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uHcmumym"

Kntoueebie cnoea: AdanmueHas aHmeHHas pewémka,

Hoxuran Buktop UeaHosuy, KOMNeHcamop nomex, JIUHelHble 02PaHUYeHUS,
HauyuoHaneHbii uccnedosamensckut ueHmp "Kypyamosckud uHcmumym”, peKypcusHBIii asi20pumm no Kpumepuro HauMeHbLUIUX
HauuonaneHbii uccnedosamensckuil yHueepcumem "Mockosckuli Kkeadpamos, 2106as1bHbIE HABUZAUUOHHbIE CNYMHUKOGbIE
uHcmumym 3nekmpoHHoi mexHuku", Mockea, Poccus, cucmeml, K03¢hpuyueHm ycuneHus wymd, Ko3gguuueHm
dzhigan_vi@nrcki.ru nodassnieHus noMex, Kapmbl OMHOWEHUA CUHAJT-LYM

CoBpeMeHHble PaAMOCUCTEMbl Pa3fIMYHOrO HasHa4YeHUA 4acTo ¢YHKUMOHUPYIOT B YCNOBMAX MOMeX,
06ycCoBNEHHbIX APYIMMU pasMocucTeMaMu, paboTalolmMMmM B TOM XKe AuanasoHe paaguovactot. Beigenenue
NonesHOro curHana us rnomex MyTé€M 4YacToTHOM bunbLTpauuu B 3TOM ciydae HeddheKTUBHO, a KofoBoe
pasjeneHue CUrHaNoOB BO3MOXHO, NILLL €CNM NOMNE3HbIA CUrHaN obnaaaeT cneumanbHom cTpykTypoi. Bonee
yHMBepCanbHbIM CMoco6oM 6GopbLObl ¢ MOMexaMu ABRAETCA MX MPOCTPaHCTBeHHasa cunbTpauma, ecnu B
KayecTBe aHTEHHbI PaJMOCUCTEMbI UCMONb3YyeTCA aAanTMBHaA aHTeHHan pewwétka (AAP). Mopasnenne nomex
c noMoubio AAP ocyliecTBnserca nyTeM oGpasoBaHuA MpoBasnoB B €€ AuarpaMMe HamnpaBleHHOCTH B
Hanpas/ieHUAX Ha UCTOYHMKMN MoMeX. DTU NpoBasibl ONpeAenAloTCA 3Ha4YEeHUAMU BeCOBbIX K03 duumeHToB
AAP, BbluMcnAeMbIX C MOMOLLbLIO afanTMBHLIX aNropuTMOB B peasnbHOM MacwTtabe BpeMenn. B paGote
paccMOTpeHbl 0COGEHHOCTU apXUTEKTYP M BbIMMCIUTENbHBIX Npoueayp AByX pasHoBupaHoctein AAP: B Buge
KOMMeHcaTopa MOMeX M C JIMHEHHbIMU OrpPaHWYEeHMAMM, — MPU UX MUCMONb3OBAHUM B KavyecTBe aHTEHH
Ha3eMHbIX paAMONpPUEMHUKOB rMoGanbHbIX HaBUraLMOHHbIX cnyTHUKOBbIX cucteM (FTHCC). MpeacraBneHHbie
BbIYMCUTENbHBIE NPOLIEAYPbI UCNONb3YIOT PEKYPCUBHbIE aNrOPUTMbI alanTMBHOM (hUNbTPaLMKM NO KPUTEPUIO
HaMMeHbWINX KBaapaToB Ha 6Gase QR-pasnoxkeHua 6Ge3 onepauunit U3BNEYEHUA KBaApPaTHOIO KOPHA.
MopenuposaHnem AAP B oauHaKOBbIX ycnoBuAX paboTbl yCTaHOBNEHO, HYTO KOMMEHcaTop noMex
AEMOHCTPUPYET B CpefiHEM fyuluMe NoKasaTenu KauecTsa B TepMMHAX MeHbluero ko3 duumeHta ycunenua
wyMma Ha Bbixoge AAP, GonbLuero koadduLmeHTa NnogaBneHns noMex, a Takxke Gonbluei AONU HaNpaBeHuUM,
B KOTOpbIX BO3MOXEH MPUEM CMYTHUKOBBIX CUTHANIOB B YCTAaHOBMBLUEMCA pEXMMEe OTHOCUTENbHO BCEX
HanpaeneHuit, okpyatowmx AAP. DTu xapaKTepuCTMKM 3aMeTHO pasnuyaloTca B paccmatpusaembix AAP,
€CNIM YUC/I0 UCTOYHMKOB MOJABAEMbIX MOMEX MeHblle MaKCMMaJIbHOrO 4Yucna fnoMex, KOTopoe MoXeT
nogaeute AAP. PaccmoTtpertbie AAP MoryT GbiTh MCNONb30BaHbl He Tonbko B paauonpuémMHukax MTHCC, Ho
M B pyrMXx pafiMocucTeMax, rae NpuHUMaeMble pafJMOCUTHaNbI CKPbITbI LLIYMaMu.
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BBenenue

PaanocucTeMsl pa3InyHOro Ha3HAYEHUS CETOHS ITMPOKO HC-
MOJIb3YIOTCS B TOBCEIHEBHOM ESTENBHOCTH COBPEMEHHOTO UeJIo-
BeKa. SIpKNM MPUMEpOM SIBJISICTCS] MACCOBBIN MEPexo/] OT POBO/I-
HOH Tesle)OHHON CBSI3M M MPOBOAHOTO MHTEPHETA K MX Oecrpo-
BOJIHBIM aHasioraM. Bee gaire ucroip3yroTesi 0ecripoBOIHEIC AaT-
YUKW TTOTPEOJICHHS AIIEKTPOIHEPTHH, BOABI U Teruia. YacTo mpu-
MeHsIeTCs ¥ OSCTIIIIOTHEIA TpaHCTIOPT. TakKe 9acTo IPUMEHSETCS
HETPEPBIBHOE TUCTAHIIMOHHOE HAOJIOIEHHE 32 TEKYIIUM COCTOSI-
HHEM 3/I0pOBbsI [IAIIMEHTOB, CTPAAAIOIINX CEHUPUISCKIMH 3200-
JIeBaHUAMHE. Bce 3To MUITe HEKOTOPBIE MTPUMEPHI HCIIOTB30BAHIS
0ecrpOBOJIHBIX TEXHOJIOIMH Mepe/iauu U préMa JaHHbIX B ObITO-
BBIX NPHJIOKEHUSAX, HAPATy C KOTOPBIMHU, MO-NIPEKHEMY, CyIIe-
CTBYIOT M aKTHUBHO JKCILTYaTHPYIOTCSI PaJHOCHUCTEMBI CTICIHAIIb-
HOTO HA3HAYCHMS, TAKHE KaK PaJIn0- ¥ TSICBEIIAHUC, PATUOYTIPaB-
JICHHE, PaJUONIOKalMs, paluOHaBUranys U paauocBsasb. Ceroaus
MOJIOCHI YaCTOT CUTHAJIOB PA3HBIX PaJUOCHCTEM YacTO MepeceKa-
FOTCS, TaK KaK YaCTOTHBIN pecypc orpanmyeH. [loaTroMmy Takue cu-
CTEMBI SIBJISIFOTCSI HCTOYHUKAMU ITOMEX JPYT-IpPYTy.

CyIIecTByeT HeCKOIBKO CIIOCOO0B BBIICIICHHS ITOJIC3HOTO CUT-
Halla M3 €ro CMECTH C MOMEXaMH, Oa3MpYFOUINXCS Ha METOHIax
mudposoii 006padotku curnanos (LIOC). [IpocTedmmm U3 HUX SB-
nsieTcst PIITBTPANs CUTHATIOB 1O YacToTe. OIHAKO, €CITH MTOJIOCH
YacTOT TIOJIE3HOTO CHTHaja M TIOMEX IEPeceKaroTcs, TO TaKas
(unbTpaiys B OOJNBIIMHCTBE CIy4acB CTAHOBUTCS HEI(P(EKTHB-
HOM. Takke BO3MOKHO KOJOBOE Pa3/I€ICHUE MI0JIE3HBIX CUIHAJIOB
n nomex. OJIHaKO He BCe TI0JIE3HbIe CUTHAJIBI 00JIa/IAI0T CTPYKTYP-
HBIMH 0COOEHHOCTSIMH, TO3BOJISIFOLLIMMH OCYIIIECTBIISITH TAKOE pa3-
nenenue. M, HakoHell, pa3feieHue CUTHAJIOB MOXKHO OCYIIECTB-
JISTh MyTeM HX MPOCTPAHCTBEHHON (DHIIBTPALIUK C TOMOIIBIO aH-
TeHHBIX perieTok (AP) [1, 2] B ciydae ux UCroibp30BaHuUs B Kaye-
CTBE aHTCHH PaTUONPUEMHBIX YCTPOUCTB.

[IpocTpaHcTBeHHAs (HUIBTPALNS CHTHAJIOB C TIOMOIIBIO TIPH-
émuoit AP obecrieunBaeTcs 3a C4ET TOTO, YTO €€ aMILTUTYIHO-YT-
JIOBasi XapaKTepUCTHKA, HAa3bIBaeMasi THarpaMMOil HaIpaBICHHO-
ctu (AH), sBiserca nepaBHomepHoit. E€ popma MoxeT ObITH (PHK-
CHpPOBAHHON IMOJOOHO AMIUTUTYIHO-9aCTOTHOM XapaKTepUCTHKE
(AYX) undpoBbIx GUIBTPOB C (PUKCUPOBAHHBIMU BECOBBIMU KO-
s¢ppunuentamu (BK) [3, 4] wiu usmenaTbes mogooHo AUX 1ud-
POBBIX aJIANITUBHBIX (DPMIIBTPOB C U3MEHsIEMbIMU BO BpeMeHu BK
[5, 6].

®opma IH AP onpenensiercst 3nauenusimu e€ BK. Ecnin BK
M3MEHSIOTCSl B pealibHOM Maciurabe BpemeHH, nojcrpansas [IH
AP Tak, uTo0bI 0OecnieunBaTh paboTy pagronpHEMHIKA B TIOMeE-
XOBOM 00cTaHOBKe, TO Takas AP Ha3pBaetcst aganTuBHOM (AAP)
[7, 8]. BK AAP paccuuThIBaroTCsl ¢ IOMOILBIO PA3IMYHbIX afar-
THUBHBIX aJITOPUTMOB [5, 6] TaK)Ke B pealbHOM MacITade BpEMEHH.

CymiecTByeT JjBa OCHOBHBIX KJIacca aJalTUBHBIX alTOPUTMOB.
DTO aNTOPUTMBI, B OCHOBE KOTOPBIX HAXOIUTCS TPATUCHTHBIH I10-
MCK MUHMMYMa HEKOTOpOil 11eeBoi (YHKIMU, HApUMep, (yHK-
UM OIIMOKH, M AITOPUTMBI, OAa3UPYIOMIMECs Ha PEIICHUH CH-
CTEeMBbI JIMHEHHBIX YpaBHEHUI. AJITOPUTMBI IIEPBOTO Kilacca sSBIIs-
FOTCSI TIPOCTBIMH C BBIUHCIUTEIBHOM TOUKM 3pPEHUS, HO MEJJICH-
HBIMHU C TOYKH 3pPEHHUSI CKOPOCTH JOCTHXKEHUS YCTaHOBMBIIETOCS
pexxuma. Hanbosee 3 peKTUBHBIMU aTalITUBHBIMU aJITOPUTMaMHU
CEerOfHSl SIBJISIIOTCS PEKYPCHUBHBIE QJITOPUTMBI MO KPUTEPHIO

HanMeHbINUX KBaapaToB (Recursive Least Squares, RLS), mpuna-
JIeKAIIHe KO BTopoMy Kiraccy. RLS-anroputMel XxapaKTepu3yoTcs
CPaBHUTEJIBHO BHICOKOUN BBIYHUCIUTENHHOM CIIOKHOCTHIO, KOTOPas,

—
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OJTHAKO, YK€ HE SIBJSIETCS IPEISTCTBHEM JUISl X peai3aluy Ha
coBpeMeHHOH 1m(dpoBoil snementHoi Oaze [9, 10]. OmHoBpe-
MEHHO 3TH JITOPUTMBI XapaKTEPHU3YIOTCSI BBICOKOH CKOPOCTHIO
CXOJIMMOCTH, YTO TIO3BOJIAET MM 3((PEKTUBHO (DYHKIIMOHUPOBATDH
B YCJIOBHSIX M3MEHSIONIEHCS CUTHAIBHONW 00CcTaHOBKH. Takue aj-
TOPUTMBI YK€ MCIOJIB3YIOTCS B psifie IPUIIOKEHUH, HAIPUMED, B
[11-13]. [ox BBRMUCIUTENHHON ClOKHOCTRIO anroputMoB [[OC
MMOHUMAETCS YUCIIO apu(hMETHICCKUX ONepanuii, Tpedyemoe s
BBITIOJIHEHMSI OJTHOM WTEpaIMU JITOPUTMA, [UIUTENLHOCTh KOTO-
POH, KaK IpaBHJIO, COBIAJAET C [UIUTEILHOCTBIO IEPUOAA TUCKPE-
TH3alUK 00pabaThIBaeMbIX CHUTHAJIOB.

Jist 60pb0OBI € CUTHAJIAMHU TIPOCTPAHCTBEHHO-PA3HECEHHBIX HC-
TOYHHKOB IIOMEX B OCHOBHOM HCIIOJIb3YIOTCSI TP PA3HOBHTHOCTH
AAP. D10 xomriieHcaTOpBI 00KOBBIX JieniecTkoB (Side-Lobe Can-
celler, SLC) [14], AAP c orpannuenuem 3Hauennii JIH B unrepe-
cyembix HampasieHusix (Linearly Constrained, LC) [15], a Takxe
AAP, MUHAMH3HPYIOLIHE PA3IUYHBIC (DYHKIMH OIIMOOK MEKITY
BBIXO/IHBIM U TaK HA3bIBAEMBIM TPeOyEeMbIM CUTHATIaMH [16].

OpmuauM U3 BocTpeOOBaHHBIX mpriokeHnid AAP cerons sB-
JISIETCSI MX WCIIONb30BAaHNE B KAUECTBE aHTCHH HA3EMHBIX Pajivo-
MPUEMHHIKOB CUTHAJIOB TTI00AIBHBIX HABUTAIIMOHHBIX CITyTHHKO-
Beix cucrem (CHCC) [17]. AAP obecrieunBaeT BO3MOXHOCTb
OIpeeNICHUs] KOOPAUHAT TAKOI0 PaJUONpPUEMHHKA B IIOMEXOBOMI
00CTaHOBKE, B TOM YHCIIE IIPH HAINYUH [IPETHAMEPEHHBIX TIOMEX.
OcoOeHHOCTBI0 (QyHKIMOHUPOBaHUsI AAP B 3TOM NpHIOKEHUH
SIBISIETCS TO OOCTOSITENILCTBO, YTO OTHOIIEHWE CHUTHAJI-IIYM
(OCIII) na Beixoae npuémuunka curaainos 'HCC npu pacmonosxe-
HUM HaBUTAIMOHHOTO CITyTHHUKA B 3¢HUTE OLICHUBACTCSI HA yPOBHE
—20 b, a B Ipyrux HamnpaBJIE€HHUAX OHO €IIe MEHBIIIE.

3TO 03HAYAET, YTO CUTHAJ CO CITyTHHKA CKPBIT IIIyMaMH, a T10-
ToMy B AAP amanTuBHBII anropuT™ ¢ TpeOyeMbIM CUTHAJIOM HC-
TI0JTb30BATh HENb3s HECMOTPS HA TO, YTO 3TOT CUTHAIl U3BECTEH —
9TO meeBaoctyyaitHas nocnenosarensHocTh (IICIT) [18], Hampu-
Mmep, kox [osnna B ciyqae THCC Global Positioning System, GPS
[17]), mocpeacTBOM KOTOPOIi JaHHBIE CO CITyTHHUKA ITEPEIaroTCs Ha
3emmo. Kpome Toro, /i pemieHuss HaBUrallMOHHON 3a/1auu Tpe-
OyeTcsi IPUHUMATh CUTHAJIBI OT HECKOJIBKUX CITyTHUKOB OJIHOBpE-
MEHHO, a TIOTOMY HCIIOJIb30BaTh JIMIb OJMH TPeOyeMblil CHrHa
HE MPEJICTABIISETCS BO3ZMOKHBIM.

Pemenne [16], mo3Bosnstoniee NCIOIB30BATh TPEOYEMBIi CHT-
Hasl B AAP npuémnuxoB curnanoB 'HCC 3a cueT npeaBaputess-
HON KOPPEISIIMOHHOW 00pabOTKN 3THUX CUTHAJIOB, SBISIETCS d(-
(DeKTUBHBIM, HO OJHOBPEMEHHO M PECypCcO3aTpaTHBIM, TaK Kak
TpeOyeT MOCTPOCHHS MHOTOIy49eBoi AAP, myan KoTopoit opueH-
TUPYIOTCS Ha KaXK/IbIi N3 BUANMBIX CITyTHHKOB, B YaCTH BBIUHCIIE-
Hust BK 1 BBIXOZHOTO CHTHANA A7t KaXKI0T0 JIyda, a TAKXKE B YACTH
KOPPEJIITOPOB, YHCIIO KOTOPHIX PABHO IMPOU3BEICHUIO YHCIIA JTy-
yeii Ha yncno anteHH AAP.

[TosTomy B kauecTBe AAP Ha3eMHBIX MPUEMHHUKOB CUT'HAJIOB
T'HCC o0brun0 ucnonb3yroTcs audo AAP B Buae KommeHncaTopa
momex Ha 6ase SLC, mu6o LC AAP. B [19] ObLIO MOKa3aHO, 4TO
00e pasHoBHIHOCTH AAP IEeMOHCTPHPYIOT MPUMEPHO OAWHAKO-
BbIE XapakTepUCTHKH. OIHON M3 TaKMX XapaKTEPUCTHK SIBISIETCS
OTHOCHTEJTbHAS BEJIMUMHA, OIpeierisieMast Kak JI0J1s1 HalpaBJICHUH,
B KOTOPBIX B YCTAaHOBHBIIEMCSI PEXKUME, T.€. 10 OKOHYAHUH I1epe-
XOIHOTO TIporiecca, Ha Berxoqe AAP obecrieunBaeTcsi OTHOIICHHE
CHUTHAII-IIYM IUTRoC monaBieHHble momexu (OCILIIT) ve xyxe —20
1B OTHOCHTENBPHO BCEX BO3MOJKHBIX HANpaBICHHUH, 00pa3yromux
ctepy, okpyxaromryio AAP. 3nech moz IryMoM MOHUMAOTCS TeTl-
JIOBBIE U IPYTHE LIyMbI HAa BBIXOAAX PaJAMONPHEMHHUKOB KaHAIOB
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AAP. 3axmouerne 00 3(pPEKTHBHOCTH yKa3aHHBIX JBYX Pa3HO-
BuaHOCTeH AAP OBLTO crenaHo Mo pe3yibTaTaM HX MOACIHPOBa-
HUSI B YCJIOBHSIX, KOT/IA YUCIIO0 HCTOYHHKOB MOMEX, CUTHAJIbI KOTO-
PBIX MOXHO TIOJIaBUTH ¢ MOMOIIBI0 AAP, paBHO TeopeTHdecKu

MakcumanbHoMy 3Hauenuto M —1 [7], rne M — ato uucno au-
TeHH AAP. OgHako magbHEHIINE HCCASIOBAHMS ITOKA3aad, YTO
TMAHHBIA TTOKa3aTenb A(PQPEKTHBHOCTH, a TaKXkKe IpyThe IoKa3a-
TEJH, TaKUe KaK KOXPPUIHNECHT YCHICHHS IITyMa U KOA(PPHUINEHT
TIOTaBJICHHS TIOMEX, 3THX ABYX pasHoBHAHOCTEH AAP Bce ke pas-
JIUYAIOTCS B CUTYAIHX, KOT/a YMCIIO HCTOYHUKOB IIOMEX MEHBIIIE

sgauenns M —1 , UTO 4aCTO BCTPECHACTCA Ha IPAKTUKE.

x (k)

1

S———

BxogHsle ChrHans!
BuixogHoli curHan

Yy vy w(k) | CvrHan owmBku

ALanTHEHBIA aNroPUTM

AHOE orpaHnyeHne

Puc. 1. O606mennas apxurekTypa KommneHcaropa momex u LC AAP

Lenp HacTOsIIEH pabOTHI — ITyTEM MOJICITMPOBAHUS CPABHUTD
XapaKTepUCTUKU KommeHcaTtopa noMmex U LC AAP B paznuuHbIx
TTOMEXOBBIX 00CTaHOBKAX: ITPH PA3HOM YHCIIE TOMEX U PA3HBIX yT-
JIOBBIX PACIIOJIOKEHUSIX UX HCTOYHHKOB.

B pabote npuBomATCS apXUTEKTYpBI paccMaTpuBaeMbix AAP,
UX BBIYMCIMTENbHBIE NpOLEAypbl Ha Oa3e amantuBHBIX RLS-
ITOPUTMOB, Hcnonb3yonmx QR-pasnoxenue 6e3 onepanuii uz-
BJICYCHUS KBaZpaTHOTo KOpH [5]. Takke NpuBOAATCS PE3yIbTaThl
YHCJICHHOTO MOJEIMPOBAHUS, JEMOHCTPHPYIOIINE XapaKTepH-
cTUKH 3TUX AAP.

ApXUTEKTYPBI U BBIYUCIUTEIbHbIC POLEYPhI
KomneHcatopa nomex u LC AAP

O06o001mmeHHast apXUTEKTypa pacCMaTPUBAEMbIX B HACTOSIICH
pabore AAP mpuBeneHa Ha pucyHke 1. 371€ch 3eI€HBIM IBETOM
o0Oo3HaueHa aHajoroBas 4acTb AAP, T.e. aHTCHHBI U paJUOTIPH-
émanku (PIIM), ocymiecTBisromue mpuém, NoI0COBYIO (prIbTpa-
LU0 U YCHJICHNE PaJOCUTHAIOB; 2 CHHUM I[BETOM — IIpeoOpaso-
Batenn yactotsl (ITH), koTopsle mpeoOpa3yroT HelpephIBHbIE BO
BpPEMEHH KOMIUIEKCHbIe orubaromme X, (t) BXOMHBIX CHTHAIOB

X (K) -

m=1,2,..,M , t —aro Bpems, a kK — HOMep oTcuera. [TH moryT

AAP B JUCKpETHBIE OTCUETHI 3necs U ganee,

OBITh aHAJIOTOBBIMU WK 1 (poBbIMU. B nocnennem ciyyae 114
CTPOSITCA Ha MPUHIUIAX, UCIIOJIB3YEMBIX B IIPOIPaMMHO-OpEe-
nssemoM paano [20]. OctanpHas 9acTh apXUTEKTYpPHI, puc. 1, pea-
nmu3yercss B 1udpoBoM Buae u siBisiercs ungposoit AP (LIAP)
[21]. B AP ¢dopmupoBanne OTCYETOB BBIXOJHOIO CHUTHAJIOB
y(K) ocymiectisercst udpOBBIM CITIOCOOOM TYTEM YMHOKEHHUS

KOMIUIEKCHBIX 0TcuetoB X, (K) na xommiekcHsie BK h, (k) xax

y(k) =hy (k=D x, k),
rie

X (K) = [% (KD, X, (K, ovey Xy (KD, ooy Xy (K)]'

—910 Bek op orcueroB X (K),a

hy, (k) = [h,(K), by (K), ...y (KD, o By (K]

— Bektop BK AAP. Beraucnenne BeixogHoro curaaia u BK AAP
OCYIIECTBIISIETCS B apu(hMETUKE KOMIUIEKCHBIX YMCEJI, TaK KaK UC-
HOJIb3y€eMble B ATUX BBIUMCIEHUAX cUrHansl X, (1) 1 ux auckper-

HBIC OTCUCThI Xm(k) SABJIAIOTCA KOMIIJICKCHBIMH, IMOCKOJIBKY Xa-

pakTepusyroTcst aMmuutynamu u ¢azamu [ 1, 2]. Io aroii sxe mpu-
YUHE aJalTUBHBIC ATOPUTMBI, C TIOMOIIBIO0 KOTOPHIX BBIYHCIIS-
1otcst BK AAP, Takke peannzyrorcsi B apupMeTHKe KOMIUIEKCHBIX
9HUCeTT.

31eck U manee UCMOJB3YIOTCs OOUICTIPHHATHIC BEKTOPHBIC U
MaTpUYHBIE 00O03HA4YeHHUs. BeKkTopsl 0003HAYAIOTCS MPSIMBIMH
KUPHBIMU CTPOYHBIMU CHMBOJIAMH, & MATPHLIBI — IPSIMBIMHU SKHAP-
HBIMH 3arjIaBHbIMH cUMBOJaMu. Hukuuit unaekc M B BekTope
0003HAYaET YHCII0 €ro DJIEMEHTOB, a HIKHUI nHaeke M B kBaj-
patHOi marpuie — yucio e€ aneMeHToB, papHoe M xM . Bepx-
Huii uagekc T oOo3HavaeT oneparyio TPAaHCHOHHPOBAHMS BEK-
TOpa, a BepXHHUi uHJaekc H — omnepanuio 3pMUTOBO COTPSKEHUS
BekTopa. CKaJsipHbIC TIEPEMEHHBIC, B TOM YHCJIEC 3JIEMEHTHI BEK-
TOPOB M MaTpUIl, 0003HAYAIOTCS] HAKIIOHHBIMH CHMBOJIaMH (COOT-
BETCTBCHHO CTPOYHBIMH W 3arJIaBHBIMH), a OIMEparus X KOM-
TUIEKCHOTO CONPSDKEHMS 0003HAYaeTCsl BEPXHUM MHJ/IEKCOM * .

Ecnu Ha pucyske | yganuTh 3JeMeHThI, 0003HauYeHHBIE PO30-
BBIM [IBETOM, TO OCTABIIIAsICS YACTh OYJET COOTBETCTBOBATH KOM-
MeHcaTopy moMex. Ecim e ymaiauTh 3JIeMEeHTHI, 0003HaYeHHBIC
TOJTyOBIM IIBETOM, TO OCTaBIIAsICA YacCTh OyAET COOTBETCTBOBATH
LC AAP. OcoOeHHOCTH ATHX JBYX apXUTEKTYpP 3aKJIIOYAIOTCS B
CIIEYIOIIEM.

SLC mpexacrapisier co00i yCTPOUCTBO, B KOTOPOM C ITOMO-
IIBIO JIOTIOJHUTEIBHBIX AHTEHH KOMIIGHCHPYIOTCSI CUTHAJIBI I10-
MeX, HICTOYHUKH KOTOPBIX PacIiojOKEHbI B HAIPABICHUSIX OOKO-
BBIX JICTIECTKOB OT/ICIbHON HANpaBJICHHON aHTEHHBI. B KomreH-
carope e OMeX Ka4eCTBE TAKOH aHTEHHBI MOXKET OBITh UCTIOIb-
30BaHa OJIHA U3 ClTa0oHarpaBieHHBIX aHTeHH AAP. OcranbHbie
Takue ke aHTeHHB AAP UCTIONB3YIOTCS KaK KOMIICHCAITHOHHBIC.
3uauenne BK h, (k) xanana AAP ¢ BbIIeneHHON aHTEHHOW He
M3MEHSIETCS BO BPEMEHH, Tak Kak 3ToT BK He Berumcisiercs ¢ mo-
MOIIBIO IaNITHBHOTO AJITOpUTMa, TO ecTh Beerna h (K)=h =1.

Tax kak mpUHUMaeMbIe CO CITyTHHKOB CHTHAJIBI, KaK yXKe OT-
MEUaJioCh, CKPBITHI IIyMaMH paauonpuéMHUKoB AAP, To mnx
HaJIMYUE W YMCIIO HE BIUSIOT Ha paboTy KOMIICHCATOpPA TTOMEX.
OTO 1MO3BOJISIET B KOMIIEHCATOPE ITOMEX HCIIOJIB30BATh CHIHAI
X, (K) kaHana ¢ BbIACICHHOW aHTEHHO B KauecTBE TpedyeMoro

curnana d(k) amamTueHOTO anroputMma. B KauecTBe alropuTMa,

Beruncistoniero BK xommencaropa momex, MOKHO HCITOIB30BATh
0001 alanTUBHBIA aNTOPUTM, MUHUMH3UPYIONINN KBaapaTHy-
HYIO (DYHKIIHIO OIINOKH

a(k) =d (k) —hy (k=1 x_, (k) =%, (K)=hy _ (k=Dx,,_, (K).
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Curnan o(k) coiazaer ¢ BHIXOJHBIM CUTHAIOM KOMIIEHCA-
topa momex Y(K) , To ecTh B mportecce BoruucieHnst BK Muanmu-

3UPYIOTCSl BCE CUTHAJIBI, MpuHUMaemMbie AAP, 3a uckioueHruemM
CUTHAJIOB CO CITyTHUKOB, TaK KaK OHU CKPBITHI IIIyMaMH, a TOTOMY
Ha aJlanTUBHBINA nporecc He BausitoT. Bekrop BK komnencaropa

nomex h,, (k) cogepxur M —1 snemenros. [Ipn ero Beraucie-
HHH HCIIONB3YeTCst BEKTOP X, ,(K) , coaeprkariuii Bce aJIeMeHTbI
BekTopa X,, (K) , 3a uckirouenuem anemenra X, (K) .

Ecnu 4mciio MCTOYHHMKOB IOMEX HE TPEBBINIAET 3HAYCHHS
M —1, To, kak u m0bast AAP [7], KOMIEHCATOpP TIOMEX MOXKET
TIOJJaBUTH 3TH TIOMEXH 3a cUeT popMupoBaHus mposajios B J[H B
HaNpaBJICHUSAX Ha WX MCTOYHUKH. OTHAKO KOMIIEHCATOP MOMeEX
HE rapaHTHpyeT HMKAaKOro Hamepen 3ajaHHoro 3HaudeHus JIH B
HaNpaBJIeHNN HA MCTOYHHUK MOJIE3HOTO CHUTHaja (CHYTHHK), TaK
Kak ero /JIH KOHTpoiaupyeTcs TOIbKO B HAIIPABJICHUSAX HA UCTOY-
HUKH TIOMEX, TO ecThb B Takoil /IH He popmupyercs ocHOBHO iy
B KakOM-JIN0O Harepe]| 3a/laHHOM HarpasJjeHun. B To ke Bpems,
JUISL PEIICHHs] HaBUTallMOHHOH 3a/1auu TpeOyeTcs 0THOBPEMEHHO
MIPUHUMATh CUTHAJIBI, KAK MUHUMYM, OT Y€ThIpEX CIyTHHUKOB, TO
€CTh U3 YeThIpeX HanpasieHu. Takoi mprém BO3MOXKEH H C I10-
MOIIBIO0 KOMIIEHCATOPA TOMeX, ecau ypoBHU ero JIH ¢ yuerom JIH
AHTEHH B HAIPABJICHHUSX Ha CITyTHUKU TaKOBBI, UYTO B yCTAHOBHB-
LIEMCSI PEeXKMME Ha €r0 BBIXOAE Ul KaXKIOTO M3 CITyTHHKOBBIX

curHanoB obecneunBaercs OCIIIT > —20 nb [17].

Oro OCHLIII, B mepByto ouyepenp, 0OecrneunBaeTCs s CITyT-
HHUKOB, KOTOPBIE PacIIOI0KEHbI B OKPECTHOCTH 3eHuTa. IIpu mpo-
YHUX PaBHBIX YCIOBHAX MPHHUMAEMbIE CUTHANIBI OT 3THX CITyTHH-
KOB SIBJISIFOTCS] CAMBIMU MOIIHBIMU B CHJIY KpaTyalIlIero paccTos-
HUSI OT TaKMX CIIyTHHUKOB J10 3emii. O0ecneynTs MpUHYAUTEb-
Hyr0 opucHTaiuio ay4a AAP (ocHoBHOTO Jieniectka JIH) MoxHO
3a cueT JIMHeHHOro orpaHuyeHus Ha 3HadeHue /IH B untepecye-
MOM HalpaBJICHWH, B JAHHOM CIIy4ae B HAIlPABJICHUN 3¢HUTA. Ta-
KO€ OTpaHUYCHHE 331aeTCs AaHAJTMTHYECKH B aJITOPUTME BBIUNCIIC-
muss BK LC AAP. OnHo obecrieunBaeTcs Ha KaXI0H HUTepariu
3TOr0 AJIrOpUTMa HE3aBUCUMO OT TOro, kakue e€ BK Bbruncmns-
IOTCSI B TIPOLIECCE ITOJABJICHNUS TTOMEX.

B LC AAP tpeGyemsiii curnan d(k) =0, a motoMy curaain

onmbku o(K) , MUHUMH3HPYEMO# B TPOIECCE aaarnTallii, COB-
majacT ¢ BBIXOAHBIM curHaioM AAP

a(k) =d(k) = y(k) =-hy (k=D)x, (k).
JIluneiiHOEe orpaHMUYEHUE 3a1aeTCsl KaK

why (K) =

aHT c?

rIe
|:|:(1) (ec ’(')c )ei\m F(Z) (ec ’¢c )ein s

anT aHT

aHT

) ) T
n (M)(O, .0,
F(m)(ecjd)c)ew s Fam) 2 )erM :|

F{™(0,,4,) — 510 KoMmIIekcHble 3Hauenns JJH antenn AAP B

aHT
HAIPABICHUN OTPAHHYCHUS, OIPEIEIIEMOT0 CHePHICCKIMH yT-
namu 0, u ¢_, a y, — IpocTpaHCTBEHHbIE HaOeru (a3 OTHOCH-

TesibHO (hasoBoro nentpa AAP oT ncTouHMKa curHaja, pacrolo-
JKEHHOT'O B JJAJIbHEH 30HE B 9TOM K€ HalpaBJICHUH, 10 KaXKI0H 13
e¢ antenH [1, 2] . B LC AAP BekTop 0TCUETOB BXOHBIX CUTHAJIOB

x,, (k) uBexrop BK h,, (k) comepxar mo M snemenros.

—
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Hwke npencTaBieHbl BEIMUCINTEIBHBIE MTPOLEAYPBI KOMIICH-
caropa iomex U LC AAP mnst K urepanmii.

BoruucauresabHasi npoueaypa uudpoBoro
KOMIIeHCATOPa MoMeX

Munuuanmsanus : x,, (k) =0,,h, (0)=c, ,,h, (0)=1
ﬁK/IH—l 0)= 87IIM71’ KE/I—I 0)=1,,
For k=12,...,K
T
Xy (K) = % (), %, (K), .oy X, (KD, o %,y (K) |
y(k) = a(k) = x,, (k) =hy,_,(k=1)x,, (k)
U (k)=0, 1<j<M -1, K% (k) =1
For i=12,...M-1

am L (k) = ﬁ;/lH—l (k - 1)

XMl(k)‘

iLLi
KB(I)(k) KB(I 1)(k)"'}" KM 1|(k_1)§r:1-1,i(k)am-1,i(k)
M 1|(k) A KM ll(k_l)aM—l,i(k)/Kh?l(—i)l(k)

Cy_i (k)= KB(I 1)(k)/KB“)(k)

For j=12,.

M llj(k) RM lu(k 1) M ll(k _lf/: 1l)ﬁj(k)
U5 (K) =8y (ORY y (k=1) +T,, -, (k)T ) (k)
End for |
M 1|(k) }" KM 1|(k_1)6M—1,i(k)

End for i
gy (k) =" (k)

hy (K)=hy, (k-1)+gy (kK)o (k)
End

BoruncimrensHas npouenypa nugposoii LC AAP

Ununuamusamus : 0,, , q,, (0) =c¢,, [ CCy ]71 ,
h, (0) =4, (0) f, R;(0)=5§""L,,, K[, (0) =1,
For k=12,....K
T
Xy () = [ % (K), %, (K, ... X, (K, .o %y () ]
y(k) =hy (k=1 x,, (k)
T (k)=0, 1<j<M, KEO(k)=1
For i=12,...M

EM,i(k)=ﬁM“(k—1>‘ xM(k)‘

KED (k) = KB (k) + 7 K (k= 1)a, , (K)a, (k)
S () = 27K (k=D (k) / Ky (k)
Cy, (k)= K,a(i_l)(k)/ K,a(i)(k)
For j=1,2,.
Ru's (K) =Ry} (k 1)-a, (KT (k)
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00’3 () =5 (R, (K =1+, (KT " (K)

End ;'or j
KhFjl,i (k)= 7L71K5|,i (k _I)EM,i (k)
End for i
gy (k) =uy" (k)
v(k) = ey gy (k)
v’ (k) = x, (K)qy, (k1)
v(k)v' (k)

ay, (K) = qy (k=D —gy, (K" (K) ] AT

a3, () = a3, )+, (0] 1-¢jq, () |
a(k) ==y(k)
h;\/l (k)= hy, (k -D+gy (k)a" (k)

hy, (k) =h}, (K)+q, (K[ f—chhy, ()]
End

B nanubix AAP HCHONB3yIOTCSl BBIYHUCIICHHST BEKTOPOB KO-
¢uumenros Kamvana g, (k) u g, (k) ¢ nomompro RLS-

anropuT™a Ha 6aze QR-pasnoxenus 6e3 onepanuii U3BICUCHUS
kBazpatHoro kopHsa. B LC AAP ucnons3yercs LC Bepcust a3toro
anroputMa. /letaiay Takux anrOpuTMOB ITPUBECHEI B [5].
Hcnonb3yst BBIMUCIUTENBHBIE TIPOLIETYPBI PACCMATPUBAEMBIX
AAP, ObITO TIPOBEICHO WX CPaBHHUTEIHHOE MOJICIUPOBAHIE, pe-
3yJIBTaThl KOTOPOT'O MIPEACTABIIEHBI CIIEAYIOLIEM pa3zeie.

MopenupoBanne SLC u LC AAP

B mopenupoBanuu paccmarpuBaiack mpsMoyroisHas AP c
ypciaoM aHTeHH (kaHanoB u BK), paBupiMm M =2x4=8. An-
TenHbl AAP 6bimn omHakoBsle, Ho ux JIH F™ (0,) crerka pas-

aur
JIMYAJIUCh, YTO 00YCIIOBJICHO B3aUMHOM CBSI3bIO MEXK/1y aHTCHHAMH.
B MozenipoBaHny HCIIOIB30BATKCH TaOHIbI 3HaueHui JIH aHTeHH,
TIOJTyYEHHBIE C TIOMOIIIBIO CPEZICTB AEKTPOANHAMUYECKOTO TIPOEKTH-
poanust. Kaxxiast n3 Tabnmi — 310 HaOp KOMIUIEKCHBIX YHCEIT, IPE-
CTaBJISIIOIIMX COOOK0 3Ha4YeHusi HeHopMupoBaHHOH JIH, paccuntan-
HO B iariazoHe cepuyeckux yriioB 0 = 0°...180° u ¢ = 0°...360°

¢ onrHakoBbIM auckperoM 1° . [lupuna /IH anTenH no ypoHio —3
1b cocrapmsiia npuMepHo 80° , a MX MAaKCUMAILHOE 3HAYEHUE COCTaB-
Fun (6,9)
€€ JIyd B MCXOJIHOM COCTOSIHUM OPUEHTHPOBAJICSI B HANPABIICHUH 3€-
Huta 0, =0°, ¢, =0°. Oro HanpapieHHUe COBNAJANIO C HAlpaBle-

~ 8.2 nb. AAP pacnonaranack TOPH30HTAIIBHO,

max

HHEM Ha UCTOYHHUK TIOJIE3HOTO CUTHAJIA U C HAMPABJICHHEM OrpaHHye-
ausa JIH 0, , ¢, B LC AAP. AHTeHHBI pacrionaranmck Tak, uro ux JJH

Takke ObUIM OPUEHTHPOBAHBI B HAIpaBJICHUM 3eHUTA. Vcrionb3oBa-
nack AAP ¢ 9KBH/IUCTAHTHBIM Pa3MEIEHHEM aHTEHH Ha TIOCKOCTH, C
PacCTOSHUEM MKy COCCAHUMH aHTeHHAMU, PaBHBIM A, / 2 ,T7E A,

— 3TO JyTHHA BOJHBI Hecytero konebanust [HCC GPS.

[Tonesubiit curnan moaenuposacs onxoit u3 [CII INonpna, nuc-
nonb3yembix B THCC GPS [17]. Curnansl ceMu HCTOUHHKOB T10-
MeX MOJICTIMPOBAIIMCH HE3aBUCHMBIMH CIIy4alHBIMHU MOCIIEI0Ba-
TENBHOCTSIMU OEJIOTO rayccoBOro nryma. PacrososkeHne HCTOUHH-
KOB 3THX ITOMEX B KaXKIOM M3 3KCIIEPUMEHTOB OBLIO CITy4aifHbIM B

nmuarazone yrios 0 =90°...180° u ¢ =0°...360°, To ecTh Ipu UX

pacrionoxeHnu B HIDKHEH momycdepe (moxg AAP). Takoe pacmo-
JIO)KCHHE HCTOYHHKOB IIOMEX COOTBETCTBYET Hambonee 4acto
BCTPEYAIOLINMCS Ha NPAKTUKE CIIydasM. MOIIHOCTH BCEX UCTOY-
HHUKOB IIOMEX MpEIIoyaraliuch OWHAKOBBIMM, C OTHOILEHHUEM
curHai/momexa, paBHbiM —70 1b.

Bce curnansl MoaenupoBaiuck aHajgoruyHo [22]. Jluckpet-
HBIA CUTHAJ KOMIIIEKCHOM OrH0aromei Kaxaoro u3 kanajios AAP
onpeesics Kak

(h

L L
X (K) =2 %) (K)= 3 R (07, ") A (kye'
=1 =1

roe F™ (0", ") — 10 xoMmIeKcHoe 3Hauenne JJH M -it aHTeHHbI

aHT
B Hanpasienn | -ro mcrounnka curaana, A" (K) —xomruiekchas

O}

orubaromias 3Toro CUrHaja,

— MPOCTPAHCTBEHHBINH Haber (azbl

oT | -ro ucToyHMKa CUrHana 10 M -if aHTeHHBI OTHOCUTENBHO (a3o-
Boro entpa AAP. Curnan X’ (K) B 3T0if cymMMe —3To NoMe3HbIii cur-

HAJI, @ CUTHAJIBI )?rﬁ:)(k) , 1=2,..,L —momexu, rie L <M . Illymsr

pa)II/IOHpI/IéMHI/IKOB B KaHaiax AAP MOACIMPOBAIUCH HE3aBUCUMBIMU
IOCJIC0BATCIIBHOCTAMU OTCUCTOB 0eJI0ro I ayCCOBOI'O IIymMa €

OCll=c,, /o, =-20 1B,

IIe G, —3TO AMCIIEPCHS HONE3HOTO CHIHATI, & G, — JMCIEPCHs

ITyMOB B paguonpuéMHbIX kananax AAP. Pe3ynsraTsl Momenmpo-
BaHMs cpaBHUBaeMbIX AAP npuBeneHb! HAa PICYHKAX HIDKE.

Ha pucynke 2 nokazana ucxonnast 3D /IH AAP mnockoctu. Ota
JIH omunakoBast st obenx AAP. Takoe oToOpaxkeHHe OTIEIBHO B
BEPXHEH U OT/IEIIbHO B HIDKHEH moirycdepax, okpyxkatonmx AAP, siB-
nsileTcst yaoOHbIM Tipy aHanmm3e /IH aHTeHH Ha3eMHOM armapartypbl
I'HCC, Tak KaKk HCTOYHUKH MPUHUMACMBIX CUTHAJIOB (CITyTHHKH) BCE-
IJ1a pacrojiaraloTcsi B BepXHel nosycepe, a UCTOYHUKH ITOMEX — B
OCHOBHOM B HIDKHEH mosycdepe. 3neck yron ¢ = 0°...360° orcun-

TBIBACTCS BJOJTb OKPY>KHOCTH, yroi 6 = 0°... 90° —OoT HeHTpa OKpyx-

Hocth 7o e€ kpas B JIH 1 Bepxuedd momycdepsl, U yroia
0 =90°...180° — ot kpast okpy»kHOCTH 110 €€ nentpa B JIH st Hink-
Helt nomycdepsl. 3HaueHust [IH 0003Ha4YCHBI IIBETOM B COOTBETCTBUU
C LBETOBOH MaIUTPOH. YITIOBOE PACIONOKEHUE U HOMEPA UCTOUHH-
KOB TIPUHIMAEMBIX CUTHAJIOB Ha PHUC. 2 0003HaYEHBI [IBETHBIMU Kpe-
CTUKaMH W I(pamMu: YePHBIM [BETOM 11 MCTOYHHUKOB TTOJIE3HBIX
CHTHAJIOB 1 (PHOJICTOBBIM — [Tl ICTOYHHUKOB TTOMEX. 371eCh TIPUBEIICH
TIPEMEP OIHOTO MCTOYHHKA TTOJIE3HOTO CHTHANIA, PACTIONOKEHHOTO B
HaIpaBJICHAN 3eHUTA (B BepXHEH momycdepe) U ceMu CiTydaifHoO pac-
TIOJIOXKEHHBIX HCTOYHHUKOB MOMeX B HIDKHeH noycdepe. AAP ¢ unc-
soM auteHH M = 8§ , MmoxeT nozmaButh 10 M —1 = 7 momex [7].

B nccnenoBanusix, pe3ynbTaThl KOTOPBIX IPUBEICHBI B HACTO-
sieit padore, AAP MoenmMpoBaTich ISt IECATH CITydaeB CiTydai-
HOTO PacIONIOKEHHsI NCTOYHNKOB TTIOMEX B IIpesienax, paHee 000-
3HAYEHHOTO Anamna3oHa yrioB 0 u ¢ . OnuH U3 TaKUX TIPUMEPOB

MokasaH Ha puc. 20.

B xax10M U3 1ecaTH SKCIEepUMEHTOB, YUCIIO HICTOYHUKOB IIOMEX
H3MEHSJIOCh OT OJJHOTO JI0 CEMH, MPUYEM UX YITIOBOE IOJIOKEHHUE
COOTBETCTBOBAJIO MOJIOKEHUIO HCTOYHUKOB TIOMEX IPH MAKCUMaJTb-
HoM ux umciae. Hanpumep, 1;1,2;1,2,3;...u1,2,3,4,5,6,7.

IIpumepst 3D JIH B ycTaHOBHUBILIEMCS PEKUME NIPUBECHBI HA
pucyHkax 3 u 4.
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40 90° 40
30 30
20 20
10 10
0 0
-10 -10
20 20
-30 -30
270° 40 270° -40
a) 0)
Puc. 2. IH AAP B HCXOIHOM COCTOSIHUU: a) — B BepHEil monycdepe; 0) — B HIKHEH monycdepe
90° 40 90° 40
30 30
20 20
10 10
0 0
-10 -10
-20 20
-30 -30
40 270 <40
0)
40 90° 40
30 30
20 20
10 10
0 0
-10 -10
-20 20
-30 -30
-40 -40
40 40
30 30
20 20
10 10
0 0
-10 -10
20 20
-30 -30
-40 -40
) e)

Puc. 3. JIH xomrieHcaTopa moMex B ICXOZHOM COCTOSTHHU: CIIEBA — B BepHEH moiycdepe; crpaBa — B HIDKHEH Hoirycdepe:
a), 0) — oJ{Ha 1TOMEXa; B), T) — TPH IIOMEXH; 1), €) — CEMb IIOMeX

—
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90° 40

-10
-20

-30

-40

a)

40

30

15(# 20
it 10
180° 0
10

210° 20
-30

40

)

90° 40
30

20
10
0
-10
-20
-30
270° 40
0)
40
30
20
10
0
-10
-20
-30
270° 40
r)
40
30
30° 20
10
0° o

¢)

Puc. 4. TH LC AAP B ncX0ZHOM COCTOSTHHH: ClieBa — B BepHel norycdepe:
crmpaBa — B HIDKHEW noiycdepe; a), 06) — oiHa TOMeXa; B), T) — TPH IIOMEXH; 1), €) — CEMb IIOMEX

Benprit Kpy)KOK B HAIPaBIICHAX UCTOYHUKA TIOJIC3HOTO CUTHAIA
Ha puc. 4 yka3pIBaeT Ha HarpasieHne orpanmdenns JJH AAP. U3
9THX PUCYHKOB BUJIHO, YTO B YCTAHOBHUBIIEMCS peXAME 00€ pac-
cmarpuBaembie AAP monaBnsroT Bece momexu, HO ux JIH pasnnda-
torcsi. OHU pa3HbIe B 3aBUCHMOCTH OT Buaa AAP u ot uncia mo-
JaBIsieMbIX ToMex. Buano, uto B cpeanem 3nadenus IH LC AAP
BO BCEX HAIPABICHHUAX, KPOME HANPABICHHHA HA MCTOYHHUKH I10-
MeX, 00JIbIIIe, YeM B KOMIIEHCATOPE MOMEX. DTO 00BSICHACTCS Clie-
nyrorM obpazom. B komnieHcaTope momex, JIH koHTpomupyercst

TOJIBKO B HAIPABJICHHUAX HAa NCTOYHHMKM ITOMEX, HO HE KOHTPOJIH-
pyercs B KakOM-THOO0 JpyToM HaTIpaBICHUH, HAIIPAMEP, B HAITPaB-
JIeHUH TiepBoHavanbHoro Jyda. Hamporus, IH LC AAP coxpa-
HSIET CBOE 3HAYCHHE B HAIIPABJICHUN OTPAaHMICHUS HE3aBUCHMO OT
3Hadennii BK, BerancisemMpIx B mporiecce mogaBieHus nomex. 13
pucyHka 4 ciemyer, 4to 4eM Oolblie romex, Tem 3Haudenus: JIH
CTaHOBSITCSl «OOJBIIMMHU BO BCEX HAIPABICHUSIX» (ITO BHIHO U3
Benblit kpykOK B HanpaBIEHUH HCTOYHHKA MOJIE3HOI0 CUTHAJIA Ha
puc. 4 yka3pIBaeT Ha HampasieHue orpanudenus JJH AAP.

