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BBenenue

AKTyaJlbHOCTh padoTbl. B Hacrosiee BpeMs ceTeBOe KOAUPOBAHMS
ABIISIETCSI HOBOM M OBICTPOpPA3BUBAIOLICHCA OONACTBIO HCCIECJOBAaHUN Kak
B TEOPHUHU CETEH, TaK U B Teopuu nHopmanuu. TereKoMMYHHUKAIIMOHHBIE CETH —
Kk Hauarmy XXI Beka 3TO MpoBOAHBIE, OECIIPOBOIHBIE, ONTOBOJIOKOHHBIE — B TOM
YUCJIe caMble Pa3jIUYHbIC 1O CBOEMY HA3HAUYCHHIO, BOILIM B TOBCEIHEBHYIO
JKU3Hb. HccnenoBanuio TakhX CETEW IMOCBAMIEHO OOJBIIOE KOJIUYECTBO
pa6or. Opnako BmioTh g0 2000 roma CymIeCTBEHHBIM OBLIO TpeOOBaHME,
4YTOOBI B CYHIECTBYIOLIMX TEJICKOMYHUKAIIMOHHBIX CETSIX Iepefada cOOOUICHUM
IPOUCXOAWIA OT HMCTOYHMKA K TOJIY4YaTeIr0 Yepe3 LEMOYKY MPOMEKYTOYHBIX
y3JI0B, paboTaIUX MO MPUHIUIY «IPUHUMAai W TepelnaBail janee», TO eCTb
0e3 B3aMMHOTO BIUSHUS PA3IUIHBIX WHPOPMAIIMOHHBIX MTOTOKOB JAPYT Ha Jpyra.
XOTsT TMPOMEXKYTOUHBIE Yy37bl MOIJIM BPEMEHHO XpaHUTb Yy ce0si TMaKeThl
U TPYIIHPOBATh HMX [JIs Oojiee ONTHUMaJbHOW Tmepenadn (Jimbo pa3OuBaTh
Ha OoJjiee MEJKHWE YacTH), CYUTAJIOCh, 4YTO JApyras oOpabOTKa MAaKETOB HE
HY>KHa. CpaBHUTENIBHO HeAaBHO ObuIO moka3zaHo [1-3], uro Meromamu
CETEBOr0 KOJIMPOBAHUSA MOXKHO IMOKA3aTh JIYUIIHE PE3Yy/IbTAaThl B UCIIOJIb30BAaHUU
IPOITYCKHOM CLIOCOOHOCTH CETH, B TOM 4HCIie 0€3 paAlKalbHbIX U3MEHEHUN B €€
uHdpactpykrype [4].

B 2007 u 2008 rogax ObUIH IIPEACTABICHBI MIEPBBIC PAOOTHI MO CIIYYaHHOMY
CETEBOMY KOJIMPOBAHHUIO, CPEIHd KOTOPBIX CTOMT OTMETUTh padoThl KérTepa,
Kmmmanra u CuneBel [5-7]. B »3Tux pabortax OBLI MpeACTaBiICH BapUaHT
UCIIOJIb30BAaHUSI CETEBOIO0 KOAMPOBAHUS [JIsl CETEH, HEUMEIOIIUX YETKOU
CTPYKTYpPHl WM aJrOpWTMa MapuipyTuzaiud. B paborax CyliecTBEeHHBIM
0o0pa3oM HCIONb30BAIACh TEOPHUs PAHTOBOTO KOJUPOBAHHUA, pa3padarbiBaeMasi

IMabupynunev ¢ 1980-x romos [8].



Emé B 1960-x romax l'aymarepom OBUIM TPEMJIOKEHBI KOABI C Maiod
IJIOTHOCTBIO MPOBEpOK Ha dYeTHOCTh [9, 10]. KpomMe OoibIioi JiuHbI
Omoka, 4TO NpHOMKACT WX XapaKTePUCTUKU TI0 MCIHPABICHUIO OIIHOOK
Ha OJIOK K Tak Ha3biBaemoul rpanuile IlleHHOHa, UX JIOCTOMHCTBOM SIBIISETCS
BBIYMCIIMTENIbHAS TIPOCTOTA UTEpaTUBHOTO AekoaupoBanus [11]. Tem He meHee,
10 cepeauHbl 1980-X TOAOB 3THX KOABI NPAKTHYECKH HE MCCIIEI0BAIUCH.
MakKe#t ormeuaer [12], 9TO OPUYMHON 3TOMY SBISJIOCH CilaboOe pa3BUTHE
BBIYUCIIUTEIIBHOM TEXHHKHU, KOTOPOE TOJBKO B TIOCIEIHEE BpPEMsS CMOTJIO
MOJIHOCTBIO MCIOJIb30BaTh BCIO MOIIb KOJOB C OOJBIIONW IMHOM OJoKa.
B nHacrosimuit MOMEHT KOABI IIUPOKO HMCIOJIB3YIOTCS, B TOM YHUCJIE B HOBBIX
CTaHAapTax CIyTHUKOBOM mepenaun aanubix DVB-S2 u WIMAX [13].

B03MOXHOCTh MCIIOJIB30BAaHUS HU3KOIUIOTHOCTHBIX KOJAOB B CETEBOM
KOJMPOBAHUHU aKTUBHO HCCIEAYyeTCa B HacTosee Bpems [14-18].

Heab auccepTaMOHHONW PA0OTBI COCTOMT B TOBBIINICHUM 3allUThI
OT TIOMEX M YBEJIMYEHUU TIPOMYCKHOW CIIOCOOHOCTH HHGOPMAIIMOHHBIX
KOMMYHUKAIUNA ¢ UCTIOJIb30BAHUEM CETEBOTO KOJUPOBAHUS M HU3KOILIOTHOCTHBIX
KOJIOB.

IIJ'ISI JOCTHXKCHUA ITOCTABJIICHHBIX HGJICIZ OBLITH PCUICHLI CIICAYIOIMIUC 3aaa4n:

® aHalIn3 CYIICCTBYIOIIHX Ccroco0oB KOOUPOBAaHUA C HLOCJIIbIO 3alllUTbl OT

IIOMCX IJIsd CETCBOI'O KOAWPOBAHUA,

® aHAJIU3 BO3MOXKHOCTEM HCIOJIb30BAaHUS M3BECTHBIX KOJOB C OOJBIIUM
pasMepoMm OJi0oKka (B YaCTHOCTH, KOJOB C HU3KOM MJIOTHOCTHIO MPOBEPOK

Ha YETHOCTD) JJIsI CETEBOTO KOJUPOBAHMUS;

® aHaJIn3 BJIIMAHHUA CCTCBOI'O KOAMPOBAHHA Ha 0COOCHHOCTH HCIIPAaBJICHUA

OIMOOK HUTCPATUBHBIMHA AJII'OPUTMAMU ACKOAUPOBAHMAA,

L pa3pa60TKa HOBOT'O M€TOAAa NCITIOJb30BaHMA HU3KOIIJIOTHOCTHBIX KOAOB IJIA
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CCTCBOI'0 KOANPOBAHUA JJIsI ITOBBIIICHUWA HpOHYCKHOﬁ CIIOCOOHOCTH CETH U

3alIUTHhI OT IIOMCX,

L4 O606III€HI/IC METOAOB HCIIOJB30BaHUA HHU3KOIIJIOTHOCTHBIX KOJOB I
CCTCBOI'0 KOAUPOBAHHA HaA IIPOMU3BOJIBHOC YHCIIO yacTteu COO6HI€HI/IH,

MoJTy4yaresien, IPOU3BOJIbHYIO CTPYKTYPY CETH;

L4 pa3pa60TI<a MCTOOAOB HMCIIOJIB30BaAHHS HHU3KOIINNIOTHOCTHBIX KOAOB HJIA

cnyqaﬁHor 0 CCTCBOI'0 KOAUPOBAHUSI.

JlJis yMeHbIIEHUsT BPEMEHHM YHUCIEHHOTO MOJAEIUPOBAHUS HCIOIb30BaHUS
HU3KOIUIOTHOCTHBIX KOAOB JUISl CIIy4YailHOrO CETE€BOro KOAMPOBAHUS pEIICHA
3ajlaya yCKOpeHHusi paOOThl MpoLEeNypbl IOWCKA W UCHPABIECHUS OIIMOOK
B KOJIOBBIX BEKTOpPAaxX JBOUYHBIX HU3KOIUIOTHOCTHBIX KOJOB JUIsl HTEPATHBHOTO
aJIropuT™Ma C PacIpOCTPAHEHUEM JOBEpUS IMPHU HUCIOJIH30BAHWU BUPTYaTbHOU
MaIIMHbI Java B Ka4eCTBE Cpebl UCTIOTHEHHUS.

Hay4yHasi HOBH3HA COCTOWT B YJIYYIIIEHUU MPOMYCKHOM CIIOCOOHOCTH CETU
C HCIIOJIb30BAHMEM CETEBOTO0 KOJUPOBAHHUSA C HCIIOJIb30BAHUEM KOJOB C HU3KOU

IJIOTHOCTBIO MPOBEPOK HA YETHOCTD!

1. moka3aHO, YTO CETeBOE KOAMPOBAHUE IPH HUCIOIH30BAHUU JIBOMYHBIX
KOZOB C Majiol IUIOTHOCTBIO MPOBEPOK YIydIAeT MPOIYCKHYIO
CHOCOOHOCTh CE€TH B TOM 4YHCIE€ M JUIsl KAaHAJIOB C IIyMaMd, HO B

OI'paHUYCHHOM JHAIIa30HC IMIYMOBBIX IIApAMCTPOB KaHaJla,

2. MPEIJIOKECH HOBBIM aJITOPUTM JCKOJWPOBAHMS M HCIIPABIICHHS OIMMOOK B
KOHOBBIX BeKTOpax ABonyHoro MIIII-koga myisi cereBoro KoaupoBaHU,
YIIYUIIAKOMANA TPOU3BOAUTEIBHOCTh CETU C CETEBBIM KOAMPOBAHUEM HA

OoIBIIEM AUAalla30HC IIYMOBBIX IIApaMCTPOB KaHalla,



3. NPEeMIOKEHHBIN aJITOPUTM PACIIMPEH HA CIy4yald CIy4aHOrO CETEBOTO

KOOIUPOBAHUA,

4. OpensoKeHHbIM aJrOpUTM PAaCIIMPEH Ha Ciydaill NpOHM3BOJIBHOIO YHCIIA

NnepcaaBacMbIX ITAKCTOB H HOHy‘I&TGJIGfI.

IIpakTHyeckasi 3HAYMMOCTb. Pe3ynbTarbl, M3J0KEHHBIC B JHUCCEPTAIIHH,
MOTYT OBITh HCIIOIB30BaHbI I CO3JAHUS CETH PACHpOCTpaHEHUs ITaHHBIX C
3¢ (PEeKTUBHBIM HCIIOIB30BAHUEM TMPOITYCKHOW CIIOCOOHOCTH KaHAJIOB CBSI3U U
C 3alIMTON OT MOMEX WJIM TOTEPH MAKETOB, KaK 3TO MPEIIOKEHO B aBTOPCKOU
pabote [19].

Ha 3amuty BBIHOCATCS CJIeAyIOI[He OCHOBHBbIE pe3yJbTaTbhl H

MOJIOZKCHUSA

® AJITOPHUTM IIOUCKA U UCIIPABJICHUA OIIMOOK B KOOOBLIX BCKTOPAX ABOWYHLIX
HHU3KOINNIOTHOCTHBIX KOJOB B CCTCBOM KOAWPOBAHHMHM JJIA KaHajJla CO

CTUpaHUEM;

e MonuduKkanusg anropuTMa IS KaHajla CcoO CTUpaHUEM i paboThl C
Pa3IMYHBIM YMCJIOM MaKETOB, Ha KOTOPHIE MPH Tepeiade JeIUTCA KOJIOBBIM

BEKTOP;

L MOI[I/I(l)I/IKaI_II/IH aJIropuT™Ma Iajis1 KaHalla CO CTUPAHHUCM IJIAA MCITIOJIb30BaHHA

B CJIy4ailHOM CETEBOM KOJWPOBAaHHH;

® AJI'OPHUTM IIOUCKA U UCIIPABJICHUA OIIINOOK B KOOOBLIX BCKTOPAX ABOWYHLIX
HU3KOINNIOTHOCTHBIX KOAOB AJIA KaHaJa C aJJUTHBHBIM OeIBIM rayCCOBCKHM

IIyMOM;

L MOI[I/Iq)I/IKaI_II/IH AJIropuT™Ma Jid KaHajia ¢ ailAuTUBHbIM OeIBIM rayCCOBCKHM
IyMmoM JJIsd pa60T}>1 C Pa3/IM4YHbIM YHUCJIIOM ITaKETOB, HA KOTOPLIC IIPH

nepeade JeauTCsl KOAOBBIN BEKTOP;
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L MOI[I/I(I)I/IKaI_II/Iﬂ aJiroputMa Uil KaHalla ¢ aIIHiTUBHBIM OeJIBIM rayCCoOBCKHUM

IIyYMOM JIsI UCITIOJIB30OBAHUS B CﬂyqaﬁHOM CCTCBOM KOAUPOBAHHH.

Anpooanusi padoTbl. OCHOBHBIE PE3YJIBTATHI AUCCEPTALIMU TOKIAAbIBATUCH

Ha CJICAYIONUX KOH(PEPEHITNSIX:

e 51-a Hayunas kxoHdepenuss MODTU - Bcepoccuiickas MOI0AEKHAS
HayyHas KOH(EpEeHIUs ¢ MEXKIyHapoAHbIM ydacTueM «CoBpeMEHHBIC
npoOnemMbl (yHIaMEHTAIbHBIX W TMPUKIAAHBIX Hayk», JlonronpymHbIid,

2008 . [20];

e 52-g HayuHas koHpepeHmus MODTU - Bcepoccuiickas MonIoaEKHAS
HayyHas KOH(EpPEHIUs ¢ MEXIYHApoAHbIM ydacTueM «COBpEMEHHBIC
npoOsieMbl (PyHAAMEHTAIBHBIX W MPUKIAAHBIX Hayk», JloaronpymaHbii,

2009 . [21];

e [EEE RS8 International Conference on Computational Technologies
in Electrical and Electronic Engineering SIBIRCON-2010, Irkutsk
Listvyanka, 2010 r. [22];

e 53-9 HayuHas koHpepenmuss MODTU - Bcepoccuiickas MOI0aEKHAS
Hay4yHas KOH(EpEeHIUs ¢ MEXKIyHapoAHbIM ydacTueM «CoBpeMEHHBIC
npoOnemMbl (yHIaMEHTAIBHBIX W TMPUKIAJHBIX Hayk», JlonronpymHbIid,

2010 1. [23]

IIyonukanuu. Marepuanbl JuccepTalud ONMyONIMKOBaHBI B 9 MeEYaTHBIX
paborax, U3 HUX 3 CTaTbU B PEUEH3UPYEMBIX XypHanax [24-26], 1 crarbs B
cOopHUKax TpynoB koHpepeHuit [22] u 3 te3uca poxnanos [20, 21, 23].

Jluynelii BKIaA aBropa. /Jluccepramus HanucaHa II0 Marepualiam
WCCJIEIOBaHM, BRIMOJTHEHHBIX Ha Kadenpe panuorexunku MOTU (I'Y) B nepuon

¢ 2007 mo 2011 roxpl. JInuHBIN BKJIaJl COMCKATENs B OMyOJWKOBaHHBIC PaOOTHI
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cocrasisieT B cpeaHeM He MeHee 70%. Pe3ynbrarbl, BBIHOCUMBIE Ha 3aIlUTY,
NOJIyYeHbl aBTOPOM CaMOCTOSTENIbHO. Bce mpeacraBieHHble B AUcCCepTalud
PE3yJIbTaThl MOJIYYEHBI JIUYHO aBTOPOM.

Crpykrypa m 00béM auccepranmu. J(uccepramus COCTOUT U3 BBEICHUSA,
o030pa JnuTeparypbl, 3 T[iIaB, 3aKiIoueHus, Oulbnuorpaguu U OJHOTO
npuiokenus. Oommuit o0beM auccepranuu 114 crpanuil, u3 Hux 104 cTpaHUIBI
TeKcTa, BKItouas 31 pucyHok. bubnuorpadus Bkiarodaet 31 HauMeHOBaHUE HA 5

CTpaHUIIAX.



O030p MTEpaTypHI

Cpenu mepBbIX pabOT IO MCIOJIB30BAHUIO HHU3KOIJIOTHOCTHBIX KOJOB
B CETEBOM KOIMpPOBaHUU OoTMeuaroT padoty boa u JIu 2005 roxa [14], B koTopoi
ABTOPBI MPEJIOKUIN HUCIOJIB30BaTh MPOBEPOUYHYIO MATPHUILy KOoAa Kak OCHOBY
JUISL ONpPENENICHUsT TPaBW B3aUMOACHCTBHUS y3710B B ceTu. C MOMOIIbIO
MOJICIMPOBAHUS UMHU OBIJIO IMOKAa3aHO, YTO B CETH CO MHOTMMH HCTOYHHUKAMU
U OJHHUM II0JIy4aTeJIeM HCIOJIb30BAHUE CETEBOTO KOAWUPOBAHMUS MO JAHHBIM
nMpaBWwiIaM JaéT BBIMTPBIII B KOJWYECTBE YCHEIIHO JOCTABJICHHBIX ITaKETOB
10 CPAaBHEHUIO C MPOCTHIM MTOBTOPOM IAKETOB.

Xaycn u apyrue B pabore 2005 roma [15] paccMoTpenu BO3MOXHOCTb
UCIIOJIB30BaHUS BPEMEHHOTO pa3JeieHUs] KaHalla, OJHAKO C OTrPAaHUYEHHOMU
B3aMMOTIOMOIIBIO Y3JIOB MPHU TIepeiade COOOIEHUH.

B paGore Yamra u Jlm 2007 rToma [16] ObLIO TIpeACTaBICHO
HOBOE€ CEMEWCTBO NPOCTPAHCTBEHHO-BPEMEHHBIX CETEBBIX KOJOB Ha OCHOBE
MIIITY-kon0B, NMpeaHa3HAYEHHbBIX JIJISI UCIOJIb30BAHUSA B CETEBOM KOJIUPOBAHUM,
KOTOpBIE YBEIMYUBAIOT BEPOSTHOCTHh YCICIIHOM mMepeaauyd COOoOIIeHus Ipu
UCIIOJIB30BaHUU C ONPEJEIEHHBIM KaHAJIaMHU IO CPABHEHUIO C KOJAaMU ¢ HU3KOU
IJIOTHOCTBIO OUT B MOPOXKIAIOIICH MaTpHIIE.

B pa6ore I'yo um gpyrux 2009 roma [18] Obulo mpensioxkeH HOBBIN
aJITOPUTM JEKOAUPOBAHUS HHU3KOIUIOTHOCTHBIX KOJOB B CETEBOM KOJAMPOBAHMH.
B HéM aBTOpHI TpemIOKUIN OOBEIUHUTH IOWCK W HCIPABJICHUE OIITHOOK
B KOMOBBIX BekTopax MIIII-k0/10B M BOCCTAHOBJICHHS COOOIIECHUN TOCTe
nepelayd Mo  CETH. Onnako, aBTOpBHI paccMaTpUBAIM  HEIBOMYHBIE
HU3KOTUIOTHOCTHBIE KOJIbI M TOJONIUIM K PEIICHUIO0 3aJaud OObEIUHECHUS
MIIII-k0/10B U CETEBOr0 KOAMPOBAHUS 4Yepe3 OObEAMHEHHE MOPOXKIAIOIINX

MaTpuIl koja. M3-3a 3Toro pacmmpeHHasi IpoBepovHasi MaTpHUIila 00beTUHEHHOTO
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Kolla He OyaeT HWMeTh Malyl IUIOTHOCTh TMPOBEPOK HA YETHOCTh U
JeKonep He OydeT MMEeTh J0CTaToyHOM mpou3BoauTesnbHOCTH. [loatomy I'yo
U Jpyrue TPeJIONKUIN HCIOIb30BaTh MHOTOCIONWHYIO HUTEPATUBHYIO CXEMY
JEKOIMPOBAHUS C HECKOJIBKUMU JIEKOJICPAMH.

B Oomee mnpocrom BapwmaHTe C JABYyMsA KaHaJaMH BapHaHT CBS3HU
HU3KOTUIOTHOCTHBIX KOJIOB M CETEBOTO KOAWPOBAHMS OBLI pacCMOTPEH B paboTe
Kanra um napyrux 2008 roma [17], omHako 3TOT BapHaHT OKa3aJOCh CJIOKHO

pacuIMpuTh Ha OOJBIIEE YHUCIO KaHAJIOB (YacTeil cooOIeH s, UCTOYHUKOB).
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I'maBa 1

HoBbIil 2JIrOpUTM MOMCKA M UCNPABJICHUS OLIUOOK
B KOAOBbIX BeKTOpax ABou4HbIX MIIII-ko10B B

CETCBOM KOAMPOBaAaHHMHU IJIA KaHaJJIa CO CTHPAHUCM

1.1. BBeaenue

[lepenaya cooOlIeHHn B CETEBOM KOAWPOBAHWM TPH HCIIOIb30BaHUU
OOBIYHBIX OJIOKOBBIX KOJOB, pAacCYMTaHHBIX Ha Iepeady KOJIOBBIX CIIOB (a
HE TIOJMPOCTPAHCTB), AT BO3MOKHOCTHh HCIIOJIL30BaTh CYIICCTBYIOIIUI OIBIT
U pe3yabTaThl HCCIEAOBaHUN 10 OMoKoBBIM KomaMm.  OpHako, Kak ObLIO
noka3aHo B padore Jingyu Kang et al. [17], nuHeiiHble KOMOMHALIMKM COOOIIEHUN
U TIOCJIEYIOINIEee BOCCTAHOBIICHHE HETAaTUBHO CKa3bIBAIOTCS HA BEPOSITHOCTHU
BOCCTAHOBJICHUSI COOOIIEHU: €ClIM Ha BXOJ JCKOJEpa MOCTYyHalT COOOIIECHUE
a u coolmieHue a @ b, To Mpu OAMHAKOBOW BEPOSITHOCTU OIIMOKU B OJOKE ISt
MOCTYMHBIITNX COOOIIEHUN TMOCIIe JEKOANpoBaHMs cooOmieHre b Oymer mMmeTh
OOJIBIITYIO BEPOATHOCTH OMMOKK Ha O10K. B KauecTBe perieHus npeacTaBIeHHON
3a1a4d  aBTOPHI TPEIJIOKUIN BO-TIEPBBIX, OCYIIECTBIATH OJHOBPEMEHHOC
JIEKOAUPOBAHUE COOOIICHUI WTEpPaTUBHBIM CIIOCOOOM, OOMEHHBAsCh MIpH
3ToM mH(}OpMamuel 00 armoCTEPHOPHBIX BEPOATHOCTSAX JACKOIAMPOBAHHUS OWTOB,
BO-BTOPBIX, pa30MBaTh COOOIICHUS Ha JBa OJIOKA, KaKIBIM M3 KOTOPBHIX MOUAET
10 CBOEMY MYyTH. TeM camMbIM aBTOPHI JOOWIMCH YpaBHHBAHHUS BEPOSTHOCTEH
NneKoaupoBaHuss coobmennii a u b 3a cu€r momudukanum gekomepa
MOIU(PUKALUHA TPOTOKOIA.

YcnoxxHEHHE CTPYKTYpbl CETH HEHW30€KHO MPUBENET K 3HAUYUTEILHOMY

YCIOKHEHUIO  JIEKOJepa. [Ipn wcnonp3oBaHMM 3-X pa3IM4YHBIX IyTEH



UCXOAHOE CcooOIIeHrne NpuAETCS pa3douBaTh Ha TpU IaKkeTa U TpeOOBaTh
00s13aTeIbHON JOCTaBKH KaKI0T0 U3 HUX. [Ipu 3HaUUTEIbHOM YCIOKHEHUH CETU
CJIIO)KHOCTh MPOTOKOJIA YBEIIMYUBAETCS, a TAKXKE YBEITUUYHMBACTCS U CIOXHOCTD
JIEKOAUPOBAHUSI.

B nannoii pabote nmpennaraercs IpuMeHUTh CIIOCcO0 nepenadyr nHpopMaluu,
KOT/Ia BMECTO OJHOBPEMEHHOTO JCKOAMPOBAHMS JABYX M Oojee COOOIICHUH,
KaKJI0€ U3 KOTOPHIX COCTOMT U3 HECKOJbKHX IIaKETOB, HCIOIb3YETCS
CIIMHCTBEHHOE COO0OIIeHne M3 HEeCKONbKMX 4dacted. Ilpm sToM mpemmaraercs
croco0 mepeaayu JaHHBIX, KOTOPBIA JeTKo 0000I1aeTcss Kak Ha MPOU3BOIBHOE
KOJTMYECTBO YacTeil cooOmeHus (MyTeld B CeTH), TaKk U Ha CIIy4yalHOE CETEBOE

KOOAUPOBAHHC, KOT'/ld ITPOXOXKACHUC ITaKCTAa B CCTH HCU3BCCTHO.

1.2. Koabl ¢ MaJ10l IVIOTHOCTHIO NMPOBEPOK HA YETHOCTH

JIBOWYHbBIE HU3KOIUIOTHOCTHBIE KOJbI, TAKXKE HW3BECTHBIE KAaK JIBOMYHbIC
KOJIBI C MaJIOW IUIOTHOCTHIO mpoBepok (nBowmunblie MIIII-kompl) wim Kombl
C MaJOM IUIOTHOCTHIO mpoBepok Ha ué€TtHOocTh (MIIIIY-koabl, anmi.  low
density parity check codes, LDPC-codes) oTHOCSTCS K OJOKOBBIM JIMHEHHBIM
kosiaM. VX OCHOBHON OCOOEHHOCTBIO SIBJISIETCS Majias IIOTHOCTh IMPOBEPOUHOM
MaTpHllbl, TO €CTh KOJHUYECTBO OTJIWYHBIX OT HyJs 3HadyeHUid. CyliecTBYIOT
peanu3alui KOJECPOB U JIEKOJAEPOB, IO3BOJISIONIME JOCTUYh 3HAYUTEIBLHOM
MIPOU3BOJIUTEIIFHOCTH KonupoBaHuss W AckomupoBanus (O (NlogN), tne N —
JUTMHA KOJIOBOTO CJIOBA) MPHU YCIOBHM MAJIOTO KOJIMYECTBA CTUpaHuUU (alV,
Ie @ — HEKoTopas TOJIOKUTEIbHass KoHcTaHTa) [27]. OtHOcuUTENbHAS
MIPOCTOTA KOJUPOBAHUS M JIEKOJUPOBAHUS HU3KOIUIOTHOCTHBIX KOJIOB IMO3BOJISIET
UCIIOJIB30BaTh OOJIBIIME MPOBEPOYHBIE MATPUIIHI (THICSYHM M MUJUIMOHBI CTPOK),

NOB30JISIS1 INIOTHYIO NpUOIN3UTHCS K rpanune [ amiarepa.
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B nannoii pabore paccmarpuBaercs npumeHeHue aBomyHbIX MIIII-kogoB
B CETEBOM KOJAMPOBAHUM NPHU HCIOIB30BAHUM JABYX PA3JIMUYHBIX aJTOPUTMOB
UCIPABIICHUs OMIMOOK B KOJAOBBIX BEKTOpaxX — ajiropuTMa mepeaadyu cooOIIeHun
(aHm. message-passing algorithm), a Takxe aJropuT™Ma ¢ pacnpoCTpaHEHUEM
JOBEPUST «CyMMa-IIPOU3BEICHNE» (AHIIL belief-propagation sum-product
algorithm).

JIBOMYHBIN HU3KOIUIOTHOCTHBIN KOJI 3a4a€TCA MPOBEPOYHON MATPHULIEH KOJa
H ¢ ManpIM KOJIWYECTBOM €JMHHUII B CTpoKax M cToibmax. Ecnu komuuecTtBo
€IMHUI] B KaXKJI0W CTPOKE OAMHAKOBO, a TAK)KE OJMHAKOBO KOJIMYECTBO €IUHUIL B
KaXXJIOM CTOJIOIE, TO TaKOM KOJ Ha3bIBaeTCs peryisipHbiM (K, N)-KojqoMm, WHa4Ye —

HEPETYyJSPHBIM.

