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B crarbe BbINonHeH Mopdonoruveckuin aHanus 3ajjay, KOTopble peluatoT-
CA CpeACTBaMU NMOMEXOYCTOMYMBOrO KOAMPOBaHUA B CUCTEMaX ANCTaHLM-
OHHOTO ynpasneHus po6oTusupoeaHHbIMM o6bekTamMu. MpueoaaTca n aHa-
NU3UPYIOTCA HOBbIE METO/ M anrOpUTMbI 3aLLUTbl NepeAaBaeMbIX AaHHbIX
ot owmnbok. MNMpeanoxeHHble MeTOA U aNrOpUTMbI pa3paboTaHbl Ha OCHO-
Be MOpONOrM4ecKoro CUHTe3a CBe/IeHNi, U3BECTHLIX B JaHHOM nNpeaMeT-
HoW 06nacTn, Ho KOMGUHUPYEMbIX MO-MHOMY Al JOCTHIKEHUA TeXHUYeC-
KOro pelueHus, NPeBOCXOAALLEro No KayecTsy U3BecTHble aHanoru. Ha-
npuMep, NPUMEHUTENBHO K U3BECTHOMY METO/ly NepPeCcTaHOBOYHOIO J1eKO-
AVPOBaHUA, CBA3aHHOIO CO CNOCO6GOM MATKOro AeKkoAnpoBaHus, fo6aBnA-
€TCA NOHATUE KOTHUTMBHOM KapTbl AOMYCTUMbIX NEePeCcTaHOBOK CUMBOJIOB
MPUHATOrO NPUEMHUKOM KO0BOTO BEKTOpPA, YTO No3BoNAeT niobGble nepe-
CTaHOBKMW OrpaHM4€HHOI0 MHOXXECTBa CUMBOJIOB BbIYUC/IUTL aripuopy U Ha
NX OCHOBE MOJTy4YUTb FOTOBblE peLleHus No (pOpMMPOBaHUIO NapaMeTpoB
3KBMBANIEHTHOTrO Kopa. TakuM o6pasoM, cnoxHble B apucMeTUdeckom
nnaHe MaTpuyHbie npeo6pa3oBaHua, NpeAnMcaHHble KNacCMHeCKMM MeTo-
AOM NONyY4eHUsA SKBMBAJIEHTHOTO KOJa, 3aMEHAIOTCA HEKOTOPbIM CMMCKOM
roToBbIX pelueHun. 1o obecneymBaeT BO3IMOXKHOCTb B CUCTEMAX peanb-

NHdopmauus o6 asmopax:
Azeee Cepeell AnekcaHdpoeu4, O00OKMOp MeXHUYECKUX HAYK,
um admupana C. O. Makapoea, e. Cankm-lemep6bype, Poccus

doueHm,

3asedyrowuli  Kagedpol

DOI: 10.36724/2072-8735-2024-18-3-4-10

Manuscript received 02 February 2024;
Accepted |0 March 2024

Kntoueebie cnosa: mopgonozuyeckuli cuHmes,
nepecmaHogouHoe 0ekoduposaHue, SK8UBAEHMHBIU KOO,
npou3eodumesnibHas nepecmaHoseKa, HenpouzgooumesibHAsA
nepecmaHoeka, UHMepeasbHbII 8eKMOp, aslbmepHamugHoe
peweHue

HOro BPEMEHM MCMOMNb30BaTbh KOPOTKME ABOUYHbIE U3GLITOUHBIE KOAbI.
MokasaHo, 4To AnA Nofo6HLIX KOJOB BCe NEPECTAaHOBKM AENATCA Ha [Ba
HernepeceKaloLMxca noMHoxKecTea. Mepsaa YacTe NnepectaHoBOK Aonyc-
KaeT nony4eHue 3KBMBANIEHTHbIX KofoB. Bropas yactb nepecraHoBok npu-
BOAMT K BbIPOXK/JEHHbIM NepecTaB/ieHHbIM MaTpULiaM, KOTOpbIe He M03BO-
NAIOT peanu3oBaTh METOJ NMepecTaHOBOYHOTO fileKoaupoBaHua. B paborte
060CHOBaHO, 4TO 06e 4acT KONUYECTBEHHO MPUMEPHO OAMHAKOBbLI JJiA
60NbLUMHCTBA ABOMYHBIX KOZAOB, YTO CHUMXKAET 3(P(PEKTUBHOCTb UCMONbL30-
BaHUA MeTO/J]a NepecTaHOBOYHOTO JAeKoAupoBaHuA. [lokasaHo, uTo nio-
6y10 nepecTaHOBKY B KOTHUTUBHbIX KApTax MOXKHO NPeACTaBUTb, KaK JIOTMH
B yueTHow 3anucu. Ho, B oTnnumne oT U3BECTHBIX peLLIEeHUH, KaXKAbIA IOTUH
uMeer aobaBneHne B hopMaTe anbTEPHATUBHBIX PELLIEHU, MO3BONAIOLLIEE
TOYHO OMpEeAENUTL PesynbTaTUBHYIO MOCNEeA0BaTENbHOCTL AEWCTBUI MO
npeo6pa3oBaHMI0 KOHKPETHOM CUTyaLuu C HEeyAa4yHOM MepecTaHOBKOWA.
MpuMeHeHne fo6GaBneHU NO3BONAET NOBLICUTL NPOAYKTUBHOCTb MpoLie-
Aypbl NEPECTaHOBOYHOIO A€KOAUPOBAHUsA 3a CHET OAHOM anNbTEPHATUBHOM
nepecraHoBku ¢ 50% po 90% npu Mcnonb3oBaHUM OJHOBPEMEHHO ABYX
AOMNONHUTENBHbIX NEPECTAaHOBOK.
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BBenenne

VHTeHCHBHOE pa3BUTHE CHCTEM YTIPABICHHS TPAHCTIOPTHBIMHU
cpe/cTBaMu 0e3 MPSIMOTo y4acTHs YeJloBeKa, IPUMEHEHHEe Oecru-
noTHbIX annapatoB (BA) B kauecTBe 11€JIeBOr0 JTUCTAaHIIMOHHOTO
30HAMPOBAHUS 3a/laHHOTO Y4acTKa MECTHOCTH MM aKBAaTOPHUH,
pa3BUTHE POOOTOTEXHUKH O0BEKTUBHO MOTPEOOBAIN TEXHOJIOTH-
YeCKOro 0OBEAMHEHNUS SJIEMEHTOB CHCTEM YIIPABJICHHS C CHCTe-
MaMH TeJleKOMMYHHKalnuu. IIpu 5TOM OCHOBHBIM CPEACTBOM Op-
TaHW3aLUU KaHaJa CBA3H SIBJIETCS CUCTEMA PAJUOCBSI3H, KOTOPas
C TOYKH 3pPEHHUS TIOMEXOYCTOHYMBOCTH B HaMMEHBIICH CTENCHN
3alIMIIEHa OT BINUSHUN TOMEX €CTECTBEHHOTO MITH IIPeTHAMEPEH-
HOTO XapakTepa. 3aliuToN OT BIMSHHS IOMEX B PAIHOKAHAIIE SB-
JISIETCSI MCTIOIB30BAaHNUE KOIOBBIX MIIN AITOPUTMUIECKUX METO/I0B
00pabOTKH JaHHBIX, KOTOPBIE B COBOKYITHOCTH IIO3BOJISIOT OBBI-
CHTB MapameTp dHepreTuyeckoro Berpsiiia kojaa (9BK), obec-
MEYMBAIONIET0 TPeOyeMblii YPOBEHb JIOCTOBEPHOCTH JaHHBIX
[1-5].

Jna nomyuenus Hawtyudiiero pesyiasrata OBK npennaraercs
UCTIONB30BaTh PACHIMPEHHOE INPOCTPAHCTBO IOMCKA IpHEMIIe-
MOTO TEXHHYECKOT'O PEIICHHs, OIyYUBILIETr0 Ha3BaHue Mopdo-
JIOTMYECKOT0 METO/Ia, BKIIIOYAIOMIETO B ceds MOCiIeI0BaTeIbHOE
HCIOTh30BaHNEe Mopdomorudeckoro aHamusa (MA) u mopdoo-
ruyeckoro cunaresa (MC) [6-8]. Hanpumep, Ucionp30BaHUE MSAT-
KHX PEIIEeHUH 10 aCHMIITOTHYECKUM OLICHKaM 00eCIeunBaeT Mo-
Bermerne DBK 1o 3 ab [1, 2]. JlomomHUTEIBHBIN BRIUTPHIII TEO-
PETHYECKH MOXHO MOJYYHTh 33 CUET UCTIOJIb30BAHMSI METO/1a TIe-
pectanoBo4HOro nexoaupoBanus (I1/]) rpynmoBbIX H30BITOYHBIX
KOJI0B. B 3TOM ciiyyae Ha OCHOBE MSATKHMX PEILLICHUN 3a CUET paH-
JKHPOBAHMS HyMEPAaTOPOB CHUMBOJIOB B MPUHATOM KOJIOBOM BEK-
TOpe M repeHoca (epecTaHOBKH) HanboJIee Ha/Ie)KHBIX CHMBOJIOB
Ha MecTo MH(OPMALMOHHBIX pa3psIoB, U COOTBETCTBYIOLIETO
rpeoOpa3zoBaHKe MOPOKAAIOIIEH MaTpHIbl OCHOBHOTO Koja G B
MaTpHIly dKBHUBaNIeHTHOTO kKoxa (OK) G, MonyduTh BEKTOp Ta-
Koro koxa [2, 5, 9]. [Ipuemuunk mocine popmupoBanus Bekropa K
CPaBHHUBAET €r0 C MEePEeCTaBICHHBIM BEKTOPOM OCHOBHOTO KOJa 1
M0 Pa3HULE CUMBOJIOB OIPEIEIIETCS BEKTOP OIMIMOOK, AEHCTBO-
BaBILIMI B KaHAJIE CBS3M B XOJI€ pHeMa KOMOUHAIIM OCHOBHOT'O
Koja.

Metox MC mnoncka3bIBaeT, 4To KpaifHe HEBBITOJHO TPAaTUTh
pecypc MUKpOINpOLECCOpa MPUEMHUKA Ha BBIYUCICHUE MaTPHILIBI
G, TPAKTUYECKHU JUTSI KQXKIO0H MPUHATONH KOMOWHAIINY B KJIACCH-
YEeCKOM BapHaHTE, a BMECTE C 3THM OMPEACNATh OOPaTHYIO Mart-
pHILy 1715 €€ TIEPECTABICHHOT0 aHAJIOTa 1 110 OMEKINHU ITPUHITOTO
W TIEPECTaBIIEHHOTO BEKTOpa KOIOBOH KoMOWHAmmu (HhopMHUpo-
BaTh MaTpully IepecTaHoBoK. Hambomnee BaKHBIM MOMEHTOM B
OIMMCAHHOM IIETTOYKE COOBITHH SIBIISETCS BBIUMCICHUE TS KayK IO
HepeCTaBICHHON MaTPHUIIBl €€ ONPENCITUTENs, ITOCKOJIBKY JUIs Ta-
KOH BBIPOXKJICHHOW MaTPHUIIbI HAUTH O0OPATHYIO MATPHILY HE TIPE/I-
cTaBJsieTcst BO3MOXKHBIM. Ho, Kak ObLI0 1OKa3aHo BBILLIE, [IPU pe-
anmzanuu [1J] Bce mepecTaHOBKM M WX CBOWCTBA MOTYT OBITh
OIpeieIeHbl 3apaHee. DTO 03HAuYaeT, YTo Ul MEePECTAaHOBOK, Y
KOTOPBIX TEPECTABIECHHAS MATPHIA G, ABIAETCS HEBBIPOKICH-
HOM 1eecoo0pa3Ho IS Hee 0OpaTHYI0 MaTpPHUILY Gn‘elp OLICHUTD
arpHoOPH U 3aHECTH ATO 3HaYeHHe B KOTHUTUBHYIO KapTy (KK) ne-
kozepa. [Ipu aTom Takas kapta nmomydaeT HazBanue — KK mpous-
BOJIUTEIIBHBIX NepecTaHoBOK Hymepatopos (ITITH) cumBoioB ko-
JIOBOT'O BEKTOPA, MOCKOJIbKY TaKUE TIEPECTAHOBKH B OOIIEM CIIy-
yae no3BoJsitoT noayuuth OK. B npotuBHoMm ciydae, KK momy-
yaeT HAUMEHOBaHHME HEIPOM3BOJUTEIBHBIX MEPECTAHOBOK
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rymeparopos (HITH). ITo mousTHEIM mpuanHam MEHOKecTBa [1TTH
n HITH He nepecekarorcs U 03TOMY pa3pelieHue TOM WK HHOM
MEpECTaHOBKU MOXKET IIPOU3BOAUTHCS OTHOBPeMEHHO B 1BYyX KK.
B pesynbrare moucka Oe3anbTepHATUBHO OTKIMKACTCS TOJIBKO
onna KK u3 naByx.

Metox MC tpeOyeT u3ydeHue TOHKOH CTPYKTYpbl Ha3BaHHOM
napsl KK, xoTopast MoxeT criocoOCTBOBaTh MOBBINICHHIO Y hek-
tuBHOCTH cuctembl [1]] u mpaBuibHON QopMynmpoBKe Henu pa-
60Tb1. L{esbro paboThI sIBIISIETCS HCCIe0BaHNE CITIOCOOO0B HIEHTH-
(UKanuK 1MepecTaHOBOK HyMEPaTOPOB CHMBOJIOB KOJIOBBIX BEK-
TOPOB JIBOWYHBIX TPYMIIOBBIX KOJIOB B XO/I¢ NX MPEOOpa3OBaHUH
B CHCTEME ITEPECTAHOBOYHOTO JICKOANPOBAHUSL.

Kuaccudukanusi nepecTaHoBOK
U X CTATHCTHYeCKHe CBOICTBA

ITpunnunst I1/] cuctemaTuyecKUx TIPYNIOBBIX KOIOB W3-
BECTHBI U3 HCTOYHUKOB [9-13]. YuuTtbiBas ciennpuky rmpakTiye-
CKOTO Hcnonb3oBanus BA juis uccienoBanust ObUTH BEIOPAHbI KO-
poTtkue n30bITouHble Koabl (7, 4) — Kox XOMMHHTA; JBa KOJa
boyza-Uoyaxypu-Xoxsunarema (BUX) (15, 5) n (15, 7); cosep-
meHHblid ko ['omnes (23, 12) u ero ykopoueHHBIH ananor (19, 8).
C Hcronap30BaHNeM CIEUAIbHO Pa3padOTaHHOM ITPOTrpaMMBbl Me-
TOJIOM IIPSIMOTO TIepebopa BCceX BOZMOKHBIX IEPECTaHOBOK HyMe-
paTopoB s yKa3aHHBIX KOJOB OBUIM TOJYYEHBI JOCTATOYHO
HEO0KUJAHHBIE JIAHHBIE 10 MPOLEHTHOMY cooTHoeHuto [IITH u
HITH npakTudeck Ui BceX KOJOB, KOTOPHIE IPUBEICHBI B Ta0-
qurne 1. Ecnm nost kona (7, 4) 3nauenue I1ITH cymecTBenHo mpe-
BocxoauT nokazarenb HITH, 4To BakHO ¢ mpakTUYecKol TOYKU
3pEeHHs, TO I APYTUX KOJOB 3TO COOTHOIIEHUE CTAHOBUTCS He-
yIOBJIETBOPUTEIbHBIM. [[pUHIIMITHAIEHO ATO 03HAYAET, YTO B IO-
JIOBHHE cIy4aeB npouenypa I1]] okaspiBaeTcst He BBIIOTHUMA JUIS
JIOCTaTOYHO 3(P(PEKTUBHBIX aNreOpandecKu JNeKOANPYEMBIX KO-
OB ¥ 0003HAYeHHBIH B pabore [9] mopor mo WCIpaBICHHUIO
(n — k) ommbOK OKa3bIBaeTCSA AKOOBI HETOCTHKUMBIM.

Bwmecrte ¢ aTiM, oOparieHne Kk MetogaM MA MOKa3bIBaeT, 4To
B3STHIC U3 CETEBBIX TEXHOJIOTUH CIIOCOOBI COTIPOBOXKICHHS CITH-
COYHBIX 3aITUCEH aTbTePHATUBHBIMHU PEIICHHUSIMH, TO3BOJISAIOMINX,
HaIpuMep, I3MEHUTh MapIIPYTU3AINIO WIIH HHBIC BaYKHBIC TTapa-
MeTphI TpaduKa, MOTYT UTPaTh MOJOKUTEIBHYIO POJIb M B CH-
creme IIJI. Ilpensaraercs OLEHUTh 3aKOHOMEPHOCTH 3amucei
anpuopHbIX BeraucieHui 1uist KK, mo3Bosisiiommx CHU3UTh 00beM
JTAaHHBIX, BHOCHMBIX B ITaMsTh nporieccopa BA ¢ ykazanuem Ha oc-
HoBe MC myTH panMOHAIBHOTO MPe0Opa30BaHKs MEPECTAHOBOK
tuna HITH k nepecranoskam I1ITH, 1 Takum o6pa3zom crenats 60-
Jiee COBEpIIEHHOM paboTy nekozaepa Ha 6opTy BA.

Tabumna 1

IIpouentHoe cootnommenuit [IITH n HITH no pesynasTaTtam
CTAaTUCTUYECKUX HUCTIBITAHUN

XsMMuHra Kon INonest
KO Kox BUX Kox BUX | KoxTomes | — ykopo
(7,4,3) (15,5,7) (15,7,5) (23,12,7) YEHHBIH
” (18,7,7)

IIIT | HIT | IIIT | HIT | IIII | HIT | IIIT | HIT | IIT | HII
H H H H H H H H H H
80 20 62 38 51 49 52 48 52 48

Ob11ee KOIMIECTBO MEPECTAHOBOK, Tpedyromux 3amuc B KK
JleKo/iepa pUBeICHO B Tabmmie 2.

—
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B xomOmHaTOpHKE MUKINYECKHE CABUIH NIEPECTAHOBOK B pe-
THCTPE MOTYT ONHCHIBATHCS €IMHCTBEHHONW KOMOMHAINEH, KOTO-
pas ToNyYHMia Ha3BaHHE OOpasylomeld KOMOWHAIWK OpOWTHI
(OKO) [14]. C TexHHUYECKO#l TOYKU 3pEHHUS TO O3HAYAET, YTO
oobem mamsiti KK MoxkeT ObITh yMEHBIIIEH B N pa3, MOCKOJIbKY B
CITMCOK 3aHOCSTCS HE Bce KOMOMHAUK OPOHTEI, a TOJILKO 3HAYe-
nue OKO [12].

Heo0xoauMBbIM 1 IOCTaTOYHBIM YCIOBHEM MOTYy4EHHS JIF000i
KOMOWHAIMK OpOUTHI IBJIsieTCs 3amuch HymepaTopoB OKO B jiek-
cukorpaduueckom Qopmare. Torna oJHO3HAYHBIM TPH3HAKOM
OKO Oyzner HymepaTop paBHBIH €IMHHIIE B JIEBOM CTapIleM pa3-
psize.

B rakom ciryuae nponeaypa Houcka KOHKPETHOW KOMOMHAIIN
HYMEpaTopoOB U3 COCTaBa OPOUTHI 3aMEHSIETCSI HEKOTOPBIM BBIUNC-
JUTETHHBIM TporieccoM ee popmupoBanms w3 OKO. Drto o3Ha-
YaeT, 4TO MPOCTOH MOUCK AAHHBIX B HEKOTOPOM YHCIOBOM Mac-
cuBe OyZeT 3aMEHEH BBIUMCIUTEIBHBIM IIPOIIECCOM, TPEOyomIeM
OTIpEJICIICHHBIX dHEpreTHUeckux 3atpar [15, 16]. bonee Toro, uz-
3a 3aMKHYTOCTH IIMKJa HepecTaHoBoK, (opmupyembix OKO, B
o0miell opOuTe MepecTaBIeHHBIX 10 IUKITy KOMOMHAINI OKa3bl-
BAIOTCSl MEPECTAHOBKH, MPU3HAK KOTOPHIX MOXKET COBIAJIATh C
dhopmatom OKO. D10 CcTaHOBUTCS SICHBIM U3 aHAJM3a COCTaBa
JIBYX OpOHT, IPE/ICTaBICHHBIX Ha pucyHke 1. B nanHol cutyanuu
abcTpakTHas anredpa yKa3blBaeT Ha TaK Ha3blBacMble TPUBHAIIb-
ubie opouTsl (TO). x umcio Becerna paBHo 3HaueHuto k. OaHa u3
stux TO craHOBUTCS 00pasyromeii komOnHaImed cOOpHOI op-
outsl (CO).

Tabmuma 2
O65em Bei0opkr OKO mis [TTTH HEKOTOPHIX KOZOB
JIBouuHbBIN O0bem Obmiee O0bem Mammnnoe
KO [IePECTAHOBOK [KOJIMYECTBO| BBIOOPKH BpeMst
OKO OKO ITITH |cocTaBnenus KK
1 2 3 4 5
7,4,3 5040 20 16 30c
15,5,7 | = 1.3-101 1001 616 70 ¢
15,7,5 | = 1.3-10! 3003 1512 150 ¢
23,12,7 23! 705432 362880 900 ¢
19,8, 7 19! 12376 6384 210 ¢
Yuciao Yucno
Koa BUX (15,5, 7) muk- Kon BUX (15,5, 7) | iknos
Ji0B 1{3]6|7|11|TO1|CO 4
4167|9113 2141718112
578 (1014 3151819113
6|89 [11{15 41619 10|14
1|79 [10]12[TO2| 3 517110111115
218 101113 1l6]8 [11]12]TO2 3
319 [11{12(14 21719 112113
4110]12({13|15 31811011314
1|5 |11{13[14]TO3 1 41911114115
216 1214115 1/5[10]12]15|TO3 0
113 |7 [13]15[TOA4 0 1121 6 |11]13]|TO4 0
11248 [14TO5 0 21317112114
213[5]9]15 3148 [13]15
113]4[6[10TO1CO| 5 114|519 (14| TOS 1
214(5|7]11 2|5/ 6]10]15
3[5]6]8]12 I[ToBTOp IHKIA.
IToBTOp HMKIA. det =0 HIIH
det # 0 IIIIH

Puc. 1. IIpumep ctpykrypsl CO st nBonynoro koxa bUX

Juns xoma BUX (15, 5, 7) Ha pucyHke | npuBeneHbI 00pa3ibl
mByx CO. i omHOM TakoW OpOUTHI OMPENEeNUTENh IepecTa-
HOBKH He paBHBIH Hymto npuBoaut k I1ITH B otHOmenun DK, B
JPYTOM Cilydae TaKOW KOJ HOJIydeH OBbITh HE MOXKET (Ompe/ienu-
TeJb TMepPecTaHOBKH paBeH Hymi0). CpaBHenne CO mMOKa3bIBaCT,
YTO y HUX MHOTO OOIIIEro, HO M3-3a TOKa3aTeNeil onpeaenuTenei
Marpuil G, OHH JOJDKHBI ObITH 3aHeceHbl B pasHbie KK: coor-
BerctBeHHO B KK IIITH n HITH. ITokazatens OKO u3 uncina TO
st CO oneHMBaeTCs 10 HAMMEHBINEH pa3HHLEe MEXIy HyMepa-
TOPOM, CTOSIIIIMM B JIeBOM paspsiae (as ioboit OKO pasen enu-
HHUIIE) U HyMEPaTOPOM, CTOSIINM Ha K MO3UIIMH (MIaIIHN pa3psi
B 3ammcH crpara). s koma (15, 5, 7), kak cieayer u3 pucyHka 1,
970 Oyner komOuHauust 1 3 4 6 10 s opoursr IITH 1 komOuHa-
st 1 3 6 7 11 s opourer HITH. Kak npasuio, takast opobura
MopoXkaeT HanOoJbIIee YUCIIO UKIMYECKUX CABUTOB. B moce-
JYIOILIEM YHUCIIO LIUKIIOB UTPAET BAXHYIO POJIb B CUCTEME BBIUUC-
JICHNS! IPON3BOIHBIX MATPHUI] U3 €MHCTBEHHOTO 3TAJOHHOTO 00-
pasua Marpuubl Gpep Ul CUCTEMBI TiepecTanoBok [IITH. Jtot
MpoIIece JOCTaTOYHO SICHO OMUCaH B padoTax [17, 18].

I'maBHas 3amaga qaHHOM pabOTHI 3aKIIFOYACTCS B Pa3BUTHH HO-
Boro Hanpasinenus B [1/] —3To paspelienne HeonpeIeIeHHOCTH B
xoze obpadotku manabx n3 KK HITH [19, 20]. dns oueHkn Bo3-
MOJKHBIX PEIICHUH B X0JIe UMUTALIHOHHOTO MOJICTMPOBAHNUS IIPO-
uenypst [1]] 6611 Be1Opan kox BUX (15, 5, 7). Ha pucynke 2 npen-
CTaBJICHA CPAaBHUTENIbHAS ANArpaMMa JIByX KOJIOB B YCJIOBUSIX HT-
HOPUPOBaHHS BO3MOKHBIX aJIbTCPHATUBHBIX peIHeHI/Iﬁ JJIsT MHO-
xkectBa HITH. Oxwunaercs, 4To Npon3BOAUTENEHOCTD MTPOLETYPHI
[1]1 B yka3aHHBIX ycinoBusx i koga BUX Oyzaer kpaiine Hemo-
CTaTOYHOM.

Ipouenter
80

70

60
Kon

30 BUX (15,5, 7)

Kon ;
Xommunra (7, 4, 3) /

nnH -

40

30 /
99  INH-/ .
- HIIH

10 HITH

Puc. 2. CpaBHUTENBbHAS XapaKTEPUCTUKI KOJIOB
no napamerpam [1ITH u HITH

W3 tabmumpl 1 ciaemyer, 9To Ipyrue KOMbI, KpOME YKa3aHHBIX
Ha PUCYHKE 2, OYIOyT MMETh eIle Xy/IIee COOTHOIICHHE MEXKITY
noxkazarensvu [TITH n HITH.

IoHsiTHE MHTEPBAJBHBIX OL[EHOK B NepecTAaHOBKAX.
Ilepecranosku INITH

PaccmoTtpum mocnenoBarensHocTh HymepatopoB OKO CO
1346 10. U3 pucynka 1 (Tosnbko JjieBast TaOJIMIIA) CIEIYET, Y4TO
TOI1, x KOTOpPO OTHOCUTCS JaHHAs! [IEPECTaHOBKA JJIsl BCeX Iepe-
CTaHOBOK M3 COCTaBa 3TOW OPOUTHI OYAET OJJMHAKOBBIA HHTECPBAI
MEXIY COCETHUMH HymepaTopaMu. JIerko mpoBepuUTh, 4TO JJIst
MIPEICTaBICHHOTO MTPUMEpPa 3TO OYAET ITOCIEA0BATSIFHOCTh BUA
2 1 2 4. JIedcTBUTENBHO, UMKINYECKUN CABUTI HYMEPATOPOB IO
PETUCTPY CIABHUTa HE MCHSET PACCTOSHIE MEXKIY HyMEpaTOPaMHU.

T-Comm Tom |18. #3-2024




CpoiictBo 1. VHTepBasibHBIC OLICHKU SIBSIFOTCS OOJice WH-
(OpMATHBHEIMUA OTHOCUTEIBHO CBOMCTB cBoedt TO, mpu 3TOM
OKa3bIBAIOTCSl HA Moj0aiita MEHbIE IOKa3aTelsl epeCcTaHOBKH,
4TO Ba)XKHO 1715t 00bema mamsatu KK.

CaoiicTBo 2. Eciin mHTepBanbHast OLEHKA HE SBISIETCS OpOH-
toit OKO CO, to apyrue (k— 1) OKO TO B coctaBe HHTEpBaJIb-
HOM OIIEHKH MMEIOT MapKep, KOTOPbIH yKa3bIBAaeT Ha IIard IHK-
JIMYECKUX M3MEHEHHUH MPOBEPOUHOM YACTH MOPOXKAAIOIIEH MaT-
PHIBI B cHCTeMaTH4ecKoi ¢opme. OOpaszer; mpoBepodHON MaT-
puLel xpanutcs B cnenuansHoi KK.

CaoiictBo 3. [Topoxnatonue matpuiibl aiust OKO TO dopmu-
pyroTCs Ha ocHOBe cBelieHuit o konmmuectBe OKO, popMupyembix
B paMKkax ojHoi opoutsl. Hammpumep, ams OKO CO oOynet cdop-
mupoBaHo Bcero At OKO. CrnenoBatensHo, ans OKO TO2 ¢
MoKa3aTejeM UHTEPBAIbHBIX OLICHOK 6 2 1 2 KOMOWHAIMK B UC-
XOZHOW MaTpHLE JOJDKHBIX OBITh CIBHUHYTHI 110 IHKJIY Ha ISTh
maroB. Torja nocnenoBarenbHOCTh HUKHENH cTpoku 0110010111
npeodpasyercs u it TO2 ¢ HHTEPBAIBHBIME OLlCHKamu 6 2 1 2
oyner chopmupoBan BekTop 1011101100, KOTOpPHI MO BEpTH-
KaJIbHOMY LUKy TIEPEABUTACTCSA Ha BEPXHIOIO CTPOKY MATPHIIBL.
CkazaHHOE OTHOCHUTCS KO BCEM Tocieayomum mokaszarensim TO.

CoiicTBo 4. BayTpu otaensHoil opoutsl TO mpoBepodHbIe
gacTu mopokaaronx MaTpur] DK o0pasyroTcst KaxIelid pa3 3a
CYeT MEPECTAaHOBKM IIPABOTO CTOJOIA Ha MO3HIHIO JIEBOTO
cToj01a GopMUPYEMOii HOBOW MAaTPHUIIBI HOBOW MIEPECTAHOBKH.

IIpeoGpasoBanus MPOBEPOIHON YaCTH MATPHIBI (e, TPE-
CTaBJICHBI B TabMIE 3.

Tabmnwuma 3

CucremMaTuveckue npeodpa3oBaHus IOBEPOYHON YacTH
noposkaroieit Mmarpuisl 9K B 3aBUCHMOCTH OT CO/IEPIKAHUS

OKO TO ¢ mapkepom 6
1346101(1 79 1012|1511 13 14|13 7 13 15|12 4 8 14
2124 6212 4621 2462 1246
1010101101 | 1011101100 | 1111011010 | 1010011111 | 1011111000
0101111100 | 0110110101 | 1001011101 | 0111101101 | 1010011111
1101001111 | 1110001011 | 1010110110 | 1100101110 | 0111101101
1011110110 | 0111111010 | 0111110001 | 0101011011 | 1100101110
0110010111 | 1011010111 | 0100111111 | 1011111000 | 0101011011
CaBur dTajoHa Casur CaBur
Ha 5 MKJIOB | KOJIOHKH 6212 | komonku 4621
DTanoH Her casura
BIIPaBO Ha 3 nuKIa Ha 1 nmk
BIIPaBO BIIPABO

3aMeTHO, YTO MapKep OTCYTCTBYET B JIEBOH KOJOHKE Tal-
munpel. Oto seuserca npuzHakom OKO CO. C mpakTH4eckout
TOYKH 3pPEHUSI HET HEOOXOAMMOCTH BCE MATPHIIBI IepXKaTh B TIa-
MSITH KOTHUTHBHOH KapThl IeKoiepa. MaTpHIbl ¢ MapKepaMHu J10-
CTaTOYHO MPOCTO (OPMUPYIOTCS 32 CUET LUKINYECKUX CIBUIOB
stanioHHor MaTpuiel CO.

Takum 00pa3om, MaTpuyHbIe MPE0oOpa3OBaHKs B CUCTEME
[IITH cBomsTCS K IUKIMYCCKHM MPEOOPA30BAHUSAM HEKOTOPOM
UCXOJHOM MaTpHIlbl B TpeOyemoi Matpuisl DK j1i1st KOHKpeTHOH
NepecTaHOBKY Oe3 BBIMOJHEHHS apU(PMETHYECKHUX OINepanui B
MaTpUYHOM IIPOCTPAHCTBE.

Ocobdennoctu o0padorkun HITH
I'maBHO# oTnmunrensHol yeproil HITH siBnsieTcst BbIpokieH-

HOCTb TIE€PECTABICHHBIX MAaTPHIl HyMEPaTOPOB Hanboee HaIexK-
HBIX CUMBOJIOB, IPUHATHIX IPUEMHHKOM KOJIOBBIX BEKTOPOB.

SNNIEKTPOHMKA. PAONOTEXHUKA

Dro cTaBUT 1o comHeHue 3 dexruBHOCTh [1]] 110 Mapamerpy
OBK, nockonpKy mpoleaypa Moucka pe3yJbTaTUBHOW mepecTa-
HOBKHM HEONPaB/IaHHO 3aTATMBAETCs 110 BpeMeHH. Tpedyercst opu-
THHAJbHOE TEXHUYECKOH peIleHue /Il CHUKEHUS YPOBHS OTPH-
naresnbHoro 3¢ exra B cucreme onTuMaibHbIX 1o OBK konoB. B
apyrux otHomeHusx nouck OKO pasnnyHoro kiacca He OTIHYa-
€TCsl OT AITOPUTMOB BBISIBIICHHS TOZIOOHBIX OPOUT B CHCTEME IPO-
W3BOAMTEIBHBIX TIEPECTAHOBOK.

ITepexons OT mepecTaHOBOK K HMHTEPBAJIbHBIM TaOIHUIIAM,
MOJKHO 3aMETHT, YTO CTPYKTYpa pa3iHduil COCETHUX 3HAUCHHHA
HyMEpaTopoB HUUEM HE OTIMYAETCS OT ONMHUCAHHBIX BBIIIE TIPUME-
HUTEIHFHO K MHOYKECTBY ITPOM3BOTUTEIHHBIX IEPECTAHOBOK U I10-
Ka3aHa JijIs OJHOTO U3 KOJOB B TadiuIle 4. DT0 MO3BOJISICT YTBEP-
JK1aTh, YTO B PEATbHOM JIEKOJEpe B IIETSIX SKOHOMHM BPEMEHHU
aHaJM3a, MPUHITOrO KOJAOBOrO BEKTOPA LIEJIeCO00pa3HO HarpaBs-
JSATH AaHHBIE OAHOBPEMEHHO U Ha BXox kapthel IITTH, u Ha BXOA
xaptel HITH. OueBuaHbIM sIBIIsi€TCS CBOMCTBO, KOTOPOE yKa3bl-
BAaeT Ha OTCYTCTBUE MEPECEUEHHUH yKa3aHHBIX MHOXkecTB. [lo-
ATOMY OTKJIMK JIOJDKEH OBITh 1100 Ha BeIxoje kapTsl [11TH, nrbo
Ha BbIxoJie KapTel HITH. M neHTH4HOCTh Ipoueaypbl MOUCKA JIst
mHokectBa [ITTH u HITH yka3piBaeT Ha 1enecooOpa3HOCTh pac-
TapajuIeIMBaHus BRIYUCIUTEIBHOTO MIpoIecca ONCKa albTepHa-
TUBHOTO TIPU3HAKA MPUHAIICKHOCTH IEPECTAHOBKH K OTHOMY
WIA IpyroMy MHOXeECTBY. B mpenmpimynmx paboTax 3Ta Mmporie-
Jlypa HOCWIa IocienoBaTelbHblil Xapakrep. Ha mepBom srtamne
OIIEHUBAJIACh MTPUHAAIICKHOCTD IPHHATON IPUEMHHUKOM IepecTa-
HOBKHM K YHCIIy TPOW3BOJBHBIX U TPH OTPUIATEIHHOM HCXOC
(cnenoBaTesbHO, NEpecTaHOBKA HETIPOM3BOINTEIbHAS) OLICHUBA-
J1ach BO3MOXHOCTh KOPPEKIIUU TaKOil MEepecTaHOBKHU 3a CUET 3a-
MEHBI MJIQJIIIET0 pa3psia U3 TPyNbl HHPOPMAIMOHHBIX CUMBO-
JIOB Ha CTapIIWid pa3psii U3 TPYIIBI HyMEPaTOPOB MPOBEPOYHBIX
paspsiioB.

Tab6mumua 4

Crpykrypa pasaui HymepatopoB OKO wacTHBIX opOHUT
nepectaHoBku 1 4 6 8 9

Komounamus OKO Pa3Huiia coceIHUX MHTEPBAJIOB
14689 3221
1 811 13 15 7322
12912 14 1732
1341114 2173
135613 2217

OnucaHHBIN aNrOpUTM yI00CH IpU UCMOIB30BaHNUHU Koxda (7,
4), Korja 4uciIo MPOU3BOAUTENBHBIX MEPECTaAHOBOK COCTABIISAET
80% ot o01ero uucia BO3MOXKHBIX TE€pecTaHOBOK. [ KomoB
BUX (15, 5) u (15, 7) aTa npomnopIyst U3MEHSETCSI B CTOPOHY YBe-
JIMUEHUsI YKCclla HEPOU3BOIUTEIbHBIX MEPECTAHOBOK U IO 3TOM
NPUYUHE CTAHOBUTCS HEBBITOAHOW M3-3a cooTHolueHus: [IITH k
HITH, xax 50% x 50%. IIpu 5TOM BE€pOSTHOCTb y1a4HOI 3aMEHBI
CHUMBOJIOB OCTAa€TCsl OTHOCUTEIBHO HU3KOM, IOCKOJIbKY HOBasl Ie-
pecTaHOBKa ITOCIIE 3aMETHBI CHMBOJIOB MOXKET BHOBb OKa3aThCs M3
MHokecTta HITH.

ITo »TO¥ mpu4KMHE MpeaaraeTcs UCIoIb30BaTh O0JIee COBEp-
LICHHBII aJrOPUTM KOTHUTHUBHOT'O PETYIIATOPA, KOTAA B CUCTEME
3amens!l HITH nosiBisiroTcst cBeeHUsl O HENPOAYKTUBHBIX 3aMe-
Hax. B aTom ciywae tabnuna 3 npeoOpasyercs B Tadbauiy 4.

CyThb pabOTBHl KOTHHTHBHOIO PETYJIATOpPa B COTJIACOBAHHUH
JTaHHbIX Mex a1y KorHuTuBHbIMU Kaptamu [11TH n HITH 3akiroua-
ercss B Ooje MosHOM HMH(OPMALMOHHOM O0ECIEYEeHUH IpOolie-
aypsl  moucka IIITH. Hampumep, npu ucnosis3oBaHUU
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mapajuieIbHOW pabOThl KOTHUTUBHBIX KapT PErysiTop 0000maet
pE3yIBTAT TAKOTO MMOMCKA U MIPUHUMAET PAIMOHATBHOE PEIICHIE
B mpouexaype moucka JK. @parmeHT ogHO# 3amucu kaptel HITH
MIpeCTaBJICH B TabmHIIe 5.

