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JInHelHOe ceTeBOEe KOAMPOBaHUE

C.C. Baadumupos

Pa3BuTHE NepCleKTUBHBIX CeTel CBSI3W CTAaBUT OJHOW M3 OCHOBHBIX 33/ia4
COKpallleHHe BpeMeHHU Nlepeiauu NaKeToB MeXxy y3JaMU ceTh. OJHOBPEMEHHO
C 3TUM [JJs1 TNepClneKTHUBHBIX CeTed IJIaHUPYeTCs YBeJWYeCHHe YHucJa
ab0HEHTOB U POCT KOJIMYECTBA yCJyT, IPUBOASILINE K POCTY NlepeaBaeMoro mno
ceTsiM Tpaduka. PaccmaTpuBasi 3Ty COBOKYNHOCTb 33aZad B KOMIIJIEKCE,
HabJ10/jaeTcsl IBHOE NPOTHUBOpeYHe, KOTOpOe MPU3BaH YCTPAaHUTb MeXaHU3M
ceTeBOoro kogupoBaHus [1, 2, 3, 4]. I[lox ceTeBbIM KOJUPOBAaHUEM NMOHUMAETCS
dbopMUpoBaHUE JIMHENHBIX KOMOUHAIMI MAaKETOB JAHHbIX Ha IPOMEXKYTOUYHbIX
y3aax cetu [/l ¥ nmocnenyroilee BOCCTAaHOBJEHUE 3TUX NAKETOB HAa KOHEYHbIX
y3Jax [4, 5, 6]. CeTeBoe KOAUpPOBaHHE MO3BOJIIET COKPAaTUTh BPEMS OXKUAAHUS
nprveMa U ob11ee YHCII0 NepeJaBaeMblX NaKeTOB IIPU MHOTOaJipecHOM nepeaayde
B IIPOBO/JIHBIX U 6ECIPOBOJHbBIX CETSIX U YBEJIUYUTb NPOU3BOJUTETBHOCTb CETU
[5,6,7,8,9,10].

TpaguMLMOHHO B CeTeBOM KOAMPOBAHUM pacCMaTpPUBAIOT MOJEJUPOBAHUE
JIByX CeTeBbIX TOMOJIOTUH [5, 6]:

1) nepejaya JaHHBIX B CETU C TONOJIOTHEN «6ab04YKa», KOTOpask MOJAENUPYET
CUTYalMl0 C MHOroaJpecHOM Iepenadyed B IPOBOAHBLIX CeTAX C
KOMMyTallUell NaKeTOB UM B  paclpefesieHHbIX  OJHOPaHTOBbIX
06ecrnpoBO/IHbIX CETSX.

2) nepejiaya JAaHHBIX MeX/Jy y3JlaMU PajJiMOCeTH C TOMOJIOTHEHN «3Be3za»
yepes3 L eHTpaJIbHbIA y3eJ, BbINOJHAIIUA poJb KOMMyTaToOpa Tpapurka
Y palUOyAJUHUTEJIS.

[lepenaya B ceTH C TomoJsioTuer «b6abo4yka» npejacrabjeHa Ha puc. 1 [5, 6,
7]. PaccMoTpeH cueHapuil OJTHOBpEMEHHOU Nepeiayy MaKeToB JaHHbIX Dy u D,
OT Y3JI0B-UCTOYHUKOB S1 U S2, COOTBETCTBEHHO, y3JlaM-IpUeMHUKaM Ri1 U R:
yepes3 CeThb, COCTOSILYI0 U3 6 Y3JI0B-MapLIPyTU3aTOPOB, KOTOpPble 0603HAaY€eHbI
oykBamMu oT A no F. HoMepaMu yCJOBHO NOKa3aH MNOPSAAOK NPOXOXKJEeHHUs
NaKeTOB M0 CETH.
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Puc. 1. CeTb c TonoJiorvei «6aboyka»:
a) oObIYHas nepeaaya; 6) ceTeBoe KOJUPOBAHUE

Ha puc. 1(a) mokasaHo, 4TO Npyd OOBIYHOM Iepefadye 0e3 CETeBOro
KOAUPOBaHUd, nakeTol D; U D, pocturarT y3/710B R4 U R, He OJHOBpPEMEHHO.
Y3en R, mosaydaeT o6a makeTa, yCJA0BHO, yepe3 5 maros, a y3eq R, — 4epe3 6
maroB. To ecTb BO3HUKaeT 3aZiep»Ka. ITO NPOUCXOAUT 3a CYeT TOrO, YTO Ha
y4yacTKe C-D nakeTsl nepeJarTced [0CAeL0BaTENbHO.

B ciydyae npuMeHeHHUs ceTeBOTro KoaupoBaHud (puc. 1(6)) Ha yyacTtke C-D
nepejaeTcs cpasy JUHelHasd KoMOouHalus naketoB (D; @ D,). [loaTomy y3ibl
R; u R, mosiy4atoT 06a makeTa 0JHOBpeMeHHO 3a 5 maros [5, 6, 7].

Upesa ceTeBOro KOAMPOBAaHUA B paJMOCeTH IOKa3aHa Ha puc. 2 [6].
[IpuBeneHbl fgBa y3yia A U B, KOTopble CBA3BIBAKOTCA APYr C APYroM 4epes
LeHTpaJIbHbIX y3eJI-MapuIpyTHU3aTop R. PaccMoTpeH CLueHapuu
OJHOBpeMeHHOU Nepejadu nakera D, oT A Kk B u naketa D, oT B K A.
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Puc. 2. CeTeBoe KOAUpPOBaHUE B PaJUOCETU C TONOJIOTUEHN «3BE3/1a»:

t
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a) oObIYHas nepenaya; 6) ceTeBoe KOJAUPOBAHUE.