1.3. Ucnoan3oBaHue ABOUYHBIX HU3KOIJIOTHOCTHBIX KOA0OB B

CETECBOM KOAMPOBAHUH

PaccmoTpuMm Momens cetn «6aboukay [2].

HcxomHbii KOZOBBIM BEKTOP JABOWYHOIO HHU3KOIUIOTHOCTHOTO KOZa m
pazOuBaeTcsi Ha JBe yacTd a U b u nepemaércs nByMm nomydarensiMm Y u Z.
IIpu nmepenaue cooOuieHUs: BHOCATCS OMMOKU. byaem cuuTarh, 4TO OIIMOKHU
MPOUCXOAAT HA TPEX OCHOBHBIX KaHaJIaX mepenayd gaHueix: 17 — Y, W — X
u U — Z (ommOKM nepenayu B OCTalbHBIX KaHajdax OyJeM UTrHOpHpoBaTh). B
paccMaTpruBacMOU MOJIENIM B KAYECTBE TAKUX KAHAJIOB MCIOJIB3YIOTCSI IBOUYHBIC
KaHaJbl CO CTUPAHUEM, B KOTOPBIX BEPOSTHOCTH MPABUIBHOIO MpUEMA PABHO ¢,
a BEpOSITHOCTh cTUpaHus 1 — g.

B cnydae, eciin cereBoe KOIMPOBAHUE HE MCIIOJIB3YETCS, TO JJIS NEpEaadn
nakeTa 1eJukoM (00oux dacteil a u b UCXOQHOTO KOJOBOro BEKTOpa m) 000UM

KOHCYHBIM Y3J1aM YuZz H€O6XOI[I/IMO 3aTpaTvuTh IIATH HTCp&HHﬁI
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S

Puc. 1.1. Moziesb CeTH C ceTeBbIM KOTUpOBaHHeM [2]
l.a:S—>T,b:S - U,

2. a:T->Y,a:T->W,a:U—>Z,a:U—-> W,
3.a:W-X;

4. a: X >Z,b: W - X;

5.b: X—>Y.

Ecnmu 6b1 xanan W — X uMen NOBBIMICHHYIO MPOIMYCKHYIO CIOCOOHOCTH
(1Ba makeTa 3a UTEPAIHIO), 3TO YMEHBIIUIO Obl YHCIIO UTEpALUid, HEOOXOAMMOE
JUTsl TIepeadd KOIOBOTO BEKTOpa OT S 00OMM mojydareisiM. AHaIOTHYHBIN

pe3yiabTaT MOXET OBITh JOCTUTHYT 0O€3 HW3MEHEHHsS CTPYKTYphl cetu (0e3
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U3MEHCHHS (PU3MYECKUX XapaKTePUCTHK KaHalla) C HCIOJIb30BAHUEM CETEBOTO
konupoBanusi. B sroMm ciyuae mo kaHany W — X mepena€rcs HE OTAEIbHBIC
MaKeThl, & HEKOTOpasi JUHEWHas peKoMOWHAIMs MakeToB (B pacCMaTpUBaAEMOM
HAMU clIlydae — MOOWTOBOE CIIOKEHHE MakeToB Mo Mmoxaymo 2). Torma mms

nepesayr KoJ0BOTO BEKTOpa 000MM IMONIydaTessiM IOCTATOYHO 4-X UTepaluid:

l.a:S—>T,b:S - U,
2. a:T->Y,a:T->W,b:U—->Z,b:U—->W,
3. (aeb): W - X;

4. @db): X - Y, X > Z.

CxeMa nepefaun MakeToB MPHUBEIAECHA HA PUCYHKE 1.2.

Kaxnplid U3 nosryyarenei, 3Hasg CTPYKTYpy CETH, BOCCTAHABJIMBAET BEKTOP
m’ U UCIpaBiIsieT B HEM OLIMOKU MEpeayu C MOMOIIbI0 MPOBEPOUYHON MaTPUILIbI
JBOWYHOIO HM3KOIUIOTHOCTHOrO Koxa. Hampumep, mns y3na Y nBa IpUHATBIX

COOOIIEHUS MOXKHO TPEJCTaBUTh B BHJIC:

m =a+e (1 1)

m,=aodb+e,,

IJI€ €] U €; — BEKTOPbl OIMOOK (CTUpAHUS).
3Has CTPYKTYpy CE€TH, Yy3el-lojly4yarelib Y BOCCTaHaBIMBaeT (Co

CTUPAHUSIMHM) YaCTHU UCXOAHOTO cooOmieHus a’ u b':

/

a—m =a+e€

(1.2)
b =mom,=(@@+e)d(@db+e)=D>b+es.
Janee KOHCTPYUPYETCsl BEKTOP M’ ¢ MOMOIIBIO MPOCTOM KOHKAaTEHAITUH:
m =a’|[b’ = moe,. (1.3)
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a aeb b

;7@4

Puc. 1.2. Monenb cetn «6ab04ka» ¢ CeTeBBIM KOJAMPOBAHUEM

[Tocne BoccTaHOBIEHUS B BEKTOpe M’ JETEKTUPYIOTCS W HCIPABISIOTCA
CTUpaHUS C MOMOIIBIO BHIOPAHHOW paHEe MPOBEPOYHON MATPHUIIBI JBOMYHOTO
HU3KOIUIOTHOCTHOTO Koma. B paccmarpuBaeMoil HaMu MOJENIU  JEKOAEPbI
WCIIOIB3YIOT UTEPATUBHBIN aJITOPUTM C TIepefadeil cooOmeHuid (anmi. iferative
message-passing algorithm). B nmanHo# Momenu nexoaep OO KOPPEKTHO
UCIIPaBJISIET BCE OLIMOKM (3alojHSET CTUPaHMs), JUOO OCTaBISET HEKOTOPbIE
OWTHI CTEPTHIMH, YTO, OJHAKO, HE MOYKET IMPHBECTH K BO3HWKHOBEHHIO HOBBIX
OIIINOOK.

Tem He MeHee, HCIOJIb30BAHHUE AJTOPUTMa YK€ TOCJIE BOCCTAHOBIICHUS
yacTel OpUTrMHajJIbHOro BekTopa &’ m b’ W mocie KoOHKareHaluu MPUBOJUT K

JOITOJIHUTCIIbHBIM OHII/I6K3,M, CBSI3aHHBIM C 0COOCHHOCTSIMU nepcagadnu B CCTCBOM
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KomaupoBaHuu. [losicHUM 3TO Ha TIpUMepe.

[Tycth mepBbIil mepeAaTyuk MPUHUMAET BEKTOP Mj, KOTOPHIA OTIMYAETCS
OT OPUTMHAILHOTO BEKTOpa a CTHpaHWeM HekoToporo i-ro Ourta.  Ilpu
JIEKOANPOBAHUU JIAHHBIM BEKTOp OYIET HCIIOIb30BaThCS NBAXKIBI: B KaueCTBE
IEPBOMl 4YacTH BEKTOpa mM’, a TakXe IpU BOCCTAaHOBICHHH b’ ucnomab3ys
dopmyny 1.2. Ilpm aTOoM i-plif OMT BekTOopa b’ Takke okasbiBaeTcs CTEPT. B
pe3yabrare, Ja)ke ecild Ha BXOJ Iojydarens Obul cTEPT Bcero 1 OUT B ABYX
NOJIYYEHHBIX COOOILEHUSIX, Ha BXOJ JIeKoAepa JBOMYHOTO HHU3KOIIOTHOCTHOIO
KOJIa MTOCTYMAET YK€ BEKTOP C JByMS CTEPTHIMU COOOIICHUSIMU, KaK IMOKa3aHO Ha

pucyske 1.3:

MI1IMY-gexkooep

Puc. 1.3. YBeanueHne xoamyecTBa OMIMOOK M3-3a HEOOXOAUMOCTHU BOCCTAHOBJIEHUS COOOIICHUSA

Ha IIPpUHUMAOIIEM Y3JIC

B pe3ynbpTaTe HE0OXOAUMOCTE MPOBEACHUS 00PATHOM JTUHEHHON peKOMOWHAITUN
IaKeTOB Ha Yy3Jie-TloJlydareiie IMPUBOAWT K YXYAIICHHIO KOPPEKTHPYIOMISH
CIIOCOOHOCTH HCIONIb3yeMoro koma. Jlms moxenu Gabouyka Takoe yXyIIICHHE

A0CTATOYHO IIPOCTO pPACHUTATH. KomnngectBo CTépTI)IX ouT B IIPUHUMACMOM
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coo01IeHnn 0e3 CeTeBOro KOAMPOBAHMS CUMTaeM paBHbIM Np, tme p = 1 — ¢
— BEPOSITHOCTh CTHpaHus. Torma eciu ceTeBoe KOJUPOBAHUE HCIIONB3YETCs, TO
B KOKJOM M3 NPHUHATHIX BEKTOPOB My U My Oynaer mo Np/2 ctéprhix Out. B
pe3ynbTare B BeKTope a’ cTépThix OuUT OyneT Takxke Np/2, oqHAKO KOJIUYECTBO
CTEPTHIX OUT B BekTOpe b’ HYXHO paccCUMTHIBaTH C y4€TOM TOTO, YTO MpHU
BOCCTAHOBJICHUM CTHpaHuEe OWTa M3 BEKTOpa M| MOMaaéT Ha CTUpaHue OuTa
U3 BEKTOpa M, (TO €CTh HEe OyJeT MOIMOIHUTEIBHOTO CTHpaHus). BeposTHOCTh

IMOCJICAHETO paBHai
Np/2
N/2

TOFZ[a BCPOATHOCTDb TOI'0, 4YTO CTHPAHUC U3 1M HOHaI[éT Ha HCCTépTBIﬁ ourt

(1.4)

U NpUBENET K enlé oAHOMY cThpaHuio B b’ paBHa 1 — p, yTo mpuBOIUT K 0OLIEH
OLICHKE KOJIMYECTBA CTUPAHUM KaK:

, Np Np Np ( p ) 3 p°
2+2( p)+2 Np+2( p) N2 > (L.5)

Eciu ©He yuuteiBarh apyrue 3(@exThl, BO3HHUKAIOIIME B CETEBOM
KOAUPOBAaHUHU, TO H3MEHEHHE KOPPEKTHPYIOUIEH CIOCOOHOCTH KO/Ia MOXHO

NpCaACTAaBUTL KaK YBCIIMYCHUC BCPOATHOCTU BO3HUKHOBCHUA CTHpPAHUA C p 10

p,, Fjle
N’ 3 2
pl N _p — p

p=3-10-E7

[IpoBeném uynciieHHOE MOJETUPOBAHUE:

(1.6)

® JCIIOJIB3YCM OIIMCAHHYIO BbBINIC MOACIL CCTH 0abouka c JABOHNYHBIMH

KaHaJlaMH CO CTUPAHUCM,;

e cnoib3yercs peryisapHbiii qeonunbiii (3,6) MIIII-konx GHG.p seed=963
N=96 GH/spec3 > GHC/96.3.963, u3 SHIOUKIONEIANA HU3KOIUIOTHOCTHBIX

kooB MakKes [28]. Ckopocth koma 15/32 (mpumepno 1/2);
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e KOJIOBOE CJIOBO M pa3OuBaeTcs Ha JBe 4acTu a U b paBHO# IuHBI B 48

OouT.

1,000

0,100

0,010

BeposTHOCTb oumBKK Ha 610K

0,001
05 045 04 035 03 025 0,2 0,45 01

BeposiTHOCTb CTUpaHusi 6uta B kaHarne

B EesceteBoro ¢ Teopetudeckoe V C ceTeBbIM
KOAMPOBaHWS oXxvaaHue KOAMpOBaHWEM

Puc. 1.4. YBenuueHune KOJIMYECTBA OIIMOOK HM3-3a H606XO,Z[I/IMOCTI/I BOCCTAaHOBJICHUA COO6H.[CHI/ISI

Ha NpUHUMAronieM y3JIc

Pe3ynprar uucieHHOTO MOAENWPOBAHUS TPUBEAEH Ha pHCYHKe 1.4.
VYBenmuuenne konudectBa crtupanuit N’ ot 1,25 (mpu p = 1/2) mo 1,5 pas
(mpu 0 < p < 1/2) MOBIEKIO 3HAYUTEIHLHOE YXYIAIICHHE KOPPEKTUPYIOIICH
CIIOCOOHOCTH PacCMOTPEHHOTO Kojia. TeopeTudeckas olleHKa ocHoBaHa Ha 1.6.

Takum 00pa3oM, XOTS HCIOJIB30BAHHE CETEBOTO KOJWPOBAHUS TO3BOJISICT
yAYYIIATh MPOMYCKHYIO CITIOCOOHOCTH CETH B I1E€JIOM, B JBONYHO-CUMMETPUIHOM
KaHalle CO CTUpPAaHUSIMH TPU HAJTUYUM OIIMOOK B KaHajmax mepemadnd (B
paccmarpuBaeMoM HaMm| citydae 310 KaHael T — Y, W — X u U — Z) sddexr
OT HCIOJIb30BAaHUS CETEBOTO KOAMPOBAHUSA IMPHU YBEJIMUYECHUH BEPOSITHOCTHU

cTupaHusi 6uta ymeHbinaercs. Hampumep, kak mnokazaHo Ha rpaduke 1.5

20



st neomyHoro MIIII-koxga nnmuHoN 96 OUT M CKOpoCThIO OKoJio 1/2 addext

npomnajaaet npu p > 0.26. I'paduk nocTpoeH npu ClAeAyOMHUX YCIOBUAX:

1. mepenava 6e3 ceTeBOro KoaupoBaHus 0e3 omuOoK TpeldyeT 5 ureparuii;
2. mepenaya ¢ CETEBbIM KOJUPOBAHUEM O€3 OMIMOOK TpedyeT 4 uTepalny;

3. ommbOKa mpu mepenade TpeOyeT MepernochUIKH, HAa KOTOPYIO TpaTutcs 4

UTcpanuu B 000ux ciIy4daiax.

N
N

-
N

-
o

o]

Bpems nepeaaun, Bkntoyasi NoBTopbl (LLAroB)

0,1 0,15 0,2 0,25 0,3 0,35 04 0,45 0,5
BeposiTHOCTb cTMpaHus 6uta
B Be3 ceTeBOro Ko- ¢ C ceTeBbIM KOOU-
ANpoBaHus poBaHuem. CtaH-

OapTHbIA anroput™
LAEKOAMPOBaHNS.

Puc. 1.5. Bpems mepenauu KoJOBOrO BEKTOpa ¢ y4ETOM HEOOXOAMMOCTHU IMEPETOChUIKH BETOpa

IIpH OIIIHOKE JACKOAUPOBAHUA

C 1enblo yMEHbIIECHHUS BIUSHUS CETEBOTO KOJIUPOBAHUS HA XapaKTEPUCTUKHU
JEKOJIMPOBAHUS MPEAJIOKEH HOBBIM aJITOPUTM HUCTIPABIICHUS OIMOOK HAa OCHOBE
CTAHJAPTHOIO AJITOPUTMA C KECTKUM JEKOJAUPOBAHUEM C aJITOPUTMOM Iepe/iadn

COOOIIIEHH.
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1.4. HoBbIil 2JITOPUTM HA OCHOBE AJTOPUTMA Mepeaaqyu

COOO0IIeHu M

PaccMoTpuM HOBBIN aJITOPUTM OJTHOBPEMEHHOTI'O BOCCTAHOBJIEHUS KOJIOBOTO
BEKTOpa W IOMCKA W HCHpaBieHUs B HEM OMMOOK Ha OCHOBE JEKojiepa C
UTEPaTUBHBIM aJTOPUTMOM Tiepenayun cooOuieHnid. HoBbIN alropuTM, Takxe Kak
U OpPUTMHAJIBHBIA, MOXHO OOOOIIMTH M Ha OOJbIlIEe YMCIIO YacCTEH, Ha KOTOPOE
ObLT pa3enéH UCXOMHBIN KOOBBIM BEKTOpP M.

Wes HOBOro aropurma B TOM, YTO JEKOAEP NOJDKEH CaM OCYLIECTBIISITH
U BOCCTAHOBJICHHE HCXOJHOTO COOOILIEHHS M’ W3 HPUHATHIX COOOIICHHH, U
BOCCTaHaBIMBaTh cTtupaHus. PaccMmorpum paboTy mogoOHOro naekojaepa Ha

cienytoiieM npumepe. IlycTs 3aana npoBepoyHas MaTpuiia:

101101
H={0101T11 (1.7)
111010

[IpoBepouyHass mMarpuna UMeeT 4 €IUHULBI B KaXKIOM CTPOKE U 2 €IWHMIIBI B
KaX/I0M CTOJIOIIe, TO €CTh €€ MOXHO paccMarpuBaTh Kak MpUMeEp MPOBEPOYHON
Marpuilpl ABoudHoro MIIII-koga. CkopocTh Koja C JaHHOW MIPOBEPOYHOM
Mmatpuiieil paBHa 1/3 (panr marpuiibl paBeH 2-M). CTaHIapTHBIA UTEPATUBHBIN
JIEKOJIEp Ha OCHOBE aJITOpUTMa IepeAayu cooOuieHud Oyaer paboTtaTh co

caenytouum rpadom TanHepa:

[]

Puc. 1.6. I'pad Tannepa qsa nsonunoro MIIII-koxa ¢ mpoBepouHoii Matpuneit 1.7
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Jaunueiii rpad umeer 2 rpynmbl BEpIIMH — 6 CUMBOJIBHBIX, OTHOCSILIUXCS
K cTOJI01IaM IPOBEpOYHON MaTpulibl H (M COOTBETCTBYIOIIMM CHMBOJaM-OUTaM
KOJJOBOTO BEKTOpa), U 3 NPOBEPOYHBIX, COOTBETCTBYIOIIMX TPEM CTpPOKaM
IIPOBEPOYHOM Marpulbl. Jlamee B kayecTBe mpuMepa pacCMOTpPUM Cllydaw,
KOTZIa Y3€J-OTIIPABUTENb S OTHPABIAET ABE YaCTHU MCXOMAHOIO KOJAOBOIO BEKTOpA

CICAYIOITUM 00pa3oMm:

m=(1 11010)
az(l 1 1) (1.8)
b:(O 1 0)

Ha y3me W npoucxonut auHeiHass KOMOWHAIIAS BEKTOPOB:
a@b=(101) (1.9)

IIpu mepengade BEKTOpa a IO ABOMYHOMY KaHaly cO cthupanusmu I° — Y
U IIpu nepenade Bekropa a @ b mo xaHanmy X — Y IPOUCXOAUT IO OAHOMY
CTUPAHHUIO, B PE3yJIbTaTe Yero MPUHATHIE y3JI0M Y COOOIICHHS UMEIOT BU:
m1:a+e1:(? 1 1)
(1.10)
m2=a®b+e2:(1 0 ?)
TJIE €], €, — HEKOTOPbIE BEKTOPhI OIIMOOK, O3HAYAOIIHNE MPOUCXOAIINE CTUPAHUS

[Tocne BoccTaHOBIEHUS! BEKTOpA M’ OH UMEET YK€ TPU CTUPAHUS:

a’'=m = ( ? 1 1)
b =mem=(217) (1.11)
m=alb' =(2 1121 ?)

HtepaTtuBHbI AeKoaep, pabOTAIOMIMIA 110 aJIrOpUTMY Hepeadn COOOIICHUIH,

HE CMOKET BOCCTAHOBHUTH BCE OMTEI KOJOBOI'0 BCKTOpaA. Ha IICPBOM IIare ¢

MOMOIIBIO TPEThEH MPOBEPKU OH YCHEIIHO BOCCTAHOBUT MEPBBIA OUT, OIHAKO
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Puc. 1.7. TI'pap Tanuepa mns nBoumuHoro MIIII-koma ¢ mpoBepounoit marpuneid 1.7 ¢

CUMBOJIBHBIMH Y3JIaMH, 3aIIOJIJHCHHBIMH 3HAYCHUSAMUA U3 IIpUMEPA 1.11

Q. O OO © O @

[] []

Puc. 1.8. I'pad Tanmnepa ans nsomunoro MIIII-xona ¢ npoBepounoit marpuueit 1.7 ¢
CUMBOJIbHBIMH y3JIaMH, 3aIIOJIHEHHBIMH 3HaueHUsMH U3 npumepa 1.11 mocne nepsoit urepanuun

aJTOpPUTMA TIEpeIaun COOOIICHHIA

MOCJI€ ATOTO W MepBasi, U BTOpask OCTaBIIUECs MMPOBEPKU OyAyT CBSA3AHBI C IByMS
CHUMBOJIBHBIMU y3JIaMU C HEM3BECTHBIM 3HAYECHHSIMHU, KaK MOKA3aHO HA PUCYHKE
1.8. Bo3HMKaeT OTKa3 OT JIEKOJIUPOBAHUSI.

OnHako JEKOJepy MOXKHO «ITOCKa3aTh», YTO HAa CaMOM JeJIe COOOIICHHE,
KOTOPOE OH MBITAETCS JIEKOAUPOBATh CBSA3aHO C MPUHATHIMU COOOIICHUAMU. [
storo B rpad TanHepa 100aBISIOTCS CHUMBOJIBHBIE Y3JIbl, COOTBETCTBYIOIIWE
IPUHSATHIM COOOIIEHUSAM, a TAKXKE Y3JIbl «IIPOBEPOK», CBSI3bIBAIOIINX MPUHATHIC
COOOIIEHUS U BOCCTAaHABIMBAEMBIN KOJOBBIM BEKTOP, KaK MOKa3aHO HAa PUCYHKE
1.9.

B takom rpade Tannepa nexkoaep, paboTarOUIi MO aITOPUTMY Iepeaadn
COOOIIIeHUH, TIOCJe BOCCTAHOBIICHHS IIEPBOTO OHMTa BEKTOpa M’ TaKke
BOCCTAHOBUT TIEpPBbIM OUT Bekropa m;. OJHAaKO NEpBbIA OUT BEKTOpa my,

NEpBBIA OUT BEKTOpa My M YETBEPTHIA OUT BEKTOpa M’ CBS3aHBI OTHOIICHHUEM
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Puc. 1.9. I'pad Tannepa aist ABOMUHOTO HU3KOTUIOTHOCTHOTO KOJIa C MPOBEPOYHOM MaTpuiie 1.7,

JIOTIOJIHEHHBI CUMBOJIBHBIMH U IIPOBEPOYHBIMU y37aMH Ha ocHoBe 1.11

1.11 ¥ COOTBETCTBYIOIIEN IPOBEPKOM, YTO MAAET BO3MOXKHOCTH JEKOAEPY
BOCCTAHOBHUTH 4-bIii OMT BekTOpa M’, Kak moka3aHo Ha pucyHke 1.10. Ilocrme
ATOTO OJHA W3 JBYX «HIDKHHX IPOBEPOK» BOCCTAHABIMBAIOT MOCICIHUA OUT
BEKTOpa m’.

XoTsl B pe3ynbrare padoThl JAaHHOTO alropuTMa ObLIM BOCCTAHOBIIEHBI KaK
OWTHI BeKTOpa M’, TaK U OMTHI BEKTOPOB M; U My, HAC MHTEPECYIOT TOIBKO
outsl m’. boree Toro, Tak Kak KoJ CUCTeMAaTU4ecKui (10 MepBbIM JByM OUTam
KOJIOBOT'O BEKTOPA), TO Ha CAaMOM JI€JI€ HaC MHTEPECYIOT TOJbKO MEPBBIE /1B OUTA,
a B JIaHHOM CJIy4ae ¥ OPUTHHAIBHBIA aJTOPUTM KOPPEKTHO WX BOCCTaHABIIMBAJL.
Opnako B Ooryee o0IIeM ciy4yae pacIIUPEHHBIM aJlrOpUTM BOCCTAHABIMBAET
OoJIbIIIEe KOJIMYECTBO OUT.

HoBerii gaHHBIM anropuT™M He Tpedyer MoaudUKaIlUK JeKoaepa.
Jloctarouno OynaeT MoauUIIMPOBATh BXOJHBIC JAHHBIC JIEKOAEpa, JT00aBUB Ha
rpade TaHHepa HOBBIC CHMBOJIBHBIC BEPIIMHBI, COOTBETCTBYIOIIUE MPHUHSTHIM
BEKTOpaM M| ¥ My, a TAaKKXe HOBBIE NPOBEPKU, COOTBETCTBYIOLIUE CBSI3SIM

MCXKAY HIPUHATBIMHU COO6HI€HI/I$IMI/I N BOCCTAaHABJIMBACMbIM KOJOBBIM BCKTOPOM
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Puc. 1.10. Ipad TanHepa ans JBOMYHOTO HU3KOIUIOTHOCTHOIO KOJAa C IPOBEPOYHOM
Marpuuei 1.7, 1ONOJIHEHHBI CUMBOJIBHBIMUA M IIPOBEPOYHBIMM y31aMH Ha ocHose 1.11 mocie

TpEX UTEpalMil aJITOPUTMA Mepeayd COOOLIEHUM

m’. JIaHHBINA aJTOPUTM MOKHO OIUCATh CICAYIOMHNM 00pa3oM:
[TocTpouM HOBBIN BEKTOP X KaK KOHKaT€HAIIUIO YACTUYHO-BOCCTAHOBJIIEHHOTO

BEKTOpa U MPUHATHIX COOOIICHUMN:
X = m’[jmy |/m, (1.12)

KonmnyecTtBo OUT B BEKTOpE — YABOCHHAs JIJIMHA KOJAOBOTO BEKTOpa m'.
[Iycts H — mpoBepovHasi MaTpuila BEIOPAHHOTO JBOMYHOTO HU3KOIJIOTHOCTHOTO

KoJa pazMepoM n X k. [IocTpouM HOBYIO, pacuiuperuyo npogepoyuHyo Mampuy)y:

H 0,k
H' = El Ol,l El Ol,l s (113)
0, E E E

Ecmu OpUI'HHAJIbHAA ITPOBCPOUYHAA MaTpulla ABOUMIHOTO HU3KOIINIOTHOCTHOI'O

26



xkojga H 3anana 1.7, To pacwupennas nposepounas mampuya OyneT UMETh BUJ:

101101000000
010111000000
111010000000
100000100000

H=l010000010000 (1.14)
001000001000
000100100100
0000100100T10
000001001001

Ilepebie k (mepBeie 3 mna 1.14) cTpok HOBOW MPOBEPOYHOM MATPHULIBI
ABIJISIIOTCA OPUTHMHAIBHOM MPOBEPOYHOM MaTpULEH, JOMOIHEHHON HYISIMU. OJTH
CTPOKH COOTBETCTBYIOT OPUTHHAJIBHBIM IpoBepkaM B rpade TaHHepa, Kak OHU
n3o0pakeHpl Ha pucyHke 1.6. Jlanee umyt n/2 ctpok (ctpokum 4-6 mis 1.14)
COOTBETCTBYIOIIME MPOBEpPKaM, cBsi3biBatomuM m’ 1 m;. [locnennue n/2 cTpok
(ctpoku 7-9 nnst 1.14) cOOTBETCTBYIOT MPOBEPKAM, CBA3BIBAIOIIMM My, My U m’.

Pacmiupennsiii rpad TanHepa W paclIMPEHHYIO HPOBEPOUYHYIO MaTPUILY
MOXKHO TaKXe COCTaBUTh TaKhUM o0O0pa3oM, uTOObl OHa OTpakala HE TO,
KaK M3 MPUHATHIX COOOIIEHHWH My W My IMOJy4aeTcss BOCCTaHABIMBACMbBIN
KOJOBBIA BEKTOp m’, a TO, KaK U3 M3HAYaJIbHOTO KOJIOBOTO BEKTOpa m
NOJIy4aloTCsl MPUHATBIE COOOIIEHUs m; U my. Jljig paccMaTpuBaeMoro HaMu
npumepa (OpUrMHaibHOM MpoBepouHor Marpuilbl 1.7 u ycnoBuit 1.10) HOBBIN
pacuupeHHsii rpad TanHepa nu3zoOpaxén Ha pucynke 1.11.

