoe BXomHOe BO3aercTBue (cM. puc. 12)
MOKeT MCHOJIb30BAThCS Ha 9Tale HACTPOUKU pery-
JISITOpPA, TAK UTO HEUETKHI CYIepBMU30p 3aMeHseT
3/Iech TPAAUITNOHHbBIE aJITOPUTMBI, TAKKE KaK METO
3urnepa — Hukomca [1].

3aKJIoueHne

Hecmorpsa Ha Bce 6oJiee aKTHUBHOE BHeIPEHUE He-
YeTKUX U HEeHPOCEeTeBBIX PEryaATOPOB, TPaIUIIHU-
ounuble [TV ]I-peryaaTopsl IPOAOIIKAIOT OCTaBATHC
HaunboJiee MONYJIAPHBIM CPEICTBOM aBTOMATU3AIINN
B TPOMBIILJIEHHOCTH. VCHoab30BaHUEe HEUYeTKUX
CYIIePBU30POB 3HAUUTEJIHHO PACIIUPAET BOZMOKHO-
ctu IIN][I-peryaaTopoB, IpuiaBas UM aJalTUBHBIE
CBOIICTBA.

Ha mpaxTuke MOryT OBITh WMCIIOJIb30BAHBLI IBE
CXeMBbI CYIIePBU30PHOTO YIIPABJIEHU: C HEIPEPbhIB-
HOII KOppekIineil Kos(PUIIMEeHTOB Ha OCHOBAHUU
uH@opMaIuu 06 OIInOKe yIIPaBJIEHUA U C IIePUOIU-
YeCKOU KOPPeKIrell Ha OCHOBAHUU OIIeHOK KauecTBa
IIePexXOJHOTO IIpoIfecca.

Kax mnokaszanm mnOpoBeleHHbIE 9YKCIEPUMEHTHI,
B CXeMe C HeIPePLIBHOM KOPPEeKI[rell MOKHO paccMa-
TPUBATh TUTIOTE3Y O JUHEHHOCTH HEUETKUX YIIPaBJIA-
IOIIUX IIPABUJ, YTO IIO3BOJIAET d(P(PHEKTUBHO UCIOIb-
30BaTh Mg UX onucanusA JuHelnyo HC ¢ reHeTuue-
cKoii Hactpoiikoii. Taxkoil moaxond He HaKJIAIbIBAET
OrpaHMYEHUI Ha BUJ BXOMHOTO CUTHAJA U obecevun-
BaeT poOaCTHOCTD PEryJIATOopPA.

B cayuae meproguuecKoro u3MeHeHUA BXOTHOT'O
curHaJa AJid paboThl CYIIepBU30pa MOT'YT OBITH HC-
TOJIb30BAHBI IIPAMBIE OIEHKU KauyecTBa IIePeX0HO-
IO mpoIecca. 3a CUeT STOTO OKa3hIBAETCA BO3MOXK-
HBIM c(HOpMYyJIMpPOBAThH IIpaBUJIa KOPPEKIIWU IIapa-
METPOB PEryJIsaTopa, UMEIOINe ACHYI0 CEMaHTHUKY.
IIpoBeeHHBIE BBIUNCAUTEIbHBIE 9KCIIEPUMEHTHI T10-
KasajJii X0opolllee KauecTBO PabOThI CyIepPBU30PHOI
CHCTEMHBI.

IIpumeHneHVe HEUETKUX cyrniepBu3opoB aia [T -
PEryJIATOPOB MOJKET OKa3aThCA IIOJIE3HBIM IIpU
MPOEKTUPOBAHUM CHUCTEM YIIPABJEHUSA IIUPOKUM
KPYTroM AMHAMHYECKUX 00beKTOB. Peasmnsamnus 1o-
IOOHOM crcTeMbl Ha 6a3e MUKPOKOHTPOJIJIEPA He BhI-
3bIBAET TEXHUYECKUX TPYAHOCTEHN U HE3HAUUTEJIHHO
YBeJNYUBAET CTOMMOCTD CUCTE€MbI YIIPABJICHU.

Pabora BhInoTHEHA ITPU (hDMHAHCOBOH MOAJEPIKKE
PODPU (mpoert Ne 18-01-00076).
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Fuzzy supervisor for PID controller

M. V. Burakov?, PhD, Tech., Associate Professor, orcid.org/0000-0001-8047-9493, bmv@sknt.ru
A. S. Konovalov?, Dr. Sc., Tech., Professor, orcid.org/0000-0001-6127-6789
aSaint-Petersburg State University of Aerospace Instrumentation, 67, B. Morskaya St., 190000, Saint-Petersburg,
Russian Federation
Introduction: PID regulators are an important industrial automation tool. However, the traditional ways of their customization

involve experiments with the plant, reducing the control system efficiency when the operating conditions change. To solve this problem,
you have to use an adaptation loop which automatically changes the regulator parameters when the quality indicators deteriorate.
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Purpose: Developing a structure and an algorithm for a fuzzy supervisor of a PID controller in order to improve the operation quality
in the context of uncontrolled changes in the plant parameters. Results: We propose two options for organizing a fuzzy supervisor.
The first option involves continuous changing of the controller parameters based on the information about the current control error.
The supervisor is trained offline with the help of a genetic algorithm. This approach makes the application universal, but the resulting
structureis a «black box». The second option is using transient process quality estimates; it can be used when the input signal periodically
changes. The controller parameters are changed using fuzzy rules with clear semantics. It is shown that systems with a fuzzy supervisor
can reduce the overshoot or static error which both can occur when the control object parameters change. The system operation was
simulated using MatLab Simulink. Practical relevance: The use of PID controllers with fuzzy supervisors can be useful in the design of
control systems for a wide range of dynamic plants.
Keywords — adaptation, PID controller, fuzzy logic, fuzzy supervisor, modeling, genetic algorithm.

Citation: Burakov M. V., Konovalov A. S. Fuzzy supervisor for PID controller. Informatsionno-upravliaiushchie sistemy [Information
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8BoeHHO-KocMu4eckasi akapemusi um. A. @. Moxarickoro, XaaHoBckasi Hab., 13, CaHk1-lletepbypr,

197198, PO

SMockoBCKMIT rocyAapCTBEHHbIN TEXHUYECKMIT yHuBepcuTeT uM. H. 3. baymaHa, 2-9 baymaHckas yA., 5,

c1p. 1, MockBa, 105005, PO

IMocTaHoBKa npob6AeMbI: Ha 3Tane nPeABapUTEAbHONM 06paboTKM TEAEMETPUUECKON MHPOPMALIMM O TEXHUHECKOM COCTOS-
HuM 6OPTOBOK annaparypbl KOCMUUYECKMX annapaToB CYLLECTBYEeT HE0OOX0AMMOCTb BbIIBAEHUS M3MEHEHMWI TEAEMETPHPYEMbIX
napameTpoB, BaXHbIX C TOYKU 3PEHMS 0OHaPYXEHUS M NapupoBaHUs HELUTATHbIX M aBapUHHbIX CUTyaLUMi. PelueHne npo-
OAEMbI OCAOXKHSAETCS HEAMHENHbIM XapaKTepoM M3MeHEeHUST BOAbLLIMHCTBA napamMeTpoB GyHKLMOHUPOBaHUSI BOPTOBOM arna-
patypbl U BAUSIHUEM BO3MYLLEHUI PA3AMYHOIO POAa Ha U3MEHEHME aHaAM3UPYEMbIX TEAEMETPUPYEMbIX napameTpos. Lieab:
paspaboTtka meToaa 06paboTKM TEAEMETPUYECKOM MHPOPMAaLIMU AAS OBBILLIEHUS] AOCTOBEPHOCTHU pPa3HOPOAHOM TeEAEMETpUYE-
CKOM MHpOPMaLMU KOCMUUYECKMX annapaTtoB B PEaAbHbIX YCAOBUSIX BO3MYLLUEHUA U HEAMHEMHOIO XapaKkTtepa M3MEHEHMNS X
rnapamMeTpoB Ha OCHOBE QUALTPALIMM BPEMEHHbIX PSAOB 3HAUEHUH TEAEMETPUPYEMbIX MapamMeTPOoB. Pe3yAbTarTbl: MpeArOKeH
MeToa 06paboTKM TEAEMETPUUECKON MHPOPMALIMM HA OCHOBE AMHAMMUUECKMX MOAEAEN M3MEHEHMSI TEAEMETPUPYEMbIX Napa-
meTpoB 6OPTOBOM annapatypbl KOCMUUYECKUX arnnaparoB B MPOEKLUMSAX pa30BOro MpocTpaHCTBa M napLmarbHOM HEAMHENHOM
PUAbTPaLIMM aHaAM3UPYEMBIX BPEMEHHbIX PSAOB C MCMOAb30BaHMEM CTOXaCTUYECKOHM arnmnpoKcuMaumy GyHKLMKU MAOTHOCTU
BEPOSTHOCTH PACpeAEAEHUs] BEKTOPa COCTOsIHMS. [Toka3aHbl MpenmyLLEeCTBa NepBUYHON 06paboTKu TeAeMETpHpPYEMBbIX Mna-
pameTpoB 60PTOBOM annaparypbl KOCMUUYECKMX annapatoB B MHOrOMePHOM ($pa30BOM MPOCTPaHCTBE 3a CYET BO3MOXHOCTHM
Bbi6Opa Hanboree CyLLECTBEHHbIX C TOUYKM 3PEHMST PE3YALTATOB GUALTPALMM MPOEKUMI pa3oBoro noptpera. B paspaboraH-
HbIM aArOPUTM MapLUMarbHOM HEAMHEMHON QUABTPaLIMU 3aA0XKEHA BO3MOXHOCTb aaanTalmm K napaMeTpam AEHCTBYHOLLMX BO3-
MyLLeHHI. [IPOAEMOHCTpHMPOBaHa paboTocrioco6HOCTb METOAA AAS CAyYasi rayCCOBCKMX M HErayCCOBCKMX MOMEX B YCAOBMSIX,
1P KOTOPbIX HAapyLLIAETCS YCTOMUYMBOCTb METOAOB AMHENHOM PuabTpaumm. MpaKTUYecKaa 3HaYUMOCTb: NPeAraracmMblii METOA
SABASIETCA YHUPUUMPOBAHHbBIM AASi 06pabOTKM pa3HOPOAHBIX TEAEMETPUPYEMbIX NapamMeTpoB U 06ecrneymnBaeT noBbILLEHUE
AOCTOBEPHOCTH OLIEHKM 3HAYEHUHM KaK QYHKLMOHAAbHbIX, TaK U CUrHaAbHbIX TEAEMETPUPYEMbIX NapamMeTPOB KOCMMUUECKMX
annapatoB B peanbHbIX YCAOBHUSX QYHKLMOHMPOBAHMUS.

KaroueBble cnoBa — TeAen3MepeHUs, TeAEMETPUPYEMbIH napameTp, AMHaMUYEeCKUI npoLecc, pa3oBoe npoCTpaHCTBO,
napunasbHas HeAMHenHas QUAbTpaLUS.

IMuruposanme: Manbues I'. H., ikumos B. JI., CosmoBres C. B., Jle6eneBa H. B. IlepBuunas o6paboTka TejieMeTpuuecKoil nHGOpMaIuu
C HCIIOJIb30BAaHUEM JUHAMHUECKUX MOZesell M3MeHeHUs IIapaMeTpPOB M IapIVaJIbHON HeJauHeWHON (uiabrpanuu. HHOOpMAYyUOHHO-
ynpasasouue cucmemol, 2018, Ne 5, c. 22—34. doi:10.31799/1684-8853-2018-5-22-34
Citation: Maltsev G. N., Yakimov V. L., Soloviev S. V., Lebedeva N. V. Primary processing of telemetric information using dynamic
models of parameter change and partial nonlinear filtration. Informatsionno-upravliaiushchie sistemy [Information and Control
Systems], 2018, no. 5, pp. 22—34 (In Russian). doi:10.31799/1684-8853-2018-5-22-34

Beemenmne

IlepBuuHas o00paboTKa TeJIeMeTPUUECKONH WH-
dopmanuu (TMU) aBaseTrca BaKHBIM dTaloM pe-
HIeHUA 3a7a4 KOHTPOJSA TEXHUUYECKOTO COCTOAHUA
(TC) 1 TeXHUYECKOTO TMATHOCTUPOBAHUS OOPTOBOIL
ammapatypsl (BA) kocmuueckmx ammaparoB (KA).
OcHOBHOIT 3agaueil sTama IEPBUUYHON 00pabOTKU
TMU saBisercs IIpefocTaBIeHUe Pe3yIbTaTOB TeJe-
usMepeHuil B rTpebyemoii (popme u ¢ TpebyeMbIM Ka-
yecTBOM 1A nocaenytonieir onmenku TC BA KA [1].
KauecTBeHnHOe pellleHMe MaHHON 3aJaduu IIO3BOJISIET

TIOBBICUTH JOCTOBEPHOCTDL KOHTpOoJA TC u TexHUUe-
ckoro guarsoctupoBanusa BA KA. B To ke BpeMs Ha
aTare epBuUUHOMK 00paboTku TMU MoryT GBITH OITe-
PaTUBHO BBLIABJIEHBI U3MEHEHUS TeJIeMeTPUPYEeMbIX
napamerpos (TMII), cyiiecTBeHHBIE C TOUKY 3PEHUST
BBIABJIEHUS HEIIITATHLIX U aBAPUNHBIX CUTYyaIlUIl HA
oopty KA.

IIpaxkTuka jgetTHOM sKcmyaranuu KA moxkasbiBa-
€T, UYTO BOBHUKHOBeHUe HemTaTHbIX cutyanuii (HC)
Ha 6opty KA, Kax mpaBuJio, CBA3aHO C BIUSHUEM
Ha BA npofosKUTeTbHBIX BO BpeMeHU BO3MYIIeHn it
u (PaKTOPOB KOCMUUYECKOTO IIpocTpaHcTBa [2, 3].
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Bo MHOruX ciayuasx 9To BIUSHNE MOKeT ObITh OOHA-
py:KeHO B pes3yJbTaTe mepBUUHOM o0paborku TMU
W aHAJIM3a IPeJCTaBJIeHHBIX BPEeMEHHBIMU PAgaMU
3HaueHu KoHTponupyembrx TMII. IIpu aToM HecBo-
eBpemeHHOe obOHapy:kenme HC MoKeT HPUBOIUTH
K CPBIBY BBIIOJTHEHUS ITPOT'PAMMBI TIOJIETA, IIeJIEBhIX
samau KA u 3amiaHUPOBAHHBIX KOCMUYECKUX HC-
caemoBaumuii [2, 3]. HiA CBOeBpEeMEHHOT'O BBIABJIE-
HUA Bo3mymieHuir B guHamuke TMII B amropurMbr
ob6paborku TMU m TeXHWUYECKOTO AUAaTrHOCTHUPOBA-
Huss BA KA momKHBI OBITh 3aJI0/KEHBI Pa3JIMUHbIe
mopenu usmenenus TMII, KoTopble, K cOKaJIeHUIO,
He BCer[a M3BECTHBI, HO MOTYT OBITH MOCTPOEHBI Ha
OCHOBE HAKOIJIEHHON M3MEpPUTEeJbLHON U SKCIepT-
HOUM uHQMOPMAIIMM, IIOJYUYEHHOHW II0 pea3yJbTaTaM
ucnbiTaHut BA mpu moaroroBke KA K samycky
W JIETHOM dKcIyartanmmum omHOoTUIHBIX KA [1, 2].
HWcnosb3oBanne AaHHOU WHMOPMAIIMK IIO3BOJIAET
CHUHTE3UPOBATh MOJEJIN aHAJNU3NUPYEMbIX IIPOIIECCOB
¥ MCHOJB30BATh UX AJIA PEIleHuA 3a1aU IePBUUHONR
o6paborku TMMU ¢ mocenyoineii uaeHTU(pUKaIIIEH
cocTosHusA BA u mapupoBaHMEM TeKYIIHUX W IIPO-
rHo3upyembrx HC.

Oco6eHHOCTRIO PeIlleHs 3a4a4 IIePBUYHON o0pa-
6otku TMMU saBasgeTca HEOOXOIUMOCTE (PUIbTPAIIHANI
pes3yJabTaToB TeJeu3MepeHuil AJA pasmesieHus WH-
dopMaTUBHOI COCTABJSIONIEN TNHAMUYECKOI0 IPO-
mecca uaMeHeHuda aHaausupyembrx TMII u mrymoB
M3MEPEHNH U IIOMeX, ABJIAIONINXCSA ero HenHpopMa-
THUBHOU COCTaBJIAIOIell. BeimostHeHTEe (hUIbTPAIINI
TIpeAIIecTBYeT OIleHKe 3HAUEHUI aHaJIU3UPyeMOro
TMII u TpebyeT MCIOJIBL30BAHUS allPUOPHOI MHGOP-
MaIu¥ 0 XapaKTepe ero uaMeHeHUs A (TOBeIeHMU) Ha
WHTepBaJie aHAJM3A.

IlpennaraembIii B cTaThe METOJ OCHOBAH Ha OIU-
CaHUM JUHAMUYECKUX IIpoileccoB mameHeHusa TMII
BA KA B (pa3oBOM IIPOCTPAHCTBE C HCIIOJIb30BaAHIEM
YHUPUIIMPOBAHHBLIX MaTeMaTHUYeCKUX Mojeeil u
00paboTKe MX BPEMEHHBIX PAJOB B KaKJIOW MPOEK-
muu ($a30BOTO IPOCTPAHCTBA HA OCHOBE MapIidajb-
HOY HeJImHeHO GuabTpanuu [4—6].

JuHaMuuecrkas MOJeJIb U3BMEHEeHUA
TeJieMeTPUPYyeMbIX IapaMeTpoB
B (ha30BOM IPOCTPAHCTBE

Bpemennbie psaasl sHaueHuin TMII BA KA B 06-
mieM cJaydae anlpoKCUMUPYIOTCA HeJIWHEHHBIMU
GYHKIIUSAMY, a B YCJIOBUAX BO3MYIIEHUH XapaKTe-
PU3YIOTCA MOSABJIEHNEM aHOMAJLHBIX OTCUETOB, HE-
JUHEeHHBIX TPEHAOB U CKauKoB 3Hauenuit TMII [7].
Tak:xe Bo BpeMeHHBIX pamax TMII moryr HabJr0-
IaThCs IIOCTOAHHBIE CMEIIEHUA, OOYCJIOBJIEHHBIE
omubKaMu JaTUYMKO-TIpeoOpasyiolieii almapary-
PBI U TeJIEMETPUYECKUX COIVIACYIOIIUX YCTPOMCTB.
ITO MO3BOJISIET CAEJIaTh BBIBOJ O TOM, UTO B 00II[eM
cayuae BA KA, xapaKTepusyeMyio COBOKYITHOCTBIO

TMII, 1iesiecoobpasHoO paccMaTPUBATh KaK HeJINHe-
HYI0O IUHAMUYECKYIO CUCTEMY, QYHKIITMOHUPYIOITYIO
B YCJIOBUAX BO3/IEHCTBUA HETAyCCOBCKUX IToMex [7].

IloBeneHne HeTMHETHBIX AUHAMUYECKUX CUCTEM
00BIUHO paccMaTpUBaiOT B (pa30BOM IIPOCTPAHCTBE
[8, 9]. Ilog dasoBBIM IPOCTPAHCTBOM MOHUMAIOT
IIPOCTPAHCTBO, B KOTOPOM KaikJOMY COCTOSHUIO
IMHAMHUYECKON CHUCTEMBI COOTBETCTBYET TOUKA DTO-
To IIPOCTPAHCTBA, OMpeAesideMas 3HAUEHUAMU ee
napaMmeTpoB. TpaeKTopuio 9TOi TOUKU B (ha30BOM
IPOCTPAHCTBE HA3LIBAIOT (ha30BOM TpPaeKTOpPUen.
PasmeprocTs N (pa3oBOro mpocTpaHCTBa COCTOAHUIT
BA KA mo:keT OBITH OIIpefeJieHa IO Peau3aluaM
TMII Ha OoCHOBe MeTOa JIOMKHBIX OJMMKANIINX CO-
ceneti [10]. CoBokymHOCTH (ha30BBIX TPAEKTOPHUH 00-
pasyer (ha3oBBINl TOPTPET AUHAMUYECKON CUCTEMBI.
B coorBeTcTBUU c Teopemoii TakeHca IoBemeHUe
IVHAMHUYECKO! cuCTeMBbl B (pa30BOM ITPOCTPAHCTBE
MOXKHO ONKCATh II0 BPeMEHHOI peasnsaliuy mapa-
MeTpa CHCTEMBI C MCIIOJb30BAHMEM MeETOAA 3aJep-
skek [8]. IIpu sTom Kaskabiii BpemenHOM pax TMII
IMHAMUYECKOMN CUCTEMBI IIPEICTABIIAECTCA AUCKPET-
HBIMH OTCUETAMU: X1, Xy, ..., HOJYUEHHBIMU C HHTEP-
BaJIOM At 1 00pa3yIOIIIMHU MHOXKECTBO {X;}. OGBIUHO
BBIOMpaeTcA WHTEpBaJ AUCKpeTusanuu Af, COOT-
BETCTBYIOIIII MOMEHTY II€PBOT0 IIepeceueHns HYJIs
ABTOKOPPEJAIMOHHON (QYHKITUE BpeMeHHOTO paia.
ATy OIeHKY MOYKHO CUUTATh BepPXHeH 1 mpu BhIOGOpE
MHTepBaja AUCKPeTUsanuu At OCYIIEeCTBJIATH IIPO-
pekuBaHUIEe BPeMEeHHOTO0 PAla, UCXO I U3 TpedyeMo-
IO KauecTBa pelleHns 1ejaeBoit 3agaun. g mudpo-
BBIX CHCTeM 3HaueHue Af KPaTHO IIePUOY TUCKPETU-
3arnuu BpemenHoro paga TMII.

BaXHBIM JOCTOMHCTBOM PACCMOTPEHUSA MTUHAMU-
YeCKUX CHCTEM B (DA30BOM ITPOCTPAHCTBE SBJISIETCS
TO, YTO OHO TIO3BOJISAET OITMCHIBATDH KAK UX JOKAJbHBIE
CBOIICTBA, TaK W IVIOOAJIbHOE moBenenue. Tak, Osms-
JeKalyue TOYKU (PasoBOro IOPTPeTa B HEKOTOPBIX
€ro TIPOEKIUSAX MOTYT HAXOOUTHCSA HA JTOCTATOYHO
0OJIBITIOM PacCTOAHUU APYT OT Apyra Ha BPeMeHHOI
OCH U ITPU 3TOM OAMHAKOBO XapaKTepnu30BaTh I0BeIe-
HIe CUCTEMbI. ITO IT03BOJIAET CO3aBATh MOJEJIU U-
HaMHWUYECKUX CHCTEM Ha OCHOBE KYCOUHO-JIOKAJbHOM
amnmpokcuManuu. A Hajguuwme y (Da30BbIX OPTPETOB
IWHAMUYECKUX CHCTEM aTTPAKTOPOB (TOUEK IIPUT-
JKeHUS) MO3BOJISIET CO3IaBaTh MOJEJU UX TVIO0AJb-
HOTO TIOBEIEeHUs, TMOCKOJbKY MPU HAJUUYUU aTTpPaK-
TOPOB Bce (ha3oBble TPAEKTOPUU M3 €0 OKPECTHOCTH
CTPEMATCA K HEMY C TeUeHUIeM BPeMeH!.

Ha mpakTuke nis aHajmusda IWHAMHUYECKUX CU-
cTeM O0BIYHO MCHOJB3YIOT MeTO/ ceueHuir Ilyankape
¥ paccMaTPUBAIOT ABYMEPHBIE MPOEKIINU (PasOBBIX
nopTpeToB B N-MepHOM (hasoBoM mpocTpaHcTBe [8].
Takoil TOAX0 UCIOJIb3YIOT IJIA AeTAJIHLHOTO HCCe-
JIOBaHUA OTUHAMUYECKOU CHUCTEMBI, BHISIBJIECHUS 3a-
KOHOMEPHOCTEe! B ee MOBEIeHUU U IMOJYUYEeHU IIPO-
CTBIX Mofesieli ee MUHAMUKIN B BHUAE OJHOMEPHBIX
OTOOpasKeHui, a TaKiKe IJA YMEHbBIIEeHUS BbIUHC-
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JIUTEJIHLHOM CJIOJKHOCTU aJTOPUTMOB aHAJIM3a, UTO
HEeMaJIOBa}KHO IIPM aBTOMAaTU3UPOBAHHONI 00paboT-
ke TMU. Ucxons m3 9TOro MOYKHO paccMaTpUBaTh
(dazoBble moOpTpeTHl B Kaskaoi us (N — 1) xBymep-
HBIX IIPOEKIINIT (Da30BOr0 IPOCTPAHCTBA U BEIOMPATDH
HauboJee HPOPMATUBHBIE U3 HUX C TOUKU 3PEHUS
3amaun (PUIABTPAIINH C IIOCTAEAYIONINM 00 befHeHN-
eM pe3yJabTaToB 0OPabOTKM.

Hiia ¢opmanmsanuy moBeNeHUA AUHAMNYECKON
cucteMbl B (ha30BOM IIPOCTPAHCTBE I[€JIECOO0OPA3HO
BBECTH IIOHSATHE BEKTOpa HAOJIONEHUA U BEKTOpa
COCTOSAHMA, XapaKTEepU3yIOIIUX COCTOAHUE [OU-
HaMUYECKOH CHUCTEMBI B Ka’sKAbII MOMEHT BpeMe-
HHU. BexkTop HaOMIOAeHUSA TUHAMUYECKOH CHCTEMBbI
B KaxKJAou j-iI mpoexknuu (aszoBOoro IpocTpaHCTBA
I B-TO TMCKPETHOI'0 OTCUYeTa BPEMEHU OIPeAe M
Ha OCHOBaHUU uM3MepeHHbIX 3HaueHuin TMII caenxy-

forum obpasom: X; p, = jcc , TH€ Xp, X, j — CHABH-

k+j
HYTbIe OTCUEThl BpeMeHHOoro paxa 3Havenuin TMII.
ITox BeKTOPOM COCTOSTHUS OMHAMUUYECKOUN CHUCTEMBbI
B KaKJIOM j-II mpoeKmuu (PpasoBOTO IIOpTpeTa OJis
k-TO IWCKPETHOI'O OTCUeTa BpeMeHU OyaeM IIOHU-
Ax,j, &

MaTb BeKTOp Q; ;= » TR Gy j k> Qy,j,p — KOM-

Y,k
TOHEHTHI BEKTOPA COCTOAHUS, XapaKTepu3yIOIero
obstacTu (pa3oBOr0 MPOCTPAHCTBA, TPUHAIJIEKATIIIE
aTTPAKTOPY AUHAMNYECKOMN CUCTEMBI.

OpHuM U3 cIoco00B JIOKaJIu3anuu obJacreit ga-
30BOT'O TIPOCTPAHCTBA, MIPUHAAIEKAIIUX aTTPAKTO-
Py AUHAMUYECKOU CUCTEMBI, ABJIAETCA KJacTepusa-
1S BeKTOPOB HAOJIIOAeHM’S Xj,k B KaKJIOU j-ii IpoO-
exmnuu. [loayuaeMmble KIacTephbl OTCUETOB 3HAUEHUIA
TMII xapakTepu3yIOT aTTPAKTOP JNHAMUYECKOI CU-
CTeMbI C HEKOTOPOI JOBEPUTEJIHLHON BEPOITHOCTHIO.
ITenTpHI TAKMX KJIACTEPOB MOXKHO CBA3ATH C BEKTO-
POM COCTOAHUS TUHAMUYECKON CHCTEMBI Qj,k B k-i1
MOMEHT BPeMeHHU B OTCYTCTBHE BO3MYIIIEHUH M1 13-
BECTHBIX CUTYAIIUH IMITATHOTO (PYHKIITMOHUPOBAHUSA
BA KA m paccMOTpeHHBIX HEIITATHBIX CUTYAIlUii.
IIpm 9TOM COBOKYITHOCTH TaKMUX KJACTEPOB B KarK-
oM j-Ii IPOEKIMM MOXKHO MCIOJb30BaTh AJIA OIU-
caumua TexHmueckoro cocroanusa BA KA [11]. IIpu
OTCYTCTBUU CTATUCTUKU M3MEPEHU M0 HEKOTOPHIM
cocTosaHUAM BA s mosyuenus Habopa KJIacTepoB
MOXKeT OBITH MCIOJIb30BaHa JKCIEpTHaA WH(pOpMAa-
s o Tpedyemom moBenenuu TMII. PaccMoTpeHHBIH
MOAXOJ XOpOIIO corjlacyerca ¢ wMeromamu Data
mining, nCIOIB3yEeMbIMHU IJIS YIIYOJIeHHOTO aHA -
3a IUHAMUKHU CJIOKHBIX TEXHUUYECKUX CHCTEM, B TOM
yucie KA [12].

ObGeKTUBHLIM peIlIeHreM 3aJauu KJacTepusa-
AU TOYEK X]-’k B Ka'KJOH j-B mpoeKIuu (pasoBoro
TIPOCTPAHCTBA ABJIAETCS aIIPOKCUMAIINA PYHKITAN
pacipeneeHnA TOUEK P(Xj, 1) IOJTUTAyCCOBCKOM MO-
nmesbio [4, 11]:

N;
P(Xj )= 3, of " K fuf”, =), @)
n=1

Tle n — HOMEP rayCCOBCKOTO pacIpelieJIeHUs B j-i
mpoeknuu (a3oBOr0 IMIPOCTPAHCTBA, N = 1...Nj,

ngn)(X ik ”S_n ), 25'1)) — (QYHKIIASA N-TO TayCCOBCKOTO

pacipeesieHns B j-if IpoeKuu ¢hasoBOro IpPoCTpaH-
crBa, 1 — BEKTOP KOODIMHAT MATEMATHIECKOTO
OXKUAaHUA n-To paclipelesieHUs B j-ii mpoexknuu da-
30BOT'0 ITPOCTPAHCTRBA, Z]-(”) — KOppeJAIUOHHAsI Ma-
TPHUIA N-TO PaCIIpeesieHus B j-i mpoeKuu ¢hasoBo-
ro mpocrtpamcTsa, o — Bec n-To pacmpenenenHus
B j-#1 mpoeKIuu (asoBOro IIPOCTPAHCTBA, N]- — KO-
JINYECTBO T'ayCCOBCKUX paCIpemeseHUuil B j-fI IIPO-
eKnuu (pasoBoro mpocTpaHcTsa. IId Becos oaj(") BEI-
N;
TIOJIHSAETCA YCJIOBHEe HODMUPOBKY 0)5” ) =1. Jloxa-
n=1
Ju3yeMble 00JacTH (KJacTepbl) MMeT GOopMy 3JI-
JIUIICA CO CJIEAYIOIIUMU XaPaKTEPUCTUKAMU: KOOP-
IMHATHI TEHTPA OTpesiessioTcs Bekropom i, pas-
MepHI OCeli OIPeAeAI0TCA dJIeMeHTaMu TJIaBHOM Au-
ArOHAJIH MATPHUIIBI Zj(”) ¥ 3aJaHHOI JOBEPUTEIbHOM
BepPOATHOCTHIO (00b1uHO0 0,96), yrosr HaKJIOHA 3JIJIUII-
ca K ocu aberucc Ha (ha3oBOI IJIIOCKOCTH — ocj(”). Hoa
CO3MAHUA IIOJUTAayCCOBCKUX MOZeJel HeoOXOIMMO
UMeTh IIPeICTaBUTEJIFHYI0 BEIOOPKY 3HAUEHUI Bpe-
MeHHBIX pagoB TMII xy, x,, ... B OTCyTCTBHE CHJIb
HBIX BO3MYyIneHni. KoanyecTBO yCTOMUYMBBIX KJia-
CTEPOB OIpeeIsAeTCA TyTEeEM MHOTOKDPATHOM IIpolie-
IYPBI KJAacTepus3alliy W ONTHUMUBAIUU dMIUPUUE-
CKOM IIeJIeBOM (PyHKIINM, HaIIPUMeEpP, HA OCHOBE KPU-
Tepua MUHUMYMa BHYTPUKJIACCOBOM AUCIIEPCUU TO-
yek [13].

HepmoctaTkoM mOJIMraycCOBCKUX Moesell BHUIa
(1) aBnsAEeTCA TO, YTO OHU HE YUUTHIBAIOT TUHAMUKY
U3MeHEeHUA BEKTOPA COCTOAHUA BO BpDeMEHU. YUecTh
INHAMUKY M3MEHEHUS BEKTOPaA COCTOSHUS BO Bpe-
MEeHUM MOJKHO IIyTeM IIepexofa OT IIOJIUTayCCOBCKUX
Mojesiell K AUHAMUYECKUM MOJeJIAM Ha OCHOBE OpU-
€HTHUPOBAHHBLIX rpad)OB COCTOSHUM, YT KOTOPBIX
COOTBETCTBYIOT BEPOATHOCTHBIM IIEPEXOJaM MeK-
Iy KJacTepaMu moJaurayccoBcKkux mogeseit (1). Ta-
KUe TMHAMUUYECKNe MO/e/JI MOT'YT IHOBBICUTD JOCTO-
BEPHOCTD PEIIeHUA 3aJaul UAeHTU(DUKAIINY TeXHU-
yeckoro cocroauusa BA KA. Ilpu stom ansa perre-
HUA 3a7aun QPUILTPanuy u 6aliecCoOBCKOrO OIleHBA-
HUA 3HaueHUUl BpeMeHHBIX paxoB TMII nmocrarou-
HO MMEeTh JINIIIb NHPOPMAIIHIO O KOOPAMHATAX U IIa-
paMeTpax KJacTepoOB MOIEJU B KaMIOU j-i IIPOeK-
1y (pa3oBOTO IIPOCTPAHCTBA B TEKYIITUI U TIOCTIENY-
IOIIIT MOMEHTHI BpeMeHu. [foaToMy B 0003HaUCHU S
KJIACTEPOB U MX IIapaMeTPOB BBEAEM JOIMOJHUTEIb-
HBIT WHIAEKC k, XapaKTepuayoIuii HOMep AUCKPEeT-
HOT'O OTCUYETa BpeMeHU, & BEPXHUH UHAEKC 11 UCKJIIO-
YuM 13 0003HAUEHUS, TaK KaK TEKYyIee COCTOSHUIE
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paccMaTpuBaeMoOi AWUHAMHUYECKON CHCTEeMBbI B k-i
MOMEHT OITpeeIAeTCs COBOKYITHOCTRHIO TTapaMeTpPOB
Wi Zjps O Ha puc. 1 mpuBeneH mpuMep oTobpa-
JKEeHUA TaKOU AWHAMHUYECKON MOAEeJU WU3MEHEHUS
COCTOAHUA JUHAMNYECKON CUCTEMBI B j-Ii IPOEKIINU
(a30BOr0 MPOCTPAHCTBA B BHUE OPUEHTUPOBAHHO-
ro rpada ImepexosoB MeXKAY KJjacrepamu. Ilapame-
TPBI KJIACTEPOB W BEPOATHOCTHBIE TIEPEXOIBI MEK Y
HUMHU OIPEeNesAI0T JOKaJbHBIE CBONCTBA ITWHAMU-
YECKO! CHCTEMBI B KasKJOU j-ii mpoeKmuu (hasoBo-
TO ITPOCTPAHCTBA B k-1 MOMEHT BpeMeHH, a caM rpad
XapaKTepusyerT ee 1100aJbHOE ITOBEIeHUE,
JlocTonHCTBaMU PACCMOTPEHHON AMHAMMNYECKON
MOJIeJI ¢ TOUKU 3PEHUsA aBTOMATU3UPOBAHHON 00-
paborku TMMU aBaAmTCA: BO3MOKHOCTD OJHO00OpAa3-
HOTO TpeAcTaBJIeHUs (PYHKIIMOHAJIbHBIX, CUTHAJb-
HbIX U 0000mieHHbIX TMII, BTOpUYHBIX BBIUHCIISE-
MBIX XapaKTEPUCTHUK, a TaKyKe BPeMA-COOBITUITHON
uHGopMauu B BUAe Habopa yHU(DUIIMPOBAHHBIX
CTPYKTYP, cBsi3aHHBIX ¢ TC BA u mogae:xaIux mpo-
Ieype pacro3HaBaHUA, HAJUUME IITUPOKOrO CIIEK-
Tpa MOAXOAO0B K PEIeHUI0 3aJaun UAeHTU(DUKAIIAT
TexHuUecKoro cocroauusa BA KA. B ciyuae ¢popma-
Jau3oBaHHOTO onmcanusa uameHenus TMII B daso-
BOM IIPOCTPAHCTBE HA OCHOBE 0aiieCOBCKOT0 IIOAX01a
MHOKECTBO TAKUX YHU(PUIIMPOBAHHBIX IUHAMUYE-
CKHUX MOJeJell MOXKHO paccMaTPUBaTh KaK TUHAMU-
YeCcKyIo 6aiieCOBCKYIO C€Th JOBEPUs ¢ ITuKaamu [14].
B manmHoOii cTaThe paccMOTpeHa BO3MOKHOCTH MC-
TIOJIL30BAHUA MOJeJIel M3MEeHEHUsI COCTOAHUSA MUHA-
MUYECKUX CUCTEM B (Da30BOM IIPOCTPAHCTBE HA dTAIIe
nepBuuHOM oopaborku TMU u mocienyrolieii peau-

B Puc. 1. OpueHTUPOBaHHBIN rpad M3MEHEHUSI COCTO-
HUA JTUHAMHUYECKON CHCTEMBI B IIPOeKIUH (pasoBOTO IIPo-
CTpPaHCTBA

B Fig. 1.Oriented graph of change in dynamical system
state in projection of phase space

3aIlM METOJ0B JIMHEHON 1 HeJWHENMHOI (uUIbTpa-
iy TMII.

duasTpanus BpeMeHHbBIX PATOB 3HAYEHU I
TeJeMeTPUPYEeMbIX TapaMeTpPOB

C MCIIOJIb30BAHUEM IMapPIUAIbHBIX
HeJMHEeWHBIX (QUIBTPOB

Bynzem paccmarpuBaTh GUILTPAIINIO BDEMEHHBIX
panos suauenuit TMII B kaxmoii j-ii mpoekuu aso-
BOT'O IIPOCTPAHCTBA OTAEJNHHO ¢ MOCJeAyIoleli oopa-
OOTKOM OJTYUYeHHBIX Pe3YyJIbTaTOB. [JId MOCTAHOBKY
U peleHus 3a7aun GUIbTPAIluU BPEMEHHBIX PAJIOB
TMII ucmosib3yeM omucanue TUHAMHUKHN (PYHKIIHO-
HupoBaHua BA KA ypaBHeHUAMU COCTOSAHUA U Ha-
OsrofeHus B BEeKTOpHOU hopme [4, 6]:

Q. =F;(Qj-1)+S;n
X =H;(Q )+ Vies @

rae S, u V;, — BEKTOPbl BO3MYIAIOLIUX BO3/€Hi-
CTBUU U IIIYMOB HM3MEPEHUN COOTBETCTBEHHO, FJ- u
Hj — (PYHKIIMOHAJIbI, OIIUCHIBAIOII[ME ITPOIECC U3Me-
HeHUus BeKTopa cocrosauus BA KA u mporecc usme-
peunsa suavenuii TMII.

C yueToM 0COGEHHOCTEI PACCMOTPEHHBIX YHUMDU-
IIUPOBAHHBIX AUHAMUYECKUX MOJeJell ypaBHEHUS
COCTOAHUA U HaOMIoAeHu (2) Iid KasKAou j-i mpo-
eKIu (Pa30BOr0 IPOCTPAHCTBA MOYKHO ITPUOIMIKEH-
HO IIPEJCTABUTH B CJELYIOIIEM BUIE:

Qjr=Qjr1+Mjr—Hjr1)+Sgk
Xk =Qjk + Vi ®3)

roe Q j,p — TEKYIIUI BEKTOP COCTOAHMUA BA B j-ii mpo-
eKmuu, S i 1 V] , — BEKTODPBI BO3MYILeHU 11 IITyMOB
M3MepeHUN B j-U IPOEKIUU COOTBETCTBEHHO, Xj, P
BeKTOp m3MepeHHBIX 3HaueHuil TMII B j-ii mmpoek-
muu. BekTop Sj’k ompesessierTcs onmubKaMu KJacTe-
pusanuu U KOppeaAnUoHHON MaTpulei DS]-, a BeK-
TOD Vj,k — BHEITHUMHU IOMEXOBBIMU BO3I€ICTBUAMU
W KOPPEJIAIMOHHON MaTpUIleid DVJ-. Mg yuera guc-
nepcuii KOMIOHEHT BeKTopa Q i, IPY IIEPEXOJIE OT CO~
CTOAHUA K COCTOAHUIO U OPUEHTAIIUU KJacTepa To-
YeK B IPOEKInY (hasoBOro mopTpeTa BhIpaskeHue (3)
npeobpasyeM K BULY

Q. =7,k (Qjp-1 —Hjk-1) + Kk +S) k>

Xk =Qjk+ Vi )
Oxik
Oy,jk-1 cos(Aay) sin(Aayg)
rage rj,k = .
0 Gy,ik || —sin(Aog) cos(Aay)
Oy,j.k-1
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BEKTOP KO9(QPUITMEHTOB B KaKIOI j-UI IMTPOEKIUU,
sz,j’k u Gzy’j,k — JAuaroHajbHbBIE BJeMeHTBl Koppe-
JAMAOHHBIX MATPUIL %; 5, A0y, = 0, — 0y — YTOJI 110~
BOPOTa TOUEK IIPU Ilepexofie MeXKJy COCTOSAHUSIMU,
0, ¥ Ol — YIJIBI HAKJIOHA 3JIauIICcoB (k — 1)-To u k-ro
COCTOSTHHAU COOTBETCTBEHHO.

B Beipakenuax (3) u (4)

uxy .9k sxy ‘yk vx, .,k
=l b Sie=| 7l Vie=| 7,
uy’]»k Y,Jk Y,J .k
2 2
|Osxj O |ovaj O
DS] = 9 > DV] = 9 )
0 GSyj 0 GVyj

e 62 ={0%yj» O%yb Oaj=1{0%xj» %)} — coorser-
CTBYIOII[UE AVCIIEPCUY IIIYMOB KJIACTEPUIAIUN U U3-
MepeHu# AJa KaaoH j-ii npoeKuu, KaK IIpaBuo,
BBINOJIHSAETCS O, ; >> O ;. JJIEMEHTbl BEKTOPOB Sj’k
u V;, B 00lLIeM cilyuae HMEIOT HErayCCOBCKOE pac-
npenenenne. Hanmnuue anpuopHOi MHGOPMAIUU O
npeaeabHBIX HUMKHUX U BepXHUX 3HaueHusax TMIT
B BuJle BeKTOpoB X, 1 X TI03BOJIAET 70 3Tamna obpa-
6orku TMU mcioib30BaTh ABYCTOPOHHEE OT'paHmye-
uue TMII. B obimem ciyuae BeruunHsl X, 1 X, MO-
I'yT ompeAenAaTbesa pexxkuMmamu padborsr BA KA, mo-
nyckamu Ha 3HaueHus TMII, npegeraMu UCIIOIB3Y-
eMoll TeJemMeTpuuecKoil mkassl. IIpu sTom B ypas-
HeHUuAX (4) IMPOABJISETCA OIpejeieHHas HeJMHeMH-
HOoCTh: X =X, VX, < X5 X, =X, VX, 2 X,
Pesynprarom nepsuuHoit oopadorku TMU asia-
€TCsI OIIEHKA BEKTOPA COCTOAHUSA Q i,k BKAXIOM IIPO-
eKnuu (pas3oBOro IMPOCTPAHCTBA U (hopMHUPOBaHUE
BpeMeHHOTO psana obpaboraHHbIX 3HaueHuit TMII
21, 295 .., OOPABYIOIINX MHOXECTBO {z,}. OueBUIHO,
YTO IIPU MaJbIX YPOBHSIX BO3MYIIeHUI 00paboTaH-
HBle 3HAUeHUA BpeMeHHBIX pazos TMII z;, zy, ..,
OyAyT OIpEeNeJsaThbCA IEHTPAMU COOTBETCTBYIOIIUX
KJIACTEPOB j-X NWHAMUUYECKUX MOJIeJIeli Ha OCHOBE
BBIUMCJIEHIA MHUHUMAJBLHOI'O PACCTOSAHUSA MEXKIY
BekTOpaMu X; , X BCEMU LEHTPAaMU KJACTEPOB W;
C MCIOJIb30BaHUEM OIIpeieIeHHON MEeTPUKY, HATIPU-
Mep, 9BKJaupoBoi nau Maxamanoouca. [[lanHbIN Me-
TOox 00paboOTKU B AasbHeNIIeM OyIeM NCI0JIb30BaTh
[IJIs CPaBHEHU C IIpeajiaraeMbIM MeTOA0M HeJImHell-
HOI mapruajabHONl (Quiabrpanuu. HeobXogmMoCTb
perieHusA 3amauu PUILTPAIIANA C HCIOJH30BAHUEM
JIOIIOJIHUTEJBbHBIX AJrOPUTMUUYECKUX CPEICTB BO3-
HUKAaeT IIPU 3HAUNTEJbHBIX BO3SMYIIEHUAX, IIPEBOC-
XOOAIINX pPasMephbl KJACTEPOB B YHUMUIIUPOBAH-
HBIX JIUHAMHUYECKUX Mozaeaax usmeHenmsa TMIIL.
Ecau mymbl usMepeHUW TayCcCOBCKUE, a MOMAEIUN
aHAJIN3UPYEMbBIX IIPOIECCOB SBJISIOTCS JIMHENHBI-
MH, TO IJis PeIleHus 3aJaul ONTUMAaJLHOTO OIle-
HUBAHUS BEKTOPA COCTOSHUS WCIIOJNB3YIOT (PUIBTD
Kanmamna [15]. [Iy1a 06paboTKu peaTbHBIX HeJIWHEH-
HBIX IIPOIIECCOB B HErayCCOBCKUX IIIyMaX HCIIOJIb-
sytor moaudpukanum ¢puabrpa Kanmana, a Tax:ke

MeTOABI ITapIuaJIbHON HeJIMHenHO! huabTparuu [6,
16]. B sapy6esxHOIi tuTEepaType TaKue PUIBTPHI I0-
ayunan HasBauue «partical filtr», a B oreuecTBen-
HBIX MYOJUKAIIUAX — «MHOTOUACTUYHBIA (PUIBTP»,
«(pUIBTP UYACTUI» HUJAU «MAPIUAJIbHBIN (QUILTP»
[4-6, 16, 17]. ITocnegHee Ha3BaHME IPENCTABIAETCS
HauboJiee yrauHbIM. MeTon mapIuaJbHOi HeJInHeH-
HOII (pUIbTPAIN, OCHOBAHHBIN HA CTOXaCTUYECKOI
ammpoKCUMAaINY QYHKITNY IIJIOTHOCTH BEPOSITHOCTH
pacmpeesieHus BEKTOPa COCTOSHUS, ObLJ BIEPBBIE
paccmoTpeHn B pabore [17]. B crarbe paccmaTpuBa-
eTCs Pa3BUTHE 3TOT'0 METOo/la Ha OCHOBE MCIIOJIHL30Ba-
Hus Habopa us (N — 1) Takux GuIbTPOB 1151 06paboT-
ku kaxgoro TMII B kaskoit j-if mpoeKuu (ha30BOTO
IIPOCTPAHCTBA B COOTBETCTBUY C YHUMDUITMPOBAHHBI-
MU JUHAMUYECKUMU MOAEJAMU 1 YPABHEHUAMU BU-
na (4).

IIpexnaraemsbrii MmeTon obpaborku TMMU Ha ocHo-
Be mapluajgbHOU HesnuHelHOU duiabrTpanun TMII
B (asoBOM MPOCTPAHCTBE BKJIIOUAET CJIEAYIOIIIUe
OCHOBHBIE OTAllbl: WHUIMAJIU3AIIAI0 JUHAMUYE-
ckout mogeniu uamernenus TMII, puasrpanuo TMII
B KaKJOM IpoeKnuu (asoBOro moprpera, amaira-
U0 TapaMeTpPoB (DUJIBTPOB B KaXKIOU IPOEKITNHU
dasoBoro moprpera. JIornKa BBLIMOJHEHUS YKa3aH-
HBIX STAIIOB U BXOMHBIE U BHIXOMHBIE JaHHBIE KaK-
JIOT'0 dTala MoKasaHbl HA puc. 2.

Ha nepBom sTame mpoucxoamuT IpeobpasoBaHUE
BpeMeHHBIX pAgoB TMII K TpebyeMoMy AJIs BBITIOJI-
HEeHUs 9TAaloB (DUJILTPAIINY U afalTalluu BUIY, 3a-
JaioTcA HavaJIbHbIe 3HAUEHHUS IIapaMeTpPOB IapIiu-
aJbHBIX HeJIMHEHHBbIX (PuiabTpoB. Ha BTOpOM sTame
peanusyetcs o6padborka TMII ¢ ucmosrb3oBaHMEM He-
JIMHEMHBIX NapIUaJbHBIX (UJIBTPOB B IMIPOEKIIUAX
dasoBoro mpocrpamcTBa. Amamramus IapaMeTpPoOB
(GUIBTPOB Ha TPETHEM dTale MPOUCXOAUT UTEpaIu-
OHHO. [[71s1 BBITIOJIHEHUSA TOCJIEAVIOIIEH UTepaluu
TIOCJIe BBITIOJTHEHUA TPETHETO dTAlla OCYIIeCTBIISAET-
cs BO3BPAT K BBIMIOJIHEHUIO BTOPOTO dTama ¢ 00HOB-
JIEHHBIMU TIapaMeTpaMu IapiuajJbHBIX HeJIWHeH-
HBIX (uabTpoB. IIporiecc agamnTanuy 3aBepIIaeTCs
ImocJjie 3aJaHHOIO YKCJIa UTePaIuil Uau Ha OCHOBA-
HUU aHAJn3a TeKYIell IMorperrHocTy GUuIbTPaIiuN.
PaccmoTpum comepskaHue sTamos 0ojiee MoapoOHO.

Ha srame nHUIIMaIN3auU MOAEJIN ITPOUCXOIUT
3aIlycK Iporiecca ()OPMUPOBAHUA W3 BPEMEHHOTO
pazna TMII {x,} MHOKecTBa BEKTOPOB {Xj’ &} BJLA KAXK-
JIoi j-i1 mpoekuu (haszoBoro nmpocrpaHcTsa. B orcyT-
CTBME BO3MYVIIEHUI HaYaJbHBLIN M IMOCJEIYIOIIue
BEKTOPbBI COCTOSHUA MOTYT OBITE OITPEe/IeJIeHBI C TTOMO-
IIbI0 YHUMDUIIMPOBAHHBIX AWHAMUUYECKUX MOJeJeH
Ha OCHOBE BBIUNCJIEHUS MUHNMAJBHOI'O PACCTOAHUS
B (D)a30BOM IIPOCTPAHCTBE MEKIY BEKTOPOM U3Mepe-
HUU ¥ EeHTPaMU BCeX KJIACTEPOB B KaKJIOU j-U IIPO-

eknun:  Q;o =M1, "Xj,k ~Hj0 " = min”Xj,k _“J',k"'

BexkTopsr Q 70 00pas3yioT MHOKECTBO BEKTOPOB {Q]-,O}.
Ha namHOoM 5Tane Takike 3aJal0TCsA HauaJbHbIe 3HA-
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1-it DTAIL X Q00 2-it DTAIL
{xr} Nuunnanusanusa (GS,J" Sv,j> Mrop j» Uj )0 ®unprpanusa TMII {21}
—> IAWHAMUYECKUX MoJeseid B IIPOEKIUAX (PA30BOTO
usmereHusa TMII IIPOCTPAHCTBA

(Gs,j’ Sv,j> Mrop j» Uj)

opt

3-it 9TAII

Ananranua mapamMeTpoB

napruaJbHbIX HEJTUHEHHBIX
(UIBTPOB

B Puc. 2. Jloruka BBIIIOJTHEHUA 9TAIIOB MeToa oopadorku TMU
B Fig. 2. The performing logic of TMI processing method stages

YeHUA HACTPAMBAEMBIX IapaMeTPOB IapIiMaIbHBIX
HeJIMHeNHBIX (puiabTpoB. B yciaoBuax BosMyleHUM
OCYIIeCTBJIsAETCA B3alyCK IIpolecca (UIbTPAINU
TMII B ka0l mpoeKuu (pa3oBOro mopTpeTa.

Ha srane ¢punbrpanuu TMII nnsa penterus 3aza-
UM OIEHMBAHUA BEKTOPA COCTOSHUSA HCIOJIb3yeTCA
OPUHIUI 0aileCOBCKOr0 OIeHUBAHUS, OCHOBAHHBIN
Ha PeKYyPPEeHTHOH IpoIlefype IpeAcKas3aHusa U KOp-
peKIuy BeKTopa cocToAHudA. IIporaosHoe 3HaueHVIE
BEKTOpa COCTOSHUS OIpefiesisieTCd B COOTBETCTBUU
¢ ypaBHeHUEM [6]

P(Qj,k /Xj,kfl’ ey Xj,O):
=IP(Qj,k /Qjr-1)PQjp-1/Xjp-15 s
X;0)4Q; ;1> ®

e P(Qj’ 5/ Qj, »-1) — IepexomHas IIJIOTHOCTH BEPOAT-
HOCTH BEKTOPA COCTOAHUA, OIIpeesideMasi ypaBHeHU-
em cocroanud, P(Q; 4 /X 4, ..., X; o) — yciIoBHAA
TJIOTHOCTH BEPOSITHOCTU BEKTOPA COCTOAHUSA HA IIpe-
IBIAYIIEM Iare, P(Qj,k / Xj,k—l’ e Xj,O) — IIPOr'HO3-
HOe 3HaUeHe YCJIOBHOM IIJIOTHOCTY BEPOSTHOCTH BEK-
Topa cocTosAHUsd. Ilocyie TOCTYIIEHUST HOBOTO BEKTO-
pa usmepenHbIX 3HaueHun TMII Xj 1, 9KCTPAIIOINPO-
BaHHAA IJIOTHOCTH BEPOATHOCTH (5) KOPPEKTUPYETCA
¢ UcIoJIb30BaHMEM ITpaBuJia Baiteca [6]:

P(Qj,k /Xj,k’ Xj,k—].’ ey Xj,0)=
=Ci'P(X, 1, /Qj)PQj s /X 15 - Xj0)s (6)

TIe P(Xj, r/ Q]-,k) — (PYHKIIUS TPaBIOION00M s, OIIpe-
Te IS0 as BepOATHOCT IOy YeHN s BeKTopa 3Haue-
HUH HabI0MaeMoro mporecca X j,, IDHL 38 JaHHOM 3Ha-
ueHnu BekTopa cocrodHud Q;,, C;=P(X, /X, 1,
«ey X 9) — HOpPMAJIMBYIOIIad KOHCTAHTA, He 3aBUCA-
mas ot Q; . 3HaHUe YCIOBHOI IIJIOTHOCTH Pacipese-
neuud P(Q; /X, 1, -» X; o) O3BOJIAET BEIYUCIUTD
onTHMaJNbHYyIO OueHKy Q; . IIpaxkrTuuecku npume-
HUMBIe peajM3allul YKasaHHOI'o IIOAXOJa IIoJIyue-
HBl JIUIIb JJIA PAJA YAaCTHBIX cIydaeB, HauboJee

M3BECTHBIM M3 KOTOPBIX SBJSETCS KJIACCUUYECKUH
duasrp Kanmama [15]. IIpu sTOM B peasbHBIX IPU-
JIOYKEHUAX UCIOJIb3YIOTCSA MIPUOIMKEeHHbBIE U KBa3U-
OIITUMAJIbHBIE METOBI [6].

IMapuuanbHasas HeJWHeNHas QUIbTPAIAA SAB-
JIsieTCsT OMHUM K3 TaKMX METOJOB M OCHOBaHa Ha
aNMIPOKCUMAIIY AaIlOCTePUOPHOM TJIOTHOCTH Be-
POSITHOCTHU OILIEHMBAEMOI'0 BEKTOPA COCTOSHUS Qj!k
HabopoMm M aNIPOKCUMUPYIOIINX BEKTOPOB («TO-
YeK», «JaCTUIL») Xj,k,i C BECAMH Wj’k,i, i=1, .., M.
PasmepHOCTB KA I0ro i-T0 BEKTOPA Y j, ; COBIIAZAET
C Pa3sMepHOCTHIO BEKTOPA COCTOAHUS Q]-,k. IIpu sTom
BeIpa:keHnue (6) aasa Taxoro (puabTpa IPUHUMAET
caemxyomuii Bum [6]:

Pjri/Xjps Xjp-1 - Xjo)=
M
~PX; /%) 2 Wi ki P ki / Xje-1)- (1)
i=1

BecoBrie yHKIIUNT Wj,k’i HOPMUPYIOTCA TaKUM
M
00pa30M, YTOOBI BBIITOJIHSIOCH YCIOBUE ZW'J ki=1.
i=1

B peaysibTaTe HOpPMUPOBKM BECOBBIX (DYHKITUIA WJ-, ki
HEOOXOAMMOCTb HOPMAJM3YIOMMUX KoHCTaHT C;
B BeIpaskeHuu (7) ormazaer. B HauaIbHBIN MOMEHT
BpeMeHN sHaueHus BecoB W, .., i=1, .., M mopu-
HuMaioTcAa paBHbIMH 1/M. Ha srame amanmranuu
mapaMeTpoB (PUIBTPOB IIPOUCXOAUT UX UBMEHEHUE.
IIpuHnun aganTamuu «4acTUIl» U UX BECOB IPU al-
IIPOKCUMAIIMU IIPOUSBOJILHON IIJIOTHOCTY BEPOATHO-
CTU pacupelesieHUA BEKTOPa COCTOSAHUA ITOSCHSIET
puc. 3 [18]. Ou ocHOBaH Ha MHOCJIEIOBATEJIHLHOM aJi-
TOPUTME BBIOOPKU II0 3HAUMMOCTHU, B COOTBETCTBUU
C KOTOPBIM Ha Ka’KJOM IIIare OCYII[eCTBJIAETCA Olle-
HUBaHUEe (QMYHKIHUU OIPaBIOIOI00MUI P(Xj,k/xﬁk’i)
U KOPPEKIMSA BECOBBIX KOI(Q(PUIMEHTOB KaKIOTO
BEKTOpa alNNpPOKCUMUPYIOIIEH BLIOOPKU B COOTBET-
CTBUU CO CJIEAYIOIIUM BbIpaKeHueM [6]:

Wiki =Wir1,PXjr/%j ki) ®)

NeS, 2008 N\
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k1> Wip-1,ids Wip-1,i =1/ M
PX;r/Qjr)

X k1,00 Wik-1,i}

Xjkyis Wikits Wigi=1/M
PX;r/Qjr)
i kyis Win,it

B Puc. 3. IIpuanun annpoxcuManuy GYHKIIUY IIJIOTHOCTY BEPOATHOCTH PAaCIIPelesieHUS BEKTOPA COCTOAHMSA Ha OCHOBE
IIOCJIe/IOBATEIbHOM BEIOOPKY 110 3BHAYMMOCTH B j-il IPOEKITNY (Da30BOTO IIPOCTPAHCTBA

B Fig. 3. The principle of approximation of state vector probability density function distribution on basis of sequential
sampling on importance in j-th projection phase space

OpHako B Xo1e PaboThI aJITOPUTMA IIOCJIeIOBATEIHLHOM BEIOOPKU 10 3HAUMMOCTH HAOJII0aeTcA CJeayoas
mpobJieMa: mocJie HEKOTOPOT'o YKCJIa UTepaIinii Beca BCeX alIPOKCUMUPYIOINX BEKTOPOB, 38 UCKJIIOUEHUEM O/
HOTO0, CTAHOBSATCSA MPeHeOpesKuMo MaJjbiMu. [laHHaA mpobJseMa IIoayunia Ha3BaHUe «BBIPOKAEHNUE BRIOODKM».

KonuuecTBeHHO cTEemleHb BHIPOIKIEHUA MOYKET OBITH OIleHeHa BeJITMUYNHON «d3((MEKTUBHOTO pa3Mepa aIrpoK-
CUMUPYIOIei BHIOOPKIM»

M
2
Mosr j=1/ 3 Wi ©)
i=1

15 mpeRoTBpaIeHnA BEIPOXKIEHUA alllIPOKCUMUPYIOIeil BRIOGOPKU MCIIOJNB3YIOTCS POy Phl pereHepa-
AU BLIOOPKH, B IIPOIlECCe KOTOPHIX U3 alllIPOKCUMUPYIOIIeli BLIOOPKHY YAAISIOTCS BEKTOPHI C MAJBIMU BeCaM,
a BEKTOPHI ¢ GOJIBIIINM BECOM 3aMEHAIOTCS I'PYIIIIaMU BEKTOPOB ¢ MEHBIIIMM BECOM TaKUM 00pas3oM, UTOOBI CO-
XPaHUJINCh 00'beM BEIOOPKU U BhIOOpOUHAA YHKIIUA pacupenenenus [6, 18]. IIporeaypa perenepaiiuu BbIOOD-
KU OCYIIeCTBIISAETCA IPU PABEHCTBe 3HAUEHUA M, ;;  HBKOTOPOMY IIOPOTOBOMY 3HAUEHUI0 M ..

O1ieHKa BEKTOPA COCTOSTHUSA Ha k-M II1are onpeiessieTcsa CIeIyIoIuM 00pasoM:

Qi k=2 Wi iXjhi- (10)
i

IlosryuyenHBIE B KAXKAOHN j-II IPOEKIINN De3yIbTaTEL Guiasrpanun Q;r, Qj k15 -+ Qjpin-1 HIPEOOPaAsyIOT-
Cs B 3HAUEHUs OJZHOMEPHOTO BPeMEHHOro psja X ,. B xome mpeoOpasoBaHus yYUTHIBAIOTCS IIOJyYEHHBIE Ha

2 2
KaKJOM k-M Iuare sHaueHus omunbky ¢puiabrpanun E;j, = \/(qx,j,k —Hu,j k)" T(y,j,e —Wy,jk)" > KOTOPAS MOKET
paccMaTpuBaThCA B KadecTBe IeeBoil pyHkmun. Hampumep, 8 IPOEKIUY ¢ HOMEPOM j = 2 IOJIyYaeM CJIeAy-
IOITYI0 MaTPHUILY:

(Geor O Qy.2k 0 0 0 0
0 deorn 0 Qy,2,k+1 0 0 0
0 0 Q2,42 0 qy,2,k+2 0 0
(11
0 0 0 qx,2,1k+3 0 qy,2,k+3
0 0 0 0 0 0 qy,2,k+N-1 |
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Marpumia (11) mpeobGpasyeTcsa BO BpeMeHHOM
PAX, VMEIOIIUN CHeAYIOWUN BUA: (4 g Gy 2 pil>

Q2.5 Ux,2,k+3> Dy,2,k42> Dy,2,k+ 32 > Dy, 2, keN-1- SATEM
MOJIyYeHHbIEe B KAMKIOM j-U MPOEKIUN KOMIIOHEH-
* * o
o1 X;"={x;,} nmpeoGpasyioTci BO BPEMEHHOW DAf
Z = {z;} c yueTOM BHAYEHU} IOI'PEIITHOCTH (PUIBTPA-

%
I E; , B COOTBETCTBUY C BHIPAIKEHUEM 2, = X 1, T/ie
j — HOMEp IPOEKIUHU, NJIs KOTOPO# OmubKa (PUiib-
Tpanuu E; , MUEIMaIbHAA, U0 C NCIIOTb30BAaHIEM

BECOBBIX KO3((PUITEHTOB v;
N-1 "
2p = Z ijj,k‘ (12)
j=1

Becosbie KoahGUITIEHTHI L; HODMUPYIOTCA TAKUM

N-1
o06pa3oM, 4TOOBI BBIIIOJHSJIOCH YCJIOBHTE Z V; =1.

j=1
OJIeMEeHTBI BPEMEHHOTO PAla 2, 29, ..., OLpeAesse-

Mble BbIpaskeHueM (12), o6pasyoT MHOMKECTBO {2}
¥ TPEJCTABISAIOT COGON OT(UIBTPOBAHHBLIE 3HAUE-
HIS UCXOZHOTO BPEMEHHOI'0 PALA X1, Xg, .., AHAJIN-

supyemoro TMII. PesynbraTsl ¢uabTpanuu zk(cs,]-,

Oy, js MHop P Uj) ABJAIOTCA PYHKIUAMU IapaMeTpPOB
G, j» Op,jp Mrop j» Vj UCIIOJIB3YEMbIX Ha TEKYIIEil uTe-

pamuy napruajbHbIX (GUIBTPOB.

