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lNpeaucnosue

WngopMalusi H KOJUPOBAHHE - JIBA OCHOBULIX IIOHATHS COBPEMEHHOf
ungopManuonHoii rexuuku. Nudopmalins B TEXHMYECKOM CMBICIE 3TO-
I'o CNOBa U METOABl 3aIATH uudOpMatyMu OT OMKOOK, BO3UUKAIONMX B
pesyJibTaTe Nepeaain cooblienul, sIBIsAIOTCs Cero/JHA OCHOBOR 1IPpU 1107~
TOTOBKE CIIEUMAJIHCTOR, paboTaniiux B 06jJactd HH(POPMAIMOHHDBIX TCX-
Hojiorv#i. B JaHHOH KHHre [IPeJIPUHSATA TOUBITKA H3JI0XKHTb 3TH OCHO-
Bbl B KOMNAakTHO#H ¢dopme. «MndopMaliysi 1 KOLUpoBaHusi» Dasupyercs
Ha KypCe JieKimil, IPOYNTAHHBIX B Y€TBEPTOM CeMecTpe Ha (akyjbTeTe
«DJICKTPOTEXHUKA U HH(POPMAIMOHHAS TeXHUKa» yHHUBepcuTera . Dy-
8. B 1epBoi 4acTH BBOAATCA HOHATHs MH(OPMALAH, SHTPOMHHE U W3ObI-
tounoctu. Ilonxoxn, npu KoropoM HHGpopManus SABIsETCS MePOil Heolpe-
JIEMEHHOCTH, BeAET OT CAYYaHubIX IKCIECPHUMEHTOB K IOHATHIO SHTPO-
muu. TakuM 06pa3soM, MBICJIEHHO 110/iBepras HHGMOPMAIMOHHBIE HUCTOY-
HUKHM CIYyYaHHBIM HCIBITAHUSM, MBI BBOAUM IIOHSITHE SHTPOIIHH, KaK 13-
MepsieMol Beruuuubl. [Ipu 3ToM opMymMpyoTes paj BaXKHEAIIUX BO-
HpPOCOB, KACAIONMXCS ONTUMU3ALUN HHGOPMALMOHHBIX [IOTOKOB B TEX-
HUYECKMX CHCTCMAX. M, OCTABJIsAsl 1I0KA B CTOPOHE KOHKDETHLIE METOIbI
OLTMMH3AIMH, Ha 3TU BONPOCHI Jal0TcA OTBeThl. [Ipn 310M HeHTpasbHOe
MECTO OTBOJUTCH NUCKPETHBIM MAPKOBCKHM LIEHSM, C IOMOIBIO KOTOPBIX
HCTOYHHUKHA M KaHaJbl 6e3 1aMATH MOTYT OBITH OIIMCaHbI.

Bo BTOpO#l YacTH NpE/ICTABJICHBI METOJbI, C IOMOWIBIO KOTOPBIX HH-
dopmanus, nyTeM 106aBIIeHHs IPOBEPOYHBIX Pa3PsI0OB, MOXeET GBITb 3a-
IMIIeHa OT OIMGOK, BO3HUKAIOIMX [IPH Mepeiade 110 KAHAJIAM CBSI3W.
IpencraBneHsl JBa ceMefCTBaA KONOB, HAIIEAMIUX [NUPOKOE IIPHMEHEHUE
- IUKJIMYECKHC KOABI M CBEPTOYHbIe Kogbl. [lepBbie — 1acTO HCHOMB3YIOT-
CSf IPH Iepejiade JAHHBIX B JIOKAJBHLIX cersix U B uHTepHere. OHU OCO-
6eHHO 3 deKTHUBHDI JIJI 0OHAPYKCHUS ITAKETOB OIUKOOK B cHCTEMaX I1e-
PEIaMH JIAHHBIX C 1epeciipocoM. CBEPTOYHbIC KOABI TIORYJISIPHBL B CUIBHO
3alIyMJICHHBIX KaHAJIAX, HAITPEMED, B MOOHJILHOU cBsi3u. C MX HOMOILBIO
HCLPABSAIOTCH OIMUOKH, KOTOpbIe BO3HUKAIOT 1P TIPHCME.

Kuura cocraBneHa TtakuM obpasom, uro obe uactu «HUndopmarus»
u «Koauposanue» MOryT GbITB NPOYHTAHBI HE3ABHCHMO JIDYI' OT IpYTa.
HousTna Teopun nridopMaliny ¥ KogupoBanus 6a3upyloTcs Ha METOIaxX
TEOPHH BEPOATHOCTER u anrebpbl KoHedHBIX nostelt. C sTumu apyms 06-
JIaCTSIMH MATEMATHKH GOJILIIMHCTBO CTYJ/IEHTOB MaJIo 3HakoMo. MHorue



ITpeducaosue

roApl 1IPCLOJIABAHNS [IOKA3bIBAIOT, YTO TPY/HOCTH JIEXKAT B HENMPHRBBIY-
HOM MATePHaJIe U NOBBIMIEHHBIX MAaTCMaTHYeCKUX TpeboBaumusix. B ces-
31 C 3TUM, 0CODYIO LEHHOCTDL ISl IIOHMMAHUS [IPEJICTABIsIeT NoAPOOHbIH
pazbop IPUMEPOB U pelliCHUN 3a/aHHi ¢ IpHBJIeYeHHEeM Bcero ydeGluoro
smarepuia. £l kesalo ydammmest yerensoro osiaienns KHuroi «Andop-
MAIMsST M KOJIUPOBAHHUE».

Maprun Bepuep



YACTB 1

NH®OPMAILINA
. |
'KOJIUPOBAHUE



rNMABA |
' BBEAEHWE

Teopust MHGOPMAIMU ONMUCLIBACTCH ¢ HOMOIILIO BEPOATHOCTHHIX JHMa-
IpaMM  KOIMPOBAHUS U lepeiatiy HHGOPMAlMy B KOHKPETHBIX, €CTCCTBEH-
HO ~ HAy' HBIX HpWIoxKeHusX. 1Ipu 9TOM 10sBIIAETC BO3MOXKHOCTD IS
AHAJNN33 U OITUMU3AIMK LIOTOKOB MHGMDOPMAIMHK B TCXHHYECKUX CACTC-
max. OTAEJUTh TEXHHYECKOE HPCJCTaB/ieHue MHQPOPMAIMKU OT OLITOBO-
[0 MOI'YT HOMOYB JIHHTBHCTHUCCKHEC HOHATHS: CUHTAKCHC, CEMAHTHKA H
nparvatuka. B 9THX HOHATHSX CHHTAKCHC M CEMAHTHKA SIBJISIOTCS aHa~
JIOTOM TEXHHYECKMX JaHnblX. CHHTAKCHC OLPEIENsieT BCe JAOIMYCTHMbIE
CHMBOJibl M HOCICAOBATENLHOCTH cUMBOJIOB. CeMaHTHKA OObsCHAET UX
spiadenns. VICTHHHBIN CMBIC ¥ 06/1aCTb IDUMEHEHHUS TTIOSACHSIOTCA HPar-
- matukoil. IlparmMaTHka cBS3LIBAET BOE/IMHO TAKUe [IOHATHS, KAK JIaHHbIE,
Texuudeckasi ungopmanusi, kHGOpMauys B GHITOBOM IOHUMAHHM 3TOTO
c;io8a. OKOHYATENLHO, TEPMHH <«HHMOPMALHA», TOHHMAEMBIH OBLIYHO
KAK M3BECTHE WJIM PYKOBOJACTBO K JeHCTBHIO, MPeBpaIaeTcs B coobie-
HHC, KOTOPOE JIOJIXKHO OLITh TepejiaHo. .

o Cunrakcuc -+ cemaHTHka — Jlanmupie.
o [annnie  uparmaruka — CoobieHne.

OcHoBO# sanbHeNInMX pacCyKAeHuM sABJIsleTCsl MOHUMaHue uHdpOopMa-
HMH, KaK HCKOTOPOMH, SKCHCPHMMEHTATLHO YCTAHABIMBAEGMON BEIMYMHBL.
ToskoM K 9TOMY mociy»xuia pabora Knona Illennona «Martematute-
CKas TeopHs ceasu» [1], onyGimkosannas B 1948 r. B we#t K. Illennon
JaJ1 ONPE/IeJIEHHE [IOHSITUH COBPEMEHHOH Teopur nHGoOpMaliui u Habpo-
Cajl OCHOBBI CeroiHsiliHel TeXHUKH cBsu3u. 1lleHHOH, B KauecTBe mpuMe-
pa, UpHBEJ LIMPOKO PacnpOCTpaHeHHble B To Bpemsi NepdokapThl. OxHa
nepdokapta ¢ N BOZMOXKHBIME TIO3ULMSMH JJISi OTBEPCTHIl MOXKET CO-
JepxKath B Tounoctu 2V coobuennit. Ecin uMetorcs ape nepdokaprs,
TO YUCIIO BO3MOMKHOCTEH paBHO yixe 22N, Taxum 06pasom, YHCIO BO3-
MOXKIBIX cOODUIeHKH, KOTOPbIe HECYT Jige TephOKapThl, PABHO KBa/IPATy
4ucta coobluennil, cojepakaluuxcs Ha ofHo# nepgokapre. C apyroii cro-
POHBI, MOXKHO 6bLIO OB 0XKHJIATD, YTO JiBe NepdOKAPTH MOT'YT XPAHUTD
B/180e G0s1biIe HHGMOPMALIMM, YeM O/HA. 3JIeCh JJIS OMHCAHUST Mepbl HH-
bopmanun nanpammeaerca orapudmutdeckas yHKIUs, KOTOPast naer
OKH/ACMOC YIBOGHHE:

log 2V = Nlog2log 22N = 2N log 2.



Tnasa 1. Beedenue

O6uias mojgennb caasu 1o- K. [Tlessony nipuse/iena Ha puc. 1.1

Hcrounnk [osysarens
RAHHBIX [Tepeaarunx [lpnemunx *JaHHbIX

Curuan

Jauusie NauHbre

. TTomexu

Puc. 1.1. Mogenp nepejtadi HHAOPMALXY 110 KAHANLY CBA3YU IO
K. Ulennouny.

HcxouHbIM ITyHKTOM fBJIseTCd ueTounuk uadopmaiun. Ero coobue-
HUS MOCTYNAKT Ha nepesarunk. Ipu sToM, COOBLICHUSA MOryT IPCACTAB-
nuTh coboll oTneMbubIe ODyKBbI CBS3aHHOIO TEKCTa, 3HaueHHsl pyHKIHHA
BpeMeHH, DYHKIWH M3MEHCHHS HAIPSXKEHU: Ha BLIXO/IE MUKPOGOHa, Te-
JICBU3UOHIBIE CHPHAJB ¥ T.A. IlepeaaTauk BbIpabaThIBAET CHI'HAJIBL, CO-
raacoBaiHble ¢ GU3MICCKUMH cBofcTBaMM KaHajia. Kauan wusobpadken
HA DHCYHKE KaK MCTOYHHK MOMEX, KOTODbie OKA3LIBAET Ha IlepelaBae-
MBI CHUI'HAJI HEeKOTOpOe BiMsinue. 3amyMJeHHbI CHI'HaJl HOCTYIIAET B
HPHEMHUK, H3 KOTOPBIA BO3JIOXKCHA caMasi c/IoxkHas 3a0a4a. OH NoJKeH
M3 3alllyMJIEHHOTO CHTHAJIA BBLIEJIUTH Iepe/JaHHoe COOBILCHUE U OTIpa-
BHUTbH €ro norpeburesio.

Bropas 6osbmas TeMaTHKa 9T0# KHUrH — kKoauposauue, [Toj xojumpo-
BaHHUEM IOHMMAIOT HEKOTOPOe QToGpaxkeHue COOOIICHMS TIO W3BECTHHIM
‘npapunaM. [Ipu 3T0M, B MCHHOHOBCKOR MOJETH Nepesadn nHDOPMAIMH,
GIIOKH TepeiaTiiKa U NPHEMHUKA HYXXHO PACUIMPUTE B COOTBETCTBHH
C 3THMM HpaBuiaMu. Mexly KOTHPOBAHHEM HCTOYHUKOB M KOAMPOBa-
HEEeM KaHAJA CYIIeCTByeT 4eTKoe pasiuuue. JIpHMepaMu KOMMpOBaHUS
HCTOYHHKOB MOTYT CJIY>KUTh TIEPEAYA CBH3aHHOTO TeKCTa Kogom Mopae,
ONU(pPOBKA ay/IHO CHIHANA, UPW 3&HUCKH HA KOMIAKT Jucku. Hpwu konu-
DOBAHHU UCTOYHHAKOB U3OLITOYHOCTD COUBINCHUIT CHUKAETCS U TAKOE KO-
JIUPOBAHHE YaCTO HA3BIBAIOT CXKATHEM JaHHBIX. KO/HpOBaHMC KAHAJIOB,
HaobOpOT, yBeAUUMBaET U3bBITOYHOCTL coobinenuii. BHecenue mommosrHu-
TEJBHBIX ITPOBEPOUHBIX CHMBOJIOB I103BOJTHET OOHADYXKUBATH U JIaXKe HMC-
IIPaBIATHh ONIMOKH, BOBHUKAIOUIKE NPH Hiepejade undopmaiuu 1o Kasa-
ny. KogupoBanune kaHasa B jJajbHe#neM Mpt Oy4eM Ha3LIBATb 1OMEXO-
YCTOHYHBLIM KOAMPOoBanueM. Be3 NoMexoyCcToHYMBOTO KoAUpOoBanus 6bl-
J10 651 HEBO3MOXKHBIM CO3/IaHUE HAKOIUTC/ICH OIPOMHON eMKOCTH, TAKHX,
kak CD-ROM, DVD unu >kectkux guckoB. JIOHNOJIHATEbHBIE 3aTPAThI



)

Ha [OMEXOYCTOMYNBOE KOAMpOBaHUe, KoTOpoe obecuednBaer npuemie-
MbIE BEPOSITHOCTH OLUMGOK 3AIUCH,/YTEHNMs, CTAHOBATCH [MPEHEGPEKMMO
MaJILIMK 110 CPAaBHEHMIO C BLIMTPBIIICM OT JIOCTUIA€MOH IIpH 9TOM ILIOT-
HOCTHM 3alucd. PaccMOTpeHHbie IPHMEDHI [HOKa3bIBAIOT, 4TO HH(pOPMa-
LMs ¥ KOJUPOBaHUE ABIAIOTCS LEHTPAJLHBIMY [IOHATHAME, 63 KOTOPBLIX
coBpcMeHHast MHGOPMAIHOHHAsA TEXHUKA IPOCTO He CyINecTBOBajIa Obl.
CieayolMe TJIaBBl yINIyOAT 3TH NOHATHSA M MX [IPUJIOKEHHUS.



rNABA 2

MHOOPMALINA,
SHTPOIMANA A
M3bbITOYHOCTb

2.1. Wndopmauma oaHoro cobbitua

Ob6Mmen uHpopMalgell, HeCMOTPA Ha CBOI0 HeMATEePHAJBHYIO NPUDOLY,
SIBJISTETCS] HeOTheMJIeMoli JacThio Hamedi xusun. Hopbept Bunnep, onun
M3 OCHOBATesell COBDEMEHHOH TeopUH MH(POPMALWH, OXAPAKTEPH30BA
undopmanuio cleayonmm obpazom [9):

«Hmpopmauyus ecmo uHPOPMAYUA, G HE MATNEPUS UAU INEPIUAY.

Cornacno H. Buunepy, undopmarius sisisieTcss HOBBIM 3JEMEHTOM B
JONIOJIHEHHMH K MATePHH u 3Hepruu. UndopManus 1ist Josell HaCTONBKO
e BaXKHa, HACKOJIbKO TPYAHO ITPEACTABUTH cebe 3TO IOHATHE B eCTe-
cTBeHHOHay4HO# Gdopme. Mbl roopuM, Hanpumep: «31a MHOPMaLus
JAJISl MEHs! BasKHA», HMesl B BUIY HEKOTOPYIO KOHKPETHYIO CHTyanuio. Ta-
KOe CyObeKTHBHOE BOCIIDHMATHE HE IOAXOAUT JJisT TEXHMYECKOrO Ipej-
craByieHusi uHGopMamuu. Kak cTporo HayyHoe unoHsitue, HbopMalms
JOJKHA OBITb BBEIEHA B TEXHUKY B KadYeCTBe M3MepAEMON BeJUYIHHLL
(amanoruuHo AnMMe B METPAX, HANPSKEHHMIO B BOJLTAX U T.X.).

Ham mosce(HEBHBIH OIBIT TOBOPHT O TOM, UTO, MPUHHMas HHGOD-
Mal¥Io K CBEJIEHHIO, MBI [IOCTOSTHHO YCTDAHSIEM HEKOTODPYIO Heolpejie-
JIEHHOCTb. DTO OYEHb HAIIOMHHAET IKCTEPUMEHMBL CO CAYHATHBMU CO-
6vimuamy. TIpoBoast Takue 3KCIEPHUMEHTHI, Mbl HabmoaaeM ciydaliHbie
COOBLITHSI ¥ 3TO CHUKAET HEONPEOeAeHHOCL CHCTEMDL.

ITepexomum Kk caMoik cyliHOCTH Teopun uHdopmauun. Ilpexae Beero
JajJuM onpeJiesieHHe IPOCTENIIEro HCTOYHHMKA, 4 3aTeM BBEJIEM MOHATHE
KoJmiecTBa UHGOPMAaNMH, KaK U3MepSIeMON BeJIMIHUHBL JJISl TOFO, YTOOR
C €€ [OMOIIBIO OXAPAKTEPU30BATL HCTOUHHK.

Luckpemumtl ucmovnux 6e3 namamu

Ipocrefimuii duckpemmnwt ucmounux be3 namamu X B Kaxablid dUK-
CHPOBAHHBI MOMEHT BPEMEHHU BbLJIAET HEKOTODBI CUMBOJL T; U3 KOHEY-
Horo aagasuma X = {z1,z2,...,ZN} ¢ BeposTaocThiO P(z;) = p;.
Bri6opky cMMBOJMIOB NPOUBOJATCA HE3ABUCHMO APYL OT JIPYTA.



2.1. Hugopmayus odnozo cobomua l\g))

B xa4ecTBe IIPOCTEHINICrO MPUMEPa MOXKIO IPUBECTH ABOUYHBIH HC-
rouHuK 0e3 mamsitn ¢ andasurom X = {r; = 0,23 = 1} u Beposir-
gocraMd 0 < py < 1 u py = 1 — p;. Breibop oucpeaoi mudpsr upo-
W3BOIMTCST HE3ABUCHMO OT IPEXHHUX M MOCICAYOUMX Bhibopok. W306-
paskeHue IPOCTCHIICIO UCTOYHHUKA LpuBeleHo na puc. 2.1. Paccmorpum
prauaje ofuHOYHble cobbiTusl. [IOBCEIHEBHBIH ONBIT I0JICKA3BIBACT, YTO
qaCTO IIPOUCXOISIITHC CODBITHSA, TAK K€ KAK W HX BEPOATHOCTH, AAI0T HAM
mas10 uHgopmanuu. BosbmeMm, nanpumep, coobliieHHe «cobaKa YKyCHIIa
yes1I0BeKa». ITO MPUBBIMHOE H3BECTHE HE MPUBJICKIO Obl K cebe HUKAKO-
ro BUMMAHHSI, B TO BpeMs, KaKk COODIIEHHE «Ue/IOBEK YKYCHJ coBaky»
Bce rascThl HanedaTa u 6ul kpyuHsiM mpudToM. M3 storo mMoxHO ¢e-
JIaTh BBIBOJL: HacTble, O2KHJaeMble COObITHS HecyT MaJio MHGopMaly H,
HaoBOPOT, PeJIKHE, T.€. HEOXKUJAHHbIE COOBbITHSI, 00/1alal0T BBICOKHM HH-
dopmanuoHHbIM cosepxanueM. Cire/JoBaTebHO, HHOPMANUS U BEPOSIT-
HOCTh HAXOUHTCS B 0OpaTHO MPONOPIMOHAILHON 3aBucumoctu. cxons
M3 3TOro, BBEUEM IIOHSITHE KOJIMYECTBAa MH(pOPMALMH, KaK H3MepsieMoi
BEJIMMHBI HA OCHOBAHHH CJICAYIOLUX Tpex akcuoM [1]..

X
Q+H——»

Puc. 2.1. IIpocrefinu# BCTOYHHUK UCTOYHMK MHGDOPMAIMHU aJi-
daeura X.

AKCHOMEI [J11 OnpejesieHus KoandecTBa ungopmauun [1]

1. NndopmManus oguHouHOro cobbiTus 2; € X, IPOUCXOAAMIETO C Be-
DOSITHOCTBIO P;, HMEET MOJIOXKUTEJILHOE 3HAUYEeHHe

I(p;)>0. . . (2.1)

2. CosmectHast MHGOPMan®s JBYX HE3aBUCUMbBIX COObITHE (I;,2;) €
coBMecTHOH BepostHOCTBIO P(T;, ;) = pij = p; - pj, PaBHA CyMmMe
ux pHpopManmi :

I(pi ;) = I(p:) + I(p;). (2:2)

3. Undopmanus apnsierca HeupepbiBHON (PyHKIHENH OT BEPOATHOCTH
COOLITHA.

Akcuomnt 1 ¥ 2 yTBEPHK/IAIOT, YTO HHPOPMAIMS HECKOJILKUX COBBLITHE He
MOXKCT B3aVMHO YHHUYTOXKATHLCA. AKCHOMa 2 BBOJMT HOHSITHE COBMECT-
1ol nidopmanuu cobbiTuit. U3 akcuombt 3 ciiesyer, yTo HebOIbLIOE U3-
MEHeHHe BEPOSTHOCTH COOLITHS HPUBOMUT K HEOOJILILIOMY U3MEHEHHIO ee



C/ Tnasa 2. Hugopmayua, snmponus u uabumovHocms

uHdopManuu. AkcruoMa 2 onpeiesisieT HHGOPMALMIO IBYX HE3aBHCUMBIX
cobprruit. Uz (2.2) cnenyer, yro ungpopmanus cobbiTus onpeAeJIsleTcsy/
Kak Jorapudpmudeckas PyHkuusa ee sepostHocTH. CreoBaTenbHO, mt
dopManuo MOXKHO ONPENEINTh CIEAYIOIMM 06pa3oM:

Hudopmayusa cobvimus, IPOUCKOTSLIETO C BEPOATHOCTBIO P, PaBHA
I(p) = —logy(p) c [I] = 6ur. (2.3)

B maunoit ¢popMyJie uCIonb3yercs JBOMYHbLA jorapudM. BoaMoxKHBI ciie-
nmytoinue obo3HageHust ABONUHOrO jorapudma: logy(z) = 1d (z) = Ib(x),
rae nof, Id mogpazymeBaeTcd TepMuH AyansHbl norapudw, a moa lb -
6unapabii.! MHOrna MCIONL3YIOT HATYPaJbHbIA JorapudM ¢ eauHuIeH
H3MEPEHUsT HamM, HO MOXHO HMCIO/IbL30BATD JIIOOYIO ¢IMHULY H3MEPEHUS
uHdopMaimu. MoKHO Takke NEPEXOAUTH OT OAHOM emuHuNe K Jpyro#,
upuMeHsist GOPMyIy repecueTa:

log,(z) = logy(z)/ logy(a) = logy,(x) - log,(b).

PasmepHocTb 6um ucuonb3yercss B MHGOPMAUMOHHON TeXHHKE IPH
JBOMYHO# cHcTeMbl HcuncaeHns. Kak 6yaeT MOKa3aHO B CIEAYIOUWUX Paz-
JesiaX, JBOMYHAs CHCTEMA OYeHb YA0OHA [TPH ONUCAHMH IPOIIECCa [IPHHS-
THsl PemieHust, Korjaa Ha Jioboil BONPOC CyIIECTBYET TOJNBKO JIBa OTBeTa:
«ma» wm «HeT». B [10] npuBescHa Harnsias WHTEPIUPETALUS OHATHS
«BuT>.

10 N Y
I(p) 4| Hesosmoxoe |
St T cobbiThe |
r=0
5 .v_.ﬂ-.-...,.-.-_....?_‘..--- PP ——
t Heusbexnoe
i coBbiThe
i p=1
0 0,5 p—» 1

Puc. 2.2. Undopmanus cumsona I(p) ¢ BepOSTHOCTHIO NOSIB-
JIeHUS P. :

Ha puc. 2.2 nokazaHo nose/icHue uHGOPMannH Kak GYHKIUM BEPOST-
HocTH. MHopMalus N0CTOSHHO IPOUCXOAAIIErO COOLITHA paBHA HYIIO.

B oreyecTBeHHOM MaTeMaTHYeCKol nuTeparype i 0603HauYeHUsl ABOUYHOIO ¥ Ha-
TYpaJIbHOrO JiorapucMa LPHHATO HCIOIB30BaTh log, u In. - ITpum. nepee.



2.2. Bumponua u uabvmoyiocmy

| C pocToM HeompeieseHHoCTH MHOPMAIUs TaKKe PACTET H JUIS Hego3-
 MoNHCH020 coBuwmuA cTpemutea K Geckoneunoctn. Takum obpasom, -
opMallus COOTBCTCTBYeT BCEM MPHBEJICHHBIM palice PACCYKJIEHHAM H
yioBacTBOpsAeT akcuomaM 1 — 3. C TOYKHM 3peHust TEOPHUH BEPOSITHOCTH,
oupe;ieicHue uHdOPMALIH MOXHO PACCMATPUBATL KaK HEKOTOPOE 0T0G-
pasxenne coGuITHH. AHAIOrHYHOE 0TOOPAXKEHHC HMEIOT CTOXACTUUCCKUC
pepemeHnible. B cenyonmx pasaenax sto 6yJieT NOACHATRCS 1a IpuMe-
pax.

2.2. DHTpOMMA U U3OLITOYHOCTL

[loc:e Toro, Kak uudopMmalus OTUENBHOO COBBITUHS ONpenesieHa, pac-
CMOTPUM HCTOUHMK coObrruit. JIast ero onmcanusi ByueM HCHOIB30BAThH
uHOPMALMIO, KOTOPYIO HeCYT COIEpKaIuecs: B neM cobbirus. IIo aHa-
JIOTHY ¢ TEPMO/IUHAMHKON BBEIEM MOHATHE SHTpONMU. B TepMomHaMuke
IUTPOIIMS SIBJISIETCH MEPOil HEYMOPSiIOYCHHOCTH cucTeMbl. B Teopuun uu-
¢opMali SHTPOLMS ONpeelieHa KaK Mepa HeoHpeJeJJeHHOCTH UCTOUHM-
Ka. Menospsys nHGOPMAIHIO OT/ICALHBIX COOLITHH, BBIPA3UM IHTPOIHIO
UCTOMHHKA CJIEYIOUM 0bpa3om:

Inumponus npocteitinero HeTouHUKa 6e3 namMaT X ¢ andaBUTOM

X = {x1,2y,...,TN} ¥ COOTBCTCTBYIOWUM BEPOATHOCTAM Pi,P2,- - ., PN
paBha o
: N
H(z) = —pilog,(p:) 6ur. (2.4)

1
I[TpeicraBuM cebe Urpy, B KOTOPOI HEKOTOPOE COBLITHC HCTOYHMKA. JIOJIK-
10 ObITL IIpe/jcKa3aHo. Eciad MCTOYHHK OT/AaeT mpenyouTenye olpese-
JACHHOMY COOBITHIO, CMCJIO CTaBbTE 1A HEro H, B OCHOBHOM, Bbl Byjiere
BLIMIPLIBATh. ECN Bee cOOBITUST PABHOBEPOATHBL, TO CTaBbTE Ha J11000e
coOBLITHE: ec/iM HEONPEAETeHHOCTh UCTOUHUKA MAKCHMAJIbHA, IIAHCH Ha
BBIAUDBII MUHUMAJIBHBL.

.

IIpumep: Onenka 3HTPOMUH.

TlosicHuM 3Ty CBH3b Ha UPHUMepe 1POCTeHuero AMCKPEeTHOro UCToY-
nuka Ge3 mamstd u3 Tabn. 2.1, UndopManus ucrounuka npeacTasis-
eT COBOU Pe3yJIBTAT IKCLUEPUMEHTA CO CilyvaiiHbiMu cobbITHAMA a, b, ¢, d.
llycre B pesynbrate 110BTOpeHMs: 3TOO IKCTIEPUMEHTE Mbl 1101y 4aeM 110~
CIC/[0BATENILHOCTD

{a,b,a,d,a,a,c,d,b,a,a,b,...}. (2.5)
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TabGauna 2.1. JucKpeTHblii acTounvk 63 NaMATH ¢ CUMBO/IAMHK
N " andasura X = {a,b,c,d} c BeposTHOCTBIO P M
undopmauueis I(p;).

Cumsog a b c d
P vz | 14 | s | 18
I(p.) 1 6ur | 2 6ur | 3 6ur | 3 Our

HOJICTaBI/IB Ha MeCTO KaxxJ1oro COOBITHS €ro l/lH(bOpMaIlI/IlO, HOJIYYUM
TUMMAYHYIO (i)yHKI[PI}O CTOXaCTHUYICCKOI'O ITpoIlecca

{Iln]/6ut} = {1,2,1,3,1,1,3,3,2,1,1,2,...}. (2.6)

[IpepionoxuM 9p2odurnocmsd (IOCTORHCTBO HOBEAEHHS) TAKOLO IPo-
Liecca BO BpeMeHu. TaKyio 3proJuyHoCTb MBI, HaIIpUMep, [IPeANnoJalaeM
npu 6poCaHNB MOHETKH WM MrpajibHOro Kybuka. C pocroM umcia Hc-
usiTaHud N cpenHee 3HadeHHe MHQMOPMAIIHH MCTOYHHKA,

T=lm =3 1) , @2.7)

CTPEMHUTCH K MAMEMEMUYECKOMY 0XHCUOCHUI0

4
E(I) = Z ~pilogy(p;) bnr. (2.8)

=1

Taxum 06pa3oM, yINTBIBaA CXOAUMOCTD psaa (2.7) K MATEMATHYECKOMY
O02KH/IAHHIO, II0JIy48eM NPaKTUIECKYI0 MepY JJis HHMOPMAlUM HCTOUHH-
Ka. B paccmoTpenHoM npHMepe MaTemaTu4deckoe oxunanne E(I) paBho
1,75 6ut. 113 mepBbix 12 ucnpitanuil Mbl TakKe M0JydaeM OLEHKY /s
I{n) 1,75 Gur.

- IIpopous ananoruyHbie paccy2x/iennss, llennon [1) sanoxmn B oupe-
JIeJICHHE SHTPONUH TPH CJIELYIONINE aKCHOMB.

AKcHomaTH4ecKoe onpeesieHue SHTPOMHHA

1. Ourpormma H(X) = f(p1,pz,. .. ,PN) ABIAETCA HEIPEPBIBHOH DYHK-
LMeH BCPOATHOCTEHR P1,P2,...,PN-

2. JIns MCTOYHHKOB C ONUMHAKOBOH BEDOSITHOCTBLIO COOBITHH p; = ﬁ
SHTPONHS YBEJIMYNBAETCA C POCTOM YHCJA cOBLITHt N.

3. Paznoxenue nponeayps! Boibopa COBLITHIA Ha HECKOJLKO 3TAIIOB
He U3MENSCT YHTPOUHIO (Ipone/lypy BIGOpa MOXKHO CBECTH K HOCHEN0-
BATEJbHBIM jIBOMIHBIM PCIIEHUSM).



2.2. Sumponus u usbvimounocmy ID
IIpumep: Pasuoxenne mpoueiypsl BhIOoOpa.
\

Jlauubiil mpumep nosicsAcT akcuoMy 3. PaceMoTpnM Tpu cobsiTusd a, b

I ¢. KOTODbie TPOUCXOIAT C COOTBETCTEEHHBIMM BeposiTHOCTsIMM 1/2,1/3
g 1/6. Jas Toro, 9Tobsl BLIGPATE OO H3 3THX TPEX, MBI MOXKEM 1I0CTa-
BUTL /B2 HE3aBHCHMBIX Bonpoca (puc. 2.3).

172 O a 12
a
13 06 p 23 .0 b
176 G
a
Oc 13%0 ¢
Puc. 2.3. Paznoxenne npouecca Bboibopa CHMBOJIOB.

«ner». CoryiacHo akcuome (3), K SHTPOTHHN UPEABABJIHETCH CIIEIYIOLIee
tpeboBanuc:

111 11y 1, /21
o)== = H
H(2,3,6) H (2,2>+ 2(

2 5*5) 3 (29)

1pudeM, BTOPOH BOMPOC 33J@eTCsA ¢ BCPOSTHOCTHIO 1/2. MbI niokaxkeM B

Ha stu BOIIPOCHI MOTY'T ObITL JIaHbl TOJIBKO /iBa OTBETAa: WIH «J1a» WIH

obmeM euge (puc. 2.4), aro onpeaesende sutponud (2.8) ynosaersopser
TpeGoBanuio akcuomsl (H3).

pa) Oa

p.(b) Ob
AP
Pz(E) O 5 =

Puc. 2.4. PaznoxeHne npoHc/lypbl IPUHATHS PEUICHMs1.

s pazaoscennoti SHTPOUKH T10J1y4aeM

H(X)
onT

—p1(a)loga(p1(a)) — p1(@) logy(pi1(@))+
+ p1(@)[—p2(b) logy (p2(b)) — p2(b) loga(p2(b))]

(2.10)
rie BCPOSITHOCTH OIIPEAEISIIOTCH CJIeyI0IuM o6pa30M

p1(@) = p(b) + p(c),

(2.11)



Tnaca 2. Hngopmayus, snmponui u usbuomounocms

- pz(b)+_pz(5) =1, (2.12)
p2(b) _ p(b)
Pz(g) = p(c)' (2.13

3ameuanue. llociedree pasencmeo nodmeepHcIaemea nocmanoskots sxc-
nepuMenma co cayuatinumu cobvimusamu. lycms cobomue a npousouiio
300 pas, cobwmue b — 200, a cobemue ¢ - 100 pas. Yacmoma xaswcdozo
COBBMUSA 6 OGHHOM NPUMEPE PABHA €20 8EPOAMHOCTIY. Feau mbt ombpo-
cum cobomue a, mo ocmanemca 300 enbopox cobumuti b u ¢, wacmomut
8060POK IMUL COBLMUT YOBOAMNCA, HO UL OMHOWERUE HE USMEHUMCA.

W3 (2.11)- (2.13) ciejtyet, 4TO BePOSTHOCTH Ha BTOPOM LAre MOXHO
BBIPa3UTh KaK
p(b) p(b)
b) = =~ === 2.14
PO =50+ e = ol@) 210
p(e) p(c) (2.15)

20 = S @~ p@)

HO,H,CTH.BJ'ISI?I I10J1Y YCHHbI€ BbIPa2KE€HUSA B (bOpMyJIy JIJIsA SHTPOIIUH, HMeeM

H()(Ifr) = —p1(a) logy(p1(a)) — p1(@) loga(p1(a@))+

e [ () i (n) )

YTO HOCJE YIIPOLIEHHH COOTBETCTBYET SHTpONUHU 63 pasyioxeuus: npo-
mecca BbIGopa coDbITHI

(2.16)

H(X)
6uT

= —pi(a) logy(p1(a)) — p(b) logy(p(b)) — p(e) logy(p(c)). (2.17)

B paccMoTpeBHOM npumepe ObLI0 UCTIONBL3OBAHO CBOMCTBO A02apUd-
Muneckol yHRUUH, IepEBOsILIEe IPOM3BEIeHHe B CyMMy. OLpeIcicHHe
(2.4) siBasieTCS eAMHCTBEHHBIM, TIDM KOTODOM AKCHOMa 3 MMEET CHIlY.
3aMeTHM TakxKe, YTO PACCMOTPCHHOE Pa3JiOXkKeHue 1Ipouecca BuIOopa co-
6bITHi MOXKET GLITH CBEAEHO K LIOCIIeIOBATEIBHOCTH ODUHADHLIX PEIeHUl
«Ja» 1 «HeT». MakcuManbHON HeOlIPese/ICHHOCTH COOTBETCTBYET MAKCH-
MaJIbHas SHTpouus ucrodHuka. ChopMyTHpyeM CIIERYIONIy0 TEOPEMY:
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Teopema 2.2.1. DHTponus upocTelilero AUCKPeTHOTO MCTOYHMKS He3
aMATH MAKCUMaJlbHA, €CJId Bce COOBITUS, B HEM COACPKAIIMECH, MMC-
10T O/ JMHAKOBYIO BEPOATHOCTb, B 3TOM Cjlyyae SHTPONMS NPOCTO pPaBHA
norapudMy ducna cobbiTuit

2.2. Sumponus u u3bHMONHOCTIY

Hy = logy N bur. (2.18)

Bameganne. [ocaedyrouee Joxa3amesbcmseo meopembt AGAAEMCA TMU-
NUHHBLM 6 Teopul uHPopmayuu. B maxur doxa3amesvcmear ucnoivay-
HOMCA OUENKY U NPedeavlbie NePecodsl, KOMophie Paree Bouit U3BECTINDL,
HO HE HATOOUAU NPEKMUYECKO20 NPUMENEHUS.

2 T
0 x-1 . %
bl nx
“
Py H
0 1 x—» 2

Puc. 2.5. Bepxuss ongnka jgorapudmuycckoit pyHKImu.

HoxazarenbcTBo. [l J0KAa3aTENbCTBA PACCMOTPHM JIBA JUCKPETHBIX
ucrounrka 6e3 namsaTu P u Q, kaxkIplit u3 KOTOpbIX comepXuT N co-
ObITHI ¢ BEPOATHOCTAMM P; U ¢; COOTBETCTBEHHO. Jlasiee BOCHOAb3yeMcs
U3BCCTHOH BepxHeil olieHko#t JorapudMudeckoit dyHkuun ( puc. 2.5)

Inz <z -1 (2.19)

Hcuonwsys sty onesky, noiydaeMm

Ing;i —Inp; =lnE <% _ (2.20)
N’ Di i
I(pi) HaT

YMUOKHB 0be YaCTH HEPABEHCTBA HA P; H IPOCYMMHDOBAEB [0 BCEM CO-
Obtrusiv 1 < ¢ < N, uMeem

N N ’
D plng—Inpl <> pi [& - ] . (2.21)
i=1 i=1 Pi
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Hocse ynpomenns mojyyacm

H(P) N N N .
—L ) pilng <Y g pi=0 (2:22)
i=1 i=1 i=1
1 1
U, CIe0BaTCAbHO
’ N
H(P
() <=3 pilng. (2.23)
HaT im1

Tlpeanoioxum, 910 HCTOYHUK (J COOEPKUT TOJBKO PABHOBEPOSITHBIC CO~
Omrrus. Torga

N N
H(P) 1
el ig;pln[N] lnsz:;p, n ( )
1

Tak Kax B ripolecce [I0Ka3aTe/JbCTBA HA HCTOUHAK P He ObUIO HAJIOXKEHO
HHKAKHUX OTPAHUYEHHH, TO NJaHHOE HEPABEHCTBO HMEET MECTO 1 JTI060ro
JUCKPETHOrO UCTOYHUKA 6e3 namsaTH, cogepxkamero N cobpiTuii

H(X) <logy N Gur. (2.25)

Makeumym gocruraercs, KQraa, Bce COOBITHS HMEIOT OJMHAKOBBIE Bepo-
sSTHocTH. @

JIboit ucTouHEK, cogepxainuii N cobbiTult, HE BCe H3 KOTOPLIX UMe-
10T OJUHAKOBYIO BEPOSITHOCTH, 00JIagaeT sHTpouued, Menbiuell log,N.
PaccMorpum ucrounuk emkocthio Hy = logy N kax pesepByap Ajis Xpa-
HeHNs MHGPOPMAIMK, KOTOPLIY HUKOIZA HE MEPENOJHAETCH.

Pasnocts Mexay MakcaManbpHON eMKocTbio Hy M 3HTpouHe#t UCTOY-
uika X, cogepxauiero N cOOLITHH, Ha3bIBAETCA U3OBIMOYHOCTRBIO HC-
TOYHHUKA,

R = Hy — H(X). (2.26)

Omnocumenvhad u3bsmouHocmd OIIpelesISieTC KaK

r=po - 2K

T i (2.27)

Ipumep: DuTponusi JUCKPETHOIG UCTOYHUKA 603 AMATH, COEPKa-
mero 6 cobbrruii. ’



2.2. Bumponua u u3bvmowhocms \)

Tabanna 2.2. JdnckpeTHbid HCTOYHHMK 063 NMaMATH C CUMBOJIAMK
z: andasura X = {a,b,¢,d, e, f} ¢ BeposTHOCTBIO
pi u unpopmaimeit I(p;).

, a b c d e f
Pi 0,05 0,15 0,05 04 0,2 0,15

I(p:) | 4,32 6ur | 2,74 6ur| 4,32 6ur| 1,32 Gur | 2,32 6ur|2,74 6ur

Mast Toro, 4ToObl KOHKPETH3UPOBATD [IPOBEACHHBIC BHIIE PACCYXKJIE-
HHs1, PACCMOTPUM YMC/ICHHBIR npuMep. B Tabanue 2.2 3aaH AMCKPETHBIH
uerouHuK 6e3 maMaTd X ¢ COOTBETCTBYIOIIMMH aJihaBUTOM M BEPOHT-
soceramu coburruit. Cueays {2.3), nogcuuTtaem HMRGOPMAIMIO KAaXKJIOrO
COOBITUS ¥ JOMOJTHUM TabJIHIly 3HAYEHUSIMU.

SHTpOLHs# HCTOYHUKA PABHA

H(X) = 2,25 6ur. (2.28)
3nagenue Hy aad cobpiTuit pasHO
Hy = log, 6 6ut = 2,585 6ur, ’ (2.29)
TOI/1a U3OHITOYHOCTS
R = (log, 6 — 2,25) 6rT = 0,335 6ut (2.30)

H, COOTBETCTBEHHO, OTHOCHUTENIbHAA “3OBITOYHOCTD COCTABJISIET

r=1-22 _0130213% (2.31)
log, 6 )

Ocoboe 3naMeHHEe HMEIOT JHCKPETHHIC JBOMYHBLIC UCTOMHAKY Oe3 ima-
MATH, TaK KakK B GOJIBILMHCTBE CJIYyYaeB ¢ MX IOMOUBIO MOXKHO OIHCATH
11poLEece HepeAady ARHHBIX.

[Iyets 3anan nBouuHbIl uCcTOYHMK 6e3 mamsTd ¢ andasuToM X =
{0,1} u ¢ BeposTROCTAMHI Anst cuMBONOB «0» B «1» - py = p U p; =
1--pg coorsercrrenso. Bribop cuMBosios npoussoanTes HesaBucuMo. Ero
SUTPOLINs, HasbiBaeMast Takxke (yHkumelt [1lentona, 3aBUCHT TOILKO OT
BCPOSITHOCTH . '

Snmponus deouunozo ucmownuka (Pynxyua [Hennona)

——= = —plogyp — (1 — p)logy(1 ~ p). (2.32)
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Ha puc. 2.6 nokazano nosegenue ¢pyukuuu IllenHona. JuTponus ABo-
HYHOTO HCTOYHHUKA BCIOAY NOJIOXKHUTEIBbHA U CHMMCTPHYHA OTHOCUTENBHO
p = 1/2 1 uMeeT MakCUMyM LIDH OAMHAKOBON BEPOSITHOCTH CUMBOJIOB «0»
1 «l». Makcumanbhasa sHTponns paBHas 1 6UT COOTBETCTBYeT JBOMYHO-
My PeLICHHIO, T.€. Ha BOIIPOC O 3HaYEHHH CHMBOJIA 9TO OTBeT: Jubo «la»

mbo «HeT».

Puc. 2.6. DHTPONHA ABONYHOTO HCTOYHHMKA.



rMABA 3

KOZAMUPOBAHWE
ANA OUCKPETHbBIX
MCTO4YHUKOB BE3 NAMATU

'3.1. TeopeMa kOoAUPOBaHUA UCTOYHUKORB |

B pasjiciie 2.2 6p10 BBEAEHO NOHATUE JHTPOIHU KaK cpe/iHell nadopMa-
MM JUCKPCTHOTO UCTOYHUKA 6e3 mamsitu. Bonee Toro, 6bu10 nokasano,
yT0 ;11060e coBbITHE, CONEPIKAIEeCs B NCTOYHUKE, MOXKET ObITh Pasioxke-
HO Ha I10CJIe0BATEIBHOCTH JBOWYHBIX PelIeHUil ¢ UCXO/AMU «JAa» WM
«ier» 6e3 norepu undopmaiyu. TakuMm o6pa3om, Kax/JIOMy COBLITHIO,
coyiepKallieMycs B ajipaBUTe, MOXKET ObITh MPUITKHCAHA HEKOTOPAs 110CIe-
JIOBATCILHOCTD JIBOUIHBIX CHMBOJIOB «0» unu «1» (B JasbuciineM Takyio
110C/16,10BaTeILHOCTE OYICM Ha3bIBATL KOAOBBIM CJIOBOM coGbiTHs). Ipu
3TOM He IPONCXOAUT NOTEPH UI(OPMAIIMH, TAK KaK KaXK10€ COObITHE MO-
XKer ObITH HEMOCPEJCTBECHHO BOCCTAHOBJIEHO 110 COOTBETCTBYIONIEMY KO-
JlopoMy ciioBy. Taxol nporiecc Ha3bIBAETCSI KOAUPOBAHHEM HCTOYHHKA, a
COBOKYIIHOCTb KOJIOBBIX CJIOB BCEX COOBITHH — KOJOM HCTOYHHKA.

Yposexb Yueno
0 y3nos

KOpeHb

OKOHEUH bl
vien

Konosoe cao80 0110

Puc. 3.1. Konosoc gepeso.

1303HI/IK3.CT BOIIpOC: KaKoe Cpe)IHee YUCJIO 6HT HaJd0 BanaTHTb IIpx
KOtMpoBaHny ncTounuka? [1olyTHO BOSHUKAIOT BOIPOCHI: CKOJILKO MCCT
Ha 1naare 3aﬁMyT llepeKﬂ}OaneJleble JJIEMEHTHL 11PpU peaﬂ“'Sa.U,Pﬂ/l Kona
HCTO‘IHI/IKa H KaKOBBHI JAJIMTECJIBHOCTH KOIOBBIX CJIOB npy lepenadyd HH-
bopmanuu? ' '



Tnasa 3. Koduposanue 0asn CuckpemmbL ucmowhuxos 6es namamu

OrBersl Ha 9T BOLIpochl gaer rTeopeMa IllenHona 0 KOUMpOBaLIMU
HCTOUHMKOB. Ilepeil TeM, Kak IPHUCTYNIMTH K PacCMOTPEHHIO 3TOH Teo-
PEMbi, BO3bMEM B KANCCTBE IIPUMCPA JIBOUMHOTO KOJIUPOBANHS KO/IOBYIO
KOHCTPYKIHI0, u306paskenHylo ua puc. 3.1.

Hauunast oT KOpHA KOJOBOrO Jiepesa Yucio pebep Ha KazK;I0M yPoBHe
Y/(BAUBACTCST, NIPUYEM, CJieBa Pacnoaralorest pedpa, COOTBETCTBYIONIUC
€IMHMIIAM, & CIIPaBa — Hy/IsIM KOJIOBbIX cyioB. Kouosble ciloBa obpasy-
I0TCST 1IPH TIPOXOXKACHHH COOTBETCTBYIOMHKX pebep, BeIyLIUX OT KOPHS K
OKOHEYHBIM y3i1aM. I3 kayecTse mpuMepa HyZieM paccMaTpuBaTh KOJIOBOE
croso 0110.

Ecsn Mb1 upotiziem N yposHelt, To nosydanm 2V OKOHCUHBIX y3JI0B, KO-
TOpbIE COOTBETCTBYIOT KOJOBBIM CJI0BAM C JJTMHON loga2V6ur = N 6uT u
MOKHO 3aKOJAMPOBATDH 2N cobbirui. Ilpeanonoxum gajee, 9TO 3STUM OKO-
HEUHBIM y3/1aM cooTBeTcTBYIoT 2V paBHOBEPOSTHLIX COGBLITHHE M3 BCero
“asipaBUTa MCTOMHMKA. TOra, HA KOAUPOBaHTe KaXKI0ro cOOBITHY 3aTpa-
gnBaercsi poHO N GUT, UTO PaBHO IHTPOIHH HCTOUMHUKA. CBs3b MCXKILY
cpeJiHell JUTMHOM KOJIOBOrO CJIOBA M SHTPOLMEH HCTOUYHUKa 060011aeT Teo-
peMa. KOJIMPOBAHNSA UCTOUHUKOB.

Teopema 3.1.1. Teopema kogupoBaHus MCTOYHHKOB I

Jas 11060ro JMCKPeTHOro MCTOUHMKA 6¢3 namsaTH X ¢ KOHEYHBIM ajida-
BuTOM M 3HTpOnHUcH H(z) cymecrByer D- uunblit npeduKCHBIR KOA, B
KOTOPOM CPeIHSs JJIMHA KOJOBOTO CJIOBA T YIOBJETBOPSeT HEPABCHCTBY

H(z) ___ H()

= 3.1
logD—n_lgD+1 (3.1)

Tepmun npegurcusili x00 03HAUAET, YTO HUKAKOE HAYAJIO KOJOBOI'O
CJIOBa HE MOXKET OBITb JPYIUM KOJOBBIM CJIOBOM. JTO 3HAYHUT, YTO HOTOK
cobbiThit MoxxeT 6bITh 3aKoAMpOBaH 6e3 ClenaNbHOrO Pa3iesIeHUs STHX
cobeiTuii. B ciyuae D = 2 ucnonbayercsa apouunblii ko, Eciu suTpouus
3ajlaHa B B6uTax, TO cpelusAs JJMHA T TAKXKe Bbipaxkaercs B GuTax, uTO
IIPSIMO YKa3bIBAET Ha HCLOJIb30BaHUE JIBOMUHOTO KOJa.

Teopema KOIMPOBAHMS UCTOYHHMKOB YKA3bIBa€T Ha TO, YTO CPC/Hss
JJINHA KOJIOBOTO CJIOBa He MOKET ObiTh Menblie suTpound. OHako, Kak
OyueT MOKa3aHO B pazjienax 5.2 m 5.5, upu GJIOKOBOM KO[MPOBAIHHA UC-
TOYHUKOB, CPC/IHSASA /IJIMHA KOJAOBOI'O CJIOB3, MOXKET HPUBJIKATLCS K 3H-
TPONHU KaK yroAuo OJIM3K0. ITO OBCTOATCILCTBO €lle pas 1o YepKHU-
BaeT BAXKHOCTb MOHSATHUS SHTPOLIMH. JHTPOLMS - €CTh MePa MUHMMAJIb-
HbIX cpejHux 3arpar. IIpHMepoM LpaKTHYECKOH PeaH3aldd HepaBeH-
crBa (3.1) SBJSETCS KO Xaddmana, paccMarpuBaeMblit B Cilejly1onieM
pasuesie.



3.1. Teopema xoduposanus ucmownuxos I 2\5)

Bameuvanne. Joxasamesvcmeo meopemsi §.1.1 ceodumces % uUCnoavb3o-
garwo nepasercmea Kpagma u ne necem e cebe xawux-aubo KoHCMPYK-
MUENBT cO000Patceruti OAA TLACTRPOERUR ONIMUMAADHYT, C MOYKY 3pe-
nua sampam, xodos. Joxazameavcmeo dosoavio obsemno, Ho daem To-
powee npedcmasaenue o memodas meopuu ungopmarui. Tem ne menee,
OHO MOJCET: OBIMb NPONYUWEHO Oe3 Ywepba OAn TOHUMAHUA NOCAEOYIO-

WUT Pa30enos.

Jloka3aTesbCTBO.
Ular 1. Hepasencmeo Kpagma.

Jlist cyuleCTBOBaHMs! OJHOBHAYHO JeKogupyeMmoro D-w4yHOro Koma,
couepxamero K KOJOBBIX CIIOB C JUIMHAMH 71, N, . .., Nk, HCOOXOMUMO
U JIOCTATOYHO, YTOOBI BBIMOJIHsI0CH HepaBeHCTBO Kpadra

K
S o< (3.2)
k:l

11 10Ka3aTeIbCTBA 3TOrO0 yTBCPXKAEHMS BOCHOJIL3yeMCs KOIOBOH
KOHCTPYKiiMeil, usobparkennoit Ha puc. 3.2.

VYposens  Uncno
BO3MOXKHbBIX
Y3108

KOpPEHB

LLT

Cri€p €y €g €7 Cp €5 Cs 3anpeLeHHbIe
OKOQHEUHBLH yien Y3IBICy
(K0/10BO€ CNIOBO)

Puc. 3.2. Konosoe gepeso s D =2 un = 4.
Mbrt BujiuM 3 xapaKTepublX CBOHCTBA, 3TOH KOHCTPYKIMH:
1. Cymecrryer D? yanos i-ro nopaaxa (i-ro ypoBHs);
2. Kaxupiit y3es 4-ro nopsiika nopoxaaer tTouno D™ ¢ n-ro yposns;

3. KojioBast KOHCTDYKUHS COOTBETCTBYET npefukcromy xody, T.c. HH-
KaKOe KO/OBOE CJIOBO HE SIBJISIETCS HAYaAJIOM APYIOro KOJOBOro CJIo-
Ba, TAK KaK KOMOBBIE CJ10BA OJIHO3HAYHO ONPEeAE/IAIOTC KOHCYHBIMH
y3aaMu.
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,B,JIS{ IIPOCTOTHI yIIOPANOYAM IAJTAHBI KONOBbIX CJIOB
n1§n2§---nk-——n. (33)

Tenepy naunem orcuer. Konosoe CJI0BO €1 JUIHHBI 73 3AlIPELLAeT B TOY-
HocTH D™ ™! BO3MOXKHBLIX KOHEYHBIX Y3JI0B Ha MOCJC/IHEM N-OM yDOBHE.
Tak Kak KOAOBBIE CjIOBa MPEPHUKCHOTO KOJa He CAMBAIOTCS, B COBOKYII-
HOCTH IOJIy4HUM

K
> prm (3.4)
k=1

3aMPCHICHHBIX Y3JI0B 1a 1-0M ypobHe. OfIiee 4uc/io BO3MOXKHBIX Y3JI0B
Ha N-OM ypoBHe paBHO D™ | cliefjoBaTebHO

K
> bt <D (3.5)
k=1

Pasnenus 0be yacru HepasedcTBa a D™, nony4um HepaseHcTso Kpadra.

IITar 2. Ymeeporcdenue Max-Munsara.

Kaxkiplit 0/1HO3HAYHO JICKOAMPYCMBIH KOJ Y/IOBJIETBODSICT HEPaBCH-
crBy Kpadra.

Ipu BoIBOAE HepaBencTsa KpadTa Obiny KC10Ib30BaHB OCODCHHOCTH
npedukcubix kosioB. Ho 9T0 yeioue He sipisiercss HeobxommmbeiM. Kak
OyIeT ITOKA3aHO Jajiee, HeOOXOAUMBIM YCJIOBHEM SIBJISETCS OJTHO3HAYHAs
JEKOAMPYEMOCTh Kojia. Bossenem cymMy B Hepaseuctse Kpadra B cre-
neub L

L k k K

K
ZD—nk‘ = Z Z Z D“[”k1+"kz+---+n.kl,]_ (3.6)
k=1

ki=lky=1  kr=I
O6oznauuB depes A; uncao koMOMHanuil, cogepxanmx L KogoBbIx

CJIOB ¢ CyMMapuoil ajuHo# 1, 3anumieM (3.6) B KoMuakTHOH dopme

L Lnmax

K
Yp| = 3 ADY, (3.7)
k=1 =1

rae Lpmaxy MaKcHMaJIbHas JUIMHA coobuienus, cojepxamero L xomo-
BBIX CJIOB.

Eciiu KO ABJISIETCS OJIHO3HAYHO JEKOLUPYEMDLH, TO BCE LOCIEN0Ba-
TeNTLHOCTH M3 L KOJOBBIX CIIOB CyMMAPHO# JUTHHBI § pasiuuHbl. Tak Kax
nmeercs Beero D BO3MOMHBIX MOC/IEI0BATENLHOCTEH, TO

A< D ' (3.8)



3.1. Teopema wodupoearun ucmouruxos I 2\1)

W, TAKHM 00pa3oM,

K L Ln,ma.x
Z D < Z 1= Ln,max~ (39)
k=1 i=l

Wsenekast L-u4nblit KOpeHb, NOJMyYUM OUEHKY CBEPXY JIJisl CYMMBI B
nepascuctse Kpadra

K
> D™ < (Lnmax) ' (3.10)
ksl

JUIS1 BCEX HATYPAJIBHBIX L.

O6cyaum 3Ha4deHue ducaa L. D1o 41ucsio He3aBUCHMMbIX KOJIOBbIX CJIOB,
koTopble BbiOHpatorcs u3 {1,2,..., K} u ucnons3yioTcss i [OCTpoe-
HMsl BCEX BO3MOXKHBIX MOC/IEJ0BATE/ILUOCTEH JIJIMHLI, HC NIPEBbITIAIOEN
Ly, max- osTomy, npu L — oo, Mbl 11puxojuM K HepasencTBy Kpadra

K
> DT < lim (Lpma) /" = 1. (3.11)
k1 L—oo

IIpuBe/eHHbIE BbIIlE PACCYK/ICHUS CUPABEJIHBRI JJI KaXJOrO OJf-
HO3HAYHO JCKOAMPYEMOro Kofa. [1osToMy, KaXK bl ONHO3ZHAYHO JIEKOAU-
pPyeMbiit Koy, yJoBJaeTBOpAET HepaBeHCTBY Kpadra.

ITTar 3.
3annmeM JeBylo 9acTh HepaBeHCTBa (3.1) B BUZE

H(z) -mlogD < 0. (3.12)

Hcnoib3yst BEpOATHOCTDL COBBITHE Pr, ¥ COOTBETCTBYIOIINE JJIMHBI KO-
AOBBIX CJIOB Ny, , HMEEM

K K
1
H(z) —mlogD = E pklog;)——_z penglogD = (3.13)
k
k=1 k=1 :

I

Nk

K D-
> pilog
P Pk

Kax u npu jokazarenscrse yreepxienus (2.1), ouenum csepxy Jio-
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rapudMuueckyo GyHkuuo npu nomown (2.19) u nosyunm

Zpklog <loge Zpk[ b 1] =
k=1

(3.14)
loge( ZD e Zpk ) <0
b.\,._/
<1 1
K
3siech 6bLT0 MCMOIL30BANO HepaseHCTBo Kpadra u yenosue Y. pp = 1.
k=1

Takum o6pasoM, JieBasi 4acTh HepaBeHcTBa (3.1) TeopeMbl O KOMpPOBa-
HMW HCTOYHHMKOB JOKA3aHA.

IIlar 4.
IIpasast yacTh nepasencrsa (3.1)
< HX)
. 3.15
- ]ogD +1 . (3.15)

HNpu nokaszarenscrse uenoibsyem nepasenctso Kpadra, yenosue cy-
ILECTBOBAHHUS KOJIa C COOTBETCTBYIOIIUMH JJINHAMM KOJIOBbIX CJIOB N H

: K
ycnosue >, pr = L.
Hepasenerso Kpadra MoxHO 3anucaTh B Buie

K K
S DTS g (3.16)
k=1 k=1 '

IToka umeer cmily HepaseHcrBo KpadTa, mMbl ¢BoDOJHBL B BbIGOpPE
JUIMH KOJIOBbIX clios 1y, € N. Bpibepem JJIsl Kask/ioro ClaraeMoro Ta-
KOe HaMMeEHbIIee 7k, IPH KOTOPOM

D™ < py. (3.17)

Hepaserncrso Kpadrra npu TakoM Boibope OyueT BBINOIHATHLCH, Cle-
JIOBATEJIbHO, HCIOMb3Ys KOHCTPYKLHIO PHC. 3.2, Mbi MOXeM IOCTPOUTH
Takoi mpedukcuelit kog. Tak Kak ni HanMeHbluee o€, NPH KOTOpOM
nMeet Mecto (3.17), To ans ng — 1 cupasenMBoO

pp < D™D, (3.18)

OcranbHas YacTh JAOKA3ATENbCTBA JHHIb (hOpMAbHA.
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Ucuonn3ys cBoiicrBa jorapudpmudeckoit d)ynxuuu, 1IOJIy 1aeM
prlogpg < prlog D™0%~1) = p,(—ny + 1) log D. (3.19)

Cymmupys 1o Bcem K, umeem

K K K
> prlogpy <log DY pe(—mi) +log DY py. (3.20)
k=1 k=1 k=1
~ ~ - g - ——
—H(X) -n 1

p‘dS)_LeJI]/lB obe yacTH HEpaBCHCTBa Ha lOgD U IIepecTaBjids YJIEHBI C
JOMHOXKCHUEM Ha -1 (‘ITO MEHHAET 3HaK Hep&BCHCTBa.), noJIy4aeM HUCKO-
MO€e JIOKa3aTeJabCcTBO. M

3:2. Kope! Xadpdmana

Kospt Xa(b(bmaﬂal IPUHAJIEXKAT K CEMeHCTBY KOJOB C TIepeMEHHO#} JITH-
HOM KooBbIX cy1oB. CaMblif N3BECTHBIH KO IEPEMEHHOM AIHHbl — a36yKa
Mopsze? (tabi. 3.1). OcHobnas ujes a3byxu Mopse - mepesaBaTh 4acTo
BeTpevalonpecss OYKBbI KOJOBLIMHA CJIOBaAMH KOPDOTKOH JI/IMHbLI H, HA060-
POT, PeAKO BCTpedalouecs GYKBbl  JUTMHHBIMM KOJIOBLIMM CJIOBAMH JIJIs1
TOI'0, YTOBLI MUHUMH3UPOBATH CpeHUC 3aTpaThl. Takol crocob konupo-
BaHUSl HA3BIBAIOT TaK K€ KOJUPOBAHHEM C MHHHUMAJBLHONA H30BITOUHO-
CTHIO UJIM SHTPOIHHHBIM KO/IHPOBAHUEM.

Tak, nampumep, B a36yke Mopse gacTo BcTpedatomasicsa byksa «E»
KO/IMDYETCS OJHUM 3HAKOM <«-», & pelKast «X» - YeThIPbMs 3HAKAMH
« — s —=»,

B 1952 1. Xaddman nokasaj, 4To IpeiIoKCHHOE UM KOJMPOBaHHUE
¢ llepeMeHHOM UIMHOR KOJOBBIX CJIOB SBJISETCS OUTAMAJbHBIM [IpeHKC-
HBIM KOJOM JJIs JIMCKDETHBIX HCTOYHNKOB Ge3 namaru. To ecTs, cpeanss
JlIMHa cioBa Koga XaddMaHa MEHEMAJbHA ¥ OH TAK XKe sSIBJIAETCH K000M
6e3 3anamoti. TepMuH «kon 6e3 3anATON» 03HAYAET, YTO IPH YCTAHOB-
JIEHHOM CHHXPOHM3AIUH BO3MOXKHA HENPEPLIBHAS Ilepefiavda 110ToKa Co00-
IHeHHH ¢ ONHO3HAMHLIM JeKOANPOBaHHEeM 6e3 CIENHATLEOTO Pas/esIeHus
KO/IOBBIX CJIOB.

B npepurcrom xode HEKAKOE KOAOBOE CIIOBO He ABJISALTCS HPedDHKCOM
Jpyroro ciosa.

! Napun Xacdpdman (1925-1999) - aMepuxancKuil yeHbIA.
*Camyasms Mopas (1791-1872) - amepHKAHCKHI XyAOXKHAK U M300peTaTeib.
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Tabauua 3.1. Bykssi, cuMBOJBEI a36ykn Mopse u ux oTHOCH-
TeNbHASE YacTOTA B HEMELKOM JINTEPATYDPHOM

TEKCTe.
Byksa Cumson Omnocurens- | Byksa  Cumbon OTHocureib-
a36yku Has 4acTOTa a3y Ky Hasl 4acTOTa
Mopze Mop3ze
A ol 0,0651 N Mo 0,0992
B Heoe 0,0257 0 NERE 0,0229
C Helle 0,0284 P ol 0,0094
D Hee 0,0541 Q' RE.R 0,0007
E . 0,1669 R olle 0,0654
F '] O 0,0204 S Y 0,0678
G mE. 0,0365 T n 0,0674
H oooe 0,0406 U ool 0,0370
I oo 0,0782 v socll 0,0107
J +HEN 0,0019 W Bl 0,0140
K [ [ ] 0,0188 X NHeell 0,0002
L olles 0,0283 Y NemNE 0,0003
M am 0,0301 Z Hlee 0,0100

3ameuanne. Kodu Xappmana uzparom eavscneduiyto poav 8 xodupo-
sanuy usobpascenuti. OHu ABAAOMCA 0CHOBHOT “ACTIBIO CMANOAPMOS
JPEG, MPEG u H.261 [19]. Kpome 3mozo, onu max sce uCnoas3yomea
npu oyugpoere ayduo cuenasos. B aumepamype, 6 Kauecmee npumepos
IHMPponutinezo Kouposanus, Yynomunaromca xodw lennona u @awno, no
OHU HE 60 6CET CAYNGAT ACAANMCA ONMUMAALHOLMY U MBL TPONYCTIUM
UL ONUCTHUE.

Komuposanue XagppmaHa 1POU3BOAUTCA 3a TPY mara. Mul Harisano
HOSICHUM TOT ITPOIIECC HA MaJIEHHKOM NPUMCDE.

Koauposaune Xad¢dpmana.

1. ¥Ynopsigodenue. PacnonokuTh 3HAKH B LOPsijike YObIBAHHS HX
BEPOATHOCTCH. '

2. Pepaykumnsi. O6belMHUATH JIBA 3HAKA ¢ HAMMCHBIIUMH BCPOSITHO-



3.2. Kodw Xagpmana 3\9

Tabauita 3.2. BeposTHOCTH M 3HTPOMHUS ABYX CHMBOJIOB.

T, a b c . d e f

i 0,05 0,15 0,05 0,4 - 0,2 0,15
I(p:

—éf;) 4,32 6ut | 2,74 6ur | 4,32 6ur | 1,32 6ur | 2,32 6ut | 2,74 6ur
H(X) 295

6uT ~ 2,25

CTSMH B OJIMH COCTaBHOM 3HakK. IlepeylopsiiouuTs CHUCOK 3HAKOB
B cooTBETCTBUHM C faroM 1. [Ipoomxars 3TOT nporece jio Tex nop,
[IOKa BCe 3HAKHM He OYAyT O6benHEeHb.

3. Koauposauue. Hauats C HOCTEAHEro OB LC MHEIIMS. [punucars nep-
BOIl KOMIIOHCHTE COCTABHOIO 3Haka cUMBOJ «(0», a BTOpOil - cUM-
B0 «1». IIpo/10/12KaTh 3TOT MPOLECC O TeX 0P, MOKA BCE NPOCThIE
3HAaKN He HYYT 38KOAUPOBAHLI.

B ciyuae, Kor/1a HECKOTPKO 3HAKOB HMEIOT OJIMHAKOBBIE BEPOSTHOCTH,
O0BbEUMHSAIOTCS Te JiBa. M3 HHX, KOTOpbIe JI0 3TOr0 MMEJIM HaHuMeHbIllee
UHCI0 00beguHeHnH. DTUM JIOCTUTAeTCsl BhIPDaBHHBaHUE JUTMH KOJIOBBIX
CJI0B, 4TO objierdaer iiepeiady undopMaluu.

Vposens 10 2 ’ ;‘g}; 4
Cumpon  p; a ﬁ’
) o g
b
e
a
c
Puc. 3.3. Koauposanne Xadpdpmana n = 4.
IIpumep:

Konuposanue Xaddmalia Haras1HO 10Ka3aHO HA IPUMEPE HCTOUHHU-
Ka, 3ajaHH0ro Tabn. 3.2. Ilpu 3TOM Mbl HEMHOTO YIIDOCTHM KOJUPOBaHMeE,
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Ta6svma 3.3. Koguposanne konom Xaddmana x puc. 3.3.

T; d f b e ©a c

P 04102015015 | 0,05 | 0,05

Konosoe cioBo 0 100 | 101 110 | 1110 . 1111
JliMHA KOAOBOTO CJIOBA 1 3 3 3 4 4

OTKa3aBIINCh OT HAIISLAHbIX NCPeyHopstioueHnii 3HAKOB Ha BTOPOM IIa-
re, T.K. B TAKOM MaJIeHbKOM IIpUMCpPe 3TO MOXKHO CIeNaTbh CUEIaTh «B
yMe». B cooTBeTcTBHM C IIePBLIM IHAIOM, PACHOJIOXKHAM BCE 3HAKU B IIO-
psiike yObIBaHUS UX BeposTHocTel (pHC.3.3).

Ha BTopoMm miare o6beaHHUM CHUMBOJIbI «a» B «C», 00;1aJa101HC HAU-
MEHBIIIHME BEPOSITHOCTSIMH, B COCTABHOM cUMBOJ <«ac». dasiee 0b6be/u-
HHM «€» C «aC» B COCTABHOM CHMBOJ1 «eac» C BeposaTHoCcThIO 0.25. Tenepb
HAMMEHBUIMMU BEPOSITHOCTSIMU y2Ke 00J1afatoT cuMBojibl «f» u «b». O6b-
CIUMHUB HX, HOILYYuM cumBos «fby». Ciaenyomas pefyKIus JaeT CoCTaB-
Hoii cumBon «fbeac» ¢ BeposiTHocThO 0,6. U, HakoHen, o6beaunuB Bee
CHMBOJIb, 1IOJIY4HUM COCTaBHO#M cumBoJ «dfbeac», BeposTHOCTL KOTOPOrO
pasHa 1.

Ha Tperbem 1ware 6yeM HATH clipaBa HAJIEBO, IPHITMCHIBAS BEPXHUM
KOMIIOHEHTaM 00beauHeHni cnMBoal «0», a HUXKHUM ~ «1». TloslyueHHBIE
KOJIOBBIE CJIOBA BCEX MPOCTRIX 3HAKOB C UX JUIHHAMM TPUBEIEHbI B Tl 3.3.

Janublii Koa 06/1a/1aeT MEHEMaJILHOM cpejiHelt JUTHHOM KO/I0BOI'O CJIOBA.

Cpednan dauna £0006020 cAr06a ONIPENEIIAETCH JJIMHAME BCEX CJIOB N,
«B3BELIEHHbIMU» C COOTBETCTBYIONUMH BEPOSITHOCTIAMMH P;

N
=) pima (3.21)
i

B paccmOTpeHHOM BhlIlle MpuMepe CPeJHsA [JIHHA KOJIOBOTO CJIOBA
7l = 2,3 6ur 6muska K surponuu H(X) = 2,25 6ur. Baxueiliueil Be-
JIHYMHOM, HasbiBaeMOH 3(hheKTUBHOCTBIO KOAA MM (DaKTOPOM CXKATUH,
ABJIAETCA OTHOIIEHWe CPelHe# JUIMHBI K sHTpormu. B HameMm npumepe
3¢ beKTHBHOCTb Koga paBHa 11 = 0, 976.

Sppexmusnocms xoda unu Gaxmop cocamun

= 2E) ' (3.22)

n
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W3 npumepa ordemyimBo BUAHO, TO 4eM 0GoJibllie Da3HHNA MEXKIY
BEPOATHOCTAMM CHMBOJIOB, TeM 6ousbllie BuUrpbin kojia Xaddmana no
CPaBHEHHIO C TPOCTHIM DJIOKOBBLIM KOIHPOBEHUEM.

Teopema IlleHHOHA 0 KOZMPOBAHHHN MCTOUMHHKOB MOKA3biBAET, HACKOJb-
KO 3eKTUBHbIM MOXKeT GbiTh Takoe kojguposatue. Ho teopus nudop-
MAalMH TAKXKe YKa3blBaeT Ha TO 06CTOATENLCTBO, YTO 1IPH KOANPOBAHUM
MOTYT MOSIBJIATHCSA KONAOBBLIE CJIOBA O4YeHb GOJBIIOH AMHHBL DTO 06CTOS-
TENbCTBO MOMKET HpENSTCTBOBATh IPAKTUYCCKOMY HCIOJIb30OBAHUIO TEO-
peMbl KOJIMPOBAIIMS UCTOTHUKOB.

Peamusauus nexomepa koxa Xaddmana ciegyer HemocpencTBEHHO
u3 puc. 3.3. Ha puc. 3.4 npexncraBneHo JiepeBo, Ha3biBaeMOE KOIOBBIM
JIEPEBOM JEKOJIEPA. )

JekonupoBanue KasKI0ro HOBOTO CJIOBA HAMMHAETCA C HCXOIOHOIO y3-
ja (KopHsa) Komosoro jAepeBa. Eciu mbl npuHuMaem <«0», To maeM mo
pebpy, coorBercTBYIOIEMY Hy/O (0 BepxHeMmy pebpy). B Hamem npu-
Mepe 1PH 3TOM Mbl JOCTHraeM OKOHeuHOro y3sia d. CiemoBaTenbHo, ObLI
lepean CUMBOJ d 4 MbI HaMMHAEM JEKOAMPOBaHUE HOBOTO CHUMBOJA ¢
KOPHSA.

OxkoHeunblii y3ein

Puc. 3.4. Konoas xorctpykumsa gna D =2 un = 4.

Ecin Mbl npuHuMaeM «1», TO nleM no HukHemy pebpy u moliajaeM
B y3eJ1, U3 KOTOPOro BbixousiT JBa pebpa. Cneiyromub npussaTeiit 6ut
YKa3blBaeT, KAKOE U3 3THX AByX pebep HyxxHO BBIGpaTh. MBI 1poomkaem
3Ty upoueiypy A0 TeX IOp, MOKA He JOCTATHeM OKOHEYHOro ysia. B
ITOM CJ1ydae Mbl IPHHUMAEM DELIeHHE O [EPeJIAaHHOM CHMBOJIE H OMNSTH
HEpeX0/MM K KOPHIO KOZOBOTO JepeBa.

Ipu Bceil IPOCTOTE IIOCTPOEHMS ¥ AeKoAUpOBaHus, Koapl Xaddmana
06J18,/1a10T TpeMsi HEJOCTATKAMHU:

¢ Paznnuneie JJIHHbI KOJOBbIX CJIOB NIPDHBOIAT K HEPABHOMEPHBIM 3a-
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JICP2AKKAM JICKOTUPOBAHUSI.

e CxaTHC JAHHBIX CHHXKACT H3GLITOMHOCTH M II03TOMY MOBLHIIAET
NPeIpacloNOKeHHOCTD K PaclpocTpadennio omubok. B cayuae Ko-
anposaust XaddMana 3T0 03HAMAET, YTO OJHH, OLUMGO'IHO pac-
[O3HAHHbIA OUT, MOXCT IIPHBCCTH K TOMY, YTO BCE II0C/IE/TYIOLIAC
CHMBOJIbL 6YAyT JICKOAHPOBAHBl HCBCPHO.

o Kosmpopanue Xaddimana upearno/iaracT 3HaHue BEPOATHOCTEl Co-
6bITUli (3HAKOB), WM, 110 Kpalilell Mepe, 1I0/IXOAAIMX OUEHOK 3THX
peposiTHocTeil. Ha npakTHke O4eHb YacTO BEPOSATHOCTH COOLITHI
HEU3BECTHDI, 3 UX OLEHKU BECbMa 3aTPYHCHBI.

VIMeHHO MO3TOMY JUIA C2KATUs] OOAbUIMX MACCHMBOB jJIaHHBIX 9aCTO UC-
MOJIE3YIOT YHUBEPCAALHUIL (A20pUMM KOOUPOSAHUSA, U3BECTHBIN KaK aJlx
roput™ Jlemuensa-3usa. Onucanue 3TOro ajropuTMa NPHMBC/IEHO B pa3-
Jesie 6.3. YHHUBEPCANLHBIN aJI'OPUTM CKAaTHs He TpebyeT alpropHOro
3HAHUS CTATUCTHKU UCTOYHHKA.



FNMABA 4

SHTPOMUA
CBA3AHHbIX
NCTOYHUNKOB

o CHX NOp B CBOHX PACCY2KJICHUSIX Mbl HCXOIMJIH U3 IPEATNOJIONKE-
HHUS HE3aBHCHMOCTH MOCTEA0BATENbHBIX COObITHH. OJHAKO, CTOUT JIMIUbL
TOJIbKO OTKPBITb HeMelkuit opdorpaduieckuii cioBaph, Mbl Cpasy ke .
OOHAPYKHM 3aBHCUMOCTb MEXK/IY PsI/IOM CTOAJMMH GyKBaMu, HALpUMep:
«qu», «ch», «cks, «tz» u «sch». Yuras Hemenxuit TCKCT, MbI BHIUM, YTO
HOCJIe «(» 3& PCJIKUM HCKJIIOYEHMEM ClielyeT <«u». B 3ToM ciydae «uy,
KaK MOYTH Heu30exxHoe COObITHE, TPAKTHYECKH He HeceT B cebe HHKAKOH
uadopManuu. I[lostoMy, npu ompejesieiun uugopMaluy MoJ06HOro po-
/la MCTOYHHUKOB, MBI JIOJIXKHBI TIDHHUMATH BO BHUMaHUE B3aUMHYK) CBA3b
MEXKily CODBITUSIMH.

4.1. BsaumHan u ycnosHaa uHgpopmMaums
/
IIpu akcHOMATHYECKOM HOCTPOCHMM TEOpUU HHGOPMALMM HCIOJIb30Ba-

JIOCb TaKoe IOHATHE, Kak uhdopManus napbi cobpiruii. HamoMmuum u
0GOGLIMM 3TH PacCyKieHus. PaccMOTpUM /Ba JMCKPETHBIX WCTOYHUKA
X nY. O6benuuum ux cobbitust B napbl cobbrtuit (x;, y;). Mbl mosyuaM
IIPOCTERIIYIO MOJIC/Ib CBA3AHHBIX UCTOUHUKOB (puc.4.1).

Herounnk B

Cumaonsi

(xay)

Hctounnk P

vy B

CBs3aHHbIE HCTOYHHKH

Puc. 4.1. Mogens JByx CBA3aHHBIX UCTOTHUKOB.



@ Tnasa 4. Fnmponus C6A3GHNBIT UCTNONHUKOS

Ecim 0ba McToYHMKa KaKUM-TO 0Opa3oM CBS3aHBL Mexy coboil, TO
CJICAYeT OXKHJATh, MTO CODbITHE OJNHOTO MCTOYHUKA 1I03BOJISET Ie1aTh
HEKOTOpOC IIpeJILIoJMKCeHHEe O coOBITHM Jpyroro. B repmunax reopuu
uHbOpPMALMY 3TO 03HAYAET, YTO HEOIPE/IEJIEHHOCTh BTOPOrO MCTOYHUKA
CHHXKAeTCHl, T.e. UCTOUHUKH OOMEHUBAIOTCA B3aNMHON uHOpMauueii.

Beenem ycnioBHyi0 BeposiTHOCTb P(Z/Yy) ~ BEPOATHOCTh COOBITHS T
[pH yCJIOBUM, YTO MPOU3OLINO cobbiTHe y. BhlpasuM coBMecTHYIO BEPO-
ATHOCTb P(T;, Yi) ABYX COOBLITHI Z; U Y; YePe3 UX alPUOPHBIE H YCJIOBHbLIE
BCPOSITHOCTH

plxi, vi) = plxi/y)p(yi) = p(yi/z:)p(xi). - (4.1)
.HUcnonpsys jorapudmutieckyto GyHKIHNIO, CPa3y e LogyyaeM MHPOP-
Maupy cobbiTHil (T5,%:), (%) 1 (y)
logop(ixi, yi) = logap(zs/ys) + loga(pi) =
e ——
~I(zi,y:) OuT ~I(y:) 6wt
= logyp(yi/zi) + logyp(z:),
(i
~I(z;) Our

(4.2)

TO €eCTh
I(xi,yi) = I(y:) = 1d(zi/y:) Omr = [(z;) - loga p(yi/xi) Gur.  (4.3)

[pubasnas u ojuoBpeMenHo BorunTast [{x;) B nepsoit uactu (4.3) u
coorsercTBenHo, I(y;) BO BTOPOH, NolydaeMm

-I(.'L'i,yi) = (1',) + I(y,) log2 ( (7'/:’;") 6uT
p(yi/zi)
p(yi)

Takum 06pazoM, nndopManust napst cobbrtuil (z;,y;) onpeaeyserca
cyMMoii MEGbOPMAaLHii 3TUX coOLITHH 3a BHIYETOM HEKOTOPOH HEOTpHIa-
TEeNLHON BeIMYNHBI, KOTOPasl CHIDKAET HeOlPelesieHHOCTDb, T.e. CaMa B
CBOIO Ovepe/ip siBsieTcs uHGopManueii. [TosroMy, HazoBeM ee B3aMMHOM
undopManyeil napnl coObITHIA. :

Baaumnasn ungopmayusa uapbi coObLITHIE Onpeensercs Kak

(4.4)
= I(z;) + I(y;) — log,

x“ yz) — log p( 1/%) lO p(y‘i/xi) —_
p(xl) p(yi)
log., { 2IOCTEPUODHA BEPOATHOCTS
= 82 aNpUOpHasi BEPOSITHOCTb  /

(4.5)




4.1. B3aumnaa u ycroenas urdopmayun 3\\9

-O6parure sBHUMaHKe Ha TO, 4TO B3aumuas uHdopmauus I(z;;y;) Bee-
12 NOJIOXKUTENbHA. BaXKHBIM CBOHCTBOM TAaKXKe SIBISETCH CHUMMETDHHA
B3aMMHOM MHQOPMAIMHM OTHOCHTEILHO HCTOYHHKOB, T.K.

plzi/v)p(y)  plyi/z:)
pxp(ys)  p(w) (4.6)

CHMMeTpPHSI OTHOCHTEJILHO UCTOYHMKOB B (4.5) Ho3BOMIAET CienaTh
BLIBOJ, 4TO 0OMeH HHGOpMalued MeXJY MCTOYHMKAMH SIBJISICTCS B3a-
HMHBIM, & HE OAHOCTOPOHHHM.

s Toro, 4TobbI Jydie INpeACcTaBaaTh cebe CMbICT B3aMMHON HH-
dopMaImH, pacCMOTPHM ABa TPAHUYHBIX CTydas.

1. Ucrounnku HezaBucuMbl. Toraa jJisl napbl HE3ABUCHMBIX COOBITHIL
HMCCM
p(xi, ¥:) = p(z:)p(¥i), ’ 4.7

TO €CTh HCTOMHHKH HE OOMEHMBAIOTCS vmd)opmalmeﬁ

I(ziy) = 0. - (48)

2. McTOMHHKH KECTKO CBSI3aHBI, TO €CTh COOLITHE OJJHOr0 MCTOYHHKA
OHOBHAYHO ONpE/Ie/sAeT COOBITHE APYroro

p(zi/y) = plyi/zi) = 1. - (4.9)
B aTom citygae npoucxoauT nosnslii obmen nrdopmanunei
I(:L‘,'; y,') = I(.’L‘i) = I(y,-). (4.10)

WUs (4.4) cnenyer, yro uHGOpPMaIMO Napsl cobbITHH (T;,7;) MOXHO HH-
TEpUPETHPOBATH, KAK Pa3HOCTh MeXJy uHdopMmalyeil Iapsl He3aBUCH-
Mbix cobbrTuil I{x;) + I(y;) u 3apasec npelicka3annoi B3auMHON HHPOD-
mauueit I(x;;y;), 0OyciI0oB/IeHHON CBA3aHHOCTBIO HCTOYHUKOB X H Y

I(as,y:) = I{z) + I(yi) — (i, i) (4.11)

PaceMoTpum emne pas (4.3) u BBefieM NOHsITHE YCIOBHOH HHGMOPMALNH.

Yeaoenas ungopmayusn (anmocrepnopHast Heane,u,eneHnoc'rb)
I(x;/y;) = —log, p(xi/y;) bur. (4.12)
Wz (4.3) cneayer
Iz 9:) = I(ys) + Iz /i) = L(zi) + I(yi/ ), (4.13)



Trasa 4 9umpomm CEAZAHHDT UCTNOYHUKOS

TO ¢CcTb MHMOPMANUIO IapLl COOLITUA MOXHO ONMPENeUTh KaK CyMMY
undopManuu cobbrrust y; ¥ MHGOPMAIMU COOBITUA T; HPU YCIOBHH, ITO
cobbiTHe Y; y>Ke H3BECTHO, WM, HAobOpOT, KaK CYMMy MHpOpMAaIud Co-
6piTus1 T; ¥ uHGbOPMaUMK cOOLITHS Y; 1IPU YCJIOBHH, YTO cOOLITHE T; YXKC
HU3BECTHO.

4.2. CoBMecTHan U ycnoBHas 3HTpONUA
Iocsie pacecMOTpEHMS OT/IC/IBHBIX Hap COOBITUI B IIPEBLAYIIEM Pa3lelle,

LIEPEeiJIeM K CPC/JHUM OLEHKAM MCTOYHHKA.
Ha puc. 4.2 nokazaHa McXonHast CUTYalMs.

£
Hetounmk B

Andasnt X = {xy,..., X}

Beposriocts p(x,) Cumesoiibt

(Xi‘yl)
Yenosuan seposthocts p(y,/ x;) o .
® plx;/ ) R |cTouHuK B
N Y i BeposTHocTb naps
cumsontos  p(x;,y;)

Andpasut Y= {y,,.... yv}
BeposThocts p(y;)

CB#3aHHbIE HCTOUHUKH

Punc. 4.2. /Isa cBA3aHHBIX JACKPETHBIX UCTOYHHKA.

CoBMecTHAasl SHTPOIMS ABYX HCTOYHHMKOB OlIPEJE/ISeTCH KaK MaTeMa-
THYECKOe OXKUIaHHe UHEPOPMAIINM BCeX nap coObITHI.

CosmecmHnan Inmponus IByX NACKPETHBIX UCTOYHHUKOB 0€3 MaMsATH
XuY

HXY) —ZZP z,y)logy p(z,y). (4.14)

6nr

3ameyanne. 3deco nodpaaymeeaemcﬂ, YMO PACCMATPUBAIOMCA 6CE Tl-
Dbl COBMECTIHBLT CObBIMUL, Mo ecmb

M N '
Zzp(x’y)ZZZP zi,y5) = L.
X v

=1 j=1

Yepeausis yenoBHele MHGDOPMAIHUH BCEX 11AD COOLITHH, HOJIYYHAM YCJIOB-
HYI0 SHTPOIHIO.



4.2. Cosmecmnan u Yea0BHAR IHMPOTUL @

Tabanna 4.1. Onenka cOBMECTHOM BEPOATHOCTH 11D CUMBOJIOB
p(Ti,Yj) ¥ BEPOSITHOCTh OTIEJIbHBIX CUMBOJIOR

p(z:) n p(y;).

n v2 | v | v | p(xs)
z | 0101005005 0 | 020
zz | 0,05]015]015] 0 | 035

s | 0 |010]010]0,10]| 030

T4 0 0,05 | 0,05 | 0,06 | 0,15

»ly;) | 0,15 ] 0,35 | 0,35 | 0,15 1

Yeaoenas snmponus AByX NACKPETHBIX UCTOYHUKOB 6e3 namsaru X n'Y

B0 _ -3 S ple) ogzplo/2)
(4.15)
X/ HXY) _ Zzp(r y) logz (x/y).

Bamensist b (4.14) logy p(x, ) ua logy (p(z/y)p(y)) 1 Ha logy (p(y/2)p(v)),
HOJIY UM

H(X,Y)=H(Y)+ H(X/Y) = H(X) + H(Y/X). (4.16)

Takum o6pazoM, COBMECTHAsL IHTPOUUS MOKET ObITh IIPEACTABICHA

B BH/I€  CyMMbl SHTDOIIMH OJHOI'0 MCTOUHHWKA M HEKOTOPOH YacTH SH-

TPONHH JIPYroro MCTOYHMKA. JlJisi HC3aBUCHMMBbIX MCTOMHHKOB SHTPONMS -
BTOPOrO HCTOYHHKS BXOJMT B cymMmy uemmkom, T.K. H(X/Y) = H(X)

u HY/X) = H(Y). dna cessanmbix ucrounnkos seerna H(X/Y) <

H(X)u HY/X) < H(Y). HosroMy, B 0bllieM ciiydae, BCErjja MMeeT

MECTO

H(X,Y)< H(Y)+ H(X). : (4.17)

IIpumep: CrazanHble UCTOYHHKH.

Cefiuac camoe BpeMsa 1OAPOOHO pa30obpaTh YMCIOBOH NpuMep, Ha-
A0 NOACHIOMMAN TPUBE/ICHHBIE Bblllie onpeaecsienus 1 Gopmysisl. s
aTo# Henu 6piia nosobpaHa 3aa4a, METOLMKA PELICHHSA KOTOPOH# MOXeT
HEMOCPEICTBEHHO UCIONIB30BAThLCS HA 1IPAKTHKE.

Mycrsb Mbl nMeeM BBIGopKy 100000 nap coBMecTHBIX cobbTHM (T3, U;)
JMCKPEeTHBIX MCTOUHMKOB X # Y U andaBuT KaXKJOro UCTOYHHKA CO-
LepKUT 4eThipe cobbrtusi. [lyets napa (z1,y1) scrperniace 10000 pas.



(/(40 Taaea 4. DHMPOnuA CEA3AHHLLL UCTIONHUKOS

Toraa oueHka BeposTHOCTH Hapbl (T1,%1) paBHa 10000/10000. = 0, 1.
OneHKH OCTaNbHbIX Tap COOLITHA TAKKe MOJYYEHBI TOJCYETAMHM WX OT-
HOCHUTENLHON 4aCTOTHI U CBelens! B Tabmuny 4.1. BymeMm cuurtaem, 4To
HIOJTy4eHHbIe ONCHKH OIM3KK K BEPOATHOCTAM Nap COOLITHH M B AaJib-
Heitilem 6yseM roBopuTh yXKe O BEPOATHOCTSX. BepositHocTu coGpiTuit
T4, Yi NOMyYeHbl CYMMHPOBAHHEM CTPOK U cTonbnos. KourponbHas cyM-
MR Y %= 2?21 y; = | npuBelieHa B PABOM HIXKHEM YIULy.

Teneps, Korjia HaM U3BECTHBI BCe BEPOSATHOCTU, HeoOXoAuMble Jijist
[OJICYETA, SHTPONUH, OlPEIETUM:

1. DuTponuu ucrounnkos X u Y;
2. COBMECTHYIO HTPOIHNIO HCTOUHHKOB;

3. O6e ycnosHbie SHTPOIIUY;

Jj1s1 KOUTPOJISt Mbl TAKXKE BBIMHCIIAM:
4. YcnoBuble BepositnocTh P(yg/x;);
5. OnpegenuM ycsoHyio surpouuic H(Y/X).

3ameuanue. s npocmoms. npogedem pacuemdt ¢ MOYHOCMbIO Jo 4
3HaK08 nocae 3anamod.

Pelrnenmne.
1.
4
H(X _
6(m) = > —p(ai) logy p(x;) =
= —2[0,15- 1og2(0, 15) + 0,35 - log, (0, 35)] = 1,9261, (4.18)
4
6nT Z —p(y;) logy p(yi) = 1,8813;
j=1
2.

4 4
H(X,Y)
( =33 —p(ai,55) = 3,4464; (4.19)

i=1 j=1

3.-Bes gyuunbix BuruncieHuit us (4.16) nomygaem
H(X/Y)=H(X,Y)— H(Y) = 3,4464 — 1,8813 = 1,5651 Gur,

H(Y/X)=H(X,Y) - H(X) = 3,4464 — 1,19261 = 1, 5203 6ut;



4.5 Bmeoaﬁ

Tabnuua 4.2. YcaosHas BePOATHOCTE P(Y:/Z;).

% Y2 Y3 Ya Zj':l p(y;/2:)

o | 172174 1/4| © 1
z2 | 17 | 3/7|3/71 0 1
zs | 0 |1/3]|1/3|1/3 1
x| O | 1/3]|1/3 | 1/3 1

4. B Tabusuiie 4.2 npuBe/ieHbl YCIOBHBIE BEPOSTHOCTH, NTOJCUMTaNHbIE HC-
X0 13 rabiuupt 4.1, 3amMeTuM, YTO IPH 3TOM Mbl IIOJLY YHJIM TAK Ha3bl-
BACMYI0 CTOXacCTHYecKyio Marpuily. CyMMa yCJIOBHBIX BeposiTHOCTEH J1s
KaxKJlI0fl CTPOKM paBHa 1.

5. oy 4 4
(6_‘"/TX) =" ;J_;P(%w) log, p(y:/z:) = 1,5496. (4.20)
4.3. Boisopp!

Bee 1puBeieHHbIE B IpeiplAyIIMX pa3jenaX pacCy/ICHUS B MaTeMaTH-
qeckoit ¢opme cBesenbl B Taba. 4.3. HamomuuMm, uro ocHoBHOH mieeil
TeOpHH MHMOPMAIMH ABJSETCS UpeJCTaBleHne HH(POPMalMH HCTOYHHE-
Ka KaK MCDbI HEOIPEeAeJeHHOCTH. JTa HeOlpedeeHHOCTh PACKPbIBACTCH
HOCPEACTBOM DKCIIEDMMEHTOB CO Ciy4aitHbiMu cOOBITHAMM U3 ajidaBuTa
JTOT'0 HCTOUIMKA. TaKo# MOAXOJ HOSICHSIOT TPU CTONIONA TabInIbL.

Tak Kak UHGOPMAIMH UCXOMUT M3 CIIydaiHOCTH COOLITHI, B EPBOM
cToJ6I1C BBOAUTCS NOHATHE BEPOATHOCTH COOBITUH M COBMECTHOH BEpO-
STHOCTH Hapbl COOLITHH Kak OCHOBONOJIAraomux BeauyuH. JIns napel
coBBLITHIT BBOJUTCH TaKXKe IOHATHE YCJIOBHON BeposTHOcTH. Bo BTOpPOM
crosbLe JacTes oupelenenre MHPOpMaLUU coObITUsI U Hapbl COObLITUH,
4 TaK>Ke yCJOBHOH M B3auMHOW uugopmanun. M, nakowxen, B TpeTheM
¢TONBIE, BEOMHUTCA MOHSITHE SHTPONMHE KAK Mephbl HCONPeIeIeHHOCTH HC-
TOYHHKA. »

DHTpPONMsE HCTOYHUKA, COBMECTHAS M YCJIOBHAsI SHTPOHMM JBYX HC-
TOUHMKOB TPAKTYIOTCH KaK MATeMaTHUYeCKHe OXH/IAHUs COOTBETCTBYIO-
mux uHgopManuil cobbiTuil. YCI0BHAA BEPOATHOCTE — 3TO BEPOSTHOCTH
0,1HOT'O COBBITUH [IPH YCJIOBHH, YTO JIPYTOe COOBITHE YK€ IPOU30LLIO, 110~



(/(42 Irasa 4. Bumponus c6A3aHNWE UCTROYNHUKOG

Tabanua 4.3. JuckpeThbie uCTOURRKY Ge3 namaTi X n'Y ¢ cum-

ponamu r € X = {z1,72,...,2mM} vy € Y =
{ylvyz""vyN}' ’
Nudopmanuu JHTpONUS
BepositHocTs Undopmaunsa o1/1eabHOr0 | IHTPONU

OTACABLHOIO CHM- | CHUMBOJA
Bosia {anpuopnasi

BEPOSITHOCTD) I(z) = —log, p(z) 6ur | H(X) =~ Zp(r) logz p(z) Gur
X

p(z) H(Y) ==Y p(y)log, p(y) 6n
Y

CosmecTHan Be- | Uncopmanua nappl cum-
POSATHOCTb  JIBYX | BOJIOB H(X,Y)=

CHMBOJIOB
I(z,y) = - log, pla,y) Gur |~ D_ D_ P(z,y) log; p(%, ) Gur
plz,y) X v

Ycnosuasi  Bepo- | YenopHaa uHgpopMauus

ATHOCTb (amo- Iz/y) | (2/y) 6 H(X/Y)=
cTepuopHast T/Y) = — 108, plT/Y) OUT)
BEpPOATHOCTD) I(y/z) = —log, p(y/x) 6ur] ZX: Ey:p(x, y) log; p(z/y) Gur
_ pzy) H(Y/X) =

plofy) = B2

Ply) -3 plz.y) log, ply/z) 6uz
ply/z) = p(z.y) X Y

plz)

Bzaumnast unpopmanus
N — anoCTePHOPHAast BEPOSTHOCTh
I(z;y) = log anprophasi uadopmauus 6
plzfy) o _ p/y)
—== fur = ——*~ bur
p(z) p(z)

T =

= 10g2




4.3. Buisodu

STOMY, HOHSATHA YCJOBHOM MH(OPMAIMA W YCJIOBHOH 3HTPONUM BLOJIHE
€CTECTBEHHO BBIBOJIATCS M3 YCJIOBHON BEPOATHOCTH.