Jlns opranm3anyu mporeypsl parMoHaIBHOTO MOWCKA JaH-
Hbix B kapte HITH rno6asnbubie u yacthbie OKO 10mKHBL OBITH
KJIaCCU(UITUPOBAHBI JIEKCUKOTPAQHUECKH, YTO BBITEKACT M3 Ce-
MAaHTHUYCCKUX Mo;:[eneﬁ TpaI[I/II_II/IOHHI)IX ITIOUCKOBBIX CUCTCM.

Tabmuma 5
Crpykrypa aymepaTopoB OKO u3 coctaa HITH (pparment)
Kombunanus OKO Pasnuma cocennnx 3ampenieHHbIe
HHTEPBAJIOB HYMEpaTOphI
12346 1122 8§ 9 12
1 11 12 13 14 10111 347
13131415 21011 BCE
1241415 12101 6 7 10
123515 11210 7 8 11

CraHOBSTCS SICHBI 3aKOHOMEPHOCTH aOCTPaKTHOW anreOpsl
npuMeHuTeapHo K MHoxkectBy HIIH, paccmarpuBaemoro cos-
MECTHO 3a 3aKOHOMEPHOCTSIMU ITTOCTPOCHHS MPOBEPOYHON MaT-
pHLBl 130BITOUHOTO Koza. IIpu 3TOM 3ampenieHHbIe HyMEepaTophbl
OJITHO3HAYHO HE SBIISIFOTCS! MPOJLYKTUBHBIMU TIPH MOMBITKE HEpe-
Boza nepecraHoBku u3 MmHoxectsa HITH B cucremy IITH. Uccne-
JTIOBaHUC TIOJHOM TaOJHIIBI 5 1MOKa3al10, YTO 3aMPEIICHHOE YUCIIO
3HaueHu HymepatopoB ais pazHbix OKO u3 cocraBa HITH mo-
)KET OBITH pas3iM4YHbIM, HO BCE 663 HCKIIOYCHHUA TMCPECCTAHOBKHU
umeroT uHaeke BCE. DTOT dakT B TEOpUU KOIAUPOBAHUS BCKPBIT
BriepBble. OH Halllell CBOe TEOPETUIECKOe OOBSICHEHHE, 3aKITI0Ya-
IoIIeecs B IPOSIBIICHUN JIMHEHHON 3aBUCHMOCTH CTPOK MaTPHIIBI
Grep-

BbIsIBIICHBI IPEANIOCHUTKN K 3aKOHOMEPHOCTH, MPU KOTOPOH
HH OJIMH U3 CUMBOJIOB U3 COCTaBa IIPOBEPOYHON MaTPHIIBI HE TIPH-
BOJIUT TIEPEBO/I TIepECTaHOBKH, 0003HaueHHOH TepmuHOM BCE B
cuctemy [1ITH. ITpenBaputenbHO yCTaHOBIIEHO, UTO TaKas 3aMeHa
o0ecIieunBaeT MOJIOKHUTEIBHBIN PE3yJIbTaT TOJIBKO MPU HCIIONb-
30BaHMM [BYX WJIM TPEX IIEPECTAaHOBOK MEXITy MH(OpPMAaIMOH-
HBIMH U IIPOBEPOYHBIMH Pa3psaMu, Kak MOKa3aHO Ha PUCYHKe 3.

100 11 1000
01010 _, 0100

A=10 0 0 0 1f=>7=—=>450 0 0 1 ~lAl=1
00110 0010
00001 0000

Puc. 3. [Tpumep 3amens! 1Byx cToa010B B Matpulie A ¢ uanexcom BCE

Ha pucynke 3 npeacraBieHna cuTyauus, Ipu KOTOPOH puemM-
HUK TIPUHST TTOCIIEI0BATEIFHOCTh CHMBOJIOB H TI0 PE3yJIbTaTaM
WX paHKAPOBaHUS ObLIA MOJYYEeHA MMOCIeI0BATEIPHOCTD, COCTO-
siiast U3 (Byx koprexeid [124615][35789 101112 13 14].

B mepBoii mocie1oBaTeIbHOCTH OKa3aINCh Hanboee HaIeK-
Hble CUMBOJIbL. BO BTOPOI 110CIIEI0BATENBHOCTH B JIEBOM €€ 4acTh
6y}1yT MCHCC HAJIC)KHBIC CUMBOJIbI, HO C BI:ICOKOﬁ BepOHTHOCTI)IO
MPUHSTBIC TIPaBUJIO O pe3yJbTaTaM (UKCAIMH KECTKHX pellie-
Huil. B mpaBoil yacTu BTOPOH IOCIIENOBATEIBHOCTU OKaXyTCs
CHUMBOJIBI C HU3KUMU 3HAUCHUSIMU MSTKUX PEIIEHUH, KOTOPBIE C
BBICOKOW BEPOSITHOCTBIO OYTyT OIIMOOYHBIMU. B 110100H0# cHTy-
aIi| U1 3aMEHEHBI IBYX CTOJIONOB B MaTpHIe A 1emnecoodpasHo
BEIOpATh CTOJIOIBI M3 BTOPOTO KOPTEXa ¢ HOMepaMu 3 | 5.

DTO NPUBOAUT K 00pa3oBaHuio MaTpuilsl A', KoTopas obecrie-
uyyBaeT nomaydenue OK.

Ha pucynke 4 noka3ansl U3MEHEHHS B AWArpaMMme MpH OJTHO-
KPaTHBIX MIEPECTaHOBKA CTOJIOIOB.

100 MpoyeHTbI
90
80

70 Kon
60 BYX (15, 5, 7) be3
ANLTEPHATHBHBIX

50 pemenmii Kon
o BYX (15,5, 7) ¢
ANLTEPHATHBHLIMHA Kon
30 pelenHsIMH XomMMuHTa

7,4,3
- ( )

10

0

Puc. 4. CpaBHuTe/bHAs XapaKTEPUCTUKU KOJ10B 10 napaMeTpam [1ITH
n HITH nipu ncnonb30BaHUM OJIMHAPHBIX aJIbTEPHATUBHBIX PELICHHH

BckpeiThie B X07e HCCIIEOBAaHMS 3aKOHOMEPHOCTH IMepecTa-
HOBOK B cucteMme [1/] mo3BosisieT ynpocTUTh U3BECTHBIE TIOAXO0/IbI
K JIEKOJUPOBAHMIO JaHHBIX. B HOBBIX YCIOBUSIX JEKOJep IOcCie
BBIZICICHHS K HaJEXHBIX CHMBOJIOB BBIYHCIISET MHTEPBAIBHYIO
pasuuiy u popmupyer OKO, KOTOpoe OJTHOBPEMEHHO HaIpaB-
JsieT Ha BXoabl KorHuTUBHOM KapTel ITHIT u HITH. ITockonbky
MHOXKECTBA pEaln3aliii TUX KapT HE MEPECEKaroTCsi, TO OTBET
MOJKET OBITh MOIy4YeH TOJBKO Ha BBIXOAE OJHOHM M3 yKa3aHHBIX
kapt. Eciu oTBeuaer kapra [THII, To BBIABISETCSI COOTBETCTBYIO-
11asi MPOBEPOYHAsT MATPUIIA C yUYETOM HUKINYECKUX CABUTOB OC-
HOBHOW MaTpullbl. B mpoTUBHOM cily4yae, KOppEKTUPYETCs TO-
CJIE/IHUI CTOJIOEl] NEepEeCcCTaHOBKH B IpyIine WH()OPMalUOHHBIX
paspsIoB ¢ YYETOM 3alpelieHHbIX HyMepaTopoB. IIpouecc mpo-
JIOJDKAETCSl B COOTBETCTBUM C KJIACCUYECKUM aJTOPUTMOM BBISIB-
JIeHus1 BekTopa omubok B cucreme [1/1.

3akia0ueHue

C ToukM 3peHHs adCTpaKTHOH anredpbl B padOTe MOKa3aHBI
paHee HEW3BECTHBIE CBOMCTBA LIMKINYECKUX MEPECTAHOBOK 3a-
MKHYTOTO MHO)XECTBAa HATYpPaJIbHBIX YHCEN, COCTOSILEro M3 M
9JIEMEHTOB, B KOTOPOM IIPU BBIACICHHH MPOM3BOJBHBIX k <N
9JIEMEHTOB OJIHO3HAYHO 00pa3yloTcs k He3aBHCHMBIX OpOuT,
HAYMHAIOMINXCS HA HANMEHBINEE U3 BHIOPAHHBIX 71 JIEMEHTOB.

CuHTe3 yKa3aHHOTO CBOMCTBA C 3aKOHOMEPHOCTSIMH TTOCTPOE-
HUSI TPYIITOBBIX IBOMYHBIX CHCTEMAaTHIECKHUX KOJIOB ITOKA3bIBAET,
YTO 1pH (POPMUPOBAHUH OPOUT BCE MHOXKECTBO BO3MOJKHBIX IIe-
pECTaHOBOK HYMEPaTOPOB KOJOBBIX BEKTOPOB pa3OMBaeTCsi Ha
JIBa HETIepeCceKaroIMXcs MHOKecTBa. Kaxioe 13 3THX MHOXKECTB
B OTJICJIBHOCTH OTPAKaeT CBOMCTBO BBIPOXKICHHOCTH (MJIM HAITPO-
THB) HOPOKAAIOIINX MEPECTABICHHBIX MaTPHIL, YTO O3HAYAET He-
BO3MOXKHOCTb (MJIM BO3MOKHOCTB) (hopmupoBanust DK.

IToxazana BO3MOXHOCTb OBICTPOH KOPPEKIIHH BBIPOKICHHBIX
MaTpul 3a CUCT 3apaHCC BBIYUCICHHBIX aJIbTCPHATUBHLIX peIle-
HUM B IepecTaHOBKax. 3a CUET CBOWCTBA HEMEPECEeKaroUIUXCs
MHOKECTB OpOMT IIOKa3aHa BO3MOXKHOCTb pacHapajuieIHBaHUs
rporecca MACHTH(UKAIMN KOHKPETHOW MepecTaHOBKH OTHOCH-
TENIBHO TPHHAUICKHOCTH TOMY WM JIPyrOMY MHOXECTBY.
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[Iporecc moncka pemnieHus i IByX MHOKECTB MOKET peraThCst
OJIHOBPEMEHHO.

[IpennoxkeHo ceMeiicTBO MUKPOKOHTPOJIIEPOB sl peanu3a-
uuun npuHuunoB I1J] ¢ cucteMol abTepHaTUBHBIX PEIICHUH.
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MORPHOLOGICAL SYNTHESIS IN THE SYSTEM OF PERMUTATION DECODING ALGORITHMS
WITH ALTERNATIVE SOLUTIONS
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Abstract

The paper performs a morphological analysis of the problems that are solved by means of noise-resistant coding in systems of remote control of robot-
ic objects. A new method and algorithms for error protection of transmitted data are presented and analyzed. The proposed method and algorithms are
developed on the basis of morphological synthesis of information known in this subject area, but combined in a different way to achieve a technical solu-
tion superior in quality to known analogs. For example, concerning to the known method of permutation decoding, connected with the method of soft
decoding, the concept of a cognitive map of admissible permutations of symbols of the code vector accepted by the receiver is added, that allows to cal-
culate any permutations of the limited set of symbols a priori and on their basis to receive ready decisions on formation of parameters of the equivalent
code. Thus, arithmetically complex matrix transformations prescribed by the classical method of obtaining the equivalent code are replaced by some list
of ready solutions. This provides the possibility to use short binary redundant codes in real-time systems. It is shown that for such codes all permutations
are divided into two non-overlapping subsets. The first part of permutations allows to obtain equivalent codes. The second part of permutations leads to
degenerate permuted matrices which do not allow to realize the method of permutation decoding. In the work it is proved that both parts are quantita-
tively approximately identical for the majority of binary codes that reduces efficiency of use of the method of permutation decoding. It is proved that any
permutation in cognitive maps can be represented as a login in an account. But, unlike the known solutions, each login has an addendum in the format of
alternative solutions, allowing to define precisely the productive sequence of actions on transformation of a concrete situation with unsuccessful permu-
tation. Application of additions allows to increase productivity of procedure of permutation decoding at the expense of one alternative permutation from
50% up to 90% at use simultaneously two additional permutations.

-
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Keywords: morphological synthesis, permutation decoding, equivalent code, productive permutation, unproductive permutation, interval vector,
alternative solution.
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[na obecneyeHus BbICOKON AOCTOBEPHOCTU NepefaBaeMoii MHOpMaLUM B NPOBOAHBIX U Gec-
NPOBOAHbIX TEIEKOMMYHUKALIMOHHBIX CUCTEMAX U CETAX MPUMEHAIOTCA MOMEX0YCTONUMUBbIE KOADI.
[o6UTbCA BbICOKOW OCTOBEPHOCTU NPU OTHOCUTENIbHO HEBBICOKOW CMOXHOCTU aNirOpUTMOB KO-
AVPOBaHUA N AEKOANPOBAHUA YAAeTCA 3a CYeT NPUMEHEeHUA KacKaaHbix kofos. KackaaHbiii kop
npeacrasnaer co6oi KOAOBYIO KOHCTPYKLMIO, OCHOBAaHHYIO Ha NOC/Ee0BaTENIbHOM COEAUHEHUM
HECKONbKUX KOMMOHEHTHbIX MOMEXOYCTOWYMBLIX KOAOB. C NMpaKTUHECKOW TOYKW 3peHUsA, Hau-
6onbLUKiT UHTEpEC BbI3bIBAIOT KacKafiHble KOAbI C IBYMA CTyNeHAMM KogupoBaHua. OfHy cTyneHb
KOAMPOBaHMA Ha3bIBalOT BHELLUHEN, a APYrylo BHyTpeHHei. B pabote paspabortan anroputm ¢op-
MUPOBaHUA MOPOXKAAIOLLMX MHOTOUIEHOB BHELLHEH U BHYTPEHHEH CTYNeHN, KOTopble NO3BONAIT
O/IHO3HAYHO onpeAenATh anrebpanyeckne KackaiHble CBEPTOUHbIE KOAbI C 3apaHee 3a/jaHHbIMK
napaMeTpaMu ¥ NPOU3BOJIbHLIMU A/IMHAMU KOAOBbLIX OFPaHMY4€EHM 3a (PUKCUPOBAHHOE KONUYeCT-
BO WaroB. PaspaboTtaHbl anropuTMbl KOAMPOBaHMA anrebpanvyecknx KacKaHbIX CBEPTOUHbIX KO-
[l0B, C UCMOJIb30BaHUEM GbICTPBIX AITOPUTMOB BbIYUCIIEHUA LIMKNMYECKOW CBEPTKU Ha KaXKA0M U3
cTyneHew, NnpuyeM, AN HaXOXAEHUA MHOTO4IEHOB KOAO0BbIX c/10B c(X) U s(X), ANUHBI MOpPOXAAL0-
WMX U UHEPOPMALMOHHBIX MHOTOYSIEHOB BbIGpaHbLI COM3MEPUMBIMM C ANIMHAMM LMKIUYECKUX
CBEPTOK Ha BHELUHei M BHYTPEeHHe# cTyneHu cooTseTcTBeHHO. MpuMeHeHmne GbICTpbIX anroput-
MOB Bbl4ucneHus ceeptku Arapeana-Kynu n BuHorpaaa uenecoo6pasHo ucnonb3osarb Ha BHeLl-
Hel CTYNeHn KOAUPOBaHUA HEIBOUYHOIO anirebpanyeckoro KackajlHoro CBEpTo4HoOro koga. 1o
AaeT BO3MOXHOCTb YMEHBLUMTb YKuCNiO apucdMeTUyeckux onepaumii B none GF(qP) npm Bbiumcne-
HUM MHOTOYNEHa KofoBoro cnosa c(x). [inAa yMeHblleHUA Yucna apupMeTMHECcKUX onepaluin B
none GF(q™) Ha BHyTpeHHel CTyneHW, peKOMEHAYETCA UCMONb30BaTh GbICTPbIA anroputM BuHo-
rpaja BbIYMCNEHNA CBEPTKU. DTO CBA3AHO C TEM, YTO HA BHYTPEHHEN CTYNeHN KOAUPOBaHUA, Kak
NpaBuo, peKOMEHAYIOT UCMOJIb30BaHUE KOAOB C MEHbLUEH AJINHOW KOJ0BOro OrpaHN4eHus U no-
CTPOEHHBIX Ha/j MEHbLLWUMM NOJNAMU, NO CPABHEHUIO C KOAAMU BHELLHEN CTyneHu. [lna oLeHKH Bbl-
YUCSIMTENBHOWM CNOXHOCTU aJIrOPUTMa KOAUPOBAHMA Ha OCHOBE CHMHTe3a anroputMoB Arapsana-
Kynu u BuHorpapa npeacraBneHbl COOTBETCTBYIOLLME BbIPAXKEHUA ANA KOMNOHEHTHbIX anrebpau-
YeCKMX CBEPTOYHbIX KOJOB Ha KaXAOM U3 CTyneHu.
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BBenenne

B Hactosimiee Bpems st oOecrieueHHsT BBHICOKOW JTOCTOBEp-
HOCTH TIepeAaBaeMoil MH(POPMAIK B TEIEKOMMYHHUKAIMOHHBIX
CHCTEMaxX M CEeTAX NPHMEHSIOTCS TTOMEXOYCTOIUMBbIE KOABI [1-
4]. J1obuThCsl BHICOKOW TOCTOBEPHOCTH NPH OTHOCHTENHHO He-
BBICOKOH CJI0)KHOCTH aJITOPUTMOB KOAMPOBAHUS M JEKOAUPOBA-
HUS ylaeTcs 3a cyeT MPUMEHEHHs KacKaaHbIX KojaoB [5-8]. Kac-
KaJHBIA KOJ TIPEJCTaBISIET COO0M KOJOBYIO KOHCTPYKIHIO, OC-
HOBaHHYIO Ha IIOCJIEJIOBATEIIbHOM COCAMHEHUH HECKOJIbKUX
KOMITOHEHTHBIX TOMEX0YCTOMUnBbIX KOJI0B [1]. C mpakTuyeckoit
TOYKM 3pEeHHsl, HAUOOJbIIMH HMHTEPEC BBI3BIBAIOT KacKaHbIC
KOJIBI C JIByMSI CTYHEHSIMH KoaupoBaHus. OJHY CTyNeHb KOJH-
POBaHUS HA3bIBAIOT BHEIIHEH, a IPYIYI0 BHYTPEHHEH [2].

B kauecTBe KOMITOHEHTHBIX KOJIOB BHEIIHEH W BHYTpEHHEH
CTYIICHH IHPOKOE TPUMEHEHHe Hanum OmokoBble (komasl PC u
BUX) u cBeprounsie kosl [9]. [Ipu 3TOM, KOMOMHUPYS pa3Ind-
HbIE KOMITOHEHTHBIE KOJBI B COCTaBe KAaCKaJHOTO KOJa, YAaeTcs
MOJyYUTh HOBBIE Kiacchl komoB [10-12]. CrmemoBarensHo, mo-
CTpOEHHE KacKaJHOro KOJa OIPEEIseTcss BBIOOPOM KOMIIO-
HEHTHBIX KOJIOB.

Knacc 0000mIEHHBIX KacKaJHBIX KOJOB IIpElyCMaTpHBaeT
pasiioyKeHHe Kojia BHYTPEHHEH CTyNEHH Ha IOJKOJIbI, KOTOpbIE
COOTBETCTBYIOT IOJIKOJIaM BHeEUIHell cTyneHu koxa. Cirenosa-
TEJIFHO, TaKOE TEOpeTHYecKoe 000O0IIeHHEe MO3BOJISIET CTPOUTH
KacKa/IHbIe KOJIbI C YHCIIOM KOMITOHEHTHBIX KOJIOB OOJIBIIE JBYX
[9-11].

B mHacTosimee Bpemsl CyIIECTBYET MHOXECTBO Pa3IMUHBIX
KJIaCCOB KacCKaJHBIX KOJOB M WX Moaupukamuii (0000IeHHbIC
JVHEIHBIE KacKaJHble KOJBI, CBEPTOUYHBIC KACKAJHBIC KOIBI,
00001IEHHBIE CBEPTOYHBIE KACKAAHBIEC KOJIbI C EANHUYHON Mamsi-
ThIO 1 T.21.) [12-16].

Ha pucynke 1 npeacraBieH OONIMI HPUHIMIT TOCTPOCHHUS
KacKaJHOTO CBEepTOYHOTO Kofa [12].

Breuusis crynens BHyTpeHHss cTyneHb

KOAUPOBaHHUA KOAMPOBaHUS
D P 7O 7
Konep Konep
—Bxox—# cBepTouHOrO »  CBEpPTOYHOro —Bbixomx—»
Kona Koza

Puc. 1. [IpuHimn nocTpoeHus Kojiepa KackaJHOro CBEpTOUHOTO Koja

ITpUHLMI KACKAJHOTO CBEPTOUHOIO KOJAUPOBAHMS CIELyIO-
i, Ha BX0J KAackaJaHOro CBEPTOYHOIO KOJepa HOCTYNAeT MH-
(hopMaroHHas MOCIEI0BATENBHOCTh, KOTOpas pa30omBaeTcs Ha
kanpsl 1o KV cuMBOJIOB B KaXkI0M Kazpe. Pe3ymsTaToM Koaupo-
BaHUs KOJepa CBEPTOYHOrO KOJa BHELIHEH CTyNeHU sBJAeTCS
KaJp KOJOBOIo cloBa, cocTodmmii us N cumBosoB, popmupo-
BaHHUEC KOTOPOT'O NPOUCXOJUT C YUETOM CHUMBOJIOB, XPAHAIINXCI
B MaMATH KOJIEpA BHENIHEH cTymenu. [Ipu 5ToM cuuTaercs, 4To
OJIHO3HAYHOE COOTBETCTBHE (peann3alus (yHKIHHM KOJMPOBa-
nus [13, 17]) xagpa urpopmanronnsix cumsonos kK kanpy
xozoBoro ciosa N ocylecTBisieTcs 3a OJHY €MHUIYY BPEMEHH
pabothl kozmepa. Jlanee Mpenonaraercs, YTo BbIIONHAETCS pa-
BerctBo N = k© (510 HEOOXOAMMO AN COrTacoBaHUA KoAepa
BHEIIHEH ¥ BHYTpPEHHEH CTYNEHH KOIMPOBaHUsA) U OJHOMY Kajl-
py urpopmarmonnbx cumBoiioB kK@ ¢ yueTom cumBonos, xpa-
HAIIMXCS B NAMATH KOJAEpa BHYTPEHHEH CTYIEHH, CONOCTaBIs-
ercs Kazp kogosoro ciosa N [17].

Lenpro naHHOM pabOTHI SBISIETCS pa3paboTKa aJropUTMOB
TIOCTPOCHHS MOPOXKIAIOMINX MHOTOWICHOB alreOpandeckn 3a-
JAHHBIX CBEPTOUHBIX KAcKaJHBIX KOJOB, a TaKXKe pa3padoTKa
QITOPUTMOB KOJMPOBAHMS alNreOpanvecKnux KacKaJHBIX CBEp-
TOYHBIX KOJOB Ha OCHOBE IPOLEAYpP OBICTPOTO BBIUMCICHUS
CBEPTOK JUIl YMEHBIIEHHS BBIYMCIUTEIBHON CIO0XHOCTH KOJH-
pOBaHM.

Pe3y.m>TaT1>1 HCCIeT0BaAHUA

PaccMoTpuM anropuTM ompeaeneHuss NOPOKAAININX MHO-
rouneHoB kackansoro (N®, k®)-xona mormaroso.

IIAT 1. Beog mapamerpos k©, k), n©® nM r anre6pamue-
CKUX CBEPTOYHBIX KOJOB BHEIIHEHW M BHYTPEHHEH CTyIEHH KO-
JMPOBAHMS U TpeOyeMOH CKOPOCTH KOJUPOBAHHUS Rk KackaaHOTro
(n®, k®)-xona.

HIAT 2. Beibop NpUMHUTHBHBIX MHOTOYJICHOB CTETICHH P U M
1 ocTpoenne koHewHbx moneit GF(qP) u GF(q™).

HIAT 3. BeinosHeHHe pacyera CKOpocTeil anredpandeckux
CBEPTOUYHBIX KOJOB BHEIIHEH M BHYTPCHHEH CTYNEHHM KOAMPOBA-
aust: Ry = kO/n® u Ry = kO/n®,

IIAT" 4. TIpoBepka yciOBUI COIVIACOBAHUS MO CKOPOCTH
CBEPTOYHOI'O KOJ@ BHEIIHEW U BHYTPEHHEH CTYIIEHU KOAUPOBa-
nusg. Ecomm k@ = p, qu6o k@ — penur uucno (2r — 1) - p 6e3
OCTaTKa, TO BHEIIHSS M BHYTPEHHSSI CTYIIEHH KoJepa COrjaco-
BaHBI 110 CKOPOCTH. IIpy HEBBIIOIHEHNHU YCIIOBHUS, HEOOXOANMO
W3MEHEHHE OJIHOTO WJIM HECKOJBKHX IapaMEeTpPOB CBEPTOUHBIX
KOJIOB.

HIAT 5. Bri6op crmocoba 00pabOTKH CHMBOJIOB Ha Ka)KIOH
13 CTYTICHH.

HIAT 6. [TocTpoeHne MOPOKAAIOIINX MHOTOWICHOB U(X) HaT
GF(QP) u w(X) GF(Q™) HemBOMYHBIX HUKIMYCCKUX OJIOKOBBIX
koJ10B. ITycTh MHOTOUIIEH U(X) SIBIISIETCSI TOPOKAAIOIINM MHOTO-
yieHOM crernieHd I' — 1 nukiuueckoro 0sokoBoro (N, Ki, Dy)-
kona PC nan GF(QP). Torma [15-18]:

a+2t-1

ux)= TT(x-»"),

y=a

rae t — uncno ucnpapnsiembix omuook (N, Ky, Di)-komom PC, N;
=0° - 1, Ki=N;-deg u(x), D; = 2t + 1; y — npUMHTHBHBIN
anemenT ot GF(QP).

[peanonoxum, 4T0 MHOTOWIEH W(X) SABIISIETCS MOPOXKIaro-
MM MHOTOYJIEHOM cTerneHu h — 1 HMKIMYeckoro OJOKOBOIO
(No, Ko, Do) — xoma PC max GF(q™) [18]:

a+2t-1

wx) = [T(x-a’),

rae t — gncno ucnpamsieMbix ommoOok (No, Ko, Do)-xomom
PC, No = g™ -1, Ko = No — deg w(x), Do = 2t + 1; a — mpumu-
TUBHBIN 31emenT oyt GF(Q™).

LIAT 7. @opMupoBaHHE MOPOKIAIONIINX MHOTOWICHOB J(X)
BHEIIHEH CTYNeHW M Habopa M3 Z MOPOXKIAAIONIMX MHOTOUICHOB
g (X) BHYTpEeHHEl CTyIeHH KOJMPOBaHUs aarebpandyecKoro Kac-
KaJIHOTO CBEPTOYHOTO Kojia. CXeMbI alNropuTMoB (popMHUpOBaHHUS
MOPOXKIAIONIUX MHOTOWIEHOB J(X) ¥ §; (X) MpejAcTaBleHbl Ha
pUCYHKax 2 U 3 COOTBETCTBEHHO.
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C Hauano )

BBo/1 IOPOKAAOLIEr0 MHOTOUICHA
muKIndeckoro koga: i =0,...,r —1,
u(x)=u, X" +..+ux+u,u € GF(QM).
I i=0 |
:l
HET
na
I g~ ui |
| i=i+1 |
T
IToposknaromuii MHOTOUJICH BHEIIIHEH CTyneHn
rilKOI[HpOBaHI/ISIZ "
g(xX)=9,, X" +...+0,Xx+0,,9;, €GF(q").

C Konen )

Puc. 2. Cxema anroputma HopMHPOBAHHS TIOPOKIAIOIIETO MHOTOUJICHA
BHEIITHEH CTYNeHN aare0pandecKoro KackaJHoro CBEpPTOYHOTO KoJaa

HIAT 8. ITocTpoeHHe cXeMbl KoJepa anreOpandeckoro Kac-
kaaHoro ceeprounoro (N®, kW)-xona.

Cxema anropuTMa MOCTPOCHUS anreOpamdeckoro KackagHo-
T'O CBEPTOYHOTO KOJIa TPEICTaBIIcHa HA PUCYHKE 3.

BBon TIOPOK/IArOIIETO MHOTOYICHA
LUKJIAYECKOro Koja.

W(X) =W, X" + ..+ W x+w,w, e GF(Q™)

DopMIpOBaHKE MOPOKAAIOIINX
MHOTOUICHOB BHYTPEHHEH CTyeHH

KOJIMPOBAHHSI dopmupoBanie
9,5 (0= B X+t B X+ By X
\i
G [

Puc. 3. Cxema anroputma GOpMHUPOBAHUS TTOPOKIAFOIIHX
MHOTOYJICHOB BHYTPEHHEH CTyIeHH anre0pandeckoro KackaHoro
CBEPTOYHOTO KO/

Jis popMupoBaHUS TOPOKIAIOIINX MHOTOWICHOB anreOpa-
nueckux Kackanupix ceeprounbix (NX, kW)-konos MokHO BEIOH-
paTb HEABOUYHBLIC HUKINYCCKUE 6HOKOBBI€ MIPUMUTHUBHBLIC WJIN
HenpuMuTHBHBIE KoJbl BUX. Bri6op xomoB PC nuist moctpoeHus
kackanapx (NY, k)-ko0B 0OBACHAETCS UX BHICOKMMH KOPpPEK-
TUpYyOIMMHU criocoOHocTsiMu [21]. Takum oOpazom, 3a KoHeu-
HO€ YKCIIO TIar0B BO3MOKHO TIOCTPOEHHE alnrebpandyeckoro Kac-
kagHoro ceeprounoro (N, k¥)-xoma ¢ mapamerpamu: k® =k,

n®=m, v, =r-k®+h-k,Rc=R; - Ro.
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C Hauano )

v /47

Bsoa napamerpos
Ry, ko, ky, o, 1, 1

v

BbI60p MPUMHUTHBHBIX OJTUHOMOB
crenenu p u m. Iloctpoenue noJei

GF(q") n GF(q")
M3MeHeHne napameTpoB
* ko, 60 ky
Pacuet ckopoctu koza R u Ry A

BHEUIHEH U BHYTPEHHEH CTyNneH’

TIpoBepka ycioBust
COracoBaHusi CKOpoCTeii: ko=p
1160 ko nenur (2r-1)p

He Bemonusiercs

Beinonusiercs

Bri6op cnoco6a 06paboTku CMMBOJIOB

e .

nOCTpOeHHe TIOPOXAAKOLIECTO

MHorouieHa koga PC
a+2t-1

u) = [Tx=»"
y=a

HOCTPOeHHe TOPOXKAArOLIET0

MHorouieHa kojga PC
a+2t-1

wx) = [J(x-a)
y=a

7Y eGF(q®) o’ eGF(q™)
DopmupoBaHue @opmupoBaiKe Habopa

MOPOJK/IafOLIEro MHOI'OYJIeHa
g(x) BHeLIHel cTyneHu
anredpanyeckoro KacKaJHoro
CBEPTOYHOTO KOZIa

MOPOXKAAIOINX MHOTOYJICHOB
2.*(x) BHyTpeHHel cTyneHu
anreGpanyecKoro KacKaaHoro
CBEPTOYHOrO Koza

\ /

HOCTPOCHI/IC CXEMBbI anre6panqecxoro
KaCKalHOro CBepTo4HOro Kkoaa

v
C D

Puc. 4. Cxema aJIropuTMa OonpeacICHus anre6pal«mecx<oro
KaCKaJIHOT'O CBEPTOYHOI'O KOJ1a

Jlasnee mpesiaraeTcs alropuT™M KOJMPOBAHUS alnredpandeckux
KaCKaJHBIX CBEPTOUHBIX KOJOB C UCIIOJIb30BAHHEM OBICTPBIX IIPO-
LeAyp BBIYHUCICHUSI LUKIMYeCKoW cBepTku [22]. JlaHHbIA anro-
PHUTM TIO3BOJIUT YMEHBIIHUTH YUCIO apu(METHYECKHX OIeparui
YMHOKEHHH ¥ CJIOKEHHH. AJITOPUTM KOAWPOBAHUSI KACKaJIHBIM
(n®, k®)-xko10M Ha BHEIHE} CTYIIEHH PacCMOTPUM IIOLIATOBO.

IIAT 1. Boja uHpOpMaIMOHHOH nocienoBaTenbHoCcTH D(X),
TIOJUTE)KAIEH KOIUPOBAHHIO, B KOAEP BHENIHEH CTYIICHH.

AT 2. Vcnons3ys METOA MEPEKPBITHS ¢ CYMMHUPOBAHHEM,
BBITIONHACTCSA pa30HeHne MHPOPMAIMOHHOHN IMOCIeN0BaTEIbHO-
ctr b(X) Ha cextuu koreunoi mmubl {bM(X), b(X), b®(X), ...}.
Jmuna kaxmoi cexuuu paBHa N — L. Tlpuuem, L =deg g(x),
n=n-n">2r-1,b € GF@Q), g € GF(gP), deg bO(x) =
=n-L-1.Yucnan'un" — B3auMHO mpocTsI [23-25].

AT 3. ®opMupoBaHue CEpUM LUKINYECKUX CBEPTOK JUIs
HaXO0XJICHNs] MHOTOWIeHa C(X) KOJOBOTO CIIOBA BHEITHEW CTyIIe-
HH JUIs ciiydasi OeckoHeuHo# unabl. Kaknas us |-Tas nukinye-
ckux ceptok pasHa: CV(x) = g(x) - bO(x) mod(x" - 1).

IIAT" 4. Ha ocHoBe amroputma Arapsana-Kymm [23-25],
BBITIOJTHSIETCST TIpeoOpa3oBanne OHOMEpHOU |-0#f mmKiImueckoi
CBEPTKH B JIBYMEpHYIO cBepTKy. Cxema anroputma HopMUpOBa-
HUS IBYMEPHOTO KOJIOBOTO CJIOBA BHEIIHEW CTYNEHH IPEACTaB-
JIEHa Ha PUCYHKE 5.
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( o )
v

Bson /-0t cexiuy HHPOPMAITMOHHOM
0CTIe/I0BATeIbHOCTH:

b(x)=b, X" +..+bx+b,.

@DOpMUPOBAHUE OJHOMEPHO# LUKINYECKON CBEPTKH:
n-1
€ =2 Gy Dy-i=0...n—1.
y=0

3amena unaekcos i u y Ha (i', i"”) u (', ") COOTBETCTBEHHO:
i'=i(modn'),i"=i(modn"),i=0,..,n-1,
y'=y(@modn'),y"=y(modn"),y=0,..,n—1.

v

BoccTaHoBieHHe HHAEKCOB i U :
i=N"n"i'"+ Nn"i" (mod n), i' = 0 L,n'—1,i"=0,...
y = N"n"y' + N'n'"y" (mod n), y' 1,y )

e N'u N — nesnble 4ucia. N"n'+ N'"n" = 1.

OHPSHCJ’ICHI/IC JABYMEPHBIX IEPEMEHHBIX:

by’,y" = bN"n"y‘ FN'R'y gy"y" = gN"n"y'-N'n‘y" ’ Cy‘,y" = CN"n“y'+N'n‘y" .

¥

(opmupoBaHHe ABYMEPHOTO KOIOBOTO CIIOBA:
n'-1n"-1

= Z Z Yy Dyy

y'=0y"=0

Hpeuc‘ra}menue JABYMEPHOI'O KOJIOBOI'O CJIOBAa B BUJI€ OﬂHOMePHOﬁ

CBEPTKH MHOT'OYJICHOB!
n'-1

Cr(X) = D Uy ()b (X)(mod X" =1),i""=0,
y'=0

v
C Kownen )

Puc. 5. Cxema asroputma (popMHUPOBAHUS JBYMEPHOTO KOJOBOTO CJIOBA
Ha BHEIIHEH CTYNEHH KOJUPOBAHUS

( Hauvano )
BBona cexunu nHGOpMaLMOHHOMN
[0CJIe10BATEIBHOCTH b(X).

DopmMupoBaHUE OIHOMEPHOH LIMKINYECKON CBEPTKHU:
e(x) = g(x) + b(x) mod(m(x))

v

PaznoskeHne m(x) Ha B3aMMHO NPOCThie MHOroueHbl mY)(xX) Han
npocTeiM noamnoneM GF(g):
2-1

m(x) =[] m? ().

j=0

N1l

HaxosxneHune BbIU€TOB MHOTOUJICHOB g(x) U b(x):
R0 BP0 =R, [bO)L, J=0,...,z—1.

HaXO)KI[CHl/IC BbIY€TOB MHOTOYJIEHA KOJOBOT'O CJjIOBa:

¢V (0 =R 1, [9700 bV ()],

v

) HaxosxaeHne MHOro41€HOB AN(x) 1 N(x):
A (x) = m(x)/_m(’)(x),_ M(x) — SIBIISIFOTCSI PeLICHUSIMH CJIe Iy OLIMX
ypasnenuii: N(x)-A%(x) + a”(x)mP(x) = 1,7 =0, ... ,z— 1.

y

BOCCTaHOBHeHHC KOJZIOBOT'O CJIOBa ¢(x):

c(x) = ZC‘”(X) NP (x)- AP (x)(mod m(x)).
( Konen )

Puc. 6. Cxema anropuT™a BEIYHUCICHNS KOPOTKUX IIUKIHIECKUAX
CBEPTOK Ha BHEIIHEH CTYNEHH KOJUPOBAHUS

gV ()=

AT S. Hcnone3ys anroputM BuHorpana, ocHOBaHHBINA Ha
KHTalCKOW TeopemMe 00 oOcCTaTkax, pealn3yeTcs BbIUHCICHHUC
KOPOTKHX IHUKJINYECKHX cBepToK. CXema alropuTMa BBIYHCIIC-
HUSI KOPOTKHX IUKJIMYECKHX CBEPTOK Ha BHEIIHEW CTYNEHH KO-
JVPOBAHMS TIPEJICTABICHA HA PUCYHKE 6.

