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METO/II MAT'KOI'O JTEKOJIUPOBAHHUA KOJIOB C MAJION
INIOTHOCTBIO ITPOBEPOK HA YETHOCTD

B pabore obocHOBaHa I1eec000pa3HOCTh MPUMEHEHHS [TOMEXOYCTONYUBBIX KOJOB B BOJIOKOHHO-
ONTHYCCKUX TEJICKOMMYHUKAIIMOHHBIX CHCTEMaXx ISl HOBBILICHUS JOCTOBEPHOCTH Iepejayn JAHHBIX
MPOBEJICHO UCCIIEOBAHUE OCOOCHHOCTEH METOIO0B MSIKOTO JAEKOIMPOBAHHS KOAOB C MAJIOW IUIOTHO-
CThIO IPOBEPOK HA YECTHOCTD.

KutroueBble c10Ba: KOJBI ¢ MO INIOTHOCTBIO IPOBEPOK HA YETHOCTD, MATKOE JEKOJIUPOBAHUE,
BOJIOKOHHO-ONITHYECKUE TEICKOMMYHHUKALIMOHHBIC CHCTEMBI.

IHocTaHoBKa 3a7auM ¥ aHAJIM3 JUTePATypPbl. TeHACHIIMENH pa3BUTHUS CO-
BPEMEHHBIX IPOBOJHBIX TEICKOMMYHHKAI[MOHHBIX CHCTEM W CETeH SBIIAETCS
WCIIONIb30BaHNE YHUBEPCATBHON (DPU3MUECKOM Cpeasl mepeadn JaHHbIX, B POJIN
KOTOPOW BBICTYMAIOT PA3IMYHBIE THIBI ONTHYECKUX BoJOKOH [1]. IIpm stom
UIsL yBenu4deHUs 3(QQPEKTUBHOCTH HCIIONB30BAHUA MPOIYCKHOW CIOCOOHOCTH
OTJENBHOTO ONTHYECKOTO BOJOKHA MPUMEHSIOTCS pa3iIUYHbIE METOIBI YIUIOT-
HeHUs (MyJbTUIIJIEKCUPOBAHUA) KaHAJIOB, MOIYJIALMY U JIMHEHHOI'0 KOJUPOBa-
HUs. HaanMep, B BOJIOKOHHO-ONTHUYCCKUX TCICKOMMYHUKAIIUOHHBIX CHUCTC-
Max (BOTC), xoTopble mpUMEHSIOTCA B YKpauWHe, UCIOIb3YeTC METOJ CIIEK-
TPaJbHOTO (BOJHOBOTO) YIUIOTHEHHUsSI KaHAJOB, METOJ aMILTUTYJHOW MOJIyJIsi-
uuu (MOIYJSIUMM WHTEHCHBHOCTH) M METOJ JIMHEHHOTOo KOAHMPOBaHHS «0e3
BO3BpaTa K HyJo». [IpuMeHeHne JTaHHBIX METOJ0B MO3BOJIIET YBEIHUNUTh 00b-
€M TepeaaBaeMbIX JAHHBIX 110 OJHOMY BOJIOKHY, CHU3HTHb «CTOMMOCTbB)» OIITH-
YecKoro KaHaia, 3((eKTuBHEEe MCIOIB30BaTh paHee MPOJIOKEHHBIE BOJOKOH-
HO-ONITHYECKHe JUHUHU mnepenaun u T.0. [2]. C gpyroil CTOpPOHBI BHEApEHHE
0ojee CIOKHBIX METOJOB YIIJIOTHEHHsS KaHAJIOB, METOJOB MHOTOYPOBHEBOM
MOJYJIALIMN M yCOBEPIIEHCTBOBAHHBIX METOJIOB JIMHEHHOTO KOANPOBAHUS MPH-
BOJIUT K MOBBINICHUIO K03 (HIIMeHTa OUTOBBIX OIIMOOK 3a CYET BO3HUKHOBE-
HUA B3aMMHOT'O BJIMAHHUA MCKAY KaHallaMU, 60nee KECTKUX Tpe6OBaHHﬁ K BC-
JINYMHAM XPOMATUYECKOHN M MOJSPU3aLUOHHOW MOJOBOM NMCIEPCUM, yBEIUYE-
HUSl HEJIMHEHHBIX 3QPEeKTOB, BOSHUKAIOIINX B ONTHYECKOM BOJIOKHE.

