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AHOTALIA

Cmynxka b.A. Metonu J0CTOBIpHOTO TiepedaBaHHs iHGoOpMalli B cHUCTEMax 3
HEPO3AUIBHIM (DaKTOpiaIbHUM KOJYBaHHSM JaHWX 32 BHCOKOiI WMOBIPHOCTI OiTOBOI
noMuiiku. — KBamiikairiiina HaykoBa mparis Ha IpaBax pyKOIIUCY.

Hucepramiss Ha 3A00yTTS CTymeHs gokTopa (Gutocodii 3a CHeriaabHICTIO
123 — Komm’toTepHa  iHkeHepis. —  Yepkacbkuid  ACp)KaBHUM  TEXHOJIOTIYHUUN
yHiBepcuTteT, Yepkacu, 2024.

HuceprariiiiHa po6oTa cipsMOBaHa Ha BUPIIICHHS aKTyaJIbHOI HAYKOBO-TEXHIUYHOT
3a/1ayi, 10 MOJIATae B 3a0€3MeUeHHI JJOCTOBIPHOCTI NiepenaBaHHs iHpopMallii Ha OCHOBI
BUKOPUCTAHHSA HEPO3AUIBHOrO (DAKTOpIAIbHOTO KOAYBaHHS JgaHux. g 3amava
nepeadoavyae HEOOX1IHICTh CTBOPEHHSI METO/11B BCTAHOBJICHHS ITMKJIOBO1 CHHXPOHI3alli1 Ta
METO/IY JIOCTOBIPHOTO TIEpE/aBaHHS IIEPECTAHOBKU B CHUCTEMaX 3 HEPO3IAUILHUM
(bakTopiaIbHUM KOJYBAaHHSIM JIaHMX 3 KaHaJlaMu 3B’A3KYy 3 BHUCOKOI HMOBIPHICTIO
01TOBOI MOMUJIKH.

[IpoBenennii y po6OTI aHAJII3 METO/IIB HEPO3AUIHLHOTO (DAKTOPiaIbHOTO KOYBaHHS
JTAHUX CBITYUTH, 1[0 BOHU OJHOYACHO BUPIIIYIOTh MPOOJIeMH KpUNTOrpadiuHOro 3aXUCTY
1H(Dopmarrii Ta 3aBaIOCTINKOTO KOTYBaHHSI.

BukoHnano aHainiz MeTONIB IIMKIJIOBOi CHUHXpoOHi3amii. [lokazaHo, 1m0 iCHYIOTH
METO/M, Kl BUKOPUCTOBYIOTh MiAXiag rpy0oi cuim Ta nepeadaydaroTh Oydepusailiro
JAHUX JBOX JOBXKHH KaJpy W JIEKOAyBaHHS 3a KOXHHUM MOXJIMBUM 3MIMIEHHSIM
CUHXpOKOMOiHamii. [Hmn MeTomu s MIABUINEHHS e€()EKTUBHOCTI  ITUKJIOBOI
CHUHXPOHI3aIli BUKOPUCTOBYIOTH omepaiiro XOR misg CMHXpOKOMOIHAINA 3 MOTOKOM
JNaHuX. [CHYIOTh TaKoX METOJIM IMKJIOBOi CHHXPOHI3allli, sIKI HE BHKOPHUCTOBYIOTH
CUMBOJIM TpeamOynu Ta mnependavaroTh ajnanrtauiio ¢opmaty kaapy. Pazom 3 Tuwm,
PO3TIITHYTI METOAM IHMKJIOBOI CHMHXPOHI3allli MarOTh OOMEXKEHHsI, 10 MPU3BOIATH JI0
3HAYHO1 OOYMCIIIOBAIBHOI CKJIAHOCTI aJITOPUTMIB, IO iX PEani3yroTh, 1 HEMOXIUBOCTI
3aCTOCYBAaHHS B KOMYHIKAIlIHHUX CUCTEMaX 13 OJIOKOBUMHU KOJAMHU.

PosrasiHyTO icHYIOUI 3aCTOCYBaHHS, IO peali3yloTh HEPO3NUIbHE (pakTopiaibHE
KOJYBaHHS, 30KpeMa TpbOXETamHW KpunrtorpadiyHUd MPOTOKOJI HA OCHOBI

IIEPCCTAaHOBOK, SIKAM Ja€ 3MOry 3aXvUIICHUM IIJIAXOM IICpcaaBaTH HOBiI[OMJ'IeHHH MIK



JIBOMa CTOpOHaMHu 0€3 HEOOXIJHOCTI IepeaaBaHHs a00 OTOJIOMICHHS BIIKPUTOTO YU
3aKpuTOro kiroya. Pazom 3 TuM, OCOOJHMBICTIO TaKMX MPOTOKOJIB € TE€, L0 BOHU
noTpeOyIoTh OUTBII BUCOKUX MOKA3HUKIB JOCTOBIPHOCTI, OCKUIBKH JJISi TI€pelaBaHHs
OJIHOT'O TTOBIJIOMJICHHSI JIaH1 TIepealoTh TpUUl, 0 30UIbIIYE WMOBIPHICTD 1X ypaKeHHS
3aBaJI0l0, MO0 OCOOJIMBO BITUYTHO B YMOBAX BUCOKOTO 1X PiBHS.

Bukonanuii aHami3z jaB 3MOry 4iTKO c@opmylitoBaTd 3anadi pobotn. Bonu
MOJISATAIOTh y PO3po0Iill METOy IUKJIOBOI CHHXPOHI3AIll i1 KOMYHIKAIIHHUX CHCTEM
nepeaaBaHHs iHQoOpMaIIil 3 HepO3ALIFHIM (DaKTOPiaIbHUM KOyBaHHSIM, y TOMY YHUCII,
3a UMOBIpHOCTI O1TOBOI MOMMIKH, Onu3bKoi 10 0.5, a Takox y po3poOIll MeToay
JIOCTOBIPHOTO mepenaBaHHs 1HQopMallii B cuUcTeMax 3B’SI3Ky 3 HEPO3IUILHUM
(dakTopiadbHUM KOAYBAHHSIM JaHHUX 3a TAKOi K IMOBIPHOCTI O1TOBOI TOMMIJIKH.

3 Meroro Bepudikaiii Ta TOCHIKEHHS €(EeKTUBHOCTI pO3pOOJECHUX METOMIB
LUKIJIOBOI CHHXpPOHI3alli, JOCTOBIPHOTO MepeJaBaHHs I1HPopMalii, a TaKoX IS
dopMyItOBaHHS ~ peKOMEHJalld IMOA0 IX 3aCTOCYBaHHs, 3aK/IIOYHA  3ajada
JUCEPTALIITHOTO AOCTIIPKEHHS TIOJIATa€e y BUKOHAHHI IMOPIBHSUIBHOI €KCIIEPUMEHTAIBHOT
OLIIHKU €(heKTUBHOCTI pO3pOOJIEHUX METO/IIB.

VY nuceprariiitiii poOOTI MPEACTABICHO BIEpIIE PO3POOJIECHUNH METOJ| IIMKIOBOI
CUHXPOHI3allli, SIKHH 32 paXyHOK BHUKOPHUCTAHHS SIK CHHXPOKOMOIHAIlli MepecTaHOBKH
yuced, il noauty Ha mpediKcHy Ta Cy(PiKCHY YaCTHHH, a TAKOXK 32 PaXyHOK Ma)KOPUTapHOL
00poOKHM TPUUHATUX (PparMeHTIB, T03BOJIIE 3a0C3MEUUTH ITUKIOBY CHHXPOHI3AIIIO
NpUiiManbHOI Ta MepeJaBalibHOI CTaHUIA KOMYHIKAI[IHHUX CHUCTEM NepelaBaHHs
iHdopmarliii 3 Hepo3AUILHUM (aKTOpiaTbHUM KOAYBaHHSIM. P03po0ieH0 CTpyKTypHY
CXeMy MPUCTPOI0 ILMKJIOBOi cuHXpoHi3amii. [loOymoBaHo mporpamMHy MOAEIb
nepeiaBaHHsl JaHUX, B SKIA peani30BaHO pPO3pOOJIEHUN alrOpUTM BCTAHOBJICHHS
IIUKJIOBOT'O CHHXPOHI3MY Po3pobiienuii MmeToa nae 3Mory 1l TOBXKHHHU KOJOBOTO CJIOBA

B 8 eneMeHTIB (24 0iTH) B KaHaJlaX 3B 3Ky 3 IMOBIPHICTIO 01TOBOI MOMHIKH p, = 0,495

OTpUMATU 3HAYCHHA Bi,Z[HOCHO.l. JaCTOTU BCTAHOBJICHHA IIPABUJIBHOIO CPIHXpOHiBMy

W =0,993 Ta  BigHOCHOI 4YacTOTH XHOHOI cuHxpoHizamii W, =0,006 m1s

true false

MaKCUMaJIbHOTO Koe(imieHTy HakonudeHHs [ =90603 ¢parmentis (2174472 Oir). Y
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TOM K€ Yac, po3po0IeHHI METOJ] 1a€ 3MOT'y 3a0€3MeUUTH BCTAHOBJIEHHSI CHHXPOHI3MY, B
cepeaHbOMYy, Micis oTpuMaHHs 4, 7, 15, 54, 14526 dparmentiB (96, 168, 360, 1296,
348624 06it) 3a liMoBipHOCTEN 61TOBOI HOMMIKY . p, = 0,1;0,2;0,3;0,4;0,495 BinnOBIgHO.

HalyB momanbiioro po3BUTKY METOJ LMKIOBOI CHHXpPOHi3allii HEPO3ALTEHOTO
(dbakTopiaIbHOTO KOy, SKHH 3a paxyHOK BHUKOPHUCTAHHS SK CHHXPOKOMOiHAIlIi
MEPECTAHOBKH, SIKa MAa€ MaKCHMaJIbHE 3HAYCHHSI MiHIMaJIbHOI BificTaHl XeMMiHTa Bif 11
JBIMKOBOTO TPEJCTABIEHHS JO0 BCIX ii HUKIIYHHUX 3CYBIB, a TaKOX 3a paxyHOK
KOPEJISAIINHOT Ta MaXKOpUTApHOT 0OpOOKH hparMeHTIB JaHUX, 1110 EPEAAIOThCS KaHAJIOM
3B'SI3KYy, [I€¢ JOBXKHHA (PparMeHTa JOpPIBHIOE OBXKHHI CHUHXPOKOMOIHAIIIi, 103BOJISE
3a0€3MeUnTH IMKJIOBY CHUHXPOHI3AIlII0 32 MMOBIPHOCTI OGITOBOI MOMMUIIKH, OJIM3BKOI 110
0.5. Po3po0sieHO CTPYKTYpHY CXEMy MPHUCTPOIO ITUKIIOBOI CMHXpoHi3alii. [lo6ymoBano
porpamMHy MOJIENb MEepeAaBaHHs JAHHUX, B AKIH peasii3oBaHO pO3pOOJIECHUN AITOPUTM
BCTAHOBJICHHSI IIUKJIOBOTO CUHXPOHI3MY. 3aCTOCYBaHHSI pO3POOJICHOTO METOJY IIUKJIOBOT

CUHXPOHI3allii JO3BOJMJIO 3a0€3MEeYUTH WMOBIPHICTh NPABWJIBHOI CHUHXPOHI3aLI1

o . . . 4 .o .
P..>0,9997 Ta iimoBipHicTh XHOHOT cuHxpoHizauii P, <3-107 y MmoxenbHil cuctemi

tru
NepeaBaHHs AaHUX 3 HE3aJIeKHUMH OITOBUMH MOMUJIKAMU 3 IMOBIPHICTIO iX MOSIBU

2, =0.495 nns cuHXpOKOMOIHANIi-IepecTaHOBKU 3 8 eneMeHTIB (24 0iTiB) 3a
MaKCHMAaJIbHOTO Koe(inieHTy HakonndeHHs [ =30603 (734472 Oit) Ta 3a cepennboi

KUIBKOCTI MPUHHATUX (PparMeHTiB, 10 HEOOXigHA AJii BCTAHOBIICHHS CHUHXPOHI3MY,
15787 dbparmentiB (378888 6iT).

Po3po0neHo Ta AOCHIIHKEHO alrOpUTM NEpPEMIIIYBaHHS MNPUNUHATHX 3 KaHaTy
3B’SI3Ky (DparMeHTiB, IO J03BOJISE JOMATKOBO 3MEHIIUTH HEOOXITHHH Koe]illieHT
HAKOMMYEHHS ISl BCTAHOBJIEHHS IIMKJIOBOTO CUHXPOHI3MY. Tak, pi3HULA MiX CepeaHiM
3HAYEHHSM KUIBKOCTI HAKOMMYEHUX (parMeHTiB [JIsi CUCTEM CHHXpPOHI3alli 3
nepeMilTyBaHHsIM 1 0e3 mepeMillyBaHHS HAKOMMYCHHX (PAarMeHTIB 3 MapameTpami,

BU3HAQUEHUMM M1 WMOBIPHOCTI 0iToBOi mnomMmwiku p, . =0.495 Ta noBxuHH

CUHXpOKOMOIHaIlii-mepecTaHoBKU 8 eneMeHTiB (24 6ita), mopiBHtoe 4607 dparmeHTam

(110 568 Gitam) 3a p,=0.495, 9.1 pparmenram 3a p,=0.4 1 2.6 pparMeHTam 3a



P, =0.35, mo 3MeHIIye HEOOXIJIHMI 4Yac BCTAHOBJICHHS CHUHXPOHI3MY. Po3poOnenuii

METO/I MOXe OyTH e(pEeKTHMBHUM JJIs peajizallli He TUIbKU B CUCTEMaxX 3 HEPO3AUIbHUM
dakTopialbHUM KOJIYBaHHSIM, a M Yy KJIACMYHMX CHUCTEMax IepelaBaHHS JaHUX, e
BUKOPHCTOBYETHCS CTAHAAPTHUHN PO3ILITLHUK MK KaJpaMHU.

Brnepiie po3po6sieHo MeToj; JOCTOBIPHOTO MepeaBaHHs MMePECTAHOBOK, SKUU 3a
paxyHOK TOAaHHS KOXKHOTO €JIEMEHTY IePECTaHOBKH, IO IMEPEAAEThCH, y BHUIIISII
UKIIIYHOTO JIBIMKOBOIO 3CYBY I€PECTaHOBKHU-TIEPEHOCHHKA, IO Ma€E MaKCUMaJbHE
3HAYEHHs MIHIMAJIbHOI BiICTaHl XeMMiHTa Bij i1 JIBIHKOBOTO MPEACTABICHHS 0 BCIX ii
LIUKIIYHUX 3CYBIB, J03BOJisie 3a0e3meunTd 1HGOpMaLIMHUI OOMIH TPHOXETAITHUM
KpunrorpagiyHUM MPOTOKOJIOM Ha OCHOBI TEPECTAHOBOK 3a HWMOBIPHOCTI OITOBOI
MOMUJIKU, OJIM3BKOT 110 0,5. {715 miABUIIIEHHS TOCTOBIPHOCTI NepeAaBaHHs TEPECTaHOBOK
METOJ] TaKOX BHKOPUCTOBYE MAXOPUTApHY Ta KOpPEJALIiHY 0OpoOKy (parMeHris,
OTPUMAaHUX 3 KaHally 3B's13Ky. Po3po0ieHo MaTreMaTuuHy MOJIeNb CUCTEMH TIepe/laBaHHs
naHuX. Po3po0ieHo Ta pearizoBaHO alTOPUTM, IO 3aCTOCOBYE 3alPOMTOHOBAHMI METO]T

Ta Ja€ 3MOTry 3a WMOBIpHOCTI OiToBOi momMmiku p,=0.495 nocArtm KHMOBIPHOCTI

NPUAMAHHS IEPECTAHOBOK 0€3 MOMHIIOK B, .. 4., 2> 0.999 1 iMOBIpHICTb HEBUABICHOT

4 e e . NV .
nomunku B, o o, <3.6-107. Pesynbratn moOynosanoi iMiTanifiHoi mporpamHoi

MOJIeTIl CHCTEMH TepelaBaHHs JIaHUX MIATBEPIKYIOTh €(PEKTUBHICTh PO3POOJIECHOTO
METONy B TMOPIBHSHHI 3 TpaauIiiHuM MetomoM DSSS: myus gocsrHeHHs 3amaHoi
WMOBIPHOCTI TPUIMaHHS MEPECTAHOBOK 0O€3 IMOMHUJIOK 1 WMOBIPHOCTI HEBHSBICHOI
MOMUJIKH, 1110 BKa3aHi Buile, Meto DSSS norpebye npuitmanus [ =36413 dbparmenTiB
(20099976 6it), B TOI Hac, Ik po3podiieHuid MeToA, norpedye [/ =29123 pparmeHTiB (
16075896 0ir).

VY 3aKIIIOuHIN YaCTUHI TUCEPTAILitHOT pOOOTH TOCIIKEHO e(PEKTUBHICTh METO/IIB
IMKIOBOI CHHXpOHI3allli CHCTeM mepedaBaHHs I1HQopMalii 3  HEPO3IUIBHUM
(dakTopiadbHUM KOAYBaHHSM: METOAy, SKHUi Oa3yBaBCS Ha BHUKOPUCTaHHI SIK
CUHXpPOKOMOIHAallli MEepecCTaHOBKM 4Mcesl 3 ii MOAIoM Ha mpedikCHy Ta Cy(]ikCHY
YaCTUHU, Ta METOMY, 1[0 BUKOPUCTOBYE K CHHXPOKOMOIHAIIII0 TEPECTAHOBKY, 110 Ma€

MakCUMaJIbHE 3HA4YEHHS MIHIMAJBHOI BiACTaHl XeMMIHra Bix 11 JIBIHKOBOTO
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MpeACTaBIEHHS JI0 BCIX 11 IUKIIIYHUX 3CYyBIB. PO3p0o0sIeHO Ta ONMCAaHO CTPYKTYPHI CXEMU
IMITalIMHUX MOJIETIEH CHUCTEMU TMepeaBaHHs JaHUX JUIsl KOOKHOTO 3 MeToiB. OmnucaHo
CEpeoBHUIIlE PO3pOOKM Ta MapaMeTpPH amapaTHOI YaCTWHW, Ha SIKIH BHKOHYBAJIOCS
MoenoBanHs. [1o0y1oBaHO mMporpamHi iMiTaliiHI MOJCI CUCTEM TepeIaBaHHs JaHUX,
y SKUX peali30BaHO aJITOPUTMHU BCTAHOBJICHHS IIMKJIOBOTO CHHXPOHI3MY JIJISI KOYKHOTO 3
HaBeJleHuX MeToiB. OOIpyHTOBAHO OCHOBHI MOJIYIMi, SIKI BUKOPHCTOBYBAJIMCS SIK IS
peamizaiiii Mojenei, Tak 1 JuIs iHTepnpeTallii pe3yiasTariB. Po3pobieHo pexoMeHaarii
II0/10 3aCTOCYBaHHs pO3pOOIEHNUX METOAIB IIMKJIOBOI CHHXPOHI3allli B KaHAIax 3B 3Ky 3
BUCOKOIO HMOBIPHICTIO OITOBOI TOMHUJIKM 3 BHUKOPHUCTAHHSIM  HEPO3JIUILHOTO
(hakTOpiaIbHOTO KOYBaHHS. 30KpeMa, MPOAEMOHCTPOBAHO, IO 3a MapaMeTPiB IIUKIOBOI
CHHXPOHi3alil, BUSHAYCHUX 11 p; .. = 0,495, IMOBIpHICTH IPABUIBLHOI CHHXPOHI3ALi
€ BUIIOIO JJI1 METOAY Ha OCHOBI MOAUTY CUHXPOKOMOIHAIII Ha IpeiKCHY U CypikcHY
yacTUHH 32 p, <0.495 1 BUIOIO A1 METOAY Ha OCHOBI KOPEIALINHOI OOpPOOKH 3a
P, > 0.495. Pazom 3 THM, BapTO BpaxOBYBaTH, 10 Peali3amis METOLYy Ha OCHOBI IOALIY

CUHXpOKOMOI1HalIi Ha Npe(iKCHY U Cy(PIKCHY YaCTUHU Ma€ BUII 3HAYEHHS HMOBIPHOCTI
xuOHoro (QasysaHHs 3a p, >0.3 y NOpPIBHAHHA 3 METOAOM Ha OCHOBI KOPEIALIMHOI
00poOKu. J11s npuKIIaay, IBUAKICTh BCTAHOBIIEHHS UKJIOBOIO CHHXPOHI3MY 3a p, = 0.4
ta p,=0.495 BuIa A1 METOLy Ha OCHOBI MOALTY CHHXPOKOMOIHALIl Ha mpediKcHy i
cy(iKCHY 4acTUHH, B cepeaHboMYy, Ha 73.29% Ta 11,83 % BianosinHo, a 3a p, =0.496 -
BHIIIA JIJIT METOTy Ha OCHOBI KOpEJAIIiiHOT 00poOKH, B cepeaHbomy, Ha 56,94%; y Toi
’K€ 4ac, BIZIHOCHA 4acToTa XMOHO1 CMHXpOHI3anii 3a p, =0.4, p, =0.495 ta p, =0.496
€ MEHILIOIO JIJI1 METOy Ha OCHOBI KopesswiitHoi 00pooku (0 anst 10000 ekcriepuMeHTIB)
MOPIBHSHO 3 METOJIOM Ha OCHOBI MOJUTY CHHXPOKOMOiHaMil Ha TipedikcHy i cydiKCHY
gactunu (0.003, 0.006 ta 0.008 BianoigHo, 111 10000 excriepuMeHTIB).

Kntouoei cnosa: mepecTaHoOBKa, CHUHXPOKOMOIHAIlIs, ITMKJIOBA CHHXPOHI3allif,

KOPOTKOITAKETHUHN 3B'SI30K, KpunTorpadiyHUi TPOTOKOJN, (aKTopladbHE KOJYBaHHS,

IIyM, 3aBajia, IMOBIPHICTh CHHXPOHI3allii, OI[IHKa KMOBIPHOCTI, KOPEJIALIisl, KOMYHIKAIIIi.



SUMMARY

Stupka B.A. Methods of reliable information transmission in systems with non-
separable factorial data coding at high bit error probability. — Qualifying scientific work
on the rights of the manuscript.

Dissertation for the degree of Doctor of Philosophy in specialty 123 — Computer
Engineering. — Cherkasy State Technological University, Cherkasy, 2024.

The dissertation is aimed at solving an urgent scientific and technical problem,
which is to increase the reliability of information transmission through the use of factorial
data coding. This task implies the need to create methods for establishing cyclic
synchronization and a method for reliable permutation transmission using non-separable
factorial coding in communication channels with a high bit error probability.

The analysis of non-separable factorial data coding methods in this paper shows
that they simultaneously solve the problems of cryptographic information protection and
noise-resistant coding.

The methods of cyclic synchronization are analyzed. It is shown that there are
methods that use a brute force approach and involve buffering data of two frame lengths
and decoding for each possible synchronization offset. Other methods use an XOR
operation to synchronize the data stream to increase the efficiency of the cyclic
synchronization. There are also cyclic synchronization methods that do not use preamble
characters and provide for adaptation of the frame format. At the same time, the
considered methods of cyclic synchronization have limitations that lead to significant
computational complexity of the algorithms that implement them and the impossibility
of using them in communication systems with block codes.

Existing applications that implement non-separable factorial coding are
considered, in particular a three-pass permutation-based cryptographic protocol that
allows secure transmission of messages between two parties without the need to transmit
or declare a public or private key. At the same time, the peculiarity of such protocols is
that they require higher reliability indicators, since data is transmitted three times to
transmit one message, which increases the probability of its being affected by

interference, which is especially noticeable in conditions of high security.
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The analysis made it possible to clearly formulate the tasks of the work. They
consist in developing a method of cyclic synchronization for communication systems of
information transmission with non-separable factorial coding, including with a bit error
probability close to 0.5, as well as in developing a method of reliable information
transmission in communication systems with non-separable factorial data coding with the
same bit error probability.

In order to verify and study the effectiveness of the developed methods of cyclic
synchronization, reliable information transmission, as well as to formulate
recommendations for their application, the final task of the dissertation research is to
perform a comparative experimental evaluation of the effectiveness of the developed
methods.