Ha pwuc. 4 mpeacraBieHbl 9KCIepUMEHTAJIbHBIE
3aBHUCUMOCTY B BHJE IUATPAMM, IO3BOJISAIOIINE CY-
IUTHh O BKJIAJE PA3JUUYHBIX MPOEKIINI B Pe3yJabTaT
dunprparmuu TMII. Ha puc. 4, a mnpeacraBiaeHbI
BeCOBbIe KO9(h(PUIIEeHTHI v; KasKJIOU j-1i IPOEeKIUH,
obecrreunBaOINe CBEPTKY Pe3yJabTaToB (GuiabTpa-
muu (12). Ha puc. 4, 6 mpeacraBjeHa TrucTorpaMma
pacmpefesieHIA KOJWUYECTBA CUTyalluii, Ipu KOTO-
PBIX MOTPEIITHOCTD (DUIIBLTPAIIN EJ-’ 1 B j-Ii IpoeKI N
OblJIa MUHUMAJBHOT.

MOAENIPOBAHVE CUCTEM N NPOUECCOB

N

IToCKONIBKY B peasbHBIX CHUTYAIIUSAX AHAJUSU-
pyeMble IIPOIECCHI ABIAITCA HECTAIMOHAPHBIMU,
TO [JISI PeIleHus 3amaun QUILTPAINU HeOOXoauMa
aJanTUBHAA HACTPOIKa mapamMeTpoB (GhUIBTPOB Ha
OCHOBE MMeOIecs N3MePUTEeIbHON MHMOPMAI[MU
B IIpPefieiax HEKOTOPOro «OKHA HabIoneHns». B pac-
CMaTpUBaeMOM MeTO/le IapIUaJbHON (hUIbTpaIuu
ajlanTanus mapaMeTpoB (DUJIBTPOB DPeau3yeTcs
Ha ocHoBe ajropurMma SPSA [19]. 9ran aganranuu
mapaMeTpoB (UILTPOB PEATU3YEeTCs MapaslIebHO
OCHOBHOMY BBIUWCJUTEIBHOMY Ipoleccy (huabrpa-
nuu. B xome GunabTpanuy 1 afanTauy IPOUCXOLUT
U3MeHeHNe IapaMeTPoB O j, G, i, My, » U; B YMEHb-
1raeTcs 3HaUeHUe I[eJIeBOH PYHKITNN:

2 1
E (Gs,j’ Gv,j’ MHOpj’U' X

N

NH
XZ[ka(Hj,k)_Zk(cs,j’ y,j» Mop j>» Uj):|2, (13)
k=1

rae N, — 4YHCJIO OTCUETOB (pasMep) «0KHa HabJoze-
HUAY, X1, Xy9, .. — SHAUEHHUA BPEMEHHOTO DA,
KOTOPHIM COOTBETCTBYIOT KOODPAWHATHI II€HTPOB
KJIACTEPOB W; ;, JMHAMUIECKUX MOZeJIell N3MeHeHNs
TMII B dpasoBom mpoctparcTBe. Habop onTmmass-
HBIX IAPaMeTPOB (G ;, Oy, ;» Mo, j» Uj)opt COOTBETCTBY-
€T MUHUMYMY IIeJIeBOMl (ZDYHKIINU, OIpPeIesiaeMoi
BeIpaskeHueM (13) m mMeroIeil CMBICJ AUCIEPCUN
norpeinHocTH (uabrTpanuu. O0Iee YKCIO HacTpau-
BaeMbIX napamMeTpoB aas (N —1) GuabTpoB cocTas-
aset 4N —4. OuTuMusupoOBaHHbBIE TapaMeTPbI (Gs,j,
Oy, j» Mop j» Vj)opt B AAIIBHENIIIEM HCIIONBYIOTCH B OC-
HOBHOM BBIYHCJIUTEJIHHOM IIpoIiecce (puIbTpamum.
Ha puc. 5 mpexacraBieHbl dKCIepUMeHTAIbLHBIE
3aBHUCUMOCTHY BEJINUNHEI K, COOTBETCTBYIOIIET I1e1e-
Boit pyuknun E2, onpenengemoii BerpaxenueM (13),
OT YmCJIa allIPOKCUMUPYIOIINX BEKTOPOB M B KaiK-

1 2 34 5 6 7 8 9 10 j

0)

KoJsmuecTBo CUTyannii, Ipu KOTOPBIX

TOT'PENIHOCTD (PUIABTPAIUY B j-1

E 60

=~

5=

&g 50

m &

T

" g

gz 30

E ®

EE 20

S &

o g 10

g X

8 5 0

Eg 1 2 3 4 5 6 7 8 9 10
% 8 Howmep j-#1 mpoekniuu (pazoBoro moprpera,
9 % WCIOJIb3yeMOH ITpu (hUIbTPAIIUN

=]

B Puc. 4. [uarpaMMbl, UJJIIOCTPUPYIOIINE BKJIAJ Pa3JIUYHBIX IPOEKIINH B pedyabTaT puabrpamuu TMIT
B Fig. 4. Diagrams illustrating the contribution of different projections to the result of filtering TMP
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B Puc. 5. IlorpemntHocTs GUIBTPAIINY B 3aBUCHMOCTHU OT YKCJIa alllIPOKCUMUPYIONNX BEKTOPOB U HOMePa UTePaIui Ipo-

mecca aJanTaun

B Fig. 5. Filtration error depending on number of approximating vectors and adaptation process iteration number

JIOIA j-71 MPOEKIINY U OT HOMepa UTePaIly IPOIEe Ty PhI
agantanuu GuabTpoB g. BenuunHa E mMeeT CMBICIT
CPeJHEeKBaAPATUUYECKOT'0 OTKJIOHEHUA ITOT'PEIITHOCTHU
dunsrpamuu. Ha puc. 5, a mpencraBieHa 3aBUCH-
MOCTH BeJWUYUHBLI E, MOJy4YeHHOH II0 pe3yJbTaraM
MHOK€eCTBAa 9KCIIEPUMEHTOB, OT YKCJIa AIIITPOKCUMHU-
pyIoIuxX BeKTOPoB M B KaK 10U j-Ii IpOeKIUU IpU
3a/JaHHOM KOJIMUYECTBE UTEePAINil IPoIenyphl agam-
Tanuu napamMerpoB GpuabTpos g = 30. [JarHBIA mpU-
Mep WILIIOCTPUPYET XapaKTePHYIO IJId TaHHOM 3a1a-
Yu 0COOEHHOCTH 3aBUCUMOCTHU CPeJHEKBaapaTumyue-
CKOT'O OTKJIOHEHU S HMOTPENTHOCTU uibTpanuu E oT
YucJia arnimpoKCUMUPYIONINX BeKTOPOB M: HauMHaA
C HEKOTOPOTO 3HAUEHUA NaJIbHEHIIlee ero yBeaude-
HUe He IPUBOJUT K YMEHBIIEHUIO BeJINUYUHLI E, HO
TpebyeT 3HAUUTENbHBIX BBIUMCIUTEIBHBIX 3aTpar.
Ha pwuc. 5, 6 npencraBieHa 3aBUCUMOCTb, XapaKTe-
pusyioliaa usMeHeHre BeaInunHbl £ oT HOMepa uTe-
panuy g mpoleAyphl ajanTaluy IapaMeTpoB o ;
Gy,j» Mpqp j» U; € HCTIIONB30BaHKeM anropurma SPSA
[19]. HamHbIi TPpUMeD UJIIIOCTPUPYET BOBMOKHOCTH
YMEHBIIIEHUA CPeIHEKBAAPATHUECKOTO OTKJIOHEHU A
morpemHoCcTH (puabTpanuu F myTeM aganTUBHON
TMOACTPONKHY ITapaMeTPOB IMapIUaJIbHBIX (UILTPOB,
a TakiKe KoJiebaTeJbHBIN XapaKTep M3MeHeHUs Iie-
JIeBOII (DYHKIIUM B XOJl¢ MTEPAIIMOHHOTO IIpoIlecca
HOACTPONKHN MapaMeTpoB (PUILTPAIUU U HEeo0XOo-
IUMOCTDH IIPUHATUA Mep IO OIpPeleseHUI0 MOMEHTAa
OCTAHOBKU IIpOIlecca aJalTalluu.

AaroputmM mapuuaabHOH HeJIMHEITHOM
(puILTpANU TeJIeMeTPHPYEMBbIX IIapaMeTPOB

OcHOBO# TIpensaraeMoro MeToja MePBUYHOIN 006-
padorku TMU sBisgeTcsA aJropuTM IapiuaJbHON
Heauneiinon ¢Quiabrpanuu TMII. O peanusyercs
Ha BTOPOM OJTalle paccMaTPWBaeMOro MeToja 00-
paborku TMMN. Ilporecc peasmsaniuu aJropuTMa
BKJIIOUAET CJIeAVIOIUe IITaru:

IIar 1. BeoguM 3HaueHUs BPEMEHHOTO pAfa Xq,
Xg, ... aHaIU3UpPyemoro TMII.

IIIar 2. Bagaem pasmMepHOCT:L (PAa30BOI0 IIPO-
crpanctBa N. BBoguMm HauvaJibHBIE 3HAUEHUA Ilapa-
MeTPOB IapIUaIbHBIX HeJIUHEHHBIX (PUIBTPOB: (G j
Sy,jp Myop j» Vo» J =1, weo; (N = 1). It Beex j-x mpo-
eKIUi (h)a30BOT0 IIOPTPETA BLITIOIHAEM Itaru 3—12.

IITar 3. 3agaem HOMEpP AUCKPETHOTO OTCUETA Bpe-
meHu k = 0. 3arpyskaeM HauaJbHBIE BEKTOPHI COCTO-
AHUA Q;(, COOTBETCTBYIOIINE KOODAWHATAM LeH-
TPOB MHOKECTBa KJIACTEPOB {uj,k} B j-X IPOEKI[UAX
daszoBoro moprpera.

IITar 4. 3agaeM Yuc0 aIITPOKCUMUPYIONINX BEK-
TopoB M u moporosoe sHauenue M, ;. Cosnaem
MHOXECTBO AIIPOKCUMUPYIOINIUX BEKTOPOB {xj,k’i}
myTeM no6aBJIeHNA K HAYAJILHOMY BEKTOPY COCTOS-
HUA Qj,O 3HAUEHUII BEKTOpa IIyMOB M3MEPeHU Vj’k
C IapaMeTpPaMu G, ; U8 KOBAPUAIMOHHON MaTPUIIBI
D, %ki=Qjr+ Vp [nd BCex i-X alIPOKCUMU-
PYIOIIIUX BEKTOPOB BBIMOJHSAeM miaru 5-11, i=1,
ey M.

IITar 5. Cosmaem BeKTOPBI BECOBBIX KO3 hUITHEH-
108 W, =[W;, .1, W, =1/M.

IITar 6. YBerunumuBaemM HOMEDP AUCKPETHOI'O OTCUE-
Ta BpeMeHU: k = k + 1. 3arpy:xaeM BeKTOp 3HAUEHUH
TMII Xj’ 5 JLJISL BCeX BO3MOXKHBIX (Pa30BBIX II€pexo-
OB B COOTBETCTBUU C JUHAMUYECKON MOIEJIBIO 13-
menenusa TMII Beimosrasem maru 7—11.

IIlar 7. OGHOBJIIEM MHOKECTBO AIIIPOKCHUMUPY-
IOII[MX BEKTOPOB {xj’ k,i} C ACIIOJIb30BaHUEM BEKTODOB
KO3(h(PUIIEeHTOB r; > BEKTOPOB BO3MYIIeHU S]-’ L
C mapaMeTpaMu O, ; U3 KOBapHALMOHHOH# Marpu-
usl D ; 1 BeKTOPOB IIyMOB n3MepeHuii V; ;, ¢ mapa-
MeTpaMu G, ; U3 KOBapHalMoOHHOI Marpunsl D, it
Xisk,i = T 01,0~ Wjp-1) + Wy + Sj 5+ Ve

IIIar 8. Onpegensem QYHKIUU IPABIOIOI00US
P(X; k/xj’k’i) U C y4eTOM IIOJYUYeHHOTO 3HAUeHUS
GYHKIIUA OpaBIOmOgo0us IIepecuynuThiBaeM BEeKTOD
BeCOBBIX KOa(ppuunentoB W; , =[W; ; ;1.

IIar 9. Beruucasem sh@GEKTUBHBIN pasMep ai-
IPOKCUMUPYIOLeil BBIOOpKY M, s i

Mar 10. Eciu M,z ;< My, j, OCYIIECTBIAEM pe-
reHeparuio MHOMKECTBA allIPOKCUMUDPYIOIINX BeK-
TOPOB {xj’ k,i}» MHAYe mepexoxuM K mary 11.
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IITar 11. ®opmupyeM Ha OCHOBE MHOKECTBA Aall-
IPOKCHMUPYIOIIIX BEKTOPOB {xj’k’i} OIIEHKY BEKTO-
pa cocToHUS Q]-,k. BerunciasieM IIOrperrHocThb Ej’k
MeXKJy IOJIY4YeHHOW OIeHKOH BEKTOpa COCTOSHUSA
Q;,, ¥ KOOpAMHATAMU LIEHTPA KJIacTepa W; , AL BCeX
(ha30BEIX MEPexoJ0B JUHAMUYECKON MOZeIN U3MeHe-
uusa TMII. Beibupaem Hauryudiiiee sHauenre Q ik

IITar 12. PaccunTbiBaeM 3HAUEHUSA BPEMEHHOTO
pana zq, 2, ... OTQUIBTPOBAHHBIX 3HAUCHUN X1, Xy,
... anaausupyemoro TMII.

IITar 13. IIpoBepsAeM ycJIOBUE: €CJI BpeMeHHAs
peanusanusa amajaumsupyemoro TMII me 3axkonuwu-
Jlach Ha OUCKPETHOM OTCUETe BPEeMeHU k, TO Iepe-
XOOUM Ha Iar 6, nHauye 3aKaHYUBAEM BBIIIOJTHEHUE
aJiropuTMma.

Ha »srame agamrammm ocCyIllecTBJIAETCA Ha-
CTPOIiKa IIapaMeTpPOB IapIUaJbHBIX HEJIMHEHHBIX
GUIBTPOB G ;, Gy, ;, My j» Uj C LEIBIO JOCTUIKEHISA
MUHUMAJBLHOTO 3HAUEeHUs IejeBorl QyHKmum (13).
ITonryuennble Ha TeKyIeidl wuTepanum IIpolecca
ajanTaluy ONTUMAaJbHbIe 3HAUEHUSA IIapaMeTPOB
(S5,j» Op,jp Mop j» V)opt PUIBTPOB UCIONBIYIOTCA LA
obpaborku TMII Ha cienyioiieil urepauu Ipoiec-
ca aflanTaIuu.

IIpumepst mepBuuHOil 06padoTku TMHU
C MCIIOJIb30BaHNEM MapPIUaAJIBLHON
HeJIUHEWHO! (huapTpanun

Paccmorpum pesyrbraThl 00pabOTKHM MOIEIHHOTO
TMII ¢ n3BeCTHBIMU XapaKTEPUCTUKAMU, UMEFOIIe-
O HeJIMHENHBIN XapaKTep M3MeHEeHUs BO BpeMeHU.
HccnemoBanuchk gBa mMeToga o0pabOTKU B (DasoBOM
IPOCTPAHCTBE AHAJU3UPYEMBIX AUHAMHUYECKUX
mpoilieccoB: 1) ¢ HCIOJb30BaHUEM (PUILTPYIOIINX
CBOMCTB CAMUX TMHAMHUYECKUX MOJeJel n3MeHeHn
TMII 1 5BKJINIOBOM METPUKM; 2) C MCIIOJb30BaHUEM
ypaBHEHUU COCTOSHUA U HAOJIONEHUA W IIpeajara-
emoro metoma obpaborku TMII Ha ocHOBe mapiu-
aJbHBIX HeJIMHEHNHBIX (DUILTPOB. B KauecTBe BO3MYy-
IIIeHU# MCIO0JIb30BAaJICA TaYyCCOBCKUM MIYM, a TaKiKe
cMeCch T'ayCCOBCKOT'O IIIyMa, UMITYJIbCHBIX IIOMEX U
BOBMYIIIEHUSA TUNA «IIOCTOAHHOE cMeIeHue». C yue-
TOM orpaHudyeHus 3HaueHuit TMII moskHO cumTarh,
YTO MOJIyUeHHAasa CMeCh BO BCEX CAyYasaxX ITPeIcTaB-
JisieT o001 HeraycCcoBCKYIO IIOMEXY.

MopgenupoBaHue OCYIIECTBJIAJIOCH TPU CJIEAY-
IOIUX YCJOBUSAX: OTHOINIEHWE CpefHeKBaapaTuue-
CKOT'0 3HAUEHUS IITyMOBOM momMexu K ypoBHio TMII
He mpesbimago 10 B, uMmmoyabcHAas mmomexa 3aja-
BaJlach B BUJE TOCJIEJOBATEIBHOCTH AHOMAJbHBIX
OTCUETOB C BEePOATHOCThIO UX BosHuKHOBeHusA 0,01,
YPOBEHDb IIOMEXU THUIIA «IIOCTOSHHOE CMEeIl[eHue» CO-
orBeTcTBOBaJ 10 ammauryme 10 % Tenremerpuye-
cKol mkaJjabl. PaccuuranHas pasMepHOCTH (ha30BO-
ro mpoctpaHcTBa cocraBuya N = 11, ucxonsa us aToro
MCII0JIb30Baoch 10 YHU(PUIIMPOBAHHBIX JUHAMIUE-

ckux mopeseit nosemenus TMII B 1ByMepHBIX IIPO-
eKnuAx (ha30BOro IPOCTPAHCTBA. UWCIO ammpoK-
CUMUDYIOINX BEKTOPOB B KaMIOU j-I IPOEKIUU
¢dasosoro moprpera cocrapuyio M = 50, o011iee UMCIIO
aNIIPOKCUMUPYIOINX BeKTOPoB coctaBuyo 500. ITo
Kaskaou peanusanuu aHaausupyemoro TMII 6b110
mpoBemeHo He MeHee 10 9KCIIEPUMEHTOB, YNCJIO UTe-
pamuii IpoIeAyphl aJanTaluy IapaMeTpPOB (UJIb-
TPOB B KaXXJIOM SKCIIEPHMEHTe OBLIJI0 BBIOPAHO paB-
M g =30. B xozme perrenus 3amavyu aganTUBHON
dunapTpanuy U MUHHUMHA3AIUU IEJeBOH (PYHKINU
(13) cuuresupoBan (N — 1) maprnuaabHBIN HeJIUHEH-
HBIIl QUIBTP C TAPaMeTPaMu (G j, Gy, jy My j» Vdopt-
Tak Kak B JaHHOII 3ajaue MCCJIEIOBAJINCH MOJEJIb-
Hble BpeMeHHbIe panbl TMII, To a1s oleHKU Kaue-
cTBa QUJIbTPANU ObLJIA MCIOJIb30BaHA CPeTHEKBA-
paTryecKad MOTPEITHOCTh GuabTpanuu E, Mexmy
00paboTaHHBIMY U UCTUHHBIMY 3HaUeHuAMU TMII:

EO(GS,j’GU,j’ Mnopj’ U]')Z

1 & 2
=7 2Tk 2 (0O Maop > 07) [ (1)
H ™ “k=1
The X,q, X9, ... — UCTUHHBbIE 3HAUEHUS BPEMEHHBIX

panos TMIIL. CpegHekBagpaTuyecKas IIOTPEITHOCTD
¢unerpanun E(, onpenensgemas BoIpakeHueMm (14),
OoTJIMUaeTcs OT BeanunHbl E u3 Beipaskenusd (13) uc-
II0JIb30BaHUEeM NCTUHHBIX 3HAUEHU X, 1, X9, ... BPE"
MeHHBIX panoB TMII, koTopble B JaHHOM caydae 13-
BecTHBI, TaK Kak TMII apasaoTcsa MOAeJIbHBIMU.

Ha puc. 6 npexncraBieHBI 3aBUCUMOCTH CPeIHE-
KBaJpaTuyecKoi morpemtHoctu E, oTGUIBTPOBAH-
ubix 3Hauenmitn TMII oT cpemHeKBaapaTUUYECKOTO
3HaUYeHUd IIOMeXH G,,. Puc. 6, a cooTBeTCTBYeT GUIb-
TpaIiU B YCJIOBUAX rayCCOBCKOIT momMexu, puc. 6, 6 —
(unapTpanUM B yCIOBUAX HETAYCCOBCKOU ITOMEXMU.
Kpussie 1 coorBerctByioT duabrpanuu TMII ¢ uc-
TIOJIb30BAHUEM (DUJIBTPYIOIIUX CBONCTB MOZAENIU U
9BKJINIOBOII METPUKHU, KPUBBbIe 2 — (PUIBTPAIIUU
TMII ¢ ucmoJib30BaHMEM NapHUaJbHBIX HeJIHWHEe-
HBIX GuabTpoB. OrpaHKNYeHNe BeIUUMHE E, ¢ po-
CTOM G, B 000X CIy4asaX 00bACHAETCA UCI0Ib30Ba~
HUeM OrpaHuYUTesel aMIJIUTYIbI.

Ha puc. 7 npeacrasieHbl pe3yabTaThl 00PabOTKI
BPEMEHHBIX PANOB 3HaueHUU TunoBbrx TMII B ycio-
BUAX BO3/IeHICTBUA rayccoBCKoii nomexu (mpu o, = 0,2)
B BuZie OT(PUIBTPOBaHHBIX 3Hauenuii TMII npu map-
MUaJbHONM HeJuHeWHol ¢uiabTpanuu. Puc. 7, a co-
OTBETCTBYeT (puiabTpalnuu (pyHKIuoHaabHOro TMII
U, puc. 7, 6 — ¢unsrpanuu curgaasaoro TMII U,,.
Kpussle 1 cooTBETCTBYIOT M3MEPEHHBIM 3HAUYEHUAM
TMII, xpuBble 2 — OTPUIBTPOBAHHBLIM 3HAUEHUIM
TMII, kpuBsie 3 — ucTuHHBIM 3HaueHUAM TMII.

Ananus 3HaUeHUN CpemHEeKBaApaTHUUECKOl IIo-
TPEITHOCTY (PUIBTPAIUU, JOCTUTHYTOM IIpu 06paboT-
Ke BpPEeMEHHBIX DPAJOB 3HAUEHUN (PYHKIIMOHAJIBHBIX
TMII, mokasajyi, 4TO B PACCMOTPEHHBIX YCJIOBUIX

NeS, 2008 N\
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B Puc. 6. 3aBucuMOCTHU cpefHEeKBaaApaTuueckoi morpemraoctu duabrpanuu TMII B Bo3aeilicTBUY raycCcoBCKOii (a) u He-

rayccoOBCKOI (0) momexu

B Fig. 6. Mean square error of TMP filtering in influence of Gaussian (a) and non-Gaussian (6) interference
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B Puc. 7. Pe3yabraThl MapnuaJbHON HeJIWHENHON QuabTpanuu TUIOBHIX GyHKIuoHaMbHOTO TMII (@) M CUTHAIBLHOTO

TMII (6)

B Fig.7. Results of partial nonlinear filtering of typical functional TMP (a) and signal TMP (6)

MeTOoJ, MaprruaJbHON HEeJWHEMHON (PpUIBTpAIINU TIO-
3BOJISIET TOBBICUTDH JOCTOBEPHOCTH OLIEHKY 3HAUCHUN
TMII mo 30 %. B KauecTBe mmoKasaTessi JOCTOBEPHO-
CTH WCIIOJIL30BAJACh JOBEPUTEIbHAS BEPOSATHOCTDH
npuHaaiae:xkHocTu oneuku TMII K moBepuTeIbHOMY
WHTEPBaJIy, KOTOPBIH OIIpee iaica CpeJHeKBapaTu-
YEeCKOU MOT'PENTHOCTHIO (DUIBTPAIIUN U COOTBETCTBO-
BaJ AuamnasoHy ee sHaueHuit (1...2)E,. Taxum ob6pa-
30M, IIpe/JiaraeMblii MeTO[ I03BoJIAeT 00pabaThiBaTh
pasuopogabie TMII B ycioBUAX BOSMYIIIEHUN U IITY-
MOB M3MEPEHU, OIMChIBAEMbIX B BUJE I'ayCCOBCKUX
W HerayccoBCKUX Iomex. IlomoOHasa yHupUKAIUS
OueHb BasKHA JJII aBTOMATU3AIUYU TIePBUYHOIN 00pa-
6orku TMU B uHTepecax omeHKU cocToaHuss BA KA.

3aKJI0ueHne

IIpenmo:KeHHBIN MeTOHL IIEPBUYHON 00paboTKU
TMHM ma ocHOBe ZMHAMMHUECKUX MOJeJel M3MeHe-
Hua TMII u mapnuaiabHON HeJIWHENHOUW (GuIbTpa-
UMY TIO3BOJISIET MOBLICUTH JOCTOBEPHOCTEL 00PabOTKI

TMMHW u onepaTuBHO BBIABUTH udmenenua TMII, cy-
IIIeCTBEHHBIE C TOUYKW 3PEHUS BBLIABJIEHUA HEIITAT-
HBIX U aBapuiHBIX cuTyanuii Ha 6opty KA. B pe-
3yJbTaTe IPOBEIEHHBIX WCCJIEIOBAHUMN NPOAEMOH-
CTPHPOBaHA PAOOTOCIIOCOOHOCTh METOAA I CayUas
TrayCCOBCKMX M HETrayCCOBCKUX IIOMeX B YCJIOBUAX,
IPpU KOTOPBIX HAPYIIAETCS YCTOMUYMBOCTH METOIOB
JauHenHOU puibTpanuu. Hecmorpa Ha TO, UTO maH-
HBI MeTon (uabTpanuu TpedyeT 3HAUUTEIbLHBIX
BBIUVCJIUTEJIBHBIX PECYPCOB, 9TO HE ABJIAETCA KPU-
TUUYHBIM i o6paborku TMU npu mcmnosb3oBaHUN
COBPEMEHHBIX TEeXHOJIOTHMH pacmapaJijieIuBaHus
BBIUMCIUTEIbHBIX mporeccoB [20]. Caemyer Tak:ke
OTMETUTD, YTO IPU IPAKTUUYECKON Pean3aIiiy mmap-
IUaJbHOM HeJUHEWHOU (uabTpanuu Ha pe3yabTaT
oopaborxu TMII 3auacTyio cyIecTBeHHOE BIUSIHUIE
OKa3bIBAIOT BCEr0 HECKOJIBKO IMPOEKIui (hasoBo-
T'0 TIOPTPEeTa, UTO IIO3BOJIET TOBOPUTH O PA3BUTUU
peAjaraeMoro MeTofa B HAIIPaBJIEHUM CO3JaHUS
CcTpaTeruu BhIOOPA HAMJIYUIIIUX IPOEKITNI Ha aTale
aJanTanuy IapaMeTpoB QUILTPAIIUY U TEM CAMBIM
YMEHBIITeHUS €70 BEIYUCIUTEIbHOMN CIOKHOCTH.
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Introduction: At the stage of preliminary processing of telemetric information about the technical state of on-board spacecraft

equipment, there is a need to detect changes in telemetry parameters which are important from the viewpoint of detecting and fixing

emergencies. The solution of this problem is complicated by nonlinear character of change in the majority of on-board equipment

functioning parameters and by various perturbations which cause changes in the analyzed telemetric parameters. Purpose: Developing

a method of telemetry data processing in order to increase the reliability of heterogeneous telemetry information from spacecrafts
under real perturbation and nonlinear changes in their parameters, based on filtering the time series of telemetric parameter values.
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Results: A method of telemetry information processing is proposed, based on dynamic models of change in telemetric parameters of
on-board spacecraft equipment in phase space projections and partial nonlinear filtering of the analyzed time series, using stochastic
approximation of state vector distribution probability density function. We discuss the advantages of primary processing of telemetric
parameters of spacecraft airborne equipment in multidimensional phase space, provided by the possibility of selecting the most
significant phase portrait projections from the viewpoint of filtering results. The developed algorithm of non-linear partial filtration
allows you to adapt to the perturbation parameters. The validity of this method has been demonstrated for Gaussian and non-Gaussian
perturbations at conditions under which the stability of linear filtration methods is violated. Practical relevance: The proposed approach
is unified for processing of dissimilar telemetry parameters, providing an increase in estimation reliability of both functional and signal
telemetric parameters of spacecrafts under real operating conditions.
Keywords — telemetry, telemetry parameter, dynamic process, phase space, partial nonlinear filtering.
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CtatuctuuecKkmue mMeToAbl UCCAEAOBaAHUA
ceTeBoOro tpaduka

T. M. TatapHuKOBa®?, AOKTOP TEXH. HayK, AOLEHT, orcid.org/ 0000-0002-6419-0072, tm-tatarn@yandex.ru
aCaHKT-lNeTepbypreckuii rocyAapPCTBEHHbIN YHUBEPCUTET ad3pOKOCMUUECKOro MprbopOCTPOEHMS,
B. Mopckas yA., 67, CaHkTt-[letepbypr, 190000, PO

IMocTaHoBKa NpobAeMbl: KOHLENUMS EAMHOM MYABTUCEPBUCHOM CETU, MPEeArnoAararoLasl MHTerpaumio rnepesadym peuu,
A@HHbIX U MyAbTUMEAMA, MOBYAMAA MHTEPEC K M3YUEHMIO MPUPOALI CETEBOrO Tpaguka. MiccaeaoBaHMs Tpace Tpaduka, 3anu-
CaHHOro B KPynHbIX MacLuTabax BpeMeHHM, MoKa3blBaroT HaAnymMe B HEM CaMOMoAOBHOM CTPYKTYpbI, UTO TpebyeT nepecmorpa
PE3YALTATOB MOAEAMPOBAHNS MHOOKOMMYHUKALMOHHBIX CETEN B MPEAMOAOXEHMM O NMYaCCOHOBCKOM [OTOKE AaHHbIX. LieAb
MCCAEAOBAHMA: C LIEABIO MOAYYEHUS MHCTPYMEHTaAbHbIX CPEACTB AASI FrEHepaumnmn UCKYCCTBEHHOrO Tpapuka, aAeKBaTHO OT-
paxaroLero peaabHbi Tpapuk CETU C YUETOM BbISIBAEHHbIX CBOMCTB CaMonoAobusi, M3yYnTb NOCAEAOBATEABHOCTb MPUMEHE-
HUS METOAOB U3YUYEHHS MPUPOAbLI CETEBOIO TpadumKa, BbISBASIOLLMX CAMOMOACBHYHO MPUPOAY Tpaduka B BUAE CTATUCTUUECKMX
OLIEHOK UM rnoka3atensi Xepcra. Pe3ynbTatbl: npoBepeHbl CBOKMCTBa caMonoaobusi paccmarprBaemoro 3G-tpaduka Ha pas-
HbIX BPEMEHHbIX LKaAax, NoAyYeHHbIx arperaumeri no 5, 10, 15 u 20 MUH Ha UMERLLUMXCS CYTOYHbIX AaHHbIX 3G-Tpaduka.
[MoAyyeHa oLEHKa TSXKECTU «XBOCTa» PaCPEAEAEHUS] CaMOMOAOBHOIro Tpapuka METOAOM MOCTPOEHUS AMHUKM PEFPECCUU ANST
AOMOAHWUTEABHOM QYHKLIMU PaCNpeAeAeHNs B AorapudMUYecKoM MacluTabe. 3HaueHne napameTpa caMornoA0bus, onpesens-
eMOoe TSXKECTbH) «XBOCTa» PACMPEAEAEHUS], MO3BOAMAO MOATBEPAMTL MPEAMNOAOKEHUE O caMornoaobumn 3G-Tpaguka. BbinorHeH
0630p MOAEAEN, UMUTUPYIOLLIMX PeaAbHbIN CETEBOM TpapuK ¢ caMornos0bHOM CTPYKTYPOK. PeaAn3oBaHbl MHCTPYMEHTaAbHbIE
CPEACTBa ANSI reHepaLMmu UCKYCCTBEHHOIO TpaduKa B COOTBETCTBMM C PACCMOTPEHHBIMU MOAEASIMU. BbIMOAHEHO CpaBHEHME
reHepaTopoB MCKYCCTBEHHOIO CETeBOro Tpapuka rno KPUTEPUIO METOAA HaUMEHBLLMX KBaAPAaTOB annpoKCUMAaLMN TOYEYHbIX
3HauYeHMI UCKYCCTBEHHOIO Tpapuka annpokcumupyrollein oyHkumern 3G-Tpaduka. YUteHbl KaueCTBEHHbIE OLEHKU reHepa-
TOPOB MCKYCCTBEHHOIO CETEBOro Tpaduka B BUAE TPYAOEMKOCTU MX MPOrpamMMHON peaAr3aumu, 4to, BpoYemM, MOXeT BObITb
CYOBEKTUBHOM OLIEHKON. CpaBHUTEAbHbIE XapaKTePUCTUKK MO3BOASIHOT BblOpaTb reHepatop(bl), KOTOpble MakCUMaAbHO MpaB-
AOMOAOBHO MMUTHPYIOT peabHbIk ceTeBok TpaduK. MpaKTMuecKas 3HaAYUMOCTb: PEANOKEHHAS MOCAEAOBaTEAbHOCTL METO-
AOB MCCAEAOBaHMsSI CBOMCTB CETEBOIo Tpapuka HEOOXOAUMA AASI TOHUMAHUS €ro fMpUpPoAbl U pa3paboTKu COOTBETCTBYHOLLIMX
MOAEAEH, UMUTUPYIOLLIMX PEeaAbHbIM CETEBOM TpaduK.

KaroueBble cAnoBa — ceTeBoOM Tpaduk, camMonoA0OHbIV MPOoLect, AOArOBpeMeHHas 3aBUCMMOCTb, MEAAEHHO 3aTyxatroLas
AMCrIEepCHs], PacrpeAeAeHUe C TSXKEAbIM «<XBOCTOM», MapamMeTp CamMornoAobus, MOAEAM UMUTALIMM CaMONOAOBHOMo Tpagurka.

IMutupoBanue: Tarapuukosa T. M. CraTuctuyecKkre MeTOABI UCCIEJOBAHUA ceTeBOro Tpadukra. HHOOpMAyUOHHO-YnpasLioujue cucme-
moL, 2018, Ne 5, c. 35—43. doi:10.31799/1684-8853-2018-5-35-43

Citation: Tatarnikova T. M. Statistical methods for studying network traffic. Informatsionno-upravliaiushchie sistemy [Information
and Control Systems], 2018, no. 5, pp. 35—43 (In Russian). doi:10.31799/1684-8853-2018-5-35-43

Beemenmne

MopenupoBaHUe OIEHUBAHUA XapPaKTEPUCTUK
00Cay:KUBaHUA CETEBOTO TpaduKa ocTaeTrcsa B Ha-
cTodAIee BpeMs aKTyaJbHOW HAYYHOHM 3aJauei.
JocToBepHBIE OLIEHKU CETEBOTO TpaduKa He0OX0omau-
MBI IIPY MJIAHUPOBAHUY PA3BUTHUA T€JIEKOMMYHUKA-
IIMOHHBIX CeTeH, BEIOOPE MOMUTUKY AudhepeHItupo-
BAHHOTO OOCJYKMBAHUSA U XapPaKTEPUCTUK BBIUMC-
JUTEJIHLHBIX PECYypPCOB, TapaHTUPYIONIUX TpedyemMoe
KauecTBO OOCJIYy:KUBAaHUS IIPU COOTBETCTBYIOIIEH
cereBoil HarpyskKe [1, 2].

BenbIxHYBIINMT MHTEpPEC K M3YUEHUIO IITPUPO-
IbI ceTeBOro TpaduKa o0BbACHSIETCA Pe3yabTaTaMu
WCCJIeIOBAHUM, MOKA3aBIINX HaJIW4dWe B Tpadure
IOJTOBPEMEHHBIX 3aBHCHUMOCTEI MM IIpoIlecca ca-
MOIIOAOOUSA. T M3MEHEHHUS B CTPYKType Tpahura
CBS3aHBI C peanusalireil KOHIENIIUN eIUHON MYJIb-
TUCEPBUCHOII CEeTH, IIPeAIloJaraiolleil nHTerpano
mepefavyy peuu, JaHHBIX U MyJabTuMenua [3, 4].

Ha ceromgmamniamii geHb TeopuUs CAMOIIOJOOHBIX
CTOXaCTUYECKUX ITPOI[ECCOB He TaK XOPOIIIO PA3BUTA,

KaK Teopud IIyaCCOHOBCKUX IIPOIIECCOB. YUUTHIBAA
M3BECTHBIE BBIBOALI O CAMOIIOJOOHOCTU CETEBOTO
TpaduKa, aKTYaJbHBIMA 3aJa9aMU CTAHOBSATCS Me-
TOABI €r0 U3yUYeHUA U pa3paboTKa MHCTPYMEHTAIb-
HBIX CPEJCTB IJI reHepalliy MCKYCCTBEHHOI'O Tpa-
(uka, ageKBaTHO OTPAKAIOIIETO PEATHLHBIN HEOTHO-
ponHbIii Tpaduk cetu [5, 6].

CroiicTBa U XapaKTepPUCTHUKN
CaMOMOIO0HBIX IIPOILIECCOB

CaMoOII0J00HOCTH OIIMCHhIBAET SIBJEHUE, MPU KO-
TOPOM HEKOTOPbI€ CTATHUCTUUYECKIE XapPaKTePUCTU-
KU IIPOIeCCa COXPAHAIOTCS IIPU MACIITA0MPOBAHUN
Bpemenu. Ilpu ycpeaHeHMM IIO IIIKAJie BpPeMeHU
Yy CcaMOIIOZ00HOI0 IIPOIecca He IIPOUCXOAUT OBICTPO-
o «CIVIAKUBAHUA», T. €. COXPAHAETCA CKJIOHHOCTH
K Bcmieckawm [7, 8].

K cBoiicTBaM, XapaKTepU3YIOIIUM CaMOIIOL00-
HOCTB IIPOIleCCa, OTHOCAT TaKle, KaK MeIJeHHO 3a-
TyXawIasa IUCIEPCHUs, TOJTOBPEMEHHAS 3aBUCHU-
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MOCTb, HAJIMUNE PACIPEAEICHNSI C TAKEIBIMUA «XBO-
cramm» [9-11].

CBoOIicTBO MeIJIEHHO 3aTyXalolllell [IHCIIepChuU
3aKJII0YAaeTCs B TOM, YTO AWCIEPCUA BBHIOGOPOUHOTO
cpegHero 3aTyxaeT MejJieHHee, YeM BeJInuYuHa, 00-
paTHas pasmMepy BBIOOPKI, T. €.

D(X(”)(t)) —oZn2H2 o, Q@
riae 62 — gucnepcus mporecca X(t); 1 — 00beM BbI-
6opxu; H — mapamerp Xepcra (TapaMeTp CaMOIIO-
mobus), 0,56 < H < 1.

OrMeTuM, UYTO [AJIA TPASUIIMOHHBIX CJIyYaii-
HBIX ITPOIIECCOB AMCIIEPCUS BLIOOPOUHOTO CPEIHEro
YMEHBIIIAeTCsI 00paTHO IIPOIOPIIMOHAJILHO 00heMy

2
BBIOOPKM: D(X(n) (t)) = %.

Hanuuwme moiroBpeMeHHOM 3aBICHMOCTHU 3aKJIO-
yaeTcs B TOM, UTO CAMOIIOJOOHBIN IIpoiece obJaga-
€T r'uIepOoJINUYECKH 3aTyXaloleil KOPPeIAIlnOHHON
dyHKIIUEH

R(k)=kCH DLk, VE>1, k> o, @)

rane L(k) — MemJieHHO MeHAMOMIasdAcA (PYHKIUA Ha
0EeCKOHEUYHOCTH, AJISI KOTOPOI
L(k
lim Likx) 1 nia Beex x > 0. ®3)
ko L(k

CBOIiCTBO HAJIMUUA PACIpENeIeHUA C TAKEIbIM
«XBOCTOM» 3aKJIIOUAETCS B TOM, UTO CJIyUaiiHASA Be-
anunua X uMeer paciupenesieHrue C TAMXeJIbIM «XBO-
cToM», ecou [12]

P(X>x)~cx™, x>0, “4)
rme 0 < o < 2 — mapameTp (DOPMEI pacIIpenesIeHns;
¢ — HEKOTOpasd IOJIOKUTEJbHAA KOHCTAHTA.
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MeToasI HCCIETOBAHUA
CcaMOIIOTO0HOTO Mpoliiecca

CymrecTByeT pAf IPUEMOB, IO3BOJAIONIUX BBI-
MIOJIHUTH IPOBEPKY CBOMCTBA CaMOIIOO0US UCCIenY-
emoro nporecca [13-17].

AddeKrT camorogodmsa MOKHO HAGII0AaTh Ha I'pa-
durax (puc. 1-4), UIITIOCTPUPYIOIIUX W3MEHEHUE
BPEMEHHOU IIKaJbl, IPU KOTOPOM CTPYKTypa pAna,
MIOJIYYEHHOI'0 yCPeJHeHneM I'PYIII 9JIeMEeHTOB, OCTa-
eTcs TaKOH JKe, KaK U CTPYKTypa MCXOJHOTO. ITOT
daKT ABJsAEeTCA HPEANOCHIIKON A IIPEeAIIooKe-
HUS O CAMOIIOZO0HON CTPYKTYPE PacCMaTPUBAEMOrO
IrpoIiecca U OCHOBaHUEM JJIA MPOBeNeHUs NabHe-
mrero 6oJiee mostHOTO aHaausa [18].

Paccmorpum cyrounnle nanuble 3G-Tpadukra or
20.08.2018 r., mpemocTaBieHHBIE COTOBLIM OIIE€PaTO-
pom MTC r. Carkr-Ilerep6ypra (puc. 1). Bpemenuoit
pan cocrout us 1440 nabarogeHn, KasKI0e U3 KOTo-
PBIX IpeaCTaBJISAET cO00H 00beM SKCIIyaTUPyeMOit
yeayru X, I'GaiiT, 3a Bpema ¢t =1,1440 mu=.

BoinosiHuM arperaiuio BpeMeHHOr0 Psijia, YMeHb-
IITUB pasMep IIKaJbl HaOII0eHU B 5 pas. 3HaUeHUA
HOBOT'O BPEMEHHOTI'0 PsAIa [OJIYUYeHbl B COOTBETCTBUU
CO CJIeVIOIINM BBIPAKEHUEM:

tm
> X

i=(t-1ym+1
Xy =——77"7", )
m
rme m — 4YHCJIO YCPpeAHAEMBIX IIOCJIedOoBaTeJIbHBbIX

YJIEHOB pAIA.

Hosbiit pag skaouaeT 288 coObITHI 1 IPUBENEH
Ha puc. 2.

Ta ke mporeaypa ¢ YMeHbIIIEHEeM pas3Mepa Bpe-
MEHHOI IITKaJIbI ICXOIHOTO psAga Habaronenuii B 10 pas
IIPUBOAUT K PE3YJIbTaTy, IIPEJCTABICHHOMY Ha PHUC. 3.

VYMeHbIlleHe pasMepa BPEeMEHHOM IIKaJbl HC-
XOAHOro psaga Habmonenuii B 20 pa3 IPUBOLUT K pe-
3yJIBTATY, IPEICTABJIEHHOMY Ha puc. 4.

1800

1600
1400

1200

1000

800 |

600 I||

400

O6wem Tpadpura, MB

200

2
—

0 Ll .lh] .ll

<t
©

379
442
505 =

L
©
—
()

127
190
253
568
631
694

B Puc. 1. Ucxonusrii 3G-Tpaduk 3a nepuog 1440 mun
B Fig. 1. Initial 3G-traffic period of 1440 min

t, MUH

757
820
883
946
1009
1072
1198
1261
1324
1387

36 7 VHOOPMALIMOHHO-YMNPABASIOLLIVIE CUCTEMBI

7

N¢ 5, 2018



N\

400

MOAENIPOBAHVE CUCTEM N NPOUECCOB

350

300

250

200

150 i

100

O6bem Tpadukra, MB

so L i M,

o M I

(i
W™

- ¥ > O M © O
— N 0 © - O

105
118

131

144
157
170
183
196
209
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B Fig. 2. Aggregation 3G-traffic over 5 min for the period of 1440 min
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B Fig.3. Aggregation 3G-traffic over 10 min for the period of 1440 min
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B Puc. 4. Arperanusa 3G-rpadukra oo 20 mun 3a nepuon 1440 mun
B Fig.4. Aggregation 3G-traffic over 20 min for the period of 1440 min

BusyasbHoe Ha0I0AeHNEe arperupoOBaHHBIX IIPO-
1meccos (cM. puc. 1—4) T03BoJIAeT ¢IeIaTh BBIBOJ O CO-
XPaHeHUU CTPYKTYPHI IIpoIecca.

IMasee HEOOXOAUMO OIEHUTH TSAMKECTH «XBOCTA»
pacmpenenaeHusa — mokasaTeiab o.. C aTOM 1eabio 1o-
cTpouM rpaduK JOMOJHUTEIHHOTO PACIpEeIeTeHUs

F(x)=1-F(x)=P(X>x) U3 HelepeCeKalonXcs
TPYIII, O0BeIUHSAIOIIUX COOBITHSA HMCXOTHOI'O IIPO-
mecca, M BBIUMCJIUM YaCTOThI IOMAJAHUSA B KaiK-
nulii HTEpBaJ. IlocTpouM HOBBIN PAJ, BBIUKCJIUB
cpenHee 3HaUeHNe B KaiKJIOM HHTepBaJie, M COOT-
BeTCTBYMOIYI0 yacToTy. Ilonyuernas pyHKIIIA pac-

NeS, 2008 N\
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IpefeseHnsA I03BOJIAET BLIUUCIUTD 3HAUCHUSA F (x)
¥ TIOCTPOUTH ee rpaduK B JJOTapUDMUUECKOII IITKaJe
(puc. 5).

ITocTpoum JIMHWIO Perpeccuu AJA JOTOJTHUTEN -
HOU (DYHKIIMU pacipeneeHus (puc. 6) u, BBIYMCIUB
TaHTEHC yIJla HaKJIOHA K TOPU3OHTAJIBHOM OCH, IIO-
JIyYUM 3HAUeHUe IIapaMeTpa o

o clog F(x) ©6)
ologx
yepes KOTOPBIN BhIPA’KaeTcsA mapaMeTp CaMOIIOLO-
ousa H =3—_oc.
2

ITorasaress o MOXKeT MPUHUMATL BHAUEHUA HA
unrepsate [0, 2]. Yem MeHbIIIEe 9TO 3HAUEHUE, TEM
TAMKeJIee «XBOCT» pacupeneaenus [18].

Pacmipenesenne ¢ TAMXKENIBIM «XBOCTOM» WMEET
pAL CBOMCTB, KOTOPBIE CYIIIECTBEHHO OTJINUYAIOT €To
oT HanboJiee N3BECTHBIX PACIIPEIeIeHNH, TAKUX KaK
SKCIIOHEHIIMAJIbHOE, HOPMAJbhHOE WJIU IIYaCCOHOB-
ckoe [19].

Ecau o < 2, Torma pacupenejieHne nMeeT 0eCKO-
HEUYHYIO JUCIIEPCUIO.

Ecau a <1, To pacupeneienue nMeeT 0OeCKOHEU-
HOe cpeqHee.

IIpu yMeHbIIEHUM O HPOU3BOJbHAA OOJBIITAA
MOpIuA TJIOTHOCTH MOXKET OBITh WIpeicTaBJIeHA
B «XBOCTe» pacmpeeeHnsd. PaKTUUECKU TAMKETbIH
«XBOCT» O3HaUaeT HajJuuue OeCKOHEUHON IUCIep-
cu¥, MHAUe TOBOPs, CAydYaliHasd BeJIUUYWHA MOJKET
MPUHUMATL OYeHb OOJIBIINE 3HAUEHHNS, HO C OUYEHb
MaJIeHBKOU BEPOATHOCTBIO.

BriBenennoe ypaBHEHIE Perpeccuy MOKas3bIBaerT,
YyTO (L MPUHUMAaeT 3HaueHue, pasHoe 1,29, u a €[0;
2], oTKyma ciemyer, UTO pacupefesieHre TaHHBIX
3G-TpaduKa UMeeT CBOMCTBO TAMKEJIOT'0 «XBOCTa».

BoiunciuM 3HaueHMEe TapaMeTpa CaMOIIoZo0umsa
H=3 - 1,29)/2 = 0,855, uTo TaK:Ke IIOATBEPKIAET
CBOMCTBa CaMOIOLO0Is paccMaTpPUBAeMOro IIpoIiec-
ca, Tak Kak H €[0,5; 1]. Paccunraunsbiit napamerp H
OymeM WMCHIOJIb30BaTh IIPU YBEeJIWUYEHHM MacIiTada
mKaJasl. B Tabs. 1 mpuBegeHbl pe3yIbTaThl OIeHKHT
IUCIEpPCUM, CPeIHero M Koa(pduiireHTa KoppeJisd-

o
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B Puc.5. F (x) «XBOCTa» paclupesiesieHUA 1JIs HellepeCeKaIoIuXC s Py JaHHBIX

B Fig.5. F(x) tail distribution for disjoint data groups
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B Puc. 6. JIunus perpeccuu 1 BLIBOJ] yPaBHEHUS perpec-
cuu

B Fig. 6. The regression line and regression equation

B Tab6ruya 1. PesynbraTsl olleHKY cBoiicTB 3G-Tpadura
B Table 1. 3G-traffic properties evaluation results

Tpadur D(X) M(X) ,f (:k)é

3G uCXOaHBII 4149,47 | 37,82 0,0233

3G arperupoBaHHBIN 434117 | 37.25 0,0712
o 5 MuH

3G arperupoBaHHBIN 3354,93 | 40,39 0,0678
mo 10 mun

3G arperupoBaHHBII 3991,34 | 38,21 0,0349
mo 20 MuH
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MUY JJIS UCXOMHOI'0 M arperupoBaHHOr0 TPapPUKOB,
JIEeMOHCTPUPYIONINX CBOWCTBA paclIpeneieHuil ¢ TdA-
JKeJIBIMU «XBOCTAMU».

Mogeu UMUTAIIUNA CAMOIIOT00HOTO Tpadukra

CBoiicTBa, IOJYUYEHHLIE B pPe3yJbTaTe M3MepeHM’it
peaJIbHOT'O CEeTEBOro TpaduKa, YacTO OTIUYAIOTCS OT
cBOcTB TpaduKa, MOJYUEHHOrO0 TPASUIIMOHHBIMU
MOZIeJIAMY, B YACTHOCTU MOJIEJIHIO ITYaCCOHOBCKOT'O 10~
ToKa [20]. OCHOBHOM IPUUMHON TAKOI'0 PA3TUYUA AB-
JIAETCA CTPYKTYPA, JIeKAIIasd B OCHOBE 3aBUCUMOCTH.

ITakeTHBIN TpaUK, IPEACTABISIONINN COO0I MH-
Terparuio peun, TaHHbIX U MYJbTAMEINa, OXBAThIBA-
€T CHJILHO OTJIMYAIOIIUeca MacIiTabbl BpDEMEH! — OT
MUKPOCEKYH/T 10 CEKYH[I U fake MuHyT [1]. B kasxmom
MaciiTabe BPEMEHH! IIPUCYTCTBYET OJITOBPEMEHHAA
3aBUCUMOCTh — HAJWUWE TYJIbCAIIUII, KOTOPhIE CO-
CTOSIT U3 IIEPUOJOB AKTUBHOCTH, Pa3HesieHHbIX MeHee
aKTHUBHBIMU TIEpUOAaMU. B TPAAUIIMOHHBIX MOJEIAX
ceTeBoro TpaduKa MyJabCalluU CUJILHO CIUIAMKEHBI Ha
GOJIBITTUX MAacIITabax BPEMEHU, OTUYEro CBOMCTBO 0JI-
TOBPEMEHHOM 3aBUCUMOCTH IIportagaet [21].

B pesysnbrare okaswmiBaeTcd, UTO TPASUITUOHHBIN
aHaJu3 MHGHOKOMMYHUKAIITMOHHBIX CHCTEM, B OCHOBE
KOTOPOIr0 JIEKUT IIPEIIIOJIOMKEHNEe O IIyaCcCOHOBCKOM
TIOTOKE, HE MOXKET TOCTATOUHO TOYHO OIIEHUTEH 00 bEMBI
BBIUKCJIUTEIBHBIX PECYPCOB W IPOUBBOIUTEIHHOCTH
CHUCTEMBI B YCJIOBUAX MYJIBCUPYIOIIET0 TPaduKa.

Heo6xoguMbl MHCTPYyMeEHTaJbHBIE CPEACTBA IJIs
reHepaIuy UCKYCCTBEHHOro Tpa()uKa, COOTBETCTBYIO-
IIIETO CBOMCTBAM PeaJIbHOT'O CETEBOI'O TpaduKa, KOTO-

pbIe MOYKHO MCITOJIB30BATH IIPU MOAEIUPOBAHUU IIPO-
IIEeCCOB TIepelaum, COXpPaHeHus U 00pabOTKM CeTEeBOTo
Tpauka.

W3BecTHBI BCero HECKOJIBKO MOJeJieii, IIpemgHa-
3HAUEHHBIX AJA UMHUTAIIUUA CAMOIOIOAOGHOTO Tpa-
dura. AHaans JOCTYIIHBIX ITYOJUKAIIUI II0 MOJEJIN-
POBaHUIO CaMOIIOAOOHOTO TPa()Ka MO3BOJISIET BhIIe-
JIuTh Momesu [22], npuBeneHHbIe B Ta0JI. 2.

B pa6ore peasnn3oBaHbl THCTPYMEHTAJIBHbBIE CPEIC-
TBa IJIA reHepalini NCKYCCTBEHHOTO Tpa)uKa Mo Mo-
IeJiAM, IepeuncJIeHHbIM B Ta0s. 2. CpaB-HUTeIbHEBIE
XapaKTePUCTUKU TO3BOJAIOT BHIOPATH T'eHEepaTophl,
KOTOpPBIE MaKCUMAJbHO IIPABJOTOA00HO UMUTUPYIOT
peasbHBIN ceTeBol Tpaduk. IIpu cpaBHEHUU OIEHU-
BaJICs KpuTrepuii S MeToJja HAaMMEHbIIINX KBaJIpPaTOB
AMIIPOKCUMAIINY TOYEUHBIX 3HAUEHUII WCKYCCTBEH-
HOro TpaduKa ammpoKcuMupymoriei pyuaxkinuein 3G-
Tpadpukra

S=Y(Fx) -y, (7)
i=1

15

rae F(x;) — sHaueHNA alIpPOKCHUMUDYoIlell QyHK-
MU B Y3JOBBIX TOUYKAX X; NCKYCCTBEHHOIro Tpadu-
Ka; y; — 3aJaHHBINA MaccuB ucXogHOro 3G-Tpadura
B Y3JIOBBIX TOUKAX X;.

3a y3JI0BYIO TOUKY IIPUHATA Kamgas 60-a Muny-
Ta, uToro 24 yaca — 24 y3J0BbIe TOUKH.

Kpome KosmmuecTBeHHOI OIIeHKH, B Ta0JI. 2 IpUBe-
IeHbl ¥ KaueCTBeHHBIE OIIEHKU B BUIE TPYAOEMKOCTU
peayim3alnuy IPOrpaMMHOI0 reHeparopa (YucCIo Ha-
CTpamBaeMbIX IapaMeTPOB WUJIU HEOOXOAMMOCTH 00-
yueHus). OTO CyObeKTUBHAS OIleHKAa, KOTOPYIO TPY/-

B Tab6ruya 2. Mogesu reHEPATOPOB CaMOIIOLOOHOTO TpaduKa

B Table 2. Models of self-similar traffic generators

Yuco HacTpanmBaeMbIX
Mopgens MaremaTuuecKkoe OnucaHue MOAEIN mapaMeTpOB MOJAEJU UK S
o0yueHus
By(t)=——t [ K(t-t)aB(),
I‘(H -1/ 2)
—o0
PparxmanvHoe OPOYHOBCKOE ,
Odsuicenue — MPOIECC IBUKEHUA rae I'() — PaMMa'q’}’HHHHH; dB(t') —
YaCTHIIBI, COBEPIIAOIeit He3aBUCUMEIE CTyTalHbIe nep,eMemer/m Bri60p 1 HACTpOIKa 0.394
XA0THUYECKOE TTepeMeITeH e YacTHUIBI B MOMEHTHI Bpemenu t'; K(t —t') — Pyrrman K¢ — t') ’
¢ IITATOM, 321aBAeMbIM GYHKIIUA TaMATU CUCTEMBI:
% H-1/2
mpeabicTOpue TBUKEHU A ’ (t _ t’) / , 0<t <t
K(t-t)= H-1/2
(t-t")—(-t") , 1'<0
(11 +92)
5 ; Yo =—"—>+h,
DPpakmanvHblil 2aycco6CKUlL 2
Wwym — UTEPAIIUOHHBIH IPOIlece re b — cIyuafiHAs BeMYHHA, PACHPEC/ICH- Hacrpoiixka n:;llpaMe6TpoB 0555
l'IOCJIeIlOBaTe.TILHOI‘OU,Z[eJIeHI/Iﬂ Ha 0 HOPMAJIEHOMY FAYCCOBY 3AKOHY ¢ HYJIe- reHepanuu i, Bbl uop ,
oTpesKa eqUHUYHON AJTNHBI BEIM CDEHIM H AucIepcrueit o, = r, rie qucJa uTepanui
HomnoIam r=(x; — Xy)/2 — paccToAHUe OT CpeJHEel TOUKH
X, pabouero oTpeska [x, X5]
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B Oxonuwanue mabn. 2
B Table 2

MO,IIEJII) Maremaruueckoe onucanue Mozaen

Yucsio HaCTpauBaeMbIX
mapaMeTpPOB MOJEJIN NN S
o0yueHUS

Xaomuueckue omobOpaxcerus —
JIOTUCTUYECKOE YPaBHEHNe

X, =CX, —C(X, )? =CX,, (1-X,,),
rae C — mapaMeTp CKOPOCTH PacIpoCTPaHeHU A
CAyYaiHON BeJIUUYnHBI X, CAMOIIOLO0OHOCTH
npossiasercs npu 3 < C < 3,57

Hacrpoiika mapamerpa C
u napameTpoB 6aszosoit | 0,289
renepanuu X

Hunamuueckoe modesuposarnue
Maprosa — aBTOMATHI
¢ KOHEUHBIM YUCJIOM COCTOAHMIH,

Cnep A—>B

26
i

Pr[ep A->B ™~

Hactpoiika BeposaTHOCTEH

o0yuaromieii BbLIOOpKe BPeMEeHHOTO
pana[24]

BpeMeHHOU pAf; X(f) — MHTEeHCUBHOCTD
TpauKka B MOMEHT BpeMeHU t; n — pasMep
mauyKu

0,243
B KOTOPBIX peainsoBam rfle i — HoMep cueTunka; C; — 3HaUeHUe i-TO epexona ’
BEPOATHOCTHBIM IIEPEXOL CUETUMKA; Py, 4 ,p — BEPOATHOCTE IEPexoa
13 OJHOTO COCTOSHUSA B ApyToe [23] U3 COCTOAHMUA A B cocTosiHUE B
U= f(}" P),
Modenu nevemicoil nozury — rae U — ypoBeHb ITaueqyHOCTH TpaduKa;
YPOBHU IAaYE€UHOCTY ITPEICTABJIECHBI A — CpejHsAA MHTEHCHBHOCTH TpadQuKa Ha Hactpoiika cTrynenuaToit 0.379
B BUJe CTYIIEHYATON PYHKIIUYT MHTepBaJIe CAaMOIOAO0U t;, i=1, n; (DYHKIIUY IT0JIe3HOCTHU ’
nosesHocTH f P~p;,i=1, n — BEPOSATHOCTU PA3bIrPLIBAHUSI
sHauenws Aj, i=1, n
Heiipocemegbie nodenu — ) Y(t) = F(Z(t)), O6yuenue HeﬁpOHH?fI
anmpoKcuManug QyHKIINH roe F(.) — omepaTop HelpoceTeBOro oTo0paske- cern TpegyeT HacTpouKn
HEeCKOJIBbKUX IIePeMeHHBIX 110 U Z(t) = {t, X(@), X - 1), ..., X(t — n)} — N = x%y Becos, rae 0,02

X — YHCJIO HeHIPOHOB
B CJIOE; Y — YHCJIIO
BHYTPEHHUX CJIOEB

Aemopezpeccuontvle modenu —
MOZeu BpeMEeHHBIX PALOB,

B KOTOPBIX JIIO0bIe 3HAUEHU A
BPEMEHHOT'0 PAA IMHEHHO
3aBUCAT OT IPEABIAYIITUX
3HAUEHU 9TOTO Ke pAfa

p
Xy = c+2aiXt_1 +&,

rie a — K03 UIMEeHTE aBTOPETrPEeCCH;
¢ — IIOCTOSAHHAHA; P — pasMep Hauku Tpahura;
g, — OeJIBI IITyM

Hacrpoiikaa, c,
napamerpoB reseparopa | 0,09
GeJtoro myma &,

ON/OFF-mo0enu — UCTOYHUK
naxeToB B ON-Iepuobl B TeUeHTE

OFF-neprozs! B TeueHE BpEMEHU
T, ucTouyHUK naccuseH [25]

Ilepuopsr Ty, T} — caydaliHble IepeMeHHBIE
¢ pyHKIUel MI0OTHOCTH BEPOATHOCTH Wy(t)
Bpemenu Ty reHepUpPYyeT MaKeTHl, B | 1 w;(t) COOTBETCTBEHHO; PaclpeseareHus wy(t),
w(t) ABIAIOTCA pacIpeeleHUAMU
C TAKEJBIMU «XBOCTAMI»

O6yuenue He TpedyeTcs 0,05

HO OIIEHUTH, HAIPUMeED, KaK BpeMsd, 3aTpauyeHHOe Ha
IPOrpaMMUPOBaHIE T€HEPATOPA UJIN CJIOMKHOCTD aJI-
TOpPUTMa, TIOCKOJIBKY BCEe 3aBUCUT OT PasMepa IMauyKu,
BpeMeHM, 3aTPaueHHOr0 Ha HACTPOUKY OJHOTO I1apa-
MeTpa U KOMILJIeKca IIapaMeTpPOB, XOPOIIIEero BJaje-
HUA ABBIKOM IpOrpaMMUpPoOBaHUA U Ap. Hampumep,
HECMOTDPSA Ha TO, UTO HepoceTeBasa MOAEb ITI0Ka3aJjia
JIYUIIINHA pe3yJIbTaT 110 KPUTEPUIO S, OCHOBHOE BpeMs
IpU ee peasmsanuu ObIJIO IOTPAUYEeHO HA BHIOOD apxu-
TEeKTYPbl HEUPOHHOMH CeTH, a 3aTeM Ha HaCTPOUKY MO-
nmenu (3 nHs), B TO BpeMaA KaK MOAeJb (PpaKTaabHOTIO
raycCcOBCKOro IiryMa ObLia peaJsim3oBaHa 3a 40 mMuH,
HO KpuTtepuii S B 17,5 pas GoJbIlle, ueM y Helipoce-
TeBOU Mozesiu. Bojiee Toro, myia nMmuTanmuu Tpadura

¢ IpyruM TMoKasarejieM XepcTa BHOBL MOTpebyeTcs
IpoIeaypa BbIOOpa apXUTEKTYPhl HEPOHHONA CeTH 1
ee oOyueHrme.

