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1. BBenenne

[Ipobnema MoIemTMPOBaHHS MPOLIECCOB OOCITYKUBAHUS MYJTh-
THCEPBHUCHOTO Tpa(uKa B MINPOKOIOIOCHBIX CETSAX CITyTHUKOBOM
cBs3M Ha 06a3e kocmudeckux ammapaToB (KA) Ha HU3KHX U cpea-
HHUX KPYTOBBIX OpONTaxX 00yCIIOBJIEHA BBICOKON AMHAMUKON N3Me-
HeHus nostoxkeHnst KA oTHocuTensHO 3eMiM M MPOCTPAHCTBEH-
HBIM pa3MelIeHHEeM a00OHEHTOB Ha OOIIUPHBIX TEPPUTOPHSIX, B Pe-
3yJbTAaTC 4€ro pasHbIM a6OHeHTaM JOCTYIHBI U1 CBA3U pas3jiny-
HBIC TI0 KOJHYECTBY M coctaBy HaOopel KA, mepecekaroriuecs
WJIN HETIepeCceKaroINecs] MeK1y CO00H M M3MEHSIOIINECS BO Bpe-
MeHHU. B xauecTBe mwiuttocTpanuu Ha pucyHke | mokazaH HEKOTO-
pBIi MTHOBCHHBIH BHJI B3aUMHOTO DPACIOJIOKCHHSI aOOHEHTOB
(puoneroBble Kpy>KKH) ¥ MTHOBEHHBIX 30H oOciyxkuBaHus KA
(xpacHble kpyrn). BugHo, Hanpumep, 94To aOOHEHTHI FOr0-3arai-
HOTO paiioHa P® HaxomsTcs B 30HE OOCITYKHBAaHHS TOJIBKO O
Horo KA. Ecimu cmemaTses Ha CeBepO-BOCTOK KOJIMYECTBO 30H
YBEIMUYMBAETCS 10 IBYX, 3aTeM JI0 TpeX. B palione o3epa baiikan
noctynHel Tpu KA, a mpu HeOOMBIIOM CMETIEHNH Ha BOCTOK J[Ba
u T.1. Yepe3 HEOONMBIION MPOMEKYTOK BPEMEHH, U3MEPSEMBIN
MHHYTaMH, 10CTYIHOCTE KA MOXeT KapiMHaIbHO U3MEHUTHCSI.

Puc. 1. [IpuMepHOE MTHOBEHHOE B3aUMHOE PACIIONOKEHHS
abonenTos u KA

[Mpenmnonaraercs, 4to aOOHEHTHI, OCHAIIEHHBIE A0OHEHT-
ckumu TepmuHaizaMu (AT), morydaroT 10CTyN K CepBHCaM CETH
Wnreprer uepe3 pernonansueie cranuuu (PC), koTopsie B coBo-
KyITHOCTH 00€CIIeUMBAIOT C MIOMOIIBIO €MHOTO IIEHTPa yIpaBJie-
Hust cBsizbio (L[YC) HenpepbiBHOE yipaBieHne paboToii Bcex KA
HaJ1 30HOH 00ciyXnuBaHus ceTn. MyJIbTHCEPBHUCHBIN Tpaduk 11e-
penaercs o mapuipyty AT-KA-PC-cets HTEpHET 11 B 06paTHOM
HanpasieHud. I OTydeHns] CEpBUCOB aOOHEHTHI OTIPABIISIOT
3asBku Ha PC, xotopsie ¢ momorpio [{YC opranusyroT mpemo-
CTaBJeHUE HEO0OXOJIMMOro Juisi 0OMEHa JaHHBIMU pecypca IMpo-
MYCKHOM criocobHocTr Toro mnn nHoro KA u B3anMoseiicTaue ¢
orepaTopamMH CEpBHCOB. PecypcoM NpoOIyCKHOH CrocoOHOCTH
SIBJISIETCSI CKOPOCTD Tepejaurl JaHHbIX, n3Mepsiemast B our/c [1].

Pecypc BblaemsieTcs A1 IPOBEICHUS CECCHid MOTyYeHHUs cep-
BHUCOB HellenuMbIMU KBaHTamu. OOmmid pecypc kaxaoro KA v
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OTpaHWYCH, M IMOTOMY B CETH MOTYT BO3HHKATh CHTyaIluu aedu-
LUTa pecypca, MPUBOIAIINE K TOMY, 9YTO HEKOTOPBIC 3asIBKU HE T10-
Jy4aroT 00CTyKuBaHUA. ECTh IBE MPUYHMHBI 0TKa3a B 0OCITYKHBa-
HUH:

— 0TKa3 U3-3a OTCYTCTBHUS IOCTATOYHOTO CBOOOTHOTO pecypca
JUTSE TIPOBEICHUS CECCHH Ha TOCTYMHBIX KA;

— IpephIBaHUE HE3aBEPIICHHON CECCHH BCIICACTBHE M3MEHE-
Hus nocrynHoctd KA, xorja Ha ocTaBmIMXCS AOCTYMHbBIME KA
pecypca HeTOCTaTOqHO.

B oTHX yclnoBHAX BaXKHBIMHU TOKa3aTeNIIMUA KauyecTBa MPeo-
CTaBJICHUSI CEPBUCOB SIBJISIOTCS JIOJIM HEOOCITY)KEHHBIX 3asBOK
KaXXJI0TO THIIA, YTO, COOCTBEHHO, COOTBETCTBYET TPAUIIUMOHHBIM
nokazatensiM QoS, mpuHATEIM B Teopuu Tenerpaduka [1, 2].
OueHKa yKa3aHHBIX [IOKa3aTee ¢ y4eToM MpOCTPaHCTBEHHOTO
pasmemenust AT mo TeppuTopun 0OCITYKUBaHHS CETH W JIHWHA-
MukHd IBkeHus KA mo opOurtam U SBISIETCS LENBI0 HACTOSAIICH
cratbu. [Ipu 3TOM ToONaraercs, 9TO B CETH OCYIIECTBISIETCS 00-
CITy’)KMBaHUE HECKOJBKUX THUIIOB TpaduKa CEPBHCOB pEalbHOTO
BpPEMEHHU, OPraHU3aLHsI CECCHI JUIS KOTOPBIX TPeOyeT BbIICIICHHS
(duKcHpoBaHHOTO 00bEMa pecypca B 3aBUCHMMOCTH OT THIIA Ha
BpeMsI, oTIpesiensieMoe aOOHEHTOM.

Pemenust mo Ha3HAYEHUIO PECYPCOB CECCUSM MPUHUMAIOTCS B
3aBHCHMOCTH OT COCTOSIHHSI CETH, BKJIIOYAIOIIETO MepeueHb U
TUIIBI CECCUH, MECTA JUCIIOKAIIMH aKTHBHBIX ADOHCHTOB U TEKY-
Iyt KoHpurypamuu 1octymabix KA. B ¢Bsi3u ¢ BBICOKOM THUHA-
MUKOH u3MeHeHus coctostuust cetu LY C nomkeH npuHuMarh pe-
LIEHUSI TI0 HA3HAYEHUIO PECYPCOB MPAKTUUECKU B PEATbHOM Mac-
mrade BpeMEHH.

HccnenoBanuio MyJiabTHUCEPBUCHBIX CETEH pa3iMYHBIX THUIIOB
MTOCBSIIICHO 0OJIBIIOE KOTIMIeCTBO padoT [3-17]. B HUX ncmomnp3y-
IOTCSl KaK aHAIMTHYECKHE METOIBI MOJCIMPOBAHUS Ha OCHOBE
MHOTOMEPHBIX CTYTIEHYAaThIX MAPKOBCKUX MPOIIECCOB, TaK M NMHU-
TAllMOHHOE MojienupoBanue. EcTh cpeamu HUX psii paboT U 10
CcIyTHUKOBBIM ceTsM [10-17], gacts u3 kotopsix [10-13] oTHO-
CUTCS K CeTsIM Ha 0a3e TeoCTAllMOHAPHBIX M BBHICOKOIJUIUITHYE-
ckux KA. Cersim Ha 6a3e KA Ha HU3KOW KpYroBoi opOHTE TTOCBSI-
uieHs! padotsl [14-17]. Ilepsoie aBe u3 Hux [14, 15] orpannunBa-
FOTCSL PACCMOTPEHHUEM CETEH Iepeadr KOPOTKUX COOOIICHHIA ¢
JNAHHBIMH OT AaT4YUKOB loT.

Haubostee OJIM3KMMU IO pelIaeMbIM 3a/1a4aM SIBIISTIOTCS Pa-
ootsI [16, 17, 21]. Tam crenan psit QOMYIICHUNA, YTO TO3BOIHIIO
HCTOJIH30BaTh aHATMTHYSCKUHN TOX01. B wacTHOCTH, peanbHBIN
moToK mpoiieToB KA Hanm aboHEHTaMH 3aMEHSETCS MapKOBCKHM
MIPOIIECCOM C SKBHBAJCHTHBIMH CPEIHHMH MapaMeTpaMu, a Ui
pernoHa ¢ BBICOKOW KoHIeHTpanueir AT momaraercst B Ka4ecTBe
HeKoero Hambouee HeOmarompuaTHoro ciydas, uto AT cocperno-
TOYEHBl Ha OTHOCHTEIHEHO HEOOJBIIOW TEPPUTOPHU, U UM JO-
ctynusl ogHH 1 Te ke KA. Ilpu atom pecype noctynHbix KA sB-
JSeTCA €AMHBIM IIeNIBIM, M BO3MOYKHO BBIJICNICHHE pecypca Ul
ceccun yacTsiMu Ha pasHbix KA. Ecnm ke momarats, uto AT pac-
CPEIOTOUCHBI TI0 TCPPUTOPUH OOCTYKHBAHHUS CCTH, MOJIO0OHBIM
AHATTUTUYECKUH MOIX0]1 HEIPUMEHHUM, HO IOCTYITHBIM CPEJICTBOM
HCCIIEeI0BAHUS OCTAETCS] UMUTALMOHHOE MOJIETIUPOBAHUE.

Takxum 00pa3om, HETOCPEACTBEHHOE UCTIONB30BAaHUE PE3YIIb-
TaTOB YHOMSHYTHIX Pa0OT Ui paccMaTpUBACMOMN CETH HEBO3-
MOJKHO, ¥ 3a/la4a MOJCIUPOBAHUS CETH SBISCTCA aKTyaJbHOI.
Jms mocTmKeHWsT TOCTaBICHHOW Mend B pasfene 2 JaeTcs
OTHCaHUE MOJENH, B pa3lene 3 MpeACcTaBIcHa e MPOorpaMMHAs
peanu3anys, YMUCICHHOE HCCIICAOBAHHE MOACTH MPOBOIHUTCS B
paszene 4.
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2 Onucanue MoaeaIn

OpOuTtanpHas TPyNIAPOBKA aHATU3UPYEMOH CETH BKJIFOYACT
N <a KAB N » OpOHTANBHBIX TUIOCKOCTSIX M KOJIbIAX, 1o N o KA

B kaxaom koibie, N, =N _xN_ . Ilimockoctu Kojel HMEIOT
2 Ka K 6K

OJIMHAKOBOE HAKJIOHEHHE OTHOCHTEIILHO 3KBAaTOPHAIBHOM ILIOC-
KOCTH ¥ CMEIIEHbI Ha paBHbIe yriibl 180°/ N, 0THOCHTENBHO ApyT

npyra, a KA pa3MemieHsl paBHOMEPHO B KaKIOM KOJBIE, T. €.
cmerenbl Ha yron 360°/ N, . Jlns yuera B momenu kaxaomy KA

IIPUCBOCH HOMEDP N = (nK _1) NgK +n ,TOe N, — HOMEp KojblLa
6K

KA, n.=1..,N. n, -
Nge =1L,

KA, T. e. 30Ha, B KOTOPOH A HaXOIAMUXCA B HEll aDOHEHTOB
stoT KA mocTtymeH U1t TpoBEICHUS CECCHIA, SIBIIETCS KPYTOM Ha
TTOBEPXHOCTH 3E€MHOTO II1apa, U €e paanyc ONPeNensIeTCs] MUHH-
MaJIbHO I[OHyCTI/IMI)IM yFJ'IOM aMuH MeECTa B HaHpaBJ'IeHI/II/I OT aH-

teHusl AT k KA.

Bce aboneHTH HaxoaATCs B 30He 00cykuBanus cetu. Komn-
4yecTBO U pasmerienue PC mo yka3aHHO 30HE 00CITy:)KUBaHHS Ta-
KOBO, 4uTO Jto00ii KA, nocTynHblil aDOHEHTY, OCTYIICH TaKKe H,
xoT1st Ol oiHOM PC. Ilpu aToM Jutst mpoBe/ieHns1 aDOHEHTOM cec-
CHH MOJXKET HCIIOJIB30BaThCs JIF000H JocTymHbI KA, Ha KOTOpOM
€CTh JIOCTaTOYHBIH CBOOOIHBIN pecypc.

Beicokast nuHamuka u3MeHeHus mnojoxeHus KA orHocu-
TEJIbHO a0OHEHTOB, KOJIMYECTBO KOTOPBIX B CETH U3MEPSETCS ThI-
CSTYaMU, OCJIOKHSCT 3a7ady MOJCIHPOBAHUS M O0YCIIaBIHBAcT
11e1ec000pa3HOCTh MIPUHATHS CIEAYIOMNX JBYX TOMYIICHIHA:

1) Bynem cumtats, kak u B [16], 9TO Ha OTHOCHUTEIHHO KOM-
MAKTHOW TEPPUTOPUH, 3HAYUTEITHHO MEHBIIICH 30HBI 00CTYKHIBA-
Hus otaenbHOro KA, U3 m000i TOYKH 3TOW TEPPUTOPUH JTOCTY-
TIeH B KaXXJIbIi MOMEHT BpEMEHH OJIMHAKOBbI Habop KA, T.e. Bce
A0OHCHTBHI HA 3TOW TEPPUTOPHH IPUBS3BIBAIOTCS K HEKOTOPOIA,
Hanpumep, HEeHTpaIbHOH ee Touke. Toabpko B oTianyun ot [ 16] xo-
andectBo N, Takux TOYeK OyIET JOBOJIBLHO OOIBIINM, JECATKH

Homep KA BHyTpu Kojbla,

N, - MrHoBeHHas 30Ha 00CITy’)KUBaHUS OTACITHHOTO

iy coTHU. [IpaBOMEpHOCTH TAKOTr0 AOMYIIEHUS TOATBEPKIACTCA
KOCBEHHO TE€M OOCTOSTENILCTBOM, YTO B paiiOHAX IOBBIIICHHOM
AKTHBHOCTH YEJIOBEUECKON AEATEIBHOCTH, HAIIPUMED, B TOPO/IaX,
MecTax JOOBIYH TOJIE3HBIX UCKOMAaeMBbIX U T. I1. AT OyayT pazme-
matkest ¢ 00JIee BHICOKOH IUIOTHOCTBIO, T.€. TSATOTEIOT K HEKOTO-
poMy HeHTpy paiioHa. Mtak, nonaraeM, uto kaxaelid AT pazme-
IIEH B OKpecTHOCTH oiHOoN n3 N , TOUCK, U IEPCUCHB NOCTYIIHBIX

emy KA Bcerja takoif xe, 4To 4 B 3TOH Touke. B pernonax c BbI-
COKOH BOCTPEOOBAHHOCTBIO YCIIYT CBSI3H KOJIMYECTBO TOYEK MO-
KeT OBITh OOJIbIIIE, a TIPH HU3KOH BOCTPEOOBAHHOCTH MEHBIIIE.

2) YuuTbIBas, 4TO CpeaHee BpeMs t., AOCTYIHOCTH OT/ENb-

Horo KA aOoHeHTy u3mepsieTcsi, Kak MpaBUiIO, MUHYTAMH, TPH-
MEM, YTO BECh MEPUOJ MOJCIHPOBAHUS IPOAOIIKUTEIHLHOCTHIO

TMWZ pasziesieH Ha U3MepsieMble CEKYHAaMU HHTEPBaJIbl BpeMEHU
AT tcp , U BCce M3MEHeHHs aoctynHoctd KA s aboHEHTOB

TIPOUCXOAAT TOJIBKO Ha I'paHUIaX YKa3aHHbIX MHTEPBAJIOB, T.C. B

momenthl €A7, e=1,...,E, rae E :{TMO% J DaKTHYECKH,
T

Mbl IIEPEXOAMM K MWiKaje BpeMenu € B kBantax A7, T.e.

e=t/Ar . Ilpu 5ToM coObITHS Hayasla U 3aBepLIECHUs ceccHi 00-

CJIY’KUBAHUA 3a4BOK MOT'YT MPOUCXOJAUTH B MPOU3BOJIBHBIC MO-
MEHTBI, B TOM YHUCJIE, KOT'ZIa € HE ABJISIETCS LEIJIBIM.

I[anee BBCIACM 0603Ha‘IeHI/IH, Kacaronmecs XapakTCpUCTHUK
MYJIBTHCEPBUCHOTO Tpaduka. AOGOHEHTHI CETH OTIPaBIAioT B PC
3agBKH Ha IMOJYyYCHHE CEPBHCOB pearbHOrO BpeMeHH K THIIOB.
HpI/I HaJIMYUU JIOCTATOYHOI'0 CBOOOIHOIO pecypca npoBOAATCSA
CECCUHM COOTBETCTBYIOIIMUX THIIOB. IToTokm 3aBOK M3 TOYEK Ha
MPOBEACHUE CECCH TyaCCOHOBCKUE ¢ MHTCHCHBHOCTSIMU Z’k -

T

rie kK — momep cepeuca, k=1,..., K, N,— HOMep TOUKH,

n, =1,..., N,. Bpems nposenenus ceccuii K-ro tuna sisisercs

CIIy4yailHO! BeJIMYMHOM, UMEIOLIEH IKCIIOHEHIIMAIbHOE pacipe/ie-
JICHHE C MAPAMETPOM 1y, - Ha »T0 Bpems s ceccnn HE0OX0IUM

pecypc bk Ha ogHoM u3 jpoctynHbix KA. ITpu uzmenenuu no-

crynHocTH KA WItH MpH HMOCTYIUICHUH HOBBIX 3asSBOK MOXKET MO-
TpeboBaThcsl U3MeHeHHe padouero KA, a B HEKOTOPBIX CIydasix
CECCHIO IPHUAETCSI TIPEPBATh U3-3a HEAOCTATOYHOCTH pecypca.
PaccMOTpEM OTpaHWYCHHS, XapPAKTEPHBIC UL IIPUMCHEHUSI
PEIIAOIIMX PABIII [10 HA3HAYCHHIO PECYpPCoB ceccusiM. ITycTh B
MOMEHT BpeMenH t HeoOxoaumo mposenenne M(t) ceccuit. O6o-

3HAYMM 4epe3 §; THII i-oit ceccun, j=1, ..., m(t), T.C. IS TIPO-

BEJICHUS -0l CecCUU HEeO0OXOIUMO bs eanHUI] pecypca. Bemgem
i

BEKTOp  TpeOyeMbIX ceccuit

B, =| by by, ..... by

JUId  TIPOBEJCHHUS pecypcoB

. ITycTb Taxke B TOT MOMEHT KOJIU4e-
m(t)
ctBo KA, xoTOpBIC TOCTYIHEI XOTS OBI 0OHOMY akTHBHOMY AT,
cocraBsier N(t), m HOMepa >THX KA paBHbI h1 h h ...
b EERA ] n(t)

MOYHO COCTaBHUTh MaTpHILy TeKyIIeH goctynHocTr KA A B BUze

a,

&) &y .

al,2

CTpOKH MaTpHIbl COOTBETCTBYIOT CECCHSIM, CTOJIOLBI JOCTYTI-
HbIM KA. DneMeHT g paBeH 1, ecin aDOHEHTY [ TPOBEJIEHHS
1]

i-if ceccuu THNa Si nocryneH KA ¢ Homepom hj , unu 0 B Ipo-

THUBHOM ciiy4ae. O4eBHIHO, aKTUBHOMY a0OHEHTY JOJDKEH OBITH
JocTyneH xots 6b1 oaun KA, mostoMy cymma aiemMeHToB A B
KaXX/I0H CTpOKe T0JKHA OBITh HE MEHBIIE |, T.e.

n(t)
=

AHaHOFI/ILIHOC yCHOBI/Ie MOXHO 3aIllucatb MU OTHOCUTCIBHO
CTOJIOLOB MaTpuibl A :
m(t)
a .

P . 1
> ;2Lj=1...n() (M
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HepagencTtna (1) o3nauatot, yto KA ¢ HOMepoM hj JIOCTyIIEH

XOTs1 OBl OZTHOMY aKTHBHOMY aOOHEHTy. B pe3ynbrare HazHaue-
HHSL pecypca KOMIIOHEHTHI BekTopa B, OyayT pacmpenenensl

mexay KA u, coorBeTcTBeHHO, OyaeT chopMuUpoBaH BEKTOpP 3a-

JIeWCTBOBAaHHBIX pecypcoB KA \/ :(VI’VZ""’Vn(t)j’ KaXKJast

KOMIIOHEHTa KOTOPOTO He TpeBocxoauT Benmunny V. Eciu Bo3-
MOJKHOCTh TIPEJOCTaBICHHMSA pecypca I BCEX CECCHi cylie-
CTBYET, TO BBITIOJHSETCS] OUYEBUIHOE COOTHOLICHHE

1=l 1=1

Peenue 1o pacnpenenernio pecypca KA Mexiy ceccusmu B
MOMEHT t MOYHO MPEJCTABUTH B BUJIE Matpuiel {J Toli ke pas-
MepHOCTH, uTo 1 A

u u

11 2 1n(t)

u u

u u

m(t),l m(t),z

PpaBCH bsi , €CJIN CECCHUIO Si MJIAaHUPYETCA

>)
poBoANTH uepe3 KA hj , WIIX HYJIIO B IPOTUBHOM citydae. [1pu

B U »snemenr
i

9TOM C YYETOM YIOMSIHYTOTO BBIIIE YCIIOBUSI HEICTUMOCTH pe-

cypca ceccun Mexay aBymst U 6onee KA monyuaem, uto B i-if

CTpoKe MaTpuilbl {J POBHO OJMH 3JIEMEHT OTIIMYCH OT HYJISI U pa-

BeH [ . OueBnHO, €ci BBECTH BEKTOP-cTonben E , cocrosumii
1

u3 n(t) €IMHUL,, U BEKTOP-CTPOKY Er u3 m(t) €JIMHUII, TO
UEs=(B,)". )
EU=V. 3)

OTH COOTHOLIEHHUS HE YUUTHIBAIOT (hakTop JocTymHocTH KA.
EcrectBenHo, pecype b, Ha NPOBEJICHHE CECCHU §; [OJDKCH BbI-
1

JeTSITHCSL Ha OJJTHOM W3 JOCTYIHBIX aKTHBHOMY aboHeHTy KA.
Torna Belpaskenue (2) ciaenyeT yTOYHUTD U IepenucaTh B BUAC:

n(t)
28U =hs i=12,...m(t) - @
RS A

Kpome Toro, ockoJbKy KOMIOHEHTbI BekTopa V' He npeBoc-
xomaT 3HaueHus V , To Beipakenue (3) yno0Ho 3amucath B opme
HEPaBEHCTB:

m(t)
Zui’j SV, j:1,2,...,n(t) (5)
i=1
W3 Beipaxkenuii (4) u (5) BBITEKAET, YTO LEdb OTPaOOTKH pe-
LIAIONIET0 [PaBHIIa [10 HA3HAYEHUIO PECYPCOB CECCHAM COCTOUT B
TIOWCKE JIOMYCTUMOTO PELICHUS 33/1a4i LEeOYHCICHHOTO JIMHEH-
Horo nporpammupoBanust (LJIIT).
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EcrectBeHHO, B cily4ae ycTaHOBIIEHHs (pakTa HEBO3MOKHOCTH
Ha3HAUEHUsI peCypca BCEM CECCUsIM, HallpUMep, TPU YMEHbIICHUN
KonudecTBa A0cTynHbIX KA, pemiaroiiee mpaBuio JOJKHO OTIpe-
JIENIATh, KAaKUe U3 CECCUl MOJIeXKAT MPEPBIBAHUIO, U TIOBTOPHO pe-
IIaTh 3a/1a4y paclpeesIeHUs pecypca 1l MEHBIIIEro KOJIHYeCTBa
ceccHil.

VYkazanHas 3anada LJIIT sBasieTcss 1OBOJIBHO TPYIOEMKOIL, a
penaThCst T0JHKHA TPAKTHIECKU B pEalbHOM MacIITade BpeMEHH.
OT0 JenaeT HeBO3MOXKHBIM HCIIOIb30BaHNE METO/A MPSIMOTO ITie-
pebopa. Hanpumep, ecnu Tekyiee KomdecTBo ceccuit 6omee 30,
n xaxaomy AT nmoctynssl He MeHee aByX KA, To moTtpebyercs
nepebpats Gosee 10° BapuanToB. MHTepec MOTIIO GBI MPEACTAB-
JISTh UCIOJIb30BAaHUE U3BECTHBIX METOJOB JIMHEHHOrO Iporpam-
MUPOBaHHUS.

B wactHOCTH, HETPYJHO MOKA3aTh, YTO NIPU OTCYTCTBUH yCIIO-
BHUS HEJIEIIUMOCTH pecypca OTAENbHBIX ceccuil Mexxay KA 3amaua
TIONCKA JOITyCTUMOTO PEIICHHSI MOXKET OBITh CBEJICHAa K TpaHC-
MOPTHOM 3a3jade JMHEHHOro mporpammupoBanus [18, 19], a npu
OTCYTCTBUH OTrpaHH4eHHsi AocTtynHocTH KA, T.e. Korzma Bce aie-
MEHTBI MaTpHIbl A PaBHBI AUHUIIE, 3314y MOXKHO OTHECTH K U3~
BECTHOMY KJ1accy 3amaq o packpoe [19]. Tem He meHee, B o0mem
CITy9ae UCTIONIb30BAHKE JUIS TIOCTPOCHNUS! PEIIAIONIETO MTPABHIIA CY-
IIECTBYIOIINX METOIOB PELICHUS 3THX 3a/1ad HEBO3MOKHO.

[lepeuncnenHble 00CTOSITENBCTBA CBUACTEIBCTBYIOT O TOM,
YTO MOJyYEHHE ONTHMAIBHOTO PEIICHUS B YCIOBHAX JKECTKUX
OIpaHUYCHUM 110 BpeMeHH 3aTpyaHeHo. Llerecoobpas3Ho ucnosb3o-
BaTh IBpHCTHYECKHE Mpouexypbl. [1o100HbIH MOAX0A HUCTIONB3Y-
eTcs JI0BOJIBbHO 4YacTo. Hampumep, cymiecTBYIOT BapHaHTBI XKaj-
HOTO aJITOPUTMa, pa3InuHble UTepallioHHbIe cTpaTteruu [20] u T.1m.

OTMeTHM, YTO BBIOOp HAMJIY4IIEro PEelIaroliero MpaBuia He
BXOJIUT B 3a/Ia4¥ HACTOSILIEH CTaThU. DTOT BHIOOD JOJDKEH y4H-
TBIBaTh OCOOCHHOCTH 3aj1ay, PenIaeMbIX KOHKPETHOW CETbhIo, Tie-
pEUCHb U XapaKTEPUCTUKH CEPBHCOB, OTHOCHTEIIFHYIO BXKHOCTD
UX TIPEAOCTABICHHS, HEOOXOANMOCTh IIEPBOOYEPETHOTO 00CITy-
JKMBAaHUsI aDOHEHTOB TEX WIJIM WHBIX PETHOHOB W T.m. IlosTomy
pas3pabaTbiBacMasi MOJENb IOJDKHA MO3BOJISITH AHAIU3UPOBATH
3¢ PEKTUBHOCT NCIIOJIb30BAHUSI PA3TUIHBIX PEIAIOIINX IIPABUIL,
4YTOOBI MOJIL30BATEh MOT CPAaBHHUTH BAPHUAHTBI MEXIYy CO00H U
OTIPENIEINTh PEATNOYTUTEIBHBIH.

3. IlporpammHuas peajmzauus MoJeJn

HmuTanmoHHas MOJIeNb peann3oBaHa B cpene Matlab B Bume
JIBYX CIICHAPHUECB!

— CIIeHApHsI TIOATOTOBKHU MCXOIHBIX JAHHBIX JJIST HMMHTAIFOH-
HOTO MOJICITUPOBAHHS;

— crieHapust cOopa u 00pabOTKH CTATUCTHUECKUX JAHHBIX.

YKPYITHCHHBIH aITOPUTM [TOATOTOBKH UCXOTHBIX TaHHBIX JJIS
MMHUTAIMOHHOTO MOJIEIMPOBAHMSI MPEACTABIEH Ha PUCYHKE 2.
Cuenapuii BKII04YaeT Ba OJoKa:

— MOJIFOTOBKA MacCHBa TOYEK, B OKPECTHOCTSAX KOTOPBIX pac-
roniokeHbl AT;

— (hopMHpPOBaHNE MACCHBa CIHICKOB MocTymHOCTH KA B TOU-
Kax.

COOTBETCTBEHHO, CHayaJla B OKHE ¢ kapToil PO B quanoroBom
pEeXUME BBOIATCS KOOPIUHATHI NT TOYEK.
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MoAroToBKa AaHHBIX NO TOMKAM pazMeleHH s AT

BE0g A3HHLIX NG KOOPAMHETEM TOYEK,
B OKPECTHOLCTH KOTOPGLIN HaX0QATCA AT

v

COXpaAHEHWE EBESEHHbIX KOOPAWHET TOUSK B BEANE MCXOOHEIX
AEHHBIX N8 MOSEAH

¥

OrofpaseHHe SBEASHHEIX KOODAHMHAET TOYSK Ha KapTe Pd

¥

MoaroToBka 4aHHbIX MO A0CTYNHOCTH KA ANA ToueK
pazmelleHKA AT Ha WHTepBane MOASNHPOBaHKMA

BeoA AEHHBIK MO N3PAMETREM
OpBHTANEHOM IPYNNKPOERH HA

¥

PacyeT KoOpAMHET KEmA0ro KA B HEYEABHbIR MOMEHT EREMEHM
MOLENMPOEEHMA

¥

3arpyska $akina C KOOPOMHATAMM TOUEK Pa3MELLEHKMA AT

L||I'1HJ"I no epemMeHH MoLenMpoBaHWA C Warom AT

‘ MNepecyeT koopAKHaT KA ANS HOBOMD MOMEHTE BREMEHK |

LMEA NO TOYKEM pasMelleHna AT

‘ OueHka GOCTYNHOCTH Kamaoro KA M3 TOMKHM B TeHyLWeE BpemA ‘

¥

FaHeCceHHe QOCTYNHbI KA B CNMCOK C MPMBASKOMA K TOUKE KW
BOEMEHH

COXpaHEHWE AAHHEIX N0 GOCTYNHOCTH HA 0nA TOYEK DEIMELLEHHA
AT Ha MHTEpPEAAE MOLENMPOBEHKA B HaMNE MCXOHEIN A8HHEX 478

- >

Honew
Puc. 2. YKpynHEHHBII aNTOPUTM MOATOTOBKH HCXOAHBIX JAHHBIX
JUISL IMUTAlIMOHHOT'O MOJIEJINPOBAHUS

Jlanee ocyIIeCTBIISIETCS PACUET U COXPAHEHHUE MACCHBA CITHC-
k0B goctynHocTH KA B 3Tux Toukax. [Topsok mosydeHus aaH-
HBIX 10 rposietam KA HaJl ToukaMu aHaJIoTuueH W3JI0)KEHHOMY B
[16] m mpeanonaraer:

— pacuet koopauHat kaxaoro u3 N, KA B HauanbHbII MO-

Ka
MEHT BPEMEHH C y4ETOM PAaBHOMEPHOI'0 pazHeceHus kojen u KA
B KOJIBLAX;

—repecyeT  KOOpJMHAT  HAa  MOMEHTBl  BPEMEHH
eAr,e=1,...,E, c yuerom cyTo4HOro BpalieHus 3eMu U nepe-

mermeHus KA mo op6ure;
— MPOBEPKY JIOCTYyNHOCTH Kaxkoro KA m3 kaxmoi u3 N, To-
4eK JUII MOMEHTOB BpeMeHH €A7 u (GopMHpoBaHUE COOTBET-
%
cTByrolMX crmekoB poctynueix KA H™(e,n ), n. =1,..., N,

— COXPaHEHUE MACCHBA CITUCKOB AOCTYNHBIX KA U1 Touek Ha
MHTEpBaJIe BPEMEHU MOJENUPOBAHUS B (paillax MCXOAHBIX JIaH-
HBIX.

Cruenapuit coopa U 00pabOTKH CTATHCTUYECKUX JAHHBIX, OC-
HOBHOHW CIEHapuil MOJIEJH, SBISIETCS JAUCKPETHO-COOBITUIHHBIM.

MHOX€eCTBO COOBITHIA BKIIFOYAET MOCTYIICHUE 3asBOK HAa 00CITY-
JKMBaHUE, 3aBEPLIEHUE CECCUl U M3MeHeHue noctynHoctu KA.
CyImiecTBO MOJICTHPOBAHUS COCTABISIET MHOTOKPATHOE TIOBTOPE-
HUE aKTOB MPHUMEHCHHS PEIIAIOICro MpaBUiIa UIS MONyUYCHHS
Matpuibl perienHus {J W BekTopa 3aJeHCTBOBaHHBIX PECYpCOB
KAV 1o Bekropy TpebyeMbIX CECCHIM PECYPCOB B, 1 marpuue

nocrynHoct KA st ipoBezierust ceccuii A NP HACTYIUICHAN
COOBITHI TIOCTYIIICHUsSI 3asiBOK U U3MEHEHHUs1 gocTynHocTH KA.
[To npunsATEIM pemennsiM {J KOPPEeKTHPYETCsl COCTOSIHUE CETH U
HaOMpaeTcsi CTaTHCTHKA 10 O0TKAa3aM B IPHEME 3asiBOK Ha 00CITy-
JKMBaHWME U NPEpBIBaHUAM ceccuil. B ciryyasx HopmaibHOTO 3a-
BEPIICHHS CECCUI pelIaroliee MpaBuiio He TPUMEHSIETCS, a JIUIIb
BBITIOJTHSIETCS OCBOOOXK/ICHUE paHee 3aHsATOTO CecCUuel pecypea u
OCYIIECTBIISICTCS] HA0OP CTATHCTHKH.

Ha pucynke 3 mpezacraBiieHbl OCHOBHbIE MH()OPMALMOHHBIE
MaccHuBBI crieHapus cOopa u 00pabOTKH CTATUCTHUECKHUX JTAHHBIX
1 CBSI3U MEXKIYy HAMU B IPHHATHIX 0003HAYCHUSX.

VUM BEKTOP 33eRCT HbiX pecypcos KA Maogynt BuRBREHIA 1
T T T T T AHANKIa CHEPEAHOTD
L vz vy UNa—2 | UNg-1 Un, cofsimin 8
¢ ¢ ot
1 | #Qa) Pewaiowee NPasuno No Ha3Ha4EHMI0 Pecypcos
= 2 H(2.1)
ﬁ E CNMCON TERYLIME CECCHA B MOMEWT @
E E H'(E. 1) Tun ceccikm 5, Touka gy ~ HabopHAH(e.q) = Pecypc by,
% 1 [ H'(1,2) Tunceccun sy | Touwa gy | HabopMAH'(e.g:) | Pecypcb,,
§ |3 2] wea
g 2 i
E‘ E | WD
B CratucTusa no
g : NPEPLIBAHAAM it
s 1| H(LN) [ T ——
g - T 3 |
= i 2 H'(2.N,) Teweparop CTaTHCTHKa No CTaTHCTHKa No ‘J
i X ECLELTEEY yenewsomy OTHa3aM B
= CECCHM 3aBEPWEHNI CECCHRA oBCayHBaHMM
{3 H'(E,Ny) s = -

Puc. 3. OcHoBHBIE HH(POPMALMOHHBIE MACCUBBI CLIEHapHs cOopa
1 00pabOTKH CTATUCTHYECKUX JAHHBIX M CBA3H MEXIY HUMU

K yxa3aHHBIM MaccuBaM OTHOCSITCS:

— MacCHB CIHCKOB JTocTynHOCTH KA B TOukax, B OKPeCTHOCTH
KOTOPBIX HaXOJSTCSl a0OHEHTHI;

— CIIMCOK TEKYIIUX CEeCCHIA;

— TeKyIIUI BEKTOp 3aAeHCTBOBaHHBIX pecypcoB KA;

— MAaCCHBBI CTaTHCTUKU IO YCIEIIHOMY 3aBEPIICHHUIO CECCHI,
a TaKKe 110 HEOOCTy)KEHHBIM 3asBKaM.

Taxoke Ha pUCYHKe 3 TIpeICTABICHBI JIEMEHTHI MOJIEIH, 0Oec-
TICYUBAIOIINE TEHEPauio 1 00paboTKy 3asBOK, Ha3HAUCHHE pe-
CYPCOB, a TaKkKe YHPaBJISIOMNI MOIYJIb BBIIBICHHS W aHAIN3a
0YEpEeTHOTO COOBITHSI B COOTBETCTBUH C MOJICIIEHBIM BPEMEHEM.

Pemaromee npaBuio peaan3oBaHo B BUAE (PyHKINH, TIPHHU-
MaoIlEel B KaueCTBE MapaMeTPOB CIMCOK TEKYLIUX CECCUl, rIe
JUTSL KaXKJ10M CECCHU YKa3aH THIT S , TpebyeMbIii pecypc b, » TouKa

I

gj» B OKPECTHOCTH KOTOPOI HAXOUTCS AT, n HabOp TOCTYIHBIX
u3 sroit Toukn KA H* (e, gi ) OyYHKIIUSA BO3BpAIIAET CITUCOK Te-

KyIHuX ceccuil, Kyma mobaBieHbl HoMepa KA, depe3 KOTOpbIe
JOJDKHBI TIPOBOANTBCS CECCUH, BEKTOP 3aJeHCTBOBAHHBIX PECyp-
coB KA, mepedenp npepbiBaeMbIX ceccuid. JlJist Mozienu perraro-
miee nmpaBujIoO OTHOCUTCA K BXOJAHBIM JIAHHBIM. Ero moxHo nzme-
HUTH IMYTEM 3aMC€HbI B CHCHApUHU MOJCIIU yHOMHHyTOﬁ BBIIIC
GyHKIHH.
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Hcnonp3yemoe 1Mo yMOJUaHMU pellaroliee MpaBuiIo Hpeiy-
CMaTpHBAET TPEXITAMHYIO MPOLEAYPY:

— Ha3HAUEHHWE pecypca CECCHsIM, ATl KOTOPBIX JOCTYIICH
eIMHCTBEHHBIN KA ;

— Ha3HaUEHME pecypca ocTaBIIMMCs ceccusm Ha KA, rae Ha
OUEPETHOM II1are CBOOOAHBIN pecypc MaKCHMAJICH;

— TIPEpBIBAHNE CECCHIl, KOTOPHIM HEIOCTATOYHO pecypca Ha
noctynHbIX KA ¢ yueTom yke BBIIOJHEHHBIX Ha3HAYCHHH.

Maccus crimckoB noctymnHocti KA B Toukax, cpopMUpoBaH-
HBII IEPBBIM CLIEHAPUEM, 3arPyKaeTCsl B IaMATh IIPU 3aI1yCKE MO-
nend. HauanbHblil «TOTH0K» paboTe MOJeNu AaeTcs reHepammeit
BpPEMEHHM MOCTYIUICHUS] M PEKBU3UTOB NIEpBOH 3asiBKH. Jlanee Mo-
JTyJIb BBISIBIICHUS M aHAJIN3a 0YEPETHOTO COOBITHS B COOTBETCTBUH
C MOJICJILHBIM BPEMEHEM OIIPEAEIIET, KAKOE U3 COOBITHH JOJKHO
00pabaThIBATHCS CIICTYFOIITIM.

PaccmoTtpum ocoGeHHOCTH 00pabOTKN COOBITHIA.

HoBble 3asBKH TOCTYIAIOT B CETh OT TeHEpaTopa 3asBOK, pea-
JU30BAaHHOTO HA OCHOBE BCTpoeHHOTOo B Matlab matumka cirydaii-
HBIX 4ucel. s 3aBKU P TeHEPaLu ONpeIeIIToTCS:

— THII 3a5sIBKU H TIPOJOJDKUTEIBHOCTD €€ 00CITy )KUBAHUS;

— HOMEp TOUYKH, B OKPECTHOCTH KOTOpoi Haxoautcst AT.

3asiBKa J00ABIIACTCS B CIIMCOK TEKYIIMX CECCHIT BMECTE C PEK-
BU3UTAMH U CITUCKOM JOCTYIIHBIX B TeKyH_lI/Iﬁ MOMCHT BpPEMECHU
KA, xoTopsIii Oepercsi M3 MaccuBa CIUCKOB aocTynHocTH KA B
TOYKaxX 110 BpEMEHH ¥ HOMEpY TOYKH. 3aTeM oTpaldaTbiBaeTcs pe-
IIaloIIee MPaBWiIo M0 HA3HAYCHUIO PECYpPCOB. 371eCh BO3MOIKHBI
JIBa BapHaHTa pe3yJIbTaToB:

— JUTSI CECCHH, BKITFOUAsi HOBYIO, TOCTaTOYHO pecypcoB Ha KA;

— HEBO3MOXKHO II€PEpPaCTIPENCIINTh PECYpPC MEXIY CECCHUSIMH
0e3 mpephIBaHus XOTS ObI OJTHOH ceccui.

B niepBom cityuae oCyIIecTBISIETCSI KOPPEKTHPOBKA TEKYIIIETO
BEKTOpa 3a/1eficTBOBaHHBIX pecypcoB KA. Bo Bropom cirydae HoO-
Basi 3asiBKa MOJIyyaeT 0TKa3, BEKTOP 3aJIeiICTBOBAHHBIX PECYPCOB
KA He xoppekTupyercsi, nHpopMalus 1o 3asBKe IMOTOJHSIET cTa-
TUCTHUKY 10 OTKa3aM B O6CJ'[y)KI/IBaHI/II/I.

[Toce 06pabOTKHM COOBITHS MOCTYIUICHHS 3asBKH OCYIIECTB-
JISIeTCsl TeHepalysl HOBOH 3asiBKH, 4TO 00eCreunBaeT MpoIoJnKe-
HUE Tpoliecca MocTyIuIeH s 3asiBoK. O0paboTka coOBITHS 3aBep-
IIEHHS CECCHU TPEIIOJIaraeT NCKIIFOUeHHE CECCHH U3 CITUCKA TeKY-
X Cecchii, yTOUHEHHE BEKTOpa 3a/IeHCTBOBAaHHBIX pecypcoB KA
1 HaKOIJICHHE CTATHUCTHUKY I10 YCIICITHOMY 3aBEPILIEHHIO CECCHI.

B MOMEHTBI, KOT1a MOJIEJIBHOE BPEMsi, U3MEPSIEMOE B KBAaHTaX
AT, NpUHUMAET LEIOYNCICHHOE 3HAYEHHE, OCYIECTBISIETCS I1e-
pepacIipeielieHle pecypca MexXIy ceccrusiMu. Pe3zyimbraToM Mo-
XKeT OBbITh HaXOXKJICHHWE PELICHUs, TTO3BOJISIONIETO MPOIODKUTD
BCE CECCUH, MM OTCYTCTBHE TaKOro pelieHus. B mocnennem ciy-
Yae CeCCHU, KOTOPBIM HEJ0CTAaTOYHO pecypca, UCKIIOUaroTCs U3
CIMCKa TEKYIIUX CECCHI, U OCYIIECTBISIETCS] HAKOIIJIGHUE CTAaTH-
CTHUKH I10 NIPEPHIBAHUSAM CECCHUM.

YKpyNHEHHBIH alropuTM paboThl crieHapusi cOopa u oOpa-
OOTKH CTaTUCTUYCCKHX JAHHBIX MPEACTABJICH Ha PUCYHKE 4. AJl-
TOPUTM 00ECIICUNBAET BHIITOJIHEHHE ONMCAHHBIX BBIIIE OTIEPALIUH.
Habop craTucTHKM mpojosIKaeTcst 10 MOMEHTa, IoKa He Oyner
obpaborano 3anannoe uncino N, 3as1BOK Ha MPOBEJIEHHE CECCHIA.

B xone Habopa CTaTUCTUKH BEILYTCS! CUCTUMKH YUCIIA 3asIBOK
N|:9f KaXJIOT'0 THIIA, KOTOPbIM OTKa3aHO B OOCIY)KUBaHUU IPU

HX MOCTYIUICHUHN B CC€Th, U CUCTHYUKU YHCJIa 3asIBOK Nll(nt , CCCCHUU

00CITy)KHBaHUs KOTOPBIX TIPepBaHbl. Takue ke CYCTIYMKH BEAYTCS
OTJIEIBLHO JUIS KaXKJIOH U3 NT TOYEK.
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BEO/ MCXOIHbIX JaHHBIX N0
TOUKaM pasMelleHKA AT,
AccTynHocTH KA
napametpam Tpaduka

1

VHHUMEM3aUMA paboumx NepemeHHsIX 1
maccueos

!

leHepaumA BpeMeH NOCTYNASHWA NEPBOW 33ABKM,
€€ THINa M TO4KH NPHEAZKH

Tpebyembl 0bbvem
BbIBOPKMA HAKOMNEH?
Het

| BoiGop cnegyollero cobbmua ana obpaboTku |

n 7 kayecTea

| 06paboTKa HAKOMNEHHON CTATUCTHEM,

370 cobbiThe
3aBEPIIEHIA
oBCayHuBaHrA?

370 CcoBbiTHe

| KOpPeKTUPOBKa BEKTOPA 33A@HCTBOBAHHBIX |
NOCTYNAEHMA 33ABKNT

pecypcos KA

na

| HaKonneHHe CTaTUCTHEN NO YCNEWHBIM |

3aBepLEHUAM 0BCYRMBAHWA no pacnpe,

prMnp P
PecypcoB AnA cecchit © YUETOM TEKYLUKX YCAOBHA
AOCTYMHOCTH KA M HOBOI CRCCHI

| KoppeKTMpOBKa TEKYIWEro CrvcKa ceccuit | é

Puc. 4. YkpynHeHHbIH anroputm coopa U 00pabOTKH CTaTUCTUIECKHX
JTAaHHBIX (HAYaso)

MNMprem 3aABKK Ha
oBCayKHUEaHHE
BO3MOMEH?

na

'

| KoppeKkTnposka BeKTOpa 3a1eACTBOBaHHDIX |

pecypcos KA

HakonneH1e CTaTMCTMKK N0 OTKa3am B
OBCAYKHBAHNK

| KOPPEHTUPOBKA TEKYLLErD CNIMCKa CECCHR |

DOPMUPOBAHKE PEILEHMA MO PacrpeaeneHHio

PECYPCOE ANA CECCHI C YYETOM TERYLUMX YCNOBKIA
AOCTYNHOCTH KA

!

FeHepaLMA BpEMEHU NOCTYTIEHUA HOBOI 23ABKH,
€ THNA M TOYKK MPUBAIKK

KOppeKTMpOBKa BEKTOPE 3818HCTBOBAHHBIX
pecypcoe KA

LiMKA No NpepbiBacMbim CECCHAM

HakonAexue CTaTMCTMKM MO NpepbIBaHUAM
cecchit

| KoppeKTMpoeka Tekylera ciucka ceccuid |

Puc. 4. YxpynHeHHBII anroputM c6opa u 00pabOTKH CTaTHCTHIECKHX
JTAHHBIX (OKOHYAHHE)

ITpu 00pabOTKE CTATUCTUKH ONPEIEISIOTCS JI0JIH ﬁie‘( 3a-
SBOK  Ka&XIOr0 THMA, TMOJYYMBINHX  OTKa3, B  BHIC
N ref . .
”Eef =k , Y1 10JIH ”I|<nt TIPEPBAaHHBIX CECCHUIl B pe3yIbTaTe
k

N int
= k ) kzl,...,K, Nk_
N k
0611.[66 KOJIMYCCTBO MOCTYIUBIINX 3aABOK k-ro Tuna.

M3MeHeHus focTynHoctu KA ”Iint
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4. YucjieHHbIe IKCIEPUMEHTDBI

C ucrnosb30BaHrEM MOJIENN TIPOBEICHBI YACICHHBIE dKCIIEPH-
MEHTBI, [TO3BOJIMBILIKE TOJYUYNUTh OIIEHKH TOKa3aTelled KayecTBa
o0cmyXuBaHUs TpaduKa.

B paccmatpuBaemoii cetu opOuTalibHAs TPYMITUPOBKA BKITFO-
4aeT Nm:12 KA u cogepxut NK =13 KoJIblIa 110 NGK =4 KA

B KaXIOM KOJbIIE Ha KPYroBBIX opOuTax BBICOTOW 8070 KM.
Haxnonenne opout 90°. MUHMMANBHBIA yTOJ MECTa JTOCTYITHO-
ctu KA nns AT O yun = 30°.

MaccuB KOOpIMHAT TOYEK, B OKPECTHOCTSIX KOTOPBIX HaXO-
nates AT, mumoctpupyercst pucyHKoM 5. TOUKH MpakTHYecKH
PaBHOMEPHO pa3MelleHbl 1o TeppuTopun PO, X0Ts UMEIOT He-
CKOJIbKO 00Jiee BBICOKYIO KOHIIGHTPAILIMIO B €BPONEWCKOW 4acTh
CTpaHBbI.

[T
Weaa 12 maa

Puc. 5. CoBOKyNHOCTb TOUYEK, B OKPECTHOCTU KOTOPbIX HaxonsTcs AT

JIjist 9HMCIIEHHOTO 3KCIEPUMEHTA HCIOIB30BAHO PEIIAIOIICe
npaBuiio [J , BCTPOSHHOE B MOJIEINb [0 YMOJIYAaHUU U OMHCAHHOE
B paznaene 3.

XapakTepuCTHKHA MYJIbTUCEPBUCHOTO Tpa(HKa MPe/ICTaBICHBI
B Tabnuie 1.

Tab6nuua 1

XapakTeprCcTHKH MYJIbTHCEPBUCHOTO TpaduKa

XapakTepucTHKA 3nauenue
KounuecTBo THIOB Tpaduka peallbHOro BpeMeH! 3
MakcuMalibHbIe HHTeHCUBHOCTH HOCTYTUICHHS 3a-
SIBOK (B MHHYTY ), BEKTOP (7*1a7‘2’7‘3) (1.2,0.6,0.3)
3arpathl pecypca Ha CECCHIO, BEKTOP (bl , sz b}) (1,4, 8)
VHTeHCHBHOCTH 00CITY)KMBaHHSI 3asBOK (B MH-
HYTY), BEKTOp (Mpuza “3) (0.3,0.15,0.2)
Pecypc obcmyxuBanus onnoro KA vV 25

B Tabmuue 1 npencraBieHbl MaKCHMaTbHbIE 3HAYCHUS] MHTEH-
CHUBHOCTEH MOCTYIIJICHUS! 3asBOK Ha IPOBEJICHNE CECCUI Pa3HBIX
THUIIOB, ¥ I10JIATaeTCsl, YTO IMPOMOPLUH MEXIY HHTCHCUBHOCTSIMH
JUISL 3asIBOK Pa3HBIX THUIOB coxpaHsorcs. Ecnm ocymecTisercs
pacyer nokasaTesel KauecTBa padoThI CETH JUIS JPYTHX 3HAUYCHUH
WHTCHCHBHOCTH, TO KOMIIOHCHTBl HOBOT'O BEKTOpa MHTCHCHBHO-
CTEH ONpEeAeNsIOTCs, KaK COOTBETCTBYIOIIHI TPOIIEHT OT KOMIIO-
HEHT BEKTOpa MaKCHMallbHBIX HMHTEHCHBHOCTEH. Hampumep,
Harpyske 30% coorBercTByIOoT HHTeHCHBHOCTHU (1.2, 0.6, 0.3) *
0.3 =(0.36, 0.18, 0.09). CooTBETCTBEHHO, 1ajiee Harpy3Ka B CETU

OyzeT U3MepsAThCS B IPOLICHTAX OT €€ MAKCUMAJILHOTO 3HAYCHHS,
3alaHHOro B Tadumue 1.