The thesis presents the first developed method of cyclic synchronization, which,
by using a permutation of numbers as a syncword, its division into prefix and suffix parts,
as well as by majority processing of received fragments, allows for cyclic synchronization
of the receiving and transmitting stations of communication systems for transmitting
information with non-separable factorial coding. A structural diagram of the cyclic
synchronization device is developed. A software model of data transmission is built, in
which the developed algorithm for establishing cyclic synchronism is implemented The
developed method allows for a codeword length of 8 elements (24 bits) in communication

channels with a bit error probability p, =0,495, get value of relative frequency setting

the correct synchronization W __=0,993 and the relative frequency of false

true

synchronization W

e = 0,000, for the parameters Do max = 0-495, for maximum

accumulation rate / _=90603 (2174472 bits). At the same time, the developed method

makes it possible to ensure synchronization, on average, after obtaining 4, 7, 15, 54,
14526 fragments (96, 168, 360, 1296, 348624 bits) with bit error probabilities of
2, =0,1;0,2;0,3;0,4;0,495, accordingly.

The method of cyclic synchronization of an indivisible factorial code has been
further developed, which, by using as a syncword a permutation that has the maximum

value of the minimum Hamming distance from its binary representation to all its cyclic
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shifts, and also due to correlation and majoritarian processing of data fragments
transmitted by the communication channel, where the length of the fragment is equal to
the length of the syncword, allows to provide cyclic synchronization with a bit error
probability close to 0.5. A block diagram of the cyclic synchronization device was
developed. A software model of data transmission was built, which implements the
developed algorithm for establishing cyclic synchronization. The application of the
developed method of cyclic synchronization made it possible to ensure the probability of

correct synchronization P, 6 >0,9997 and the possibility of false synchronization

P <3 10™ in the model system transmission of data with independent bit errors with

the probability of their occurrence p, =0.495 for a syncword-permutation of 8 elements
(24 bits) with the maximum accumulation factor / , =30603 (734472 bits) and with the

average number of received fragments required to establish synchronization, 15787
fragments (378888 bits).

An algorithm for mixing fragments received from the communication channel has
been developed and studied, which allows to further reduce the required accumulation
factor for establishing cyclic synchronism. Thus, the difference between the average value
of the number of accumulated fragments for synchronization systems with and without
mixing of accumulated fragments with parameters defined for the bit error probability

Do max =0-495 and the length of the syncword-permutation of 8 elements (24 bits), is

equal to 4607 fragments (110 568 bits) for p, =0.495, 9.1 fragments for p, =0.4 12.6
fragments for p,=0.35, which reduces the required time for establishing

synchronization. The developed method can be effective for implementation not only in
systems with non-separable factorial coding, but also in classical data transmission
systems that use a standard frame separator.

For the first time, a method of reliable transmission of permutations has been
developed, which, by representing each element of the transmitted permutation as a cyclic
binary shift of the carrier permutation, which has the maximum value of the minimum

Hamming distance from its binary representation to all its cyclic shifts, allows for
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information exchange using a three-pass cryptographic protocol based on permutations
with a bit error probability close to 0.5. To increase the reliability of permutation
transmission, the method also uses majority and correlation processing of fragments
received from the communication channel. Developed mathematical model of the data
transmission system. An algorithm is developed and implemented that applies the

proposed method and allows, given the bit error probability p, =0.495 achieve the

probability of accepting permutations without errors P

W _true _fina

;20.999 and the

probability of an undetected error £, /., 4,0 <3.6 107 . The results of the constructed

simulation software model of the data transmission system confirm the effectiveness of
the developed method in comparison with the traditional DSSS method: to achieve the
given probability of accepting permutations without errors and the probability of an
undetected error, as indicated above, the DSSS method requires accepting /=36413
fragments (20099976 bits), while the developed method requires / =29123 fragments (
16075896 bits).

The final part of the dissertation investigates the effectiveness of methods of cyclic
synchronization of information transmission systems with non-separable factorial coding:
a method based on the use of a permutation of numbers with its division into prefix and
suffix parts as a syncword, and a method that uses as a syncword a permutation that has
the maximum value of the minimum Hamming distance from its binary representation to
all its cyclic shifts. The structural diagrams of the simulation models of the data
transmission system for each of the methods are developed and described. The
development environment and parameters of the hardware on which the simulation was
performed are described. Software simulation models of data transmission systems are
built, which implement algorithms for establishing cyclic synchronism for each of the
above methods. The main modules used to implement the models and to interpret the
results are substantiated. Recommendations for the application of the developed methods
of cyclic synchronization in communication channels with a high bit error probability
using non-separable factorial coding are developed. In particular, the probability of

correct synchronization is higher for the method based on the division of the syncword
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into prefix and suffix parts by p, <0.495 and higher for the method based on correlation
processing for p,>0.495. At the same time, it should be borne in mind that the

implementation of the method based on the division of the syncword into prefix and suffix

parts has a higher probability of false phasing p, > 0.3 compared to the method based on

correlation processing. For example, the speed of establishing cyclic synchronism for

p, =04 and p, =0.495 is higher for the method based on the division of the syncword

into prefix and suffix parts, on average, by 73.29% and 11.83%, respectively, and for

P, =0.496 - 1s higher for the method based on correlation processing, on average, by
56.94%; at the same time, the relative frequency of false synchronization for p, =0.4,
P, =0.495 and p, =0.496 1s smaller for the method based on correlation processing (0

for 10000 experiments) compared to the method based on dividing the syncword into

prefix and suffix parts (0.003, 0.006 and 0.008, respectively, for 10000 experiments).
Keywords: permutation, syncword, cyclic (frame) synchronization, short-packet

communications, cryptographic protocol, factorial coding, noise, interference,

synchronization probability, probability estimation, correlation, communications.
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IEPEJIK YMOBHHUX IO3HAYEHb
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NOMA - non orthogonal multiple access;

AK — aBapis kaHamy;

AK® — aBrokopensiiitna QyHKIIis;

KOK — xomOinoBaHM QakTopiaibHUN KOJ;
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cyMamu;

OKJKCp — posninmpHui (akTopiadbHUM KOJ 3 JCKIJIbKOMa KOHTPOJIHLHUMU
cyMamu;

OK3UI — dakropiasibHuii KOl 3 BIJHOBJICHHSIM JaHMX 32 TMEPECTAHOBKOIO 3
3aTAHUM YUCJIOM 1HBEPCIH;
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BCTYII

AKTyaJIbHiCTh TeMHM JOCJiUKeHHsl. Y HUHIIIHIA yac 1HOpMaIliiHO-
KOMYHIKaI[iifHI TEXHOJOT1i Ta CUCTEMH CTaJId HEBiJl'€MHOIO YACTHHOIO MOBCSAKIEHHOTO
OyTTs. PO3BUTOK 1IM(POBUX TEXHOJOTIHN 1 CUCTEM € Oe3MoCepeHIM KaTalizaTopoM s
3MiH 1 pO3BUTKY 1HIIUX CYYACHUX TEXHOJIOTIH 1 cucTeM. Y pe3ynbTarTi, TeMIH 3pOCTaHHS
00’emiB iH(poOpMaIlii, sKy moTpiOHO 30epiraTu, 0OpOOIISITH, TIEpEaaBaTi Ta OTPUMYBATH B
CJICKTPOHHOMY BUIJISIII, B TOMY YHCJI KOH(I1ICHIIHHY, TOCTIHO MPOTrpeCcyroTh. Yce 1e €
HACJTIZIKOM KPUTHYHOI BaXKJIMBOCTI ITUX TEXHOJOTIN 1 CUCTEM Maibke B ycCiX cdepax
JISUIBHOCTI Cy4aCHOTO CYCHUIbCTBA. SIK pe3ynbTar, 1€ MOPOIKYE HEOOX1THICTh
JOCJTIIKEHB 1 pO3POOOK HOBUX, MMOKPAIICHUX METO/IB OOPOOKH, 3aXUCTY Ta MepeaaBaHHs
1H(pOopMallii B KOMIT FOTEpPHUX CHCTEMaxX 1 MepexKax.

[Tponenypa nukmoBoi cuuxponizaii [1], [2], [3] € 000B’I3K0BUM KOMIIOHEHTOM
ycix MepexxkeBux npotokomiB [4], [5], [6], [7], [8], [9]. BusBnenns mex kaapiB Ha
npuiiMadi Moke OyTH CKIJIaIHUM Yepe3 HU3bKE CIIBBIAHOIIEHHS CUTHAN/IIYM, SIKE MOXKE
OyTH CIIPUYUHEHO Pa/II0ETIEKTPOHHOIO OOPOTHOOI0 UM 3aTyXaHHSM CUTHAITY.

ITix yac BCTaHOBIIEHHS 3’ €THAHHS JI0 MTPOIIEAYPH TIEPEHECCHHS IPU3HAYCHUX IS
KOPHUCTYBaua JIaHUX NpoLEaypa CHHXPOHI3alli peani3ye NOUyK MeX CHHXPOKOMOIHAIII1
(po3ninpHUKA). OTHUM 3 OCHOBHHUX IapaMeTpiB, 32 SIKUM OIIIHIOETHCS SKICTh CHCTEMU
CUHXpOHI3allli, € Yac BXO/JKEHHS B CHHXPOHI3M. PO3BUTOK KOMYHIKAl[IMHUX CHUCTEM
MIPUBOIUTH /10 HEOOXITHOCTI IMMOCTIMHOTO 3MEHIIICHHS Yacy BXO/KCHHS B CHHXPOHI3M SIK
3ac00y 3MEHIIIEHHS BUTPAT Yacy Ha MPOIEAYPY BCTAHOBJICHHS 3'€IHAHHS B 3aTaJIbHOMY
yaci ceaHcy 3B's3Ky. Ll oOcTaBMHA CTUMYINIOE MOCTIMHI MOIIYKA HOBUX TEXHIYHHMX
pillieHb, CIIPSIMOBAHKX Ha JOCATHEHHS 111€1 METH.

Kpim toro, neski qomatku [10], [11], [12], [13], [14] noTpeOy0Th O1bIIT BUCOKHUX
MOKA3HMUKIB JOCTOBIPHOCTI. J[0 Takux MOMaTKiB MOXYTh OyTH BIJHECEHI MPOTOKOIH
nepeiaBaHHs JaHUX B yMOBax Bucokoro piBHs 3aBana (low SNR — Signal-to-noise ratio )
[15], [16], a Takoxx TpwoxeranHi kpunrtorpadiuni nportokonau [17], [18], [19], [20],

30KpeMa, TPhOXETAIMHUIA KpUnTorpadiuHnuii TPOTOKOI Ha OCHOBI MepecTaHoBokK [21]. ¥V



20

TPHOXETATHUX MPOTOKOJIAX MEpEeIaBaHHs OJTHOTO MOBIJOMJICHHS JIaHl MepeJalTh TpUyl,
1110 301JIbIITYE UMOBIPHICTD 1X ypakeHHS 3aBaJI010.

Bapto 3a3HaunTH, 1O 1 BUKOPUCTaHHS €(EKTUBHUX METOAIB LHUKIOBOI
CHHXPOHI3allll € OJHMM 13 BapiaHTIB 3a0e3MeueHHs MIABUIIEHHS JOCTOBIPHOCTI
nepeqaBaHHs JaHUX B KaHalax 3B’SI3Ky 3 BHCOKOIO WMOBIPHICTIO OITOBOI MOMMIIKH.
EdekrrBHa cucTemMa LMKIOBOI CHUHXPOHI3AIll, sIKA MOXE BHUSBISTH MEX1 Kaapy 3
BHUCOKOIO YacTOTOIO OITOBUX TMOMUJIOK, 3a0e3ledyye 3B’SI30K 3a BHUCOKUX pIBHIB
IpUPOTHOTO a0 mTy4yHOro mymy. KpiMm Toro, B Takux cucremax 3B’si3Ky 00’ €IHAaHHSA
3aXUCTy BIJ MOMWJIOK KaHaJIy Ta 3aXUCTy BiJ HECAHKI[IOHOBAHOTO JOCTYIYy B €IUHY
CTPYKTYpYy JAaHHX MOXKE peanizyBaTh KOH(QIISHUIHHUI 0OMIH 1H(pOpMAaLII€LO.

[IutaHHSIMU PO3pOOKM HOBHX 1 BAOCKOHAJIEHHS ICHYIOUMX METOIIB 1 3aco0iB
IHTETPOBAHOTO 3axUCTy 1HGoOpMalii B KOMIT IOTEPHUX CHUCTEMax, MiJABUIICHHS
e(peKTUBHOCTI KOAYBaHHs 1H(pOpMallii Ta MOIIYKY €EeKTUBHUX KOMOIHALI PI3HUX KOJIIB
3aiimanucs Taki BueHi, sk R.J. McEliece [22], F.J. MacWilliams Ta N.J.A. Sloane [23],
O.A. bopucenxo [24], [25], [26], [27], I.[. Top6enko [28], [29], B.I. I'pabuak [30], [31],
[32], O.0. Ky3nenos [33], [34], [35], E.JI. Onanuenko [36], [37], O.I1. Ctaxos [38], [39],
[40], [41], B.A. Yeuenbuunbkuii [42], [43], [44], [45]. IIuTaHHAM TOIIYKY LIMKIJIOBOTO
CUHXPOHI3MY B KOMYHIKAILITHUX cucTemMax npucesiueHo npati J. Hamkins [46], J. Massey
[2], R. Scholtz [3], P. Kartaschoff [ 7], Hansheng Wang [8] Ta iHIIMX.

VY mit gucepTariiiiHiii poOOTI 3arajJbHOBIOMI TEOPETHYHI OCHOBHU Ta METOIU
IHTErpOBAaHOTO 3aXUCTy 1H(POpPMALlli HA OCHOBI (PAaKTOPIaJTbHOTO KOAYBaHHA JaHuX [47],
[48] BUKOPUCTOBYIOTHCS Ui CTBOPEHHS HOBUX METO/IIB MIJIBUIINEHHS JOCTOBIPHOCTI
nepefaBaHHs iH(opmalii B cucTeMax NEepelaBaHHSA JaHUX 3 KOPOTKUMHU IMaKeTaMH.
AKTYaJbHICTb IILOTO JAOCIIIKEHHS, 30KpeMa, 3yMOBJIEHa HEOOX1IHICTIO 1HPOpMAIIHHOT
B3a€EMOJIIT MK 00’ €KTaMU MAIIMHHOI KOMYHIKAIIITHOT MepexXi 3 TMHAMIYHO 3M1HIOBAHOIO
CTPYKTYpOIO Ta YHIKaJIbHOK CHCTEMOIO KOMaHJ ab0 CIOBIIIEHb JJisi KOXKHOTO 00’€KTa
Mepexi.

Cepen iCHyrOYMX Ha ChOTOJHI MIAXOIB IIOAO BUPIIICHHS 3aBIaHHS TMOETHAHHS
3aBa/IOCTIMKOTO KOAYBAaHHS Ta KpUNITOrpadiyHOTO 3aXMUCTy BUKOPUCTAHHS MEPECTAaHOBOK

sk (popmary 3anucy uncia B haktopianbHii cuctemi yucienss (PCY) € BITHOCHO HOBUM
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1 HalilMEHIII MMOLIMPEHUM, aJie MEePCIeKTUBHUM TiaxoaoMm [47], [48], [49], [50], [51], [52],
[53], [54], [55], [56], [57], [58], [59], [60], [61], [62], 110 n03BOIsIE AOCATTU PO3YMHUI
KOMITPOMIC MDXK JOCTOBIPHICTIO TEpeJaBaHHS IaHHX, KPUNTOrpadiuHOIO CTIHKICTIO,
BIJIHOCHOIO IIBUJIKICTIO MIEpEJaBaHHs i MIBUKICTIO KOAY.

BonHouac, muTaHHS BUKOPUCTaHHS (DaKTOpiaJbHUX KOIB Y CIIElialli30BaHUX
KOMIT'IOTEpHUX 1 KOMYHIKAI[IHHUX CHCTEMax, y SKHX € HEOOXITHICTh 3a0e3redyeHHs
3aJIaHOTO PIBHS JIOCTOBIPHOCTI TMEpEIaBaHHs JTAHUX B YMOBaX BHUCOKOi IHTEHCHBHOCTI
3aBaJl y KaHaJl 3B 3Ky, € HEAOCTATHBO JOCIIIKCHUM.

[cHyrOul X METOIM JOCTOBIPHOTO TMEpeAaBaHHS JaHUX SKIIO 1 JIO3BOJSIOTH
JIOCTOBIPHO TIE€peNaBaTH JiaHi 3a BHCOKOI IHTEHCHUBHOCTI OITOBOi NMOMUJIKM B KaHall
3B’SI3Ky, TO 3 MEBHUMHM arapaTHUMU OOMEKEHHSIMH, IO 3ajleXaTh BiJ MOTYXHOCTI
npuiimMaya (mepeaaBada) Ta MPU3BOIATH JO 30UIBIICHHS €HEPrOBUTpAT HA MPOLEIYPY
nepenaBaHHs H(opmailii. PazoM 3 THM, BUKOPUCTAHHS HEPO3AUIBHOIO (PAKTOPIaIbHOTO
KOJyBaHHS, SIKU, y CBOIO 4UEpTy, € HAJUIMIIKOBUM 1 CTiKUM 10 3aBaja [63], Moxe
JTIO3BOJIUTH IT1JIBUILIATH TTOKA3HUK JOCTOBIPHOCTI MIEPE/IaBaHHs IaHUX y KaHaJIax 3B’ SI3KY
3 BUCOKOIO MMOBIPHICTIO O1TOBOI MOMMIKHU. Takuil pe3yasrat Moxke OyTH JOCSATHYTUH 3a
paxyHOK pPO3pOOJIEHHS METOAIB IMKIOBOI CHHXPOHI3AIlli Ta METOAY JOCTOBIPHOTO
nepeiaBaHHs MePEeCTAHOBKU-HOCIS.

VY mpangsix [63], [64] nociiakeHO BIACTUBOCTI HEPO3AUILHOTO (PAKTOPIaTbHOTO KOITY
BUSIBIISITH Ta BUMPABJISITH MOMIJIKH KaHAITy 3B's13Ky. J[oBeneHO e(peKTUBHICTh KOIY, B TOMY
YyuCIi ¥ 3a paXyHOK MOTO BJIaCTUBOCTEM CUHXpOHI3allii [65], [66]. Pa3om 3 TUM, po3IIsSiHY T1
MOKJIMBOCTI HEPO3AUILHOTO (DaKTOPIiaIbHOTO KOAYBaHHS HE JIO3BOJISIIOTH 1M OyTH
BUKOPHCTAaHUMU B CHCTEMaXx MEpPEAABaHHS JaHUX 3 BUCOKUM PIBHEM 3aBaJl 1 UMOBIPHICTIO
01TOBOT NOMMJIKHA O1r3bK0r0 10 0.5.

3aBaIOCTINKICTh HEPO3AUTHHOTO (haKTOpiadIbHOTO KOAyBaHHs iH(OpMAIlii MOXke OyTu
I1JIBUILICHA ITUISIXOM BBEICHHS JI01aTKOBO1 HAIJTUIIIKOBOCTI. BUKOpHCTaHHS 3 11€10 METOIO
ICHYIOUMX 3aBaJI0CTIMKUX KOMIB [67], [68], [69], [70] Mmo>ke naTv mO3UTUBHUMN e(DEKT, MpoTe
iX 3aCTOCYBaHHS OOMEXEHE ISt HMOBIPHOCTI 01TOBOT moMmiTku Omm3bKoi 10 0.5. V Takii
CUTYyallli BapTO BpaxyBaTH, 10 CaM HEPO3ILILHUN (haKTOpiaIbHUM KOJ € HA/JTUIITKOBUM 1

CTilikuM J10 3aBaj [63].
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VY 1pomy nucepraiiiHoMy J0CIKEHHI BUPIIIYETHCS BaXKJIMBA HAYKOBO-TEXHIUHA
3a/1aya, 110 MoJiArae B 3a0€3MeueHH1 JOCTOBIPHOCTI MepeaaBaHHs iHGopmMarllii Ha OCHOBI
BUKOPUCTAHHS HEPO3AUIHHOTO (haKkToplaJbHOrO KOAyBaHHA naHuX. Llsg 3amgaga
nepeadayae HeoOX1AHICTh CTBOPEHHS METO/I1B BCTAHOBJICHHS IIMKJIOBOT CHHXPOHI3aIlii Ta
METOIy JOCTOBIPHOTO IEpeaBaHHS MEPECTAHOBKH 3 BUKOPHUCTAHHSIM HEPO3AUIHBHOTO
(dbakTOpiaJIbHOTO KOJYBaHHS B KaHajlax 3B 3Ky 3 BHCOKOI HMOBIPHICTIO OITOBO1
TTOMMJIKH.

Buxonsum 3 1mporo, tema aucepraiiiiHoi pobotu «MeToam ITOCTOBIPHOTO
nepenaBaHHs 1HGopMallii B cUCTEeMaxX 3 HEPO3AUILHUM (haKTOpiaIbHUM KOAYBAHHIM
JAHUX 32 BUCOKOI KMOBIPHOCTI OITOBOI TOMUIIKI € aKTyaJIbHOIO.

3B’5130K po00TH 3 HAYKOBUMH NPOrpaMamMHu, IJIAaHAMH, TEMaAMU.

JlocnmipkeHHsl, pe3yiabTaTd SKUX TPEJACTABICHO B JAUCEPTAIiHIA poOoTI,
BIJIIOBIJIAIOTh  MPIOPUTETHOMY HANpsMy PO3BUTKY HAyKH 1 TEXHIKM YKpaiHU
«lHdopmarriiini Ta KOMYHIKAI[iiHI TEXHOJOrI» Ta MHOro TEMAaTUYHOMY HampsIMy
«IH(opmarriitHo-KOMYHIKaIlliHI Ta PaJlOCIEKTPOHHI CHUCTEMH Ta TEXHOJOTrIi, 3aco0u
pagioeeKTPOHHOT OOpOTHOM 71t 3a0e3MeueHHs] HaI[lOHAJbHOI Oe3MeKu 1 OOOPOHH.
[ndopmariitna Oe3neka Ta kibepOesneka» 1 BUKOHYBAIUCS BIAMOBIIHO JO Mporpam i
IUIaHIB ~ HAyKOBO-IOCHIAHMX poOIT UYepkachbkoro Jep>KaBHOTO  TEXHOJIOTTYHOTO
YHIBEPCUTETY, B TOMY 4YHCJIl B paMKax JepKOIIHKETHOI HAayKOBO-TEXHIYHOI
(excriepuMeHTaIbHO1) PO3p0oOKH MonoAux BueHUX «Po3poOka MeTomiB, MPOTOKOJIB 1
3ac00iB 3aXMIIEHOro 1H(MOpPMALIHHOTO OOMIHY 3 BHUKOPUCTAHHSM TPbOXETAITHOTO
KpUnTorpadiyHOr0 TPOTOKOIY HAa OCHOBI TMEPECTAaHOBOK B YMOBaxX 3alllyMJIEHOCTI
KaHaliB 3B’s3Ky» (Homep aepxkaBHOi peectpauii 0123U100270), B saxiii aBTOop OyB
BHUKOHABIICM.

Meta po6oTu nossirae B 3a0€3Me4YeHH] I0CTOBIPHOCTI MiepeaaBanHs iHpopmariii B
CHUCTEeMaxX 3 HEPO3AUIbHUM (PaKkToOpiaIbHUM KOJIYyBAaHHSM JJAHUX 33 BUCOKOT MMOBIPHOCTI
OITOBOiI TOMIJIKH IIISXOM PO3POOKM METOJIB IMKJIOBOI CHHXPOHI3AIlli Ta METOLy
JIOCTOBIPHOTO TIEPEIaBaHHsI KOJOBUX CJTIB HEPO3AUIBHOTO (haKTOPIaTbHOTO KOTY.