JlanHOMY Tpady COOTBETCTBYET ClIEAYIONMIAs PAacIIMPEeHHas MATPHIA:
H 0,k
H =| E 0; E 05 |- (1.15)
E, E 0y E
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Puc. 1.11.

Marpuuei 1.7, 1oNoIHEHHbI CUMBOJIBHBIMHU U IIPOBEPOYHBIMU y371aMH Ha ocHoBe 1.11

p—

o O
_ O O = O

0
0

0

0
0
1
0
0
1

S o O O
S = O O o O

0
0

[E—

—_ o O O O O o =
S O o o O

-

o o O

o o o = O O O O

S O o o O

S O =, O O O O o O
S = O O O o o o O

0

o o O o o o o o

[Em—

I'pap Tannepa ans ABOMYHOTO HHU3KOIUIOTHOCTHOTO KOJa C MPOBEPOYHOM

(1.16)

B paccmarpuBaemMom Hamu mpumepe rpad TaHHepa W COOTBETCTBYIOIIAs

paCcHIupCHHAasA IMPOBCPOYHAA MaTpulla HEC CUJIBbHO OTIHNYAKOTCA OT HpI/IBeI[éHHBIX

panee,

UCIPABIICHUS OIIUOOK.

4TO IMIPUBOAUT JIMIIb K HC3HAYUTCIBbHOMY YCKOPCHHIO aJI'OpUTMa

Onnako B Oonee oOmeM ciaydae (¢ OOJIBIIMM

KOJIMYECTBOM 4YacTei, Ha KOTOpbIE JCIUTCA MCXOJHBIA KOJOBBI BEKTOP)

U3MEHEHUS MOTYT OBITh 3HAUYMTEIbHBIMH. MOXHO CKa3aTh, 4To marpumna 1.15

noiay4daercss U3 Marpuubl 1.13 mpuBeneHHEM MpaBOM HUKHEH 4YacTH MaTpPUIIbI
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K JUaroHajlibHOMY BUAY MetonoM l'aycca. OOparHas omepaiusi — IpUBEIACHUE
JIEBOW HUKHEW YaCTH MATPHUIIbl K IUArOHAJIBHOMY BHUIY, Takke MeTofgoM [ aycca.

B nanpHeitmem OynmeM paccMmarpuBarTh TOJBKO MarTpuilsl Buja 1.15, umeromiue

CIIEYIONIYIO0 CTPYKTYpPY:

e JICBas BEPXHSS 4YACTh SBJISECTCA KONHEW OPUTHHAIBHOM IMPOBEPOYHOU

Marpulbl kojga H,
e [IpaBas BEPXHsS YaCTh paBHA HYIISIM;

e JIeBasl HIDKHSIS YacCTh MPEJCTABIAECT COOOM IPYIITy U3 €IUHUYHBIX MATPHIL,
3aIal0NIMX TPABWIO JIUHEHHONW pPEKOMOMHAIIMM COOOIIECHUHN, KOTOPhIC
MPUXOAAT Ha MPOBEPOUHBIM y3el. B paccmarpuBaeMOM mnpuMepe 3TH

IMpaBnujida MOKHO OITMCATh HpOCTOfI ManI/II_Ieﬁ

1 0
11

(1.17)

KonuuecTBO cTONOLIOB B Marpuile COOTBETCTBYET KOJUYECTBY 4YacTel, Ha
KOTOpbIe OBbLT pa3fie’éH UCXOIHBIN KOJOBBIA BEKTOP M, KOJIUYECTBO CTPOK
COOTBETCTBYET KOJIMYECTBY NPUHATHIX cooOmieHuil. B olmem ciyuae

MaTpHIla MOKET OBITh HE KBaJAPAaTHOM,

® IIpaBas HWKHAA 4aCTb — AWMAroHaJibHasa MaTpuia.

Pacmiupennast nmpoBepouHas mMarpuna 1.15 ucnonbs3yercs Kak mpoBepovHast
MaTpulla JBOMYHOTO HHU3KOIUIOTHOCTHOTO KOJa Jisi MCHpPaBICHUS OLIMOOK
(ctupannii) B Bekrtope X (1.12). Ilocne ucnpaBieHust omMOOK, €CIIU BCE
CTUpPAaHUS UCHPABIEHBI, MEpPBbIe n OUT BeKTOpa X (MO AJUHE OPUTMHAJIBLHOTO
BEKTOpa M) UCIOJIb3YETCS KaK pe3yabTar AEKOAUPOBAHUS.

YucneHHoe MOIETMPOBAHNUE JAHHOTO AJITOPUTMA MPOBOAUTCS AaHAJIOTUYHBIM

o0pa3zom:
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® JCIIOJB3YCM OIIMCAHHYIO BBIIIC MOJCIIbL CCTHU «babouka» ¢ JABOHNYHBIMHU

KaHaJIaMH CO CTUPAHUCM,

® HCIOJIB3YETCSl PEryJasipHbI JIBOMYHBIN (3,6) HU3KOIUIOTHOCTHBIA KOJ
GHG.p seed=963 N=96 GH/spec3 > GHC/96.3.963, u3 sHUUKIONEINN
HM3KOILJIOTHOCTHBIX KomdoB MakKes [28]. Cxopocth koma 15/32

(nmpumepso 1/2);

® KOJOBOE CJIOBO M pa30MBaeTcs Ha JiBe 4acTH a U b paBHOW nnuHBI B 48

OuT.

1,000

0,100

0,010

BepoaTHOCTL oumbKK Ha 610K

0,001
05 045 04 035 03 025 0,2 0,45 01

BepoaTHOCTb CcTUpaHua

B Ee3ceteBoro V CtaHgapTHblh <1 YydLEHHbIN
KOAUpOBaHWA anroputm anropuTMm

Puc. 1.12. YBenuuenne Kom4decTBa OMIMOOK M3-3a HEOOXOIMMOCTH BOCCTAHOBIIEHUS COOOIIEHUS

Ha IIPpUHUMAOMIEM Y3JIC

Pe3ynbrar uncieHHOro MOAEIHpOBAaHUS TMOKa3aH Ha pucyHke 1.12. Kak
BUJTHO U3 rpaduka, HOBBIM alNrOpuTM Ja€T 3HAYUTENBHOE YIy4lICHUE,

HpI/I6J'H/DKa$I I[BOH‘lHBIﬁ HHU3KOIJIOTHOCTHBIN KO, HCHOHBSYGMBIfI C CCTCEBBIM
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KOJIUPOBaHUEM, 110 3((HEKTUBHOCTU UCIIPABJICHUS CTUPAHHM K KOJTY, HCIIOJIb3yEMBbIH
0e3 ceTeBoro kKoaupoBaHus. B pesynbrare o01as npou3BOAUTEILHOCTh CETH
IIPU MCIIOJIb30BAaHUU CETEBOTO KOAMPOBAHUS OyAeT JIydIille 4yeM IMPU OTKaze OT
WCITOJIb30BAHUS CETEBOTO KOAMPOBAHUS TPU BEPOSTHOCTH CTUpaHUS OWTa B
KaHaje He Bbille p ~ 0.33, a Takxke JIy4lle, Y4eM CO CTaHAAPTHBIM aJIrOPUTMOM

JEKOMPOBaHUs, KaK MoKa3aHo Ha puc. 1.13.

Bpemsa nepegauu, Bkntovas NoBTopbl (LUAroB)

0,1 0,15 0,2 0,25 0,3 0,35 0,4 0,45 0,5

BeposiTHOCTb CTUpaHusa 6uta

B Be3 CeteBOro Ko- ¢ C ceTeBbIM KOOU- V' C ceTeBbIM KOOu-
AnpoBaHus posaHuem. CraH- poBaHveM. Ynyu-
AapTHbIA anroput™ LLEHHbIN anroput™
AEKOANPOBAHUS. AeKoaupoBaHUS.

Puc. 1.13. Bpewms nepenauu KOIoBOro BEKTOpa Ha 00a KOHEYHBIX y371a ¢ YIETOM HEOOXOIMMOCTH
MEPENOChIKM BETOpa IMpH OUIMOKE NEKOAMpPOBaHMS O€3 CETEBOr0 KOAWPOBAHHUS, C CETEBBIM

KOAWPOBAHUEM CO CTaHAAPTHBIM U YIIYUIICHHBIM aJITOPUTMOM AJCKOAUPOBAHUSA

C TOYKH 3pEHMS IPOM3BOAMTEILHOCTH, €CIH CKOPOCTH BBHIIOIHEHHS
OPHMTIMHAIBHOTO anroputMa oneHuBactes kak O (N log N), To HOBOTO alropurMa
— O(2N1og2N), To ecTh 3aMemIsieT paboOTy AeKoaepa 4yTh Oojiee 4eM B JiBa
paza. TeMm He MeHee, ¢ YU4ETOM 3HAUUTEIHHOTO BBIMIPHIIIA, KOTOPBINA ITO3BOJISET
CKOMIICHCHUPOBATh HCIIOIL30BAHHE CETEBOI0 KOAMPOBAHHUS, HOBBIA alTOPHTM

CTOUT HCIIOJIB30BATh.
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1.5. Heo0xoquMoCTh NpeIBAPUTEIbHOI0 BOCCTAHOBJICHU S

BeKTOpa m’

Bosnukaer jxenanue UCIOJIb30BaTh HOBBIM alTOPUTM 0€3 BOCCTaHOBIICHHS
m’, TO €CTh CUMTATh MEPBBIC 7 OUT BEKTOpa X, MOJIABAEMOr0 Ha BXOJ JEKOAepa
Ha OCHOBE aJITOpUTMa Mepe/aud COOOILIEHUM CTEPTHIMM U HE TPATUTh BpEMs
Ha BOCCTAHOBJIEHME M’ W3 NPUHATHIX cOOOIIeHUH. Benp eciau cBI3UM Mexay
OuTaMu MPUHATHIX COOOIICHHUI U BeKTOpa m’ 3akpermieHsl B rpade Tannepa (B
IPOBEPOYHOM MaTpHIIE), TO IEKOJEp IOJDKEH caM BOCCTAaHOBUTH M’ U3 OUTOB
OPUHATBIX cooOmeHnid. Takoi TOmXoA NEHCTBUTENBHO paboTaeT B Cirydyae
MPOCTEUIIIEH MOJEIN CETH C CETEeBBIM KOAWpOBaHHEM ''<Oabouka'> um maxe
TA€T BBIMTPBINI MO BPEMEHHU, YAaCTUYHO HUBEIUPYIONIUN 3aMeJjieHUue paldoThl
nexonepa. OgHako B Oosee CIOKHBIX Cydasx, KOTia HCXOJHBIN KOJOBBIM BEKTOP
paznensiercs Ha OOJbIlIee YKCIO COOOIIEHUHM, JNaHHBIM CIOCOO ONTUMH3ALUU
MOXKET MPUBECTHU K MOTHOMY OTKa3y paOOThI IeKo/Iepa MPU HEKOTOPBIX YCIOBHSIX.

PaccmoTpum Monens cetu, n300paxEHHyo Ha pucyHke 1.14. Y3en-ucTouHuk
BbIOMpAET HEKOTOPBIM KoJ0BBINM BekTop ABonuHoro MIIITY-koxa. On pazgenser
ATOT BEKTOp Ha TPH paBHBIE 4YacTu a, b, ¢ (mpu HEOOXOAMMOCTH HOTMOTHSIS
MOCJIEIHIOI YacTh OAHUM WJIM ABYMsI HYJISIMU). OTHU 4acTH OTCBHUIAIOTCS y3JaM
T; xoropwie mnepechulalOT ux painee ysznam U;. Ha ysmax U; npoucxoaut
JUHENHas pEeKOMOMHAIMsl MPUHATHIX MAKETOB, MOCJE YEro OHU OTMPABIIAIOTCS
Y3JIy-I1I0JIyYaTelto Z.

VY3en-nonyyarens Z NTPUHAMAET HA BXOJ TPU BEKTOpA:

m =adb+e
m=adbdc+e (1.18)
m;=b®&c+e;

I7ic €;, €, €3 — HEKOTOphIe€ BEKTOpPHI OMMOOK (CTUpaHWil). Y3el-Moiaydareib
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Puc. 1.14. Monenb ceTd ¢ HECIyYallHbIM CETEBBIM KOJWPOBAHHUEM U pa3leieHUEM

nepeaaBacMoro COO6HI€HI/I${ Ha TpHU 4aCTH

COCTABJISIET CJICAYIOIIYI0 CUCTEMY YPaBHEHUMU:

a’ I 10| m
b l=[11 1] m (1.19)
¢ 011 ms;

[Tocne vero pemaet e€ meogom ["aycca, momyuyas:

’

a=m,®m;
b’ =m; ®m, ®m;y (120)

¢ =m e&m,

CrapbIM aJIropuTMoM y3eJ-ToJydareib BbIYHCISIET BekTop m’ = a’||b’||¢’

U uchpapmsieT B HEM ommOKku. Eciaum wucmons3yercss HOBBIM alTOPUTM, TO
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y3eJ-ToJy4aresib BBIUMCISAET PACIIMPEHHYI0 MpOBEepouHyro wmartpully H' u

BCKTOP X JJIsI UCIIPABJICHUS B HEM OIIIHOOK:

H Ok
E E O
= (1.21)
E, E E E,
0, E E
X = m’||m;|/m;|/m; (1.22)

rae [ = [n/3] — anuHA BEKTOPOB a, b, ¢ ¥ IPUHATHIX COOOIMICHUN M, My, Mj.
[Tocne yero Taxxe UCHPABIAET OLIMOKK alTOPUTMOM IEpelayd COOOIIEHUM, HO
y’K€ B BEKTOPE X C MCIOJIb30BaHUEM MPOBEPOUHON MaTpullbl H'.

OpnHako, e€ciau TOMNBITATbCS ONTUMHU3UPOBAThL HOBBIM METOA U HE
BOCCTAHABJIMBATh M’, a CUMTaTb COOTBETCTBYIOIIYK) €My 4YacTb B BEKTOpE
X CTEPTOM, TO aNroputM paboTrath Ha Yy31e Z He Oyzder. Yto0s1
OPOWJUIIOCTPUPOBATh 3TO, paccMOTpUM dacTh rpada TaHHepa, KoTopas
COOTBETCTBYET MEPBbIM OUTAM Ka)J0Tr0 U3 MPUHATHIX COOOIIEHUN M|, My, M3 U
COOTBETCTBYIOIIMX OMT BekTopa m’. CooTBeTcTByIolui rpad TanHepa mokazaH
Ha pucyHke 1.15.

Kax BugHO U3 puCyHKa, €Clid IPeABapUTEIbHO HE BOCCTAHABIMBATH M’, TO
B rpadge Tannepa He OyzeT HU OIHOTO y3ja MPOBEPKU, KOTOPBINA ObI MMEIN 0011Iee
peOpo TOJNBKO C OAHMM CHMBOJBHBIM Y3JIOM cO cTUpaHueM. C TOYKH 3pEeHHUS

MIPOBEPOYHON MATPHIIBI MOKHO C(HOPMYIUPOBATH CICAYIONIYIO JIEMMY:

Jlemma 1.5.1. Ilycmbv 6occmanasnusaemvlii.  0eKOOEpoOM  KOOOBbIU — BEKMOD
o0gouuynozo MIIII-xo0a X mooicem OGvimb pazdoum Ha 0ge ecpynnvl O6uUmMo8 X| U

Xy maKum 06pa30M, umo.

1. nepeas epynna bumos cmépma,
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Puc. 1.15. I'pad TanHepa ¢ AOMOTHUTENBHBIMH Y3JIaMU 0€3 MPEIBaPUTENHLHOTO BOCCTAHOBIICHUS

’

m

2. Kadcoas cmpoka npogepoyHol Mampuybl COOMBEEMCmMayoue2o0 080UYHO20
MIIIIY-ko0a ¢ pasubimu edunuye bumamu, coOomeemcmeyruuUMy nepeoll
U 8MOPOU 4acmu NPUHAMO20 8eKMOopa, umeem, KaKk MUHUMYM, 06a obuma,
PABHBIX eOuHuye, KOmopvle COOMBEMCmMEYIon Nepeou 4acmu NPUHIMO20

gekmopa.

Tocoa cmupanus 6 nepeou uacmu X| HPUHAMO20 KOO0B020 6EKMOpad X He
Mo2ym 6blmb 80CCMAHOBIEHbL C NOMOWBIO UMEPAMUBHO20 ANICOPUMMA Nepedayu

co0OWeHUL.

AHanornyasIM 00pa3oM Ha JBE TPYIIBI JENISATCS COOTBETCTBYIOLIUE OUTaM
CTOJIOLIBI MPOBEPOUHOIN MaTpPHUIIbI, & TAKKE CUMBOJIbHBIE y37bl Tpada Tanuepa.

CTpoKM MPOBEPOYHOI MATPUIBI MOKHO Pa3ICIIUTh HA TPU TPYIIIIbL:

® NMCIOIMUMC CAWHUIIBI B CTOJ'I6HaX, COOTBCTCTBYIOIIIUX TOJILKO HepBOﬁ

rpymrme OuT;

e HMEIOIINE SAUHUIIBI B CTOJIOIAX, COOTBETCTBYIOIINX M TEPBOM TpyIIIe, U

BTOPOM TpyIIne OuT;
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e UMCIOIIUE EAWHUIIBI B CTOJOIAX, COOTBETCTBYIOIIUX TOJIBKO BTOPOM

rpynme OuT.

Kax o Takol CTpoke COOTBETCTBYET MPOBEPKA, TO €CTh Y3€J MPOBEPKA B
rpadpde Tanuepa. Y3nwl nmpoBepok B rpade TanHepa 0ObeAMHUM aHATOTUYHBIM
obpazom.

Ha nepBoil urepanuu aiaroputMa IepBas rpylia y3JloB MPOBEPOK Oyaer
CBSI3aHA TOJIBKO C TEMU CHMBOJBHBIMH Y3JIBIMH, OWTBI KOTOPBIX CTEPTHI,
MO0TOMY HUKAKUX M3MEHEHHWH B MEPBYIO TPYITy OUT 3T MPOBEPKHU HE BHECYT.
Kaxxnas u3 mpoBepok BTOpO#l Tpynmbl OyzeT CBsi3aHA KaK MUHHUMYM C JBYMS
CUMBOJIBHBIMU y3JIaMH U3 TIEPBOM IPYIIIBI (COMTACHO YCIOBUIO JIEMMBI), OJTHAKO,
COOTBETCTBYIOIIME MM OUTHI CTEPTHI, MOATOMY H3MEHEHUW B OUTax NEpBOU
rpynnsl Takke He Oyaer. Hu onHa u3 mpoBepoK TpeTheil rpyIibl HE BHOCHUT
U3MEHEHHUs B OUTHI MEPBOIl IPYIIIbI, TAK KaK HE CBS3aHA C COOTBETCTBYIOLIMMU
CUMBOJIBHBIMU y3JIaMHU.

B pesynbrare mociie OKOHYaHWS TIEPBOM HWTEpalil Bce OWUTHI TIEPBOU
IpyNMbl TaK U OCTAHYTCS CTEPTHIMH. AHAJIOTMYHAS CUTyalusl MPOUCXOIUT Ha
nocleaymux urepamusax. Yto u TpeboBaioch J0Ka3aTh.

Kak crnenyer w3 JeMMbl, €ciau i1 BEKTOpa X HE BOCCTAHABIIUBATH
peIBapUTENIbHO BEKTOp M’, a MPOCTO 3alOoJHUTh CTUpaHusIMU (3TO Oyaer
COOTBETCTBOBATh NEPBOM rpyIine OUT), U JOMOIHUTh TPUHITHIMUA COOOLIEHUSIMU
(BTOopass rTpynma OWT), TO U3 OCOOCHHOCTEHl MOCTPOCHMS PpPaCIIUPEHHOMN
IPOBEPOYHOM MaTpuilel H' 1t paccMarpuBaeMoro ciydasi (yIoBIETBOPSIOIICH
YCIIOBUSIM JIEMMBbI) CTUPaHUS B MIEPBOM YaCTH BEKTOPA HE OyIyT BOCCTAHOBIICHBI.
Takast cuTyaiusi BOZHMKAeT, €CIM Ha MPUHUMAIONIECH y3€J MOCTYHAalT TOJBKO
COOOIIIEHUS, CONeprKallue JIMHEeHHble KOMOUHALMKA KaK MUHHUMYM JIByX 4YacTeu
MCXOJTHOTO KOJIOBOT'O BEKTOPA M HET HU OAHOIO TAKOTO COOOIIEHHUS, KOTOPbI Obl

COACPIKAI TOJBKO OJHY YaCTh MCXOAHOI'O KOAOBOI'O BEKTOpA M.
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1.6. BO3MOKHOCTH MCIIOJIB30BAHUSA UH(OPMALIMM U3

JOMOJTHUTEJIHLHBIX COOOIIeHU

PaccmorpuM Monenb ceTH, B KOTOpPOM OJWH M3 KOHEYHBIX Y3JI0B Ha
BXOJI TTOJTydaeT OOoJjbIlie COOOIICHUN, YeM €My MO0 Obl OBITh HEO0OXOIUMO
B HMJICAIBHOM cClIy4ac ISl BOCCTAHOBIICHHS cooOmeHus. Ilpumep Takoit cetn

npuBeIEH Ha puc. 1.16.

a b

Puc. 1.16. Monenb cetd ¢ CETeBbIM KOAMPOBAHMEM, B KOTOPOH OIMH M3 Y3JIOB MOTyYaeT

N30BITOYHOE YHCIIO COOOIIEHNIT

B pgaHHOM MOAEenu CeTH MCXOOHBIA KOJOBBIM BEKTOP M pa3Aeisiercs
y3JIOM-UCTOYHUKOM S Ha JBe yacth a u b. Ha npomexyrounom yzne W
MPOUCXOIUT JIMHEITHAS pEKOMOMHAIINS COOOIIEHUN, OCTAIbHBIE MPOMEKYTOUHbIE
y3nbel T u U mepenaroT MpUHATHIE YacTh O0e3 m3MmeHeHumil. Kananel T — X,
W — X u U — X aBis10TCS KaHaJaMU CO CTUPAHUEM (BEPOATHOCTb MPABUIHLHOM

nepegaun OuTa g, BEpOATHOCTh CTUpaHus outa p = 1 —¢g). Y3en X nonydaer Tpu
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COOOIIIEHUS:

m; =a-+e
m =adb +e,, (1.23)
m; =b+e

T7Ie €, € U €3 — BeKTOPhI OMHMOOK (CTUpaHus).

B ciydae ucnonp3oBaHUS CTaHJAPTHOTO aJIrOpUTMa BTOPOE COOOIICHHE
Oyaer OTOpOIIEHO. Teoperndyecku BO3MOXKHO MCIIOJIB30BAHUE JTAHHOTO
COOOIIIEHUs AJI1 BOCCTAHOBJIEHUSI OTAEIBHBIX CTEPTHIX OUTOB, HApPUMEp, €ClIU
ONpeNeaEHHbI OUT OKaXXeTcsl CTEPTHIM TOJBKO B TEPBOM COOOIIEHUU, TO
UCIIOJIb3ysd OWUTBI BTOPOTO U TPETHETO MOXKHO OBUIO OBl MX BOCCTaHOBUTb.
Opnako MONOOHBIX MEXaHU3M TpeOyeT MO0paOOTKH CTaHJIAPTHOTO ajlropuTMa
JNEKOIMpOBaHusA. B ciydae ke HMCHONb30BaHUs aJNrOpUTMA C PACLHIMPEHHOU
IPOBEPOYHOM MATpHUIIEl BCE TPH COOOIIEHHUS MOTYT OBITh HCIOIb30BAHbBI
JUIsI BOCCTAHOBJIEHUSI MCXOJHOTO KOJOBOTO BEKTOpa 0€3 BCSIKOM JOpabdOTKH

anroputma. JlJis 3TOTO ONpeAeuM pacliMpeHHYI0 MPOBEPOUYHYI0 Mmarpuily H’

Kak:
H Ok,%n
| E o
H = (1.24)
E E  E,
0, E
A BEKTOp X, KOTOPBIi Oy/IeT 1oaBaThcs Ha BXOJ JAeKOAepa, ONpeaeuM KakK:
X = m’||m;|jm;|/mj3 (1.25)
e
m’ = m;|mj (1.26)

Kaxk BUAHO M3 PC3yJIbTaTOB YHCIICHHOI'O MOICIIMPOBAHMA, ITOKA3aAHHBIX

Ha puc. 1.17, HOBBIM aaroOpuT™M TMO3BOJISET HCIOIL30BaTh HH(POPMAIIUIO
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B Fe3ceteBoro @ CtaHgapTHbiM V' YnyyleHHbIN
KOOUPOBaHUs anropuTM anropuTM

Puc. 1.17. PCS}’J'IBTaTBI YUCJICHHOT'O MOJCIIUPOBAHHUA JJIA CTAHAAPTHOI'O U HOBOT'O aJITOpUTMaA AJIA

Mojenu Ha puc. 1.16

U3 JOTIOJHUTEIBHBIX (M30BITOUHBIX) TMAKETOB [JIS JIYYIIETO BOCCTAaHOBJICHUS
CTUpaHUH, TOTJIa KaK UX MUCIOJIb30BaHUE B CTAHAAPTHOM aJITOPUTME IMOTPEOOBAIIO
Obl Momu(dUKAIMK aIrOpUTMa JEKOIUPOBAHHUA.  3HAYUTEIBHOE YIIYUIICHHUE
JICKOJMPOBAHUS CBSI3aHO C TE€M, 4YTO HOBBIM aJrOpUTM B JaHHOM Clly4yae
(bakTUYEeCKH BOCCTAaHABJIMBAET OIIMOKM B KOJOBOM BEKTOPE JIBOMYHOTO
HU3KOTUIOTHOCTHOTO KOJIa CO CKOPOCThIO 1/3, TOT/Ia KaKk CTaHJapTHBIA padoTaeT

¢ ucxonubiM aBouuHbIM MIIII-k0m0M CcO ckopocThio 1/2.

1.7. BeiBOaBI

B rnaBe onucaHbl IIPUYKUHLBI, IIOYCMY HCIIOJIB30BaHHNC CCTCBOI'O KOANPOBAHUA

BEICT K YMCHBUICHHUTIO MMOMEXO03AIHUIINEHHOCTH IIpyu I1epcaadyc AaHHBIX II0
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JBOMYHOMY KaHaJIy CBA3UW cO cTupanueMm. llpencraBiien cnoco0 u3MeHEHUs
CTaHJAPTHOTO MOAXO0JAa K MCIPABICHUIO OLIMOOK C UCIOJIb30BAHUEM aJITOPUTMa
nepenayu COoOOILIEHU C TMOMOIIBK pacClIMPEHUsi MPOBEPOYHOM MATPULBI U
BOCCTAHABIIMBAEMOI0 KOJOBOIO BEKTOpa.  J[aHHOE W3MEHEHHE YMEHBIIAECT
HEraTUBHBIN 3(PPEeKT OT UCTONB30BaHUs CETeBOro KoAaupoBanus. [lokazaHno, uto
B TPUBUAJIBHBIX CIy4asX BO3MOXKHA ONTUMHU3ALHMS MPEAIOKEHHOIO AITOPUTMA
C ULEJbI0 OTKa3a OT HCHOJb30BaHHUS Merona laycca Mg MpenBapHUTENBHOTO
BOCCTAHOBJICHUSI KOJIOBOT'O BEKTOpAa W3 MPHUHATHIX COOOIEHHUM, OIHAKO B
Oosee CIOXKHBIX Ciy4yasx MOJ0OHas ONTUMM3alMs TMPUBOAUT K OTKa3zy OT

JIEKOTUPOBAHUS.
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['1aBa 2

HoBbIil 2JIrOpUTM MOMCKA M UCNPABJICHUS OLIUOOK
B KOAOBbIX BeKTOpax ABou4HbIX MIIII-ko10B B
CeTEeBOM KOAUPOBAHMM JJISl KAHAJIA ¢ AAAUTUBHbIM

0eJIbIM rayCcCOBCKMM LIYMOM

2.1. Ucnosib30BaHue MATKOTO UTEPATHBHOIO 1€KOAMPOBAHUS
ABOMYHBIX HU3KOIJIOTHOCTHBIX KOJ0B B CETEBOM

KOTUPOBAHUU

PaccmoTpum mMonens cetn 6abouka [2].