[lepexonst k pe3yiabTaTaM YHCIEHHOTO aHallu3a, CIeIyeT
UMETh B BHIY, UTO NPH 33]1aHHOM 3HAUCHHM yIia o . = 30°

JUTSL OTIICAHHBIX BBIIIC MApaMETPOB OPOUTATBHON TPYIITHPOBKH
HE 00eCIeunBacTCs MOJHOE MOKPHITHE MOBEPXHOCTH 3€MHOIO
nrapa. 3To WUTFOCTPUPYETCS] PUCYHKOM O, TJIe TPaHUIIBI 30H 00-
ciayxkuBaHusi KA nokasaHbl CIJIOIIHOM KPAaCHOM JTMHHUEH.

Puc. 6. IIpumep MrHOBEHHBIX 30H AOCTynmHOCTH KA mist Aun™ 30°

(cIUTOIIHBIC KpACHBIC JIWHUK) U IS O un ™ 20° (IyHKTHPHBIC JINHIN)

[IpomexxyTkn Mexay 30HaMu oOciyxkuBanus KA ocoGeHHO
3aMETHBI B FO’KHBIX IIHPOTax. [Ipy 5TOM B CEBEpHBIX MNPOTAX KO-
JUYECTBO MOCTYMHBIX aboHeHTaM KA MokeT cocTaBisTh 2-3 U
6oxee. M36aBUTHCS OT yKa3aHHBIX ITPOMEKYTKOB MOTJIO OBl CHH-
JKEHUE BETMYUHBL O | 10 20°. COOTBETCTBYIOIIIUE 30HBI MMOKA-

3aHBI Ha PUCYHKE 6 MyHKTUPHON ITMHUEH. OHaKO, IPH 3aJaHHBIX
MCXOJIHBIX JaHHBIX B TEYEHHE IIepHoJa MOICIMPOBaHUS OymyT
BCTPEYaThCsl MHTEPBAIbl BPEMEHH, KOTAa y aOOHEHTOB HET JO-
crynsbix KA, 1 0Tka3 B 00CIy)KMBaHUM 3asBOK OYyJ€T HMETh Me-
CTO ISl BCEX THUIOB ceccuil. Hannuue Takux HHTEPBAIOB HA K-
pote 40° c. m. ¥ UX OTCyTCTBHE Ha mmpoTe 70° C. II. WTICTPH-
pyeTcst pucyHKamu 7 U 8.

EctecTBeHHO, MoOMy4aeMble NP UIMUTALIMOHHOM MOJIETHPOBa-
HUM OLICHKH IOKa3aTesiell KauecTBa OTJIMYAIOTCA OT TeOpeTHde-
CKUX 3HaueHWH. YTOOBI ATH OTIMUUS OBUIM OTHOCHTEIHHO He-
Gonbmmmu, 00beM HaOMpPAeMOW CTATHCTHUKH OINpEeIsieTCsl Ta-
KHM 00pa3oM, 9TOObI JOBEPUTEIBHBIN HHTEPBAJ, B KOTOPOM C BbI-
COKOM BEPOSITHOCTBIO HaXOJWUTCSI TEOPETHUECKOE 3HAYEHHE ObLI
JOCTATOYHO y3KNM. [lJI1 TOCTPOCHNUS OBEPUTEIILHBIX HHTEpPBA-
JIOB WCIOJIb30BaH IMOAXO0J, ONMUCAaHHBIA B [1] U OCHOBaHHBIN Ha
pa3dueHun MHTEepBajia MOJICIMPOBAHMS HAa PaBHBIC IHUKIBI, BbI-
YHCIICHUH OLIEHOK IMoKa3aTesel Ha KaKJOM IMKJIC M COBMECTHON
00paboTKe OIEHOK ISl IMKJIOB C MCIOJIB30BaHUEM TaOIHIL pac-
npeneneHust CTbIOeHTA.
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9 . . . . . Tabauua 2

P€3yJ'II)TaTI)I pacyeTa 3aBUCUMOCTHU JOJIU TT 3 HeO6CJ’Iy)KeHHBIX

3as1BOK Ha MPEJIOCTaBICHHUE CEPBHCA 3, a TAK)KE HIDKHEH U BepX-
Hel TpaHuI] IOBEPUTEIbHBIX MHTEPBAIOB OT HAIPY3KH

Bemunna Harpysku

(B % OT MaKCHMaJIbHOM)
OrieHKa 10JIi HeoOCITy-
JKEHHBIX 3asBOK
Huxuss rpanuna jose-
PHTEIHFHOI0 HHTEpBaIa
Bepxuss rpanuna goBe-
L | PUTENBHOIO HHTEpBaIa
Bemmunna Harpysku

L ] (B % OT MakCHUMaJIbHOM)
OrieHKa 10JIi HeoOCITy-
+ g JKEHHBIX 3asBOK
Huxusas rpanuna jose-
PHUTENHHOI0 HHTEpBaIa
3 4 5 8 7 8 9 BepxHsist rpaHuIa JoBe-
%104 PUTEJIBHOIO MHTEpBAIa

10% 20% 30% 40% 50%

0,03308] 0,033767| 0,033813| 0,034999| 0,036983

0,032571| 0,033124| 0,03322| 0,034271| 0,036405

0,033589( 0,034409| 0,034406| 0,035726| 0,037562

60% 70% 80% 90% 100%

0,038936( 0,043625| 0,050431| 0,058568| 0,069807

Konuuecteo goctynHeix KA ana touku va 40° c. w.
-
T
-
|
|
{
I
|
[
1
|
|
1
r
|
[
[
[
f
.

0,03817| 0,042954|  0,0496| 0,057513| 0,068736

=

=
-
ra

0,039701| 0,044296| 0,051262| 0,059622| 0,070877

Bpemn cyTok, ¢

0.075 T T T T T T T T

Puc. 7. KonuuectBo noctynubix KA mi1st Touku ¢ muporoit 40° c. m.
B T€UEHHUE CYTOK IIPHU =30°
Y pu L Mun

DueHka
HitkHAR rpaHvua
BepxHas rpaHiua
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Harpyaxa B NPOUEHTAX OT MaKCHMMAaNeHOro 3Ha4YeH e

Puc. 9. 3aBucuMocTs JO0JIH T[3 HeO6CJIy)K€HHI>IX 3asBOK Ha IIpeaoCcTaB-

JICHUE cepBHCa 3, a TAKXKe HIKHEH U BepXHEU IpaHuLl OT Harpy3KH

Konuuectso aoctynHorx KA ana Toukm Ha 70° c. w.

3aBUCHMOCTH JI0JIell HeOOCTy)KEHHBIX 3asBOK OT Harpy3KH ¢
1 ' : ' : : : JeTan3anyeil NpuauH He 00CITy )KMBaHMS NPEJCTaBICHbI Ha PHU-
0 1 2 3 4 5 6 7 8
cynkax 10, 11 u 12.

k104
Bpema cyTox, ©

0.07 T T T T T T T T
Cepauc 1
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[IpoBeneHHbIe HCCIIEOBAHUS [TOKA3AJIH, YTO IPH 00bEME BbI-
Oopku rmopsiika 2,5 MIH 3asBOK, C OJJHOM CTOPOHBI, MOJy4aeTcs
npuemMieMasl TOYHOCTb OLICHOK, C JPYToil CTOPOHBI, BpeMs Mo/ie-
JIUPOBAHUS COCTABISIET €IMHMIBI MUHYT. Pe3ynbraTsl moctpoe-
HUSI JIOBEPUTEIIBHBIX WHTEPBAJIOB ISl OJIM HEOOCITy>)KeHHBIX 3a-
SIBOK Ha MPENOCTABICHUE CEpBUCA 3 MPH Pa3INYHbIX HArpy3Kax
WILTIOCTPUPYIOTCS Tabauiel 2 1 pucyHKoM 9.

JloBeputenbHas BEPOSTHOCTH 3/1ech cocTaBisieT 0,95. BunHo,
YTO INHUPUHA JIOBEPUTEIBHBIX WHTEPBAIOB MO OTHOLICHUIO K 0,025
OIIEHKE HE NMPEBOCXOANT €IUHUI] IPOLEHTOB, T.€. TOYHOCTH OIle- Harpy3Ka 8 NPOLEHTAX OT MAKCMMANBHOF SHAEHMS
HUBAHUSI MOYKHO CUHUTATh MPHEMIIEMOI.
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Puc. 10. 3aBucumocTu mojei T Ty Ty HEOOCITY)KCHHBIX 3asBOK OT
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Puc. 11. 3aBucumocTu momneit Tc;ef s n;ef R ngef 3a51BOK, ITOJIYIUB-

1IUX OTKAa3 NpU NOCTYIJICHUH, OT Harpy3Ku

0.02 T T T T T T T T
Cepewc 1
Cepenc 2

« 0.018Ek Cepsuc 3 .
= en
=
Ea

=2 0.016 [ 1
EL
=

0.014 | 1
x
o
w
=
[

0012 J
=
=
Q
=1

0.01[ 1

4__--——'_-'—"_--

0.008 " L s L " L s L
10 20 30 40 50 60 70 80 90 100

Harpy3ka B NnpoueHTax 0T MakCcUManbHOro 3Ha4eHns

Puc. 12. 3aBucumocTu noneit nim, ni2nt’ n;"t MpPEepBaHHBIX CeCCUi

OT Harpy3KHu

Buano, 4To yBenmuueHne J0JM HEOOCTYKEHHBIX 3asBOK MPH
pocte BxoaHoU Harpy3ku ¢ 10 10 100% i pa3HbIX THUIIOB Tpa-
¢uKa nmeer pazMuHbBIA Xapakrtep. Ecimu it Tpaduka nepBoro
TUINA, TPeOYIOImEero sl 00CIyXKMBaHHs 3asBKH 3aHSATHE MUHU-
MaJIbHOTO pecypca Ha HauMEHbIIee CpeJlHee BpeMsl, POCT ToKa3a-
Tenst T, HesHaumuTeneH (Menee 10%), To Uit Tpaduka BTOporo u

TPETHETO TUIIA YBEIHMUCHNE H0JIei HEOOCTy)KEHHBIX 3asiBOK OoJree
CYIIECTBEHHO.
Jst Tpahuka BTOPOro THIA T, YBEAMYMBACTCS HIPUMEPHO Ha

20%, a as TpaduKa TPETHEro THIIA T , Bo3pacraer OoJiee yeM B

nBa pasza. OOpamraer Ha ce0si BHHMaHHE TOT (PAaKT, YTO MPH
Harpyskax 710 60% oT MakCHUMaJIbHOTO 3Ha4YEeHUs J0JIST HEOOCIy-
YKEHHBIX 3asIBOK BTOPOT'O THUIIa OOJIBIIE J10JIH HEOOCITYKEHHBIX 3a-
SIBOK TPETBEro THIIA, XOTS 3aTpaThl pecypca Ha MPOBEJCHUE Cec-
cuii Tpetbero thna Gonbie, b, > b, . Jis oObsACHEHMsS PHYHH

TaKoOro 00CTOSITEIbCTBA O0OPATUMCSI K 3aBUCHMOCTSIM nlr(ef u nL"‘

ot marpysku st k=2,3 (puc. 11 u 12). 3navenns nff' u i

NIpU HU3KUX Harpy3kax IIPUMEPHO PaBHbI, U, BUAUMO, ONIPEAEII-
I0TCSI BEPOSITHOCTBIO COOBITHSI, YTO B MOMEHT BOSHUKHOBEHUSI 3a-
aBOK goctynHble KA otcyrcTByroT. Ilpm BBICOKMX Harpyskax

ngef 3HAYUTEIBHO MPEBOCXOIUT Tc;ef . 3HaueHus Tti2m IpY 01U~

HAKOBBIX Harpyskax MpeBOCXOJST n;”t, TaKk KaK CpeIHee BpeMsi
o0ciy>)kKHBaHU 3asIBOK BTOPOTO THTA OOJbIIE, T.C. |/ u, > 1/ [T

¥ CECCHH BTOPOTO THITA B CPEHEM y4acTBYIOT B IPOLEIyPax Tie-
PeHa3HAUCHNS PECypCa Jallle, 4eM CECCHU TPEThero Thia. B utore
NpH HU3KHX Harpyskax nff ~ n;‘” , > u motomy

T, <T0,> @ IPH BEICOKHX HArpy3KaxX MPEBOCXOICTBO ngef Haj

n:ff OKa3BIBACTCS PEIIAIOIIMM U TT, < T, - Bipouem, o1u pesynp-

TaThI OTY4EHBI JJIS1 OMUCAHHOTO BBIIIE PEIIAOIIEro IpaBuia, U,
BO3MOJKHO, IIPU UCIIOJIB30BAHUH JIPYTUX PELIAIONINX IPaBHI CO-
OTHOIICHHE TT, U T, OyzeT MHBIM.

Monenb mo3BOJISIET OLIEHUBATh 3HAYEHUS ITOKa3aTelen Kaue-
CTBA HE TOJIKO JUISl CETH B LIEJIOM, HO ¥, HAIIPUMED, JUIS OTACIb-
HBIX PETHOHOB. B wacTHOCTH, /U1 OTHOCUTENBEHO PAaBHOMEPHOTO
pacrpenenenus no teppuropud PO touek, B OKPECTHOCTH KOTO-
poix HaxoxsaTest AT, mHTEpec MOKET MPeICTaBIISITh BIUSIHUE HA T10-
KazaTeJ M MUPOTHI ToUeK. Tak Ha puUCcyHKe 13 mpencTaBiIeHbl 3aBU-
CHMOCTH JI0JIel HEOOCITy)KEHHBIX 3asIBOK OT HAarpy3KH JUIsl HIUPOT B
nuamnazone ot 60° no 65° c. m. BuaHo, 9To XapakTep 3aBUCHMOCTH
MIPUMEPHO TAaKOMW e, 4To | /it ceTu B 1iestoM (puc. 10). CpaBHu-
TEJIFHO JIYUIIYIO TJIaJKOCTh JIMHUH 3aBUCUMOCTEH JUIsl CETH B 1ie-
JIOM MOKHO OOBSICHUTBH OOJIBIIUM 00BEMOM CTaTUCTHKH.

JlpyruM npuMepoM 3aBHCHUMOCTEH MOKazaTesel KayecTBa OT
LIMPOTHI SIBJISIETCS UarpamMMa, MpeCTaBlIeHHast Ha pUCyHKe 14.
31ech Bech TMAIa3oH MMPOT 30HBI pasmenieHust AT pa3out Ha
IIeCTh MOJANANa30HOB MHUPHHOH 5°. JIJ1s KaXKI0T0 IMoiIrana3oHa
TIPECTaBICHBI 3HAYCHNUS J0JIeH HEOOCTyKEHHBIX 3a8BOK OT IIIHU-
potsl mpu Harpyske 60% OT MakCHMalbHOM IS KaXKA0TO cep-
Buca. Ha mmporax Bbiie 65° ¢. 1., Ui BCEX CEPBHCOB obecte-
YHBACTCS JI0J1sl HEOOCITYKEHHbBIX 3assBOK MeHee 1%. ITo 00bsICHSI-
eTcsl TeM O0CTOSITENILCTBOM, YTO Ha BBICOKHX HIMPOTaX JOCTYII-
HocTh KA BbIlIE M pexke BOSHUKAIOT CHTYaI[H TOJHOTO OTCYT-
cTBUs JoctynHocTH KA.
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Puc. 13. 3aBucnmocty noieil HEOOCTYKCHHBIX 3asBOK OT HArpy3KH
Ha myporax 60°-65° c. mi.
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Puc. 14. 3aBucuMoCTh 1011 HEOOCITYKEHHBIX 3asBOK OT IIMPOTHI
npu Harpy3ke 60% OT MakCUMaJIbHOM

I[J'Iﬂ yueTa 3aBHCUMOCTCH KayecTBa O6CJ'Iy)KI/IBaHI/I${ aboHeH-
TOB OT XapaKTepa HX pacHpeACICHUA IO 30HE O6CJ'Iy)KI/IBaHI/I${
CCTHU yI[O6H0 BBECTHU nonpaBOYHBIC KOB(I)(I)I/IHI/ICHTBI

(n,)
K(k,nT) — TCk

n

100% TAe k — tnn cepsuca, N _— HOMEp
K

TOYKH, n(k"') ¥ T, — JIOJIH 3asBOK, [OJIy4HBIINX OTKA3 IPH Iepe-

nmade Tpaduka K-ro cepsrca abOHEHTaMHU, COOTHECEHHBIMH C TOY-
Koif N, 1 aboHeHTamMu ceTH B uenoM. Jiist mpumepa Ha pHCYHKe

15 mpencTaBneHs! Takue KO3 PHUIINEHTHI I BTOPOTO CEpBUCA HA
¢done xkaptel PO 11st Touek, rie n(zn') >T,.
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Puc. 15. MHOXeCTBO TOUCK, K KOTOpbIM npuBsi3anbl AT, ¢ iBeToBOi
MHIMKALMEH 1011 3asBOK, MOTyYMBILIMX OTKA3 NP Hepeiaye Tpaduka
BTOPOTO cepBHCa (CBETJIO-CUHUI 1BET COOTBETCTBYET HU3KUM BEITHYH-

(n;)

HaM TCZ 5 TEMHO-CHHUI OOJIBIINM ) C YKasaHUueM Uit TOYCK, I'ZIC I10-

2,n
TEPH BBIIIE CPETHUX 10 CETH, KOAPPHUIUECHTOB Kr(l ) IpHU HarpysKe

10% ot maxeumanbHoi u 71, ~ 0,038

[Tonp30oBaTens cepBHCa MOXKET BBIYHCIHTH JIOTIO 3asBOK,
MOJTYYMBIINX OTKAa3, JUIl CBOEH TOYKH JMCIOKAIMH I10 TOKa3a-
TENIO U CETH B ILIGJIOM M H3BECTHOMY €My IONPaBOYHOMY
KOX(PHUIIHEHTY.

CB43b

5. 3akiIoueHne

PazpabotanHast MoOJeNlb MYyJNbTUCEPBUCHON CITyTHUKOBOM
CeTH CBsI3U Ha 0a3ze KOCMHYECKUX aIlllapaToB Ha HU3KUX U CPel-
HHUX KPYTOBBIX OpOHTaX NpH 00CITy)KUBaHUH TpaduKa peaIbHOr0
BPEMEHHU O0ECIeYMBACT OIICHKY J0JIeH HEOOCIYKCHHBIX 3asBOK
Ka)KJIOTO TUIIa BCJICICTBHE OTKa3a B IIPHEME 3asBOK Ha 00CITyKH-
BaHME W NPEPHIBAHUS CECCHI TIOJIyYeHHUSI CEPBHCOB M3-3a HEJIO-
cTaTKa pecypca o0cyKuBaHus. Mo1eib O3BOJISIET yUeCTh AUHA-
MHKY H3MeHeHHs JocTynHoctH KA aboneHTam M 0coOeHHOCTH
pa3menieHusi aDOHEHTOB TI0 TEPPUTOPUH 30HBI OOCITY>KHBAHUS
ceru. IIpemycMoTpeHa BO3MOKHOCTh CMEHBI PELIAOMIErO IIpa-
BWJIA TI0 AMHAMUYECKOMY HazHaueHuIo pecypcos KA ¢ yuerom Te-
KYIIETOo MepedHs ceccuil 1 HabopOB JOCTYIHBIX aKTHBHBIM a00-
HeHtam KA. Monens peanuszoBana B cpene Matlab B Bune aByx
CIICHapHEB:

— coeHapusa NOoAroTOBKH MCXOJHBIX TaHHBIX JJI1 UMUTAIIUOH-
HOT'O MOJICJTUPOBAHMS;

— creHapust cOopa u 00pabOTKH CTATUCTHYCCKUX JTAHHBIX.

[TpoBeneHb! YNCIICHHBIE SKCIIEPUMEHTHI Ha NIPUMeEpe MpHuMe-
HEHHS BCTPOCHHOTO B MOZIENb 3BPHCTHYECKOTO PEIIAIOIIETO Mpa-
Bria u pacrpenenenus AT o teppuropun PO mis cetn Ha 6aze
neeHaanati KA ¢ BBICOTOM OpOHMTEI MOpsiiKa BOCBMH THICSY KH-
JOMETPOB. B X01€e 3KCIIEpUMEHTOB MOCTPOEHBI JOBEPUTEIIBHbIE
MHTEPBaIIbI OLIEHOK MOKa3aTesel KauecTBa, MOIyIeHbI 3aBUCUMO-
CTH OLICHOK OT MIAPAMETPOB BXOJHOM HATPY3KH JJISl CETU B LIEJIOM
1 JJId OTACJIBHBIX JUAlla30HOB IUPOTHI JUCTIOKAIIUN AT. MO[[e_]'H)
MOJKCT UCIIOJIB30BAaThCA IPU NPOCKTUPOBAHNUU ceren I TipeJiBa-
pUTENIBHOM OlleHKH 3()(EKTHBHOCTH NpeaiaraeMblX BapHaHTOB
MOCTPOCHMSI M Ha JTalle dKCIUTyaTaluH sl 00OCHOBAaHMS BO3-
MOYKHOCTEH TPOBEICHHST MEPOTIPUATHH 110 HapaIlUBaHUIO U MO-
JIepHU3AINN CETH.
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MODELING OF REAL-TIME TRAFFIC SERVICE PROCESSES IN MULTISERVICE BROADBAND
SATELLITE COMMUNICATIONS NETWORKS BASED ON SPACECRAFT AT LOW AND MEDIUM
CIRCULAR ORBITS

Alexander A. Maslov, Moscow Institute of Physics and Technology (MIPT), Moscow, Russia, maslov.aa@mipt.ru

Gennady V. Sebekin, Moscow Institute of Physics and Technology (MIPT), Moscow, Russia, sebekin.gv@mipt.ru

Mikhail S. Stepanov, Moscow Technical University of Communications and Informatics (MTUCI), Moscow, Russia,
m.s.stepanov@mtuci.ru

Sergey N. Stepanov, Moscow Technical University of Communications and Informatics (MTUCI), Moscow, Russia,
s.n.stepanov@mtuci.ru

Alexey O. Shchurkov, Moscow Institute of Physics and Technology (MIPT), Moscow, Russia, shchurkov.ao@mipt.ru
Alexander P. Vasiliev, Moscow Institute of Physics and Technology (MIPT), Moscow, Russia

Abstract

A model of a multiservice broadband satellite communication network based on spacecraft in low and medium circular orbits for serv-
icing real-time traffic has been developed, which makes it possible to take into account as source data the crucial rule for assigning a
resource for holding different types of sessions and the specifics of placing subscribers across the network's service area. At the same
time, the quality of network operation is assessed by the proportion of unserved requests, both for the network as a whole and for
individual regions, depending on the parameters of the orbital constellation of spacecraft and subscriber terminals, traffic characteris-
tics of each type, and resource costs for sessions. In the course of numerical experiments, confidence intervals for estimates of quali-
ty indicators were constructed, and the dependences of estimates on input load parameters for the network as a whole and for indi-
vidual regions of subscriber deployment were obtained. The model can be used by network developers and operators to select crucial
rules for assigning a resource to subscribers, evaluate the possibilities of building up the network, and justify the need for its modern-

ization.

Keywords: spacecraft in low and medium circular orbits, channel resource, multiservice traffic, real-time traffic, subscriber terminals, simulation
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TexHonorun 6ecrnpoBOAHLIX CEHCOPHBbIX CETEW MOXHO OTHeCTH K
TEXHOMNOTNAM, C MOMOLLBIO KOTOPbIX BO3MOXHO OCYLLECTBAATL yAaneHHoe
ynpaeneHne ob6bektoM. [AnAa OGONbLIMHCTBA CUCTEM KPUTUYECKUM
napaMeTpoM YnpaBfieHUA ABNAETCA BpPeMA peaKuMu Ha BO3HMKaioLlue
cobbiTuA. Bo BpeMa peakuuu BKniovaeTcA He TONbKO BpeMA, KOTopoe
OTBOAMUTCA HAa NPUHATUE PELLIEHUA UCXOAA U3 aHANKU3a NONYy4eHHbIX AaHHbIX,
HO U BpeMA 3a/lepKKU Ha Nepefjavy 3TUX AaHHbIX OT MecTa coObITUA A0 nuua
npuHMMaloulero peweHua. Mcxopa us Toro, YTO OCHOBHBIM CBOWCTBOM
CEHCOpPHbIX CeTel ABNAETCA pacrpefesieHHOCTb, TO NMLO MpUHMMaloLee
pelleHMe AOMKHO 06naaaTh NOMHOTOM JAaHHBIX U3 BCEX KOHTPOJIbHbIX
To4yek cucteMbl. KonuuyectBo y3noB B CEHCOpPHbIX CUCTEMax MOXeT
AOCTUraTh HECKOJIbKO ThiCAY, BPeMA Ha nepepadvy M o6paboTKy AaHHbIX
MOXeT TnpeBbicUTb peanbHoe. B pabote paccmatpuBaetca cnoco6
BblA€NEHNA  Y3NI0B CeTH, COCTOAHUE KOTOPbIX COOTBETCTBYeT
onpefeneHHOMY COCTOAHUIO CUCTEMBbI YTO JOJIKHO MO3BONUTb COKPaTUTL
BpeMA NpUHATUA pelueHua. OnpepaeneHne y3noB NPOMCXOAUT UCXOAA U3
aHanu3a napameTpoB 06paboTkM AaHHbIX, NpoxoAALuX Yepes y3nbl. Mocne
NpUBeleHUA [aHHbIX K TaGNUYHOW CTPYKType OHM HOpPManusyloTca M
cTpoutTca  MaTpuua KoBapuauuu. [lna  MaTpuubl  KOBapuauuu
PaccuUUTLIBAIOTCA COOGCTBEHHbIE YMCNA HAa OCHOBE KOTOPbLIX BbIYMCAAIOTCA
coGCTBEHHbIE BEKTOpa, KOTOpble MPUHUMAIOTCA 32 OPTOHOPMMPOBaHHbIN
6asuc. lMpoussoauTca npoekuusa BCcero MaccuMBa JaHHbIX Ha 6Gasuc.
MpuMeHAA Mepy KOCMHYCHOrO CXOACTBAa JAnA CpPaBHEHUA NapaMeTpoB
onpeaenseTca cpefHAA Benu4uuHa. PaHxupoBaHue 3HaveHui nossonsaer
paccumTath LLKany paHXXMpOBaHUA W BbIAENUTb rPYNMbl Y3/10B ANA KaXKA0ro
AeneHusa wWKanel. B Kaxpou rpynne onpepenserca LeHTpanbHbIA Yysen.
CoOBOKYNHOCTb LIEHTpPanbHbIX Y3/I0B BCEX FPYnn MPUHMMAETCA 3a Y3nbl,
KOTOpble COOTBETCTBYIOT JAHHOMY COCTOAHMIO CETH.
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BBenenne

K omHOMY M3 OCHOBHBIX HAIPABJICHUH Pa3BUTH UCIIOIH30Ba-
HUS CETEBBIX TEXHOJOTHH OTHOCUTCS HAIpaBIICHHUE yIAICHHOTO
yIpaBIeHUs] 00BEKTOM UCXOJSI U3 IIAPaMETPOB CPE/Ibl, B KOTOPOit
JIAHHBIA 00BEKT HAXOAUTCS. TEeXHOJIOTHH, C TIOMOIIBIO KOTOPBIX
BO3MOJKHO PEaNn30BaTh yAAJICHHOE YIIPABICHUS 00BEKTOM - TEX-
Hostoruu uHtepHera Beuied (IoT) u TexHosornn OecnpoBOJHBIX
cercopubix cereit (WSN, BCC). B ocHOBe opranu3zaiiu ceHcop-
HBIX CETeH Jiexar Ppas3IM4YHbIC BUABI AATYUKOB, OIPCACIAIOMINEC
TapamMeTpbl COCTOSIHUS OKPY>KaroLel CpeJibl.

Bclo cOBOKYITHOCTH JTaTYMKOB BO3MOXKHO Pa3/ielIUTh Ha JBE
Oonpmmie Tpymmel. K mepBoid TpyIe OTHOCSTCS TaTYUKH, KOTO-
pBIe H3MEpPSIOT (U3UIECKHE CBOWCTBA CpEABl: TEMIIEparypa,
BIIQKHOCTB, YPOBCHD OCBEIICHHOCTH, KOHIICHTPAIINA BEIIECTBA U
T.I., @ KO BTOPOH TPYTITE JaTINKH, KOTOPHIE OTIPEIENIAIOT KaKoii-
100 mapamMeTp COCTOSHUS 00BEKTA: ABIKEHIE, PACX0/] TOTIINBA,
YPOBEHB KHUIKOCTH H T.1I.

CeHcopbl, OTHOCAIIMECS K OJHOMY M TOMY € OOBEKTY
Ha6J’IIO}1€HI/IH, MOI'YT HaxXxOJUTBCA Ha JO0CTATOYHOM YIaJICHHUU
JPYT OT JIpyra, TI03TOMY OCHOBHOE CBOMCTBO OECIPOBOJTHBIX CEH-
COPHBIX CeTel — MPOCTPAHCTBEHHAsSI pacIipeeIeHHOCTb, CaMO KO-
JIMYECTBO CEHCOPOB MOJXKET OBITH OOJIBIIE THICSY, OATOMY TIPH
00paboTKe JaHHBIX AOJKHBI HCIIOJIB30BATHCS COOTBETCTBYIOIIHE
Metoasl [1]. B apxurektype opranmsanun WSN MOXKHO BBIJE-
JMTH CIIEAYIOIINE OCHOBHBIE COCTABIIAIONINE: OCHOBHOH ITPOIIECC,
CEHCOPBI, UCIIOJHHUTENILHBIE MEXaHU3MBbI, KOHTpPOJLIepsl. O0mmii
MIPUHIUT PaOOTHI COCTOUT B TOM, YTO CEHCOPEI TIOTYYAOT JAHHEIC
0 COCTOSTHUH OCHOBHOTO TIpoIIecca.

[TomyueHHbIC TaHHBIE, TOCPEICTBOM CETEBBIX TEXHOIOTHIA T1e-
penaroTcsi B KOHTPOJUIEP, KOTOPBIA UCTIONHACT (PYHKIHH yTIpaB-
neHns. B KoHTposiepe morydeHHbIe TapaMeTphl CPAaBHUBAIOTCS C
OTaJIOHHBIMHU U B CJIy4ac COBHa}IeHI/IH/He COBIIaJICHUA, 3aBUCHUT OT
3aa4u, MOJTYYCHHBIX TaHHBIX C 9TaJIOHHBIMH KOHTPOJUJICP BbIAACT
CHUT'HAJI Ha MCIIOJIHHUTEJIIbHBIE MCXaHU3MbI, KOTOPLIC PCAIM3YIOT
3aJI0)KEHHBIH pa3pabOoTYMKOM aITOPUTM BO3JCHCTBHS Ha OCHOB-
HO mporecc.

VY3en OecnpoBOIHON CCHCOPHOW CETH B 00S3aTCILHOM I10-
PpsiZIKE BKITIOYAET B ce0s1 JaTIMK, OECIPOBOTHOE IPHEMOTIEPEIat0-
mee o0OpymOBaHME M MCTOYHMK 3JeKTponuTanus. Mcxons ns
THITA JaTYnKa MOXET TpeOOBaThCs aHAJIOTrO-IU(POBOH Mpeodpa-
30BaTelNb, B OMPEICIICHHBIX CIyYasX B Y3JI€ MOXKET HaXOIUTHCS
BBIUMCIIATENFHAS CHCTEMa, HAPUMEP, COCTOAIIAs M3 BBIUMCIH-
TENBHOTO (MHKPOIIPOIIECCOp) M 3allOMHHAIOMIETO YCTPOWCTBA.
O6mas cTpyKTypa y3i1a 6ecripoBOIHON CEHCOPHOIT CeTH MoKa3aHa
Ha pucyHke 1.

MukpokoHTpoLIEp

BecnposoaHoii
azamTep

Y I

Certs anextponutanid / HeTounnk nutanms

Puc. 1. Crpyxrypa yzna bCC
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OCHOBHBIE (DYHKIIMHU y3J1a CEHCOPHBIX CETeH He OTINYAI0TCS
OT OCHOBHBIX (DYHKIIMH y3JI0B OECIIPOBOIHOM CETH IIepeadn 1aH-
HBIX: cOOp (TTOTydeHre) JTaHHBIX OT OOBEKTa YIPaBICHUS, HX 00-
paboTKa W TepechUTKa MO0 Ha JAPYTHe Y3Ibl I Ha 0a30BYIO
craanuio. OcHoBHOe oTiimune y31a BCC ot y3ma nepenaun gaH-
HBIX 3aKJIFOYEHO B pa3Mepax caMoro y3ia. JlaTanku xapakrepusy-
I0TCSI MUHUMAJIM3MOM HCIIOJIHEHHUS, @ MUKPOIPOLIECCOP XOTh U
06naL[aeT OTHOCHUTCIIBHO He6OJ'H)I]_II/IMI/I BbIYUCJIIUTCIBbHBIMU BO3-
MOXXHOCTAMMU I10 CPaBHCHHIO C BBIYHCIIUTEIILHOMN MaIHHHoﬁ, qTO
HaKJIa/IbIBACT OTPAHUYUEHMsS] Ha PECYpChl y3ia: CKOPOCTh Mepe-
Jlau¥, TPOITyCKHAasi CIIOCOOHOCTh. B cBoro ouepens HeOobIIUE
JUHEHHBIN pazMeps! y31a BCC no3BosseT aerko npoBoIuTh Mac-
mrabupoBanue cerd. Ha kadecTBO cepBHca, KOTOPOE JOJDKHA
MIPEOCTaBUTh CETh BIMSIOT HE TOJIBKO MTapaMeTPHhI y3JI0B CETH, HO
1 TOTIOJIOTHSI CBSI3M MEXK/Ty y3JIaMH.

Jis cobmoaeHns mapaMeTpoB KauecTBa B HEOOXOAMMBIX Tpa-
HHUIAX HEOOXOAWM TOCTOSIHHBI MOHHUTOPWHT y370B ceTH. Mc-
XOZSl U3 TOTO, YTO B CEHCOPHBIX CETSX KOJIMYECTBO Y3JI0B MOXKET
MCHATHCA B IIMPOKUX JUAIIA30HAX OT €AWHHUIL 10 ThICAY, TO BPEMA
peLIeHHs 3a1a4H [0 PEKOH(GHUTYPHUPOBAHHUIO CETH, Iiepepacipese-
JICHUSI PECypCOB CETH, C LIENbI0 NPUBEJCHUS TapaMeTPOB Kaue-
CTBa O0OCIY)KMBaHHsI B YCTaHOBJICHHBIC TPAHUIIBI MOXKET TIPEBbI-
CHUThH peaJIbHOE BpeMsi, YCTAaHOBJIEHHOE JUIsl TaHHOW ceTu. B pa-
00Te paccMaTpUBACTCsl CIIOCOO OMPEIEIICHUS] KIIFOUCBBIX Y3JI0B
CCHCOPHOM CETH, COCTOSIHIE KOTOPBIX COOTBETCTBYET ONPE/IEIICH-
HOMY COCTOSIHUIO CETH.

METOII rJiaBHbIX KOMIIOHEHT

OCHOBHasI CIIO’KHOCTb TIPH TPOBEICHUN aHAIM3a JIaHHBIX, HA
OCHOBE KOTOPBIX OyZE€T IPOBOIUTHCS CPABHEHHE U BBIICIICHHE y3-
JIOB SIBIISIETCSI MX PA3HOPOAHOCTh. XOTh OCHOBHBIE TAPAMETPHI y3-
JIOB U U3BCCTHBI, KaK U U3BCCTHBI O6'I)CMI)I JIaHHBIX, KOTOPLIC IPO-
XOJIST uepe3 y3Jbl, HO KaXJblil y3esl TpencTaBiseT coOol OT-
JeNIbHO  (DYHKIIMOHHpPYIOIee, 000COOJICHHOE YCTPOHCTBO, IIO-
9TOMY JUIsl TIPOBE/ICHHS aHaJM3a HEOOXOMMO BCE aHAIM3HpYye-
MBIE ITapaMeTPhI BCEX Y3JI0B IOMECTHTH B €JJMHYIO CUCTEMY KOOP-
JIMHAT, T.€. IPOBECTH MPOELUPOBAHNE JAHHBIX Y3JIOB Ha €HHYIO
KOOPJMHATHYIO OCb.

Jnst pemeHust NOCTAaBICHHON 3a/1laul BO3MOYKHO MPUMEHHUTH
meron rinaBHbIX komioHeHT (MI'K, Principal Component Analy-
sis — PCA), KOTOpBIil MO3BOJSET ONPENENUTh TJIaBHBIE KOMIIO-
HEHTHl W YMCHBIINTH Pa3MEpHOCTh MAHHBIX I aHaim3a [2-4].
IToz rmaBHBIMM KOMIIOHEHTAMH ITOHUMAIOT JINHEHHYI0 KOMOWHA-
A0 aHAJIM3UPYEMBIX IapaMETPOB, IMOJYYEHHBIX B pPE3yJIbTaTe
Ha0JII0IeHNH, OCHOBHBIM CBOWCTBOM KOTOPBIX SIBJISIETCS TO, UTO B
HHUX COJCP)KUTCS HAMOOJbINast IUCHEPCHUS MCXOIHBIX TaHHBIX.
[Tepexoj OT HCXO/HOW BEKTOPHOM BETMUUHBI K BEKTOPY TJIaBHBIX
KOMITOHEHT ITPOMCXOUT ITOCPEICTBOM ITOBOPOTA KOOPANHATHBIX
oceil, B pe3ylbTaTe KOTOPOTO IOJIy4aeTcsl HOBasi KOOpAWHATHAS
cucrema, 00Jagaronas BCeMU CBOMCTBAMHU OPUTHHAIBHOM.

JlokazaHo, 4TO TJIaBHbIE KOMITOHEHTHI BO3MOXHO TIOJIyYHTh U3
KOBapHAIMOHHOW MAaTpHIBl ITyTEeM BBIUYUCICHUS COOCTBEHHBIX
YHCell, HA OCHOBAaHMWU KOTOPBIX BBIYMCISIOTCS XapaKTepHCTHUE-
CKHE BEKTOPA MATPHUIIBI, KOTOPBIE U SIBJISIOTCS TJIAaBHBIMU KOMITO-
HeHTamy. C IOMOIIIBIO METO/Ia PEIIAFOTCS KaK 33/1a4n aHaIu3a Ma-
paMeTpoB 00BEKTa, KOTOPBIE OKA3bIBAIOT OCHOBHOE BIIMSHHE HA
JAHHBIN 00BEKT [5, 6], Tak U 3aHa4M, KOTOPbIE MUCIIONB3YIOTCS B
CHUCTEeMax MAIIMHHOTO 00y4eHus [7-9].
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st ompenenieHnst XapaKTEpPUCTUYECKMX BEKTOPOB HEOOXO-
JIMMO BBIITOJIHUTB YETBIPE dTaIa.

1. IIpoBecTH NpeABapUTENBHYIO OATOTOBKY JaHHBIX.

2. ITocTpouTh KOBApHALIMOHHYIO MaTPHUILY.

3. BoluncanTb COOCTBEHHBIE YHCIIA JAHHON MaTPHULIBL.

4. Beraucnutb cOOCTBEHHBIE BEKTOPA HA OCHOBE COOCTBEHHBIX
YHCeTL.

Ha stane npenBapurenbHON NOATOTOBKE TaHHBIX MPOBOAUTCS
WX HOpMaju3aius. 3Ha4eHUs TTapaMeTpoB, ISl KOTOPBIX MPOBO-
JUTCA ONPCACTICHUC TTTaBHBIX KOMIIOHEHT, MOT'YT UMCTh pa3jiny-
HBIE €JIMHUIIBI U3MEPEHNUH, TIPOIe/lypa HOPMaTU3aIMH O3BOJISIET
JUISl BCETO MacCHBa MCXOJHBIX JIAHHBIX ONPEICIUTh EANHYIO CH-
cTeMy u3Mepenuil. list ocyiecTBIeHHS IPOLeTypbl HOpMalIi3a-
UM JaHHBIX MCIOJIB3YETCS] METOJI HOPMAIHM3ALUK CPEIHUM HIIH
Z-sopManuzaiysa. B maHHOM MeToze J1t000e HOpMalM30BAaHHOE
3HAa4YeHHWE i-TO TpH3HAaKa W3 MHOXeCTBa X = {Xi, X2, ..., Xn}
BO3MOYKHBIX 3HAUCHHUH €CTh OTHOLICHHE PA3HOCTH MEKTY OTEb-
HBIM 3HAYEHHEM NPU3HAKA U CPETHUM 3HAYCHHEM N 3HAYCHHUH K
JIICTIEPCHUH JIAHHOTO MHOKECTBA.

Xinom — (Xi _X) (1)

Ox

T/Ie AUCTIEPCHUs paBHA

2

N — KOJIMYECTBO 3HAUCHUH KaXKJOTO MPU3HAKA; X; — 3HAUCHHUE TIPHU-
3HaKa; X — CpejHee 3HAUCHHE

[Ipexne 4eM HayaTh BBIYHMCIEHHE COOCTBEHHBIX 3HAYCHUM
HEOOXO0JMMO TOCTPOUTH MATpHIly KOBapHallMd W3 MaTpuipl A
HOpPMAaJIM30BaHHBIX 3Ha4YeHHU. B o0mem cirydae matpuma A He
SIBJISICTCS KBAIPATHOW MaTpPUILICH, B OTIMYHMU OT KOBapUALMOHHOMN
matpuis C.

cov(A,A,) cov(A,A,) cov(A,A,)
Co cov(A,,A;) cov(A,,A)) cov(A,,A,) 3)
cov(A,,A)) cov(A, ,A,) cov(A,,A))
rae
Zn:Ai A
cov(A;,A)) = e

n-1 (4)
cov(A,,A,) =1 u

cov(A;,A;) =cov(A;,A;) KOHEUHAs MaTPHULIA KOBAPUALINH SIBIIS-

I/ICXOILH us3 TOro, 4qTOo

CTCA CHMMeT‘pH‘IHOﬁ OTHOCHTEJILHO TJIaBHOM JuaroHajiuv, a 3JIe-
MEHTHI TJIABHOM JraroHajv paBHbl €CAUHUIIC.

1 cov(A,A,) cov(A,A))
A, A 1 Ay A
Co cov(A,,A)) cov(A,,A,) (5)
cov(A,,A)) cov(A ,A,) 1

KoBapuanuonnas Matpuna C cayHUT OCHOBOH JUIsl BbIENE-
HUsI COOCTBEHHBIX YMCEN M COOCTBEHHBIX BEKTOpOB. [locpen-
CTBOM NPUMEHEHHS CIEIUAIBHBIX METOI0B MTPE0OPa30BAHUS 110-
JyJaeTcs JIMOa MaTpuIa Buja:

A0 o0
Ao 0 X, 0 (6)
0 0 A

n

OcoOeHHOCTh TAaHHOM MATPHIIBEI COCTOUT B TOM, YTO Ha TJIaB-
HOW JIMaroHaJId PacIoiararoTCsi COOCTBEHHbIC 3HAYCHHSI MaT-
PUIIBI KOBapHAIIH, KOT/Ia BCE OCTAIBHBIC 3JIEMEHTHI PAaBHBI HYIIO
WJIM HE TPEBBIILIAIOT ONpeAeICHHbIN 3a1aHHbli nopor €. Ha ocHo-
BaHMM COOCTBEHHBIX 3HAYCHHUII BO3ZMOXKHO OIPEICIUTH IOBEJIE-
HUE U YCTOMYUBOCTH UCXOJITHOM CHUCTEMBI BO BPEMEHH.

Jnst HaXoK/IeHHsT COOCTBEHHBIX YMCE BO3MOXKHO HCIOJIB30-
Batb Meroa [anunesckoro, Kpouioa, JleBeppne-DajeeBa,
Sxo6u nim QR pasnokenne. B cieacTBuM TOro, 4To HavyabHAs
KOBapHallMOHHAs! MaTPHUIla CHMMETPHYHAsI, TO JKEJIATEeIbHO TPH-
MEHHTh METOJ BpameHuil wiu Merox Skxobu. OrianuurenbHas
0COOCHHOCTh METOJIa COCTOMUT B TOM, UTO /ISl BBIYMCICHHH COO-
CTBCHHBIX 3HAYCHUI HE HAJI0 COCTABIATH XaPAKTEPUCTHYECKHUE
ypaBHEHUS.

B ocHOBe MeTo1a ISKUT TeopeMa, TOBOPSAIIIAS O TOM, UTO IS
mo00# cumMmeTpraHOU MaTpuilsl C Beeria CymecTByeT Takast op-
ToroHajgbpHasg Matpuna U, 94To B pe3yibTaTe MOCIeI0BaTEIbHOTO
MIPOU3BEACHNUS TPAHCTIOHMPOBAHHOW OPTOTOHAIBHOM MaTPHIIEI HA
CHMMETPHYHYIO MaTpHUIla ¥ Ha OPTOTOHAIBHYIO TTOTydaeTcs Takas
JMaroHajibHasi Marpuia A, KoTopas MMeeT Te Ke camble coO-
CTBEHHbIE 3HAUeHMs 4TO ¥ Marpuua C.

A=U"UC @)

Hcxopast u3 Toro, uto ajis A COOCTBEHHBIC 3HAUYECHHS A, A, ...,
An pacrioyiararoTcsi Ha TJIaBHOM IWArOHAIM, TO €CIH W3BECTHA
HavaibHas Matpura Uy BO3MOKHO HAWTH COOCTBEHHBIC 3HAUCHHUS
HCXOJJHOM KOBapUallMOHHOM MaTpHILIbL.

MerTon BpalieH!ii ABISACTCA UTEPAIIMOHHBIM METOJIOM, TIe Ha
KaXJI0M 1mare urepauuu crpoutcs marpuna Ui, 1=0,1,...,1 u npu
BBITTOJTHEHUH TTpou3BeeHNs B MaTpuie C; TOJDKEeH UCKITI0YaThCs
MaKCHMAJIBHBIN 110 MOYJIO 3JIEMEHT 3a WCKIIOUYEHUEM DIIEMEH-
TOB, HAXOAAIIUXCA HA l"J'IaBHOﬁ JAuaroHaliu.

[lepen BBINONHEHHEM MTEPALIMOHHOIO Ipoliecca, Heo0Xo-
JIMMO 33J1aTh TOYKY ocTaHoBa. [1o/1 Toukoii ocTaHoBa mopazyme-
BaeTCsl IPOM3BOJILHOE YHCIIO € MHOTO MeHbIIee eanHuIbL. [Tocie
BBITTOJTHEH U Il1ara UTEpaIiy, Bce a0CONOTHBIE 3HAYCHUS HE Tna-
TOHAJIBHBIX DJIEMEHTOB CPAaBHUBAIOTCS C € M €CJIM OHU MEHBIIIE, TO
MIPOIIECC BPAIIEHHUH 3aBEPIIACTCSL.

IIpu BeIMONHEHUN NEPBOW UTEPALMU, B HAYAJILHOM MaTpuLe
Co=C mpom3BOAUTCSA TOMCK MaKCHMAIFHOTO TI0 MOJIYIO dJie-
MEHTa (32 WCKIIOYEHUEM JIMarOHaJIbHBIX JJIEMEHTOB), T.€.
¢y =max(c, ; ). ITocie Toro, Kak OBLT HaiiJlcH MaKCHMaTbHBIIT

AJIEMEHT, HE00XOIUMO TIOCTPOUTH OPTOTOHAIBHYO MATPHILY TIPO-
croro noopota Uy Buga
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cos 0, —sin 0, i,

®)

sin 0, cos 0, Jo

0 0

CrnenoBaTesbHO HEOOXOIUMO BBIMHCINTH yrou 00, BelnunHa
yIJIa T0JDKHA OBITH Takoit uto Obl nocne ymuoxkenust U, C, U, Be-
JUYUHA JIEMEeHTa Haxomsmerocs B marpuile Cl Ha mecte ae-
menta ¢’ MaTpuipl CO 6bu1a Obl pasha 0, T.¢. cﬁo_io =0 . Pe3yib-

taT npoussegenus Matpun C, = C,U, oTinuyaercss oT HCXOIHON

MaTpuisl CO TOTBKO 3HAYCHUSAMH 3JIEMEHTOB B cTononax i0 u j0,
pueM:

¢, =¢y, cosO, +c;; sinb, ...c, =c, cosb,+c, sinf,

. ©)
=—c, sinf, +c, cosh,

¢, =—¢; sinf, +¢,; cosb, ...c

lig nj

Mocne ymuoxenust matpun; U] C, = C' marpuna C' oruya-

etcst o1 Matpuibl C, TONBKO 3HAYEHUSAMH SJIEMEHTOB B CTPOKAX ig
U jo, IpUYEM:

T _ . o :
¢, =¢, co88, +¢; sinf, ...c; , =¢,  cosO +c; , sinb, 10)

1 _ .
. =€, sin6, +¢; , cosh,

¢, =—¢;,sinf, +¢; cosh, ...c

1
Jo

N
Takum oOpa3om u3 9 u 10 BO3MOXKHO HalTH o U jo C,, jo» TIC

1 _ .
Cigjo = (—€;;, 8In 0, +¢, ; cosH,)-cosO, +

+(=¢,;, sin6, +¢;; cosB,) sin6, =
1

:E{%m

(11)

—¢;;,)-sin20, +¢, ; cos26,.

1
Hcxons u3 yenosus, uto ¢; ; =0, npupasuss 11 k Hysio no-

my4daeM ¢opmyry 12

264, 1 26,

tg20, = ———, toraa 0, = —arctg| ————— (12)
ivio ~ Colo 2 Ciie ~ ik

[Monyuaemas marpuna C; Oyner CHMMETPUYHOM, UCXOMs U3

TOT0, YTO:

C/ =(U,C,U)" =(C,U)"'U, =U;C U, (13)

no marpuua Co cummerpuanas, nostomy C, = C, , oaCTaBIss
JaHHOE 3Ha4YeHHe B 13 momyyaem

Cc/ =y;C,U,=U,C,U, =C,. (14)

[Mocne Toro, kak OblIa BIYMCICHA MaTpULa A, B KOTOPO#i cO-
JiepyKaTcs COOCTBEHHBIE 3HAUCHMs MCXOAHOW Matpuubl C, aist
4gero B obmieM ciydae Tpedyercs crienath k mrepamuii, HeoOxo-
JIMMO BBIYHCIIUTH COOCTBEHHBIEC BEKTOPA JAHHOM MaTPHLIBI, KOTO-
pble U OyIOyT SBJIATHCS TJIaBHBIMH KOMIIOHCHTAMH, aHAJIOTHYHBIC
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IUKJITBI UCTIONB3YIOTCS B MUHUMAKCHBIX 3ama4ax [10]. st momy-
YEeHUs] MaTPHIIbI V, B KOTOPOI BEKTOP CTOJOIBI COOTBETCTBYIOT

TJIaBHBIM ~ KOMIIOHEHTaM, HEOOXOAMMO TII€PEeMHOKHUTh BCE
marpunsl U,
k

v=[]u, (15)
i=0

Jlnist  yMeHbIIGHHS Pa3MEpPHOCTH JIaHHBIX  HEOOXOJMMO
0TOOpaTh T TJIaBHBIC KOMIIOHEHTHI, KOTOPbIE BHOCST HAauOOIIb-
MK BKJIaJ B 00LIyto aucnepcuio. IIpoBomuTest paHKupoBaHHe
COOCTBEHHBIX YMCEJ OT OOJIBIIETO K MeHblIeMy. Benndnna cob-
CTBEHHOTO YHCIIa OTPEACTIICT JOO TUCTIEPCHHU, KOTOPast BHOCHT
Ka)KIast KOMITOHEHTA.