- ——_—_———
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W3 3THX pUCYHKOB BHIIHO, YTO B YCTAHOBUBIIIEMCS PEXKHME 00€
paccmatpuBaemble AAP nopasnsor Bce nomexu, HO ux JIH pasz-
nmuyatorcs. OHM pasHble B 3aBUCUMOCTH OT Buja AAP u ot yncna
nojasisieMblx nomex. Bungno, yto B cpeaneM 3nauenust JJH LC
AAP B0 Bcex HampaBJICHUSIX, KPOME HATIPABICHUA HA UCTOUHUKH
moMeX, OOJIbIIe, 9eM B KOMIICHCATOPE MOMEX. JTO OOBSICHACTCS
ciemyrommM obpa3oM. B komneHncarope momex, IH xoHTpommpy-
€TCs TOJIFKO B HAIIPABJICHUSAX HA HCTOYHUKH IIOMEX, HO HE KOHTPO-
JHUPyeTcsl B KaKOM-JIMOO JIpyroM HarpaBiieHUH, HalpuMmep, B
HampaBJIeHUX TepBoHavyansHOro y4a. Hamporus, JIH LC AAP

40

curHan 1
20 + nomexa 1

el
0r X 100000
Y 5.38993

0.5 1
k, HOMep uTepauum «10°

a)

40

curnan 1
20+ nomexa 1
nomexa 2
nomexa 3 | -

X 100000
Y 4.5103

-100 b

-120
1.5 2

k, HOMep utepauuu
B)
40

curHan 1
20+ nomexa 1
» nomexa 2 |—

' nomexa 3
nomexa 4
nomexa 5
20t ' nomexa 6
- nomexa 7

| X 100000
0 Y 13.441

0 0.5 1 1.5 2

k, HOMep utepaumm
m

x10

ELECTRONICS. RADIO ENGINEERING

COXpaHseT CBOEC 3HAUCHHE B HANPABJICHUU OTPAaHUYEHUS HE3aBH-
cumo oT 3HaueHui BK, BrrumcisieMbIx B mpolecce MoJaBlIeHUs
nomex. W3 pucyHka 4 ciemyer, 94To yem OoJIbIle ToMeX, TeM 3Ha-
yenust JIH craHoBsTCS «OOJBIIMME BO BCEX HANpaBICHUSIX» (3TO
BU/IHO W3 I[BETHOTO 0003HaueHus 3HadeHuit JIH), uto oOycios-
JICHO YBEJIMUEHUEM 3HaueHHi BeranucisgemMbix BK AAP.

M3menenus JIH AAP B HanpaBineHUsIX KaXJIOr0 U3 UCTOUHU-
KOB IIPHHUMAEMbIX CUTHAJIOB B TIPOIIECCE aanTallK TOKAa3aHbI HA
pHUCYHKE 5.

40

curHan 1
nomexa 1

X 100000 |
Y 26.3314 |

0.5 1 1.5 2

k, HOMep uTepauum «10°
0)
40
: curHan1 |
207 X 100000 | nousand
nomexa 2
Y 26.3314 | nomexa 3
ol g
m -20r
(=
= 40
=
L 60+

0.5 1 15 2

k, HOMep utepauuu %10°
r)
40
curHan 1 |
20 ¢ X 100000 ltsned
nomexa 2
Y 26.3314 soMBXE:S
0r nomexa 4
nomexa 5
[ ' nomexa 6
Lg: -20 nomexa 7
= -40
=
L 60}

0 0.5 1 : 2
k, HOMep utepaumm

e)

Puc. 5. Ilepecxoansie nportiecchl B TepMuHax 3HaueHnit [IH AAAP B HanpaneHusX Ha Bce HCTOYHUKH PUHUMAEMbIX CUTHAJIOB:
cieBa — KoMmIeHcaTop nmomex; cinpasa — LC AAP; a), 6) — ogHa momexa; B), I') — TPU MMOMEXH; 1), €) — CEMb OMEX
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Bunno, uto yposens JIH komrieHcaTopa moMex B HallpaBICHUN OLEHUTH BO3MOXKHOCTD NMpUéMa WH()OPMALMOHHOTO CHTHAJIA
Ha MCTOYHUK IOJIE3HOTO CHT'HAJIA 3aBUCUT OT YHMCIIA HCTOYHHKOB  IOCJIE ITOJAaBICHUS TOMEX MOYKHO C IIOMOILIBIO rpa)uKOB B3aHMO-
MOJIABJISIEMBIX TTOMeX, B TO Bpemsi kak B LC AAP on B aToM e  koppeisiiinonHoit ¢pynkimii (BK®) I1CII storo curHana u BHIXO-
HAIPABJICHUM [TOCTOSIHHBIN U PaBEH 3HAUYECHUIO OIPAaHUYEHUS Horo curHaia AAP. I'paguku 3TuX GyHKIMH MOKa3aHbl puc. 6 B

20 log . M + 2010g . | F(e, ¢)|max —18.1+82~263 )]B, YBECJIIMYCHHOM MaciTabe Ha HavaIbHOM Y4acTKe aJganTaiiuu.

4 4
3><10 3><10
25 25
2
o
Z15

0 2 4 6 8 10
k, HOMEep nTepaumm x104 k, HOMEep nTepaumm x104
a) 0)
4 4
3 %10 3 %10
| BK® | | BK® |
25 25
2
> 15
1
0.5
L LUl 1l |
0 = R
0 2 4 6 8 10 0 2 4 6 8 10
k, HOMEp uTepaummn «10% k, HOMEp uTepaummn «10%
B) r)
4 4
3 x10 3 x10
| BK® |
25 25

0 2 4 6 8 10 0 2 4 6 8 10
Kk, HOMep uTepauum <104 Kk, HOMep uTepauum <104

) €)

Puc. 6. BK® curnana Ha Boixone AAP u IICII curnana co CyTHHKa: clieBa — KOMIICHCATOP MTOMEX:
cnpaBa — LC AAP; a), 6) — oxgHa momexa; B), T) — TpH IOMEXH; 1), €) — CEMb IIOMEX

.- ———_—
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MoxHo 3aMeTnTh, 4To Kk BK® xopomo Buansl, a 3Ha4nT, AAP, uro Moxer npuBoauts K yxyamenuto OCI cryTHHKOBBIX
06e AAP mpHHUMAIOT CHI'HANbl CIIyTHHKAa B PAacCMAaTPUBAEMbIX  CHIHAJIOB, IPUHHUMAEMBIX U3 IPYTHX HAIIPABICHUH.
MIOMEXOBBIX OOCTAaHOBKax IIPH pACHOIOKEHUH CIIyTHHKA B OueHnTh BO3MOXKHOCTh TAKOTO MPHUEMA MOKHO C MOMOIIBIO
HampasiieHHN 3eHnTa. OJHOBpeMEeHHO BUAHO, 4To B caydae LC  xapt OCIIII [23], mpuMepbl KOTOPBIX MPUBEACHBI HA PUC. 7 IS
AAP mpoucxogur He TOJIBKO YCHJICHHE IOJE3HOIO CUTHAllA 33  PAcCMaTPHBAEMBIX CIIydacB PaclOOKEHHUs ITOMeEX.
cuer yBenuueHus 3HaueHuid BK, HO 1 ycunenue nryma Ha BbIXOZI@

10 10
150 0 150 0
10 10
= 100 = 100
g 20 g 20
\ -30 & -
50 /1 50
k 40 40
0+ 50 o+ 50
0 100 200 300 0 100 200 300
&, rpan,. &, rpan,.
a) 0)
10 10
150 0 150 0
-10 -10
= 100 = 100
a 20 a 20
1 -30 4 -30
50 50
40 -40
0+ 50 0+ 50
0 100 200 300 0 100 200 300
@, rpag. @, rpag.
B) r)
10 10
150 0 150 0
10 10
= 100 = 100
a 20 a 20
-30 -30
50 50
40 -40
0+ 50 0+ 50
0 100 200 300 0 100 200 300
&, rpan,. &, rpan,.
) e)

Puc. 7. Kaptst OCLUIT: cnea — komneHcaTop nomex; cnpasa — LC AAP:
a), 0) — ofIHa TIOMeXa; B), T) — TPH IOMEXH; [1), €) — CEMb TIOMEX

—
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Puc. 8. Pe3ybTaThl CTAaTUCTUYECOKIO MOJCTUPOBAHTHUS: CI€Ba — KOMIIGHCATOP IoMeX; cipaBa — LC AAP:

a), 0) — koadpuument wyma K ; B), r) — kosppuument nogasnenus nomex K ; 1), e) — napamerp P

Otu KapThl cTposTes aHanoruuHo 3D JIH B auanasoHe yrios
0=0°.180° nu ¢=0°...360°. OHM oTOOp@KAIOT OOJIACTH IPHU-

TOM 0003HaYCHA 00JIACTh, TJIe TPUEM CITYTHHKOBBIX CUTHAIIOB He-
BO3MOXKEH, TO €CTh, I'ie Ha Beixoae AAP OCIIII< -20 nb He3a-
BHCHMO OT €ro KOHKPETHOTO 3HAYCHHUSI.

Ha kaxxnom u3 rpadukoB pUCYHKa 7, OTHOIICHHUE IUIOMIAIN

€Ma IMOJIe3HOr0 CUrHajla ¢ HATpAaBJICHUIA, I/Ie B yCTAaHOBUBIIEMCS
pexume Ha Bbixoge AAP oGecneunsaercs OCILIT>-20 nb.
Taxkwue oOnacTi 0003HAYEHBI Pa3HBIMHU IIBETAMH B COOTBETCTBUH C
BETOBOW ManuTpoid. CIUTONIHBIM OTUHAKOBBIM TEMHO-CHHM I[BE-

rpaduka Soep s 50,5 > TA€ OCIIII > —20 b, xo Beeil ero mwio-

S i
maau S, BRIPAXKEHHOE B MPOLEHTAX, TO eCTh P =220 140,
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SIBJISIETCSI OLIGHKOH BO3MOYKHOCTH IPHEMA CITy THUKOBBIX CHTHAJIOB
B paccMaTpruBaeMoOi TOMEXOBOH OOCTaHOBKE B YCTAHOBHBIIEMCS
pexxnme AAP (mipu nomyuennsix 3HadeHnsx e¢ BK) st kpurepus
mpuéma OCLIIT > 20 xb [23].

W3 pucynka 7 BUAHO, 4TO MPUEM MOJIE3HOTO MH(POPMAINOH-
HOTO CHTHaJIa oOecrieurBacTcst B OOJBIICH YacTH HaNpaBlICHUH,
o0pasylomux BepxHIoo nosycdepy. Obmacti npuéma paszinmda-
10TCs IpH yncne moMex M —1< 7, n mpakTHyeckn HE pa3iinda-
1oTcs npu yucie nomex M —1=7, misa paccmarpuBaemMbix AAP.
Taxoke BHIHO, yTO TIpH uncie momex M —1< 7, komriencarop no-
MeX oOecrieunBaeT MpuéM CITyTHUKOBBIX CUTHAJIOB M3 OOJIBIIETO
yucna HanpasieHuid yem obecrnieunBaetr LC AAP. OObscHenue
9THUX PE3YyJIbTATOB U BBIBOJIOB IOJIyUYEHO C MOMOIBIO CTaTUCTHYE-
CKOTO MOJICJIMPOBAHMS MpoLieccoB aganTanuu odenx AAP, koro-
poe OBUIO OIMCAaHO B HaYajIe HACTOSIIETO pa3/ena.

Pe3ynbTaThl 3TOr0 MOIETMPOBAHNS IPUBEICHBI HA PUCYHKE 8.
31ech TOHKUMHU KPUBBIMH MTOKA3aHBI PE3yNbTaThl Kaxaoro u3 10
9KCTIEPUMEHTOB, a X CPETHHE 3HAUCHUS — )KUPHBIMHA KPACHBIMH
KpUBBIMHU. UMCIIEHHbIE 3HAYECHUsI YCPEAHEHHBIX KPUBBIX Ha pU-
CyHKe 8 mpuBeIeHbI B Tabmure 1.

Tab6numna 1

UucneHHbIe 3HAYCHUS CPeIHUX 3HAUYCHUH pUCYHKa §

ITapametp CueHapuii: 4uciIo IoMex
1 2 3 4 5 6 7
K, 16, SCL 0.6 1.2 2.2 3.1 4.8 6.8 [125
K., 16, LC AAP 10.6 11.2 12.2 12.8 | 134 | 145 | 184
Ky, 16, SCL 103.4 | 103.7 | 104.0 | 103.8 [101.3] 99.7 |94.9
K, o1b, LC AAP 93.4 92.3 94.9 94.6 |92.6| 91.7 [89.4
P, %, SCL 374 36.5 34.1 325 299 27.8 [26.7
P, %, LC AAP 23.8 24.9 25.7 26.3 | 269 | 27.5 [26.7
31ech,

M 2 M 2
K, :1010g10(2|hm| Gi/ci]:1010g10(2|hm| j
m=1 m=1

— 910 KO3 unment ycunenun myma AAP, h, — BK AAP B ycra-

HOBHUBLICMCS PEIKUME.

Koaddumment nogasieHns moMex onpenensercs Kax,
Kn = IOloglo( pgx/ pBLlX ) >

rae P,  — 3TO cyMMapHas MOIIHOCTb BCeX IoMeXx Ha Bxoae AAP

(na Bxone antenH AAP),a p,,  — cymMMapHasi MOLIHOCTb BCEX I10-

o
Mex Ha Beixoje AAP.

Pucynku 8a u 86 OKa3bIBaOT, YTO paHEEe OTMEUCHHOE yCHIIe-
HHUE IITyMa MMEET MeCTO OBITh B 00enx paccMmarpuBacMbix AAP,
OHO pacTaeT ¢ yBEINICHUEM YHCIIa MOAABIAEMBIX IToMeX, HO B LC
AAP oHO 3aMeTHO OOJIbIIIE, YeM B KOMIIEHCATOPE ITOMEX.

Tak kaKk aJIUTUBHBIH ITyM, 100ABILIEMBLI K CUTHANIAM X, k),
ydacTBytormmM B BerancieHnn BK AAP (aa puc. 1 1 B Beruuncu-

TENBHBIX TIponieAypax AAP oH He MoKa3aH) CMeIaeT pacCYUTHIBA-
emble BK 0T uX onTUManbHBIX 3HAYEHHHA, TO U KOI(PPHUIUEHT I10-

nasienust momex K LC AAP B cpennem Ha 5...10 n1b menbie,

YeM B KOMIICHCATOPE ITOMEX, COTIACHO PUCYHKaM 8B, 8T 1 Ta0IuIIe
1. AHaJIOTWYHBII pe3yIbTaT CKa3bIBACTCS U HA 3HAYCHUSIX ITOKa3a-
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tenst P . Jluwb Tonmbko npu M —1=7 3nauenuss K, u P npu-
MEpHO OIMHAKOBEIEe s o0enx AAP, uro cmemyer puc. 7 u 8, a
TaKxke ObUTO OT™MeueHO B [19] ais mokazatens P .

CrnetoBaTesIbHO, COTTIACHO MPUBEAECHHBIM pe3yJIbTaTaM, KOM-
MEHCATOP MOMEX AEMOHCTPUPYET B CPETHEM JyUIlIHe XapaKTepH-
ctrky 1o cpaBHeHHIO ¢ LC AAP B 0JIMHAKOBBIX YCIIOBUSIX (yHK-
[IUOHUPOBAHUS TIPU UCTIONIE30BaHNY 3TUX AAP B KaduecTBe aHTCHH
HazeMmHbIX npuéMuukos 'HCC.

3akjouenue

Takum 00pazom, B paboTe pacCMOTPEHBI 0COOCHHOCTH apXH-
TEKTYP M BBIYUCIHUTENBHBIC MPOLEIYPbl ABYX Pa3HOBHIHOCTEH
AAP: B BUJIe KOMIIEHCATOPA TIOMEX U C TMHEHHBIM OTpaHUYEHUEM
JIH, — uist Mcrionb30BaHMs B KAUECTBE aHTEHH Ha3eMHBIX Pajfo-
npuémunkos F'HCC. Ilytem MmoaenupoBaHus yCTaHOBJICHO, UTO B
CpesiHEM KOMIIEHCATOp MOMEeX AEMOHCTPHPYET JydlIne IMOoKa3a-
TEJIM Ka4ecTBa B TEPMUHAX MEHbIIEro Kod(duimenTa ycnineHus
mryma, Oosbirero Kod(QuIeHTa MoAaBIeHHs OMeX, a TaKxKe
GostbIIeil 10K HAINIPaBJIEHUH, B KOTOPBIX B yCTAHOBHUBIIIEMCS pe-
JKME BO3MOJKEH MPUEM CIYTHHKOBBIX CHTHAIIOB OTHOCHUTEIHHO
BCEX HalpaBJIeHUH, OKpyx aomux AAP. OTn XapakTepUCTHKH 3a-
METHO pa3nnvaioTcs B paccmaTtpuBaeMbix AAP, ecin uncio mo-
Mmex MeHblue 3Hadenust M —1. Jlanasie AAP mMoryTt ObITh Takxke
UCIIONIb30BaHbl B PAJMOCUCTEMAX CBSI3H, paJUOIOKalNH, PAIHO-
YIpaBJICHUS U B PsA€ APYTHX PATHOCHUCTEM, I/l IPUHUMAEMBbIE
PaIroCUTHAIIBI CKPBITHI IITyMaMH PaAHONIPUEMHUKOB.

Paboma nposedena 6 pamxax 8ulnoHeHUst 20Cy0apCmeeHHo20
saoanus HUL] «Kypuamoeckuii uncmumym>.
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COMPARATIVE ANALYSIS OF INTERFERENCE CANCELLER AND LINEARLY-CONSTRAINED
ADAPTIVE ANTENNA ARRAY EFFICIENCY IN GROUND-BASED NAVIGATION RECEIVERS

Victor |. Djigan, National Research Center "Kurchatov Institute", National Research University of Electronic Technology, Moscow, Russia,
dzhigan_vi@nrcki.rum

Abstract

Various modern radio systems often operate in interference conditions caused by the radio systems sharing the same frequency band. Separation of the
informational signal through the frequency filtering is ineffective in this case, and code separation of the signals is only possible if the informational sig-
nal has a special structure. A more universal method for combating the interferences is a spatial filtering when an Adaptive Antenna Array (AAA) is used
as the radio system's antenna. The AAA suppresses the interferences by the creating notches in its radiation pattern in the directions of the interfer-
ence sources. These notches are determined by AAA weights, calculated by adaptive algorithms in real time. This paper examines the architectures and
computational procedures of two AAA types: an AAA in the form of an interference canceller and an AAA with linear constraints, both for the usage
as the antennas for the ground-based radio receivers of the Global Navigation Satellite Systems (GNSS). The AAA computational procedures are based
on the usage of the adaptive Recursive Least Squares filtering algorithms with QR decomposition without square root operations. The AAA simulations
under identical operating conditions revealed that, on average, the interference canceller demonstrates a superior performance in terms of smaller noise
gain at the AAA output, larger interference suppression ratio, and the larger portion of directions in which the satellite signals can be received in steady-
state mode relative to all directions surrounding the AAA. These characteristics differ significantly in these AAAs under consideration if the number of
the interference sources to be suppressed is less than the maximal their number that can be suppressed by the AAAs. The AAAs under consideration
can be used not only in GNSS radio receivers but also in other radio systems, in which the operate with the radio signals that are obscured by noise.

Keywords: Adaptive antenna array, interference canceller, linear constraints, recursive least-squares algorithm, global navigation satellite systems, noise
gain, interference suppression ratio, signal-to-noise ratio maps.
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Mockea, Poccus 2ucmozpammel pacnpedeneHusa ApKocmMuU u3o6paxkeHul

Ocobylo akTyanbHocTh npobnema oGHapyxeHuAa aHoManui Ha obGpa6aTbiBaeMbix U306paxkeHNAX, Nony4YaeMbiX C annaparypbl
BU3yaNlbHOTO KOHTponsA, Npuobperaer B XoZile 3KONOTMYECKOTO MOHMTOPMHIA aKBaTOPUA MUPOBOFO OKeaHa NpuU MoMUcKe
pesynbratoB pasnueos Hedrenpoayktos. Moa aHoManuaMM B npeAcTaBNeHHOM MCCNeAOBaHUM onpepeneHbl ¢parMeHTbl
n300paXkeHUs, XapaKTepusyiolme NocneAcTBUA pasnueos HedTenpoAykToe. B KauecTee HayuyHoOro annapara uccrnefoBaHus
onpegeneHbl 3NeMeHTbl TEOPUM pacrno3HaBaHuA o6pas3oB, B COOTBETCTBUM C KOTOpbiMM obpabatbiBaeMble M3o6paxceHus
NpeACTaBNAIOTCA B BU/le BEKTOPOB Npu3HaKoB. Liens pa6oTkl — paccMoTpeTh BO3MOXHbIE NOAXOABI K BeNBNEeT-NpeobpasoBaHuam
nepBUYHbIX BEKTOPOB MPU3HAKOB Npu NoMoWM AeKoppenupylowel o6paGotku pna Bbibopa BelBnera, nossonsulero
obecneynTs HaMMeHbLUME PAa3NNUNA MeX/ly BEKTOpPaMu NpU3HaKOB 06pabaTbiBaeMbiX M306paXkeHNH, XapaKTepuU3yIOLLMX OAUH N
ToT e Knacc. MpoaHanusupoBaHbl U3BECTHLIE leKOppenupyioLMe NpeobpasoBaHnA ANA CHUXKEHUA BApUaTUBHOCTM TMCTOTpaMM
o6pabarbiBaeMbix u30o6paxkeHuit. PaccMoTpeHbl ux focToMHcTBa M HepocTtatku. OGocHoBaH BbiGop BenBnera lMaycca |-ro
nopagka, nossonusliero obecne4YnTs HauMeHbLUME Pa3NIMuMA MeXJy BeKTOpaMu NpusHakos obpabatbiBaeMbix M3o6parkeHu,
XapaKTepu3yloLMX OAMH 1 ToT e Knacc. MpeanoxeH noaxoa k popMMPOBaHMIO BTOPUUHBIX MPU3HAKOB PacMo3HaBaHUA NyTeM
yCpeAHEeHUs KOMMOHEHTOB MaTpuL KpaTHOMacwwTabHoro npeo6pasoBaHusA rMCTOrpaMM pacnpepeneHus ApKOCTU U3obpaxeHui
BAONbL ocuM Mx napaMetrpa casura. O6GocHoBaH BbIGOp rUCTOrpaMM, XapaKTepusylOLUX pacnpepeneHus GUTOB ApKoCTH
o6pabatbiBaeMbix M306paXkeHUI, B KaYecTBe NEepPBUYHbIX BEKTOPOB npusHakos. O6ocHoBaH nepexoa K BbIGopy u3bbiToUHOrO
4yucna MacwTaboB AeKOMNO3MUMKM B BeiBner-npeo6pasoBaHnAX Npu (OPMUPOBAHWM BTOPUUHLIX BEKTOPOB MPU3HAKOB.
MpasoMepHOCTL NMpeanoXeHHOro noaxoga nNoaTeepXAeHa pesynbrataMu Mogenuposanusa. O6GocHoBaH BbIGOp rucTorpamm,
XapaKTepu3ylolMX pacnpefieneHus GUTOB ApKocTM oGpabGatbiBaeMbiX M300pa)keHWii, B KauecTBe MNEePBUYHLIX BEKTOPOB
npusHakos. PaccMoTpeHbl Buabl BelBnieT-npeo6pasosaHna U pasnuyHble TUMNbl hopMupylowuX hyHKUMA.
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BBenenue

Bce Bozpacratommii  MOTOK  HWHGOPMANAK  CYIIECTBEHHO
YCIOXKHSIET Tporenypy ee odpaborku [1-3]. Ocobyro akTyaib-
HOCTb JIaHHAs MpodseMa MproOpeTaeT MpH MOUCKe a0CTPAKTHBIX
00BEKTOB B 06a3ax MaHHBIX 00pabaThIBaeMbIX U300pakeHui [4, 5].
[Tpumepom Takux OOBEKTOB SBIAIOTCS PE3YNbTAThl Pa3IMBOB
He(TENpOIYKTOB B aKBATOPUSX MOPEH U OKEaHOB, TIOCKOIIBKY OHU
HE UMEIOT YETKOH CTPYKTYpBI, ITO3BOJIIONICH OCYIIECTBUTh MX
SAMHYI0 (pOpMaIHM3aIINI0, IS MOCISIYyoIeH 00paboTKH Ha OC-
HOBE METOJI0B MamMHHOTrO oOyueHus [6, 7]. Kpome Toro, ciox-
HOCTh CBOEBPEMEHHOTO OOHApyXKEHHsI PE3YJBTaTOB TaKOro poja
TEXHOTEHHBIX KaTacTpod yCyryoseTcss HeoOXOAUMOCTHIO MOHHUTO-
pHUHTa OTPOMHBIX TUIOMIAeH KOHTPOIUPYEMBIX aKBaTOpHii 8, 9].

MmeHHO 0ATOMY aKTyaJ bHBIM BHIMTCS MTOUCK HAYYHBIX TTOJI-
XOJIOB, TIO3BOJIIOIINX PeIaTh 3a1a4u 00padoTKN H300pakeHUH B
MHTEpecax CBOCBPEMEHHOTO OOHApyKEHUsI MOCICACTBUI TEXHO-
TEHHBIX KaracTpo(, B TOM YHCIE PA3IMBOB HE(PTEIPOLYKTOB,
HEMOCPEICTBEHHO 110 MEPe UX MOCTYIUICHHUS C anmaparypsl GoTo
U BHICO (PHUKCAIMH, YCTAHABIMBACMOHM HA JIETHO-TIOABEMHBIX
riarhopmax.

BmMmecre ¢ TeM yaneHHOCTh JIETHO-TIOABEMHBIX TIaT(OPM OT
MIYHKTOB 9KOJIOTUYECKOTO KOHTPOJIS C TEJICKOMMYHHKAI[HOHHBIM
000pyIOBaHUEM ITPEAIIONIAraeT HEOOXOJUMOCTh OPTaHNU3aIMH BbI-
COKOIIPOM3BOJUTENIFHBIX KaHAIOB mepenaun uHdpopmanuu [10,
11]. Ho 3T0 He Bcerga BO3MOKHO B CHITY Pa3IMYHBIX OOCTOSITEIb-
cTB. [To3TOMY panmoOHAIBHBIM PEIICHUEM B TaKOH CHUTYyaIlUd sIB-
JSIeTCsl TIpe/IBapUTENbHAsT CeNeKIns NHPOPMAIMOHHBIX JaHHBIX
HETIOCPE/ICTBEHHO Ha OOPTY JIETHO-NOABEMHBIX ILIATGOPM, UTO
TTO3BOJIIIO OBl CYIIECTBEHHO CHU3UTH 00BEM IepeaBaeMoro Ka-
HaJIbHOTO Tpa(uKa, MPeCTaBIIEMOT0 ONepaTopam Ul PUHATHS
pelIeHHUs 0 pe3ysibTarax 0OHaApYKEHHs pa3iiiBa HeTENPOLYKTOB
B KOHTPOJHUPYEMBIX akBaTopusax [12]. Peammsammsa Takoro moa-
Xo4aa BUAUTCA BO3MOKHOM TOJIBKO IIpu yCJIOBUU HAJIMYHA BBICOKO-
3¢ (GHEKTHBHBIX AITOPUTMOB 00pabOTKU U300pakeHuUit, 00eceyn-
BaIOIIMX aBTOMAaTHYECKOE OOHapy)XEHHE MOCIEACTBUN pa3InBOB
HedTenpoaykToB. OHAKO MPOBE/ICHHBIN aHAIN3 MOAXOJ0B K Op-
TaHU3aIMHU SKOJIOTHYECKOTO MOHUTOPHHTA TT0Ka3all, YTO MPEUMY-
IIECTBEHHO, HCTIONB3YeTCsl 00paboTKa N300pakeHNI B OTIIOXKEH-
HOM pEKHME Ha OCHOBE METOJI0B MAIIMHHOTO O0y4YeHNSI.

‘YkazaHHBIE 00CTOSITEIECTBA ONPEIEIIAIOT HEOOXOIUMOCTb TI0-
HCKa W Pa3pabOTKH HOBBIX METOJOB M CIIOCOOOB, MO3BOJISAIOIINX
YCIIEITHO Pa3peIinuTh PACCMOTPEHHBIE MTPOOIEMBI.

Tak, B NpPEACTABIEHHON CTarbe IEMOHCTPUPYIOTCS PE3yiib-
TaThl MCCIIENOBAHMS IO pa3pabOTKe aHAIUTUYECKOTO arrapara
JUIT METOJIa BEPOSITHOCTHOHM OILIEHKH pPEe3y/bTaToB 00paboTKH
H300paKeHHH B TIPOLIECCE MTOUCKA MTOCIICACTBUI TEXHOICHHBIX Ka-
TacTpod, B CIEACTBUU Pa3IUBOB HEPTENPOAYKTOB B aKBATOPHSIX
MOpeH M OKeaHOB. A TaKk)Ke IPUBOJISITCS JIaHHBIE SKCIIEPHMEHTOB,
MO/ATBEPKJAIONINE PABOMEPHOCTh pa3pabOTaHHOTO MOAXO0/a.
JKSHUSIX.

O06ocHOBaHHE MOAX0/1a K BEPOATHOCTHOI OLleHKe
Pe3yJIbTaTOB 00HAPY KEeHUSI AaHOMAJIHNI B 00padaTbiBaeMbIX
H300paKeHUAX

OcHoBonoMararomumM (HakTopoM, OIPEIeNISIONM J0CTOBEP-
HOCTh OOHapy»XeHUSI OOBEKTOB Ha 00pabaThIBaEMBIX H300pake-
HUSX, SIBIsIeTCs (popMa MPEeACTaBICHNS HCXOIHBIX TaHHBIX.
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B gactHOCTH, B [8, 13] 000CcHOBaHA 11e11€CO00Pa3HOCTH MPEI-
CTaBJICHUS JAHHBIX KaJIpoB 00pabaThIBaEMBIX H300pakeHUH B
BHUJI€ TUCTOTPAMM PACIPEIEIICHNS UX SPKOCTH.

Taxkoif BBIOOp, TpeXke BCETo, OOYCIOBIEH HE TOIBKO KOM-
MMaKTHOCTBIO TMPCACTABJICHHUA HCXOJHBIX JaHHBIX, HO M I0CTa-
TOYHO BBICOKOM MX UyBCTBUTEIBHOCTBIO K BOSHUKHOBEHHUIO aHO-
mamuii [14, 15]. [Tog aHomManusiMu, B paMKax MPOBEIEHHOTO HC-
ciieioBaHus, Oy/1eM MOHUMATh H300paXkeHue pa3iinBa HeTenpo-
JIyKTOB B KOHTPOJIUPYEMOI akBaTopuu [§].

B xauectBe npumepa Ha puc. | mpencraBieHbl n300paXkeHHs
¢dopmara * jpeg c paspemreHreM 640 x480 (pparmeHTa akBaTopun
UYepHoro mMopsi, 0e3 pa3muBoB HEPTEIPOAYKTOB (puc. la) u ¢ mo-
CJICICTBUSIMH TEXHOTCHHOM KaTacTpodsl (puc. 10).

Puc. 1a. TectoBoe n300paskeHHe
TU-1

Puc. 16. TectoBoe n300parkeHue
TH-2

Ha puc. 2 oroOpaskeHbl, COOTBETCTBEHHO, MaTPHIIbI aMILTH-
TYJIHBIX 3HAUEHUH TECTOBBIX M300pa)KEHUH, NPE/ICTABICHHBIX Ha
puc. 1. Takoli ¢popmat n300paKCHHUS JOCTATOYHO HEYJOOHBIN H
TPOMO3JIKUH ISt ero 00pabOTKM M TpeOyeT CYIIECTBEHHBIX BbI-
YHCTUTEIBHBIX PECYPCOB MPH (POPMUPOBAHIH BEKTOPOB TIPH3HA-
koB, umeronmx 307 200 smementoB. Ilepexom K BEKTOPHOMY
MIPECTAaBICHHIO, 3a CYET YCPETHCHHS aMIUTUTYAHBIX 3HAYCHHUN
MaTpHII BJOJb OJHON U3 OCEH BEAET K CHIKEHUIO HH(POpPMATHB-
HOCTH Takoro npescrasienus [16, 17].

Bwmecte ¢ Tem B [18] o6ocHOBaHO mpencTaBieHHE H300paxke-
HUH U151 UX MOCIIeAYIOIIeH 00pabOTKU B BHJIC BEKTOPOB pacipe-
JICTICHUS SIPKOCTH.

Puc. 26. Marpuiia aMIuATy IHBIX
3HaueHuii TH-2

Puc. 2a. Marpuiia aMIuATy IHBIX
3HaueHuii TH-1

YuuTeiBas, 4T0 pU 8-OUTOBOM KOJHPOBAHUH SIPKOCTH MPE]I-
CTaBJISETCS BCEro JHUIIb 256 3HAUEHUSIMU, TO COOTBETCTBEHHO, U
BEKTOp Oy/IeT MMETh TaKyIO K€ Pa3MEPHOCTb.

Ha puc. 3 mpencTaBieHBI THCTOTPAMMBI PACTIPEICICHUS IPKO-
cTH U1 TecTOBBIX n300paxkenuit TU-1 u TU-2 (nanee mo TekcTy
— THCTOTPaMMBI) B OJIMHAKOBOM MaciiTabe.

CormacHO pe3ynbTaTaM HCCIEIOBAaHUS, TPEACTABICHHBIM B
[6, 8, 17], BekTOpBI MPHU3HAKOB, C(HOPMUPOBAHHBIC HA OCHOBE THCTO-
rpaMm, 00eCTIeYHBAIOT HAWTYYIITYI0 KOHTPACTHOCTD 110 OTHOIIECHHIO
K ZApyruM (opMaram MpeIcTaBIeHNs aMIUIUTYAHBIX 3HAUCHHH Mart-
puIbl 00padaThIBAEMbIX H300PAKESHHUH.




SNEKTPOHUKA. PAODMOTEXHMKA
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Puc. 3a. ['ucrorpamMma TecToBOrO
mo0pakenmst TH-1

Puc. 36. ['ucrorpamma tecToBOro
m3o0paxenust TU-2

OnHaKo BBICOKAsl BAPHATUBHOCTH BOTHOW MOBEPXHOCTH JIaXKE B
YCIIOBUSIX OTCYTCTBHS Pa3iIMBOB HE(PTEPOTYKTOB IIPUBOIHT K TOMY,
YTO XapaKTEPU3YIOLIHE UX U300PKEHHS BEKTOPBI IIPU3HAKOB HA OC-
HOBE I'MCTOTPaMM PaclpeAeieHHs IPKOCTH NMEIOT BEChbMa BBICOKYO
JIMCTICPCHUIO, CYIIIECTBEHHO YCIIOKHSIOLILYIO IOy YEHHUS BBICOKHX pe-
3yJIBTaTOB JIOCTOBEPHOCTH BBISBIICHHS aHOManHi [6]. B wacTHOCTH,
JULst 9TasIoHHOTO M300paxkenust TH-1, puc. la, ¢ BOJHOI MOBEpXHO-
CTBIO HE 3arpsI3HEHHON pa3uBaMy HE(TENPOyKTOB, ObUIH ITOJTO-
TOBJIEHBI KaJIpbl C Pa3IMYHON OCBEIIEHHOCTHIO, IIPU HE3HAUUTEIIb-
HOM W3MCHEHHMHU XapakTepa BOJHEHHs, cM. u3oOpaxenwms TU-11,
TH-12, TU-13 u TH-14 na puc. 4. V1 cOOTBETCTBYIOIINE UM BEKTOPBI
IIPHU3HAKOB HTI/I—ll, Hm.]z . Hm_13, HTI/I—14, (pI/IC. 5)

Puc. 4a. TectoBoe m300pakeHne
THU-11

Puc. 46. TecroBoe m300pakeHne
THU-12

Puc. 4B. TectoBoe M300pakeHme
THU-13

Puc. 4r. TectoBoe n300paxkeHme
TU-14
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Puc. 5a. ['ncrorpamMma TecToBOro
m3o0pakenyst TH-11

Puc. 56. I'icrorpamMma TecToBOro
m3o0pakenwst TH-12
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Puc. Sa. ['ucrorpamMma TecToBOro
n300paxenus THU-13

Puc. 56. ['ncrorpamMma TecToBOro
n3o0paxkenus TU-14

CorocTaBUTENIbHBII aHATN3 U300paKEHUH M COOTBETCTBYIO-
IIMUX UM THCTOIpaMM IO3BOJISIET CHENaTh CIEAYIOIIEe 3aKIoue-
Hue. @OpMUpPOBAaHUE YCTOMUUBBIX BEKTOPOB IPU3HAKOB, Xapak-
TEPU3YIOUIMX OJMH M TOT )K€ KJIACC PAaclO3HaBaeMbIX 00BEKTOB

(BoHYIO aKBaTOPHIO O€3 pa3IMBOB HE(YTENIPOLYKTOB), M3-3a 3HA-
YHUTEIBHON NUCIEPCHH aMIUIMTYAHBIX 3HAYCHHH THCTOrpaMM,
OyZeT IPOMCXOJUTH C ONPEACICHHBIMH CJIOKHOCTSIMH.

J1st OLleHKM BapuaTUBHOCTH TUCTOrpaMM Hry.i1, Hru-12, Hru-
13, Hru-14, haKTHYECKH XapaKTepH3YIOIINX TECTOBOE M300paxe-
nue TH-1 B npyrux ycioBHsX, MOCTPOUM (DYHKIHUIO pa3invuil B
COOTBETCTBUH C BBIPAKCHUEM:!

Ar0,N (k) =| HTI/I-l(k) - HTI/I-N (k) | (1)

rae N — Tekynmii HoMep THCTOrpaMMbl 00padaThIBAEMOT0 H300-
paKeHus1, CPaBHUBAEMBI C rEcTOrpaMMoit n3oopaxenust TU-1.

Ha puc. 6 mnpencrasiensl rpaduku (QYyHKIUH pasIHaui
Aron(k) ructorpamm TectoBhix m306pakenuin THU-11, TH-12,
TU-13 n TU-14.
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Puc. 6. I'padukn Gpynxmii pazmuanii rucrorpamm THU-11, TU-12,
TU-13 u TU-14 mo OTHOIIEHUIO K 3TaJOHHOMY ornncanuto THU-1:
Aro,1(K) — yHakuust paznuunii mex iy usobpaxeruem THU-1 u TU-11;
Aro2(K) — yHakuust paznuunii mex iy usobpaxeruem THU-1 u TU-12;
Aro3(K) — pyrkuust paznuanii mex iy usobpaxeruem TH-1 u TU-13;
Aroa(K) — yakuust paznuuunii Mmex iy usobpaxenunem THU-1 u TU-14;
Aroo(K) — yepensennas GpyHKIMs pa3idymid.

Bce paccunranHble QYHKIHMM pa3IHyuii paBHBI HYIO B TeX
MecTax, IJIe AJIEMEHTbl THCTOIPaMM, KaK 3TaJIOHHOT'O OMUCAHUS,
TaK M TEKYILIETO PaBHBI HYJIIO, a TAKXKE B MTO3ULIUHM UX MAKCHMAaJIb-
HBIX 3HaYEHUH.

Ha puc. 6 npeacrasnena n ycpegHeHHass GyHKINS Pa3IHIui
Argo(K), ee ToNoKeHME KaK pa3 U MO3BOJSIET OICHUTH MTapaMeTpPhI
BapUaTHBHOCTH.

JLJist OTIeHKH pa3Maxa AUCIIEPCHH yCPETHEHHOH (QYyHKITMH pa3-
JMYUH, TONOJIHUTEIBHO ObUIH paccuuTaHbl QYHKIMHU, XapaKTepH-
3YIOIIME €€ TPAHUIIbI CBepXY U CHU3Y (puc. 7).
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Puc. 7. I'paduk ycpeHeHHOH QYHKINH Pa3Iniuii, ¢ HAHECCHHBIMU
IPaHALIAMH €€ JHCTIePCHU

B rtabnuue 1 npuBeneHbl pe3ybTaThl OLEHKH Pa3in4vil -
CTOrPaMM TECTOBBIX W300paKEHHMsI, ITOJYUCHHBIX HA OCHOBE BbI-
pakeHui
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Ar = | HTI/I-I _HTI/I-N | 2
u
255 -!
Ar [%] = Hyyy — Hoyy |X[ZHTI/I-1KJ x100% )
k=0
Tabmuma 1
Onenka pa3au4mii FTHCTOTPaMM TeCTOBBIX H300paKeHUd
Hm —H'men | Hoo — Hroez | Hown — Howess | Hooe — Hroia
Ar 1,187 2,031 0,815 0,782
Ar,% 2,5 4,3 1,7 1,6

Paznnna Hru. — Hruo, Xapakrepusyromas pasaundust MExIy
9TaJOHHBIM M300pakeHreM TH-1 1 n300paskeHneM ¢ pasInBaMH
HedrenpoaykroB TH-2, paccunTanHast B COOTBETCTBHH C BBIpa-
xkerneM (3) cocraBmset 7,6%.

OT™MeTHM, YTO HAaMOOJBIINHA MHTEPBAJ TEKYIIEH BEIWIWHBI
Jycnepcnn y (pyHKOWMH Pa3induil CpeAHUX 3HAUYCHHWH COTIIACHO
Tabn. 1 juis 0OpadaThIBAEMBIX THCTOIPAMM TECTOBBIX H300paXke-
HUH JjocTUraeT nopsiika 4% Mo OTHOIIEHHIO K 3TAJIOHHOMY OITH-
caamo. O4eBUIHO, YTO B 3TOM CiIydae, COTIAacHO [6], maxe mo-
TEHLMANIbHAsl BEPOSTHOCTh MPABMWILHOTO OOHApYXECHUsI HE Tpe-
BbIcUT 3HaueHwus 0,96. Bmecre ¢ TeM Ui yCpeAHEHHOH (QYHKIMN
pas3nuuuii rucTorpaMm cpenHee 3HaueHue Ar pasno 1,204. A 00-
asi BeAM4YuHa qucrepcnu gocruraet 3Hauenus 0,338.

Torna, ecnu U KiIacCU(QUKALMK pe3ysbTaTa OOHAPYKEHHUS
pa3MBOB HE(TENPOAYKTOB HMCHOJIB30BaTh PAHTOBBIH aJTrOPHTM
BH7A

e (dy ~ ) =] 0 €S 0
S1gn — =
gn Uy, —Up, 0< 4, e4,
rae
1 M
d01(02) :VZ| HTI/Hk - HTI/I—Nk | (5)
k=1

3mech Ui — abCoOMIOTHAST Pa3HOCTh MEXKIY BEKTOPOM JTaJIOH-
HOro onucanust Hry.1 Kiacca 41, COOTBETCTBYIOIIET0 U300pasKe-
HHIO C OTCYTCTBUEM Pa3IMBOB HE(PTENPOILYKTOB U OAHOTO U3 00-
pabarbiBaeMbIX H300pakeHuid Hry.n 9TOTO ke Kiacca; o, — pas-
HOCTB ME@X/y BEKTOPOM ATAJOHHOTO ONMcaHus Hry.1 Ki1acca A u
OJIHOTO M3 00padaThIBaeMbIX M300paxeHnid Hry.n Ki1acca 4,, co-
OTBETCTBYIOIIETO M300paKEHHUIO C Pa3nBaMH HE()TETIPOIYKTOB.
[TockonbKy B anropuT™Me MPHHATHS penieHns (4) HCKOMOW BeIH-
YHHOI BBICTYHIAeT ajreOpanvecKkas pasHHLA MEXIY BEKTOPaMH
NPHU3HAKOB, TO MOXHO 3aKJIIOYHUTh, YTO HENOCPEACTBEHHOE HC-
HOJIb30BAHUE TUCTOIPAMM pacIpelieNieHust SIPKOCTH B KayecTBe
KOHEYHBIX BEKTOPOB IIPHU3HAKOB PaclO3HABaHUS HE MO3BOJIUT I10-
JYYHTh BBICOKYIO JIOCTOBEPHOCTH pe3yabraroB. [ToaToMy HeoOXo-
JIIM TIOMCK K CHIDKCHUIO AMCIEPCHUU MEPBUYHBIX BEKTOPOB IPHU-
3HAKOB M300pa)KCHUH, XapaKTepHU3yOLIUX OJMH U TOT JKe KJlacc
pacrio3HaBaeMbIX N300paKECHHH.

Br100op nexoppesinpyiomero npeoopazoBaHus
JJISl CHUKEHHUS] BADHATHBHOCTH THCTOTPAMM
oOpadaTbiBaeMbIX H300paKeHU i

OpnHol M3 MPUYMH BBICOKOM BapUAaTUBHOCTH THCTOIPAMM SB-
JseTcs M3Ha4YanbHas HM30BITOYHOCTH TECTOBBIX W300pa)KeHHH,
00yCIIOBIICHHAS TOCTaTOYHO CHJIBHON IPOCTPAHCTBEHHOHN KOppe-
nsiuent ux anemeHTos [ 15, 19].
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TOMY ObLIIa BBIIBUHYTA TUIIOTE32, YTO IPUMEHEHHUE JIEKOp-
peNMpYIOMNX MpeoOdpa3oBaHMil K TUCTOTPaMMaM pacTIpeeIeHUs
SIPKOCTH, COOTBETCTBYIOLINM PA3IMYHBIM H300Pa’KCHUSIM OTHOTO
u T(gg)nce KJ1acca, MO3BOJIMT CHU3UTh UX BAPHATHBHOCTb.

omacHoO [20], oCHOBHOM 3a/1adeil JEKOpPEeIHpYIONIIX Ipeodpa-

30BaHUN SIBIETCSI CHIDKCHHE O0BhEMa TIPEICTaBIIeMBIX A 00pa-
OOTKH TaHHBIX TIPH COXPaHEHNH MX WH()OPMAIMOHHOTO HAIOTHEHHSL.

Cpenu JIeKoppeMpyoIuX peoOpa3oBaHuil MIMPOKOE pac-
MPOCTPaHEHHE TOMYYMIIN CIIeYIONINE:

CUHTYIIsIpHOE 1peoOpasoBanue [21];

nIuckKpeTHoe peodpaszoBanne Kapynena-Jlossa (JIITKJT) [22];

JIUCKpETHOE KocuHycHoe mpeodpaszosanue (JIKIT) [23];

U TUCKpeTHOE BelBieT-npeodpasosanue ([IBIT) [24].

Cunrymsipasie peobpazosanusi (anri. Singular Value Decom-
position — SVD) orrocsTcst K crocobaM (akTopu3anul KoM-
TUIEKCHBIX MAaTPHII, C MOCIESAYIOINIMM UX MacUITaOUpOBAHUEM U
MOBOPOTOM. AHAJIMTHYECKH ONepaiiio HaKToOpH3ani KOMILUIEKC-
HBIX MaTpull M TI0 CHHTYIISIPHBIM 3HAUYSHUSIM M X N MOXKHO Tpe/-
CTaBUTh B CIIEIYIOIIEM BHJIC:

M=UZV". (6)

rae U — KoMIUIEKCHas! yHUTapHast MaTpULa PasMEPHOCTBIO M X M;
X — naroHasbHas MPAMOYTOJIbHAS MaTpUIa (MaclTadupyomas
Marpuia) pa3MepoM M X N, y KOTOpOW JUaroHajJbHbIe 3HAUYCHHS
HEOTPHIATENBHBL, V' — KOMIUIEKCHO COMPSKEHHAst TPAaHCIIOHH-
pOBaHHas Marpulia KOMIUIEKCHOW YHHTapHOH martpuipsl V, pas-
MEpPHOCTH KOTOPO# N X N.

OC00EHHOCTD CHHTYJISIPHOTO Pa3JIOKEHUSI COCTOUT B TOM, 4TO
JIMarOHAJIbHBIC IIEMEHTHI G; = Xjj MaTPHIIBI X TPEJICTABISAIOT CO-
0ot cuHTYIsIpHBIe 3Ha9eHU MaTpuilsl M. [IpuMeHnTenbHO K 00-
paboTke m300paskeHNH B KadecTBE MaTpUIlsl M BEICTYTalOT OUTO-
BbI€ 3HAUYCHUS], OMPEEISIONNEe HHTEHCUBHOCTD SIPKOCTH. 3aMe-
TUM, YTO TOYHOE Pa3JI0KEHHE 110 CUHTYJISIPHBIM 3HAYEHUSIM IIpHU-
MEHHUMO JIMIIb K KBAaZPATHBIM JUArOHAJIM3YyEeMbIM MaTpuiiam. JTo
CBSI3aHO C TE€M, YTO AJITOPUTMOB pacueTa sl JPYTUX CTPYKTYp Mar-
puIl He cyliecTByeT. Ha mpakruke juist pacyera cOOCTBEHHBIX 3Ha-
YeHUH Marpul] HanOoJee MHMPOKOe PUMEHEHNE MOy UTepa-
IUOHHEIA anroputM SIkoom [15]. Bmecte ¢ TeM cymiecTBeHHBIM
OrpaHUYEHUEM MPAKTHYECKOTO MPUMEHEHUSI CHHTYIISIPHOTO TIPE00-
Ppa30BaHMs SBIISIETCSI 3HAYUTEIHHOE KOJIMYECTBO HEHYIIEBBIX CHHTY-
JSIPHBIX 3HAYEHWH, YTO JIENAeT WX BBIUKMCICHNS HENPAKTHUHBIMHU
[25]. TloaToMy mprMEHEHHE CHHTYISPHBIX TpeoOpa3oBaHmil Ui
00paboTKK TUCTOTpaMM H300paKeHHUH Helenecoo0pasHo.