B ciyyae 00bIYHOM mNepejadyu Ha puc. 2(a) mepejfadya 3aBepIIUTCA 3a
yeThIpe YCJOBHBIX LIara: JiBa wara Ha nepezgady D; oT A Kk B v JBa mara Ha
nepegady D, ot B k A. B ciy4ae e ceTeBOro KogUpoOBaHUsA, NpeACTaBJIEHHOT 0
Ha puc. 2(6), nepesada 3aBeplIaeTCA 3a TPH LIara, MOCKOJIbKY y3es R nepenact
0o6a maketa D; u D, oAHOBpeMEHHO B BHJe UX JIMHEMHOW KOMOMHAIUU
(D; @ D;), u3 koTopo# y3/ibl A U B BOCCTaHOBAIT HEOOXOAUMble UM MAKETHI [6].

B o06oux ciay4dadax mnepenadya [JaHHbIX IOJBep>KeHa BJIMAHUIO OLIMOOK.
PaccMoTpuM BHauaJjie ciay4dad CeTH C TomoJioruen «b6abodka». Ilpenmosioxum,
yTo Ha MapupyTe A-E B nepejaBaeMoe coobiieHre D1 Gbljla BHECEHA OLIMOKA
esr TaK, 4YTO Ha BXoJ y3ja E npumuio coobuieHue D; = D; @ eyp. Takum
0o6pa3oM, mnoJy4daTesb Ri He CMOXeET NOJYy4YUTb HHU coobiieHWe Di, HHU
coob6ienre D;, mockoabKy (D; @ D,) @ D; = D, @ eyp. B ciydae omnbKH Ha
J1060M u3 MapuipyToB A-C, B-C vin C-D y3nabl-noay4yateau Ri1 ¥ R; He cMOTYT
noJiyduTh coobueHuss D; u D1 cooTBeTcTBeHHO. [lomycTUM npu mnepejade
coobumeHnus Di mo wMapupyty A-C B Hero Oblia BHeCeHAa OIIMOKaA eac.
CooTBeTCTBEHHO, y3es C moJsydusa coobiieHue D;' = D; @ eyc. B pesysnbrare
JIMHEMHOW KOMOWHALMM cooblieHul, y3ea C [ajiee mnepefan COOOUIeHUE
(D, @ D{'), KoTopoe U GbLIO MOJYYEHO Y3JIaMU-TIONAyYaTENAMH R1 U Rz. Takum
06pa3oM, IpU BOCCTAHOBJIEHUHM COOOLIeHHH, y3ea Ri moayyut (D, @ D) ®
D, =D,®ey;, a yszen R2 — (D, ®D{') ® D, = D; @ eyc. CnegoBaTesbHO,
omMOKa, BHECEHHAd B IepeJaBaeMble COOOILEHUS Ha JIIOOOM U3 MapLIPYTOB,
NpUBeJeT K MOJIHOM MJIM YaCTUYHOU NOTepe AaHHbIX.

[lofo6Hada cuTyanysa NPOUCXOAUT U B CJydae CeTeBOr0 KOAUPOBAHUA B

paguocetu. Eciim Ha mare 1 Ha mapupyTte A-R (puc. 2(6)) B coobumenune Dy
OyzeT BHeceHa OLIMOKA €4g, TO HAa BXOJ LIEHTPAJbHOIO y3Ja ceTW R mpuzet
coobiienre D; = D; @ e4g. CooTBeTCcTBeHHO, Ha miare 3 y3eg A MOJYYUT
coobieHue (D; @ D,) v npu BblJieJIeHUU COOOLeHUsI D, BMECTO HETroO MOJIyYUT
omn6o4YHOe coobieHue (D @ D,) @ D; = D, @ e g. AHasoru4Ho, y3esa B npu
BbIJIeJIEHUU COo06IeHus D; mosyuut BMecto Hero (D; @ D,) @ D, = D;.

TakruM o06pasoMm, npu peasv3allUd CHUCTEM C CeTEBbIM KOJAUPOBAaHUEM
HeoOX0J MO pelluThb 3ajady 3p¢PeKTUBHOU OOpbOBI ¢ omwnbkamu [11]. Jaa
3TOTO0 MOTYT OBITh WCHOJIb30BaHbl CUCTEMBI C OOHApyKeHWeM U /UJU NPAMOH
Koppeknyer omub6ok. IlpocToe o6HapykeHHMe OIIKMOOK TNO3BOJIsIET TMpPHU
Heo0X0ZMMOCTH NPOU3BOAUTDH Mepe3anpoc COOOIEeHUN ¢ OLIMOKOU M0 KaHaJly
obpaTHOM cBfA3U. [IpsAMasdA KoOppeKnysa OLIKMOOK MO3BOJIAET UCIPAaBUTbh 4acTh
OIIMOOK [0 ompeeJeHHOU KpPaTHOCTH, B 3aBUCUMOCTH OT MCIIOJIb3YyeMOTO
KOZa, M 3a CYeT 3TOro u3bexaTb Nepe3anpocoB. B craTbe paccMOTpeHBI
IIOMEXO0YCTOMYHMBbIE KO bl U METO/bI e KOAUPOBAHM, IO3BOJIAIOLIME B pEXXUME
UCIIPaBJIEHUS ONpeJesiATh 4aCcTb HEUCIpaBJiseMbIX OLIMOOK, YTO IMO3BOJISET
3(pPeKTHUBHO UCNOJIb30BATh UX B CUCTEMAX C 00paTHOM CBA3bIO [12].