HIAT 6. ®opMupoBaHHEe MHOTOUYJIEHA KOJOBOTO ClIoBa C(X)
Ha BHEIIHEH CTYIEHH alreOpandeckoro KackaJHoOTro CBEPTOYHO-
T0 KO/Ia, Ha OCHOBE METOA MEPEKPBITHS C CYMMHPOBAHHUEM.

Ha pucyHnke 7 npejncrapiieHa cxema aJirOpuT™Ma KOAUPOBAHUS
Ha BHemHel cryneHn kackagaoro (N®, k¥)-koxa.

( Havuano )
Y

BBoj nHpopMaIMOHHON MOCIIeN0BATEIBHOCTH b(xX)
noJuIexKalleil KOAHpOBaHHIO, TIOPOXKIAIOLIIETO
MHOTrouJIeHa g(x) 1 napaMetpan = n "n">2r-1.

b eGF(q"), 9,eGF(@"), L=degg(x).

Pa36uenue HH(POpMaLIHOHHOH MOCJIeI0BaTEILHOCTH b(x) Ha CeKLMii
{b( )(x), bP(x), b“:(x) .} KOHEYHOI! JAJINHBI.

bV = by, b = b; . (1, by ,Jj=0,...,n-L-1.

j2n-L) s e

IX CBEPTOK:

()= g(x)-b® (x)-x ¢(x) = g(x)-b" (x),mod(x" ~1)
1=0 degb“’ =n-L-1.

'

Ilepexon OT OZIHOMEPHOI HUKIMYECKON CBEPTKH K JIBYMEpPHOIi ¢
HCTIONBb30BaHNEM anroputma Arapsana-Kyon.

'

OnO X HUKIHYSCKUX CBEPTOK € HCIOIL30Balue
KOPOTKHX HUKIMYCCKHX CBEPTOK € HCIOAL30BatHueM

anropurMa BuHorpana

'

Beruncnenne koaduieHToB MHOrouwteHa c(x) nay GF(q”)
GeCKOHeYHOi LlJ'll/leI KOL[OBOFO CIIOBA BHELIHEH CTyNeHH:
g7 cf Lo =P+
&+ 2 Jt =Ly G+ 3n- /»*C()"'C( ), (n-L)s -+ »
j=0,...,n-L-1.

5
( Koreit )

Puc. 7. Cxema anroputMa KOJAUPOBAHUS Ha BHELTHEH CTYTICHH
anreGpanydeckoro kackaanoro ceeprounoro (N®, k®)-xoza

Cjion-1) = Cj

Jlanee paccMOTpHUM aJrOPUTM KOAMPOBAHMS AJIreOpandeckoro
kackazHoro ceeprounoro (N®, k9)-kxona na BHyTpenHeii cTynenu.

IIAT 1. Beox nocnemoBarensrocta f(X) momieskaieii Koau-
POBaHMIO Ha BHYTPEHHIOIO CTYTIEHb KOJIEpa.

IIAT 2. IpeobpasoBanue MHOTOWIeHA f(X) ¢ mempio HaxoX-
JIeHUS BCeX KOA(PPUIINEHTOB (BKIIIOYas niepBbie H) KomoBoro cio-
Ba S(X) aIreGpandecKoro KackaaHoro ceeprounoro koza: f(x) - x.

IIAT 3. Pasouenue f(X) na cexiu koneunoit aunbn {f(X),
fI(x), f3(X), ...} Ha OCHOBE METO/1a TIEPEKPHITHS ¢ HAKOTJIEHHEM
[22-25]. TIpu atom, fi € GF(Q™), gi* € GF(Q™), H = deg g*(X).

HIAT 4. ®opmupoBanue |-oif UKIMYECKO# CBEPTKH KOIO-
Boro cioa: SV(X) = g*(x) - fO(x) mod(x" - 1).

IIAT 5. Beruncnenwe |-oif IIAKITNYIECKOM CBEPTKU S(')(X) KOJI0-
BOTO CJIOBA C TIPUMEHEHNEM aropuTMa Bunorpana pucynke 8.

HIAT 6. Brrancnenne ko3QpuuneHToB MHOTOUIEHA S(X) KO-
JIOBOTO CJIOBa BHYTPEHHEH CTyNeHH KOJUPOBaHMs anreOpamye-
CKOT'O KaCKaJHOTO CBEPTOYHOIO KOJa Ha OCHOBE METOJa Iepe-
KPBITHS C HAKOTUICHHEM.
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CxeMma anropuTMa KOMpOBaHus Ha BHYTPEHHEH CTYTIEHH -
re6pandeckoro kackaaxoro ceeprounoro (n®, k®)-xona npes-
CTaBJIeHa Ha PUCYHKE 8.

C oo )

Bsogx nocienosarensroctr f(X) mouiexanieit
KOJMPOBAHMIO U TIOPOKAAIONIEr0 MHOTOWICHA §*(X).

fieGF(Q"), g* eGF(Q@"), H=degg*(x).

ITpeobpazoBanue MHOTO4JICHA f(x):
(X) - X

v

Pa36HeH¥4e f(x) Ha cexrmit {f )3(), fO(x), fm(x)z ...} KOHCUHOM JUTMHBI:
= = j+(n—H)’fj )=fj+2(n—H);fj =Tj+3m-Hy - »

N

(]

Dopmupoanue |-l UKINYECKON CBEPTKHU:
sV (x) =g *(x)- f Y (x)mod(x" -1).

fj = fj, fj

Boruncnenue |-oif nuKkiIM4eckoit cBepTKI
€ UCIOJIb30BaHHEM anroputMa Bunorpaaa

(]

Beruncienne ko duuuenTos Maorousena s(x) nag GF(q™)
GECKOHEYHOI JUIMHBI KOJIOBOTO CIIOBA BHYTPEHHEH CTYICHN:

— — A2 — A0 — A4
=5, §40-1 = 67§20 = G, Sa0-m = 60
j=H,....n-1.

v
( Konen )

Puc. 8. Cxema anroputma KoJAUpoBaHHs Ha BHYTPEHHEH CTyneHn
anre6pamdeckoro kackaaaoro ceeprounoro (N®, k¥)-xoxa

B obmem ciaydae mporenypa KOTUPOBAHHS aNreOpamdecKux
CBEPTOYHBIX KOJIOB B COCTaBE KACKaJHOTO IPEAINOJaraer, 4To
JUIMHA MHOTOYJIeHa MH(OPMAIMOHHOI MOCIIeN0BATEILHOCTH BO
MHOTO pa3 MpPEeBBIIIAET JUIMHY TOPOXKAAIOIIEr0 MHOTOUJICHA.
CrenoBaTebHO, €€ MOXKHO MPEACTaBUTH MOPOXKIAIONIIMM MHO-
TOYIEHOM OECKOHEYHOH CTeneHW. DTO yTBEPXKJIEHHE CIIpaBe]l-
JIMBO JIJISI CBEPTOYHBIX KOJIOB BHEUIHEH M BHYTPEHHEH CTyICHH
anreOpanyeckoro KackaJHOTO CBEPTOYHOrO Koja. Torma, Impo-
Hexypa KOAWPOBAHUS aJIreOpandeckuM CBEPTOUHBIM KOJOM JK-
BUBAJICHTHA BBIYMCICHUIO HEPEPHIBHON HEJBOMUHON JTMHENHON
CBEPTKHU OOJBLION JUIMHEI (T.€. JUIMHA BO MHOTO pa3 NPEBbIIIacT
JUTMHY TIOPOXKIAIOIIEr0 MHOTOYJICHA).

CornacHo NpeUIoKEHHBIM alITOPUTMaM, ONPEACIUM HEJIBO-
WUHBIA anreOGpandeckuii kackamueii ceprounsii (N®, k®) —
koA. [Tonoxum, 4TO Ha BHEIIHEH U BHYTPEHHEH CTYNEHU KOJU-
pOBaHMs 3aJaHbl ajureOpanvyecKue CBEpTOYHbIE KOAbI ¢ 00pabdoT-
kot cumBosioB Hag GF(QP), rne q = bY, u nax GF(b™) coorser-
crBerHo. Ouesugno, uro GF(bY) sBnsercs moamonem moJst
GF(gP). [Ipu 3TOM HEepeKypCHBHBII cBepTOYHBIH (N1, Ki) — KOA
Han GF(QP) B HecucTeMaTHUEeCKOM BHJIE OINpPEAEISAETCS TOPOXK-
naromM MHorowieHoM ((X) Hag GF(QP) m mmeer mapamerpsl:
kD =log ¢ IM/, NV =p, ki = (r + 1) - kO, n; = k; - nW/k® u
ckopocTs komuposanus Ry = k/p. Tlopoxparommii MHOrOWIECH
g*(x) max GF(b™) ompenensieT HepeKypPCHBHBIN CBEPTOUHEIH (N,
ki) — ko Hax GF(b™) B HecucTeMaTHIECKOM BHJIE C TapameTpa-
mu: KO =logp /Q/, nN® =m, ko = (h + 1) - kD, ng=ko - nNO/k® u
CKOpOCTBI0 Koauposanus Ry = k@/m.

JL71st OIIeHKH MHHHUMAIBHOTO KOJOBOTO paccTosiHus Oy anred-
panueckoro kackaanoro cseprounoro (n®, k®) — xona mpose-
JIEM CIIE/TyIOIIHE PACCY KACHHSL.

SNNIEKTPOHMKA. PAONOTEXHUKA

TIpeamnonoxum, 4To Ha BX0J kojepa BHemHe crynenu (N,
k®) — xonma mocTynua kaap uHPOPMANMOHHBIX cuMBOJoB K1),
KOTOPBIH MPUHAIICKAT MHOKECTBY M U yIOBIETBOPSIET ClICIy-
romum yeaosusam: kKD =log ¢ IM/ > 1, M € GF(@P), p > k(.
Toraa, ¢ y4etoM I KajJpoB, XPaHAMIUXCS B MaMATH Kojepa
BHEIIHEH cTynenu, QopMupyercss Kaap kojosoro cyiosa N,
SIBIITFOLIMIACS OHUM dJieMeHToM toiist GF(gP).

[lycTh 4KCIO KAJApPOB, MOCTYIHUBIIUX HA BXOJ] CBEPTOYHOTO
Kojiepa BHemiHe# crynenu, paBHo K;. Torma mnocnemoBareiib-
HOCTh (cexuusi), coctosimast U3 Ni KaapoB KOJOBOTO CJIOBa Haj
GF(gP), stBisteTcst KOZIOBBIM CIIOBOM HEIBOMYHOTO ITUKITHIECKOTO
omokoBoro (N;, Ki, D;) — xoma mag GF(QP) B Hecucremarmye-
ckoMm Buje [9]. CrenoBaTenbHO, CIPABEUIMBO YTBEPKAATh, YTO
MHHHUMAJIFHOE KOJIOBOE paccTosiHue d; OmMHOMN ceKiun JmuHbI N;
ceeprougnoro (N, k;) — koga wag GF(QP) BHemmHe# cTymeHH KO-
JMPOBaHUs yI0BIeTBOpsieT Beipakenuto d; > Dy [17, 19]. [anee
npoleypa KOJAUPOBAHUS PEANTU3YeTCsl HA BHYTPCHHEH CTYNCHH
(n®, k®) — kona.

Ha BX0/ cBepTOYHOrO KOJepa BHYTPCHHEH CTYIICHH KOAMUPO-
BaHMs IIOCTYIAET Kaap HH(pOpManuoHHEIX cuMBonoB k@ = log
/Q/>1,tne Q € GF(b™), m >k©®, m > w. Torma xanp k© Gyzer
OJHHMM dJIEMEHTOM MHOXecTBa Q mim sementom moias GF(bY).
CnenosarensHo, (GopMHpoBaHME Kaapa KomoBoro cmosa N©
MPOUCXOMUT C yYETOM N KaapoB XPAHSAIMINXCS B MaMSATH CBEp-
TOYHOI'0 KOJiepa BHYTpPEeHHEN cTyneHu. [IpuueM kaapa KogoBoro
cItoBa N ABJISIETCST OHUM dj1eMenToM moiist GF(b™).

Badukcupyem p = Ko. AHanmoruuso, eciu nogats Ky kaapos
WH(DOPMAIIMOHHBIX CHMBOJIOB Ha BXOJ CBEPTOYHOrO Kozepa
BHYTpPCHHEH CTymeHu KomupoBanus, To No KaapoB KOJOBOTO
CJIOBA TPEJICTABIISIIOT COOOM KOJOBOE CIIOBO UKINYECKOTO 0JI0-
koBoro (No, Ko, Do) — xoma Hax GF(b™), Taxke B HecucremaTH-
yeckoM Bujie [9]. Ilpu 3T70M MUHUMAaNbHOE KOJIOBOE PACCTOSIHUE
do cBeprouroro (Ny, ko) — koma max GF(b™) Ha BHyTpeHHEH CTY-
MEHU KOJMPOBAHMs OJHOW cekuuu JUinHbl Ny YAOBIETBOpSET
yemoswuio Ao > Dy [17, 19].

B Toke BpeMsi M3 TEOPHH MOMEXOYCTOWYHBOTO OJIOKOBOTO
KOTMPOBAHUS M3BECTHO, YTO MPHU IMOCICIOBATEIFHOM COCANHE-
HUM JIBYX HEJIBOWYHBIX OJIOKOBBIX K010B PC B Hecucremarnue-
CKOM BHJIC MUHHMAaJbHOE KOJ0BOE paccTosiune Dy kackamHoro
650k0BOTO KOJIa oneHnBaercst kak Dy > Dy - Dy. [Ipuuem mmina
070ka MHPOPMAIMOHHOTO CJIOBA KAaCKaJHOTO OJIOKOBOTO KOJa
Kk = K; - Ko, a qirHa 610Ka KOJOBOTO CJIOBa KAaCcKagHOro Koia
Nk =N; -No[17, 19].

Ha ocHOBaHWHU BBINICH3IOKEHHBIX PACCYKICHUN, MOXKHO
CIlenaTh BBIBOJI, YTO MHHHMAIBHOE KOIOBOE paccrostaue dy He-
JIBOMYHOrO ajiredpanueckoro kackaanoro ceeproynoro (N, k®)
— 0712 MOYKHO OLIEHUTH COTTIACHO CJIE/TYIOIIEMY BBIPAXKCHUIO:

dk >d; - do. (D

TTpu 5TOM OTMETHM, YTO JUTMHY CEKIMH MHPOPMAIIMOHHOTO U
KOJIOBOTO CIIOBA aJre0panyeckoro KackKajJHOTO CBEPTOYHOIO
(n®, k) — ko/1a MOXKHO BBIPA3UTH Yepe3 MapaMeTPhl HEIBOMY-
HBIX 0J0KOBBIX K07I0B PC ciiemyrommM o0pazom:

kk:Kl.KO’
nkle'NO,

@)

rae K — mmuHa cexuuu uHdopmanuonsoro ciuosa (N®, kM) —
Ko71a; Nk — JuTMHA cekmu kogosoro ciosa (N, k©) — xona.
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DNEKTPOHUKA. PAODUOTEXHUKA

W3BecTHO, YTO CMOCOOHOCTH OJIOKOBOTO KOJa WCIIPABIATH t
OmMOOK, MOYKHO OTPEICTUTh KaK HAaMOOIBIIEee YUCIO OIMIMOOK,
KOTOpBIE OJOKOBBIA KOJ TapaHTHPOBAHHO MOXKET MCIPABUThH Ha
mHe O1oka komoBoro ciosa N [17-19]. Ilpu 3ToM MUHIMAITH-
HOE KOJIOBOE paccTosiHue OokoBoro koma D =2 -t+ 1 [9, 17].

Torga MoxHO 3amucath: ) = (d; — 1)/2 u to = (do — 1)/2, e
ti u to 9MCcIO WCTIpaBIAEMBIX OIMMOOK anreOpanvdeckKuMU CBEp-
TOYHBIMHU KOJIJAMH Ha BHCIIHCH M BHYTPCHHEH CTYIICHU Ha JIJIHE
onnoit cexuu N; 1 Ng cootBeTcTBeHHO [18].

Tak kak 0;10k0BbIi ko1l PC siBNsieTCS ONTUMANIBbHBIM COTJIAC-
Ho rpanuibl CunraTtona [9, 10, 17-19], To Ha OCHOBaHHUM BbIIIIE
W3JI0)KEHHBIX PacCy’KACHUH ISl CBEPTOYHBIX KOJOB B COCTaBe
anrebpanueckoro kackaguoro cseprounoro (n®, k®) — kona
CTIpaBETUBHI CIICAYIONINE BBIPAKCHIS:

d,=2-t,+1=N, - K, +1,
dy=2-t,+1=N, - K, +1.

3

Takum o00pa3oM, BO3MOXKHO anreOpanvdeckuM CIOoCcOoO0OM
BBITIIOJIHUTH OIICHKY MHHHMAJIBHOIO KOJOBOTO paccTosHms Oy
anreGpandeckux kackaaubix ceeprodnsix (N, kW) — xomnos.

PaccMoTpuM npumep OLIEHKHM MHHHUMaJbHOTO KOJJOBOTO pac-
crosinus dy anre6panyeckoro kackaanoro ceeprounoro (N®, k)
— ora.

Ipumep. TIpeanonoxuM, 4To 3aJaHbl CIEAYIOINE KOHEUHbIE
noss: GF(2%), GF(2%) u GF((2°)%).

IMycth 3aman HeBonuHbIN Onokosbiii kox PC nan GF((2%)?)
KOTOPBIN UCIPaByIsieT 7 OMIMOOK M UMEET CIICYIOIHE TapaMeTphbl:
Ni=2°-1=511,Ki=511-2-7=497,D,=2-7+1=15mu
CTETIeHb TOopoXKaaromero mMuorowicHa deg u(x) = 14. Torna,
6nokoBelid (511, 497, 15) — kox PC max GF((2*)*) nomnoctsio
ompenensier anrebpandeckuit cBeprouHbii (N, Ki) — xKox Hax
GF((2°)’) B HecucTeMaTHueckoM BHIE HA BHEIIHEH CTYHEHH.
IIpu atom (N, Ki) — KO ©MEET TOPOKIAFOIIHIA MHOTOUWICH J(X)
crenenu deg g(X) = 14 u cnenyromue napamerpsr: k(D =2, nM =
3,k;=30,n;,=45,v; =28 Ry =2/3,d; >15.

Hanee mycts 3agan xon PC nag GF(16) ucnpasnstomuii 6
onmMOOK, KOTOPbIit MeEET crieayronme mapamerpbl: No = 24— 1 =15,
Ko=3,Dp=2" 6+ 1 =13 a creneHb MOpoKAAONIETO MHOTO-
gireHa deg W(X) = 12. CnemoBarensHo, (15, 3, 13) — xox PC Han
GF(2%) ompenenser anrebpandeckuii ceepTodnsiii (No, Ko) — Kox
nan GF(2%) ma BHyTpenneii ctymenu kackamuoro (n®, k) —
koma. Torma ceprounsiii (No, Ko) — Koa Oymer UMeTh mapamer-
pbI: k© = 3, n® = 4, ko = 39, no =52, vo = 36, Ry = 3/4, do>13
U OpOXIarouii MHOrowieH g*(X) crenenn deg g*(x) = 12.

Takum 00pa3oM, coriacHo BeIpaxkeHUio (1), MHHUMaibHOE
KOJIOBOE paccrosiHue Oy aareGpanveckoro KackaaHOro CBEpTOU-
noro (N®, k&) — xona d¢ > 195. Ilpu >ToM IMHA CEKLMM HH-
dopmarmonnoro ciosa (N®, k®) — koma ke = 1491, a 1mna cek-
IIUH KOJIOBOTO CI0Ba Nk = 7665.

W3 npumepa BUIHO, 9TO 332 (DUKCHPOBAHHOE YHUCIIO IIAroB
ylaeTcs 3a1aTh HEJBOUYHBIH anreOpandeckuil KackaJHbIi cBep-
tounstit (N®, kW) — xox ¢ BBHICOKHM 3HAYEHHEM MHHHMAIBHOTO
KOmoBOTO pacctostHust Oy > 195 u ¢ 3apaHee 3aJaHHBIMU TTapa-
METpaMH KOMITIOHEHTHBIX JIreOpanyeckuX CBEPTOUHBIX KOJIOB.

B psine M3BECTHBIX CXEM IOCIEIOBATEIBHOTO KAaCKaJIHOTO
KOJIUPOBaHMs B KayeCTBE KOMIIOHEHTHBIX KOJIOB HCIIOJIB3YIOT
CBEpPTOUYHBIC KOJbI, HaiilleHHbIe INepeOopHbIM MeTozoM. Toraa
YHCIIO BCEX BO3MOXKHBIX KOMITOHEHTHBIX CBEPTOYHBIX KOJIOB
BHEITHEW M BHYTPEHHEW CTYIEHH, C JJIMHOW KOJIOBOTO OTpaHU-

YeHUsl Vi U Vo COOTBETCTBEHHO, MOXKHO PACCUUTATh CIIETYIOIIMM
obpasom: W =q" +q," [17].

Jlasiee OLCHMBAIOT MHHHUMAJIbHOE KOJOBOE paccrosiuue
HalJICHHBIX CBEPTOYHBIX KOJIOB M KaCKaJHOTO KOJa B LEJIOM.
3avactyro, Tpu OOJBINUX JUIMHAX KOJIOBOTO OTPAHUYCHUS
(v > 10) nanHas 3a7a4ya NpakKTHYCCKH Hepaspemuma [ 14].

HanpuMep, mpy 3Hagenmsx Vi, = 28, Vo = 36 u ; = 2°, (o = 2*
YUCJIO BCEX BO3MOXKHBIX KOMIIOHEHTHBIX CBEPTOUYHBIX KOJOB
cocraBisieT W = (2°)™ +(24)%. Od4eBHIHO, UTO MepedpaTh TaKoe

YHUCIIO KOJUPYIOMIUX YCTPOHCTB (KaK MPaBHIIO, ITO CXEMBI, OC-
HOBAaHHBIE Ha perucTpax ciasura [17]) cBepTOUYHBIX KOJOB B
HaCTosIIee BpeMsl 3aTPyIHUTEIbHO. DTO JTOKa3bIBAET, UYTO CIIO-
co0 ompezeneHus CBEPTOYHBIX KaCKaJHBIX KOJOB, OCHOBAHHBIX
Ha MTOWCKE KOMIIOHEHTHBIX KOJOB IEpeOOPHBIM METOJIOM, SIBIIS-
eTcs MaJod(PPEKTHBHBIM.

[Ipumenenne OBICTPHIX AITOPUTMOB BBIYHMCICHHUS CBEPTKU
Arapsana-Kymu u Bunorpama [17, 23-25] nemecoobpa3Ho wc-
M0JIb30BaTh HA BHEUIHEH CTYIEHH KOJMPOBAHMS HEIBOWYHOTO
anreOpanyecKoro KacKaJHOTO CBEPTOYHOTO KOAA. DTO JaeT BO3-
MOXHOCTh YMEHBIIUTH YHCJIO apu(METHUECKHX ONEpanuil B
nosie GF(QP) mpu BBIYMCICHUM MHOTO4YJIEHA KOJOBOTO CJIOBA
c(X).

Jlnst yMeHbIIeHUsI Ynciia apupMETHYECKUX ONepaluii B mosie
GF(Q™) Ha BHYTpeHHEH CTYNCHH PEKOMEHAYETCS HCIOIb30BaTh
ObICTpBIN anropuT™ BuHOTrpasia BEIYHMCICHUS] CBEPTKH. DTO CBSI-
3aHO C T€M, YTO Ha BHYTPEHHEW CTYIEHH KOIUPOBaHUs, KaK Ipa-
BUJIO, PEKOMEHIYIOT HCIIOJIb30BaHUE KOJOB C MEHbIIECH JUIMHON
KOJIOBOTO OTPAaHMYEHUSI W TIOCTPOCHHBIX HaJl MOJIEM C MEHbBIIEeH
CTETICHBIO PACIIMPEHUS 110 CPABHEHHIO C KOJAMH BHEIIHEH CTy-
nienun [23-25].

CrnenoBaTenbHO, BBIPAXKEHUS Ul OLUEHKH BBIYUCINUTEIBHON
CJIOKHOCTH METOZa KOJMPOBAHMS HA OCHOBE CHHTE3a METOJOB
Arappana-Kynmu 1 BuHorpaga MOXHO NpeACTaBUTh CIEAYIOIINM
obpaszom [20-22]:

M(n)=M(n")-M(n");
A(n)=n-A(n")+M(n")- A(n").

“)

B Beipaxenun (4) M(n') m M(n") — MyJabTUIIIMKaTUBHAS
CJIO)KHOCTh BBIYHMCICHUSA N' ¥ N TOUCYHBIX CBEPTOK COOTBET-
ctBeHHO, @ A(N') u A(N"') — aAIUTHBHAS CJI0KHOCTD BBIYHCIICHUS
N' 1 N" TOYCUHBIX CBEPTOK, KOTOPHIC OMPENEISFOTCS BBIYHCIIH-
TEJIBHOM CI0XKHOCTHIO MeTo/1a BuHorpazaa, a umenHo [23-25]:

M () ~ A ~ 3 [degm@ (o (5)
=0

rae M(n*) u A(n*) — uncno apumMeTHIecKux onepanuii yMHO-
JKEHUH M CIIOKEHUI COOTBETCTBEHHO JUISL OJHOTO M3 U3MEPEHUM
[17].

CoracHO BBIpaKeHUSIM BHUA (4), OCHOBHOW OOBEM BBIUHC-
JICHUH MTPUXOAUTCS HA BBIYMCIECHHE N' M N" TOYEUHBIX CBEPTOK.
[Tpn BBMMCIEHNH CBEPTOK BBIpaXKeHHE (5) sIBISETCS BEpXHEH
rpaHuuel yucia onepauui. Tak, Hanpumep, Ui CBEPTOYHOTO
KOJAa BHEMHEH CcTymeHH Tpu N = 255  CIOXHOCTH
M(255) =M(15) - M(17) = 6837. B To e BpeMs Il BBIYHCIIC-
HUSI TPSMBIM CIIOCOOOM KOJIOBOTO CJIOBA CBEPTOYHOIO KOJa
BHEIIHEH CTyneHu mnoHamoburcs M(255)= 15876 onepaumit
YMHOKEHUH TpH JJIMHE KOJOBOTO OTPAaHHYECHHUS! CBEPTOYHOTO
Koza, paBHOH 1/2n.
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Takum 00pa3oMm, yZaercs COKPaTHTh BBIYUCIUTEIBHYIO
CJII0KHOCTH CBEPTOYHOTO KOJIa BHEMIHEH CTyIeHH pu N = 255 B
2,32 pa3a. JInsg cBepTOYHOTO KOJAAa BHYTPEHHEH CTYIIEHH MpH
n = 15 cnoxxaocte M(15) = M(3) - M(5) = 53, a ipu BBIUKCITE-
HUH MPSIMBIM CHIOCOOOM HEOOXOJIMMO BBINOJIHUTE 64 apupmeru-
YeCcKHX omneparnuii yMHOXeHHH. ClenoBaTeIbHO, BEIYUCIUTEIh-
HYIO CJIOKHOCTb CBEPTOYHOIO KOJa BHYTPEHHEH CTYIEHH IpU
n = 15 ynaercst cokpatuts B 1,21 paza [17].

BriBoabl

Paspabotan anroput™m (OpMHPOBAHUS MOPONKTAIOIIINX MHO-
TOYWIEHOB BHEUIHEN M BHYTPEHHEW CTYNEHM, OTJIMYAIOIIUNACA OT
M3BECTHBIX BO3MOXHOCTBIO OJJHO3HAYHO OTIPENENATH airedpan-
YecKHe KacKaJHBIe CBEPTOYHBIC KOIBI C 3apaHee 3alaHHBIMH
rmapaMeTpaMH M MPOU3BOJIEHBIMU JJIMHAMHU KOJOBBIX OTpaHHUYe-
HUH 32 (PUKCUPOBAHHOE KOJIMYECTBO 1aroB. JlaHHBIN ajareOpamu-
YeCKUil 1moaxol (OPMUPOBAHUS MOPOXKIAIOUIMX MHOTOYICHOB
BHEIIIHEH M BHYTPEHHEH CTYNEHU MO3BOJISAET YMEHBIIUTH CIOXK-
HOCTb IIOMCKAa HOBBIX KOIOBBIX KOHCprKLlI/Iﬁ 1 MO3BOJIUT CTPO-
HTb HOMCXOyCTOﬁ‘IHBbIC CBEPTOYHBIC KOABI 60.]1])1].[0171 JJIMHBI IJI51
CHCTEM CBSI3U CIETYIOLEro MOKOIEHHUSI.

Pa3paboTaHbl anrOpUTMBI KOIMPOBAHUS ANTeOPaMUYCCKIX
KAacKaJHbIX CBEPTOUYHBIX KOJOB, OTIMYAIOMIMICS OT MU3BECTHBIX,
HOBBIM TIOJXOJIOM HCIIOJIH30BAaHUS OBICTPHIX aNTOPUTMOB BEI-
YUCJIEHUS LUKJIWYECKON CBEPTKH Ha Ka)xaou u3 cryneHeul. s
HAXOXXJICHUS MHOTOWICHOB KOJOBBIX CIIOB C(X) M S(X), UIHHBI
MOPOKAAIONINX W MH(POPMAIOHHBIX MHOTOWICHOB — COHM3MeE-
PUMBI C JUIMHAMH IUKJINYECKUX CBEPTOK HA BHEIIHEH W BHYT-
PEHHEH CTYIIeHH COOTBETCTBEHHO. Pa3paboTaHHBIC aNTOPHTMEI
MO3BOJIAIOT YMCHBIINUTD BBIYHUCIIUTCIbHYIO CJIOXKHOCTD MPOLECAY-
PBI KOTUPOBAHUS aNreOpanveckux KacKaTHBIX CBEPTOYHBIX KO-
JIOB Ha KaXKJIOM U3 CTyMEeHEH.

JI71st OLleHKH BBIUMCIUTENHHOM CI0KHOCTU aIrOpUTMa KOJU-
pOBaHHUA Ha OCHOBE CHHTEe3a alroputMoB Arapsana-Kymnu u Bu-
HOTpaZia MpeICTaBICHbl COOTBETCTBYIOIIME BBIPAKEHUS ISt
KOMIIOHEHTHBIX aJreOpanuecKuX CBEPTOYHBIX KOJIOB Ha Ka)IOH
U3 CTYIIEHHU.
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ALGORITHMS FOR ENCODING ALGEBRAIC NON-BINARY CONCATENATED
CONVOLUTIONAL CODES REDUCED COMPLEXITY

Alexey S. Volkov, Ph.D, associate professor, department of telecommunication systems National Research University of Electronic
Technology, Zelenograd, Moscow, Russia, leshvol@mail.ru
Vitaly B. Kreyndelin, Doctor of sciences, professor, head of the department of "Theory of Electric Circuits" "Moscow Technical University
of Communications and Informatics", Moscow, Russia, v.b.kreindelin@mtuci.ru

Abstract

To provide high reliability of transmitted information in wired and wireless telecommunication systems and networks, error correction codes are used. It
is possible to achieve high reliability with a relatively low complexity of encoding and decoding algorithms through the use of concatenated codes. A cas-
cade code is a code structure based on the sequential connection of several component error correction codes. From a practical point of view, concate-
nated codes with two coding stages are of greatest interest. One coding stage is called outer, and the other called inner. The paper proposes an algorithm
for constructing of generator polynomial of the outer and inner stages, which make it possible to determine algebraic concatenated convolutional codes
with pre-determined parameters and variable constraint length in a fixed number of steps. Encoding algorithms for algebraic concatenated convolutional
codes have been designed based on fast algorithms for calculating cyclic convolution at each stage and to find polynomials of code words c(x) and s(x) the
lengths of generator and information polynomials are matched with the lengths of cyclic convolutions on the outer and internal stage, respectively. It is sug-
gested to use the fast algorithms Agarwal-Cooley and Winograd for computation the convolution at the outer coding stage of a non-binary algebraic con-
catenated convolutional code. This makes it possible to reduce the number of arithmetic operations in the GF(gP) field when calculating the codeword poly-
nomial ¢(x). To reduce the number of arithmetic operations in the GF(q™) field at the inner stage, it is proposed to use the fast Winograd algorithm for cal-
culating convolution. This is due to the fact that it's recommended at the inner coding stage to choose codes with a short code constraint length and over
smaller fields, compared to codes at the outer stage. To estimate the computational complexity of the proposed encoding algorithm based on the synthe-
sis of the Agarwal-Cooley and Winograd algorithms, the analytic expressions for component algebraic convolutional codes at each stage are presented.

Keywords: error-correction codes, convolutional codes, construction of convolutional codes, computational complexity, generator polynomial, concatenated codes.
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MocroaHHO yBenuumneatowmecs o6LEmMbl nepesaBsaemMoro Tpacuka o6ycnoeu-
N1 nosBfieHNe HOBbIX MH(OKOMMYHMKALIMOHHBIX TEXHOJIOTUM, KOTOPbIE Npea-
Ha3Ha4eHbl ANA yny'lleHUsA Ka4yecTBEeHHbIX nokasarenein (QoS) paboTei ceTe-
BbIX y3/10B. OfHON W3 TaKUX TEXHOMNOTUIi ABNAETCA TEXHONOINA UCMONb30Ba-
HUA NporpaMmHo-onpeaensaembix ceteit (SDN), KoTopaa noapasymesaer pas-
AeneHue NIOCKOCTU MapLUpyTU3auun U KOMMyTauumn TpacgnKoBbIX NOTOKOB.
Mpu >ToM aHanus paboTbl N060Oro ceTeBoro ysna AoMKeH NPOBOAUTLCA C
Y4€TOM KOHCTPYKTUBHbIX 0COGEHHOCTENH YKa3aHHOrO pa3fiefieHUA U C y4ETOM
KOppEenALMOHHBIX CBOWCTB Tpacuka (B 4aCTHOCTH, KOPpENALMN UHTEPBaNoB
BpeMEeHM MexAy MocTynalolmMm Ha o6paboTky nakeros), nosBieHUe KOTO-
pbix 06ycnoeneHo o6beaMHeHneM MHoXecTBa M3MeH4nBbIX ON/OFF ucrou-
HUKOB, MEXaAHWU3MaMM YNPaB/IEHUA TAKUMU NCTOYHUKAMU, MOABJIEHMEM HOBbIX
CEpPBUCOB U NPUNIOKEHUA U APYTMMU NMPUHMHAMU, CBA3AHHLIMU C 0COOGEHHOC-
TAMM UCNONb3yeMbiX NpoTokonos. B pabote aaH aHanus BAMAHMA Koppena-
LM MHTEPBaJIOB BPEMEHU MEXAY MOCTYNaloLMMN NakeTaMm Ha paboTty ysna
nporpaMMHO-KOHUrypupyeMoi ceti, yHKLMOHMpYIOLLEH MO MPOTOKOIY
Open Flow. MonyyeHbl aHanUTMYeCKMe BblpaXKeHUA ANA pacyeTa CpefHMX
3HaYeHU BpEMEHM 3a/lePXKKMN NaKeTa B y3/ie CETU U BapuaLum 3TOW 3a/epiK-
ku. [pu 3ToM aHanuTMYecKasa Mofenb ysna CETU OMUCbIBAeTCA CUCTEMOW
G/G/1, B KOTOpOW NNOTHOCTN BEPOATHOCTEN MHTEPBAJIOB BPEMEHU MeXAY No-
CTynaloLMMKU NaKeTaM1 M UHTEPBANoOB BpeMeHn o6paboTKM NaKkeToB 3ajaloT-
CA rMNep3KCNOHEeHLUMaNbHbIMM MOAENAMKU, NPUYEM MoAenb ANA MIOTHOCTHU
MHTEpBaNoB BPeMEHU MeXAy NaKeTaMW yYMUTbIBaeT KOPpenALUOHHbIe CBA3U
coceHUX UHTepBanoB. [laHo cpaBHeHMe CpefiHEro BpeMeHU 3a/iepKKU B y3-
ne U BapuaLuM 3aA€PXKKU NPU HaIM4YUN U OTCYTCTBMU KOppPEnaLuu.
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CBA3b

BBenenne

Hudposuzarms MHPOKOMMYHHKAIIMOHHON CQephl ana BO3-
MOJKHOCTB ITOJTb30BATEISIM TPUMCHSATH TEXHOJIOTHH U CEPBHCHI,
HCIIOJIb30BAHUE KOTOPBIX MPUBENIO K INI00AIBHOMY POCTY 00BE-
MOB TIepeaBaeMBbIX JaHHBIX. DTO MOTPEOOBAIO Pa3pabOTKH TEX-
HOJIOTHH IIepe1avun JAaHHBIX C BEICOKUME CKOPOCTSIMH U C MAJIBIMH
3aJIep>KKaMH COOOILIEHNUH B CETEBBIX y3IIax.

O0BEM MUPOBOTO TPAHCTPAHUYHOTO HHTEPHET-TpadUKa MOKa-
3BIBACT MOCTOSIHHBIA POCT B cpemHeM Oosiee ueM Ha 30% B rof B
TE€UYEHHE MOCIEAHUX IATh JeT [1]. OrpoMHOE KOIUYECTBO UHTEI-
JIEKTYyaJIbHBIX OOJIAUHBIX TPHIOKEHHH, KOTOpbIE B3aUMOJICH-
CTBYIOT C «BEIIAMI» MO PA3IMYHBIM (PU3HUECKUM CETSIM U ITPOTO-
KOJIaM CBSI3H, CIIOCOOCTBYET MOBBIIICHHIO CIIOKHOCTH cucteM MH-
tepuera Bemer (IoT). PasHooOpasme TpeOGoBaHMIT KOHEYHBIX
TTOJT30BAaTEICH, CBA3aHHBIX ¢ 00BEMOM TeHEPHPYEMBIX TaHHBIX,
WX pa3HOOOpa3ueM M CKOPOCTHIO MX TIepeadn, IenaeT obecnede-
HHUe KadecTBa oOcmykuBanus (QoS) eme 6oee BaKHBIM U CIIOXK-
HeIM B [0T. Kpome Toro, Heo6X0iMOo yuecTh TEHACHIIHIO K POCTY
MOTPeOHOCTEH B yclyrax yAaleHHOTO JIOCTYIa, KOTOPbIi yBelu-
YHJICS B TIOCJIE/THEE BpeMsI (B yCIOBUSX MaHIeMHN ) O1arogapsi riio-
OaJbHBIM MEpaM COLIMATLHOTO JMCTAHIIMPOBAHUS, U IIPOIOJKACT
OBITh BOCTPEOOBAHHBIM I10 CEHi JIcHb. DTO TpeOyeT pa3paboTKu HO-
BBIX ITOJIXOJIOB B YIIPABJICHHN COBPEMEHHBIMHU CETSIMH CBSI3H, HO-
BBIX ITI0/IXOJIOB M METOJMK HMX HPOEKTHpoBaHUs. B mociemnue
TO/Ibl PEIICHHE BOMPOCOB, CBS3aHHBIX C YIPaBJICHHEM, Hallpas-
JIEHO Ha ero HeHtpanuzauuio [2]. Hanpumep, B [1] nokazaHo, 4o
COBpEMEHHas CeTeBas apXUTEKTypa, perasi MpodieMy [ISHTPaIH-
3alUH YIpaBICHUS (PUKCHPOBAHHBIMH W MOOWIIEHBIMH CETSMH,
JOJDKHA COJIePIKATh IIEHTPAIBHBIN MTPOrPaMMHBIN KOMILTEKC (Tia-
KETHOE SIpO CeTH), OCHOBAaHHBIM Ha MacIITaONPyeMOil CepBEPHOM
miatopme. OCHOBHBIE UCCIIEIOBAHMUS JAHHON MTPOOIEMBI OpHEH-
THUPOBAHbI HA Pa3pabOTKy MPOrPaMMHUPYEMBIX CETEH C LIEHTpau-
30BaHHBIM YIPaBJICHUEM U Ha BUPTyaiu3aluio. Ha nanHom sTamne
Pa3BUTHS CeTeil CBS3M NP BHEAPESHUH MTPOTPAMMHUPYEMbIX CEeTei
C LICHTPAJIN30BAHHBIM YIIPABJICHHEM, KaK ITPAaBUIIO, UMEIOT B BUILY
texHosoruto Software-defined networking (SDN, nmporpammHo-
onpezaensieMbie ceTh) [3, 4].