Ucxonupiii komoBeiii Bektop MIIITU-koma m pa3buBaeTcss Ha JBE 4YacTu
a u b u nepemaérca nBym nomywarensm Y m Z. llpu nepegaue B yactu
COOOIIEeHUST BHOCITCA OIIMOKH €;. byaem cumTarh, 4TO OIIMOKH ITPOUCXOASAT
Ha TPEX OCHOBHBIX KaHallax mepemaun gaHHelx: I’ — Y, W - X u U — Z
(ommOKM mepeayu B OCTAJIbHBIX KaHaiax OyleM UTHOpUpoBarh). Kaxkawlil u3
noJjiyyaresiei, 3Hasi CTPyKTypy CETH, BOCCTAHABIIMBAET BEKTOP M’ U UCIPaBISET
B HEM OMIMOKM MepeAayd ¢ NOMOILIbI0 mpoBepouHod Marpuisl MIINTY-kona.

Hanpumep, 17151 y31a Y 1Ba IPUHSATHIX COOOIICHHS] MOKHO MPEICTABUTH B BUJIE:

m; =aode
2.1)
m,=adbaoe,,

TJIC €] U €, — BEKTOPHI OIITHOOK.

3Has CTPYKTYpPY CETH, y3eJ-1Iodydaresib ¥ BOCCTaHABIMBAET (C OMIMOKaMu)



S

Puc. 2.1. Mogaenb ceTu ¢ ceTeBbIM KoAupoBaHUEM [2]

YaCTU MCXOMHOT0 cooOmenus a’ u b’:

/

a=—m =ade

2.2)
b =m om, =(ade;))d(@adbde;) =bdes.
Jajiee KOHCTPYUPYETCS BEKTOP M’ ¢ MOMOILBIO MPOCTOM KOHKATEHALMH:
m’ =a’lb’ =moe,. (2.3)

Ilocne BoccTaHOBIEHHMST B BEKTOpe M’ JAETEKTUPYIOTCS W HUCHPABIAIOTCS
OLIMOKK C TIOMOIIIbIO BeIOpaHHOW paHee mpoBepouHoi marpuiiel MITTTU-kona.
WcnpaBiienre oOmHUOOK MOXET MNPOBOAUTHCS PA3IUYHBIMH aJITOPUTMAMH, B
TOM YHCJIE HTEPATUBHBIM JIEKOAUPOBAHHEM C PACHPOCTPAHEHUEM JIOBEPUS

«CyMMa-Tipou3BecHUEe»  (aHTII. iterative belief-propagation sum-product
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algorithm) [12]. Kak ormeueHo B pabore Kanra m apyrux [17], momoOHbIH
NOJXO/A, Ppasfeisomuid  (a3bl BOCCTAHOBICHHUS M JAeKogupoBaHus (1100
UCIIPABJISIIOIIUM  OMMOKKM 1O OTIEIbHOCTM B dYacTsiax a’ u b’), Benér k
YXYAIMICHUIO XapaKTEPUCTUK JEKOJUPOBAHUSA TOM YAaCTH COOOIICHHS, KOTOpas
OblJJa BOCCTAaHOBJICHA HA CTOPOHE TONydarelsi W3 JIByX M 0oJjiee MOTyYeHHBIX
BekTopoB (b’ mis y3ma Y).

B pabore Kanra u apyrux [17] paccmarpuBaeTcs nepeaada ABYX KOAOBBIX
BEKTOPOB HU3KOIZIOTHOCTHOTO KOJIa M X OJTHOBPEMEHHOE JICKOJMPOBAHHE JIByMS
JeKoiepaMu ¢ OOMEHOM COOOIIEHUN BO BpeMsl UTEpallMii MEXIy JeKoaepamu
0 BEPOSTHOCTSIX KOPPEKTHOTO BOCCTAHOBJICHHUS OTACIbHBIX OWTOB. JlaHHBIN
MOJIXO/ TIO3BOJISICT YAYUIIUTh XapaKTEPUCTHKUA JCKOJUPOBAHUS, CHACNaB HX
paBHBIMU JUIsi O0OMX COOOIIEHMM, OJHAKO 3TOT CHOCOO CIOXHO O0OOIIUTH
Ha TIPOU3BOJIBHOE YHUCJIO COOOIIECHHM, K TOMY € OH TpeOyeT 3HAuUTEIbHOU
MOIHU(PHUKAIIMKA AJITOPUTMA MCIPABIICHHUS OIMMMOOK JIJIT HU3KOTUIOTHOCTHOTO KOJIa

JJIs1 CETCBOT'O KOAUPOBAHMA.

2.2. HoBblil aJIropuTm JeKOAMPOBAHMS JJIS IBYX YacTel

KOJ0BOI'0 BEKTOPa ¢ (UKCUPOBAHHON CTPYKTYPOM CeTH

AHaAJIOrMYHO PACCMOTPEHHOMY B MEPBOM IIIaBe, MPEACTABISIETCS HOBBIN
aJTOPUTM, KOTOPBIA 00JaJlaeT HE XYAUIMMH XapaKTEePUCTUKAMU IO CPABHEHUIO
C pa3ielbHBIM BOCCTAHOBICHUEM U WCIIpaBlieHHeM OImuoOoK. B manbHeimem oH
Oyzmet 0000IIEH HAa TPOU3BOILHOE YUCIO YACTeH COOOIICHUSI.

Bribepem HexoTophIii KogoBbIi BekTop ABomdHoro MIIII-koxa. Ilpomnenypa
€ro mepefadyd Mo CeTH OocTaéTcs Heu3MeHHOM. be3 orpaHuyeHus OOIIHOCTH

paccMOTpuM paboTy KOHEUHOTO y3Ja-noiaydatens Y. OH nNpuHUMAET JBa BEKTOpa

43



m; ¥ m, JUIMHGI [:

m; =aode
(2.4)
m =adbéoe,,
TJIC €| U €, — BEKTOPHI OITHUOOK.
Crnenyrommuii 3Tam — OJHOBPEMEHHOE BOCCTAaHOBJIECHHUE COOOIIECHUS |

ucrpapieHue omubOok. IlocTpouM HOBBIM BEKTOp X KaK KOHKAaTCHAIIUIO HYJIEH

U IPUHSATHIX COOOIEHUM:
x=(0,...,0,my,mp,...,mymy, my,...,0My) (2.5)

IlepBass uacth BekTOpa (HyJM) IO pa3Mepy COBIAJAET C Pa3MEpPOM
UCXOTHOTO coobmmenuss m. Takum 00pa3oM, pa3MEpHOCTh JABOUYHOTO BEKTOPA
X Oynmer paBHa 2/ + 2] = 2n — yIBOGHHOH pa3MEpPHOCTH HCXOJHOTO BEKTOPA
m. Ilycte H — mpoBepodnHass Marpuiia BeiOpanHOro aBomdHoro MIIII-kona.

[TocTporM HOBYIO MPOBEPOUYHYIO MATPUILY:

H 0,k
H =| E 0; E 05 | (2.6)
E E 0 E

rae [ — JIUHA TPUHSATBIX COOOIICHWM m; W My, E; — eIuHWYHas MaTpula
pa3Mepa [ = n/2, tae n — AJIMHA UCXOJIHOTO KOJOBOIO CJI0BAa M, a TaKXe IIMPUHA
(KoJIMYeCcTBO CTONMOIOB) UCXOAHOU MaTpullbl H; 0;; — HyleBble MaTpUIlbl. Takum
00pa3om, pazMep HOBOUM MPOBEPOYHON MaTpHIlbl cocTaBUT ' = n+ 1+ 1 = 2n
ctosionoB Ha k' = k + [+ [ = k + n cTpok.

DTy MPOBEPOUHYIO MATPHILY UCIIOIB3YEM JIJIsI UTEPATHBHOTO JIEKOTUPOBAHUS
cooO1ieHus X. VTepaTuBHBIN alrOpUTM UCIIOJIB3YyeM B TOM BHJIE, KaK OH OTHCaH
B kaure MakKes [12], npuuém OyneM cuutarb, 4To nepBbie 2/ OUT COOOIIEHUS X
UMEIOT alpUOPHBIE BEPOSATHOCTU OBITH PABHBIMHU HYJISIM WM €IUHUIIAM KaKIbIN

B 50% (To ectb cTépthl). Ilocine okoHYaHUs NEKOAMPOBaHUS TiEepBbie 2/ OUT
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cooOmieHus: OyaeM HMCTOJIb30BaTh KaK BOCCTAaHOBJIECHHOE coolIeHne m’. Jlerko

MO0Ka3aTh, YTO HCXOJHOE COOOIICHHE, ITOCTABIICHHOEC B KauyeCTBE IEPBHIX 2/

OUT coOOIIeHHs X, MPU OTCYTCTBUHU OLIMOOK Iepenadyn OyJeT 1aBaTh HYJIEBOU

CHUHJIPOM

Jlns BTOporo mnpuéMHHKa OyIET HCIOIb30BaThCsA Apyras

—_—
s = xH'" = mllm|jm;

01,

:“0 a+m; a®b+m

H 01k

E 0y E

E E Oy
o BB
Oy E

Ocs  Er Oy
O O E
+mE; m B
E;

=0.

T
Y
Y =
E;
- 2.7)
+myE; || =
IPOBEPOYHAs

Martpuua H,, a B Ka4ecTBe COOOIIEHUI M| U My OyayT IOHUMaThcss a Db @ e, u

b @ e3 COOTBETCTBEHHO:

H 0%
E, E  E; Oy
0 Er O E

(2.8)

2.3. Pe3yabTarhbl YNCJAEHHOT0 MOACJIUPOBAHUSA

YuciaeHHoro MOJACIIMPOBAHUC OAHHOI'0 aJI'OpUTMa IMPOBOAUIIOCH IIpU

CIEIYIOIIUX YCIOBUSX:
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e ucnonb3yercst peryiasapubii (96, 48) npBouunbit MIIlI-xog GHG.p
seed=963 N=96 GH/spec3 > GHC/96.3.963, wu3 >HIUKIONECIUN
HU3KOTUIOTHOCTHBIX KofoB MakKes [28]. Ckopocth koma 15/32

(mpumepHo 1/2);

e KOJIOBOE CJIOBO M pa3OmBaeTcs Ha JBe 4acTu a U b paBHO# IIuHBI B 48

our;

e paboTaroT JBa MPUEMHHUKA, MIEPBBIX U3 KOTOPHIX MPUHUMAET COOOIICHUS a
u b, Bropoii —a u a®b. Ilpu 3ToM Kaxa0oe cooOIIeHNEe 3aKOJUPOBAHO C
MCIIOJIB30BaHUEM AMIUTUTYIHON MOIYJALMU ¢ a = 1, a Ha KaHal nepenayu

NEeNCTBHE aAUTUBHBIN OCTIBIN rayCCOBCKHM LIyM C AUCTIEPCHUEH T;

e 00a NMpUEMHHUKA MBITAIOTCA MCHPABUTH ONIMOKKA B KOJIOBOM CIIOBE M’ Kak

NEPBbIM, TaK U BTOPBIM CIIOCOOOM.

HSMepHGTCH BCPOATHOCTD OoIMOKH B OJIOKE B 3aBHCHMOCTH OT BEIMYMHEI

SHEpPrur Ha MHOOPMAIIMOHHBIN OWT:

Eb Cl2 2

Ha rpaduke mpuBeneHo 6 HaOOpOB AaHHBIX. 3aJUBKOM O€IBIM IIBETOM
OTMEYEHBbI PANbl JaHHBIX [UIsl aJrOpUTMa C pa3fesibHbIM BOCCTAHOBJIEHHEM U
JEKOAUPOBAHUEM, C YEPHOM — I HOBOTO IPEIIIOKEHHOrO anropurma. [lepsbie
JIBA CHM3Y COBMAJAIOIIMX psla JAHHBIX — MOJEJIMPOBAHME CiIydas, KOrja Ha
y3ei-Toyvyareib MpUuxoadar coodbmienus 8’ u b’ — To ecTh 4acTu UCXOTHOTO
COO0IIIeHNs He KOMOMHUPOBAIUCH MEXAy coboi. B aTom ciyyae oba anropurma
MOKa3bIBAIOT OAMHAKOBYIO CIIOCOOHOCTH K MCIpaBICHUIO omnOok. OcTtaBuiuecs
YeTblpe psla — XapaKTepUCTUKU UCIPABICHUS OIIMUOOK JJisi CTapOro U HOBOTO

aJTOPUTMOB JIJIs y3J10B mojydareneit Y (a,a®b)u Z (a® b, a).
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I/IH(i)OpMaL[I/IOHHBII\/’I ouT JIA CTAaHAApPpTHOI'O U HOBOT'O aJITOPUTMOB

Kak BumHo u3 rpaduka, OpeaIoKEHHBIA aaropuTM oO0JafaeT Jydilen
CIOCOOHOCTBIO K HCHPABIICHHIO OIIMOOK, €CIM MpH Mepeade HCIONIb3yeTcs
ceTeBoe KoaupoBaHue. Eciu OHO He HCHONb3yeTcs, TO AJTOPUTM o0nanaer He

MEHBIIIEH CIIOCOOHOCTHIO K MCITPABIICHHUIO OIMMOOK.

2.4. O0001IeHHE MOAX0IA HA CJy4all CJIyYaAHHOI0 CETEBOIo

KOAUPOBaAHUA

Jns cmy4alHOTO CETEeBOro KOJWPOBAHHS C HCIIOJIB30BAaHUEM OJIOKOBBIX
KOJIOB HEOOXOAMMO JIOTIOIHSTH IMAKETHI JOMOJHUTEIbHON HH(OpMaLIUel, KoTopas
MOJICKAXKET, KaK BOCCTAHABIMBATh WCXOJHOE COOOIIEHWE W3 TOJYYCHHBIX

JeKoJIepoM TakeToB. [lakeThl MOTYT JTMHEWHO KOMOMHHUPOBATHCS MEXKIY COOOM
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B TIOPAAKE, KOTOpBIﬁ HCU3BCCTCH ACKOICPY. Taxxe cunuTaeTcss HEU3BECTHBIM
ACKOACPY, € KaKOIo HaIIpaBJICHHUC IIPUXOAUT K&)KI[BIﬁ U3 ITaKCTOB. HOC—)TOMY
JJId BOCCTAHOBIICHUA COO6H_[€HI/I$I HCIIOJIB3YCTCA OUTOBOE MOJIE. HaHpI/IMCp, pInIb |

MCXOTHOTO COOOIIEHNS M MBI IOCTPOUM JBa TlakeTa a u b ciexyromum oopa3om:

® HCXOJIHOE KOJOBBIM BEKTOP CJIOBO M pa300bEéM Ha JIBE 4acTu: ag U by.;

e K nepBomy npudasum Ourosoe noie 1,0, ko Bropomy — 0, 1 :.

m = ag||bg

a =10/l (2.10)
—

b =0, 1{[bg

IIycte Ha BXOA HeKoaepa MPHILIA HEKOTOPhIE BEKTOpPHI My W my. B
CTaHAAPTHOM aJTOPUTME IMEpBble JBa OUTa COOOIIEHUN OyIyT HCIOJIb30BATHCS
JUI BOCCTaHOBJIEHUS MCXOIHBIX YacTei coobmenus aj u by mo merony I'aycca,
MOCJIe Yer0 B KOHKaTEHHWPOBAHHOM COOOIIECHUH m’ = a6||b6 OIIMOKH TIepeIadn
OyIyT UCIIPABIATHCS C IIOMOIIBIO TIPOBEPOYHON MaTpHIbl H.

[IpennmaraeTcs HCHOIB30BaTh PACIHIMPEHHYIO IPOBEPOYHYIO MATPHILY,
MOCTPOCHHYIO I10 TIPUHIIMITY, OIHUCAHHOMY B TMpPEABIAYIIeM pas3zene, ¢
U3MCHCHUSMH, CBSA3aHHBIMU C HUCIIOIh30BaHUEM OWMTOBBIX Tonel. IlycTs by, by
— TIepBbIE JIBa OMTa MEepBOro coolIeHus m; (ourosoe mnone), by, by, — BTOPOTO.

MPOBEPOUYHYIO MATPHUILy ITOCTPOUM B BUJE:

H Ok Opk
H' =\l b E, bpE  E 0y | (2.11)
byE; bnE 0, E

rae H — ucxoaHast mpoBepoYHasi MaTpuua, / = n/2 — nojnoBUHa JJIMHBI KCXOAHOTO
KOZIOBOTO cjoBa m. TakuM o0pa3oMm, pazMep NpOBEPOYHONW MATPHUIBI COCTABUT

n=n+l+l=2nnwak’ =k+1[+1=k+n. JJaHHyIO MpOBEPOUHYIO MaTPHUIy TaK
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KC, KaK U B IPCALIAYIICM ITYHKTC, 6YJIGM HUCITOJIB30BaTh AJIs1 BOCCTAHOBJICHUSA

MEPBHIX 71 OUT B COOOIICHUH:
—
x = 0...0//m}|mj, (2.12)

e M| ¥ M) — IPHHATBIE IEKOAEPOM COOOMIEHHs O€3 OUTOBBIX MOJIEM.
YucineHHOe MOICTUPOBAHUE IPOBOAUTCS TaK K€, KakK B MPEAbIIYIICM

paznene. Ognako, oTHouieHue Ej,/N OyaeT MEeHbIIE MO JIByM NMPUYHUHAM:

® CKOPOCTb KOAa YMCHBIINTCA, TaK KakK HCO6XOI[I/IMO nepcaaBaTb

JOIIOJIHUTCIIBHBIC 2 6I/ITa B KaXXJIO0M ITaKCTC, TO €CTh 4 6I/ITa B AOITOJIHCHUC:
R =k/n' =k/n+4=48/100 = 12/25; (2.13)

e OIMMUOKK B OMTOBOM TI0JIE HE MCIPABIISIOTCS.

Kak BuaHO u3 rpaduka ??, HOBBIM aNTOPUTM TaKXke MAET BBIMTPHIII IO
CPaBHEHMIO C PA3JEIIbHBIM BOCCTAHOBIEHUEM U JEKOAUPOBAHUEM. [[71 BBICOKHX
3HAQYEHUW CUTHAI/IIyM OCHOBHBIM BKJIAJOM B OIIMOKY SIBISIETCS CIydailHOE
U3MEHEHUE OUTOBOro MOJs (OHO HE 3alllMIIEHO KOAOM, HCHPABISIIOUIUM
OIIMOKH), TO3TOMY PSAbI JAHHBIX JUIsl CTAPOrO U HOBOTO aJITOPUTMOB COBIAJALOT.

Eciu npeanonoxuTb, 4To B OUTOBOM IOJI€ HE BO3HHUKAET OIIMUOOK, TO
pE3yabTaT YUCICHHOTO MOJEIUPOBaHUs HE OyleT OTIuYarbes (C TOYHOCTHIO 10
MOTPAaBKU Ha CKOPOCTH) OT OOBIYHOTO, HECTYyYalHOTO CETEBOTO KOIUPOBAHUS,

KaK IOKa3aHo Ha puc. ??.

2.5. Ucnoab30BaHue TONMOJHUTEIbHOU HHpOPMAIUU AJIA
HCNPAaBJIeHUA 00JIbIIEr0 YUCJIA OIIUOOK

[Ipensio)keHHBI ~ QJITOPUTM  MOXKET HCIOIb30BaTh HMHPOPMALMIO U3

JOITOJIHUTCIIBbHBIX COO6III€HI/H>'I, KOTOPBIC HC HMCIIOJIB3YIOTCSA B CTaHIAPTHOM
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I/IH(i)OpMaL[I/IOHHBII\/'I our I CTAHAAPTHOIO M HOBOI'O aJITOPUTMOB IJIA cnyanTIHoro CCTCBOI'O

KOIMPOBAHUSA

METOZIe C BOCCTAaHOBJIEHMEM M UCHpaBieHueM omubok.  [Ipenmonoxum,
HamnpuMep, YTO Ha BXOJ JeKoJepa MPUAYT COOOUICHUS:
Hﬁ =a' de
m,=a ob @e; (2.14)
m; =b’®e;

CraHIapTHBIM alIrOpuT™M OTOPOCUT BTOPOM MAKET KaK W30BITOYHBIN (ero
UCIIOJIb30BAaHUE B CTAaHJAPTHOM aJTrOPUTME JCKOAUPOBAHMS MOXKET TaKkKe
OPUBECTH K PACOPOCTPAHEHHIO OIIHOOK). Hexonep, padoraromuii 1o
HOBOMY QJITOPUTMY, TOCTPOUT MHPOBEPOUYHYIO MATpHUIly OOJBILIEro pasmepa u
UCIOJIB3YET BCE MPULIEAIINE MMAKEThI, YTO MO3BOJIUT YAYUIIUTh XapaKTePUCTUKU

JEKOUPOBAHUS.
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1,0E-04 X
4 5 6 7 8 9 10
Eb /N (ab)
M Stf:a;b < Stf.a+tb;b P Stf.:a;atb
X New:a;b «<New:a+b;b ™ New:a;atbh
PI/IC. 24 BePOHTHOCTb OH_II/I6KI/I B 6J'IOK€ B 3aBUCHUMOCTH OT BCJINYHMHBI 3HepFI/II/I Ha

I/IH(i)OpMaL[I/IOHHBII\/'I our I CTAHAAPTHOIO M HOBOI'O aJITOPUTMOB IJIA cnyanTIHoro CCTCBOI'O

KOZAMPOBAHUS IIPU OTCYTCTBUH OLIMOOK B OUTOBOM I1OJIE

B JaHHOM IIPHUMEPEC UCIIOJIb30BdHA CIACAYIOIIasA paCllupCHHAA MaTpuia:

H Ok Ok Opk

E 0y Ei 0y Oy
H = . 2.15)
E, E Oy E O

01,1 El Ol,l Ol,l El

Pesynbrar yncieHHOro MoaenupoBaHus MpuBeaEH Ha rpagduke 2.5. Cepbim
LIBETOM OTMEYEH CTaHJAPTHBIM AJTOPUTM, YEPHBIM — HOBBIM anroputMm. Kak
BUJHO U3 Trpaduka, HCIOJIb30BAHUE HOBBIM AJITOPUTMOM JOMOITHHUTEIbHBIX

MAKETOB JIa€T CYyIIECTBEHHOE YIyUIlICHUE.
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PI/IC. 2.5. BepOSITHOCTb OH_II/I6I<I/I B 6J'IOKe B 3aBUCHUMOCTH OT BCJINYHMHBI 3HepFI/II/I Ha

WH(OPMAIIMOHHBIN OUT JIJISl CTAHJIAPTHOTO M HOBOTO aJTOPUTMOB IPH MPHUEME TPEX COOOIICHUI
2.6. O0001IIeHNe HA 00JIBIIIEEe YHCII0 YACTEH COO0IeHN

HoBprit anroputm 00600111aeTcs Ha CiIy4yaid, KOrjaa YMUCI0 4acTe COOOIIeHUS
Oonbiie AByX. VI3MeHeHHEe COCTOMT B MPOCTOM PACIIUPEHHUH IMPOBEPOYHOM
Matpulibl aBouyHoro MIIII-koga H’ Ha cTOpoHE NPUEMHHMKA JO HYNKHOTO
pasMepa ¢ y4E€TOM HYKHOTO KOJMYECTBA YACTEHM HCXOIHOTO KOIOBOTO CJIOBA.
JlanHoe wu3MeHeHHe He TpeOyeT IOMOJHEHUS CTPYKTYpPHl IEKOoAepa HOBBIMU
CBS3SIMM WJIM WM3MEHECHUN WTEPATUBHOTO QJITOPUTMa C PacHpOCTPAHEHHUEM
JIOBEpUSI — C TOYKHM 3PEHUS JECKOJAEpa MEHSIOTCS TOJIbKO BXOJHBIE apryMEHTHI,
a MMEHHO CIoco0 mpeoOpa3oBaHUs BXOAHBIX COOOIICHUM y3Ja-ToTydyaTess
B apryMEHTHI JEKOAEpa.

Paccmotpum Mozenb cetu, n300paxk€HHYI0 Ha pucyHke 2.6. Jlnsa nepenauun
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Puc. 2.6. Mopenb ceTu ¢ €TMHCTBEHHBIM UCTOYHHUKOM U MHOTHMMH MOoJIy4aTCIIsIMH

cooOuieHni BeIOpaH HekoTopbld aBonuHbld MIIII-kon ¢ M3BECTHON BCeM y3iaM
(KaKk MUHUMYM — UCTOYHHMKY U BCEM IOJIy4aTesisiM) IPOBEPOYHON Marpuleit H.

Hctounuk S BbIOMpaeT HEKOTOPBIA KOMOBBI BEKTOp M 33JaHHOTO
nBonuHoro MIIII-xoma. Jlns mepemaun oH pa30MBaeT €ro Ha g 4acTel ay, ..., a,
paBHOM mmuHBI [ OWUT Kaxpnas. B gaHHOW Momenyd B Tporecce Iepeaadu
MIPOMEKYTOUYHBIE Y3JIbl MOTYT BBIIOJHATH JIBOMYHOE CIOKEHHE IO MOJIYIIIO
(uckmovaromee-uinn).  Kaxaplii y3en mnonyyarellb NPUHUMAET ONpeeiEéHHOe
YUCJIO COOOIIEHUI (BO3MOXXHO — Pa3jIMyHOE JUIsl KaXKIOTO IOJIy4arelis).

PaccmorpumM y3ein nonyuarens Y KOTOpBIM NPUHUMAET § COOOLIEHUN my, . . . , My.
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PaccmarpuBaeM Mojenb ceTH 0€3 HCHOJIB30BaHHUS CIYYaWHOTO CETEBOIO
KOJIUPOBAHUS.  DTO O3HAYaeT, 4YTO KaXKIbIA W3 Y3JIO0B-TIOJy4yaTejaed 3HaeT
CTPYKTYpPY CETH U, B YaCTHOCTH, TO, KaK KaXkJas U3 UCXOAHBIX YaCTEH ay,...,a,
BEKTOpa M CKJIaJbIBaIach Ha MPOMEXYTOYHBIX y3JIaX APYT C IPYTOM MO MYTH JI0
y371a-TI0Ty9aTers.

To ecTb MOXHO CUWTaTh, YTO HA Yy3JIEe-TOJydYaTesie I KaXI0ro U3 §
BXOJAIIMX KaHAJIOB 3aJaHa JBOWYHAS IOCIENOBATENLHOCTL byi, by, ..., by, U3
g STEMEHTOB, COOTBETCTBYIOIIAs ¢ YAaCTSAIM Ha KOTOPOE pa3OMBAETCS MCXOIHOE
COOOIIIEHUE Y3JIOM-UCTOYHUKOM. Ecnu i-asg 4acTh HMCXOIHOrO COOOIIECHUS B
pe3ysibTaTe mepeiaud Mo CETH BXOAWUT B COOOINEHWE, MPHUHATOE MO JaHHOMY
KaHally, HEU€THOE YUCJIO0 pa3, TO by = 1, eciam 4€THOE YUCIO pa3 (B TOM UHCIe
— 0 pa3), To by;; = 0. To ecTp Ha y31e noijiy4yaresie €CTb JBOMYHAsI Marpuua B,

3aJlaHHasI B BUJIEC:
b11 ce blq

B=| .. ... .. (2.16)
by ... by

N3 JaHHOI'0 OIIPCACIICHUA MAaTPHUIIbI B CICAYCT, UTO KaKJ0C IIPUHHUMACMOC

y3J1I0M Y COO6H16HI/Ie MOXHO MMPEACTABUTH B CICAYIOIICM BHUIC!
m; =bja; ®bpad...d biqaq @D e; (2.17)

IJIC €; — BEKTOPHI OIMHMOOK.
Torna nNpUHUMAKOIMK y3€7 BBINOJHAECT CICAYIOIME Olepauuu JJis

BOCCTAHOBJICHHS KOJIOBOTO BEKTOpa M:
® CTPOHWTCS HOBBIH BEKTOP X':
’
X =(0,...,0,mqyq,....my ... ..., Mg,...,Ng5) (2.18)

I7ie mepBasi 4yacTh (HyJIM) UMeeT JJIUHY lg, BTopas — Ls, a oOmias ajivHa,

COOTBETCTBEHHO, [ - (g + 5);
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® CTPOUTCS HOBas NpoBepouHas Marpuua H’ Bujaa:

H 0
H = Il (2.19)
B E
rae mMarpuiia B uMeeT BUI:
b]lEl e bqlEl
B = ... ... .. (2.20)
blsEl e quEl

Marpunpl E; — equHA4YHBIE MaTpuibl pasmepa [, 0,, — HylIeBble MaTPULIBI
pa3MepoM a ctonbioB Ha b cTpok. Takum oOpazom, pazmep marpuiisl H’
paBeH [ - (g + s) cToynOLOB Ha k + [s CTpOK, e k — KOJIMYECTBO CTPOK

poBepoYHOM Marpullbl H (KOJTUYECTBO CTOJIOLIOB B HEW paBHO [s);

e BBHINIOJHAETCS TOWCK W UCIpaBJICHUE OMIMOOK B BEeKTope X C
MTOMOIIIBIO aITOPUTMA UTEPATUBHOTO JIEKOUPOBAHUS C PACIIPOCTPAHEHUEM
JTOBEPHUS «CyMMa-IIPOM3BEIACHUE» C HCIIOJIb30BaHUEM MaTpuibl H’ Kak

MIPOBEPOYHOM MaTpPHIIbI;

® CCJIU AJITOPUTM 3aBepIIIIcS 6e3 OIHMOO0K, TO MEepPBbIE /s AIEMEHTOB BEKTOpa
X' paccMaTpuBalOTCSl Kak pe3ybTaT BOCCTAHOBIECHHUS UCXOIHOTO KOAOBOTO

BCKTOpPA, B IIPOTUBHOM CJIy4adc€ ITPOUCXOAUT OTKA3 OT ACKOAUPOBAHUSI.