JIJist TOCATHEHHS TOCTABIEHOT METH BUPIIIYIOTHCSI HACTYITHI 3aBJIaHHS:
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® pO3pOOUTH METOA IUKIOBOI CHHXPOHI3AIIl I KOMYHIKAIiHHUX CHCTEM
nepeaaBaHHs iHGopMaIlli 3 Hepo3AUIbHUM (HaKTOPI1aIbHUM KOJTyBaHHSIM;

®pPO3pOOUTH METOJ] IMKIOBOI CHHXPOHIZAIll Uil KOMYHIKallIMHUX CHCTEM
nepenaBaHHs iHGopMarllii 3 HepO3AUIBbHUM (PaKTOpiaIbHUM KOTyBaHHSIM 32 HMOBIPHOCTI
01TOBOI MOMMIKH, OaM3bK0i 10 0.5;

® PO3pOOUTH METOA JOCTOBIPHOTO NepeaBaHHs iHPoOpMallii B cucTeMax 3B’ SI3KY 3
HEPO3NUTLHUM (DaKTOpiaTbHUM KOAYBAaHHSIM JIaHUX 3a WMOBIPHOCTI OITOBOi MTOMHMIIKH,
onm3beKoi 10 0.5;

®[IPOBECTU TMOPIBHSJIbHI EKCHEPUMEHTAIbHI OLIHKKA pPO3POOJIEHUX METO/IB
[IMKIJIOBOT CUHXpOHI3allii, JOCTOBIpHOTO TiepenaBaHHs 1Hdopmailii, chopMyBaTH
pEeKOMEHIaIlli 11010 iX 3aCTOCYBaHHS.

006’ekTOM TOCHIKEHHS € TPOLIECH JOCTOBIPHOTO TepenaBaHHs iHQopmarlii y
KOMIT FOTEPHUX 1 KOMYHIKaIlIHHUX CUCTEMAX 1 MEpexKax.

IIpenmeTrom faoc/igxeHHs1 € MeTOau Ta 3aco0M 3a0e3MeYeHHS LUKIOBOI
CUHXpOHi3allii Ta JTOCTOBIPHOTO IepeaaBaHHs 1HGOpMaIlii B CUCTEMaX 3 HEPO3ILILHUM
(bakTopiaIbHUM KOJTyBaHHSIM JaHUX.

Metoau nociigzkeHb. Jljisi BUpIIICHHS 3aBAaHHS PO3POOKH METOAIB IMKIOBOI
CUHXPOHI3aIlli, METOLy TOCTOBIPHOTO MepeaaBaHHs iH(OpMaIlii B cucTeMax 3B s3Ky 3
HEPO3AUIbHUM (PaKTOplaJbHUM KOTYyBaHHSAM JaHUX BUKOPUCTAHO METOAM: TEOPIi CUCTEM
nepeaBaHHs JIaHUX, Teopli 3aBaJOCTIMKOTO KOJyBaHHS, Teopli WMOBIpHOCTEH 1
MaTeMaTH4HO! CTaTHUCTUKHU, CTAaTUCTUYHOTO aHalli3y, KOMOIHATOPUKHU, (QYHKUIHHOTO Ta
00’ €KTHO-OPIEHTOBAHOTO MporpaMmyBaHHs. JJI1 TOPIBHSUIBHOI €KCIEPUMEHTATbHOL
OIIIHKY PO3pOOJIECHUX METO/IB BUKOPUCTAHO METOM: IMITAIIHHOTO MOICIIIOBAHHS, TEOPI1T
HMOBIPHOCTEH 1 MareMaTU4HOi CTATUCTUKH, CTaTUCTUYHOIO aHalli3y, KOMOIHATOPHKH,
(GYHKITIHHOTO Ta 00’ €EKTHO-OPIEHTOBAHOTO IPOTPAMyBaHHS.

HaykoBa HOBHU3HA OTPUMAHMX Pe3yJIbTATIB:

- eénepuie po3poodreHo METOl I1UKIOBOI CHHXPOHI3aAIll HEPO3AUIBHUX
dakTopiabHUX KOMIB, SKHM 3a paxyHOK BHKOPUCTaHHS $K CHHXPOKOMOIHAII1
NepPEeCTaHOBKH YUCEN, ii MOJAUTY Ha npedikcHY Ta Cy(IKCHY YACTHHHM, @ TAKOX 32 PAXyHOK

MaXOPUTApPHOi OOPOOKH MPUUHATUX (parMeHTiB, /€ NOBXKUHA (PparMeHTa JOpPIBHIOE
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JOBKHHI ~CHUHXpPOKOMOIHAIlli, J03BOJIsI€E 3a0€3MEeYUTH IUKJIOBY CHHXPOHI3aIlilo
NMPUHUMAaJIBHOI Ta MepelaBaIbHOI CTAHIIIM CUCTEMHU 1HPOPMAIIIITHOTO OOMIHY;

- Ha0ye nOOAIbWIOZ0  PO36UMIKY  METOA  IMKJIOBOI  CHHXpOHI3AIll
HEpO3AUIbHUX  (haKTOplalbHUX KOMIB, SIKUA 32 PpPaxyHOK BHKOPUCTaHHS  SIK
CUHXPOKOMOIHAIII{ TTepECTaHOBKH YUCE, IKa Ma€ MAaKCUMaJIbHEe 3HAYCHHS MiHIMAJIbHOI
BijicTaHl XeMMiHTa Bij ii JBIMKOBOTO MpEeACTaBICHHs 10 BCIX i1 NMKIIYHUX 3CYBIB, a
TaKOX 32 PaXyHOK KOPEJISIIIHHOT Ta MaKOPUTAPHOI 0OPOOKHU MPUIHATUX (DpAarMEHTIB, JIe
JTOBKHUHA (parMeHTa IOPIBHIOE TOBKHHI CHHXPOKOMOIHAIN{, TO3BOJSE TIiIBULTUTH
WMOBIPHICTh TPABWJIBHOI CHHXPOHI3AIlli Ta 3MEHIIUTH WMOBIPHICTh XHUOHOI
CUHXPOHI3allii 32 HMOBIPHOCTI O1TOBOT TOMMJIKH, 0113bKO1 10 0.5;

- énepuie po3poodreHo METOH ITOCTOBIPHOTO TepeJaBaHHS IEPECTAHOBOK,
KWW 32 paxyHOK IOJIaHHSI KOXKHOTO €JIEMEHTY TEPECTAaHOBKU Y BUIVISAL IUKIIYHOTO
JBIMKOBOTO 3CyBY II€PECTAHOBKH-TICPEHOCHHWKA, M0 Ma€ MaKCHMAJIbHE 3HaueHHS
MIHIMaJIbHOI BiJICTaHl XeMMIHTa BiJ ii ABIMKOBOIO MPEACTABICHHS 10 BCIX 11 IMIUKIIIYHUX
3CYBIB, @ TaKOX 3a PaxyHOK KOPEJSIIAHOI Ta MaXOpPUTApHOI OOPOOKM MPUHHATHUX
dbparmMeHTiB, A¢ JOBKHHA (PparMeHTa JOPIBHIOE JOBXKHUHI €JIEMEHTY IEePEeCTaHOBKH,
N03BOJISIE 3a0€3MEeUnTH JOCTOBIpHUHN 1H(GOpMaLiiHUI 0OMIH 3a WMOBIpHOCTI O1TOBOT
TTOMMJIKH, On3BK01 710 0.5.

IIpakTH4yHe 3HAYECHHS OTPMMAHUX Pe3yJbTATIB

- PO3pOOJICHO AJITOPUTM ITUKJIOBOI CHHXPOHI3AIIl JIJIT CUCTEM TepeaaBaHHS
JAHUX 3 HEPO3IIIBbHUM (haKTOPiaTbHIM KOIXyBaHHSAM. HOro 3aCTOCYBaHHS B MOZICITBHOMY
MIPUKIIAJIl CHCTEMHU MepelaBaHHs JaHUX I JOBKHHHU KOJOBOTO CJIOBa B 8 eeMeHTIB (24

OiTM) 3 HE3aJNCKHMMH OITOBMMHM IOMMIKAaMH 3 IMOBIDHICTIO iX mosBu p, = 0,495,

JA03BOJIMJIO OTPHMATH 3HAYCHHA BiJIHOCHO.l. JaCTOTHU BCTAHOBJICHHS ITPABUJIBHOI'O

CUHXPOHIZMY W, =0,006

true

=0,993 Ta BITHOCHOI YaCTOTH XMOHOI CHHXPOHI3alii Wfalse

JUIl MaKCUMaJIbHOTO KoedilieHTy HakonuueHHa [ =90603 (2174472 6it). V Toi xe
qac, po3poOJeHU aJIrOpUTM Jla€ 3MOTy 3a0e3MeUYMTH BCTAHOBJICHHS CHUHXPOHI3MY, B
cepeaHboMy, Tichs orpumanHs 4, 7, 15, 54, 14526 ¢parmentiB (96, 168, 360, 1296,

348624 6iT) 3a iMoBipHOCTEH OiTOBOI MoMmIku p, = 0,1;0,2;0,3;0,4;0,495, BiANOBi1IHO;
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- PO3pOOIEHO AITOPUTM IHMKJIOBOT CHHXPOHI3AIll JUIsi CUCTEM TepeaaBaHHS
JAHUX 3 HEPO3AUIBHUM (paKTOpiaJbHUM KOJYBaHHSIM HMOBIPHOCTI OITOBO1 IMOMMIIKH,
omu3pkoi 10 0.5. Moro 3actocyBaHHS B MOJEIBHOMY MPHUKJIAAl CHCTEMHU TEpEIaBaHHs

IAHUX 3 HE3aJCKHHMHU OITOBUMH IIOMWJIKAMH 3 IMOBIPHICTIO iX mosiBU p, =0.495

JO3BOJIMIIO  3a0€3MeYTH  BCTAHOBJICHHS  NPABWIBHOTO  CHHXPOHI3MY  JUIS
CUHXPOKOMOIHaIlli-IepecTaHoBKH 3 8§ eneMeHTiB (24 OiTiB) 3a MaKCHMMalbHOTO

koe(inieHTy HaxkornmdeHHs [ =30603 (734472 06iT); cepenHs KUIBKICTb HMPUNHHATHX

(dbparmMeHTiB, 1110 HEOOX1AHA JIJIs1 BCTAHOBJICHHSI CHHXPOHI3allii, ckiana 15787 ¢pparMeHTiB
(378888 61T) nst 10000 excriepuMeHTIB;

- pPO3pOOJICHO aNTOPUTM peai3allii IUKIOBOT CHUHXPOHI3allii s CUCTEM
nepeaBaHHs JaHUX 3 HEpPO3AUIbHUM (haKTOpladbHUM KOIYBaHHSM Ha OCHOBI
KOpEJSUIAHOT 00pOOKHU, SIKMU 3a paxyHOK MpOLEIypH NEPEMIIIyBaHHS OTPUMAHUX 3
KaHaly »3B'A3Ky (parMeHTIB JO03BOJIMB 3MEHIIUTH KUIBKICTh HEOOXITHUX IS
BCTAHOBJICHHS ITUKJIOBOTO CUHXPOHI3MY JIaHMX 1, SIK HACIIJIOK, 3MEHIIUTH Yac Ha MOIIYK
MEX KOIOBUX ciiB. Hampukinaa, pi3HULS MIDK CEpeIHIM 3HAYEHHAM KUIBKOCTI
HAKOTIMYEHUX (PparMeHTiB [JIi CHUCTEM CHHXpPOHi3allii 3 mepeMilryBaHHsSIM 1 0e3
NepeMillyBaHHs HAKOMHYEHUX (parMeHTiB 3 TmapamMeTpamH, BU3HAYECHUMHU IS

UMOBIPHOCTI 01TOBOi mnoMmiIkd p, .. =0.495 Ta JOBKHHM CHHXPOKOMOIHAIIi-

nepectaHoBKH § eneMeHTiB (24 6ita), gopiBHIoe 4607 dparmentam (110 568 Gitam) 3a

P, =0.495, 9.1 ¢pparmenTam 3a p, =0.4 1 2.6 pparmenTtam 3a p, =0.35, mo 3mMeHIIyE

HEOOX1IHMI dYac BCTAHOBJEHHS CHUHXpOHI3MY. Po3poOnenuii merom wmoxe OyTu
e(eKTUBHUM JUIsl peai3allli He TUIbKM B CHCTeMaX 3 HEPO3IUTbHUM (aKTopialbHUM
KOAYBaHHSIM, a i y KJIACHYHHX CHUCTEMax TMepelaBaHHS IaHHX, JI6 BUKOPHUCTOBYETHCS
CTaHJAPTHUN PO3AUTLHUK MIXK KaJpaMu;

- pO3pOOJICHO  aJTOPUTM  peaii3ailii  JOCTOBIPHOTO  TEpeIaBaHHS
NEePEeCTaHOBOK KaHaJlaMU 3B'SI3KY 3 IMOBIPHICTIO O1TOBOI MOMMIIKH, Onu3bkoro a0 0.5.

Peanizanis anroputMy gae 3Mory 3a HMOBIPHOCTI 01ToBOi noMuiku p, = 0.495 nocsrtu

MMOBIPHOCTI IIPUAMAHHS IEPECTAHOBOK O€3 MOMWIOK F, . ..., =0.999 1 iMOBIpHICTH
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HEBUSBIICHOI ITOMUJIKH P <3.6-10™". Jnst mocsrHEHHs 3a7aHoi IMOBipHOCTI
W false final — =~ . A\ ol p

npuiiMaHHs TEPECTAHOBOK 0€3 MOMMJIOK 1 MMOBIPHOCTI HEBUSIBICHOI MOMUJIKH, IO
BKazaHi Buile, metoq DSSS morpebye npuitmannas [ =36413 dparmentiB (20099976
0iT), B TOM yac, ik po3pobseHuit meron, norpedye [ =29123 dparmentiB (16075896
0iT);

- pO3po0JIEHO pEKOMEHJallli 100 3aCTOCYBaHHS PO3POOJIECHUX METOMAIB
IIUKJIOBOI CHHXPOHI3AIlil B KaHaJaxX 3B 43Ky 3 BUCOKOIO HMOBIPHICTIO O1TOBOT TOMMUJIKH 3
BUKOPHCTaHHSIM HEPO3IIIBHOTO ¢dakTopiaabHOTO KOJ[yBaHHS. 30Kkpema,
IPOJEMOHCTPOBAHO, IO 3a NapaMeTpiB LUKIOBOI CHUHXPOHI3allli, BU3HAUEHUX IS
Do max = 0,495, IMOBIpHICTB NPABAUIBHOI CHHXPOHI3ALLii € BUIIOO 1711 METOY Ha OCHOBI
IOy CHHXPOKOMOIHaNIl Ha npedikcHy i cy(ikcHy dyacTHHU 3a p, < (0.495 1 BuIIOIO
IUIL METOIy Ha OCHOBI KOpelsliiHOI 0oO0poOku 3a p, >0.495. PazoMm 3 TuMm, BapTo
BpPaxoBYBaTH, 110 peai3allis METOly Ha OCHOBI MOJILTY CHHXPOKOMOIHAIIT Ha IpedikCcHy
1 Cy(IKCHY YaCTMHM Ma€ BHII1 3HAYCHHS MIMOBIpHOCTI XMOHOrO (hasyBanns 3a p, >0.3 y
MOPIBHSIHHS 3 METOOM Ha OCHOBI KOpEJSLIAHOT 00poOKu. J{ns mpukiany, MBUAKICTH
BCTAHOBJICHHS LIMKJIOBOTO CUHXPOHI3MY 3a p, =0.4 Ta p, =0.495 Bula 114 MeTOLy Ha
OCHOBI TIOJIITY CHHXPOKOMO1HaIIi1 Ha IpediKCHY 1 Cy(PIKCHY YaCTUHU, B CEpEAHBOMY, Ha
73.29% Tta 11,83 % BinnosigHo, a 3a p,=0.496 - BuIa 111 METOLy Ha OCHOBI
KOpEJIAIiiHOT 00poOKH, B cepeaHboMy, Ha 56,94%; y Tolt ke yac, BIIHOCHA YacTOTa
XuOHOI cuHXpoHizauii 3a p, =0.4, p, =0.495 ta p, =0.496 € MeHIIOKO 1719 METOAY Ha
oCHOBI KopenaiiitHoi 00poOku (0 mia 10000 ekcieprMeHTIB) MOPIBHSIHO 3 METOAOM Ha
OCHOBI TOJITY cCMHXpOKOMOiHaIii Ha npedikcHy i cydikcny wactuau (0.003, 0.006 ta
0.008 BignoBiaHO, A1t 10000 ekcriepruMeHTIB).

Ocobuctuii BHecok 3100yBaua. [lucepraimiss € CcaMOCTIHHO BHKOHAHOIO
3aBepIIeHOI0 poOoTor0 37100yBada. HaykoBi pesynpratu 1 mpakTH4YHI PO3pOOKH, MLIO
MICTATBCS B IUCEPTalliHIi poOOTI, OTpUMaH1 aBTOPOM CAMOCTIHHO.

VY poborax, ormy06aikoBaHUX y CIiBaBTOPCTBI, aBTOpoM: [1], [9], [10] — po3pobieno

Ta JOCHIPKEHO METOJ| IIMKJIOBOT CHHXPOHI3aIlli Ha OCHOBI MOAUTY CUHXPOKOMOIHAIII] Ha
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npedikcHy ¥ cydIKCHY YacTHHU JJIi CHUCTEM 3 HEPO3AUIBHUM (pakTopiaibHUM
KOJyBaHHSIM B YMOBax BIUIMBY B KaHajl 3B’S3Ky 3aBaJi BUCOKOi 1HTEHCUBHOCTI; [2] —
JOCIIHKEHO e(EeKTUBHICTh METOJIB IMKJIOBOI CHHXPOHI3AIlll CHUCTEM IepeaBaHHS
iHopMmarii 3 Hepo3AUTbHUM (DaKTOpiaIbHUM KOAyBaHHsSM; [3] — peadizoBaHO Ta
JOCIIHPKEHO allTOPUTM MEepEMIlTyBaHHs OTPUMAHMX 3 KaHaly 3B’sI3Ky ()parMeHTiB, AJis
aJTOPUTMIB IIMKJIOBOI CHHXPOHI3aIlii B CHUCTeMax TMepenadi JaHuX 13 KOPOTKHUMU
MakeTaMH, 30KpemMa TUX, SIKI BUKOPUCTOBYIOTh HEPO3JUIbHE (paKkTopialibHEe KOIYyBaHHS,
[4] — nmocmimKeHO 3aBaJOCTIMKICTh HEPO3MIILHOTO (aKTopiaibHOTO Komy; [5] —
peanizoBaHO aJIrOpUTM IMKIOBOI CHHXPOHI3AIll HEPO3IIILHUX (PaKTOPIaIbHUX KOJIB,
3aCTOCOBAHO OMepallii MepeMillyBaHHs OTPUMAHUX 3 KaHAIy 3B’SI3Ky ()parMeHTiB JUIsl
MIJBUIICHHST €(EeKTUBHOCTI IMKIOBOI CHUHXpOHi3alii; [6], [8] — po3pobieHo Mmeron
JIOCTOBIPHOTO TIEpe/laBaHHs MEPECTAaHOBKM B KaHAJIaX 3B’SI3Ky 3 IMOBIPHICTIO O1TOBOT
MOMUJIKH, O1u3bKot0 110 0.5; [7], [11], [12] — po3pobiieHo Ta 10CTiKEHO METO/T IUKIIOBO1
CUHXpOHI3allli Ha OCHOBI KOPEJAILINHOI O0O0pOOKH ISl CHUCTEM 3 HEpO3AUIBHUM
dakTopiaIbHUM KOIYBaHHSM B YyMOBaX BIUIMBY B KaHall 3B’S3Ky 3aBajJ BHUCOKOI
iHTeHcuBHOCTI; [13], [14] — mOCHIKEHO MOTYXHICTh HEPO3IAUILHOTO (haKTOPiabHOTO
kony; [15] — po3pobieHo anropuT™M ITMKIOBOI CHHXPOHI3allli 3 BHKOPHUCTAHHSIM
NpOLEAypU TMEpPEMINIyBaHHS Il CUCTEM MepefaBaHHs iHGopMalii 3 HEpO3AUIBHUM
(dakTopialbHUM KOTYyBaHHSM. 3 poOiT, OMyOJiKOBaHUX Y CHIBaBTOPCTBI, /JIsi BUPIILICHHS
3a/la4, TOCTABJICHUX Yy JUCEPTAIIHHOMY JOCIHIKEHHI, BUKOPUCTAHO pE3YJIbTaTH,
OTpUMaHI1 3100yBayeM 0COOUCTO.

Anpobaunia pe3yabratiB aucepramii. OCHOBHI pe3ylbTaTH AUCEPTAIINHOT
poOOTH JOTOBIATUCS Ta OOTOBOPIOBAIMCS Ha!

o 2021 11th IEEE International Conference on Intelligent Data Acquisition
and Advanced Computing Systems: Technology and Applications (IDAACS 2021)
(Poland, 22-25 September 2021).

o VI MixunapoaHiii HaykoBO-TpakTU4HIA KoH(pepeHmii «Iudopmarriitai
TEXHOJIOT1i B OCBiTi, Haymi 1 TexHii» (ITOHT-2022), (Yepkacu, 23-25 gepBus 2022p.).

Iy6aikauii. Pesynbratu nociiakeHHs omyOaikoBaHO B 15 HayKOBUX Mpaisix, y



28

TOMY YHMCJI B TPbOX CTaTTSIX y MEPIOAMYHUX HAYKOBUX BHJIAHHSX, IO BXOASTH 10
HAayKOMETpU4yHO1 0a3u nanux Scopus [3], [4], [6], TPpOX CTaTTSAX Y HAYKOBUX BUIAHHSIX,
BKItoUeHNX A0 Ilepenmiky HaykoBUX (axoBUX BHJaHb YKpaiHM Ta I1HIIHUX
HaykoMeTpuuHux 0a3 ganux [1], [2], [5], ABOX MOMOBiASIX HAa HAYKOBO-TIPAKTUYHHUX
koHpepermisax [7], [8] 1 cemu mareHTax Ykpaiam Ha kopucHi moaemni [9], [10], [11], [12],
[13], [14], [15].

Crpykrypa Ta o00cAr aucepramiiiHoi poOoru. [luceprariiina pobora
CKJIQIa€ThCS 3 BCTYIY, I'SITH PO3/iTIB, BUCHOBKIB, CIHCKY BUKOPHUCTaHHMX JDKEpenl 1
nonatkis. [ToBHu# 00’ em nuceptartii ckinagae 204 cropinku. Pobora mictuth 12 Tabnuiks

146 pUCYHKIB.
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1. AHAJII3 CYYACHOT'O CTAHY MPEJMETHOI OBJIACTI. TOCTAHOBKA
3AJIAY TOCJILYKEHHS

1.1. Bceryn
Y ocCTaHHI JAECATWIITTS PO3BUTOK 1HGOPMAILIMHUX TEXHOJOTIM 1 cuctemM
B1I0YBa€ThCS HAIIIBUJIKUMU TEMIaMHU: PO3BUTOK IITYYHOT'O 1HTEICKTY, O10MEAUITNHU,
pi3HOTATY3€BUX OHJIAWH TIATGOPM 3 pi3HUM (YHKITIOHATIOM TOIIO. SIK HACHIIOK, 00CATH
iHopmMmalrii, B ToMy 4YHCI KOH(DIAEHIIIHOI, SKYy MOTPIOHO NepeAaaBaTH, IMOCTIHHO
3pOCTarOTh. 3TiHO 31 3BITOM JOCTIAHUIIBKOTO AenaptaMmeHnty Statista [71], mpoTsarom
HACTYMHUX POKiB, 70 2025 poKy, MPOTHO3YETHCS, IO TJIO0ATbHE CTBOPEHHS JaHUX
3pocTte 110 Outbin Hixk 180 3eTTabaiT. 30epiranns, 00OpoOKy Ta nepenaBaHHs iHdopmariii,
3a0€3Meuy0Th KOMIT'IOTEpHI Ta KOMYHIKAI[IiHI CHUCTEMHM Ta Mepexi. 3abe3nedyeHHs
3aXMCTY BiJI HECAHKI[IOHOBAHOTO JOCTYIY Ta Moaudikalii iHdopmariii, mo 30epiraeThcs,
00pOOIISIETBCS Ta MEPENAETHCSA B CUCTEMI, € 11 HeOOX1THOI BiacTUBICTIO. OKpiM TOTO,
3a0e3MeUeHHs] 3aXUCTy 1H(pOpMalii BiJ BIUIMBY 3aBajJl y KaHall 3B 3Ky € HE MEHII
BOKJIMBOIO (DYHKIIIEI0 KOMYHIKAIITHOT CHCTEMH.
JIns BupillleHHs 3aBJaHb 3a0e3nedeHHs Oe3nexku iHdopmarllii 1 ii J0CTOBIPHOTO
nepeaBaHHs BapTO BPaxOBYBaTH HACTYITHI OCOOJIMBOCTI:
— HasBHICTh BEJIMKUX MacuBiB iH(popmarlii, Tak 3BaHi BigData, mo 36epiratotscsi B
0a3ax qaHux abo MepeMilaloThCsl MEPEKELO;
— JOCTYIHICTh CTOPOHHIX 0CI0 J0 JaHUX, K1 3HAXOJATHCSI B MEPEKI;
— IIMPOKE BUKOPUCTAHHS O€3IPOTOBHX KAHAJIB 3B’SI3KY, JJISl SIKMX XapaKTEPHUM €
MPUCYTHICTH 3aBa]l 1 B3AEMHUI BIUIMB CUTHAJIIB KOPUCTYBayiB OJMH HA OJHOTO;
— poOoTa Ha 3aBENUKHUX BIJACTaHAX MDK aboHeHTaMu i1HGOpPMAIITHOTO OOMIHY,
HECAHKITIOHOBAHE 3YNTYBaHHS TEpeaHnX JaHUX Ta HABMUCHUHN IITYYHHH BILTUAB
Ha KaHaJIM 3B’ SI3Ky JJIs IPUyIIEHHS. 0OMiHYy a00 K HaB’sI3yBaHHS HEAOCTOBIPHUX
naHux (pamioeneKTpoHHa 00pPOTHOA Ta paalOeICKTPOHHA PO3BIIKA).
BpaxoBytoun Buile CKazaHe, 3a0e3MEYeHHS JOCTOBIPHOTO TIepeaaBaHHS

iH(dopmarllii € oIHI€I0 3 OCHOBHUX BHUMOT, IO TPE SBISIOTHCS 10 KOMYHIKAIIHHUX
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CUCTEM.