[IpoGembl, BO3HHUKAIOIINE HAa yPOBHE TIOCTABIMKOB YCIITYT U3-
32 3HAYUTEIIHLHOTO YBEJIMYCHUSI OAKIIOUCHHBIX YCTPOICTB, 00be-
MOB U XapakTepa oOpabaTsiBaeMOro Tpaduka, pa3InIHbIX TPeOo-
BaHUI ITOJTb30BATENEH U YCIYT (Kak MPaBUIIO, B KAYECTBE TTapaMeT-
OB, OTIPEIEIAIOMINX KA4eCTBO IMPEIOCTABICHHS TAKUX YCIYT, pac-
CMaTpHBaeTCs 3aCPKKa, BapHAIUs 3aICP)KKH, TPOITyCKHAS CITO-
COOHOCTSD M T. 11.), Tpu ipuHATHH SDN B KauecTBe HOBOW CETEBOM
TapaurMbl PEATIONIaraeTCs PEIIUTh 3a CYET Pa3IeIeHIs TIOCKO-
CTH MapHIPYTH3aLNU U KOMMYTAIIH TPAPHKOBBIX TIOTOKOB.

Kak nokasaHo B [5-7], HECMOTpsI Ha MPEUMYIIECTBA B THOKO-
CTH YIIPABJICHHUS CETHIO 110 CPABHEHUIO C TPAJAUIIMOHHBIMU CETSIMH,
SDN mo-nipeskHeMy TpeOyeT pa3pabOTKH HAICKHBIX METOMHUK,
TIO3BOJISIFOIIMX OBICTPO MOJYYUTh OLEHKH NMapaMeTpoB KadecTBa
obcirykuBanus (QoS). B cBsi3u ¢ 3THM BO3HHKAET HEOOXOIUMOCTh
B pa3zpaboTke aHamuTHYecKni Mojenn SDN, mpu 5ToM, yIHUTHIBas
Xapaktep o0pabaTbIBaeMbIX MOTOKOB, Tpedyercs pa3paboTka Mo-
JIeld JuIst cucteMsl oomrero suaa - G/G/1.

YacTo maHHBIC 33/1a4M PEIIAIOTCS TTOCPEICTBOM IPUMEHEHHS
METOZ0B IMUTAIIMOHHOTO MOJeTHpoBaHus. Pa3paboTke aHannuTH-
geckux Mozeneit SDN mocssmeH psa padot [5, 8-10], rae rmas-
HBIM 00pa30M HCCIIEAYIOTCS MOJACTH C 00pabOTKOM IKCIIOHEHITH-
QIIBHBIX TTOTOKOB.

[Ipu mocTpoeHNN aHATUTUIECKUX MOAETCH (PYHKIIHOHHPOBA-
HHS TIPOTPAMMHO-OIPEIENIIEMBIX CETEH, KOTOPBIE YUUTHIBAIOT I1a-
paMeTpbl KauecTBa OOCIIyKMBaHMUsI, PEILICHUE BOIIPOCOB, CBSI3aH-
HBIX C IPOM3BOJMUTEIFHOCTBIO ¥ MAaCIITAOUPOBAHUEM, BBI3BIBACT
oTpeJiesIeHHbIe TPYIHOCTH. BecbMa pacrpocTpaHeHHbIM BapuaH-
TOM, TIO3BOJISIFOIINAM PEIIUTh MPOOIeMbl aHaH3a (PYHKIIMOHUPO-
BaHust SDN, sByisieTcs BapHaHT, OCHOBAHHBIN Ha MCIOJIb30BaHUU
HUMHUTAOHHOTO MOJEIUPOBAHUS, UYTO MO3BOJSET MOJIyYUTh JI0-
CTaTOYHO TOYHBIC OLICHKH MapaMeTpoB (DYHKIIMOHUPOBAHMS WH-
(hOKOMMYHUKAIIMOHHBIX ceTel. EcTecTBeHHO, MCKOMBIE OLICHKH
MOTYT OBITh OJTyYEHBI B PE3yJIbTaTe MIPOBEACHHS SKCIICPIMEHTOB
Ha pealbHBIX ceTsix. Ho, korma peus naér o pa3paboTke HOBOH
CEeTH WJIN O PEKOHCTPYKIMN U MOJIEPHHU3AINH YK€ (DyHKIIHOHUPY-
IomIeil ceTn, HeOOXOMMMBI NCCIIEOBAHNS, TIPOBEICHHBIC HA aHa-
JUTHYECKHX MOJETSIX C BO3MOXKHO 0OoJiee MONHBIM Y4ETOM
CBOMCTB Tpaduka, KOTOpbIi OyeT 00padaThiBaThCs B y3J1aX MPo-
EKTHUPYEMOH CeTH ¢ yu€TOM 0COOCHHOCTEH MPOTOKOa, Ha OCHOBE
KOTOpOTro pazpadarbiBaeMast ceTh OyieT (YyHKIIMOHUPOBATb.

Hwmxe paccmarpuBaercs aHanutuueckas Mozens ys3na SDN,
¢dynkponupyromeir mo nportokoiny Open Flow, kxak cucrema
G/G/1. Ins ananuza cuctemsr G/G/1, oOpabaThiBaroIe MmakeT-
HBII TpaUK, IJIOTHOCTH BEPOSTHOCTEH WHTEPBAIOB BPEMEHU
MEK/Ty TIOCTYIAIOIIMMH ITAKeTaMU M MHTEPBAJIOB BPEMEHH 00pa-
OOTKM TAKETOB AaNMpPOKCUMUPYIOTCSI THIIEPIKCIIOHCHIMAIBHON
MOJIEJBIO, €CTECTBEHHO C Pa3HbIMU HapameTpamu. OTIMIUTEIb-
HOH 0COOCHHOCTBIO TAHHOTO PACCMOTPEHHS SBIIACTCS aHAJTMTHYC-
CKUil yu€T KOppessiiuy, Bo3HHUKatomen B y3ime SDN mMexay yka-
3aHHBIMHU TTIOTOKAMH BPEMEHHBIX HHTEPBAJIOB.

Mopeas SDN kak CMO G/G/1

AHaIOTMYHO MOJIX0/Y, TOKa3aHHOMY B [5-7], paccMOTpuM Mo-
Jienb 00paboTky makeTHoro Tpaduka B SDN. Mozens BKIIIOUaeT B
ce0s aHaM3 npotiecca 00padoTky nakeToB B y3i1e SDN, koTopblii
B CBOIO OY€pe/Ib BKITFOUaeT 00pab0TKy MOCTYIIAIONIETO TOTOKA ITa-
KETOB M IPOLEAYPY MEPECHUIKN MAKETOB KOMMYTAaTOPOM M KOH-
tposepoM B SDN Ha ocHOBe mpoTokona OpenFlow.

Kak m3BecTHO, mporecc 00pabOTKH ITOTOKA TAKETOB B Y3JIe
SDN na ocHoBe mpoTokonia OpenFlow MokeT OBITh peaim3oBaHa
M0 JIByM CLICHapHUsIM: TEPBBIH — MEepechlIKa 4epe3 KOMMYTaTop
SDN 6e3 y4acTusi KOHTpOIJIepa, BTOPOH — IEPEChIIKa MaKeTOB C
QHAJIN30M B KOHTpoJuIepe. JJaHHyro Iponeaypy MOXKHO ONUCATh B
BH/JIE CXEMBI, TOKa3aHHOM Ha pUCYHKeE 1.

! KonTponaep :
! FIFO i
1 Y VPN
; e < ()i :
! |
| |
! |
: |
|
L
o :
i FIFO ) |
qhi T qhi I
I | : -
i R us | : My
| |
| |
l :
! KommyTatrop 1

Puc. 1. O6paboTka BXoAsImx cooduienuii yznom SDN
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[TockosbKy MOAENb BKIIIOYAET B ceOsl aHAIN3 TIEPECHUIKH Ia-
keToB KommyTatopoM OpenFlow Ha KoHTposuiep, HEOOXOIMMO
OoJiee JIETATBHO ONPEEIHUTH MOCIIE0BATEIBHOCTD 3TAllOB TAKOW
o0paboTtku nakeroB. [Iporneaypa rnepechluIki MOTOKA MMAKETOB Ha
koHTposuiep SDN Ha ocHoOBe npoTokona OpenFlow Bkirouaer cie-
JIyIoIIee: KaXk/Iblii BHOBb MOCTYIAIONIMI MakKeT (TI0TOK) aHaIN3H-
pyercsi KOMMYTaTopoM M, €CH JUIs TTaKeTa HeT NpaBHia Iepe-
CBUIKH, MH(pOpMAIHS 0 TTaKeTe (MaKeT-3aIpoc) MepeHanpaBIseTCs
KOHTPOJUIEPY U YCTaHOBIICHUS MPABWI HACTPOUKH 00pabOTKH
MOTOKA MAKETOB. Y UHUTHIBAsI 3TO, MOXKHO CUMTATh, YTO TTOCTYILIC-
HHE TIAaKETOB M3 KOMMYTAaTopa B KOHTPOJIJIEP COOTBETCTBYET I10-
CTYIJICHUIO [TAKETOB Ha KOMMYyTartop. B obuiem ciydae B SDN Ha
ocHoBe npotokosia OpenFlow oanH KOHTpOJUIEp MOXKET OTBEYaTh
3a HECKOJIBKO KOMMYTaTOPOB, a, CJIEI0BATENIBHO, MOJTy4aeT MOTOK
MaKEeTOB-3aIIPOCOB OT KaXKJ0TO0 KOMMYTATopa, BXOJSIIEro B €ro
30HYy KOHTpousl. IlakeThl-3anpochl 0OCTY)KUBAIOTCSI B KOHTPOJI-
nepe cornacHo qucturuinae ouepean FIFO (First In — First Out).

[MpeamnosoxuM, 4To TIOTOK MAKETOB, KOTOPbIE MOCTYMAOT Ha i-
It KOMMyTaTop, ABJIgeTCs mpoctedmmM. O4eBUIHO, KaK B padboTe
[5], uTo naHHBIN MOTOK SIBISETCS MMyaCCOHOBCKUM C IapamMeTpoM
pacnpeneneHus A (yi »HA Kk 06cimyknBaeMbIX KOMMYTAaTOpax Mpo-

L[ECChI TOCTYIUICHHSI TAKETOB HE3aBUCUMBIMU, U OOIIHI ITOTOK 3a-
MIPOCOB K KOHTPOJLIEPY SIBIISIETCS ITyaCCOHOBCKUM.

U3 storo cienyer, 4To, IpU JTAHHOM MPEATOJIOKEHUH, B KOH-
tposmepe SDN Ha ocHOBe mpoTokona OpenFlow, oTBewarormmm 3a
K KOMMyTaTOpOB, TPOIECC MOCTYIUICHUSI MOTOKA MaKeToB OT K
KOMMYTaTOpPOB COOTBETCTBYIOT pactpeneienuto [lyaccona, nme-
IOILETO MapamMeTp 7»( 9

Moy = 2 M

O6o3naunm vepes W, — Bpems 06pabOTKHM TaKeTa B i-OM KOM-

mytarope. Kak ObLIO 1M0Ka3aHO BbIIIE, €CTh B BO3MOXHBIX Clie-
Hapusi 00paboTKH makeTa: 0e3 00pabOTKH B KOHTPOJLIEPE U C 00-
paboTKOi B KOHTpoJuiepe. JlaHHbIi (hakT HEOOXOAUMO yUeCTh IPH
OIICHUBAHWHU BpPeMEHH TpeObiBanus nmakera B y3ie SDN. Bo Bro-
poM ciydae, ¢ 00pabOTKON B KOHTPOJUIEPE, BPeMsl 3a/ICPIKKH Ta-
Keta OyJeT BKJIOUaTh B ceOs JBa dTama: 00paboTka B KOMMYyTa-

TOpE C BpeMEHEM W(s)i , a 3aTeM 00paboTKa B KOHTPOJLIEPE C Bpe-

mernem W o) ITosTomy

(

W(S)i C BEPOSATHOCTBIO 1—(

W, = )

. W(S)i +W(C)CBCPOHTHOCTL}O q.

YuuteBas Gopmyiny (1) 1 cxemy mepechUIKH MaKeToB, IMOKa-
3aHHYIO Ha pUCYHKE 1, 0003HAYMM OLIEHKY CPETHET0 BPEeMEHH 00-
pabotku naketa B y3iue SDN Ha ocHoBe nipoTokosna OpenFlow kax

W, . [lnotHOCTH BeposiTHOCTEH BpeMeHH 00pabOTKM MMaKeTa B y3ie

SDN Ha ocnoBe mporokosna OpenFlow MOXHO TpeicTaBUTH B
BUJIC BBIPAXKECHUS:

Wis c)i (u)=(1-a) fis)i (u)+aq, [ fis)i (u)o fe) (U)J’ )

3neck (O — CHMMBOJI CBEPTKH.

CB43b

Pemrenue (3) MokeT OBITH MOTYYEHO MPU MU3BECTHBIX pacmpe-
JIeTICHUAX f(S)i (u) u f(c) (u)

OueBHIHO, €CIM BpeMEHA OXKHAAHHS B KOMMYTAaTOpe M KOH-
TpoJuIepe eCTh W(S)i u W(C) COOTBETCTBEHHO, TO BBIPAKEHHUE IS

onpeJeNenus cpeaHero BpeMeny oopadoTku naxeros W, B ysie

SDN Oyzmer uMeTh BU
W =EW]=(1-a)E[W,, J+a(E[W, J+E[W, |) @

B paborax [6, 7] Obu1H IpecTaBIeHBI PE3YIIBTAThI B BU/IE aHA-
JIUTUYECKUX BBIPAXKEHHH /U MOIyYCHHUS OIIEHOK TaKNX apamer-
POB Kak 3a/iepKKa, BapHalWs 33/I€PXKKH, JUIMHA OYEPETH B y3IIe
SDN s cirydasi, KOT/1a IOCTyTIeHHE 1 00paboTKa ImakeToB Hesa-
BHCHMBI JIPYT OT JApyTa.

OuennBanue napamerpoB QoS B SDN na ocunoe Open Flow
JJ151 HEKOPPEJIUPOBAHHOM o4Yepeau

Ha ocHoBe BoipaxxeHust (4) pacCMOTPUM XapaKTEPUCTHKH y371a
SDN xak cucremsl G/G/1.

O6o3Haumm uepe3 O, =1/ W(S)i apameTp IIOTHOCTH PacIpe-
Jle/IeHHs BpeMeHH 00pabOTKM B Oueped B | -M KOMMYTaTope U
3o =1/ Wee)

BpeMeHH 00paboTKH ouepean B KOHTpouiepe. OnpenenuTs napa-

- COOTBGTCTBYIOHII/Iﬁ napamMeTp pacrpeacjacHust

meTper O, =1/ W(s)i u 8(0) =1/ V% MOYKHO COTJIACHO METO/IHKE,

npuBeaEHHOM B [11].

B paborax [6, 7] ObuH TIOTyYeHBI pe3yAbTATHI IS CTydas He-
3aBHCHMOCTH BPEMEHHBIX HHTEPBAJIOB OCTYIUICHHI 1 00pabOTKH
BXOISIIUX ITAKETOB.

Jast cimydasi, Kora mpou3BOJIbHBIC PACTIPEICICHHS BEPOSITHO-
cTeit Ju1si BpeMeH 00pabOTKH 3alpOCOB B KOHTPOJLIEPE U KOMMY-
TaTOpe ANMPOKCUMHUPYIOTCS TMIEPIKCIIOHEHIIMAIBHBIMU pacripe-
JICTICHUSIMU TS TUTOTHOCTEH MOYKHO 3aInCaTh:

fioy (U) = P3,e " +(1-p)8,e ™", )

rae P, O, , O, — napamerpsl pacupeseneHnsi BpeMeHH 06pa-
0OTKM 3aBKH B KOMMYTaTope.

u

f((:) (u) = gs(c)lei%lu + (1 -9 ) S(C)zeiﬁ(c)z ) 6)

rne @, 5(0)1 , 8(0)2

— HapaMeTpbl INIOTHOCTU PACIIPCACICHUA

BpEeMeHHU 00pabOTKH 3asiBKU B KOHTPOJLIEPE.

®dopmyiet (5) u (6) o3HauaroT, uro cucrema G/G/1 B naHHOM
citydae annpokcuMupyercst cuctemoit Ha/Ho/1, uto ucnosb3yerces
JIOBOJILHO 4acTo [7, 12] u mpu cOOJIFOJICHUN HE3aBUCUMOCTH WH-
TEPBAJIOB BPEMEHU BHYTPH ITOTOKOB IOCTYIUICHHSI U 00pabOTKH
MIAKETOB TTOJITBEPIK/ICHO CTATHCTHYECKUM MOZCIHPOBAHHEM.

Torma u3 (3) A IIOTHOCTH BEPOSTHOCTEH BpeMEHH 00pa-
6otkn 3asBKU B y31e SDN, monenmmpyembim cucremoir Ho/Ho/1,
MOYKHO TOJTyYHTb

Wis.cyi (u)=(1-q )( P8, + (1- F))Szie_sz'u ) +
+q, [(A+ B)ES(C)lef‘s“)lu +(L+ D)S(c)zefa‘”zu},

(7

—
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CBA3b

rae A= pgSli ) B:(l_p)g62|’ L_ p(l—g)81| B
O = S(C)l O _8(6)1 ot _8(c)2
_ (1_ p)(l—g)82i ]
Sy _8(0)2

OyHKIWS TIOTHOCTH BEPOSATHOCTEH cornacHo (7) OyneT mMeTh
BT, TOKa3aHHBIA HIKE HA PUCYHKE 2 CIUTONITHOMN JTMHUEH [T clie-

nyromux 3Hadennii: ¢ =0,2, p=0,7, g=0,75, 3, =1,9,
8, =2,7, S(C)l =3, 8(0) =2,3.

Wcnone3ys dopmyny (7), MOXKHO TOTYYINUTh BBIPAKCHUS IS
CpEeIIHEro BpEMEHU 00pabOTKU 3asiBKH W(s K cpeHeil AnuHbI

ouepen L u Bapwarum 3amepiku G B y3JIe IPOTPaMMHO-

(s.C)i
oTpenensieMoi ceTr, MoaenupyeMeiM cuctemoit Ho/Ho/1, B criemy-
IOILeM BHE:

1- A+B L+D
Wisc) =(1-q) £+( P) +0q (Ar )+( +D) ®)
81i 82i 6(c)l 6(c)z
L=2, (1_qi){£+(l_p)} I(A+B)+(L+D) )]
0y By 6(c)l 6(c)z
2p 2(1- 2(A+B) 2(L+D
(1—qi){8f+ - p% (A+8) 20+0)]
li 2i (9] (€)2 (10)
son™ 1 A+B) (L+D
STV E L) LN
li 2i (o) ()2

M3BectHO [13], 4TO MOBBICUTH TOYHOCTH ANMPOKCUMALIUN Pac-
nipeiesieHni, onuceiBaronmx cucremy G/G/1, B ciryuae, Koraa ot
pacrpeelicHHsT UMCIOT «TSDKEIJIBIC XBOCTBDY, MOYKHO, MIEPEXOJIs K
cucreme Hi/Hk/1. Eciii BBecTH 0003HaUCHHS

a = pl8li >
mk = gk8(C)k B

TO IpW HWcnosb3oBaHuu anmpoxkcumarnun Hi/Hk/1 BMecTo BbIpa-
xenust (7) MOXKHO 3aricaTh

L K
Wis.oyi (u)=(1-q )Z P +q, zakL’
I=1 k=1

C q

(11)

d,

_ (C)k

rae o, =me :
1=1 8|i _S(C)k

[Ipu aTom dopmyist (8-10), COOTBETCTBEHHO, IIPEOOPaA3yIOTCS
K BUJLY

- Py Sk 12
W(s,c)u =(1 Qi)z__+q| > (12)
1=1 6I| k=1 6((:)k
_ L p K o
L =X, (l—qi)28—'+q|26kL , 13)

Ouenuanue napamerpoB QoS B SDN Ha ocHose OpenFlow
JJIS1 KOPPeJIMPOBAHHOI ouepenn

TpaauimoHHO OCTpOeHUE Mozeel (pyHKIIMOHUPOBAHHS HH-
(hOKOMMYHHKAIIMOHHBIX CETEH, B TOM UHCIIE U AHAJTUTHYECKHX,
CTPOUTCS Ha TPETOI0KEHUN O MAPKOBCKOM XapaKTepe MpoLec-
COB IOCTYIUIEHHUS U 00paboTKH makeToB B y31e SDN npu HezaBu-
CHUMOCTH 00pabaThIBaEMbIX IOTOKOB, & TaKKe MPH OTCYTCTBHU
Koppensuui B ouepenu [13-15].

CyIecTByIOT paboThI, HapuMep [S], TIe MPUBEACHBI PE3YIib-
TaThl aHalIM3a IapaMeTPOB KadecTBa OOCITY)KMBAaHMS ITaKETOB B
y3sie SDN ¢ y4eTom Toro, 4To BpeMEHHbIE HHTEpPBaJIbl MEXIY T1a-
KeTaMH paclpezieeHbl SKCIIOHEHINAIBHO, @ BpeMEHHbBIE WHTEp-
BaJIbI 00pa0OTKH MAKETOB MOTYT HMETh IIPOM3BOJIHOE pacipesie-
JICHWE, 9TO COOTBeTCTBYeT Moaenu M/G/1. B pabote [5] ms mnoT-
HOCTH BEPOSITHOCTEH HHTEPBAIOB BPEMEHU 00pabOTKH MCIIONB30-
BAHO I'ayCCOBCKOE paclpeiesiCHNE.

Bo Bcex paboTtax aHANMU3HPYIOTCS TaKHe MapaMeTphl KauecTBa
obcayxuBanus (QoS — Quality of Service) kak 3anepixka, Bapua-
1WA 3aJICP>KKU U inHa ouepeau. [peamnonoxenne 00 0TcyTCTBUM
KOppEJSU B OUCPCAN MOXKET MPUBCCTU K UBJIMINHE ONITUMHUCTH-
YECKHM pe3yJibTaraM, KOTOpbIe He OyIyT COOTBETCTBOBATH HAOIIO-
JTAeMBIM Ha MPAKTHKE B CIICACTBUU TOTO, YTO IOTOKH, 00padaThiBa-
€MbIe Ha COBPEMEHHBIX CETSIX CBSI3H, HE SIBIISIFOTCS ITPOCTEHILIMHU.
B Hux HabmomaroTes cBoicTBa caMoIojo0us, a, CJIe0BaTeIbHO, —
HaJIMYHE TSDKETIBIX XBOCTOBY PACIIPEEICHHI U KOPPEISIIHOHHBIX
CBsI3ell MEXX/Ty BPEMEHHBIMH TI0CIIEZIOBATEIBHOCTAMH BHYTPH TIPO-
LIECCOB TTOCTYIUICHUS W 00paboTKM makeroB. JlaHHbI (akT mon-
TBEP)KAACTCSI MHOTOUHMCIEHHBIMH HCCIIEOBAHUSIMH CTPYKTYpPbI
MHPOKOMMYHHUKAIMOHHOTO Tpaduka [12, 16, 17].

Panee B HeKoTOpBIX HccnenoBanusx [16, 18, 19] paccmaTpuBa-
JIUCb MOJIENIM OYepeeH, YUUTHIBAIOIME HAIMUUE 3aBUCUMOCTEH
BPEMEHHBIX HHTepBasIOB. HO 1aHHBIE MOJIETH TOCTPOCHBI C Y4ETOM
TOT0, 4TO CaMHU O0CITY’)KUBAaeMBbIe IOTOKH SBIIIOTCS IPOCTEHILINMH,
MHTEPBAJIbl O0CITYKHBaHHS MTAKETOB M MHTEPBAIBI MEXIY IaKe-
TaMHU UMEIOT SKCIIOHEHIIMAJIbHOE PACIIPECIICHUE, YTO HE TTOITBEp-
JKJIAETCST COBPEMEHHBIMHM HCCJICAOBAHUSAMH CTPYKTYp Tpaduka
[16,17,20-22].

OueBUTHO, YTO B AHATUTHYECKUX MOJIEIISIX (DYHKIIMOHUPOBAHUS
SDN nHa ocHoBe mnpotokona OpenFlow HEoOXOIMMO y4YHTHIBATH
HaJIM4Me Koppemsiii B ouepenu. [Ipu 3ToM u1sl mosydeHust ajek-
BaTHBIX MOJIENIel HEOOXOIMMO YUeCTb, UTO CITyJaiHbIe BPEMEHHBIC
HHTEPBAIIBI MKy MaKeTaMH U BPEMEHHBIC HHTEPBAIBI 00padOTKI
MIAKETOB UMEIOT PACTIPEIEIICHHS C «TSDKEIBIMUA XBOCTAMI.

Y4ecTh KOPpENSIUI0 MOXKHO, HAllPpUMEp, C HCIIOIb30BAaHUEM
Teopun KomyJ. Takoil moaxon mpexactaBieH B pabdorax [12, 18,
19]. Kpome Teopun KoMyt A7l yueTa KOppesiuy MOKHO HCIIOTb-
30BaTh I1OAXOM, OCHOBaHHBIA Ha MNPUMEHCHUU KYMYJIAHTHOI'O
ananmza [12, 23].

[Tpenmnonoxxum, 4TO BpeMEHHbIE HHTEPBaJIBI 00pa0OTKH MaKe-
TOB B KOHTPOJIIEPE ¥ KOMMYTAaTOPE KOPPEINPOBAHBI ¢ KO PHIIHN-
SHTOM KOppessiuu R, a MX IIIOTHOCTH BEPOSITHOCTEH 3alHChIBa-
rorcst B Buze (5) u (6). Temepb, 9TOOBI yUecTh TaHHYIO KOppEIs-
LU0, HE0OX0ANMO 00paTUThCs K hopmyste (2) M HalTH IIOTHOCTD
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BEPOSATHOCTEH CyMMBI KOPPEIMPOBAHHBIX CIyYalHBIX BEIMYHH
w :W(S) +W(C) C W3BECTHBIMH (THIICPrEOMETPHYCCKIMHE) pac-

npeeNeHIsIMHA (MHIAEKC | OIyLIEH VTS YIPOIICHHUSI 3aIIHCH).

Jnst penienust TaHHOM 3a/1a9 BOCTIONB3YEMCSI H3BECTHBIM CO-
OTHOIICHHEM [23] A ABYMEPHOI XapaKTepUCTHICCKOHN (QYHKITIH
Ggc (U,V) KOpPETUPOBAHHBIX CITyYAHHBIX BETUYUH W( 51 W( o)

G (U,V) = e_enqus (WG (v) (15)

rae Gg(u) u G, (V) — o1HOMEpPHbIE XapaKTepUCTUIECKUE (yHK-

LUK CIYYalHbIX BEJIMIUH W(S) u W( KOPPEJISIMI0 KOTOPBIX

)’

OTIpeNieNIsieT COBMECTHBIN KyMyJISIHT 0., , a Ko3(duImenT xoppe-

112

0
—1_ (c;, Gp — JWCTIEPCHHU CO-
Os0¢

JIALAY 3aMUCBIBACTCA KaKk R =

OTBETCTBYIOIIHX pacpe/IeIeHHI).
Xapakrepuctnyeckue GYHKIUH pactpenerneHuii (5) u (6)
UMEIOT BUJL

o o
G u)= 1 + 1_ 2 s
(W)= Py (-
o )
G (V)=g—F—+(1-9)—"—,
c)n 5(C)z -
re i =—1.

Onnomeprast xapaktepuctuueckas dynkuus G (V) moxer

OBITh MOJyYeHA U3 JIBYMEPHOH C MCIOIB30BAHHEM MPeoOpa3oBa-
Hus [22]

G(V) =Gy (V,V) =& " G, (V)G, (V) , (16)

a MCKOMast IUIOTHOCTh BEPOSTHOCTEH, COOTBETCTBYIOMIAS (YHKIMH
G(V), onpenenutes U3 M3BECTHOrO COOTHOLICHHUS

15 i
fo.(y)=— j G(v)e™dv. (17)
2n 7,
Hoxncrasmsist B (16) seipaxcenns mis Gg(U) u G (V) , nerko
TOJTyYHTh

818(0)1
pg——— ————+p(-9)
(51 - 'V)(S(cn - 'V)

626(0)1

(62 - iV)(B«:)] - iV)

616(C)2

(61 - iv)(S(C)Z - iV)

Haopog) e
(62 - iV)(S(C)z - iV)

G(v)=e "
+1-p)g

Ecmu momoca z,, k=1, 2, ... dynkuun G(V) ymosneTso-
psrot yenosuio Imz, <0, a ynkuns G(z) = G(V) ynosnerso-
pset nemme XKopaana [24], To ipu Y < 0 unTerpan B (17) Moxer

OBITh PACCUUTAH TI0 POpPMYIIC

T G(x)e™dx =—2inzn:rez [G(e™ ] Imz,<0,y<0 (18)
i o =k

"epe3 BbIUKCIeHHE BeueToB QyHkimu G(z)e ™™ Bo Bcex e€ oco-

ObIx TouKax 1pu ycnoBun Imz, < 0.

—
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ITocne BBIYMCIIEHUS BBIYETOB BBIPAXKEHHE [/ IIOTHOCTH
BeposTHOCTeH f () MOXHO 3anucath B Buse

foo(y)= kle9n5|2ef51y + k2ee' S0y 4 k3e9n§<20>1 e dCny 4 k4e9n5120)2e Bicpy ,

s 4

(19)
rae
k = p9818(0)1 n p(l_ 9)818(0)2 k = (1_ p)9828(0)1 4 (1_ p)(l_ 9)828((:)2 s
1 8(0)1 _81 8(@2 _81 | ’ 8((:)1 _82 6(0)2 _82
k? _ pgsls((:)l 4 (1_ p)gszs(cn Kk = p(l_ 9)515(0)2 4 (1_ p)(l_ 9)828((:)2 .

3, _5(c>1 3, _S(C)l d, _6(0)2 3, _6(0)2

Teneps B cirydae KOppelupoBaHHOH ouepeau B popmysie (3)
craraeMoe, —cojepiamiee  CBEPTKY () [ f(S)i (u)@ f(c) (u)],

JIOJKHO OBITH 3aMEHEHO BBIPAKEHMEM HOPMHPOBAHHOM IJIOTHO-
cti (19), M IIOTHOCTB BEpOSTHOCTEH W o) (u) mpuver Bux

(
Wy (1) =(1-Q)(P3e ™ +(1-p)8,e ™)+
q[Kevse sk ehses

+E e115(2(:)1 =Sy 6115(2(:)2 —=8(c)2u
+k,e" e +k,e e

(20)

rae K = J fsc(y)dy — OpPMHUPOBOYHAs KOHCTAHTA.

Cremyer OTMETHTB, YTO OAHOMEPHAS INIOTHOCTh TUIIEPIKCIIO-
HEHIMAIBHO PacIpe/IeNICHHBIX KOPPEIMPOBAHHBIX CIy4aiHBIX Be-

0
au4yuH ¢ koddduimentom koppemsiuuu R = —L Takke umeer

cYSCSC
TUIEPIKCIOHEHIINAIBHYIO CTPYKTYPY.
Ipu pasnuuHbIX 3HaUeHUsIX R rpauk mioTHocTH BeposTHO-
CTH W ) (u) Oyzet UMeTh BHJI, TIOKa3aHHbIA Ha pucyHke 2. ['pa-

(bUK MOJTyYeH C Y4EeTOM COXPaHEeHUs paHee BHIOPaHHBIX 3HAYCHHI
napameTpoB pacnpenenenuit mpy R=0,5 R=0,7 R=0,9 u
[IPU OTCYTCTBUH KOPPEIIALIUN.

Waa(24 4
1 4

>
>

T
1 2 u

Puc. 2. [TnoTHOCTH pacnpeneneHus BeposTHOCTEH 5.0) (u)

(s.C)i

P OTCYTCTBHUU U HAJIMIHUU KOPPEIAIUN B OUCPEIN

JL71st KoppenupoBaHHOTO MOTOKA BRIPAKEHUE IS ONIPEIEIICHUS

CpeaHel 3a1epKKH MaKeTa V\/(S 0 OyJeT UMeTh BUJL
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- 1— k eel,sf ee,lsi een5(2cn k e0115(25)z
W(s,c) :(I_Q)L‘E)-F( 5p)}+q — +kz 2 +k3 Tt
1 2 (61) (62) (8(cn) (8(0)2)

e2))

Tornma Bapuario 3afep>KKU C yYETOM KOPPEIALUH MOXKHO
OTIPEICNTUTh B BUJIE BHIPAKEHUS

2 2(1-p ke ok e 2k eeuﬁfcn 2k eenétlc;:
(lfq)[éif)*— (52 )}— PR e R v el [
| 2 (81) (82) (8(6)1) (S(C)Z)

N 2
- 0,52 0,52 0118(c 0118(c)2
{(lq){ap+( 5 p)}q[k‘e&s +k2§ +k3e +k4e }} .

1 2 1 2 Es(C)I 6(0)2

3aBUCHMOCTb CpeHel 3a/lepKKH IaKeTa OT KOd(pQHIIHEeHTa
Koppensiiu R Oyzer nMeTh BUJI, TOKa3aHHBINA HA PUCYHKE 3.

W.'S__Cu A
0.3

0.251

0.2 -

T 1 I I .
0.2 04 06 08 R

Puc. 3. 3aBucumocts cpeaneil 3agepxku nakera B SDN Ha ocHOBe
OpenFlow coriacuo (21) mpy HaTMYMK KOPPEISILUN B 0O4epean

AHanu3 BapualUy 3aJepXKKHU IeJ1eco00pa3sHo IMPOU3BOAUTH
YHCIIEHHO, WCIIONB3YS MPU pacueTax MOCIeTHHE JBe (OPMYIIBI
TIPY U3BECTHBIX (MJIM 3aJaHHBIX) ITapaMeTpax TUIEPIKCIIOHSHIIN-
JIBHBIX pacnpeesieHnit 1 Kod(hpULIneHTe KOPPEISIIH.

CpaBHHM BapHaIMIO 3a[CP)KKN MPH HAINYUH U OTCYTCTBUH
Koppensunn. Bosemém cnenyrommii nabop napamerpos: ¢ =0,2,

p=0,7,9=0,75,9,=19, 6, =2,7, 8(0)1 =35, 6(0) =23.
Yucnennsie pacuétsl o popmyiam (10) u (21) nmpu R =0, 7 natot
=047, ¢*

PE3YIBTaT: G - Yo,

(s0)
[MonyueHHbIe 3HAYEHHS TIO3BOJISIOT CIEATh BBIBOJ, YTO MPU
00paboTke KOPPETUPOBAHHBIX MOCICIOBATEIBHOCTEH BapHallusl
3aJIEpXKKH HUKE [0 CPABHEHHUIO CO CITyyaeM, KOrja IocCe0Ba-
TENILHOCTH HE KOPPEITHUPOBAHBI.

= 0,34 (yCIIOBHBIX €JUHHI] BPEMEHH).

BriBoBI

B paGore npencTaBneHa aHaTUTHYECKast MOJIENTb (PYHKIIHOHHU-
poBanus y3na SDN ¢ yuéTom BO3MOXKHOI KOppESIIUN HHTEpBa-
JIOB BPEMEHHU MEX]ly MaKeTaMH B KOMMYTaTOpe M KOHTpOJIepe
y31a SDN. Y4ér KOppesIIMOHHBIX CBOWCTB NMPOU3BEAEH Ha OC-
HOBE Pa3BUTHUS MOJIENH, IPeUI0KeHHOH B [12], 1 ocHOBaHHOI! Ha
HCIOJIb30BaAHUN KYMYJIAHTHOTI'O NPEACTABJIICHU IlByMepHOﬁ COB-
MECTHOM MJIOTHOCTH BEPOATHOCTEH CIydalHBIX HHTEPBAJIOB Bpe-
MeHH. O4eBUIHO, UTO JAHHBIA NOJAXOM AJIsl MOJEIUPOBAHUS COB-
MECTHOH IUIOTHOCTH BEPOSITHOCTEH MOXET OBITH MCIOJIB30BaH
JUISl 3a1aHNsI 3aBUCHMOCTH 0OoJiee «riry0OoKOi», YeM KOppessius,

TIPY UCTIOJIb30BAHUH B KyMYJISTHTHOM ITPEACTABICHUH XapaKTepH-
CTHYECKOH (yHKIMH JpyTruX (Kpome 6, ) COBMECTHBIX KyMYJISH-

TOB, Hanpumep, 0, u O, .