Hanpumep, ecinu ucxonnoe kogoBoe ciioBo gsonyHoro MIIII-koga m Obu1o
paszeneHo Ha Tpu YacTd a, b u ¢ amuHbl [ Kaxmas, MoauUIIMPOBAHHAS

npoBepouHas marpuia apondHoro MIII-koma MoxeT OBITH TIpEACTaBIICHA Kak

H Ok Ok Opk
biE; b E, brE E, 0,; O
- 1nEr bnE; birE; 1 O Opy ’ 2.21)
by E; bynE; bE 0, E; Oy

by \E; bynE; byzE; 0 05, E;
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rae  KodGOUUUEHTHI b;; BBIYUCIAIOTCA HAa OCHOBE 3HAHUA CETEBOM
CTPYKTYpHI (Kak Juisi MaTpuubl 2.6).

OpHako MOXXHO TOKa3aTh, 4YTO CYLIECTBYET OIpEACIIEHHAs KOMOMHALUS
nakeToB (ompenenéHHBIM BUA Marpullbl B), Takas, 4YTO Jekojep Oyzaer
BCErZa JaBaThb OTKa3 OT JeKoauMpoBaHusA. Hampumep, mpoBenéM YHCIEHHOE
MOJICIMPOBAHUE JAHHOTO aIropuTMa ¢ 4-Ms NPUEMHUKAMHU, KaKbI U3 KOTOPBIX

IMPUHUMACT COOTBCTCTBCHHO!

1. mepBbIil — yacTu coobmenus a, b and c;
2. BTOpO# — yacTu cooOIieHus a,adbu adc;
3. Tperuiil — yactu cooOienus a, a®b u b @ c;

4. 4yeTBEPTHIN — yacTH coobiieHuss adb,bdcuadboec.

B nanHom mpumepe Marpuiibl B; i TaHHBIX 4-X ToyydyaTesiaed BBITTISISAT

CenyomuM 00pa3om:

100 100 100 110
Bi=|lo10|.Ba=|110]|.Bs=|110|,Ba=|01 1| (222
001 101 011 111

Kak BugHo n3 rpaduka 2.7, HOBbIM anropuT™ (IoKa3aH 4€pHBIM) 00JagaeT
yAyYIIeHHBIMA XapaKTePUCTHKAaMHU TI0 CPaBHEHHUIO CO CTaHAAPTHHIM (ITOKa3aH
CephIM) IJII BTOPOTO M TPEThEro MPUEMHUKOB. JlJs mMmepBoro mnpuéMHHKA
(0e3 WCIONMB30BaHUSI CETEBOTO KOAMPOBAHMS) pPE3yabTaThl MJii HOBOTO |
CTaHJAPTHOTO aJTOPUTMOB coBmagarT. OmHAaKo AJIS 4eTBEPTOrOo MPUEMHHKA
HOBBIM aJTOpUTM HE paboTaeT (Korma TModydaTedb HWMEET CIETYIOITYI0
PEKOMOMHAIMIO YacTeld MCXOIHOTO KOJO0BOTO ciioBa: a ® b, b® c u a @

b & ¢). Jlannas mpoOiema cBsi3aHa C OCOOCHHOCTSIMHU TOPHU3OHTAJIBLHOIO IIara
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Puc. 2.7. BepOHTHOCTB OH_II/I6KI/I B 6J'IOK€ B 3aBUCUMOCTH OT BCJIMYMHBI JHCPruM Ha

I/IH(i)OpMaL[I/IOHHBII\/'I ouT AJI1 CTAaHAAPTHOTO U HOBOT'O aJITOPUTMOB ITPHU YBCIIMYCHHUU YHCJIA qacTe

Cco00IIeHHs 10 3-X

uTepaTuBHOrO anroputma aexoauposanust MIIlI-xoma ¢ pacnpocTpaHeHneM
JOBEpUS «CYyMMa-IIPOU3BEACHUE», KOTOpPBIE MOXKHO IOKa3arb B CIEAYIOLIEH

JCMMC:

Jlemma 2.6.1. Ilycmv npunamolii k0008wl 6ekmop o0souunoco MIIlI-xoda X

Modicem Ovimb pazdoum Ha 0ee epynnvl bumos X| u X, Mmaxkum o6pazom, umo:

1. nepsas epynna 6umoe cmépma, mo ecmv 8epPOAMHOCMb KANCO020 Ouma

ovims pasuvim 1 unu 0 pasna 50%:;

2. Kajcoas cmpoka nposepoyHoli Mampuybl COOMBEEMCmayoue2o 080UYHO20
MIIII-xo0a ¢ pasnvimu eduHuye bumamu, coOOmeemcmayouuMu nepeoll u

8m0p0ﬁ uacmu npuHaAmoz2o eekmopda, umeem, KaK MUHUMYM, 0sa 61/!77’1(1,
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PABHbIX eduHuue, Komopble coomeenicmeyoni nepeozZ uacmu npPuUHANIOco

seKkmopa.

Tocoa nepesa: dacmov X1 HNPUHAMO20 K0008020 eeKkmopa X He moocem
ObIMb BOCCMAHOBICHA umepanueHviM aicopummom 0ez<00up06anuﬂ C MACKUM

peuiernuem ¢ pacnpocnipaneHuem 0066197/[}1 «cmea-npoz,ts’ee()eHue».

Jloka3arenbCTBO OCHOBBIBAETCS HA PACCMOTPEHUUM HW3MEHEHUHM, KOTOpHIE

0 1

M r, ~BO BpEMS TOPU3OHTAIBHOIO Iara

IPOUCXOAAT B MATpULAX 1, o

UTEpaTUBHOIO anroputma. Iloka3piBaeTcsi, 4TO MaTpulbl OyAyT paBHBI HYIIO
JUTsl COOTBETCTBYIOIIMX OUTOB, U MOCJIEAYIOIINN BEPTUKAIbHBIN 1Iar HE U3MEHUT
3HAYEHUs B MaTpULE BEPOATHOCTEH ¢, B KOJOHKAX, COOTBETCTBYIOIIUX IIEPBOU
YaCTHU MPUHATOrO KOJOBOTO BEKTOPA.
Ha nepBoM miare 3HaueHUs1 MaTPULIbl HHULIHAIU3UPYIOTCS KaK
0 _ 0
Ao = P (2.23)
G = P
Jlanee nis mepBOM 4acTU MPUHSATOIO KOAOBOTO BEKTOpa X (CTEPTHIC OUTHI)
BeposTHOCTH p° U pl paBuel 1/2. Takum 00pa3oM, Ul KaXJI0TO 3HAYECHHS B

KOJIOHKaXx, COOTBCTCTBYIOIIUX HCpBOfI 4acCTH X,

Sqmn = ¢° — g = 0. (2.24)

Torma ns Kaxaon CTpOoKH (ITPOBEPKH), KOTOPas COACPIKUT OUTHI U TIEPBOH,

Y BTOPOM YaCTH X,

Stun = (=17 | | 6w =0, (2.25)
n’eN(m)\n

TaK Kak KaXIblii Habop OUTOB cTpoku N (1) COACPKUT, KAK MUHUMYM, JIBa OUTa
U3 MepBOM 4acTH 0¢,, = 0 U, KAK MUHUMYM, OJIMH U3 HUX HUCIOJIB3YyEeTCS B

IMPOU3BCACHUU IJIs1 BBIYHMCIICHU or, mn-
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Ecnu ke ctpoka (ImpoBepka) Conep KUT OUTHI, KOTOPBIE OTHOCATCS TOJIBKO K
MepBOM YaCTH, TO TaAKXE Ory,, = 0 (BC€ COOTBETCTBYIOIIUE 0(,y,;, PaBHBI ().

Ecnu ctpoka cogepuT OUTHI, KOTOPBIE OTHOCSITCS TOJIBKO KO BTOPOW YacTH,
TO BBIYHMCIICHHBIC ISl HUX 3HAYEHUS 7Ty, HE TIOBIUAIOT HA U3MEHEHUS 3HAYCHUI
B KOJNOHKaxX ¢ M ¢l , COOTBETCTBYIOIIMX OMTaM MEPBOM YAaCTH HPUHATOIO
KOZIOBOTO BEKTOPA.

Jlanee, BO BpeMsi BEPTHUKAJIBLHOIO MIAra 3HAYEHHS KOJOHOK ¢ H q°
COOTBETCTBYIOIIMX OWTaM MEPBOM YACTU MPUHATOIO BEKTOpa X, cornacHo (47.10)
—(47.14) u3 [12], ocTtanyTcs paBHbIMH 1/2.

Tak kak HauaJdbHBIC YCIOBUSA WUTEpAIlMM HE W3MEHUIIUCH, HAa JalbHEHIINX
UTEPALUAX 3HAYEHUS B ITHX KOJIOHKaX Takke He u3MeHsATcsA. To ecTh OUTHI
OCTaHyTCs CTEPTHIMH, U UX 3HAYCHUS] OCTAHYTCS] HEBOCCTAHOBICHHBIMU.

N3 nemMmbl ciaegyer, 4To €ciad BCe CTPOKH Marpunbl B (2.16) umeror
IBE WK OOJiee €IUHUIIBI, TO TPU UCIOJIb30BAHUN UTEPATUBHOTO QJITOPUTMA C
pacnpocTpaHEHUEM JIOBEPUsS «CyMMa-TIpOU3BE/IEHNE)» TepBas 4acTh BEKTOpa X’
(2.18) (gl nyneii) octa€Tcss HEU3MEHHOM, B PE3YJbTaTe YEro MPOUCXOJUT OTKa3
OT AexkonupoBaHus. JlaHHBIN cioyuyail Kak pa3 u M300pakéH Ha rpaduke 2.7 —
BEPXHUU pAJl TOUEK, NapaiIeNIbHbIN OcH adciucc.

JlanHas mpoOsieMa He HpPOSBJISUIACh paHee, TaK KaK BCE pPacCMaTpUBacMbIe
yacTHple ciydam (2.6, 2.8, 2.15) umMmennm Kak MHUHHMYM OJHY CTPOKY C

€IMHCTBEHHOM €IUHUIIEH B MaTpule B.

2.7. lonoiHUTEIbHAS MHULMAJIUA3AIMUSA BEKTOPA X

Jns  paspeuieHuss MpoOJIEeMbl, OMUCAHHOM B MPEAbIAYLIEM IYHKTE,
NpPEIIaracTcs BCErJa HWHULHAIM3UPOBATH IEPBYIO YacThb KOHCTPYHPYEMOTO

BCKTOpPA X 3HAYCHUAMMU, IMOJYUYCHHBIMH B PC3YJILTATC BOCCTAHOBJIICHUA KOJOBOI'O
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cioBa m’ MeronoM ['aycca, HCOIB3yEMbIM B CTAHIAPTHOM aJrOpPUTME.
Takum 00pa3oMm, HOBBIM AJITOPUTM PabOTHl KOHEUYHOIO Y3JIa-MOIydaTelis

MOXXHO IIPCACTAaBUTh B CICAYIOIICM BHUIC!:

1. BOCCTaHOBUM KOJOBO€ CIOBO (MOXHO 4YacTUYHO) M’ M3 NPUHATHIX

COOOLIEHHUH My, My, ..., M,, UCNIOIB3yd MeTox ['aycca;

2. COCTaBUM HOBOE KOJIOBOE€ CIIOBO X, B KOTOPOM I€pBasi 4acTh paBHA M’ U

BTOpas COCTABICHA M3 NPUHATHIX YaCTed My, My, ..., M,;
3. COCTaBMM HOBYIO MpOBEepOuHyt0 MaTpuily AsonuHoro MIIII-kona H’;

4. HalaEM U UCIIPaBUM OIIMOKU B KOJIOBOM CJIOBE X HCIIOJIB3Ys MPOBEPOUHYIO

marpuiy H';

5. mepByl0 4acThb KOJIOBOTO cjoBa X OyIeM HCMOJIb30BaTh KaK HMTOTOBBIN

IIPUHATBIN KOJOBBIM BEKTOP.

Kak nokazano Ha rpaduke 2.8, mogo0HOE N3MEHEHUE TTO3BOJISIET alITOPUTMY
paboTaTh B TOM YHCJIE U CO CIydaeM, KOTJa MPUEMHUK MOJydaeT COOOIICHUS
a®b, b&c u a®db®c. OgHako XapaKTEpUCTUKH MO HAXOKICHUIO M HCIPABICHHUIO
OLIMOOK XyXe, ueM 0e3 MHUIMAIN3alUU X (KpoMe YeTBEPTOTrO MPUEMHHKA).

DTO CBSI3aHO C TE€M, 4YTO TeNephb, B Cilydae BO3HUKHOBEHHUS OIIMOOK
nepenayu, JaHHbIE OUTMOKH MPOSBIISIIOTCA B CKOHCTPYMPOBAHHOM BEKTOpE X JBa
u Oonee pa3. IlepBbiii pa3 — B mpaBoi 4acTH BeKTOpa (B COOTBETCTBYIOIIEM
COOOIIIEHUU m;), BTOPOM W CIIEAYIOIIME — B JICBOM YacTH, B 3aBUCHUMOCTH OT
TOTO, ]Il BOCCTAHOBJICHUSI CKOJBKHMX YacTeil M’ HCIOIb30BATIOCh KOHKPETHOE
OPUHSITOE COOOIIEHNE m;.

Pazymeercsi, u30aBUTbCS OT OMIMOOK JO BBHINOJHEHUS MPOLEAYPHI
JIeKoMpoBaHusl Helb3s. OpHako O0COOCHHOCTBIO WTEPATUBHOTO aJIropuTMa C

pacpoCTpaHEHUEM JOBEPUS «CYMMA-MPOU3BEICHUEY» SIBIAETCA TO, YTO A
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Puc. 2.8. BePOHTHOCTI) OomMOKH B OJIOKE B 3aBHCHUMOCTH OT BEIUYHHBI OHEpPIrun Ha
I/IH(i)OpMaL[I/IOHHHﬁ our JJI1 CTAaHAAPTHOTO U HOBOI'O aJITOpUTMa IIPHU YBCIWYCHHU YHUCJIA qacTe

CcOoOOILIEHNS 10 3-X ¢ MHULOHMAIA3AHUEN X

KaXXJI0TO TPHUHSITOrO OWTAa MBI YKa3blBaeM HE KOHKPETHOE JBOMYHOE 3HAYCHHE
outa 0 unu 1, a BEpOATHOCTH TOTO, YTO TEKYIIUE 3HAUYCHUSI OUTa COOTBETCTBYIOT
0 wm 1. [ns kaxxmoro 6uTa y Hac €CTh JABa 3HAYCHUS alPUOPHBIX BEPOSTHOCTEH
O u fl, xoropeie coorercTBenHo paBHbl 1 M 0 (;u6o 0 m 1), ecnu MbI
a0COJIFOTHO YBEPEHBI B 3HAUCHUHU OMTAa, M MOTYT OBITH paBHHI (.5, €cau 3HAUCHHUE
Oouta abCOJMIOTHO HEW3BECTHO (OH ObLT CTEPT). W3MeHsAs 3TH 3HAYEHUS MBI
BIMSIEM HAa TO, HACKOJIBKO CHJIBHO QJTOPUTM HUTEPATUBHOTO JEKOIUPOBAHUS
noJjlaraeTcsi Ha MPUHATHIC 3HAYCHUsSI KOHKPETHBIX OUTOB. [loaTOMY U1 pereHus
OTHMCBHIBAEMOM MPOOIEMBI MBI MO)KEM YMEHBIIIUTH 3HAYUMOCTD OT/ICIbHBIX OHUTOB,

M3MEHSS COOTBETCTBYIOLINE MM 3HAYEHHS BEPOATHOCTEH [0 1 f..
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[Ipu 3TOM HYXHO COONIONATH CIAEAYIONINE YCIOBUS:

o@D+ fi)=fG" +AG =1
0<fo()<=1
0<f@=<1
0<fo@) <1
0<fi@) <1

N3 2.26 cnenyet

S =12 folf =172
fi)=-172 fr@ =172

[IpeoOpazoBaB ycinoBue 2.31 cieayronmm odopa3om:

folY =1/2 _ G =172
fO-12 " A@-1/2

U BBEIA 0003HAUYEHUE

Y= foG) —1/2 _ fG) —1/2
So@—-1/2  fi()—1/2

MOXHO ITOJYYHUTD, UYTO

fo@ =@ —-1/2)=y+1/2,
H@) =h@)-1/2)«y+1/2,

N3 ycnoBuii 2.27 — 2.30 MOKHO NOJIyYUTh OTPAHUYECHUS HA Y:

fo@ =y(fo()—-1/2)+1/2
0<y(for)—1/2)+1/2<1
—1/2<y(fo()-1/2) < 1/2

“1/ChHhO-D<sy<l/CH®-1 1/2<fo() <1
“1/CHO-D2y21/2/ -1 0</f@G)<1/2
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(2.27)

(2.28)

(2.29)

(2.30)

2.31)

(2.32)

(2.33)

(2.34)

(2.35)



B cayuae fy (i) = 1/2 = fi (i) 3HaueHHe y HE OyIeT UMETh 3HAUCHMS, TaK KaK
Ha 3HaucHus fy (i) u fo (i)’ oo BuusaTh He OymeT. Ho ecnm mpuMeHSTH OIUH M
TOT e KO3(PPHUIIUEHT Yy AJII BCEX MEPBBIX /s ONTOB CKOHCTPYHPOBAHHOTO BEKTOPA

X, TO HY’)KHO pacCMOTPETh BCE€ BO3MOKHbBIE OCTABIIUECS 3HAUeHUs fy (i) u fo (i):

12< (<] = 0<2f@()-1<1

(2.36)
0<fo()<1/2 = —1<2f(@)—-1<0
1<y<l 12<fo() <1 237
1>y>-1 0< fy(i) < 1/2
l<y<l (2.38)

YuuteiBas HCO6XOI[HMOC YCJIOBHUC COXPAHCHUC 3HAYCHU S ouTa B pE3YbTaTc

npeoOpa3oBaHUs
(fo @) > fi()) & (o) > fi ()) (2.39)

HOJ'Iy‘-IaCM OKOHYATCJIIbHOC BBIpa)KeHI/Ie I y:
0<y<l (2.40)

[Iponenaem m3menenue 2.34, UCNIONB3Yysd OJUHAKOBOE 3HAYEHUE Y IS BCEX
NEPBBIX [s OUT CKOHCTPYMPOBAHHOTO BEKTOPA X. Y BBHIOMPAETCS TaKUM 00pa3oM,
YTOOBI OIIMOKHU B MEPBOM YaCTH KOHCTPYUPYEMOT'O BEKTOPA X HE CHIIBHO BIIUSUIH
Ha WCIIPaBJIEHUE OIMMOOK HOBBIM QJITOPUTMOM, HO BCE €IIE BBIMONHSUIH CBOIO
MHULAATA3UPYIONIYIO POJIb.

PaccMoTpeHHbIE paHee ciiydan COOTBETCTBYIOT JIBYM 3HAYEHHSIM Y :

ey = 0 nmma ciuywass, Kkorma nepBble [s OWUTOB BEKTOpa X HeE

VHULUATIU3UPYIOTCS,

e y = 1 nns ciyyas, Korjaa nepBbie /s OMTOB BEKTOpa X WHHUIMATH3UPYIOTCS
BEKTOPOM m’, BOCCTaHABIMBAEMOI'O METOIOM laycca W3 MPHHSATHIX
COOOIIIEHUH m;.
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3aaguM MPOU3BOIBHOE COOTHOIICHUE CUTHAI/IIYM ISl paccMaTpUBaeMOn
paHee MOJISTTH CETH B IIOCMOTPHUM Ha BIIMSICHUE 3HAYCHUS Y Ha KOPPEKTHPYIOITY IO
CIIOCOOHOCTH HOBOTO ajroputMa. Pa3zymeercs, cTapblii anrOpuT™M HE 3aBUCHUT OT
3HaYEHHUS Y, HO MOJETUPYeTCs IS BO3MOKHOCTH CpaBHEHHUsA. B kadectBe o
BbIOepeM 3Hauenne o = 0.59 (E/N = 7.87 nb), 4To0bI 3HaUC€HUS KOJIHYECTBA
ommOoK Ha 070K W jig ciaydas y = 0, u mug y = 1 nexanmm B obmactu 1.0 —

0.0001 gnst 0OOMX aNTOPUTMOB.

1,00E+00 4

PO X2 2 2
PR A4

OOOOOOOOOOOQOOOOOOOQOO@%OOOOOOOQOQOOOOQOO

1owo1<<gqﬂ%<<<<<<<<<<<<%Qg<<4<<<<<<ggﬁﬂ<<<ﬂﬂ%§
DDDDDDDDDDDDDDDDDDDDDDEDEDﬁDDDDER;DDDDDDB

PEPPPRL PRP)
uw5w<44<<4<<<< <4<«

Owmnbok Ha Bnok

XX XXXXX
XXXXXXXXX XXX
1,00E-:03
m%mimm%%km%%Qm%m NNNNNMMNNMMNMMNNMNNNNNN

1,00E-04
0,00 0,20 0,40 0,60 0,80 1,00 1,20 1,40 1,60 1,80 2,00

3HayeHune KoachunumneHTa raMma
M Std: a; b; ¢ > Std: a; atb; atc < Std: a; at+b; b+c ¢ Std: a+b; b+c; c+a+b
X Ext:a;b;c P Ext a;atb; atc <« Ext a; ath; b+tc ¢ Ext: a+b; b+c; c+a+b

Puc. 2.9. BepoATHOCTh OMMOKM B OJIOKE B 3aBHCHUMOCTH OT Y JUISS CTAaHJAPTHOTO W HOBOTO
anroput™ma. o = 0.59. CraHmapTHBIA adrOPUTM HE 3aBHCHUT OT 3HAYEHUs Yy W MPUBEIAEH IS

CpaBHEHUS

Pe3ynbprarbl 4MCICHHOTO MOACIUPOBAHUS XAPAKTCPUCTHK HCIPABICHUS
OomuOOK B 3aBUCUMOCTH OT Yy JIJISl CTAaHAAPTHOTO M HOBOTO aJITOPUTMA MOKA3aHbI
Ha Tpaduke 2.8; wucnonbzoBaHo 3HadeHue o = 0.59 (E/N = 7.87 dB). U3

PE3YIbTAaTOB YHCIICHHOTO MOACIHMPOBAHUA CACIIAH BBIBOA, YTO JIsI CKOPOCTHU
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koma R = 1/2 u pas3buenus komoBoro cioBa Ha 3 wactu vy =~ 0.1
SIBIIIETCSL ONTUMAJIbHBIM 3HaueHueM. JUIsi Apyrux ciiydaeB 3HAYEHUE MOKET
HE3HAYUTEIBHO OTIMYaThes B npeaenax 0 <y <« 1;

JlaHHBII BBIBOJ] COOTBETCTBYET MPEIBAPUTEIBLHBIM OIICHKAM HEOOXOIMMOTO

3HAYCHUSA Y.

2.8. BLIBOALI K rj1aBe

[IpencraBnen HOBBIM aNTOpUTM, pemarmuii Oojee oOmyro 3amadgy,
0 CPaBHEHUIO NPEMIOKEHHbIM B padore [17].  VYaydiueHus MHO3BOJISIIOT
UCIIOJB30BaTh CTaHJApPTHBIE Jekoiephl JBouuHbIXx MIIII-kogoB Ha oOCHOBE
UTEPATUBHBIX AJITOPUTMOB C PaCHpOCTpaHEHUEM JoBepus 0e3 Moaudukaruu
UX CXEMbl WIM TporpaMmMHOro koma. IlpemsiokeHHBINH anroput™ OO0OOIIEH
Ha TMPOU3BOJBHOE YHCIO 4YacTeld COOOIeHUH, Ha KOTOphle pa3OuBaeTcs
WCXOAHBIA KOJIOBBIA  BEKTOP. [Ipennoxxena MoauduKanmus aJropuTMa

JJIA UCITOJIB30BAaHUS B CHy‘I&ﬁHOM CETCBOM KOAWMPOBAHHMH.
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['1aBa 3

COKpameHne BPEMEHHN YUC/JICHHOI'O MOACIMPOBAHUA
IIOUCKA U UCIIPABJICHUSA OIIIHMOOK HJIA IBOUMYIHbBIX

HU3KOIIJIOTHOCTHBIX KOA0B

Panee ObuT0 TIOKa3aHO[22], YTO AJIS KOIOB C MaJjoOW IJIOTHOCTHIO MTPOBEPOK
Ha YETHOCTh MOXKHO MPEMJIOKUTHh 3()PEKTUBHBIN CHOCOO WX HCHOJIB30BaHUS
B CETEBOM KOAMPOBAHUHU. OpHako JaHHBIM crnoco0, HKCIHOJIb3YIOMUN
UTEPAaTUBHOE JIEKOJUPOBAHNUE U F€HEPUPOBAHKE MTPOBEPOUHBIX MATPUIl KOJIa «HA
JeTy» 3HAYUTENLHO YCIOKHSET aHATUTHYECKOE MCCIIEOBAHUE XapaKTEPUCTHUK
NPEIOKEHHBIX METOJ0B. B CBS3UM ¢ 3THM OCHOBHBIM WHCTPYMEHTOM IS
U3yYCHHUS XapaKTEPUCTUK KOJOB M MX 3aBHCHMOCTHU B TOM YHUCJIE OT CTPYKTYpPHI
CETH ABIICTCA YUCIEHHOE MOJICJIMPOBAHUE.

[Tpouiecc mMomenupoBaHUsT UCIMOJIB30BaHUS HU3KOIUIOTHOCTHBIX KOAOB IS

CETEBOT0 KOJUPOBAHUS MOXET BKJIIOYAaTh B ceOs:
e BLIOOp WJIM T'€HEpalMIO MPOBEPOYHON MaTpullbl H Koja;
® BBIUKCIICHHE (WM MTOCTPOEHUE) reHepupyrolie MaTpuilsl G Koaa;
® TCHEPALMIO CIIYYaHOI'0 KOJIOBOI'O BEKTOpPA KOJA,

® PAasaCJICHUC KOAOBOTO BCKTOpa KOIAAa HA IIAKCTbhI, AdOIIOJHCHHUC, IIPH

HEO0OXOAMMOCTH, OUTOBBIMU MOJISIMUA U JIPYTUMHU CTPYKTypaMmu;

® MOACIHUPOBAHUC ITPOLCCCA IICPCAAIN ITAKCTOB I10 CCTH, BKJIXOYasd JIMHCHHBIC

PEKOMOMHAIINY MMAKETOB M OIMMUOKHU TIEpeaadn;



® MOACIIMPOBAHUC ITPOLCCCAa BOCCTAHOBIICHHA KOOJOBOI'O BCKTOpPA U ITOUCKA U

HCIIPABJICHUA B HEM OIIMOOK nepecaadn.