OHYM 3 MOXKJIMBHUX IUISIX1B 3a0€3MeUeHHs OJTHOYaCHOTO 3aXHUCTy 1HhOopMaIlii B
HECAHKI[IOHOBAHOTO JOCTYIy abo Moaudikallii, a Takox 3a0e3neyeHHs ii JOCTOBIPHOTO
nepeilaBaHHs € BUKOPUCTaHHS (DakTopianbHOTO KoayBaHHs nanux [49], [51], [52], [55],
[57], [58], [99], [62], [63], [64], [72], [73], [74], [75], [76], [77].

Metonosoriss  (akTopialbHOTO  KOAYBaHHS Iependadae  CTBOPEHHS  Ta
JOCITIKEHHSI METOJIIB 00'€THAHHS B €AMHIN Mpoueaypi (1ajli — iIHTerpoBaHUN 3aXHCT)
TaKUX BHIIB 3aXHCTY:

— 3axUCT BIJ] TOMHWJIOK, BUKJIMKAHUX IIIyMaMU B KaHaJli 3B'A3KY;

— 3aXMCT B1J] HECAHKI[IOHOBAHOI MOIU(iKaIlli JaHUX;

— 3aXHCT BIJ] HECAHKI[IOHOBAHOTO JOCTYITY J0 JAHUX.

Sk mokazano B [47], [48], okpeMe 3acTOCyBaHHS JCKUJIBKOX 3a3HAYCHUX BHUJIIB
3aXUCTy 1H(OpMAIIil TPU3BOIUTH O MiJABUIIEHHS BUMOT J0 IIBUJIKO/1l KOMIT IOTEPHUX
KOMITOHEHTIB Ta JI0 3pOCTaHHs BBEICHOI HAJIUIIIKOBOCTI 1, B PE3yJIbTATI, O 3MEHIIICHHS
MPOIYCKHOI 3JaTHOCTI KaHaiy 3B’s3ky. OO’eqHaHHS 3aBaJOCTIMKOTO KOJyBaHHS Ta
¢byHkuii kpunrorpadii B €quHy npouenypy (IHTErpoBaHHUW 3axHUCT 3rigHo 3 [47]) €
OJIHUM 3 Bap1aHTIB BUPIMICHHSM MPOOJIEeMU MiABUIIEHHS €()eKTUBHOCTI KOMYHIKAI[IHHUX
CHUCTEM 1 MEPEXK.

SAx pe3ynbTar, BUKOPUCTaHHS (PAKTOPiaIbHOTO KOAYBaHHS, fKe Iepeadoadae
BUKOPUCTAaHHS TEPECTAHOBOK SK HOCIsA 1H(OpMaIli, MOBHICTIO TMEPEKPUBAE CHEKTP
OCHOBHHMX BHMOT, IIOAO 3a0e3MedyeHHs JOCTOBIPHOTO TIEpENaBaHHS JJaHWX B
KOMYHIKAI[IHHUX CHUCTeMaX.

3 METOI0 MOCTAHOBKM 33J]a4 JUCEPTALIMHOrO JOCIIIKEHHS, Yy MepIIoMY PO3ALl
HEOOX1IHO:

— BU3HAYUTU OCHOBHI MiepeBaru ¢GakTopiaaTbHOTO KOAYyBaHHS B TOPIBHSIHHI 3 IHITUMU
ICHYIOYMMH METOJaMHu TMO€AHAHHS (YHKIN 3aBafoCTIMKOrO KOJIyBaHHS Ta
KpunrorpadigHoro 3axucTy iHpopMmaiiii;

— BUKOHATU TOPIBHSUTHHUI aHaJi3 HEPO3AUILHOTO Ta PO3AUIHLHOTO (DAKTOPiaTbHOTO
KOJyBaHHS;

— BUKOHATHU aHai3 OCHOBHUX ICHYIOUMX METOMIB IMKJIOBOI CHUHXPOHI3AIil s
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KOMYHIKaIlIHHUX CUCTEM;
— BUKOHATH aHaJi3 ICHYIOYHMX METOIB JOCTOBIPHOTO IEpEAaBaHHS ITaHUX IS

KOMYHIKAI[IHHUX CUCTEM 3 HEPO3AUIbHUM (DaKTOpiaIbHUM KOJTYBaHHSIM.

1.2. MeToau mMo€IHAHHA 3aBAJO0CTIMKOI0 KOAYBAaHHSI Ta KpunrorpagivHoro

3aXUCTY

[lin yac mepemaBaHHS JaHUX HE3AXUIICHUMHU KaHalIaMH 3B 43Ky (KaHalaMu
KOJIEKTUBHOTO KOPUCTYBAHHS) BUHUKA€ HEOOX1IHICTh y BUPILIEHH] PAAY TaKuUX 3a4ad 13
3abe3reueHHs 3aXUcTy iHdopMarlii, sk 3a0e3meueHHs KoH(1ASHIIIHHOCTI, JOCTOBIPHOCTI,
IUJTICHOCTI JTaHWX, BUSBJICHHS Ta BUIIPABJICHHS MOMMIIOK KaHaly 3B’s3Ky. Okpeme
BUPIIICHHS LMX 33/1a4 IOB'S3aHE 13 3aCTOCYBAHHSM PI3HMX MAaT€MaTHYHUX METOIIB Ta
aNrOpPUTMIB, a TaKOXK TIOCIIJIOBHOIO 0O0poOKoro 1H(opmarlii, 10 MPU3BOAUTH O
301IbIIEHHA HAaBaHTA)XCHHS Ha MEPETBOPIOBayl 1H(GopMalli Ta MiIBULIEHHS BUMOT JI0 iX
IIBUIKO/1T, 301JIbIIIEHHST BBEJACHOT HAAMIPHOCTI Ta, SK HACIIAOK, 3MEHIIEHHS BiJHOCHOI
HIBUKOCTI Iepeiadi.. Ik Hac/iI0K, po3mis] TEXHIYHUX Ta OpraHi3alliiHuX 3aX01B 111010
3aro0OiraHHs IIKOAX MpoliecaM YNpaBJliHHA, € BUMIPABIAHUMU JJIA 3aXUCTy 1H(hOpMaliii
111 yac ii 30epiranHs abo repeaaBaHHS.

Cepen poOiT, sIKI MOKJIaIM MOYATOK PO3BUTKY IIOAO PO3POOOK Ta JOCHIIKEHB
METO/IIB KOJTyBaHHs iH(opMallii, B TOMY YHUCII 1 3aBaI0CTIMKOT0, BAPTO BUALTUTH pOOOTY
K. Illennona [78]. Opim Toro, po6ora K. Illennona [79] HaneXUTh 10 OCHOB Cy4acHOi
Kpunrorpadii.

VY crapmaptaux nporokonax HDLC, X.25/2 (LAP-B, LAP-M), SLIP, PPP mus
3aBa/IOCTIMKOTO KOAYBAHHS 3aCTOCOBYIOTH IHKJIIYHI KOIW 3 BHSBICHHSIM ITOMHIIOK. Y
paziokaHanax YCHIIIHO BHKOPUCTOBYIOTh KOAM 3 BHUIIPaBICHHSAM MnoMujok Piga-
Conomona [67], [69], [80] Ta boy3a-Uoynxypi-XokBiHrema. Y CymyTHUKOBUX CHCTEMax
3B’SI3KY 3HAXOSATh 3aCTOCYBaHHS JJIsl 3TOPTKOBUX KOJIIB.

Jlist 3a0e3nedeHHsT IMITO3aXUCTy 1 MIATBEPKEHHS JOCTOBIPHOCTI iHQoOpMaItii
cydacHl Meromu Kpumnrorpadii moTpeOyloTh BBEACHHS JOAATKOBOI HAJIUITKOBOCTI.

3okpeMa, 10 TTOB1IOMJIEHHS J0AA€ThCS IMITOBCTaBKa, BUPOOJIEHA HA OCHOBI CEKPETHOTO
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KJIt0Ya, JIJIs 3aXUCTY BiJl HAB A3yBaHHS XMOHUX AaHUX. EnekrponHuit nudpoBuit mianuc
BUKOPHCTOBYIOTH SIK JIJIS MIATBEPIXKEHHSI IOCTOBIPHOCTI 1H(GOpMAaIlii Ta ii aBTOpCTBa, Tak
1 U 3aXKCTy BiJ HaB si3yBaHHS XHOHO1 iH(opmarii. HaiiBigomimn cydacHi alropuTMHu:
RSA [81]; Enp-T'amans [82]; anroputmu Ha eminTuyHuX KpuBux [83], [84].

Crnioco0wu, 110 3a6€3neuyoTh BUSBIECHHS (DaKTy 3MiHU Miepeaanoi iHpopmarii micis
HAaBMHCHHUX JI 3JIOBMHCHHKA, a00 K BHACIIJOK BIUIMBY 3aBajl Y KaHaill 3B’s3Ky [85],
[86], [87], mia yac 301IbIIIEHHS IOBXHWHU OJOKY Ta KUIBKOCT1 KOHTPOJIBHUX O3HAK ab0 K
3a HEOOX1THOCTI BUKOHAHHSI OOYMCIICHb Yy KJlacaxX JUIIKIB 32 MOIYJEM, BIAMIHHUM BiJ
CTETEHS YKClia 1Ba, MalOTh HEBUCOKY MIBUAKICTh POOOTH aJITOPUTMY.

[Tpami [47], [48] AEMOHCTPYIOTh OCOOJMBOCTI ICHYIOUMX METOJIB IMO€THAHHS
(GyHKI1M 3aBaIOCTIMKOrO KOJYyBaHHS Ta KpUIITOTpad1yHOTO 3aXUCTY 1H(pOpMaIlli, a TAKOK
BJIACTHUBI iM HEJIOJIKH:

- 3anponionoBanuid McEliece R.J. [22] meron kpuntorpadii 3 BIAKPUTHUM
KJIFOYEM Ha OCHOBI KO/I1B, 1110 BUMPABIISIOTH TOMIJIKH, BOJIO/II€ HU3bKOIO IIBUAKICTH KO,
Mae nmoTpely B JIy>Ke BEJIUKIN JTIOBXKHHI KIIt04Ya, a TAKOXK Ma€ CIa0Ky CTIMKICTh JI0 3JIaMy
3a MOBTOPHOTO BUKOPHUCTAHHS KJTFOUA;

- CTOXAaCTUYHUN METOJ] IHTETpaIbHOTO 3aXUCTy 1H(opmarlii [48], 1110 BKIIOUae
KacKaJHEe BHUKOHAHHS oOmepaliid 3aBaJOCTIMKOrO KOAyBaHHS Ta MHU(pyBaIbHOIO
CTOXaCTUYHOTO TEpPETBOPEHHS, HE BHpIIye MpoOieMy TMOE€IHAHHS  (PYyHKIIH
3aBa/IOCTIMKOTO KOAYBAaHHS Ta KpunrorpadiuHoro 3axucty iHdopmailii B €IuHy
MIPOIIETYPY, & TAKOXK Tependadyae BUKOPUCTAHHS TaMyBaHHS, 110 HE 3aBK/IHU € TOIITbHUM
B peaJIbHUX CUCTEMaX TEepelaBaHHs IaHUX;

- MeTo[ “30510T0i” Kpunrorpadii, 3anponoHoBanuii y poodorax Craxosa O.I1.
[38], [39], [40], [41], nus 3a0e3medeHHs THTETPOBAHOTO 3aXUCTYy BUMArae mofaibIInx
JOCJTIIPKEHB JJIsI BA3HAYCHHS MTApaMEeTPIB Ta XapaKTEPUCTUKY KOTY;

- METOJM 3aXUCTy 1H(OopMallii, peacTaBieHi B npausgx YeuenpHunpkoro B. 4.
[43], [44], [45], mpomOHYIOTh BUKOPUCTOBYBATH MapaMETPUUHY MPUXOBAHICTh CUCTEMU
3B'si3ky 3 mmymononionumu curHanmamu (ILUIIC) y mnoemnanHi 3 3aBaloCTINKUM
KOJlyBaHHSAM. PazoM 3 1iuM, 111 MeTtonu mpusHadeHo aisa cucteM 3B’s3ky 3 LIIIC 1 He

aI[aHTOBaHi AJIs BUKOPHUCTAHHA B KOMyHiKaHiﬁHHX CUCTCMAX 3araJibHOI'O IIPU3HAYCHHAI.



33

1.3. 3axuct indopmanii Ha 0CHOBI PaKTOPiaTLHOI0 KOXYBAHHS

3rigHo 3 [48], mepecTaHOBKOIO CUMBOJIIB CKIHUYEHHOT MHOKHHH A Ha3UBAETHCS
OiextuBHa GyHKIS 7:A4—> A. 3aranoMm icHye M! pi3HUX MEepecTaHOBOK, ne M —
MOTY>KHICTh MHOKUHHA A .

3actocyBaHHA (DaKTOPIATLHOTO KOAYBAHHS JIJIsi BUPIMISHHS 33/1a4 3aBaIOCTIHKOTO
KOJITyBaHHS, 3aXUCTYy B1J] HECAHKI[IOHOBAHOT'O JIOCTYNY Ta HaB’S3yBaHHS XUOHUX JaHUX
00yMOBJICHO X HACTYITHUMHM BiacTuBoCcTsIMU [47], [48]:

- KOKE€H CHMBOJI MHOXXUHU {0,1,2,...,M —1} 3yCTPIYAETHCS B MEPECTAHOBII

PIBHO OJIUH pa3;

- pO3TalllyBaHHS CHUMBOJIB B IIEPECTAHOBI JIO3BOJIIE  OJHO3HAYHO
BCTAaHOBUTHU 1H(OPMALIIIHY MOCIIJOBHICTD, 10 MTOPOAMIIA L0 IEPECTAHOBKY, 32 YMOBH,
o k < [log2 M !], 1€ k — KUIBKICTB 01T y 1H(opMaliiiHiii OCII1I0BHOCTI;

- CyMa CMMBOJIIB y N€PECTAHOBIII 3aBX/IH MTOCTINHHA.

BignmoBigHo 10 mOCHiKEHHS, IO MpoBelaeHe B poOoti [49], Ta 3pobieHux
BHUCHOBKIB y po00TI [48] OCHOBHHMH BIACTUBOCTSIMH (PAKTOPIAIbHOTO KOAYBAHHS €:

1. BUSBIEHHA BCIX TIOMWUJIOK, 10 TpPaHCHOPMYIOTh NEPECTAHOBKY B
HEIEPECTAHOBKY;

2. IpUXOBYBAHHS 3aKOHY B1JOOpaXeHHs 1HPOPMALIHHOTO MOBIAOMIIEHHS A(x) B
nepecTaHoBKy 7(x): A(x) = x(x) 3a0e3leuye 3aXUCT BiJ HECAHKI[IOHOBAHOTO JIOCTYITY,

a JI0JJaBaHHs TIEPECTAHOBKHU JI0 MOBIJOMJICHHS 3a0€31e4y€e MOoro iMiTO3aXxuUCT;

3. HE3MIHHICTh CyMH €JIEMEHTIB II€PECTaHOBKH 3abe3leuye MOXKIIUBICTh
CaMOCHHXPOHI13aI1lii (haKTOpiaIbHUX KOJIB.

Bapro 3a3HauumTHM HACTYyNHI OCOOJMBOCTI peai3alii METOAIB (PaKTopiaJbHOTO
KOJyBaHHS, sIK1 onrcaHi B [48]:

1. OCK1IbKH NOTYKHICTh MHOYKHUHU 1HPOPMAIIHHUX BEKTOPIB A(x) 3aBKIU MEHILE
MOTY>KHOCTI MHO)XXMHM TEPECTaHOBOK (x), BUOIp ONTUMAJbHUX 3HauYeHb kK Ta M

CYTT€BO BIUIMBAE BCl SIKICHI MOKa3HUKH KOJY;
2. BB mTOTOKYy MOMUJIOK B KaHadl 3B’SI3Ky TPHU3BOAWTH 10 Aedopmarrii

MEePECTAHOBOK, YACTHHA 3 SKHUX JIETKO BUSIBJISIETHCS TiJ Yac MEPEBIPKU HA KOPEKTHICTh
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nepecTaHoOBKYU. BumpapieHHs MOMUIIOK BIOYBA€ThCA 32 PAXYHOK MOBTOPHOTO 3alUTy
NPUIHATOL 3 TOMUJIKOIO TIEPECTAHOBKY;

3. BukxopuctanHs TabmuIp 3aMiH JUIS peaizailii mporecy KOAYBaHHA Ta
JIEKOIyBaHHSI BUMAara€ 3HAYHUX alapaTHUX PecypciB 31 30UIBIIEHHSIM IOTYXKHOCTI
MHOXHHH CUMBOJIIB TTIEPECTaHOBKH M .

dakropianbHi kKoau 0a3yroThes Ha npaisix bopucenka O.A. [24], [25], [26], [27].
VY HuX ynepiiie BUKIAAHO MPUHILUIN NepeaBaHHs iHpopmalii nepectaHoBkamu. [Iparii
[47], [48], [49], [50], [51], [52], [53], [54], [55], [56], [57], [58], [59], [60], [61], [62]
MICTATh PE3yJAbTaTh BUKOPUCTAHHS (PAKTOPIAIbHUX KOAIB 3 METOI 3a0e3MeYeHHS
IHTErPOBAHOTO 3aXUCTy 1H(hOpMaIii.

Sk 3azHaueHo B [47], [48], mepeTBOPEHHSI CIIOBA JIKEpEJia B IEPECTAHOBKY
3MIMCHIOETBCS 32 PaXyHOK BiTOOpa)KEHHsS TOYOK Ha YHCJOBIA OCI, IO BiAMOBIIAIOTH
1H(popMaLiitHOMy BeKTOpy A(x), SIKHW € JBIMKOBUM IPENCTABIEHHSAM CJOBa JpKepena
JIOBKUHOIO k O1T, y TOUKH YHCIIOBO1 OC1, 10 BIJITIOB1/Ial0Th HOMEpPaM NEPECTAHOBOK 77(x)

. [lepecTaHOBKY NMPEACTABIAIOTH MOCIITOBHICTIO BCIX CUMBOJIIB {0,1,2,...,M — 1} :

3rizHo 3 [47], y B3aJIe)KHOCTI BiJ HAasgBHOCTI B KOJIOBOMY CJIOBI OKpPEMUX
1H(dopMarriitHoi Ta epeBIpHOi YaCTHH, (haKTOpiaJIbHE KOyBaHHS AUISTH Ha PO3AUILHE Ta

HEPO3JIUIbHE.

1.3.1. Po3dinbhe gpaxmopianbHe KOOYBaAHHS

CHiJIbHOIO XapaKTEPUCTUKOIO BCIX PO3AUIBHUX (PAaKTOpiaIbHUX KOAIB, 3TITHO 3

[48], € BUKOpPUCTAHHS TMEPECTAHOBOK CHUMBOJIB 3 MHOXHUHU {0,1,2,...,M —1} SIK

NepeBipHY YacTHHY, C(hOpMOBaHY Ha OCHOBI 1H(GOPMAITIHHOT YaCTUHU. Y 3aJI€KHOCTI BiJ
HEOOX1THOTO CTYTICHS 3a0€3MeYCHHS MiIBUIIICHHS IOCTOBIPHOCTI MepeaaBaHHs JaHUX 1
METOy KOITYBaHHS OOMPAIOTh MOTYKHICTh MHOXHHHU M .
Po3ainbHi dakTopiaibHI KOIH:
— mnoBHUH (pakropianpauil ko ([1DK) [49], [50];

— xomMOiHoBaHu# (pakTopiansHuil ko (KDOK) [51];
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— (akropiansuuii kox 3 npopimxeHuam (OKII) [52], [53];
—  po3nuTbHUM (aKkTopialIbHUM KOJ 3 eKiTbKkoMa KoHTpolibHUMH cymamu (DKJIKCp)

[52], [53];

[1OK 3abe3nedye GpopMyBaHHS MEPEBIPHOI YACTUHU KOAOBOTO CJIOBA y BHIIISI
NepeCTaHOBKH uKcel ToBKkuHU M . [lepeBipHa yacTuHA BU3HAYAETHCS 1H(HOPMAIIHOIO
YaCTUHOIO Ta AJITOPUTMOM KOJTyBaHHS.

Merton I[1DK, BianoBigHo 10 [49], mossirae B HACTYITHOMY:

1) KOHTPOJBHOIO CYMOIO € TIEPECTaHOBKA JOBXKUHU M ;

2) dhopMmyBaHHS KOHTPOJIBHOI CyMH € IT€palliiHUM IPOIIECOM HaJ CHHIPOMaMHU
MEpECTaHOBOK, NpeacraBieHnmu B @CY:

a) iHopmarliiiHa YaCcTHHA PO30MBAETHCS HA K, , ONOKIB (YKPYIHEHUX CHMBOIIB);

b) 3HaYEHHS MOTOYHOIO YKPYITHEHOTO CUMBOJTY I1JICYMOBYETBCS 3 MOJIU(DIKOBAHUM
CUHAPOMOM IIONEPEIHbOI MMEPECTAaHOBKHU, a PE3YJIbTaT IbOTO MEPETBOPEHHS BU3HAYAE
CHUHAPOM HACTYITHOI IEPECTAaHOBKU;

C) TOYATKOBHI CHUHAPOM TPHUMAETHCS B TAEMHHMII Ta € €JIEMEHTOM 3araJbHOIrO
KJIF04Ya [IEpPETBOPEHHS;

d) mpouenypa 1 ko4 mMonudikaiii CUHIPOMY TPUMAIOTHCS B TAEMHHII Ta €
eJIEMEHTaMU 3arajbHOro KJIIo4a NepPEeTBOPEHHS;

€) MEepPeTBOPEHHSI OCTAHHHOTO CHHIPOMY B MEPECTAaHOBKY IMICIsA Mepedopy BCix
YKPYINHEHUX CHUMBOJIIB 1H(OpPMAIITHOTO IMOBIJIOMJIEHHSI BUKOHYETHCS BIJMOBIIHO 10
KJIIO4a, IKUW TAKOXK € €JIEMEHTOM KJIt04a [EPEeTBOPEHHS;

3) Ang MiABUINEHHS CTIMKOCTI JI0 371laMy OJIOK JaHWX, IO MICTUTh 1H(GOpMAIIHHY
Ta MEPEBIPHY YACTUHU, MOXKE IT1/11aBaTUCS IEPECTAHOBI OIT 3 METOIO 3MIHU MOPSIAKY 1X
CJIITyBaHHsI B TIPOIIEC] MepeiaBaHHs KaHAJIOM 3B'SI3Ky MpuiiMauy, MPaBUJIO IEPEeCTaHOBKU
TPUMAETHCSI B TAEMHHUIII 1 € YACTUHOIO KJTI0Ya IEPETBOPECHHSI.