HuckperHoe npeodbpaszoBanue Kapynena-JIosBa oTHOCHTCS K
ONTHUMAJIBHBIM NTPe00pa3oBaHUsSIM HaOOpa TaHHBIX, PE/ICTABICH-
HBIX BEKTOPOM Xn B 06a3nce OPTOTOHANBHBIX (YHKIIUI, OTpeems-
eMbIX KOBapHaIllMOHHOW (yHKIHMe# npouecca. To ecth nmpeodpa-
3oBanue Kapynena-JlosBa X; kak Obl afanTUPYeTCs] K XapakTepy
N3MEHEHHS] BEKTOpa 00padaThIBaeMbIX JTAHHBIX Xn.

X, =N21Xkek(t)~ (7

rzie ex(t) — BelecTBEeHHbIC HeMpephIBHBIC (DYHKIMN Ha HHTEPBAJIC
[a, b], koTOpBIC SBIAIOTCS MOMAPHO OPTOTOHAJLHBIMH, T.€.
L*([a, b]).

Ocobernnocts JATTKJI cocTONT B TOM, YTO HCIIONB3YEMBIE B HEM
6azucHble pyHKIMKM oproHopMupoBaHHbie. [Tpu atom JTTKIT mMuHz-
MH3UPYET OOIIYI0 CPEIHEKBaIPATHYHYIO OLIMOKY MpeoOpa3oBaHusl
MO OTHOIIEHHIO K JIIOOBIM JIpyruM IpeoOpasoBaHusiM  [26].

-
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A nucniepcusi popMHpyeMoOro pesynbrara X SBISCTCS CyMMOM
aucnepeuit ero cocrapisitonnx. Kpome roro, paznoxenue Kapy-
HeHa-JloaBa 00namaeT CBOMCTBOM MHHHAMANBHOW SHTpormu. Ho
OCHOBHBIE CIOKHOCTU mpaktuueckod peanuzanuu AIIKJII cBs-
3aHbI C BEIYHMCICHNEM COOCTBEHHBIX BEKTOPOB JIMHEHHOTO onepa-
TOpa, 0 YeM yKa3aHo B [27].

JluckpetHOe KOocHMHyCcHOe mpeobpasoBanue (amrim. Discrete
Cosine Transform, DCT) — niuHeiiHOE OPTOrOHAIBHOE TPe0Opa3o-
BaHMUE, SIBISIOIICECS] TOMOMOP(H3MOM BEKTOPHOTO ITPOCTPAHCTBA
npeodpazoBanusi @ypre. B HacTosiiee BpeMsi H3BECTHO YEThIPE
Buza JIKII [28], cpenut KOTOpBIX HaNOOJIbIIEE TPAKTHIECKOE TIPH-
noxenne nomyumno JIKII, oGecrieunBartomiee mnpeodpa3oBaHue
HabOpa JaHHBIX Xo, ..., XN - 1, B HA0OP:

N-1
X, =D x,cos[k(n+0,5)n/n)], ()
n=0
mak=0,...,N-1.

Peanuzauma JKII npenmonaraer, 4YTo Xn YETHO s
=-0,5un=N-0,5; a Xc uetno s k= 0 u meuetno s K = N.

AHanu3 pe3ynbTaToB HccienoBaHus [29] mokasan, yTo s
U300paKeHH ¢ BBICOKOH AMHAMUKON u3MeHeHus (ona, JIKII
npourpsiBatorT JIBII mo mHorum mnokasarensm. Ilpu stom co-
IJJACHO pe3ysbTaTaM MCCIENOBaHUM MpeacTaBIeHHbIX B [30],
JBII sBnsercs nHamOonee 3()h(HEKTHBHBIM JIEKOPPETHPYIOIINM
mpeoOpa3oBaHueM, OOECIIEUMBAIONIMM HAMIYYIIyl0 KOHTPACT-
HOCTb ME@X/y BEKTOPAMH ITPU3HAKOB, XapaKTEPHU3YIOIIHNX aJIbTep-
HaTUBHBIE KJIACCHI IPU MUHUMH3ALIH UX Pa3MepHOCTH. JlaHHbIN
aprymenT omnpexnemi Beioop /IBII B xadecTBe HHCTpyMeHTa IS
HoCNIeNyIoIe 00paboTKH THCTOrPaMM pacIpelieNieH s IPKOCTH
TECTUPYEMbIX U300paKECHUII.

B of0mem ciyyae AMCKpETHOE BeHBIET-IPeoOpa3oBaHue
MIPE/ICTaBIsIeT COOOM pe3ysbTaT AEKOMIIO3MIIMK 0OpadarbiBae-
MOTO TIpoliecca B 0asucax BeiBier-(ynkimii (anri. wavelet) [31].
CBoiicTBO MacmITaOMPYyeMOCTH BeHBIET-QYHKINI OTKpPBHIBAET
BO3MOKHOCTP JIOKQJIN30BaTh Pa3JIMUHbIC 0 XapakTepy HM3MeEHe-
HUSI WCCIIEAYEeMOTO Mpolecca B PA3IMYHBIX ITPOCKIHAX Mac-
mrTabda, YTo MO3BOJSIET PACCMATPUBATH UX TPHU OJMHAKOBOM pa3-
pELICHNH, HE3aBUCUMO OT PEAJIbHBIX Pa3MEPOB.

B o6mmem ciryuae, peamusarmst JIBIT W(K, n) mpeacrasiser co-
00i1 CBepTKYy BXOHOW peayM3anyu oOpabarsiBaeMoro mporecca
X(t) 1 popmupyromiero MmarepuHckoro BeiBnera y(t) [32]

N-1 k
L[ xow| . )
N
rae N — nepeMeHHas capura; K — nepemenHas maciiraoa.

Takum obpazom, B coorBerctBuu ¢ (9), ABII mpeacrasnser
co00li pe3ynbrar JICKOMIIO3HIMK BXOIHOTO Mpolecca IyTeM ero
niocnenoBarenbHol BY n HU-¢unbTpaniy ¢ BpeMeHHBIM CIBUTOM
N ¥ KpaTHOMAcCIITaOHBIM H3MEHEHHEM aMIDTUTYJHO-4aCTOTHOM Xa-
pakrepuctukn HU-dunsrpa g[2n — t] u BU-¢wmisrpa h[2n —t].

Ipu atom pesynsrar BU-dumsrparmu h(2n — K) mossosnser mo-
Jy4UTh JeTAIU3UPYIOLIME 3HA4eHHs, OIpelesieMble  Kak
BeiiBneT-koaddunmentsr Yey(n), a HY-puisTparms g[2n — t] Be-
JIeT K (OPMHPOBAHMIO ANMPOKCUMHUPYIOIMX KO3()(HUIMEHTOB

Yuu[N]:

W (k,n) =

N-1

Yar (M =3 X021 -1) + Yy (M) = 3 XOICN-1)

t=0 t=0

(10)

OUIBTPBI, OMHUCHIBAEMBIC TIOCPEICTBOM BhIpaxkeHui (10), mo-
JMYYUIN Ha3BaHUE KBAJpPaTYPHBIX 3¢pKAIBHBIX (QuiIsTpoB [33].
ITocnenoBarenpHast peanu3anys Mpoueayp, B COOTBETCTBUH C BbI-
paxxenmsima (10), BemeT kK HOPMUPOBAHUIO TBYMEPHOU MAaTpPHUIIBI
BeiiBIeT-K03(h(QUIIMEHTOB, KOTOpasi KaK pa3 M MPEJCTaBISIET CO-
6ol nuckpeTHOE BeliBneT-peodpasoBanue [34].

C npencrasneHHbIx no3urmi IBI1 MoxHO paccMaTpuBaTh Kak
pacrpezienieHre SHepruu (B paccMaTpuBaeMOM CIIydae aMILTHTY/I-
HBIX 3HAYEHWI T'MCTOrpaMM) B MPOCTPAHCTBE MX MAacCIITaOHBIX
npeoOpa3oBaHWil ¥ BPEMEHHBIX CIBHIOB, pPeajH3yeMbIX Ha OC-
HOBE (POPMHPYIOIIHNX (TTOPOXKIAIOIINX ) MATEPUHCKHUX BEHBIIETOB.

Bwmecte ¢ Tem, anann3 Beipaxkenus (9) nokassiBaet, uro J(BII
oOecrieunBaeT KPaTHOMACHITAOHBIN CIIBUT, MPOMOPIHOHAIBHBIN
MHOKUTENIO0 2%, B TIpesieiax KOTOpPOTO KaK pas M IIPOMCXOMIHT
ycpemHeHue 00pabaThIBaeMbIX 3HAYCHHH BHOIb ocu N. s wc-
KJTIOYCHUS TIOTEPH HH(POPMATUBHOCTH IIEPBUYHBIX BEKTOPOB IPHU-
3HAKOB B PE3yJbTaTe UX YCPEIHEHUS! Ha KaXJOM IOCIEIYIOIEM
casure 2%, 6e3 MOTepu OOIIHOCTH BOCHONb3yeMcs HEPephIBHOI
(hopMoii KpaTHOMACIITAOHOTO BEHBIICT-IIPEOOPA30BaAHUS, OIIPEIC-
JIIEMOTO CIEeIYIOUINM BhIpaxkeHueM [31]

W (k,n) =% j x(t)\y[t_Tnj dt.

KparnomacmtabHoe mpeoOpa3oBaHHE, OIMMCHIBAEMOE BBIpa-
skenueM (11), Tarxke mo3BossieT GOPMUPOBATH JIByMEPHBIE Mart-
PHILIbI BEUBIET-KOAPPUIIEHTOB, CTPYKTYpa KOTOPBIX Oy/IeT orpe-
JIeTSITBCS] TUTIOM (hOpMUpYIOLIeii BeiBieT-pyHKInU y(*).

(11)

ObocHoBanue popMmupyouieii BeiiBiaeT-pyHKkuumn
JUISl KPATHOMACIITA0OHOTO TIPe0dpa3oBaHust HAJl THCTOrPAMMAMM
o0padaTbIBaeMbIX H300paKeHN

CBoiicTBa BeiiBIeT-IpeoOpa30BaHUi BO MHOTOM OIIPEIeIis-
I0TCsI BBIOOPOM MCXOHOW TIOPOXKIAtoIei (QyHKIINH.

[pocreiimeit hopmupyromeit GyHKIUEH (1anee Mo TeKCTy —
MaTepUHCKUI BEHBIIET), UCIIOIB3YEMOM JIJIsl KpATHOMACIITAOHOTO
npeoOpa3oBaHus, SIBJSIETCSl BeWBIET Xaapa, ONMUCHIBAEMBIN Clie-
JIyIOIIMM BbIpaxkeHueM [35]:

1, 0<t<0,5;
y()=<-1, 0,5<t<;
0, te[0, 1).

(12)

A macmtabupyromas GyHKIUS s BeliBiera Xaapa (masee
0 TEKCTY — OTILOBCKUI1 BeiBIIeT) onpeesnsiercs: GopMyIioii:

0. () I, 0<t<l;

(=
0, te[0, 1). (13)
3mecs u manee HIHKHUN HHACKC Y+ (1) ompenenseT mepByro
OykBy Ha3BaHuUs (PyHKIMH BeHBIeTA.

B coorBercTBHM C aHANMTHUECKOH (OPMOW NpeCTaBICHHS
thopmupyromeii dynkiun Beiisiera Xaapa yx(t) (12), anemenTs
BXOJIHOW peasii3alny IPYHIUPYIOTCS M0 /Ba. A 3aTeM JuIsl Kax-
JIOW TPYTIITBI BEIYUCIISIETCSI X CyMMa M Pa3HOCTh. YKazaHHas 10-
CJIE/I0BATEIBHOCTD TPOLEAYpP Peann3yeTcs peKypcuBHO, ¢ 00pa-
30BaHMEM HOBOTO YPOBHS MacmITabHOTO TpeoOpa30BaHUs B TIPO-
CTPaHCTBE BPEMEHHBIX cIBUTOB [32]. B pe3ynbrare BHITOTHEHUS
YKa3aHHBIX Mpomeayp nosyyatot 25~ ! yposHeii nekomMnosuimii u
OJHY OOIIYI0 CyMMy B BH/IE€ OIIMOKH (OCTaTKa) amipOKCHMAIIUH.
Ha pucyHke 8 moka3aHo BpeMEHHOE MPEACTABICHNUE OTI[OBCKOTO
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ox(n) u marepuHckoro yx(N) BeiBineroB Xaapa. Ha pucynke 9 mo-
Ka3aHO BpEMEHHOE Ipe/icTaBiieHue BeiiBnera J{ooemnm.

(P‘(t‘) — on® 1
X
REgREL AN i
wx(t)
wat)

L : v

Puc. 8. BpemenHoe npezcrasieHue
(opmupyroleit 1 MacITabupyo-
el pyHkimii BeiiBnera Xaapa

Puc. 9. BpemenHoe npezcrasieHue
(opmupyroILei 1 MacIITabHupyo-
et pynxuwmit Beiisnera JloGemm

B /IBII aktuBHOE MpUMEHEHHE HAXOST BeiBieTsl Jooemn.
DTO ceMelCTBO OPTOTOHAIBHBIX (DYHKIMH, HE MMEIOIIUX aHAH-
THYECKOTO ONMHUCAHUS, KOIPPHUIUECHTH KOTOPBIX PACCUUTHIBAIOT
Ha OCHOBE UTEPALMOHHBIX aIropuTMOB. [IpeacTaBnstoT ux cie-
IyroIuM oopasom [36]:

V(M =2 gp2n-1)
t=0 , (14)

0,(M =23 ho@n-t)
t=0 (15)

Pacuer ormnoBckoro BeiiBieTa @(N) MPOUCXOIUT TPH UCTIONb-
30BaHUM BBIYMCICHHBIX 3HAYEHUH OPTOTOHAIBHBIX HOPMHPOBAH-
HBIX KOX((HUINEHTOB, MOMYYHBIINX Ha3BaHHWE KOA((OHUIMECHTHI
Jo6emn am3kux nopsiakos [36]. B wactHocTH, Ha puc. 9 mpen-
CTaBleHbl (OPMHUPYIOIIMH W  MacCIITaOMPYIOIIUI BEHBIETHI
Jo6emm ya(n) u a(n) 4-ro nopsiaka.

B JaJIbHEIeM OyneM paccMaTpuBaTh JIUIIb (HOPMHUPYIOIIHE
MarepuHcKre (QyHKIIMH OCHOBHBIX BUJIOB BEIBIICTOB.

J1st AMCKPETHBIX AaHHBIX JOCTATOYHO YacTO UCTIONB3YIOT, TaK
Ha3bIBacMbIC, JyaJIbHbIC (JIBOWHBIC) BEWUBIIETHI, CHHTE3UPYEMbIC
Ha OCHOBE IIePEAaTOYHbBIX XaPAKTEPUCTUK HU3KOUACTOTHBIX U BbI-
COKOYaCTOTHBIX (pUIBTPOB, WiH R-pyHKIHNA, CBI3aHHBIX CIICTYTO-
M yenosueM [37]:

\V}ls(n) = (pZ[B(n)+Z(pZ[B(2n) (16)
7€ Z — HEKOTOPOE KOMIUIEKCHOE YHCIIO.

®opmupyromas (mopokaaromas) (QyHKIHS s JTBOHHOTO
BeliBiera neMoHcTpupyercs Ha puc. 10. Ha puc. 11 moka3ana mac-
mTabupoBaHust PyHKIMS OMOPTOrOHAJIBHOTO BeiiBiera, Ko3hhu-
LIUEHTBI KOTOPOH aNIpOKCUMHUPOBAHbI IOCPEACTBOM B-crutaiina.

I
| N

I
i |

‘ t
/ t] ey L[y
Wl

iU
T

ki

I AL
I

Puc. 10. Bpemennoe mpezcras-
JeHre GOpMUpYOLIEeH QYHKINH
JIBOMHOTO BeMBIICTA

Puc. 11. Bpemennoe npejcras-
nenue Gopmupyromen GyHKIHI
OHOPTOTOHAIBEHOTO BeHBIIETA
B-spline

B o06paboTke u300pakeHUil MIMPOKOE TMPUMEHEHUE HAXOISIT
OuopTOTOHAIBHBIC BelBICTH (B-crutaiiHoBbie (aHrn. B-spline)
BeiiBnersr) [38]. ImaBHas 0COOEHHOCTH OHOPTOTOHATIBHBIX
BEHBJICTOB 3aKJIFOUACTCS B TOM, YTO (POPMHUPYEMBIi HA UX OCHOBE
KpaTHOMACIITAOHbIH 0a3uc HE SIBISCTCS OPTOTOHANBHBIM [37].

-
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OnHako mpUMeHEeHHEe OMOPTOrOHAILHBIX BEHBIIETOB JIOITYCKAaeT
OoJtbIie BO3MOXKHBIX CTEIICHEH CBOOOJBI JUIS MOCTPOCHHSI CHUM-
METPUYHBIX BeHBIICT-QYHKIMH. B mpeoOpa3oBaHMsSX Ha OCHOBE
OMOPTOrOHAJILHBIX BEHBIETOB NMPHUMEHSIOT JBE (hOPMHUpYIOLIHE
V5, V' U IBE MACIITa0HPYIOIHE Op, O’5 (PyHKIIHN.
AHaIUTHYECKH 3TO MOYKHO TIPEJICTABUTH CIICAYIOIINM 00pa3oM:

N-1 N-1
o5(n) = Z pe(2n-1) ¢ (n)= D> pe(2n-t)
t=0 t=0

: (17)
() = Z D" p_,,.0(2n—1)
vim =3 (=D p.,0'2n—t)

t=0 . (18)

B (17) u (18) ko pumrenTs! pt U P't SIBISIOTCS paCYCTHBIMH,
3HAYEHUS KOTOPBIX NMPECTABICHHI B [39].

Bwmecte ¢ Tem Hanbosee mupokoe MpUMEHEHNE B KpaTHOMAC-
mMTa0HOM aHAJM3€E IMOJTYyYWJIN BeiBieTsl [aycca pasiaMyHBIX MO-
psanoxoB [26, 28, 30, 31, 40]. B ananuTHueckoM BHUE BEHBIET
lNaycca N-ro mopsaka MOKHO NPEACTaBUTh HA OCHOBE CIEIYIO-
IIETO BBIPAKEHHUSL:

o d" 2
Yy (D) =(=1)" —exp (17 /2)

rae N — nopsaoK audQepeHpoBaHus.

CornacHo Beipakenuto (19), noeiienue nopsiaka auddepes-
LUPOBAHMS BEIET K YBEINYCHNIO KOJIMYECTBA OCLMIIIALUN (QyHK-
LM Ha JUTUTEIBHOCTH ee j1eMeHTa. [109ToMy yuuThIBasi, 4To ru-
CTOrpaMMbI IIPEACTABIIAIOT COGOﬁ BCEKTOPbI JUCKPCTHBIX 3HAYC-
HUH, IPUMEHEeHNe BeWBiIeT-QyHKIMIA BbIIIe 2-r0 TOps/Ka He 1ie-
necooOpasHo.

C y4eToM Takoro orpaHHYeHNs], aHATUTHIECKIE BBIPAKEHHS,
OTHCHIBAOMIIE BeiBNeThl [aycca 1-ro m 2-ro mopsigka, OymyT
HUMETh BUJL:

vy, (1) = —texp (-t* /2) ’

V() = (-t exp (£ /2). o

Bpemennoe npencrasnenue BelBieroB laycca 1-ro m 2-ro
MOPSIAKOB IEMOHCTPUPYETCS, COOTBETCTBEHHO, Ha puc. 12 u 13.

(20)

3akJ/oueHne

[TomyueHHBIE Pe3ynbTaThl HO3BOJISIIOT CAENATh BEIBOJL O TOCTH-
JKeHWU IIeJICBON yCTAHOBKH, HAIIPABICHHON Ha pa3paboTKy aHa-
JUTHUYECKOTO ammapara, MO3BOJISIOIIETO MOMYYUTh BEPOSITHOCT-
HYIO OLICHKY Pe3yJIbTaToB 00pabOTKU N300pakeHHH.

HeCMOTpH Ha TO, UTO O6’beKTOM HCCJICJ0BAaHUA ABJIAJINCH PC-
3yJIBTaThl Pa3IMBOB HE(PTEIIPOIYKTOB B aKBATOPHSIX MOPEH U OKe-
aHOB, pa3pabOTaHHbIN aHATMTUYECKHUIT arnapar MOXeT ObITh IPH-
MEHEH U B JIPYTHX 00JacTsIX HayKHd U TEXHUKH, CBSA3aHHBIX C 00-
paboTKo KanpoB (OTO U BUICOM300paKECHUIA.

B pabore 060cHOBaHO MOHATHE aHOMAJINH, 110J] KOTOPBIMH, B
IIIPOKOM AaCIEeKTe, aBTOPHI MOHUMAIOT AJIeMEeHTHl (oHa ((par-
MEHTBI) TpauUecKoro HW300paKCHHs, BO3ZHUKAIOIIAE B
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pesyabrare BHEIHUX (pakTopoB. B wactHOCTH, ITOCIIENCTBUH pa3-
JIMBOB HE(DTENPOIYKTOB.

B kareropusix TEOpUH pacro3HaBaHUs 00pa3oB MPEATIOKEH
MOX0A K (POPMHUPOBAHUIO TEPBUYHBIX M BTOPUYHBIX BEKTOPOB
MIPU3HAKOB 00pabaThIBaeéMbIX H300pakKeHUH HAa OCHOBE THCTO-
rpaMM paclpeaeNeHus IPKOCTH, C MOCISNYIOIeH UX KpaTHOMac-
mTabHON 00PabOTKOM.

JlokazaHa Iienecoodpa3HoCcTh BbIOOp BeiiBiera [aycca 1-ro
MOpSIJIKa B IEKOPPEIHUPYIOIei 00paboTKe BEKTOPOB MPU3HAKOB.

HpaKTI/I‘ICCKyIO HaIpaBJICHHOCTD IMMOJTYYCHHBIX PE3YJIbTATOB UC-
CJIETOBaHHI aBTOPBI CBSI3BIBAIOT C X IIPUMEHEHUEM IS TOMCKA 3a-
JaHHBIX (PParMEHTOB M300paKEHUH B OONBIINX 0a3aX TaHHBIX.
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INCREASING THE CONTRAST OF IMAGE RECOGNITION FEATURES BASED ON
MULTISCALE PROCESSING OF HISTOGRAMS OF THEIR BRIGHTNESS

Sergey V. Dvornikov, Saint-Petersburg State University of Aerospace Instrumentation;
Military Telecommunications Academy, St Petersburg, Russia
Alexander R. Bestugin, Saint-Petersburg State University of Aerospace Instrumentation, St Petersburg, Russia
Irina A. Kirshina, Saint-Petersburg State University of Aerospace Instrumentation, St Petersburg, Russia
Dina V. Vasilieva, Saint-Petersburg State University of Aerospace Instrumentation, St Petersburg, Russia, dolli.dina@mail.ru
Alexander P. Vasiliev, Moscow Technical University of Communications and Informatics, Moscow, Russia

Abstract

The problem of detecting anomalies in processed images obtained from visual monitoring equipment becomes par-ticularly relevant during environmental monitoring of the world's
oceans when searching for the results of oil prod-uct spills. Under the anomalies in the presented study, fragments of the image characterizing the consequences of oil product
spills are identified. As a scientific research tool, the elements of the pattern recognition theory are defined, according to which the processed images are represented as feature
vectors. The purpose of the work — to consider possible approaches to wavelet transformations of primary feature vectors using decorrelating processing to select a wavelet
that allows for the smallest differences between feature vectors of processed images characterizing the same class. An approach to the formation of secondary recognition fea-
tures is proposed by averaging the components of multiscale transformation matrices of histograms of the brightness distribution of images along the axis of their shift parame-
ter. The choice of histograms characterizing the distribution of brightness bits of processed images as primary feature vectors is justified. The transition to the choice of an exces-
sive number of decomposition scales in wavelet transformations during the formation of secondary feature vectors is justified. To consider possible approaches to wavelet trans-
formations of primary feature vectors using decorrelating processing to select a wavelet that allows for the smallest differences between feature vectors of processed images
characterizing the same class.The validity of the proposed approach is confirmed by the simulation results. The choice of histograms characterizing the distribution of brightness
bits of processed images as primary feature vectors is justified. The types of wavelet transformations and various types of generating functions are considered.

Keywords: image anomalies, oil product spills, feature vectors, recognizable image classes, histograms of image brightness distributio
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B pabote paccmoTpeHa npobneMa oGecneuveHusa 6GeszonacHoctu 6GecnposopHoW
nHdppacTpykrypbl MHutepHera Bewei (loT = Internet of Things) B koHTekcte MnaycTpum 4.0.
KpuTnueckuM BbI30BOM ABNAETCA OrPaHUMUYEHHOCTL pecypcoB GecnpoBoaHbix loT-ycTpoiicTs
(aBTOHOMHOe 3HepronoTpebneHue, BbIYUCIUTENbHAA MOLLUHOCTb, 0ObeM MaMATHU), YTO He
NoO3BONAET NPUMEHATL CIIOXKHbIe KpUnNTorpacuyeckne anropuTMbl B peanbHoOM BpeMeHu. [na
pelleHusa >3ToW 3afja4yM NpPeANoNKEHO MWCMOoNb30BaHUE MONYNpPOBOJHUKOBBLIX (DUIUYECKN
HeknoHupyembix ¢yHkumnit (PUF - Physically Unclonable Functions), reHepupyiowmnx
YHUKasNbHble NCEBAOCIYYaliHble NOCNeA0BaTENIbHOCTU Ha OCHOBE CllyYaiHbIX Bapuauui
TEXHONOrM4eCKoro npolecca nNpoMsBOACTBa MHTerpanbHbix cxeM. MpeacTaBneHa cucteMHan
mMopenb loT-uHdpacTpykTypel B TEpMUHAX TEOPUM MHOXKECTB, MO3BONAIOLLAA BbIMONHATL
CTPYKTYPHbI U NapaMeTPUUECKUit CUHTe3 B XOAe NPOeKTUPOoBaHMA. OCHOBHBLIM Hayu4HbIM
BKNaZiomM sABnsetca  paspaboTtka cxeMoTexHuveckow Mogenu  XOR-BeHTMAA,
onTtuMusnposaHHoi aAna cuHtesa PUF Ha ocHoBe pekoHdpuUrypupyeMmbix KonbLeBbIX
reHepatopoB. Mogene agantuposana nog KMOIM-texHonorunio TSMC 180 HM u nossonser
Ha paHHMX 3Tanax NpoekTupoBaHua GecnpoBoaHbix loT-ycTpoicTB No 3aka3HOW TEXHONOTUN
BbIGMpaTe paumoHanbHble KoHdpurypauun PUF c yvyetoMm dpakTUueckux orpaHuYeHuiA.
MposepeHo uucneHHoe MopenupoBaHue MetogoM Moute-Kapno ¢ yvetom
KOpPEeNUpPOBaHHbIX U HEKOPPENUPOBaHHbIX TEXHOJIOrMYECKUX Bapuauuin. PeanusoBaHbl aABe
TecToBble OGBA3KM ANA HaKomnneHusa O6uTOBbIX nocnepoBatenbHocTed. [lonyveHHble
pesynbrathl BepudUUUPOBaHLI U NPOAEMOHCTPUPOBANM COOTBETCTBUE TEOpPeTUYECKUM
oXuAaHuAM, noateepxaas 3¢ EeKTUBHOCTL MPeANoKEHHOro noAaxoAa ANA CUHTe3a
nceBAoOCNyYaiHbIX OMUTOBBLIX MOCnefOBaTeNbHOCTER ANA Lened uAeHTUdUKALUM ¢
ayTeHTuduKaumm 6ecnposoaHbix loT-ycTpovicte. JanbHelilume uccnefoBaHuA HanpasieHbl
Ha OL|eHKY HaZJle)KHOCTU M YCTOMYMBOCTM K aTakaM C UCMONIb30BaHUEM MALLUMHHOIO 0GyyeHus.
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BBenenue

[lepexon k yeTBepTOi MpOMBINLIEHHOH peBomronnu (Mumy-
ctpus 4.0) oOycioBieH pa3pabOTKOM M aKTHBHBIM BHEIPEHHEM
kubeppmnaeckux cucteM (KOC, CPS — Cyber-Physical System)
B Pa3JINYHBIE CEKTOPHI 5KOHOMHUKH C LIEJIBI0 OPTAaHU3ALNH YMHOTO
MIPOM3BOACTBA, 110]] KOTOPBIM IIOHUMAIOT B3aNMOAEHCTBHE MEXK LY
yMmHOU (habpukoit U ymHO#l npoaykiuei. HMcrnosb3yembie B pa-
60Te onpeaeneHNsT OCHOBAHbI HA TPUHSTHIX B POCCUHCKHUX M MEXK-
JTYHapOJHBIX CTaHAApTaX MOHATHAX (Tabi. 1). YMHOE mpomn3Boa-
CTBO MOYXHO 0XapaKTePHU30BaTh UCIIOJIb30BAHHEM aBTOMATHU3UPO-
BaHHBIX CUCTEM YIIPABJICHUS, BSaHMOﬂeﬁCTByIOLHHX MCXKIY CO-
0011 Oe3 HEMOCPEJCTBEHHOTO YUACTHS YCIOBEKA C MPUMEHCHHEM
TEXHOJIOTUH MCKYCCTBEHHOTO MHTeiekTa. A Munycrpuio 4.0 —
KaK KOHILENTYaJbHYI0O MOJENb CO3/IaHHs E€IMHOTO LU(PPOBOTO
MIPOCTPAHCTBA, I'7ie pru3ndecKue 00BEKTH M HeMaTepHaIbHbIE aK-
THUBBI TIPEJICTaBICHbI BUPTYIFHO M MOTYT B3aHMOJICHCTBOBATH
JPYT € IpyrOM Ha NPOTSHKEHUH CBOETO KU3HEHHOTO UKIIA.

Tabmuma 1

[lepeuenb cTaHIapPTOB, OMPEACIISIOUIUX TOHATHS
MPEIMETHON 00JIaCTH

ICOCT P 71531-2024 «Cucremsl kubepduzrueckue. TepMHHbI 1 OLPEIeNICHUSD.
COCT P 71576-2024 «Cuctems! kubepouzmdeckue. OOILHe HOT0KESHUSD).
COCT P 59799-2021 «YMHOE pou3BOACTBO. MOIeNb 3TAIOHHOH ap-
xuTekTypsl nuaayctpud 4.0 (RAMI 4.0)».

COCT P 71842-2024 «1ludpoBast IpOMBIILICHHOCTE. Y MHOE IIPOH3BOJICTBO.
Hactb 1. TepMUHBI U onpeiesICHUs»

ISO/IEC 20924-2021 Information technology — Internet of Things (1oT)
= Vocabulary.

Kapkacom Muayctpun 4.0 BRICTYNaeT CTEK KIFOYEBBIX TEXHO-
JIOTHA, KOTOPBIN BKIIIOYAET: UCKYCCTBEHHBINH HHTEIIeKT (Al — Ar-
tificial Intelligence) u wmammnaHOe 00yuenune (ML — Machine
Learning), GoJpline qaHHBIC M MPEIUKTUBHYIO0 aHATUTHKY (Big
Data), mudpossie apoiinuku (Digital Twins), uareprer Berueit
(10T — Internet of Things), pacrpeneieHHbIE U BBICOKOPOH3BOIU-
tesnpHble Beruncienus (HPC — High-Performance Computing), po-
00TH3MPOBAHHbBIC M MEXaTPOHHBIE arcHTHI, JIOTIOJHEHHAsI  BUPTY-
anmpHas peambHOCcTh (AR/VR — Augmented/Virtual Reality) u p.

Texuomorus 10T B mpencTaBIeHHOM CTEKE ONpEAENseT WH-
(pacTpyKTypy B3aUMOCBS3aHHBIX CYITHOCTEH, CHCTEM M MH(OP-
MaITHOHHBIX PECYPCOB, a TAKOKE CITyKO0, TO3BOJIAIOMIX 00padaThI-
BaTh HH(OpMALHIO O HU3HIECKOM U BUPTYAILHOM MHPE U Pearu-
poBaTh Ha Hee. Takas ”HPpPACTPyKTypa MPeACTABICHA CEThIO JaT-
YHUKOB, CCHCOPOB, KOHTPOJIbHO-U3MECPHUTEIIbHBIX Yy3J10B u
yctpoiictB (KMYY), cobuparonux AaHHbIE O COCTOSHUN O0BEK-
TOB M MapamMeTpax MpOLECcCOB, MPeodpasyoKX UX K yJ00HOMY
(dbopmary ¥ nepeialoIMX B €IUHYIO CUCTEMy 00pabOTKH, KOTO-
pble 00anaoT nHTepEiicoM MOIKIIOUSHNUS K TIPOBOTHBIM CETSIM
i OecipoBOIHBIM KaHaaM cBsi3u. [Ipuyem 6ecripoBosmbie 10T-
YCTpOMCTBa MOJY4YalOT Bce OOJbIIee paclpoCTpaHEHHE B CHITY
TTOBBIMICHHUS] THOKOCTH CUCTEM, X MOOWIJIBHOCTH ¥ MacIITaOupy-
€MOCTH, a TAKXKE IPOCTOTHI YCTAHOBKH U 0OCITy>KUBaHUSI.

Obecmieuenne kubepOesomacHocTH  |0T-HHPpPACTPYKTYpHI
K®C Tpebyer KOMITIEKCHOH 3alIUTHI KAaHAJIOB CBSI3M, KOHEYHBIX
YCTPONCTB 1 00pabaThiBaeMbIX JaHHBIX. [lepexo Ha 6ecrpoBo-
HbIe UHTEP(]ENCHI pacupseT MOBEPXHOCTh aTaK 3a CUET YSI3BU-
MocrTeil puznyeckoro ypoBHs (epexsar, IIyIlIeHne, MOAMEHa 11a-
KETOB), YTO KPUTHYECKH MOBBIIIACT PUCKH KOMIPOMETAIMH IO

CPaBHEHHUIO C NIPOBOAHBIMU Te€XHOJOTrUsAMH. IIpriMeHeHne Heno-
BEPEHHOM AIIEKTPOHHOI KOMIIOHEHTHOW 0a3bl M HECAHKIIMOHUPO-
BaHHOE IOJIKJIFOYEHHE CTOPOHHUX YCTPOWCTB BBICTYNAIOT UCTOY-
HUKaMH 3JI0HAMEPEHHBIX OIIMOOK B BHJIE CTOPOHHHX aTak, Ipo-
BOLIMPOBAHUS OTKA30B U cOOEB B 0OCITYy)KUBAHUH, HEJIETaJIbHOTO
JIOCTYIA K JIaHHBIM, HapYIICHUS! UX [EJIOCTHOCTH U JIOCTOBEPHO-
CTH, YTO HETAaTUBHO CKa3bIBACTCSl HA OE30MaCHOCTU W 3alIUIICH-
Hoctu loT-uadpactpykrypsr KOC.

OOBEKTOM TIpe/UIaraeMoro HMcCIEAOBaHUS BHICTYMaeT Oe3-
oracHOCTh OecnipoBoHbIX 10T-ycTpoticTs. [Ipobiema — orpanu-
YeHHBIE PECYPCHI U BO3MOKHOCTH OecripoBoaHBIX 10T-ycTpoiicTs
(crmabpie POIIeCCOPB/MUKPOKOHTPOIIIEPEI, MaJIO TTAMSATH, Y3KHA
KaHaJll CBS3U, TMMUT 3HEPronoTpeOIeH s U Ap.) Ul UCIIOIb30Ba-
HUSI CJIOKHBIX 3alUTHBIX MEXAaHHU3MOB B PEAJbHOM BPEMEHH.
[TpeameT uccenoBaHus — MOJIXO/bI K BHYTPHCXEMHOH pean3a-
LM YHUKAIBHBIX 32U THBIX MEXaHU3MOB C y4eTOM (PaKTHYECKUX
orpaHu4eHui 6ecripoBoHBIX |0T-yCcTpONCTB.

[enp npensioxeHHONW pabOThI — peanu3aliys ¥ UCCICI0BaHNE
TeHEPaTOPOB YHUKAJIBHBIX IICEBIOCITYYaHHBIX OMTOBBIX MOCIIEI0-
BaTEJIBHOCTEH Ha OCHOBE IOJIYNPOBOJHUKOBBIX (PU3NYECKH He-
KJIOHMpYeMbIX (QyHKumili ams obecrieueHus: MACHTH(UKAIMU ©
ayTreHTH(pHUKAIUN OecTipoBOAHEIX |0T-yCcTpOicTB.

OCHOBHBIE Pe3yIbTATHI:

1. Ilpemnoxxena cucremHast Mozaenb |0T-uHppacTpyKTypsl B
TEPMHUHAX TEOPUH MHO>KECTB.

2. OrmpeneneHa COBOKYITHOCTh TpeOOBaHU K O€CTIPOBOTHBIM
loT-ycTpoiictBaMm 1 0003HaUEHO TEPCIEKTHBHOE HATIPaBIICHUE
(OpMHUPOBaHUS YHUKAIBHBIX TICEBIOCTYYaHHbIX MTOCIIEI0BATEb-
HOCTEW Ha OCHOBE MOJYPOBOJIHUKOBBIX (PU3NUECKH HEKIOHUPY-
embix ¢yukrmit (PUF — Physically Unclonable Functions).

3. IlpemnoxkeHna cxemorexHudeckas monaeinb XOR-BeHTHIIS,
KOTOpast M03BOJISIET CHUHTE3UPOBaTh, MOACIMPOBATh M BHIOMpATh
panmonanbsHble KoHGUrypaun PUF st peanmzannu B crienya-
JM3UPOBAHHBIX MHTETpaibHBIX cxemax (ASIC).

4. TIpoBeneHO YMCICHHOE MOJAEINPOBAHNE PEKOHPUTYPUPY-
EMBIX KOJNBIeBBIX TeHepaTopoB (RO), BeICTyMAIOMMUX B Ka4ecTBE
nmonmynpoBonHukoBoit PUF, m wuccnemoBaHme XapaKTEpPHCTHK
c(hOpPMUPOBAHHBIX UMH TICEBIOCITYyYalHBIX OUTOBBIX MOCIEOBA-
TespHOCTEH. [lomydeHHbIe pe3yabTaThl MPOAEMOHCTPUPOBAIIH CO-
OTBETCTBHE TEOPETUIECKUM OKHJIAHMAM M pe3ylbTaTaM APYTrux
aBTOPOB, HO Ul 0a3uca MPOrpaMMHUPYEMbIX JOTUYECKUX HHTE-
rpanbHbIx cxem (IIJIMC).

1 ApxurtexTtypa u ocodennoctu |0T-nndpacTpyKkTyphI

B ob6mem ciyyae 10T-uHdppacTpyKkTypy MOXKHO paccMaTpH-
BaTh KaK CUCTEMY Fe€TEPOTre€HHBIX CUCTEM, KOTOPBIE Pa3InvaroTCs
BUJIOM B3aHMOJICHCTBHS C OKPYIKAIOIIMMH CUCTEMaMH, CTETICHbBIO
CBSI3HOCTH, TOIIOJIOTHEH M TEXHOJIOTMEH CBs3M, Ha3HAYCHUEM,
TEXHUYECKUMH W (YHKIHOHAJIBHBIMH OTPAHUUCHUSMH W JIP.
(puc. 1). Maremarnuecku apxurektypy |0T-undpactpyKkTyps!
MIPEICTAaBUM KOPTEXKEM MHOXKECTB (u3ndeckux 10T-ycTpoiicT —
E, cereii cBsi3u — N, (hopmMaTOB HaKaIIMBaEMBbIX JTaHHBIX — D, BbI-
YHCIUTEIBHBIX pecypcoB — C, mpuiokeHnii — App, TeXHOJIOTHH
obecrieueHns: KOMIUIEKCHOI 0€30IacHOCTH — S U TeXHUUYECKHX /
(hyHKIMOHATBHBIX TpeOoBaHMi 1 orpanndeHuii — R.

Archy,r = [E,N,D,C, App, S, R]. (1)
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Puc. 1. Apxurexrypa |0T-undpacTpyKTypht

MmuoxectBo l0T-ycrpoiicts (E) Britouaer snmemeHTsl cbopa
MaHHBIX (maTauku/ceHcopbl, KUYV u T.1.) 1 akTyaTopsl — 3Je-
MEHTBI, BBIIOJHSIOIINE ACHCTBHSI HAX OOBEKTAMH yIPaBICHUS
(peryJsTopsl, HePeKIIFOYATENH, CEPBOIPHBOABI, KIAAHbI U T. [1.)
W OTBevawlle 3a B3auMojeiicTBue KubeprpocrpaHcta 10T ¢
(bU3NUECKUM MHUPOM.

MmuoskectBo cereii cBsi3u (N) BKIFOYaeT CTaHAAPTHI U IIPOTO-
KOITbI Mepenayr MHPOPMALUK C UCIIONB30BaHUEM MPOBOAHBIX U
0ecrpOBOTHBIX TEXHOJIOTHH, a TAKIKE YCTPOUCTBA, 00eCIICUNBALO-
IME CETeBOC B3aMMOJICHCTBHE — KOMMYTATOPbI, IITIHO3bI, TOUKH
nocryia, 6a30Bble CTaHIMK | Jp. [IpaBiia opraHu3anuu u QyHK-
LMOHMPOBAHUSI CETEH CBSI3H OMPEIEIISeT CTEK IPOTOKOJIOB OT (hH-
3MYECKOTO0 YPOBHS 10 MpHUKIagHoro. Bzaumoneiicteue 10T-
YCTPOWCTB C IPYTHUMH JIEMEHTaMU HHPPACTPYKTYPHI paCCMaTpPH-
BAaIOT Kak MEeXMaIMHHy0 kommyHukarmio (M2M — Machine-to-
Machine) B pamMkax KOTOpO# B 3aBUCHMOCTH OT TI€JIH M YPOBHS
HUHTETpalui BBIACIIAIOT ABE MOACIIN:

e Things-to-Machine (T2M), koTOpast OIUCHIBAET CLIEHAPHIA
B3aMMOJICHCTBHST OKOHEUHBIX YCTPO#CTB coopa manubIxX (Things)
¢ UHTEJUIEKTyanbHOi cuctemoit (Machine) B Buae koHTpoIiepa,
KOMIIbIOTEpa/cepBepa win obmaunoro cepsuca (IL{O/] — menTp 06-
pabOTKK JTaHHBIX) JUIsl TTOCTOSIHHOM WIIM NEPUOAMYECKON Iepe-
Ja4d HaKOIUICHHOW nH(popmarmu. Kak npaBuio, 3ToT clueHapuii
MpelyCMaTPUBAECT OJHOCTOPOHHUI OOMEH JTaHHBIMH.

e Things-to-Things (T2T), koTtopas ONUCHIBAaCT CLCHAPHIi
B3anmoyeicTBus 10T-ycTpoiicTB Mex 1ty coboit 6e3 npsimoro yda-
CTHS YEJIOBEKa JIUIsl COBMECTHOT'O PELICHUS 3a7a4 WM CO3/1aHHs
CJIOXKHOM, NMHAMHUYECKOW M, 3a4acTyl0, CaMOOPraHU3yIoLeHcs
CEeTH — JIByXCTOPOHHHH OOMEH.

MuosxectBo (hopmatoB nanHbIX (D) BKiIrouaer npapmia npen-
CTaBJICHUS HAKAIUIMBAeMOH 1 IiepeaBaeMoii HH(pOpMaLiH, KOTO-
PpbIe HEMOCPEACTBEHHO CBS3AHBI C HCIIOIb3YEMBIMHU IIPOTOKOJIAMH
nepeayu (tadi. 2).

MHOXECTBO BBIYHCIUTENBHBIX pecypcoB (C) BKiIIOUYaeT 1eH-
TpaJIM30BaHHBIC WIN paclpe/esieHHble HH(POPMAIIOHHO-BbIYHC-
JIMTEJIbHBIE CPEACTBA 00PAOOTKH IaHHBIX, IOCTYTAIOIINX OT OKO-
HEYHbIX yCTpoHcTB. [Ipocreiiine BBHIYMCICHUS MOTYT BBIIOJ-
HATBCS HA MHUKpOKOHTposuiepe |0T-ycrpoiicTBa (Ipy HAIWYNK).
WHTennexkTya bHbI aHAIW3 JTAHHBIX BBIIOJIHSIOT HA CIELUAIIb-
HBIX BBIYUCIUTENBHBIX pECypcax COriacHO BEIOPaHHOM BHIYMCITH-
TEJILHOW MOJIENH:

e T'pannunbie BBuHcieHus (Edge Computing) — momens
pacTpeieIeHHBIX BRIYHCICHUH, B KOTOpOil 00padoTka mH(opMa-
UM [IPOUCXOAUT B HEMOCPEICTBEHHOH ONM30CTH K MECTy, IIe
JaHHbIEe OBLIM MOJIy4eHBbI M OyIyT UCIIOIb30BaHbI B JalbHEHIIEM
(Ha «rpanure» cetu) [1, 2].

e O06mnaunsie Berancienus (Cloud Computing) — mozerns 1ieH-
Tpanu3oBaHHBIX BeravcieHui B [IO/] u nata-mieHTpax Ha yiaieHHbIX

—
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cepBepax W/WIIM BBICOKOIPOU3BOIUTEIBHBIX BBIYMCIUTENBHBIX CH-
cTeMax, KOTOpBIE MPEIOCTABISAET IpoBaiiiep 0OJauHBIX CEPBHCOB
[3]. Bo3moskHO HCTIONBE30BaHHE KOMMEPUYECKUX O0JIAYHBIX CEPBHCOB
TI0 TIOJITHCKE WJIA CEPBHCOB C OTKPBITBIM JIOCTYIIOM, KOTOPBIE MOTYT
OBITH NPEAOCTABIICHBI HE TOJBKO KJIIOYEBBIM IIPOBAMIEpOM, HO M
CTOPOHHMM TIOCTaBIIMKOM. VIHTerpais 00JauHbIX BBIYUCICHUH
texHonoruu Blockchain mossossier opranmsosats pacpeieneHHyo
JIOBEPEHHYIO BBIUUCIUTEIILHYIO CETh, Y31aMU KOTOPOU BBICTYINAIOT
«obnaka». Vcronp3oBaHue pacnpesIelieHHOTO PeecTpa yCTpaHseT
€IMHYIO TOUKY OTKa3a, [IOBBIIIAET IIPO3PAYHOCTh OIEPALIUI U 3alllU-
[aeT JIaHHbIE OT (panbcupurarym [4].

e Tymannsie Berumcienus (Fog Computing) — monens ae-
LEHTPAIM30BaHHBIX BBIYMCICHHH, B KOTOPOHl BBIYUCIHUTEIbHBIC
pecypesl, XpaHWITHIIA JaHHBIX U CETEBBIC CEPBUCHI Pa3MELICHbI
OJIKe K KOHEUHBIM YCTPOWCTBAM M UCTOYHHKAM JaHHBIX, (Gop-
MHPYS IPOMEKYTOUHBIA CIOH MEXIy HUMH U obnakoMm 1 Oa-
JAHCUPOBKH BBIYMCIHTEIBHON HArPY3KH M MPOITYCKHOH croco0-
HOCTH ceTH [5].

Ta6uuma 2

@opmMaThl JaHHBIX ¥ IPOTOKOJIBI IIEpeadu B
loT-un¢pacrpykrype

Ha3zBanue | Hcrounuk

(I)OpMaTl)I JTAHHbIX

Texcmogvie ghopmamul Ona Xpanenus u 06mMeHa
CHIPYKMYPUPOSAHHBIMU OGHHBLWU

XML .
: RFC 3023: XML Media Types. January 2001. 39 p.
(eXtensible Markup https://datatracker.ietf.org/doc/html/rfc3023
Language)
JSON . .
(JavaScript Object ISO/IEC 21_778.2017 Information technology — The
. JSON data interchange syntax
Notation)
CSsv RFC 4180: Common Format and MIME Type for
(Comma-Separated | Comma-Separated Values (CSV) Files. October 2005.
Values) 6 p. https://datatracker.ietf.org/doc/html/rfc4180

/eouunvle ghopmamol 0ns Xxpanenusn u 06Mena CHPYKmypupoanHbIMu
OaHHbBIMU

Protocol Buffers v35.1
https://github.com/protocolbuffers/protobuf/
releases/tag/v35.1

Protobuf
(Protocol Buffers)

Apache Avro Avro1.12.1
https://avro.apache.org/blog/releases/
Parquet 2.13.0
Apache Parquet httpg://parquet.apache.org/blog/
IIpoTokoiibl nepegayu
CoAP RFC 7252: The Constrained Application Protocol
(Constrained Appli- (CoAP). June 2014, IETF Trust and the Document

Authors. 112 p.

cation Protocol) |y . rfc.frirfclen/ric7252.pdf

ISO/IEC 20922:2016 Information technology —
Message Queuing Telemetry Transport (MQTT) v3.1.1.

Q'\Sgﬂg(%?:;aegtfy TOCT P 586032019 MrchOpMAIHOHHBIE TEXHOO-
T rud. Murepuer Bemell. IIportokon opranuzaimu
ransport) . o
o4uepeaeu NO0CTaBKU TCIIEMETPUICCKUX COO6I]_[eHI/II/I
MQTT. Bep. 3.1.1.
Data Distribution | Object Management Group. Data distribution ser-
Service vice for real-time systems, 2004.
AMQP (Advanced |ISO/IEC 19464:2014 Information technology —
Message Queuing | Advanced Message Queuing Protocol (AMQP) v1.0
Protocol) specification
XMPP (Extensible |RFC 3920 & 3921: Extensible Messaging and

Messaging and Pres-
ence Protocol)

Presence Protocol (XMPP): Core. October 2004.
91 p. http://www.rfc.fr/rfc/en/rfc3920.pdf

MHOXecTBO TpuUioKeHui (ApP) BKIIOYAET MPOrPaMMHBIE
peIIeHs o] Pa3TNYHOE armapaTHoe odbecnedeHue (cMapThOHEI,
CCHCOPHBIC MMAaHEeNN, HACTOJIbHBIEC/TIEPEHOCHBIE KOMITBIOTEPHI H
CEepBEPHI, U Jp.), IPEICTABICHHBIE B IUIOCKOCTH MOJIb30BATEINs U
IUTOCKOCTH pa3paboTdynka. B mepBoM ciydae 3T0 MOOWIBHBIC
MIPWIOKEHNUS, Web-CTpaHHIIbl, IPOrpaMMbl BU3yaIU3alUd U 00-
paboOTKH 3arpocoB, JOCTYIHBIE B UCIOJIB30BAHUM AaXe JJIsl He-
KBaM(UIMPOBAHHBIX TOJIb30BaTeNieil. Bo BTopom ciiydae 310
OHMOJIIMOTEKH IPOTPAMMHBIX KOMIIOHEHTOB, IPOTrPaMMHBIE HHTEP-
deiicer npuioxxenuii (APl — Application Programming Interface),
Bl u CYB/, T.e. crenuanu3upoBaHHbIE CPENICTBA, MpeAHA3HA-
YeHHbIE JUIS Pa3padOTYMKOB MPOIPAMMHOTO 00ECIEeYEHHUS.
MOXHO BBIICIUTH UEPAPXUIO MPUIOKEHUH OT YPOBHS OTJIEIb-
HBIX IT0JIb30BaTENEH 10 ON3HEC-ypOBHS U YPOBHS OTpaciel mpo-
MBIIIJIEHHOCTH € Y4eTOM Macmrada BOCTPeOOBAHHOCTH M YHH-
BEPCaAILHOCTH.