IIpencraBneHHblld aHAIN3 MTOKA3aJl, YTO MOSBIEHUE KOPPEIs-
U MKy TOTOKAMH WHTEPBAIOB BPEMEHH BXOJHOTO TpaduKa,
MIOCTYTAONINX HAa KOMMYTAaTOp M KOHTPOJIIEp, YBEIMIHBAET
cpeHee BpeMs peObIBaHus naketa B y3ie cet SDN, npuuem ¢
yBEJIMYECHUEM 3HaYCHUs KO (DHULIMEHTA KOPPEISLUH CPETHSIS 3a-
JIepKKa yBEJIWYMBACTCS MOUTH JUHENHo. [Ipu 3ToM Bapuarus 3a-
JEPKKHU C TOSIBIICHHEM KOPPEJSIIUU 0KHUIAEMO YMEHBIIAeTCs,
9T0 (PU3UIECKH JICTKO 00BSICHAMO, U OBLIIO OTMEYEHO paHee [12]
C NpHUMEHEHHEM KoIysa-(QyHKUUH 11 ceTei 0e3 pasjeseHus
MIPOLECCOB MAPIIPYTU3ALUU U NIEPEJau TaKETOB.

B kagecTBe manpHEHIINX MCCIENOBaHUN HEOOXOoaMMa pa3pa-
00TKa aHAMTHYECKON MoJeny GpyHKImoHnpoBanust SDN Ha oc-
HOBe TipoTokona OpenFlow, yauTsIBaromas HaJTmIue KOpPeIsIii-
OHHBIX CBSI3€H BHYTPH BPEMEHHBIX TIOCIIEI0BATEIFHOCTEH HHTEP-
BaJIOB BPEMEHH MEX[y ITaKeTaMH M BpEMEH 00pabOTKH TaKeTOB.
Pemmenne npo0iaeMbl ydeTa KOppensIiii BHYTPH MTOTOKOB TTO3BO-
JIUT TOBBICHTH TOYHOCTh AHAJIMTHYECKON MOJENH, a ClieJoBa-
TEJILHO, MO3BOJIUT MOIYYUTh 00JIee TOUHBIE IPOrHO3bI MapaMeT-
POB, ONpPEEISIONUX KaYeCTBEHHBIE MMOKa3aTelld (PyHKIIMOHHPO-
BaHus SDN.
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ANALYSIS OF THE INFLUENCE OF TRAFFIC CORRELATION ON THE PERFORMANCE
CHARACTERISTICS OF AN SDN NODE USING THE OPEN FLOW PROTOCOL

Marina A. Buranova, Povolzhskiy State University of Telecommunications and Informatics, Samara, Russia, m.buranova@psuti.ru

Vyacheslav G. Kartashevskiy, Povolzhskiy State University of Telecommunications and Informatics, Samara, Russia,
v.kartashevskiy@psuti.ru

Abstract

The constantly increasing volumes of transmitted traffic have led to the emergence of new infocommunication technologies that are
designed to improve the quality indicators (QoS) of network nodes. One of these technologies is the technology of using software-
defined networks (SDN), which involves the separation of the routing plane and switching of traffic flows. In this case, the analysis of
the operation of any network node should be carried out taking into account the design features of the specified separation and tak-
ing into account the correlation properties of traffic (in particular, the correlation of time intervals between packets arriving for pro-
cessing), the appearance of which is due to the combination of many variable ON/OFF sources, and the mechanisms for controlling
such sources , the emergence of new services and applications and other reasons related to the characteristics of the protocols used.
The paper provides an analysis of the influence of the correlation of time intervals between incoming packets on the operation of a
node in a software-defined network operating using the Open Flow protocol. Analytical expressions are obtained for calculating the
average values of the packet delay time at a network node and the variation of this delay. In this case, the analytical model of a network
node is described by the G/G/| system, in which the probability densities of time intervals between incoming packets and packet pro-
cessing time intervals are specified by hyperexponential models, and the model for the density of time intervals between packets takes
into account the correlations of adjacent intervals. A comparison is given of the average delay time in a node and the delay variation in
the presence and absence of correlation.

Keywords: queue model, software defined networks, quality of service (QoS), hyperexponential distribution, average time for servicing a request in
the system, correlation of time intervals
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CoBpeMeHHOe coCToAHME YenoBeKo-MalMHHbIX cuctem (UYMC) ynpaBnenus
3aBMCHUT He TONbKO OT COBPEMEHHOro annapaTHo-nporpaMMHoro obecneve-
HUA, HO U OT CNOCOGHOCTH YenoBeKa CBOeBPeMEHHO NPUHUMaTb pelleHus B
cnoxuslweiica obctaHoBke. Bonpockl pa3Butua ynpaeieHYe€CKMX HaBbIKOB
BCErAa paccMaTpuBanuch Kak Ba)kHble U Heob6xoaumble. B coBpeMeHHbIX yc-
NOBUAX PasBUTUA MH(OPMALMOHHLIX CUCTEM HEeOGXOAMMO MOCTOAHHO CO-
BEPLUEHCTBOBaTb CBOM HAaBblKU U YMEHUA ANA peanusalumn CBoeBpeMeHHbIX
ynpaBneH4Yyeckux pelwieHuit. HaBbikn n yMmeHus, nonyyeHHole B o6pasoBa-
TenbHOW opraHusauun, 6yayT onpeaenAoWMMKU B NOCTPOEHUM NTIOTUKU Aasib-
HeWLIUX AeACTBUIM NO NMPUHATUIO pelleHUsA, KaK OTBeTHaA peaKLus Ha BO3-
HUKWYlo npobneMy B cucteMe ynpaeneHua opraHusauuun. Hannuue cospe-
MEHHOM TexXHU4YecKoi 6asbl B KOMMNNeKce C NpakTU4ecKon oTpaboTkon Ha-
BbIKOB NPUHATUA peLLUEHN CTAaHOBUTCA He06X0AUMbBIM YCNOBUEM B Pa3BUTUM
HaBbIKOB ynpaBrieH4YecKux pelueHui. MNpu paccMoTpeHuu gencTeyioLen cu-
CTeMbl ynpaBneHus, MOXXHO e€ paccMaTpuMBaTh Kak LUTaTHylo. BosHukalowme
B Mpouecce AeATeNbHOCTU HeraTueHble BO3AEWCTBUA Ha CUCTEMYy ynpasne-
HUA HanpaB/ieHbl Ha pa3spylleHue LUTATHOW AeATeNbHOCTH, YTO ABNAETCA He-
AOMYCTUMBbIM AnNA opraHusauuum. Bonpocbl nNpoTMBoAeACTBMA HEraTMBHbIM
BO3/e/CTBUAM oTpabaTbiBaloTcA Ha NonuroHHon 6ase yye6Horo saBepeHus
C LeN1blo pa3sBUTUA HABbLIKOB M YMEHUM Y YenoBeKa NpOTUBOAEHCTBUA BO3HU-
KalowmM npob6neMaM U cnoco6HoCTU BO3BpaLlaTh CUCTEMY B LUTATHbIA pe-
#uM. KomnnekcHoe B3anMopeicTBMe CUTYallMOHHOTO U MOHUTOPUHIOBOFO
LLeHTPOB Npu oTpaboTKe NPaKTUYECKUX 3aHATUI NO3BONAET KOMaHAe y4acT-
HUKOB flOCTUraTh HeO6XOAUMOro pesynbTaTa B pa3sBUTUM HABbIKOB yNpaBneH-
Yeckux pelueHuit. PasBuTne HaBblKOB MO3BOJIAE€T aBTOMaTU3IMPOBATb MpoO-
Liecchbl ynpasJfieHMA M MOBbILIATL NMOKa3aTenb 3¢ (EeKTUBHOCTU peanusaLum
pelleHns Npyu WTaTHOM (byHKLIMOHMPOBAHUU CUCTEMbI.
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rpavee Muxaun UeaHoeuu, HayuHbil compyodHuk, CaHkm-llemepbypackuii yHusepcumem MBJ] Poccuu, 2. CaHkm-ITemep6ype, Poccus

Bypnoe Bauyecnae eopzueeuy, npocgpeccop ebiclel WKOIbI mexHocgepHol besonacHocmu, dokmop mexHu-4eckux Hayk, npocpeccop, Cankm-Ilemepbypeckuli
nonumexHuyeckuti ynusepcumem lNempa Benukozo (CI16I1Y), 2. Cankm-llemep6ype, Poccus

Ana uutupoBaHms:
[payes M.U., Bypnos B.I. YenoBeyeckuit ¢pakTop B NpUHATUM yrnpasneHyveckux petuenuii // T-Comm: TenekoMMyHWKaumu v TpaHcnopt. 2024.
Tom 18. Ne3. C. 27-33.

For citation:
Grachev M.I, Burlov V.G. (2024). Human factor in adoption management decisions. T-Comm, vol. 18, no.3, pp. 27-33. (in Russian)

T-Comm Vol.|8. #3-




UHDOOPMATUKA

BBenenue

PazBuTHe u BHEpEHHE B KU3Hb YeI0BeKa HH(GOPMAaIMOHHBIX
TEXHOJIOTHII B COBPEMEHHOM MHpE, TPeOyeT OT NPEeNNpHUsITUH U
OpraHu3alil MOCTOSHHOTO COOTBETCTBHUSI UM M KaK CIIEJCTBHE
HOJIep>)KaHUE TEXHUKU, OTBEYAIOUIEH COBPEMEHHOMY YPOBHIO
TEXHUYECKOTO Pa3BUTHs, TaK U COOTBETCTBYIOLIEE IMPOBEICHHE
MTOITOTOBKHY ¥I/HJTH TIEPENOTOTOBKH ITepcoHaina. Takum oOpazom,
00pasyeTcst COBOKYITHAsI CHCTEMa B3aMMOACHCTBYIONINX AIIEMEH-
ToB B Bupe UMC, pemrarormasi BO3HUKAIOIINE TPYAHOCTH B CH-
CTeMe ympaBJieHHs opranu3anui [1].

CBOeBpeMEHHOE MPUHATHE PEIICHUH TMePCOHAIIOM Ha BO3HU-
Karolie mpo0seMbl B pabOTe OpraHU3aIlUuK I UX CKOPEHIIero
[IPEOJOJICHUS SIBJISIETCSA aKTyaJIbHOM 3a7aueil U1l pyKOBOIUTEIS
opranuzaiuy. Penienne naHHOHN 3aa4un MOKET OBITh OCYIECTB-
JICHO 4yepe3 ToKa3arenb d3PPEKTUBHOCTH peai3aliy PeIeHUs 1
Kak cjeACcTBUE e€ aBToMaTu3aiuu [2].

ITocTanoBKa 3agaun

Bomnpocks! yripaBneHust opraHu3amueii 1 e€ aBTOMaTH3aIus sB-
JISIIOTCS aKTyalbHOM 3aJjauell MpoBoguMoro uccaenoBanus. I1po-
IIECCHI YIIPABICHUS MOTYT OBITh YIIyUIICHBI KaK CO CTOPOHBI TEX-
HHUYECKOTO OCHAIIEHHS, TaK M CO CTOPOHBI KaJPOBOTO COCTABA.
CO0OTBETCTBEHHO, BOIIPOC PACCMOTPEHHS [TOJIrOTOBKH U KBAIU(DH-
KalliU MOXKET OBITh PACCMOTPEH OT JIKI[A, IPUHIUMAIOIICTO Pelie-
uue (JIIIP).

[Mpunsitue ynpasienueckux pemenuii ot JIIIP Hanpsmyto Oy-
JICT 3aBUCETh OT €0 HABBIKOB M YMCHHU, KOTOpPbIC chopMUpOBa-
JIUCH B MPOIECCE KUZHEACATEIIbHOCTH (TIOIYYEHHOTO OTIBITA), KaK
U y TepCOHANIa OpraHu3aluu. B HacTosmee BpeMsl MOCTOSHHOE
00ydeHIEe BXOUT B HOPMY, TaK KaK YBEIHMUUBAIOTCS TOTOKH WH-
hopmarmn, TpeOyrommne H3yIeHus.

W3 ananm3a my0auKkyemMoit TUTepaTyphl MOYKHO BEIICITHTE ClTe-
IYIOITUX aBTOPOB, KOTOPBIE paCCMaTPHUBAIH BOTIPOC BIMSHUS Ue-
JIOBEUECKOTo (hakTopa Ha MPUHATHE YIIPABICHYECKOTO PEIICHHS:
W.I1. CkBoprios, A.O. Turapes [3], U.B. Kanyuxkuii, A.A. Arado-
Hos [4], I.I'. Mapxoga [5], A.B. Earubapss, ©.B. Hlytumnos [6];
B.A. T'onuapenko, A.H. boratosa, B.E. Xa6apog [7]; FO.A. 3yeBa
[8]; A.A. I'pebenmrukona [9]; E.C. lamkosa [10]; E.A. Jlemunosa
[11]; A.O. Anexcees [12].

ABTOpBI MBITAIOTCS B MyOJIMKYEeMOW JTUTEpaType yKa3aTh Ha
noBbIieHUe 3()(EeKTUBHOCTH PaOOTBI paccMaTPUBACMON CH-
cremsl [13] 3a cueT perieHus pa3InyHbIX 3a/1a4, HalIpUMep B JTUC-
cepTauMoOHHOM uccinenoBanuu, A.B. KoznoBoit npoucxoaur mo-
BEIIICHIE Y()(OEKTUBHOCTH MPOU3BOICTBEHHOTO KOHTPOIS U37e-
WA Ha OCHOBE METOAA MACHTU(UKAIMH MPUTOTHOCTH H3MEPH-
TenpHOTO 0bopynoBanus [14].

Paccmarpusas padotsr akanemukoB PAH I1.K. Anoxuna [15]
u JI.A. HoBukoBa [16] HEOOXOQMMO OMIpenenuTh, YTO B UX pado-
TaX ACATCIBbHOCTDb YE€JI0OBEKA OCHOBBIBACTCA HAa MOACJIBHOM IIOBE-
JICHUH YeI0BeKa. JIesITeIbHOCTD YEI0BEKa OCHOBBIBACTCS HA Y10~
BJICTBOPEHUM ero notpedHoctel [15]. Peanusaius KoTopsix oc-
HOBBIBACTCS HA PCIICHHUH 3a/1a4 10 TOCTHXKCHUM IICITH TOH Jes-
TENBHOCTHU. Perrenue 3aja4u mpoUCXOJUT Ha OCHOBE CO3aHHOM
CO3HAHMEM MO/JIeNIN HanOoJree MpaBMIIbHOTO penienus [16].

B cBsi3u ¢ 3TUMH BBIBOJAMH YYEHBIC MUCAIH, YTO YEIIOBEK
MBICJIUT ¥ BEIET CBOIO JCSATEIBHOCTh HA OCHOBE MOJICIH. PyKoBO-
JIUTENNb B CBOEH NOBCEIHEBHON aearenbHocTu Kak JIIIP ocy-
IIECTBISIET PYKOBOJICTBO OpTraHU3aIMeil Ha OCHOBE Mojienei [ 15].

Monenu gefcTBUS KaK OTBETHAsI PeakLysl MPUOOpeTaoTCs U
BbIpa0aTHIBAIOTCS HA MPOTSHKEHUN BCEW KHM3HU. MoJenb perie-
HUSL 337]a4¥l yTIPABJICHHUSI MOXKET OBITh ITPUMEHEHA KaK OTBETHAs
peaknus Ha BO3HUKHOBEHHE MPOOJIEM B CHCTEME YIPaBIICHUS Op-
raam3anueit. [Ipu permmennu Bo3HuKmMX npodieM B UMC 3nanws,
HaBBIKM M yMEHHMs IIEPCOHANA MO3BOJISIOT OBICTPO MM IPOTHBO-
JIEWCTBOBATD.

BOHpOC TMOJIYUYCHUA OONOJHUTEIbHBIX 3HAHUM B HacToAlece
BpPEMs OUCHDb BAXKEH IJIsI TOCTUKCHUS MMOCTAaBJICHHBIX ueneﬁ JCsI-
TCJIBHOCTHU OpraHu3anun, TaKk KaK MCHAIOMIaACA I/IH(bOpMaHI/IOH-
Hasl cucteMa, TpeOyeT MOCTOSHHOTO MOIyYeHHs] 3HAHUH OT YeIno-
Beka. B cBs3u ¢ 3THM B pabote TpedyeTcst peuTh BOIPOC O BIIU-
SITHUM 4EJIOBEUECKOT0 (haKTOpa Ha MPHUHATHE YIPABICHYECKUX pe-
wenwuit JITTP.

IHoaxoa K MOCTPOEHUIO CHCTEMBbI

PykoBoauTens mpu pelmeHnu 3aj1ad ynpaBIeHUS OCHOBBIBA-
€TCA Ha MOJCJIIBHOM YIIPpaBJICHUHN OpFaHI/I3aHI/IOHHOI‘/’I CUCTEMOM.
Jnst popMUpOBaHHs MaTEMaTHUECKON MOJIENTH YIIPaBICHYECKOTO
peIIeHus] MPUXOAUTCS MCIOIB30BaTh BCIO COBOKYMHOCTH MONY-
YEHHBIX 3HAHWM, a TaKXke 3a/IeHCTBOBATH CYIIECTBYIOLIUE pe-
3epBbI KaJPOBBIC U TEXHUUECKUE.

YMC mpencraBieHHas OpraHu3aliied HaXOAUTCS BO B3aUMO-
3aBHCUMOCTH OT TEXHUYECKOTO OCHAIEHUS U ITOATOTOBIEHHOCTH
nepcoHana. /Iy pa3paboOTKM MaTeMaTHYeCKOW MOJIENH YIpaB-
JIEHYECKOr0 PEIleHHs] PyKOBOAUTENS CYLIECTBYET JIBa MOJAXO0Ja,
OCHOBaHHBIC Ha aHanmm3e U cuHTe3e. [lomxoa, ocHOBaHHBEINM Ha
aHalmM3e rnepej NoAX00M, OCHOBAaHHBIM HA CUHTE3€, MIMEET OJMH
CYLIECTBEHHBI HEJOCTAaTOK, OH HE TapaHTHPYET JOCTHKEHUE
nenu aearensHocTd. I1oaxon, OCHOBaHHBINA HA CHUHTE3€ JIMIICH
JIAaHHOTO HEJOCTATKA.

HayuHblil MeTOZ, NPUMEHSIOLMMICS I CUHTE3a MOJEIH
YIPaBIEHYECKOTO PELIeHUs Ha3bIBaeTcsa MozenaupoBaHueMm. Oc-
HOBHOW IpOOJIEMON NpPU MOJICIMPOBAHHU CHCTEM BBICTYINAET
MIpOBEPKa Ha aJIeKBATHOCTD (COOTBETCTBHE) OIy4yaeMOil MaTeMa-
TUYECKOH MOJIeNH.

IIpu npoBeneHUN OLIEHKH aJIeKBATHOCTH MOJEIIH BBIJIEIISIOTCS
TpH crioco0a: MPOoBeICHUE IKCIIEPUMEHTA, CPABHEHHE C STAJIOHOM
1 y4€T 3aKOHOMEpHOCTEH IpeaMeTHOH obOacTu. [Tocneauii mon-
X071 SIBJISIeTCSl HanOoJIee MPUEMIIEMBIM M IPUMEHSIETCS B HayYHOH
IIKOJIe, BKJIFOUEHHOH B peecTp Bemymmx mkon Caskt-Iletep-
Oypra [17].

Jlis co3nanust MOAEIH MbI IPUMEHSIEM CUCTEMHOE MOAETHPO-
BaHHWE, a TaKXKe METOJbl ACKOMIIO3MLUU M arperupoBanus. To
€CTb, PacCMaTpUBaeMasi CUCTEMA IMOJUIEKUT PA3AEICHUIO HA CO-
CTaBJISOLINE, 3aMEHE ITOJTyYEHHBIX JIEMEHTOB TPEOyEMBIMHU C CO-
XPpaHCHHUEM JIOTUYECKUX CBsI3el U COCIMHCHUIO IMOJTYUYCHHBIX 3JIC-
MEHTOB B €IMHOE IIEJI0C.

HiMeHHO KBaJIM(UIMPOBAHHBIN CIELHAIUCT, I[OJIOTOBIICH-
HBII BBICHIMM y4eOHBIM 3aBEJCHHEM CIIOCOOCH K MOJIEIHpOBa-
HUIO TIpoliecca B KOHKPETHOW oOnacTu. 3HaHUS, YMEHUS H
HaBBIKH CIICIHAINCTA, TIOyYCHHBIE B 00pa30BaTEIILHON OpraHu-
3al1H, MO3BOJIIOT €My KaK yNpaBIICHILy aJeKBaTHO PEArupoBaTh
Ha TNOCTABJICHHBIE 33/1a4M, a4 TaKK€ CBOEBPEMEHHO pEarupoBaTh
Ha BO3HHKHOBEHHE B CHCTEME NPOOJEM ISl MX MPEOJIOTICHUSL.
HamnpammBaeTcst BEIBOA 0 HEOOXOAMMOCTH CHCTEMHOTO MOJX01a
B MTOJITOTOBKE Kazapos [18].

B pab6ore npodeccopa Boponosa M.B. npemaraercs cuctem-
HbII MOXO0/, MOACIHUPYIOLINN JEATEIbHOCTh By3a CO CTOPOHBI
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CO3/JIaHUS TIPOTPAMMHBIX KOMILJICKCOB TTO3BOJISIFOIIMX MOJICIUPO-
BaTh BY30BCKYIO JICSITEILHOCTD C MIO3UIIMU CUCTEMHOTO MOIX0/1a,
YTO SBJIAETCS JIOTHYHBIM B HacTosmIee Bpems [ 18].

MOI[eJ'IHpOBaHI/le CUCTEMBbI PCIICHUS 3aJaYM YIIPABJICHUA

B nyGnukyemoli nuTeparype MOAXOMA, OCHOBAaHHBIM Ha CHH-
Te3e, MPaKTUYECKH HE PacCMATPHUBAETCS, HO MPUMEHSETCS B pa-
60Te Hay4YHOM MIKOJIBI 1101 pyKoBocTBoM bypnosa B.I'. [17]. Tak
kak UYMC siBisieTcsl CIIOKHON CHCTEMOH, TO MOJyuyeHHe MaTeMa-
THYECKOH MOJIETM HEOOXOIMMO peIIaTh depe3 €€ MOJeTHpoBa-
Hue. MozenupoBaHue CI0XKHBIX CHCTEM MMEET BaXKHYIO 0COOEH-
HOCTb, BBIPAKAIOIIYIOCS B 3aBHCUMOCTH OT MHOTOYMCIIEHHBIX
(haxTopoB. Kaxaplif, 13 KOTOPBIX TOJKEH OBITh YUTEH, UTO JAETaeT
HCCIIEZIOBAaHUE BONPOCA 3aTPyAHUTENbHBIM. [l mpeoponeHus
BO3HHKIIETO 3aTPYJHCHUS, BBOAITCA OTPAaHHUYCHHS U JIOTIOJTHE-
HUS B HCCIEIyeMyI0 3ajady IO YIPaBICHHUIO PYKOBOAMTEIEM
NPEINPUATHS WIA OPTaHU3aLHN.

JITTP xak pyKOBOAUTEINb NPEIPUATHS YIIPABIsAET UM B ITOBCE-
JTHEBHOI! ITaTHON EATEIbHOCTH, COTJIACHO OTJIaXXEHHOMY MeXa-
HU3MY. YTIpaBJICHHE MPEJCTaBIsieT cOOOH peryIupoBaHUe COBO-
KYIMHOCTBIO B3aUMOAEHCTBYIOLIUX MOAPa3ACICHUN.

[ITatHOE PyHKIMOHUPOBAHHUE CHCTEMBI MOXKHO NPEJCTABUThH
B BUJIC Ipada COCTOSHHUN cHCTeMBI (puc. 1).

'S

Puc. 1. 'pad cocrosamii mratHOro QyHKINOHUPOBAHUS
CHCTEMBI YIIPABICHHS

Ha pucynke | mpencTaBieHBI CICAYIOMIAE COCTOSHHUS CH-
CTEMBI H 0003HAYCHUS:

00 — mTaTHOE COCTOSTHHE CHCTEMBI YIIPABICHHS UIIN IITaTHOE
(hyHKIIMOHUPOBAHUE TIPEIIPUATHS

01 — cocrostHAE CHICTEMBI yIIPaBICHUS TIPEIPUATHS, IPH KO-
TOPOM TIPOUCXOJIUT OIPE/EJICHUEe BO3JCUCTBHS HA CHCTEMY, HO
HpOTHBOJIeﬁCTBHfI HC OKa3bIBACTCA,

10 — cocTosiHuE CHCTEMBI YIIPaBJICHUS, TIPU KOTOPOM OIIpeieie-
HHUE BO3JICHCTBHS HE NMPOWCXOJUT, HO CHCTEMa IbITACTCs CIIpa-
BUTBHCSI C BOSHUKIIMMH TPYAHOCTSMH B CUCTEME YIIPABIICHUSL:

11 — cocrosiHue CHCTEMBI YIPaBJICHHS, ITPU KOTOPOM TIPOUC-
XOJNT U OTpE/ICICHUE BO3/ICHCTBHUS M IIPOUCXOINUT MPOTUBOACH-
CTBHE.

A — 9acToTa MOTOKA MPOOIIeM, BO3ACUCTBYIONINI HA CHCTEMY;

V| — 9aCTOTa OTPENeICHUS BO3HUKAIOMINX B CHCTEME ITOTOKa
mpobiem;

V2 — YacTOTa HEWTpalM3aluy IMOTOKa MpoOJIeM B CHUCTEME
YIIpaBIEHUs NIPEAIPUATUEM;

Bripakasi cocTostHEEe CUCTeMBI 4yepe3 BeposiTHOCTH Pgy=00,
Poi=01, P1p=10, P;;=11u pemras nanHyto cucremy rpados uepes
muddepennmansabie ypaBaeHus Kommoroposa (1):

?=iiji Pj (t)_Pi(t)iﬂ’ij (D
i=1 i=1

Huddepennnanbupie ypapHenus: Koiamoroposa, MOryT ObITh
npeoOpa3oBaHbl B areOpanyueckue JUlsl yIpOIeHHs PEILeHNUs 3a-
nauu [19].

B HamreM cirydyae monyquTcs clieAyroliee penieHue (2):

d
apoo(t)z'Poo(t)’“er(t)VZ,

d
EPOI (t):'P()l O@Grv2)+P MOV +Py ®Ovi, 2

d
aplo(t)zpoo(t)/l'Pm Ovy Py (Hva,

d
apn(t):Pm(t))/{'Pn(t)(Vl Tvo).

Hawm BakxHO UMEHHO CIICTIyFOIIEe TTOTyICHHOE COCTOSHUE, OT-
pakaroliee CyIHOCTh PEIICHUS 3a1aud yIIPABICHUS, YTO BO3HU-
KaIOIINe B CHCTEME YIIPABIICHHUS 3aTPY/THEHUsI Pa3pEIIAIOTCS C 3a-
JIAHHBIM YPOBHEM MoKa3arelisi 3PEeKTUBHOCTH peallu3aluu pe-
IICHUS C OTPaHUYCHUEM Ha JCSITEeIbHBIC PECYPCHI H PECYPCHI 00-
cTaHoBKH (3):

— VIVZ
AA+v, +v,)+vy,

€)

POO

[Ipn cTpemnenun AaHHOI BeposATHOCTH Py kK eauuune, cu-
cTeMa ynpasJeHus OyeT QyHKIIMOHHPOBATh B pAMKax [ITATHOTO
peKMMa, TaK KaK BO3HUKAIOIIUE IIPOOJIEMbI B OPraHU3aIiN Oy Iy T
paspemratbes ¢ TpedyeMbIM Mmoka3aTeneM dPpPEeKTUBHOCTH peau-
3anuu pemenust [20]. Hampumep: 0,8; 0,9 wmm 0,95.

IIpu npoBeneHUM pacyeTOB, MOXKHO ONPEAEIIUTD JaHHBIN 110-
KazaTesb paboThl OpPraHU3alyy NpHu €€ MTATHOM (YHKIIHOHUPO-
BaHHMM Ha OCHOBE 3a/ICiICTBOBAHMS YEJIOBEUECKOr0 MMOTEHIIMANA U
TEXHUYCCKOU cocTaBIsItolIei. ECin momyueHHBIH TOKa3aTelb ¢-
¢dexruBHOCTH peanu3aiun pemenus JITP Poo=P Oyner co Bpeme-
HEM YMEHBIIAThCs, TO CUCTeMa TpeOyeT aHaim3a W IMOCIeAyIo-
IIEero 33/eHCTBOBAHMS pECypcoB (KaJpoOBOTO W/WMIM TEXHHUE-
CKOTO) JUIsl HAXOXKICHUS TPOOJIEeMBI B CHCTEME U BO3BpaTy B Tpe-
Oyemoe COCTOsSTHHE.

Tak Kak cucTeMa ynpaBJICHHs 3aBHCHUT OT TEXHHYECKOTO H
KaJpOBOTO COCTaBa, TO M TOKa3aTelb dPPEKTHBHOCTH peamn3a-
LUK pelieHus OyIeT HAIPSMYIO CIIOCOOCTBOBATh aBTOMATU3AIMN
MIPOLIECCOB YNPABJICHUsI OpraHu3aiu. Kak ciieicTBUe Ha MOBbI-
1ieHne d3(PPEKTUBHOCTH BIIKSIET OOHOBJICHHE TEXHUYECKOW 4acTh
Y TIEPENOAr0TOBKA KaJipoBoro cocrana [21].

Hanpumep, mpu 3a1eificTBOBAaHHM CHTYAIIMOHHBIX IEHTPOB,
MOYKHO OCYIIECTBIISITH KOMIIJIEKCHYIO ITOJI'OTOBKY K PELICHUIO 3a-
nad yrpasieHus. CTpyKTypa CUTyallMOHHBIX IEHTPOB IPE/CTaB-
JIEHAa PUCYHKOM 2.

[IpencraBnenHass cxema MO3BOJISIET CYAWTh O BO3MOXKHOCTH
MIOJITOTOBKHY CIEHHAINCTOB M PA3BUTHH Y HUX 3HAHUH, YMEHUH 1
HaBBIKOB CHCTEMHOTO MBIIIJICHNUS, TAK KaK B CHTYallMOHHBIX II€H-
Tpax yXe 3aJ0’KeH CHCTEeMHBIN 1OJIXO0JI, TTO3BOJIIOMNIT 00yae-
MOMY MBICIUTh ¥ IPUHUMATh PEIICHUS OIIEPUPYST OONBIINM 00b-
€MOM TOJTy4aeMbIX J1aHHBIX.

—
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UHDOOPMATUKA

MMeHHo MoAroToBKa KaapoBoro cocraBa BaxHa B UMC, Tak
KakK B HACTOsIIIIEE BpEMs YEJIOBEK OIPENEIIAET HAIllpaBJICHUE JIes-
TEILHOCTU U TIOPOY MPUHUMAET PEllICHUE PaHbllle aBTOMATHU3UPO-
BaHHOW MamuHbL. J[aHHBIA HETOCTATOK OYJET YMEHBIIATHCS CO
BpPEMEHEM, TaK KaK B aBTOMATH3AI[MI0 MAIIUHBI OYIyT BKIAIbI-
BaTh BCE OOJIBbIIICEe KOTMIESCTBO HHPOPMAIHH U OOJIBIIE JaHHBIX 10
pelIeHuIo 3ajau yrpasieHus. BypHoe pa3BuUTHE B HacTosliee
BpeMsI IIPOIPaMMHOM CpeJibl B BUJE UCKYCCTBEHHOIO MHTEJUIEKTA
SIBJISIETCSI OTHUM U3 [10Ka3aTeNlell MHTepeca K 3TOMY HapaBJICHUIO.

IoacucTema ananmsa

H CTPYKTYPHPOBAHHSA
/ HH(OPMHPOBAHHS \

Moxcuerema Moxcucrema
obecrneyeHust ,
Ge30macHoCTH A
uHpopMANHT
HH MaluH
bop CTPYKTYPA
CUTYALIUOHHBIX
LEHTPOB
l'lo;zc6 l;;’I:Ma Tloacucrema
. XpaHeHus
uHpopmann
Hoacucrema
nepegaun
uHpopmannn

Puc. 2. CTpyKTypa CUTYallHOHHBIX LIEHTPOB

OmHMM W3 BBILE YKA3aHHBIX BAXKHBIX (DAKTOPOB SBIISCTCS
MOATOTOBKA ¥ MIEPENIOATOTOBKA KaI[pOBOTO COCTaBa OpraHU3aUH
WM TO-JIPYrOMY IIOJyYeHHE HAaBBIKOB HEOOXOMUMBIX JUIS IIpe-
OJIOJICHUS TIPOOIIEM, C KOTOPBIMHU CTAJIKHBACIILCS B IS TEITbHOCTH
YIPABJICHUS U [IPUHATUS PELLEHUM.

HpI/IMCHeHI/Ie CUTYallUOHHBIX W MOHUTOPHHI'OBBIX LCHTPOB
103BOJISIET PadOTaTh B KOMaH/E, pa3BUBATh HABBIK YIIPABJICHUS B
pEeXKUME OHJIAlH TPOBEACHHS MEpPOIPHUSITHH, TO €CTh MPUMEHSS
HMMEIOIINECS TEXHUYCCKHE pecypcesl (TenedoH, dhakc, BUICOKOH-
(bepeHnncBs3p u T.1.) [21].

B3anmogeiicTBue Mexay OBYMs CUTYyallMOHHBIMU LIEHTPAMHU,
Yyepes cpesicTBa KOMMYHHUKAIINH, C BO3MOKHOCTHIO BCE BU3YaIbHO
oToOpakaTh U pa30upaTh Ha OOJBIINX YKpPaHAX MO3BOJSIET yUH-
TBIBaTh MEIIKHE HEJOYETHI B IIPOLIECCE YIPABICHUS U B IIOCIE/I-
CTBHH NIPEOJIOJICBATH UX, JOBOIS 10 HY)KHOT'O TIOKa3aTels d(pdek-
THUBHOCTH peaIN3alliy PEIICHUS.

OmnpeneneHne MOTOKa MPoOIeM U JaJbHENIIee e€ pa3perieHne
B CHCTEME IPENPUATHS WIN HA OJHOM U3 €r0 TeXHOJIOTHYECKUX
MIPOIIECCOB HANPSIMYIO 3aBUCHT OT ITOJI'OTOBKH NIEPCOHAJIA.

KomrutekcHbIi 1ox0/1 Ha 0a3¢ CUTYaIMOHHBIX IICHTPOB T103-
BOJISIET TIPOM3BOJIUTH MOATOTOBKY (IIEPENOrOTOBKY) MepcoHasa
B Pa3JIMUHBIX CUTYalHUsIX, YTO ITO3BOJISIET IPOU3BOIUTE COOp HH-
(dbopmanyu, MOJIEIUPOBATh CUTYAIMH, BU3YaJIbHO HPEICTABIATH
npoOieMy ¥ IPHHUMATh YIIPABICHYECKUE peIeHus (puc. 3).

[NoyyeHHbIe yMEHHMS U HABBIKU ITPU paboTe B CUTYaI[HOHHBIX
LEHTPax IO03BOJISIOT MPOU3BOAUTD CIAKCHHOE B3aUMOJICHCTBUE
niepcoHalia, 0TpadaThIBast Ype3BbIYAIHbBIC CUTYAIMH, a TAK)KE BbI-
pabateiBaTh TpeOOBaHHMA K HCIIOIB3yEMOMY AamIIapaTHO-IIPO-
IPAMMHOMY KOMIIJIEKCY, TeM CaMBIM MOAECIUPOBATH IPOLECCHI
yrpaBJ€HUA, JOBOAA UX T0 aBTOMaTHU3alluH. Tak kak uJenoBek
MBICTIUT Ha OCHOBE MOJIEJeH, MpaBMIbHAs BRIPAOOTKA pelIeHUH
110 MPOOJIEMHON CUTYaIllnU CTAHOBUTCSI OCOOCHHO BaKHA.

Pe3ynbraToM MOATOTOBKH MEpCOHANA SBIISETCS CIOCOOHOCTh
CBOEBPEMEHHO MPUHUMATH PEUICHUS U CTPOHUTH MPABHIBHO IO-
CTPOCHHYIO CHCTEMY KaK OTBETHYIO PEaKIHI0 Ha BO3HUKAIOIINE
3aTPYJHEHHUS B CUCTEME YIIPABICHHS.
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Puc. 3. IIpouecchl MpUHATHS peIICHUH B CUTYallUOHHOM LIEHTpE

Mopenb pemeHus MOXXeM HpeICTaBHTh 4Yepe3 JCKOMIIO3HU-
U0, a0CTparkpoBaHUE W arperupoBaHHe YIIPABICHYECKOTO
pemenwust (puc. 4).
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Puc. 4. Mozenp ynpaBieH4eCKOTO peIieHHs

W3 mony4uennoi ¢popmysl (4) BUANM 3aBUCUMOCTH P TTOKaza-
Tens (P PEKTUBHOCTH YIIPABICHIECCKOTO PEIICHHS:

P=F (Atnn, Atp[n, AtHn), (4)

rie Aty — cpeaHee BpeMst MPOsIBICHHS IPOOJIEMbI B CUCTEME
YIpaBIICHUS TTPETPHSTHSL;

Aty - cpennee BpeMst HACHTH(UKAINY TPOOIEMBI B CHCTEME;

Aty - cpenHee BpeMsi HeHTpainu3auy IpooieMbl B CHCTEME
[22].

[Mocnennue 1Ba TOKa3aTels HANPSAMYIO 3aBHCAT OT aIllia-
PaTHO-NPOrPaMMHOTO KOMIDIEKCa, KOTOPBIMHU 00ECIIeUeHO Mmpeji-
MIPUATHE U YEIOBEYECKOTO (PaKTOpa (CIIOCOOHOCTEH YeloBeKa, OT-
BEYAFOLIEro 3a JaHHOE HaIlpaBJICHUE 110 CBOMM HaBBIKaM M yMe-
HUSIM CBOEBPEMEHHO PAcCIo3HAaBaTh BO3HHUKAIOIIYIO MPOOJIEMy B
cucreme) (5):
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P=F(Atim, A"yt ATC g, APt AT pypy), (5)

riae YD — yenoBeueckuii paxrop; TO — TexHHUECKOE OCHAIIICHUE.

Kak HUTOT', MOXHO BBIABUTH 3aKOHOMCPHOCTb, UYEM paHBIIIC B
CHCTEME YIPaBICHUS MPEANPUSTHS TPOUCXOANUT HACHTHU(DUKA-
VST, 1 HeWTpan3alysi HeraTUBHOTO BO3JIeHCTBHS TeM 3 dexTrB-
Hell paboTaeT paccMaTpuBaeMasi CHCTEMa.