3aranom, meron IIDK, mae 3mory eQdeKkTMBHO 3HAXOAMTH KOMIIPOMIC MIX
JIOCTOBIPHICTIO TIepeIaBaHHs Ta IMBUAKICTIO KOAY 3a paXyHOK MPOCTOTH B peaizarlii Ta

HaJJallITYBaHHSA JOBKWMHHA KOHTpOJ’IBHO.l' CyMU.
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K®K nependauae dopmyBanHs koHTpoiabHOI cymu CRC-komy, oOuucieHoi 3a
NEePECTaHOBKOIO JTOBKHHU M , chOpMOBaHOIO 32 1H(POPMALIMHOIO YacTUHOK. Takum
gyuHoMm, KOK e momudikarmiero [TOK. KOK xou 1 3abe3neuye Oinbplry AOCTOBIpHICTH
nepeiaBaHHs JaHUX Ta MIBUAKICT KOy, aJie BUMAarae OUIbIINX allapaTHUX 3aTpaT Ha MOTro
peanizaiiro [48].

3anpononoBanuii y [51] meTox nepeadavyae HacTyIHe:

1) obpa3 iHdopmalliifHOT YacTUHU OJIOKY JaHMX (OPMYETHCS y BUIVISAJI OIHIET
NEPECTAHOBKH JIOBKMHU M Ha OCHOBI MPUXOBAHOI 3aJIEKHOCTI BiJl KOXXHOTO CUMBOIY
iHdopmartiitHoi yactunu 3rigHo 3 MexaHidvamu [IOK. Otpumana mnepecraHoBKa
(cuHApPOM) HE MIJISATAE NepeIaBaHHIO TpUiiMauy;

2) mpeacTaBieHa B IBINKOBOMY BUIJISAII IEPECTaHOBKA (200 ii CHHIPOM) KOJTyEThCS
3aBajocTiikuM KogoM (Hampukian, CRC-komom). OTpumaHa mnepeBipHa 4YacTHHA €
JacTHHOIO Kos1oBoro ciaoBa KOK 1 BBomuThECA B OJIOK JaHUX;

3) a8 OIABUINEHHS CTIMKOCTI 10 3J1aMy OJOK JaHMX MOXKe MijjgaBaTHCS
MEePECTaHOBIl OIT 3 METOI 3MIHM MOPSAKY iX CIiyBaHHS B IPOIECI IMepeaaBaHHS
KaHaJIOM 3B’ 3Ky MpUKHMady, IPABUIIO TIEPECTAHOBKH TPUMAETHCS B TAEMHHIII.

Bignosigno mo [48], ®KII, na BigMiay Big IIOK 1 KOK, mrs oGuncieHHs
NEepPEeBIPHOI YACTUHU KOJOBOTO CIOBAa BUKOPUCTOBYE JIMILIE YACTHUHY I1HQOpMALIAHUX

CUMBOJIIB A(x), IO JIO3BOJISIE CKOPOTUTH Yac (POpMyBaHHS KOAOBOTO CIIOBa Ta OOCST

HEOOX1THUX /I I[bOTO amaparHux pecypciB. Pazom 3 tum, 1ie pobutrs OKII menmn
CTIMKUM JI0 BIUIMBY 3aBa/l.

Meron ©KII, BianoBigHo 10 [52], moysirae B HACTYITHOMY:

1) kouTtponbsHa cyma OKII € nepecTaHOBKOIO JOBKUHOIO M ;

2) BIAMOBIAHO J0 CEKPETHOIO KJII0Ya, SIKUH € eJIEeMEHTOM KJIt04Ya MepeTBOPEHHS, 3
1H(pOpMAaILIIITHOT YaCTUHU KOJOBOTO CJIOBa OOUpPatoTh k OIT;

3) 3a oOpanumu k OitamMu (POPMYIOTH KOHTPOJIBHY CYMy — II€pECTaHOBKY
BiAMOBIAHO 10 nipuHIumiB [1DK;

4) it MABUINEHHS CTIAKOCTI 110 3/1aMy OJIOK JTaHUX, 1[0 MICTUTH 1H(OPMAIHY

Ta MepEeBIpHY YaCTUHU, MOXKE T1IABATHCS TIEPECTAHOBII OIT 3 METOO 3MIHU MOPSIJIKY iX
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CJIIyBaHHA B MPOIECI MepeaBaHHs KaHajioM. [IpaBuio mepecTaHOBKM TPUMAIOTh Yy
TAEMHHUIII, 10 € YACTHHOIO KJIF0Ya MEePETBOPEHHS.

OKJIKCp nependauae komOiHyBaHHS AeKUTbKOX nepeBipHux yacTuH OKII.

Meton ®KIKCp onucano B po6oti [52]:

1) xontposbHa cyma OKJIKCp € xonkareHaiiero N mepecTaHOBOK 3 JOBKHUHAMHU

M (i) enemeHTiB (1<i< N);

2) KOXKHY TIEepECTaHOBKY (opMyIOTh BiamoBigHO 10 npuHnumnis OKII, npuuomy
KOKeH 1HopMartliiiHuii 01T 6epe ydacTh y (opMyBaHHI OJHIET TEPECTaHOBKH;

3) Asig miABUIIEHHS CTIMKOCTI 70 371aMy OJIOK JaHUX, 10 MICTUTh 1H(POpMaLIiHy
Ta MepeBIpHY YaCTUHU, MOXKE T1AaBaTUCS MEPECTAHOBII OIT 3 METOIO 3MIHU MOPSIIKY iX
CIIIyBaHHA B TpOLECl MepeJaBaHHs KaHAJIOM 3B s3Ky. [IpaBuio mnepecTaHOBKU
TPUMAIOTh Y TAEMHHIII, IO € YACTHHOIO KITF0Ya MIEPETBOPECHHS.

TakuM YWMHOM, OCOOJUBICTIO PO3AUIBHUX (PaKTOpiaIbHUX KOMIB € Te, 10 B
KOJJOBOMY CJIOBI PO3AUIBHHUX (PAKTOpIaIbHUX KOIB MICTUThCA 1H(pOpMAaliifHA YacTHHA,
sKa HE 3aXHUIleHa BiJ] HECAHKIIIOHOBAHOTO unuTaHHs. Kpim Toro, mi konu 3a0e3neuyroTh
HU3BbKY TPOMYCKHY 3/IaTHICTh 4Yepe3 BUIPABJICHHS IMOMUJIOK JIMIE 3a PaxyHOK

MOBTOPHOTO 3alUTy OJIOKY JTaHUX.

1.3.2. Hepo3odinbhe paxmopianvHe KOOY8aAHHSA

CHiJIbHOIO XapaKTEPUCTUKOIO BCIX HEPO3AUTHHUX (haKTOPIAIbHUX KOJIB € MOBHA

3aMiHa 1H(OPMaLIIHOIO BeKTOpa A(x) Ha MEPECTAaHOBKY €JIEMEHTIB 7, (X) 3 MHOKUHH
{0,1,...,M —1}, O o0MpaeThes 3a ymoBu M !>2", k:[logzM !] IS 3a0e3IeUeHHs

BIJIMOBITHOCTI KOXKHOMY CJIOBY JKEpEIIa JIUIIE OHIET mepecTaHoBKH [48].

Jlo Hepo3aUIbHKX (DAKTOpIaTbHUX KOJIIB BIJHOCATSH [48]:

- (bakTopiaNbHUN KOJ 3 BIJIHOBIICHHSAM JaHHX 3a nepecranHoBkoro (DKBJI) [54],
[55], [56];

- (pakTopianbHUN KOJ 3 BIAHOBJICHHSM JaHUX 3a MEPECTAHOBKOIO 3 JOTIOBHEHHSIM

(PKBn) [55], [57];
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- Hepo3AUTbHUHN (aKTOpiabHUN KO 3 JEKUIbKOMa KOHTPOJBbHUMH CyMaMu
(OKAKCn) [47], [52], [53];

- ¢akTopiaNibHUN KOJ 3 BIJHOBJIICHHSM JaHHWX 3a TEPECTAHOBKOIO 3 3aJaHUM
yucioM iHBepcii (OK3UI) [58];

- (akTopiampHUN KOA 3 BITHOBIEHHSM JaHUX 1 BHUIIPABICHHSIM TTOMHUJIOK
(®KB/Bm) [59], [60], [61], [62].

Bignosimno g0 [54], dakTopialbHUM KOAOM 3 BIJHOBJICHHSAM JaHUX 34
NEPECTAHOBKOIO  HA3WBAETHCS  HEPO3JAUIBHUNA KON, SKAW Tmependadae  3amiHy

iH(opMaLiiHOi OCTiTOBHOCTI 3 k 6iT Ha MepecTaHOBKy uncen NoBKuHE M , (M!>2%)

oOumnciieHy 3a BciMa k 1H(opmaIitHuMu 61TaMu.
Onucanuit y [54] meton ®KBJ/I nependavyae HacTymHe:

1) inpopmarniitHa NOCIIIOBHICTh A(x) 3 k OIT IEPETBOPIOETHCS B MEPECTAHOBKY

T 3 TIOTYKHICTIO MHOXKMHHM €lIEMEHTIB M : M !> 2", a muoxuna 3 M - 2" nepecranoBok
€ 3a00pPOHEHOI0;

2) nepeTBOopeHHs 1HGOPMALIIMHOTO MOBIIOMJICHHS B IEPECTAHOBKY € O1€KTUBHUM
BiJIOOpaKeHHSIM A(x) <> 7z PIBHOIMOTYXKHUX MHOXXUH 1H()OpMAIITHUX BEKTOPIB A(x) 1
JI03BOJICHUX MEPECTAHOBOK 7T

3) mpaBwio A(x)<> 7 MOXE TpUMATHCS B TAaeEMHUIl 1 OyTH KIOYeEM

TIEPETBOPEHHS,
4) CUMBOJIM TIEPECTAaHOBKU 77 KOAYIOTHCS ABIMKOBHMM KOJOM, IIICJS YOrO BOHA
NEPEIAEThCSI KAaHAJIOM 3B’ SI3Ky OZIEpP)KyBauy.
st pyiiHyBaHHSI CTaTUCTHUYHOTO 3B’SI3KYy MDK 1H(QOPMAIIAHOIO TMOCIiJOBHICTIO

A(x) 1 BIAMOBIIHOI TEPECTAHOBKOIO 7(x) TMOCTIJOBHICTE A(x) MOXE MiamaTucs

CKpeMOIIoBaHHIO 200 raMyBaHHIO.

Meron ®KBJla [55], [57] € monudikamiero @KBJI 1 nependbayae BBeJEHHS B
iH(dopmarliiiny dYacTUHy JOJaTKOBHX mepeBipHux OIT. lle mo3Boisie mMiIBUIIUTH
JIOCTOBIPHICTH MEpelaBaHHs JaHUX.

3rigHo 3 [57], ®KB/lx nossrae B HACTYIHOMY:
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1) Bu3HauaroThcs 3HaUeHHs k 1 M . Hanpuknan, ais 3agaHoro k 3HadueHHsS M
MO)KE€ BUOMPATHCS 3T1JTHO 3 YMOBOIO:
a) AKmo a =M1/ 2" >2, nepen GopMyBaHHIM NEPECTAHOBKU B iH(pOpMAIiHY

YaCTHHY BBOITHCA 7., <| log, & | nonarkoBux nepesipHux 6iT;

b) axmo o =M!/2" <2, nigBUILIEHHS IOCTOBIPHOCTI MepenaBaHHsA MOXKe OyTH

JOCSTHYTO IIJIAXOM 3MEHIICHHS IOBXHMHHM 1H(OpMaliiHOro BekTopa Ha r , OIT 1

BBEJICHHSI 3aMICTh HHX JIOIATKOBHUX TEPEBIPHUX OIT;

2) JOmMOBHEHAa  MepeBIpHUMH  OiTamu  iH¢oOpMAaIliiiHa  MOCHIAOBHICTD
MEPETBOPIOETHCS B MEPECTAaHOBKY BiAMOBIAHO /10 puHIKmiB OKB/I.

Hepo3ainbaum (akTopiadibHUM KOJIOM 3 JIEKIJIbKOMa KOHTPOJIbHUMU cyMaMu [47]
HA3WBAaIOTh KOJ, SIKUWA Tmependadae 3aMmiHy 1H(QOpMAIIHHOI MOCIIJOBHOCTI Ha
KoHKareHaiito N > 2 koaoBux ciiB ®KBJI, obuucienux 3a N pi3HUMH 1M110JI0KaMHU, Ha
K1 po30UBa€ThCs 1H(POPMAIlIHA MOCTIAOBHICTH CUMBOJIIB.

Omucanuit y [47] meton ®K/KCH nossdrae y HacCTynmHOMY:

1) xonoBe cimoBo PKJIKCH € koHkareHanieo N mepecTaHOBOK JOBXKUHU M (i)
enemMeHTIB (1<i< N);

2) KoXHa TmepecTaHOBKa (opMyeThecs BiamoBinHo no npuHuunie GKBJl 3a
OKpeMHMHU OJIOKaMH, Ha sKI po30HMBaEThCs 1H(OpMAaIliiiHa TOCHII0BHICTh CHMBOJIIB.
Koxxen 1H(popmaiiitHuii 01T BXOAUTH TUIBKK B OUH OJOK 1 Oepe yyacTh y (popmyBaHHI
TIJIBKH OJIHI€T TEPECTaHOBKH.

Bignosigao go [58], metog ®K3UI sBisie coboro ®KBJI, MHOXHHA TO3BOJICHUX
KOJIOBUX CJIIB SIKOTO CKJIQJIAa€ThCsl 3 TMEPECTAaHOBOK 13 3aJlaHMM YHCJIOM 1HBEpCIH 1
nependayae HaCTYIMHY MOCIIOBHICTh JIIH:

1) inpopmariitna mocaigoBHICTh A(x) 3 k OIT IepeTBOPIOETHCS B MEPECTAHOBKY
7T NOBXHUHU M ;

2) mepeTBopeHHs 1HGOPMAIIHOTO MOBIIOMJICHHS B TIEPECTAHOBKY € O1€KTHBHUM
BiIOOpaKeHHSIM A(X) <> 7z PIBHOMIOTYKHUX MHOXXUH 1H()OpMAIITHIX BEKTOPIB A(x) 1
JI03BOJICHUX TiepecTaHoBOK 77 . [IpaBuiio BimoOpakeHHsI A(x) <> 7 MOXE TPUMATHUCS B

TAEMHHUII 1 CKJIAJIaTH KITI0Y IEPETBOPECHHS;
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3) MHOXHWHa OO3BOJICHHUX IIEPECCTAaHOBOK 77 JOBXHWHHU M HalexuTh KJIaCy

B,,(q,R) = {7r|inv(7r)|q = R} mepecTaHOBOK, YUCJIO 1HBEPCIH Y SKUX HAICKUTH 3aJaHOMY

KJIacy JIMIIKIB R ;
4) Monynab ¢ KIacy JUINKIB BU3HAYAETHCS BUXOISYM 3 HEOOXITHOTO CTyIEHS

M1JBUIIICHHS JOCTOBIPHOCTI Ta JIOMyCTUMOI BTPATH IIBUJIKOCTI KOAY;

5) CMMBOJM TIEPECTAHOBKH 77 KOMYIOTHCS NBIMKOBHUM KOJOM, ITICJISI 9YOTO BOHA
nepeaacThCs KaHAJIOM 3B’ 3Ky OJIepKyBauy.

[Tpami [59], [60], [61], [62] moka3ytorh, mo wmeton PKBJIBm 3abesneuye
MOKJIMBICTh BHUIPABICHHS IIOMHJIOK Ta Ma€ 3HAYHUHA IHTEpEC ISl TOHAIBIINX
JIOCITIIDKCHD.

3rinHo 3 [60], ®KB/IBn Ha3uBaeThCsa HEPO3AUIBHUAN KO, SIKUW NIependadae 3aMiHy

inopManiitHOT MOCTiOBHOCTI 3 k GiT Ha IepecTaHOBKY uncen AoBxkuEu M (M!>2"),

obOumcieHy 3a BciMa iHpopMalifHuMu 01TaMy TAKUM YHHOM, 1110 BiJICTaHb M1’K KOJTOBUMU
CJIOBaMU € JOCTaTHBLOIO JIJIsl BUTIPABJICHHS! BUHUKAIOUMX Y KaHalll 3B’ 3Ky ITOMHJIOK.

Merton, onucanuii y [60], nependavae HaCTYIHY MOCTIOBHICTD JI1i:

1) iHdopmariiiiHa MoCIiI0BHICTE A(x) 3 k OIT IEPETBOPIOIOTH Y IEPECTAHOBKY 7T
JIOBXKUHU M :

a) 3 yci€i MHOXHHHU TE€PECTAaHOBOK MOTYXHOCTI M 103BOJIEHOIO € JIWIIe
migMHOXKHUHA 3 2° mepecTaHOBOK;

b) MoKa3HHWK @ BU3HAYA€ BIJICTaHb MIXK IIEPECTAHOBKAMH 1 3aJICKUThH B1JI BUMOT 0
JIOCTOBIPHOCTI NIEpEJaBaHHs 1 MPUHLHUITIB (DOPMYBAHHS CUTHAJIbHO-KO0BOI KOHCTPYKIIIi;

2) mepeTBOpeHHST A(x)<> 7 € OIEKTUBHUM BIJOOPXKCHHSAM PIBHOIOTYKHHUX
MHOXXHH 1H(QOpPMAIIHHUX BEKTOPIB A(x) 1 TI03BOJICHUX MEPECTAHOBOK 7T ;
3) mpaBwiio BioOpaxkeHHsT A(x) <> 7 MOXKE TPUMATHUCS B TAEMHHUII 1 CKIaJaTu

KJIFOY [IEPETBOPEHHS;
4) CUMBOJIM TIEPECTAHOBKU 77 KOAYIOTHCS IBIMKOBHMM KOJIOM, ITICJS YOTO BOHA

NepeaeThCs KaHaIOM 3B’ S3Ky OJIEpKyBady.
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VY pesynbrari aHamizy METOAIB HEPO3IIILHOIO (PaKTOpialbHOTO KOAYBaHHS
BU3HAYCHO, 1[0 BOHU OJTHOYACHO 3a0€3IMeuyIoTh KpuntorpadiyHui 3aXUCT 1HpopMalii Ta
peanizyloTh 3aBaJOCTiiiKe KOMyBaHHS. BomHOYAC, akTyalbHOIO 3a/a4€i0 3aJIMINAETHCS
3a0e3reueHHs JIOCTOBIPHOCTI TiepefaBaHHs 1HoOpMaIlii Il ICHYIOYMX METO/IIB
HEPO3AUTLHOTO (PaKTOpiaIbHOTO KOMYyBaHHS B YMOBAax 3aBaji BUCOKOI IHTEHCHUBHOCTI B

KaHaJl 3B’ SI3KY.

1.3.3. Tpvoxemannuti kpunmo2cpaghiuHuii NPOMoOKOJL Ha OCHOBL NePeCmMaHOB0K

Tproxeranuuii kpuntorpadiyHUil OPOTOKOJ JAa€ 3MOTY 3aXUIICHUM MUISIXOM
nepeaaBaTy MOBIIOMJICHHSI MIXK JIBOMa CTOpOHamMu 0e3 HeoOXiJHOCTI mepenaHHsl abo
OTOJIOIIECHHSI BIAKPUTOTO YU 3aKPUTOTO KJIOYA.

VYrepiie TproxeTanHuii mpotokoa OyB 3anpornonoBanuii Axi [llamipom y 1980-Ti
poku, ane He OyB omyOnikoBaHMi. ba3oBa KOHIIEMIIsl MPOTOKOY MOJISATAE B TOMY, IO
KOXHa 31 CTOpIH NepedaBaHHs Ma€ BJIACHUN KIIOY JUIsl MMUQpPYBaHHS 1 KIOY IS
po3mmdpyBanHs. KokHa cCTOpOHa BUKOPUCTOBYE CBOI KJIFOU1 HE3aJIEKHO, CIIOUATKY JJIst
@ pyBaHHS MOBIJOMIICHHS, @ TIOTIM JJIsl HOTO po3mu(pyBaHHS.

[Iporokon BukopucToBye (yHKIIIO mUPpyBaHHa £ 1 QYHKIII0 po3mrdpyBaHHS
D . ©®ynkuii mmdpyBaHHs Ta po3M(ppyBaHHS MOXKYTb SIK 301raTuCs, TaK 1 BIIPI3HIATHUCS.
OyHkisg mU}pyBaHHS BUKOPUCTOBYE KIItOY MHU(GPYBaHHS €, 100 NEepeTBOPUTH

BIJIKpUTE TIOBIJOMJICHHS /1 B UMPTEKCT £ (e,m) . Jlng koskHOTO KITtoua mudpyBaHHs €
€ BIATIOBIIHUM KIJTFOU po3mipyBaHHs d , IKUl 1a€ 3MOTY BiTHOBUTH BUXITHHUI TEKCT 3a
nornoMororo (pyHKIT po3mudpyBaHHs D(d JE (e, m)) :

st Toro, mo6 ¢yukmii mudpyBanas £ 1 po3mmdpyBanHs D TiAXOTUIH IS
TPHOXETAITHOTO TIPOTOKONY, JUIsI OYIb-SIKOTO ITOBIIOMJICHHS 71, OyIb-SIKOTO KJIHOYa

mudpyBaHHS € 3 BIAMNOBIIHUM HOMYy KIitoueM po3mudpyBaHHs d 1 Oyab-SIKOTO

HE3aJIeKHOTO KiTfoua mudpyBaHHa k Mae BUKOHYBaTHUCS D(d E (k,E (e,m))) =E (k,m)

. [HmmmMu cnoBamu, Mae po3mmudpoByBatucs rnepiie mudpyBaHHsS 3 KIOYEM €, HaBITh

SKIIO TOBIIOMJIEHHS 3amud@poBaHO ApyruM KitodemM k. Taky BIacTHBICTh Mae
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KOMyTaTUBHE mMudpyBaHHs, a¢ £ (a,E (b,m)) =F (b,E (a,m)) JUIs1 OYJIb-SIKUX KJTFOUIB d
Ta b 1y BCIX TOBiAOMIIEHb M. [[1s KOMyTaTWBHOTO MMHM(PYBaHHS BUKOHYETHCS
D(d,E(k,E(e,m))) = D(d,E(e,E(k,m))) = E(k,m).

Jlnst mpukiIagy, HaBeIEeMO Mporec OOMiIHY TOBIAOMJICHHSM JBOX YYaCHHKIB
Mepexi. [Tpunyctumo, Asica xode Hanicaatu boOy nmosimomieHHs. Tol TppoxeTanmHu
IIPOTOKOJ MPAIIO€ HACTYITHUM YHHOM [17]:

1) Aumica BuOupae 3akpuTuil K04 WUGPYBaHHA S 1 BIAMOBIAHUMA KITIOU
posmudpyBaHHs ¢ . Anica mudpye BUX1THE MOBIIOMIICHHS 71 3a IOIIOMOTOIO KITFoUa S 1

BiJIIIpaBisie mudprexct £ (s,m) boOy;

2) bo0® BuOMpae 3akpuUTHi K04 MHUGPYBaHHS 7 1 BIANOBIAHUN KIIHOY
po3mmpyBaHHs ¢, a MOTIM MOBTOPHO MUpPY€E MepIie MOBIIOMICHHS £ (s,m) 3a
JIOTIOMOTOI0 KJIF0Ya 7 1 HaJCWiae JBidi 3amm@poBaHe TOBiIOMICHHS £ (r,E (S,m))

Hazaj 10 Anicu;

3)  Auica po3mm@poBye Apyre NOBIAOMIIEHHS 3a JOMOMOTIOIO Kitoua ¢ . Yepes
KOMYTaTUBHICTb, OIMCaHy BHIIE, D(t,E (r,E (s,m))) =F (r,m), T0OTO (OpMy€EThHCS

MOBITOMJICHHS, 3amupoBaHe TUTBKH 3aKpUTHUM KiroueM boba. Amica mepecuiae 1iei
mdprexct booy;
4)  bo0 po3mu@ppoBye TPETE MOBITOMIICHHS 32 JOMIOMOTOIO KJt04a ¢ 1 OTPUMYE

D(q,E (r,m)) =M BUXIJHE ITOB1JJOMJICHHS.