MHOXXECTBO TEXHOJIOTHH OOecreueHns KOMIIEKCHOH 0e3-
oracHocTH (S) BKIIIOYAET METO/Ibl U MHCTPYMEHTHI, o0ecrieunBa-
IOIIME 3aIIUTy BCeX 3JIeMeHTOB |0T-uHBpacTpyKTyphl, MpeaoT-
BpallleHHe YSI3BUMOCTEH M HECAHKIIMOHMPOBAHHBIA JOCTYI MPU
UX UCTIOJIb30BaHUHU B PAa3HBIX CLIEHApUIX B3auMoaencTus [6]. Ha
ypoBHe obecniedeHusi OezornacHocTH |0T-yCTpOHCTB BaKHBIMH
CpEeACTBAMHU BBICTYNAIOT: HICHTHU(HKAIMS — paclo3HaBaHHE
YCTPOWCTBA M €ro CBOMCTB 0 YHHKaJIBHOMY INpu3Haky [7, 8],
ayTeHTU(UKAIM — TIPOBEPKa MOJIMHHOCTH I10JIb30BATEIS,
YCTPOWCTBA WU CHCTeMBI [9-11] u aBTOpH3aITHsI — MpeaocTaBIIe-
HHE ITPaB Ha OCYIIECTBIICHUE OTPE/ICIICHHBIX ICHCTBUH 1 JOCTyTIa
K pecypcaM. AyTeHTH(UKAINS HCTIONb3YET OTKPBIThIE / 3aKpbl-
ThIE KJIIOYM W CTIEHHAIN3APOBaHHBIE MpoToKousl [12, 13]. B oc-
HOBE ayTEeHTH(UKAIINN KaK ITPOIIecca YCTaHOBJIEHHS, YTO YCTPOIi-
CTBO (ITOJTB30BATENh) NEHCTBUTEIIBHO SABJISIETCS TEM, 33 KOTO CeOs
BbIAACT, JIC)KAT PA3JIMYHBIC PCIICHUA:

e ®dakropras ayrentudukarms (FA— Factor Authentica-
tion) — MeToa MOATBEPKACHNS MOATMHHOCTH YCTPOUCTBA (ITONTb-
30Bartessl), MPU KOTOPOM TPEeOYeTCsl NCII0JIb30BaHNE HECKOIBKUX
HE3aBHCUMBIX ()aKTOPOB U3 pa3HbIX KaTeropuil. Pacnpocrpanena
nByxdakropnas ayrentudukanus (2FA) — gacTHbIN ciydait MHO-
rogakTopHoi ayrentudukanun (MFA), ncrons3yronmii TOJIBKO
JBa (hakTopa.

e Bsammnuas ayrenrudukanus (MA — Mutual authentica-
tion) — Meros, MpH KOTOPOM TIOUTHHHOCTE MOATBEPKAAIOT 00€e
CTOPOHBI COEIMHEHUS /IO HayaIa 0OOMeHa JaHHBIMH.

e Ayrentudukanuu yepe3 otaenbHblii kanan (OOBA — Out-
of-Band Authentication) — MeTox mOATBEpKACHUS TOATHHHOCTH
C MCHOJIb30BaHUEM OT/AEIBHOTO HE3aBUCHMOTO KaHaJa CBSA3H, OT-
JIMYHOTO OT OCHOBHOTO KaHaJla Mepe/iadu JJaHHBIX.

MHOXXECTBO TeXHUUECKHX / (YHKIIMOHAIBHBIX TPEOOBAHUH 1
orpanndeHuil (R) BKkiIIouaeT paspemieHHBIE MM JIOITyCTHMBIC
JIMAIIa30Hbl ISl TTAPaMETPOB CHCTEMBI M HCIIOJIb3yEMBIX pecyp-
COB, 00s13aTeNbHBIC U ONMIMOHAIBHBIE BO3MOYKHOCTH, HOPMAaTHB-
Hylo 0a3y u T. 1. Hanpumep TexHmueckue TpeOOBaHHMS 3aJaroT
9HEeprod(GeKTUBHOCTD, MPOIYCKHYIO CIIOCOOHOCTh, COBMECTH-
MOCTb, YCTOHYHUBOCTD, BO3MOKHOCTH BEPTHKAIBHOTO U TOPH30H-
TAJTBHOTO MAacIITaOMPOBAaHUS;, (QYHKIMOHAIBHBIC TpPEOOBAHUA
OTIPEIETISIIOT CIICHapUH cO0pa U TIepejadn JaHHBIX, JIOTHKY HX 00-
paboTKH 1 (POPMHUPOBAHMS YHPABIAIOMNX BO3ACHCTBUN T aK-
TyaTOpOB, aCMEKThl BU3yaJIM3alMU U MHTepdeiica moab30BaTeIs
IUI TIPWIOKEHHH; HOpMaTHBHas 0a3a periaaMeHTHpyeT oOpa-
OOTKY NepCOHAJIBHBIX IAHHBIX, B3aUMOJICUCTBHE C KPUTHIECKUMH
nHppacTpykTypamu (3apaBOOXpaHEHHE, MPaBOOXPAHUTEIbHBIC

_—
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CIIy’KOBI, DHEpreTHKa W Jp.), pa3pelieHus] Ha HCIIOJIb30BaHHE
OIIPE/ICTICHHBIX TEXHOJOTUI M CEepBHCOB, JIOTOBOPHBIE OTHOIIE-
HUSI MEXKY ITPOBAHICPOM U TTOJIb30BATEIIEM.

B xonme mpoextupoBanust |0T-uHGPaCTPyKTYpbl OCYyIIECTB-
JISIFOT CTPYKTYPHBIN M TApaMETPUUECKUN CUHTE3, a TAK/KE aHAIN3
1 ONITHMU3AIIMIO MTOTY4aEMbIX PEIICHHUH, KOTOPbIE HA PAHHUX CTa-
JUSAX OCHOBAaHBI HAa COBOKYIMHOCTH TEOPETHKO-MHOMXECTBEHHBIX
orepanuii Haj sneMeHTamu Koprexa Archyyr (1), uro no3sosser
OIIPE/ICTISITh COCTAB HEOOXOJMMBIX KOMIIOHEHTOB, PacCIpe/eisTh
Harpy3Ky ¥ OCYLIECTBIISITH OIaHCHPOBKY MEX/y [IUTI03aMH U pe-
CypcamMH TPaHUYHBIX, TYMAaHHBIX U OOJIAYHBIX BBIYMCIICHHUH, MO-
JISTIMPOBATh CBSI3M M OTHOILICHUS OJIMH-KO-MHOTUM / MHOTHE-KO-
MHOTHM, MacIITabupoBaTh M YIIPABIATh TOJCUCTEMaMH | JIp.

2 Be3onacHocTh 10T-ycTpoiicTB ¢ MCNOJIL30BAHIEM
noJaynpoBogHuKoBbix PUF

K 6ecnipoBosiabiM |0T-ycTpolicTBaM B OTJIIMYMH OT IIPOBOTHBIX
MIPEABSBISIOT 0COObIE TPEOOBAHMSI K YHEPrOMOTPEOICHHUIO U [T -
TEILHOCTH aBTOHOMHOM pa6OTLI, IMPOU3BOAUTECIIBHOCTH BCTPOCH-
HBIX BBIYHCIIUTEIBHBIX PECYPCOB, K AaJIBHOCTH U CKOPOCTH Iiepe-
Jlau¥l JTaHHBIX, a TAK)Ke K 0€30I1aCHOCTH, YTO CBSA3aHO C YS3BUMO-
CTSAMH M aTakaMH — BO3MOXKHOCTBIO IlepexBara paJuOCHIHaja,
MOZMEHBI JaHHBIX ¥ HECAHKIIMOHMPOBAHHOH MHTErpanueil cro-
POHHET0 YCTPOICTBA B CUCTEMY.

OreHka 5HepronoTpedIeHNs B TeUCHHUE UK HKCIITyaTalun
loT-ycrpoiicTBa MOKeT OBITH BBINIOJHEHA HA PAHHUX CTAIUSIX
npoektupoBanus 10T-HHPPACTPYKTYpPHI C y4eTOM 0COOEHHOCTEH
HCTIOTH3yEeMOM TEXHOJIOTHH OecTipoBOaHOM cBs3u [14-16]. MuHu-
MajbHas IPOM3BOIUTEILHOCTh BCTPOCHHBIX BBIYMCIUTENCH
TaKOKe BBICTYIIAET OrPAaHUYCHUEM Ha HCIIOJIb30BaHHE HAIEKHBIX,
HO BBIYUCIIUTENBHO CIOKHBIX TEXHOJIOTUH MU(POBaHUS JaHHBIX
u ayreHtudukauuu. [Toaromy aist odecrieueHns 6€30MaCHOCTH
OecrnipoBoiHBIX |0T-ycTpoiicTB paccMaTpuBalOT BAPUAHTHI C y4e-
TOM 0003HAa4YeHHBIX OrpaHnueHuid. OIHO W3 TEPCHEKTHBHBIX
HanpaBJieHH# (OPMUPOBAHUS YHHKAIBHBIX TICEBIOCTYYailHBIX
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MOCJIEI0BATEILHOCTEH U U(POBBIX KIIOYEH C MX HMCIOJIb30Ba-
HHEM — BHYTPUCXEMHAsl peaJIn3alysi MoJIyIpOBOIHUKOBBIX (DH3H-
yeckH HeknoHupyembix Gpyukuuii (PUF — Physically Unclonable
Functions), B 0OCHOBE KOTOPBIX JICKAT CIIy4ailHble BApUALIUH TEX-
HOJIOTHYECKOTO Ipoliecca TPOM3BOJICTBA HHTErPAJBbHBIX CXEM
[17, 18]. B obmem ciryuae PUF onpenenera MHOKECTBOM Imap 3a-
npoc-otet (CPR — Challenge-Response Pair), kotopsie Herpe-
CKa3yeMBbl H He MOJJal0TCs KIOHHpoBaHHio. [IpuMeHeHne pekoH-
turypupyemsix cxeM PUF mo3BossieT Ha orpaHIYeHHOM MHOYKe-
CTBE JIEKTPOHHBIX KOMIIOHEHTOB, 3aHHUMAIOIIMX MHHHMAJIBHO
HeoOxoaumyto iomanb kpucrama VC, dopmupoBars cemeii-
cTBO noTeHmanbHo nosie3Hsix CPR, rue 3ampocer (C) akTuBu-
PYIOT KOHKPETHYIO KOH(HIypaluio, KOTOPOH COOTBETCTBYET
yHUKaIbHBIN OTBET (R).

Bentmis «Uckirouatomiee-UJIN» (XOR) — 3 dhexruBHbIi Oa-
3uc peanuzanuu pexonpurypupyempix PUF ¢ Toukm 3peHus
(hyHKIIMOHAIBHBIX BO3MOKHOCTEH M MUHAMH3ALUK 3aHIMaeMOn
roma i Ha kpuctamie (puc. 2). Ecim Bxonst XOR-BeHTHIIA pac-
cMaTpuBaTh Kak ynpasisttorwii (CX) n nHpopMannoHHsIi (IX), TO
B CHJIy (DYHKIMOHAJIBHBIX OCOOCHHOCTEH B 3aBUCHMOCTH OT 3Ha-
YEHHS yIPaBIISIONIEr0 BX01a BEHTHIIb MOXKHO PACCMaTPUBATh KaK
unBeptop (Cx = 1) mium xak 6ydep (Cx = 0). 310 006CTOATEIHCTBO
H03BOJIAET (POPMUPOBATH CTPYKTYPHI, PeKOH(UTYypHpyeMBIE ¢ 110~
MOIIBIO 3HAYEHUII YNPaBIAIOIINX BXOHOB, COBOKYIHOCTh KOTO-
PBIX ompenenseT yHukaiabHbIi 3arnpoc PUF (C).

Cx Ix QOut

0 0 01/1x

Cx=0
Ix Ix
Out | > 0 1 s

Cx=1 _ 1 0 111
Ix Ix -
1 1 0/x

Puc. 2. XOR-BeHTHIIb ¥ BApHAHTHI PEKOH(PHUTYPHPOBAHHUS
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SNEKTPOHUKA. PAODMOTEXHMKA

B pabote npemnoxeHa cxemorexHudeckas moenb XOR-BeH-
THJISL, KOTOpasi YYUTHIBAET OCOOCHHOCTH HCIIOJIb3yeMOil WHTe-
rpajbHOM TexHOoJoruu mpu TpousBoacTBe MC OecrpoBOIHBIX
10T-ycTpoiiCTB 1 MO3BOJISACT YK€ Ha PAHHHUX CTAAUAX MIPOCKTHPO-
BaHMS (IO CO3J[aHUS TOTOJIOTHH) CHHTE3UPOBAaTh, MOJCIUPOBATh
U BBIOMpaTh panuoHainbHble KoHpurypauun PUF, obecrieunBaro-
uwe ¢Gopmuposanue moyiesHbix CRP. Monens XOR-BeHTHIIS
IpecTaBlIeHa CIIUCKOM COeIMHeHHMH B popmate PSpice, cootet-
CTBYIOIINM cXeMHOI1 peanu3anun B 6azuce KMOII-Tpan3ucropos
(puc. 3). Monenb n03BOJISIET 3a/1aBaTh lTapaMeTpPhl BapHaLMid TeX-
HOJIOTMYECKOT0 MpoLecca, He00X0MUMBbIE IS TIOCIE Ty IOIHX CTa-
TUCTUYECKUX UCHBITAaHUN MeToaoM MonTe-Kapio, B xozne KoTo-
PBIX OLIEHMBAIOTCS JUHAMHYECKUE XapaKTEPUCTHKH KaK CaMoro
BEHTWIIS, Tak ¥ pekoHpurypupyembix cxem PUF Ha ero ocHose.

B kauecTBe TakMX CXEM PAacCMOTPEHBI PEKOH(HUTYpPHUPYEMBbIC
kounblieBbie renepatopsl (RO — Ring Oscillator) ¢ usmensembiM
KOJIMYEeCTBOM KackazoB (puc. 4) [19-21]. Obs3arenbHOE TpeOOBa-
Hue k RO — koHpHUTypHpOBaHUE HEYETHOTO YHCIIa HHBEPTOPOB B
cxeme. [l N-CTaaMiHOTO Kackaja BO3MOXHO (OPMHpPOBaHHE
21 yHUKANBHBIX CXEM KOJIBIEBBIX TEHEPATOPOB.

> D> P>
(> P>P>
[T 1] -rondurypawm RO 1 W
AT P

Puc. 4. Crpykrypa KonbiieBoro remeparopa ua tpex XOR-BeHTHIIIX
Y BapHAHTBI PEKOH(YHUTYPHPOBAHUS

3 DxcnepuMeHTAJIbHbIE HCCIeI0OBAHUS

Jlnst moATBep K ACHNMS TOCTHXKEHHS SN pab0ThI — pean3aliy 1
WCCIIE/IOBAHMSI T€HEPATOPOB YHUKAIIBHBIX TCEBOCITYYalHbIX OMTO-
BBIX IOCJIE/IOBATEILHOCTEH Ha OCHOBE MOJIYTIPOBOIHUKOBBIX (pr3nye-
cKkH HekJToHupyeMbIx (ynkiwmit (PUF), npeHasHaueHHBIX JUTIsS HIICH-
TUQUKAMK U ayTeHTH(HUKau OecripoBoaHbIX |0T-ycTpoiicTs, —
TIPOBE/ICHa CepHsl YNCIICHHBIX YKCIIEPUMEHTOB. B Xoze nccnenosa-
HUIi BBITIOJTHEHA BepuQuKamms cxemorexHmdeckoir monemn XOR-
BeHTWIS. PexoHdurypupyemsie kombleBble reneparopsl (RO), Bbl-
CTyTIalOIINe B KadecTBe momyrnpoBomHnkoBoir PUF, peamm3oBanb
Ha geTsIpex XOR-BerTmix. Mogempoarre RO BBITIOTHEHO METO-
noM MonTe-Kapio Bo BpeMeHHO# 001acTH ¢ ncrosb3oBanreM EDA-
cpeapl PSpice A/D (CADENCE) nipu 3 000 urepanusix. [Tapamerpbt
mozenu XOR-BenTmist Hactpoens! o, KMOIT-TexHomnoruo TSMC
180 HM; cydaifHbIe BApHAIMH TEXHOIOTHYECKOTO TIPOIIECCa 3a1aHbI
HE3aBUCHUMBIM pa3dpocoM mapameTpoB (3% Mo HOpMalIbHOMY 3a-
KOHY OT HOMHMHAJIOB) M KOPPEINPOBAaHHBIM pa30pocoM B mapThu (5%
10 PaBHOMEPHOMY 3aKOHY). Pacuersl MpOBOAMIMCH Ha BBIYMCIIH-
TenbHOM cucteme ¢ mporeccopom Intel Core i5-7000 (3.4 I'Tr, x64)
n32Tb O3Y.

Jnst HakoIUIeHWs TICEeBAOCIYYalHBIX IT0CIIE0BATEIbHOCTEN
NPEIUIOKEHBI U PEATN30BAHBI JIBE TECTOBBIC OOBSI3KH — CYETUHK
nMmyabcoB Ha Beixone RO (paspsmHocTs 10 OMT) M CIBUTOBBIN

PETUCTp C BapbUPYEMOM JUIMHOU OT 8 110 16 pa3ps 0B 1JIs HAKON-
JeHUsS OTCYETOB BBIXOAHOTO curHaita RO ¢ mpopexuBaHHEM
BHYTPH BPEMEHHOTO OKHa. B mpormecce Bepudukannu noarsep-
JKIICHBI CTaTHYECKHE M JUHAMHYecKHe xapakrepuctukun XOR-
BEHTHJIS.

ITo uroraM CTaTUCTUYECKUX HCHBITAHUH MOCTPOCHBI TUCTO-
rpaMMbl YUCJIOBBIX 3HAYCHUH, HAKOIUICHHBIX B CUETUUKE U CJIBU-
TOBOM PErHCTpe, KOTOPBIE OTPaKAIOT IIMPOKHUH AMANa30H H3Me-
HeHust yacToTbl RO npu Bapuanuy TEXHOJIOTHYECKUX MapaMeT-
POB, UTO CBUAETENHCTBYET O UYBCTBUTEIBHOCTH MPEAJIOKEHHOM
CTPYKTYPBI K TEXHOJIOTHUECKUM (IIYKTyarusiM (pHuc. 5).

350

300~~~ - I

Konnuectso

480 490 500 510 520 530
3HaueHne cueTinka (l)

Konnuectso

4
3HaueHvie peructpa

x 10* 6)
Puc. 5. ['ucrorpaMma HaKOTUICHHBIX 3HAYSHUN TIPU JJTHHE BPEMEHHOTO
okHa 150 He: B cuetunke (a), B cABUTOBOM 16-pa3psaHoM peructpe (0)

Ha ocHoBe TIOJTY4YCHHBIX BBI60pOK paccuuTaHbl KIIFOUYEBLIC Xa-
pakrepuctuku PUF — ynukansaocts (Ug — Uniqueness), oaxo-
poxrocts (Uf — Uniformity) i o6mmast murnmansHas suTporus (E)
— JUTst 00erx 00BSI30K MPH JITMHAX CABUTOBOTO peructpa 8, 10, 12,
14 u 16 pa3psnos (tadum. 3). Pe3ynbraThl IjIsl CIBUTOBOTO PETH-
CTpa JEMOHCTPHPYIOT COOTBETCTBHE OXXHMIAEMBIM TEOpETHYE-
ckuM 3HaueHusM: UQ u Uf crpemsites x 0.5, a E — k 1, uto noxn-
TBEPXKJIAeT CTATHCTHYECKYIO HE3aBHCHMOCTh U PaBHOMEPHOCTh
BBIXOIHBIX MOCJIEAOBATEIFHOCTEH. DTH JAaHHBIE KOPPEIUPYIOT €
pesynpTaTamMu Ipyrux aBropoB ains PUF Ha ocHOBe mporpamMmu-
pyeMbIx normdeckux uHTerpanbHbIX cxeM (IIJIMC), uro mormon-
HHUTEJBHO BaJIUUPYET CXOAUMOCTD MPEJIOAKECHHON MOJIETH U pe-
KOH(UTYpUPYEMbIX CXeM Ha ee OcHOBE (Talu. 4).
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Tabnuma 3
[Toxyuennsie xapakrepuctiukun PUF
Xapakrepuc- ch TpoiicTBo
THEA Cuem- | Cosucoswiii pecucmp (pa3psitHOCTb, OUT)
uuK 8- 10- 12- 14- 16-
Vuukanpaocts | 0.3105 | 0.4962 |0.4963 | 0.4965 | 0.4967 | 0.4968
Onnopoxuocts | 0.6413 | 0.5442 |0.5437 | 0.5424 | 0.5409 | 0.5403
OO1mas MUHH-
MaJbHasl 9H- 0.5037 | 0.8780 |0.8793|0.8827 | 0.8866 | 0.8884
TpPOIHs

Tabnuua 4

CpaBHEHHE PE3yJIbTATOB C pehepeHCHBIMU PabOTaMK

Hcrounnk YHuKaJIbHOCTh | OIHOPOAHOCTEL | DHTpONHS

[19] 0.4220 0.4674 —
[20] — — 0.9870
[21] 0.5018 0.4755 —
[22] 0.4805 0.5091 0.7825
[23] 0.4200 0.5697 -
[24] 0.4974 0.5466 —
[25] 0.4479 0.4974 —

Ilpensosennoe pemenne:

C/BHTOBBIH P 0.4968 0.5403 0.8884

ructp 16-6ut

KitoueBpie XapaKTEpUCTHKU [UTS CUCTYMKA YCTYTAIOT Teope-
THYECKUM OKHIAHUSIM B CHJTY OTPAHHYCHHOTO JHANa30Ha HaKar-
JMBaeMbIX 3HaueHHil (puc. 5, a). [IpsMoe HCMOIB30BaHHE ITHX
3HAYEHUH B Ka4yecTBEe YHUKaJIbHbIX oTBeToB PUF Heuenecoo0-
pa3HO MO CPABHEHHUIO CO 3HAYEHMSIMH U3 CABHIOBOTO PETHCTpA.
Ban30cTh KITIOUEBBIX XapaKTEPUCTUK OTBETOB CIBHUTOBOTO PErH-
CTpa pa3IMYHON JUTHHBI MMOJATBEPKIAIOT BOBMOXKHOCTh BHYTPHC-
XEMHOI'0 CHHTE3a YHHKAIbHBIX OUTOBBIX IOCIEA0BATEIBHOCTEH
TpeOGyeMoii [UTMHBI ¢ MUHUMAJIBHBIMHU 3aTpaTaMy IUIOMIAIN KPH-
crasa.

4 3akJaouenue

B pabore npemioxena cucremuas moaensb 10T-unppactpyk-
TYpPBI, NPE/ICTaBICHHAsT KOPTEKEM KOHEYHBIX MHOXKECTB, IT03BO-
JISFOIIAst BBITIOJIHATH CTPYKTYPHBIA M TapaMeTPUYECKHI CHHTE3 B
xoze TnpoekTrpoBaHus. O0O3HAUCHBI UCTOYHHKH YSI3BUMOCTEH
6ectipoBoHBIX |0T-yCcTpONWCTB U COBOKYNMHOCTD (DYHKIIHOHAJb-
HBIX W TEXHOJOTHYECKHX OTPAHHUYCHUH, KOTOPBIE OCIOXKHSIOT
obecnieueHne 6e3omacHocTh. OmpezeneHa COBOKYITHOCTh Tpebo-
BaHUH Kk OecipoBoAHEIM |0T-yCTpoiicTBaM M MPEAICTABIICHO TIEp-
CIIEKTUBHOE HarpaBjieHHe (OPMUPOBAHUS YHUKAIBHBIX TICEBJIO-
CIIyJalHBIX TOCJIEOBATEIbHOCTEH HA OCHOBE TMOJIYyTIPOBOIHUKO-
Boix PUF. Tlpemioxena cxemorexuuueckas mozenb XOR-BeH-
THIIS,, KOTOPAst ITO3BOJISIET YK€ HA PAHHUX CTaAUSIX MPOEKTHPOBaA-
Hus 10T-ycTpoICTB Mo 3aKa3HOM HHTETPaIbHOM TEXHOJIOTHH OCY-
HIECTBIISITH BBIOODP panMoHanbHON KoHpurypauun PUF, anantu-
pysl TapaMeTpbl 0OBSI3KH I10J] TPEOOBAHHSI KOHKPETHOTO MPHJIO-
JKeHUsI. BBINOITHEHO YHCIeHHOe MOJICIMpOBaHNe PEKOH(UTypH-
PYEMBIX KOJBLEBBIX T'€HEPaTOpPOB, PEaN30BAHHBIX HAa OCHOBE
XOR-BeHTMIIEH ¥ BBICTYIAIONIMX B KAaueCTBE IOJIYITPOBOAHUKO-
Boit PUF. TIpoBeneHo mccienoBaHne XapakTEPUCTUK IOTY4EH-
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HBIX IICEBIOCIIyYalHBIX OMTOBBIX MOCIENOBATEILHOCTEH. DKCIIe-
PUMEHTAJIbHBIE PE3YJILTAThI IPOAEMOHCTPHUPOBAIN COOTBETCTBUE
TEOPETHYECKUM OKHJIAHUSIM U PE3yJIbTaTaM JIPyTuX aBTOPOB, YTO
M03BOJIIET CY/JUTh O JIOCTHKEHUU IMOCTaBIICHHOW B JIaHHOW pa-
6ote Lenu.

JanbHeilee pa3BUTHE UCCIEAOBAHUI BUIUTCS B pacIlvpe-
HUM BO3MOKHOCTeH Moiennn XOR-BEeHTHIIS U151 OLIEHKH HaEKHO-
ctu (reliability) pekondpurypupyembix PUF, a Taxke B peanusa-
IIUH CPEJICTB aHAJIM3a YCTONYMBOCTH K aTakaM C HCIOJIb30BaHUEM
MammHHOTO 00yuenus (ML-atakwm).
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THE SECURITY ENSURING OF IOT-INFRASTRUCTURE'S WIRELESS DEVICES USING SEMICONDUCTOR
PHYSICALLY UNCLONABLE FUNCTIONS

Sergey G. Mosin, Kazan Federal University, Kazan, Russia; LabSystems LLC, Vladimir, Russia;
Ryazan State Radio Engineering University, Ryazan, Russia, smosin@ieee.org

Abstract

The paper examines the security of wireless loT-infrastructure in the context of Industry 4.0. A critical challenge is the limited resources of wireless
loT-devices (power consumption, computing power, and memory capacity), which precludes the use of complex cryptographic algorithms in real time.
The use of semiconductor physically unclonable functions (PUFs) that generate unique pseudorandom sequences based on random variations in the inte-
grated circuit manufacturing process is propose to address this issue. A system model of loT-infrastructure is presented in terms of set theory, enabling
structural and parametric synthesis during design. The main scientific contribution is the development of a circuit model of an XOR-gate optimized for
PUF synthesis based on reconfigurable ring oscillators. The model is adapted for TSMC 180 nm CMOS technology and enables the selection of ration-
al PUF configurations at the early stages of designing wireless loT-devices using custom integrated technology taking into account actual constraints.
The Monte Carlo simulations were conducted considering correlated and uncorrelated technological variations. Two testbenches for a pseudorandom
bit sequence accumulation were implemented. The obtained results were verified and demonstrated compliance with theoretical expectations, confirm-
ing the effectiveness of the proposed approach for synthesizing pseudorandom bit sequences for identification and authentication of wireless loT-devices.
Further research aims to assess the reliability and resilience to machine learning attacks.

Keywords: Internet of Things (loT), wireless loT-devices, security, physically unclonable function (PUF), circuit simulation, XOR-gate, reconfigurable ring oscillator.

References

[17 A. Kumar, D. Singh, "Reinforcement learning based security method for loT-Edge computing,”" Wireless Networks, 2026, vol. 32, pp. 1547-1567, doi:
10.1007/s11276-026-04123-5.

[2] W. Jinchuan, N. Ming, G. Qiaojin, Y. Zhiwei, L. Suhang, "Design of an Intelligent loT Platform Based on the Synergy of Edge Computing and Cloud
Computing," Journal of Big Data and Computing, 2026, vol. 4, no. |, pp. 27-33, doi: 10.62517/jbdc.202601 1 04.

[3] F.C. Andriulo, M. Fiore, M. Mongiello, E. Traversa, V. Zizzo, "Edge Computing and Cloud Computing for Internet of Things: A Review," Informatics,
2024, vol. |1, no. 4: 71. 22 p., doi: 10.3390/informatics | 104007 1.

— |

T-Comm Tom 20. #9-2026




ELECTRONICS. RADIO ENGINEERING

[4] M.K. Jhariya, V. Dehalwar, ). Bharti, "Blockchain-enabled secure, lightweight self-sovereign identification and authentication framework for access
management of loT devices," Cluster Computing, 2026, vol. 29, Paper ID 291, 25 p., doi: 10.1007/s10586-026-06005-z.

[5] H.K. Apat, V. Goswami, B. Sahoo et al., "An Adaptive Queueing Model for Optimizing loT Application Performance in Fog-Cloud Computing
Environment," SN Computer Science, 2026, vol. 7, Paper ID 486, |5 p., doi: 10.1007/s42979-026-04997-4.

[6] V.A. Minaev, B.A. Shvyrev, T.R. Romashkin, "Internet of things security: key solutions," Informacija i bezopasnost', 2023. vol. 26, no. 2. pp. 163-168.
doi: 10.36622/VSTU.2023.26.2.001 (in Russian).

[7] Y. Dou, "Current Status and Challenges of loT Device Identity Authentication Technology," Computers and Artificial Intelligence, 2026, vol. 3, no. 2,
pp. 65-77, doi: 10.70267/cai.26v3n2.6577.

[8] Li Weibing, Wu Shenggang, Han Wei, "Blockchain-based loT device identity authentication and data traceability," International Journal of Computer
Information Systems and Industrial Management Applications, 2025, vol. 17, p. 17, doi: 10.70917/ijcisim-2025-03 | 6.

[9] A. A. Boyko, M. Yu. Bykov, S. S. Kuschev, M. A. Peregudov, "Authentication in cellular networks: overview of mathematical models," Systems of
Control, Communication and Security, 2025, no. |, pp. 187-219, doi: 10.24412/2410-9916-2025-1-187-219 (in Russian).

[10] A. M. Mironov, "New mathematical model of authentication protocols and verification method based on this model," Intelligent systems. Theory and
applications, 2018, vol. 22, no. 4, pp. 79-98 (in Russian).

[11]J.H. Kang, M. Seo, "Enhanced Authentication for Decentralized loT Access Control Architecture," Cryptography, 2023, vol. 7, no. 3, Paper ID 42, |7
p., doi: 10.3390/cryptography7030042.

[12] S. Chan Suet Yan, A. Tang Su Wei, J. H. Bong, Q. L. Teh, S. Sivalingam, S. Y. Khoo, T. M. Nafy, "Authentication of loT device with the enhancement
of One-time Password (OTP)," Journal of IT in Asia, 2021, vol. 9, no. |, pp. 29-40, doi: 10.33736/jita.3841.2021.

[13] A. Malik, R. Kushwah, "A Secure Authentication and Key Establishment Protocol for loT Devices Using ECCMD," SN Computer Science, 2025, vol.
6, Paper ID 803, 16 p., doi: 10.1007/s42979-025-04354-x.

[14] S. Mosin, "A Model of LoRaWAN Communication in Class A for Design Automation of Wireless Sensor Networks Based on the loT Paradigm,"
in 2018 IEEE East-West Design & Test Symposium (EWDTS), Kazan, 2018, pp. |1-6. doi: 10.1109/EWDTS.2018.8524618.

[15] S. Mosin, "A Model for Univariant and Multivariant Simulating the Battery Lifetime of UE NB-loT," in 2024 International Russian Automation
Conference (RusAutoCon), Sochi, Russian Federation, 2024, pp. 13-18, Paper ID 10694326, doi: 10.1 109/RusAutoConé |949.2024.

[16] S. G. Mosin, "Search of optimal uplink radio resources configuration for reducing power consumption of UE NB-loT at data transmission," Dynamics
of complex systems, 2025, vol. 19, no. 2, pp. 40-49, doi: 10.18127/j19997493-202502-06 (in Russian).

[17] K. Lata, L.R. Cenkeramaddi, "FPGA-Based PUF Designs: A Comprehensive Review and Comparative Analysis," Cryptography, 2023, vol. 7, no. 4,
Paper ID 55, 30 p., doi: 10.3390/cryptography7040055.

[18] M. Karmakar, S.F. Naz, A.P. Shah, "Fault-Tolerant Reversible Logic Gate-Based RO-PUF Design," Memories - Materials, Devices, Circuits and Systems,
2023, vol. 4, Paper ID 100055, 6 p., doi: 10.1016/j.memori.2023.100055.

[19] T. Tanamoto, S. Yasuda, S. Takaya, S. Fujita, "Physically Unclonable Function Using an Initial Waveform of Ring Oscillators," IEEE Transactions on
Circuits and Systems II: Express Briefs, 2017, vol. 64, no. 7, pp. 827-831, doi: 10.1109/TCSII.2016.2602828.

[20] L.F. Rojas-Munoz, S. Sanchez-Solano, M.C. Martinez-Rodriguez, P. Brox, "True Random Number Generation Capability of a Ring Oscillator PUF for
Reconfigurable Devices," Electronics, 2022, vol. | |, Paper ID 4028, 24 p., doi: 10.3390/electronics|1234028.

[21] Z. Zulfikar, N. Soin, S.F. Wan Muhamad Hatta, M.S. Abu Talip, A. Jaafar, "Routing Density Analysis of Area-Efficient Ring Oscillator Physically
Unclonable Functions," Applied Sciences, 2021, vol. | |, no. 20, Paper ID 9730, 15 p., doi: 10.3390/app | 1209730.

[22] C. Gu, CH. Chang, W. Liu et al., "A large-scale comprehensive evaluation of single-slice ring oscillator and PicoPUF bit cells on 28-nm Xilinx FPGAs,"
Journal of Cryptographic Engineering, 2021, vol. | |, pp. 227-238, doi: 10.1007/s13389-020-00244-5.

[23] Z. Zulfikar, H. Walidainy, A. Rahman, K. Muchtar, "Reliability Improvement of 28 nm Intel FPGA Ring Oscillator PUF for Chip Identification,"
Cryptography, 2025, vol. 9, Paper ID 36, 16 p., doi: https://doi.org/10.3390/cryptography9020036.

[24] A. Casado-Gal’n, |. N?2ez, E. Tena-S?nchez, F.E. Potestad-Ord?lez, A.). Acosta, "Assessment of an FPGA Implementation of a Hybrid PUF Based on
a Configurable Transient Effect Ring Oscillator and Ring Oscillator (TERORO-PUF)," Electronics, 2026, vol. 15, no. 3, Paper ID 661, pp. 1-23, doi:
https://doi.org/10.3390/electronics 1503066 1.

[25] Y. Cui, J. Li, Y. Chen, C. Wang, C. Gu, M. O'neill, W. Liu, "An efficient Ring Oscillator PUF using programmable delay units on FPGA," ACM
Transactions on Design Automation of Electronic Systems, 2023, vol. 29, no. |, Article No.: 2, pp. 1-20, doi: 10.1145/3593807.

Information about author:
Sergey G. Mosin, Kazan Federal University, Professor, Kazan, Russia; LabSystems LLC, Deputy Director General, Vladimir, Russia; Ryazan State Radio Engineering University,
Professor, Ryazan, Russia. ORCID 0000-0003-1389-2602

—

T-Comm Vol.20. #9-2026




CBA3b

B3AMMOCBS13b MOLLHOCTU U SHEPTU NPU NEPEAAME
B PE)KMME CJTYYAMHOIo MHOXXECTBEHHOTO IOCTYINA
C MMHUMAJIbLHOW CPEAHEN 3AAEP)KKOU

DOI: 10.36724/2072-8735-2026-20-9-36-46
Manuscript received || June 2026;

Accepted [4 August 2026
Bypkoe ApTtém AHAapeeBuY,

Carnkm-llemepbypackutl 2ocydapcmeeHHbli yHUsepcumem Cmamesa nodzomoesnieHa npu ¢uHarcosoli noddeprke Poccutickozo
a3poKoCMUYECKO20 npubopocmpoeHus, Hay4yHozo ¢poHda, npoekm N2 22-19-00305-T1 https://rscf.rulproj-
2. Cankm-lemepbype, Poccus, a.burkov@guap.ru ect/22-19-00305/"MpocmpaHcmeeHHo-8pemMeHHble cmoxacmuyeckue

Modesiu becnposodHbix cemell ¢ 6OSILLUUM YUCTIOM NoJib308amereli
Tiopnukos AHgpei Muxannosuu,

CaHkm-lNemepbypackuli 2zocydapcmeeHHbIli yHUsepcumem Kntoueesie cnoea: cnyyaiiHbiii mHoxxecmeeHHbIi docmyn, AJTOXA,
aspokocmuyeckozo npubopocmpoeHus, OMHOWeHUE CuzHan/wym, sHepaus Ha 6um, chedHAs 3adepxKa,
2. Cankm-llemep6ype, Poccus, turlikov@guap.ru €mabusbHOCMb, MAPKOECKAA Uenb, 3a0a4a MUHUMU3ALUU

[Aonroe BpeMAa uccnefoBaHWA B 0ONACTU CNy4YalHOTO MHOXXECTBEHHOIO [OCTyna BENUChb
HEe3aBMCUMO B [iBYX HarnpaBieHUsAX: TeoOpusa MH(OPMALIMM MHOXKECTBEHHOIO [OCTYyMNa U Teopus
cny4aiHOro MHOXeCTBEHHoro poctyna. B nocnepnue ropa cranu nosanatbca paGotbl
paccMaTpuBaloLMe CUCTEMbl CIY4aWHOrO MHOXECTBEHHOTO fAocTyna coBMewas oba
HanpaBneHua. OpHako B cyujecTBylowux pabotax Kak nNpaBUNO COBMECTHO He
paccMaTpuBaloTCA BOMPOCHI B3aMMOCBA3M MEX/Y MOLLHOCTBIO M 3aTpaTaMu 3HEpruu npu
HaNM4MM NOBTOPHBIX NMepefay U MUMHUMU3ALMKN CPEAHEN 3aAepXKKU B cucteMe. B Hactosawen
pabote uccnepylotca Takas B3amMocBasb. B paGoTte paccMarpuBaeTtca cucteMa ciy4amHoro
MHO>XECTBEHHOro pAocTyna Ha ocHoBe anroputMa AJIOXA c rayccoBCKMM KaHanoMm
MHOXecTBeHHOro poctyna. lMpepnonaraerca, 4To B CUCTEME MMeeTcA MOTEHLUMUANbHO
HeorpaHM4yeHHoe 4YUCNOo aBOHEHTCKUX YCTPOWCTB. [lnA TaKoW CUCTEMbl OMMUCaH NoAXoAd AnA
onpepeneHus obnactn ctabunbHoi paboThl, B KOTOPO 06Gecne4mBaeTca KOHEYHOCTb CpefHen
3apepxku. lNpeanoxkeH cnoco6 BbIMUCNEHUA BEPXHEW M HWKHEW FpPaHUL, ANA CpeAHen
3ajepXku ¢ noboi 3agaHHoOM TouHocTbio. CdopMynupoBaHa M YMCNEHHO pelleHa
ONTUMMU3ALMOHHAA 3aZa4a AN MMHMMU3ALMKU CPEeAHEN 3aAePXKKU B CUCTEMe 3a cyeT BbiGopa
ANUTENBHOCTU cooGLieHUA aBOHEHTOB npu (PUKCMpPOBaAHHOM uucne GuT B cooblieHun un
3aZjlaHHOM MoLHOCTH nepefayn. Ha ocHoBe pelueHus ONTMMU3aLMOHHOM 3a4a4M NPeAnoXKeH
noAxof, NO3BONAIOLLMA MONYYUTb 3aBUCUMOCTb DHEprosarpaT OT MOLLHOCTU NpU nepeaayve B
PeXMUMe CNy4aWHOro MHOXECTBEHHOTO AO0CTYNa C MWHMManbHOM CpeAHeN 3afepirKKOM.
MokasaHo, 4TO 3Ta 3aBUCMMOCTb He SABNAETCA MOHOTOHHO Bo3pacTatouei yHKUUEN.
CylecTByeT 3Ha4YeHMe MOLLUHOCTM, KOTOpOe MMHUMMU3MpPYeT dHeprosatpatbl. MpoBeaeHo
CPaBHEHME C CUCTEMOW, B KOTOPOM MMEETCA TONbKO OAWH MCTOYHUK C HEOTPaHUYEHHOW
ovepeablo ANA XpaHeHWs cOOGLUEeHMM M OAMH Mony4vartenb, KO/IM3UM B TaKOM cUCTEMe
oTcyTcTBYiOT. [103TOMY ANA TaKOM CUCTEMBbI 3aBUCUMOCTL SHEPro3aTpar OT MOLLHOCTHU ABNAETCA
MOHOTOHHO Bo3pacTaiollen ¢pyHKumen. Mpu 3ToM saHeprosarTparbl ANA CUCTEMbI CO ClTy4YalHbIM
AOCTYMNOM BbiLLE, YEM AJIA CUCTEMBbI C Of/HUM UCTOYHUKOM NPU Ni0GOM 3HaA4EHUM MOLLIHOCTHU.
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Beenenune

Jonroe BpeMs HCCIIEA0BaHUS B 00IACTH CIIy4aifHOTO MHOKe-
CTBEHHOTO JOCTYIa BEJIUCh HE3aBUCHMO B JBYX HAIpaBICHUSIX
[1,2]: Teopust nHGOpPMALIME MHOKECTBEHHOTO gocTyna [3] u Teo-
pusl CIy4aillHOro MHOXKECTBEHHOro jnoctymna [4]. B pamkax gaH-
HBIX HAINpPaBJICHUH MHCCIEIOBAINCH PA3HBIC ACIEKTHI CHCTEM C
MHO’KECTBOM NCTOYHHKOB M OJHUM ITOTIydaTeIICM.

B pamkax Teopun ciayyaiiHOro MHOXKECTBEHHOI'O JOCTYyTIa pac-
CMaTpPUBAETCS CIyYaiHOE YMCII0 ADOHEHTCKUX YCTPOUCTB, Tepe-
JIAIOLINX JIaHHbIe MO 00IeMy KaHaly CBs3H. B paMmkax 3Toro
HAaIPaBIIEHUS HCCIIELYIOTCSI POLECCHI CIlyYaHOTO MOCTYIUICHHS
coO0OIIeHHH B CUCTEMY, MPOBOAUTCS aHAIN3 CTAOMIBHOCTH CH-
CTEM W 3aJICPIKCK, OMpPEICIIAEMbIX KOJUTU3UCH coobmeHuit. [Tpu
9TOM HE YYHUTHIBACTCS BIMSHUC ITyMOB B KaHaJIE CBSI3H.

B nanpasnennu Teopun MHQOPMAIUU MHOXXECTBEHHOTO JI0-
CTyIla HE paccMaTpPUBAETCs MPOLECC CIY4YailHOro MOSBJICHUS CO-
oOmennii B cucreme. TpagunnoHHO MPEAIonaraeTcs, 9YTo YhciIo
A0OHEHTCKHX YCTPOWCTB, NEpeJaloluX M0 OO0meMy KaHaly
CBsI3H, PUKCHPOBaHO. B paMKax 3TOro HampaBJIeHUS UCCIETyeTCs
BJIMSHHE IIIyMOB B KaHAJIC CBSI3M WJI HAJIOKCHUS CUTHAJIOB MOJb-
30BaTeseil Ha CKOPOCTh MEepelauil B CHCTEME.

B nocnename roga cranu noBansThes pabOTH paccMaTPUBATO-
M€ CUCTEMBI CITyYaiiHOTO MHOKECTBEHHOTO JTOCTYIIa COBMEIIIast
KaK Teopuio MH(MOPMAIH MHOKECTBEHHOTO JIOCTYIA, TaK U TEO-
pHIO CIIy4allHOrO MHOXECTBEHHOro jocryma. [lepBeiMu pabo-
TaM{ B TOM HaIpaBJI€HUU MOXKHO CUHUTATH [35, 6].

Tak B pabote [6] aBTOpBI pacCMaTPUBAIOT rayCCOBCKHI KaHAI
MHOXecTBeHHOro moctyna (Gaussian multiple access channel)
JUIsl CLIEHApHs, T/I€ YMCII0 aDOHEHTCKUX YCTPOHCTB (PMKCHPOBAHO
1 u3BecTHO. [Ipu 5TOM MX YMCIO MOXKET OBITH OOJIBIINM, HO TIepe-
JIAIOT COOOMIEHUs TOJIBKO HEKOTOPOE TOJIMHOXKECTBO U3 HUX. Be-
POSITHOCTB YCHEIIHOHM JIOCTaBKH 3aJlaeTcsi Kak TpeOOBaHME K CH-
creme. PaccmarpuBaeTcss HECKOJIBKO aJTOPUTMOB MHOKECTBEH-
Horo goctyma, Bkmodas AJIOXA. McenemyroTes rpaHUIIBI JOCTH-
KMMOCTH OTHOILIECHUS SHEPTHH HA OWUT K CTIEKTPAIBHOM INIOTHOCTH
MoIHOCTH 1ryma. OnucaHHble B pa00Tax MOZAENU HE JOITyCKAIOT
MIOBTOPHOM Tiepeaaun coodmieHuid. Kak crneicTsue B cucteMe npu-
CYTCTBYIOT TIOTEPU COOOITIEHNH, U HE BO3HUKAET MPOOJIEMBbI, CBSI-
3aHHOU ¢ o0ecrieyeHreM CTabMIbHOM pabOThl CUCTEMBI.

B pabote [7] paccmaTpuBaeTcsi CUCTEMA CIIy4aitHOrO MHOMXKE-
cTBeHHOTO joctyna ¢ anroputMoM AJIOXA U rayCcCOBCKUM Ka-
HAJIOM MHOXECTBEHHOr0 JlocTymna. Perraercs 3ajaya MUHUMM3a-
LIUM CPEJTHETO BO3pacTa MH(OPMAIIMH 3a CUET BEIOOPA ONTHMAIb-
HOH JUTMHHBI OJIOKa TepeaaBaeMoi nHpopmMarmu. J{i1st Berauce-
HUSI BEPOSITHOCTH OLIMOKH HCIIONIB3YETCs MPUOIMKEHHOE BhIpa-
JKeHHe U1t POPMYIIBI U3 paboTHI [6].

B paccMoTpeHHBIX paHee paboTax HCCIEIyeTCsl alrOpuTM
AJIOXA 0e3 ydera MpUMEHEHHS K KOHKPETHBIM TEXHOJOTHUSM.
OpHaKo B HACTOSIIEE BPEMSI aKTHBHO PA3BUBACTCS TEXHOJIOTHS
OecnipoBo/iHBIX ceTell SG, B paMKax KOTOPO# HCCIIEAyIOTCs rep-
CHEKTUBBI IPUMEHEHUS 2X IIaroBOH MPOLELyPbl CIIy4aifHOro 10-
CTyma Hapsly cO CTaHAapTHON 4x maroBoil mpoueaypoi. [lpen-
M0JIaraeTCs, YTO MPUMEHEHHE 2X IIaroBOH MPOIEeTyphl MO3BOIUT
YMCHBIIUTH 00bEM TepeIaBacMOi CIIy)KeOHOM HH(DOPMAIUH, YTO
B CBOIO 0Y€pE/ib MOXKET NO3BOJIUTH CHU3UT 3a/I€P’KKU B CUCTEME.
Kak npaBuiio, B KauecTBe arOpuT™Ma, padOTAIOLIEro Ha NIEPBOM
9Tame 3TUX MpOoUeayp, Hcmoib3yercss anroput™ tuma AJIOXA.
Tax B pabote [8] uccnenyroTcs pa3mTUYHBIC BApHAHTHI MIEpeXxoaa
OT 2X IIaroBOW MpoLEenypbl K 4X MIAroBOd, U paccMaTpUBAETCS
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BOIPOC M3MEHEHUsI NMPOITyCKHOM CIIOCOOHOCTH W CpelHed Aiv-
TENBHOCTH MPOLENYPhl Pa3pelIeH s KOJUTU3UH JUTS YeThIpeX Ba-
puanToB niepexonaa. Ho B paborax aHamorngHbIX [ 8] Kak mpaBuIIo,
HE HUCCIIEAYeTCs BIMSHUE XapaKTEPUCTHK IIyMOB B KaHAJIE CBSI3H
Ha paboTy ajaropurMa.