TakuM 00pa3oM, BO3HHKAET NMPOTHBOPEUNE MEXKAY HEOOXOJMMOCTHIO TOBHI-
mwenust 3¢ pextuBHOCcTH BOTC M 00ecnieuenrnem 3alaHHOTO KayecTBa 00CITy KHBa-
HUSI, XapaKTepH3yeMoro kodGduimentom GHTOBBIX ommbok He MeHee 102, M3-
BECTHO [3], 4TO TpaAWIIMOHHBIM HOAXOAOM JUISl OBBIIIEHHS TOCTOBEPHOCTH Tepe-
JJaBaeMbIX JAHHBIX B TEJIEKOMMYHHKAIIMOHHBIX CHCTEMax SBISETCS NMPUMEHEHHE
MIOMEXOYCTOWYIMBBIX KOMOB. IIepBBIM ITOKOJIEHHEM ITOMEXOYCTOMYMBBHIX KOJOB,
npumensieMbix B BOTC, sBmsrores xomel boyza-Hoynxypu-XokBuHrema (KOIBI
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BUX) u xoxp1 Puma-Comomona (koasl PC). Ha ocHOBe TaHHBIX 0J0KOBBIX KOJIOB U
CBEPTOYHBIX KOZOB CTpoATCs Ooiee 3¢ eKTUBHBIE TTOCIEI0BATENbHbBIE KaCKaIHbIC
KO/I0BBIe KOHCTpYKuuHu. Hanpumep, mupoxoe pacnpoctpanenre B BOTC nomyun-
JIM KacKaJHble KOJBI, IoJly4aeMble B pe3yibraTe o0beanHenus koaos PC u crep-
TOYHBIX KOJIOB, KOTOPBIC SBIIAIOTCS BTOPHIM IIOKOJIEHHEM IOMEXOYCTOHYHBBIX
xon0B B BOTC. B HacTos1ee BpeMsl CyIeCTBEHHbIN HHTEpEC MPEACTABISAIOT UTe-
paTUBHO JIEKOAWPYEMBIE KOABI, K KOTOPBIM OTHOCSITCS TypOO-KOJIBI Ha OCHOBE pe-
KYpPCHBHBIX CBEPTOYHBIX KOJIOB M OJIOKOBBIX KOJIOB, & TAK)KE€ KOJBI C MaJIOH IIIOT-
HOCTBIO TIpoBepok Ha yeTHOCTh (MIIITY-koxabr). [TaHHBINA KITacC KOJIOB paccMaTpH-
BaeTcs KaK TPEThE IOKOJICHHE MOMEXOyCTOWYMBBIX KOJOB, NMPUMEHSEMBIX B
BOTC. B [4] noka3zana nepcnektuBHOCTh MIIITY-Kk010B B KauecTBe cpeAcTBa MO-
BBIIIEHUS IOCTOBEPHOCTH HepenaBaeMbix AaHHBIX B BOTC, koTopsle monaepku-
BAaIOT KaK XECTKOE, TaK M MATKOe AekoxuposaHue. [Ipu 3Tom Oombliel KOppeKTH-
pyromeil crocoOHOCThIO O00NAamar0T METOIBI MSTKOTo aekoaupoBaHus MIIITY-
KOJIOB.

Leabio cTaThé SIBISETCS HCCICIOBAHUE OCOOCHHOCTEH METOJOB MSTKOTO
JIEKOAMPOBAHUSI KOJIOB C MaJIOM IJIOTHOCTHIO MPOBEPOK HA YETHOCTb.

OcnoBuas yactb. MIIITY-koxb! npeacTaBiIsIOT cO00 TMHEHHBIE OJI0KOBEIE
KOJIbl CO CIELUAIbHOM CTPYKTYpPOU MPOBEPOUYHOM MaTpuubl H, copepxaiieid ma-
JI0€ YHCIIO HEeHYJIEBBIX 3JIEMEHTOB. [[pyrMMH ClIOBaMHM HpoBepodHast marpuia H
SIBISIETCSI Pa3pEKCHHON, YTO MPUBOIUT K CPABHUTEIBHO HEBBICOKON CI0KHOCTH
JEKOANPOBAHUS JaHHBIX KOJIOB.