Kogpbl c npAMoOM KoppeKiueu OLIUG0K B CETEBOM KOAMPOBAaHUU

BapuaHTBI IpYMeHeHUs KOLO0B C NPSAMOM KOppeKLMer OIUOO0K B cCMCTeMax
CeTeBOro KOAVMPOBAaHUA U3y4alOTCAd MHOTMMU HCCAefoBaTeNsIMU. B yacTHOCTH,
paccMaTpuBaeTcsd NpPHUMEHEHMe CBEepPTOYHbIX KOAOB [13], KOZOB C HHU3KOH
IJIOTHOCTBIO MPOBEPKHU HAa YE€THOCTh, TaK Ha3biBaeMblX LDPC-koznoB [6], kozoB
Pupna-Cosnomona [14, 15], panrossix kogoB [16, 17].

[Ipu Mcnosb30BaHUM JJI1 CETEBOT0 KOAMPOBAHUA alllapaTHBIX KOJLEPOB U
JIEKOIEpOB Ha JIOTUYECKHUX 3JIEMEHTaxX, pabOTalILUX C OUTOBBIM NOTOKOM
JlaHHBIX, Pa3MepPHOCTb UCIO0JIb3yeMOr0 NMOMEXOYCTOMYMBOrO KOJAa He HMeeT
OOJIBIIOTO 3HAYEeHUS C TOUKHU 3peHus y4006CcTBa paboThl. B ciydae peannsanuu
NpOrpaMMHBIX KOZEKOB yAO0OHee HCIO0JIb30BaThb KOJbl, B KOTOPBIX pasMep
KOJZIOBOTO CJIOBA KpaTeH OAHOMY 0auTy (OKTeTy), a pa3Mep UHGOPMALMOHHOT O
CJI0Ba KpaTeH XOTdA Obl moJsyb6auTy (4 6uTam). ITO MO3BOJIIET HUCIOJb30BATh
Uil paboTbl C MNepejaBaeMbIMM [JaHHbIMU 0aWTOBbIe IlepeMeHHble U He
nepeKkoJUpoBaTh OAWTOBBIM IMOTOK I[epeJjlaBaeMbIX [JaHHbIX B IIOTOK He
KpaTHbIX 0aWTy OUTOBBIX OJIOKOB, YTO MNPUBOAUJIO K [ONOJHUTEJIbHBIM
3a/lep>KKaM Npy 06paboTKe JaHHBIX Ha IpUEMeE U Ilepefade, a TaKKe TpeboBaJlo
JIOTIOJIHUTE/IbHBIX 3aTpaT NaMATU Ha XpaHeHUe Oy(depHbIX MepeMeHHBIX,
MCII0JIb3yeMbIX IPU IEPEKOJUPOBAHUY NTOTOKA JJaHHBIX.

B coBpeMeHHBIX cHUCTeMax Iepelayd JAAaHHBIX IIHMPOKO HCHOJIb3YHOTCH
HeJBOMYHbIe KoZAbl Pusa-Cosomona Hag moseM lanya GF(28) [18, 19, 20]. Ux
KOJIOBOE CJIOBO COCTOMT U3 8-pa3pAfHbIX 3JIEMEHTOB, YTO MO3BOJISAET
MCII0JIb30BaTh JAJif ero 06paboTKU MacCUBbI OAUTOBBIX llepeMeHHbIX. XOTH 3TH
KOZAbl ABJAKTCA 3(QQPEeKTUBHBIMU C TOYKHA 3peHHs OOpbObI C OLIMOKaMU,
aJITOPUTMBbl UX MPOrPaMMHOTO KOAUPOBAaHUA U [eKOAUPOBAHUSA SBJSIOTCH
JIOCTaTOYHO CJIOKHBIMHM, TPeOYIOT 3HAYUTEJIbHBIX allapaTHBIX PecypcoB U
BHOCAT JONOJIHUTEJIbHYIO 3a/IePXKKy IpU 00paboTKe JaHHBIX [21].

B crtaTbhe [22] aBTOpOM paHee ObIJIM PacCMOTPEHBI TPU OJHOOAMTOBBIX
IOMEXO0YCTOMYHMBBIX KOZa C pa3dMepHOCThIO (8, 4) u ckopocThio Koga R = 0,5:

1. PacuimpeHHBbINM cUCTeMaTUYeCKUU Ko X3aMMUHTIA.

2. YKOpOYeHHbIM CUCTEMAaTUYeCKUH LIUKJANYecKUr Ko, (koa BUX Hajg moJieM
GF(2%)).

3. YKOpOYeHHBIN HecucTeMaTUYeCKMU Ko MaKCUMaJbHOU AuuHbl (KM/).

KaxJpl1 Y3 3TUX KOZOB MO3BOJIAET WUCIHPABUTh JIIOOYI OJHOKPATHYIO
OIIMOKY. 3a c4eT MaJIoro pa3Mepa KOZO0BOTO CJI0Ba 3THU KOJAblI UMEKT NpPOCThIe
QJTOPUTMBbl  KOAVMPOBAaHUA U  JeKOAUPOBAHMUsA, He TMpUBOAAILME K
3HA4YMTeJIbHBIM 3a/lePXKKaM.