B pamkax maHHO# pabOThI OyIeT paCCMOTPEHA CHCTEMA CITydaii-
HOTO MHO>KECTBEHHOTO JocTyma Ha ocHoBe anroputma AJIOXA c
rayCCOBCKMM KaHaJIOM MHOXKECTBEHHOTO Jioctyna. [Ipearnonaraercs
HaJIMYMEe TIOTCHIMAJIbHO HEOTPAHMYCHHOTO 4YHCia abOHEHTCKHX
ycTpoiicTB. byneT paccmarpuBarhes 3ajaua MUHUMU3AILIMU CpEHEN
3a/Iep>)KKH B CHCTEME, U HCCIIeJIOBATHCS B3aMOCBSI3b MOIIHOCTH U
SHEPTUH IPH TIepesiade ¢ MUHIMAJIbHOH cpetHel 3a1epKKOM.

1 Moaenb cucTeMbl €O CIYYAHHBIM I0CTYIIOM B KAHAJ

B pabote paccmaTpuBaeTcs cucTeMa ¢ TayCCOBCKUM KaHAJIOM
MHOXeCTBeHHOro noctyna [6]. IIpeanonaraercs, 4To mmeercs
ojHa 0a30Basi CTAaHIMUS U TOTEHIMAIBHO HEOTPAHUYEHHOE YHUCIIO
a0OHCHTCKUX YCTPOKMCTB (mosb3oBateneii). s mepegaun nan-
HBIX 110 00IIEeMy pecypcy KaHajla MCIOJIB3YETCsl ajJrOPUTM CIIy-
yaliHOro MHOecTBeHHOTO gocTyna AJIOXA. [Tomumo KoJutu3uit
TIpH TIepeiade COOOMCHNH Ha YCIICIIHYIO Tepeady COOOIICHHS
TakKe BIFSICT HAJMYUC B KaHANC aJIUTHBHOTO OEIIOTO TayCcCOB-
ckoro myma (ABI'II). BBenem psim momyrieHuit anst paccMaTpu-
BaeMOH CHCTEMBI (ITOX0Kasi CHCTeMa JIOMYIIEHUH MTPUBOANIACEH B
paborax [9,10]).

Honywenue 1. Kaxxnoe coolmienue, nepegaBaeMoe a0OHEHT-
CKHM YCTPOWCTBOM, COICPIKUT # OUT UH(OPMALIUHL.

Honywenue 2. Tlpennosnaraercs, 4To MCHOIb3YeTCs] HEKOTO-
past KOJIOBO-MOYJISIIMOHHAs cxeMaA, KoTopasi Ha OCHOBE Kk OuT
nHpopManuu GOPMHUPYET CUTHAT, COJICPIKAITUI N OTCUETOB.

Jlonywenue3. Bpemsi pabOTBI CHCTEMBI Pa3lICIICHO Ha OKHA
OJIMHAKOBOM JUINTEIBHOCTH, NMPUHITOW 3a €IWHMILy BpPEMEHH.
Kaxxmoe okHO MO3BOJISIET TIepeIaBaTh N OTCYETOB, TO €CTh OJIHO
coobmienwue, comepkamniee kK 6ur nadopmanmu. Yucno coobire-
HUH, TOSBIAIONINXCS B CHCTEME 32 OJHO OKHO, PAacIIpe/IeNICHO 10
3akony Ilyaccona ¢ mapamerpom A [coo0IeHNIT/OKHO].

Honywenue 4. PaccMaTprBaeTcss NOTCHIMAIBHO HEOTPaHH-
YEHHOE KOJMYECTBO a0OHEHTCKUX YCTPOICTB (B TakOM ciydae
MOHSATHUS a00HEHTCKOE YCTPOHCTBO U COOOIIEHUE MOYKHO CUUTATh
SKBUBAJICHTHBIMH). AOOHEHTCKOE YCTPOWCTBO C TOTOBBIM K OT-
npaBKe cooOmieHreM Oy1eT Ha3bIBaThCS aKTHBHBIM.

Jonywenue 5. AOOHEHTCKHUE yCTpoiicTBa 1 0a30Basi CTAHIIUS
MMEIOT CHHXPOHHU3AIINIO, KaK 110 0TCYETaM, TaK M 10 OKHaM. Bpe-
MEHHBIE HHTEPBAJIBI IPOHYMEPOBAHBI, 1 OKHO C HOMEpOM t cooT-
BETCTBYET BpeMEHHOMY MHTepBaiy [t, t + 1).

Jonywenue 6. PaccMaTpuBaeTcst TUCKPETHBIH 110 BPEMEHH Ka-
HaJI CBSI3U C aJ/TUTHBHBIM OEJIBIM TayCCOBCKUM IIYMOM, OTIpe/ie-
JISIEMBIN Kak

Kt
Y=)X+Z
i1
rie Y — curHan Ha BXoJe IpueMHnKa 6a30Boii cranmy; K, —ko-
JMYECTBO A00OHEHTCKUX YCTPOHUCTB, KOTOPBIE TIEpEIaBaId B OKHE
C HOMEPOM /, SIBJIIOIIEEC CITy4YaliHOM BEIMYMHON; X; — CHTHAI

i-rO MOJB30BATENBCKOrO YCTPONCTBA;, Z — aJAUTHBHBIA OenbIit
rayccoBckui 1rym, a Z~N'(0,1). Curnaisl, nepeaBacMbIe MOJb-
30BaTENILCKUMHU yCTPOUCTBAMHU, COAEPIKAT 72 OTCUETOB. Makcu-
MaJlbHasl SHEpPIus KakI0ro CUrHana orpanuueHa X, =nP .

-
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Jlonywenue 7. Ilpeamnonaraercs, 4T0 UCIOIB3YIOTCS TaKHE KO-
JOBO-MOAYJISATUOHHBIC CXEMBbI A, YTO IMpPH HAJIOKECHUHU ITOJIB30Ba-
TEJIbCKUX CHTHAJIOB HU OJHO M3 COOOIIEHHWH B CMECH HE MOMKET
OBITh YCIEUIHO JEKOJUPOBAHO.

Jlonywenue 8. Ilpu OTCYTCTBUM HAJOXKCHUS COOOIICHHH OT
pasHbIX abOHEHTCKUX YCTPOMCTB CYIIECTBYET BEPOSITHOCTh
OLIMOKH JIeKOJMPOBaHMsI Pe, BBI3BaHHAs HAIMYMEM B KaHalle
ABI'lLl. B TakoM ciy4ae ¢ BeposiTHOCTbIO Pe cooOmenne ado-
HeHTa He OyJIeT IIPUHSATO YCIIELIHO.

Jlonywenue 9. B obpatHOM KaHaie HEe BO3HHMKAeT OIIMOOK
(M OHM Bceraa KOPPEKTHO HCIIPABIISIFOTCS), TI03TOMY Bce abo-
HEHTCKHE yCTPOWCTBA FAPaHTHUPOBAHHO U JIOCTOBEPHO MOIyYaroT
nHpOopMannio 0T 6a30BOH CTAHIINH.

Jlonywenue 10. AGoHeHTCKUM yCTpoiicTBaM U 0a30BO# cTaH-
LUK JIOCTOBEPHO M3BECTHO YUCIO AKTUBHBIX YCTPOUCTB M.
Kaxoe ycTpolCTBO HE3aBUCHMO MPUHHUMAET PElICHHEe O Iepe-

Jlaud B Ka)KJIOM OYEpPETHOM OKHE C BEPOSITHOCTBIO [ = VIR
akm

Ipumeuanue 1. Tak Kak gucnepcus IIymMa B paccMaTpHBae-
Mol Mojenu paBHa | (cM. gomyiieHue 6), TO OTHOIICHHE CHI-
nHan/mrym (SNR) B pazax paBuo P/1. Takum oOpa3om, 4nciieHHOE
3HaYeHHEe MOIIHOCTH CHrHana P B BaTTax coBHagaeT ¢ OTHOIe-
HHUEM CHTHAJI/IIIyM B pa3ax.

Ipumeyanue 2. Bce aOOHEHTHI PACIIONIOKEHBI HA OIMHAKOBOM
paccTosTHUM OT 6a30BOI CTAHIINM, IEPEIAIOT C OJMHAKOBOW MOIII-
HOCTBIO P M HaxoZJsTCsl B OAMHAKOBBIX YCIOBHSX paJiMOKaHaA.
IToaTOMY MOIIHOCTBE CUTHAJA OT KaX/10r0 YCTPOHCTBA Ha MPUEM-
HHUKE OJIMHAKOBA U PaBHA OTHOIICHUIO CUTHAJI/IITYM.

Ha pucynke | npezncrasieHa cxema, ONMCHIBAIOIIAS paccMaT-
pPHUBaEMYIO CUCTEMY CIIy94aifHOIO MHOKECTBEHHOTO JIOCTYTIA.

IIInpoxkoBemarenbHbIH KaHa
00paTHOit cBsi3u 6e3 omnbdok

ABI'TIT
Kanan v
)@ D > basosas
N CTaHLUSISE
Bce aGoHeHTbI
nepeaaT
BEPOSITHOCTHIO
M, PV M
OkHo 1 OkHo 2 OxkHO 3

I Y I IIII--~I| -
>

t
1N OTCYETOB
-

k 6ut
Puc. 1. Cxema paccMaTpuBaeMoOt CUCTEMBI

OnucaHHasi MOJIENIb CHCTEMbl MOXKHO XapaKTepU30BaTh Ciie-
JYIOLIUM HAaOOPOM MapaMeTpPOB:

— BXOJIHAsl UHTCHCUBHOCTH /A [c000IIeHMs/CIoT],

— YHCII0 mepeaBacMbiX OUT uHbopMmanuu K [6uThI],

— YHCJIO OTCYETOB I MepeAayn CUrHana N [oTcuérsl],

— OTHOIIEHHWE CUTHAJI/IIYM Yy [pasbl],

— OTHOIIEHHE YHEPTHU CUTHAINA, IPUXO/SIIEHCS Ha OMH OUT
nepefaBaeMoro cooOmenuss Ep, K CHEKTpaabHOW IUIOTHOCTH
mryma No- En/No [3HEpTHSA/0HT].

Taxxe BBeIeM B paCCMOTPCHHE MOHSATHE CIEKTPaIbHOM (-
(DEeKTHBHOCTH p JUISl CUCTEMbI C JTUCKPETHBIM [0 BPEMEHHU KaHa-
JIOM ¥ HHTEHCUBHOCTBIO BXOJTHOT'O TIOTOKA A, OTIPE/IeIISIFOIIeH HH-
TEHCHBHOCTb BXOJIHOTO ITOTOKA B OUTaX Ha OJIUH OTCcYeT. B3aumo-
CBSI3b MEXIY /A U p C YU4ETOM KOJOBO-MOIYJISITUOHHON CXEMBI
OTpenersIeTCs CIeAYIONM BeIpakeHneM [11]:

plout/orcuer] = A?k 1)

Jns cuctem MHTEpHETA Bemiei 3HAUYCHUE p JICKUT B JUaTa-
30HE OT JIOJI OWT Ha OTCUET, /IO HECKOIBKHUX OUT Ha OTCcUeT [6].
B nanHO#f paboTe MBI OyaeM AEeMOHCTPHPOBATH PE3YIBTATHI IS
ciy4ast, koraa p=0.1.

W3 pabotsr [12] cieayeT, 4TO CymIeCTBYeT KOA UIMHBI N OT-
CUeTOoB, cosepkantuii K nHGOPMAIIMOHHBIX CHMBOJIOB, JUIS KOTO-
POTO BEPOSTHOCTH OIIUOKH JCKOJMPOBAHUSA MPHU 33JaHHOM 3Ha-
YCHUU OTHOIIICHUS CUTHAJI/IIIYM ) HE TIPEBBINIACT BEIUUUHY Pe:

1 1
n510g2(1+7/)+510g2 n—k

R(n.k7)=Q 2

KitroueBbIME MTOKa3aTeISIME I paCCMaTPUBACMOTI'0 TUIIA CH-
cteM sBisitotes [10]:

— Cpe/IHee YHCIIO0 aKTHBHBIX a00HEHTOB B cucteme N,
— cpennsist 3ajepxkka D,
— KpUTHYECKash HHTEHCHBHOCTh BXOJHOTO A, — WHTEHCHB-

HOCTh BXOJIHOTO TIOTOKAa, IO KOTOpO# cuctemMa paboTaeT cTa-
OWMITBEHO, a CpeIHsIsI 3aepKKa KoHedHa [4]:

A,, =sup{A:D(A) <o} 3)

[Mpud<A,, cpennsis 3agepxka D u cpejHee YHCIIO aKTUBHBIX
aboneHToB B cuctemMe N cBs3aHbI yepes Teopemy Jlurtia [13]:

_ N
b=—". 4)

2 OnpenesieHue 001aCTH cTa0UIbHOI PadoThI CHCTEMBbI

PaccmarpuBaemas cuctema paboTaeT CTaOMITBHO (T.€. CpeTHssT
3ajiep’KKa B CHCTEME KOHEUHA) TIPH YCIOBHH, UTO A</

s cucreMbl ciayyallHOro J0CTyNa Ha OCHOBE alrOpPUTMa
AJIOXA 3HaueHHE KPUTHYCCKOH WHTEHCHMBHOCTH COBIAIACT C
BEPOSATHOCTHIO TOTO, B HACHIIIEHHOW CHCTEME COOOIICHHE
YCIIEIIHO JIOCTABIICHO JI0 TTOJIyYaTelis.

Hanuune myMoB B kaHalle IPUBOAUT K TOMY, YTO JaXe IPU
OTCYTCTBHUHU KOJIJIM3WU B KaHAJIC C HeKOTOpOﬁ OTJIMYHOMN OT HYJIA
BEPOSITHOCTBIO COOOIIEHHE HEe Oy/IeT MPUHSTO YCIEHIHO (CM. J10-
nyiieHne 8). BeposiTHOCTh yCIeIHOM epeauu sl paccMaTpH-
BacMOMW CHUCTEMBI C YUETOM IIYMOB B KaHAJIe, BEPOSTHOCTHIO TIc-
penayn P ¥ BEpOSTHOCTHIO OMHOKH Pe MOKET OBITH 3aIiCaHa KaK:

YCIEIIHOEe

A, =Pr {ycnex |[M,, } Pr ycIex =

JACKOAUPOBAHUC

= Maxm p(l_ p)MﬂN"ﬁl (1_ Pe)’

[Ipyn TMOTEHIMANTBbHO HEOrPaHUYEHHOM 4YHCIe a0OHEHTCKUX
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YCTPOUCTB ¢ ydeToMm pnomyiieHus 10, KpuTUdeckass WHTEHCUB-
HOCTB JIJISI CHCTEMBI C Y4eTOM (2) MOKHO BBIYUCIIUTH T10 CIICTYFO-
e popmysie:

M akm ~

1
Metimltas) RO

-1
=e"' (1-P.(n,k,))
HTEHCUBHOCTD BXOJHOT'O ITIOTOKa A npu 3aJaHHOM 3HAYCHUN

CHEKTpaTbHON 3PPEKTUBHOCTH p ¢ yueToM (1) MokeT OBITh BBI-
pakeHa Kak:

_hp
A= - (6)

[TycTh M3HAYANBHO ISl pacCMaTPHBAEMOM CHCTEMBI 3aIaHbl
cienyronye Tpedyemble apameTpbl:

— 3HAYEHHE CIIEKTPAITLHOM 3P PEKTUBHOCTH p,

— 9KCIo OWT MepeaaBaeMoil B coobiennu nadopmanui K,

— OTHOLICHHE CUTHAJ/LIIYM .

U paccmatpuBaetcst 3aja4a BBIOOpa YHCIIa OTCYETOB N 3a KO-
Topoe Oyzer mepenaBatbes coobmenne. CymiecTByer Habop 3Ha-
genmit Ne (N ,Nn,. ), IPH KOTOPHIX CHCTEMa paboTaer cra-

OWMIIBHO, a CPeHsIs 3aIepKKa KOHETHA.

O6nacTb cTaOMIBHON PabOTHI, a TAKKe 3HAYCHUS Nmin U Nmax
MO>KHO OTpPEAENTUTh C UCIOIb30BaHUEM BbIpaxkeHUH (5) u (6).
Cucrema cTabuibHa, eciiu cobuoaaeTcs ycnoue A</, TO ecTh:

”Tp<e* (1-P,(n.k.7)). )

Ha pucynke 2 mpencrasieH mpumep omnpeneneHus: o0nacTu
CTaOMIIBHOCTH CHCTEMBI TSl 3HaueHui k=100 6ut, y =1 u p =0.1.
W3 pucynka 2 BUAHO, UTO IS 3aJaHHOTO Habopa mapaMeTpoB He-
paBeHcTBO (7) BEITONHSACTCS Ha 0Tpe3ke oT 194 orcueToB 1o 367
orcuetoB. To ecTh Npin=194 u Nnax=367, a cucrema cTabUIbHA

st Beex N e (194,367).
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Puc. 2. Onpenenenne 061acTu cTaOUIBHOCTH IS CHCTEMBI
npu k=100, y =1 u p =0.1

[TpoBens aHanoOTMYHbIE BBIYMCICHHS A PAa3IMYHBIX 3HAYe-
HUH p IpH PUKCHPOBAHHBIX 3HAYCHHSX YHCIIAa HHOOPMAIIMOHHBIX
OuT K 1 OTHOIICHHS CHUTHAI/IIYM YMOYKHO IOKa3aTh, YTO 4YEM
HIDKE TpeOdyeMoe 3HaueHue p, TeM OOJbIIUI Auana3oH o0nacTu
CTaOMJIBHOM PabOThI CUCTEMBI 0 TIAPAMETPY YUCIIa OTCUETOB N.

B pesynbrate, npoBeeHHbINH aHAIM3 001aCTU CTAOUIBHOCTH
paccMaTpUBaeMOl  CHCTEMBbI, IIOKA3aHO, YTO CYLIECTBYET
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HEKOTOPbI HaOOp 3HAYEHHI N, IPH KOTOPBIX cUCTEMa paboTaeT
CTaOWIIbHO, a CPeAHss 3aiepKKa KoHedHa. OTHaKO YUCIIO OTcUe-
TOB N BJIMSET KaK Ha BEPOATHOCTh OMIMOKH, BHI3BAHHYIO IIIyMaMH
B KaHaJle (C yBJICUCHHEM YHCIA OTCYETOB BEPOSITHOCTH TaKOM
omnOKy ymenbinaercs [12]), Tak ¥ Ha BXOAHYIO HHTEHCHBHOCTD.
VYBenuyeHne 4Yucia OTCYETOB MOBBIMIAET BXOJHYIO HHTEHCHB-
HOCTb, 4TO B CBOK) OUEpPEb YBEIMUYUBAET CPEJHEE UUCIIO aKTHB-
HBIX A0OHEHTOB B CHCTEME M ITOBBIIIAET BEPOATHOCTH KOJUIU3HH.
MO3KHO MPEINOI0KHUTh, YTO CYHIECTBYET TAKOE 3HAUEHUE YNCIIA
OTCYETOB N, IPU KOTOPOM AJISl 33JaHHBIX I1apaMETPOB CHUCTEMBI
CpenHsis 3a/IepKKa Oy1eT MUHUMATIbHOM.

3 AHaJu3 cpeHeli 3aepKKH B CHCTeMe

Kak oTMedanocs B mpeasIayIeM pa3aesic BBIOOp Ynciia OTcUe-
TOB N, 32 KOTOpPOE TepeaaeTcss COOOIMIEHHE, MOKET BIHATH Ha
CPEIHIOI0 3a/IepPXKKy B cucteMe. s Toro, 9To OB pacCMOTPETH
3a[aqy CHIDKEHUS CPEeIHEH 3aJepyKKH 32 CUET BRIOOPA ONTHMAITh-
HOTO TTapameTpa N HeoOOXOAMMO PAacCMOTPETh CIIOCOOBI BBIUHICTIC-
HUS WJIH OIICHKH JTAHHOHM XapaKTePUCTHKH CHCTEMBI.

Cucrema CcIoy4aifHOTO JIOCTyIla Ha OCHOBE alTOpHTMa
AJIOXA ¢ moTeHHaIbHO HEOTPAHUYEHHBIM YHCII0 A0OHEHTCKUX
YCTPOMCTB MOKET OBITH OMUCaHa MAPKOBCKOM IETTHIO CO CYETHBIM
qucyioM coctosiauii [4]. CocTosiHME TaHHOW MapKOBCKOM LIETH OT-
pakaeT YMCIIO aKTHBHBIX a0OHEHTOB B cucteme Mgq,. Ecnu cu-
cTeMa CTabWIIbHA, TO MAPKOBCKAs IIETIh IPTOJINYHA U ISl HEC MO-
XKEeT  OBITh  HAWJICHO CTallUOHApPHOE  paclpeieleHue
T = {72'0,72'1,71'2,....} TJIe 7Tj BEpOATHOCTH TOTO, YTO B CHCTEME HMe-

eTCs | aKTUBHBIX aOOHEHTOB. Torz[a cpeaHee 4nciio a0OHEHTOB B
CHUCTEME MOXKHO BBIYHCJIIUTD KaK:

N_=ii7ri.
i=0

N nanee Ha ocHOBe TeopeMbl JIUTTIIA OIYYUTh CPEHIONO 3a-
nepxkky. OJHAKO HaxXOXKJEHHE CTal[MIOHApHOTO paclpe/lesIeHus
JUISL PacCMaTpPUBAEMOM CHCTEMBI SIBJISIETCS OCTaTOYHO CIO0XKHOM
3a1auei.

B pabote [14] ans cuctemsr ¢ anroputmoMm AJIOXA npu ot-
CYTCTBHUH IITYMOB B KaHAJIC TIPEIOKEH ITOAXO]T ISl BEIYUCICHUS
BEpXHEW M HIKHEH IpaHuLIbl CpeHel 3anepxxku. nes ocHoBaHa
Ha BBEJICHUE JBYX BCIIOMOT'aTEIbHBIX CUCTEM, TIEpBasi U3 KOTOPHIX
MTO3BOJISICT BBIUMCIINTD HIKHIOIO TPAHUILY, a BTOpasi BepXHIo0. B
METOJIe MCToIb3yeTcs napaMeTp K, BIUSAOmU Ha TOYHOCTH I10-
JIy4aeMbIX OLICHOK, M C €r0 yBEeJIMYEHHUEM MHTEpBaJl MEX1y Ipa-
HUIIAMH YMEHBIIAETCS, YTO MTO3BOJISAET MOyUUTh OLIEHKY CpeTHeN
3aJIep’)KKN CHCTEMBI C TpedyeMol TouHOCThIO[ 14].

Ha ocHoBe paboTsI [14] mokaskeM coco0 BBIYUCICHHS BEPX-
HEell U HIDKHEN TpaHull 1JIs CpeHEN 3aJepKKH B pacCMaTpUBae-
Mot cucteme npu yuete Hannuus ABI'II kanane cBs3u.

OCHOBHBIM OTJIMYHEM pacCMaTPUBAEMON CHUCTEMBI OT CH-

cTembl U3 [14] sBaseTcs To, YTO BEPOATHOCTH ycCIieXa Ompeaes-
M 1

(1-P.(n.k,7)).

[Mapamerp, BAMSIOMMI Ha TOYHOCTbH IOJYYaeMbIX OIIEHOK,
onpenennM kak K (aranormano padote [14]). nes 3axmrodaercs
B TOM, YTO JUISl COCTOSIHUI MapKOBCKO#1 LIeTI HAuMHAast ¢ HEKOTO-
poro coctosiHus K, MEHsIeTCSI BEpOATHOCTH IEpeIadn COOOIICHIS
AOOHEHTaMH, YTO BIMSET Ha BEPOSATHOCTh COOBITHA YCIIEX.

akm ™~

l———

€TCA KaK

-
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CBA3b

BeposiTHOCTB Nepeiaun 3a1aeTcsi TakUM 00pa3oM, YTO HAuMHAs C
cocrostHust K BEpOsITHOCTB YCIeXa 0cTaeTcsi HOCTOSTHHOM. J{ist cu-
CTEMBI, 3aJIal0lIell BEPXHIO T'PaHMILy, 9Ta BEPOSITHOCTh HIKE,
YeM y MCXOJHOM, a JJIsl CHCTEMBI, 33/1a101Iei HW)KHIOIO TPaHUILY,
BBIIIIE, UM B MICXO/IHOH.

Tak [u1st cCTEMBI, OIIPEAEIIAIONIeH BEpXHIOIO IPAHHILy, BEPO-
SITHOCTB ycIexa Oy/IeT ONpeeNsIThCS 10 CIICAYIONeMy MPaBIITY:

Pr{yeriex | i} = (l‘%jl (1-R(nky)) i<k

e (1-P,(n.k,)),i>K

st cucteMsbl, onpenersitonel HUKHIOI TpaHMIly, BEpOsT-
HOCTb ycCIIeXa ONPEEISIETCs MO CIETYIOIEMy PaBHIIy:

JH -R.(nk,7)), i<
Pr{yenex |i} = @ J (1-P.(nk.7)). i <K

(1—%)“ (1-P.(n,k,)),i> K.

Janee c yueToM BBE/ICHHBIX BEPOSITHOCTEH ycniexa (hopMupy-
eTcsl CUCTeMa JIMHEHHBIX ypaBHEHHH, coneprkamast K+1 ypaBHe-

HUE.
B o0rmem Bujie monmydeHne CUCTEMbI YPaBHEHUI MOKET OBITH

NPEJICTABIICHO B BUJIC CIICAYIOLINX [IaroB:
[ar 1. CocraBnsiercst K+1 cranmapTHBIX ypaBHEHHHN TS CTa-

LMOHAPHBIX BEPOATHOCTEN 7T, 7T, 7T, ..., Ty

[ar 2. [Ipeanocneanee ypaBHEHHE 3aMEHSICTCS Ha YCIOBHE
HOPMHUPOBKU: 77, + 7, + 7T, +...+ 1 =1;

[ar 3. TTocmenHee ypaBHEHUE 3aMEHSICTCA B 3aBUCIMOCTH OT
TOTO Kakasi BCIOMOTaTeIbHAsl CHCTEMa PACcCMaTPUBACTCSL:

— Jls mepBoit BCIOMOTAaTETFHON CHCTEMBI (BEPXHSIS TPAHHUIIA):

k-1
(I—Pe(n,k,;/)) i(l—%) r +elm |=A

k=1

— Jl1st BTOpO#i BCITIOMOTaTEeBbHOM CHCTEMBI (HIDKHSS TPAHHUITA):

K | k-1 | K-1
(1-P(nkp) D |1-=| = +[1-—| 7z |=A
P k K

PewnB nony4yeHHyo cUCTEMY JMHEMHBIX YpaBHEHUH, IOIY-
YUM Ha0Op CTAMOHAPHBIX BEPOSTHOCTEH YIS COOTBETCTBYIOIICH
BCIIOMOTATENILHON CHCTEMBI.

Janee nmoBropuM paccyxeHus u3 padotst [14]. Jlis paccmar-
pHUBaeMOH B JaHHOM pabOTe CUCTEMbI MOXHO TI0Ka3aTh, YTO BEPX-
HSISl TPaHMIA JUISl CPeHEHN 3aJIep)KKH MOXKET OBITh NOJTyueHa KaK:

_ Yu (A’K)

0.5,
v 2A(e"(1—F’e(n,k,y))—A)+

®)

rac

K k-1
PN S I EO RIS B0 (R4
k=1

K 1 k-1
+(1-2A) Z(l—ﬂ mo+e 'y

k=1

K
+2e7! z kz,
k=1

@dopmMya Uil BBIYUCICHUS HIDKHEH TpaHMIBl cpenHeil 3a-
JIEpKKH BBIYHCIIsIETCS 110 (hopmyure:

-
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Ve (A’K)

2A (1-ll<jKl(1-F>e(n,k,y))—A

+0.5, )

rac

K k-1
w (AK)=A*+A—(1-P,(n.k,7)) 22k[1—%) T+

k=1

CKOpOCTh CXOK/ICHHSI BEpXHEW M HIDKHEH I'paHuI] IS Cpei-
Hell 3a/iepKku oT napamerpa K aHajornyHa, pesiCTaBICHHOH B
pabote [14].

A pucynke 3 TpHBEICHBI 3aBUCHUMOCTH IS CpeIdHEH 3a-
JIEP>KKN B CHCTEME, TTIOJTyYECHHBIE CIICTYIOIIMMH CIIOCOO0aMU: NMH-
TalMOHHOE MOJICIMPOBAHKE, pacyeT BEpPXHEeH IpaHHIpI 110 (op-
mysie (8) u pacyer HmkHeil rpanuip o Gopmye (9). [peacras-

JIGHHBIE Pe3yNbTaThl MOJYYEHBI B  IPEANONONKEHHH, 4YTO
P.(nk,y)=04.
800}
....DU
_MM"TaLU/IOHHOe MO}:[GJ'IPIPOB&IHHE
600 D,

D [okHoO]
S
S

200

BE—

0.17

0
0.16 0.21 0.22

0.18 0.19 0.2
A [coobmennit/okHO|

Puc. 3. 3aBucHMOCTD AJISI CpeTHEN 3aePKKH, TOTyISHHAs Pa3HBIMU

Mertonamu mpu P, (n, k,}/) =04

OtueHKa CpeiHeH 3a/IepIKKH, TIOJyYEeHHAs! ¢ TOMOIIBI0 HMUTa-
IIMOHHOTO MOZEIUPOBAHMUS, IIPU BBIOOPE AOCTATOYHOrO 00beMa
BBIOOPKH (MITH BpEMEHH MOJICIIMPOBAHIS) MOXKET JaBaTh PE3yilb-
TaT ¢ MI000i Tpebyemoit TouHOCThI0. OTHAKO TaKOH MOIXOJ SIB-
JISIETCSl pecypco3aTpaTHbIM, MOITOMY HE TOAXOAUT B KadeCTBE
cnocoﬁa, MNPUMEHHUMOTI'O IpU PEHICHHUU 3aJla4yd MUHUMU3ALUU
CpeHei 3a1epKKU. BepXHss 1 HUOKHSIS TPAHUIBI ITPH T10100paH-
HOM mapamerpe K paioT xoporiee npuOJIMKEHHE CpefHeH 3a-
JIEp)KKH B cucTeMe. B nanpHeliem npu GopMysmpoBKe 1 perie-
HUM ONTHMHU3AaLMOHHON 3aJa4d MHHUMHU3AIUHM CpeIHei 3a-
JEPIKKH 32 CUET BBIOOpa ONTUMAILHOTO 3HAYCHHMS ITapaMeTpa CU-
cTeMbI N OyIeT UCIOIB30BATHCS BEPXHSS TPAHUIA. DTO 00YCIOB-
JICHO TeM, YTO B CIIy4ae PAaCCMOTPEHHS HEKOTOPOI'O OIPaHUYECHUS
Ha 3HAUCHHE CPEIHEH 3aJepiKKH MOXKHO rapaHTHPOBATh, TO, YTO
B paccMaTpuBaeMoii cucteMe e€ 3HaueHue He Oy/IeT BBIIIE ATOM
BCJIMYUHBI.

Jlanee B paboTe Bce pe3ynbTaThl OyJyT NpEACTAaBICHBI JIS
napametpa oreHku K=100.



4 3agaya MUHMMH3ALNHU CPeIHEH 32/IePKKH

[Hanee ncnonib3ys BEpXHIOKO OLICHKY JUISl CPEAHEN 3aJepiKKU
(M. popmymy (8)) chopMyIEpyeM ONTUMH3ANAOHHYIO 3aJady
JUIS MUHUMU3aIMU CPeTHEN 3a/lepKKH B CHCTEME 110 YHCIy OT-
c4eToB N.

IMpenmomnaraercsi, 9To H3HAYANBHO 3a1aHBL: K, p, y, a TaroKe mo-
no6pan mapametp oueHku K. CpenHss 3agepixka, IMOJIydeHHas C
TIOMOIIBIO BEIpakeHus (9) uMeeT pa3MepHOCTh B OkHax. J{ist dop-
MYJIMPOBKM ONTHUMH3ALMOHHOW 3a/laud 3HA4YEHHs CpelHel 3a-
JICP>)KKU TIEPEBOANTCSI B OTCUCTHI ITyTEM YMHOXXCHUS 3HAUCHUS B
OKHaX Ha YHCIJIO OTCUETOB B OKHE!

Yu (A’ K)
2A (e (1-P.(n.k, 7)) - A)

D, [oTcuersi] =n +0.5 |,

Torna onTUMHU3aNMOHHAs 33/1a4a MOXKET ObITh chopMymnupo-
BaHa CIIEIYIOIINM 00pa3oM:
3anansi :K, p, 7, K

Munummsuposarts: Dy (k, p, 7, K,n)mon

Ipu ycnoBusix : A = n_p’
1 1
n510g2(1+7)+510g2 n—k
R.(n.k.»)=Q ;
y y+2
n-—-——1log,e
2 (y+1)
ne (nmin’nmax)'

3HaYEHUST Nimin ¥ Nmax BEIYUCITSTIOTCST Ut Habopa K, p 1 y o me-
TOJWKE, ONMMUCAHHON B pazaene 2.

Pemienrem chopmyIMpoBaHHOH ONTUMM3AIMOHHON 3a7a4yu
SBIIETCSL 3HAUCHHE Mo, KOTOpOe TpH 3agaHHeiX K, p
YMUHHMHU3UPYET CPEIHIOI0 3a/IEPXKKY B CUCTEME.

[Ipumep perieHns: JaHHOH ONTUMH3AIMOHHON 3aa4H MIPUBE-
JeH Ha pucyHke 4 mpu k=100, p=0.1 u y=1.Cpennsis 3anepxka Ha
rpajguke TpeicTaBiIeHa B OTcyeTax. B pesynbrare perieHus
c(OpMyITUPOBAaHHON ONTUMH3AIMOHHONW 337a4l MHHUMAJIBHOE
3HAUEHHE CPEeIHEH 3aJepKKU JIOCTHTAETCs MIPU YMCIIE OTCUETOB
No=236.
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Puc. 4. Pemenue onrumuzannonnoi 3agaun npu k=100, p=0.1 u y=1

5 Bzaumocssi3b cpeaneii 3agep:kku u En/No

[anee paccMOTpUM B3aMOCBSI3b MEKIY CPEIHEN 3aEPKKON
W 3aTparamu 3Hepruu Ha Out Ep/No.
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COMMUNICATIONS

B3anMoCBs3b MEXKTy OTHOIICHUEM CUTHA/IITYM Y M SHEPTUCH
Ha OuT Ep/No ams cucTtemMpl ¢ MOBTOPHBIMH TIepeaadaMyi MOYKHO
3ammcaTh B cienyromiem Buze [11]:

wEe
7=—N°

o (10)

rae S — cpemHee wmcio mepenad coobmeHus. M3 pabotser [11]
CJIEIyeT, YTO NAHHYIO BEIIMYMHY MOKHO BBEIYUCIUTH KaK:

-z,
o

S (11)

Kak cnenyer u3 ¢opmyinsr (11) mnst pacyera S HeoO6xoaUMO
BBIUUCIIUTh PACIPENEICHUE CTAllMOHAPHBIX BEPOSTHOCTEH Map-
KOBCKOM 1ienu. B cBoro ouepenp /Ui NOCTPOEHUS MAaTPULIBI ITepe-
XOHBIX BEPOSITHOCTEHN 3TOH IIeTT HEOOXOANMO BBIYNCIUTE BEPO-
ATHOCTh OIMOKK B KaHanme P,(n,k,y), BBI3BaHHOI HamH4IMEM

ABI'I B kanane. A A7 ee BBIYMCIIEHUS HY>KHO 3HATh 3HAUEHHUE 7,
KOTOPOE HE TOTy4uTh Oe3 pacyera S.

Jlyist perieHus: BO3HUKIIEH MPpoOJIeMBbl MpeyiaraeTcsi Moaxo/,
KOTOPBIH MOKHO OTHCATh CJIETYIONINM aJITOPUTMOM:

[ar 1. 3amaeTcst OTHOMICHHUE CUTHA/TITYM .

[ar 2. Ompexnensiercst 061acTh CTAOMIBHON paObOTHI CHCTEMBI
JUTS TIOTTYYICHUS 3HAYCHUH Nmin ¥ Nimax-

lar 3. B npenenax obaacti CTaOMILHOCTH pPELIAETCs ONTH-
MU3alMOHHAas 3aja4a Julsd MOUcKa No, KOTOPOE MHUHUMH3HUPYET
CpeIHIOI 3a/epKKy. B mporecce perieHuss onTUMU3alMOHHON
3a/1a4M AJIs BceX N € (nmin M ) B TOM YHCJIC U No BBIYUCIISIETCS

CTallMOHApHOE pacIpelereHne MapKoBCcKol Lenu. B Takom ciy-
yae JUIsi MapKOBCKOH LIETIH, COOTBETCTBYIOIIEH 3HAUCHHIO Ny MMe-
eTcsl Habop CTAI[OHAPHBIX BEPOSITHOCTEH.

[ar 4. Mcnonb3ys 3TOT HA0Op CTAIIMOHAPHBIX BEPOSITHOCTEH
JUIl MApKOBCKOW IIEMH IPH 3HAYCHUH Ny, BBIYMCISIEM CpEIHEe
YHUCITO Tiepeaad coodmeHus mo gopmyne (11).

[ar 5. PaccuuteiBaem 3HaueHue sHepruu Ha 6ut Ep/Ng ¢ yue-
TOM pe3yJIbTaTOB PELICHHs ONTUMM3AIMOHHOW 3amauu U ¢op-
myasl (10) xak:

E, _nSy
N, 2k’

(12)

Hcnonp3ys NpelyioKeHHBIA arOPUTM MOKHO TOJIYYUTh 3a-
BUCUMOCTh MeXY Ep/No 1 Dy 1 cCTEMBI CTy4aliHOTO TOCTYTa
C TOTCHIWAJIHHO HCOTPAHWYCHHBIM YHCIOM a0OHEHTCKUX
ycTporicTB. Takyro cucTeMy MOXKHO OXapaKTepHU30BaTh Kak mepe-
Jlady OT MHOTUX UCTOYHUKOB K OJTHOMY ITOJTy4aTeIIo.

Jlanee paccMOTPUM CHCTEMY C OJTHMM MCTOYHHUKOM U OJHHM
noJydaTesieM, 4To Obl MPOBECTH MX CPABHUTENBHBIN aHAIN3 U
PacCMOTPETh BIHMSIHUE CIyYallHOTO JOCTYIA Ha XapaKTePUCTUKU
CHUCTEMBI.

6 Cucrema c OJHUM UCTOYHHUKOM U OJTHUM MOJIydaTeaemM

PaccMoTpum moaxon Uit MOJMYYEHHsI B3aUMOCBA3H MEXKIY
Cpe/iHei 3a/Iep)KKON 1 3aTpaTtaMy SHEPIUU Ha OUT JUIsl CUCTEMBI C
OJIHUM HCTOYHHMKOM M OJHHMM IojydareneM. B Takoil cuctema
aOOHEHT Bcerja mpeaeT ¢ BepOATHOCTbIO paBHOI equHuie. Tak
KaK KOJUIM3MH B TAaKOW CHCTEME HET, TO BEPOSATHOCTH YCHEIIHON
Tiepeiaun 3aBUCHT TOJIBKO OT BEPOSTHOCTH OIIMOKHM, BOSHUKAFO-
el u3-3a npucyTcTBus B kaname ABI'I.

—




CBA3b

Jlnst Havasa ToKakeM, Kak Uil TaKOW CHCTEMbI BBIYHCIUTD
3Ha4YeHUE CpeaHer 3aaepkKu. CrucTemMa JOMyIIeHHI B ATOM CITy-
Yyae aHaJIOTMYHA JOMYyILEHUsIM JUIsl CUCTEMBI CO CIy4aiHbIM I0-
CTYIIOM, 3a HCKITI0YeHneM jomymeHus 4 u 10, Tak kKak B cucreme
¢ 1 aDOHEHTOM X MOYHO OITyCTHTb.

C TOYKM 3peHHsl pacyeTa CpeHEH 3a/IepKKHU TaKyl0 CUCTEMY
MOJKHO PacCMOTPETh, KaK CUCTEMY MacCOBOI'O OOCITY)KUBAaHHUS C
[TyaccoHOBCKMM BXOIHBIM IIOTOKOM C ITapaMeTpoM / U ¢ BpeMe-
HEM 00CITy’>KUBaHUS, paclipeieIeHHBIM 110 TEOMETPHUIECKOMY 3a-
KoHY ¢ mapametpom 1—P,(n,k,y) . Cpemnss 3a1epxKa I TaKor

cucTeMbl BblUMcisieTcsi Ha ocHoBe (opmyibl [lomnaueka-XuH-
yuHa 1 cuctembl M|GJ1 [15]. Torna ¢ yuerom Toro, 4To Bpems
00CITy>KMBaHHS PACIPEAEICHO 110 F€OMETPUUYECKOMY 3aKOHY H
MpoLECC Nepefadr MOKET MPOMCXOJUTh TONBKO B HAa4ajle OKHa,
TO CpeIHsIS 3a/IepKKa B OKHAX BBIYMCIISIETCS 110 clieytomiei ¢hop-
MyJIe:

2-A

2((1—Pe(n,k,7))—A)+05

C y4yeTtoMm cUCTeMBI JomymieHuit u gpopmyisr (1) maHHOE BBHI-
paXKeHHe MOYKHO 3aINCaTh KakK:

_np
K +0.5.
2((1—Pe<n,k,y))—”kp]

5:

D(n.k,p.7)=

JarHas popmyIna gaeT 3HAUYCHHUE CPETHEH 3aIePKKU B OKHAX.
Jis monmydeHns cpemHel 3aJepKKH B OTCYeTaX HEOOXOAUMO
YMHOXXHTH €€ Ha N:

,_np
k +0.5

2((1— Pe(n,k,;/))—nlfj

D (n,k, p,y)[oTcuersi] =N

Jlis perreHusi ONTUMH3AIMOHHON 3a/1a49d, aHAJIOTUYHO TIO-
XOJIy JUISl CHCTEMBI C MHOYKECTBOM UCTOYHHKOB M OJIHUM MOJTyYa-
TeneM, HeOOXOIMMO OMpPENeNTUTh 00JacTh CTaOMIBHOW PadOTHI
CHCTEMBL.

BeposiTHOCTD ycriexa uiii KpUTH4ecKasi HHTEHCUBHOCTb BXOJI-
HOT'O [OTOKA JIJIsl PACCMATPUBAEMOW CUCTEMBI OIPEICIISETCS Clie-
JIYIOIINM BBIPQYKCHUEM:

A, = Pr{ycnemHoe I[CKOI[I/IpOBaHI/IC} =1-PR,(n,k, ).

BxojHast HHTEHCUBHOCTD OTPEJIENSETCS aHAIOTHYHO MPEIbl-
nymieit cucteme 1o gopmyie (6).

Cucrema paboraet cTabUIBHO, Koraa A</, TO €CTh BBINOJI-
HSETCSl HEPABEHCTRO:

”{d—&(n,k,m.

Ecnu moctponts rpadmkn 5TuxX GyHKUMIA OT N, TO MbI IOy~
YMM JIBE TOYKH [EPECEUEHHs, MEXKILY KOTOPBIMU CHCTEMa pabo-
TaeT CTabUIBHO (AHAIOTMYHO CHCTEME C MHOKECTBOM HCTOUHH-
KOB ¥ OJIHUM Tojydaresnem). Kak v paHblue Ha30BeM UX Nmin U
Nmax, @ PELLICHHE 331241 MHHUMHU3ALMH 331ePKKH Oy1eM paccmar-
puBath s N e (NN ) -

Ha pucynke 5 npencraBieHo rpadudeckoe onpeeseHne 00-
JACTH CTaOWIBHOCTH JUI CHCTEMBI C OJJHUM HCTOYHHKOM H

omauM momydareneMm mipu k=100, y =1 u p =0.1. U3 pucyHka
BHUJIHO, YTO JUIS 3aJaHHOT0 HabOpa mapaMeTpoB yKa3aHHOE paHee
HEpPaBEHCTBO BBITIOJHSETCS Ha oTpe3ke oT 171 oTcueta 10 999 ot-
cueToB. To ecTb Nmin=171 ¥ NMax=999, a cucrema crabuabHa IS

Beex N e (171,999) . VMeHbIIeHNE 3HAYCHNS ) YBETHIMBACT JHa-

IMa30H, B KOTOPOM CUCTEMaA paGOTaET CTaOMITBHO.

— Akp: 1 -Pc(n,k,'y)

- - A=np/k

0 I I I 1 I I
0 100 200 300 400 500 600 700 800 900
n [oTcyeTsi]

I
1000 1100

Puc. 5. Onpenenenne 061acTH CTAOMIBHOCTH JUIsl CHCTEMbI COJTHUM
HCTOYHHUKOM U OJIHUM mony4atesem rnpu k=100, y =1 u p =0.1

Kak u uist npepIaynieii CHCTeMBI, IPEAoIaraeTes, 4To Cy-
IIECTBYET TAKOE 3HAYCHHUE YMCIIa OTCUETOB No, IIPU KOTOPOM CPEI-
HSIsE 3a/IePIKKa B CUCTEME MUHUMAJbHA.

Cohopmynupyem ONTHMHU3ANUOHHYIO 3a1a4y Ui TaHHOH CH-
CTEMBI:

3anansi :K, o,y

Munnmusuposats: D (K, p, ,n)mon

IIpu ycroBusx : A = HT,D’
1 1
n510g2(1+7/)+510g2 n—k
P.(nk »)=Q = ;
nlyizlogze
2(y+1)
ne (nmin’nmax)'

Ha pucynke 6 mpenacTtaBieH MpuUMep pEIeHUs ONTHMH3AIIU-
onHoit 3amaun st k=100, p=0.1 u y=1.Cpennsist 3aaepKKa Ha Tpa-
¢uKe npencraBieHa B orcueTax. B pesysibraTe pemenus chopmy-
JIMPOBAHHOW ONTHMHU3AIIMOHHON 3a/1a4 MUHHMAJIbHOE 3HAYCHUE
CpelHel 3aJIep)KKU JOCTUTAETCS MIPU YUCie OTCUeToB No=231.
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Puc. 6. Penienre onTUMU3aMOHHON 3a/1au¥ JJIsl CHCTEMBI C OJTHUM
HCTOYHUKOM M OfHUM monydareniem mpu k=100, p=0.1 u y=1
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st monyuenunst 3HayeHuit sHepruun Ha Oout Ep/No Oyner wmc-
TOJIb30BAThCSl METO/IMKA, OINMcaHHas B pasaene 5. [lns aToro
HY)XHO BBIYHMCIINTBH CpPEIHEe YHUCIO Iepeiad COOOLICHUs S 110
YCIICITHO OTIIPaBKH.

[okaxxeM, Kak MOKHO BBIYHCIIHTB CpPEIHES YHCIIO Iepenad
JUISl CUCTEMBI C OJHHMM HMCTOYHHKOM M OJHUM IIOJTy4aTeleM.
Uwmcno mepemad, KOTOPOe MOHAZOOUTCST aDOHEHTY, YTOOBI TIepe-
JIaTh COOOIEHNE paclpe/ielieHa 10 TeOMETPUIECKOMY 3aKOHY C
napametpom 1-P,(n,k,y) . CnenoBarenbHo, cperHee YHCIO Te-

penay BIYUCISIETCS 110 CIeAYIOIIeH Gopmyie:

so 1
1-P,(n,k,7)

Takum 00pa3oM, MbI MONYYHIN BCE HEOOXOIUMBIC BETHMYHUHEI
JUTsl CPABHEHUSI CUCTEMBbI C OJTHIM HCTOYHUKOM U OJTHUM MOJTyYa-
TEJIeM M CHUCTEMBI, pacCMaTpHBacMol B paboTe, C MHOKECTBOM
HCTOYHUKOB M OTHHM ITOJTy4YaTeIeM.

8 CpaBHeHue cucrem

Ha pucynke 7 npencraBieHa 3aBUCUMOCTb CPEIHEN 3a1€PIKKHI
OT 3HAYEHHs OTHOLICHHS CHT'HAJI/IIYM ), IIOTy4eHHAas IIPH pelie-
HUM ONTHUMHU3AIMOHHON 3a/1aun I 00eux cucteM. Pe3ynbTarsl
npencraenensl st k=100 u p=0.1. U3 rpadukoB BHAHO, YTO C
YBEJIMYCHUEM 3HAYCHUSI OTHOIICHHS CHUTHAI/IIYM CpEIHss 3a-
JepXKKa B CUCTeMe yMeHblaercs it o0eux cucreM. Cucrema ¢
MHO’XECTBOM MCTOYHHUKOB TPeOyeT OOJBIINX 3HAYCHUI OTHOIIIE-
HUSI CUTHAJI/IIYM JJIs1 OOECTIeYeHHs SKBUBAJICHTHOTO 3HAYCHHS
cpenneil 3amepxku. C yBeIMYEHHEM OTHONICHUS CUTHAJ/IIYM
pa3HHMIIA B CPETHEH 3a/IEPKKE CHCTEM YMEHBIITAETCH.