B ToMm ciydae ecnm coOCTBEHHBIE UMCIIa BBIYMCICHBI BEPHO,
TO CyMMapHasi TUCTIEPCHsI ONMpeAeNsieTcs CyMMO COOCTBEHHBIX
YHCEJ ¥ IOJKHA OBITh pPaBHA paHry MaTpuilbl A. [l nanpHenme
paboThl HEOOXOAUMO OTOOPATh TO KOJIMYECTBO KOMIIOHEHT, CYM-
MapHasi J10J1s COOCTBEHHBIX YHCEJ, KOTOPbIE UM COOTBETCTBYIOT
menbiIe §0%.

A
Y; =n—1100%

2
i=1

k<n

P=>v,P<80%
i=1

(16)

Ha 3akmounTtensHOM 3Tare padoTsl IPOBOIUTCS MPOSKIUS 1
BOCCTAHOBJICHHE JaHHBIX. Ha JaHHOM 9Tare npoucXoauT mpeod-
pa3oBaHNe HayaJbHBIX JAHHBIX B CHCTEMY KOOPAMHAT, KOTOPYIO
00pa3yIoT TTIaBHBIC KOMIIOHEHTHI, OTOOpPaHHBIC UCXOAS U3 (POp-
Myiel 16. [l mpoenrpoBaHust JAHHBIX HEOOXOIMMO HaYaIbHYIO
MaTpHIly, KOTOpasi COACPKUT MCXOIHBIC NAHHBIC YMHOXXHThH Ha
MAaTpUIly TJIaBHBIX KOMIIOHEHT, a JJISI BOCCTAHOBJICHMS JAHHBIX
MaTpHIly CHPOCIMPOBAHHBIX JIaHHBIX YMHOXXUTH Ha TPAaHCIIOHU-
POBaHHYIO MaTPHILy IJIABHBIX KOMIIOHEHT:

Z=AVV'T (17)

Pemmenue HpaKTH‘ICCKOﬁ 3aga4u.

B xauectBe Ha60pa JaHHBbIX, KOTOpLIﬁ BI)I6paH JUTA peIICHUA
MIPaKTHYECKON 3a/1auu, BEIOpaH HaOop maHHBIX ¢ pecypca [11]. Ha
JAHHOM pecypce pacIioyiaraloTcsl TaTaceThl, HA OCHOBE KOTOPBIX
poBOAUTCS 00yUeHHS HEHPOHHBIX ceTeil. B BriOpanHOM (haiine
COZCPIKATCSA HAHHBIC, ITOJIYUYECHHBIE C Y3JIOB GCCHpOBO,HHOﬁ CCH-
COpHOﬁ CCTH, OTpaXKaromue peaJIibHOC MOBCACHUC CETU U aKTHUB-
HOCTb OTACJIBHBIX €€ Y3JIOB.

JlaHHbIe HaXomIATCS B (paiiiie popMaTa Csv, a B KaUeCTBE pas/ic-
JINTEII TPUMCHACTC 3ariaTas. y[[O6CTBO pa60TLI C TAKUM (bopMa—
TOM (1)al7ma 3aKJII0YacTCsA B TOM, YTO OH MOXKET 6BITL r[peo6pa30BaH
B (1)3]71.]'[ TaOJIMYHOTO pCaaKkTopa ¢ MUHUMAJIbHBIMU 3aTPATAMU. Hep—
BBIC ICCATH CTPOUCK AaTaceTa NPCACTABICHBI HA PUCYHKC 2.
packet_size, transmission_time,protocol_type, bandwidth_usage,latency,jitter, packet_loss_rate,device_id,device_type,energy_usage,allocated_bandwidth
1226,91.12209781979044,HTTP, 15.623113648241148, 550.5202704553517,1.9555745945826875,0.6789842667821899, 565, camera, 3.070837904598215,6.4104917933860115
960,33.34561073644827, HTTP, 63.094116624451566,222.89164521603695,23.431288233407667,0.4321637155417296,321, actuator, 2.216078481935464,34.67159565134774
1394,18.012293918294684, HTTP, 80.79483775240668,86.79579195220704,40.182257014797564,0.37758071871683563,410, actuator, 6.415587530859842, 82.9530951983125
1230,95.4108472157652, TCP, 59.55185481178999,925.8769181255707,11.281608015930466,1.0574591368143342, 686, camera, 7.121031455872774,28.562144451326144
1195,34.21652161711999,TCP, 38.698202191863864,427.9470491008115,9.526643487997399, 3.6845285676650037, 231, sensor, 5.806726469564273,96.23489955304552
1144,75.00109899113978,TCP, 22.32396915604595,117.4709319483617,93.16618777228615,0.7284325759737292, 70, sensor, 2.6777766570182533,69.18026859992217
221,23.809163285178457,TCP,3.8684296185057563,625.7840812633677,61.524023803009385, 2.8979338107978907,51, camera, 2.1092327078708397,70.83240981212741

566,72.95575178014536, UDP, 29.065393123913623,20.15161996211556,6.794866903145003,0.2465377159197052,975, camera, 4.445161518839226, 7.803560234113004
1338,23.984059767130546, HTTP, 6.566371844479076, 704.5789692350444, 61.3273666444551,3.3135998687975916,349,actuator, 1.936233029967201,95.39052318284979

Puc. 2. [lepBrie necats CTpok (aiiia JaHHBIX




CBA3b

B xaxmoi cTpoke HaHHBIX (haiiia CoAepKaTCs CBEACHUS IO
pa3Mepy MaKeToB, BPEMEHH, KOTOPOE 3aTpadyeHO Ha Iepeaady
JIAHHOTO TIaKeTa, HAMMEHOBaHHE IPOTOKOJA TPAHCIIOPTHOTO
YPOBHSI C TOMOIIBIO KOTOPOTO OCYIIECTBISLIACH JaHHAs Iepe-
Jlauu, CBEJACHUS O TI0JI0CE MPOIYCKAHUsI, 3aICPKKU U JKUTTEPY,
a TaK K€ TUIy YCTPOWCTBA, €ro UACHTH()HUKAIMOHHOM HOMEpE U
9HEPruH, 3aTPayeHHOM Ha repeaady.

PesynbraT mpeoOpaszoBanust ¢aityia Habopa JaHHBIX B BHI,
IJic KaXJIOMY IapaMeTpy COOTBETCTBYET OJIHA CIMHCTBCHHAS
KOJIOHKA W TPOBEJCHA COPTHUPOBKA BCEro OOBEMa JAaHHBIX IO
HOMEpY y371a, PE/ICTABJICH Ha PUCYHKE 3.

Texymee

nompebieime
110J10CI Kooduument Brinenennas
Howmep Tun Tun  Pasmep  Bpews  mponyckamms Jlpoxanne  notepn Pacxon | mpomyckuas
YCTPOHCTBA NMPOTOKONA YCTPOIHCTBA MakeTa — mepefaym CeTbio Banepikka  (mkuTrep) NaKeToB JHEPrHH  CMIOCOOHOCTH
673 TCP camera 289 98,81399922  61,53067905 936,14067180 25,28268232  3,21397120 822559272  64,51990268
673 HTTP actuator 490 32,45747171 5903568678 206,25405888 5494995607  4,54600238  0.,41263451 968429909
673 HTTP camera 1346 2473112619 86,99739694 324,76735680  8,11857047  3,96255776 3,80399532  55,16507945
673 upP sensor 285 96,16187567  73,76775269 687,33593184 25,38884382  4,80854872 3,04359360  67,10629845
673 upP actuator 764 30,28831632  72,34638122 811,42788239 3321544741  2,46883421 3,36223842  20,86507042
673 TCP actuator 1454 72,51569388  73,08409280 174,20231966 24,83544882  2,11714132 8,44234498  57,59162771
673 TCP camera 160 36,79926872  49,25981271 136,38510173 50,28032044  1,65271654  6,38915595  22,61486048
673 HTTP camera 887 76,09142417  65,78779290 516,85432152 71,79362208  1,01036416  4,73520861  23,71747711
673 upP camera 657 90,83234675  49,15671676 169,87008503 64,21931158  3,99646363  3,49926123  61,53011234
673 UDP camera 1406 51,37986490  71,79509237 61,67623573 98,07488995  3,72770351 8,13971213  45,59427795
673 HTTP sensor 782 33,08864758  80,37221801 101,67814043 58,15985283  1,38125265 0,81418924  78,16579023

Puc. 3. [IpeoOpazoBaHHbIil HAOOP UCXOAHBIX JTAHHBIX

VHTYUTUBHO MOHATHO, YTO MUHHMAJbHOHN, HEAECTUMON enu-
HUIIEH Ha OCHOBAHUU KOTOPOH BO3MOKHO NPOBOIUTH aHAJIU3 CETH
aBisieTcd y3en. [IpoepuM gaHHoe yTBep:KJeHHE, AJIs ATOTO pac-
CUNTAEM 3HAUCHUSI COOCTBEHHBIX YMCEN JUIsl BCEH CETH METOJIOM
Sxo6wm, coctosmeit u3 1000 y3:10B, TTOCIIE Yero KOJIMYECTBO Y3II0B
OyzeM yMeHbIIaTh (puc. 4).

ColcTBeHHbIE 3HAYCHHS

Komriectso
Y3I10B o) ho 8 a ks Xs A s

1000 1,01515738 1,01151983 1,00256482 1,00155117 1,00097960 0,99589212 0,99115821 0,98117688
500 1,01956275 1,01095641 1,00830005 1,00482905 0,99859939 0,99218447 0,98627376 0,97929411
250 1,02197723 1,01804036 1,01454193 1,00165767 0,99869010 0,99179981 0,97971797 0,97357493
125 1,03870881 1,02794556 1,00775241  0,99565215 0,99385755 0,98846637 0,98201448 0,96560267
60 1,04386826 1,04095616 1,03066595 1,01669371 0,98420282 0,97305489 0,96782201 0,94273621
30 1,07658547 1,04007194 1,03076596 1,00806584 0,99904532 0,97034943 0,96756928 0,90754677
10 1,10817440 1,09233498 1,06549941 1,03811363 0,98359216 0,95402975 0,90146024 0,85679544
5 1,24573241 1,09525801 1,05302551 1,01668595 0,96986452 0,92810927 0,89642745 0,79489688
1,54599610 1,29327864 1,04286535 1,01368010 0,89618208 0,80417191 0,78405374 0,61977208

Puc. 4. 3nayenuss COOCTBEHHbIX YHCEN YISl OTAEIBHOTO
YHCIIA Y3II0B CeTH

JlanHble pucyHKa 4 MOKa3bIBAIOT TCHICHIIMIO H3MEHEHHUS CO0-
CTBEHHBIX YHCEJI, JJIsl YA00CTBA U MPOCTOTHI BHIYMUCICHUH KOJIH-
YECTBO Y3JI0B CETH B HCXO/IHOM (haiisie JaHHBIX M0CIIEI0BATEIbHO
YMEHBIIIAJIOCh JI0 HE0OXOAMMOTO YHKCIIa Y3JI0B ¢ KOHIIa. B mocen-
HEl CTPOKE pUCYHKa MMOKAa3aHbBI MOKA3aTeIl COOCTBEHHBIX YUCEI
JUTS y371a HoMmep oauH. Kak BUIHO U3 TaOJHIIbL, TS TOTHOTO KO-
JIMYECTBA Y3JI0B, COOCTBEHHbIC YKCIIA IPYIIUPYIOTCS BO3JIE ¢TU-
HHIBI, MaKCHMaJdbHOE aOCONIOTHOE OTKIOHEHHE COCTaBJISET
0,0189. Cocrostnue, korjga COOCTBEHHBIE YHCIA HAaXOASTCS B
OKPECTHOCTSX €AMHUIIbI, MOXKET CBUAETEIILCTBOBATH O TOM, YTO
cucreMa (HaOmromaemMblii 00BEKT) HAXOAUTCS B YCTaHOBICHHOM

(HOpMaTbHOM) peKUME Pa0OTHI, BCe KOMIOHEHTHI COaTaHCUPO-
BaHBI M OKA3bIBAIOT HA HETO PABHOMEPHOE BIUSHHE.

HeobxoauMo o0paTuTh BHMMAaHHE YTO PE3KOEC H3MEHEHHE
3HAYEHHH MEPBOro COOCTBEHHOI'0 YKCIa, KOTOPOE COOTBETCTBYET
MIEPBOH TJIABHOW KOMIIOHEHTE, KOTOpasi B CBOKO OouYepeilb B 0OJIb-
LIMHCTBE CITy4aeB OTBEYAET 3a 00Ilee COCTOSIHUE 00bEKTa POUC-
XOJIUT, KOT/Ia B UCCIICYEMOM 00bEeME TAaHHBIX OCTACTCS MOPSIKa
IIATH y370B. 3HaueHne B 5-10 y370B mpeamnonaraert, 9To eClid B
CeTH HEOOXOMMO OPTraHW30BaTh MOJICETH, TO MUHUMAIBHOE KO-
JIUYECTBO Y3IIOB B MOJICETH JOJDKHO OBITH YKa3aHHOTO MOPSIKA.

B kxadecTBe MOATBEPKACHUS MPEATIOIOKEHISI O TOM, YTO MHU-
HUMAaJIbHOW UCCIENYEMON €IMHULEH SIBISAETCS OTIENbHBIN y3€l
U3 PHCYHKa BUJIHO, 4TO 3HaudeHue A1~1,546, T.e. Haubombliee
cpea BceX COOCTBEHHBIX YHCEN M OTIMYACTCS OT A JUIA BCEH
cetu 6oree gweM Ha 50%.

[Tpumenus Gopmysy 16, onpenesum q0OII0 AUCIEPCHH, KOTO-
pasi BHOCHT KaK/1asi KOMIIOHEHTA ISl TOT'O JK€ KOJHUYECTBA y3JIOB,
PHUCYHOK 5.

Haxonnennas gucnepeus

Kosmuectso
ysnos m T2 1 T4 s Yo v i
1000 0,12689467 0,25333465 0,37865525  0,50384915 0,62897160 0,75345811 0,87735289 1
500 0,12744534 0,25381490 0,37985240  0,50545603 0,63028096 0,75430402 0,87758824 1
250 0,12774715 0,25500220 0,38181994  0,50702715 0,63186341 0,75583839 0,87830313 1
125 0,12983860 0,25833180 0,38430085 0,50875737 0,63298956 0,75654786 0,87929967 1
60 0,13048353 0,26060305 0,38943630 0,51652301 0,63954836 0,76118022 0,88215797 1
30 0,13457318 0,26458218 0,39342792  0,51943615 0,64431682 0,76561049 0,88655665 1
10 0,13852180 0,27506367 0,40825110  0,53801530 0,66096432 0,78021804 0,89290057 1
5 0,15571655 0,29262380 0,42425199  0,55133773 0,67257080 0,78858446 0,90063789 1

0,19324951 0,35490934 0,48526751  0,6119775210,72400028 0,82452177 0,92252849 1

Puc. 5. lona aqucnepcun, BHOCHMAs K10 KOMIIOHEHTE

Kak BHOHO M3 pHCYHKa 5, 9TO €CIIM HEOOXOIMMO IIPOBECTH
aHaJIn3 Kak BCEH CETH, TaK U BO3MOXKHBIX MOACETEH, TO JJIs 3TOTO
moTpe0yeTcs mecTh KOMITOHEHT, KOT/ia /I aHalli3a OJHOTO y371a
HEOOXOAMMO JIMILB ISTh INIABHBIX KOMIIOHEHT.

OTnpaBHON TOYKOW pellIeHHs 3a74a4Yll BBIIBICHHUS OCHOBHBIX
y37I0B, HA OCHOBAaHHUU KOTOPBIX MOKHO CYJUTb O COCTOSTHUU CETH
B IICTIOM, SIBJISICTCS TPUBEJCHUE BCEX Y3JI0B CETH B CIUHYIO CH-
cTeMy KoopauHat. Mcxons W3 TOro, YTO JaHHBIE 1O KaXIOMY
y3JIy HpPOCHUPYIOTCS B €IMHYIO CHCTEMY KOOpPIWHAT, TO IIEH-
TPAJIBHBIM y3JIOM, CHCTEMa KOOPIHHAT KOTOPOro OyJeT HUCIIOib-
30BaThCsl BO3MOYKHO BBIOpATh MPOU3BOJIBHBIN, HAIPUMED, Y3€ll ¢
HOMepoM 673.

JlaHHBIE IO BCEM y3J1aM CETH IMPUBOJATCS B CUCTEMY KOOPAU-
HaT, 00pa3yeMbIX BEKTOPaMH TJIaBHBIX KOMIIOHEHT JTOr0 y3ia,
CyMMapHasi HaKOIUIEHHAas JUCIEPCHUs KOTOpbIX MeHbIel 80%.
[lepBbie 10 cTPOK MCXOAHBIX JAHHBIX TOTO y37a MPEACTaBICHBI
Ha pucyHke 3. [Tocie mpoBeneHust HEOOXOIMMON HOPMATHU3AIINN
JTAaHHBIX ObLIA TOCTPOEHA KOBAPHALMOHHAS MAaTPHUIA, PUCYHOK 6.

1 0,020186999 0,215659667 0,005216701 0,16641278 -0,027698046 0,097567082 -0,124388438
0,020186999 1 0,147375407 0,012800509 -0,08810489 0,016134074 -0,030819929 0,159325969
0,215659667 0,147375407 1 0,139854267 -0,05672398  -0,2035041 0,001636553 -0,026363421
0,005216701 0,012800509 0,139854267 1 -0,06738114 -0,072700617 0,053723683 0,076145703
0,166412781 -0,08810489 -0,05672398 -0,06738114 0,050293945 -0,055932356 -0,049188585

-

-0,027698046 0,016134074 -0,2035041 -0,07270062 0,05029395 1 -0,13730885 -0,105830049
0,097567082 -0,03081993 0,001636553 0,053723683 -0,05593236 -0,13730885 1 -0,062275908
-0,124388438 0,159325969 -0,02636342 0,076145703 -0,04918858 -0,105830049 -0,062275908 1

Puc. 6. KoBapuanuonnas MaTpuia A1 JaHHBIX y31a 673
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PesynbpraToM npuMeHeHHs MeToja BpamieHus Slkobu craia
BEKTOpHAs] MaTPHIA TJIABHBIX KOMIIOHEHT M COOTBETCTBYIOIINX
UM COOCTBEHHBIX umceln (puc. 7). 3HadeHnEe TepBOTO COOCTBEH-
HOI'0 YHCJIa COCTABISAET OKOJIO 1,436 4TO COIMOCTAaBMMO CO 3Haue-
HUEM JUIsl OJITHOTO y3Jia pucyHka 5. B nanpHeliniem anaiause OyayT
IIPUHUMATh Y4acTHe MEPBbIC MSTh INIABHBIX KOMIIOHEHT TaK Kak,
ucxos u3 popmyinsl 16, P(5)=72,47%, a P(6)=83,65%.

M A A Ae As As A As
1436217 1,318699 1,117207 0,976476 0,949344 0,893975 0,702838  0,605245
PC, PC, PG, PC, PCs PCs PC, PCq
0,283650 -0,581585 0,359056  0,783937 0,773897 0217771 0575311 -0,361009
0,284038 0,306611 0,518571 0,007876 0,085724 -0,264707 -0,417415 -0,267445
0,593803 -0,155312 0,293050  0,422280 0,394242 0,535905 -0,045077  0,626750
0,368230 0,124871 -0,144689  0,072327 -0,084200 -0,329912 -0,122729 -0,191233
-0,187999 -0,438575 0,323769 0282460 0,254236 -0,056370 -0,454662  0,171873
-0,481449 -0,020002 0,292932 -0,175857 -0,209708 -0,481234 0,209728 0425156
0,243955 -0,209087 -0,537332  0,197727 0,280911 -0,368184 -0,096182  0,305420
0,154982 0,539972 0,126445 -0,228089 -0,209030 -0,340804 0,466619  0,255306

Puc. 7. 'naBHbIE KOMIIOHEHTEI M COOCTBEHHBIE YUCIA

Jst Toro 9To OBl BECh UCXOIHBI MACCHUB JIAHHBIX PUBECTH B
CHCTEMY KOODAMHAT, ONPEICICHHYIO ISATHIO INIABHBIMH KOMIIO-
HEHTaMH y3na 673, HeoOXoanMo puMeHUTh hopmymy 17. Opar-
MEHT NPOEKIUH NCXOAHBIX TaHHBIX HA BBIYUCICHHYIO OCh KOOD-
JUHAT TIOKa3aH Ha PUCYHKeE §.

Texymee
noTpednenne
THOJI0CE! Buuestentast
JTipowanne  Koodpument nporyckHas
(kmTTep)  mOTEpH maketoB Pacxo dHepruH  cnocoGHOCTH
195,75513763 9464087202  -312,85336261  199,00852024  -57,04534555
62,34625078  388,92330789  -197,98195295  182,03110353 -297,58455915
135,32517183  1001,15923178  -478,17432203  461,97044852  -778,00847481
15431271075 130,18480787  -258,04146144 16334421551  -78,76945854
184,95765570  502,51764234  -417,95451332  352,67852787  -397,50734380
114,44648822  1108,60178745  -472,04885068  463,92019614  -850,81996652
3825188025  134,20627803  -89,85212631 68,02642894  -94,29626769
137,69003027  654,82428456  -383,12615404  339,80353119  -501,96315807
7046908506 504,91146533  -234,61614166  204,85690413  -368,68584684
79,02391433  1127,38971611 42500262266 439,76270316  -869,18167003
67,83885315 611,53145944 -263,47327995 248,42301609 -460,12488087

Homep Bpewmst
yerpoiictsa Pasmep naxera
673 647,65626808

673 1031,14835499
673 2603,79611314
673 638,95535647
673 1561,38168432
673 2806,46031876
673 392,22134785
673 1809,14818815

TpOTyCKaHHs
nepezatn cembio

207,41977948  577,39173668
142,22845725  649,09171819
327.21504917  1607,88225606
189,62653939  532,55783178
250,68445016  1069,10570688
349,24608604  1705,93748488
75,61992013  266,66096556
265,18615939  1166,99647171
673 1318,67665917  202,56625009  828,98783919
673 2769,83574142  318,14679907  1647,16492659
673 1558,06648376 210,40246316 956,70509197

3anepikka

Puc. 8. HpOGKHI/ISI HCXOOHBIX JaHHBIX HAa OCh KOOpAWHAT

Jltst KayKAO0To yCTpOICTBa, BCE PE3yIbTaThl M3MEPEHUI ObLTH
NpUBEACHBI K OJHOM, eIMHON cucreMe KoopauHar. Ha cienyro-
mieM dTare paboTel HEOOXO0AUMO CPaBHUATH MEXKITY cCO00it Bce pe-
3yJIbTaThl U3MEPEHUH Al BceX y3noB. Kak MOXHO mpeamnoso-
KWUTh U3 PUCYHKA § BCE y3JIbI UMEIOT OJIHH U T€ K€ MapaMeTpsbl
n3Mepenunii. Habop 3HaueHuiA mapaMeTpoB XapaKTEPUCTHK IPE-
cTaBisieT co0oi BeKTop n3MepeHuit. i kaxxaoro ysina, B mpeoo-
pa3oBaHHOM HaboOpe JaHHBIX, ONPE/IEICHO KOHEYHOE YHCIIO BEK-
TOPOB U3MEPEHUH, TaHHOE YHCIIO0 He 00513aTeNIbHO OJMHAKOBO IS
Bcex y37oB. [Ipemmaraercst A7st KaykI0ro y3jia CpaBHUTH BCE BEK-
TOpa MEXIy co00H, MpUMEHNB (HOPMYITy KOCHHYCHOTO CXO/CTBA
BEKTOpOB 18, 1 onpenennuTs cpeaHee 3Ha4eHUE, MOCIIE Yero mpo-
BECTH CPaBHEHMS BCEX Y3JIOB [0 IaHHOMY Mapamerpy.

m

vV, 'V
B (R

similarity = cos(GV]v2 )= " _ io1

Al S Sy

. (18)

IZie M — KOJIMYECTBO IPU3HAKOB.
Uexops u3 Toro, uro cos(9, , ) =cos(6, , ) To ms kaxkmoro

y371a He0OXO0AMMO BHIIOIHUTE d%/2 Beraucnenuii, tae d — obmee
KOJIMYECTBO M3MEPEHHUil mapameTpoB. J[Jist Kaxmaoro ysia ObLIO
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BBIUUCIIEHO CpEJIHEe 3Hau€HUe KOCHHYCHOW Mepsl. Ilpumep pe-
3yJIBTaT BHIYMCICHNH MTPHUBE/ICH Ha PHCYHKE 9.

Cpennee
3Ha4YCHNE
Howmep KOCHHYCHOM
YCTpOHCTBa Mepbl

801 0,98721034
802 0,97432007
803 0,98312494
804 0,97784903
805 0,98045300
806 0,97492513
807 0,98509959
808 0,97993083
809 0,98281890
810 0,99007105
811 0,98575108

Puc. 9. Cpennee 3HaueHHE KOCUHYCHON MEpbI

B pesynbprate npon3BeieHHBIX BEIYHCIEHNH OBLIH MOy YeHb!
CpelIHHe 3HaYeHUsI KOCUHYCHOTO CXOJICTBA I OJJHOM THICSIUHM y3-
JI0B, U3 KOTOPBIX COCTOUT ceTh. [lomydeHHble 3HaYeHUS OBLIH OT-
COPTUPOBAHBI OT HAHMEHBIIEr0 3HAUEHHs K HaHOOJbIIEMY,
HanMeHbIIIee 3HaUeHNe Ui y3ma 328, cos(6,,,) = 0,96770448, a

HauOonbLIee 3HaueHue y y3na 128, cos(0,,,) = 0,99405340, npu

9TOM Pa3HOCTh MEXIY HAHOOIBIITUM M HANMEHBIITUM COCTABIISET
0,02634892.

[Mepen rpynmupoBaHreM y3II0B 110 KOCHHYCHOM Mepe Heo0X0-
JUMO ONPEACTHUTHCSA C pa3MEepoM Inara (€IHHUIECH IIKaIbl TPYyTI-
nupoBkn). Mcxoas u3 Toro, yro obuiee konuuecTo y3iaos 1000,
a pa3HUIa MKy MaKCUMaJIbHbIM 1 MUHUMAJIbHBIM 3HaUEHHEM C
OKpYIJICHHEM BBEPX 0 ThICSUHBIX Jojiel coctasisier 0,027, To
npejiaraercs caenats 27 rpynm ¢ maroM B 0,001.

Ha pucynke 10 mokxa3aHbl IepBbIe U MTOCTICIHUE JICMEHTHI, U
W3 PUCYHKA BUIHO, YTO JIOTHYHEE CICNATh TAKOW IIAT TPH dTOM
Ha4JaJIOM IIKaJbl siBisieTcs 3Hadenue 0,967, a xonmom 0,995.

Cpennee
3HaYCHUE
Howmep KOCHHYCHOM
ycTpoiicTBa Mepbl

328 0,96770448
3 0,96794153
718 0,96832010
925 0,96850278
642 0,96923048
426 0,97093095
388 0,99111938
201 0,99133502
423 0,99150896
302 0,99171808
427 0,99186367
232 0,99210057
123 0,99285099
557 0,99289872
128 0,99405340

Puc. 10. [1epBbie 1 mOCIIEIHNAE SITEMEHTHI

JIist KaXk10T0 HHTEPBAJIA, NCXO/IS N3 TIPaBUIIa BXOXK/ICHNUS, BE-
JMYMHA Y371 IOJDKHA OBITH OOJbIIIE WIIM paBHA HIKHEW IpaHuIle




CBA3b

WHTEpBaJa M MEHBIIE BEpPXHEH TI'paHMIBI, OBUIO OIPEAEIeHO
YHCIIO Y3JI0B, B HETO BXOJSIINX M BBIYUCICHO CPEHEEe 3HAUCHUE
KOCUHYCHOH MepbI (puc. 11), 3HaYeHHe KOCHHYCHON MEpHI 110 ThI-
CSIYHOM OTIpeIeNsieT HIKHIOK TPaHHIy HHTEpBaJIa.

CpenHee 3HaUCHUE
KOCHHYCHOI MepBbl

Cpe}:u—iee 3HA4YCHUC

KommuecTtBo y3m0B  KOCcHHYCHOH Mepsl ~ KommdecTBo y3moB

0,96782300 2 0,98150301 83
0,96841144 2 0,98251969 83
0,96923048 1 0,98351677 110
0,97093095 1 0,98447368 106
0,97178858 4 0,98548564 91
0,97260650 8 0,98652883 84
0,97347907 5 0,98753673 64
0,97458801 12 0,98848695 36
0,97546248 11 0,98936909 36
0,97647792 23 0,99039634 15
0,97745488 28 0,99150902 5
0,97856107 47 0,99261676 3
0,97951127 76 0,99405340 1
0,98043250 63

Puc. 11. KonuuecTBo y3510B, BXOJSIIMX B KOK/IbI HHTEPBAI

W3 Tabauibl BUAHO, YTO HA HAYAIBHBIX JEJIEHUSIX IIKAJIbI, KO-
JIMYECTBO Y3JIOB, BXOSIIUX B KOK/BIH TUANAa30H, MEUICHHO BO3-
pacraet, no auanaszona [0,975;0,976]. Hauunas ¢ nenenus 0,977
MPOUCXOMUT pe3Kkuid pocT. HecMoTpss Ha TO, 94TO B JHaIia3oHE
[0,980;0,981] mpoucxoauT HEOOMBIION CIa KOIUYECTBA Y3JIOB
Ha JIeJICHHE, CBOET0 IIMKAa OHO JOCTHraeT B JHalla30He
[0,983;0,984] — 110 y3moB, mociie 4ero WAET craj KOINIecTBa y3-
JIOB Ha JWAma30H. YTOJI crajaa Ooblie, YeM yrojl BO3pacTaHUs,
€CJIH JIA TOTO YTOOBI JoCTHYh MakcumyMma B 110 y3moB Ha qua-
Ma30H NOTPeOoBaIOCh 16 Mama3oHoB, TO IS TOTO YTO yIacTh CO
110 y3moB 10 omgHOro y3ma tpebdyercs 10 auama3onoB. ['paduk
MOBEICHUS TTOKa3aH Ha pUCyHKe 12.

Puc. 12. Pacnpenenenue KojauuecTBa y3J0B [0 JUarna3oHam

Bremnmii Buzx rpaduka roBopuT 0 TOM, 4TO €ro (opma 1 mo-
BeJICHHE OYCHb HANlOMHHACT Tpaduk HOPMAIBHOTO pacrpesese-
HUSI C OTpHLaTeIbHON acuMmerpueil. [Iponssenem pacuer Koag-
(unrenTa acHMMETPHH AJIs BCEX CPETHUX 3HAYCHUH KOCHHYCHON
MepHI cienyromeit popmye:

2(’9 _X_)

IICT3

As =-0,50612940 .

B ToM ciyvae, eciii Ipu BBIYUCICHHH KOAPPUIIHCHTA aCuM-
METPHHU JJIsl PACHIPE/ICIICHHS JAHHBIX 3HAUYEHUE MEHbIIIE HYJISI, TO
3HAYUT B JAHHOM PACIPECICHIH KOJMYECTBO 3HAUYCHUMH, KOTO-
pble HAXOJSITCS CIIPaBa OT CPEJIHEro OOJIbIIIE KOINYECTBa TeX, KO-
TOpbIE HAXOMATCS ciieBa. BenuunHa cpeiHero apupmMeTHuecKoro
3HA4YCHUSI KOCHHYCHOTO cxojacTBa coctaBisieT 0,98309649, nmpu
9TOM KOJHMYECTBO DJIEMEHTOB cjieBa paBHO 458, a crmpaBa 542.
MOKHO TPEANOI0KUTh, YTO MPU (PYHKIIMOHUPOBAHUU CETH OC-
HOBHAasg Harpyska 1o nepeaadc AaHHBIX MPUXOAUTCS Ha Y3JIbl U3
nuanazona [0,975;0,991]. LlentpanbHble Y31bl IS Kaxaou
CIMHUIIBI IKAJIBl aHAJTI3a MOJKHO BBIICIIUTE M3 PUCYHKA 13.

Cpennee Cpennee
3HayeHHE AbcommotHoe 3HayeHHe AbcommoTHoe
Howmep KOCHHYCHOH  OTKIOHEHHE OT Howmep KOCHHYCHOH  OTKIOHEHHE OT
ycrpoiicTsa MephI CpeJIHEro ycrpoiicTa Mephl CpeJIHero

328 0967704477 0,00011853 903  0,981490965 0,00001204
3 0,967941529 0,00011853 462  0,982518104 0,00000158
718 0,968320102 0,00009134 28 0,983515872 0,00000089
925  0,968502781 0,00009134 846 0,98446717 0,00000651
642 0,969230478 0,96923048 401  0,985483941 0,00000170
426 0,970930946 0,97093095 688  0,986528925 0,00000009
116 0,971762175 0,00002640 861 0987544774 0,00000804
71 0,972495222 0,00011128 761 0,988481565 0,00000539
442 0,973407755 0,00007131 633 0,989360422 0,00000867
486  0,974556267 0,00003175 637  0,990393537 0,00000280
535  0,975453306 0,00000918 423 0,991508956 0,00000006
417 0,976488365 0,00001045 232 0,992100569 0,00051619
413 0,977460746 0,00000586 123 0,992850992 0,00023423
726 0,97856507 0,00000400 557  0,992898725 0,00028196
967  0,979510805 0,00000047 128 0,9940534 0,99405340

269  0,980447248 0,00001474

Puc. 13. OcHOBHBIE y3IIBI CETH

V3751, IpeAcTaBIeHHRIC B Tabnwie 13 MMeoT MUHUMATBHON
a0CONIOTHOE OTKJIOHEHHWE OT CPEJHETO 3HAUYCHUS B CBOMX TOA-
rpymmax, npudem y3isl [328;3], [718;925], [642], [426] — oTHO-
CATCS K IEPBBIM YETHIPEM MOATPYTIaM, a [269] k mocnenHei moa-
rpymIe, B OCTAIBHBIX MOATPYIIAX COACPKUTCI MHHUMAIBHO
IATH Y3J10B, 3a UCKJIFOYCHUEM NNOATPYIIT B KOTOPBIX HCHTPAJIbHbIC
y3ib1 116 u 123, Kak BugHO U3 TaOIUIBl a0COTFOTHOE OTKIIOHE-
HUE OT CPEJHEro 3HAa4YeHHs JUISi OCTAJbHBIX Y3JIOB COCTaBIISICT
makcumym 10, Ecnm yuects, uto penenue mxanst 0,001, To mo-
TPENIHOCTh M3MEPEHHsI COCTABISIET ITOJIOBUHY MHHHUMAaJIbLHOW
wkaisl, T.€. 0,0005. Otknonenus y3na 71 ¢ pesyasrarom 0,00011
BITOJTHE YKJIAIBIBACTCS B OMIMOKY M3MEPEHUs, TakkKe KaK M IeH-
TpampHBI y3enm 123 pmamasona [0,992;0,993] ¢ ommOkoi
0,00023, oObeaMHSIONINNA TPYIIY U3 TPEX Y3IIOB. Y3IbI, Tpea-
CTaBJICHHBIC B TabNuUIe 13 MOXHO pacCMaTpHUBaTh KaK ICHTPAb-
HBIC Y376 B IENAX aHaiu3a CeTH. MOXKHO MPEAINONOKHUTh, Y4TO
JaHHAS KOH(PHUTYpanus 1 3HAYCHHUE Y3II0B COOTBETCTBYIOT CUTYya-
yH, Korjga C€Tb HaXOAUTCA B HOPMAJIbHOM, pa60qu COCTOsSIHUH,
0e3 neperpy3oK 1 aHOMalIHii, TaK KaK STOMY COOTBETCTBYET BEIH-
YrHa I''TaBHbIX KOMIIOHCHT PUCYHOK 4.

OCHOBHBIM PE3YJITATOM BBIIOJHEHHOH PabOThl MOXKHO CUH-
TaTh, YTO JUISl aHAJIHM3a COCTOSIHUSI CETH OBUTH BBIZEICHBI Y3JIbI C
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IIOMOIIIBO METO1A I'NITAaBHBIX KOMITIOHCHT. IIaHHBIﬁ METO xapaKTe-
pHU3yeTCsl COKpalleHHEeM pPa3MEpPHOCTH JaHHBIX JJIsl aHalIu3a, B
HalleM Cily4ae COCTOsIHUE CeTH onpezensercs 31 y3710M U3 oJIHOM
TBICSYU.

Jis peanmm3aniy MOCTaBICHHON 3a/1a4i OBLITH BBIICICHBI Op-
TOTOHAJbHBIC HATPABICHUS W3MCHEHHUS [AHHBIX, IPOW3BEICHA
MIPOEKIIMS BCEH COBOKYITHOCTH JAHHBIX Ha 3TH HATIPABIICHHUS, C T10-
MOIIIBIO MEPbI KOCHHYCHOT'O CXOZCTBA POU3BEICHO 00BEMHEHUE
Y3JI0B U BBISBJICHBI [ICHTPAJIGHBIC y3JIbl, aHAJIN3 COCTOSHUN KOTO-
PBIX TTO3BOJISIET OMPEACIIUTH TIOBEACHUE CETH B 11esioM [ 12-19].

Jlutepartypa

1. Ausazan A.C., byxwmabep B.M., Enwoxos U.C., Mewanxun J1./].
Mpuxnanuas craructuka: Kiaccudukanms U CHIKEHHE Pa3MEPHOCTH.
M.: dunancel 1 cratucTuka, 1989. 609 c.

2. Mapkosa C.B. AHanu3 HaHHBIX Ha sA3bIKE R (C MpakTHKyMOM):
VYuebnuk. M.: UznarensctBo "KnoPyc", 2023. 218 c. (bakanaBpuar).
ISBN 978-5-406-10865-9. EDN BXJBWF

3. Kpusonanos C.A. Beenenue B aHamu3 qaHHBIX. [IOMCK CTPYKTYphI
JTAHHBIX C IPHMEHEHHeM si3bika Python: yuebnoe nocobue. M.: HayuHo-
n3parenbekuit nentp MHOPA-M, 2024. 177 c. ISBN 978-5-16-019001-3.
DOI 10.12737/2082643. EDN ZMJBEO

4. Kysomenxo A.A., Jleonos FO.A., Mapmvinenko A.A. u nap.
BBenenue B ananu3 nanueix B cpene Python. Kypek: YauBepcuterckas
kHura, 2024. 125 c. ISBN 978-5-907857-52-0. EDN PBTQKJ

5. Kosvipes  C.B., Ilonanyesa K.A. KOMIUICKCHBIH aHaMW3 H
CpaBHEHHE MEPEOBBIX aITOPUTMOB Ie()EKTOBKU JJOPOKHOTO MOKPHITHS
C HMCIOJIL30BAaHUEM PA3JIMUHBIX cHUcTeM cOopa JaHHBIX // VHKeHepHbIH
BecTHHK JloHa. 2024. Ne 11(119). C. 72-116. EDN JHKKTB

6. lonanyesa K.A. PazpaboTka anropuTMOB HAKOIUICHUS JaHHBIX
HOCPEJICTBOM CTepeonapbl U ACTEKTHPOBAHUS JIe(PEKTOB JTOPOKHOTO
nonotHa // CoBpeMeHHBIe HaykoeMmkue TexHosoruu. 2022, Ne 5-1. C.
107-112. DOI 10.17513/snt.39156. EDN EDAZTV

7. apwunyesa JI.C., [lapuwunyes A.A. MHOTOMEpHBIH aHAIH3
naHHBIX Ha Python: yueOnuk. M.: Uznarenscto "KHOPyc", 2024. 130 c.
ISBN 978-5-406-12606-6. EDN JOPYQS

8. LJapvkoea E.I'. InTemiekTyanbHblll aHain3 AaHHbIX. M.: 3HaHUe-
M, 2024. 144 c. ISBN 978-5-00187-862-9. DOI 10.38006/00187-862-
9.2024.1.144. EDN CEPBUD

9. Usanos C.A., Koamoeoposa C.C. VIHTenneKTyalbHbBIH aHAIN3
JTAaHHBIX: TEOPETUYECKNE U MPAKTUIECKHE aCTIeKThl NpuMeHeHns. CaHKT-

CB43b

TerepOypr: Penome, 2024. 142 c. ISBN 978-5-00256-023-3. DOI
10.25990/spbgltu.e567-2739. EDN BOZUEK

10. I'aoacun /.B., I1lseoos A.B. [IpumeneHne TpaHCIOPTHOI 3a1aun
JUIst 6aNaHCUPOBKHU HATPY3KHU B YCIOBHUSIX HEYETKOCTH HCXO/IHBIX JIAaHHBIX
// T-Comm: TenekommyHuKanuu u Tpancniopt. 2024. T. 18, Ne 1. C. 13-20.
DOI 10.36724/2072-8735-2024-18-1-13-20. EDN WKNPIX

11. ToT Network Traffic Dataset DnekTpoHHbIi pecype. Pesxim poctyma:
https://www.kaggle.com/datasets/programmer3/iot-network-traftic-dataset

12. I'aoacun J{.B. TloctpoeHne OMHAPHOTO JAepeBa MHUHUMAIBHOIL
nensl / T-Comm: Tenexkommynukauu u Tpancropt. 2024. T. 18, Ne 11.
C. 38-44.DOI 10.36724/2072-8735-2024-18-11-38-44. EDN GMCEWG

13. I'aoacun JI.B., Illgeoos A.B., Kysun H.A. TpexmepHas
PEKOHCTPYKIHH 00BEKTA 10 OJHOMY H300pa’KCHUIO C UCIIOTB30BAHIEM
rryOOKHX  CBEPTOYHBIX  HeWpoHHBIX — cereir  //  T-Comm:
Tenexommynukanuu u Tpancmopt. 2022, T. 16, Ne 7. C. 29-35. DOIL
10.36724/2072-8735-2022-16-7-29-35. EDN YTLCNW

14. Tapacosa HA., Cumonosa no., Cumonos A.B.
DKOHOMETPUYECKHUI aHaNn3 JaHHbIX: Y4yeOHOe mocobue. Bonrorpan:
Bonrorpazckuii rocyrapcTBeHHBIH TeXHIUYeCKHil yHuBepcuteT, 2023. 96 c.
ISBN 978-5-9948-4709-1. EDN ALTGJI

15. Mxumapsan B.C., luwos B.®., Hckopxun /I.B., Koznos A.1O.
BeposTHOCTHO-CTaTHCTHYECKHI aHAIN3 JAHHBIX C HCHOJIB30BaHHeM MS
Excel. M.: UzmarensctBo "KYPC", 2023. 360 c. (DxoHOMHKa H
JKOHOMHYeckre Hayku;, Yactb 1; BeposTHOCTHBIE MeTOIpl aHaM3a
nanubix). ISBN 978-5-907535-92-3. EDN HXIJIEI

16. Ilonomapesa JI.A., I'onocos I1.E., Mocsieua A.b. v np. Ananus
JAHHBIX B IPUHATUH yIpaBleHdeckux pemrenuit. M.: Ontollpunr, 2021.
183 c. ISBN 978-5-00121-379-6. EDN BRCMFY

17. Bapramos O.B. OpraHuzanysi 0JHOYACTOTHBIX CETEH HUPPOBOTO
pamuoBemanust  crapmapra DRM. OcoOGeHHOCTH H  pe3ylIbTaThl
npaktndeckux ucnbitanuii  /  T-Comm: TenekoMMyHHKanuu U
tpancnopt. 2018. Tom 12. Nell. C. 4-20. EDN: YONCWT

18. Bapramos  O.B., Bapramos B.O., Jloneonsmosa A.B.
MexyHaposHas cetb DRM Beranust aist co3ianust ”HGOPMAIXOHHOTO
nonst B Apkruke // T-Comm: TenekomMMmyHuKkamuu u Tpancmopt. 2019.
Tom 13. Ne9. C. 9-16. EDN: CHEXOK

19. 3axapuenko  P.U., Kopones HUJ]. Metoguka OLEHKH
YCTOHYHBOCTH (YHKIIMOHHPOBAHUS 00BEKTOB KPUTHYECKON
uH(OPMAIIMOHHOI HHPPACTPYKTYPHI (yHKIMOHUPYIOIIEH B

kubepripocTpanctBe // HaykoeMKHe TEXHOJOTMM B KOCMHYECKHX
ucciaenoanusax 3emiau. 2018. T. 10. Ne 2. C. 52-61. doi 10.24411/2409-
5419-2018-10041. EDN: XNRISL

A WAY TO IDENTIFY THE MAIN NODES OF A NETWORK FOR ANALYZING ITS STATE

Denis V. Gadasin, Moscow Technical University of Communication and Informatics, Moscow, Russia, dengadiplom@mail.ru

Abstract

Wireless sensor network technologies can be attributed to technologies that can be used to remotely control an object. For most sys-
tems, the critical control parameter is the response time to emerging events. The reaction time includes not only the time allotted for
making a decision based on the analysis of the received data, but also the delay time for transmitting this data from the event location
to the decision maker. Based on the fact that the main property of sensor networks is distribution, the decision maker must have com-
plete data from all control points of the system. The number of nodes in sensor systems can reach several thousand, and the time for
data transmission and processing can exceed the real time. The paper considers a method for allocating network nodes, the state of
which corresponds to a certain state of the system, which should reduce the decision-making time. The nodes are determined based
on the analysis of the data processing parameters passing through the nodes. After reducing the data to a tabular structure, they are
normalized and a covariance matrix is constructed. For the covariance matrix, the eigenvalues are calculated, based on which the eigen-
vectors are calculated, which are taken as an orthonormal basis. The entire data array is projected onto the base. Using the cosine sim-
ilarity measure to compare the parameters, the average value is determined. The ranking of values allows you to calculate the ranking
scale and select node groups for each division of the scale. A central node is defined in each group. The set of central nodes of all groups

is taken as nodes that correspond to a given network state.
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CucreMbl MHOTrOCTaHLMOHHOIO JOCTyna C pasjeneHueM nosnb3osatenei no mowHoctu (Power
Domain Non-Orthogonal Multiple Access = PD-NOMA) otHocatca Kk uucny HaubGonee
NepcneKTUBHLIX TEXHONOrUi GecrnpoBOAHOM CBA3M, MO3BONAIOLIMX 3HAYMTENBHO YBENUYUTbL
3¢ PeKTUBHOCTL MCNONb30BAHUA OFpPaHUYEHHOro pajuoyvacToTHoro cnekTtpa. Kniouesas
ocobeHHocTb PD-NOMA 3akniouaercs B TOM, YTO HECKOMNbLKO Mofb3oBarenedi OAHOBPEMEHHO
MCMONb3ylOT OAMH U TOT K€ YaCTOTHO-BPEMEHHOM pecypc, a MX CUrHajbl pasfensiorca B
MOLWHOCTHOW ob6nactu. [lnA KOpPpPEKTHOro npueMa Ha CTOpoHe abGOHEHTCKUX YCTPOMCTB
npuMeHsAeTca MeToJ NoCnefoBaTeNbHOro MUcKAloveHua noMex (Successive Interference
Cancellation, SIC), o6ecneumBaloLuit BO3MOXKHOCTb BOCCTAHOBJIEHUA MOJIE3HbIX AAHHBIX Aaxe
NPy HaIM4MK HANOXKEHHBIX CUTHAMNOB C Pa3HbIMU YPOBHAMU MOLLHOCTU. TaKkol NOAX0/ OTKpbIBaeT
NyTb K NOBbILUEHUIO NMPOMYCKHOM CNOCOGHOCTM U 06CnyKUBaHUIO GonbLuero 4Ynucna aGoHeHTOB No
CpPaBHEHMIO C OpTOrOHaNbHbIMM cxeMaMu AocTtyna. HecMoTpa Ha npeumyulectsa, cuctema PD-
NOMA umeer u cyujecTBeHHble HejocTaTKU. B peanbHbIX ycnoBuaAx pasnuyuma B XxapakTepucrmkax
KaHanos nonb3oBaTenei MoOryT nNpuBOAUTL K AucbGanaHcy pacnpejeneHus pecypcos.
Monb3oBatenu, HaxopgAwmeca Gnuxke K 6a3oBow cTaHuuMM M obGnapgaiowme 6Gonee BbICOKUM
Ka4yecTBOM KaHana, nony4aiot 6onbliyio 3¢pcpeKTMBHOCTb NMpPU MEHbLUMX 3Heprosarparax, Toraa
Kak aOOHEeHTbl ¢ ocnabNieHHbIMM KaHalaMU OKa3bIBalOTCA B HEGNAronpuATHOM MoNoXeHun. 1o
co3fjaeT PUCK AUCKPUMMHALMM M YXYALLEHUA KauvecTBa npepocTaBnseMbix ycnyr. B aaHHoi
paboTte paccMmaTpuBaloTCA MeTOAbl CMpaBeASIMBOrO pacrnpefefieHUa MOLLHOCTU MeXAay
nonbL30BaTeNAMU, KOTOpble MO3BONAIOT AOCTUYbL GanaHca Mexay MakcMMM3auuel CyMMapHO#M
NpONycKHOW CMOCOGHOCTM W paBHOMEPHbIM [OCTYNMOM K pecypcam ceTU. AHanusupyiorca
pasnuyHble KpUTEpUM CrnpaBeisIMBOCTH, BKNiovyaa uHaekc [hkeiHa, kodcddpuumeHT [kuHum,
NpoNoOpLUMOHaNbHYI0 U B3BeLLEHHYl0 cnpaBegnueocTb. MMokasaHo, kakuM o6pa3oM yKasaHHble
MeTPUKM MOTyT ObiTb MHTErpMpOBaHbl B 3ajavy OMTUMM3ALMM pacrpeAenieHUs MOLLHOCTU B
cucteMe PD-NOMA. B kayecTBe npuMepa npeAcCTaB/ieHO pelleHUe 3ajayu ONTUMU3auumA
pacnpejeneHna MOLLHOCTM C OrpaHM4YeHMeM no uHAeKkcy [hkedHa Ha OCHOBe MeTopaa
MHoXxuTene#n Jlarpanxka. [lony4yeHHble pesynbTatbl NoATBepXKAAOT 3P EKTUBHOCTL
pPaccMOTPEHHOro MNOAXOAa M [AEeMOHCTPUPYIOT BO3MOXHOCTb MOBLILIEHUA YCTOWYMBOCTH W
paBHonpaBeuAa B o6cnyxuBaHumu nonb3osatenei B cuctemax PD-NOMA.
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BBenenue

Cucrema CBSI3M HEOPTOTOHAIBHOTO MHO)KECTBEHHOTO JI0-
CTymna C pa3/ielieHHeM CUTHAJIOB Pa3IMYHBIX MOJIb30BATEICH MO
MotHOcTH PD-NOMA ofecrnieunBaeT JOCTYI HECKOIBKIX TOTh-
30BaTeneil kK cepBrcaM OSCIIPOBOAHOM CETH CBSA3U IPHU HCIIOIB30-
BaHMM MMH OJHOTO M TOTO K€ YaCTOTHO-BPEMEHHOI'O pecypca,
YIUIOTHSIA IO MOIITHOCTH CHUTHAJIBl Pa3HbIX MOJIb30BaTEICH B OJI-
HOM U TOM ke KaHaise [1-3]. B oTnuune ot TpaAuIIMOHHBIX OPTO-
TOHAJIbHBIX CXEM MHOKCCTBCHHOT'O AOCTYIIA, I'/I€ KaXJIOMY OT-
JISIbHOMY TI0JIb30BATEIIO BBIIENSETCS CBOM COOCTBEHHBIN OpTO-
TOHAJIbHBIN pecypc, B CHCTEME HEOPTOrOHAIBHOI'O MHOYKECTBEH-
Horo noctyna PD-NOMA MO0XHO yBEUYUTh CIIEKTPATIBHYIO 3(-
(DEeKTHBHOCTH BCEH CHCTEMBI CBSI3H 3a CUET MCIOJIB30BaHUS CPa3y
HECKOJIBKUMH TI0JIb30BATEISIMU  OOIMX HEOPTOTOHAIBHBIX Ka-
HaJIbHBIX PECYpPCOB.