B cBs3M ¢ maHHBIM 00CTOSATENHCTBOM TI'paMUECKH MOXKHO
MIPE/ICTABUTh CJICAYIONIEE COCTOSIHHE HCCIEAYeMOH CHCTEMBI
(puc. 5). IlepcoHan opraHu3anuy CBOEBPEMEHHO NPOTHBOJCH-
CTBYET BO3HMKAIOLIMM B CHUCTEMe NpodiieMaM Ha OCHOBE IOJY-
YEHHOH KBanudukanuy. YeM KBamu(UKAIH BhIIIE, TEM OBICTpee
MPOUCXOJUT PEaKIMs Ha yrpo3y M TEM MEHbBIIE 3aTpayrBacTCs
BPEMEHH Ha pean3aluio PEIICHNUs.
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Hokazareas 3 PeKTHEHOCTH YIPABICHICCKOr0 pemenna P

Puc. 5. 3aBucuMocTb nokasaresst 3pHeKTHBHOCTH
OT MIOTOKA TPOOJIEM B CHCTEME

Ha manHOM pHICyHKE IpOCMaTpUBAETCS 3aBUCHMOCTH TIOKa3a-
Tenst 3GGEKTUBHOCTH YIPABICHUYCCKOrO PEHICHHUS OT WHTCHCHB-
HOCTH BO3HHKHOBEHHS MpobseM B cucteme. [Tokazaress addek-
TUBHOCTH PEaJM3allMU PEUICHUs OYICT BBIIIC, €CIIA OYyJICT BBIIIC
COOTBETCTBYIOIIAs MOATOTOBKA KaJIpPOBOrO COCTaBa M Kak CIICH-
CTBUEC HIDKE HHTCHCUBHOCTh BO3HUKHOBEHUSI IIPOOJIEM B CHCTEME.
IToaroToBka B paMKax MPUMEHEHHUS CUTYAI[OHHBIX IICHTPOB 103~
BOJISICT IMOJIOWTH KOMIUIEKCHO K PCIICHHIO 33aJa4d YIPaBICHUS
OpraHW3aIlie, a TaKKEe yKa3aThb HAa Ba)XKHOCTh YEIIOBEYCCKOTO
(hakTOpa B MPUHATHH YIIPABICHICCKUX PEIICHHUN.

[IpoBenennas pabora MogUEPKUBACT HEOOXOAUMOCTE TTOATO-
TOBKH KaJIpOBOTO cocTaBa opranm3anuu. L{emecoobpa3Ho Ha 6aze
KPYITHBIX OpTraHU3alui CO3/1aBaTh CBOM CHTYallMOHHBIC HIEHTPHI
pemIeHus 33134 yIpaBIeHIUS ¥ TPUHATHS PEIICHHUH, YTO TO3BOJIUT
COKpATHUTh PAacXOAbl Ha TUIATCKH B CTOPOHHHUE OPTaHU3AIUH U
MO3BOJIMT Ha CBOEH 0a3e 0TpadaThIBaTh pasIHyHbIC IPOOIEMHBIC
CuTyauuu it BI)Ipa6OTKI/I MOoACIN PpEIICHUsA, YTO IIOBBICUT
3G GEKTUBHOCTD PeaH3aliy PEIICHUs.

DddexTuBHOCTE peanu3aliu peieHust OyaeT MOBBIIATHCS OT
CBOCBPEMCHHOCTH MPUHSTHSI PEIICHUH TEPCOHAIOM, TaK KakK Oy-
JICT COKpAIaThCsl BPEMs HA MPHUHITHUC PCIICHHS POTHUBOJICH-
CTBUIO BO3HUKArOMMM mpodiiemam. CootBeTcTBeHHO JITTP BaxkHO
UMETh MOJICb PEIICHIUS, MO3BOJISIONIYI0 CBOCBPEMEHHO MPOTH-
BOJICHCTBOBATH BO3HUKAIOIIAM MIPpOOIeMaM.

OnpenenuTs BpeMs BO3HHKHOBEHHUS TPOOIIEMBI B CHCTEME
VOpaBJICHUS OPTaHU3AlWN SIBISETCS CIOKHBIM TPOIIECCOM, TaK
KaK 3Ta BEIMYHMHA ABISETCA CIydalHOU. 71 3TOro HE0OX0IUMO
MIPUMEHATh MapKOBCKHE IPOILECCH], TaK KaK 3TO MO3BOJISIET pe-
[IaTh MHOTHE TIPAKTHYECKUE 3a7a49H, a TAKKE ONMMCATh CIIOKHBIC
CHUCTEMBI, KOTOPOU U SABJSIETCS opranuzanus [23].
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MHD®OPMATUKA

CoOTBETCTBEHHO BPEMEHHBIE COCTOSIHUSI CUCTEMBI SIBIISTFOTCS
CIIly4allHBIMU BEJIMYMHAMH C JJUCKPETHBIM COCTOSHHEM M Helpe-
PBIBHBIM BPEMEHEM, COTJIACHO pHCYHKa 1.

Kak uror y Hac moiIy4eHO cOOTHOIICHUE (4), CBS3BIBAIOIICE
TpU MapaMeTpa cucTeMbl. VIMEHHO 3TO IOy4e€HHOE BBIPAKEHHE
MIEPEXOUT B COOTHOMICHHE (5), B KOTOPOM JBa Mapamerpa CH-
CTEMBI ICJIATCS ellle Ha J[Ba YeJIOBEYEeCKUH (JaKTOp ¥ TEXHUYECKOe
ocHamenue. TakuMm 00pa3oM, NOJTydeHa aHaTUTHYEeCKas 3aBUCH-
MOCTB CBS3H HH(bOpMaL[HOHHO-aHaHI/ITPI‘IeCKOfI JACATCIbHOCTU CH-
CTEeMBbI, 000OIIEHHBIX XapaKTEPUCTUK CUCTEMBI U HEHTpaIH3aIiu
po0IEeMBI.

PaccmarpuBas coorHomeHue (3) Kak yCJIOBUE CyLIECTBOBA-
HUSI TIpOLiecca YIpaBJICHNsI OpraHu3alel 1 3a1aBast TpeOyeMbli
rokasaresb 3()(HEKTUBHOCTH peaIn3alii PELICHUs B BHJIC TTIOKa-
3arenst P. Mbl MOXeM NpecTaBuTh B BUjIe (pyHKIUI ciietyromnye
napaMeTphl PacCMaTPUBAEMOW CHCTEMBI:

— XapaKTepPUCTHKON 0OCTAaHOBKU CPEIHETO BPEMEHH IPOSIBIIC-
HUS TPOOJIEMBI B paccMarpuBaeMoi cucteme Aty =F1(X1, X2,.... Xn);

— XapaKTEePUCTUKONW OOCTaHOBKU CPEAHEro BPEMEHHU HJICHTHU-
¢dukanuu npobiieMbl B paccMmaTpuBaeMon cucteme Aty =fi(y1,
Y200 3Yn);

— XapaKTEePUCTHUKOW OOCTaHOBKH CpPETHETO BPEMEHHU HeHTpa-
JHM3alMid TIpoOJIeMBl B paccMaTpuBacMoil cucteme Aty,=f1(z1,
22,.... 4Zn).

Bekropa X, Y, Z COOTBETCTBYIOT IpolieccaM 00pa3oBaHUs
npo0eMbl, HICHTH(UKAIMKA TPOOJIEMBbl M HEHTpaIH3alK IPO-
OJIeMBI.

Ho B pabote paccmaTpuBaeTcs 3aBUCUMOCTb IOKa3aTess 3¢-
(DEeKTHBHOCTH peallM3alyy PEICHUs OT MPOSIBJICHUS MTPOOIEMBI B
CUCTEME YIPaBJICHHSI M TIPOLECCOM HICHTH()UKAIIMN YEIOBEKOM
B cHcTeMe ynpasieHus. TpexMepHbIH rpayik Takod 3aBHCHUMO-
CTH IPE/ICTABIICH HA PUCYHKE 6.
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Puc. 6. 3aBucuMocTh Moka3zaresns 3pPEeKTHBHOCTH peann3anim
pCLLIEHUS OT XapaKTEPUCTUK CUCTEMBI

JlanHas 3aBUCHMOCTH MoKa3aTessi 3Q(GEKTUBHOCTH pean3a-
LUK PEIICHHS MOXKET OBITh MPEJICTABICHHAS KAK HA PUCYHKE, TaK
U BUJIC YKCIIOBOI 3aBHCHMOCTH MOJIYy4aeMbIX JaHHbIX. [10 mosy-
YEHHBIM MapaMeTpaM YIPaBICHUYECKOrO PEIICHUs] MPOBOJUTCS
aHAIN3 JICHCTBYIOIIEH CHCTEMBI YIIPABICHNUS, W BHOCSITCS H3Me-
HEHUsI B MOHUTOPHHT CHCTEMbI YIPABIEHHS C YCTAHOBIEHHBIMH
OTpaHHUYCHUSIMHU Ha JeATETbHBIH PeCypc U pecypc 00CTaHOBKH.

B nmanmbHe#ieM Tpyu U3BECTHBIX XapaKTEPHUCTHKAX deIoBede-
CKOTO (haKTOpa MBI MOYKEM TPEIBSIBUTH TPEOOBAHUS K TEXHUYE-
CKOMY OCHAIICHHIO OpraHu3aiuu. Pemias oOpaTHyro 3amady u
3Hasd XapaKTCPUCTUKU TEXHHUYCCKOI'0 OCHAICHHA, Mbl MOXEM
MIPEABSIBIIATH TPEOOBAHUS K EPCOHATY OpraHU3aIINH.




UHDOOPMATUKA

3akaouenue

B coBpemMeHHOM MUpe POUCXO/IAT INI00aIbHBIC U3MEHEHHS 38
CUET TIOCTOSIHHOTO BHEJIpEeHUsI HH()OPMALMOHHBIX TEXHOJIOTHH B
MIPEANPUATHS U X TEXHOJIIOTHYECKUE ITPOIIECCHI.

Y COBEpIIEHCTBYIOTCSI KaK TEXHHYECKOE OCHAICHUE, TaK H
MIPOTrpaMMHBIE KOMITIEKCHI. 151 COOTBETCTBHSI COBPEMEHHBIM HH-
(dhopmaroHHBIM TexHONOTHSAM JITIP TOMKHO TTOCTOSHHO COBEp-
IIEHCTBOBATH CBOM HABBIKH M KBATH(HKAIINIO.

Breznpenue B poriecchl MOArOTOBKH, MEPENOATOTOBKU U TI0-
BBIIIECHUS KBaNM(HUKAINN yUYeOHBIX MECT B BUAE CUTYAIIMOHHBIX
LIEHTPOB I03BOJISIET COBEPILICHCTBOBATH HABBIKM M MACTEPCTBO Ka/I-
poBoro cocTaBa, paboTaTh B KOMaH/E U TOIydaTbh HEOOXOANMBIE
3HaHUWA 111 COBEPUICHCTBOBAHUA cBoeH C(bepm JACATCIIBHOCTH.

Pacnionaras naHHBIMU 110 CpEHEMY BPEMEHM BO3HUKHOBEHUS
po0OJIeMbl B CHCTEME, WIeHTH(UKALIMK TIPOOIIEMbI U € HeHTpau-
3aIMu, ITyTeM pPeLIeHNs] 00paTHOM 3aJa41 MOXKHO ITOTyYHUTh TPEOy-
eMblIe rokazaresi 3QGEKTHBHOCTHU YIIPABICHYECKOTO PELICHHs He-
00X0AMMBIE JUISl yCHEUIHOTO PEO0JI0IEHNST BOSHUKAIOIINX TPy THO-
CTEH B OpraHM3aIMy ¥ BO3BPAIICHUIO €€ K ITAaTHOH paboTe ¢ Tpe-
OyeMbIM NoKa3zareseM dPPEKTUBHOCTH PeTU3aIN PELICHHSI.
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Abstract

The current state of human-machine control systems (HMS) depends not only on modern hardware and software, but also on the ability of a person to
make timely decisions in the current situation. The issues of developing managerial skills have always been considered important and necessary. In modern
conditions of information systems development, it is necessary to constantly improve their skills and abilities to implement timely management decisions.
The skills and abilities acquired in an educational organization will be decisive in building the logic of further decision-making actions, as a response to a prob-
lem in the organization's management system. The availability of a modern technical base in combination with the practical development of decision-making
skills becomes a necessary condition for the development of managerial decision-making skills. When considering the current management system, it can be
considered as a regular one. The negative impacts that arise in the course of activity on the man-agement system are aimed at destroying regular activities,
which is unacceptable for the organi-zation. The issues of countering negative impacts are being worked out at the training ground of the educational insti-
tution in order to develop human skills and abilities to counter emerging problems and the ability to return the system to normal operation. The complex
interaction of the situational and monitoring centers during the development of practical exercises allows the team of participants to achieve the necessary
result in the development of managerial decision skills. The development of skills allows you to automate management processes and increase the effi-cien-
cy of the solution implementation in the normal operation of the system.

Keywords: management solutions, monitoring and situation centres, solution model, man-machine system, management skills.
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BBenenne

Ha nHTEHCHBHOCTH TPAHCIIOPTHOTO IMTOTOKA OKA3BIBAIOT BITHSI-
HHE OOJIBIIOE KOJIMUECTBO NMPHU3HAKOB. OHM MOTYT OBITh TIOCTO-
SIHHBIMH (IIMPUHA JJOPOTH, KOJIMYECTBO T10JI0C, CBeTO(OpHOE pe-
TYJIMPOBAaHUE U T.J.), APYTHE U3MEHSITHCS B TEUCHNUH JTHS (TIOT01-
Hble ycioBust). [TepBbie onpenensoT pexxuMbl HHTEHCHBHOCTH Ha
TIOCTOSTHHOW OCHOBE B pa3HbIC MOKA3aTeIN KauyeCTBCHHBIX Mepe-
MEHHBIX (JIeHb HEJIENN, BPEMS CyTOK M T.J.), BTOPbIE HE NMEIOT
CHCTEMHOCTH, HO 3HAYMTEIEHO KOPPEKTUPYIOT PEKUMBI TIEPBOTO.
Jlyist IpOTHO3MPOBAHUST MHTEHCUBHOCTH TPAHCIIOPTHOTO TTOTOKA
HE00XO0IMM KOMIUIEKCHBI aHAJTN3 BCEX XapaKTepHucTHK [1, 2].

Bnusane BHemHel cpens! Ha cucteMy BAJIC sBisieTcs Bax-
HBIM aCIIEKTOM 0€30MacHOCTH U AP PEKTHBHOCTH JOPOKHOTO JABH-
xenust. Okpyskaronas 00CTaHOBKa Ha J0pOre MOXET CO3/1aBaTh
pasiMuHbIe YCIIOBHUS, KOTOPbIE (OPMHUPYIOT MOBEICHUE BOAUTEIIS,
COCTOSIHHE aBTOMOOMIIS U O€30MaCHOCTh HA JOPOTe B LIEIIOM.

Cl0)XHO OpraHW30BaHHAs CHCTEMa B3aUMOJEHCTBUS (hakTo-
poB BAJIC onpepnernsier riaBHbIe M BTOPOCTEICHHBIE MTPU3HAKH.
B3aumopeiicTBre Mexay HOIMH MOXKET 3aTPyAHUTh TIOHUMaHUE U
N3y4YeHUE NMPUINHHO-CIICACTBCHHBIX CBA3EH, TaK Kak apdekT o1-
HOTO (haKTOpa MOKET TPOSIBIISITHCS TOJNBKO TPH HAIMYUH WA
BIIMSTHUN IPYTHUX.

B takux ciaydasx posb CTaTUCTUYECKOTO aHAIM3a W MOJIEIH-
POBaHMS CTAHOBUTCS BasKHOH. C MOMOIIBIO 3THX METOI0B MOXKHO
BBISIBUTH T'JIaBHBIE M BTOPOCTENIECHHBIE MPU3HAKH, a TAKXKE OIpe-
JIETTUTh CUITY BIUSIHUS KQXK0T0 (haKTopa Ha UTOTOBBIH pe3yIIbTaT.

VYciaoBus B3aUMOJCHCTBUS (DAKTOPOB CIIOKHBI U TOHMMaHUE
MX MOXET OBITh HENPOCTOM 3a/1aueii. JlonomHuTenbHbIC UCCIe0-
BaHUS U SKCICPUMCHTHI HCOOXOMMBI JJIsl YIITyOJICHHOTO M3y4e-
HHUS CIIOKHBIX CBs3el cucteMbl BAJIC.

Pe3yabTaThl HcciIe10BaHUM

[MpuBbIyHbIE CHOCOOBI MPUBECHHS WHTCHCHBHOCTH TpaHC-
MOPTHOTO MOTOKA OBUTH CO3/IaHBI BO BPEMEHA HI3KOTO YPOBHS aB-
TOMOOWITU3ALINK HACEJICHHUS], MyTeM PYYHOTO MOJCYeTa TPaHC-
HOPTHBIX cpeacTB. st yrioyOneHHOTO U3Y4eHHUs paccMaTpuBae-
MBIX XapaKTePHCTHK HEOOXOAUM OOJBLIOH 00BEM CTaTHCTHYC-
CKHX JIaHHBIX.

B HekprITBIX Toponax Poccun, 171 OBBIICHUS 0€30IIaCHOCTH
JIOPO’KHOTO JIBHIKCHHSI aKTHBHO Pa3BHBAIOT CHCTEMbI BUICOHAOIIIO-
JIEHUs] U MOJIEPHU3UPYETCA IIPOrPaMMHO-AIIAPATHBIE KOMILJIEKCBI C
LIEJIbI0 @aBTOMATU3UPOBAHHOIO MIPUHSTHUS PELLIEHUI 10 YIIPABJICHHUIO
TPaHCIIOPTHBIM Y3JIOM UJIA q)HKCﬁLH/II/I AIMUHUCTPATUBHBIX IIPaBOHA-
pyueHui (https://www.integra-s.ru/sistema-fotovideofiksatsii/;
[Maxnun H. Jloructuueckas perpeccust 1 ROC-ananus — Matemaru-
yeckuil armapar: https://basegroup.ru/community/articles/logistic).
JlanHble U1sl aHAIM3a MOCTYNAIOT B BEIYUCIUTEBHOE YCTPOHCTBO
¢ Kamep HaOmoeHus. Bee TpaHCOPTHBIE CPEACTBA MPOe3Kas ye-
pe3 y4acTok KOHTpoist (pyOex), momiexar yuery. dopmupyercs
CITMCOK aBTOMOOMJICH KaXKIasi 3aIiCh KOTOPOIO COCTOUT U3 JIATHI,
BPEMEHH Npoe3/ia, HoMepa pyOeka KOHTPOJIS U T..

B ropoae XabapoBcke IMPOKOe NPUMEHEHHE HalllIa CHCTEMa
INTEGRO-K//], koTOpasi B KpyrJIOCyTOYHOM PEXKUME BEJET MO/
cuet aBromobOmiei Ha 107 pyGexax koHTpoms (Tadm. 1) u ¢ oT-
CYTCTBHEM HEOOXOANMOCTH IIPUBENICHUS TI0OKa3aTeeil HHTCHCHB-
HOCTH KOPPEKTHPOBOYHBIMH (POPMYJIaMU K OTHOCHTEIJILHBIM, CTa-
TUCTHKA, NOJY4YCHHass TaKUM CHOCO6OM, HUMECT BBICOKYIO TOY-
HOCTb.

TPAHCIOPT

Tab6muma 1
Y4acTku KOHTPOJIsl IPOTPaMMHO-AINAPATHBIX KOMIUIEKCOB
Ne .. | Homep py0e:xa
w/n Yuacrok, nepeceyeHune Npoe3KuUX Yacrei KOHTPOIS
1 |Amypckuii 6ybBap — JIba Toncroro 5211, 5221, 5231
2 bouibiias — BopoHexkckas 1511, 1521, 1531,
1541
3 |bonbmas — Bszemckas 4011, 4021
4 |bonwimas — [lembsina benHoro 4111, 4121
5 |BomouaeBckasi — YccypuicKuii OyibBap 3911, 3921
6 |lamapHuka — Ca000acKast 711,721
7 HKOIOJIbIIEBA — Y CCYPHICKHUIT OYIbBap 611,621
8 K. Mapxkca — Jlukonosbresa i le’ 121, 1131,
9 [K. Mapkca — [Tymkuna 911,921,931, 941
10 |K.Mapkca — Beibopckas 111,121
11 |K.Mapkca — MaTBeeBcKoe Iocce 5311, 5321, 5331
12 |[K.Mapkca — MockoBcKast 2911, 2921
13 |K.Mapkca — IIpombliieHHas 811, 821
14 |Kanuuuua — Yccypuiickuii OysbpBap 3811, 3821
15 |lenmna — BonouaeBckast 1711, 1721, 1731
16 Vlenuna — JI3ep)KUHCKOTO 1411, 1421, 1431
17 1911, 1921, 1931,
lenuna — JluxonosnbLesa
1941
18 |lenuna — 3amapuna 2211, 2221
19 |lennna — Kanununa 1011, 1021, 1031
20 lenuna — JlenuHrpanckas 2011,2021, 2031
21 |lenuna — IlymknHa 1811, 1821
22 3511, 3521, 3531,
Jlenuna — Illeponosa 3541
23 lenunrpanckas — AMypckuii OyJibBap 3311, 3321
24 |lenunrpanckas — Kum 1O Yena 3111,3121
25 |lenunrpanckas — nep. barapeiinblii 3711, 3721
26 |Jlenunrpasnckas, jqom 32 5111, 5121
27 |MypaBbeBa Amypckoro — BosovyaeBckast 2411, 2421, 2431
28 |MypaBseBa AMypckoro — J[3ep:KHHCKOTO 1311, 1321, 1331
29 |MypaBbeBa AMypckoro — 3anaputa 2311, 2321, 2331
30 |MypaBbeBa Amypckoro — Kanununa 1211, 1221, 1231
31 [MypasbeBa Amypckoro — Typrenesa 2111,2121
32 MypasbeBa AMypckoro — IllepoHoBa gj}&’ 3421, 3431,
33 MypaBbeBa AMypckoro — Komcomombckas ;gl}’ 2521, 2531,
34 [[Iymkuna — Yccypuiickuii OyabpBap 511, 521, 531
35 [CepbiieBa — Kanununa 311,321
36 |CepniieBa — Hekpacosa 3211, 3221
37 |CepsimeBa — CTaHIIOHHAS 411,421,431
38 Bobmas — Jaso 7311, 7321, 7331,
7341
39 Jlenuna — JlepmMoHTOBA 5411, 5421, 5431

C [CJIbIO HAKOIIJICHU A JaHHBIX O MOTOAHBIX YCIIOBUAX UCIIOJIb-

30BaIMCh OTKPBITHIC BeO pecypcebl OpenWeatherMap u Gismeteo,
TaK Kak OHM IIPUCIIOCOOJICHBI /ISl PA0OTHI C IAHHBIMHU B PEXKUME
pa3paboTyHKa C MEepCHeKTHBOW aBTOMAaTHU3MPOBATh Ipolecc 00-
paleHus K HUM.

OpenWeatherMap — onnaiiH cepBHc IS 1OCTYMA K JAHHBIM O
TEKyIIeH Moroje, NPOrHo3aM U UCTOPUYECKUM JaHHBIM. B kave-
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CTB€ UCTOYHUKA JaHHBIX UCIOJB3YIOTCA O(i)I/ILII/IaHLHLIe METCOpPO-
JIOTHYECKUe CIIyKObI, TaHHBIC W3 METEOCTAHIUI a’pONOPTOB U
JTAaHHBIC C YACTHBIX METEOCTAHIHH.

Gismeteo — 3To METEOPOIOTHYCCKHIA Pecype IMPU MOMOIIH KO-
TOPOTO MOXHO Y3HATh TEKYIIYIO TIOTOAY, & TAKXKE ITOyIUTh TIPO-
THO3 TEMIIepaTyphl, OCAIKOB U IPYTUX HEOOXOJUMBIX ITapaMeT-
POB B pa3IUYHBIX IyHKTaX 10 Beeit 3emite. MeTeojanHbIe TTOCTY-
MAIOT OT METEOPOIOTHIECKUX IIEHTPOB, & IIPOTHO3BI CTPOSTCS Ha
OCHOBE pa3pa0OTaHHBIX MAaTEMaTHYECKIX MOIETEH.

C 1enpio OTpe/eNeHnsl CIOXKHBIX B3aMMOCBS3EH MOJICHCTEM
BAJIC 1 000cHOBaHHMsI BIHMSHUS PA3IMYHBIX TOTOJHBIX YCIOBHI
Ha MHTEHCHBHOCTH TPAHCIIOPTHOI'O TIOTOKA OBLIO PELICHO MTPOBE-
CTH KOPPEJISIIMOHHBINA aHAIIN3.

KoppensiuoHHbIi aHau3 — 3TO CTaTHCTHYECKUH METOJI, KO-
TOPBI TIO3BOJISIET OMNPECIUTh CTENEHb W HAlpaBlICHUE CBSI3H
MEXIy IBYMS WM OoJiee HepeMEHHbBIMU.

Bonbiolt 00beM CTaTHCTHYECKHUX JTAaHHBIX TPEOYeT TpyTIIH-
POBKHM (pacrpenesieHne Ha HHTEpBaJIbl), 5TO HEOOXOIUMO JUIS
ynoOcTBa aHaNmM3a, MPEACTaBICHUS MHPOPMAIIUN U YTy IIICHHS
MIPOTHOCTHYECKHUX BO3MOKHOCTEH. OHa MOKET OBITH OCYIIECTB-
JICHa C TIOMOIIBIO Pa3IMYHBIX METOJIOB, TAKUX KaK OIPECIICHIUE
PaBHBIX HHTEPBAJIOB, HHTEPBAIOB HA OCHOBE MPOICHTHIICH, IKC-
MepTHOE MHEHWE M Tak jaanee. BaxHo OamaHCHPOBAaTH MEKIY
YIPOIICHHEM JaHHBIX U COXpPaHEHHEM peJieBaHTHOW HH(pOpMa-
1MW B TIpOIIECCe TPYNIUPOBKH [3, 4].

CoBpeMeHHBIE MPOTrPAMMHBIE BO3MOYKHOCTH CIIOCOOHBI BbI-
YHUCJIATH ONITUMAJIbHBIC BApUAHTBI peHIeHI/Iﬁ JUJIA aHaJIn3a I10JIb30-
BaTeJII0, TpeJyIarasi pa3IMyHble TOJIINHBI HHTEPBAJIbBI IS TIepe-
MeHHBIX. C LeNbI0 OnpeieIeH s HaMIydIlero HHTepBana Obu1o
PELIeHO MPOBECTH paHroByto koppensinuio Crnnpmena. Kaxaprit
HWHTEPBAI — 3TO KOJIMIESCTBO HAOIIOIaeMBIX CIIy4aeB B HEM, COOT-
BETCTBCHHO, OOBIYHBIM KOPPEISILIMOHHBIM aHAJIN30M OIICHHUTH
3HAYMMOCTH TIEpEeMEHHON OBII0 OBl HEOOBEKTUBHO. C HMCIIONB30-
BaHUEM PAaHTOBOH CHCTEMBI B 0JTHOM nHTepBaie (mpumep: 0...200
— 1 pasr, 200...400 — 2 panr, 400...600 — 3 pasr u T.1.) 9Ta Mpo-
Oyiema peraercs.

Panrosast koppemsiiust CiupMeHa — 3TO CTATUCTUIECKUI Me-
TOJI, UCTIONB3YEMBIH I M3MEPEHHUS CHIIBI M HAIIPABJICHUS CBA3H
MEXAy IBYMSI pPaH)XHPOBAHHBIMHU IepeMeHHbIMH. OH sIBIIsieTCs
AHAJIOTOM KJIaCCHMUYECKOH (MMUPCOHOBCKOM) KOPPENALUU AJISl CITy-
4acB, KOTrAa JaHHbIC HE ABJISAOTCA HOPMAJIbHO PaCIIpCACICHHBIMU
WIH COJICPIKAT BBIOPOCHI [5].

[Tpn paccMOTpeHNH Napbl IIEPEMEHHBIX, KaXKI10H TIepeMeHHON
MIPUCBANBAIOTCSl PAHTH B MOPSKE BO3PACTAHUS MM yOBIBAaHMS.
3areM BBIYHCIICTCS Pa3HUIA MEKAY paHTaMH B KaKIOU mmape
HaOIIOIeHU Ut Kaxkaoi mepemMenHod. KoadduumeHT paHroBoii
koppernsaun CrupMeHa ONpeaesIeTcst Kak CPeIHs KOPPEIIns
MEXIy TUMH pa3HUIIAMU PAaHTOB IS IBYX IEPEMEHHBIX [5, 6].

3nauenne koddunreHTa panroBoil koppemsiunun CrupMeHa
HAXOAWTCS B Iuamas3oHe oT -1 mo +1. 3navenue +1 yka3piBaeT Ha
TMOJIOKUTCIIbHYTO CBA3b, KOT'Ad 3HAUYCHUA obenx TIEPEMEHHBIX BO3-
pacTaroT WK yObIBalOT BMecTe. 3HaueHue -1 ykas3blBaeT Ha OTpH-
LATEJNbHYIO CBsI3b, KOTJIa 3HAYEHUS OJIHOM MepeMeHHON Bo3pac-
TAIOT, a 3HAYCHMs JIPYrod INepeMeHHoW yObiBatoT. 3HaueHue 0
yKa3bIBaeT Ha OTCYTCTBHE CBSI3H MEXK/Y ITEPEMEHHBIMH.

Panrosas koppessiius CrimpMeHa UMeeT HECKOIIBKO MPEHMYy-
IIECTB 10 CPAaBHEHMIO ¢ Koppemnsiiueil [Inpcona, Tak kak oHa 60-
Jiee ycToH4MBa K BRIOpocaM M He TpeOyeT HOpMallbHOTO pacripe-
JIEJIEHUS TaHHBIX. Ee MOYKHO BBIYHCIUTH C TIOMOIIHI0 MHOJKECTBA

CTaTHCTHYECKHX IPOTPaMM H SI3BIKOB IIPOrPaMMHUPOBAHHS, BKITIO-
qast Python, R u SPSS.

Jns aHanmu3a CTENEHM BIMSIHUS TEMIIEPATYPHBIX PEXHMOB
(Temmepatypa BO3ayXa, HOUBBI M TOYKH POCHI) HA HHTEHCUBHOCTh
TPaHCIIOPTHOTO TIOTOKA, B MEPBYIO OUYEPElb, HEOOXOANMO Ompe-
JenuTh Hanbosee 3 QEeKTUBHBIC IHUPOTH HHTEPBAJIOB BCEX TEpe-
MEHHBIX [7].

Crour YYCCThb, YTO IIPU OMPCACIICHUU CTCIICHU BJIWUAHUA 3aBU-
CUMOM IIEPEMEHHOM Ha HE3aBUCHUMYIO JIOCTATOYHO IPUMEHUTH
napHyto Koppessinuio. Ho B j1aHHOi#l pabote BiusiHHE TeMmIiepa-
TYPHBIX PEXKHMOB Ha HMHTEHCHBHOCTb TPAHCIIOPTHOTO ITOTOKA
paccMmarpHBanach B COBOKYITHOCTH, TaK KaK HE3aBHCUMBIE TIepe-
MEHHBIE (TeMIeparypa BO3/yXa, HOYBBI M TOUYKH POCHI) UMEIOT
o01Me NpuYuHbI (HarpuMep, U3MEHEHHE BPEMEHH T'0/1a) U O/IHO-
BPEMEHHO BIMSIOT Ha 3aBHUCHUMBIN npu3Hak [§8-10].

[IpuHATEL Ccremyromme MIMPOTHl WHTEPBAIOB ISl aHAIHM3a
HauOoIbIIeH 3P PEKTUBHOCTH:

— WHTCHCUBHOCTh JABIDKEHHS TpaHCHOpPTHOTo moToka (100,
200, 300, 400, 500, 600);

— TeMIiepaTypa Bo3ayxa, TIouBbI, TOUKH pockl (5, 10, 15, 20, 25).

BnusHue TtemmepaTypHbIX pPEXHMOB Ha HHTEHCUBHOCTb
TPaHCIIOPTHOTO MOTOKA MOXKET 3aBUCUT OT JIOTIOJIHUTEIBHBIX Xa-
paKTepUCTHK, Takux Kak «Jlenp Henmemm», «Bpems cytok»,
«Ocanku». BeIXomHbIC THH HE BBIHYKIAOT paboyee HACEIICHHE
JIBUTAThCSl M3 CHAJbHBIX pPaliOHOB B pabovMe yTPOM, a BEYEPOM
Haoboport. Jltoan onpenesnsoT cBoe KeJaHue Ha NepeMelleHHe
JTUYHBIM KoMdopToM. JKapkuil WiIn XOIOJHbINH JICHb, 0D WIH
CHET 3HAYMTEIBHO BIMSIOT HA SMOIMOHAIBHBIA (JOH, COOTBET-
CTBEHHO, JTIOJIY B TIOMCKAX YIOTA B BEIXOHBIC THH JIIOIH MIPEAIIO-
YUTAIOT OCTaBATHCS AOMA.

YunTeiBass 0COOCHHOCTH JOTOJHUTEIBHBIX XapaKTEPUCTHK,
KaX/asi IMPOTa WHTEPBala MHTCHCUBHOCTH M TEMIIEPATyp BO3-
JyXa, MOYBBI M TOYKH POCHI PACCMATPHUBAIMCh HE TOJBKO CO
BCEMU BO3MOXHBIMHU CBOUMMU KOM6I/IHaI_II/I${MI/I JJIA ONpEaACICHUSA
3aBUCHMOCTH UJIU HanOoJiee 3HaAYNMBbIX IMUPOT UHTEPBAJIOB, HO U
BO BCEX MOKa3aTesX JHEH Hesenu U BpeMeHu cyTtok [11, 12].

Jlist perieHust Tako# CIIOXKHOM 3a/1auu Obliia pa3padoTaHa rnpo-
rpamMMa Ha si3bIKe TporpaMMupoBaHus python, peanu3zanus KoTo-
PO YCIIOBHO MOXKHO Pa3JenuTh Ha 4 OoKa:

1. Umnoptupyem HeoOxoammMblie 6nbaroTekn (datetime — st
paboTHI ¢ TaHHBIMHU THIA — BpeMsT; pandas — 00paboTKa MacCHBOB
TMaHHEIX; spearmanf — paaroBas xoppersiuus Crmpmena). OTKpbI-
BaeM 3arOTOBJICHHYIO IUIsI aHAM3a BEIOOpKY Restruct 25.xlsx u
MeHseM ¢aitry uMms Ha int, a popmat Ha csv. Vcmons3ys KoMaHIy
drop 6ubnnorexu pandas youpaem HeHYKHbIE KOJIOHKH 4TOO CHU-
3UTh BpeMsi 00paboTKu MaccuBa (puc. 1).

Puc. 1. HO)IFOTOBKa IporpaMMbl U JaHHBIX JJIsL 06p360TKI/I MacCuBa
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Jlis ananusa Obuta B3sita BeiOopka (Restruct 25.xIsx) ¢ py-
6exa xkouTpois 1311, nepeceuenus ynun MypaBbeBa AMypCKOTo
— JI3epkuHckoro r. XabapoBcka, coaepxaiast 8115 3amuceit 06
UHTCHCUBHOCTU U HOFOHHBIﬁ YCI0oBUAX B IICPUOA U B MIpeaciax
paboTsl Kamepsl (puc. 2, Tabm. 1).

Tabuuma 1

®parMeHT MaHHEIX ¢ pyoeka 1311 mepecedeHus yiuig
MypasreBa AMypckoro — J3epskunckoro (17 3ammceit)

Amypckozo |, 25

Harau | Jdenb |Bpems I (Bt03- t t |Ocaaku Py6eu
BpeMsl  [HeJeJH| CYTOK 1yx) (mouBa)| (pockl) | MM
01.08.18
20:00 3 20:00 | 658 | 23.23 | 22.33 | 16.56 0 1311
01.08.18
21:00 3 21:00 | 371 | 22.26 | 20.66 | 16.63 0 1311
01.08.18
22:00 3 22:00 | 108 21.3 19 16.7 0 1311
01.08.18
23:00 3 23:00 | 69 120.86| 19 |16.73 0 1311
02.08.18
0:00 4 0:00 61 20.43 19 16.76 0 1311
02.08.18
1:00 4 1:00 39 20 19 16.8 0 1311
02.08.18
2:00 4 2:00 20 19.43 | 18.33 | 16.63 0 1311
02.08.18
3:00 4 3:00 9 18.86 | 17.66 | 16.46 0 1311
02.08.18
4:00 4 4:00 11 18.3 17 16.3 0 1311
02.08.18
6:00 4 6:00 8 17.9 [17.66 1543 | 0.2 1311
02.08.18
7:00 4 7:00 101 17.7 18 15 0.3 1311
02.08.18
8:00 4 8:00 | 496 | 19.2 |21.66 | 14.5 0.2 1311
02.08.18
9:00 4 9:00 | 885 | 20.7 | 2533 | 14 0.1 1311
02.08.18
10:00 4 10:00 | 747 22.2 29 13.5 0 1311
02.08.18
11:00 4 11:00 | 810 |23.23 [31.66 | 13.7 0 1311
02.08.18
12:00 4 12:00 | 875 |24.26 3433 139 0 1311
02.08.18
13:00 4 13:00 | 814 25.3 37 14.1 0 1311
ya. Mypaboeba - "@
Amypckozo |, 23 yn. Mypaboeba
|

.."47'*’ =
-4332—

f
f

21—
1 -

: yn. Mypabueba -

e Amypckozo |, &40

yn. MypaBseba -
Amypcxozo |, 38

<l

Puc. 2. Cxema nepekpecTka ¢ yCTaHOBJICHHBIMHU Ha HEM pyOekamu
koHTposs nonoc (1311, 1321, 1331)

TPAHCIOPT

[ToAroTOBNEHBI YEeTHIpE UTEPUPYEMBIX CIUCKa (puc. 1), mams
pasnuuHbIX nokazareneil nueit Henenu (list day) u Bpemenu cy-
Tok (list_time), moabopa pa3nu4HBIX BAPUAHTOB TOJILUH HHTEP-
BaJIOB TEMIEPaTyPHBIX PESKUMOB (TeMIepaTypa BO3LyXa, OYBHI
Y TOYKH POCHI — list_temp) 1 HHTEHCUBHOCTH TPAHCIIOPTHOTO T10-
toka (list_int).