——MHOKECTBO HCTOUYHNKOB M OJIMH MOJTyYaTesb
= = OJIMH UCTOYHHK U OJIHH noJjy4are/ib

600 - %

'S
=3
S

D [oTcuersi]

200 -

Puc. 7. 3aBucumMocTh cpeHei 3aaepxkku ot y pu k=100 u p=0.1

Ha pucynke 8 mpuBesieHa 3aBUCUMOCTb 3HaUCHUANg OT 3HaUeE-
HYS OTHOLIEHMS CUTHAI/IIYM y 1uis o0eux cucrteM. Pes3ynbraTel
npencrasnensl 1t k=100 u p=0.1.3HauyeHns1 Yuciaa OTCYETOB,
obecreunBaroue MUHUMYM CPEIHEH 3aep KKy Uit 00eux cu-
CTEM, UMEIOT OJM3KHE 3HaYeHUs. JI1 CHCTEMBI ¢ OHUM HCTOY-
HUKOM ¥ OJTHUM II0JIy9daTesIeM ONTUMAIbHOE 3HAYEHUE YHCIIa OT-
CUETOB MEHbIIIE, YEM JUIsl CUCTEMBI C MHOKECTBOM HCTOYHHUKOB.
HawnGonpmas pa3HuIa B 4MCIe OTCUETOB IIPU MajbIX 3HAYEHHAX
OTHOIIEHMS CUTHAJ/IIYM M COCTaBJIAeT mopsaka 4 orcueroB. C
POCTOM OTHOILEHHS CUTHAI II[yM 3Ta pa3HHULA YMEHBIIIAETCS U CO-
CTaBJIET OJUH OTCYET.
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——MHOKeCTBO HCTOYHNKOB M OJIMH MOy4aTeb
- - OAMH HCTOYHMK M OJIMH TOJyyaTelb

n, [oTcuersi]
(3
(=3
(=3
T

150 -
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v [pa3zsi]

Puc. 8. 3aBucumoctsno ot y pu k=100 1 p=0.1

Janee paccMOTPHM B3aUMOCBSI3b MEXKly 3HAUEHHEM OTHOLIe-
HUSI CHTHAJI/IITYM § ¥ 9Hepruu Ha out Ep/No 11 00eunx crcrem npu
k=100 u p=0,1. /lanHast 3aBUCUMOCTbH NIPUBEJICHA Ha PUCYHKE 9.
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——MHOKECTBO MCTOYHUKOB M OJIMH MOJTyyaTellb
- - = OMH HCTOYHHK W OJIMH MO/yyaTesb
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Puc. 9. 3aBucumocts Ev/No 0T p 115t IByX cructeM Ipy MHHHIMHA3ALUH
cpenneii 3aaepxku (k=100 u p=0.1)

Kak BuiHO 13 pucyHKa 9 I CUCTEMBI C OJTHUM HCTOYHUKOM
W OJHHUM TMOJy4yaTeJeM 3aTpaTbl SHEPIrMHM Ha OWUT OKa3bIBAIOTCS
HIDKE, YeM JIISI CUCTEMBI CO CIIyYaiHBIM MHOXKECTBEHHBIM JOCTY-
niom. [Ipu 3TOM 3aBHCUMOCTB SIBIISIETCSt MOHOTOHHO BO3PACTAIOIICH
¢byHKIHEH, 9TO 00YCIOBICHO OTCYTCTBHEM KOJUIM3HN B CHCTEME.
JI1s cucTeMBl co CitydaifHBIM JOCTYTIOM (MHO>KECTBO MICTOYHUKOB
1 O/INH TOJTyYaTellb) C POCTOM 3HAUCHUSI OTHOIICHUS CUTHAJ/IITyM
cHayvasia yObIBaeT, a 3aTeM HaYMHAET BO3PACTaTh. 10O €CTh MMeeTCs
TOYKa MHHMMYyMa [0 3HAYEHUIO SHepru Ha OuT Ep/No.

[losicHum Takoe moBeJEHUE HAa KaueCTBEHHOM ypoBHeE. [Ipu
MaJIbIX OTHOILIEHHUSIX CUTHAJI/IIIYM JUIsl YCIIEITHOM Nepeauu coo0-
IICHUS JaXKE B OTCYTCTBUU KOJUTM3HU TPeOyeTCs OOJIBIIOS YHCIIO
orcueToB. Yem OoJIblIe OTCUETOB B OJTHOM OKHE Heperadud, TeM
BBIIIIEC BXO/IHAsi MHTEHCHBHOCTH COOOIECHNUI HAa OKHO TP (prKcH-
POBAaHHOM 3HAYEHHM CHEKTpaJbHOW 3¢dexkTuBHOCTH. Benen-
CTBHE YET0 B CHCTEME BBICOKAsl BEPOSITHOCTDh KOJUIM3UHM U COOT-
BETCTBEHHO OOJIbIIIEe 3HAYCHHE CPETHEro Ynciia repenad. Bee ato
B COBOKYITHOCTH JIa€T BBICOKOE 3HAUCHHUE 3aTpaT YHEPruH Ha OUT
JUISL YCTICITHOM nepena4yn coodmieHuss. C pocTOM OTHOILEHUSI CUT-
HaJ'[/HIyM YMCHBIIACTCA, KaK JJIMHHA OKHA B OTCYETaXx, TaKk U BEPO-
ATHOCTb KOJUIM3UM CO CPeJHUM 4YHCIOM mepenad. OxHako mocie
HEKOTOPOTr0 MOMEHTA YMEHBILICHUE YHCIIa OTCUETOB HAUMHACT J1a-
BaTh HE3HAUUTEIILHOE CHIKEHHE CPEJTHEr0 YKCIIa epeaay, Tak Kak
BEPOSTHOCTH KOJUIN3UH TPAKTHYECKH HE YMEHBIIACTCSI.




CBA3b

[Tpu aTOM 3aTpaThl SHEPTUU HA OUT MPOJOINKAIOT BO3pacTaTh
BCJIC/ICTBHE MTOBBIIICHNS MOIITHOCTH CUT'HaNA. Bee 3T0 B COBOKyT-
HOCTH TIPUBOJIUT K TOMY, YTO 3aBHCHMOCTb YHEPro3aTpaT OT MOIII-
HOCTH HE SIBJISIETCS. MOHOTOHHO BO3PACTAIOIIEH.

Ha pucynke 10 npuBeneHa B3aMOCBS3b MEXy SHEprHel Ha
OuT M cpegHel 3aAepiKKoi B cucteMme. [ CHCTEMBI ¢ OTHUM
HCTOYHMKOM M OJJHHM IMOJydaTelIeM C YBEIMYEHHUEM CpeHEH
3aJep)KKM YMEHBIIAETCsT M 3aTparhl dHepruM Ha Out. Jlis
CHCTEMBI C MHOYKECTBEHHBIM JIOCTYIIOM C YBEITMUCHHUEM 3aJIEPIKKH
9Heprusi Ha OUT CHayasla yMEHBLIACTS, a IOTOM CHOBA HAYMHAET
BO3pPACTaTh, TO €CTh 3TA 3aBUCHMOCTH MMEET TOUYKY MUHHMYMa I10
SHepruu Ha Out. OTOT 3(hdeKT 00ycIOoBIECH IOBEJCHUEM
3aBUCHMOCTEH MPE/ICTABICHHBIX HA PUCYHKE 9.
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——MHOKECTBO HCTOYHHKOB M OJIMH IOJIyYaTeib
- = OjiMH UCTOYHHMK M OJIMH TIOJTyYaTesh

0.8 I I I L I L I
0 200 400 600 800 1000 1200 1400 1600 1800 2000

D [orcuersi]

Puc. 10. B3aumocss3b mexay En/No 1 D 1uist iByx cucrem
npu muauMm3amu D (k=100 up=0.1)

TakuM 00pa3oM BO3HHMK HETPUBHAIBHBIA dddekt s
CHUCTEMBI C MHOKECTBOM MCTOYHHUKOB U OJHUM IOJTYyHaTCIIEM: IPHU
OIPEJICTICHHBIX ~ YCJOBUSIX POCT OTHOIICHHS  CUTHAI/IIYM
COIIPOBOXK/JAETCS CHIDKCHHEM 3aTpar dHEpruH Ha OUT, KOTopoe
3aTeM CMEHSETCS HX YyBEIMYCHUEM. AHAIOTHYHBIN 3 QdeKT
BO3HHMKAET W TIPH YBEIWUYCHWW 3HAYCHUH CpETHEH 3a/(piKKH.
TaxkuMm 00pa3zoM CyIIeCTBYeT MUHIMAILHOE 3HAYCHUE SHEPTUH HA
OWT TpM KOTOPOM MMEETCs HEKOTOpOoe 3HA4YeHHE CperHen
3aepkki. [Ilpy  HEOOXOJMMOCTH  YMEHBIIEHHs  CpPeIHEei
3aePXKKU HEOOXOJUMO YBEIIMYMBATh 3aTPaThl PHEPTUH Ha OWT.
[Tpu sToM ocnabnenue TpeOOBaHMI IO CpeaHEH 3aJepiKKe
(BO3BMOXHOCTh €€ yBEIWYEHHs) II0CIEe TOYKHM MHUHMMyMa He

IMO3BOJIACT YMCHBIIUTD 3aTPAThl SOHCPTUN Ha our.
7

8 3akarouenue

B pabote paccMoTpeHa MOJIENTb CHCTEMBI CITYyYaliHOTO MHOXKE-
CTBEHHOro gocTyna Ha ocHoBe anroputma AJIOXA c rayccos-
CKMM KaHAJIOM MHOXKECTBCHHOTO JIOCTyma. B KoTopoil Bce abo-
HEHTHI MEPeatoT COOOIIeHus!, comepskane K OUT, ¢ MOMOIIBIO
CUTHAJIOB OJITMHAKOBOM [UTUTEIBHOCTH, COJCPIKAIIUX N OTCUETOB.
OTHOMIEHHE CHUTHAN/IIYM MJIs BCeX aOOHEHTOB ONWHAKOBOE W
PaBHO HEKOTOPOMY 3HAUEHHMIO . DTa MOJIENb OTPAXKAET OCHOBHBIE
0COOEHHOCTH COBPEMEHHBIX OECIIPOBOHBIX CUCTEM, B KOTOPBIX
00JIbIII0E YKMCIIO a0OHEHTCKUX YCTPOMCTB MEpelaroT JaHHbIE Ha
0a30BYI0 CTAHIIMIO B PEXKUME CITyYaliHOTO IOCTYIIA U UCIIOJIB3YIOT
OJIHY U TY>X€ KOJOBO-MOJIYJISIIIMOHHYIO cxeMy. OCHOBHOU 0OCO-
OCHHOCTBIO MOJICIIH SIBJISICTCS HATMYKE TIOTCHIIMAIBHO HEOTPaHH-
YEHHOTO YHCciIa a0OHEHTCKUX YCTPOUCTB, UTO MOXKET IIPHUBOIUTH
K HecTaOWIBHOM paboTe CHCTEMBI.

Bt onmcan meron ompeneneHust 00JIacTH CTaOMIBHON pa-
60T1hI cucteMbl. ChopMyIMpoBaHa M pelIeHa ONTHMHU3alHOHHAS
3aj1a4a 110 MUHUMU3ALIUH CPeTHEH 3aJepiKKH M0 YUCITY OTCUYETOB
N B pamkax o0nacTu ctabWIIbHOM paboThl cHUCTeMBbL. bbLIo moka-
3aHO, 4TO MY (PUKCUPOBAHHBIX OTHOLICHUH CUTHAII/IIIYM ), YHCIIE
nHbOpMaIMOHHBIX OUT K 1 criekTpanbHOi 3)(HEKTHBHOCTH p CY-
LIECTBYET CMHCTBEHHOE 3HAUCHUE YHCIIA OTCUYETOB No, PU KOTO-
POM Cpe/HsIs 3a/iepXKKa MUHUMAJIbHA.

Onucana npoGema Juis MOJy4YeHHs 3aBUCUMOCTH MEXITy 3a-
TpaTaMu SHEPIUU Ha OUT U cpenHeit 3anepxkkoi. 1 e€ perreHust
TIPEJIOKEH AITOPUTM, TTO3BOJISIFOLIMI ONPE/ICIIUTh B3aUMOCBS3b
MEXKTy STUMHU XapaKTePUCTHKaMH. B paMKkax JaHHOTO aJropurMa
TaKOKe MOXKHO TTOJYYUTH B3aUMOCBSI3b MEXKIY MOIIHOCTBIO U 3a-
TpaTaMH SHEPTUH.

[pu uccnenoBaHNM B3aMMOCBSI3H MEXKIy MOIIHOCTBIO M 3a-
TpaTtamy SHEprud ObUI MOJyYeH HETPUBHUAIIBHBIN 3PQEKT: npu
ONPE/ICJICHHBIX ~ YCIOBHSX POCT OTHOLIGHHS CUTHAJ/LIyM
COIPOBOXKIACTCS CHIDKCHHEM 3aTpaT dHEPruM Ha OUT, KOTOpoe
3aTeM CMEHSETCS YBEIMUCHUEM.

[Ipu nccnenoBanny B3aMMOCBS3M MEX/y dHEpruei Ha OuT u
cpeaHeil 3a1ep)KKOH B CUCTEME OBUIO OTMEYEHO, YTO CYIIECTBYET
TAaKoe 3HAUYEHWE CpeAHEeH 3aJep)KKUU, NPH KOTOPOM 3aTpaThl
SHEPIWH Ha Tmepeladyy MUHHUManbHble. Ecimu B cucteme
TpeOyeTcss YMEHBIIHUTh 3HAUCHUE CPEAHEH 3a/ICPIKKUH, TO B TAKOM
clly4ae HeOOXOIMMO YBEITMYUTH YHEPro3aTpaThl.

Jnst cpaBHEHUS ObUIa UCCIIEA0BAaHA CUCTEMa C OHUM HCTOY-
HHUKOM M OJTHUM IIOJIy4aTeseM, 1 ObUIO OKa3aHo, 9To B TAKOH CH-
CTeMe OTCYTCTBYIOT OCOOCHHOCTH, BBISBIICHHBIC ISl CUCTEMBI C
MHO’KECTBOM MCTOYHHKOB M OJIHUM Tony4arenem. [Ipu sTom 3a-
TpaThl SHEPTUU M CPEJHSS 3aJepiKKa B TAKOW CHCTEME BCerja
HIDKE, YeM JUTSI CHCTEMBI CO CITy4aifHbIM JOCTYIIOM K KaHaIy.

[omyuenusie B paboTe pe3ynabTaThl MO3BOJSIOT BBHIPAOOTATH
PEKOMEHIAMK TIO BBIOOPY PEKUMOB pabOTHl A0OHEHTCKUX
ycTpoicTB cucteM MHTepHeTa Beleil, B KOTOpbIX HMEETCs orpa-
HUYEHHS Ha cpeiHee BpeMs JOCTaBKH COOOLIeHHs OT abOHEHTa J10
0a30BOM CTaHIIMU, a CAMH YCTPOWCTBA MMEIOT aBTOHOMHBIEC HC-
TOYHHUKH IMTUTAHUA, YTO ACIACT aKTyaﬂBHOﬁ 3aga4y YMCHBIICHUA
3aTpaT YHEPrUx Ha Iepeaaqy.
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RELATIONSHIP BETWEEN POWER AND ENERGY IN RANDOM MULTIPLE ACCESS TRANSMISSION
WITH MINIMUM AVERAGE DELAY

ArtemA. Burkov, Saint Petersburg State University of Aerospace Instrumentation, Saint Petersburg, Russia, a.burkov@guap.ru
Andrey M. Turlikov, Saint Petersburg State University of Aerospace Instrumentation, Saint Petersburg, Russia, turlikov@guap.ru

Abstract

For a long time, research into random multiple access proceeded along two independent lines: multiple access information theory and random mul-
tiple access theory. In recent years, studies combining these two approaches have begun to appear. However, existing literature typically fails to
jointly address the relationship between power and energy expenditure (accounting for retransmissions) and the minimization of average delay in
system. This paper investigates that relationship. The study examines a random multiple access system based on the ALOHA algorithm utilizing a
Gaussian multiple-access channel. The system is assumed to have a potentially unlimited number of user devices. An approach is described for deter-
mining the stable operating region where the average delay remains finite. A method is proposed for calculating upper and lower bounds on the
average delay with any desired degree of accuracy. An optimization problem is formulated and numerically solved to minimize average system delay
by selecting the user message duration, given a fixed number of bits per message and a specified transmission power. Based on the solution to this
optimization problem, an approach is proposed to establish the relationship between power and energy expenditure for random multiple access
transmission with minimal average delay. It is shown that the dependence of energy expenditure on power is not a monotonically increasing func-
tion and there exists a specific power level that minimizes energy expenditure. A comparison is made with a system comprising a single source
with an infinite message queue and a single receiver — a setup where collisions do not occur. Consequently, in that system, energy expenditure is
a monotonically increasing function of power. Furthermore, energy expenditure in the random access system is higher than in the single source
system at any power level.

Keywords:. Random multiple access, ALOHA, signal-to-noise ratio, energy per bit, average delay, stability, Markov chain, minimization problem
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Tiopnukos AHapen Muxainosuy,

MpeaMeToM wuccnepoBanusa ABnAeTca MeToAauKa npuMeHenua ApantusHoro Poepo-lenetuyeckoro Metopa
Ontumusaumum Pacnpepenenus pecypcoe (APFMOP) ana nporpaMMHOro pasjieneHus ceTeBbiX pecypcoB B
pacnpepenéHHoi BbluMcnuTenbHoi cetu. Llenb pabotbl coctoutr B ¢hopManusaumm nepexofa OT pesynbTaToB
MHOTOKpUTEPUaNIbHOM ONTUMU3ALMM K NPAKTUYECKOMY YNPaB/IEHUIO Y3/1TaMU-UCTIONTHUTENIAMU C YHETOM U3MEHAIOLLEroca
COCTOAHMA BbIMMCNIUTENbHOM cpeabl. O6GnacTb NpUMEHEHUA — LIEHTPAJIM30BaHHO YMpaBnAeMble pacnpefenéHHble
BbIYMCNUTENBHBIE CETH, B KOTOPbIX TpebyeTca AMHaMM4YecKoe MporpaMMHOe pacrnpefenieHue 3ajad U pecypcos.
MeTopaonorua uccneaosaHna ocHoBaHa Ha NpeACTaB/IEHUMN TEKYLLIEro COCTOAHMUA ceTn S(t), BKIoYaloLLero ceeileHus o
3ajja4ax, AOCTYMHOCTH, 3aHATOCTU U 3arpysKe ys3/ioB, BPEMEHHbIX XapaKTepUCTUKaX U AEACTBYIOLIMX OFPaHUYEHMAX U
napaMeTpax, onpeaenaoLLMX A40MNyCTUMOCTb TEKYLLIMX BAPMAHTOB pacnpefieNieHna pecypcoB, a TakiKe Ha UCMOMNb30BaHUM
Mapeto-apxuea A, c¢dopmupyemoro APFMOP no asyM kputepusaM — cpepHeil 3aAep)KKe W NPOU3BOAUTENILHOCTH
anroputMa pacnpeaenenua pecypcos. [peanoxeHa apxutekTypa, pasfensiollas ynpaenAioLMin U UCMONHUTESNbHBIN
YPOBHM, U onpeaeneHa nocnefoBareNbHOCTL BbiGopa pabouvero pelueHus x*, ero npeobGpasoBaHuA B NpaBuno
pacnpepaeneHus U aanee B ajpecoBaHHble ynpaensaiowme komaHabl. CchopMMpoBaH 3aMKHYTbI YNPaBRAIOLMIA LIMKN:
cbop cocrosaHua cetn, sanyck APFTMOP, ¢opMuposanmue Mapero-apxuea, BbiGOp pelueHus, pacnpeaeneHue noasanad,
BbIMONIHEHWE, NOJlyYeHWe pe3ynbLTaToB M aKTyanusauma coctoaHua S(t+l). YcraHosneHo, 4TO NOBTOPHbBIV 3amyck
onTUMM3aUMM LenecoobpasHO BbLIMONAHATL MPU COOLITUAX, CMNOCOGHBIX W3MEHUTb NMPUMEHMMOCTL AENCTBYIOLLErO
npaBuna: NOCTyniAeHUM HOBOW 3aJja4M, U3MEHEHNM JOCTYNMHOCTU UMM 3arpy3KN UCNOSTHUTENEN, NeperpysKe, NpeBbILLIEHUM
AOMYCTUMOTO BpeMeHU oxmpaaHua nnb6o owmnbke BbinonHeHua. MeTopuka obGecneuuBaeT MHOrOKpPUTEPUANILHOCTD,
afjanTaumio K AMHaMUKe CETH, NOAAEPIKKKY HEOAHOPOAHBIX UCTIONHUTENEH U HE3ABUCUMOCTb OT KOHKPETHOW annaparHow
nnarcpopMbl U MpOTOKONA Nepefavu AaHHbiX. [pakTMyeckoe NpuMMeHeHWE METOAMKM MPOUNNIOCTPUPOBAHO Ha
YeTbIpEXY3/10BO/ MOAENM pacnpefenéHHOM BbIYMCNUTENLHOM CETU NPU NocnefoBaTeNlbHOM NOCTYMIEHUM 3a/ja4 OLeHKU
yucna ? Metogom Monte-Kapno. B cepum u3 50 3anyckos pesynsratel APFTMOP conocrasnensl ¢ PSO, GA u pelueHuem,
BbIGpaHHbIM U3 TouHoro lMapeTo-cpoHnTa, chopMUpoBaHHOro NONHLIM NepeGopomM.
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BBenenue

PazBuTHe pacnpenenéHHBIX BEIYUCINTEIBHBIX CHCTEM COIPO-
BOJK/IACTCSl YBEJIMUYEHHEM YHUCIA OJHOBPEMEHHO BBIMTOJIHIEMBIX
3aj1a4, yCIOKHEHUEM MX CTPYKTYPHI M IIOBBIIICHHEM TPEOOBAHUH
K 3(@deKTHBHOCTH HCIIOIB30BAHMS JIOCTYHHBIX pecypcoB [1].
B ycnoBusix pacnpenenéHHOM ceTH Ha3HauCHHE BEIYUCITUTEIILHON
pa0OTBI OTAETBHBIM y371aM HE MOXET PACCMaTPUBATHCS KaK CTa-
THYECKas MPOLEAYPa, BBIOIHsIEMasi OAWH pa3 B Hadase paboThI.
CocTaB JOCTYNHBIX UCTIOJIHNUTEIIEH, CTETIEHb NX 3aHATOCTH, TEKY-
mas 3arpy3ka M XapakTepUCTUKH B3aUMOJCHUCTBUS U3MEHSIOTCS
BO BPEMEHH, a B CUCTEMY TIPOJOJIKAIOT MOCTYIaTh HOBBIE 331aH.
Bcenencreue sroro 3h(heKTHBHOCTH MPOTrPAMMHOTO pa3JielieHHs
CETEBBIX PECYPCOB ONpPENEISIETCs] CIIOCOOHOCTBIO CHCTEMBI yUH-
ThIBaTh TEKYHICC COCTOSIHUC BBIUKMCIIMTEILHOU Cpe€abl U CBOCBPC-
MEHHO KOPPEKTHPOBATh NPUHSTOE pacIpeiecHHE.

OrpaHuueHHOCTh BBIYNCIUTENBHBIX U CETEBBIX PECYpPCOB HE
TIO3BOJISICT BO BCEX CIIy4asX PE3epBUPOBATH ISl KaXKJOH 3a7a4uu
WM IOTOKA 00BEM PEecypcoB, COOTBETCTBYIOIINI €T0 MaKCHUMaITb-
HbIM TpeboBaHMsAM. Kpome Toro, cratnieckoe 3aKperuieHue pe-
CYpCOB TIPH M3MEHSIOLICHCS MHTEHCUBHOCTH OOMEHa CIIOCOOHO
MIPUBOJNUTE K UX HEAOHCIOIb30BaHUIO. B CBsI3M ¢ 3TUM akTyalb-
HBIM SIBIISIETCSl TMHAMHUYECKOE IEPepaclpeelIeHue PECypcoB C
y4€TOM TEKyIIEr0 COCTOSIHUS CETH U N3MEHEHHS XapaKTEPUCTHK
o0cmyxuBaeMbIx 1MoTokoB [2, 3]. CoBpeMeHHbIe UCCIEIOBaHMUS
MOKa3bIBAIOT, YTO aHAJIOTMYHAs 33aJja4a BO3HUKAET B pacIpejie-
JEHHBIX, TepU(EPUIHBIX U CITyTHUKOBBIX BBIYUCIHUTEIBHBIX Cpe-
Jlax, I7ie pelleHne JI0JDKHO yUUThIBaTh N3MEHEHHE Harpy3KH, He-
OJTHOPOJTHOCTH BBIYMCIIMTENILHBIX Y3JI0B U OTPaHMYEHHOCTD J10-
CTYIHBIX PECYPCOB.

Jlnst oneHKn KadecTBa paclpefesieHust B paboTe HMCIOob3y-
IOTCSI /IBA OCHOBHBIX ITapaMEeTpa — CPeTHsIS 3aIep>KKa 1 ITPOU3BO-
JUTEJFHOCTh JITOPUTMA PACTIPEIENICHNST PECypCcoB. 3asepiKKa
OTAETHHON 331a4N XapaKTEePU3yeT BPEMEHHBIE U3AEPKKH MEXKITY
e€ MOCTYIUIEHHEM B CHCTEMY 1 HadaJloM BBIITOJTHEHHS HA BEIOpaH-
HOM y3JIe-HCIIOJHUTENE. B yCrnoBusaX AMHaAMHUYECKH N3MEHSIOIIe-
TOCSI COCTOSIHUSI BBIYMCIUTENIBHOM CETH BEIMYMHA 3a/1€PKKH OT-
JeITbHOM 3a7auy 3aBUCHUT OT TEKyIIEH 3arpy3Kd M JOCTYIHOCTH
Y3JIOB, COCTaBa MOCTYNUBIINX 33/1a4 U IIPHHSATOrO BapHaHTa pac-
NpeJieNieHHs U MOTOMY paccMaTpHUBAeTCsl Kak ciydaiiHasi BeJH-
yuHa. [Ipy cpaBHEHNU BapUaHTOB PACIPE/ICIICHHs UCTIONIB3YETCS
OlLleHKa €€ cpeHero 3HaueHus. [Ipon3BoIUTENTLHOCTD aNropuT™Ma
pacIipesiesIieHUs] PecypcoB XapaKTepu3yeT KOJMYEeCTBO 3ajad,
YCIICITHO 3aBEPIIEHHBIX CHCTEMOW 3a eauHuIy BpeMeHH. CoB-
MECTHOE PacCMOTPEHHE CpeTHEN 3aIePKKH U TPOU3BOAUTEIIHLHO-
CTH TTO3BOJISICT OLICHMBATh KaK BPEMEHHBIC U3/ICPXKKH pacrpesie-
JICHUSI, TaK U UTOTOBYIO PE3yJIbTaTHBHOCTh (DYHKIMOHUPOBAHUS
pacupeie’I€HHON BBIUMCIUTEIbHON CETH.

3ajaun AMHAMUYECKOTO PACIPEAETICHUs BEIYUCINTENbHBIX 1
CETEBBIX PECYPCOB C yUETOM BPEMEHHBIX XapaKTEPUCTUK U TEKY-
IIEro COCTOSIHHSI CUCTEMbI PACCMATPUBAIOTCSI M B COBPEMEHHBIX
pacnpeneI€HHbIX BRIYUCIUTENBHBIX cpenax [4-6]. Ilpu aTom cy-
IIECTBEHHOE 3HAYE€HHE MMEIOT HEOJHOPOJHOCTH BBIYHCIIUTENb-
HBIX Y3JI0B, H3MEHSIOIIAsCS 3arpy3Ka U OrPAaHUYEHHOCTh JIOCTYII-
HBIX BBIUMCIHUTEIBHBIX pecypcoB [7-9].

Jlnist pemieHnst MHOTOKPUTEPHAIBHON 3a/1aui pacIpeieIeH s
pecypcoB panee pa3pabortan AnanTtuBHbl PoeBo-I eHeTnueckuit
Meton Ontummszanuu Pacnpenenenus pecypcos — API'MOP
[10-12]. B paccmarpuBaemoii metoanke API'MOP ncrons3yercst
KaK KOMITOHEHT, (pOPMHUPYIOMINI MHOXECTBO HEJOMHHUPYEMBIX

BapMaHTOB pacnpesaencHus. lcnonb3oBaHue MNOMYJISIMOHHBIX
MeTos10B U [lapeTo-roaxo/a sSBIsE€TCsl PaCIpPOCTPAHEHHBIM CIIO-
co0OM penIeHns] MHOTOKPHTEPHAIbHBIX ONTHMH3alMOHHBIX 3a-
nmayg [13-15].

Hanuuue onTUMH3aIOHHOTO METO/1a caMo II0 cebe He ompe-
JIeNsieT NOpAJoK (PaKTHIECKOro pacmpeneneHus 3anad. 13 MHo-
YKeCTBa HEJJOMUHHUPYEMBIX PEIIeHHI He0OOXOANMO BEIOpaTh pado-
YUl HEIOMUHUPYEMBII BApUAHT PaCIpPEEICHUs], COOTBETCTBYIO-
KA TEKyIIUM TPeOOBaHMSIM; 3aTeM BbIOpaHHBIM BapHaHT J10JI-
JKEH OBITh IIPe0o0pa3oBaH B NPABHUJIO PACIPEIENICHHs], IIPUTOJHOE
JUIsl MCTIOJIHEHHMS]; Ha €0 OCHOBE JOJIKHBI OBITh C(hOPMHPOBAHEI
YHPaBJISIIONME KOMaH/Ibl, aIpECOBaHHbIE KOHKPETHBIM Yy3JIaM-HC-
TIOJTHUTEIISIM; TTOCTIE BBITTOJTHEHUS 33124 JIOJDKHBI OBITH IOy YEHBI
pe3yabTaThl U aKTyalU3HPOBAHBI CBEACHUS O COCTOSIHUU CETH.
OTu onepaunuu CBSA3BIBAIOT PE3yJIbTAThl MHOTOKPUTEPUAIBHOU
ONTHUMHU3AINN C IPAKTHYECKUM YTIPABICHUEM CETBIO.

B wmccienoBaHMsIX MOCBSIIEHHBIX PACIPEEICHUIO CETEBBIX
pecypcoB TaKKe PacCMaTPUBAIOTCS MEXaHN3MBI THHAMHUYECKOTO
pEryIMpOBaHuUs BBIAEIAEMBIX PECYPCOB, CIIPABEJIUBOTO pacIipe-
JIENICHNs] HECKOJIBKHUX THIIOB PECYPCOB U IPOTPAMMHOTO pa3zeie-
HUA (YHKOMHA YHpaBieHHS M HENOCPEICTBEHHOTO HCIIOIHEHUS
[16-18].

Lenbto craThu siBiseTcs pa3paboTKa M OMHUCAHUE METOJMKH
npuMeHeHns API'MOP 11t mporpaMMHOTO pa3fiefieHUs CEeTEBBIX
pecCypcoB B pacnpeieIEHHON BRIYUCIUTENBHON ceTH. [ qocTu-
JKEHHUS TIOCTABJICHHOM IeJIM HEOOXOIUMO OIPE/ICINTh BXOJHBIC
JITaHHBIE, aPXUTEKTYPy B3aHUMOAEHCTBHSI KOMIOHEHTOB, MOPAJOK
BbIOOpa pabodyero pemnreHust, GOPMHUPOBAHMS MIPABUIIA PacIIpesie-
JICHUS] ¥ OpTaHn3aluy 00paTHO CBA3M.

ITocTanoBKka 3aga4u

PaccmotpuM pacnipeieI€HHYI0 BBIUUCIUTEIbHYIO CETh, B KO-
TOpOﬁ MHOKECTBO BBLIYMUCIHUTCIIBHBIX Y3JI0OB HMCIIOJB3YCTCA IJIA
BBITIOJTHEHU A MOCTYMAIOIIHUX 3ala4 WJIW UX OTACJIIBHBIX IToA3ada4.
B xaxplii MOMEHT BpEMEHH YacTh y3JI0B MOXKET OBITh CBOOO/IHA,
YacTh — BBITIOJIHATH paHee Ha3HAYeHHYIO paboTy, a 4acTh — ObITh
BPEMEHHO HEJIOCTYITHOM Ul MCIoJib3oBaHus. OJTHOBPEMEHHO B
CHCTEMY MOT'YT ITOCTYIIaTh HOBBIE 3aJauH, TPEOYyIoIe Ha3Have-
HUSI TOCTYIHBIM pecypcaM. ClieioBaTesIbHO, POIeypa pacupe-
JICTICHNS JIOJDKHA YYUTBHIBATH HE TOJIBKO COCTaB BEIYMCIUTEIILHOM
paboTHI, HO ¥ TEKYIINE XapaKTEPUCTUKN CPEIbI HCIOTHEHHUS.

Bapuant pacnpenenenusi, ¢dopmupyembrii APTMOP, nanee
obo3HavaeTcs yepe3 X. PaccMaTpUBarOTCs TOJIBKO BAPHUAHTHI pac-
MpeIeNIeHNs], YIOBJIECTBOPSIOIINE IEHCTBYIOINM OTPaHUUYEHUAM U
COOTBETCTBYIOIIUE TEKYIIEMY COCTOSHHIO BHIUMCIUTEILHON CETH.

Kaxplii 1OMyCTUMBIM BapHaHT paclpeleseHus] X OLCHUBA-
€TCs 110 JIBYM IIOKa3aTessiM KadecTBa — CpelHel 3anepxkke D u
npousBouTeNbHOCTH P [6, 8, 19]:

D —» min, P - max (1)

Junst otnenbHOM 3a1a4H 1 3a1epkka D onpenensercs HHTepBa-
JIOM BPEMEHM MEXy HOCTYIJICHHEM 3a/1aui B CHCTEMY M Hada-
JI0M €€ BBITIOJIHEHHUS HA HA3HAYCHHOM BBIYNCIIUTEIBEHOM y3IIe:

D; = ¢ — 4", @

rjie £/~ MOMEHT MOCTYIUIeHUs 3a1a4u B cucTemy, tit®t —

MCHT Ha4aJia BBIIIOJIHCHUA 3a/la4d Ha HA3HAUYCHHOM Y3JI€.
Benmuuuna D; 3aBucuT OT TEKYIIETO COCTOAHUSA BbIYHUCIIUTEIIb-
HOU CCTH, 3aHATOCTU U 3arpy3KHu Yy3JI0B, COCTaBa IMOCTYMAIOMINUX

MO-
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3amad W Cc(HOPMHUPOBAHHOTO BapHaHTa pacmpenencHus. s
OIICHKMA KadecTBa KOHKPETHOTO BapHaHTa paclpeleIeHUs ¥c-
TOJIB3yeTCs OIeHKa e€ cpemHero 3HadeHus. s N HaOrro1aeMbIX
3a/1a9 CPeIHsIs 3aIepKKa ONPEACTIACTCS BRIPAKEHUECM:

= _IN.p;

D= B 3)

3nayenue D xapakTepu3yer 3aepKKy OTIeIbHON 3a/1a4H, TO-
raa kak D ucnosb3yeTcs Npu cpaBHEHHH BApUAHTOB pacipesele-
Hus. EnquHuiieit uamMepeHust 3aJIep>KKu U CpeHeN 3a7IepyKKU SIBIIsI-
F0TCS CEKYHbl MIIM MUJUTUCEKYH/BI.

[Tpou3BOAUTENBHOCTL AITOPUTMA PACHPEIEIICHUSI PECYPCOB
ONpEJENAeTCs KOJIMUYECTBOM 3aJay, YCIELUIHO 3aBEPIIEHHBIX CH-
CTEMOM 3a €IUHUILY BPEMEHMU:

_ Ndone
p = fdone @)

1€ Ngone — KOJIMYECTBO 33]1a4, YCIELIHO 3aBEPILIEHHBIX 32 UHTEP-
Bay HaOmromenus At. EnuHunerd m3MepeHus MpOU3BOIUTEIHHO-
CTH aJTOpUTMAa SBISIETCS 3a/1a9/C.

Ha ocHoBaHMM COPMHUPOBAHHBIX BXOJHBIX JAHHBIX U TEKY-
IIETO COCTOSHUS CeTH BhImonHsAeTcs 3anyck APIMOP, pesynbta-
TOM KoToporo siBisiercs [lapero-apxuB A — MHOKECTBO HEZJIOMH-
HUpyeMbIX perieHuit [14, 15]. ®opmupoBanue apxuBa A 3aBep-
maeT OHTI/IMI/I?;aL[I/IOHHbIﬁ 9TaIl, OAHaKO JId MPAaKTUYCCKOro mpu-
MCHCHMS NOJIYYECHHOI'O pCIICHUA Tpe6yeTc;I OIPEACINUTD TOPAAOK
ero npeobpa3oBaHMs B MPABIJIO PACIIPE/ICIICHUS U yIIPABISIOLIHE
KOMaH/Ibl y3JIaM-HCIOJHUTEISIM. M3 apXxuBa HEOOXOJMMO BBI-
Opath pabouee pemicHHE X*, TIOCIIE Yero mpeodpa3oBaTh €ro B
TIPABHIIO PACIIPEICIICHHS U YIIPABIIAIONIAE KOMaHIBI.

COMPUTER SCIENCE

JlanpHeiias 3a1a4a COCTOUT B IEPEXO/I€ OT MOJIyUYE€HHOI' 0 OIl-
TUMHU3AIOHHOTO Pe3yNbTaTa K MPaKTUIeCKOMY YIIPaBICHHIO Ce-
TEBBIMH PECypPCaMH.

BxoaHble JaHHbIE U COCTOSIHHE CeTH

Js mpumenerns APITMOP ynpasisionuid KOHTYpP TOIDKEH
pacnojaratb akTyaJlbHBIMH CBEACHUAMU O 3aJia4aX U JOCTYIHBIX
pecypcax. DTH CBEJIEHUsI OTHOCSTCS K ONPEICAEHHOMY MOMEHTY
BPEMECHHU U UBMCHATIOTCA 110 MEPEC BBITIOJTHEHUA Ha3Ha‘-IeHHﬁ, OCBO-
OOKICHUS Y3JI0B, U3MEHEHHSI UX COCTOSIHUS U MOCTYIUICHHS HO-
BBIX 3aJ1au. TeKyIee COCTOSIHUE pacipe/IeEHHON BEIYMCIUTEIb-
HOIi cetr 0003HaYNM S(t).

[on cocrostHuem cetn S(t) manee MOHUMAETCSI COBOKYITHOCTD
aKTyaJIbHBIX CBEACHHI O 3a/a4ax, JOCTYIHBIX y3JIaX, BPEMEHHBIX
XapaKTEePUCTHKAX M JIEHCTBYIOMNX OTPAaHWYCHUSX, YTO CXEMa-
TUYHO TIPENICTaBIeHO Ha pucyHke 1 [3, 7, 20].

K 6moky «3amaum» OTHOCSITCS MCXOJHBIE BBIYMCIUTEILHbIC
33144y ¥, IPY HEOOXOAUMOCTH, TTO13a/1a4H, O’KHIAIOIIE pacIpe-
JIETICHUS] MEXXY y3/1aMH CETH.

B1nok «¥Y311bI ceTn» ONMUCHIBAET MHOXKECTBO BBIYMCIUTEIBHBIX
y3JI0B, KOTOPbIE MOTYT Y4acTBOBATh B TEKYILIEM IHKJIE pacipeie-
JICHUS. HHH KaXXJ10ro y3ja YYUThIBAOTCA €0 JO0CTYITHOCTD, 3aHs-
TOCTh 1 3arpy3ka. [1oJ1 T0CTYyHOCTBIO TOHUMAETCSI CIIOCOOHOCTD
y3J1a IPUHSTH Ha3HAYEHHYIO M0/13a/1auy U KOPPEKTHO BEPHYThH pe-
3yJIbTaT. 3aHATOCTh OTpPaKaeT (aKkT BBIIOJHEHUS Y3JIOM paHee
Ha3HaYeHHOH pabOoTHl B paccMaTpUBaeMbIii MOMEHT BpeMEHH. 3a-
Tpy3Ka XapaKTepu3yeT CTENEHb TEKYIIETrO0 HCIOJIb30BAHUS BbI-
YHUCIIUTENLHOTO PECYPCa U MOXKET OIPEACIATHCS 110 BEIOPAaHHBIM
B peasin3aluy noxkasaressim (4, 8].

Cocroanue cet S(t)

3anaun V3nbl ceT Bpemennble XapakTepHCTHKH OrpannyeHus
Moo Bpemst nocrynnexms Jlonycrumoe Bpems
AVCLYLIVUCID
3ajia4m BBITOJTHEHHA
Bpems Havana OIYCTHMOE BpeMs
—— 3anATOCTH — P 2 __{ Jlomy P
BBITOJIHEHHS OKHIaHHS
Bpewms ornpaexu VenoBus KOppeKTHOTO
— 3arpy3ka — £ P PP
Fa1aHHuA BBIMOJIHCHHA

Yenosus MOBTOPHOTO
HazHaAuUCHHA

Bpems momyuenns
OTRETA

dakTHyecKoe BpeMsA
obpaboTku

Puc. 1. CocraB cocrosinust cet S(t)
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brox «BpeMeHHbIe XapaKTEpUCTUKW» BKIIOYAET MapaMeTphl,
UCTIOJIB3YEMBIC ISl OLICHKU TEKYIIEro pekuMa (pyHKITMOHHUPOBa-
HUSI CETU: BpeMsi OTIPABKH 3aJjaHusl, BpeMsl TIOJYyUEHHs] OTBETA U
(hakTudeckoe Bpemsi 00pabOTKH MO3a1au. DTH CBEICHHUS 03~
BOJISIIOT OLICHMBATh BPEMEHHBIE 3aTPaThl paCIpeeIeHUs U yTOY-
HATb TeKyllee cocTosinue cetu [1, 3].

Bbiiok «Orpanuuenus» 3a1a€T yciaoBUs TOMYCTUMOTO pacipe-
nenerusi. K HIM OTHOCATCS JOMTyCTUMOE BpEMsl BEITIOTHEHHS, J10-
IyCTUMOE BpEMsI OJKUIaHUS, YCIOBUSI KOPPEKTHOTO 3aBEPIICHUS
¥ YCIIOBHA TIOBTOPHOTO Ha3Ha4YeHWs mon3afgadu. COBOKYITHOCTh
yKa3aHHBIX OTpaHHUYEHHUH OIpeaeNnsieT, Kakue BapHaHThl pacrpe-
JICJIEHUS] MOTYT PacCMAaTPUBATHCS KaK JOMYCTHMBIE B TEKYIIHX
YCIOBUSX (QYHKIIMOHUpOBaHUS ceTH [5, 21].

[TomMuMO TapaMeTPOB TEKYIIETO COCTOSIHUS CETH, ITPU POPMU-
POBaHUU BXOJHBIX JIAHHBIX UCTIOJIB3YIOTCS 3aJJaHHbIE TTapaMeTPhl
onTuMuzanuoHHoro ukia APTMOP.

Apxurtektypa npumenennss APITMOP

Apxutektypa npumerenuss APIMOP ocHoBrIBaeTcst Ha pas-
JIETICHNH TIPOLIECCOB MPUHSATHS PEHICHHUsS W HETOCPEICTBEHHOTO
UCIIONTHEHUsSI  BBIUMCIMTENBHOM paboTel. Ha ympasmstromem
YPOBHE BBINOJIHACTCS IIOJrOTOBKA 33/1auH, (GOpMUpPYETCs TeKy-
mee coctossaue cetr S(t), 3amyckaercs Mmoxyis APTMOP u ¢op-
mupyertcs [Tapero-apxus A. V3 apxuBa BeIOMpaeTcs padbouee pe-
HIEHHE X*, HA OCHOBE KOTOPOro (popMHUpyeTCsl MPaBUIIO pacipe-
Jenenus. Jlanee cpeicTBaMu CETEBOM JUCIIETUEPU3ALY IIPABUIIO
npeoOpazyeTcst B yNpaBisoNIe KOMaH/Ibl, aJpecyeMble COOTBET-
CTBYIOIIUM y3JIaM-HCIIOJIHUTESIM. Ha ncnonHuTensHOM ypoBHE
y3JIbI IPUHUMAIOT HAa3HAYEHHMsI, BBIMOJHSIOT COOTBETCTBYIOIIE
110/133/1a41 1 BO3BPALIAIOT PE3YJILTATHI U CIyXKeOHbIE CBEJCHUS,
HCIIOJIb3yEMBIE JIJIS TTIOCIIEYIOIIEr0 OOHOBIICHUS COCTOSIHUS CETH.
Yka3zaHHas uepapxus npeacTaBieHa Ha pucynke 2 [9, 18].

B apxuTeKkType MOXHO BBIJEIHTH HECKOJBKO (DyHKIMOHAIB-
HBIX KOMITOHEHTOB. KOMITOHEHT NMOTOTOBKH 3aJaull OTPEIENsCT
rapaMmeTpbl UCXOIHOM BBIUMCIMTEIbHON 3a1a4Uu U, €CIIH €€ CTPYK-
Typa JOMyCKaeT NeKOMIIO3UIMIo, (hopMHUpyeT Habop 1oj3ajad,
IpeHa3HAYEHHBIX Ul MOCIIEyIOIero pacipeaencHus. Kommo-
HEHT ()OPMUPOBAHUS TEKYILETO COCTOSIHUS CETH O0bEINHSIET CBE-
JICHUSI O 3a/1a4aX, y3JIaX-HCHOJHUTENSX, HX COCTOSIHUH, BPEMEH-
HbIX XapaKTECpHUCTUKAX U )IeﬁCTByIOHlHX OrpaHUYCHUAX B COCTABC
S(t). Onrumunzanuonnsiii Moxyiss API'MOP ¢opmupyer ITapero-
apXxMB A, coJiepKalnii MHOKECTBO HEJIOMUHHPYEMbIX BApHAHTOB
pacripenenenus [7]. Y3 nero BeIOMpaeTcs pabouee pemieHne x*,
COOTBETCTBYIOIIEE TEKyIIUM TpeboBaHusM. BriOpanHoe pemre-
HHUE npeoOpa3yeTcs B MPABUIIO PACTIPEICIICHNS, TTOCIIE YEeTo CeTe-
BOM nucrieTuep popMHpyeT agpecoBaHHBIC YNPABISIONINE KO-
MaHJbI JUIsl Y3JI0B-HCIOJHUTENEH.

[IpencraBneHHass apXUTEKTypa HE NpUBA3aHA K KOHKPETHOM
amnmapaTtHO# 1wratdopme win (prusmdeckoMy HWHTepdeicy mepe-
Ja4yu JaHHBIX. CyHIeCTBeHHI)IMI/I JJIA METOAUKU SABJIAOTCA (pyHK-
IMMOHAJIbHBIC d3TAlIbl IOATOTOBKH 3aJ1a4H, (bOpMI/IpOBaHI/ISI COCTOA-
HUS CETH, MHOTOKPHTEPUAIIbHOW ONTHUMHU3AIMHM, BbIOOpa pabo-
4ero peuieHus, OpMUPOBAHUS NIPABMIIA PACTIPEICIICHNUS U ITepe-
Jlaud yTpaBJISIOUINX BO3ACHCTBUN y31aM-HCIONHUTEISIM [22].
[Toce BBITIOIHEHNST HA3HAYCHHBIX T0/3a/1a4 pE3yJbTaThl U CBe-
JIeHUS O (PaKTHUECKOM COCTOSTHHH MCIIOHUTENICH MOTYT HCTIOIb-
30BaThCs IS akTyanu3auy S(t) ¥ ImocieyIomero nuKia pacipe-
nenenns [19, 20].

YnpaBnsaowmii ypoBeHb
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Puc. 2. Apxutexrypa npumenenust API'MOP B pacnpenenénnoit
BBIYHCITUTENLHON CETH

B KOHKpeTHOH MporpaMMHO-aNmapaTHoi peann3anun QpyHK-
LMW YIPABISIONIETO YPOBHS MOTYT BBITIOJHATHCS OJIHUM KOMITO-
HEHTOM JIHOO PaclpenesAThCs MEXKIY HECKOIbKUMH KOMIIOHCH-
Tamu. Hampumep, moAroToBKa M JEKOMIIO3MIIMS MCXOJHOM 3a-
JIa4yll MOTYT BBINOJIHATHCS KOHTPOJIUPYIOIIMM YCTPOMCTBOM, TO-
r7ia Kak ()YHKIIMU CETEBOM JMCIICTUCPU3AIIUH, ITEPEIaYd KOMaH]
U TIOJyYEHUsl pe3yJbTaTOB — master-y3sioM. Takoe pasjeieHue
HOCHT (PYHKITMOHAIBEHBIA XapaKTep U He U3MCHSIET O0IIeH moce-
noBatesnbHOCTH npuMeHenust APTMOP.

dopMupoBaHHe NPABUJIA pacnipeesieHus

LleHTpasbHBIM 3TAlOM METOJUKH SIBJISIETCS MTPeoOpa3oBaHKe
pe3yiapTaTa MHOTOKPUTEPHATFHON ONTHUMHU3AIMH B MPHUKIIAJIHOC
MpaBUJIo pactpenencHus. [lapeTo-apxuB A coIepKHUT HECKOIBKO
HEJIOMHHUPYEMBIX BapUaHTOB, MOATOMY MEPBBIM IIATOM IIOCHE
3apepieHus padotsl APTMOP cranoBuTcst BEIOOp paboyero pe-
menust x* [14, 15]. Berbop ocyiecTBisieTcst B COOTBETCTBHH C Te-
KyIIUMH TpeOOBaHHMSAMH [UKJIA PACIpEeNICHNs: TIPHOPUTET MO-
JKeT OTJaBaThCAd MHUHUMU3ALUY CPEIHEN 3aep:KKH, MAaKCUMU3a-
LU TPON3BOJUTEILHOCTH allTOPUTMa PACIPENICIICHNS] PECYPCOB
WJIN KOMIIPOMHUCCHOMY BapHaHTY.
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Pabouee pemenne x* He SABISETCSA HEITOCPEICTBCHHON KOMaH-
JIOW y3JIy-HCIIOJIHUTEII0, OHO OIMCBHIBAET BHIOPAHHBIA BapHaHT
pacnpenenenus B 00o3HaueHusIx APITMOP. It npakTHYeCKOro
MPUMEHEHHS ero Heo0X0IMMO NPeodpa30BaTh B MPABHIIO PACIIpe-
nenenusi. [IpaBuio pacmpeneneHust Onpenesnsier, Kakue Ioj3a-
Jlaull KaK|M HCIIOJIHUTEJISIM TIepejatoTCsl, B KakoM 00bEMe, B Ka-
KOM TOPSIJIKE U TIPH KaKUX YCIIOBHUSX KOHTPOJIS.