PazBuTHe TexHOIOTNIE MOOMIIBHOI CBSI3M HA MPOTSKECHHUH T10-
CIIEIHUX JICCSATIWICTHH IEMOHCTPUPYET, UTO KaXK10€ HOBOE MOKO-
JICHUE CHCTEM CBSI3H ONMpaeTcs Ha Ooree THOKME U AP PEKTHBHEIC
METO/IbI UCTIOJIB30BaHMS PAANOYacTOTHOTO crnekTpa. Eciu B cu-
cremax 3G KIIF04YEBBIM HOBOBBEIECHHEM CTAJIO IIMPOKOIIOIOCHOE
KOJIOBOE pa3jielieHue CUTHAIOB I0JIb30BaTesei, a B cuctemax 4G
OBbUT OCYIIECTBJICH MEePEeX0 K TeXHOJOTHH OPTOrOHAJIBHOIO Ya-
crotHoro MmyunbetHiniekcupoBanuss OFDMA  (Orthogonal Fre-
quency Division Multiple Access), To B ceTsix SG 0HOI# U3 mep-
CHEKTUBHBIX TEXHOJIOTHI paccMaTpUBajach MMEHHO TEXHOJIOTHS
HEOPTOrOHAJILHOTO MHOXKecTBeHHOro jpoctyna NOMA (Non-
Orthogonal Multiple Access) [4]. B cucremax 6G mpenmomnara-
ercs emme Oonee riryookast naterpanust NOMA ¢ 1pyrumMu TeXHO-
JIOTHSMY, HAIpUMep, C TEXHOJIOTHSIMHU IIOJHOTO IyIUIeKCa, Ma-
IIMHHOTO O0YYEHHS U HCKYCCTBEHHOTO MHTEIUICKTA JUTS yIpaBiie-
HUs paguopecypcamu. McciaenoBanne BOIPOCOB CIIPABEIINBOTO
pacupeneneHus MomHOCTH B cucteMax PD-NOMA akTtyanpHO HE
TOJIBKO B TEOPETUYECKOM, HO M B NPHUKJIAAHOM Ir1aHe. OHO 103-
BOJISIET 3apaHee BbIPadOTAaTh KPUTEPUU ONTHUMH3ALUKM U CTpaTe-
THH, KOTOPBIC MOT'YT JICUb B OCHOBY 6y11yH_II/IX CHCTEM CBJI3HU.

B cucreme PD-NOMA 151 1o1b30BaTeei, HaxodsAInXcs Ha
Pa3IMUHBIX PACCTOSHUSAX OT 0A30BOM CTaHIMH, MOIIHOCTH TIepe-
JlaBaeMbIX CHUTHAJIOB HAa3HAYAIOTCS I10-Pa3HOMY: TEPMHHAIBI C
«CUJIBHBIMI) KaHaJaMH MOJIy4YaroT MEHBIIYI0 MOIIHOCTB, a abo-
HEHTBI, HaXOJSIIHeCs B MEHee OJIaroNnpHsATHBIX YCIOBHUSX CBSI3H
— 00JIBIIY0 MOIIHOCTB. IIpH 5TOM Ha CTOPOHE NPUEMHUKA ITPHU-
MEHsIETCS TPOLEAypa ITOCIEeI0BATEIBHOIO MOIABICHUS TTOMEX
(Successive Interference Cancellation, SIC), mo3Bosstomnias B
OOJIBIIMHCTBE ITPAKTHUECKH HCIIOIB3YEMbIX CIEHApHAX KOp-
PEKTHO IeMOTyTUPOBATh MOJIE3HBIN CUTHAT [5, 6].

[punnun padorst PD-NOMA cxemaTHdHO TOKa3aH Ha pHU-
cyake 1. basoas cranmusa (BC) mepenmaer cymeprno3unuio (Ju-
HEHHYI0 KOMOWHAIIMIO) CHUTHAJIOB HECKOJBKHX MOJIb30BATEINCH.
Curnajbl aboneHTckoro tepmunana 1 (AT1) nepenarorcs ¢ Mor-

HocTbio [),. Curnaiel aboHeHTcKoro Tepmutana 2 (AT2) nepena-

0TCsE ¢ MOIHOCTBIO [), . Ha nipremMHON CTOpPOHE MPOUCXOIUT 110~

JTAIHOE BBIIEICHUE COCTABISIONUX C HCHoJb30oBaHueM SIC-
nemonyisuuu [7, 8]. Takol momxod MO3BONAET JOCTHYL Oojee
BBICOKOH TPOMYCKHON CIIOCOOHOCTH CHCTEMBI CBSI3M, Y€M IPH
TPAJUIUOHHOM OPTOTOHAIBLHOM Pa3JIelIcCHUH PECYpPCOB, OJJHAKO
OJIHOBPEMEHHO CTaBUT 3aJauy KOPPEKTHOTO pachpe/ieieHus
MOIIIHOCTH MEKJIy MOJIb30BATEISIMH, YTO HAIPSMYIO CBS3aHO C
BompocaMu 3(h(heKTHBHOTO U CIIPABEUINBOTO PACIIPEICIICHUS pe-
CYpPCOB CHCTEMbI MEKTY MOJIB30BATEIISIMH.

AT2 —— (( ))
o

AT1

Puc. 1. Ilpunmmn pa6otsr cucremsl PD-NOMA

Curaai, nepeaBaeMeblil 0a30BOH CTaHIIUEH, SBISCTCS CyIIep-
MO3UIMEN CUTHAJIOB, PEHA3HAYCHHBIX JUI KaXKI0T0 M0JIb30Ba-
TEJS:

K
X=>"pb, -
k=1

rjae @, — KOMIUIEKCHBIH CHMBOJI KBaJIPATYPHOW aMILTUTYJHOM

MOJYJIALMM, [PEJHA3HAUEHHbIH Uit K-ro  mosb3oBaress,
k=1..K; P, — MOIIHOCTb CHTHaNa K-ro MOJIb30BaTels.

CurHai, npuHuMaeMblid K-M a00HEHTCKUM TEPMHUHAIIOM, OTIH-
CBIBACTCSI CICAYIOLUM BbIPAXKCHUEM:

Y =hx+73.

rjae hk — KOMIUICKCHBIA KO3(G(GUIMECHT Iepeaadn OecrpoBOI-

HOT'O KaHajia CBs3U MKy 0a30BOi cTaHmuei u K-M abOHEHTCKUM
TEPMHHAIIOM, 77, — KOMIUICKCHBIN aJITUTHBHBIN OCIbIi rayccoB-

CKHii IIyM Ha BXOJIe IIPUEMHHEKA K-ro aG0HEHTCKOro TepMHUHAJA C
HyJIEBBIM MATEMATHYECKUM OKHUJAHHEM M JUCIepCHel, paBHOI
2072,

[MoTeHuManbHas CKOPOCTh Iepeaaun uHdopMauu s K-ro
T0JI630BATEIISl 3BUCHT OT OTHOIICHHS CHTHAI/IIYM

h 2
P, = pi| A 2 (1)
o+ >, pilhy

j=Lj=k

U OrpaHUYUBaeTCs U3BeCTHBIM mpeaenoM lllennona [6, 7]:
R, =Blog, (1+ ;) )
rae B — muprHa Moockl 4acToT KaHala CBSI3H.

1 IlocTanoBka 3a1auM pacnpe/ejieHusi MOIIIHOCTH

Pacnipenienenne MOIHOCTH MEXIy MOJIb30BATENISIMH MOMKET
paccMmarpuBaThCsl Kak 3ajada ONTHMHU3AIMHN 110 ONPEIeICHHOMY
kputepHio. Cpeau U3BECTHBIX KPUTEPUEB MOKHO BBIACTHUTH CJe-
nyromume [9, 10]:

— MaKCHUMH3AIUs CYMMApPHOW MPOITYCKHOW CIIOCOOHOCTH CH-
CTCMEI CBSI3H;

— MaKCHMHM3alUsl OTHOIICHUSI CHTHAJ-IIIYM Ha BXOJC MPHUCM-
HHUKOB TI0JIb30BaTENCH;

— MUHHMU3AIHS CPEIHEH BEPOSTHOCTH OMIMOKH Ui BCEX
MOJIb30BATENEH UK yIOBJIETBOPEHUE HEKOTOPHIX 3aIaHHBIX Tpe-
OoBaHUI MO BEPOSITHOCTH OLIMOOK ISl KaXKJOTO OTACIBHOIO
MOJIb30BATEIS.

3ajauy ONTUMHU3ALKHN B OOIEM BHJ/IE MOXXHO TPEJCTABUTH B
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BH/JIC 3a/1a4l MaKCUMU3AIMHA HEKOTOPOTO MOKa3aTels d3PPEKTHB-
HOCTH pa0OThI CHCTEMBI CBSI3U M €€ MOYKHO OITUCATh CJICTYOIIIM
BBIPaKCHUCM:

max i M, (P), (3)
ell P

rie M, (P) — HEKOTOPBIA KIIH0UEBOH TOKa3aTesb dQHeKTUBHO-

CTHU IJIs1 k-ro I10JIB30BATCIIsA, C HUCIIOJIB30BAHUEM KOTOpOFO OCy'

HMICCTBIACTCA ONTUMU3alLUA, U 3aBHCﬂHIHI>i oT pacr[pez[eﬂeHI/Iﬂ

MOIITHOCTHU Me)KI[y pa3.]'H/I"IHI)IMI/I ITIOJB30BATCIIIMHA. TaKOG pacr[pe—
P

JACJICHUEC OIMUCBIBACTCSA BCKTOPOM rac, B CBOKO O4Ye-

P, ls
p=| 2

Py
peab, [J, — MOLIHOCTb Iepe/adn CUIHAIOB k-ro monp3oBarens,

k =1..K. Bo3moxusiit nabop Bexktopos P ompenensercs muo-
xectBoM II. Bes BBenenus orpannuenus Ha maokectso Il Bek-
tTopoB P, Hanpumep, npu 6ECKOHEYHOM YBEIMYEHUH MOUIHOCTH
JUTSL BCEX TIOJIb30BATEIICH MM JlaXKe JUIS HEKOTOPBIX MOJIb30BaTe-
JIel paccMaTpuBaeMasi ONTUMH3AIMOHHAs 3a/ada (3) He umeeT
npakTrudeckoro cMeicia. [Toaromy muoxkectso Il 1omkHO ObITH
00513aTeNFHO OTPaHUICHO.

3agaya (3) ontumuzanuu 3PpQEeKTHBHOCTH pabOThl CUCTEMbI
MOJKET OBITH 0000IIeHa CIIeAYIONIIM 00pa3oM:

ma"x(f (M, (P),M,(P),...M, (P))), 4)

Pe

rne () — mexoropas Gynkums. Jannas QyHKIMS MOXKET OBITH

Kak JIMHEWHOM, TaK U HeJIMHEHHOM.

[Tpu MakcuMu3aMK CyMMapHOW MPOIYCKHO# CIIOCOOHOCTH B
KauecTBe METPUKH HCIOJIb3YyEeTCsS CKOPOCTh Mepelaud JaHHbBIX
abonenrckoro repmunana M, (P) =R, (P).

B ocHoBe paccmaTpuBaeMOM 3a/aud ONTHMH3ALUH JIEKHUT
MIPOTUBOPEYHE MEX/y ABYMsI HECOBIAIAIOIINMH LEIISIMU:

1. Makcumm3anusi CyMMapHOW MPOIYCKHOW CHOCOOHOCTH
BCEH CHCTEMBI CBSI3M. DTO €CTECTBEHHOE CTPEMIICHHE Pa3padoT-
YHKOB CHCTEM M OIIEPATOPOB CETEH CBSA3M, MOCKOJIBKY MTO3BOJISET
o0ciTy’)kMBaTh OOJBIIE TONB30BaTENCH WK TepeaaBaTh OOJbIIe
JIAHHBIX.

2. CrpaBeTHBOCTh pacmperneneHns pecypcoB. C ToukH 3pe-
HUS KOHCUHBIX 0JIh30BATEIICH BaXKHO, YTOOBI TOCTYII K CEPBHCAM
6I)IJ'[ PaBHONPABHBIM U HE 3aBHUCEJI CJIMIIKOM CHJIBHO OT yCHOBI/Iﬁ
pacIpocTpaHeHUs] CUTHAJIOB WIIM OJIM30CTH K 0a30BOW CTAHIIWU.
[Ipu 3TOM Ba)XHO, YTOOBI KaX b TIOJIH30BATEIIb ITOJTYYHIT 00CITY-
YKMBaHHUE, KOTOpOe OBl €ro ycTpanBallo.

Paccmotpum nojpoGHee orpaHUYeHNs], HaKJIa/(bIBAEMbIC TIPH
pemieHny 3a1adu onTHMu3anuu (3), a TakKe OrpaHUYCHHS,
HaKJI1a/bIBaeMble Ha BeKTOp P MomiHOCTeH CHrHATIOB MMOJIB30Ba-
teneit [11]:

1. Orpannuenue mo cymMMapHOW MOITHOCTH. B peanmbHBIX
YCIIOBHSIX MEpeIaTuuK 0a30BOM CTAHIMU HE MOXET OCCKOHEUHO
YBEIMYHMBATH M3IIy4aeMyl0 MOIIHOCTh. [loaToMy BBOAMTCS yCito-
BHE, YTO CyMMa MOIIHOCTEH BCEX CHTHAJOB IOJb30BaTeleii He
MIPEBBIIIACT MAKCUMAJIBHO JIONMyCTUMOIO 3HAa4YEHUs. DTO OTpa-
XKaeT PU3NIEeCKre OrpaHuIeHNs] 000PYTOBAHUS, & TAK)KE BO3ZMOXK-
HbIE HOPMATHBHBIC OTPAHNYEHHS 10 YPOBHIO M3ITydeHHH. Takum
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00pa3om, IMEET MECTO CIIEYIOIIEe YCIOBHE:

K
z pk S Pmax H (5)

k=1
rae P — mMakcumanbHas 00uias MOIIHOCTh [EPE/Iaul CUTHATIOB
ans Beex nomb3osarteneit, Py, K=1...K, — MomuocTs nepenaun

curnana K -ro aBonenTckoro TepMuHaa.
Dopmyiy (5) MOKHO TIepenucaTh TakKe B BEKTOPHOM BHJIE:

1-P<P_, (6)

rre 1=[1

Beipakenust (5) u (6) ycraHaBIMBAIOT OrpaHUUSHUS] CyMMap-
HOW MOIIHOCTH U TEM CaMbIM SIBHO OIIPEJCIISIIOT BUI MHOKECTBA
II.

2. OrpaHuueHue 1o KauecTBy 00CIy)uBaHus. KaxbIil ojb-
30BaTelb JIOJDKEH MMETh MHHUMAJIBHO I'apaHTHPOBAHHYIO CKO-
POCTb Iepeaadn JaHHBIX. B IPOTHBHOM ciydae IJisi HEeTro HCTIOJb-
30BaHUE CHCTEMBI TEPSCT CMBICI. JTO OTPaHMUYCHUE TO3BOJISET
MIPEOTBPATUTE CUTYAIMH, KOT/Ia «CJIa0bIey IMOIb30BaTENN MOJ-
HOCTBIO «BBIOPACHIBAIOTCS» M3 CHCTEMBI PAIH YBEJIUYEHHS CyM-
MapHOW MPOIYCKHOW CIIOCOOHOCTH BCEH CHCTEMBI CBSI3H, YTO
MIPE/ICTABISIETCSl HECTIPABEAJIMBBIM U [OTOMY HEIPHEMIIEMBIM.
OrpaHuueHne Mo KayecTBY OOCITYKUBAHUS KaXKJOTO MOJIb30Ba-
TEJIsI BBIMJISLIUT CIICIYIONIUM 00pa3oM:

R.(P)>R™. ()

l] — BEKTOp-CTpoOKa pazmepa 1x K.

rie R (P) — ckopocTh mepesaun naHHBIX K-ro aGOHEHTCKOTo

min
TepMUHAJIA, OTpeseNsseMas COOTHOIIeHueM (2), Rk — MHHH-

MaJlbHO JIOIyCTUMas CKOPOCTb Iepelayud, YCTaHOBJIEHHAs JUIs
K-ro aGOHEHTCKOro TepMHHAA.

3. OrpaHnuyeHue MO OTHOIIEHUIO CUTHal-myMm. Jlaxke eciu
MOIIHOCTb BBIIETICHA, HO OTHOIIEHUE CUTHAI-IIYM HHUXKE MUHH-
MaJIbHO JOIyCTHUMOrO 3HAuU€HMs, TO YCHELIHas AEeMOIYJISIUU
curHana PD-NOMA B npueMHHKE CTAaHOBUTCS HEBO3MOXKHOIL.
OTO yCcI0BUE TECHO CBA3aHO C 0COOCHHOCTSIMU PAOOTHI M BOBMOXK-
HocTsiMu anroputMoB SIC. Takum 00pa3zoM, MOXKHO 3aIHCaTh 3TO
YCIIOBHE B CIICTyIOIIEM BH/IE:

P(P)2 P, ®)
rae p, (P) — oTHOUIEHME CHTHAN-IIYM I K-ro abOHEHTCKOro

TepPMHHAJA, OHpelenseMoe cooTHomenueM (1), O, . — MUHH-

MaJIbHO JIOITYCTUMOE OTHOIIEHHE CUTHAII-IITYM JIJIsI YCIICLIHOM Jie-
MOJIYJISILUK CUT'HANA B IPUEMHHUKE.

TakuM 00pa3zoM, 3a1a4a ONTUMU3AIMN PACTIPE/ICIICHHS MOIII-
HoctHu B cucteMe PD-NOMA npezcrasiseT coboil 3a1aqy MHO-
TOKPUTEPUATILHOW ONTUMH3ALUH, TJIe NPUXOJUTCS OarmaHCHpO-
BaTh MEX/Y Pa3IM4YHbIMU (haKTOpaMH, YTOObI HAUTH HAMITy4IlIee
pEIIICHHE C YYETOM BCEX OOCTOSITEIbCTB. BhIpaskeHus is Orpa-
HUYCHUS 10 Ka4ecTBY oOcmykuBaHus (7) U 10 KayecTBY 00CITy-
sxuBanust (8) HessBHO omnpeaesstor Bua MuokectBa Il, xoropoe
OTpaHWUYMBACT JOMYCTHMBIC 3HaYeHHs BekTopa P mpu perrennu
paccMaTpuBaeMbIX ONITUMHU3AIMOHHBIX 33134 (3) u (4).

[Tpu perieHny 3a1a4u ONTUMHU3ALMHA TOMUMO KPUTEPUEB OII-
TUMU3AWU, HYXHbI CHIC TaKXE aJrOpUTMbl OITUMU3ALNHU,
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KOTOPBIC YacTO CBOIATCS K MOUCKY IKCTpEeMyMa LelneBoil QyHK-
muu [12]. B kagecTBe puMepa BO3MOKHOTO MHOTOMOJIATEHOTO
XapakTepa 1e1eBoi GYHKIMHU paccMOTpUM (DYHKIIMIO MAaKCHMH-
3alUKl CYMMAapHOM MPOITYyCKHON CITIOCOOHOCTH CHCTEMBI.

2 3apaya MAKCHMM3ALMH CYMMAPHOIi PONYCKHOM
CMOCOOHOCTH CUCTEMBI CBSI3H

3anumeM neseByl0 (QyHKUIHMIO 33/1a4d MaKCHMH3ALUU CyM-
MapHO MPOIYCKHOU CIIOCOOHOCTH CUCTEMBI CBSI3H C YUETOM BbI-
paxenntit (1-3):

K K
= pp LRE= ma 3 Blos(lip)=
K 2
= max z Blog,| 1+ p';'hk'

1-P<P,

o o'+ Y plhS

j=lizk

Jlyis BU3yasM3aiuu JaHHOM 1eJIeBOM (PYHKIIUK TOCTPOUM Ipa-
(UK 3aBHCHMMOCTH CyMMapHOI IPOITyCKHOW CIIOCOOHOCTH CH-
CTEMBI CBSI3U ¢ JByMs moiib3oBatesivu ( K =2) ot pacnpenene-

P

Py
CyMmMapHasi POIyCKHasi CIIOCOOHOCTh B TAKOH CHCTEME CBSI3U

OyJeT paBHa:

R,(P)=R(P)+R,(P)=

2

p.|h|

2

o’ + p2|hl| o+, |h2

HMSL MOIIHOCTU MEXKAY OSTHUMH II0JIb30BATCIEIMH, P =

=Blog,| 1+

[Ipu 3TOM nIEHCTBYET OrpaHUYEHUE, ONIPENEISIEMOE YCIOBUEM
(6). Manee mns ympomieHNs BEIYUCICHAN (HO 0€3 CHIDKEHHS 00TI-
HOCTH PaCCMOTPEHMSI) CUUTAEM, UTO [10JI0CA YACTOT KaHasa CBA3U
paBHa enunuie, T.e. B=1. 'paduk 3aBucumocT cymmapHOi
HpoIycKHOM croco6nocth Ry (P) cucTeMBI CBA3M OT pachpesie-

J€HHs MOIIHOCTH MEXAY IBYMs I0Jb30BaTeIAMH I10Ka3aH Ha
pucyHKe 2.
Rsum(P1,P2), h1=0.8 , h2=0.2

0.8

0.6 06
e« g4 05
0.2 04
0.3
0.l
1 02
1

05 05 0.1

0

P2 0 o p’

Puc. 2. I'paduik 3aBHCUMOCTH CyMMapHO# POMYCKHOW CIIOCOOHOCTH
CHCTEMBI CBSA3M OT pacnpeenenns momuoctd npu K =2,

1.P<P_.P_=1,h=08 h=02 0°=0,5

max ?

um

[Tpn ¢ukcupoBaHHOM 001IEH MOITHOCTH (1 -P= Pmax) CHUT-
HaJIOB 00OMX TI0JIb30BATEINCH Ipaduk OyIeT MpeACTaBIsATh COO0H

cpes mamnoro 3D-rpaduka Bpoms mmmmu B +P, =P cm.
Puc.3. Ilpu stom P2 = F’mz1X - Pl , @ CyMMapHyI0 IMPOIYyCKHYIO
cocobrocts Ry (P) mMoxHO mpescraButh Kak 3aBHCHMOCTH

R2 (Pl) TOJIBKO OT OJIHOTO apTyMEHTA.

Rsum(P1) @ P2=Pmax-P1, h1=0.8 , h2=0.2

0 . I I I 1 1 . 1 1
0 0.1 02 03 04 05 06 07 08 09 1

Py

Puc. 3. I'paduk 3aBHCUMOCTH CyMMapHO# IPOIYCKHON CIIOCOOHOCTH
cucTeMbl cBs3U OT pacnpenenenus mommoctn R (F) npu

P+P,=P_ =1.h =08 h =02, 06%=0,5

Pemmenne 3agaun ontumu3sarmu (3) TOIBKO MO KPUTEPUIO MaK-
CHMH3allM¥ CyMMapHO# mpomyckHoi crocobnoctn R (P) mo-

JKET TPUBECTH K HECHPABEJTUBOMY PACIIPEICICHHIO PECypCOB —
OJIHOMY TIOJIH30BATEIII0 MOXKET OBITH BBIJCICHO CIIHIIKOM Majio
MOIIHOCTH, WM JaKe HE BBIJEICHO COBCEM MOIIHOCTH. B TO ke
BpeMsi, JAPYroMy IOJb30BATENi0 OyJIeT BBIICICHO HAMHOTO
00JIbIIIE MOIIHOCTH, YeM €My HEOOXOAUMO Jyisi OOecreueH s 3a-
JTAHHOTO Ka4eCTBa CBs3u. Hanmpumep, 3To MIMEET MECTO B paccMar-
pHBaeMOM BBIIIE CIydae — CHUCTEMa C JABYMs IOJb30BATEISIMHU
P+P=P_ .

Kak BumHO W3 pHCyHKa 3, MaKkCHMMaJlbHas CyMMapHasi Mpo-
MyCKHasl CIIOCOOHOCTb R;(P,) mocruraercs npu BbIIETICHUN BCEi

MOIIHOCTH 1-My mojib3oBaTeno, P =P

1 max ’

HaXOJAIIeMYCs B JTy4-
[IUX YCJIOBHUSX PACIpOCTPAHEHUS PaIUOBOJIH, |hl|>|h2| . Ho B

9TOM cliy4ae 2-My T0JIb30BATEII0, HAXOAAIIEMYCs B HeOIaronpu-
SITHBIX YCJIOBUSIX PACIIPOCTPAHEHHUS PAIUOBOJIH, He OYIeT COBCEM
BEIJICTICHO PECYPCOB, P2 =0. OueBUHO, 3TO CACIACT HEBO3MOK-
HOI ero paboTy.

Jnst ycTpaHeHus 3Toi MpoOJIeMbl HY>KHO HCIOIb30BaTh Me-
TOJIBI CTIPABEIIMBOTO PACTIPEIICIICHNSI PECYPCOB.

3 CupaBensiuBoe pacripesiesieHie pecypcoB
IIpu onpeneneHHbIX yCa0BUsIX IIPU PELICHUH 3aJa4l OIITUMU-

3anuu (3) MoJb30BATEII0 MOXKET OBITh BBIJCIICH TaKOH 00BEM pe-
CYpCOB (B HaIlIeM CITy4ae 3TO MOIIHOCTb [1epeiadn ), IPH KOTOPOM
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OyayT mocTHTaThCs MakCHUMaibHAA 3((EKTUBHOCTH pabOTHI CH-
CTEMBI CBSI3H, HAlPUMeEp, CyMMapHasi MPOITyCKHasi CIOCOOHOCTh
CHCTEMBI, HO YPOBEHb 00CIY)KHBaHHsI HEKOTOPOTO MOJIb30BATEIS
OyzeT HMKEe MHUHHUMAaJbHO JIONMYCTHMOIO 3HAUYCHHS, HAIPUMED,
R, <R™.

Jlyist peioTBpaleHus TAKOM TUCKPUMUHALIMY B 00CITYKHBa-
HHH [TOJIb30BaTes el TpedyeTcsi HalTH 1 00ecreunTh KOMIPOMHUCC
MEXy MakcuMu3alueil 3 heKTHBHOCTH PabOThl CUCTEMBI CBS3H
U CIIPaBEUIMBOCTBIO B PACIIPEIEIICHUH PECYPCOB.

B nureparype npeanaraercsi MHOXKECTBO CIIOCOOOB OLEHKH
crpaseanuBoct [10, 14-1716]. Kaxnaplil U3 HUX OTpakaeT orpe-
JIenéHHOE TIOHMMaHNe PaBHOIIPABHOTO JTOCTYIA MOJIb30BaTelIei K
pecypcaM. KpaTko paccMOTpHM HEKOTOPBIE M3 TAKHX CIIOCOOOB.

1. Manexc Ixeitra (Jain’s Fairness Index) [10]. Hanbomnee wa-
CTO HcHmonb3yeMas MeTpuka. Ero 3nauenue msmensiercs ot 0
(TmoHOCTRIO HecmpaBemTuBoO) a0 1 (abCoNOTHOE paBeHCTBO,
O3HAYaloIlee B JAHHOM CJIydae MOJHYI0 CIPaBEAIHBOCTS).
Hampumep, eciin oMH NOJIb30BaTelNb MOJYYaeT MOYTH BCE pe-
CYPCBI, @ OCTaJIbHbIE — MUHUMaJIbHBIE J10JH, HHJeKe [xeitHa Oy-
JIET CTPEMUTBCS K HyJt0. Ecin ske pacripeenenne paBHOMEpHOE,
OH 030K OyJIeT K eUHUIIE.

2. Koadpdumment Txunn (Gini Coefficient) [14]. 3aumctBo-
BaH M3 SKOHOMHKH U aHaJIM3a HEPaBEHCTBA JJ0X0J10B. B KoHTeKCTE
CBSI3U OH IIOKa3bIBAET, HACKOJIBKO CHJIGHO Pa3sIMdaeTcst JOCTYII
nosib3oBareneil kK MomHoctu. YeMm Ommke kodpdunnent Hxkuan
K HyJI0, TeM OoJyiee PaBHOMEPHO DACHPEIEISIOTCS PEecypehl
MEJKY M0JIb30BATEISIMU.

3. HactpamBaeMbIii KOMIIPOMHCC MEXKIY CyMMapHOHW CKOpPO-
CThIO II0JIb30BaTEIICH U crpaBeTUBOCThIO (0-Fairness) [15]. B 3a-
Jlady pacrpenesieHus: pecypcoB BBOAWUTCS HEKOTOpask (YHKIHS
MOJIE3HOCTH, OTPAKAIOIIAsT «yIOBJIETBOPEHHOCTDY TOIb30BATEIs
MIPEI0CTaBIISIEMBIMU YCITyTaMH CBSI3H.

4. IponopumonanbsHas crpaBeinBocth (Proportional Fair-
ness) [16]. IlogpazymeBaeT, 4TO Ka)KAOMY IHOJIb30BATEIO BbIJE-
JISIETCSI MOILITHOCTH MPOTIOPIIMOHAIBHO €ro MOTPEOHOCTSIM U yCIIo-
BUSIM, CYIIECTBYIOIIMM B KaHaJle CBSI3U. DTOT MOJXO0J y100CH B
CHCTEMaXx CBSI3H, IJI€ TOJIE30BATENIN UMEIOT pa3HbIe KIacchl 00-
CITy’KUBAHHUSL.

5. Makcumu3arist MUHIMaJIbHOH crpaBeamuBocTi (Max-Min
Fairness) [10]. CyTs MeTOZa B TOM, 9TOOBI MAaKCUMH3HPOBATH TI0-
KazaTelIu TOro IOJb30BaTENsl, Y KOTOPOTO YCJIOBHsS B KaHaie
CBSI3U caMble XyJamue. TakuM oOpa3oM, CUCTeMa IapaHTHPYeT,
YTO «CIa0bliD» aOOHEHT HE OCTaHETCSl COBCEM 0€3 Pecypcos, T.e.
OyJeT COOJIFO/ICH MTPHUHITUI «COI[HATIbHON CIIPABEIUBOCTIY.

6. Bspemennas cnpasemuBocth (Weighted Fairness) [17].
[To3BonsieT oneparopy CeTd CBSI3H SIBHO 3a/1aBaTh ITPUOPHTETEHI.
Hanmpumep, aboHEHTaM € KPUTHYECKH BAXHBIMH CEpPBHCAMHU
MOXXHO HA3HAYUTH OOJIBIINI BEC MO CPAaBHEHHUIO C OCTAIHLHBIMH
(HE CTOJIH MPUBHUIICTUPOBAHHBEIMI) A00OHEHTAMHU.

Kparkoe MareMaTH4YecKOE OIMCAaHHE Pa3INYHBIX METOJOB
oOecrieueHnst CHpaBeUIMBOCTH TIPH PACIIPEAEICHHH PECYpPCOB
CEeTH CBSI3M MEXILy MOJIb30BATEIISIMH NIPUBEJICHO B Tabuuie 1.

JIro0oii 13 yKa3aHHBIX BBIIIE METOJ0B MOYKHO HHTEIPHPOBAThH
B pellleHHe 3a1aun ontumusaimu (4). PaccMoTpum Teneps Bapu-

aHTBI UCITOJIE30BaHus nHAekca xeina F (P) .
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Tab6mumna 1

MeTomp! cripaBeTMBOCTH PACHIPECICHIS PECYPCOB

Ne Metox KommenTapuii
1 | Ucnons3zoBanue unnexca | OGecrieueHre paBHOMEPHOCTH pac-
Jlxeiina MpesIeIeHNs] PECYpPCOB MEXTy MOJIb-

3oBaremsmu. [Ipu F = 1 obecreun-
BAeTCsl pPaBHOMEpPHOE pacIpeselie-
HHUE PECypcoB MEXIYy II0JIb30BaTe-
naMu, a npu F —(0 oauH WM He-
CKOJIBKO TI0JIb30BaTEJICH MOJYYarOT
GOJIBLIYIO YaCTh PECYPCOB.

MuHuMU3aIys HepaBeHCTBa B pac-
IIPE/ICJICHUH PECYPCOB MEK/TY TT0JIb-
soBaremsimu. [Ipu G =0 obecreun-
BACTCs pPaBHOMEpHOE pacipesielie-

$non
F(P)=tl
K> (R(P))’
k=1

2 | UcnonwzoBanue
ko durrenTa JHxuHN

> IR(®)-R,(P)
G(P) _ i=l j=1

K HHUE PECYPCOB MEXIY I0JIb30BaTE-
2KY R (P) G=1
= JIsIMHU, a TIpU =1 — MaxkCHUMaJIbHO
HCPaBHOMEPHOC pacnpeacieHue
pecypcos.

3 | HacrpauBaemsblii KoMIIpo-
MHCC MEXy CyMMapHOM
CKOPOCTBIO TI0OJIb30BaTe-
JIelt ¥ CIIPaBENTHBOCTHIO

max [i u,R, (P)j s

u, () — GymuKums nonessocty, or-

paxkaromasi «yIO0BJIETBOPEHHOCTH
0JIL30BATEIS.

K
ml?x(zuaRk (P)j — CyMMapHas
k=1

«CIpaBeTHBOCTh-2(P(HEKTUBHOCTE

In(R (P)), a=1
CHCTEMBI
u,(R)=1 R«
* L‘ (P), a#l
-
4 | MakcuMmu3anysi ~MHHU- | MakcUMH3alMs IO MOIIHOCTH 3a-

MaJIbHOM  CIpaBeINBO-
CTH in R (P
max( min R, (P))

JAaHHOT'O MHHHMAJIBHOI'O II0Kasa-
TEJIs CPpEAN BCEX MOJIb30BaTeNIeH

5 | IlponopunoHanbHast
CIPaBEeANNBOCTh

m;lx(% log, (R (P)))

JocTmwkenue OanmaHca MEXIy CyM-
MapHOi CKOPOCTBIO M CLIPaBEUIBO-
CTBIO U BCEX I0JIb30BATENICH

6 | B3BemeHHas cpaBeIn-
BOCTh

K
max > WR(P)
k=1

Maxkcumuzanusi CyMMapHOM Ipo-
IIyCKHOH CIOCOOHOCTH  CHCTEMBI
CBSI3H C YUETOM IIPHOPUTETOB 10 Ka-
94eCTBY OOCITY)KMBAHHMS Pa3INIHBIX
oJIb30BaTeNeH

W, — BeCOBOH k03pdu-

LUEHT WK Ko3uimeHt
MPUOPUTETHOCTH k-ro
[OJIL30BATEIS,

K
> w, =1,
k=1

1. Jns oCTHXEeHHsT KOMIIpOMECca MEXAY d(P(PEKTUBHOCTHIO
u cnpaBeIMBOCThIO B cucteMe PD-NOMA MoHO 3a1aTh (HK-

cupoBaHHOe 3HavYeHue uHaekca /keitna F = I:target B JHMana3oHe

[0,1] B 3aBucuMocTH OT TpeGyeMoil CTemeHH CNpPaBeTHBOCTH

pacrpeneseHus pecypcoB: OT MAKCUMAIBHOTO BBIIICTICHHS PECyp-
COB KaKOMY-TO OZJHOMY I0JIb30BATEIIO 0 PABHOMEPHOT'O pacIipe-
JIeJICHHE PEecypcoB MEXIy BCEMH MOJIB30BATEJISIMH CHCTEMBI
CBs3M. MBI Taroke BBOJMM JIONOJHHUTEIBHOE OTPaHWYCHHE WH-

JCKCa ﬂ)KCI/IHa 10 Ftarget , HAIpUMCP, MIPHU MaKCUMHU3AUU MPO-

IIyCKHOM CIIOCOOHOCTU CUCTEMBI:
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K

D R(P) | ©)
k=1
rie F(R(P),...RP)=FP)=F, -

2. Bo3MOkeH Takke JPYro MOoJaXoj K MCIIOIh30BAHUIO WH-
nekca J[xeiiHa — MakcUMM3aIys, COOCTBEHHO, WHAeKca JIkeliHa,

ecnu TpebyeTcsl MoMy4nTh Oosiee paBHOMEPHOE PACTIPE/IC/ICHHE
PECYPCOB MEXX/Ty MOJIB30BATEISAMH:

K 2
2 R(P)
max ~2 —~ .

P<Pa K 2
K> R (P)
k=1

max
F(P)=Fiyget

1

AHaNOrMYHBIM 00Pa30M MOXHO TAKXKE HCIOJIb30BaTh KOI(-
¢dunment Jpxuaun G (P) B 3ajaue ontuMusaiuu (3):

1. 3amaem nesneBoe 3HaueHue wHuekca Dxuan G :Gtarget B

JHaIasoHe [O, 1] B 3aBUCHMMOCTH OT Tpe6yeM01‘/'I CTCIICHU CIIpaBCa-

JIMBOCTU: OT PAaBHOMEPHOI'O PACIPCACICHUA PECYPCOB MCEKIAY
MOJIb30BATCIIAIMU 10 MAaKCHUMAJIBHOT'O BBIACJICHUA PECYPCOB Ka-
KOMY-TO OAHOMY I1OJIb30BATCJIIO. 3arem BBOJIUM JOINIOJIHUTCIIBHOC

OrpaHUYEHUE I10 Gtarget. st MakcuMH3alMK IPOITYCKHOM CIIO-

COOHOCTH BCEH CHCTEMBI CBSI3M 3alMCHIBAEM CJIEIYIOIIYIO OINTH-
MU3AIHOHHYIO 337a4y:

max iRk(P),

G(P):Gtargel k=1

rie G(R (P),...,R, (P))=G(P)= Gtarget .

2. JIpyroit moxoJ K MCIOIb30BaHUIO HHIEKca JDKUHU — MU-
HUMH3ALUs, COOCTBEHHO, MHAeKca JI)KUHH, eciii TpeOyeTcs BbI-
HOJIHUTB 00Jiee PABHOMEPHOE PaCIpe/IeiEHHE PECYPCOB:

K 2
D R (P)
min ~*! :

P< K
KR RIP)
k=1

1

OcTanbHBIE METOIBI, YKa3aHHBIE B Ta0IHIE |, HHTETpUPYIOTCS
HerocpecTBeHHO B (hopmyity (3). HactpauBaemblii komrpomuce
MEXy CYMMapHOHW CKOPOCTBIO BCEX IMOJB30BATECH U CIIPaBe-
JIMBOCTBIO MPECTABIISIET COOO0H pelIeHUe CIICAYIOIICH 3a1a4H OIl-
TUMU3ALHU:

max
1-P<P,

‘max

iua R, (P) |-

Merton MakcMMM3allMd ~MUHHUMAJIBHOM  CIIPaBEIJIMBOCTH

max (min (R, (P))) MOKHO BBIPA3UTh B CIEAYIOLIEH dKBHBA-
1P<P,, \k=L..K
JICHTHOU (hopMe:
min | max (R (P))]-
k=1..K (1-Pspm (Re( )))

Jannast popma okasbIBaeTcst 6oJiee yA00HOU ITpH pean3aiu
MPAKTUYECKHUX AJITOPUTMOB ONTUMH3ALIHN.

Taxum 06pa3om, MbI IEPEXOUM K PELISHHUIO 33a41 ONTHMH-
3aIlil MUHMMaKCHBIM METOJOM. B Takoi mocTaHOBKE yIpola-
€TCsl pelIeHUe 3aJaud: CHaydala BBIYHUCISIIOTCS MaKCHMAalIbHBIE
CKOPOCTH JUIS Ka’KJJ0T0 MOJIb30BaTENs - MAKCUMH3ALIUs 110 HETIpe-
PBIBHOMY MHOKeCTBY 3Ha4deHuid P, a 3areM W3 JHCKPETHOTO
MHOYKECTBAa MaKCUMaJIbHBIX CKOPOCTEH BBIOMPAETCSI TOT MOJIb30-
BaTellb, 11 KOTOPOTO MMEET MECTO MUHUMAJIbHOE 3HAYCHHUE U3
BBIUNCIIEHHBIX MAaKCUMAJIbHBIX CKOPOCTEIl.

[Ipu ucnonp30BaHUN METOJa IPONOPLIUOHAIBHON CIIpaBe In-
BOCTH ONTHMU3AIMOHHAs 33Jaya MaKCHUMM3ALUU IPOIMYCKHOM
CHOCOOHOCTH CHCTEMBbI OYAET BBITIISACTh CICAYIOINM 00pa3oM:

max
1-P<P,

‘max

> log, (R (P)) |-

[Ipr w“CHOTB30BAaHUU METONA B3BEUICHHOW CIPaBEINTMBOCTH
ONTHMU3AIIOHHASA 33a[ja9a MaKCHMH3AINHU TIPOITyCKHOH CII0CO0-
HOCTH CHCTEMBI OYJIET BBITVIAIETH CICIYIOINUM 00pa3oMm:

max
1-P<P

K
WR (P) |-
RLANE
4. lpumep pemieHusi 321241 ONTUMU3ALUM CIIPABEIJINBOIO
pacnpeeieHlsi MOLIHOCTH NP MCNIOJIb30BAHUM MHIEKCA
Joxeiina

PaccMoTpuM perieHre oNTUMH3ALMOHHOM 3a1aun (9), BKITIO-
qaroniell B ce0sl orpaHndeHus Ha MHAEKe [keiHa 1 cyMMapHYIO
BBIXOIHYIO MOIIHOCTh ITEpeIaTuNKa, U3BECTHBIM METOJIOM MHO-
kuTeneit Jlarpamka s 3aaun ¢ orpaandennem [ 18].

Ecrmm B BeIpaxennn (9) 3adumkcupoBath WHIEKC JxkeiiHa
FRR....R)= Ftarget u npuHATh 1xP =P _ , To MOXkHO 3anucath

crenyromyto yHkipto Jlarpanxa:

K K
(P, 1, A) ==Y R(P)+u| > p—P |+
k=1 k=1 ’ (10)

FA(F(Res RO~ Frae):

rae ﬂ n ﬂ, — MHOXUTCIIN J'Iarpaana.

Pemenne 3amaun muHnMu3anmm GyHkun (10) BO3MOXHO C
MTOMOIIIBIO YACIICHHBIX TPAEHTHBIX METOAOB [12].

Jnst WmoCcTpan  BO3MOYKHOCTH  HMCHOJIB30BaHUSI METO/Ia
MHOXHUTeNeH Jlarpanka paccMOTpUM NPOCTEUINUH ciIydaill IByX
noJip3oBaresiei. I1ycTh mepBblil MOJIB30BATE b HAXOAUTCS OJIHKE
K 0a30BO CTAHIIMM M MMEET BBICOKMI KOA(PQUIMEHT nepeaadn
KaHalia, a BTOPO# pacIioJIo’KEeH Ha KParo COThl, COOTBETCTBEHHO, C
MaisIM Koo punmentom nepeaaun. Eciu 6e3 yuera kakoro-iuoo
KpPHUTEpUsI CIPaBENIMBOCTH MAaKCHMU3UPOBATH CYyMMapHYIO Ipo-
MyCKHYIO CHOCOOHOCTB, BCSI MOITHOCTH OYZET OTIaHa MEepBOMY
MOJTE30BATENI0. BTOpOH ke Mop30BaTeNh HE MOIYYHT BOOOIIE
HHUYETO, 4TO Ui HEero OyJeT O3HavaTh IOJHBIA OTKa3 B MPEIO-
CTaBJICHUM YCIIyT CBsI3H. UTOOBI M30€KaTh TAKOI CUTYyalllH, B 3a-
Jlady ONTHMH3ALUHU BKIHOYAECTCS JOMOJIHUTEIBHOE YCIOBUE: HH-
JIEKC CTIPAaBENINBOCTH JIOJKEH ObITh HE HMXKE 33/IaHHOTO TIOpOra.

MOIIIHOCTH CUTHAJIOB JIBYX TOJIb30BATENCH CBA3aHBI OUEBU]I-
HbIM cooTHomenueM P, =P —PB . Ha ocnose (10) 3amumem

¢dbyskmmto Jlarparka Uisi paccCMaTpPUBAEMOTO CITyYast BYX TOJTb-
30BaTelICii:
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AR, =-R(R)=R(R)+A(F(R)~F et ) (11)

(R(P)+R,(P))

rae F(P)= = .
) 2(R(PY+R,(RY)

Ha pucynke 4 npusenen rpaduk ¢pyukiun Jlarpamxka (11) s
h,=0,2, 6*=0,5, F,_, =0,9.

target

ciywas P =1, h =0,8,

Puc. 4. I'papux Gpynxmuu Jlarpamxka (11) mpu

P+P =P _=1,h=08 h =002

Jast periennst 3a1a4u MUHUMU3anuu GyHkimn Jlarpanxka (11)
TPaIMIUOHHBIM METOJIOM TPAJUCHTHOTO CITyCKa HCIIOIb3YyeM
caenyrouuii anroputm [12]:

1. Mannuanu3zanus.

- Beibupaem Hauanshoe 3Hauchue P e [O, P ],

max

- Boibupaem HauansHoe 3naderne A

- lllar rpaguentroro crycka ¢ >0, mar nsmenenus A 0, >0,

- Jlomyckaemast IOrpenHocTs no uhuekcy Jhxeiina g .

2. Hacrpoiika MHOXUTEIS A .
TToBTOPSTE ONEpAIUH, OMUCAHHBIE HUKE, TOKA 3HAYECHUE UH-

nekca JlxeitHa He NpUOIN3NTCA K IIEJI€BOMY 3HAUEHHIO Ftarget :

2.1.llpu ¢ukrcupoBaHHOM A MHHHMH3HPOBATH (DYHKIIHIO
Jlarpamxka A(R,A).
st kaxx 101 urepauuu T mHeobxommMO:

a) BBIYMCIUTH CKOPOCTH MepEIadyu JaHHBIX JIJIsI 00OHX IMOJIb-
3oBareseil u unaexc JxeiiHa

R

RY =log, | 1+

0_2 +(Pmax _ F)l(t—l))|h2|2 s
R(t) — log 1+( max Pl(til))|hZ|2
e T,
co__ (ROCRO)

2((RY) +(RVY)

SNNIEKTPOHMKA. PAONOTEXHUKA

0) BBIYMCINTE TPAJAUCHT (QYHKITUH Jlarpanxka

_dA__dR R, ,dF
P dP dP ' dP
de |hl|2
e — = 7
df In@2)(o” + (P, —P)Ih[)
dRz _ |hZ|2

R @) +P, h[)

dF _ (R +R)(R/dR /dP, —R’dR, /dR)
dR, (R +R,’) ’

B) OOHOBUTPH 3HAYCHNE MOIITHOCTH IS CICAYIOIICH nTepaun
(t+1) _ p(t)
P =R"+ag,
T') OTPaHUYUTH 3HAYCHHUE MOIITHOCTH
(t+1)
P e [O, Pmax],
[Mony4nTh pe3yabpTaThl ONTUMHU3ALNY TIPH TEKYILIEM 3HAYSHUH
-pf = p® p*— MR RO RF_RL £ _E®
AR =R".F =P, —P".R =R".R, =R".F =F".
2.2. TIpoBepka orpaHUYCHUSI.
Ecm ‘F -F *‘ < &g , AMOPUTM 3aBEPIIEH, B TIPOTHBHOM CITy4ae:

- ecim F*<Flarge‘,yBeJH/I‘-II/ITL Awag,, A+0,,a
—ecm F' > Furget » YMeHBIITD 4 Ha 0,, max(4-0,,0).
3. Bexon.

Pesysbrar BBINOIHEHHS arOPUTMA ONTHMHU3ALNH — p _ Pl
P

YroObl Jtyuliie NOHSITH paboTy MPHUBEACHHOTO ajJropuT™Ma OIl-

TUMU3ALHUHA, MOXHO IPEACTaBUTh €ro B BHUJAE IPOCTOrO IICEB-

JIOKOJIa:

Hnuyuanuzayus P1, P2
lloemopsamy:
Boruucaums ckopocmu R1, R2
Hatimu unoexc /Jicevina F
Ecnu F < F_target:
yeenuyums L
HUnaue:
VMEHbUUMD A
O6nosums P1, P2 memoodom epaduenmuoeo cnycka
Jo mex nop, noxa |F - F_target| <e

Takum 00pazom, pelieHne 3aaui ONTHMHU3AINN CTAHOBUTCS
IIPO3PAYHBbIM U JIETKO BOCIIPOM3BOAUMBIM B UHCIIECHHBIX dKCIIEPU-
MEHTaXx.

Hanpumep, 11 CHCTEMBI CBA3U C IBYMs IOJIb30BATEIISIMU:

~mpu P_ =1,h =08 h=02,0°=05,F 0,9

target =

— npu mapamerpax amroputMa A" =0,1, a=0,001 ,

0,=0,001, & =0,001, B pe3ynbTaTe BHINOTHEHUS OMUCAHHOTO

anroputma ontummsammu nomysum P =0,0629, P =0,9371,

R =0,0519,R; =0,1038, F'=0,9, " =0,13.

-
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=0:13

' . Pl L

Puc. 5. Pesynprar pemenus 3a1auu ONTUMHU3ALUT

PesynpraT pemeHns ONTHMHU3AIOHHON 3314l MOYKHO 0TO0-
pasuTh Ha MOBepXHOCTH (yHKIMHU Jlarpamka (cM. puc. 5).

JaHHbIl IpUMED SIBISIETCS NPOCTON MILTIOCTPALIMEN BO3MOK-
HOCTH peIIeHUs] MHOTOMEPHOH ONTHMH3alMOHHOW 3amauu (9)
IMYTEM IMIPUMEHCHUA N3BECTHBIX YHMCIICHHBIX METOJ0B.

3akiaouenue

B nanHolt pabote paccMOTpEeHBI OCHOBHBIE ITOJIXO/IbI K pellie-
HUIO 33J]a4¥l CIPaBeUIMBOTO PACIIPE/ICTICHUS] MOIITHOCTH B CHCTe-
max PD-NOMA. [TokazaHo, 4TO TpaJuIIMOHHAs L€ MaKCUMH3a-
IIUM CyMMapHOH MPOITyCKHOWH CHOCOOHOCTH HMPUBOAWT K CYIIe-
CTBEHHOH JWCKPHMHHAIINH «CJIA0BIX» Toib3oBaTeneil. Takas
JMCKPUMUHALUS TPUBOJUT K TOMY, UTO «CIIa0bIe» TOJIb30BATENIHN
MOTYT IOJY4UTh HOJIHBIN OTKa3 B 00CITyKHBaHHN.

Jls ycTpaHeHHs 3TOM MPOOJeMbI MPUMEHSIOTCS Pa3InYHbIC
METPUKH CIIPaBEUIMBOCTH, BKIItoUast uHaekc /[xelina. Paccmorpen
puUMEp PEHICHUA 3a1a4r ONTUMH3AINKW YHUCIICHHBIM MCTOIOM C
HCIIOJIb30BAHUEM TPAJULIMOHHOIO METOo/1a MHOXHTenel Jlarpanxka
U TaKXKe TPaJUIMOHHOTO METOJa TPAJUEHTHOTO CITyCKa JUIs CH-
cteMsl cBsi3u PD-NOMA ¢ 1ByMs OJIB30BATENSAMH.