AHan3 IpuUBeIeHHBIX MOJEJIEH IT03BOJISET CKOH-
IEeHTPUPOBATHCS Ha TPeX MOCTIEeTHUX, IPeCTaBIeH-
HBIX B TabJI. 2, ¥ UCIIOJb30BATh X B PEIleHUN 3a1aU
MOJeJIMPOBaHUSA NH(GOKOMMYHUKAITUOHHBIX CUCTEM
U ceTell ¢ BBITEKAIOIUMU M3 STOT0 INI00ATBLHBIMU
npobjeMaMu: ILJIAHUPOBAHMNE Pa3BUTUSI HH(POKOM-
MYHUKAIMOHHBIX CeTel, peaausanusa qudepeHIiu-
POBAHHOTO OOCHYKUBAHUSA, OIeHKA XapaKTePUCTUK
BBIUUCJIUTEIbHBIX PECYPCOB, TAPAHTUPYIOIIUX TPe-
OyeMoe KauecTBO OOCJIYsKUBAHUSA COOTBETCTBYIOIIE-
ro Tpapuka.

40 7 VHOOPMALIMOHHO-YMNPABASIOLLIVIE CUCTEMBI
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3akJarouyeHne

B crarbe mpeacraBiieHBI Pe3YJbTATBI KCCJIELO-
BaHUA 3G-TpaduKa C IEeJbI0 BHIABJIEHUA CBOMCTBA
camononobus. Ilpenmoso:keHre O CcaMOIOLOOHOI
cTpykType 3G-TpadmKa OCHOBBIBAETCS HA PACCMO-
TPEHUM HMEIOIUXCA NAHHBIX IJIs Pas3JINndYHON Bpe-
MEHHOM IIKaJbl. VCIOJAb3ys METOHA ITOCTPOEHU ST
JOTIOJTHUTEIBHON (PYHKIIUY PacIpeneIeHusA AJIs JIO-
rapuMUYECKON IIIKaJbl, OI€HEHbI TAMKECTb «XBO-
cTa» pacupelesieHUA U IapaMeTp CaMOIogo0us.
ITonyuenHble pe3yabTATHI IIO3BOJIUJIMN IIPOBEPUTH
CBOIICTBA CaMOIOI00Ms pacCMaTPUBAEMOr'0 TpauKa

COIJIACHO OIIPeeJICHNIO U TaKUM 00pasoM IIOATBEP-
IUTh IPeAIooKeHne o camonogoonu 3G-Tpadukra.

ITomo6urbie mccaemoBaHUA HEOOXOAUMBI AJIA IIO-
HUMaHUA TOBEIEeHUs CETEeBOTO TpaduKa M CUHTe3a
Mojesieil, UMUTHUPYIOIIUX IIPOIIeCC IMTOCTYIIJIeHUS pe-
aJIbHOTO Tpa(uKa B CETH.

00630p M cpaBHEHUE CYINECTBYIOIIUX MoZeJei
UMUTAIUU CaMOIIOAO0HOTO TpaduKa II0 pesysbTa-
TaM annpokcumarnuu 3G-TpaduKa mMO3BOIUIU CIe-
JIaTh TIPEATIOJIOMKeHNe, UYTO HACTPONKA MOJEJU MO-
JKeT OBITH BBITIOJTHEHA IO TOKAa3aTesio0 XepcTa Ipu
HAJIUYUU 3alMUCAHHBIX TPACC PeaibHOTO CEeTEBOTO
TpadukKa.
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Statistical methods for studying network traffic
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aSaint-Petersburg State University of Aerospace Instrumentation, 67, B. Morskaia St., 190000, Saint-Petersburg,
Russian Federation

Introduction: The single multiservice network concept which involves the integration of voice, data and multimedia communication
has prompted interest in studying the nature of network traffic. Studies of traffic traces recorded on a large scale show the presence of
a self-similar structure in it, which requires a revision of the results of modeling infocommunication networks under the assumption
of a Poisson data flow. Purpose: Studying a sequence of application methods for studying the network traffic nature, identifying the
self-similar traffic nature in the form of statistical estimates and the Hurst index. This should offer tools for generating artificial
traffic which adequately reflects a real network traffic, taking into account the revealed self-similarity properties. Results: The self-
similarity properties of the considered 3G traffic were checked on different time scales obtained by aggregation of 5, 10, 15 and 20
minutes on the available daily traffic of 3G data. An estimate of the tail severity for self-similar traffic distribution was obtained
by constructing a regression line for the additional distribution function on a logarithmic scale. The self-similarity parameter value,
determined by the severity of the distribution “tail”, made it possible to confirm the assumption of 3G traffic self-similarity. A review
of models simulating real network traffic with a self-similar structure was performed. Tools were implemented for generating artificial
traffic in accordance with the considered models. Various artificial network traffic generators were compared, according to the least
squares method criterion, for approximating the artificial traffic point values by the approximation function of 3G traffic. Qualitative
assessments of the traffic generators were taken into account, in the form of the their software implementation complexity, which,
however, can be a subjective assessment. Comparative characteristics allow you to choose a generator which most faithfully simulates
real network traffic. Practical relevance: The proposed sequence of methods to study the network traffic properties is necessary for
understanding its nature and for developing appropriate models which simulate real network traffic.

Keywords — network traffic, self-similar process, long-term dependence, slowly decaying dispersion, heavy tail distribution, self-
similarity parameter, self-similar traffic simulation models.
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ApanTUBHbIM aATOPUTM BCTpauBaHUA UHPopMaLUU
B c)aTtble JPEG-u306pa)xeHuss Ha OCHOBe
onepauuu 3aMeHbl
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M. )XenaesHbiS, PhD, 3amectutens aekaHa, orcid.org/0000-0003-1695-4370

aCaHKT-TleTepbyprckuit MHCTUTYT MHGOPMaTHMKK 1 aBToMaTusaumm PAH, 14-a asmHus B. O., 39,
CaHkr-lletepbypr, 199178, PO

53anasHoueLLCKkuil yHUBEPCHTET, YHuBepeuteTckas ya, 8, 2732, 301 00, Mb3eHb, Yeluckas Pecrybanka

BBeaeHue: OAVH U3 3PPEKTUBHbIX MOAXOAOB K 06ECNEYEeHUIO KOHPUAEHLIMAAbHOCTU NepeaaBaemMort 1 XpaHUMon MHGOpP-
MaLMm OCHOBaH Ha NMPpUMEHEHUM METOAOB LMGPOBOI cTeraHorpadum. A obecrneyeHust yCTonuMBOCTH NEPEL CTEroaHaAM30M
npu BCTpanBaHuu nHpopmaLmmn B LMGPoBOe n3obpaxeHne He0bX0AMMO, YTOObI BCTPaUBaHUE HE MPUBOAMAO K MOSIBAEHUIO
AEMaCKUPYHOLLMX NPu3HakKoB. Lieab uccareaoBaHUA: pa3paboTka aaanTMBHOIO aAropuMTMa CTeraHorpagpmMuecKoro BCTpanBaHus
nHpopmaumn B cxatbie JPEG-M306paxeHuss Ha OCHOBE ornepaLmm 3amMeHbl C MMHUMMU3aLMEN BHOCUMbIX MCKaXEHUH B MHGOP-
MaTUBHbIE NMPU3HaKKW. Pe3yAbTaTbl: OnpeAereHa 3HauMMOCTb AEMaCKUPYHOLLMX MPHU3HAKoB B 06AACTH CTeroaHaA13a v ux npu-
MEHEHUS AAST aAaNTUBHOCTHU aArOPUTMOB COKPbITUS CEKPETHOM MHPOPMaLMMU B LUMPPOBLIX 06bEKTaX. [TpUBEAEHbBI OCHOBHbIE
rpU3HaK1 B NPOCTPAHCTBEHHOM M YaCTOTHOM 00AACTSX LMPPOBLIX M300paXeHUH, MPUMEHSIEMbIe B COBPEMEHHbIX METOAAX CTe-
raHorpaguueckoro BCTpamnBaHus. [TpoBeseH 0TOOP MHPOPMAaTUBHBIX NPU3HAKOB, UCKAOYAIOLLMI AMHEHHO 3aBUCUMbIE MPU-
3HaKU MAM MPU3HaKK, He Hecylume B cebe Kakyr-Ambo MHPOPMaLMIO 06 UCKaXEHMMU LUMGPOBOro 06bEKTa NpU BCTPaUBaHUM.
lMoAyueHHbIH Habop MO3BOAMA MOBbLICUTH TOYHOCTb 00LLEH KAacCUPUKaLmm n3obpaxeHui Ha 19 %. Ha ocHoBe coopmmpoBaH-
Horo Habopa MHPOPMAaTUBHBIX NMPU3HAKOB pa3paboTaHa aAanTUBHAas MOAMPUKALMS aAropuTMa BCTpanmBaHms MHPOpMaLMm
B cxatbie JPEG-n3o0bpaxeHusi Ha 0CHOBE 3aMeHbl, obecrneunBaroLlas MUHUMMU3ALMIO UCKaXEHUI M3006paxeHUs-KOHTEHHepa
npu BCTpauBaHmu b6aaroaapsi CHOPMYAMPOBAHHOM LEAEBON QYHKLUMU. AAGNTUBHOCTL aArOPUTMa 3aKAOUaETCSs B TOM, YTO Bbi-
60p 06AaCTM COKPbLITUSI OCHOBbLIBAETCS] Ha Habope MHGOPMATUBHbIX MPU3HAKOB, KOTOPbIM XapaKTepU3YeT eCTECTBEHHYH MO-
A€Ab LUMPPOBOro n306paxeHus. bbiA MPOBEAEH PSIA IKCIEPUMEHTOB C LIEALHO BbISIBAEHUSI HAMAYULLIMX 3HAYEHMI napamMeTpoB
AAS] AOCTUXKEHMSI XOPOLLIENM EMKOCTU BCTPaUBaHMA U MUHUMAaAbHbIX MICKaXeHMIA Mpru3HaKoB. 10 pe3yAbTatam BblYUCAMTEAbHbIX
IKCNEPUMEHTOB pa3spaboTaHHbIA aAanTUMBHbLINA aArOPUTM MOKa3aA MOBbILIEHHYH YCTOMYMBOCTL MEPEA CTEroaHaAM3oM Mpu
BHYLUMTEAbHOM €MKOCTH BCTpaMBaHMWs, @ TakKe BbICOKME 3HAYEHUSI METPUKM KauecTBa CTErOM300paxeHUH, YTO roBOPUT O
MOBbILLIEHHON HE3AMETHOCTM KaK AASl YEAOBEYECKOIO rasa, Tak U AN MHOTMX aArOPUTMOB CTeroaHaAM3a, Tak Kak 3Ha4YeHusl

NMPpHU3HaKoOB UCKaXarTCAad HE3HAYNUTEABHO.
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Beemenmne

B nacrodiee BpeMa B pasiMuHBIX cdepax UeJsio-
BEUECKOU MEeATEJLHOCTY aKTUBHO MPUMEHAIOTCS WMH-
(opmanmonHO-aHaIUTIUYEeCKUE TexHOJoruu. OHU pe-
aJIM3YIOTCA B BUJe NHPOPMAIIMOHHO-aHAJTUTUYECKUX
cucTeM, IpeTHA3HAYEHHBIX [JIA HAKOILIEHUA U KOM-
IJIEKCHOT'O aHaJIN3a JAHHBIX Pa3JIUYHOI'O TUIIA C Iie-
JIBIO TIOAAEPIKKY IPUHATUA PEIIIeHUA.

Ba'KHBIM COCTaBHBIM 9JIEMEHTOM Pa3pabOTKU U
SKCILTyaTanuy MHOOPMAIIMOHHO-aHAJINTUUYECKUX CU-
cTeM SBJIAETCA obecreueHre WX WH(POPMAIMOHHOM
0e30IIacHOCTH, IIPEXKIe BCETO B UACTU OOecreyeHusd
KOHG(pUIEHITAaJIbHOCTH 00padaThIBaeMOIl U XPaHN MO
nH(pOpMAaIUU.

OnuH U3 MOAXO0M0B K 00ecleueHn0 KOH(MUAeHITT-
aJBHOCTH TIEpeaBaeMO M XpaHUMOU MH(OPMAIIUU

OCHOBAH Ha MPUMEHEHU! MeTOAOB IIU(POBOI cTera-
Horpaguu (HayKm O ciocobax mepenadyu, XpaHEeHUs
uH(popManuu, 00eCIIeUMBAIOIINX COKPBITHE (aKTa
HAJIUUYUA 9TOH MH(GOPMAIINU B HEKOTOPOM IIU(PPOBOM
oobexre [1]).

MeTtons! u(poBoi creramorpaduy IPUMEHUMbBI
B H(GOPMAIIMOHHO-aHAJIUTUIYECKUX CUCTeMaX, Olepu-
PYIOIINX MYJIbTUMEIUA-TaHHBIMU, IOCKOJBKY B Kaue-
CTBE CTErOKOHTEeHHEepPOB B IU(PPOBOI cTeraHorpaduu
IIPENMYIIIeCTBEHHO IIPMMEHIIOT I(POBLIe n300pasKe-
HUs, ayAuo- U BUAeoaHHbIe. Jallle BCEro B KaUeCTBe
MUMPOBBIX 00 EEKTOB-KOHTEHHEPOB UCIIOIB3YIOT ITHU(-
poBrbIe n3obpakenua. Haubosiee 4acTo BCTPEUATOIITII-
ca rpaduuecKkuii popMart Ha cerogHs — cikarbie JPEG-
uzoOpaxkeHua. VIMeHHO B HEM COXPaHAETCA OCHOBHASA
yacTh Bcell rpaduKu, ¢ KOTOPOM pPaboTaioT IIOJIb-
3oBareyi HGOPMAIMOHHO-aHAJTUTUIECKUX CUCTEM.
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AP PEeKTUBHOCTh CTeraHorpadgp)uIecKoro BCTpamBa-
HUA UHPOPMAIUU B IM(POBLIE M300PaKEHUs OIle-
HUBAETCS C TIOMOIIBIO PA3JIMYHBIX IIOKa3aTesen.
OcHOBHBIM TpebOBaHMEM ABJISIETCA ObOecHeUyeHTe
YCTOMUMBOCTH IIepe]] CTerOaHaJN30M, YTO BbIpasKa-
e€TCA B CTATUCTUYECKON HEPa3INMYUMOCTU CTETOU30-
OpasKeHUIT U N300pasKeHn, He COIep KallluX BIIOKe-
Huii. g obecreueHUsT YyCTOMYUBOCTU IIEPel CTEro-
aHAJN30M IPU BCTpauBaHUU UHGOPMAIINH B I} PO-
Boe m300paskeHre HeoO0X0AMMO, YTOObI BCTpauBaHIe
He IPUBOAMJIO K TIOSABJIEHUIO IeMaCKUPYIOIIUX IPU-
3HAKOB.

BriaBiieHme TeMacKUPYIONINX IPU3HAKOB MOKET
OBITH IPOMBBEIEHO ITOCPEICTBOM aHAJIN3a MaCCUBOB
u3o0paskeHnl, oopadaTbiBaeMbIX B MH(OPMAIIHOH-
HO-aHAJIUTUYECKON cucTeMe (CTEeromso0pakeHuil u
u300pasKeHunii, He CoAepPIKaInX BIOMKEHUI).

Ilesnp HacTOAIEN CTaThU 3aKJIIOUAETCA B paspa-
0OTKe aJITOPUTMa COKPBITHUS MHMOPMAIIUU B CiKa-
TeIX JPEG-1300pakeHusAX, MO3BOJISIONIEr0 MUHU-
MU3UPOBATh BEJIUUNHY BHOCUMbBIX UCKAKEeHUH B MH-
dopMaTuBHBIE IIPU3HAKY IIU(PPOBBHIX N300paKeHN’IA.

Creranorpaduuyeckoe BCTpauBaHUe
undopmanuu B JPEG-uzoopaskenus

JPEG — 310 caMbIil pacupocTpaHeHHBIH hopMar
usobpaskenuii. C:xarevie JPEG-u3006pakenus 4acTo
WCIIOJIL3YIOT B CTETaHOTPA(UU B KaUECTBE CTETOKOH-
TEeHHEPOB C MPUMEHEHVEM DPA3JIMYHBIX aJITOPUTMOB
BCTPaMBaHUA.

CTOUT OTMETUTD, UTO GOJILIITMHCTBO PabOT OCHO-
BaHbBI Ha 00pab0TKe n300pakeHns, pa3douToro Ha He-
mepecekarIueca 60K 8x8 muKceseli, K KaXIoMy
M3 KOTOPBIX IIPUMEHEHO AUCKPETHOe KOCUHYCHOEe
upeobpasoBanue ([IKII) ¢ mociemyroineii KBaHTH-
sanueii. IlosyuenHble MaTpuibl KoahdUIimeHToB
coctoaT u3 DC-koa(duiimernTa, KOTOPLIH pacioJa-
raeTcs B JIEBOM BEPXHEM YIJIY MATPUIBI U CONEPIKUT
OCHOBHYIO mH(poOpMAaIni o0 6JI0Ke M300pakeHusd, 1
AC-k03(hGuirneHTOB — OCcTaJbHBIE 63 KO3 hUIIeH-
Ta, B KOTOPBIE TPOUBBOIUTCA CKPHITOE BCTPABAHNE
nHpOpPMaILUH.

B craTbe [2] onuchiBaeTCs IpuMeHEHUE aJITOPUT-
ma BecrpauBanus PM1 xk JPEG-usobpaskeHusM, mo-
3BOJIAIOIIETO ITOJIYUYUTD O0JIBIITYI0 EMKOCTH U 06ecIie-
YUTHh BBICOKYIO CTelleHb Oe3omacHOCTU. B KauecTBe
00J1acTH BCTPpanBaHUA aBTOPHI NCIIOJIb3YIOT MAaTPUILY
OKII-koapuiineHTOB, IEpeMeIIaHHbIX C IIOMOIITBIO0
HEKOTOPOTO KJIIoua. BJlolKeHme OCyIIecTBIIAeTCA
BHeHyJaeBble AC-K09()(PUITHEeHThI, ABTOPHI PAOOTHI yT-
BepsKaaioT, uTo usMeHenue DC-koadduiienTa nin
AC-K03(GUIIeHTOB, PaBHBIX HYJII0, 0oJiee 3aMeT-
"HO. OTpuliaresbHble UYETHBIE U IIOJIOKUTEJIbHBIE
HeUeTHbIe KO3((MUIIMEHTHI COOTBETCTBYIOT OUTY CO
sHauenmeM «l», oTpuiaTeabHbIe HEUETHBIE U II0JIO-
JKuTeJabHbIe yeTHBIE — «0», ecan KoapuiuesT co-
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OTBETCTBYET OUTY COOOII[eHUS II0 STUM IIPaBUJIAM,
TO KO9()(PUIIMEHT COXPaHsdAeT CBOe 3HAUeHUe, NHAUe
KOa(p(PUIIMEHT YBEJIUUYNUBACTCA WJIN YMEHBIIAETCS
B IIPOM3BOJIbHOM Iopsake Ha 1. Eciau maMmeHeHUe
Koa(pduiimenTa npuBoAUT K 3HaueHuio «0», To ero
HeoO0X0oJMMO 3aMeHUTh Ha «1» mam «—1» B cooTBeT-
CTBUU CO 3HAUEHUEM OuTa.

ABgTopsl craThu [3] B KauecTBe IIPOCTPAHCTBA CO-
KPBITUA WCIOJB3YIOT TocsenoBarenbHoctu JIKII-
K09(h)(PUIIMEeHTOB PaBHBIX HYyJ10. Ecau aiauHa moce-
IoBaTeJabHOCTH 3 1 0oJjiee, TO KO3((PUIIIEHT C CaMOi
HUBKOI YaCTOTOI 3aMEHAETCS COTJIACHO IIPaBUJIY: Ha
«0», ecsin 6uT pasen 0, 1 Ha «1» wau «—1», ecoiu 6uT pa-
BeH 1. Ecsu mociemoBaTenbHOCTD «Xx0», TO mpu x > 0
X 3aMeHsieTcdA Ha «X + 1», mHaue Ha «x— 1». B cayuae
nocsienoBarenbHOCTH Buga «0x0» npu x > 0 x 3ame-
HsIeTCs Ha «Xx + 1», mHaue HA «x— 1».

B pab6ore [4] mpocTpaHCTBOM COKPBITHUS BBICTYIIA-
ot Henysesbie [JKII-KoaduiinenTsI, mpeacTaBaeH-
HbIe B BHU/Je IIOCJIe0BaTeJIbHOCTU. BeTpanBanme 3a-
KJITOUaeTCA B YBEJIUUEHUN UJIU YMEHBIITEHUN K03(-
(purreHTa B 3aBUCMMOCTH OT €T'0 HavaJbHOTI'0 3HAUe-
HUS, a TAKKe BeJIUYNHBI PABHOCTU MEXKIY SHAUCHU-
amvu JKII-koadduiimerTa 10 OKPYIIeHUA U ITOCJIE.

IIpocTpaHCTBO COKPBHITHA B CTaThe [5] — HyJIeBbIe
OKII-koadummenTsr. BerpanBanue ocyiecTBia-
eTcs IIyTeM YBeJUUYeHU NN YMeHbIIIeHuA Koaddu-
nuenTa Ha 1. Beibop mamensemMoro Kos(@uiimeHTa
3aBUCUT OT CAMOTO CKPBLIBAEMOT'O COOOIIeHUsA, T. €.
KasKIbIl pa3 BEICUNTHIBaeTCs HoMep Koo PuiiueHTa
B 6JIOKe, M3MeHeHe KOTOPOro OyIeT CBUIeTeIbCTBO-
BaTh O BCTPAWBAHUM MMEHHO 3TOI IIOCJIeIOBATEIb-
HocTHu OuT. [[aHHBIF MOAXOJ K BCTPAMBAHUIO OCHO-
BaH Ha IPUMEHEeHUU Koma XoMMUHTA.

ABTopEI cTaThu [6] /15 BCTpanBaHUA pacCMaTpPU-
BatoT HeHyJseBble [IKII-KoahdUIIeHTRI, TpPeacTaB-
JIEHHBIE B BHUJe TIOCJeoBaTeIbHOCTU. BeTpanBaHnue
OCYIIIECTBJISETCS COrJIacHO (hopMmyJie:

v

_[C; +sign(C;)xb, ecnn|C;| =1,
" ¢ +sign(C;), ecu|Ci|>1, (1)

rage C; — i-ii kBaHToBaHHBIN [IKII-Koaddumnuenrt,
b — BcTpamBaeMbIl OUT COOOIEHU,
1, ecnu C; >0,
sign(C;)=< 0, eciu C; =0,
-1, ectu C; <0.

Kpurepun spexkTuBHOCTH
cTeraHorpa()uuecKoro BCTpauBaHUA
uH(popmanuu B JPEG-uzobpakenus

Kpurepusamu s(peKTUBHOCTH cTeraHorpadguyue-
CKOI'0 BCTpamMBaHUA ABJIAIOTCA €MKOCTb, He3aMeT-
HOCTB (OTCYTCTBUE BUAUMBIX NCKAMKEHUN ITN(PPOBBIX

NeS, 2008 N\

VNH®OPMALIVIOHHO-YMPABASIIOLLIVE CUCTEMBI N\ 45



/ SALLVTA HDOPMALIA 4

00'BEKTOB-CTETOKOHTEITHEPOB) M YCTONUMBOCTD IIE€PE]
creroaHayim3oM [1], mpeacTaBAOIEro co0oi HAYKY
0 criocobax BbIABJIEHUS (PAKTOB HAJIUYUS CKPBITHIX
cooOmieHnit B MU@PPOBBIX 00BheKkTax. Creroamasius
B OOJIBIIIMHCTBE CJIYUYAeB 3aKJIOUaeTcsd B MOMCKe Xa-
PakKTepuCTUK (TPU3HAKOB) IU(PPOBOro 00bEKTa, KO-
TOpble M3MEHSAIOTCA B XOJe CTeraHorpapuuecKoro
BCTPaWBaHUA.

W3BecTHBI METOABLI CTETOAHAJN3a, OCHOBAHHBIE
HA aHaJu3e IPU3HAKOB IU(MPOBOro M300paKeHUS
B ITPOCTPAHCTBEHHOI 00J1aCTH, M METObI, OCHOBAaH-
HbIe Ha aHaJu3e IPU3HAKOB B YaCTOTHOI 00JIacTH.
B kammom meTome cTeroaHaan3a 3HAYEHUS HEKOTO-
poro Ha6opa IPUBHAKOB 00HENUHAIOTCA B OAUH BEK-
TOP, C KOTOPBIM yiKe paboraet Kiaaccudurarop. s
TOTO YTOOBI HaUaTh KJIacCUPUKAIINIO, IPerKe HeoO-
XOAUMO IIPOBECTHU O0yUueHue: KaaccupukaTop ornpe-
nmenser njda cebsa, KaKkue MHTepBaJbl 3HAUEHU N TpU-
3HAKOB MPUHALJIEIKAT «UNCTHLIM» M300PaAKEHUAM U
usobpaskeHusaIM ¢ BjokeHneM. ComocTaBasAsa MOJIY-
YeHHBIE B X0/le 00yUeHNnsA JaHHbIe C PACCUNTAHHBIM
BEKTOPOM IIPU3HAKOB UCCJIEIYeMOT0 U300pasKeHus,
KJIacCU(MKATOD OIpenesseT COAepKaHUe u300pa-
JKeHUs.

B pabore [7] ommcam ciaydyaii BCTpamBaHUA
B [IKII-koaddunnents. Habop mpu3HAKOB AJI CTE-
roaHaJIM3a COCTOUT U3 IIPUSHAKOB B YACTOTHOM 00-
JIACTH, OCHOBAHHBIX Ha COOTHOIITEHUAX MEKAY 9Hep-
ruei, COOpaHHON B OTAEJIBHBIX YaCTOTHBIX K03 hu-
nueHTax JIKII-cnekTpa:

_ Etp)

1= ) 2)
Efy-1)

rae E(fy) — cpenHee 3HaUeHNe YacTOT HyneBbIX AC-

K02 (PUIIMEeHTOB N300pasKkeHns 110 OJIOKaM,

F =M 3)
© B

roe E(f‘n‘zl) — cpenHee 3HaueHme yacToT Tex AC-
K03(hpUIIEeHTOB N300pakeHnsa, adCOMI0OTHAA BeJIU-
YrHA KOTOPBIX paBHAa 1,

En
n>1
By )

2
Enwﬂ

rIme En|n|>1 — sHeprus Tex AC-KoapPUIIEeHTOB U30-
OpaskeHUsA, aOCOMIOTHAA BEJIMUNHA KOTOPBIX > 1.

B wucciemoBanuu mokasaHo, YTO AJS aNIUTHUB-
HOTO BCTPaWMBaHUA MHMOPMAIINN B KBAHTOBAHHBIE
OKII-kosppuriuentsr JPEG-usobpaskeHus xapak-
TepHO yBeandenve sHaueHuil E(fy), Ty, E(f,), Eny
U yMeHbIIIeHe 3HaUeHU E(f‘n‘ -1 Enm‘sl.

ABTOpBI 00'BSACHSIOT CBOI BBIOOP MMEHHO TaKOT'O
Habopa IPU3HAKOB TEM, UTO JAaHHBIE BEJINUNHBI KOH-
ILEHTPUPYIOT B cebe MaKCUMAaJIbHYI0 MH(OPMAIIUIO
0 BHYTPEHHEM COJePyKaHUU N300paKe .

B kauecTBe Kiaccu(umkaTopa aBTOPbI BbIOpaJu
auHelHbIN nuckpuMuHaHT Puiniepa. Takoit kiaccu-
GUKaTOP JOCTATOYHO YACTO BCTPEUAETCS B COBPEMEH-
HBIX paboTax, OH TMOKWI OTHOCUTEJIHHO KOJIUYIECTBA
paccMaTpUBaeMbIX IPU3HAKOB, TaK KaK IIPOEIUPyeT
BeChb BEKTOP IIPU3HAKOB Ha npamyo. CyTs Kiaccu-
dUKaUy 3aKJII0YAETCS B IIOUCKE JIYUIIIEro HaIpaB-
JIeHUSI JAHHOM HPOEKIINM, YTOObI BeJIUUYNHY MOMKHO
OBLJIO YETKO OTHECTU K OIIPEIEJIEHHOMY KJIACCY.

Hns wusobpakeHUil xapaKTepHa MeKOJouHas
Koppeaanusa. Bo BpeMa BcTpanBaHUA BHOCATCA W3-
MeHeHU: B OJIOKM M300paskKeHunsI, YTO MOKET IIpUBe-
CTHU K HAPYIIIEHUIO CBA3U MEXKAY 0JIOKaMU

Do — ) —y)
F4 - _ 2 _
\/Z?ZI(xi —x) 2 (Wi—y)

rme X, y — cpexnume 3HaueHUsA AC-KoaDDUIIeHTOB
cocefHuX OJIOKOB, X;, y; — i-it AC-Koa(dpuiuent co-
ceqHuX OJIOKOB.

UccnepoBauma [8] moxkasanu, uTo mobaBiieHTE
mapamMeTrpa Mesx6sounoii Koppeaanuu AC-Koaddu-
I[MEHTOB MOBBIIIAET BEPOATHOCTh OOHAPY KEHU S CTe-
raHorpauuecKuX BJIOKEHUM, UTO TOBOPUT 00 WH-
¢opMaTHUBHOCTH IPU3HAKA B paMKaXxX CTeroaHansa
Hu(POBBIX N300paKeHNIL.

Agrops! pabor [9, 10] paccMaTprBaioT B KauecTBe
OCHOBBI cTeroaHaamnsa 23 MpU3HaKa, KaK B YaCTOT-
HO¥ 00J1aCTH, TaK U B IIPOCTPAHCTBEHHOM:

— obmaa rucrorpamma KII-KosdduiineHTOB
n300paKkeHns;

— ructorpamMmbl epBbixX oAt AC-koadduiiueH-
TOB, AJIA KaKIOT0 OTAEJNBHO (5 IPU3HAKOB);

— nBoiiHbIe TucTOorpaMMbl AC-Koa(dduiinenTos,
3HAUYEeHVEe KOTOPHIX HAXOMUTCA B nuamnasoHe [-5, 5],
1A KasKIOTo OoTAesbHadA ructorpamma (11 mpusHa-
KOB);

— MesK0JIOUHbIe 3aBUCHMOCTY B PA3HBIX HAIIPAB-
JIEHUSAX B IPOCTPAHCTBEHHOM 001acTu (6 TP13HAKOB).

Panee oTmeuasioch, UTO cTeraHorpaduueckoe
BCTPaWBaHUE OCYINECTBJIAETCA IPEUMYIIeCTBEHHO
B AC-K09(GUIUEHTHI CO 3HAUCHUAMU II0 MOIYJIIO,
OMMBKUMH K HYJ10. [I09TOMYy ABOWHBIE THCTOTPAM-
MBI IJIs KO9((PUIINEHTOB CO 3HAUEHUAMU B Auala-
30He [—5, 5] KOHIIEHTPUPYIOT B cebe MaKCUMAJIbHYIO
MHPOPMAIINIO O BCTPAMBAHUY B YACTOTHOM 06JIaCTH.

I BoiiHas rucrorpaMMa IIpeacTaBaseT coboii Ma-
TPHUILY, KOTOpad OTPaKaeT, HA KAKOM MeCTe CKOJIbKO
pas cyMMapHO I10 BceM 0JI0KaM BCTPeTUICAa Koahhu-
[[MEHT C OIpeleIeHHBIM 3HAUCHEM

> 8(d, dylis 1))
2 8(d, dylis 1))

, )

2

f5, ooy f15: ) (6)

rme d — (uUKcupoBaHHOE 3HAUeHUEe KO3(h(UIIMEH-
Ta, d €[5, 5], B — KoJmuecTBO OJIOKOB B M300paske-
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HUWU, i, ] — KOOPAMHATHI IOJIOKEeHUA KodPduiimenra
B Osoke, L; HOpMa — MaKcuUMajabHAad U3 CyMM dJe-

1, dy(, j)=d

MeHTOB 110 cTos6uam, 3(d, dy (i, j)) = 0. el
, else

Kaxgyo xapaKTepucTUKy aBTOPHI PACCUUTHI-
BAIOT ABaKIbI: AJIA HMCCJIEAYEeMOro M300pakeHusd
(J1) u p1a usobpaskeHNUs, KOTOPOe I0JydaloT IIyTeM
o0pe3aHUA MCCIEAYEMOTO M300pa’KeHUA CBEPXYy U
cieBa Ha 4 nukcens (J,), Kak MoxkaszaHo Ha puc. 1.
ITomo6HOe melicTBUE aBTOPHI OOBACHAIOT CJIEAYIO-
M o6pasoM: Ipu 00pe3aHny N300paKeHus cIeBa
¥ CBEPXY pasjesieHre n300pakeHns Ha OJIOKHU CoBU-
raercs, Koa(@UIMeHThl TUCKPETHOT'O KOCUHYCHOTO
npeobpas3soBaHUsI OCBOOOKIAIOTCSA OT BIAUAHUA IPO-
IIJIOM KBAHTUBAIMU U COAEPIKAT TOJHKO CTATHUCTHU-
yecKue JaHHble M300pa’keHus, KOTOpble KaK pas
BaJKHBI IIPU CTETOAHAJIMI3E.

Taxkum 06pa3oM, KOHEUHLIM 3HAUEHUEM IIPU3HAa-
Ka OyzeT sHaueHme (PYHKIIMOHAJIA:

Fs...F5 :||f5...f15(J1)—f5...f15(J2)||Ll. (7

B pa6orax [9, 10] aBTOpBI TaKKe UCIOJb3YIOT JIN-
HeUHBIN JucKpuMUHaHT Duirepa B KauecTBe KJac-
cuuKaropa, HO OTMEUaIOT, UTO IPUMEeHEeHUEe MEeTO-
Jla OTIOPHBIX BEKTOPOB, BOBMOYKHO, TIOBBICUT HAIEK-
HOCTBH O0HAPYKeHUA pa3paboTaHHOTO aJITOPUTMA.

Meton, mpeacraBienabiii aBropamu [11], ocHoBaH
Ha 3axoHe Bendopaa: BEpOATHOCTD MOABICHUS TUD-
PBI Ha IIEPBOM MECTe B UKCJIEe TeM BBIIIIEe, YeM MeHbIIIe
sra nudpa. OcHOBBIBasCh Ha BBIBOZAX paboTs! [12],
TOCBAIIEHHON KCCJIETOBAHUIO CIPABEIJIUBOCTH 3a-
koua Beudopaa B orHomenuu [IKII-koadduiimerToB
JPEG-u3o06paskeHuit 1o 1 mocjie KBAHTOBAHUSA, aBTO-
PBI IpeaJIOXKUIIN YACTHBIN cryuaii 3akona Berdopaa,
TaKk Kak KBaHTOBaHHBIe [IKII-Koa(duIimeHTH HE
HOAYUHSAIOTCA CTPOTo 3aKoHy Berdopaa

1
F16’ ceey F24 :N10g10(1+—q), (8)
S+Xx

rmex=1, ..., 9, N, s, ¢ — mapaMeTpbl, 3aBUCSIINE OT
kauecTBa JPEG-coxaTus.

Ecau oTKJIOHEHWe peasibHOII BEJIMUYNHBI OT OXKU-
JIlaeMoii TPeBbINIaeT HEKOTOPHIH ITOPOT, TO ITPUHUMA-
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eTcs pellleHre 0 HAJNYNU BJIOYKEHNA B JAHHOM H30-
OpasKeHun.

WUpesa cmelneHusa msoOpakeHHs, IpUMeHseMas
B paborax [9, 10], mokasajach HOBOJIHHO WHTEpeC-
HOIi. BblJI0 TPUHATO pellleHre 00beNHUTL CMeIIe-
HUe n300pakeHus u 3aKoH Beudopaa

Fyss voes F33=|Figs «or Fag(J1)—Fig oo F24(J2)||L1.(9)

B npusegmennnix paboTax maeT peub O IPU3HA-
Kax, ()OpPMUPYEMbIX CIIeIIUAJbHO AJIA ITPOBEIeHUS
creroaHasusa. OgHAKO IJis pellleHusd JaHHOU 3a-
Jauyy MOXKHO HCIIOJIb30BATh W IIPOMBBOJIbHBIE IPU-
3HAKU, IPEICTABIAIOIINE CO00M HEKOTOPhIE Xapak-
TEPUCTUKY, PACCUUTHIBAEMbIe JJIA ITU(MPOBBIX M30-
Opaskenmii. B wactHoCcTH, B Tab/InIle IpeacTaBIeHbI
TEeKCTYpHbIe MIPU3HAKU, NPUMEHseMble B DPasJiny-
HBIX 3ajJlauax pacmo3dHaBauua obpasos [13].

B ob6miem cayuae creroaHanaus Iu@pPOBBIX 00B-
eKTOB paccCMaTpPUBAaETCs KaK 3ajaua ABYXKJAaCCOBOM
KJaccu(UKaInuu, Korga AJa KaKIoro aHAaJIu3upye-
MOro o0'beKTa BhIOMpPAEeTCS OAMH M3 ABYX HCXOIOB:
HeT BJIOKEHUS, UJIU OOBEKT COHEPKUT CKPBITHIE
JIaHHBIE.

B xome paboThl B KauecTBe KJaccu(puKaropa
B cTeroaHaJin3aTope IpUMeHsAeTCcAd HAaWBHBIN Oaiie-
COBCKUI KJiaccu(UKATOP, TaK KAK OH TMOKAa3bIBaeT
xopormue pesyabrarsl [14, 15], KOMIaKTeH IO cpas-
HEHUIO C APYTMMU MeToAaMu (B MeTOHaX, OCHOBaH-
HBIX Ha OMIOPHBIX BEKTOPaX, HEHPOHHBIX CETAX, IPU
yBeJIuUYeHnU Habopa NPU3HAKOB 00beM Heo0XOo[u-
MO¥ ITaMATHU BO3PACTaeT B Pasdbl) U JOCTATOUHO TIO-
IIyJsIPEeH CPeu YUEeHbIX, PA0OTAIONIUX B JaHHOH 006-
JIacTH.

IIpenmosio:kenue, 4TO Bce ocoOeHHOCTH Habopa
IaHHBIX He3aBUCUMBI, U ABJIAETCA IPUUYNHON TaKO-
ro Ha3BaHUS KJaccuduraropa. Bensb uariie Bcero xa-
paxkTepuCcTUKY HAbopa JaHHBIX He He3aBUCHUMBI.

YupoieaHas opMmyJia Iad KJIaCCUPUKATIINI:

P(KnaccA |CsoiicTBol, CBoiicTBO2) =

_ P(Caoiicrsol| KnaccA) x P(Cpoiictso2 | KnaccA) (10)
P(CBoiicteol) x P(CBolicTBO2) '

Ecan Bugusr CBoiicTBa 1 1 2, 3TO U eCTh BepPOSAT-
HOCTB TOT'O, UTO JaHHBIe IpuHaaIexat Kiacey A.

—
[

ler256

oy — b,

4 pixels

B Puc. 1. Vccnenyemoe usobpakenue J 1 usobpaskeHue J 5, IoIydeHHOE IIyTeM 00pe3saHnsa N300parkeHns J
B Fig. 1. The researched image J; and the image J, received by trimming of the image J;

NeS, 2008 N\

VNH®OPMALIVIOHHO-YMPABASIIOLLIVE CUCTEMBI N\ a7



/ SALLVTA HDOPMALIA 4

B IIpusHaku B IPOCTPAHCTBEHHOI 006J1aCTU N300parKeHu s

B Features in the spatial domain of image

ITpusuak Dopmyna IToacueHnme
N-1N-1 9
Fy=3 > P
Breprist i=0 j=0 XapaKTepusyeT OfHOPOJHOCTb U300pasKeHus
rae N — KOJIMYeCTBO Irpajjanuii ApKOCTHU 1 PaBHOMEPHOCTH
CTeronso0pasKeHus,
P — marpuia cMeXHOCTHU
N-1N-1
R Fys = Z Z P, logP ; Bripasxaer HepaBHOMEPHOCTH pacipeeeHnsa
L, L, o
p i=0 j=0 / / SIPKOCTHBIX CBOYICTB 9JIEMEHTOB CTETOM300PaKeHU
N-1N-1 Pz ;
OmHOPOJHOCTH F36 = z z 1 .
i:Oj:O( +i+ 1))
it NI C yBeimueHueM 4ucJia JJOKAaJbHBIX BapUAIIUL
Kortpacr F37=) n Zzpi,j > |i—j|=n M prat
P P SAPKOCTYU CTETOU300paKEeHNA KOHTPACT BO3PaCcTaeT
N N
Cpennee 110 i F3g = Z z iB; ;
i=1j=1
N N
Cpennee 1o j F3g = Z ZJPi,j
i=1j=1
N N 9
HOucnpecus 1o i Fyo = Z Z(l —F38)° B, ;
i=1j=1 Mepa OTKJIOHEeHUS CayuaiiHoil BeTuInHEL
N N OT ee MaTeMaTUYeCKOro OKUTAHUA
. _ ; 2
Hucnpecus o j Fy = Z Z(] —F39)° B, ;
i=1j=1
N N . . .
Kopapuamms Fyp = z Z(i — Fyg)(j—F39)P, ; Mepa n1uHeHOI 3aBUCUMOCTH IBYX CJIYUYaNHBIX
i ! BeJIUUUH
N N (j— i . .
Kobperanms Fy3= z Z (i—F38)(j —F39) B, IloxaspIBaeT CTATUCTUUECKYIO B3ANMOCBA3b
PPEJIALL i Fy IBYX UJIU 00Jiee BeTUUNH

Panee 6b1J10 0TMEUEHO, UTO Ba’KHBIM KPUTEPUEM
9((PEeKTUBHOCTU CTeraHorpamuecKkoro BCTpauBa-
HUA ABJIAETCA YCTONUMBOCTE IIEPE] CTETOAHAIN30M.
ObecrreunTh HE3aMETHOCTH BO3MOYKHO, €CJIM Opra-
HH30BaTh BCTPaMBaHNE TAKUM 00pas3oM, UTOOLI OHO
He BHOCUJIO 3aMETHBIX MUCKAaKEHUI B €CTeCTBEHHYIO
Mozesb IudpoBoro n3odpakenusd. C meJapi0 MaKCcH-
MaJIbHO BO3MOXKHOU 9()(EeKTUBHOCTU paspabaThiBa-
eMbIX METO/IOB CTeroaHaIn3a NCCIeI0BATEIN CTPOSAT
JIOCTaTOYHO OOJIBIINE ITPU3HAKOBLIE IIPOCTPAHCTBA,
BKJIIOUAIONINE NEeCATKU U COTHU THICAY MPUSHAKOB
[16—18]. B coBorkymHOCTM maHHBIE IPU3HAKU HAIOT
XOPOIINE Pe3yJIbTaThl, OZHAKO BOIIPOC MH()OPMATUB-
HOCTU 3THUX IIPU3HAKOB BO MHOI'MX HCCJIEIOBAHUSIX
aBTOPBI 00XOIAT cTopoHoit. ITosaToMy BBEIOODP Habopa
Hanbosee NHGOPMATUBHBIX ITPU3HAKOB U3 GOJIBIIIO-
T0 MHOYKECTBA ABJIAETCA BaYKHON 3amaueii [19-22].

Anamus ](II-I(l)OpMaTI/IBHOCTI/I IIPU3HAKOB

KatoueBBIM sTamoM sABJIAETCA BBIOOP MHMOpPMa-
TUBHBIX ITPUBHAKOB, AHAJMN3 KOTOPBIX IT03BOJISAET
OTIeJATh N300paKeHUs, COlePsKaIllie BCTPOEHHYIO
uHGOPMAaIN0, OT YUCTHIX H300paKeHmii. B Kaue-
CTBe IPU3HAKOB B 3ajJlaue CTEeroaHaJM3a MUCII0JIb3Y-
IOTCS PasHOOOpas3HbIe CTATHUCTUUYECKIEe XapaKTepu-
CTUKHY, PACCUUTBLIBAEMbIE MJIA DJIEMEHTOB JTaHHBIX
MUPPOBLIX H300pasKeHuil B HPOCTPAHCTBEHHOW U
YaCTOTHOM 00J1aCTAX.

Hab6op mpr3HaKoOB MOKET COAEPIKATh COTHHU U ThI-
CAYM DJIEMEHTOB, OOHAKO HEKOTOPbIE 13 HUX MOTYT
OBITh JIMHEIMHO 3aBUCUMBIMU, KaKHe-TO IIPU3HAKU
MOT'YT He TIOAXOIUTH K PeIleHni0 KOHKPEeTHOM 3a1a-
yu. JIJidg TOro 4ToObl U3 OTPOMHOI0 MHOKECTBa Ha-
OpaHHBIX NTPU3HAKOB BBIJEJIUTHL WH(POPMATUBHBIE
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IJIS pacCMaTpPHUBaeMoli 3aJaun, HEOOXOAMMO IIPOBe-
CTU SKCIEPUMEHTHI C IPUMEHEHNEM aJITOPUTMa BbI-
6opa nH(GOPMATUBHBIX IIPU3HAKOB.

CylmecTByeT MHOTO aJITOPUTMOB oTGopa mHGOP-
MaTUBHBIX TPU3HAKOB, OCHOBAHHBIX Ha BBIABJIEHUU
CTATUCTUYECKUX 3aBHUCUMOCTEH (MEXKAY dJIeMeHTa-
Mu Habopa, MeXAY sJIeMeHTaMu Habopa U BBIXOA-
HBIM 3HAUYEHWEeM), CDABHUTEJIbHBIX 9KCIIEPUMEHTAX,
CJIOYKHBIX BBIUMCJIEHUAX.

JKanmuble aJIropuTMbl MOUCKA UCIOJIb3YIOTCA Ua-
CTO, TaK KaK OBICTPHI M JAIOT XOPOIIWUI Pe3yJbTaT
BO MHOTHX 3ajauax. ['pymma aJropuTMoB IIOJIydnia
TaKoe HasBaHNe M3-3a TOr'0, UYTO €CJIU OAUH M3 IIPHU-
3HAKOB OBLJI BRIOpaH B TOAHAGOD (MJIU UCKJIIOUEH), TO
B JaJILHEHIIIEM OH OcTaeTcs B Habope (B cayuae sKaj-
HOTO BKJIIOUEHUS) MJIM HaBcerga OyAeT OTCYTCTBO-
BaTh (B cayyae »KaJgHOT0 UCKI0UeHUs) [23].

AnropuTMBI TOOUEpenHOTO Iepebopa OIeHUBAIOT
Ba’KHOCTh KaiKJOT0 dJieMeHTa Habopa HpPU3HAKOB
IJIsi pPe3yjabTara, paccMaTpuBas KaKIbIA 3JIEMEHT
OTIEJBHO «B BaKyyMe», T. €. 0e3 yuyeTa BJIUAHUA
ocTaJIbHBIX dJyieMeHTOB [23]. OgHAKO BTO HE IO3BO-
JIAeT OJHOBHAYHO OTOOpaTh MH(POPMATUBHBIE IIPU-
3HaKM (IOCTaHOBKA TPaHUIILI 0TOOpA), TaKKe B Ka-
yecTBe HamboJiee BaKHBIX NPU3HAKOB (Hambojee
MH(GOPMATUBHBIX) MOTYT OKa3aTbCA MOAO0HbBIE IIPU-
3HAKU.

Teneruueckuil aJropuT™M — SBPUCTUUYECKUN aj-
TOPUTM IOUCKA, UCIIOJIb3YEeMBIH /IS PEITeHn 3a1au
ONTUMU3AIUN U MOAEJIUPOBAHUA IYTEM CJIyUaNHO-
ro mombopa, KOMOMHUPOBAHUA M BapUaIlUU WCKO-
MBIX IIapaMeTPOB C HCIIOJb30BAaHWEM MeXaHU3MOB,
AHAJIOTUYHBIX €CTeCTBEHHOMY OTOOPY B IIPUPOIE
[24].

s manbHelieit paboThl IPUHATO PEIIEHNE UC-
OJIb30BATh KAAHBIN AJTOPUTM C HCKJIIOUEHUEM,
TaK KaK JaHHBIA MeTOJ JOBOJHHO OBICTPBIN m d(-
(heKTUBHBII COTJIACHO UccJiefoBaHUAM [25, 26].

OKCIIePUMEHThI IOKa3aJu, 4To Habop us 43 mpu-
3HAKOB B IIPOCTPAHCTBEHHOU 1 YaCTOTHON 00JIACTAX
MOKHO COKPATUTD Ha 17 5JIeMEeHTOB, IIPU 3TOM IIOBbI-
cHB OOIIYIO0 TOYHOCTD Kjaaccudpuramum Ha 19 %.

B pesynbraTe sKCIEPUMEHTOB OBLI ONIpeaeseH
caenyoniuii Habop us 26 mH(pOPMATUBHLIX IIPU3HA-
KoB: {F|~Fy, Fg—F 1y, F1g, F19, Fog—F34, F36, F3g=Fy}-

Anropurm BecTpanBaHuA nHGOPMAIIUA
B JPEG-uso6paskenusa

3a OCHOBY HCCJIeNOBaHUS OBLII B3AT AJITOPUTM,
OINMMCaHHBIN B [27].

Bemem o00111yi0 cxeMy BCTpamBaHUs MHMpOpMAa-
muu B cokaTble JPEG-u3o6paskeHusa Ha OCHOBe OIle-
panuu 3amMeHbl KBaHTOBaHHBIX [IKII-koaddurn-
euToB. IIycTh mM300paKeHHe-KOHTEHHED COAEePIKUT
K onokoB kBauToBaHHBIX J[KII-KoadduIiimeHTos.
IIpocTpaHCTBO COKPBITUS IPEACTaBISIET CO0OI He-

\ SALLVTA HDOPMALIN \

KOTOPYIO IIOJAIIOCJIENOBATEJILHOCTDL II0CJIeIOBATE b
Hoctu Bcex [JIKII-koadpdunuentoB C =c cy...Cp,
L < 64K. YacTh HOpOCTpPaHCTBA COKPBHITHUA, 0Opa-
soBanuyo [KII-koaddunuenramu omHOro OJIOKA,
Has3oBeM 00JIaCThI0 BCTPaMBAHUS AaHHOIO OJIOKA.
Bynem cuwmrarh, uTro HyMepanusa KoahUIUEH-
TOB OJIOKA OCYIIECTBJISETCS B IOPSAAKE ero «3ur-
3aroobpasuoro» o6xoma. CeKpeTHoe cOOOIeHNIE
obosHaunm M =mymgy..m;, m;< {0, 1}, i=1, L.

KosnuecTBO O6UT, BCTpanBaeMbIX B OJUH GJIOK H30-
Opakenus, obosmauuM n. Eciu OGUTBI COOOIIEHMS
pacmpenesaTca no 6JJ0KaM HepaBHOMEDPHO, TO MO-

JKeM s3amnucars L = Zszlnj, njz 0.

3uauenme, Ha KoTopoe Oyzmer sameHen J[IKII-
Koa(p(puIiimeHT mpu BCTpamBaHUU B HeEro Oura ce-
KPEeTHOTO COOO0IeHns, Ha30BeM BeJINUYUHOI 3aMEeHbBI
u obosHauuM x. Torma cxemy BCcTpamBaHUA MHQPOP-
manuu B JPEG-u300pakeHnss Ha OCHOBE OIlepaIluu
3aMeHbI MOJKHO IIPEJICTaBUTh B BUIE (DOPMYJIbI:

, x, m; =1,
¢’y = 11
-x, m; =0,
rme ¢; — wusmeHeHHoe 3HaueHme JIKII-koaddu-

IUeHTa.

O6osmaunm mociaenoBarenbHocTh [IKII-koadhdhu-
IIMEHTOB M300paKeHNA-KOHTeHepa, He BXONAIINX
B IIPOCTPAHCTBO COKPBITUA, D = d dy...dg4x 1, 11 BBE-
IeM IOTOJHUTEJLHYI0 OlepaIuio AJsA N3MeHeHUd
OaHHBIX KOA(P(PUIIMEHTOB:

x+1,d; =x,
d';=1-x-1,d; =—x, (12)
d, nHaue.

HomonHuTeIbHAA omepanusa HeoO0XomamMa, UTO-
Obl IIpu mM3BJIeUeHUU omuparbesa ToabKo Ha [[KII-
Koa((puiineHTs, paBHble X U —X, KOTOpbIe OYIyT
COOTBETCTBOBATH €AUHUYHBIM 1 HYJIEBLIM OHUTAM Ce-
KPEeTHOT'0 COODIIIeH M.

OcCHOBHOE TIPEUMYIIIECTBO, KOTOPOEe IaeT IIpen-
CTaBJIEHHAs CXeMa BCTPaWBAHUS [0 CPAaBHEHUIO
C OPYTUMHU CXeMaMu, 3aKJI0UaeTcd B BO3MOIKHO-
ctu ntpousBoJsibHOTO BhIOOpa I KII-KoadhduiiuenTos,
B KOTOPBIX OYAYT pasMeIlieHbl OMThHI BCTPANBAEMOTO
cooOIienus. IIpu 3TOM KOJMYECTBO M3MEHIEMBIX
K0o((PUIIMEHTOB JisI PasHBIX OJOKOB u300paske-
HUS-KOHTellHepa MOKeT ObITh Pa3JIUYHBIM. ITO TIO-
3BOJIUT ()OPMUPOBATH ITPOCTPAHCTBO COKPBITUA IJIS
Ka’sKJIOTO0 KOHKPETHOTO KOHTelHepa HAWJIYUYIIUM
o6pasoM. YCTOMYMBOCTL BBEIEHHOU CXEMbI BCTPAU-
BAHUS [Iepe]] CTeroaHaJn30M OyIeT 3aBHUCeTh OT CTa-
TUCTUUYECKUX XapPaKTEepPUCTUK COOOIeHUsd, 00beMa
CTEroBJIOYKEHUS U KaueCTBA CyKATHUSA U300pasKeHus-
KOHTeWHepa.

Pacupenenenve xkBanToBaHHBIX [IKII-Koaddu-
nueHToB J PEG-usobpakenus 6Jau3K0 K 0000IIeH-
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HOMY HOpMaJibHOMY pacupenesnenuio [2]. Ecau pac-
IpeaeeHMre HYJIeH 1 e TUHUIL B COOOIIeH M OyIeT OT-
JIMYHO OT PABHOMEPHOTO, TO CTOJIOI[BI TUCTOrPAMMBI
OKII-®k09()PUIIMEeHTOB CO 3HAUEHUAME X U —X OYAYT
WUMeTh BHUJ, HE COOTBETCTBYIOIIUI HOPMAaJbHOMY
pacmpeziesieHUI0, YTO MOCTYIKUT AeMAaCKUPYIOITUM
npusHakoMm. A mpegyupeskAeHUA NaHHOU yA3-
BUMOCTH COOOIlleHre IIepe]] BCTPaAuBAHUEM TOJIMK-
HO OBITH CKaTO UM 3amudpoBano. B aTom cayduae
CTOJIOIIBI CO 3HAUEHUAMU X WM —X HA TUCTOTPaMMe
OKII-koa(dumeHToB OyAyT UMETh CUMMETPUU-
HBI BU/J (C HEKOTOPOII IO YCTUMOM ITOT'PEIITHOCTHIO),
YTO COOTBETCTBYET MOJEJIM MCXOMHOI'0 M300paske-
HUS.

Odpyrum [eMacKUPYIOIMUM IIPU3HAKOM MOJYKET
TOCJYKUTh U3MeHeHNe BBICOThI JAHHBIX CTOJOIIOB.
s npenynpeskIeHUs JaHHON YA3BUMOCTU AJUHY
COOOIIIeHNs CIIefyeT 3aJaBaTh TaKOi, YTOOBI OHA CO-
BrnagaJsa ¢ KoauuectBoM [IKII-KoadduimenToB, 1m0
a0COJIIOTHOMY 3HAUYEHUIO COOTBETCTBYIOIIUX BEJIU-
YyyHe 3aMeHbI A9 JaHHoro Kauectsa JPEG-cixaTusa
usobpakeHus-KouTeiinepa. Ilpum BcTpaumBaHUHU CO-
00ITleHUA MAaJIoTo 00'beMa cjenyeT NOOABUTH B HETO
moJie, XpaHsdAIlee IJIUHY, W HCIOJb30BaTh TOJbKO
YaCTh IIPOCTPAHCTBA COKPBITHUA.

Takum o6pa3oM, YCTOMUYNBOCTL IIepe]] CTeroaHa-
JIM30M MOJKeT ObITh JOCTUTHYTA 34 CUET IIOJCTPOI-
KU IapaMeTpPOB BCTPAUBAHUSA TOM AJUHY CEKPETHO-
O COOOINeHUS MW XapaKTePUCTUKU KOHKDPETHOTO
u3o0paKeHuA-KOHTeNHepa.

Heob6xoguMocTh MUHUMUBAIINN HNCKAKEHU ec-
TeCTBEHHOI Mojein Mu(poBOro n300pakeHus B 00-
Jactu KBaHTOBaHHBIX JIKII-K03(hHUITEeHTOB IPUBO-
IUT K MOSBJIEHUIO 3aaUM OIITUMUBAIIUH.

MunuMusanmua MCKaKeHHIl eCTeCTBeHHOM
Momesu ud)poBoro n300paskeHus B 00JIaCTu
kBaHTOBaHHBIX [|KII-k03phuiiuenTon

B obsactu creranorpaduu cyIiiecTByeT 00JbIIoe
KOJIMUECTBO Pas3INUYHBIX aJTOPUTMOB BCTPAUBAHUA.
ABTOpHI PaboOT IPUAYMBIBAIOT HOBBIE HUIEW COKPBI-
T nHGOpMAIUU B 00BEKTe, CTapasch IIOBLICUTDH
Hes3aMeTHOCTb BecTpauBauusa. OMHAKO TOT (PaKT, UTO
BJIO’KEHUE He BUIHO UeJIOBeUeCKOMY IJIasy, He O3Ha-
Yaer, UYTO BCTpanBaHUe He BHECJIO NCKAKeHUH B cTe-
TOKOHTelHep. /i OlleHKM BU3YyaJbHOTO KauyecTBa
u300paskeHusa JyacTo ucmoab3yercsa merpuka PSNR
(peak signal to noise ratio) — muKoBOe OTHOIIIEHIE
curgaj/myM [28]. Uem MeHbIle UCKAYKEHUH BHecCe-
HO B cTeronsobpaskeHue, TeM O0JIbIIe JOJIKHA ObITh
Ta MeTprKa (ee yIoOHO HAa3hIBATh «METPUKOM CXO-
cTBa»). Yucso PSNR 6GespasmMepHO, TOCKOJIBKY €I1-
HUIIAMYA U3MEPEHUS W YUCJIUTEeNS, U 3HAaMeHATeJs
CcJysKaT BeJIWUYUHBI MuKceseii. Tem He MeHee, 13-3a
WCIIOJIb30BaAHUSA JOrapu()MOB TOBOPUTCS, UTO UMCJIO
PSNR usmepserca B merubenax (nb).

dopmyaa pacuera PSNR:

PSNR=20log;, 255 ,  (13)

1<—n
;Zizl(Pi _Qi )2

roe 255 — MakcuMaJIbHOE 3HAUEeHUe MUKCeIsd, N —
o011lee KOJIMUEeCTBO IUKCeJIelt, P; — MUKCeJIn UCXOJ-
HOTO M300pakeHNus, ; — IHUKCeJH BOCCTAHOBJEH-
HOTO U300parKeHms.

IToMmumo cTpeMJieHHSA MUHUMH3NPOBATH pas-
JUYMe CTerom300pakKeHus OT MCXOMHOTO, BaKHOM
SABJSAETCS W YCTOMUMBOCTDL TIEpPeJ] CTEeroaHam30M.
Kpurepuem B JaHHOM cCJIyuae MOJKET BBICTYIIATD
oIMOKa KJIacCU(PUKAIINU CTErON300paKeHnH.

Taxum o6pasoM, 1eaeBasd QyHKIINA UMeeT BU/I:

f(x")=max,cy rex (1 -ace, ), (14)

rie acc, , — TOYHOCTh KJIACCU(PUKAIUK CTErOu30-
OpasKeHUII IIpU BCTpaWBaHUU N OUT B OJIOK C BeJIU-
YUHOI 3aMEeHBI X.

IlosaBienue 1eneBol (QyHKIHUU TpebdyeT pelre-
HUA 3aJa4y onTmMusanuu. Ha ceromHaImHani JeHb
CyIIecTByeT 0OJIBIIIOE MHOYKECTBO AJTOPUTMOB OII-
TUMUSAIUY [JA PA3JIUUYHBIX HAYUYHBIX 00JacTei,
B TOM YHCJe U JIJIs ONTUMUIAIUU cTeraHorpadmrye-
CKUX aJITOPUTMOB.

Meron muddepeHTIaIbHON SBOJIIONUNA — OIUH
U3 METOJIOB BBOJIOIIMOHHOTO MOAEJINPOBAHNA, TIPE-
Ha3HAYEHHLIA IJIA PeIleHns 3aJaud MHOTOMEPHOI
onTuMusanuu. Ilo KiaccupuKamuu OMTUMUIAIU-
OHHBIX METOJIOB OH OTHOCUTCS K KJIACCY CTOXaCTUUe-
cKux MeTomoB. Meton auddepeHIInaIbHON 9BOJIIO-
MUY — IIPAMOUA METOJ ONITUMUBAIUU, T. €. B XOJIEe €T0
paboTsl TpebyeTcsa TOMBKO BBIUMCICHUE 3HAUCHUI
1eJieBol OyHKIINH, HO He ee IIPOU3BOAHBIX. B 00111eM
cayuae 1mejeBble GYHKIIUY, ONTUMUSUPYEMBbIE C TI0-
MOIITHIO JAHHOT'O MEeTO[a, MOTYT OBITH He nuddepeH-
upyeMble, HeJIMHEHHbIe, C OOJIBIINM KOJNYEeCTBOM
mmepeMeHHBIX [29].

B paboTax mocJiegfHUX JIeT BCe Uallle IPUMeHs-
I0TCs OMOWMHCIUPUPOBAHHBIE AJTOPUTMBI OIMITUMU-
3aIuu, T. €. BJOXHOBJEHHLIE IPUPOIOIH: Uallle BCero
TaKue MEeTOAbI OCHOBAHBI HA MEHNCTBUAX PA3JIUUHBIX
HACEeKOMBIX, "KUBOTHBIX. Hampumep, aaropuTm mue-
auHo# KoJsionuu [30]: Ha mepBOM IIIare ImYeJIbl pasJie-
TalOTCA U cOOMPAIOT MHMOPMAIINIO, Ha BTOPOM OHU
cobuparoTcA U PelIaT, KaKue HalpaBJeHus obJia-
IaioT OOJIBIITUM TOTEHITHMAJOM (B caydae Iues, Tae
OosbIlie HeKTapa). IIoBTOp JaHHBIX I1ar'0B TO3BOJIUT
BBIOpPATH ONITUMAJILHOE PEeIleHue.

T'eneTmuecKkuil aJIropuTM — 9TO SBPUCTUUECKUN
aJITOPUTM TIOMCKA, HCIIOJNB3YEeMBIN I PereHus
3aay ONTUMUBAIIUY U MOAEJIUPOBAHUA IYTEM CJIY-
yaifHOro moabopa, KOMOMHHPOBAHUS W BapUaI[UU
MCKOMBIX ITapaMeTPOB C UCIIOJIb30BAHUEM MEXaHU3-
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MOB, aHAJIOTUYHBIX €CTECTBEHHOMY OTOOPY B IIPUPO-
Ie [24]. Bagaua omTUMU3aIUU PeIlaeTcsa 6arogapsa
IPUMEHEHUI0 MEeTOI0B, OCHOBAHHBIX HA €CTEeCTBEH-
HOI 9BOJIIOIMU: HacJIeJOBaHUA, MyTalllu, 0TOOPA,
KpoccoBepa, CKpeIuBaHuA.