Bsaumnas undopManysi He UMeeT aHaJIOra B TEOPHH BEPOSITHOCTH.
TO COBEPIICHHO HOBOE MOHHTUE TEOPHU WH(MOPMAIMH, HTPAIOIee HeH-
TPaJlbHYI0 poJib B uHbopMalmoHHol TexHuke. Baaumnas undopmanus
CBA3LIBACT MOHATHE KaHAJA C BO3MOXKHOCTBIO Hepe/ a4l HHPOPManyH 1o
HeMy, T.e. ¢ €ro MpoILyCKHOM crnocobHOoCTHI0. D10 nousTue Gyner nonpob-
HO PACCMOTPEHO B 7 IVIABE TOM KHHIH.



MABAS

: CTALUMNOHAPHbIE
BUNCKPETHbIE UICTOYHUKU
C NAMATHIO

5.1. Dntponus

Curaaibl anaA0206bT UCTROYHUKOS UHGOPMAUUY OTPAHUYELDI 110 110510~
ce, MO3TOMY KOPPEJHMPOBAHEI BO BpeMeHH. [IpuMepom MOXeT ciyXHTb
aHAJIOrOBLI peueBoii curnay B TenedoHHol aunuu. Ilocse onudpos-
KM, aHAJIOrOBbIfl MCTOYHMK IMPEBPAIIACTCH B JUCKPETHBIA W, HAlpUMeEp,
rmocjie KBAHTOBaHHUsI CHrHala Ha 256 ypoBHeH, MBI MTONy4YaeM [MOCTeAO0-
BATEJIbHOCH 8-MHU OMTOBBIX JBOMYHBLIX LEJbIx yMcesa ot 0 xo 2565. Kak
BH/IHO U3 puc. 5.1, 3HaUeHHe ABYX COCEJHUX 4mCes OJIM3KHU APYT K JIPYy-
ry, T.K. TejehOHHBIH CHrHAJ IlepelaeTcss B y3koii moJjoce yacror. Ha-
3a BPEMEHHOU CBSA3M COCEJHHUX OTCYETOB, TO €CTh [AMATH OTCYETA, €ro
HEOLPEJIENIEHHOCT (MHOPMALMsI) CHUKAETCSl 110 CPABHEHHIO C AHAJIO-
FOBBIM HMCTOYHHKOM 6€3 HaMsITH, MO3TOMY OCHOBHON 3aJa4eil MeToHoB
CXKaTHA, 0COGEHHO NPU Mepejade BHICOCHUIHAJIOB, SBIAETCH CHUXKEHHE
U3BLITOYHOCTH.

(sl

=5

P
el

Puc. 5.1. HenpepuiBubift curnas.

Bosuukaer BOIPOC O TOM, KaKHM o6p330M OIIPpEAECJINTh SHTPOIIHIO
0“61{}[)6771%020 ucmouruxa ¢ namamsro. HaduneM ¢ nmoctaHOBKH 3aJa4H.

Omnpegenenne 5.1.1. Juckpemuniti ucmosmur X MOXKHO NPeICTABUTD
KaK duckpemmutli 60 BPEMEHU CMOTACMUNECKUT npouece, peanusaiyei



5.1. Bnwmponusa

KOTODOI'O SIBJISETCS] MOCIIC/IOBATEIHHOCTE COBLITHH Ty, MPHHAJIIEAKANAX
B.JI“)aBldTy ucroynnka X = {a,a9,...,an}.

Babeuanue. Bo usbescanie nymanuybi, mbr 0603HANUAL COOEPHCUMOE
aadasuma zpeveckumu byrxeamu. B dmom cayvae na mecme nepemenmot
ZTp -20 COBBMUA MO2ICEM BBIMD NOCTNABAEHHO A1060€ HUCAO U3 GAPAGU-
ma X.

Onpepenenue 5.1.2. JIuckperHblii HCTOYHUK ABASETCS CMOAUUOHAD-
1blM, €CJTH COBMECTHBIE BEPOSITHOCTH NOC/IEAOBATEIbHOCTEH COOBITHI He
3aBUCAT OT BbIGOpa HAYAILHON TOUKH OTCYETA BPEMEHH.

3ameuanwne. Hesasucumocmv nabarodernul om MoKy omecwema o3na-
YQETM, YN0 Mbl MONCEM HAHUNAMY 6bi6OPKY € 106020 MOMEHTNA -BPEME-
MU, MO ECMb CMAMUCTUKG He 3a6UCUM OM BPeMeHY HAAAG Habatode-
nud.

Onpepenenue 5.1.3. CrauuoHapHbIl JUCKPETHHIM MCTOYHWK MaTe-
MATHYECKH IIOJIHOCTBIO OITMCAH, €CJIM U3BECTHLI BCE COBMECTHLIE BEpO-
STHOCTH P(ZTny, Ty, -+« Tny,) A8 060K BHIGOPKM 11,7y, ..., NN, TAE
M — oo.

Onpesenenne SHTPONMM CTAIMOHAPDHOIO JMCKPETHOI'O KCTOYHHKA C
HAMATBHIO CJIeyeT U3 JBYX HOAXOJOB, IPUBOJAINNX K OAHHAKOBOMY pe-
3yavTaty. IIpu 11epBoM nogxole Mbl HCOJIB3YEM MOHATHE COBMECTHOM 3H-
TPOIHHU, IPH BTOPOM ~ YCJIOBHO# SHTponuu. B oboux cirydasax Mbl viem
OTBET Ha caelyonmit soupoc: «Eciu nmaMsTh UCTOYHHKA pacHpoCTpa-
HACTCSI HA. HECKOJIBKO TOCJIENOBATENBHBIX COOLITHH, TO KaKyl0 JONOIHH-
TeIbHYI0 WH(MOPMALMIO HECeT OTAEJIbHOE CODLITHE B TOM CIIyd4ae, €CJu
6JI0K mpesuIecTBYIOMUX COBBITHH Y2Ke H3BECTeH? »

Ioaxox 1. CoBMecTHAs SHTPONHS.

Cosmecmuas snmponus JBYX UCTOYHHKOB T] U Ty C OJMHAKOBBIMH
asxbaBMTaMH ¥ ONMHAKOBLIMH DAacIpeIeJIeHUsIMKU BepOsITHOCTel cobniTmit
olpejeiisieTcs Kak

. MM
. H(zy,29) = — Z Zp(zi,zj) log, p(zi, ;). (5.1)
i=1 j=1

Pacupocrpanum 3T0 onpesesiende Ha L nociief0BaTebHbIX HCTOYHAKOB
X; ¥ HaliieM SHTPONMIO MCTOYHMKA X Kak

Hy(X) = THG, Xy X) = =1 Y pla) ogopl@), (52)
. XL



@ Tnasa 5. Cmayuonaprive JUCKPEMHbE UCTRONHUKY € NAMATIDIO ;
rae sexktop X = (z1,Tg,...,T],) A CyMMAPOBAaHUE IPOU3BOAUTCH 110 BCFM
BO3MOXKHBIM KOMIIOHCHTaM BekTopa X. Yerpemsst L K GecKOHedHOCTH,
MBI TIO,THOCTBIO OXBATHUM TTaMSITh MCTOYHHKA U I1OJIyYUM HPEJEbEOe ia-
venne Hp(X) (ecan oHO CyuiccTBYyeT), paBHOe. i

'

Hoo(X) = lim H(Xy). (5.3;

L—oo
THoaxopn 2. YcaoBHas 3HTpONUA.

Veaoenasn swmponus L-toro cobeiTust B ciyyae, ecnmn L — 1 peie-
CTBYIOINHUX COOBITHI yrKe H3BECTHBI, ONPCHENSAETCH KAK

HOO(X)=l}i_1;I;oH(XL/X1,X2,...,XL_1). (54)

Xors B neBbIX gacTsix paeHcTs (5.3) 1 (5.4) Mbl yKe UCHIOJIB30BAJIM O~
HaKoBOe 0003HAYEeHHe SHTPOIUH OTAEJILHOTO COOBITHS, STOT (aKT Lpel-
cTOUT A0Ka3aTh. IIpoBeseM aTo JOKA3aTeNBCTBO 34 4 miara.

Teopema 5.1.1. Jlas craimmonapHoro auckpernoro ucerounnka ¢ Hy (z) <
OC WMEET MeCTO: '
1. H(X|X1,Xs,...,X[_1) ue Bo3pacraer ¢ pocToM /JMHbI Goka L;
2. Hi(X) > H(Xy| X1, Xa,..., X11);
3. Hp(X) ne BozpacTaer ¢ pocToM AJjmHbI Gi1oka L;
4. DHTPONKSA CTALMOHAPHOrO JAUCKpeTHoro ucrodnmka Hy (X)
lim HL(X) = LH—I»I;OH(XLle’XQ’ .o )XL—I) = HOO(X)

L—oco
doka3arTesibCTBO.

1. U3 onpejic/icHust SHTPOIMHU, KAK MEDPbI HEOIPEIeIEHHOCTH HCTOY-
HUKAa, HEeIIOCPEICTBEHHO CJIeNyeT, YTO BO3PAaCTaHHE YHC/]Ia OrpaHMYCHHMI
He MOXKET II0BJIedb 34 coDO# POCT HEOIIPEC/IE/IEHHOCTH, 8 CJIEJI0BATEC/IBHO
‘U BHTPONMU. :

2. I3 «mpaBuJjia HENOYKU» JJIsi COBMECTHON SHTPOIMH CJIELyeT

1 .
HL(X) = 1H(X) + HXGIX0) + -+
+ H(XL|X1,X2, .. .,XL_l)].

3ameuanne. «lIpasuio yenourus 04a COBMECTIHOT SHWMPONUY caedyem
U3 «NPAsuUNa Uenouku» dan eepoammuocmedl. IIpocmetiwut npumep «npa-
sula yenouku» daa eepoamuocmedi p(z,y) = p(z/y)py) v p(z,y,2) =
p(z/yz)ply/2)p(z). Tax xax sozapudmunecxan dyrxuyus omobpaxrcaern
NPOUIBEICHUE 8 CYMMY, NOAYUAEM CNPAGUAD UENOUKU» OAR COBMECTIIOTE
Inmponuu.

(5.5)
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. Tak kak SHTPOITUA BCCTJa HEOTPUIATE/IbHA H HMEET MeCTO HepaBCH-
CTBO
\

COH(X)) > H(X2|X)) > - > H(XL X0, X, X12y), (5.6)
()ch;yzza Cile/lyeT HMKHSA OleHKa 2.
8. U3 (5.5) npex/ie Beero chiejiyeT pasioxkeHue .
LX) = £ () + THOGIX Ky Xp) (517
Vicnonesys ys«e u3BecTHOE cooTHONMCHHE (3.5), HOMy4aeM HCPABEHCTEO |
L-H (X)<(L—-1)-H,(X) + H.(X). (5.8)
[Tocne noacTaHOBKY MOJyHacM yTBepXKAeHHe 3. :

Hp(X) < Hp1(X). . (5.9)

4. Yrsepkjenus 1., 2. u orpanndeune Hi(X) < 0o ycranapnuparor
cyulecTBoBanve npejesia. Mcuons3ys Jajiee «11paBHIIO HENOYKM», HOJY-
JacMm

1
Hp (X)) = m[H(X17X2a---»XL—l)+

+ H(XL X17X2’~~' 7XL—1) + H(XL+1|X17X27"- vXL)+

+ -+ H(X 451X, Xo, ..., Xgj1)]- (5.10)

Cornacso YTBCPKACHHAIO 1., YCIOBHAs SHTPONUA B IIpaBOﬂ “1aCTH pPa-
BEHCTBA HE BO3PAcCTaeT, ITO3TOMY CIIpaBCJIMBa OUEHKa

1
(X)) < —— X
HL+]( )_ L+jH(X17X21 y AL 1)+
+1
+%_H(XL/|X1,X27- ,Xp-1). (5.11)

Yerpemisist 7 K GECKOHEYHOCTH, TIOTY 9IM

1
i (X)) < lim ——H(X,,Xy,..., X1)+
lim Hrp( )_jILI&L+j (X1, X2 r-1)

Joroo
+1 .
+ 2_— (Xi|X1, X2, .., Xp_1), (5.12)
+7J
YTO JIaeT JJTd KaxK/J10ro HaTypaJibHOTro L,
H, <H(XL X1,X2,...,XL~1), (5.13)

HO, T.K. JJis1 j1i0001I'0 HATYPasIbHOIO L BBINOIHsIETCA Tak e U 2., To 5.13
IpEeBPaILAeTesd B paBeHCTBO upu L — 0o, B
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5.2. Teopema KOAUPOBaHWUA UCTOHHUKOB 2 /

Tenepb MbI MOXKCM JIONOJIHHATE TEOPHIO HH(POPMALKMY CIIC OJIHON TeopeC-

moit. OKazbiBaercs, 4TO OObEMHsS CODBITUS UCTOYHNKA B BJIOKM IJ1vkibl

L v xoaupysi ata 6/0KH, CPeauss JUIMHA KOJIOBOTO CJIOBa Ha cobObltue

MOXKET JOCTUIHYTh SHTPONHNIO HcTouHnKa Hoo(z) npu L—00 Kak yrojuio
_ 6im3ko. IIpn 3TOM aMATL KCTOUHHMKA MOJTHOCTBLIO Y IUTHIBACTCS.

Teopema 5.2.1. Teopema K00upo6aruA CTAOHAPHOTO JUCKPETHOI'O UC-
To4HMKa ¢ suTponueit H(X).

Jns 6510ka gyunbl L cyiectsyer D-uunbiit npedHKCHBINR KO/, B KOTO-
POM CpeHssT JATHHA KOJAOBOI'O CJIOBA HA OJIHO COBBITHE TI YIOBJIETBOPSET
HEPABEHCTBY

Hy(X) Hy(X) 1

=g )

log D logD L’ (5.14)

TeopeMa (5.14) He Hy>KJaeTCs B CLIEUUANBHOM JoKasaTenscrse. Eciu
MBI -paccMaTpuBacM O0KH JUTMHBI L Kak HOBble He3ABHUCHMBlE COBbITHUS
¢ suTponuefi, pasuoi L - Hy(x) M npaMeHseM TeopeMy KOIMPOBaHHS
HCTOYHHKOB 1, TO MbI HMeeM

LHL(X) _ , _ LHX)

IA

Paszxenns BC€ YJIEHBI HEPpABEHCTBA Ha L, ToJyvdaceM CPeJHIOI0 IJIMHY KO-
J0BOTO CJIOBa& Ha cobnITHE

Hi(X) _ _ Hi(X) 1
——— << —— 4+ -, .
logD — n= logD L (516)
Tpu L — o0, Hy(z) —» Hoo{x) = H{x) Mbi nMeeM
LH,(X) __, _ LH/(X)
AN« < 2\
logD ~ nl s log D +1, (5.17)
TO €CTh Ho(X) Ho(X)
TN e RN
oeD <" g T (5.18)

Takum 06pasoM, s 1106010 CKOJIb YTOJHO MaJioro &, CylIeCTByeT
MeToJl KomupoBaHHst 6/10K0B, cosepxaumx L > 1/§ cobeiTuit, upu Koro-
POM /ISt Cpe/iHEH JITMHBI KOJIOBOI'O CJIOBA HA COBLITHE 7 BBINMOJIHSACTCS
HepaBencTBo (5.18). TeopeMa KogMpoBaHUsI HCTOYHHKOB 2 MOKa3LIBACT,
YTO yBeJIM4NBasi JJIUHY OJI0Ka L, Mbl MOKEM Kak yrofHo 6J1u3Ko mogodtn
K sHTpounn H(zr) = Hy(z). Onnaxo, Ha NPaKTHKe CYHIECTBYIOT HEKO-
TOpble orpaHudeHusi. Jjist Toro, 4tobbi 640k u3 L cobbiTait Mor GbITh
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".
-MPOACKO/IMPOBAH, OH JOKeH GbITh I10JIHOCTBIO IIPUHAT, YTO MOXKET [PH-
BECTU K HCJIONYCTHMBIM 3aJCPXKKAM JCKOAMPOBAHHSA U HEJIOMYCTHUMOMY
d}(n)emy 6ydepa namsTh.

5.3. Koweunbie uenu Mapkosa

B stoM u nocaeayomux naparpadgax 6yger paccMaTpHBATLCS CIElH-

ajibHast pOpMa JUCKPETHHIX MCTOYHUKOB C IAMSATBIO - MAPKOBCKHE HC-

rouduku. Ux onwcanme cxomo ¢ MApKOBCKMMH LEIsIMM, KOTOpbIE Ha-
LIJIH pa3Ho0Opa3HOe NPUMEHEHHE B APYTUX OOIACTSAX HAYKH M TEXHUKH.

Tak, Ha OCHOBE MAPKOBCKMX [IENi€il CTPOSITCA MOJICJ/IM PACHO3HABAHUSA Pe-

YH, MOJIEJIH TI€PeJlady 10 Tejie(DOHHBIM KOMMYTHPYEeMbIM KaHajaM. Lle-

u Mapkosa® mecmonb3yloTCA 1IpH HCClIeAOBAHHH Mojeiell ceTelf CBA3H

(kananbl ['nibbepra-,MoTa) M B TEOPHHA YNPABIEHUsSt TPAHCHOPTHBIMH

noTokaMy. 3HaveHUe neneil MapkoBa OCHOBLIBAETCS HE TOJNBKO Ha MX

II0JIHOM MaTeMATHYCCKOM OMHCAHMU, HO TAKXKe Ha TOM baKTe, YTO C HX

[OMOIIBI0 MOXKHO COCTABATL MATEMATHYECKYIO MOJEbh MHOTHX HMPOLEC-
coB, Hanboee GIU3KYIO K IPAKTHKE. A

5.3.1. Jucxpemnvie so spemenu uenu Mapxoea

B stoM paszese mar 3a maroM BBOAUTCHA NMOHSITHE KOHEYHBLIX JAMCKpeET-
HBIX BO BpeMeHH MapKOBCKHX Lenei. Mbl HaryIaiHO NOSCHUM 3TO HOHS-
THe Ha MpocTelilleM npuMepe «ciy4aiHbix 6i1yk1aHuii».

IIpumep: Cnyvaiinpie 6y naHusi CTYAEHTA.

Hac unrepecyer sonpoc o ToM, n06epercsi M NbsiHbIA CTYAEHT OT
iBepelt NUBHOM 10 aBepelt crymendeckoro obmexurus. [focraBum Bo-
npoc 1o gpyromy (puc. 5.2): KAKOBa BEPOSITHOCTH TOTO, 9TO CJIydaliHble
Gily K1 aHHus HA 7 BpDEMEHHOM ILare IPUBEAYT CTYAEHTA B IIPOCTPAHCTBCH-
Hoe cocrosaue S17 uan

P («cnyvaiinbie 6syKennsi» NPUBEAYT K COCTOSIHUIO S1 B MOMEHT
BpeMeln n = 7).

Curyanusi, n300pazkeHnas Ha pUC. 5.2 yxKe colepKHuT B cebe Bax-
Heltmve npusHaku uend Mapkosa. [Tox MapkoOBCKO# Lenbi0 NOHUMAETCsH
JWMCKDCTHBIH BO BPEMEHH M IO COCTOSHMIO MapKOBCKuil mpouecc S(n).
Ero peanuzanueii siByisieTcsi MHOXKECTBO 1yTel, BeIyIIMX W3 COCTOSHUM
51 B cocrosinue S;. ‘

'A. A. Mapkos (1856 1922) — Beljalommiicst PyCCKHi MATEMATHK. - Mpum. nepes.
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AT M

} [TUBHAS
TR B

o
D
B

{CTyuquecme oﬁmcmurue]

Puc. 5.2. Cayyaiinble Oayxaanua cTyaenTa.

I/ICXOIIHBIM [IYHKTOM AJ1d OITUCaHMA MapKOBCKOI‘;l LelH ABJILdeTCH MHO-
(5.19)

HCECTNBO COCTROARUL
S ={51,8,,...,5~},
HATYDPaJblible H CMOTACTNUNECKUT 6EXOP PAaCUDESe/ICHUs] Be-
(5.20)

rue N
POSITHOCTER COCTOSIHMA B MOMCHT BPEMEHM N
Pn = (Pn(1),pn(2),...,Pn(N)).
Jl1s1 Toro, 9yToGB! NOJHOCTHIO ONPEJeUTh el MapkoBa, HaMm ocTa-
eTcsl 33JaTh METO/ II0/ICYETa BEPOSTHOCTEH Py (1) juIst 1I0OOr0 MOMCHTA
BpeMedH n. U3 olpejic/ieHHs BEPOATHOCTH UMeEEM
(65.21)

N
0<pa(i)<1Vi=12,...,Nu Y pai)=1
i=t

OCO60e 3HAUCHUE UMCECT pacnpejesieHue BepOHTHOCTel'fI B Ha4aJie Ha-
6J110/1CHUSA, T.€. HAYAJILHBIC YCJIOBHS
Po = (po(1),p0(2),...,po(IN)). (5.22)

Cmeﬂa‘ COC’I‘OS‘HII/II‘_/‘I OITUCBIBAECTCAH TLGPC(L‘O()HT)LMU BEPOAMMHOCTNAMU
(5.23)

7r7L2,n1(j/i) = P(S[TL]] =8;N S[”l?] = S.l)

ITH NCPEXO/HBIC BEPOATHOCTH OBJAAI0T CJAEYIONIMMUA CBOACTBAMA:
1. O/i10 U3 COCTOSTHUA B MOMEHT BPEMEHH T BCEIJA JIOCTHIACTCS DU

a060M S; B MOMEHT 71
(5.24)

N
Z Tname (4/1) = 1.

j=1
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2. T'panu4Hoe pacupejenenue, T.e. BEPOSTHOCTH j-I'O COCTOSHUS B
MOMEHT BPEMEHH Tig

N
Y rams (3/4) = Py (3)- (5.25)
2

3. Pexypcusnas dopMyia [jisi IICPEXOAHBIX BEPOSTHOCTEMN (MACTHBIN
cily4ait ypasuernst Kosimoroposa — Isnumena. )

Tnam, (J/1) = Z "na,nz(J/l Tngny (1/%)- (5.26)

1=1

JuckperHoe pasencTso Kosmoroposa - YsnMena nosyydaerca TpaHc-
dopMaleil «1paBu/ia NEIOYKH» J/1sS BEPOATHOCTEH

p(z1,22) = plxe/z1)p(z1), (5.27)
p(z1, T2, 73) = plxs/z1, x2)p(T2/T1)P(Z1). (5.28)

Ymuoxkast 0be uactu paBeHcTBa Ha 1/p(x)), nonyunm
p(x2, x3/x3) = p(x3/xy, T2)p(w2/21). (5.29)

CymMMupysi 110 BeceM Tg, HPUXOJUM K JTUCKpeTHON hopMme ypasnenun Koa- -
M020p08a — Hsnmena

p(zs/z1) = Y p(xs/z1,22)p(22/31). (5.30)

Hpu upeobpazosannn (5.30) B (5.26), MbI npeAnoaaraem
p(z3/z1,z2) = p(z3/x2). (5.31)

IMocnennee paBeHCTBO XapaKTepU3yeT MapKOBCKHE Mpouecc.

Omnpepnenenue 5.3.1. MapKosckum npoyeccom Ha3bIBAETCS TIPOLECC, B
KOTODOM IIPOIIJIOE He OKAa3bIBAeT BIMSIHUSA Ha Oyllyliee, eciid HacTosIIee
N3BECTHO.

3ameuanue. B paccMompennom npumepe u3BECHOE NPOULAOE — IMO
cmozacmuveckan nepemennar X1, ussecmmoe nacmosuee - Xo, HEus-
secmnoe 6ydyrowee - Xs.

[Ipumenenne neneit MapkoBa CHIILHO YUPOILIAETCH, KOTJIa OHU I'OMO-
PEHHBI, CTALMOHAPHBI U PEryJspHbLL. PaccMOTpUM 3TU TpH HOHATHS.
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Onpeaenenue 5.3.2. Lenv Mapxosa 2omozenna, ecnu nepexoiHoie Be- |
POSITHOCTH MeXK/1y COCTOSHHSIMM HE 3aBHCSIT OT BLiOOpa BpeMeHHOM TOU-(
KH OTCYeTa. /

Takum ()6[){:1,30M7 1iepexo/inbie BepOATHOCTHU 3aBHCAT TOJILKO OT pad-
HOCTHU BpeMCH OTCUYCTOB l.

m(j/i) =p(sjp] =s;Usln+1] =s;) n=0,1,2,3,... . (5.32)

"B arom cayyae ansi | = ng — ny 1 m = ng — ny pasencTBo Kosnmoro-
posa — Usnmena (5.26) MOXKHO 3ammcaTh B BUJE

Mam(3/8) =D wm(/T)milr /). (5.33)

ITO paBEHCTBO MOXKET BbITh IPEACTABJIEHO B BUAC CYMMBI IOKOMIIOHEHT-
HBIX [IPOM3BEJEHHIH BEKTOPOB-CTPOK HA BEKTOPbI-CTOJOLLI. 3anucas mHe-
pexoxHble BEPOATHOCTH B BHJE MaTPHLbL, NoJy4ydM ypasHenue (5.33) B
MaTpu4HO# (opme

Titm(L/1) mem(2/1) -+ mym(N/1)
M4m(/2) mm(2/2) - mem(N/2)

. S A
Tam(1/N) T14m(2/N) -+ mym(N/N)
m(1/1) m(2/1) --- m(N/1) Tm(1/1) Tm(2/1) -+ wm(N/1)

m(1/2) m(2/2) -+ m(N/2) 3 Tm(1/2) T (2/2) -« 7m(N/2)

m(1/N)m(2/N)--- m(N/N) Tm(1/N)Tm(2/N)- - mm(N/N)
10T Npoiecc MoKeT GBITH HAYAT C TIEPBOrO MIAra C HOMOIIBIO MATN-
DUYBL NEPETOIHHL BepOATHOCT

n(1/1) w(2/1) - w(N/1)
n(1/2) w(2/2) - w(N/2)
) T . (5.35)
n(1/N) w(2/N) --- =(N/N)
3ameruM, uro matpuua Il — cmoracmuqecxas mampuya c cymmolt sepo-
ATHOCTel CTPOK paBHOl 1.
MHOTOKpaTHO IpPHUMeHsis TAKOEe MATPHUIHOE 11peoOpPa30BaHie K HCXOM-
HOMY paciipejie/IeHHI0 COCTOSHUIt Pg, MBI MO2KEM 1IOJIy9UTh paclipejelie-
HHEe BePOSTHOCTER P, B JHOOOH MOMEHT BpEMEeHH N

Pn = poll™. (5.36)
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Teopema 5.3.1. [omozennan yenv Mapxosa OIHOCTBIO XapaKTEPU3Y-
eTcs mMampuyel neperodHur eepoamuocmel H UCXOIHBIM DacIpCIese-
HU€EM COCTOSTHHUM. *

IIpuse/icHHbIe BbILIC PACCYXIAEHUsI MOAKHO HArIsaHo oboOHIUTL LK
oMoy rpada coctosHu (puc. 5.3). 371cCh Y3JIbl COOTBETCTBYIOT COCTO-
SHUSIM, a LLyTH MeXJy UMMM  TIepexoJaM MexJjy cocTosuusiMu. Kaxao-
MYy IyTH NPUHMCAH BeC, PAaBHbIA nepexo/Hoit BepositHocTH. TakuMm obpa-
30M, rpad COCTOsHHUI JaeT FONHYIO HHMOPMAIMIO O MATPHIE 1IEPeXo/i-
HbIX BEPOSITHOCTEHN.

Tlepexonuas
BEPOSTHOCTH

Puc. 5.3. I'pad cocrosninmil roMorenHod uenu Mapxkosa.

Hpumep: Cayuaiiubie 6/yxaaHus CTyaeHTa (IPOAOIKEHHE).

Canyvaitusie 6yxaanus (cM. puc. 5.2) opeacTasiessl Ha puc. 5.4 B
BHE rpada COCTOSHUIMA.

BNoNoKoRO

Puc. 5.4. 'pad cocrosiuuit mis ciyvaitnbix GayKAaHuMH CTY-
JCHTA.

Ipady COCTOSIHHH COOTBETCTBYEeT MATPHIIA TNEPEXOAHBIX BEPOATHO-
creit
0 1 0 0
1/2 0 1/2 0
0 1/2 ¢ 1/2
0 0 1 0

W3 puc. 5.2 creayer, 4TO MCXOHOE PACIPEE/IEHAE COCTOSIHHH

p():([), 01 01 1) (538)

g (5.37)
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BeposiTHOCTE TOrO, YTO B pe3yasTaTe CiyvadHbix GyKIAHUHA CTYHEHT
Ha T-OM BPEMEHHOM Ilare OKaXKeTCsl y J(Bepel OOILEXNTHs, Ompeiesisi-
eTcsi IepBO#i KOMIOHEHTOH BeKTOpa cocTosifmit ua, 7 mare Pr. U3 (5.36)
crepyer

pr = poll’ (5.39) .

Pacuersr ¢ HHOMOLIBIO KOMIIBLXOTEDA Ja0T

0 0,619 00,3281
0,3359 0  0,6641 0

= 0 0,6641 0 03359 (540)
0,3281 0 06719 0
Orcrona
pr=(0, 0, 0, 1)- 1" = (0,3281, 0, 0,6719, 0) (5.41)
H UCKOMas BEPOATHOCTL paBHa |
pr(1) _ 0,3281. (5.42)

Bakueiimmnm qacTHBIM caydacM MapKOBCKOH I1efyl ABJISIETCH cay4ai,
Korna pacnpeneygeHue COCTOSIHMH He 3aBHCHUT OT BPEMCHH Ha6HIO,HeHHﬂ.

Omnpenenenne 5.3.3. Tomozennas yenv Maprosa cmoyuoHapHa , ec-
Jin pacupejeieHne COCTOsIHMiF 1IIOCTOSIHHO BO BpemeHH. B 3ToM cny4ae
HAMAJILHOE PACHPCHEIIEHUE SIBIISETCS COBCMEENHbLM BEKMOPOM MATPHLBI
LEPEXO/HbIX BepOosiTHoCTEl | T.€

Poll = po. (5.43)

3ameuanue. Ecau sexmop pacnpedeaenus cocmoanull AGAAEMCA CMo-
TACTNUMECKUM BEXMOPOM C CYMMOT KOMNOHERMOS, pashol 1, mo cymma
KOMTNOHENM COBCTNEEHHO020 8EXMOPA MAKNHCE pasHa 1.

st Toro, uTobul neus Mapxopa 6blTa CTAMOHAPHOH, JIOJIXKHO Bbl-
nosnsttees (5.43). Iyers pg = (p1, P2, P3, Pa), TOLAA

0 1 0 0

1/2 0 1/2 0
poll = (;m, p2, D3, p4) (/)- 1/2 (/) 2 | =

0 0 1 0

= (p2/2, p1+p3/2, p2/2+ps, p3/2),

Pt+p2r+ps+pa=1 (5.45)
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Nenombsys yenosust (5.43) u (5.45), Haxoj MM CTAIlMOHAPHOC PacIpe/ie-
JICHUE COCTOSTHUMA

po = (1/6, 1/3, 1/3, 1/6). (5.46)

W3 pexypcusnoro coornomuenust (5.36) BO3BHHKAIOT ciiejyoniMe BaxKucii-
1IMe BOUPOCHE: 'ITO IIPOUCKOAUT 110 «MCTCUCHUH JOJIFOIO BPEMCHU», T.e.
iipy N — 00?7 YCTAHABAMBACTCA JiM CTAMOHADHOE DPacHpejeseHne co-
crosuit? iMeeTcs st HedTO HoMOBHOE CTAIMOHAPHOMY Pacipe/ie/IeH IO,
HAHPUMEp, JBa YCTORYHBLIX PACTIPEACIEHUs] COCTOsIHUIAT '

Onpenenenue 5.3.4. lomozennan yens Mapxosa Ha3bIBACTCH pE2YAAD-
1noti, ecau:

o Ipedeavuas mampuya

I, = lim IO" (5.47)
n—oc
cymiecTByer, npudeM, Bce N CTpok 'npe,u,enbﬂoffl MaTpHilpl Npe/l-
CTaBjISTIOT cobolt npedeavroe pacnpedencHiue Poo;

e llpejiensHOe pacupesieiieHue SBISETCS €JUHCTBEHHBIM CAyUONAp-
HOLM PACTPECeACHUEM BEPOSTHOCTER COCTOSHUI 1060 pery ispHOii
uenu Mapkosa;

o [lenp MapkoBa Bceria pezyasipHa, €Cild CyLECTBYCT HCKOTOPOE Ha-
TYPaJbHOE T, IPH KOTOPOM BCE KOMIOHEHTHLI HEKOTOPOro cTosbua
marpuust ™ oTiu4Hbl OT HyJs.

[locsiesinee n3 yTeepK/ienuil onpe/ieaeHus 5.3.4 paBHOCHJIBHO CJIELY-
WIeMy: 1enb MapKoBa siBJisteTcs peryisipHoil, ecid Ha HEKOTOPOM Hiare
T CYHIECTBYET 110 MeHbILeH Mepe OJJHO COCTOsSIHUE, KOTOPOC MOXKCT ObITh
JOCTUIHYTO H3 j1I060I0 HAYaJIbHOIO COCTOSHMUS.

Ipumep: Cnyuaitibie 6i1y>x1auus (11POJIOJDKCHAE).

Pacemorpum npumep ciyyafiibix 61y2KIaHHR CTY/IEHTa U BBISCHUM,
ABJSICTCS IM COOTBETCTRYlomas 3THM OJIyKaHusM 1ens Mapkosa pe-
PVISEDHOI. '

Marpuia nepexoanbix BepositHocredl (5.37) umeer apa TPaHHYHBIX
COCTOSIHUST B 3aBUCMMOCTH OT TOI'O, SIBJIAETCH JIH YHCJI0 BPCMEHHbIX [Ia-
IOB 1. YETHBIM UM HEYETHBHIM

- 1/3 0 2/3 0
- aN 0 2/3 0 1/3
lim IT*Y = )
N—soo0 /3 0 2/3 0
0 2/3 0 1/3

(5.48)



(/(56 Inasa 5. Cmayuonapivie FUCKPEMHBE UCTROYHUKY C NAMATDIO

0 2/3 0 13
. 13 0 2/3 0
2N+1 .
Nm =1 0 93 0 13 | (5:49)
13 0 2/3 0

HO3TOMY, B JAHHOM Cly4ae Lelb MapkoBa He gBjiseTcda peryjisapHoi.

C apyrofi cTOpPOHBI, He BHINIOIHACTCS H IOCIELHeC YCI0BUE H3 Oonpese-
Jienust 5.3.4, Tax KaK Ha KaXK/IOM 1IIare BCC YETHbIE COCTOSHUS 11PEXO/IAT
B HeueTHble B Haobopor (cM. puc. 5.2).

3ameuanne. Fcau Mo evibepem naxarvroe pacnpedeserue, HAnpumep
pasnoe Py u3 (5.46), mo na awbom epemennom waze A1000€ U3 COCMOA-
HUT JOCTNUNCUMO.

IIpumep: MapkoBckasi nens ¢ TpeMsi COCTOSTHUSIMM.

ITycrs MapkoBckas uenb 3ajaHa rpadom cocrosuuit (puc. 5.5)

12

Puc. 5.5. 'pad cocrosiumit.
1. ITocTpoifTe MATPHUILY LEPEXOAHBIX BEPOSTHOCTEH.

2. Nokaxkure, yTO Helb MapkoBa cramuosapHa. [Ipu 9ToM HcxonuTe
U3 PAaBHOMEPHOI'0 HAYAJILHOIO PACIPCUEICHMsS] COCTOSHHUIA.

3. TlokaxuTe, 4To 1eNL MapKosa peryJsapHa.

4. TlocTpoiiTe npeJC/bLHYIO IEPEXOJHYIO MATPHILY.

Pemenne. ]
1. MaTpuua 11epexo/iHbIX BepOosTHOCTElH

1/2 1/2 0
m=| o 1/2 172 |; (5.50)
1/2 0 1/2



5.8. Konewnwe uenu Maproea 5\1_)

2. CTanMoHapHOCTb.
Tax Kak HaYaJIbHOE PACHPEIC/IEHHA COCTOSHUE PABHOMEPHO, TO

po =1/3(1, 1, 1), - (5.51)
IpY 3TOM BHiNONHAETCs ychosue (5.4)

. 1/21/2 0
poll=1/3(1, 1, 1)| 0 1/21/2 | =1/3(1, 1, 1) =po; (5.52)
: 1/2 0 1/2

3. lleiib MapkoBa perynsipHa, Tak Kak
1 110 110 1 21
H2=(5) 011 011 })=1/4[112 (5.53)
1 01 1 01 211
v s TI? Boinoansierca nocyenee U3 yeIogui oupenenenns 5.3.4;
4. IpejienbHadg nepexojiHas MaTpUua.

Tak kak nen» MapkoBa peryispHa, BOCIOJIB3yeMCs ONpPeAeeHACM
5.3.4, coryIacHO KOTOPOMY Poo = Po ¥ M3 5.51 nmeem

Po 1 1.1
M= po |=1/3{ 11 1]. (5.54)
Po 111

5.3.2. Koneunnie duckpemmvie mMaproscxue
UCTNOYHUKU C NTAMAMDBIO T

MapkoBcKHe 1ielin MOXKHO € YCHeXOM HCIIO/L30BaTh /I MOJIEIMPOBAHAS
KOHEUHBIX JUCKPETHBIX MCTOUHHMKOB C naMaAThio. IIpeamonaras, uyro cro-
XaCTUYECKHE 11IAPAMETPhl KCTOYHHKOB € MIAMATBIO MOI'YT ObITh HOACYMTA~
Hbl KAK CPEJHUE 110 BPeMEHH BEJIMYUHBL (TO €CTh MCTOYHUKH 00J1a/1a10T
CBOHCTBOM 3PrOJUYHOCTH), HAMCTHM IYTH JATLHCAIIMX PAcCyKIeHHH.

IlycTh 3anaHa NpoM3BONILHAS TIOCTEA0BaTebHOCTE {Z[n]} = {a,b, q,
c,b,b,a,d,a,d,b,b,a,c,...} ucrounuxa c andasurom X = {a,b,c,d}.
Mui yxe paHee OIPEAeNUIA YACTOThI COOBLITHH, KAK OLEHKH JUIsl BEPOST-
Hocred coburtuit p(a), p(b), p(c) u p(d) ¥ HamAM SHTPONHIO HCTOYHHUKA,
cunTas coOBLITHS HE3ABHCHMMBIMH. Fcim uCTOYHHK 061a/laeT 1aMAaThIo, TO
€I'0 SHTPOIIMA MOXET ObITh TOJLKO MEHbLIE, TO eCTh PaHee MbI HAXOIHITH
OUCHKY CBEpXY.

Bosnukaer Boupoc, KaKuM 06pa3oM MOXKHO BKJIIOYHTH B. AHAJIM3 [1a-
MSATh UCTOYHHKA.
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L1151 5T0T0 HCOGXOMUMO YUHTBHIBATD 3ABHCHMOCTS MEXKAY COOBITHSAMU.
Ouenum ycuosuwsie Beposithoctn pla/a), p(b/a), plc/a), p(d/a), p(a/b),
. 1 p(d/d) aByx nocnenoBaTeibHbIX COOBITUH MyTeM I0ACYCTA YACTOT
napHbIX cobbiThil. [1ocsie 3TOro UCTOMHUK MOXKET ObITh Pa3/IOXKeH Ha ue-
ThIPE HOJHUCTOYHYKA, COOTBCTCTBYIOIU[MX II€DPBBIM CHMBOJIAM B LIAPHBIX
COOLITHSIX.

Ha puc. 5.6 310oT tepBsiil mar paccyKaeuuil HarIAHO 1POJEMOH-
CTpUPOBaH. 31eCh CUMBOJL @ OlPEJICIISIET OJIMH U3 UeThIPEX 1OJHCTOYHU-
k0oB. COBLITUAM, TPOMCXOUSAIMM 38, CUMBOJIOM ¢ {1lyTsiM Ha rpade), npu-
[IMCHIBAIOTCS Beca, paBHbie BeposiTHocTsM, HanpuMep pi@(b) = p(b/a).
Takum 06pa30M, KaxKjblii TAKOH IMOJUCTOUHHK YKE MOXeT PacCMalrpH-
BATBHCH KK HCKOTOPbI CAMOCTOSTEILHBIH HCTOUHUK 6Ge3 namsitu. UTpo-
M TAKOI'O MCTOMHUKA MOXKCT OBITh BBIMHC/ICHA H3BECTHLIME METOJAMH.
Wcxo/ bt HCTOUHUK € IaMATBIO 1IPEJICTaBIsteT coB0i CTOXaCTHHECKYIO
COBOKYIIHOCTL HeTHIPeX MOJUCTOMHHUKOB (€3 1aMsiTH, a ero 3HTPOIusd
OIIPEJICNAETCS CPC/HNAME 3HAMEHHEMH SHTPOIMEA 9THX LOJUCTOUHUKOB.
MbI MOKEM LIPOJIOJDKUTB PACCyKAEHUs, paccMaTpuBasi Bee bosice j1un-
HIBIE COCTOSIIMS [IOJIUCTOYHUKOB (HAPUMED, BCKTOPLI @, WM a,b, ¢, d)
JI0 TEX 110D, MMOKA. BCSL MAMATH MCXO/IHONO HCTOYHUKa He DYJICT oxBaveHa.

Puc. 5.6. Tlpencrasnenne McTOUHHMKA B Buje uenu Mapkosa
(nepBriit 1war).

AtH SIBPUCTUICCKHUEC PDACCY XKACHUA 0606IILCl{bI B CJIe/lyI01IICM oNpeae-~
JICHHH.

Onpenesnenue 5.3.5. KoueuHnrt [MCKPETHBIN MAPKOSCKUT UCTRONHUK
C NAMAMDIO T [IOJTHOCTHIO OIPENCISIETCS CJIEAYIOIUMH YCIIOBUAMHU:

1. 3agaHo memycToe MuOXKecTBO cocTosuuii S = {51,52,...,5n},
upudeM, S COAEP>RUT BEKTOPHI JJIHHbL T;

2. Kaxioe cocrosinue S; cOOTBETCTBYCT AUCKPETHOMY UCTOYHHUKY 6€3
namary ¢ andasurom X; = {Z1,Z2,...,ZT)} 4 BEPOATHOCTAMH j-
bIX cuMBOJIoB andaputa pi)(4);



5.3. Konéunne yenu Mapxosa @

3. Cocrosinue Sln] = (zjn — rl,zjn ~r + 1],...,z[n — 1]) 3 r — 1
NOCJIEAOBATENBHBIX CUMBOJIOB M O49epeiHoll cuMBOJT z{n] 0bpasyioT
uosoc cocrosuue Sn + 1] = (z{n —r + 1], z[n -7+ 2,..., z[n});

4. 3ajaH0 Ha4ajbHOE PACTIpeAe/eHne COCTOSHHN
Po = (po(1),0(2), ..., po(N)).

MbI BUMM, 4TO MAMSATL 7 OXBATBIBAET T LIOCJIEIOBATEbHBIX CUMBO-
JIOB, TAK KaK Ha BEPOSITHOCTL OYCPE/THOIO CHMBOJIA OKa3blBaeT BJMsHHAE
B TOYHOCTH T UPEUbIAYILAX CUMBOJIOB. [loscHuM 3T0 Gostee oApo6HO Ha
puMepe.

IIpumMep: MapkoBCKuUit HCTOYHUK € HAMSATBIO T = 2.
PaccmoTpum jiBoutiblit HeTounuK ¢ atdarutom X = {0,1}. Kombu-
HALMH JIBYX CHMBOJIOB JIAIOT YeTbIPE COCTOSHUS

S = {Sl =4 (0, 0),52 > (1, 1),33 = (0, 1),54 = (1,0)} (555)

IlepexonHble BEPOATHOCTU MEXK/AY COCTOSHUSMH 33JA0TCA BCJINTUHAMYU
ps.(P(zln] = 0), P(z[n] = 1)):

Ps = (07 1),])32 = (1/2a 1/2)7 (5-56)
Ps; = (2/37 1/3)» PS5y = (3/47 1/4)'

Ecoam 3a/18Tb €11€ U Ha4YaJIbHOC pacripejiesieHne COCTOSIHUI1

Po = (po(1),20(2),p0(3),po(4)), (5.57)

TO Bee TpeboBanus U3 5.3.5 BHINOJHEHDI 1 KOHEYHBIN MapKOBCKUHA HCTOY-
udK onpefenet. Yeaosus (5.55) u (5.56) ABIAIOTCH JOCTATOUHBIMH JUIA
10CTpoenus rpada cocTOsHUM, KOTOPBIH u306paxkeH Ha puc. 5.7.

1,113 0.34

Puc. 5.7. 'pad cocTostHuit MapKOBCKOI'O HMCTOYHHMKA C MAMsi-
THIO T.
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TIpoanasM3npyeM MATPHULYY TEPEXOJHBIX BEPOSTHOCTER M MCCIE/yeM
ee Ha PeryJisipHoCTb. Marpuua 1epPeXOJHbIX BEPOITHOCTCH CTPOHTCA IO
rpady cocrosuuii puc. 5.7 U UMeeT BUL

6 0 1 0
| o 172 0o 12
n=| ¢ s o 23| (5.58)

34 0 1/4 0

PerynapHocTs npoBepsieTcst ¢ HOMOIUBIO NTpejedibHoi MaTpuipt. Co-
rJiacHoO oupejiencauio 5.3.4 :
1

9 8 12 12
1] 98 12 12 .
Mo=7271 98 12 12 (5.59)
9 8 12 12

3ameuanne. Ilpedeavnan mampuya 6vaa HaldEHE ¢ NOMOUDBIO TLPO-
apammnoti cucmemv MatLab (hitp://www.mathworks.com).

Bcee cTpoku npenenbHoi MATpHIbl PABHBI, CJIEJIOBATENLHO OHA SIBJIsi--
crea peryisipHoit. CooTBeTCTByOIICe 1IPE/IEIBLHOE PACTIPEIECIEHNE HMeeT

BHL
1

o0 =

41

[Tpunumbl MOWAroBOM AMPOKCHMAIMH HCTO'UHUKA ¢ IaMSITbIo 0600-
HIaeT CJIeJIyIollee YTBEPKJ/ICHUE.

p (9,8,12,12). (5.60)

Teopema 5.3.2. CranyoHapHblii MAPKOBCKHH HCTOYHUK C NAMATHIO T
MOXET ObITh allIPOKCUMHUPOBAH CTALHOHADHBIM MAPKOBCKMM HCTOYHH-
KoM ¢ HamMsaTsio [, re 0 <[ < 7.

Ecsii BesiuduHa T 3apaHee H3BECTHA, TO Ha HEPBOM IIAre alllIPOKCH-
MalyH PacCMATPHBAETCsl UCTOYHUK 6€3 aMsATH.

Mozienb ucTouHuKa 6e3 NIaMATH NOJHOCTBIO OMHUCHIBAETCH paclipele-
JIEHHEM BEPOATHOCTCH CHMBOIOB. Cpeansisi BEPOATHOCTb CUMBOJIOB — 3TO
BEPOSITHOCTh, KOTOPYIO OHEHHBACT HAb/IOAATENb, HC 3HAs, B KAKOM CO-
CTOStHUHM HAXOAUTCS MCTOYHHK, NO3ITOMY, OHA ONDPEAEJISIETCA CTAllHOHAD-
HBIM PacCIPClesIEHUeM BEPOSITHOCTEH COCTOAHHUE Poo M BEPOSITHOCTSAMM
CHMBOJIOB Q1,...,a4) B COCTOfHUAX Si,...,SN

psl(al) psl(”'?) I (aM)
Psy(a1) psy(az) -+ psy(anmr)

(p(ar),- -~ ,planr)) = Poo - (5.61)

Py (1) P (a2) -~ pan (ana)



5.3. Koneuwnwie uyenu Maprosa @

Ipumep: MapxoBckuit HCTOYHUK ¢ TAMATHIO 7 = 2 (IPOXOJIKEHHUE).

e Ucrounnk 6ez namstn (I = 0). B uncioroM npumepe mis a; = 0
4 az = 1 nonyvaem

0 1
(p(0), p(1)) = (9 8,12,12) - ;ﬁ ig - 41—1(21,20). (5.62)

3/4 1/4

o CTauuoHbIil MADKOBCKUI MCTOYHHK C HaMATbIO [ = 1. B sToM cay-
43¢ MOJIesib MCTOYHMKA MMEET JiBa cocTosiHnA. CoOTBeTCTBYONMHA
rpac cocrosiHuii n3p0pakeH Ha puc. 5.8.

0:3/7 @ 9 1,215

Puc. 5.8. I'pad cocTosinuil alNpOKCHMHPYIOUIErO MaPKOBCKO-
ro HCTOYHHKA.

Oupesenum coorsercTyouue rpady BeposTHocTH. BepositHocru co-
CTOSTHUH paBHBI v
1 21 1 20
P(S) =p(0) = 57w P(S)) = p() = T (5.63)
. 41 41
CoBMecTHbIE BEPOSTHOCTH AP CHMBOJIOB MOXHO HEIOCDEICTBEHHO
OLCHUTD 110 IEPBOHAYAILHOMY UCTOUHUKY. OHHM OYJyT paBHBEI BEPOATHO-
crsM cocrosinmit (5.57)

2(0,0) = poo(1) = 219—1 p(1,1) = poo(2) = %
(5.64)
P(0,1)=pw(3)=1—f p(1,0) = poo(4) = }j

Tenepb MOXHO ONpeJeJINTh 11€DEXOIHbIE BEPOATHOCTH I allllPOKCUMH-
PYIOIEero HCTOYHHKa. B coorBeTcTBHH € MX OInpe/ieJIeHUeM

70(ji/i) = ”-——Z’i;') , (5.65)
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HOJIY4aeM MAaTpHUITY lI€PEXOAHbIX BEpoATHOCTel

o — ( gg ‘;g ) (5.66)

PerynsipHocTh 11poBePSicM Iy TEeM HAaXOXKIECHUs [PE/IC/ILHON MATDPHIbL

) _ 0,5122 0,4878
11 ((),5122 0,4878 /- (5:67)

Tak Kak CTPOKM NMpPeJIC/IbHOR MATpUlbl PABHbL, MBI UMEEM PErYJIHPHYIO
MAPKOBCKYIO 1ICIIb C LIPEJENTBHLIM PacipeieIeHueM ‘

p) ~ (0,5122,0, 4878). (5.68)

Tak kak cocrosiHust COOTBCTCTBYIOT CUMBOJIAM Ou 1, JIOJI2KHO BBIIIO-
HATLCA i

p) ~ (21/41,20/41). (5.69)

5.4. DHTponusa CTaLMOHAPHOrO MapKOBCKOTO
KCTOYHMKA

SuTpONUS CTALMOHAPHOTO MapKOBCKOl‘Z) HCTOYHUKA, BLIMUCIACTCSH, HCXO-
JIS1 U3 TOTO, YTO KAKIIOE COCTOSHME HCTOTHHKA ABJISETCH TI0MMCTOYHHKOM
fe3 maMsITH, 00JIAI3I0IMM OITpeieICHHOM snTponuel. TakuM obpasom,
SHTPONMS [IEPBOHAYAJLHOIO HUCTOUHUKA PABHA MATEMATHUECKOMY OXKH-
JIAHHIO SHTPOMUI MOJUCTOUHHKOB.

Teopema 5.4.1. Cmayuonapruti maproscxud ucmowhux ¢ ajidasu-
ToM u3 M cumsosios, uMeomuit N cocroauuii, T.e N HOAMCTOYHUKOB,
SHTPONUH KaXKJOTO U3 KOTOPLIX PaBHA

M
H(X|S;:) = Z Ds, (Tm) l0go (ps, (xm)) Our, (5.70)

m=1

06JIa,ILaeT .’mmponueﬁ, paBnoﬁ MaTeMaTUdeCKOMY OXKHUAAHUIO 31{Tp0[ll/ll71
NOJHUCTOYTHHKOB

N
Hoo(z) = Y pocH(X/S:). (5.71)
i=1

B nansneiimem 6yuer 1okasano, MTO IBpUCTHUCCKHE noaxon (5.71)
cooTseTcTBYET 00LIEMY CBOMCTBY SHTPOIIUU cTau,yIOHapnoro JUCKPETHOI'O
HCTOYHHMKA B yTBepKieHud 5.1.1.



5.4. FHmponua cmayuoraPH020 MAPKOBCKO20 UCTNONHUKA

3ameuanue. Joxa3ameavcmeo ymeepHcOeHus JoOCMEMONHO CAOHCHO,
NOIMOMY €20 MOHCHO ONYcumb 6€3 ywepba 0ia NOHUMAHUA NOCAE0Y-
0WUT pa3denos.

HokasaTenncTBo. JHTpONUS MAPKOBCKOTO McTovHUKa [10].
Hoka3aTesbCTBO 1IPOBOJUTCH B TPH LIAra.

IMlar 1.
Ha nepBoM are nokakeM, 4TO LIPH W3BECTHOM COCTOSIHHK Zg = S
YCJIOBHAS DHTPOIHsI MAPKOBCKOTO UCTOYHUKA, OIIPeJeaseT s KakK

N
H(Xi|X-1,..., X0, 20 = Zm i/iYH(X/Z = S;), (5.72)
i=1

rie yepe3 X; o6o3HadeH [-blif 10UCTOYHHK, & depe3 Z; — COCTOSHME Ha
ware {.

Just Toro, utobnl Jlokasars (5.72), paccMOTpuM 1 npeobpasyem JIcxKa-
1€ B OCHOBE SHTPOIMIl yciioBiible BepositHoctd P(xy/zy-1,...,%0, Zg =
S;). B kauecTBe JasibHefIlero orpaHHYeHNs BBEJEM COCTOSTHHE Z|

P(‘.’L‘[IIL‘[_L A Zo = S]) = P(xllZl,:L'l_l, e ,ZI,‘(),'Z() = SJ) (5.73)

Tak Kak Z; NOJIHOCTbHIO OTIPEACIAETCS HAYAIBHBIM COCTOSTHIEM Zg ¥ CHM-
BOJIAMH Z(, . . . , L{_1, JOTOMHUTEIHHOE O PAHHYIEHHE HE BJHACT Ha YCJIOB-
HY10 BEpOSITHOCTD, T.€. PABEHCTBO ClIpaBeinBo. Bropoe npeobpasosanue
CJIeJlyeT U3 IpelioNaraeMoro CBoMCTBa MapKOBCKOr0 HCTOMHHKA, COIvIac-
HO KOTOPOMY [-biif CHMBOJI 3aBHCUT OT [-ro COCTOSIHUSH

P(.’L’”Z[,l‘l_l‘ ey 20, ZO = S]) = P(.’L'IIZI). (5.74)

s Toro, urobel HaiiTu yciaopHylwo sHrpoumio (5.72), Tpebyercst yMHO-
’KHTb YCJJOBHbIE BePOATHOCTH, Ji€XKallye B OCHOBE SHTPOMHMM, HA COOT-
BCTCTBYIOIHE BEPOSTHOCTH W HAWTH MAaTEMAaTHYECKOE OXKMJAHUE

HX|Xi-1,..., X0, Z0=S;) _

ouT

= Z Pz, x1-1,...,%0, Z1|Zg = Sj)
Xo,-+X1.Z1

X log2 P(.’l‘l|1}1_1, - ', Io,Z() = S]) (5.75)

Besuuunbt -Zl He OK4a3BbIBAIOT BJIHSTHHUSA Ha COBMECTHbLIC BCPOATHOCTH, TaK
KaK paclpe/esiedusa CyMMBI M0 BCEM COCTOAHHAM Zl ABJIsiETCA TpaHuY-



@/4 I'aaea 5. Cmayuonaphsie Juckpemmpie UCTIONHUKY € LAMAINDIO

HBbIM. YUHTBLIBas UpaByio 4acThb (5.74), OKOHYATENHHO LOJIYyYaeM

H(Xl'Xl—h' . YX0$ ZO = S]) —
6ur.

= Y P(z1, 2| Z = S;)logy P(z1| Z))- (5.76)
Xl»Zl

BepoaTHOCTb CHMBOJTA I HA [-OM BPeMEHHOM IHare IpH 33JaHHBIX Zg H
S; pasua RepoaTHocTH S B S; IPU YCJIOBMM, YTO B COCTOAHMH S; 3a1aH
CHMBOJI I]

P(x), Z)| Zo = Sj) = P(xi|Si)m(i/F), (5.77)

nosromy, 1is (5.76) MBI MOXKEM HamucaTb

> P(z1, 2110 = 5;) logy Pa1/ %) =
X1z

= Y m(i/5)P(x1|S:) logs P(xi]S;). (5.78)
X1,5:

CyMMa 1o BceM CMMBOJIaM X TIpH 33/IaHHOM COCTOHHUH S; paBHA SHTPO-
[IHH -I'0 TOJUCTOYHUKA

N
S w(i/4) Y P(ai]S) =log P(xi|S;) = D x(i/i)H(X|S:)  (5.79)
X; i=1

Si
u yreepxienre (5.72) J0Ka3aHO.

ITlar 2.

JIo CHX 1I0p Mbl UCXOMMIH U3 (PUKCHPOBAHHOTO HAYAJILHOIO COCTOSI-
HudA. JLnsa Toro, 4Tobbl ONpE/Ie/IUTh SHTPOIIUIO MAPKOBCKOLO HCTOYHHMKA
Yepe3 MaTeMaTHYECKOe OXKU/laHue, OyIieM CUMTaTh HAaYaJIbHOE COCTOSHHE
cy4aliHbIM

N N
H(Xi|Xio1,- -, X0, Z0) = Y D pzo(f)m(i/5)H(X|Si).  (5.80)

j=1li=1

CymmMa 110 j BKJIIO4YaeT B cebs Bce IePexolbi B i-0€ COCTOSHUE, 4TO Ja-
€T B pe3y/IbTaTe BEPOATHOCTDb i-IO COCTOAHMS Ha [-OM Imare. YuuThIBas
CTAlfMOHAPHOCTb MCTOYHHKA, [IOJIydaeM

N
Y~ Pzo(i)m(i/5) = Poo(s)- (5.81)

J=1



5.4. Fumponua cmayuonapro20 MaAPKOSCKO20 UCTIOWHUKA 6\\5)

OkonuaresbHO HMeeM

N
H(X)| X121, ., X0, Z0) = Y Poo(i) H(X]S;). (5.82)

i=1

3aMeTHM, 4TO yCJIOBHAsI SHTPOUHUS CTALMOHAPHOTO MapKOBCKOIO HCTOY-
HUKa He 3aBUCHT OT 4Hc/a cuMBoJioB [. Ilepsbie wacTn pasencts (5.82) u
(5.71) omunakoBbl. OcTaeTcsi AOKAa3aThb PABEHCTBO JIeBbIX uacTeil (5.82)
u (5.71) upu [ — oo.

IITar 3.
PaccMoTpuM BripaxkeHue jijisi SHTPOLMH TIPH M3BECTHOM Ha4aJbHOM
COCTOSIHHMH M IIpeobpa3yeM €ro ¢ HOMOIIBIO «ITPABHJIA ETOYKH»

1 1, :
ZH(XL,~--,X0|ZO) = Z[H(X0|Zo) + H(X1]| X0, Z) + -+ (5.83)
+H(Xp| X1, ..., Xo, Zp)).

Tak Kak MapKOBCKHH MCTOYHHK CTAI[HOHApEH, BCE cjlaraeMble IpPaBoi
YACTH PaBHbI ¥ OlpeiesioTea B coorBercTBun ¢ (5.82). Ecnu umeercs
L cnaraemblx, To Juist sioboro narypajbHoro L nomydaem :

L-o0o

N
lim %H(XL,...,X0|Z9) =Y pe(H(XIS).  (584)

=1

YcioBue B J1eBofl HacTH emie He Hapylieno. Vcuoan3ys yHHBepCabHOS
COOTHOUIEHVE

H(X)=I1(X;Y)+ H(X/Y), (5.85)
Oy YUM
H(XL,...,Xo|lZo) = H(XL,...,Xo) — I(XL,...,X0: Z9).  (5.86)

U3 (5.84) cneayer

i=1

N .
Jim [H(XL,..., Xo) = I(XL, .., Xo; Z0)] = ) poo(i) H(X|S)- (5.87)

C Jpyro# CTOPOHbI, HCIIOJB3Ysl YHHBEPCAILHOE COOTHOLIEHHE
I(X;Y) = H(Y) - H(Y/X), (5.88)
10Ty 1M .

I(XL,-.., X0, Z0) = H(Zo) — H(Zo/XL,..., Xo). ~ (5.89)
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J5151 SHTPOIINMH UMeeT MECTO OLEHKA
' 0 < H(Zo|XL,...,Xo) < H(Zy) < log N, (5.90)
CJIC/I0BATCIILHO )
0< I(Xp,..., X0, Z0) < H(Zo) <logN (5.91)
U B IIPC/IC/IbHOM Ciiy'ac [10JYy9UM

1 .
lim -—I(XL,...,XQ;ZQ) <0. (5.92)
L-—oo L

Ucnoas3ys (5.92), us (5.87) Juisi SHTPOIIUM CTAIMOHAPHOI'O MAPKOBCKOIO
HCTOUYHMKA OKOIYaTe blo nojydaeM (5.71). @

B kauccrBe HpuMepa PacCMOTPHM OIISITh MaPKOBCKHN HCTOYHHK C
7 = 2 4 ero alPOKCUMALNH U3 NPE/IbLLYIIHX Pa3/eNoB. .
1. Ucrounnk 6e3 mamsTu.
Ipexie Becero oupege/uM SHTPOIHIO HCTOYHHKA 6e3 yueTa HaMsiTH.
W3 pacupesiesicHusi BepOsSITHOCTEH JBYX CHMBOJIOB MOJIYYHM 3HTPOIMIO,
PaBHYIO '
H(x) 21, 21 20, 20
Gur 41 0241 a1 °%2g
Durponust 6IM3Ka K eAUHHLE, TAK KAK CHMBOJIBI II0MTH PABHOBEDOSITHBL.
2. MapKOBCKH HCTOMHHUK C NIAMSTHIO T = 1
PaccMOTpUM anpoOKCMMALHKIO [1EPBOHAYAJIBHOIO UCTOYHHKA HCTOYHU-
KOM ¢ T = 1, KOTOpbIH COCTOHT u3 ABYX nogucrounukon. C yuerom se-
posiTHOCTEl (cM. puc. 5.8), monyuaem

~ 0,999. (5.93)

(1) _ ) '
Hn_(_____XéfT“ SU) (171 logy eV (1/1) — (5.94)

—nD(2/1) logy 71 (2/1) = —3/Tlogy 3/7 — 4/7logy 4/7 ~ 0,985

u

(1) _ clb)
H, (XéfT— Sy”) _ —7r(1)(1/2) log, 7T(1)(1/2) - (5.95)

-71)(2/2) log, 7(1)(2/2) = —3/5log, 3/5 — 2/51og, 2/5 ~ 0, 971.
Takum 06pa30M, SHTPOIMST MAPKOBCKOFO MCTOYHMKA C 7 = 1 paBHa

HOX)

ouT

= P(S{H{ (X) + PSP HED () =

21 20

= 770,985+ 370,971 ~ 0,979, (5.96)



5.5. Koduposarue CMoyuonaphis Mapro8CRUT UCTNONHUKOE J

Mo cparuenuio ¢ (1), IUTPONHS HEMHOI'O YMEHbIIHJIACE.

3. MapKOBCKH# UCTOMHHK C MaMSITBIO 7 = 2.

B sToM cayuae MBI I0JXKHBI HPUHUMATh BO BHMMauue 4 MOJMCTOY-
uuka, (cm. puc. 5.7). st cocrosuus S; HMeeM

H(X/Z = 8;) =0 6ur. (5.97)

Taxk KaK NOMACTOYHMK 2 [IOCTOSIHHO BbIPAOATHIBAET CHMBOJ «1», SHTpO-
1IM51 B COCTOAHHM S paBHA

-He(X/Z = S3) =1 6ur. {5.98)
[Momucrounuku 3 u 4 06134210T SHTPONMEH COOTBETCTBEHHO

Hy(X/Z=S3) 2
out T3

2 1. 1 -
logy 3 — 3 loga 5 ~ 0,918 (5.99)

Hy(X/Z=S) 3 3 1. 1_
e = —Tlogy |~ logy ; ~ 0,811 (5.100)

B pesynbraTe mosyyaem 3HTPOIMIO HCTOYHHUKA C 1 = 2, DABHYIO

4
Hoo(X) =Y P(S))Hi(X) =

i=1

- %(8 £12.0,918 + 12-0,811) 6w ~ 0,701 6ar. (5.101)

WTak, Mbl BHAKM, 49TO MO CPABHEHUIO C MAPDKOBCKMM MCTOYHMKOM C lIa-
MATBIO T = 1, 3HTPONHA yMEHbUIUIIACH.

5.5. Koavposanumne cTaymoHapHbIX MapKOBCKUX
UCTOYHUKOB

ITpexae Bcero HAIIOMHMM TEOPEMY KOJMPOBaHMsi UCTOYHHKOB, CHOpMY-
JIMpoBaHHYIO B Teopeme 5.2.1. B aroii Teopeme paccmarpusalorcs 6iokn,
conepxkamme L cumponos. Teopema yTBepxk/iaeT, 4TO B ClIydae, Koria
L crpemuTcs kK 6eckoredHOCTH, jJisi 670koB AyvEbl L cyuiecTByeT npe-
(bUKCHBLE KO, B KOTOPOM CpeJilisisi JUIMHA KOJIOBOIO CJIOBA HA OJWH CHM-
BOJT KaK yrofaso 6iuaka K coBMecTHO# suTporu Hp (X).

B ciiydae MapKOBCKOTO MCTOYHHKS, C [IAMATHIO T, COBMECTHAS SHTPO-
st st 610K AyiuHbl L = 7 siBsieTcs NpesesbibIM ClIyvaeM U TeopeMa
KOAMPOBaHUsA MOXeT 6T CHOPMYIMPOBaHHA CAeLYIoWuM 06pa3oM:



C

Teopema 5.5.1. Teopema xodupoearus CTAHOHAPHBIX MAPKOBCKHX MC~
TOYHUKOB C NaMATbIO T ¥ 3HTporuel Hoo(z).

Hnsi 6m0ka gaunsl L > r cymecryer D-uunsbiii ipedpMKCHBINR Koa, B
KOTOPOM CPeIHSIs JTHHA KOJOBOTG CJI0Ba T YAOBJIETBOPSICT HEPABEHCTBY

Haole) - Hoole) 1
logD — = logD L’

Irasa 5. Cmayuoraprvie CUCKPEMNBIE UCTROYHUKY C NAMATILIO

(5.102)

U3 pasnoxenusi MapKOBCKOI'O MCTOYHHKA H& IIO[MCTOYHHKH 6e3 ma-
MATH HELOCPEJCTBEHHO BLITCKAET CTPATErHsl OUTHMAJIBHOTO KOJIMPOBa-
HHH.

Ecuu nagaybHbie cOCTOAHRMST U3BECTHRI, TO IPH KOAHPOBAHMH HCTOY-
HHUKOB BCE [TOC/IE/IYIONIME COCTOSIHUS OIHO3HAYHO onpe;iesetbl. I[Ipyu srom
B IEPCIATYUKE U IIPUECMHHUKE JJIsT KAXKIOr0 MHOXECTBA IIOJHICTOYHUKOB
BO3MOXKHO IIPOBCCTH KOJNMPOBaHME M Jexoauposanne XaddMmana, yuu-
THIBas PACIPCAE/ICHHE BEPOATHOCTEH CUMBOJIOB M COCTOSTHHE.

TlpakTnueckas peasuzalius koo XadpdMaHa MOKa3bIBACT, YTO JUTH
IOCTUXKEHUS CYIUECTBEHHOIO KOJOBOr0 BLIKIPHIIA, HCOOXOANMO KOAUPO-
BaTh GJOKHM JOCTATOYHO GONBLLION JUTHHBI. Kpome storo, 6a3oBbie co-
CTOSIHUS BCErJa JOJKHBI ONPEIENIAThC T CUMBOJIAMH - JUIS TOTO, “TOObI
uepexon K 610kam Gosbuieii Ayiuibl GblLT OTHOCHTEIBHO HECI0KHbIM.

[Ipeynaraemasi pocTasi CTPATErds TIOJHOCTBIO YYUTHIBAET MaMsITh
MCTOMHHKA H, CIICIOBATENLHO, B 1IPCAETBHOM CJIyHae, 1103BONAET HOJIy-
9UTH OITUMAJIbHBIA NMpeduKCHbIA KO,

Koduposarue cmayuoraprozo mapkosckozo ucmoxHuxe X ¢ nams-
TBHIO T W SHTpOnuedt, paBHON Hoo(X).

1. O6benuHnuTb B 6si0KM | = 7 + 1 CUMBOJIOB HCTOYHHKA.

2. Ilpoeectu xoduposanue Xagpmarna ajist 6I0KOB.

3. Ecnu cpessst jiuna KOAOBOI'O CJIOBA Ha, CUMBOJI CYINCCTRCHHO OT-
Jirgaercst ot sHTponun Hoo(X), To yBeauuurs nauny 6J0Ka 3a cyer
uocnenyomux cumposios. [Tposect xonuposanne Xaddmana qist
6510k0B Gonbmedt aauebl. [IpomoaXKuTh 3TOT NPONECC [0 YUOBJe-
TBOPUTCILHOrO NPUO/IMIKEHUST cpe/iHel JJIMHBL KOJAOBOTO CJIOBa K
SHTPOIIMH, . :

IIpumep: KomupoeaHne MapkOBCKOTO HCTOYHMKA C MAMSTBLIO T = 2
(mpogonkenwue). . '

Tlposepnm 3hpeKTHBHOCTE NPEJIOKEHHOTO AIrOPATMa Ha GHCIIEH-
HOM [PHMEpPE U3 TIPe/bLAYIIEro Pas3iesa.



)

B cooTBeTcTBMH ¢ NAMSTBIO UCTOYHMKA T = 2, 06be/IMHUM B 6J10KH
KasKJble TPH CUMBOJ1a MCTOMHUKA U IIPOBeieM Komyuposaiine Xagddmana.

HeolGx01MMble BCPOATHOCTH COCTOSHUH /17151 6JI0KOB Olpe/ie/sioTes
CTallMOHApHLIM pacupesereHueM Bepositnoctedt (5.58) n maTpuue# uepe-
XO/IHbIX BeposTHocTe# (5.58) umn rpacdom cocrosinuit (puc. 5.7). Bepo-
ATHOCTb OJtoka 001, HanpiuMep, paBHA

5.5. Koduposanue cmayuonapimt Mapro6CKUT UCTIONHUKOE

Poor = P(S1)m(3/1) = poo(l)w(3/1).= 9/41-1= % (5.103)

MoxkHO Tak xe 3aMETI/I.Tb, 110 610k 000 HUKOrIA He NOSBJISETCH H, Clle-
JA0BaTeSILHO, HE JIOJKEH KOAUPOBATHCA.

U3 rabiuupt 5.1. HAXOMUM, TO CPCHssA JUIRHE KOAOBOTO CJAOB& Ha
cumpos paBaa 0,911, TlostoMy 3¢bdeKTHBHOCTL KOINPOBAHUS OTHOCH-
TeJIbIO MaJa - '

- He(z) 0,701

K X T

[Tyrem nocrrpoeims{ 6510K0B Goubiieit JIHHbL, 3 )eKTUBHOCTD KO-

POBaHUsl MOXKET ObITh CyLIECTBCHHO TIOBbILIeHa. [TOBTOpUM KOiupoBaHue

Xacpdmana s 6510k0B, JLIMHA k0Topb1x passa 4 (taba. 5.2). Uz Tabau-

pt 5.1, caefmyer, 9To cpeysisl JUIMHa KO/I0BOTO CJI0B& Ha CHMBOJI DABHA
0, 744. SddexkTnBHOCTL KOAMPOBAHKISA YKe DaBHA

_ Heo(z) 0,701

=0 com”

M Mbl, B OCHOBHOM, PeaJIM30Bajl GOJbIIYI0 YaCTh BO3ZMOXHOCTEH KOIH-

pOBaHUs1, OJHAKO, JAJbHEHIINM YBeINYeHUEM JIMHBI GJI0Ka MOXKHO yBe-

JIMYUTh BBIHIPLILL OT KOAMPOBAHHS.
ITpumep: MapkoBckHii MCTOMHHK 1I€PBOI'O MOPSLIKA.

0,77. (5.104)

0,94 . (5.105)

Ha puc. 5.9 3agan rpad cocTosiHUil MAPKOBCKOI'O HCTOYHHKA, IEPBOI'O
HOPSLJIKA.

1. [Jononuure HegocTAOMME BeposiTHOCTH pHc. 5.9 1 HaitauTe cranu-
OHapliioe pacipeeieHHe BePOsITHOCTeH COCTOSHMIA.

0.9
0,7

Puc. 5.9. I'pacd cocTosiHMit MapKOBCKOrO HCTOYHHKA NEPBOro
OpAIKa.
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Tabauna 5.1. Koguposanue Xadpdmana Jisi MapKOBCKOFO HC-
TOYHMKA C MaMATLIO T = 2 K JUInHOHA Gioka 3.

Cumponsl  p; Konosas KOHCTpyKUMA Konosoe cioBo  p; nip;
001 9/41 0 00 2 18/41
100 9/41 0 40 10 2 18/41

o— 41
17
010 8/41 0 - 010 3 24/41
110 4/41 0 15 110 . 3 12/41
8 ! :
in 4/41 z:l]l 1 111 3 12/41
011 4/41 0 0110 4 16/41
7 .
101 3/41 - ;.:}*T o1 4 12/41
000 0 ! ; ..
A_rnz 0,911
6ur 3 41

2. Haiijure SHTPONHIO UCTOYHHUKA.

3. IpoBegure Koguposanve Xaddmana st 6JI0KOB, COCTOALIMX U3
TpeX [BOMYHBIX CHMBOJIOB.

4. Kakoit a¢dekTuBHOCTbIO 06/1a186T KOAUPOBaHue?

Peiuenne.
1. Tlepexo/iHbie BEPOATHOCTH PHC. 5.9 paBHBI

m(A/A)=0,9 w(B/A)=0,1 (5.106)
m(A/B)=0,3 =(B/B)=0,7. )
CranuoHapHoe 3Ha4eHHe BEPOATHOCTH COCTOsiHMSL A ONpenesisiercs, uc-
XOJsl U3 CJIEAYIOUMX PABEHCTB

P(A) =1- P(B) (5.107) .

P(A)=0,9- P(A) +0,3- P(B),
MO3TOMY,
P(A) =0,9- P(A) +0,3- (1 - P(A))
P(A)-[1-0,9+0,3] =0,3 (5.108)

P(A) = 3/4.

N3 sToro cnenyer, 4ro

| P(B)=1/4. (5.109)



5.5. Koduposarue cmayuonapusz maproscrux uemownuxos 11 )

Tabanua 5.2. Koguporanne Xaddmana ana MapkoBckoro uc-
TOUYHHMKE ¢ TAMATHIO T = 2 ¥ AJmHoil 6ioka 4.

CHMBOIB 4 KopoBas KOHCTpyKuMA Konosoe cioso n, n;p,
1001 m o— 0 00 2 18/41
0010 64l OO 100 3 1841
0100 641 O 110 3 1841
0011 s o—2 o 1010 4 1241
1100 M o—Y 3o § 110 4 1241
0101 w0 | o |, : 0100 4 84l
110 i op . T 0101 4 84
1t w1 o, ] "~ om0 4 84
0110 wat o ! o111 4 841
T s
o . of, ] 10110 5 10/41
1010 wmr od |1 10111 5 10/41
s .
1ol 141 Z:O*L | nio s sal
1011 1741 nl 1111 5 541
1000 )
0000 0
0001 0 - -
a1 ‘3_2_2___0'744
6ur 4 4%
2. JHTPOIIUSE KCTOYHMKA OLPEAEC/ISIETC KaK
H(A . :
Gf«n") = —-0,9l0g,0,9 — 0,1l0g, 0,1 = 0,469
B 5.110
6( ) _ ~0,7logy 0,7 —0,3log, 0,3 = 0,811 ( )
UT

Ho(X)= P(A)- H(A) + P(B) - H(B) = 0,572 6ur.
3. Bepositoctu 6J10KOB, COCTOSIIIINX M3 TPEX JIBOMYHBIX CHMBOJIOB, PaBHbI

P(AAA) = P(A) - n(A/A) - m(A/A) = 0,6075
P(AAB) = P(A) - n(A/A) - n(B/A) = 0,0675
(

P(ABA) = P(A) - =(B/A) - n(A/B) = 0,0225

P(ABB) = P(A) - n(B/A) - n(B/B) = 0,0525 (5.111)
P(BAA) = P(B) - m(A/B) - m(A/A) = 0,1225 :
P(BAB) = P(B) - n(A/B) - 7(B/A) = 0,0525

P(BBA) = P(B) - n(B/B) - n(A/B) = 0,0075

P(BBB) = P(B) - m(B/B) - n(B/B) = 0,0675.

Kouuposanue Xaddmana npesicrasiedo Ha puc. 5.10.
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BeposThocts Koaosoe

Bnok coctosnusg €080
0
AAA 06075 O 0
0
BBB 0,1225 O 100
. 1,0
AAB 00675 o-————-———g 0,2425 110
0 . 0

BAA 0, 0675

0.0675 014 1 1 0,3925 1010
ABB 00525 o] '0151 t 1011
BBA 0,0525 o—————(l 1 1110
ABA 00225 o2 00

A 0,03 T 11110
BAB 0,0075 L 111t

Puc. 5.10. Koguposanne X.a.(bdmaua.

4. Cpeausisi JUIMHA KOJIOBOTO CIOBA OIPEJIETSCTC Kak

7 = 1/3(0,6075 + 3(0,1225 +0,0675)+
+4(0,0675 + 0, 0525 + 0, 0525)+ (5.112)
+ 5(0,0225 + 0,0075)) = 0, 6725,

CJ1eloBaTeNhHO, 3(GEKTHBHOCTD KO/IMPOBAHHS DABHA,

_ Hy(z) 0,572

2 = o <08 (5.113)

5.6. BuiBogp! -

B IIPHBEJECHHBIX HHXKE Taﬁnm),a.x qUTaTe/]lb MOXKET HalTH BarKHeHniue
VTBepXKACHAA K CBA3b MapKOBCKHUX ueneif 1 MAapKOBCKHUX UCTOYHHKOB.



5.6. Buaodui 7\\3)

Tabnuna 5.3. MapkoBCKueE LEMH.

LJ NIB.I)KOBCKHM IIPONEeCCOM HA3bIBACTCsA CTOXacTHYeCKnit Tpouece, B KOTO-
T
POM HacTOAUlEC U3BECTHO, a 6yﬂyu(ee He 3aBHUCUT OT I1pOLLJIOTO.

o JIucKpeTHBIA O BPeMEHW W COCTOSIHUSM MapKOBCKHHA 11IPOLIECC HA3LIBAST-
cs MAapPKOBCKO#H Lenbio. Ero peamzaimeil siBjsieTcs MocieM0BaTeIbHOCTD
COCTOSHUM

SiES={Sl,Sz,...,SN}.

e Ilenn MapkoBa ABIsieTC TOMOTEHHOH, €ClM NepexoiHble BEPOSTHOCTH
" MEXKJYy COCTOSTHMSIMM He 3aBHMCAT OT BhIOOpa BPEMEHHOH TOYKH OTCYeTa,
CJ1eJOBATELHO,

n(j/i) = P(S;/S:) ana j,i=0,1,2,3,...,N.

o [OMorerHas MapKOBCKAs LeMb TIOMHOCTBIO ONPCAEIAercs MaTpunell me-
pexonHbIx BepositHocTen IT

R
=G/ =] S
7(1/N) w(2/N) --- =(N/N)

H HaYAJIbHbIM pacrpejeyleHHeM

Po = (po(S51),p0(S2), - - - , Po(Sw))-

¢ DKBABAJIGHTOM MATPHMULI INICPEXOAHLIX BEPOATHOCTEH SIBJISIETCst rpag
COCTOSIHHH C y3/1aMH, MYTAMHU U BECOM MyTel, COOTBETCTBYIOLMM COCTO-
STHUSIM, TIEPEXOJIaM MeXXJy COCTOSIHHSIMM M IIEPEXOAHLIM BEPOATHOCTAM.

Puc. 5.11.

e PacnpeneneHHe cocTosgHMN roMOreHHOW MapKOBCKO! LIeNM Ha 1 -OM miare
onpefeNsaeTcs Kaxk
n
Pn = Pon .
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Ta6uuua 5.4. Mapkosckue neny. (pojo/KeHene)

e l'omorenHast uenb MapkoBa CTAUMOHAPHA, €CAM PACTIPefCICHUE COCTOSHUM rmo-
CTOSHHO BO BpeMeHu. BB 3TOM Cilyvae HavaiibHOE pacnpe/iesieHue siBjsiercs cob-
CTBEHHBIM BEKTOPOM NEPEXOJIHON MAaTPHILLI, T.e

po = poll.

e ['omoreHnas uenb MapKoBa peryssipHa, ecjli CymecTByeT npeaedn

I, = lim II",

n—o0

npuyeM, Bce cTpoku Ilo, paBHbl HPEJENBHOMY PACIDPEAENEHUIO Poc.

o IlpesesbHoe pacnpejieiieHne Po, SIBISIETCS €JIMHCTBEHHBIM CTAIMOHAPHBIM Pac-
npéjiesieHueM peryJstpHoit uenn Mapkosa.

Tabmuua 5.5. Crauyuonapisie MapKoBCKMe HCTOUHHKM.

KoHeuHbtil AMCKPETHBI MAPKOBCKUM HCTOUHHMK C [AMATBIO T HOJHOCTBIO Olipe-
JLeJISeTCs CeyIOUUMH YC/IOBHSIMMU:
e 3ajaHO HenycToe MHOXKeCTBO coctostinii § = {S1,Sa,..., SN}, npuuem, S co-
JEPXKUT BCE BEKTODbI AJIRHBI T;
o Kaxsioe cocrosinme s; € S COOTBETCTBYET JUCKPETHOMY MCTOMHUKY 663 HaMSITH €
andasurom X, = {z1,Z2,...,TM} ¥ BEPOATHOCTAMHU j-bIX CUMBOJIOB alihaBUTa
9 (5);
Cocrosnue S[n) = (z[n — r],zln —r + 1], ..., z[n — 1}) u3 7 nocseoBaTENBLHBIX
CUMBOJIOB ¥ 0'Iepe/noit cumBost z[n} o6pasytoT HoBoe cocTosnue s[n+1] = (z[n—
r+1],zln —r+2],...,zn])
e 3asaH0 HaualbHOE pacnpejeiienne coctosHui po = (po(1), po(2), ..., po(N)).

SHTPOIIHH CTAIHOHAPHOI0 MapKOBCKOT'O MCTOHHKA C IIAMATBIO T OIIPCSTIACTCA
KaK MareMaTH4YCCKOE OXH/IaHHE YyCJIOBHDLIX 3HTpOIIHﬁ IIOJJUCTOYUYHUKOB .

N
Hoo(X) = poo (Y H(X/S0),

il
[IPM 3TOM YCJOBHAsI SHTPOIUS {-0I'0 [OJUCTOYHUKA, COOTBETCTBYIOILEI'O COCTOs-
HHIO §© PaBHA

M
H(X|S:) = =) ps,(zm)logy(Ps,(zm)) 6ur.

m=1




FMABA 6

CXKATUE
JAHHBIX

6.1. Beepenue

3anadeil cocamus 0aHHBLLT SIBASETCA MUHAMM3AIUs TEXHHYECKUX 3aTpaT
HA XpaHeHWe WK nepeiady WHGOPMAIUHU 11yTeM ONTHMAJILHOTO KOJUPO-
Bands ucTo4HUKOB. [Ipu 9TOM paznu4aloT IBa MOHATUSA:

o Hecywecmeennan ungopmayus - 370 MHPOPMaLsi, KOTOPOHK MOX-
1o npenebpeus pu nepenade. IIpumMepoM MOXKET CiIyKHTb TPajiu-
uuonHas Tesjedouus. B tenedonusix KaHajiax nepeaada wHbop-
Manun ocymecrsasiercss B nojioce 3,4 kI'u. Bee ocranbHble crek-
TPAJIbHbIC COCTABJSIONIAE OTOPACHIBAIOTCA, IIPU 3TOM CYLIECTBEH-
Has 4acTb llepeaaBacMoii. undopMalinu TepserTcs. SlcHo, 4To nep-
BOHAYAJbLHBIA peYeBOl CUrHAM He MOXKET ObITh IOJIHOCTHIO BOCCTA-
HOBJIEH Ha IIDHEMHOM KOHIE. B 3TOM cjrydae TOBOPSIT O KONMPOBA-
HHUM C IOTEPSIMH.

o Tlog u36vmourHocM b0 NOHUMAIOT HEQAHOKPATHOE II0BTOPEHMUE B CO-
obmieHun HeoOxoAUMON Jiyis npueMHuKa uHdopmaiyuu. M36birou-
HOCTb MOXKET BLITh yCTpanena 6e3 norepu uudopmauuu. Ipume-
poM sBisiercs koaupoBanne Xaddmana. Takoe KOAUPOBaHHE Ha-
3BIBAIOT KOJMpOBaHHeM 6e3 morepb.

BarkueAIHME IPAMEPAME CKATHS JAHHBIX SBIANTCH HEdPOBOE pa-
;wmosemanue (Digital Audio Broadcasting, DAB) u mucdpopoe Tenesu-
aenue (Digital Video Broadcasting, DVB)[19]. O6Ge cucremsi pafotaior
HA OCHOBC KOjIMPOBAIMS ay/IM0 U BUJAEO CHIHAJIOB, HCIO/B3YIOILETO CTaH-
Aapret MPEG (Motion Pictures Experts Group). Komuposanue ayimo-
CHI'HAJIA, OCHOBAHO Ha LICHXOJIOIMYECKON MOJEIH BOCHDHUSITHS DEeuH, KO-
TOPAst HCHIOJIb3YET CKPBITHIC CHEKTPAJILHBIC 1 BpeMelnble 3¢hpeKTsl, 1py
TOM B CHI'HAJIbHOM OJIOKE IIPONCXOMHT y/AJIeHHE HEBOCMPUHUMACMOR Ha
JIyX YacTH ayauocureaia (HecymecrsenHoll undopManuu). Anajornd-
1bie 3¢heKThi MCIOMB3YIOTCH TaKMe HPU KOJMPOBAHNHA BUACOCHTHaNA (B
"IACTHOCTHM, NCuXosorHyeckuil acpdexT apuxenns). Kogupopanne u3ob6-
PaXKCHUH MO3BOJISAET JIOCTHYDL eie 60AbIIeH CTENeHH CXKATHS.



Trasa 6. Cocamue dannnz

Cmenens corcamus ONpee/IseTes 3aTpaTaMU JITIS IEPCAAYH WM XPa-
Henust nHopMmanuu 6e3 ¢kaTus kg U 3aTpaTaMd C KCHOJIb30BAHHEM
HEKOTOPOr0 METOUA CKaTus Ky,

ko — kny

- (6.1)

Gy =
Crenenb CKATHSA 3aBUCUT OT MCLIONB3YEMOrO AJIOPUTMA U CBOMHCTB UC-
TOYHMKA. [IpUBC/IEM HEKOTOpBIE YHC/IEHHBIE IPUMEDDI CTCHEHEH (2KATHs,
JIOCTHI'AEMBIX Ha LIPAKTHKE :

-10 80 % ans rekcrosbix sannabix (B dbopmare pegaxropa Word 97 ¢
NOMOIIBIO NporpaMmbl ckatusi ZIP);

-87,5 % upwu nepexoge or PCM-retedornu co cxopoc"ruo 64 x6uTt/cek
K nepeyade undopmaimu no pekomernganuu 1'TU G.725 co ckopocrhio 8
K6uT/CeK;

-90 % upwy KoxuposaHuM BHPOPMALKH CcTEPEOdOHUICKUX ayHO KOM-
LIAKT JAUCKOB CO CKOPOCThIO 2-16 6ut-44 k' = 1408 kbur/cek MeTofoM,
Acnoas3yomuM cranaapt cxarust MPEG (Advanced Audio Coding) co
ckopocThio 112 KGUT/cex M NOYTH PABHOZHAYHLIM KAa4eCTBOM pedH.

CilegyomuM UPHMEPOM SIBJISIETCH SHTPOINS HEMELIKOrO JIUTEPATY P~
HOTO TeKCTa. Pe3ympTaTe! 4acTOTHOTO aHAJIM3a NPE/ACTABIEHbl HA PHC.
6.1. Ecin paccMaTpuBaTh GyKBBL U30JIMPOBAHHO, TO IIOIY4AM SHTDOIIMIO,
npubnusurensHo paeHyio 4,7 6ur/Oyksy. Ob0benunsa Gyxsb B 6jioKH,
MBI HCHOJB3YEM YK€ TAKHC OYEBHIHbIE CBS3M, KAK CJIOTH, CJIOBA U T.J.,
II03TOMY, JJisi OJI0KOB OUeHb GOJILINOHA JJMHBI ACHMITOTHYECKH AOCTH-
>KUMas rpaluna paeHa 1,6 6ur/Gyksy.

33l_nponun
s o e 4,7 GUT/CUMBOJT
Lo Ars) oo

(o]
e — 1,6 6m/cu§mon—9—o-

3l

>
n=l Jnuva 6nok n=10

Puc. 6.1. SHTponMs HEMENKOrO JIHTEPATYPHOTO S3BLIKA KAK
byskums JMHE 610Ka

AJ[I‘OpHTMbi CXKATHHA - JAHHBIX MOXKHO Da3[eJIMTb Ha TPU rPynnbl:

1. CraTuyeckde alirOpUTMbl, HaANpUMED, xKoduposanue Xadhmana.

CxaTue HemelKoro JIMrepaTypHoOro TekcTa meronoM Xadbdmana,
110 CPABHEHUIO € C2KATHEM UH(POPMALIHMY, COCTOSINCH K3 IPOU3BOJIb



6.2. Apupmemuneckoe xoduposarue \)
HBIX CTaHAapTHBIX cuMBojos ASCII, nossousier ocTuyb NpUbIIH-
3uTebHO 50 % BHMTpHILIA.

2. Adanmuenvie aazopummvl, HAIPEMEp, MOJUMULUPOBANHOE KOLH-
posanue XachdMmana. 3uech paclpegeneHue BepOSATHOCTEH CHMBO-
JIOB BHAYajle MOJIaracTCd PaBHOMEDHLIM, 8 TOTOM MECHSIETCA BO
BpeMEHM TI0 MePe HAKOILJICHUS! CTATUCTHKH.

3. Jdunamunecrkue ar20pUMMbL, HAIPUMED KOAMPOBaHHUe, HCIOJb3ye-
Mmoe B pekomeniauuu [TU V42, bis.

OcnosHasi upobiieMa IHMPONULiNG20 KOOUPOBAHUA 3aKIIOYAETCH B
TOM, UTO OHO HPENIIOATaeT 3HAHHE PACIDE/e/IeHus] BEPOSTHOCTEH CUM-
Bojios. OQueHb 4acTO CTATHCTUKA CHMBOJIOB 3apaHee HEM3BECTHA H 3b-
GEKTHBHOMY KOIMPOBAHHIO JOJIKEH IPeJINecTBOBaTh YacTOTHLIN aHa-
Ju3. 316Ck Ha NOMOIIb [IPHXONAT YHUBEPCAALHBIE QALCPUTILMbL

e YHHBEpPCAJIBHBIC AJITOPUTMBI CXKATHA, ABJSIONMECT NO CBoeH cy-
TH JANTHBHBIME, HE HYXKJAIOTCA B alIpHOPHO# cTaTtucruke. Takoe
ac¢ekTHBHOE KOAMPOBaHUe HAMHMHAETCA CPa3y »Ke Iocjie MOCTYII-
JeHusd WHPOPMAIUK Ha BXOJ KOJEepa.

e Kpome 3T0r0, cymecTByIOT «OBICTPBIE» AJITOPHTMBL C OTHOCHTEITb-
HO IPOCTOM TEXHUYECKOH CJIOKHOCTBIO.

o Keaoxaplil n3 npeauoiaraeMpiX aJropuTMOB IIOMOTaeT J0CTHYL Bhbi-
COKOH CTeNneHH CKATHA.

B kadecTBe npuMepa METOJOB CHKATHS, PACCMOTPHM JBa BarKHEMIHHX
AropuTMa: apudMeTHdecKoe KOQUPOBaHUE, TPH KOTOPOM IIPOH3BOAUTCA
JMHAMHYECKHH YaCTOTHHIH AHAIN3 H YHUBEPCAJIBHBIA aaropuTm Jlemmend-
3usa. Anroputm Jlemnens-3usa LZ77 661 ripe/uioxen B 1977 roay 1 Mo-
Aundunuposas B 1984 r. On ucnonb3yercs B pekoMerganud [TU V.42 bis
u HasbBaeTcst LZW asropurmom.

6.2. Apudmetuyeckoe KoAMpoﬁaHMe

Ilpu apudmemunecxom xoduposanuy Mbl HCXOAMM B3 TOro (akTa, UTO
1IPH HOPMAJIM30BAHHOM DaCHpeiesieHHl CyMMa BEPOSITHOCTel CHMBOJIOB
(4 COOTBETCTBYIOIMX HM OTHOCHTEJIbHBIX YaCTOT) MCTOYHKKE BCETAA DaB-
Ha ejuuule. Ecim oTHOCHTE/IbHBIE 4ACTOTHI CHMBOJIOB HEU3BECTHRI Ie-
PCIATYAKY M MPUEMHUKY:
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Tabauna 6.1. Byksbl U ¥X OTHOCHTC/IBHLIC YACTOTHI.

Byksa E S G L R

Orxocurenshas vacrora | 0,5 10,2 10,1 | 0,1 | 0,1

~ OHM MOTYT ONpPEUEJISATLCs, HAIPUMED, yTeM TEKYIIUX CTATUCTHYC-
CKHUX H3MeHeHHI NepefaBacMolt HH(MOPMaIiuu B (PHKCMPOBAHHbBIE MOMEH-
Th! BPEMEHT;

— IPUEMHHK H [EPEJATIMK COBMECTHO, MCXOAS M3 OTHOCUTEILHBIX
YJaCTOT, YCTAHABIIUBAIOT XKECTKHE NPAaBUJIa KOJUPOBAHMS.

OcobeHnocTbIo apuhMETHYCCKOro KO/{APOBAHUsE SIBJISETCS TO, HTO
V15 OTOBPAKEHNs 10C/IElOBATETPHOCTH CHMBOJIOB B TIOTOKM HATYDAJIb-
HBIX 4nces1 Ha nHrepsate [0,1] HCnmonb3yIoTCA OTHOCHTE/IbHbBIE YACTOTHL

Pe3synsraToM Takoro oroGpaskeHus! SIBIISIETCH CKATHE CUMBOJIOB (Mo-
CHMBOJIbHOE C)KATHe) B COOTBETCTBHM C MX BeposiTHOCTsMH. IlosicHuM
HACI0 apUPMETHYIECKOTO KOAMPOBAHHS € TOMOMILIO CIIE/IYIOIIETO IPEMEDA.

PaccmoTpum apudmMernteckoe KOAUPOBaHHE IOCJEOBATENLHOCTH
6yks «GELEEESSER»>. OTHocuTe ibble 4acToThl GyKB B 3TOM HOTOKE
npuBeieHbl B Tabsune 6.1. _

Ilpoueypa KOUUpOBAHUS MpEJICTABIEHA Ha pHC. 6.2.

Iepeoit 6ykse «G», B COOTBETCTBHM C €€ OTHOCUTEJLHOM 4aCTOTOl,
coorBercTByeT HHTepBal [0.7,0.8[. CornacHo anropurmy, Kax1as Henoy-
Ka OykB, HauuHatoumxcs ¢ G, peerga 6yaeT oTobpaxkaTbcs B YMCIO, TPH-
Ha,Ulexalllee 3TOMy MHTepBayly. TakuM o6pa3soM, B pacCMaTPUBAEMOM
IpuMepe lepBast JecaTUUHas i pa HOCHE 3aMATOR yxKe oNpeteIeHa.

Kommnposanue nocieyiomux 6yKB MPOU3BOJUTCS aHAJOTHHO ¢ TEM
BaXXHBIM OTJIMYHEM, UTO TeNepb JEJIEHHIO KaXKblii pa3 Oy/er 1ogsep-
raTbCsl MHTepBaJ, BRIOpauHbIf Ha upespliyieM ware. U3 puc. 6.2 cie-
Jyet, uto Oykse «E» Ha BropoM mare coorsercrsyer untepsad (0.7, 0.75].