Co3faeM CHHCOK MAacCHBOB C KJOYaMM KomaHJoiu: data =
{'p': [I,'rho': [],'day’: [],'time': [],'t_air': [],'t_soil': [],'t dew':
[1,'int': []}, roe:

P — BEpOSITHOCTH OIINOKY;

rho — ko3 durmenT panrosoit Koppersuuyn CnupMeHa;

time — Bpems;

t air — mUpHHA HHTEPBaJa TEMIepaTypa Bo3/Lyxa;

t soil — mprHa MHTEpBaa TeMIiepaTypa Mno4Bbl;

t dew — mmpHHA HHTEpBaJA TEMIIEPATYPBl TOYKH POCHI;

int — mMpHHA WHTEpBaJla MHTEHCUBHOCTH TPAHCIOPTHOTO
MOTOKA.

BepositHocTh ommbku CrimpMeHa, TakyKe U3BECTHAs Kak ypo-
BEHb 3HAYMMOCTH WJIH P-3HAUCHHE, SIBJISIETCS] CTATUCTHIECKOH Me-
pOH, KOTOpasi UCIIONI3YETCsl JUIsl ONPEJICNICHNSI CTATUCTUYCCKOM
3HAYUMOCTH PaHroBoi Koppemsiiuu CHupMeHa MEXIy AByMs
HaOopamn naHHBIX. OHa OIIEHMBAET BEPOSTHOCTH IOJIYYEHHS
HaOIr01aeMo Wil OoJIee SKCTPEMaIbHON KOPPEISINN, €CITH Hy-
JIeBasi TUTIOTe3a (OTCYTCTBUE KOppeIsium) BepHa [13, 14].

OO0bI4HO, ecii 3HAYCHHE P-3HAYCHHUS MEHBIIIE ONPEICTICHHOTO
ypoBHs 3HaunMocTH (Hampumep, 0.05), MBI OTBepraeM HyJIEBYIO
TUIOTE3Y U CYNTAEM KOPPEIIIINI0 CTATHCTUIECKH 3HAYNMOi [ 15].

BaxHO 0c03HaBaTh, YTO BEPOSTHOCTH OIIMOKHU (P-3HAYCHHEC)
HE OMPE/IEISIET CUITY WITH BEIMYNHY KOPPEJISILIUHY, a SIBIISIETCS CTa-
TUCTUYECKON MEPOH 3HAUMMOCTHU. boJiee HU3KOE 3HaUEHUE p-3Ha-
YEeHUS yKa3bIBaeT Ha OOJIBIIYIO YBEPEHHOCTh B OTBEPKEHHH HY-
JIEBOH TMIOTE3bl U HATMYUK Koppensiuu [16, 17].

2. IMpn momomm (ynkumii for (yrnpasisiomnas KOHCTPYKIHS,

KOTOpasi MO3BOJISICT BBHIMOIHATH MOBTOPSIOUINECS ONEPAN HIIH
JIEWCTBHS OTPEJINICHHOE KOJNYECTBO Pa3) mepeOupaeM CITUCKH
LIMPOT MHTEPBAJIIOB M YHUKAJIBbHBIX 3HAYECHHH TaKHM 00pa3zoM,
9TOOBI KaXkaast QyHKIHS BHYTPH ce0sl 3aIryckana apyryto. [IpuH-
LIMIT BJIOXEHHOCTH MOYKHO OOBSICHUTB aHAJIOTHEH - B KXKIOM 4ace
NepeOuparoTcsi MEUHYTHI, B KOKI0W MUHYTE CEeKyHIbl. Takum 00-
pa3oM MBI CTPOHUM JEPEBO YHUKAIBHBIX KOMOHHAIMI (puc. 3).

Puc. 3. IIporecc 06paboTKH TaHHEIX ¢ UCTIONIB30BaHUEM (yHKIMH for

BayTpu kax 101 QyHKIUH IPOUCXOST TPe0Opa30BaHus B CO-
OTBETCTBHHU C yCIOBHSIMHU. JIJIsl TEMIIEPAaTYPHBIX PEKUMOB (TEM-
nepaTypa BO3AyXa, MOYBBI M TOYKH POCHI) M HWHTEHCHBHOCTH
TPAHCHOPTHOIO TMOTOKA HAa KaKIOM IUKJIE NMPHUCBAMBAIOTCS U3

-
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CIHCKa IT00YEPEHO TONIIMHBI HHTEPBAJIOB, a LIS THEW HEe! U Tabmmma 2
BPEMEHH CYTOK CBOM YHHKAaJIbHbBIC 3HaYEHHs (puC. 3).

JJ1st 9MCTOTBI AKCIIEPUMEHTA IONIOJIHUTEIIBHO ObUT BBE/ICH T1a-
pametp — «Ocaakm» MoKa3aresb KOTOPOIO YUUTBHIBAICS TOJIBKO
pasuslii 0 (puc. 3). Ocaakw, B JAHHOM CITydae, 3TO aHOMAJIHH, KO-

@parMeHT JaHHBIX PaHTrOBOH Koppessnun CrnpMeHa
3¢ GEKTUBHBIX IUPOT HHTEHCUBHOCTH TPAHCIIOPTHOTO TIOTOKA
U TEMIIEPATYPHBIX PEXHUMOB (BO3yXa, MOUYBBI U TOUKH POCHI)

TOpBIE JTyUIlle UCKITIOUUTH. = | =
3. Ha mocneqaeM mukiie (KoHewHO# (ynkuuu for) momerna- 5 3 .ﬂia S %I 2l 2|53 é =

IOTCS KOMaH[bl Ul paHrosoii koppensuuu Crupmena (rho, o = o | £ 2 N I RSl

p = spearmanr ()) (puc. 4), CyIITHOCTh KOTOPOH 3aKJII0YAETCS B TOM,

YTO /TS PACCMATPUBAEMBIX JAHHBIX HA OJHOM HTEpaIuu OAOUpa-  |4.6E-10|2.17E-09|4.95E-10] -0.79 |-0.77|-0.79 170515 |5 [100

€TCSl YHUKATBHBIH BADUAHT JIHA HEJICIH, BPEMEHH CYTOK, HPOTHL |, o 1ol 176 00l3 275001 .0.79 | 10.77|.0.77 s s Lol oo

MHTEHCHBHOCTH M TEMIIEPAaTyPHBIX PEXHMOB (BO3IyXa, MOYBHI U

TOUKH POCHI). B 3TOM BapHaHTe IMPOTaM MHTEpBATIOB MHTeHCHB- | +-0E-10|2.17E-0911.66E-09]-0.79 |-0.77)-0.78 1715151151100

HOCTH U TEMIIEPAaTYpPHBIX PEXKHMOB (BO3IyXa, MOYBBl M TOUKH  |4.6E-10|2.17E-09]2.07E-07|-0.79 |-0.77| -0.7 17 5 | 5 [25]100

POCh) NPHCBAHBAIOTCA PAHIH 1 MKy HUMH HPOBOMTCA KOPPE- |, (b 10| 33E-084.95E-10] -0.79 | 0.75|-0.79 17 5 [ 10| 5 | 100

JAUMOHHBINA aHamu3. CIeTyIomMi MK MEHSET OJMH U3 dJIeMeH-
TOB U IIOBTOPHO HPOBOUTCS paHroBas Koppessuust CupMeHa. 1.4E-10/1.59E-0912.27E-08| -0.8 |-0.781-0.74

1.4E-10{1.59E-09|4.87E-08| -0.8 |-0.78-0.73
1.4E-10{1.02E-08|5.42E-09| -0.8 |-0.75|-0.76
1.4E-10{1.02E-08|2.27E-08| -0.8 |-0.75|-0.74

4.6E-10{3.21E-09|3.27E-09]-0.79 |-0.77|-0.77

17110 | 5 |10 | 200

17110 | 5 | 15 [200

1711010 ] 5 [200

10 ] 10 | 10 | 200

171 5 [ 25110 |100

Puc. 4. Panrosas xoppensauus Crnupmena
Ha s13BIKE porpammposaris Python 7.1E-10|1.73E-07|1.16E-08| -0.81 |-0.73|-0.77

7.1E-10]1.73E-07| 5.9E-07 | -0.81]-0.73|-0.71

17 125 |10 | 20 | 300

17 125 |10 | 25 | 300

[pu ko3dpdunmenrax koppemsiuu, 6au3kux Kk 0, cunraercs,
YTO CTATHCTHUYECKAas IMHEHHas CBsi3b Mexny npusHakamu |7.1E-10]1.75E-07)5.53E-08-0.81|-0.73]-0.75
OTCYTCTBYET; MPHU aOCOJIOTHBIX 3HAYCHHUSAX KOIDDOUIMECHTOB, |7 1E-10]1.758-07] 2.8E-08 | -0.81 |-0.73]-0.76
MenbImx 0,3, — cBsi3b cnabas; npu 3HaueHMsx 0,3...0,5 — cBs3b
yMmepenHsast; rpu 0,5...0,7 — cBsi3p 3HauutenbHast; npu 0,7...0,9 —
CBsI3b CHIIbHAS, ecid 3HaueHus kodddunuentor 6ompme 0,9, To  [9.8E-09|1.65E-08|1.23E-07]-0.75|-0.74|-0.71
CBA3b CHUTACTCA OUCHb CHHLHOﬁ; C€CIIn KO3CI)CI)I/IHI/ICHTBI PaBHBI +1 9.8E-09|1.65E-08(2.26E-07|-0.75 |-0.74| -0.7
WA -1, TO TOBOPUTCS 0 PYHKIIHOHATEHON CBSI3H.

s oTOOpa JTydmmx BapHaHTOB OBLT CO3/IaH KPUTEPHUIL 3aImicu
u yueta: — 0.7 > rho > 0.7, a p < 0.05 (puc. 5). 3T0 MO3BOIMIO 9.9E-07|1.22E-07|2.06E-08]0.729] 0.77 | 0.79| 5 | 8 | 15| 10 | 20 | 500
UCKITIOYHTE Hed(hheKTHBHBIC KoMOMHaIMHK 1 13 126000 BapuaHTOB
OCTaBUTh TOJIBKO 367 CTAaTHCTHYECKH 3HAUYNMBIX. Bcero 367 BapuaHTOB C CHIIBHON KOPPEJSILIMOHHON CBSI3BIO U

BEPOSATHOCThIO ommOku MeHbime 0,05. Jns WHTEHCHBHOCTH

TPAHCIIOPTHOTO TIOTOKA OBLIO OTOOPAHBI:
— 60 BapuanToB ¢ mmpuHoi 100 aBT/4ac;
— 75 BapmanToB ¢ mmpuHOit 200 aBT/9ac;

Puc. 5. Komanza ot6opa cTaTucTUYeCKH 3HaYUMBbIX tho 1 p — 60 BapuanTos ¢ mmpunoi 300 aBT/4ac;
Ha si3bIKe HporpaMmupoBanus Python — 40 Bapuanros ¢ mupunoi 400 aBt/yac;

— 132 BapuanToB ¢ mupuHoi 500 aBT/4yac.

Llens nanHOM paboTHI ONpeIeUTh (K THBHBIE ITUPOTHI UH-
TEPBAJIOB ISl IPOTHO3UPOBAHMSI HHTEHCUBHOCTH TPAHCIIOPTHOTO
noTtoka. ['eHepupys pasHble BapHaHTbI, Mbl NOJXYy4WsId 367 yjo-
BJIETBOPSIIOLIMX HAC KOMOWHALIM JUIsl TEMIIepaTypHBIX PEXKUMOB
Y MTHTEHCUBHOCTH TPAHCIOPTHOTO IOTOKA. BrIOpaTs HE0OX0o1mmMo
TOJIBKO OJIMH. YUHTBIBAsI, YTO 3aBUCHMBIN MPU3HAK — MHTCHCUB-
HOCTb, ODHEHTHD B IIEPBYIO ouepeib Ha Hero. J{ist mogpoOHoi ne-
TalM3alMd MOXHO BBIOpaTh IMpuHy uHTepBaya 100, a it no-
CTOBEPHOCTH BbIBOJIOB 500, TaK KaK JaHHas [IMPHHA BCTPEUACTCS
yarie. Ho He cTOHT 3a0BIBaTh, 4TO HCCIESIOBAHUS CBA3CH Ha 3TOM
HE 3aKaHYMBAIOTCS, CYLIECTBYIOT €Ile XapaKTePHCTHKH IOTOJ-
HBIX yCJIOBHUIi, ¢ KOTOPBIMH BBIOpaHHAas HA TIEPBOM JTaIe HUccIie-
JOBaHUIA IIMPUHA HHTEHCUBHOCTHU TPAHCIIOPTHOTO TIOTOKA MOXKET
OBITH HEAPPEKTHBHA.

KoHuenuust ornpeaeneHus MUpoT UHTEpBaJla HHTEHCUBHOCTH

Puc. 6. 3anuchiBaeM JaHHBIE B 3apAHEE 3arOTOBJICHHBIE MACCHBBI, TPAHCIIOPTHOIO MOTOKA M TEMIIEPATYPHBIX PEKUMOB Oy/eT Bbl-
a II0TOM B (1)3_171]‘1 TISAACTh CIICAYIOUMIUM 06pa30M. 3aberas BIECPC, NPCATIOTIONKNM,

— |

17 12515 ] 5 [300

17 125 | 15| 10 | 300

7.1E-10[1.75E-07[1.96E-08| -0.81 |-0.73|-0.77 17 125 15|15 | 300

17 115110 ] 5 [400

B S I Ko N £ N k= N = N K= N B o B N B S R N B N B B B B B N R
—_
~

17 | 15| 10 | 15 | 400

8.4E-08|1.37E-07|5.48E-08]0.738] 0.73 | 0.74

—_
fo o]

15110 | 20 | 500

4. Tlocne Koppesanuu ¥ GUIbTPAIIMA JAHHBIX TIEPEIacM HX B
3apaHee 3aroTOBIICHHYIO 0a3y W 3amuchiBaeM B ¢aiin (puc. 1, 6,
Tadm. 2).
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YTO BCE paccMaTpHBacMble HE3aBUCHMBIC II€peMEHHBIE (He
TOJIBKO TEMIIEpaTypHBIE PEKUMBI) IMEIOT XOPOIIYIO CBSI3b C IIU-
puHO#t mHTepBana nHTeHCHBHOCTH 100 aBT/yac. B mpenenax wc-
ciexyeMoro roposa — XabapoBcka, Tie Ha OJJHOM pyOeske HHTEH-
CHBHOCTh TPAHCIIOPTHBIX IMMOTOKOB MOXKET J0XOAuTh 10 5000
aBT/4ac — 3TOT KapMaH MOXXHO CUHTATh BIIOJIHE AETAIM3HPOBaAH-
HBIM U UHTEPBAJIBI ¢ HUM OyayT BeITIAAETH Tak: 0-100; 101-200;
201-300 ... 4901-5000.

Bri0OpaB mpuny nHTepBasia mHTeHcuBHOCTH 100 aBT/4ac, nuc-
KJII0YaeM BCE OCTaJbHBIC M3 TOJTy4YeHHOU Tadmuilpl (Tadm. 2).
Cpenu 60 ocraBIIMXCs 3HaYEHHI BBIOMpaeM MIMPUHY MHTEpBaa
BTOPOTO IO 3HAYUMOCTH (PaKTOpa - TeMIIepaTypsl Bozayxa (5, 10,
15, 20, 25), nuist KaX10T0 U3 KOTOPBIX MOJYIHIIOCH IO 12 BapuaH-
TOB. C LIENBIO BBIMOJIHEHNS! KPUTEPHUS — ITOPOOHOH AeTann3anni
JlaTbHEHIIero aHain3a BHIOMpAacM HAMMEHBUIYIO IIMPHHY, PaB-
nyto 5°C (-40...-35, -35...-20,1, -20...-15,1 m T.11.).

Hcnonp3yst Takyto ske€ METOIUKY, OCTaBUB MHTEPBAI IIara s
TeMIIepaTypsl Bozayxa - 5°C u yOpaB BCe OCTabHBIC BHIOHpaEM
LIMPUHY UHTEPBaJIa TEMIIEPATyPhI IIOUBBI, a IOTOM U TOUKH POCCHI.

B pesynbprare nomyumnucek cienyromue 3()(GeKTUBHbIC -
POTHI HHTEPBAJIOB!

— MHTeHcnBHOCTD TpaHcnoptHoro noroka — 100 aBt/yac;

— Temneparypa Bo3nyxa — 5°C;

— Temneparypa noussl — 5°C;

— Temmneparypa Touku pocsl — 5°C.

Ho He crouT cuntaTh JaHHbIE IOKA3aTENU MINPOT HHTEPBAJIOB
OKOHYATEIbHBIMHU. B InepedeHp MOrofHbIX yCIOBUH, BIMSIOMINX
Ha MHTCHCHUBHOCTH TPAHCIIOPTHOTO IOTOKA, BXOJAT €IIe MHOTO
TIoKa3aresiel, HampuMep, aTMoc(epHoe JIaBJICHHE, OTHOCHTEIb-
Hasl BIIQYXHOCTH, CKOPOCTh BEeTpa W T.O. AHAIN3 3PPEKTHBHBIX
IIMPOT AAHHBIX MOKa3aTeIeH MOKET MPOTHBOPEUUTH PaHee MOITy-
YEeHHBIM pe3yibraTaM. Ecim, Hampumep, 1mokasareib — OTHOCH-
TeJIbHOM BIaKHOCTH BO3/yXa HEI((HEKTUBHO B3aUMOJICHCTBYET C
LUIMPUHON HHTEpBala MHTEHCHBHOCTH TPAHCHOPTHOTO IOTOKA
pasHoii 100 aBT/9ac, To OBUTO OBI paIlMOHAIBLHO €€ U3MEHHTS. Vc-
CJIEZIOBaHUS [0KA3ald, YTO €CTh M JPYrHe IIHPOTHl HHTEPBAJIOB
WHTEHCHBHOCTH TPaHCIIOPTHOTO MOTOKA, KOTOPHIE OKa3bIBAIOT
BJIMSIHUE Ha TEMIIEPATYPHBIC PEKUMBI (BO3/1yXa, IMOYBBI, TOYKH
POCBI) M HY)XHO I10JI00paTh TAaKOH, KOTOPBIH yJOBJIETBOPSUT ObI
BCE HE3aBUCHMBIC TIEPEMEHHBIC B TOXKE BPEMs JIy4llle BCETO OIH-
CBIBAJI 3aBHCUMYIO.

3akiaoueHue

JlaHHble HccieoBaHUs SBJSIOTCS HOBBIM BUTKOM B COBEP-
IICHCTBOBAHWU CHCTEMBI O€30IMacCHOCTH JIOPOKHOTO JBIDKCHUS,
CTpeMSIIeHCs K HyJIeBOW CMEPTHOCTH Ha aBTOMOOMIBHBIX JI0pPO-
rax. KomiuiekcHoe peenue, B IpeaaoKeHHOM aBTOPAMU CTaTbU
BApUAHTE, OKA3bIBAET IPSIMOE BIIMSHUE HA YNPABICHUE TPAHC-
MOPTHBIMH TIOTOKaMHU B 0€3aBapUITHOM pEXHUME, KOTOPOE paHee
He ObLIO pa3paboTaHO U HE MPUMEHSIIIOCH, 3TO SIBJISICTCS HAYYHOM
HOBH3HOM paboThl. PazpaboTaHHbIC IPOrPaMMHBIC PEIICHHS 1103~
BOJIWJIM PAIMOHATBHO MOA00paTh MIMPOTHI WHTCPBAJIIOB MHTCH-
CHBHOCTH TPAHCIIOPTHOTO IOTOKAa W TEMIIEPATYPHBIX PEKUMOB
(BO3myxa, TIOYBBI, TOYKH POCHI) C YUETOM HAUBBICIICH CTCTICHU
BJIMSIHUS 3aBUCHMBIX ITIEPEMEHHBIX HAa HE3aBUCUMYIO U HAUMEHb-
mIeH BEpOSITHOCTH ommOKU. Cama mporpaMMHasi KOHIICTIINS ITPH-
MEHMMa JUIsl HMCCIENOBAaHMS JAPYIMX IOrOJHO-KIMMAaTHYECKUX
(hakTOpOB, OKA3BIBAIOMINX BIMSHAE HAa WHTEHCHBHOCTH TpaHC-
MIOPTHOTO MOTOKA.
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DETERMINING THE EFFECTIVE LATITUDES OF INTERVALS OF THE INFLUENCE OF TEMPERATURE
REGIMES ON THE INTENSITY OF TRAFFIC FLOW USING SPEARMAN'S RANK CORRELATION
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Russia, Khabarovsk, ipugachev64@mail.ru
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Abstract

The steady increase in the level of motorization inevitably leads to overloading of road traffic systems in the cities of our country. The intensity of road
transport traffic is an important indicator of accident rates, as it determines the modes and conditions for the occurrence of accident-hazardous areas.
The consequence of an accident is a large number of factors of the Driver-Vehicle-Road-Environment (VADS) system. To predict this negative phe-
nomenon, which is considered a failure in a harmoniously functioning transport infrastructure, it is necessary to study the accompanying conditions and
their influence on each other in detail. Thus, in order to carry out the necessary reconstruction measures in accident-prone areas, it is necessary to
carry out high-quality calculations aimed at assessing the effectiveness of the proposed measures with an optimal configuration of elements. This article
discusses a software approach to preliminary analysis in order to determine the patterns of interaction of complexly connected VADS subsystems.
Determination and justification of effective data latitudes for grouping for the purpose of further research. These studies are a new step in improving the
road safety system, striving for zero deaths on roads. The complex solution, in the version proposed by the authors of the article, has a direct impact on
the management of traffic flows in an accident-free mode, which has not previously been developed or applied; this is the scientific novelty of the work.

Keywords: intensity of flows, weather conditions, temperature conditions (air, ground, dew points).
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To implement the functions of planning and distributing channel
resources in networks of low-power mobile subscriber terminals
based on high-throughput satellites in geostationary and highly
elliptical orbits, it is necessary to develop models for the joint
maintenance of real-time multiservice traffic and elastic data traf-
fic. The models should take into account the uneven placement of
terminals in local areas, their limited number, the possibility of
simultaneous servicing by each terminal of requests for the trans-
mission of two types of traffic, one of which is elastic data traffic,
the other real-time traffic, with a limit on the speed of information
transfer by the terminal. The purpose of the work is to solve the
modeling problem taking into account the listed factors. Model
based on multidimensional stepwise Markov processes is con-
structed. A list of tasks that can be solved using the model is
defined, including both the tasks of determining the minimum
required network resource to meet the specified quality require-
ments, and the tasks of finding preferred resource distributions
between local areas according to the criterion of minimizing the
average service time for data transfer requests. Numerical exam-
ples of solving each task are presented. The developed model can
be used in the construction of control systems for information
transmission networks based on high-throughput satellites.
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1 Introduction

Currently, the Russian Federation is actively working on the
development of a satellite constellation, including, inter alia, high-
throughput satellites (HTS) in highly elliptical and geostationary
orbits, and the creation on this basis of broadband subscriber
access systems to public terrestrial networks, in particular, the
Internet [1, 2, 23]. At the same time, mobile satellite
communication services, especially broadband access for
vehicles, are coming to the fore [3]. The possibilities of creating
terminals for such systems are confirmed, for example, in [4]. The
article considers a broadband satellite network with the topology
"star" based on HTS, where low-power subscriber terminals (ST)
installed on vehicles in local service areas (LA) of the spacecraft's
on-board antenna beams provide drivers with access to services of
communication and data transmission via a central earth station (CS)
connected to terrestrial telecommunications networks (Fig. 1).

» [Elastic data transfer traffic (file downioads, e-mail web browsing etc]

ey « = Rual-time service raffic [3udko, video calls, eoc |
» senicel

. SENCE K

Satellite network subscribers

Fig. 1. Network structure

The provision of services is carried out according to requests
processed by the CS management system, and depending on the
characteristics of the services requires either real-time traffic
transmission (for example, for voice or video calling services), or
allows delays and changes in the transfer speed (file downloads,
e-mail, etc.). Accordingly, traffic on the network can be
conditionally split into real-time traffic and elastic traffic. In
addition to the uneven distribution of a given number of ST in a
certain set of LA, the analyzed network has the following features:

1) Due to the low power, the ST cannot occupy the entire
frequency band of the beam, and, accordingly, the maximum
transmission speed is limited.

2) ST are personal. Therefore, it can be assumed that drivers
use no more than one real-time service at any given time, although
data can be exchanged simultaneously (for example, you can hold
a telephone conversation and download files or browse web pages,
etc.).

The traffic generated when receiving services is serviced by
providing the necessary channel resource, which, as a rule, is
expressed as an integer number of information transfer speed units
(bits/s) [5]. In this case, the speed unit is usually chosen as the
largest common divisor of the set of speeds required for
transmitting different types of traffic. The quality of network
operation is often assessed by such indicators as the proportion of
requests for the transmission of traffic of each type, lost due to the
lack of a free channel resource, as well as the average service time
of the request for data transmission [5].

To solve the tasks of planning and distributing a channel
resource in a network of low-power ST based on HTS, it is
necessary to develop mathematical models of network functioning
processes that allow evaluating the values of quality indicators
depending on the volume of resources provided, taking into
account the set and characteristics of the services, the number and
intensity of ST work, their placement on the LA, accepted
procedures for the provision of a resource. The assessment should
be carried out both for an individual LA and for the network as a
whole. The purpose of this article is to develop these models that
take into account the listed features of the ST network.

A large number of papers have been devoted to modeling the
processes of servicing multiservice traffic (for example, [6-21]).
These issues are considered in relation to various
telecommunication networks and applications (to access nodes of
mobile communication networks (for example, [6, 14, 15, 16]),
The Internet of Things (for example, [10, 11, 14, 17]), surveillance
systems (for example, [6, 9]), cloud computer systems (for
example, [13]), satellite communication systems (for example,
[19-21]). The general approach (([5, 13-21]) involves the
assumption of the Poisson nature of the input streams and the
exponential distribution of service times and volumes of
transferred files, which allows us to build models based on
multidimensional stepwise Markov processes that take into
account the main specifics of the analyzed systems.

The irreversibility of these processes makes it difficult to
obtain analytical results. Estimates of quality indicators are based
on the numerical solution of systems of equilibrium equations
(SEE). Direct use of the results of the work [5-20] is impossible,
because they do not take into account the factors associated with
the placement of ST in a set of LA, as well as the admissibility of
simultaneous transmission by one ST at a limited speed of two
information flows, one of which relates to real-time traffic, the
second to elastic traffic. The maintenance of streams generated
from several LA is considered in [21], however, the noted features
of the ST operation are also not taken into account there. In order
to achieve this goal, section 2 builds a mathematical model for the
joint maintenance of multiservice traffic on the network. Section
3 is devoted to the characterization of tasks that can be solved
using the developed model. Section 4 provides numerical
examples of solving such tasks using the model.

2 Mathematical model

Let's first consider a fragment of a network that includes N
homogeneous ST of one LA (Fig. 2). Let the resource allocated to
the area be v units. Each ST can simultaneously serve traffic from
one of the K real-time services and elastic data traffic.

Note that the case when a subscriber can use no more than one
service at a time belongs to the Engset type models, the state of
which is determined by the vector of the number of subscribers
receiving each service [5]. In the network under consideration, an
ST can receive up to two services at once, i.e. this approach is not
applicable. The same service characteristics are provided by the
ST using the same services at the current time. To account for this
circumstance, the state of the ST is denoted by a pair (k,q), where
k is the number of the real-time service from 1 to K or 0, g is one
or zero, depending on whether data traffic is currently being
serviced or not. Obviously, the total number of ST states is 2(K+1).
The graph of transitions between states is shown in Figure 3.
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Fig. 2. Features of joint maintenance of real-time and elastic traffic
in a separate LA

Fig. 3. Graph of transitions between ST states

Let the resource volumes required for servicing requests be
given by the vector (bq, by, ..., bk, b,), where bk (k =1, 2, ..., K)
are the resource values for requests for real-time traffic
transmission and b, is the minimum resource for servicing data
transfer requests. In this case, the maximum resource for a data
transfer request is by, and is determined by the maximum
transfer speed of ST. Let's introduce a vector
b =(0,by,...,bx, b, (by + b,), ..., (b + b,))  consisting of
2(K+1) components, the first (K+1) components of which
correspond to the states ST from (0,0) to (K,0), and the second
(K+1) components of the ST states from (0,1) to (K,1). We also
denote by n 4) the number of ST that are currently in the state
(k,q), and by n = (n(o,o)' e K0, T (0,1)) ...,n(K‘l))the vector of
the amounts of ST in the considered LA, which are in the
corresponding states. The sum of the components N is equal to the
number of ST in LA N. Obviously, the minimum resource required
to service all ST in the area in the current state is [ = nb", i.e., if
the total resource of the LA is v, then incoming requests can be
allocated a resource from the remaining part of v-l. In this case,
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the resource for transmitting data traffic can be increased to by
if a particular ST is in the state (0,1), and to (b, — by) if the ST
is in the state (k,1), k=1,2,....K. Note also that the number of
requests for the transmission of real-time traffic of the k-th type
served in the system is (n(k_o) + n(k,l)), k=1,2,...K, and the
number of requests for data transmission is Y x_, Nge,1)-

We will assume that the flows of requests for the transmission
of real-time traffic and data are independent, the intervals between
the moments of receipt of requests are subject to an exponential
distribution. If the ST is not currently busy transmitting real-time
traffic, then new requests are received with intensities Sy, k =
1,2, ..., K. In essence, this means that the interval until the moment
of receipt of a new request for real-time traffic transmission has
an exponential distribution with the parameter f = YX_, B, and

the probability that this will be a k-type request is Br / B Also, if

the ST is not currently busy transmitting data traffic, then new

requests arise with the intensity of f,. The request service time is

also subject to an exponential distribution with the parameters p,

k=12,..,K,and u, (4, corresponds to the transmission of data

traffic at a minimum speed, i.e. when allocating a resource b,.
The set of network states is written as:

S=qmunb" <v; nygq =0k=01,.,Kq

K 1 (1)
=0,1;

Neq) =N
0
The sets of network states for which incoming requests for the
transmission of real-time traffic of type k are refused are defined
as:

U, = {n: ne S, nb" >v—by, (n(o_o) + n(o_l)) > 0}. (2)

In (2), the condition (n(o_o) + Tl(o,1)) > 0 means that there are
ST in the network capable of generating requests of type k. The
set of network states for which incoming requests for data traffic
are refused:

K
Us=ymun€esS,nb" >v—b, ) nge >0 3)
k=0

Similarly, in (3) the condition Y5 _, ¢k 0y > 0 means that there
are ST in the network capable of generating requests for data
traffic transmission.

Denote by p(n), n € S, the probabilities of finding the network
in state N in steady state. Let's assume that state n, as a result of
the occurrence of an event of receipt or completion of service of
the request, can be reached from states n;, € S;,(n) with
transition intensities a(n;,, n), and from state N, as a result of the
occurrence of an event of receipt or completion of service of the
request, it is possible to get to states Mgy € Spe(m)  with
transition intensities a(m,ngy,;). Then the probabilities p(n)
satisfy the SEE:

p(nin)a(nin' n) ,n
N €Sin(n) (4)

p(n) a(n, ngye) =
Moyt ESout (M)

€S

—
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To solve the SEE, as can be seen from (4), it is necessary to
determine the sets S;, (1), S, (1), as well as the corresponding
a(ng,,n) and a(n,n,,,). Let's denote by e 4) a unit vector of
dimension of vector n containing 1 in the position corresponding
to the component n 4y in vector N, and zeros in the remaining
positions. Any event of receipt or completion of the service of
requests in the network corresponds to the difference of two unit
vectors. For example, the receipt of a type k request corresponds
to the transition of the network from state N to state n — e 4y +
€(kq), 1.€. the ST group, in which real-time requests are not
serviced, and the service of data transfer is in the q state, is reduced
by one ST, and one ST is added to the ST group, in which k-type
requests are serviced and the service of data transfer is in the q
state. Possible transitions in the network between states, their
conditions and intensities are characterized by Table 1, where it is
assumed that the network is in state n.

Table 1
Possible transitions between network states

Transition conditions
Network state change, conditions,
transition intensity
(coefficients in SEE)

The event that
caused the
transition

Changing the
state of the ST

Transitions to state n (set S;, (1))
Entering state n when requests are received

Type k request

0,9) —» (k, q),
k=12 .. K

n+eqq) ~€uq > MNkg >0,
(M + 1) Bx

Request ~ for
data transfer

(k,0) = (k, 1),
k=01,..,K

n+ewo — e > NNy > 0,
(N0 + 1)Be

Entering state n when the request service is completed

Type k request

(k,q) = (0,q)
k=12 ..K

n—epq) +eyq > nNES\U,
0,9 > 0 (Ngeg) + D

Request  for
data transfer

(k,1) = (k,0),
k=01,..K

n—eyo tegn > nneS\U,
g0 > 0, (g1 + 1)ué
(n—eqo +ewn)

Transitions from state n (set S,y (M)

Exit from state

n when requests are received

=[ D> PeGuat, ) /

data transfer

k=01,..,.K

0,9) = (k,q) [n=>n—e@q) +euq,n € S\Uy,
Type k request ’ ’
yp q k=12,..,K N(0,q) >0, n(o‘q)ﬁk
RequeSt for (kr 0) - (kr 1)5 n—-mn-—exy, + €k, M € S\Uer

N(k,0) >0, n(k,O):Be

Exit from state

n when the request service is completed

Type k request

(k,q) = (0,q),
k=12, .. K

n-n+eqq = kg kg > 0
N (k,q) Hi

Request  for
data transfer

(k, 1) = (k,0),
k=01,..K

n-n+ego — €ex1) N(k1) > 0,
e, i (1)

The table contains the function u¥(n), which makes sense of
the intensity of servicing data transfer requests for ST groups that
either served only such requests (case k = 0), or simultaneously
served requests for real-time traffic transmission of type k with
data transfer requests. Let's define uX(n). For convenience, we
will assume that the numbers of real-time services are numbered
in the order of increasing the by parameter, i.e. b; < b, < -+ < by.
At the same time, the maximum possible resource for servicing
requests for data traffic transmission, when all ST are operating at
maximum speed, is obviously Ve = 1o 1)Pmax + (1,1) Pmax —
b1) + n21)(bmax — b2) + - + N(g,1)(bmax — bx). At the same
time, in the network at state n, the resource for servicing data

traffic is v, = v — L+ b, XK_, N,1). There are two possible
cases here. If v,y = Vypyp, then the maximum possible resource
can be assigned to each ST, taking into account the requests for

real-time traffic transmission, and wud(n) =y, bmax/ b
e

pi(n) =, Pmax = bl)/ by He (M) = ke (Brmax = bK)/ b,
If v < Verm, then the following procedure is performed:

1) PutL=K.

) Ik, N1y > 0, calculate the value of resources for the
maintenance of the requests with a uniform distribution between

Vet .
, otherwise the end of the
/(Zk=o "(k.l))]

procedure.
3)If bypns < (Dyax — by), itis assumed that pg(n) = pZ(n) =
o = pg(n) = pebyns/be. The end of the procedure.

4 Assign k) =g, Pmor = P)and vy = v -

n(L,l) (bmax - bL)‘

S)yPut L:=L—1 and, if L > 0, go to step 2), otherwise the
end of the procedure.

Note that the rows of Table 1 are taken into account when
forming each equation from the SEE several times. For example,
the first line, entering state N when K-type requests are received,
can be counted up to 2k times, i.e. up to K times for the case g =0
and up to k times for the case g = 1. The transition is included in
the equation when the condition n 4y > 0 is met. The second
line, entering state N when data transfer requests are received, can
be counted up to (k+1) times, etc.

To solve the SEE, following the approaches developed in [5],
we will use the Gauss-Seidel method. The Gauss-Seidel recursion
linking the estimation of the non-normalized probabilities of the
states of successive (S-th and (s+1)-th) steps of the iterative
process, taking into account (4), will have the form:
P(s+1)(n) —
ann,,) |, nes ®)

Nin€Sin(n) Nout€Sout(n)

Here, estimates of non-normalized probabilities, unlike
normalized ones, are indicated by a capital letter P. The upper
index corresponds to the step number, and the double index (s, S +
1) means that not only the results of calculations of step s are used
for evaluation, but also the components of the evaluation vector
already calculated at (s + 1) step. The convergence of the method
is estimated based on the achievement of a small (at the level of
10 — 107'% normalized difference between two successive
approximations to the vector of unknown probabilities [5]. The
probabilities p(n), n €S, are obtained by normalization:

p = v = Py

nes

(6)

The calculated probabilities p(n), n € S, allow us to obtain
the values of quality indicators. Let's start by defining the
indicators for a particular LA. It should be noted that the loss of
requests in the network can be estimated both from the position of
the operator and from the position of the user of communication
services [5]. Let's limit ourselves to an assessment from the user's
point of view.
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Since the input traffic in the considered network depends on
its state n, the proportion of requests for the transmission of traffic
of each type lost due to the lack of a free channel resource should
be estimated as the ratio of the intensity of the lost requests of the
corresponding stream to the intensity of the received requests of
this stream [5]. For k-type real-time traffic service requests, we get

_ Zneuy, (P(n) (n@o) + n0n))

K= : (7
Ynes (p (m) (n(o,o) + n(o,1)))
and for data transfer requests
_ ZnEUe(p (n) Zf:o n(k,O)) (8)

e T s (0 ) X 0y)

The average service time of a data transfer request is calculated
using Little's formula as the ratio of the average number of
serviced data requests y, to the intensity A,(1 — m,) of the flow
of data transfer requests accepted for service, and is equal to:

W= e
Ve = ; (p (n) ZI,;O”("'”) ©)
830 )

nes

Since in the network under consideration, ST are located in
several LA with numbers m= 1,2, ...,M, then the quality indicators
should be calculated as weighted averages on a set of LA.
Belonging to a particular LA will be indicated by the upper index
m. The average service time of a data transfer request in the W,
network is determined by the ratio:

M
1
We=-— ) 281 —mgHWw™,
Ace me1
M (10)
dee = ) AR (1 =7
m=1
Taking into account (9), we obtain
M m
VVC — m;l Ve (1 1)
ce

3 Characteristics of the tasks that can be solved using the
developed model

The developed model can be used to determine the minimum
required resource and solutions for its distribution between LA in
multiservice networks of low-power ST based on HTS. The initial
data for solving the tasks are:

— he number of ST ineach LAN™,m = 1,2, ..., M,

— the maximum transfer speed of ST in units of resource by, q.;

— a list of real-time services, their characteristics (by, py, k =
1,2,..,K);

— haracteristics of elastic data traffic (b,, Ue);

— requirements for the quality of service provision (), < 7y,
k=12,...K, i, <mt;uWm<W"',m=1,2,..,M),
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— the intensity of occurrence of requests for each type of Sy,
k=12,..,Kand 3, at ST.