TemeTnueckuii aJaropuTM yike OaBHO cebsa 3a-
pexoMeH0BaJ B 00JIaCTU CTeraHorpaduiu: MHOTHE
WCCJIeIOBATEIN BHIOMPAIOT €r0 B KaUecTBe aJTOPUT-
Ma OINTHUMU3AIlUM, MOJYyYas XOPOIIue Pe3yJIbTaTbl
SKCIIePUMEHTOB. IIpenMyIecTBo TreHeTUYECKOro
aJITOPUTMa B IapaJljIeSIbHON 00paboTKe MHOYKECTBA
aJbTEepHATUBHBIX pelrneHnii. [losaTomy nasa naabHen-
mieii paboThl B Ka4eCTBe aJITOPUTMA OITUMU3AIHN
BBIOpAH reHeTUYECKUIT aJITOPUTM.

Huxe nmpeacraBiieHo onmcaHue paspadOTaHHOTO
aJropuTMa.

Bxon: coobmenue M =mmy..m;, m;e {0, 1},
i=1, L; mycToit cTeroKOHTelHep — IudpoBoe 130-
opaskenue, c:xkaroe mo merony JPEG; Besnunna 3a-
MEHBI X; KOJNUYEeCTBO OUT, BCTPABAEeMbIX B OJIOK, 7;
mapaMeTpbl FTeHeTUYEeCKOTr0 aJIropuTMa (41cjo moKo-
JIeHU#, 0co0ell B IIONYJISIINN).

BrIxon: cTrerousodpakenue.

IIIar 1. M300paskenne-KoHTelHep pasouTs Ha K me-
TIePeKPHIBAIONINXCA OJIOKOB pasMepoM 8x8 mMuKcee,
BBIYKCJIUTE KBaHTOBaHHBIE [IKII-K0a()GUITEHTHI.

IIIar 2. CremepupoBaTh HAUYAJBLHYIO MOIYJISAIIHIO

u3 P ocobeii Buga pk :(pf’,pg, ...,p,’f),pl]f €[0,63].

IITar 3. Paccumrars 3HaUEHUE I1€J€BOH (DYHKIIUT
IJISI KasKJ0oi 0coo0u.

IITar 4. HaiiTi 0co6b ¢ HanbGOJBIITUM 3HAUCHUEM
IesIeBol (PyHKIIUM U 3aIIOMHUTE ee KaK phest,

IMMar 5. [na i=1, I BLINOJHUTS:

ITar 5.1. CdhopMupoBaTh HOBYIO IIONYJIAIIUIO,
UCKJIIoUas 0cobeil ¢ OMMHAKOBLIMU 3HAYEHUAMHU OT-
eJIbHBIX 9JIEMEHTOB B CJIy4Yae UX MOABJIEHUA.

IIIar 5.2. PaccunraTh 3HAUEHHUE I[€JI€BOH (PDYHK-
MU IJI KasKI0H 0CO0H.

Ilar 5.3. O6HOBUTE pbest,

\ SALLVTA HDOPMALIN \

IITar 6. OcymiectButh BcTpauBaume B JKII-
K03(h(hUIIMEeHTH! CTErOKOHTellHepa ¢ HoMepaMu, II0-
JYYEHHBIMHU B Pe3yJbTaTe MPUMEHEHUSA TeHeTHhue-
CKOro aJjiroputMma, coryiacHo gopmyiue (11), ocrans-
Hble K03()(PUIINEHTHI 00paboTaTh COIVIacHO (PopMYy-
ae (12).

IIar 7. IlpuMeHUTH 00pPaTHOE AUCKPETHOE KOCU-
HycHOe IIpeoOpasoBaHme Koapduruentor, JPEG-
coxaTue.

JKCIIepUMEHTAJIbHOE UCCIeTOBaAHIE
pa3padoTaHHOTO AJITOPUTMA

BorunciauTe/sbHBIE — 9KCIIEPUMEHTBI  IIPOBOIU-
Juch Ha BbIOOpKe m3 10 MHOJYTOHOBBIX TECTOBBIX
JPEG-uszobpaskenuii pasperienuem 256 x 256 mnuk-
ceuteit u3 6as3er USC-SIPI ID (University of Southern
California Signal and Image Processing Institute
Image Database) [31]. BcrpauBaembie cooOIieHMs
TIPEACTABJIAIY CO00M TEKCTHI HAa aHTJIUHCKOM S3bIKE.

Ha puc. 2 nokasana 3aBUCUMOCTD OIIIUOKYU KJIac-
cu(pUKaAIUY CTETON300PaKeHNH OT Urcjia UTepaInii
py BCTpamBaHUU coOOImeHus mjauuoii 2604 oura
npux=3un=4.

W3 mpoBeneHHBIX 9YKCIEPUMEHTOB BHUIHO, UTO
OpY MaJIOM YKCJe IIOKOJIEHUH 1 0cobeil B ITOIMYJis-
Y aJTOPUTMY HEOOXOAUMO IOCTATOYHO OOJIBIIIOE
KosmmuecTBO mrepanuii (~80), YTOOBI ZOCTUUYL TOTO
MUHUMYMa UCKaKeHUH, KOTOPOE IIO3BOJIUT CKPHITh
OT NPUMEHSIEeMOI0 CTeroaHaJjusaTropa (axkT HaIu-
Y1 BJIOJKEHUA B CTETOU300PAIKEHUAX.

BroonHe 3aKOHOMEPHO, UTO IIPU OOJIHIIIOM UKCJIE
OONyJAANUIT 1 OOJIBLIIIOM UX pasMepe HeoOXOIMMO
MeHbIte urepanuii (~30) AaA JOCTHIKEHUS MOCTaB-
genHoi 1menu. OQHAKO GOJIBIION 00BeM IOMYJIAIUHA
He OIPaBIBbIBAETCSA OTHOCUTEJIHLHO MAaJBIM KOJIMYe-
CTBOM UTepamui.

W3 npuBeneHHBIX Pe3yJILTATOB IIPUEMJIEM Bapu-
aHT ¢ YMCJIOM IIOKOJIEHUH 1 ocobeli B momyanuu 30.

x K/‘;i % —
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0,9 +—x

e
0,85
/

0,8
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0,75
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v

OmubKa KaaccuuKamuu
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10 20 30 40
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60 70 80 90 100
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B Puc. 2. 3aBUCUMOCTS BeJIUUNHEI OIITUOKY Kaaccu(UKATOPA OT YKUCJIa UTePaIuit
B Fig. 2. Dependence of value of the qualifier error on number of iterations
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Taxwue mapamMeTpsbl IMO3BOJISAIOT JOCTUYb HE3aMETHO-
CTU BCTPAUBAHUS IS IIPUMEHSIEMOT0 CTeroaHan3a-
Topa npu ~40 urepanuax. B gaabHeHIINX dKCIEpH-
MeHTaX ObLIN IPUMEHEeHbl NMEHHO 5TU IapaMeTphI.

Ha pumc. 3 mokasaHa 3aBUCUMOCTH 3HAUYEHUS
PSNR ot o6bema BIOKEHUS AJA TPeX PasHBIX Ha-
0OpOB ITapaMeTpPOB BCTPAMBAHUA: BEJIUUUHLI 3aMe-
HBI X ¥ KOJIUYeCTBa OUT 7, BCTPAMBAEMBbIX B OJIOK.
B paccmarpuBaembix msobpakenuax 1024 6ioka,
IO9TOMY €MKOCTb CTEIrOKOHTeHHepa OrpaHuYNBaeT-
cda mapaMeTpoM n. g KasKAoro ciydas ObLI Ipo-
BeJIeH 9KCIIEPUMEHT C 00'beMOM, OJU3KUM K MaKCHU-
MaJbHOI eMKOCTH CTETOKOHTEeNHepa.

MHorme aBTOPBI OTMEUAJIH, UTO IIPU BCTPAUBAHUN
JKeJlaTeJIbHO M3MEHATh KOd((PUIIMeHThl, 3HAUEeHUd
KoTopbix Oimike K 0. B sKcriepuMeHTax ¢ BeTUUMHOMN
3aMeHbl, paBHOU 5, sHauenme PSNR Bcerma Hu:xke,
yeM Y aHAJOTUYHBIX 9KCIIEPUMEHTOB C IPYTUMU IIa-
pamerpamu. CTOUT 3aMeTUTh, YTO B MAaTPUIle KBAHTO-
BaHHBIX [KII-K09hGUIIMEHTOB OTHOCUTEIHHO MHOT'O

K03(hGUIIMEHTOB CO 3HaUeHUSAMHU, OIu3KuMu K 0, u
UX U3MeHeHUe Ha BeJIUUNHY 5 (e caMoe YacTo BCTpe-
yaeMoe 3HaUeHUe B MaTPUIle) 3aUaCTyI0 MOYKET II0He-
cTu OOJIBITINE NCKAYKEHUS B KOHEYHOM pe3yJIbTaTe.
IIpu BenuumHe 3aMeHbI, paBHOU 1, 3HaueHUe
PSNR Begmer cebs BechbMa CIIOKOWHO, HECMOTPS Ha
yBeauueHue o6bemMa BioKeHuA. KoHeuHo, mpu 60Jb-
moM BJo:keHum 3Hauenue PSNR omyckaercs HuU-
ske 50 1B, HO TIpU 5TOM B MaJieHbKOEe M300pasKeHme
BCTPaUBaeTCA JOCTATOYHO OOJIBIIION 00beM JaHHBIX.
IIpu mapamerpax BcTpamBaHUsA X =3, n =4 3HAa-
yenre PSNR moxkasbsiBaeT oueHb XOPOIIiue pe3yabTa-
Tbl. B MeTo/1e, KOTOPBIit OBIJI B3SAT 3a OCHOBY PabOTHI,
TP aHAJOTMYHBIX mapamerpax 3sHaueHue PSNR
ormyckaercsa Hu:ke 50 1B mpu BIOKeHUU TOpPAIKA
3500 6uT, mpu TOM, UTO TaM M300pakeHusd B 4 pasa
6oabiie. IIpu masoMm oO0heMe BJIOMKEHUS amallTUB-
HBIH aJITOPUTM IoKasbiBaeT 3Hauenrie PSNR B cpen-
HeM Ha 4 1B HU!Ke MO CPaBHEHUIO C OMHCAHHBIM
B cTaTbe [27], HO pu OOJBINNX BJIOXKEHUAX IIOKA-
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B Puc. 3. 3aBucumocTts 3HaueHusa PSNR oT o0'bema BIIOXKeHUA

B Fig. 3. Dependence of PSNR value on embedding capacity
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B Fig. 4. Dependence of value of the qualifier error on embedding capacity
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3bIBaeT Pe3yabTaThl Bolmie. OTHAKO CTOUT IIOMHUTD,
4uTO 1eJieBad PYHKIIUA B JaHHOM paboTe He cBA3aHA
co sHaueHnem PSNR, HecMoTps Ha TO, YTO 3TO OC-
HOBHAas MeTPUKa KauecTBa U300paKeHUsd, €r0 CXO0-
JKeCTU ¢ MCXOAHBIM m3o0paskeHueM, a B [27] mede-
Boii @yHKIuel aasgerca PSNR. MmernHo mosTomy
B SKCIIEPUMEHTAX aJalTHBHOTO aJrOpuTMa HET Ta-
Kot aBHOU 3aBucuMocTu 3HaueHuA PSNR ot o6 bema
BJIOJKEHUS — «4ueM 00JIbIlle BJIOJKEeHe, TeM MeHbIITe
PSNR».

B Puc. 5. [Ipumep paboTel anroputrMa (HCXOJHOE H30-
OpaskeHne — cJjieBa, CTEron300paKeHme — CIpaBa)

B Fig.5.Example of the algorithm’s work (initial imag-
es — at the left, stego-images — on the right)

\ SALLVTA HDOPMALIN \

Ha puc. 4 moxkasana 3aBUCUMOCTD OIITUOKM KJIac-
cU(UKAIINYU CTETON300pakKeHnil oT 00'beMa BJIOXKe-
HUA.

B crarbe [27] aBTOPBI IPOBEPAIOT YCTOHNUUBOCTD
aJropuTMa K CTeroaHaJu3y AJIS BeJIMUNHBI 3aMEHBI,
paBHoi1 3, Ha ocHOBe 3aKoHa Berdopaa. IIpu o6beme
BerpauBanua 10000 6uT omHO cTeromsobpakeHme
u3 8 (pasperienueM 512 x 512 nukceseit) Ob1I0 KJac-
cuUIIPOBAHO BEPHO.

IIpu BcTpamBaHuU B M300paskeHe paspeleHneM
256 x 256 ntmkceseir 4016 6UT ¢ BeJIMUNHON 3aMeHBI
X = 3, BCce CcTeron3odpakeHuns ObIIN KJIACCUPUITUPO-
BAHbI HEBEPHO.

IKCIIEpUMEHT CO BCTPAVMBAHUEM IPU X =5 U n=3
IIOKas3aJj He TOJbKO OTHOCUTEJBHHO IIJIOXOH PesyJib-
TaT no 3HaueHuo PSNR, Ho 1 ipu mpoBepKe ycTO¥i-
YUBOCTH IIepes cTeroaHaamsaropoM. [aske mpu ma-
JIOM BJIOJKEHUU OLHO cTeromsobdpaskenue us 10 0b110
KJiacCu(UIITPOBAHO BEPHO.

Ha puc. 5 npezncraBiieHbl IpuMepPbl PA0OTHI aJIr0-
purma BcrpauBaHua 3328 6ut npu x =3 u n = 4.

3akjaouyeHue

ChopmupoBaH HabOp TPU3HAKOB B IIPOCTPaH-
CTBEHHOM M YACTOTHOU obJsiacTsax cikaroro JPEG-
n300paskeHus, IPOUW3BeAeH aHaJIu3 WH(POPMATUB-
HOCTH CTETOAHAJIUTUUYECKUX TPU3HAKOB, BXOIAIITUX
B chopMupoBaHHbI# Habop. OO0yUeH cTeroaHaJIUTU-
YyecKU KJaccu(uUKaTop Ha MaccuBaxX ITU(PPOBBIX
M300pasKeHnil, COMEPIKAIIUX «UUCThIe» M300pasKe-
HUS, U CTETOM300paKeHus ¢ NCII0JIb30BaHEM c(op-
MUPOBAHHOTO Habopa MHGOPMATUBHBIX ITPU3HAKOB.
PeannsoBaH aJITOPUTM BCTPAMBAHUSA WH(pOPMAITAU
B cxkartele JPEG-usobpaskeHnss Ha OCHOBe oIlepa-
nuu 3aMeHbl. (19 MUHUMU3AUU UCKAMKEHUN IpU
BCTpamBaHUU OblJIa IIOCTPOEHA IeseBas (GyHKIIUA
Ha OcHOBe c(OpPMUPOBAHHOTO Habopa wuHGOpPMA-
TUBHBIX NPU3HAKOB. PaspaboTaH aJalTHUBHBIN
aJITOPUTM BCTpPamBaHUA HHAOPMAIIMU B CKAThIE
JPEG-u3006paskeHus Ha OCHOBE OIEPAIIUU 3aMEHBI
C IPUMEHEHUEeM ONTUMU3AINVU. ATAalITUBHOCTE aJ-
TOPUTMA 3aKJIIOUAETCA B TOM, UTO BHIOOD 00JI1aCTH CO-
KPBITHSA OCHOBBIBAeTCA Ha HabOpe MHPOPMATHUBHBIX
MIPU3HAKOB, KOTOPHIN XapaKTepu3yeT eCTECTBEHHYIO
MOJeJb ITU(PPOBOT0 N300paKeHM .

BoruuciuTeabHBIE 9KCIEPUMEHTHI TOKA3aJIu, YTO
MOKHO BCTPOUTH OoJiee 4 ThICAY OUT B OJTYTOHOBOE
JPEG-uzobpaskenmne pasperienueM 256 x 256 muk-
cejieli, MUHUMUBUPYA HCKAKEHUA eCTeCTBEHHON
Mozesu MuppoBoro m3obpaskeHns B 00JaCT KBaH-
ToBaHHBIX [KII-K0a(hduIineHTOoB HACTOJBKO, YTO
CTeroaHaJIM3aTop Ha OCHOBEe HAWBHOTO 0aiiecoBCKO-
ro KJjaccudukraropa ¢ Habopom 0TOOPAHHBIX C TIOMO-
B0 JKAJHOTO aJITOPUTMAa C UCKJIIUEeHUEeM UHQOP-
MATHBHBIX IPU3HAKOB HE BBIABJISAET (DAKT COKPBITUS
coobirenus B usoopakennu B 10 cayuaax us 10.
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Introduction: Digital steganography is an effective approach to ensuring the confidentiality of transferred and stored information.
In order to provide stability before steganalysis when data are embedded into digital images, it is important to avoid the appearance
of unmasking features caused by the embedding. Purpose: Developing an adaptive algorithm of steganographic embedding of data
into compressed JPEG images based on a replacement operation, minimizing the distortions introduced to the informative features.
Results: The paper discusses the importance of unmasking features in steganalysis and their application for adaptability of information
concealment algorithms in digital objects. The main features in the spatial and frequency domains of digital images applied in modern
steganographic embedding methods are specified. Informative features are selected, excluding linearly dependent features or features
without any information about digital object distortion during the embedding. The resulting set has allowed us to increase the accuracy
of general classification of images by 19%. On the base of the obtained set of informative features, a replacement-based adaptive
modification has been developed for the algorithm of embedding data into compressed JPEG images. This modification minimizes
the image container distortions during the embedding due to the use of a criterion function formulated in the article. The algorithm
is adaptive because the concealment field is chosen based on the set of informative features which characterize a natural model of a
digital image. Computing experiments allowed us to find the best parameter values in order to achieve good embedding capacity and the
minimum distortions of the unmasking features. Experiments with the developed adaptive algorithm have demonstrated its increased
stability before steganalysis and very good embedding capacity. Also, it has high values of the stego-image quality metrics, making the
distortions less noticeable either for human eyes or for numerous steganalysis algorithms, because the values of unmasking features are
distorted only slightly.
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OrpaHuuyeHue HeCaHKLUOHUPOBAHHOIO AOCTYNAa
B paAMOTEXHUUYECKUX CUCTEMAX
C LUUPOKOBeELLaTeAbHOU nepeaauye uHpopmauum
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BBeaeHMe: 1CroAb30BaHNE PaAMOTEXHUHYECKMX CUCTEM C LUMPOKOBELLATEAbHOM nepeaaqest MHpopMaLmMm CBSI3aHO C BO3-
MOXHOCTbH OpraHmu3aLmMm CAOLLIHbIX 30H PaAMOAOCTYMA MU OrPaHUUEHHOM YMUCAE NEPEAAIOLLMX MYHKTOB M AOCTATOYHO BOAb-
LLIOM KoAmYecTBe aboHEHTOB (noTpebutene nHpopmaumum). OAHaKO B CUCTEMAX C LLIMPOKOBELLATEAbHOM rnepeaayen HpopMa-
LMKM MMEKTCSI 0COBEHHOCTH pearn3daLim orpaHMYeHUss HECaHKLIMOHUPOBAHHOMO AOCTYNa, 00yCAOBAEHHbIE MPOCTPAHCTBEHHOM
INEKTPOMArHUTHON AOCTYMHOCTbIO PAAMOKAHAAOB M OTCYTCTBMEM 00paTHOro KaHaAa nepeaaun uHpopmaumu. Lieab: paspa-
60TKa NMPUHLIMIMOB PACMPOCTPAHEHUS] KAOUEBOH MHPOPMAaLIMK M YIIPABAEHUS] CEAEKTUBHBIM AOCTYNOM abOHEHTOB K MHGOPMa-
Uumm, nepeaaBaemMoli B LUIMPOKOBELLATEAbHbIX PAAMOTEXHUUYECKUX CUCTEMAX Pa3AMUHOIro HasHaueHUs, C yueToM orpaHU4eHum,
HaKAaAbIBaeMbIX LLIMPOKOBELLATEAbHBIM PEXUMOM rnepeaaun. MeToA: MOAUPUKALIMS UCMOAB3YEMbIX B PAAMOTEXHMUYECKMX
cucTeMax C LMPOKOBELLATEAbHOH nepeaayue MHPopMaLmMmu METOAOB OrpaHUYeHUs HeCaHKLUMOHMPOBaHHOIro AOCTYrNa Ha oc-
HOBE KOMOMHALMK CUMMETPHUYHBIX MU aCUMMETPUYHBIX KPUMTOAArOPUTMOB. Pe3yAbTatbl: aHaAU3 CyLLECTBYHOLLMX MOAXOAOB
K OrpaHUyeHnIo HECaHKLIMOHMPOBAHHOIO AOCTyNa B CUCTEMAaX C LLMPOKOBELLATEAbHOH nepeaaqess MHGopMaLmMM NoKasaA, uto
OrpaHUUYEHNsl, HaKAGAbIBAEMbIE XapaKTEPOM (GYHKLIMOHUPOBAHMWS PAAMOTEXHUUYECKUX CUCTEM C LLIMPOKOBELLATEABHOM Mepe-
Aadel MHpopMaumK, B 3HAYUTEAbHOM CTeNeHM 3aTPYAHSIIOT MAM AEAAIOT HEBO3MOXHbIM MCIOAb30BaHME Pas3AMYHbIX CETEBbIX
MPOTOKOAOB 3aLLUMLLIEHHOIO MHGOPMALIMOHHOIO 0OMEHA, LLIMPOKO PacpoCTPaHEHHbIX B KOMIMbIOTEPHbIX CeTsIX. OBOCHOBaHbI
MPUHUMIBI (HaAUUME ABYX MAM BoAEe YPOBHEH KAUEBOKW MHYOPMAaLIMM, BO3ZMOXHOCTb 3aMeHbl BCEH KAOYEBOH MHGOPMaLIMH,
BO3MOXHOCTb YNPaBAEHUS AOCTYNOM K CUCTEME) M CIOCOD OrpaHUUYEHMs HECAHKLMOHMPOBAHHOIO AOCTYMNa K paaMoKaHaraMm
LIMPOKOBELLIATEAbHbIX CUCTEM MepeAayn MHGOpMaLMmu Ha OCHOBE KOMOMHMPOBAHHOIO MCMOAb30BaHMS CUMMETPUYHBIX U
aCUMMETPUYHBIX KPUNTOAATOPUTMOB. B KayecTBe CUMMETPUYHOM YacT BO3MOXHO MCMOAb30BaHME OGAOYHbIX MAM MOTOYHbIX
KPUITOAArOPUTMOB. B KauyecTBe KpUMTOaAropUTMOB aCUMMETPUYHON YacT PEKOMEHAYETCS MCrOAb30BaTb MateMaTU4YeCKui
annapar aMUITUUECKMX KPUBBIX, KaK 00AaAAIOLLIMI HAUAYULLMMKU KPUMTOrPaGUUECKMMM 1 CKOPOCTHLIMU XapaKTePUCTUKaMM
10 CPaBHEHUIO C APYTMMM TUMIAMM aCUMMETPUYHBIX KPUITOAArOPMTMOB. MpaKTMUecKas 3HaUMMOCTb: MPEANOXEHHbIN CTOCO6
OrpaHUYEHNsT HECAHKLIMOHUPOBAHHOIO AOCTYrna MOXET ObiTb MCIOAb30BaH AAS OpraHu3aLmm 3aLLUMLLIEHHOIO MHGOPMALIMOHHO-
ro obMeHa 1 ynpaBAEHUS] CEAEKTUBHBIM AOCTYNOM K MHGOPMaLMH, NepesaBaeMol B LUMPOKOBELLATEAbHbIX PaAMOTEXHUYECKMX
CUCTEMAX Pa3AMUHOIO Ha3HaueHus.

KaroueBble cnoBa — LLIMPOKOBELLATEAbHAS Nepeaaya MHPopMaLM1, HeCaHKLIMOHUPOBAHHbIM AOCTYM, KAOUEBasi MHGOP-
Maums, CUMMETPUYHbIE KPUIMITOAArOPHUTMbl, aCUMMETPHUYHbLIE KDUMNTOAATOPUTMAbI.

IMuruposanue: IlItansko C. B. Orpannuenue HeCAHKIIMOHNPOBAHHOTO JOCTYIIA B PASNOTEXHUYECKUX CUCTEMAaX C IINPOKOBEIaTeIbHON
nepenaueii nadopmanuu. Hugpopmayuonno-ynpasnsiowue cucmemst, 2018, Ne 5, ¢. 57-65. doi:10.31799/1684-8853-2018-5-57-65
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Beemenmne

IITupokroe wmcnoiIb30BaHME pPATNOTEXHUYIECKUX
CHCTEM C IITMPOKOBEIIaTeJbHOI Iepenaveil mHGOD-
Malyy W paciiupeHue o6JlacTell WX IPUMEHEHUA
[1-4] mpumBomuT K TOMYy, YUTO BO3HHKAaeT 3ajada
orpaHWYeHUs JocTyma K wuHbOpMAINU, Iepena-
BaeMoii (TpaHCAUPYEMOI) TaKMMH CHCTEMAaMU.
IIpocTpancTBeHHAsA 9JIEKTPOMATHUTHAA JOCTYI-
HOCTB, ABJIAIOIIASACA CBOUCTBOM JIFOOBIX PaAOKaHA-
JIOB, CO3AeT YCJOBUA IJIA HECAHKIIMOHUPOBAHHOI'O
mocryna (HCII) ¥ madopmalinm, mepegaBaeMoi mMiu-
POKOBEIIATEJIbHBIMUA PAJUOTEXHUYECKUMU CHUCTE-
mamu [5—8]. IIpu 3TOM 0COOEHHOCTH TaKUX CHUCTEM
B psAJie cIydyaeB He I03BOJIAIOT 9GO (PEKTUBHO IIPHMe-
HATH B HUX CYIIECTBYIOIIVE KpHUITOrpaduuecKue
QJITOPUTMBI ¥ TPOTOKOJIBI 3aIUIIIEHHOTO MHMOpMa-

IIMOHHOTO O0MeHa, ayTeHTU(MUKAINU aOOHEHTOB U
pacnpenesieHusa KJioueBoil mHpopmanuu [6, 9-13],
obecrreunBaOINeE CEJIEKTUBHBIN AOCTYI M IIPENOT-
ppamenue HCI k mepenaBaemoit nHpopMaIum.

OO0uIuii MOIX0 K peain3ain OrPpaHHYeHU T
IOCTYIIA B CHCTEMAX C IIMPOKOBEIATEILHOM
nepenaueit uHGopMaIUA

PaccMoTpyM THIIOBYIO PagUOTEXHUYECKYIO CH-
CTEeMy C IIWPOKOBEIIATEJHLHOU Ilepemadeil mHQOP-
Manuu (IIITPOKOBEIATEIbHYI0 CeTh) IJs OOJBIIIO-
ro KosmuecTBa abonenToB (puc. 1). Taxkasa cucrema
IIpeJCTaBIAET CO00H OrpaHMUYEHHOE KOJIMUECTBO
a00HEHTOB-MCTOUHNKOB U ITOCTATOYHO OOJIBIIIOE KO-
JINYeCTBO a0OHEHTOB-IPUEMHUKOB, WUJIU NOTPeOM-
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B Puc. 1. Cxema pafiiOTeXHUUECKOU CUCTEMBI C IITUPOKOBEIaTeIbHOM mepenaueit nudopmanun: [IPK — menTp pacmpe-

IeJeHus KJIouein

B Fig. 1. Broadcast radio system scheme: IIPK — rey distribution center

Teselt mHpopMmanuu. Ilpm sTOM HaKJIaIBIBAeTCS
orpaHMUYeHNe Ha OTCYTCTBHE OOPATHOrO KaHaJja OT
aboHeHTa-TPHeMHUKA (HOTPeOUTEISA CUCTEMBI C IITH-
POKOBeIIaTeJIbHOU mepenaueii mHGopManuu) K abo-
HEHTY-UCTOUYHUKY.

IIpu peasnmsamuu orpaHWYEHUA NOCTyIa K WH-
dopmanuu, mepegaBaeMOil B IIIMPOKOBEIIATENb-
HBIX PAJNOTEXHUUYECKUX CHCTEMaX, BOBHUKAET He-
00X0AUMOCTh 3alIuThl Takux pecypcoB ot HCII.
OCHOBHBIM TEeXHUUYECKUM METOIOM 3aIlUThl MHDOP-
Mamuu, repemaBaemMoii 1o pagmoxkanagam, ot HCII
ABJIAeTCA Kpumnrorpapuueckas 3amiura mHpopma-
muu [14, 15]. VcioBueM ee peasmsanuu ABIAETCA
pacupocTpaHeHne KJUYeBOI MH(MOPMAIUU MEXKIY
aboHeHTamMu. ['eHepaluiio U pacIIpocTpaHeHre KJIo-
ueBoit mHGopManuu K ocyiectsiaser [[PK.

B ocHoBy mpuHIIUIIa 3amUThl MHMOPMAIUHU OT
HC]I B mnpoxoBemniaTeIbHBIX CETAX C YIeTOM Orpa-
HUYEHUH, HaKJIaJbIBAEMBbIX IITUPOKOBEIIATEeIbLHBIM
PEXXUMOM Iepefadyu, MOKeT OBITH IIOJIOJKEHO CO-
BMECTHOE WCIIOJIb30BaHUE CHUMMETPUUYHBIX (OZHO-
KJIIOUEBBIX) W ACUMMETPUUYHBIX (IBYXKJIOUEBBIX)
KpunroaaroputrmoB [7, 16]. IIpu sTom Hemocpen-
CTBEHHO A INMu(MPOBAHUS IepelaBaeMbIX [TaH-
HBIX I1€JIeCOO00Pa3HO MCIIOJIH30BAaTh CUMMETPUUHBIE
KPHUIITOAJITOPUTMBI, KOTOPBIE 00J1aZaioT OCIbIINM
OBICTPOIEIICTBIEM IIPU aNIaPATHOM 1 TPOrpaMMHOI
peanusanuu, ueM acuMMeTpuyHbIe [9, 14, 15], a gia
IPOIENYyP pacupefeeHnsa KJIHUYel, ayTeHTuduKa-
uy aGOHEHTOB U COOOIIeHU U YIIPABJIEHUA JOCTY-
TIOM I1eJieco00pasHoO MCIO0JIb30BATh ACUMMETPUUHBIE
KPHUIITOAJITOPUTMEI, KOTOPBIE 00JIaga0T O0JBITIMI
BO3MOJKHOCTSMU U TMOKOCTBIO AJIA PEIIeHUA TaKUX
samau [17-19].

Onumnem cucremy orpanmuerHuss HCI[ k paxwmo-
TeXHUYECKOU CUCTEME C IITUPOKOBEIaTeIHHOI ITepe-
maueit ”HGOPMAIINY CIAEAYIOIINM BbIpaKeHUeM:

S = <{A}, {KC)>, 1)

rae A — mcnosb3yeMble B CUCTEME OTPaHUYEHUA He-
CAHKIIMOHUPOBAHHOTO [OCTyIla KPUITOAJITOPUTMA;
KC — (QyuKnusa, onucelBaIIass IIPOLeAypy 3ame-
HBI KJIIOUeBOI MHMOPMAIINY KPUIITOAJITOPUTMOB.

TeopeTHKO-MHOKECTBEHHOE OINCAaHWe CHMMe-
TPUUYHOT'O KPUITOAJTOPUTMA A oIpenessieTcsa deT-
BepKoii [9, 15]

A =<X,K,Y, > 2
roe X ={xq, X9, .., X,} — MHOKECTBO OTKDBITBIX CO-
obmennit; K ={k, ky, ..., kj} — MHOKeCTBO KJIIOUeil;
Y={y:, Y9 - Y,} — MHOKECTBO KPHUITOI'DAMM;

f: X x K —>Y — QyHKIIUA, OGHO3HAYHO OIIPEIeITIO-
masa oroopaskenue X Ha Y; f(x, k) =y, x € X, k€ K,
yeY.

B Boipamxenuu (2) pyHKIUA [ ompenesseTr ce-
MelicTBO oToOpaskenuil f,: x —» y, k € K. Torga mpe-
oOpasoBaHmMe 3aIu(pPOBBIBAHUA XapaKTePU3YeT
dysrnua E,(x)=f,(x)=f(x, k), a npeobpasosa-
HUe paciu@pPOBBIBAHUA XapaKTepusyeT (QyHKIIUS
Dy(y) = f Yy, k)=x. B CUMMeTPUYHOM KPUIITOAJ-
TOPUTMeE AJIA IIPOIECCOB 3aIu(pPOBBIBAHUA U pac-
MIU(PPOBLIBAHUS UCIIOJb3YETCI OAUH U TOT 2Ke KJII0U
k (60 pasimuHbIe KJIIOUM, HO TaKWe, YTO OJMH JIer-
KO BBIUUCJUTH U3 Apyroro). Ilas peaausamuu adbo-
HEHTCKOI'0 INM(PPOBAHUSA IIOCPEICTBOM CHUMMETPHY-
HBIX KPUOTOAJTOPUTMOB HEOOXOAUMO, UTOOBI JTUOO
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BCce a0OHEHTHI 00JIaJaid OJHUM U TeM Ke KJIIUYOM
k, nubo Kakmas mapa abOHEHTOB o0JiaZajia CBOUM
KJIIOUOM &, UTO JJOCTATOYHO TPYAHO PeaaIn30BaTh IIPK
GOJIBLIIIOM KOJIMUECTBEe aO0HEHTOB.

Ilpomenypa 3aMeHbl KJIOUEBON WH(MOPMAIUNA
C WCIIOJIb30BAHMEM CHMMETPUYHBIX KPHUIITOAJIIO-
PUTMOB CBOAUTCS K ABYM BO3MOJKHBIM BApPUAHTAM:
Jn00 PeKypCUBHAS reHepaliis HOBOr'O KJIUa C KC-
TOJIb30BAHUEM MIPEeNbIAYIIero KJioua, JU00 BBIOOP
HOBOTI'O KJIIOUa 13 3apaHee c(popMUPOBAHHOIO (CreHe-
pupoBaHHOTO) MHOKecTBa [17]. IIpu aToM K mepBoO-
My U3 YKasaHHBIX BApPUAHTOB 3aMeHbI KJIOUEBOM
MH(OPMAIINN MOYKHO OTHECTH KaK HeIOCPEACTBEHHO
cxeMbl (D)OPMUPOBAHUS HOBOT'O KJIIOUa HA OCHOBE He-
KOTOPOH MUKJINYECKON (DYHKI[UY OT CTAPOro KJIioua,
TakK 1 Iepegayy HOBOTO CTeHEPUPOBAHHOI0 KJII0Ua IO
OTKPBITBIM KaHaJaaM, IMIN(PPYs ero CTapbIM KJIIOUOM.

PexypcuBHYIO TeHepaluio HOBOTO KJIIOUa C WC-
MOJb30BAHUEM IIPEABIAYINEro KJIUa MOYKHO OIU-
caTh CJELYIOIIUM 00pas3om:

k= KC(k;_y, 1), 3)

TZle r; — HEKOTopasd JONOJIHUTeJbHAA HHPOpMAaIn4d,
ucmoJb3yeMasa Ha TeKYIleM Iare (opMUPOBaHUI
KJIIoua.

Br100p HOBOrO KJIoua u3 3apaHee chOpMUPOBAH-
HOTO MHOKECTBA MOJKEeT ObITH OIMCAH CJIeAYIOIITM
obpasom:

k, = KC({ky, 1= 1.1}, o), @

rme (¢ — IIPaBUJIO BbIGOpA OYEPETHOTO KJII0Ya U3
MHOKecTBa {k;, [ = 1..n}; n — MOILIHOCTb KJIIOUEBOI'O
MHOJKECTBa.

CiiemoBaTesibHO, IIPU UCIIOJB30BAHUU TOJBKO
CUMMETPUUYHBIX KPUITOAJTOPUTMOB CIIOCO0A IIOJIY-
YeHUs HOBOTO KJiouya 6e3 mepegavyy JOIIOJTHUTEb-
HOI 3aKPBITON MH(pOpMAaIU He cyIecTByeT. Kpome
TOT0, CHMMETPUUHbIE KPUIITOAJTOPUTMEI 001aJaf0T
PAIOM OrpaHMYEHUI: OHU He IO3BOJISIIOT PeaJin3o-
BBIBaTh d(h(eKTuBHbBIE poIeAyphl KC 3aMeHBI KJII0-
uyeBoil nH(popmariuu K 1 mporeaypsl ayTeHTU(PUKA-
uu (B caydae HeOOXOIMMOCTHU TIOATBEP K IeHU S IO
JIMHHOCTU a00HEHTOB W JaHHBIX) [17-20].

Hamubie 3agaun Oosee 3(h(GeKTUBHO PEIIarTCsa
C WCIOJB30BAHMEM ACHMMETPUUHBIX KPUITOAJ-
roputTMoB. TeopeTuKO-MHOYKECTBEHHOE OIHNCAHNe
ACUMMETPUYHOI0 KPUITOAJTOPUTMA OIPEAeAETCA
nsaTepkoi [9, 15]

A,.=<X,K,Y, E, D>, (5)

rae X ={x;, X9, ..., X,,} — MHOXKECTBO OTKPBITHIX CO-
obmennit; K = {k;, kg, ..., B} — MHOK€CTBO KJIIOYeH,
BKJIIOUaroiee B ce6a ABa nmoamuoxecTBa: K ={K,
K}, Kp — TOAMHOXKECTBO KJIIOYell 3aInpoBhIBa-
HuA, Kj; — IOOAMHOXeCTBO KJIOUell PacIIn(ppOoBEI-
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BaHud; Y ={Yq, Yg> «» Y, — MHOKECTBO KPUIITO-
rpamm; E: X x Kp Y — aaropuTm 3ammu@ppoBEI-
BaHuA; D: Y x Ky > X — anroputm pacmu@poBbl-
BaHUI.

B acumMmeTpuuHOM aJIrOpUTME IJIS IIPOIECCOB
3amu(PPOBBIBAHUA U PACIIN()POBBIBAHUA UCIOJIb3Y-
OTCA pas3yinuHble KJIoun k° u k® Takue, 4YTO BBIUMC-
JIeHne 3aKpPBITOro KJjmoua k% mo oTKpeITOMY k° SBJIA-
eTCs BBIUNCJIUTEIBHO CJI0MKHOMN 3aadeil.

JJIg acMMMeTPpUYHBIX aJITOPUTMOB QYHKIIMUA 3a-
MeHBI KJII0Ua MOYKET OBITH OIIMCAaHA CJIeAYIOINUM 00-
pasom:

ki = KC(kf(kls)’ ké)(kg)’ ri)’ (6)

rae kP, kS — OTKpBITBIE KJoun 1-T0 1 2-T0 aboHEeH-
TOB COOTBETCTBEHHO; kf, k§ — 3aKpBIThIe KJI04X 1-TO
u 2-70 aDOHEHTOB COOTBETCTBEHHO.

Bripasxernmne (6) B 0011[eM caydae OIMMCLIBaeT KaK
HEIIOCPeJICTBeHHO HIu(ppoBaHMe HWHMHOpPMAIUU OT-
KPBITBIMU KJIOUaMU a00OHEHTOB, TaK U MCIIOJIH30Ba-
HUe OTKPBITHIX KJIOUel AJs Iepefadm 3aKpPBITBIX
KJIIOUel CUMMETPUYHOTO KPUIITOAJTOPUTMA JH6O0
nasi GOPMUPOBAHUA KJOUAa CUMMETPUUHOTO KPUII-
TOQJITOPUTMA.

CiemoBaTesibHO, aCUMMETPUYHBIE KPUIITOAJITO-
PUTMBI ITO3BOJIAIOT CHOPMHUPOBATL HOBBIN 3aKpPHI-
THIA KJIou 0e3 mepemaum 3aKPBITOM MH(OPMAIIUU.
Tem He MeHee IpUMeHEHUE aCUMMETPUYHBIX KPUII-
TOQJITOPUTMOB B CHCTEMAaX C ITMPOKOBEIIATEIHLHON
nepefgaveii nHGOpPMAIMKU TaK:Ke OrPAHUUYEHO, TaK
KaK OTCYTCTBYeT BO3MOJKHOCTH IPOBEIEHUS Iua-
JIOTOBBIX TIpoIeayp. AOGOHEHTHI-TIOTPEOUTEN N WH-
(hopmaiuu B 00II1€M CayUae SBIAIOTCSA IACCUBHBIMU
yYacTHUKaMU MH(POPMAIIMOHHOTO O0OMeHa U He MO-
T'yT IepeJaBaTh CBOIO KJIOUEeBYI0 HHGOPMAIIUIO IJIS
OCYIIIECTBJIEHUA IIPOIENYP (POPMUPOBAHUA CEaHCO-
BBIX KJIIOUEH U ayTeHTU(PUKAIIAN.

OrpaHuueHusi, HAKJaJbIBa€Mble XapaKTEePOM
(GOYHKIIMOHUPOBAHUA PAJUOTEXHUUECKUX CHCTEM
C IIIMPOKOBENIaTeJbHOW Imepemaveili MHMoOpMauu,
B BHAUUTEJBHON CTEIIeHU 3aTPYIHAIOT WJIN NeJa0T
HEBO3MOKHBIM KCIIOJIb30BaHUE PAa3JIMUYHBIX CeTe-
BBIX IIPOTOKOJIOB 3aIUIIIEHHOr0 HH(GOPMAIMOHHOTO
o0MeHa, IIIIPOKO PACIPOCTPAHEHHBIX B KOMIIBIOTED-
HBIX ceTax [18, 19]. CymecTByloiue B HACTOAIIEE
BpeMsdA MOAXOABI K OPTaHUBAIMY 3AIUIIEHHOTO WH-
bopmamuonHOro obMeHa B IIIHMPOKOBEIIATEJIBHBIX
PaIMOTEXHUUECKUX CUCTEMAaX B OCHOBHOM CBOJATCSA
K MCII0JIb30BAHUIO €IUHCTBEHHOTO KJIioua (huKcupo-
BaAHHOTO MHOKECTBA KJIIOUel) UM K Ilepefade TeKy-
mux (paboumnx) Kiaoueil abOHEHTaM-TIOTPeOUTeIIM,
3ammn@pPOBaHHBIX HAa [JOJTOBPEMEHHBIX KJIOUaX
(MHZUBUYAJIBHBIX KJIOUAaX, MAaCTep-KJIUYax), KaK
9TO CIeJIaHO, HAIIPUMeED, B IPOTOKOJIAX 3allUIIeH-
HOro WH(pOPMAIIMOHHOTO OOMeHa B CIIyTHUKOBOM
TesmeBusenun (mporokoabl Viaccess, DRECrypt,
«Pockpunt» u 1p.)[3, 4, 7, 8, 21, 22]. OgHaxo Bcerma
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CYII[ECTBYET HEHYJIeBasi BEPOSITHOCTb KOMIIPOMETA-
Uy J000# KJI0ueBoi nHGOPMAaIuu: eINHCTBEHHO-
ro KJIIOYa, MHOXKECTBA KJIOYell, J0JTOBPEeMEeHHBIX
KJIIOUel, B TOM UMCJIe UHAUBUAYAJIbHBIX, — II09TO-
MYy HEOOXOIUMO UMETh BOBMOKHOCTh 3aMEeHbI JIF000i1
KJItoueBoi nadopmanuu [23].

s pa3paboTKU IOJHOIEHHON CHCTEMBI Orpa-
HuueHusa HCJI B CIyTHUKOBBIX CUCTEMAX C IITUPOKO-
BeIllaTeJILHOU Iepenaueil nHpopMauy HeoOX0TUMO
00ecIieunTh peaausaliuio IPoIeaypPbl CMEHbI eJHO-
IO KJIIOYUa, a B JIYUIIEM clIydae — IPOIenypsl Ghop-
MUPOBaHUA Pab0OUMX KJIIOUell, 3aI[UIaeMbIX JOJITO0-
BPEMEHHBIM KJIIOUOM, a TaKiKe MPOIeIypPbl CMEHBI
JOJITOBpEMeHHOT0 Kifoua[24, 25]. [IpunnunnaabHOe
sHaueHue npu npegorspartenun HCI ¢ ucmosbzosa-
HUEM CUMMETPUYHBIX KPUIITOAJITOPUTMOB COCTOUT
B TOM, YTO B cooTBeTcTBUHU ¢ (popmynamu (3) u (4)
OHU He II03BOJIAIOT OCYII[eCTBIATE 3aMEHY BCeH KJII0-
ueBoii nHMpoOPMaIuy 6e3 epesavu JOMOJTHUTEeIbHBIX
B3aKPBITHIX JAHHBIX. B CYIIECTBYIOIIUX pPamuOTeX-
HUYECKUX CHCTEMaX C IIIMPOKOBEIaTeJIbHOI Iiepe-
npaueir nH(GOPMAIUU C UCIOJIb30BAHNEM CUMMETPUY-
HBIX KPUIITOAJITOPUTMOB UCIIOJIb3YIOTCA PA3INUHBIE
MHOTI'OYPOBHEBBIE CXE€MbI, UMEIOIIe I[eJIbI0 CHU3UTH
BEPOSATHOCTH KOMIIPOMETAIII BCell cucTeMbl. B Ta-
KHUX cXeMaX KJIOUM IEPBOT0 YPOBHA UCIIOJIb3YIOTCA
TOJIBKO AJIsI IITN(PPOBAHUSA KJIOUEll BTOPOro YPOBHS,
a KJIIOYM BTOPOT'O0 YPOBHSA KUCIOJIB3YIOTCA HEIIOCPEe.-
CTBEHHO IJiA IMIn(POBAHUS IlepefaBaeMoil MHMOP-
Manuu. PaccMOTpUM CyIecTByIore CIoco0bl pe-
aJM3aIuy ABYXYPOBHEBBIX CXEM PaCIpPOCTPaHEHUA
KJII0UeBO# MH(pOpMAaIlu.

ITepBBIil cmOCOO BaKJIOUAETCS B UCIIOJIH30Ba-
HUY €IUHOr0 HeCMEeHSeMOro MacTep-KJioda (I0Jro-
BPEMEHHOTO KJI0Ua, KJIOUa IIEPBOTO YPOBHSA) IJIA
mudpoBanua pabounx KJmoueil (KJaoueil BTOPOTo
ypoBHs). PYyHKIINA 3aMeHbl KJIIOUYa B 9TOM CJaydae
BBITVIAUT CJIEAYIOIUM 00pas3oM:

k; = KC(k,,, <k>), )

rze k,, — MacTep-KJI0U.

B sToM ciryuae HOBBITI pabounii KJIOU He 3aBU-
CUT OT IIPEJBIAYIINEro, U CXeMa II03BOJIAET B JIFO00H
MOMEHT chOPMUPOBATH HOBBII KJIIOU U PAcIpoCcTpa-
HUTH ero, 3aIIndpoBaB Ha MacTep-KJaoue. Pabounii
kiaiou 3ameHderca I[PK c samamHOI mepuoguyHO-
cThi0 JIOO Tpu HeobxomzmMocTu. Masblii 00beM
mudpyemMoil Ha MacTep-KJioue nHpopManuu (TOIb-
KO IIepHUOJUYEeCKM pacIpoCTpaHseMblili paboumii
KJIIOY) He II03BOJIAET HAPYIIUTEJII0 IPOBOAUTH €T0
adhdeKTUBHBIN KpunrtoaHaaus. Tem He MeHee HaH-
HBI# cnocob orpannuenus HCII Taxkke He TO3BOJISAET
peau30BHIBATh MEXAaHU3M 3aMeHbI MacTep-KJIoua.

Bropoii cmocob6 3akjaouaeTcsa B HUCIOJIb30BaAHUU
HEeCMEeHSeMbIX WHAWBUAYAJLHBIX KJIIoueili a0OHeH-
TOB (KJIIOUeli IIepBOTro YPOBHS) M MHOYKECTBa pado-
yux KJouell (KJIOUeil BTOPOTO YPOBH), 3amiud-

POBAHHOTO IIPEIBAPUTEIbHO Ha WHIWBUAYAJbHBIX
KJaouax. PacimudpoBars 10001 pabouuii KJa0U u3
JTaHHOT'O MHOYKECTBa MOJKET TOJILKO TOT aDOHEeHT, Ha
YbeM WHIWBUYAJIBLHOM KJIIOUE JaHHOE MHOYKECTBO
szamudposano. IIPK pacmpocrpanser ouepemHOH
KJIOU k; (IepuofudecKu JIu00 IO HeoOXOLUMOCTH)
B 3aIrnpoBaHHOM Buje <k, > MHIUBHUAYAJBHO AJIA
Kaskgoro abonenta. Kamaniii aboHeHT paciaudpo-
BBIBAET OUEpeAHOI paboumil KJIIOY HA CBOEM WHIU-
BUAYaJbHOM KJIOUE, IOJyYas OJUH U TOT JKe KJIIOU.
DyHKIMA 3aMeHbI KJII0Ya B 9TOM CJIy4Yae BBITJIAIUT
cJIeyIOIUM 00pa3oM:

k, = KC(k"{<k,>, | = 1..n})), ®)

rae k¥ — WHAWBUAYAIBHBIN KU aboHeHTa; {<k;>,
l=1..n} — MHOKecTBO 3amn(pPOBAHHLIX HA WH-
IWBUIYaJbHOM KJIIoue aboHeHTa paboumx KJIIoueid
MOIITHOCTBIO 7.

HaHHBIA crroco® MO3BOJISAET 3aMeHATH paboune
KJIIOUM, IepemaBas UX aboHeHTaM B 3alu()poBaH-
HOM BHJe Ha UX UHAWBUAYAJbHBIX KJIOUYAX, OJHAKO
Tak JKe, KAK U B IIEPBOM CII0co0e, OTCYTCTBYET BO3-
MOJKHOCTB 3aMEHBI JOJITOBPEMEHHBIX MHANBUIYAIb-
HBIX KJiioueii. Kpome Toro, B ciydyae eciiu WHIUBU-
IyaJbHbIe KJIIOUN N3BECTHBI TOJBKO cCAMUM ab0HEeH-
TaM, OTCYTCTBYET BO3MOKHOCTh U3MEHATL C(HOPMU-
PpoBaHHOE MHOKECTBO KJIIOUeli.

Cnoco6 orpanunuenus HCJJ

B PAANOTEXHUUECKMX CHCTEeMaX

¢ M POKOBENIATEJIbLHON mepeaaue
uHpOpPMAIUU ¢ KOMOMHUPOBAHHBIM
HMCII0JIb30BAHUEM aCMMMEeTPHUYHBIX
KPHUIITOAJITOPUTMOB

CyIirecTByiomiue CIocoObl  PacIpPOCTPaHEHUs
KJIF0UeBOM MH(MOPMAIY HA OCHOBE CIMMETPUYHBIX
KPUITOAJTOPUTMOB He 00/IaJal0T BO3MOKHOCTHIO
O0OHOBJIEHUSA BCeH KJII0UeBOU MH(MopManuu 6es mepe-
JauuW OOMOJHUTEJIbHBIX 3aKPBLITHIX MTaHHBIX, a BCe
BOBMOJKHBIE BAPUAHTHI CBOJSATCS MO0 K PEKYPCUB-
Ho pyHKIUHU (3), 1100 K BEIOOPY KJIIOUA U3 3apaHee
copmupoBaHHOro MHOKecTBa (4). [Ipu ncmosrb3oBa-
HUU IBYXYPOBHEBBIX KJIOUEBBIX cXeM (C UHIUBULY-
aJILHBIMU KJIYaMU1, MacTeP-KJII0UaMU) CyIIIeCTBYET
BOBMOJKHOCTD IIepefaBaTh KJIOUYM BTOPOTO YPOBHS
(sHOBBIE pabouMe KJII0YN) B COOTBETCTBUU C (hopMyJia-
mu (7) u (8), ogHaKo B 3TOM cirydyae mpobJema 3ame-
HBI KJIIOUeH IIPOCTO IEPEHOCUTCS Ha KU IIEPBOTO
yPOBHA (ZosiroBpeMeHHBbIe KJfouu). [Ipm aTom pac-
CMOTpPEHHBIEe CIIOCOObI 1 (DYHKIINHU 3aMeHbI KJIoueil
3), @), (7) u (8) mria pagUOTEXHUYECKUX CHUCTEM
C I POKOBeIIaTeJbHOI Iepegaueil MHPOPMAIIUT 0X-
BATBHIBAIOT IPAKTUUYECKY BCE BOBMOXKHBIE BAPUAHTHI
C HCIOJb30BAHWEM TOJHKO CUMMETPUYHBIX KPHUII-
TOQJITOPUTMOB, a APYTHe BO3MOYKHBIE BapPUAHTHI
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ABJAIOTCS X KOMOMHAIIMEH B TOM MJIM MHOM BHJE.
ITosToMy A TPUHITMINAJILHOTO PEIIeHUs BOIIPO-
ca 3aMeHBbI BCel KJII0UeBOM MH(popManuu Heo0Xo-
IVMO HCIOJIb30BAaTh ACUMMETPUUHBIE KPUITOAJTO-
PUTMBI.

Takum o0pasoM, CyII[eCTBYIOT 3ajada paspa-
6oTku crocoba orpanuuenHus HC]I, mo3BOJIAOIETO
OCYIIECTBJISATH PACIIPOCTPaHEHNE KJIIUeBOM HHMOP-
MaIu¥ B PAAUOTEXHUUECKUX CHCTEMaX C IIHUPOKO-
BeIllaTeJIbHOM mepegaveil MHMGOpPMAIUU C YUETOM
uX 0COOEHHOCTE! U OTPAaHWUYEHUH, 1 3aZjadya yIpas-
JIEHUS JOCTYIIOM K CHCTeMe C IITNPOKOBEIATeTbHOMN
nepegaveii nEGOpPMAaIUN, OIS Yero TakiKe Heo0Xo-
IUMO OCYII[ECTBJIATH 3aMeHY KJIIOUeBON MHQOpMAa-
Y, B TOM YHCJe NHANBUAYAJIbHBIX KJIOUEH C TeM,
YTOOBI MCKJIIOUATH IPU HEOOXOAUMOCTH aOOHEHTOB
U3 uucya OONYIIeHHBIX K cucreMe. CUMMETPUUHBIE
KPUIITOAJITOPUTMBEI 001aJaI0T PALOM OTPAHUYCHUH,
He IT03BOJIAIOIUX OCYIIeCTBJIATh 3aMEHY BCell KJII0-
ueBoi nH(popMaIu 6e3 mepegaun JOIMOJHUTEIbHBIX
3aKPBITHIX JAHHBIX (TaKUM 00pasoM, UTOOBI TEKY-
e KJaoun He ObLiu aprymenToMm Gyakmuu KC nisa
reHepaluyu HOBOM KJIOUeBOIl wmH(MopMmarium). I[as
pelieHUA OAaHHON IIPo6JieMbl HEOOXOOUMO MOMIHU-
(GUIIMPOBATH CYIIECTBYIOIINE CXEMbI IIOCPEACTBOM
BBEIEHUS ACUMMETPUUYHBLIX KPUITOAJTOPUTMOB U
CO3MaHUA KOMOMHIPOBAHHBIX CHCTEM OTPaHUYCHUSA
HCIl ¥ pagroTeXHUYECKUM CHCTEMAM C IITHMPOKOBE-
mIaTeJbHOM Iepenaveili MHMOPMAIUU C YUETOM UX
0COOEHHOCTe! U OTPaHUYEeHUH.

s ycTpaHeHUA HEOOCTATKOB CYII[ECTBYIOITUX
coco6oB orpanmuyenus HCIl B pagnoTexHUUYECKUX
cHucTeMax C IMUPOKOBEIaTeJIbHOU Ilepedadyeil WH-
dopmaluu HeOOXOAMMO paspadoTaTh CII0CO0 ¢ KOM-
OMHUPOBAHHBIM HCIIOJb30BAHUEM CHUMMETPUYHBIX
¥ aCUMMETPUYHBIX KPUITOAJTOPUTMOB, IIO3BOJISAIO-
1 OCYIIIECTBJIATEh 3aMeHY Bcell KJaueBoii muGop-
Maluy — KJIUell IIepBOTO M BTOPOTO YPOBHA (pa-
00YUX U IOJITOBPEMEHHBIX), & TAKMKE OCYIIIeCTBIATH
yIpaBJIeHNE TOCTYIIOM, UCKJII0Uas aODOHEHTOB B CJIY-
Yae X KOMIPOMETaI[U! U3 UNCJIa aBTOPU30BAHHBIX
a00HEHTOB.

Ias peanmsanuy TaKoOro crocoba orpaHUUYeHUs
HCII gna mmudpoBaHusa u mepegauyd padboumnx KJIrO-
el {k;} HeOOXOZMMO WHCIOJIB30BATh ACUMMETPUU-
HBIN KpunroasroputrMm. Cxema peasmusanuu crocoba
orpannuenus HCJl B paguoTeXHUYECKUX CUCTEMAaX
C IIHPOKOBEIaTeJIbHONU Iepegaueii MHMOpPMAINU
C WCHOJb30BAHUEM AaCHUMMETPUUYHBIX KPUITOAJ-
TOPUTMOB IpeJcTaBJeHa Ha puc. 2. B ammaparype
muppoBanua AIll wakmoro aboHeHTa (popMUDPY-
eTcs Iapa KJoueil acCMMMEeTPUYHOI'0 KPUIITOAJITO-
purMa (OTKPBITHII U 3aKPLITHIA) [K, K], mpu aToM
OTKDBITHIE KJIIOUM OCTAIOTCS B 6ase JaHHBIX (Ma-
Tputie gocrynHoctu) IIPK, a 3aKpbIThbIe M3BECTHBI
TOJIBKO abOHEHTaM, IJIs KOTOPBIX OHU cHOPMUPO-
BaHBI (puC. 2, a). 3aTeM KaKAbIil KJIIOU k; MOKeT
OBITH 3aITU(POBAH OTKPBITHIMU KJIIOUAMU aOOHEeH-
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TOB U IepelaH KasKIOMy a00HEeHTY MHIUBUILYATIbHO
(puc. 2, 0):

<k/>= Eg(k), ©)]

TIe <li> — 3amn(pOBaHHBIN HOBBIH PAO0YUIL KITIOYU
Ha OTKPBITOM KJIfo4e £} aboHeHTa j; kj — mporecc
3aIIn(PPOBBIBAHUSA Ha OTKPBITOM KJIIOUe k]° aboHeH-
Ta j.

Kaxapiii aboHeHT pacmin@)poBbIBaeT padounii
KJIFOY Ha CBOEM 3aKPBITOM KJIIOUE, ITOJIyYas ONUH U
TOT K€ KJII0U:

k; = Dy j(<k}>), (10)

rIe DI*}]- — Imporecc paciin()pPOBLIBAHUA Ha 3aKPhI-
TOM KJIoue k7 aGoHeHTa j.

IIpontenypy 3aMeHBI KJIOUEH MOMKHO OITUCATH
caenyiomieir PyHKIHet:

k, = KC(k°, {<k>, L =1..n}). (11)

3areM abOHEHT-MCTOUHUK IITMPOKOBEIaTeIbHOM
nepenauu wuHpoOpMaluu nepegaer uUHGOPMAIIUIO,
mudpys ee Ha paboueM KJrroue:

¢ = Eg,(m), (12)

rIe ¢ — samu@poBaHHbIE JaHHBIE; M — HCXOMHbBIE
OTKDBITEIE JaHHBIE; Ep; — Ipolefypa mu(poBaHnus
Ha KJmoue k;.

AGoHeHT-TOTyUaTe b pacirupoBbIiBaeT MHQMOP-
MAaIluio

m = Dg;(o), 13)

rae Dy, — mponenypa pacimn(ppoBbIBAHAA Ha KJIIO-
ue k.

IIpu peasnmsanuu pacCMOTPEHHOTO CIIoco0a, B OT-
auyue oT cunoco6oB orpanuuyenusa HCJIl Ha ocHoBe
CUMMETPUYHBIX KPUITOAJITOPUTMOB, MHOYKECTBO
pabouux KJroueil {£;} He ABIAETCA HEM3MEHAEMBIM U
MOYKeT OBITH B JII000II MOMEHT JOIIOJIHEHO UJIH 13Me-
HeHO, TocKOJbKY B IIPK nMeroTcs OTKPBITHIE KIIIOUN
Bcex abOHEHTOB, B TOM uuCJie a0OHEHTOB-UCTOYHU-
KOB, U B JII0O0O1 MOMEHT CYII[eCTBYEeT BO3SMOKHOCTH
CTeHepUPOBAaTh HOBBIM KJOY, 3aIlIudpoBaTh €ro
Ha OTKPBITHIX KJOUYaxX a00HEHTOB W IepemaTh UM.
Karoun MmoryT ObITH IepefaHbl a00HEeHTaM-TIOTPe0u-
TeJIAM KaK uepes IINPOKOBEIIATEIbHYIO CETh Yepes
a00HEHTOB-UCTOYHUKOB, TAK U II0 IPYTUM KaHaJaM.
Kpowme Toro, cyiecTByeT BOSMOKHOCTb CMEHEI U ca-
MuX Kitoueii [k?, k7] aGonenros. Kitoun MoryT GeITh
chopMupOBaHbl caMUMU a00HEHTaMU, U OHU MOT'YT
nepenaTbh OTKPBIThIE KJIIOUN k]° B IIPK, ocraBus 3a-
KPBITBIE Kio4un k} y cebsa. Takad cxema IIO3BOJIUT
YIIPaBJIATH HOCTYHIOM abOHEHTOB-TIOTpebuTeeit nH-
(opmamuoOHHBEIX pecypcoB K cetu. B ciyuae Heob-
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o 3 1 ko
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AT k})+1 2 k2
J E;
e
K Basa ' IIIupokoBeIaTeIbHAA CETh :
LIPK JIAHHBIX : |
|
RO : k;=Dg(<k{>) Abonent- I
! | - HCTOYHUK j [
| — !
— A [
1 - c=E,(m) /IA :
Tenepanus ki i o —T T T T T T T T T T T T T T T T T
KJII0Ya <ki>=Egk) [ /] \
H A
— ] [0
N
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| N .
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|
____________________ |

B Puc. 2. Cxema peanusanun crocoba orparnuenusa HCJI ¢ ucmnoss30BaHTEeM aCUMMETPUYHBIX KPUIITOAJITOPUTMOB: @ —
HepBBIN 9Tall — HOATOTOBUTEJNbHBII; 6 — BTOPOI aTall — pabouunii

B Fig. 2. The unauthorized access restriction method scheme with asymmetric crypto algorithms using: a — the first
stage — the preparatory phase; 6 — the second stage — the worker

XOOUMOCTY UCKJIIOUEHUS ab00OHEHTA-TIOTPEOUTE A U3
4ncja aBTOPU30BaHHBIX HOBBII pabouuil K04 k; He
mudpyerca Ha ero OTKPBEITOM Kiiode k;° 1 He mepe-
JlaeTcs 10 CeTH, B pe3yjbTaTe uero abOHEHT-IIOTpe-
OuTeNb TEPAET JOCTYII K pPecypcaM CeTH.