Tabauia 6.3, 8 KOTOPOR AITOPUTM KOAMPOBaUS TMPOCJECKEH O Hia-
raM, HOKasbiBaeT, uro rnocienopaTesbiocts « GELEEESER» oTobpaxka-
‘etest B ancio 740387 (0 n 3ansiTas He HyxalOTCs B oToOpaxennu). Or-
METHM, 4TO:

1. HacTo BeTpedaomumMest 6yKBaM CTABATCA B COOTBETCTBUE GOMbIIHE
uHTepBaybl. Ha ux orobpaxkenue 3aTpauuBaeTCsi MeHbILE JECATHUHBIX
HOP, 4eM Ha 0TOOpaXKEHHE PEAKO BCTPCUAIOMIMXCH OYKB. '

2. JInuHHble cOOBmEHNs 0TOOPAKAIOTCS B «/lJIMHHELIe> yucIa. [Tpes-
CTaBJICHUE THX uwcell B JBOM4HOM dopme, Heobxoumoe JUIsi 1lepeadn
cOODILEHNH, IPUBOAUT K TIOSIBIEHUIO KOJOBBIX CJIOB GOJILINON JJHHBI.
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IIpakTH4ecKan peajM3allis CKOJLIALIEI0 aJilfOPUTMa ApU(DMeTHYC-
CKOI'O KOJIMpoBalinst TpebyeT BLbICOKOIl TOYHOCTH, KOTOPas OFpPaHMYHBA-
eTCsl ATMHOM KONIOBLIX CJ10B. AJIst cokpanienusi HeoBXO MO A/ IMHBL pe-
rUCTpa, [PU pealu3anid ApudMeTHICCKOIO KOJMPOBAHHS HCIIOIL3YeTCs]
HEJIOTHCIICHHAs aPU(DMCTHKA € BBLIAYCH y>Ke FOTOBBIX IPOMEXKYTOYHbIX
PE3YABTATOR. )

usw.

Puc. 6.2. Apmbméruqecxoe KORUpOBAHHE.

Anroputsm 1pejcTtabsien B Tabiuie 6.2. Mexanuam ero jeiicteus pac-
KPLIBACTCSE € IIOMOIILIO Tabiumpt 6.3. B HallleM mpumepe st peatusaiyu
KOJMPOBaHUs JOCTATOMHO PErHCTPa ;jijisl XPAaHeHMsl 1IeCTH TCKYITHX Jie-
CHTHYHBIX 1UOP.

B coorsercTbuu ¢ Tabauncit 6.2, Ha 1ICPBOM mI1are NPOUCXOAUT UHH-
nuasmm3annst uepemennolx LO u HI. st niepsoit KopupyeMoi GykBbl
«G» mupuna uttepsana pasua B = 1/000'000. Huxusas u BepxHsis rpa-
uuipl paBhbl coorBercrsenno LO = 0 + 1'000°000 - 0,7 = 700°000 u
HI =0+1000000-0,8 -1 = 799'999. Ilepsas necsaTndnas wudpa yxe
olipe/ieieHa ¥ paBHa 7, a coiepxumoe perucrpos LO u HI capuraercs
HA OAHY HIO3MIMIO BJEBO. 3aMeTnM, 4To B peructpe LO ocsobouubineecs
Mecro 3anuMaet 0, a B peructpe HI - 9. -
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Tabnuna 6.2. Ajaroput™ aprdMeTHHECKOrO KO/JUPOBAHUH.

Hauanbuble 3Havennsi

Perncrp . LO--000'000 . 111 --999°999

Cumboi E S G L R
LS() 0 051071081 09
HS(-) 0,5 0708109 1

Asnropurm

Hlupusa unTepsana B=HI-LO+1
Huxuss rpannuga, LO=LO- B-LS
Bepxnas rpannna HI=LO+B-HS-1

Jns sropo#t 6yksnt «E» mupuHa unTepBasna pasHa B = 1'000/000,
1n03romy, nonyuaem LO = 0-+1'000'000 = 000’000 u HI = 0+1'000'000-
0,5 — 1 = 499'999. Koauposanue nocieAyomux 6yKB IIPOBOAMTCS aHa-
Jiorngro. B zaBepimenuu paboTh aIropuTMa BHIAETCS HEKOTOPOE THCIIO0
U3 NocJIeJHEro MHTepBana. g 3TOro Mbl OKpYI/IsieM BEPXHIOI FpaHHM-
ny unrepsana HI, orfpacbiBas Miaamue paspsjpl JI0 TeX 110D, NOKa
3TO BO3MOXKHO. B pesyiibrare nosy4aeM 4ucio ¢ MEHEMAILHEIM KOJIAYE-
cTBoM 1P, IPRHAJJIEXKAIIEE HOCTeHEMY UHTEPBAIY.

6.3. Koavposahue Jlemnena — 3usa

Anroput™ kouuposanusi Jlemnens - 3ua LZ77 ocHoBaH Ha NpUHIMIE
JMHAMUYECKUX cJIoBapell. Mbl IpejicTaBHM BKDATLE 3Ty KOHLEILUHMIO
HArNsaHO TIOSICHMM ee Ha NPOCTefiux npuMepax [19).

B ocHOBe aIropuTMa neXKaT 4YeThpe OCHOBHbLIE HJIEH:

1. Kaxxnasi ouepeyias 3aKOOHPOBAHHAS [10C/IE/I0BATEIbHOCTD CUMBO-
JIOB 0BaBisieTcss K paHee 33KOAMPOBAHHLIM CHMBOJIAM TAKHM 06-
pa3oM, 4TO BMeCTe C HUMH OHa obpa3yeT pasjioXKeHue BCell ne-
penaHHON M mpuHaTOR MHGODMAIMH HAa HECOBIAJAIOINIME MEXKIY
coboit ¢ppass (ITapcunr).

2. Takoe PA3JIOKCHUE XPAHUTCA B NaMATH K HCNOJIL3yeTCs B AaJb-
HelillleM B Ka4ecTBe CJIOBAaps.

3. KoaupoBaHue ocylecTBAsieTcs IpH IIOMOIIM YKazaTeJel Ha dpasbl
U3 yke chOpMUPOBAHHOTO cyioBaps dpas. .



6.3. Kodu_poeanuc Jemnean - usa \\\_)_)

Ta6auna 6.3. Apudmeruseckoe KOJJUPOBaHME dpasbt
«GELEEESSER».
Cumpon LO | HI |Beixog Cumson LO” HI |Boixos
Crapr 000°000{999°999 ) E 000000062499
G 700’000 | 799’999 Boixon/cupur|000°000|624°9991 ©
Brixon/casur|000°000 999’999 7 S 312°500]437°499
E 000’000 (499999 S 375’000)399’999
L 400000{449°999 BMXOA/C,HB;H‘ 750°000(999’999] 3
Beixon/casur|000°000{499°999¢ 4 E 750°000874’999
‘E 000’000{249°999 R 862'500(874°999| 87
E 000°000]124'999 Konery,

4. Koanpopanue saBjisieTcss AMHAMHYECKOH HPOLEAYPO#H, OPHEHTHPO-
paHHO# Ha 6sioku. Cam HpoLecC KOAXPOBAHHKSA MOJKET GEITH JONOJ-
HEH CKOJIb3SI{MMH OKHAMH, COJEPKAIMMHE TeKYIui cloBaph ¢pas
u Look-ahead 6ydepom.

Ppaza Bygpep Look-ahead
FlA[C[HH[O[CTH[S[C[H[UILIE] JFIU[LID[A] |F|A[CIHIBIE[RIE
21[20[15]18[17[16[1s[1ai3[i2[tifio[ o {8 [7[6 [ [4[3]2]1

Puc. 6.3. Ckosbasimee okHO anroputMa LZ77, cooTseTcTBYyIO-
mee ¢pase FACH.

B mpouecce koxupobBanus o6pabaTeiBaeMblii TeKCT oTobpakaercs B
110CJIe/I0BATENBHOCTD YKaszaTenel wiu ¢aaroB. CTpyKTypa 3aKOIUPOBaH-
HOrO TEKCTa NOKa3aHa Ha puc. 6.4. B npumepe, noka3anxnoM Ha pHc. 6.3,
nenodka 6yks «FACH» samensiercs nociefoparensaocTsio (21,4, B].

[a, Lz}
OTHOCHTENbHBIH Crenyoumit .
anpec B CIOBape J i cumBon u3 6ydepa,
KOTOPBIA OTNHYAETCS
UYncno cosnanaioumx OF NPONOJDKEHUS (pa3bl
cioB 8 ciiosape dpaz

Puc. 6.4. Crpykrypa ykasaTesnei.
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Ppasa | Bydep Lookahead | ,
FIO[RMIAIT[1[O[N[- T-S_-|1!N'F[O[RIMIA T|ION-NOT-MATTER-NOR-ENERGY'!
15 HIJlIZlIEIOr“)[XI Tels[4 3 zope[a]3]a]5l617]

115.7.1}

Ppasa | Evep /ook-ahead T
MiAl [~ |MATTER-NOR-ENERGY ~

LON - {IS[-TTIN|F|O[R MIALT] ;
15143 i Te 7 e s[3 372|102 XTT“[(T[?

1154.N]

Ppasza byghep Look-ahead .
FIO[RIM[A[T[T]OIN - N[O ] "T]T|E}R-NOR-ENERGY 7
2,1M°L[ [els[a3]z] 8171 :

L3
t10.1.T)

) .  @paza__| bygpep Look-ahead . o -
“1o{RIMIALTT1]oIN] - INIO[T]- M A T TIE[R[-|NOR-ENERGY ~— — =
Ao Ta 7o [s[a 321172 3Tal5]6]7,
[4,1.M]

@paza  |Eypep Look-aheed |
FORMA] T]‘MQ]TJ_JM AT TER[-INJOJRENERGY ]
isaalis[iafiio[o s [7fe s[4 3 20 172 374{576]7]

(11,21}

o Ppasa_| bygep lLook-ahead | S
MiA T O[N] - NIO[T]- IMA|TIT|E[RT . INTO'R] - [EINERGY "~~~
istiatis 2 iifiol o 8 7 6 [S{a 32 ¥ [1[2]3 4.5]6]7]

[0,0.E] Hyaesan ¢ppaza

Ppaza b)tlzep Lookahead | .
[ATT T,O/NL. IN[O[T] - MIAITITIE[R] - NOR[-JEN[ERGY = 7]
(1514, 3] 2] 0[ o [# |7 [ [S [A]3[2[1 Tz SAs s

{0,0.R]  Hyreeas ppaza

Puc. 6.5. Ilpumep koxuposaniia no anropurmy LZ77 ¢ Hyie-
BO#t Hpazoil u 1IOBTOPEHHUEM CUMBOJIOB.

Ha puc. 6.5 npeicrasiieH HEKOTODbIA YacTHLIN ciry4ail M LPUBELEHO
€ro anropuTMuUcckoe peienue. Ha lnecToM mare koauposanus: cuepe-
HBIM siBjIgeTcst cuMBost <E», ne conepxauuiics B ciosape ¢dpas. B atom
CJlydae OH KOJHMPYeTCsa 1I0CPEJCTBOM, TAK Ha3biBaeMOH, «Hy/eBoll ¢pa-
361>, «Hynesas dpasa» umeer Buj [0, 0, cumpoit] u npu ackosuposanun
PACIIO3HACTCS 110 JIBYM CTOALIAM DPAJOM HYJSIM.

Ewe ouM HHTCPECHBIM CIIyvaeM SIBJIHETCH HOBTODEHHC CHMBOIOB,
Tax uasbisaemoe Character Rans. B srom ciyuae, ans 3aMennl cumsosa
HCLOJIL3YIOTCH yXKe JBa duara. Ilepserit «0» Cily>KHT 1IPH3HAKOM MO-



6.3. Koduposanue Jlemneas 3Susa O

ABJIenMsl HeKoTopol ocobennoctn Tekcra. Iocnenyompe «1» u cumBon
YKa3bIBAIOT Ha TO, YTO CMMBOJI LOBTOpsieTcsi. Bo BropoM dulare ykasbi-
BAeTCH HUCJIO LIIOBTOPEHHUH M MOCeAYIOMMH CHMBOJ.

3aTpaTsl HA KOJIMPOBAHME ONPEAENSIOTCS [JIMHOM OKHA, COomepKale-
ro cnoBaph ¢pa3 wp, MmHol Look ahead Gydepa wy, n saTparamu Ha
JABOUYHOE IPEJICTAB/ICHNUE YKA3ATESsT

Ke _

- logy wy, + logy wr, + 8. (6.2)

Koaupopanne Jlemnens - 3uBa LUPUBOAUT K CHKATHIO JIAHHBLIX B TOM
cJIyyae, ecM 3aTpaThl Ha KOJUpOBaHue, T.€. JJIMHA YKA3aTeNs B JBOMY-
HOM HCUHMCJIEHHH B CPeJHEM OKA3LIBAETCS MEHbHIE, YeM IIPH Hemocpen-
CTBEHHOM KOAMpoBaHHM, Hanpumep, komoM ASCII, yto coorsercrayer 8
OUTaM Ha OJUH CHMMBOJIL.

B tunnynoM ciydae wp = 212 = 4096 u wy, = 2% = 16 u 3arparH Ha
JIBOMYHOE TIPeJICTaB/IeHHe yKa3aTeJis coCTaBIsioT 24 6uta. lns dbpasbr,
cocTosiiielt u3 yeThlpex 6YKB, KOTOpast y2Ke COIEPKUTCA B CJOBape. ppas,
SKOHOMMS, O CPABHEHHIO C NMpsMbIM KoauposaHueM kouom ASCII-(32
6ura), cocrasnser 25 %.

Jna xoaupoBanus Jlemirenst - 3uBa yCTaHOBIJIEHO, UTO:

e Yacto 10sBIASIOUAECA HENOYKH CHMBOJIOB KOAUPYIOTCH O4eHb -
(beKTHBHO;

e Pejiko nosiBsAoNMecs CHMBOJIbI U N10CTIE/IOBATEILHOCTH CHMBOJIOB
¢ TeYeHUeM BPCMCHU YAANSIOTCH U3 cJIoBapsi $pas;

[ HOBTOpﬂIOIII,PICCﬂ CHUMBOJIbI TaK2Ke KOJIMPYIOTCA S(beCKTPIBHO;

¢ Ha xonuposanue HyJiesbiX ¢dpa3 3aTPatUBaCTCH OTHOCHTEILHO 60JTh-
[MOe YUCIIo OuT;

e Metosipl Teopuy MHMOPMALMH NMO3BOJIAIOT JIOKA38Th, YTO KOAMPO-
BaHue MeTo/IoM Jlemnenss — 3uBa aCUMITOTHYECKH OITHMAJILHO.
DTO 03HAYAET, UTO JJIsi OUeHb AJIMHHOIO TCKCTA M30BITOMHOCTD UC-
4YE3aeT, TO €CTh cpeJiHee UuesIo Out, HeobxouuMoe 171 KOJMPOBaHUS
OJIHOI'C CHMBOJIA, CTPEMHITCS K 3HTPOLMH TEKCTa;

o TIpaKTHuCCKH JOCTHXXHUMAS CTCLIEAb CAKATHS /s JUIMHHBIX TeK-
ctoB coctasisieT 50 - 60%.



rMMABA 7

AONCKPETHbLIE KAHAJ1bI
BE3 MAMATU U MEPEOAYHA
NHPOPMALIA

7.1. Beepenue

B rnase 4 6buiM paccMOTpPeHb! ABa CBA3aHHBIX MCTOYHUKA HH(MOPMALMH.
Buliu BBeeHbI TaKWe KJIIOYEBBIE IIOHATHS KAK COBMECTHBIE, B3aUMHBIE
1 ycaoBHble uHGoOpMaLuu nap cobeITHI (CMMBOJIOB) Jyis CBA3AHHbBIX HC-
ToyHukoB. Ha ux ocHOBe MBI MPUUUTH K (PYHASMEHTAJLHBIM OHATHAM
nHGOPMAIINY — COBMECTHOM, B3aMMHOM U yCs10BHON suTpomud. (CM. Tabir.
4.3). Tam ke 6bUI0 OTMEYEHO, YTO COBMECTHAS U YCJOBHASL SHTPOIMH
MMEIOT AHAJIOTH B TEOPUH BEPOSTHOCTEN M OIPEJENAIOTCS KAK MaTeMa-
THYeCKHe OXKHMAAHHSA COBMECTHBIX M YCJIOBHBIX MH(OpMAalMi Bcex map
COBLITHI IBYX HCTOYHHMKOB.

Tlepenaruuk Itpuemuuk

HcTounny " [UcTounuk]
X Ko 2 Y

Puc. 7.1. Mogens nepenavu.

MBI NIpoAO/KUM 3TH PACCYKACHHS, YAEIUB OCHOBHOE BHIMAHUE B3a-
UMHOH dHTponmu. [l ONMHCAHNS KaHANOB Iepeaadd MHMOPMAlAN HC-
[I0JIb3YeM KOHHUENLHKIO JBYX CBA3AHHBLIX HCTOYHHMKOB. OKa3BIBAETCH, 4TO
C MOMOINBIO MOHATHI, BBEJEHHBIX B IVIaBe 4, YAAETCs MOJHOCTHIO ONUCATE
npoliecc nepesadn undopMalMu Mo KaHajgaMm 6e3 mamaTu. B pesynsra-
Te, MBI OLEHHM BO3MOXHOCTb Nepeiadd MHQOPMAIMM 0 KAHATY, T.€.
IPOIYCKHYIO CNOCOBHOCTb KAHAJA.

B IllennoHOBCKOH MOIey KaHaja CBASH uH(OpMAauys OZHOTO HC-
To4YHMKa (TepefaTYNKa) MepefaeTcs Mo KaHATY IDHEMHHUKY M BblIaeTcs
norpebutemo. s norpebureis uMeeT 31a"deHne TOJLKO BBIXOJ IPHEM-
HHKa, T.€. IPUEMHHK CaM SIBJISIETCH MCTOYHMKOM WH(OPMAIMY, TO3TOMY,



7.2. Jlsounnviii cummempuynnill Kanaa

MOJieilb CBSI3AHHBIX HCTOYHHKOB LIOJHOCTBHIO IIPUMCHMMAE K 1enouke [le-
peaarauk — Kanan - Ipuemimk (puc. 7.1). Ecnn nponcxoaur nepeatia
11POPMAIHH, TO CUMBOJIbI OJHOI'0 HCTOYHUKA JOIKHbL OKA3BIBATD BJIMA-
HHUE Ha CUMBOJIBL JIPYTOro uCTOYHHKaA. B KadecTse mpuMepa paccMOTpHM
JBOMYHbIC CHMMETPUYHbIE KaHAIbLI Oe3 maMsiTy.

7.2. [1BOMYHbBIA CUMMETPUYHBIA KaHan
/

Hsovrnsidl cummempuantiis xanaa (JJCK) siBngercs npoctefimuM mnpu-

MEPOM B3aUMO/ICHCTBUSA /IBYX JIUCKDETHBIX UCTOYHUKOB 63 naMaru. On

SIBIsIeTCH AMCKPETHOH ABOMYHON MOIENbIO Lepeaadr MHGOpManum no

KaHAJy C aJUTHBHBIM O€JibIM TayCCOBCKMM IIyMOM (ABFLH).

3ameuanwe. [Ipu nposepre sfexmuerocmu GAZopumMMO8 NOMELOYCmMol-
“UB020 KOOUPOBAHUA, OAR PACYEMOB U MOJEAUPOBAHUA KAHAA0E CBA3U
memodom Morme-Kapao ycnewno npumeHanmcea ouckpemune modeau
KAHAN08.

JBoryHbIA CHMMETPHYHLIN KaHAJ OIIMCHIBAETCA C MOMOILBIO JUATDAM-
Mbl 11epexosios (puc. 7.2). Ha nuarpaMme peACTaB/IeHbl BO3MOXKHBIE I1e-
pexobt ABoudHbIX cuMBOonoB (0,1) ucrounuka X B ABOWUHBIE CHMBOJISI
ucrounuka Y. KaxkioMy nepexo/ly IpUMIIMCaHa HepeXOnHasl BEPOSTHOCTD.

HUcrounux X l-e Hctounug Y
Xt » »
£
£
X2 Loe Y2

Puc. 7.2. [luarpamMma nepeiaus JaHHBIX 10 ZBOMYHOMY CHM-
METPHYHOMY KAHAJY.

U3 puc. 7.2 BugHo, 4T0 0mINOGOUHEIM MEPEXOAaM COOTBETCTBYET Be-
POATHOCTB €, IOITOMY, OOBIYHO [OBOPST, YTO NPHU Nepelade JBOMIHOH
ungopmanyuu no JCK, omubka IIPOUCXONUT C BEPOATHOCTHIO £. DKBUBa-
JIEHTOM JMarpaMMbl [IEPEXOJIOB sBJseTcs MaTpuua kauaja. Oxa coxep-
KMT Nepexo/IHble BEPOATHOCTH H ABJISIETCS CTOXACTHIECKOH MATpHLEH, y
KOTOPOH CyMMa BCEX.3JIEMEHTOB KAXKJIOM CTPOKH DABHA €/IMHHIIE.

Mampuya xaraaa ¢ BXOAHBIM aJ1(HaBUTOM, COCTOAIMM U3 M CHMBO-
JIOB Z; M BBIXOAHBIM ajKpaBUTOM, COCTOSHIIMM M3 N CHMBOJIOB ¥j, CO/lep-
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JKUT BCe Tiepexojiibie BepositHocTH P(y;/x;) n umeer Buj

p(yi/x1)  plye/xz1) -+ plyn/z1)
Pyx P(ylz/xz) P(y2:/$2) p(yN:/:L'2) . 7.1)
py/zm) ply2/zm) -+ plyn/Tm)

B ciyuae JCK umeem

CK 1-¢ €

PYY = ( . 1. ) (7.2)

Us CUMMETDpUH TIepexXoJ0B CJIeAYyeT, YTO DaBHOMEDHOE paclipele/ieHue

CUMBOJIOB Ha BXO/IC KaHaJla BJIi€e4YeT 3a coboii PaBHOMEPHOE pacnpeje-
JICHMC BbIXOJAHbLIX CHMBOJIOB.

Buinmem YC/IOBHBIE H B3aWMHbIE nH(bopmaunn BCCX BO3MOXKHbIX 11ap

: CO6I>ITPlﬁ, npearnoJiarad paBnOMCpuoe pacrpcie/ieHue BXOAHBbIX CUMBO-

aoB. Jasa JJCK nmeem

Hyi/z1) = —logyplyi/z1) 6ur = —logy{l —¢) 6ur
Ign/a1) = —logplyn/z1) Gur = —logye Gur 3
I(y1/z2) = —logyp(y1/xz2) Our = —log, e Gur ’
I(y2/z2) = —logyp(y2/x2) 6ur = —logy(l —¢) Gur.
Orcrona creayer \ '
ply1/71) (1-—¢)
I{(xy; = logy, ———=6ur =lo =(1+1 1 —¢))o
( 1 yl) g2 p(yl) 4} B2 1/2 ( 0g2( E)) nT
;D(yz/ ) = (1+ logy €) 6ur (7.4)

I(@1;2) = logy " 25t 6ur = logy 15 1/2

p(y1/x2)
I{xy; = logy ——— 6ur = lo 1+ log, &) Gur
(z2;91) g2 p(y1) €2 775 1/2 = ( 82 €)

I(z2;y2) = logy p~———(;/§ ;3_2) 6ur = log, (11 7 )

= (1 + logy(1 — &))6uT.

PacecMoTpuM Tpu 0cobbIx ciyvasi

1. £ = 0 (nepepaya Ges omubok)
I(z1;91) = I(z2;92) = 1 ur.
Jpyrux B3anMubix uHpOpManuii He  CYLIECTBYET, TAK KaK Mapbl
B3aMMHBIX CHMBOJIOB (Z1,Y2) U (Z2,y)) HAKOL/IAa HC MOI'YT MOSBUT-

cst. Undopmanus nepejiaercs ot ucrounuka X Kk ucrounnky Y 6es
10TEPb.



7.2. Jdsouunnidi cummempuyunsiti xanaa \\\7)

2. € =1/2. Jins Bcex nap cuMBOAOB (I;,y;) UMeeM

1/2
I(Ii;yj) = 10g2 m our = 0.
Ucrounukn X it Y wesasucumbr. Ilepesaun nudopmanuu ;;é npo-
HCXO/IMT.

3. € = 1. B 35TOM cityvae wii KaKue-TO BePOATHOCTH LCPEITy TAlbl, I
MBI IZIe-TO NOJHOCTbIO 3abiykuacMcs. O6Hapyxus toT dakT u
IIPOMHBEPTUPOBAB [IPUHATBIC CHMBOJIBL ¥, Mbl IPDHAEM K LIEPBOMY
CIIyuao. '

B zakmouenun pacemorpum nosejienne yeaosroit I(y;/z;) = I(y1/x1)
n ssaumuoll I(y;;x;) = I(y1;21) nndbopMammit B JICK kak dynkumit
BEPOATHOCTH OLUMOKH €.

Iepeaannas Heonpeaenennocts
nupopMama BHOCHMasn KaHanoMm
T T Y
T(xiy1) |
e A~ B
0.4 5
02
0

Puc. 7.3, Yenopnas I(y1/x1) u Bsammaas  undopmanms
I{ys; £1).

Veaopnyto unidopmanuio I(y;/x;) MOXKHO pacCMaTpUBATL Kak HEOIpe-
JIC/IEHHOCTL, BHOCHMYIO KaUAJIOM, a B3aumuylo wHdopmammio I(y;; ;)

Kax uHpopMalIo, lepejaBaeMylo 110 Kanauy. IIpu iepejaie oaHOro
/IBOMYHOIO cuMBOoJIa € = 0, undopmauus nepejactes 6e3 1OTEPD, 103TO-
sy I(yi/x;) = 0, a I(y;;2;) = 1 6ut. C pocTOM BEPOSTHOCTH OMIMOKH
£, HEOUPEAeJICHHOCTh, BHOCHMAs KAHAJIOM, BO3PACTacT, a MepeiapacMas
uidopmanust, HaobopoTt, youiBaer. IIpu € = 0,5, nepenata nHdopmalmu
otcytersyet, nostomy I(y;/zi) =1, a I(y;; z;) = 0. Cymma ke ycnoBrOR
I(y;/x;) u s3ammuoit I(y;;z;) uHdopMaLun He 3aBHCUT OT € M BCersa
paBHa OJHOMY OHTY.
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7.3. Mepepava undopmaywmm

Tlocne paccMOTpeHust OTACIBHBIX 1A COOLITHI B NIPEJLLYILICM pasieile,
BepHeMCH OlIATh K Mojiesiu iepesayun nadopmaunu. Ha puc. 7.4 nokasana
HCXO/IHAS CUTYAIMS.

Onucane KaHaja ¢ MOMOLIBIO IIEPEXOIHBIX BECPOSITHOCTEN CBOJIUTCH,
B KOHEYHOM CYeCTe, K COBMECTHBIM BEpPOATHOCTAM uap coberruit. C 3Toit
TOYKH 3peHUsi, 064 UCTOUHHKA B MOJCIIH lIePe/Iadl HHGOPMALMKH PABHO-
3HAMHbI, [I03TOMY 1I0APa3Ae/ISTh UCTOYHHKH HA ICPEJATYHK U IPHEMHHEK,
uMes B BH/IY HalIpaBJieHHe epeasn HHDOPManuH, 34¢ch U B JAaJbHe-
IeM He BCer/Ia UMEeT CMbICHL.

HUcrounux Hetounnk
X - Y

Angasur VYcii0oBlble BEPOATHOCTH Andasur
X = {x), X2 Xug} PO x) v plal y) Y={y, y2,.... ¥}
Bepoatiocts plx;) Bepostriocts p(y;)
: COBMECTHAR BEPOATHOCTb
plx.y)

Puc. 7.4. [1pa AMCKpETHBIX MCTOMHUKA 6C3 MAMSATH, CBA3aHHLIE
KAHAJIOM.

B rnaBe 4 (cm. Tab. 4.3) coBMecTHas SHTPOLHs JABYX HCTOYHHMKOB
onpe/ieneHa KaK MaTeMaTHUIeCcKoe oykuaaHue HHGOPMaLuK BCeX BOZMOXK-
HBIX nap coBbITHH

X Y) = —Zzp(w y) og p(a,y). (7.5)

~

Touno Tax ke onpenendaercs yCJIOBHAA IHTPOIIMS

Y/X) Z Zp z,y) logz p(y/z)

H(X/Y _
Gur

(7.6)
~ > > p(w,y)logy p(/y).
X Y

U3 aroro cnenyer

H(X,Y)=H(Y)+ H(X/Y) = HX)+ H(Y/X) (77)

H(X,Y) < H(Y) + H(X), (7.8)



7.3. Ilepedasa undopmayuu \)
HpHUUeM, 3HaK PAaBEHCTBA HMEET MECTO TOJILKO JIJISi HE3aBUCHMBIX MCTOY-
HUKOB.

B ciyyae ByX HCTOMHHKOB, CBSI3AHHBIX KAHAJIOM, COBMECTHAS HeOIpe-
JEJICHHOCTh CHHXKACTCH, TAK KaK COOLITHE OQHOrO MCTOTHHKA 103BOJAET
3apaHee IPeIIONaraTh COBBITHE APYroro MCTOYHUKA, C TOYKH 3pPCHUA
Teopun UHGOPMALVH, CHUXKEHUE HEOlIPE/IeTIeHHOCTH 03HauaeT 0OMeH HEH-
dopmanueit Mexx 1y HCTOYHMKAMHE, Paccyskjast aHaNOruIHO, TPUXOMMM K
BBIBOJLY, YTO CpeAHce 3HadeHue HHPOpMaIluH, IepeJaBacMoll 110 KaHATY,
Olpe/ieNsieTC KaK MaTeMaTHYecKoe OXKHaHUe B3auMHBIX uHopManuii
BCEX map COGBLITHIA

Cpeasiee 3snavenvie nngopManim, KOTOpbiM OOMCHUBAIOTCA JBa JUC-
KpeTHbIX UCTO4HKKa Oe3 namsty X u Y, pasuo

LEY) 55 o, p)tog, k)

X 7 ()
=Y plz,y)log, pla/y)
<5 p(z)

Sameudanue. Ubpamume SHUMAHUE HA 3HAK «<MUHYCH> 6 A€E0T YACTIU
DAGEHCNGA U 3NAK «NAI0C» NEPed NPasoti HaAcmvio.

(7.9)

U3 oupeaencaus nepejiaBaemoil uudopmanuu ciaenyer

AXiY) ZZP z,y) logy p(z/y) —

614 T

—

—H(X/Y) bur
= logy p() Y p(z,y), (7.10)
X Y
(N —
p(x)

o ——t

H(X) but

4, I03TOMY,
I(X;Y) = H(X) ~ H(X/Y) = H(Y) - H(Y/X). (7.11)

B 3ToMm MecTe onsiTh BOZHMKAET BOIIPOC O CYIMHOCTH aKCHOMATHYECKOI'O
OoupeneeHus IHTPOINUH. B kagecTtse «ﬂpO6HOI‘O KaMH#» JOKaXXEM CITpa-
BEIJIMBOCTL CJIEIYIOUIErO yTBEPXKIAECHHSA.
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Teopema 7.3.1. [lepenapaemasn undopmauus I(X;Y) scerjia Heorpu-
IATC/IbHA, LIPHYCM, OHA PaBHA HYJIO TOJLKO /YIS HE3aBHCHMBIX HCTOY- -
nukoB X u Y ,

I(X;Y)>0. (7.12)

JokazarenbcTBO.

[Ipu goxaszatenbeTre GyaeM ucxomuTs u3 onpeieaenus [(X;Y) u ne-
HOJIL3YeM TPH lpHeMa. Bo-1epBbiX, BOCHONB3YyeMCst OLUEHKONR (DYHKIMU
HaTypanbHOUro jiorapudma (2.19). Bo-sropeix, 6e3 orpanndenns obuino-
cru 6yieM paccMaTpPUBATh TOJbKO TaKue Iapbl CHMBOJIOB, BEPOSTHOCTh
KOTODPBIX OTVIMYHA OT HyJs. B TpeTbux, B aprymenTe slorapudbMutccKoii
byukuuu g3 (2.19) HoMeHsieM MeCTaMH YUCIUTCIb U 3HAMEHATENb, ITO
3KBHBAJCHTHO YMHOXKEHUIO jiorapudmudeckol GyHKIUH Ha MuHyc 1, Ho-
ITOMY, HAM ,JIOCTaTO‘{l{O JIOKa3aTh CIIPABEJIMBOCTh HEDABEHCTBA

—IX5Y) ZZ]) z,y)ln ( ) <0. (7.13)

HaT / )

Tax kak, B CHily CUEJIAHHOrO. HAMH OTPAHUYCHHS!, CyMMbI BEPYTCS TONBKO
1o napam (x,y), Wist KOTOpsIX p(z,y) # 0, apryMedT sorapud>mMuueckoi
p(z) ;
HKIHH BCELJa UMeeT OTVIHYIOE OT HYJs KOHEUHOE HOJI0KUTCTb-
bynxn p(z/y) A - oc ¥ ’
- HOE 3HAYEHHE, ITOITOMY, UCHOoNb3yeM oucHky (2.19)

—I(X Y) p(z)
HaT ZZP y)[ (x/y) l] -
p(z, y)p (z) _
= ZZ (z/y) ZZp(z y) = (7.14)
N —

X Y

p(z)p(y) 1

Ecan 661 (7.12) He BLINOMHSNOCH, liepeaalla HHQOPMALIUH HE CHHXKAIA
6bt 3UTpONUH (T.€. ONPEACICHHOCTh HCTOYHMKA He MOBBILAJIACH Gbl).

To, uTo nepenaunas undopmaius BCerAa HEOTPUIATEILHA U BCE-
ria cnpaBefuBbl pasencTsa (7.11) u (7.7), numnuil pa3 HoATBEpK €T
CIPABEJIHBOCTD CJIEAYIOUINX YTBEPKJICHHH:

JT1o6oe orpanuyeHne He MOXET OBLILIATL HEOUPEAETIEHHOCTh HCTOY-
HHKa

H(X) > H(X/)Y). (7.15)



7.8. Ilepedana ungopmavyuu

CosmecTHaA SHTPOMUA AOCTUTALT CBOSIO MaKCHMYyMa, KOTa WCTOY-
HUKH HEe3aBUCHMBI

H(X,Y) < H(X) + H{Y). (7.16)
Haﬁ,ﬂeﬂﬂble 3aBHCHUMOCTU MOXKHO HAIVISLJIHO MNOSICHUTH IIpA MIOMOUTH

JTMarpaMMbl TOTOKOB nHpopMauu (puc.7.5). JuarpaMma IOMOraeT ysic-
HUTB CMBICH ycnoBHbix suTpomnit H(X/Y) u H(Y/X).

Yreuka nadopmaiiun

HOOY)
DHTPOMNHKA Ha )
Bxozne Tiepenannas undopMauns HTpOnHs Ha
kaHana H(X) BHIXOZE
H(X)-BX/Y)= I(X; Y)= H(Y)-H(Y/X) ' xanana H(Y)

H(Y/X)

TNocropouHss HHpopMaLHz

Puc. 7.5. JuarpamMa na¢OpMaugOHHEIX TIOTOKOB.

H(X/Y) - onipenensier cpejHION MEPY HEONPEAEIEHHOCTH NOCIAHHO-
['0 CUMBOJIA HCTOYHHKA X B TOM C/Iy4ae, KOTA2 CHMBOJIbI IPUEMHUKA HC-
TOUHMUKA Y M3BECTHBI, T. €. OCTABIIYIOCS HEOMPEJEIEHHOCTh IPUEMHHUKA.
Benuuuny H(X/Y) yacTo Ha3blBAIOT TAKXKE «yTedKOM» MHGOPMAIHY,
Tak Kak 3HTpormuio H(X) MoXHO MHTEPIpeTHPOBATL KakK COGCTBEHHYIO
ungopmammio ucrounnka X, H(X) = I(X; X). B 6ecurymaom Kanaje
H(X/Y) = 0 nudopmanust nepejjaercs oT UCTOYHEUKA X K MCTOYHHKY
Y u ob6patro 6e3 noreph (6e3 «yreuku»). Ecim KaHas NOJHOCTBIO 3a-
mymsen, To H(X/Y) = H(X) n nukaxoél nepeaauu ungopManuy He
IpoMCXOJIAT («yTexaeTs Best uHdopMauys ).

H(Y/X) - oupenensieT CpeHICIO HEOIPEAC/EHHOCTD IPUHATOrO CHM-
BOJIa ITPA M3BECTHBIX MOCTAHHLIX CHMBOJIAX, IOITOMY €€ Ha3bIBAIOT «II0-
CTOpOHHElT» 1yMoBO#i HHbOpMalMed.

[epenaty ungopmalmy 1Mo 32MIyMICHHOMY KaHAJIy MOXKHO PaccMaT-
PHBATh KaK CEPHIO CIIyYaitHbIX IKCLIEPHMEHTOB, KOTOPbIE CLIOCOGCTBYIOT
CHIDKEHHIO HeonpeleneHnocTd. C TOUKH 3peHust Teopuu undopManny,
KAHAJI ABJISETCH MCTOYHMKOM LIYMOB.
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Ipumep: epe/jaua nHGpOpMaLAN TI0 JBOMYHOMY CHMMETPHYHOMY
kanasy (JCK). :

Iosichum uzuveckuit cmbicn senuuunbl I(xz;y) na npumepe JCK
(puc. 7.2). Ias JIBOAYHOIO CHMMETHYHOIO KaHAIa UMEEM

2 2

I(X,Y)

) =35 sty ) log, P{U/%8)
1j=1

Py (717

Kak Buaum, {{X;Y) 3aBHCHT TOJILKO OT jBYX IAPAMETPOB — Bepo-
ATHOCTH OINHOKH B KAHAJC M BCPOATHOCTH IOSBJICHMS CUMBOJIA T; Ha
Bbixoje kanasa p(zi). IIpu 3TOM BBILIOHSIIOTCS CHCAYIONHE BHIPAXKEHHS]

p(z1) =puplr)=1-p

Py /1) p(yz/xl)) (1 —= e )
P, = = 7.18
x = (inde o) = (27152) @9
pyi) =1 -ep+e(l-p)uply)=1-p()
plziy) = ply;/zi)p(@i).
e n =0
(X, T1 nepenaya 6e3__ | 505
6 b s
uT o8 oumbok HXy -
A 0,1
08 A i
. Y/ 10,2
L
0.4 / /
y/ 4V
/4 g 0.4
02 % 0GMen uropMatiker |
{7 orcyretayer g ¢
°o 0.1 0.2 03 04 p—» 05

Puc. 7.6. Ilepenaua undopmMauyy 1o JBOMYHOMY CUMMETPHY-
HOMY KAHAJy C BEPOSTHOCTHIO OWMOKM € IJs pas-
JIMYHBIX 3HAYEHUH BEpOATHOCTHM CHMBOJA HA BXOIE
KaHaJa. p.

PeaynbraTe! serancienuit ans [(X;Y) npu pasmuuHbix p U € npes-
CTaBieHBl Ha puc. 7.6 B Bujie cemelicTra kpusbix I[(X;Y) = f(p) npu
e = {0.05,0.1,0.2,0.4,0.5}. B xanane 6e3 wyma £ = 0 nepesada HH-
opmanyn npoucxomnt 6e3 uckaxkennit u uxpopmanua I(X;Y), B srom
caiyuae, pasHa suTponun H(z) Ha Bxoze Kanaja. C yBeaudeHHeM ypoBHS
IIyMa, BEPOATHOCTb OWMOKHM € MOBBIIAETCA, & KOJTMYECTBO NepeaHHOM



7.3. Ilepedaua ungopmauun, \\\D

uHdOPManUY CHUXKAETCs, TIPUYEM, OTHOCHUTCIALHO MaJjibifi ypoBeHb Hiy-
Mma € =0, 05 npmBonuT x 3amernoMy cHuxenuio I(X;Y'). B.uonnocrsio
3alIyMJIeHHOM KaHane € = 0,5 nepejada uudpOpMaiiii HEBO3ZMOXKHA.

UHTepecHO OTMETHTh, YTO Hpu (DUKCHPOBAHHBIX 3HAYCHHAX £, HH-
dopManma I(X;Y) cyliecTBEHHO 3aBUCAT OT BEPOSTHOCTH P HA BXOAE
kanajyia. [Ipu p = 1/2 yepes KaHa/l NepelseTCs MaKCHMAJbHOE KOJMde-
crpo undopMauuu: B pasnene 7.5, B xkoTopom OyseT BBEAEHO HOBOE NIO-
HSITHE — IIPOIlyCKHAsA CLHOCOGHOCTHL Kanasa, 910 cBoiicto I(X;Y) 6yaer
PaccMOTPEHO HOAPOOHO.

IIpumep: Cesizaltble HCTOYHUKH.

MbI XOTHM JOTIOIHHTELHO TOSCHUTD CMBIC/T SHTPOIMH 1A YHCIOBOM
upumepe. s 3TOro MBI OpeJIaraeM TaKyl0 KOHCTPYKUMIO CBSBAHHBIX
MCTOYHUKOB, B KOTOPOH BCe HHTEPECYIOLIHE HAC BEJIMYHHBI MOI'YT ObITh
JIOCTATOYHO IPOCTO MOACUYUTAHBI.

B rabmuue 7.1 3a5aH MUCKPETHBIA MCTOYHUK 0e3 MaMaTH Z C CHM-
BostaMu u3 andabura {0,1,2,3} 1 COOTBETCTBYIOMMY BEPOATHOCTAMH
cuMBOJIOB. Kax /bl CHMBOJI 2; KOIUPYETCsl JIBOUYHBIM KOJOM C LI€PBBIM
6UTOM Z; ¥ BTOPBIM 6ATOM %;. Mbl 6yneM uHTEPNpPETHPOBATL 3TH OGUTHI
KaK CHMBOJIbI JBYX CBSI3aHHBIX HCTOuHHKOB X H Y.

Tabauua 7.1. Mcrounuk Z u ero ABouvHOE KO/IHPOBAHME.

iz | pz(z) |
11o] 1/2 |o
21| 174 |01
3 1/8 140
1371 1/8 |13

Beinonante CJIE/IyI01lHE 33JaHUA:

1. Onumure ucroununku X u'Y;

2. YcraHoBuTe cBs3b MeXAy ucToyHHkamu X u Y B ¢dopme mone-
JIM KaHajla, B KOTOPO#M MCTOYHMK X SIBJISIeTCH BXOJOM KaHAIR, a
HCTOYHHKK Y — €ro BBIXOJIOM;

3. TlpueeauTe Ans 3aganus 2 AEarpamMmy HHGQOPMaAIMOHHbIX OTOKOB
W HAWJMTe JJIsi 3TOH AMarpaMMbl YHCJIOBhIe 3HAYEHHS SHTPOLHM;

4. Haiipure 3HTpONMIO UCTOYMHUKA Z;
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5. Beinonuure 3aganust 2 U 3, CYUTAd HCTOYHUK Y BXOJOM KaHAJIA.

Peimmenue.

1. Haunem ¢ oumcanus ucrounuxkos X u Y. O6a UCTOUNHKE ABJIS-
I0TCs IUCKPETHBIMK UcTounukaMu Ge3 mamaru. cnonp3ysa Tabmuny 7.1,
HaiiJieM pacrnpejesicHue BeposaTHocTed cumBosyioB 0 ¥ 1 g/1st KaXkJIoro u3
HHX

A 3

px(0) =pz(0) +pz(1) = 7 u (7.19)

1

px(1) =pz(2) +pz(8) = 3

5
py(0) =pz(0) +pz(2) =3 n (7.20)

3

pv(1) =pz(1) +pz(3) = ¢.

Cornaco (2.34), SHTDOIHMU HCTOYXHHKOB PABHBL

H(X) 3 3 1 1
p—- = —Zlogz (Z) - Z IOg2 (Z) ~ 0,8113, (721)

(Y) 5 5 3 3\

2. Mosenb kaHajia npejcraBisgeT coboi JBOMTHBIN KaHaX € CUMBO-
JIaMM T] W T Ha BXOJle U CUMBOJIAMM ¥ U Y Ha Bbixoge. Kanan moxer
6bITE 3388 MaTPHIEl TIEPEXONHEIX BeposiTHocTel (7.1), comepaxainelt Be-
posithoctH p(y; /x;). V3 (7.19), (7.20) u rabampt 7.1 cneayer, ato

Py (0/0) = 25X ((0’0)' - Iff(((g)) - 31% _
=Pt 581
Py/x(1/0) = P’;;;((g’)l) = ﬁj% - ;_% -
Pox(it) = Dl - B8 8

(7.23)

2
3
1
2
1
3

B pesyasrare nosry4um MaTpHily NepexoAHLIX BEPOATHOCTEH KaHaJla

Py/x = ( f;g i;g ) (7.24)
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3amevanue. Kak u c1ed06a.40 0orcudams, MAmMpuya A6AREMCA CMOTA-
cTuNeCKol, Max XaK CYMMa 8epoamnocmets 8 KaxHcooli ee cmpoxe pasHa
edunuue. :

HUcrounnx X n Mcrounnk ¥
0 0
173
12
1 V7l 1

Puc. 7.7. [Bonynniit xanasn.

luazpammm KaHGAG C BEPOSTHOCTAMH IICPEXOI0B (IPHBE/CHA Ha PUC.
7.7. MOXKHO 3aMCTHTb ee Cx0CTBO ¢ auarpammoit (puc. 7.2). Oxgnako, B
HHICM HPUMEpE, Y2Ke Hejlb3si TOBOPUTH 00 owubkax B Kanaje.

3. [nst mocrpoenusi quarpaMmbl UH(OPMAIMOHHBIX HOTOKOB 1€00-
xoaumo 3uanue senuunn H(Y/X), H(X/Y) n I(X;Y). Tlo u3BecTHbIM
IICPEXOAHBIM BEPOSITHOCTAM MOXHO BoiunciauTh H(Y/X)

6ut ’
~ pz(2)loga py;x(0/1) — pz(3)logy py/x (1/1).

IIO,ILCT&BJ'IHH YHUC/IOBbIE€ 3HAY1€HUA, HAXOMHUM

HY/X) 1 2\ 1 1\ 1 1\
2R 2 )2 2y o2 Yo (726
eir .~ z82(3) " gloe2(3) ~gloe=(3) (7.26)
1 1
~5 log; <§) ~ 0,9387.

Bemuunam I(X;Y) u H(X/Y) Moxuo Haiirn uz (7.11).
JuarpaMma WHGPOPMAUMOHHBIX NIOTOKOB IIpeJCcTaBjieHa Ha puc. 7.8.

YTeuka nudopmaitnn

H(X7Y) = 0,7956 6ur

HTpOnHA Ty Surponus
H(X) = KX:Y) = 0,0157 Gur H(Y) =
0,813 6ur . 0,9544 6ur

ﬁonopoumm nndopmanua H(Y/X) = 0,9387 6ur

Puc. 7.8. JuarpaMMa MHGDOPMAUMOHHLIX TIOTOKOB CBA3AHHBIX
MCTOYHUKOB.
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4. DHTPOIUS UCTOYHUKA Z PaBHA

HZ) 1 1\ 1 1\ 2 1
== ) [ Y -Ziogy (=) =1,75. (727
6uT 3 182 (2) 11082 (4) g %82 (8) L75. (7.27)

TTosyueHHbIM PE3Y.IHTATAM MOXHO JIaTh CIICAYIOUYI) MHTEPHpEeTaIMIO.
SHTPONNS UCTOUHUKA Z PaBHa COBMECTHON SHTPONMK JHROMYHBIX HCTOH-
s#ukoB X u Y. Durpouns ucrouduka H(X) pasna 0,8113, ocranbhble
0, 9387 6ur BrocuT ycnoenast surpounst H(Y/X) cornacuo (7.7).

5. Ilo anajgorumn ¢ 3aJaHneM 2, HAXO4UM

R N
o -
-2 218
H 110,TyaeM MATPHIy KaHAIA
PY’X:(;% i§g> (7.29)

HuarpamMa KaHaIa M JHarpaMMa uHGOPMALMOHHbBIX IOTOKOB II0Ka3aHbI
na puc. 7.9 u puc. 7.10.
Herounnk X a/5 Hcrounux ¥
0 0
23
15 0
1 1

Puc. 7.9. JAsonuHblit KaHal.

Yreuka undopmauny
H(Y/X) = 0,9387 Gur

DHTpOITHA Ha
Bxone

SHTPONUA Ha
BLIXOZE KaHana

KaHana - T
HY= KX;Y)=0,0157 64t H) =
0,9544 Gur 0,8113 Gur

Tloctoponnas wxdopmaiuus
HX/Y) =0, 7956 6ur

Pnc. 7.10. AnarpamMma ndopMAnMOHHEIX OTOKOR.



7.4. Bueodu

7.4. Beisoab!

Bce oupesicnenus u BesMuMHbL, PACCMOTPEHHbIE B LPE/IBLAYIIEX Dasie-
nax, o6obiuens: B Tabmuuax 7.2 u 7.3. Crefyer 06paTuTh 0c060e BHUMA-
HUe Ha Mepexolbl OT TEOPHH BEPOSITHOCTEH K Teopu uH(pOpMaiiu.

IIpu sTHX HepexoAax BBHIXOAHBIE CHUMBOJIbI JUCKPETHBIX HCTOYHUKOB
6€3 MaMsiTH PACCMATPHBAIOTCS KaK UCXOAB! CIIyYaMHLIX SKCIEPHMEHTOB.
B cooTBeTcTBHEI C BEPOSTHOCTSMH 3TUX HCXOA0B, KAXKIOMY CHMBOJLY IIDH-
NHCBIBAETCS HEKOTOpasl uH(pOPMAIlMOHHAA Mepa, paBHasa Jiorapudmy Be-
POSITHOCTH €I'0 NIOAABJICHUs. 38METHM, YTO BEPOSITHOCTH CHMBOJIOB MOXKHO
paccMaTpUBaThH KaK CTOXACTHYECKHE NepeMeHHbIE.

Ilpu nepexosie OT BEPOATHOCTEH CHMBOJIOB K HX HH(OPMAIMOHHOMY
COllep2KaHHUIO, BBOAUTCS HOBAS BEJIHYMHA, HE UMEIOLIAs AHAJIOra B TEOPUH
BEPOHTHOCTEH — B3auMHast HHGPOPMAIHsl, KOTOPasl BOHUKAET [IPU AHAJIH-
3¢ map COBMECTHbIX coObiTuii (,y). Baumnasa undopmaius onpeues-
eTCA KaK JIorapidM OTHOLICHHS AlOCTEPHOPHOH BEPOSITHOCTH CHMBOJIA i

p(y/x) K ero anpuopHo#t BepoaTHOCTH P(Y) M CILyKUT HHGOPMAIMOHHON
MepOif CRAZHOCTH JIBYX cOOLITHH.

J1A OMHUCAHUST MCTOMHHKOB WCIIOJIbL3YIOTCH cpe,zume 3HAYEHUS UH-
dopmalmii CHMBOJIOB, PEHEPHPYEMBIX UCTOYHHKOM. Takum obpasoM, BBO-
JAUTCS TOHSITHE SHTPONAHM KaK MATCMATHYECKOr0 OXKHUJIAHUsT KOJINYECTBA
MHGOPMAIMH OTHEIBHBIX cobbiTHil (CHMBOJIOB) Wi map cobniruii. Tlpu
3TOM, 0co0yI0 POJIb UrpaeT B3aMMHas nHopMmalusi. Ee MmaTemaTudeckoe
oxuganne 1(X;Y) aBnsercsa Mepol nepesapaeMoit uudoOpMaUMK U Xa-
PaKTepH3yeT CBS3b MeXJy JByMs ucTounukamu X H Y, T.c. onuChiBaeT
CpejiHée KOJIMYeCTBO MH(pOpMaLUH, KOTOPOH OOMEHHBAIOTCH MEXJIy CO-
00t MCTOYHUKH 110 KaHayy cBsisd. OCHOBOMNOJIAIAIONIEE 3HAYEHUE BeJTH-
unnbl I(X;Y) 6yner noapobHO packphITO B CIEAYIOMUX Pa3je/ax.
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Tabsmua 7.2. Inckpernble ncrounnku 6e3 namsitn X 1Y ¢ cum-

posiaMu = € X =
JYN}-

{y1, 92,

{z1,22,....zmM} vy € Y =

Teopust BeposiTHOCTE#H

Teopust undopmanuu

BeposTHOCTL OTAENBHOTO CHMMBOJIA
{antpuopHasi BEpOATHOCTb)

Nudopmanus otnenbroro cumsoia

I{z) = — log, p(x) 6ut (7.30)
p(z)
CoBmecTHasl  BepOATHOCTh  AByX | Vudopwmaiusi uapbt CHMBOJIOB
CUMEBOJIOB
p(z,y) I{z,y) = p(z,y) 6ur (7.31)
Ycaosrast Bepoﬂ’I‘HOCTb (auoCTepn- Ycnosaas undopmaumsa
OpHAst BEPOSTHOCTh)
I(x/y) = —log, p(z/y) 6ur (7.33)
plz/y) = pz,y) (7.32) I(y/x) = — log, p(y/x) bur
»ly) :
; p(x,y)
z) = ===
p(y/x) p(z)
Bsanmuasa nndopmauus
I(zy) =
= log, anocTepuopHas uHOD. 6T —
anpropHas uHbopM.
(7.34)
p(z/y) p(z/y)
=log [§ 6
% p(z) (x)

O6o3Hauenus
p(x) = Px(z:) s . € X

p(z/y) = Px/v(zi/y;) mazi € X

ny,-eY

Zm Z&m
Z p(y Z Py (y.

Hekoropbie BaxHble COOTHOIEHNS, HC-
N0JIb3yeMble I PacHeTOB

@) =1; 3 ply) =
X . Y
S ¥ by =1
X Y
Y o p@y) =p(=); Y plz.y) =p()
Y X
Soplz/y)=1; Y pla/y)=1
Y X
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Tabmuna 7.3. Onucanne «B CpefHeM» AMCKPETHbIX HCTOYHU-
- Ko 6e3 maMATH ¢ cumBojamMu r € X =
Az, ze,. . zmluyeY = {y1,v2,...,un}

5 . H(X) ==Y p(z)log; p(x) 6ur (7.35)
HTPONUA X

H(Y)= =" p(y)log; p(y) 6ur
Y

CoBmecTHast SHTPOIIUS H(X,Y) = — Z Zp(% V) log, p(z,9)  (7.36)
X Y

H(X/Y)=-3"% plx,y)log,p(z/y) (7.37)|
X Y

VYcnoBuast SHTPONHA

H(Y/X)= =33 p(z,y)log, p(y/)
Xy

I(X;Y) = (7.38)
Tlepenaua wndopmauu anocTepHopHas Bep. _
Z E p(,9) log, anpHOpHas Bep.

= Z Zp(z,y) log, p(’E/)) 6ut =

= Z Zp(r y)log, & (a(:/ ;j) 6nT

Hekoroprie saxkueitimne
3aBHCHMOCTH (3nax .
pPaBEHCTBa  CIPABEIJINB H(X) > H(X/Y)n HY) 2 HY/X) (7.39)
TOJBKO JJisi HE3aBHCH-

MBIX MCTOYHUKOB) H(X,Y) H(X)+ H(Y/X)= (7.40)

H(Y) + H(X/Y)

H(X,Y)=HX)+HY)-IX;Y) (141)
H{X;Y)>0 (7.42)
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7.5. INponyckHaa cnocobHocTs kaHana

Besmunna [(X;Y) urpaer ocobyio posib B Teopun uaOpMaumy 4 olu-
ChIBACT Lepeaady nudopManiy no Kanaty csssu. Vs onpeaenenys (7.9)
cnenyet, uro I(X;Y) 3aBuCUT Kak OT NIEPEXO/IHBIX BEPOSITHOCTEH KaHa-
JIa, TaK U OT PaclpeleieHusi BCPOATHOCTEH CMMBOJIOB Ha BXOJ€E KaHaJIA.

Jist paibHeRINX paccy kK IeHuHi PACCMOTPUM JIMCKPETHbIA KaHan be3
TAMSATY ¢ PUKCHPOBAHHBIMU TTEPEXO/IHBIMU BEPOSITHOCTAMH M 3413 HM-
cs1 BompocoM: Kakoe MakCHMAaJIbHOC KOJIMYCCTBO mubopMaupm MOXHO
Hepe/IATh 110 JaHHOMY KaHairy?

Hponycmtaﬂ cnocobrocms KaHata ¢ 3a/lalHHBIMHA TICPEXOAHBIMA BEPOAT-
HOCTAMU paBHa MaKCUMYMY nepenaaaemoﬁ mi(bopmaunu II0 BCEM BXOJI-
HBIM pacIipe/IejieHudAM CHMBOJIOB UCTOYHUKA X

C= m)?xI(X;Y). : (7.43)

3ameuyanue. Pasmeprocmo nponycxnod cnocobrocmu - bum/cumeon.
Ecau, Hanpumep, no xanasy nepedeemcs 00uH CuMB0A 6 CEK, 0 MONCHO
MAKIICE 2080pUMDb 0 Pa3mMePHOCTIY Bum/cex. )

Tak Kak MAKCHMYM MIIETCS 110 BCEM JIOILYCTHMBIM BXOAHBIM HCTOY-
HHKaM, TO [IPOIIYCKHAH CIIOCOOHOCTh 3aBHCHT TOJILKO OT HIEPEXOAHBIX Be-
POATHOCTEH KaHaJIa.

C MaTeMaTHYCCKOM TOUKH IPCHMS, NIOUCK IPOMYCKION . c110cOBHOCTH
JUCKPETHOro KaHajia 6e3 naMaTi CBOIUTCSL K MIOMCKY pacIipe,ieleHus! Be-
POATHOCTEH BXOJIHBIX CHMBOJIOB MCTOYHHKA, 0DeCledMuBalONICIo MaKCH-
myM uncdopmanyu I(X;Y). Ilpu 310M, Ha BepOITHOCTU BXOJHBIX CHM-
BOJIOB T € X HaKJIA/(bIBAIOTCA OrpaHHYeHHUd

‘ . 0 < p(z <1uZp (7.44)

B upunnune, onpenencHue Makcumyma I(z, y) npu orpaHnyenusx (7.44)
BO3MOXKHO 1IPY UCHOJB30BAHHH MYJIbTUILIMKATHBHOIO Memoda Jlazpan-
aica. OpHako, Takoe pemieHue Tpebyer upesmepHo Gosblinx 3aTpat. B
4aCTHOM ciiydae (CHMMETPUYHBIE KaHAJIbI) HAHTH HPOIYCKHYIO CNOcos-
HOCTb [IOMOI'a€eT CJleiyiommasi TeopeMa |10}, '

Teopema 7.5.1. B cuMMerpHyYHbIX AMCKPETHBIX KaHasiax 6e3 namsTu
IPONYCKHAsl CIOCOBHOCTL JOCTUIAETCA NIPU PABHOMEDHOM paciipe/ielie-
HHUHU BePOsITHOCTEH BXOJIHBIX CUMBOJIOB UCTOYHUKA X.

Bameuanue. B [10] npueodumca maxorce memod, nozeosmrousuts onpe-
deaums, AGAAEMCA AU KAHAA CUMMEMPULHBLM UAL HETN.



7.5. IIponycxnas cnocobrocmy xanaaa Hl\l)

7.5.1. IIponycxnas cnocobrocmsw

Aeounnsiti duckpemnvitli cummempuunnt xanaa 6e3 namamu (JCK)
OlIPEJEIsIeTCs ¢ IIOMOIIBIO MATPHIIBI EPEXOUHBIX BEPOATHOCTEN KaHasa
(7.2). EmuucrseHHbiM napamerpoM, xapaktepusyiommm JCK, spiger-
Csl BEPOATHOCTb OMIMOKU €. I3 paBHOMEPHOrO pacipeiesieHusi BXOAHBIX
CHMBOJIOB U CHMMETPHH TEPEXO/I0B KaHAa CJelyeT PABHOMEDHOE pac-
NPC/ICIICHHE BLIXOAHBIX CUMBOJIOB, T.C

p(z1) = p(z2) = p(y1) = p(y2) = 1/2. (7.45)

Ucnoawsys (7.9), nonyuaem

2 2 o
% D> plwi i) log % = (7.46)
i :

i

2. p(y;/x:)
2Dy 7 Tog, PAYi/ %)
% Ej p(x:)p(y;/x:i) logy (1))

TloacraBiids YHCIOBBIC 3HACHUS, UMEEM

6C = (1—c¢)logy(2(1 —€)) +clogy(2e) = (7.47)
HT :
= 1+ (1—¢)logy(l —¢)+2log,e.
—Hye)

Inmponua JCK onpenensiercs: yepes (2.32)

Hofe)- .
Hle) = —(1 — &) logy(1 — €) — elogy(e). (7.48)
6uT_ )
(OKOHYATENILHO 110/1yYaeM npotryckryio ciiocobnoctsb JICK B komuakTHOM
dopme ‘
CHCK = 1 6ur — Hy(e) (7.49)
UnrepecHBIMU SIBISIOTCS JBa rPAHHYHBIX CIIyYas:

1. Tlepenaqa undopMalyu no HeCUIyMHOMY KaHAJY:
Hy(e =0) = 0 u CPK =1 6ur.

2. KaHan noJIHOCTHIO 3aIyMJIEH:
Hy(e = 1/2) = 1 6ur u CACK =0 6ur.



@2 Tnasa 7. Juexpemusie xanaavt 6e3 namamu

7.5.2. IIponycxnas cnocobHocmb 060UMHOZ0
CUMMEMPULHOZ20 KAHAAG CO CTNUPAHUAMY

BaxkabiM yactHbiM ciay4daeM JICK sBasiercss deourumnili cuMmempuoill
xanar co cmuparuamy (JJCKC) unu ABOMYHBLA KaHAJ CO CTHpaHHs-
Mu (Binary Erasure Channel, BEC - anrn.). Kak u JCK, apouunsii
KAHAJl CO CTHPAHMAMH MOXET CJIYXKHTb YIPOLEHHOH MOJEIbIO nepeia-
4y MHGOPMAINHY 110 KAHALY C aJIUTUBHLIM GeJIbIM rayCCOBCKUM IIIyMOM
(ABT'1). MIpaBuno upunsarus pewenus 8 JJCKC npuseseso na puc.7.11.
W3 pucyHKa BHAHO, YTO HAPsJly C PEMICHUAMH O NCPEJaHHOM CHMBOJIC
«0» wimm «1», 3mech MHOrJQ NPUHUMAETCS PelleHHe 0 CTHPaHUH NMPHHS-
Toro cuMeosa «e»(Erasure-anri.). Ctupante IIPONCXOAUT B CIydae, €c-
JI¥ [IPOJIETEKTHPOBAHHbIA AHAJTOrOBbIA CHIHAJ V 1ONaIaer B 30HY, s
KOTOPOH 3HaYEHUs YCJIOBHBIX (DYHKIMHE INIOTHOCTH DAcHpeJesIeHUsi Be-
positHocteit f(V/0) u f(V/1) okasbiBatoTcst Gnu3kuMy K HYJIIO.

Avi0) fFln)

-A A o

- " < ———
<

,,0“ " I

TepenanHblii cuMBON

Puc. 7.11. Ycnosuble GyHKIMK IJIOTHOCTU pacnpeieeHns Be-
POSAITHOCTEN NPOAESTEKTHPOBAHHOIO CMTHAJNIE U 00-
JIACTH NPUHATUSA pelleHHH.

3ameuanne. B 060u¥HOM KAHAAE CO CTMUPAHUAMU, BMECTO OOHOIHAUHO
€HCECTNKO20» PEWLEHUR O NPUHAMOM cumeoae «0» uau «1» npurumaem-
CA, AKX HA3LBAEMOE, <MAzKoe» peuwenue. B amom cayuae, mb donoa-
HUMEADHO UMEEM HEXOTNOPYI0 UHGOPMAUUIO 0 HAOEHCHOCTNU NPUHAINOZ0
deounno20 cumsosa. B ceasu ¢ smum, 6 merrnuxe nepedanu JGHHWIT,
2060PAT 0 MPUEME C <HCECTIKUMD U «MAZKUM> pewetuem. «Mazroes
PEWEHUE 8 COMEMAHUY C NOGTOJAUUM KOOUPOBAHUEM UHPOPMAYUY 103~
B0AAEM 6 HEKOMOPHLL  CAYUAAT OCYUECTEUMDL Gosee HAOEHCHYIO nepe-
dauy dannvir. O0un U3 NPUMEPOS UCTIOADIOSGHUA «MAZKOZ0> DEUEHIUA
MONHCHO HATUMU 60 6TNOPOTL “aCTRU 3MOT KHU2U.



7.5. Ilponycxnan cnocobrocinb Karana fo\.")»

Hctouunk X v I HUcrouunx Y
P-q9 yi=r0"

X|=“0“ p
q 66 6d

Ya="¢

X1 7

Py
1-p-g

Puc. 7.12. /IsouyHblii cMMMETPHYHEI KAUAT CO CTUPAHHAMY.

O603HauUM BEpOATHOCTb CTHPAHUSI YEPE3 ¢, 8 BEPOSTHOCTH OIUOKH
1eCTepTOro CUMBOJIA, Jepes P.

JluarpaMma 1epexofioB Jijis KAuajia ¢ /IByMsl BXOAUBIMH ¥ TPeMsI Bbi-
XOJIHBIMH CHMBOJIAMH TIpHBe/eHa Ha puc. 7.12. CooTBEeTCIBYIOIIAs MAT-
pULA KAaHANa, COJAEPKAIIAs 1iePeXOAHble BEPOSITHOCTH, HMEET BT

1¥p—q q P
Pﬂ°K°_< 7.50
Y/Xx p q 1-p—q (7.50)

Ha#ineM 11poilyCKHYIO CIIOCOGHOCTb KaHaJa ¢O CTUpaHusaMH. Tak Kak Ka-
HAJl CHMMETDHYEH, IPOILYCKHas CIIOCOOHOCTb JIOCTHUIAETCH LIPH PaBHO-
MEPHOM DacrpeiesieHHH BXOUHBIX CHMBOJIOB

p(z1) = p(z2) = 1/2. (7.51)

()’I‘ClO,H,a CNeJlyeT, YTO BePOATHOCTH BBIXONHBIX CMMBOJIOB PaBHBI

1—¢ 1-g¢
p(y1) = ~—5=p(y2) = ¢,p(ys) = — (7.52)
I‘euepb BCe HeO6XO}II/IMble BepOHTHOCTPl U3BECTHHI. BOCIIOJ'II:3OBa,BLUHCb

(7.9), mmeem

C,LI.CKC

= Z Zp 3, y5) logy y(]/?) (7.53)

ouT

I

Z ZP {:)p( y]/zl) log, (ygy/a;r)

Ucnonbayst cBORCTBO CHMMETDPHH KaHAJIA, IOJIydaeM
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CHCKC l-p—gq
o - (1—P—Q)1032(2"-1_—q—)+
q p
- 1 2—— | = 7.54
+ qlogzq+P 082( 1—q> (7.54)
_ l-p—gq P
= 1-q+(1-p-q)log, 1-q +P10£§21_q-

Kak Mbl BHAMM, IPONYCKHAS CIIOCOGHOCTD KaHAIa CO CTHDAHHSIMH 3aBH-
CHT TO/LKO OT BepositHocTell p u q. pacduk C = f(p,q) upesncrasiser
cOBOM IPOCTPAHCTBEHHYI0O TPEXMEPHYIO MOBEPXHOCTb, PACHOJIOKEHHYIO
HaJ| IUIOCKOCTBIO (P, q). 3/16Ch MBI OTPAHHTIUMCH TOJILKO PACCMOTPEHHEM
JBYX BayKHbIX YaCTHBIX CJ1y.4aeB.

1. pu ¢ = 0, MBI iMeeM JBOUYHBIH CHMMETDUYHBIN KaHaJ, y2Ke pac-
cMoTpeHnbil panee. [logcrasnsis ¢ = 0 B (7.59) MBI, Kak KU 0XKH/IAJIOCH,
nosydaem (7.49). _

2. B kanaJie NpHCYTCTBYIOT TOJILKO CTHPaHusl, T.C. upu p = 0 - omn6-
KH WM He TPUCYTCTBYIOT, HJIM Mbl MU lipenebperaeM. B stoM ciyyae

CPCKC — (1 — ¢) 6ur. (7.55)

Ha puc. 7.13 nokazass! nponyckusie cuocobroctu JICK (7.49) u nso-
MYHOTO KaHaJia co ctupaHusiMi (p = 0). HyKHO OTMeTHTh, 4TO IpH Ma-
JIBIX BEPOATHOCTAX OMIUOKH, BHIGOPOM ONTHMAIbHbIX 00JlacTeil cTHpaHuii
B JICKC MOXHO JToCTHYb CYHIECTBEHHO GONBINUX MPOMYCKHBIX CIHOCOO-
HOCTel, 4eM B OOBIYHBIX JBOMUHBIX KAHAJIAX.

3ameyaHune. 3dect 603HUKAEM 6ONPOC O BO3MONCHOCTIY YBEAUNEHUA
NPONYCKHOU CNOCOGHOLMU NPU NPUEME CO CTMUPIHUAMY HA npaxmuke. B
amom mecme obnapyscusaemes caabocmo meopuy undopmayuu. Teo-
PUA UNPOPMAUUYL 3A4ACMYI0 HE MOIICEM NPEJAOHCUMD KOHCPYKYUUIO,
DPEAAUSYIOULYIO TREOPEMUHECKY JOCTRUINCUMBE 2PAHUYL. Tem He menee,
HeboAbWol npumep, nodpobro paccmompernuili 60 6mopoli vacmu Imot
KHU2U, NOKA3BEAEM, YN0 66€JeHUE CINUPAHULL MOJCEM UHO200 CHUNCAMD
eepoamnocms owubru. Paccmompum smom npumep va unmyumueHom
yposHe. Pasobsem nomox nepedasaemoti ungopmauuu na baoxu, codep-
ocawue 7 deounnmz cumeonoe (7 bum). K xascdomy Gaoxy dobasum
odun bum («B» uau «1») nposepru na vemnocms. 3axoduposannvie ma-
KuMm 06pa3om OA0KU U3 60CHMU JBOUNHBL CUMB0A06 6cezda 6ydym co-
deporcams wemnoe wucao edunuy,. Ilycmos eepoamrocms owubru e JCK
docmamoumo maaa. Beedem 3ony cmupanus (puc.7.11) maxum o6pasom,



7.5. Mponycxnan cnocobrocms xanasa 108 i})

4mobs, OWUbKU, 8 0CHOGHOM, Nepeuwt 6 crmupatus. ITpu smom, sepoam-
HOCMb <recnepmoti» owubku 6ydem Npenebpescumo Mand, & 6EPOAN-
HOCTR® cmupanus 6ydem ocmasamses, 00cmamowno maroth. Mo noayuum
emupmowuti xanan (JICKC), 6 xomopom 6ioKu U3 60CbMU OBOUNHBIT
CUMBOA06 8 NOJABARIOUWEM BOADUIUHCINGE CAYUAES UAY GYOYM NPUHATIGL
nPAsUALIO Uy GYOyYm codeparcamo MoALKO 00uH Cmepmuili JeouHbIl
cumeon. Kavecmeo npuema CyWeCTNEeHHO YAYMUWUMCA, AKX KaK 00MO
CTNUPaRUE 8 DAOKE € HEMHLM “YUCAOM eOUHUY, 8ce200_MOICEM OBiMb UC-
NPABAEHO.

C .
g;'} T T v CIlCKC
0,6 N

04 |\
' N crx

N
0,2 ~

0 ' v

0 01 02 03 gc_305

Puc. 7.13. [Iponycknas cnocOGHOCTb ABOMYHOTO CHMMETPHY-
woro xanara CACK ¢ BEPOATHOCTHIO OLUMOKH £ M
JBOMYHOrO KaHaja CO CTHPaHMsIMH CACKC ¢ ge
POSITHOCTBIO CTHPAHHS § ¥ BePOSITHOCTBIO OLIHOKHM
p=0. ,

ITpumep: JIBouuHbI# CHMMETPHUHBINA KaHAJ CO CTHPAHHUAMH.

Uctouunk X Hcrounnk Y
Y=

x|=6§0‘(
yp=tes

=10
yp=m1n

Puc. 7.14. JIpouyHblf KaHaIa CO CTUPAHUSIMHU.

Ha puc. 7.14 3a1ana 11€pex0aHas JUarpaMMa CHMMETPUYIHOTO KaHalia
co crupannsimu. Otfipesienure:
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1. Marpuuy kaHana ;

2. PaclipeaejieHie BEpOSITHOCTCH CUMBOJIOB UCTOUHHKA Y, €CJIM H3-
BECTHO, YTO CHMBOJLL UCTOMHUKAa X DPABHOMEPHO DaclpelesiCHbl,

T.e. po = p1 = 1/2;
3. ‘Hponycxﬂylb CIIOCOOHOCTb KaHAJIA;

4. Junarpammy UHGOPMAIMOHHBIX I0TOKOB CO BCCMH SHTPOIHUSIMU;

5. Mogmein Kanaua ¢ Marpumeit Py y.

Penienne.
1. C y4eroMm T0ro, 9YT0 CyMMa BEPOATHOCTEH B KaXKJ0#l CTPOKE MaT-
pullbl paBHa 1, OJyYUM

acke (0,6 0,3 0,1 o
Py/x ‘(0,1 0,3 0,6 ) (7.56)

2. Ucxonst uz PABHOMEPHOI'0 PACIIPE/ICIIeHUs BeposITHOCTE] CHMBOJIOB
Ha BXOAE, coracHo {7.52), MMeeM

p(y1) = 0,35, p(y2) = 0,3 u p(ys) = 0,35. (7.57)

3. Tak KaK paccMaTpUBAEMBIA KAHAJ CHMMETPHYEH, NPOILYCKHAs CIIO-
COGHOCTDb JOCTHTAETCH DK PABHOMEPHOM PaCIpe/eJIeHHH BXOJHBIX CHM-
sonios. U3 (7.54) ¢ yueroMm (7.56) umeem

CHACKC 1-0,3-0,1

=1 —0,3+(1 ——0,3—.0, 1) logg—l_—o—:;—5—+ (758)

6uT

0,1 0,6 0,1
+0,1- 10%21_ —0,7+0,6-10g2ﬁ+0,1-}0g20—’7~0,2858.

0,3

4. DHTPOMHUA JUCKPETHOI'O JIBOMYHOTrO MCToYHUKA Ges nmamstn X ¢
PaBHOMEDHBIM PacClIPC/ie/IEHHCM BEPOATHOCTEH CUMBOJIOB paBHA

H(X) =1 6ur. (7.59)

SHTpOIII/Iﬂ HCTOYHUKS Y paBHa

H(Y)
ouT

= —2-0,35l0g, 0,35 — 0,35log, 0,3 ~ 1,5813. (7.60)

Tak Kak B CMMMETPMYHOM KaHaJe ¢ PABHOMEPHBIM pacupesiclieHH-
eM BxoaHbx cumpojioB I(X;Y') coBnanaer ¢ OPOIYCKHOM ClIOCOGHOCTBIO



7.6. Teopema xoduposarus Oast CUCKPEMHBIL KaHar08 Be3 namamu |@>

C u3 (7.58), cOBMECTHYIO SHTPONHIO ¥ JABE YCJOBHbLIE SHTPOIKMH MOXK-

HO 1IOJCYUTAThL, UCnoNb3ys Tabnuiy 7.3. Jdnarpamma nHGPOPMaOHHEbIX
TOTOKOB M306parkeHa Ha puc. 7.15.

H(X/Y) =0,7142 6ur

KX:Y) = 0,2858 6ur

H(Y/X) = 1,2967 6ut

DHTponus
H(Y) = 1,5813 6ur

DHTponns
H(X) = | Gur

Puc. 7.15. Juarpamma nOpMaLOHHBIX IIOTOKOB JBOHYHOIO
CHMMETPHYHOTO KAHAJIa CO CTHPAHHAMM.

5. Ilepecyer MaTpMILI NepeXoJHBIX BeposTHocTel kaHana Py,x B
marputy Py y npefocrabisieM cAenaTh YUTATENIO B K&4ECTBE CAMOCTO-
SITENILHOIO ylpaXkHeHud. JluarpaMMa KaHasla ¢ BXOJHBIM MCTOYHHKOM Y
u BeIxonHbIM X upuBedeHa Ha puc. 7.16 nms xoHTposd.

yy=10" 0,8571
0,1429 =t
Hcrounnk Y x="0
v HUcroynnx X
yr=€
0,1429. ="l
yi=*1¢ 0,8571

Puc. 7.16. [IBouuHbll CHMMETPHYHBIA KaHal CO CTHPAHUAMH.

7.6. TeopeMa KOAUPOBAHUA ANIA ANCKPETHBIX KaHANOB
- 6e3 namATH

Paccmorpum snckpeTHbiit kKanas 6e3 LaMsaTH ¢ MPOIYCKHON CrocobHO-
¢rbio C6ut/cuMBo|, B KOTOPOM KaXKJblii CHMBOJI LIEPEAETCS B TEYEHHH
T cek. s storo kanana Cl6ur/cex|= C[6ur/cex]/Ts.

IlycTh 3HTpOMHs HEKOTOPOro UCTO4HMKA X, H3MCPCHHAS B TE€YeHUH
T, cek, cocrapasier H(X) 6ur. Torga umeer MecTo ciicjyionas TeopeMa.
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Teopema 7.6.1. Teopema xoduposarus oaa xarara (reopema Ulenno-
Ha).

Hnst uerousnka X co ckopocrvio R = H(X)/T, [6ur/cex] u R < C
CYIIECTBYCT HEKOTOPBIA KO, ¢ HOMOUIBIO KOTOporo uH(MOPManys HCTod-
Huka X MoxKeT ObIThH 1lepellaHa 110 KAHAJTY CBSI3U ¢ IPOMYCKHOH CIocob-
HocTbio C[BuT/CeK] O CKOJIL YIOMHO MAJION BEpOSTHOCTBIO OMMEKH. !

Hoka3aTenncTBO TCOpeMbl KOMHPOBaHHst s Kanajia (CM. HalupuMep,
[10]) HoBOABHO CA0KHO M BBHIXOJUT 3a PAMKH 3TOH KHUI'H, I0STOMY OTpa-
HHYHMCS! 3/1ECh CJIEJLYIOTUMMHY 3aMETaHUIMHE.

e JIoKa3aTeIbCTBO TEOPEMBI KOJMPOBAHUSA 1IPE/IONaraeT UCNOIb30-
BaHUE CIYYaiHBIX KOJOB GECKOHCUHOM JUIMHBL H JEKOJepa MaKCH-
MaJIBHOTO MpaBaONono6us, obeclieduuBaloIiero MUHUMATBHYIO Be-
POSITHOCTL OINMOKHY. [JOKa3aTeIbCTBO HE HCIIOMB3YeT HUKAKUX KOH-
CTPYKTHBHBIX pemieHuil. B HeM Hcnosib3yloTcs TOJNBKO CTATHCTH-
deckde CBOHCTBA M Upe/leibHbIe 1EPEeX0/ibl iJisi GIIOKOBBIX KOJIOB €
JTuHOH B10KOB, crpemsuleiica K Geckoneunoctr. JJoka3aTenseTBoO
He J]aeT HUKAKHX YKA3aHWI Ha KOHCTPYKITHIO OIITHMAJIBHBIX KOJOB.

o Teopema KOAMPOBAHHS ONPEJESET TAKKE BEPXHION TDAHHUILY IS
cxopocTh nepenauu R. 2

o Ilpu joxasaTeNsCTBE TEOPEMbl BBOXMTCA NOKA3ATE b SKCIIOHEHIU-
aNLHOU OLEHKHU Ry, KOTOpBIA MOXeT ObITh MCHOJb30BaH JJIs OlEH-
KH TEXHHYECKH JOCTHAHMMOI CKODOCTH Tlepeiauu JaHHbIX [4].

! Teopema koaMpOBAHMS! CIIPaBe/IIMBA He TOIBLKO AJsl TUCKPETHBIX KAHAIOB, OHA TAK-
e BepHA W UpH Tepeliaye JMUCKPETHBIX COOBIIEHHA (0 HENPEePHIBHLIM KAHAJIAM.
Ipum. nepes.

23nech HEOBXOAMMO CAENATD pasbacHenne. CymecTByeT ofpaTHasi TeOpeMa KOINpPOo-
BaHM#, KOTOPAA rOBOPHT O TOM, uTo Ipu R > C He cymecTByeT HMKAKOrO MeToAa
KOAWPOBAHHS, MTO3BOJSIOMErO LepeaaBaTh HHGOPMAIMIO ¢ KaK YIOAHO MAIOH Bepo-
ATHOCTBIO ounbKu.— ITpum. nepes.



rMABA 8

HEMPEPbLIBHbIE
NCTOYHUKA
N KAHATbI

B rnaBe 2 jaHO OlpefesieHHE SHTPOMMH KAK MEPBI HEOLPE/EJEHHOCTH
ucroynuka. [Ipu 3ToM npejuonaraaoch, MTO SHTPOIMUS U3MEPHAETCH 110~
CPeJICTBOM Cy4alHbIX SKCIIEpUMeHTOB. B nanHol riase Mul 6yaeM npu-
MEHSATh aHAJIOUMYHBIM MOAXOJ K HElIPEPLIBHBIM UCTOYHUKAM.

Hctounnx x(1)
x [

h
Puc. 8.1. Cursan HenpeprBHOrO HCTOYHHKA.

BMecTo MCTOYHHKOB ¢ KOHEYHBIM aJIPaBUTOM CHMBOJIOB OymeM pac-
CMaTPUBATh MCTOYHMKM, BHIXOAOM KOTOPBIX ABJISIOTCS HENpPEPBIBHLIE CHI-
naJjibi. IIpEMepOM TaKHMX CHTHAJIOB MOXKET CJIYKHUTB M3MEHSIOLIeecst BO
BDEMEHH HamnpsikeHHe B TeslepOHHbIX KaHajiax M T.J. Ha pucysuke 8.1
Npe/CTaB/ieH HENPEPHIBHBL! HCTOYHHK X, BBIXOJOM KOTOPOrO ABJISETCH
AHAJIOTOBBIA cUTHAJ (1), SBISIOMUNCA HEKOTOPOH Clyvalnol ¢yHKIWM-
eif or Bpemenu ¢. Byzem pacémarpuBarb 3Hadenus z(t) B HEKOTODBIE
¢uKcHpoBaHHbIE MOMEHTHI BPEMEHH KaK CIydYaifHble SKCIIEPUMEHTHI, KO-
TOpBIe HECYT HEKOTOPYIO udopmanuio 06 ucrounuxe X.

8.1. OuddepeHumansHan snTponua

Ha pucynke 8.2 nokasaHpl JiBa HenpepbIBHbIX UcTOuHMKa X M Y, cBs-
sasnbie KaHaJoM (aHasornyuo puc. 7.4). 31€ech, BMECTO BEpPOATHOCTEH,
croaT GyHKIUH TIOTHOCTEH pacupelieieHus] BEPOSITHOCTeH CTOXacTHIC-
CKHX [EePEMEHHBIX.

Hcuonp3oBanne CTOXACTHYECKHX HEPEMEHHBIX M UX (GYHKIUM ILIOT-
HOCTEH paclpeiesiCHisi BEPOSITHOCTEH - TO3BOJIET BBOAUTE IIOHATHC HH-
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dopManun, SHTPOIWH, YCJIOBHON ¥ B3aUMHOM SHTPOLMH Jis ABYX HErpe-
PBIBHLIX HCTOYHHMKOB 110 aHAJIOTMH C JHCKPETHBIMHM MCTOMHUKAMHU.

Hcrounnk Herounnk
X Y
InoTHoCTh [TnotHocTs IloTHoCTH
pacnipeaenenus fy(x) pactip acnp FAY)

S0 funhady) |

Puc. 8.2. /Ipa HenpepbIBHBIX HCTOYHHKaE 0€3 MaMsATH, CBA3AH-
HBIX KAHAJIOM.

IIpeo6pazyem HenpepsIBHbLH HCTOYHUK X B guckperubldl. g aro-
IO [POKBAHTYEeM 3HAYEHHs] aHAJIOIOBOI'O BHIXOJA MCTOYHMKA C maroM A
(puc. 8.3).

x(t) 4
— X;

Xj

UctouHuk

X

Puc. 8.3. OuudpoBKa HeIpepbIBHOrO MCTOYHHMKA C MHTEDBa-
JloM KBaHTOBaHMSA A B MOMeHTbI Habaroaenus to, t;
HT.H.

Kpome sToro, kak 310 0ObIYHO JesiaeTca B TeOpuu HHGOpMaUuu, Hpo-
M3BE/IEM AMCKPETH3AIMIO HCTOYHUKA 110 BpeMeHH. B pesyibrare, momy-
YUM 110CJI€0BATENRHOCTD CTOXACTHYECKMX NepeMeHHbIx Xo, X1, Xo, .. ..
Crnenys Tabauue 7.2, onpeneaum B3ANMHYIO MHGbOPMAIMIO CHMBOJIOB T;
U Y;, TIe T; - 3HAYEeHHe BLIXOJHOrO CUMBO/1a B MOMEHT BPEMEHH Lm, & T;
- B MOMEHT BPEMEHH iy,

Ixmxa (T3 25)
— = (8.1)‘
P(lz; - A< X <z3]Nz; - A< X, < 5])

= | =
B2 Pz, ~ A < X < 2:)P(z; — A < X <)

Zi

T
I | fxmxa(@1,z2)dz1dzs
Xy ~A zj——A

= log,

Zi

T fx@dn | fxo(@2)de
A

xi—A Zj



8.1. Juddepenyuanrvnas sumponus | ID

Beanmuyo uHGODMAIMIO MOXKHO TPAKTOBATH KaK «CHATYIO» (yTpa-
YEeHHYI0) HEONPEICHCHHOCTh MOUAJAHHS lepemennolt X, B HHTEpBase
[z; — A, z;[, koraa U3BECTHO, 9TO HEPEMEHHA X, IPUHAIIEKUT HHTEP-
Bajly [2; — A, ;] niM HaobopoT. ByseMm cuuTaTh pyHKUMIO 1LJIOTHOCTH
paclipe/ieIeHAs BCPOSITHOCTH HenpepbiBHoi dynkuueir. Toraa, ycrpem-
JISISl MIMPHHY MOTEePBaJa KBAHTOBAHMSA K ILYJIIO, MOJIYYHM

Ty

Zj
I | fx.x.(z1,79)dzidzs
. Ti~A Z; —-A :
Alm logz — = (82)

—00 T
fxn(@i)dzy [ fx,(z2)dzs
A .’Ej —-A

. AAfx,, x, (i, ;) Fxmx, (@i, T;5)
= lim lo non =lo men ,
A%o0 B2 A Sy (@) A (5) 02 T (i)t (27)

T.C. Pe3y/bTaT, AHAJIOIMYHbIH BbIPAXKEHUIO B3aUMHON MHGOPMAIMH JJIsT
JINCKPETHBIX UCTOYHHUKOB. [lepedasaemyro unopmayuio MOKHO onpese-
JUTB KaK MaTEMATHYECKOC OXKHJAHUC

+o0 +00
I(é(;l,TY) - / /fXY(m7y)logz —fﬁ%’)%dxdy. (8.3)

Sameuanne. 3decv, dan npusedenun 6 coomeemcmeue 0603naueHUT
omoti 2aaent ¢ pesyavmamamu mabauys 7.2, emecmo X, ucnoavayémes
X,aemecmo Y, - Y.

WHudopMannsa HCTOYHUKA OMPEUENAETCS HCXOA U3 AHAJIOTHYHBIX pac-
CYXKJIeHU - ’

—[6(—:;—) = —log, P([x, ~A<X <)) = (8.4)
= —log, / fx(z;)dx gt —logy(Afx(x:)) =
i—A ) -

= —logy A — log, fx ().

B ornuvue ot Buipaxccuus (8.3) mjist B3auMuQi uHdopMmaiy, B (8.4)
LIOSIBJIAETCS! C/IaraeMoe, 3aBUCAINee OT HHTEpPBaJia KBAHTOBAHHA A.

ITpy A — o0, Beanuuna logy(A) Takxke CTpeMUTCsi K GECKOHEUHO-
cru. B pesynbrare, Bolpaxxenue Ans I(z;) Takke crpemures K 0o. DTo
HE Y/IMBMTEJIbHO, TAK KAK C yMEHbIUEHHEM Mara KBAHTOBAHUS, YHMCIIO
OTZEJIbHLIX COOBLITHH (CHMBOJIOB aJjihaBUTa MCTOYHHKA) BO3PACTaeT H,
CJ1e/I0BATENILHO, HEOTPEIC/CHHOCTL HCTOYHUMKA TAKIKE PacTeT.
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Benununna logy(A) He 3aBUCHT OT HCTOUHHKA U COBCPLIEHHO HE YMECT-
Ha, JJTS €10 OlIMCAHUS ,TI09TOMY, KaXKeTCH BIIOJIHE €CTCCTBEHHO UCMOJh30~
BATb TOJILKO (DYHKUHMIO [IJIOTHOCTH PACIpeeNicHAs BCPOATHOCTH HEIIPC-
PBIBHOIO HCTOYHHKa. TakuMm oBpasom, Mpl NEpexoiMM K CJIEAYIONEeMy
ONIPE/ICJICHHIO. -

Cpejtitsisi ”HDOPMaNUsl HENPEePbIBHOIO UCTOYHUKA, TaK HA3LIBACMAast
Jueperyuarvras IHMPONUA, OLPEJICIACTC Kak -

o
B~ |7 rteoytogs @ya (85)
6ur o

TIpexae Bcero OTMETHM, YTO TaKOE IIPOU3BOJIbHOE OpeaetcHue Jud-
depenHanbHOR SHTPONUY NOJATBEPKAAET CBOIO NPUTOHOCTh TEM, 4YTO
SHTPONUNAHBIE OTHOWEHUS JiJIsi JUCKPETHBIX MCTOYHHKOB OKA3BIBAIOTCS
CIPaBe/UIMBBLIMY ¥ JJIsi CITyUas HeNPEPbLIBHBIX HCTOYHUKOB 1 Kauajos. B
YaCTHOCTH, /IS HENPEPLIBHLIX UCTOYHUKOB UMEIOT MECTO COOTHOIIEHHS
(7.39) - (7.42).

TakuM 06paszoM, auddepeHIralbHAS SHTPOIHS HETPEPEIBHOIO HC-
TOYHHUKA 3aBHCUT TOJIBKO OT (PYHKIMH IJIOTHOCTH PACIPEIE/IEHUs] Bepo-
SITHOCTH, KOTOp&as B OOLIEM CIy4ae sIBASACTCA HECKOHEUHON BENMYHHOH,
II03TOMY, LOCTABUM BOLPOC O TOM, KAK BCIHMKO MOXKET ObIThb 3HadeHHe
auddepennuanbaoit suTponuu. Ilpexie Bcero oTMeTHM, YTO XapakTe-
- PHCTHKAMH CTOXACTHYECKOTO IIPOHecca ABJISIIOTCA JBe BEMYMHBL Cpe-
Hee 3HaUEHHEe, KOTOPOe NPUHMMAET CTOXACTHYECKasl llepeMeHHast (06ma~
JIAIoIAsi CBOXCTBOM JIMHEHHOCTH) {4 M CTaH/IAPTHOE OTKJIOHEHHE CTOXa~
CTHYECKON ItepeMeHHoM o.

Cpenuee 3HadeHNe MM MaTEMaTHYECKOe OXKHJAHHE (i HE OKA3HIBaeT
HHUKAKOI'0 BAMsHUA Ha Juddepernyanbiyio saTpommo. C poctoM xe o,
HEOIIPE/IeJICHHOCTh UCTOYHHKA -BO3PACTAET, YTO PUBOAUT TaK2Ke K BO3-
pactanuio juddepeHianbHOR SHTPoNMM. B cBA3M € 3TUM, CpaBHEHNE
pasnnuiblx GYHKIH IOTHOCTER paclpeeieHust BepOsiTHOCTER OTHO-
CHTENIBHO COOTBETCTBYIOUIMX MM SHTPOMHN HMEET CMBIC] MPOM3BOTHTH
TIPH OJUHAKOBBIX J.

3amenanne. B un@opmeyuonnoti merHuKe 3¢ ucTodnmil napamemp
NPURUMAIOM 0% — QUCNEPCUIO, KOMOPAA ONPECeAiem CPedHIon Mous-
HoCm®  cmozacmuveckozo npoyecca [10f. Hcwo, wmo ¢ yeeaunenuem
MOuHOCTU nepedamuuKa, Koautecneo nepedasaemots unopmayuy yee-
AUNUBGEMCA U, HAOGOPO, C YBEAUNEHUEM MOULHOCTRY UYMOS, 603DAC-
maem HeonpedeacHnocms, m.e. 8 eQUHULY 6PEMEHU NEPEAEMCA MeHDULE
undopmayuy. "



8.1. /luppepenyuaavran snmponus |1 \3)

U3 Teopun MH¢)OpMdIlPII/I caeiyer, 4ro audpdepenuannuas SHTPOIHUs
JIOCTUI'ACT CBOEI'0 MAKCUMYMa IPH [AyCCOBCKOM PACIPC/ICIICHHY BEPOSIT-
HOCTH. : ’

Teopema 8.1.1. Ilpu 3ajauHOM juCHEPCHE 02, MAKCHMANILHON jaudie-

peHIMaabioil suTporiueit obsiajgaer UCTOUHUK C 2aYCCo8CKuM pacnpede-
NEHUEM BEPOSITHOCTH, TIPUTIEM,

11n(270?%e)

HoasX) =3 0y

our. (8.6)

TIpumep: Jduddepennmanbias SHTPOIAS rayCCOBCKOIO HCTOUYHUKA.

U3 (8.5) crexyer, uro jymacbepennyansaast SHTPONUs 1ayccosc1(oro
HUCTOYHMKA PaBHA

H(X)

HaT

+oo ’
1 z2 ) 1 x2 do —
") e o) [ e (o) 22

- @

o0

/ 1 P Ve [ 2],
V2ro? P\ T30z ) B2 V2oro?2 202 v

—00

Boipaxkenue B KBaIPaTHbIX CKOOKAX MOXKET ObITh Pa3JIOKEHO Ha JABa MH-
rerpajia. Takum 06pa3oM, OKOHUATETHHO HMeEM

H(X) z?
- = InV2no? +2 2\/271__/:5 exp< )dx— (8.8)

1 7 1_1 2
=3 ln[27ra ]+ 5= 5 ln[27ra e].

IncieHHble IPUMEPHI [T Tpex, Haubosiee yioTpeOUTENBHBIX pacipe/ie-
JICHU#M, pHBeeHb! B Tabymune 8.1.

TIpumep: 'TeJle(bom_m.

IIpakTHueckas NoOJL3a NPUBEJIEHHBIX BBINE Pe3YJ/IbTATOB MOXeT OBITh
HALJISJIHO TIOKAa3aHa MDY [IOMOINM OHEHKH JIOCTHKEHHH CKOPOETH mepe-
Jlauu ungopmanun (B 6utax) B i poBbIX TesedOHHBIX JnHUAX. CoBpe-
MEeHHBIE CTaHapTHbe MeTob! g poBoil nepeaadn peuu (Jorapudmn-
ieckue PCM) TpeGyIOT 3aTpaThl 8 GUT HA KOAHPOBAHHUE OHOIO OTCYETa,
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Tab6muua 8.1. Ilpumep auddepeHupanbHOR SHTPONUH.

Pacnipenenie- | @yukumst muoTHocTy pacnpegesnennst | Judbdepenuuanuuas
HUA BEPOSITHOCTH HTPOIUA
1
— <
Paenomeproe | f(z) = ¢ 2v/3 ans |z| < V3 11(—12—\/2@ =179
0 const n
_ 1 |z In(v20€)
Jlamtaca flz) = o] exp ( V2 = 1,94
. 2 In(270%e)
= - —_—— =2
TayccoBekoe | f(z) Nz exp ( 553 ) TS , 04

apu gacrore orcueroB 8 kK['u. Takum o6pa3oM, CKOPOCTH 11epe/iadd pedy
cocrapiisier 64 kGuT/cex. '

Hcxo/1s M3 paBHOMEPHOTO PaclpeseieHlsi BEPOsSITHOCTEN B MHTEDBAJIe
[-1,1], onbrriemv nyTem nomyuum o2 = 1/3. Takum obpasom, uddepen-
HMANbHAS SHTPOLHS HA OJHH OTCYCT COCTABJISIET -

H(X) _ In(2v/30) _1 (8.9)
6ur In2 ,
o2=1/3

Tak KakK oTcuern! lpoussoaaTcsa ¢ yacroroit 8 kl'n, nosyuaem, yro
HeofXouMasi CKOPOCTb Nepefayu peun cocrasisier 8 kbur/cek. Ilpu
OLIEHKE SHTPOIIUM MBI He NPUHMMAJH BO BHUMAHHE CBSI3N MEXKAY cocel-
HUMHM OTCHeTaMy (TIaMsITh HCTOUHUKA) H, 1109TOMY, PeadbHas audubepen-
LMAJLHAS] SHTPOIKs UCTOMHUKA peuu Byjiet eme Mekbite. B camom aene,
MBI 3HACM, UTO COBPCMEHHBIE AJIOPUTMBI KOQUPOBAaHHMS DEYH IO3BOJS-
IOT OCYILECTRISTH TICPEJiady PetueBOr0 CHIHAJA CO CKOPOCTHIO OKOJIO 8
KOUT/CEK NMpu KadecTBe, CPABHUMOM co crafjaprHeiy PCM.

8.2. ponyckHas cnocobHocTb KaHana v rpaH1ua
LLlenHoHa

Awnanornyno AUCKPETHBIM KaHaJIaM, MOXHO OIPCHEUTb 1IPOIYCKHYIO
CIIOCOOHOCTDL AJIA HETNPEPbIBHBIX KaHAJIOB. By,ueM HCKaTb, KaK U pailiee,
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HauboJiblee 3HAYMECHHE EPEHOCHMON HHGOPMALMK MO BCEM BO3MOMKHBIM
GYUKUUAM TIOTHOCTEH pacTpeiesieHUsi BepOsSTHOCTEH.