N3BecTHO, 4TO 3ajaya JEKOAWPOBAHUSA COCTOMT B ONpPENCICHHUH HambOoiee
BEPOSTHOTO KOJIOBOTO CJIOBA ¢ HA OCHOBE NMPHHATOTO BEKTOPA #, KOTOPBIN HCKaXKEeH
MIOMEXaMHU B KaHaJie CBA3H.

OnTuMasnbHBIM SIBISIETCSI AEKOJUPOBAaHHE 10 MaKCUMyMY IPaBIoOIomo0us,
3aKJIOYAroIeecss B HAXOXKACHUU 0 MPUHIATOMY U3 KaHajla BEKTOpY 7 TaKOro KO-
nosoro ciosa ¢ MIIITY-koxa, KOTOpoe MaKCHUMHU3UPYET BEPOATHOCTh TOTO, YTO
NIepeiaBajioch CIOBO ¢ TIPH YCIOBHHM IPHHATHA BEKTOpa 7. JJaHHBIN METOA AEKO-
JUPOBaHMS 00JIaIaeT MAaKCUMAIIbHOM BBIYMCIMTENFHON CIOKHOCTBIO, TaK KaK Tpe-
OyeT mepebopa BceX BO3MOXKHBIX KOJOBBIX c¢iioB MIIITY-koma. Takum oOpa3om, B
9TOM ClTydae 3a/aua JeKOAUPOBaHUS MPEACTABIACT cO00M NP-TIONHYIO 3a1ay.

Ocobennocteio BOTC sBisieTcst BRICOKasi CKOPOCTh IepeAadn JaHHBIX, 4TO
HaKJaJ(bIBa€T OIPaHUYECHNE HA BBIYHUCIUTENIBHYIO CI0KHOCTh JIE€KOAUPOBaHUS IpU
3aJJaHHOHM JOCTOBEPHOCTH MEpEeNadyl AaHHBIX, IOATOMY B JaHHBIX YCJIOBHSX LieJe-
c000pa3HO MPUMEHSTh HEONITHMAIIbHBIE METOIbI AekoaupoBanust MIIITY-komoB.

B ormimume ot mpyrux OJIOKOBBIX KOJOB, Hampumep komoB PC wmiam komos
BUX, npu aexoaupoBaHMM KOTOPBIX HCIIONB3YIOTCSI METOJbI, YUUTBHIBAIOIINE all-
reOpandecKyio CTPYKTypy MaHHBIX KOAOB, i AekoaupoBanus MIIITY-komoB
MIPUMEHSIOTCS METOMbI AEKOIUPOBAHHS, OCHOBAHHBIE HAa BEPOSITHOCTHOM TOAXOME
U UTEPATUBHOM BBIIIOJTHEHNH OIpPEIeNICHHbIX AeHCTBHIH [3].
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Knaccuueckum metonom msrkoro nekogupoBanHust MIIITY-konoB siBisercs
MeTo]; cyMMBI-Tipon3BeaeHus [5]. C rpadudeckoil TOUKH 3peHUs] DaHHBIA METO]
MOXHO MPCACTAaBUTH KakK O6MeH COO6I.[I€HI/I$IMI/I 0 HAACKHOCTHU ACKOAHUPYCMBIX
CHMBOJIOB IIPEAIOJIAraeMoro KOJIOBOTO CJIOBA ¢ MEXKAY IPOBEPOUHBIMH U OUTOBBI-
MH BepinuHamu rpada TaHHepa, COOTBETCTBYIOLIETO NMPOBEPOYHONW MaTpuue H
Hekotoporo MIIITY-koxa.

CooO0mienust, IpeICTaBIAIoONIe COO0H PEeIIeHHsT 0 3HAUCHUH KaXKA0TO IEKO-
JMPYEMOTO CHUMBOJIA, SIBIISIFOTCSI BEPOSTHOCTSIMH, KOTOPBIE XapaKTEepHU3ylOT Ha-
JeKHOCTB TIOJYYCHHOTO PELICHUS.