IIpu peanmsanuy mpenIoKeHHOTO cIocoba orpa-
HUYEHUA HECAHKIIMOHWPOBAHHOIO [IOCTyHa Ha OC-
HOBe KOMOMHUPOBAHHOTO WCIIOJb30BAHUA CHUMME-
TPUYHBIX ¥ AaCHMMETPUYHBIX KPUIITOAJITOPUTMOB
B KaUeCTBe CUMMETPUYHOM YaCTH BO3SMOYKHO UCIIOJIb-
30BaHUe OJIOYHBIX WJIM IIOTOUHBIX KPUIITOAJITOPUT-
MOB, HAIIPUMeEP, OTEUeCTBEHHBIX KPUIITOAITOPUTMOB

mudpoBauus, onpenenasembix 'OCT P 34.12-2015
(manpumep, mudp «Marma», pamee ompeaeasieMblil
T'OCT 28147-89). HauHbIl mudp MMeeT TPU PEIKU-
Ma mudpoBaHUs (PeKUM IPOCTOM 3aMEHbI, PEKUM
raMMUPOBAHUA, PEIKUM I'aMMUPOBAHUA C O0pPATHOH
CBA3BI0) U PEKUM BHIPAOOTKY MMHUTOBCTABKU. B Ka-
YecTBe KPUIITOAJIOPUTMOB ACHMMETPUYHON YaCTH
PEKOMEHIYeTCS UCIIOJIb30BaTh MaTeMaTUUeCKUI all-
mapaTr SJJIMITHYECKUX KPUBBIX KaK 00JaJaioniumii
HAWJIYYIINMUA KPUITOrPpAUUIECKUMU U CKOPOCTHBI-
MU XapaKTePUCTUKAMU II0 CPABHEHUIO C JPYTUMU THU-
IIaMu aCUMMETPUYHBIX KPUIITOAJITOPUTMOB.
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3akJarouyeHne

IIpennmo:KeHHBIN CIIOCOO OrpaHWUYEHUS HECAHK-
IMUOHUPOBAHHOTO JOCTYyIla K PaJMOKaHAJaM IINPO-
KOBeI[aTeJbHBIX CUCTEM Ilepefaun nHpopManuu Ha
OCHOBe KOMOMHUPOBAHHOTO MCIIOJb30BAHUS CUMMe-
TPUUYHBIX U ACHUMMETPUUYHBLIX KPUIITOAJITOPUTMOB
O3BOJISIET PEIaTh IMOCTABJIEHHYIO 3a7aYy 3aMEHBI
BCel KJII0UeBOl MHPOPMAINU — KaK pabouymux KJIio-
Ueil, Tak U WHAWBUAYAJbHBIX (KJIIOUEl IIepBOT0 U
BTOPOT'O YPOBH:A), a TaKiKe YIPaBJATHL AOCTYIOM

\ SALLVTA HDOPMALIN \

aboHeHTOB-TIOJIyUaTeJieli K cucreMe. Kpome Toro,
WUCIIONb3YysT AaCUMMETPUUYHbIE KPUITOAJTOPUTMBI,
MOJKHO OCYIIIECTBJIATE JaJIbHellIlee pasBUTHE IPeI-
JI0KEeHHOTO cItoco0a, peayin30BbIBATL OoJiee THOKIME
CXeMbI U Pas3JUYHbIE CEPBUCHI, B TOM UHCJIE CEPBU-
cbl ayTeHTU(PUKa U, [JlaHHBINA CIOCOO MOYKET OBITH
MpUMeHeH [IJIs OpraHu3aIuy 3alUINeHHOT0 H(POP-
MAIIMOHHOrO 00MEeHa M yIpPaBJIeHUs JOCTYIIOM K pa-
IUOTEXHUUYECKUM CHCTEMAaM C IITHPOKOBEIaTeJTbHOMI
nepenaveit nHGoOpMaIUY PA3JIUUYHOTO HA3HAUSHU .
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Restriction of unauthorized access in radio systems with broadcast data transmission

S. V. Shtanko?, PhD, Tech., Associate Professor, orcid 0000-0002-8391-8911, craft2001@mail.ru
2A. F. Mozhaiskii Military Space Academy, 13, Zhdanovskaia Emb., 197198, Saint-Petersburg, Russian Federation

Introduction: The usage of broadcast radio systems is associated with the possibility of organizing continuous radio access zones
with a limited number of transmission points and a considerable number of subscribers (information consumers). However, radio
broadcasting systems have specific features of unauthorized access restriction related to the spatial electromagnetic accessibility of
radio channels and the absence of a reverse information channel. Purpose: Developing principles for key information distribution and
for the control over selective access of subscribers to the data transmitted in broadcast radio systems of various purposes, taking into
account the restrictions imposed by the broadcasting mode of transmission. Method: Modification of the unauthorized access restriction
methods used in radio broadcast systems, based on a combination of symmetric and asymmetric crypto algorithms. Results: The analysis
of the existing approaches to unauthorized access restriction in broadcast radio systems has shown that the restrictions imposed by
the peculiarities of these systems often make it difficult or impossible to apply various network protocols of protected data exchange
commonly used in computer networks. We substantiate the principles (presence of two or more levels of key information; possibility
to replace all the key information; ways to control the access to the system) and a way to restrict unauthorized access to the radio
channels of broadcast systems, based on the combined use of symmetric and asymmetric crypto algorithms. As the symmetric part,
you can use block or stream ciphers. As algorithms for the asymmetric part, elliptic curves are recommended, as they have the best
cryptographic and speed characteristics as compared to other types of asymmetric cryptographic algorithms. Practical relevance: The
proposed unauthorized access restriction method can be used to organize secure data exchange and selective control over the access to
data transmitted in broadcast radio systems of various purposes.

Keywords — broadcast data transmission, unauthorized access, key information, symmetric crypto algorithms, asymmetric crypto
algorithms.
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PeweTtuyatble CUrHaAbHO-KOAOBbIE KOHCTPYKUUHU
AAfl KAHAAOB C AMHEMHbIMU UCKAXKEHUAMMU

@. A. TaybuH?, AOKTOP TEXH. HayK, npogeccop, orcid.org/0000-0002-8781-9531, ftaubin@yahoo.com
aCaHKT-leTepbypreckuii rocyAapCTBEHHbIN YHUBEPCUTET a3pOKOCMUUECKOro nprbopoctpoeHus, b. Mopckas
yA., 67, CaHkT-letepbypr, 190000, PO

BBeaeHMe: peabHbie KaHaAbl CBS3U MPU BbICOKOCKOPOCTHOM nepeaaye AaHHbIX XapakTepuayroTCs 3aMeTHbIMU AUMHEM-
HbIMU UCKaXEHUAMM, B PE3yAbTaTe Yero 3pPeKTMBHOCTb M3BECTHbIX CUIHAALHO-KOAOBbIX KOHCTPYKLIMMA, OPUEHTUPOBAHHbIX Ha
KaHanbl 6€3 UCKaXEHWH, CyLLECTBEHHO CHUXAETCA. JTO 03HAYaEeT, YTO CTPYKTYpa CUrHaAbHO-KOAOBbIX KOHCTPYKLIMI AAS Ka-
HaAOB C AMHEHHbIMMW UCKAXEeHMUSMU AOAKHA ObiTb COrAacoBaHa ¢ 0COOEHHOCTAMM UCKaXeHMH, BHOCUMbIX KaHaAoM. Lieab:
MOCTPOEHME Ha OCHOBE MHOMOMEPHbIX CUrHAaAbHbIX MHOXECTB MHOIOYPOBHEBbIX CUrHAAbHO-KOAOBBIX KOHCTPYKLIMI C MHOrO-
aTanHbIM AEKOAMPOBAHMEM, OPUEHTUPOBAHHbIX HA KaHaAbl C AMHEHHBLIMU UCKaXEHUSMM, U MCCAEAOBAHME OCHOBHbIX Xapak-
TEPUCTUK ITUX KOHCTPYKLIMIA. Pe3yAbTaTbl: pa3paboTaH HOBbIK MOAXOA K MOCTPOEHUIO CUIHAAbHO-KOAOBbIX KOHCTPYKLIMK AAST
KaHaAOB C AMHEHHbIMU UCKaXEHUAMM, 6as3npyroLLMICS Ha KOMOMHUPOBaHUM ABYX MPOLIEAYP: Mpeobpa3oBaHu MCXOAHOIO
KaHaAa B COBOKYMHOCTb HE3aBUCUMbIX MOAKaHaAOB 6e3 namsaTi WU 4acTOTHO-BPEMEHHOIO MHOMOYPOBHEBOI0 KOAMPOBAHMUS.
Bbicokasi cTeneHb rmbKOCTH MPEAAOKEHHOH KOAOBOM KOHCTPYKLIMM MO3BOASET 3QPEKTUBHO yYMUTbIBATL M KOMIEHCUPOBATb BAU-
AIHWE KaHaAbHbIX UCKaXeHMWI 3a CUeT paUMOHaAbHOro BblGopa YUCAa MOAKAHAAOB M ONTUMM3ALIMM PACTIPEAEAEHMS SHEPTMM
MeXAy NnoAKaHaAaMu, a Takxe 06ecrneymnBaeT LWUPOKMIA AMana3oH 06MeHHbIX COOTHOLLEHUI MEXAY MOMEXOYCTOMUMBOCTLIO M
CAOXHOCTbIO AEKOAMPOBAHUSA. B ABHOM BUAE MOAYYEHbI COOTHOLLIEHMS, CBSA3bIBAOLLME MEXAY COOOM OCHOBHbIE NapameTphbl
MPEAAOKEHHOIO KAACCa CUMrHaAbHO-KOAOBLIX KOHCTPYKLIMIA. [TOAYYEHHbIE COOTHOLLIEHMS MO3BOASIKOT YCTaHOBUTL 0BMEHHbIE CO-
OTHOLLIEHUS MEXAY CKOPOCTbIO MepeAaym, MUHUMaAbHbLIM PaCCTOSIHUEM M CAOXHOCTbHO AEKOAMPOBaHUS. [pUBEAEHbI TPUMEPEI
KOHCTPYKLMI, MOCTPOEHHbIX C MCMOAb30BaHMEM MHOTOMEPHbIX peLleTok bapHca — Yoma. CpaBHUTEAbHbIM aHaAU3 MOCTPOEH-
HbIX PeLIETYaTbIX CUrHaAbHO-KOAOBLIX KOHCTPYKLIMI MOKa3aA, UTo C yBEAUMUEHUEM 3HaYEHMS AOMYCTUMOM CAOXHOCTH AEKOAMPO-
BaHuWs 6oree NMPeArnoUTUTEAbHbLIMM OKa3bIBAIOTCS KOHCTPYKLIMM C BOABLLMMU 3HAUYEHUSMU KaK KOAMYECTBa MOAKaHaA0B, TaK 1
MOLLHOCTH CUrHaAbLHOIO MHOXeCTBa. lpakTuueckasi 3HaYUMOCTb: MPEACTABAEHHbIN KAGCC CUrHaAbHO-KOAOBbIX KOHCTPYKLIMH
M03BOASIET 3GPEKTUBHO YUUTbIBATL U KOMIIEHCUPOBATL BAUSHUE AMHEMHbIX MCKAXeHWH, XapaKTepHbIX AN PeaAbHbIX KAHAAOB
nepeaaum AaHHbIx, 06ecrneynBas npu 3TOM CPaBHUTEAbHO HEBOAbLLIOE 3HAYEHME NMUK-GaKTopa nepeaaBaeMbix CUrHaAOB U TeM
CaMbIM YAyULLIEHWNE KOSDPULIMEHTA NOAE3HOIO AGHCTBUS NepeAaTymKa.

KaroueBble cAOBa — KOAMPOBaHHasA MOAYASILUMSA, CUTHAaAbHO-KOAOBbIE KOHCTPYKLMU, KaHaAbl C AMHEHHbBIMMW MCKaXEHMSI-
MW, MHOFOMEPHbIE CUrHaAbHble MHOXeECTBa, pelleTku bapHca — YoAra, MHOroypoBHeBble KOAbl, MHOr03TarHoe AEKOAUPO-
BaHue.

IMuruposanme: Tayomn @. A. Pemieruarble CHUIHAJIBHO-KOJOBBbIE KOHCTPYKIUM [JA KaHAJOB C JIMHEMHBIMU WCKaKEHUSIMH.
Unpopmayuonno-ynpasasioujue cucmemvt, 2018, Ne 5, ¢. 66—78. doi:10.31799/1684-8853-2018-5-66-78
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Beenenmne

KommpoBanHas MomynAmnus, BOSHUKINIAST B pe-
3yJIbTaTe 00'beAMHEHUA IPOLEAYDP MOAYIAIIUN U KO-
nupoBaHusa [1-3], mpeacraBiseT coboil Becbma ad-
(heKTUBHYIO TEXHUKY HaIe)KHOMN epejaun JaHHbBIX,
TIO3BOJIAIONTYI0 00eCIIeYNTh OAHOBPEMEHHO KaK 3Ha-
YUTEJbHBI KONOBBIA BBIMTPBIMI, TAK U BBICOKYIO
CHeKTpaJbHyI0 3(hGeKTUBHOCTb. [JoMUHUDYIOIIEH
TeHIeHI[Uel IIPU UCCIAeIOBAHNN KOTUPOBAHHON MO-
OYJIAIUY U pa3dpaboTKe KOHKPETHBIX METOJOB Iiepe-
maun (CUTrHaJbHO-KOJOBBIX KOHCTPYKIIUM coOrJiac-
HO YCTAaHOBUBIIIENCA B OTEUECTBEHHOU JIUTEPAType
TEePMUHOJIOTUN) ABJIAJACH U ABJsAETCA HOHBbIHE [4, 5]
OpHMEHTAINA Ha MPOCTENNIYI0 MOAENDb IIepenaoInein
cpenbl — KaHaJ € afJUTUBHBIM GEJIBIM I'ayCCOBBIM
mrymom (ABI'IID).

BwmecTe ¢ TeM, KaK XOpOIIIO M3BECTHO, OTJIUUM-
TeJIbHOI 0COOEHHOCTHIO peasIbHBIX KaHAJIOB IIepe/a-
Yy TaHHBIX ABJSAETCA JKE€CTKOe OrpaHMYeHme pado-

Yel IMOJI0ChI YacTOT (PUILTPAMU MUHIMAJIBHO-(as30-
BOT'O THUIIA, BBISBLIBAIOIIUMU IPU IIepefade TUCKPeT-
HBIX COOOIIeHNIT MeKCUMBOJILHYI0 NHTEeP(epeHITNIO
(MCH). Yposens MCU pes3ro BO3pacTaeT ¢ yBeJIU-
YeHNEeM CKOPOCTHU Ilepefauyu, B pe3yJbTaTe Yero He-
IIOCPEAICTBEHHOE WCIIOJIL30BaHWE B BHICOKOCKOPOCT-
HBIX CHCTEeMaX CUTHAJbHO-KOJOBBIX KOHCTPYKIIWI,
opueHTHpoBaHHBLIX Ha KauHaa c¢ ABIII, csasano
C CYIIIECTBEHHBIM CHUKEHMEM BeJIMUNHBI peausye-
MOTO SHEPTreTUYECKOI'0 BBIUTPHINIA. JTO CIEeAyeT U3
pes3yabTaToB pAfa padoT, CBA3AHHBIX C aHAJIU30M
TIOMEXOYCTOMYNBOCTH M3BECTHBLIX METOMIOB KOIMPO-
BaHHOU MOAyIANMUY B Kanasax ¢ MCU [6-8].
HocTaTouHo 0o0IIIMiT TOAX0 K OpraHu3aIiuu mepe-
Jllauu M0 KaHAJY C UCKaKeHUAMU 0a3UpyeTcsA Ha TOM
daxre, uTO Komep, Mony iaTop u Kaua ¢ MCH moxxHO
OIINCATh B COBOKYITHOCTH C IIOMOIIIBIO eIMHOM (00111eth)
pertteTuatoii guarpaMmbl [9]. V3BecTHBIE METObI
KOHCTPYHUPOBAHUSA PEIIeTUYATHIX KOIOB C XOPOIIUMU
IVCTAaHIIUOHHBIMU XapaKTEePUCTUKAMU MOTYT OBITH
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amanTUPOBAHBI MPUMEHUTEJNHFHO K OTOU CUTYaIlWH.
OnxHAaKO Ype3MepHO OOJIBIIIOE UKUCJIO COCTOSHUMN equ-
HOII pelIeTyaToil AuarpaMMbl IIOPOKIaeT II0 MeHb-
el Mepe aBe TpobsieMbl. Bo-iepBhIX, YCIOKHAETCA
BBIYUCJIEHUE Ta’Ke OCHOBHOM AMCTAaHIIMOHHOU Xapak-
TEPUCTUKY — MUHUMAJBHOTO €BKJIMIOBA PACCTO-
HuA. Bo-BTOPBIX, IPOIlEAYPHI AeKOOUPOBAHUA, OIIe-
PUPYIOIINEe C COKpPAIIleHHLIM Ha0OpPOM COCTOSIHUI,
TpyaHO moamaiorcsa aHaauady [10, 11]. Tem cambiM
CYIIIECTBEHHO OTIPDAHUUYMBAETCA BO3MOYKHOCTH WC-
TOJIB30OBAHUA STOTO IOAXOMA AJIA MPAKTUYECKU WH-
TEePEeCHBIX KaHaJOB.

B kauecTBe aJibTEePHATUBHOTO IIOAXO/A, ITO3BO-
aamoriero ycrpanuts MCHU (myTeM BBegeHUs 3a-
MIMTHBIX WHTEPBAJIOB), B 9TOI CUTyaIll YacTO pac-
cMaTpUBaeTCs Iepefiauya Ha OCHOBE OPTOTOHAJIBHOTO
YaCTOTHOT'O pPas3fieIeHUusA C MYJbTUILIEKCUPOBAHUEM
(Orthogonal Frequency Division Multiplexing —
OFDM). CyiiecTBeHHBIM HEIOCTATKOM OTOIH TEXHO-
JIOTUU SABJIAETCA BBICOKOE 3HAuUeHUe MHK-(haKTopa,
Tak Kak mnepemaBaeMbliii OFDM-curmaa mpencTas-
JsieT co0oii cyMMy 6oJibitoro uucia (Kak IIpaBHIIo,
6osee 100) MomyIMpPOBAaHHBIX TAPMOHUK; B PE3yJIb-
tare anasa ycuaenus OFDM-curuaaoB TpedyeTcs BbI-
COKas JIMHEHHOCTh aMILIUTYAHOM ¥ PAaBHOMEPHOCTDH
hazoaMIINTYIHON XapaKTEPUCTUK YCUJINUTEIHHOTO
TPaKTa, YTO IPUBOAUT K CHUKEHNIO KOd(D(pUuIiueHTa
TIOJIE3HOTO JIeficTBUA IepegaTyuka. Kpome Toro, ms-
BECTHBIE TIOIXObI K BBEIEHUIO KOTUPOBAHHOU MOZY-
aamnuu B cxemy ¢ OFDM-niepeaueii orpaHUYeHBI, KaK
IPaBUJIO0, PACCMOTPEHUEM TPaAUIIMOHHBIX METOI0B
C JIBYMEPHBIMU CUTHAJBLHBIMH MHOXKecTBamu [12,
13], uTo 3aMeTHO orpaHuYuBaeT ee 3PGHEKTUBHOCT.

PaccmarpuBaemblii B JaHHOI paboTe HOBBIA Me-
TOJ KOOUPOBAHHOM MOZYJIAINU AJIA KAHAJOB C JIU-
HEHHBIMU HCKAKEHUAMU II03BOJIAET IIPEOJO0JIETh
TPYAHOCTH, BO3SHUKAIOIIME TPU MCIOJH30BAHUY U3~
BECTHBIX MoaX0m0B. OH 6asupyercs Ha KOMOMHUPO-
BaHUU JBYX IIPOIEAYP: TpeobpasoBaHUA UCXOTHOTO
KaHaJa B COBOKYIIHOCTb HE3aBUCUMBIX MOJKAHAJIOB
0e3 MaMATH U YaCTOTHO-BPEMEHHOTO MHOTOYPOBHE-
BOTO KOJWPOBAHUA HAa OCHOBE MHOTOMEDPHBIX CHT-
HaJbHBIX MHOKecTB. OCHOBHAsA Mes IepBOHAYUAb-
HO ObLIa chopMyJIMpOBaHa aBTOPOM B paborax [14,
15]. Bauskuii o cMbBICY TOAXOJ (HO IJIA KaHAJIOB
C TUCKPETHLIM BpeMeHeM) pacCMaTpHUBaJICA B pado-
Tax [16, 17].

Mopgens iepegaun

IBonunas MHMOPMAITMOHHAS TIOCJIENOBATEILHOCTD
a pasbuBaeTcA Ha k-0JIOKH G, A1, A, oy @; = (Aj15 s Ajp)
u Kopupyercsa JuHeiHbIM KogoM C Hag mojem Fy' co
cKopocThio R = k/n 6ut/cumBo. ITocienoBarebHOCTD
KOJIOBBIX CHMBOJIOB € = (Cg, €;, Cg, ...), c;= (cjl, ey cjm)
¢ TIoMoIIsIo oTobpaskenus ¢: Fy' — C mpeobpasyer-
cA B IOCJIEJOBATEIHHOCTh KaHAJIBHBIX CHMBOJIOB b,

by, by, ...; KaHAIBHBIE CUMBOJIBI IPECTABIAIOT COOOH
KOMILJIEKCHBIe IN-MepHBIE BEKTOPBI bj= (b1, ...,ij),
bﬂ e C, mpuHUMAalOIe 3HAUYeHUs u3 2™-TOUeUHOro
mHO:xecTBa B, Bc C¥. O6BIYHO MHOKECTBO 3HAUE-
HU KaHaJbHBIX CHMBOJIOB HA3LIBAIOT CHUTHAJILHBIM
MHOXK€ECTBOM, U XOTs B 00IIeM ciayuae ymoTpebJieHie
IIPUJIATaTeJbHOI0 «CUTHAJBHOE» He BCErzla yMECTHO,
OymeM MPUAEPKUBATHCA TPASUIIMOHHOIO HA3BAHMSI.
COBOKYIIHOCTE BCEX IIOCJIEIOBATEILHOCTE KAHAJb-
HBIX CIMBOJIOB OyZieM HA3bIBATh MOAY/IAIIMOHHLIM KO-
nom U.

ITociiemoBaTeILHOCT, KaHAJbHBIX  CHMBOJIOB
b = (by, b;, by, ...) ¢ TakTOBOIT wacroroit 1/T mepena-
eTcsl 110 KaHAJy IIOCPEICTBOM a0COMIOTHON MOIYJIs-
I[MY CUTHAJIOB C IIOJHBIM OTKJINKOM, T. €. KOMILJIEKC-
Has ormbamias u() CyMMapHOro IepenaBaeMoro
CHUT'HAJIA UMEeeT BT,

u(t) =y2RE;, / 6 Y bja(t - jT), t 20,

20

rae E, — sHeprus, saTpaunBaemMas Ha Iepejavdy of-
HOTO 6HTa, G2 — cpelHee 3HaUEHIE KBaAPATa eBKJIH-
JIOBOM HOPMBI KaHaJbHBIX CIMBOJIOB bj,

2
02 Z“bJ H

D

yepTa cBepxy B (1) o3HaUaeT ycpemHEHMe 0 pacipee-
JIEHWIO Ha CUTHAJLHOM MHOKeCcTBe B, MHIYITMPOBAH-
HOMY pacIlipefiejienneM nH(PpOPMAIIMOHHBIX k-0JIOKOB,
a() =col (a;(), ..., ay()) — BelecTBeHHAA BEKTOD-
(byHKIIMsA, KOMIIOHEHTHI KOTOPOIT 06pas3yioT OpTOHOP-
MHUPOBAHHYIO cucTeMy B mpoctpanctse L0, T).

ITapy (U, a(")) 6ynemM Ha3bIBaTh BXOJHOM CUTHAJIb-
HO-KozmoBo# KoHcTpyKIuen (CKK).

OCHOBHBIMU KOJHWUYECTBEHHBLIMU XapaKTepPUCTH-
kamu CKK aBisaroTca: a) Koa(pGUIIMEHT MUCII0JIb30-
BaHUA IIOJIOCHL HacToT ¥ = v/ W, rme v = R/T — cko-
pocTh mepenauu, W — moJioca 4acToT, 3aHUMaeMas
MOAYJIUpYIoIeil BeKTop-pyHKIMelr a(), 6) MuHU-
MaJIbHOE €BKJINJI0BO PACCTOSHUE

RE ) 1/2
bt b G_zb;)“bf—bj” EE)

Byzem mosararb, 4TO Irepegada BemeTCS IO JIH-
HeHOMY CTaIlMOHAPHOMY KaHAJy C CUMMETPUYHON
OTHOCUTEJBHO HECYIIel YacTOThl IIepefaTOuYHOI
XapaKTePUCTUKON; HU3KOYACTOTHBIN OSKBUBAJEHT
(koMmnIeKcHaA orubarorias) A() UMITyJILCHOM XapaK-
TEePUCTUKY TAKOI'0 KaHAJIA ABJISAETCA BEIeCTBEHHON
dyurmnueii. Komnnekcuasa orubaromias r () curuaasia
Ha BBIXOZle KaHAJa NMeeT BU]

r(t)=+2REy /c® Y b;g(t - jT)+n(t), t=0,

>0
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rie g() = col(g;(), ... gy(), &) — cBeprka ynk-
nuit a,() 1 h(), n() — xomnaekcHst ABI'III ¢ aBy-
CTOPOHHeH CIIeKTPabHOI IJIOTHOCTEIO Njy. B Tepmu-
Hax CKK BiausHNe JTUHEHHBIX HCKAMKEHUH, BHOCU-
MBIX KaHaJIOM, BBIPA’KaeTcs B 3aMeHe MOJYJIUPYIo-
et BeKTop-QyHKIUYU a(') ee peaxiueil g(*) HA BBI-
xome Kanaja. Muaue rosops, ucxoguas CKK (U, a())
TpaHchopmupyetca B Berxoguyo CKK (U, g(*) ¢ mu-
HUMAaJIbHBIM €BKJINIOBLIM PACCTOSHIEM

5 /2

| RE,T _ ‘
o —5- || 2 (bj-b; Jg(t=jT) dt| . @3
bbeUbeb| o2 gg}( =bj)g(t=iT) dt| . @3

IIpunaTEIl curHaa obOpabaThIBaeTCs KOTEPEHT-
HBIM JIEeMOIYJISITOPOM, KOTOPBIN (hOopMUPYET HOocJIe-
AOBATENBHOCTD I =(rg, Iy, Ty, ..), T;=(j1; oy TjN)
N-MepHBIX KOMIIJIEKCHBIX BEKTOPOB, CJEIYIOINTUX
¢ TaKkTOBOM yacToTo 1/T u MMeIonux BUI

o0
r; = jr(t)p(t — jT)dt=0, j >0,
0

rie P() = (p1(), ., Dy()) — AEMOAYIHPYIOIAS BeK-
TOp-PYHKIUSA TaKad, YTO COBOKYITHOCTH BCEX €e Bpe-
MEHHBIX CIBUTOB, KpaTHBIX T, oO6pasyeTr 6a3uc B Jiu-
HEMHOM IIPOCTPAHCTBE, HATSIHYTOM Ha COBOKYITHOCTD
BCEX BPEMEHHBIX CABUTOB BeKTOp-hyHKINH g(*). ITo-
cJIeZloBaTeJIbHOCTh I = (T, I'y, Iy, ...) «<MATKUX pellle-
HUI» TOCTYyIaeT B AEKOJEP MOAYJIAIMOHHOTO KOJa
U, KOTOpBI# (pOpMUPYET OIEHKY 4 MepesaHHOMi MH-
(opMaIMOHHOI ITOCIeI0BATEIHLHOCTH.

IIpu mexommMpoBaHUU IO MaKCUMyMYy IIPaBIOIIO-
mobua (MII) raBHBIN UYJIeH BEPOATHOCTU OIMTMOKU
IeKOOUPOBAHUSA €CTh, OUeBUAHO0, O(exp(— 82/4N0)), u
BaTOoM cMbIcsie MII-mexkomep peaausyer paccTossHue d.
B o61miem cayuae amaan3 0OOMEHHBIX COOTHOIIEHUI
MeKIY CJI0KHOCTBIO JeKOoepa U peaInsyeMbIM pac-
CTOAHVEM U TOCJIEAVIOIIad OITHUMU3AIUSA KOMIIO-
"HentoB CKK mpexacTaBiaioT co60ii BecbMa CJIOKHYIO
sagauy. OmMHO M3 IJIaBHBIX IIPEIATCTBUN — CJIOMK-
Had 3aBUCUMOCTb MEKJY XapaKTePUCTUKAMU KOM-
noueHToB CKK, B yacTHOCTM MUHUMAJBLHBIM pac-
croAgHUEM (2) U «peasu3yeMbIM» paccToaHueM O (3)
Ha BbIXoze KaHaja. CuTyanus 3aMeTHO yIIPOIIaeTcs
IPU UCCJIEJOBAHUY MHOT'OYPOBHEBBIX KOJOB U CHUT-
HaJbHO-KOJOBBIX KOHCTPYKIIUIi, OCHOBAHHBIX Ha COB-
MECTHOM KCIIOJIb30BAHUU MOIYJIHUPYIOIINX BEKTOP-
dysrIUi a(), mosBosAmmIUX HCKJIOUNTE MCU.
HNwmenno sror kaacc CKK u paccmarpuBaeTcs B 1aJIb-
HeleM.

Monyaupyroniasa BeKTOp-(pyHKIU A
Bribop wMmopymupyiomieir (GyHKIUuM B paccMma-

TpuBaemoit CKK ompenenserca BUIOM KOMILJIEKC-
HOIT ormbarorieii A() UMITyJIbCHON XapaKTePUCTUKU

KaHasa. Beemem cemeiictBo ymrrmuii {h,()|t > T}
BUJIA

h(t—r), 1€[0,T],
0, 7¢[0, T];

he(t)=

u mycTh X €CTh JIMHEMHOe IIOAIIPOCTPAHCTBO, HAa-
TAHYTOe HA COBOKYIHOCTH (yHrummit {h,()|t > T}.
OproronajibHOe JOIOJHEeHHEe IOAIIpocTpaHcTBa X
B mpoctpaHctse L2 (0, T) o6osauum gepes F. Oue-
BUIHO, JJIA BCAKOTO 9jeMeHTa f(*), mpuHaaiexKale-
'O IOAIIPOCTPAHCTBY F,

T
J.h(t —9)f(t)dr=0, t>T,
0

T. €. IPU UCIOJIb30BAHMHU 3JIEMEHTOB U3 F B KauecTBe
KOMIIOHEHTOB Mopayaupymoinein pyHrmuu a() MCU
B KaHaJle HCKJIIUaeTcdA. /A OommcaHMA CTPYKTY-
PBI TIOAIIPOCTPaHCTBA F B ABHOM BUIE BBEAEM CJie-
nyiomue obo3HaueHUA: obosHauuM uepes H ummTe-
rpanbsEEIH omepaTop B L2 (0, T) ¢ sagpom h(,, ©) Buza
ht, ) =ht —1),0<1<t<T;nycrts HyecTb cyxe-
Hue oneparopa H Ha mognpocTpaHcTBO F 1 nycTh E
mmpenacTaBJgeT coboit H-o6pas moampocTpaHcTsa F.

Ymeepocdenue 1. Ilycts mommpocrpaHcTBO E
morso B L2 (0, T). Torga omepatop H 1?1, 0o0paTHbIi
K omneparopy Hp, MoKeT ObITh IIpeficTaBJIeH B BI/Je

-1
Hp = ,0;y;5

i>0

rge {A;} — CHHTIyJApHBIe Yucja oneparopa H 131, {o;}
u {y;} — OpPTOHOPMUPOBaHHBIE IOJHBIE (B IOAIPO-
crpanctse F u npoctpancrae L2 (0, T) cOOTBeTCTBEH-
HO) cucTeMbl DYHKIUI, TaKHe, 4TO \J; — COOCTBeH-

*
Has PYHKIIHA olmepaTopa (H 1?1) H 131 , COOTBETCTBY-

[oIas COOCTBEHHOMY UHCJIY kl-z, u

¢; =1 " Hply;. @)

JoxazarenscTso 1. B cury mwnoraoctu E 8 L2(0, T)
*
oriepaTop (H 51) H 1_:1 CaMOCOIIPSYKeH U II09TOMY 00-

nanaer mosHoii B L2 (0, T) cucTeMoil COGCTBEHHBIX
dyrrnuit {y;} [18]. OpTOHOPMHPOBAHHOCTH COBO-
KynHocTH {;} cenyer us (4), a ee moxHora B F — us
noHOTH! {y;} B E u Toro, uro F ecTh 006/1acTh 3HAUE-
Huii oneparopa Hg".

HcuepnbiBaloiiiee omucaHue KJacca HMITYJIbC-
HBIX XapaKTepucTuk A() TAKUX, YTO HOJIIPOCTPAH-
ctBo F He mycTo m mommpocTpaHCTBO E ImI0THO
B L2 (0, T), HemsBecTHO. BMecTe ¢ Tem 3TOT KJacc,
KaK BUJHO U3 CJIEJYIOIIEro HUKe YTBEPIKIeHNU, 10~
CTATOYHO IITUPOK.
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Ymeepscoenue 2. Ilycts puabTp B KaHAJE OIU-
ChIBaeTCs JUHEHHBIM AuddepeHIinaaibHbBIM YpaBHe-
HHeM HNOpAAKa [ ¢ TIOCTOSHHBIMHU KO PUITUeHTaM!,
T. e. omepaTop H ! mpencrasiasger coboit guddepen-
nuaJbHBIN omtepaTop mopaaka [. Toraa:

1) Kopa3MepHOCTh IIOAIIPOCTPAHCTBA F OTHO-
cutenbno L2(0, T) paBua [; 2) moampocTpaHcTBo E
ecTh COBOKYITHOCTL Bcex (ymkmmit y ms L2(0, T),
UMeIUX abCoJIOTHO HeIIPepbIBHLIE IIPOU3BOLHEIE
BILJIOTH [0 TOpAAKa [—1 u yIoBJIeTBOPAIOIIUX T'pa-
HUYHBIM YCJIOBUAM

Hoxa3zareancTtso 2. Ilycts x4, ..., X, — KOpPHU Xa-
PaKTEepUCTUYECKOro MHOrodJieHa AudepeHnnaab:
HoTO omepaTopa H 1 u mycts l; — KpaTHOCTB KODHS
xi, I +1ly+...+1, =1. Torma h() MoxHO mIpencTa-

BUTH B BUE

o~

J
Zkl]tl 1, 120, ®)
1li=1

T [\”45

e {kij| 1<i< l]-, 1 < j < m} — HeKoTopble Koo du-
mueHTsI [19, 20]. YIs mpeacraBienusd (5) caeayer, 4To
dyuxnusa k() opu t > T ecTs IuHellHaA KoMOUHA-
nud [ auHeiHO He3aBUCUMBIX PyHKIUH q4(), ..., q; (),
3amaHHBIX Ha [0, T 1 uMerOIIUX BUL

q;(t)=1" exp(xp, 1),

rIe

i1 Bi-1
B; =max{j21|> L <if, o;=i— Y L, 1.
k=1

ITosToMy B TOAIIPOCTPAHCTBO F BXOAAT Te U TOJIb-
KO Te (PYHKIMH, KOTOPbIE OPTOTOHAJBHBI KaXKIOMN
dyHKIUYN 13 coBoKynHOCTH {q; () |1 < i < I}.

2. CymmecrBoBaHre aOCOJIIOTHO HEIIPEePLIBHBIX
TPOM3BOAHBIX BIJIOTH A0 mopaxka [—1 gma GyHK-
nuit, Bxogamux B E, crenyer us Toro, uro H 1 — nud-
depeHIUaNBHBIN onepaTop mopanka l. 'paHnuHBIE
ycsioBuA B TOUKe ¢ = 0 BBITEKAIOT U3 IPeCTaBIeHUA
(5) mna h(-). CupaBeqinBOCTh I'PAHUYHBIX YCJIOBUH
B Touke ¢t =T caemyer u3 mpexacraBjeHud (5) u To-
T0, 4TO Jifobas QPyHKIuA x(1) U3 moAampocTpancTea F
IOJIKHA OBITH OPTOTOHAJIbHA KaKION (PYHKIIMU U3
coBokymnHOocTH {g; () |1 < i < I}.

*
Nz 1. 2 yrBepixaeHusd 2 cienyer, 4To (Hf,vl) val
eCcThb JUHEeNHbIN quddepeHIInaIbHbIN 0IlepaTop mo-
panka 2l; ero obiacts onpegnenerus Ey c E u co-

crouT 3 QYHKIUI, UMEIINX a0COJITHO HeIpe-
PBHIBHBIE TPOM3BOAHBIE BILJIOTH M0 MOpAAKa 21— 1 u

YIOBJIETBOPSIONINX MOMOJHUTEIbHBIM TPAHUYHBIM
YCJIOBUSAM, KOTODBIE OIMPENEeNAI0TCA KOHKDPETHBIM
BUIOM A("). ITO B CBOIO OUepeb 03HAUAET, UTO CHUCTe-
Ma QpyHKIui {¢;} IpeacTaBigeT co60ii COBOKYIIHOCTD
rapMoHnYeCcKuX (OYHKIIUI, IapaMeTpbl KOTOPBIX
OIIPeeIAIOTCA IIYTEM PeIleHna CTAaHIaPTHBIM 00pa-
30M (hopMUPYEMOi CUCTEMBI yPaBHEHUIA.

3ameuanue. OrpaHuUeHVe Ha BUJA KaHAJIbHOTO
(unsTpa, yKasaHHOe B YTBep:KIeHUUN 2, SKBUBA-
JIEHTHO TOMY, UTO €ro IepeJaTouHas XapaKTepuCcTu-
Ka ecTb APOOHO-pariuoHa bHaa QyHKIuda. OTMeTum,
YTO MepeJaToOuHble XapaKTePUCTUKU, He ABJIAIONIIN-
ecsa IPOOHO-PAIIMOHAJIBHLIMU (DYHKIITUAMU, HATIPU-
Mep mepenarouHas xapakrepuctuka UTP kaGesns,
MOTYT OBITH JOCTATOYHO TOYHO AMIIPOKCUMUPOBAHBI
TOAXOAAIIEHN APOOHO-PAIIMOHATBHOM GYHKITUEH.

IlycTs cuHTyIApHBIE Yncaa A, i =1, 2, ..., ynopsa-
JIOYeHbI B HEyOBIBAIOIIEeM MopsAaKe. BoibepeM KOMIIO-
HEHTBI MOAYJIUPYIOIel a(’) 1 gemMonyaupyimei p(*)
GYHKIIUH CIeayIIIIM 00pas3om:

a() (\Dl()’pl() W;()’ I'<N

Torma N-MmepHBIE KOMILIEKCHBIE BEKTOPHI Ha BbI-
XO0fie IeMOLYJIATOPA MMEIOT BU]

i =(2RE, /c®b;D +n;, j20, (6)

rme D:diag{kfl, s K]Vl}, n;, — KOMILJIEKCHBIN

rayccoB N-MepHBIII BEKTOP C HE3aBUCUMBIMU KOM-
TMIOHEHTaMM, UMEIONMMU HYyJIeBOe cpeaHee U [IUC-
nepcuto N. IlpencraBnernue (6) MOXXHO MHTepIpe-
THPOBATh KaK PAa3JIOKeHHe HCXOIHOI'0 KaHaJa Ha
N mapasiienbHBIX HE3aBUCHUMBIX ITOAKAHAJIOB C Ta-
yCCOBHM myMoM " KoahUIMeHTaMUu Iepegadun
kl s eees XNl. HpyrumMmu cjioBamMH, WMCXOJHBIA MO-
nynanuoHHb Kox U TpaHchopMupyeTcsa B KaHa-
Je (A BRIOPAaHHOM MOAyIupyioined QyHkiuu a(-))
B «BBIXOHOM» Kox V ={bD |b € U}.

MHOroypoBHEBBIII MOAYJIANMUOHHBINA Kox U

Mopynamuouubiii kog U ymo6HO paccMaTpuBaTh
KaK KaCKaJIHYI0 KOHCTPYKIIWIO: BHEITHASA CTYIIEHb
KOAUPOBAHUA OCYIIECTBJIAETCI JUHEHHBIM KOIOM
C man nosmem 5", a posib BHYTpPEeHHEro KOfia BHITIOJ-
HAET CUTrHaJIbHOe MHO:KecTBO B. MHOroyposHeBas
nuan 0000IeHHAs KacKagHasd KOHCTPYKIIUSA BKJIIO-
YaeT, KAK M3BECTHO, IIOCJIEIOBATEILHOCTD BJIOKEH-
HBIX BHYTPEHHUX IIOJKOJOB 1 COBOKYITHOCTH BHEIII-
HUX (YPOBHEBBIX) KOZOB.

BHyTpeHHU# Ko B U €r0 BJIOMKEHHBIE ITOJKOIbI
KOHCTPYHUPYIOTCA cJaenyiomuM obOpasoM. Brauae
CTpPOUTCS MPooOpa3 BHYTPEHHETO KOia, 0003HAUNM
ero BP, KaK KOHEUHOE IIOAMHOKeCTBO N-MepHOii
IeJIOUNCIeHHOH KoMILTeKcHoH perrerku GV, ITycts
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Ay — TojpenIeTKa KOMILIeKCHOI N-MepHOIi ABOMY-
Hoit pemetku GV, A, = GV. Ilogpemerka A, onpeze-
nsier pasbuenue GN/A, pemerku GV Ha moxperrer-
Ky Ay U ee CMeKHbIe KJIacChl; IIyCTh IOPALOK 9TOTO
pasbuenus |GN/Ay| = expy(m,). Byzem monarars, uro
pemeTka A, aBagerca mod—2 p-depth pemerxoii,
T. e. Ay D "GN, tne ¢ =1 +1i, i2=-1, | — IIeJIoe Io-
JoKUTeNIbHOe uncao. C TOUKY 3peHUs IPUIOKeHI
OCHOBHOIT nHTepec npeacraBiadoT 1-depth u 2-depth
pemterku. CMe)KHBIE KJIacChl pas30ueHUSA AO/(p“GN
MOTYT OBITH MPEACTABJIEHBI C IIOMOIIBIO I'eHepaTo-
pPOB (IIOPOIKIAOIINX JJIEMEHTOB) (PaKTOP-IPYIIIbI
[Ag/@"G" ], KOTOpBIE B CBOIO OYEpENb MOKHO WH-
TEPIPEeTUPOBATh KaK IMOPOKAAOIMEe MAaTPUIIbI
HEKOTOPHIX |l JMHEHHBIX ABOMYHBIX KomoB CH1),
., CO [21]. B pesyabraTre 1-depth m 2-depth pe-
LIeTKN A, NPEACTABIAIOTCA CXEMATUUHO B BHUJE
KOMILJIEKCHBIX KOHOBBIX (opmyn Ay =GN + C©®
u Ay = 92GN + CD + CO coorsercrrenno.

Ilycrs, nanee, Ay, Ay, ..., A; — TOCIemoBaTeb-
HOCTBH BJIOXKEHHBIX IIOJPEIeTOK DPEeIeTKH Ay, T. €.
Ag>A DDA DAL, 1 Ag/A1/*/A; ecTb L-ypoBHeBOe
pasbueHne mnoapemeTku A,. DByzem mnonarars,
uTo Ay Bcex [ pasbueHue A; /A, ©MeeT IIOPAJOK
expy(m), T. e. |A_j/A|=expy(m), 1 <I<L, m>1

L
u lelmlzm. Ilycte 8115 - 8im,
pel  (IOpOXKAAIONIue JJIEMEHTHI) (aKTOP-TPYIIbI

[A1/A]; 81 € (A1 \ A, 1 <5< my. O6o3HAUUM Ue-
pes G; MaTpuIy, CTPOKaMU KOTOPOH ABJIAIOTCA IeHe-

— reHeparo-

PaTOPBI &1, ++vs &1, » WIYCTH G — marpuia pasme-
pam x N, cocraBnerHas us nogmarpun G;, 1 <1 < L:
Gy
G=| : |
Gr

Bseznem BeKTOp X, CABUTAIOIINY PeIIeTKY OTHO-
CHUTeJIbHO HauaJja KOOPAWHAT U OIIPeAesiAeMbId KaK

2

. 2
Xg =arg min ||(cG+x)modAL -z
xeAp

rIe ¢ — m-MEepHBIN JBOMYHBINA BEeKTOD, ¢ € {0, 1},
z =% +1i, .., 1 +1i), i2 =1, uepra cBepxXy O3HAYAET
yCpeIHeH e 110 BCeM PaBHOPACIIPEeJIEHHBIM BEKTO-
pam ¢. COBOKYITHOCTD TOUEK

B®P =l(cG+xg)modA; —z

ce{O,l}m} (7)

mpeacTaBasgeT co0oil mpoobpas BHYTPEHHEro Koma
(CUrHAJIBHOTO MHOKECTBa) B, MOIITHOCTHL KOTOPOTO
q= 2™, BeeneM Jajiee OJOKUTENbHYIO TUATOHAJID-
Hy!o marpuiy O = diag{0,, ..., Oy}, sazarouryio (ompe-
EJIAOIYI0) pacIpeiesieHre S9HEPTUY MEeK Y IOJKa-
HaJamMu. BHyTpeHHUH KO (CUTHAJIBHOE MHOYKECTBO)
B onpenmenum kak

B={b‘b=x®, xeB(p)}. )

OrmetuMm, uro Matpuiy G B (7) MOKHO MHTEpPIIPE-
THPOBATh KaK IIOPOXKAAIOIYIO MATPUILY BHYTPEHHE-
ro Koja (curHaJabHOTO MHOKecTBa) B. Cpenuee 3Ha-
yeHUe KBaapara eBKJINIOBOM HOPMBI CJIOB BHYTPEH-

HEero Koxma (KaHaJII:HI:IX CI/IMBOJIOB)

o -|xo,

rIe ycpegHeHMe IIPOBOAUTCS II0 BCEM 3SJIeMeHTaM
muo:kectBa B®. Tlosaras KaHAJbHBIE CHUMBOJIBI
paBHOpAacIpeaeIeHHBIMU, II0JIyYaeM

-2 3 fxef.

xieB(p)

Pasbuernue Ay/A;/+/A; OGHOBHAUHO OIpefessdeT
L-ypoBHeBoe pasbueHue B/B;//B; BHYTDeHHero
Kozia (CUTrHAJILHOTO MHOKecTBa) B Ha BJIOJKEHHBIE
IOAKOABI TaKue, 4To moAkon B;, 1 <[<L-1, mo-
poxxjaerca nogmarpunamu G, ¢, ..., Gy marpuns: G
U COCTOUT U3 eXpy(m; , 1 + ... + M) CIOB (TOUEK), a Of-
HOTOYEeUHOEe MHOXKECTBO B; OfHO3HAUHO OIIpejess-
eTcs BeKTOpaMu X, 1 z. CMesXHOMY Kjaccy A;; B pas-
ouerun A, ;/A;, 0 < i< expym;—1, onpenenseMomy
Kak

my
A=A+ xs(D8is5 )
s=1

rae ¥y(i) — s-ii KOMIIOHEHT JBOMUYHOTO IIpeJCTaBJe-
HUA 4YKCcJa i, COOTBETCTBYET «CMeKHBIN Kjaccy» By
B pasbuenuu B, |/B;, By = B, olipefie/iieMblii TeM Ke
BEKTOPOM cABUTa, uTo u B (9): B;;= B;+ 1;,

m,
Ty = ZXs(i)gls mOdAL 0.
s=1

Haiee, mycTh Kog C ecTh IpPsAMOe ITPOU3BEJECHUE
L yposreBrIX KOmoB C;, 1 <[ <L, Takux, uto [-if
YPOBHEeBBIII Kof C; B CBOIO Ouepesb CyThb IIPAMOE IIPO-
u3BeJleHNe TBOMYHBIX KOA0B C), Ha3bIBaeMbIX KOM-
TMOHEeHTHBIMU Koxamu [-To ypoBHs. CkopocTs R=Fk/n
kKozma C paBHA cyMMe CKOpPOCTeli KOMIIOHEHTHBIX KO-
moB Ry = kyg/ny,

L my

RZZZRZS;

1=1s=1

TIPH 9TOM pa3Mep KooBoro 6J10ka n koxa C paBeH Hau-
MeHbIIIeMy 00IIleMy KPaTHOMY BeJIMUuH 1, 1 < [ < L,
1<s< m;, T. €. U3 KayKJOTr0 BXOTHOTO napOpMAaIU-
OHHOrO k-Ois0Ka, rae k=nR, xomom C;, KOZUPYIOTCSA
n/n,,-moA6I0K0B AIuHEI k.. KomoBsil cumBoI ¢; Koza
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C mpencTaBJisieT cOO0M BEKTOP AJIUHBI M, KOMIOHEH-
TaMU KOTOPOTO SABJIAIOTCA j-€ CUMBOJIBI KOJOBBIX TI0-
ciefoBaresibHOCTEl €; € C). [lOporkaromas MmaTpu-
1ma Koma C oueBUIHBIM 00pa30M OIIPeesIsIeTcs uepes
TIOPOsK AAIOITMe MaTPUIIBI KOMIIOHEHTHBIX KoJ0B C,.
IIpeo6pasoBarme CUMBOJIOB ¢; Koza C B KOZIOBBIE CHIM-
BOJIBI bj MOIYIAIMOHHOr0 Koja U onpenmesercs pak-
TUYeCKHU BhIpaskeHuamu (7) u (8):

b; =((¢;G+xg)modAy, —2)®, j = 0.

Ha BbIXOZE KaHaJa CHMBOJIBI bj MO YJISAIIOH-
HOro Kogma U TpaHChHOPMUPYIOTCA B CHMBOJIBI bjD
«BbIXOHOTO» Kofa V={bD | b € U}. MurumaibHOe
paccTosiHIe «BBIXOJHOTO» Koma V JIEerKOo OIleHNBAaeT-
CcsA CHHM3Y C IIOMOINBIO CTAHZAPTHBIX PACCYKICHUH.
OGozHaunuM uepe3 Y, «BBIXOAHOE» IIOJMHOKECTBO
Koja V, coOTBeTCTBYyOIIlee IOAMHOKECTBY B,

¥ IIyCTh

Ki = U (y+wD) ce{0,1}. (10
iy (i)=c

TOI‘,].IB_ MaKCHUMMH3NPOBaHHOE IIO ® MUHUMAJbHOE
€BKJINJOBO PaCCTOAHNE Ha BbBIXOJle KaHaJia O MOXKHO
OIIEHUTH CHU3Y KaK

d>max min min plsddlsREb/G2, (11)

® 1<I<L 1<s<my;

TZie p;, — €BKJINJOBO PACCTOSHUE MEXKJY IIOJMHO-

skectBamu K (0) u K, (1), d;; — MUHEMAaIbHOE pac-

cToAHNEe KOMIIOHeHTHoro koga Cj,. OdeBHAHO, UTO

minp;; coBmazaeT ¢ MUHUMAJBHBIM PAaCCTOSHUEM
S

A,_{ TOAMHOXecTBa Y _;:

. 2
A;_1=min|eDO|", (12)
e
Tme e — JInHelHas KoMOMHAIMA TeHepaTOpPOB
gi1> > 8imy- Taxum 00pasom, CIpaBeIJINuBO CIENY-

olllee yTBEPIKACHIUE.

Ymeepscoenue 3. Ilpu ncrnonb3oBaHUYM UIEHTUY-
HBIX (IJId Kasaoro us L ypoBHeI) KOMIIOHEHTHBIX
KOJIOB C MHHUMAJLHBEIMU PACCTOAHUAMU dy, ..., df
rpanurna (11) mpuobperaeT Buz

4>max min Al*l"leEb /62 . (13)

® 1<I<L

Huxuaa rpanuna B (13) gocturaercs, T. €. MU-
HUMaJIbHOE PacCTodgHMEe O COBIAJAET C IIPaBOIl ya-
cthio (13), ecau Ha KaKIOM yPOBHE [ IJIs BcexX Iap
s, 8),1<s,t<my,p,=py

Besnuuner A, /o, 1 <1< L B npasoii gactu (13)
OIIPENEIAITCA KOHKPETHBIM BUZOM BHYTPEHHETO KO-

Ia (CMTHAJILHOIO MHOXKeCTBa) B 1 ero BJIOKEHHBIMU
TIOAKOJaMU, TOTAA KaK BHEIHAS CTYIEeHb KOAMPOBA-
HuA — Kog C — onpefenser Benuuunbl d; R, 1 < [ < L.

MHuorocryneHuaToe JeKOJUPOBaHUE
MOAYJIAIMOHHOrO Koxa U

HexonmpoBaHue MHOTOYPOBHEBOTO KOZAa B Iie-
JIOM — MO0 MaKCUMyMy IIPaBIOIOI00Us, HMeeT,
KakK IIPaBUJIO, HEIIPUEMJIEMO BBICOKYIO CJIOYKHOCTB.
ITosToMy B KauecTBe aJIbTE€PHATHUBBI ObLIA IIPEIJIO-
JKeHa IIPOoIeNypa MHOTOCTYIEHYATOrO NEeKOIMpPOBa-
HUA, XapaKTepU3yIoIIasicA CYIIeCTBEHHO MEHBIIIEH
CJIOJKHOCTBIO peasinsainuu. Vges MHOTOCTyIeHYAa-
Toro mexkomupoBauuA (multistage decoding) muOTO-
YPOBHEBOI'O KOJa OCHOBaHA, KAaK M3BECTHO, HA IIO-
CJIeIOBATEJILHOM JEKOAUPOBAHUY YPOBHEBBIX KOJOB
C MCIIOJIb30BAHUEM PE3YJIbTaTOB JeKOJUPOBAHUS KO-
JIOB ITPEIBINYITUX ypoBHe [23, 24]. [l1s paccMaTpu-
BaeMoOIl KOHCTPYKIIMU JeKoaupoBaHue Kojga U cBo-
IUTCS, OYEBUIHO, K HE3aBUCUMOMY JAEKOIUPOBAHUIO
kogoB C;, 1 <! < L. Bynem nojarars, 4To JeKOJUPO-
BaHUe [-To ypoBHeBOro Kofia C; BEIIIOJIHAETCA IIyTeM
He3aBUCHMOTO JeKOJUPOBAHUSA M; KOMIIOHEHTHBIX
kozmoB Cp, 1 <s<m;. B KauecTBe MATKHUX pellle-
HUH UCIOJB3YIOTCA eBKJIUJOBEI PACCTOAHUA MEKIY
N-MepHBIMU KOMILIEKCHBIMU BEKTOPaMHU ), j > 0 Ha
BBIXOZIE [IEeMOAYJISTOPA U COOTBETCTBYIOIIUMU 005-
enmHeHUAMHU MHOKecTB Buaa (10). @opmastbHasa 3a-
MMACh MHOT'OCTYIIEHUYATOT'O aJIFOPHUTMa JEeKOIHPOBa-
HUdA, IpeAcTaBIeHHAaA B [24], TpUMeHUTEIbHO K Je-
KogupoBaHUIO Kojga U numeeT caeqyIouii BUI.

1. Inas =1, 2, ..., m; onpeneiIuTs

¢1s =argmingc, Iy (c),

e
. 2
I's(e)= Z min ”r]- —v" . (14)
jZOVEKls(cj)

2. ChopmupoBaTb m;-MepHbIE BEKTOPBI Cp i
j=0, 1, 2, ..., cocTosIue m3 KOMIIOHEHTOB Clsj»
1<s<m,.

3. Mmal=2,3, ..., L BHITOJHATH:

—nmma s=1, 2, .., m; ompemeauts Cj;z=

=argming.c, I';s(¢), rme I'y(c) nmeer Buzx, anamo-
ruuHbIl (14), ¢ TeM JUMITH OTINYUEM, YTO MUHUMYM
B Ka’KJIOM cJIaraeMOM OTBICKMBAeTCs Ha TAKOM CIBU-
re MHO:KecTBa K ls(cj), KOTOPBI OIpe/iesigeTcs paHee
BBIHECEHHBIMU PELIEHUAMHU Cyj, ..., €11 ;3

— cOpMUPOBATH 1M;-MePHBIE BEKTOPHI élj, j=0,
1,2, ..., cocToAIne n3 KOMIIOHEHTOB élsj’ 1<s<my

IlocenoBaTeIbHOCTL BEKTOPOB € i= (¢ PR ¢ Lj)’
j=0,1,2, ..., o6pasyeT pe3yabTaT JeKOINPOBAHUS.

CJI0:KHOCTB peains3aliil MHOTOCTYIIEHUaTOoTo aJ-
TOPUTMA MOJKHO OIEHUTH, CYMMUPYS CJIOMKHOCTH Je-
KOAWPOBAaHUA YPOBHEBBIX KOAOB. UMCJIO oniepamnuii,
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3aTpaurBaeMbIX Ha JeKOAMPOBaHMIE OGHOTO O1Ta [-To
YPOBHEBOT'O KOJIa, OTIPEeIAeTCA CAAYIOINTNMHI KOM-
IOHEHTaAMMU:

— unucaom omnepanuit N(Y, ;/Y;), HeobxoguMbIxX
Ui OTBICKAHUS B Ka’KIOM CMEKHOM KJacce pas-
Ouenusa Y, /Y, paeMeHTa MHOKECTBA, OJIMKAIIIEro
K IIPOMBBOIBLHOI Touke r € CN;

— 4ucJoM onepanuil @;, HeoOXOAMMBIX JJIA (DOp-
MUPOBAHUSA II0 IOJYUeHHBIM eXPyil; PACCTOSAHUAM
2m; cocTaBIAOMUX (II0 [Be HA KAaKAbIII KOMIIOHEHT-
HBIH KOM) mpupaiesuit metpuk [;(), 1 < s < m;

— uncjoMm onepanuit M, , HeoOXOAUMBIX IJId Je-
KOAUPOBAaHUA KOJOBOT'O CUMBOJIA S-TO KOMIIOHEHTHO-
ro Koja.

B pesyapraTe umcio omepanuii Tuia CIoOKeHUe,/
cpaBHEHUE, IPUXOoaAIeecs HA OTUH OUT,

L my
o=0n/k))Y | NY_1/Y)+@Q+D My | (15)
=1 s=1

B cuny wusomopduOoCcTHM pasbuenuit Y, /Y, u
A1/, Benmuunna N(Y,_;/Y)) coBnazaer ¢ aHAJIOIUY-
HBIM 00pasoM ompefendeMoii BemuuuHoi N(A,_;/A),
3HAUEeHUsS KOTOPOHM IJA psaga pasOueHuil IIpuBe-
nessl B [21]. Yucno onmepanuit Q; nusa GopMuposa-
HUA IpUpAIeHNN MeTPHUK OIpejendeTcd Kak @ =
=my(expym; — 2). Yucno omepanuii M;, pasa s-To
KOMIIOHEHTHOT'O CBEPTOYHOTO KOJa C KOZOBBIM
OTpaHUYEHUEM V;, IIPU KCIOJb30BAHUN AJITOPUTMA
Butep6u (AB) paBHO (expyv,)(expyk;, — 1) /n,; mus
BBIKOJIOTOTO KOZla CO cKopocTbio R;,=(n;,, — 1)/n
AB moikeT ObITh peajiM30BaH C YHCJIOM OIepaIruii
M, < R expy(v;; +1).

Bepxusasa rpanuniia BepoOATHOCTH OIMNOKU Ha OUT
P, mpu MHOIOCTYyIEeHUYaTOM IeKOJUPOBAHUU KOJAa
U MoKeT OBITH MOJyYEHA C WCIOJb30BAHUEM TeX-
HUKHU, Pa3BUTON B pabore [24]. OTa rpaHUIla TMEET
JIOBOJIHO I'POMO3IKUI BU, II09TOMY OrPAHUYNMCS
3/1eCh JIUIIB €€ TJIaBHBIM 4JIEHOM. O6o3HauMM yepes
d mpaByIo yacTh rpauuilsl (11) 1 BBeeM BeJIUUNHY

Ny= > A(d) ()™,
(1,8)eQ

rme Q — coBoKymHOCTH map (I, §) TaKuUx, UTO

Pis+ dlsREb/c2 = S’ A(dls) -

MallIOHHBIH Bec IleTesb Beca d;, B pelleT4aToil Au-
arpamme koga Cy,, 1;;, — OIIMO0UHBIN KO3(POUIIEHT
napsl MHOXKeCTB {K,(0), K;((1)}, T. e. MaKcHMaJbHOE
4KCJI0 cocefeil mpousBoibHOro saemenTa us K (0),
HaXOAAIIUXCA OT HeT'0 Ha PACCTOAHUU P, B PeIalo-
et obsracTu MHOKecTBa K (1).

Ymeepscoenue 4. Ilycts koxm U pmexomupyercs
C HICIIOJIb30BAHNEM MHOI'OCTYIIEHUATOH IIPOIelypHI.
Torga npu Ny — 0 BeposATHOCTS OIIUOKY Ha OUT

cyMMapHbI# mHOODP-

B, < Nge ™ /*No (140(1)). (16)

Bennuuny N §» Kak cJIefyer us (16), MOKHO MH-
TepPIPeTUPOBATh KaK UNCJIO OJMKANININX coceneii,
YUYUTBIBAEMBIX IIPA MHOI'OCTYIEHYATOM IeKOLUPO-
BaHWM, WU, JPYTUMHU CIOBAMU, ITO €CTh HAMOOIb-
1lee YMCJIO TOUEeK, B KOTOPBIX Iap pagumyca o /2
C IIEHTPOM B TOUKE, COOTBETCTBYIOIIEH ITPOMU3BOJIb-
HOII KOJOBOII TOCJIENOBATEJBbHOCTU V € V, KacaeTcs
rpaHUIBI pernaroiieii obsactu. OUueBUAHO, BEJIUUU-
Ha N3 He MeHbIIe, YeM HUCTHHHOE YHCJIO Oumxai-
mux coceneir (kissing number). Yuer J0KHBIX CO-
celieii HAXOMUT CBOE OTPaKeHUe B TeHIEeHIIUU K pas-
MHOKEHUIO OIITNOO0K, BOSHUKAIOIIUX IIPU JeKOIUPO-
BaHUU YPOBHEBBIX KOMIOB.

Bynem nomarate nasee, uTo OOMEHHOE COOTHO-
IIeHre MeKIy HUKHEeHW rpaHuIeil 0 U CJI0KHOCTBIO
® paccMaTpUBAaeTCs B KaueCTBe KPUTEPUS IIPU CO-
BMecTHOM BbIOOpe nmapamerpos CKK.

KoHcTpyKIiuy Ha OCHOBE PENIETOK
Bapuca — Yomana

C TOUKY 3peHUA IPUJIOKEHUH OCHOBHOI MHTEPEC
Ipu BbIOOPE KOHKPETHBIX BapMaHTOB MCXOMHOI pe-
meTKH A (1 ee pasbueHnil) IpeACTaBIAIOT PeNIeTKI
Bapuca — Yosra (Barnes — Wall). CoBOKyIIHOCTH
N-MepHBIX KOMILJIEKCHBIX perrieTok Bapaca — Youia
A(r, 8), s 2 r> 0, s=logyN (r — OPAJOK PelIeTKn),
oOpasyeT IIOCJIEOBATENLHOCTD BJIOKEHHBIX pas-
omennii: A(s, s) D A(s— 1, s) o > A, s) D A0, s);
mpu 3ToM perreTka A(r, S) MOKeT OBITH IIpPeCTaBIe-
Ha B BUJie KOMILJIEKCHOU K00BO# (hopMmystnl [22]

Ar, =¢GN+ o" TRM(h, s),

r<h<s
rae RM(h, s) — xkox Puma — Mautepa gausHbI 25 1 10-
panka h.

B Tabs. 1 mpuBemeHbI TapaMeTpPhl pPsga BapuaH-
TOB CHUTHAJBbHBIX MHOKECTB UM UX pasdueHumii, mo-
CTPOEHHBIX Ha OCHOBe perreTok BapHca — YoJuia u
X rJIaBHBIX (principal) mogperreTox.

Koawer Puga — Mastepa RM (0, 1) u RM (0, 2)
B TabJ. 1 mpeacTaBiaAOT cOO0M KOIbI C IIOBTOPEHUEM,
RM (1, 3) — koxg Xsmmunra (8, 4), kogst RM (1, 2)
u RM (2, 3) — KOJbI ¢ ITPOBEPKOI HA YeTHOCTD.

B Tab6i1. 2 mpuBeneHbl CpeqHNIE 3HAUCHUA KBagpa-
Ta eBKJNAOBOH HOPMBI KaHAJbHBIX CHMBOJIOB IJIs
CUTHAJIbHBIX MHOKECTB, ITIePeUnCIeHHBIX B Ta0JI. 1.