C =supl(X;Y). (8.10)
f(=) 4

Iouck TowHO# BepxHelt rpanu, B oblieM Ciiyyae, MpeACTaBIseT cobo
JIOBOJILHO CJIOXKHYIO 3a7a4y. PaccMOTpHUM BaskHelmuii 4aCTHBIH CItyaii—
nepejady MHEGOPMAlUK 110 KAHALY C a/JIaTHBHBIM OeJIBIM IayCCOBCKIM
mymom (ABT'II) ¢ orpaxnyentoll noocoit. Mosiess Takoro kanana u3o6-
paxena Ha puc. 8.4. Jn1a rayccoBckoro paclpejesieHisi BepOATHOCTH
AMIUIATY/bI CUTHAJIa Ha BXOJe KaHalla MosydaeM ¢opMysLy MpOIyCKHOM
CIOCOBHOCTH KaHana, XOPOIO H3BECTHYIO B TEOPHH MHGDODMAIHK.

Orpannyentbiii no notoce kaHan
opleate s e e BT
SRS e A

Herounnk X “u’ & % Ucrounnk Y
MENE L :
OIS ’9"& L0
. : 3 R

CrexTpanbHas nI0THOCTh
MOLLIHOCTH LyMa Swn (@)
No2

Puc. 8.4. Mogens orpanuyennoro no nosyioce Kanana ¢ ABI'TIL

Teopema 8.2.1. Ilponycxraa cnocobrocms Kanana (Xaptaeh — [llen-
HOH).

IMpomyckras CriocobHOCTL HAEATBHOrO KAHAJIA C LUMPUHOH TIOJIOCHI
nponyckauusi B U ajiuTHBHBIM O€JIbIM rayCCOBCKMM LIYMOM MOIIHOCTH
N =" NyB pasna c

S .
——— = Blog,(1 + —). 8.11
Sy g2(1+ ) (8.11)
31ech, kak U paHee, S — MOUIHOCTH CHIHAJI4 B NIOJIOCC IPOIYCKaHMUsI

kaHana. Pazmepuocts C - 6uT/cek.

Zlns nuTepupeTanuy LPOIYCKHOM COCOGHOCTH HENPEPBIBHOTO KaHa-
Jda- C, paccMoTpuM Beipaxkedue (8.11) npu LIMPHHE 110JIOCH! IIPOMYCKa-
inst, papaoit 1 'y (puc. 8.5). MoxHO OTMETHTH aCHMITOTHYECKH JIH-
Hefiublit xapakTep noseenus byukuuu C/B = logy f(S/N) (puc. 8.5
BBIIIOJIHEH B HOJLyJIorapudMuieckoM Macuirabe).
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Puc. 8.5. IIponycknas cnocobrnocts Ha 1 T'n mostocel nponyc-
KaHUA KaK QYHKIUMS OTHOIICHNA CHIHAJ /IIYM.

IIycrs 3aaam0 orHowenue curnast/urym (Signal to Noise Ratio -- SNR)
Goapmwe 0 nBb. U3 dbopmynn (8.11) crnemyer, 4ro yJBOeHHe MPONYCK-
HO# crnocobrocTH TpeOyeT KBAJAPATHTHOIO YBeJIMUEHHs] OTHOLIEHHS CHI-
HaJs/uryMm SNRTT.€. KBaApaTa MOLHOCTH EPEJATUNKA TIPH HOCTOSHHOM
uyMe.

Konuuectso
nepesaHHoii
nHpopmauuu

>
>

Hlupuna nonocei

Puc. 8.6. CooTHomenre MeX/y MUPHMHON NOJOCH HPOMYyCKa-
uns, SNR, BpemeHeM nepeiadd ¥ MAaKCHMAIBHBIM
KOJIMYECTBOM lepeJaHHoN KHbOpMAalIUH.

TMycts 3a4aHBI OTHOLIEHHE CHTHAJ/IIYM, NoJoca nponyckahns B u
BpeMs nepeaadu . Torua MOXKHO ONpeseinTh MPOMYCKHYK) CHOCOBHOCTD
KaHaJla U MaKCUMaJibhiblii 06beM MEOpMaLiy, KOTOpEIA HepejeTcs 3a
3aJJaHHBIA NPOMEXKYTOK BpPeMeHH. 3aMETHM Tak JKe, 4T0 pu GUKCUpo-
BaHHOM obbeme MH(POPMAIMY v OUT, MOXXHO IPOU3BOJIbHO BAPbMPOBATH
Ba w3 Tpex napametpos (SNR, B, t), a Tperuit napamerp OyjeT onpene-
JSThCA M3 cooTHoLrenus (8.11) u ycinosust v = C'-t. Bee Bolineckazannoe
HunocTpupyer puc. 8.6. )
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M3 puc. 8.6 BuaHo, uro 06bem nepenasaemoit nHGOPMaLMHU 3a OMpe-
JIC/ICHHOE BPEMsl MOXHO HPCJICTABHTH KaK OObLEM Lapananesenudlena B
koopaunarax SNR, B u t.

[Ipu BHUMaTeNBHOM paccMOTpeHHH cooTHomeHHs (8.11), Bo3HHKaeT
Baxkubiii Bonipoc: Kax Oyjer MensiThbes Nponycknas cocobGHOCTD KaHasla
[PH CTPEMJIEHUMH IIMPUHBL [OJIOCHI 1IPONYCKaHHA K GeckoneunocTu? OT-
BET He OUEBH/IEH, TAK KaK PacClIMpPEeHHe LI0JIOCH BJeteT 3a coboit yBeude-
HHE MOUIHOCTH IIyMa [N. MOIIHOCTE MIyMa NpH MOCTOSTHHOM CLIEKTPaJb-
Hofi noTHocTH Np HPOLOPIMOHAIBHA MIMPUHE IIOJIOCH! MPOIYCKAHHMS.
YeM wupe nosoca, TeM GoJbLIe IIIyM Ha BBIXOJE LpHeMHuKa (puc. 8.7).

. N = NyB. (8.12)

Sy (@)
Nol2

-2z8 4 2zB

Puc. 8.7. Cnekrp 6€/10ro rayCCOBCKOro myma B OrpaHN4YeHHOM
noJsioce

Uccnienyem mpenesbHbIN Liepexos,

Coo .
7% - lim ——— = lim Bln(1+ =)l 8.13
6ur/cex Booo 6ur/cek  B—oo (1+ ) ithe (8.13)

3ameuanme. Mu ucnoav3osaru namypasvhull s02apudm dan ynpowe-
HUA evvucaenus npedeaa. Ilepexod om pasmeprocmu nponycxoti cnocob-
HOCTIUL HATR/CEK K DA3MEPHOCTNY Gum/cex J0CTRUZGEINCA YMHONCEHUEM
npagoti wacmu evwpascenus (8.13) na logy(e).

Moncrapnsas (8.12) B upeaensubiit nepexon (8.13), momyyaem Heomnpe-
JIeJICHHOCTD
S In(1 + S/NyB)
l Binl+ —=)= lim —————~. 8.14
im Bln(1+wp) = fim ——7g (8.14)
Packpeipasi HeonpegesreHHOCTD 1O NpaBUiIy JlaluTals, Nojsy4yaeM KoHed-
HOC 3HAYCHHME [peesia

5y tim (S/Ne)(=1/B?) . _ S
NoB’ ~ B—oc (1+S/NyB)(—~1/B2?) ~ Np’

Jim Blin(1+ - (8.15)

Beipazenue (8.15) cosmectno ¢ (8.13) oupenensier zpanuyy [leniona.
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IIpouyckuas ciiocobHOCTE HenmpepbiBHOrO KaHaja ¢ ABI'I u neorpa-
HH'IEHHON 110j10COH IPOIYyCKaHMs PaBHA

Coo S S
EI:IT—/CEE NO IOgQ e~ 1 44—, (816)

No

B Texnuke csiam npu nepenade ucpoBoit HHGOPMALHHY 1acTO HC-
NOJIL3YeTCsl OTHOCHTENbHAS BEJIMUNHA ~ FHepeus cueraaa Ep, npuxous-
masca Ha our nepefaHtol undopMaiuu. Tak Kak MakCUMaJjibHAs CKO-
pocTs nepesaiy MHGOPMAUMOHHBIX GUT/cek onpeesisercd Kak

Rpox = Cwo, (8.17)

MHHHAMAJbHAs IJATEJILHOCTL NEpeiaiy OJIHOTro buTa paBHa

1
T, = —. ' 8.18
V= (8.18)
Oueprusi, 3aTpaudBacMas Ha nepeaady 6uTa MHPOPMAIWHU, OPeIeNsieT-
cn npoussenenneM Ey = S - Ty. Ucnonb3ys (8.18) u (8.16), mepexomum x
CIEAYIOIEMY YTBEPKIEHHUIO,

Hna nepenaun ogporo Gura mudposoit miudopManuy HEOGXOIUMO,
4TobbLl OTHOWEHWE 3HepruM Ha 6ur Ep x cnexmpasvrot naommuocmu
Mouppocmy 6eoro rayccockoro myma Ny paBHSIOCh, KAK MEHMMYM

Ey 1

No|pin logoe
3ameuaune. Jamemum, WMo 6 AuUMEPAMYpPE CNEKTNPAILHAR TLAOTIHOCTID
wyma uhozda onpedeasemca ne xax Ng/2, a xax Ny. Imo npueodum x

NOAGAEHUIO OONOAHUTNEADHOZ0 CAA2aeM020 8 npasol wacmu (8.19), pas-
nozo 1,42 dB.

~ 0,69 % —1,59 dB. (8.19)

Harnagno cessby mexiay SNR, B u 6uToBol cxOpocThio R MOXHO
[peJCTABATD B BUJlE auarpamMmsl. [liist aroro, 1ipex/ie Beero, bopMajibHO
noncrasuM R Bmecro C u NoB Bmecto N B (8.11), paspeium paBeHCTBO
orHocurenbHo S/(NgB) u uonyuum :

S /B _
NoB = 2 1. (8.20)

YeTpanuM 3aBHCUMOCTD JIEBOI YaCTd OT [OJIOCH! porycKanusa B iy-
TeM yMHOxendst obenx vactet (8:20) Ha B/R, nonyuum

S/R B '
N E(WB -1). (8.21)



8.2. IIponycrmnas cnocobrocmy xanaaa u eparuya Ulennona

Sueprus Ejp, 3arpaduBaemas ua nepesady oaHoro 6mra madgopma-
uuu, onpeiessiercs ornomenneMm E, = S/R. TosydeHHas 3aBHCAMOCTb
mexay Ep/Ng u B/R upuseaena ua puc. 8.8.

20

R R b A ST
E, T LG A SN e X b
Ny \3‘2’%% ‘?"? ﬁ:‘ E" 2 \ -
I 0 W s AN
% Ny Ohie s S NN
o En
S R=C"" A0y F A -
, i T ) v, -,nx E %
t =16 dB |- — T — T
Ll
5l | 1 -
-0 -4 2 "] 2 4 —p 8 10
[dB] B/IR

Puc. 8.8. 3aBUCHMOCTb MCXKJY WMPHHON IOJMOCH MPOIYCKa~
Husa v SNR npu nepenaye nugopmauu.

Puc. 8.8 MOXKHO paccMaTpHBaTh KaK CTaHJAAPT, KOTOPbIH I0O3BOJS-
oT OUEHUTh 3¢ PEKTHBHOCTL BbIOPAHHOrO METO/Ia KONMPOBAHUS B Peasb-
IbIX CHCTeMaX CBsi3u. [lycts nepefaus undopManmi OCYIECTBIAETCS
1P HEKOTOPBIX (PUKCHPOBAHHBIX 3HaucHuAX R, B u SNR. D1um 3Have-
HHUSIM COOTBETCTBYET HEKOTOpas TOYKa, Ha auarpamme puc. 8.8. CorviacHo
TeopeMe KOJMPOBaHUS /1A KaHa/la, CKOPOCTh R He JOJIAKHA, IIPEBbIIATD
LIpONyCcKHYI0 clocoGHocTh KaHaia () 103ToMy Halia TOHKa BCerja Jie-
JKUT BHITIE KpUBOH, 3aaaBaemoit (8.21). Paccrosune OT rpaHM4HON Jd-
HHH, KOTOpasi COOTBETCTBYeT 3naueHuio R = C, 103BONAET OUEHUTH TI0-
TCHUUAJILHYIO BO3MOXKHOCTb YJIy YIIEHHS Bbl6paHHOFO HAMH METO/a KO-
JIMPOBAHUS.

Sameuanue. Cospemernbie yudpospie cUCTNEMbL CEAIU UCTLOALIYIOT NPO-
epeccusnvie Memodv, KOOuposanua, maxue, Hanpumep, Kax mypbo - xo-
dni. IIpumenenue maxuT xoncmpyxyut no3eosaem npubAu3uUmbsCa K 2pa-
yunot Kpueot uenol nexomopoti sadepacku dexoduposanus. Ilpu oyen- '
NC COOMHOWENUR YEHA - FHPPeRMuUSHOCTID, YYUMBEAIOMCs MHo2ue do-
noAHUMEAbHBLE PAKMOPYL, NOFTOMY ONIMUMANBHOCTIVD CUCTIEMDL, 6 CMBIC-
A€ NPUBAUNCERUS CKOPOCTIY K NPONYCKHOT cnocobHOCTNY KAHAAG, UHOo2da
omzodum Ha emopoti NAGH.
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8.3. lMpumepni
HpnMepz Bugeorenedonus.

PaccMoTpum BOZMOXKHOCTB 11€pe/Iadll H300parkeHUA Mexly aboHeH-
tamu Tenedounoil cetn crangapra ISDN. B aroit cucteMe Juist mepe-
Jla9M IBYMEPHBIX H300parKeHM HCIOMb3YyeTCsl KaHAJ CO CKOpOCThio 64
kbuT/cek, 1109TOMY, HEOOXOIUMO, YTODBL 110TOK BHjIeonndOpMaLK Gbl
KaT 10 STol Bemwdunbl. [IpH 9TOM, aJIOPUTM cKAaTus JOJIKEH ycTpa-
HSTh KaK H36LITOYHOCTh C TOYKM 3PEHMS] TeOpHu UH(ODPMALMH, TaK M
Jietanu n300paXkeHus1, HE CYIIeCTBEHHBIE Jiisl aDOHEHTa MM MHOI'OKDAT-
HO nosTopsitonnecs. O/iHol U3 TaKUX JIeTasiell MOXKeT ObIThb, HAIDHMED,
HE MEHSIOIIMHICsS JUIMTe/ILHOE BPEMsl BTOPO# 1L1aH H300pakeHuss U T.J1.
B nanbHedtineM, Mbl pacCMOTPUM [IPUMEP MAEATBHOTO C2KATHsI BUJICOCHT~
HaJIA. _ :
TIpyu BLIMMCIEHUH HEOBXOAKMMON CKOPOCTH liepe/1ady JaHHBIX, Mbl Oy~
JeM ucxoauthb 13 crapnaprs QCIF ( Quarter Common Intermediate For-
mat). :

B sTom cranjapre AJis Lepeigdd BETHBIX W300padKeHHH MCIOIb3Y-~
eTcst ofuH curHal sipkoct (Y') # jsa curnana usersocru (U, V). la-
PaMeTphl STHX CUTHAJIOB IPUBEJCHb B Tabuie 8.2.1

-’

Tabauna 8.2. IIpumep cHrHaNOB JUIs Nepelaun n300paxkenni.

Konuuecrpo | KonuuecTso Koauuecrso | Yacrora cme-
TOYEK B | CTPOK B Kajape | GUT Ha TOY- | HbI KaJpOB
CTPOKE . Ky
Cursan apko- | 176 144 (120) 8 5...15 'y
ctu (Y)
Curna;s pser- | 88 72( 66) 8 5...15 '
Hocru (U, V)

W13 rabn. 8.2 cieayet, 9To 0TOOpArKEHUE BETHOTO M300paskeHusi Ha
3KpaHe JOCTUraeTCH C TOMOIILI0 YETLIPEXTOYEUHBIX MATPHUI], KAXKAYIO
M3 KOTOPBIX IVIA3 BOCIIPUHUMACT KaK OTHY TOUKY. BHyTpu Marpuus! jaBe

'Buneocurnan 8 cranjaprax QCIF PAL u SECAM cozepxutr — 288 crpok u 352
TOYKM B CTPOKe Jist curnana apkocty (Y) u aBa curnana usernoctn (U, V) no 176
CTPOK W 144 TOYKHM Ha KaXKAbiil, AJs BujeocurHaia B ctangapte QCIF NTSC - 240
crpox no 352 Touku B ctpoke (Y') u, coorsercreento, 120 ctpok u 144 toukn (U, V).
"~ Ipum. nepes. )
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TOYKY TPUHAJJICHKAT CHTHAJLY OJMHON HBETHOCTH, a JBe — gpyromy. fp-
KOCTb KayXK0H TOYKM OHNpEAENSAeTCs CUIHAJIOM Y, KOTOPbIf KBaHTyeTCs
na 2% = 256 yposneit. ByjieM c4nTATB, 4TO CMEHA KaJIPOB IIPOU3BOJIHTCS
¢ gacroroii 10 T'u. TIpu 6BICTPOM JBMIKEHHH KaMepbl M OTHOCHTETHHO
MeJIeHHOM CMeHe KaJpoB, Ha SKpaHe BOZHHKAIOT, TaK Ha3biBaeMble, pa3-
MbIBAHUS H300parKeHUs!. A

1. Haiiinre uHbOpManyOHbI# II0TOK B BHJEOKaHAJIE lIpU YCJIOBUH,
YTO 4aCTOTa CMeHbl Kaapos pasha 10 i, Byncm UCXONUTh U3 CJle-
JyIomel yIpOIeHHO! MOJeJH: IIPOKBAHTOBAHHBIE BHICOCUIHATIbL
HMMEIOT PaBHOMCDHOE DaclpeesiCHIE BEPOSITHOCTH BO BPCMCHU H
NPOCTPAHCTBE U B3aMMHO HE3aBUCKHMBI.

2. Haiinute MUHAMAILHYIO INMPHHY 110JI0CHI IPOMYCKAHNS HIEATLHO-
IO TeJIeBU3UOHHOIO IIPHCMHUKA, - €C/IH Tpebyemoe st yA0BJIETBO-
PHTE/ILHOIO KAMECTBA M300paKCHHS OTHOIICHME CHIHAJL/IIyM co-
crapasieT 30 nb.

Peuenne. .
1. U3 Tabn. 8.2 cieayeT, UTO HHC/IO0 CUMBOJOE, HEOOXOAUMBIX IS
Hepefadu KaJipa, PaBHO

Ns

S _ 176144+ 288 72 = 38016. (8.22)
CHUMBOJI

Tak kak 4wacToTa cMmeHb! Kaapos paBua 10 I'ii, ckopocTs nepenaumn
CHMBOJIOB COCTaBJISIET

rg = Ny - 10 'y = 3800160 cumpos/cek. (8.23)

YauTHBasA, 9TO BepoaTHOCTH 28 = BO3MOXKHBIX KBAHTOBAHHBLIX 3Ha-
0% , 28 — 256 AHTOBAH 3Ha
dcunit aMiuTy cursaios Y, U,V pacrpesenensl paBHOMepHO, HHGOD-
Mauys KayKIOFO CHMBOJIA PaBHA

1 _Gn = 8 6ut/cumBoN. (8.24)

Iy = —log, " 28 cumBon

Takum 06pa3oM, HCKOMBIH MHGDOPMALMOHHBIA [TOTOK COCTABJISIET

CHMBOT o Gurr = 3,04128 M6ut/cex. (8.25)
cek CHMBOJI

I =ryI, = 380160

3ameuanue. Jamemum, ¥mo UNGOPMAYUA CUMEOAG PasHA daume deo-
UYHOT 3ANUCY CUMBOAA MOABKO 6 CAYNAE PAGHOMEPHO20 PACTPEdeeHUR,
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sepoammuocmetl cumeonos. B pearvnnx varnarar nepedavwu yudpossix eu-
JeocuzHan08 UHPOPMAUUL 00H0Z0 CUMBOAR CYUECTNGENHO MeHbULE 8 BUM.
Cpaenenue (8.25) ¢ ISDN-B xanaaom, no xomopomy undopmayus nepe-
daemces co cxopocmuio 64 xbum/cex noxasweaem, wmo daxmop cocamus
8 IMoMm KaHase JoANCEH Bbimb pasen, npubaudumenvro, 50.

-2. IIns nepenaan uidopMaIMOHHOro 1oToKa 3,04128 MGut/cex 10.1-
3KeH UCIOJIb30BaTbCs KaHaJ ¢ Goblueil MPOIlyCKHOM criocoGHoCThIO. V3
meHHOHOBCKOMN ¢opmysel (8.11) nosnydaem

I _3,04128 - 1051

B > = - 22 305 k[, 8.26
g1+ 5)  logy(1+10%) s mo (826)

ITpumep: VMiyabcHO-KORKOBASE MOLYJISILIUS.

AnanoroBelii curian ¢ BepxHe#t ciiekTpainHoi yactotoit 4 xI'n noj-
BEpraeTcs NUCKPeTH3alMM BO BPCMEHH C YacTOTo# oTcyeTos, B 1,25 pa3
IIPeBbIIIAIONICH MUHUMAIBLHO HEOOXOAUMYIO JJI BOCCTAHOBJIEHHS] CUIHa-
Ja. Kaoxjpiit oTcuer kBauTyercss Ha 256 ypouell cumBosiaMu, codep-
>kamumMu 8 6uT. TIpennonaraeTcs, 4T0 CUMBOJB! HE3ABUCHMBL M UMEIOT
PABIHOMEPHOE DPAcilpe/Ie/IeHKe BePOSITHOCTEMN.

1. Haityure undbopManuoHubii 10TOK ouudPOBAHHOTO HCTOYHUKA.

2. Moxer it 310T uHGOPMALMOHHBI 10TOK 6bITh LEpeAaH [0 KAHATY
¢ ABT'IH ¢ nonocoit B = 10 k'y, n SNR 20 aB ¢ upenebpexxumMo
MaJIol BepOsiTHOCTBIO OmubKu?

3. Kakoso jomxHo 66Ty MunuManbioe SNR, neobxonumoe s ne-
pefadu nHbOpPMaIMOHHOTO nOToKa B nosoce B = 10 kI'n ¢ npene-
OpexxuMo MaJioff BEPOSITHOCTBIO OLUIMOKHU?

4. KakoBo MHUHMMaJibHOE 3HAYEHUE HOJIOCHI MpONycKaHus B, obec-
meurBalonee nepejaady uudopmaiuu no Kanajiy ¢ ABI'II npu
SNR--20 nB ¢ npesebpe:kHMMO MaJloif BEPOATHOCTLIO OUIHGKU T

Pelenne.
1. YacToTa oTcueToB paBHa

fs=1,25-4-2=10 x['n. (8.27)
CKOpOCTb nepeja4yu CUMBOJIOB paBHa

rs = 10* cum/cek. (8.28)



8.3, ITpumepw. | Q)

Wudopmanus ogHoro cuMBoJA —
Ig = 8 Gur. -(8.29)
Nudopmanponnslit moTok —
I =rglg = 80 xbut/cek. (8.30)
2. IIpouyckhast ciiocobHOCTH KaHANIA PaBHA
| C =10 kI - logy(1 + 10?) =~ 66 k6ur/cek, (8.31)

TakuM 00pasoM, C < I. Besomubo4yHas mepenadya HEBO3MOXKHA.
3. MunuMansHO HeOoBXOA¥MOE OTHOLIEHHE CHTHAJ/IIYM OIIPEAEIIAeT-
cs1 m3 (8.11)

S
10 kI'ig - logy(1 + N) = 80 k6ur/cek (8.32)

U DaBHO
s
2l =255~ 24,1 gB. : (8.33)

min
4. MunH#MaIbHO HeoBXOAUMOe 3HAYEHHE IIOJOCHI rIpOIIyCKaHPIﬂ BbI-
qucssiercst, ucxons us (8.11)

Blogy(1 + 10%) = 80 k6ur/cex. (8.34)
Takum obpa3oM, nosyyaem

B|_. =12 xIn. ‘ (8.35)

min

IIpumep: Tenedounsiit kaHa.

CranaapTHbIi aHAJIOTOBLIM TesebOHHBIN KaHAJ HMeeT MOJIOCY Ipo-
tiyckanug ot 300 ' o 3,4 x['u. Byaem npeanosarars, aro TeaedoHHbIH
V3€J1 CBA3M OBECIIETHBALT Ha, BLIXOJE 3aJ8HHOE OTHOIIEHHE CHTHAJ/TIYM.

Kaxxplit aGOHEHT CBA3aH C KOMMYTATOPOM 11apo# IPOBOIOB. 3aTyXa-
HHe CHrHaMIa B nojoce Jo 4 KI'i cocTapiser, npubausurenbso, 2 1B /km.

HNocrpoiite rpacduk IPOIMyCKHOM CrlocOOHOCTH Katada, Kak dhyHKIMI0
V/IaJICHHOCTH aGOHEHTa OT y3JIa CBA3H.

Peinenue.

MoncrasuM B BbIpaskenue Jyis TIPOIYCKHOHN cuocobHocTH (8.11) 3ua-
YeHMe OTHOLIEHHS CUIHAJI/1yM KaK (byHkuuu paccrosiamsi [ Byaem cun-
TaTh [HUPHUHY 10JIOCH! npouyckanust 4 kI'm., Torga

C = 4logy(1 + 10%1USNE=2/kml) y6yr /cex. (8.36)



Traea 8. Henpepustnie UCTRONHUKU U KAHAABL

I'pacbuku 3aBUCUMOCTH HPOILYCKHON CIHOCODHOCTM OT PpacCTOSIHMS
MIPUBCACHB Ha pHC. 8.9.

2
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Puc. 8.9. 3aBHcMMOCTb TIPOIYCKHOM COCOGHOCTH OT AAJIbHO-
CTH MoK TI0Uenus.

3Hauenue HponyckHo# cnocobnoctn C Kak MyHKIMH [, COOTBETCTBY-
iolee otHomenyio curuan/mym 60 1B, nagaer 11ouTH JUHEHHO € POCTOM
0 < { < 20 xM ¢ 80 k6ur/cex no 26 xb6ur/cek. [TogobHbIM ke 0OpazoM
BejlyT cebsi KpUBble, COOTBETCTBYIOILHC MEHbIUMM HAYAJIBHBIM OTHOILC-
ITHSIM CHTHAJL/TIYM, OJIHAKO, € yMeHbliieHuem SNR, cBOHCTBO steHOCTH
YTPAuYNBaACTCS.

3ameuanmne. Cmamucmuka noxazweaem, wmo 99,5 % abonenmos, nod-
KAONEUHBIL K UEHMPAADHOMY Y3AY C6A3U, Oblau YoaAeHsl OM HE20 He
Goaee wem Mo 8 wm. Daxmuvecku, nPonyckHai cnocobHOCTD KAHAI08
C6A3U CYWECMBEHNO GBULE, “eM NPUBEOEHHAA 68 npuMepe. Imo 065Ac-
HACTNCA TREM HAKmoMm, Mo WUPUHA NOAOCH NPONYCKAHUA NAPL Meae-
POHHBIX NPO60J0S 60 MHO20 pa3 eviue 4 xIu.

CoBpeMeHiible METOIB! epeaadn HH(OPMaIMY 110 HPOBOJHBIM JTHHUSIM-
cBsizu (xDSL) 103BONSIOT pEaIM30BATL CKOPOCTH Nepe/lau JIaHHBIX A0
Heckoyibkux M6ut/cex. Hanpumep, B crangapre ADSL, nepejada uu-
opManuy ocymecTBIAETCA CO CKOPOCTHIO Bhimie 64 KOUT/cex U ucnosb-
3yeTcs mojioca yactoT or 26...138 kT'u. [Ipu coenuuenun abonentoB
B CETb €O cKopocTbio 6 Mbut/cek, nmosnoca gacTor cocrapiser 26 ... 1104
k!l
YIpumep: Tenerpacdus.

B renerpadun g nepesaun coobineHuit HCnoab3yIOTC 1Ba CHMBO-
na — Touka u Tipe. OT/ebEbIE CUMBOBI pa3ieieRbl ay3aMu. BydeM



8.3. Hpumepn. | @)

CYATATh, YTO JINTENbHOCTb THDPE COCTaBlseT 1 Cek., a JUIMTEeIbHOCTD
TOUKM M 1ay3bl — 1/3 cex.
Halinure cpeannii nHMOPMALMOHHBIH IIOTOK TeJerPaHOr0 HCTOUHUKA.

Pemenne. _

U3 tabaunpr 3.1 crenyert, “To OTHOLIEHHE YaCTOT BCTPEYAEMOCTH TO-
Y€K M TUpe paBHO, UpHOIM3NTEILHO, 2:1 (¢ y4eToM BeposiTHOCTEH 6yKB
andapuTa B TekcTe). 3HAMMT, BEPOSITHOCTH HOSABJICHNUS TOYKH M THDE
CBA3aHBl COOTHOLICHHEM

Proaka = 2Prupe ¥ Prouxa + Prupe = 1. (8.37)
CreposaTebHO,
Prouxa = 2/3 H PTupe = 1/3- (8.38)
IHTPOUHUSA ABOMYHOI'O TeerpacbHOro UCTOYHHUKA
H(x
'% = — Proukalogy Prouxa — THpe log, PT"pe =0,92. (8.39)

CpC}lHﬁﬂ JNMUTENBbHOCTL OAHOIO CUMBOJIa, BKJHOMasA I]OCJIEllyIOHLyiO nay-
3y, cocrapjdeT

T = 2/3tvouxa + 1/3tmpe + tuayza = (8.40)
=2/3-1/3 cek + 1/3 cex + 1/3 cex = 8/9 cek.

TakuMm obpazoM, cpeaunii uHGOPMAIMOHHDBIA TOTOK paBeH

I= —1—1% = 1,04 6ut/cek. (8.41)



YACTE 11

ITOMEXOYCTONYNBOE
~ KOJUPOBAHUE



IMABA |
BBEJEHME

CrpyxTypHas cxema npouecca uupoBOH CBs3W UpHBEACHA Ha puc. 1.1.
Hcrovnnk Boytaer cooblienue, KOTopoe B 00LIeM Bijie IPEACTABISET CO-
60li HEKOTOpBIH 3TeKTpUYdecKui cUruai. AHanorossifi CUrHAN Hpeobpa-
3yeTcs B uudpoyo dhopMmy, yao0HYI0 I HanibHelel obpaboTky.

Koaep K
Hetounnk | > onep
UCTOYHHKA KaHana

!
Iliym }:} Kanan
|

Nonyuarens Dlexonep " lexonep
HCTOUNHKR KaHana

Puc. 1.1. Moaens nepegayu uHgopMauu.

3ameTumM, 4TO aHaJIOro - M@pPoBoe IIpeobpasoBanue, KaK IIPABUJIO,
OrpaHUYHMBAET 110JI0Cy cHI'Hafa. [dajiee npoussonurcs cxkarue uidopma-
1K (KOAMpOBaHMEe UCTOYHHKA, M. 49acTh 1). KomupoBaHue UCTOUHMKA
V/IAISICT HECYIIECTBCHHYIO HHGpOPMALMIO U MUHAMU3UDYET, 3 WHOTAA M
IOJIHOCTBIO yCTpaHsieT u3buITouHOCTh cooblenis. Takum obpa3oM, Ko-
/IMPOBAHME UCTOYHMKA CHMKACT 3aTPaThl Ha XPAHEHHE H Tepelady UH-
¢dopmampu. anee coobuieHue A0JKHO ObITH HepeJaHo MO 3alUyMIJIEH-
HoMy Kamasy. Jsist Toro, 4Tobhl B JasbHelieM coobieHne Moo 6bITh
/lOBEJIEHO JI0 10TpebUTENs B HCHCKAXKEHHOM BUJIe, Epe/] epejijajelf B Ka-
1141 TIPOU3BOLUTCS IOMEXOYCTOHYMBOE KomupoBaine undopmanun (Ko-
/lupoBanue KaHaga). Ha npuemuoM konue nudopMalus, HOCTYHAIONAA
W3 KaHAJIA 1I0{BEePraeTcsi O6paTHbIM' peobpasosanusiM. Jlekonep kanasa
HCIIpaB/seT OIMMOKK B IPUHATOM CJIOBE, a JEKOoJep HCTOYHHKA Npeodpa-
3VeT UCHpaBiieHHoe CIoBo B ¢opMy, y106iyI0 noTpebuTeio.

B yuebHoi#1 nuTepaType 0CHOBHOE BHHMAaHHE YAEISETCA lie MeToldaM
YeTpaHeHnusi oluMGOK B KaHajle, a ONTHMAJIbHBIM MPOLELyPaM NOMEeXo-
YCTOMYHBOrO KOJMPOBaHUA M JEKOMUPOBAHMS, 1103BOJIAIOUIMM OOHapY-

1A%



8 TInasa 1. Beedenue

JKMBaTb U HCUPaBJATHL 1M omwubku. Ilpu sTOM, roBops 0 Ko/jax, KOH-
TPOJIMPYIOIUX OIKOKH, PA3JIAYAIOT JiBE CTPATEruA MX UCIOIb30BAHMS:
C HENOCPEJCTBEHHbIM UCNPABACHUEM 0WUBOK 30 cyem u3bwmounocmu
(Forward Error Correction — FEC) u ¢ oGuapykenuem omubok ¢ mo-
CIIEAYIOLIUMH 3aNPOCAMU KA TLOSMOPHYIO Nepedayy ouuUbouHO NPUHAMOY
ungopmayuu (Automatic Repeat Request - ARQ).

ITpu NpOCKTHPOBAHUK PEANHLHBIX CHCTEM CBA3H, OOBIYHO, COYETAIOT
BLIGOP KaHaJla ¢ BLIGOPOM KOHKPETHBIX METOJ0B LIOMEXOYCTOHYHBOIO KO~
Juposanns. [Ipi 3ToM, CTpPeMsiTCsl OITHMH3UPOBATH COOTHOLIEHHE MEX-~
JIY 3aTPaTaMu M KadecTBOM nepenayn uHgopmaimu. [lox kadecTBoM, Kak
TIPABHJIO, HOHUMAKOT CPeAHIon Ao omubounbix 6ur (Bit Error Rate -
BER), KoTOpas oupeesiercs, KaK Cpednas 6epoammnocms owubxu ox-
Horo OuTta nepegaBaeMoit uHMGOpMaLMH.

IMepsbiM 1WaroM pa3pabOTKH CHCTEMBl CBSI3H $IBJSIETCS BbIOOP KOH-
CTPYKIU# epefaTunKa ¥ NPUEMHUKA, a TaK2Ke cpelbl, B KOTopoii 6yaer
OCYIIECTBIAThCA Niepedava AaHubix. C TO4YKH 3peHust Teopun uHdopma-
(MM, STHM CAMBIM Mbl BHIGMPAEM OIHH M3 KAHAJIOB, CPE/IU BCCX DEAVIbHO
cyuecTBytommx. OnbIT LHOKA3bIBAET, YTO HA, IIEPBOM LIare paspaboTYNKU
CHCTCMBI CBSI3M OU€Hb YaCTO CTAJIKUBAIOTCH C, TAK HA3biBACMbIM, «3¢-
beKTOM HachlleHHsI», KOTOPBIH oKa3an Ha puc. 1.2. cnonbsys cras-
JIAPTHYIO TEXHHUKY Nepejadd JaHHBIX, MOXKHO [OJYYHTh HEKOTOPOE ra-
PAHTHPOBAHHOE KAYMECTBO CBSI3W, HANpPHUMEp, AJs MOOHJIBHBIX KAHAJIOB
BER =~ 1072, jus uposomusix xaHanoB BER ~ 10™°, qns Bonokomn-
HoonTHYecknx Kananos BER = 107!2, [Ipn janbrefimeM yuydimeHun
KayecTBa CBA3M CPEJACTBAMH aHAJIOTOBON TEXHHKH, 3aTPATHl Ha Peasn3a-
IIMIO PE3KO BO3PACTAIOT.

unpoBblE CHTEMBI
4 Kauectso

- - -
d
4
,/ aHanorosbie
P CHCTEMBI
7’
’

3arparsi

>
»>

Puc. 1.2. 3aBucHMOCTb MeX/Iy 3aTPATAMH M KAYCCTBOM B CH-
creMax flepefaqan uHGOpMatvH.

3zeck Ha NOMOIL UPUXOAUT UMGMPOBas TEXHUKA H [IOMEXOYCTOM-
4yuBoe KoguposaHue. IlyTeM NpUMeHeHUs ONTUMAJILHOIO KOJAMPOBAHUSI,



MOXHO O0eCnevnTs Kak yro,u,no maiyro BER (upu yciosun R < C).
ITpu BrIGOpE METONOB KoaupoBanys N JEKOAUPOBAHHS, PyKOBOACTBYIOT-
Csi MHOI'UMH (baKTOpaMu, B3aMMOCBS3L KOTODbIX MOKasaHa Ha puc. 1.3.
B 00u1yio cloXXHOCTL BXOAAT AlIAPATYPHBIE M IPOrPAMMHBIE 3aTPATHI
Ha, peaJiM3alliio KOAepa U AEKOAepa, ICHbI CLENUATU3UDOBAHHBIX MHKPO-
CXEM H MUKDOIIPOIIECCOPOB, CTOMMOCTD aMSITH JIJIsl XpaHeHus HHPopMa-
1mu ¥ T.4. VHTeHCHBHOCTD 1HOTOKA JAHHBLIX BK/IOYaeT B cebs Iepeiady
nose3nolt uHGOpMalH, IPOBEPOYHBIX Pa3PH0B, & TaKKe Iepejady 3a-
MPOCOB ¥ NOBTOPEHM IO 3TUM 3aIPOCaM OTHeJIbHBIX GJI0KOB coobieHuil.

CnocoGHOCTL kona 00HapyXHBATH
K HCNPABAATH OWHOKY

noToka
AaHHBIX ,

CnoxuocTs

Puec. 1.3. BaauMocesash MeXay NapamMeTpamu KOZOBbIX KOH-
CTpYKUMHA.

Meroapl MOMeXoycTORYMBOrO KOJMPOBAHUA JIOBOJILHO MHOI00GDa3-
1bl. BB 370l KHUre MBI OTPAHUYMMCS JIMIIb OIUCAHHEM HAHbO0TIee BasKHBIX
KJIaCCOB BJIOKOBBIX M CBEPTOUHEIX KOJIOB. IIpH 9TOM, OCHOBHOE BHHMaHHe
YIEIIHeTCs LMKIIMYECKAM KOIAM W3-3a IIPOCTOTHI X peavtmsamud. Llnk-
JIMYecKHe KOAbl OBPasyloT MOAMHOXKECTBO JMHEHHbIX BI0KOBBIX KOJIOB,
IIOITOMY, Halll BBOAHBIA KypC Mbl HAYHEM C OMMCAHMS CTPYKTYPBI # 06-
IIMX CBOHCTB JHMIeHHBX GI0KOBBIX KO/IOB (110/ipobHee M., HanpuMep, [5]).



FNABA 2

NTMHEWNHBIE
BINMOKOBBLIE KO/ZbI

2.1. loMexoycToituneoe KoaupoBaHue

PeasibHbIC CHCTCMBI NCpe/lady JAHHBIX He coBepireHHbl. IIpumenss uH-
(OPMAIIHOHHYIO TEXHMKY, Mbl AO/KUBLI YUYHUTBIBATb BO3MOXKHOCTH BO3-
HHKHOBeHUs! oMOOK (BepoaTHOCTL OMWMOOK) IIPH 11epejade H XpaHeHHH
nagopMatun. DTo B LHEPBYIO O4EPESb OTHOCHTCH K

® XpaHeHHI0 HH(OPMAIMN HA HOCUTENISIX ¢ BBICOKOH ILIOTHOCTBIO 3a-
mucu (MaruuThete Hocutesit, CD — ROM, DV D).

& liepejade JAaHHBIX 1IPM OFPaHM4eHHOM MONIHOCTH curHasa (CryT-
HHUKOBasi U MOGH/IbHAS CBSI3b) :

e mepejaie MHGOPMAIMK N0 CHILHO 3alllyMJICHHbIM KaHalmaM (Mo-
OHIbHAS CBA3L, BLICOKOCKOPOCTHBIE [IPOBOAHBIC JIHHUM CBA3H)

® KaHaj1aM CBS3M C LIOBBIHICHHBIMU TPEGOBAHUSIMH K Ha/I€2KIOCTH HH-
bopMaunn (BLMUCIUTENBHBIC CCTH, JAHUY [IEPEJAYN CO CKATHEM
JAHHBIX)

Bo BCEX BBIICHEPEIUCICHHBIX CIy9asiX HCIOIb3YIOTCS KOABI, KOHTPOJIH-
pytouye omubxu. Teopust MOMEXOYCTONYMBOIO KOJMPOBAHUS IS KaXK-
JIOr'0 KOHKPETHOI'O KaHaJIa, [I03BOJIsICT BbIOpaTh Hanbosnee sdgpdekrusubii
MeTon obHapy KeHusi 1 UCHpaB/ieHust olubok. CyUecTEYIOT 1B B3aUMO-
JIOLOJIHAIOIUX MeTo/1a 60pbOLI C HOMEeXaMHu.

¢ Koauposanue jias ucupasjienusi OmIMO0OK — NPUEMHUK OBHADYKH-
BAET M MCNPABIAeT ouInbKu;

o Konuposanue s o6HapyKenust OHO0K - NPUEMHHK PACIO3HACT -
omubKH U, B cydae HeOOXOLMMOCTH, UPOM3BOLUT 3AIPOC HA IO
BTOPHYIO Nepejiady omuboqHoro 6j10ka.

Tocnenunii MeToyy TIpe/TIoNaraeT HaJIMuMe KaHajla oBpaTHON CBS3H
H HaXOAMT CBOE IIpUMEHEHHE B KaHAJIAX C JOCTATCYHO MaJIOH BeposiT-
HOCTBIO OWMOKHU B CITydae, eC/M 9Ty BePOATHOCTH OLIMGKM HCOGXOAMMO



2.1. [Tomezoycmotinueoe xoduposanue

eule NoHU3UThb. Takast cuTyanusi 4aCTO BOBHUKAET B BLIYHUCTUTENbHBIX
ceTax U B MHTepHeTe. Tunuunoe 3Ha4YeHHe BEPOSITHOCTH OlMOKK Ha byt
6e3 KOJMPOBaHUS B BHIYMCAMTENLHBIX ceTax cocrasngeT 1076, Hcnomn-
30BalUC NMPOCTEHIIMX KOJOB C HEOOIBIION M3DLITOUHOCTBIO MMO3BOJISIET
JIOCTHrHY ThH BepoaTHocTd 1079 U Huxe.

3ameuanne. Tpebosanue x eepoamunocmy owubxu 1072 ne asasemea
HPEIMEPHO 3AEBIUEHHDIM. B uMUCIUMEAPHUT CEMAT, HANPUMED, MO-
o1Cem BOSHUKHYMb 00PHE CEA3U 6 PE3YALIMATME NOGPENCOEHUA ONIMOBO-
AOKHA NPU NPOU3BOICTNEE IEMAAHBT Pabom, HEGPEHCHOZ0 TOOKAIONENUR
xabesr £ Modemy u m.0. Tawoll obpws doasxcer Gwmv Gvempo obna-
pyorcen dexodepom, Komopuli 6 cAyUae PEaK020 603PACTRAHUR HACTROTIY,
NEPECTLPOCO8 8BIOAETN. CULHAA 0OPBIBA CEA3U.

B mocneaymomux pasgenax uJeHd HOMEXOYCTORYMBOTO KOAMPOBAHHUS
6yayT nospobHO 06bsICHEHHI Ha lpUMepaxX JHHEeRHBIX GJIOKOBBIX KOJIOB.
3aeck e Mbl PacCMOTDHM IIPOCTEHIIY> MOJENIb Hepelady JaHHBIX C
HMCTIOJIb30BAHHEM TIOMEXOYCTOMYMEOrO KoaupoBaHus (puc. 2.1).

Coobwenne = Koaosoe cnoso
! |

Kone
Hcrounuk 2P | ¥ 1 Konep | ¥ Jlepenaruu
MCTOYHHKA .
Koauposanue Kanan
KaHana + uym
Nexkopep | @ Jexo, r
[Honyuarente] ucrounnxa & €koaep TNpremuuk
!
Jefonuposantoe [lpunstoe cnoso
coobuwetne

Puc. 2.1. Mogens KaHajia CBA3U ¢ KOAUPOBAHHEM.

BynmeM ucxojiuTh M3 TOro, 4To NHPH liepejiade HHGOPMaUUH UCIOb-
3yeTcs 6I0KOBBIH Ko XoMMunral, CprKTypa koToporo Oyzaer noapobHo
PACKpBbITa. B lasibHeiIeM. Ceiiyac Mbl OrpaHHIHMCs ero TabJIMYHBIM ONH-
carneM. [lycTh KoIep MCTOUHUKA HOCJICHOBATENBHO BLIRET UunBHOpMaLl-
onnbie ca06a pUKCUPOBaHHOM NIUHBL. Kojep Kanajla 3aMeHseT Kaxzoe
HipOPMAIMOHHOE CJIOBO U K00068bLM CAOSOM V B COOTBETCTBHH C Tabu. 2.1.

IMepeaTyuk reHepupyeT CUrHAJILI, COOTBETCTBYIOIIME KOJKOBOMY CJIO-
By V U IOCHUTaeT MX B KaHal. [IpMEMHHK NMPOM3BOAUT OOpaTHOE Ipe-

'Puuaps B. Xommunr: 1915/1998, aMepuKaHCKHiT MATEMATHK.
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Tabauna 2.1. Konosas tabmua (7,4)-kosa XoMMUHTa.

WUndopmannonnoe  Kozosoe | Mndopmanmonnoe  Koposoe
CIIOBO " craoso CJI0BO CJIOBO
0000 000 0000 0001 101 0001
1000 110 1000 1001 011 1001
0100 011 0100 0101 110 0101
1100 101 1100 1101 000 1101
0010 111 0010 0011 010 0011
1010 001 1010 1011 100 1011
0110 100 0110 0111 001 0111
1110 010 1110 1111 111 1111

06pasoBanye, B PE3YJbLTATE KOTOPOTO Ha AEKOJEP MOCTYLAET JBOMYHOC
NPUHATNOE CAOEO T. :

Jlexosep CpaBHUBACT IPHHATOE CJIOBO T CO BCCMH KOJIOBBIMH C/IOBAMH
tabn. 2.1. Eciim cJI0BO T COBIAAAET € OMHMM K3 KOAOBBIX CJIOB, TO COOT-
BETCTBYIOLIEC HI(OPMAIMOHHOE CJIOBO U BBLAAETCS 10TpebuTetio. Eciv
I' OTJIMYAETCH OT BCEX KOAOBBIX CJIOB, TO B KaHaje IIPOH3OILIA OGHAPY-
KuBaeMmas omubka.’?

W3 BCero BBINIECKA3AHHOIO YIKe MOMKHO CIEJIATh [BA BAXKHbIX BBLIBOJIA:

e Ecin B mpoliecce nepeiaty 10 3allyMJIEHHOMY KaHally KOJIOBOE
€J10B0 0TOBPA3UTCS B JIPYroe KOJOBOC CJIOBO, HE COBIQJAIONIEE C
[IEPEJAHHBIM, TO NPOMCXOUUT HeoOHapyxkumas owubka. Hazosem
€e OCTATOYHON Owubxot dexodupoearia.

e «Xopoume Kojibl» 00i1a/1a10T HEKOTOPOH MaTeMaTH4ecKol cTpyK-
Typoll, KoTopas 1103B0sgeT 3PPEeKTUBHO pacno3laTh, a B HEKOTO-
DhIX CJIyYasX U HCHPABIATH OUGKH, BOSHUKAIONHME TIPH NEpesade
uHGOPMaLHH 110 KaHALY CBA3H.

Y cTpyKTyphl Kosia X3MMUHIa C/IEAYET O/IHO MHTEPECHOE CBONCTBO, KOTOPOE MOYKET
GLITH IPOBEPEHHO NMPOCTHIM TepebopoM:

Ilnsi moBoro npOMSBOJILHOIG BEKTOpa T CYHIECTRYET Guikaliee KOZOBOE CJIOBO,
KOTOpOe MM MOJHOCTBIO COBIAJAET C I HWIH OTIMYAETCst OT HErO TOJBKO B OJHOM
JjpouyHoM paspsje. Takum o6pasoM, eciM B BEKTOpe V IpH nepeiade 1o KaHajy
NPOK30INTa TONLKO OAHA OmMOKa, OHa BCErAa MOXKeT OmTh UCHpaBiieHa B Npoiecce
Jekonuposanus. - [Ipux. nepes.
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2.2. lMopoxpatowan maTpuua

BaxxHoe ceMmeiicrBo K0j10B 06pa3yoT Aunetinbie d60uMHbe BAOKOEHE KO-
Jvi. ITH KOABL 3aMEYATEILHEL TeM, YTO Tpe/JICTaBlsAs WH(POPMAIMOHHEIE
W KOJOBble CJ0Ba B (popMe JBOUMHEIX BEKTOPOB, Mbl MOXKEM OLMCATh
IIPOLIECCH] KO;IMPOBAHUsSl M JEKOMUPOBAHUS ¢ TOMOIILIO aIfIapaTa JMie#-
HOH anreOphbl, HPU 3TOM, KOMIOHEHTAMH BBOJMMbIX BEKTOPOB U MaTpHL
apnstiorest cumsonbl O 1 1. Omepaiyu Ha)| JBOMYHBIME KOMIIOHEHTaMU
HPOU3BOJIATCS [0 NPHBBITHBIM 1IPABUJIAM JBOMYHOM apudMeTHKH, TaK
Ha3bIBaeMol, apugpmemury no modyno 2 (Tabn. 2.2).

Tabauua 2.2. ApudmMernka no moayso 2.

Crioxenue | YMHOXeHNC

d10 1{e{0 1
0(0 1{0}0 O
111 0(1}10 1

3ameuanne. C Mamemamu4eckol MoKy 3peHus, ONpedeaus onepayuy
C JBOUMHBIMYU CUMBOAAMU COZAGCHO Mabiuye 2.2, Mbl NOCTPOUAY NOAE
Teaya zapaxmepucmuru 2 nepeozo nopadka GF(2). Obwasn meopus no-
aet Toaya nossoasem cmpoumv noas TAPAKMEPUCTIUKY P NOPAIKG T
- GF(p™), 20e p - npocmoe, m - awboe xonewnoe uyeaoe. fleperod
pacwupennvm nossm GF(p™) daem e03modicnocmd xoHcmpyuposams
xodut, obaadarowsue pARIOM HOBWL CE60UCTS, NOAEIHHT NO CPAGHEHUID C
080UNHBMY KOAMU.

B wacmnocmu, k00w Puda-Cosomona ¢ cumsosamu us GF(2™), m >
2 ¢ ycneTom NPUMEHAIOMCA Oaf 3auumer ungopmayuy 6 ayduo, CD
npouzpweamearz (Iloasm Toaya u xodam Puda-Coromona nocesusena
24460 5 dannot xHu2u).

Kodep npouuoro 6510k0Boro (n, k)-kona otobpaxkaer Muoxecrso 2
BO3MOXHBEIX JIBOHYHBIX MH(OPMaIMOHHBIX CIOB B MHOKECTBO ok T-MEPHbIX
KO/IOBBIX CJIOB (B TEOPHH KOIMPOBaHHs MEXJly STHMH MHOXECTBaMH BCE-
[Aa CYUIeCTBYeT B3AHMHO OAHO3Ha4noe coorBercTBHe) (cM. puc. 2.2).

BuMmecto k 6ut undopManmouHoro BEKTOpa B KaHaJ riepéaaercs n 6ut
KOJIOBOTO BeKTOpa. B 3ToM ciryuae roBopsT o6 uzbwimourom xoduposa-
HUU CO CKOPOCBIO

R= E (2.1)
m

YeM HHKe CKOPOCTh, TeM BoJibine H36HITOYHOCTD KOJa B TeM GOMIbIuMA
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BO3MOXKHOCTAMH JIUIS 32IMTHI OT OIHMGOK OH 06saaer (34eCh, OAHAKO,
HAJI0 YYMTHIBATD, YTO € YBeJUUeHHeM H30bITOUHOCTH, 3aTPaThi Ha 1iepe-
Jady MHGODPMALMIO TAKIKE BO3PACTAIOT).

Hudopmaunosrnoe Koaosoe
CNoBO CnoBo
0 = (o, i) V= (Vo ViseensVint)

Konep L—

Puc. 2.2. Koaep 6noxosoro (n, k)-koaa.

- Konuposauue nnueinoro 6aokosoro (n, k)-kona 3ajaetcs noposcda-
rougeti mampuyeti Ggxqn- B paccmorpertomM soiie (7,4)-kofe X3aMMuHra
HOPOXKAAIOILAsA MaTPUIa AMCET BUJ,

Gyx7 = (2.2)

— O
O s =
—_ e O
OO O -
OO~ O
O OO
- OO O

Takum 06pa3oM, K0do6oe €060 v 1 MHGPOPMAIHOHHOE CJIOBO U CBs-
3aHbl COOTHOIIEHHEM
v=u®G. (2.3)

Hamnpumep, undopmanmonnsift exkrop u = (1010) orobpaxkaercst B Ko-
JIOBBIH BEKTOD ’

v = (1010} © = (0011010). (2.4)

== D =
O = e p
—_— = O
SO O =
OO =O
(== =]
- oo

IlepBoe, yTo cpa3y ke bpocaercss B 1a3a u3 Tabs. 2.1, a0 cobmaje-
HHE NOCJIETHUX YETHIPEX Pa3psiOB KOJOBBIX CJIOB ¢ HHDOPMAIHMOHHBIMHI
BeKTOpaMH. Takofi KO OTHOCHTCS K CeMeHCTBY CHCTEMATHYIECKUX KOJOB.

Kozp!, B KOTOPbIX MHGMOPMSIMOHHOE CIIOBO MOXeT GuiTh Henocpel-
CTBEHHO BBIIEJIEHO U3 COOTBETCTBYIOLIETO €My KOJIOBOIO BCKTODA, Ha3bl-
BAIOTCSL CUCTNEMATNUNECKUMU,

. Hopoxiatonyylo MaTpuly Jio0Oro Cucmemamuveckozo Koda BCEL/ia
MOXKHO MYTEM [IEPECTAHOBKM CTOJIOLOB IPUBECTH K BUAY

Gixn = (Pex(n—k) k), (2.5)
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rjle HHXKHHE HHIEKCH! 0DO3HAYAT PasMepHOCTh MaTpuipl, a I - enm-
HAYHASA MATPHUIA pasMepHocTH k X K.
3ameuanue. B aumepamype 4wacmo eQunu4HaL MAMPUYA CMASUMCA HA

nepeoe MeCMo. 3aMEMUM, YN0 NEPECTRAHOEKE CMOABU068 MAMPUYDL HE
OKG3BLBAETI HUKAKO20 GAUANUR HE KOPPEXTRUDYIOUYIO CTIOCOGHOC® K0da.

Takum 06pazoM, B K00060Mm 6eXMOpE CUCTEMATHYECKOTO KOJIa BCETJIA
MOXKHO BBIJETUTb UHPOPMOYUOHHDBIE U TPOSEPOUNBLE CUMBOJIBI

v=( v ... Up_g-i Uk --o Un—1 ). (2.6)
e —— NS
n—k TIPOBEPOYHEIX CHMBO,IOR k aHdOPMANMOHHBIX CHMBOJIOB

Ponb upoBepouHBIX CHMBOJIOB H HX HCIIOJNL30Bande OyayT 1101pobHO
pa3bsCHEHLI B CJIE/IYIONMX pa3ienax.

2.3. CuHgpoMHoe gekoaupoBaHue

3ajada JeKOUepa 3aK/0YaeTCH B TOM, YTOObI HCLIOJL3Ys] CTPYKTYDY KO-
A3, [0 MPUHSITOMY CJIOBY T, BOCCTAHOBHTbL NeEpeAaHHbIi HHGOPMAIHOH-
HbI# BeKTOp.

Jns pacemorpennoro Beiwe (7, 4)-kona XsMMHHra MOXKHO TIPEJiJIO-
KUTb CJIeLyIOLMiA aJropuTM obHapyxeHHst omubok. Tak Kak paccMar-
pPHBaeMbIH KOJI SIBJISIETCA CHCTEMATHYECKHM, BHIPDA3MM KaXKIbI U3 Tpex
{IPOBEPOYHBIX CHMBOJIOB YEPE3 CUMBOJIbI HH(POPMAIHOHHOTO BEKTOpa Uy =
=v3DUsDvg, V1 = V3D Uy B us U v = vy DusDvg. Ecin B kaHase mpo- -
M30LLIA OlUMOKA, TO B MPUHSITOM BEKTODE I X0Ts Obl 0/JHO U3 DABEHCTB He
Oy/IeT BBILIOJHATLCA. 3aNMINEM MOy YCHHBIE IIPOBEPOUHBIE COOTHOIIEHUS
B BHIE CUCTEMbl YPABHEHHIA JUIsi KOMIIOHEHT BEKTOpa. T

To® T30 rs® re® = So
r1® r3® r® 5@ = 38 (2.7)
@ . D 5@ re® = Sa2.

Takum o6pasoM, U3 nepBbLIX Tpex croabuos nopoxaomelt MaTpuns G
(2.2), MBI 1HOJIy4KJIA CHCTEMY TPEX NPOBEPOUHBIX yPaBHEHHI, B KOTOPOi
onepanus G NPOU3BOAMTCS TI0 NpaBUiaM apupMETHKH 110 MoayIo 2 (cMm.
1a6s1. 2.2). Eciin B mojy4eHHo# cucTeMe ypaBHeHMil XO0TA Obl onHa u3
KOMIIOHEHT {8y, $1, $2} He paBHa HYMO, TO B KanaJle [IPOH30IILTa olHbKa.
3almiiem cHCTEMY [TPOBEPOYHBIX ypaBHeHuil B o0em Bige. s mo-
60ro cHCTEeMaTHYeCKOTO Koja ¢ mopoxaamomeil marpuuedt (2.5), npose-
POYHAS MATPHIA ONPENEIsAeTCs KaK '

Hinkyxn = Tnk Pixpnoiy)s - - (2.8)
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t¢ Hyy (n_4) — TPAHCIIOHHPOBaHHAS MATPHIIA, T. €. MaTPULlA PA3MEPHO-
ctu k x (n — k), nonydaemasi u3 Py (n—k) iIyTeM 3aMeHBL CTPOK MalI-
pHUB Ha ee croabnel. Toria cucreMy nposepownmnx ypasHenutl MOXHO
3amucaTh B BUje

s=roH". (2.9)

Bekrop s npuusTO HasnBATh cundpomom. Takum ob6pasoM, ommnbka 6y-
JeT oDHapyxKeHa, ecau XoTA Gbl 0JHA U3 KOMIIOHEHT S He PaBHA HYJIIO.

PasencTso (2.9) MOXHO NepenucaTh B BUAE

In—k )
S=r® . 2.10
( Pixn-k) (2.10)

Sameuvanue. B meduyune mepmur cundpom ucnosvayemes 0as 0603na-
YEHUA CONEMAHUS NPUSHAKOS, TAPAKMEPUIYOUUT onpedesennoe Gones-
HEHHOE COCMOAHUE O0P20HUIMA. ’

Ipumep: Cunypomuoe jekoaupoBaue (7, 4)-koua X3MMHHTA.

Ucnoansys (2.5) u (2.8), mocTpouM HpOBEpOYHYIO0 MATPULY H3 LIO-
poXiaromeit MaTpuLbl kopa Xammunra (2.2). Ona umeer Bu/|

1001011
Hyz=|0101110 (2.11)
0010111

[Ipu mepesave undopmanuonnoro ciosa u = (1010) no xaxaity Ges uy-
Ma T = v = (0011010). MoxxeM yGefuThCs, UTO B 9TOM Cjlyyae CHH/IPOM
pasen

s = (0011010) ® = (000). (2.12)

—_— O = OO
O OO
—_ e e O = OO

Ecnu, naupumep, B KOJOBOM cJjioBE MPOM3OLLIA OAMHOYMHAs OmINOKa Ha
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Tabnuna 2.3. Tabsiuua cuBAPOMOB OTHOKPaTHOM ommbkM (7,4)-
KOIa X3MJMHTA. :

Konosoe cioBor | rg ri 2 73 T4 T5 T6

Cungpom s 100 010 001 110 o011 111 101

ueTBepToi nosuuH (r = (0010010)), TO CHEIPOMOM SHIBJISETCA YeTBEPTas
CTPOKA TPAHCIOHUPOBAHHON MPOBCPOYHON MATPHIBL

s = (0010010) ® = (110). (2.13)

o= O = OO
O - m OO
[ T o N o i o Bl oo

Iepebpas Bee BO3MOXKHBIE TIO3HHUH OMHOYHON OomUOKY, NOTyYMM TOJ-
HyI0 TabJuIly CHHADPOMOB OJHOKPATHLIX OMMGOK — Tabiidlly COOTBET-
CTBHI HOMepa OHMGOTHOrO paspsaja NOMyYaloleMycs 1IPH 5TOM CHEIPO-
My (rabn. 2.3). MoxHO 3aMeTUTb, YTO OmiMbKe B i-0Of IO3MIMH KOJOBOIO
CJIOBA, COOTBETCTBYET CHH/IPOM, O0Pa3OBAHKEIH i-BIM CTOJNGIOM MATPHIILI
H. Tak xak Bce CTONOUBI MATPUUBI PAIIMYHBI, MBI MOXKEM C [IOMOLIbLIO
Tabaunnl 2.3 UCNPABIATE OJUHOYHYIO OLUUOKY, BHOCHMYIO KAHAJIOM.

O606muM NpuBeeHHbIE BhIIE PACCYKJIEHUA, MCHOIL3YH ailapar
JAuHelHON anrebpsl.

N- MEPHOE ABOHYHOE
BEKTOPHOE NPOCT PAHCTBO €
apudmernkoil 1o MORYIN0.2

Kon ¢
k-wmepHoe
NOANPOCTPAHCTBO

Iyanbuelid koa C,

(n-k)- mepHoe
NOANPOCTPaHC TBO

Puc. 2.3. CrpykTypa KONOBBIX BEKTOPHBIX ITPOCTPAHCTB.
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WexonupiM MATCPUAJIOM AJIS HOCTPOEHUST KOJOBDIX KOHCTPY KU cty-
JKUT N -MepHOe ABOUYHOE 6EKMOPHOE NPOCTNPARCINEO, B KOTOPOM 3a/1a11b
ollepallui apudMeTiky 10 Moay/uo 2 (tabi. 2.2).

B rero BaoxeHO k-Mepuoe JinHeiioe HpOCTPAICTBO, cojepxKaiiee 2¢
ko/loBBIX c10B (puc. 2.3). Kox C obpasyeTtcst ¢ HOMOLLBIO 25 komBuuaLit
k  auHelino HC3ABUCUMBIX Ga3HCHBIX BEKTOPOB {g1,...,Ek}. VHoraa
rosopat, uTo kof C «HaTAHYT» Ha BCKTOPBI {g1,...,Ek}. ITH BCKTODHI
00pasyIoT CTPOKH noposcdarouwet mampuyd koiga C

g1 g1 912 Nn
g2 92,1 922 " 92.n

Gixn = : = S = (ka(n—k) de). (2.14)
gk 9k,1 9k2 *°* Gk

3aMeTuM, UTO OPOXKAAIOIAS MATPUIIA MOXKET ObITL Pa3jlolkeHa Ha MaT-
puty P u epunuduyo marpuny I ToJbKO B ciiyuae cHCTEMAaTHYeCKUX
KOJIOB. :

Jnas xoma C cymecrByer ayaibHbi Koj Cy TakoH, YTO CKaJIsipHOE
[pou3BeeHue JoOOH Mapbl BCKTOPOB, OJUH U3 KOTOPHIX IIPHHAJJIEKAT
upocrpanctsy C, a Aapyro#t - npocrpanctsy Cg, BCErla PaBHO HYJIO.
3To 3HAYUT, UTO BEKTOPHI Koga Cg oproronanbhbt BekTopaMm kouna C. C
JIPYTOi CTOPCHBI, €CJIM HEKOTOPBIH BEKTOP OPTOIOHAJIEH BCEM BEKTOPAM
koaa C, To on npuHaanexxut koay Cg u HaobopoT. '

JyanbHoe BEKTOPHOE HOANPOCTPAHCTBO <«HATAHYTO» HA N — K nH-
HeiiHo HezaBucumble 6azucubie Bekropsl {hi,...,h, r}. D11 BekTOpHI
00Bpa3yIoT CTPOKH NPosepounotl Mampuibe

h;
A hy
H(n—k)-xn = . = (2.15)
h, &
h11 hi2 -+ hin

haa hag -+ hagn )
. . . . = (In—k P{x(n—k))7

hn—k),i Ma—r)2 =" Pn—k)m
IIpyuYeM, npapad 4acTh paBEHCTBa CIPaBENJIUBA TOJBKO JIIA CHUCTEMAaTH-
YeCKHX KOJOB.
IIpu cUHAPOMHOM KOAMPOBAHHH IIPHEMHHUK HCHOJb3yeT CBOKCTBO Op-

TOI'OHAJIbBHOCTH KOIIOB
GoHT =0 (2.16)
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Takum 06paszoM, Jst KaxKIOro KOJoBOro ¢iosa v € C crpaBejinBo
s=voH! =0 (2.17)

KaxxnoMy IpHHATOMY CJIOBY, He IIPHHAUIEXKAIIEMY KOAY, COOTBETCTBYET
OTJINYHBIN OT HYJH CHHIPOM

=rOHT #0qaar ¢ C. (2.18)

[Mposenem aHANN3 CUHAPOMHOTC UEKOAUPOBAHHS Ha yPOBHE JBOMYHBIX
koMnNoHeHT (puc. 2.4). B kaHase NpOM3BOAMTCS HOKOMIIOHEHTHOE CJIOXKE-
HHe HO MOAYJIIO 2 KOJAOBOIO BEKTOPA V ¢ [IBOUYHBIM BEKTOPOM OLIMOKH €.
TakuMm 0bpa3oM, eciu i-asi KOMIIOHEHTa BEKTOpa ¢ paBHa «1», To B i-o#t
KOMIIOHEHTE KOJOBOrO BEKTOPA V BO3HMKAET OLIHOKA.

B paccMoTpeHHOM BRIlle IpEMepe, eIHHUYHON OHMINOKe B 4ETBEPTOM
paspsjie cooTBercTByeT BekTop e = (0001000).

3ameuanue. Onepayus CAONCEHUA NO MOOYMI0 2 J8OUMHBEL CUMBON06
INBUBAAENMHA ONEPAUUY <uckMonarwezo uau» XOR.

Konosoe cnoso Kanal - TtpuusToe cnoso
u ™ v Xer De i
| Konep . | Ilexonep L—p
/ " Te /
Hndopmaunonroe . : . JieKOAHPOBAHHOE
cnoso LLlymosoe crono croso

Puc. 2.4. Mozens nepemauu uHGPOPMAUMH Ha HBOMYHOM
ypoBHe.

B cauty cBOMCTB JIMHEHHOCTE M OPTOTOHAJILHOCTH BEKTODOB HMEEM
s=rOH = (voe)oH =e 0 H”. (2.19)

TlocneqHee paReHCTBO ABJISAETCA OCHOBOH CHHIPOMHOIO JEKOJMPOBAHHS.
B mporiecce 1ekoadpoBaHus MOTYT BOSHHUKHYTDb CeAYIOHNIME CUTyalyn:

Cnyuvait 1: s=0&ecC

Cayu4aii 1.1: e = 0 - Gezommbounas nepelaya undopmanmy;

Cnyqait 1.2: e # 0 - nepenata nadopManuu ¢ HEHCHPABIAEMOH
o1nbKoi;
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Cuayuaii 2: s # 0 < e ¢ C - omubka 6yj1eT 0bHapyXKeHa IIPU JCKOIU-
pOBaHUY.

$lcHo, YTO B IMEPBOM cJiy4ac, JICKOJAEP BCErAa BbIIACT IIPUHATOC CJI0-
BO I IOTPEOUTEINIO, IIPU STOM CYIIECTBYET HEKOTOPAs BEPOSTHOCTb HCHC-
npasjicHus ouwubku. Bo BTopoM cilydae BOSMOXHBIL JBa pEKuMa paboThbl
JeKoJepa.

o PacnosnaBanue omu6ok. Jlekonep Bcerja onpeleser Hajiuyne omuod-
KU B MPUHATOM BekTope r. B 3aBucumoctu ot TpeboBaHHil NOTpe-
Guresis, npuHaToe HiIPOPMANMOHHOE CJIOBO MM «CTUPACTCH», WK
MPOM3BOAUTCS 3aIIPOC HA €I'0 IIOBTOPHYIO 11epeaaty.

o Koppekuusa omnbok. KoppekTupyiowas cloco6HOCTh JEKOJIEPa MO-
)keT 6bITh MosicHeHa Ha npumepe (7,4)-koja X9MMuHra, paccMot-
PEHHOrO BBILIE.

Tabumnia 2.3 LOKA3BIBAET, UTO B ciyvae OJHOUHON OUINOKH, ee 1103H-
LMl ORHO3HAYHO ONPEAENSCTCA 110 CHHADPOMY, H, TAKMM O6Da3soM, OUHO-
KpaTHas omubka Bcerga ucnpasisiercs. Omnbku ke 6obiueli KpaTHO-
CTH JeKOJep BCEr/a UCIPABJIAET KaK OJWHOYHBIE, ¥ IOTPEOHTENIO BblIa-
ercs omnboaHOoe NH(MOPMAIMOHHOE ¢JI0BO. IlycTs, HanpuMep, nepeaaeT-
s KojoBoe cnoso v = {0011010), cooTBercTByOEe KHGOPMAIHOHHOMY
sekropy 1 = (1010), u BekTop omubku pasen e = (1100000), r.e. B
KaHaJie MPOU3OLLIa ABYKpaTHas omubOka. Toraa ajis MPUHATOrO CJIOBA
r = (1111010) curapom pasen s = (110). U3 tabu. 2.3 crexyer, 410 3TOT
CHH/IDOM COOTBETCTBYET YeTBEPTON OIIMOOYHON KOMITOHEHTE BEKTODA I.
Taxnm 06pasoM, norpeburesmo 6yuer BsyiaH BekTop U = (0010).

Jlekonep MOXeT BblIaBaTh 0TpebuTeNI0 OmKboYHOe HHPOPMAIMOH-
HO€ CJIOBO TOTJa U TOJILKO TOTA, KOrJa B KaHaJle HPOU3OULIN HeobHapy-
JHCuMdie oWUbKU, UM KPATHOCTh KAHAJILHOM OIMOKM NPEBLIMIAET KOp-
PEKTUPYIOULYIO CIIOCOOHOCTL Koma. VI3 paccMOTPEHHOro BbIlle LIPHMEDa

cienyet, 9T0 3PGEeKTUBHOCT KOHKPETHOrO KO8 3aBUCHAT OT obJiacTH
ero MpUMeHeHUsl M, B 0COOEHHOCTH, OT KaHajIa CBA3u. Ecau Mbi nepena-
eM HHPOPMAITHIO [10 KAHAIY € aJJUTUBHBIM GEJIbIM rayCCOBCKHUM INYMOM
(ABT'III), To omubku B KOZOBOM CJIOBE HE3ABHCHMBL. Ecu npy 3ToM or-
HOIIEHHe CHTHAJI/IIYM JOCTATOYHO BEJHMKO, TO BEPOSTHOCTH OJJMHOYHOMN
OUTHOKHM BO MHOI'O Pa3 NPEBbIllIaeT BEPOATHOCTDL OMHGOK BBHICUIMX KPAaT-
HOCTeil, I03TOMY, HCIOJIL30BAHHIE B TAKOM KaHaJe KON XIMMHUHTA C HC-
IIPaBIEHUEM ONHOKPATHON OITHOKU MOXKET OKA3aThes BecbMa 3 ek THB-
HeiM. C npyro#t cTOpoHsl, B Kanainax, rae 1peobaaialorT MHOTOKpPaTHEIE
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oIMOKH (HAIPUMED, B KAHAJIAX C 3AMUPAHUSIMU), UCHIPABICHUE OMUHOY~
HBIX OWMOOK JHIIeHO cMbicaa. [Tpu HPaKTHYCCKOM BRIGOpE KOHKPETHOIG
IIOMEXOYCTORYHBOI'O KOJIa HEODXOMMMO TaK)Ke YYHMTHIBATH CKOPOCTL €ro
JICKOJMPOBAHHSA U CJIOKHOCTh TCXHHUYECKOH peaju3altu.

2.4. CeoitcTBa NUHENHBIX BNOKOBLIX KOAOB

B npenbitymux pasaesax Ha npumepe (7,4)-kona XaMmuHra GbUTH 110Ka-
3aHbl OCHOBHbIE CBOMCTBA JHHEHHBIX GIOKOBbIX KOIOB H IPUBCIEN METOL
CHHJ/IPOMHOTO JIeKOAMpPORaHus. Tenepb BOZHHKACT CJIEJyIOMMIA BOLDPOC:
Yem OTIMYAIOTCSH «XOPOIIME> KOJBI OT «IUIOXMX» U Kak ux uckarb? B
cacAyomux naparpadax, pacKpsiBasi CTPYKTYPY JHHEHHBIX KOA0B 6osee
[0IPOBHO, MbI IOCTAPAEMCS. KOPOTKO ¢(hOPMyIMPOBATH OTBET HA ITOT BO~
npoc. :

2.4.1. Paccmosanue XamMMuHza U KOPPEXMUPYIOULAR
cnocobrocms

Jlns Jydiiero MOHMMAaHHUS IPOLECCA JeKOAMpOBaHHsA OyaeM HCIOJIb30-
BaTb NEONiETPHYECKOE MPEACTABJICHUE 8exnophozo npocmpancmea. Ha,
puc. 2.5 NoKa3aH CEKTOP 7-MEPHOrO JBOMYHOI'O BEKTOPHOI'O IPOCTPaH-
crBa. B HeM ocofoe MecTo 3aHEMAaeT n-MepHuIH KOJ0BEI BeKTOp 0, KO-
TOPBIN Beeria NPHHAIEXKHT JIo60My JIMHe#iHOMY Koy (3To cienyer u3
CBOUCTB JINHEHHBIX xop,os). 3aech XKe [10Ka3aHbl 7-MEPHBIE KOJOBbIe BEK-~
TODHBI V1, V3, V3, 0003Ha4YeHHbIE CHMBOJIaME «o». Bo3MoKHBIE IpYHUMAae-
Mble BEKTODBI I 0003HaYEeHbl -CAMBOIAME « X ». ObacTH JEKOIMPOBaHUSA
KOJIOBEIX CJIOB V1, Vg, V3 [IOKa3aHbl KAK OKPYXXHOCTH C LIEHTPaMH B TOY-
KaX, COOTBETCTBYIOMIMX H300PaKEeHUSM 3TUX KOJOBBIX CJIOB Ha IJIOCKO-
crid. 3TO 3HAYHT, YTO €C/IM MPUHATHIA BEKTOP I' HAXONHATCSA, HAIPAMED,
BHYTDH 3aTeMHEHHO# obsiacTu (puc. 2.5), To Aekosep BHIAACT MOTpedH-
TeJI0 KOIOBOE CJIOBO V.l ‘ .

ITycts B xaman noceliaeTcs ciioso Vi. B pesysipbTare HCkaykeHMs B Ka-
HaJle MOT'YT UMETh MECTO TPH BapHAHTa [pHeMa. Ko qupoBanus (prc. 2.5).

e B nepsom ciiydae, BeKTOp OlWMOKH e; orobpakaeT nepelaHHbIHA
BEKTOp B TOYKY, NPHHAIUIEXKAILLYIO 00J1aCTU JEKOIMPOBAHUS V1.
Jexonep BblAaeT NOTpebUTETIO NEpejaHHOe CJIOBO V1, MCIDaBIIsAdA
IIPH 9TOM BO3HUKAIOUIHE B KaHaJIe OLIHOKH.

peacraBnenue n-MepHbIX BEKTOPOB TOMKAMHM Ha IJIOCKOCTH He JOJNKHO CMyIUATh
4UTATENs, T.K. TAKOE HAIIANHOE OlIMCANME KOJIOB MO3BOJIAET TOABKO JIy4Ie MOHATH
uX CBOHCTBa M HMKaKo# Jpyroil ueau nepes coboit ne crasut. - [Ipum. nepes.



2 Tnasa 2. Jlunetinve 620x06v€ KOO

e Bo BropoMm cityuae, BEKTOp €2 LIEDEBOAMT NEPCIAHHBIA BEKTOp V)
B 001aCTh JEKO/MPOBAHUA vo. TakuM 00pa3oM, noTpebuTenio Bbi-
naercs omubOYHOE CIOBO Vg BMECTO Vi. TeM He MeHee, OIIHOKa
PacClIO3HAETCH, TAK KAK IPUHSATHIA BEKTOp Iy HE SIBJIAETCH KOJIO-
BBIM CJIOBOM.

e B TperbeM ciiyyae, BeKTOp OMOKM €3 OTOGPAXKAET IllEPE/IAHHOE
coBo B omubOYHOE KOMOBOE CI0BO V3. MMeeT MecTo Heobuapy-
XKEHHAA olmHOKa.

Ciepa nekoauposaHus v,

Cnyuaii 1: Pacnosxasaemas
M ¥ctipaanseman owkbxa

Cnyuaii 2: Pacno3Hasaemas
owubra

Cayuait 3: HeoGHapyxen Has
ownbka

-Puc. 2.5. BekTOpHOE IIPOCTPAHCTBO € KOJIOBLIMH CJIOBAMM «O»
¥ MPUHATBHIMM CJIOBAMH « X ».

Us PHUCYHKa sICHO, 9YTO KOPPEKTUDYIOLAA CHOCOBHOCTD KOIa 3aBUCHUT
OT PacCTOAHUA MEXKJY KOJOBBIMHM CJIOBAMH. Tak kKak Mbl UMeeM AeJio ¢
JBOHYHLIMH BEKTOPaAMH U PACCTOAHUE MEXIAY HHUMH OIIpEUAEAeTCss YUC-
JIOM HECOBIIaJAIOIHAX KOMIIOHCHT, MOKHO 3allUCaThb

n—1

d(vy, Vj) = Z"Ui,l @ vjy1- (2.20)
1=0
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Paccrosnue, u3Mepenuoc TakuM oOPa3’OM, HA3BIBAETCH PACCTNOAHUEM
Xommunza. Ero Takyke MOMKHO OUPEAETHTH KAK HHCJIO OTAKMHBIX OT
Hyast komuonenrr (Bec XMMHHIra) CKAJIAPHON CyMMbI BEKTOPOB Vi U V;

d(vi,vj) =wH(vi(BvJZ). (2.21)

IIpumep: Cunnpomiioe gexomuposatue (7,4)-koga XoMMuHIA,

B xauecrse upuMepa Halijicm paccTostue XaMMUHIA MeX /1y KOTOBbI- |
Mu Bekropamu vy = (1101000) u v = (0110100) u3 Tabauupt 2.1.
Cornacho (2.20) umeem

divi,;ve) = (1e0)+(1el)+(0e)+(1ael)+ (222)
+ (0®1)+(0®0)+(0®0) =3

H, C APYTO}i CTOPOHBI, Olipellefiss PacCTOsHUeE XaMMHHTa Kak (2.21), no-
Jy4aeM '
d(v1,va) = wg(vi ® va) = w|[(1010100)] = 3. (2.23)

Baxknelimum napaMeTpoM, ONpeiessIONHAM KOPPEKTHPYIOILYIO CIIO~
COBHOCTD KOJIa, SIBIISETCA MUNUMAABHOE KOJ060€ PACCTNOANUE Apmin. st
€ro OIpeJIeJIeHUs] Mbl JOJKHBI BHIYUCIHTh PACCTOSIHUE XIMMUHIA MEXK-~
Jly BCEMM NapaMH CJIOB M HaiTH HauMeHbiiece. B ciiyqae jimneflHBIX KO-
JIOB BBIMHCJIEHUST MOYKHO CYIHeCTBeHHO coKparnTb. UcnonbayeM nist aToi
[|eJIM OCHOBHOE CBONCTBO JIMHEHHBIX KOJOB - CBOHCTBO «3aMKHYTOCTH»
BEKTOPHOIO KOJOBOrO MPOCTPAaHCTBA. DTO CBOHCTBO CJIC/AyeT Hemocpen-
CTBEHHO M3 OIIPEJEJIeHUsl JIMHEHHBIX KOAOB U (GOPMYIHpYeTCHa CJeAyio~
muM obpazoM: Jobast JiMHelHass KOMOWHAlMs KOHOBBIX CJIOB siBJfeT-
Cs KOJIOBBIM CJIOBOM. PaccMOTpHM MHOXECTBO JIBOMYHBIX KOJOBLIX CJIOB
{v0, V1, .., Vok_1}, obpasytomux kog C. CIoxKuM KaxJ/10€ CJIOBO ITOT0
MHOXECTBA [10 MOAYJIIO JBa, C HEKOTOPLIM 3a(pUKCHPOBAHHbLIM IPOU3BOJIb~
HbIM KOJIOBBIM CJIOBOM V;. Toraa MHOKECTBO KOMOBBIX CJIOB OTOODa3UTCs
caMo B cels1, a BEKTOD V; liepeliieT B HYJIEBOE KOJIOBOE CJIoBO. Tax Kak
1IpY TAKOM OTOOPa’KeHUH IOIaAPHBIE PACCTOSIHUS KOJOBBIX CJIOB He U3Me-
HSITCS, 8 BEKTOP V; BHIOpaH LIPOU3BOJIBHO, TO dpmin ONPE/Ie/AeTc Kak

Amin = ve%i\r{IO} wH(V), (224)

T.6 MMHUMAJIbHOE KOJOBOE PACCTOsHKHE Oy JIMHEHHOIO KOJla PABHO MU~
HUMAJBLHOMY BeCy HEHYJIEBOIO KOJIOBOTO cioBa.?

213 MHeHHOCTH KOJ@ TAKKe CJIEAYeT CUMMETPHYHOCTD PACITPEAEIICHHS KOOBbIX Pac-
CTOSHHM OTHOCUTEIBHO oB0Oro KoJosoro eekropa - ITpum. nepes.
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U3 tabmunpt 2.1 eaenyer, 9ro dyin (7,4)-kona XamMunra pasho 3.

06061masi Bce IPUBEIEHHbIE BBIIE PACCYK/IeHHs U IPUMEPBI, MBI MO~
KCM OINPCIETATh KOPPEXMUPYIOWYIO CocobHOCMb NMHEHHOTo KoJla Ciic-
JAYIOUM 00pa3oM.

Jluneitubii aponnblil (n, k)-Ko/| ¢ MUHAMASILHLIM PAcCTOHHEM XoM-
MUHIA dpmin > 2t + 1 MOXeT 06HapYKUTb dyip — 1 olIHOOK ¥ UCIPAaBUTH
t omubok.3

2.4.2. Cosepuwennvie K00u u 2paruuya Xsmmunaa

Ha puc. 2.5 uzobpaxken ciy4aif, Korjla Bce BO3MOXKHBIE NPUHUMAEMBbIC
BEKTODHI I' IpUHa IIeXKaT 06J1acTSM JIEKOQMPOBAHHS KOAOBHIX CJIOB.

Koapl, B KOTOpPBIX Hellepecekawomuecss cdepudeckue obaacTu JICKo-
JINPOBAHUS OXBATLIBAIOT BCE BEKTOPHOC IIPOCTPAHCTBO Da3MEPHOCTH 1
HA3LIBAIOTCA COGEPUIEHHBIMYU WA NLAOTNHOYNAKOSAHHIMU.

Ipu ucHOABL30BAHMM COBCPIUEHHLIX KOJIOB BCEr/a BO3MOXKHA KOPPEK-
U onmbok (e obszaTessHo npasuabEan). [lomumo kouos Xommunra,
B HACTOsALICE BPEMsI U3BECTHO MAJi0 COBEPIICHHBIX KOAOB.

HafiieM COOTHOIIEHHE Mex/y NAPAMETPAMHM COBEPIIEHHBLIX JIBOMY-
HbIX (7, k)- KO/IOB, CIOCOBHBIX MCHpaBisATh ¢ oumboK. Bysem ucxonur us
"TOTO, 9TO 06JIACTH JCKOAMPOBAHHSA COBEPIIEHHOTO (N, k)-KOAa € dmin =
2t +1 obpasyiot 2k nenepecekasomuxcs cep paauyca t B n-MEpHOM Bek-
TOpHOM mpocrpancTse. Kaxgas cdepa conepkuT BCE N-MePHbIE BEKTO-
Pbl, HAXOAAIMECS HA PACCTOSHHH | OT COOTBETCTBYIOIIETO KOJOBOIO CJIO-
Ba, npuyeM, 0 < ! < ¢t. Takum 06pazoM, Kaxo#l cdepe IPUHAIIEKAT

pOBHO .
1+n+<g>++(?)=§(7> (2.25)

7i- MEPHBIX BCKTOPOB. A
Tak kak obmpit 06beM Henepecekaouuxesi cep HE MOXKET NPEBbI-
maTh 06beM N-MEPHOTO BEKTOPHOI'O IIPOCTPAHCTBA, JIJIS JJBOUIHBIX KOJIOB

HMeeM ) .
n k n
2" >2 Z(z) (2.26)
=0
HJIA

} ok > g ( 'l’ ) . (2.27)

3Ecam xon ucnparasieT Bce omMMBKH KPATHOCTH U < t, To obnacTH AEKOAMPOBAHMS
npeCTaBasaioT cobolt chepsl paauyea t B n-MepHOM mpoctpaHcTse. - [Tpum. nepes.
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PaBEHCTBO MMEET MCCTO TOJBbKO A COBEDIUIEHHBIX JBOMYHBIX - KOAOB.
Bripaxenue (2.27) HaspiBaetcs rpanuuell Xommuura. [parnuya Xommun-
20 SIBISICTCA HHIKHCH OLIEHKOM HEOBXOMMOro 4NC/Ia IIPOBEPOYHbIX CHM-
BOJIOB JIBOMYIIOI'C KO JUTHHEI 11, CHOCOBHOrO MCIPABISTL ¢ oniMboK.
U3 (2.27) cnenyert, uto paccMmorpentblit Hamu (7,4)-xon XsMMumra,
SIBJISICTCS COBEPIUEHHBIM, TAK KaK ’

zi(z)z(g)+(z>=1f7=8. (2.28)

=0

2.4.3. Bepoamnocmsv owubxu dexoduposanus

HNcxosist U3 UpeabyIyIuX paccy K AeHUH, Mbl MOXKEM OIIPEAE/IUTb BEpOsT-
HOCTb HeobHapykuMol ownbkn. Ha camoM gene, omnbka ne obHapyxH-
BAETCsl, eCJIK NOCIaHHOE KOJOBOE CJIOBO B KaHaje IEPEXOAMT B APYroe
KozoBoe ¢jioBo. U3 cBoiicTBa 3aMKHYTOI'0 BEKTOPHOI'O IIPOCTPAHCTBA OT-
HOCHTEJILHO oneparpu cyiokenusa koaa C cieayer, 4To B 9TOM CJIydae
caMa OMHOKA JOJXKHA SIBAATHCS KOAOBLIM c0BOM. TakuMm o6pazoMm, Be-
POSITHOCTb HEOOHAPYKHMOH OLIMOKHM OIpEUeNsAeTcst CyMMOH BEpOsSTHO-
cTeH He3aBHCHMBIX cobbiTuit € = v;, rae v; € C n 1 < i < 25, Tak kak
Mmbl pacemarpuBaeM JICK 6e3 nmamsTi ¢ BepoaTHOCTBIO omubku P, Be-
POSTHOCT COOBITHSA, HapHMED, e = (0011010), rue (0011010) - koxoBoe
cioBo w3 Tabi. 2.1, pasna P3(1 — P.)*. OBosnaunm depes A; 1ucio xo-
JIoBbIX cnoB (1, k)-koma C Beca i. Torga eepoamnocme neobrapysrcumoti
owubxu s koga C paBHa

: ,—ZAP’I— )"t (2.29) -
1=dmin
Inst (7,4)-kona Xammunra 3uagenus A; (pacinpelesesus BeCOB) MOXKHO
noJTy4uuth U3 Tabmunei.2.1. Vmeem Ag = 1,43 = A2 = 0,A3 = Ay =
7,A5 = 0,4 =0, A; = 1. Ecsin BeposiTHOCTb OJHOI'O JBOMYHOI'O CHMBO-
na P, usBecTHa, TO MOXHO Haﬁ"m BEPOATHOCTD HEOOHAPYKHUMOH olnbKH,

ucnob3ys (2.29).
He 3nasi pacnipesenenust BeCoB, BEPOSATHOCTb HEOOHAPYKHMOH ounb-
K MOXHO OLEHHTb CBEPXY Kak '

P= Pdon 3" AFTHR(1- Ry < (2 - )P (200

i=dmin X -

Ipumep: Iepenaya mauibx ¢ ucnom3osauueM (7,4)-kona XsMmurra.
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Jlannpte kogupyrores (7,4)-kooM XoMMHITIa U IIEpelaloTes 110 Ka-
nany ¢ ABTI. OtHomende curiaj/myM B KaHaje pasHo 6 ub, uro
IKBUBAJIEHTHO BEPOSITHOCTH OHiMOKY JIBOMYHOI'O CUMBOJA, paBHO# (0,023,
Ckopoctb 1iepeaiy — 16 konr/cek. Ecian npu nekonuposanuu obuapy-
>KMBaeTCs OITHOKA, TO MO CHIHAJY [1ePeCpoca HPOU3BOAUTCH HHOBTOPHAS
nepessysa KOLOBOro CIORA.

1. Kakora BeposiTHOCTDL, YTO KOAOBOE CIOBO GyeT NpUHMMATLCS Ges
ournbok?

2. KakoBa BEpOATHOCTb HeoGHApYKUMOl omubxu?

3. Onpesennre cpeaHol «3(PEHEKTUBHYIO» CKOPOCTH B buTax (T.c
cpesHee 4YKCIIO Nepe/laBaeMbIX MHGOPMAIMOHHBIX 6UT B ceKyHLy).

4. CpasHute «3QbEKTHBHYI0» CKOPOCTL € MaKCHMALHON TeopeTu-
YEeCKH JOCTHUKHUMOI.

Perrenne.

1. Komosoe ciioso 6Gyaer nepenasathcs 6e3 omubok, eciu Bee 7 JBOMY-
" HbiX cuMBosos OyayT nepenannt BepHo. s JICK 6e3 namsaTu ¢ seposit-

HOCTbIO OWHOKH Ha cuMBOJ P, BeposiTHOCTL GezomuboyHol nepegaun

KOZIOBOro CJioBa paBHa
P.=(1-P)". (2.31)

s xanana ¢ ABTIH BepositHocTs P onpenensiercsi kak byHKIMs: OT
SNR u pasna

1 [§ 1 [106/10
Pe = é‘ erfc m = 5 erfc 2 ~ 0, 023. (232)

MNoncrasnss P, B (2.31), moay4aem

P.=(1-0,023)7 ~0,85. C (2.33)
2. BeposiTHOCTb HeoDHapykUMOH ommbKy 1mosyuuM u3 (2.29)
P, =17-0,023%.0,977* +7-0,023*-0,977% +0,0237 ~ 7,9-107°. (2.34)
Bepxiisist ou,eHKa. P, (2.30) naer aiis cpaBHeHMs
(2% — 1)Pdmin 150,023 ~ 18 - 1075, (2.35)

3. Beuuy npenefpe:KUMO Majioil BEpOATHOCTH HEOOHADY KeHHOR omubKy,
Oy/ieM CYHTaTh, 4TO B cpejHeM 85% KOMOBBIX CJIOB NPHHUMAETCS BEPHO
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6e3 nepecripoca. YUuThIBasi TakxKe, YTO A0JIs MHPOPMAIMOHHBIX GUT B
KOOBOM CJIOBe paBHa k/n mosydaem, 9TO NpH CKOPOCTH Tiepenadu Ry
3¢ beKTUBHAS CKOPOCTb PaBHA

k

n

4-0,85 16 xbur/cex
7
3ameuanue. Bubpannoe ¢ npumepe SNR, pasnoe 6 05, npusodum x

nedonycmumo 8uicoxoti seposmuocmu owubku na Gum. Hedonycmumo
BHCORUMU ABAMOMCA MAKHCE NOMepy Pdermuetoth CKOpocy nepeday.

& 7,77 xbur/cex.  (2.36)

Ryepp = P.Ry =~

4. Mponycknas cniocobrocte JICK 6Ge3 namsiTy 6bL1a PacCMOTDEHS B HEp-
Bolt yacTH Toll KHUIrM. Ilpy BepOSITHOCTH OIIMOKU JBOMMHOIO CUMBOJIA
€, paBHoli € = P,, nponycKkHas crocoGHOCTbh KaHaJla Ha OIHH lIepejaBa-
eMbIif JBOWYHEIN CHUMBOJ COCTABIAET

CACK = 1 Gur — Hiy(e) = 0,842 6. (2.37)

Ipn sananuolt ckopocru 16 kbuT/CeK MAKCUMANBHO AOCTHXKHAMAS -
dexTHBHAS CKOPOCTH Nepenadn uHGOpPMAIMH C IpeHeOpeKUMO MaJoi
BEPOATHOCTHIO OUIMOKY paBHa

Rumax < 13,4 x6uT/cex, (2.38)

4TO MOYTH B JB2 Pa3a TPeBbIIaeT BeluduHy u3 (2.36).

B paccmoTpeHHOM npuMepe Mbl HCHOJIL30BAIH 3aBUCHMOCTDL BEPOHIT-
HOCTH oumbouHOro 6uTa OT coorHomenus curhas/wym (SNR) npu ne-
penave jasubix 10 kanany ¢ ABTIIL. 3xeck Mbl cTakuBaeMcs ¢ «3HED-
reTHYECKMM>» acniekToM undpoBolt nepeaayn nadopmanuu. Paccmorpum
9TOT acuekT bojiee noapodHO.

Byaem HCXOZHTH U3 MOCTOSHCTBA HEKOTOPBIX IRPAMeTPOB llepeiatu.
ITyctb 3TMME NapaMeTpaMH aBAsIOTCH 3(pPEKTHBHAsT CKOPOCTD liepela-
YM JAHHBIX M CPeJH:AsT MOLUHOCTD lepeaTduka. [lycrs, nasnee, nepegaya
nHGOPMALMH OCYILECTBISETCS 110 KaHAJY C aJIUTUBHbIM GeJlbIM rayc-
coeckuM myMoM (ABIIIT) u npuem uH(pOpManyu HPOU3BOMUTCH C IPH-
MEHEHHEM COIVIACOBaHHBIX (uiasTpoB. B TakoMm kanane SNR oka3wbiBa-
€TCsl IPONOPLHUOHAJIBHBIM JJINTEbHOCTH JBOMYHOTO CHMBOJIA, II03TOMY,
NPH OCTOSIHHOM MOIIHOCTH 1IepEeAaTHMKa NEPEX0l, OT HeTHIpeX IBOMY-
HBIX CUMBOJI0B (1epenaya 6es Koaupopanus) k cemu cumponaM ((7,4)-xoz
XaMMHHTa ) BHYTpH DHKCHPOBAHHOrO MHTEPBAJIA BPEMEHH SKBUBAJIEH-
Tex ymenbuiennio SNR B 7/4 paza, uro pasno, npubnusuTenbho, 2,4 1B,
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W, nao6opor, SNR Ha o/ JABOMYHBLA CUMBOJ TIPH Hepefade 6e3 Kodu-
posanus na 2,4 1B BbinIe, YeM npu ucnosb30BanuK (7,4)-koxa XoMMUHTA
U COCTAaBJsIET, B HamieM ciayudae, 8,4 aB. (3/ech Mbl lake He yUuTHIBa-
€M BCPOSITHOCTDL 1I€PecIIpoca 1P Liepe/iade ¢ koguporanueM). CornacHo
(2.32), SNR, paBHomy 8,4 4B, cOOTBeTCTBYeT BEPOSITHOCTh OMIUOKH Ha
6ut, paBaas P, = 0,0043. Orcioaa, BepoaTHOCTL Ge301nbo4HOM nepe/ia-
4yu 6/10Ka, comepxkauero 4 uHOPMAUUMOHHBIX CUMBOJIA, COCTABAET

P.=(1-0,0043)" =0,98. (2.39)

OTMeTHM, YTO HpH MNOCTOAHHOH MOLUHOCTY IIepeIaTYuKa, [IPUMEHss
KOAMPOBaHUE, MBI YBEJHMYUBAEM BCPOATHOCTDH OIMHOKH JBOMYHOIO CHM-
Bosia (B Hamem caydae o 0,0043 o 0,023). Oanako, KOPPEKTHPYOIAs
CHIOCOGHOCTL KOJa TMO3BOJIAET CHUSHTbL PE3YJILTUPYIOIYIO BEPOSITHOCTH
HeoBHapyKuMolt omubku (B HameM ciydae ¢ 10,98 = 0,02 10 7,9-107°
Ha OJIOK U3 YeThipex cuMBonQB).