Bapro 3ayBaxuTH, 1110 BC1 oriepariii 3 BUKOPUCTaHHSIM 3aKpUTHUX KITIOYiB AJicH § 1
¢ 3NIMCHIOIOTBCS AJICOI0, a BC1 OMepallii 3 BUKOPUCTAHHAM 3aKpUTUX KItodiB boba 7 1

g 3niicHIoTHCsE bobom, TOOTO OfHIN CTOPOHI 0OOMIHY HE OTPIOHO 3HATH KITFOU1 1HIIION.

Tproxeranuuit mnporokon Illamipa [88], pos3pobmenmit y 1980-x pokax,

BHUKOPHUCTOBYE HiIIHCCCHHS[ A0 CTCICHA 3a MOAYJIEM BCJIMKOIO IIPOCTOT0 4YHCia SK

¢yHkmiro 1 mmdpyBaHHA, 1 po3mmdpyBaHHA, TOOTO E (e,m)zmemod p i

D(d ,m) =m’mod p, ne p — Benuke npocte yucio [89]. lnsa Oynb-saxoro mudpyBaHHS
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MOKa3HUK CTYIICHS € 3HaXOOUTHCH Y BIAPI3KY [1,. e P — 1] 1 1711 HBOTO CIPaBEIJINBO
gcd(e, p— 1) =1. BinnoBigHuii NOKa3HUK it po3IUPpyBaHHs d BUOUPAETHCS TaK, 00
de mod( D 1) =1. 3 MaJIoi TEOpEMU ®epma BUILIMBAE, 10
D(d,E(e,m)) =m®“modp=m.

[TpoTokomn [HTamipa Mae KOMYTaTUBHICTb, OCKUJIbKH
E(a,E(b,m)) =m“mod p=m"modp = E(b,E(a,m)) .

Icnye Oe3miu peamizaitiii mpotokony Illamipa 3 pizHUMH MeTOoaMU MU PYBaHHS.

3okpeMa, 1ell MPOTOKOJA MOXE OyTH BUKOPUCTAHUM Mg OE3MEYHOro OOMIHY
300paxkeHHaMu. Tak, B poOoti [90] aBTOpH MPOMOHYIOTH CXeMy O€3MeYyHOro OOMiHY
300paxkeHHsAMH 0e3 0OMIHYy Kitodamu (no-key-exchange secure image sharing scheme).
[{s cxema BUKOPUCTOBYE OaraTornapaMmeTpudHe pooose nepetBopeHHss Dyp'e (Multiple-
Parameter Fractional Fourier Transform) sax xpunrtorpadiyHuii aaroput™m st
TPHOXETAITHOTO MPOTOKOITY.

B po6orti [18] 3anporoHoBaHO momimiieHHs peanizamii npotokony Illamipa y
KBaHTOBIM Kpumnrorpadii - KBaHTOBUM TPHOXETATHUI IMPOTOKOJ, IO BUKOPUCTOBYE
BJIACTUBICTHh KBAHTOBOI CyEPIIO3HIII].

B po6orti [19] npencraBneno tproxeranuuii mpotokon [llamipa 3 momudikariero
anroputMoM Enb-I'amans Bukopuctanuit 1is oominy kmodamu AES B ad hoc 802.11
MEpexi.

ABropu poOotu [91] mpomoHyOTh METOJ HaAIMHOTO MUGPYBaHHS HA OCHOBI
KOMYTaTUBHUX TepeTBOpeHb. llell Meronm Bkitoyae sk TpU 0a30B1 KOMIIOHEHTH TaKi
KpunrorpadivHi MPOTOKOJIU: MPOTOKOJ y3ro/pkeHHs KitodiB Jiddi-Xemmmana, anroputm
komyTatuBHoro mmdpysanns Ilomira-I'emnmana (Pohlig-Hellman) 1 Tpeoxeranuuit
nporokon Illamipa. JIisi BUKOHAHHS KOMYTATHBHOTO MU(PYBaHHS BHKOPHUCTOBYETHCS
mudp MiTHECEHHS IO CTETICHS.

Pazom 3 TuM, gk nokazaHo B [20], mmdp migHECEHHS 10 CTeNeHs Oe3nedHuid

HACTIJIbKM, HACKUIBKM Bakka TmpoliiemMa JauckpeTrHoro Jjorapudma. BiamosinHo,
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MPOTOKOJIM Ha OCHOBI MU(py MiTHECEHHS [0 CTENeHs He 3aXUIleHl BIJ arak 13
BUKOPHUCTAHHSIM T1MOTETUYHUX KBAHTOBUX KOMI'TOTEPIB.

B po6ori [20] 3ampornoHOBaHO MOCTKBAHTOBUM TPHOXETAMHUN KPUNITOTpapiuHui
nporokon. lleil mpoTokosn 3acHOBaHMII Ha omepaiisx IMiJJHECEHHS 10 CTENeHs 1
pO3KJIalaHHs Ha MHOXHHKH. BiH mepexbadae OUIbIINI MOPIBHIHO 3 alTOPUTMOM
[Tamipa oOcAr nepenaBaHHs JaHUX KaHaoM 3B'S3Ky (10 mocuiok mpotu 3), a Takox
O1TBITY KIJIBKICTH OMEparlii, ki BUKOHY€ KOYKHA 31 CTOPIH.

Y pobGoti [21] 3ampomoHOBaHO NPUHLMIIOBO HOBHUWA MNPUHIUI peasizamii
TPHOXETAITHOTO KPUNITOrpahigHOro IPOTOKoIy. MIoro 0CHOBHO 0COONMBICTIO € Te, 110
B HbOMY BHUKOPHCTOBYIOTHCSI HE MPOCTO OINepalili MHOXEHHS BeKTopa iH(opmailii,
NIEPECTAHOBKH, IMEPECTAaHOBKHM KJIIOYIB Ta iX IHBEpCIi, a 3aCTOCOBYIOTbCS HENIHIINHI
MEPETBOPEHHS, 10 0a3ylThCAd Ha IJEHTUYHIN LHUKIIYHIA CTPYKTYpl CHPSKEHUX
nepectaHoBok. lle mo3Bosise 3abe3neuntu Oe3nedyHuil OOMIH 1H(OpPMAIEID Yepes3
HEe3aXHUIIeHUH KaHal 6€3 HeoOX1JHOCTI CIIUTLHOTO BUKOPUCTAHHS KITIOUa.

Bapro 3a3Haudtd, 1O OJMH 3 YYAacCHUKIB 1H(pOpMAIiMHOrO OOMIiHY,
po3mmdpyBaBIIM TEPECTAHOBKY 77, MOXE JIETKO OOYHCIUTH TNPUBATHUN  KIIOY

mn(pyBaHHs IHIIOIO y4aCHHKA o ,. JJIs IbOro BiH MOBUHEH OOYUCIIUTH NIEPECTAHOBKY

_ . o -1
7' a moTiM BHKOHalTe nponenypy o, =Y, - 7

TakuM YMHOM, CEKpeTHI K4l Ui 3alpOlOHOBAHOTO TPHOXETAITHOIO
KpUINITOTpa(iuHOTO aJIrOPUTMY HEOOXIHO 3MIHIOBATM MICHS KOXHOI Mepenadi
MOB1IOMJICHHSI.

Kpim Toro, ydacHukiB 0OMiHy MOe OyTH 3HA4yHO OuIbIe ABOX. Toai MOIIBHO
3Ha4YeHHA Y, B1J I -T'O KOPHCTyBaya IOMIIIATH Y BIAKPUTUHI JOBIIHUK — ITyOJIIYHUM (ai
ab0 JUPEKTOpII0, — a HE TIEpeIaBaTh KOKEH pa3 MK KOPUCTYBayaMu. Y LIbOMY BUIIAAKY

JIBa KOPUCTyBava [ Ta j, Kl BCTAHOBJIIOIOTH 3aXUINCHUM 3B’ 130K, POPMYIOTH CIILTLHUN

K04 [u(ppyBanHs muisixom oduucienb K, =0, Y, -0 1 K, =0, Y- 0,.

Po3rnsHyTi TphOXETammHi MPOTOKOJIM TEpeAaBaHHs JaHUX JTOBOMSTH, IO BOHH
noTpeOyIoTh 3a0e3nevYeHHs] OUTBI BUCOKUX IMOKAa3HUKIB JOCTOBIPHOCTI, OCKUIBKH ISt

nepeaaBaHHs OJTHOTO MOBIAOMIICHHS JJaH1 MepelatoTh TPUUi, 110 301IBIITYE HMOBIPHICTD 1X
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ypaXeHHsS 3aBajJiol0, MO0 OCOOJMBO BIAYYTHO, HANpPUKIAT, B YMOBAaX BHCOKOI
IHTEHCHUBHOCTI IITyMY.

TakuM YuHOM, aKTyaJbHOIO 3a/Ja4yei0 JOCHTIDKEHHS € po3po0Ka METOIY
JIOCTOBIPHOTO TmepenaBaHHs 1HQopMmarii B cuUcTeMaxX 3B’SI3Ky 3 HEPO3IJIbHUM
(dakTopiaTbHUM KOJYBaHHSIM JaHHUX 32 UMOBIPHOCTI 61TOBOT MOMMIIKH, 6J1M3bKOT 110 0.5.

PesynbTaTi po3poOKH Ta JOCIIKEHHS [IbOTO METOy HaBeIeHO B 4 PO3iIi.

1.4. MeToau NMKJI0BOI CHHXPOHI3amii

ITix yac oTpuMaHHS MOTOKY JAaHUX IHUKJIOBA CHHXPOHI3aIlis 1IeHTU(DIKYE BX1THI
LUUKIOBI ~ CUTHAJIM  BUPIBHIOBAaHHSA  (CHMHXPOHI3alliiHI  MOCIIJIOBHOCTI  a0o
CUHXpPOKOMOI1HAaIli). 3BUYaifHI (QopMaTH KaJpiB TapaHTyIOTh, IO CHHXPOKOMOIHAIlIA
HAJICWIAEThCSI B KOXKHOMY KaJpi Ta BHUKOPUCTOBYETBHCS [UISI OIIHKM KaHAIy Ta
CUHXPOHI3aLli1 KaJpiB.

3anponoHOBaHO KiJIbKa METOJIIB CHHXPOHI3alii KaJpiB KOJOBHUX CIIiB 0e3
BUKOPUCTAHHA OKpEeMHX CHHXpokoMmOiHamiil. Hanpuxmnan, y mgocmipkeHHl [46],
3apPONOHOBAHO METOJ LMKIIOBOI CHHXPOHI3allll, KU € PI3HOBUAOM MIIX01y rpyOoi
cun. Lleit meTon Oydepusye aB1 JOBKUHU KaJApy CUMBOJIIB 1 HAMAraeThCs ICKOAyBaTH 3
KOXXHUM MOYKJITMBUM 3MIIIEHHSAM, TOKHA HE Oy/Ie BU3HAYEHO 3CYB, JIJIS IKOTO JCKOYBaHHS
€ ycmimuauM. OIHaK 1Iei MeTOJ € OUIBII CKJIAJHUM 3 TOUKH 30py OOUHKCIICHB 1 HE TTPAIfIOe
TaK J100pe, IK CHHXPOHI3aTOPHU IUKIIIB, SIKI BAKOPUCTOBYIOTh CHHXPOKOMOIHAIII].

[HImIe AOCIHIKEHHST 3ampoIOHyBalio BUKOpUCTOBYBaTH omepaniro XOR s
CHHXPOKOMOIHAIIIM 1 IIOTOKOM JaHWUX JJIs IJBHIICHHS €(EKTUBHOCTI IMKJIOBOI
cunxpoHizamii. s Meroaunka 3MeHIrye oocsr ciay>k00Boi iH(popMallii, 0 NepeaaeTbCs
yepe3 KaHall 3B'A3KY, JJIi BCTAHOBJIEHHS ITUKJIOBOI CHMHXPOHI3allli MOBIIOMJIEHb, TUM
caMUM peani3yloun OuThIll ePEeKTUBHHI PO3MOILT pecypciB KaHaily 3B's3Ky. OmHak
3aCTOCYBaHHS TaKOro IAXOAYy Ma€ 3HauyHe OOMEKEHHsS i1 3acCTOCYBaHHS B
KOMYHIKaIITHUX cucTeMax 13 0JokoBUMH Ta (pakTopiamsHuMu kojgamu [21], [92], [93]

MOPIBHSIHO 3 CHCTEMaMM IepelaBaHHS JaHWX 13 3rOpTKOBMMH Komamu [94], [95],
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OCKUJIbKH HaKJIaJ€HHS CHHXPOKOMOiHaIlli Ha 1H(OopMaIiiHUN OJI0K MOXKE IPU3BECTH 10
nedopmairii 6JI0Ky JaHUX 1 0€3MOBOPOTHOT BTpATH 1H(pOpMaITii.

Oco06mmBOi  yBarn 3aciayroByIOTh METOAW IMKJIOBOi CHHXpOHI3ammii, $Ki He
MOKJIAAI0ThCS HA CUMBOJIM TIpeaMOYyIIH, SIKi CTBOPIOIOTH HAKJIAIHI BUTPATH 3 TOUKHU 30py
CTIIOYKUBAHHS €HEPTii Ta BUKOPUCTAaHHA KaHany. OCHOBHA KOHIEMIIIS TAKUX METO/IB [96],
[97] nonsArae B ToMy, 100 OMYCTUTH MpeaMOyIly Ta aganTyBaTH (opmaT Kaapy, OJHAK
aganToBaHui ¢opmaTr Kajapy 3abe3neuye CHHXpOKOMOiHAIllS (ITOYaTOK pO3JUIIOBaya
kanpy (SFD)) y cTpykTypi kaapy.

KomyHnikariiini cucteMu 3 HEpO3AUIBHUM (aKTOpiadbHUM KOJIYBaHHSM BiKE
BUKOPHCTOBYIOTh HECTAHJIAPTHY Ta HAJIMIIKOBY CTPYKTYpy, fKa He 3a0e3mneduye
okpemoro mosisi SFD. Kpim Toro, cTpykTypa KOJOBOTO CJOBa HEPO3IIJILHOTO
(bakTopiaabHOTO KOy M03BOJISE HOMY (DYHKIIIOHYBATH SIK TPAHCIIOPTHUM MEXaHI3M y
3B’sA3KY 3 KopoTkumu nakeramu [10], [11], [98], [99], [100], [101], [102], [103], [104],
[0 € OCOONMBICTIO Oe3poToBUX Mepexk S5G, Mepex ITaHuX JaTYMKIB, MaIlWHHOI
B3aeMOJIi. Y TakMx cHUCTeMax HE MO)KHAa ITHOPYBAaTH HAKIJIAAHI BUTpPAaTH Ha
cuaxpokomOinarii [105], [106], [107].

Takum YrHOM, TI1JICYMOBYIOUH BHUIIE CKA3aHE, aKTYaIbHOIO 33a4€0 3aJIUIIAETHCS
pO3poOKa METOY LMKIOBOI CHHXPOHI3AIT i1 KOMYHIKAI[IHHUX CUCTEM TepeaBaHHs
iH(popMarllli 3 HEpPO3AUIBHMM (PaKTOpIaIbHUM KOJIYyBaHHAM Ta METOAY IMKIOBOL
CUHXPOHI3aIl] 111 KOMYHIKallIHHUX CHCTEM TMepeaaBanHs iHGopMallii 3 HepO3AUIBHUM
(dakTopialbHUM KOAYBaHHSIM 3a WMOBIPHOCTI OITOBOi MOMWJIKH, Onu3bkoi g0 0.5.
PesynbraTi po3po0KH TaKMX METO/IIB Ta X MOPIBHSIIBHY OIIHKY €()EKTUBHOCTI HaBEIEHO

B po3zainax 2, 3, 5.

1.5. Migxonu n0 3a0e3meYeHHs1 JAOCTOBIPHOro mnepeaasaHHsa iHdopmauii B

YMOBAX BeJIMKOI HMOBIPHOCTi 0iTOBOI MOMMJIKH

st 3a0e3nedeHHs JOCTOBIPHOTO TMepefaBaHHS JaHUX Y KOMYHIKaliMHHX
CHUCTEMaX Ta MEpPEKax BUKOPUCTOBYIOTHCS PI3HI MIIXOAU JJIS BUPIIICHHS II€]l 3aaadi.

OpHMUM 13 BapiaHTIB € BUKOPUCTAHHSI METOAY MPSAMOI MOCHIIOBHOCTI JIJIsl PO3IIMPEHHS
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cunektpy (DSSS), skuit yacto BuUKOpUCTOBYeThCcs y Wi-Fi Ta 1HImMX O€31pOTOBHUX
TEXHOJIOT5IX.

[Tin DSSS po3ymiioTh MeTOj MepenaBaHHs AAHUX, KU BUKOPHCTOBYETHCS B
0e3npoTtoBoMy 3B’s3Ky. Lleit MeTon nmependadae MOMIMPEHHS! CUTHANY Ha OUIBIIY CMYTY
MIPOITYCKaHHSI, HIXK MMOTPiOHA JIJIs TIepenaBaHHs MOBIAOMIICHHS. BUXiTHUN CUTHAT TaHUX
MOETHYETHCS 3 O1TOBOIO MOCTIOBHICTIO BUIIOT IIIBUKOCTI, TAKOXK BIJJOMOIO SIK YIIT-KOJI,
TUM CaMHM 30UIbIIYIOYH MPOIYCKHY 3/1aTHICTh CUTHAIY.

[Mpunnun poboru DSSS mnonsirae B HactynmHomy: DSSS-nepenaBau npuiimae
BUXIJTHUN CUTHAJI JJaHUX 1 MHOXUTh HWOTO Ha YiN-KOA, IO MPU3BOAUTH JO MIUPIIOrO
YaCTOTHOTO CHEKTpy curHany. lLleii wuin-kox, a®o0 TICEeBAOBHMAAKOBUW KOJ, €
nocnioBHICTIO 3 0 Ta 1 3 HabaraTo BUIIOIO YaCTOTOIO, HIXK BUX1AHUM curHai. [Ipuitmay,
BUKOPHUCTOBYIOUU TOM CaMUM YII-KOJI, MOKE TTOTIM BiJIHOBUTH CUTHAJ MPSIMOTO CIIEKTPY
Ta OTPUMAaTH BUXIJHI JIaHI.

Ile o3Hayae, MmO HaBITh SKIIO YacTHHA CUTHATY 3a3Ha€ BIUIMBY i Yac
nepeiaBaHHs, MpUiiMad BCE OIHO MOXKE BIJHOBUTH BHXIJIHI J1aHi, 0€3 MOBTOPHOIO
NepeiaBaHHs CUTHAITY, THM CaMUM 3MEHIITYIOYH HMOBIPHICTH BTPATH a00 MOITKOKCHHS
nanux. Came 11€#1 mIpoliec po3IIMPEHHS Ta BIIHOBJIEHHS 3a0e3nedaye DSSS crilikicTs 10
3aBajl 1 3aTHICTh MIATPUMYBATH LIJTICHICTh CUTHAIY.

[TopiButoroun 3 Mmerogom FHSS (Frequency Hopping Spectrum Spreading -
TEXHOJIOTI TepefaBaHHs CHUTHAJTYy 3 IIBUIKOI TICEBIOBHUIAJIKOBOIO MEpeOyT10BOIO
po0O0YOi 4aCTOTH), IKMI BUKOPUCTOBY€E OOMEXEHY KiJTbKICTh YaCTOT, aJie MEHIIIC KaHaJI1B
y 3a71aHOMYy Aiana3oHi 4actoT, DSSS BUKOpHCTOBY€E OLIbIITY MPOMyCcKHY 31aTHICTH [108],
[109].

DSSS 3a0e3neuye kijgbKa nepenar:

o DSSS nokpaiiye IMUIICHICT CHTHaly, MOIIMPIOIOYM CUTHAN IIAPUIIUM
CIIEKTPOM, 3MEHIITYIOYH BIUIMB 3aBaJl 1 ITyMY;

o OCKUJTBKM CHUTHQJI TOIIUPIOETHCA B IIUPIIOMY JIialma3oHl  YacToT,

HCABTOPHU30BAHNUM KOPUCTYyBa4aM BaKUC IICPCXOIUTHU abo HiI[CJ'IyxaTI/I;
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o KiTbka cucteM DSSS MOXyTh CIiBICHYBaTH B OJJHOMY J1iaria3oHi 4acToT, HE
3aBa)KAIOUW OJTHA OJIHIM 3aBIISKU YHIKAJIHHUM YiM-KOAaM;

o HEe3Ba)Karouu Ha 301IbIICHY MPOMYCKHY 31aTHICTh, DSSS Moxke 3a6e3neunt
BHUCOKY IIBUAKICTD TTepETaBaHHS JaHUX.

DSSS mupoko BUKOPUCTOBYETHCS B PI3HOMAHITHHX MpOTpaMax 3aBIsSKU CBOIN
CTIMKOCTI 10 3aBaj 1 HiicHOCTI curHairy. Och Jesiki 3 OCHOBHHUX 3acTocyBaHb DSSS:

o DSSS BuxopuctoByeThbcsi B Mepexkax Wi-Fi, mo0 A03BOMUTH KITBKOM
IMPUCTPOSIM CIILIIKYBAaTUCSI OIHOYACHO 0Oe3 B3aeMHHUX 3aBaj. Lle 0coOnmMBO MOMUPEHO y
cranaapti Wi-Fi 802.11b;

o GPS BuxopucroBye DSSS nms 3a0esrnmedeHHS IIJTICHOCTI CHTHAIIY Ta
TOYHOCTI JaHUX MPO MICII€3HAXOIKEHHS,

o DSSS BuxopuctoByeThcsi B CTUIbHUKOBUX Mepexax 3G, 4G 1 5G s
MOKPAIIEHHS SIKOCTI CUTHATY Ta 3MEHIIICHHS IOMHJIOK.

3aranom DSSS mpomonye Taki mepeBaru, siK CTIMKICTb O 3aBajl, MOKpAIEHUN

3aXUCT 1 301IbIIEHa MPONYCKHA 3JaTHICTh MEPEXKI.

1.6. Liuti Ta 3aga4i AUCEepTALIMHOIO JOC/Ii/IKEHHSA

Mera pochikeHHs Tmojisrae B 3a0e3Me4YeHHl JIOCTOBIPHOrO MepeAaBaHHs
1H(dopMaIrii B cucteMax 3 HEpO3AUIbHUM (PaKTOpiaIbHUM KOJTyBaHHSAM JTAHUX 32 BUCOKOT
WMOBIPHOCT1 0ITOBOT TOMUJIKH.

AHani3 po3MISHYTUX METOMIB HEPO3AUIBHOTO (DaKTOPIadbHOIO KOIYyBaHHS,
MOKa3ye, M0 BOHU BHUPIIIYIOTh NMPOOJieMHU KpUNTOTpadiuHOro 3axucTy iHdopmarlii ta
3aBa/IOCTIMKOTO KOMyBaHHsA. OJHAK, aKTyaJbHOIO 33Ja4€l0 3aJMINAETHCS M1ABUIICHHS
JIOCTOBIPHOCTI TiepeAaBaHHs 1HoOpMaIli IS ICHYIOUYHUX METOAIB HEPO3ALIHHOTO
(dakTopialbHOTO KOAYBaHHS, a TaKOX po3poOKa HOBUX METOMIB, IO JI03BOJHUTH
PO3LIMUPUTH 00JIACTh BUKOPUCTAHHS (haKTOpiadbHUX KOIIB.