Byzaem mosjaraTh, UTO KaKIbIH 13 YPOBHEBBIX KO-
nos C;, 1 <1 < L, mHoroypoBHeBoro koza U cocrour
U3 UAEHTUYHBIX ABOMYHBIX KOMIIOHEHTHBIX KOJOB
C MUHUMAaJIbHBIMU PACCTOAHUAMM dy, ..., 4 COOTBET-
crBenHo. Torma, mojacTaBiaAsS B IPaByl YacTh I'pa-
Hune! (13) 3HaueHUA KBaAPaTOB MUHUMAJIBHBIX pac-
CTOAHUN A(z), . A%_l (Trabi. 1) u cpenHee 3HAUEHUE
KBaJpaTa eBKJIUJOBOH HOPMBI G2 (TabJI. 2) 1 BHIIIOJ-
HAS MaKCUMM3aIlnio 1o O, 3amarolneil pacipemnee-
HUe SHePruu MeKIy MoAKaHaJIaMu, IoJyJaeM MaK-
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B Tab6nuya 1. IlapaMeTpsl CUTHAJIBHBIX MHOKECTB U X pasbreHnH
B Table 1. Parameters of signal sets and their partitions

KBaﬂpaTLI MHUHUMAJBbHBIX
# | N | Hcxomuaa pemeTka Ag Mg, My, wny M, q=2m paccTosHUH (Ha BBIXOJe KaHaJia)
A3, ..., AZ |
11 G me=0;my=1;my=1| 4 A3 =07 /02; A% =2A3
2 |1 G mo=0; m; = 1; 8 /03
m 1; m3_1 AO 91 }\.1, Al —2A0, Az 4A0
mo=0;m;=1;
301 G et 1| 16 A% =02 [33; AF =2A3; A% =4Ad; A2 =873
2 2 2 /72
4|2 G2 + RM (0, 1) mo=1;my=2; my=1 8 Aoflmln29 2/32; A7 =202 /35
<i< 7 _
?[12; a7 23 02 i3
. _ Ao—m1n26 X,AI—Z 07 /17
52| oG2+RMO,1) m 12’:;1‘21 32 1< ! S
’ 3~
A5 =807 /27
—m1n Oz/kl 5 Al —2A(2);
6 5 G2 me = 0; my = 1; 64 1<l<2
mo=2;mq=3;my=1 2 _ 2
2 3 4 AZ_ZZei AZ; AZ =807 /12
A2 = min 262 X2+92 7»2
0 1<1,]<,( / /
| 4 ¢2G* + 9 RM (1, 2)+ mgy=4; my = 3; 16 iz
+RM (0, 2) my=1 s Lo,
Al :229i /7\.1
i=1
A% = min (92/x2+92/x2), A} =2A%;
g | 4| oG +RM(,2) my=1; m, = 3; 198 Lt jsd
my=3;my=1 Aézzze,?/xiz
i=1
2 : 2 /72 2 : 2 /42 2 2
Ag =min 07 /173 AT = min (05 /A; +05 /15);
mg=0;m;=1; 0 1<i<4 l/ (A 1st,js4( l/ ¢ ]/ ’)
9|4 G4 my=38; my=3; 256 ) P S
my=1 A2 =24%; A3 =25 02 /3]
i=1
2 : 2 /42 2 2 2 /72 2 2
2G5 + RM (2, 3) + A3= min (02/37+02 /3% 10} /27 +02 12)
¢ . > man=5m.,="1: 1<i,j,l,m<8;
10| 8 +RM (1, 3) 0 m’_i ’ a1 i jElEm
5=
A2 =2A3
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B Tab6nuya 2. CpegHue 3HAUEHUA KBapaTa €BKINL0BON HOPMBI CUTHAJIBHBIX MHOYKECTB
B Table 2. Mean values of the squared Euclidean norm of signal sets

Yucio noxgkauaaoB N Howmep BapuauTa B Ta6. 1 CpenHye 3HAYEHUA KBAIPATa €BKIUI0BOM HOPMbI G2

1 1 07 /2

2
1 2 307 /2

2
1 3 507 /2
2 4 (02 +03)/2

2 2

2 5,6 502 /2403 /2
4 7,8,9 072
8 10 >0 672

CHMUSHPOBAHHOE 10 @ €BKJNOBO PACCTOAHHE o,
OIIpefiesIAolee Ipu OOJIBIIIOM OTHOIIIEHUU CUTHAJ-
mIyM, KaK OTMeYaJIoCh BBIIIIE, IIOMEXOYCTONUNBOCTH
Koma U mpu MHOTOCTYIIEHUATOM IeKOAUPOBAHUU.
PesynpraTel MaKCHUMHU3AIUY HIDKHEH TPAHHUIBL o
(B pAze ciydyaeB COBIaJaoIlell ¢ MUHUMAJIbLHBIM
paccrosHUeM ) IJid CUTHAJBHBIX MHOKeCTB (BHY-
TPeHHUX KOJOB), IePeUuMncJeHHLIX B Taba. 1, mpen-
CTaBJIEHBI B Ta0J. 3.

OTbIcKaHME TapaMeTpPoB MIPEAIOUYTUTEIbHBIX
CKK B pamkax OOMEHHOTO COOTHOIIEHUS «PacCCTO-
AHME 0 — CJIOJKHOCTH T» OCYIIECTBJIAETCS CJIENY-
oM obpasoMm. IIpu 3aaHHOM OrpaHMYEHUM Ha
CJIOKHOCTD JeKoaupoBauua @ (15) MHOTOYPOBHEBO-
ro Koza U BBHINIOJIHSAETCA MaKCUMU3AIUA eBKJIUI0BA
paccrosuus O (OJaA KasKJOro M3 BapHUaHTOB CHI-
HaJbHBIX MHOJKECTB B TabJ. 3 IIOCPEICTBOM Iepe-
Oopa 10 BCeM BO3MOKHBIM Ha0OpaM KOMITOHEHTHBIX
KOJOB W ONTHUMUBAINU AJUTEIBHOCTH TAaKTOBOTO
uHTepBaJia T Tpu QUKCUPOBAHHOM 3HAUEHUU CKOPO-
ctu niepenaun L = R/T (uau KoaPuIiireHTa nCIoab-
30BaHUS MOJIOCHI 4acToT ¥ = L/ W)).

PaccmoTpuM B KauecTBe IIpuMepa IIOMCK IIa-
pamerpoB npexmouturenbHbix CKK nna xanasa,
HUB3KOYACTOTHBHIN SKBUBAJIEHT II€peJaTOYHON Xa-
PAKTEPUCTUKU KOTOPOTO OMUCHIBAETCA (DUJIBTPOM
BarrepBopTa mepBOro ImopsaKa C UacTOTON cpesa
W/2 T'u. B aTom caryuae:

KBaJpaThl CHHTYJIAPHBIX UHCEJ —

22 =1+(i/WT)* =1+(iy/R)?, 1<i<N;

KOMITOHEHTBI MOAYIUpPYIoIiell GyHKIuY a(*) —

a;(t)=+2/T

WT  ( k kut kntj
- cos— +sin—- |,
[2 wepz\ WT T T

te[0, T1;

KOMIIOHEHTHI IeMOyInpyomeit pyHrnun p(-) —
pi(t):,/2/Tsin%, t [0, T].

IloncraBiasa 3HAUEHUS kiz B BBIpAYKEHUS AJs
62/REb (mpaBas KoJOHKA TabJ. 3), IMOJIydyaeM COOT-
Homenus s 82/E,, saBucamue oT Koaddunuenta
HCIOJIL30BAHUS IIOJIOCHI YAaCTOT Y, CKOPOCTH KOZa
R ¥ MUHUMAJBHBIX PACCTOAHUHN KOMITOHEHTHBIX
KomoB. Tak, mjisi mepBOro BapuaHTa CUTHAJBHOI'O
MHOMECTBA 52 /REb =2min(d;, 2dy) /A%, mosromy
8?/E, = 2min(d;, 2d,)R/(1 + (y/R)?). Ilepebupas 3a-
TeM IJI KaKIOTr0 BAPHMAHTA CUTHAJBHOI'O MHOJKE-
CTBa 1O BCEM JOIYCTUMBIM 3HAUYEHUSAM CKOPOCTU
Koza R u mo HabopaM JOIyCTUMBIX KOMIIOHEHTHBIX
KOJOB ¢ (bMKCHUPOBAaHHBLIM 3HAUEHWEM CKOpocTu R
MHOT'OYypPOBHEBOro Koga U, mosiyyaeM COBOKYITHOCTh
BOBMOXKHBIX CHUTHAJBHO-KOJOBBIX KOHCTDPYKIIWI.
Kaxknada KOHCTPYKIIMA XapaKTepusyeTca HOPMUPO-
BAHHBIM 3HAUEHMEM KBaJpaTa MUHUMAaJLHOTO pac-
CTOAHUSA 82/Eb (uiu ero HUMKHEU T'PDAHUIEH), 3aBU-
CANIAM OT KO3(P(UIIMEeHTa MCIIOJIb30BAHUA MOJOCHI
YacTOT Y, U CJOKHOCTBI0 MHOTO3TAIIHOTO IEKOIU-
poBaHUS @, U3MEPSIEMO UMCJIOM oIllepaluii (Tuma
cJoKeHUe/cpaBHeHUe) Ha O6uT. Tak, AJa KOHCTPYK-
IIUY C TIEPBBIM BapuaHTOM (u3 Tabj. 1) curHajabHO-
ro MHOKECTBa U ABYXYPOBHEBBIM KOIOM, BKJIIOUA-
IOIIMM Ha IIEPBOM YPOBHE CBEPTOUYHBIN KOJ CO CKO-
pocThio 1/3 1 MUHMMAJBLHBIM PacCTOAHUEM 8 U Ha
BTOPOM YPOBHE — CBEPTOUHBIA KOJI CO CKOPOCTBHIO
2/3 W MUHUMAJBLHBIM PAaCCTOAHMNEM 2, IIOJydYaeM
82/E, =8/(y* + 1), © = 6,3 onepauuii/our.

CpaBHUTEJNBHBIN aHaJINU3 TOCTPOEHHBIX TaKUM
00pa3oM CUTHAJbHO-KOJOBBIX KOHCTPYKIIMII ITOKAa-
3BIBAET, UTO C YBEJIMUEHUEM 3HAUEHUA JTOMYCTUMOM
CJIOYKHOCTH JeKOJUPOBAHUSA @ BO3PACTAIOT KaK pas-
MepHOCTH N, TaK ¥ MOITHOCTH ¢ CUTHAJIBHOTO MHO-
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B Tab6auya 3. HopMupoBaHHbIe 3HAUEHUA KBa[paTa MUHIMAaJIbHOTO PACCTOAHNUA NI KOHCTPYKI[UH Ha OCHOBE CUI'HAJIBHBIX MHOYKECTB

u3 tabu. 1
B Table 3. Normalized values of the square minimum distance for construction based on signal sets from Table 1
# N _gm HopmupoBaHHOe 3HaUeHNe KBaJpaTa MUHIMAJIbHOTO
7= paccrosinus 8%/RE,
1 1 4 2min(d;, 2d5)/13
. 2

2 1 8 2min(d;, 2dy, 4ds)/31]
3 1 16 2min(d;, 2dy, 4ds, 8dy)/5)F
4 2 8 4dy / (02 +23), ecnu d; < 2dy; 4dy /(M2 (dy / dy—1)+A3), ecom d; > 2d,

4dy /(522 +13), ecnu dy < 4dgm d, < 2dy
5 2 32 >16d;ds3 / (5dyA? +4d3)3), ecnu dy > 4dg 1 dy > 4dydy /(dy + 4dg);

>4min(d;, 2dy, 4dg )/(57»% +7»%) B OCTAJIbHBIX CIIy4asax

>2min(dy, 2dy)/(5Mf +13), ecom min (dy, 2d,) < 8d, 1 min (dy, 2d,) < 4dy;

16min(d;, 2ds )d 4min(d;, 2d
6 2 64 > ( 1 22) 4 2,ecmxlmin(dl,2d2)>8d41/1d3> -mln( 1, 2d5) 5
5min(dy, 2dy )1{ +8dy)3 min(d;, 2dy)+8dy
>2min(dy, 2dy, 4dg, 8dy )/(57»% +l§) B OCTAJIBHBIX CIIy4asix
4 .2 4 .2
7 4 16 Sdl/Zizlki’ ecinu dy < 2dy; 16d2/zi:lki , eciu dy > 2d,
. 4 .2 .

. . s | Amin(y, 2dp)/ Y 02, ecmn min (@, 2dy) < 4dy;

16ds / > A2, ecommin (d, 2d;) > 4d,

2min(dy, 2ds, 4d )/Z4 A2, ecom min (dy, 2dy, 4ds) < 8d,;
9 4 256 1> 2 3 i=17vi> 1 2 3/ = 4>

16d, / > A2, ecan min (d;, 2d,, 4d;) > 84,

8 .2 8 .2

10 8 ol1 8d1/zi:1ki, ecnu dy < 2dy; 16d2/zi=17‘i , ecnn dy > 2d,

JKecTBa Hambojiee IIPEAIIOUTUTENHHON (B CMBICTE
62/Eb) CUTHAJIbHO-KOJOBOM KOHCTPYKInHU. Tak, mpu
OTrPAaHUYEHUN HA JOTNYCTUMYIO CJIOKHOCTDH AEKOIU-
poBanusa @ < 100 omepariuii/OuUT 1 AJA BCeX 3HAUE-
HUY K03(DOUIMeHTa UCIIOJIb30BAHUA II0JIOCHl YaCTOT
vy Hanbojiee MPEAIIOUTUTEIBHON (B paMKax paccMma-
TPUBAEMOTO TIOJXOZA) OKAa3bIBAETCA CJEAYIOIIasd
CUTHAJbHO-KOOBasA KOHCTPYKIUA:

— CUTHAJIbHOE MHOYKECTBO: KOJHMUECTBO IIO-
kaHaMoB N =4, ucxomHas pemerka G*, MoImHOCTS
CUTHAJBHOTO MHOYKeCcTBa ¢ = 256, UMCJIO ypPOBHEM
pasouenus L = 4;

— MHOTOYPOBHEBBIIT Kox U: CKOpPOCTh Koza
R=6,25, Ha IepBOM YyPOBHE HCIIOJb3yeTCS OMUH
CBEPTOUYHBII KOJ CO CKOPOCTHIO 1/2 1 MUHUMAJIbLHBIM
paccroauuem 10, Ha BTOPOM ypPOBHE — TPU CBEPTOU-
HBIX KOZa CO CKOPOCTHIO 3/4 U MUHUMAJIbHBIM pac-
CTOSHUEM 5, Ha TPeTheM YPOBHE — TPU CBEPTOUYHBIX
KOZa CO CKOPOCTBHIO 7/8 M MUHMMAJLHBIM PaCCTOA-

HUeM 3, Ha YeTBEePTOM ypPOBHE — 0e3bI30BLITOUHBIMN
KO/I.

JJis 9TOM KOHCTPYKIIMM HOPMHPOBAHHOE 3HaUe-
HIUe KBaJpara MUHUMAJIbHOT'O PACCTOSHUS

52/E, =13o,2/(y2 +5,2). 17)

ComocraBiiasa npaByio yacThb (17) ¢ HopMupoBaH-
HBIM 3HaUeHMWEeM KBaJpaTa MUHUMAaJLHOTO PACCTOS-
HUuA S%FDM E, npu KogupoBaHHOH (pelIeTuaThIM
Komom YHurepboeka Ham KAM-cossesguem) OFDM-
mepemaue co 128 mOZHECYITMMU, AJUTEIbHOCTHIO
curHana T=128/W u orpannyeHueM Ha CJIOMK-
HOCTB JexogupoBanusa o < 100, moayuaem, 4TO Ipu
vy > 1, naxe 6e3 yuera moTepu B CKOPOCTU Iepeja-
YM, BHI3BAHHOU BBeJeHHEM 3allMTHOI'O0 MHTepBaJa,

S(Z)FDM /Eb <130,2/ (yz + 5,2). Acumnrorudeckuii

BHepI‘eTI/I‘IeCKl/If;I BBINT'DBIIIT (OTHOCI/ITeJH)HO Koagu-

NeS, 2008 N\

VNH®OPMALIVIOHHO-YMPABASIIOLLIVE CUCTEMBI N\ 75



4 KOANPOBAHWE N NEPEAAYA NHOOPMALINA /

poBarnoit OFDM-miepenauu) OLICTPO pacTeT C yBe-
JuYeHreM Koa(p@PUIeHTa UCIOJb30BAHUSA II0JIOCHI
vacror y. Tak, npu y = 1 6ut/c- 'y acuMmnroTnyecKuia
SHepreTHUYeCcKUi BeIUTphIIN cocTraBiaser 0,21 nb,
Torga Kak mpu Y = 6 6ut/c- 'l BBIUTPHIII AOCTUTAET
5,04 1B. OT™MeTuM, UTO SHEPTETUUECKUI BBIUTPHIIIT
npeacrasaerHoii CKK gocTuraercs 3a cueT MCIIOJIb-
30BaHUA B KaueCTBe CUTHAJIbHOTO MHOYKECTBA MHO-
TOMEpPHOII peIleTK, COTJIacCOBAHHOTO (B OIIpeieseH-
HOM CMBbICJIe) ¢ KaHAJIOM pacIpelesieHUus SHepPTUuu
MeXKIy IOoAKaHaJaMu U TUOKOIM CTPYKTYPOIl MHOTO-
YPOBHEBOT'O MOJYJIAIMOHHOIO KOjJa, obeclieuynBao-
mieil IMUPOKUI AUANIa30H 0OMEHHOI'0 COOTHOIIIEHM ST
MeXK Y IIOMeX0YCTONYNBOCTHIO 1 CJIOYKHOCTBIO IEKO-
JVPOBaHUA.

3aKJI0ueHne

B pabore B ABHOM BH/€ IIOJYUYEHbI COOTHOIIIEHNS,
CBABBIBAIOIIIE MEXKAY CO00M OCHOBHBIE IIapaMeTPhI
IPEeAJIOKEeHHOr0 KJacca CUTHAJIBHO-KOZOBBIX KOH-
crpyknuii. IlosydueHHBIE COOTHONIEHWS IIO3BOJIAIOT
YCTAHOBUTH OOMEHHBIE COOTHOIIEHUS MEXKIY CKOPO-
CTBIO IIepeJauyl, MITHIMAJILHBIM PACCTOSTHUEM U CIIOMK-
HOCTBIO JleKoAupoBaHusA. [IpuBeneHbl IpUMephl KOH-
CTPYKIINI, IIOCTPOEHHBIX C WCIIOJIb30BAHWEM MHOI'O-

MepHBIX pelrleTok BapHca — Yoiaa. CpaBHEUTEILHBII
aHaJIN3 TIOCTPOEHHBIX PEIIeTYaThIX CUTHAJIBLHO-KOIO0-
BBIX KOHCTPYKIIUI TIOKA3aJ, UTO C YBEJIMUYEHNEM 3Ha-
YeHUA JOIMYCTUMOM CIOKHOCTH AeKOANPOBaHUA Ooiee
MIPEATIOYTUTETBHBIMU OKA3bIBAIOTCA KOHCTPYKIIUU
¢ OOJIBITMMY 3HAYEHUAMY KakK pasmepHocTu N (KoJu-
YecTBa MOAKAHAJIOB), TAK 1 MOIITHOCTY ¢ CUTHAJIHLHOT'O
MHOXKecTBa. B KauecTBe mpumepa OJid KaHajaa, HU3-
KOYaCTOTHBIM SKBUBAJIEHT TepefaTOYHOl XapaKTepu-
CTUKU KOTOPOT'0 onuchkiBaeTcs puiabrpom BaTTepBopTa
TIEPBOTO TIOPSIKA, IPUBEIEHBI TapaMeTphI JyUIlei (B
CMBICJIE MUHUMAJILHOT'O PACCTOSHUSA) KOHCTPYKIIUU
IpY OTPAHUYEHUN Ha JOMYCTUMYIO CJIOKHOCTH JEKO-
mupoBanusa @ < 100 omepaiuii/out. ComocTaBieHue
9TOU KOHCTPYKIIUM C BOSMOYKHBIM KOHKYPUPYIOITAM
BapuauToM — KommpoBaumoit OFDM-nepemaueii —
IIOKa3aJI0, YTO AaCHMIITOTUYECKUI SHEPreTuYeCKUi
BBIUTPHINT (OTHOCUTENbHO KomupoBaHHoii OFDM-
nepesayy) OBLICTPO PACTET ¢ yBeJaruueHrueM K03 (UIu-
€HTa WCIIOJIb30BAHUSA ITOJIOCHI YaCTOT Y, JocTurad 5,04
1B mpu y = 6 6ut/cT1. IIpu sToM 32 paMKamMu cpaBHe-
HUA OCTAJIUCH JOIOJHUTEJbHBIE (haKTOPhI, YBEJIMUN-
BAIOII1ie BBIUTPBIII: OTCYTCTBUE 3AITUTHBIX UHTEPBA-
JIOB, CHIIKAIOIIUX CKOPOCTD IIepeaduu, 1 HeOOoJIbIIIoe
3HaUeHMe MUK-(paKkTopa mepegaBaeMbIX CUTHAJIOB, II0-
3BOJISIONIEE TTOBBICUTHh KOA(D(MUITUEHT TTOJIE3HOTO Jei-
CTBUA IEpeJaTInKa.
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Trellis-coded modulation for linear distortion channels
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Introduction: Real communication channels used for high-speed data transmission are characterized by substantial linear distortions
leading to a significant decrease in the effectiveness of the known coded modulation techniques developed for distortion-free channels.
This means that a modified coded modulation technique should be created, which would take into account the channel distortions.
Purpose: Using multidimensional signal sets to build up multilevel trellis-coded modulation constructions with multidimensional
constellations and multi-stage decoding, matched to the channels with linear distortions, and study of their main characteristics. Results:
A new approach was developed to the design of trellis-coded modulation constructions for channels with linear distortions, based on the
combination of two techniques: decomposition of the channel into a set of independent memoryless subchannels and time-frequency
multilevel coding. The high level of flexibility of the proposed trellis-coded modulation constructions makes it possible to effectively
take into account linear channel distortions and compensate for them, due to the rational choice of the number of the subchannels
and optimization of the energy distribution between the subchannels. It also provides a wide-range tradeoff between performance and
decoding complexity. The relationships between the basic parameters of the proposed class of trellis-coded modulation constructions
were obtained in an explicit form. These relationships allow you to provide tradeoffs between the transmission rate, the minimum
distance, and the decoding complexity. Examples of multilevel trellis-coded modulation constructions based on multidimensional Barnes
— Wall lattices are given. A comparative study showed that as the value of the permissible decoding complexity increases, constructions
with larger values of both the number of subchannels and the cardinality of the signal constellation become more preferable. Practical
relevance: The proposed class of trellis-coded modulation constructions allows you to effectively take into account and to overcome
the influence of linear channel distortions common in communication channels used for high-speed data transmission. An additional
advantage of these constructions is a relatively small value of the crest factor of transmitted signals and thereby more efficient use of
the transmitter’s power.

Keywords — coded modulation, trellis coding, linear distortion channels, multidimensional signal sets, Barnes — Wall lattices,
multilevel codes, multistage decoding.
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Introduction: An important aspect of cryptographic telecommunication systems is the encryption key control problem. The most
complicated stages in its solution are the safe generation of the keys, their distribution, and their delivery to legitimate subscribers
via protected communication channels, which is fairly expensive, sometimes slow and not always possible. As an alternative, the
keys can be generated by transferring information via telecommunication channels, being possibly exposed to a violator. The known
estimations of information efficiency look like a solution of sophisticated information theory problems for certain ways of open key
coordination between two legitimate subscribers. Efficiency estimations for the conditions of network key generation are not known.
Purpose: A strictly conclusive search for potential estimates of information efficiency of open network key generation. Results:
Within the formulated statement of the problem, we have proposed a violator model and a network channel connectivity model
which is a combination of a broadcast channel connecting three legitimate subscribers and an intercept channel at the output of
which the violator controls the transferred information. The information exchange is based on the proposed models of a random
coder and deterministic decoder with a specially developed asymptotic method of key generation. In order to assess the process,
we introduce a system of quality indicators and requirements which differs from the known ones by its definition of “information”
speed of network key generation. We also introduce a term of key network capacity which determines the asymptotic information
efficiency of the key generation. We have formulated and rigorously proved a theorem about key capacity. The boundary values
have been substantiated. Practical relevance: The obtained results develop the known scientific achievements in the field of
open key coordination theory and can be used by specialists in the design and development of key control subsystems in modern
cryptographic information security systems which provide closed network information exchange.

Keywords — communication network, legitimate subscribers, violator, network key, broadcast communication channel,
intercept channel, random coder and deterministic decoder, joint information, asymptotic method of network secret key
agreement by public discussion, quality indicators and requirements to a network key, network key generation speed,
theorem about key capacity of a communication network of minimum size, key capacity assessment.
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Introduction

When ensuring information security of telecom-
munication systems which use cryptographic meth-
ods to protect information, it is most important to
find an effective solution for the problem of forming,
distributing and delivering keys to the subscribers.
At the moment, this problem is solved by using pro-
tected communication channels, which is expensive,
slow and not always possible. Therefore, it is of great
practical interest to develop methods for generating
these keys with open telecommunication channels.
In these circumstances, we need to estimate the in-
formation efficiency of generating keys via open
communication channels in order to optimize the
secret key agreement by public discussion methods
which are now under development. The obtained re-
sults develop the known scientific achievements in
the network key sharing by public discussion [1-5].

Statement of the problem

We have to evaluate the information efficien-
cy of generating a common key for legitimate sub-

scribers (LS) of a communication network, called
A, B and C, while exchanging data between them
via channels available for a violator E. We need to
ensure that a network key is promptly and reliably
generated for the LS and the information about this
key has a low level for E.

Let us consider the following generalized de-
scription of information transfer via the network
[6, 7]. The LS A has a transmitter (coder). Two
other LS B and C, and the violator E have three
independently functioning receivers (decoders)
whose inputs are fed with output signals of various
channels. The transmitter gets messages g from a
source G1 which LS A should simultaneously pass
to the receivers 1, 2 and 3 (i. e. to the LS B and C,
and the violator E). The channel connectivity model
(CCM) of the network is shown in Fig.

Let the source G1 be described by a model of a
discrete stationary source without memory [8-10].
The alphabet of the source is specified by a set G,
consisting of ¢ letters G ={g1, ..., g}. In every time
unit, it independently chooses the ith letter from
the alphabet with a preset probability p(g;) [11], be-
ing specified by the assembly {G, p(g)} [11]. Let the
source generate a message g, which is a sequence of
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y
Channel 1 Decoder 1 — g’
= 2 | .
z m
Source G1 Coder —> Channel 2 Decoder 2 —>g"

|

(Intercept channel)

Channel 3 Decoder 3 z"

B Channel connectivity model

kletters, and g € G*, where G* is a Cartesian &t de-
gree of the set G. The total number of the sequences
from the source M is

M, =tk 1)

Generation probability g is equal to
) =TT (2
p(@)-11r(e") @)
i=1

where g is the it? element of the sequence g.
Information parameter of the source is the en-
tropy [8—10] which is equal to

Hg = H(G), (©))

where H(G) is the entropy of the assembly G.

Let us assume that all the communication chan-
nels in the CCM are described by models of discrete
symmetric communication channels without memo-
ry (DSC) [10—12]. The complex of two channels with
a common input (at the output of the coder LS A) and
outputs (at the inputs of receivers 1 and 2 which are
LS B and C respectively) can be described by a mod-
el of a broadcast channel (BC) [13—15] which binds
the three LS in a framework of a loose network with
the smallest number of subscribers [7, 8]. Signal
transmission is determined by two channels with
an input alphabet X, output alphabets Y and M, and
matrices of transition probabilities P; = {p(y/x)},
Py,={p(m/x)}, x € X,y € Y, m € M. Alphabets X, Y
and M are finite. Let us denote the BC as {X, Y, M;

p(y/x), p(m/x)}; the channels {X, Y; p(y/x)} and {X,
M; p(m/x)} are components of the BC [13]. The DSC
from the coder output of LS A to the input of the
receiver 3 of violator E will be called an intercept
channel (IC). Signal transmission via the IC {X, Z;
p(z/x)} is determined by the input alphabet X, out-
put alphabet Z and a matrix of transition probabil-
ities Py = {p(z/x)}, x € X, z € Z. The components of
the BC and IC are independent channels:

p(y, m, z/x) = p(y/x) p(m/x) p(z/x).

Let us assume that the alphabets of G1, BC and
IC coincide, and |G| = |X| = Y| = |[M| =|Z| = ¢.

Models of random coder
and deterministic decoder

Let us build a random coder and a deterministic
decoder which determine the asymptotic transmis-
sion of information for generating a network key in
the model shown in Fig. Let a large n be specified.
We need to build up a code (some approaches are dis-
cussed in [9, 16—18]) with which information will be
transferred via the BC. We will consider only such
codes for which the coder is an identity mapping on
a set of code words. In this case, codes will be de-
fined by sets of code words and decoding mappings,
not by coders and decoders as it was in [9]. For in-
formation transmission, let us use a random coder.
Out of a set X, we will choose a set of code words V;
this set is a highly probable set of typical sequences
[9, 11]. For building up V, the test channel method
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can be used, discussed in details in [9]. Let the car-
dinality J of the set V" be no more than

J = |V| < zn(F(X; Y; M)—r),

where F(X; Y; M) is the average joint information
(JI) of the BC defined in [19, 20], and 7 is a certain
positive number (t > 0).

A set of code words V specifies a certain (n, &)
code on X" with the speed

R <FX;Y; M)—r. )

In accordance with the direct BC coding theorem
[6] for the (7, &) code we provide an average proba-
bility of erroneous decoding no more than g;, &, > 0.
Let us split V into M, disjoint subsets C; of the same
cardinality. The cardinality D of any i** subset C,,
wherei =1, 2, ..., M, isequal to D =J / M,,.

In accordance with the theorem of highly proba-
ble sets [9, 11], when n is large, probabilities of ele-
ments V are close to each other (i. e. the distribution
of probabilities on the elements of the set V' is close
to uniform) and P(V) is the total probability of all
elements of the set V (the probability of (, ;) code)
is close to 1, i. e. for an arbitrarily small p > 0

PV)>1-p. (®)

Then the probabilities of the elements C; are
also close to each other. The expression (5) means
that for any sequence x,x X", with probability
p(XxeC;)>f, we can find C; to which x belongs.
For each i*" sequence g; of the source G1, a certain
C, is chosen. Let us consider random coding. Let
g; appear at the output of G1. The coder chooses
C,. Then randomly, with probability 1/D, it choos-
es from the sequences C; a code word and sends it
to the input of the BC (and the IC). Such coding by
(n, &) code determines the probability distribution

on X"

%p(,?i), nnsseex X € C;, raei=1, ..., My

p (E) = My
0, 715 BCEX OCTAJNBHBIX X & U C;. (6)
i=1

The next statement (proved in [6]) determines
that JI does not grow when a G1 sequence is trans-
ferred by a code word as long as n characters with
the use of random coding, as compared to the JI of
the BC F(X™; Y*; M™).

Statement 1. Let F(X™; Y"; M™) be defined for (6)
and F(G*; Y*; M™) be the average JI between the G1
output and the outputs of the BC. Then

F(G" Y M™) < F(X™; Y M™), (7

where G* is Cartesian k' degree of the set, and the
equality in (7) is satisfied if C; consists of just one
code word.

Let us discuss the deterministic decoder model
[6] and find the probability of correct decoding. LS
B and C choose C; as solving areas corresponding
to g;, and S c Y", @ < M", where i =1, ..., M. For
each code word u; =1, ..., M, let us define a joint
solving area L which would unite the solving are-
as St c Y, @ < M". Let J1 be a joint assemble of
solutions which is a result of mapping of the as-
semble Y M™ onto a set of solutions. Each couple of
sequences (7, m)eY"M" determines the solution
j € J1 according to the following rule:

jl;, eciu (y, )eLl, i=1, ..., My,

1=
a5 ecm (g, m U L;. 8)

In [6] it is proved that after transmitting a G1
sequence by a code word of n characters with ran-
dom coding and decoding by the rule (8), the uncer-
tainty of the source with known outputs of the BC
HF(G*/Y", M™) does not exceed the uncertainty of
the BC HF(X"/Y", M™) specified in [6].

After transmitting a code word with probability
distribution (6) and decoding by the rule (8), the full
group of events is defined as

Pr{( A@L]+Pr[ g, m ULJ

i=1

where Pr[ U L; J is the probability of
making a decision ]MO +1 (probability of giving up
the decoding) by rule (8) or the probability of com-
bination (¥, m)eY"M", which both stay “outside
the (n, g;) code”. Then, according to (5)

Pr[(y, ﬁ)é@Li]<l—(1—p)2.

M
For Pr[(y, m)e U L,-] , “inside the (n, &) code”,
i=1
according to (8), let us write

[ U L } P,;+P,.q, (10)

where P,;, P,; are the probabilities of correct and
erroneous decoding of the (n, &) code respectively,
while P,; < g;. Then the sought probability

P,y>(1-p2)—g. (11)
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The model of a violator. Asymptotic method
of forming a network key

The IC output for the violator E, if a G1 sequence
is chosen and a random coder is used, is a random
choice of a G1 message and uniform distribution
of the input sequence at the IC input. It is assumed
that the violator uses a passive strategy, observing
the information exchange between the LS at the IC
output. Other cases are discussed in [21-24]. It is as-
sumed that E knows full descriptions of LS actions
in forming a key, the (7, &) code and the source G1.
The violator’s ignorance degree can be measured by
the uncertainty rate o [25]

o = HG" | Z). (12)

Here is a general description of the key genera-
tion method for a large n:

1.The LS A, using G1, randomly chooses
g, 8 eGk, wherei =1, ..., M,,.

2. The LS A, using random coding, associates

g, 8 € G*, with a code word ¥, X<V of n charac-

tersé. The LS A transmits x, x €V via the BC (and
the IC), LS B, C (and E).

4. The LS B receives a sequence 7, y € Y" at the
output of the first component BC. The LS C receives
m, meM" at the output of the second component
channel (the violator E receives z, Z € Z" at the IC
output).

5. The LS B, with a probability higher than 1 —p,
according to the decoding rule which states that the
receiver 1 makes a decision about the transferred
code word, does the following: if yeS;, where
i=1, .., My, it makes a decision about the message
g; and gets g, g' € G, it y ¢US;, the decision is to
give up the decoding. The LS C, with a probability
higher than 1 — p, according to the decoding rule
which states that the receiver 2 makes a decision
about the transferred code word, does the follow-
ing: if meQ);, wherei =1, ..., M, it makes a deci-
sion about the message g; and gets g", g" eGk, if
m ¢UQ; (with a probability lower than p), the deci-
sion is to give up the decoding.

6. With a probability higher than (1 — p)?, se-
quences g', g", g are chosen as a key for the LS B, C
and A respectively.

The system of quality score
and requirements to a key

The main quality indicators of a generated key
can be reduced to reliable transmission of a large
number of bits of a “good” key and a small leakage
of information to the violator E. The term “good”
means that the quality indicators of a key fit cer-

tain requirements adequate to the conditions of its
generation and usage. The expression (9) shows that
with a certain non-zero probability the keys may be
not generated altogether. Furthermore, the keys
(see expression (10)) may not coincide. Let us take
into account all the cases in our estimation of prob-
ability P,. Apparently, P, is an addition to the cor-
rect decoding probability P,; defined in (11). Then

P.=1-P,<1-(1-p)2+g.

As the next indicator, it would be expedient to
choose the speed I, with which the violator receives
information about the key [25], i. e. the average
amount of mutual information [9, 10, 12] between
the assemblies of the source G* and sequences at the
IC output Z", assigned to the length n of a code word
(CW) I, = I (G*; Z™)/n.

The third indicator is the quality of the generat-
ed key Q treated as closeness of its probability dis-
tribution to the uniform distribution of the proba-
bilities of the key characters[11, 25]

Q=k(log,t — H) /n, (13)

where k& is the length of G1 messages, t is the volume
of G1 alphabet, H, is the entropy of G1 from (3).

Let us introduce the “information” speed of key
generation.

Definition 1. A number Hj is called speed of BC
key generation if for a sufficiently large n and ar-
bitrarily small g5 > 0, €5 > 0, g, > 0 m g5 > 0, when
the asymptotic method of key generation is used, a
key is generated which meets the following require-
ments:

P, < gy (14)
I, < &g (15)
Q < gy (16)
H; < (H(G?) - &5)/n. an

The introduced indicator determines the amount
of information about the key generated, which in-
cludes one channel character of a code word trans-
ferred via the BC. From [8-10, 12] it is known that
the code speed is equal to

R = (logM)/n, (18)

where M is the code volume, and n is the code length.

It follows from definition 1 that Hy is the “infor-
mation” speed of the key generation, and from (18)
it follows that R is the “information” speed of the
transmission. Analysis of the asymptotic method of
key generation shows that in the discussed method,
a key is also transferred with random coding. The
code speed in (18) is the maximum amount of infor-
mation which can be transferred in a single chan-
nel character. Analysis of (17) and (18) shows that
the maximum achievable Hg does not exceed R, i. e.
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H3 < R, and H3 = R, provided that the violator’s IC
is “cut”. We have to find the maximum Hjy, as it de-
termines the information efficiency of open gener-
ation of a network key, which will be represented as
the key capacity. Therefore, we have to specify the
bounds of R as a (n, &) code parameter for any ¢ > 0
within

‘llogz (Mo)—R <§g, (19)
n

where M, is the volume of the set of G1 messages.

Then the research goal is reduced to finding the
maximum achievable value of Hs with a maximum
possible R.

Key capacity theorem

In order to prove the theorem, let us prove the
following statement:

Statement 2. Let I (X*; Z") be an average mutu-
al information between the input and output of an
IC by distribution (6), and let I (G*; Z") be an aver-
age mutual information between the output of the
source G1 and output of the IC obtained with the
use of a random coder. Then

I(X*k; Zm) > I (GR; Z™) (20)
and
HX" /Z">H (G* / ZM). (21)
The equality in (20) and (21) is achieved if each
subset C; of a random coder, where i =1, 2, ..., M
consists of just one code word.
Proof

Let us consider mutual information I (X", G*);
zZ"):
I(X", Ghy; 27 = I(X™, Z7) + I(GY; 2" | X*) =
=I(GF; Z™ + I(X™; Z™ | GP).

Taking into account that the output of the IC is
determined only by its input, we have H (Z" / G*,
X") = H(Z"/ X"), and hence I (G*; Z" / X") = 0. Then

X", Z7) = G 20 + I(X™ 2 ) GF). (22)

The expression (22) proves that the inequality
(20) is true.

The analysis of the joint probability distribution
law at G1 output in (2) and at the BC input in (6)
shows that

H(X", GF) = H(X") + H (G* / X") =
= H(G") + H(X" / G").

Taking into account (6), the BC input can
uniquely determine the source output, then H (G* /
X™ = 0. Therefore, we can write

H(X™ =H (G" + HX" /GF) > HG". (23)

The equality sign in (23) is achieved if each C;
consists of just one code word. Let us unwind (22).

H(X")— H (X" / Z") = H(G") — H(G" | Z") +
+ H(X" ) G* - H(X" ) Z", G").
Taking into account (23), we have
H(G*/Z" =H (X" Z") - H (X" | Z", G).

The last expression proves that the inequality
(21) is true. The statement is proved.

Definition 2. The key capacity Cg of a BC is the
maximum achievable Hz with which a key is gener-
ated meeting the requirements (14) — (17) for arbi-
trarily small &5 > 0, &3 > 0, &, > 0 and g5 > O:

C3; =max Hj.

Theorem. Let, in the above-described channel
connectivity conditions, the subscribers of a con-
nection network (BC) use the asymptotic method of
key generation with uniform distribution of char-
acter probabilities at G1 output, a random coder of
(1, &) code for transmission and a deterministic de-
coder for reception in order to generate a network
key. Let the violator follow a passive strategy of in-
formation intercept. Let the value of BC capacity C
exceed the value of IC capacity C,,. Then

C;=C-C,, (24)

where C is the capacity of the BC[8, 9, 15], and C,, is
the capacity of the IC

L
Cy =logsL+ ) pjlogyp;,
=1

where L is the volume of the IC output alphabet,
P1» -, Dy, are the elements in the first line of the
transient probability matrix of the IC [9].

Proof

In accordance with the definition of BC uncer-
tainty HF(X™ / Y", M") from [6], using Fano’s ine-
quality [9, 12], let us write:

HF(X"™ /YY", M™ < h(}) + X log(M,),
where A is the average probability of a BC decoding

error [6]. Then for any y, x > 0, depending on g;, we
can write
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HF(X™/Y", M") /n < y. (25)

Let us find out how Hj is interconnected with
the violator’s uncertainty speed o from (12) when
the requirements (14) — (17) are met, for arbitrarily
small g5 > 0, g5 > 0, g, > 0 and &5 > 0. Add up the
left and right parts of the inequalities which deter-
mine the demands to the key (15) and (17), move I
to the right-hand side, represent the latter as aver-
age mutual information [8, 9, 12] and finally get

Hy <H(GF/ZY/n +e5—¢;. (26)

Now, taking into account the expression (21) and
statement 1, we can rewrite (26) as

Hy <H(X"/Z")/n +¢;—¢s. (27)

If we add up the left and right parts of the ine-
qualities (25) and (27) and move HF(X" / Y", M) / n
to the right-hand side, we will get

Hy < H(X"/ 2% ) n— HF(X" | Y", M") /
n+eg—e5+ Y (28)

Adding and subtracting H (X") / n in the right-
hand side of (28), according to the definitions of JI
and mutual information from [9, 22], will give us
the following:

Hy < F(X"; Y"; M) / n— I (X" Z") /

Using the results of the theorems about BC in-
formation capacity [6] and DSC information capaci-
ty [9], we can rewrite (29) as

Hz<max F(X;Y; M)- max
{p(x)} {p(2)}

I(X; Z)+eg3 —¢e5+7. (30)

Results of the theorems about average JI max-
imization [19, 20] and average mutual informa-
tion maximization [9] {m(a:)(} F(X;Y; M) and

plx

{m(a))(} I(X; Z) can be achieved with independent
p(x

and uniform distribution of BC and IC input char-
acter probabilities. For (7, &) code speed defined in
(4), the following is true:

R<max F(X;Y;M)-t. 31)
{p(x)}

Let a sufficiently large n (n — «) be chosen.
Then, according to the theorem of highly probable
sets [9, 11], the probability of (n, &) code P(V) will
tend to 1, and p — 0. Then at the input of the BC

(and IC), uniformly distributed (with nearly equal
probability) code words will appear. Due to this, the
distribution of BC and IC input character probabili-
ties is very close to uniform. The results of the the-
orem about average JI maximization and the direct
theorem of BC coding [6] allow us to rewrite (31)
(note that t —» 0 when n — «):

R<C. (32)

This means that (n, &) code speed can be max-
imized as closely to the BC capacity value as we
want, but will never exceed it. Consequently,
R — max. Then it follows from the direct theorem
of BC coding [6] that &, — 0, too. Now from p — 0 it
follows that ¢ — 0, too. Then the fulfillment of re-
quirement (14) determines that P, — 0. In this con-
ditions, HF(X" / Y", M"™) — 0. From the inequality
(25), we can see that y — 0, too. Using the results
of the theorems about information capacity and the
direct theorem of DSC coding [9] with uniform dis-
tribution of code words at the IC input

1(X; Z)=C,, 33
ey 162 @

Let us assume that C > C,. When n — o, we
can find a code whose value R will satisfy the ine-
quality

c,<R<C. (34)

Using the results of the information capacity
theorem and the converse theorem about DSC cod-
ing from [9] for the left-hand side of (34), i. e. the
condition C,, < R, we can claim that the average
probability of erroneous decoding in the IC will
be higher than a certain preset positive number.
Consequently, I (X™; Z") — 0. Then, taking into ac-
count (20) the statement 2, we can say that

I(G*; Z7) — 0. (35)

From the analysis (35), we can conclude that
g3 — 0 in the requirement (15). Let us estimate how
close the key assembly distribution is to uniform
probability distribution using the parameter Q2 de-
fined in the requirement (16). If n — oo, then, ac-
cording to the definition of R in (4) and the restric-
tion (34), k (the length measured in characters of
the generated sequence g of the source G1) will also
grow, i. e. k — oo. Let a random probability distribu-
tion be specified at the source output. According to
the highly probable set theorem [9], when & — «, a
sequence at the G1 output is split into a highly prob-
able subset of typical sequences U and a subset of
non-typical sequences U. The probabilities of ele-
ments U are close to each other, and P(U), the to-
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tal probability of the elements U, will be close to 1.
Taking this into account, we can write

log,(M,) > H(G"), (36)

where M, is the volume of the set of G1 sequences
defined in (1), and H(G*) is the entropy of its
assembly. The equality sign in (36) is achieved
when the probability distribution of the messages
at the source output is uniform. For that, the
discrete stationary memoryless source G1 must
have a uniform distribution law for the character
probabilities in its messages [8, 9, 11]. Therefore,
let us choose this distribution law at G1 output. In
this case, 2 — 0 in (13), and hence g — 0 in the
requirement (16). Taking into account the above-
mentioned conditions and considering the joint
functioning of the source and a random coder, we
can see that when n — oo, the highly probable subset
of G1 output sequences expands to a highly probable
subset of code words at the output of a random coder
of (n, &) code (this takes place at the input of BC
and IC). Further analysis of using the asymptotic
method of key generation shows that the method
can be reduced to transferring coded sequences via
the BC so that the violator who can observe only the
output of his/her IC (and who knows the code in use)
cannot restore a message you send. Analysis of (36)
shows that when n — o, the speed R of (n, ;) code will
tend to its maximum in (18) and hence € — 0 in (19).
Since the information about a “higher quality” key is
transferred via the BC, H; will tend to the maximum
R and, consequently, in the requirement (17) g5 — 0.
Furthermore, taking into account the definition 2
and inequality (30), let us write

Cs ={m(a>)<} [F(X, Y; M)-I1(X; Z):|+83 g5+ (87)
p(x

Under the condition described above, the key
requirement parameters (14) — (17) g5 > 0, €5 = 0,
g4 = 0,e5 > 0, and y — 01in (25). Then, taking into
account the fulfillment of (31) — (33), we can rewrite
(87) as

C;=C-C,. (38)
Expression (38) coincides with expression (24)

from the statement of the theorem. Thus the theo-
rem is proved.

Estimating the boundary values
of the key capacity

If C <C,, then C3 =0. Consequently, the lower
boundary of Cy

0 < Cj.

In order to find the upper boundary of Cs, let us use
the following statement whose proof is given in [6].
Statement 3. C5 is bounded above

C;<max F(X;Y; M /Z),

where the equality sign is set in the case of
statistical independence of the assembly X at the
input and assembly Z at the output of the IC (the IC
is “cut” [7, 10, 12]).

Conclusion

The work contains new scientific results about
open generation of keys for acommunication network
which includes three subscribers of connected BCs.
‘We propose models of a random coder, deterministic
decoder, asymptotic generation method and a system
of quality indicators and requirements to a network
key. We introduce a term of key capacity of a BC. We
have formulated and proved a theorem about the key
capacity of a BC, which provides the ways to estimate
the asymptotic information efficiency of the studied
process. We also have shown its boundary values.

The problems for further research should be as-
sessing the key capacity for information exchange
within a binary BC, search for regularities which de-
termine the ways of forming a “good” key, and estab-
lishing integral links with earlier scientific results in
the filed of secret key agreement by public discussion.
On the base of the latter, a comprehensive compara-
tive analysis should be performed, with the develop-
ment of a methodology for estimating the gain of the
proposed key generation method. Another goal could
be determining the conditions and developing new
methods for providing higher key capacity of a BC.

The obtained results can be helpful for the spe-
cialists in the design and optimization of key con-
trol subsystems in modern cryptographic informa-
tion security systems which provide uninterrupted
closed network information exchange.
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JIEHWE U JOCTaBKA KJIOUel 3aKOHHBIM KOPPECIIOHIEHTAM C MCIOJb30BaHUEM 3AIUINEHHBIX KAHAJIOB CBA3U, YTO JOCTATOUHO JOPOTO, HE
BCer/ia OTIePATUBHO M BO3MOXKHO. AJIbTEPHATHUBOM BBICTYIIAIOT CIIOCOOBI (hOPMUPOBAHUA KJIIOUEl IIOCPeCTBOM Iiepefayun NH(POPMAIAY 110
KaHaJlaM 3JIEKTPOCBS3U, KOTOPasi, BO3MOKHO, CTAHOBUTCSA M3BECTHOM HAPYIIUTEN0. IIOMCK M3BECTHBIX OLEHOK MHMOPMAIIMOHHOMN 3(-
(PeKTUBHOCTY AJI HEKOTOPHIX CIIOCOOOB OTKPBITOT'O KJIIOUEBOT'O COTJIACOBAHUS ABYX 3aKOHHBIX KOPPECIIOHIEHTOB IPEICTABJIS PEIIeHne
CJIOJKHBIX TEOPETUKO-UH(MOPMAIMOHHBIX 3a/a4y. Pe3yabTaTsl jKe pelleHus IToA00HbIX 3a7au IJIsA 60Jee CIO0KHBIX YCIOBUI, CBA3AHHBIX C
BBeJleHEeM TPeTher'o KOPPECHIOHAeHTa U OTKPHITHIM (hPOpPMUPOBaHUEM TellePh yiKe CeTeBOTo KJIoua, 10 HaCTOAIIeTo BpeMeH! He 3BeCTHHI.
Ilesnp uccaemOBAHUSM: CTPOTO JOKA3aTEJIbHBIM MOUCK MOTEHI[MAJIBHBIX OIEHOK MHMDOPMAIUOHHON 3((HEKTUBHOCTY OTKPBITOI'O CETEBOTO
dbopmupoBanusa Kimpoueii. Pe3yabpTaTsl: Ipou3BeieHa ITOCTAHOBKA 3a/a4yl OLEHKU MH(DOPMAIMOHHON 3(DGEKTUBHOCTH OTKPBITOTO KJIIO-
YEBOI'0 COTJIACOBAHUS CETU U OIIPeesIeHbl YCIOBUs, 00eceuynBaliollne ee pelienrie. B paMKax IepBOro pesyJbTaTa MPeJJIOKeHbl MO/e-
JIVL HAPYIIUTEJSI U CEeTeBOM KaHAJIBHOM CBASHOCTH TPEX 3aKOHHBIX KOPPECIOHAEHTOB. Il0oC/Ie[HAA MO/Eb IPECTABISIET COBOKYIIHOCTE
IIMPOKOBEIaTeJHbHOIO KaHala, CBA3BIBAOIIEr0 KOPPECIIOHAEHTOB, U KaHala IepexBara Hapyunreas. OoMeH nudopmanueir OCHOBaH Ha
PeIJIOKEHHBIX MOJEJsIX CHYyJYaillHOTO KoJepa U AeTePMUHUPOBAHHOTO AeKojepa IOCPeACTBOM paspabOTaHHOrO0 aCUMIITOTHYECKOTO Me-
Toma (POPMUPOBAHUA KJOUa. B Ieasax HOoCTUIKeHUS BTOPOTO pe3yJsbTaTa IpeacTaB/ieHa cUCTeMa IoKasaTesell KauecTBa U TpeOOBaHUIA,
OTJIMYAIOIAsICA OT MBBECTHBIX OIIPeieJIeHNEM « MH(DOPMAIIMOHHOM» CKOPOCTU (GOPMUPOBAHUS CETEBOTO KJII0Ya. BBe/IeH TEPMUH KJII0YEBOMK
IPOIIYCKHOI CIIOCOOHOCTHU CETHU, OIPEAEJIAIONNN aCUMITOTUUYECKY0 NHGOPMAIMOHHYI0 3(h(eKTUBHOCTH (DOpMUPOBaHUA KJoua. IIpexn-
CTaBJIEHHBIE CTPOTOE JO0KAa3aTeJIbCTBO TEOPEMBI O KJIIOUEBOU MPOIIYCKHOI CIIOCOOHOCTH 1 000CHOBAaHNE €€ 'PAHNYHBIX 3HAUEHU N OITPeesI-
10T GOpMUPOBaHME OKOHYATEIbHBIX YCIOBUIl, 00€CIIeUNBAIOIIUX PEIIeHNEe TeOPEeTUKO-NH(POPMAIMOHHO 3aKaun OIleHKY 3(h(EeK TUBHOCTH
OTKPBITOr0 (DOPMUPOBAHUSA CETEBOI0 KJII0UA.

KuroueBsie c10Ba — CeTh CBA3Y, 3aKOHHBIE KOPPECIIOHIEHTHI, HAPYIIIUTEIb, CEeTeBOM KJII0U, IINPOKOBEIATEIbHBIN KaHAJ CBA3U, Ka-
HaJI IepexBaTa, CJIyUYalHbIM KOJiep U JeTePMUHUPOBAaHHBIN IeKOeD, COBMecTHAA NH(DOPMAIINA, aCUMITOTUYECKUI MeTo (hOPMUPOBAHUSA
CeTeBOro KJoua, I0KasaTeli KauecTBa U TPeOOBAHNS K CeTeBOMY KJII0UY, CKOPOCTh (hOPMUPOBAHUS CETEBOTO KJII0Ua, TeOpeMa O KJII0UeBOMi
IPOIIYCKHOI CIIOCOOHOCTH CETH CBA3W MUHUMAJIBHOTO 00'beMa, OlleHKAa KJIIOUEeBOU IIPOIIYCKHOI CIIOCOOHOCTH.
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NAMATKA AN ABTOPOB

ITocmynawuiue 6 pedakyuio cmamsvu nPoxooam 0643ameabHoe peueH3uposanue.

IIpy HaIVYMY MTOJIOKUTEILHON PEIeH3UY CTATh:A PACCMATPUBAETCA PEJAaKIINOHHON KOJIJIeTHe.
IIpunaTasa B meyaThb CTaThA HAIIPABJIAETCA aBTOPY AJIS COTJIACOBAHUSA PEJaKTOPCKUX IpaBoK. I1o-
cJie COTJIACOBAHUSA aBTOP NIPEACTABIIAET B PEJAaKIIUI0 OKOHYATEJIbHBIN BADUAHT TEKCTA CTATHU.

IIpomeypsl cOryiacOBaHUSA TEKCTA CTATHU MOT'YT OCYIIECTBIATHCA KaK HEIIOCPECTBEHHO B pe-
OAKIIUM, Tak 1 1o e-mail (ius.spb@gmail.com).

IIpy OTKJIOHEHUU CTaThY PENAKIIUSA IIPEICTABIIAET aBTOPY MOTUBUPOBAHHOE 3aKJIIOUEeHUE U pe-
LEH3UI0, IIPU HeOOXOJUMOCTH JOPA6OTATh CTATHIO — pelleH3nIo. PyKonucy He BO3BPAIIAIOTCA.

Pedaryus HypHaia HANOMUHAEN, LTNO OMEEMCMEEHHOCTb
3a 00CcmMosepHOCMb U MOYHOCMb PEKLAMHbLY MAMEPUALO8 HeCYNm PeKLamodamenu.
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Introduction: Common introduction of industrial control systems based on wireless networks leads to the emergence
of a new way of using wireless networks, called the Industrial Internet of Things (lloT). This framework assumes a large but
finite number of users for which you have to provide the transmission of short messages with low delay and limited delay
variation. Purpose: Efficiency evaluation of resource allocation algorithms for delay-sensitive traffic in a downlink OFDM
channel. Methods: An OFDM system is presented as a set of M/G/1 queuing systems. A convex optimization problem is
introduced, whose solution determines the lower bound of the average delay of message transmission in delay-sensitive
traffic over the set of scheduling algorithms under study. Results: An algorithm is proposed for calculating the lower bound
of the average delay. This algorithm is fed by system parameters: the average message size, the input flow intensity, and
the average maximum throughput for each device connected to the base station. Based on these input parameters, the
optimization problem is introduced and solved by a numerical method. The solution of the optimization problem determines
the lower bound of the average message transmission delay. Practical relevance: The obtained result can be used by system
developers for planning and deploying OFDM networks. It can also serve as a reference when developing Ultra-Reliable and
Low Latency Communication technology.
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Introduction

Wireless technologies are now widely introduced
into industry, leading to the emergence of a new way
of using wireless networks, called the Industrial
Internet of Things (IIoT). This way assumes that there
are multiple devices which establish a wireless con-
nection to a remote server. The server uses a sequence
of control messages transmitted over a downlink to
remotely control and monitor a particular technologi-
cal process or the enterprise as a whole [1-3].

Within the IToT concept framework, the Interna-
tional Telecommunication Committee [4] and 3GPP
consortium [5] are standardizing the network scenar-
io of Ultra-Reliable and Low Latency Communication
(URLLC) designed to satisfy the key performance in-
dicators for the industry. However, the 3GPP consor-
tium has just started this standardization procedure.

It is worth noting that a number of studies are
known, tasked with reviewing [6] or theoretical
analysis [7] of URLLC scenario for 5G networks.
In [6] and [7], the authors discuss possible usage
of non-orthogonal multiple access technology to
achieve key performance indicators of a wireless
network required for the operation of an informa-
tion system. Unlike these works, this article aims
to obtain efficiency estimates for the existing or-
thogonal communication systems when a delay-sen-
sitive traffic is transmitted via a downlink channel.
This will give the engineers and network developers

a tool for assessing the efficiency of using orthog-
onal networks when planning and deploying them.

The article is organized as follows. First, we give
a description for a model of the system under study,
along with a system of assumptions. We analyze the
system as a queuing system and formulate an op-
timization problem whose solution will allow us to
find the lower bound of an average message trans-
mission delay in an OFDM system. Then we propose
an algorithm for calculating the lower bound of an
average delay of downlink message transmission in
an OFDM system. Finally, we present some numeri-
cal results and conclusions.

System model

In this article, we discuss a development of the
model proposed in [8], applied to delay-sensitive
traffic transmission. The networks contains a re-
mote server that coordinates the functioning of a
finite number N of devices connected to the same
base station. The functioning of each device i is co-
ordinated by forming a sequence of messages (each
message has a unique serial number j) as long as
Vi, i j=1,0 bits, and the time intervals between the
arrival of messages are distributed according to an
exponential law with the parameter A; [9]. Via an
absolutely reliable channel, the messages are trans-
mitted to the base station (BS) where they get into
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B Fig. 1. System model

queues (each queue corresponds to a unique device)
to be transmitted via a wireless channel (see Fig. 1).

General statements

We discuss the operation of a downlink in OFDM
mode: all the operation time is split into slots of an
equal duration; within a slot, a limited frequency
zone can be distributed between several devices.
Because of flat fadings in the wireless channel, its
state changes in time for each device: in each time
moment ¢, the channel state can be represented as a

vector C(t) = [Ci(t),i = L_NJ, where C,(?) is the speed

of transmitting data for the device i if it is given
all the frequency zone for transmission at the time
moment t.

The BS scheduler whose task is distributing the
fractions of the wireless channel between the devic-
es makes a decisive contribution to the system effi-
ciency. The scheduler task solution can be described

with a vector a(t) = [oci (t),i= I,_NJ, where o,(t) is the

frequency zone fraction given to the device i at the
time moment ¢. An obvious limitation is that the
available frequency band for data transmission is
finite:

N
vty o;()<1. 1)
i=1

The main efficiency indicators for delay-sensi-
tive traffic are [5, 4]:

— average delay of message transmission for
the device i, see the expression (2);

— delay dispersion for message transmission
via the wireless channel.

The delay dispersion can be large because the re-
sources for data transmission are given irregularly.
This is considered to be a negative effect. Therefore,
the delay dispersion is limited from above by a cer-
tain value.

The average delay of message transmission is de-
termined by the following expression:

_ Hy(v)
T=lim—— > T, )

T—0 Hi (’C j=1

where H;(t) is the number of fully delivered messages
for the device i during the time interval [0, t], and
T;; is the time interval from the moment when
a message j for the device i gets into a BS queue,
to the moment when the last bit of the message is
received by the device i. In its turn, the value T ;
consists of the duration of waiting for a message in
the BS queue (wi’j) and the duration of transmitting
the message via the wireless channel (x; ):
T‘i,]’:wi,]"‘t‘xi’j. (3)
Note that as a result of the scheduler’s opera-
tion, during the transmission of a message j for the
device i, the value of X js is determined which di-
rectly affects the waiting time in the queue for the
subsequent messages. This process is demonstrated
in Fig. 2.

=

T

(0D
|:| Transmission

i, 5,6 @ T

Arrival of message j for device i & Idle

. Waiting in the queue i, j | Delivery of message j for device i

B Fig. 2. Graphical representation of delivering messages for device i

NeS, 2008 N\

VNH®OPMALIVIOHHO-YMPABASIIOLLIVE CUCTEMBI N\ 89



4 KOANPOBAHWE N NEPEAAYA NHOOPMALINA /

The generalized result of the scheduler’s opera-

tion for each user i are pairs of values x; (average

delay in message transmission) and xiz (coefficient
of variation in message transmission).

Assumptions

In this article, we use the following assumptions:

— Vi:V, ;,j=1,0 is an ergodic random process
with finite mathematical expectation V.

— Viix;,Jj =1,0 is a sequence of identically
distributed random values independent from each

other and from the input flow; their mathematical

expectationis x; and coefficient of variation is xiz .

— The wireless channel state changes in such a
way that the following equality holds:

4, bj T,
[ wwc wat=c,; [ oamdt=V,; @

t, t

i,j i,]
where ¢, ; is the time when a message j starts to be
transmitted to the device i.

— Vi: Ci_,},j =1,0 is an ergodic random process

with finite mathematical expectation (N,’l_l

The presented description of the system and the
assumptions introduced above describe an infinite
and uncountable set of hypothetical planning algo-
rithms A with possible analytical estimates.

Analysis of the system

In this section, we analyze the system under
study as a queuing system, and formulate an opti-
mization problem whose solution will characterize
the efficiency of OFDM systems in delay-sensitive
message transmission.

The system model as a queuing system

With the assumptions made above, the system
can be represented as a combination of N queues
M/G/1, where each queue corresponds to a unique
device. An average delay of message transmission
for device i (see expressions (2) and (3)) can be found
by the Pollaczek — Khinchin formula [10]:

~

7_1-: it
%t 2(1—Kixi) (5)

L 12

Thus we obtained an expression for an average
delay of message transmission for device i (T} ) as
a function of an average duration of message trans-
mission via the wireless channel for the useri (x; ).

An important parameter of the system is the av-
erage idle time for the M/G/1 queue per message,

which is determined by the following expression
[11]:
1

I; :k_i' 6)

Formulation of the optimization problem

One of the central results of [8] is the interrela-
tion between the characteristics of a wireless cen-
tralized communication network and the quality of
user service when transmitting video data by the
HTTP protocol. With reasoning similar to that in
[8], we can find a real interrelation in terms of the
system under study.

Lemma. For a set of scheduling algorithms A
satisfying the introduced assumptions, the follow-
ing inequality is true:

L <1, )

The proof of this Lemma is similar to the proof
given in [8]. Therefore, it is not given in this article.
Let us define the efficiency index of an OFDM
system transmitting delay-sensitive trafficasan av-
erage value of message transmission delay over the
entire set of devices with a given coefficient of var-

N
iation for each particular device: T(A)= ZTl (A).
i=1
It is important to note that the value of the mes-
sage transmission delay is determined by a specific
scheduling algorithm A installed on the BS.

Let us introduce the problem of estimating the ef-
ficiency of an OFDM system as a problem of finding
the lower bound of an average message transmission
delay over the set of scheduling algorithms A :

T = inf T(A). 8)
AcA

The value of the lower bound of an average mes-
sage transmission delay can be obtained as a solu-
tion to a nonlinear optimization problem (9).

N 2
Minimize: T :lz x; +7L’—X’N
Nia 2(1-2; ;)
Subject to: , 9)

~ ~1
N Vi

where chl ,i=1, N are the optimized parameters, A;
and V; are characteristics of the input data flow
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~-1
for device i, C; is a characteristic of the state of

the wireless channel for the user i, and xl2 is the

coefficient of variation specified for the duration of
message transmission via the wireless channel for
the device i.

Lower bound of average message
transmission delay in an OFDM system

The optimization problem (9) belongs to the
class of convex nonlinear programming problems.
However, due to the sophisticated structure of the
objective function, it is difficult to obtain a closed
expression for the lower bound value. Therefore, in
this work, we will use numerical methods to solve
the optimization problems. In convex optimization
problems, they allow you to find the global extrem-
um point of an objective function with limitations
[12, 13].

However, the use of a numerical procedure for
finding an extremum can be computationally ex-
pensive. Therefore, below we analyze the cases
when the lower bound value can be obtained without
a numerical procedure. Here is a consecutive analy-
sis of the optimization problem (9).

Consider the case when the inequality

Zfilﬁiéflki —1<0 holds. Then an apparent solu-

tion of the optimization problem (9) is ;L =0,i=1, N
and T" = 0.