PaciumpeHHbIN cucTeMaTU4eCKUU Ko XaMMUHra (8, 4)

PacluinpeHHbIN cucTeMaTUdecKui Koj, XaMMuHra (8,4) ¢opmupyercsa Ha
OCHOBe KJIaCCU4YecKoro kKoga XaMMuHra (7, 4) qo6asjieHUeM JONOJHUTEIbHOIO
OUTa YeTHOCTH, KOTOPBbIA NPUBOJUT K YBEJIUYEHHUI0 MUHUMAJIbHOIO KOJOBOTO
paccTosgHUA Koja ¢ 3 A0 4, 4TO MO3BOJISAET UCHO0JIb30BaTb TMOPUHBIN peXUM

4



JIeKOAUPOBAaHUA C  UCIpaBJieHMEM BCeX OJHOKpPATHBIX OIIMOOK U
OOHapy>KeHVeM YacCTH HeHCIpaBJsieMbIX OIIMOOK YeTHOW KpaTHOCTH [12, 23,
24].

Jna ypobcTBa omucaHUA QYHKLUM KoaupoBaHus Enc(x) u ¢yHKuuu
nekogupoBanusa Dec(x) moMexoycTOMYMBOro koza (8,4) BBeaeM cieayroliue
0003Ha4YeHHU:

o u = [ugy, Uy, Uy, Uz] — UHPOPMALHMOHHOE 4-pa3psiiHOE CJI0BO;
o vV = [vg,Vq,Vy, V3, V4, Vs, Vg, V7] — KOL0BOE 8-pa3psi/IHOE CJI0BO;
o 1 =[ry,1q,1y 13,7415, T 7] — KOAOBOE CJIOBO C OLIMOKOH.

B ciydyae pacmiMpeHHOTO CHUCTEMATHU4YeCKOro Koja X3MMHUHIA 3JIeMeHTHhI

ero KoJJ0BOTO CJIOBA Vy, pacnpenessioTca caeayium oopasom [12, 23]:
e vV, — OUT YeTHOCTHU, paBHbIH CYyMMe paspsifioB [Vy, ..., V7] IO MOAYJIIO 2;
e [v;1,V,, V3] — NpOBepOYHbIE Pa3pPs/ibl KIACCUYECKOTO KOJJAa XOIMMUHTQ;

o [v4, Vs, Vg, V7] = [Ug, Uq, Uy, Uz] — HHPOPMAIMOHHBIE PA3PSA/IbL.

[ dopmupoBaHus paspsAAoOB [Vy,...,V7] YAOOHO MCIOJIb30BaTh METOJ
YMHOEHHA CJI0BAa U Ha MOPOXKAAWINYI MaTpuly Gy KJIACCUYEeCKOTro KoJa
X3MMUHTra, paBHY1O [12]

GH:

_om O
O R
Y = =)
cCo O R
co R o
oRr oo
_o oo

TakuM 06pasoM, pa3psabl [Vq, ..., V7] MOXKHO IIPEe/ICTABUTD KaK

[vy, ., v7] = [Ug@u,; Buz, ug@u; Buy, uy Au, Aug, Uy, Uy, Uy, us].
CiienoBaTesIbHO, pa3ps/i Y4eTHOCTH pacCYUThbIBaeTcs 1o ¢popmyJie
Vg = UgDu, Duz; Duyd@u; Bu, Du; Bu,Du; Duydu; Bu, Du; = ugd@u Bus.

Torpa nopoxpgatomas Matpuua Gy, paClIMPEHHOTO KoJla XSMMUHTA UMEET
BU/

Gre =

_ O
= O
O R
Y =)
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a ero qDYHKHHH KOAWPOBAHUA PABHA:

Vpe = Encye(u) = u - Gye.



dynkuua pexkopupoBaHusa Decye(x) paclimpeHHOro kKoja X3MMHMHra
OCHOBaHa Ha CHHJPOMHOM a/IrOPUTMe Ha OCHOBe POBEPOYHOU MaTpulbl Hy,
[12]:

CORE
OR OR
==
OR R
_om O
N = =Y
_ O

Jlekoziep, TOJy4YUB M3 KaHajJa KOJIOBOE CJOBO Ty, KOTOpPOE MOXET
COZIEP>KaTh OIIMOKY, BBIYUCJSIET CUHJPOM Sy, = [Sp, S1, S2,S3], YMHOXKasA CJIOBO
Tye HA TPAHCTIOHUPOBAHHYIO MaTpuly Hy, [12]:

— — T
Ste = Decpe(The) = The * Hye-

Pe3ynbTaT fleKOAMPOBaHUSA 3aBUCUT OT MOJYYEeHHOTr' 0 CUHApoMa [12]:

1. Ecims; = 0,tne 0 < i < 3, To OIMOOK B KOJIOBOM CJIOBE HET WUJIM OUIMOKA
ABJIAETCA HEOOHApy»KUMOU, TO eCTb IepeJaHHOEe KOJOBOE CJIOBO Vy,
peo6pa30BaJIoCh B IPyroe, He paBHOE eMy KOJJ0BOe CJIOBO.