B HacTosige BpeMsi CYHIECTBYET HECKOJIBKO KPUTEDHUEB ISt OLEHKH
appekTHBHOCTH KOZUpOBaHUs. B CIYTHUKOBOW CBSA3M, HAIIpUMeD, Jale
BCEro ToJIb3yIOTCS FHepreTuyeckuM KpurepueM. CyUIHOCTE €ro B CIely-
IOIEM: TaK KaK CIIyTHMKOBLIE JIMHUM CBA3M Osin3ku K KaHayiaM ¢ ABI'II,
BHavase HaxomuTca SNR Ha 6uT nepenasaeMoi undopmauuu, obecredu-
Balollee 33JJaHHYIO BepOSITHOCTb OUTOBO# ommbku Fj npu nepenave 6e3
KOJMPOBAHHSI.

Ananoruynoe SNR Ha KOAOBBI# CMMBOJI MOACYUTHIBAETCH JJis 11€pe-
JaqM ¢ KomuposanueM npu yciaosuu BER = P,, rae P, 3amano. Ilocne
sToro, Haxogurcest SNR Ha 6uT nosesnolt uHGOPMAIMHE C YIETOM CKOPO-
cTH Koxa. Pa3sHOCTb 3HepreTHYecKHMx 3aTpaT Ha OUT mepenaBaeMol uH-
dopmanun npu nepesade 6e3 KOAUPOBAHUS M C KOAMPOBAHHEM HA3bIBa-
eTcs snepeemuveckum suiuzpuiwiem xoda (ABK).

3ameuanue. Hcnoav3osanue xK0006 604ou0t OAUNDL ¢ J08OABHO CAONHC-
Ol anzebpaureckoti cimpyxmypoti 6 COBPEMEHHHT CRYMHUKOEHT AUHUAT
cea3u noseoasem docmuwv IBK = 6 — 8 3B npu P, = 1075. 3amemun,
wmo npu crusicenuu P, 3BK sospacmaem.

2.4.4. Kodw Xommunaa

Kodv, Xommurza 06pa3yroT BazKHOE CeMeHCTBO ITPOCTEHIINX JTHHERHbIX
6JI0KOBBIX KOOB. JlJIsl KaxKA0ro HATypajbHOTO m > 3 CYIECTBYeT JBO-
UUHBIN KO/l X9MMUHTA CO CIEAYIOUIMMHM [TADAMCTPAMH:

Koapt XamMunra.

® JJIMHA KOJIOBbLIX cjoB n = 2™ — 1
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® yycsI0 NHGMOPMAHOLNbIX pas3psiaos k =2" —1-m
;
® YHCJIO TIPOBEPOYHBIX Pa3psiiioB m =n — k

® KOppEeKTHpYIoMas clocoOHOCTb ¢ = 1, dmin = 3

® COBEpPUICHHBIC KOIbI \/

Koncrpyknusa xonos XamMuHra onpeeisiercst CJACAYIOLIMUMY CBOHCTBa-
MH NpoBepoYHOil MaTpHIp! BHAa (2.15).

e Tak Kak MUHUMAJBHOE PACCTOSHUE KOAa X3MMUHTA dpyin = 3, Bce
CTONIONBI IPOBEPOYHON MATPUIB! HOAXKHBI GBITh MONAPHO Pa3/MY-
HBIMH (IIPOBEPOYHAST MATPHULA HE JOJIXKHA COAEPKATH OIUHAKOBLIX
CTOA6LOB).

o U3 dpin = 3 caenyer Takike, YTO KaxKJasd CTPOKA NIOPOKIAIOLIEH
MATpULbI JOJIXKHA CONEPXKATh KaK MHHUMYM TDH €IMHHIIBL, TAK
Kak CTPOKH MOPOXKJAIOMied MaTPHUbI B CBOK Ouepe/]b SBIISIOTCH
KOJOBHIMHU cJI0BaMH. Ecin nopoxnamomas MaTpUua Npe/CTaBIeHa
B Buge (2.14), To 9To 3HAYMT, YTO CTPOKU MATPHUE! P JOIKHBI
COIEP?XKATL KaK MUHHMYM JiBe exununpl. (ClieaoBaTenbHo, 310 OT-
HOCHTCS ¥ K CTO/I6LIAM TpaHcroHuposauHoi marpuupt PT).

e PaccMoTpuM nposepounyio Marpuny. Coraco (2.8), oHa uMeer
Bt H_gyxn = (In_szx (n— k)). Marpuita PT cogepaur k cron6-
1oB ¥ M = n— k crpok. Ucnonw3yst geondnbie cuMBoJibl «0»  «1»,
MOXHO obpazoBaTh 2™ pasmuunbix cronbuoB. Ho, Tak xak panee
6110 CKa3aHO, YTO KaxKAbIH cTonbern KO/IKEH COMepKaTh KaK Mu-
HMMYM JB€ €AMHMIBL, TO CJIEAyeT OTOPOCUTD ONHMH HYJIEBOi cToI6er,
H m cTOJOLOB, coaepKalyx 10 oaHoli exunune. Taxum ob6pasoM,
ocraerca 2™ —m—1 sBosaMmoxnocreil. Tak kak 2™ —m—1 = k u maT-
puna PT comepxut poBHo k cTONBIOB, TO BCE 9TH BOIMOXKHOCTH
ucnoJik3oBanbl. OTClOa CliellyeT, YTo CTOJONL! TPaHCIIOHUPOBaH-
Ho#i marpunpl PT npencrasnsior coboit Bce Bo3MOXHbIE JBOMUHBIE
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CJIOBa IJIMHBI TN = T3 — k, CO/ICp2KaIllie HEe MEHCE JIBYX C,LI,HHH[L.4

Hpnw;ep: (15,11)-kox XaMMuHTA.

Ha upmmepe (15,11)-xoma X9MUHTa MOXKHO HAIVISIHO IOSICHUTL BCE
IIepeYnC/IEHHbIE BhIIe 0CODEHHOCTH KOHCTPYKIMU: :

1000 100101 1011 1
0100 110010 1101 1
Hoas=| G010 011100 1110 1 (2:40)
1001 001011 0111 1
[ N S N S
I Bec Xsmmuura wy=2 WH= wy=

ITo nposepoutio#t MaTpune ¢ nomomsio (2.15) 1 (2.14) crpoures 1opox-
Jaollas MaTpULa

/110010000000000
01100100000006G00O0
001100100000000
101100010000000
010100001000000

Giix1s = 1001 00000100000 (2.41)
111000000010000
011100000001000
101100000000100
110100000000010
111100000000001
N s/ — —_—

Prixa I

Hpumep: epesaya JaHHBIX C VCIIO/IB30BAHHEM (15,11)-kona Xam-
MHHTA,

40rMeruM, uTo 1 cronbuoes Marpuisl Hynxy = (I,._kax(n_k)) COIEPXKAT BCE BO3-
MOXKHhIe JBOHYHbIE CJIOBA JJIMHBL M, 338 NCKJIIOYEHHMEM HYJIEBOro, T.e. n = 2™ —~ 1 u
sce cTonbupl pasanyns. Takoe npejcraBieHne NO3BOJIAET CPa3y ke PaCKPLITh METOL,
KOPPEKUMH OIMHOYHBIX oIHOOK. B camom Jelte, ypaBHEHHE CHH/IPDOMHOTO JEKOIUPO-
Banus (2.19) umeer sug s = e © HY. Ecim e - BexTOp 0aMHOMHOM OmMGKH, TO OH
COHEPXKUT TONBLKO OQHY €IMHHULLY B {-OM OIHMGOYHOM pa3psilie KOAoBOro ciiosa. B aTom
ciyyae cuHApPOM (BexkTop S) npeAcTasnsier coboi i-biii cronber marpuust H. Tak kak
Bce cTonbupl MaTpulbl H pa3inyHbl, TO 7 BOBMOMXHBIM IIO3MLHAM OAMHOYHON OG-
KH B KOJOBOM CJIOBE COOTBETCTBYIOT B TOYHOCTH 7. Pa3/MYMHLIX CHHPOMOB, [IOSTOMY,
110 3HA4YEHNIO CUHJPOMA S MOXKHO OJHO3HAYHO ONMPENEUTh HOMED Pa3psaja KOJOBOrO
CJIOB&, B KOTOPOM IPOM30LLTA OAMHOYHAs omMOKa, T.€. ee UCTIPaBuTh. - [Ipum. nepes.
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B saHHOM npuMepe MBI CpaBIHBAaEM PE3Y/ILTATDI CHOIL30BARUS JIH
nepegaun jannbix (15,11)-koaa Xommunra ¢ panee 110AY9eHHBIMH Pe-
syabratamu s (7,4)-kojia Xammunara. Ckopoers (15,11)-koaa cymre-
creenno Bbiue (7,4)-koita, Tak Kak R(y511) = 15/11 = 0,73, a Ri74) =
4/7 = 0,57. ITocMOTPUM, KaK H3MEHATCA JPyrHe IMapaMeTphl KOJIUpoBa-
aug. Jing 3Toro BLINONHUM 3ajaius 1. 2. 3. U3 NPeALLAYIEro IPUMEpa.

Pemenue.
1. Konosoe cnoBo 6yJeT UPUHATO HPABHJIBHO, CCJIM BCC €O paspsijibl
OyuyT npuusTh 6e3 ommbok, TakuM o6pa3oM

P.=(1-P,)8. (2.42)
st BepositHOCTH OIMIMOKY Ha JBOMYHBIA cuMBoi P, = 0,023, B3sTo# U3
npeapiayiero upumepa (2.32), umeem

P. = (1-0,023) ~ 0, 705. (2.43)
2. BepositaocTb neoGHapyxumol ommbky nosyyunrM 13 onerku (2.30)
(2F — 1) Pdmin = 2047 - 0,023% ~ 0,025. (2.44)

3. Ilpu ckopocTH mepeadd ABOMYHBIX CUMBOJIOB 16 kbut/cek, sddek-
THBHAsi CKOPOCTb TePeladu JAHHbIX COCTABJISAET

11-0,705 - 16 x6ut/cek

5 —— ~¢ 8,27 xbur/cek. (2.45)

k
Rb,eff = ;PcRb ~

B npuseseHHbIX pacyeTax Mbl HCXOIHJIM U3 OJJHOM U TOH ’Ke BepOATHOCTH
omubxu JsontHoro cumpona P, = 0,023 jus (15,11)- u (7,4)-konos.

IIpoBeneM aHasoruyHbIe pacyeTsl IIPH OJHHAKQBON MOITHOCTHU Nepe-
JaTyuKa. B 910M ciiydae, noTepu sHepreTHKH Ha OJUMH CHMBOJI IO CPaBHe-
HUIO C epejiadeit 6e3 KOAUPOBaHUs COCTABAAIOT s (15,11)-kona TOIbKO

15 .
101og, T =~ 1,4 B (mna (7,4)-kofa aTa BeauuuHa coctasiser 2,4 a1b

~ cM. npeablayuii npuMep). TakuM 06pasoM, OTHONIEHHIO CUrHAJ/ITYM
pasHOMYy 7 4B COOTBCTCTBYET BEPOSITHOCTDb OLIMOKM JBOMYHOTO CHMBOJIA,
pasuas 0,013, moaromy

P.=(1-0,013)"®~0,82, | (2.46)
U B€POATHOCTHb IICOﬁHapy)KeHMﬂ OLINOKH OLIEHHBAETCA CBEpXy Kak

(2F — 1) Pdmin ~ 2047 - 0,013% = 0,0045. (2.47)
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DddekTrBHAS CKOPOCTH NEPE/Iadi TakKe BO3PacTaeT

k 110,82 - 16 x6ut/cex

Rpess = r_zPCRb & T ~ 9,62xbnt/cex. (2.48)

Yenosue HensmMenHol MOIIHOCTH TlepeaTIMKa 6oee 6iIM3KO K MPaKTHKE,
YeM YCROBUE PABEHCTBA BEPOSTHOCTEH ONIMOKY JBOMYHBIX CUMBOJIOB. [1o
cpaBrenuto ¢ (7,4)-komoM, juist (15,11}-kona MBI 1OTy4aeM HEKOTODbBIH
BBIMIPhILL 1O 3dekTunHoM ckopoctH Ry .;r = 9,62 kbur/cek 3a cuer
BO3PACTAaHUSI BEPOSTHOCTH HeOOHapYKUMOU ouInGKu.

PaccMOTpeHHBIE PUMEDBI MOKA3bIBAIOT, UTO BLIGOD KOA AJIS KaxK-
J0# KOHKPCTHOH CHCTeMbl JI0JIKeH OCYIIECTBJIATLCH ¢ 0coboit TmaTe b
HOCTBIO.

2.4.5. Pacuwupennvie K00 Xommuraa

B s1oM pa3suene Mul pacCMOTPHM BEeCbMa I10JIE3HOE PAcIIMpPEHHE KOJOB
Xammuura. OHO 3aK/1I0YA€TCs B JOLOJHEHHU KOJAOBBIX BEKTOPOB JOIIOJ-
HUTENbHBIM JIBOUYHBIM Pa3psi/iOM TaKUM 06pa30oM, Y4TOOBI YHUCI0 EAUHHLL,
CONCPXKAIIMXCS B KasKJIOM KOJIOBOM CJIoBe, Ob110 YeTHo. Koabl XaMMunra,
C IPOBEPKO#i Ha YETHOCTb OONIAAI0T CEAYIOUIAMY JBYMs! IPCHMYIICCTBAMM .

e Jlnunn KonoB yrennunBalores ¢ 2" — 1 jgo 2", 4To yaobHo ¢ TouKu
3peHUsi XpaHeHHs U Nepejadd MHPOPMAalUH.

o MuHuMaibHOE paccTosiHue dpi, PACIHHPEHHBIX KONoB X9SMMMH-
ra paBHO 4 BMECTO 3, YTO JaeT BO3MOXKHOCTL ODHApYXHWBaThb 3-
KpaTHBIC OLINOKH.

JHornonuurenbhbiii paspsij NPOBEPKY Ha YE€THOCTD HIO3BOJISIET KCIOb-
30BaTh JAEKOUEP B HOBOM PeXXKHUMe — TUOPUIHOM peXuMe 0OHAPYIKEHHA B
KOPDEKIMH OmuGoK.

B kauecTBe npumepa, paccmorpum pacmupenue (15,11)-kona Xam-
MuHra. Kaxpiii komosbiit Bektop V = (¥g, ¥, ..,015) PACUUPENHO20 -
(16,11)-x00a Xammurea NOTyHaeTCa U3 KOJOBOTO BeKTOopa v = (vg, Vg, V2,

.., v14) (15,11)-kK0n8 TyTeM nOGaBIEHNS AONOTHHTENLHOIO Pa3pAa PO~
BEPKH Ha YETHOCTb, T.e. :

v= (’50,171, e ,1715) = (170,1)0,’1)1, e ,"1)14), (2.49)

rie -
14

B=3 . (2.50)

=0
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Ipoeepounas matpuua (16,11)-kosa nomydacres u3 npoaepo'moﬁ MarT-
punst (15,11)-koua XsMMuLIa B JiBa NPHEMA:

-poruuieM K Marpuue (15,11)-koaa XaMMuHra cjeBa HYJEBO# CTOJ-
Gew;

-JIOIIOJIHUM [10JIyYMBHIYIOCH MaTPULY CTPOMKOH, IIOJIHOCTBIO COCTOS-
el U3 ONHUX eJUHHMIL '

B pesynbraTe nosmyuum

1111111111111111
B 0100010010110111
Hs5x16=]0010011001011011 |. (2.51)
0001001110011101
0000100101101111

IIpu cUHAPOMHOM JIEKOIMPOBAHHY

~

§=voHT, (2.52)

npuyieM, npaBasgd KOMIIOHEHTa DaBHa

So=) ©(2.53)

C yuerom (2.49) u (2.50), nosyuacm

15
So=)Y % =0. (2.54)
i=0

W3 (2.49) u (2.51) cneayer, 9To W pyrue KOMIOHEHTHI CHHAPOMA S TRKKeE
PaBHBI HYJIO. ’ .

YTBepsKenue, YTO MHHUMAJBHOE KONOBOE PaccTosiHue dpyin KOJIOB
X3MMHHIa ¢ IPOBEPKOil Ha YEeTHOCTb PABHO 4, CllejyeT HelloCPeACTBEHHO
U3 OIpEJIE/IeHHsI Beca KOJOBBIX CJIoB. B camoM Jelie, Tax KaK MUHUMAJIb-
HBIl BeC BCEX BEKTOPOB KoOJIa X9MMMHIA, 38 HCKIIIOYCHHEM HYJEBOro,
paBeH 3, TO JONOJHUTENILHBIN pa3psij IPOBEPKU HA YETHOCTh yBeJM4H-
BaeT ITOT MHUHUMAJIbHBIN Bec 10 4. Pacmmnpennniit koq X3MMUHTa Takke
SIBJIAETCH JIMHEHHBIM U €r0 MHHHMAJIbHOE paccrosHue dmin = 4.

Ipesx e yeM roBopUThH O HEKOAUPOBAHHY KOJIOB XIMMUHTA C IIPOBEp-
KOH HA YETHOCTb, HAIIOMHUM JBa BO3MOXKHBIX PeKMMa JeKOJAPOBaHHs
OGBIYHBIX KOTOB XOMMHHTA. .

1. PexxuMm obHapy2KeHUs OMUOOK. -
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Ecnu cunapom s # 0, To jiekosep BoigaeT curran omubku. Tak kax
dmin Kofa XsMMuHra pasdo 3, To omubku kpaTHocTd < 2 Beerjia
06HADYKHMBAIOTCS.

2. PexxuM KOppeKIMH OmMOOK.

Ecnu cusjpoM s # 0, To sekoaep BCErIa UCTIPaBJIgEeT OJMH U3 pa3-
PAI0B KOUOBOro ¢jioBa (Tak Kak Koj X3IMMUHIA HBJIAETCS JIOTHO-
yUAKOBAHHBIM cepamu pajuyca t = 1). Takum obpasoM, ekonep
HCHPABJISieT BCE OIHOKPATHbie OIIMOKH.

3 Bcero BEBILIECKA3aHHOTO BUAHO, YTO KOJ X3MMMHIA MJIM TOJBKO
obHapyKuBaeT Bee OIUGKU KPATHOCTU HE BbIIIE 2, WM TOALKO HCIPAB-
JISIET BCE OJHOKPATHBIE OMIHOKH. -

Tetieps nepeitgeM k kojam X3MMHUHIA € TPOBCPKOA Ha YETHOCTb. Tak
KaK dgin TAKHX KOJIOB pasHO 4, TO B pexkume obHapyxeHust dukcupy-
f0TCH BCe OUIMOKM KPATHOCTH 3 M HUKE. PexxuM Ke KOppekud omubox
MOXKHO CYIIECTBCHHO YJIy4IIMTh, 61ar0/aps HAJIMUHMIO B KOJIOBBIX CJIOBAX
AOHOJHATEJILHOIO Pa3pPsilia. IIPOBEPKH HA YETHOCTh.

TIpex e BCEro 3aMeTM, YTO POLECC HCHPABICHUS OMHOYHLIX OUIH-
60K BO BCEX paspsjiaX, HCKAIOYasi IPOBEPOUHDLIN, HUYEM He OTJIM4aeTCH
OT OBBIMHOrO Kojia XaMmuura. Takum o6pa3oM, o/inHOYHAs omnGKa Bee-
ria Moxer ObiTh Mcupasiena. (B 3toM ciydae, NpusHakoM oaMHOYHOM
onubKy B TPOBCPOUHOM Pa3psijie, ABJISETCH PABEHCTBO HYJIO BCEX KOM-
[IOHEHT CHH/APOMA S 33 HCKJIIOUEHMEM Sg, KOTopas pasua enuHpue). C
JpYro#i CTOPOHBI, 3aMETHM, YTO 1IPH OJIMHOYHONR OIIHOKE BCEr/a BBIUIOJI-
HseTes paBeHcTBo S = 1. [Ipu iBykpaTHO# ke omubke, KOMIOHEHTa S
seera pasHa «0». Takum ob6pasoM, noJydaeM CieAYIOUIME YAy YIIeHH bl
AJI'OPUTM KOPPEeKLnU OuIMOOK B PACUIMPEHHOM KOJle X3MMHHIA.

1. Ecam 55 = 1, TO NPOU3BOJUTCH HCIIPABJIEHUE OJIMHOYHOM OIIUEKH.

2. Eciu 5p = 0 u 8 # 0, To cunTaeM, YTO B KaHaJle IPOM3ONLIA HEeHC-
HpaBiisieMasi oUMOKa U IIPUHSTOE CI0BO MJIH JOJIXKHO ObITh CTEPTO,
min B o0paTHbI KaHall JoJiKeH OblTh NOJAH CHIHAJ NIEPECHpoOCca.

Takum 06pazoM, Ko, X3MMHUHTA ¢ IIPOBEPKOH Ha YETHOCTb crnocoben
MM TONBKO ODHApPYKUBATh OMUGKY, KPATHOCTH HE BbIMIE TPEX, HJIH HC-
NpaBJAThL BCE ONMHOYHbIE OIMKOKH U, OHOBPEMEHHO, OGHAPYKUBATH BCe
JBYKDATHBIE.
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2.5. TMpunoxetue: Mons Manya

MsuoxecTBo A 06pasyer nouie, eciu Jis TOObIX 3J1EMEHTOB a;, aj, ay € A
olpejiesieHbl ONepPalii CTOXKEHHSI «+» M YMHOXEHHsl «X» M BbLIOJIHSA-
IOTCS CIIEYIOUIe aKCHOMBI:

Crnoxenue «+»
(A1) 3amkHyTOCTB 0; + 05 € A
(A2) Accoumarusaocts (a; + a;) + a = a; + (aj + ax)

(A3) CymecTsoBanue eaMHCTBEHHOro HyJieBoro amementa 0 € A, Tako-
ro, uro 0 + a; = a;

(A4) Obparnsrit anemenT (—a;) € A Takoit, 9ro (—a) +a; =0
(A5) KoMmyTaTuBHOCTb @i + aj = a5 + a;
VYMHOKEHAE «X»

(M1) 3amkHyTOCTB @; X 0; € A
(M2) AccouuaTupHOCTb (@; X a;) X a = a; X (aj X ak)

(M3) CyumecrsoBanue eJUHCTBEHHOIO €IMHHYHOIO 3j1eMeHTa 1 € A Ta-
Koro, uro 1 x a; = a;

(M4) O6patubrit sement a;* x a; = 1
(M5) KoMMyTaTHBHOCTb G; X G = a; X G;
CroxeHue ¥ yMHOX€EHHE
(D) OucrpubyrusHocTb a; X (@j + ak) = @;.X a; + a; X @

VI3 nepevycieHHBIX BHINE AKCUOM CIIEAYIOT BaxkHeHuine IpaBuia apud-
MeTHKH, CIpaBelIuBbie B J1060M noJe:
Hns 0,1,a,b, ¢ € A umeer mecTo

1.a+0=0 = a=0
.a,b#0 & axb#0
.a#0uaxb=0 = b=0

(=S - I ]

. —(axb)=(—a)xb=ax (-b)
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5. a#0maxb=axc = b=c

A

OTMeTHM TaKKe, YTO OHEPAINH CIOKEHHAS U YMHOXKCHUSA UMEIOT 00-
paTHBIE ONEPALWH: BbIYMTAHMA U JEJIeHUs, IPHYCM, BLIYHTAHAC ONpeie-
aseTcs KaK a — b = a + (—b), a mencnne - kak a +b=a x b1

HenoaroToB/IEHHOTO YHTATENSA MOXKET CMYyTHTb M ja)Ke MCIyTaTh
CTOJIb 'POMO3/IKOE AKCHOMATHHCCKOE II0CTpoctie anreGpairdccRoll CTpyK-
Typbl, HasbiBaeMmolt nojiem. OJIHAKO, 3TH CTPAXH JOJKHBI jI0BOJIbHO
GLICTPO HCUYE3NYThb 10C/Ee TOrO, KAK MBI y6euMesi, 1TO MHOXECTBO pPa-

" MOHAJBHLIX uMces oGpasyer noje. HanOMHUM, 4TO MHOMECTBO Dalo-
HAJILHBIX YHUCE] COIEPAKHUT BCE HOJIOKUTEIBHbIE U OTPULATE/IbHDIE 1Eilbie
unc/ia (BKIFOIAst HOJIb ), & TAKKe BCC YHCJIa BUAA R/m, Tae N, m — nejible
U m # 0. OnepanusMH CIOXKeHUsl, BbIYHTAHUS, YMHOXKEHHA U JIelie-
HHs B HOJI€ PAIMOHAJILHBIX YHCEJ SIBJISIIOTCsE OObIMHBIE apuMeTHYECKHE
oLiepalyu, KOTOPBIE Mbl B3Y4asld Clie B HauadbHoilt ikone. Herpyo 3a-
METHTb, ITO ITH ONEPAIMH Y/IOBJETBOPAIOT BCCM NCPEYNCIERHBIM BhIIIe
BKCHOM&M.

PacivpennsamMu [oJIsi PalMOHAIbHBIX YHCES SIBJIAIOTCH 110J1s Bellle-
CTBEHHBIX M KOMILJIEKCHBIX 4YHCEJI, OHM TaKXKe ColepxkaT 6eckoHedyHoe
MHOXKECTBO 3JIEMEHTOB.

Tak Kak B KapaJax CBS3H MHOMCCTBO IEPEJABAEMbIX CHI'HAJIOB BCC-
I7la KOHEYHO, OCHOBOH TEODHH KOIMPOBAHUA ABJISIOTCA [OJIs, COLEPIKa-
ue KoHevHoe 4uciio aneMentos (nouns Fanya). Ipocrefimms nosiem Ta-
Jiya siBjIsgeTcsi JiBoudHoe nose GF(2), onepalun B KOTOPOM (CJ/IOKEHHE
¥ yMHOX<EHME) BBLIOJIHAIOTCA 110 TPaBHIaM apU(bMETHKH <0 MOIYIIO
2». HeTpyano 3aMeruTs, YTO IpaBuiia apudMeTukn 1o mod 2 yznosJie-
TBOPSIIOT BCEM BHIILENEPEYNC/IEHHBIM aKCHOMAM (C Yy4€TOM TOro, 4To 06-
PATHBIM 7IEMEHTOM K «1» 110 CJOXKEHHMIO B YMHOXEHHIO SIBJIACTCA CaMma
<I»).

B Bricieii asrebpe HOKa3bIBAETCsL, YTO YUCIO IEMEHTOB § KOHEYHOI'O
[0JIS BCET/IA Y/IOBJCTBOPSET YCIOBHIO

g=p", (2.55)

rae p - npocroe, am =1,2,....

JpyruMu cJI0BaMH, CCJIM YHCJIO 3JIEMEHTOB ¢ HEKOTOPOTO MHOXECTBA
He YJIOBIETBOPSET yCJIOBHIO (2.55), TO 151 3TOr0 MHOXECTBA HEBO3IMOXK-
HO OIIPENESINTb Omepalnuyl CIOKEHWs U YMHOXEHHS, YAOBJIEeTBOPSIONINE
akcuoMaM mnosid. Tak, HanmpuMep, HEBO3ZMOXKHO 00pa30BaTh HOME C YHC-
JIoM 3JIeMeHTOB, paBHbiM 6, 10, 12, 14 ¢ 1.4, HO MOYKHO OCTPOUTH [IOJIE,
C 4MCJIOM JICMEHTOB, paBHEIM 2, 3,4, 5,7, 8,9, 11 u T.1.
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Tabanna 2.4. Onepanuu cioxenns u ymHoxenus 8 GF(5).

+lo0|1}2|3j4fx|0oj1]2]3]|4
olof1]2{3|4)o]ojojofofo

) 1{t|2|3f4foff1]|o|1|2|3}4 .
212(3|4)of1lf2fo|2]4]|1]3
3|3l4j0f{1]|2]3]o|3|1]|4]2
a4j0|1|2|3|ajofla]|3|2]1

Haubonee 1pocto ofiepanpy CIOKEHUs] B YMHOXEHHS BbIOJHAIOTCS
B TOJIe C YHCJIOM 3TEeMCHTOB, PaBHBIM npocToMy umcay (m = 1). 3necs
OHH ONpE/ICTCHB! KaK ONEPAIMH CJIOKCHUS M yMHOXKeHMs 1o mod p, a
CaMH 9JIEMCHTHI 0BPa3yIOT 110CJIE10BATEILHOCTL JIUCE :

{0,1,2,...,p—1}. (2.56)

Jns npumepa, B Tabauue 2.4. puBeleHBl Pe3YNbTATHI CJIOXKEHUH H
YMHOXeHHUs BCeX nap sjemenroBa;,b; € {0,1,2,3,4}, .e cymma a; +
b;j( mod 5) u npoussejenne a;-b;( mod 5). Henocpeacrsennolt mposep-
KOl MOXKHO yGeanthes B BemonHeHun akeroM (Al) - (A5), (M1) — (M5)
u (D) usi onepanuil CI0XKeHHs U YMHOXKCHHS. TakuM o0pa3oM, MHOXKe-
crBo smemenToB a € {0,1,2,3,4} ¢ onepanuaMU CIOXKEHUS U YMHOXKe-
Hust, 3a]aHHbIMA Tabu. 2.4, obpasytor nose GF(5).

B teopuu noseét Tasnya nokasbiBaeTcs clieAylollasi, OYeHb BaXkKHas
TebpeMa.

Teopema 2.5.1. B nose lanya GF(p), comepxalneM ¢ 3j€MEHTOB, Cy-
IIIECTBYeT 110 KpaiiHell Mepe OAWH NPHMMTUBHBIN 3JIEMEHT O TAKOH, YTO
KaXKbli HeHyJieBOH ajieMeHT U3 GF(p) moxer ObITh HpeJiCTaBlIeH Kak
HEKOTOpas CTElICHb (.

Taxk, B noie GF(5) cymecryer JiBa IPUMHTHBHBIX 3JIEMEHTa o = 2
may =3 makkak 20 =1,2! =2 22 =4, 23( mod 5) =3 u 3° = 1,
31 =3, 32( mod 5) =4, 3*( mod 5) = 2.

Clioxnee o6eToRT Aeslo ¢ nocrpoennem unonelk Tanya GF(p™), rae
m > 1 (IpocTOe YHCIIO P HA3KIBAETCH XAPAKTEPHCTHKON movis).

Tak Kak Teopusi KOAMPOBAHMA UMeeT JENO, B OCHOBHOM, C IOJIAMM
XAPAKTEPUCTHKH 2, PACCMOTPHM OCHOBHBIE METOJBI 1IIOCTPOEHMS IoJjel

GF(2™).
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TIpex e Bcero saMeTum, 4To Kaxkaptil aneMent GF(2™) MoKHO 1pe-
CTABUTH B BH/e CJI0Ba AyTHHBL 1 Hajl GF(2) i MHOroW1eHa ¢ JBOUYHBI-
mu KoahdunuenTamMu, crelleHb KOTOPOro MeHslIe, UeM . Tak, Halpu-
Mep, moboit anemedT a € GF(23) MoXHO 3alHCATb KAk JBOHTHOE CJOBO
G201y WK KaK MHOTOWIEH asX 2 + a1 X + ag, tae {az, a1, a0} € {0,1}. B
ITOM Cilydae, CIOXKeHHe 31eMeHToB U3 GF(2™) BbUIOJIHAETCS 110 IPABHILY
CJTOXKEHHS NPEJICTABJIAIONMX X MHOTouwenoB B none GF(2). Ecin upu
ITOM YMHOXKEHME DJIEMEHTOB Mbl OLPEUEIUM KaK YMHOXKeHHe MpeJCTaB-
JISIOUIMX 9TH 9JIEMEHTH MHOTOWICHOB 110 MOJLYJII0 HEKOTOPOFO 3aJaHHOTO
HEIPUBOJMMOro MHorowieHa Haj, GF(2) creueHn m, TO TEM CAMBIM MBI
noctpouM nose [anya GF(2™).

Henpueodumoim Ha3bIBAETCSI MHOTOWIICH, HEPA3TOXKHUMBIN HA [IPOH3-
BelleHHe MHOrOWIeHoB ¢ koaddunuentamu u3z GF(2).

TIposons ananoruio ¢ moneM GF(p), MOXHO cka3aThb, 9TO POk 3ie-
MmenToB GF(p) B none GF(2™) urpaioT ABOMYHBIE CJIOBA HJIM MHOTOYJIe-
Hbl CTENeHH, MeHbIuelf m, & posib MPOCTOr0 HYHUC/A P - HEUPUBOJUMBIA
MHOT'O4JIeH CTEEHH 171

Jnst peanusanun onepauuit B nojne GF(2™) B kavuecTBe HENpUBOAH-
MOI0 MHOTOYJIEHS CTENEHH 1 yAobHee BHIGMDATH NPUMUTHBHBIA MHOIO-
YJIeH.

IMpumumuenvim muozouwenom p(X) nagx GF(2) HasviBaercs Henmpu-
BOJJMMbLE MHOIOYJIEH CTENEHH M, Takoll, 4ro B none GF(2™), nocrpoek-
Horo 110 Moyt p{X ), aneMeHT nons X sBJISIETCH NPUMUTHBHBIM.

,

B Teopuwm nosneii 'anya JokasviBaeTcs clieNyomas TeopeMa.

Teopema 2.5.2. st KaxX10ro noJs I‘a.nya CYHIECTBYIOT TPHMUTHBHbIE
MHOTI'OHJIEHKI BCEX CTeleHel.

Tabuubl HelPUBOAUMEIX U IPUMHUTHBHBIX MHOIOWIEHOB Hay GF(2)
CTelieHH, He 1peBOcxo/diedt 34, npuseneHs: B [11].

B xauecrse npumepa npusesem mosie Fanya GF(24) (Taba. 2.5). dna
ero NocTpoernst GhuT BHIGPaH TPUMHTHUBHBHI MHOTOUJIEH 4ETBEPTOl CTe-
nesn X* + X + 1. U3 Tabnuupl BUAHO, 9TO CTCHEHH NPUMHTHBHOTO SJle-
MeHTa @ = X 06pasyT BCE MHOXKCCTBO HEHYJIEBBIX 3JIEMEHTOB GF(2%).
B TakoM IpejicTaBiienuu onepauys yMuoxeHus B uojte GF (2%) peaymsy-
ercs odenpb npocto. Ilycrs, Hanpumep, Ham TpebyeTcs HalTH HPOM3BE/IE-
Hue ssemenTos (1011) - (1010). U3 Taﬁnuubl 2.5 HaXOMUM, YTO 3JIeMEHT
(1011) MOXXHO TpPEACTABUTHL B BUJIE a a (1010) B Buze o®. Us sToro
cnenyer, uro (1011) - (1010) = o’ - o® = | (T49) mod 15 _ 1, Mcnonbsya
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Ta6auua 2.5. Ipeacrasnenune nons GF (2*) (Tabauna anTuno-

rapucdMoB).
o = 1 —(0001)
al = « =(0010)
o o? =(0100)
@ = of =(1000)
o - a r1  =(0011)
& = o’  +a —(0110)
o - b 4 ~(1100)
ol = od +a  +1  =(1011)
o - o? 41 =(0101)
@ = o ta ~(1010)
Q- o> a1 =(0111)
al' - & 4o +o =(1110)
a? - o 4 ta -1 —(1111)
a® = o +a? +1  —(1101)
alt —  of +1  =(1001)
ol 1 =a®

Tabi1. 2.5 emme pa3s, onpeﬂ.enﬂeM uT0 a! cooTrercTBYyer aJleMeHTy (0010).
Oxonuarensio moyyaeM (1011) - (1010) = (0010).

ITpu nporpamMmuoil peasiu3aunyu yMHoXeHus1 B nojsx [asya, kax npa-
BHJIO, HCIIO/Ib3YIOT TAK Ha3HIBAEMBbIC TAGIMLbI JOrapupMOB M aHTHJIOTa-
pucbmos. Tabnuna antunorapudmos nons. GF(2Y) cosnagaer c Taba,
2.5. Ucnons3ys Ty TabJIMILY, OU€Hb JCTKO ONPEAETIUTH TBOUIHBIN SKBH-
BAJIEHT JIEMeHTa o' 1o 3ananHoMy 1, 0 < ¢ < 14. Tabmmua norapucmos
(Tabu. 2.6), Ha0GOpOT, MO3BOJIsIET GHICTPO HANTHU CTENEHb IPUMUTHBHOTO
3JICMEHTa ¢ TO €0 JBOMYHOMY IIPe/ICTaBJIEHHIO. :

Tak Kak oneparus Jejienus B noasx lamya SKBMBAJICHTHA YMHOXeE- -
HHMI0 Ha OOPATHLIM 3JIEMEHT, BECbMa TIOJIE3HON IPU BHIYHCIEHHAX OKa-
3bIBaETCA TAOIULA 0BpaTHHIX 31eMeHTOB (Tabu. 2.7), KoTopas jyid NMons
GF(2*) crpowtca ceayrommm obpasom. Ilycts, Hampumep, Ham HyX-
no HaliTu obpaTHbii sneMent K (1010). ITo Tabsmne sorapudMoB Haxo-
M, uto (1010) cooTBercrByer o, O6paTHbIM 3/1eMEeHTOM K o’ ssnser-
csi a1 9 = ab. Tlo Tabmune anTHIOrapUMOB HAXOUM, 9TO JBOHYHBIM
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Ta6auua 2.6. Tabauna Jorapucmos saementos GF(24).

0001|0010}0011{0100{0101|0110{0111|1000{1001|1010|1011{1100{1101{1110(1111

aD al (14 a2 a8 a5 alO (13 ald aS &7 a6 al3 al] 012

skBuBaNenToM of asnsiercs (1100). Taxum 06pa3soM, OKOHHATENBHO 1HO-
- ny=aem (1010)~! = (1100).

IIpu Hebonbuinx 3na4eHnAX M JJis YCKOPEHHST YMHOXKEHUS 1IDH [1PO-
rPaMMHOH} peajiu3alyi MOXHO IMOCTPOUTH Tab/IMIy YMHOXKCHHHA dIeMeH-
ToB 1onst GF(2™) pasmeprocTs 2™ x 2™, IMocite TOro, Kak BCe HEOBXOAM-
Mble apudMeTHYecKue TabINLbl TOCTPOEHBI, MOXKHO 3aMEHUTD JIBOMUHBIC
0003HAYEHASA HA [eJIOYUCTICHHDIE.

Peajmsaius olepauun clioxeHus (H COBIIaJAIOMEH ¢ Hell onepanun
BbIMMTAHUS) eMeHTOB B nosie GF(2™) ue npexcrabiser upobneM. Cio-
JkeHue sneMeHToB n3 GF(2™) CBOOUTCS K MOKOMIOHEHTHOMY CJIOKCHUIO
HX JBOMYHBIX npejcTapieHust nmo moaymo 2. Tak, HaupuMep, B noJe
GF(2%) (0011) + (1101) = (1110).

Ta6auua 2.7. Tabnuua o6paTHLIX d1eMerToB nona GF .(24).

a, {0001(0010{06011(0100(0101{0110(0111{1000{1001{1010/1011{1100{1101)1110}1111

o; '/0001{1001)1110]1101}1011}0111/0110|1111|0010{1100{0101{1010/0100/0011|1000

C noapobubiM obocHoBanueM nocTpoeHust nojei GF(2™) u uceneo-
BaHMEM UX ajirebpanyeckolt CTPYKTYphl YHTATE/Ib MOXKET O3HAKOMHThCS
B [5].

B zaknioueHre OTMETHM, UTO IIPH BCell KaxKyielica CI0XKHOCTH, HC-
HoJib30BaHue 110Jed [aya B TEOPHM MOMEXOYCTONYHBOIO KONMPOBAHHS
uMeeT 1IyOoKuii MaTeMaTHueckuit cMmbics. CpolicTsa noneit asya mos-
BOJISIIOT TPU NOCTPOSHNM KOJOB HCIOJIL30BATH 3AKOHLI JIKHEHHOH anre6-
Pbl, CpaBe/yIuBbIe Nis HOJel JeHCTBUTENbHBIX B KOMILUIEKCHEIX YHCEL.
Orinyne 3aKIOYaETCs JIMWbL B TOM, 9TO apudMeTHHYeCKHe ONEDAIEH
HeoOXOJIMMO NPOM3BO/UTE 110 NMpPABU/IAM, ONIPEJENeHHbIM [JIsl JAHHOTO
KOHEUHOro IOJIs1.



NMABA3

LIMKITUYECKME
KoAbl

3.1. Beepenne

Ipexx e Becero mokasxeM, 4TO PUMEHEHHE HA PAKTHKE MMPOCTERINMX JTH-
HeWHBIX OJIOKOBBIX KOJIOB C UX MOCTEAYIOIMM CHHIAPOMHBIM JEeKONUPO-
BAHUEM CBS3AHO C YPE3MEPHLIMH TeXHHYCCKMMHM 3aTpaTamu. Jlns sToit
HeJId PacCMOTPHM JBa 1IPHMEpA.

IMepBBIM 1IpHMEpPOM HBISETCS NPOTOKOJ NEPe/Iauu JAHHBIX 10 TeJle-
donnomy kanasny ISDN-D, B KOTOPOM MCNoNb3yercs hopMaT nepeaadu
gannbrx LAPD (Link Asset Procedure on D-channel). Bee nepenaBaemeie
JaHHBIE 3aHOCSATCH B OTBEJCHHbIE UM I[OJIS B LOTOKE JAHHBIX, COTJIACHO
cranaapry (cM. puc. 3.1). Jaunbl noseit 3ajansl B Oakitax (opun Galit
conepuT 610K u3 8 6ut). [log mpoBepoUHblE CUMBOJIBLI OTBOMTCS TOJIC
FCS (Frame Check Sequens) anuno# 2 Galita. C HOMOLIBIO IPOBEPOYHBIX
CYMM NpPOM3BOAUTCA OGHApyxeHue ommbok B mosie agpeca A (Adress),
none komang C (Control) u undopmanmonsnom nose I (Information). Ta-
KuM 06pasoM, obuas AiuHa 6710Ka coctasasier (242+ 260+2)=:266 Gaiit
wan 2128 6ut. Ilpu ucuonb3oBapuM jAJig 3aIUMTHL JAHHBIX OT OMIMOOK
IpOCTERILEro JTMHERHOTO Koxa ¢ 16-10 poBepouHbIME GuTaMu 10TpeGo-
BaJslach Gbl MOpOXKAaioIasd MaTpuLa pasMepHocTda 2112 x 2128 u mopox-
Jalolasi MaTpuiia pasMepaocru 16 x 2128.

Batr 1 "2 1(2) max 260 2 1

FlAalc] 1____ [T

Puc. 3.1. ®opmar nepesaun ganHnx LAPD ¢ dunarom
F=(01111110), monem aapeca A, monem xomang C
# uHPOPManHOoHHBIM mostem .

B xadectBe BTOpOro mpuMepa paccMOTPuM (opMaT IepelaBaeMbIX
JIAHHBIX, MCOOJIB3yeMblil B cramgapre 802.3-CSMA/CD (Carrier Sense
Muitiple Access/ Collision Detection) mist nepesadu JaHHBIX B JIOKAJIb-
nbix cetsx casu (Lokal Area Network, LAN) (puc 3.2).

6795
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Puc. 3.2. ®opmar nepenaun  gandeix  802.3-CSMA/CD
(Carrier Sense Multiple Access/ Collision Detection).

B aToMm cnywae samuTa nHpOPMAIMH OT IOMEX METO/AMH, PACCMOT-
PEHHBIMM B Tpebl Ly Iel IJIaBe 3TOH KHUTH, TAKXKe TpeByeT HCIoJIb30Ba-
HHS KOJIOBLIX CJIOB OYCHL GOJIbINON JJTHHBL M, CBA3AHHBIX C 3THM, YPE3-
MEPHBIX TEXHUYECKHMX 3aTDAT.

O6a nprMepa MOKa3bIBAIOT, YTO Ha IPAKTUKE KOAUPYIOTCH U JEKOAN-
pyoTcs uHGOPMALIMOHHBIE TOTOKH OTHOCHTENBHO Bonbiioit junsl. [Tpu-
MeHsIeMble ITPU 3TOM METOILI KOHTPOJsA OUIMBOK JOJIKHBL GBITH MaKCH-
MaJbHO 3¢ deKTUBHbIMU. B paccMOTpeHHBIX 1BYX [IPHMEPaX 9THM Tpe-
GoBaHMAM OTBEYAIOT ABOUYHbIE LMKJIUYECKHE KOUbIL. )

‘TIlukiMyecKHe KoJbl HCIOJIb3YIOTCS B GecripoBoiHON TesredoHUM B
crangapre DECT (Digital Enhanced Cordless Telephony). u B MoBub-
HOM cBsizu. B MOGH/IbHOM CBSI3H LMKJIMYECKUE KOl IPUMEHSIIOTCS KaK B
crangapre GSM (Global System For Mobile Communication), Tak u B
craggapre CDMA (Code Division Multiple Access).

Hanee Gyzner nokaszaso, 4ro, npH nepefade B crangapre ATM
(Asynchronins Transfer Mode), uukiuveckue Kojibl, HUCIOJb3yeMbE B
HEC (Header Error Control), mo3Bosstior Takxe 06HAPYKHBAThH OIIUOKH
CHHXPOHHU3ALHUH.

Sameuanmne. [Tocaedyrowee uaaoncenue mamepuaaa basupyemcs na [7/.
Mamemamuneckue ocrosv Gopmysupyromces 6 sude Me3uUcos u no Mme-
pe neobrodumocmu doxasvearwmes. JJoxa3ameabcmen wALOCMPUPYIOM-
ca Kopomxumu npumepamy. IIpaxmuseckue NPUMEHEHUA YUKAUNECKUT
K0008 NOACHAIMCA C NOMOULHIO PEUCTNPOS C OOPAMHBLMY CEAIAMU, KO-
MOPHLE BHINOAHAIM POAL Kodepos u dexodepos. Taxoe usnodsicenue meo-
PUU HO TPUMEPAT CTEMHOUT DEQAUSGUUYU BHAHAAE MOCEM NOKA3AMBLCA
HeMH020 Henpusvitvm. C dpy20l cmoporw, demaavhoe yceoerue npo-
YECCo8 Peanu3auul xooupoeanus u 0eKooUpOSanuA 6 OaabHetiwem Mo-
srcem npunecmu Bam 6oavuo noavay. Hsyvus nocaedyrowue paszdeas,
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" B 6ydeme nodz0moeaens. k CAMOCTIOATEALHOT NPO2PAMMHOL PeaiuIa-
YUY USYUERHOLT QA20PUITIMOS.

3.2. Onpepgenetue 1 CBOWCTB2 ABOUYHBIX
LMKNIUYECKUX KOA0B

LukmnyecKkue KOIbl SIBJASIOTCH HOAMHOMXECTBOM JIMHEHHBIX KojIoB. OHM
0061aJ1a10T HOBBIMH clElU(bUIECKUME CBOHCTBAMH, TIO3BOJIAIOIUMHU YIIPO-
IMATh NPOLeCChl KOUUMPOBaHUA H Aexonuposanus. Ilpu sToMm, KoppekTy-
pYIOIas CloCOGHOCTh LUK/IMYECKNX KOJOB B GOJIBLIIMHCTBE CIIydaeB [0~
BOJIBHO BBICOKA.

VYIpPOCTUB U3JIOXKEHHE, Mbl OrPAHUYMMCS ONUCAHUEM TOJIBKO JBOHY-
HBIX UMKJIM4EeCKHX KOJOB. 38METHM, UTO ONEPAHH C KOMIOHEHTAMH J(BO-~
HYHBIX KOJOB NIPOM3BOLSATCS IO HMPABHIAM apuhMETHKH IO MOAYIIO 2.

3ameuanue. ,Zleowmué UUKAUYECKUE KOdbi 06pasyrom aunelinvie eex-
mopnwe npocmpancmea 1ad nosem Iaaya GF (2). Ha npaxmuxe wupo-
KO UCTIOABIYIOMCA YUKAUNECKUE KOOB C KOMTOHENINAMU U3 PACULUDEH-
woiz noaet laaya GF(2™). Taxumu xodamu asastomes xodw Boysa-
Yoydrypu-Xoxeunzema (BY9X) u xodw Puda-Cosomona (PC). Kodw PC,
8 HACTMHOCIU, UCTOALIYIOMCA 8 NPOULPHIEATNEART KOMNAKM JUCKOS.

Jlunettneiii (n, k)-xoy C ABIAETCA YUKAUNECKUM, €CITH UMKINIECKAR
casur moboro koaoeoro ciioba u3 C Takxke npuHaIIeKUT kouy C.

PaccmorpumM xodosoe caoso
vV = (vo,vl,...,un_l), (3.1)

¢ komnonentamu v; € {0,1}. [Juxauuecxuti cdsuz cooTBeTCTBYeT CABH-
I'y BCEX KOMIOHEHT Ha OIHH Pa3psij, BIPaBoO, [PUYEM, OCBOOOAMBLIEECS
MECTO -CJIEBa 3aHNMaeT KpaifHAs nMpaBas KOMIIOHEHTa

v(l) = (i}n—lavch L ER vn—2)- (32)
HpH i-Kpa.THOM LHUKJINYECKOM COBUTE IIOJyYaeM
V(I) = (U‘n—i’ <oy Un—1,00, V1, .- 7'Un—i~1)- (33)

Llukiueckuli ABHI peanu3yercs ¢ NOMOILBIO peeucmpa cd6uza JJTHHEL
n ¢ obpaTHOH cBs3blo (pHuc. 3.3).

[ukindeckue Koabl MOXKHO ONMCATD, [IPE/ICTABUB KOZNOBbIE BEKTO-
DBl B BHJE MH020%1e106. TaKoe 1Pe/ICTaB/IeHUEe NI03BOIIsieT ODHAPYKHTh
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HEKOTOpble JONOIHUTENLHBIE I10JIE3HBIE MATCMATHYECKUE CBOACTBA LHK-
JIMYECKUX KO710B. ICno/Ib30Banue 3THX CBOMCTB IIPUBOJUT K IIOCTPOEHHIO
NpocThiX U 3PDEKTUBHBIX HPOLELYD KOIHPOBAHUA H JEKOANPOBAHMSI.

PCI‘HCTP CIABHIa B HAYIbHOM COCTOAHHH

Peructp caBura Ha TakTe 3
[-mv\»-gk_-lm‘« [ T JvT.i}-]

Puc. 3.3. Peructp capura ¢ o6paTHOH CBA3bIO.

CylecTBYeT B3aUMHO-O/(HO3HAYHOE COOTBETCTRHE MEXJly KOLOBBIM
BEKTOPOM V = (g, V1,...,Un—1) U CTENEHbIO MHOrOYleHa N — 1
v(X)=voX0+v1X1+---+vn_1X"”1. (3.4)
Ipy HEOBXOMMMOCTE MOXHO [IEPEXOIUTH OT BEKTOPHOTO 1IPe/ICTaBlIeHNs
KOJIOBOTO CJIOBA K IMPEJICTAB/IEHRIO B BHJE MHOTO'IeHa H HaobOpOT.

Bameuanne. C Mamemamu4eckoli MouKy 3penus, npeicmasenue Ko-
006bLT €06 6 BUde MHOZ0MAEHA USOMODPHO AUHETHOMY GEKTNOPHOMY
npocmpancmey x0doeus sexmopos. ITpu smom, onepayuu ¢ xospduyu-
EHMAMYU MHOZOHAEHO8 NPOUIEO0ATNCA N0 NPUCLINHOM NPASULLM aPUD-
Memuky 1o mMo0yato 2. Moocho max sice 3aMemMump, “mo Cmeneny ne-
pemernot X UCTLOADIYIOMCA MOADKO 0an 0603HANENUA MECTRA COOTNEEM-
cmeyouel] XoMNoHERMYL £0008020 6EKMOPA 68 Pezucmpe cleu2a U KUK~
€0t UHOT CMBUCA0B0TE HAZPYIKU HE HECYM.

[IpencraBuM muKIHYecKUil CABHUT KOJOBOIO CJI0Ba B BH/IE MHOTOUIeHa
WHX) = Vpit Ui X'+ o1 X HpeXt (3.5)
+ Xt 4y XL
CpaprnM (3.5) ¢ pesybTaToM yMHOXeHus v(T) Ha z'

X' o(X) =X+ X 4o XL (3.6)
Buumaresnsioe paccmorpenve (3.5) u (3.6) nospossier 0GHAPYKUTH CBA3D
MeXY

V(X)) = vpitVninX o+ V1 XM 4 (3.7)
4(a)

+ 'voXi +- vn_i_1X"“
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X u(X) = wX +uXM 4 tu i XY+ (38)
+ v Xy XML
q(X;X"

Sty cBa3b Momﬂé BBIDA3UTL B BHIE
X' v(X)=g(X) - (X" + 1) + v9(X), (3.9)

1pHueM, onepanus ciaoxenns ¢(X) ¢ v® (X ) yCTpaHsIeT HeHYXXHBIe KOM-
[IOHCHTHI.

3ameuanue. Mo paccmMampuesem 6eKMOPHbLE NPOCTNPAHCNEA KOJOEHLT
ca08 Had GF(2). B deounrnom noae cnpasedauso 1@ 1 = 0, m.x. obpam-
HoLM daemenmom K «I» Asasemca cama «1». Imo nosesmoe ceoiicmeo
He 6ce20a REARETICA CTIPABEONUBM 6 CAYHAE TPOU3BOALHO20 ToaA Tarya
GF(p™), 4mo Mooicem npueecmy K YCAOHCHEHUIO SbNUCAeHUL.

Uz (3.9) caenyer, -4TO MHOL'OWJIEH, COOTBETCTBYIOMMH {-KPATHOMY
[UKJIHYECKOMY CJIBUT'Y BEKTOPA V MOXKHO LI0IYYUTb. KAK OCTATOK OT Jie-
JieHusi MHorowiena X iv(X ) Ha (X™+1). B nannueitimeM, Mbl OKaxkeM,
YTO JAHHOC CBOHCTBO MOXET OBITh HCIOJBL30BAaHO Ajsi 3¢ PeKTHBHOrO
obHapyxeHust omuboK.

Teopema 3.2.1. B kaxxa0M HUKIHYECKOM KOJE CYILECTBYET €JUHCTBEH-
b, OTAMYHBIL OT Hyss, x0doevl mHozowten g(X) MAHUMANLHOHR cTe-
1i€HY.

JokazarenberBo. [lycTh cylecTBYiOT ABa MHOrOWIeHa MHUHHMAJb-
Hoit crenenu g(X) u ¢'(X), ommunbix or nyns. V3 coficrsa 3aMKHYTO-
CTH JIMHE#HOI'0 BEKTOPHOI'O KOJOBOTO NPOCTPAHCTBA CJIEAYET, 4TO CyMMa,
g(X) u ¢'(X) sBasierca xomosbM MHOrowieHoM. OTcCioga mosydaeM

9X) = go+@aX+--+gX" (3.10)
9(X) = g+aX++gX
9(X)+4'(X) (90+90) +(gr+91)X+ -+ (g +9r) X"
0

Takum 06pa30M, NPUXOIUM K NPOTHBOpEYHIO. M
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Teopema 3.2.2. Ecnu g(X) — x0doswiti mrozouien HanMeHblIe#k crene-

HH 7, TO ero Koaddunuent go = 1.

JoxkazatenbcrBo. Cusuiem mHorowren g(X) n — 1 pas. Iloayuum
' MHOrOWIeH

g (X)) = g1+ X 4+ g X" HO-XTH0+- - +04+go X", (3.11)

KOTOpBIN TaKkxke NpHHAYIEKUT kony. Ero crenenb 10 onpejesieHuio He
MOXeT ObITh MeHbLIEe T, HO3TOMY go = 1. W

Teopema 3.2.3. Ilycts g(X) — KO40BbLIH MHOTOY/IEH MHHHMAJIbHOH CTe-
- uenu r. B srom cayuae, v(X) sBisieTcst K0006vM MHOZ0MAEHOM TOLNA 1
TOJILKO TOTJa, Koraa oH kpateH g(X).

HokazarenbcTBo. Ha nepsoM mmare JoKaxkeM AOCTATOYHOCTb YTBE

Kjenus 3.2.3. ’
' Hycrs v(X) = a(X)g(X). B s1oMm ciyuae

v(X) = a(X) g(X)= (3.12)
= (aO + (11X1 +e a'n—l—an_l_r) : g(X) =

a0g(X) + a1 X' - g(X) + - + an1-r X" g(X).
Tak Kak cTemenp MHorowiena g(X) He IPEBOCXOAMT T, & CTeNeHb MHO-
rownena a(X) ne mpeBocxogut n — 1 — r, npoussesenne a(X)g(X) ne
COAEPAKHT 4JeHOB cTenenH, boapmeit n — 1, To X*g(X) moxno paccmar-
puBaTh Kak i-xpatHblil capur muorowiena g(X). Takum oGpasom,

o(X) = ag+ a1V (X) + - + ap_1-- g™ (X). (3.13)

Tak Kak o6o#t ukIrdeckutt capur g{X) Tak Xe sIBJISIETC KOJOBBIM
MHorowieHoM, 1o v(X ) npeacTasaser coboii NUHEHHYIO KOMOUHALIMIO KO-
JIOBBIX CJIOB, T.€ SIBJISI€TCH KOJOBBIM CJIOBOM.

Ha BTopoMm mare jiokaxkeM Heobxomumoctsb yTeepxkiienus 3.2.3. Ilycrs

w(X) =e(X) - g(X) + b(X), (3.14)

rae b(x) - Bo3moxkHBIH ocTaTOK OT Jesenus v(z) Ha g(x). PewuM ypas-
HEHHMEe OTHOCUTENbHO b(z) '

b(X) = c(X) - g(X) + v(X). (3.15)

IpaBas wacts (3.15) npeacrarnser cobolt CyMMy ABYX KOIOBBIX MHO-
FOYJIEHOB, T03TOMY, b(Z) TakxkKe sBiIsieTCs KOMOBBHIM MuorouneHoM. Tak
KaK, [0 OfpeJesenuio, crenelb b(z) fomkHa 66ITh MeHbIIe CTEeHH MU-
HUMAJIBHOIO MuOrowIeHa g(z), b(z) cooTBeTCTBYET HyJleBOE KOZOBOE CIIO~
BO. B
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Teopema 3.2.4. B kax oM nukinygeckoM (n, k)-Kojie CymecTByeT ToMb-
KO OJIMH MHOTOWIeH MUHHMAJIbHOH cTelleHH 7 = 1 — K, Ha3blBaeMblil no-
poatcdarougum muozouaernom g(X) = go + g1 X + ... + ¢- X" Taxoit, uro
moboit komoBeIit MHOrOWIeH Aenvres Ha g(X).

JJ1st ToKCKa NOPOXKJAIOIIAX MHOTOYJIEHOB BaXKHBIM ABJISIETCH CJIELY-
Iolliee YTBEPIKICHHE:

Teopema 3.2.5. Iloposciarouwuti mnozodaen muKIMYeckoro kona g(X)
AETAT X™ + 1 6e3 ocraTKa.

dokazaTesbcTBo.

Yuuoxus g(X) na X*, nonyuum Muorousien crenenu k+r = n. dror
K€ Pe3YJIBTAT MOXKHO NOJIYUMTb, €Cild K LUKIMdecKoMy casury gF(X)
npubasuts 1+ X™ nas ycrpanenus mumneit <1s npn X0 u komnencanun
HeAocTaToYHOR koMmnoHeHThl X™. Takum obpa3som,

X5 g(X) = goXk 4+ g, X" = g®(X) + 1+ X", (3.16)
Ipeactasum (3.16) kax pesyabrar nesenus rFg(X) na X™ 41
Xk g(X)=1-(X"+1) + g®(X), (3.17)

npudem, g (X) saBnsiercst ocraTkoM.

Tax kax uukamdeckuii cupur g*)(X) cam sBiseTcs KOLOBBIM MHOTO-
*JIGHOM, TO, COMVIACHO yTBepkAeHuIo (3.3), CylecTByeT Takoi MHOrOYIEH
a(X), uro :
g®(X) = a(X) - g(X). (3.18)

TToucrabnss (3.18) B (3.17) u nepecTaBiss CIAraeMble, NOJYYUM
X" 4+1=[X*+a(X)] - 9(X). (3.19)

Takum obpazoM, g(X) memnt X™ + 1 6e3 ocraTka. B

CrpaBeyinBO Takke 0GpPaTHOE yTBEPXKIEHHE.

Teopema 3.2.6. Eciu nekoTopbtiit MEOrowied g(X) crznenn n—k qeaur
X"+1 6¢a ocTaTtka, To g(X ) HHOPOXKAaeT HEKOTOPBIA 1L KIu4ecKui (1, k)-
KOJI. :

JIoka3zaTeabCTBO.

JokaxeM, yTo Bce BO3MOXKHEIe pousBeaenus g( X) Ha MHOTOWIEHBI,
CTeneHb KOTOPBIX He npesblaeT k — 1, 06pasyloT HeKoTophilt IHHeHHbI’
(n, k)-K0o/J U ITOT KO ABJISIETCH UMKIMIECKHM.
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Bce npousse/ienns g(X) Ha MIOTOU/IEH CTENCHH He Bhille k— 1 MOXHO
NpeJICTaBHTL B BUJIE

v X)=vw+uX+-- -vn_lX"‘l = (3.20)
=(ao+ a1 X+ +ap X1 g(X).

B coorsercraun ¢ (3.20), Bcem BoamoxHbIM 2F HaBopaM JBOMHHEIX
K03(hPUIMENTOB OT dg A0 Qk—_1 COOTBETCTBYIOT 2F PasNMUHLIX KOJOBBIX
ciaos. Tlonyuenunnit kon sasnstercss JIMHEHHBIM, TaK KakK CyMMa, IBYX JIIO-
ObIX KOAOBLIX CJIOB TAKXKe IIPHHAJUJIEXKHT KOZLY.

IToKe2KeM Telephb, UTO ITOT KO SBIAETCS TAKXKe H IUKIANYECKHM.

Pacemorpum npoussesienne X - v(X)

X v(X) =X+ X2+ v, o X"y, X" = (3.21)
= oW (X) 4+ v (X" +1).

U3 sroro cieayer, uto ais Muoroutena v{)(X), cooTsercrayiouiero
ukaudeckoMy casury v(X), ciipaBeIMBO

v(X) = X - 0(X) + vae1 (X" +1). (3.22)

Tak kak g(X) zemur v(X) u X™ + 1, on Takke AB/IACTCA JEHTEIICM
v (X). Takum o6pa3oM, UMKIHHYECKUH CABAT JIOBOrO KOIOBOIO CJIOBA
TAK)Xe TIPUHAJIEXHAT KOY.

Wtax, MHOxkecTBo 2F paziuuKpIX MHOrOU/IEHOB, Aessimuxcs Ha g(X ),
06pa3yIoT JMHEAHOE BEKTOPHOE POCTPAHCTBO IMKJIMYeCKOro (1, k)-Koja.
]

Teopemy 3.2.6 MOXHO MCIOIB30BATH KAK PYKOBOACTBO K MOCTDPOE-
HMIO IUKJIHieeKnx Kogos. Ha caMom gene, 1ycThb, HalpuMep, CyLIecTBYeT
HEKOTOPbIM MHOTOYJIEH CTeleHM T = n — K, Ha KOTOpuiA genutca X™ + 1.
Torpaa, STOT MHOrOWIeH SIBISETCS NOPOXKIAOLMM MHorowieHoM g(.X)
uuk/nyeckoro (n, k)-kona. Ipu Gosbmux 3HaYCHHsX 18 ABYYaeH X" + 1
MOXKET UMeThb HECKOJIbKO AEJHTENEH cTeneHd 7. B CBA3M € 9THM BO3HH-
kaeT porpoc: Kakoit u3 stux memureseii nopoxaaer namny4dmuit xon? K
COXKAJIEHHIO, Ha ITOT BONPOC HE CYIIECTBYET OJNHOSHAYHOrO OTBETA, TEM
He MeHee, BO MHOIHMX CJIy4asiX MOXKHO 110JIb30BAThHCS TaO/IMLEll Hauryd-
MIMX JIBOMYHbIX LMKJIAYECKAX KOUOB, npejtaraemoli ITU (International
Telecommunication Union) (Taba. 3.8).

Ipumep: Iopoxaarowmuit MHOrO4ReH nEKIMYeckoro (7,4)-kona.

' Paccmorpum upocreiimuil nuknugeckutt (7,4)-xon. s ero mocrpo-
enus rpebyercs nopoxgawowmii Muorowen g{X) cremesn r = 7~k = 3,
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Tabmauna 3.1, Hukauyeckuit (7,4)-KoA ¢ OPOKJAIOMUM MHOFO-
wnenom g(X) =1+ X + X2

Uud. Koa. Muorousnen
CnoBO CJI0OBO
0000 0000000 wo(X)=0-g(X)=0
1000 1101000 w»(X)=1-g(X)=1+X + X*
0100 0110100 v2(X)=X-g{(X)=X+ X2 + X*
1100 1011100 ws(X) =1+ X) - g(X) =1+ X*+ X* 4 X*
0010 0011010  wa(X) = X?.g(X) = X2+ X* 4+ X°
1010 1110010 vs(X) = [1 + X% 'g(X) = 1 + X + X% + X°
0110 0101110 we(X)=[X + X% . 9(X) =X + X3+ X* + X°
1110 1000110 vr(X)=[1+ X + X% . g(X) =1+ X* + X5
0001 0001101 ws(X)=X%-g(X)=X3+X*+X®
1001 1100101  we(X)=[X+ X% g(X}=1+X +X*+X°
0101 0111001 wio(X) = [X + X% - g(X) = X + X2+ X* + X*
1101 1010001 v (X)=[1+ X + X% . g(X) =1+ X?+ X°
0011 0010111 wia(X) = [X*+ X - g(X) = X*+ X'+ X* + X°®
1011 1111111 wa(X) =14+ X*+ X% - g(X) = )

=1+ X+ X2+ X3+ X4+ X5+ X©
0111 0100011  vie(X) = X+ X2+ X% g(X)= X+ X°+ X°©
111 1001011 (X)) =1+ X +X*+ X% g(X) =1+ X3+ X° + X°®

apsiommniica JesmreneMm X T+l Bocrionb3yemcst pasioxenneM
X +1=014+X)-(1+X+ X% 1+2%+X3). (3.23)

[IpaswibHOCTL (3.23) MOXKHO LIPOBEPUTH BBIMMCIICHHEM [TPABOH IACTH B
GF(2).
BrifepeM B KauecTse NMOPOKIBIONIET0 MHOTOWIEHA MHOTOUYJIEH
gX)=1+X+ X3 (3.24)

WugopMalvoHHbie U KoJoBble C/I0Ba LuKJndeckoro (7,4)-kona, obpaso-
sanuoro ¢ nomouipio g(X) n3 (3.24), a Taxake COOTBETCTBYOIIME UM MHO-
rowienbl IPUBCAEHbE B Tabnuie 3.1.
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3.3. CucreMatnyeckue UMKNINYECKUE KOAb!

[puBenenuble B Tabnuue 3.1 KonoBbIE Cjl0Ba 06PA3YIOT HECHCTEMATHYE-
ckuft xon. OfiHako, myTeM HEKOTOPOH MOMM(MHUKALUKM ANIOPHTMa KO-
POBaHHUs MOXKHO [OJIyYHTHb CHCTEMATHYECKHMI LIMKJINYECKHM KO/ C TEMH
e 11apaMeTpaMH.

HudopmauHonHoe cnoso

Puc. 3.4. Casur undopMaLHiOHHOTO MHOTOWIEHA B peructTpe
caBura ¢ oOpaTHBLIMY CBA3SIMM IJIMHBI n HA T = n—k
MO3NLMA.

Inst 91ofl nenu paccMOTpUM HHOPMAI{MOBHLIH MHOPOY/IEH CTEICHU
k-1
u(X) =up+w X + -+ up_ X571 (3.25)

U ero 7 = n — k-KpaTHbI# CABHL.
X"u(X) = uX"+w X+ b X0 (3.26)

* U3 puc. 3.4 BugHO, YTO Tako#l CABMI He BBLI3BIBAET NCPENOJHEHUS!
N-pa3psiIHOrO PErucTpa ¢ABura (OITOMYy U MOXKET ObITh 3aNMCaH B BH-
ne (3.26)) u cooTBercTBYeT 3aNONHEHNIO k TIPABBIX KPABHMX JBOMYHBIX
pa3psiioB perucrpa uHGOPMAIMOHHLIM CJIOBOM. 3amojiHUM Tellepb CBO-
GonHble T JIEBBIX JBOMYHbLIX PaspslOB TAKuM 00pa3oM, 4ToBBI BEKTOP,
colepKallMicsl B n-pa3psiIHOM PerHCTpe, NpUHaIexan koay. Jas sto-
ro npeacrasuM muorowteHn X u(X) B Buse

X"u(X) = a(X) - g(X) + b(X), (3.27)

rae b(X) — ocrarok or genenus XTu(X) na g(X).
Us (3.27) cnenyer

XTu(X) +b(X) = a(X) - g(X). (3.28)

W3 (3.28) BoITekaeT ajiropuTM KOAMPOBAHHA CHCTEMATHYECKOTO LMKJIH-
qeckoro (n, k)-koga:

1. Undopmanponnsiit Muorowren u(X) crenenn k — 1 ymHOXaeTcs
Ha X", rner =n —k; .



3.3. Cucmemamuneckue YUKXAUNECKue KoO0b 17\1)

2. HaxofuTest ocTaTok b(X) or nenerms X u(X) na g(X);

3. Muorounen b(X) 3aHOCHTCA B T JIEBBIX Pa3PAOB PETHCTPA CABHra
(puc. 3.4). .

3ameTHM, 4YTO 9Ta Ollepallisi BCer/ia BO3MOXKHA, TaK Kak crenetb b(X)
IO OnpeJie/IeHUIo He npesblaer r—1. Taxum obpasom, B pemc'rpe cIBUTA
6yner copMHpOBaH MHOrO4WIeH

’U(X) = b() +0hX+- 1-_.1Xr_ . (3.29)
T npoaepo'-mhlx CHMBOJIOB ’

+ uX" + ’ll,1)(r+1 + - uk_lX"‘l .

-

k*uHGOPMALMOHHEIX CHMBOJIOB

Mtuorounes v(X) npuHaJIEKHT UUKIHYECKOMY KOAY, TaK KAK B CHILY
(3.28) on penntca na g(X) 6e3 ocratka. Bojiee Toro, aToT kox sBIsAETCH
cHCTeMaTHYeCKuM, Tak kak u3 (3.29) cneayer, 4To crapume k paspanos
KOZOBBIX BEKTOPOB SIBJISLIOTCSE HHMOPMALMOHHBIMA BEKTODAMH.

Cnenyroumii npuMep HarIAJHO NOACHAET AITOPUTM KOAUPOBAHHS
IUK/JHYECKUX CHCTEMATHYeCKUX KOJIOB.

Ipumep: Luxmugeckutt (7,4)-kox B cucreMaTH4ecKol gpopMe.

B xauectBe HOPOXJAIOIETO MHOMOWIEHS OyneM HCIONB30BATH YIKE
M3BECTHBIli M3 NMpeibIAyitero npuMepa mMuorowied g(X) =1+ X + X 3
(3.24). Mycrsb 3a8aH anbopMa.mdonﬂbm BEKTOD

u = (1001). {3.30)
EMy coorBercTBYeT MH(DOPMAIHOHHBIN MHOTOYJIEH
u(X) =1+ X3. (3.31)
VYMHOMHM HHDOPMAIMOHHBIN MHOTOYIeH Ha X3
X3u(X)= X3+ X® (3.32)

u onpenenum ocratok b(X) or nenenus (3.32) na g(X). Ilponecc Haxo-
xkaeHus ocratka b(X) B cooTBeTCTBUH C anzopummom desenus Eexauda
nokasan B Tabn. 3.2. B pesysbraTe nomyuum

X3u(X) = (X + X3)g(X)+ X + X°. (3.33)
b(X)
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Tabanua 3.2. OupejgencHue  POBEPOYHBIX  CUMBOJIOB  JUIS
wX)=1+X*ug(X)=1+X+ X%

X% x5 x* x* XxX? X 1
1 0 0 1 0 0 0|=XuX)
1 0 1 1 0 0 0]=X3%(X)
- - 1 0 0.0 0|=X3%X)+XX)
1 0 1 1 0|=XgX)
- - 1 1 0| =bX)

Tak Kak KOJIOBBI#i MHOI'OYJIEH OonpeneadaeTcss Kak

(X)) = b(X) + X3u(X), (3.34)

TO

v = (011 1001). (3.35)

Iorropsia npolecc koAUPOBaHUS i1 BCeX 16 BO3ZMOXkHBIX MHGOPMAIY-
OHHBIX BEKTODOB, IIOJIyYMM CHCTEMaTH'4eCKH# uMkiaudeckuit (7,4)-kox.
Ero undopManmonHble u KOgoBble BEKTOPHI NPUBEAeHb! B Taba 3.3. 3a-
METHM, YTO UMKIMYecKu# cucremaruyeckuit (7,4)-kos, obpasoBaHHBI
NOPOXKIAIOMUM MHOTOWIeHoM 1+ X + X3, coBIafiaeT ¢ paccMOTPEHHBIM
HaM# paHee cucteMaTnyeckuM (7,4)-kojnoM XsMmunra (cm. taba. 2.1).

3.4. MNopoxpaatowan u NpoBepoOYHan MaTpuLibI

Huxnuieckue Koapl 06pa3ylor MOJMHOXKECTRBO JIMHEHHBIX GIOKOBbIX KO-
JOB U, MOMUMO OOIIUX OCOBEHHOCTEH NMHEHHBIX GJIOKOBBIX KOJIOB, GHU
06J13J1210T HEKOTOPbLIMH clieluPHIECKMMH CBOXCTBAMU U METOJAMH OIIH-
canusa. PaccMoTpum chadasia noposrcdarowyro Mampuyy UMKIMIECKOTO
KoZia. B cooTBercTBHM ¢ Teopemoil 3.2.3, KaxKplii MHOTOYJICH HUKJIHYe-
CKOFO KOJIa MOXeT ObITb HpEe/ICTaBIEeH B BHJE IIPOU3BEICHHUS

v(X) = a(X)-g(X) = agg(X)+a1 Xg(X)+- - +ar_ X*1g(X). (3.36)

3aMeruM, uTO Kaxkioe ciaraeMoe B (3.36) npeacrasisier coboil capur
nopoxkatomero Muorowiena g(X), KOTOpOMY COOTBETCTBYET BCKTOD

g= (Lglw-‘vgr—l’l)» (337)
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Tabauna 3.3. Huknauueckuii (7,4)-kox, 06pa3’oOBaHHbI NOPOXK-
JAICHIUM MHOMOWICHOM g({() =14+ X+X3Rpcm-
CTEMATUYECKOM BHJE.

Undopmanmnonnoe Koaosoe | Mudopmammonnoe  Komosoe
CJIOBO CJIOBO . CJIOBO CJIOBO
0000 000 0000 0001 101 0001
1000 110 1000 1001 011 1001
0100 011 0100 0101 110 0101
1100 101 1100 1101 000 1101
0010 111 0010 0011 010 0011
1010 001 1010 1011 100 1011
0O | 100 0110 0111 001 0111
1110 - 010 1110 1111 111 1111

[I03TOMY, KOJIOBBIX BEKTOP V, COOTBeTCTBY UMM Muorowiedy v(X ), Moxxer
6BITb IpE/ICTaBJIEH B BUJE IPOU3BEIEHHUS PIH(bOpMaU,HOHHOIO BEKTOpa a
Ha nopoxJawolyio matpuny G

b3

Vixn = A1xk O Gxn, (3.38)

rae mopoxiamoinasi Marpuiia G uMeeT BUJ

lgig2-g1 t 0 0 -0

01 g --9-29-11 0 -0
Gixn=]00 1. g,1 ] (3.39)

0.~ 0 1 g g gl

IIpumep: [opoxiaatouiasi ¥ MpoBepoYHasl MATPHIA LHUKINYECKOro
(7,4)-xona Xsmmusra.

Hcnonb3ys y»ke m3BecTHbIH nopoxgamoimi mporodnex g(X) =1+
X + X3 (3.24), mostyquM NOPOXKIAONLYI0 MATPUIY HECHCTEMATHIECKOTO
nuxaundeckoro (7,4)-kona

Gaxr = (3.40)

oo O -
OO o=
(= =
b O
= O = O
O = OO0
= O OO
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Kak yxe ykasbiBaJloch paHee, KOJOBOC BEKTOPHOE IPOCTPAHCTBO, 0Opa-
30BaHHOE OPOXKIAIOMAM MEOrOWIeHOM g(X) = 1+ X+ X 3. coBuanaeT ¢
JIMHEHHBIM BEKTOPHBIM IIpOCTPaHCTBOM (7,4)-koma XsMMuHIa , ClleH0Ba-
TesbHO MaTpuiy G u3 (3.40) MOXKHO TaK>Ke pacCMaTpPUBATh, KAk NMOPOX-
JAIOLYIO0 MATPUILY NUKJIHYECKOTO Ko/la X3IMMHHTa B HECHCTEMaTH1eCKOU
dopme. _

[yTem 3/1leMEeHTAPHBIX MATPUYHKIX NMpPeobpa3’oBaHui NOPOXKIAIOLIAs
Mmarpuna G u3 (3.40) MoxeT ObITH NPHBEAEHA K CHCTEMATHYECKOMY BH-
ay. Tak kak kaxciast cTpoka Marpuubl G SBISIETCS KOJOBBLIM CJIOBOM,
3aMeHa. Ji060# CTPOKH CyMMO# 3TOH CTPOKH C Apyroli, OTJIMYHON OT Hee,
He MEHSIeT KOJOBOI'O BEKTOPHOIO MPOCTPAHCTBA (MEHSETCs JIMIb CHCTe-
Ma COOTBETCTBUH MeXK/JY HH(MOPMAIMOHHBIMI U KOJOBHIMH BEKTOPAMH).
3amennM B (3.40) BHAuUAJE TPETHIO ¥ YETBEPTYIO CTPOKY MX CYMMaMH C
1epBol CTPOKOH H, HaJjiee, MOJYUYEHHYIO 4€TBEPTYIO CTPOKY ~ €€ CyMMOH
¢ nepBoii. B pe3ynbTaTe, HOJSYyYNM MOPOXKAAIONIYIO MATPHILY CHCTEMATH-
9ECKOrO IMKJIMIECKOro Koia XsMMuHra, copnanaomyio ¢ (2.2)

1101000

0110100
Gur=Pus =11 1 | 001 o (3.41)

1010001

BoabMem ungopmanmonnsiit Bekrop w3 (3.30) u = (1 0 0 1). Emy Gyzer
COOTBETCTBOBATH KOIOBBIH BEKTOP |

1101000
0110100
1110010
1010001

v=u®Gj,;=(1001)® = (011 1001),  (3.42)

YTO COBNAJAET C HONy4eHHBIM panee (3.35) KOJOBLIM BEKTODOM CHCTE-
MATHYECKOTO IIMKJIN4YeCKOro Koja u Tabiu. 3.3.

IIpoBepounas MaTpHLa LUKINYECKOTO cucTeMarnyeckoro (7,4)-koxa
MoxeT GbITb nosydeHa us nopoxiaiomeidi marpunst G’ (3.41) no pac-
CMOTPEHHBIM paHee (HOPMAaNIbHBIM NpPaBHIaM. 31eCh, OfHAKO, Mbl XOTHM
TIOJIyYMTb 1IPOBEPOYHOE COOTHOIUEHHE M NMOCTPOUTH NPOBEPOMHYIO MAT-
PHILy, MCXOZSl TOJHKO H3 CBOHCTB LMKJIMYECKHX KoaoB. s storo, Boc-
1OJIb3yeMcsl 'chOPMHUPOBAHHEIM paHee yTBepxkieHueM 3.2.5 o ToM, 4TO
nopoxxuatoruii Muorowies g(X) gennt X™ + 1 6e3 ocrarka. Cnenosa-
TEJIbHO, MOXHO HAIIUCATh

X" +1=h(X) - g(X). | (3.43) -



3.4. Iopoocdarowas v NPoBEPONHAA MEMPULDL l@

Tak XaK KOJIOBBI# MHOI'OWIEH MOYKHO IIDEJICTABHTDb B BUJAC
v(X) = a(X) - g(X), (3.44)
TO, ¢ yueroM (3.43), npouzsenenue v(X)h(X) pasno
v(X) - MX) = a(X) - h(X) - g(X) = (3.45)
=a{X) - [14+ X"] =a(X) + a(X)X".
Tax kak creneHs MHOrousneHa a(X) He npeesiuiaer k ~ 1, npapas 4acTb
paBeHcTBa (3.45) He COMEPXKHUT B KauyecTBC CJIArACMbIX wWieHbl ¢ X,

Xk+L... X1, Ycnonsays sro yenoue ansi KosbpUUMEHTOB 1POA3Be-
denns v(X)h(X), MOKHO 3a1TUCaTL 7 — k IPOBEPOYHBIX PABEHCTE

Up O hg®v1 O he1® -+ e Ohy =0
11Oh® - VO MO U1 Ohg =0
v Oh® - Uk O MDUR2 © ho=0

(3.46)

STH paBeHCTBa MO2KHO 3alMCATh B MaTpu4HO# dopme. Beeasa nposepoy-
HYI0 MaAmpuyy

hgyhg1hgo -+ hy hy 0 0 ---0

0 hr hg—q hp—2 hi hy O ---0
Hu tmxn=]1 0 0 hy hey hpo h1 hg : | (347)
0 -, 0 hg hgghe2-- b1 ko

IOy 4BM yIKE H3BECTHOE MATPHYHOE yPaBHEHUe LISl CHHAPOMHOTO [eKO-
JIMPOBAHUS

voHT =0. T (3.48)
Onpepenenne 3.4.1. Ilycrs 3asan nopoxkiaomuii Muorodwien g(X)
cTeneHn 7 = 1 — k mukiangeckoro (n, k)-xkoma C. B stom ciyuae, MHO-
rouneH h(X) crenenn k takoit, uto X" + 1 = ¢g(X)h(z) uasmsaerca

NPoOBEPOUYHDIM MHO20MNEHOM. .

Muorouwies, B3anMo o6paTHbIll mpoBepodHOMY MHOrowieHy h{X), T.e
muorowten X*(h(X~1)) = hy + hpy_1 X + - -- + hoX* suBnsercs nopox-
JlaomM MHorodnenoM (n,n - k)-kopa Cy, dyarvrozo xody C.
Bameuanue. [Ipeobpasosanuio X h(X ) coomeememeyem seprarvroe
omobpadicenue €20 xospduyuenmos.
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Ilpumep: [lopoxnaommuit MHOFOWICH KOA, JYATBHOTO IUKIUYeCKO-
My (7,4)-xkony XsmMuira.

PaccMoTpuM olsiTh IMKJIHYECKHH KO, ¢ HOPOXAAIOMHUM MIOTOUIIe-
oM g(X) = 1+ X + X3 u3 (3.24). U3 pasiiokeHUs HA MHOXHTENH
X7 +1 (3.23) caesyer, YTO €To [IPOBEPOMHLIA MHOTO'WIEH MMEET BHI

z)=(1+X)-1+X2+2%) =1+ X+ X%+ X4, (3.49)
[I03TOMY, l']OpO)K,E[aK)IH,l/Iﬁ MHOI'OYJICH ,l],yaJleOI‘O KOJa onpenesiderca Kak
’ XX =X+ X3+ X241 (3.50)

U Oll HOPOKAACT UMKIMYecKnii {7,4)-Kox.

Tenepn repe, HBMH CTOMT 33J@4a NOJYIUTh MOPOXKIAIOULYI0 MATPH-
Iy CHCTEMATHYECKOTO IUKIHUYeCKoro (7, k)-Koja, ¢ 3aJaHHbIM [I0DOXK/1a-
ouM MuoroysienoM g(X), He upuberast K 3JI€MEHTAPHBIM LIPeobpaso-
BanusaM MaTpuipl (3.39). 3ieeh KimioucBas Wics GY/CT COCTOATh B TOM,
41O j1106ble k JIMHEHHO HE3ABMCUMBIX BEKTOPOB, Jessiuxcs na g(X ), 06
Pa3yIoT OIHO H TO K¢ KOJ0BOe BEKTopuoe npocrpancrso. Hajo sumb
BbIGpATL 3TH BEKTOPhI TAaKMM 06pa3oM, 4ToObI HM COOTBCTCTBOBAJIA 110~
POXKJIAIONIAs MATPHRIA CHCTEMATHIecKoro (n, k)-koua.

Tpencrapum X7+ B Bu/jIe

X" = ai(X)g(X) + bi(X), S @5
rneti=0,1,---k—1mu
bi(X)=bio+ b1 X+---+ bi,T_l'XT‘l. (3.52)

Pasencersy (3.51) coorBeTcTBYIOT K JIMHERHO HE3ABMCUMBIX KOJIOBBIX MHO-
rouiena

v:(X) = a;(X)g(X) = X" + by(X). (3.53)
Takum 06pa3soM, BEKTOPHOE IIPOCTPAHCTBO CHCTEMATHYECKOTO IAKJIMYe-
ckoro (m, k)-koua «HaTaAHYTO» Ha Habop k BekTopoB X't 4 b;(X), rue.
i=0,1,---k — 1. 3aece eauunup npn X"+ 06pasyoT cAUHAUNYIO 110]-
MATDUILY- U AIBJIAIOTCSH IPU3HAKOM HE3aBMCUMOCTH 6a3MCHLIX MHOTO4Jle-
HOB v;(X).

Tlopok jatomasn MaTpuia, coorsercryomas (3.53), umeer BuJL

boo boni bo2 -+ bor-1 10---0
bio b1 b2 - biy—1 0O1--
Gexn=| . % A (3.54)
br—1,0 be—1,1 bg—12 **- br—10-1 01 --- 0
. oL N

Piyr | PP
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Tabsmua 3.4. Onpeanenenne HOpoOX/a0UEH MATPHULI B CHCTe-
MATHYECKOM BHIE.

X% Mnorounen u3 (3.51) Ba3oBblit KOZGBLI MHOIOYJICH
X3= gX)+14+X v(X)=1+ X+ X*

X*= Xg(X)+X+ X2 v(X) =1+ X%+ x*

XP= (X2+DgX)+1+X+X2 | vo(X)=1+ X+ X2 4 X5
Xf= (@4+X+DgX)+1+X? | a(X)=1+ X%+ X"

Kaxk yike jokasniBajioch pasee, poBepodHasi MATpuila cucTeMaTude-
cKOro Koja obpasyerca us (3.54) B dopme

H,n = Ixr PT). (3.55)

IIpumep: Tlopoxpamiuas MATPHIA CHCTEMATUHECKOI'O HAKIHYECKO-
ro (7,4)-kona XsMMuHra.

Haitnem nopoxaaioniyio MATPUIly CHCTEMATHYECKOrO LHUKJIHYECKOro
(7,4)-k0%a IO yXKe H3BECTHOMY MOpOXalomeMy Miorowieny g(X) =
1+ X + X3 u3 (3.24). [ina sTo#t nesm ONpe/IENNM, BEaUale, Pa3/IoKeHne
X7+ cornacno (3.51) u Gazucubie koa0Bbie MuorouneHsl v;(X) u3 (3.53)
s ¢ =0,1,2,3 (tabn. 3.4).

Iopoxaamomas MaTpUa HEMOCPEICTBEHHO CTPOMTCS O 6a3MCHLIM
KonoBbIM MHOTOWIeHaM Vo X ), v1{X ), v9(X), v3(X) B nossocTsio cona-
aaer c (3.42) ' '

1101000
0110100

Gaxr=] 111001 0 (3.56)
101 0001
N et N e’
Pixs | PE9

3.5. CxeMHas peanunsauma uKIMHECKOro KOANPOBaHMA

Baxkneituiee NIPENMYLICCTBO LIMKJIMUECKHNX KOJO0B 1IC CPABHEHHIO € Apy-
I'MMH METOJIaMH KOOHPOBaHHH 3aKJ/II049aCTCA B MPOCTITE UX TeXHUTEeCKON
peaiu3alyf. HcnonnsoBanue B cxeMax KO/JIEPOB H JJ€KOAEPOB PErucTpoB



Trasa 3. Huxauueckue xodot

Tabauua 3.5. AnropurM  EpkiMna — JsieneHuss  muorov.eHa
' f@=1+X+X*+ X" nag(z)=1+ X2

Xt - X 4+ X o+ 1] f(X)
Xx* X2 X%g(X)

- - X + 1] Ocrarox

CABUTa, ¢ OOGPATHBIMH CBI3SIMH, MO3BOJISIET NIPOCTO U JOCTATOYHO 3D deK-
TUBHO 3alllMIHATE OT OMMBOK HHEPOPMAILMOHHBIC MACCHBBI OY€HL GOJIb-
10K AJIKHBL.

3ameuaHue. Ima 0cobEHHOCTD NPUCYULE GCEM UUKAUNECKUM KOOAM
1ad noaamu laaya. Jas npoecmomee usaoocenus, 30ect Mol 02PAHUNUM-
CA MOABKO 0B80UNHBLMU KOJAMU, T.€. YuKiuvecKuMy xodamu nad GF(2).

Tak Kax npouedypa deaeHui MHOZONAEHOE SIBJISIETCS OCHOBHOM B KO-
Jlepax ¥ JICKOJEePax IHKAMYECKHX KOJOE, MOKAXKEM, IpeXIe BCEero, Kak
3Ta NPOTIELyPa MOKeT GbITh Peau30BaHa C IOMOLULIO PECHCTPOB CABHMIa
c obparubiMu cBazamHu. JIjisl Hadalia, CONMOCTABUM JeleHHe MHOrO4/IeHa
f(X) = 1+ X+ X%+ X* na muorowren g(X) = 1+ X? no anropurmy Es-
kiuga (tabs. 3.5) ¢ ero cxemuoil peanusauueit (puc. 3.5). B rabmuue 3.5
nemutens g(X) momHoxkaerca Ha X2, Tak kak crenens f(X) pasua 4 u
BrunTaercs us genumoro f(X). B pesynnrare, 110/1yyYeHHBIH MHOTOYJIEH
HMeeT CTenelb, MeHbylo g(X ), Tak UTO MBI Cpa3y ke MMEEeM OCTATOK
ot genenns: f(X) na g(X). AnanorndHas npouejiypa UMeET MECTO M Ha
puc. 3.5, onnako, 3xech Tpebyercss TPH TAKTa JJIsl TOrO, YTOOb! MJIajiluine
paspsiapl f(X) 3aHAIM MECTO OCTATKA.

~ 1 0
n=3 D Ocrarok

Puc. 3.5. Cxema gesenns Muorodnena 1+X + X2+ X4: 1+ X2,

Terepbs pacCMOTpPHM CXEMHYIO PEANIU3ALMIO AEJIEHHs ABOMYHBIX MIO-
P
rowlenop B obmieM ciy4ae. Ilycrs 3anansl: genuMoe crenenu m -

fX)=fot AX + X3+ oo+ fu X (3.57)
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U JEJINTE/Ab CTeIIeHH 'r', npu4yeM, r <m
9 X)=go+nX +gX*+--+gX". (3.58)
B pesy.anaTe JEJeHHU A MBblI JOJIXKHBI NIOJIYYHTE Pa3JIO>KCHUE
f(X) = a(X)g(X) + b(X) (3.59)

¢ comuoxkuteneM a(X) crenenn m —r u octarkoM b(X) co crenensio, Ha
npesnimatomet 7 — 1.

CxeMa JefleHusi MHOTOWIEHOB ofmlero BUIa [IPeACTAB/IEHA Ha PHC.
36.

Cuayana perucTp CABHIra HOMHOCTBIO 3ArpyKAETCS CTAPIIMMH Pa3-
panamu pemumoro. Kimou S1 BknioueH, a nepekmodaTens S2 HaXoouTcs
B BepXHeM noJioxkennH. Jlallee HadunaeTes caM Tpoliecc AesieHns. B 1ep-
BOM TaKTe IPOU3BOAUTCS CABUL COLEPXKHMOIO DErMCTDa Ha OJUH Paspsij
BrpaBo. Tak Kak fy;, = 1, 9Ta eAMHHNA, B COOTBETCTBHH C KO3 DUIMEH-
ToM gpurarens g(X), CyMMEpDyeTCa C aHAJIOFMYHBLIMM PA3PSAaMH ASTH-
moro. B pesysbTaTe, Mbl ONy4aeM yKOPOUYEHHBIH MHOTOWIEH

F(X) = f(X) + X 7g(X) (3.60)

CO CTeNeHbIo )
deg[f(X)] = k1 < m. : (3.61)

DTa xe enUHULA 3aHOCATCA B perucrp dopmupoBanus a(X) mpu 3a-
MKHYTOM Ilepekintodaresie S2 u B JajibHefilieM He MEHSIeTCs.

“Perwerp cnsurac obpatwod ‘cammmio

82 &r

B
YacrHoe ... .

-

Puc. 3.6. Cxema penennss muorounemoB f(z) : g(z) =
a(z)g(z) + b(z). :

Ha nocnepyomux | = m — r TakTax aJropuTM [OeJI€HHS OCTAaeTCst
Takum xe. Tak, eciu creneHb ykopodentoro Muorowiena f(X) B (3.60),



(/o

pasHas k (3.61), ocraercst GostbIueit U paBHOI T, TO ¢ HOMOLBIO I1elH 06-
PATIOM CBA3M IIPOU3BOIUTCS YKOPOUEHHe Tenepsb yxe muorodiena f{X)
3 (3.60).

Tnasa 3. Huxauueckue xodwl

FX) = F(X) + X5776(X) = £(X) + [X™7 + X9 7]g(X)  (362)

CO CTECIIEHbLIO - . :
deglf(X)] = k2 < ki. (3.63)

Taxum obpazom, nocie | = m — r TakToB Mbl 110/1y1aeM Pa3IIOKeHHE
(3.59), IpHieM, B PErucTpe [IE/IAMOTO HAXOZMTFCS OCTATOK OT JeneHus
b(X). Hocre 31010, K04 S1 PasMBIKAETCH, NepeKIoYaTelb S2 nepeso-
JIATCH B HHMJKHEE II0JIOKEHHe H Ha CJICAYIOIMX T TaKTax ocTaTtok b(X)
3aHOCHUTCS B peructp HOpMUPOBATENH OCTATKA.

Kak y»xe ynoMuHaN0Ch paHee, KOJep CHCTEMaTHYeCKOro KOJia He HC-
HOMb3YeT 1PH CBoelt pabore coMuoxutenn a(X) us pasnoxenus (3.59).
Ero zasauet siBnsiercd TOJBKO MOJNyYEHHE OCTATKA OT JAEJICHUS CIIBH-
ra MUH(OPMAILMOHHOr0 MHOTOWIeHa Ha NOPOXKARIoWME MHOorowieH g(X).
10T ocTaTOK 06pasyeT 3aTeM MIIIININE Paspsijibl KOJOBOTO CJIOBA.

Takr n £X b, b,

B 0 1 l 6 1 g 0

i 1 1 1 0 [

2 [ | [(O

3 [ 00

‘ : 4 oo
5 Ocratok m

Puc. 3.7. Cxema fenenns mHorowresa 1 + X + X% + X* na
14+ X2

B ¢BA3u ¢ BHINICH3INOXKEHHBIM, CXEMy JICJIEHHS JBYX MHOTOYJIEHOB
(puc. 3.6) nsd HYXKI KOAMPOBAHUS MOXKHO CYyHNIECTBEHHO yIIPOCTHTh. 38-
METHM, YTO JIJIsl I0JLy U€HHsi OCTATKA OT JieJIeHUs 1o ajroputMy EBkinja,
HAM JJOCTATOYHO XPAHUTDb B IAMSITH [IOMHMO JEJHMOrO TONbKO IPOMEXKY-
TOYHbIe CyMMbl. Eciu crenenb g(X) papHa 7, KaX/Ias NPOMeXyToulas
cyMMa 3aHMMaeT He 6ojiee YeM T JBOUYHBIX PA3PAIOB H OOGHOBIACTCH HA
Ka’K/JOM TaKTC IIPONEAYDHl JICJICHHs, IPHYCM, Ha ITOM XKE TaKTe Hpo-
M3BOJMTCS CJIOXKCHUME OU€PEIHOrO ABOMYHOTO Pa3psijia IPOMEXKYTOMHOR
CYMMBI C COOTBETCTBYIOIIUM pa3psioM geumoro. Takum o6pasom, cxe-
Ma jestennst muorowiena f(X) =1+ X + X2+ X% na g(X) = 1 + X?
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™~
(puc. 3.5) 1peobpasyeTca B cxeMy LOJYYCHHS OCTATKA O JejeHus (puc.
3.7). Buech yxe He TpebyeTcs LPCABAPUTENLHONR 3arPy3KH JIEJIMMOTO B
PErucTp JeJICHUs, & 0CTaToK by, by 06pa3yeTcsa B 9TOM perucrpe Ha IsITOM
TakKTC.