Next, let us use the solution method based on the
dual Lagrange function [12]. To this end, we intro-
duce an auxiliary function f*:

N 2
f*N—%Z xi+}”—x’~,xieX
(x)={N 5™ 20-2x) . (10)
0, overwise

where X is a set of admissible values of the
parameter ;c; IS [0, (ki)_l}, i=1, N.
Using the expression (10), we can represent the
optimization problem as follows:
Minimize: f* (;c)
Subject to: , (11)
N
ZL ~-1<0

()

where K; :171@_1, i=1, N.
The Lagrange function for the optimization
problem (11) takes the following form:

~ 13~ Xig
L(x, “)_Nz[xiJrZ(l—ki;c:-) +

i=1
N
+M ZNLL_]__]' . (12)
i=12;+(;)

The dual Lagrange function for the expression
(12) has the following form:

N 2
g(u)=—u+iniiz P +~“KLN_1 =
xXe Ni:l 2(1_}\‘ixl’) xi +(7\‘i)

N N

K;); K;);

=_H+ZM=H Z#_l . 13)
i=1 2 i=1 2

On the base of expression (13), the problem of
finding the lower bound can be represented as a
solution of the optimization (8) problem (14) [12].

N
Maximize: u(zﬁ—lj
— 2
i=1
Subject to: . (14)

{;,LZO

The solution of the optimization problem (14) is
the following expression.

N
~ O,Zﬂgl
- (15)

0, overwise

The expression (15) determines the bound of the
non-existence of scheduling algorithms which sat-
isfy the introduced assumptions.

Based on the reasoning presented in this sec-
tion, we introduce the main theorem.

Theorem. The lower bound value for an aver-
age message transmission delay in an ODFM sys-
tem over all possible scheduling algorithms which
satisfy the assumptions can be calculated as fol-
lows:

N
0, > Ki<1

~3
I

N
K\
(X), —21 B}
27

X(Ki’ Ais xiz’ i=1, N|, overwise

where X() is a solution of the optimization prob-
lem by a numerical method with the given accu-
racy.
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Numerical example

The obtained results are demonstrated on the
base of LTE system parameters. We consider the
functioning of one cell in which users are placed
with an equal step on their way from the base sta-
tion. The maximum achievable user’s data trans-
mission rate is in the area from 0.5 MB/s to 5 MB/s,
which corresponds to 5 MHz bandwidth [14].

Fig. 3 demonstrates how the lower bound value
depends on the number of users in a cell when the
size of the transmitted messages is 4 B and the ar-
rival rate is 250 per second for each user in the cell.
At the qualitative level, the following statement
is true: for given network parameters, there is no
scheduling algorithm which provides an average
message transmission delay of 5ms when there are
450 users in a cell.

Fig. 4 demonstrates the values of the obtained
lower boundaries with fixed input flow intensities
for various message sizes. From the calculation for
the network scenario described above it follows that
with a fixed value of the average message trans-

mission delay, the maximum number of subscribers
with a possible scheduling algorithm from the set
A decreases linearly with the message size.

Conclusion

An algorithm is proposed for calculating the
lower bound value for an average message trans-
mission delay in OFDM systems. The obtained re-
sult allows Internet communication system devel-
opers to plan OFDM systems deployed in industry.
It can also serve as a reference for communication
systems that provide URLLC.

The author is supported by scientific project
No 8.8540.2017 «Development of data transmission
algorithms in IoT systems with limitations on the
devices complexity».
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Ouenka 3¢ (eKTUBHOCTH AJITOPUTMOB IIAHMPOBAHM JIs MepPeJadYu YyBCTBUTEIbHOTO K 3aJepskKe Tpaduka mo
HUCXOAANEeMYy KaHaxy B pesxkuvme OFDM

. A. ITacTymok?, KaHj. TexH. HAyK, CTApIINii IpenoaasaTenb, orcid.org/0000-0002-3296-562X, i.pastushok@k36.org
aCaukTr-IleTepOyprecKuii rocyfapcTBEeHHBIN YHUBEPCUTET a9POKOCMUYECKOro mpubopoctpoenus, B. Mopckas yi., 67,
Caukr-ITerepbypr, 190000, PO

Beenenue: moBceMecTHOE BHEIPEHIE CUCTEM YIIPABIEHN A, OCHOBAHHBIX Ha 0eCIIPOBOLHOM CBABH, B IPOMBIIIIEHHBIX 00beKTax hopMu-
pyer crienuUUYHBIHA clleHapUil NCII0JIb30BaHUA 6€CIIPOBOAHBIX CUCTEM, KOTODHIH ITOJyUn HasdBaHue VIHAYCTpUAIbHBIA NHTEPHET Bellei.
B pamkax gaHHOTO clleHapuA IPeAIIoJaraeTcs Hajauune 60IbIIOr0, HO KOHEUHOTO YMCJIa I0JIB30BaTeNe!, A1 KOTOPBIX JOJIKHA OBITH 06e-
clieueHa Iepejada KOPOTKUX COOOIIIeHUI ¢ HUBKOI 3afep:KKOI 1 OrpaHNYeHNeM Ha Juclepcuio 3afep:kku. Ileas uccieqoBanus: orjeHKa
9(pheKTUBHOCTH AJITOPUTMOB ILIAHUPOBAHUS PACIIPEeeIeHNsI YaCTOTHO-BPEMEHHBIX PEeCYPCOB AJIS CHCTEM CBS3U C OPTOTOHAJIBHBIM Ua-
CTOTHBIM MYJIBTHILIEKcUPoBaHueM KanasioB (OFDM) nipu nepesaye 4yBCTBUTEIBHOTO K 3a/JePsKKe TpadUKa B HUCXOAAIIEM KaHaJle CBA3H.
Mertonpi: cucrema OFDM mpe/icTaBiieHa B BUuie MHOMKECTBA CUCTEM MaccoBoro obcaysxuBanus M/G/1, npousBe/ieHa IOCTAHOBKA OIITHMU-
3aI[MOHHOM 3aJauu, pelreHne KOTOPOil onpe/iesigeT HUKHIO TPaHUILY CPefHell 3aepKKU Iepeadun COOOIeHniI YyBCTBUTEJIBHOTO K 3a-
JIepskKe TpaduKa 0 MHOKECTBY MCCIEYEMBIX aJITOPUTMOB IIJIAHUPOBaHUA. Pe3yabTaThl: IPEJIOKEH aJITOPUTM BBIUNCIEHUSA SHAUCHUA
HUKHEeN IPaHUIbI CpelHeH 3aeP:KKHU IIepejayl COO0Ie il YyBCTBUTEIBHOTO K 3aiepkkaM Tpaduka B cucreme OFDM. IlpenioskeHHbIH
aJITOPUTM IPUHUMAET Ha BXOJ IIapaMeTPhI CUCTEMBI: CPeJHUI pasMep COOBIeHN s, NHTEHCUBHOCTH BXOJHOTO IIOTOKA U CpefHee 3HAUCHNE
MaKCUMAaJIbHO JOCTUKUMON CKOPOCTHU Iepefiaur JaHHBIX AJIA KasKJI0r0 YCTPOUCTBA, IOJKIIOUEHHOT0 B 6a30Boi crannuu. Ha ocHOBe BBe-
JEHHBIX IIapaMeTPOB CHCTEMbI IPOM3BOAUTCS IIOCTAHOBKA ONTHMUBAIIMOHHON 3a/[aUll U ee PellleHNe YNCIeHHBIM aaropuTMoM. Pemenne
ONTUMU3AIMOHHON 3ajaYn OIIpefiesideT 3HaueHne HUKHEeN IPaHuIlbl cpefHell 3aIeP:KKU Iepejaul COOOIeHU 10 MHOMKECTBY UCCIeNy-
eMBbIX aJrOPUTMOB IJIAHNPOBAHUA B HUCXOAAIeM KaHase cBasu cucreM OFDM. IIpakTuyeckas 3HAYUMMOCTB: IIOJIYUEHHBIN PE3yJIbTAT
MOJKeT OBITH MCIIOJIB30BAaH paspaboTuMKaMy CHCTeM IIpHU IaHupoBanuu u pasBepreiBanuu OFDM cereil, a TakiKe SBIAETCA OIOPHBIM
pes3yJIbTaToOM [AJis pasdpabaThIiBaeMOil TEXHOJOTUH CBEePXHAAeKHOU cBA3u ¢ Huskumu 3agep:xkkamu (URLLC).

KiroueBslie ciioBa — MHAYCTPpUAIBHBIN nHTEepHET Belreir, OFDM, cpexuss 3asep:KKa, TeOPUS MacCOBOTO O0OCIYKUBAHWS, MaTeMaTH-
yeckad onruMmusanus, URLLC.
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Introduction: The goal of this issue is the analysis of evolution of the current and novel wireless networks, from second
generation (2D) to fifth generation (5G), as well as changes in technologies and their corresponding theoretical background
and protocols — from Bluetooth, WLAN, WiFi and WiMAX to LTE, OFDM/OFDMA, MIMO and LTE/MIMO advanced technologies
with new hierarchy of cellular maps design — femto/pico/micro/macro. Methods: We use new theoretical frameworks for
description of the advanced technologies, such as multicarrier diversity technique, OFDM and OFDM novel approach, MIMO
aspects description based on multi-beam antennas approach, various cellular maps design based on a new algorithms of
femto/pico/micro/macrocell deployment, and a new methodology of a new MIMO/LTE system integration based on multi-
beam antennas. Results: We have created a new methodology of multi-carrier diversity description for novel multiple-access
networks, of usage of OFDM/OFDMA modulation to obey inter-user and inter-symbol interference in multiple-access networks,
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and finally, of how to overcome propagation effects occurring in the terrestrial communication links by use combination of
MIMO and LTE technologies based on multi-beam antennas. For these purposes we present new stochastic approach that
accounts for the terrain features, such as buildings’ overlay profile, buildings’ density around the base station and each
user antennas, and so forth. These parameters allow us to estimate for each situation occurs at the built-up terrain area
the effects of fading, as a source of multiplicative noise. Practical relevance: New methodology of how to estimate effects
of multiplicative noise, inter-user and inter-symbol interference, occurring in the terrestrial wireless networks, allows us to
predict a-priory practical aspects of the current and new multiple-access wireless communication networks, such as: the
users’ capacity and user’s links spectral efficiency for various configurations of cells deployment — femto, pico, micro, and
macro, as well as the novel MIMO/LTE system configuration for future networks of 4" and 5" generation deployment.

Keywords — capacity, multiple-input-multiple-output (MIMO), MIMO channel, spectral efficiency, K-factor, space-time
diversity, spatial multiplexing urban environment, dense layout of buildings.

Citation: Sergeev A. M., Blaunstein N. Sh. Evolution of multiple-access networks — cellular and non-cellular — in historical perspective.
Part 2. Informatsionno-upravliaiushchie sistemy [Information and Control Systems], 2018, no. 5, pp. 94-103. d0i:10.31799/1684-8853-
2018-5-94-103

Continuation.
Start in Informatsionno-upravliaiushchie sistemy [Information and Control Systems], 2018, no. 4, pp. 86-104.
d0i:10.31799/1684-8853-2018-4-86-104

MIMO modern networks design
in the space and time domains

We will now present some advanced technology
concepts based on adaptive multi-beam or phased-
array antenna applications through the prism of the
physical layer description accounting for the “re-
action” of the multipath outdoor channel with fad-
ing on radio propagation within such a channel [22,
49-62]. These techniques are fully described in re-
ferences [63—82].

Multiple-input-multiple-output (MIMO) commu-
nication systems with multi-beam or multiple-ele-
ment antennas arranged at both ends of the commu-
nication link have been introduced during the last
decade to increase of spectral efficiency and com-
munication link reliability that can be achieved via
spatial and time diversity techniques. In Fig. 11 is

shown an example of how to arrange multibeam an-
tennas (4 x 4 beams, i. e., 16 beams) that manage and
control many clients servicing via the mobile/sta-
tionary broadband internet or sensors’ networking.

In modern MIMO systems, the two basic tech-
niques usually used [63—82] to mitigate multipath
fading phenomena and increase efficiency of such
networks, are:

— spatial multiplexing as a space-time modula-
tion techniques;

— diversity modulation technique as a special
case of a space-time modulation technique.

According to the first procedure, each trans-
mitting antenna element sends to the receiver inde-
pendent (e. g. non-correlated) streams of signal data
accounting for a strong multipath phenomenon oc-
curring in each channel with the Rayleigh fading
[63, 64] caused by multiple reflection and diffrac-
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Multibeam antennas

Adaptive
Transnitter Tx

B Fig. 11. MIMO system based on M x N multibeam antennas

Adaptive
Receiver Rx

“Airplane-flutter”

« " Receiver
Tower-swayne .
Buildings

Transmitter
Moving scatteres

B Fig. 12. Schematically presented effects of multiray
phenomena occurring in the real wireless MIMO channel
that causes strong fading on the input/output signals

tion occurring in the real wireless environment
(Fig. 12). This idea of spatial multiplexing was first
proposed in Reference [47], which then was adapted
in practice of MIMO systems deployment in [66, 67].
Initially spatial multiplexing systems used narrow-
band channel for each antenna element of the MIMO
system with a small delay spread (i. e., the large
bandwidth of coherency B,,, see previous section).
In modern MIMO systems spatial multiplexing was
adapted for wideband channels too in conjunction
with OFDM modulation technique [68-72].

In contrast to spatial multiplexing, the diversi-
ty modulation technique deals with dependent (e. g.
correlated) streams of data from each transmit an-
tenna element of desired MIMO system. There are
several diversity modulation techniques, which can
be found in references [73—77]. In this book, will be

using the term MIMO diversity technique that com-
bines space-time diversity and spatial-time multi-
plexing according to references [78—82].

Following the results obtained in [22], we will
describe the MIMO system capacity, as an example
of space-diversity and time-diversity techniques
adapted for the use of the multibeam (e. g., multiele-
ment) antennas in various built-up environments.
For this case, the desired formulas according to
the unified multiparametric stochastic approach
described in [21, 22, 95-102], will be rearranged to
obtain simple relations between the MIMO antenna
element number and the parameters of the terrain.

The spectral efficiency of the MIMO technique
strongly depends on the diversity among multiple
channels which is determined by the spatial statis-
tical behavior of the MIMO fading channel, partly
characterized by the special spatial fading correla-
tion function (or coefficients) described in [22]. It was
shown in [22, 49—55] that a sufficiently high diversity
in the received multipath replicas of the transmitted
signal can be achieved within a “rich” scattering envi-
ronment where the communication channel capacity
linearly increases with the number of the transmitter
and the receiver antennas. Moreover, [49] was shown
that the spatial fading correlation coefficient for de-
pendent data streams (or de-correlation coefficient for
independent data streams) can be determined by the
system parameters, such as antenna elements spacing
and their number. At the same time, this coefficient
can be determined by the propagation conditions, such
as the received energy spread in the AOA (angle-of-ar-
rival), TOA (time-of-arrival) and Doppler domains, as
it is described in [21, 22].

In practice, scattering environment is a scenar-
io-dependent and as a result, spatial de-correlation
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characteristics are also scenario dependent [22, 49—
52, 55]. Therefore, an accurate modeling of the spatial
de-correlation characteristics of the MIMO channels
is crucial for investigation of the scenario-specific
spectral efficiency, which serves as the main criteri-
on for communication systems design and wireless
networks planning. Thus, we will derive the MIMO
channel capacity for various propagation conditions
as a function of the spatial correlation and the re-
ceived distribution in the AOA-TOA domain. The pro-
posed spatial fading correlation will be introduced via
the stochastic multiparametric model of the urban
propagation conditions in a joint AOA-TOA domain
described in [21, 22, 50—52]. As a result of the pro-
posed stochastic approach, it can be shown that the
spatial fading correlation parameters depend on the
propagation phenomena, such as multiple scattering,
reflection, diffraction, as well as on the waveguide
propagation along streets, which characterize urban
environment propagation conditions.

Modeling of MIMO channel capacity

Usually, as follows from Fig. 11, there are sev-
eral output antennas and input antennas assembled
at the transmitter and the receiver, which we will
denote them by M and N respectively.

For the uncorrelated antennas (e. g. working as
separate independent antenna elements) arranged
at the MIMO channel, the spectrally normalized to
bandwidth B, [in Hz] capacity C [e. g., spectral effi-
ciency measured in bit/s/Hz] was defined in [50] as

Cuncorr =

o 5 o o

where (P,,/N),qq is the signal to additive Gaussian
noise ratio, which usually is taken into account in the
literature. We also accounted the multiplicative noise
caused by fading multipath phenomena, occurring
in each of N input channels, where Km = (LOS-
component)/(Multipath-component) — is the ratio of
the coherent (e. g., deterministic) component of the
signal and incoherent (stochastic) component of the
signal caused the multiplicative noise.

At the same time, for the case of correlated anten-
nas (i. e., working as unified whole transmitter and
receiver antenna) the spectral efficiency [measured
in bit/s/Hz] can be presented according to [50] as

Coorr = 10832 (1 +MN (K, x

(el =) e

Thus, mentioned above can be proved by a spe-
cial numerical simulations carried out for different
values of SNR = (P,, /N),qq [in dB], and for various
amounts of elements M and N at the transmitter
(output) and receiver (input) antennas, respective-
ly. We should notice before presenting some results
of numerical computations that the uncorrelated
arrangement of the MIMO antenna elements at the
both terminal sides allows to obtain much higher
capacity, e. g., higher spectral efficiency of each M
and N channels with respect to the case of the cor-
related arrangement of the antenna elements into
the unique antenna. This can be clearly seen from
formulas (26a) and (26b), where in (26a) the number
of elements at the receiver N is outside the logarith-
mic function and C increases linearly with increase
of elements N at the input of the receiver. At the
same time, in (26b) N and M are inside the loga-
rithm, that is, capacity and the spectral efficiency
increases logarithmically (i. e., very slow) with in-
crease of number of elements N and M. In [50, 51]
are presented several variants of MIMO system ar-
rangements to proof mentioned above. Therefore,
we will present here only the case of the uncorrelat-
ed arrangement of the antenna elements, M and N.
Thus, Fig. 13 presents a spectral efficiency vs. the
fading factor K, as a ratio of the coherent and inco-
herent (multipath) components of the signal at the
input of the multi-element (M = 2) transmitter an-
tenna and multi-element (IV = 4) receiving antenna,
according to scenario shown in Fig. 12.

As clearly seen from the presented illustration,
with increase of the coherent component (e. g. line-
of-sight component) of the income signals at the
input of the multi-element receiver antenna with
respect to the multipath component (caused by mul-
ti-diffraction and multi-scattering from obstruc-

C (Spectral efficiency) as a function of

C, bit/s/Hz K-parameter (MIMO Uncorrelated)
20
15
10
5
2 4 6 8 10 K

SNR=1dB — SNR=5dB SNR=10dB

B Fig. 13. Spectral efficiency vs. the K-parameter of
fading for various values of signal to additive noise ratio
for M=2and N=4
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tions located in area of users’ service), that is, with
increase of K-factor of fading, the spectral efficien-
cy increases sharply till K~4+6, and then a satura-
tion of the process becomes evident.

This effect depends on SNR and becomes for
smaller (K~2) with increase of SNR from 1 to 10 dB.
In other words, increasing SNR inside the MIMO
system, it can be easier to obey effect of fading
caused by real conditions of each land-to-land com-
munication channel.

Considering now, according to [51], the uplink
scenario where the multiple receiving antennas
in the BS are spatially separated, the correlation
among the received replicas of the transmitted sig-
nal is determined by the propagation conditions and
the spatial separation distance, that is,

2n
0

where k = 2n/) is a wavenumber, A is a wavelength;
ris a spatial spacing between the transmitter or the
receiver antennas, which in practiceislimited by the
physical dimensions of the platform or installation
constraints; ¢ is AOA; f(¢) is an angular spectrum.
Conventionally it is assumed that M > N.

The influence of the MIMO channel correlation,
represented by the transmitter and the receiver spa-
tial correlation matrices on the channel capacity is
intensively studied in the literature (see [22, 4951,
53]). Following [50, 51], we will represent the influ-
ence of the spatial fading correlation in (27) on the
MIMO channel capacity in (26) in the more conven-
ient and simple manner to understand the matter:

N B (28)

w

é:Nlog2(1+(1—p)£SNRj.

Notice that the spatial fading correlation in (28)
decreases the MIMO channel capacity. Moreover, as
was shown in addition, note that the received ener-
gy spread in the AOA-TOA domain is inversely pro-
portional to the correlation and therefore directly
proportional to the achievable channel capacity.
Thus, the higher received signal spread is repre-
sented by a smaller correlation, p — 0, which re-
sults in a higher MIMO channel capacity according
to equation (28).

Fading correlation in space-time doman
in urban environment with complicated
building layout

considering the below-the-rooftops propagation
conditions [51], and using the corresponding for-
mulas presented in [22], the fading correlation in
(26) can be rewritten as follows:

2n
Pbelow = _[ fbelow ((P)e]kdsmq)d(P, 29)
0
where
t (=29 2. 9 2Lvtd
Lvotd“(t® -1 -
Toelow () = I #B((P)e T X

=0 21(t—cos )

[_ d(=>-1)[ln ]
o (t—cos¢)a’(p) dr,

where d is the straight-line distance between the
MS (mobile subscriber) and the BS, km; t is the
ratio between the actual distance that signal travels
from the MS to the BS and d; ¢ is the AOA; v is the
building density per square km [i. e., in km2];

B(p) = sin? (%arcsin (ds1—r~1((p)D,

(30)

r

A= I_/E+l_ is the street “discontinuity” parameter,
where L is the average lengths of the buildings,
km; [ is the average lengths of the slits (gaps)

4 4
between the buildings, km; a'= / 2a 5 +a? , where
An

a is the average width of streets, km, and n is the
street waveguide mode number.

Considering wave propagation above the roof-
tops, and using formulas derived in [22], the corre-
lation coefficient in (26) can be obtained as follows
[61]:

2n

Pabove = j fabove ((P)ejdein(Pd(P’ (31)
0

where

favove () = j

L Iv3d? (% -1 .
27(T—cos )

2Lv( Eod(?-1) ]
+

7 N(T’(P}+
h n kr hg 2(1—cos @)
X —e
B(e) .
— 2LV (1,¢)
(hp =)z, )
h

- d(<®-1)[Iny]
(t—cos)a'(¢p)
xe dr,

here, assuming a uniform distribution of building

heights; &= I thy

v
+§l3((P)

(32)

is the average height of

building profiles, where h; and s, are the minimum
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and maximum building heights; hp is the BS

2 —
antenna height, and 7(1, 9)= d(r Zrcosgo+1).

2(t—cos)

Below, we will analyze MIMO channel capacity in
specific urban scenarios.

Correlation coefficient analysis
in urban scene

The spatial fading correlation is analyzed in
various urban propagation conditions simulated by
the proposed fy 0w and fypove Mmodels according to
(30) and (32), respectively. Following [51], we ana-
lyse an urban environment with the following pa-
rameters of the experiment described there: the two
BSreceiving antennas with a separation distance of

% =10 located in the urban scene with the following

parameters: y,=8 km™, y=0.5, d =0.3 km, pseu-

hl +h2

do-LOSisat¢ =0°, h = =15m,v=250km=2.

Figure 14 shows the correlation coefficient p from
(32) as a function of the BS antenna height hp and

2L
the buildings’ density parameter, v =—V, which
b

describes the clutter density in urban scenario.

As follows from results presented in Fig. 14, the
spatial fading correlation is directly proportional to
the BS antenna height. We can outline that the results
shown in Fig. 14 agree with those obtained in [52, 55].
In addition, Fig. 14 shows that the spatial fading cor-

relation is inversely proportional to the buildings’
density parameter, vy, (e. g., clutter density), which
determines the received signal diversity in the AOA-
TOA domain. Therefore, the denser urban environ-
ment (higher y,) results in lower correlation among
the received replica of the transmitted signal. Finally,
we notice that the influence of the parameter y, on the
spatial fading correlation decreases with increasing
BS antenna height. This observation can be explained
by the fact that the significance of the built-up envi-
ronment structure for a particular urban scene (dis-
tribution of the scatterers) decreases with increasing
BS antenna height. In practice, the result shown in
Fig. 14 can be used as a guideline for the BS anten-
na height selection required to achieve the predefined
correlation (and as a result the predefined MIMO
channel capacity) in a specific urban scenario.

MIMO channel capacity estimation

Now, we will analyze the effect of the spatial
fading correlation on the MIMO channel capacity
by using (29) and (31) in (32). In Fig. 15, a shows
the MIMO channel capacity as a function of the BS
antenna heights for a variety of the buildings’ den-
sity g in the simulated urban environment with the
following parameters: SNR = 10 dB, separation dis-
tance between two BS receiver antennas of r= 102,
1=0.5, d=0.5 km, pseudo LOS is at ¢ =0° and

h =25 m.

Correlation coefficient p

as a function of BS antenna height and vy,
1

0,9
0,8

0,7 %

0 g
sl ST
0s| [/
W4

0,2

Correlation coefficient p

0’130 35 40 45 50 55 60
BS antenna heigh, m

—--%~"10 ——y=8 =6 —o—1~4 B2

B Fig. 14. Correlation coefficient vs. the BS antenna
height A, for variousyy =2, 4, 6, 8, 10 km™ in the urban
environment with r=10A, x=0.5, d=0.3 km, pseu-
do-LOSisat 0° A =15m, v =250 km2

1S
~

Channel capacity analysis

Channel capacity,
bit/s/Hz
W A Ot G =]

30 35 40 45 50 55 60
BS antenna heigh, m

——%=2 —-A—9p=5 —7=8 —&—y=11

6) 0,8 y
£2 0,6
£
TS 0,4
S g 02f =
g H
0 H
30 35 40 45 50 55 60

BS antenna heigh, m
——%=2 —A-p=5 —7p=8 —=&—y=11

B Fig. 15. MIMO channel capacity vs. the correlation
coefficient and y, in the urban scenario with SNR =
=10 dB, r/A=10, x=0.5, d=0.5 km, pseudo LOS is at
¢=0° and A =25 m
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We show that the MIMO channel capacity in
Fig. 15, a, to be inversely proportional to the spatial
fading correlation in Fig. 15, b. Thus, the increase
in the spatial fading correlation p from 0.2 to 0.8
results in the normalized channel capacity degra-
dation from approximately 6.5 bit/s/Hz to approxi-
mately 3.2 bit/s/Hz.

Notice that the MIMO channel capacity is di-
rectly proportional to the buildings’ density vy, in
the urban environment. Thus, the increase in the
density y, from 2 to 11 km™, results in the channel
capacity improvement.

This simulations show that in additional to the
conventional dependence of the MIMO channel
capacity on SNR, it strongly depends on the loca-
tion-specific parameters of the urban environment
(via the statistical model of the urban propagation
conditions), such as BS antenna height, buildings’
density, average buildings’ height, and so forth.

MIMO channel capacity analysis in
predefined urban scenario

Now we will evaluate the MIMO channel capacity
in a simulated “virtual” urban scenario, using an ur-
ban topographic plan taken from [22, 51]. The MIMO
channel capacity was evaluated in 11 representative
locations characterized by the SNR of 20 dB. The
SNR was obtained using the ray-tracing software tool
[64] as a ratio between the received signal strength
and the noise with an equivalent bandwidth of 5 MHz.
A BS antenna height of 15 m was simulated. The sep-
aration distance of r=10\ was simulated between 4
receiving antennas. The urban environment with the
following parameters was simulated using (30) and
(32): 4 =0.8, h =25 m, y,=6 km1. The inter-user in-
terference was neglected in this simulation.

Figure 16 shows the simulated urban scene.
Colored dots in Fiig. 16 show the tested MS locations
with the SNR of 20 dB. The color pattern repre-

@~ 25bit/s/Hz
@~ 21bit/s/Hz

@~ 18bit/s/Hz
@~ 15bit/s/Hz

B Fig. 16. The MIMO channel capacity is simulated ur-
ban scenario with the BS antenna height of 15 m, MIMO
system is with 4 x 4 antenna elements, and SNR = 20 dB;
the numbers show places where numerical experiment
was carried out

sents the achievable 4 x 4 MIMO channel capacity.
Numbers near each color circle, from 1 to 9, indi-
cate position of the MS antenna with respect to the
BS antenna, shown in the picture, during the com-
puter experiment. Notice that different locations
(with equal SNR) are characterized by different
spatial fading correlation and therefore the result-
ing MIMO channel capacity varies among these lo-
cations. We also notice that results shown in Fig. 16
agree with the results obtained during the meas-
urement reported in references [45, 55].

The above obtained results allow us to summa-
rize that the MIMO channel capacity in an urban
environment has the BS antenna elevation and lo-
cation specific factor and strongly depends on the
spatial fading correlation determined by the scat-
tering, reflection, diffraction and waveguide prop-
agation phenomena.

To be continued.
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ITocTaHOBKA NPOOJIEMBI: IIeJIBIO JAHHOTO 0030pa ABJIAETCA aHAJINUS SBOJIIOINY CUCTEM OeCIIPOBOJHOM CBA3U OT BTOPOI reHeparum (2D)
o naroi reHepanuu (5G), a TakyKe N3MEHEHU TEXHOJOTUHM U UX CYIIECTBYIOIINX TEOPETUUECKUX OCHOB U IIPOTOKO0JI0B — oT Bluetooth,
WLAN, WiFi u WiMAX no LTE, OFDM/OFDMA, MIMO u LTE/MIMO — npoABUHYTHIX TEXHOJOTHUH C HOBOI epapXUUYeCKON CTPYKTY-
poii nusaiiHa coToBbIX KapT femto/pico/micro/macro. MeToapI: MCIIOJIH30BaAHBI HOBbIE TEOPETUYECKYIE IIOXObI [JIs ONMCAHUA IPOABUHY -
TBIX TEXHOJIOTUH, TAKUX KaK MHOI'OII0JIb30BATEIbCKAA TeXHUKA pas/esenus nojab3osaresneit, OFDM u OFDM-HoBeli1Iuii mogxom, HOBbIe
acmexTsl onucanus MIMO-cucrem Ha 6a3e HCIOJb30BAHNSA MHOTOJIYUEBBIX aHTEHH, JU3aHH PA3INYHBIX COTOBBIX KapT Ha OCHOBE HOBBIX
aJITOPUTMOB ITOCTPoeHus1 heMTO/ITNKO/MUKPO/MaKPO COT, a TaKKe HOBOU MeToosoruu narerpupoBanusa Hopoit MIMO/LTE-cucremsbl ¢
TIOMOIIbIO MHOT'OJIYUYEeBbIX aHTeHH. Pe3yibTaThl: cO3aHa HOBas METOJOJIOTHS OIMCAHNA MHOTOIIOJIb30BATEILCKOTO Pa3leIeHus, UCIIOIb-
3oBaHus KoMOuHUpoBaHHON OFDM/OFDMA-Monyaanuu Aasi 00X0KAeHns NHTeP(ePeHIIuy MeK/y I0JIb30BaTeJIAMMI U MEKIY CUMBO-
JIaM¥ B HOBBIX MHOT'OIIPOIIECCOPHBIX CUCTEMAaX, MYJbTUIIIMKATUBHBIX IITYMOB, UMEIOIUX MECTO B 6€CIIPOBOJHBIX MHOT'OIIPOIIECCOPHBIX
CHCTeMaX CBA3U, BHISBAHHBIX SBJIEHUSAMU MHOTOJYUYeBOCTU. B mTOre mpenokeHo, Kak 000iTu 3(pdeKThl pacIpocTpaHeHUsd, UMEIIe
MeCcTO B Ha3eMHBIX KaHaJIaX CBA3HU, UCHONb3ysa KoMmbuHaruio MIMO- u LTE-TexHONIOrM#, OCHOBAHHBIX HAa MPUMEHEHUN MHOTOJIYUYEBBIX
aHTeHH. [[y1a aTUX Ilesell pa3paboTaH HOBBIM CTOXACTUYECKHUN IIOAXO] K IpobiieMe, YUUTHIBAIOIINI 0COOEHHOCTH 3aCTPOMKY 3€MHOM 110~
BEPXHOCTH, TaK¥e KaK IPOQUIb 3aCTPONKY JOMOB, IIJIOTHOCTb 3aCTPONKY JOMOB BOKDYT aHTEHH 0a30BOI CTAHITUY U II0JIL30BATEJIEN U T. 1.
9TU XapaKTePUCTUKHU IT03BOJIAIOT B UTOTE OIIeHUTD 9 (DeKTHI (PefNHTra KaK UCTOYHNKA MYJIbTHILINKATHBHOrO IryMa. IIpakTuyeckas 3sHa-
YNMOCTb: HOBas METOO0JIOIUA OIleHKY 3(D(PEKTOB, CO3TAHHBIX MYJIbTUIINKATUBHBIM IIIYMOM, HHTeP(pEpeHIIel MeK Iy I0JIb30BaATEIAMMI
¥ MKy CUMBOJIAMU, UMEOIUMU MECTO B HA3€MHBIX CUCTEeMaX 0eCIIPOBOAHOI CBA3Y, IIO3BOJIAET IIPOIHO3UPOBATH IPAKTUUYECKUE aCIIeK-
THI CYIIECTBYIOIIUX U HOBBIX MHOTOIIPOIIECCOPHBIX 0eCIPOBOAHBIX CHUCTEM CBA3U, TaKMe KaK €MKOCTb (KOJIMUeCTBO) IOJIb30BaTesell 1
cuekTpasbHad 3G (HEeKTUBHOCTSH KaHAJIOB II0JIb30BaTe e IJIA PA3IUYHBIX KOHDUTYyPaIUi TIOCTPOEHUA COT — (PeMTO/ITNKO0/MUKPO/MaKpo,
a TaksKe HoBedmux KoHpurypamnuit cucrem MIMO/LTE ans noctpoeHus OyAyIuX cucTeM 4-10 1 5-T0 TOKOJIEHUN.

KaroueBsie cioBa — IIPOIYCKHASA CIIOCOOHOCTH, MHOTOUHUCJIEHHBIN BXOA-MHOTOUKCIeHHbIH Bbixo (MIMO), kananx MIMO, npocrpas-
CTBEHHOE MYJbTUILIIEKCUPOBAHUE, CIIeKTpalbHad 9(hdeKTUBHOCTD, harkTop K, ropojckas cpena, II0THAA 3aCTPOHKA JOMOB.
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Introduction: It is known that many types of human activity involve a generation of particular patterns in
electroencephalographic recordings with common properties for different subjects. Among them one can highlight the brain
response to the visual stimuli in occipital lobe or motor-related activity in motor cortex. At the same time, more complex
human activity can induce different scenarios of the neural dynamics in brain, which depends on the human personal
features. Personality is more pronounced during mental task processing. In particular, it is shown that human personality
causes individual scenarios during decision-making and affects learning performance. We suppose that individual features
of human personality, when we wish to define the ways of how a human processes mental tasks, affect neural network
dynamics and therefore can be seen in electroencephalographic recordings. Purpose: Development of the algorithm for
estimating the personal spatio-temporal and time-frequency features of electrical brain activity during mental task evaluation.
Results: We propose algorithm, which allows to reveal individual features of the brain activity during completion of mental
tasks based on multichannel electroencephalogram analysis. Algorithm is implemented in brain-computer system and tested
during experimental session for the subjects who perform the Schulte table test. We show, that revealed individual features of
brain activity can predict the properties of human attention. Practical relevance: We believe that the results are of the great
interest for testing and diagnostics. It can be the starting point for development of automatic intelligent systems for estimation
and control of human mental abilities.
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Introduction

It is known, that many types of human activity
involve a generation of particular patterns in elec-
troencephalographic (EEG) recordings with common
properties for different subjects. For instance, the
perception of visual stimuli is known to induce an
event-related response of the neuronal brain network,
in particular, a decrease in alpha-wave (8—12 Hz) and
an increase in beta-wave (15—-30 Hz) activities [1-3].
Such a behavior reflects different cognitive func-
tions, namely, the alpha-wave suppression is associat-
ed with visual [4] or auditory [5] attention, while the
beta-wave activation relates to information process-
ing [6] and an alerted state [7].

Different physiological and psychological states
(e. g., sleep stages, arousal, etc.) are known to pos-
sess specific properties of neural activity. For in-

stance, motor-related brain activity is manifested
in the brain as a specific scenario of neural activity
with well-defined frequency and spatial localiza-
tion. Particularly, it is characterized by event relat-
ed desynchronization (ERD) in alpha/mu- and be-
ta-bands [8]. The same features are observed during
motor imagery in specially trained subjects [9, 10].
However, different scenarios occur in untrained
subjects, where EEG patterns can vary from sub-
ject to subject [11]. Such a variation is caused by the
task complexity when each subject chooses his own
strategy to process the task, that results in individ-
ual time-frequency and spatio-temporal EEG struc-
tures. Along with motor imagery, the personality is
more pronounced during mental task processing. It
was also shown that human personality causes in-
dividual scenarios during decision-making [12] and
affects learning performance [13].
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We suppose that individual features of human
personality, when we wish to define the ways of
how a human processes mental tasks, affect neu-
ral network dynamics and therefore can be seen in
EEG recordings. Correlation between EEG and per-
sonal features provides possibility to estimate such
human features as personality traits and mental
abilities. It should be noted that this problem was
attacked yet in 1973. By analyzing resting states,
Edwards and Abbott [14] tried to reveal personality
traits in EEG signals. However, their attempt was
unsuccessful because personality is not manifested
when a person is at rest. Until now, this problem re-
mains open [15, 16]

In the present work, we propose algorithm,
which allows to reveal individual features of the
brain activity during completion of mental tasks
based on multichannel EEG analysis. Algorithm is
implemented in brain-computer system and tested
during experimental session for the subjects who
perform the Schulte table test.

Algorithm for EEG analysis

The proposed algorithm is schematically illus-
trated in Fig. 1. via a flowchart. One can see that it
is evaluated in seven steps.

Step I: Acquisition of multichannel EEG with
the help of non-invasive electrodes located on the
surface of the head, according to the arrangement
of 10—20. Electrical brain activity signals are re-
corded with a sampling frequency of 250 Hz. The
recorded signals are processed by a bandpass filter.

Step II: EEG signals recorded in different parts
of the cortex are divided into two equal groups. The
first group contains the channels located in the left
hemisphere (Fpl, F7, F3, T3, C3, P3, T5, O1), the
second group contains the channels located in the
right hemisphere (Fp2, F8, F4, T4, C4, P4, T6, 02).
The channels located in the interhemispheric region
(Fz, Cz, Pz) are excluded from consideration.

Step III: For each channel X, (¢) (in the first and
second group), wavelet transformation is performed.

The wavelet energy spectrum E"(f, ) =W, (f, t)2

is calculated for each EEG channel in the frequency
range 10—40 Hz. Here, W (f, t) is the complex-val-
ued wavelet coefficients calculated as [17]

t+4/f
W, (f, =NF | X.@®0*(, tit, )
t-4/f
where n=1, .., N is the EEG channel number

(N =19) being the total number of channels used
for the analysis) and “*” defines the complex
conjugation. The mother wavelet function ¢(f, t) is

the Morlet wavelet often used for the analysis of
neurophysiological data, defined as

. 2
(P(f, t) — \/?Tcl/lle]wof(t*to)ef(t*to) /2, (2)

where w(, = 27 is the central frequency of the mother
Morlet wavelet.

Step IV: For each channel, the obtained wavelet
energy spectrum is analyzed in several frequency
ranges (in accordance with Table 1.)

For these bands the values of wavelet energy

E} (@), Ef(t), EL(t), En1 , Egl , E;,’ for each -th EEG

channel are calculated as

1
B pappor®=27 [ ' 0df @

feS,@,a,Bl aBZ Y

Based on Eq. (3) the percentages of the spectral
energy distributed in the considered bands are es-
timated as

n
E?S

00y, D/ E0 (1) (<100%), (4)

n _

esyev(X’Bl ’B2 Y (t) N
where is defined as the whole energy and calculated
as

40Hz
[ E(¢, t)af. (5)

1Hz

1

Eg (t) :A_f

Step V: In order to describe the ratio between
high frequency and low frequency brain activity
for each channel the coefficient €" is calculated via
equation

" = Efir / Ep, (6)
where
n 1 n
Efpt)=— [ E"(, t)df, (7)
f>10Hz

B Table 1. Frequency bands of EEG signals

Name Definition Frequency range,
Hz
Delta-band 5 1-4
Theta-band 0 4-8
Alpha-band o 8-13
Betal-band by 13-23
Beta2-band by 32-34
Gamma-band Y 34-40
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n 1 n
Efy()=— [ E"(f, 0df. ®)
f<10Hz

Step VI: The coefficients &" are calculated for
each EEG channel for both during the task eval-
uation (active phase) and during resting state
(passive phase). The obtained values of € are av-
eraged over the channels belonging to the first
and secon groups (see Step II for groups defini-
tion)

1 Efip
€LH = Z—
Nin 7 Efyp
n={Fpl, F3, F7, C3, T3, P3, T5, O1}, 9)
NLH =8.
S 1 Efip
RH — ’
Nru 7 Efy
n={Fp2, F4, F8, C4, T4, P4, T6, 02}, (10)
Ngryg =8.

As the result, the values £{§i"¢, e&55"e, el e,

passive gre obtained.
Step VII: Based on the obtained coefficients

S(ﬁgwe, SaR%lve, E?_Isswe, SPﬁlgswe which characterize

the activity of the left and right hemispheres, the
lateralization coefficient for the active and passive
phases kactwe _ gaRcifIwe /Sﬁ%we, pPassive _ Sﬁia{sswe /

/eh ¢ are calculated.

Mental ability evaluation

In order to compare the results of EEG analysis
with the human mental abilities we used Schulte ta-
bles. Such method is frequently used as a psychodi-
agnostic test for studying properties of human at-
tention. It allows to determine working effective-
ness and ability, as well as resistance to external
interference. It is known, that the time of the -th
table completion can be used to evaluate personal
criteria:

1. Work efficiency WE (the arithmetic mean of
the values of table completion times)

T tT9 t... T TR

WE=-1—-—2_""_& 11
7 (11)

2. Warming-up work indicator WU (the ratio of
the working time which subject spend for the first
table to the value of work efficiency)

WU =—-—, (12)

3. Psychological stability PS (the human ability
to sustain the operational activity for a long period
of time).

TR -1

PS = .
WE

(13)

The work efficiency is known to illustrate the at-
tention consistency and performance. The resulted
WU close to or lower than 1 indicates good warm-
ing-up, while 1 and higher means that the subject
needs longer preparation time (warm-up) for the
main work. The PS results close to 1 and less indi-
cate a good psychological stability.

Data processing and main results

The results of the proposed algorithm evaluation
are shown in Fig. 2. on the single subject example.

Fig. 2 (a) demonstrates the typical EEG record-
ings obtained in left and right hemispheres during
the step I of the algorithm.

Fig. 2 (b) shows the values of eg gaﬁl By, ()

calculated during for a single EEG trial record-
ed from the frontal lobe, specifically, from the F4
electrode. One can see, that when the active phase is
replaced by the passive phase, the values of e(sl;: %(t)
calculated for low frequencies (namely, 5, and 6 fre-
quency bands) rapidly increase, while the values of
F4

eO@BhBZ?Y
bands, pronouncedly decrease. Such a dynamical
behavior repeats itself during subsequent comple-
tions of the Schulte tables.

Fig. 2 (c) shows the results of statistical analy-

sis of the values ef4 calculated for the time
3,0,0,,B1,B2,Y

intervals corresponding to N = 5 consecutive active
and passive sessions. Data are shown as mean SD.

Obtained results demonstrate the significant in-
F4

Coupy Bary

during the transition from passive to active phase

(**p < 0.01 via nonparametric Whitney U-test).

Fig. 2 (d) demonstrates the distinctive features
between the mean values egg By obtained for
the active and passive phases ’Fé}zégch frequency
band. One can see that in the low frequency range,
which includes 8, and 6 frequency bands, such dif-
ference is positive (Def* > 0), while in the high fre-
quency range (o, by, by, and y frequency bands) it is
negative (Def < 0).

According to this result, one can easily distin-
guish active and passive phases, based on the con-
sideration of EEG properties, i. e., by comparing
the energy of the spectral components belonging ei-
ther to high (HF) or low (LF) frequency bands. For
this purpose, it is convenient to use coefficient &"

(t), calculated for a, by, by, and y frequency

crease of e{ ‘é and significant decrease of
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I: ( Multichannel (N=19) EEG acquisition using 10—20 EEG-layout )
II: ( Dividing EEG signals into two sets according to their belonging to left or right hemisphere )
( Fpl, F7, F8, T3, C3, P3, T5, 01 ) ( Fp2, F8, F4, C4, T4, P4, T6, 02 )

) !

EEG EEG oo EEG EEG EEG . o EEG
signal 1 signal 2 signal M signal 1 signal 2 signal M

! |

9

IIIL: ( Wavelet energy calculation in the frequency range 1-40 Hz
¢
EEG EEG EEG EEG EEG EEG
spectrum 1 spectrum 2| ® ® |(spectrum M spectrum 1 spectrum 2| ® @ |spectrum M

IV: ( Wavelet energy calculation in different frequency bands )

1 2 M ( ) 2 M
es €5 L) €5 e € PR ey
1 2 M 2 M
e

1
S
1
0
1 2 M
ea ea
1 2 M 1 2
e
ﬁl eBl eBl
M 1 2
e e e
1

V: ( Calculating ratio between wavelet energy values belonging to high and low frequencies

o

A

Averaging the obtained values over the channels belonging to right and left hemispheres

active Spassive gactive gpassive
LH LH RH RH

VII: ( Calculation of lateralization coefficient for active and passive phases )

A
( Kac‘cive) ( Kactive)

B Fig. 1. Flowchart of the algorithm for EEG analysis. Each step is marked as I...VII on the left-hand side
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B Fig. 2. The results of the proposed algorithm evaluation
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(Eq. 6), which reflects the ratio between the values
of spectral energy in the high and low frequency
ranges. In particular, for the considered F4 elec-
trode, the values of £, shown in Fig. 2 (e) are sig-
nificantly lower during the passive phase than dur-
ing the active phase.

Thus, the time frequency analysis performed for
a single EEG recording demonstrates a pronounced
change in the ratio between the energy of high and
low spectral components. At the same time, along
with the features of time-frequency structure re-
vealed in a single EEG, the spatio-temporal features
of electrical brain activity also play an important
role. This is mostly reflected in hemispheric differ-
ences commonly observed in electrical activity of
the brain associated with the completion of mental
tasks [18—-22].

The spatio-temporal features are taken into ac-

count in our algorithm by consideration of the val-

active _active assive assive
ues eff7 %, eRH s ebp s eR

ing step VI by averaging over the channels, belong-
ing to left and right hemispheres.
active

Fig. 2 (f) demonstrates the values ey ,
active gpassive passive

¢RH > ®LH  ®RH
subjects during active and passive phases. Data are
shown as median and 25-75 percentiles (box) and
outlines (whiskers). One can see that there are dif-
ferencesin the electrical activity in the hemispheres
during active and passive phases. Namely, during
active phase subjects of the considered group ex-
hibit increase of high-freauency activity in right
hemisphere, while during the passive phase such
increase is observed in left hemisphere. As the re-
sult, median value of lateralization coefficient be-
comes >1 for active pahse and <1 for passive phase.
At the same time, such deviations in median later-
alization coefficient are insignificant. It evidences
the variability of this coefficient between subjects
in the group.

It can be supposed, that such variability is con-
nected with personal differences which affect the
process of mental task accomplishing. According
to this we have applied algorithm, described above
for the group of 20 subjects and compared the be-
haviour of lateralization coefficient with the re-
sults of psychodiagnostic test. We have shown
that the subjects, for which the lateralization co-
efficient is close to unity for both active and pas-
sive phases demonstrate the lowest value of work
efficiency (WE > 40 seconds) and the lowest de-
gree of psychological stability (PS~1.0). On the
contrary, subjects, for which the lateralization
coefficient k> 1.0 for active phases and « < 1.0
for passive phases demonstrate the value of work
efficiency much higher (WE~30 seconds) as well
as the higher degree of psychological stability
(PS < 0.9).

calculated dur-

calculated for group of 8

Materials and methods

Twenty healthy men (33+7 years), participated at
the experiment. All participants provided informed
written consent before participating in the experi-
ment. The experimental procedure was performed
in accordance to the Helsinki’s Declaration and ap-
proved by the local Ethics Committee of the Yuri
Gagarin State Technical University of Saratov.

Experiments was carried out during the first
half of the day. All participants performed a series
of simple psycho-diagnostic tests using the Schulte
tables to study their attention features. Shulte ta-
ble is a simplified version of Zahlen-Verbindungs-
Test (ZVT) [23, 24], widely used in Russia [25]. The
Schulte table is a 5x5 matrix of random numbers
from 1 to 25. The psychological task was to find
all numbers in a reverse order. During these active
experimental phases, each person had to complete
R =5 tables. For every i-th testing series, the com-
pletion time T; was registered. Between the active
phases, each volunteer had a short resting interval
referred to as a passive experimental phase. Length
of active phases was varied from 30 to 50 second
depending on the speed of task completion. Length
of passive phases was set as 10 seconds.

Electrical brain activity was recorded with
multi-channel EEG-acquisition system — electro-
encephalograph-reorder Encephalan-EEGR-19/26
(Russia) with multiple EEG channels and the
two-button input device. To study EEGs the monop-
olar registration method and the classical ten-twen-
ty electrode system were used.

Conclusion

‘We propose the algorithm for the estimation of
the spatio-temporal and time-frequency features
of electrical brain activity during the mental task
evaluation. Time-frequency features of the brain
activity are estimated by analyzing EEG spectral
energy in high- and low- frequency bands. Spatio-
temporal features are estimated with the help of
lateralization coefficient. Proposed algorithm is
implemented in brain-computer interface and test-
ed and tested during experimental session for the
subjects who perform the Schulte table test. We
demonstrate, that the dynamics of lateralization
coefficient reflects the personal features of the
brain activity, which correlates with the properties
of human attention. In particular we show that that
the subjects, for which the lateralization coefficient
is close to unity for both active and passive phas-
es demonstrate the lowest value of work efficiency
and the lowest degree of psychological stability. On
the contrary, subjects, for which the lateralization
coefficient k > 1.0 for active phases and k < 1.0 for
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passive phases demonstrate the value of work effi-
ciency much higher as well as the higher degree of
psychological stability.

We believe that the results are of the great inter-
est for testing and diagnostics. It can be the start-

ing point for development of automatic intelligent
systems for estimation and control of human men-
tal abilities.

This work has been supported by Russian Science
Foundation (grant No. 16-12-10100).
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Brenenne: MHOTM€ BUbI YEJIOBEUECKOM HeATEIbHOCTH aCCOMUUPYIOTCS ¢ BOBHHKHOBEHUEM XaPAKTEPHBIX MATTEPHOB Ha €K TPOIHILE-
(hasmorpaduuecKux 3aMKUCAX, KOTOPbIE 061a4a0T OOIIMMY CBOMCTBAMU [JIsl PA3HBIX UCIBITYeMbIX. Cpey HUX MOXKHO BBIAEJIUTD OTKJINK
MO3ra Ha BU3yaJIbHbIe CTUMYJIbI, PETUCTPUPYEMbII B 3aTHLJIOYHOMN 00/1aCTH, MY HEHPOHHYIO aKTUBHOCTD, CBSIBAHHYIO C [BUTATEJIbHBIMU
(DYHKIUAMY, DErICTPUPYEMYIO B MOTOPHOH Kope. B To »ke BpeMs, GoJiee CI0KHAS AeATEILHOCTb YeJI0BEKA MOYKET BbISBIBATH PA3JIUUHEIE
ClleHapU¥ HeMPOHHOU NUHAMUKY B 3aBUCUMOCTH OT UHAWBUIYAJIbHBIX 0COOCHHOCTE yemoBeKka. Hanbosiee 3HAUNTEIBHO JaHHBIN o()PeKT
MIPOSABJIAETCS IIPU BHIMIOJHEHUN Y€JI0BEKOM KOIHUTUBHBIX 3a/1a4. B 4acTHOCTH, IOKA3aHO, UTO UHANUBUAYAJIbHBIE 0COOEHHOCTHU OIIPEIesIs-
IOT CueHapum HeﬁpOHHOﬁ AQKTUBHOCTHU IIPU IPUHATUN pe]J_IeHI/Iﬁ " BJINAIOT Ha B(D(beKTI/IBHOCTL o6yqu1/m. MO?I{HO IIPEnIToJIOKUTh, UTO UH-
IUBUIYaJbHBIE 0COOEHHOCTH UeJI0BEUEeCKON JUUHOCTU OIPEAENAI0T CTPATETNI0, KOTOPYIO UeJI0OBEK MCIIONb3yeT IIPYU PEIlleHNN KOIHUTHUB-
HBIX 3aIa4UM, YTO, B CBOIO OUEPEb, OTPAKAETCS HA AUHAMUKE HePOHHOM CeTH MO3ra M MOYKeT ObITh IeTeKTUPOBAHO Ha DJIEKTPOdHITe(aIo-
Ppa(bnquRHx 3aIIuCAaX. HEJIB: paspaGOTKa aJITOPUTMa OIeHKU MHAVUBUAYAJNBHBIX IIPDOCTPAHCTBEHHO-BPEMEHHBIX U YaCTOTHO-BPEMEHHBIX
XapaKTePUCTUK 3JIeKTPUUECKON AaKTUBHOCTY I'OJIOBHOT'O MO3Ta IIPHU PEIIeHNN KOTHUTUBHBIX 3aaull. Pe3ylbTaThl: IPEII0KEeH JITOPUTM,
HOSBOJIi{IOHII/IfI BBISABUTHL MHAVUBUAYAJbHBIE OCOﬁeHHOCTI/I CI)yHKILI/IOHI/IpOBaHI/IH HeﬁpOHHOﬁ CeTHu MO3ra IIPH BBIIIOJTHEHUHN KOTHUTHUBHBIX
3a/1a4 HA OCHOBE aHAJIN3a MHOTOKAHAIBHBIX 9JIEKTPOsHIIedhasorpaMm. AJrOpUTM Pean30BaH B BUge NHTepdeica MO3Tr-KOMIBIOTED U IIPO-
TeCTUPOBAH HA TPYIIe UCILITYEeMbBIX, KOTOPbIe BEIMONHAIT TecT [[lynbre. [TokaszaHo, 4TO BHIABIEHHBIC NHAUBUAYAIbHbBIE 0COOEHHOCTH
AKTUBHOCTU MO3Ta MOT'YT aCCOIMUPOBATEHCS CO CBOMCTBAMY UEJIOBEYECKOTO BHUMAHUS B IIPOIecce pelneHus 3agad. IlpakrTuueckas 3ua-
YUMMOCTD: MIOJIYUeHHBIE PE3yIbTAaThl MPEJCTABIAIOT GOIBIIION UHTEPEC JJIA TeCTUPOBAHUS U AUATHOCTUKHN. OHUM ABIAIOTCSA OCHOBOM [JIs
paspaboTKU aBTOMATUUECKUX NHTEICKTYaIbHBIX CUCTEM I OIeHKHU 1 KOHTPOJIA YMCTBEHHBIX CIIOCOOHOCTEN YeI0BeKa.

KiroueBrple ciioBa — BeiiBJIeTHOe Ipeodpas3oBaHue, dIeKTpodHIiedasorpadus, peleHne KOTHUTUBHOM 3aJa4yu.
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for automatic estimation of human brain activity features during mental task evaluation. Hrgopmayuonno-ynpasaswowue cucmemut,
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MyAbTUAreHTHbIM MeToA NOCTPOEHUA
CMEHHO-CYTOUYHbIX 3aAaHUW AN 3aAaUYM NAAHUPOBaHUA
NPOU3BOACTBEHHbIX PeCcypcoB B peaAbHOM BPEMEHU

A. H. Aapa® 8, pykosoamTens npoekta, orcid.org/0000-0002-1022-7212, lada@kg.ru
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38000 «Hay4Ho-MpoM3BOACTBEHHAS KOMMaHUs «MHTEAEKTYaAbHble TpaHCMOPTHbIE CUCTEMbI»,
MockoBckoe wocce, 17, Camapa, Camapa, 443013, PO

SUHCTUTYT NpobAeM yrnpaBAEHUS CAOXHBIMM cucTemamu PAH, Poceus, CapoBast yA., 61, Camapa,
443020, PO

IMocTaHoBKa npobAeMbl: 3a4a4a COAacoOBaHHOIO yrnpaBAEHHMS MPOU3BOACTBEHHLIMM pecypcamMmu MPEANPUATUH, MPOM3BO-
ASLLMX IAEKTPOTEXHUYECKYHO MPOAYKLIMIO, — KOMITAEKCHas npobaema, 06AaaaroLLasi BbICOKMM YPOBHEM CAOXKHOCTU BBUAY pas-
HO06pasus TUMOB UCMOAL3YEMbIX PECYPCOB, 3aBUCUMOCTH MPOU3BOACTBEHHbIX MPOLECCOB OT MHOXECTBA paKTopOB U YyCAOBUH.
TpaAMLIMOHHbIE METOALI TAGHMPOBAHUS AN PELLIEHMST 3TOM NMPOBAEMbI OKa3bIBAKOTCS HEAOCTATOYHO 3PPEKTUBHBIMMU. Lieab uc-
CAEAOBaHMA: Ha OCHOBE MYyAbTUAreHTHOro MoAXoAa paspabotaTtb METOA 0NepaTMBHOIO NAaHUPOBaHUS NMPOU3BOACTBA SAEKTPO-
TEXHMUYECKOr0 060pyAOBaHUs. Pe3yAbTatbl: pa3pabotaH MyAbTUAreHTHbIMA METOA MOCTPOEHMS CMEHHO-CYTOYHbIX 3aAaHUI ANST
MA@HMPOBaHNA MPOU3BOACTBEHHbIX PECYPCOB MPEANPUATUS, MPOU3IBOASILLETO IAEKTPOTEXHUYECKYHO MPOAYKLIMIO, HA OCHOBE
OHTOAOIMU MPEAMETHOM 06AaCTU, 3aAaHHbIX KPUTEPUEB, MPEANOUTEHUI M OrpaHUYEHMI. 3akaldbl COCTOSIT M3 CBSI3aHHbIX onepa-
LMH, onurcbiBaeMbIX TEXHOAOTMYECKUMM KapTaMu. B utepaumnoHHOM npoLecce obMeHa COOBLLEHMSIMM areHTbl MAaHUPOBLUMKA
YAYYLLAKT TEKYLUME 3HAYEHUST KPUTEPUEB PABHOMEPHOCTHM 3arpy3Ku U MUHUMM3ALMU BPEMEHN BbIMOAHEHWS AASI TOCTPOEHUS
CMEHHO-CYTOYHbIX 3aAaHui. PaspaboTaHHbIN METOA MAaHMPOBaHMS MPOM3BOACTBEHHbIX PECYPCOB MO3BOASIET CTPOMTL pac-
MMcaHus BbINMOAHEHMS CBSI3aHHbIX ONepaLmi B CUCTEME PECYPCOB 10 COBLITUSIM PEAAbHOI0 BPeMEHMU. [1pn BbIMOAHEHUU yAQ
3aka30B Ha npeanpuaTum 000 «[TK «IrekTpym» (1. Camapa) bbira obecrneueHa paBHOMEPHOCTb 3arpy3ki 060pyAOBaHUSI U UC-
MOAHUTENEH, a TakXKe CHMKEHO Ha 10 % KOAMYECTBO 3aAEPXKEK BbINOAHEHMS 3aka3oB. MpaKTMyeckas 3HaYUMMOCTb: CUCTEMA,
paspaboraHHas Ha OCHOBE MpeararaeMoro MeToAa, MOXeT paboraTb aBTOHOMHO MAM COBMECTHO C MMEILLENCA CUCTEMOM
CKAAACKOIO yueTa MaTepmuaroB M roToBOM npoAyKLMU. [TOAXOA HE OrpaHUYEH pamMKaMu ONMCaHHOM NPEeAMETHOM 06AaCTU U MPU-
MEHMM B APYTMX OTPACASAX, TPEOYHOLUMX PELLEHMS aHAAOTMUYHbIX MPOM3BOACTBEHHbIX 3aaay. OXuAaeTCs MoAyYeHUe SKOHOMMU-
4YeCKoro apdeKTa 3a CHET CHMXEHNWS MPOCTOEB MPOU3BOACTBEHHbIX PECYPCOB U MOBbILLEHUS NoKasaTenes ux 3PYeKTMBHOCTH.

KaroueBble cAOBa — NpeaMETHas OﬁAaCTb, INEKTPOTEXHMUYECKAA NMPOAYKLNA, MyAbTUAreHTHble METOAbI, yrpaBAEHNEe pPo-
N3BOACTBEHHbIMW pecypcamMu, OHTOAOIMNA NMPON3BOACTBEHHOIO NPEANPUATHUA, NAGHUPOBaHNE B pearbHOM BPEMEHHN.

IIntuporanme: Jlaga A. H., Maitopos /. B. MyabTuareHTHBIM METO/] IOCTPOEHUA CMEHHO-CYTOUHBIX 3aJaHUM JIA 3a/la4l IJIAaHUPOBAHUA
IIPOM3BOACTBEHHBIX PECYPCOB B PeaJIbHOM BpeMeHUu. UH@opmayuonno-ynpasrsowue cucmemsl, 2018, Ne 5, c. 112-119. doi:10.31799/
1684-8853-2018-5-112-119
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d0i:10.31799/1684-8853-2018-5-112-119

BBenenue

CoBpeMeHHbIE CHCTEMBI YIIPABJIEHUS IIPOU3BOI-
CTBEHHBIMU ITpPOIlecCaMU MOJIXKHBI 00ecleuunBaTh He
TOJIPKO ILIAHWUPOBAHWE MaTe€PUAbHBIX, TPYAOBBIX,
(bUHAHCOBBIX PECYPCOB, HO TaKyKe YUUTHIBATH KOM-
IJIEKCHBIM XapakTep B3aNMOJIEHCTBUS Pa3JIUUHBIX
rmoxpasaesieHrii M1 B3aMMHOE COIVIAaCOBAHME ILIAHOB
C yUeTOM OKpysKatoieil o6cranoBKu [1—4]. Buerraue
COOBITUSA, 3aKJIOUAOIINECS B IPUXOe HOBBIX 3aKa-
30B, M3MEHEHUs TPeOOBAHMH 1 XapaKTEPUCTUK YKe
3allJIaHUPOBAHHBIX, IIEPECMOTDP CPOKOB IIOCTaBOK
MaTepuaJsioB, a TaK:Ke pPasHUIla, BOSHUKAIOIAA IIPU
(haKTUUECKOM BBITIOJTHEHUM, TPUBOJAT K HEOOXOIU-
MOCTHU IIepepacueTa CYIIeCTBYIOIINX U yTBEPIKIEH-
HBIX IIJIAHOB. B CBSA3U C 3TUM TpaAUITNOHHBIE METObI
IIJIaHUPOBAHUS, WCIIOJb3YIOIIe MHOTOUNCIEHHBIE
MeTOJbl TUCKPETHON ONTUMMU3AIlNY, TEOPUU PACIIU-

caHu 1 sBpucTUKY [5—10], He BIOIHE TOAXOAAT K CO-
BpPEMEHHBIM 3aJavaM, IJA KOTOPLIX HEOOXOAWM IIO-
CTOSTHHBIM ITIepecueT IIJIAHOB IT0 BHEIITHUM U BHYTPEH-
HUM COOBITUAM, ITOCKOJbKY Ha IPAKTUKE ITPUXOIUT-
¢ mpuberaTh K YIPOIEHUAM B IIOCTAHOBKAX 3a1adY,
He BCe OrPaHUYeHUA U (PAKTOPBI MOT'YT OBITH YUTEHBI
U T. II. B Takux cayuaax 6ojee COOTBETCTBYET peasb-
HOCTHU MYJbTUATEHTHBIM MOAXO[, C IOMOIIBI0 KOTO-
PoOro co37al0TCA CUCTEMbBI ITPOM3BOACTBEHHOTO IIJIa-
HUPOBAaHUSA, YIIPABIEHUA IPOEKTAMU, TPAHCIIOPTHOH
JIOTUCTUKU ¥ BO MHOTUX APYTrux obsactax [11-19].