2. Ecim s; =1, To mnpousouia OJHOKpaTHasg oOlmMOKa B MO3UIUY,
COOTBETCTBYIOIEN CTPOKE MaTpHUILibl HY,, paBHOM .

3. Eciu sqg =0 u [sq,S,,53] # 0, To gekogep GUKCUPyeT HEUCIPABJISEMYIO
OIIMOKY YETHOU KPaTHOCTH.

YKOpoYeHHBbI! cucTeMaTH4YeCKUM BnuKIndeckum koa b4X (8, 4)
YkopouyeHHbin kog BUX (8, 4) popmupyeTcsa nu3 npuMUTUBHOTrO Kozxa bUX
(15, 11) nap mosem Tanya GF(2*) ymenbmenuem umcia MHGOpPMaLUOHHBIX
paspsagoB. Paktnuecku kox bYX (15, 11) coorBeTcTByeT KoAy X3MMUHrA.
O6pasyowui MNoJMHOM BblOpaHHOro koza bBYX paBeH ob6pasywliemy
nosuHoMmy nosd Tanya g(x) = x* + x + 1. Kox uMeeT MUHUMa/lbHOE KOJOBOE
paccTosgHue dy, i, = 3 4 UCIIpaBJIeT BCe OJHOKpAaTHbIEe OIMOKH [12].
s paccmoTpeHrs QyHKIUMU KoaupoBaHUsA kKoaa BUX paHee BBeJleHHbIE
CJI0Ba U, V U T YA,00HO NMPEACTAaBUTh B BU/le COOTBETCTBYIOIIUX TOJIMHOMOB:
o uoulx)=1uy+ux+ux®+uzx3;
e Vo v(x)=vy+vx+vxi+ o+ vx;
e Tor(X) =1y + 71X +1x%+ -+ 1,x".
dyukyusa kopaupoBaHusa koxa bBUX (8, 4) ABasgeTca K/aacCMYecKoW [AJid
CUCTeMaTUYeCKUX LUKINYECKHUX KOJOB U BbIpaxkaeTca ¢popmyson [12, 25, 26]

v(x) = Encpeys(u(x)) = u(x)x* + (u(x)x*mod g(x)).

JlekogupoBaHue BblOpaHHOro koga bBYX ygo6HO mNpoOU3BOAUTH
NOCpPe/ICTBOM aJIrebpanyeckoro MeToAa AeKOAWUPOBAHUS Ha OCHOBe MPSAMOro
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pelleHUd KJIIOYeBOro ypaBHeHUda 10 Metony Ilutepcona-lopeHiuTeriHa-
[lupJiepa v BbIYMCIEHUSA NO3ULMU OIIUOKU 10 MeToAy YeHda [12, 26].

Anre6panyecKuii MeTOZ, OCHOBAaH Ha MCMOJIb30BaHHMH 3JEMEeHTOB &' moJis
['anya (1okaTOpoB MO3ULMM) AJi1 HyMepPaLUuXd pas3psALoB MPUHATOrO KOLOBOTO
cinoBa 1r(x). A Ucnosib3yeMoro yKOPOYEHHOIO KoJa COOTBETCTBHUE OyZeT
cnepyromum [12, 26]:

e, need, ned o,

e e, rgeo, e

[lockosibKy paccmaTtpuBaeTca Koz, bUX, rapaHTUpPOBaHHO UCHPABJAKUIAN
TOJIBKO OJJHOKpaTHble OLIMOKH, ero (QpyHKLUUsS JeKOAUPOBAHUA CBOAUTCA K
BbIYMCJIEHUIO CHHApOMaA

spens = Decgeps(r(x)) = (o),

KOTOpPbIM TNOKa3blBaeT IMO3UIMI0 OIIMOKM COIJIAaCHO BbIUIENPUBELEHHBIM
coorBeTcTBUAM [12, 26]. Ec/in moJsiydeHHBIX CUHIADPOM Spcys HE BXOJAUT B
AxanasoH 31eMeHTOoB £° ... &7, To 3T0 yKa3bIBaeT Ha HEUCIPABJSAEMYIO OLIHOKY.

YKkopouyeHHbIN Hecuctrematuyeckui KM/ (8, 4)

YkopoyeHHbl HecucteMmatudyeckud KM/l (8,4) dopmupyerca wus
3KBUJMCTAaHTHOro uukiandyeckoro KM/l (15,4) wnHaxg mnonem GF(24) c
06pasywuMM MOJMHOMOM p(x) =x*+x+ 1 mocpeACTBOM yMeHbIIEeHUs 4YHCJa
IPOBEPOYHBIX CUMBOJIOB. MHUHUMaJIbHOE KOJOBOE PACCTOSAHHE IMOJYYEHHOIO
KoAa dpyin = 3. Koj rapaHTHUpOBaHHO HCIpaBJsgeT JHOOYH OJHOKPAaTHYIO
OMOKYy [27].

dynkyua KoaupoBaHus ykopoyeHHoro KM/l peanusyerca depes
BbIYKCJIeHHe QYHKIUU-caen T(x) anemeHnTa nouid l'anya GF(24) mo popmyae [27,
28, 29]

v = Encypcs(w) = [T(w), T (us),..., T(ue”)].

dynkyua  gekoaupoBaHUd — ykopoyeHHoro KM/l ocHoBaHa  Ha
Ma)XOPUTApPHOM MeToJe, TIpA KOTOPOM HWHQPOpPMALlMOHHOE CJOBO U
pacCYUTHIBAETCH MO K-3JIEMEHTHBIM JIMHEMHO-HE3aBUCUMbIM KOMOWHALHUAM S
3JIeMEeHTOB KOJ0BOTO CJIOBA T Yepe3 oOpaTHyw MaTpuny [27, 28, 29, 30]:



_(FileO)T__
(Fiz0,)"
(Fis0,)"

(F'460) /

rae s = [Si1»5i2»5i3»5i4] — 4-351eMeHTHas JIMHEMHO-HEe3aBUCHUMasA KOMOUWHAIHUS
5JIEMEHTOB KOZ0BOro cJ0Ba; @1 — o6paTHasa MaTpuIa, COOTBETCTBYIOLIAA S;

FYi — conpoBoxaatomias Matpuia 4x4 3jieMeHTa MoJist €, COOTBETCTBYIOIIETO
3/JIEMEHTY S;, JIMHEMHO-HE3aBUCUMON KOMOMHANUHU S; B0 — MepBbIA CTOJIOEI]

u = Decycs = (071sT)T = .sT 1, (3)

MaTpHUIbl, paBHOM CyMMe eJWHUYHOW MaTpulbl E U MaTpul, Bo3BeJeHUS B
crtenenb 2,4 u 8 [27, 28, 29, 30].