[TepBpIii mIar OOBIYHO BBHITIOJMHSAETCS 3apaHee, JTUO0 Oepércs omHa U3
CYIIECTBYIOIIUX MPOBEPOYHBIX MATPHII. Hanpumep, B panHOM pabote
UCIIOJIB3YIOTCA MPOBEPOUHBIE MATPHULBI U3 SHUUKIONEANN HU3KOILUIOTHOCTHBIX
konoB JIpBuga MakKes [28], comepikaiieii HECKOIBKO JIECATKOB IMPOBEPOUYHBIX
MaTpHUIl HHU3KOIUIOTHOCTHBIX KOJOB Pa3IUYHON CTPYKTYphl OT MaJeHbKUX
(96 cTon6110B) 10 GobIIKX (32 THICSYU CTOJOIOB).

B mnpoiiecce 4MCIEHHOTO MOJETUPOBAHUS MCIIOIB3YETCSl 3HAYUTEIBLHOE
KOJIMYECTBO BHIYMCIMTEIIBHBIX MOIITHOCTEH, OOJIbIAst YaCTh KOTOPBIX PACXOIYETCs
Ha TIOCIEIHUM W3 TEPEUYUCIICHHBIX IMYHKTOB — MOJEIMPOBAHUE Ipolecca
BOCCTAaHOBJICHHSI KOJOBOTO BEKTOpa W TMOWCK M HCOpPaBICHUE B HEM
omuOOK Tepeaadyu. ITO XOPOIIO 3aMETHO IJisi WTEPATUBHOTO alrOpUTMa
pacrpocTpaHeHus OBEpUsl «CyMMa-TIpou3BeieHue» (aHmi. iterative belief-prop-
agation algorithm, sum-product algorithm), KOTOpBIA TpeamnoaraetT oOpadoTKy
OOJIBIIIOrO KOJIMYECTBA JAHHBIX C IJIaBAIOIIEH TOYKOHN, B OTIIMYME, HAIPUMED, OT
UTEPATUBHOTO aJrOpUTMa PaCIpOCTPAHEHHUS COOOIICHUM (aHMII. iferative mes-
sage-passing algorithm), KOTOpBIA pabOTaET C 1ETOYNCICHHBIM JTaHHBIMHU.

PaccMoTpuM peanuzanuio ajaroputMa MTEPATUBHOTO JAEKOJUPOBAHUS C
pacupoCTpaHEHHEM JOBEPHUS «CyMMa-IPOU3BEACHHUEY, KaK OH omnucaH B [12], Ha
s3pIke Java. AJTOPUTM COCTOUT U3 UTEpAIlUi, Ka)KJaas U3 KOTOPBIX BKJIIOYAET
B ce0sl TOPU3OHTAIBHBIA M BEPTUKAJIbHBIA Iard. KoiaumdecTBo IIaroB MOXeET
ObITh Kak 3a1aHo xkéctko (25, 50, 100), Tak U peryaupoBarbCsi pa3InYHbIMU
yciaoBusaMu. Hampumep mnponeaypa MOKET NpepbhIBaThCs, €CJIM MOJYyYEHHbIN
KOJIOBBII BEKTOP YK€ HE CONEPKUT OIIMOOK, UM €CIIM U3MEHEHHUSI B CTPYKTypax
JIAHHBIX MEHEE ONMPEACIEHHON 3apaHee 3aJaHHON MaJIOW BEJIUYHHEI €.

Bo Bpems wurepaumii anropuT™M ONEPUPYET HECKOJIBKHUMHU MAaTpPHUIIAMU,
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MMPpCACTABILICMBIX B ITAMSATH KOMIIBIOTCPA ABYXMCPHBIMHU MACCHUBAMMU:

® MAacCHUBBI BEPOSITHOCTEN g U ¢1;

® MACCHUBBI ITIOIIPABOK rp U 77.

JlaHHBIE MacCHBBI HMMEIOT pa3Mepbl pPaBHBIE pa3MepaM IPOBEPOUYHOU
MaTpuilpl. B mensix onTuMH3aluu CKOPOCTH MOJEIUPOBAHUS HUCIOJIB3YIOTCS
TaK)Xe JIByXMEpPHbIE MACCHUBBI C MEPEMEHHBIM YHUCJIOM 3JIEMEHTOB B CTPOKAX:
MacCHB MPOBEPOK B CTPOKAX U MACCHUBBI MPOBEPOK B CTOJIOLAX (COOTBETCTBYIOT
MHOkecTBaM N (m) u M (n) onucaHHbM B [12]). OHM BBIYUCISIOTCS OJUH pa3
u3 nposepoyHort marpuubl MIIII-koga. Kpome 3T0ro ucnons3yrorcsi HEKOTOpbIE
MPOMEKYTOUYHBIE MACCHUBBI.

Ecnu onycTuTh onepanyy NpUCBAaWBAHUS W BETBICHUS, OCHOBHBIE IUKIIbI

aJTOPUTMA C YUYETOB BJIOKCHHOCTU BBITVISIAT CIASAYIOMIUM 00pa3oM:

e | UK UTEpaLNil;

1.1 ropu3oHTaNBHBIN 1IAT;

1.1.1 nuks mo crpokam;

1.1.1.1. oukn o uanekcaMm N (m);

1.1.1.2. imxn no uaaekcaM N (m);

1.1.1.2.1. mmkn o uaaexcaM N (m);

1.1.1.2.2. mka o uaaexkcam N (m);

1.1.1.3. imxn no uaAaekcaM N (m);

1.1.1.3. mxn mo uaAeKkcaM N (m);

68



1.2. BepTUKaJIbHBIN 1IAT;

1.2.1. uukn mo ctoubiam;

1.2.1.1. nqukn o naaekcaMm M (n);

1.2.1.1.1. imka o uaaexkcam M (n);

1.2.1.2. mxn no uHAeKcaM M (n);

1.2.1.3 Uk Mo cTpokam;

1.2.1.4. muxn no uaaekcam M (n).

Kax BuHO M3 MpUBEAEHHOTO CIHCKA, CAMBIE «TITYOOKHE» LUKIIbI SBISIOTCS
IMKJIaMU ¢ OTHOCUTEJIBHO MaJIbIM KOJMYECTBOM HTEPALM, TAK KaK KOJIMYECTBO
3JIEMEHTOB B MHOxecTBax N (m) m M (n) COOTBETCTBYET KOJUYECTBY «1» B
CTPOKaxX W B KOJOHKax cooTBeTcTBeHHO (a miss MIIII-kogoB oHO Mayio 110
OTIPENICIICHUIO).

[{UKIIBI ¢ MaJbIM YUCIIOM UTEPAIMHA MOTYT OTPHUILATEIIBHO CKa3bIBAaThCS Ha
IPOU3BOAUTENLHOCTH YUCICHHOTO MOJIETIMPOBAHUS U3-32 0COOEHHOCTEN paboThI
npeAcKa3aTeael BETBICHHS LIEHTPAJIbHOIO Ipoleccopa koMmbiorepa. [loatomy
€CJIM «PaCKPBITh» MOJOOHBIC IUKIIBI, MPeoOpa3oBaB UX B HAOOpP HHCTPYKIMI
JUISL KaXI0W CTPOKU M ISl KaXJOro CTOJIONA, 3TO AACT BBIUTPHILI B CKOPOCTH
MOJIETMPOBAHUSI.

Cucrema MOAENMPOBAaHUS, UCIOJb3yeMas B JaHHOM paboTe (B TOM 4HCIIE
JUIsl TIOJIYYEHHsI pe3ylnbTaroB s maB |, 2 u 3) HanmucaHa Ha S3bIKE
Java u B Bompocax HTPOU3BOJUTEIBHOCTH ONHPAECTCS HA BO3MOXXHOCTU CpPEbl
ucrionHenust (Java Virtual Machine [29]) m Ha cpenctBa s3pika Java 110
YKa3aHUI0 KOMIIUJISAITOPY CIOCOOOB ONTUMHU3AIMU.  BupryanbHas MaiivHa

Java (anrn. Java Virtual Machine) WCHONHSET TaK Ha3bIBaeMbIN OallT-KOJ
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— CTaHJAPTU3UPOBAHHBIA BlajenbleM Java Ha0Op HHCTPYKLUHM, B KOTOPBIH
KOMIWJIMPYETCS MCXOAHBIA KOA. OTOT HAOOp MHCTPYKUMH HE 3aBUCHUT OT
PEAIBHOTO LEHTPAIBHOTO NMPOLIECCOPA KOMIIBIOTEPA, HA KOTOPOM KOMITHIIUPYETCS
win ucnonsercs Java-koa. [IpeobpazoBanue nu3 6aifT-koJa B UCTIONHIEMBINA KOJT
KOHKPETHOI'O MPOLIECCOPa BBHITOIHACT BUPTyaJbHAs MAIIMHA C UCIOJIB30BAHUEM
JIT-xomnunaropa (aHri. just-in-time). OOmwMit BUA pabOTHl JAHHOTO TMOAXOJA

NpUBEAEH Ha puc. 3.1.

McxogHbin > > oanT-

6anT- UCMNOMNMHAEMBbIN
Koa koA

pesynsraTt

MnpoB.
maTpuua

Puc. 3.1. OOwmmii BuA mnpouecca KOMIWISIIMM M HCIOJHEHHS MPOrpPaMMbl YHCIEHHOTO

MOACTIUPOBAHUA

B nmpouecce koMnuiaumpoBaHWs ~BHpTyajbHas MallWMHa Java MOXeT
NPUMEHUTDH PA3IUYHbIE TEXHUKU ONTUMM3ALNN, OJHAKO HE JII00ast ONTUMHU3AIUS
BO3MO)KHa Ha JIaHHOM »JTane paldoTel Java-MallvHBIL. Hampumep, s3bIk
Java, B omnmume OT s3bikOB C/CH++, HE COHCPKUT TaKUX JUPEKTUB s
JIT-xomnunstopa, kak pragma B C/C++. Hanpumep, mporpaMMHUCT HE MOXKET
yKa3piBaTh JIT-KOMIUIATOPY Kakue IUKIBI JOJKHBI OBITh PACKPBITHI, KaKue
NIEPEMEHHBIE JIOJDKHBI XPAHUTHCS B PETHCTpax IMpoueccopa, U Tak naiee. Bce

OIINUKU OIITUMH3AIIWU ITPCACTABIIAIOT coOoi JAOITIOJIHUTCIILHBIC apTYMCHTbBI JJIA
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O 0 9 & w»n A~ W

BUPTYaJIbHOM MAIlWHBI Java, YCTaHABIMBAIOTCA B MOMEHT 3aIlyCKa BUPTYaJIbHOM
MAaIllHbI U PUMEHSAIOTCS TOJIBKO KO BCEU CPele MOAEIUPOBAHUS LEITUKOM.

Taxxke a3bIk Java HE COAEP)KUT BO3MOXXHOCTH OINPENEIICHUS MAacCUBa Kak
koHCTaHTHI [29]. KitoueBoe cimoBo final MOXET OOBABUTH CCbLIKY HA MACCHUB
KOHCTAHTOW, HO HE 3alpEeTUT IPOrpaMMe HU3MEHSTH COAECp)KUMOE MaccuBa. B
pesynbrare JIT-koMmusiTop HE MMEET TMpaBa B OOImIeM ciydae Mpearonararh,
y1o final MaccuB SIBISETCA KOHCTAHTOM caMm MO cebe, U ero 3Ha4eHUs MOXHO
BKJIIOUHUTH B MPOrpaMMy, HE BBIYUCIISIS UX KaxAblid pa3. [loaTomy, B oTinuune ot
nporpammbl Ha C/C++, HET cMbICia BKJIIOYATh 3HAUEHUE TPOBEPOYHON MaTPULIbI
KaK KOHCTaHTy B KoJ nporpammbl. C OIHON CTOPOHBI 3TO JOOABISET THOKOCTH —
JUISL TIPOBEJICHUS YHCICHHOTO MOJICJIIMPOBAHUS C APYTOW IPOBEPOUYHOM MaTpULEH
KOJIa HE HYXHO MEPEeKOMIMIMPOBaTh mporpammy. C Apyroil — onTUMHU3ALUIO
IporpaMMbl HEOOXOAMMO TTPOBOAUTH 03 pacuéTa Ha KOHKPETHYIO MTPOBEPOUHYIO
MaTpuIy.

[TosToMy mpenaraercss HMCHOJIB30BaTh HWH(MOPMAIUMIO U3 MPOBEPOYHOM
MaTpullbl KOJiIa, B YacTHOCTH, MHOxectBa M (n) u N (m) mis TeHepaluu
OaiiT-KoIa TIporpamMMbl Ha s3bIKe Java B TOT MOMEHT, KOTJa MporpaMMe CTaHET
U3BECTHA MpOBEpoYHas Marpuua konxa. [is 3Toro mcmomb3yercss OMOIMOTEKA
Javassist (Java Programming Assistant, [30]), koTopasi mO3BOJISIET TEHEPUPOBATH
HOBBIW HCITOITHSAEMBIN Java-KojJ B mpoliiecce padoTel mporpaMmbl. PaccmoTpum
ATOT MpoliecC MOAPOOHO Ha MpUMEpEe TOpU3OHTANBHOrO Iara. OpUrhHaIbHBIN

KO IMponcaAypbl rOpU30HTAJIBHOTO IIara HpI/IBeI[éH HMNIKC:

for (int row = 0; row < rows; row++) {
final float[] qORow = qO[row];
final float[] qlRow = ql[row];
final float[] rORow = r0[row];
final float[] rlRow = rl[row];

final int[] usedIndexes = checksOfRow[row];

final int usedIndexesLength = usedIndexes.length;
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final float[] deltaQ_mn = new float[usedIndexesLength];
for (int i = 0; i < usedIndexesLength; i++) {
final int column = usedIndexes[i];

deltaQ mn[i] = qORow[column] — qlRow[column ];

final float[] deltaR_mn = new float[usedIndexesLength];
Arrays. fill (deltaR_mn, 1f);
for (int i = 0; i < usedIndexesLength; i++) {
for (int k = 0; k < usedIndexesLength; k++) {
if (i != k) {
deltaR_mn[i] *= deltaQ mn[k];

final float[] deltaR_0 = new float[usedIndexesLength];

final float[] deltaR 1 = new float[usedIndexesLength];

for (int i = 0; i < usedIndexesLength; i++) {
deltaR_0[i] = (1 + deltaR_mn[i]) / 2;
deltaR_1[i] = (1 - deltaR_mn[i]) / 2;

int counter = 0;
for (int column : usedIndexes) {
rORow[column] = deltaR_O[counter];

rlRow[column] = deltaR_1[counter++];

Crpoku 1-33 oTBewarOT 3a [UKJI MO CTPOKaM. B crpokax 2-5
YCTAHABJIUBAIOTCA CCBUIKM Ha CTPOKH MaTPHIl ¢, g1, Yo U r JUIS yIPOIICHUS
nanpHenmero oopaimenus Kk HUM. Ctpoka 7 — monydeHue N (m) s CTPOKHU
m — UHACKCOB CTOJIOIIOB MPOBEPOYHON MATPHUIIBI, B KOTOPHIX €CTh €AUHUIIEI. B
cTpokax 10-14 BbIYUCHSAIOTCS 3HAYEHUS O,y;,, B CTPOKAX 1624 — 3HAUCHUSA 0Ty,
¥, HAKOHEII, B CTPOKaxX 26-37 BBIYMCIAIOTCS 3HaYeHus 10 u r) .

JIaHHBI KOA COAEPKUT OOJBIIOE KOJIMYECTBO KaK SBHBIX, TaK WU HE
SBHBIX ycCIOBUH. Bo-nepBoiX, siBHOE ycinoBue B cTpoke 20. Bo-BTOpBIX,

BCE IIMKJIBI CaMH 10 ceOe MOApa3yMeBalOT MPOBEPKY YCIOBUH (HAa OKOHUAHUE

nukiaa) — 3To crpokum 1, 11, 18, 19, 28, 34 (He cuurTas UHUKIOB,
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HaxOSIIMXCSA B BBI3BIBAEMBIX IpoueAypax Bponue Arrays.fill B crTpoke 17,
KOTOpasi OTBEYAET 3a 3alOJIHEHHE MAacCHBa 3HAYEHUsIMU). B-TpeTbux, noObie
omnepaluMu C MacCUBaMM B SI3bIKE Java Takke COAEpXkaT CKPBITYIO IPOBEPKY
yCIIOBUSI BBIXOJAa 3a TrpaHully MaccuBa. B ommuume ot s3sikoB C/CH+,
OpU TONBITKE OOpallleHuss K DJIEMEHTY 3a TpaHUIaMUd MAacCHBa BO3HUKAET
UCKTIIOYUmMenvHas cumyayus, TaKXKe Ha3blBaeMas IIPOCTO UCKIIOYEHUueMm, a
nMeHHO ArrayIndexOutOfBoundsException. (CTtout OTMETUTH, UYTO B
IOCJIEIHEE BpPEMS M3Yy4aeTrcs BOINPOC O BO3MOXHOCTA HCKIIOUUTh YacTh
MIPOBEPOK YCJOBHM TIpU paboTe ¢ MacCMBaMu — CM., Hampumep, padory [31])
Bce nepeunciienHbie ycnoBus MpeoOpa3yroTcsi B COOTBETCTBYIOIIUE BETBICHUS B
KOZIe, KOTOpbIe OyAyT UCHOIHATHCS BBIUUCIUTEIBHBIM MPOIECCOPOM, MPUBOJIS K

3aMCAJICHHUIO MCITOJIHCHUS KOJa (HO CpPaBHCHHIO C OTCYTCTBHCM BCTBHCHHﬁ).

3.1. YayudieHue npou3BOAUTEIbHOCTH YUCICHHOIO

MOACJIUPOBAHUSA

I[J'I}I VIYy4ICHUEC IIPOU3BOAUTCIBHOCTH YHMCICHHOIO MOACIHUPOBAHUA
ACKOACpPa Ha OCHOBC HUTCPATHBHOIO aJITOPHUTMaA C PACIIPOCTPAHCHUEM JOBCPUI

MPCAIIPUHATHI CIACAYIOIINC HIaTru:

1. Bo-mepBbIX, KOA MPOUEAYPhl MOXHO 3aMEHHTh Ha KOJI BBI30Ba
noanpouenyp performHorizontalStep$1(), performHorizontalStep$2() u
TaKk Jajee, TIJe HOMEpP B HMEHHM IMPOIEAyphl O3HA4YaeT HOMEDP
COOTBETCTBYIOIIIE CTPOKH, TEM CaMbIM packpbiBas mukia 1-33 u npenas

MEPEMEHHYIO0 TOW KOHCTAHTOM JJISI KaXJ0M U3 MOANPOLEaYP;

2. B pe3yapTare, BO-BTOPBIX, yKa3arejlb Ha maccuB usedIndexes Takxke

CTAaHOBUTCS KOHCTAaHTOW, KaK M €ro 3HadueHus. [losTomy B kaxxaou u3
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MOANPOLEYP Mbl MOXEM 3aME€HUTh IUKIbI 11-14, 19-23, 18-24, 28-31,

34-37 na HaOOp MHCTPYKIUH C MPSAMBIM YKa3aHUEM HHJIEKCOB;

3. B-TPEThUX, TaK KaK pa3Mep BCIIOMOTaTelIbHbIX MAacCUBOB HAM H3BECTEH,
4TO TO MBI MOXEM 3aMEHMTh MacCHMB deltal_mn Ha MHOXECTBO
nepeMeHHbIX (10 KOJWYECTBY MPOBEPOK B CTPOKE), YTO Takke MaéT
BBIMIPBILI, TaK KaK KOMIIWIATOPY HE HYKHO BCTABJIATH JOIOJIHUTEIbHBIN
KOJI JIJIi TPOBEPOK TPAHMI] MACCHBA TMPHU KaXKIOM OOpaIieHWHd, a CaMH
NepeMEHHbIE OH MOXKET 9aCTUYHO A((HEKTUBHO Pa3MECTHTh B PErHCTpax
MPOLIECCOpPa WM B CTEKE W, HE BBIACHAA IOJ HUX NaMSITh B «Ky4de» H
HE 3aJICUCTBYSl «COOPIIUK Mycopay JJisi OCBOOOXKIECHHUS 3aJeHCTBOBAHHOM

MMaMSTH MPU BBIXOAE U3 MPOLEIYPHI.

OO6mwmit BUa mporexypsl H300pakéH Ha puc. 3.2.

oanT-

Kod nporpamma
MOLENMPOB.

leHepauuns :

Koaa Jelui\t/)ar:ast aekonep

aekopepa ry

npos. pe3ynbTaThl
mMaTpuua

Puc. 3.2, OOwmuii Buj mnporecca ONTUMHU3ALMU W HCHOJHEHMs] MPOTrpamMMbl YHCIEHHOTO

MOACITUPOBAHUA

B pesynwrare, Hanpumep, A nepBoii cTpoku koaa «96.3.963 (N=96, K=48,
M=48, R=0.5)» W3 SHIOUKIONECINH HU3KOIUIOTHOCTHBIX KomoB MakKes [28],

KOTOpasi COACPKUT eauHunbBl B crtombmax 8, 20, 36, 56, 80, &1,
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OyIeT creHepupoBaHa cCleAylollas TMOANpPOoLeaypa TOPU30HTAJIBLHOIO Iiara

performHorizontalStep$0():

—_

{

Nl N =) TV, B N VS I (S ]

A B B W W W W W W W W W W NN RN NN NN NN = = e = e e e e e e
N = O 0O 0 NN L R WD = O O 0NN R WN = O VL NN R WD = O
-

final
final
final float
final float
final float
final float
final float
final float
final float
final float
final float
final float
final float
final float
final float
final float
final float
final float
final float
final float
final float
final float
final float
final float
final float
final float
final
final
rORow [7] =
rlRow[7] =
rORow[19] =
rlRow[19] =
rORow[35] =
rlRow[35] =
rORow[55] =
rlRow[55] =
rORow[79] =
rlRow[79] =
rORow[80] =

rlRow[80] =

float[] qORow
float[] qlRow =

float []
float[] rlRow =

=q0f
ql [
deltaQRow_7 =
deltaQRow_19
deltaQRow_35
deltaQRow_55
deltaQRow_79
deltaQRow_80
delta_7 =
delta_ 7 p =
delta 7 m =
delta_19 =
delta 19 p =
delta_19 m =
delta 35 =
delta_35 p =
delta 35 m =
delta 55 =
delta 55 p =
delta_55 m =
delta_79 =
delta_79 p =
delta_ 79 m =
delta 80 =
delta 80 p =
delta 80 m =
r0 [
rl [

rORow =

delta_7 p;
delta_ 7 m;

delta 19 p;
delta_19 m;
delta_35 p;
delta_35 m;
delta_55 p;
delta 55 m;
delta 79 p;
delta 79 m;
delta 80 p;
delta_80 m;

0];
0];

qORow[7] -

= qORow[19]
= qORow([35]
= qORow[55]
qORow[79]
= qORow[80]

deltaQRow_19 =
(1 + delta_7) / 2;
(1 — delta_7) / 2;
deltaQRow_7 s deltaQRow_ 35

qlRow [7];

- qlRow([19];
- qlRow([35];
— qlRow[55];
— qlRow[79];
— qlRow([80];
deltaQRow_35

(1 + delta 19) / 2;
(1 — delta_19) / 2;

deltaQRow_7 * deltaQRow_19

(1 + delta_35) / 2;
(1 — delta_35) / 2;

deltaQRow_7 * deltaQRow_19

(1 + delta 55) / 2;
(1 — delta_55) / 2;

deltaQRow_7 * deltaQRow_19

(1 + delta_79) / 2;
(1 — delta_79) / 2;

deltaQRow_7 * deltaQRow_19

(1 + delta_80) / 2;
(1 — delta_80) / 2;

0];
07;
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deltaQRow_55

deltaQRow_55

deltaQRow_55

deltaQRow_35

deltaQRow_35

deltaQRow_35

deltaQRow_79

deltaQRow_79

deltaQRow_79

deltaQRow_79

deltaQRow_55

deltaQRow_55

deltaQRow_80;

deltaQRow_80;

deltaQRow_80;

deltaQRow_80;

deltaQRow_80;

deltaQRow_79;



XoTs cama TIpoIeAypa BBINIIAUT JUIMHHEE, OHAa Oojiee HE CONEPKUT HHU

OJHOI'0 IHUKJIa, M, 4YTO Ba>XHCC, HU OHHOﬁ SIBHOM IIPOBCPKHU YCHOBHﬁ, KpoMC

HESBHBIX ITPOBEPOK HA IPAaHUIIBI MACCUBOB B CTpokax 2-9 m 28-41. Ilpu stom

cama Tpoleaypa TOPU30HTAILHOTO ara Oy/IeT BhIIISACTh Kak:

{

performHorizontalStep$0 ();
performHorizontalStep$1 ();
performHorizontalStep$46 ();
performHorizontalStep$47 ();

AHaNOru4HbIM 00pa30M MEHSETCS U MPOIeAypa BEPTUKAILHOTO IIara.

B kauectBe cpencTBa reHepanum OaWT-KOIa HMCIIONIb30Baach OMOIMOTEKA

Javassist (Java Programming Assistant, [30]), Tak Kak oOHa MO3BOJsIA

TCHCPUPOBATHL KOA M3 CTPOK IICCBAO-KOAd, HAIIOMHWHAKOMICTO Java—Koz[,

IIPUBEIEHHBIN  BBIIIIE. PaGora ¢ OuOIMOTEKOW CBOOUTCSA K CIEIYIOMICH

IpoLEAYypE, BBIOIHAEMOM BO BpeMsi pabOThI IPOTrPAMMBL:

IIOJIYYUTh OT YIPABIIIOLIEH ITPOrPaMMbl MATPHUILYy ITPOBEPOYHOTO Kona H;

CKOIIMPOBATh B IIaMATH 1104 HOBBIM MUMCHCM TOTOBBIM KJacc CTaHIapTHOIO

JeKoIepa;

Ha OCHOBAaHHUHU MaTpullbl CICHCPHUPOBATL MCTOALI IJIsSI TOPHU3O0OHTAJIBHBIX
N BCPTHUKAJBHBIX MIAroB AJIA KEDI(I[Oﬁ CTPOKHN H CTOJI6Ha HpOBGpO‘-IHOﬁ

MaTpUulbl,

3aMCHUTb MCTOAbI BCPTHUKAJIBHOI'0O W T'OPU30HTAJIBHOI'O 1IArOB B
CKOIIMPOBAHHOM KJIACCC Ha HOBBLIC, OCYHICCTBIIATIOIINC HOCHCHOB&TGHBHBIﬁ

BBI30B MOANPOLIEAYD;

CO3/1aTh HOBBIN OOBEKT (IK3EMIUIAP, aHIVI. instance) Kiacca JEKojepa.
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30
31
32
33
34
35
36
37
38
39
40
41

KpoMme onrcaHHbIX BbIIIE U3MEHEHUH MOXKHO MPOU3BECTH JOMOIHUTEIBHYIO
ONTUMM3ALMIO JOCTyla K MacCuBaM 1y W ri, a TOYHEE 3aMEHUTh HUX Ha
JIBa HK3EMIUISIpa OT/ACJIBHOTO TE€HEPUPYEMOIo Kjacca € OOJIBIIMM YUCIIOM
nepeMeHHbIX. OJHaKo, TaKk KaK HaM HYXKHBI JIMIIb T€ 3HAYEHUS MAaCCHUBOB 1Y)
U 1|, KOTOPbIE COOTBETCTBYIOT «1» B MPOBEPOYHON MaTpHIEe KOJa, KOJIMYECTBO
ATUX TEPEMEHHBIX TaKXke OylAeT OTPaHUYEHO — OOIIMM KOJIMYECTBOM EIUHUIL
B MPOBEPOYHON Marpuie koma. Torma, B Tom uucie, crpoku 30-41 Oymyt

BBITVISAZICTh CICTYIOMINM 00pa3oM:

r0.r_ 0_7 = delta_7 _p;

rl.r 0 7 = delta_7 _m;

r0.r_0_19 = delta_19 p;
rl.r 0 19 = delta_19 m;
r0.r 0 35 = delta 35 p;
rl.r_0_35 = delta_35 m;
r0.r 0 55 = delta 55 p;
rl.r 0_55 = delta_55 m;
r0.r_0_79 = delta_79 p;
rl.r_ 0_79 = delta_79 m;
r0.r_0 80 = delta 80 _p;
rl.r 0 80 = delta 80 m;

[TonoOHas onTUMH3aIUsl YMEHBIIAET KOJIMYECTBO MPOBEPOK HA MPEBBIIICHHUE
IPaHUIl MacCHBa, a TaKKe TpeOyeT MEHbIIIe aMsATH, YeM MPeIbLAY LIl BapUaHT,
TaK KaKk He TpeOyeT XpaHUTh B NaMSATU HyJIEBbIE STUEHKH MacCCUBOB.