Boiie Mbl mospofuo pa3obpasin cxeMHble PeaH3alyi aJiTOPUTMOB
acnenust Epknnna. IMokaxkeMm Teneps DprHUull JeHCTBHS CXeM KOZUPO-
BAHUS [MKTMYECKHX KOJIOB, TOCTPOGHHBIX Ha PETHCTPAX CIBUIa ¢ 0BpaT-
HBEIMH CBA3AMH. PaccMOTpUM yake 3HAKOMBIH HAM CHCTEMATHYeCKUH Koj
XaMMmusra ¢ nopoxaomum Muorowlenom g(X) = 1+ X + X3 (3.24).
Iycrs uepenaerca undgopMauponnsii sextop u = (1001) u3 (3.30). Co-
riacHo (3.35), eMy COOTBETCTBYeT KOZOBOE CJIOBO B CHCTEMATHYECKOM
Buge v = (011 1001). Anroput™m aenenus EBxanga ijisi BEIYHAC/IEHHS
TIPOBEPOHBIX Pa3pPsIOB LpuBeieH B Tabi. 3.2. 30ech JeNuMbIM SIBIISIET-
ca uncopmaumonnsii Mporowien u(”) (X), nenuresem — nopoxaarOuMit
muorousren g(X). IlpoBepounbie paspabl ONpEaensoTes Kax kosddu-
upenTsl MHOrousteHa b(X), KoTopbi# mnpeacTaBisier coboit OCTATOK OT
nererst u() (X) Ha g(X).

st bopMHpOBaHHS KOIOBOIO CjI0Ba V N0 HH(MOPMAMHOHHOMY BEK-
TOpY U MCHOJB3Yyercss uendb Jeitenus (puc. 3.8). s nosydeHus upo-
BEPOYHBIX Pa3PANOB, BOCIOJbL3YEMCS BBIYHCIEHHSIMH, [IPUBEICHHBIMH B
tabn. 3.2. Ilomectym mndopMaimonnse 6urel U = (1001) Bo BXOIHOH
PerucTp u oOHyJIMM paspsabl BEpXHero perucrpa GoOpMHpoBaTe/is OCTAT-
Ka by, b1, b2. Koy Bhixogsoro perucrpa Haxoqurest B mojioxkenuu S1, a
uenb obpaTHOH CBSI3U B ycTpoicTBe AeiieHust 3aMKHyTa. Ha nepsoM Takre
CTapIIMi pa3psal JBOMYHOrO MHGOPMAIMOHHOIO BEKTOPA U3 3aHOCHUTCS
BO BBIXOIHON DETUCTD CABMIa, OJHOBPEMEHHO CYMMa. u3 u by momaercs B
ueub 0OpaTHON cBs3u perucTpa HOPMHPOBAHUSA OCTATKA.

Pesynbrar Boiudcnenus ug @ bp = 1 3aHOCHTCsI B paspsaast by u by
BepxHero perucrpa. O6paTuM BHHMaHue Ha TOT (aKT, YTO IPH BbIMUC-
JIEHUM [EPBOH HPOMEXKYyTOYHOH CyMMbl B aJlrOPUTMe JAcieHus EBkimnia
(cM. Tabur. 3.2) MPOUCXOMUT CJIOKEHHE g1 € Uy ¥ gp C U. DTO B TOUHOCTH
COOTBETCTBYeT CJloxkeHuio by = by = 1 ¢ pa3spsajaMu, HOCTYHAONMMYU
M3 BXOAHOTO  perucTpa capura (cM. puc. 3.8) ABYyMst M TpeMsi TaKTaMu'
noadxe. TaknuM obpasomM, Ha nepBoM TakTe by =bg =1, a by = 0.

Sameqanue. Onepayus CAOHCEHUA NPOUIBOGUMNCA NO NPASUALM APUD-
Memuky no Modyaro 2 u obosnavaemcs 3naxom ©. Samemum, 4mo e
apugmemure no modymo 2, «-1» pasna «+1» U ONEPAYUA SUYLUMAHUA
INBUSUAEHTIING ONEPAUUL CAOHCEHUR,
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Puc. 3.8. Kopep cucremaTnueckoro umkanueckoro (7,4)-kona
¢ nopoxaaomyumM MEorowienom g(X) =1+ X + X3,

Tak KakK CXeMa NOMyYeHHs! KOJOBOIO CJIOBa V 10 HH(GOPMALHOHHOMY
BEKTOPY U OCTA€TCsl HEM3MEHHOH BO BPEMEHH, TO OHa 00ianaeT CBOM-
CTBOM JIMHEMHOCTH OTHOCHTENBHO onepauuil B nole GF(2). Crenosa-
TEJIbHO, MHOTOKPATHbIE CIABHIM M CYMMHPOBaHUS KO3ODHHHEHTOB IO-
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poxraforero MHoro4wtena g( X ) u 1oy 4cHHbIE TPOMEXKYTOUHbIE PE3YJTb-
TaThi COOTBCTCTBYIOT IIPOMEXKYTOYHBIM DE3YyJIbTATAM AJI'OPUTMA Jiejie-
sus EBksnpa (tabn. 3.2).

Ha Bropom TakTe paspsiy ug 3arpyKaerés B BHIXOAHO#H perucTp ¢op-
MHpPOBaHMsl KOAOBOIO cJioBa. OJHOBPEMEHHO BBIYHCISETCS CyMMa Ug C
ouepeIHbIM 3uadenne by. Pesynbrar ug @ b = 0 nomaercs B nenn obpar-
HBIX CcBeA3eit. TakuM obpasom, 3nagenuc by pasho «0», a by = by = 1.

Ha TperneM TakTe B BLIXOJHOM perucTp 3arpyKaercs uHPOPMAaIHOH-
Hblil Pa3psil 4] M, ONHOBPEMENHO, BIYHC/IsAeTcss CyMMa Uy Bbe. Pesynbrar
BbIYHCJICHUS u) D be = 1 nocrynaer B uenb 0OpaTHBIX CBsi3el U Mocie
TPETbEro TaKTa bo =b =by=1.

Ha nerBeproM TakTe B BHIXOZHOH PErdCTp 38HOCUTCA Muaunit pas-
psiz up. Berauciiennoe 3nauenne ug @ by = 0 nomaercs B nenb oGpaTHbIX
cesazeli. B pesynwrare umeeMm by =0 n by = by = 1.

S, Taxtu:n=56u7
Oopaas cam HQ\»{Tﬂmnmom

Lo Vo Vi V2 V3 V4 Vs Vs
1T %,

Konosoe cnoso

Puc. 3.9. lIpouenypa cuuThiBagds TPOBEPOTHEIX CHMBOJIOB.

Cornacro airoput™y nenenus Epxnnaa, nocie 4eTBepTOro TaxTa
muorowen b(X) = by + b1 X + by X2 papen ocrarky ot Aesenus u(”(X)
Ha g(X). ®opMupoBaHHe ITPOBEPOYHLIX CHMBOJIOB 3aBepmeHno. Ha ns-
TOM, LIECTOM H CEABMOM TAKTAX IPOBEPOYHbIE CUMBOJML bg, by 1 by no-
nHckIBatoTcs K cTapmuM paspaaam u(™ (X)) kogosoro ciosa v(X). s
3T0r0 00a KIII0Ya pPEIBAPATEIbHQ’ TIEPEBOATCA B NOONKeHHe S2 (puc.
3.9).

B paccmorpenHoM npumepe IokazaHa peaM3allMs aJrOpHTMa Jie-
Jennss EBkiMia ¢ 1MOMOLIbIO PETHCTpa CHBHIS €O BCTPOEHHBIMH CyM-
MaTOpaMH, [I09TOMY JAHHAS CXEMa He OIPaHHIHBACTCA MPHBEACHHBIMU
YHCJIOBHIMM 3HAueHHsMH. Mcxouss w3 3agammoro Muorowiesa g(X)

14 ¢ X+ g X2+ +g-_1X"1 + X", MOKHO NOCTPOUTH CXEMY KONH-
PpoBauMs JUIsi JTI0GOro ABOHYHOTO mUKAHYeckoro (1, k)-kona (puc. 3.10).

Bameuanne. Taxum sice 06pasom CMPOAMCA KOOEPH JYAALHBT UUKAU-
“ecKuz %0006 ¢ nopoxciarouium mmozonaernom h(X).
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LK i
Peructp casurac
00paTHoii CBA3LIO

BuixoHo# 6ydep ¢ K010BbIMH cHMBOIAMH

Vo deaal Ver d Vr d...]) Vi

1POBCPOYHBbIEC HH MALUHOHHBIE
[ lw ] o e oo ko
S| CHMBOJIbI CHMBOJIbI
Bxoano# 6ydep ¢ HHGOpMALHOH HIMH
CHMBONAMH

Puc. 3.10. Konep cHcTeMaTHYeCKoro UUMKJIMYECKOTO (-n‘ k)-
KOZla, ¢ HOPOXKJAIUMM MHOrouIeHoM g(X).

3.6. Cungpom UMKANYECKUX KOAOB U KOHTPONL
owmbok

Paccmotpum mozeins niepesaun undopmanun (puc.3.11). Tpn nepenaye
T10 KaHaJly CBSISH C IIyMOM K KojoroMy ciioBy v(X) joBasiasercs mHo-
2ovwaen owubox e(X). B pesynvrare, muozousen npumamozo x00oeoz20
€060 NMeET BUL; :

r(X) =v(X) + e(X) (3.64)

WIH

r(X) = a(X)g(X) + s(X), (3.65)

e s(X) npeacrabasier coboit cundpom. Ecm r(X) srisierca KOAOBLIM
CJIOBOM, TO $(X) - HyJIeBOM MHOrouYjeH,

Ko010BbIYi MHOIOYAEH [MpHHATLIH MHOrOYICH

\(X) Kanan /!
uXy __,| Koaep ! ‘r@ Aeonep PQ(X)

Wnpopmaus onnbin

y

MHOrO4.TeH e(X) Nndopaumonsnii
MHOTOMIEH TI0CIC
Muorouien ownbok AEKOAMPOBANHA

Puc. 3.11. Mogens nepesaun nndpopManun.

Cunyipom s(X) MOXKeT BBLITH BLINHCIIEH ¢ IOMOIIBIO aropuT™Ma Jeie-
uus Epkinia. Takoe BuluucieHne MOXKHO peanu3oBaTh Ha npocroit nenu
(puc. 3.12), Bo MUOrOM cxOXeil ¢ KOJAEPOM CHCTEMATHEECKOTO LAKJINde-

- ckoro kosa (puc. 3.10). B cxeme, upuBemeHHON Ha puc. 3.12, omnpene-
JIFETCH OCTATOK OT JIeJICHAA HEKOTOPOrO MHOTOYJIEHA Ha [OPOXKAAIOIIMIL
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MHoro'wteH g(X). Chavasna, B jiekojiepe MPOM3BOAUTCH OGHYJIEHUE JBO-

WYHBIX Pa3psAJIOB CHHAPOMA S, S1,...,Sr—1, B DEFUCTP CHHJIPOMA, 3a-

HOCHTCH T TIEPBBIX MPUHATHIX u3 Kanaua 6ut. OcraTok ot genenns r(X)

Ha 11opoxjatomuii Maoroysed g(X) no anropurMmy EBkauja 38HOCHTCH

B peructp cunapoMa. PaccMorpuMm npouenypy BBIMHCIIEHHSI CHHIPOMA
(X ) Ha npuMepe.

8
([T i€

[punsroe croso Peructp cuuapoma

Puc. 3.12. Birqucienwe cuumpoms cucteMaruueckoro (n,k)-
KOIA C NOpoXAaiMm MHorodesom g(X).

IIpumep: Boriucnenne cunapoma mukmueckoro (7,4)-kona Xom-
MUHTA.

B KauyecTBe IpUMepa, PACCMOTPHM YyiKe M3BECTHBIA nuksmveckuii (7,4)-
KOZ X9MMHHra ¢ HopoxaaonmM MuorowredoMm g(X) = 1+ X + X3.
ITycts undopMauponusti sekrop u = (1001). Kax Mbi yke 3nacm u3
[IPEBIIYIIEro IPHMEDPA, STOMY BEKTODY COOTBETCTBYET KOJOBOE CJIOBO
v = (011 1001).

Takrn=3

CL-f-JoJrfir
—

Taxtn=4

[I-T-T-ToJrJr

Takr n=35

CLT T o e
Takrn=6
BOEonE
Takrn=7 )

BEBaEEE

Perucrp cunapoma

Puc. 3.13. Buraucnenne cungpoma cucrematudeckoro (7,4)-
KOZIa 110 MPUHATOMY CJIOBY B KaHaJje Ge3 myma.
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[lpu nepejave 1o Kauajdy 6e3 myma r = v. Ilpouenypa Beraucie-
HHMS CHHpOMa II0 TaKTaM, B 9TOM CjydYae, [IPeACTaBleHa Ha puc. 3.13.
Tak Kak NPUHATOE M3 KAHAJIA CJIOBO SIBJIAETCA KOAOBBIM, MbI ITOJIy1HM
HYJE€BOH CHHADOM.

[MycTs, U3-3a BO3AEHCTBAA IIyMa B KaHasle IIPOH3OILTA OfHA OWHOKa
r = (011 1011). Toraa, B pe3yiLTaTe BbIYHCJIEHUS OCTATKA OT JEJEHUA
r(X) na g(X) (puc. 3.14), Mb1 y:xe nosydaem HenyJesolt curnpoym. Ta-
KMM 06pa30M, IPOR3OILJIO PACIIO3HABAHAE OIIMOKH.

Taxrn=3 go=1 &=l
CL O T ook
l&———————~ [Ipuusroe cnoso

Taxrn=7
LT LT LT T

Pernctp cvuapoMa

Puc. 3.14. Buuucienne cuaapoma cucreMaTmueckoro (7,4)-
KOJa TIpH OJNHOYHON omubKe B IIPUHATOM CJIOBE.

ITpeuMyiiecTBa IUKJINYECKHX KOJOB HC OTPAHIYUBAIOTCA ONHOH JIUILb
{IPOCTOTON BBIYMCJIEHUS CHUHJIpOMa. PaccMOTPMM HEKOTOpble JIONOJIHH-~
TeJIbHbIe CBOMCTBA, KOTOPHIMH 00JIaJIAI0T KX CHHADOMBI.

Teopema 3.6.1. Ilycte s(X) — cundpom UPHHATOrO K3 KaHaJa CJIOBa
r{X) HekoTOpOro uukmuyeckoro (n,k)-kopa. O6osHadum uvepes s1(X)
OCTaTOK OT JeseHusi MHorowieHa X - s(X) Ha mopoxzparoumuii MHOro-
unen g(X). Toraa s,(X) ssaserca cunapomom r1)(X), Te. ocrarkom
OT Jienenusi IMKIAEYeckoro ¢apura r{X) Ha nopoxaomuil MHOMOYIEH

g9(X).

Joka3aTenbcTBO. PaccMoTpuM MHOro4eH

rX)=ro+mX+-- +rp XL (3.66)
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Ipoussenenue X - r(X) umeer Bug
X -r(X)=roX +mX?+- - +rp X" (3.67)

Hukmugeckuit ¢asur Mporowicta 7(X) MOXKHO 3aMUCATEL CHEAYOUIMM
obpazom:
rOX) = roi4+roX + X2 4 d o X™ = (368)
= rpoy- [X®+ 1]+ X -r(X).
Banuuem r(X) B Buge r(D(X) = a(X)g(X) + 5(X), a r(X) B Buge
r(X) = e(X)g(X) + s(X), rae §(X) u s(X) cHHAPOMBEI MHOTOHJIEHOB

r(X) u r(X). BocnoneayeMcs coorHomenueM X™ + 1 = g(X)h(X) u3
TeopeMmsbl 3.2.5, Toraa uMeem

o(X)g(X) + 5(X) = ra-sh(X)g(X) + X[a(X)g(X) +s(X)]. (3.69)

IlepecraBisia cnaraemele B (3.69), Hoiy4uM CBA3b MEXKAY CHHAPOMAMHA
3(X) u s(X)

X - s(X) = [e(X) + rn_lh(X ) + Xa(X)] -g(X) + s(X) (3.70)

COMHO)KHT&HB oc'ra'rox

N3 3.70 HenocpeACTBEHHO clieiyeT (POPMYyJHUPOBKaA TeopeMbl. B

IIpumep: BoruncieHHe CHHAPOMA OJHOKDATHBIX OMIHOOK Hist Imx~
Jdeckoro (7,4)-xona XoMMHHTa.

Perucrp cunapoma

Puc. 3.15. Bolunciienne CHHJIPOMOB LMKJIHYECKHMX CABHIOB
NPAHATOTO CJIOBA.

Iposomkum npeapiymuit npumep. U3 puc. 3.14 cneayer, uro of-
HOKDATHO#M oluubKe B KOMIIOHeHTe T's BekTopa r = (rg,T1,...,T6) COOT~
BeTCTBYeT cHHApOM S = (8o, 81,82) = (1,1,1) (TakT n = 7). OTxIIOHB
BXOOHOM DerucTp, NOJydHM CXeMy, u300pascenHyo Ha puc. 3.15. Same-
THM, YTO HCXOIHOC COCTOsIHME HA TaKTe 1t = ( onpe/iesigeTcs CHHAPOMOM
OJHOKPaTHOH omuOKM B.KOMIIOHeHTE T'5. [Ipon3Bensi HUKIMIeCcKUe CABU~
i pemc'rpa‘cﬂﬂ,u,poma puc. 3.15, Mbl Ha KaxKJIoM TaKTe byJeM HaxomuThb
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Tabauna 3.6. CunapoMbl OTHOKPATHBIX OUMGOK HHKIHYECKOIO
(7,4)-kona XaMMUHTa ¢ HOPOXJAJOUINM MHOTOWIe-
nom g(z) = 14+ X + X3,

TakT | 89 81 s2 | OmubGoYHAs KOMIIOHEHTA
0 1 1 1 5
1 1 0 1 Ts
2 1 0 0 To
3 0 1 0 r1
4 0o 0 1 T2
5 1 1 0 T3
6 0 1 1 Tre

3(X) u3 (3.70). HocaenoparensHocts §(X) COOTBETCTBYeT CHHAPOMaM
ONHOKDATHLIX ONMIMOGOK B KOMIOHEHTaX 7g, Tp ¥ T.A. (Tabn. 3.6). 3ua-
YeHdda U3 TabJunbl 3.6 MOJHOCTLIO COBMAJAIOT CO 3HAYCHHUSMHM TADIMLBI
2.3, nosy4eHHOR A5 NpOBEPOYHON MAaTpHup! cucremarudeckoro (7,4)-
KoJa X3MMMHIA.

3amMeuanme. B paccmompennom npumepe 6cst mabauya cundpomos od-
HOKPAMIHT 0WUGOK 2EHEPUPYEMCA C TLOMOULLIO NPoCTEtiued CTeMbl, no- .
omomy, 04 £0008 boavULET OAUNBL MONCHO TPAHUMD 6 NAMATIAY Jexodepa
MabAUYDL CURIPOMOB, G HE COMY TLPOBEDOHHYIO MATPULY.

PaccmoTpum cBazb Mexxay cuHapoMoM $(X ) H MHOro4IeHOM ouboK
e(X). Uz monenu uepenauv nudopmanun (puc. 3.11) creayer

r(X) = v(X) + e(X), (3.71)
rae
(X)) = ¢(X)g(X) = X™u(X) + b(X). (3.72)
Tak kak
r(X) = a(X)g(X) + s(X), ‘ (3.73)
TO
e(X) = [a(X) + c(X)]g(X) + s(X).! (3.74)

'Ms (3.74) cneayer, uro e(X)mod(g(X)) = s(X). Tak Kax Kox XsMMuHTa KCIIPaBIsi-
eT Bce OIHOKpPATHBIe OMMOKH, TO AJA NOCTPOSHHS Tabnnnbl CRHAPOMOE (n, k)-kona
Xsmmunra B kagecTse (X ) gocTaTouno nepebpaTs sce oaHownens X°, X1, ..., X!
— ITpum. nepes.
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3HaHMe CHHAPOMA HE NO3BOIISET OIHOSHAMHO ONpPeJenuTh MHOFOWIEH
e(X). Tak, nanpumep, ecnn e(X) genurcs 6e3 ocrarka Ha g(X), To aro-
MY CJIy4aiO0 COOTBETCTBYET HYJICBON CHHAPOM 1 owmulxa He MoXerT ObiThb
pacno3naHa. B sToM ciyuae roBopaT o neobrapysicumoti Al OCTATOIHON
olmubKe JEKOAUPOBAHUS.

3.7. Maketbl ownbok

XapakTepHO# 0COBEHHOCTbIO UMKJIMIECKHX KOJIOB SIBIASIETCS CIIOCOOHOCTH
K pacllo3HaBaHUIO naxemog owubox. Ilox naketoM ommboOK MOHUMAETCs
IPYNNUPOBaHue OMIMOOK B 0/IHOM orpaHudeHHoH 061acTH KOJOBOIO CJIOBA
(puc. 3.16). ITaker oKMOOK MOXKHO ONMHCATH MHOTOYAEHOM BUJE

e(X) = X' B(X). (3.75)

e =0 ... Of N --0)

{ \ Naker ook
Hauano nakera own6ox B BX)=1+X +X=x°
j-o#t kKOMNOHeNTe

Puc. 3.16. Bexrop nmakera omuGoK AJMMEE 7.

Ecnu niuna nakera oluuBoK He NPEBOCXOAMT BEJMIHHBI ' = 1L — k, TO
CTeneHb MHOrOWIEHa oinbok Menbiie r. B srom caydae e(X) ne qenutcs
Ha g(X) 6e3 ocTaTKa M CHHAPOM NPHHSITOTO CJIOBA BCErJd OTJIHYEH OT
HYJIEBOTO, CJIEIOBATENbHO, IIAKET owH6oK JI/IHHLI PABHOH WM MeHbelt
r Becerja pacrosHaercsa. V3 teopems 3.6.1 crnefyer, 4TO pacno3HaETCs
Takxe Jobo# LMKIMYecKuit capur Muorowiena B(X) crenens, MeHb1el
T, T.e. M «KOHLEBOH» NakeT omubOK ANKUHB! MEHbIEH LM PABHOM T (pHC.
3.17), Bcerna pacno3Haercs.

¢ =(Jilo -- ol
~_

Hukinyeckuii CABHI nakera oMIMGok

Puc. 3.17. BekTop «KOHLEBOr0» makeTa omubOK JAuHBI 7.
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Teopema 3.7.1. ukmigeckuii (n, k)-Koj criocoben obHapyxuBaTh BCe
naxems owubox (B TOM YHC/IE KOHUEGbE) AJMHBL T = N — k u MeHpnIe.

IToMuMO pacliO3HaBaHUS BCeX ITAKETOB OWKMOOK MJIMHBI " H MEHbIle,
HUKJIMYeCKHe KOABI 00Iaai0T CHOCOGHOCTHIO 00Hapy?KUBaTh GONBLIIYI0
YaCTh nakeToB omuboK, JJIMHA KOTOPLIX MPEBOCXOIMT T

PaccMmorpuM naker omubox anmubl r + 1, HauuHalomuiica B j-o#t
KoMmmoHeHTe. Tak Kax 11epBas U TOCJEHss KOMIIOHEHTh! IaKeTa OLIH-
60K OTIHYHBI OT Hyilsl, BCerc uMeercs 271 Bo3MOXHBIX KOH(pHTrypanmii
omubok. HeobHapyxkumoll ABNsieTCs TONBLKO OfHA M3 HUX, MHOTOYJIEH
koropo#t B(X) coenajaer ¢ g(X), To ectb

e(X) = X'B(X) = X7g(X). (3.76)

Teopema 3.7.2. na nukmmgeckoro (n, k)-koma aoms HeOOHADY ’KUMBIX
naxemos owubox jmusbl | =7 +1=n —k + 1 pasra 2~ "1,

Paccmorpum naker omubok jgyuesl [ > r+ 1 = n — k + 1, Haunsa-
fomuiics B j-oif komuonenre. Ecin coorsercTytonmis Muorowines B(X)
Jenurcs Ha g(X) 6e3 ocraTka, TO €CTh

e(X) = XIB(X) = XJa(X)g(X), \ (3.77) ‘

TO TaKoH IakeT He MOXET GHITL OOHAapPY2KEH.

IIycrs koaduimentsl Muorowena a{X) crenenu | — r — 1 umeror
BUJ, Qg,a1,...,0{—r—1. 12K KaK NDaKeT OIIMOOK HAUMHACTCH ¥ 3aKaH9IH-
BaeTcs eauuutel, ap = a;_,_1 = 1. CiresoBaTe/IbHO, CYUIECTBYET gl-r-~2 ,
Habopos Kosbdunmentos a(X), npuBOAAIMX K HEOGHAPYKMMBIM OHIHG- ‘
kam B (3.77). C apyroit cropoHbl, cymectByer 22 pa3/MyHbLX MaKeToB
ournboK JUIMHBL [ U, TaKUM 00pa30M, BEPHO CJIEAYIOIICE YTBEP:KAEHHE.

Teopema 3.7.3. [Ij1s upkanyeckoro (n, k)-koaa Josist HeoOHapy KUMBIX
naxemos owubox pwHel [ > r+1=n—k + 1 pasua 277".

Ipumep: Pacnosuasanue omubok uuxnugeckum (7,4)-kogom Xam-
MUHTA. -

Paccmorpum upkimdeckuit (7,4)-koa XaMMUHTA U3 APEbIIY LUX PU-
MepoB ¢ = n—k = 3. Tak Kak MHHUMAJILHOE KOJIOBOC PacCTOSIHHE KOJIa
XoMMuHra dmin = 3, OH ClIOcODeH OGHADYKUBATL BCe JBOHHBIE OLIMG-
K{ HJIM MCIPaBJATH OfMHOuHbIe. PaccMarpuBaeMbrit (7,4)-kon XamMun-
ra BJISIETCS UMKJIMYECKMM KOJIOM H OH CII0CODEH TakK»e oOHApy KUBATh
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BCe 11aKeTHl JIHHBL 7 = 3. B wacTHOCTH, I06GBIE TPH cne,nymnme ApyT 3a
JpyroM omuOKM Bcerga 0OHAPYKHUBAIOTCS.

Jona HeobHAPYKHUMBIX OMIAGOK AAMHbL T + 1 = 4 papHa 2
1/4. Ilpu nakerax onmbok c ayuHO#N Gosibinei 4, He PACO3HAETCS TOJILKO
273 = 1/8 u3 nux.

Sameuanue. Ha npaxmuxe, oKX npasuio, UCTIOABIYIOMC YUKAUMECKUE
KOOb ¢ J060ABHO BOALWUM YUCAOM TNPOGEPONHBT PA3PAI0S, HATPUMED,
r =n—k = 16. Joas neobrapyscumnr naxemos owubox maxumu
Kodamu docmamouna masa. Tax, npu r = 16, obrapyorcusaemca Goree
wem 99,9969 % naxemos Onumne 17 u 99, 9984 % naxemos daunwn 18 u
eviuie.

~(3-1) =

3.8. Oexoaep Merrurra

TIpouecc pekoaUpOBaHUS] LMKJIMYECKUX KOJAOB (KaK 4 BooBIe BCEeX JIu-
HEHHBIX GJIOKOBBIX KOZOB) MOXKHO Pa3le/MTh Ha TPH 3Tama:

1. BuruncieHne CHHAPOMA;
2. Onpenenenne OMUBOIHBIX KOMIIOHEHT NPHHATOTO CJIOBA,;

3. HcupaBnenue ommbOK Wil BbLAa4a CUIHAJA O HAJIMYMM HCHCIIPa-
BUMbIX OLIHGOK.

OueHHBasT CI0KHOCTh 06PabOTKH LPHHATOTO CUrHAJa, MOKHO 3aMe-
THTb, YTO NECKOJUPOBAHME HABJIAETCA «Y3KHM MECTOM». B LIElM Hepeiadd
nidopmaituu. DTO CBA3aHO ¢ O4eHb GONBIUIMMM ANIADATHHIMH 3aTpPa-
TaMH Ha JEKOAUPOBAHHE JJIMHHBIX KOJOB C BBHICOKOI KoppeKTnpyxomeﬁ
CII0CODHOCTHIO.

Jl1a NMKJIN9eCKMX KOAOB HpOLENypa BbIMHCIEHHS CHHIPOMOB OT-
HocuTetbHO npocta. U3 puc. 3.12 BUAHO, YTO CJIOXKHOCTbH BBIYUCJIEHUS
CHIIPOMA, MAJIO 3aBHCHT OT JUIHHBI KOJOBOTO CJIOBa M ONpelesisieTcs, B
OCHOBHOM, YUCJIOM IIPOBEPOYHBIX CHMBOJIOB. ’

Oupenenenne omuOOYHbIX KOMIIOHEHT IO CUHIPOMY AJIsft BCeX JluHel-
HBIX GJIOKOBBIX KOIOB MOXKET OBITh CeNaHo, B IPHHIMIE, C ITOMOIIBIO
Tabauupl CHEAPOMOB. CJIOKHOCTb PeasH3allii Takoro MeToNa JAEKO/H-
POBaHHSI BO3PACTaET IKCIIOHEHIIHAJILHO C POCTOM JJIMHBI KOJOBLIX CJIOB
M KOppeKTUpyIolle#t crnocobuocty Koa |7]. 3mech Ha MOMOIL IPUXOAAT
HEKOTOpbie 0cobble CBOMCTBA LMKJIMYECKHX KOJOB, KOTODLIC ITO3BOJISIOT
CYIECTBEHHO YIPOCTHTh HPOIECC JEKOAMPOBAHHA.

B HacTosieM pa3jesie Mbl AIPEACTABISEM JOCTATOYHO TIPOCTYIO CXeMy
Jlexoiepa OBOMYHBIX muxjndeckux (n,k)-konos B obmem suye. Bynem
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HCXOIMTL H3 MOJiesH Hepejadn unpopmauuu puc. 3.11. B stoil cxeme
NPUHATHIA MIIOTOWIeH 0603Ha4acTes Yepes (X ), KOJIOBbIit MHOTOU/IEH —
yepes v(X), a muorowren ourubok — vepes e(X).

ITepsbIM mAaroM AEKOJMPOBaHMsl SIBISIETCH BBIYHCICHHE CHHAPOMA.
3/1eCh MOT'YT BO3HHKHYTb J1Ba CJIydasi: '

1. HailjeHuslil CHILAPOM COOTBETCTBYET owubKe B (n — 1)-oit KoMmo-
HEHTe 1IPUHATOTO CJIOBA, TO €CThb €p_y = 1;

2. CuHApOM He COOTBETCTBYET TaKOi omubOYHON KOMIIOHEHTE.

B nocnenueM ciydae mporece, HpeACTaBiaesEbi Ha puc. 3.11 Moxer
6bITh 1IOBTOPHO Mpofenan ansi cipuiytoro ciosa r(U(X). Ilpu srom,
st eeraucienns s (X) ner HeOBX0AMMOCTH TIPOBOIUTD JEHCTBHS, aHA-
sornudbie Haxoxaennio s(X). Cornacno Teopeme 3.6.1, cunapom s(X)
upeoGpasyerca B cunapom s(1(X) 3a ofMH TAaKT C HOMOIUBIO CXEMbI,
OpeACTaBJICHHON Ha puc. 3.15.

ITocne Toro, xak otipegener s(X), MBI MOXKEM [OCAEIOBATENBHO 1O~
ayauts cunapomst sV (X), s (X),..., s 1(X). Ecom cumapomst we
KOPPEKTHPOBATE, TO 4€Pe3 71 TAKTOB Mbl OIATH MPUJEM K CPBOHAYAb-
Homy cuuapomy s(X) = s™(X) muorounena r(X). Oanaxo, ecin B
npotecce pabOTHI LHOJYHeH CHHAPOM, COOTBETCTBYIOIMA en—1 = 1, TO
HEKOTODasl KOMIIOHeHTa MHorowieHa 7{X) nomkHa ObITh UCupaBieHa.
B s10M ciiyuae Takike KOPpeKTHDYeTCH eine ¥ HEKOTODBIH CHHAPOM n7
nocnenosaresuoct s (X), s (X),..., s I(X). Paccmorpum mpo-
crefmnii cuyqati. ITycrs cunapom s(X) cpasy ke coorsercrayer (n—1)-
ot ouiGo4HON KOMIIOHeHTe MHOrowieHa r(X ), To ecTs e,_1 = 1. Toraa
CKOppeKTHpoBanHbH MuorowreH 7(X) 6yher uMeTh BUA:

NX)=ro+mX + -+ (Taoy +en)X* L (3.78)

3aMeruM, 4TO Ha NMOC/TEAYIOUIMX MIAraX JEKOJUPOBAHMS JIOKEH HC-

IIOJIB30BATHCS CHHAPOM MoaudHuiMpoBaHHOoro MHOrowIeHa u3 (3.78). Tak

kak s(X) ssnsercs cuuapomoM r(X), a §'(X) — cuHIpOM MHOrO4YJIEHS:
€'(X) = X"}, cusapom muorowiena n(X) pasex

51(X) = s(X) + &' (X). (3.79):

Koppexknuio ciHzipoMa ynobree IIpOM3BOAKUTD TOJBKO HA CIEAYIOMEM TaK-
Te JlekOAUMpoBaHus. B 3tom chydae, mocste mukaudeckoro casura r{X)
ommbo4HO HyJIeBOM KOMTIOHeHTe 6yAeT COOTBETCTBOBATL MHOIOY/IEH.
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¢'(X) = 1, a cunipom ckoppexTiposansoro muorounesa 1) (X) 6yger
paBeH
X)) = s W) + 1. (3.80)

Konrposs omnbok 1poM3BoanTCs MO BCEM 72 KOMIIOHEHTaM MPHHATO-
ro Muorouwiena r(X) u HaliieHHrle onmbku ucnpasisiores. Ecan nocne
7L TAKTOB KOHTPOJIst OIUBOK CHHAPOM OTJIMY€EH OT HyJIEBOTO, TO BbLJIAETCA
CHI'HAJI O HAJIWIUH HEHCNPABJIseMbIX OMAGOK. Tako# ajiropuTM MoXer
ObITH, B IPHHIKIIE, MCIOJIL30BAH IS JIEKOAUPOBAHMS BCEX LMKIHYECKHUX
(n, k)-xonoB. Ero peanusauusi, dexodep Mezeumma, B obiueM BH/IE TIpe/-
CTaBJieHa Ha puc. 3.18.

TMpuusToe U3 Kanaia n- paspanuiii Gyep

cnoBo r 7
—_ u 2_., Buixonuoii pernctp
4

go=1 81 P Hcnpaanenne
9 4 y own6ok
&5

F’ Sp - —DE

Peructp cuuapoma

Moaud — — e
cHiIpomMa L _ Jlotuteckas cxema I_._'___

Puc. 3.18. Jlekoaep Merrurra Ajisi ABOMYHOTO IMKJIMYECKOTO
(n, k)-xona ¢ nopoxgaoimum Muorousienom g(X).

" Iepen, HauasioM paboThl 0ba peructpa jaekoiepa MerruTta OOHYyIIsI-
ioTcA. Ha nepBbIX 7 TakTax AeKOJMPOBAHUsS MPHHSTOE CJIOBO 3arpyKa-
€TCA B BepXHHMH DETUCTP, & B HYXKHCM DErMCTPC BLIMHCISIETCS CHHIDOM
mHuorousiena, r(X ). Ilocne aToro Bxoz AeKozepa OTKIIIOYACTCH U B TCUe-
HAM [IOCJE1YIOIIMX 7 TAKTOB [TPOBOUUTCS MOKOMIIOHEHTHOC 0DHApYKeHue
1 ucnpasjenye omuboK. B KaX/I0M TaKTe ¢ NOMOIIBIO JIOIU1eCKOH CXeMbl
paclo3HaBaHus OLIMGOK MPOBEPAETCS COOTBETCTBUE TEKYIEro CUHAPOMa
omubounoit (n — 1)-o#f KommonerTe cBrHYTOro MyorowreHa r(X). Ilpu
OBHApYKEeHHH TAKOIO COOTBETCTBHSI HA CJELYIOCM TAKTe JeKOJMpOBa-
nusi, omubKa UCIPABJAETCA, a CHHAPOM MOAubHUIUPYeTes.

ITpumep: Jdexoaep Merrurra nukudeckoro (7,4)-koja XoMMHHTa.

B kavecTBe 1IpEMepa PacCMOTPUM YXKe 3HAKOMBI HaM THKIMYeCKui
(7,4)-koma XaMMuHTa ¢ nOpoXx/iacmuM MuorodedoM g{X) =1+ X +
X3, HanoMsmM, 9TO k02 X3MMHHIS TIO3BOJIAET MCHPABIATbL BCE OAHO-
kpaTHble omubKu. Bosee Toro, rak xak (7,4)-kou XsMMmuHra sBjsieTcs
COBepINeHHbIM, TabMHUIa CHH/POMOB OJHOKDATHbIX omuboxk (cM. Tabi.
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3.6) COUEPKHUT BCEe BO3MOKHDIE CHHIPOMbI OT «001» o «111» (cunmpom
000 MHTepUpeTUpYyeTCA Kak OTCyTCTBue ommGok). [ia nocrpoenus jJe-
KoZepa MerruTTa HaM JOCTATOMHO 3HATH CHHJIPOM O/JHHOMHON omubKU
B KOMIIOHEHTE T NPUHATOTO cjoBa. M3 Tabuunpr 3.6 ciaenyer, 4ro cuu-
JPOM OJIMHOUHOH ombku 16 = 1 paser «101» ud 1pu HOTUHOMUAJIEHOM
npejcrasjiennn 1+ X 3. Cxema gexojiepa MerruTTta IMKJINYECKOTO (7,4)-
Koa XsMMHHra npuaBeaena Ha puc. 3.19. Biok pacnosHasanus o1nboK
MOKET GBITH LIOCTDOEH [TPK TIOMOLIH JIOTH1IECKOH CXeMbI CoBIajienus «V»
(&) c uusepcueit Bxoga S) (B COOTBETCTBHU C CHHAPOMOM «101» pas
Te = 1).

Ipuustoe 13 xanana -
r.

CnoBO r :
%l 2 L’s | rs [ rs [r(, }——{?—5 BbiX0HO# perueTp
[
Peructp cuunpoma 9 Wcnpasnenue
;I;E ounGok
K
Monugukauns -
CHHAPOMA

- Jlormdeckas cxema

Puc. 3.19. Jexkonep Merrurra HMKJINICCKOro (7,4)-xona Xsmmuura ¢
nopoxaomum muorodaesom  g(X) =1+ X+ X 3.

Hpunsroe choso

|
E
g
=
N

............ am_ r_l_l_]_l_]

BuixoaHoit pernerp
Perucrp cunapoma
5 5>

Takrel | -7: B pervictp
JAHOCHTCA NPHHATOE
CTIOBO H BEIMHCASETCA
€ro CHHIPOM

i

Puc. 3.20. Jexosep Merrurra uuxantieckoro (7,4)-kosa Xammunra ¢
nopoxaajomum muorodsesoM g(X) =1+ X + X3 u upn-
HSITHIM BeKTOPOM r (HauasipHas ¢a3a).

PaccMOTpUM 1IPOLIECe JCKOJMPOBAHUA NPUHSTOrO CJ10Ba ¢ ommboy-
HOM KOMICHEHTOl 5. B 5ToM ciiysae r = (011 1011). ITocne nepsbix
CeMU TAKTOB paboThl JeKodepa c10Bo (X ) nomHOCTbIO 3aHeceHo B Gyd-
(epHbIHi PErHCTp, a B HIKHEM PETHCTPe HAXOAMTCH cHHupoM s(X) Ams



3.8. [exodep Mezeumma I9§>§)

7(X) (puc. 3.20). B coorsercTsuu ¢ Tabauueit 3.6 3TOT CHHAPOM paBeH
«111».

Takr & ' n=1 f=1

LI~ L L L]
Bbix0/1HO# perucTp

y

=1 k=0

Lo fiJo—@—fo [ T-T-T-T-T-]

Beixoanol peructp

So St L
.E 1 0 I
Monudurauns = L5 =!
cunapoma
Taxt 10 rg=0 F=0

BuixoaHoii peruetp

'";‘"""I-l'TWOITl]ﬂ——'EHIOT -1-1-1-

Puc. 3.21. ekonep Merrurra unxaudeckoro (7,4)-koaa Xammuura ¢
nopoxaomum muorodienom g(X) = 1+ X + X* u npu-
HATBLIM BEKTOPOM I (3axmmounTtencHasn $asa).

Ha BocbMOM TaKTe JIEKOJMPOBaHUS KOMIIOHEHTa T'g IOCTYIIaeT B Bbl-
XOMHO# perucTp 6e3 mamenenus (OCKOMbKY cHH/poM 6biil pasent «111»),
3 HOBOE 3HAYEHHE CMHJIpPOMa paBHO «101», yTo cooTBeTCTBYET OmMOKE B
KOMIIOHEHTE T5 1 Ha JIEBATOM TaKTe 3Ta OlubKa KOPPEKTUPYeTCs, & CHH-
jpoM obuynsierca (puc. 3:21). Takum obpasom, Ha Takrax n = 10...14
OCTABUIMECS] KOMIIOHEHTBHI NIPHHSATOTO CJIOBA 3aTPYKAIOTCH B BBIXOAHON
peructp 6e3 KOPPCKUMHM, TaK KaK CHHJIDOM COXPaHsleT HyJIeBoe 3Have-
HUE.
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3.9. Uuknuueckme koabi XaMMuHra

Hukivyeckue koapl XoMmuura obpasyer BasKioe CeMelCTBO MUKJIMve-
cxux (n, k)-xouon. Ceoifcrsa kouoB X3MMHHTa, KakK I0/MHOXKECTBA, JIH-
HEHHBIX KOJOB, ObIIM 1IOIPOGHO PACCMOTPEHEI B Pa3jiee 2.4. Kogpt Xam-
MUHI'a, UMEIOUIHE [IMKSIMYECKYIO CTPYKTY DY, 0051a1a10T )],OIIOJIHI/I’IeJlebI-
MM, BECbMa IOJIC3HBIMU CROACTBAMH.

TIpu onpegeneHdn METO/IOB NOCTPOCHUS! MKINIECKUX KOTOB UCIIOJIb-
3YIOTCs TIOHSITHST HEIIPUBOJMMBIX ¥ MPUMHTUBHBIX MHOTOYJICHOR.

Muorounen p(z) cTeneny m HasblBaeTcs wenpusodumbinm 6 note GF(2),
€cld OH He JCJIMTCS HU Ha Kakoi Muorowrex ¢ xoxdduupenramy us
GF(2) crenenu MeHbitiell m, Ho 6oabuici 0.

Henpusojumsiit MHOrowWIeH p() CTelieHH M HA3LIBAETCS NPUMUMUE-
HblM, €CJT HAWMEHbINasl CTENCHb 7, MPH KOTOpo# Muorowien X™ + 1
Jiequtest Ha p(z) Ge3 ocrarka, pasna n = 2™ — 1.

B tabsune 3.7 npuse/ieHbl HEKOTOPbE IPHMHTHBHBIE MHOTOYJIEHDI €
koybdunuentamn uz GF(2).
Sameuanme. [TPuMumuensie MHOOUACHDE UZDAIOTN BAHCHYIO PONG 6 MET-
HuKe nepedany cOOBUWEHUT, HANPUMED, NPUMUMUEHT MHOZ0%AEN CTHE-
nenu m = 23 ucnoAv3yemca 6 Yempolicmear NEPeMettu6aHUl CUMEOA08
6 cemazx ISDN u zDSL. ITpumumusnoie MHOZOUAEHD ACARIOMCR MAK-
Jice 0CHOB0T 048 NOCPOENUA NOPONHCOTOUUL MHOZOUAENOE NCEEO0CAY-
watinmr nocaedosamenvrocmed. C NOMOULBIO MAKUT TCEGOOCAYHATGHIT
nocaedosamesvrocmeti npoudeodumca adpecosanue coobusenutl 6 cucme-
MAT MOOUABHOU CBA3U.

Qcuopoit JUIST ITOCTPDOEHUST LHUKIANYCCKUX KOJAOB X3MMuHra CJLY2KMT
clieayoiaa TeopeMa.

Teopema 3.9.1. Jhioboit yurxauveckuti x0d Xommunza uauan 2™ — 17
¢ m > 3 MoxeT ObITb TIOCTPOEH C IOMOIIBIO HEKOTOPOI'O NPAMHTHBHOIO
MHOrO4IeHa CTEIIeHH 1.

UmeeTcst Takxe obpaTHast Teopema. B Heil yTsepKaaercs, 4To Jio-
60My UDAMHTHBHOMY MHOIOYJIEHY CTCIEHM 1) COOTBETCTBYET HEKOTOPbIH
upkangeckuit ko XoMMunra aaunsl 2™ — 1 [7).

IIpumep: Huknuueckuit (15,11)-kog Xammuura.

Hast nocrpoenns nuxmudeckoro (15,11)-kona XsMMHUHrA KCIOMB3Y-
eTCcH MHOrowieH crelienn crenenu m = 4, V3 rabumust 3.7 cinegyer, 4To



3.10. Hsouunwiti x0d Tosnes 197 >

Tabauna 3.7. [IpuMUTHREBIE MHOTOYIEHDL.

m |p(X) m (p(X)

3 [1+X+Xx° 11 14 X2+ x4

4 |1+X+Xx* 12 |14 X+ X* + X° + X2

5 [14+X*+X° 13 14X+ X%+ X1+ X1

6 [1+X+Xx® 14 |1+ X2+ X84 X104 x1

7 1+ X3+ X7 15 1+ X+ X'
X2+ X+ X X5 X4 X7 [T+ X+ X2+ X+ X+ X2 4
’ X184 x4 xls

8 [1+X24 X% 4 X4+ X° 23 (14 X%+ X%

9 {14+X%+X° 32 |1+ X+X2+ X4+ X+ X7+

X84 X0 4 x4 xl2 xl6
10 |14 X34+x° PX 4 X2 4 X264 x32

TAKMM MHOIOMICHOM siBasiercs Muorowten p(X) = 14+ X + X% u wuc-
LIOJIb3Ys] CI'0 B KAYECTBE NMOPOXK/IAIOLIET0, MOXKHO HOJYYUTb BCE KOJOBBIC
cioBa nukandeckoro (15,11)-kojna XsmMunra.

C noMombI0 NOPOXKARIIKMX MEOIOWIEHOB §(X) MOXKHO CTPOUTb MO~
POXKJIAIOUINE U HPOBCPOUHBIC MATPHLBL, & TAKXKe CXeMBbI JICKOIEPOB JTI0-
ObIX LUMKJIMYECKUX KOZOB XIMMHUHIA.

3.10. [deouunsiit koa MNonnen

Ucnonp3ys pasenctso (2.25) Moxuo 3aMetuTh, uTo [C9 + Cly + C3y +
033]212 = 223 Bo3HUKAET runoTe3a 0 TOM, YTO 23-MEepHOE IBOHYHOE
NPOCTPAHCTBO MOXKHO ILJIOTHO ynaxosaTh cepamu panuyca 3. ITo pa-
BEHCTRO lipe/icTaBasieT coboit HeobxomauMoe (HO HEJOCTATOYHOE) YCJIOBHE
CcylllecTBOBaHuMsl coBepiueHHoro (23,12)-kona, NCIpaBJIsIOUIEro Bee TPoli-
Hble omubku. Takolt koJ JACHCTBUTENLHO CYHIECTBYET, €r0 YAAJIOCH 110~
crpouts wseiuapuy loseto B 1949 rony, B cmty ocobenHocrelt cBoeit
anrebpandeckoil CTPYKTYPHBI, OH SIBJISETCA BECbMa TPUTSTATe/IbHbIM JJis
MaTEMaTHKOB Pa3J/INYHbIM HAIPaBJeHWi 1, M03TOMY, NOIPOOHO OIKCAH B
aurepatype [8).
B ocHOBE KOHCTPYKIMU KOJa JIEXKUT Da3/loKeRue

X® 41 = (1+ X)gi(X) - 92(X), (3.81)
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B KOTOpoM g1 (X) M g2(X) npeacTaBnaOT coboll HOPOXKAAOIME MHOI'O-
‘wieHsl xK0da Ioanes, IpuycM,

a(X)=1+X%24+ x4+ x5 4 x6 4 x104 xH (3.82)

@X) =14+ X+ X5+ X0+ X7+ X%+ x'. (3.83)

Koapt Tosutest MOXKHO J1eKOMPOBATh C HOMOIIBIO dexodepa ¢ 6viaas-
Aueanuem owubox. ITOT METOJ KHCHONb3yeT BBLITHCICHHE CHHIDOMA H
MOXKeT BbITL PEAM30BaAH HA PErMCTPAX CABHUIA C TIOMOIBIO CXeM, AHAJIO-
ruunbix puc. 3.21. B [7] onucana momuduxamms jexkoaepa kona Tosnes
C BHLIABIMBaHKEM OMIMGOK, [103BOJISLIOLLAs] KOPPEKTUPOBATh HCIpaBJLsie-
Mble, HO He BbUIABJIMBaeMble ommbky, npejioxkendas T. Kacamu.

3.11. CRC kogpl

ITpuMepoM HCIONB30BAHNS CeMEACTBA IMKIIMYECKUX KO/IOB SIBJIS€TCSE KOH-
TPOJIb OIHUOOK C HOMOINLI0 LMKIHYCCKOrO U3BLITOUHOIO KOJa, TO €CTh
CRC %0da ( Cyclic redundancy check), HazpiBaemoro Takxe komom A6-
pamcora. Ilpu nepesade NaHHBIX B IIAKETHBIX PEXKUMAX, 9TH KOIBI MC-
NOJIE3YIOTCH JJIf ONpeJeNeHns 1eJoCTHocTH 6JioRoB Janubix (FCS -
Frame Checking Sequence). IIpiMepom cucrem ¢ FCS sBasiotes cran-
JapTsl epejaun sannbix X.25 (HDSL), ISDN, DECT u LAN. CRC ko-
bl TIPEACTABASIOT coBOl pacIIMpeHns HUKJIMYECKHX KOJOB X3MMHHIA.

Ilycts p(X) — npUMHTHBHBIA MHOTOYIEH CTELIEHH 171, TOT/Ia 110POXK-
natomut Muoroutes CRC koga g(X) MOXKHO 3aMcaTh B BHJE IIPOM3BE-
JleHus

9(X) = (1 4+ X)p(X). (3.84)

C momouiplo nopoxzaanero muorowena g(X) moxer GbiTh NOCTpOeH
nukanyeckuit CRC (n, k)-xos ¢ napamerpamu n = 2™ —1, k = 2™ -m—2,
umetouit m + 1 NPOBEPOYHBIX CUMBOJIOB U dpyjp, = 4.1

CRC-ko/ipl 06JIaJAI0T NATHIO BaXXHBLIMU CBOMCTBAMHU:

LCRC koa ominyaercs or pactuMpeHus Kojia X3MMHUHIa, ONHCAHHOro B pasJjene 2.4.5.
Pacmmpennsiit (2™, 2™ —m—1)-xoza nonyvaercst u3 upkaMdeckoro (2™ —1,2™ —m—1)-
ko3 X3MMHUHTA NPHCOC/IMHEHHEM NPOBEPKM HA Y€THOCTD IO BCEM CUMBOJIAM M MMeeT
MHHKWMAJbHOE PAaCCTOsiHHE, TakKe paBHOC 4. DTOT koI He ABNSAETCH IHKJIHYECKHM.
Xora B CRC (2™ —1,2™ —m - 2)-koze Takxke foGap/ieHa JONOJHHTCIbHAS TPOBEPKa
HA Y€THOCTb, AJIMHA KOJIa He YBETMYWIACh, TAK KAK MPH ITOM Obl1 HCKJNOYEH O/IMH MH-
dopManmonnbrit cumeoa. B peayasrare CRC xoz npencrasnser cobo#t coBoKyNmHOCTh
KOJIOBBIX BEKTOPOB YE€THOrO BeCa 11€PBOHAYAJILHOTO KoAa X3MMHMHIA M [10-TIpEeXKHEMY
ocTaerca uukiandeckuM - IIpum. nepes.
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Ta6auua 3.8. IMopoxaatouwmpe muorowtensi CRC kouos.

Kog IMopoxaatomui muorowren g(X)

CRC-4 1+ X+ x* (3.85)

HUcunonsayercst B ISDN

CRC-8 I+X)A+ X+ X34+ X"+ X"+ X5+ X") = (3.86)
A+ X+ X2+ x5

Ucnonssyercss 8 ATM s kauectee HEC

CRC-12 A+ X))+ X+ XM =14+ X+ X2+ X+ X1 + X2 (3.87)

CRC-16 A+ X)(1+XTX¥) =14+ X% 4 x1® 4 x6 (3.88)
IBM

CRC-16 A+X)A+X+ X2+ X3+ X+ X2+ X3 (3.89)

FXM R XY 14 X0 X124 X6

Asnsercsa crangaprom CCITT paas HDLC u LAPD

CRO-32 T+ X+ X2+ X+ X5+ X+ X8+ X (3.90)
XM 4 X X X Xy x4 X2

HUcnonssyerca B HDLC

1. Bce omu6ku KpaTHOCTH 3 WK MeHbilie 06HAPY XKHUBAIOTCH;
2. Bce ommbkn HeueTHOH KPATHOCTM 00HADY2KHBAIOTCH;

3. Bce nakern omm6ok gaunbl | = m + 1 win mensuie 06HAPYXKHMBa-
10TCS,; :

4. Jonsi HeobHAPYKHMBIX MTAKETOB OINHOOK JUIHHBI [ = m + 2 cocTas-
Jsier 27™;

5. onsi HeoGHApYKUMBIX nakeToB omubok amuHe! [ > m + 3 cocTas-

ager 2-(m=1)
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Bce uepeuucnennbie cBoiicTBa HO3BOJIAIT 3¢hPEKTHBHO HCIIOIBL30-
BaTh CRC kox npu uepesadu maHHbX ¢ nepecnpocamu (npotokon ARQ).
Ha npaxrtuke 4acto uHcronb3yiorcsa ykopodennsie CRC koipi. B tap-
Jane 3.8 MpHuBeAeHbI Haubosee yuoTpebiisieMble HMOPOZKAAIOHe MHOI'O-
usieibl CRC ko10B, a TakKe yKa3aHbl 0BJIaCTH MX [IPHMEHEHUS.

3.12. YkopoueHHble Koap!

Bo Bcex paccMOTPEHHBIX HAMM [MKJIHYECKUX KO/IaX JJIHHA KOIOBBIX CJIOB
OHO3HAYHO ONPE/IEIAETCS CTEIeHbI0 BLIOPAHHOIO MPMMUTHBHOIO MHO-
rowieHa. ITo 06CTOATENLCTBO HaKJIa,IplBacT GoJIbIlIHE OrPAHHYEHHS HA
9HMC10 HHPOPMAIHOHHBIX Pa3ps/IoB B KoJUpyeMoM 6itoke. Mexxay Tem, B
HCIIONB3YCMbIX B HACTOsILEE BPEMS CTAH/IAPTaX [epeJadd JJAHHBIX, JIJIN-
Ha HHQPOPMALUOHHBIX GJI0KOB MOXKET KoJIeBAThCS B JOBOJBHO IHPOKHX
npepenax. B cooTBercTBMM ¢ 3TUM, KO MpOBaHHe TakikKe jJ0/KHO ObITh
JIOCTATOYHO I'MOKHM.

3jiech Ha TIOMOMIb MPUXOAAT YKOpOUeHHbie KOoObl, LIOCTPOCHHLIE HA
OCHOBE LHKJMYecKUX Koji0B. IlycTh, Hampumep, Hamu BBIOpaH MHOro-
wien ¢ m = 5. Ha Ga3e 3TOro MHOrO'/IeHa MOXHO HOCTPOHTDH LMKJIHYe-
ckuii (31,26)-kox Xammunra. PaccMOTPHM 110MOXKECTBO CJIOB ITOTO KO-
Jla, COMEPIKAILEE BCE KOMOBBIE CJIOBA C TPEMSsI HYJISIMH B CTAPIUHX pa3psi-
aax! o nopMHOKECTBO 06pasyeT ykopoueHHbi (28,23)-kon XaMmum-
ra. YKOPOYEHHBIH KOJI COXPAHAeT BCe CBOMCTBa nuKJIRYeckoro (31,26)-
KOJla, TAK KaK B MPOLIECCE JEKOAUPOBAHUS Mbl MOXKEM JOIUCATh K KOJUO-
BBIM CJIOBaM TPH HEAOCTAIOIMX HYJIS U PACCMATPUBATD MX KAK BCKTODhI
ocHoBHOLO (31,26)-kosa X9MMuHra.

B kauecTse ciie/lyomero npuMepa Moxkuo rpusectd xod Datiepa, uc-
1OJIb3YEeMbIH B MOOHJIBHOM CRA3H. DTOT KO/ SIBJISICTCS CHJIBHBIM YKODPO-
yenueM Kojla Xammunra. CooTsercTBY0muit Ko X3MMUHTS HMEeT HEllo-
MepHO GouiblIyio JnHY, paBayio 3014633 u conepxut 40 11poBepoUHbIX
cumsosioB. Ha ero 6aze crpoutca (224,184)-kox @aitepa, criocobusiit 06-
Hapy KUBATh BCC 11aKeTHI OIUMOOK JiiMHo# 10 40 CMMBOJIOB, UM HCIIPAB-
JISITh BCE IAKEThl JUIHHOM 110 12 cuMBOIOB. DTOT Ko MoXKeT 3 PEeKTUBHO
6OPOTHCS C 3aMUPAHMSAME U HCIIOJIL3YeTCA B MOBUIbHOI cesizn GSM mist
3alMTHl Kanaia ynpasisiomiedt uidbopmanuu SACCH (Slow Associated
Control Channel). ~

! 1ns1 onpenenesrocTH, 34ech U B AabHelimem 6yeM CYHTATH, UTO KOJOBBLA BEKTOP
IOCTYIIaeT B KaHayl Ha4WHAsi CO CTapIOINX Pa3psioB, KOTOPbi€ COOTBETCTBYIOT CTap-
IOHM CTENeHsIM MHOroWwIeHa. - Ipum. nepes.
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Tabauna 3.9. (6,3)-kox.

Bxos | Komosoe cnoso
000 000 000
100 110 100
010 011 010
110 101 110
001 111 001
101 001 101
011 100 011
111 010 111

W3 npumepa, koaa Paltepa BUJHO, YTO HCIOJIB30BAHME [IPH KOANPOBA~
HHH TPOCTOTO JAOMOJIHEHHs] HHGOPMAIIHOHHOTO CJIOBA HYJISIMH NPaKTHYe-
CKH HElPUEMJIEMO, II03TOMY HOJIXKEH npuMeHsThea Gonee sddexTuBHbLH
MeTOJ, KOJMPOBAHMS YKOPOYEHHbIX KO/OB. ’

Ilpumep: Ykopouenusii (6,3)-kox.

PaccMoTpuM MeTol, KOAMPOBAaHHUST H JEKOAMPOBaHMs KOAA, HOJIyYeH-
Horo yxkopouenuneM (7,4)-kona XsMmunra. Bribepem U3 MHOXKECTBa KOTO-
BBIX CJIOB 6a30BOTO KOJa BCE KOJOBbIE CJIOBA, HAYMHAIONIMECS C CHMBOJIA
«0». BribpaceiBaeMble IPH YKOPOYEHKHH CHMBOJIBI [OJIAralOTCH PaBHBIME
HYJI1O U, LI09TOMY, He nepenaiorcs. TakuM 06pa3oM HOyHdaeM YKOPOYEH-
Hoit (6,3)-kon. B seBoit wacti Tabnuubt 3.3 npuBeJeHbI KONOBbIE CDBA
(7,f1)—xo;1,a XsMMuHra, y KOTOPBIX CTApIIAi pa3psil paBeH Hymo. Bribpa-
CBLIBas U3 3THX CJIOB JIMIIHUE HYJIH, N0JY4aeM KOJOBBIE CJIOBA YKOPOUEH-
uoro (6,3)-kona (cM. tabu. 3.9).

Bameuanne. ocmpoennwidi (6,3)-K00 He AGAALMCA YUKAUNECKUM, MAK
KAK UUKAUMECKUT cOguz KOJOBHT CA06 HE 60 6CEL CAYHOAAT AGAACMCA
K00068bLM CAOBOM, OOHAKO, €20 KOHCMPYKUUA TOIGOAAEM UCTLOABI0BAMND
€60TICMBa YUKAUNECKUT k0006 NPY 0eK00UPOSAHUY.

IMporepum Tabsimiy 3.9 ¢ NOMOMBIO alropuTMa JejleHus Eskmmia.
PaccmoTpum uHbOpManonsbii BekTop u = (101), MHOro4ieH KOTOporo
w(X) = 14 X2 Ymuoxas u(X) na X3 u ucnonssys ajiropur™ jeie-
uuga Epkansa (M. Tabs. 3.10), MOLy4HM MHOTOWIEH OCTATKA, OT JieJIeHus -
X3u(X) Ha g(X) = 1+ X + X3, pasuniit b(X) = X2. Taxum obpasom,
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Tabanna 3.10. Qupeaenenue NPOBEPOYHBIX CHMBOJIOB (aJyiro-
putm genenusi Esknmna) s w(X) = 1+ X?
ug(X)=1+X+ X3

X5 X4 X3 X2

X
1 0 1 0 0 0]=X%X)
1 0 1 1 0 0] =X%%X)
- - - 10 0f=X%%X)+ X3(X)=>5b(X)

MHOTOWIer cacreMarudeckoro (6,3)-kona pasen
v(X) = X3u(X) +b(X) = X3[X2 + 1] + X* = X® + X3 + X2, (3.91)

YTO COOTBETCTBYeT KO/10BoMy BekTopy v = (001 101) u3 taba. 3.9.

3a ocHOBY Kouepa cucreMaTnyeckoro (6,3)-koua Moxer ObITh 1pU-
HATA CXCMa KOAMPOBaHusl, IpuBe/icHHas Ha puc. 3.8. Tak kak (6,3)-koy
obpaszyerca ykopoueHueM (7,4)-kona XsMmmuHra, cxema puc. 3.8 cyuie-
CTBEHHO YIIPOILACTCS: W3 PEFMCTPOB YUAJISIOTCH Pa3ps/ibl Ug U Vg U KO-
JUPOBAHHE 3aKaHUHBAETCS yXKe M0CJIC TPEThEro TakTa.

JlJisi IpaKTHYECKOH peau3auyy JEKOJepa YKOPOYEHHOrO KOJA UMe-
I0TCSL TP AJIETCPHATHBBIL:

1. Hna pmexopupoBanus (6,3)-Kojia MOXKHO, B NPUHUMIIE, KCIOJB30-
BaTh nekonep 6azoeoro (7,4)-koms Xsmmuura (cM. puc. 3.20). B
3TOM CJiyyae, K [PUHATOMY CJIOBY HPHHHCHIBAETCH HeJOCTAIOLIH
HOJIb M 1IPOLECC JEKOJHPOBAHHSI 3aHUMAET CTONIBKO 2KE€ TaKTOB,
cKoNbKo Tpebyercss Ui fekosiepa 6asosoro kona.

Jnsi AeKOUPOBaHUs KOJOB € [-KPATHBIM YKOPOUEHHEM HEOOXOANMO
3aTpaTuTh [ JOHOIHHTENLHbIX TakTOB. B ciyyae, koraa | BejHKO
(xak, Hanpumep, B ciaydae koaa Qaiiepa) Takol MeTOX AEKOAUPO-
BAHNSA HENPUEMJICM. ‘

2. Ilpu koppexuun omubok ¥ MOTHGUKAIMN CUHAPOMA [IPHHUMAIOT-
¢l BO BHUMAHHE OCODEHHOCTH KOHCTDYKLMH YKOPOUYCHHOTO KOJIa.
CxeMa jekonepa (6,3)-koua npuseicHa Ha puc. 3.22. 3uech BeKTO-
py ounbku € = (000 001) B KoMUOHEHTE T5, coryacHo Tabiu. 3.6,
cootserctByeT cunapom s = (1,1,1), noaromy, cxema pacnosHasa-
HUsl OIMOGOK HACTPAUBACTCA HA STOT CHHADOM (8 HE HA CHHIPOM
(101) B cayuae (7,4)-xona). PaccMOTpuM Teneps ajiropaTM Mojy-
Gbukaiuy cunjpoMa. B nmkueM perucrpe BLIMHCISAIOTCS CHHADO-
MBI BCEX CABUIOB OlUOKU B ciiose Gasosoro (7,4)-kona (312 cxema
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«He 3HAET 00 YKODOYEeHHH») U Cile/[yIOWM 33 CHHApoMoM «111»
6yner cunupom «101». B cOOTBETCTBUM C €ro YMCIIOBbLIM BEKTOPOM
¥ [IPOU3BOANTCA MOAMMHKALMS TCKYILEro CHHIpOMA Ha puc. 3.22.

3amedanne. B cuay AunetdHocmu k0006 U CTeM UT Peaiusayu,
paccmompennniti memod dexodupoearus modcem Gvoims npumenen
dan mobwz yxopouenuti x0da Xormmunza.

Tako#t MeToy JieKOMMPOBaHuUs, B [siie CIy4YaeB, TPABOIUT K JOCTa-
TOYHO OPOCTOH CXeMe HOCTPOEHHS JIEKOUEPOB H, II09TOMY, BechbMa
MHTCpecen s npakTHKu. B xauecTse mpumepa B [4] npusesena
CxeMa JeKOJIHPOBaHUs yKopoueHnunoro (272,260)-koza.

3. Oror BapuaHT mocTpoeHMs aekomepa MerruTa ocoGeHHO HHTepe-
CeH J1s MPaKTHKH, TaK KAK HCMONb3yeMbie B HEM AJIPOPHTMEI pac-
TIO3HABaHHUs OMIMOOK M KOPpEKIMd CHHJIpOMa HE 3aBUCAT OT JJIN-
Hbl YKOpO4eHU: | M CTPOATCst ¢ HANMEHBIINMH 3aTparami. [uHa
YKODOUEHHS YIHTHIBACTCS IyTeM YMHOXEHHS IIPUHATOrO CJIOBA HAa
HeKOTOpBIlf MHOro4IeH, 3arucsanmit or [.

n ! ¢ .
e e Y I3 Y 21 7)) - 2o

P~

Perncrp cuiapoma

Hcnpasnenune
ounbok

5

'l%

Mozanduxaums -
CHHAPOMa

Puc. 3.22. Hexonep Merrurra ykopouennoro (6,3)-kona Xam-
MHra.

Ha npumepe ykopodennoro (6,3)-xofa Mbl 110KaxeM, Kak Moraa 6bi
BBITJIAAETH ONTHMAJIbHAS! OPOLESypa Pacno3HaBaHus OMUGKH B KOMIIO-
HEHTE Ts U KOPPEKIMH COOTBETCTRyOMm2ro cuiapoMa. Kak yxe ormeda-
JIOCh paHee, B HUXKHEM PerucTpe puc. 3.22 NPOHM3BOAMTCA BbIYMCIIEHUE
CHHIPOMOB LMKJINYECKHX CABHUIOB BeKTOPa OIMOKH 11 HEyKOpOYEHHO-
ro (7,4)-kona XoMMuHTa, 1103T0My Tab.niy 3.6 MOXKHO HCNONB30BAThL H
st (6,3)-koma ¢ y4eToM TOro, YTo HEepBbIM BHIYUCHAETCH CHHAPOM JJIsi
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e; = (000 0010). Ha mocaeayomumx TakTax B HUXKHEM PETHCTPE BBIMHC~.
JISTIOTCS CHHJIPOMBI 151

eg = i) = (000 0001), eg=e® = (100 0000),

e = e = (010 0000), ez = €Y = (001 0000)

u T. J. HaubGonee 61aronpusTHBIM ¢ TOYKM 3PCHUA 3aTPAT Ha MOMuduU-
Kalpio B cxeMe puc. 3. 22 apisiercst cuuapom s = (0,0,1). U3 tabmuiust
3.6 ciie/lyeT, 4TO ITOT CHHAPOM COOTBETCTBYET BEKTOPY OIIAOKHK

= el = (001 0000),

T.c. olKbGKEe B KOMIIOHEHTE T3. Takum 06pasoM, JiAd Peaju3aidy OlTH- -
MAJILHON NPOUEAYPHI HCIPABICHUS. OUIMOKH M KOPPEKIUH CHUHIPOMA B
cxeme puc. 3.22 HeoGXOAMMO MpeABAPUTCILHO MPOM3BECTH HeThiPe IHK-
JIMYECKHX CJBHra BEDXHEI'O M HUIKHErC PEruCTpOB (IPH 3TOM BEPXHHH
PErucTp JOJIKeH ObITh MOAUQHIIMPOBAH: B HETO JOJKHBI ObITh Jf00aBIEH
JIOIOJIHUTEIIbHbIN Pa3psit 7' ¥ Lenb o0parHoit cesasu (IIpuM. nepeBosyn-
Ka)). _

Ha npumepe ykopodennoro {6,3)-ko/ia MOXeT IOKA3aThCsA, YTO 3TH
3aTpaThl HE CIMILKOM BeJMKH, OTHAKO, JJIS HCIO/b3yemoro B ceTh GSM
kona Paitepa MumMOH U GoJiee CABMIOB ILIIOC 3aTPAThi Ha MOOUQU-
KAI[MIO PErHCTPa OKa3bIBAIOTCA TEeXHUYECKH HenpuemeMbiMu. Hike Mbl
TEOPETHYECKH TOKAXKEM, YTO JONONHUTEIbHbIE 3aTPATHI TAKOTO POJIa OT-
HIOAb He. ABJSIOTCH HeobxonuMbIiMH. Ilocjie 3TOro Mbi pacCMOTPHM MO~
CTPOEHHE CXeMBI ONTUMAJILHOTO JIeKOAepa yKopoueHHoro (6,3)-koza.

BydeM HCKaTh CXeMy MOCTPOEHUsi JIEKOAEepa YKOPOUEHHOro Koja, B
KOTOpOH! TexHuueckue 3aTpaThl HA HUCIPABJIEHUE OMIMOKH M KOPPEKLHIO
cnHApoMa 6butd Gbl MuHEMasbHbIMU. Tak Kak 6azoselil (n, k)-kog sie-
JIFETCA UUKJIMYECKMM, 3Ta CXeMa JOJKHA OOHADYKHBATh U HUCIIPABJATH
oumbKy B MJIaJIIIeM Paspsisie KOJOBOTO CJIOBa yKOpo4eHHoro (n—1{, k—1)-

- Koma. MHoro4nen Takoit ourubKu MMeeT BUJ

e(X) = X1, (3.92)

rae | — JyIMHa YKOPOYeHHUs.

Tocrapaemcs HaliTu nHHeRHY10 omepaiyio, otobpaxkaouy e(X) B
HEKOTOPBIH BCIIOMOraTeNbHbIl# MHOTO4YIeH € (X)), CHILIPOM KOTOpOTo npu
e(X) = X" 1~ 611 681 pasen

s'(X) = X" k1, (3.93)



3.12. Vxopouenmvie K00 2@

ITycTs Takas onepauus orobpaxkaer MHorouneH e(X) = X n-1-l
e(X)=xnk1, (3.94)

Tak xak crenens muorowrena € (X) mennpuie crencuu g{X), paBeHCTBO
(3.93) octaercs cupaseyusbiM. 3aMerum, uto ¢ (X) = X5 moxno
nosiyunts u3 muorowiena e(X) = X" 171 i kpaTHrM uuiMTecKuM
C/ABUI'OM, TO €CThb

¢(X) = e (X), (3.95)

e
i=n—k+1 (3.96)

pu 37om nocne I+ 1 neperrx capuros € (X) = X, a nocne ocrasumxcs
n — k — 1 capuros sbinoaHsiorcs pasedcrsa (3.94) u (3.93). IMocrapa-
eMCst 33MEHHTDh OLEPAIHIO (-KPATHOIO LMKJIMYECKOIo COBHIA JIMHeRHOH
ouepaiuel YMHOXKEHUS MHOTOYJIEHOB.
U3 coorHomennsi (3.9) cieyer, YTO B HalleM CIyYae CIPABEIIHBO
PaBeHCTBO
Xie(X) = ¢(X)X™ + 1) + B (X), (3.97)

rae ¢(X) — HeKOTOpHIl MHOTOWJIEH, KOHKPETHOE 3HauYeHHe KOTOPOro He
npejicrapider aas Hac uHTepeca. CornacHo Teopeme 3.2.5, nHOopoxgaio-
muit Muorowten g(X) gemar X™ + 1 6e3 ocTaTka, MOITOMY MOXHO 38
IIMCATb :

(X" + 1) = ar(X)g(X). (3.98)

IpuMensisa aropuT™ AeneHus EBkiausa, comHoxkurens X* MOXKHO npei-
CTaBUTH B BH/JIE N i

Xt = ap(X)g(X) + d(X), ' (399)

rze deg[d(X)] < deglg(X)].
Ioacrapmnsas (3.98) u (3.99) 8 (3.97), umeem

[a2(X)g(X) + d(X)le(X) = g(X)ar(X)g(X) +€9(X).  (3.100)

U3 (3.100) caenyer

(X)) = [¢(X)a1(X) + az2(X)e(X)]g(X) + d(X)e(X). (3.101)

Pasencrso (3.101), Ha uepsblii B3rAHA, MOXKET TOKa3aThCA JOBOJBLHO
CJIOXKHBIM, OIHAKO OHO CHJIbHO YIPONIAeTCHA IPH BbIYHMCIEHHH CHHIPO-
MOB o0omux uacreit pasencrsa. CrejlyeT 3aMeTHTh, YTO BbIPax<€HUE B
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KBaIpaTHbIX CKOBKax ymHoxeHo Ha ¢(X) U, cleaoBaTenbHO, 9TO HPO-
U3BeJICHUE He OKa3biBAEeT BJIMSHUE HA CHHJPOM B npaBox}‘x qactH (3. 101).
TakuMm 06pa3oM, MBI UMeeM

[d(X)e(X)] mod g(X) = [e¥(X)] mod g(X)=s'(X). (3.102)
060611185[ BCC BblmECKaBaHHOC, MOXKHO clieJjiaTh CJIeJlyroHniue BbIBO'JI,bl:

e Omubka o6HAPYKHUBAETCS LIPH €€ CLUBUre B CTapILuil pa3psj, KOXo-
BOTO cJ10Ba yKopodeHHoro (n — I,k — [)-xona u u¢npasnsercs: ua
CeAYIOUeM TakTe paboThl JICKOEpa,;

e B cxeme jieKoepa BBIYMCIISETCS CHHIPOM BCIOMOTaTeNIbHOTO MHO-
rowtena €(X) = e(X)d(X). B stom cayyae omubre e(X) =
X7=1=t coorercrayer cunpoM s'(X) = X" %1, koropsiit Taxxe
KOPPEKTUPYETCS Ha CJIC/IYIOLIEM TaKTe;

e Mruorowien d{X) ssnsierca ocraTkoM ot penenus X va g(X), rae
1 OlIpe/ieIsieTcs AJMHOM YKOPOueHHUs: | M CTeNleHbIo NPOM3BOZAMEro
muorowieHa g(X);

e Tak xak crenens MHoro4ena d(X) Beerna Menbue crenesu g(X),
cxema yMHOxkenns e(X) va d(X) Moxer GBITb peanusoBaHa C 10~
* MOMIBIO NPOCTHIX CABUTOB.

TIpumep: Ykopouennsi (6,3)-ko,

PaccMoTpnM nocTpoenne ONTUMAJIBHOTO, ¢ TOYKY 3PEHHs 3aTPAT, Jie-
kozepa’ ykopouennoro (6,3)-kon. HanomuumM, wro 3tor Kog obpasyercs
yxopoueHueM 6Gazosoro mukaudeckoro (7,4)-koqa X9MMHHra ¢ IOPOXa-
oM MuorowrenoM g(X) = 1+ X + X3. B stom ciyuae MHorowieny
omubkm e(X) = X° no/mKeH COOTBETCTBOBATL CHHAPOM BCIIOMOTATEb-
Horo muorowrena s'(X) = X2, Tak kax X2 ABJIA€TCS YETHIPEXKPATHBIM
IMK/TMYECKUM CABHIOM MHorownena e(X) = X°, myoxurens d(X) onpe-
JIeNAeTcA Kak

d(X)=[X* mod (X*+X +1)=X*+X, (3.103)
M BCIIOMOTaTeNbHbIH MHOrousieH € (X ) pasen
d(X)e(X) = X%e(X) + Xe(X). (3.104)

3amMeruM, uro ymHokeHue Ha d(X) B (3.104) coorsercTByeT nHHEHHOM
KOMOHHAIMH OJHOKDATHOTO U JBYKDATHOTO CABHUIOB BEKTOpa OMMOKH.
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Taxkum obpazoM, B cxeme puc. 3.23 Bexktop OwMGKU uYepe3s CYyMMATO-
Pbl OTHABPCMEHHO [10/1aeTCsA HA Pasps/ibl §] M S2 PErMCTPa BLIYHCIIEHHS
cunapoma. Ha puc. 3.23 npuseseH (ipHMep BIYHCACHUS CHHADPOMa IS
e =(0,0,0,0,0,1), To ecTb cunapoma omubku, Haxoasaehcs B CTapiieM
paspsane ykopouernoro (6,3)-koia. Kak u cnenoBaso oxunats, nocne
1IECTOro TakTa Mbl osrydacm cutapom s’ = (0,0,1).

MpuusToe u3 kanata

CoBO NTaKr S 5 52

[ofofoJoTo 00 00

i 0 1 1

dy 4 4 . 2 1 i 1
Y Y 3 1 0 1

& & 4 1 0 0
Peructp ciaapoma 5 0 1 0

6 ] 1

Puc. 3.23. MoauduuyupoBaHHbIf aJrOPUTM BRIYMCAEHHS CHH-
ApOMa ¢ NPEeIBAPUTEIbHbIM YMHOXKEHHEM BEKTOPa
omubku Ha d(X) = X% + X.

CxeMa MCHIPABJACHHUS OJHOKPATHON OMOKHM M KOPpPEKIHUM CHH/IPOMA
C HCII0JIb30BAHMEM BCIIOMOTATe/bHOTO Muorownena e (X) npuBejena Ha
puc. 3.24. To seruncientomy cunapomy s’ = (0,0, 1) nponcxomur obHa-
pyseHue ¥ ucipasjienye ownbku. OJHOBPEMEHHO CHHAPOM KOPPEKTHU-
PyeTCs M, TeM CAMbIM, YCTPAHSETCs BJINSHUE ONIMOKM Ha IOC/ELYIONHe
MArd AEeKOAUPOBAHHUS.

1 5 fi
PV’HCT_IT:BCO u:c_xa_nana r(ﬂi_rrz Jl] I o I = i ?_>l B';:gf;;ﬁ

PerncTp chuapoMa P~ cnpasnenue
otunbok
S0 Dl
A Monndurauns
cHHIpOMa

Pnc. 3.24. Jlekonep Merrurra mns yxopodennoro (7,4)-xoaa
X3MMHHra C NpefBAPHUTEBHBIM YMHOXEHHEM Ha
dX)=X*+X.
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Tabauna 3.11. Boruncienne cHMHPOMa HEMCKAXKCHHOIO UPHHS-
Toro ciosa r1 = (0,1,1,0,1,0).

Takr { do d1i da 80 s1 s

0 - 0 0 0 0 0 IIpunocTynieHnu CTapliero paspsiia B
d) u d2 perscTp cunApoMa 0OHYNAETCH

1 - 1 1 0 0 O
2 - 0 0 0 1 1
3 - 1 1 1 1 1
4 - 1 1 1 1 0
5 - 0 0 0 o0 O
6 - - - 0 0 0 CunapoM ykKasplBaeT Ha OTCYTCTBHE

oubku

Tabauua 3.12. Belynciende CUHAPOMA HEHCKAXKEHHOIO NPHHSI-
Toro cnoBa r; = (0,1,1,0,1,1).

Taxt | do di d2 so 81 82

0 - 1 1 0 0 0 [TIlpnnocryiennn cTapiuero pa3psaa B
dy n d2 pernctp cunapoma obuynsercst

1 |- 1t 1 0 I 1

2 - 0 0 1 0 0

3 - 1 1 0 1 0

4 - 1 1 0 1 0

5 - 0 0 0 .1 0 .

6 - - - 0 0 1 Cungpom ykasbiBaer Ha owmubKy B

crapuieM paspsiie

ITposepum pabory Jiekoaepa Ha Tpex npuMepax. IlycTb KosoBoe cJio-
Bo r; = (0,1,1,0,1,0) (cm. Tabiu. 3.9) npunsaro 6e3 ommbok. INocre-
JIOBATEJILHOCTh COCTOSTHMI PErMCTPa CHHADPOMA lpHBeAeHa B Tabi. 3.11.
[Tocsie oxonuanus 3arpy3ku ciosa ry B 6yddepHbifl perucTp, B HHXKHEM
PErucTpe TakK>Ke 3aKAHYMBAETCS BBIYMCJIEHHE €ro CHHApoMa. B JaHHOM
CJIy4ae CUHIPOM OKa3blBAETCS HYJIEBLIM.

Teneps B crapiuyii paspsii CJIOBa Iy BHECEM O/HY OUMOKY M [H0Jy4dM
BekTop T = (0,1,1,0,1,1). [ocae 3arpysku ciosa ry B GyddepHbiti
peructp, ero cungpom pasex s5 = (0,0,1) (cm. Tabn. 3.12). Cornacxo
AJITOPUTMY . JICKOAMPOBALIMs, TAKOH CHHIPOM YKa3blBaeT Ha OLIHOKY B
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Tabauua 3.13. Briuucnelue CHRAPOMa MCKaXXeHHOTO TPUHATOTO
cinosa r3 = (0,1,0,0,1,0).

Takt | do di d2 so s s2

0 - 0 0 0 0 0 /IlpunocTynueHuH CTapuiero pa3psaia B

dy u dz perucTp cunapoma obnyfsiercs

1 - 1 1 O o0 0
2 |- 0 0 0 1 1
3 - 0o 0 1 1 1
4 - 1 1 1 0 1
5 -0 0.1 1
6 - - -1 0 1 'CurapoM yKa3biBa€T Ha HaJlH4He

omubKu

cTapuieM pa3psifie CJI0Ba Ty.

W, HakoHel, pacCMOTPUM JAEKO/IMPOBaHNe HPUHATOrO CJIOBA C OmNH-
KoO# B TpeTheit koMuouente: r3 = (0,1,0,0,1,0). Cunapom mpusaroro
crnoBa r3 paBeH s = (1,0,1) (cM. Tabn. 3.13). DT0 O3HauaeT, 4TO B NpH-
HATOM CJIOBE MMeeTcsl OmMOKa, HO OHAa NPOM3OLLIA HE B CTaplIeM pa3-
psiAe, TI03TOMY IPOROJIXKHM TPOUE/YPY BHIYMCIIEHUS] CHHAPOMOB TEUEPh
y¥Ke JiIs1 CABUI'OB CJloBa r3 (cM. Tabi. 3.14).

OT1a mpoueaypa NpoAOXKAeTCa J0 TeX MOp, MoKa omuGoYHast KOM-
HIOHEHTA I3 He 3afiMeT MecTo crapilero paspsaga. Ilocie sroro cunapom
upuHuMaer 3nadenne sy = (0,0,1) U npOHCXOIUT HcupaBeHue owub-
KM U Koppekius curiapoMa. [lanee mexompoBaHHe IPOUCXOAUT YiKE C
HYJIEBbIM CHH/JPOMOM, TO €CTh [OCJIe MCIOpaBJIeHUs OLIMOKH B TpeTbelt
KOMIOHEHTE MbI NOJY4Ynin cnoso (6,3)-koda.

3.13. Mpumep npumenenmna: ATM

Opnuum u3 npuMepoB npumerenuss CRC kouoB siBisieTcs nepenaya JaH-
nbix 110 Texuosnorun ATM (Assynchronous Transfer Mode - Acunxpon-
HbIH PEXKUM IIEPENAYN).

Tonxon, peanusoBanubiii B Texnosorun ATM, cocTouT B npencras-
JIEHHH TI0TOKA JAHHbIX OT KaXKIOro KaHaja GOl Npupoanl makeTaMu
dbukcuposanHo JuEb B 53 GaitTa BMecTe ¢ HeOOJIbIIHM 3aroJiOBKOM B
5 GaiiT, 3 KOTOpBIX 3 HailTa OTBOAATCA HOL HOMED BUPTYaJIbHOT'O COENH-
HeHHsi, YHHKAJIBLHOI'O B mpenenax seelt cern ATM, a ocranshbie 48 GafiT
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Tabauua 3.14. JekoMpoBalie HCKAKEHHOI'O IPUHSTOIO ClIoBa
r3 = (0,1,0,0,1,0) nocse Borucaennst cCHEIPO-

Ma.
Takr [TIpussiToe |so s1 $2 | Jekoauposannoe Komeunrapnii
CNOBO CJ10BO
0 |0 1 0 1]0 ~
1 11 1 0 0t
0 01 0|0
3 0 ¢ 11 Owubka B crapmeM pa3ps-
i UCHIPABIRETCS ! CUHAPOM
MOINDUIMPYCTCS
1 000
0 0 0 0j0 OauokparHas omunbka 6bu1a
HCIIPABJIEHa

MOFYT COiepKath JHO0 6 3aMepos onudposanHoro ronoca aubo 6 Gait
paunbix. [Takerst ATM naswbiBaroTces sivelikamu — cell. @opmar Takoi
sA4eliKY NpejcTaBiied Ha puc. 3.25.

1 Baiftki 5 6 51
JlaHtible nakera l
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| orc | wvpl !
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-
3 V(I !
~ a,
Baitt 4 V(I 1 PT o
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CLP [lpxoputer notepn nakera

GFC  YnpasieHHe naxeTom

HEC VYnpasnexue ownGKkaMu B 3aronoske
PT  Tun aauHbx

VCI  Ynewtudmkatop BUPTYanbHOro Kanana
VPl  HaeHTHUKaTOp BHPTYRILHOTO NYTH

Puc. 3.25. ®opmar aueitku ATM.

Bcesi ynpabnsiiomaa undopMaugs 3arosioska, saHuMalomas 4 6aira,
sauumena ot omubok CRC-8 komoM u3 Tabu. 3.8. BoceMb npoBepouHBIX
paspsanoB koga CRC zanuceiBaoTes B nocjlesHuil uaTeiil 6afiT 3aro/os-
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Ka M HA3BLIBAIOTCA II0JICM ylpaBJieHus omubkamu B sarososke ( HEC -
Heder Error Control).

Iopoxnaiomuii Mmporounen CRC-8 koma npeacrasnsier cobolt npo-
uspegenne g(X) = (1 + X)p(X), rae p(X) — IPUMHTHBHBIA MHOI'OYJIEH
cremreny m. Jdns CRC-8 koja creneHs aToro MHOrodjeHa m = 7, JJd-
Ha koga n = 2™ — 1 = 127 u kox cojepxxut m + 1 = 8 npoBepoOUHBIX
paspsjioB. Tak kak szammmaemass CRC xomoMm undgopmauus cocTaBis-
eT 32 6uTa, B crangapre ATM ucnonb3yercs YKOpOYEHHBIH KO/, JAJIMHbBL
n = 40 u ckopoctb Kona paHa R = 32/40 = 0, 8. Takoit ykopodeHHbI]
(40,32)-kon 061a/aeT BBICOKOH KOPPEKTUPYIOWIEH CIIOCOGHOCTHIO

OueHnm BepOSTHOCTD HEOOHAPY KUMO#H OIIMOKH JEKOAMPOBaHNs. YKO-
pouennsiit (40,32)-koz, comepxut 232 KONOBEIX CTOB M UMeeT dmin = 4.
Bysem cuntarh, 4To OmmbGKM, MPOMCXOAfIWE B KaHaJle, HE3ABHCHMbI
H OPOMCXOIAT ¢ BeposaTiocrbio P.. Bocnoawsyemcs nocrarouno rpy6oit
BepXHeil OLERKOI BEPOSTHOCTH HeOBHAPYKMMOH OMMGKH 115 TUHEAHBIX
6.10k0BbIX KONOB (2.30), nony4um .

P, =2"2P. (3.105)

S7a Bepxusia oueHKa He y4HThiBaeT ocobbix csoiicts CRC xomos
(cMm.pasnen 3.11). U3 aTux CBOHCTB cllefyeT, YTO UPH HAJWYMK B LIPH-
HSITOM CJIOB€ YeThipex ¥ Gosee oiuboK, J0Ja HeoOHApPYKUMBIX OIHOOK
JIEKONMPOBAHHSA He HpesblmaeT 2~ = 277, YuynThIBasA Takxke, 4TO BCE
OmHOKY HEeYEeTHOH KPATHOCTH OOHAPY>KHBAIOTCS, 9Ta JOJIsl OLUOOK CHH-
xaerca no 278, u, ¢ yuerom csoiicrs CRC (40,32)-koaa, BepxHsisi OLEHKA
BEPOSITHOCTH HeOOHAPYKHUMOM OIIHOKH JeKOMPOBaHUs PaBHA

Py =2%p2, ) (3.106)

Ha puc. 3.26 npusesena 3apucaMocTb onenok (3.105) u (3.106) or sepo-
STHOCTH OMIMOKHA B ABouaHOM cuMBoJjie P,. IIpu nepenade undopmanuu
110 OIITOBOJIOKHY, Cpeliee 3HadeHme P, pasno 109 u BeposTHOCTH HEOG-
HAPYXKUMOM OLIMOKH MEeKOAMPOBAHUS He HpeBhiIaeT 2 - 10729,

Hnst Toro, yTobbl npeacTaBuTh cefe, HACKOJBLKO MAJa 3Ta BeJHYH-
Ha, NpUBEIeM HarisaHbli nupumep. Ilycts mndopmanusa nepesaercs co
crangaprHoit st ATM ckopocTbio — 622,08 M6ut/ceK, TO ecTh KaxKAyio
CeKyH/ly B KaHaJl cBsidu nocTymaer 1,47 10% 6/1oxoB, Tora, npu Herpe-
PBIBHOI n1epesatde, HeoGHapyKuMas ounbka 6yeT B cpeaHeM BO3HHKATD
onus pas B 1015 jer.

Peannuble CHCTEMBI Ilepelayun [JAHHbIX, KOHEYHO 2Ke, He BCerja co-
OTBETCTBYIOT PaccMoTpennoi Mozenu. IIpu ncnonbpb3oBaHUM ONTOBOJIOK-
HA KAY€CTBO KAHAJIA MOXET PE3KO YXV/MIATHLCHA B HEKOTOPbIEé MOMEHTbI
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BpeMeHH. OTO BbI3bLIBAET IICSB/ICHME B KaHalle nakeroB onmbok 6oib-
mo# Anuunbl IIponece nepesadu AaHHBIX B TAKONR CHCTEMC MOXHO OId-
CATh € NOMOLLBIO JUATPAMMBI LIEPEXOROB C JBYMsi COCTOSIHHSIMH (CM. DHC.
3.27). DTUM COCTOSHMSIM COOTBETCTBYIOT [Ba PeXnMa PaboThi JeKolie-
pa. B pexume ucrpas/ieHus ogHOKpaTHOH OWMOKH JeKOJep HAXOMUTCS
B TOM CJiy'iae, eC/IH paHee, B TEUCHHH OIPE/IEIEHHOrO BPEMCHH, OIIHOKH
B KaHajle He (PHKCHPOBaJIUCh (TO €CTh BCE IIPMHSITLIC CIOBA UMCHH HY-
nepo cunapoM). B 3TOM ciydae opeoiaraeTcs: «Xopoumice» CoCTogHUe
KaHa/la, B KOTOPOM BEPOSTHOCTb OJIMHOYHON omubKu B Biioke HAMHAOIO
[PEBLILIACT BEPOATHOCTL MHOIOKpaTHBiX omnbok. Jekojep octaercs: B
9TOM COCTOHHHH JO TeX IOP, HOKa ero CHHJPOM HE CTAHOBHTCS OTJIMY-
HBIM OT HyJis. B 3TOM ciiydae JeKOAeD 1IePeXOJUT B PeXXUM OBHApY KEeHHUS
omubox. Ecmy, npu 3TOM, CHEIPOM COOTBETCTBYeT ONMHOYHOM omnbKe,
TO OHA. HCIIPABAAETCS, eciin ODHAPYKUBAETC Haluune ommnbKu bosbLIed
KP&THOCTH, TO BeCh HPHHATHIH 610K cTHpaeTcs.

10° —
10" /
e
932 Pe4 g L
T 10" . A
P, / 3
10™ pad

\

-~ 224P-4
10 [ // ‘
77
//
10

v

e

10
10  10*  w* 1w 10° p, —» 10*

\

Puc. 3.26. Ouenka pepoaTHOCTH HeoOHAPYXKuMo#i ourubxa.

B pexume obHapyxenusi omnbOK, DONBITKH 0OHApYKUTh U HCIPa-
BUTb OMUOKH y2Ke He IIPOUBBOIATCS, TaK KakK LIPEAIIONAraeTcs <IUIoX0e»
Ka4yecTBo KaHasa. B 3ToM pexkume Bce onmbodHble 6aoku ATM crupa-
1orcst. Jexosiep MOXKeT OlSiTh BEPHYTHCS B PE2KUM UCIPABIICHUS OJMHOY-
HBEIX ownboK B Oiiokax ATM, ecin B Te4E€HUH HEKOTOPOIO BPEMCHH OH
He 6yzeT oOHapYKABATL OIIMOKH B [IPHHATHIX CUMBOJIAX.

Bameuanne. Cmepmuie 6aoxu ATM ne nponadarom. Coenacro npomo-
K0AY mepedany OaHHT, 6 cayHae crmuparui 640x06, 8 Kanas obpamnol
€8A3U NOCTNYNAEM 3ANPOC NG UL NOBMNOPRYI NEPEOary.
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Oﬁuapyxcclua MHOrpartHas
@ ownbra, ATM 6.0k crupaetca

oHbkn He
ofHapyxehn

)GHapyxennel
owbok

Owmbra

He
obuapyxcha

OGHapyweust
K o

outn6xu, 6110k
_ Obuapyxena o1HoxpaTHas ATM crupaerca
¥ owmbka, Ona HenpaBAseTes

Puc. 3.27. Mogens nepenauu 65oxoB ATM no kana1y ¢ AByMA
COCTOSIHUSIMU.

B 3axmmioueHun PacCMOTPHUM €IIC OAHO NPUMEHEHHEe YKOPOYEHHOro
(40,32)-xoma ansi ynpasaenus - owubramyu 6 sazoaoexe (HEC). B cany
BBICOKOH CI1I0COBHOCTH 3TOro kKoia K obuHapyxkenuio omubok, HEC mo-
KET UCHOJIB30BATHLCH TAKKE IS NOAACpXanus GIOKOBOH CHHXpOHU3A-
1. OnyuieM 3TOT aJI'OPUTM € NOMOMIBIO JUArPaMMbl COCTOSIHME DHC.
3.28.

AHanns Ro6uTHOrO
CABHIa 3aroioBka

O6HapyxeHo o

CREAYIOWHX APYF 32
JIPYroM OLHGOHbIX
nakeToB Quinbok

HeT

O6Hapyxena
ownbka

[1o6:10k0BbIH
aHA/H3 3arofA0BKOB
B nOTOKE OMT

ToBaokoBwiii
aHanu3 3aroloBKoB

B It K
oTOKe GHT & noapsaa crenylownx 610k08

NEKONHPOBAHLI IPABKIIBHO

Puc. 3.28. Mogens npumenenus (40,32)-kona 1uisi CHHXPOHH-
3aIMy OpH nepedade no rexuonornn ATM.

B nauvase, B cocrosiuuu «<HANT»> wnu noucxa no epemenu, aexoaep
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JieJIaeT HOUBITKY JIEKOJMPOBAHNS IIPUHIMAEMOro I0TOKa 6ut, moburho
caBurasi npejmojiaracMoe Hadano 6iioka ATM. Econ cusapoM yKa3biBa-
€T Ha BO3MOXHO PABHJIbHOE JIEKOJMPOBAHUE 3ar0JI0BKA BJIOKA, TO JEKO-
aep uepexoant B pexxum «PRESYNC» (npedcunzponusayua). 3aronos-
KM B npunsatoM noroke 6iokos ATM nekosupyiorcs, U, ecd IpU 3TOM
6bL1a 0OHApYXKeHa omubKa, JNEeKOAEp OUATh BO3BPAIIAETCH B COCTOsIHHE
<HANT>. Ecin e Ha npotsikenun 6 GJIOKOB BCE 3arojIoBKM ObLNH 1PO-
JEKOJMPOBANbl NPaBW/IbHO, JEKOJEp IepexoauT B cocrostiie «SYNC»
(cunzponusayus). B atoM cocrosianu 06paborka HHPOPMAITHH ITPOHCXO-
AUT corstacHO puc. 3.27. CUHXpOHM3AIMs MOXeT OLITh yTpadeHa H3-32
omubOK B KaHajie, 4TO OBHADY:KMBAETCH AEKOAEPOM IIpH HaJIM4UH TI0-
cJIeJI0BaTeNIbHBIX ¢ ouIOo4Hbix OJ10K0B. B 3TOM Cilydae Aekojep onsaTb
NEPEXOJMT B COCTOsiHME 1IOMCKa 110 BpeMeHn «HANT».