HcxonHoit mHpOpManpeil U JaHHOTO METOJA SIBISIETCS allPHOPHAsl BEPOSIT-
HOCTh KaXIOr0 MPUHATOTO CHMBOJIA, TIOCTYHAIOIIAs ¢ BHIXOAA JNEMOAYJATOPA,
p(c; =0) u p(c; =1)=1-p(c; =0) . IIpu 3TOM BHEH: UHPOPMAIKA, KOTOPOH
oOMeHHUBaIOTCsI MeXAy coboilf BepimuHbl rpada TanHHepa, Takke NpeNCTaBISIET
c00O¥ BEPOSTHOCTH.

Bremrnee coobmenne Ej; 0T MPOBEPOUHON BEPIINHBI j, COETUHEHHOH ¢ OUTO-
BOM BEpIINHOM i, SBISIETCS OLICHKOI MPOBEPOYHOM BEPLINHEL j O BEPOATHOCTH TO-
ro, 4T0 ¢; =1, OCHOBaHHOE HAa JOCTYIHOW Ul Hee B JAHHBIII MOMEHT BPEMECHHU
uapopmarmu. TakuM o6pasoM, £j; 3a1aeT BEpOATHOCT TOTO, 4TO ¢; = 1 IpuBEAET
K BBITIOJTHEHHIO IIPOBEPOYHOro ypaBHeHus j. OTMeTHM, uTO E£j; HE OmIpeseseHo,
€CJIM CHMBOJI /| HE BXOJHT IIPOBEPOYHOE ypaBHEHHE j, TaK KaK B 9TOM CIIy4ae Mex-
Iy BEpIINHAMH i U j BHEIIH HHPOPMALUs He TIepeaeTCs.

BeposaTHOCTE TOro, YTO NMPOBEPOYHOE YypaBHEHHE BBINMOJIHACTCA MpH ¢; = 1,
COOTBETCTBYET BEPOATHOCTU TOI'O, YTO HEYETHOC YUCJIIO CUMBOJIOB B IIPOBEPOUYHOM
YPaBHEHHH SIBIISTIOTCSI HEHYJIEBBIMU:

per =Ll T76-22,) (1)
Ji ji' )P
i'eB,,i'#i
rae Pj — TeKymias OleHKa, HOCTYIHas MPOBEPOYHON BEPIIMHE j, O BEPOATHOCTU
TOTO, 9TO ¢; = 1; B; — MHOKECTBO CHMBOJIOB B j-OM IIPOBEPOYHOM yPaBHEHHH MaT-
puibt H.

Torga BEpOATHOCTH TOTO, YTO IIPOBEPOUYHOE YPABHEHUE j BBINOJIHAETCS IPU
¢;=0, papHa 1-P;i" .

I_IJ'IH CHIDKEHUS BBIUMCIIMTEIBLHOM CIIOKHOCTH MSITKOT'O JCKOAPOBaHUA BME-
CTO 00pabOTKH HEMOCPEACTBEHHO BEPOSTHOCTEH UCIONB3YyeTCs UX Jorapupmude-
CKO€ OTHOIIIEHUE MTPABAOIION00HS.

Tak ¢ yuetom (1) norapudmMuyeckoe OTHOLICHHUE MPABIOMOI00US BHEIIHEH
uHbopMaluu £j; 0T MPOBEPOUHON BEPIIHHBI j K OUTOBOH BEPIINHE { PABHO:

ext
1-P;

E;= LLR(Pjeix’ )= In Pe,{t
ji

()

Torma nocie noacranoBk (1) B (2):
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% 1+ H(l—ZPj,) 1+ e

'eB; i 'eB i’ ‘1+e_Mf""
E;=In Z B P s L S 3)
1 l—e 7
—| 1= 1-2P, 1- H S ——
2 i’e!?;,[i’gti ! ) i’ij,i'¢i1+e M
l—P].l.,
rae M =LLR(P_,-,):1n P_-

Jt'
3areM, UCTIONB3Ysl TPUTOHOMETPHYECKOE COOTHOIIEHHUE [Tl tanh , BHEIITHIOO
nHpopManuio (3) MOXKHO HPECTABUTD CIIEAYIOUIMM 00pa3om:

1+ [tanh(p,, /2)

i'eB;,i'#i
E. =In— 20 ,
! 1- Htanh(Mﬁ, /2)
i'eB,i'¢i
YTO ODKBHUBAJICHTHO
E,=2tanh™ [Jtanh(p/2). @)
i'eB,.i'%i