[IpakTHyeckas 3HAUNMOCTD ITOJTYYEHHBIX PE3YJIbTATOB 3aKIIIO-
YaeTcs B TOM, YTO OHH MOTYT OBITh HHTETPHPOBAHBI B MEXaHU3MBI
YIpaBJICHUS PEeCypcaMy B CETAX MOOWIBHOH cBs3u. OCOOEHHO
Ba)KHBIM 3TO CTAHOBHUTCS JUIS CIICHAPHEB MEKMAIIMHHON KOMMY-
HUKanuu ¥ VIHTepHeTa BelleH, T1e B CETH MPUCYTCTBYET OTPOM-
HOE KOJINYECTBO YCTPOMCTB C Pa3HBIMH XapaKTEPHUCTUKAMU KaHa-
noB. CripaBeUIMBOE pacIpesielieHe MOITHOCTH MEKAY TaKHMHU
yCTpoWicTBaMH OOECTIEYMBACT TEXHHUYECKYIO 3(P(PEKTUBHOCTH B
MIPEI0CTABICHUU CEPBUCOB M IPENOTBpaliaeT aucbanaHc B 00-
CITy>)KMBaHUHU Pa3JIMYHBIX MTOJIb30BaTEIEH.
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PROBLEM OF FAIR POWER ALLOCATION IN PD-NOMA SYSTEM

Vitaly B. Kreyndelin, Moscow Technical University of Communications and Informatics, Moscow, Russia, vitkrend@gmail.com
Lidia A. Varukina, Moscow Technical University of Communications and Informatics, Moscow, Russia, arukina@rambler.ru

Abstract

Power Domain Non-Orthogonal Multiple Access (PD-NOMA) systems are among the most promising wireless communication technologies, enabling
significantly more efficient utilization of the limited radio spectrum. The key feature of PD-NOMA is that multiple users simultaneously share the same
time-frequency resource, while their signals are separated in the power domain. On the receiver side, successive interference cancellation (SIC) is
employed, allowing the recovery of payload even in the presence of overlapping signals with different power levels. This approach paves the way for
higher throughput and the ability to serve more users compared to orthogonal access schemes. Despite its advantages, PD-NOMA also has significant
drawbacks. In practical scenarios, differences in users' channel conditions may lead to an imbalance in resource allocation. Users closer to the base sta-
tion with better channel quality achieve higher efficiency with lower energy consumption, while those with weaker channels are placed at a disadvan-
tage. This creates the risk of unfair service and its degraded quality. This work investigates methods for fair power allocation among users, aiming to
balance the maximization of system throughput with equil access to network resources. Various fairness criteria are analyzed, including Jain's index, the
Gini coefficient, proportional fairness, and weighted fairness. The study demonstrates how these metrics can be integrated into the power allocation
optimization problem in PD-NOMA systems. As an example, we present a solution to the power allocation optimization problem with a Jain's index
constraint, formulated using the Lagrangian multiplier method. The obtained results confirm the effectiveness of the proposed approach and show the
potential for improving robustness and fairness of service within PD-NOMA systems.

Keywords: NOMA, PD-NOMA, fairness, Jain Index, Jini Coefficient, mobile communications
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B pa6GoTe npeacraBneHo uccnegosaHue npoueccos popMupoBaHua u o6pabotku curiana B popme on-
TUYECKOro U3Ny4YeHuA B AUPaKLMOHHOM cniekTpoMeTpe. AKTyallbHOCTb paboTbl 0GycnoBneHa Heobxoau-
MOCTbIO COBEpLUEHCTBOBAHUA TEOPETUYECKUX OCHOB (hYHKLIMOHMPOBAHNA ANPPAKLIMOHHBIX CMEKTPOMET-
POB ANA NOBbLILLIEHNA TOYHOCTU U JOCTOBEPHOCTU CMEKTPOMETPUYECKUX usMepenmii. CyuiecTeylowme Mo-
Aenu, Gasupyrolwmeca Ha NPUHLMMNAX FEOMETPUYECKOW ONTUKMU, HEe NMO3BONAIOT aZileKBaTHO onucatb pAaf
BaXXHbIX 3¢ peKTOB, HabNoAaeMbIx Npu pabote cnekTpanbHbiX Npubopos. PaspaboraHa MaTeMaTuyeckas
Mojesb CreKTpasibHOro npeobpasoBaHuns, OCHOBaHHaA Ha MPUHUMNAX PaAUOONTUKU, TEOPUM NTMHENHBIX
cucTeM M cucteMHoro noaxoaa. Moaens noseonser onucare ¢hopMUpOBaHME KOMMIEKCHOTO CREKTpa B
AncdpaKUMOHHOM CMeKTpOMeTpe OT BXOAHOM anepTypbl Ao cdoToaeTekTopa. MpoBeaeHo nccnegosaHue
ocobeHHocTe nNpeobpa3oBaHMA ONTUHECKOTO CUrHana, BKAloYas aHanu3 ¢popMUpOBaHUA MPOCTPaHCT-
BEHHBIX CMEKTPOB U ux AeTekTupoeaHua M3 C-nuHeikoi. YcTaHOBNEHbI 3aKOHOMepHOCTU (hOpMUpPOBaHUA
MHOrOMoOpAAKOBOro CreKTpa U ero xapakrepuctuk. Mpeanoxexn MeToa onucaHnA KOMMIEKCHOWM annapar-
HoW pyHKLMM cneKTpanbHoro npu6opa c AucpPaKUUOHHON PELUETKON, yUUTbIBaIOLLUI 0coGeHHOCTH hop-
MUPOBaHMA CNEKTPa B pasfiMuHbIX AU paKUUOHHbIX nopaakax. MokasaHo BAMAHME reoMeTpUYECKUX na-
paMeTpoB npubopa Ha ero cnekTpanbHble XapakTepucTuku. PaspaGoTaH anroputM KoppeKkuum cnekTpo-
CKOMUYECKNX U3MEPEHUI, YYUTLIBAIOLUA HENTMHEWHOCTL CNEKTPaSIbHOM LUKanbl, HEPaBHOMEPHOCTb 4yB-
creutenbHoctu M3C-nuHenku, ocobeHHocTn popMupoBaHmua annapaTtHou ¢dpyHKUMM cnektpometpa. Mpo-
Be/leHO MojaenupoBaHMe npouecca (HOTOAETEKTUPOBAHUA C YHYETOM KOHCTPYKTMBHbIX ocobGeHHocTei
M3C-nuHelkn M napaMeTpoB onTU4eckon cucrembl. Pesynbrarbl paboTbi MO3BONAIOT NOBLICUTL TOYHOCTb
M 1OCTOBEPHOCTb CNEKTPOMETPUYECKUX N3MEPEHUI, MOTYT GbITb UCMOJIb30BaHbI MPU CO3AaHUN KOMMAKT-
HbIX CNEKTPOMETPUYECKNUX CUCTEM AJIA PELUEHUA 3a/4aY4 CNEKTPanbHOro aHanus3a, KOHTPoNA TexHonoruye-
CKMX MPOLIECCOB U 3KONOrMYECKOro MOHMUTOpMHra. MNpakTuyeckas 3HauMMocTb paboThbl 3akniovaerca B
BO3MOXXHOCTU MPUMEHEHUA NMOMYHEHHbIX Pe3yNbLTaToB NPYU CO34aHUM KOMNAKTHBIX M HEJOPOTUX CMEKTPO-
MeTPUYECKNX CUCTEM ANIA PeLLEeHUA 3a/ja4 CNeKTPanbHOro aHaNn3a, KOHTPONA TEXHONOIMYECKUX npouec-
COB M 3KOJNIOrMYeCKoro MoHuTopunra. MpeanoxeHHble MeTOAbI MOTYT GbITb UCMONb30BaHbI B MHOTOKa-
HaNbHbIX CMEKTPOMETPaxX M CUCTEMAX C 3JIEMEHTaMM UCKYCCTBEHHOro MHTennekTa. MepcnekTuBbl ganb-
HEeALLMX UCCNIeJOBaHUIA CBA3aHbI C YYETOM LUYMOBbLIX MPOLIECCOB MPU PErMcTpaLum U BNMAHUA TeMnepa-
TYpHbIX ¢pakTOpoB Ha cTabunbHocTe napaMetpoe M3C-nuHeek, a TakkKe C BO3MOXHOCTbIO peanusaunu
noAo6HbIX CMCTEM B MUKPOCOOPKaX U MHTErpasibHbIX ONTO3EKTPOHHbIX nNnartcgopMax.
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BBengenue

B Hacrosiiee BpeMst ONTHYECKHE CIIEKTPAIbHBIE METO/IbI aHa-
JM3a Haxo[iT IIMPOKOE NMPHUMEHEHHE B CaMBIX Pa3sHOOOPa3HBIX
o0nacTsaX HayKu M TEXHUKH — OT (DyHTaMEHTAIBHBIX (pr3nvecKknx
uccienoBanuii [1, 2] 1o npakTUYeCKUX 3a/1a4 B MPOMBIIUIEHHOM
aBTomaruke [3], sxooruu [4] u np. OnHUM U3 Haubolee YHUBEP-
CaJIBHBIX M IIMPOKO HCIIOIb3YEMBIX WHCTPYMEHTOB CHEKTPAIIb-
HOTO aHaJIM3a SBIETCS AUPPAKIMOHHBINA ONTHYECKUH CIEKTPO-
METp, 00ECIEUNBAIOMINI BBICOKYIO CIIEKTPAIBHYIO pa3peraro-
Yo CHOCO6HOCTB 1 YyBCTBUTCJIIBHOCTD ITPU CPABHUTCIIEHO KOM-
MaKTHBIX rabapuTax U JOCTYIHON CTOMMOCTH. briaronaps couera-
HUIO 9THX XapaKTEPHUCTHK, CIIEKTPOMETPBI JAHHOTO THIA ITPUMe-
HSIIOTCS JUII MOHUTOPHHTa XUMUYECKOTO COCTaBa, KOHTPOJIS Ta-
paMeTpoB IIa3MEHHBIX U TOPIOYHX CPEJl, a TaKKe B 3a/a4ax Ju-
CTaHIIMOHHOW JINarHOCTHKH.

Tem He MeHee, 3a/1a4a YITyUIICHHUST METPOJIOTHYECKUX Xapak-
TEPUCTUK CHEKTPAJIBHOW anmaparypsl sIBISIETCSl HEIIPEXOAsIIEH.
CTouT OTMETHTH, YTO NPUMEHHUTEIBHO K ONTHYECKOMY CIEK-
TpPaIbHOMY TPHOOPOCTPOCHMIO 3Ta 3ajada TpeOyeT Tarke Je-
TAJBHOTO TEOPETHUECKOTO TIEPEOCMBICICHUSI TPUHIIUIIOB PAOOTHI
anmaparypbl. Psyi ocobennocreit (opmupoBanust cnekrpa [5],
0COOEHHO B YCIIOBHUSIX HCHOJIb30BAHHS HECKOIBKNX AN(PPAKIIOH-
HBIX TIOPSAKOB, HE HAXOIWJ paHEee JOCTAaTOYHOTO OTPaKCHUS B
MAaTEMATUYCCKUX MOJCIIAX U aJITOpUTMax O6pa6OTKI/I JTaHHBIX.

Teopernueckue OOIENPHHSATHIE OCHOBBI U MareMaTHYeCKOe
OIMCAaHUE TPUHLUIIOB PaOOThl TUPPAKIIMOHHBIX CIIEKTPAIbHBIX
puOOpOB, IPEACTABICHHBIH B KIACCHYECKOH JIMTEpaTrype Mo
creKTpockonuu [6, 7], 0a3upyercs Ha MOCTYJIaTaxX TeoOMeTpUYe-
CKOMf onTuKH. B pamMkax JaHHO#M TeOpeTHUeCcKOr MOJIETH MPOLIece
CIEKTPAIBHOTO PA3JIOKEHHUS OTMCHIBACTCS CIICTYIOIINM 00pazoM:
(opMupyromas onTHYeckas cucrema o0pasyeT KOJJIMMHpPOBAH-
HBII ITyYOK H3JIyYCHUS OT HCCIEAYEMOTO MCTOYHHKA, KOTODPBIH
B3aMMOJICHCTBYET C AU(PpaKINOHHON peméTKoii. Jlanee nudpak-
IIMOHHAS PEmETKA peayn3yeT IPOCTPAHCTBEHHOE pa3/eeHHe
CIEKTPAJIBHBIX KOMIIOHEHT COIVIACHO COOTHOIIECHUIO, CBSI3bIBAO-
meMy yroi qudpakiuu ¢ ¢ JUIMHOW BoHE! A. [locnenyromee ¢o-
KycupoBaHHe Ju(parupoBaHHBIX ITyYKOB OCYIIECTBISICTCS JIMH-
30H, KOTOpasi MPOELHUPYET UX Ha COOTBETCTBYIOIINE CErMEHTBI
[13C-nuHeliku, KoTOpasi BBIIOIHIET (YHKIUIO (OTONPHEMHOTO
YCTPOICTBA, OCYIIECTBIISS MPOCTPAHCTBEHHO-pa3peliéHHOE Je-
TEKTHPOBAHUE ONTHYECKOTO CUTHAIA.

[Tpu aTOM Clle/TyeT OTMETHTB, 4TO TaKast MOJICIIb OMTMCAHHS OTI-
THUYECKOTO TU(PPAKINOHHOTO CIIEKTPOMETPA HMMEET HECKOJIBKO
(hyHIaMEHTAIFHBIX OTPAaHUYMBAIONINX (PAKTOPOB, YTO MPUBOIUT
K HE0OX0TMMOCTH pa3pabOTKH HOBOTO MOAXO0/A K OTMCAHUIO ITPO-
recca GopMHUPOBAHIS 1 00PaOOTKH CIIEKTPOCKOMTINYECKON HHPOP-
MaIiy B HeM. DTH (DaKTOPBI CBOAATCS K CIEIYIOIIEMY:

1) OTcyTCcTBYeT MaTeMaTHYECKH CTPOTHI M KOPPEKTHBIH (op-
Mam3M (MaTeMaTudecKas MOJEINb), KOTOPBIA OBl OTIMCHIBAI TIPO-
HeIypy MOJy4eHHsT MHOTOIOPSIIKOBOIO CIIEKTpa, a TaK)Ke CBOIi-
CTBA CIIEKTPOB B PA3JIMUHbBIX MOPSI/IKAX. XOPOIIO U3BECTHBIH (haKT
B OKCIIEPUMEHTAJIBHOW CHEKTPOCKONUH, KOTOPBIH, HAaIpUMep,
ornucaH B padore [8], 3aKIIIOYAIOLIUIACS B TOM, YTO CIIEKTPAIbHOE
paspeleHne KpaTHO YITy4IIaeTcs IPOIOpLUHOHaIbLHO HOMEPY JIU-
(hpaKkIMOHHOTO MOPSI/IKA, HE TO/IACTCs OTIMCAHUIO U OOBSICHEHHIO
C MO3WIHH Ccyry0o reoMeTpHieckol OonTHKH. V3MeHeHHe crek-
TPaJILHOTO pa3pelieHus B IpeJiesiax Juana3oHa aHaJIM3HuPyEeMbIX
JUIMH BOJIH TOKE HEBO3MO)KHO OOBSICHUTB C ATUX TO3UIIHH.
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2) [IpuMeHeHne CIEKTPOMETPOB B Pa3IMUHbIX CHCTEMaX KOH-
TPOJISt ¥ TUArHOCTUKU TPUBOJUT K HEOOXOAMMOCTH paccMaTpH-
BaTh U3TyUCHNE KaK HHPOPMAINOHHBIN CUTHAI. DTO MPUBOAUT K
MIPOTUBOPEUNIO, 3AKITIOYAIOIIEMYCSI B OTCYTCTBUH MOJENH, KOTO-
past onucelBana Obl JMHAMHUKY BO3AEHCTBUSI CIIEKTPOMETpa Ha
9TOT MH(OPMAMOHHBIX cUrHaN. Ilepexox k paboTe ¢ UMITyIbC-
HBIMH CHUTHaJIaMU elrie 0osiee yCyryOusieT 3Ty CUTYalHIo.

3) CymecTBylomas MOAeNlb paboThl ONTHYECKOTO CIIEKTPO-
MeTpa He JaeT BO3MO)KHOCTH CBSI3aTh CIEKTpP «UACAIBHBII, KO-
TOPBIN TIpeACTaBieH B (opme mHTerpana dypre, u GU3HIeCKui,
T.€. PETUCTPUPYEMBII Ha BBIXOJIE crieKTpoMeTpa. Poib 1 BKiaj an-
naparypHbIX 1peoOpazoBaHuii (anmapaTrHoil (QyHKIMH) CHEKTPO-
MeTpa HUKaK HE yYUTHIBACTCS P ONMCAHUH €ro PaboThI.

Bce 310 npuBOANT K HEOOXOAMMOCTH Pa3pabOTKH HOBOW Ma-
TEeMaTHYEeCKON MOJIEIIH, KOTOopas MOIuia Obl YCTPaHUTh yKa3aHHbIC
BBIIIIE TPOTUBOPEYHS M B CTPOTO MareMaTH4Yeckoi (hopMe onucarb
niporiecc (GopMHUPOBAHUS U PETUCTPALIMH ONTHIECKUX CIIEKTPOB B
J(paKInOHHOM CIIEKTPOMETpE.

Pa3paboTka Takol MOIETH TTO3BOJIUT CO3IATh TEOPETHIECKUN
(yHIAMEHT JUIs TMOBBIIIEHHUS] TOYHOCTH M JOCTOBEPHOCTH CIIEK-
TPOMETPUIECKNX M3MEPEHHUH, a TakKe 00ECHEYNT COTIacOBAH-
HOCTh MEXIy (U3NUECKON peanu3aluel mpuoopa u ero MareMa-
THYECKUM OITUCAHUEM.

1. ®opMupoBaHHe KOMILJIEKCHBIX CIIEKTPOB
B IH(PAKIHOHHOM CIIEKTPpOMeTpe

HoBblii moaxo K ONMCaHWI0 PadOTHl ONTHYECKOTO CHEKTPO-
MeTpa HpeJyIaraeTcs CTpOuTh Ha 0as3e MPHUHIMIIOB PaJHOONTHKH
[9], a Takke cucremHOro moxxoma. Kpome Toro, morpelyercs
MIPUBJICUCHNE MAaTEMaTHUECKUX MOJEINEH, ONEePHPYIOINX C KOM-
TUIEKCHBIMU CIIEKTPaMH ONTHYECKOTO M3ITyUCHHUS.

Takum 00pazoM, MOXHO C(HOPMYIUPOBATH KPUTEPUH, KOTO-
PBIM JIOJDKHA OTBEYATh HOBAsi MOJICIb:

e o0ecrieyeHre MaTeMaTH4eCKu KOPPEKTHOTO OMUCAHUS Ipe-
00pa3oBaHMs ONTHYECKOTO CUI'HAJIa BCEMH AJIEMEHTaMH CIIEKTPO-
MeTpa;

® BO3MO)KHOCTh KOPPEKTHOTO Iepexoja K JHEPreTHYeCKuM
CIIEKTPaM, KOTOPBIH (POPMHUpYETCs B pe3ysbTaTe onepanuu GpoTo-
JIETEKTHPOBAHUS, TO3BOJSIONIEH MPeoOpa3oBaTh KOMILUIEKCHBIH
CIIEKTP B UTOTOBBIE YHEpreTuueckue coorHomenus [10];

® [IEJIOCTHOE MOJICJIMPOBAHKE TIPOIecca CIIEKTPAIbHOTO aHa-
JM3a — OT (PU3UIECKOTO BO3/ACHCTBUS JIEKTPOMArHUTHOTO ITOJIS
Ha BXOA Ipubopa 10 GOpMHPOBAHUS PETUCTPHUPYEMOTO CIIEKTpa.

C yueroM c(hOpPMYIMPOBAHHBIX KPUTEPUEM IPEJIaracTcs
CTPYKTYpHast cxeMa JU(PaKIMOHHOTO CIEKTPOMETpa, PEeACTaB-
JICHHas Ha pUCyHKe |.

B ob0mem ciyuae nporecc pacnpocTpaHeHus U Ipeodpa3oBa-
HUSI OINTHYECKOTO IPOCTPAHCTBEHHOTIO-BPEMEHHOTO CHTHaja
S(t,£) MOKHO omHcaTh ciaeayomuM oopazoM. ndpakronnas pe-
IIETKa, UMEIOIas TPONyCKaHue, onuckBaemoe 3akoHoM | (&)

BBINOJTHSAET OIEPAINIO NMPOCTPAHCTBEHHONH MOAYJISIIIUKM CHI'HAJA
S(t,9).

[Haiee, pacmonoxxeHnHas TuH3a ((pa30BbIii TpaHCHIAPAHT) U J1Ba
OKPY’KaIOIINX €€ CJI0sI CBOOOAHOTO IIPOCTPAHCTBA, 00Pa3yIOT OII-
TUYECKUH KOrepeHTHbIN Dypbe-npoueccop.
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Murerpuposanue
JCTCKTUPOBAHUC
CUMTBIBAHUE CHEKTPOMETPHUUECKON
nHpopMaLuy ¢ nomombko [13C-mHeiiku
Puc. 1. CrpykTypHas cxema CIEeKTpaIbHOTO Iprdopa ¢ JU(PaKIOHHOHN pereTKon
Tlpy Bo3neiicTenM Ha TaKoit Dypbe-npoueccop OHOPOAHOH  rae Q=27 /L  NPOCTPaHCTBEHHAS —«KPYroBas» 4acToTa
IUTOCKOW MOHOXPOMATHYECKOM BOJIHBI, €r0 JCHCTBHE MOXKET OBbITh .
NEPBOU I'ApMOHUKHA PA3JI0KCHUA.
MIPE/ICTABICHO B ()OpPME BHIPAYKECHUSI:
L 4 T©
n wr 2 . 1
— _ —iw &
S, (0,0 =FIT()]= |=—— [ T(5e*d¢, (1)
27 COF L eeo o T )
- &
2
- 0 rQ -
L
e S,(®,) — CIeKTp MPOCTPAHCTBEHHBIX 9acToT, & , X — KOOp-

JMHATHBIE OCH BXOAHOM 1 BBIXOAHOM mnockoctei, T (&) — GyHK-
w'X
LHsL POIYCKAaHMsL TPAHCIIAPAHTA, ) = —— — IPOCTPAHCTBEH-
0
Has 4acToTa, @ — KpyroBas 4acToTa IaJarollel Ha TpaHCIapaHT
OTHOPOIHOW IMIOCKOW MOHOXPOMAaTHUYECKOH BOJHBI, F — ¢okyc-
HOE PacCTOSHUE JIUH3EI, L — pa3mep anepTypbl TpaHCIIapaHTa.
Taxum obOpazom, Ha BeIxonme Dypre-mporeccopa HopMupy-
©TCsl CHTHAJI, SIBJISFOIIUICS KOMIUICKCHBIM CIIEKTPOM BXOIHOTO
CUTHaJIa. DTOT KOMIUIEKCHBIN CHEKTpP Sa(wx,t) manee momsepraercs
onepanuu (OTOACTCKTHPOBAHUS Ha KaxkaoMm mukcene [13C-mu-
HEHKHU.
Crenyer Oosee moapoOHO paccMOTPETh BOIPOC MONTYUYCHHUS
dynkimu nponyckanus mudpakumonnoil pemerku 1 (&) . To-

CKOJIBKY B CaMOM IIPOCTOM cilydae Au(paKkIMOHHAs peIIeTKa
npencraBisier co0oi Ha0Op YepemyIomuXcss MPO3payHbIX U He-
MPO3PaYHBIX SIEMEHTOB, 3TO JaeT BO3MOXKHOCTH MPEICTaBHUThH
(GYHKLUIO MPOIYCKaHUs B (POPME «HMITYIIECOBY» JUTHTEIBHOCTHIO
Ty 1 CIEYIONIHX ¢ IepuooM T4. Takoe npeacTaBieHne mo3BossieT
3aIMcaTh BEIPAKEHUS JUIS PA3IOKeHNS (QyHKIMHU TIPOITyCKAHUS B
KOMIUTEKCHBIH psig @ypoe [10], HeoOXomuMoCTh dero OyIeT mosic-
HCHA HUXKC:

T(E)= 3 C,exp(inQ, ). &

n=-o

Puc. 2. [Ipencrasnenue GpyHKINN IPOITyCKAaHUS PEHICTKH B (hopme
NIOCJIEIOBATEIbHOCTU «UMITYIbCOBY

YToOBl yCTaHOBHUTH BEJINYMHY KOI(PGHUINEHTOB Pa3IOKEHHS
Ch psama @ypbe (2), ObUTO TPEATIOKEHO HCIIONB30BATh OIHO U3
(hyHIaMEHTANBHBIX COOTHOIICHUH Teopun curHaios [11], xoto-
poe MO3BOJISIET BBIPA3UTH 3TH KO3(D(UIIMEHTH Yepe3 KOMILIEKC-
HBI CIIEKTP — B JTAaHHOM KOHTEKCTE MPEACTaBIISIONIETO CO00it
CIIEKTp MPOCTPAHCTBEHHBIX YACTOT. YKa3aHHasI B3aUMOCBS3b (op-
MaJIM3yeTcsl CIIeLYIOIUM 00pa3oM:

C,=25(nQ,)/L. 3)
TakuM 00pa3oM, 3a/1a4a MOMyYeHHs! KOd((HUIMEHTOB pasio-
JKEHHUSI CBOJIUTCS K PACUETY CIIEKTPAILHOM IIOTHOCTH S (nQ,),

YTO MOXKHO PEaJN30BaTh METOJOM OIPEEICHUS CIEKTpa MadKH
BUICOUMITYIIBCOB [11]:

S(@.)=S,(®.) -(eiN“’fTg +e M e g g ) =

N .
=Sy(,) Y "™,
n=-N
)
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rac SO (a)é) — CHEKTpajibHasA MJIIOTHOCTb OAHOI'O 3JIEMCHTA IIPO-

3padyHOCTH AU(PaKIHOHHOM pereTkr, 2N — YKCiI0 TaKuX SIeMeH-
TOB.
C npyro#t CTOpOHBI,

T sin(a, %9)
S)(@.) = j exp(—lwff)dg"‘:ZT- Q)
_f ¢

2

B BeIpaxkennu (5) cymma MOXKET OBITh IpezicTaBiieHa B hopme
saapa dupuxie:

. 1
sin[(N +E)a)§Tg] |

(6)

N .
z e—mngg —

n=—N

sin(w,T, /2)

DTO J1aeT BO3MOXKHOCTb 3alMCaTh BIPAXKEHUE AJIsl CIIEKTPaJIb-
HOM MJIOTHOCTH JIJIsl BCEH pelIeTKH:

1
sin[(N + —)®.T,
[( 2) 2 g]. -

S(@) = 3o(@): sin(@,T, /2)

W3 cootnomenwii (7) u (3) ciemayet, 4yro k03GHUIUCHTHI psina
(2) MOXXHO TIPE/ICTABUTDH B CIIEYIOIIEM BHJIC:

T 1
sin(nQ. ) sin[(N+—)nQ T
c -4 (n€Q2, 2)' [( 2) o g]. ®
nQ

T
9 L -sin| nQ, ?g

bonee cTporuii noaxoq NpUBOAUT K TOMY, UTO Pa3jIOKEHUE B
psn @ypbe (2) ciaenyeT 3anucarh B BUE:

T = i C, exp(ikaw, &) + i C,exp(imQ &) )

m=kL/Ty

e @, :27r/Tg :2NQg.

TmrarenbHBINA aHAMH3 BRIpaXKeHUs (9) MO3BOISIET YCTaHOBHTH,
YTO TIpH BechbMa Oombinoil BenmuunHe L ko3 durmentsr Cy omnpe-
JIENSIOTCS. B TOYKAX, COOTBETCTBYIOIIUM IJIABHBIM 3HAYCHUSIM
anapa Jlupuxiie, 4To sIBISIETCS NACAIBHBIM CIIydaeM IpecTaBiIe-
HUA (QYHKIMH TpomyckaHus IudpakiuuoHHOW pemerkd. Ilpu
atoM Cpn, BXOJSIIKE BO BTOPYIO CyMMy BbIpaxceHus (9), Bcien-
cTBHE crienn(UUecKoro cBoicTBa siapa Jupuxie okasblBaloTCs
npeHe6pe>K1/1Mo MaJIbIMH 110 CPaBHCHHIO C YKa3aHHBIMU BBIIIE KO-
s punmeHTaMu. ITO MOATBEPIKIACTCS PE3yJIbTaTaMU KOMITBIO-
TEPHOTO MOZIECIMPOBAHUS, IPE/ICTABICHHOTO Ha PUCYHKE 3.

JIyist HaISTHOTO TIONTBEPIKACHUS 3TOTO (DakT OBIIM BBITION-
HEHBI pacyeThl KOA(PGHUINEHTOB PA3I0KEHHS [UISl CIIEAYIONIHX TTa-
pameTpos: : mepuon T¢=5 MkM u aneptypa L = 0,01 mm (puc. 3a)
— 2 mTpuxa, yKIaIbIBaOIIUXCS B Tipenenax aneptypsr, L = 0,1 mm
(puc. 36) — 20 mrpuxoB u L = 1 mMm (puc. 3B) — 200 mTpuxos.
JlononHUTeNnbHO B BU/IE OTHOAIONINX TOKa3aHbl: siApo Hupuxie
D(n€Yg) (cuHAA CTINONIHAS TUHUA) U CIIEKTP Pa3IOKEHUS OJHOTO
2JIEMEHTA IMPO3PauyHOCTH JU(ppakinoHHOH pemeTku S(NCYg) (3ere-
Hadg mITpuxoBasd J'II/IHI/ISI).

SNNIEKTPOHMKA. PAONOTEXHUKA

Puc. 3. Pe3ynbrar KOMIbIOTEPHBIX PacueToB KOI(PPUIIHMESHTOB
paznoxenust Cnipu L = 0,01 (a), 0,1 (6) u 1 (B) MM

C yu4éToM BBIBICHHOW 3aKOHOMEPHOCTH JaibHEHIee Io-
CTPOCHHE MAaTeMaTHYECKONH MOy Oa3upyeTcsi HCKITIOUUTEILHO
Ha TEPBOM ClIaraéMoM B MpaBoil "acTu BeIpakeHHs (9). Dto
yIpoleHne 000CHOBaHO (PU3NYECKUM CMBICIIOM paccMaTpHBac-
MBIX KO3()(DUIIMEHTOB U MOJATBEPKAACTCS PE3yIbTaTaM1 YHCIICH-
HOTO MOJICJTMPOBAHUSI.

Janee paccMoTpeHHe Tpoliecca IpeoOpa3oBaHUsl ONTHYC-
CKOTo cHurHaja TpeOyeT mepexofa K KOMIUIEKCHOMY CIIEKTpY OI-
THUYECKOTO CHTHAJA Ha OCHOBAHHHU TOIYYCHHBIX BBIPAKCHUH IS
(YHKLIMH POIYCKaHHS PEIISTKU ¥ KO PULIMSHTOB PA3IIOKSHUSL.
B kadecTBe BXOIHOIO BO3JICHCTBHUS MPU ONPEICICHHU ariapar-
HOW (YHKIMM TpHOOpa CllelyeT HCIOIb30BaTh OIHOPOAHYIO
II0CKYI0 MOHOXpoMaTuueckyto Boiny exXp(i't) ¢ exunmunoii

ammumutynoi [ 12]. IlonctanoBka mepBoit cyMMbI BeIpaskeHHS (9) B
cootHomenue (1), maer:

—
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L

S, (w,,1) = exp(la)t)j Z C, exp(ikQ, &) -exp(-i@,£)dS | =

L \k=—0
2

exp(ikQ, &) -exp(-im,&)d &

—o

=exp(io't) z C,
k=—o0

vl

(10)

Pesynsrar nHTErpHpoBanus B BeIpakeHuu (10) MoxkHO TIpen-
CTaBHTH B (hopMme:

L sin| | kQ, _ox|L

3 _ ) oF)2]
I exp(ik, &) -exp(-iw £)dS =2 < .

L kQ, _oX

2 c,F

s yno6cTBa BBIpaXEHHE TIO CHHYCOM MOXKHO ITpeoOpaso-
BaTh K BUAY [77]:

ngco\

a)'xl__
sz

Q"con

— (0 ) 2? a( LGP

B uroroBoMm pesynsrate (12) MOXHO BBIACTUTH Psi/T BaYKHBIX
apaMeTPOB ONTHYECKOHN CXeMbI AU(PAKIIMOHHOTO ITpHOOopa.

1) 3aBUCHMOCTh HPOCTPAHCTBEHHOW KOOPAMHATHI MU CIICK-
TPaJIbHOW YaCTOTHI:

o(x) = (KQ,C,F / X). (13)

2) Tak Ha3pIBaeMoOe «BpeMs»» aHaIH3a (MMEET PasMEpHOCTb
BPEMEHH, C), KOTOPOE COOTBETCTBYET BBEICHHOMY B (popmyrte (9):

T,(X) = Lx/2¢,F . (14)

COBOKYIMHOCTh TOJYYCHHBIX MAaTeMaTHYECKUX BBIPAKCHUI
MO3BOJISIET 3AMKCATh KOMILIEKCHYIO allliapaTHyio (YHKIHIO MpH-
6opa ¢ TupPaKIUOHHON PEIICTKOM B BUJIE:

sin[(a&(X)—a)T,(X) /2]
(@XX)—a)X/C,F
raec N — YUCJIO YUYUTBIBACMbIX I[I/I(bpaKLII/IOHHLIX MOPSAAKOB.

B cBow ouepenp, KOMIUICKCHBIA anmapaTypHbId CIIEKTP
MOYKHO 3amucaTh B hopme:

N
K(w,@',t) =exp(io't) Z 2C,

k=N

_ ' N sin[(@(X) —T,(X) /2], ,
Sa(a)x,t)—IS(a))exp(la)t); 2C, @00~y do' =

sin[(@(X) T, (¥) /2] |
k§ 2C, J. S(@")-exp(ia't)- (@) @)X/ o F do'.

(15)

Bripakenne (15) siBisieTcst OUeHb BaKHBIM PE3YJIBTaTOM, OT-
pakaromM (HOPMHUPOBAHHE MHOTOIIOPSAKOBOTO KOMIUIEKCHOTO
CHEKTPa M OTBEYAIOIIEr0 0003HAYEHHBIM B HAYaJIe 3TOTO paszera
KPHUTEPUSIM, TIPEIBABISIEMBIM K HOBOH MOJIEIH.

Crnenyer NPOKOMMEHTHPOBATh Ba)KHBIE ACTEKTBI, KOTOPHIE
CTaJI0 BO3MOXKHBIM OMKCATh OJlarojiapsi MpeiioKeHHOMY HOBOMY
noaxoxy. IIpucyTcTBue MHOKHTENS K B BBIpa)KCHHH Ha BPEMCH-
HOU CIEKTPaJIbHOW YacTOThI OOBSCHSET YIYYIICHUE CIEKTpallb-
HOTO pa3pelIeHust pH 1epexozie B 0ojiee BHICOKUE MOPSIKH.

[Tpu 3TOM, yOBIBaHHE KOXPPHUIIHEHTOB pasznoxkenns Cy APYToit
CTOPOHBI IMMPUBOAUT K YXYAIICHUIO OTHOIICHUSA CI/IFHaJ'[/I_HyM, qTO
OrpaHUYUBACT HMCIOJIB30BAHMWE BBICOKUX IIOPAAKOB IIPpU CIICK-
TpaJbHOM aHaJu3e.

Haxonern, ciiefyeT OTMETHTB, UTO ITPETIOKEHHAs MOJIEIb 1103~
BOJIMJIA OOBSCHUTH M3MEHEHHE CIEKTPaJbHOIO paspelieHus B
npesienax Jaxke oJHOro TUQPaKIMOHHOTO MopsiiKka. ITa 0COOeH-
HOCTB TTOATBEPKAACTCS PE3ysIbTaTaMU KOMIBIOTEPHOTO MOJIEIIH-
poBaHMsl anmapaTHoOW (yHKIUM Uil TUQPaKIMOHHBIX IOPSI-
KoB +1, +2 1 +3 npu AByX 3HAYCHUSAX JITUHBI BONHBL: A =400 HM 1
A =550 M. COOTBETCTBYIOIINE JaHHBIC BU3yaTN3UPOBAHEI HA PHU-
CyHKe 4.

Beipaskenue 15 mo3BosisieT Takke yCTAaHOBHTh MaTeMaTHUe-
CKylo (hopMy aiIs BaKHEHIIEro mapamerpa CIeKTPajIbHOTO IpH-
6opa — ero pazpemmaromnieii ciocodnocT R(w):

2r-c-F
o(x)-L

R(@(X)) = ———— (16)

[KE)

+1 nopsnox
=400 1M

1=550 M
+2 mopsI0K
=400 um A=550 mm

+3 mopsok

1=400 um 1=550 um

Puc. 4. 3menenue annapatHoil GyHKLIUH B pa3IMYHBIX HOPSIKAX

CriefyeT akIeHTUPOBaTh BHUMAHKUE Ha CIEMYIOIIeM MPUHIIU-
MHAJILHOM OOCTOSITE/ILCTBE: MEPEUMCIICHHBIC CBOMCTBA, XOPOIIO
M3BECTHBIE B OKCIIEPUMEHTAIILHOM crieKTpoMeTpuH [8§], He moia-
I0TCST OOOCHOBAaHMIO B paMKaxX TPAJAUIUOHHOTO MPUMCHCHUS
MPUHIUIIOB TCOMETPUYCCKON ONTUKU K aHAIU3y PabOThI CIICK-
TpaJIHOTO TIPUOOpa ¢ TUPPAKITUOHHON PEIIETKOM.

bnaronapsi KOMITJIEKCHOMY HUCHOJIb30BaHHUIO MPUHIIMIIOB pa-
JTUOONTHKY, armapaTa TEOPHH JHHEHHBIX CUCTEM W CHCTEMHOTO
MOAX0/Ia K aHAIM3Y MPeoOpa30BaHUs ONTHYCCKOTO CHTHANIA ya-
JIOCh B PaMKaxX CTPOTHX MaTeMaTHYECKUX BBIKIAIOK HE TOIBKO
BOCITPOM3BECTH M3BECTHBIE IKCIIEPUMEHTAIBHbBIE 3aKOHOMEPHO-
CTH, HO ¥ YCTaHOBHTH B3aUMOCBS3b MEXIY KOHCTPYKTHBHBIMHU
napamMeTpamu Tmpubopa M €ro CHEKTPAIbHBIMH XapaKTePUCTH-
KaMH, BBISIBUTH 3aKOHOMEPHOCTH U3MEHEHHUS pa3pelaronieil cro-
COOHOCTH B 3aBHCUMOCTH OT HOMEpa TUPPAKIIUOHHOTO TTOPSIKA.

2. [Ipoueaypa CHUTHIBAHMSA CHEKTPOMETPHYECKOM
uHpopmanuun

CuuThIBaHHE CIEKTPOMETpUIeCKO nH(popmarmu B audpax-
IIUOHHBIX MPHOOpax peanusyercsa depe3 padory (GpoTomprueMHBIX
ycrpotictB — [13C-nmuaeex. KoppekTHOE MOHMMaHIEe MEXaHU3MOB
(hopMHpOBaHHUSI U3MEPHUTEIILHOIO CHTHAJA M €ro MOCIeAYyoLei
U poBoii 00pabOTKK TPEOYET CTPOroro MaTEMaTHUYECKOTO OITH-
caHusl.

[Tporecc cunTHIBaHUS CHEKTPOMETPUYECKON HH(POPMAIK Ha
npumepe ogHoro nukcens [13C-nuHeiikn MOKHO MPEeACTaBUTh B
BUJIE JIBYX MOCIIC/IOBATEIILHBIX OTEPALMA: KBAIPaTHYHOTO ICTEK-
THUPOBAHMSI ¥ BPEMEHHOTO MHTETPUPOBAHUS, YTO MPEACTABICHO
Ha PUCYHKE 5.
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Puc. 5. DxBuBasieHTHAs CTPYKTypHas cxema (HoToIeTeKTopa

Kaxnpiit nukcenb ¢opMupyeT (GOTOKTOK, MPONOPLUOHAIb-
HBII MHTEHCUBHOCTH ONTHYECKOTO CHTHAJIa HA COOTBETCTBYOLIEH
MIPOCTPAHCTBEHHOM KOOPAMHATE CIIEKTPAIILHOM YacToTe, YTO MO-
JKeT OBITh 3armucaHo B popme [13]:

p
ho'’

i, =74, (17)

re ¥ — KBaHTOBas dP(EKTUBHOCTH AeTeKTopa; O, — 3apsa dnek-
TpoHa; /i — mocrosHHas [lnaHka;, P — MOIIHOCTH IAJAOLIETO

/
ONTUYECKOTO U3JIYUYCHUs; () — CIIEKTpabHasl 4YacToTa.
Jns onpenenenus MomHOCTH P B BhIpakeHuu (17) cremyer
UCIIOIb30BaTh U3BECTHOE BhIpakeHue JUisi BekTopa [loitHTHHTa:

pzj'J‘Pds, (18)
St

rae S, — IUIONIab YyBCTBUTEIBHOI MOBEPXHOCTH (HOTOMPHEM-

HUKA, ds = IldS, 3aeck NI — enuHHUYHAsE HOpMaJlb K 4yBCTBH-

TeJIbHOM oBepXxHOCTH (hoTonpremurka; P — exrop [ToiiHTuHra,
omnpenenseMblii Kak:

P=ExH=[ExH|s=\/s/u[E s=Ju/e[H]s. (19

e E, H — onekrpuyeckuii 1 MarHUTHBIA BEKTOPbI, COOTBET-
CTBEHHO, § — €IMHUYHBINA BEKTOP; & , 4 — AMAIEKTPUUYECKAs U

MarHuTHas MPOHUIIAEMOCTH, COOTBETCTBEHHO.

CrieyeT noauepKHyTh, YTO B YCIOBUSIX CHEKTPAJIBLHOIO aHa-
JIn3a U3JIy4YeHue, Kak NpaBUjio, HE SIBISIETCS CTPOTO MOHOXPOMa-
tnaecknM. OHO 00IaJaeT KOHEYHO! MIMPHHON crieKTpa Aw, 9TO
TpeOyeT YIUTHIBATh CIeNU(UKY pabOTHI CIIEKTPAIFHOTO YCTPOH-
cTBa. JTO 03HAYALT, YTO CYMIECCTBYET MPOCTPAHCTBEHHAS TUCIICP-
CHsl 4acToT, u KoopauHata X Ha [13C-nmHEiKe COOTBETCTBYET
ompeneNnéHHON CIIeKTpalbHON KoMIToHeHTe [14].

[IpuHrMas BO BHUMaHHE HETUHEWHYIO 3aBUCHMOCTH MEXIY

KOOPZMHATON Ha MPUEMHHKE U CIIEKTPAIbHOM 4aCTOTON So (@) u

YUUTBIBass KOHEUHYIO IIUPHUHY Kaxjoro snementa I13C-ctpyk-
Typbl, MOXKHO YTBEP:KJaTh, YTO OH PETHUCTPUPYET HE OJHY ua-
CTOTY, @ (UIBTPYET CUTHAJ B Mpeesiax ONpeAeIEHHON MOI0Ch
CHEKTpA.
Pa
’ 4,

AR

I
IS S S S S S S S S SS

e,

Puc. 6. [Ipouecc poronerexkruposanust [13C-nuHeiikoit

CrnenoBaresibHO, Ha CIIEKTpaJIbHOE pa3pelieHue npruodopa BiIu-
S€T HE TOJIbKO KOH(UTypalusi ONTHYECKOH CHCTEMBI, HO M KOH-
crpykTuBHBIC 0coOcHHOCTH [13C-nmuHelku. [10CKOIBKY KaKIbIid
9JIEMEHT (OTONPHEMHOM CTPYKTypsl (CM. puc. 6) oOmamaer

T-Comm Vol.19. #12-2025

SNNIEKTPOHMKA. PAONOTEXHUKA

KOHEYHBIMH pasMepamu 2AX, << X, OH OCYIIECTBIIET YacTOT-

HY!0 (QWIBTPALMIO B OPAaHUYEHHOH MOJIOCE CIEKTPa, COOTBET-
CTBYIOILEH CBOEH IPOCTPAHCTBEHHOM HPOTSHKEHHOCTH. Takum
00pa3om, pasperiaroriasi CloCOOHOCTh CIIEKTPOMETpPa OIpeesIsi-
€TCs HE TOJIBKO IapaMeTpaMiu ONTUYECKOU CXEMbI, HO U I'COMCT-
pudeckumu xapaktepuctukamu [13C-nmuneiiku. Vicxons us atoro
MOYKHO 3aIICaTh Pa3I0KEHHUE B Psifl Uil OKPECTHOCTH TOUYKH, CO-
OTBETCTBYIOILEH MUKCEIIO Xn:

(2zc,F)  (2#c,F) _ (2zc,F)AX,
~ F
T, (G TAX)  TyX, 2

(X, TAX)) = +...> (20)

7%,

B TEPMHUHAX CHEKTPAJIBHBIX YacCTOT, KaXIbIH 3JIEMEHT oCy-

LLECTBIISIET YAaCTOTHYO (hrubTpaLuio B nonoce yactor A@, , pas-

HYIO:
Aw, = k4”CO—F2AXn 1)
7,
HIIn
X2 (Aw, (X
AX = 7% (Aw, (%) 22)
4rc,F

Takum 00pa3oM, MOXKHO 3aKITIOUUTh, YTO Ka)KIBIH DJIEMEHT
[I3C-nmuHelKn ABISIETCS, IO CyTH, YACTOTHBIM (DMIIBTPOM, TIapa-
METPBI KOTOPOTO 3aBHUCST OT TOJIOKCHUS Ha JTMHEHKe. DTO HaKJa-
JIbIBACT OIpe/ieNEHHbIe TPEOOBAHNUS HA AJTOPUTM Tepecuéra Ko-
OpIIUHAT B YaCTOTHYIO 1Ky TpH 1IU(POBOit 00pabOTKe JaHHbIX.

Ha pucyHke 7 npuBeeHbI pe3ys1bTaThl MOJAESIUPOBAHUSL, KOTO-
phI€ HATJISIIHO MOKA3bIBAIOT M3MCHCHHE Pa3pelIaoIieii croco0-
HOCTHU TIpuOopa Aw,, I'o gnst 1w 2 nopsakoB. Jluana3oH aHaiu-

3UPYEMBIX JUTHH BOJH IIPH 3TOM cocTaBri A=350...650 HM.

saio"! T

a0

EST

AWIH

AW

210"

110"

x10° 210° =107 410°

Puc. 7. V3meHeHue paspeniaroiieii criocoOHoCTH mpudopa

Crenyromuii aTan — pa3jioyKeHHEe 4aCTOTHO-3aBUCUMBIX BEJIH-
YHH (HalpuMep, CIeKTPaIbHOM IOTHOCTH MOIIHOCTH U BEKTOPA
[NotinTnHra) B psin Teistopa. DTo MO3BOISET MONYYUTH BBIpaXKe-
HUSI, TIPUTOIHBIC IUISI YMCICHHOTO MOJEJIMPOBAHMS W aHAJH3a.
B nmanasone wactor @' =@, +Aw Bemuuuna 1/ @' B hopmyne

(1) npencraBuma psiiom Teitiopa B dopme:
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1 1 1

LR —

/

o o,TAo o, @, @,

_ Ao [ Aw ’

Foulr (23)

B cBoto ouepenp, Bekrop [1ofHTHHTAa MOXKET OBITH MIPEICTaB-
neH B hopme psiza:

P(xY) = PO, y,) 4| XLty 2 | P(x,.y,)+
x o (24)
2)

! 0 0 P(X,,¥,)+...

+—| X—+y—
210 ox "oy
rae Xn’ yn — KOOpAWHATHI B IIJIOCKOCTHU LIyBCTBI/ITeJ'II:HOI‘/'I IMOBEPX-

HOCTH N-T0 nementa [13C-nuuenku.
ITockonpky mmpuHa otaenbHoro siementa I[I3C-nuHekn
maia AXn << AX0 , MOXXHO OT'PAaHMYMTHLCS HYJICBBIM IOPSJIKOM B

paznoxenuu. Torna ¢popmyna (1) npuHUMAaeT BUA:

Nelw B x|

ho,

in =70, (25)

rne AS, =Ax|, snece AX,,| — mporskeHHOCTH N-TO 3MEMEHTa

[13C-nuueiKu BIOJIb OCH IIPOCTPAHCTBEHHBIX YaCTOT (), U B IIEP-

MICHIUKYJISIPHOM HAIPaBJICHUH, COOTBETCTBCHHO.

[ToncTaBuB BBIpAKEHUS TSI AICKTPUYCCKOTO TTOJISl, COOTBET-
CTBYIOIIIETO CIICKTPAJIBHOW KOMIIOHCHTE, B ypaBHCHHE (DOTOTOKA,
MOYKHO TTOJTyYUTh UHTETPATBHOE BEIpAKEHUE pe3yabraTta (horose-
TekTupoBaHUsA. C y4eToM MPOCTPAHCTBCHHOTO H BPEMCHHOTO
YCpemIHEHUs, XapakTepHOTo st padotsl [13C-cTpyKTYyp, pe3yib-
TaT PErUCTPALUE MHTCHCUBHOCTU HA BBIXOJE CIIEKTPOMETpA MO-
JKeT OBITh MPECTABIICH CIECAYIOMIIM 00pa3oM:

oy+dan sin*[(@(X) — @) Ti]

i=B 22 G(w)dao' =

A (@() =) (26)
-8B j nsincz(-)-G(a)’)da)'.

o, —Awy,

DopManbHO MOXKHO OIMCATh OTKJIMK Kaxaoro aementa [13C
KaK pe3ylbTaT CBEPTKH CIIEKTPAJIBHOIO CHTHAJA C allapaTHOU
(hyHKIHEH CIEeKTpOMETpa, YUUTHIBAIOMICH Pa3pelIaloniylo CIo-
COOHOCTB KaK 10 BPEMEHH, TaK H 110 MPOCTPAHCTBEHHOM KOOP/IH-
Hate. B pesynbrare, BBIXOOHOW CUTHAN CIEKTPOMETPA MOXKHO
IIPEJCTaBUTh B BUJIE MATPUYHOTO YPABHEHUS:

w,+Aw,

|G()|=8B [ diag{A, (@)} [G(e)]|de'-

oy —Aw,

@27

riie G(@’) — SHepreTHYECKUil CIIEKTP aHATU3MPYEMOTO CHTHANIA;
diag {/\](a), a)')} — oHepreTHueckas anmnapatHas (yHKIHs
CTIEKTPALHOTO MPUGOpa ONTHYECKOTO JUANA30HA B MATPUUHOM
dopme; A (@, ") =sinc’(¢) .

Taknm 00pa3oM, KaxJIbIii BBIXOIHOH OTCUET CIEKTpa Tpe-
CTaBIISIET CcOOOM pe3yNnbTaT HMHTETPATBHONW CBEPTKH BXOAHOTO

CHUTHaJIa C almapaTHoOi (yHKIMEH COOTBETCTBYIOILETO KaHasa,
yCpenTHEHHOH MO MI0IaaAn (POTOMPUEMHOTO JIEMEHTA 1 BpEMEHH!
pETHCTpALHH.

HTorom npeanoxeHHOW MOJIENN SIBISIETCS TO, YTO CHEKTPallb-
Hasl 9yBCTBUTEIBHOCTh Ka)K/I0TO 3JIEMEHTA CUCTEMBI MOXKET ObITh
TOYHO OIMCaHA C Y4€TOM T€OMETPUH, BPEMEHH HHTETPUPOBAHUS
1 AA(PaKIUOHHBIX TAPAMETPOB ONTHYECKON CXeMBI. DTO CO3IaET
OCHOBY JUIsl IOCJIE/TYOIIETO JTara — KOPPEKTHOH 1u(ppoBoii Kop-
PEKIMU 3aperncTPUPOBAHHOTO CHI'HAJa, HAIPABJICHHOW Ha BOC-
CTaHOBJICHWE MCTHHHOM CIEKTPAJIbHON IJIOTHOCTH MOIIHOCTH
AQHAJIM3UPYEMOTO ONITHYECKOTO M3ITydEHHUS.