Paccmorpenubie mpuMepbi MOKa3bIBAIOT, YTO IIPHMEHEHHUE IIOMEXO-
YCTOWYUBBIX KOIOB MOXKET JIAJIEKO BBIXOJUTH 33 PaMKH TOJIBKO OOHa-
pyKeHds u HcnpabiieHdd omnbok. [TomexoycroiuuBbie KO/ MOTYT B
KOPHE MEHSITb [IPUHLMIbI [IOCTPOEHMsI CUCTEM [IEPENAYH JAHHbIX U YIy4-
mIaTh UX TeXHUYECKHe XapaKTEPUCTHKH, NOSTOMY, 3HAHHE MPHHIHIIOB
MOMEXOYCTOHYHBOIO KOJMPOBaHHsI W 0DJIacTell ero NpUMEHeHUT MOXKET
0Ka3aTh CYUIECTBEHHYIO [IOMOLUb 1IPH Pa3paboTKe HOBBIX CHCTEM CBS3H.
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3.14. YnpaxHenun
3aga4a 3.1: Kox CIiC.
1. Haitaure nopoxaiomuit muorounen CRC (7,3)-kona;
2. TlpusenuTe CxeMy KOAEpa CHCTEMATHYECKOTO (7,3)—1(0,1_1,3,;

3. PaccMoTpuTe mipouecc KOAMPOBaHES HH(POPMALHMOHHOIG BEKTODA
u = (0,1,0,1) ¢ noMoup 310# cxemut. Haitnure co;],ep)Kumoe pe-
THCTPA KOJIEPa HA KAXKJIOM I1lare KOJUPOBALMS;

4. C LHHOMOIIBIO COOTBeTCTBYIOHIEI‘() KOZOBOI'G MHOI'OYICHA IIPOBEPLTC
TNpaBHJIbLHOCTD, KOJ/IOBOI'O CJIOBa, IIOJIY4YE€HHOI'O B IL. 3;

5. [Ipusemute cxemy Jckonepa, obHapykuBalomero ommbkyu u obbac-
HHUTE AJIFOPUTM ODHADYIKCHHMS OIUMOKHK B NIPUHATOM CJIOBE;

6. HpOBepre pafx)'ry AcKogepa ajid ciaydasd, Korga IIPUHATO CJIOBO
1'2(0,0,1,0,1,‘0,0,1); :

7. IlpoBeaure AeKOAUPOBAHUE NPUHATOro CloBa u3 n. 6 npu uo-
MOIIH LHOPOKARIOIEH MaTPUIH;

8. HaijjuTe MakcHMasbHylo AJIMHY OCHAPYKHBAEMOrO MAKETa OMHM-~
60K;

9. TlpuBeauTe IpHMEP KOHLEBOIO IIAKeTa OIMUOOK MAKCHMAJILHON JUTHHBL.

Pepmzenue. i

1. PaccMOTpHM NPUMHTHBHLIA MHOTOYJICH TpeTbeli crenenn: p(X) =
X34+ X+1 (3amernM, 4yTo p(X) ABNAETCH NOPOXKJAIOIUM MHO[OYJICHOM
uukmyeckoro (7,4)-kona Xammunra). Ilopoxaaromuii maorounren CRC
(7,3)-kona paseH

dX)=1+X)(1+X+X) =X+ X3+ X2 +1. (3.107)
2. Cxema xouepa CRC (7,3)-koga npeacrasiena Ha puc. 3.29.

5 Cs,
L )
5]
ek
by b, b, by S,
Buiuncaenne nposepox
T 1]
-.-- - Vo Vi V2 V3 V4 Vs Vo V7
S Ug My Ua U3 M Konosoe cnoso

Puc. 3.29. _Koaep cncremaruueckoro CRC (7,3)-xoaa.
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3. PaGora kozepa npu u = (0,1,0,1) npencrasnena B tabu. 3.15.
Pesysnprarom sieasiercs kogosoe cioso v = (0,1,1,0,0,1,0,1).

Tabuuna 3.15. Buruncaenue nposepouneix cuMeosios (7,3) CRC
KO7a C NOMOLIBIO cXxeMbl puc.3.29.

Takr | Coobmenne | by by bz | b3 | Komenrapuii

0 0100 0 0 O | 0 | Uannmanmsanus

1 0101 0 1|1

2 ort1 1 1]60

3 6f1 1 o010

4 -1 0 1 11 | ITposepoutble CHMBOJIbI

4. Borancsienne komoeoro Muorowiena v{X) ans uaHhOPMALEOHHOTO
ciosa u = (0,1,0,1) B CHCTEMATHYCCKOM BHJE TIPOU3BOIUTCS CJIELYIO-
muM obpasom:

wX)= X°+X
(X)) = X4u(X) mod g(X) = X2+ X (3.108)
o(X)= X%Ww(X)+bX)=X"+X+ X%+ X,

YTO COOTBETCTBYET KojoBoMy ciosy v = (0,1,1,0,0,1,0,1).

5. Tak xak CRC (7,3)-Koi siB/IseTCS HUK/IHYECKHM, TO UPH OTCYT-
CTBUHM OMUOKHA B KaHaJIe UPHUHATHIA MHOro4wieH (X ) [0/mKeH AeanThes
Ha Hopoxxgatonuit MuorowicH g(X ) 6es ocrarka. Eciu B pesysbraTe pa-
6OTHI JICKOEPA IOy YEeH HEHYIEBOHR CHH/IPOM, TO C YBEPEHHOCTBIO MOXKHO
YTBEDXKIATh, YTO IPUHSTOE CJIOBO ABISCTCS omM60uHbIM, CXeMa BbIanc-
JleHus CHUHJpoMa IpejAcTaB/ieHa Ha puc. 3.30.

y . y A

CECT L b B e

fo Tvory 3 ry rs g Iy So 5y $2 51
Mpunstoe cnoso PerucTp curapoma

Puc. 3.30. Cxema poiuncienus cuunapoma CRC (7,3)-koga.

6. PaGorta snexkonepa jaast npudstoro cyosa r = (0,0,1,0,1,0,0,1)
(cm. pue. 3.30) upeacrapiena B Taba. 3.16 mo Taktam.
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Tabanua 3.16. Brruncaenue CHHAPOMA /UL NPHHATOIO CJI0BA
r=(0,0,1,0,1,0,0,1).

Takr | Coobiuenne | so si  s2 | s3 | Komenrapuit

4 0010 | 1 0 0 1 | Ununmanusanus
5 001 | 1 1 1 1

6 . 00| 0 1 0} 0

7 olo o 10

8 -1 0 0 . 0 1 | Ommubka. !

7. Ilpeacrasum npuusToe cioso r = (0,0,1,0,1,0,0,1)) B Buge Muo-

rouwjieHa U HaRACM OCTATOK OT Jesenus MuorodneHa 7(X) na g(X)

r(X)= X +X*+X?
3(X)= r(X) mod g(X) = X3, (3.109)

4YTO COOTBETCTBYET CHHAPOMY, LIOIyYaEMOMY B NPEABLIIYIIEM [IyHKTE.

8. Tak kak uukandeckuit CRC (7,3)-ko/ obpasyercs: ¢ HOMOIILIO 110~
pox/iaoliero Muorowiena g(X ) 9eTBepTOl CTENEHH, TO BCE HAKETHI JIIH-
Bbi 4 1 MeHee OOHAPYKUBAIOTCH.

9. «Konuepoii» naker omubox jumun 4 .- e = (0,1,0,0,0,0,1,1).

Baga4a 3.2: Yropouenusiit (12,8)-koa XoMmunra.

Paccmorpum (12,8)-K01, ABJSIOUMHACS YKOPOHCHHEM LHKJIMYECKOro
(15,11)-kona Xsmmunrd. Haueprurte 6a0k-cxemy uekonepa (12,8)-kona
OUTHMAJILHOIO ¢ TOUKH 3PeHUs] CIOKHOCTH, UCIPABJISIIONIEI0 OJHY OMIMOKY.

Pemenue.

s MMHMUMM3AUMK CJI0KHOCTH, BbibepHeM cxeMy Jiekojiepa. Merrut-
T, HCIOJL3YIOMEro BCHoMoraTebHbll muorowned € (X). Hauomnum,
uto /(X ) 0bpasyeTca ymHoMeHHeM MHOroUWIeHa omrubky e(X) Ha d(X),
re d(X) = X' mod g(X). B paccMaTrpusaeMoM IpHMepe

i=n—k+l=15-1143=7 (3.110)
9(X)=1+X+ X%,

cicaosaTenbHo, MuorouneH d(X ) pasen

d(X)=X' mod g(X) =1+ X+ X3, S (3a11)
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Buiok-cxeMa, nekoaepa npHuBejeHa Ha puc. 3.31.

TMpuunsroe coso r 7 -
—'—-—'—Pi ry ‘ n I r rn [ ry I r I ro ] ry Tr,‘ o Jf'“] rﬂ_’g Buixoauoii
? perscTp
4k
§ oppexiius
E' Per TP emipoua L‘ . OLIHOKH
Folel
iy
Moauguranns
CHHIpOMA

Hcnparneune omubra

Puc. 3.31. [dexoaep Merrurra ans ykopouenroro (12,8)-koxa
XaMMHHTa,
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CBEPTOYHbIE
KOAbl

4.|. Beegenue

B coBpemetiHolt MHGOPMAIIOHHON TEXHUKE CBEPTOYHbIE KOABl HIPAIOT
TAKYIO 7K€ BaXXHYIO POJIb KaK M OJioKoBbie. [IepBble IOULITKH CONOCTaB-
JIEHASl CBEPTOUHBIX U BJOKOBHIX KONOB ObutH caemansl B 50-e rompi. C
ITOrO BpeMeHH OJIOKOBBIE KO/IbI ObICTPO Hanwum 3dhdeKTuBHOE IpUMeHe-
1€, B TO BPEMsi KaK CBEPTOYHBIE KOABI OCTABAJIACH HA 3aJIHEM ILIAHE.
ITOT NpoHece NPOAOJIKAICH JO TeX Nop, 1ioka B 1967 1. He ObLT HalaeH
abdexTUBHBIA ANrOPUTM JEKONMPOBaHNA CBEPTOYHBIX KoJoB. Cerommst
CBEPTOYHBIE KOJIB! HIPAIOT BEYULYIO POib B COBPEMEHHbIX CHCTEMAX CBsl-
3. 9TO B [1EPBYIO 0Yepe b OTHOCHTCA K LG POBOMY PaJHOBEIIAHHIO B K
mobusibHOM cBsa3u cetn GSM. CeeprouHbie KOAbl NO3BOJNAIOT Takxke 3¢-
¢ekTHBHO BOPOTHCSL ¢ IOMEXAMH, BHI3BAHHBIMH MHOTOJIY4EBhIM PACIPO-
cTpaHeHHeM paJauoBOJH. B mocsieiHue ropl CBEpPTOYHbIE KOIb! IOy YHIIH
JaJbHelilece pa3BUTHE B CBA3H ¢ OTKPbITHEM Typ6o-komos. Jlocrarouno
CKa3aTh, YTO MCIOJIL30BaHUe TYPHO-KOJIOB B COBDEMEHHBIX CHCTEMAxX IIe-
peJayun JIaHHBIX [TO3BOJIMJIO JIOCTHYL CKOPOCTEH mepenadu HHGpOPMALUY
OJIMSKIX K NPOMYCKHBIM CIOCOBHOCTAM KaHaJI0B. B CB#3M c sTHM Bech-
M2 HEOXHJAHHBIM OOCTOATENLCTBOM B MOOHJILHBIX CETSIX Pa/IHOBELIa-
uus O6uut npunaT cranaapt UMTS {Universal Mobile Telecommunication
Sistem - anru.).

BaxkuelmuMy oTAMYHSIMU CBEPTOUHBIX KOJIOB OT BJIOKOBBIX SBASIOT-
co cllelyomue:

1. CBepTO‘IHbIe KOABI NO3BOJIAIOT HPOU3BOJAUTH KOAUPOBaAHHE H JACKO-
JAHPpOBaHHE IMOTOKOB JNaHHBIX HELIPEPBIBHO BO BPDEMEHH.

2. CaepTouHbIe KOIbl HE HYKJAIOTCHA B GJIOKOBOH CHHXPOHM3ALUH.

3. IlpumeneHue cBEPTOYHBIX KOJIOB I103BOJIAET AOCTHYb OYCHb BBICO-
Kolf HaJie’KHOCTH TepefaBaeMoit uHbOpMalUH.
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4. «Xopoume» cBepTOUHbIE KOABI MOIYT BHITh HalAEeHbl HYTEM MoJe-
JUPOBaHHUS.

Mojpobupe u3I0KeHHe TEOPHM CBEPTOYHBIX KOAOB M obsacteil nx
IPUMEHCHUS! BBIXOJMT 33 PAMKM 9TO# KHUrM. B JaHHOl [iaBe Mbl Orpa~
HUYTUMCY U3/I0MKEHUEM TO/LKO CAMBIX HEODXOMMBIX TEOPETUYCCKHX OCHOB
1 IPUBEJIEM THIIMYHbIE IPUMEPb! IPUMEHEHUs CBEPTOYHBIX KoioB. Boee
noupobroe ofMcaHue MOXKHO Naiity, Haupumep [5],[18],{16].

4.2. Koaep 1 MMNynbCHbIA OTKINK

TepMmuH «ceepmounbie X00u» BOZHUK U3 TEOPHH WHBAPUAHTHBLIX JIHHEH-
aeix cucrem LTI (Linear Time Invariant - anrn). B Teopun cucrem LT1
CBEPTKOH HA3BIBAIOT XapaKTepHblit NPU3HaK HEKOTOpOW JIMHCHHOM o11c-
paigin. C TOMKHM 3peHHUsi 3TOW TeOpuH, KOjMpOBaHuUe sIBAsieTCs oToOpa-
xerneM HHGOPMAIHOHHON NOCJIE/0BATEILHOCTH CHMBOSIOB B KOJOBYIO
[10CJICIOBATE/IbHOCTh € HOMOUIBIO JIMHEHHONR CXCMBI ¢ IIapaMETPaMM, He .
MEHSIOWUMACS BO BpemeHH. Takoe 0robparkenyne HarJIsJHO [I0KA3aHO Ha
puc. 4.1. HocieoBaTeapnocTs HHGOPMALKOHHBIX CHMBOJIOB 1I0CTYNa-
€T B JIEMYJILTUILIEKCOD, KOTOPLIA pasjaraeT BXOJHOH OTOK Ha k caMmo-
CTOSITESIbHBIX 110/T10CUIe/I0BaTeabHocTel. Cxemy puc. 4.1 MOXKHO Takxke
MHTEPIIPETHPOBATL KaK COBMECTHOC KOMMPOBaHWE K HE3ABUCHMBIX WH-
dopMalMOHHBIX HoCHe oBaTeIbHOCTEH. Ko/1upoBanue npousBoguTcs ¢
TOMOIIBIO JUCKPeTHOH Bo Bpemenu cxembt LTI ¢ k sxonamu u n Bbixosa-
MH. DTa CXeMa XapaKTepu3ycercs TpeMs uapamerpamu (n, k, m), npudem,
napaMeTp M OLPeesieTCs BHYTPeHHeH KOHCTpYKIMei Koacpa.

Bxoa Betxoa
faled - ile] Konosoe cn
Mpusisroe 0B 0BO
croso ulm] | B waln) | LTI-System | y.n) |, v{n,}
Z . nk,m . §
A : 5Ky :

un] valnl

Puc. 4.1. Cxema LTI ¢ k BxogamMu ¥ n BBIXOZAMH Kak KOAep
CBEPTOYHOIO KO/13.

Ha [IpakTHKe, KaK HDaBHJIO, HCNIONL3YIOTCH [(BOHMYHBLIE CBEPTOYHBIC
KOADBL, 1103TOMY, B JAalbHeiileM MbI 6yzgeM T'OBOPUTH O IIOCJIENOBATE/NHHO-
crax 6uros. B atom ciryvdae, Nox JMHENHOCTBHIO CXEMBI MBI 1oapa3ymeBa-



4.2. Kodep u umnyavchudl omxaux

€M BBLITIOJTHEHHE 3TOH cxeMOl BCeX ONepaLyil 110 MPaBHaM apHdMETUKY
mo moaymo 2. (r.e. B noie GF(2)).

Tak kak nekozep npeacTapiasieT COBOH JUCKPETHYIO CXeMY, JJISE €ro
omicaHust 6yJeM HCLIOIL30BAThL METO/bI MeoPuL 06pabomxu FucKkpemusL
cuenanos. HpuiepXxupasch TEPMHHOJOTHM 3TOH Teopuu, GyleM ropo-
PUTB 00 nHPOPMAIMOHHON HOCIIE/IOBATENLHOCTH U[71], BXOAHBIX [OCIEN0-
BaTelbHOCTAX U1[n], ua[nl, ..., ug[n], BHIXOAHBIX HOC/IEAOBATENLHOCTAX
viln), v2[n], ..., vk[n] n komoBO# mocTenOBaTENBHOCTH UN,). Baxkuei-
kM napamerpoM cxembl LTI siBaiserca umuysabcHbill oTKIMK. CMBICIT
ITOrO LIApaMeTPa Mbl PACKPOEM HUXKE.

B cxeme, usobparxenuoii na puc. 4.1, Bce BBIXOIHbIE HOCHEI0BATEb-
HOCTH OOBEIMHSIOTCS B OAHY KOJIOBYIO HOCJIEJOBATEILHOCTD C IIOMOIIBIO
myabramiekcopa MUX. D70 nponcxoUT 1yTeM [100YEPE/IHOTO CIUTLIBA-
HHSI CUMBOJIOB U1 [n], v2[n], ..., vp[n] upn kasknom ¢uKcupoBaHHOM 3Ha-
YIEHAM 7. _

Jisa Toro, 9Tobbl 3amUcaTh CBA3b MEXKAY NapaMeTpaMu KoJepa PUC
4.1 B xomnakTHOM hopMe ¥ Mpu 3TOM U36eXKATH Ty TAHUIL, BREJEM e/1H-
nbie obosnavenust. PurypubiMu ckobkamu bynem obo3HauaTh 106010 NO-
CJICIOBATEILHOCTL CHMBOJIOB, TIPHYEM, HIDKHHE HHJEKCHI HCHOIB3YIOTCH
/L5l HyMepaliHi 3JIEMEHTOR nocjenoBaTeabnocTelt. st uMuynabeHoro or-
KJINKA CHCTCMBI NEPBbIH HIXKHMM MHIEKC OLpeessieT HOMED BbIXOMHOMH
110C/I€JIOBATE/IBHOCTH, 4 BTOPOH — HOMEDP BXOIHOM.

e Broduwe nocaedosamenvrocmu {u;n]} = {u,0,u;1,...}, npu j =

1,...,k;
o Buzodnse nocaedosamenvrocmu {v;[n]} = {vjp,vj1,...}, npuj =
1,...,n;

o Hnpopmayuornnaa nocaredosamesvrocmy

{uln]} = {u1,0,u2,0, .-+ Uk0, ¥1,1, 82,0, - -, Uk 1,-- - };
N s - ,
k CHMBOJIOB k CHMBOJIOB
e Kodosas nocaedocamesvHoCb
{U[n]} = {U1,07 V2,0y---:Un,0,V1,1, ’1)2’1, R avn,la . };
- PAN P m
n CUMBOJIOB n CMMBOJIOB
o Hmnyavcrwdi omuaux{g;iinl} = {95i,0,95i15 - - - > Gjimi }

C y4eToM BBeJICHHBIX 0GO3HAYEHMH ONEPAIHIO CEEPMKU, BBLIIOIHSE-
MyIo cxemoi puc. 4.1, MOKHO 3aITHCATh B BHe
k k. my

wlnl =3 gyl @ ulnl =333 galol - win =l (41

i=1 “i=1 m=0
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3aMmevdaHue. 39ect cumeos «®» 0603HAMALTN ONEPAYUUI0 AUHETHOU ceepm-
xu. B danvHeltluem mot Eydem paccMampusamd Maxice YUKAUHECKYI
COEPIKY «x».

STa ouepanusi BHITOJIHHETCH ISl BCEX BLIXOAOB j. 3J€Ch WHJIEKCHI,
CTOAIME B KBRIPATHBIX CKODKAaX, OIIPEJeIioT HOPMHUDOBAHHbLIC Iepe-
MEHHblE BPEMCHH, TO CCTb OHHM yKA3bIBAIOT HOMEPA 3JIEMEUTOB COOTBET-
CTBYIOIIMX HocNefoBaTe/bHocTel. HyMepanus 31eMeHTOB, KaK 11paBuilo,
HaYMHAETCs ¢ HyJIst, I09TOMY uz([5], Haupumep, 06o3HadaeT 6-0f1 3eMeHT
BTOPO#H BXOJHOI 110CJI/I0BATEIBHOCTH. DIIEMENTHI C OTPULATE/LHONR Bpe-

' MEHHOM MEPEMCHHOM TONAraloTCs PABHLIMU HYJIO.

3ameuanue, B darsnetiwem, ecau smo ne 6ydem npusodumsv K nyma-
HUUE, AUWHUE UHOEKCH Bydem onycrams.

IIpumep: Ceeprka JBOHYHBIX 110C/IENOBATE/IBHOCTEH.

BribepeM uMILy/IbCHBIR OTKJIMK CUCTEMBI, PABHBIN

{g[nl} = {1,0,1,1}. (4.2)

.

Jna BXOAHONR 110C/IEA0BATENIbHOCTH

{u[n]} = {1,0,1} (4.3)
1IOJTy 9MM CBEPTKY
3 :
v[n] = gin] @ uln] = ) gimlgln — m). (4.4)
m=0
Haﬁ;{eM 3JIeMeHThbI V[n]
v[0] = glojoull=101=1
o] = (sl eufl])® (gl oull]) =
= (100)®(001)=080=0
o2l = (gl0] @ u2) @ (g[t] @ u[l]) ® (9[2] © u[0]) =
= 1o)e(0e0a(1el)=16001=0  (45)
B8l = (sl ou2]) & (92l oul]) & (93] © u[0]) =
= 0o (100)6(lel)=080861=1
vl = (dRjou2]) & (glBloufl)) =
= (loh)e(1e0)=100=1 : -

w5 = gBlou=101=L1
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O6patuM BHEMaHue Ha nogpobuoe obo3madenue onepauuit B.GF(2). B
JanbHefIeM Takoe 0603HaeHHe MOXKET ObITh OIYLIEHO, €CTH CMBICT Olle-
panuil cleiyeT M3 KOHTEKCTa.

PaccMoTpuM Tereps peajibHYI0 CxeMy KOAEpa CBEPTOYHOTO KOJA.

Ipumep: Konep ceeprounoro (2,1,3)-xkoua.

Wzobpakensbil Ha pHc. 4.2 kogep UMeeT n = 2 BBIXOJOB, k = 1 BXO-
108 M m = 3 (TAK KAK PerucTp KOACPa COEPKHUT TPH PA3DAIa 8o, 51, 52).
C TOKH 3penust Teopuu MGPOBOH 06paboTKKU CUTHAJIOB — 3TO HEPEKyp-
CHBHAs CHCTEMA C Y/IBOCHHEM. |

uln|

Bxox

Puc. 4.2. Konep cseprounoro (2,1,3)-kona.

JBe BBIXOAHBIE 110CTE/IOBATENBLHOCTH U1 [N] U V2[n] MOXKHO I'eHEPHPO-
BATh C IIOMOWIbIO ABYX (DUABLTPOB C KOHEYHLIMH MMITYJIBCHBIMM OTKJI-
Kami g1 [n] u go[n| U3 BxonHO# mocaenoBaTesbHOCTH uln]. MMOysbcHble
OTKJIMKE ¢1[n] U go[n| MOXKHO MOJMY4MTH HELOCPEACTBEHHO M3 puc. 4.2.
YUuTHIBas, 9TO UPH OTCYTCTBMH CBSI3M MEXy JBOMYHBIMH Da3psiaaMu
PETHCTPa M BRIXOJAMH KOAEPa COOTBETCTRYIONIME KO3 DHLMCHTHI PABHBI
HYJTIO, UMCEM

{a1[n]} = {1,0,1,1} u {g[n]} = {1,1,1,1}, (4.6)

ITO 9KBHBAJIEHTHO /IBYM MHOIOUJICHAM TPETbeil cTemenu. 3alepXKKa B pe-
I'HCTpe CHBHTa KOJepa TAKXKe DaBHA TPEM.

Ha Brixone kosiepa jiBe nocsienosarenbioctu v1[n] u va[n) o6bemus-
10TCH B KOZOBYIO TIOCJIEIOBATENILHOCTD v(nig]. PasHocTs B 0603HAYEHHAX
BPEMEHHLIX HODMHPOBaHHLIX NEPCMEHHBIX Tt U Mg OGbsCHSIETCA YABOE-
HUEM YaCTOTB! KOIOBO#H 110C/IE/I0BATEILHOCTH 110 CPABHEHHIO C 4aCTOTOH
HH(POPMALMOHHOR [10C/IELOBATC/IbHOCTH. ,

PaGoTty cxeMbl Kollepa 06bsCHEM Ha cienyomieM npumepe. ITyers

{uln]} = {1,0,1}, - 4.7)
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TOL/1a
' {nn]} ={1,0,0,1,1,1} (4.8)

{vgln]} = {1,1,0,1,1}. - (4.9)

O6benuusis ITH [OC/IEIOBATEILHOCTH MKy cobolf, Ha BbIXOAE KOAepa

TIOJTY Y4UM
{v[na)} = {1,1,0,1,0,0,1,0,1,1,1,1}. (4.10)

PaccMaTpuBasi cxeMy Kojepa B OGIEM Cllydae ONpeIe]nM BaKHEH-
Iide MapaMeTphl CBEPTOMHbLIX Kogos. Tak kak B ocHome Joboro komepa
NeKMT PErHCTD CBUTA, TO OMH GHT BXO/Ttol HHQOPMAIUH OKA3BIBAET
BJIMSIHHE HA TPOIECC KOJUPOBAHMS HA LIPOTSXKEHUH HECKOJIbKUX TAKTOB.
34ech BOHMKAIOT TAKMe NOHATHS, KaK MaMiITh KOJICPa U AJIMHA KOJAOBOrO
OrpaHU4eHUs.

Tak xak B 06LIEM Cllyae KOJIEDP MOXCT HMETh HEeCKOJIBLKO BXO0B, TO
NAMAMS Kodepa ONpeleIITeTcs Kak ’ ’

m= max m,. (4.11)
=1,k

Kodoeoe 02paHuMEHUC ABJIAETCS NPOU3BOAHBLIM OT 1IaMSITH ¥ onpele-
JIA€T MHAPHHY obsacti KOOOBOI'O CJOBa, Ha KOTOPYIO BJIMAECT OJIMH BXO/I-

Hoit 6uT, TO ecThb .
ne =n(m+1). (4.12)

Kak 6ysier noka3aHo Jajiee, 11apaMeTPbl M U 7, OKA3LIBAIOT Dellla-
jolllee BJMSHKE Ha KOPPEKTHPYIOLLYI0 CHOCOBHOCTL KOJA M CJIOXKHOCTD
aJIrOPUTMA, JIEKOIMPOBAIIHS,

CileyoluM BaxKHEHNIMM 11aPAMETPOM ABJISIETCs cxopocms xoda R.
Tax kax B 0011eM ciiy4ae k BXO/HBIM OMTaM COOTBETCTBYIOT 71 BBIXOJHBIX, TO
rR="% | (4.13)

n

Kak npabusio, 4icn0 BXOIOB kK HEBEJIMKO, 1103TOMY, THIIMYHBIM fBJIA-
I0TCsL KOJOBBIE ckopocTy 0T 1/3 o 7/8.

B coBpemennbix cersix- CBSI3M pexkuMbl 06Mena uHdoOpManuel oYeHb
CHUJIBHO 33BUCAT OT €€ XapaKTepa, II03TOMY, HeOoOXOJUMO YUHTHLIBATH,
YTO OTHE/bHBIE PeasibHble COODIIEHHsS! MOIYT MMETh Pa3jMUHble KOoHeY-
Hble JJIMHBL. B CBA3M ¢ 3THM, B HEKOTODBIX CIyYasX DeajbHble KONO-
BbIC CKOPOCTH MOTYT GbiTh CyIIeCTBEHHO MeHbIuMH, deM R u3 (4.13).
3TO BBHI3BAHO TEM OOCTOATE/LCTBOM, UTO AJIS COXPAHEHHsS! KOPPEKTHPY-
1omelt CIIoCOBHOCTH KOJla MBI BLIHY 2K JI€Hb! J106ABIATL B KOHLE CoobLIeHUs



4.8. Hoaunomuaavnoe npedemasaerue

«xeocm» U3 m HyJeil. Takum o6pa3oM, eciiu JJIMHA COODINEHUS COCTaB-
nsieT L 6uT, To peasbas (6s10k0Bast) CKOPOCTb paBHa

kL

e =@ m

~ R ana L > m. ’ (4.14)
L1t coobrenuii HeGOMLIION JIMHBI NPUXOMUTCS CUATATHCA C OMHOCU-
meavoli nomepetl cxopocmu, paBHON

m
L+m’

Bameuanne. JJis 04eHd KOPOMKUT COOBUEHUT UMEETT, CMBICA UCTIOAIO-
6amb 1Pu 0eKOJUPOBAHUL GAZOPUM ¢HEUMPAIU3AYUY T60Cas. Imom
GAZ0PUTM NIPU HEZHANUMEADHOM CHUMCEHUU Koppexmupyowet: cnocob-
HOCTU K00Q NO360AAEM NOAHOCTIVIO u3bedicamb 6cmasky m Hysel 6
KOHYe UHPOPMAYUOHNWT 6A0K06. :

(4.15)

4.3. MonuHoMuansHoe NpeacTaBneHue

Ananoruuso 6,10k0BbIM KOJaM (raBa 3), CBEPTOUHbIE KOJIBI MOIYT BbITh
OIIUCAHBI C MOMOLIBIO MHOTO4Y/IeHOB. [Ipu 3TOM CTAHOBATCH OYEBUAHBIMU
HE TOJIbKO CXOJACTBO 3THX KOIOB, HO ¥ UX PABAUYUS.

Bysiem paccMaTpHBATH HMITY/IBCHBIE OTK/JHMKM KOJEPOB CBEDTOYHBIX
KOJIOB KaK NOpPoNCOaIOwWUe MHO20MAEHY, CTETICHH 1T

9;i(X) = gjio + gjin X + - + gjim, + X™. T (4.16)

Ilepemennasi X 3aech Mrpaer pojib «yKa3aTess CABUra» M HHUKaKol
CMBICJIOBO# Harpysku Gosblie He HeceT, X™ 03Ha4a€T N-KPATHBIH CJIBAT
OTHOCHTEJIHHO HEKOTOPOHM TOYKH OTCYeTa (HAIPUMED, HAYAJIA BXOAHOM
LI0CJIEI0BATEILHOCTH).

3ameuanue. B aumepamype emecmo nepemennoti X ouenv wacmo uc-
noavaylom nepemennyo D (om caosa delay - sadeporcka - amnea.).

Tax KaK Mbl [0 MIPEXKHEMY PacCMATPUBAEM TOJIBKO JIBONTYHbIE KOIBI,
Bce K03(hduIHeHTE MHOTOWIEHOB NIpHHaiexaT GF(2) u Bce onepalun
Hajl, MHOTOYJICHAMH BBHIIOJHSATCA HO MpaBUjiaM apudMeTHKH 110 MOAY-
mo 2.

Ananorugno 6J0KOBBIM KOJaM, NPOICCC KOAMPOB&HHsT CBEPTOYHBIX
KOJIOB MOXET ObITh ONHMCAH C IOMOIIbLIO NOPOXKJAIOLUIMX MHOTOYJICHOB
(4.16). Ecsiu Bxo/HASL TIOCJIEI0BATENLHOCTD HMEET KOHEUHYIO JIJIHHY, TO
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Mbl DaKTHUECKH MMeeM JeN0 ¢ GJOKOBBIM KOAMPOBAHHEM, TO3TOMY, j-IO
BBIXOJHYI0 TIOCJIe0BATCILHOCTh MOXHO TPEJICTABUTL B BUJIE \

Z gji(X)ui (X). (4.17)

Tak kaK UMeeTcs 71 BBIXOJIOB B K0dosbiti MHO20AeH OBPa3yeTes: HX Tie-
peMenIBaiueM, y/I06HO 3alHcaTh

n
v(X) =3 X7l (X™). (4.18)
j=1
B sTom ciywae,
o(X) = ZXJ IZg (X" ui(X"). (4.19)
F==1

TlosicuuM cxazannoe Ha npumepe cseproudtoro (2,1,3)-koa.

ITpumep: Ilpejcranienue ceeprounoro (2,1,3)-kona B BujEe MHOTO-
YjeHa.

B coorsercreuu ¢ puc. 4.2, umeem
n=1+X2+X3ug=1+X+ X%+ X5 (4.20)
B kadecrse nHGOPMALMOHHON 1OCAEAOBATEILHOCTH BhIGEpeM
{uln]} = {1,0,1,1,1}. | (4.21)
STOﬁ HOC/1€/10BATE/ IbHOCTH COOTBCTCTBYCT MHOI'O4JIEH
w(X) =1+ X2+ X3+ X4, (4.22)
LIO9TOMY,

n(X) = wX) q(X)= (4.23)
I+ X2+ X3+ X0+ X2+ X3 =1+ X7
va(X) = u(X) go=1+X+X3+X*+X°+X".

I

Cornacuo (4.8), KO/IOBBI# MHOTOWIEH ONPEJENseTCH KaK

v(X)

I

v1(X?) + Xwo(X?) = (4.24)
= 1+ X+ X+ X"+ X%+ XM 4 X1 4+ X8,



4.3. Hoauwromuaavioe npedcmagaenue 2@) :

YTO COOTBETCTBYET KOJ],OBOMy CJIOBY
{vlna]} = {1,1,0,1,0,0,0,1,0,1,0,1,0,0,1,1}. - (4.25)

Jns Toro, 4robbl nokasaTh CBA3L MEXKIY OJOKOBBIMU M CBEPTOYHBIMH
KOJAaMJM, LIPEICTABUM IIPOIECC KOj(MPOBAHUS CBEPTOYHBIX KOJIOB B BHJIE
IIpOU3BeAcHAs MHGOPMALMOHHOIO BeKTOpa u = (uj,ug,uz -+ ) Ha IO-
poxrawoiiy Marpuiy G

GGGz Gm O 0 0 0 -
0 GG, Gp-1 G, 0 0 O ---
Q0 ...

v=u0G=ul g 0 Gy Gpn3Gmn-1Gnm - (4.26)

Tak kak uH(POPMALUOHHEI BEKTODP MOXKET HMETh GECKOHEUHYIO JUIMHY,
MaTpuua G He orpaHu‘ieHa ClipaBa U CHU3Y, IOITOMY, €€ 4aCTO HA3BI-
BalOT nosiybeckoHedHol. Ecyin BeKTOp 1 KoneuyeH, TO Mbl MMeeM JIeNI0 C
HECKOJIBKO CUEHN(UUHBIM BIOKOBLIM KO/IOM.

IMopox patoiiasi MaTpuna G COCTABIEHA U3 PETYISPHBIX 110MATPUIL
Gyg, G1,- -+ , G, KaXK/1asi U3 KOTOPBIX ONpPEAEsSeTCss MMIYJbCHBIM OT-
KJIMKOM Kojepa

g 9211 0 Gnll
12,0 9220 ¢ 2.0

G = | T2 P (4.27)
Qikl G2kl . Gnkl

PaccmoTpum nocrpoenue marpuil G Ha puMepe cgeprousoro (2,1,3)-
KOJa.

IIpumep: [opoxaawomasn Marpuna ceeprodnoro (2,1,3)-ko/a.

PaccMmoTpuM yake 3HAKOMBIA HAM CBEPTOYHBIH KOA C ITapaMeTpaMu
k=1,n=2,m = 3, UMILYJIbCHBLIC OTKJIHKH KOTOPOr'0 DABHBI

{a1[n]} = {1,0,1,1} u {go[n]} = {1,1,1,1}. (4.28)

S1oT kKox uMeeT M + 1 = 4 BHYTpPeHHHX NMOIMATPUL,, KOTOPBIE OLIpeue-
JIEHbl KaK

Go = (g11,0 g210) = (1 1)
G1 = (g11,1 9211) = (0 1) (4.29)
Gz = (g112 g212) = (1 1)
Gs = (g113 ga13) = (1 1).
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TOI‘,ZI& MOPOXK/Jal1asa MaTpuia paBHa

10111110000
01101111100
06 0011011111

[ R e I

(4.30)

CaMbIM 11POCTHIM c11ocoBoM 1poBepkH npasuibHocTd (4.30) sABasieTcn Ko-
uupopanue undopmainontoro sektopa (100---0). B stom ciyuae, pe-
3YJIbTATOM JIOJIZKHBI GbITh YEPEyIOMecs JAPYr ¢ JIPYTOM HMITYJIbCHBIC
OoTKJuMKH Kojepa. TakuM obpasom

110111110000 ---
001101111100 -
(100-)-1opo00110111711 = (4.31)

=(1101111180:-},

YTO M COBIIAJIACT ¢ OXKH/IAEMBIM Pe3yJIbTATOM.

C fipyroii ¢cTOPOHBI, U3 CBOACTBA JIMHEHHOCTH CXEMBbI KOJIepa CJIC/IYCT,
YTO BCE CTPOKH MATPHILbI PaBHbI, H, HAYMHASI CO BTOPOH, CABUHYTHI Ha
7 IHOBULME OTHOCHTENbLHO MPEAbIAYIHMX. IT0 0DCTOATENLCTIBO ellie pa3
LOATBEPKIACT [PABHIILHOCTL HANJEHHOTO Pelllenus.

4.4, Tpad cocroaHui

Perucrpsl KofepoB COJEP>KAT OrpaHHYeHHOE UCIIO JIBOMYHBIX PA3PAI0B,
CJIEI0BATENBHO, YAC/IO COCTOSTHUMN, B KOTOPOM MOKeT HAXOUMTLCS KOJEP,
BCerja KOHCYHO. VIMCHHO TTO3TOMY MpoLecC KOAUPOBAHHS MOXKHO OMNH-
caTh KaK NOC/IEN0BATCIBHOCTL CMeHBI cocTosanul koiepa. Takoil moaxon
SIBJISIETCA KJIOUCBbIM U BelleT K Gosiee MIyGOKOMY 1IOHHMAaHHIO CBONHCTB
CBEPTOYHBIX KOJ0B. Bojiee Toro, on crocobersyer paspaborke 3ghdex-
THBHEIX aJIFOPUTMOB KOJMPOBAaHNUS W JeKo/upoBanusi. Ml pa3oBbeM Ty
HJEI0 HA HECKOJIbKHX 1IpHMMEpax.

IIpumep: Onucanne cocrosHmuii ceeprousoro (2,1,3)-kona.

Ckonupyem cxeMy Kogepa puc. 4.2 ¢ ¢IMHCTBEHHON pasHULEH: BMeCTO
pa3psiIOB PEruCTpa C/IBUTa MocTaBuM nepemeHuble Xy, X2 1 X3. Takas
MoAuUIMPOBAHHAS CXCMa NpeJcTaBjieHa Ha puc. 4.3. -
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u X ﬂx; X sz X X4

[ 1

Puc. 4.3. Tpad noroka COCTOSHEA KOAEpPa CBEPTOYHOrO
(2,1,3)-kona.
P
Tak kak X1, X2, X3 - fBoMUYHBIE IEPEMEHIIbIE, TO KOIEP, U300pakeH-
HbI Ha puc. 4.3, MOXET HaXOAMThCS B OfHOM U3 2% = 8 cocTosmmil. dn
COCTOSIHUSl [IPOHYMEPOBAHE! B JICKCUKOTPa(bHIECKOM NOPS/KE M IpHBe-
nenbl B tabiuue 4.1. HyMepanust cOCTOSHUE MOXKET GbITh OPOM3BOJIb-
HOM, OJIHAKO, JieKcukorpadudeckull nopsiiok Hanbosee yaoben s npo-
rpaMMHOH peanu3aiui.

Tabamua 4.1. Tabnuua cocToaHu.

Cocrosnue perucrpa Cocrosnue S;
T3 T2 I1 i=z3+ 22 + 2%z,
0 0 0 0

1 0 0 1

0 1 0 2

1 1 0 3

0 o0 1 4

1 0 1 5

0 1 1 6

1 1 1 7

CMeHa COCTOSIHMI PerucTpa KoAepa NPOUCXGIUT CJedyiomuM obpa-
30M: nepeMenHnie Xy u Xy 3aMeHsiorcs Ha X2 # X3 COOTBETCTBEHHO, & B
paspsan X3 3arpyxkaercst HOBbIA MH(pOpMauHOHHHI 6uT, mosTOMY, KaX-
JIo€ COCTOSIHHE MOXET MEPEXO/JMTh TOJBKO B IBa NOCHAEAYIOIHNX B 3aBH-
cuMocTu OoT Toro, «0» min «1» 6BUIM NOJaHBL Ha BXOJ PErHCTPa CABHIA.
Bce BO3MOMKHBIC CMeHB! COCTOSIHUI, HX 3aBUCHMOCTb OT 3arpy:KaeMoro
6uTa, a TaK»Ke KOJIOBblE CHMBOJIbI JUJISl THX IIEPEX0/IOB OKA3aHbI Ha PHC.
4.4. Tlponecc koguposanusi HauuHaeTCA ¢ So, T.€. COCTOsIHHA, B KOTOPOM
X1 =Xo=X3=0.

1. Eciu nepswiit nadopmaimonnbiit 6uT pasen «0», xosep ocraercs
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B cocTosiiuu Sp. Ha BbIXOJL BbLAAIOTCH KOUOBble cuMBOJIBL «00».
Tako# ncxon Ha puc. 4.4 obosHaden depe3 «0/00».

2. Eciym nepsoiit undopManuonHbiit 6UT paBeH «ls, Kojiep nepexoauT
B cocrosauue Sy (cM 1aba. 4.1). Beixoj B 9TOM criyuae pasen «11s.
tor nepexo, oboszHaved «1/11». TIpojgoskas 3TOT HPOIECC BIIPa-
BO, MOXHO [IOCTPOMTH BCIO JAUMarpaMMy cocrosmuil (puc. 4.4).

Jluarpamma puc. 4.4 COEEPKUT BCIO MHPOPMALHUIO O CBEPTOYHOM KO-
ne. Koguposaaue uugopMaiMoHHoN 110CJ1¢/I0BATENBHOCTH SKBUBAJICHTHO
JBUKEHHUIO 110 HEKOTOPOMY HEPa3pbIBHOMY HYTH IO JHATDAMME COCTO-
auuil. IIpu nporpaMMHOl pCaiM3aiiuy, HAIIPUMCD, KOJAMPOBAHKE MOXET
6b1Th Hanbosee 3hPEKTUBHO OCYNIECTBIEHO UCKIIIOYHTEIIBHO C HOMOLLBIO
3apaHee 3aIMCAHHBIX B IAMATH TabJIUIL IEPEXONOB MEXKJY COCTOTHHIMM.
PaccMOTpUM TaKoe ajlbTCPHATHBHOE KOJAMPOBAaHUE Ha lpUMepe.

1710

1/0t 110

0)

0/00 1

(I) m

Cocrosune

Pe6po: Tlepexon B coctosHue Ha [-om ware -

Puc. 4.4. JInarpamma cocrosnu#l cseptouHoro (2,1,3)-kona.

ITpumep: Koauposauue cseprousoro (2,1,3)-koma ¢ nomorpio tab-
JIHIL HEPEXOJOB.

BruinuineM g/ KasKJIOro COCTOSIHUSL JBa €T0 LIOCJCIYIONHX, B 3aBH-
CHMOCTH OT 3HauCHHs ouepesHoro 6ura («0» uau «1»). Jjisa sTux uyrei
BBIINHILIEM TAKXKe COOTBETCTBYIONIHE napbi KoAobbix 6ut. IMonyuennsie
pe3yJbTaThl CBeJeHk B Tabsmuy 4.2.

PaccMoTpuM KojmMpoBanune HH(bopmauMOHHoﬁ 110CJIEIOBATEILHOCTH
u[n} = 1,0,1,1, 1. TIponecc HauneM u3 cocTOsiHUs Sy B B HCM XKe H 3a-
KOH4UM, JI0GABHB K u[n| «XBOCT» U3 Tpex HyJeil. B pesyasrare nomyuum
[0CJIEIOBATENLHOCTE COCTOSTHUI

{S[nl} = {So, $1, S2, S5, S, S7, S, S1, So} (4.32)
H KOJIOBOE CJIOBO

{v[r]} = {1,1,0,1,0,0,0,1,0,1,0,1,0,0,1,1}.  ~ (4.33)
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Tabauna 4.2. Tabnuna nepexonos Afs CBEPTOYHOIO (2,1,3)-

KOua.
Cocrosinue | Hosoe cocrosinue S[n + 1] | Konossre 6urht .
Y 1 0 1
0 0 1 00 11
1 2 3 01 10
2 4 5 11 00
3 6 7 10 01
4 0 1 11 00
5 2 3 10 01
6 4 5 00 11
7 6 7 01 10

Tabsiuna 11epexosoB B HEKOTOPBIX CJIy4asiX MOXKET [IOMOYb OIlEHHTb Ka-
4eCTBO BHIOPAHHOTO CBEPTOUHOro kKoja. CpaBHUM, HAlPUMED, IIOCTPOY-
HO NAPbLI KOJOBLIX OGUT B IOCJEHUX JBYX cTO61ax Tabmuupt. 4.2. Mel
YBHIMM, 9TO Pa3iM<ue MeXJy 3TUMH lapamu (paccTosiHie X3MMHHIA)
B KaXkJ0Hl CTpOYKe MAKCUMAaJbHO M DaBHO 2. DTO 3HAYMUT, YTO HA Ha-
YaJIbHBIX OTpe3Kax JIoBbIX ABYX albTepHATHBHbIX myTedl («0» U «1»)
BCET/I4 JIOCTHTAETCA MaKCHMAaJjIbHOE paccTosiiue X3MMHHTA U, TTOITOMY,
MbI MOXKEM CK433Th, YTO, Ha [IEPBbIi B3IJisA, BLIOPAHHbI KO/ ABJISETCH
xopounm. Kowneuno e, jyis 6osiee Tounoro ananuza HeobXouumo pac-
CMaTPUBATh JJIMHHBIC OTPE3KH AJNLTEPHATHBHLIX NyTed. 34ech BOSHHKA-
€T OHATHE CBOGOHOIO KOJIOBOIO PACCTOSHUA dfree, O JyeM LOHJET pedb
HHXKeE.

Wz jwmarpammer cocrosinmit puc. 4.4 CTaHOBHTCSE OYEBHJAHBIM, YTO
CJIOAKHOCTh Ko/[MpoBaiiusl (a TakKe W JeKOAMPOBAHNs) BO3PACTaeT C Po-
croM uucaa cocrosinuil. Yucno cocTosiHui, B CBOIO Oouepelb, OTHO3HAYHO
OlIPEJIENISIeTCsl KOJIHYECTBOM JIBOHUHbIX Pa3psAJOB aMsITH Kojiepa m.

Jlns ceeprounoro (n, k, m)-koaa noanas namamv xodepa Oupejens-
ercst Kak

k
M=>"m,. (4.34)
i=1

3aMeruM, uro umenno M mocieHux uHGOPMAIMOHHBIX Pa3PsHI0B OKa-
3bIBAIOT BJIMANME HA HPOICCC KOJIMPOBaHHs. ITHM pa3psaAiaM COOTBET-
CTBYIOT B TOYHOCTH 2M Da3/iMUHBIX COCTOSHMB CXEMBI KOJLEPa.
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Mpumep: Creprounslit (3,1,2)-kox.
3a/iaHbl HOPOXK/IAIONIME MHOI'OYJICHBI
aX)=1+X,0X) =14+ X%, g(X) =1+ X + X? (4.35)
1 MHGbOPMALOHHAS TIOCICAOBATENBHOCTD
{uln]} = {1,1,0,0,1}. (4.36)
Haiyure:
L CxeMy konepa.
2. Cocrosius Koziepa.
3. JAnarpamMmy cOCTOSTHMIA.
4, TabnuIy NepexosoB MeXJy COCTOSHHSIMA.

5. Konosy1o nocresoBaTenbHOCT Wil u[n], €CjI4 KOJHPOBaHHe HAYH-

HACTCA U 3aKaHYHBACTCH B HYJICBOM COCTOSIHUH.

Pemenne.
1.
4]
V2
u X X X X
1
Puc. 4.5. Cxema xozepa cseprounoro (3,1,2)-koza.
2.

Tabmua 4.3. Cocrosaus Konepa.

Cocronnue perucrpa | CocrosmueS;

T2 1 i=1xz + 21y
0 0 0
1 0 1
0 1 2
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1/001

0/000 1/111

Puc. 4.6. Iuarpamma cocrosnuit ceeprodsoro (3,1,2)-kona.

Tabanua 4.4. Tabsinua mepexofoB MexJay COCTOAHMSMH CBEp-
TouHoro (3,1,2)-kona.

Cocrosue | Hopoe cocrosmue Sin + 1] | Konopbie 6ut
0 1 0 1
0 0 1 000 111
1 2 3 101 010
2 0 1 011 100
3 2 3 110 001

5. Tak KaK KO/JMPOBaHME JOJI)KHO 38KAHYUBATHLCH B HYJIEBOM COCTOSIHUHU
Kojepa, 106aBuM K WHPOPMAIMOHHOMN 110CTIe/J0BATETLHOCTH /1BA HYJIS U
110JTY UMM

{v[na]} = {1,1,1,0,1,0,1,1,0,0,1,1,0,1,0,1,0,1,0,1,1}.  (4.37)

I'pacdbudeckoe 0oTOBpasKeHHe COCTOSHUR M MEPEXONOB MEXIY HHMH
JA2eT BO3MOKHOCTb 110KA3aTh BeCh MPOIECC KOJMPOBaHUs HEMPEPHIBHO BO
BPEMEHU B BUJIC cemesot duazpammp, (HHOLA €€ HA3LIBAIOT PelIeTdaTol
WJIM TPEJUTHCHON JMarpaMMon ). ’

Ipnmep: Ceresas juarpaMma KoJAMpoBaHusi ceeproynoro (3,1,2)-
KOJ2.

Ha cerepoii quarpamme puc. 4.7 jJIa KaXKJ0ro BpCMEHHOro 11ara, [o-
Ka3aHbl BCe BO3ZMOMKHBIC COCTOSHHS Kozepa. Ha nepexojax Mex )y HAMU
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(pebpax), B KAUCCTBE BeCa, IIPEACTABICHBI COOTBETCTRYOUME HIIPOPMa-
LUMOHHbBIE U KOA0BbIe buThbl. Tax Kak B paccMaTpuBacMoM pumepe k = 1,
W3 KarkKJOrO COCTOSHUSA BBIXOJST ¥ B KAXK/10€ COCTOSHUE BEJLYT B TOUHO-
CTH 2! = 2 pebpa.

3ameuanne. Pacnoaoscenue cocmoanull no 6epmuxaiy CNeyuaIbHO
nodobparo maxum o0pa3om, wmobw. ece pebpa, codepycauyie Hyae6ot
UNPOPMAUUOHHBIT bUm, 6eAU BHUS. .

‘ 1001 . 1001 . 1001 .
N \ \
\ \ \

\ 1010 \ 1010 \ 010
A A\

\

CocTosHns

Puc. 4.8. Konuposasine HHGOPMALMOHHO! NOCHEI0BATE/ILHOCTH.

Ha puc 4.8 nokazaHo komupoBahne WH(MOPMALMOHHON IIOC/IEN0BA-
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* resibrOCTH (4.36). ITO KOAMpPOBaHHE HANMHAETCS U3 HYJIEBOLO COCTOSHUS
So. Tax kax nepsniit mrbopManpmonubiil 6ut pasen ul0] = 1, Ml noma-
aeM B cocTosiade S7. DToMy Iepexoily COOTBCTCTBYET IlepBas TPoHKa
KOJIOBBIX CHMBOJIOB «111s. Bropoii undbopMausonHslil 6ut upfl] = 1 npn-
BOJIT Hac B cocrosHue S3 ¢ BbIPABOTKON cieiyloliell KOJOBOH# TPOHKH
«010» v 7.a. B KoHIe KOAMpOBAIMS MBI TIOMAAACM B HYJIEBOE COCTOSIHUE Sq.

4.5. CTpyKkTypa CBEpPTOUHbIX KOAOB

B npeapiaymem pazzene 6bu10 pOBEJEHO OIMCAHUE CBEPTOYHBIX KOZOB
HA OCHOBE JMATDAMMBI COCTOSTHMH M ceTeBoil jmarpaMmmbl. SIcHO, 9TO
obe juarpaMMbl coJepKaT HoJiHy©o uHbOpManuo 06 HCCIeLyeMOM KO-
ae. OnucaHpe CBEPTOUHBIX KOJMOB -C IOMOHIBIO JUArPaMM COCTOSHUN M
TIEPEXOOB MeX /1y HUMH OTKPBIBAET BO3MOXKHOCTHL GoJiee 1yiyGOKoro mc-
CJIE[JOBAHUSL UX CTPYKTYPbI H CBOMCTB.

Jo cux nop Boupocsl JekonupoBanusi He 06cyxnanuchk. Jexoauposa-
HMIO CBEPTOYHBIX KOJOB O6yJeT noCBALIeH CleAy ol pasies 3Tol KHy-
ru. OHaKo, Ha OCHOBAHUH CETEBOM JHarpaMMbl puc. 4.8, ocHOBHbIE Tpe-
60BaHMSA K XOPOWIMM KOJAM MOXHO HAMETHTH yiKe celfyac.

Kasxiolt koa0B0# 10C/I€I0BATENILHOCTH COOTBETCTBYET CBOH MyTh Ha
ceTeBofi JuarpaMme, I03TOMY, ficHO, YTO YeM GoJiblle pasimiuil MexIy
IyTHMH, TEM Jierde PaclO3HaTh MCTHHHOE KOJOBOE CJIOBO, TEM MEHbILE
BEPOSTHOCTH OIMOKM JEKOAMPOBAHUSA. '

Kax cieayer u3aMepsTh pasiMyue MexKay TyTsMHu?

Korza Mbi 06Cy 18018 CBORCTBA, JBOMYHBIX JIMHEHHBIX DIOKOBBIX KO-
0B (raBbl 2, 3}, OCHOBHBIM KpUTEpHEM pa3iu4us ObLIO YHMC/IO HECOB-
N3/IAI0IIUX CHMBOJIOB, T.€. PaccTossHHe XsMMHHra. Jlnsi GJIOKOBBIX KO-
JIOB MUHHMaJIbHOE PACCTOSHUE XOMMHEHIE dpyin UIPaJIo 0coby10 PoJib, HO
TaK)Ke HE MeHee BasKHBIM ObLJIO paclpenesieHHe BecoB CJIOB JIMHEHHOoro
GJIOKOBOTO KOJ(a. DTH XK€ PACCYK/IEHHS] MOXKHO [IPUMEHHMTb U K CBepPTOY-
HBIM KOziaM. B 5TOM ciiydae HyJIeBBIM CJI0BOM OyJeM CuMTarb KOAOBBIH
BEKTOP, COCTOAWMI U3 ONHUX HYJEH.

‘Ecnn paccMaTpuBaTh CBEPTOYHBIE KOJIbI C KOHEUHOM JJIMHOH HHGOD-
MAIMOHHBIX BEKTOPOB, TO MOXHO CYMTATH HX JIHHEHAHBIMH GJIOKOBBIMHU
KOJAMHU M K HUM TIIPHMEHUMBI BCE PACCYKeHHsl, IPOBE/IEHHbIE B [IIaBax
2mud.

Paccrositinsa MexKIY KOJOBLIMU CJIOBAMM HJIM PACCTOAHMSA MEXIY Iiy-
TSIMM Ha ceTesolf Juarpamme GyneM Mckatbh B MeTpuke XsMmunra. B
KadecTBe 6a3bl HCHOMB3YCM HYJIEBYIO MIOCIIE10BATEIbHOCTD, T.€. HOCHIEN0-
BATENLHOCTDb HYJIEBBIX COCTOsIHUE. Be3 orpaHuueHHs OBIHOCTH CYMTAEM,
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YTO KOJMPOBaHUE HAYMHACTCH M 3aKAHUMBACTCH B HYJIEBOM COCTOSIHHH,
M03TOMY, HEeHYJIeBOI KO/IOBO# JTOC/1e,J0BATEIBHOCTH Ha CETCBOM /IMarpaM-
Me COOTBETCTBYET IyThb, OTBETB/ISIONMIACS OT HYJIEBOrO COCTOSTHUSA, & 3a-
TEM CJIMBAIOIMUNACH C HUM. ’

PaccMOTpUM  Hely/IeByI0 IOCJ/ICAOBATE/ILHOCTh, H300pakeHHYI0 Ha
puc. 4.8: Eit cooTBeTcTBYeT 1IyTh, COCTOSLIMUI U3 JIBYX YYaCTKOB, OTBCTE-
JISTIOTIUXCST, 8 3aTCM CJMBAIOILMXCH C HYJIEBBIM COCTOSIHUCM. B JlalibHei-
MICM Takue y4acTku 6yieM Hasbiarh 6asoBbiMu 1y TsiMu. Uccietosatiue
CTPYKTYPbI KOJa CBOJMTCS K AHAJIM3Y BA30BBIX IyTeit.

MeTouKy Takoro aHaJjiM3a MNOKaXkKeM Ha, KOHKPETHOM IIpUMCepe.

TIpumep: MonduuuposatHast 1uarpaMMa COCTOSIHUE CBEPTOYHOrO
(3,1,2)-kona.

1DJ

Havanstioe
COCTOsIH#UE

[vd]
So

Puc. 4.9. Mognduuupopantas auarpaMMa COCTOSHMET cBep-
Tounoro (3,1,2)-koza.

BossMeM auarpammy cocTosHUM, H306parkeHHYO Ha, puc. 4.6. Byaem
HCXOIUTDH U3 TOro (pakTa, YTO KOAMPOBAHHE HAYMHAETCS M 3aKAHUYUBA-
€TCsl B HYJIEBOM COCTOSHUH Sp, NOITOMY, MOIU(MUIUDPYEM 3Ty JMADAM-
My TakuM 00pa3oM, 4ToObl COCTOsIHME Sy GBLIO TONBKO HJIM HAYATbHLIM
min KoHeuHbM (puc. 4.9). Jlnsa nanbHeliero aHajiu3a NpOMapKUpyeM
NPHPOCTHI BECOB X3MMUHIa HHGMOPMAIIMOHHON WJIH KOJIOBOH TIOC/EI0BS-
TeJIbHOCTeH, a TaKsKe NMPHPOCT JJIMHBI HpoxoAuMoro nyTd. C 3To# uenbio
BBeEM ClIellyIOmiMe [IepeMeHHbIe: st KaxKa0H unbopMalMoHHOi «1»
nepeMeHHYI0 I, i Bo3pacTaHusi Beca X3MMHHIA KOJOBOH MOC/I€I0OBa-
TeMBHOCTH Ha | enuuuuy, — mepeMennyio D, H, HaKoHel, JUIH KaxXiol
CMeHBI COCTOsIHUIT — nepemenHyo 'J. [IpomapkupoBaHHble TakuM 06pa-
30M MEPEXO/]bI HAHECEHB! Ha JuarpaMmy cocTosiimit puc. 4.9. B srom
C1y4ae KaxJIOMy MYTH COOTBETCTBYET 1IPOU3BEJICHAE MAPKEPOB BCEX IIC-
PEXOMIOB, U3 KOTOPBIX 3TOT MyTh COCTOMT. Hanpumep, undopmanuonnoit
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FOCJIC/I0BATENBHOCTH

{“[n]} = {17 1,0,0} (4.38)

C 1OCJIEIOBATE/IbHOCTBIO COCTOSTHHA
{sln]} = {So0, 51, S2, So} (4.39)
B Ka4eCcTBe BECOBOH (bYyHKUHH OyJeT IPHUITHCAHO BbIPAXKEHHC
ID3J-D%j-D*J =ID"J3, (4.40)

Takum obpasoM, Becosast dyukuus n06oro 6a30BOro MyTH, HAYUHA-
IOHIErOCst ¥ 3aKaHYUBAIOIIETOCA HYJIEBBIM COCTOSHUEM COUEDKHUT CJeILy-
IOLIHUE [IEPEMEHHbIE;

1. I ¢ nokazaresieM, paBHbIM Becy XaMMHHra MHMOPMAIMOHHOR TO-
CJIe/TOBATEILHOCTH;

2. D ¢ nokasaresieM, paBHbIM Becy XIMMHHCA KOMOBOM ITOC/IEOBA-
TECJILHOCTH; :

3. Jc rnokasareJjieM, PaBHbIM 4YHUCJIY 1€peX0oa0B, OCYLIeCTBJIECHHBIX Ha
3TOM IIyTH.

IIpumep: Bazosnie myTH ¥ Beca ceeprounoro (3,1,2)-koma.

B tabamne 4.5 npeacraBieHbl YeTsipe KpaTdaiiniux 6a30BbIX IyTH H
ux Becoble ynkimn cpeproutoro (3,1,2)-koma. Cambllf KOpOTKHH H3
HUX UMeeT BeC X3MMHUHIa, PaBHbI# 7, TO €CTb COOTBETCTBYIOIIAas €My KO-
JOBasl TI0C/IEAOBATEBHOCTL HMeeT eIMHULB B ceMu padpsiiax. U3 Tab-
JHIEL 4.5 MOXKET CO3ACTLCH BIEYATIEHHe, YTO C POCTOM JJIMHBI IMyTed
MX BeC X3MMUHra TaKxe BO3pacTaeT. IIpoBepUM, Tak JIH 3TO /st CBEp-
To4HOTO (3,1,2)-K04a. ’

JlJtsl oTBeTA Ha 3TOT BOIPOC PacCMOTPUM MOAMGMHUUMPOBAHHYIO AUA-
rpaMMy cocTosiHuit puc. 4.9 u tabu. 4.5. Kaxkaoe nocienywomee ymu--
HEHHE IyTH TpeByeT NPOXOXKIEHUs! BEKOTOPOH <«IeT/IN» Ha Juarpamme
cocrostimit. Tak kak n06ast NeTs coAepKUT MHHIMYM OJIMH MePexo/ Be-
ca d! njiw Gosbiue, TO Bec XaMMunra Gy/yT PAcTH ¢ yBelHIEHHEM JJIHHbI
nyTeit, IG3TOMY, He CYIHECTBYeT myTeit, OTJIMYHBIX OT HyJICBOH MOCNEN0-
BATEJIbHOCTH, C BeCOM X3IMMUHIA, MEHbIIUM 7.

Ananus kosia ¢ MOMOIBIO MOAU(MUIHPOBAHHBIX JUArPAMM COCTOSTHUHA
6azupyeTcss Ha MaTeMaTH4YeCKO#l TeopuM rpadoB, TONONOIMY H TEOPHH
CHCTEM, '
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Tabanua 4.5. Bazosbie 1yt ¥ ux Becoble dyHkuuu(N - sec
XsmmuHra uHGOPMAaIMOHHON MTOC/e[0BATE/ILHO-
cru; C - Bec X9MMUHIS KOJOBOM 110C/€/10BATEb-
poctH; K — pnuHa myTH

Cocrosinus S[n] Becosbte bynkuuu | N | C | K
So, S1, 82,50 ID*J-D*J.D*J=ID"J%*| 1| 7|3
So, S1, S3, 92,5 ' ID¥J-IDJ-D*J-D?*J=1’DBJ*|{ 2|8 | 4
So, 81, S3, S3, 82,80 | ID*J - IDJ-IDJ-D*J-D*J=1’D°J%| 3|9 |5
So, S1, S2, 81, S2, So | ID®*J - D?J-IDJ-D*J-D*J = I?D'"J%| 2 |10] 5
U. T. ,a

KaxxaoMy cocrosinuio puc. 4.9 10CTaBUM B COOTBETCTBHE lIEpEMEHHbIE
Z. — HavdaabHoMmy, Z1,49,2Z3 COOTBETCTBEHHO 51,592,553 U Z, - KOHEYHOMY
COCTOSTHHSIM.

OupejeniuM npou3BOAAIILYI0 PYHKIMIO KaK

T(I,D,J) = gﬂ (4.41)

e

st y3n0B rpada MOXKHO 3aIlHcaTh CIeAYIOIUE YPABHEHUS COCTOSTHUH:

Zy=1D%J-Z,+1IDJ- 2, (4.42)
Zo=DJ-Z,+D*J - 23 (4.43)
Z3=1IDJ-Zy+IDJ - Z; (4.44)

Z, = D*J - Z,. (4.45)

Jns pelliennsi 5TOM CUCTEMBI ypaBHeHHH TpebGyeTcsi HECKOJIBKO Ia-
ros. U3 (4.44) caenyer

IDJ
HUcnonesys (4.43), umeem
I1DJ D%J
Zy = D? —_— = — .
2 DJ(1+1—IDJ) V= 1= (4.47)
o 1-IDJ
Zy=—_"27,. _ (4.48)

D%J
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Hojcrapnas B (4.42), nonyuaem

1-IDJ . .
——FJ—Z2:ID J-Z.+1IDJ - Zy, (449)
9TO HPUBOIMT K
T 1D J?
7, = 2. (4.50)

1-IDJ-1ID3J
Tenepe y>ke Bce rOTOBO Ui TOIO, YTOOLI HEIIOCPEJACTBEIIHO CBA3ATh Z,
u Z,

7o = p2j— 1D Z,=1D"J3 L7 (s
T 1-IDJ—-1D3J 1-IDJ(1+D?)"° (451)
U nepejaTovnas pyHkuus paﬁﬂa
Z 1
TI,D, =22 =ID"J3— )
,( 0. J) Z, IDJ 1-1DJ(1+ D?%) (4.52)
C HOMOLILIO DA3JIOKCHUA
1 ,
l—j:1+x+x2+x3+---ma|xl<1 (4.53)
HMeeM
T(I,D,J)=ID"J3(1 +IDJ(1+ D% + (4.54)

+I2D? 214+ D*? +..-) =
=ID"J* + PD%J* + ’D"°J* + I°D%J° +

Pasnoxenne (4.54) omnpesensier XapakTepHCTHKH cBepTovHore (3,1,2)-
Koja. WJleHbl Paz3JIOKEHUs] COJIEPKAT BCIO MHGOPMALHIO O KOJOBBIX €JI0-
Bax JI060N [PON3BOJILHOM JUIMHBI, ICPBbIE ‘LIelbl COOTBETCTBYIOT a0
4.4.

Beiuncnennast B ipuMepe Mpou3Boisiiast HYHKIUS 3a/aeT BECOBYIO
CTPYKTYPY KOJIa, TaK KaK OTDPa>KaeT BJIMsIHUE BECOB MEPEXOJIOB Ha BeCh
CBEPTOYHBINA KO/

T,D, =Y S S tli,d DA, (4.55)
d=dfyee i1 j=m+1

koaddunmeHt t(i, d, j) oupejensier uucso 6a30BbIX HyTel ¢ mapamerpa-
mu ItDJI
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Tabanua 4.6. IMopoxgaomye muorowiens: (B BOCbMepUUHOM
Gdopme) ONITHMASIBHBIX CBEPTOYHBIX KOLOB CO CKO-
poctsiMu R 4 KOJIOBbIM OPaHHYEHHEM TNic.

R=1/2 R=1/3 R=1/4

el g1 g2 dfree| g1 g2 g3 diree| 1 g2 g3 94 dfrec
3] 5 7 5 5 7 7 8 5 7 7 7 10
4|15 17 6 13 15 17 10 13 15 15 17 15
5123 35 7 25 33 37 12 |25 27 33 37 16
33 75 8 47 53 75 13 [ 53 67 71 75 18
133 171 10 {133 145 175 15 [135 135 147 163 20
247 371 10 |225 331 367 16 1235 275 313 357 22
561 753 12 557 663 711 18 463 535 733 745 24

N~ A =)

MunuMasibHBIA BBIXOJHOR BeC LIyTH, HAUUHAIOIETOCA B HYJIEBOM CO-
CTOSIHMM, HA3BIBACTCA C60600HbM paccnosnuem dy,... [Tpu ananmse xop-
PEKTHPYIOLICH COCOBHOCTH KOJIA dfree MIPAET TAKYIO K€ POJIb, KAK MU-
HUMAJILHOE KOJIOBOE PAaCCTOsIHUE JIsi DJICKOBBIX KOJIOB.

CBepPTOYHBIH KOJ| CIUTAETCS OUTUMAJTBHBIM, CCIM HPH 33AaHHOH CKo-
POCTH KOJA M [IAMSTH OH UMECT MAKCHUMAJIbHOE dfree. CyllCCTBYET JO-
BOJIbHO MHOI'0 ONTHMAJBHBIX KOJIOB, HO JUIf HX HOCTPOEHHUs! HE CYLe-
CTBYET HUKaKHUX aHAJIMTHYECKUX MeToa0B. OITHMAabHbIE KOJILI HAXONAT-
Cf IlyTeM KOMIILIOTEPHOIO MOAEJMPOBaHUs. B JMTepaType LpHBeIEHSI
MHOTOUMCI/ICHHBIE TAOIULbI TOPOXKAAIOIIAX MHOTOYJIEHOB ONITHMAJILHBIX
CBEPTOYHBIX KOIOB.

IIpumep: [lopoxaoume MHOrOYIeHb! ONTHMAIBHOTO CBEPTOUIOrO
(3,1,2)-xona.

A1 HOCTPOEHMS! OITHMAIBHOTO CBepToUYHOro (3,1,2)-Ko/1a BOCHOMB-
3yeMcsi Tabur. 4.6. st 33/IaHHBIX MapaMeTpPOB Ko/ia Ko duiueHTs 1no-
POXAIOUIMX MHOTOWIEHOB PaBHBI g1 = S(g) = 101, go = 75y = 111
u gg = T = 111, nosromy, MOPOKIAIOUME MHOTOUIENB! ITOLO KOjA
UMCIOT CIIeAYIOIUN BHT

G(X)=1+X% go(X) =1+ X+ X% gs=1+X + X2 (4.56).

Ha puc. 4.10 nokasana 3aBUCMMOCTL CBODOIHOrO paccTosiuus d free
OT JJIMHBI KOJIOBOI'O OrDaHHYeHHs Juis ckopoctedt R = 1/2, R = 1/3
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u R = 1/4. Ilpu ypennuennu JUIMHBI KOJOBOrO OFPaHMMCHHUS dfree BO3-
PaCT4CT, T.e. BHIUIDAII OT NPUMEHEHUH KOJMpoBaHus TeM 6oiibiie, deM
Boabine cnoxHOCTL HCMOAB3yeMoro koaa. CroBoHOe PACCTOSIHUE YBeJIH-
TUBAETCH TAKXKE IIPH CHUXKEHMH CKOPOCTH KOJIa. 3Jiech, OJIHIAKO, Heobxo-
JAMMO TIDUHMMATL BO BHHMAHUE PEAJIbHBIA BBIMIDbILI OT KOJUPOBAHMS,
U3MEPEHHBIH B 4B OTHOIIEHUs! CUPHAI/IIYM. DTOT BLIMIPBIII 3aBHCUT OT
KOHKDETHBIX CXEM I[PUMEHCHHS] CBCPTOUHBIX KOJOB M HC BCETJA MOXCT
OBITb JOCTUTHYT CHHXKEHHEM CKODOCTH. :

0 - - —-~T

Puc. 4.10. 3aBucumocTb CBOBOAHOrO PACCTOAHUS d free OT AJIH~
HBI KOJIOBOI'O OTPaHM4€HHA M.

3ameuanue. B [7] dan wascdozo xoda donoanumennto npueodumes evi-
uepsuws om xoduposanus 6 d5. Tam noxazano, “mo npu MAAvT CKOPO-
CMAT K000 8WUZPIUL O KOOUPOBAHUA OAA K0008 ¢ PASAUMHHIM dfree
npubausumenvro oduraxos. Ilpu smom, oonaxo, npednoaazaemca co-
2/40CO6AHUE AAZOPUTNMG 0EKOOUPOBAHUA U KAHAAR, U, TOIMOMY, IMOM
PE3YALIA He MOHCEM Goimb pacnpocmpanen na obuyutt cayva.

OcobbIif Kj1acC CBEPTOYHBIX KOJIOB 06pa3yioT TaK Ha3biBaeMble Kama-
cmpouneckue ceepmornvie ko0v. OHA HE TPUrOAHBI JIJIS HCIOJIb30Ba-
HUsI, TAK KaK HPUBOJIAT K KATaCTPOGMHUUECKOMY DasMHOMXXEHHIO OHINGOK.
PaccMoTpuM npuMep KaTacTpoduyYecKoro Kojia, a 3a0[QH0 HayYuMCcs pac-
I03HABATh KJIacC KaTACTPOHUECKHX KOJIOB.

Hpumep: Karacrpoduueckuit ceeprounsiit (2,1,2)-kox,.

Ilycrb cBeprovublit KO 3ajaH clelyOHMMHE MHOrOYIeHaMHI
a(X) =1+X, go(X) =1+ X" (4.57)

1. TloctpoitTe cxemy Konepa;
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ITocTpoiiTe puarpaMMy COCTOSIHUIA;

o

3. 3akopupyiiTe HYJIEBYIO MOCJIC0BATENILHOCTD, T.C

{u[n}} ={0,0,0,...};-
4. Bakosupyiite nociegosatenviiocts {un|} = {1,1,1,...};

5. 1lpeanoo:KuM, 4TO HPH lepefade 1OCTeI0BATCIBLHOCTH CANHUIL
HPOU30LILINA OLIMOKH B IEPBOM, BTOPOM M UeTBEPTOM OUTAX KOJI0-
BOIl 110C/ICI0BATCILHOCTH. Kak MHOro ommGounnvix 6ut B uHpoOp-
MAIHOHHOH OCTIE/IOBATENLHOCTH HOABUTCA TIPH ACKO IMPOBAHUK?

6. Kak 1o amarpaMme COCTOSIHHIE MOXHO OLPC/IC/AUTh, YTO KO/, SABJIsi-
ercs KatacTpoduteckum?

. Pemenue.
1.
W
u X /LXZ X X
O *T
—
Puc. 4.11. Cxema koznepa ceeprousoro (2,1,2)-koaa.
2.

000 1/11
0/01

Puc. 4.12. /JIparpamma coCTOSHHI CBEPTOMHOrO (2,1,2)-ko0aa.

3. Tak Kak KOAMPOBAHHE HAYMHHACTCH U3 HY.IEBOTO COCTOSTHUS U Mbl
BCE BPEM# B HEM OCTAEMCH, KO,I0BBIM CIOBOM Gv/IeT uyJicBasi HOCACL0Ba-
TEJbHOCTD.

4. VindopmaunonHoil nociacIOBATENLHOCTH €MHHUL COOTBCTCTBYET
1OC/IeI0BATE/IbHOCTD COCTOSIIM

{s[n]} = {50,51,53,53,...}, (4.58)



4.5. Cmpyxmypa ceepmoHuiT x0dos 2@

YTO HPUBOJMT K KO,E(O]I301‘;I IIOCHCJiOBaTCJIbHOCTH
{vna)} = {1,1,0,1,0,0,0,0,...}. (4.59)

5. Ecnu nepssiit, sropo#t # geTsepToilt 6urh B (4.59) npunsTH OmIn-
601n0 Kak «0», TO Jiexouep NPMMET pericHue, YTOo Gblia 1epefaHa Hylle-
Bas UHQOpMaLOHHAS 1OC/IEA0BATENBHOCTb. 34CCh Mbl HMEEM I'DaHHY-
HBI ciiy4ail — pasMHOXKEHUe OUINOOK.

6. TTpnsHaKoM KaTacTPodMUHOCTH KOJa SBJISETCH IOSIBJICHUE <«IeT-
14> B MOAUGMUUUPOBAHHON AUArpaMMble COCTOs#HMH, B KOTOPOH COOT-
BETCTBYIOHINE KOJIOBbIE CHMBOJIbI SBJISIOTCS HynesbiMu. Ha amarpamme
cocTosiHnit puc. 4.12 npu nepexosae u3 cocrosiHust S3 B cocrognue S3 BeC
COOTBETCTBYIOLUX KOJOBBIX CHMBOJIOB PABEH HYJIO.

B 3akJI04€HHH DACCMOTPHUM CUCTMEMAMUMECKUE CEEPTNOYHBIE KOTbL.
T KOj1bl UCHIOJB3YIOTCS JOCTATOYHO PEJIKO, TAK KaK B HUX HE JOCTUIa-
eTcs ONTUMAJIbHOE CBODO/IHOE KOIOBOE paccTosiHue df c.. TeM He MeHee, B
HEKOTOPLIX NPUIOKEHUSIX, HALLPAMED, TTPH TPEJVIUCHON MOAYJISILIK, IPH-
MeHEeHUe CHCTEMATHYCCKUMX CBEPTOUHBIX KOAOB BEChMa JKeJaTensHo [12].

IIpumep: Cucremaruyecknit ceeprounbiit (2,1,1)-kon.

CucremaTuveckuii KoJ{ 3a/1aH IOPOXKAAIOWMMI MHOTOYIEHAMK
g=1lugpX)=1+X. (4.60)

1. Hocrpoiite cxeMy Komepa,; '
2. TloctpoiiTe guarpaMMy COCTOSIHHIM;
3. Onpejiemute dfree C MOMOIIBIO BecOBOH GYHKINM KOMA;

4. SIBnsieTcst M KO KATaCTPOPHUECKAM?

Pemenne.
1.

— V|

X
T —

Puc. 4.13. Cxema Kofiepa CHCTEMATHY€CKOrO CBEPTOYHOTO
(2,1,1)-kona.

u X
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7

2.
1711

0100 Q 0 1110

0/01

Puc. 4.14. [InarpaMma COCTOsIHHII CHCTCMATHYCCKOI'O CBEp-
ToyHoro (2,1,1)-kona.

3. Boiuuciiense dfpee ¢ HOMOMIBIO BeCOBOH QYHKIHY.

Hauansuoe
COCTOSHUE

Koteunoe
cocTosHUe

Puc. 4.15. MonuduuuposanHas auarpaMMa COCTOSTHU#M cBep-
To4Horo (2,1,2)-xona.

Jna cocroanuit B y3nax puc. 4.15 UMEIOT MCCTO JiBa PaBEHCTBA

Z, = ID*JZ.+1IDJZ,
Z, = DJ-Z.
CBHBB Mex(,qy BXO4A0OM M BbIXOJIOM onpe,uenﬂerca KakK
D%y
e =DJ——7
Za=D J1 —IDJ™®

4, CJIeIOBATENIbHO, NOJIy4aeM BeCOBYIO (hyHKIHIO

T(I,D,J) = ID3*A + IDJ+ I*’D*J? + BD3J3 + .- ) =

= ID*J? + PD*J® + PDPJ + I*D°J° + -

(4.61)
(4.62)

(4.63)

(4.64)

YYBTBIBasA, UTO dfree ONPEICIAETCS HAUMEHBIIMM NOKa3aTeaeM D B Be-

cOBOM (DYHKIHH, HMEEM
dfree =3.

(4.65)

4. Kox se siiasiercss KaTacTpopHUECKHM, TaK KAK €IMHCTBEHHAS
«HeTJIss» Ha MOTU(DHUUHUPOBAHHON IuarpaMMe COCTOAHHN 00J1a1aeT BeCoM
IDJ n, cnenoBaTesibHO, IIOBBIIIAET BEC KOLOBOI 110CJIE/IOBATCIIBHOCTH Ha,

" eJIMHHUILY.
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4.6. [ekoguposaHua no MakcuMyMy npasgonogobus

. Aas Aekoauposanus cBepTOYHBIX KOJOB MMEIOTCH JIBC aJIbTCPHATHBLI:
IIOCJIEOBATENBHOE JIEKOJUPOBAHMC U ajlroputM Butepbu.

AnrorurMel nocaedocamenviozo Jex00uUPOBAHUA — CTEK-AJTOPHTM
WTH ajroput™ Pano MOTYT. pACCMaTPUBATBCH KAK MeTOAb ITpob H owu-
GOK 1IpK TIOHCKe IIPABAJILIOTO 1IyTH HA KOJIOBOM Jiepese. B psje upuio-
>KCHHH UCIOJIb30BAIHE TI0CJIC/IOBATEILHOIO JEKOANPOBAHUS MOXKCT ObITh
BecbMa, 3 deKTUBHBIM. 151 03HaKOMITEHHS ¢ alrOPUTMAMH TOC/IC/IOBA-
TEBHOIO NEKOMMPOBAHHSL CM. HalpuMep, [5].

B nacrosiinee Bpemst IS IeKOAMPOBAHUS CBEPTOYHBIX KOMOB HCIIOJb-
3YI0T, KaK [PABUJIO, a120pUmm Bumepbu, KOTOPBIH SABJSETCA YaCTHBIM
CJIy4aeM JUHAMHYECKOrO NporpaMMupoBaHus. JuHaMu4eckoe mporpam-
MUPOB3HUE IPUMCHSETCS NPU PCIUEHNH 33429 MATEMATHYCCKOM ONTAMuU-
sannu. OHOM U3 TaKKMX 33/181 SIBJISETCs, HAIPAMED, IPOKJIAIKA HIOCCeH-
HBIX JOPOT Ha MecTHOCTH. B 3To# 3anaue TpebyeTcs MPOJIOKHTb JOPOTH
TakuM 06pa3oM, 4ToOBI ObMIas njivHa 6GbUTa 661 MUHUMAJILHOH. AHAJIO-
rUYHAS 3a/1a4a BOZHWMKAET LPH JeKOJMpOBaHUM cooDIieHui. 34ech poilb
MECTHOCTH WIDAIOT COCTOHHHS Ha CeTeBOH AuarpaMme, a pojb obmel
JJinHbL yT# Oeper Ha cebs HekoTopast MeTpuka. Unea anropurma Bu-
TepOM UHTYMTHBHO BO3HHKACT MPH BHUMATEIHHOM PACCMOTPCHHH CeTe-
BO#l JHAIDAMMBI, II09TOMY, IPEACIE BCEIO PACCMOTPUM LIpHMED, a 3aTeM
3aliMeMCsi TeOPeTHYEeCKUMHE OBO0ImIEHAsIMEL.

IIpumep: JlexonupoBanune ceprounoro (3,1,2)-koma ¢ MCIonn30Ba~
HHEM CETeBOH JMarpaMMBbl.

HcxoaHbiM TYHKTOM ACKOAMPOBAHHSI CIYXKHT ceTeBasi JMarpaMma
puc. 4.8. Mpl npeanosaraeM, 4To kogmpoaa.ﬂue HAYHHAETCH U 3aKaH-
4uBaeTCs B cOCTOAHMM Sp. TloHCK aibTePHATHBHBIX KOAOBBIX IOCAEA0-
BaTeIbHOCTEH CBOAMTCS K IIONCKY aJIbTePHATHBHBIX MyTelf Ha- ceTeBOi
jauarpamme (puc. 4.16.).

IpeanonoxuM, 94T0 B KaHale He MPOU30LLIO OMHOOK, TOrAa Ha Jle-
KOJEP IOCTYIIAET KOJIOBasl MOCIENOBATEIbHOCTD

{rln]} = {vn]} = {1,1,1,0,1,0,1,1,0,0,1,1,1,1,1,1,0,1,0,1,1}.  (4.66)

Kakum 06pazom JIcKOAED MOXKET ONpeelIHTh, Kakasl NI0CeA0BATEIbHOCTD
6bL1a nepenana’?

Jexonep cpaBiuBaeT GUTHI IPAHATOM MOCIIENOBATENLHOCTH C GuTamMu
BO3MOKHBIX KOJOBBIX I[10CJIE/IOBATEJILHOCTEH W BHIOUPAET M3 BCEX KOO
BBIX 1IOCJIC/IOBATENbHOCTEH Ty, koTopas Hanbojiee «I0OX0XKa» Ha NMPUH:-
Ty10. Jlna He3aBUCHMBIX OIUMOOK B KaHaJe MEPOl «IIOXOXKECTH» ABJISETCA
paccrostuue X3MMHHTA.
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Puc. 4.16. Cerepas auarpamma cseprodsoro (3, 1,2)-konepa,
cootsercrByomas (4.36).

CpasHenne paccrosuuéi XaMMUHI'S BCEX KOJOBBIX MOCJE0BATEILHO-
cTelt MOXKeT ObITh 3 HEKTHRHO PEATM30BAHO C MOMOILBIO CETEBOH JMa-

rpammel. Ha puc. 4.17 nokasaH ajiropurM JeKOJTAPOBAHUA M €70 Pe3yJib-
TaThl.

3 3 1 [+ 2 [5]
@ A ﬂ.r\ mm/]m[\ /'|1n|‘\‘ /]on{\
ju oo 2 \ 1 v o2 \

Hauanehoe N

COCTOSHHE Dekonuposannas & =1 =1
Tpuusroiit 110C/IeA0BATEBHOCT
pextop M1 oo 110 o1 1+ 101 on
I + + + + ' . \
' l } 4 5 6 Takr 7

Puc. 4.17. Ceresas auarpaMMa Jekojepa.

Ha nepsoM 1iare BO3MOXKHBI JIBa [yTH M3 HYJIEBOIO COCTOStHMS Sp.
Jekonep, npexje Bcero, CpaBHUBAET HPUHATYIO TPOMKY OGHT C TpOM-
Kamu O6uT JByx BosMmoxkHBIX nytei. Halinennwbie 1pu sTom paccrosiung
X3MMHUHIA SIBJIHIOTCA METPAKAMH 3Tux nytel. Tak Kak ojiH MyThb Be-
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JIeT B COCTOAIHME Sy, a BTOpoil B cocTusiHue Si, B TCKYIMUX PErnCTPax
METPHK COCTOsIHMN Sg u S 3anHCHIBAIOTCA METPHKH COOTBETCTBYIOMIAX
UM myTeit (cm. puc. 4.17). O/iH0BpEMEHHO B TEKYIIHE PETHCTPBI IIyTel
3aIUCHIBAIOTCH NIEpBble Paspsiibl COOTBETCTBYIOUIMX HHQPOPMAIHONHBIX
nocaeaosatensuocreit («0» - st Sp u «l»  Sy).

Ha BTOpoM mrare mcko/upoBaHust U3 Kax/oro coctosanust (S u Si)
TaKIKe BOBMOXKHBI B3 nepexona. Jlekonep npubapisieT HOBbIE PACCTOs-
HusL XaMMHAHTa K TCKYIIIM METPHKaM HpexxHux cocrosinuii Sg n Sy. ITo-
JIy'eHHBle TaKUM 0OPa30oM HOBblE METPUKH 3AHOCATCS B PEIMCTPHI MET-
PHK HOBBIX cocrosHuit Sp, Sy U Sa, S3. B perucrpsr nyreit ITHX COCTOSI-
UMl 3aHOCATCH COOTBETCTBYIOLHE HM TENEPb Y3KE BTOpbLIe HHMOPMaly-
OHHbIE pa3paibl. B KoHue Broporo miara eKoAupoBanus BCe BO3MOXKHBIE
COCTOSIHUMSI CETEBOH JIarpaMMbl OKa3kLIBAIOTCH JOCTHI'HYTHIMH.

Mpeasinywee Mocneaylowmee
COCTOAHHE COCTOSHHE
M ' Haxonuiexnan
CTpHKa 0 3 04+3=3 X 3 b Merpuka
Hym | 11 [0 min
4 / 542=7| - 111 Hpononxenne
nyTH
7NN
@ Merpnka 5 Metpuka BuiGop myT ¢
HanMeHbeH
Hyre 01 MeTpukoH

Puc. 4.18. Beibop uyTH ¢ Hausyqimel METPHKOIA.

Ha TperbeM Inare Aek0/MPOBaHMs LPOHU3BOIUTCA AHAJIOIMYHAS PO~
1eJypa. 34ech, OJ[HAKO, BUCPBbIC OKA3bIBAETCS, YTO B KAXJI0€ HOBOE CO-
CTOsIHUE BEAYT ABa 1yTH. BOT TYT TO U pacKpblBacTCs CYIUHOCTb JIHHA-
MUYECKOTro nporpaMMMpoisaHnﬂ. B xavecrBe 1puMmepa ua puc. 4.18 pac-
CMOTpEHa [POLE/Ly DA JIEKOIMPOBaHHsI HOBOro cocTosiHust S3. B HOoBoe co-
crosiiue S5 MOI'YT I€PEXONUTD /1B IPEKHUX COCTOSHUsA S1 U S3 ¢ Ipupa-
HICHUSIMH MCTPHK, paBHLIMH 2 U 3 cooTseTcTBeHHO. C yHCTOM IIPEXKHHUX
3HaYeHMi, HOBbIE: METPUKH 1y Teil paBHbl: OT COCTOsTHUMS S) ~ 7 # OT cO-
CTOsIHUsL S3 — 3, 1103TOMY, Ha TPEThEM LIare IEKOAMPOBaHHs, B KadecTBe
[IpeIIECTBY IOLIEr0 HOBOMY COCTO:HHMIO S3, Mbl BLIOMpaeM npexHee CO-
cTosiHHe S3. METpUKY HOBOTO COCTOSIHMsI S3 lLojiaracM paBHOH TpeM H,
B KA4€CTBE TPETHLEI'O HH(POPMALMOHIIONO Pa3psjia, BhibupaeM OHT liepe-
xoga S3 — S3, pasubiit «l». JanbHeiinlee npupamesuc MeTPHK MyTei,
BBIXO/ISIIMX M3 COCTOSIHMA S3, He 3aBUCAT OT MeTPUKH S3, HAKOILJIEHHOI!
Ha TpeTheM Miare, 1103TOMY, Ha TPETbeM HIare JeKOJUpOBaHHsA, Mbl MO-
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JKeM cMeNlo oTOpocuTh nepexoy S1 — S3, Kak obiagatowmii 60s1b1ei
METPHKOM, ueM tiepexon Sg — Ss.

TakuM 06pa3oM, CYLHOCTb AHHAMUYECKOTO IIPOIPAMMMPOBAHNS 3a-

JIIOYAETCS B TOM, 4TO Ha Kaxk/IOM Liare JIEKOAUPOBaUs 110 ceTeBOH aua-

rpamMMe sl KaxK/I0r0 COCTOSHNSA MBI BLIOMPaeM €/IMHCTBEHHBIH, BTeKalo-
Hiuli B HETO 11yTh C MUHAMAJBHON MeTpUKOH (B CJiy¥ae paBHBIX METPHK
BLIGOP OJHOIO M3 ABYX IYTeH OCYLIECTBJSIETCH MPOM3BOJILHO).

Jagpueiiinye marv 4eKoAUMpPOBaHusL NPOU3BO/INATCH aHas10rn4yHo. [Ipu
[IPAKTUYECKOI peasn3aliuy IpOlece AeKOUHPOBalHA B JJAHHOM IIpUMepe
MOXKHO CYINECTBEHHO ynpoctuThb. U3 puc. 4.7 BU/HO, 4TO yXe Ha Tpe-
ThLEM LIAI'€ BCEM COCTOSTHUSIM TIPEIIECTBYET Hepsbiil 6ur nHbOPMAUMOH-
HOM I110CJI€/IOBATENILHOCTH, PaBHBIl «1», MO3TOMY, LIEPBbIH MH(pOPMaIH-
OHHBI CHMBOJI y>Ke MOXKHO BbLIATL NOTpeburenio U B JajbHeHIueM He
Y4UTHIBATL. TAKHM 06Pa30M CHMXKAETCH JIIMHA PEIUCTPOB MyTH JIEKO/IC-
Pa 4 YMEHBLIIAETCS BPCMS 33/IePKKY Jiekodposanusd. OKouyaresblo, Ha
7-0M HIare JIEKOIUPOBaHUsi MBI BLIOHPAcM B COCTOSTHUA Sy 11y Th, 00J1a,1a-
oM HanMeHrbliel MeTpukoil. Co/iepKUMOoe Perucrpa, UyTH COCTOSHUA ™
So AOLHCBIBAETCA K PAHEE [TPOAEKOAUPOBAHHBIM HHGMOPMAIMOHHBIM CHM-
BOJIAM U, T€M CaMbIM, ITPOIECC AEKO,MPOBAHMS 3aKAHYMBAETCS.

PaccMmorpennslii 11puMep packpbIBaeT OCHOBBI ajropurma Burtepbu.
TIpouecc nexo/upoBadus MO MAKCUMYMY [IpaBioniofobus 06o0maer puc.
4.19. st Harnsi{HOM HHTEPIPETALMHA 1IPEJICTABAM KOJOBYIO MOC/IE0Ba-
TeJLHOCTh B BHAE BeKTOpa V = (g, U1, V2, . . .).

HndopmannonHoe Konosoe Ipuusitoe Jexoanposannoe
C10BO cnoso €A0BO
u Kaan r Vlekoaep §
[CBEPTOYHOIO
Kkoza
Koamposanne Jleko1MpoBaHHHE MO MAKCHMYMY NpaB1onoaoGus
N
— OroGpaxenue 2 BOIMOKHBIX ABOHUHBIX — Buifop nanGonee sepostioro
HHBOPMALHOHHBIX CIOB B AnHHB N B KOZOBOTO CAI0BA H3 . 2" BOIMOMKHUX
N
27 BOIMOXKHBIX KOJOBbIX C10B V NPpH H3BECTHOM NPHHATOM CI0BE T

Puc. 4.19. [exkoampopaHue 0 MaKCHUMyMy NPaBaono/o6ust.

3aa4y dexodepa marcumaivtozo npasdonodobus (MIT) moxBO chop-
MYJHPOBATh CeAyoWnM o0pa3oM: uMes IPUHSTHIE BCKTOp T U3 BCCX
BO3MOXKHBIX CJIOB V, UPHHAJIEXKAIIMX KO/, BLIODATL Takoe V, jis KOTO-

poro
P(r/v) = Jax P(r/v). (4.67)

Pemenue 3anauu gekoauponanust mo MII 3asucut oT seibpannoii mMo-
JeJiM KaHaua. Jlis MCTOUHMKOB M KaHajloB 6e3 namsTH ( HaupuMmep, s
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kanana ¢ ABI'II) aasaua yupomaerca. B 9roM ciy4ae Liepesaya oTiems-
HbIX OUT KOZI0BOM 1OC/IE10BATC/ILHOCTH JUTHIEL J [IPOMCXO/IAT HE3ABHCH-
Mo. BmecTo Toro, uro6ul nas seraucnenns P(r/v) paccMaTpuBaTh BCIO
T0CJIEJOBATELHOCTE, Mbl MOXKEM CBECTH Berdmcienne P(r/v) k unpous-
BEJIEHMIO YC/IOBHBIX BEPOATHOCTCH OTAENBHBIX GHT

J-1
P(r/v) = [] P(rj/vy). (4.68)
L _

C TouK#M 3peHHs TEXHUYECKUX 3aTPaT, IPOU3BE/ICHHE YCIOBHEIX BEpO-
saTHoOCTel ynobuee csecTH K cyMMe ux Jjiorapudmos. Jlorapudmuueckas
(PYHKLMA FBJISIETCS. MOHOTOHHOH U He M3MEHSIeT COOTHOLICHHE MeXIY
BEJIMIMHAMH YCJIOBHBIX BEPOSTHOCTCH KOJOBBIX IOCJIEAOBATEIBHOCTEH.
B srom cnyyae, qus aozapupmuneckoti Pyrnwyuu npasdonodobus, (4.67)
upeobpasyeTcsi B paBEHCTBO

J-1
log P(r/¥) = Jnax HO log P(r; [v;). (4.69)
=

Hna kaHanoB 6e3 NaMATH JIEKOJAUPOBAHUE 110 MAKCHMYMY LIPABIONONO~
Ousi MOXKET OBITH PEAJIM30BAHO € IIOMOIIBLI0 alropuTMa Butepbu ¢ Hau-
MEHBIINMHU 3aTPaTaMu. BBelJeM cliefyiolue BCIIOMOraTe/IbHbIE BEIUYH-
HbL:

1. Mempuxy KomoBO# 110CACA0BATE/LHOCTH V;

M(x/v;) = log M(x/v:); TR ()

2. Ilpupawernue mMempuxu, KaK BKII3J| j-Olf KOMIIOHEHTbI
M(r;/v; ;) = log P(rj/vi ;); (4.71)

3. Yacmunmnyio mempuxy, Kak MPOMEXKYTOUHYIO CYMMY

k-1

Mi(r/vi) =3 M(rj/vi;)- (4.72)

Jj=1

Pabora sekosepa Butepbu nokasana Ha puc. 4.17 u 4.18. Ina xax-
JIOr0 COCTOSIHMS BBIYMCJISIIOTCS METPUKH BCEX BJIMBAIOIIMXCS B HEro Imy-
Teii. Bemuuna npupamenut METPUK 3aBUCHT OT MOJied KaHada. Huxe
6yayT IpeicTaBJieHb! J[BA HPHUMEpa BbIYMC/IeHUs Merpuk. Jlas kaxmo-
IO KOHKPETHOTO COCTOSIHHS BEJIMYMHA MPUDAILEHHH METPUK BBIXOJAIIMX
U3 HEro myTelf He 3aBHCHT OT METDHK IyTelt, BiuBatoiuxcs B Hero. Ha
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Ka’K/JJ0M TAKTE JJIs KAXKJIOrO COCTOSIHUSI M3 BCEX IIyTed, B HCI'O BIIMBAlIO-
IIMXCs, JICKOAEP BHIOMpacT sl IPOIOJIKEHHS € MHCTBEHHBIN 11yTh, 00~
najaomuil Hanbonbmedt MeTPUKOii.

Tocae Toro, kak anropat™ Butepbu omucan B 00X YEPTax, MOXKIIO
OIICHUTDb €0 CJIOKHOCTb.