ITapero-apxus A

Bpibop pabouero pewenus x*

I1paBuno pacnpeneneHus

Henonnurens

COMPUTER SCIENCE

O’KHUJQHUS PE3YJIbTATA, @ TAKXKE YCIOBUSI KOHTPOJISI M IOBTOPHOTO
Ha3zHaveHus. KOHKpeTHBIH coCTaB U cIIOCO0 MPECTaBICHUS 3THX
3JIEMEHTOB MOT'YT YTOUHSATHCS B 3aBUCUMOCTH OT apXUTEKTYPhI U
MIPOrpaMMHO-aNNaPaTHON pean3alii BEIYUCIUTEIbHON CETH.

Ha ocHoBe c(hopMHpPOBAHHOTO MpaBHJIa MOATOTABIUBAIOTCS
YOpPaBISIONIME KOMaHIBI IS y3loB-HcnonHuTene. Komanma
JOJDKHA COZIEPIKaTh, 10 KpaiHed Mepe, HACHTU(UKATOP WK aj-
peC MCHOJHUTENISA, UICHTU(DUKATOP MO3a1a4u, 00bEM padoTHI,
HEO0XOUMBIC MTAPAMETPhI BBIYUCIICHUS U CIYKCOHBIC MTPU3HAKH
koHTpoJisi. KoHKpeTHBIH (GopMaT yrnpaBIIstoNed KOMaHIbI OMpe-
JIETSETC MCIOJb3yEMBIM IPOTOKOJIOM M IIPOTrpaMMHO-anmnapar-
HOH peanuzanueit cetu [18, 20].

ITocienoBaTeIbHOCTH NPUMEHEHUSA METOAUKH

[TocnenoBarensHocTh ipuMenenuss APIMOP npencrasnsier
c000i1 COBOKYITHOCTh B3aUMOCBSI3aHHBIX 3TAIIOB, OXBATHIBAIOIINX
MyTh OT OCTAHOBKU BBIYMCIUTEIBHOM 3a/1a4 10 TIOTyYEHUS pe-
3yJbTATOB U aKTyalIU3alUuU cOCTOSHUS ceTH. OHa ONHCHIBAET B3a-
HMMO/IEIICTBHE YTIPABIIAIOIIETO U HCTIOJTHUTEIBHOTO YPOBHEH CETH,
TOT/a KaK BHYTPEHHHUE MPOIeTyphl MHOTOKPUTEPUAIIEHOTO O TH-
MHU3alMOHHOTO IOMCKA BBINOJIHAIOTCS BHYTpH Mogy1st APTMOP.

[MToctanoBKa BBIMHCIHTEILHOI 301441 YHPABIAKOIIHM Y310M
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Puc. 3. Ilepexon oT pe3ynpTaTa ONTUMH3ALUH K YIIPABICHUIO
LEHKA 3a1ePIKKH H NPOM3BONTENLHOCTH, ODHOBIEHHE COCTOAHNA
HUCIIOJIHUTCIIAMU 0 P P 3

Taxkum 00pa3om, HEOOXOAMMO YETKO pa3inyaTh TPU YPOBHS
MIpe/ICTaBIeHNUS pe3yabTaTa. [IepBblil ypoBeHb — ONTUMU3AIOH-
Hoe pemeHue x*, BeiOpanHoe u3 [lapero-apxuBa. Bropoit ypo-
BEHb — MPABWJIO PACHPEACICHHs, KOTOPOE UHTEPIPETUPYET BbI-
OpaHHOE pelIeHne ¢ YIETOM TEKYIIEro COCTOSIHUA ceTH. Tpetuit
YPOBEHb — YIPABIISAIOINE KOMaH/IbI, IPeCcTaBIIsIoIINE co00it a-
pPECOBAHHBIE Y3J1aM-HCIIOJIHUTENSAM COOOIEHHUS, TTOCPEICTBOM
KOTOPBIX TIPaBHJIO peaM3yeTcsl Ha MpakTHKe. Takoe pasrpaHuye-
HHE I03BOJISIET M30ekKaTh CMEIICHHsS MaTeMaTH4eCKOro pe3yJib-
TaTa ONTHMH3ALUK U CETEBOr0 MEXaHN3Ma €ro UCTIOJTHEHUSL.

[TpaBuio pacnpeneneHus: BKIOYACT yKa3aHHE HCIOJTHUTEIIS,
Ha3Ha4YaeMylo 10/13a71a4y, 00bEM BBIYMCIMTEILHON paboThI, Ia-
paMeTpsl BBINOJIHEHUS, MOPSIOK MEPeaadn, JOIyCTUMOE BpeMs
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S(t+1)

Puc. 4. IlocnenoBarensHocTh npumenennss API'MOP

IlonHbI LMK HAYMHAETCSA C MOCTAHOBKU BBIYMCIIUTEIBHON
3a/1a4¥ YIPaABJIIFOIINM Y3JIOM. 3aTeM BBITIOTHSIIOTCSI HHUITHATHA3a-
ouA CETHU U ONPCACIICHNE MHOXKXECTBA MMOTCHIMAIIBHBIX UCIIOJIHU-
teneit. Ha cnemyromem stame coOuparoTcsi akTyajbHBbIC Tapa-
METPbI BEIYHACITUTEIILHON CPebl U POPMUPYETCS TEKYIIEE COCTO-
stHAE ceTd S(t), BKIIFOYAIOIIee CBEICHHS O 3a7ayaX, TOCTYITHOCTH,
3aHATOCTU U 3arpy3Ke Y3JI0B, BPEMEHHBIX XapaKTePUCTHKaX M
JIEHCTBYIOIINX OrpaHUueHUsIX. Eciu cTpyKkTypa ucxoaHou 3a1auu
JIOIYCKaeT IEKOMITO3UIMIO, OHa pa3zesisieTcsl Ha Mo3aJauH, 1o-
cie gero hopMupyroTes BXonHble qannbie 11 APTMOP [3, 4, 7.




MHDOPMATUKA

B pesynprare ontummsannonHoro nukia APTMOP ¢opmu-
pyercs [lapeto-apxuB A, coliepkaiiiuii MHOKECTBO HEOMUHUPY-
eMbIX BapuaHTOB pacrpe/eienus. 13 Hero BeiOupaercs pabouee
pelieHue X*, COOTBETCTBYIOIIEE TEKYIIUM TPeOOBaHHSM 110 Cpe/l-
HEH 3a/iepXKKe M TPOU3BOJUTEILHOCTH JITOPUTMA pacipeierie-
HUS pecypcoB. BeiOpaHHOe peleHne npeodpasyercsi B MPpaBUIIo
pacripe/iesieHus], Ha OCHOBAaHWU KOTOPOTO (POPMHUPYIOTCS yIpaB-
JISTFOTIIE KOMAH/IbI, aAPECOBAHHBIC y3JIaM-HUCIIOTHUTEIISIM.

ITocne mepenaun KOMaHJI WCIOJHUTENN BBIIOJIHSIIOT HAa3HA-
YEeHHBIC TOA3aJaudl ¥ BO3BPAIIAIOT PE3yJbTATHl U CITy)KEOHbBIC
ceeneHns. Ha ux ocHOBE paccumThIBaIOTCs (aKkTHUECKHE Mapa-
METpBI pabOoTHI U aKTyalm3upyeTcs coctosgaue cetu S(t+1). O6-
HOBJIEHHBIE CBEJICHUSI HCIIOJIB3YIOTCS MIPU TOCIEYIOIEM LIUKIIe
pacrpezereHus, 4To odecredrBaeT 00paTHYIO CBSI3b MEXIY pe-
3yJbTaTaMH UCTIONIHEHUS U ouepeHbIM 3amryckom APTMOP.

Yupapasomuii LUK 1 00paTHas CBA3b

[TporpammHOe pasjienieHHe CEeTEeBbIX PECYpCcOB B JIMHAMHYE-
CKOW BBIYMCIIUTEIBLHON Cpejie HE MOYKET OIPaHUYMBAThCS OJIHO-
KpaTHBIM (POPMUPOBAHUEM paclpesieneHus. B nporecce BbINo-
HEHUS 3a7a4 MEHSIOTCS JIOCTYITHOCTb, 3aHSATOCTh M 3arpy3Ka y3-
JIOB, MOTYT TIOCTYIIaTh HOBBIC 3a/IaHMsI, YACTh UCIIOIHUTEICH MO-
JKET BBIXOJUTH M3 YHCJIA JIOCTYIHBIX PECYPCOB, a OTICIIbHBIC
Ha3HAYCHUS MOTYT 3aBepIIaTbcs OmmuOKoi. [losTomMy mpumene-
Hrne APTMOP nomkHO paccMaTpuBaThCs Kak 3aMKHYTHIN yIIpaB-
TSTIOMIAN TAKII, BKITFOUAIOMIAN 00paTHYIO cBs3b [ 1, 3, 4].

OO1wMii IUKJI MOYKHO OIHCATh MOCJIE0BATEIBHOCTBIO: COCTO-
saue cetr S(t) — 3amyck APTMOP — Ilapero-apxuB A — BbIGOp
pabouero pemeHus X* — NPaBUIIO paclpeleleHus — YIpaBiIsio-
IIM€ KOMaH/Ibl — pe3yJIbTaThl BHIIOJIHEHNSI — 0OHOBJIEHHOE COCTO-
saue cetn S(t+1).

OOparHast cBs3b BBHINOJHSET JABE OCHOBHBIC (hyHKIMH. Bo-
MEepBBIX, OHAa TO3BOJSIET (PUKCHUPOBATH YCIICIIHOCTH HIIM He-
YCIICIITHOCTh TEKYIIUX Ha3HAYEHHUH M MOJy4aTh COOCTBEHHO BbI-
YHCINUTENbHBIC pe3ylIbTaThl. BO-BTOPHIX, OHA CIY)KUT MCTOYHU-
KOM CBEJICHHH /ISl aKTyaJIN3aliy cOCTOSIHUS ceTu. [locie 3aBep-
IICHUS MJIM CPhIBA MCTIOJIHEHUS U3MEHSIOTCS XapaKTePUCTHKH J10-
CTYMHOCTH, 3aHATOCTH U 3arpy3KH PECYpCOB; KPOME TOTO, MOTYT
YTOUYHSTHCS BPEMEHHBIE XapaKTEPUCTUKU B3auMozeicTus. Beé
3TO MCHOJIB3YETCS P MOATOTOBKE CIIEAYIOMIEro IUKIA IpHMe-
HEHUS METOdA.

Hosebrit IUKIT CJIEAYCT 3aIlyCKaTb TOJBKO MNPHU U3MCHCHUAX,
CIIOCOOHBIX TOBIUSTH Ha JICHCTBYIOIIEE MPABUIO paclpenere-
Hust. K TakuM cOOBITHSIM OTHOCSITCS TOCTYIUICHHE HOBOH 3a1auH,
M3MEHEHHE JIOCTYITHOCTH HMCIOJHUTEINS, CYyIIECTBEHHOE H3MEHe-
HHE 3arpy3KH, eperpy3Ka, MpeBbIIIeHUEe JI0MyCTHMOTO BPEMEHN
O’KHMJIaHWUS1, OIIMOKA BBIIIOJIHEHHUS JINOO OTCYTCTBHE KOPPEKTHOTO
pesyabrara. [Ipy BO3HUKHOBEHUH OTHOTO U3 YKAa3aHHBIX COOBITHI
obHoBIEHHOE cocTosHue S(t+1) ucronp3yeTcst Kak BXOJ AJIs HO-
Boro 3amycka APITMOP. Ecnu ke 3HaUMMBIX U3MEHEHUH HE TIPO-
M30IILI0, CHCTEMa MOXKET MPOJIOJKATh HCIIOJIHEHNE yKe CHOPMHU-
POBAHHOTO MPaBUIA UIIU MIEPEHTH B PEKUM OXKUIAAHUSL.

CaoiicTBa U OrpaHUYeHUs] METOAUKHU

[Ipemmaraemass MeToauKa 00JamaeT PSIOM CBOWCTB, HEMO-
CPEZICTBEHHO BBITEKAIOIINX U3 €€ CTPYKTYPBI.

[lepBbIM CBOWCTBOM SIBJISICTCSI MHOTOKPUTEPHAILHOCTE: (hOp-
MUPOBaHHUE pacipereieHus onupaercs Ha [lapeto-apxus, B KOTO-
POM OJTHOBPEMEHHO YUUTBIBAKOTCS CPEIHSA 3a€PHKKa U IIPOU3BO-
JUTEIBHOCTh ~ AITOPUTMA  pACHpeNieNeHuss pecypcoB. ITO

MO3BOJISIET HE CBOAUTH 3a/ady K €IMHCTBEHHON HHTErpajlbHOU
OILICHKE, @ COXPaHATh HECKOJIbKO HEAOMUHHUPYEMBIX BAPUAHTOB 1
BBIOMpATh U3 HUX pabouee peleHne B COOTBETCTBUH C TEKYIIUMHU
npuoputeramu [14, 15 19].

BTOpbIM CBOMCTBOM SBIIAETCS alalTUBHOCTh METOJUKH K U3-
MEHEHHIO COCTOSIHUSI BBIYUCIUTENIBHOM ceTH. COCTOSIHUE CETH aK-
Tyallu3UPyeTCs 110 MEPE MOCTYIUIEHHS HOBBIX JJAHHBIX, a IPaBHUIIO
pacripeziesieHusi MoKeT (POPMHUPOBATHCS TOBTOPHO TPH U3MEHE-
HUH YCIOBHH (DYHKIIMOHUPOBAHUsI. Pe3ysibTaThl BBIMOTHEHHS UC-
MOJIBb3YIOTCS U1l OOHOBJICHHS COCTOSIHUSI CETH U TTOITOTOBKH ClIe-
nytomero nukia APIMOP [1, 3, 4].

TperbuM BaKHBIM CBOMCTBOM SBJIAETCS pa3/ielieHHe ONTUMHU3a-
LUOHHOTO U HUCHOJHUTENBbHOro ypoBHel. APIMOP orseuaer 3a
(opMHpOBaHNE MHOMKECTBA HEJIOMHMHHMPYEMBIX PpELIeHHH, Iocie
4ero BHIOpaHHBIN BapHaHT NMPeoOpaszyercst B MPaBUIIO pacripesiese-
HUS U Jlajiee — B yIpaBisitolnue Koman sl [loatomy MeToarka He 3a-
BHCHUT OT KOHKPETHOTO (hPM3HIECKOro HHTEp(elica Iepeain JaHHbIX
1 MOJKET IIPUMEHSATBCA B CETAX C PA3INYHOM alnapaTHOW OpraHu3a-
mpeit. Emé omauM cBONWCTBOM SBISETCS BO3MOYKHOCTH PabOTHI C He-
OJTHOPOIHBIMH UCTIOJHUTEISIMHA: PA3JINYUs MEKTY y3IIaMU YUUTHIBA-
I0TCS B COCTaBE TEKYILETO COCTOSIHYS CETH U HE TPeOYIOT N3MEHEHNUS
00I1IeH TOCIIeI0BaTEIbHOCTH IPUMEHEHH S MeToa [7-9].

Hapsiy co cBoicTBaME HEOOXOIMMO BBIICIUTH M OTPAHHUCHUS
MeToIMKU. Bo-niepBbIx, €€ nprMeHeHne TpedyeT J0CTaTOYHO aKTy-
AJIBHOTO ¥ JJOCTOBEPHOI'0 COCTOsIHUsSI ceTH. Ecnu cBeneHus o no-
CTYIHOCTH, 3aHSTOCTU WJIM 3arpy3Ke CYIIECTBEHHO PacXOJSTCs C
(haKTUUECKUMH yCIIOBUSIMHU, BHIOPAHHOE PEILICHUE MOXKET ITOTEPSITh
AKTYaJIbHOCTB €111 10 Havaa UCTIOIHEHUs. Bo-BTOPBIX, MOBTOpHAs
ONTHMU3AIMS TPeOyeT BBIYMCIHUTEIBHBIX 3aTPAT, TI09TOMY CIIUII-
KoM 4acTbli 3amyck API'MOP criocobeH cam 1o cebe yBelnunBaTh
ciryKeOHbIe BPEMEHHBIE M3/IePKKH. B-TpeThux, METOIMKa OpHEH-
TUPOBAaHA HAa HAJIWYHME LIEHTPATM30BAHHOTO YIPABISIOMIETO KOH-
Typa, 4YTO YIPOIIAET NPHHATHE COINIACOBAHHBIX PEUICHUH, HO
MIPEIBSABIISET TIOBBIIICHHbBIE TPEOOBAHNS K IPOU3BOUTEIBHOCTH U
YCTOMYHMBOCTH YIPaBIIsAIONIero yposHs. Hakonen, kadecTBo npax-
TUYECKOTO MPHUMEHEHHUS CYIIECTBEHHO 3aBUCHT OT KOPPEKTHOCTHU
MIOJIrOTOBKY MOA3a/1a4 U OT ITOJTHOTHI BXOAHBIX JAHHBIX.

JleMOHCTPAUMOHHBIN NPUMep NPUMeHEHUs MEeTOAUKH

JIisi KOMMYEeCTBEHHON WILTIOCTpalnu e€ TPUMEHEHUs jaliee
paccMaTpuBaeTcsl YeThIpEXY3IIOBOH IKCIIEPUMEHTAIBHBIN CIIeHA-
pHi, MO3BOJISIIOLIMI TIPOCIEIUTD MEPEXO] OT TEKYIIEro COCTOs-
HUSL CETH K KOHKPETHOMY pPAacCHpE/ICICHUIO BBIYHCIUTEIBHON
HarpyskH, a takxe cornocraButb API'MOP ¢ PSO, GA u pemte-
HHUEM, BBIOPaHHBIM 13 To4HOTO [lapero-pponTa, chopmMupoBaH-
HOTO TTOJTHBIM 1IepebopoM.

Jnst TosicHeHHsT TPaKTHYIECKOT0 MPUMEHEHHUS TIPEUIOKEHHON
METOJMKH PACCMOTPHM 3aJady OLIEHKH Ynclia T METoZ0M MoHTe-
Kapmo [10]. I'eomerprueckoii OCHOBOH JaHHOW 3a7a4dH SABISACTCS
orpe/ieNieHne IO YeTBEPTH €MHUYHOro Kpyra. [lnomanp
9TO 00JIACTH MOKET OBITh IPECTABICHA BBIPAKCHUEM:

7T=4f01\/1—x2dx. (5)

[Ipu onenke uncna © merogoM Monre-Kapno renepupyrorcs
HE3aBHCUMEBIEC CITydaiHbIe TOUKH (X,y), pABHOMEPHO pacIipejie-
NEHHBIC BHYTPH SAMHUYHOTO KBAIpaTa:

0<x<1 0<y<1l (6)

J1st KayKol CreHepUpPOBAaHHOW TOUKU IIPOBEPSIETCS YCIOBUE
MIPUHA/UICKHOCTH YE€TBEPTU CAMHUYHON OKPY>KHOCTH:
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x2+y?<1. (7

Cre10BaTeIbHO OTCIBHOC UCTIBITAHUE TIPECTABIISICT COOOH re-
HEpAaIHIO OJJHOM CITy4alHON TOYKH U MPOBEPKY YCIOBUS €€ MPUHA/I-
JISKHOCTH YETBEPTHU €IMHUYHON OKpYKHOCTHU. [T0CKONBKY pe3yiib-
TaThl OTJICNIFHBIX WCIBITAHUA HE 3aBHCST JPYT OT ApyTra, OOLHi
00BEM BBIUMCIICHHI MOXKET OBITh Pa3/e/icH Ha HE3aBUCHMBIC YaCTH
U pacrpenenéH My BEIYUCIUTENbHBIMU Y31aMHu.

Jus nemoHCTpanuy paboThl METOIUKH IPUHUMAFOTCS CIIEY-
TOIIHE JOMYIICHNUS.

1. Ucxonnas BeranciuTensHas 3agada conepxut 50 000 nesa-
BUCHUMBIX UcnibpiTanuii Monre-Kapio.

2. MUHMMAaNBHOU €IMHUIICH BEIYUCIUTEIHLHOU paboThl, Tiepe-
JTaBaeMOM OTICNBHOMY Y311y, SIBJISETCS] BRIYMCIUTEIBHBIN KBAHT.
[Tonx BRIYMCIAMTENBHBIM KBAaHTOM Jajiee MOHWMAeTcs Tpymmna u3
250 He3aBUCUMBIX UcTbITaHUN MonTe-Kapio.

3. B paccmarpuBaemMoii BEIYUCIUTEIBHON CETH UCTIONIb3YIOTCS
YETBIPE y3J1a-UCTIOJTHUTES.

[Ipu yka3zaHHBIX JOIYMICHHUAX OOIIEC YUCIIO BBIYHCIHTEIb-
HBIX KBaHTOB M cocTaBJIsieT:

50000 _

222 = 200. (8)

CrnenoBaTenbHO, 3a7a4a pacTpeielieHNsI COCTOUT B Ha3Haue-
Hur 200 BBIYKCIUTEIHHBIX KBAHTOB YETHIPEM y3J1aM-HUCIIOTHUTE-
nsM. OOBEM BBIYUCIICHNH, Ha3HAYAEMBIH KaXKI0MY Y31y, OIpeie-
JISICTCSI HETMIOCPEACTBEHHO B Tporiecce HOpMUPOBAHMS PEIICHUS.

BapuanT pacnpeneneHus BbIUUCIUTEIbHON HATPY3KH MEXKIY
K y3namu npejictaBuM BEKTOPOM:

12k )
TAC Zi — YUCJIO BBIYUCIIUTEIIBHBIX KBAHTOB, Ha3HA4YaceMbIX |-My

y3iy.
Jlnst 1omyCTIMOTO BapHaHTa PACHPE/IENICHHs] BBIMOTHSIIOTCS
YCIIOBUS

K —
i=1%4i = M.

z = (24, Zy, -

(10)
ziel, z; =1, i=1,..,K. (11)

B paccmarpuBaemom ueTbIpéxysnoBoMm mpumepe K = 4,
M =200, moatomy:

(12)

a JOIIYCTHUMBIC BAPUAHTHBI paClpCACICHUA YAOBICTBOPAIOT YCJIO-
BHSIM:

z = (21,23, 23, Z4),

Z1+22+Z3+Z4_ = 200 (13)

ITockosbKy OMH BBIYMCIUTENbHBIN KBAHT coaepkuT 250 nc-
NbITaHUH, (akTHuecknii 00bEM BBIYMCIUTENBHOUW PabOTHl Ni,
Ha3zHAYaeMou I-My y371y, COCTaBIISIET:

N; = 250 * z,. (14)

[Tpn mo60oM 0TTyCTIMOM BapHaHTE PAaCHpe/IeICHHs BBIOI-
HSETCS

* . N; =50000 (15)

TO €CTh O0IMI 00BEM UCXOIHONW BBIYUCINUTENILHOMN 3a1a4l OCTa-
E€TCsl HEM3MEHHBIM.

COMPUTER SCIENCE

PacnpeﬂeneHI/Ie BBIYHCIIUTCIIbHBIX KBAHTOB MCXKAY Y3JIaMU
MPEIICTABISCT COO0M HM3BECTHYHO KOMOWHATOPHYIO 3amady [23]
OTIPEICIICHUS YHCIIA TTOJIOKUTEIBHBIX IIETIOYHCICHHBIX PEIICHUN
YpaBHCHUS:

Zl+22+"'+ZK=M. (16)

[Tpu ycnoBun z; > 1 4nucno pa3nuvHbBIX BAPHAHTOB Paclpe/e-
nerns Nyvar omipeensiercss ONHOMUANBHBIM K03 PHUIIEHTOM:
(M -1\ _ -1
Noar (M, K) = (K - 1) T (K-D!(M-K)! a7
Jnsa M =200 xBanToB 1 K = 4 y3710B 4YHCIIO JOITyCTUMBIX Ba-
PHAHTOB COCTaBIISIET

Nvar(200,4) = (199) 199!

3 =——=1293699

~ 31196!

Takum 00pa3oM, ake TPH HCIOIB30BAHUU BCETO YETHIPEX
BBIYHCIIMTEIBHBIX Y3JI0B M OJJHOPOIHBIX BBIYMCIUTEIBHBIX KBAaH-
TOB TIOJIHBIH T1Iepe0op OJKEeH MpoBepuTh Oonee 1,29 MitH Bapu-
QHTOB pacIpeeICHUs.

[MTockonbKy npH yBeJMUEHHH 00BEMA BBIYMCIMTENILHOM 3a-
JIau¥l YMCIIO PACTIPEIEIISIEMbIX KBAHTOB CYIIIECTBEHHO ITPEBBIIIACT
YHCJIO BBIYUCIUTENBHBIX y3110B M > K, 1715t OLIeHKH pocTa yucia
BapUaHTOB PACIPEACIICHUS LeNeco00pa3Ho UCIONB30BaTh IPH-
OommkeHne OMHOMHANBHOTO Kod(duumenta npu N > K. Ilpu
k=0(n), To ects k/—0, GuHOMHUATBHBIH KOA()DHUIIHEHT UMEET BU/T
[24]:

()~ (%) Zzew (- L +o)

Jlis pacemarpuBaemoii 3agaun N = M - 1, kK = K - 1. TToatomy
YHUCIIO TOMYCTUMBIX BapHAHTOB PaCIpeIeTIeHUS MOKET OBbITh Ol1e-
HEHO KaK:

Nvar(M: K) =
k
(k ~ 1)~ (55D s e (-5 @ +o). @)

ITonyuyenHast olieHKa OKa3bIBAET, YTO MPHU YBEIMUECHUH YU CIIA
pacnpenensieMblX KBAaHTOB M BBIYMCIUTENBHBIX Y3JI0OB KOJUYE-
CTBO JIOITyCTUMBIX BApHAHTOB pACIpPEACICHUS OBICTPO BO3pac-
TaeT, BCIEACTBHE YeTr0 MPUMEHEHHE IOJTHOTO mepedopa CTaHo-
BUTCS BRIYUCIUTEIBHO 3HAYUTEIHHO 00JIee 3aTPaTHBIM.

PaccmoTpuM oTnenbHBIA IHKIT (QYHKIIMOHHPOBAHUS pacIipe-
JIeIIEHHON BBIYUCIUTENBHOM ceTh. [IoMHMO NIPpUBENEHHBIX BbILIE
00X AOMYIIEHUH, UISI JAHHOTO ITMKIA 33MaéTCsl KOHKPETHOE
HadaJIbHOE COCTOSIHHUE Y3IIOB.

B MoMeHT nmocTymnieHHs HOBOM BBIUMCIUTENBHOMN 3a7jaull BCe
YeThIPE y3J1a yIKe BBIMOJIHSIOT paHee HazHaueHHy1o paboty. Ocra-
TOYHOE BpEMsI JI0 OCBOOOXKICHHUS Y3JIOB COCTABISIET COOTBET-
cTBeHHO 2,9846; 1,9214; 1,6115; 0,6010 c. IToctynuBas 3agadya
HE BBITECHSIET paHEE BBIOIHSIEMbIE BHIUACICHUS U HE BBINOJIHS-
€TCsl MapayjeNbHO C HUMU Ha OJHOM BBIUHCIIUTENIBHOM Y3II€.
Kaxxmprit y3em cHauama 3aBepiiacT paHee Ha3HAUCHHYIO padoTy,
[0CJIE YEr0 HAYMHAET BBIIOJIHEHUE HAa3HAUYEHHBIX €My KBAaHTOB
HOBOM 3aJa4u.

BenencrBue 3TOro anroputM pacupeleseHus 0JIKEH Ompe-
JIEIIUTh TAaKOH BEKTOP

(18)

(19)

@n

z = (21,22, 23, 24)

—
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MHDOPMATUKA

KOTOPBII YYHUTHIBAECT Pa3lIMYHOE OCTATOUYHOE BpPEMs 3aHSITOCTH
BBIUUCIIUTENIEHBIX Y3JI0B.

JU1 3aJaHHOTO HAYaIbHOI'O COCTOSIHUS B IIEPBOM PacCMaTpHU-
BaemoM 1ukiie APCMOP dopmupyer BekTop pacripeaeneHus:

zM = (2,44,57,97) (22)

Bepxuuit nagexc (1) o6o3HagaeT HOMEp paccMaTpUBAEMOTrO
LUKJIA PACIPEICIICHNS, @ JIEMEHTBI BEKTOpa OIPEACIISIOT YHCIIO
KBAaHTOB, HA3HAYEHHBIX COOTBETCTBEHHO NIEPBOMY, BTOPOMY, Tpe-
ThEMY W YEeTBEPTOMY BBIUHCIUTEIBHBIM y3JIaM.

[Ipu pa3mepe BEIUMCINTENBFHOTO KBaHTa 250 NCTIBITAHNH yKa-

3aHHOMY BEKTOPY COOTBETCTBYET pacmupexnenerue - (500; 11 000;
14 250; 24 250).

HcxoaHOE COCTOAHHE CeTH

A 3amaqa 1
500 i epanit
Yzenl 2.9846 ¢
11000
T epait
Vien 2 | -1.9214 c
14250
i epai
VYsen3 | 1.6115¢
Vien 4 0,6010 ¢ 24250
HTepaniit
-
t,c
CocTosiHHE CeTH mociae pacopeneJIcHHA 3adavId 1
A 3amaqa 2

Vi3enl

-
% 3,0346 ¢

% 3.0365 ¢
-

)

12250

Tepaunit

R
Vaex2 30214 ¢ 13000

srepaut

VY3en 3

P
7

12000

Tepauit

V3ex 4 3.0260 ¢

-

7

12 750

Tepaunit

 J

i
o

CocToAHHE CeTH MOCTIe pPacOopedeacHAA 3agaTlH 2

o
-

A

V3en 1

Vzen2

V3ex 3

Vi3ex 4

t.c

Puc. 5. HpHMep MOCJICA0BATEIIbHOI'O paCpeACIICHUS IBYX
BBIYUCJIUTEIBHBIX 3a/1a4 MEXKY YETbIPbMS y3J1aMU

HawuGosee 3aHsThII MIEPBbIi BHIYNCIUTENBHBIN y3€i MoTydaeT
TOJIBKO J1Ba KBaHTa, TO €cTb 500 HOBBIX MCIBITAHUI, TOIZA Kak
4eTBEPTHIN y3€ll, UMEIOIINN MUHIMAIbHOE OCTATOYHOE BpeMs 3a-
HATOCTH, IOJIy4aeT 97 KBaHTOB, COOTBETCTBYIOIIHMX 24 250 ucmsbl-
TaHusAM. Tem caMbiM COPMUPOBAHHOE PACTIPENECIICHUE YUHUTHI-
BACT TEKYIIEE COCTOSIHHUE CETH W KOMIICHCHUPYET MCXOAHYIO He-
PaBHOMEPHOCTH 3aHATOCTH HCTIOJIHUTEICH.

Ha pucynke 5 nokasan nociaenoBaTeNIbHbIN XapaKkTep IpuMe-
HEHUsl MeToauKU. [ nepBoi NOCTyNUBIIEH 3aadu pacupese-
neHue GOPMHUPYETCs HCXO/Is N3 OCTATOYHOMN 3aHATOCTH BBIYNCITH-
TeNbHBIX y370B. [locie Ha3HaueHHUs BBIYMCIUTEIBHBIX KBAHTOB
COCTOSIHHE CEeTH M3MeHseTcs. [109ToMy Ipu MOCTYIUIEHUH CeTy-
IOIIEH 3a/]auyl HCIIOJIb3YETCsl y’Ke HE MCXOJHOE, a OOHOBIEHHOE
COCTOSIHUE BBIYMCIUTENBHOM CeTH.

B paccmarpuBaeMoM mpumepe IOcCie NMEepBOro Ha3HAUYEHUS
MPOTHO3UPYEMasi 3aHATOCTb y3JI0B COCTABIISET:

S(t,) = (3,035; 3,021; 3,037; 3,026) 23)

[Ipu mOCTyIUIEHUM BTOPOW BBIYMCIUTENBHOW 3amaun API-
MOP 3amyckaeTcst MOBTOPHO YK€ JJISt 3TOr0 OOHOBIEHHOTO CO-
crostausl. [TOCKONBbKY MOCIE MEePBOTO paclpeneeH s 3aHATOCTb
Y3J7I0B MPAKTUYECKH BHIPOBHEHA, CIIEAYIONIAs OJHOTUITHAS 3a/1a4a
MOJKET PachpeACsIThCs OJM3KO K paBHOMEPHOMY BapuaHTy. Ta-
KUM 00pa3oM, IIPaBUIIO PACIIPE/ICIICHHS HE SIBIISICTCS 3apaHee 3a-
(hUKCUPOBAHHBIM: OHO (POPMHPYETCSI 3aHOBO TPHU MOCTYIICHUU
Ka)XJI0M HOBOII 3a7au ¢ yUETOM COCTOSIHUS CETU B COOTBETCTBY-
IO MOMEHT BPEMCHU.

JIst KOJTM4YeCTBEeHHON OIEHKHA METOIHMKH 3KCIIEPHMEHT TIPO-
Boawiics cepuel u3 50 BOCIPOU3BOAMMBIX 3allycKoB. B kaxxaom
sammycke APTMOP, PSO, GA u monHsIi iepebop morydany ou-
HAaKOBOE HCXOIHOE COCTOSTHHE YETHIPEX Y3JIOB, OIMHAKOBBIN
00BEM TOCTYMAIOICH BRIYMCIUTEIBHON 3a/1a4d U OIMHAKOBBIC
cnyqaf/'lm)le OTKJIOHCHU A q)aKTI/I‘wIeCKOFO BpeMeHI/I UCIIOJIHCHUA.

Ha pucynke 6 mpencTaBieHbl 3HAUCHHS 3aCP)KKHU, TOTyUYCH-
HBIe B KaXaoM u3 50 sKCIepUMEHTANTBHBIX 3ammyckoB. Kakmas
TOYKA COOTBETCTBYET OJIHOMY COCTOSIHUIO BHIYUCITUTEILHON CETH U
pe3ynbTaTy pachpeeseH s TOCTYUBIIEH 3a/1aui TPH UCTIOIb30-
BaHHMW COOTBETCTBYIOIIErO MeTona. [IyHKTHpHAS JTHHUSI COOTBET-
CTByeT pabodeMy pelIeHHI0, BhIOpaHHOMY W3 TO4HOro Ilapero-
(hponTa, chopMHUPOBAHHOTO MOIHBIM TIEPEOOPOM, U UCTIOIH3YETCS
B KauecTBE JTaJOHAa IS PACCMAaTPUBACMOW UETHIPEXY3TOBOM
MO/IEIIH.

4
L}
5‘\
s

ExpT AL W

20000

C
-
.

¥133 33 34 35 36 37 8 19 40 41 47 43 44 45 25 47 42 43 50
Homep sanycsa

— P APTMAGH = 8= = Mepifion

Puc. 6. 3azeprxka aIropuTMOB pacHpe/eeHus PecypcoB
i cepu u3 50 3ammyckoB
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Ha pucynke 7 npencrasieHa Npou3BOAUTEIBLHOCTD pacIpeie-
JIEHHOM CUCTEMBI IPU MCIIOJIB30BAHUM YETHIPEX paccMmaTpuBae-
MBIX CIIOCOO0B (POPMHUPOBAHHUS pACIIPEICTCHUSL.

ranazru

Homep 3anycka

Puc. 7. IIpon3BoUTENBHOCTD AJITOPUTMOB PACIIPEICIICHHS PECYPCOB
1t cepur 13 50 3amycKoB

ITo pesynabratam cepur u3 50 3amyCKOB OBUIM PaCcCUUTAHBI
CpeHHe 3HAYeHUsI 3aICPKKU M MTPOU3BOUTENbHOCTH st APT -
MOP, PSO, GA u nonzoro nepedopa. [lonydeHHsle 3HaueHHs
TIpecTaBeHbI B Tadmue 1.

Tabmuma 1

Cpennue 3Ha4YCHHS 33/ICPIKKH U TPOU3BOAUTEILHOCTH
o pe3yibraTaM 50 3aImycKoB

Metox Cpenusist CpenHsisi IPOU3BOIUTEb-
3aaepxkka D, ¢ HocTh P, 3amau/c
API'MOP 3,00506 0,067877
PSO 3,00825 0,067732
GA 3,03338 0,067850
[osHblii nepedop 2,86006 0,068230

B paccmatpuBaeMoil 4eThIpEXyY3JI0BOM MOIENTN TPOCTPAHCTBO
pelIeHnil CpaBHUTEIILHO HEBEIMKO, a 3ajada pacrpeliesieHus B
YeThIPEXY3IIOBOM MOJEIN MOXKET OBITh TOCTATOYHO 3()(HEKTHBHO
pelieHa BCEMHM CPaBHMBAaGMbBIMH JBPUCTHYECKUMH METOJaMHU.
[oaromy pazmuuus mexny APTMOP, PSO u GA B naHHOM 3Kc-
MIEPUMEHTE MMEIOT OTpaHUuYCHHYI0 BennuuHy. C yBeIHMYeHHEM
YHCIa BBIYMCIUTEIBHBIX Y3JI0B M Pa3MEPHOCTH IPOCTPAHCTBA
pactpeieneHnii Bo3pacTaeT KOJIUIECTBO JIOIYCTHMbIX BAPHAHTOB
HA3HAYCHUS BBIYMCIUTENFHON HATPY3KH M YCIOKHSIETCS TTOUCK
cOamaHCHPOBAHHOTO PEIICHHUS. B 3THX yCIOBHAX MPEHUMYIIECTBO
rubpuHoro mexannzma API'MOP mosxeT nposiBiisiThest Oosiee 3a-
METHO 3a CU€T COUYeTaHHsI pOEBOT0 NONCKa, BHemHero [lapeTo-ap-
XHBA U TEHETHIECKON KOPPEKIINH MPH CTarHaIHH.

I[OHOJ'IHI/ITQJ'H)HBIM HalpaBJICHUEM HCCJIICAOBAHUA SABJIACTCA
nepexonq OT pacupeacjiaCHrusd OJHOPOAHBIX BbIYUCIUTCIBHBIX
KBAaHTOB K 3aJa4€ Ha3HAYCHUA HCOAHOPOAHBIX BBIYUCIUTCIbHBIX
670k0B. B Takoil MOCTaHOBKE OT/AENBHBIE IOJ33/Ja4d MOTYT
HUMETh Pa3INYHYI0 BBIYMCIUTEIBHYIO TPYA0EMKOCTD, a Y37l —
Pa3IMYHYIO TIPOU3BOUTENILHOCTD, OCTATOYHYIO 3aHATOCTD U Bpe-
MEHHBIC XapaKTePHCTUKU B3aUMOJCHCTBUS. PemieHune TOIKHO
OTIPEIEIISTh HE TOJBKO 00BEM HArpy3KH Ka’kIOTO MCIIOIHUTEIS,
HO M COCTaB KOHKPETHBIX I10/33]a4, HA3HAYACMBIX KaKIOMY
y3my. Takoe ycioKHEHHE CYIIECTBEHHO YBEIMUYMBACT pa3sMep U
HEOTHOPOIHOCTh IMPOCTPAHCTBA PEIICHUN W IO3BOJISAET Oojee
TOJTHO OLECHHUTD 3PPEKTUBHOCT aaTUBHOM ruOpuu3amu AP-
I'MOP no cpaBHeHHIO ¢ OTHEIBHBIM IpuMeHenneM PSO u GA.
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3akarouenue

B crarbe npeoxkeHa MeToAMKa IPUMEHEHHUS paHee pa3pado-
taHHOro AnantusHoro PoeBo-I'eHernueckoro Meroga OnTumu-
3anuu Pacnpenenenust pecypcoB API'MOP B pacnpenenénnoit
BBIYHCIIUTEIILHOM ceTH. MeTo IiKa OnpeeNseT MOopsI0K BKIIoUe-
Hust AP'MOP B kOHTYp ynpaBieHus pacrnpenenéHHON BhIYUCIH-
TEJIFHOM CETBIO M IEPexXoJ OT TEKYILEro COCTOSHHS CETH U pe-
3yJIBTATOB ONTHMH3ALNH K TPABMITY PACIPENICIICHNS U yIpaBIIs-
IOIINM KOMaH/IaM.

Jlyist omMcaHust METOJIMKH MCIIONB3YIOTCS TPECTaBICHHE J0-
MyCTUMOTO PEIIeHHMs X, /IBa IIEJEBBIX MMapaMeTpa — CPEIHss 3a-
nepxkka D M IPOM3BOJUTENLHOCTD P, 0603HaUYeHHE TEKYILETO CO-
crostnusi cetu S(t), [Tapero-apxuBa A u BBIOpaHHOT'0 paboyero pe-
meHus x*. Ha ux ocHOBe olpeziesieHa oclieIoBaTelIbHOCTD Mepe-
XOZIa OT TEKYIIETO COCTOSIHHS CETH K MPABUITY pacrpeaeIeHus 1
YIPaBIISIOIIUM BO3JICHCTBUSIM.

OmnpeiesieHbl COCTaB TEKYIIETO COCTOSHUS CETH, apXUTEKTypa
npumenernst API'MOP, nopsiiox BeiOopa pabodero pemeHus u3
[Tapero-apxuBa, (GopmHupoBaHHE TNpaBmiIa pacrpeeieHus, Mo-
CTPOCHHE YNPABISIONIMX KOMAH/ M OOIIMI yIPaBIISIONINN [IHKIT
¢ oOpaTHOi#1 cBs3bI0. [Toka3zaHo, 4TO B paccCMaTpUBAaEMOM IIEHTPa-
JM30BaHHOW apXUTEKType MPaBHIIO PACHPEICICHHS MOKET OBITH
(DyHKIIMOHATIBHO CBS3aHO KAK C MOJATOTOBKON BBIYHUCIUTEIBHON
3a7]a4M, TaK U C CETeBOU JUcIeTyepu3alueil ucrnonnurenei. Tem
CaMbIM YCTAHABIIMBAETCSI CBSI3b MEXIY MHOTOKPUTEPHAIBHBIM
ONTHMU3AIMOHHBIM aJITOPUTMOM M MPAKTHYECKUM KOHTYpPOM
YIPaBJICHUS pacipeneIEHHON BEIYUCIUTEIbHON CEThIO.

Jls miurocTpalvy MpUMEHEHUsT METOIMKH pacCMOTpEHa pa-
0oTa pacnpe/ieNIEHHON BBIYUCIUTENLHOM CETH M3 YETHIPEX Y3II0B
B YCJIOBUSIX Pa3JIMYHON OCTAaTOYHOH 3aHSATOCTH MCIOJIHUTEICH 1
MOCJIC/IOBATEIIHOTO TIOCTYIUICHHSI HOBBIX BBIYMCIHUTEIBHBIX 3a-
nad. [Tokasano, uro pemerne APITMOP HenocpeacTBeHHO ompe-
JensieT 00bEM BEIYUCIUTEIEHON PabOThI, HA3HAYaeMbIH KaXKIOMY
y3i1y, a mociyie ()OPMHUPOBAHUS PACHPENICICHUS COCTOSHUE CETH
OOHOBIISIETCS. M MCIIOJIB3YETCsI IPH MOCTYIUIEHNH CIEyIOIei 3a-
naun. Ha manol 4eThIpéxy3/ioBOM MOIEIM Pe3yJbTaThl METOAA
comoctasieHsl ¢ PSO, GA u pernennem, BEIOpaHHBIM H3 TOYHOTO
[Mapero-¢ponra, chopmupoBaHHOro nojHbIM 1epedopom. Ipo-
BeZieHHe cepur 3 50 3amycKOB MO3BOJIMIIO HEMOCPEACTBEHHO
OLICHHTH JIBA MPHHATHIX B paboTe Iokaszarelss — CPEeJIHION 3a-
JIEP)KKY M MPOM3BOAMTEIBLHOCTh AJITOPUTMA PacIpe/iesieHus pe-
cypcoB. [TonmyueHHBIC pe3yIbTaThl MOATBEPKAAIOT 3P HEKTUBHYIO
MPaKTHYECKYIO MPUMEHUMOCTD MPEII0KEHHOH METOIUKH JUIs
JMHAMHYECKOT0 (pOpMHUPOBAHMS MIPABUII PACIIPEJICIICHUS B yCIIO-
BUSIX M3MEHSIOIIETOCS] COCTOSTHUSI BEIYUCIIUTEIILHOM CETH.

OrpaHuueHHas! pa3MEPHOCTh paccMaTpUBAEMO MOAEIH TIPH-
BOJIUT K OTHOCUTEIHFHO HEOONBIINM pasznmdusm Mexay APITMOP
u otnenbHEIM puMeneHueM PSO u GA. [lanmpHeiimee ucciemno-
BaHUE I1eTIeCO00Pa3HO HAIPABHUTH Ha OIICHKY MacIITa0UPyeMOCTH
METOJla MPU YBEIMYCHUH 4YMCIIA BBIYMCIUTEIBHBIX Y3JIOB, I10-
CKOJIBKY POCT pa3MEPHOCTH CYIIECTBEHHO PACIIUPSIET MPOCTPaH-
CTBO JOMYCTUMBIX paclpeeiIeHuN.

DuHaHCOBasA NMOAJIEPKKA
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Abstract

This study addresses a methodology for applying the Adaptive Swarm-Genetic Method for Resource Allocation Optimization (ARGMOR) to software-based
partitioning of network resources in a distributed computing network. The aim is to formalize the transition from multi-objective optimization results to
practical control of worker nodes, taking into account changes in the computing environment. The methodology is intended for centrally managed distrib-
uted computing networks requiring dynamic software-based allocation of tasks and resources. The research approach is based on a representation of the
current network state S(t), comprising information on tasks, node availability, occupancy and load, timing characteristics, and the applicable constraints and
parameters that determine the feasibility of resource allocation options. It also uses a Pareto archive A generated by ARGMOR according to two criteria:
average delay and throughput achieved using the resource allocation algorithm. An architecture separating the control and execution layers is proposed, and
a sequence is defined for selecting a working solution x*, converting it into an allocation rule, and subsequently generating control commands addressed to
individual nodes. A closed-loop control process is established: collecting network state information, running ARGMOR, generating the Pareto archive, select-
ing a solution, distributing subtasks, executing them, receiving results, and updating the network state to S(t+!). Optimization is found to be appropriate
when triggered by events that may affect the applicability of the current allocation rule, including the arrival of a new task, changes in worker availability or
load, overload, excessive waiting time, or an execution error. The methodology supports multiple optimization criteria, adaptation to network dynamics,
heterogeneous worker nodes, and independence from any specific hardware platform or data transmission protocol. Its practical application is illustrated
using a four-node model of a distributed computing network with successive arrivals of tasks for estimating ? by the Monte Carlo method. Across 50 runs,
ARGMOR results are compared with those obtained using PSO, GA, and a solution selected from the exact Pareto front generated by exhaustive search.

Keywords: software-based partitioning of network resources; distributed computing network; ARGMOR; multi-objective optimization; Pareto archive; allocation rule; control
node; worker node; dynamic resource allocation; feedback.
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The development of unmanned aerial vehicles (UAVs) in recent years has
significantly expanded the possibilities for building mobile, rapidly deploy-
able communication systems. One promising area is the use of
unmanned aerial vehicle (UAV) as airborne mast, allowing for the rapid
raising of relay equipment to a significant height. This article, based on a
functional diagram of a fiber-optic communication line (FOCL) control
system with power supply via a wire between the control center and the
UAV used as an airborne communication mast, implements M-sequence
encoding of a backup radio control channel. The following circuits have
been developed: an onboard Direct Current to Direct Current (DC-DC)
converter, a power supply for the onboard equipment, and an M-
sequence unit. The article presents the results of developing a functional
diagram of the control and power supply system for an unmanned aerial
vehicle. To implement a backup, interference-resistant radio control
channel, software is being developed using the Quartus Il computer-
aided design (CAD) system, which is designed for developing digital
devices on programmable logic integrated circuits (FPGAs) and provides
M-sequence encoding of data packets.
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Introduction

In previous research, the author developed a functional dia-
gram of a fiber-optic communication line (FOCL) control system
and a circuit for providing power via a wire between the control
center and the unmanned aerial vehicle (UAV).

Mast devices built on wheeled chassis, with heights ranging
from 20 to 50 meters, require 30 minutes to several hours to de-
ploy the system. During this time, it is necessary to:

o stabilize and level the vehicle platform on the outriggers;

e raise the mast sections to the required height;

e install and tension cables to prevent the platform from tip-
ping over in strong winds.

e lay cables from the ground station to the communication de-
vices located on the tower;

The construction of permanent telecommunications masts now
takes several weeks to months. This is because their installation
requires:

e selecting the correct location for the antenna mast, with a clear
line of sight to ensure stable communication with subscribers;

e design and develop the communications tower structure;

e prepare the site;

e manufacture the components and assemble the mast;

e install the communications equipment and lay the cables.

The deployment time of an airborne communications mast is
now measured in minutes (from 5 to 15 minutes). Once the un-
manned aerial vehicle reaches its destination, it launches. Once it
reaches the required altitude, signal relaying begins. This is a sig-
nificant advantage in situations where every minute is crucial,
such as during search and rescue operations or combat situations.

Despite its high potential, the previously discussed technology
of using an unmanned aerial vehicle as an airborne communica-
tions mast has a number of significant limitations that cannot be
ignored.

1. Limited battery capacity, and therefore flight time, are the
main technical barrier to implementing this technology.

2. Using radio communications to control an airborne commu-
nications mast makes the system vulnerable to interception by an
adversary, which can lead to the loss of the drone and the leakage of

classified information. When exposed to electronic warfare, control
of the unmanned aerial vehicle systems becomes impossible, result-
ing in the crash and destruction of the communications node.

3. Str ng dependence on weather conditions is also a serious draw-
back of unmanned platforms. Strong winds, icing, and heavy rainfall
can make unmanned aerial vehicle flight impossible or dangerous.

The range of telecommunications devices mounted on tradi-
tional antenna towers is highly dependent on terrain and the pres-
ence of various obstacles in the signal path.

Mountainous or rugged terrain creates so-called "dead zones,"
where the base station's signal either fails to reach the tower or is
very weak, preventing proper communication between the tower-
mounted transceivers and subscriber radios located within the
zone. Eliminating this problem requires increasing the number of
fixed towers, which significantly increases the cost of the entire
communications system.