Kak crnenyer u3 npuBeAEHHON BBIIIE MaTeMaTH4ecKOil Mo-
Jend, GOpPMHUPYEMBIH CIIEKTpalbHBII CHUTHANl Ha BBIXOAE (OTO-
MIPUEMHOTO YCTPONCTBA TTOJIBEPXKEH PSITy MCKAXEHUH, 00yCIIoB-
JICHHBIX KaK KOHCTPYKTHBHBIMH OCOOCHHOCTSIMH CIEKTPOMETPA,
Tak ¥ (U3NIECKUMH OIPaHWYCHHUAMH BJIEMEHTOB PEruCTpaluH.
B ycnoBusix peanbHOTO 3KCHEPHMEHTa 3T HCKAXKEHHUs CTaHO-
BATCS 0COOEHHO 3HAYMMBIMU M TPEOYIOT 00sS3aTeThHON KOMITCH-
callMi C LENbI0 TIOBBIIICHHS] JIOCTOBEPHOCTH ITOJyYaeMbIX
CHeKTpoB. B mepByro ouepenh 3TO OTHOCHTCSI K HEIMHEWHOCTH
CHEKTPaJIbHOM  IIKallbl, HEPErYJSPHOCTH YYBCTBUTEIHLHOCTH
[M3C-nuHelikn 1 0COOEHHOCTSM (OPMHUPOBAHHMS AIIAPATHOM
¢dyHKIMHM Tprdopa.

[IpeanoxxeHHas panee MareMaTn4ecKasi MOZEIb B SIBHOM BH/IE
MOKA3bIBAET, UTO CHEKTP, PErUCTpUpyeMbIii ¢ momorbto [13C-mu-
HEHWKH, He SBISETCS TOYHBIM OTPAKEHHEM CIIEKTPaJbHOTO CO-
cTaBa BXOJHOTO cUrHaja. Ha 9To Bimsier, B TOM 4ucie, HepaBHO-
MepHast YyBCTBUTEIBHOCTh CaMOTO (DOTONMPHEMHOTO YCTPOIiCTBa,
KOTOpAasi He SIBISIETCSI TOCTOSTHHON BO BCEM CHEKTPAILHOM JHara-
30HE.

Ha npumepe I13C-nuneiikun TCD1304, ¢ yueToM UMEIOIIUXCS
OTKPBITHIX IaHHBIX O €€ CIIEKTPaJIbHON YyBCTBUTEILHOCTH, OblIa
IpoBezieHa e€ annpoKCUMAIXs METOAOM HaUMEHBIIINX KBaJ[PaTOB,
B PE3YJIbTATE YETO MOTyUYeHO aHATMTHYECKOE BBIPAYKEHHUE 3aBHCH-
MOCTH YyBCTBUTEIBHOCTH OT JJIMHBI BOJHBI.

* - JaHHLIE nponb'suc)mn&'m
—— - pexsmam
annPoKCIEMatin

A, HM

Puc. 8. CnexrpanbHas uyBcTBUTEIbHOCTD [13C-n1HEHKH

AHanmiTuyeckas 3aluch  annpoKcUMupyromeid  (QyHKuu
HMeEeT BUA:
W (1) =-0.0000281 +0.020002.1 —3.429690 . (28)

3TO 1MO3BOJISIET MCIOJIB30BAaTh 00paTHYIO (DYHKIMIO YyBCTBH-
TEJIFHOCTH B KadeCTBE IOMPABOYHOTO MHOXKHTEISI K HM3MEPEH-
HOMY CHUTHAIY.
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Ha ocHoBe npoBeaeHHOTO aHamM3a ObUT COPMHUPOBAH TOIIA-
TOBBIl QJITOPUTM KOPPEKIIUH CIIEKTPOCKONYECKUX U3MEPEHH:

1. Henmueitnoe npeoOpazoBaHKe IMIKaJIbl KOOPAMHAT — Iepe-
CYeT MPOCTPAHCTBEHHON KoopauHaThl 3neMeHTOoB [13C-nuneiiku
B IIKaJIy CIIEKTPAJIbHBIX YacTOT Ha OCHOBaHWM BbIpaxxeHus (13),
YTO YYHTBIBACT PealIbHbIC T'€OMETpHUYECKHE M AU(PPAKIHOHHbIC
rapameTpbl CHCTEMBI.

2. Koppekuusi 1o 4yBCTBUTEIBHOCTH — KaXK/bIil 3apPErHCTpH-
POBaHHBII OTCYUET CIIEKTpa YMHOMKAeTCSl Ha BEJIMUYHHY, 0OpaTHO
MIPOTIOPIMOHAIBEHYIO  YYBCTBHTEIIBHOCTH (OTOJETEKTOpA IPH
JTAHHOH JTHHE BOJHEI, C HCIIOIh30BaHUEM BhIpakeHH (28).

3. ®OpMUPOBAHUE HTOTOBOIO CHEKTPA — PE3YJIBTUPYIOLIMI
CHEKTP BU3YaJM3UPYETCsl WK IIEpeaeTCsl B MOCIEAYIOINiT OJIOK
00pabOTKH, MPH ITOM MOXKET OBITH JOMOJHUTEIBHO HHTEPITOJIH-
POBAaH WX CTJIIAXKEH JJI TOBBIICHUA YATACMOCTH.

PesynbraThl IpMEHEHUS IPEI0KEHHOTO aIrOpUT™Ma KOppeK-
LIMM TIPEJICTABICHbl Ha PUCYHKE 9, Iie TIOKa3aHO CPaBHEHUE WC-
XOJIHOTO U CKOPPEKTUPOBAHHOTO CIIEKTPA, IMOJYYEHHOTO TPH pe-
THCTpPAIlMM CHUTHAJNA OT CTaHAAPTHOTO MCTOYHUKA M3ITYYEHHS —
samiisl LS-1 ¢pupmer Ocean Optics.

Pe3yNETaT NPOrpamMmMHON KOPPEKLMK CNEKTPOMETPHYECHMX USMEPEHMIA
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Puc. 9. Pe3ynprar KOppeKIUHU CIEKTPOCKOITMUECKUX U3MEPEHUIA

W3 ananusa pucyHKa BUJHO, YTO IPOBEJCHUE KOPPEKLUHU CY-
IIECTBEHHO MEHSET (OpPMY CHEKTpa: PsiJi JOKAJIBHBIX MAKCHUMY-
MOB U MUHHMYMOB, UCKa)KEHHBIX M3-32 HEPAaBHOMEPHOM 1yBCTBU-
TEJIFHOCTH, CTAHOBUTCS aJIEKBATHO OTPAXEHHBIM. JTO 0COOCHHO
Ba)XHO MPU paboTe C MIMPOKOMOIOCHBIMI NCTOYHUKAMH HITH TTPH
KOJIMYECTBEHHOM aHAJIN3€ PACIPEICICHNS SHEPTUH T10 CIIEKTDY.

Takum oOpa3oM, peaqn30BaHHAs CHCTEMa CUYUTHIBAHHS B CO-
YeTaHUH C MATeMaTH4eCKH 000CHOBAaHHBIM aJTOPUTMOM KOPpPEK-
LI1M TTO3BOJISIET CYIIECTBEHHO MOBBICUTH TOUHOCTH M BOCIIPOU3BO-
JIUMOCTB CHEKTPaTIbHBIX U3MEPEHHUIl. DTO OTKPHIBAET BO3MOXKHO-
CTH JUIS MCIIOJBb30BaHUS MPUOOpa HE TONBKO B MCCIEIOBATEIb-
CKHX, HO U B TIPUKJIAJIHBIX 3a7a4ax — OT TEXHOJIOTUYECKOTO KOH-
TPOJIsl 10 IPUMEHEHUH B a3POKOCMUYECKON OTpaciii, HallpuMep,
10 aHAJOTUH C pe3yiabraraMH padoT, mpuBeAeHHBIMU B [15], a
TaK)Ke B COCTABE CUCTEM KOHTPOJIS ¢ IPUMEHEHUEM ONTHUYECKOTO
BoJIokHa [16, 17].

3akjrouenue

B nanHoli paboTe paccMOTpPeH KOMILICKCHBIN MOAXOM K I10-
CTPOCHUIO MOJEIH CUUTBIBAHUS M IOCJIEAYIOMEH KOPPeKIUH
CHEKTPOCKOMMYECKOH HHPOpMAIMU B AU(PAKIIUOHHOM PELIETOY-
HOM CIIeKTpoMeTpe. B oTimume OT Knaccuueckux Mopenei, He
YUUTHIBAIOLIMX OCOOCHHOCTH IMPOCTPaHCTBEHHO-CIIEKTPAIBbHBIX
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IpeoOpa30BaHuid, MPEITI0KEHHOE ONMCAHNE ONMPACTCS Ha CTPO-
THA PaguoOONTHYECKUN aHAN3, OOBACHIIOMNN MHOTOIOPSIKO-
BYIO NPHUPOAY (OPMHUPOBAHMS CHEKTPA, HEIMHEHHOCTh IIKAJIBI
MIPOCTPAHCTBEHHBIX CHEKTPAIBHBIX YaCTOT M HEPABHOMEPHOCTH
criekTpasibHOM Xapaktepuctuku [13C-nunenku.

Hpe}IJ'IO)KeHHaH MareéMaTudeCckKkasda MOJCIb, OIIMChIBAKOIIAA
npotiecc (OPMUPOBaHUsI CUTHANA Ha KaxkaoMm nukcesie [13C-mu-
HEWKH B YCIIOBUSIX BPEMEHHOW U POCTPAHCTBEHHOW MHTETPALIUH,
COIPOBOJK/AIOIEHCS] YaCTOTHON (DUIIbTpalMei, B COBOKYITHOCTH
C mapamMeTpaMM ONTHYECKON CXEMBI CHEKTPOMETpPA, MO3BOJISET
KOJIMYECTBEHHO OICHUTH BKJIAJ KaKAOTO W3 ATHUX (HAKTOPOB B
HUTOTOBYIO pa3peIlaronryo CriocoOOHOCTh NMPHOOPa M MX BIHMSHUE
Ha pe3yJIbTaT CUMTHIBAHUS CIIEKTPA.

PesynbTarsl JaHHOH PaOOTHI MOTYT OBITH OJIE3HBI ITPH CO3/1a-
HUM KOMITAaKTHBIX ¥ HEAOPOTHX CIIEKTPOMETPHUECKUX CHUCTEM C
pacHmupeHHbIM (YHKIMOHAIOM, OPUCHTUPOBAHHBIX HA PEILICHUE
3aJja4 CHEKTPAIBHOTO aHAIN3a, KOHTPOJISI TEXHOJIOTHYIECKUX MPO-
[IECCOB, HKOJIOTHUECKOT0 MOHUTOPHUHTA M JPYTUX MPHIOKECHUMH,
T'IC Ba’)KHbI KaK TOYHOCTB, TaK U aJIalITUBHOCTH K U3MCHAOIIUMCS
YCIIOBUAM. B YaCTHOCTH, NPCAIIOKECHHBIC METOABI MOT'YT 6I)ITI) uc-
MOJIb30BaHbl B MHOTOKAHAJBHBIX CIEKTPOMETpax, a TAaKXkKe B CO-
YEeTaHHH C 3JIEMEHTAMH HCKYCCTBEHHOTO MHTEJIIEKTa JJIsl TIOCTPO-
€HHSI HHTEIJUIEKTYJIbHBIX CHCTEM 00paOOTKH CIIEKTPOB.

B nanpHeinem miiaHupyeTcs pacuIipUTh IPEUI0KEHHYIO MO-
JIeTTb JUIS y9€Ta IIyMOB, BOSHUKAOIIHX IIPU PETUCTPALNH, U BITU-
SIHUSI TeMITEpaTypHBIX ()aKTOPOB Ha CTaOMIBHOCTBH MapaMeTpoB
[I3C-nunetiku. Taxxke npeacTaBiIseTCs NEPCHEKTUBHBIM UCIOb-
30BaHNE MHOTOTOPSIKOBOM AN(PAKIINY 1 aHAIN3 BO3ZMOXHOCTEH
peanu3anuy MoJOOHBIX CHCTEM B MUKPOCOOPKAX M MHTETPaTIbHBIX
OTITORJICKTPOHHBIX MIaT(OpMax.

Baaropapuoctu

Pabora BbITIONIHEHA TIpH (PUHAHCOBOH TTO/IepIKKe MuHHCTED-
CTBa HAYKH W BBICHIEr0 oOpa3oBanus Poccuiickoit deneparum,
cornamtenue Ne FSRF-2023-0003, «®yHgaMeHTalIbHbIE OCHOBBI
MTOCTPOCHUSI TOMEXO3AIUIIEHHBIX CHCTEM KOCMUYECKON H CITyT-
HUKOBOW CBSI3M, OTHOCUTEIbHON HAaBUTAIMU, TEXHUYECKOTO 3pe-
HUSI 1 @9POKOCMHUYIECKOTO MOHUTOPHHTAY.

Jlutepartypa

1. Jlebeoes B.®., Muwycmun I'.B., Ilhakcun M.K. Ananm3 xumude-
CKOT'0 COCTaBa BMHA METOJIOM JIa3ePHO-UCKPOBOM AMHCCHOHHOH CIIEKTpO-
ckorm // dusndeckue ocHOBBI iprOopocTpoeHust. 2023. Ne 4. C. 59-65.

2. Ceporwx K.B. MozaenupoBaHue paboThl aHAJTM3UPYIOLICH CHCTEMBI
HPU3MEHHOTO CIIEKTPAIbHOTO IPHOOpa Ik KOHTPOJIS PU3HUecKuX U Gpu-
3UKO-XUMHUYECKuX nporeccos // JlaTuuku u cuctemsl. 2023. Ne 4-2 (270).
C. 13-19.

3. Vaganov M.A., Moskaletz O.D., Kazakov V.l. Automatic control
system of combustion processes based on the methods of contactless op-
tical spectroscopy // Proceedings of SPIE. 2019. Vol. 11056. P. 110563A.

4. Kumaes B.B., Kazaxos B.[. llpumeHeHre METOJIOB ONTHYECKON
CIICKTPOCKOIIMHU B 3a1a4ax H}leHTI/I(bI/lKaLlI/lI/l U KOHTPOJIA MUKPOIUIACTUKA
// UunoBanmonHoe npubopoctpoenue. 2024. T. 3, Ne 5. C. 51-58.

5. Hebling J., Marton Z. Theory of spectroscopic devices // Journal
of the Optical Society of America A. 2006. Vol. 23, pp. 966-972.

6. Tapacos K.H. CnextpanbHble pudopsr; 2-¢ u3a. JI.: MammHo-
cTpoenue. Jleannrpanckoe ota., 1977. 367 c.

7. Crokos M.B. Ontudeckne CreKTpalbHbIe IIPUOOPHI: yaeOHOe MOo-
cobue JuIsl ONITHYECKHUX CIIeNUaIbHOCTel By30B. M.: MammHocTpoenue,
1984. 240 c.




DNEKTPOHUKA. PAODUOTEXHUKA

8. Paymuan C.I'. PeanbHble crieKTpajibHble prbopsl // Yenexu ¢u-
3uyeckux Hayk. 1958. T. 66. Ne. 11. C. 475-517.

9. Kaszaxoe B.U., Mockaney O./]. I3MepeHHe ONTHYECKUX CIIEKTPOB
PELICTOYHBIM CIIEKTPAIILHBIM TPUOOPOM B BBICIIHX JH(PAKIIHOHHBIX 110~
psnkax // Jlatauku u cuctemsl. 2018. Nel12. C. 22-27.

10. Kazakov V.., Moskaletz D.O., Moskaletz O.D. Alternative theory
of diffraction grating spectral device and its application for calculation of
convolution and correlation of optical pulse signals // Proc. SPIE. Vol.
9889, Optical Modelling and Design IV, 2016. P. 988924.

11. I'onoposckuii M.C. PagnoTeXHU4ecKue ey 1 CUTHAIBL: YYeOHUK
VLS BY30B, 4-¢ U311, iepepad. u nom. M.: Panguo u cBs3b, 1986. 512 c.

12. Kazaxos B.HU., Mockaney O./]. KoMIIJIEKCHBIE CIIEKTPHI B JU-
(paKIIMOHHOM PENIeTOYHOM CIIEKTpajbHOM Hpubope // Paguonpomsimi-

14. Kazakov V.l., Moskaletz D.O., Moskaletz O.D., Vaganov M.A.
Transformation of a harmonized random process by spectral devices that
perform instantaneous spectrum analysis // Proc. SPIE. 2018. Vol. 10680,
Optical Sensing and Detection V. P. 1068024.

15. ITapackyn A.C. VI3mepuTenbHble CHTHAJIBI U UX 0oOpaboTka B
CIIEKTPOCKOIIMYECKON CHCTEME KOHTPOJIST pabOThl PAKETHOTO ABUTATEIIS
// Natuuku u cuctembl. 2022, Ne 5 (264). C. 33-37.

16. Becmyeun A.P., Bazanos M.A., Kazaxos B.U. [Ipumenenue onru-
YECKOr0 BOJIOKHA B KQYECTBE JINHUHU Mepe/laul aHATU3HPYEMOT0 H3ITyue-
HUSl B CHCTeMax AMCTAaHLMOHHON omTudeckoil cmekrpockomuu // T-
Comm: TenexkommyHuKanuu u Tparcnopt. 2023. T. 17. Ne 12. C. 4-14.

17. Ceporx K.B., Mockaney O./]., Kazaxos B.H. [IpumeHeHne npus-
MEHHOTO CHEKTPAJILHOTO NMPHOOpa B CHCTEME KOHTPOJIS U YIPaBICHHS

JIeHHOCTh. 2016. Ned. C. 32-37.
13. Canex b., Teiix M. Onruka u ¢poroHuka. [IpuHIMIIBL 1 IpHUMEHe-
nust. JJonronpyansiii: U3narensckuii jom Muremnexr, 2012. 760 c.

TEXHOJIOTHYeCKHMH Tiponieccamu // Jlatumkn m cuctemsl. 2020. Ne 7
(249). C. 23-29.

FORMATION, TRANSFORMATION, AND DETECTION OF SPECTROSCOPIC INFORMATION
IN A DIFFRACTION SPECTROMETER: A RADIO-OPTICAL APPROACH

Vasiliy I. Kazakov, Saint Petersburg State University of Aerospace Instrumentation, Saint Petersburg, Russia, kvi@guap.ru
Aleksandr R. Bestugin, Saint Petersburg State University of Aerospace Instrumentation, Saint Petersburg, Russia, fresguap@mail.ru

Abstract

This paper presents a study of the formation and processing of spectroscopic information in a diffraction spectrometer. The relevance of this work
lies in the need to improve the theoretical foundations of diffraction spectrometers to increase the accuracy and reliability of spectrometric meas-
urements. Existing models based on the principles of geometric optics fail to adequately describe a number of important effects observed during
the operation of spectral instruments. A mathematical model of spectral transformation has been developed, based on the principles of radio optics,
linear systems theory, and a systems approach. The model describes the formation of a complex spectrum in a diffraction spectrometer from the
input aperture to the photodetector. A study of the characteristics of optical signal transformation has been conducted, including an analysis of the
formation of spatial spectra and their detection by a CCD array. Patterns of formation of a multi-order spectrum and its characteristics have been
established. A method for describing the complex instrumental function of a spectral instrument with a diffraction grating is proposed, taking into
account the characteristics of spectrum formation in different diffraction orders. The influence of the instrument's geometric parameters on its
spectral characteristics is demonstrated. An algorithm for correcting spectroscopic measurements has been developed, taking into account the
nonlinearity of the spectral scale, the nonuniformity of the CCD array sensitivity, and the characteristics of the spectrometer's instrumental func-
tion formation. A photodetection process was simulated, taking into account the design features of a CCD array and the parameters of the opti-
cal system. The results improve the accuracy and reliability of spectrometric measurements and can be used to create compact spectrometric sys-
tems for spectral analysis, process control, and environmental monitoring. The practical significance of this study lies in the potential application of
the obtained results in creating compact and inexpensive spectrometric systems for spectral analysis, process control, and environmental moni-
toring. The proposed methods can be used in multichannel spectrometers and systems with artificial intelligence elements. Prospects for further
research include taking into account noise processes during recording and the influence of temperature factors on the stability of CCD array
parameters, as well as the possibility of implementing such systems in microassemblies and integrated optoelectronic platforms.

Keywords: spectrum, information processing, diffraction grating, spectrometer, readout, CCD
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[aHHan pabota npeacraBnsAer co6oi uccnepoBaHme Nnpo6neMbl NPOrHO3MpoBaHUa 06bEMOB
NpoAaX B OPraHM3aLMOHHBIX CMCTEMaxX TOProBbiXx Komnauuwi. Llenbio paGotbl ABnserca
onpepenenne Haubonee 3¢dpeKTMBHOIO MeToAa M anropuTMa, MUcnonb3yiouleroca Ana
MHTENNEKTYanbHOro MPUHATUA pelueHnit o6 Mu3MeHeHMM o6bEMOB NpoAaxk TOProBow
OpraHM3aLMOHHOM cucTeMbl. AKTYanbHOCTb A@aHHOM paboTbl 3aKNIOYaeTcsa B CTPEMUTENLHOM
pocTe nony4aeMbix o0beMOB MH(OpPMaLMM M [aHHbIX, a TaKke B HeobGxoauMocTM Ans
TOProBbIX KOMMaHUM UATU B HOTY CO BPEMEHEM U B YMEHUM CBOEBPEMEHHO KOPPEKTUPOBaTh
cTpatermm GuMsHeca nNyTeM NPUHATUA YNPaBiEHYECKUX PeLUEeHU B CBOMX OPraHU3aLMOHHbIX
cucteMax. TpaauLMOHHble MeToAbl, OCHOBaHHble Ha TEOpUUM BEPOATHOCTER M
MaTeMaTM4eCKON CTaTUCTUKE, He MOryT 3¢hPEKTUBHO OCYLLECTBNATH MPOrHO3bl MPOAAX C
y4eToM BbilleyKa3aHHbIX TEHAEHUMA B MUpOBbIX 6GusHec-npoueccax. [MpumeHeHue
COBpPEMEHHbIX METO/I0B, KOTOPbl€ OPUEHTUPOBaHbI Ha MPOrHO3MpPOBaHUE pacCcMaTpUBaEMOro
TMNA [aHHbIX, MOXET AaTb 3HauuTenbHOe MoBbilleHUe 3(PPEKTUBHOCTU B pELUEHUU
yKkasaHHoW 3azaun. OOGbEKTOM MccnefoBaHUA ABNAIOTCA 0O0beMbl MpoAa)k TOProBbiX
KoMnaHuit. MpeaMer nccnepoBaHUA — METPUKM OLIEHKM KadecTBa METOAOB W anropuMTMOB
NporHo3upoBaHua o6GLEMOB mNpoja)k ANA NPUHATUIA YNPaBNEHYECKUX pELUEHUA B
OpraHM3aLMOHHBIX CUCTEMAX TOProBbix koMnaHwmii. Mo uToramM npoBefeHHOro UccnefoBaHUA
BbIIBNIEHbI OMTUMaJibHble METOAbI WM aNropuTMbl, oGecneyuBalolue BbICOKYID TOYHOCTb
NpOrHO3MpoBaHUA cnpoca Ha pasHooGpasHble Kateropuu npoaykuum. lMpepacrasneHbi
pPeKOMeHAaLUUM OTHOCUTENBbHO  LEeNecooOpasHOCTM TeX WAM  MHbIX  HacTpoek
runepnapaMeTpoB Mopesnei, CMOCOGCTBYIOLMX MOBbILUEHUIO KayecTBa pe3ynbTaToB
nporHosupoBaHua. CaenaHbl BbIBOAbl O MPAaKTUYECKOM MPUMEHEHUM KaXK[Oro MeTofa M
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BBenenne

ITox oprann3anoOHHON CHCTEMOM TOPrOBBIX KOMITAHUI, 3aHU-
MAaoONMXCsl TpoJakaMd, OOBIYHO MOHUMAIOT (HOPMATBHYIO
CTPYKTYPY, NPOILECCHI, MOIUTHKH U MPOLEAYpPbl, KOTOPHIE Pery-
JUPYIOT IEATENbHOCTh U (PYHKIIMOHMPOBAHHE TAKUX OpraHm3a-
. IIpruMeHeHne cOBPEMEHHBIX METO0B, UCIIONIB3YIOIINX BCE
BO3MOXKHOCTH BBIYHCIIUTEIBHOW TEXHHKH, TIO3BOJISIET TIOBBICHTH
3 PEKTUBHOCTH YIIPABJICHHS B OPraHM3alMOHHBIX CHCTEMaX KOM-
MaHWH, B TOM YHMCIIE TIPH IPOTHO3UPOBAHUH 00BEMOB Mpojiax. B
CBOIO OYepe[b METOJbl U aJIrOPUTMBI MHTEIUICKTYaJIbHOM MOJ-
JIEP)KKH TIPUHATHS YIIPABICHUECKUX PELICHUH B TOPTOBBIX KOM-
MAHUSX TO3BOJISIOT MOBBICUTH 3P GEKTUBHOCTD (DYHKIIHOHUPOBA-
HUsI opraHu3anyid. s mIporHO3MpOBaHMS TAaKMX BEIMYHMH, KakK
00BEMBI TPOAAXK TEX MM HWHBIX TOBAPOB U YCIYT, MOTYT UCIIOJIb-
30BaThCS TPAIUINOHHBIE METOBI U AITOPUTMBI, Oa3upyIOIIHecs
Ha TEOPUU BEPOATHOCTEH M MaTeMaTHYECKOW CTaTHUCTHKE, a
TaK)Ke COBPEMEHHBIE MOXOIbI, HAPUMEP, METO/IbI MAIINHHOTO
00yd4eHust. BaxKHO OTMETHTB, YTO B HACTOSILEE BPEMSI METO/IbI Ma-
IIMHHOTO 00y4YeHHs IIOJIy4aloT Bce Ooliee IUPOKOe NIPUMEHCHHUE
B pasHbIX cepax xu3uu [1, 9, 13-15, 17-19]. OHu 103BOJISIIOT
NOBBICUTH 3 dexTHBHOCTL 00padboTKK M300pakenuii [14], GpyHk-
LIMOHHUPOBaHuUs cereit csizu [2-12, 20, 21], paboThl TPOU3BOJCTB
U CKJIAQJIOB, TJC HEOOXOauMa KiacCH(UKAIUs Pa3IMIHOIo pojaa
00BeKTOB [9, 22].

OTH METOABI JTAI0T BO3MOXKHOCTH OCYILECTBIATH OoJiee TOY-
HBIE JIOJITOCPOYHBIE MPOTHO3bI KOTUPOBOK BATIOT W HHJEKCOB
ompix [15], a TakKe MPOTHOZUPOBATH CIIPOC HA TOBAPEI M YCIYTH
[9-12, 15]. B OyaymeM COBMECTHOE HCITONB30BaHUE TPOTPAM-
MHO-KOH(HUT'YPUPYEMBIX CETEH M METOJOB MAIIMHHOTO O0yUCHHUS
TIO3BOJIUT IOOUTHCSI 3HAYUTENIBHBIX yCIIEXOB ITPH YIIPABICHUH BCE
YCIIOKHSIOMIMMUCS CeTAMU CBsi3u [2-5]. B paborax [9, 15] moxka-
3aHO, YTO MCIIOJIb30BAHUE CTAHJAPTHBIX METOJIOB, aJITOPUTMOB U
MoJIeJiell He Bcer/a sBJIsieTCsl caMbIM A (EKTUBHBIM BAPUAHTOM.
Yacro HeoOXoauMa MOTU(HUKAINS HCIOJIB3YIOIIMXCS alrOPUT-
MOB, a 3aT€M YK€ [TOCTPOCHHE Ha MX OCHOBE YJIyUILICHHOW MOJICTIH
[1, 9, 15]. Takas Mozenb MO3BOJISIET JOOUTHCS MAaKCUMAIIBHO (-
(hexTHBHOM pabOTHI B TOM My MHOU cepe npumenenus [16, 17].

B coBpemeHnHOM 0011IeCTBE pa3nTUyHbIe KOMIIAHUH PET0CTaB-
JISIFOT TIOKYTIATEIIsIM MHOT'O TOBapoB U yciyr. Jiist mporHo3uposa-
HUSI Pa3HBIX TT0Ka3aTelsieil 00beMOB UX IPOAaX TpedyeTcs KpaiiHe
MHOTO CWJI M 3aTpaT, Kak BPEMEHHBIX, TaK M YenoBedecknx. Ha
TIOMOIIb MTPUXOIAT METOABI MAIIMHHOTO O0YYEHUS, KOTOPBIE CH-
CTEMaTHU3UPYIOT, HAXOAT 3aKOHOMEPHOCTH M TIPOTHO3HPYIO I10-
KazaTelH, HalpuMep, 00bEMBI ITPOIaX.

Jns 3ppexTuBHOTO0 MPOTHO3MPOBAHNS HEOOXOAMMO MTpOaHa-
JM3UPOBATh U OLCHUTH Pa3HbIE METOJbI MAIIMHHOTO OOy4YEHUS,
1oJi00pate HanboIee NOAXOISIIHNE Ui KOHKPETHON 3a1a4u, Uc-
X0/l U3 JIOCTYIHBIX PECYpPCOB JJIsl BhIUMCIeHUH. B HacTosimem
MCCJIEIOBAaHNUH TUIAHUPYETCS! BBISIBUTH METO/IbI M aJITOPUTMBI Ma-
IIMHHOTO 00y4eHusi, KoTopble OynyT 3(p(eKTHBHO MPOrHO3UPO-
BaTh 00BEMBI IIPOJIAXK, a TAKXKE OIPEIEIUTh, HEOOXOANMA JIN X
JlanbHen s Mo (UK.

Jlist focTr KeHMs yKa3aHHON paHee LelTN HCCIIeI0BaHus He0O0-
XOZMMO PEIINTh CIICTYIONINE B3aNMOCBS3aHHbIC 33/1a4H:

® IPOAHATM3UPOBATH CYIIECTBYIONINE METO/bI, KOTOPHIE MOTYT
OBITH IPIMEHEHBI JJISI TPOTHO3UPOBAHUS 00BbEMA MTPOIAXK;

® ONpE/IeNTh OCHOBHBIE ITAITBI TOCTPOSHHS MOJIETIeH TPOTHO3H-
pOBaHHUS;
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® OTIPENIeNIUTh METPHUKH /IS OLICHKH Y(PPEKTUBHOCTH paccMaTpH-
BaeMBbIX MOJICIICH;

® [IPOBECTHU IKCIIEPUMEHTAIBHBIC HCCIICJOBAHNUS;

e c/IeTaTh BBIBOJIBI O BEIOPAHHBIX MOICNSAX W JaTh PEKOMEH[a-
LIUH 110 WX IPAUMEHEHHIO.

1 AHaJIN3 METOI0OB M AJITOPUTMOB, HCIIOJIb3yeMBbIX
JUUIS1 IPOTHO3UPOBaHUsl 00bEMa nmpoaax

[IpoBenem cpaBHUTENBHBIN aHAIN3 HAaNOOJIEE YacTO MPUMEHSI-
eMBIX JUIsl IPOTHO3UPOBAHUSI 0OBEMOB IPOJIAK METOOB, ajro-
PUTMOB U MoJienielt MmamuHHOTo 00y4ueHus (MO) [9, 18, 19].

Jlunetinasa peepeccus — 6a30Basi MOJICTh MAIIMHHOTO O0yuYe-
HUS, KOTOpasi aHAIM3UPYET HE3aBUCUMYIO TIEPEMEHHYIO U B3au-
MOCBSI3U MEXIy HE3aBHCUMBIMHU H 3aBHCUMBIMHU ITEPEMEHHBIMU.
JlaHHBII METO HUCTIOTB3YETCS YXKE [UINTEIFHOE KOJIMIECTBO Bpe-
MEHH U SBJISIETCS 0a30BBIM METOJIOM U TIPUMECHEHUS MAalliH-
Horo oOyuenus [12]. Linear Regression (mmHeliHas perpeccus) —
llaHHLIﬁ AJITOPUTM ABJIACTCA CaMbIM 6BICTpI)IM IO CKOPOCTH U
MPOCTHIM B p€ajin3alluu, HC Tpe6yeT HUKAKHUX JOINOJHUTCIIBbHBIX
HAaCTPOEK, OCHOBAH Ha BBIYMCICHUH JHUHEWHOW 3aBUCHUMOCTH
MEXy NPU3HAKAMU U [IEJIEBOW MEPEMEHHOM. ANTOPUTM HE CIIO-
COOCH BBISIBIISITH CIIOJKHBIE HEJIMHEWHBIE 3aBUCMOCTH B JIAHHBIX,
OJTHAKO B HACTOSIIIEM HCCIICIOBAHUH OH ITPUMEHSICTCSI B KAUECTBE
6a30BOro aNropuTMa JUIsi CPABHEHHMS pe3yJIbTaToB OoJiee PO/IBH-
HYTHIX aJITOPUTMOB H aHAJIHM3a UX MIPOU3BOAUTEIIEHOCTH, YTO 03~
BOJISICT MIPOBECTH UCCIICOBAaHUE O0JIee IOTHO  OOBEKTHBHO [6].

Takue KOMTUYECTBCHHBIC METOJBI, KaK PErpeccHs W aHajm3
BPEMCHHBIX PSIOB, OTIIMYAIOTCSA OOJNBIICH CTETECHBIO YIOPSIO-
YEeHHOCTH M HAJCKHOCTH. PerpeccHOHHBIE METOIBI TOMOTAIOT
BBISBIIATH B3aMMOCBSI3U MEXKIy (haKTOpaMH, BIHSIOIINME Ha UC-
CIIeTyeMBIi TTOKa3aTelb, U CAaMUM TIOKa3aTelleM, CO3aBast TAKUM
00pa3oM MOENH, ITO3BOJISIIONINE CIIPOTHO3UPOBATh M3MEHEHUS
OJTHOTO TTapaMeTpa Ha OCHOBE M3MEHEHHH JApYyrux. AHalu3 Bpe-
MEHHBIX DSJOB IpeJHa3HAuCH JJIsI OOHApY)KEHHsS ITOBTOPSIO-
IIUXCS CTPYKTYp W JHHAMHKU B HAOIIOJCHUAX, BBITOJHCHHBIX
MTOCTICIOBATEIIbHO BO BPEMEHH, UTO IOJIE3HO JUTS TIPeICKa3aHUs
OyayImux ToKas3aTelell Ha OCHOBE MPOIUIBIX NAaHHBIX. DTH J1Ba
MMOIX0Aa 00eCIeunBalOT MPOBEACHNE CTATHCTHYECKOTO aHAJH3a,
MIPOBEPKY MPEATIOIOKEHIH U MOBBIIIICHHE KauecTBa yIIpaBIcHYe-
CKUX pEIIeHWH Omaromapsi BEICOKOW CTENEHH JOCTOBEPHOCTH U
TOYHOCTH 3aKJIFOUECHUH.

Mooenu «Cnyuatnwiii nec» u «/lepego pewieHutl» HUCIONb3Y-
IOTCS 711 TIPOTHOZUPOBAHUS MPH MPUHATHH TTOCIEI0BATEIBHBIX
anpTepHaTHBHBIX pemenuit [12]. Random Forest (ciyuaiinbiii
Jiec) — ancaMOuieBbIid aroputM MO, B KOTOPOM B KauecTBe 0a30-
BOT'0 CJIA0OT0 AITOPUTMa TIPH MOCTPOSHUH aHCaMOIIs IpUMEHSI-
eTcst 00BIYHOE OMHApHOE JIEPEBO PELICHHI, a HTOTOBBIN MPOTHO3
JITOPUTMA CTPOUTCS HA OCHOBAHUH YCPETHEHUS IPOIHO30B MHO-
JKECTBa TapaJlIeIbHO TMOCTPOCHHBIX JEPEBHEB, OOYUYCHHBIX Ha
CITy9aifHBIX MTOJIBRIOOPKAX JaHHBIX [7].

Ipaouenmmuoir 6ycmune (Gradient Boosting) — 6osee cope-
MEHHBIN U ISHCTBEHHBIH MOX0/1 MAITITHHOTO O0YYCHHUS, NCTIOTb-
3yeMBIH 7S pemIeHIsI IIMPOKOT0 KpyTa 33734 perpecCcruu | Kiiac-
cudukanuy. JJaHHBI METOJ CTPOHT IpeAcKa3aTeIbHbIC MOJICIN
B (opMe aHcamOIIst cralObIX MpeCKa3bIBAIONIMX MOJIENeH — «Jie-
peBbeBy perienuii [9, 12]. Anroputmbl XGBoost, CatBoost siBisi-
IOTCS MIPEACTABUTENSIMH APYTOTo MOMYJISIPHOTO aHCcamOJIeBOro
METO0/1a T'PaJUEHTHOTO yCUIICHHS WIIN TPaJJUEHTHOro OycTrHra (OT
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aHTy. boosting — MOBBIIIEHHWE, YCHIIEHHE). BmecTo maparmiens-
HOT'O TOCTPOCHUsI JIEPEBbEB UX 00yYEHUE MPOMU3BOJIUTCS TOCIIE-
JIOBAaTENIbHO: KAXKHOE CIEHyIOIee AEPeBO YYUTCS Ha OIIMOKAax
NpeCcKa3aHuid MPEeAbIIYyIIero, TaKuM 00pa3oM o0Ias onmoka
aHcamOJIs TOCTENIEHHO MUHUMU3UpyeTcst. B 1anHOM cityuae npu-
MEHSIETCS NMPHUHIMI TPAJMEHTHOrO CITyCKa, B KOTOPOM HMEETCs
HEKOTOpast LiesieBast PyHKIMs OIIMOOK, MUHUMHU3UpYeMasi C orpe-
JIeneHHbIM pa3MepoM mara (learning rate). MTorosbrii mporaos
MIPECTaBISIET COOOI CyMMYy pe/ICKa3aHni BCEX IEPEBLEB, YMHO-
JKeHHBIH Ha learning rate [13-18].

Heiipocemesoe mooenuposanue GopMupyeT o0Opas3bl, OCHO-
BaHHbIE Ha paboTe yeroBeueckoro mosra. Heipocers mpezacras-
nsier co0OH MHOXKECTBO HCKYCCTBEHHBIX HEHPOHOB, KOTOpbIE
00BEIUHEHBI CIIOAMH, 00padaTHIBAIOIIMMHI BXOISAIIMNA CUTHAI U
(bOpMHUPYIOIMMH BBIXOIHOH curHai. [Ipn ucmons30BaHUM aaH-
HOT'O METOJla MOXKHO PelIaTh 3a/laud Pa3HOTrO Poja, Hanpumep,
00paboTKa eCTECTBEHHOTO SI3bIKA, NPUHATHE PEIICHUH, ONTHMH-
3aIMs IPOLECCOB, PACIO3HABaHUE OOPa30B U H300paKEHHH U
npyrue. Heiiponnas cerbe LSTM (Long-Short-Term Memory,
HEWpOHHAsI CETh C JIOJITOCPOYHON-KPaTKOCPOUYHON MaMSTHIO) —
THUI PEKypPPEHTHON HEHPOHHOM CeTH, KOTOPBIH MOAXOANT IS 00-
pabOTKM MOCIIEOBATENIFHBIX JaHHBIX, TAKUX KAaK BPEMEHHBIC
PpSLIBL

2 JTanbl NOCTPOEHUsI MOJeJ1eil, OCHOBAHHBIX
Ha paccMaTpHBaeMbIX MeTOJaX M aJITOPUTMAX,
M METPMKH OLEHKU UX 3(PPeKTUBHOCTH

[MocTpoenue moeneii MmamuuHoro odydenust (MO) aust naH-
HOT'O HCCIICZIOBAHMUS TIPOU3BOJMTCS C ucroiib3oBaHueM Google
Colaboratory. /lyist nccnenoBanus OblI BEIOPaH SI3bIK IIPOrPaMMHU-
poBanusi Python, T.K. OH sIBISIeTCSI BBICOKOYPOBHEBBIM SI3IKOM
MIPOTPaMMHPOBAHUS C YHUBEPCAIBHBIMI BO3MOYKHOCTSIMH U J10-
BOJIBHO MPOCTOM peanuzanueil. JJaHHbIHA sI3bIK UMEET MHOKECTBO
O6nOIMoTEeK 111 00padOTKM M BH3yalW3alUHM JaHHBIX, a TaKKe
MHOKECTBO OMOIHOTeK 11 peanmu3armu MO.

J1i1st mpoBe/ICHHUS TAHHOTO UCCIISIOBAHUS Oy Iy T HEOOXO MBI
CIeIyIomIie ONOTHOTEeKH:

o oubmoreka Pandas mo3BossieT 00padaThIBaTh U AHATU3UPO-
BaTh JJaHHBIC PA3HOTO (OopMaTa, BU3yaIIM3UPOBATH MACCHUBBI pa3-
JIMYHOU CII0KHOCTH;

e oubnuoteka Scikit-learn npenHa3zHaueHa 1y1st OBICTPOI pea-
Jin3allu U CPpaBHCHUA PA3JIMYHBIX aJITOPUTMOB MallIMHHOT'O O6y-
4yeHust 0e3 IITyOOKOro MOTrpyKeHHsI B HU3KOYPOBHEBBIC JICTAIIN;

® ISl cpaBHEeHUs! adroputMoB MO cooTBeTCTBYrOIIHE ONO-

muoteku — XGBoost, CatBoost, LightGBM, Keras.
JIyisi IpOTHO3UPOBAHUSI 00BEMA MPOAAXK PA3HOrO POJia TOBAPOB
WK YCIIYT ¢ MPUMEHEHUEM METO/IOB MAITMHHOTO 00YYEHHsI HE00-
XOMMO ONPENEIUTh OCHOBHBIE ATAIbl IMOCTPOCHHUSI MOZEIEH U
paccMOTpeTh UX KIfoueBbie ocobenHocTH [ 1, 15].

[epBbIM 3TANOM MOCTPOCHUSI MOJETH SIBISIETCS TIPE/BapH-
TenbHast 00paboTKa AaHHBIX. JJaHHBIH JTan BaXKeH Ui Ka4ecTBa
mporuo3a. OCHOBHOH 3ajayueil ITana sBISeTCsS MPUBEIACHNE JaH-
HBIX K TAKOMY BHJY, YTOObI MHHUMH3HUPOBATH IPOOJIEMBI U T10-
IPEIIHOCTH, KOTOPBIE MOTYT BO3HHKHYTD Ha CJIEIYIOLIUX dTarax.

Taxum 00pa3zom, B IpeIBapUTEIbHYI0 00pa0OTKY JaHHBIX MO-
T'YT BXOANTH TaKHE CIIOCOOBI, KaK CTaHIapTH3aLUs 1 HOpMaJln3a-
LUs1 TaHHBIX [UIS IPUBEICHUS K €IMHOMY Macuitady, npeoopaso-
BaHME KaTeropuii B ynciossle Gopmartsl (one-hot encoding, label
encoding u T.11.), arperanys JaHHBIX (TPYNIUPOBKA 110 MECSIAM,

KaTeropusM, ce30HaM), 3arl0JIHCHUE MPOIYCKOB (missing values
imputation) — 3aMeHa OTCYTCTBYIOIIMX 3HAUYCHUH CPETHUM, MeJTH-
aHOM, MOJION WJIM CHeNNaTN3UPOBAHHBIMU METOAAMHU, JIoTapud-
MHYECKOE WU APYroe HeJIMHEIHOEe TpeoOpa3oBaHne JaHHBIX JUIs
BEIpABHUBAHUS pacmpeaencHuil, oTOop mnpusHakoB (feature
selection) — ynmaneHue HEHYXHBIX WA U30BITOYHBIX XapaKTepH-
CTHK, 9TO CHIDKACT PUCK EPEOOYUICHHUS 1 TIOBBIIIACT TIPOH3BO/IH-
TENBHOCTh Mojenu. KadecTBeHHas MOATOTOBKAa MAaHHBIX yIyd-
1aeT TOYHOCTh U CTAOMIIBHOCTH PaOOTHI MOJICIH, a TAK)KE YMEHb-
IIaeT BEPOSITHOCTH TOSBJICHHUS OMIMOOK B Pe3yIbTaTaxX aHaJM3a.

BTopbIM 3Tanom mocTpoeHust MOJICIH SIBISIETCS aHAJIN3 JIaH-
HBIX U BBIJICJICHUE 3HAYMMBbIX TIPU3HAKOB. 3aa4eli TaHHOTO dTara
SIBJISIETCSI OTIPE/ICIIEHIE TIPUPOBI UMEIOIINXCS JTAaHHBIX M Olpejie-
JICHUE BKHBIX (DAKTOPOB, BIHSIONIMX HA TPOTHO3UPYEMBI MOKa-
3arelib. Ba)KHBIMM MOMEHTAMHU SIBIISTIOTCSI BU3yaJIM3aLlUH IAHHBIX,
TTOWCK TaTTEPHOB U IIUKIMYHOCTH, TPUMEHEHHE CTaTHCTHYECKUX
TECTOB JIJIS BBISIBJICHUS 3HAYNMBIX (haKTOPOB.

TpeTbuM 3TaroM MoCcTPOSHUs ANTOPUTMa MAIMHHOTO 00yd4e-
HUS SBJsIETCS BBIOOp M oOydeHme monenu. Ha manHOM STare
Ba)YKHO OTIPEICITUTH XapaKTep U CrenupuKy NaHHBIX. K OCHOBHBIM
KJIaccaM MOJIEeTICH OTHOCSTCS:

® PErpecCHOHHbBIC MOJENN: JTUHEWHAs perpeccus, rpeOHeBas
perpeccusi, epeBO PELLIEHUM, CIydalHbIM Jec, I'paJUueHTHBII
Oyctunr (CatBoost, LightGBM, XGBoost).

e BpemeHHble psaabl: ARIMA, SARIMA, Prophet, LSTM (st
y4éTa BpeMEHHOW AMHAMUKH).

[Tpn BBIOOpPEe MOIENM HEOOXOIMMO YUYHTBHIBATH KPUTEPHH:
MPOCTOTA pean3aliy U IPO3PaYHOCTh MOJIENN, TOYHOCTh U CTa-
OMJIIBHOCTH PE3YJIBTATOB, CKOPOCTh OOY4YEHHS M BO3MOXKHOCTB
MacITabupoBaHusL.

YeTBepThIM 3TAIIOM MOCTPOCHHMS SIBJISICTCS OIpE/EeNICHNE TH-
neprapaMeTpoB (OT aHII. hyper — cBepX, T.e. HacTpanBaeMble
MIOJT30BATEIIEM ITapaMeTPhl 00YUICHNUS aNTrOPUTMA) ¥ IOA00P Tyd-
mei mojenu. B kaxxaoil Moenu CyIecTByeT CBOM psJl ruIepna-
paMeTpoB, KOTOPBIE OMPEACISIIOT MOBEICHUE M CIIOKHOCTH MO-
nenu. ['uneprnapameTpsl HEOOXOAMMO BBIOpATh TaKUM 00pazoMm,
YTOOBI X KOMOMHAILMS o0ecredrnBaja BHICOKYI0 TOYHOCTh IPO-
ruo3a. B ux nogbope nmoMoraroT KpUTEpUU TOUHOCTH TaKUEe, KaK
MSE (Mean Squared Error), RMSE (Root Mean Squared Error),
MAE (Mean Absolute Error), MAPE (Mean Absolute Percentage
Error) u npyrue.

Jlanee HE0OXOJMMO IPOBECTH MTPOBEPKY KAYECTBA M BAJIMTHO-
ctu Monenu. IIpoBepka KadecTBa NMPOMCXOAUT C MOMOIIBIO
OLICHKH TTOBEJCHUSI MOJICIH JIAaHHBIX HAa HE3aBHCHUMBIX JaHHBIX,
KOTOpBIE HE WCIIONB30BANUCH TPU OOYYEHUH, YTO ITO3BOJISICT
OTIpEeNIeNTNTh, HEe TIepeo0ydmiIach I Moaens. K MeTpukaM kade-
ctBa otHOocsATca MAE (cpemnss abcomotHas ommbOka), MAPE
(cpemHsis mporeHTHas ommoOka), R? (koaddumueHT nerepMuHa-
I1N).

RMSE (Root Mean Square Error) mokasbiBaeT cpeHeKBapa-
THYECKOE OTKIIOHEHHE MPOTHO3a MOJIENHU OT (PAaKTHYECKOTO 3Ha-
YEHUS NPOJAK.

Metpuka RMSE 0co0eHHO IIeHHA TeM, 4TO U3-32 BO3BCIACHUS
OmMOOK B KBAJIpAT MOKa3aTeslb CHIBHO BHIPAcTaeT Ha OOJIBIINX
omuOKax, YTO IIOMOTAET BBISBIIATH CHIBHBIE BHIOPOCH. MeTpuka
RMSE BrIpaskaeTcst B TeX e eJMHUIIAX, YTO ¥ UCXOJIHbIE TaHHbIE,
4TO 00JIeryaeT MHTEPIPETALNIO TAHHOTO TIOKa3aTels.

B otnnune ot RMSE, metpuika MAE (Mean Absolute Error)
MOKa3bIBaCT CpeTHEe a0COMOTHOE 3HAYCHHUE TTPEICKa3aHHs OT UC-
TUHHOTO 3HAYCHUS U OOJIBINHE OMMOKH HE TaK CHIBHO BIHSIOT HA
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pe3ynbTar. /laHHas MeTpUKa IOKa3bIBaeT HACKOJIBKO JaJIeKo MO-
JIy4EHHBIE IPOTHO3bI HAXOASTCS OT HACTOSIIMX 3HAYCHHH, TOTY-
Yas cpeJiHee 3HaueHHe pa3dpoca 1o BceMy Habopy naHHbIX. MAE
HMEET TO ke u3Mepenue, uro 1 RMSE.

IMoxkaszarens R? (R-KBaapar) oTpa)kaeT JONIO JUCTIEPCHHU (aK-
TUYECKUX MPOIAXK, KOTOPYIO MPEACKA3bIBAET MOJEb. UeM BbIIIe
MI0Ka3aTelb, TEM TOUHEe Mpeackazanne. HyneBoe 3HaueHne 03Ha-
4aeT OTCYTCTBHE B3aMMOCBS3HM, a CAMHHUIIA — TOJTHOE COOTBET-
CTBHE MOJICJIN TaHHBIM.

CoBMecTHOE IPUMEHEHHE YKa3aHHbBIX METPHK 1103BOJIsIET 00-
Jiee TOYHO OLIEHUTH IIOCTPOSHHYIO MOZEIb U CAENATh HEOOXOU-
MBbI€ BBIBOJIBI OTHOCHUTEJIBHO €€ KauecTBa. B3anMOCBSI3M MEXTY
METpPUKaMU Il UHTEPIPETALUN PE3YIbTATOB MOKHO OXapaKTe-
PH30BaTh CIIEAYIOIIMM 00pa3oM:

® HI3KUE 3HAUYEHUs] OJJHOBPEMEHHO BCEX IOKa3aTelell Mmoka-
3BIBAET, YTO MOJIEITH CIIUIIIKOM ITPOCTAs], HO OTKIIOHEHHsI pazdpoca
3HAUYEHHUH OMNOOK HEBEINKH;

® BHICOKHE 3HAUCHMS OJJHOBPEMEHHO BCEX IMOKa3aTesel CBHU-
JIETEJILCTBYET O TOM, YTO B LIEJIOM MOJEIb MPEACKA3bIBACT JaH-
HBIE, HO HE YJIaBIMBAET OTACIbHBIC TEHIECHIINU U €CTh BEIOPOCHL;

e Huskoe 3HadeHne R? npu Beicokux RMSE u MAE o3nauaer,
YTO MOJEJIb OUYEHb IJIOXO MPOTHO3UPYET JIaHHbIE;

e BrICcOKOE 3Ha4eHue R% ipu Huszkux RMSE u MAE otpaxaer
HJ€aTIbHO TOUYHYIO MOJENb JUIs IIPOTHO33;

e npu 3HauUTENbHON pasHune Mexay RMSE u MAE moxHO
C/IeNaTh BBIBOJ O HAJIMYHU CHIIBHBIX BBIOPOCOB;

® TP aHAJTN3E METPUK HA TPEHUPOBOYHOH U TECTOBOI BEIOOP-
Kax XOpOIIHWE ITOKA3aTeNy METPHUK Ha TPEHHPOBOYHOM Habope
TIPY IIJIOXMX Ha TECTOBOM CBHJETENIECTBYET O MIEPEO0YICHHUH.