Kaxnas OutoBas BepIIMHA UMEET JOCTYIl K BXOJHOMY JIOTapU(PMUYECKOMY
OTHOIICHHIO MPABJONOA00US M K JOTapu(pMUIECKOMY OTHOILICHHUIO MPAaBIOIO0JI0-
OMsl KaXJI0W CBS3aHHOW IPOBEPOYHON BEPIIMHBI, TOTJA CyMMapHOE Jiorapupmu-
YeCcKOE OTHOIICHHE TPaB/IONI000Ns i-0T0 CUMBOJIA OIIPEAEIIeTCs o popMyIie:

LLR; =LLR(P,)=R; + ), Ej (5)
Jjed;
rue Ri = h'IM
ple;=11y)
oust; A; —ipoBepoYHBIe YpaBHEHU i i -oro oura MIIITY-kona.

Opanaxo, cooOuienus Mj;, nepenaBaeMble OT OMTOBBIX BEPIUMH K IPOBEPOY-
HBIM BEpIIMHAM, SIBIISIOTCS HEIOJHBIM JIOrapu(MUYECKHM OTHOLICHHEM IpaBlO-
moo0us i KaKA0To cMMBOIA. YTOOBl M30ekaTh mepeaadn o0paTHO K KaKIon
NPOBEPOYHON BepIIMHE YK€ MMerolleicst nHOopMayy, cooOIleHe TepelaHHOe
OT i-0lf OUTOBOM BEPILUHEBI K j-0if IPOBEPOYHOI BEPILIMHE OMKCHIBAETCs B (5) CyM-
Moii 6e3 KOMITOHEHTHI Ej;, MOIy4eHHOMH OT j-0if MPOBEPOYHOI BEPIIHHBIL:

Mji: ZEjyl'-i_Rl"

— BXOJHOC JIOFapI/I(i)MI/I‘ICCKOG OTHOLICHUE MPaBAOIIOI0-

Jedj#j
Taxkum 00pa3oM, METOJl CyMMBI-TIPOU3BEICHNSI BBIUYUCISET allOCTEPUOPHYIO
BEPOSITHOCTB KaXIOTO KOJOBOIO CUMBOJIA p; = p{ ¢ =1|s= 0} , KoTopast sIBIgeTcs

BCPOATHOCTBIO TOI'O, YTO C; = 1 pu yCJIOBUHU, YTO § = 0 (TO €CTb BCC IPOBCPOUHBIC
YpaBHCHUA BI)IHOJ'IHSHOTCSI). HpI/I 9TOM B KaiCCTBC JACKOJAWPOBAHHOI'O 3HAYCHUA
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KaXJIOTO CHMBOJIa BBIOMpPAETCsl 3HAUCHUE C MAKCHMAJIBHON allOCTEPHOPHOI BEPO-
SITHOCTBIO. JIeKOIUpOBaHKE 3aBEPLIACTCS, ECIU IMPENIOIAraeMoe KOJOBOE CIOBO
yJ0BJeTBOpSIET yciosuio cH' = 0.
Jna yMeHbIIeHUS BBIYMCIMTENBHOM CIOKHOCTH AAHHOTO METOJa MSATKOTO
nexoaupoBanus MITTTY-ko0B IPUMEHSIOTCS pa3iiMyHbIe ero Mogu(uKaIny.
Hanpumep, anemeHt M;;- B (4) MOXKHO NPEJCTaBUTH CIEAYIOIIHM 00pa3oM:

M i =i B i s

rae oy =signM jy — «3HAK» PEIICHHs (KECTKOE pelieHue); [ = |M ji'| — ab-

i
COJIFOTHOE 3Ha4€HHE (Ha/Ie)KHOCTbD) pellIeHUs (MSITKOE pelICHHE).
Torna (4) MOXXHO TMEpENUCaTh KakK

Ej,»:2tanh’1 H ajy Htanh(ﬂj,/Z):

i'eB,,i'¢i  i'eB,,i'#i
. ©6)
=( Haﬁ/)Ztanh Htanh(ﬁﬁr /2).
i'eB,i'¢i i'eB,.i'%i

[Tocne neperpynnupoBKH WICHOB U 3aMEHBI NIPOU3BEIICHHUS Ha CyMMY BBIpa-
xeHue (6) npeobpazyeTcs CleIyoM 00pa3oM:

E;=( [Je;2tanh ' in [tanh(B, /2)=

i'eB,.i'#i i'eB, i'#i
e (M
=( JJe2tanh 0™ Y intanh(8,/2).
i’eB,,i’#i i’ij,i’;t[

Torna (7) MOXKHO 3aIUCaTh, UCTIONb3Ysl PYHKIHIO P(X):
Ej=( [ladC 268,

i'eB/-,i’:ti i'ij,i’:ti
e’ +1
e’ -1

B pesynbrare mpousBeeHue «3HAKOBY BBIYUCIISETCS C UCTIOIB30BAHUEM OTIe-
panuii «CI0XEHUE MO MOAYIIO 2» KECTKUX PEUICHHMH JUIs KaXI0ro 3HauYeHus M,
a pyHkums @¢(x) peanuzyercs B Bujie Ta0yJIUPOBAHHBIX 3HAYCHUIA.

rae ¢(x)=-In tanh% =In

MeTo MUHMMAaJIBHOM CyMMBbl OCHOBAH Ha JaJbHEMILIEM YIPOLIEHUHN BBIYMC-
JieHus (6). YUHTBIBas, YTO YJIEH, COOTBETCTBYIOIIMI HAMMEHBLIEMY 3HAYECHUIO M;;,
JOMUHHUpYET B (6), JaHHOE BBIPAKCHHE MOXHO IMPEICTABUThH CICIYIOIIUM 00Opa-
30M:

Eji ~ H signMﬁr m}n‘Mﬂf .
1

P
i ij,z #I

Tornma npousBeneHrne «3HAKOB)» BBIYHCIAETCS C HCIOJIH30BAHUEM OIEpaLuil

«CTIOXEHHE MO0 MOAYNIO 2» JKECTKUX PEUICHHUH I KaXAOoro 3HaueHus M ji's B

PE3YIbTATE YCTO I[aHHBIﬁ METO Ipe6yeT TOJIBKO CIJIOKCHHMI M BBIUHMCIICHUS MHHH-
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MajbHOrO 3HaYCHUS M ;.

BuiBoabl. 113 H31105KEHHOTO CEQyeT, YTO KJIACCHYECKUM METOJ MATKOIo Je-
konupoBanus MIIITY-konoB 06siafaeT CpaBHUTENBHO BBHICOKOW BBIYHMCIUTEIBHON
CJIO)KHOCTBIO, TIOTOMY JUIl CHIJKEHMS BBIYHMCIUTENIBHOW CIOXKHOCTU Ipoliecca
JICKOAMPOBAHUS IIPUMEHSIOTCS JIOTIOHUTENBHbIE MOAN(DUKALMKI JaHHOTO METO/1a,
HCIIOJIB3YIOIIHE OCOOEHHOCTH COOTBETCTBYIOIIMX BHIUUCIUTEIBHBIX TPOLETY.
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VY po6oTi OOIpyHTOBAaHO AOLIJIBHICTH BUKOPHUCTAHHS 3aBAaIOCTIHKHX KOMAIB Y BOJOKOHHO-ONTHYHHX
TEJNEKOMYHIKAliHHUX CUCTEMax JUlsl IMiJBUILECHHS BIPOTIIHOCTI mepenadi AaHUX Ta MPOBEICHE JO0CIi-
JDKEHHSI 0COOJIMBOCTEH METOIIB M’SKOTr0O IEKOAYBaHHs KOMIB 3 MaJOIO IIUIBHICTIO NMEPEBIpOK Ha map-
HICTb.

Kaio4oBi ci10Ba: KoaM 3 Malo0 IIUIBHICTIO TEPEBIPOK HA MAPHICTh, M'IKe IEKOAyBaHHS, BOJIO-
KOHHO-ONTHYHI TeJIEKOMYHiKaliifHi cucremn.

In the work of the expediency of noiseproof codes in fiber-optic telecommunication systems to improve
the reliability of data transmission and a study of the methods of soft decoding of low-density parity-
check codes.

Keywords: low-density parity-check codes, soft decoding, fiber-optic telecommunication sys-
tems.
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