Using an airborne telecommunications platform offers a sig-
nificant advantage in this regard. A unmanned aerial vehicle can
vary its altitude from a few to several hundred meters, allowing it
to cover areas otherwise inaccessible with ground-based towers.
Thus, by varying its altitude, it becomes possible to adapt the cov-
erage area to the current needs.

Unmanned platforms have a significant advantage in terms of
survivability and vulnerability due to their high mobility and low
observability. If threatened, the aircraft can quickly reposition or
land. The loss of a single unmanned aerial vehicle is not cata-
strophic, as it can be quickly replaced by a backup, demonstrating
the high fault-tolerance of the entire communications system.

A fiber-optic line is essentially a subtype of a wired communi-
cation channel. However, it uses fiber-optic cable as the transmis-
sion medium, in which the signal propagates as modulated light
pulses [1, 2].

The only viable solution to the first two problems today is to
use a wired power supply from a ground station and a fiber-optic
communication line as the control channel for the aerial mast. This
is the focus of the author's previous research.

The complete functional diagram of the wired power and fiber-
optic control system for an unmanned aerial vehicle used as an
aerial mast is shown in Figure 1.

—

Fig. 1. Functional diagram of the fiber-optic power and control system for an unmanned aerial vehicle

—
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Initial data for the development:

» unmanned aerial vehicle payload: at least 50 kg

« fli ht altitude: at least 100 m

Power is supplied to the control center from a diesel generator.
The generator's output voltage can fluctuate significantly, signifi-
cantly affecting the operation of the control console systems.

The development involves the use of an airborne mast for com-
munications in special-purpose vehicles. During the implementa-
tion of measures to improve the mobility and technological ad-
vancement of communications equipment, the decision was made
to use an unmanned platform to house the electronic systems
onboard.

The aerial mast is connected to the control center via fiber-
optic communication lines using a tactical optical cable, bundled
with a power cable and wound onto a special reel to ensure the
cable can be coiled and deployed during takeoff, landing, and al-
titude changes.

A type SO-156 connector will be used for connection to the
equipment container's input box, while lightweight FC optical
connectors are used on the mast side.

To prevent complete loss of control over the unmanned plat-
form in the event of a break or damage to the cable, the mast must
be equipped with a backup communication channel.

The optimal solution to this problem is the use of a radio mod-
ule. In an emergency, this will allow the transmission of infor-
mation to the subscriber to be terminated, other participants in the
broadcast will be alerted to the failure, and an emergency landing
can be performed.

A UV-89-07 Wi-Fi module was selected as a device capable
of transmitting control commands to the mast, ensuring its mobil-
ity, and relaying information from the unmanned aerial vehicle to
the complex's subscribers. The main characteristics of this device
are summarized in Table 1.

Table 1
Main Characteristics of the UV-89-07
Characteristic name Value
Operating frequency range 5.1-5.35GHz
Transmitter power No more than 0.6 W
Bandwidth of the transmitting and re- No less than 2 Mbps
ceiving channel
Communication range Upto 1 km
Power consumption No more than 10 W

ELECTRONICS. RADIO ENGINEERING

This module enables data exchange with similar devices using
a multipoint-to-point configuration, where the module in mul-
tipoint mode is the master, and the device operating in point-to-
point mode is the slave. Slave devices cannot communicate with
each other.

In this system, the radio module installed onboard the un-
manned aerial vehicle (unmanned aerial vehicle) is the slave,
while the one located in the control center is the master. Data
transfer between the radio device and the switch at the unmanned
aerial vehicle control center or onboard the unmanned aerial vehi-
cle occurs via a 10/100 Mbps Ethernet interface.

The unmanned aerial vehicle power supply output is expected
to have a DC voltage of approximately 1000 V. This voltage is
required to transmit 10 kW of power using a cable with minimal
cable thickness.

The development of the onboard unit is subject to strict weight
and size requirements. Its primary function is to step down the
1000 V input voltage to 48 V to power the controller and power
units. The functional diagram of the step-down Direct Current to
Direct Current (DC-DC) converter is shown in Figure 2.

The electrical circuit is based on parallel-connected pulse
modules with galvanic isolation. Using five such stages with a
rated power of 2000 W each produces a total output of 10 kW.

Given the module's 95% efficiency and conversion factor, the
maximum power consumption at 1000 V will be approximately
10,526 W at 10.5 A. Using a 1.5 mm?2 cable approximately 100 m
long, the voltage loss will be approximately 0.6 V per meter, re-
sulting in approximately 940 V being supplied to the onboard DC-
DC converter input.

The onboard unit's output voltage can vary from 51 V (at idle)
to 45 V (at maximum load), which is acceptable for operating the
speed controllers and electric motors. Voltage from the DC-DC
converter's output is fed to the emergency power backup relay. A
backup lithium-polymer battery (Li-PO) is also connected to it.

When operating from the ground power grid, the relay com-
pares the voltage supplied by the onboard DC-DC converter and
the battery. If the ground power fails or drops significantly, the
relay automatically switches to the backup battery.

The onboard 48V bus distributes power to all controls operat-
ing at this voltage. Non-standard fiber-optic and radio control de-
vices are powered by a DC voltage of 21-29V, requiring the in-
stallation of an additional step-down DC-DC converter [7].

mi‘r';fr::lm Controlled Pulse Rectifier Anti-
> pulsation > power &  transformer » made of two > aliasing L
-1000V filter switches diodes filter 48V
N\ ’
i I
High PWM Overheat Short
- voltage = controller - protecti circuit -
aa protection i =5 circuit protection
circuit circuit

[

Fig. 2. Functional diagram of the on-board DC-DC converter
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Developing the software code involves creating a model based
on a block diagram, which reflects the functional diagram of the
control module, assembled from basic logic components: and/or
gates, multiplexers, triggers, etc. The module is organized into
three blocks:

1. ontrol command block

2. -sequence generation block

3. Hamming code generation block

Control Command Block Development

This block is built on a specific set of commands. Each com-
mand corresponds to a unique binary combination, which is stored
as a sequence written in constant elements. The diagram is shown
in Figure 3.

lpm_constant3; - ---- -
:
b S

inst10

insts
R —

Ipm_constant1; -

Ilpm_constant0; - - - -
:
instd =

Fig. 3. Constant elements in which code combinations are written

The following code combinations were chosen for control
commands:

e gas — 10001101011 (11 bits);

e yaw — 11100101010 (11 bits);

e pitch — 1110010010110000110111 (22 bits).

The selection of a command for transmission to the airmobile
mast is carried out by specifying its number on the
STATIC_COMMAND element. The selected binary sequence is
sent to shift registers, which generate a strobe signal
(INFO_STROB).

The active level of such a signal is a logical one. Its leading edge
is synchronized with the beginning of the transmission of the infor-
mation sequence, and the trailing edge is synchronized with its end.
The control command block diagram is shown in Figure 4.

When STATIC_ COMMAND = 10, the next element receives
the INFO IN information sequence, which corresponds to the
"yaw" command, as well as the INFO_STROBE signal. The
binary sequence is shown in Figure 5.

STATIC_COMM, i)
INFO_IN
INFO_STROBE | L

Fig. 5. Binary sequence for the "yaw" command

Changing the STATIC_COMMAND value to 01 changes the
code sequence to "pitch" and generates a new strobe signal. The
binary sequence is shown in Figure 6.
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Fig. 6. Binary sequence for the pitch command
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Fig. 7. Functional diagram of the M-sequence block
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Fig. 8. Feedback configuration selection and fixation node

M-Sequence Generation Block Development

An M-sequence is a pseudo-random binary sequence with the
maximum possible repetition period for a given circuit, defined by
the formula N = 2m — 1, where m is the bit depth of the linear
feedback shift register (LFSR) that generates this type of se-
quence. Each bit of the shift register can only take two values —
one or zero — as it is an element built on binary logic [3-6].

An important property of the M-sequence is that any combina-
tion of m symbols occurs no more than once per period. A 6-bit
linear feedback shift register was chosen for the implementation,
resulting in a sequence period of 63. The basis for constructing
this shift register is a generator polynomial whose degree is equal
to the register's bit depth. The coefficients of the polynomial de-
termine the feedback structure.

For a 6-bit register, there are six 6th-degree polynomials. The
bit depth of a linear-feedback shift register circuit contains m D-
flip-flops, the input of each of which (except the last) is connected
to the output of the next.

The input of the last (highest) flip-flop is fed with the result of
the modulo-2 addition (XOR) operation from the outputs of those
flip-flops whose numbers correspond to the non-zero coefficients
of the low-order terms of the selected polynomial. The circuit is
shown in Figure 7 [8-10].

During the development of this circuit, the ability to select
one of the six existing generator polynomials was implemented.
To do this, a 3-bit combination corresponding to one of the pos-
sible polynomials must be fed to the NUM_POLY][2...0] input
before the M-sequence is generated. The polynomials and corre-
sponding combinations are presented in Table 2.

: - ii 3 l; i —rr DO
Ipm_dff3
: OFF
23 e datal4..0]
X—————p clock Feedback_ctri{4.0)
| enable q[4..0] ;
) %7'7’1757[7370 B V””WE ¥
Table 2

Correspondence of Code Combinations to Generator Polynomials

NUM_POLY Generator polynomial
000 x0+x+1
001 X+xt+x3+x+1
010 x0+x5+1
011 xX+x3+x2+x+1
100 X0+ x>+ x3+x2+ 1
101 X0+ xX0+xHx + 1

The selected NUM_POLY combination is fed to the decoder,
which generates a 5-bit control signal. Each bit of this signal con-
trols the on/off of the feedback loops of the D-type flip-flops in-
cluded in the shift register. The configuration is stored in a special
register until the end of the M-sequence generation. The circuit
diagram is shown in Figure 8 [11-14].

Feedback control is implemented using Ipm_ mux0 multiplex-
ers, controlled from the Feedback ctrl bus. The schematic is shown
in Figure 9.

Feedback_ctrif3] ©

Fig. 9. Feedback connection diagram via multiplexers
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Fig. 11. Functional diagram of the Hamming code complement block
The block operates as follows:

1. INFO_IN information bits are fed sequentially to the input of the Imp_shiftreg0 shift register, which outputs them over the parallel REG shiftin [10..0] bus, 11-bit at a time.
2. The received 11-bit word is stored in the Imp_dffl register. This allows the receiving shift register to simultaneously receive the next word while the current one is
being processed.

3. Each information bit from the buffer register, in accordance with Table 1, is fed to the corresponding inputs of the exclusive-or elements (Imp_xor2), where four

check bits are calculated: HMM_XOR[1] =0, HMM_XOR[2] = 0, HMM_XOR[3] = 1, HMM_XOR[4] =

The multi-input modulo-2 adder was replaced with five two- Table 3
input adders, which sequentially sum the output of a D-flip-flop
either to the output of the next D-flip-flop, when feedback is ena-
bled, or to a logical zero, when the operating system is disabled.

Since a zero state for all flip-flops is prohibited (resulting in
the generator freezing), an initial setup mechanism was added to
the circuit. An arbitrary non-zero 6-bit value is written to the reg-
ister via the INIT VALUE [5...0] input. Additional multiplexers
are used to load this value.

During the initialization phase, these multiplexers apply the
INIT_VALUE value to the inputs of the D-flip-flops, and during
the operating phase, they switch to signals from the feedback cir-
cuit and previous bits. The circuit diagram of the unit is shown in
Figure 10.

Logic for Generating Check Bits of the Hamming Code

Initial information

sequence

Hamming code
check bits

0
1
2
3

Explanations for the table using formulas:

po=Do+ D; + D3+ D4+ Dg + Dg+ Do

p1=Do+ Dy + D3+ Ds+ Ds + Dy + Dig
p2=D;+Dy+ D3+ D7+ Dg+ Do+ Dig
p3=D4+Ds+Ds+ D7+ Dsg+ Do+ D

For example, let's select the polynomial x6 + x + 1, which corre-

Hamming Code Complement Block

The Hamming code belongs to the class of error-correcting
codes capable of detecting and correcting single errors and fixing
double errors.

The process of generating check bits (p) for the (15,11) code
is described by the following relations, where DO — D10 are the
bits of the original information combination. The logic is pre-
sented in Table 3.

sponds to a NUM_POLY combination of 000 and an initial value of
INIT VALUE [5...0]=000001. After loading these parameters and
receiving the enable signal CLK_ENA, generation begins.

At each clock cycle, the register contents are shifted, the least sig-
nificant bit is output, and the most significant bit is written to the XOR
result of the zeroth (in this polynomial) and first bits. After 63 clock
cycles, the register state repeats, and the sequence begins again. The
CLK ENA signal also controls the lock on changes to the initial value
and polynomial configuration during generation.

-
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Fig. 12. Conversion of serial code to parallel code

The Hamming code complementation block. The circuit is
shown in Figure 11.
The algorithm is clearly shown in Figures 12 and 13.

m_sorz2i -

=
i

Dl RES medhngd) |

Fig. 13. Generating Check Symbols

1. Using the concatenation operation in inst7 and inst8, four
calculated check symbols are appended to the original information
bits, forming a 15-bit codeword.

2. The generated sequence of binary symbols is loaded into the
output shift register Imp_shiftreg2 via the parallel bus and is out-
put sequentially from the 1 1bINFO_4bHamming output.

The execution of the operation and the output register are
shown in Figures 14 and 15.

o HMM_XOR[4L.1]§W”|?E { | REG_shiftOUT[3..0]

éinéf(

REG_memory[10.0JWikE REG_shiftOUT[14..4]

Fig. 14. Scheme of execution of the concatenation operation

Ipm_shiftreg2
left shift
load

% data[14..0]
REG_shiftOUT[14..0] :

shiftout |— _r)uwu\ N 11bINFO_4bHamming
ik > clock

. shiftin
inste

Fig. 15. Output Shift Register

3. To synchronize subsequent blocks, a
STROBE INFO HAMMING OUT strobe pulse is generated. It
is generated by the Imp_shiftreg OUT STROBE P shift register,
indicating the beginning and end of the 15-bit sequence to the
M-sequence generation block.

The generation of the strobe signal and its output sequence are
shown in Figures 16 and 17.

< lpm_shiftreq OUT STROBE P* - - -
. right shif -
sset '
clock shiftout
shiftin

shiftreg_STROBE_Pbits_OUTS

Fig. 16. Formation of a strobe signal

INFO_HEMMING_OUT ol il le
STROBE INFO_HAMMING g

Fig. 17. Output sequence with strobe signal

The resulting 15-bit sequence is encoded using an M-sequence
to improve signal noise immunity. This operation is performed us-
ing an exclusive-or-not (XNOR) logic element.

The clock frequencies of the blocks are synchronized such that
during the transmission of one bit of the information sequence with
additional Hamming symbols, the M-sequence block has time to
fully output its entire 63-bit period. The STROBE INFO HAM-
MING_OUT strobe triggers the generation of the M-sequence, en-
suring the synchronous start of the two sequences. The XNOR ele-
ment receives the information bit and the M-sequence bits.

If the information symbol is "1," the output displays the normal
M-sequence bit values; if the information bit is "0," the output dis-
plays an inverted version of the M-sequence. Thus, the circuit out-
puts a continuous bit stream consisting of alternating direct and
inverted M-sequence symbols, which correspond to the bits of the
encoded message. The output sequence of the circuit is shown in
Figure 18.

Fig. 18. Code sequence at the circuit output
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Justification of Development Feasibility

The justification of the feasibility of developing a software
product can be conducted based on the results of comparing the
new version with an existing equivalent, determining the quanti-
tative values of quality characteristics and their significance [15].

All characteristics selected for analysis and their values are
summarized in Table 4.

Table 4
Approximate scale of novelty of proposals
Software Quality | Units of Values The importance
Characteristics | measure- of PP quality of characteris-
ment characteristics tics
Analogue [New option

Suitability Points 3 4 0,3
Error Resistance Points 2 3 0.4
Understandability |  Points 3 4 0,1
Changability Points 4 5 0,1
Structured Points 3 4 0,1

Since the software product being developed is not final, the
technical level of the developed version must be linked to the de-
gree of influence it has as a component on the final outcome of the
functioning of the system at a higher level of the hierarchy.

The technical level index of software product development
will be equal to:

Ji = 1,39 %(025+1) = 1,73 (1)

Based on the technical level index (1) of software develop-
ment, one can conclude that the solutions obtained as results of the
evaluated development are superior to those of similar develop-
ments conducted previously. This is largely due to the develop-
ment of personal computers and software products used in the
study, as well as a rational approach to planning and development.

The cost-effectiveness of development costs when using its re-
sults in scientific applications is E = 1.48. A coefficient of E > 0.5
corresponds to a science-intensive product and indicates a full re-
turn on investment within two years. Therefore, the ongoing de-
velopment of software for implementing a backup radio control
channel for an unmanned aerial vehicle used as an airborne com-
munications mast can be considered cost-effective.

During the development process, the developer's working con-
ditions were assessed based on an analysis of the following pro-
duction factors: indoor microclimate, vibroacoustic factors
(noise), lighting environment, non-ionizing radiation, and work
severity and intensity. The assessment revealed that all factors
meet established standards.

Conclusion

During the development process, potential operational issues with
the wired power supply system and fiber-optic line were taken into
account. Therefore, to ensure their reliability, a backup radio control
channel and onboard lithium-polymer battery were added to the de-
sign. This ensures that, in the event of a failure of the primary systems,
the mast can complete its mission and land safely.

To ensure the backup radio channel's noise immunity, software
for the control module was developed in the Quartus I environ-
ment using a functional logic diagram. The diagram includes three
main blocks: a control command block, an M-sequence generator,

and a Hamming code generator. This software is intended to be
installed on a programmable logic integrated circuit (PLC) in-
cluded in the UV-89-07 radio control unit.
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PA3SPABOTKA N OTJIAAKA NMPOrPAMMHOIO OBECIIEYHEHUA AJ1A PEATTU3ALIUN PESEPBHOIO
PAANOKAHAIJIA YIIPABJIEHUA BIJ1A

Kydpsawoea Anacmacus KOpbeeHa, Mockosckuil mexHuveckutl yHueepcumem cessu u uHgpopmamuku, Mockea, Poccus,
a.i.kudriashova@mtuci.ru

AHHOTauus

Pazsutue 6ecnunotHbix netatensHbix annapatos (BrJS1A) B nocneaHue rofbl CyLeCTBEHHO PacLUMPUIO BO3MOXKXHOCTU MOCTPOEHUA MOBUMBLHBIX, BbICTPO
pa3BopaynBaeMbIx cucteM cBasu. OAHUM M3 MEpCNEKTUBHBIX HAMpaBIEHW CTalio UCMOJSIb30OBaHWE BGecrnunoTHOro NeTatesilbHOro annapara B KavyecTBe
23POMOBUILHOM MayTbl, MO3BOJIAIOLLIEN OMEPATUBHO MOAHUMATb PETPAHCIIALMOHHOE O6OpPYAOBaHUE HA 3HAYUTENBHYIO BbICOTY. B faHHOM cTaTbe Ha ocHoBe
PYHKLMOHANBHON CXEMbl CUCTEMbI YNPaBMeHUA MO BOJIOKOHHO-oNTUYeckuM nnHaM ceasm (BOJIC) c obecneveHneM saneKTponuTaHWA Mo NpoBoAy Mexay
MYHKTOM YrpaBsieHUs U GecnUNOTHbIM JIeTaTesNbHbIM anmnapaToM, UCMOJIb3yeMbIM B Ka4yeCTBE a3pOMOGUIIBHOM MayTbl CBA3WM PeasiM30BaHO KOAMPOBaHWE
Pe3epBHOro paAuMoKaHana yrnpasseHusa ¢ nomollpto M-nocnegosarenbHocTu. B ToM yncne paspabortanbl cxeMbl: 6optoBoro Direct Current to Direct
Current (MOCTOAHHbIA TOK B MocToAHHbIM Tok, DC-DC) npeobpasoBatens, obecneyeHus sneKkTponutaHus GopToBoro obopyaoBaHus, Gnoka M-
nocnegosartenbHocTy. [lpeacTaBneHbl pesynbratbl pa3paboTku (YHKLUMOHANbHOM CXEMbl CUCTEMbl YMPaBlEHUA W OGECMEYEHUA SNEKTPOMUTaHWUA
6ecnunoTHoro netatenibHOro annapara. [ia peanusauum pe3epBHOrO MOMEXO3ALLMLLEHHOrO pajuoKaHana ynpaeneHus paspabatbiBaeTcs nMporpaMMHoe
obecreyeHne B cucTeMe aBTOMaTU3MpoBaHHoro npoektuposanua (CAMP) Quartus I, npeaHasHaueHHoM Ana pa3paboTku LMPOBbLIX YCTPOWCTB Ha
NpPOrpaMMUpyeMbIX nornveckux uHterpanbHbix cxemax (MJTMC) n obecneumBarowieinn koaMpoBaHUe WHPOPMALIMOHHBIX MOCBUIOK € moMmolpto M-
nocnefoBaTenibHOCTU.

Kniouyeebie cnoea: BI1J1A, cucmema ynpasneHus, pesepsHbiii paduokanan, DC-DC, 6ok komaHO ynpasneHus, PCJTIOC, nomexoycmou4usoe KoOuposaHue,
deouyHoe KoOuposaHue.
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This study examines the training-set size at which YOLOv8m ceases to
benefit from adding visually similar frames in weed detection among
tomato plants. The experimental design reflects a common precision-
agriculture constraint: RGB images are relatively easy to acquire,
whereas agronomist-verified annotation requires substantially more
time. The experiment used 600 images with a resolution of 640x640 pix-
els collected in greenhouse tomato rows during a single growing season.
Three classes were annotated: tomato, weed vegetation, and soil-sub-
strate background. Seven training series were used to test the hypoth-
esis that generalization peaks near N=250 when the number of unique
scenes is below 300. Beyond this point, additional frames acquired
under nearly unchanged conditions were accompanied by an increase in
high-confidence false detections. The effect was characterized by a hal-
lucination coefficient and an oversaturation index comparing the vari-
ance of the weights in the final detection layer with the mean validation
loss. At N=600, Precision was 41.94% below its peak value and the hal-
lucination coefficient reached 1.80. The practical implications concern
annotation planning and detector-capacity selection: increasing the
number of near-duplicate frames should not be treated as an uncondi-
tional means of improving the reliability of an automated system.
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Introduction

A detector output acquires technological significance before
any mechanical action on the plants begins. The camera evaluates
a section of a tomato row, the recognition module separates weed
vegetation from the inter-row space and the soil-substrate sur-
roundings, and the result is then transferred to the actuator system.
At this point, an error ceases to be merely a classification error.
An incorrectly assigned class may alter the command sent to the
working tool and, consequently, the course of a specific agro-
nomic operation.

The visual structure of a greenhouse row offers no single sep-
arating feature. Soil, substrate, trellis components, drip tape, plant
residues, shadows, and structural elements can occur in the same
frame. Against this background, tomato leaves have a complex
dissected contour: their orientations differ, adjacent blades over-
lap, and texture varies even within one plant. Weed color is often
close to that of the crop. The boundaries among the classes “to-
mato - weed - background” must therefore be inferred from a com-
bination of morphological and background cues; no stable single
criterion based on color or geometry exists in the scenes consid-
ered.

The main data shortage did not arise at the image-acquisition
stage. Capturing RGB images required comparatively little time,
whereas expert preparation of one frame containing several plants
and background regions could take up to 15 minutes. Scenes with
small weeds, overlapping leaves, and ambiguous object bounda-
ries were especially time-consuming to annotate. Consequently,
the volume of raw photographs substantially exceeded the number
of images verified by a specialist. Hundreds of reliably validated
scenes, rather than thousands of raw frames, were therefore avail-
able for training.

For such a dataset, the number of files must be distinguished
from the number of newly observed conditions. A frame acquired
with a different plant geometry or a different background state
contributes new information to the model. A sequence recorded
during one season, in the same row type, and under similar illumi-
nation is different. Similar leaf shadows, substrate patterns, trellis
directions, drip-tape edges, and reflections on wet surfaces recur
from frame to frame. The network receives useful object cues to-
gether with a repeated noise structure; under these conditions, in-
creasing N is no longer equivalent to increasing diversity.

Most published studies in agricultural machine vision use
YOLO to detect fruit, weeds, plant diseases, and technological ob-
jects. With large datasets, attention is naturally concentrated on
final accuracy. A small dataset raises a different question: what
happens when additional images barely expand the space of ob-
served scenes? Of particular interest is the regime in which aggre-
gate metrics have deteriorated only moderately, whereas high-
confidence false bounding boxes have already appeared among
the errors.

For an agricultural robot, two predictions assigned to the same
wrong class may have different technological consequences. A
low-confidence result can be removed by thresholding or sent for
repeated analysis. A value above 0.9, by contrast, normally falls
within the detector's confidence region. If such a bounding box is
false, the actuator loop may treat a weed-free area as a target and
perform an unnecessary local operation. In this study, this specific
type of error is referred to as a model hallucination.
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The study was limited to N<600 and to a single task: weed de-
tection in tomato plantings using YOLOv8m. The objective was
to locate the boundary beyond which enlarging a structurally sim-
ilar dataset ceases to improve generalization. A dataset with a
fixed annotation scheme was prepared, and training series were
carried out for different values of N. For each series, mAP@0.5,
Precision, Recall, the hallucination coefficient, the L, gradient
norm, and the oversaturation index were compared; activation
maps were additionally examined for the rational and oversatu-
rated regimes.

In agricultural object detection, YOLO is attractive primarily
because of its one-stage prediction scheme: object coordinates and
class are determined within a single network. The family is there-
fore used for plant monitoring, fruit detection, robotic harvesting,
and weed detection. The requirements of a mobile platform, how-
ever, extend beyond accuracy alone. Computational load and ro-
bustness to heterogeneous backgrounds become part of the same
engineering problem because the detector must operate within a
constrained onboard computing loop.

For tomato crops, the literature more often addresses fruit ripe-
ness, developmental stages, and robotic harvesting. Typical
sources of error are familiar: leaf occlusion, complex back-
grounds, and variable illumination. Attention modules, light-
weight blocks, or other YOLOvV8 modifications are commonly
proposed in response. Such architectural changes may improve
detection, but the number of original annotated scenes remains a
separate issue. Architectural complexity cannot create plant or en-
vironmental states that are absent from the source material.

The high mAP values reported for multiclass weed detection
in cotton using YOLOVS [4, p. 2] were obtained from a different
observation structure. A field dataset covers a broader range of
scenes, whereas the present experiment was deliberately confined
to a greenhouse row and one growing season. Weed species com-
position, background, and the range of acquisition conditions all
differ. The information content of the two datasets is therefore not
directly comparable. The required size of the small tomato dataset
was established in a dedicated experimental series rather than by
transferring a threshold from the field domain.

Additional ambiguity is introduced by the tomato leaf appa-
ratus itself. For cereal crops, recognized difficulties include simi-
larity in crop and weed color, object overlap, and the absence of
an unambiguous size cue. The large dissected tomato leaf adds
another class of background repetition: its shadows and character-
istic texture fragments recur at different locations along the row
and often appear near annotated target objects. In a small dataset,
such co-occurrence can reinforce an accidental background com-
bination as a weed-related cue.

The concept of double descent is used here only as a frame-
work for discussing non-monotonic error behavior. The conducted
series does not reproduce the classical double-descent curve and
is not intended to demonstrate its universality. The relevant point
is a possibility recognized in modern learning theory: more exam-
ples or a more complex model do not improve generalization mon-
otonically in every regime. In the present formulation, the content
of each new image is decisive. Dataset expansion is informative
while a frame introduces a previously unrepresented scene state.
When additional frames are close realizations of an already ob-
served distribution, the increase in N remains quantitative and may
not expand the feature space available to the model.
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YOLOvV8m has substantial parametric capacity for this regime.
According to the Ultralytics documentation, the model contains
25.9 million parameters at an input size of 640 pixels. This expres-
siveness is sufficient for complex object detection; on several hun-
dred closely related scenes, however, the same capacity also cre-
ates an opportunity to memorize incidental background dependen-
cies. Along with tomato and weed morphology, the network may
interpolate covariations associated with recurrent image structure.

Changes in the network's internal focus were evaluated using
Grad-CAM. The method produces a map of image regions that
contribute most strongly to the decision of a convolutional model.
Under a rational data regime, activations are expected to concen-
trate on leaves, stems, and weed vegetation. A shift toward back-
ground textures in an oversaturated regime, conversely, indicates
weakening of the detector's object-specific focus.

The scientific problem addressed in this study is therefore the
identification of a boundary beyond which expansion of a small,
weakly variable dataset no longer broadens the model's represen-
tation of target objects. Past this boundary, the repeated noise
component of the empirical distribution receives additional weight
and strengthens memorization. The corresponding state is termed
cognitive saturation of the model.

Materials and Methods

The source dataset contained 600 RGB images with a resolu-
tion of 640x640 pixels, acquired in tomato rows during one grow-
ing season. This deliberately narrow domain was selected to iso-
late saturation from ordinary domain variability. A change of sea-
son, cultivar, camera, or cultivation technology would have intro-
duced an additional covariate shift and complicated interpretation
of the saturation effect. The experiment therefore did not aim to
estimate maximum domain transferability; it sought an internal
limit within a closely related distribution of scenes.

Annotation was performed for three classes. The “tomato
plant” class included leaves, distinguishable stem fragments, and
other visible tomato parts that could be separated from the sur-
roundings. The “weed vegetation” class covered unwanted plants
in the inter-row area and near the root zone. Problematic back-
ground fragments - soil, substrate, plant residues, drip tape, shad-
ows, and free background regions - were assigned to the “soil-
substrate background” class. The third class was retained specifi-
cally because such fragments could provoke false detections.

Training subsets were formed for seven values of N: 100, 200,
250, 300, 400, 500, and 600 images. Class proportions were main-
tained as the dataset size changed. Source scenes included in val-
idation were excluded from training. This restriction is methodo-
logically important for a small dataset because placing nearly
identical frames on opposite sides of the split artificially inflates
the estimated performance.

The transformation set was intentionally restricted. Only rota-
tions of +15 degrees and horizontal flips were applied; intensive
color correction, Mosaic, CutMix, and strong geometric distor-
tions were excluded. This regime made it possible to observe the
boundary between useful data expansion and memorization of the
noise component of the empirical distribution without masking it
by strong augmentation-based regularization.

Training used early stopping with patience=50 epochs, and
weight checkpoints were saved every 10 epochs. Final weights,
validation loss, the confidence-score distribution, and the Ly norm

of gradients in the final detection layer were recorded for each se-
ries. The stochastic parameter-update rate was held constant
across the series. Its potential influence on the location of the sat-
uration threshold was therefore excluded from the cross-regime
comparison.

The loss function was represented as the sum of a localization
component and a focal component. The latter accounted for im-
balance between object and background regions. The basic form
was:

Ltotal =LCloU +a-LFocal, «=0,75 (1

In expression (1), LCloU characterizes the localization quality
of bounding boxes. LFocal reduces the contribution of easily clas-
sified examples and reallocates weight toward difficult objects;
the focal term was weighted by alpha=0.75. This choice is con-
sistent with the foreground-background imbalance known for one-
stage detectors [9, p. 319].

High-confidence false responses were described using a sepa-
rate hallucination coefficient. It was calculated as the mean loga-
rithmically normalized number of false detections with confidence
above 0.9:

Khal=(1/M) -Z(j=1.M)In(1+FP0.9, j) 2

Here, M is the number of images in the validation set, and
FPo.s,j is the number of false bounding boxes in the j-th image at
confidence>0.9. Logarithmic normalization converts the indicator
into a dimensionless form and limits the influence of a single
frame containing an anomalously large number of false objects.

Precision, Recall, and mAP@0.5 alone were insufficient to de-
scribe changes within the final detection layer. The relationship
between parameter dispersion and validation error was therefore
compared across the training series. For this purpose, the oversat-
uration index was introduced:

Sover=c>(Wlast) /( Lval ) 3)

In expression (3), the numerator o*(Wlast) characterizes the
variance of the weights in the final detection layer, whereas
p(Lval) in the denominator is the mean validation loss. The Sover
index combines two quantities that are usually evaluated sepa-
rately. Within the present experimental series, its increase was
considered together with the appearance of locally confident pre-
dictions associated with unstable background cues. This interpre-
tation is specific to the adopted formulation and does not define a
universal threshold for other architectures or datasets.

The restructuring of the detection head was also monitored
through gradients. Their L> norm was calculated for the final layer
using:

G2=sqrt((i=1.m)(dL/dwi)?) “)
Conventional performance assessment was retained through

three standard object-detection metrics: Precision, Recall, and
mAP@0.5. They were calculated as:

Precision=TP /(TP +FP) (5)
Recall=TP /(TP+FN) (6)
MAP@0.5=(1/C) -X(c=1.C)APc(loU =0.5) (7
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The spatial Grad-CAM comparison was supplemented with a
numerical measure of the difference between activation distribu-
tions. The Kullback-Leibler divergence was calculated between
the rational and oversaturated regimes:

DKL=z P250(z) -In(P250(z)/ P600(z)) ®)

Results

The results of the seven training series were grouped by the
type of observed characteristic. Metrics directly related to detec-
tion performance are presented in Table 1. Training time, Lval, the
L, norm, and Sover are summarized in Table 2. This separation
does not alter the data and keeps both tables readable in portrait
A4 format.

Table 1
Detection performance metrics for different training-set sizes

N mAP Prec. Rec. Khal
100 0.67 0.71 0.58 0.05
200 0.83 0.86 0.79 0.12
250 0.91 0.93 0.88 0.18
300 0.88 0.89 0.81 0.45
400 0.80 0.78 0.70 0.89
500 0.71 0.65 0.59 1.35
600 0.62 0.54 0.48 1.80

Table 2

Training time, gradient L, norm, and oversaturation index
as N changes

N Time, h Lval L Sover
100 0.8 0.91 0.40 0.82
200 1.5 0.52 0.52 1.03
250 2.0 0.31 0.64 1.18
300 2.4 0.39 091 2.08
400 3.1 0.58 1.36 2.54
500 3.9 0.75 1.82 3.02
600 4.6 0.94 2.30 3.45

The first series represents a shortage of object examples. With
100 images, mAP@0.5 was 0.67, Precision was 0.71, and Recall
was 0.58. The detector already responded to large objects but fre-
quently missed small weeds and visually ambiguous parts of to-
mato plants. Khal was only 0.05. The small number of high-con-
fidence false responses should not be interpreted as robustness: the
model remained insufficiently active in this regime and simulta-
neously exhibited low recall.

The largest positive shift in the three primary metrics occurred
not at the end of the experimental range but after the second hun-
dred images were added. At N=200, mAP@0.5 reached 0.83, Pre-
cision 0.86, and Recall 0.79. The dataset now contained new leaf
positions, different planting densities and weed levels, and altered
background states. Khal increased from 0.05 to 0.12, but this in-
crease was substantially smaller than the gain in detection perfor-
mance. Over this interval, increasing N was still accompanied by
a meaningful broadening of the observed scenes.

The highest combined performance was obtained with 250 im-
ages. mAP@0.5, Precision, and Recall were 0.91, 0.93, and 0.88,
respectively. For the dataset under study, this regime was adopted
as the rational saturation level. The number of scenes was already
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sufficient for class discrimination, whereas recurrent background
details - substrate patterns, drip-tape edges, and leaf shadows - had
not yet begun to dominate object decisions according to the results
of the series.

The next experiment interrupted the upward trend. An addi-
tional 50 images reduced mAP@0.5 to 0.88; Precision and Recall
fell to 0.89 and 0.81. The decline in aggregate metrics was still
modest. Khal changed much more strongly: 0.18 at N=250 became
0.45 at N=300. The first visible restructuring therefore appeared
not as an abrupt collapse of mAP but as an accumulation of false
bounding boxes to which the network assigned high confidence.

Inspection of predictions from the 400-image series revealed a
pronounced spatial localization of errors. False boxes appeared
predominantly on furrows, substrate boundaries, elongated stem
shadows, and regions containing plant residues. Repeated linear
geometry was a common property of these areas. At the same
time, mAP@0.5 decreased to 0.80, Precision to 0.78, Recall to
0.70, and Khal increased to 0.89. Thus, degradation in this series
was not spatially uniform and was associated with specific config-
urations of the background scene.

The final two regimes differed from the preceding points not
by an isolated deviation in one metric but by a general deteriora-
tion of detection. At N=500, mAP@0.5=0.71, Precision=0.65, Re-
call=0.59, and Khal=1.35 were obtained. With 600 images, these
values changed to 0.62, 0.54, 0.48, and 1.80. The nature of the
error also changed: some false objects had high confidence. Such
predictions are more likely to be accepted by the actuator loop as
valid. For targeted inter-row treatment, the technologically dan-
gerous transition is specifically the shift from frequent misses to
confident false detection of a background region.

To quantify the difference between the regime with maximum
Precision and the final experimental point, the relative decrease in
this metric was calculated:

AP=((P250—P600) /P250) -100%=41,94% ©

Substitution of the N=250 and N=600 values into expression
(9) gives 41.94%, or approximately 42%. Over the same range,
Khal reaches 1.80. These quantities describe different aspects of
the same practical risk: positive predictions become less accurate,
while the share of high-confidence errors among false decisions
increases. A background region may therefore be misinterpreted
as a weed more frequently and transferred to the control loop as a
basis for actuation.
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The four curves in Figure 1 move in the same direction only
up to N=250. At this point, mnAP@0.5, Precision, and Recall reach
their maxima, further enlargement of the dataset is accompanied
by a decline in all three. Khal follows the opposite trajectory, in- 101
creasing over almost the entire experimental range and more rap-
idly after N=300. The interval between 250 and 300 images there-
fore cannot be treated as an ordinary plateau. Mean metrics remain
close to their maxima, yet the structure of false decisions is already
shifting toward high-confidence detections.

Validation loss convergence

1.2 1

0.8 4

Validation loss

o 25 50 75 100 125 150 175 200
Epoch

120 4

100 1 Fig. 4. Validation-loss trajectories for three training regimes
Comparison of the curves in Figure 4 reveals different causes
of elevated error. At N=100, validation loss remains at a high re-
sidual level, which is consistent with a shortage of training exam-
ples. The N=250 regime behaves differently: the value decreases
steadily and then stabilizes. For N=600, the initial downward trend
is also present, but the direction of the curve later reverses and a
secondary increase appears. This is also the series in which mem-
Detection confidence orization of the noise component of the empirical distribution be-

Fig. 2. Detection-confidence distributions for N=250 and N=600 comes stronger.
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Figure 2 exposes the difference without reducing it to a single L

averaged metric. At N=250, correct predictions are concentrated
mainly around a confidence of 0.85. In the N=600 series, the dis-
tribution contains two pronounced regions; the second corre-
sponds to false responses at approximately 0.92-0.96. Simply rais-
ing the confidence threshold does not resolve the problem. The
erroneous objects lie precisely in the part of the scale that is usu-
ally considered the most reliable.

Original scene N=250: correct N=500: false boxes Fig. 5. Comparison of Grad-CAM regions in the rational
and oversaturated regimes

The change in the internal basis of the decision can be traced
in the Grad-CAM maps in Figure 5. At N=250, the strongest con-
tribution is associated with the leaf blade, fruit contour, and frag-
ments immediately adjacent to the object. After the transition to
N=500, part of the active regions appears on the background tex-
ture. The difference between the regimes therefore concerns more
o SR than the final magnitude of the error: the spatial set of cues used

: by the network to form a bounding box also changes.
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The schematic in Figure 3 separates two fundamentally differ-
ent types of wrong decision. In the N=250 series, bounding boxes
correspond to tomato plants and weed vegetation that are actually
present. At N=500, additional bounding boxes appear on back-
ground regions; they are marked with crosses in the schematic.
These cases no longer concern an inaccurate object boundary. The
target object itself is absent, yet the detector still produces a posi-
tive prediction.
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Sover exceeds 2.0 after N=300. In parallel, the L, norm of the
final-layer gradient increases from 0.40 to 2.30 across the experi-
mental series. No attenuation of the detection head response is ob-
served. On the contrary, the final-layer parameters continue to un-
dergo active restructuring in the presence of contradictory micro-
patterns, and the number of high-confidence false detections in-
creases in the same training regimes.

Discussion

Between 100 and 250 images, enlargement of the dataset co-
incided with a genuine expansion of the observed scene states.
Leaf position, planting density, weed level, soil appearance, and
substrate appearance all changed. These differences supplied the
network with new combinations of object-related cues; the im-
provement in mAP@0.5, Precision, and Recall cannot therefore
be attributed solely to the number of files. In the initial part of the
experimental range, both N and the meaningful variability of the
training distribution increased.

The situation changed after the peak regime. New frames con-
tinued to enlarge the dataset but increasingly reproduced condi-
tions already represented in the same technological zone. For a
highly parameterized YOLOv8m model, this provides additional
realizations of local visual dependencies, some of which may be-
long to the background rather than to stable target morphology.
The number of examples then grows faster than the number of in-
dependent scene states. This divergence between dataset size and
informational breadth forms the basis of our subsequent analysis
of oversaturation.

An early sign of the transition is visible when N=250 and
N=300 are compared. mAP@0.5 decreases by only 0.03, from
0.91 to 0.88. Over the same step, Khal rises from 0.18 to 0.45, a
2.5-fold increase. If only aggregate accuracy is examined, the
change may resemble a moderate fluctuation near the optimum.
High-confidence false predictions give a different picture: their
accumulation begins before the decline in mAP becomes pro-
nounced.

For a system that controls a working tool, the earlier response
of Khal relative to mAP is of separate importance. An averaged
metric describes overall detection performance but does not indi-
cate how dangerous a particular error is for the subsequent action.
A false bounding box with high confidence may pass the trust
threshold and enter an actuator command without repeated verifi-
cation. The hallucination coefficient is therefore used to charac-
terize a technologically significant class of errors rather than as an
alternative name for mAP.

We associate the observed behavior with repeated background
combinations inside one technological zone. A shadow of a par-
ticular shape, the edge of drip tape, or an accumulation of plant
residues occurred in many closely related scenes. The parametric
capacity of YOLOv8m permits memorization of a statistical asso-
ciation between such local fragments and the target class. This ex-
planation is restricted to the experiment conducted here: with
broader domain diversity, the same architecture may distribute its
capacity across a larger number of stable visual regularities.

The errors at the two extremes of the experimental range have
different origins. At N=100, the model lacks examples of object
morphology. At N=600, the number of files is much larger, but the
informational dimensionality of the scene grows disproportion-
ately slowly relative to N. In the latter case, the network repeatedly

COMPUTER SCIENCE

receives close realizations of a latent noise structure instead of
new independent states of the agrobiocenosis. Data scarcity and
an excess of similar data should therefore not be regarded as the
same training regime.

The transition in the internal characteristic of the final layer is
visible directly in the numerical values: Sover is 1.18 at N=250
and reaches 2.08 at N=300; the index remains above 2.0 thereafter.
Khal increases over the same range, while Grad-CAM shifts part
of the activations toward background regions. For the obtained se-
ries, the coincidence of these three features describes the same
transition to an oversaturated regime. The present data do not jus-
tify treating Sover as a universal standalone criterion, but the index
can serve as an additional diagnostic signal when deciding
whether to continue dataset expansion.

Augmentation can increase the number of variants derived
from a single image, but it does not necessarily alter the informa-
tional diversity of the scene. Rotation, geometric transformation,
or correction of visual characteristics operate on an existing frame.
A new plant growth stage or a new environmental condition can-
not be introduced in this way. If repeated background structures
and random covariations are already present many times in the
source set, their transformed versions remain content-related to
the same scenes. An increase in the number of augmented exam-
ples therefore cannot automatically be equated with the appear-
ance of independent observations.

For the activation distributions, DKL(P250||P600)=0.37 and
DKL(P600||P250)=0.52 were obtained. The asymmetry is partic-
ularly important in the reverse direction: the oversaturated regime
contains activation states that were not represented at N=250. In-
dependently, a second pronounced mode of false responses ap-
pears in the confidence-score distribution for N=600 at 0.92-0.96.
Within the present experiment, part of the additional internal states
coincides with the emergence of high-confidence erroneous pre-
dictions.

This regularity should be considered before annotation of the
next image series begins. After approximately 250 high-quality
annotated frames acquired during one season and under similar
conditions, the automatic addition of several hundred nearly iden-
tical scenes does not guarantee a performance gain. More mean-
ingful expansion requires new acquisition conditions: a different
time of day and lighting scheme, another substrate type, or another
cultivation area. Growth stage, cultivar, and planting density also
alter the observed distribution. Under such expansion, the diver-
sity of states increases rather than N alone.

The influence of architectural capacity can also be tested as a
means of reducing the tendency of a small dataset to encourage
local texture memorization. YOLOv8n contains fewer trainable
parameters than YOLOv8m and may therefore be less able to
adapt to idiosyncratic features of individual scenes; for a mobile
platform, a smaller model simultaneously reduces computational
requirements. This remains a separate experimental hypothesis.
The two detectors should be compared not only by final accuracy
but also by their robustness to the background structures on which
high-confidence false detections occur.

In the transition region N=250-300, mAP detects the degrada-
tion later than Khal. The next stage of the study should therefore
address early diagnosis of oversaturation using Khal, Sover, the
dynamics of the gradient L norm, and changes in activation maps
jointly. Conventional early stopping is oriented mainly toward
validation loss.
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For autonomous inter-row treatment, the diagnostic loop
should additionally register the moment at which high-confidence
false objects begin to appear, because these detections are directly
associated with the risk of an erroneous control action.

Conclusions

The maximum performance in the present series occurred at
N=250: mAP@0.5=0.91, Precision=0.93, and Recall=0.88. Up to
this point, dataset growth was accompanied by improved general-
ization; beyond it, the dependence became non-monotonic. For the
scene set considered here, N=250 corresponds to the rational cog-
nitive saturation threshold of YOLOv8m.

The final N=600 regime differs substantially from the peak re-
gime. Precision decreases to 0.54, Khal increases to 1.80, and the
relative loss of Precision is 41.94%. Correct annotation of addi-
tional frames alone therefore does not guarantee improved practi-
cal reliability: when scene variability is weak, increasing the num-
ber of images may be accompanied by deterioration of detector
performance.

The dynamics of the final detection layer refine the location of
the identified boundary. After N=300, Sover exceeds 2.0, while
the gradient L, norm reaches 2.30 within the experimental range.
At the same time, false bounding boxes appear on the greenhouse-
row background, soil-substrate surface, shadows, and plant resi-
dues. For this series, the combination of these features is associ-
ated with an unstable response of the detection head to recurrent
background micropatterns.

The obtained value N=250 should be regarded only as an ex-
perimental optimum within the domain studied. It refers to robotic
tomato-care scenes recorded during one growing season and in
one technological zone; the result does not establish a universal
standard for an arbitrary dataset. Under these conditions, 250+20
annotated frames can be used as a practical reference. Once this
range is reached, it is more rational to introduce new observation
states — different illumination, growth stage, cultivar, substrate
type, planting density, or another acquisition site - rather than to
continue adding closely related frames. Such a domain change
may also shift the saturation threshold itself.

If heterogeneous scenes cannot be collected, subsequent work
should separately test alternative methods for limiting memoriza-
tion. These include reducing parametric capacity, strengthening
regularization, and jointly monitoring Khal and Sover. A lighter
architecture should not be assumed effective in advance; it must
be compared with YOLOv8m in a dedicated series. For an auton-
omous system, mAP should likewise not remain the sole metric
because average accuracy does not express the risk of a confident
false response in a region without weeds. In the adopted formula-
tion, Khal and Sover complement the evaluation specifically from
this perspective.
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AHHOTaUUA

B pabote mpoBepsnock, npu KakoM obbeMe Masioi pasMeyeHHow BbiGopku YOLOvV8m nepecrtaer monyvatb BbIMIpbI OT Ao6aBneHWs GaM3KMX Mo
COAEPXKaHWIO KaJpoB MPU AeTeKLMUM COPHOW PacTUTENbHOCTM B Mocajkax ToMartoe. [locTaHoBka cBfA3aHa C OOGbLIYHLIM ANA TOYHOrO 3eMyeAenus
orpaHuyennem: RGB-usobpaxeHns nony4nTb cpaBHUTENBHO JIErKO, TOTAA KaK NMPOBEPKa pa3MeTKM arpOHOMOM 3aHWMaeT 3aMeTHO Gonblue BpeMenn. [na
3KCMepuMeHTa ncnosnb3osaHbl 600 nsobpaxernit 640x640 nukceneit, CHATLIX B TEMNAMYHBIX PAAAX 33 OAWH BEreTaLMOHHbIA Nepuos; BbIAENANNCL TOMAT,
COpHas pacTUTeNbHOCTb U OH NOYBEHHO-CybCTpaTHOW MoBepxHOCTU. CeMb cepuii OBy4eHMA MO3BOMMIM NPOBEPUTL NMPEAMONIOKEHNE O MaKCMMyMe
0606LeHusa B okpectHocT N=250 npu uncne yHukanbHbix cueH MeHee 300. Mocne 3Toit TOUKM HOBbIE KaZpbl, €CNIK YCNIOBUA CbEMKU MOYTU HE MEHASIUCD,
COMpPOBOX/JANNCh POCTOM JIOXKHbIX AETEKLMI C BbICOKOM yBepeHHOCTbIo. [AnA onucaHua sddekTa MCMosb3oBaHbl KOSPPULUEHT raFoLMHALIAI U UHAEKC
NepeHachIlLeHNsA, B KOTOPOM COMOCTaB/eHbl AUCMEPCUA BECOB MOC/IEAHEro AETEKTUPYIOLLEro CNoA U CpefHAA BanuzauyoHHas notepsa. B cepun N=600
Precision okasanack Ha 41,94% Huxe NUKOBOro 3HaueHus, koadduumeHT rannoumnHaumin goctur 1,80. MpakTuieckuin pesynbtaT OTHOCUTCA Npexae BCero
K MIaHMPOBaHMIO pasMeTKM U BbIGOPYy €MKOCTM AeTeKTopa: yBEeSIMYEHWe HMCIA MOXOXMX KaIpOB Hesb3fl paccMaTpuBaTh Kak 6e3ycnoBHbIN crnocob
NOBbILUEHNA HAZEXHOCTU aBTOMATU3UPOBAHHOMN CUCTEMbI.
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