Tabsimna Bcex KOMOMHALUK S ¥ COOTBETCTBYKOLIUX UM OOpPAaTHBIX MaTpHUIL]
0-1 ¢opmupyerca 3apaHee UM 3anucblBaeTCd B MNaMATb Jekogepa. /[
PacCMOTPEHHOT0 YKOpPO4YeHHOTo koda (8,4) cymectByeT 45 4-3/ieMeHTHBIX
JINHEWHO-HEe3aBUCUMBbIX KOMOMHanuM s [27]. [lepebop Bcex 3ITUX KOMOMHALUM U
BbIYMCJIEHHE M0 KaXJO0W U3 HUX BEKTOpa U INO03BOJIIeT OpPraHU30BaTh
MaKOpUTapHoe AekoAgupoBaHue [27, 28, 29]. Eciu B KOOBOM CJIOBE T €CThb
OIIMOKHM, TO KOMOWHALMUHU S, MOMAaBIIMEe Ha OLIMOOYHBIA pa3pan, AadyT NpHU
pacyeTe 3HadyeHHe, OTJM4YHOe OT u. CsefoBaTesibHO, NocCJe nepebopa BcCex
KOMOWHALUKW S OyJeT MmoJiydeH Habop CJIOB U;, KOKAOMY U3 KOTOPBIX OyAeT
COOTBETCTBOBAaTb HEKOTOpPOe KOJMYeCTBO KOMOMHALMM S — BeC BeKTopa.
[IpaBU/IBHBIM pe3y/JbTaTOM CYMTAETCHA CJAOBO U;, KOTOPOE UMeeT HanubOoJbUINHT
Bec [28, 29, 30]. Ecsiu npu ileKoAUpPOBaHUM MOJYYEHO /1Ba UK O0Jiee C0Ba U; C
OAVMHAKOBBIM  BECOM, TO TakKasd CUTyallud  pacCcMaTpUBaeTcd  Kak
HeuCIllpaBJsieMas OINMOKa, MOCKOJIbKY OINpeAeJUTb KaKOM U3 pe3y/bTaTOB
BepeH HeBO3MOXHO [28, 30].

PaccMOTpuUM BepOAATHOCTHbIE XAPAKTEPUCTHKHA 3STUX KOJOB IIPU HUX
HCIO0JIb30BaHWH B CETEBOM KOJAWPOBAaHUMU B CeTH «bOaboO4yka» U pagyOCeTU C
IeHTpaJbHbIM y3JiI0M. KoMNbIOTEPHOE MOJeJIMPOBaHUE MpeJJiaraeMbIX KOJIOB
NPOBEJIEHO C UCIIOJb30BAaHUEM CUCTEMbI KOMIIbIOTepHOU anrebpsl GNU/Octave.

MogesimpoBaHMe NIPAMOH KOPPEKIUU OLLIUOO0K B CETH «6a004YKa»
[lockoJsibKy ceTb «b6aboyka» (puc. 1) UMeeT CHUMMETPUYHYIO CTPYKTYPY, IpU
MOJZle/IMPOBaHUM  OyZleM paccMaTpuBaTbh MOJIyYeHHWE  [JAHHBIX  Y3JI0M-
OpUeMHUMKOM R;, cuyuTadg, 4YTO Ha y3Je R, cuUTyauuss aHaJIOrU4Ha.
CoOTBETCTBEHHO, MOJIeJIMPOBAaHUE CETHU NMPOU3BOAUTCA IO YIPOLIEHHOU CXeMe

(puc. 3).
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[IpaBuibHOE Henpasuibnoe
JleKO/IMpPOBaHHe JleKOJupOBaHKe

Puc. 3. CxeMa MoJie/INpOBaHUsA CETU «6aboUKa» JJisl onpe/ieieHUs1 BEpOSATHOCTHbBIX
XapaKTepUCTUK IOMEXOYCTONYMBBIX KOJIOB