AHami3 METO/IB IHUKJIOBOI CHHXPOHI3allli MOKa3aB, M0 ICHYIOTh METOJH, SIKiI €
PI3HOBHJIOM MiAX0Ay Ipy0oi cuiu, 1o Oydepu3yroTh 1Bl JOBXHHHU KaJpy CHUMBOJIB 1

HaMararOTbCia JCKOAYBATHU 3 KOXKHUM MOKIHMBUM 3MiH_ICHH$IM, JOKH HE 6}7)16 BHU3HAYCHO
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3CYB, JUISl SIKOTO JEKOAYBaHHS € ycrmimHuM. OHaK 11 METOJI € OUTbII CKIAIHUM 3 TOUKU
30py OO4YMCIIeHb. [HINI METOAM LMKJIOBOI CHHXPOHI3aIlli BUKOPUCTOBYIOTH ONEpaIliio
XOR mis cuHXpOKOMOIHAIN 3 MOTOKOM JaHUX JUIS MiABUINEHHS €(QEKTUBHOCTI
[MKJIOBOT CHHXPOHI3aIlii, OJHAK 3aCTOCYBAHHS TAaKOTO MiJAXOAY Ma€ 3HaYHE OOMEKECHHS
JUIS 3aCTOCYBaHHA B KOMYHIKAI[IHHUX CHUCTeMax 13 OJIOKOBUMH Ta (paKTOpiaTbHUMHU
KOJIaMH, OCKIJTbKM HaKJIaJICHHS CHHXPOKOMOIHAIl Ha 1HQOpMaIliiHui OJIOK MOXKe
npuszBecTd 10 jAedopmaliii 00Ky gaHUX 1 OE3MOBOPOTHOI BTpaTH 1H(OpMAILi.
Po3risHyTO METOMM IMKJIOBOI CHHXpPOHI3AIii, sIKI HE BUKOPHUCTOBYIOTH CHMBOJH
npeamOynu. IX OCHOBHA KOHIIENIIid, MOJIATae B TOMY, 1100 aganTysati (opMar Kaapy,
OJIHAK ajanToBaHui ¢opmaT Kaapy 3a0e3neyye CHUHXPOKOMOiHalis (Io4aTok
poszauntoBaya kajpy (SFD)) y ctpykTypi kaapy.

Po3risiHyTo icHyrO41 3aCTOCYBaHHS, IO peali3yloTh HEPO3IUIbHE (pakTopiaibHE
KOJYBaHHS, 30KpeMa TpPbOXETAMHUN KpunrTorpaiyHuid MPOTOKOJI HA OCHOBI
MEePECTAHOBOK, KU JJa€ 3MOTY 3aXMIIEHUM IUIIXOM IepeaBaTy MOBIIOMIIECHHS MIX
JIBOMa CTOpOHAMH 0e3 HEOOXITHOCTI MepefaBaHHs a00 OTOJIOUICHHS BIIKPUTOTO YU
3aKpUTOro Kiroya. Pazom 3 TuM, OCOOJMBICTIO TaKMX MPOTOKOJIB € T€, L0 BOHU
MOTPEOYIOTh OLIIBIII BUCOKHUX IMOKA3HHMKIB JOCTOBIPHOCTI, OCKUIBKH IJIsS TIEpeIaBaHHS
OJIHOTO MOBIIOMJIEHHS J1aHl E€PeIaloTh TPUUi, IO 301IbIIY€E WMOBIPHICTD iX YPa)KEHHS
3aBaJ010, 1[0 OCOOIMBO BIIUYTHO B YMOBAX BUCOKOTO iX PIBHSI.

Bukonano anani3z merogxy DSSS, skuit 3a0e3neuye CTIHKICTb 10 3aBaj 1 34aTHICTh
HNIATPUMYBATH LIUIICHICTh CUTHAJY 1] Yac MPOLECY MepeaaBaHHs JaHUX.

Bukonanuii anamiz naB 3MOry 4iTKO copmynoBatd 3amadi pobotu. Bonu
MOJISITAlOTh y PO3poO0ILll METOAY IMKJIOBOI CHHXPOHI3AIil JII1 KOMYHIKAI[IHHUX CHUCTEM
nepeaaBaHHs 1HPOpMAIlii 3 HEPO3AUILHUM (DaKTOpIaIbHUM KOAYBaHHSIM, Y TOMY YHUCIHI,
3a UMOBIpHOCTI 01TOBOI mOMMIIKH, Onu3bKoi 10 (0.5, a Takox y po3poOii MeTomy
JIOCTOBIPHOTO TmepenaBaHHs 1HQopMmalii B cucTeMax 3B’SI3Ky 3 HEPO3IJILHUM
dakTopiaTbHIM KOJAYBaHHSIM JaHHUX 3a TaKOi K IMOBIPHOCTI O1TOBOT TOMIJIKH.

Jist Bepudikariii Ta JoCTiKeHHS! €(PEeKTUBHOCTI PO3POOICHUX METOIB IIMKIOBOI

CUHXPOHI3allii, JOCTOBIPHOTO IepeAaBaHHs iH(popMallii, a TaKoX s POpMYITFOBaHHS
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peKOMeHJaIli MmoJ0 11X 3aCTOCYBaHHS HEOOXIJHO BHUKOHATH  IOPIBHSUIbHY
EKCIIEPUMEHTAJIbHY OIIIHKY, IO € 3aKJII0YHOIO 337a4€l0 IUCEePTaIiiHOT pOOOTH.

Buxonsauu 3 uporo, 3agayamu poOOTH €:

® po3po0Ka METOMy IIMKIIOBOT CHHXPOHI3AMmil JJII KOMYHIKAI[IHHUX CHCTEM
nepegaaBaHHs iHGopMaIlli 3 Hepo3AUIbHUM (HaKTOPI1aIbHUM KOJTYBaHHSIM;

®pO3po0OKa METOAY IIMKJIOBOI CHHXPOHI3AIil IS KOMYHIKAIlIMHUX CHUCTEM
nepenaBaHHs iHGopMaIlii 3 HepO3AUTBHUM (PaKTOpiaIbHUM KOTyBaHHIM 332 MMOBIPHOCTI
01TOBOI MOMMIKH, OaM3bK0i 10 0.5;

ep0o3po0Ka METOy JOCTOBIPHOTO TIepeiaBaHHs iH(OopMallii B CUCTEMaX 3B’SI3KY 3
HEPO3IIbHUM (PakTOpialbHUM KOIYBaHHSM JaHUX 3a WMOBIPHOCTI OITOBOI MOMWIIKH,
oym3bKoi 110 0.5;

®[IPOBEACHHS MOPIBHSIBHOI €KCIIEPUMEHTAIBHOI OLIIHKKA PO3pPOOJIEHUX METO/IB
LMKIJIOBOI CHHXpPOHI3allli, JOCTOBIDHOTO IepeAaBaHHs 1H(popmalii, (popMyBaHHS
pEeKOMEH Al 11010 iX 3aCTOCYBaHHS.

[TocTaBneni 3amavi IUCEPTAIIHHOTO JOCTIKEHHSI HECYTh HAyKOBY HOBU3HY 1

MPaKTUYHY LIHHICTb, a iX BUPILIEHHS AO3BOJIUTH JOCSITTH MTOCTABICHOI METH.

1.7. BucHOBKH

VY nepuiomy po3mii:

- PO3IISTHYTO  BIJIOMI METOAM 3a0€3MEYeHHS 1HTErPOBAHOTO  3aXHUCTY
1H(dopMarii, 1Mo nepeadadyaroTh 3aXUCT BiJl MOMUJIOK, 1110 BUHUKAIOTh Y KaHalax 3B'sI3KY,
HECAHKI[IOHOBAHOTO JOCTYMy /0 iHdOopMaIlii, a TAKOXK B1J] HaB'I3yBaHHSI XUOHUX JTaHUX.
BcranoBneno, 1o BUKOpHCTaHHS (PaKTOpIaJIbHUX KOMIB IS 3a3HAYCHUX IJICH €
edhextuBHUM. Kpim  ToOro,  ¢akropiadbHi  KOAM  BOJIOAIIOTH  BJIACTHUBICTIO
CaMOCHHXPOHI3aIli1, 0 MiABUIILYE iX €()eKTUBHICTH;

- JOCIIPKEHO CYYacHHWM CTaH MpEeAMETHOI 00JacTi AMCEpTaliifHOi POoOOTH:
BUKOHAHO aHaJi3 OCHOBHUX BapiaHTIB TIJABUIICHHS JTOCTOBIPHOCTI TEpeIaBaHHs
iH(dopmarlii; mpoaHagi30BaHO POOOTH TPHUCBIYCHI METOAAM IHTETPOBAHOTO 3aXUCTY

iHdopMallii; pO3DISIHYTO Ta MPOAHANI30BAHO pPOOOTH, NPHUCBAYEHI OCHOBAM
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(hakTOpiaJIbHOTO KOAYBaHHS JIaHWX, HABEJACHO MOPIBHSJIBHUM aHa13 X TUIIIB; BUKOHAHO
aHaji3 ICHYIOYMX METOAIB IIMKJIOBOI CHHXPOHI3aIlli; BUKOHAHO aHaI3 METO/IB
JIOCTOBIPHOTO TepenaBaHHs i1HQoOpMalii B KOMYHIKAIIMHUX CHUCTEMaX, 30KpeMa, 3
BUKOPUCTAHHSIM (haKTOPiaThbHOTO KOJYBaHHS;

- c(hOpPMYIIBOBAHO ITiTI TUCEPTAIIHHOTO TOCTIHKCHHS,

- BU3HAYCHO TEPENiK 3a/1a4, [0 IMiJISATal0Th BUPIMICHHIO I TOCSTHEHHS

IMOCTABJICHUX IIIJIECH.
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2. METO/I, IUKJIOBOI CHHXPOHI3ALIIi CHCTEM NEPEJJABAHHS
JAHUX 3 HEPO3ALIbHUM ®AKTOPIAJILHUM KOJYBAHHSIM HA
OCHOBI MIOJLTY KOJIOBOT'O CJIOBA HA NMPE®IKCHY il CY®OIKCHY
YACTUHU

2.1. Beryn

VY nepriomy po3ain AuCepTarlii MOCTaBICHO 3aBIaHHs 3a0€3NeUeHHS BCTAHOBJICHHS
[IUKJIOBOTO CHHXPOHI3MY B CHUCTEMax 3 HEpO3AUILHUM (PaKTOpialbHUM KOJYBaHHSIM.
Po3misiHyTO OCHOBHI pOOOTH TIOAO MPOLEAYpP UMKIOBOI CHHXPOHI3AIi B PI3HUX
MEPEKEBUX TPOTOKoiax. OMUCaHO OCHOBHY pOJIb Ta KITFOYOBI aCIEKTH BUKOPHUCTAHHS
MPOLEAYP LUKIOBOI CHHXPOHI3allli B KOMYHIKAIIHUX CUCTEMAaX 1 Mepexkax, y TOMY YUCII
3 KOPOTKUMHU MaKeTaMu. PO3MISIHYTO 0COOIMBOCTI CUCTEM 3 (DAKTOPIAIbBHUM KOTYBaHHSIM
Ta XH1 BIJIMIHHOCTI.

MeToto 11bOTO PO3/ALTY € MPEACTaBICHHS PO3POOICHOTO Ta TOCHTIKEHOTO Y paMKax
JTUCEPTAIIMHOTO JTOCTIPKEHHST METOMY IIMKJIOBOI CHHXPOHI3AIlli MNpUMMaJIbHOI Ta
nepeaaBaIbHOI CTAHIIN CHCTEM 3 HEPO3IUILHUM (PaKTOpiabHUM KOTYBaHHSIM B YMOBAaxX
BIUTMBY B KaHaJl 3B 3Ky 3aBaJl BUCOKOI IHTEHCUBHOCTI, 1110 3a0€3MEeUy€EThCS 3a PAXyHOK
BUKOPUCTAHHS SIK CUHXPOKOMOIHAIlll MepeCcTaHOBKUA YHCEN, 1i TOJAUTYy Ha NpedikCHY Ta
CyhIKCHy YaCTHHH, a TaKOX BUKOPHUCTAHHS MaXOPUTAPHOI OOPOOKM TPUMHATUX
¢dbparmenTiB. KpiMm TOro, B JpyroMy po3aull MPEACTABICHO OIIHKY TEOPETUYHO
BU3HAYCHUX 1 JOCHI/PKEHHUX IMOBIPHICHUX TOKa3HHUKIB PO3POOJECHOTO METOAy Ta
MEPEeBIPEHO  iX  BIAMOBIZHOCTI  €KCIIEPUMEHTAILHO  OTPUMAHUM  IMOBIPHICHUM
XapaKTepUCTHKaM. 30KpeMa, BU3HAYCHO OIIHKY HMOBIPHOCTI ITPABMIIBHOTO BCTAHOBJICHHS

CHUHXPOHI3MY Ta HMOBIPHOCTI XHOHOTO BCTAHOBJICHHS! CHHXPOHI3MY.

2.2. Onuc meTony

OCHOBHOIO 1JIe€10 JIJISi  3allPOTIOHOBAHOTO METOJy BCTAHOBJICHHS ITUKJIOBOI

CUHXPOHI3AIIi1 € HACTYITHE:
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- CHHXPOKOMOIHAIIIEIO € TIEPEeCTaHOBKA T ;

- KOHCTPYKIISl CHHXPOKOMOiHaIIi MOAUISETbCS Ha MpediKCHY YaCTHHY, IO
BHU3HAUa€ MeXI1 il CHMBOIIB, 1 Cy(PIKCHY YacTHHY, sSIKa BU3HAYa€ MEXK1 CHHXPOKOMOiHAIlli-
NePECTaHOBKH;

- 3a0€3eYeHHS JOCTOBIPHOCTI nepeaaBaHHs CHUHXPOKOMO1HaITi1
3a0e3neuyeThes i 0araropazoBUM MOBTOPEHHSM 1 MAXKOPUTAPHOKO 0OPOOKOI0 IPUHHATHX
¢dbparmMeHTiB.

Merton BCTaHOBIIEHHS LIMKJIOBOI CUHXPOHI3allil nepeadavyae Takl KpoKu:

1) CUHXPOKOMOIHALIIEIO € MEepEeCTaHOBKa 77 AOBKUHU M cumBomiB. CuMBOIN
NIEPECTAHOBKH 77 KOAYIOTHCS PIBHOMIPHHUM ABIIKOBUM KOZOM TaKHMM YHHOM, 100 MEpIIni
CHMBOJI 3aITUCYBaBCs TIOCIII0OBHICTIO, IO CKJIAJIA€EThCS TUIBKU 3 HYJIIB, a JPYTUH — TUIbKU
3 oguHMIb. KpiM TOro, TpeTiii CMMBOJI CHHXPOKOMOIHAIIT B IBIMKOBOMY 3aIlMCl TOBUHEH
NOYMHATHCS HYJIEM, & OCTaHHIM CUMBOJI MOBUHEH 3aKIHUYBaTUCS JIBINKOBOIO OAMHULIEIO.
Pemra cuMBOITIB MOBUHHA MICTUTH MAaKCUMAJIbHY KIJIBKICTh IIEPEXO/IIB 3 OJMHULI B HYJIb 1
HaBMaku (A1 MiHIMI3alli BUTpAT 4acy HAa CHHXPOHI3alil0 OIT) 1 HE MOBUHHA MICTUTH

koMOinamii 10...01...10;
I /

2) i yac cTapTy MpoLeIypy HOUTYKYy CHHXPOHI3MY B HAKOMMYYBad MpuiiMaua
3aMUCYIOThCS TPU TMOCHITOBHUX (parMEeHTa OTPUMAHOI 3 KaHay MOCIIAOBHOCTI OIT.
JlopknHa  KOKHOTO 3 ()parMeHTiB  JOPIBHIOE  JIOBKHHI  CHHXPOKOMOIHAIIii
n=M-1 =M|[log,M |;

3) 3a MPUAHATAMU (PparMeHTamMu (OPMYETbCS YTOYHEHA MOCHIIOBHICTh R.
Koxen 01T 11€1 MOCTIT0BHOCTI OOYUCIIIOETHCS 32 MaKOPUTAPHUM MPUHIIUIIOM HA OCHOBI
BIJIMOBIAHUX OIT MpUHHATHX (parMeHTiB. Takum YWHOM, SKIIO i -Ti OITH (hparMeHTIB
MICTSITh OLIbIIE «OAWHMIIB», [-TOMY OITY YTOYHEHOI MOCIIJOBHOCTI MPHUCBOIOETHCS
3HAUEHHS «OIMHULI», B IHIIIOMY BHUITAJKy — «HYIISD»;

4) B YTOYHEHIH MOCHIIOBHOCTI R 3 ypaxyBaHHAM Ii LHMKIIYHOTO 3CYBY

nepeBipseTbess HasiBHICT, koMOiHamii 10...01...10. Sxmo ii 3HaiieHo, NpuuoMy BOHA
/ l

r r
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OJTHA, YTOYHEHY IOCTIAOBHICTh R IUKIIYHO 3CYBalOTh TAaKUM YMHOM, I100 BOHA

noynHanace 3 npedikcy 0...01...1;
/. /

5) YTOYHEHA TOCIHIJOBHICTh R TOPIBHIOETHCS 3 €TAJIOHOM 77 . SIKIIO BOHA
30ITa€ThCs 3 €TAJOHHOIO CHHXPOKOMOIHAITIEIO 3 TOYHICTIO O OJHOTO 3 1i CHMBOIIB, TO
nporeaypa IMiACTPOIOBAHHSA IMKJIOBOI (pa3u TPHUIUHSAETHCS, [HUKIIYHAM 3CYBOM
KOMIICHCY€EThCs (ha3oBa HEY3TOMKEHICTh 1 popmyeThest curHan «llomryk 1nukiaoBoi ¢azu
3aBepIeHu». Lle¥ curHal BiimpaBseThes HA CTAHINIO TIepeIaBaHHs JaHUX 1 € KOMaH OO

Ha MepexiJi A0 IPoeaypH MepelaBaHHs JaHUX KOPUCTYBaya;

6) akmo koMOiHario 10...01...10 B yrouHeHii TOCiI0BHOCTI R HE 3HAIICHO,
I l

3HAWJEHO TakWX KOMOIHAIlil JBI Ta OUIbLIE, a TaKOX SKIIO CY(PIKC YTOYHEHOI
MOCIIITOBHOCT1 R BIJIPI3HAETHCS BiJ] CY(hIKCY €TAIIOHHOT CHHXPOKOMOIHAIT 77 OLIbIIE, HIXK
Ha OIWH CHMBOJ, TO JOAATKOBO MpPHUUMAIOThCS e JBa (parMeHTH, THUM CaMHM
30UIBIIYIOYM iX YHCIO JO II'SATH. 3HOBY IOBTOPIOIOTHCS BCl Omepaiii BHUSBICHHS
CUHXPOKOMOIHAIII1, TOYNHAIOUH 3 1I. 3;

7) YUCJIO HAKOMUYEHUX (PparMeHTIB MOXE MOCTIJOBHO 30UIbLIYBATUCS 10
JIeSIKOT0, Hanepes 3a1aHoro rnopory. [1icist focsSrHeHHs OTO MOPOTY YMCIIO HAKOTMUYEHUX
dbparmeHTiB He 3MiHIOEThCS. [Ipoliec molryKy CHHXpOHI3MY TpUBAa€, MOKU ab0 He Oyre
3HAWJEHU CHHXPOHI3M, a00 HE 3aKIHYUTHCS JIMIT 4Yacy HAa BHUKOHAHHS MOUIYKY
CHUHXPOHI3MY. Y OCTaHHbOMY BHUIIAJIKy ITPOLEIypa MOIIYKY CHHXPOHI3MY 3aBEPILIY€ETHCS, a
Ha BHX1J] CHCTEMH BUAAETHCS CUTHAT « ABapisi KaHATY».

[TosicHroBaTH METOI IMKJIOBOT CHHXPOHI3AITIT OyZIeMO Ha MPUKJIIA i BUKOPUCTAHHS K
CUHXPOKOMOIHAINI NepecTaHOBKU 77 JOBKWMHU M =8 (IIOCHIAOBHOCTI JIECATKOBHX

CHMBOJIIB MHO>KWHU {0,1,2,3,4,5,6,7} ).

KoxxeH cuMBON 111€1 MHOXHHH KOIYETbCS PIBHOMIPDHUM JIBIMKOBUM KOJIOM,

HaIPUKJIaI, K TIOKa3aHo B Taduii 2.1.
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Tabmuis 2.1 — Cxema KoAyBaHHSI CHMBOJIIB MEePeCTAHOBKHU

JlecAaTKOBUM 3aIncC O 1|2 (3|4 ]5]|]6]|7

JIBiiiKoBui1 3amuc 000/001|{010|011|100(101{110(111

CKOHCTPYIOEMO CHHXPOKOMOIHAIIIIO 3 MpedikcoM, IO BUSBISE MEXI CHMBOIIIB.
Taxum nipedikcom Moxke OyTr KOMOIHAITIS, CKJTa/IeHa 3 TIEPIIIOTO Ta OCTAHHBOTO CUMBOJIIB

MHOXXHUHHU {0,1,2,3,4,5,6,7} — cumBoiiB 0 1 7. OcTaHHIA CUMBOJI CHHXPOKOMOIHAIII1

MOBUHEH 3aKIHYYBATUCS OJUHUIICIO, a MEPIIUA CUMBOJ Cy(iKca MOBUHEH MOYMHATUCS
HyneMm. Pemra cuMBOJIB OOUpAIOTHCS TaKUM YHHOM, 100 YHMCIO 3HAKO3MIH (3MiH
JIBIMKOBOI OJMHUIII Ha JABIMKOBUN HyJIb a00 HABMAKW — HYJIS Ha OJMHMINO) OyIo
MaKCUMAaJIbHUM.

Hiarpamy po3noaury KUTbKOCTI IEPECTAHOBOK 3 MOBHOI MHOXKHMHU IEPECTaHOBOK
JTOBKHHM M =8, CUMBOJM SKHX 3aKOJAOBAHO BIAMOBIAHO J0 cxemu Tabmumi 2.1, y

3aJIeKHOCTI B1Jl KUTBKOCTI 3HAKO3MIH HABEJACHO Ha PUCYHKY 2.1.

25000
20736

20000

15000
10000 9216 9216

5000
576 576
0 — —
8 10 12 14

16
KinbKicTh BHIAJKIB 3MiHH OiT

KUIBKICTB NMepecTaHOBOK

Pucynoxk 2.1 — [liarpama po3nomijly KiJIbKOCTI IePeCTAHOBOK Yy 32JI€KHOCTI

BiJl KIJILKOCTI 3HAKO3MIiH

3 pucyHky 2.1 BUHO, 10 HAMOLTBIIIA MOXKITMBA KUTHKICTh epexofiB30B 1 a3 1 B
0 mopiHioe 16. BukoHaeMo TOIIyK MEPECTaHOBOK, Ae mepii cumBonu 0 1 7, ocTtaHHi!

CUMBOJI 3aKIHUY€TbCA JBIMKOBOIO OJMHMIICIO, MEPIIUNA CHUMBOJ Cy(iKca MOYMHAETHCS
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JIBIMKOBUM HyJIeM, a cama I[IepeCTaHOBKa MICTUTh 16 3HaKo3MiH. 3Haii/IeHi
CKCIIEPUMEHTAJIFHIM IIISTXOM TaKi TepeCTaHOBKH HaBeIeHO B Tabmmii 2.2.

Onna 3 HaBeneHUX y TaOmuii 2.2 MOCHITOBHOCTEH 3amUCy€ThCsl B MOCTIHHMIA
3anam’sitopyBasibHuid  mipuctpid  (I13I1), sikuii craHe mKeperoM CHUHXPOKOMOIHAIT
nepeaaBagbHOI CTaHIII.

[Tpuknan Takoi CHHXpOKOMOIHAITIT:

— JIECSATKOBHUM 3aIluc (0,7,1,2,4,6,5,3);
— JIBINKOBHH 3amuc (000,1 11,001,010,100,110,101,01 1).

PosrnsineMo mpotietypu, peaii3oBaHi Ha MpUiMaibHIA CTaHIT].