ITocranoBka 3aJavyi HAYAJIBbHOTO
IINIAHUPOBAHUA IIPOU3BOICTBEHHBIX PECypPCOB

IIycts mMeemM HaOOp 3aKa30B HaA IPOU3BOJICTBO
usgenuit O,, n=1, s 1 Ha6Op NIPOUBBOACTBEHHBIX
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pecypcoB (CTaHKY U APYyToe 000pyIoBaHIe) Rj, j=1,
m. KaxpIii 3aKkas xapakTepusyeTcsa TeXHOJIOTUYe-
CKOU KapToii, C OIHCaHleM BCeX JeTaJeil Dik, k=1,
P, KOTOpBIE TaKiKe MOTYT COCTOATH M3 APYTHUX Je-
Tajell (BOSHUKAeT MHOT'OYPOBHEBAasA BJIOJKEHHOCTE).
Kasxpas perans D, omucwiBaercs MarTepuajzaMu
Mikz, z=1, ¢, U3 KOTOPBLIX OHa M3TOTABJIUBAETCS, U
YIOPAJOUEHHBIM Ha0OPOM TEXHOJOIMYECKUX OIepa-
i TOik], j=1, m, KoTopslie TPebyeTCA IPOU3BECTHU
C MarepuasoM 1/UIK APYTOii AeTasbio Ha pecypee R;
3a U3BECTHOE BpeMs 00paboTKU AeTasiu Tle B 06-
mieM BHUJEe TeXHOJOormuecKas KapTa onncmBaeTca
CJIeAYIONIEN CTPYKTYPO:
[0,]
{{D™]
M ’11]
[M™1]
{{D™1]
M ’1’11]
[Mn,l,lq]
{{p™11 1}
[TO™b4] [R] [TD™1]
(7011, ][R, ] [TD™1,];
{11y
[TO™!][R{1[TD™Y]
[TO™! 1[R,1[TD"™, I}

{{D",1}

I[Jm KaKJIoro pecypca R]- 3aJaHO e:KecyTouHoe
BpPEMeHHOEe OKHO [Tst; TRfj] IOCTYTHOCTH 3TOTO pe-
cypca ajs paboTsl (pabouyas cMeHa CTaHKa), C yIeTOM
pexuMa TpyAa U OTAbIXA PadoumX, KOTOPhIEe HA HUX
paborator. OgHA U Ta Ke AeTajb He MOXKeT oopaba-
THIBATHCS HA HECKOJBbKHUX PeCypcax OJHOBPEMEHHO,
T. . IOKa OHA obOpabaThIBaeTCAa HA OJHOM pecypce,
BTOPOI1 OyZeT cBOOOJeH 1 MOXKEeT ObITH MCI0JIb30BAH
I o0paboTKu apyroun geraau. Tpebyercsa cocra-
BUTH CMEHHO-CYTOUHBIH IIJIaH PabO0ThI IJIA KaXKIOTO
pecypca Rj II0 IPOM3BOJACTBY Bcex 3akasoB O; co-
TJIACHO UX TE€XHOJIOTMYECKUM KapTaM, ¢ MUHUMAJb-
HBIM IIPOCTOEM PecypcoB Rj. Ilpu nmianupoBaHUH,
KpoMe IIPOM3BOACTBEHHBLIX MOIIHOCTEH (OCHACTKH,
KOMILJIEKTYIOIIUX W MaTepPUajioB), TpedyeTcsa yueT
KaJieHJAapei HOCTYITHOCTY UCIIOJHUTEJeH B moapas-
JeIeHUAX, UX KBaJUPUKAINN U CIeIHaJIu3aIun.
IIpennpusaTuio B 11eJIOM HeOOXOAMMO IIOAAEPKUBATH
PaBHOMEPHOCTH 3arpy3Ku 000pPYyAOBAHUA, MOAPA3-
IeJIeHUU W UCIIOJHUTeJell, He JOMycKasl IIPOCTOEB.
B omnmmuwme or cymecrByromux MES cucrem, BCca
uH(popMaIusa 06 060pyI0BaHUU, UCIIOJHUTEIAX, Ka-
JIeHIapsiX, CTPYKTypax pecypcoB XpaHUTCA B Oase
3HAHWHM HA OCHOBe OHTOJIOrMM mpousBozacTsBa [20].
Taxum o6pasoM, HEOOXOJMMO CKBO3HOE€ MHOTI'OKPHU-
TepraJbHOE IIJIAaHWPOBAaHME 3aKa30B Ha pecypcax
B BEPTUKAJbHBIX U TOPUSOHTAJBLHBIX CTPYKTypax
IO BXOIAIIUM BHEIITHUM U BHYTPEHHUM COOBITHUSIM.

Mertox penieHuda 3agauym IIOCTPOeHUu A
HAYaJbHOIO IIJIaHA

I peleHus 3amadul IIOCTPOEHUS IIePBOHA-
YaJILHOTO PACIIMCAHUA IpeAJiaraeTcsa NCI0JIb30BaTh
«KAIHBIN» UTEPANOHHLIA METOM, TIe JeTAaJIN BCeX
3aKa30B pacClOpeieAlTCsa II0 MPOM3BOACTBEHHBIM
pecypcam IOCJeI0BaTeIbHO COTJIACHO CJEYIONIEeMY
anropuTMmy: 3akassl O; 06pabaTeIBaloTCsA IOCIE[0BA"
TeabHO OT 1 mo s. I3 Bcex meraJieit Dik i-To 3aKasa
BHavaJe BEIOMPAIOTCA Te, UTO JIesKaT Ha caMOM HI3-
KOM YPOBHE TeXHOJOTMYECKOU KapThl, 3aTeM YPOB-
HEeM BBIIIIe U TaK JaJiee, 0 CAaMOT0 BePXHEr0 YPOBHA.
Heranu, jge:kaiiue Ha OJHOM YPOBHe, oOpabaThiBa-
IOTCS TIOCJIEOBATEJbHO, COTJIACHO WX TOPATKOBO-
My HOMEpPY B YPOBHE, C YUeTOM MIOCJIeZOBATEIHLHOTO
BBITIOJIHEHUSA TEXHOJOTMUYECKUX OIepaliuii TOikj Ha
pecypcax R IIpy miaHMpoBaHMUM oOIepanuii IOJasa
KasKaon neTaJm HpOBepﬂeTCH HaJuume HeoO0XOoau-
MBIX Marepuayos M > TPeOyIoImuxcsa AJId ee Ipo-
M3BOJICTBA, B CJIyUae MX HEJOCTATKA JeTaJIb IIPOIy-
cKaeTcs. AHaIus3upyoTcsa cBOOOJHBIE MEecTa B pac-
MUCAHUU HYKHOTO pecypca ¢ yueToM OKHa JOCTYII-
HOCTU €ro TEeKYIIeid CMeHBbI pPaboThI [Tst; TRf]-] u
B IIEPBYIO oUepenb 3aMOJHSAIOTCSA CBOOOAHBIE MeCTa,
oOpasoBaBIlIecs 3a CUYeT IJIAHUPOBAHUA IIPEIbI-
IYIIUX OIlepalinii, HaunHaa ¢ caMoi paHHel. Ecau
IJIUTEJIHHOCTH CBOOOIHOTO MecTa HeJJOCTaTOUHA AJISA
BBITIOJTHEHU S OIlePallii, TO aHAJU3UPYETCA CIIeny-
1o1iee cBOOOAHOE MecTo. B xyaiiem ciydyae, ecoiu He
yIaJIoOCh BCTPOUTHCA HU B OLHO JOCTYITHOE CBOOO-
HOe MeCTO, oIepaIiusa BCTaeT B CAMBIN KOHEII IIJaHa.
Eciu ¢ yueToM ee IIOCTAHOBKHU ITPOUCXOAUT BBIXO
3a mpejJesibl OKHA PabOThI TEKYIEH CMeHbBI pecypca
[TRs TRf]], OHA CTaHOBUTCSA IIEPBOU Ha CJeayIoIei
IOCTYITHO CMeHe JaHHOT0 pecypca. Bee merasu mo-
CJIeYIONNX 3aKa30B 00pabaThIBAIOTCA aHAJIOTUY-
HBIM 00pa3oM. AJITOPUTM IIOBTOPSAETCS 0 TeX IIop,
TIOKa BCe oIlepalinu AeTajeil Bcex 3aKas30B He OYIyT
pacmpeiesieHbI IO BCEM pecypcaM ¢ YUeTOM UX CMeH
paboThI.

IIpumep penieHns 3a7a4M MOCTPOCHUST
HAYaJBHOTO ILJIAHA

s pemreHus 3afauum IMOCTPOEHUSA HAUYAJIBHOTO
IIJIaHAa PacCMOTPUM IIPUMED IJIAHUPOBAHUA IBYX
sakasoB O; u O, Ha UBTOTOBJIeHNe y3J1a (QUKCAIINU
TpaHchopmMaTopa Iad TpaHcGHOPMAaTOPHOI MOACTAH-
nuu KTIIH-YXJI1 u peruara BKJIOUEHUA K HeH.
TexHONOrMUeCcKaa KapTa AJId JaHHBIX 3aKa30B UMe-
eT BUm:

[0,] ¥Ysen durcanmumu tparHchopmaropa KTITH-
YXJI1

{[D',] lIzennep 001
[M1,] Juct 4,0 TOCT 1050-13 1,5 &r
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{{D"',] IIgemmnep 001-01
[ML11,] Jucr 4,0 TOCT 1050-13 1 xr
[TOV1-1,] Packpoit merasnna [R,] Jlazeprsiii kommieke [TD111,] 60 c
[TOV11,] Tubka [R,] IIpece ruxpasaudeckuii ucrorud [TD111,] 60 c
[TOY,] Packpoii meranua [R,] Jlasepusriit kommaexc [TD1,]80 ¢
[TOV1,] Tubka [R,] IIpecc ruapasnuueckuii tucrorud [TDN1,] 60 c}}
{[D',] lIsesnep 012-129
[M2,] Jucr 3,0 TOCT 1050-13 2,5 kr
[TO'2,] Peska [Rg] JlenTounonmabHEH cranok [TD125] 120 c}
[O,] Prruar Briatouenus Tpaacdopmaropa KTITH-Y XJI1
{{D?] Pnaner 019
[M?1,] JIucT 6,0 TOCT 14637-89 0,2 kr
[TO?1,] Packpoit merasna [R,] Jlasepusriii kommiexc [TD?1,]50 ¢
[TO*1,] Tubxa [R,] IIpecc ruapasnudeckuii muctoru6 [TD?1,] 70 c}
{{D?,] Bryaka 005-01
[M?-2,] Tpy6a 30x6 TOCT 8734-75 0,2 kr
[TO%2,] Peska [R3] JlenTounonunbublit cranox [TD?25] 160 c}

I mpocToTsl OyIeM MmoJaraTh, YTO BCe ITPOM3BOACTBEHHBIE PECYPCHI (B HAIIIEM IIpUMepe UX 3) TOCTYIIHBI
LA PabOThI KPYTJIOCYTOUHO (BpEMEHHbBIE OKHA [TRs;; TRfj] He OrPaHUYEHHI), & TAKKE eCTh B HAJTUYUU U B HY K-
HOM KOJIMUeCTBE BCe IIPOU3BOJICTBEHHbBIE MaTePUAJIbl, TPeOyeMble B TEXHOJOTUUECKUX KapTax.

Pacmpenesnernue 06paboTKY JeTaJiell Io0 CTAaHKAM HAYMHAETCA C CAMOT'0 TUIYOOKOT'O YPOBHS TEXHOJIOTTYECKOHN
KapThl, B HaIlleM npuMepe 3To aetaib [llseanep 001-01, ona packpauBaeTcs Ha Jla3depHOM KomiLiekce 3a 60 c,
TIOCJIe Yero mepexoJuT Ha IIPecc TUApaBInYeCcKUi JIUCTOru0, e rHeTca Takke 60 c. Jlasiee mepexoaum Ha ypo-
BEHB BBIIIIE U IIJIAHUPYEM POOUTEIbCKYIO AeTanib [llgeanep 001, oHa B CBOIO ouepenb pacKpauBaeTcs U THETCA,
HO TOJIBKO IIOCJIe MIPeIBIAYINEeH JouepHell AeTain, IOCTABUM e€ B IIJIaH BBIMOJHEHUS II0 CTAHKAM U 3allJIaHU-
pyeM nociaenHion aetauas [llgennep 012-129. Ona obpabarsiBaeTcAa Ha APYTOM OTAEJIbHOM pecypce U HUKAK He
3aBUCHUT OT MPEIBIAYIIUX ABYX JeTaJieli, T0dTOMY IIOCTABUM €€ B ILJIaH IePBOii, IT0JyYeHHOe PacIucaHue Ipel-
CTaBUM JUaTrpaMMOM 3aTrpys3Ku pecypcos (puc. 1).

Ilepeiinem k maaHupoBaHUIO 3akasa Oy, KOTODBIN MBI IOTYUYNJIN OJHOBPEMEHHO C IIEPBBIM, MBI JOTKHBI
MaKCUMaJIbHO UCIIOJIb30BaTh CBOOOLHEIE 00JIaCTH B Y:Ke MMEIOIeMCcA PACIUCAHNY, IIOCTPOEHHOM IIOCJIe IIjIa-

(129N RIN [TTBesiep 001-01 IIsennep 001

[R2]IIT'JI IIIsennep 001-01
[R3]JIIIC IIIsennep 012-129

0 50 100 150 200 250 300

B Puc. 1. [luarpamMma mepBoHaYaJILHOTO pacipeesieHrs oIepalinuii 1o pecypcam
B Fig. 1. The diagram of the initial operations on resources allocation
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(I MI T Tee rep 001 -01 Pramerr019

[R2]IITJI Besstep 001 -01

[R3]JITIC

ITeesnnep 012-129

0 50 100

B Puc. 2. [luarpaMMa IJIaHUPOBaHUA 3aKasa Oy
B Fig. 2. The diagram of scheduling order O,

IIIBennep 001

Daaner019

IIBennep 001

Bryaika 005-01

150 200 250 300

HHUPOBaHUSA IIepBOro 3akasa. 3akas O, cocTour us
IBYX IeTaJiei, KOTOPbIe U3TOTABIUBAIOTCA HA OMHOM
YPOBHE, IIO3TOMY MOPAJOK X 00pabOTKU He BasKeH.
Hauunaewm c¢ meranu @raney 019, ona packpauBaer-
cA Ha Ja3zepHOM KoMiliekce 3a 50 c, uimeM mepBoe
cBobogHOE MecTo Ha pecypce R;, ecTb cBOGOIHOE
Mecto mociae obpaborku gmerasnu Illgeanep 001-01
IPOAOJIKUTEIbHOCTRI0O 60 ¢, BpeMeHU XBaTaeT, II0-
9TOMY CTaBUM JETaJb B 9Ty obJiacTh. [lamee Paaney
019 Tpebyerca obpaborars Ha R, 3a Bpema 70 c,
uIreM IepBoe cBOOOJHOe MecTO Ha pecypce Ry, Io-
cJle MOMeHTa OKOHUaHMUA o0paboTku Ha R;. Ilycroit
y4YacTOK B caMOM HaudaJie AjauHoo 60 ¢ HaM He mof-
XOMIUT, UAEM AAJIbIIe, HAXOAUM MECTO IIOCJIe TeTaIu
Ilgeanep 001-01 gnunoit 80 ¢, craBum Praney 019
Tyna. ObpabaTeiBaeM NOCJIENHIOI AeTaysb Bmyaxa
005-01, ona o6pabaTrIBaeTca TOJbKO Ha R 3a Bpe-
Ma 160 ¢, maxomum Oamxaiiiiiee cBOOOJHOE MECTO
HyKHOU auuHbl nociue Illeennep 012-129 u craBum
metanb Tyna. HoBoe pacnucanme 3sarpy3sku pecypcoB
IOKAa3aHo Ha puc. 2.

JuHaMI4YecKoe nepernjiaHupoBaHue
1m0 haKTHIECKNUM COOBITHIM

3agaua IIOCTPOEHUS MTUHAMHUYECKOTOo ILIaHa II0
(daKTUUYEeCKUM COOBITHUSAM B pPeajibHOM BPEMEHU fAB-
JseTca OoJiee CJIOKHOM, UeM cTaTUUYecKas 3ajgada
IOCTPOEHUSI HAuYaJbHOTO TJaHa. B Takoil 3agaue
moApasyMeBaeTcsa, UTO €e YCJIOBUSA MOTYT IIPOU3-
BOJILHO JUHAMUYECKHN MEHSATHCSA C TeUeHNeM BpeMe-
HU, MOT'YT OBITH H0OaBJIEHBI HOBBIE 3aKa3bl, OTMeHe-

HBI MJIA YaCTUYHO M3MEHEHbI y)Ke M3BeCTHLIe 3aKa-
3bl, CTaTh HEJOCTYIIHBIMU PECYPChI, HO UYalle BCEro
MOT'YT BOBHUKATDH 3aJePKKU IIPU BHITIOTHEHUU YiKe
CYIIIeCTBYIOIIEro IIJIaHa, YTO TPedyeT ero aJalTuB-
HOII IepecTPONKU.

PaspabaTbiBaeMblil HAMU IIOAXO]] OCHOBAH Ha CO-
IIOCTaBJIEHUN 3aKasaM M pecypcaM IIPOrpPaMMHBIX
areHTOB C UX JIOKAJbHBIMIU U 3aYaCTYI0 IIPOTHUBOIIO-
JIOKHBIMY UHTEPecaMu, CIIOCOOHBIX PearunpoBaTh Ha
U3MeHEHUA COCTaBa 3aKa30B U PECYPCOB, BHIABJIATH
KOH(MJIUKTHI B PACIUCAHUMU, NPUHUMATH PEIIeHUs
U B3aMMOJENCTBOBATH MeXXy CO0O0I AJIA paspelre-
HUA KOH(QINKTOB U IIOMCKA KOMIIPOMMCCOB IIYTEM
TIeperoBOpPoOB (B3BaMMHBIX ycTymoK) [17, 19, 20]. 9to
TIO3BOJISIET HAXOAUTH COIJIACOBAHHBIE DEIIEHUS U
HoAePKMUBATh OajlaHC MHTEPECOB areHTOB W Bceit
CHUCTEeMBI, B 00IIIeM cJyuae IPeICTaBIAIOIINN MHO-
TOKPUTEPUAJbHYIO IleJeBy0 GyHKINI0. C KasKIbIM
pecypcoM R; cBABAH areHT pecypca, ¢ Kax 10l fera-
JbI0 D}, — areHT fleTayii. ATeHTHI MOI'yT OTIIPABJIATD
¥ TIOJIyYaTh COOOITEeHUS U IPUHUMATH PEIleHus CO-
TJIACHO CBOEIl JIOTMKe U TeKYIeid CUTyaluu, KOTO-
pasi ompejessieTCs COCTOSHUEM KajKIOro areHTa.
TeKyIlI1e COCTOAHUS areHTOB N3MEHAIOTCA B MOMEH-
THI IIOCTYIIJIEHUS 3aKa30B W (PUKCAIIUU BHEIITHUX
(haKTIUECKUX COOBITUM.

IIpu mocTymIeHWM HOBOI'O 3aKas3a CO3IAa0TCs
areHTHI JeTaJjiell COrJIacHO TeXHOJIOTHMUYECKOI KapTe
aToro 3akasza. OHU paccChLIAIOT 3aIPOC HA CBOE pas-
MeIlleHre Ha areHTaxX PecypcoB, KOTOPbLIe, B CBOIO
ouepenb, aHAJIUSUPYIOT CBOE TEKYIIlee COCTOSHUE,
HaJau4Yue CBOOOTHBIX OKOH, OI[EHUBAIOT CBOIO 3arpy3-
Ky, IpeNIaraloT CBOOOJHBIE MeCcTa areHTaM JeTajei
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IJIA pa3MelleHnsa. ATeHT eTajlu CTPEMUTCS 3aIljia-
HUPOBATh cebA Ha HYMKHBIX pecypcax KakK MOYKHO
paubIlie. ATeHT pecypca Rj, B CBOIO Oouepelb, CTpe-
MUTCA OBITH IIOCTOAHHO 3aTPYKEHHBIM U MUHUMU-
3UPOBATH 00Pa3yIOIHUecs IPOCTON BHYTPU paboueit
cmersl [TRs;; TRfj], KOTOpPBIE PACCUUTHIBAIOTCA IIO

Gopmy.ae:

Dtime/ =TRf! ~TRs' -)'" TD],

rnme k=(1, .., p) — UHOEKCHI pPasMeIeHHBIX IeTa-
JIel 3aKas30B Ha pecypce Rj, Tka — MPOJOJKUTENb-
HOCTh 00paboTKM; sTuX AeraJjeii. ['tobanrbHasa mee-
Basd QYHKIUA IJaHUPOBaHuA F ompefesseTca Kak
CyMMAapHOe BpeMs IIPOCTOsI BCEX PeCypPCoB:

F= {P — max,z;rilDtimej — min},

rae P — oOliee 4mcyio 3amlaHUPOBAHHBIX JeTajei
Ha Bcex pecypcax. [Ipu yayunieHun riao6aabHOM 11e-
JeBor QPyHKIUY (F — YmcyI0o pacupeieJIeHHbIX JeTa-
JIell M CyMMapHOe BPeMs IIPOCTOsS PEecypcoB) TEKY-
Uil BADUAHT pPacIpeieIeHUA feTajel o pecypcam
IpUHUMAaeTcsA B KauecTBe pabouell BepcuU IIJIaHAa,
TocJie Yero areHThl He Pa3MeITeHHBIX U IIJI0X0 pas-
MeIeHHbIX AeTajeil MpoOyIoT YIYUIINTb CBOE TIOJI0-
JKeHNe Ha Pecypcax 3a CUeT IIePeroBOpPOB C IPYTIUMU
JeTaJsAMU C IPOCHOOI O «MOABMKKaxX». Ecau B pe-
3yJbTaTe 9TUX IIEPEroBOPOB TiiobasibHAs IlejieBas
(GYHKIMA yaydInmiachk, HOBasd BEPCUS IJIaHA IIPU-
HUMaeTcs B KauecTBe paboueil W IIPOIEcC IMOBTOPS-
eTcs IO TeX IOp, IOKA He IIePEeCcTaHyT IIOCTyIaTh HO-

BbIe (DaKTUUYECKYe COOBITUS UJIU HOBBIE TIEPETOBOPEI
He OyAyT IPUBOAUTH K TVIO0AJTBHOMY YJIYUIIIEHUIO.

IIpuMep TMHAMMYECKOTO MEePeIIaHuPOBAHU ST
mo GPaKTHIECKNUM COOBITHAM

PaccmoTpuM  IIOCTPOEHHBIM paHee HAYAJIb-
HBIM IIJIAaH ¥ TIPEAIIONOKUM, UTO Telepb MbI OyaeM
KaKuM-TO 00pa3om (Hampumep, C IIOMOIIbI0 TepMU-
HaJIOB pabounx) GUKCUPOBATh (haKTUUECKUEe COObI-
THUSA O 3aBepIIeHnu 00paboTKM KasKAOH meTanu Ha
KaXJJOM pecypce, IIOCJe Yero IIOCJIeAYIONUN IIJIaH
HYKHO OyJeT aJanTuBHO IiepecTpanBaTh. A mpo-
CTOTHI OyIeM OTCUMTHIBATEL BpeMs oT (.

ITycts B MOMeHT BpeMeHU T'7 HACTYIINJIO COOBITHE
3aBepIrienusa usroroByenuda geranu Illgensep 001-
01 sa pecypce R (0:K1a10Ch, UTO U3TOTOBJIEHUE 38~
BepmuTca B Tgg). B pesynbrare peaknuu Ha JaHHOe
coObITHe BCe pacIicaHUe Ha pecypce R, caBuraercsa
Ha 10 ¢ BmpaBo. Ilockoabky merans Illsenaep 001-
01 obpabaTbiBaeTcs TaK:ke Ha pecypce R, mocie Ry,
pacnucanue Ha Ry TaK:Ke ciBUHeTcA BIpaso Ha 10 c.
C yueToM Bcex M3MEHEHUH pacnucanre IpuMeT BU/I,
TIOKa3aHHBIN Ha puc 3.

ITycte B MomeHT BpemeHU T, HACTYIHJIO CO-
OBITHE 3aBepINeHUA UBTOTOBJEHUA AeTanu DaaHey
019 ma pecypce Ry u Illseanep 001-01 ma pecypce
R,. B pesynbrare 6ojiee paHHETo 3aBepIIeHUA dTUX
omepamuii MOKHO HayaTh IIOCJEAYIOINE oOlepa-
uuu paHbiite. HoBas Bepcus maHa mpuBeleHa Ha
puc. 4.

(ISARPIN T1TBesriep 001-01  Daamen019

[R2]TITJI IIIsesnnep 001-01

[R3]JIIC IIIBennep 012 -129

0 50 100

IITsennep 001

Diraner 019 IIsennep 001

Brynixka 005-01

150 200 250 300

B Puc. 3. Peaknusa cucTeMbl IIAHUPOBAHUSA Ha COOBITHE 3aBepIIeHnsa usrorosaenus Ty
B Fig. 3. The diagram of scheduling system reaction for the completion event of Ty,
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I3l I1Tsesnep 001-01 Pramen
019
[R2]TITJT S ®rnamer
[R3]JITIC TTsesrep 012-129
0 50 100 150

IIIBesmnep 001

019 IIIsennep 001

Bryxa 005-01

200 250 300

B Puc. 4. PacuucaHue 1ocje cobbITuA nepennasuposanus T,
B Fig. 4. The diagram of the schedule after the rescheduling event of T,

daaHelr

(IAR PN [TTesiep 001-01 019

IIBennep 001

[R2]IITJI HipemeD  drasen 019
[R3]JIIIC IIsennep 012-129

0 50 100 150

IIIBennep 001

Brynka 005-01

200 250 300 350

B Puc. 5. CrabuainsupoBaHHBIN IIJIAH IIOCJIE yUeTa COOBITU MepeIIaiupOBaHUA
B Fig.5. The diagram of the stabilized schedule after considering all events

IIycts B MmomenT Bpemenu T'igq HACTYIHIIO COOBI-
THe 3aBepIIeHUA W3TOTOBJIeHUA netanu Illgennep
001 na pecypce R, u geranu Paaney 019 Ha pecyp-
ce R,, HO obpaborka geranu Illgensep 012-129 na
pecypce Rj elle He 3aBepIlieHa. B pesymnbrare mepe-
CTPOMM paclucaHme Ha BCeX TpeX pecypcax U IIo-
JIyYUM HOBYIO BEPCHUIO ILJIaHAa, IPEACTABICHHYIO Ha
puc. 5.

Ilpu cpaBHeHUM Bepcuil ILJIaHA, TOJYUYEHHBIX
mocJje (asbl HAYAJbHOTO IIJIAHUPOBAHUA (B MOMEHT
BpemeHu 7)) U IO XOAY €ro BBINOJIHEHU, MOXXHO

cleJIaTh BBIBOJ[, UTO OIlepalii pPacIpeesieHbl II0
pecypcam ¢ obecrieueHreM MUHHMAJIbHOT'O IIPOCTOSA
PecypcoB II0 COOBITUSAM pPeabHOT'O BpeMeHH.

Osxumaemsbie pe3yJabTaThI

IIpumeHeHEe PACCMOTPEHHOI'0 METOAA O3BOJIUT
CO3/laBaTh WMHTEJJIEKTyaJbHbIE CHUCTEMBI yIIpaBJe-
HUSA OpoIlleccaMy IIPOU3BOJCTBA B PeaibHOM BpeMe-
uu. O)Kupgaercsa TMOJyUueHWe SKOHOMWYECKOro a(-
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(eKTa 3a CUueT CHUIKEHUS IIPOCTOEB PECYPCOB B pe-
3yJbTaTe aJallTUBHON MEePEeCTPORKN CMEHHO-CYTOUY-
HBIX PACIIUCAHUII.

Cucremy, paspaboTaHHYIO Ha OCHOBE ITPE/JIOKEH-
HOTO0 ITOJX0/Ia, UCIIONAb3YIOT Ha CaMapCcKOM ITpenpu-
arun 000 JIK «9aeKTpym», I'ie B pe3yabTaTe BHe-
IpeHus Obla obecreyeHa paBHOMEPHOCTD 3arpys3Ku
000pYyIOBaHUA U UCIIOJHUTEEI, a TaKiKe CHIIKEHO
Ha 10 % KoJMuecTBO 3aAePsKeK BBITTOJIHEHU TPOM3-
BOJICTBEHHBIX 3aKa30B. BBUAY OTCYTCTBUS B Ipel-
JlaraeMoOM II0/IXO/le HEIOCPEACTBEHHOU 3aBUCMOCTH
OT IIPeAMETHOM 00J1aCTU MPOU3BOICTBA IJIEKTPOTEX-

HUYECKON NPOAYKIMHU, OIMMCAHHBIA METOJ MOKHO
MIPUMEHATH B APYTUX OTPACJIAX, T/[e UCIOJIb3YIOTCS
TEeXHOJIOTUYECKIe Olepaluu, TpeOyoire perieHns
AHAJIOTUYHBIX 3a/1a4 MJIaHUPOBAHUSI.

CraTbsa HOATOTOBJIEHA Ha OCHOBE MaTepuaJjioB Ha-
VUHBIX HCCJIEJOBAHUN B paMKax ['ocOomKeTHOI Te-
mbr UITYCC PAH Ne AAAA-A16-116040410059-7
«PaspaboTKa u uccjegoBaHNE MOJEJeH, MeTOI0B U’
aJITOPUTMOB ITOCTPOEHUS IIJIAHOB CMEHHO-CYTOUHBIX
3aJaHUU IIPU ITPOUBBOJICTBE IPOAYKIIUU B YCIOBUSIX
HEeOIIpeIeIeHHOCTH U BBICOKOM AWHAMUKU M3MeHe-
HUI IPOU3BOJCTBEHHON 00CTAHOBKM».
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Introduction: Coordinated production resource management of enterprises manufacturing electrical products is a complex problem
with a high level of complexity due to the variety of types of resources used, and the dependence of production processes on a variety of
factors and conditions. The traditional scheduling methods are not efficient enough for this problem. Purpose: Developing a method for
rapid scheduling of electrical equipment production, based on the multi-agent approach. Results: A multi-agent method is developed for
constructing daily-shift schedule for managing production resources of an enterprise manufacturing electrical products, based on the
subject area ontology, given criteria, preferences and limitations. The orders consist of related operations described by technological
cards. In the iterative messaging process, the scheduler agents improve the current values of load uniformity criteria and minimize the
execution time for building daily-shift jobs. The developed method of managing the production resources allows you to build schedules
for performing related operations in a system of resources by real-time events. When executing an order pool at LLC «PC» Electrum»
(Samara city), the uniformity of equipment load and performers was well maintained, and the number of delays in fulfilling the orders
was reduced by 10 % . Practical relevance: The system developed based on the proposed method can work either autonomously or along
with an existing system of warehouse accounting of materials and finished products. The approach is not limited to the described subject
area, being applicable in other industries which require similar production tasks. The economic effect is expected to be obtained by
reducing idle production resources and improving their efficiency.

Keywords — knowledge domain, electrical products, multi-agent methods, production resource management, production enterprise
ontology, real-time scheduling.
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IIMaeBuu
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B 1991 romy samwutuin aumccepra-
M0 HA COMCKAHWE YUEHOH CTele-
HU JOKTOpa (pusmKo-MareMarmye-
CKUX HayK.

fBnsercss aBropom okoJio 200 Ha-
VUHBIX MYOJIUKAIUN, B TOM YUCJIE
12 moHOrpaduwuii, IATH IATEHTOB U
Tpex u3o6peTeHuil.

061acTh HAyYHBIX WHTEPECOB —
pasuodusuKa, CHCTEMBI IIPOBOJ-
HOU M OECIIPOBOIHON CBS3W, paja-
PBI, OLITHKA U JIUJAPHIL.

9I1. azpec:
nathan.blaunstein@hotmail.com

BYPAKOB
Muxaunn
BaamumupoBuu

IomeHT Kadeopel YIpaBIeHUS
1 UHGOPMATUKYN B TEXHUUECKUX
cucremax Caukr-IlerepGyprckoro
rOCyJapCTBEHHOTO YHUBEPCUTETA
a9POKOCMHUUECKOr0 IpubopoCcTpoe-
HUA.

B 1984 rony oxonuun JleHuHTrpaa-
CKHN WHCTUTYT AaBUAIMOHHOTO
prOOPOCTPOEHHUS TI0 CIIEIUATBHO-
cTH «ABTOMATH3UPOBAHHEIE CUCTE-
MBI YIIPABJIEHU».

B 1994 roay samwmTui amccepra-
M0 HA COMCKAaHME YUEHOU CTere-
HU KaHAUJATa TEXHUIECKUX HAYK.
fAsnserca aBropom Gosee 150 ma-
VUHBIX MyOJUKAIHIL.

061acTh HAYYHBIX HHTEPECOB — CH-
CTEMbI HHTEJJIEKTYAJbHOTO YIIPaB-
JIEHV S, HeUETK e PEryJIATOPHI, Heil-
POHHBIE CETH, SBOJIIOI[MOHHBIE aJI-
TOPUTMBI.

9. agpec: bmv@sknt.ru

JREJE3HDI

Muront

TlolieHT, 3aMeCTUTENb [eKaHa IIo
KOHIIENIUK 00yUIeHUs U IeJaroru-
YECKON [IeATeNbHOCTA 3amaiHo-
YeIICKOro yHIBepcuTeTa, I11b3eHs,
Yexusd.

B 1994 roxy OKOHYMI MarucTpary-
Py 3amafHOUENIICKOr0 YHUBEPCUTE-
Ta, Ilnb3ens, Yexus, 10 cremu-
anbpHOCTU «KubepHeTHKa U TeXHU-
Ka yIIPaBJIECHUA».

B 2002 roxy samuTui xuccepTa-
U0 Ha COMCKAHWE JOKTOpa HAayK
(PhD).

fBnsercsa aBropom 70 HayUHBIX
nyOIUKAIUN.

ObJsiacTh HAyYHBIX HHTEPECOB —
YeJIOBEKO-MAIIMHHOE B3aUMOJIEN-
cTBHE, 00paboTKa ayaMoBU3yab-
HBIX CUTHAJIOB, PACIIO3HABAHME 00-
pasoB.

9. anpec: zelezny@kky.zcu.cz

KYPABJIEB
Maxcum
Onerosuu

TomenT Kadenps! GUSUKU OTKPHI-
Teix cucTeM CapaToOBCKOTO Trocy-
apCTBEHHOI'0 YHUBEPCUTETA HM.
H. I. Yepusimmesckoro u Kadeapst
T'e09KOJIOTUY U UH)KEHEPHOU I'e0JI0-
ruut CI'TY um. Tarapuna IO. A.

B 2011 ropy oxomumn Caparos-
CKMUI1 rOCyJapCTBEHHBII YHIUBEPCH-
rer uM. H. I YepHbIIIeBCKOro 1Mo
CIenuaJbHOCTH «DPusuK».

B 2014 romy samurtui guccepra-
IMI0 Ha COMCKAHWE YUEHOH CTele-
HE KaHAugata (GuUsHKo-MareMaru-
YEeCKUX HAYK.

fBnsercs aBropom 6osee 20 Hayy-
HBIX IyOJUKaUi.

06acTh HAYYHBIX WHTEPECOB —
IPUJIOXKeHNe BeHBIETHOTO aHAIN-
3a K 3aJa4aM HeJIVHeHHON IuHA-
MUKH, KJacCHUecKas I XaoTude-
CKas CUHXPOHUBAIUS KoJebaHuit
B pacIpeeIeHHBIX CUCTEMAaX dJIeK-
TPOHHO-BOJIHOBOY IIPHPOLHI ¥ IP.
1. ajpec:
zhuravlevmo@gmail.com

KOHOBAJIOB
Anexcauap
CepreeBuu
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IIpodeccop Kadenpsl ynpaBieHuA
v UHGOPMATUKYN B TEXHUUECKUX
cucremax CaukTt-IlerepOGypreckoro
rocyIapcTBEHHOTO YHUBEDPCUTETA
a9POKOCMHUUYECKOr0 IIPHO0POCTPOE-
HUS, TOYETHBI PaOOTHUK BBICIIIE-
ro mpodeccuoHaIBHOr0 00pasoBa-
Husa PO.

B 1968 roxy oxonuni JleHuHTpag-
CKWIl HHCTUTYT aBHAIMOHHOI'O
mpUGOPOCTPOEHUS TI0 CIIEIHAIBHO-
cTH «IIEKTPOOOOPYOBAHUE JIeTA~
TeJILHBIX alllIapaToB» .

B 1998 roxy sammTui guccepra-
U0 HA COMCKAHWE YUEHOH CTele-
HU JIOKTOpPA TEXHUYECKUX HAYK.
fAsnsiercsa aBropom Gosee 200 Ha-
VUHBIX IyOJUKAIIAN.

O6siacTb HAyYHBIX WHTEPECOB —
aBTOMATHUUECKOe U WHTEJIEKTY-
aJIbHOE YIIPABJICHNE.

9. agpec: Konovalov@c4t.com

KYJAHHNH
Poman
AmnaroasreBuu

HayuHbIil COTPYAHUK HAYIHO-00-
pasoBaTesbHOr0 IeHTpa «Hemu-
HeliHas IMHAMUKA CJIOMKHBIX CH-
crem» CaparoBcKoro rocymap-
CTBEHHOI'0 TEXHUUYECKOTO YHHBEP-
curera um. ['arapuna 0. A.

B 2010 roxy oxomuma CapaToB-
CKHUIl TOCYJapCTBEHHBIN COMAb-
HO-9KOHOMUYECKUN YHUBEPCUTET
mo cmenuaabHOCTH  «IIpOM3BOL-
CTBEHHBIN MEHEIIKMEHT».
SByisieTcss aBTOPOM IIATU HAYUYHBIX
myOIuKAIAN.

061acTh HAYYHBIX WHTEPECOB —
9KCIIEPUMEHTAIBHOE  WCCJIeZ0BA-
HUe aKTUBHOCTH T'OJIOBHOI'O MO3Tra
NpPY BBIMOJHEHUU KOIHUTUBHBIX
3ajau, 00paboTKa, MOJeIUPOBAHIE
¥ CTATUCTHYECKUIT AHAJINS JAHHBIX
OMOIOTMYECKON TPUPOJBI.

91, agpec:
rkulanin2010@yandex.ru
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JATA Tenepasbabiii tupexrop 000 «HIIK JAIIIKOB Muagmmii HAyYHBIH COTPYAHHK
Anexcanap «HHTCeJUIeKTyaJIgHbIe Tpasrcnopr- Hrops J1a00paTOpPUy  MHTeIPHPOBAHHBIX
Hele Cucrembl», Camapa. cucreM apromarusanuu CaHKT-
Huxonaesuy B 2006 roxy oxonumn Camapcruit Bopucosuy TlerepGyprcKOro WHCTUTYTA WH-
TOCYADCTBEHHBIA  TeXHUUECKUN (GopMaTVKM W  aBTOMATH3AI[UN
YHUBEPCUTET II0 CIeIUaIbHOCTHU PAH.
«IIpuknasHad MareMaTHKa ¥ WH- B 2014 roxy OKOHUWI C OTIMUUEM
(opmaruras. Cankr-IlerepOypreKuii HaI[MOHAIb-
fAsnserca aBropom 30 HayYHBIX HBII HCCJIJ0BATENBCKUN YHIBED-
nyOauKaIuii. cUTeT WH(OPMAIMOHHBIX TEXHOJO-
O6acTh HAay4YHBIX HHTEPECOB — T'Hit, MEXaHUKH U ONTHUKHY IO CIeIn-
MYJIBTHATEHTHBIE TEXHOJIOTUH [ aspHOCTH «MH(OPMATIMOHHbIE CH-
CO3JaHUS MHTEJLIEKTYAJNbHBIX CH- CTEMBI ¥ TEXHOJIOTAT».
CTeM yIIpaBJIEHUS PeCypcaMu B pe- fABnserca aBropom 12 HayYHBIX
aJIbHOM BPEMEeHU, MCIIOJIb3YIOIUX nyGauKanyit.
TMPUHIAIIBL CaMOOpPraHu3aIuu 0061aCTh HAYYHBIX WHTEPECOB —
¥ 9BOJIIOLIUAN. yIIpaBJeHre 3HAHUAMHU, TPOQILIU-
9. agpec: lada@kg.ru poBaHme, 6a3kl JAHHBIX, MOGHIb-
HBIE TEXHOJIOTUY, 00IaUHBIE TEXHO-
JIOTUU.
9. agpec: igor-lashkov@ya.ru
JEBEJIEBA AccucrenTt Kadeapbl ITMHAMUKYA U MAMOPOB PykoBoguTe b 0T/eIa PA3Pa0OTKI
Haraabsa VIIPaBJIEHUS IOJIETOM PAKET U KOC- Hrops MaTeMATUYeCKUX MOJeNel, MeTo-
Basephesna Muueckux anmaparoB MI'TY uwme- BiraMMupOBHY nos u axaropurmo OO0 <«HIIK
uu H. 9. Baymana, MockBa, nHKe- «Pasymubie penienusi», Camapa.
uep ITAO PKK «9meprus» wum. B 1989 roxy okoHuMI QUsHUECK Uit
C. I1. Kopoxésa, Koposés. (dakynbrer KyiibpimmeBckoro rocy-
B 2008 roxy oxonumiaa Mockos- IApCTBEHHOTO YHWBEPCHUTETA IIO
CKHil IOCyIapCTBEHHBIA TeXHMUe- creruaabHoCTH «DUBMKA».
ckuit yauBepcuter um. H. 9. Bay- B 2017 ropgy samuTtuin amccepra-
MaHa. M0 HA COMCKAHMEe YUEHO! crere-
SABnsercsa aBropom Gosee 20 Hayd- HY KaHINUJATa TEXHUUECKUX HAYK.
HBIX IyOJUKALWi. SfBnsercs aBropom Gostee 40 Hayy-
O6sacTh HAyYHBIX HHTEPECOB — HBIX IYOJUKAIWIL.
yIIpaBJIeHNE JIeTaTeIbHBIMY allla- 0061aCTh UHTEPECOB — CUCTEMBI HC-
pataMu, MeTOABl 00pabOTKU TeJie- KYCCTBEHHOTO MHTEJLJIEKTa, MYJIb-
MeTPUYECKON HHPOPMATIVIH. THATEHTHbIE CHCTEMBI, TEOPHS OI-
9n. agpec: trigonella@mail.ru TUMUBAIUU, AUCKPETHAS MaTeMa-
THKA.
9. agpec: imayorov@kg.ru
MARKCHUMEHEKO Homent CapaToOBCKOrO rocymap- MAJIBITEB IIpodeccop kadeapsr KocMmuue-
Baaguvup CTBEHHOT'O ';?xm/mecx%o XHI/IBep' Teopruii <]:3K1»1x Da/INOTEXHUUECKUX CHCTEM
curera uM. Larapuna 0. A., crap- 0EHHO-KOCMUYECKOH  aKajeMuu
AnexcaHIPOBUY Huxonaesuy uMm. A. ®. Moskaiickoro, CaHKT-

U HAYYHBIN COTPYAHUK HAYIHO-
obpasoBaTesbHOr0 meHTpa «Hemn-
HelHasd NUHAMUKA CJOKHBIX CH-
cTeM».

B 2012 romy oxomumn Caparos-
CKUI FOCYZapCTBEHHEBII YHIBEPCH-
rer uM. H. I. UepHbIeBcKOro mo
crenuanbHoCcTH «DUBUKA OTKPHI-
TBIX HEJIMHEHHBIX CHCTEM».

B 2015 rogy sammTui amccepTa-
L[MI0 HA COMCKAHWE yUYEHOM! CcTere-
HU KaHAuAaTa (Pus.-MaT. HayK.
SBnsercsa aBropom 6osee 50 HayU-
HBIX TyOJUKATWL.

061acTh HAYYHBIX HHTEPECOB —
aHAJIN3 YCTONYUBOCTY AUHAMUYE-
CKUX PEKUMOB, PeaTU3yIOMUXCA B
NIPOCTPAHCTBEHHO-PACIPELEIeH-
HBIX CHCTEMaX PasJMYHOIN TIPUPO-
IBL U ID.

AI1. ajgpec:
maximenkovl@gmail.com

IlerepOypr, 3sacay:KeHHBIH [es-
TeJb HaYKU P®, neiicTBUTEIbHBIN
wieH AKageMuu KOCMOHABTUKHI
um. K. 9. [luonkosckoro.

B 1980 roxy oxonumsn BoeHHBIH
WHKEeHepHBI KpacHO3HAMeHHBII
unCcTUTYT UM. A. @. Moskaiickoro
mo crmenuanbHOCTH <« PanmorexHu-
YeCKHe CUCTEMBI KOMILJIEKCOB» .

B 1994 ropy samuTuin guccepra-
M0 HA COMCKAHWE YUEHOH CTele-
HU JOKTOpPA TeXHUIECKHUX HAYK.
Asnsiercsa aBropom Gosmee 300 Ha-
VUHBIX IyOauKanuit u 27 maTeHToB
Ha M300peTeHns.

06 acTh HAYYHBIX MHTEPECOB —
00paboTKa CUTHAJIOB B PAfUOTEX-
HUYECKUX U OITHKO-3JIEKTPOHHBIX
“H(QOPMANOHHBIX CUCTEMAaX 1 AP.
Au1. agpec:

georgy maltsev@mail.ru
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OCTPOYMOB AnpioEKT Kadeapsl obmenpodec- ITACTYIIIORK Crapmnii mpemogaBartenb Kaden-
Oxer CHOHAJIBHBIX JUCIUAILIAH BoeH}éoﬁ Hrops pBI I/I}é(bOKOMMyHI/IgaLU/IOHHLIX cu-
akagemuu cBsa3u uM. Mapirasa Co- crem Caskr-IleTepOyprckoro rocy-
A‘HeRcaanOBHq Berckoro Coosa C. M. Byxennoro, AHaToBEBHY JapCTBEHHOTO YHUBEPCUTETA a3po-
Cankr-TleTepOypr. KOCMUYECKOT0 IIPHOOPOCTPOEHUA.
B 2009 roxy oxoruu CTaBpomob- B 2014 ronmy oxomumn CaHKT-
CKWI1 BOGHHBII HHCTUTYT cBA3U PB IleTepGyprekuii rocyjapCTBEHHBII
mo crenuansHocTu «PanuocBass, VHUBEPCUTET a9POKOCMUUIECKOTO
PaJMOBeIIaHNe U TeIeBUCHIE. mpuOOPOCTPOEHHUS TI0 CIIEI{AATHHO-
fBnsercsa aBTOPOM TpeX HAYYHBIX cru «KoMmekcHas 3amuTa 06beK-
myOJIKAIIVIH. TOB MH()OPMATUBAI[AL».
06acTh HAYYHBIX WHTEPECOB — fBngerca aBTopoM 12 Hay4yHBIX
MaTeMaTHYecKoe MOJeINpOBaHVe TyOIuKAIW.
KAHAJOB CBASU, IIOMEXOYCTONYM- 061acTh HAyYHBIX WHTEPECOB —
BOCTh CHTHAJIOB, MHOTOMEDHEIE MaTeMaTHUecKas ONTUMH3ALU,
CUTHAJIbHBIE KOHCTPYKIIUH, DadHe- 0eCIpOBOAHEIE CETH, AJTOPUTMBI
CEeHHBIN IPUEM. pacupesieJieHUA PECYPCoB, TEOPHUA
9. agpec: oleg-26@mail.ru BEPOSITHOCTH, MMHUTAIMOHHOE MO-
JeJupOBaHMe.
9. agpec: i.pastushok@vu.spb.ru
IINCAPYHERK IIpodeccop, Bepymuii HayUHBIH ITPOTACOB Mupagmuii HayuHBIH COTPYZHUK
A JIeKCaH/P COTPYAHUK HEHTPa T6140Me/:um1/m- IIagea CapaToBCKOr0 TroCyZapCTBEHHOTO
cKux TexHoJoruii TexHWYECKOro TEeXHUYECKOTO0 YHUBEPCUTETA MMe-
Hukomaemy yHuBepcutera Mazapuzna, akape- AJIeRcaHIIPOBI/I'-I uu larapuna 10. A.
MUYECKUN peJaKTop JKypHaja B 2013 roxy oxonuma CapaToB-
PLoS One u 1p. CKUI rOCy/JapCTBEHHBIN YHUBEPCH-
B 1976 roxy oxonuma Bemopyc- rer uMm. B. W. PasymoBckoro
CKWI1 rOCyJapCTBEHHBII YHIUBEPCH- o crenpasibHocTH «KnnHnueckas
TeT 10 crernuatbHoCT «DusnuKas. TICHXOJIOT U,
B 1990 roay sammTui auccepra- SfBisercs aBTOPOM IIATH HAYUHBIX
M0 HA COMCKAHWE YYEHOH CTelle- ny6auKaIuil.
HU KaHAuzaaTa (pusuKo-MareMaTu- O61acTh HAyYHBIX WHTEPECOB —
YEeCKUX HAYK. Teopus PaspALHBIX BHIUUCIEHUI,
SfBnsercsa aBropom Gosnee 300 Ha- MEeTOAbI IPOEKTUPOBAHUA CIIEIl-
VUHBIX TYOJIMKALAN U IATH TaTeH- TIPOIIECCOPOB IJIA CUCTEM KOHTPO-
TOB Ha N300peTEHUS. JIfl ¥ YIPaBJIEHN, OMTUKO-HH(POP-
06acTh HAyYHBIX WHTEPECOB — MaI[MOHHbIE CHCTEMBI.
HeJIWHeHHas [WHAMUKA, Xaoc, 911. anpec:
CUHXPOHUBAINA, HEHPOHHAS MIU- protasovpa213@gmail.com
HAMWKA,  MYJIBTHCTA0UIBHOCTD,
croxacTuueckue 9(pQheKTsl, aHAIN3
HeHpO(hUBUOTOTNUECKUX JaHHBEIX
u nHTEP(ENCH MO3T-KOMIIBIOTED.
9I1. ajgpec:
alexander.Pisarchik@ctb.upm.es
PYHHOBA Hoxropast, foneHT Kadespbl aBTo- CEPTEEB Crapmuii TpemogaBaTenh Kades-
AHacracus MaTHBAIVY, YIPABIEHUA, Mexa- Anexcanap DHBI BBIYKUCIATENBHBIX CHCTEM U Ce-
EBrenneBHa TporuKH (CapaToBCKOr0 rocymap- MuxaitToBuy reii Camkr-Ilerepbyprekoro rocy-
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CTBEHHOTO TE€XHUYECKOTO YHUBEP-
curera uM. larapuna 0. A., crap-
N HAyYHBIH coTpyxiHuK Hayu-
HO-00pasoBaTeabHOro IenTpa «He-
JIMHeHAd [OUHAMUKA CJIOMKHBIX
CHCTEM».

B 2005 rogy oxonumaa Caparos-
CKUIl TOCYyZapCTBeHHbII YHIBEPCH-
rer uM. H. I. UepHsIeBckoro no
crenuaitbHOCTH «DUBUKA».

B 2008 rozy samuTtuia guccepra-
U0 HA COMCKAHNE YUEHOH CTele-
HE KaHAuzata (GpusMKo-MareMaru-
YECKUX HayK.

fBnsiercss aBropom Gostee 40 Hayy-
HBIX ITyOJIMKAIIWIA.

O6smacTs HAyYHBIX HHTEPECOB —
TeOpusA AUHAMUYECKUX CHCTEM,
HeWpohu3noaorus, MeToxbl obpa-
0OTKH JAHHBIX.

9. agpec: anefila@gmail.com

IIAPCTBEHHOTO YHUBEPCHUTETA a9PO-
KOCMMYECKOT0 IIPUGOPOCTPOEHU .
B 2004 roxy oxomumn CaHKT-
IleTepOyprexkuil rocymapcTBeHHBIR
VHUBEPCUTET a3POKOCMHUUECKOr0
prUOOPOCTPOEHHS TI0 CIIEI[UATBHO-
ctu «BerumcauTebHbe MAUINHEL,
KOMILIIEKCBI, CHCTEMBI U CeTH».
SfABnsierca aBTOpOM 32 HAYUHBIX
nyOIMKAIU.

OGsacTh HAYYHBIX HHTEPECOB —
YICJIEHHbIE METOZAbI, TEOPUS BBI-
YHC/IATEIBHBIX MPOIECCOB, IPOEK-
TUPOBAHNE CIEINATN3NPOBAHHEIX
IIPOLIECCOPOB.

9. agpec: asklab@mail.ru
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Anexcanap
JdemMbaHOBUY

IouenT, mpodeccop Kadeapsl 00-
1enpodeCcCuOHAIBHBIX Iucu-
nauH BoeHHO aKkageMun CBA31
uM. Mapmaaa Coserckoro Co-
o3a C. M. Byzmennoro, Cankt-
TleTepOypr.

B 1989 roxy oxkorumnn ITonraBckoe
BBICIIIEE BOEHHOE KOMAHJHOE yUu-
suine cBsasu uM. K. C. MockaieHKO
mo crenuanbHocTH <«KoManzmHas
TaKTUUYeCKas BOUCK CBA3W».

B 2014 romy samwurui amccepTa-
I[MIO0 Ha COMCKAHWE yUYeHOH cTere-
HU JIOKTOPA TEXHUYECKUX HAYK.
SABnsiercss aBropom Gosee 170 Ha-
VUHBIX MYOJIUKAIUN U AECATH Ia-
TEHTOB HA U300PETeHNU .

O6sacTh HAyYHBIX HHTEPECOB —
o01as Teopus CBSASU, TEOPHUSA WH-
(opmarnuy, MeTOABI 3ALTUTHl WH-
(hopmaruu, moACcUCTEMBI YIPaBJIe-
HUSA KJIIOYaMB KpunTorpadude-
CKHX CHCTEM.

9. agpec: eentrop@rambler.ru

COJIOBBEB
Cepreii
Baagumuposuu

lonent xadenps! AUHAMUKEA U
yIpaBJEHU IIOJIETOM PAKeT U KOC-
MuYecKkux anmapaToB MoCKOBCKO-
T'0 TOCYZAPCTBEHHOTO TEXHUIECKO-
ro yauBepcurera umenu H. 9. Bay-
maHa, MockBa, BegyIIUil KOH-
crpykrop ITAO PKK «dueprusa»
umenu C. I1. Koposésa, Kopoues.
B 1993 roxy oxkoruna MocKoBCKMit
TOCYaPCTBEHHBIN  TEXHUUYECKUH
yuuepcuter um. H. 9. Baymana
mo crmenuaJbHOCTH  «PakeTHBIE
IBUTATEIIN».

B 1996 roay sammTui auccepTa-
I[MIO0 Ha COMCKAHNE yUeHOH CcTere-
HU KaHANATA TEXHUYECKUX HAYK.
SBnsercs aBropom Gostee 30 Hayy-
HBIX IYOJUKAIW.

O6acTh HAyYHBIX WHTEPECOB —
TIPOEKTHPOBAHIE ABTOMATHUECKUX
KOCMUYECKUX allapaToB, YIPaB-
JIeHe KOCMUYECKUM II0JIETOM, UH~
TEJIIEKTYaIbHBI aHAIN3 JaAHHBIX.
9I1. ajgpec:
sergey.soloviev@scsc.ru

TATAPHHUKOBA

Tareana

MuxaiitoBHa

IIpodeccop kadenpsr GesomacHo-
cTi  WHQPOPMAIMOHHBIX — CHCTEM
CankT-Ilerepbyprckoro rocygap-
CTBEHHOT'O YHUBEPCUTETA a3POKOC-
MHIYeCKOro IPHOOPOCTPOCHNU .

B 1993 roay oxonuunia Bocrouno-
CubupcKuil TeXHOJOTMUECKUN WH-
CTUTYT IO CIEIUATBLHOCTH «DJIEK-
TPOHHO-BBHIUUCIUTEIbHBIE MAIIIH-
HBI, KOMILIEKChI, CHCTEMBEL U CETH».
B 2007 roxy samuTuia guccepra-
IUI0 HA COMCKAHWE YUeHOH crele-
HU JOKTOPA TEXHUIECKHUX HAYK.
fAsnserca asropom Gosee 100 na-
YUYHBIX TyOIUKAIAA.

06acTh HAYYHBIX WHTEPECOB —
“H()OKOMMYHUKAINY, B3aNMOeli-
CTBUE HEOTHOPOAHBIX CETEl.

9. agpec: tm-tatarn@yandex.ru

TAYBUH
deaurc
AnexcanapoBuyu

IIpodeccop kadenpsl nHGDOPMAIIH-
onHBIX cucteM CankT-IleTepOypr-
CKOTO TOCYZApCTBEHHOTO YHUBEP-
cuTeTa aspPOKOCMUYECKOro mpubo-
POCTPOEHU .

B 1968 roxy oxkonuns JleHuHTrpaa-
CKHN WHCTUTYT AaBUAIMOHHOTO
mpuOOPOCTPOEHHUS IO CIIeIIHATHHO-
ctu «PasuosseKTPOHHbBIE YCTPOI-
CTBA CHCTEM YIIPABIEHUA».

B 1992 roxy samwmTui aumccepra-
U0 HA COMCKAaHNE YUEHOU CTere-
HU JOKTOPA TEXHUIECKUX HAYK.
SBnsercsa aBropom Gosee 80 Hayy-
HBIX NYyOJUKANWil, JeBATH IaTeH-
TOB ¥ BYX M300PETeHNII.

061acTh HAYYHBIX WHTEPECOB —
nu(pPOBLIE CUCTEMBI CBSSH, METO-
IIbI TIOMEXO0YCTONYMBOTO KOIUPOBA-
HUS, IAPOKOIOJOCHEIE CHCTEMBL,
0eCIIpOBOHbIE CETH.

9. agpec: ftaubin@yahoo.com

XPAMOB

Anexcaump
EBrennesuu

Basenyomuii kKadexpoit aBToMa-
THSAINN, YIPABIEHUA, MeXaTpo-
Huky CapaToBCKOTro rocyfapCcTBeH-
HOTO TEXHUYECKOI0 YHUBEPCUTETA
um. Tarapmna 0. A., nmpodeccop
Kadeopel JTEKTPOHUKH, Kojeba-
Huit u BoaH (CapaTroBCKOro ro-
CYZapCTBEHHOTO VHUBEPCUTETA
um. H. I. YepHbImmeBcKoro.

B 1996 roxy oxomumn Caparos-
CKWIii rOCYJapCTBEHHBII YHIUBEPCH-
rer um. H. I. YepHbImeBckoro.

B 2005 roxy sammTui auccepTa-
IMI0 HA COMCKAHNE yUEHOH crere-
HU JOKTOpa (PpU3MKO-MaTeMaThde-
CKUX HayK.

fBnsercsa aBropom Gosnee 200 Ha-
VUHBIX TyOJUKAIIVIA.

ObJsiacTh HAyYHBIX WHTEPECOB —
HeWpPOHAYKa, TeOPUS CJIOKHBIX Ce-
Tell, BeBIeT-aHAIN3 1 €0 IPUJIO-
JKEeHUS B HEJIMHEITHON TMHAMUKE 1
HeIpOHAyKe, HelpouHTep(dEChH.
9. agpec: hramovae@gmail.com

YOJAK
ITapt

Acnupant TeXHUYECKOTO YHUBED-
curera Magpuja.

B 2017 roxy mosyumn gumiom 6a-
KasiaBpa VHAWICKOrO MHCTUTYTA
TEXHOJIOTMM II0 CIIEeNHUaJbHOCTH
«MexaHuuecKas VHIKEHePUs»,
B 2018 rogy — cTemeHb Marmcrpa
[0 CrenUagbHOCTH «BruonHKeHep-
Hble HayKu» B TeXHUUYECKOM YHU-
Bepcurere Magpuna.

SBisieTcss aBTOPOM IIATU HAYUHBIX
myOIUKAIAM,

Ob6sacTh HAyYHBIX HHTEPECOB —
aHAIN3 HeHPOGUBUOJOTUUECKUX
CHUTHAJIOB U BHIABJIEHUE OHOMapKe-
POB, CBA3AHHBIX C TAMATHIO, 00JIe3-
HbIO Aublreiimepa, BooOpaskae-
MBbIMU JBUXKEHUS, IPUHATAEM pe-
IIeHUH.

1. azpec:
parthchholak@gmail.com

N5, 2018
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IITAHBKO IloxTopanT Kadenpsl KocMuue- IMYMCEKASA AcnupaHT, MIaIIN HAyYHBIH cO-

Cepreii CKUX DajIMOTEXHUUECKUX CHCTeM Oabra TPYAHUK J1abOPATOPUU ABTOHOM-

BlaaMMUDPOBHY BoeHHo-ROCMqucxgn aKageMun OJIeroBHAa HBIX POOOTOTEXHUUYECKUX CHCTEM
umenn A. @. Moxkaiickoro, CankT- CaukT-IleTepOyprckoro HMHCTUTY-
TTerepGypr. Ta MH(QOPMATUKUA U aBTOMATH3a-
B 1999 roay oxonums BoeHHBIH nuu PAH.
WHKEHEPHO-KOCMUUYECKUN  YHU- B 2018 roxy oxomumma Tomckuit
epcurer uM. A. . Mokaiickoro TOCYZApCTBEHHBIH  YHUBEPCUTET
mo cmeruanbHOCTH «Pagmosiex- CHCTeM YIPABJIEHUS U PAJI0IEK-
TPOHHBIE CUCTEMBI». TPOHUKU TI0 crenuajbHocTH «VH-
B 2004 roxy samwuTui guccepTa- (hopMaIMOHHO-aHAJUTHUECKIE CH-
IMI0 Ha COMCKAHWE YUEHOH CTele- CTEeMBI 6e30IaCHOCTI».
HU KaHANATA TEXHUUECKUX HAYK. flBnsercss aBropoM 15 HAYUHBEIX
fABnserca aBropom 46 HayUYHBIX myOJIMKaIUil, JBYX I[aT€HTOB Ha
nyOJuKaIuil 1 BOCBMU Y4EOHBIX nporpaMmsl 15151 9BM u ogHOrO m1a-
U3TAHNH, TeHTa Ha 0a3y JaHHBIX.
061acTh HAYYHBIX WHTEPECOB — O61acTh HAyYHBIX MHTEPECOB — CTe-
samura uHGOPMAUUM B pajguo- raHorpadus, creroaHaaus, udpo-
TeXHUYECKUX KOMIIJIEKCAX YIpPaB- BbI€ 00'BEKTHI, METOJIBI KJIaCCU(IKA-
JeHus, cbopa U mepegaun MHPODP- UK.
MaIiu. 9u1. agpec:
dn. agpec: craft2001@mail.ru shumskaya.oo@gmail.com

AKNMOB IlokTopaHT Kadeapbl KocMUUe-

Bukrop CKUX PAJUOTEXHUUECKUX CHCTEM
BoeHHO-KOCMUUYECKON — aKajeMuu

JleonHumoBuu
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uM. A. ®. Moxaiickoro, CaHKT-
IleTepOypr.

B 2000 roxy oxomumsn BoeHHBIi
WH)KEHEePHO-KOCMUYECKUN WHCTH-
tyT uM. A.®. Mokaiickoro mo
crenuantbHOCTH «PagioaIeKTpoH-
HBIE CHCTEMbI KOCMUYECKUX allla-
paroB».

B 2005 roxgy samuTmi amccepTa-
IIMIO0 Ha COMCKAHME yUYeHOH CcTele-
HU KaHANAATa TEXHUYIECKUX HAYK.
SBnsercsa aBropom Gosiee 50 Hayy-
HBIX IYOJUKAIWI.

O6GacTh HAYYHBIX WMHTEPECOB —
MOZEeINPOBAHYE CJIOKHEIX CUCTEM,
MeTOAbI 00pabOTKU TejeMeTpuye-
CKOIl MH(OPMAINU, TEXHUUECKAT
IUArHOCTUKA, MeTOAbI 00paboTKI
n300pakeHn .

9. agpec: yakim78@yandex.ru
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