[Ipy MozenMpoBaHUM CJIy4alHBIM 06pPa30M TreHepUpyITcs 4-GUTOBbIe
O0/J1I0KM JaHHBIX di U d,. [liga ux GOpMUPOBAHUA HCIOJIb3yeTCs TeHepaTop
CJly4alHbIX YHCeJl C pABHOMEPHBIM pacipe/iesieHrueM. J/lajiee OHU KOAUPYIOTCS
OJTHUM IIOMEeXOYCTOMYUBBIM KOJIOM. B pe3ysibTaTe 3TOTO MOJIy4alOTCS MaKeTbl
D, = En (dy) u D, = En (d,). Popmupyetcs naket Dy = (D; @ D,), KoTopbIi
COOTBETCTBYET CETEBOMY KOJHMpPOBaHUIO Ha y3Jie C (puc. 1). [lasee naketsl D; 1
Dy mnepeparoTcs 4yepe3 MoJiesib JABOUYHO-CUMMeTpuuyHoro kaHasa (/ICK) c
BEPOSITHOCTHI0O OGUTOBOM OMMOKH p; M Py, COOTBETCTBEHHO. B pe3ysibTaTe Ha
y3esa R, npuxofaT nakeTbl D; u Dy, KOTOpble COJiepKaT HEKOTOPYIO OLIUGKY.
JlJ1s1 BOCCTaHOBJIEHHSI UCXO/IHBIX 6JIOKOB JJAHHBIX y3eJ R, AeKoaupyeT naket Dj,
noJsiyyass JeKOJUpPOBAaHHBIM makeT D;' U O6JIOK JaHHbIX di, KOTOpbIE
MOTEHLMAJbHO He cojepxkaT omubOku. /anee R, Boiaenser D, = Dy @ Dy’ u
Jnekonupyet ero, nojay4das Dy u d3. Jlajee BBINOJIHSAETCS aHAIU3 Pe3y/IbTaTOB
JeKonupoBaHusA. Eciu JekoaupoBaHUWe MpOLLJIO yCHelmHo, Te. dif =d; u
d, =d,, TO OTMeyaeTcs CHUTyalusl «IpaBUJbHOE JeKoAWpOBaHHe». Eciau
d{ #d, wiu dj # d,, ToO 3TO CUTyallusi «HENpPaBUJIbHOI'O J€KOJAMPOBAHUSI».
Eciu B mponecce gexkoaupoBaHus D; win D;, aJropuTM [AeKOJUPOBAHUS
MIOMEXOYCTOMYMBOI0 KOJIa ONpejiesiieT HaJuyhe B MaKeTe HeHCHpaB/sieMOu
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OIIMOKH, TO TaKasl CUTyallMs CYUTAETCA «0TKa30M OT AeKoAupoBaHUs». Ha puc.
4 npuBeleHbl BEpPOATHOCTHbIE XapaKTEPUCTUKU BO3HUKHOBEHHSA [JIaHHBIX
CUTyalU{d NMPHU UCHOJb30BAHUU BBIOPAHHBIX MOMEXOYCTOWYMBBIX KOZOB. [l
onpejzesieHUs] BEpPOATHOCTHBIX XapaKTEepPUCTUK INPOMOJeJUpOBaHa Ilepejada
100000 komOBBIX KOMOHWHALMM AJIS1 Ka)XJOro0 paccMaTpUBAaeMOro Koja H
KaXX101 apbl BEPOATHOCTEU OUTOBOM OLUUOKHU P1 U Py -

Pacwupennbli ko Xammunra (8,4) VkopouenHbli koa BYX (8,4) YkopoyeHHnlH kog KM/ (8,4)
BeposaTHOCTbL TPABH/ILHOTO eKOAHpOBaHHS Py BeposTHOCTh NPABHJILHOTO IEKOAHPOBaHHs Py BeposTHOCTh NPABHJILHOTO IEKOAHPOBaHHs Py

c o o o
nCUSnSio
[ =t

10*

-2
PN 10

101107

Pacwupennbli ko Xammunra (8,4) VkopouenHbli koa BYX (8,4) YkopoyeHHnlH kog KM/ (8,4)
BepoATHOCTb HeNMPaBHILHOTO IeKOAHPOBAHNA Py BepoATHOCTL HENPaBHJIBHOTO JIeKOAHPOBaHHMs Py BeposTHOCTL HENPaBHJILHOTO AeKOAHPOBAHHA Py

104107

PacwxpenHbli kog XammuHra (8,4) YkopoyenHblit kog BUX (8,4) Ykopo4enHbli kog KM/ (8,4)
BeposITHOCTh 0TKA3a OT ACKOAHPOBAHH Poy BepoATHOCTD OTKA3a OT AeKOAMpOBaHHs Poy BepoATHOCTb OTKA3a OT AeKoAKpoBaHus Pog

0.3
0.25
02
0.15
01
0.05

0
107

-3
PN 10 10410

Puc. 4. BepoSITHOCTHBIE XapaKTEPHUCTHUKHU BbIGPAHHBIX KOJIOB IMPH CETEBOM KOJJUPOBAHUHU B
CeTU «baboykKa»

U3 rpadukoB Ha puc. 4 BUAHO, YTO BCe TPHU KOJa UMEKT OJUHAKOBYIO
BEPOSITHOCTh MPABUJIbHOTO JE€KOJUPOBAHUS KOJOBOM KOMOWMHAIMU Ha BCEM
pPacCMOTPEHHOM /iMana3oHe BepOSTHOCTer 6MTOBOM OmMUOKMU B Mozessx JCK
(puc. 3). llpu atoM koA X3MMHUHra o6Gecrne4yrBaeT MEHBINYI0 BEPOSTHOCTh
HENMPaBUJIbHOTO JIEKOIMPOBAHUA KOJOBOW KOMOUHALIAH.

Moge/mmpoBaHue NpsAMONl KOppeKLMM OILIMOOK B pajgMOCETH «3Be3ga» C
ceTeBbIM KOAMPOBaHUEM

[Ipy MozenvpoBaHUM palMOCETHU C TOMOJIOTHEUN «3Be3aa» (puc. 2) oyzem
CYUTATh, YTO Iepeflaya JaHHBIX N0 KaHaly CBA3U NpefCTaBJIAeTCHd MOJeJbIo
JICK ¢ BepoATHOCTBIO OMTOBOW OMMOKHU pgy. [lockosIbKY pasuoceThb fBJseTCA
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CUMMETPHUYHOMW, OyZeM paccMaTpUBaTh MOJydeHUe JaHHBbIX y3jo0M A (puc. 2),
KaK II0Ka3aHOo Ha CxeMe MOo/JieJIMpOBaHud (puc. 5).

dy dy ==-=-=-- ,

v ¥ :
Koauposanue Koauposanue :
D, = Enc(d,) D, = Enc(d,) |
v v :

Dy D, !

v y :

1

ACKX Po ACKX po | !
! o

S T R :
Dy = D, @ D} :

! e

Ak > po ;

1

v :

Dy I

4 :

> D) =Dy ® D, !