3 DkcnepuMeHTAIbHAS OlleHKA (PP eKTHBHOCTH
paccMaTpuBaeMbIX METO0B U AJITOPUTMOB

Ha ocHoBaHMM paHee pacCMOTPEHHBIX 3TalOB MOCTPOEHUS
MoJieliell MallMHHOTO OOYYeHUs /ISl IPOTHO3MPOBAHUSI 00bEMaA
TIPOJIAK AJITOPUTMBI OBUTH 00YYEHBI Ha BEIOOPKAX, TOJYyYECHHBIX C
otkpbIToi utatdopmsl «Kaggley. IlpoBenem 3 skcriepumeHTa,
CoZIeprKallye pa3InIHble HAOOPH! JAHHBIX PEATBHBIX ITPOJIAXK Pa3-
JIMYHBIX TOBAPOB M PACCMOTPUM PE3YJIBTATH UX 3PPEKTUBHOCTH.

Ixcnepumenm Nel. B 1aHHOM SKCIIEPUMEHTE HCIHOIb30BaH
JaTaceT NPOoAaX KOGEHHBIX HANUTKOB (MH(pOpPMALHI U3 OTKpHI-
TBIX pecypcoB 1aTHOPMBI «Kagglex:
https://www .kaggle.com/datasets/ihelon/coffee-sales).  lannsie
MIPEACTABISIIOT CO00H NpoJaKk KOPEHHBIX HAMUTKOB (KalyuynHO,
rOpsiuuil MOKOJaA, Kakao, JaTTe, aMepruKaHo U Jp.) B BEHIUHIO-
BBIX armaparax. JlanHble ObuH Tpe1oOpaboTaHbl U IPUBEICHBI K
€IMHOMY YHCIIOBOMY (hopmaTy.

Bcero B naracere ykaszanbl 262 (hakTta mpoiaxu B pa3HbIC Bpe-
MEHHBIE paMKH. 3ajia4a COCTOMUT B NPOrHO3MPOBAHHUU O0OBEMOB
pojiak B Ommkaiiniem OyrymeM. B Tabmune 1 ykasansl pesyiib-
TaTel pabOTHl AITOPUTMOB Ha TECTOBOW (test) W oOywaromieit
(train) BEIOOpKAx 1O Pa3IMYHBIM METPHUKAM.

[Ipoanamu3upoBaB Tabmuiry 1, MOKHO CIENAaTh BBIBOJ, YTO
my4dmie Bcero cebs mokaspiBaeT Meron XGBoost kak 1o
HacTpPOMKH TUIlepHapaMeTpoB, Tak U nocie. Hermnoxue pesyib-
TaThl 10 TOYHOCTH NoKa3zas MeTox RandomForest, HO OH Bce ke
yCTymaeT TOYHOCTH, ToxydeHHoH MmeromoMm XGBoost mocie
HACTPOWKHM THIIeprapaMeTpoB.

MHOOPMATUKA

CatBoost mokasas HeTI0Xue pe3yaIbTaThl paboTHI HA TPEHUPO-
BOYHBIX JIAHHBIX, HO HA TECTOBOM HAa0OPE M 110CIIe HACTPOUKHU T'H-
neprnapaMeTpoB pe3ysbTaThl yXyammiuck. Camble IIOXHE pe-
3yabTaThl nokazan LSTM o u mocie HacTpoHWKH runeprnapaMer-
poB. JlaHHBIH METO/ CHIIBHO Mepeo0yUHIICs, YTO AaJI0 IUIOXHE pe-
3yJIBTaThl KaK Ha TPEHHUPOBOYHOM, TaK M Ha TECTOBOM Habopax
JTAHHBIX.

Ha pucynke | mpowmnirocTpupoOBaHBI MOJIYYEHHBIE DPE3yilb-
TaThI 110 PACCYNTAHHBIM METPHKAM ITOCIIe HACTPOWKH TUIeprapa-
metpoB. [IpoBeneHHbIll aHanM3 rpagKOB yKa3bIBacT Ha TO, YTO
AITOPUTMBI Ha 0Oydaromieid 1 TPEeHHPOBOYHOH BBIOOpKAX Tepe-
00y9atoTCst, OCOOEHHO AJITOPUTMBI C TPAAUEHTHBIM YCHICHHEM
XGBoost, CatBoost. Onnako nepeoOydeHne SBISETCS HEOThEM-
JIEMOM 4acCThI0 MAIIMHHOTO 00YUYEHHMs U3-32 BBIOPOCOB U IIIyMOB.
Bonee ycroituuBbiM k niepeoOyuennto okazaicsi Random Forest.
LSTM mnoka3bIBacT 3HAUUTEIBHYIO OIIMOKY Ha TSCTOBOM Habope,
YTO eIlle pa3 OTMEYaeT HEOOXOIMMOCTh YCIOKHEHHS MOIX0/a K
ee MOCTPOCHHIO, a TaK)Ke yBeIMYeHUsI o0beMa qaHHbIX [11].

[Tpn cpaBHeHNM HanboJsiee TOYHBIX AJITOPUTMOB MHUHHMAIIb-
HYIO Pa3HUILy MEX/1y OIIMOKaMH Ha TPEHHPOBOYHOH U TECTOBOU
BbIOOpKax gemoHcTpupyeT Random Forest. Hecmotpst Ha Oonee
BBICOKYIO TOYHOCTh, X(GB00st meMOHCTpUpyeT OONBIIyIO Tepe-
oOygaemocTh. OnmHAKO CTOMT OTMETHTH, 4yTOo Random Forest
MMEET TOpa3/l0 MEHbIIE BO3MOXKHOCTEH HACTPOWKH, CIEI0Ba-
TEJILHO, B JJAHHOM CIIy4ae, MTOKa3bIBAET MaKCHMAaJbHO BO3MOXK-
HYI0 TOYHOCTb. ANTOPHUTMBI Ha OCHOBE T'DaJUEHTHOTO CITyCKa
MMEIOT OOJIBIINE BOSMOYKHOCTH AJISI TIOBBIIICHHS TOYHOCTH ITyTEM
OoJiee TOHKOM HACTPOWKH THIIEpIapaMeTPOB.

[Tpu cpaBHEHNHM HEOOXOMUMOCTH KOHCTPYHPOBAHUSI HEUPOH-
Ho#t cetn LSTM ¢ HacTpoiKo# rumneprnapamMeTpoB MOXKET TOTpe-
GoBarbcst 1opaboTKa PecypcoeMKOCTH, YTO aCT MEHbIIEee KOJH-
YECTBO OIIMOOK U CHM)KEHHE T1epe00yIeHUsL.

Takum o6pazom, enecoodpasHo paceMoTpers XGBoost, mpo-
JIEMOHCTPUPOBABIINI JIydIIEe MOKa3aTeIM Ha TECTOBOH BBI-
Oopke, HeCMOTpsi Ha mepeoOydyaeMOCTh Ha TPECHHPOBOYHOM
Habope [5, 9, 13].

Tabmuma 1

PesynbraTsl paboTsl anropuTMOB B DKkcniepumente Nel

C nactpoiikamu | be3 HacTpoek
Asroputm Mer- . .
puxa train train test
CatBoost 0,40 0,92 | 0,23 0,58
LinearRegression 0,26 0,24 0,26 0,24
LSTM MAE 8,46 9,29 | 13,36 | 14,16
RandomForest 0,40 0,44 | 0,12 0,16
XGBoost 0,00 0,14 | 0,01 0,14
CatBoost 0,98 0,90 | 0,99 0,96
LinearRegression 0,95 0,98 | 0,95 0,98
LSTM R? -3,64 -3,98 | 9,93 | -10,12
RandomForest 0,96 0,97 | 0,99 0,99
XGBoost 1,00 0,99 1,00 0,99
CatBoost 0,55 1,33 0,32 0,89
LinearRegression 0,92 0,54 0,92 0,54
LSTM RMSE 9,13 9,93 | 14,01 | 14,84
RandomForest 0,85 0,79 | 047 0,39
XGBoost 0,00 0,41 0,01 0,42

—
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Puc. 1. PesynbraTsl npoBeneHus JxkcnepumenTa Nel

Okcnepumenm Ne2. B TaHHOM DKCIIEPUMEHTE HCIOIb30BaH
JaTtaceT MpoAax oxexpl u3 mMarasuHa ZARA (urdopmanus n3
OTKPBITHIX pecypcoB TIaTGOPMBI «Kagglex:
https://www.kaggle.com/datasets/xontoloyo/data-penjualan-
zara). JlaHHBIE IPEACTABISIIOT COOON MPOJAKU OIEIKIBI, AKCECCY-
apoB W WHBIX BelIel U3 MarasuHa Zara. /lanaeie OpuH Tipeoopa-
60TaHBI U MPUBEJICHBI K €INHOMY 4HCIIOBOMY (opmMaTy. Beero B
jaracere ykaszaHbl 252 ¢akTa npoJiaXd B pa3Hble BPEMEHHBIC
pamku. [TocTaBiena 3agada CIpOrHO3UPOBATh 0OBEMBI TIPOJIAXK B
omwkaiitieM OynymeMm. B Tabnuiie 2 yka3aHbl pe3ysbTaThl pa-
0OTHI aJIrOPUTMOB Ha TeCTOBOM (test) m oOywaromiel (train) BbI-
0opKax Mo pa3InYHBIM METPHKAM.

[Tpoananu3upoBaB JaHHbIE W3 TAOIUIBI 2, MOXKHO CIeNaTh
BBIBOJIBI O TOM, 4TO Jryyine Bcero cedst mokasan Random Forest.

Akcnepumenm Ne3. B maHHOM DKCIEPHUMEHTE HCIIOJIB30BaH
JataceT MPOAaX MOKOJIATHBIX 3T (MHPOPMAIHS 13 OTKPbI-
ThIX pecypcoB miathopmer «Kaggle»: https://www.kaggle.com
/datasets/atharvasoundankar/chocolate-sales). /lannsie npencras-
JSIFOT COOOM MPOAXKH LIOKONAJHBIX U3eNHi (0e7I0r0, MOJIOYHOTO
W TEMHOTO Iokonana). JlanHele Obui npenoOpaboTaHbl U MpuBe-
JICHBI K ¢IMHOMY 4MCcIIOBOoMY (hopmary. Beero B paracere ykazaHbl
1094 (haxTa mpogaku B pa3HbIC BpEMEHHBIC PAMKH. 3a1a4a CIIPOTHO-
3UpOBaTh OOBEMBI MPOJaXK B OmpKaiimem Oynymem. B tabmume 3
yKa3aHbl pe3ysbTaThl padOTHl AITOPUTMOB Ha TECTOBOH (test) U
oOyugarorielt (train) BEIOOpKax IO pazIHYHBIM METPHKAM.
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Puc. 2. Pe3ynbraTsl npoBeneHUs JkcnepumenTa No2

Ta6numa 3

PesymnbraTs! paboTsl anroputMoB B JkcniepumenTte No3

o C nacrtpoiikamu be3 Hactpoex
Hactpoiika rumnepnapaMeTpoB yiydmmia Hokasarenn Random Aaroputm | Merpuka train train tost
Forest u XGBoost. Onnaxo, mojenn XGBoost n CatBoost noka- CatBoost 254509 | 335654 | 212456 | 355372
3BIBAIOT CHIIBHOE TIEPeOOyUIeHNE KaKk Ha 00yJaroInX, Tak ¥ Ha Te- LinearRegression 322327 | 333331 322327 | 333331
CTOBBIX JaHHbIX. Clle0BaTeIbHO, MOKHO CHENATh BBIBOJ, YTO LST™M MAE 5559,15 | 5891,64 5569,03 | 5901,58

RandomForest 265643 | 3313,52 1277,70 | 3483,51
Jyd4Iee coYeTaHhe MPOU3BOAUTEIBHOCTH Ha TPEHHPOBOYHOM H XGBoost 20601 2060.16 68100 2003.61
TECTOBOM Habope JaHHBIX MMoKa3aia Moaens Random Forest. CatBoost 0,41 -0,11 0,59 -0,26
LinearRegression 0,05 -0,06 0,05 -0,06
Tabnuma 2 LSTM R’ -1,83 2,10 -1,83 -2,10
RandomForest 0,36 -0,07 0,84 -0,19
PesynbraTsl paboThl anropuTMoB B DKcriepumente No2 XGBoost 1,00 -0,66 0,95 -0,59
CatBoost 316873 | 4236,75 2631,84 | 4515,74
A M. C HacTpoiikamu Be3 HacTpoek LinearRegression 4017,86 4145,17 4017,86 4145,17
JropuT™ eTpuKa I in train test LSTM RMSE [ 691442 | 716011 | 692241 | 716828
CatBoost 26042 037 | 22807 60972 RandomForest 3289.61 | 4173.40 164332 | 4398,18
LinearRegression 588,75 58033 | 588,75 580,33 XGBoost 272,20 | 519635 899,25 5086.65
LSTM MAE 1796,06 | 1859,80 | 1800,51 | 186425
RandomForest 322,39 576,87 230,06 586,63 Ipoananu3upoBaB AaHHbIE M3 TaOIMIBI 3, MOXKHO CIEIaTh
XGBoost 0,42 676,13 9,43 674,41
CaiBoost 079 027 0.84 040 BBIBOJBI O TOM, UTO Iydme Bcero cebs mokasan XGBoost.
LinearRegression 0,03 -0,02 0,03 -0,02 Hacrpoiika runepnapamerpos yiyuiuuia nokazatenn XGBoost,
2
LSTM R -6,50 742 -6,54 7,46 MHUHUMH3UPOBAB OMIUOKH Ha TPEHUPOBOYHOM HAOOPE, TEM HE Me-
RandomForest 0,70 -0,16 0,84 -0,22
XGBoost 1.00 20,58 1.00 20.58 Hee, ¢akT mnepeoOyueHus HaOmromaercs. OnHAKO, MOMACIH
CatBoost 320,61 766,02 | 283,90 807,15 CatBoost 1 Random Forest mokasanu yiydnieHHbIC TIOKa3aTeIn
LinearRegression 68980 | 687,70 | 689.80 1 687.70 nocine HacTpoiiku runepnapamerpos. Moaens LSTM nokaszana
LSTM RMSE 192922 | 1981,14 | 193336 | 198532 "
RandomForest 385,34 734,70 278,12 752,30 XyAmue pe3yJbTaThl JAXKE MOCIIE HACTPOUKHU TUIIEPIIAPpAMETPOB
XGBoost 0,57 857,02 12,80 854,80 10 CPaBHEHME C JIMHEWHOM perpeccueil 1 0CTalbHbIMU MOJEIISIMU.

Ha pucynke 2 mpoOWITIOCTPUPOBAHBI MOJIYYEHHBIE PE3yiIb-
TaThI [0 PACCYUTAHHBIM METPHKAM ITOCIIE HACTPOWKH TUIIEpIiapa-
MeTpoB. Mogens LSTM moka3siBaeT HAWITYYIIHE pe3yIbTaThl HA
TPEHUPOBOYHOH BBIOOPKE [AaHHBIX, HO XY/IIHE Ha TECTOBOM
Habope, MPUYMHON Yero MOKeT ObITh nepeoOydenue. Mojenu
XGBoost u CatBoost nokaseiBatoT 00Jiee poBHBIC pe3yJIbTaThl KaK
Ha TPEHUPOBOYHOM, TaK U Ha TECTOBOM Habope maaHHbIX. Cieso-
BaTeJIbHO, Jy4llle Bcero cedst mokassiBaeT XGBoost, Tak kak je-
MOHCTPHPYET JIydIlIne pe3yIbTaThl i MEHBIIYIO BEPOSITHOCTD Tie-
peoOyucHHS.

CrnenoBaTeIbHO, MOXHO CIENATh BBIBOJI, UTO JIyUIIEee COUCTAHUE
IIPOU3BOANTEIBHOCTH Ha TPEHUPOBOYHOM U TECTOBOM Habope
MaHHBIX HoKa3ana Moaens XGBoost.

Ha pucynke 3 npomIrocTpUpOBAHBI NOJYYEHHBIE PE3yiIb-
TaThl 110 PACCUUTAHHBIM METpPHKaM MOCJIe HACTPOHKHU runepnapa-
MeTpoB. Monens LSTM noka3siBaeT HaWIydIIue pe3ybTaThl Ha
TPEHUPOBOYHOIM BBIOOPKE J@HHBIX, HO XyJIIIHE Ha TECTOBOM
Habope, MPUYUHON Yero MOKeT OBbITh IepeoOydYeHre WIIM HEelo0-
cratouHas HacTpoiika moaenu. Moaenu XGBoost u CatBoost mo-
Ka3bIBaIOT OoJiee cOaTaHCUPOBAHHBIE PE3yJIbTaThl KaK Ha TPEHU-
POBOYHOI, TaK U HA TECTOBOIl BEIOOPKE.
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Puc. 3. Pe3ynbraTel npoBeneHns JkcnepumenTa No3

CrnenoBartenbHO, JIydine Bcero ceds mokassiBaeT XGBoost,
TaK KaK JEMOHCTPUPYET JIyUIlIUe Pe3yIbTaThl K MEHBIIYIO BEPO-
SITHOCTb TIEPEO0yUYCHUSI.

4 BuiBOABI

Taxum 06pazom, B HacToAIIeH paboTe OBLIH HCCIIEJOBAHBI Me-
TOJIBI 1 AITOPUTMBI, IPUMEHSIEMbIE B TIPOTHO3UPOBAHUU 00BEMOB
NPOJAK Pa3IMYHBIX TOBAPOB, YTO TO3BOJISIET OCYIIECTBIISTh UH-
TEJUIEKTYAIBHYIO TOJICPIKKY TPHHATHS YIPABICHUECKHUX pellie-
HUH B OPraHU3aLMOHHBIX CUCTEMAX TOProBbIX KOMIIaHUil. B xone
paboTel OBUIM OmpejeIeHbl OCHOBHBIC TrUneprnapamerpbl. [l
000CHOBaHUS BEIOOpa HauOOIIee MOIXOISIINX ISl PELICHHS yKa-
3aHHOH 3a/laudl METOZOB, MOJIEJICH W AJTOPUTMOB MaIIWHHOTO
00y4eHust ObIIIM MPOBE/ICHBI TEOPETUIECKUE M IKCIICPUMEHTAb-
HBIC MCCIICIOBAHMSL.

Ha ocHoBanum TpEX 3KCIIEPUMEHTOB OBLIM BBISBICHBI HEIO-
CTaTKH AJITOPUTMOB U ONpeenéH aydmmii n3 Hux. OHaKko naxe
caMble JIydIINe pe3ybTaThl MOKA3bIBAIOT aJTOPUTMBI C MUHH-
MaJIBHBIMH HACTPOWKAaMM TUIEPIApPaMETPOB, TaK KaK KaKIbIH
Ha0Op JaHHBIX UMEET CBOM OCOOCHHOCTH W M3bsiHbI. Hambomee
TIOJIXOJISIIIIUM JUTSE IPOTHO3UPOBAHUSI 00BEMOB MPOJIAXK, COTJIACHO
IIPOBEJCHHBIM KCIIEpUMEHTaM, sBisieTcst anroputM XGBoost.

B nanpHeWmmx MccienoBaHUX JUIS YIIydlneHHus dQQeKTuB-
HOCTH, TIPOU3BOJUTEIBLHOCTH U IOKa3aTeseil MeTpuK OyJeT Mo-
mudumposan anroputM XGBoost. AnroputM Oynetr nporecTu-
POBaH Ha y’Ke UCIIOJIb3yeMbIX B OKcIepuMeHTax 1-3 Tpéx narace-
Tax M TaKKe Ha OJTHOM HOBOM JaTaceTe.
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Abstract

This paper is a study of the problem of forecasting sales volumes in organizational systems of trading companies. The purpose of the work is to determine
the most effective method and algorithm used for intelligent decision-making on changing sales volumes of a trading organizational system. The relevance
of this work lies in the rapid growth of the received volumes of information and data, as well as the need for trading companies to keep up with the times
and the ability to promptly adjust business strategies by making management decisions in their organizational systems. Traditional methods based on prob-
ability theory and mathematical statistics cannot effectively carry out sales forecasts taking into account the above trends in global business processes. The
use of modern methods that are focused on forecasting the type of data in question can provide a significant increase in the efficiency of solving this prob-
lem. The object of the study is the sales volumes of trading companies. The subject of the study is metrics for assessing the quality of methods and algo-
rithms for forecasting sales volumes for making management decisions in the organizational systems of trading companies. Based on the results of the study,
optimal methods and algorithms were identified that provide high accuracy of forecasting demand for various product categories. Recommendations are
presented regarding the appropriateness of certain settings of model hyperparameters that contribute to improving the quality of forecasting results.
Conclusions are made on the practical application of each method and algorithm, and research directions and prospects are indicated. The research method-
ology is based on analytical methods, including comparative analysis, experiment, and generalization of the findings.

Keywords: algorithm, method, metric, efficiency, intellectual support, organizational system, model
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In today's rapidly changing world, the range of manufacturers of various optical materials, which are
currently used in the production of optical fibers (OFs), and later optical cables, has significantly
expanded in the Russian Federation. Identifying the different types of single-mode optical fibers in
previously laid and currently being laid cables and determining their characteristics is a pressing
issue. Based on the identified Mandelstam - Brillouin scattering parameters, it is possible to identi-
fy sections of the light wave-guides that have differences in the strain parameters. This is the basis
of the Brillouin reflectometry method, which is used for early detection of potentially unreliable sec-
tions in fiber light wave-guides. At the same time, a particularly important problem is to identify
specific types of fibers from different manufacturers that have the same type and common purpose.
The data of experimental testing of the frequency parameters of the Mandelstam - Brillouin back
scatter in light wave-guides which were contained from different sections of various fiber kinds (with
various temperature factors and longitudinal strain) using the Brillouin optical time-domain reflec-
tometer (BOTDR) are analyzed in this work. The special attention was paid to the types of the
G.654-fibers (G.654 is a recommendation by ITU-T which determine parameters of single-mode
shifted cut-off wavelength fibers), which was developed for high-speed long-distance optical
telecommunication systems. Based on experimental researches using BOTDR reflectograms, the
values of Brillouin frequency shift (BFS) under normal conditions were calculated for all tested types
of G.654 type fibers, and their frequency parameters were determined. The obtained in experi-
mental researches of Brillouin reflectograms (including temperature changes) are presented.
Frequency characteristics for each tested type of optical fibers are given in this work. Combining the
tested sections of various types of single-mode OF into a common light guide significantly reduces
the time to remove frequency and other characteristics of the spectrum. BOTDR reflectograms for
the entire light guide are determined simultaneously, and then the frequency parameters (including
the spectrum characteristics) for each section are analyzed. The differences between graphs of dif-
ferent fiber types are clearly visible. The differences in the frequency characteristics of the Brillouin
backscatter and the values of the BFS can be used to automate the processing of BOTDR reflec-
tograms and the classification of varieties of OFs.
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In today's rapidly changing world, the list of producers of the
optical substances (such as “blanks”, “preforms”), using in the
manufacturing of optical fibers considerably is expanded in
Russia.

Identifying the various kinds of optical fibers in laid and cur-
rently being laid cables and detecting their characteristics is the
pressing issue [1-6].

Mandelstam — Brillouin scattering is the fundamental nonlin-
ear optical phenomenon which appears when light interacts with
acoustic waves in a material environment. Based on the identi-
fied Mandelstam — Brillouin back-scattering (MBB) parameters
(such as the changes in the power level of the back-reflected sig-
nal, the frequency graphs of Mandelstam — Brillouin back scat-
ter, the Brillouin frequency shift (BFS), etc.) it is possible to
identify sections of the light wave-guides that have differences in
the strain parameters of optical fibers [6-15]. This is the basis of
the Brillouin reflectometry method, which is used for early de-
tection of potentially unreliable sections in fiber light wave-
guides [3-6]. The frequency of the main maximum (“peak”) of
the MBB spectrum characteristic is determined as the Brillouin
frequency shift (BFS).

The linear dependence of BFS on temperature influence is
used in distributed temperature sensors. And linear dependence
of BFS on longitudinal tension is used in strain sensors for moni-
toring bridges (pipelines, etc.) and for monitoring of physical
state of optical fibers. The power of the Brillouin back-scatter
light-wave signal depends on the electrostriction coefficient of
the material and the acoustic-optical interaction.

It should also be noted that some methods of forming infor-
mation leakage channels from optical fiber, based on tempera-
ture, mechanical and acoustic actions on the fiber, can be detect-
ed using the analysis of Brillouin backscatter parameters [5, 6].

The methods for determining BFS are as follows: a coherent
detection, a time-domain correlation analysis, and a heterodyne
detection. A coherent detection method that provide a sub-
centimeter spatial resolution, which is critical for monitoring
microstructural changes. A time-domain correlation analysis,
which allows high-resolution measurements up to 100 km. A
heterodyne detection is used for accurate BFS measurement with
a high spatial resolution of up to 0.1 MHz. This method is based
on mixing probing and Stokes propagated light signals with sub-
sequent spectral signal analysis, and is used in the Brillouin opti-
cal time-domain reflectometer (BOTDR) [3-6], which experi-
mental results for various kinds of optical fibers (OFs) are ana-
lyzed in this work.

At the same time, a particularly important problem is to iden-
tify specific types of fibers from different manufacturers that
have the same type and common purpose.

The physical properties of the optical fiber core material play
a crucial role for resulting spectrum parameters of the Mandel-
stam — Brillouin scattering. Doping the optical fiber core with
various alloying additives we can a significant change of the
parameters of the speed of hyper-acoustic waves, MBB frequen-
cy characteristics and Brillouin frequency shift.

The experimental research data of the frequency parameters
of the Mandelstam — Brillouin back scatter in light wave-guides
which were contained from different sections of various fiber
kinds (with various temperature factors and longitudinal strain)
using the Brillouin optical time-domain reflectometer (BOTDR)
are analyzed in this work.

The special attention was paid to the types of the G.654-
fibers (G.654 is a recommendation by ITU-T which determine
parameters of single-mode shifted cut-off wavelength fibers),
which was developed for high-speed long-distance optical tele-
communication systems. This type of fibers has low losses. The
lower values of specific attenuation were obtained (up to 0.168
dB/km at the wavelength (L) of 1.55 pum) in later versions of
G.654-fibers [4].

Since noticeable changes in the MBB characteristics can be
detected in various kinds of the G.654-fibers, it is necessary to
measure Brillouin reflectograms at various conditions and influ-
ences on G.654-fibers, etc.

The results of the author's earlier studies of OF-G.654 and
other single-mode OF are presented in [3-6, 13, 14].

With the assistance of CJSC “Moskabel-Fujikura” (Moscow),
using BOTDR “Ando AQ 8603 experimental researches were
carried out for all testing types of fibers.

The type G.654-E of fibers with cut-off wavelength has been
thoroughly tested. This fiber type is characterized by ultra-low
attenuation, low macrobending losses, and a large effective area.

The G.654 fibers of various producers were made available
for the experimental researches in collaboration with CJSC
“Moskabel-Fujikura” company and the JSC “Optic Fiber Sys-
tems” company employees.

The light wave-guide was formed from normalizing coil (the
first OF (the recommendation by ITU-T is G.652), which length
is 1 km approximately) and the sections of the testing fiber varie-
ties, which were connected in series.

The main experiments assume that the test material is at room
temperature and is not subjected to any mechanical stress (the so-
called — “normal conditions”).

The spatial distribution of the MBB spectrum (BOTDR 3D-
reflectogram) for the light wave-guide, which was made up of
OF-G.652 and OF-G.654-E-Sar (The fiber of the JSC “Optical
Fiber Systems” — Saransk), is presented in Fig. 1. In the right
lower corner, the MBB frequency characteristic and Brillouin
frequency shift value (fg) of this (G.654-E-Sar) fiber in Fig. 1 are
shown.

In all reflectograms presented below, in the lower left corners
of the graphs, the lower frequency value of the scan range is pre-
sented as “Start” (in the case in Fig. 1, the initial frequency is
10.900 GHz), the finish (upper) frequency value of the scan
range is indicated as “Stop” (in this example for Fig. 1, the fre-
quency is 11.145 GHz), and the scan frequency step (“Sweep”)
in this example for Fig. 1 is 5 MHz.
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Fig. 1. The BOTDR 3D-reflectogram of the MBB frequency
characteristic of the G.654-E-Sar fiber
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The corresponding BOTDR-multireflectogram of the G.654-
E-Sar fiber in Fig. 2 is presented.
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Fig. 2. The Brillouin multi-reflectogram of the of the G.654-E-Sar fiber

In Fig. 2 we can observe “Strain” — the dependence of tension
on the length of the light wave-guide. “Brillouin Spectrum” in
Fig. 2 is the MBB frequency characteristic, “B.S. Width” is the
width of the MBB frequency characteristic, and “Loss” is the
back-reflected MBB signal level along the light wave-guide.

Fig.3 shows a 3D BOTDR reflectogram (in the section of the
light wave-guide after OF-G.652, the following varieties of
G.654 fibers are connected together:

“Fujikura nature” (abbreviated designation is “FujN” — the
attenuation coefficient at the wavelength of 1.55 pm was
0.167 dB/km),

“Corning ULL” fiber (abbreviated designation is as “Cor” —
the attenuation coefficient at the wavelength of 1.55 pm was
0.187 dB/km), and fiber “Fujikura guide TM” (abbreviated as
“OF-FujT” — “HTC-110” was the attenuation coefficient 0.167
dB/km at the wavelength of 1.55 um, and the attenuation coefficient
of “HTC-125” was 0.164 dB/km at the wavelength of 1.55 pum).

It should be noted that the “Strain” dependences in the
BOTDR “Ando AQ 8603 is calculated by the formula:

“Strain” [%] = (fa [GHz] — fo [GHz]) / 0.493[GHz /%] o (fs — o) / fo, (1)

where the reference frequency value (fo) is typically set (by de-
fault) for G.652 fiber under the normal conditions (f, is 10.85
GHz), and coefficient “0.493 [GHz /%]” is determined by the
light source’s wavelength of 1.55 microns.

Therefore, it is advisable to interpret this graph in this case as
the relative change in BFS along the light wave-guide.
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Fig. 4. Brillouin multireflectogram for the light wave-guide with G.654
of different types

The MBB frequency characteristic and Brillouin frequency
shift value of the G.654-E-FujN fiber in the right lower corner of
this figure are shown. The value of the BFS under normal condi-
tions for OF-FujN was 11.16 GHz, for OF-Cor was 11.03 GHz,
and for OF-FujT was 11.14 GHz. The differences in the character-
istics of MBB frequency characteristic and BFS are clearly visible.

Characteristic “spikes” oftentimes are observed on multire-
flectograms in the of MBB spectral width dependencies (“B.S.
Width”) along the light wave-guide length at the junctions of
different fiber types (and also under varying temperatures along
the single fiber section). This is mainly due to the fact that such
locations (e.g., fiber splice points) have a length much smaller than
the spatial resolution of BOTDR. Consequently, this leads to the
“overlap” of the MBB spectrums in these locations, resulting in
spectral broadening and, accordingly, a “spike” on the graphs.
Changes in “Loss” graphs can also be observed when there are
differences in the optical properties of the fibers being joined.

When splicing sections of the single fiber under identical
conditions, such an effect is not observed on the spectral width
(“B.S. Width”) graphs along the optical wave-guide. Only small
“step-like” changes, related to the quality of the spliced joint,
may be observed on the “Loss” graphs.

Figure 5 shows the 3D BOTDR reflectogram of the MBB
frequency characteristic along the light wave-guide (G.652 is a
normalizing coil; the remaining G.654 are: “Fujikura guide H”
(G.654-E, abbreviated designation is “FujH” — the attenuation
coefficient at the wavelength of 1.55 um was 0.167 dB/km),
“Fujikura Pure Advance 80 (G.654-C, abbreviated designation
is “FujP80” — the attenuation coefficient at the wavelength of
1.55 ym was 0.166 dB/km), “Fujikura Pure Advance 110~
(G.654-E, abbreviated designation is “FujP110” — the attenuation
coefficient at the wavelength of 1.55 pm was 0.165 dB/km), and

erbium doped optical fiber — (abbreviated designation is
“ErDF”).

G652 FujH  FujP80+ FujP110 ErDF

]

Fig. 3. The reflectogram of the MBB frequency characteristic
of the light wave-guide with G.654 fiber sections of various kinds

Fig. 4 the corresponding multireflectogram indicating the
characteristic areas is presented.

Al

Fig. 5. The BOTDR 3D-reflectogram of the MBB frequency characteristic
of the light wave-guide with G.654 sections of different types
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The MBB frequency characteristic and Brillouin frequency
shift value of the “FujP80” fiber in the right lower corner of this
figure are shown. The corresponding Brillouin multireflectogram
is presented in Fig. 6.
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Fig. 6. Brillouin multireflectogram of the light wave-guide with G.654
sections of different types

The MBB frequency characteristic and Brillouin frequency
shift value of the “FujP110” fiber in the right lower corner of this
figure are shown. The value of the BFS under normal conditions
for the “FujH” fiber was 11.17 GHz, for the “FujP80” fiber is
11.01 GHz, and for the “FujP110” fiber is 11.02 GHz.

ErDF was used as an “absorber” of the residual signal. The
“outlier” on the graph of the level of the back-reflected signal of
ErDF in the end of the light wave-guide is distinguished.

The sections of the light wave-guide containing locations
with various fiber types have different MBB frequency charac-
teristics and BFS values, allowing the researcher to distinguish
between sections with different fiber types.

It is possible to set the initial value for each variety (under
normal conditions) BFS (fag) of G.654 fibers, according to the
researched 3D-reflectograms of the MBB spectrum of the
BOTDR.

The values of the “peaks” (“maximums” of the spectrum pa-
rameters) of the MBB frequency characteristics for all tested
types of G.654 fibers recommendations from different manufac-
turers are shown in Table 1. Results of some other G.654 fiber
kinds researched earlier [4, 5] are presented too.

Table 1 shows that all the researched fibers have the frequen-
cy shift greater than 11 GHz, and that different types of fibers
have different in the MBB frequency characteristics and BFS
values. For example, under normal conditions, the Brillouin fre-
quency shift value of the conventional G.652 fiber (a cut-off
wavelength is 1.26 um, as well as for fiber G.657) is approxi-
mately 10.4 GHz, for the G.652 fiber with a cutoff wavelength of
1.35 pum (provided by the Saransk “Optical Fiber Systems”), it is
10.78 GHz, and the BFS of the G.652 fiber with a cutoff wave-
length of 1.23 pm (provided by the JSC “Optical Fiber Sys-
tems”) is 10.81 GHz.

Table 1

Types of G.654-fibers Average values

(a cut-off wavelength is at least 1.53 microns) of the fgo, GHz
G.654-E-FujH 11.17
G.654-E-FujN 11.16
G.654-E-FyjT 11.15
(G.654 Corning ULL 11.04
G.654-E-FujP110 11.03
G.654-C-FujP80 11.02
G.654-E-Sar 11.02

The differences between the fiber varieties in their MBB
characteristics and BFS values are related to the difference in the
structure of the core layers (albeit insignificant) in thickness,
composition, and the degree of concentration of the substances
used in them [3-14].

Experimental Brillouin reflectograms were also measured
when heating the light wave-guide composed of the tested types
of fibers (including G.654 fibers) to the temperature of +70°C.

Figure 7 shows the 3D BOTDR reflectogram of the MBB
frequency characteristic along the light wave-guide (with heated
sections) composed of the following fibers: G.652, “FujN”,
“Cor”, and “ErDF”. Heated regions stand out on the graphs ow-
ing to substantial alterations in spectral characteristics. The dis-
placement of the frequency characteristics of MBB (and respec-
tively the BFS values) is observed in the positive direction of the
frequency axis on the reflectograms.
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Fig. 7. The BOTDR 3D-reflectogram of the MBB frequency
characteristic of the light wave-guide with heated sections of the “FujN”
and “Cor” fibers

Figure 8 shows the 3D BOTDR reflectogram of the MBB
frequency characteristic along the light wave-guide (with heated
sections) composed of the following fibers: G.652, “FujN”,
“FujP80”, “FujP110” and “ErDF”.
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Fig. 8. The BOTDR 3D-reflectogram of the MBB frequency
characteristic of the light wave-guide with heated sections
of the “FujN”, “FujP80” and “FujP110” fibers

The corresponding Brillouin multireflectogram is presented
in Fig. 9.

The “Strain” dependencies of the multireflectograms was ob-
served an increase of the tension in heated sectors. At the same
time, the “Loss” graphs of the multireflectograms clearly visible
an increase in the level of the back-reflected MBB signal in
heated sectors.
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Fig. 9. The Brillouin multireflectogram of the light wave-guide
with heated sections of the “FujN”, “FujP80” and “FujP110” fibers

The dependence of the BFS displacement on temperature (t°)
is described by the following formula:

t° — % [°C] = (fa [GHz] — feo [GHz]) / 1.07[GHz /°C] o< (fa —fa0) / feo, (2)

where t° is the temperature of the unheated section, fgo = fg (t°).

The average value of the BFS displacements for all tested fi-
bers was approximately 0.05 GHz. For the “FujN” fiber BFS was
observed at the frequency of 11.20 GHz (at fgo = 11.16 GHz).
For the fiber “Cor” it was 11.09 GHz (fgo is 11.04 GHz), for the
“FujP80” fiber it was 11.07 GHz (at fgo = 11.02 GHz), for the
“FujP110” fiber it was 11.08 GHz (fg is 11.03 GHz).

The Brillouin frequency shift fg in the optical fiber is the fun-
damental parameter in distributed sensing and telecommunica-
tion systems. It is determined by the acoustic-optical interaction
between the incident light and thermally induced acoustic waves
propagating along the fiber core. This interaction produces the
frequency-shifted back signal (MBB), the characteristics of
which depend on the optical and mechanical properties of the
medium. F(r) is of the main optical mode amplitude distribution
of the fiber [7].

The main light mode behavior L(r) is defined by next formula:

o’L(r) aL(r) o ) .0
GT+W+ n(r) C_ _(:BL) L(r):()' 3)

where £ is the phase coefficient, ¢ =27f =2zc/A4 (A is the

laser wavelength), n(r) is the refractive index as function of the
fiber radius, C is the velocity of light.

In case of several fiber layers, the optical properties of which
are different, F(r) should be found by formulas:

Ay (uyr) Jif r<a;
F(r)= Ando(ur)+ApNo(ujr)  Lif &y <r<aj; 4)
A“JO(aN,luj)KO(vw)/Ko(aN,lw) Jif Ay <r<ay=b;
where u; = nja /c* - >, njis the optical refractive factor of

the ju layer with the radius from aj1 to aj, W=+ —njef /c*,

N is the optical cladding refractive factor, Jo and No are respec-
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tively Bessel functions of the first and second types (an order is
“0”), Ajk are values, which are determined based on the optical
boundary conditions.

There are many acoustic modes in the optical fiber.

The overlap factor of the acousto-optic interaction (laom) is
determined as the ratio of the light effective area (AL) to the
acoustic-optical interaction area (A4m) of the acoustic mode of
the my, order by next formulas:

) [ {eob .
IAOm - AL /AAm’ AAm - {Lz(l‘)~§m(r)} {é:m(r)}’
{eo)
A _{L“—(r)}’ ®)

where is an, and &y(r) is the amplitude distribution over the cross
section of the fiber of the acoustic mode of the m-th order in the
case of axial symmetry [7, 8]. All values are averaged over the
fiber cross-section [9, 11].

The strength of the acoustic-optical interplay is determined
by the spatial distribution of the acousto-optic interaction area
over the fiber’s cross-section. This factor is important for de-
scribing the MBB characteristics of the given fiber structure.
Only one optical mode is propagated in single-mode optical fi-
bers.

When describing the MBB phenomenon, it is important to
consider the spatial interaction of the single optical mode with
multiple lower-order acoustical modes [6-11].

The acoustic modes &n(r) behavior (Mg, is the acoustic mode
order) in the case of axial symmetry of the fiber structure is de-
fined from the solution of wave equations (similar to (3), but for
acoustic waves):

*én(r) | 06n(r)
or ror

2
+( Gm —kjjgm(r):o. (6)

vi(r)

where @, ~KknVa—i@ I is the acoustic cyclic frequency,
10) ir

Ky ~—2+ X
Va szkA

I' is damping factor [7], and Va is the hyper-

acoustic wave velocity. If certain characteristics differ for vari-
ous modes, the index (m) is added in their designations when
solving equation (6).

The longitudinal velocity (Va;) and the radial (transversal) ve-
locity (Varj) of the hyper-acoustic wave [6-11], which can be dif-
fer in each layer with various acoustic properties in the fiber
structure, are determined by the next formula (“z” is the longitu-
dinal axis of the propagating signal):

VazsVarr  »if r<a;

VAZ’VAI’ = VAZj’VAI’j N if aj_l <r< aj N (7)

Van-Van  »if 8y <r<sb;

The vasi and vari related the coefficients of Lame in the jg, lay-
er [12].

-
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The acoustic boundary conditions link these components at
the boundaries of each pair of layers [8, 9, 12]. The acoustical
factor (npj) at the ju and (j+1)u fiber layers is determined as ratio
Vaj / Vazj+1 -

If the velocity of the acoustic wave in the fiber cladding is
higher than in the fiber core (Vaz1 < Va < Va;), then acoustic waves
are concentrated predominantly in the fiber core in this case
[7-12].

The displacement vector components (U, and (Uy) in the case

Vazl <Va <Vpj- (and respectively Var1 < Va < Vayj...) are found
by the following system of expressions:
(hlr)+B|,J (Kr), Jif r<a,
Ayl 0( ot )+ A Ky (r) +By13 (Kar)+ByNo (Kor ), if & <r<ay,

U, (r)=

—_—

AJIIO(H r)JrAJ-ZK0 hyr ) +B;9, (k) +BJZNO(k r), if aj,<r<aj,
Aul 0( Nr)+AN2K0( ) +Bdo (KnT)+BuaNg (kyr), if &y <r<ay,
®)
AhJg (hr)+B kg (kr) Jif r<a,
Ahyly (ﬁz ) I:b (ﬁz ) B,k dg (Kof)+ Buko Ny (Kot) Lif &y <r<ay,
U= i |
A (Ryr )+ Ay G (gr) -+ Bk g (k) + BakNg (k1) if g, <r<ay,
Aufiy! 0( )‘*"“NthKo(ﬁ ) +Byiky 36 (knr)+ Bk No(kyr) . if ayy <r<ay
)
where |y and Ko are respectively modified Bessel functions of the
first and second types (an order is “0”), h; = a)f\ / vfj - kf\ ,

= Jod V2 K2, Ry =ih;, B =ki-@h /vy, Ur (1) = U,
(n/ory [5, 8, 13], and J, (hr) = oJo(hr)/ohr), K (hr)=
adohry/a(hr), 14 (hr) = olo(hry/achr), Ng(kr) = oNo(kr)/akr)
are the first derivatives of the corresponding Bessel functions, “i”’
(i =+/—1)is “imaginary unit”.

The Ajx and Bj coefficients are determined from ratios of the
acoustic indicators k4 and K;j , and the acoustic boundary condi-
tions of neighboring layers [8, 9].

If acoustic velocities in layers are higher (Vaz > Va), it is nec-
essary to perform the following replacement in (8) and (9):

3o(nyr) =15 (Ryr). No(hyr) > Ky (Ryr). by —> by (10)
If the velocity of the acoustic wave in the core is higher than

in the cladding (Va1 > Va > Vaz), then acoustic waves penetrate
from the fiber core into the fiber cladding [6-8]. The arguments

(h j) of the modified Bessel functions for the corresponding lay-
ers in this case (Va > Vazj) become “imaginary”. This corresponds
to the transition in some relevant lines of the system of equations

(8) and (9) to ordinary Bessel functions of the real argument (h;).
It is necessary in this case to perform the reverse replacement

in (8) and (9):
Io(ﬁjr)—>30(hjr), Ko(ﬁjr)aNO(hjr).

The factors (gam) of the acoustical-optical scattering in the
optical fiber for each acoustic modes (which order is “m”) are

hy —>h;,

an

calculated using the next formula:
b
9am = p12wLﬂmj (MU, (Nrkap,dr or
0

b
= plzwL:BmJ.pm(raz)rfm(r)l—z(r)dr s (12)
0

where p12 = 0.27, fn — is the acoustical mode (which order is
“m”) coefficient of the phase; pm(r, z) is the longitudinal medium
density function along optical wave-guide of the acoustical mode
(which order is “m”) [6-8].

Every acoustical mode parameters are calculated by the next
expressions:

2
Apn (@)= In F"; or
A (0-o, +oy) +025-T

_ IAOm sz )
4 (f—f —f,)+025T,>

(13)

The concluding MBB spectrum characteristic is achieved by
merging the frequency dependencies from each mode. It is as-
sumed that the contribution from each acoustic modes are inde-
pendent [6-12].

Combining the tested sections of various types of single-
mode fibers into a common light wave-guide significantly reduc-
es the time to remove frequency and other characteristics of the
MBB. BOTDR reflectograms for the entire light wave-guide are
determined simultaneously, and then the MBB parameters (in-
cluding the MBB frequency characteristics) for each section are
analyzed.

The differences between the OF-G.654 graphs of different
types are clearly visible (Fig. 1-6, Table 1).

The values of BFS under different temperature conditions
were calculated for all tested types of G.654 fibers, and their
MBB parameters were determined (Table 1), based on experi-
mental BOTDR reflectograms.

Analyzing the MBB frequency characteristics for all studied
types of G.654 fibers, it can be noted that in all cases there is a
single pronounced maximum, which was also observed in the
various types of G.652 and G.657 fibers.

For example, the fibers G.653 (a cut-off wavelength is 1.31
microns), G.655 (a cut-off wavelength is 1.48 microns) and
ErDF have from one to three additional (side) “peaks” of differ-
ent levels [4-6].

The differences in the MBB frequency characteristics and the
BFS values (Table 1) can be used to automate the processing of
BOTDR reflectograms and the classification of varieties of fi-
bers.

Incorporating of fiber segments of various types in the light
wave-guides when using the BOTDR allows them to be used as a
“label” (“marker”), including in passive optical networks (PON5s)
to identify optical channels after optical splitters.
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BbIABJIEHUE PASHOBUAHOCTEM O4HOMOAOBbIX ONTUYECKUX BOJIOKOH CO
CMELLIEHHOW ANTMHOM BOJIHbl OTCEYKM HA OCHOBE AHAJIU3A XAPAKTEPUCTUK
PACCEAHNA MAHAEJIbLUTAMA - BPUJIJTIO9HA
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AHHOTaUMA

B coBpeMeHHOM 6bICTPO M3MEHAIOLLIEMCA MUPE CyLLECTBEHHO PaCLUMPUIICA COCTaB MPOW3BOAMUTENEN Pas/MYHBIX OMTUYECKMX MaTepuanoB (“'3aroToBok',
"npecdopM"), KOTOpble ABNAIOTCA OCHOBOW MpU MpoussoAcTBe onTudeckux kabeneit (OK) u sBonokon (OB) Ha Tepputopun Poccuiickon ®Pepepaumu B
HacToslee BpeMa. K BaHbIM 337a4aM oTHOcUTCA knaccudumkauma pasHosuaHocteit OB B OK u onpegenerme nx dusmyeckux napameTpos. Ha ocHoBaHum
HalZeHHbIX NapaMeTpoB paccesaHua Mangenblutama - bpunniosta (PMB) MOXHO BbIABUTL YHaCTKM BOJNIOKOHHbIX CBETOBOAOB, KOTOPbIE MMEIOT OT/IMYMA B
NPOAONbHBIX PaCTAXKEHWUAX. DTO ABMAETCA OCHOBOW MeToAa GpWIIIO3HOBCKON pecdrieKTOMETpUM, KOTOPbIA WCMOJMb3yeTcA AA PaHHeW AWNarHOCTUKM
MOTEHLMANbHO HEHaZA&XHbIX Y4aCTKOB B BOJIOKOHHbIX CBeTOBOAaX. [1py 3ToM ocob6o BakHOM NpobGneMoii ABNAETCA BbIABNIEHUE KOHKPETHbIX BUAOB
BOJIOKOH Pas/iyHbIX M3rOTOBWTENEN, KOTOpbie MPU 3TOM WMEIOT OAMHAKOBbLIA TWUM U MMeOT obLlyto obnacTb HasHaueHus. B fgaHHOM cTatbe Gbinn
NpOaHaNM3npOBaHbl AaHHbIE SKCMEPUMEHTaNIbHBIX UCC/IeJOBaHMI HYaCTOTHBIX (CreKTpanbHbIX) XapakTtepuctuk PMB B cBeToBOAax, copepxallyx pasinyHble
y4act u3 opgHomopaoebix OB pasHbix TMMOB Mpu pasHbIX yCHNOBUAX PYHKLMOHMPOBAHUA (PasiMYHbIX TEMMEpaTypHbIX M MPOAOTbHBIX PAaCTATMBAOLLMX
BO3JEMCTBUAX) C MOMOLLbIO GpUNIO3HOBCKOTrO pecdrieKToMeTpa C 30HAWPOBaHMEeM BO BpeMeHHow obnact (BOTDR). OB pasnuuHbix TumoB u
M3roTOBWTENEN, [ANA KOTOPbIX OblIM MpOBeAeHbl SKCMEpUMEHTaslbHble MCCNEAOBaHUA W MOCTPOEHbI GpunntosHOBCKMe pedrekTorpaMmbl, KOTOpble
MO3BOMWSIN ONPeAENUTL HEOBXOAMMbIE XapaKTepucTUkK dusmyeckoro coctosHus OB, 6binn npeaoctasnersbl 3A0 "Mockabens - Pymkukypa" (r. Mocksa)
n AO "OntunkoBonokoHHble Cuctembl" (r. Capatck). Ocobbint nHtepec npeacrasnaer OB pekomengaumn G.654, kotopoe ominyaerca ot obbidHbIX OB
(pekomeHpaumm G.652 u 1. n. ana ogHoMoaosbix OB) cMeleHneM AnnHoM BonHbl oTcedku. OaHOBpeMeHHOe uccnefoBaHne xapaktepuctnuk PMbB yvactkos
OB pasHbIX TUNOB, O6BLEAUHEHHBIX B €[MHbIi CBETOBOZ, MO3BOJIAET 3HAYMTENILHO YCKOPUTBL BbIfIBIEHWE 4aCTOTHbIX XapakTepuctuk PMB, a panee u
pacnpeAeneHus HaTAXeHWs, 3aTyXaH!A U T.4. MO BCEei J/IMHE CBETOBOAA. TakKe HEO6XOAUMO OmnpefeNnuTh YacTOTHbIe XapakTepuctuku PMB ana kaxaon
OoTNMYaloLLenca cekumn ceeToBoga. pescTaBneHbl UTOroBble pe3ynbTaTbl 06paboTKM pe3ynbTaToB M3MepeHWit (B TOM uYMCie MPU TeMMepaTypHbIX
M3MeHeHusAX). Ha nx ocHOBaHMM BO3MOXHO BbIABUTL KOHKPETHbI TN ogHoMogoeoro OB, a Takke aBTOMaTM3MpOBaTh 06pabOTKy AaHHBIX U OnpefeneHue
HeobxoauMbix xapaktepuctuk PMB u ¢usmyeckoro coctoanua OB.