BaxHo, 4yTo JaHHBIA CIOCOO TaKKe MMEET CBOM OTpaHMYeHHUsA. B mepByto
ouepe/ib OHU CBsI3aHbl ¢ orpannueHusaMu Java Virtual Machine [29]. Hanpuwmep,
pasMep Koaa Meroja (KOJIMYECTBO MHCTPYKUMH U MX apryMEHTOB B paMKax
OJHO} HpoLEeNYphl) HEe MOKET IpeBblmaTh 2!, TakuM ke 4MCIOM OrpaHHuYEeHO
KOJIMYECTBO MOJEH M KOHCTAHT Ha Kjacc. B CBS3M C ATUMHU OrpaHUYECHUSIMU
Uit paboThl ¢ OOJIBIIMMHU TNPOBEPOYHBIMU MATPUIAMH HYKHO JEJIHUTh KOA
OJTHOTO JEKOAEpAa MEXKJy HECKOJIBKHMM MCIOJHSEMBIMH KiaccaMu Java-kona.
Pa3ymeercsi, 3T0 orpaHudYeHuE KacaeTcsi TOJIBKO KO/a, KOTOPbIA TeHEPUPYETCs

«Ha JICTY», TAK KaK KO, pa6OTaIOLHHﬁ oe3 OIITUMH3allU HC MCHIACTCA U €TI0
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pasMep TpenckasyeM 3apaHee.

3.2. Pe3yabTarhl YHCJICEHHOT0 MOACJIUPOBAHUSA

Ha puc. 3.3 noka3zano Bpems unciieHHoro Mmoaenuposanus 10000 onepanuii
MONCKAa W WCTPABICHHUS OIMMOOK B KOMOBOM BekTope aBomuHoro MIIII-koma
UTEPATUBHBIM aJITOPUTMOM JIEKOJAUPOBAHUSA C PACIPOCTPAHEHUEM JIOBEPUS
«CyMMa-TIpOM3BeICHNE» 0€3 MPpeABAPUTEIHHON TeHEPAIIUU ONITUMHU3UPOBAHHOTO
KOJIa JIEKOJIepa, C TEHepaIlMel, a TaK)Ke ¢ TeHepalue U ¢ 3aMeHoil MaccuBOB 10
1 r1 Ha IepeMeHHBIC JIOTTOTHUTEIILHOTO Kitacca. MoieTMpOBaHKE BBITIOJIHSIIOCH
C MCMOJIb30BaHHWEM MPOBEepoYHOM Marpullbl AsonuHoro MIITTY-koma «408.3.834
(N=408, K=204, M=204, R=0.5)» 13 SHIUKIONEANN HU3KOIUIOTHOCTHBIX KOJIOB
MakKes [28].

Kak BumHo u3 puc. 3.3, NOPEIIOKECHHBIM METOJ ONTUMHU3ALUU JAET
BBIUTPBIII BO BpeMEHHU. J[OMONMHUTENbHO HAa puC. 3.4 MPUBEIACHBI PE3YJbTAThHI
B MPOIICHTaxX K BpeMeHu 0e3 ontuMu3anuu. Kak BuaHO U3 rpad)MKoOB, yCKOPEHUE
MoxeT gocturarb ot 20% mo 50%, a 3aMeHa MacCMBOB MEPEMEHHBIMHU KJlacca

I[aéT I[OHOJIHI/ITGJIBHblﬁ BBIMI'PBIIIT BO BPECMCHH YHCJIICHHOI'O MOACIIHUPOBAaHUSI.

3.3. BeiBoabI K 1J1aBe

[Ipenyioxennas ONTUMHUA3ALMS UTEPATUBHOTO AEKO/IEPa C pACIIPOCTPAHEHUEM
JIOBEpUSL «CyMMa-nipou3BeAeHus» i ABonuHbiXx MIIII-koqoB mo3BossieT
YMEHBIIUTh BpeMms, TpebyemMoe Ha MOJCIMPOBAHWE TIpollecca IOUcKa |

HCIIPABJICHUA OIMOOK B KOJOBBIX BCKTOpax KoOAA4.
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79



100% 418151185118

90%
=
T 80%
o ’ A A A
T A A
g 0% i
2 A A A A > >
& wow A > > > p , > » P
3 A, a7
5% X >
3
3 40%
Q.
©
g  30%
Qo
% 20%
=
Q
& 10%

0%

3 35 4 45 5 55 6 6,5 7
Eb /N (64)
W Ges npeareHe- A CreHepauveit ™ C renepauveid
pauuu bainT-koga banT-koga banTKkoda u 3a-

MEHOM MaccKBOB
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3aK/JII0uYeHue

CereBoe KOAUPOBAHUE U KOJbI C MAJIOW IJIOTHOCTHIO MPOBEPOK HA YETHOCTD
SBIIIIOTCSL OBICTPO PAa3BUBAIOIIMMUCA OOJNIACTAMU HccleaoBanuii.  Haunnas
¢ 2005 roma myOnMKyeTCss MHOXKECTBO PaOOT, MOCBAIMIEHHBIX HMCIOIb30BAHHIO
HU3KOIUIOTHOCTHBIX KOJOB B CETEBOM KOJIMPOBAHHMM, OJHAKO OCTABAJIUCH
poOJIeMbl, pEIIeHHEe KOTOPhIX HE OBLI0 J0CTaTouHO 3G(PEKTUBHBIM WIIH
JOCTAaTOYHO THOKMM. B wacTHOCTHM, HEe Oblna pemeHa 3hdekTuBHO TpobaeMa,
BIIEpBbIC 0003HaYeHHasi KaHToM U IpyruMu MO YMEHBIICHUIO WIIN yCTPAHEHUIO
sddexra yxyaumieHuss xapakTepuctuk aexkoaupoBaHusi MIIITY-kogoB mnpu
UCIIOJIb30BaHUU CETEBOTO KOJAUPOBAHMSL.

B nanHoOil paboTe mNpeUIoKeHBI HOBBIE AaJTOPUTMBI  JEKOJUPOBAHUS
HU3KOIUIOTHOCTHBIX KOJOB JUIsl MCIOJBb30BaHUS B CETEBOM KOAMPOBAHUU IS
KaHaJIOB CO CTHUpaHUEM U ISl KaHaJOB C aJJUTUBHBIM OCJIBbIM TayCCOBCKUM
IIyMOM Ha OCHOBE WTEPATUBHBIX QJITOPUTMOB C TMepegadyeil CcooOIIeHUM
U C pacrnpoCTpaHEHHWEM JOBEpPHUS CyMMa-IPOU3BEICHHUE. Hcnonb3oBanue
HOBBIX QJTOPUTMOB YAyUIIAaeT XapaKTEPUCTHKU JCKOACPOB IO IOHCKY
Y UCIIPABIICHUIO OIIMOOK B MPUHATHIX KOJOBBIX BEKTOPAX Ha y3J1aX-MOydaTessix
U yJIy4lIaeT OOIIYIO MPOIYCKHYIO CIIOCOOHOCTh CETH C MCIOIb30BaHUE CETEBOTO
KOJIMPOBAHUS.

HoBbie anroputmbl 0000II€HBI Ha MPOU3BOIBHYIO CTPYKTYPY CETH
U MIPOU3BOJILHOE KOJIMYECTBO Y3JI0B-M0y4YaTeseii, B TOM YUCIIE C UCTIOJIb30BaHUEM
CIIy4allHOTO CETEBOT0 KOAMPOBAHMUS — TO €CTh JUIsl CETH C WM3MEHYMBOMU
CTPYKTYpPOI1, 3apaHee HEM3BECTHOM B MOMEHT NEpeayr COOOILECHHUS.

B nocnenneit mase paboThl MPeIOKEHBI CIIOCOOBI YCKOPEHUS allTOPUTMOB
YICJIEHHOTO MOJIETUPOBAHUS UCIIOIB30BaHUS HU3KOTUIOTHOCTHBIX KOJIOB B CETEBOM

KOANPOBAHHWHU C ITIOMOIIIBIO OIITUMHU3AIUH UTCPATHUBHOT'O aJITOpUTMaA JCKOAUPOBAHU A
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C pacrmpoCTpaHEHUEM JIOBEpHUS CyMMa-IIPOU3BEACHUE. Janubiii  cioco0
MOXXET OBITh HCIOJIb30BaH JUIsi YCKOPEHUS YHUCJICHHOIO MOJCIUPOBAHUS

KaK IIPCAJIOKCHHOI'O aJIrOpUTMa ACKOAUPOBAHUA, TAK U AJId U3BCCTHLIX paHECC.
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[Tpunoxenue 1

Peasm3zanuu AJropuTMoB YUCJICHHOTO

MOJAEJTMPOBAHUSA

B naHHOM npuIIO)KEHUH NMPUBEAECHO ONMUCAHUE U YACTUYHBIA UCXOAHBIN KO
MPOLEIYP YUCICHHOTO MOJEIUPOBAHUS, UCITOIB30BAHHBIX B IM1aBax 1-3 JTaHHOU

paboTHI.

1.1. YucieHHOEe MOJEJIMPOBAHHUE IJIs1 KAHAJIA CO CTHPAHUEM

Jl71s kKaHAIa cO CTUpPAHUEM HaMcaHa IIporpaMMa YiCJICHHOTO MOJICTTHPOBAHUS
WCITIOJIb30BAHUS JBOMYHBIX HU3KOIIOTHOCTHBIX KOJIOB C CETEBBIM KOJIMPOBAHUEM.
[IporpamMma cocTouT U3 AepeBa KJIaccoB, M300pakEHHBIX Ha puc. 1.1, kiaccos
JIEKOZICPOB, U BCIIOMOTaTeIbHBIX KJIACCOB.

1.1.1. YnpasieHue 4YMCJICHHBIM MOAEJIMPOBAHUEM

Knacc AbstractSimulate COOEpKUT OCHOBHOM KO, NpEeIHA3HAYCHHBIN
JUIsl YIIPABJICHUSI MPOLIECCOM YHUCIEHHOTO MonenupoBaHue. OH pemaeT Takue

3a1a4M, Kak:

® TCHEPAIMIO KOJIOBBIX BEKTOPOB IO U3BECTHOW MPOBEPOYHOU MATPHUIIE;
® TEHEPAIMIO U «ITPUMEHEHUE» IIIyMa K CUTHAIY;

® VIIPAaBJICHUC KJIACCaMM JOCKOACPOB, HHHUIOHUAIN3AOUIO ACKOACPOB IIO0

IIPOBEPOYHON MAaTPHUIIE;

® OpraHu3anuio HUKJIa MOACIUPOBAHUA.
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Simulate2Fixed Simulate2_3Fixed Simulate2Random

L b A

AbstractFixedNetworkSimulate AbstractRandomNetworkSimulate

X A

AbstractNetworkSimulate

A

AbstractSimulate

Puc. 1.1. [lepeBo knaccoB i1 IpOrpaMMbl YHMCIEHHOIO MOZEIMPOBAHUS MCIIOJIb30BaHUS

HU3KOINIOTHOCTHBIX KOJAOB B CCTCBOM KOAHWPOBAHUUN

B cucreme MonenupoBaHHs peav30BaH AJalTUBHBIM IOAXOJN K OLICHKE
CHOCOOHOCTH KOJla HMCKaThb W HUCHPABIATH OLIMOKM NEpenadd, MpU KOTOPOM
KOJINYECTBO WUTEPALMU YHUCICHHOTO MOIEIUPOBAHUS MEHSETCS B 3aBUCUMOCTHU
OT XapakTEepUCTUK Koxa. i 3Toro B kitacce AbstractSimulate mMpUCyTCTBYET

Ha60p KOHCTAHT, YIPABIAOIINX AAHHBIM ITOAXOOOM:

e BATCH — pa3mep rpyIiibl 3aJaHuil, KOTOPbIE pacnapaiyieInBalOTCs MEXIY

BCCMH JOCTYIIHBIMH IIPOLCCCOPAMMU,

e MAXERRORS - MakCMMajabHOE KOJMYECTBO OIMUOOK JEKOIUPOBAHUA,
KOTOPO€ HaJA0 OOHApYXHUTh I Tepexola K CieayolmeMy Habopy

napameTpoB;

e MINITERATIONS — MHMHUMAJIBHO HEOOXOAUMOE KOJWYECTBO HWTEpAIIHil
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nepes1 epexoJioMm;

e MAXITERATIONS — MakcHUMaJdbHO HEOOXOAMMOE KOJIMYECTBO HTEpaIui

nepe] MepPexoioM;

e MAX_NEXT_ERROR_RESULT_LOG_CHANGE - MakcuMalIbHOE€ JOIIyCTUMOE
W3MEHEHHuEe JorapudmMa MPEAbIAyIIero pe3yiabTaTa (OTHOIICHHUS YHCIIa
OMOOK K YHCIYy HWTEpalHii) TMOCIE TEKyImed TPynmbl 3aJaHuil 0

CpPaBHEHMIO CO BCEMU MPEAbIIYIIMMU ISl TIEPEX0a.

[IporpaMmma MopenupoBaHus [JIsl KaHajlla CO CTHUPAaHHEM paldoTaeT cC
aByms mnapamerpamMu — mnapaMeTrp fullRestoreBeforelmprovedDecoding,
OTpPEACNAIOIMIUM HEO0OXOIMMOCTh BBIMOJIHEHUS OIEpaly MpeABapUTEILHOTO
BOCCTAHOBJICHUSI KOJOBOTO BEKTOpa m’ meToqoM laycca, a Takke mapaMerp
erasureProbability, onpeaensiomuid BEpOSTHOCTh CTUPAaHUs OMTa B KaHaJe.
Jna mepexoma K CIEOyIOIIMM 3HAYEHUSM JAHHBIX IIapaMeTpPOB JIOCTAaTOYHO,

YTOOBI BBITTOJIHWIJIOCH JIFO0OE U3 TPEX YCIOBUMA:

l. xonmuuectBO wuTepanuii He MeHee MINITERATIONS wu  HU3MEHEHHE
gorapudMa pesyiprara IOCie TEKYIIeW TpyNmbl 3aJdaHuii He Oosee

MAX_NEXT_ERROR_RESULT_LOG_CHANGE;
2. xonm4dectBo utepauuii 0onee MAXITERATIONS;

3. KOJIMYECTBO OIMIMOOK JieKoaupoBanus Oonee MAXERRORS.

JlaHHbBIE YCIOBHUSA TMO3BOJISIIOT YCKOPHUTh MOJIEIMPOBAHKME HA dTanax, Kormaa
KOJIMYECTBO OIMMOOK JIeKoAupoBaHus Haxomutcs B mHTepBasie 10% — 100% ot

KonmyecTsa urepanui. [Iponeaypa nukia 1o napaMmeTpam MpUBEIEHA JaJee:

1 protected final void simulateByErasureProbability (
2 final boolean fullRestoreBeforelmprovedDecoding, final float start, final float end,

3 final float step) throws Exception {
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generateMessages ();

for (float s = start; step >0 ? s <end : s > end; s += step) {

final float erasureProbability = s;

clearErrors ();

int iterations = 0;

int errors = 0;

totalTime .set (0);

final long timestamp = OPERATING SYSTEM MX BEAN. getProcessCpuTime ();
double nextErrorResultLogChange = 1;

while ((iterations < MINITERATIONS
|| nextErrorResultLogChange > MAX NEXT ERROR RESULT LOG CHANGE)
&& iterations < MAXITERATIONS && errors < MAXERRORS) {
final List<Future<Collection <? extends Callable <Object>>>> futures;

futures = new ArrayList<Future<Collection <? extends Callable <Object>>>>();

for (int k = 0; k < BATCH; k++) {
futures .add(executorService
.submit (new Callable<Collection <? extends Callable <Object>>>() {
@Override
public Collection <? extends Callable <Object>> call ()
throws Exception {
return iteration (fullRestoreBeforelmprovedDecoding,

erasureProbability);

}
1)

iterations ++;

-

invokeAll (futures);

errors = getMinErrors ();

if (errors != 0) {

double currentResult = Math.log ((double) iterations / errors);

double newPossibleResult = Math.log ((double) iterations / (errors + 2));

nextErrorResultLogChange = (currentResult — newPossibleResult) / currentResult;

b else {
nextErrorResultLogChange = 1;

totalTime . addAndGet (OPERATING SYSTEM MX BEAN. getProcessCpuTime () — timestamp);
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printErrors (erasureProbability , iterations);

}

Mertonas 00bekTa OPERATING _SYSTEM_MX_BEAN mo3BOJIIET U3MEPATH BPEMS
BBITIOJTHEHHSI MOJICJIMPOBAHUSL C TOMOIIBK0 HWHCTPYMEHTOB OINEPALMOHHON
CHUCTEMBI, KOTOPBIE U3MEPSIOT HE MPOLIEAIIEE BPEMS MOAEITUPOBAHUE, a PEATbHO
UCIIOJIBb30BaHHOE MPOLIECCOPHOE BpEMsI MPOrpaMMON MOAEIHPOBaHUsA. JlaHHBIN

0O0BEKT fABJIsIETCA YacThio OMbaMoTeku Sun Java Management.

protected static final com.sun.management.OperatingSystemMXBean OPERATING SYSTEM MX BEAN =
(com.sun.management.OperatingSystemMXBean)

java.lang.managementioManagementFactory . getOperatingSystemMXBean ();

Meton simulateByErasureProbability() «cobupaer» Habop 3anaHuii
B Kouiekuuto futures, mocie yero nepenaéT MX Ha HCIOJHEHHE B CEPBUC
UCTIOJTHEHUS 3a/IaHUs C IYJIOM TTOTOKOB MCIIOJIHEHUS 10 KOJIMYECTBY JIOTUYECKHUX

IIPOIIECCOPOB MAIIIHHEI.

protected final ExecutorService executorService = Executors.newFixedThreadPool(Runtime

.getRuntime (). availableProcessors (), newThreadFactory ());

private void invokeAll(List<Future<Collection <? extends Callable <Object>>>> futures)
throws InterruptedException, ExecutionException {
List<Callable <Object>> callables = new ArrayList<Callable <Object>>();
for (Future<Collection <? extends Callable <Object>>> future : futures) {

callables.addAll(future.get());

for (Future<?> future : executorService.invokeAll(callables))

future . get();

Camu 3a1aHUsI TEHEPUPYIOTCS JOYSPHUMH KJlaccaMu B MeTojie iteration ().

protected abstract Collection <? extends Callable <Object>> iteration (

boolean fullRestoreBeforelmprovedDecoding, float erasureProbability) throws Exception;

1.1.2. I'eHepauus 3axaHui JJIsl MOJAEJTHUPOBAHUS

JlodepHre kiacchel, Hampumep, Simulate2Fixed, B Metoae iteration()

CO3Mal0T HA0Op 3aJaHui ISl HUTEPaIvu. Jns 3a7aHHBIX MapaMeTpPOB
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fullRestoreBeforeImprovedDecoding u erasureProbability BbiOMpaeTcs

KOI[OBBIﬁ BCKTOD,

pasacisieTCd Ha 4YacCTu,

TEHEPUPYETCS  IIIYM.

Jlanee

ITCHCPHUPYIOTCA ITAKCThI BaHaHI/Iﬁ - B34ATb 4aCTH KOJAOBOI'O BCKTOpPA, HAJIOKUTH IIIYM

(cTrepeTh OWTHI), MepeaaTh MPOIEAYpPE ACKOIUPOBAHUS WM, €CIU €CTh OIIHOKH,

YBEJINYNUTHh COOTBETCTBYIOINNA CYETUHK.

protected List<Callable <Object>> iteration(final boolean fullRestoreBeforelmprovedDecoding,

final float erasureProbability) throws Exception {

final Random random =

this .random. get ();

List<Callable <Object>> callables = new ArrayList<Callable <Object>>();

final BitSet message =

this . messages. get(random. nextlnt (messages.size ()));

final BitSet[] originals = new BitSet[split];

for (int i = 0;

originals[i] =

i < split;

i++) {

new BitSet(messageSize);

for (int k = 0; k < messageSize; k++) {

originals[i].set(k, message.get(i * messageSize + k));

final float[] noisel =

final float[] noise2 =

generateNoise (random);

generateNoise (random);

callables.add(new Callable <Object >() {

@Override

public Object call () {

final BitSet

messageSize ,

final BitSet

messageSize ,

BitSet[] decoded = decode(fullRestoreBeforeImprovedDecoding , new boolean[][]

{ true,

[1 receivedll

[T receivedl2

noisel );

noise2);

applyNoise(erasureProbability ,

= applyNoise(erasureProbability ,

false }, { false, true } },

new BitSet[][] { receivedll, receivedl2 });

if (decoded[0] == null ||

Imessage . equals (decoded[0]))

errors [1].incrementAndGet ();

if (decoded[1] == null ||

!message.equals(decoded[1]))

errors [4].incrementAndGet ();

return null;
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@Override
public Object call () {

callables.add(new Callable <Object >() {

BitSet sentl = originals[0].clone ();

sentl .xor(originals[1]);

BitSet sent2 = originals[1].clone();

final BitSet[] received2l
noisel );
final BitSet[] received22

noise2);

= applyNoise(erasureProbability ,

applyNoise(erasureProbability ,

sentl ,

sent2 ,

messageSize ,

messageSize ,

BitSet[] decoded = decode(fullRestoreBeforeImprovedDecoding , new boolean [][] {

{ true, true }, { false, true } },

new BitSet[][] { received2l, received22 });

if (decoded[0] == null ||

Imessage.equals(decoded[0]))

errors [0].incrementAndGet ();

if (decoded[1] == null ||

Imessage . equals (decoded[1]))

errors [1].incrementAndGet ();

return null;

DK

@Override
public Object call () {

callables .add(new Callable <Object >() {

BitSet sentl = originals[0].clone();

BitSet sent2 = originals[1].clone();

sent2 .xor(originals [0]);

final BitSet[] received3l
noisel );
final BitSet[] received32

noise2);

= applyNoise (erasureProbability ,

applyNoise(erasureProbability ,

sentl ,

sent2 ,

messageSize ,

messageSize ,

BitSet[] decoded = decode(fullRestoreBeforeImprovedDecoding , new boolean[][] {

{ true, false }, { true, true } },

new BitSet[][] { received3l, received32 });

if (decoded[0] == null ||

Imessage.equals(decoded[0]))
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errors [3].incrementAndGet ();
if (decoded[1] == null || !message.equals(decoded[1]))

errors [6].incrementAndGet ();

return null;
}

1)

return callables;

1.1.3. BoccTraHoBJIeHHE KOJ0BOI'0 BEKTOPA M Iepeaada Ha J€KOANPOBaHUE

[TakeTsl co cT€pThIMH OUTaMM MEpPEHAIOTCS MPOLEAYpPEe IEKOIUPOBAHUS,
peanmn3oBaHHOW OO B Kilacce AbstractFixedNetworkSimulate, ecimm 3To
CeTEeBOE KOAMpPOBAaHUE [JIi CE€TU C (PUKCHPOBAaHHOW M 3apaHee HW3BECTHOMU
CTpyKTypoil, 1ubo B kiacce AbstractRandomNetworkSimulate, eciu 3TO
CIIy4allHOE CETEBOE KOAMpOBaHMUE. [lamee onumcaH NnepBblid ciydai.

JlekogupoBaHue BBINIOJHACTCS CHadajla CTaHJAPTHBIM aJrOPUTMOM, ITOTOM
HOBBIM, Kak OH OINMCaH B IIepBOM MIaBe. Jlnsg HOBOro ajropurma Iepen
BBI30BOM HTEPATHUBHOIO JEKOJEpa CO31aE€TCs HOBas IPOBEPOYHAs Marpulla Ha
OCHOBE 3HaHUSA MHPOpPMALMU O CTPYKTYpE CETH, KOTOpas MepeaaéTcss MeTolaM
JTOMOJHUTENBHO. CTapblidi aITOPUTM TAKKE MCHOIB3YET 3Ty UHPOPMALIMIO — JIJIsi

BOCCTAHOBJICHHUA KOOJOBOI'O BCKTOpAa MCTOJOM Faycca.

protected final BitSet[] decode(boolean fullRestoreBeforelmprovedDecoding,
boolean [][] networkStructure, BitSet[][] messagePackets) {
BitSet restoredVectorl = decodeWithSmallH (networkStructure , messagePackets);
BitSet restoredVector2 = decodeWithLargeH (fullRestoreBeforeImprovedDecoding ,

networkStructure , messagePackets);
return new BitSet[] { restoredVectorl , restoredVector2 };
protected BitSet decodeWithSmallH (boolean[][] networkStructure, BitSet[][] receivedPackets) {
BitSet[] messageCharacteristics = gaussReducing(networkStructure , receivedPackets);

if (messageCharacteristics == null)

return null;
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final long timestamp = THREAD MX BEAN. getCurrentThreadCpuTime ();
try {
return decode(H, messageCharacteristics);
} finally {
timestampSmall.addAndGet (THREAD MX BEAN. getCurrentThreadCpuTime () — timestamp );

protected final BitSet decodeWithLargeH (boolean useGaussReductionBeforelmprovedDecoding,

boolean [][] networkStructure, BitSet[][] messagePackets) {

final Matrix updatedH = getLargeH(networkStructure);

final long timestamp = THREAD MX BEAN. getCurrentThreadCpuTime ();
try {
return decodeWithLargeH (useGaussReductionBeforeImprovedDecoding, networkStructure ,
messagePackets , updatedH);
} finally {
timestampLarge . addAndGet (THREAD MX BEAN. getCurrentThreadCpuTime () — timestamp );

protected final BitSet decodeWithLargeH (boolean fullRestoreBeforeImprovedDecoding,

boolean [][] networkStructure, BitSet[][] messagePackets, final Matrix updatedH) {

final int countOfMessages = messagePackets.length;
BitSet[] initCharacteristics = new BitSet[] { new BitSet(H.columns), new BitSet(H.columns)
BitSet initMessage = initCharacteristics [0];

BitSet initErasures = initCharacteristics[1];

// all first H.columns bits are erased

initErasures.set(0, H.columns);

for (int m = 0; m < countOfMessages; m++) {

BitSet[] messageCharacteristics = messagePackets [m];
BitSet message = messageCharacteristics [0];

BitSet erasures = messageCharacteristics[1];

for (int i = 0; i < messageSize; i++) {

initMessage .set(H.columns + m * messageSize + i, message.get(i));

initErasures .set(H.columns + m * messageSize + i, erasures.get(i));

if (fullRestoreBeforeImprovedDecoding) {

BitSet[] gauss = gaussReducing(networkStructure , messagePackets);
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BitSet message = gauss[0];
BitSet erasures = gauss[l];
for (int i = 0; i < H.columns;
initMessage . set (i,

initErasures.set (i,

}
}
BitSet message = decode(updatedH,
return message == null ? null :

CtouT OTMETHTh, UYTO peanm3anus wmertoma getlargeH() g meneit
MOJICTTUPOBAHUSI TEHEPUPYET BapHUAHTHI PACIIMPEHHON MaTpuIlbl 3apanee. Hx
KOJIMYECTBO HE TpeBBIMIACT 2"‘r, TOE ¢, — KOIWYECTBO COOOIICHHUMN, KOTOPOE

IMOJIy4acT KOHCYHBIN y3€l1, a ¢, — KOJHU4YCCTBO '-IaCTeI\/'I, Ha KOTOPBIC IOCIINTCIA

i++) {
message . get(i));

erasures . get(i));

initCharacteristics );

message. get (0, H.columns);

HCXOI[HI)IfI KOIIOBBIﬁ BCKTOP Y3JIOM-OTIIPABHUTCIICM.