Y :

JekoaupoBaHue !

oo Dec(D!) :

. v !
Hewncnp dj ,

: owibKa : v :

1

| [IpoBepka pe3ysibTaTa |<- -

[IpaBuibHOE

JIEKOZMUpPOBaHHE

HenpasuibHoe

JIEKOZUpOBaHHE

Puc. 5. CxeMa Mojie/IMpOBaHMs PaJIMOCETH «3Be3/1a»

[Ipy MozenvpoBaHWM Nepefadyd JAaHHBIX Ha y3/1ax A U B ciyd4allHbIM
00pa3oM TreHepupywTcsa 4-6UTOBble OJIOKM JAaHHbIXx di U d,. Ilocnie
KOJAUPOBAHUSA NMOMEXOYCTOWYMBBIM KOJOM OHHU INpeobpa3yrTcsd B 8-OMTOBbIE
kogoBble ciaoBa D; = En (dy) u D, = En (d,), KoTOpble nepenarwTca 4yepe3
mozenb JICK ¢ BepoATHOCTBIO OLIMOKA P, Ha LEeHTpaJbHbIA Yy3ea R.
[lonyyeHHble B pe3yabTaTe y3JoM R cioBa D; W D, T03JI€EMEHTHO
CKJIaJIbIBAIOTCS 110 MOAYJI0 2, opMupys cioBo Dy = D; @ D,. [lajiee 3T0 CJI0BO
nepezgaetcda Ha ysea A depes mogesb /JICK. B pesyabraTe y3en A npuHUMaeT
cioBo Dy. Jlass BocCTaHOBJIeHUS OJIoKa MAaHHBIX d, y3ea A CKJaJblBaeT
UCXOJIHOE 6e301H604YHOoe CJI0BO D; C MPUHATBIM CJ0BOM Dy, BblJiesisisi CJIOBO
D), ¥ TpPOU3BOAUT €ro JAeKoAWpoBaHUe. 3aTeM MPOU3BOAUTCA MPOBEPKaA
MOJIyYeHHOr0 6JIOKa JaHHbIX d; 10 aHAJOTUU C NPEeAbIAYIIMM pa3/iesioM
cratbu. Ecim d) = d,, To JlekolupoBaHKe BBIIIOJTHEHO YCIEIHO U OTMEYaeTCs
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CUTyallMsl «lpaBUJbHOE JAeKoaupoBaHue». Ecau dj # d,, To 3To cuTyanus
«HENMpaBUJILHOTO JeKOoAWpoBaHusi». Eciu npu JekogupoBaHUM D, aJiropuTm
JIEKOJUPOBAHUSI MOMEXOYCTOMYMUBOTO KOJla OmpejesisieT HaJludve B IaKeTe
HEWCHpPaBJSIEMOW OIIMOKHU, TO TaKasg CUTyalldsl CUMTAeTCd «OTKa3oM OT
fekogupoBaHusa». Ha puc. 4 npeacraB/ieHbl BEPOATHOCTHbIE XapaKTEPUCTUKU
BO3SHMKHOBEHHWSl JAHHbIX CHUTyalldd TIPpU UCINOJb30BAaHUM BbIOPAHHBIX
NOMEeXOYCTOUYMBBIX KOZOB. [/ onpe/iesieHHs1 BepOATHOCTHBIX XapaKTEePUCTHUK
npomojiesiupoBaHa nepegada 100000 komoBbIX KOMOWHALMK [OJIST KaXKJOTrO
paccMaTpuBaeMOro KoJa U KaXKJ 0l BEPOSITHOCTH OUTOBOM OLIUOKHU Py.

BeposiTHOCTL NPaBU/IbHOTO AeKOAUPOBaHUsA Py

1
0.9
0.8
0.7
0.6
0.5
0.4
03 F Pacun. ko XeMMuHra ——— _ o _oorourroN oo
' Ykopou. ko BUX '
Ykopou. kog KMJl —— |
02 [l 1L | |
1073 102 0.1 0.2 03

Po

BeposiTHOCTbh HENMPABUJIBHOTO J€KOAMPOBAHUS Py

Ykopou. kog BUX =—
Ykopou. kog KM/ ——

101

1072

10
1073

Do

BeposiTHOCTB 0TKa3a OT JieKoAnpoBaHus Poy

101

1072

Pacui. kog XeMMHUHTa !

: Ykopod. ko BYX —— =

Yropou. kog KMJl —— -!
1 L

103

104
1073 1072 0.1 02 03

Do

Puc. 6. BepOHTHOCTHbIe XdPaKTEPUCTHUKH pAaCCMATPHUBAEMBIX KOJOB IIPU CETEBOM
KOJAHWPOBAHHHU B PaJHOCETHU «3BE€3Ja»
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M3 rpadukoB Ha pUc. 6 BUJIHO, YTO, KaK U B CETHU «O6ab0O4YKa», BEPOSITHOCTb
NpPaBUJILHOTO [EKOJMPOBaHUSI KOJOBOM KOMOWHALlMM OJIMHAKOBa [HJiSl BCEX
pPacCMOTPEHHBIX KOJOB BO BCEM pPACCMOTPEHHOM JUamna3OHe BepPOSATHOCTH
outoBou omnbku Mozeau JICK. PacimuvpeHHbIM KOJ X3MMHUHIra 06ecrieyrMBaeT
MEHbIIYI0 BEPOATHOCTb  HENpPAaBUJIBHOTO  J€KOAWPOBAHUSA KOJI0BOM
KOMOHWHAaIMH.
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