Knioyeebie cnoea: o0Homodoeoe onmuueckoe 60510KHO, paccesHue Mandenswimama — Bpunniosna, 6punntosHosckas pegnekmozpamma, npogusb
6punio3HO8CKO20 Cnekmpd, onmu4eckoe 60s10kHO pekomeHOauuu G.654, obHapykeHue OnNMUYECK020 KAHANA ymeuku UHGOpMauuu, UHGPOPMAUUOHHAA
6e30nacHOCMb 80JIOKOHHO-ONMUYECKOU CUCMEMbI C8A3U
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This article presents the results of developing an algorithm for coherent processing of
wideband non-binary orthogonal signal-code structures for voice transmission in a deca-
meter radio channel. The structure of a radiogram, including preamble and data symbols,
is presented, taking into account message length limitations for real-time voice transmis-
sion. An ensemble of orthogonal wideband phase-shift keyed signals is used as signals. The
noise-correcting code used is a non-binary low-density parity-check code whose Galois field
dimension is matched to the number of signals in the ensemble. Decoding is performed
using a belief propagation algorithm, which involves calculating aposteriori probabilities for
each possible transmitted symbol, taking into account observations. The article presents
analytical expressions for calculating these probabilities, taking into account multipath sig-
nal propagation, assuming separation of the paths without their mutual interference, and
also taking into account different a priori uncertainties regarding the complex channel
transmission coefficients for each path. Three types of a priori information are assumed:
fully known complex channel gains, an unknown phase shift of the channel gains, or an
unknown phase shift and level of the channel gains. A fourth, widely used, quadratic ray
summation option is also considered. In coherent processing, complex channel gains are
assumed to be known or measured in some way. This article considers several options for
measuring complex channel gains: using a separate measurement channel using the maxi-
mum likelihood method and using a Kalman filter. In one version, the Kalman filter oper-
ates on data from a separate measurement channel, while in another version, it operates
on preamble symbols and on radiogram data symbols with feedback on decisions regard-
ing the data symbols. Using the Waterson model of the ionospheric channel, this article
substantiates the autoregressive order of the Kalman filter from the perspective of algo-
rithm complexity and achievable noise immunity. Noise immunity curves are presented for
the coherent processing algorithm using the Kalman filter and non-coherent processing
algorithms. The corresponding energy gain is estimated.
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Introduction

In the contemporary world high frequency (HF) communica-
tion is widely used for organizing radio links in remote and hard-
to-reach regions around the world. Apart from that, HF communi-
cation is applied for regions that have seriously suffered from de-
struction caused by natural disasters. The high reliability and cost-
effectiveness make HF communication the optimal solution in
both cases described above. The second area where HF radio links
have found the application is communication in the Arctic and
Antarctic. For instance, the Rosatom State Corporation has an in-
terest in restoring the HF communication network to establish sep-
arate communication channels with the naval fleet of nuclear ma-
rine propulsions and land-based subscribers (see, for example, me-
dia reports [1]). The transmitted information consists of digital
data and voice in real time.

One of the main drawbacks of the conventional HF communi-
cation is the availability of transmitted information, due to the op-
portunity to receive radio signals reflected from the ionosphere
over vast areas of the globe. Consequently, challenges in ensuring
the confidentiality of the transmitted information can be observed.
The most reliable way to provide confidentiality at the physical
level, i.e., without the use of cryptographic protection pf infor-
mation, is to employ complex spread-spectrum modulation tech-
niques to generate noise-like signals, and the use of special algo-
rithms for processing such signals [1-4].

Earlier in 2020, MTUCI staff, including the authors of this ar-
ticle, conducted research in which wideband non-binary signal-
code structures for real-time speech transmission were proposed
[5]. However, the signal processing algorithm used in the work
mentioned above assumes quasi-optimal non-coherent processing
with quadratic summation of multipath components and the use of
average estimation of channel coefficients instead of their true val-
ues [6-8]. Clearly, as shown in [9-13] for Rayleigh fading channels
and in particular for narrowband HF channels [14-16, 28, 29] the
noise immunity of digital radio link can be improved by adopting
an optimal coherent processing algorithm.

The aim of the article is to develop an algorithm for coherent
processing of wideband non-binary signal-code structures for
speech transmission in a HF radio channel. Based on the methods
proposed in [17-19] for joint optimal filtering of many channel
parameters under conditions of a priori uncertainty and the algo-
rithms presented in [20-22] for an ionospheric channel dispersion
characteristic slope optimal filtering, the developed algorithm can
be improved by jointly taking into account the results of optimal
filtering of the channel coefficients and the slope of the dispersion
characteristic.

Observation model for receiving one symbol of a radiogram

In this article we assume that multipath components can be
separated without influencing each other (ideal separation of the
beams). In this case, the output of the correlation receiver for each
processed multipath component can be written as a vector of sta-
tistics

y,, =Ehs

st ik+ni,j’ M

where Vi i is the signal at the output of the i-th correlator, pro-

cessing the j-th multipath component while the symbol with the

index k (k =1,...,2™) is being received, m is a bit depth of non-
binary symbols, hj is the channel gain for the j-th multipath com-
ponent, E_ is energy of the received symbol, ¢, is a Kronecker
symbol, ni’j is the noise part of statics. It is assumed that all trans-
mitted symbols have the same energy level E_.

The channel gains hj are independent complex Gaussian var-

iables for different multipath components and, in general, they are
dependent in accordance with the Waterson model within one mul-
tipath component (diversity branch) for adjacent symbols in time
[23].

The values r']i’j are complex Gaussian variables with zero

mean and variance of the real and imaginary parts equal to o-u2 .

The variance auz is

EN,

S

2

) 2

2 _ 2 _
O-u_Ean_

where arf is the variance of the noise at the output of the correla-

tor, & is the level of the two-sided spectral power density of
2
quasi-white noise in the main frequency range.
The instantaneous signal-to-noise ratio (SNR) for one multi-

path component is
SNR, =, == 3)
] ] N0
The SNR for one multipath component, taking into account
averaging over Rayleigh fading realizations, is

E, 4)

2
Oaj
0

SNR =2

mean,j

where o—i j is a parameter of the Rayleigh distribution of ‘hj‘ for

the j-th multipath component.
The total maximum SNR for optimal coherent reception of all
multipath components [24] is

E, i
SNRmrc - N_Z

0 j=I

2
s

)

h|

where N, is number of multipath components (number of diver-

sity branches).
The total average SNR is
_ Es _ Es S 2 6
SNRmm._<RE>_,N;;;(2GAj) (6)

The average SNR per bit taking into account the redundancy
of the error-correcting code (coding rate r) and the symbol bit
depth m:

E_[E\ 1. ™
N, \N,/r-m

_—
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General expressions for calculating posterior probabilities

First, the simple case of single-path propagation is considered.
Then we extend it to the multipath case. The most complete statis-
tics for making a decision on each symbol for each position of the
received code block of a non-binary code is a set of posterior prob-
abilities. So, in order to process the block, N vectors of 2™ poste-
rior probabilities are demanded

P(c./y) k=1,..,2", (3)

- N L m
where y= [yl, Yaseer Yom } is a vector of 2" outputs of a corre-
lator processing a signal in a radiogram during the reception inter-
val of one symbol out of N, ¢, is a proposed received symbol.

Decoding a code block of a non-binary LDPC code using the be-
lief propagation algorithm requires computing the mentioned

probabilities.
According to the product rule of probabilities
dP(y.c)=W(y.c,)dy=P(c,/y)W(y)dy.  ©

where dP(y,c, ) =W (y’ C, )dy is the probability that the symbol
C, was transmitted and the observation vector was in volume dy

relative to a point y in 2M -dimensional space simultaneously
=2™" real

numbers and belong to the corresponding space), W (y) is a 2M-

(M =2" complex observable numbers y are 2M

dimensional unconditional probability density of the observation
vector y, W (y) dy is a probability that the observation vector is

in the volume dy relative to a point y in 2M-dimensional space.

We can rewrite (8) as

W (y.c)dy _

W (y)dy

(y/ck)P(Ck) )
ZW (y/C,)P(C,)

10
P(c /y)= (10)

2™ are a priori probabilities of transmit-

where P(c,), k=1,...,

ting a symbol Ck from M available options, independent of the
actions of the observer and the methods of processing the received
signal, W (y / ¢, ) is a likelihood function of the hypothesis about
the reception of a symbol ¢, with the observed sample y (condi-
tional probability density of the sample y when transmitting a
symbol C, ).

Expression (10) is known as the inverse probability formula
(Bayes' rule). The denominator of (10) uses the law of total prob-
ability.

y)dy=>W(y/c)P(c)dy- an
=1

) T
The values of the observation vector y= [yp Vyoens yzm } are

uncorrelated, due to the approximation of orthogonality of the sig-
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nals (they are as coordinate functions in the orthogonal decompo-
sition of a random process [25]), Gaussian complex variables (and
therefore independent).

Therefore

om

W(y/c)=TIW(y,/c)

u=l

(12)

where W(yu / ck) is the likelihood function of the hypothesis

about the transmission of a symbol ¢, when observing Y, at the

output of the processing device of the u-th variant of the orthogo-
nal signal.

We assume that the transmission of any of the M =2" sym-
bols is a priori equally probable, then the following is true:

1

PGI=P(E) =3 = 7 3

Taking into account (12) and (13), (10) can be rewritten as

W /c
W(y/c H k
P(Ck /y): (y k) = 2mu lzm =

IZZmI:W(y/c,) IZ:llljw(yu/c

(14)

HW /¢

u:&k

2 TIw(y, /e

1=1 u=l1
u=l

W (¥, /c)

W (y,/c)

where W(yu / ck) is the likelihood function of the hypothesis
about the reception of a symbol ¢, when observing y —at the out-

put of the u-th correlator. It is obvious that for non-coinciding in-
dices u and k the likelihood function is determined by the noise
probability density

W(yu/Ck):Wn(yu)an u=k (15)

Dividing the numerator by the denominator, and taking into

account that 2™ —2 multipliers in each term of the denominator
coincide with the multipliers of the numerator (with indices dif-
ferent from k and I), it can be obtained that

W (y,/c)
P(c/y)=+ [W”(yk)

ZW(V/C)]

1=1 Wn(yl)

Making hard decisions for each non-binary symbol using the
maximum a posteriori probability criterion can be written as

W(y, /¢
_af%m;X[P C /Y)]=a£%,{iamx{W} (17)

(16)

-
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This corresponds to the criterion of maximum likelihood ratio,
calculated for each variant of the transmitted symbol.
To simplify the calculations, formula (16) should be rewritten as

1.0 (18)
W(Y,/c) W,(%) J

2

=1

W, (%) W (¥, /c)

The denominator of the fraction (18) calculates the sum of the
ratios of the likelihood ratios for each possible pair of symbols,
one of which is the assumed received symbol ¢, .

P(c./y)=— (

In multipath propagation conditions, the use of broadband sig-
nals allows the separation and addition of multipath components,
which is a form of diversity reception. The diversity effect is
achieved because individual multipath components propagate
along different trajectories in the Earth's ionophore, reflecting off
different layers of the ionosphere and undergoing birefringence
due to the anisotropy of the environment.

Processing each j-th branch of the diversity (multipath compo-
nent of the signal), the vector Y is observed, and it is necessary

to calculate the posterior probabilities for each symbol, taking into
account observations from all branches of the diversity:

W (yl7y2""’ydyck) =
W (1,500 Y )

P(Ck /y17y27"'7yd ) =

(19)
_ W(y,Yea¥a /6 )P(E)
o .
D W (y.Ysse¥a /6 )P(C)
I=1
Next it can be obtained
W -~
P(C/YpYaonYa) = - ”(Zk) -
3 w (20)
I=1 Wn(yl)

1.0
S(Whe) w,,)
W) W(Y, /)
where yl is the vector of responses of the I-th correlators for all

.,yI’Nd ) N, is the

number of branches of diversity (the number of multipath compo-
nents), \\/ (VI /cl) is the likelihood function of the hypothesis

branches of the diversity (values yl 0 yl 5o o

about the reception of a symbol ¢, during observations yl,
Wn(yl) is the joint probability density function of the noise re-
sponses of the I-th correlators of all N 4 diversity branches.

In conditions of multi-channel diversity reception, taking into
account the independence of noise in the channels, the following
is true

(y,/c) NuW(y,’j/c,)’

1)
W, () = Wa(h)
then
Nqg W(yk i /Ck)
TOW(Y )
— I < -
P(Ck /yl,yz,...,yd)— Y (Y| J. /C,) - (22)

. 1.0
2" [ Ng W(y.,,-/C|) Wn(yk,j)

211 W,(% ) W (¥, /c)

=1 j=I

The decision rule (17) under conditions of multipath diversity
reception can be rewritten as

W(y, /¢,
argmax[ (ck /yl,y2,...,yp)]:argma{w}: o)

k=1,...,2" Wn ( yk)
[lN—“[W(yk,J /Ck)}

=argmax -
j=1 Wn(yk,j)

k=l,...2"

Particular expressions for calculating posterior probabilities

Coherent processing with fully known channel parameters
The likelihood function can be written as

W(Yk,j /Ck):Wn(ij_Eshj):

_(Yk‘J re_EshJ re) _(Yk,J |m_EshJ |m)
1 20‘5 1 20‘u

= ¢ — €
\/EO'U \/Eau
2 [ 2B Re(yi B+ EZ[R
J ‘

24

2
20y

1
|

The noise probability density calculated for the observations is

> N e
Vi re 1 Yk, j.im 1 2 ‘Yk.j‘
e % e ™ :(—]ez"ﬁ-

270, 2o,

1
"( KJ) \/51' o,
(25)
Then, the likelihood ratio can be written as

EXJh,f
200 . (26)

2E Rc(ykl J) 2Jh; \

W(yk,j/ck)ze 207
W, (Vi ;)

Taking into account the responses of the correlators for other
multipath components we can obtain

E, Rc(ykyjﬁ]f)

2
=e % e

No ERe(§i i) Mo, E2h [
.Z s (sz J) 72 ZLUJ

—pl %y g =

W(y,;/c,)
Wn(Yk,j)

W(%/ck):l”—d[

Wn (yk) j=1

27)
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The ratio of the likelihood ratios is equal to

W(3/a) way Wl la) o | S0 es)
W3 W(T/6) ] W) W(Y,,/c)

Taking hard decisions according to (23) and taking into ac-
count the monotonicity of the exponent leads to the rule

—argmax[P ¢ /y)]= argma){ZRe(ykJ J)} (29)

k=L,..

Decision rule (29) is known as the optimal coherent diversity
reception rule, which ensures the maximum signal-to-noise ratio
(in English literature, the MRC algorithm — maximum ratio com-
bining). To use rule (29), the information about the noise variance
and the channel multiplier values for each multipath component
Hj must be available. The channel multiplier hj determines the

change in signal amplitude by ‘hj‘ and the signal phase shift by

P = arg(h ) due to fading.

Incoherent processing with unknown phase shift

In cases when it is not possible to measure the phase shift and
use its measured value in the expressions written above, decision
rules and formulas for calculating posterior probabilities that are
invariant to the value of the phase shift are used. The method for
synthesizing such rules is well known and widely used in statisti-
cal radio engineering [26].

The likelihood ratio (26) is conditional, where the phase shift
Do is one of conditions, so we can write

By 3 os(areCi -, ,) elif

22 .(30)

. ERyif)  EN[
W(yk,j/ck»%,j): ei )e 2‘53‘ —e
W, (Y ;)

The phase shift Pn;

%u

is assumed to be a random variable with
some probability density an((ph J.). Then the joint conditional
probability density of the observation y, and the value of the

phase shift ¢ j during symbol transmission ¢, can be written in

the form

W (Y ;.0 /¢ )=W €30

(Yk,j /Ck,(ﬁk,j )W¢(¢k,j)'
Therefore, using the consistency rule, we can get rid of the de-

pendence on the phase shift ¢ J_ by integrating over it:

)= Iw(yk’¢h,j /Ck)d(ph’j =

-

:JW<Yk,j /Ck’q’h,j)w(ﬂ(‘ﬂh,j)d(oh,j :<W(yk,j /Ck’(ph,j)>’

W (Yk,j /¢ (32)

where the symbol < > means averaging. Indeed, the conditional
probability density (24), as a function of the phase shift ¢, I is
averaged over P in the sense of finding the mathematical ex-

pectation taking into account the probability density W¢ (¢h J_ ) .

Likewise, the likelihood ratio can be averaged (30)

-
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W(yk,j/ck)z W (Y /C.0;) _
W (Yk i)

W, ()
- f

yk N /Cs j)
n ( yk N )
The average likelihood ratio can be found according to (33)
taking into account that the initial phase is distributed uniformly.
It means that

(33)

W, (f"h,j)dfoh,j

1
Wco(wh,j)z_”’_ﬁs(/)o<”' (34)
Then, it can be obtained that
W(yk,j /Ck)_ W(yk,j /Ck"/’h,j)w (¢ )d¢
5 = ; h, j h, j
Wo(Yei) 5 WY )) PR
Esz‘hj‘z o Es‘thYk,j‘cos(arg(Yk,j)’(ﬂh,j) . (35)
=e ¥ — (e % de, =
27 '([ Phi
eyl e
- z‘ag‘ E, j ‘
=e Iy ———— |

(o}

u

In (35) the integral representation of the modified Bessel func-
tion of the first kind of zero order was used in the form

1 T
I,(X)=— | e*>="d (36)
0( ) 272_ gDO
The decision rule can be obtained relying on (23) as
—a:glmax[P C./Y.,¥,e ,yd ]—
2 G37)
o EBE e [y |
=argmax He 2, SJ—Z
k=l,...,2" j=1 O-u

The ratio of the likelihood ratios can be written as

i (B ] @9
o )

Incoherent processing with unknown phase shift and averag-
ing over signal level

Consider modules of channel coefficients ‘hj‘ as random var-

W) W) [Es

W) W(¥/c) 5a

iables with a Rayleigh distribution with a distribution parameter

(39)

Next, the likelihood ratio should be averaged (35) over ‘hj‘

So, we can obtain
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INRUIONES )
W(yk, o Wo(Ye )

W, () ;= 40

‘Vk ‘ 7(7“'5
_ 1 e ! 20 (o‘A]E +au)
= 3 .
20,

Taking into account (40), the expression (21) can be rewritten

_ P oAES
W a)_pWOa) gy 1 e )
W,(¥) 5 W% 20,
Thus

22
T
(30 )263(021E3+o—3)

W, /e) W) _
W, (%) W(¥;/c,)
and

W/e) W) _
W,(3) W(Y,/c,)

Hence, according to (23), the decision rule can be written as

» (42)

(o P Pl OAEs
e )

¢ = argmax[P(Ck /Y 15Y 0¥ )] =
k=1,...,2™
b2 (44)
N ‘y A‘z c;-ijEs2
< “ 202 (0}E2+07)
= arg max —
k=1,...,2" j=1 O'AJ-

If the fading in all beams has the same intensity, then
o-ij = o—i, Vj =1,...,N, and the decision rule is to find the max-

imum of the sum of the squared modules of the correlator re-
sponses

o‘AE
A ZUU(O'AE2+O'5)J§;‘ kl‘ & . 2 . (45)
¢, =argmax| e = argmax Z |

om k=L..2" | =1

------

Incoherent processing with quadratic addition
Quadratic addition according to (45) is used when the distribu-

tion law of ‘hj‘ is a priori unknown. In this case, it is the optimal

decision-making option [24].

Using the observation model, centered and non-centered chi-
square distributions, expressions for the likelihood ratio can be ob-
tained as [6-8]

W(y/e) way (Wf)*
(46)

[

W,(%) W(Y,/c)

where |
Ng

and N g1 order,

e &L p P
M ZZ‘yk,j‘ > v :Z‘yl,j‘ '
= =

Clearly that for N, =1 the expression (46) transfers to (38).

_,(x) 1s the modified Bessel function of the first kind

(47

The algorithm for coherent processing of non-binary
wideband signal-code structures with simultaneous
estimation of channel coefficients

Observation model for radiogram reception
The length of the radiogram is N non-binary symbols, of which

N, symbols are the known symbols of preamble and N, = infor-
mation (data) symbols, and
N =N, + Ny (48)

Preamble symbols are required for radiogram detection and
synchronization. So, they are transmitted before the data symbols.
The parameters of the radiogram and signal-code structures are
presented below [5]. The data transfer rate corresponds to the vo-
coder rate — 700 bit/s. The radiogram length is 160 ms, the symbol
capacity m = 6, the number of preamble symbols Npr: 16, the

number of data symbols N et 44, and the total number of radi-

ogram symbols N = 60. The relative coding rate is r =0.5. The
length of the pseudo-random sequences (PRS), the PRS symbol
transfer rate, and the spectrum width of the signal-code structure
are presented in Table 1.

Table 1
Calculated data of wideband signals based on the NB-LDPC
in the 80 kHz band
Ne Symbol transfer Spectral Length of the
rate, kBod width, kHz pseudo-random
sequences
1 50 80 128
100 160 256
3 200 320 512

The model of the received signal in the single-path case can be
written as

y(k,n)=35(k,d(n)h(n)E, +u(k,n), n=0,...,
k=0,..,2"—1

N-1,
(49)

where y(k,n) is the matrix of complex responses of correlators,
in general case the size of the matrix is M x N, u(k,n) is the

matrix of complex Gaussian noise samples at the output of the
correlators, the size is M x N, h(n) is a complex channel gain,

d(n) is a transmitted non-binary symbol (from 0 to 2™-1) at time n,

Lk=n
otk,m = 0,k #n

(50)
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— ronecker delta. The noise samples, as before, are centered,
independent in different correlator responses, at different times
and in two channels (real and imaginary components), with the

same dispersion o-u2 .
Thus, a matrix of numbers y(k,n) is processed at the recep-
tion point. The matrix y(k,n) contains noise samples, and in

each column of the matrix, one value contains the signal compo-
nent of the response h(n) E, . The position of the response in the

corresponding column (i.e., the row number) is determined by the
transmitted symbol d(n) at the corresponding time n (which co-

incides with the column number).
If there are N, multipath components, the observation model

will include N g matrices of size M x N :

y;(k,n)=a(k,d(nph, (ME, +u,(k,n).

n=0,.,N-1, k=0,.,2" -1, j=1,..,N, (51)

The main goal of the article is to synthesize an algorithm for
processing the received sample with simultaneous evaluation of
channel coefficients h(n), making “hard” decisions regarding the
transmitted symbols d(n) and calculating the posterior probabil-
ities discussed above.

The process hj (n) is assumed to vary sufficiently slowly ac-

cording to the Waterson channel model that a Kalman filter can be
applied to refine maximum likelihood estimates of h(n) during

preamble processing and subsequent extrapolation at the time of
reception of data symbols.
In the absence of any information about the channel coeffi-

cients H(n), non-coherent demodulation can be performed by

finding the maximum among the sum of the squares of the corre-
lator responses at a fixed point in time according to (45), i.e.

Ng
(j(n)=argmmax(2‘yj(k,n)rj. (52)
=]

k=0,...,2" -1

Algorithm (52) is optimal for Rayleigh fading and for an un-
known fading distribution if O'f\ , are the same.

If channel coefficients hj (n) are reliably known, the decision

rule can be formulated in the form of a coherent demodulation al-
gorithm according to (29)

(i(n) = argmax(Re[i y; (K, n)hj*(n)D'

=0,...,2"-1 j=

(33)

Thus, the values of hj (n) have to be known in order to per-

form coherent demodulation that provides better noise immunity.
Therefore, it is necessary to estimate channel coefficients hj (n)

during the demodulation process.

Algorithm for estimating channel coefficients using the maxi-
mum likelihood criterion

ELECTRONICS. RADIO ENGINEERING

Additionally, the presence of a separate channel for measuring
the coefficients hj (n) for each multipath component is assumed

on order to compare different processing options. At the output of
the channel, we can observe

(n)=h,(N)E, +1,

J.,measure

(n), n=0,..,N -1, (54)

yj,measure

where u j,measure (n

(n) are centered, the variance of the real and im-

) is complex samples of Gaussian noise. Noise
samples uj,measure

aginary parts is the same as that of the samples U(k,n).

The maximum likelihood estimation of the channel coeffi-
cients using the measurement channel (54) is determined as

- y',measure(n)
hj(n) ZJE—, n= O,

S

(35)

The algorithm for estimating channel coefficients using a Kal-
man filter based on measurement channel data
The simplest dynamic model of change of the coefficients

h(n) can be written as

h,(n)=ph.(n-1)+&,(n).

where p is a correlation coefficient of channel coefficients

(56)

hj(n) at adjacent points in time, gj (n) is noise of a dynamic

system with variance o-; i (Gaussian centered, uncorrelated), and
2 (1 A2\ 2
o —(1 o )O'A’j, (57)
2
A.j
each n=0,...,N —1. The initial value of the channel coefficient

Hj (0) is calculated as

where g . is a variance of real and imaginary parts of hj (n) for

A(0) = i{'5(0) : (58)

O¢j

Using the measurement channel of channel gains (54) and the
dynamic model (56), we can perform optimal filtering of the chan-
nel coefficients hj (n) for each multipath component inde-

pendently and then perform coherent demodulation according to
(53) utilizing the obtained estimates.

The vector-matrix notations which are conventional to optimal
filtering theory are introduced below

H=E, F=p, (59)
— Ix1 matrices,
h”’j = hj(n)’ yn,j = yj,measure(n) > (60)

— complex vectors of size 1x1, depending on the moment of
time n=0,..,N-1, j=1...,N,
2 2
QJ:O-LE,J’R =O-u9 (61)
— 1x1 matrices describing the variance of noise of the dynamic

system and observations, respectively, j=1,...,N .

-
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Then filtering the channel coefficients hj (n) for each j-th mul-

tipath component is consist of performing the following sequence
of actions.

Predicting the value of the channel coefficient estimation
based on the dynamic model and the estimation obtained in the
previous step

h, ;=Fh_, ;. (62)

Prediction of the covariance (error) matrix of the channel co-
efficient estimation, based on the estimated value of the covari-
ance (error) matrix of the channel coefficient estimation obtained
in the previous step

P =FP_ F +Q;. (©63)
Calculating the Kalman filter gain matrix

A A -1
K, =P H (HP H +R ) - (64)

Prediction of the expected observations at the current step

Vo= Hﬁ;,j . (65)
Refinement of the estimation by adding a weighted residual of

observations to the previously predicted estimation value

A

o =+ Ky (o, =¥0,)

Updating the covariance (error) matrix of the channel coeffi-
cient estimation

(66)

P =(I-K, H)P . ©7)
Initial conditions are
h, =ﬁj(o)=yivLUfe(0) 68)

E

S
— ML estimation of the channel coefficient hj (0) at the initial

moment of time,

2

=9 (69)
0,] E2
S

— the variance of ML estimation of the channel coefficient
hj (0) at the initial moment of time (real and imaginary compo-

nents).

The algorithm for estimating channel coefficients using a Kal-
man filter based on data symbols

Filtering channel coefficients directly from the radiogram (ra-
diogram includes preambles and data symbols) has its own points
and features since data symbols are unknown in contrast with sym-
bols of the preamble. As preamble symbols are known, using them
allows selecting the correlator response, which contains the signal
component at the current moment, from the observation matrix (49).

Filtering channel coefficients directly from the radiogram can
be described using following sequence of steps.

Predicting the channel coefficient estimation based on the
dynamic model and the estimation obtained in the previous step

h ;=Fh_ ;. (70)

Prediction of the covariance (error) matrix of the channel co-
efficient estimation, based on the estimated value of the covari-
ance (error) matrix of the channel coefficient estimation obtained
in the previous step

P, =FP_ F +Q; (71)
Calculating the Kalman filter gain matrix

A A -1
K, ;=P H (HP H +R) - (72)

Prediction of the expected observations at the current step
y,,=Hh, . (73)

If a symbol of preamble is processed, the observation values
from a known row of the observation matrix are selected

yn,j = Yj (d (n), n) :

If a data symbol is processed, a decision is made using the pre-
dictive estimation of the channel coefficient according to (70) as

d-(n)= a:rgmax(Re(i y; (K, n)(ﬁj(n))*]}

(74

=0,...,2" -1
hy(n=h_; (75)

Then the appropriate measurement is selected in order to refine
the estimation

Yo, =Y, (d(n),n).

Refinement of the estimation by adding a weighted residual of
observations to the previously predicted estimation value

(76)

A

o =+ Ky (o, =¥0,)

Updating the covariance (error) matrix of the channel coeffi-
cient estimation

P, Z(I_Kn,jH)ﬁ;j‘

(77)

(78)

The estimations of channel coefficients obtained according to
(66) or (77) are used for coherent demodulation according to (53).

Comparison of noise immunity of signal processing algorithms

Using simulation, four different options for processing the ob-
served sample without taking into account error-correcting coding
have been compared:

— a coherent demodulation algorithm with known channel
gains according to (53);

—anon-coherent demodulation algorithm with unknown chan-
nel gains according to (52);

— a coherent demodulation algorithm (52) taking into account
the channel coefficient estimation according to (55) using the
maximum likelihood method;

-
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— a coherent demodulation algorithm with channel coefficient
estimation h(n) using a Kalman filter based on preamble symbols

and data symbols.

Figure 1 shows the symbol error rate (SER) in a single-path
channel in case of estimating channel coefficients directly from
radiogram symbols — from preamble symbols and from data sym-
bols (taking into account decision-making on them).

10° T ‘ :
Theory noncoherent

¢ Experiment coherent
Experiment noncoherent

° ML estim.

e Kalman filter by data

SER

10

107 ‘ : ‘ | $
10 15 20 25 30 35

<E/N > dB
s 0

Fig. 1. SER, the estimation of channel coefficients obtained
from preamble data symbols

The figure shows that the estimation of channel coefficients
based on a radiogram significantly loses noise immunity of infor-
mation reception due to errors in decision-making, which affect
the quality of the estimation (which in turn affects the quality of
decision-making on data symbols).

The Watterson channel coefficients are not ordinary Markov
sequences, so their statistical properties do not correspond to first-
order autoregression. Indeed, the correlation function of a Gauss-
ian Markov process is described by an exponentially decaying
function, whereas the Watterson channel model assumes a Gauss-
ian function as the correlation function.

Thus, the model of the dynamic system used in the filtering
algorithm does not match the channel model, which is a source of
filtering errors [27]. Furthermore, first-order autoregression al-
lows predicting the channel coefficient using only a single previ-
ous channel coefficient estimation. If the previous estimation de-
viates significantly from the true value due to an error in the data
symbol, the quality of the current channel coefficient prediction
based solely on this previous estimation will also be poor.

It can be concluded that the construction of autoregression
model of a higher order is necessary in order to satisfy the Watter-
son channel model.

Formation of the autoregressive observation model
and justification of its parameters

One of the options for making the dynamic model closer to the

properties of a real process is to increase the order of autoregres-
sion to N, >1,s0 that

(79)

hj(n)ziakhj(n_k)—i_éj(n)’

-
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where a, are autoregression coefficients, Nap is the order of au-

toregression.

To increase the convenience of mathematical description, we
should switch to vector-matrix notation. We define the vectors of
the current and previous states in the form of vectors of size

N, x1:

. . . T
h,; =[h(n),h(n=1),..h (=N, +1) |, (50)
. . . T
h,,;=[h(=D,h(n-2),..h-N,) | .
Hence, the dynamic model can be written as
h,,=Fh_, . +e . (81)
where
o o, o N1 O
1 0 O 0 0
0 1 0 0 0 | (82)
F=
0 0 1 0 0
0 0 0 .. 1 0
is the matrix which size is Nar X Nar R
. U
e, =[ £),0,0,...0] (83)

is the vector which size is Nar x1.
The coefficients a, can be found through the solution of the

Yule-Walker equation:

Ro=p, (84)
where
T
pzl:plapzappm:pNar:I ? (85)

is the vector of correlation coefficients p, between real (or imag-

inary) parts of hj (n) and hj (n=k).

T
uz[al,az,a3,...,aNar] ; (86)
is the vector of the required coefficients,

1 L Pry-2 Py

P 1 Py Pr,s P,
) . (87

R: pZ /Dl ﬁjNar‘4 /DNar_3

Ps P> P PN, -5 PNy-a

pNar71 pNar72 pNar73 o pl 1

is equation matrix.
The solution of the equation (84) can be obtained as
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a=R7p. (88)

Next, we will find the coefficients for the fourth-order auto-
regression for the Watterson channel. For simplicity, we assume
that the magneto-ionic components are separated ideally, and the
frequency shift can be neglected. So, the expression for the corre-
lation function can be simplified to

C(At) =g 27 7l8) (89)
and the spectral power density of the random process that models
fading [23], respectively, to

UZ

1 [—
S, (v) = e 2034 (90)
\ 27Z.O-s,ia
Thus, taking into account (89), it can be obtained that
2 2 2
P = C(kTs) — e—2” oa(kTs)” (91)

Calculations can show that the autoregression that directly ex-
ploits coefficients calculated according to (87) — (91) is unstable,
i.e., to an unstable IIR filter whose coefficients are the autoregres-
sion coefficients. This can be explained by the fact that the filter
that provides an exact match between the square of its amplitude-
frequency response (AFR) and (90) is not physically feasible. The
AFR of such a filter is described by a Gaussian function, and, con-
sequently, the impulse response is be described by a Gaussian
function that is not bounded on the abscissa.

Before forming the autoregressive model and calculating its
coefficients, a model for calculating the channel coefficients in the
form of a moving average should be developed. The coefficients
in the model are a finite number of samples of the filter impulse
response, providing a power spectral density of the generated ran-
dom process close to (90).

Therefore, we can obtain that

o 92)

J e —

where L is a number of mentioned coefficients (odd number), bj ,

j=0,...,L — filter impulse response coefficients determined by

the formula

1 7 i(n=(L—
EJ."SC(V)GJ (=L 1VQ)TSdV'

—00

b, = (93)

The coefficients bj can also be obtained using frequency sam-

pling algorithm by sampling the filter's frequency response
/Sc(v) in the frequency domain and calculating the inverse fast

Fourier transform.

Thus, using (92), instead of (91), allows obtaining stable auto-
regressive models.

The autoregressive model allows calculating the variance of
the dynamic system noise for the required variance of the observed
channel coefficients at the autoregressive output (which deter-

mines the signal level and signal-to-noise ratio). Indeed, the auto-
regressive model can be represented as a recursive filter at the in-
put of which is the noise of the dynamic system (see Fig. 2).

h,(n)
>

& (n)

— > H(2)

Fig. 2. Autoregressive model as a recursive filter

The transfer function of the filter and its complex frequency
response are determined by the autoregressive coefficients, re-
spectively, as

1 , (94)

H(z)=

(95)

where @ is normalized frequency. Assuming the noise of the dy-
namic system to be white in the main frequency range and Gauss-
ian, the variance of the noise can be written as (its real and imag-
inary parts)

N, .
2 _ &0,
0l =—SLF, %)
where N§ 0.i is two-sided spectral power density of the noise of
2

the dynamic system F =1/T_ is the sampling rate, with which

samples of channel coefficients are generated (equal to the bit
rate).

The dispersion of the formed channel coefficients (real and im-
aginary parts) is determined by the expression

)
o= N2 py al[/z‘H(erT
Néoj ol ”H(ejw)‘ e ©7)

j,%HH(em)rdé)

where o, = 2;;FS.

Then the variance of the noise of the dynamic system for a
given variance of the channel coefficients can be calculated using
the formula

2
2 2
O: ;=0

Y , ;E‘H(ej@)rd&)

(98)

It should be noted that autoregression of order g>1 has two

advantages:
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— predicting the next value of the filtered parameter ﬁj‘(n) is
carried out using (] > 1 previous estimations hj (n=1), hj (n=2)

— the estimation of hj(n) taking into account the refinement

according to (66) (or (77)) is carried out sequentially according to
g>1 the  measurements yj(k,n) , yj (k, n+1),..

yj (k, n+q-— 1) , where Kk is the number of the index of the deci-

sion made (or the preamble number).

The main disadvantage of this approach is the significant in-
crease in computational complexity, due to the dimensions of the
vectors and matrices included in the main expressions of the Kal-
man filter algorithm. However, it should be noted, that the com-
putational complexity does not increase as much as might be ex-
pected. For example, in (64) and (72), the increase in the auto-
regressive order does not lead to the increase in the dimension of
the inverted matrix. In the examples considered, (64) and (72) al-
ways invert a scalar, regardless of the autoregressive order. Matri-
ces F, H and Q have many zero elements (see example below),

which simplifies the required matrix calculations.
Next, we consider an example of a fourth-order autoregression

h(n)=ah,(n-1)+ah,(n-2)+ah,(n-3)+
+a,h,(n—4)+ ().

99)

The matrices required for the Kalman filter to operate are
determined by the expressions:

a a, o a,

po| 1 0 00 H=[E,,0,0,0] (100)
1o 1 0 o0

0 0 1 0

0;]. 00

0 0 0 ,R=o0, (101)
Qj:

0 00

0 00

Matrices (100)-(101) contain many zero values, which elimi-
nates some arithmetic operations and reduces the computational
complexity of the algorithm. The estimation of the computational
complexity of the channel coefficient estimation algorithm will be
provided next, taking all information the above into account.

Prediction of the estimation of the channel coefficient is con-
ducted according to the formula

al az O% a4 l:_:lj(n_l) "h;(n) (102)
. . 1 0 0 0fh(n=-2 h™(n-1
T K-2)| (B0
h,(n-3) h;(n-2)
0o 0 1 0)~ B
h,(n—4) h;(n-3)
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This requires only 2 N_ multiplications and 2( N, — 1) ad-

ditions to calculate the coefficient I‘A]J’ (n), taking into account the
complexity of the coefficients and the real nature of the factors ¢, ,
k=1,...,N,, . We do not count multiplications by units.

The prediction of the covariance (error) matrix is determined
by the formula

a o, a «a

b-pp FaQ-| ©° 00
"l b 1o 1 0 o0
0 0 1 0
a 1.0 0) (cl, 00
><IA)n_IJ<;52010Jr 0 0 0
a, 0 0 0 0 0
a, 0 0 0 00

This requires N multiplications and Nar(Nar —1) addi-
tions for multiplying Fﬁn_l , and, then, N ; multiplications and
N, ( N, — 1) additions for multiplying by F', and just one ad-
dition when summing with Qj . Finally, 2 N :r multiplications,

2Nar ( Nar — 1) +1 additions are demanded. It should be men-

tioned, that the complexity of the product of matrices does not
grow cubically with their size, as it is in the general, but quadrati-
cally.

We will consider the computational complexity of calculating
the matrix of Kalman filter gain coefficients
-1

K,; =P H (HP H +R)

in parts.
The product of }A’n’ J_HT requires only Nap multiplications due

to the form of H (see (100)). The product of H lADn’J_HT is equal

to Es2 |3n’vj (1,1) , so only one multiplication is needed since square

of signal energy ES2 can be calculated in advance. Thus, the ex-

pression in brackets before the inversion is a scalar, and its calcu-
lation requires only one multiplication and one addition. So, the
computationally expensive matrix inversion is eliminated. Instead
of it, a single scalar inversion is performed.

Prediction of the expected observations at the current step is
calculated as

)A’;,j = Hh;,j

It demands 2 multiplications (taking into account that vectors
are complex).
Refining the estimation using the formula

ﬁn,j =ﬁ;,j +Kn,j (ymj —}A’;,j)

requires 2N_ multiplications and 2N__+2 additions.

-
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Also, the computational complexity of covariance (error) ma-
trix of the channel coefficient estimation

A

P, ; =(I _Kn,jH)Pf;i
should be considered. The product of K, J_H requires Nap multi-
plications. Calculation of the (I—Kn jH) demands Nar addi-

tions. The result of (I — Kn J.H) leads to the matrix

B0
B 1
By 0
By 0

where 3, k=1,...,N,, has values different from one or zero.

(I—Kn’jH)= (103)

S = O O
- o O O

The product of (103) and matrix IA’n’J requires N :r multiplications
and N, ( N, — 1) additions.

Finally, the total number of computational operations (multi-
plications R . and additions R_ ) with real numbers are

prod
Roos =3N2 +5N,, +3, (104)
R,, =3N2 +2N_ +2. (105)

Thus, the computational complexity of the algorithm of the
channel coefficient estimation is proportional to 3N ; and grows

quadratically with the autoregressive order, rather than cubically,
as might be expected with matrix multiplication. The time-con-
suming matrix inversion operation is eliminated; instead, it is re-
placed by scalar inversion.

Figure 3 shows graphs of the number of arithmetic operations
plotted using formulas (104) and (105). Figure 4 shows the in-
crease in computational complexity versus the increase in the au-
toregressive order by one unit. For example, a value of ~1.6 for
N, =4 means that increasing the autoregressive order from 3 to

4 lead to the increase in computational complexity by a factor of
~1.6, i.e., by approximately 60%.

2 400
.2
= °
8 e Addition °
§:3007 * Multiplication °
= )
D °
°
g 200 | 5
g )
o -
15)
c 100} s
S H
g 8
z o=@ : :
0 2 4 6 8 10
N

Fig. 3. Number of arithmetic operations
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Fig. 4. The increase in computational complexity

Figures 5-7 shows graphs of the symbol error rate before the
decoder when processing a radiogram which is used in the modem
prototype [5]. It can be seen that estimating the channel coeffi-
cients using a Kalman filter based on data with third-order auto-
regression does not provide better noise immunity than estimating
the channel coefficients using the maximum likelihood method
based on the measurement channel.

Using higher-order autoregressions (4th and higher) provides
better noise immunity than the ML estimator at low signal-to-
noise ratios. However, 5th- and 6th-order autoregressions demon-
strate nearly identical noise immunity.

As the SNR level increases, noise immunity decreases and be-
comes worse than for ML estimations. This stems from the factor
that the gain from filtering decreases dramatically since the error
in the resulting estimations caused by errors in decision making
regarding data symbols.
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Fig. 5. Symbol error rate, Waterson channel coefficients are estimated
by filters with different order of autoregression

The difference in SNR for identical noise immunity between
3rd- and 4th-order autoregressions at low SNRs is approximately
0.2 dB and 0.1 dB at high SNRs. The similar difference between
4th- and 6th-order autoregressions. It is less than 0.1 dB and ap-
proximately 0.25 dB.

The proportion of correctly received radiograms after decod-
ing the code words of the NB-LDPC code versus the autoregres-
sion length Nap is shown in Figure 8, and the estimation of the bit

error rate is shown in Figure 8. The difference in SNR with the

—
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same noise immunity (the proportion of correctly received blocks
is about 0.95, BER between 0.001 and 0.01) between the auto-
regressions of the 3rd and 4th orders is from 0.3 dB to 0.5 dB.
Between the autoregressions of the 4th, 5th and 6th orders, the
difference is insignificant.
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Fig. 6. Symbol error rate for low SNR, Waterson channel coefficients
are estimated by filters with different order of autoregression
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are estimated by filters with different order of autoregression
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Fig. 9. Bit error rate, different types of autoregression,
the Doppler spread is 2.0 Hz

The obtained results indicate that increasing the autoregressive
coefficient above the fourth order does not provide a significant
increase in noise immunity, but increases computational complex-
ity by 47%.

Therefore, for further research and application, we will use the
Kalman filter with a fourth-order autoregression model.

Estimation of the noise immunity of algorithms for coherent
processing of non-binary wideband signal-code structures

Figures 10-12 show the noise immunity curves for processing
a radiogram implemented in the modem prototype [5] for two dif-
ferent Doppler spread (0.5 and 2.0 Hz) in a dual-beam ionospheric
channel.

The indicators of the quality of noise immunity are the propor-
tion of correctly received radiograms (code blocks), the bit error
rate, and the symbol error rate.
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Radiogram processing has been performed using non-coherent
algorithms, generating posterior probabilities taking into account
(38), (43), (46), and the coherent algorithm. For the coherent al-
gorithm, various values of channel coefficients were used: known
] values, values obtained via the measurement channel, values ob-
tained via the measurement channel and processed by the Kalman
filter, and values obtained by processing radiogram samples by the
Kalman filter (based on the preamble and data).

A comparison of the noise immunity curves shows that the co-
herent processing algorithm with Kalman filtering on the data pro-
vides an energy gain of about 2.4 dB compared to the quadratic
addition algorithm, which is implemented in the modem prototype
[5], at a level of the proportion of correctly received blocks of 0.98
and a Doppler spread is 0.5 Hz. A similar benefit is observed if we
analyze the graphs of the bit and symbol error rates (if the same
SNR is taken as the starting point for the coherent algorithm as for
the proportion of correctly received blocks). For faster fading
(Doppler spread is 2.0 Hz), the energy gain is 1.7 dB according to
the graphs demonstrating the proportion of correctly received
blocks and 1.5 dB according to the graphs of the error rates.
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Fig. 11. Bit error rate, Doppler spread is 0.5 Hz (a) and 2.0 Hz (b)



Conclusion

The article considers algorithms for processing wideband non-
binary signal-code structures under conditions of partial or com-
plete a priori uncertainty regarding the channel coefficients for
each multipath component of the received signal.

Expressions are obtained for calculating the posterior proba-
bilities for each variant of a non-binary symbol, taking into ac-
count multipath signal propagation under the following condi-
tions:

— precise knowledge of the channel coefficients for each mul-
tipath component;

— averaging over the initial phase of the multipath components,
assuming their uniform distribution;

— averaging over the phase and absolute value of the channel
coefficients, assuming a Rayleigh distribution of absolute values;

— averaging only over the absolute value of the channel coef-
ficients, given a known initial phase;

— quadratic addition of the multipath components with known
absolute values of the channel coefficients (the variant imple-
mented in the modem prototype [5]).

The algorithm has been developed for coherent processing of
radiograms transmitted by wideband non-binary signal-code
structures. This algorithm uses estimations of channel coefficients
for each multipath component provided by the Kalman filter that
works on radiogram preambles and transmitted data symbols (with
corresponding decision-making).

To conduct comparative noise immunity assessments and val-
idate key aspects of the algorithm, coherent reception options are
also considered, in which channel coefficients are estimated using
the maximum likelihood method on a separate available measure-
ment channel and additional processing of these estimations by the
Kalman filter. In real applications, a separate measurement chan-
nel is not available.

The example of radiograms from a modem model has shown
that the first-order autoregression is insufficient for receiving ra-
diograms with noise immunity comparable to the levels achieva-
ble using maximum likelihood estimations of channel coefficients.

To improve the noise immunity, a higher-order autoregressive
model has been constructed based on the Waterson ionospheric
channel model by solving the Yule-Walker equation. Evaluation
of the noise immunity and algorithm complexity for optimal fil-
tering with increasing autoregressive order under dual-beam ion-
ospheric channel conditions have shown that a fourth-order auto-
regressive model is sufficient. Increasing the autoregressive order
beyond fourth does not significantly improve noise immunity, but
increases computational complexity by 47%.

The noise immunity estimations for the developed algorithm
have been obtained in the form of curves representing the propor-
tion of correctly received radiograms and the symbol and bit error
rates versus the average signal-to-noise ratio in a two-beam iono-
spheric channel. A comparison of the noise immunity shows that
the coherent processing algorithm with Kalman filtering utilizing
data provides the energy gain of about 2.4 dB compared to the
quadratic addition algorithm, which is implemented in the modem
prototype at a level of the proportion of correctly received blocks
equal to 0.98 and a Doppler spread is 0.5 Hz. The similar level of
the benefit is observed in the analysis of the graphs of the bit and
symbol error rates (if the same SNR as for the proportion of cor-
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rectly received blocks is chosen as the starting point for the coher-
ent algorithm). For faster fading (Doppler spread is 2.0 Hz), the
energy gain is 1.7 dB according to the graphs of the proportion of
correctly received blocks and 1.5 dB according to the graphs of
the error rates.

Thus, the developed algorithm provides an energy gain of up
to 2.4 dB compared to known, implemented analogs.
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AHHOTauusa

B HacrosLeit cTaTbe MPUBOAATCA pesynbratbl pa3paboTKM afiropuUTMa KOrepeHTHOM OBpaBOTKW LUMPOKOMONOCHBLIX HEABOUYHBIX OPTOrOHAMNbHBIX
CUrHaNIbHO-KOZAOBbIX KOHCTPYKLMM A1 MEpPeAadn peyn B AeKaMETPOBOM paauokaHane. [puBoanTcs cTpyKTypa paavorpaMMbl, BKIOYatoLas B cebs
CMMBOJIbI MpeaMbyribl U CUMBOSIBI JaHHBIX C YHETOM OFpPaHWYEHUM Ha AfMHY COOBLUEHUA MpuU Mepefade peyu B peanbHOM Maclutabe spemenu. B
Ka4yecTBe CUrHanoB, MCrosb3yeTcs aHcaMbrlb OPTOroHasIbHbIX LUMPOKOMOMOCHBIX (ha3OMaHUMYIMPOBaHHbLIX curHanoB. Kcnonbayembin
MOMEXOYCTONUMBbIA KOA - HEABOWYHBIA KO C HU3KOM MIOTHOCTBIO MPOBEPOK Ha YETHOCTb, Pa3MepHOCTb nonA lanya KOTOporo cornacoeaHa ¢
YMCIIOM CWUFHANIOB B YMOMAHYTOM aHcambne. [lekoaupoBaHue MPOBOAMUTCA aNrOPUTMOM PacrpOCTPaHeHUs [OBEpUs, KOTOPbI Mpearnosnaraer
BbI4YMCIIEHNE AMOCTEPUOPHbIX BEPOATHOCTEN MO KAXKAOMY BApUaHTY BO3MOXKHOIO NepeaHHOro CUMBONA € yHeTOM HabntogeHui. B cratbe npueeaeHb!
aHaNIUTUYECKUE BbIPDKEHUA AN BbIYUCIEHWA YKa3aHHbIX BEPOSTHOCTEM C YYETOM MHOrOyYeBOrO PacrpOCTPaHEHWs CUrHanma, MpW YCIoBUW
pasgerneHuvs nyven 6e3 UX B3aWMHOTO BUAHMA, a TaKKe C YYETOM PasfMYHON arpUOPHOM HEOMPEAENeHHOCTU OTHOCUTENBHO KOMMEKCHBIX
Ko3pPULMEHTOB Mepedadin KaHana Ana Kaxaoro snyya. [peanonaraerca TpU BapuaHTa anpuOpHOM MHQOPMALMK: MOSHOCTBIO W3BECTHbIE
KOMNeKCHble KO3 PULMEHTI NEpeaadn KaHana, HeM3BEeCTHbIN $a30BbIi CABUI KOIPPULMEHTOB NepeAadn KaHaa U HEM3BECTHbIN (Ha3oBbIN CABUT
1 ypoBeHb kO3(ULMEHTOB nepedaym KaHana. [lOMonHUTENbHO PaccMaTpuBAETCs YETBEPTbIN, LUMPOKO MCMOMb3yeMbIX BapUaHT KBagpaTU4YHOrO

CNIOXeHuA n)’HeVI. I'Ipm KOrepeHTHOﬁ 06pa60TKe KOMMJIEKCHbIEe KOBCI)q)VILIMeHTbI nepejayn KaHana npeanonaratotca N3BeCTHbIMMU UNU U3MepeHHbIMU
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KakuM-nMb6o obpasoM. B cratbe paccMaTpuBaeTcA HECKONBbKO BapUaHTOB W3MEPEHWUA KOMMIEKCHbIX KO3(p@ULMEHTOB MNepejadn KaHana: no
OTZIeNbHOMY KaHaJly U3MEpPeHU METOZOM MaKCHUMasIbHOTO MpaBAonofobus u ¢ ucnonbsoeaHveM ¢unbtpa KanMana, KOTopbIvi B OJHOM BapuaHTe
paboTaeT Mo [aHHbIM OTAENBHOTO KaHasla M3MEpeHus, B ApYroM BapuaHTe - MO CMMBOMAM npeaMOysibl U MO CMMBOJSIAM AaHHBIX PaguorpamMMbl C
O6paTHON CBA3BIO MO PELUEHNUAM OTHOCUTENIBHO CUMBOJNIOB JaHHbiX. C ucrnonb3oBaHMeM mopaenu BoTtepcoHa noHocdepHoro kaHana B cratbe
o6ocHoBbIBaeTCA NOpAZOK aBToperpeccun ¢unbtTpa KasiMaHa ¢ Nosvumm CnoXHOCTM aniropuTMa U JOCTWXKUMOI NoMexoycToitumocTu. [Npueoaatca
KPVBblE MOMEXOYCTOMYMBOCTU aNIrOPUTMOM KOTepeHTHOM ObpaboTkM C wcnonb3oeaHueM c¢wnbTpa KanMaHa M anropuTMOB  HeKOrepeHTHOW
06paboTkn. OLeHNBaeTCA COOTBETCTBYIOLLIEH SHEPreTUHECKUH BbIMIPbILLL.

Knioyeebie cnoea: dexkamemposbili OuanasoH, He0EOU4YHbIE OPMO20HASIbHBIE CU2HAJIbHO-K0008bIE KOHCMPYKUUU, WUPOKONOIOCHBIU cuzHan, ¢unemp Kanmawa,
anocmepuopHele 8eposmHocmu
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