1.1.4. UcnipaBjieHue O1IMOOK

HcnpaBnenne ommbOOK (BOCCTAHOBICHHE CTEPTHIX OUT) BBIMOIHSACTCS B

Kkjacce Decoder, KOTOPBIM BBI3BIBACTCA KiIacCcoM AbstractSimulate.

protected final BitSet decode(Matrix Hmatrix,

return new Decoder (). decode (Hmatrix ,

protected final BitSet decode(Matrix Hmatrix,

return new Decoder (). decode (Hmatrix,

public class Decoder {

public Decoder() {

public final BitSet decode(Matrix Hmatrix,

final BitSet message =

final BitSet erased =

final int[][] checks =

messageCharacteristics [0],

messageCharacteristics [0],

originalMessage . clone ();

originalErased.clone ();

Hmatrix . checksOfRow ;
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BitSet originalMessage ,

BitSet[] messageCharacteristics) {

messageCharacteristics [1]);

BitSet[] messageCharacteristics) {

messageCharacteristics [1]);

BitSet originalErased) {



53

55
56
57
58
59

BitSet checksToCheck = new BitSet(checks.length);
checksToCheck. flip (0,

boolean hasChanges

while (hasChanges)

{

true;

hasChanges = false;

check: for (int checkIndex = checksToCheck.nextSetBit(0);

checkIndex
checkIndex
int erasedBit

boolean setTo

final int[] check = checks[checkIndex];
check) {

for (int bit

>=

0;

checksToCheck.nextSetBit(checklndex + 1))

-1;

false ;

if (erased.get(bit))

checks.length);

if (erasedBit == —-1) {

erasedBit

} else {

= bit;

continue check;

} else {

if (message.get(bit)) {

setTo = !setTo;

-

checksToCheck. clear (checkIndex);

if (erasedBit

-1 A

erased.clear(erasedBit);

message . set(erasedBit ,

hasChanges = true;

setTo);

if (checksToCheck.cardinality () != 0)
// not all checks

return null;

return message;

done

{
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}

1.2. YucjeHHoe MOAeJIMPOBAHUE IV KAHAJIA ¢ AJIMTHBHBIM

0eJIbIM rayCCOBCKHUM HIYMOM

OCHOBHOEC OTJINUME npoucaypbl MOACIUPOBAHHUA JJIA KaHajlda C aJJIUTHBHBIM
OeIBIM rayCCOBCKHMM IIYMOM COCTOMT B p€ajiu3alliu ACKOACPA. I[J'ISI o0OyeryeHus
BBIIIOJIHCHUA OIITHUMU3alluu, ObUI HaIMCaH MMpCABApPUTCIIbBHO KJIACC ACKOACPaA,

BKJTIOYAIOIIHM B ce0s BCE MapaMeTphl MPOBEPOYHON KOJTOBOM MaTPHIIHI.

public final class DecoderLinkedl implements DecoderLinked {
private static final int STEPS = 25;
private final int columns;

private final float[][] qO0;
private final float[] qO0_p;
private final float[][] ql;

(]

private final float ql p;

private final float[][] rO;
private final float[][] rl;

private final int rows;
private final boolean[] x;

private final int[][] checksOfRow;
private final int[][] checksOfColumn;

public DecoderLinkedl (Matrix matrix) {
this .rows = matrix .rows;

this .columns = matrix.columns;

this .checksOfRow = matrix .checksOfRow ;

this . checksOfColumn = matrix .checksOfColumn;

this.q0 = new float[rows][columns];

this.ql = new float[rows][columns];

this.r0 = new float[rows][columns];

99



this . rl

this.q0_p = new float[columns];

this.ql p = new float[columns];

this .x =

new boolean[columns];

private boolean correct() {

int[][] checkPoints = checksOfRow;

new float[rows][columns];

final int rows = checkPoints.length;

for (int rowIndex = 0; rowlIndex < rows;

final

int[] rowChecks = checkPoints[rowIndex];

int sum = 0;

final

for (int columnlndex = 0; columnlndex < length;

int length

= rowChecks.length;

int check = rowChecks[columnlIndex];

if (x[check])

sum-++;

}

if (sum % 2

return false;

return true;

@Override

public final BitSet decode(float[][]

float delta = 0;

final float[] f0 =
final float[] fl =

fillXarray (f0);
if (correct()) {
return fillXset (f0);

for (int

System .

System .

for (int

row = 0;
arraycopy

arraycopy

step = 0;

1= 0)

initProbabilities [0];

initProbabilities [1];

row < rows; row+t+) {

(f0, 0, q0[row],
(f1, 0, qlfrow],

step < STEPS;

step++) {

0, columns);

0, columns);

100

rowlndex++) {

columnlndex ++)

initProbabilities) {



81 performHorizontalStep ();

82 delta = performVerticalStep (f0, fl);
83

84 if (delta == 0) {

85 return fillXset(q0 p);

86 }

87

88 // f0 = q0_p;

89 /] fl1
90

91 fillXarray (q0_p);

92 if (!correct()) {

93 if (delta > 0.0001 % columns || step < 5) {

ql_p;

94 continue ;

95 b else {

96 return fillXset(q0_p);

97 }

98 }

99

100 // System.out.printin(step + 1);
101 return fillXset(q0_p);

102 }

103

104 return null;

105}

106

107 private float performVerticalStep(final float[] fO, final float[] fl) {
108 float delta = 0;

109 for (int column = 0; column < columns; column++) {
110 final int[] columnChecks = checksOfColumn[column];
111 final int usedIndexesLength = columnChecks.length;
112

113 float r0_m_all = 1;

114 float rl_m_all = 1;

115 float[] r0 m = new float[usedIndexesLength];

116 float[] rl_m = new float[usedIndexesLength];

117 Arrays. fill (rO_m, 1);

118 Arrays. fill (rl_ m, 1);

119

120 {

121 int rowlCounter = 0;

122 for (int rowl : columnChecks) {

123 for (int row2 : columnChecks) {

124 if (rowl == row2)

125 continue ;

126

127 r0_m[rowlCounter] = rO[row2][column];

128 rl_ m[rowlCounter] = rl[row2][column];
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129 }

130

131 rowlCounter++;

132 }

133 }

134 {

135 for (int row : columnChecks) {

136 r0_m_all %= rO[row][column];

137 rl_m_all = rl[row][column];

138 }

139 }

140

141 for (int row = 0; row < rows; row++) {
142 float qO0_alpha = fO[column];

143 float ql_alpha = fl[column];

144

145 final int checklndex = Arrays.binarySearch (columnChecks, row);
146 if (checkIndex >= 0) {

147 q0_alpha %= r0 _m[checkIndex];

148 ql_alpha %= rl _m[checkIndex];

149 } else {

150 q0_alpha %= r0_m_all;

151 ql_alpha %= r1_m_all;

152 }

153

154 if (q0_alpha + ql _alpha == 0) {

155 qO0[row ][ column] = .5f;

156 ql[row][column] = .5f;

157 } else {

158 float alpha =1 / (qO0_alpha + ql_alpha);
159

160 assert !Float.isNaN(alpha);

161 assert !Float.isInfinite (alpha);
162

163 q0[row ][ column] = alpha % qO0_alpha;
164 ql[row][column] = alpha % ql_alpha;
165 }

166 }

167

168 float qO0_alpha = fO[column];

169 float ql_alpha = fl[column];

170 for (int row : columnChecks) {

171 q0_alpha #= rO[row][column];

172 ql_alpha %= rl[row][column];

173 }

174

175 if (q0_alpha + ql alpha == 0) {

176 float newQO = 0;
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177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224

1

delta += Math.abs(q0_p[column] — newQO);
q0_p[column] = .5f;
ql_p[column] = .5f;
} else {
float alpha =1 / (q0_alpha + ql_alpha);

final float newQO = alpha % qO_alpha;
delta += Math.abs(q0_p[column] — newQO);
q0_p[column] = newQO;

ql_p[column] = alpha * ql_alpha;

return delta;

private void performHorizontalStep () {

for (int row = 0; row < rows; row++) {

final float qORow = qO[row];

final float

(]

final float[] qlRow = ql[row];
[T rORow = r0[row];
[]

final float rlRow = rl[row];
final int[] usedIndexes = checksOfRow][row];

final int usedIndexesLength = usedIndexes.length;

final float[] deltaQ_mn = new float[usedIndexesLength];
for (int i = 0; i < usedIndexesLength; i++) {
final int column = usedIndexes[i];

deltaQ _mn[i] = qORow[column] — qlRow[column ];

final float[] deltaR_mn = new float[usedIndexesLength];
Arrays. fill (deltaR_mn, 1f);
for (int i = 0; i < usedIndexesLength; i++) {
for (int k = 0; k < usedIndexesLength; k++) {
if (i != k) {
deltaR_mn[i] *= deltaQ mn[k];

-

final float[] deltaR_0 = new float[usedIndexesLength];
final float[] deltaR_1 = new float[usedIndexesLength];
for (int i = 0; i < usedIndexesLength; i++) {

deltaR 0[i] = (1 + deltaR mn[i]) / 2;

deltaR_1[1] (1 - deltaR_mn[i]) / 2;
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226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247

O 0 N N R W =
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int counter = 0;

for (int column : usedIndexes) {
rORow[column] = deltaR_O[counter];
rlRow[column] = deltaR_1[counter++];

}

private final void fillXarray (final float[] p0) {

for (int column = 0; column < columns; column++) {

x[column] = pO[column] < .5;

private final BitSet fillXset(final float[] p0) {
final BitSet x = new BitSet(columns);

for (int column = 0; column < columns; column++) {

if (pO[column] < .5)

x.set(column);

return Xx;

Hanee knacc JavaAssistConstructor MOXET B34Tbh MPOBEPOUYHYIO

MaTpUIly KoJa W CIr€HEpUpOBaThb HOBBIM KJAacc JIeKoJepa Ha OCHOBE
CYILIECTBYIOIIETO Kiacca U MH(GOpMaIMu U3 MPOBEPOYHON Marpulbl. OnucaHue

ﬂCﬁCTBHﬁ, KOTOPBIC BLIINIOJIHACT I[aHHBIﬁ KJIaCC IPHUBCACHO B ITIaBC 3.

public class JavaAssistConstructor {

public static final boolean USE R CLASS = true;

@SuppressWarnings ({ "unchecked", "deprecation" })
public synchronized static DecoderLinked generateDecoder(Matrix matrix) throws Exception {
try {
final String newName = "ldpc.bpsk.sumproduct.DecoderLinked2$" + matrix.columns;
Class<DecoderLinked> cls = null;
try {
cls = (Class<DecoderLinked>) Class.forName(newName, false ,

JavaAssistConstructor. class . getClassLoader ());
} catch (ClassNotFoundException exc) {

}

if (cls == null) {
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18
19
20
21
22
23

CtClass ctRClass
if (USE R CLASS)
ctRClass =

for (int row =

final

= null;

{

ClassPool. getDefault (). makeClass (newName + "$r");

0; row < matrix.rows; row++) {

int[] rowChecks = matrix.checksOfRow[row];

for (int column rowChecks) {

25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

ctRClass.addField (CtField .make(" float

ctRClass ));

}

ctRClass.addConstructor (CtNewConstructor. defaultConstructor (ctRClass));

ctRClass.toClass(JavaAssistConstructor. class. getClassLoader ());

ctRClass. writeFile ();

CtClass ctClass

ClassPool. getDefault (). getAndRename (

"ldpc .bpsk.sumproduct.DecoderLinkedl", newName);

if (USE_R CLASS)

{

ctClass.removeField(ctClass. getField("r0"));

ctClass.removeField(ctClass. getField("r1"));

ctClass.addField(

CtField .make("private final

"

ctClass.addField (

CtField .make("private final

"

generateHorizontal (ctClass ,

generateVertical

for (CtConstructor

(ctClass ,

constructor

" + newName + "$r" + "

new " + newName + "$r();");

" + newName + "$r" + " rl;", ctClass),

new " + newName + "$r();");

matrix .rows ,

matrix . rows,

ro;",

matrix . columns ,

matrix . columns ,

ctClass . getConstructors ()) {

ctClass.removeConstructor(constructor);

}

StringBuilder constructorBody =
constructorBody .append("{");
constructorBody .append (" this
constructorBody .append (" this
constructorBody .append("\n");
constructorBody .append (" this .
constructorBody .append (" this
constructorBody .append("\n");
constructorBody .append (" this
constructorBody .append (" this
constructorBody .append("\n");

new StringBuilder ();

.rows = $1.rows;\n");

.columns = $1.columns;\n");

checksOfRow = $1.checksOfRow ;\n");

.q0
.ql

.checksOfColumn = $1.checksOfColumn;\n");

new float[rows][columns];\n");

new float[rows][columns];\n");
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r_" + row + "_" + column + ";

ctClass),

matrix . checksOfRow );

matrix .checksOfColumn);



66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

if (1USE R CLASS) {

constructorBody .append (" this.r0 = new float[rows][columns];\n");

constructorBody .append (" this.rl = new float[rows][columns];\n");

constructorBody .append("\n");

}

constructorBody .
constructorBody .

constructorBody .

constructorBody .

constructorBody .

constructorBody .

append (" this.q0_p = new float[columns];\n");
append (" this.ql p = new float[columns];\n");

append("\n");

append (" this.x = new boolean[columns];\n");

append ("\n");
append("}");

ctClass.addConstructor (CtNewConstructor . make(new CtClass[] { ClassPool.getDefault ()

.get(Matrix.
ctClass));

class .getName()) }, new CtClass[0], constructorBody.toString (),

cls = ctClass.toClass(JavaAssistConstructor. class.getClassLoader());

ctClass . writeFile ();

System . out. println ("New class defined: " + cls.getName());

return cls.getConstructor (Matrix. class ). newlnstance (matrix );

} catch (Exception exc) {

exc.printStackTrace ();

throw ecxc;

private static void generateHorizontal (CtClass ctClass, final int rows, fimal int columns,

int [][] checksOfRow) throws Exception {

CtMethod performHorizontalStep = ctClass.getDeclaredMethod (" performHorizontalStep");

ctClass .removeMethod(ctClass . getDeclaredMethod (" performHorizontalStep"));

StringBuilder newMethodBody = new StringBuilder ();

newMethodBody . append (" {");

for (int i = 0; i <

checksOfRow. length; i++) {

generateHorizontal 1 (ctClass, columns, checksOfRow, i);

newMethodBody . append ("performHorizontalStep$" + i + "();");

!

newMethodBody . append ("}");

performHorizontalStep .setBody (newMethodBody . toString ());
performHorizontalStep .setModifiers (Modifier .PRIVATE);

ctClass .addMethod (performHorizontalStep );
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114

115 private static void generateHorizontal 1(CtClass ctClass, final int columns,
116 int[][] checksOfRow, int row) throws Exception {

117

118 StringBuilder newMethodBody = new StringBuilder ();

119 newMethodBody . append (" {\n");

120 newMethodBody . append (" final float[] qORow = this.qO0[" + row + "];\n");
121 newMethodBody . append (" final float[] qlRow = this.ql[" + row + "];\n");
122 newMethodBody . append ("\n");

123

124 final int[] usedIndexes = checksOfRow[row];

125

126 for (int column : usedIndexes) {

127 newMethodBody . append (" final float deltaQRow_" + column + " = qORow[" + column
128 + "] — qlRow[" + column + "];\n");

129 }

130

131 for (int columnl : usedIndexes) {

132 newMethodBody . append (" final float delta_" + columnl + " = ");

133

134 boolean hasAtLeastOneMultiplier = false;

135 for (int column2 : usedIndexes) {

136

137 if (columnl == column2)

138 continue ;

139

140 if (hasAtLeastOneMultiplier)

141 newMethodBody . append (" = ");

142

143 newMethodBody . append ("deltaQRow_" + column2);

144 hasAtLeastOneMultiplier = true;

145 )

146

147 if (hasAtLeastOneMultiplier) {

148 newMethodBody . append (" ;\n");

149 b else {

150 newMethodBody . append (" 1;\n");

151 }

152

153 newMethodBody . append (" final float delta_" + columnl + " p = (1 + delta_" + columnl
154 + ") / 2;\n");

155 newMethodBody . append (" final float delta_" + columnl + " m = (1 - delta_" + columnl
156 + ") / 2;\n");

157

158 )

159 newMethodBody . append ("\n");

160

161 if (USE R _CLASS) {
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162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209

for (int column : usedIndexes) {

newMethodBody . append (" this.r0.r_" + row + "_" 4+ column + " = delta_" + column
£ piin);
newMethodBody . append (" this.rl.r_" + row + " " + column + " = delta_ " + column

+ " m;\n");
}
} else {

newMethodBody . append (" final float[] rORow = this.rO[" + row + "];\n");
newMethodBody . append (" final float[] rlRow = this.rl[" + row + "];\n");

for (int column : usedIndexes) {

newMethodBody . append ("rORow[" + column + "] = delta_" + column + " _p;");

newMethodBody . append ("rlRow[" + column + "] = delta_" + column + " m;\n");

newMethodBody . append ("}");
System . out. println (newMethodBody );

CtMethod performHorizontalStep | = CtNewMethod.make(CtClass.voidType,
"performHorizontalStep$" + row, new CtClass[0], new CtClass[0],
newMethodBody . toString (), ctClass);

performHorizontalStep 1 .setModifiers (Modifier .PRIVATE);

ctClass .addMethod(performHorizontalStep 1);

private static void generateVertical(final CtClass ctClass, final int rows,

int[][] checksOfColumns) throws Exception {

final

int

CtMethod performHorizontalStep = ctClass.getDeclaredMethod("performVerticalStep");

CtClass[] parameterTypes = performHorizontalStep.getParameterTypes ();
ctClass .removeMethod(ctClass.getDeclaredMethod ("performVerticalStep"));

CtClass[] subParameterTypes = new CtClass[6];
= parameterTypes[0];

subParameterTypes = parameterTypes[1];
subParameterTypes = CtClass.intType;

subParameterTypes

[
[

subParameterTypes [
[
[ = CtClass. floatType;
[

]
]
] = CtClass.intType;
]
]
]

subParameterTypes = CtClass. floatType;

StringBuilder newMethodBody = new StringBuilder ();
newMethodBody . append (" {\n");

newMethodBody . append (" final float qO alpha $1[$4] = $5:;\n");

newMethodBody . append (" final float ql_alpha = $2[$4] = $6;\n");
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210 newMethodBody . append ("if (qO0_alpha + ql_alpha == 0) {\n");

211 newMethodBody . append ("q0[$3][$4] = .5f;\n");

212 newMethodBody . append ("ql[$3][$4] = .5f;\n");

213 newMethodBody . append ("} else {\n");

214 newMethodBody . append (" float alpha = 1 / (q0_alpha + ql alpha);\n");
215 newMethodBody . append ("q0[$3][$4] = alpha = qO_alpha;\n");

216 newMethodBody . append ("ql[$3][$4] = alpha x ql _alpha;\n");

217 newMethodBody . append (" }\n");

218

219 newMethodBody . append ("}");

220

221 CtMethod performVerticalStep_q = CtNewMethod.make(CtClass.voidType,
222 "performVerticalStep$q", subParameterTypes, new CtClass[0],

223 newMethodBody. toString (), ctClass);

224 performVerticalStep_q.setModifiers (Modifier .PRIVATE);

225 ctClass .addMethod(performVerticalStep_q);

226 }

227

228 StringBuilder newMethodBody = new StringBuilder ();

229 newMethodBody . append (" {\n");

230 newMethodBody . append (" float delta = 0;\n");

231 for (int column = 0; column < columns; column++) {

232

233 generateVertical column (ctClass , parameterTypes, rows, checksOfColumns, column);
234

235 newMethodBody . append (" delta += performVerticalStep$" + column + "($1, $2);");
236 }

237 newMethodBody . append ("return delta;\n");

238 newMethodBody . append ("} " );

239

240 performHorizontalStep . setBody (newMethodBody. toString ());

241 performHorizontalStep.setModifiers (Modifier .PRIVATE);

242 ctClass .addMethod(performHorizontalStep );

243}

244

245 private static void generateVertical column(CtClass ctClass, CtClass[] parameterTypes,
246 int rows, int[][] checksOfColumns, int column) throws Exception {
247 StringBuilder newMethodBody = new StringBuilder ();

248 newMethodBody . append (" {\n");

249

250 final int[] columnChecks = checksOfColumns[column];

251

252 {

253 newMethodBody . append (" final float r0 m_all = ");

254 boolean hasAtLeastOneMultiplier = false;

255 for (int row : columnChecks) {

256 if (hasAtLeastOneMultiplier)

257 newMethodBody . append (" = ");
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258

259 if (USE_R_CLASS) {

260 newMethodBody . append ("r0.r_" + row + "_" + column + "");
261 } else {

262 newMethodBody . append ("rO[" + row + "][" + column + "]");
263 }

264 hasAtLeastOneMultiplier = true;

265 }

266 if (hasAtLeastOneMultiplier) {

267 newMethodBody . append (" ;\n");

268 } else {

269 newMethodBody . append (" 1;\n");

270 }

271 }

272 {

273 newMethodBody . append (" final float rl_m_all = ");

274 boolean hasAtLeastOneMultiplier = false;

275 for (int row : columnChecks) {

276 if (hasAtLeastOneMultiplier)

277 newMethodBody . append (" = ");

278

279 if (USE_R_CLASS) {

280 newMethodBody . append ("rl.r_" + row + "_" + column + "");
281 } else {

282 newMethodBody . append ("r1[" + row + "][" + column + "]");
283 }

284

285 hasAtLeastOneMultiplier = true;

286 }

287 if (hasAtLeastOneMultiplier) {

288 newMethodBody . append (" ;\n");

289 } else {

290 newMethodBody . append (" 1;\n");

291 }

292 }

293

294 for (int rowl : columnChecks) {

295 newMethodBody . append (" final float r0O_m_" + rowl + " = ");
296 boolean hasAtLeastOneMultiplier = false;

297 for (int row2 : columnChecks) {

298 if (row2 == rowl)

299 continue ;

300

301 if (hasAtLeastOneMultiplier)

302 newMethodBody . append (" = ");

303

304 if (USE R CLASS) {

305 newMethodBody . append ("r0.r_" + row2 + " " + column + "");
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306 } else {

307 newMethodBody . append ("rO[" + row2 + "][" + column + "]");
308 }

309

310 hasAtLeastOneMultiplier = true;

311 }

312 if (hasAtLeastOneMultiplier) {

313 newMethodBody . append (" ;\n");

314 b else {

315 newMethodBody . append (" 1;\n");

316 }

317 }

318 for (int rowl : columnChecks) ¢{

319 newMethodBody . append (" final float rl m " + rowl + " = ");

320 boolean hasAtLeastOneMultiplier = false;

321 for (int row2 : columnChecks) {

322 if (row2 == rowl)

323 continue ;

324

325 if (hasAtLeastOneMultiplier)

326 newMethodBody . append (" = ");

327

328 if (USE_R_CLASS) ¢{

329 newMethodBody . append ("rl.r_" + row2 + " " + column + "");
330 } else {

331 newMethodBody . append ("r1[" + row2 + "][" + column + "]");
332 }

333

334 hasAtLeastOneMultiplier = true;

335 }

336 if (hasAtLeastOneMultiplier) {

337 newMethodBody . append (" ;\n");

338 } else {

339 newMethodBody . append (" 1;\n");

340 }

341 }

342

343 {

344 newMethodBody . append (" for (int row=0; row < " + rows + "; row++) {\n");
345 newMethodBody . append (" performVerticalStep$q($1, $2, row, " + column
346 + ", r0_m_all, rl_m_all);\n");

347 newMethodBody . append (" }\n");

348

349 for (int row = 0; row < rows; row++) {

350 final int checkIndex = Arrays.binarySearch (columnChecks, row);
351 if (checkIndex >= 0) {

352 newMethodBody . append ("performVerticalStep$q($1, $2, " + row + ", " + column
353 + ", 0m " + row + ", rl_ m_" + row + ");\n");
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354 }

355 }

356 }

357

358 {

359 newMethodBody . append (" final float qO0_alpha = $I[" + column + "]");
360 for (int row : columnChecks) {

361

362 if (USE_R_CLASS) ¢{

363 newMethodBody . append ("* r0.r_" + row + "_" + column);

364 } else {

365 newMethodBody . append("+ rO[" + row + "]J[" + column + "]");

366 }

367

368 }

369 newMethodBody . append (" ;\n");

370 }

371 {

372 newMethodBody . append (" final float ql_alpha = $2[" + column + "]");
373 for (int row : columnChecks) {

374

375 if (USE_R_CLASS) {

376 newMethodBody . append ("* rl.r_" + row + "_" + column);

377 } else {

378 newMethodBody . append ("+ rl1[" + row + "]J[" + column + "]");

379 }

380

381 }

382 newMethodBody . append (" ;\n");

383 }

384

385 newMethodBody . append (" final float delta;\n");

386 newMethodBody . append ("if (qO0_alpha + ql _alpha == 0) {\n");

387 {

388 newMethodBody . append (" delta = Math.abs(q0_p[" + column + "] — .5f);\n");
389 newMethodBody . append ("q0_p[" + column + "] = .5f;\n");

390 newMethodBody . append ("ql_p[" + column + "] = .5f;\n");

391 )

392 newMethodBody . append ("} else {\n");

393 {

394 newMethodBody . append (" float alpha =1 / (q0_alpha + ql_alpha);\n");
395 newMethodBody . append (" final float newQO = alpha * qO_alpha;\n");
396 newMethodBody . append (" delta = Math.abs(q0_p[" + column + "] — newQO0);\n");
397 newMethodBody . append ("q0 _p[" + column + "] = newQO;\n");

398 newMethodBody . append("ql_p[" + column + "] = alpha % ql_alpha;\n");
399 }

400 newMethodBody . append (" }\n");

401
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402
403
404
405
406
407
408
409
410

newMethodBody . append (" return delta;\n");
newMethodBody . append ("}");

CtMethod performVerticalStep i = CtNewMethod.make(CtClass. floatType, "performVerticalStep$"
+ column, parameterTypes, new CtClass[0], newMethodBody.toString (), ctClass);

performVerticalStep i.setModifiers(Modifier .PRIVATE);

ctClass .addMethod (performVerticalStep _1i);

}

1.3. Cay:xeOHble IpoHeaypbl

JIns yCKOpeHUsT MOJACIMPOBAHUS B CHUCTEME IPHUCYTCTBYET TaKXKE CBOS
peammzanus (Ha ocHoBe Bxoasmiero B Java Development Kit) kiacca
BitSet. JlaHHas peanu3anusi COACPKHUT JOMOTHUTENbHbIM Meron shift (),

HCHOHBSYCMLIﬁ IIpru MOACIUPOBAHUM JJIA KaHaJIda CO CTUPAHHUCM.

public void shift(int size) {
if ((size & BIT INDEX MASK) == 0) {

// just shift array

size = size >> ADDRESS BITS PER WORD;

long[] temp = words;

if (size > 0) {
// inited with 0’s
words = new long[temp.length + size];
System . arraycopy (temp, 0, words, size, temp.length);
wordsInUse += size;

} else {
// TODO: use the same array

size = —size;
words = new long[temp.length — size];
System . arraycopy (temp, size, words, 0, temp.length — size);
wordsInUse —= size;
}
} else {

if (size > 0) {
final int bigStep = size >> ADDRESS BITS PER WORD;
final int smallStep = size & BIT INDEX MASK;

// those bits will be moved to next long

final int shiftMove = BITS PER WORD - smallStep;
final long smallStepMask = (((long) 1 << smallStep) — 1) << shiftMove;
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27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

long [] newWords = new long[wordsInUse + bigStep + 1];

long left = 0;

for (int i = 0; i < wordsInUse; i++) {
long newLeft = (words[i] & smallStepMask) >>> shiftMove;
newWords[i + bigStep] = (words[i] << smallStep) | left;
left = newLeft;

}

wordsInUse += bigStep;

if (left != 0) {
newWords[ wordsInUse] = left;
wordsInUse ++;

}

words = newWords;

else {

throw new UnsupportedOperationException ("NYI");
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