1. Jlas pekonepa ¢ namsaThio M cymectyer 2M BO3MOXHBIX coCTO-
AHUMA.

2. Ha kaxxJioM wiare JICKOAMPOBALHSL OILPEIEJISIIOTCS 2M+1 ppupae-
HUA MeTpuK. YacTu1Hble METPHKHU [IOJICYUTHIBAIOTCH U CPaBHUBA-
HOTCH.

3. Ha kaxaoMm mare JeKOJMpPOBAHUS B IAMSTb 38HOCATCH oM yKasza-

Tenecit nyTeil ¢ YACTUYHLIMH METPHKAMM 3THX IyTeH.

MoxkHo 3aMCTHUTDb, YTO CJIO2KHOCTb ICKOAEpa Bu’rep6n IKCIIOHEHIIHAJILHO
BO3DACTaCT C POCTOM LAMSTH IHEKO/ICpa.

IIpumep: Merpuka jekojicpa npu nepeiade uugopMaluu 10 JBO-
uwaoMy cuMMerpuaHoMy Kanaiy (JICK).

Jsouunbiii kanan 6e3 namsatu (JJCK), no onpenesenuo, sisasercs
KaHAJIOM, B KOTOPOM Nepe/IaBaeMbIC OUTLI HCKAXKAIOTCST HC3aBHCHMO JDYT
OT Jipyra. ¢ BeposiTHOCThIO € (cM. puc. 4.20).

Hcrounnk X : Hctounnk Y
i-£
Xy Yi
£
£
X2 [ Y2

Puc. 4.20. Tnarpamma nepeaaud uHOPMAIMH 10 IBOHTHOMY
CHMMETPUYHOMY KaHAJTy.

ITpu jgekoaupoBaHumM 110 MAKCHMY IPAB/ONOI00HS CPABIMBAIOTCS
YCJIOBHBIE BEPOSITHOCTH KOJOBbIX <JIoB (4.67). YeyioBHAs BEPOATHOCTD
coObITHsI, IPY KOTOPOM [iPU NEpe/iaye CJIOBA V; IPUHAMAETCs CJIOBO T,
ana JCK onpegensiercs Tonpko paccrosiuueM Xommunra dg (r, v;). Ecan
JAJIMHa KOJOBOM NOC/Ie/I0BATENILHOCTH PaBHa J, TO 9Ta yCJIOBHAsS BEPOST-
HOCTb PaBHa HPOKW3BEJCHUIO BEPOATHOCTEH MCKaykenus dy(r,V;) ABOWY-
HBIX CHMBOJIOB M npasuiibtoro mpuema J — dp(r,v;) 6ur. [lepexons k
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JiorapigMuaeckoit GbyHKIME NPABIONOZO0US, UMeeM

log P(r/v;) = log(e®# (V9 (1 — g)-dn(rvi)y = (4.73)

£
1_€+Jlog(1—e).

=dy (I‘, vi) IOg

Pesynbrar Moxer GbiTh cyliecTBeHHo yupoiueH. [Tapamerpst J u € He
33BUCAT OT NEPEAaBaeMOro coobIICHUS M, IOITOMY, HE OKA3bIBAJOT HHKA-
KOT'O BJTUSHMS Ha DELLICHUE ACKOJepa. ITO 3HAMUT, YTO BTOPOE CJaraeMoe
B (4.73) MoxeT 6bITH 11POCTO OmyLucHO. B ocTasmemcs IIPOUBBCACHUH CO-
MHOXHTEND log 7= ABJIAETCA KOHCTAHTON M MMeeT OTPUIIATENBHOE 3Ha-
yeHue npu € < 0,5. Ecay ero orbpocuTsb, TO AEKONCP JOMKEH HUCKATh
KOJIOBOE CJI0BO ¥ He ¢ MaKCHMAaJIbHOH ycioBHOH BeposThocTsio p(r/V), a
¢ MUHAMANBLHLIM paccTosiuveM XsmMutra dy(r, V).

TakuMm 06pasoM, IPABAIO PELUEHAS NEKOAEPAa MAKCMMAJILHOIO HIPaB-
Jonopobus s JJCK MokHO copMy/THPOBATb CJIE/YIOLM obpasom:
JIEKOZIep MILET TAKOE KOJOBOE CJIOBO V, JIIf KOTOPOro

dg(r,v) <dg(r,v) V vE xony. (4.74)

Ecsin uMeeTcss HECKOJILKO TAKHX KOJIOBBIX CJIOB, TO M3 HUX HPOUBBOJILHO
BbIOUpaeTcst Jioboe.

3ameuanue. Paccmampusas 6 npedudyuiem npumepe pabomy dexodepa
Bumepbu, mbi unmyumueHo NPAGUABHO UCNOAL308AAL MEMPUKYy Xom-
smunza. Teneps mol ybeduiuct 6 mom, 4mo 0exoduposanue no Kpumepuo
Makcumasbhozo npasdonodobus ¢ JCK ceodumcsa x noucky xodoeozo
CAOBG € MUHUMAADHbM paccmoanuem Xommureza do npunamot nocae-
dosameabHoCmu.

IIpumep: Jdexonuposanue Burep6n cseproutoro (3,1,2)-xoma upu
uepe/ave ungopmainu no JCK. '

PaccMOTpMM JIeKOIMpOBaHUE 1O MaKCUMyMy HOpaBAONoOAobust ¢ 10-
Moubio anroput™Ma Burepbu pas JCK. JlanHbit upumep aHaJorndeH
TIPEARI LY IEMY 38 MCK/IIOUCHHEM TOIO, 4TO B NMPHHSTOE COODIIEHUE BHE-
CeHb! OMUOKH.

Ipouecc JeKoaMpoBaHHs 3a1y MJIEHHOI'O KOJIOBOrO CJIOBA 1I0KA3aH Ha
puc. 4.21. B IIpHHATYIO 110CNEI0BATENLHOCTb (HUXKHSsA vacTb puc. 4.21)
BHECEHBI NATL OMIMO0K (HAa PUC. OHHM BbIJIEJEHbI XHUPHBIM MpHGTOM).
JlexoqupoBanyie NPOUCXOMNT AHAIOINYHO NpeAbLayueMy TipuMmepy. Pas-
HMIA 33KJII0YSeTCH B TOM, YTO Ha TPETheM IHare JEKONHPOBAaHHS B CO-
cTosiuK S AJis IPOJOJIKEHHs BbIDHpaeTcs I1iyThb, BeyHWHH Ha BTOPOM
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mrare U3 cocrosHua Sy B S W, MOSTOMY, Ha TpPeTheM Wiare JCKONUPO-
BAHMS He IPOUCXOAMT COBNAJICHMs [ICPBOrO MPHHATOro GuTa Jyid BCEX
cocrosuuil (Kak 3To 6b10 B HpeBLlynieM npuMepe). Takum obpasoM,
1epBbii undopManuoHibIil GUT e MOXKET GbITh BhLIAH NOTPEOUTENIO HA
Tpetbem mare. Kak BUAHO, B HalleM CJIyYae HaJIMHHe IIyMa IPUBOJMT K
33,1epKKe npoliecca JeKopuposanusi. VI3 puc. 4.21 cneayer, uro nepsuift
nHOPMALHOLHbIH 61T BbLIGCTCS NOTPeGHTENO TONBKO Ha NATOM LIare.
Jaitec, Ha HICCTOM IJare BBLLIAIOTCA cpa3y TPH GHTa, COBHA/IAIOWIAX YISt
BCEX COCTOHAHUI, W, HAKOHCIL, HA CeJIbMOM, NOC/IeJHeM 11are JCKOJHPOBa-
HMA K HUM J06aBASIIOTCA HeAOCTalomue OUThl. 3aMeTHM, 4TO HECMOTPS
Ha HAJTMYHe D OIMGOHBIX OUT B KO0BOM CJIOBE, BCE OIIMOKH MCIPABJIS-
10TCs {CJIOBO LIPOAEKOIUPOBAHO NPABUNBHO).

Hasaios Yty iz} = 1.0,0}
“g:'(:‘f‘,g“ 1o 10 t o 0 01 001
’ R . . . . . .
t —+ + + + — —f>
0 ! 2 3 4 5 6 Tacr 7

Puc. 4.21. [exonupoBaiue 1Mo MakCHMyMy NpaBionodobus ¢
JIOMOLIBIO aJiropuT™Ma Butepbn.

3aMeTHM TaKxke, YTO NpU MPaBWJILHOM JEKOAMPOBAHMH, METDHKaE
HafIECHHOTO IIyTH NMOKA3bIBaET YHCJIO OMIMGOK B LIPMHATOM CJIOBE. JT1a
uHpopManus MoXkeT OLITh MCIIOIBL30BaHA JUls OUEHKH HAJIEXKHOCTH, IPO-
JEKOIMPOBaHHOrO coobmieHust. Hakouell, 4HCIO MCIPABIEHHBIX OINH-
60K MOXKeT CJy>XHUThb HHIMKATODOM KadecTBa KaHasa. Tak, Hanpumep,
MEeTPHKA IIPOJEKOHPOBAHHOIO CJIOBA MO3BOJISIET CBOEBPEMEHHO OOHapy-
>KUTh PE3KOe yXyAlleHHe Ka4eCTBa KaHalla U [IPUHATH COOTBETCTBYIONMUE
KOHTPMEpHI.

IIpnmep: MeTpuka Jekosiepa IpH nepeziate MHGOPMALIH 110 KAHATY
¢ auUTUBHBIM GenniM rayccoBckuM mymom (ABTTIN).
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IIpn nepenade uncdopmanuy 1POTUBONONIOKHEIMM CHTHAIAMH TIO Ka-
naxy ¢ ABTIII u npreme ¢ HOMOIBIO COTIACOBAHALIX (DUILTPOB UCIIOJb-
3yeTcsi MOze/lb KaHaJla CBSA3M, [IPEACTABJICHHA Ha puc. 4.22 (em. YacTs
I, paspen 7.5.2). Cornacho puc. 4.22, oTjenbHBI GHT KOOOBOTO CJIOBA
«l» umn «0» nocne nepesaun 1o Kanaay 6€3 mymMa U JETEKTHPOBAHMS
NPHHAMaET aHaJIOroBOe 3HadyeHHe o Wid —ry. V3-3a Haumuus wyma B
KalaJie NPOJETEKTHPOBABHbIH CHIHAJ I Ha BbIXOJE NIPHEMHMKA SBJIAETCSH
HEHPCPBIBHOH CTOXaCTHYECKOH repeMeHHOH C yCOBHBIMH ILIOTHOCTSMH
pacnpefenenns sepoaTHocTel, pasHbiMu f(r/1) f(r/0)

Puc. 4.22. VYcioBuble 1IJIOTHOCTH pacHpele/leHnsi BepPOsITHO-
cTelf MPOAETEKTHPOBAHHOIO CHIHAJa I MPU 1epe-
Aave IMPOTHBOMOJOXKHbIMH CHTHAJIAMH 110 KaHATY €
ABTI. '

r 2 .
/0) = < exp (-2 ) )

1 (7" - 7‘0)2
1 = m——_— —_—— .
f(r/1) s exp ( 572
Sameuanne. 3naueHua ry U 62 306UCAT OM Kanaia nepedavy un@op-

mayuy. Hpusedennwie 8 npumepe paccyorcienus Mocno 06obuums u Ha
cayuatt M -uuHbT cuznaaos U UCTLOAB306AMY MOM GHAEACSUNHYIO MEM-

puxy.
ByzneM nmpeaionarats, 4ro «1» u «0» nepejaroTcs HE3aBUCHMO JPYT
OT JpyTa c BeposTHOCTAMH, paBubiMu 1/2. Kanan ¢ ABI'II Takxe sas-
NFeTCA KaHajIoM 6e3 MaMsATH, MO3TOMY, VISt JEeKOJep3. MaKCHMAaJILHOro
MpPaBJO0J06HS IIPHPAIIEHHE METPUKH MOXKHO OIPeNeMTh KAk

T T 2
M'(r;/v;) = log P(rj/v;) = log [\/—1——— exp (—(—%20—))] . (4.76)

2ro?
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rae +rp upd v; = 0 n ~rp npu v; = 0. Bepaxenue (4.76) moxKHO
YIPOCTUTD
+17p)? 1
log P(rj/v;) = —(—TT‘TZ‘Q loge — 3 log 2n0?. 4.77)

Tak kak i1 Aekogepa MIT Bce KOHCTAHTBI HECYIIIECTBCHUBI, HX MOX-
HO OTOPOCUTD, OITOMY, €3 TToTepy ODIIHOCTH, B KaYecTBe IPUPallleHus:
MCTPHKM MOXKHO HCLOJIB30BAaThL paccrosinue Eskmuia Mem:u,y 1IPOJETEK-
THPOBAHHBIM CHI'HAJIOM I U 3HaueHusMU +7(

M (r;Jv;) = —(r + 79)>. (4.78)

MoxHO npousBecty fajbueiinue ynpoienus. U3
(r+rg) =712+ 2rrg 4+ 13 (4.79)
crejyer, 4to nis pekogepa MI npupaiueHue MeTpHKU MOXKHO CBECTH K

—r paa vy =10

+r s vy =1 (4.80)

M(r; v;) = {

TakuM 06pa3oM, ITpH BLIYACIEHHH NMPUPAIICHHI METPUK HyYKHO TOJIb-
KO y‘{PITbIBaTb 3HaK HepeMeHHOﬁ r.

3a.METPIM, YTO MeTpl/IKa lleKOﬂ,epa ABJIAETCH HeﬂpeprBHOﬁ BeJIM4YU-
Hoﬁ. B ITOM CHy‘Iaﬁ FOBOpﬂT 0 MATKOM peLL[eHPlH ,H,eKO,LLCpa, B OTJIMYKYU OT
KeCTKOoro pemeﬂﬂﬂ, Hp]/l KOTOpOM npOJLCTeKTMPOBaHHBIﬁ CUT'HaJ1 KBaHTy—
erca ua ABa ypoBHst «0» ¥ «1». Huzke upuBoauTCcs npuMep HpaKTUde-
CKOﬁ peaJI“f;a.U,Mﬂ ,&eKOAepa BMTep6H C MATKHUM peIﬂeHHeM, r[pI/l 3TOM, B
JaCTHOCTH, y'ﬂdTbIBaeTCﬂ CJIOZKHOCTh peaﬂﬂi’}allﬂﬂ. BO MHOI'UX leaKTH'
YEeCKUX IlpHMeHeHHHX, HaIIpHMep, B N106PlﬂbH0ﬁ CBsA3H, llpe,ﬂ'}xﬂBJIﬂlOTCﬂ
IIOBbLIIIIEHHbIE Tpe6OBa.lIl/Iﬂ K CTOUMOCTHU ,LLeKOJLepa. O‘{eub qacro JeKo-
JCP 1peICTaBIseT co60i HHTCIPAIbHYIO CXEMY, PA3MEIEHHYI0 B OIHOM
YHUIIC. Ba)KHle pOJIb HFpa}OT TakK 2Ke HaIc>KHOCThb B 3KCIIJ'IyaTa.HHH H MH-
HUMaJibilasd MOHIIHOCTDL IIpﬂHI/IMaCMOI‘O CUT'HaJ1a. B CBSI3H € yKaSaHHbIMH
TpebopanusIMU, PE3PabOTINKY JEKONEPOB CTPEMATLCH MUHMMU3NPOBATD
HX CJIOXKHOCTH ¢ MUHUMAJIBHLIMU HOTCpHMH 3(b(beKTI/lBHOCTH, "pH 3TOM,
OCO6le poﬂb Pll"p‘d.lOT HEJIOUHUCJTIEHHOC IIpelIC'I‘aBJIeHl/Ie MCTp[/lKH U I[pO‘
cTOTa apu@dMETHYCCKUX Ollepaluil J1eKoUPOBAHUSI.

yllpo[][eﬂﬂble ,LleKO}Iepr TIO3BOJIAIOT peaJIPl:}OBa.Tb Cy6OIITMMaJIbeIe
peIHeHHH. BO MHOI'MX npuMeHeHI/Iﬂx ,ILOCTHFHyT pa:inHle KOM"pOMI/ICC
Me)Kjl\y CJJOKHOCTBIO ,LLeKO;I,epa B“Tep6ﬂ C MSATKHUM péIHClIHeM U MHUHH-
MaJIbHO MOIH,HOCTblO rIpPIHIdMaCMOFO CUrHiaJia.
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Ipumep: lexoncp Burepbu ¢ MATKHM pelieHdeM /JUisl KaHaJa C
ABTTIL

f0) fi faiy.

]

!

T
-ro 0 ro r
Puc. 4.23. KpanropaHve OpUHATOrO CHI'HAMIA.

ITycrs uHOPMAIMS HCTOMHHKA C DABHOMCDHBIM Daclpe/le/ICHUCM
cumponos «O» 1 «1» mepeaaercs no xanany ¢ ABI'II B stom cayuae
f1a BBIXO/IE COT/IACOBAHHBIX (DUILTPOB PHEMHMKA MBI 1HOJIyHaeM Ipoje-
TEKTUPOBANHBIA CUIHAN T C HOPMATBHEIM DACTIPC/AS/ICHUCM NAOTHOCTER
yeaopnbix BeposiTHoctedt f(r/0) u f(r/1) (puc. 4.23). Bmecto »xecrko-
1'0 PelllcHUst, TIPH KOTOPOM YCJIOBIIble BCPOSTHOCTH KBAHTYIOTCS Ha JBa
YPOBHS, PACCMOTPUM PeasIN3allHio JIEKO/IePOM MpOCTeiilliero MArKOro pe-
nrennsi. JIpy TaxoM perlieHnn Ha BXOJ, JEKOAEpa NOCTY AIOT CHMBOJIBL KO-
nosoro caosa «0» u «1», umeomye iy, pasiyio apyM 6mntam. Takas
nndopManus COOTBETCTBYeT 4 YPOBHAM KBAHTOBAHUS TEKYLIMX 3HaYe-
Huit nepementofi r (cM. puc. 4.23). Jononsurenbupiit ABOWUHBIA Paspal
BXO/IHBIX CHMBOJIOB TIO3BOJIHCT Da3/iHiaTh «XODOUIME» W <«IJIOXHCy Ou-
Thl. CMBICT TakoH rpajialiid COCTOMT B TOM, 4TO €CJIM I€PeMeHHasd I
AMeeT NOJIOKHMTE/ILHOE 3HadeHue, ovenb OnU3Koe K HYJIO, TO BEPOHT-
HOCTH «1» JIMIIL HEMHOrO IpeRbImaeT pepoaTHOCT «0». B atom ciyuae
AIMECT CMBICJST TOBODUTb 0 «HCHaJeXKHOM» Wiy «Iijioxolty exuunue. Ecim
3HauCHHE T TNPEBHIILAET T, TO ¢ GOMBIION Jonell YBEePCHHOCTH MOXHO
yTBePXKAaTh, 4T0 ObLIA IIPHIATA €/IMHINA.

Bameuaune. Hnmepeais K6GHMOBAHUA Nepemennot T Ouat 6u0paHyL
UNMYUINUBHO, 0AR MO20, ¥MOBYH NPOJEMORCIPUPOSATID PERAUIAUUN0 de-
xodepa Bumepbu ¢ MAZKUM DEULEHUEM. ’

Tlpn MATKOM DellleHUH C MMHMMAJbHBIMHM TeXHHYECKHMH 34TpaTa-
MH /151 TIofcdYeTa NpHpallenuit MeTpuk GyneM HONL30BATbCS Tabnuneit
4.7. B 9TOM Cilyvae TCKyliiee 3Ha4eHUe METPUKY PaCCMaTPHBAEMOIO Ty TH
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Ta6nauna 4.7. Tabauna npupalueHnit METPHK.

Mpunsarsit cumpost  [Ipupamenue merpuku  KomeHrtapwmit
0 1
00 — Og 3 0 «XOPOIIHi» HOMb
01 — 0b 2 1 «ILIOXO#» HOJIb
10— 1b 1 2 «ILNOXAfA» eIMHULIA
11 — 1g 0 3 «XOpoIas» eIuHHUIIA

GyJeT CKTABIBATHCA C HEKOTOPBIM LEJIBIM 4HCJIOM M3 uHTeppana |0,3[.
Bri6op 3T0r0 umcsia 3aBMCHAT OT ypoBHsS KBaHTOBaiiMsi, B KOTOpPBIH no-
118Ja€T TPOJETEKTUPOBAHHBIA CUTHAJ T M TeKYILEro 3HaYeHus: KOJAOBOI0
CHMBOJIa aHAJIUZUPYEMOTO yYaCTKa NyTH.

\
N3
T4
N
o
\
N AN
5 6.
m
. m——— lesne iaal
" 3 [W000] 3 [eeele
avansHoe
COCTORHHE Koneu
Hpuustoe
CIOBO  Ibiglb  Ibighb @bighh Iblgiy igiblg  Ibdblg 1biblb
0 1 T2 3 4 5 6 Takr !

Puc. 4.24. [exonuposanme ¢ noMonibio anropur™Ma Burepéu
C MATKHM DEHICHHEM.

Pacemorpum unciioBoi pumep paGoThl JeKofepa ¢ MATKHM PellieHH-
em. Ucxonuple JanHble J1J1st 9TOrO IPUMEPA, TIOMYYeHB MOAEIMPOBAHHEM
HA KOMIIbIOTepe Kanana crg = 1 u o2 = 1 /2 v ceeaennl B Tabuny 4.8. B
LIepBOH cTpoKe 3Tolt TabIUuBl IPUBEEHa, TepeIABaEMas KOI0BasH HOCTe-
JAOBATENbHOCTh, HAECHTHYHAA DACCMOTPEHHON! B LPEAbILYileM MpHMEpE.
Bropas cTpoka TPaHCIOHHPYET 3Ty TOC/IEN0BATE/ILHOCTb B BUIOASPHbE
CUrHAMB! «1» u «-1». Tperps CTPOKa COAEPXKUT 31a4CHUSA IPOJETEKTHPO-
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TaGauua 4.8. Iepegaua undopmauun no kanaay ¢ ABI'IIT u
fIpHEeM C KBaHTOBaHHEM IIPHHATOrO CHrHaja Ha 4

YPOBHSI.
n 0 1 2 3 4 5 6 7 8 9 10 11
Konoruie 6urnl 1 1 1 0 1 0 1 1 0 0 1 1

Bunonspune cumponr 11 1 -1 1 -1 1 1 -1 -1 1 1

Hpunsto 0,3 20 04 04 12 07 -0,5 1,0 -0,7 0,4 14 22
Msrkuit Bxos b 1g 1b 1b 1g 0b Ob 1g 0b 1b 1lg 1g
n 12 13 14 15 16 17 18 19 20
Kounosele 6urhi 11 1 0 1 o0 1 1 0

BunoaspumecumBosir 1 1 1 1 -1 1 -1 1 1

Ipuuaro 14 05 1,3 0,3 -00 1,0 00 08 1,8
Msrkuit Bxoa g 1b 1g 1b Ob 1g 1g 1b 1b

BaHHOI'O CHIHAJIA I, IIOJyYEHHBIE MOJICIAPOBAHMEM, H, HAKOHEL, B 4eT-
BEPTOH CTPOKE COAEPKATCS BXOAHbIE CHMBOJIBL Jekodepa u3 Tabm. 4.7,
COOTBETCTBYIOLIME EPEMEHHOH T M3 LIpeAblAyInell CTPOKH.

Iponece JekOAMPOBaHUA Npe/ICTas/ieH Ha puc. 4.24. Bxoxubie cumpo-
JIbl TIOCJIEJOBATENBHO CONIOCTABJSIIOTCS ¢ ABOMYHBIMU KOJOBBIMU CHMBO-
JIAMH HCCJIeYEMEIX IIyTeH H, B COOTBETCTBUHU C TabJ1. 4.7, BBIYHCIAIOTCA
METPHKH 3THX nyTei.

Ha nepeoM ware [exoj(HPOBaHUs Ha BXOJ ,ueKo;Lepa noCTynaer mo-
CJIeJI0BATEILHOCTb CUMBOJIOB «1b, 1g, 1bs. B 3TOM citydae MeTpHKa nyTH,
conep:xaiero Kogosele cumBoiibl <0, 0, 0», pana 1 0+1=2, a MeTpu-
ka myTi «1, 1, 1» paBHa 2+32=7. Yem Gosblile METPUKA, TEM BbiIIE
cTeneHb COOTBETCTBHS IIPUHATON 110CTIEJ0BATEILHOCTH KOJOBbLIM CHMBO-
JIAM HCCJIe[yeMOro MyTH | sl JaJIbHeHAIIero mpojJoJKeHus Buibupaercs
IIyTh ¢ HaubOJbILEH METPHKOM.

PaccMoTpeHHRIit IIpUMep NOKa3biBaeT, 4To jeKouep Burepbu ¢ mar-
KHM DEIIEHHEM MOKET ObITh peajiM30BaH C IIOMOMIbIO LEJOYHCAEHHOM
apidMeTuki. BLIUrpBID OT IPHMEHEHUS MATKOIO PelieHUst MOXeT ObITh
JIOBOJILHO CyIIECTBEHHBIM. IIpakTiKa MOKa3bIBaeT, YTO B PEaJIbHBIX CH-
CTeMaX CBSI3H NEPEX0]], OT XKECTKOTO PEleHNst K MAI'KOMY C KBAHTOBAHH-
€M TPOJETeKTHPOBAHHOTO CHrHAJIA Ha 23 = 8 ypoBHeli I103BOJIAET 1IOJ1Y-
YMTh JONOMHATCIbHbLI BblHI‘prII.I B OTHOLIEHMHM CUTHaJI/ILyM, DaBHBIH
2,5 1b.

CremyomuM BayKHbIM I1apaMeTPOM JIeKolepa ABJISIETCs JUIHHA. 3a-
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LIOMuHaeMoro IyTH. Kak mpaBuiio, 3Ta JUIMHA 38JaeTcs paBHOl 3 — 5
JUIMHaM KOJOBOI'C OrpaHp4eHusi BbiGpaHHOro cBepTouHoro koja. Ecmn
MPOUCXOAUT IIEPETIOTTHEHHE TaMATH, DABHOMN IIPOU3BEIEHHMIO YHCJIIa COCTO-
SIHUH JIeKo/iepa Ha JUTHHY 3alIOMMHAEMOI'C IIYTH, TO IIPHHHMAETC IIPHHY-
JNTE/ILHOE DENICHHE O CTAPIIUX JEeKOMMPOBAHILIX CHUMBOJAX. 1aK0e pe-
enge MOXKeT ObITh NPUHATO, HAIPUMED, BBIGOPOM IyTH ¢ HaMJly4uie,
Ha MOMEHT IIPHIISITHS] PEeIeHus, MeTPpUKO#. B naneM nipumepe HpH jiiune
KOJOBOI'O OTPAHMYCHMA T = 3, JJIMHA 3allOMMHAEMOI0 IyTH JOJIKHA
cocraBnsaTh 9 - 15 6ut. IIpn HeGosbinol 1ybune JeKOIMPOBAHUS CHU-
JKEHUC STON JVIMHBI MPUBOJNT K PC3KOMY CHUKEHUIO KOPPEKTHDYIOIEi
C110COBHOCTH KOJIA.

MsIrKoe peIlleHMe HCHOJIL3YCTCsl TAKKe 1P JCKO,IMPOBAHHN myp6o-
x0doe, 0bJIaJA0IINX YHUKAJIbHLIMU cBOHCTBaMU. MoaudunuposanHblit
Jexouep Burepbn ocymecTBiseT JEKONUPOBAHME KaXOTO MPHHATOIO
6uta HO MaKCcUMyMy amocTepuopsoili sepositinoctd (MAP). st sto-
IO Jjis KaXJIOro GUTa BLIYMCHASIOTCH AllOCTCPHOPHBIE BEPOSTHOCTH €10
uaedtuaoctd «0» u «1». Takum obpaszom, MoaUdHIIMPOBAHHbIA jeKo-
Jlep Butepbu umeer msirkoe penieHne Ha Bbixoje. IIpn MHorocrynenua-
TOM JICKOJMPOBAHHH ITO MATKOE PElIeHUE UCIIOJL3YCTCS MPH AEKOJUPO-
BaHHH CBEPTOYHBIX KOIOB CJIEAYIONMX cTyleneil (06braH0 B TYp6o-Konax
ucnosb3yercs 2 - 3 crynenn xoauposaHus). IlyTeM neckoabKHX urepa-
1Mt 3TOH LpOLENYDHl, TypBO-KOUBI HO3BOJAIOT JOCTHYL CKOPOCTH l1€pe-
Aauu uxdopManyu, 6mskolt K poryckHOH criocobuoctr Kanana [2], [13).

B zaxinouenue ynoMsineM eliie 0 TPEIMCHBIX KOAX, HCHOJb3Y IOIHX
KOHIIENLMIO CBEPTOYHBLIX KOOB B IIPOCTPAHCTBE CUIHAJOB ¢ LU POBOM
Moyssnmeii. BMecro paccrosinust X3MMUHIra, 9TH KOJbI XapaKTepH3y-
I0TCH PACTIOIOKEeHUEM M0CIeJOBATELHOCTEH CHMBOJIOB B ITPOCTPANCTBE
curuasos [12], [13].

4.7. ﬂeTerop Butepbu

[Ipunump! CBEPTOYHOTO KOAMPOBAHUS U JEKOJAUPOBAHUS 110 AJTOPUTMY
Burepbu MOTYT ¢ ycrexoM HPUMCHATBCA 1IPH JICTEKTHPOBAHHH Y3KOIIO-
JIOCHBIX CHTHAJIOB (MOBUJIBHbIE CETH CBSI3M) M HPH CIHTHIBAHWH WHOOD-
MAaIlMH ¢ MArHUTHBIX HocuTenel. Jlesio 3aKIoYaeTcs B TOM, 4TO CTPYKTY-
pa TaKHX KaHaJlOB COOTBETCTBYET CTPYKTYDE CBEPTOYHOIO KOAWPOBAHHS
C OJIHMM BXOJIOM M OIJHHM BBIXOAOM. :

Ha puc. 4.25 npeacrasnena Mozess kaHana, B KOTOPof UMEET MECTO
MHO20AY4E60E pacnpocmparerue pajuoBoiH. B 3Toll Molesn Kax/ibii
CHMBOJI JTUCKPETHOH TMOCIe)0BATENbHOCTH d(n] NPOXOAUT yYepe3 JMHUIO
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33,1EPXKKU (CONEPIKANLYIO Psiji 3/ICMCHTOB 3a1epki D ) 1 MHOTOKDATHO
CK/IA/IbIBAETCS C HEKOTOPhIM BECOM C [PEBILYIIMMH H LOC/IEAYIONHUMH
cuMBonaMu. TakuM obpasoM BLIXOJ, HEAUIYMJIEHHOIO KaHa/a B KAX/AbLHA
JMCKDETHbI MOMEHT BPEMEHH 3ABMCHT OT CHMBOJA, LIOCTYNAIOLIEro Ha
BXOJ TIPMEMHMKA, cocTOsHusS T;|n] u koaddunuenta f;|n]. Ha puc.. 4.25
K 9TOMY CurHajly #00aBieH aJIUTHBHBIA Genblit rayCCOBCKUM WYM.

ﬂﬁxcnenona'renbuocrb wf"\
CHMBOOB din] A} '\ xinl

filn]
vin]

2n}
{ + Mpuusras

ABIi ’I" l n0¢AeA0BaTC/IHHOCTE

Puc. 4.25. Tlepenaua nocses0BaTeIbHOCTH d[n] Mo JUCKpeT-
HOMY BO BPEMEHH KAHAJy C SJIEMEHTaMU 3aJCPIKKH
D, suixoniom v[n], rayccoBekum mymom rin] u upu-
HSITOH NOCNE/IOBATENbHOCTBIO z{n).

W3-3a HAM4MS Ueny, coyepKamelf seMenThbl 3aaepkKu D, B TakoM
KaHaJle HPOMCXOINT <HACIOEHHE» COCEJHHX CHMBOJIOB, 9TO IPHBOJMT K
MesKCHMBOJIbHOM MBTepdepenuu (MCHY.

KauecTBO NPUHAMAEMOrO CHCHAJIA MOXKET ObITh CYIIECTBEHHO YIIy4-
IIIeHO, ecIM TIPM JETEeKTHPOBAHWM NPUHUMATE BO BHHUMAHHE HaMine
MCH. [laa 3TOro AETEKTOP AOJIKEH 3HATH KOI(bdULHEHTS! filn] B xax-
JIBIi MOMEHT BpemeHM 7. B cetnn MoOuiibHOH CBA3M GSM no kagajaM
[IepHOJMYECKH TNepenaeTcs (PUKCMPOBAHHAA [OC/TeIOBATE/IbHOCTE CHM-
BOJIOB ¥ MTPOM3BOAATCH HEODXOAMMbIE M3MEDEHHS.

Eciu BHUMATE/NbHO IIPOAHATU3MPOBATL PabOTy JACTEKTOpA KOMIeH-
cupytomero MCH (ero o6bI9HO Ha3BIBAIOT 3KBOJIAK3EpOM), TO MOXHO
OGHAPYKHTb, 4TO AITOPHUTM €ro PaboThl MOYTH B TOUHOCTA COBNAJAET C
anropurMoM Burep6u. IlponeMoncTpupyeM paGoTy lieTeKTopa Burepbn
Ha IIPOCTOM IIpUMepe. :

ITpumep: [derekrop Burepbu.

TlpiMeM B KadeCTBE MCXOIHOU MO/IE/b KaHasla, IPEICTAaBIeHHYI0 Ha
puc. 4.25. OrpanuuMcsl PacCMOTPEHHEM KaHAJa ¢ OLHNM 3JIEMEHTOM
3aepxki D. B 3T0M cirytiae-BO3MOXKHBI JBa COCTOARNS KaHaja Sou Sy.
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Tabauna 4.9. Cocrosinue kanaya ¢ MCU ¥ ypoBHH cCUrHAJIOB.

Cumpon Ha Bxone 3nauenne Cocrosinue VYposens
dln] mlnl  Sh) oln]
-1 -1 So ~0,7-0,3=-1,0=do
F1 +0,7-0,3=+0,4=d
-1 1 S -0,74+0,3=-0,4=4d>
+1 ) +0,7+0,3=+1,0=4d3

[IycTs nocnenosaTesbHOCTL CUrHAJIOB d[n] COCTOMT M3 GUNONSPHBIX CHM-
BOJIOB

d[n] € {-1,1}. ’ (4.81)
Buibepem koadpunuenTst fo u fi paBHBIME
fo = 0, 7wu f] = 0,3. ) - (4.82)

B rabnuue 4.9 1is BXOAHEIX CUMBOJIOB d[n] B 3aBUCHMOCTH OT 3HAYCHHUS
z1[n], oupesensiouicii cocrosiuue kanana Sy n S), NPUBENCHBI YDOBHU
HesamyMieHabix cursasos v[n]. ComiacHo Mosiesn KaHasa puc. 4.25 K
9THM curuajiaM gobasiserca rayccoeckuit uym 7[n]. Ha Bxoge nerexro-
pa MbI HMeeM CUTHAJI 2[n] ¢ HOPMAJILHBIM pacipe/ie/ieHHeM U CPEJHUMH
3nadenusMu u3 {dy,d), dy,ds} (taba. 4.9).

Ha xaxcioM TaxTe siekonep CpaBHHBAeT BeJWUMHY z[n] ¢ ypoBHsaM#
curnaia u3 {dy,d;, dz,ds} u BbluMC/Is€T METPHKH COOTBETCTBYIOMUX TIe-
PEXO0OB MeX]y COCTOAHMAMHU KanaJsia. Mcxons w3 npunnuna makcnMaiin-
HOTO NpaBAononobus W HOPMAJILHOTO pacnpeseseHns z[n|, B xadecTse
METPHK BBIOGHDAIOTCH BEJHYMHBI

i = (z—d;)% (4.83)

Ha ceresoii aunarpamme (puc. 4.26) 110ka3aHbl COCTOSIHUSA KaHalla, Nepe-
XOZbl MEX/JIy HUMH ¥ TIPHPAlIEHAs TEKYIMX METPHK, COOTBETCTBYIOIIHE
ITHM TIEPEXOAaM.

INocne nmpenBapuTe/bHBIX 3aMEYAHUN PACCMOTPHM YHCJEHHBIA HpH-
Mep paboThl ieTekTopa Butepbu. B tabymne 4.10 npusenens nociaenosa-
TEJAbHOCTh BXOJHBIX CHI'HAJIOB, YPOBHH IIPUHMMAEMBIX He3alllyMJIEeHHbIX
CHMBOJIOB H II0CJIe/JOBATEILHOCTb CUIHAJIOB Ha BXOZe JeTekTopa. PaGoTa
JAerekTopa Burepbu 1ipescrasiena Ha puc. 4.27.

Herexrop Butepbu Ha cereBot nuarpamMme puc. 4. 27 HAUHHAET JEKO-
AUpOBaHKeE HA IIEPBOM TaKTe M3 cOCTOAHMA 51 (Ha HYJEBOM TAKTC KaHAJ
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NPHHYIUTE/ILHO MEPeBOJMTCA B 9TO COCTOSIHME IyTeM nepeiadu «+1»).

Ha nepeoM Takre Bo3MoxHBI TOsIbKO /B2 iepexoaa. Haiisiem npupanie-

HUsI METPHK Ha 3THX fepexojax W HaHeCeM HX Ha ceTeBYIO iuarpammy
A3 = (z-d3)*=(22-1)=14 (4.84)
A = (z—d2)?=(2,24+0,4)% =6,76.

Puc. 4.26. Tlepexoanl Mexay COCTOSIHMSIMU ¥ NPHPAILEHUS
METPHK.

Tabimua 4.10. Ilepegaya uncpopmauun no kanany ¢ MCH.

TakT n 01 2 3 4 5 6 7 8 9 10 11 12
Camsondn} 1* 1 -1 1 -1 1 1t 1 -1 -1 -1 1 2
Kananvfn] 0,7 1,0 -04 04 04 04 1,0 1,0 04 -1,0 -1,0 04 03
Tpunsro z[n] 1,1 2,2 0,02 -0,06 -0,13 -0,31 0,99 0,97 -0,40 -1,2 -0,23 -0,93 0,6

! Muuunanusanmst (nocuutaeMeri GHT H3BECTEH TPHEMHHKY ).
2 3amupanve.

Tak Kak Ha HEPBOM TaKTe He IIPOMCXOAMT CAMAHHUS aJIbTePHATHBHBIX
myTeli, NPHPAINEHUS METPHK HENOCPE/ICTBEHHO 3aHOCHTCH B PErHCTPHI
METPHK ONTHMAJbHBIX IyTel Jis cocroanudt So U Sy. B perucrpnl nyreit
s coctosiHuil Sy u S1 3aHOCATCA COOTBETCTBEHHO «0» M «1».

Ha BTOpPOM TakTe IeKOAMPOBAHUA BO3MOXHBI y2Ke BCE IEPEXOJbI.
HaftneM npupanieHnss METPUK JAJis BCEX Y€ThipeX NepexoJoB M A npo-
JojixeHHs BbibepeM myTh ¢ HanMeHblueli MeTpukoii. Tak Kaxk IJa nep-

. BOrO BXOJ[HOTO GHTa, MPOU3ONLIO CAMsAHME Iy Tel s cocrosinmit So u S,
6y/1eM CUUTATh NepBblit IPHHATHIN GUT NPOAETEKTHPOBAHHKIM.

Ilpononxas 3TOT Mpolece Jajiee, MPOJETEKTUPYEM BCIO NOCENOBA-
TEeJLHOCTH BXOIHBIX CHMBOJIOB.
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HecMoTps 1a 3HaYMTEJIbHOE BO3AEHCTBUE HA IeTEKTUPYeMblil CUTHAJ
LIYMOBOH KOMIIOHEHTbI, BCC CHMBOJIbI NPOJCTEKTHPOBAHbI [IPABH/ILHO.

Havanbnoe

COCTOSIHHE 144 .28 274
5 -
., 028
. LY
0]4 0.12 07 0.01 1,93
\ 2 & E 72 B X N LX) 72
oss [ %] o 04s [ 100] 396 [ 10 ]
0 10 1
0,00 196 A% [aor] 1S 3
Siw 1] I2:2| /EKoHeu
N/ \ /L‘l_l\ /ll_l’ N
5 032 N, 064 \_ 040 \ LT?

Puc. 4.27. Cerepasi auarpaMMa aetektopa Barepbu.

4.8. YnpaxHeHun
VnpaxHenue 4.1: CepTounbiii koa,.

1. Hadizure nopoxpaaioniuii MHOIOUIEH JBOUMHOIO CBEPTOYHOIO KO-
Ja, 00/1a/Ialoliero MaKCUMAJIbHEIM CBOOOJIHBIM PacCTOSIHHEM, CO
ckopocTbio R = 1/2 u aymHol KomoBoro orpaHidenus n, = 6;

2. TlpuBenure cxeMy Kojepa;
3. Hapucyiite auarpaMMy COCTOsIHMii;

4. Tpoeeaure KOAMpOBaHUE MHAOPMALMOHHON TIOCITE/IOBATEILHOCTH
H{un]} = {1,0,0,1,1,0,1} ¢ ncmompio MarpamMmbl COCTOSIHUE.
Ilna sToro, mpexie BCETO, HAli UTe NOC/ICIOBATEIBHOCTb COCTO-
SHHUH, CINTAA, YTO IPONEAYPA KGIHPOBAHMA HAMMHAETCS W 3aKaH-
YUBAETCA B HYJEBOM COCTOAHMM;

5. Ipeanonoxum, 410 HPHHATA nocnefoBarenbuocTs {ring} = {11,
01,11,01,10, 10,10,01,11}. TlpoeejuTe AeKoAUpOBaHHE JAHHOR
[OC/IEAOBATEILHOCTH 10 MAKCUMYMY IIPABIONONOOMS € OMOLIBIO
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CeTeBOM OWMarpaMmbl COCTOsiHHMI; YKa3aHHe: IIPH JAEKOAUPOBAHUA
YYTHTE, YTO KOJAMPOBAHMC HAYHHAJIOCH M 3aKAHYHBAJIOCH HYJIEBBIM
COCTOSIHMEM. '

6. Kax Moxker GbITb MHTEPIPETHPOBAHA METDHKA JEKOANPOBAHHOM
HHGOPMAIMOHHOI 110CIIEe0BATEIBHOCTH?

VYiapaxxkHenue 4.2: CBeprousblil KOJ|, HCIOJb3YEMblif B CETH MO-
6usibHOM cBsisu GSM. '

HAnsa uepesaun peun B cerax mobuabnoit cesasn GSM mcnosnsyer-
€Al ONTUMAJBHBLIA CBCPTOUHBIM KO C NPOHSBO/JALMME MHOTOYJIEHAME
gi(z) = 14+ 23+ 2% u go(z) = 1 + = + 2% + 2, umerowuit ceoBonnoe
paccrosiiue, paBHOe dfree = 7

1. Ilpusenure cxeMy KOJEPa, COACDKAILYIO IEPCMEHHbIE T, L3, T3, T4.

2. Kax1hiii peuenoil 610K, NpOIOJXKHTENBLHOCTLIO 20 Mcek, coiep-
xanwi 185 6ut, koaupyerca ceepro4HbIM KomoM. CkoJibko Hysel
HY2KHO J06aBUTb K HHGOPMALMOHHON MOCHCOBATEILHOCTH IS
TOro, 4To6bl KOJMPOBAHUE 3AKOHYMJIOCH B HYJIEBOM COCTOSHHUT

3. Oupegenure 3Ha4eHUs CICAYIONINX BCJIMYHH: [TAMSITH KO/IEPa, KO-
JOBOTO OrpaHU4eHust, GJI0KOBOH CKOPOCTH, OTHOCHTENIBHOM TIOTEPH
CKODOCTH, MOJIHON MaMSITH KoJlepa.

4. OueHuTe CJIOKHOCTb PCAIU3AIMH leKo/iepa Burepbu.

VYapaxknenue 4.3: CBepTouHbIi KOJ, UCIONbL3YEMbIi B CETH MO-
6ubHOM cBasu GSM.

Hast nepenaum pannbx B cetu GSM co ckopoctbio 4,8 k6uT/Cek 10
kanajny TCH/F4,8 uciosb3yercss CBepTOYHBIA KOJ C HOPOX/JAIOINMH
muorowtenamu gy (z) = 1 +z + 23 + 2%, go(z) = 1 + 2% + 2% u g3(z) =
1+z4+z2+23+2%c diree = 12.

1. Ilpusenute cxeMy KoJepa, CONEPKAIYIO IEPEMEHHbIE T, T2, T3, T4-

2. Uz Texuuyeckux cooOpaxkeHuit Kaxkablil uHbopMaunoussit 610k,
cojiepxkawuit 60 6uT, KoJUpyeTcs cJI0BOM, JJIMHA KOTOPOro COCTaB-
aster 228 6ut. CKOJILKO HyJIeBbix GUT AobapiisieTcs B KOHIE HHOD-
MaluoHHOro 6y10ka? Kakum cocrosiHiueM 3aKaHUMBAETCs1 JeKOIUPO-
panue?

3. Ounpenenure 3HaYeHUE NAMSTH KOJIEPa, KOAOBOLO OrpaHHYerHs,
6JI0KOBOM CKOPOCTH KO/ia, OTHOCUTEJILHOH 110TEpH KOAOBOH CKOpPO-
CTH, IOJIHOK NaMATH KoAepa.
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4. OueHHTE CIIOXKHOCTH peasii3auun Jiekoiepa Burepbu.

Vonpaxkuenue 4.4: Jerekrop Burepbu ¢ cybourumaibHON MCTDU-
KO#.

IMosropuTe paHee PacCMOTPEHHBINH MpUMEp paboThl JleTekTopa Bu-
Tepbu 1pH CyOONTHUMAILHON MeTPUKe

/\j=lz—d1'|.

Pewmennsa 3azaunii.

Pemenue 3aianusn 4.1. Ceeprounniii Koj.

1. Jist 3a1aHHbIX [ApaMeTPOB M3 TAB/IULbLI HAXONUM HOPOXK/IAI0IIKUE
muorowrenst g1(z) = 1+ 7% go(z) = 1 + = + 22

2. Cxema Kojepa. .
AN
wy

X2 Xy

—{ X el X ‘1*—*

&

3. JuarpaMma cocTosiHmit Koucpa

000 111 V10 101

4. KoanpoBauue un(pOpMAICHHOH 110CI€A0BATEIHHOCTH.
W3 guarpaMmel cocTosinuii mosiyqaem:

HocnenoBatensHocTs cocrosinmit (crapt Sp) — S1 — S — Sp — 51 —
53 — Sz - Sl(—Sz e SQ«XBOCT»).

Kosopoe caoso {v[n]} = {11,01,11,11,10,10,00,01,11}
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9. exkosupoBaHue 1o ceTeBoit nuarpaMMe ¢ MUHHMAJIBHEIM PaCCTOs-
nueM XoMMUHIa

punsitoe cnopo {r[n]} = {11,01.11,01, 10, 10,01, 10,11}

LVANC I

i Y ginei] :
/o prnrg JR S NN S NS p— S o
o () 100 o001l Jeeec,'! Joooi! Junod]  Jieon]  Jioo
e g e e
LS R A (A S T LA RS I 2
ITpostekomnposanias nHGbOpMaKOHHAS TIOCTEJOBATENLHOCTE

{#/[n]} = {1,0,0,1,1,0,1}

6. Ecnn nepejalinoe CJI0BO 1IPOJEKOIMPOBAHHO HPABMJIBHO, TO MeT-
DHUKY IOy 4EHHOTO KOJOBOIO CJIOBA MOKHO MHTEPIPETHPOBATH Kak
YUCJIO OIMOOHBIX OUT U B 3TOM CllyYae METPUKA MOXKET OBITh HC-
110AL30BAHA JIJIS1 OIICHKM KaueCcTBa- KaHaJa.

Pewetive 3ayianus 4.2. CBepTOYHBLL KO, MCHIONL3YEeMbIH I/ KO-
pOBaHUs peYH B ceTax MoOu/bHOM cBasu GSM.

1. Cxema Kojepa

=
>
>
>
-

2. K undopmalmonnoil 1ocjie oBaTeibHOCTH: HEODX0MUMO J06aBUTD
4 uyns nas TOro, 4Tobbl KOMMPO3aHUe 3aKaHYMBAJIOCH HYJIEBBIM
COCTOSITHHEM.

3. NMamsiTe Konepa m = 4.

KosoBoe orpanuuenue n, = 10.



Cass

lraea 4. Ceepmonivie Ko

Baokosasi ckopocrs 185/(2(185 + 4]) = 0,489
OrHocuTenbHast noteps ckopoctn 4/(185 +4) = 2,11 - 1072

Ionnas mamsite kojgcpa M = 4.

. Cymwectnyer 2M — 16 cocrosmuii. Ha KAXK/JIOM IT1are JICKOJED Bbl-

YUCAHCT 32 IPUPAIICHUS METPHK, HCXO/H U3 KOTOPHIX BbIYHCIHIOT-
¢l TPUALUATDL JIBE€ YACTHYHBIX METPHKH U CPABHUBAIOTCS IIOIIADHO;
16 BbpKHBUIKMX [yTell BRIOHPAIOTCH JJIs IPOAOJIPKEHHS ¥ UX YaCTUY-
Hble METPUKH 3aMOMUHAIOTCH.

Pemenue sananus 4.3. CeepTounbiil Kon juis nepenays JAHHBIX B

MODHJIBHBIX ceTax ¢Bu3u GSM.

1. Cxema xouepa.

— V3

2. V3 pasenctea 3-(60+ 1) = 228 ciieayer, uto z = 16, Te. k uHop-

MAI[HOHHOR HOC/Ie0BATE/ILHOCTH JA00aBIsIOTCs 16 Hy/el M Komu-
pPOBaHUE 3aKAHYHBAETCS HYJIEBLIM COCTOAHHEM.

60+x Konep 228
YR=1/3

. Hamatb kogepa m = 4. Kogosoe orpannuenue 1, = 3-(4+1) = 15.

Briokosas ckopocrs 60/(3 - [60 + 4]) = 0,3125

- y4uTelBast 16 nynesbix 6uT noayqaem 60/228 = 0,263
Ortnocutenbuas noreps ckopocru 4/64 = 6,25 - 102

— y4uurbibas 16 Hynesbix 6uT nonyuaem 16/76 = 0,211

HNossast namate kogepa M = 4.

. Cywecrryer 2M = 16 cocrosmuii. B KasKJIOM TaKTe JEKOJEpP Bbi-

HUCIHCT 32 UDUPAILCHUS] METPHK, UCXOIA U3 KOTOPHIX BBIMHCIHA-
I0TCsA ¥ MOIIAPHO CPaBHHBAIOTCA 32 4acTHUHbIE MeTpukH; 16 nosy-
9eHHBIX UyTed BBRIOMPAIOTCA /Ul TIPOJIOIKEHUS M MX YACTHJHDIC
METDHKH 3allOMUHAIOTCH.



4.8. Ynpascnenun 2

Pernenne sananus 4.4. Terexrop Bmep6v1 ¢ cybonTuMaibuoit anay-
THBHOI METPUKOI.
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Taxum 06pazom, 1py aUTHBHOH MeTpuke UHbOPMAIMOHHAS 10CIe-
JIOBATEJILHOCTb TaKXKe JeTeKTupyerca 6e3 omubox.



FMABAS

AONCKPETHbIE
NMPEOBPA3SOBAHNA ®YPLE
M KoAbi PMOA - CONNTOMOHA

- 5.1. Beepgenue «

B upempiymmx r7aBax Mbl PACCMATPUBAH TOJBKO JABOUYHBIE KOJIbL, TO
ecTb Kofibl ¢ cumsosiamu w3 GF(2). Mexay TeMm, Koabl Hag anghaBuTOM
GF(q), rue ¢ > 2, Tak Ha3bIBaCMBbIe g-HYHBIE KO/IbI, IOMHMO YHCTO TEOpe-
THYECKOI'O HHTEPECA, MMEIOT B HACTOSIIIEE BPEMST OTPOMHOC IIPUKJIAIHOE
3HavYeHue. MBI OrpaHu<HMCA TOJILKO paccMoTpeHHeM koaoB Puja — Co-
JIOMOHa,, KaK HauboJlee SIPKUX NpeacTaBuTeNell g-HHHBIX KOIOB, 6e3 KoTo-
PbIX HEMBIC/IIMM3, COBPEMEHHAs TEOPHS U IIPAKTUKSE, [IOMEeXOyCTORYMBOro
KOJMPOBAHHS.

OcTaHOBHMCsT, IPEXKJE BCEro, Ha HPHKIANHOM 3HAYMEHHH KOmoB Pu-
xa — Cosomona. Kak 6610 HOKa3aHO B MpEAbIAYUIMX IVIaBax, IpOCTel-
mue anrebpaniecKue ABOMYHbIE KOAKI MOI'YT YCIIEIIHO IPUMEHSATHCS JiTsI
nepeJadu AaHHbLIX B KOMIIBIOTEPHBIX CETAX CBsi3H, obecnednBas HeoOXxo-
JUMYIO HaJIeXKHOCTD tepefaBaeMoll uHdopManuu, 1o obbACHAETC 10~
CTATOYHO BBICOKMM KAYECTBOM MPOBOMHBLIX U ONMTOBOJIOKOHHLIX KaHAJIOB
CBS3M M BO3MOXKHOCTBIO II€PECIPOCa. IEPEAaBaeMbIX BI0KOB JaHHbIX. 3a-
Jada KOoAMPOBAHHS JjIsl TAKKX KAHAJIOB, B OCHOBHOM, CBOJHUTCA TOJILKO K
06HAPYKEHHIO HE3ABACHMbIX OLIMGOK M NaKeTOB OLHOOK.

Bee MHOroo6pasie COBpeMEHHbIX KOMMYHHKALMOHHBIX JHHUE CBH3H
He MCYeplbIBAeTesl TOJILKO KOMIBIOTEPHBIMH ceTsiMH. B xadecrse mpu-
MEPOB JOCTATOYHO HPUBECTH CIYTHHKOBble KAHAJIBI 1 MOBHILHYIO M-
POBYIO CBSI3b. 3/ECH YK€ IIEPECLPOCHI HE HONYCTHMBI U KOPPEKTHPYIO-
was cnocoGHOCTL KO/ia ONpENeNsieTCss MAKCHMAJILHBIM TUCJIOM HCIIPAB-
JnsieMbix omnbok. [pegensHasi MOUHOCTE LEPESABAEMOTO CHIHAJIA B Ta-
KUX KAHAJIAX >KeCTKO OIPAHUYHMBAETCs, YTO HPUBOJHT K BHICOKOH BEpO-
SATHOCTH NOSIBJIEHMS KaK HE3aBHCHMBIX OMMOOK, TAK U MAKeTOB OMUBOK.
B rakux KaHajlax MCHO/Ib30BaHYe DACCMOTPEHHBLIX HAMH MPOCTEHLINX
JIBONYHBIX KOJIOB He MMeeT CMbicia. Tak, Hanpumep, Ko/bl X3MMHHTA,
¢ dmin = 3 ¥ dyin = 4 npu HamuuuKn B 6iioKe GoJiee, Yem omHON ommub-
KH, BMCCTO HCHpaBjeHHsi owuboK GyayT BrocuTh HOBble. [Ipobaemy, B



&

5.1. Beedenue @

KaKON-TO CTEIeHH, MOTYT PCHIMThH HU3KOCKOPOCTHbLIE JIBOHUHBIE KOIBI Bo-
y3a  Hoyaxypn -- Xoksurrema, OfHaKo, HX PEATH3AUNS U JICKOAPOBA-
HHE aHAJIOrH4YHO Kodam Puda  Coa0mOMa OCYIIECTBASETCS C IIOMOIIBIO
onepauuit nax GF(2™) upu m > 1.

C dpyroit cTopoHsl, Typ6o-KoApl, NOCTPOEHHbIE Ha 6a3¢ JIBOMYHBEIX
CBEPTOYHBIX KOJOB, XOTS M IO3BOJISIIOT 00eCHeUTh TpebyeMyio Hajex-
HOCTb [IPU KOJOBBIX CKOPOCTHAX, 6JM3KHX K MPOMYCKHOMN ClIOCOBHOCTH Ka-
HAJIOB C HE3ABHCHMBIMU OMINOKaMH, He pacdnTaHbl Ha Gopbby ¢ JIJIMHHBI-
MH nakeramu omnbok. Kpome storo, mia ux s¢pdextusnot peanusannn
TpebyioTcs 6/10KH OYeHb GOBINON IMHBL (JECITKHA U JaxKe COTHU K6UT),
YTO HE BCeI/Ia TCXHUYCCKH [TPHEMJIEMO.

Pemennio nogobubix 3a1a9 B HEMAJIOH CTENEHM CIOCOGCTBOBAJIO IO
apjienue B 1968 T. koo Pujja — ConoMona ¢ cumsonamu us GF(g), rae
g > 2 [20]. Kompt Puga — Conomona c napamerpamu (n, k) MMetoT MHHH-
MaJTbHOE PACCTOSIHNE dmin = n—k+ 1 1 ciocoGrbl Henpasnats |(n—k) /2|
omnbok. ITocye orkpeirus BepaeksmnoM B 1968 r. npoctoro u sgdek-
THBHOTO aJITOPUTMAa JeKOAKpoBaHus KonoB Puna - Conomona, stu Koap!
TIPOYHO BOILIM B MPAKTHKY IIOMEXOYCTONYMEOrO KOAMPOBAHHS.

B nepsyio ouepen B 60™* rogax koapl Puna — Cosiomona cranu npu-
MEHSATHCS B KaMEeCTBe BHELIHUX KOXOB B KACKAJHBIX KOHCTPYKLHMAX, HC-
T0JIb3YeMbIX B CIIy THHKOBBIX JIMHAAX CB3H. B Takmx Koncrpykumsix [21]
g-uuHBle CUMBOJIBI KonoB Pria — Conomona {(oaMH UM HECKOJIBKO) KOIH-
PYIOTCS BHYTDEHHMMH IBOMYHBIMH CBEDTOYHBIMH KOJAMH. Ipu pexonm-
POBaHUM CBEPTOYHBLIX KOJOB HCIOJB3YETCH MSTKOE pelleHue, 0COOEHHO
apdektuBHoe B KaHanax ¢ ABI'IIl. Tak Kak iyM B peajbHbIX KAHAIAX
BCEr/la OTVINYAeTCs OT TAyCCOBCKOrO, B CIYTHUKOBLIX KAHAIAX BO3MOKHO
nosipjieHue nakeroB ounbok. Takue makeThl MOTYT JIPHBECTH K OUIHOOY-
HOMY J€KOJAHMPOBAHHIO BHYTPEHHUMM CBEPTOYHBIMH KOJAMH OXHOIO HJIM
HECKONBKHX JNOBOJIBHO IJIMHHBbIX 6/0koB. s Buemnnx xouos Puma —
CoJytoMOHA 3TO, B OCHOBHOM, IKBHMBAJIEHTHO IOSB/ICHHIO OMMOOYHBIX ¢-
HYHBIX CHMBOJIOB HEOOJIbILON KPATHOCTH, JIEXKAIIMX B NpefesiaX KOpPeK-
TUpyome# crocobHOCTH BHeHIHEro Koma. TaxuM o6pa3oM, Bech KacKaJl-
HBIA KO, JaXKe IIPY HAJIMYHMHU MaKeToB OUIMOOK, B LoxapisomeM 60ib-
[IMHCTBE C/IyYaeB JEKOAHPYETCH IIPABHIIBHO, YTO oBecnednBaeT HeoOXo-
JMMYIO HaJIeXKHOCTb nepelaBaeMoit uugopmaruu. CaMoe yRuBUTETbHOE
3aKJIIOYAETCS] B TOM, YTO YETKOW asIbTePHATHBBI KACKaJHbIM KOJAaM C
BHeHHUMH KogaMu Puga  CostoMoHa il CIYTHHUKOBBIX JINHUH CBA3M JO
CHX Op HAWTH He yAaJoch u Koawl Puiia - CooMoHa SBNSIOTCH HEOTbEM-
JeMoii yacTbio GosbmuHCTBa cTanAapTos (nanpumep Intelsat TESS-308).
Kpome sroro koabl Pujia - CosloMOHA MMEIOT CaMOCTOSITEbHOC LIPaK-
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THuccKoe npumetenue. OHu, HAIIPDUMEP, SIBJISIIOTCH HPAKTUYCCKH OITH-
MaJIbHBIMHE 1IPH 3anucu urdopManuyu Ha Hocutean ayauo-CD, uro oby-
CJIOBJICHO TEXHHYECKMMH XapaKTePUCTHKAMH M XapaKTepOM OLIn6OK IIpu
3AIKCH.

CrpykTypa konos Puna - ConomoHa U airopuT™M JEKOAMPOBAHHS
HauboJIee IPOCTO ONMCHIBACTCA C TIOMOILBIO CIIEKTPAIbHBIX METOLOB [5].
Apudmernka nonci Tanya GF(g) onucana B nprioxkennu 2.5.

5.2. Buckpettble npeobpaszosanus Pypbe B none
Manya

Onpejenenue. Ilycts 3anan BekTop vV = (09, U1, - - - , Un—1) HaJ GF(q),
rae ¢ =2™,an =q¢—1 4 nycTs ¢ — TPUMHTHBHBIA 3j1eMeHT nous Daya
GF(q) xapaxtepucruku 2. IIpeobpasosaune Oypbe B nose lamya Bek-
TOpa V olpejensercs Kak sektop V = (Vy,Vy,..., V1), 3aasaembiit
PABEHCTBaMHU

n—1
V;=> oy, j=0,..,n-L BRRGRY
- =0 ’

IMo anasorun ¢ npeoGpasoBanusmMn Pypoe HEUPEPHIBHBIX CUIIAJIOB,
JMCKDETHBI} RHAEKC i IPUHATO HA3LIBATH BPEMEHEM ¥ 'OBODUTL O TOM,
YTO BEKTOp V TPHHAIIEXUT BpeMeHHOM obnactu. EcrecTBenno, 4To B
3TOM Cly4ae MHIEKC j HA3BIBAETCH YacTOTON M FOBOPST, YTO BeKTOp V
onpeleneH B YacTOTHOH obJiacT.

Teopema 5.2.1. Hag nonem GF(q) XapakTepUCTHKH 2 BEKTOP V BO
BpeMeHHo 06/1acTi ¥ BeKTOp V B YaCTOTHOM 00JIaCTH CBS3aHBI COOTHO-
HIEHUSME

n—1
V= Zaijvi, (5.2)
i=0
n—1 B .
v; = Z a 9V (5.3)
Jj=0

Mo aHAMOTHY ¢ HENPEPHIBHBLIME CUrHaNaMi OYIeM HA3BIBATL Ipeob-
pasosanue (5.2) npsmbiM npeoGpaszosanueM Dypse, a (5.3) — 0BPaTHbIM
1peobpazoBaHneM.

BekTop v uHorua 3ajaercs MHorounenom v(X). C noMompio npeob-
pasoBalust Pypee B none Fanya Muorowien

v X)=vg+0n X+ -+, X! (5.4)



5.2, Jucxpemume npeobpasosanus Pypove ¢ nose luaya

MoxeT ObITh ipeobpasoBal B MHOrOWIEH
VX)) =%+ ViX+ -+ Va1 X771, (5.5)

KOTODBIH Ha3bIBACTCS CNEXMPAALHBM MHO204AEHOM WA MHOI'OYIEHOM
B YaCTOTHO# 00J/IaCTH BEKTOpa V.

Teopema 5.2.2.

1. j-ast wacToTHAs KOMIIOHeHTa V; paBHA HYJIO TOIAA M TOJNBKO TOTAA, -
KOTZIa 1eMeHT ¢ sBJIsiercst KopHeM MHorodtena v(X);

2. i-ad BpeMelHasi KOMIOHEHTa U; PABHA HY/IIO TOTAA U TOJIBKO TOIZA
KOTJ1a 3/1eMeHT o™ dBJisieTcs KopHeM MHorowiena V(X).

HokazareancrBo. [lokaszarenbcTBo yTBepkjaeHuit 1. 1 2. o4eBUAHDI,
TaK KakK

n—1
Vi= Zaijvi = v(a) (5.6)
=0
7}
vi=)Y a ¥V, =V(a™). . (5.7)
7=0
]

IIpeobpazosanue Pypre ob1anaeT MHOIUMHE BayKHBIMH CBOHCTBAMH,
KOTOPBIE IEPEHOCHTCH Ha CJIydait KoHeunsix noseii. [TomuMo JuHeliHOCTH
npeobpazosannit Oypbe JJis HAC BarKHBIM SIBJIAETCS CBOMCTBO CBEPTKH.
Ipexne 4eM chOPMYJIHPOBATE TEOPEMY O CBEPTKE, BBEJEM HCKOTODBIE.
olpe/ie/ieHus.

Iycrs B none GF(q) 3amanbl BekTopsl g€ = (go,91,--+,9n—1) H

d = (dyg,dy,..., dy—1), MHOTOWICHB KOTOPBIX uMerT Bui g(X) =
go+ga(X)+---+ gn_lX""l nd{X)=do+di(X)+---+ dn_lX"‘l.
Torja KOMIOHEHTE BEKTODA JHHEHHON CBEPTKHM € = (€0)Cl,--.)Cn—1)

BEKTOPOB g U d OlpeaeasaOTCd Kak
n-1
cizzg‘i—kdka i=0,...,n—1
k=0

M MHOrouJen auneiol cBepTku c(X) MoxeT ObITh 3alkcal B BHIE 1PO-
W3BELACHUS

o(X) = g(X)d(X).
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Oncpauuio JinHeMON CBePTKM JIBYX BEKTODOB Mbl YK€ PaccMaTpPUBaJIM
B pasnciie 4.2
IInknuyeckast ceepTka MOXeT ObiTh 3alMcaHa B BUle

n—1
G= g-wnde, i=0,...,n-1
k=0

rie JBOMHBIC CKODKH O3HAYAIOT BLIYMCIIEHME MH/ICKCOB L0 MOJIYJIO 1L =
q — 1 (3aMeTuM, uTO B apucMeTKe 10 MOd 1 MMEET MECTO PABEHCTBO
—k=n—k). : '

MuorouseH IUKJIMYECKOi CBCPTKU MMCCT BHI

o(X) = g(X)d(X)( mod X" —1).

Jasi Toro, ytobbl M3bexarh NMyTaHuubl, OyiaeM 0603HAYATH ONEPAIMIO
LUKJIMYCCKON CBCPTKU CHUMBOJIOM <«*», & OIlcpalliio JIHHEeHHON CBEPTKU
— cuMBoJIoM «®». HakoHeln, onepaliuio HOKOMIIOHEHTHOTO YMHOYKEHUsI
JABYX BEKTOpOB € = gd onpeneiuMm Kak

¢ = gid;.

3aMeTuM, UTO BCe BBEAEHBIC Bhille onepaluu 0bJa,130T CBOHCTBOM JIH-
HEHHOCTH.

Teopema 5.2.3. TeopeMma o cBeprke. .
Iycts Bo BpeMenHo#t 06macTy 3anans Bekropst £ = (fo, fi,.- ., fa—1)
ng=(90,91, --,9n—1), IpAMblE ipeobpasoBanus Pypue KOTOPLIX B Ya-
croTHolM obnacti umetor Bug F = (Fy, Fi,...,F,_1) 1 G = (G, Gy, - .,
Gp_1), TOTJja IOKOMIIOHEHTHOMY LIPOW3BC/IEHHIO BEKTOPOB B YaCTOTHOM
obnacty E = FG B3aiMHO 0IHO3HAYHO COOTBETCTBYET MX LIUK/IHTECKas!
CBCPTKa BO BpeMeHHoit obuiacti € = f x g, T.e. ecsin E = FG, To

CupabeyymBa Tak e obpaTHasi Teopema. Jis ee $OpMyTHPOBKH
HY?KHO TOJIbKO TIOMCHHTb MECTAMH BPCMEHHYIO U YaCTOTHBIE OOJIACTH.

MzioxenHbIx Bolie cBeileHuit 13 TEOPHH JUCKPETHLIX Ipeobpa3oBa-
Huit Dypbe BIOJHE JIOCTATOMHO YIS W3YYCHUS CTPYKTYpbl Koj0B Puua
— ConOMOH4 ¥ aJIrOPUTMa UX JCKOAMPOBAHUS.



5.8. Kodw Puda - Cosomona 27\3\)

5.3. Kogbl Puaa — ConomoHa

Ipexxae, vyeM npucTyuuTh K W3J02KeHUIO Teopun koxos Puua - Costomo-
Ha, BBCJICM IIOHSITHE KOJA C MAaKCHMAJbHBIM PACCTOSIHUEM.

Teopema 5.3.1. T'panuna Cunrirona.
MunnManbHoe paccrosiie dmin J106oro (n, k)-xona (neobssarensHo
JIMHEHHOTO) y/I0BJIeTBOPSIET HEPABEHCTBY

dmin <n—k+1.

Hoxazarenscrso. IlycTb cuMmBosbl Kona npunagexar nomo GF{q).
B MHOXecTBe ¢¥ KOMOBBIX CJIOB BbLIeTUM M 3acukcupyem k — 1 pasps-
J0B. DTU paspsaAsl MOTYT COACPXKaTh camoe Gosbiee g8~ pasmuunbix
g-u4HBIX 4uces. CneaoBaTe/IbHO, BO BCEM MHOXECTBE KOJOBLIX CJIOB B
BhIJIe/leHHbIX k—1 paspsijiax Meer MecTo no Kpaiiueit Mepe ¢F —gF~1 cos-
nagennit. PaccMoTpum Jiobbie 1Ba KOAOBBLIX CJI0BA, COBNANAIOIIAE MEX-
Jy coboit B k — 1 paspsigax. Tak Kak 3TH ¢JI0Ba MOryT MMETh pa3jiddue
TOJIBKO B . — k + 1 KOMITOHEHTaX, pacCTOsHHE MEXIY HHMH HE MOXKCT
IpeBbIIATL BeTHYHHBI # — k+ 1. B

Onpenenenne. JI060i KOj1 ¢ MUHUMAJIBHBIM PACCTOSTHHEM, YHAOBJIETBO~
PAIOUIMM DABEHCTBY
dmin=n—-k+1

Ha3blBaeTCss KOAOM C MAKCUMAJIBHBIM PaCCTOsIHHEM.

Onpenenenne. Koxa, koTopblit MoxeT ObiTh IpHUBEJEH K CHCTEMAaTH-
YecKOMY BHJy HYTeM ollepaliuii, He H3MEHSIOMX AUCTAHIMOHHbIN npo-~
GUIIb KOJIOBBIX CJIOB, HA3BLIBAETCS Pa3JeJHMMbBIM.

Tak Kak JiMHeHbIH Koj| MOXKeT ObiTh 1IPUBEJIEH K CUCTEMATHYECKOMY BH-
Jly 3JeMCHTApHbIMH NMpPeoOpPa30BaHUAMH [IOPOXKaloIeli MaTPHLIbI, JIIo-
60i1 JIMHEHHbIN KOH, IBJISETCS Da3AesIMMbIM.

Omnpegenenne. PasnesuMBI KOJ ¢ MAKCHMAJIbHBIM DAcCTOSHHEM Ha-
sbiBaeTcss MJIP xonom (pa3zesiMMbiM KOZOM € MaKCHMAJIbHBIM DacCTOsi-
HHEM).

Tenepn BepaeMca K kogaM Puna — Conomona.

Onpeaenenue. Konom Puna - CosoMona Ha3biBaeTcsl IMHERHbIN MK~
muyeckudt (n,n — d + 1)-koxn Hay GF(q), rae ¢ = p™, paauHbl n = g — 1,
HOPOXKJarduimit Muorodsen koroporo g(X) uMeer csoumu kopaamu d—1
[IOCJIE/I0BATEbHBIX CTeNcHel NPYMMUTHBHOrO 3/ieMeHTa o 13 noust GF(q).
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B kagecTBe HOPOXIAIOIICIO MHOIO4Y/Iena Ko1a Puga  Cojl0MOHA MOXKHO
BLIOpaTh, HalTpUMep

9(X) = (X —a)(X —a?)--- (X —a®),

3ameuanne. Tax xax mbi 0ZPAHUMUBAEMCH TROALKO NOAAMIU TAPAKME-
pucmuxy 2, mo 6ydem 6 danvHelieM GMECTNO ONEPAUUL SBINUMAHUA
UCNOAB3IOBAMD ONEPAUUIN) CAONCEHUR.

B Teopnu noMexoycroitYMBOro KoAMpoBauUst JIOKA3BLIBAETCS, YTO CBOH-
crBa (n, k)-xo1a Puaa - Conomona ¢ cumsonamu us GF(g) u napamer-
pamu n = g— 1, k =n —d+ 1 5e 3aBUCAT OT METOJA €rO HOCTPOEHHUSI
U OIPede/ISIOTCH TONLKO BbIGpaHHbIMA 3Hadenusmn ¢ u d. Hawbonee
npocro ko Puga — CosloMoHa, a Tak e ajllOPUTM €ro JeKOJHpOBa-
HUSL PCAJIM3YCTCS HA OCHOBE JMCKPETHBIX npeoGpaszosanuit Pypbe, pac-
CMOTPEHHBIX HAMM B MpE/ABIAYINeM pasjiene. 1lpouesypbl KOLUPOBAHUS
% JIEKO/IMDOBAHUS TAKOI'C KOJa MOTYT ObITb 3HAYMTEJILHO YCKODEHBL C
HOMOILBIO TEXHUKH OBICTPBIX 1peobpasopanuil Oypue (BIID).

Bribepem u 3acukcupyem nekotopoe nosie Lanya GF(q) ¢ ¢ = 2™,
NMPUMUTHBHBIY 351eMerT a € GF(q) u napaMerp d. Paccmorpum nrgop-
MAIMOHHBI# BeKTOp U = (ug, U1,...,Uk—1) MMHBI Kk =n—d+1=¢~dc¢
xomnonenTaMu u3 GF(q). [locraBum B COOTBETCTBUE BCKTOPY W BEKTOD

v = (v,v1,...,%%-1,0,0,...,0)

n—k

JUIMHBL L = ¢ — 1, ¥ KOTOpPOro nepBble kK KOMIIOHEHT COBIAJAIOT ¢ KOMIIO-
HEHTAMH BEKTOPa U, & OCTaJIbHbIe KOMIIOHEHTH! -- HyJleBble. PaccMoTpimM
npsimoe npeobpasoBatine Pypbe BeKTOpa V B BEKTOP V, olIpe/eisieMoe
(5.1) u ynosnersopsuoiiiee Teopeme 5.2.1. Toraa clpaBeiTHBa ClIeLyIO-
IIasi TeopeMa:

Teopema: 5.3.2. Muoxectso ¢* Bexropos V B uacToTHO# 061acTH 06-
pasyer (n, k)-kon Puia  Costomona.
HoxkazarenscrBo. IlpeiacraBuM BekTopel v U V B BHjle MHOTOUJIGHOB

v(X) =vo+u X o XL 40 X540 XM 4 40 X!

VIX)=Vo+ VX -+ V1 XL

Tak kak i-ple BpeMeHHbI€ KOMIIOHEHTHI BEKTOpa V DaBHBI HY/IIO IIPH
k <1i<mn-1, o0, cornacuo teopeme 5.2, miorowien V(X ) umcer kopuu
a~k=qgd-l oK+ = ad_2, v a1 = o Taxum obpa3oMm, MHOTO-



5.4. Heroduposarue xodos Puda - Coromona Zlé)

anenbl V(X) obpasyror (n, k)-xon Puga — Conomona ¢ nopoxaonum
MHOI'O'IJIEHOM '

9(X)= (X +a)(X +a?)--- (X + o).
n

CrexTpallbHBIA 10/IX0/] HO3BOJISET JIEIKO JOKA3ATH CIEAYIOUIYIO Teope-
My.

Teopema 5.3.3. Jloboii koi Puna — ConoMona ssnsierca MJIP kosom.
HoxazarensctBo. Tak kKak kox Puna — Cosomona sBnsierca muneit-
HbIM, dpnin PABHO MHHAMAJIBHOMY BECY KOIOBOTo cJjoBa. JI106oe KooBoe
cioro V = (Vo,W,...V}, ..., Va_1) sBasiercst npaMbiM 1ipeobpasoBany-
em Dypbe HEKOTOPOTO BEKTOpa

V= (vo,vl,.,.,vk_l,0,0,...,Oi.

n~k

B cuny Teopemst 5.2.2, j-as 4acTOTHAs KOMIOHEHTa PaBHA HYJIIO TOrAA
¥ TOMBLKC TOrja, Kora of ABjsieTca kopHeM MHorourena v(X) = vg +
X 4 -+ vp_iX* 1. Cornacro ocHOBHO# Teopeme anreGpsl, KOTOPast
ClIpaReyIHBa M J/is KOHeuubix nose#t Tanya, muorounen v(X) cremenu
k—1 moxer umers B nosie GF(g) ne Gonee k— 1 kopueit. Cenoparenpuo,
Bec JifoGoro ciosa (1, k)-kona Puga — ConoMoHa He MoxeT GBITh MeHBIIe,
yeMm n—(k—1) = n—k+1 u, B cunty rpanunst Cunrnrona dyj, = n—k+1,
TO ecTh KOJ 00/1alaeT MaKCHMAaJIbHBIM paccTosinueM. Tak Kak koae! Pusa
- ConomoHa JimHelHbI, oM sBjsiorcs M/IP kogamu. B

CrekTpalibHbLH II0IX0/] [IO3BOJISIET TAKXKE JOCTATOYHO ITPOCTO NHTEP-
NpPEeTUPOBATh NPOIEAYDPY AeKonupoBanus Konos Puga — Conomona.

5.4. [lexoanpoeanue kopos Pupa — ConoMoHa

He Tpyano 3aMeTHTbh, 4To npu 0bpasoBauun kouoe Puma — CosoMoHa
1HGOPMALHOHIbIE CHMBOJIBI MOXKHO Pa3MeIIATh B JIIOOLIX & PAJSOM CTOs-
IMX pa3palax BeKTopa v. VI3 MeTOAH4YeCKHX CO00parkeHui OTBEIEM MON
uH(OpPMALNIO CTApIIue KoMIOHeHTh V. B aTOM cityuae Muorodsen v X)
GyeT MMEeTh, BUI )

V(X)) =1 X" v o X2 oy XR 0. X 0. X0,

8 TIOPOXK/1AIONIME MHOTOYJIEH COOTBETCTBYIomero kona Puja — Conomona
HMeeT BHJ,

Cg(X) = (X + X + M) (X + ")
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Kak yske 0TMeuasoch paHee, ¢JI0Ba paccMaTpuBaeMoro koga Puua - Co-
JIOMOHa ABAHIOTCS HPsMbIM lipeobpasosanueM Pypbe MHokecTBa BeK-
TopoB V, To ecTb V = V. B kanaye kojgoeoMmy cioBy V jobapiisercs
sexrop omnOkn E kpatHocru [ < d — 1.
PaceMorpum obparroe npeotpasosanie Qyphe IPHHATOrO U3 KaHAJIA
cjioBa
R=V+E, (5.8)

B cuay cBoiicTa sMHeHOCTH 06paTHOrO NpeobpazoBanust Pypoe umeeM

(Vn—1+e€n—1,-- s Vn_k +€n—k, €n_k_1,€n—k-2,---,€0) S V+E, (5.9)
rae V = (Un_gyVUn—k—1,-- - ,Un~1) - WHQOPMALMOHHLIN BEKTOD, JIEXKAIIMI
BO BpemenHo# obnactu, e = (eg,€y,...,€,—1) - 06paTHOE MpeoGpa3oBa-
Hue BekTopa ommbok. Tak kak n — k mpaBbIX KOMIIOHEHT BeKTOpa 00paT-
Horo npeobpasopanust Pypoe or V + E He 3aBHCST OT KoaoBoro cjiosa V,
3TH KOMOOHEHTHI 00pa3yioT CHHAPOM OIUMOOK. 3alileM TOT CHHAPOM
B BHJe

8d—2,8d—1s---,51,30, ) (510)

THOE SQ = €0,81 = €1,...,84-2 = €p_k_1. SAMETHM, YTO CMHAPOM SIBJIs-
€TCs HEKOTOPHIM «OKHOM», 4epe3 KOTOpoe MOXKHO Habiozsarh obpaTHoe
npeopa3osanne Pypbe BekTopa omubkn E.

O6o3HaguM uHJieKchbl | HeHyJIeBBIX KOMIOHEHT BekTopa E depes
1,32, -, Ji- OlipeneauM BeKTOp BO BpeMeHHO 061acTH, npamoe npeob-
pasoBaiue Pypre KOTOPOro COAEPXKUT HYJIEBbIE KOMIIOHEHTHI JJIsi BCEX
4acToT j, ans KoTophix E; # 0. Ilpome Bcero Takoi#t BekTop 3a84aThb B
BHJIE MHOTOYJIEHA JIOKATOPOB OIIHG0K

3
o(X)=[[A-Xa ) =ap+ a1 X +... + o X" (5.11)
k=1 . .

IokoMnoHeHTHOE TPOM3BeAeHME IpsMoro mnpeobpasopanuss Oypwe OT
MuorowieHa o(X) Ha Bektop omubku E B uacToTHOM ofmacTu pas-
HO HYJIIO, CJIeJ0BATCIILHO HMKIIMYECKas CBEPTKA BO BPeMeHHON 0bacTH
BEKTOPA 0 C BEKTOPM € TAKXKe PaBHA HYJIIO !

oxe=0. (5.12)

M3 (5.9) u (5.10) caenyer, 4o 4714 onpeieJIeHUs. KOMIIOHEHT 07, 02, . - - , 0]



5.4. dexoduposanue xodos Puda Conomona 2

(cornacno (5.11) g = 1), ucnoneays: (5.12), Mbl MOXKCM COCTABHTE CH-
cremy d — 1 — | jiuneiiHbIx ypaBHeHUH ¢ | HCH3BECTHBIMM

oosi+o181_1+...+0159=0

008141+ 0181+ ...+ 0151 =0
(5.13)

008d4—2 + 0184-3+ ...+ 0184_2_; = 0.

CnoxnocTb, BOSHHKAIOLIAs! [IPH PeLueH’H CHCTeMb! ypaBHeHu# (5.13) co-
CTOMT B TOM, 4TO KPATHOCTb OMubku [ HaMm 3apaHee He H3BecTHa. TakuM
06pa3oM, B LHpOLECCe PElIeHHs JOMKHA elle OCYIECTBAATHCS U MEHUMMH-
3alis 3HAYEeHUs [, IPH KOTOPOM BO3MOXHO BBINOJIHeHMEe Beex d — 1 — [
ypaBaenuii u3 (5.13). Takoit mpocroit u 3ddekTuBHBI anropuT™ 61T
HafeH Bepneksmiiom B 1967 r. Bes npeyBesidyeHnst MO’KHO CKa3aTh, YTO
3TOT AJITOPHTM [IPOU3BEJ HACTOSLLYIO PEBOJIOIHIO B TEOPHH U NPAKTHKE
noMexoycToiuuBoro xopuposauusi. Ou 6yAeT pacCMOTPEH B clleAyIOLIeM
paszesie 3TOM IJaBbl.

[peanonoxkum, 4To Bee KoaddumenT MHorowieHa o(X) onpexe-
JieHbl. B aToM ciiyqae ocTasibHbie kK KOMIIOHEHT BEKTOPA €, TO €CTh KOM-
HOHEHTHBI €5k, €n_k+1; - - - » En—1 BO BPEMEHHO# 00/1aCTH, MOTYT OBITH pe-
KyPEHTHO onpejeneHbt, uexond u3 (5.12).

Jlnsi onpeieieHHsi KOMIOHEHTHI €1 HaM JIOCTATOYHO PElINTb ypaB-
HeHHe

ogenk + 01842+ ... + 0118421 + 0184-1-1 =0
OTHOCHTENIbHO €j_1, TAK KaK BCE OCTAJbHbIE KOMIOHEHTHI y2Ke Ompe/ie-
JIEHBI.

Ha 'BTOpOM miare MBI y2Ke MOXeM COCTABUTH YPABHEHHE [T OHpee-

JIEHHS €f_9. DTO ypaBHEHUE UMEET BUJ,

00€n—k+1 + O1€n_k +0284-2+ ... + 0151 = 0.

_ PekypeHTHO 1ipofiosiKasi ONMCAHHYIO MPOLEAYPY, MBI HaltieM BCE OCTaB-
MIAXCST KOMIIOHEHTHI BEKTOPA €. :
Jlns onpenenenusi uHGOPMABIHOHHOIO BEKTOpa V HaM JOCTATOY-

HO BBLINECTh HAHAEHHBIE KOMIIOHEHTBI €5k, En—k+l; -+, En—1 U3 TOIY-
JeHHBIX 0OpaTHBIM npeobpazoBanneM Pypwe or R smavennit v, i +
€nkyUn—k+1+ €n—k+1y.++1Un—1 1 €n_1.

CaMoe 3aMeyaTesbHOE B PACCMOTPEHHOM AJITOPHTME COCTOUT B TOM,
4TO [IPK €ro Peann3aliy He IPUXOIUTCH HAXO/MTh HH KOPHA MHOTOYJICHA
o(X) (noxaropnl owuboK), HE 3HAUEHHs OMMOOK.

Teneps 0611ast KAPTUHA POLE/TYPH JICKOAUPOBAHHS SICHA ¥ €€ MOMKHO
¢pOpMY.IMPOBATL B BUJE MATH LIArOB.
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IIIar 1. Boiuncauts o6paTHoe npeobpasosanne Oypbe HPpUHIHTOrO Bek-
Topa R = V + E. Beigeauts sg,...,S4_2 Bo Bpemennoi obractu
U 3alfryMJIeHHblE KOMIIOHEHTH! HH(OPMALHOHHOTO BEKTOPA V;

Iar 2. Haitru o(X) u3 (5.13);

Iar 3. C 0OMONIBbIO PEKYPEHTHOR MPOLEAYPbl BHIMUCIHUTH KOMIIOHEH-
TBl €n—k)Cn—k+1s--- En—1s

ITTar 4. Haiitu nadopManuoHHbIiil BEKTOD V;

3ameualme. Paccmompennvill aa20pumsm 6ce20a UCnpasiiem l_% |l u
Menee owubox. B caedyrouem pazdeae bydem paccmompen maxaice cay-
wali, K0204 YUCAO KAHGAOGHUWT OWUbOK npesviuaem [d%l |

JIns KOHTpOnsi IIPAaBUIBHOCTHA JEKOAMPOBAHHUS HaCTO IIPOBOJMTCS
caenylomui mar.

Hlar 5. Buruucnuts npsimoe npeobpasoBanue Pypbe BeKTOpa V, NOJIY-
YHB NpM 9TOM KofoBa#l BekTop V' (He Beera coBuajasionmit ¢ V).

5.5. UtepatusHeiit anroputm gna Haxoxaerua o (X)

Dynem pykoeonacTBoBaTbcsl 6GIOK-CXEMOii aropuTMa, NPHBEACHHON Ha
puc. 5.1 ([10] crp. 271). OTMeTuM, 9TO 3Ta GIOK-CXEMA COUEPKUT BCIO
HeobxonMMyt0 wHMOPMaNMIO JJIst HPOrPAMMHOM MJIM CXEMHO# peaidia-
A aropurMa. Ecin unciio omnboK He NPeBhIIaeT BeJHIMHbL [d—;—lj , TO
aJNrOpHTM HaxOAUT MHOrowreH o{X) MHHMUMAJIbHOM cTenenu [, npHu ko-
TOPOM BbIIOJHAETCH cucTeMa ypasHenuit (5.13). JokazaTenscTBy 3TOr0
akra B [10] NOCBSLIEHO HECKOIBKO JOBOJILHO CJIOMKHBIX TEOPEM H 3aKH-
TEPECOBAHHOMY MTATENIO Mbl COBETyeM obpartuTca K [10]. Orpama‘mmca
OIIHCAHMEM OCHOBHBIX IIPHHLIUINOB PaboThl aJirOPHTMA.

B pabore aqropuTmMa HCHOIBL3YIOTCH TpH perucrpa. B perucrpe au-
HaMMYeCKuX CBsizell R; Ha KaXK/OM TakTe JCKOJUPOBAHMA COUEPIKHT-
¢l ouepeNHoe UTEPATHBHOE 3HadeHUe oy, (X ). KoMnoHenTnl MHOrOWIEHA
0n(X) Ha n-om Taxre pekonuposarus Cp1,Cra,... ,Cn,j, TOe J — cTre-
[EeHb MHOTOYJICHS.

Paccmorpum mponecc Boraucnenusi o,(X) 6oaee nonpobHo. B pe-
FHCTp ciBura Ry [OCeOBATENLHO, HA KAJKIOM TAKTE JAEKOIMPOBAHHS



5.5. H‘fnepamueuuti anzopumm 0as nazoncdenus o(X) 2"\2)

Craruieckuii
peructp R,

o [T [ T [ e

. + dn

——
s=afn]nla]o] [[]]]

Pernctp

casura R

FlE F Perncrp
b Ik L e 3 casura Ry

3ameqanms: npn Kaxaom 1, R, conepxut C, (X)
1a uckmouenneM Cpy =1
Ry conepxut [s(X)]
R; conepxut F(X)=X |H“Ck ‘(X)

. F,=10
d - T NAMATH, COAEP dkn

PYHKUAN ynpaBieHHs

00 ... 0 — R,
S50 - .- 0 — R,
10-.. 0 —> Ry

n-[, +1 —= I,
: d, > d*
TlomenaTs MecTamMu
cogepxumoe R, n R

3

Yuuoxure R, Ha —g ‘l;lpu6msmu,
fpu6asuts Ry k R, n -?41 pas R3; K R,
CyMMy nomecTnTs 8 Ry W pesyabTaT

< nomMecTHTs B R
CasusyTs Bipaso R, 7

nomectHs 1 B kpalinni Casmwyts R

NeBblAl paspsd anpaso 3

Cnpunyts R,

BMpaBO

¥ B HEro
AOHATH Sgiy
nel-a=n

Puc. 5.1. Aaroputm Bepnexamna Meccn [10]-
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MO/1AIOTCA KOMIIOHEHTBI CHHJIPOMA 80, 81, - - « » S4—2. 11yCTh 1, — nTCpaTHB-
Had JUIMHA peructpa R Ha TakTe n, TOrJa Ha 9TOM e TaKTe Ha BbIXOAC
BbIMHUCISETCA

dn = Cr 81, + Cnasi,—1+ -+ Chuso

H JIEKOJIEP CTPEMUTCS TaK CKOPDPCKTHPOBAThL 0, (X ), 4Tobsl pean3oBarb
neproe ypapHenue u3 cucreMnt (5.13). Jdanee aexojep nobusaercs Bbl-
LOJIHEHHS BTOPOro ypasHenus w3 (5.13) npu coXpaHcHHH HEpBOIO M T.J.
OKaSbIBa-OTCﬂ, 9TO 1IPOHECC KOPPEKIHKW MOXXKHO HavYvMHaThb NPAMO C 1ICp-
BOIO TaKTa, TO €cTb ¢ dy = Sp. B pesysbrare mMbl nojayaum o(X) munu-
MATHHO CTEINCHH, TPH KOTOPOM BBIIOMHAIOTCH BCC ypaBHenust u3 (5.13).
KouTtpons HpaBHIBHOCTH BCEro MpOIECCCa TEKOAUPOBAHNA NPOMCXO-
JUT Ha OITOM Iare Jekoiuposadusi. IlycTb Ha 9TOM mmare BLIYMCIICH
koaoBblit BekTop V', Cpasuusast V' ¢ R = V + E MoxHO nafitu uunc-
5o nenpassaenut. Eciu B kanane npousomnmio ne 6osee Liglj onuboK, TO
YHCII0 UCUPABJICHUI O/1KHO COBIAJATH CO CTENEeHbIo MuorowieHa a(X).
Eciin 9HCI0 KaHaabHbIX OMUMOOK NMpeBLIIAET Ld%lj, TO MOXKECT HPO-
M30HTH 0/1HO U3 Tpex cobpiTH. Bo-nepBbIx, cTenenns muorodwaena o(X)
MOXCT OKA3aThCS BbIILE [ii;—lj. Torma mporiecc ACKOUPOBAHUA lIpephl-
BACTCA yXKe Ha BTOPOM 3Talc jeKoIupoBahus. Bo-Bropbix, umcso uc-
NpaBjicHAE MOXKET He COBNaAATh €O creleHblo o(X), Takau omnbka 06-
HapPy>KUBAETCS B KOHUE JeKoaupobaHus. Y, HakoHell, BIIO/HE BO3MOXKHO,
YTO YHCJIO HCTIPABJIEHHN COBNaIaeT co cTeneHbio o(X) U He 1IpeBblniaeT
Ld;21_| 3nech uMeeT MeCTO HeOBHADYXKUMasi OLIUOKA IeKOUPOBaHMs .
3aMeTHM, 9TO JUIS PeasiM3aldy STOr0 ANIOPATMa TpebyloTcs He3HA-
JUTESIbHBIE TEXHHYCCKHE 3ATDATHI U B HACTOsIIIEe BPeMsl JIEKOJEephl KOIOB
Puna - Conomona paboralor Ha ckopoctsix 1o 40 I'éur/cek. -
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TEJbHOCTh, 221
Undopmanmonnoe ciopo, 131
Nuadopmanuonssie cuMBoibi, 135
WUngopmanus, 15, 111
HecylileCTBeHHas, 7D

Kon CRC, 198
Abpamcona, 198
Tosnnes, 198
Qaiiepa, 200
X3smMunra, 148
XomMmutra ugkangeckui, 196
6e3 3anaToi, 29
Ayanbhbilt, 175
KaTacTpoduueckmit, 241
JRHCHHBIR  JBOMYHLIA  6710KO-
BhIit, 133
upeddKcHbil, 24, 25
cucremarnuecknif, 134, 243
uuKnnyeckuii, 163
UMKJIMYECKH  YKOPOYEHHBIH,
200

Kona cxopocrs, 224

Kounep, 133



Konuposanue Xaddmana, 68, 76
apudmernyeckoe, 77
u3bbiTouHoe, 133
HCTOYHHKa, 68
sgTponuitoe, 77

Konorasi mocsenoBarenbHoOCTS,

221

Kouzosoe cioso, 131, 134, 163

Konogsiit MHorOwIeH, 165

Kommoroposa - Ysnmena ypas-

HeHue, 51

KoppekTupyomas cnocobHocTs,

144

Kpadra nepaBencrso, 25

Jlarpanxa meton, 100
Jlorapudmuueckas
npasjiononobus, 249

byakims

Mak-Muuiana yreepxaenue, 26
Mapxkosckuit HCTOYHUK, 58
CTALMOHApHBIH, 62
nponece, 51
MaremaTuueckoe. oxxuanue, 16
MaTpuua nepexoaHbIX BEPOSITHO-
creit, b2
nopoxkaaiomas, 138
nposepoyHasi, 138, 175
Mertpuxka, 249
MuuuManbHOE KOHOBOE PaCCTOsi-
HHAe, 143
Mpuorowien komosblit, 226
HenpuBoauMbIl, 158, 196
nopoxgaomutt , 223
npuMHTHBHBIM, 1598, 196
HesosMoxnoe cobuiTHe, 15
Heonpeaeneusocts, 12
OwmnbKa jekoauposanus, 132
Omubku HeobHapysxuMble, 140

IIpedmemrwti yxazamean 2@

Mamars, 58

Kozgepa, 224
HNepexognsie BeposiTHocTH, 50
HNopoxpalomas wmarpuna, 134,
172
Topoxpalommuit Muorousex, 167
TTocnenoBarenbhoe JaeKoaAUpoOBa-
Hue, 245
Ipenensuas Marpuuya, 55
Tpedukcuniit xox, 29
TIpunsroe cnoso, 132
IIpoBepouHbie cnMBoubL, 135
Tlponycknas cnocobuocts, 100,
115

Pacnpejenenne upenensHoe, 55
CTalMIOHAPHOE, 59

Paccrosinue Xsmmunra, 143

Pacumpennnnt  xon XsMMuHTa,

152

Peructp capura, 163

Croboanoe paccrosinue, 240
Cxarue JaHHbIX, 75

Cunzpom, 136, 184

CkopocTsb koza, 133

Cnyvaiinbie cobuiTusi, 12
CobcTBeHHRIH BEKTOD, 54
CosepinienHnle Koabi, 144
CoBMmecTHas sHTpONUS, 38, 45
Cocrosiaue, 50

CreKTpanbHas IJIOTHOCTH MOMIL-
noctH, 118

Cranuonapnas nenb Mapkosa,
54

CranuoHapHblii HCTOYHUK, 45
Crenenb cxarus, 76
CroxacTHyeckas marpuna, 52



@6 Ipedmemnwti yxazamenn

Teopema Illennona, 108 Huknmyecknit casur, 163
Koauposauusi, 48, 108

KOMHPOBAHNS UCTOYHUKOB, 67 DHepreTuYecKuil Bmm‘puﬁrr

na, 148
Yenorast uHGOpManus, 37 Oueprus, 118
Vcinosnas surpornus, 39, 46 " Durtponus, 6, 15, 16, 62, 99,

JBOMYHOrO MCTOYHKKa, 21

nuddepennuanpuas, 112
DproguuHocTs, 16
DddekTusnocts koaa, 32

PaxTop cxaTHs, 32

Ilen» MapkoBa peryasipuas, 55,
56
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