Note that for given ST characteristics, the quality indicators for
individual LA}, k = 1,2, ..., K, 7", W™, as well as A7 and y[",
m = 1,2,...,M, are functions of the number of ST N™ and the
allocated LA resource v™, m = 1,2, ..., M. This allows you to use
two-step procedures to solve tasks. At the first step, the
dependencies my*, mJ', W™, A7" and y;" are obtained from the
possible values of v™ for given N™, m = 1,2, ..., M, and at the
second step, on the basis of these dependencies, preferred
solutions for the network as a whole are found.

The task of minimizing the required resource has the form:

M
v = Z v™ - min,
m=1
at(w™ N™) < mp,m=12,..,M,k=12,..,K, 12)
at(v™, N™) < m;, Wm(w™ N™) < W*,
m=12,.., M.

Obviously, the total resource will be minimal if the minimum
resources provided by each LA. Therefore, to solve the task, first
for each LA (m=1,2,..,M) using the dependencies
agt(v™, N™), r*(v™, N™), W™ (v™, N™) it is necessary to find
the minimum resource values v}*, vy" and vy, that satisfy the
corresponding constraints (12). Then v™ is obtained in the form
v™ = max(v], v, v, and v = XM _ v™.

We will consider the task of finding the preferred distribution
of resource vV between LA in two formulations. The first one
provides for minimizing the average service time of a data transfer
request in the network W, and, taking into account (10) and (11),
has the form:

Z%=1 y;n (vm‘ Nm)

W, = in,
TSN am (om N (1 — at e, Nm))
M
Z vt =, (13)
m=1

o™ N™) < mhm=1.2,..,M, k=12, .., K,

at(v™, N™) < m;, Wm (™, N™) < W*,
m=12,..,M.

The second formulation proceeds from the fact that ST of all
LA should have equal opportunities for data transmission, and,
accordingly, the maximum average service time of a data transfer
request on a set of LA is subject to minimization:

y&r @™, N™) .
max — min,
meL \ AT (v™, N™)(1 — nl*(v™, N™))
M
m _—_
Z veEw (14)
m=1

W™ N™) < mhm=1.2,..,M, k=12, .., K,

alt(w™ N™) < ), W™, N™) < W,
m=12,..,M.
When solving tasks in both formulations, you should first find
the minimum resources of the LA v, m = 1,2, ..., M, ensuring

the fulfillment of restrictions on the limit values of quality

| —
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M v, is subject to

indicators. In fact, the resource v, = v —
distribution between LA.

Since the solutions of SEE and the values of quality indicators
can only be obtained numerically, a direct search seems natural to
solve tasks. Obviously, the number of variants is equal to the
number of combinations from (vp +M— 1) to (M —1), ie.
C{,‘g Ta—1. Direct search can be used when v, and M are small. For

example, if the ST are located in seven LA, and the volume of the
unallocated resource is 30-40 units, then it is necessary to
calculate about 2-10 million variants. If the dependencies of
quality indicators and parameters for individual LA are calculated
in advance in the form of tables, then such a search is not difficult
for a personal computer.

If the intensity of the flow of requests of each type can be
approximately considered constant (as in the Erlang model), and
the loss of data transmission costs is negligible, the dynamic
programming method can be used to solve the task in the first
formulation [12] by analogy with how it is done in [11].

Regarding the solution of the task in the second formulation, it
is necessary to note that the dependencies of the average service
time of the request for data transfer on the resource for each LA
are non-increasing (see an example of such dependencies in
Figure 4). In these conditions, the resource should be distributed
step by step, sending the next unit to the LA, where the current
achieved average service time is maximum.
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Fig. 4. Example of the dependencies of the average service time
of a data transfer request on a resource allocated to the LA
for a different number of ST

Taking into account the above circumstances, the generalized
schemes for solving tasks (12), (13) and (14) include the following
steps:

1) Construction for each LA of the dependencies
itk = 1,2,...,K), ml*, W™, A7 and y;* on the possible values
of v™ for given N™,m = 1,2, ..., M. Finding the minimum values
of v}, from them, ensuring the fulfillment of the constraints of
the corresponding tasks (12), (13) or (14), as well as the value of
the distributed resource v, for tasks (13) and (14). The vector
(Vi V2yims -, VM) is the solution to task (12). And for tasks
(13) and (14), the upper bounds of the LA resource values for
dependencies are expanded to vy, + v,

2) Acceptance of minimum values for tasks (13) and (14) as
initial resource values (v™ = v, m = 1,2, ..., M).

3) When solving the task (14) performing v, steps, including:

— determination of the number of LA with a maximum value

wm(™ N™), ie. m=argmax WMm(w™ N™) where
me[1,M]
W™(v™, N™) is calculated according to (14);
— allocation of the resource unit of the m-th LA (v™ := v™ + 1).
4) When solving task (13), the following steps are performed:
— generation of a set of variants G(M, vp) for allocating an
additional resource v, to an existing set of M LA. The generation
is carried out step by step. Obviously, G(M, 1) includes M variants
(the resource unit is transferred to one of the M LA). G(M, i) is
obtained from G(M,i— 1) by adding to each variant from
G(M,i — 1) a unit of resource in one of the LA (M variants) and
filtering out the matching variants;
— calculation of the objective function of the task (13) for each
variant of G (M , vp) and determination of the variant providing a
minimum of W,.

4 Numerical examples of the use of model

As an example, consider the case of placing ST in three LA,
with N1 =50, N2 = 100 and N3 = 150. Maximum transfer rate
ST in resource units b,,,, = 8. Two real-time services with
parameters are available to drivers: by = 1, b, = 4, y; = 0,3 min’
!, U, = 0,15 min’!, as well as elastic traffic transmission services
with parameters b, = 2, u, =0,3 min'. The intensity of
occurrence at each ST of requests for real-time traffic §; = 0,03
min’!, B, = 0,002 min"!, and for elastic data traffic 5, = 0,01
min’'. Let the quality-of-service requirements be set in the form
m=m, =m, <0,01.

In accordance with the task solving scheme described in the
third section, the dependencies of the service parameters for each
LA on the allocated resource are first obtained. Figure 5 shows the
dependencies for the second real-time service w3 (v1), w2 (v?) and
w3 (v3), since this service requires maximum resource costs to
service requests. The dependencies W1'(v'), W?2(v?) and
W3(v?) are shown in Figure 6.
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Fig. 5. Dependence of the probabilities of denial of service
for requests of the second real-time service on the amount
of resource allocated to the LA
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Fig. 6. Dependence of the average service time (in minutes)
of requests for the transmission of elastic data traffic (ET)
on the volume of the resource allocated to the LA

Figure 6 shows that the minimum LA resources are v, =23,
V2,4 =351 v, = 47. Therefore, the minimum network resource
is 105.

Suppose that during operation the network resource is 115
units, i.e. v, = 10. Solving the task in formulation (14), we obtain:

— minimum average time 0,91392 min.;

—L resources v! =25, v? =39 and v3 =51.

To solve the task in formulation (13), a set of variants has been
formed with a total number of CZ, = 66. Comparing the variants
gives the result:

— minimum average time is 0,9059 1min.;

—L resources v! =23, v? =39 and v3 =53.

The difference in the results can be explained by the fact that
in order to minimize the average time for servicing requests for
data traffic transmission over the network, it is preferable to invest
the resource in the third LA, from where the main part of the
request flow comes, allowing some increase in the average time
for the first LA, from where the flow is minimal.

5 Conclusion

For networks of low-power subscriber terminals based on
HTS, a model of joint maintenance of real-time multiservice
traffic and elastic data traffic has been built, taking into account
the uneven placement of terminals in local areas, a limited number
of terminals, the possibility of simultaneous servicing by each
terminal of requests for traffic transmission of two types, one of
them which is elastic data traffic, another real-time traffic, with a
limit on the speed of information transfer by the terminal. When
constructing the model, the apparatus of multidimensional
stepwise Markov processes and the Gauss-Seidel method were
used to find the probabilities of network states in steady-state
mode. Using the model, both the tasks of determining the
minimum required network resource to meet the specified quality
requirements can be solved, as well as the tasks of finding
preferred resource distributions between local areas according to
the criterion of minimizing the average service time for data
transfer requests. The results obtained make it possible to use the
model in planning and managing the operation of networks based
on spacecraft with high throughput.
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AHHOTauuA

[na peanuzaumn GyHKUM NNaHMPOBaHUA U pacripeZieNieHna KaHaIbHOTO pecypca B CETAX MaJIOMOLLHBIX MOBUIbHBIX AOOHEHTCKMX TEPMUHANIOB Ha
6ase KOCMMYECKMX anmapaToB C BbICOKOM MPOMYCKHOM CMOCOBHOCTBIO Ha reOCTaLMOHAPHOM U BbICOKOINNUMTUHECKMX opbuTax Tpebyetca
paspaboTka Mojeneii NpoLeccoB COBMECTHOrO OBCy>KMBaHNA MyNbTUCEPBUCHOTO TpaduKa peanbHOro BpeMeHU 1 31aCTUHHOTO TpaduKa AaHHbIX.
Mogenn AoMmKHbI y4uTbIBaTb HEPaBHOMEPHOCTb pa3MeLLieHUs TEPMUHANIOB MO JIOKaslbHbIM 30HaM, OrpaHUMYEHHOE MX KOJIMYECTBO, BO3MOXHOCTb
OAHOBPEMEHHOro OOC/YXKMBaHUA KaXXAbIM TEPMUHANIOM 33afBOK Ha Mepefavy Tpadpuka AByX TWUMOB, OAWH M3 KOTOPbIX ABNAETCA 3N1AaCTUYHBLIM
TPadpuKOM AaHHbIX, APYroi TpapuKOM peasibHOrO BPEMEHW, NMpY OrpaHUYEHUM Ha CKOPOCTb Nepefadn MHbOpMaLuUn TepMuHanoM. Llenb paborel
COCTOUT B PeLLUEeHUN 3aJa4u MOJENIMPOBAHUA C YHETOM MepevncsieHHbIX ¢akTopoB. [MocTpoeHbl MOAENM Ha OCHOBE MHOFOMEPHbIX CTyMeHYaTbIX
MapKoBckux npoueccoe. OnpesieneH nepeyeHb 3aJaY, KOTOPble MOMYT peLlaTbCA C UX UCMONb3OBAHWUEM, BKIIFOYAIOLMIA KaK 3a/ja4M onpeeneHus
MUHUMaNIbHO HeobXOoAMMOro pecypca ceTu A1 BbIMOSIHEHUA 33ZjaHHbIX TPeOOBaHWI MO Ka4yecTBy, Tak M 3aJadM OTbICKAHWA MPeAnoOYTUTENbHbIX
pacnpegeneHuii pecypca Mexzy NoKasbHbIMU 30HaMU MO KPUTEPUIO MUHUMU3ALIMKU CPeJHEro BPEMeHM OBCy)KUBAHUA 3aABOK Ha NepeAady AaHHbIX.
MpeacTaBneHbl YMCNEHHble MpUMepbI pelleHua Kaxzon 3agayn. PaspaboTaHHbie Moaenu MoryT ObiTb MCMOMb30OBaHbl ANA MOCTPOEHUA CUCTEM
YTNpaBfieHUs CeTbio nepefain HdOopMaLumn Ha 6aze KOCMUYECKUX ammnapaToB C BbICOKOW MPOMYCKHOM CMOCOBHOCTBIO.

Kniouyeeble cnoea: kocmuyeckue annapamel ¢ 8bICOKOLU NpONYCKHOU CNOCOBHOCMbIO, KAHAJIbHBIU pecypc, MysbmucepeucHbIli mpaguk, mpacpuk peanbHo20
8pemeHU, 31aCmuYHbIl mpaguk, MobusibHble abOHEHMCKUE MepMUHAIbI.
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IDENTIFICATION SYSTEM DATA TO IDENTIFY TYPICAL
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The problem of analyzing data from the automatic identification sys-
tem (AIS) in order to highlight typical situations where vessels meet
at sea and identify the actions of navigators to diverge in these situ-
ations is discussed in the paper. This problem has become relevant
recently due to the need to have a base of reference actions for test-
ing the systems of autonomous shipping (SAS), the interest in the
development of which has recently only increased in connection with
the creation of maritime autonomous surface ships (MASS). The AIS
data analysis algorithm consists of preliminary stage of data filtering
and two main stages. At the preliminary stage, data containing errors
that significantly complicate subsequent analysis and are associated
with incorrect information are excluded. It has been revealed that
such data can constitute up to 10% of the total information. Further,
at the first stage of filtering, the vessels whose navigation status does
not imply movement or their speed is less than 3 knots are eliminat-
ed. At the first stage of filtering, the number of records on navigation
status per day reduces from 1.5-2 million to 0.4-0.5 million. The sec-
ond stage of filtering is the analysis of typical interaction of vessels
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under the crew control in various conditions and situations. The task
of this filtering stage is to select groups of vessels according to the
following criteria: timestamp and location of the vessel; the latter
must correspond to a given range for the estimated distance
between vessels, which is selected from a number of pre-determined
options. Thus, as a result of filtering, three typical scenarios are
selected. The first scenario is vessels movement on parallel courses
without and with interaction. The second scenario is vessels move-
ment on reciprocal courses without and with interaction. The third
scenario is vessels movement on crossing courses without and with
interaction. During the analysis of typical scenarios and to develop an
approach for testing the SAS of MASS using archival AIS data, nine
typical situations of vessels interaction during a dangerous conver-
gence are considered and described. The approach to testing SAS
IANS proposed in this work includes assessment of time it takes to
complete a given route, deviation from the route and speed mode,
comparison of completed maneuvers and the MASS interaction with
other vessels.
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Introduction

Navigation safety is a key issue in global shipping. This issue
is especially acute when designing and creating unmanned ves-
sels. An important component of this issue is the problem of safe
divergence of vessels at sea. To solve it, first of all, it is necessary
to analyze situations of dangerous convergence of vessels in a real
navigation situation. This will allow you to highlight the maneu-
vers that navigators undertake to avoid collision in various navi-
gation situations. To analyze such situations, it is necessary, first
of all, to obtain a sufficiently large amount of data. One of the
sources of information about situations of possible collisions can
be an automatic identification system (hereinafter referred to as
AIS). Analyzing this information can allow researchers to identify
situations of dangerous convergence and actions to diverge in
these situations.

The AIS, used in shipping, is designed to identify vessels, their
location, movement parameters and other data using radio com-
munication protocols [1,2,3] in the VHF band (161.975 MHz and
162.025 MHz). In accordance with the SOLAS 74/88 Convention,
the AIS is mandatory for vessels of over 300 m* gross tonnage
engaged in international voyages, vessels of 500 m* gross tonnage
or more (not engaged in international voyages) and all passenger
vessels. Smaller displacement vessels and yachts may be equipped
with a Class B AIS receiver. The AIS system is used to identify
other vessels, avoid possible collisions, and also as input data for
vessel tracking management systems (hereinafter referred to as
VTMS)

With the advent of autonomous surface vessels, ensuring the
navigation safety of maritime autonomous surface ships (herein-
after referred to as MASS) has become an urgent task. The concept
of the autonomous shipping functioning involves the implementa-
tion of two main segments - autonomous vessels and remote con-
trol centers for these vessels, which are usually located on the
shore [4]. Their cumulative operation is ensured by specially de-
veloped software and hardware, which in this work are called sys-
tems of autonomous shipping (hereinafter referred to as SAS). The
desire to improve navigation safety has led to the development of
several theoretical and practical approaches to achieve higher
level of safety and efficiency in maritime navigation using AIS
data. Despite the wide range of research methods in this area [5-
10], few studies examine real-world AIS data in a generalizable
context [5-7] and a small number of studies bases their analysis on
well-defined parameters [8-10].

In this paper, it is proposed to use AIS data to analyze the ves-
sels movement under a crew control, in order to compare possible
options when operating vessel by the SAS. The objectives of the
work are to develop an algorithm for processing and filtering data
from AIS, as well as to develop an approach for testing SAS of
MASS using archived AIS data.

Methods and materials

The set of data transmitted via AIS channels and the structure
of their messages is standardized and described in detail in [1,2,3],
and therefore is not presented in this work. AIS messages have
two types - metadata about the vessel and data about its move-
ment. In general, from AIS messages we will select only the nec-
essary information for subsequent analysis, namely:
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Maritime Mobile Service Identity, nine-digit

ML ~individual number assigned to the vessel
Unique identifier of the vessel in accordance with
MO — the RESOLUTION A.600(15) — IMO SHIP
IDENTIFICATION NUMBER SCHEME
shipType —  Vessel type
navStat —  Vessel navigation status
coordinates  —  Vessel coordinates, WGS-84
SOG —  Speed over the ground
COG —  Course over the ground
ROT — Rate of turn
HEADING — Gyrocompass heading
timestamp —  Time, UTC

n [11], the authors had proposed the use of archived AIS data
to determine the safe speed of autonomous vessels in various nav-
igation situations. The sources of archival and current AIS data for
the Baltic Sea are the following services — [12-13]. The archives
contain information on vessels movement from 2006 to the pre-
sent day; operational data is received (upon request) with a delay
of several minutes. Since most of the archival data is anonymized
and contains limited sets of information, the collection of opera-
tional AIS data was organized. For this purpose, special software
was developed in Python programming language in the Jupyter
Notebook environment. It requests a set of AIS data from a web
service with a period of 1 minute and saves them into a database
for further analysis. The time period was chosen from July 1 to
September 30, 2022, since the specified time refers to the most
intense shipping in the Baltic Sea.

Results and their discussion

AIS data processing algorithm

The proposed algorithm for processing AIS data allows us to
identify various navigation situations and determine the actions of
navigators in real situations of dangerous convergence. A sche-
matic flowchart of the AIS data processing algorithm is presented
in Figure 1.
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Fig. 1. Schematic flowchart of the AIS data processing algorithm
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Preliminary filtering of AIS data (error elimination)

The number of vessels positions according to AIS data for
analysis within one day ranges from 1.5 to 2 million (Fig. 2). How-
ever, some of the data contains errors that significantly complicate
subsequent analysis. These errors are associated with incorrect in-
formation and the location of vessels, timestamps, data repetition,
incorrect vessel identification, the presence of virtual aids to nav-
igation, etc. Such data can constitute up to 10% of the total array;
in this work, they were subjected to forced filtering.

Algorithms for such filtering are quite well known and par-
tially disclosed in [5-10] and are implemented directly by filtering
inside the database using the SQL query language.

Fig. 2. Vessels positions in the Baltic Sea for 1 day (Sep. 2022)
The first stage of filtering AIS data

Since a complete array of AIS data is not required to analyze
the movement, behavior and interaction of vessels with each other,
a filtering stage, which consisted of excluding vessels whose nav-
igation status (AIS parameter - navStat) does not imply move-
ment, i.e. ridded at anchor, moored at the pier, participating in
fishing, etc., is performed. Additionally, the vessels whose speed
is less than 3 knots are excluded. After this filtering stage, the
amount of relevant AIS data for subsequent analysis is reduced to
0.4-0.5 million positions per day.

Building vessels movement routes based on AIS data

At the next stage, using AIS data for each identified vessel, a
route is built using waypoints (AIS parameter — coordinates) in
automatic mode. An example of the constructed routes is pre-
sented in Figure 3. These calculations are necessary to identify ar-
eas in the Baltic Sea water area where ship routes intersect.
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Fig. 3. Vessels movement routes in the Baltic Sea for 1 day
(green lines, September 2022)

The second stage of filtering AIS data

Since this work requires an analysis of the typical interaction
of vessels in various conditions and situations under the crew con-
trol, the task of this filtering stage is to select such vessels (groups
of vessels) according to the following criteria: timestamp (AIS pa-
rameter — timestamp), which must correspond to a specified time
range (for example, 5+10 minutes); the vessel location (AIS pa-
rameter — coordinates), which must also correspond to a given
range for the estimated distance between vessels, which is selected
from among the options under consideration:

— 3+6 miles;

— 1+2 miles;

— The distance corresponding to the stopping distance of the
selected vessel (for example, selected from the vessel maneuver-
ing characteristics booklet);

— Estimated zone of a possible collision between two vessels,
as a parameter R, determined from the linear dimensions (length,
width) of the vessels, positioning accuracy and probable deviation
of the vessel course in the local coordinate system of each vessel
and calculated as:

where:
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R Estimated collision zone

L1 - length of vessel No. 1

Lo - length of vessel No. 2

W1 - width of vessel No. 1

W2 - width of vessel No. 2

K 3 calculated coefficient = sin (B); 8 = 5 +
1 8°; sin(6°) = 0.105

k 3 calculated coefficient = cos (B); B = 5 +
2 8° cos(6°) = 0.995

p _ vessel position accuracy

~ 20m, or parameter "accurancy AIS"

A similar approach was proposed by the authors in [14-16]
with some changes or additions; the coefficients k 1 and k 2 are
determined based on the maneuvering characteristics of the vessel
or by the method of statistical processing of AIS data, namely the
difference between the parameters “COG” (Course over the
ground) and “HEADING” (Gyrocompass heading) at the moment
the vessel begins maneuvering; according to our data, this differ-
ence in headings is 5+8°; in addition, the vessel ROT parameter,
which determines the turning speed, can be taken into account.

Thus, it is possible to identify groups of vessels interacting
with each other (Fig. 4).

Identification of typical scenarios
for interaction between vessels

Typical scenarios are presented in Figures 5-7, but are not lim-
ited to them. It is assumed that for identified real cases of vessels
convergence that coincide with typical scenarios, interaction be-
tween vessels may or may not occur.
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Fig. 5. Typical scenario under consideration No. 1 (vessels movement
on parallel courses without interaction, with interaction)

Fig. 6. Typical scenario under consideration No. 2 (vessels movement
on reciprocal courses without interaction, with interaction)

Fig. 7. Typical scenario under consideration No. 3 (vessels movement
on crossing courses without interaction, with interaction)
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Fig. 4. A sample of AIS data with positions of vessels interacting with each other
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During the analysis and development of the approach for test-
ing SAS of MASS using archival AIS data, various situations are
considered, including.

1. The movement of two vessels on parallel courses. The ves-
sels move in the open sea in the lane of 0.5+0.7 miles wide in one
direction, their speed is constant, the course (COG parameter)
does not have sudden changes; the ROT (rate of turn) parameter
along the entire route under study is 0, the difference in the COG
(Course over the ground) and the HEADING (Gyrocompass head-
ing) parameters ranges from -0.5 to +0.5, which indicates the ab-
sence of vessel maneuvers.

2. The movement of two vessels on parallel courses, with one
of the vessels overtaking the other. The vessels move in the open
sea in the lane of 0.5+0.7 miles wide in one direction, their speed
is constant, one vessel overtakes another without performing any
maneuvers. For both vessels, the course (COG parameter) does
not have any sudden changes; the ROT (rate of turn) parameter
along the entire route under study is 0, the difference in the COG
(Course over the ground) and the HEADING (Gyrocompass head-
ing) parameters ranges from -0.5 to +0.5, which indicates the ab-
sence of vessel maneuvers.

3. Divergence of two vessels on reciprocal courses. Vessels
move in the open sea in the lane of 0.5+0.7 miles wide in recipro-
cal courses, their speed is constant, at one point in time the vessels
diverge without maneuvering, for both vessels the course (COG
parameter) does not have sudden changes; the ROT (rate of turn)
parameter along the entire route under study is 0, the difference in
the COG (Course over the ground) and the HEADING (Gyrocom-
pass heading) parameters ranges from -0.5 to +0.5, which indi-
cates the absence of vessel maneuvers relative to each other.

4. vergence of two vessels on crossing courses. The vessels
move in the open sea in the lane of 0.5+0.7 miles wide, narrowing
at the point of divergence to 0.2 miles in one direction and on
crossing courses. The vessels speed is constant, one vessel is
ahead of the other, the time difference to the point of possible
crossing of the vessels is 5 minutes, the distance to the crossing
point is 3+4 miles, for both vessels, the course (COG parameter)
varies within 5°, the ROT (Rate of turn) parameter along the entire
route under study is 0, the difference between the COG (Course
over the ground) and HEADING (Gyrocompass heading) param-
eters ranges from -0.5 to +0.5 , which indicates the absence of sig-
nificant maneuvers of the vessels relative to each other.

5. vergence of two vessels on crossing courses. The vessels
move in the open sea in the lane of 0.5+0.7 miles wide on crossing
courses; at a distance of 3+4 miles to the point of possible colli-
sion, one of the vessels makes a maneuver, i.e. changes the course
to move away from the crossing point, after 5 minutes the vessel
returns to its previous course with a second maneuver; maneuver-
ing is clearly monitored by the difference between the “COG”
(Course over the ground) and the “HEADING” (Gyrocompass
course) parameters and by changing the “ROT” (Rate of turn) pa-
rameter. The second vessel moves without changing speed, course
and does not perform any maneuvers.

6. vergence of two vessels on crossing courses. The vessels
move in the open sea in the lane of 0.5+0.7 miles wide on crossing
courses; at a distance of 3+4 miles to the point of possible colli-
sion, one of the vessels reduces speed and changes course to move
away from the crossing point; maneuvering is clearly monitored
by the difference between the “COG” (Course over the ground)
and the “HEADING” (Gyrocompass course) parameters and by

changing the “ROT” (Rate of turn) parameter. The second vessel
moves without changing speed, course and does not perform any
maneuvers.

7. Interaction of vessels on parallel courses. The vessels move
towards the exit from the port water area in the lane with a variable
width from 0.2 to 0.7 miles on coinciding courses, one of the ves-
sels is ahead of the other with reaching a constant course, the dis-
tance between the vessels is up to 2 miles. Maneuvers of both ves-
sels with changes in speed and course occur; the parameters of
interaction between the vessels are illustrated by AIS data.

8. Interaction of the tanker with the service boat in the water
area to leave the port. The tanker performs several maneuvers,
incl. reduces the speed to 6 knots and changes course several
times; the boat approaches the tanker only with a decrease in speed
and without changing course. The interaction of two vessels at the
meeting point lasts no more than 5 minutes, while both vessels are
moving at a speed of no more than 6 knots. Then the vessels di-
verge on different courses and pick up the required speed. It
should be noted that this situation had occurred at the end of Feb-
ruary, i.e. during the beginning of freezing-over.

9. Interaction of two vessels when diverging on crossing
courses. The vessels move in the open sea at a distance of 3—4
miles (to the point of possible crossing). The peculiarity of this
case is that the vessels do not change their speed; both vessels per-
form the maneuvers only by changing the course of movement. To
diverge, one of the vessels undertakes two course-changing ma-
neuvers at a constant speed. For both vessels, the ROT (rate of
turn) parameter along the entire route under study is 0, which in-
dicates the absence of sharp turns; the maneuvering time when di-
verging is 15 minutes; for the vessel performing the maneuvers
the difference between the “COG” (Course over the ground) and
"HEADING" (Gyrocompass heading) parameters ranges from -5
to +5.

Approach to testing SAS of MASS using archival AIS data

The sets of archival AIS data can be used as initial data for
testing the operation of SAS of MASS. Despite their limitations in
terms of complete coverage of the navigation situation (there is no
hydrometeorological information, radar images, navigation and
hydrographic support, etc.), AIS data is quite sufficient to identify
possible interaction between vessels, incl. groups of vessels in a
real situation, taking into account the actions of the vessel crew
and the possibility of preliminary analysis of maneuvers per-
formed by the crew. Thus, the archival AIS data for a certain ship-
ping area is considered as a model one for setting test tasks for
SAS of MASS, incl. reference tasks for modeling various naviga-
tion situations.

To develop model tasks for testing SAS of MASS, it is pro-
posed to use archival information from AIS for a certain period of
time (for example, 4-8 hours, or for the corresponding range of
ship's AIS receivers and transmitters, i.e. up to 50 km, taking into
account the time of the vessel movement) for water area with
dense traffic of vessels in various directions and with various nav-
igation situations. Model data is pre-synchronized with a fre-
quency of 1 minute and can be transferred to the tested SAS of
MASS using a given protocol to analyze its operation with the
same frequency.

An example of a set of archival AIS data for a period (naviga-
tion situation in the Baltic Sea) is presented in Figure 8. Test tasks

_—
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for SAS of MASS can include a wide variety of navigation situa-
tions, for example, in accordance with the situations described ear-
lier, or others, such as those requiring MASS maneuvering and
those not requiring maneuvering.

An example of a test task to check the SAS of MASS perfor-
mance is presented in Figure 9. The initial location of the vessel,
its performance characteristics (according to the register book),
speed and heading angle are transmitted to the SAS being tested.
For the tested SAS, the task for the vessel to pass to a given loca-
tion is set, but at the same time there is no information on the route,
safe speed, the need of maneuvering, or any other information.
Then, every minute, the tested SAS receives constantly updated
information about other vessels (coordinates, speed, course, etc.)
in the navigation area, which comes from the selected AIS archive.
At the same time, the location and maneuvering parameters of the
model vessel with the crew are unknown in advance to the SAS.

It should be noted that the number of such tasks is not limited
in any wayi, i.e. there is the possibility of large-scale testing of SAS
of MASS. Thus, the authors in [10], using a special algorithm, had
created up to 1 thousand model situations and ungrouped them ac-
cording to several criteria; it should be noted that only a small part
of the scenarios had a pattern of a possible collision of vessels. In
[17], the authors had proposed a modified approach, namely the
generation of model scenarios based on archival AIS data by mov-
ing the timestamp, which allows creating various situations re-
garding the divergence and interaction of vessels. In [18], the au-
thors had proposed a hierarchical method for assessing the graph-
ical representation of possible vessel interactions with a 15-minute
forecast horizon. In [19], the authors had proposed methods and
models for clustering various navigation situations, which were
further divided into normal and abnormal, on the basis of which
various scenarios for testing MASS were developed.

The analysis of the results of testing the SAS of MASS pro-
posed in the work includes:

— assessment of time it takes to complete a given route of the
MASS under the control of SAS and the crew;

— assessment of deviation from the route of the MASS under
the control of SAS and the crew;

— assessment of speed mode of the MASS under the control of
SAS and the crew;

— comparison of completed maneuvers of the MASS under the
control of SAS and the crew;

— comparison of maneuvers performed by the SAS and the
crew (start, end, rate of turn);

— comparison of the MASS interaction with other vessels in
cases similar to the crew control.

The results of a comparative analysis of the SAS of MASS op-
eration and the crew actions are formalized according to the pro-
posed table, where for each test parameter a criterion assessment
is performed; it can have a qualitative assessment or a quantitative
indicator, for example, in %, or be considered as (not) reaching
the set threshold (critical) value. For all maneuvers undertaken, a
qualitative assessment “Yes/No” is used.

When testing SAS of MASS using archival AIS data, a pro-
gram with tests, which, depending on the goals and scope of test-
ing, contains the following calculation justifications, is first drawn
up:

— m nimum/maximum number of test tasks;

— pecified sequence of tests execution:
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e movement of the MASS on a parallel course without inter-
action with other vessels;

e movement of the MASS on a parallel course with overtak-
ing;

e movement of the MASS on crossing courses without inter-
action with other vessels;

e movement of the MASS on crossing courses with maneu-
vering in relation to other vessels;

— pecial tests.

Table 1
Description of formalized parameters
1 un- ..
Test parameters dZ: fkslz cliew e ot (Cliztr e
p MASS assessment
control
uantitative assessments
Time it takes to com- ..
- deviation
plete a given route Tcrew Tsas
: percentage
(route sections)
Speed on the route deviation
pec VcrRew Vsas
section percentage
. deviation
Vessel heading OCREW Osas
percentage
Distance to the “dan-
gerous” vessel at the A A deviation
beginning of the ma- CREW SAS percentage
neuver
Maneuver start time Mcrew-1 Msas-1 ETiEiEn
percentage
. deviation
Maneuver end time Mcrew-2 Msas-2 v
percentage
Turning rate when deviation
. Y crew Ysas
maneuvering percentage
deviation
Integral assessment
percentage
Qualitative assessments
Man rtak
cuver ireloriz an Yes/No Yes/No Yes/No
by changing course
Maneuver undertaken
. Yes/No Yes/No Yes/No
by changing speed
Maneuver undertaken
by changing course Yes/No Yes/No Yes/No
and speed
Integral assessment Yes/No

Assessment of the SAS operation quality is carried out in real
or accelerated time mode.

Conclusion

To the development of already known approaches [5-10, 15-
19] to processing data obtained from AIS, in this work it is pro-
posed to use data from AIS to analyze movement during poten-
tially dangerous divergence maneuvers of vessels. Processing of
this data will make it possible to develop recommendations to pre-
vent the occurrence of situations of dangerous convergence of ves-
sels, both under the control of a crew and autonomous ones [20].
This will make it possible to automatically solve the problems of
assessing the navigation situation [21] and making decisions on
maneuvering to avoid collisions [22], which will obviously im-
prove the operation safety of autonomous sea vessels.

-
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The MASS development in the future will require changes in
the navigation and hydrographic support of waterways [23], which
can also be preliminary analyzed using AIS data, for example, in
the conditions of developing special test water areas [24].

An algorithm for processing and filtering data from AIS is pro-
posed, and an approach for testing SAS of MASS is formulated. It
is shown that this approach can be implemented in a simple and
computationally efficient way. Identification of such situations
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Fig. 9. An example of a test task to check the SAS of MASS performance

and creation of a database of dangerous convergences can be used
to prevent vessels collisions with the designation of dangerous
sections of the route.

Admiral Makarov State University of Maritime and Inland
Shipping invites interested parties to test the developed systems
for autonomous shipping and is ready to provide both test tasks
and AIS data sets for modeling the navigation situation.
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The water area where the vessel, under the control of the crew,
performed the maneuver
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AHHOTaUMA

B cratbe paccMatpuBaetca npobnema aHanMsa JaHHbIX aBTOMaTU4ecKol uaeHTUdMKaumoHHoM cuctembl (AVC) c uenbio BbligeneHus
TUMOBBIX CUTYaLMii BCTPEYU CyAOB B MOPE U BbIABIEHUA AEUCTBUN CyLOBOAMTENEN MO PACXOXKAEHUIO B 3TUX CUTyauuaX. DTa npobnema
CTaHOBWTCA aKTyaslbHOM B Moc/efHee BPeMs B CBA3W C HEOBXOAMMOCTbIO MMEeTb 6a3y 3TaNOHHbIX AEMCTBUIA ANA TECTUPOBAHUA CUCTEM
aBTOHOMHOTO cyaoBoxaeHusa (CAC), uHTepec k paspaboTke KOTOPbIX B MociejHee BPeMA TObKO YCUIIMBAETCA B CBA3U C CO3JaHWEM
MOPCKUX aBTOHOMHbIX HagBoAHbIX cyaos (MAHC). Anroputm aHanusa gaHHbix AVC cocTouT 13 npefBapuTeNibHOrO 3Tana GpuabTpaLmm
JaHHbIX M [ABYX OCHOBHbIX 3TanoB. Ha npegpaputenbHoM 3Tane WCK/IOYAlOTCA JaHHble, COAEpXalle OLUMOKM, CyLIEeCTBEHHO
OCTIOKHAIOLLME MOCNEAYHOLLMIA aHANIN3 U CBA3aHHbIE C HEKOPPEKTHOM MHbOpMaLmeil. BbifBneHo, 4TO Takue AaHHbIE MOFYT COCTaBMATh 4O
10% ot obuiero maccmea MHpopmaumu. [anee, Ha nepBoM 3Tane GpUILTPaLMKU OTCEUBAIOTCA CyAa, HABUraLMOHHbIM CTaTyC KOTOPbIX He
npeAnosnaraer JBWXEHUE WU ABUraICb CO CKOPOCTbio MeHee 3 ysnos. Ha nepeom stanme ¢wunbtpaumu ¢ 1,5 go 2 mnH 3anuceit o
HaBMraLlMOHHOM CTaTyce B CyTKu ocTaBasiock Ao 0,4-0,5 mnH. BTopbiM 3TanoM ¢unbTpauum cran aHaaus TUNOBOrO B3aMMOAENCTBUA CyAOB
B Pa3/IMYHbIX YCNOBUAX U CUTYyaUMAX MOZA YNpaBieHWEM SKuUNaxka. 3afayei AaHHOro sTana ¢GunibTpaLuu CTasi OTOop rpynn CyZoB Mo
cnesylolLMM KPUTEPUAM: BpPEMEHHaA METKAa U MECTOMOJIOKEHWE CyAHa, NoC/eAHee JOKHO COOTBETCTBOBATL 3a/laHHOMY AManasoHy Mo
PacyeTHOMy PacCTOSHUIO MeXAy CyAaMu, KOTOpPOe BblOMpaeTcs M3 HWUCNa OMpPeAenéHHbIX 3apaHee BapuWaHTOB. TakuM obpazoM, B
pesynbTaTe BbIMONHEHUA GUALTPaLMKU Obinv OTOGpaHbl TPU TUMOBbLIX clieHapuA. [MepBbiit - ABMXKEHME Ha MapannenbHbIX Kypcax 6e3
B3aMMOAENCTBMA, C B3auMogencTemneM. Bropoit - ABMKeHMe Ha BCTpeYHbIX Kypcax 6e3 B3aMMOAENCTBUA, C B3aUMOAENCTBUEM. TpeTuit -
[BWKEH/Ee Ha nepecekatollieMca Kypce 6e3 B3auMogeicTeusA, ¢ B3auMogeicteMeM. Bo BpeMa aHanusa TUNOBLIX CLEHapueB U Ans
paspabotku noaxoga tectuposahna CAC MAHC no apxueHbiM AaHHbIM AVC Gbinv paccMOTpeHbl M onucaHbl 9 TUMOBBIX CUTYaLui
B3aMMOZENCTBUA CYAOB BO BpeMs onacHoro conwkenus. MNpeanaraembiii B pabote nogxog tectuposauns CAC MAHC Bknto4aeT: oLeHKy
BPEMEHU MPOXOXAEHWUA 33aHHOTO MapLUPYTa; OLEHKY OTK/IOHEHWA OT MapLUPYTa; OLEHKY PEeXMMa CKOPOCTU; CPaBHEHME COBEPLLEHHbIX
MaHeBpoOB; cpaBHeHue B3anmogenictena MAHC c gpyrumm cygamu.

Kniouyeebie crnoea: mopckoe asmoHomMHoe Ha0800HOe CyOHO, CUCMEMd a8MOHOMHO20 Cyd080X0eHus, 6e30nacHOCMb MOPenIagaHus, aemomamuyecKas
udeHMUUKAUUOHHAA CUCMeMd, AHAIU3 HA8U2AUUOHHOU 06cMaHo8Ku, pacxoxdeHue cydos, Memod aHanu3a OAHHbIX.
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