Tabmuus 2.2 — Ilepesiik nepecTaHOBOK J0B:KUHM M =8 /1Ji51 BUKOPUCTAHHS

SIK CHHXPOKOMOiHaWi1

Ne | ecsTxoBuii 3ammc JlBiiikoBHii 3aruc

1 | (0,7,1,24,6,53)| (000,111,001,010,100,110,101,011)
2 | (0,7,1,2,6,4,53)|  (000,111,001,010,110,100,101,011)
3 | (0,7,1,3,24,6,5)| (000,111,001,011,010,100,110,101)
4 | (0,7,1,3,2,6,45)| (000,111,001,011,010,110,100,101)
5 | (0,7,2,4,6,5,13)| (000,111,010,100,110,101,001,011)
6 | (0,7.24,653,1) (000,111,010,100,110,101,011,001)
7 | (0,7,2,6,45,1,3)|  (000,111,010,110,100,101,001,011)
8 | (0,7,2,6,4,53,1)| (000,111,010,110,100,101,011,001)
9 | (0,73,1,2,4,6,5)| (000,111,011,001,010,100,110,101)
10 | (0,7,3,1,2,6,45)| (000,111,011,001,010,110,100,101)
11| (0,7.3,2,4,6,51)| (000,111,011,010,100,110,101,001)
12 | (0,7,3,2,6,45.1)| (000,111,011,010,110,100,101,001)
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[lepur 3a Bce, 3a3HAYMMO, 1110 B IPUIIMay HAJAXOJUTh CUHXPOKOMOIHAIIIS, ypakeHa
JIIE€I0 3aBajid B KaHal 3B 3Ky 1 3CyHyTa 3a (a30r0 00 MOJIOKEHHS KOB3HOTO BIKHA
(BUKOHAHOTO y BUIVISIAI perictpa 3¢yBy). [Ipu 1iboMy Hi IHTEHCHUBHICTH 3aBajid, Hi 3CYB
KOB3HOTO BikHa (Beau4rHa (a30BOi HEY3TOKEHOCTI IUKJIIB MepeaBada Ta mpuitMada)
anpiopHo HeBigomi. ToMy mepuIMM 3aBIaHHSIM CHCTEMHU LMKIOBOI CHHXpOHi3alii €
M1JBUIIEHHS JJOCTOBIPHOCTI MPUIHATUX JIaHUX, a IPYTUN — BUSHAYEHHS T4 KOMIICHCAIT1s
($ha30B0O1 HEY3TOKEHOCTI.

[limBuIIeHHS TOCTOBIPHOCTI MPUUHATUX MAaHUX JOCSATAEThCS Oararopa3oBUM
MOBTOPEHHSIM CHUHXPOKOMOIHAIli Ta HAKOMWYEHHSM pe3yibrary. Tak, koedilieHToM
HAKOTIMYCHHS, IKWI JTOPIBHIOE YHCITy HAKOMUYIYBaHUX (PparMeHTIiB OTPUMAHOI 3 KaHAITy
MOCTIJOBHOCT1 OIT, TOBXKWHA KOXKHOTO 3 SIKMX JIOPIBHIOE JOBKHUHI CHHXPOKOMOIHAIIIT,
oOupaeTbes 3 psiay HenmapHux uucen 3, 5, 7.... O4eBUIHO, 110 YUM BUIIUNA KOSDIIEHT
HAaKOMHUYEHHS, THUM OUIbIIa WMOBIPHICTh NPABWJIBHOIO pilmieHHs (ToOTO MeHIa
WMOBIPHICTh MOMUJIKOBOI CHHXPOHI3alli1) Ta OLIBIINI Yac BXO/HKEHHS B CHHXPOHI3M. Y
3alpPOTIOHOBAHOMY METOJII LMKJIOBOI CHMHXPOHI3allli BUKOHYEThCA aJaTUBHUHN MiI0Ip
Koe(Ili€HTa HAKOMUYEHHs (YUM TIPIIMIA KaHall 3B’ 513Ky, TUM OUTBIIMM BCTaHOBIIFOETHCS
koedimieHT HakomuueHHs). lle mocsiraeTbesi TUM, IO TPUMHITA 3 KaHAIY 3B S3KYy
MOCHIIOBHICTh OIT 3amucyeThbcsi B OypepHMil HaKONWYyBad 3arajibHOI0 €MHICTIO,
Hanpukiaa, 11 cuaxpokomOinamii. Ilix yac crapTy npoueaypu MOIIyKYy CHHXPOHIZMY
BCTAHOBIIOETHCA MiHIMaJIbHE 3HAYEHHS KOe(illl€HTa HAKOMUYEeHHS [ =3, Mmicls 4oro B
Oy(epHMiI HakONMU4YyBad 3alHUCY€ThCA TpU (parMeHTH NPUUHSTOI MOCTIAOBHOCTI,
JIOBKMHA KOKHOTO 3 SIKMX JIOPIBHIOE JOBXKHHI CHHXpoKoMOiHamii. [lukmiuauii 3cyB
MPUMHATOI MOCIIIOBHOCTI BUMAAKOBUI. 32 IUMU TpboMa (pparMEHTaMu Ma>KOPUTAPHO
OOYHCITIOETHCSI YTOUHEHA MOCHIIOBHICTh R, y SIKii YaCTMHY MOMUJIOK (SKIIO BOHH €)

BUIIPABJICHO — 3a3HAYEHOIO MPOIIEAYPOI0 BHUIPABISIOTHCS BCl MOMUJIKUA KPATHICTIO 10
/-1 . . . . . .
—— BKJIIOYHO, $KI BHUHHKAIOTh Y BIAMOBIIHUX OiTax NPUHHATUX (parMeHTIB.

BianoBigHo, MakcuMasbHa 3arajibHa KUIbKICTh O1TOBUX MIOMUJIOK, SIKY 37aTHA BUIIPABUTH

Ma)kKOpUTapHa 00pOOKa, CTaHOBUTH l—;ln:%M [log, M| 3 npuitaatux In Gir.
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Hanpukman, niass M =8 1 /=3 11e 3HaYeHHs 10piBHIOE 24 G1TOB1 OMUWJIKY 3 TPUHHATHX
72 61T. s M =8 1 [ =5 —3061nbmyerbes 10 48 3 120 OIT.

Y HakomuuyyBa4dli BHUKOHYETHCS TMMOOITOBUN UUKIIYHHM 3CYyB  yTOUHEHOL
MOCIIIOBHOCTI R, 3a SKUM TICJS BUKOHAHHS KOXKHOTO 3 3CYBIB MEpEBIPSIETHCS, YU
BUSBIICHO Tpedikc CHHXpOoKoMOiHamii. SIKIo mpedikc BUABICHO, TO MEPEBIPSIETHCA 1
cy(ikc. Skmo oOusBI MEPEBIPKH 3aBEPIICHO IO3UTHBHO, TO MPOIEAYpPY ajarTarii
koe(illieHTa HAKOIUYEHHS JI0 SKOCTI KaHaldy 3B 3Ky 3aBEpIICHO, a CHHXPOHI3M
BCTaHOBIIEHO. Y LboMy Bumnaaky curHai «llomyk cuuxponizmy 3aBeprienuit» (I13)
BIJIIPABJISETHCS 3BOPOTHUM KaHAJIOM Ha TMEpelaBalibHy CTaHINIO, a KaHal JaHUuX
MIEPEXOUTH 31 CTaHy BCTAHOBJICHHS 3’ €QHAHHS B CTaH MEPEHECEHHS MPU3HAYCHUX IS
KOpHCTyBada JaHUX.

Akmo He BuUABICHO TIpedikc CHHXpOKOMOIHAIii abo HE MIATBEPUKEHO il
HUIICHICT, TOOTO JJI1  BU3HAUEHOTO 3HAUYCHHS  KoedillleHTa  HAKOMUYCHHS
CUHXPOKOMOIHAIII0 HE BU3HAYEHO, TO B HAKOMHUYyBad JIOJIATKOBO 3alMCYIOThCS JIBa
dbparMeHTH OTpUMaHOI 3 KaHaidy NocaioBHOCTI OIT. Ilicias 1poro OOYMCIIOETHCS
yTOYHEHA MICIS Ma)XOPUTApHOi OOpOOKM I’ATH (PparMeHTIB MOCIIIOBHICTh, 32 SIKOIO
BUKOHYIOTh BUSBIICHHSI CHHXPOKOMOiHaIii. Ko 1 1151 cripoda BUABUTH Mpedike 1 cydike
CUHXPOKOMOIHAIIT HeBJajga, TO KOE(DIIIEHT HAKOMUYEHHs 30UIbIIYETHCS I1I€ Ha JBa.
30UTbIIEHHST KOE€(IIEHTAa HAKOMMYEHHS! TPUBAE 10 THUX Mip, MOKU HE Oyne AOCITHYTO
HOro rpaHUYHE 3HA4YEHHsS, piBHE, Hampukian, 11. Jlam MOIIyK CHHXPOHHOTO CTaHy
TpuBae ab0 0 3aBEpPILIECHHS MPOLEAYpPH MOUIYKY, a00 10 BHUYEpHaHHS JIMITY 4acy Ha
MOIIYK CHUHXPOHI3MY. SIKIO Micisl 3aKiHYEHHS JIMITY dYacy, BIJBEICHOTO Ha TMOIIYK
CUHXPOHI3MY, BIH HE 3HAWJICHUI, TO CUCTEMa LMKJIOBOI CUHXPOHI3allii (pOopMy€e CUTHAT

«ABapis kaHaiy». [Ipouenypa nouryky npunuHsIETHCS.

2.3. IMOBIpHiCHI MOKA3HUKYU BCTAHOBJICHHSA IIUKJI0BOI0 CHHXPOHI3MY

TCOpCTI/I‘-IHO BU3HAYMMO OAHY 3 OCHOBHHUX MTOKa3HUKIB CHCTEMU I_II/IKJ'IOBOI

CUHXPOHI3aI[l1 — HMOBIPHICTh BCTAHOBJICHHSI IIUKJIOBOI'O CHHXPOHI3MY 32 MNPUHHATUMU
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¢dparmenramu, [ =3,5,.../ ,y 3a1€KHOCTI BiJl IMOBIPHOCTI OITOBOI IIOMUIIKU p, y KaHAaI
3B’ SI3KY.
IMOBipHICTH 61ITOBOT MOMWIKHM B YTOYHEH1# MOCTIAOBHOCTI R MiCIs MaKOPUTAPHOI

00poku / mpuitHATUX (pparMeHTiIB

py=" e Cipy(1-p,) . (2.1)
2

1=

[Tomunka B CUMBOJI TIEPECTAaHOBKM BUHMKA€E TOJI, KOJM Xo4ya O OIUH OIT y #oro
JBINKOBOMY TPEACTaBICHHI B YTOYHEHIH TOCTIIOBHOCTI R BHU3HAYEHO HEBIPHO.

IMOBipHICTB TaKoi MOAIT

P =3 Ci(py) (1-p) " =1-(1-p})". (22)

T

CucreMa LHMKIIOBOI CHHXPOHI3aIlli MpUME BIpHE PIIICHHS PO BCTAHOBJICHHS
[IUKJIOBOTO CHHXPOHI3MY, SIKIIIO:

1) mepuni nBa CUMBOJM (IBIMKOBE MPENCTABICHHS SIKUX MICTUTH YCl HYJl Ta BCl
OJIMHUII1) YTOUHEHOI ITOCTITIOBHOCTI R Oyjie BUBHAYCHO O€3 MMOMUJIKH;

2) TpeTiii CUMBOJI YTOYHEHOI MOCHIOBHOCTI R Oyne MOYMHATUCS 3 JIBIMKOBOTO
HYJIS;

3) ocTaHHI! CUMBOJI YTOUYHEHOI MOCIIIOBHOCTI R Oy/e 3aKiHUyBaTHCs JIBIHKOBOIO
OJIMHULIEIO;

4) He OUTBIIIE OJHOTO 3 TPYMNH BiJl TPETHOTO JI0 OCTAHHHOTO CUMBOJIB yTOUHEHOI
MOCIZIOBHOCTI R BHU3HAYEHO HEBIPHO.

IMOBipHICTB HEpUIOT TOIT
2
B=(1-p,,,) . (2.3)
IMOBIpHICTB TOTO, III0 OTHOYACHO BiIOYyThCS ApyTa, TPETS Ta YeTBEPTA MOIIT

b= (1 = Pymb )M_Z +

+2((1_p;)(1‘(1‘1’3)l’_1))(I‘Psymb)M_3+(M ) po(1=Poms) - (24

Toxi WMOBIPHICTH BCTAHOBJICHHS TMPAaBUJIBHOTO IMKJIOBOTO CHUHXPOHI3MY 3a [/

OPUUHATUMH (PparMeHTaMu



IMincraBnsroun Bupasu (3)1(4) o B 1 P,_, 1o (5), oTpuMaeMo

e 1+2((1—pg)(1—(1—pg)”1))+ |

+(M _5)psymb

IMOBiIpHICTh BCTAaHOBIIEHHSI XMOHOTO ITMKJIOBOTO CHHXPOHI3MY 3a [/ NPUHHITHMHU
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(2.5)

(2.6)

dbparMeHTaMu BHU3HAYA€THCS WMOBIPHICTIO BUHHMKHEHHS TIOfIl, 3a SIKOI YyTOYHEHa

MOCITIJTOBHICTh R Oy/ie IUKIIYHO 3CYHYTOK CHHXPOKOMOIHAIIIIO 3 TOUHICTIO IO CUMBOJIY

cydikca 3a yMOBH, 110 MEPIIHA 1 OCTaHHIHM oro 61T 3MiHEH1 He OyayTh. TakuM YMHOM, LIS

HMOBIPHICTD 3aJICKHUTh BIJl PO3MOILTY BIJACTaHEH XeMMIHTa BiJi CHHXPOKOMOIHaIi 10 ii

LUUKTIYHUX 3CYBIB. Takuil po3moful s NEepecTaHOBOK, HABEIEHUX Yy TaOmuii 2.2,

npecTaBIeHuid y Tabmwii 2.3.

Tabmuins 2.3 — Po3noninn Biacraneit XemmiHra Bil cuHXpokomOiHamii mxo ii

HUKJIYHUX 3CYBIiB

Ne Biacrans Xemminra ¢
MepPECTAaHOBKH

s TaGm 2.2 6|8 |10[12|14]16|18
1 0| 1]|4]12/06|0
2 2121217121810
3,5 0/2|4|68|3|0
4,7 2104|1110 ]2 4
6,9 2121215161610
8,10 0[2|4|7,6|4|0
11 0[4|2|7,4|6|0
12 2121216141710

IMOBIpHICT, TOTO, IO YTOYHEHA TMOCTIJOBHICT R OyAe MMKIIYHO 3CYyHYTOIO

CUHXPOKOMO1HAIII0, JOPIBHIOE
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B = Z;f(t)(p; )[ (1 - p; )"—t > (2.7)

ne f (t) — KUTBKICTh TIOMHJIOK KpPaTHOCTI / B YTOUHEHIN MOCHiTOBHOCTI R, fKi

NPU3BOATH JI0 LMKIIYHOTO 3CYBY CHHXpOKoMOiHaii. Po3momin 3naueHs f (t) AKpa3 1
HaBeJIeHO B Tabmuii 2.3. 3nadenns f(¢)=0 st BCix ¢, BiACYTHIX y wiif TaGmuIi.

Po3pobnennit meron mepeadadae MOXKIHMBICTD HEBIPHOTO PO3MI3HABAHHS OIHOTO
CUMBOJNy cy(ikcy cuUHXpokoMOiHarii. ToMy KpaTHICTb TIOMHJIKM B YTOYHCHIM
MOCHIAOBHOCTI R, fKa TPU3BOAWTH JO IMKIIYHOTO 3CYBY CHHXPOKOMOIHAIlli, MOXe
BIJIPI3HATUCS HA BIICTaHb XEMMIHIa BiJI OPUTIHAIBHOIO CHMBOJIY CHHXPOKOMOIHAII 10
HOUIKO/PKEHOTO CUMBOJTY YTOUHEHOI MOCiI0BHOCTI R . OCKIJIbKM Bara KO>KHOTO CUMBOITY

NOMMWJIKH, SIKa TEPEBOIUTH CHHXPOKOMOIHALIIO N0 ii LMKIIYHOIO 3CYBY, HEBIIOMA, il
(V) . 3 . * lr . .
HAMOBIPHICTb MO>)KHA OL[IHUTH 3BEPXY BUPA30OM (1 - po) . KistbkicTh MOXKJIMBHX MTOMUIIOK

Barv ¢ 30UIBIIYETHCS B KUIBKICTh Pa3iB, 10 BIAMNOBIIAE€ KUTLKOCTI BCIX BaplaHTIB OITOBUX
TIOMMJTIOK JIJIs1 KOYKHOTO 3 CUMBOJIIB Cy(ikca — T0OYTKY CyMH KOMOIHAII TOMUJIOK CUMBOJTY
Ha KUIBKICTh CHMBOJIB Cy(ikca. TakuM YMHOM, IMOBIPHICTb BCTAaHOBJIEHHS XHOHOTO
IIUKJIOBOTO CHHXPOHI3MY 3a [ TpUAHATUMH (parMeHTaMd MO)KHA OIIIHUTH 3BEPXY
HACTYTHUM YHHOM:

I,
(M- 4)26‘,{ x

J=0

b ey
" x\p lI-p +
P <01 (1) (lfl) (1=#) . 2.8)
- +2>.C/,
j=0

X(p; )t—l,4+1 (1 B p; )n—z—l,,+1

2.4. Ouinka e)¢eKTUBHOCTI METOLY

Jlist mepeBipkr €EKTUBHOCTI PO3POOJIEHOTO METOAY BCTAHOBJIEHHS IIMKIJIOBOTO
CUHXPOHI3MY TTOOYIOBaHO MPOTPaMHY MOJEIb MepeaaBaHHs JaHUX. AJITOPUTM POOOTH

CUCTEMU IIUKIIOBOI CHHXPOHI3allli MO/IeJIl HABEJIEHO Ha PUCYHKY 2.2.
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C HOTTOK )

3anuc nepmmx

TPBOX
(bparmeHTiB
Busnauenns
.. 3amuc 1e IBoX
YTOYHEHO] .
g . (bparmeHTiB
MOCIOBHOCTI R
A

HasgsricTs uie Hi
oHiel KoMOiHaI1
10...01...10

Tak

3cyB mocioBHOCTI R

Hi

OTprMaHa oCHI-CTh
CITIBITA/IA€ 3 ETATIOHHOO
CHHXPOKOMOIHAIII €10

OTtpuMaHa NocJI-CTh
BiJIPI3HAETHCS JIUIIIE
OJIHMM CHMBOJIOM

v

Kommnencaris pazoBoi
HEY3TOHKEHOCTL

v
( Kinens )

PucyHok 2.2 — Airoput™M pod0TH CHCTEeMH HMKJI0BOI CHHXPOHI3auil

I'padik excriepumentansHo Bu3HadeHoi Ha 10000 BUMpoOyBaHHSX 3aJEKHOCTI
BIJIHOCHO1 YaCTOTH BCTAHOBJICHHS LIMKJIOBOTO CHHXPOHI3MY BiJ] (DIKCOBAaHOTO 3HAYEHHS

KoeQilieHTa HaKoMueHHs [ AJi1 HIMOBIPHOCTI OITOBOI IOMWIKH p, € {0.1,0.2,0.3,0.4}

HABEJIEHO Ha PHUCYHKY 2.3. SIKk CHMHXPOKOMOIHAI[II0O BUKOPHCTAHO TMEPECTAHOBKY 3 3
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tabmumi 2.2.

=
O =

2 0.8

o0 o o
o Lh Oy ]

o o O
—

IMHKIIOBOIOQ CHI—D(].)OHiBM

BinHOCHa yacTOTa BCTAHOBIIEHHS
]

3 9 15 21 27 33 39 45 51 57 63 69 75 81 87 93 99
Koe(imieHT HaKOMMYEHHS

e p0=0,]  ==—=p0=0.2 P0=0.3 ==——p0=0.4

Pucynoxk 2.3 — I'pagik 3a/1€2KkHOCTI BiITHOCHOI YaCTOTH BCTAHOBJICHHA

LHMKJI0BOI0 CHHXPOHI3MY BiJl (piKCOBAaHOI0 3HAYEHHS KOe(PIiUi€HTa HAKONIMYCHHS

Ha pucynky 2.3 myHKTHpPOM MOKa3aHO TaKOK BIAMOBIAHI Tpadikd TEOPETUUHUX

3aJIEKHOCTEH P Bl / BIANOBIAHO 10 BUpasy (2.6).

HaBeneni Ha pucyHky 2.3 TeopeTHuYHI Ta EKCIEPUMEHTANbHI 3aJIeKHOCTI
Y3TOIKYIOTBCS MK c00010 3a KpuTepieM IlipcoHa 3 OM3bKUMHM 10 OJUHUII JOCITHYTHMH
piBHSIMU 3Hauymocti (p-value), iHTepnpeToBaHMMM 3rigHO 3 BHKIaAeHOO B [110]
MeTozosoriero. Lle cBITIUTh PO KOPEKTHICTH MOOYI0BH MPOTPaMHOT MOJIEII.

I'padix excriepumentanbHo Bu3HaueHoi Ha 10000 BUMpPOOyBaHHSX 3aJEAKHOCTI
BIJIHOCHOI YacTOTHM BCTAHOBJICHHS IIMKJIOBOTO CHUHXPOHI3MY BiJ  KoedillieHTa
HaKOMUYeHHS [ JyIsi PO3pOOJIEHOTO aJITOPUTMY Ta WMOBIPHOCTI OITOBOT MOMIIIKH

P, €{0.1,0.2,0.3,0.4} HaBeneHo Ha pucyHKy 2.4.
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= O
~1 GO

0.6

=
Lh

0.4

o O
[ S

OHKIIOBOI'O CHI—D(pOHi.'SMy
=
f—t

AN

3 9 1521 27 33 39 45 51 57 63 69 75 81 87 93 99
KoedinieHT HaKOITHUEHHS

BiHOCHA YacTOTa BCTAaHOBJIEHHS
=}

Pucynok 2.4 — I'pagik 3aj1€5KHOCTI Bi/IJHOCHOI YACTOTH BCTAHOBJIEHHS

HMKJIOBOI0 CHHXPOHI3MY BiJl Koe(]illicHTa HAKONMUYCHHSA

Ha pucynky 2.5 npencrasieHo rpagik eKCepuMEHTaIbHO BU3HAYEHOT IHTETPaTIbHOT
(GyHKLII Yacy BXOIKEHHS B CHHXPOHI3M (IMOBIPHOCTI BCTAHOBJIEHHSI IIUKJIOBOIO
CUHXPOHI3MY 3a [ NpUIHATUMH (pparMeHTamH), MoOyI0BaHOI Ha OCHOBI HaBEIEHOI Ha
PHUCYHKY 2.4 3aJ1€KHOCTI BITHOCHOI YaCTOTH BCTAHOBJICHHS IIMKJIOBOTO CHHXPOHI3MY BiJl
Koe(iieHTa HAKOMUYEHHS / .

[TosicHuMO BIIMIHHOCTI 3aJISKHOCTEH, TIPOJIEMOHCTPOBAHUX HA pUCYHKax 2.3 1 2.5.
Ha pucynky 2.3 moka3aHO BIJHOCHY YaCTOTY BCTAHOBJIEHHSI IIUKJIIOBOTO CHHXPOHI3MY 32
YMOBH, SIKIIIO 3HAYEHHS KOe(QIIlieHTa HAKOMWYEHHS € (PIKCOBAaHMM 1 HE 3MIHIOETHCS B
mporeci poOOTH CUCTEMH IHMKJIOBOI CHHXpOHi3alli. PucyHok 2.4 n1eMOHCTpy€E BiIHOCHY
YaCTOTY BCTAHOBJICHHS IIUKJIOBOTO CHHXPOHI3MY 32 YMOBH, 10 KOE(IIIEHT HAKOMMYEHHS
MOCTYNOBO 30UIbIIIyE CBOE 3HAUYEHHS B 3aJIS)KHOCTI BiA pe3yJabrary IMOIIyKY Ha
norepeHLoMy ertari. Ik MokHa Oaunty 3 rpadikiB 2.3 1 2.5, i BIIHOCHI YaCTOTH HE €

OIHAKOBUMM, a 3Ha4eHHA P, oOumcieHe 3a (2.6) i 3a1aHuX Koe(ilieHTa HAKOITMYEHHS

BCTAHOBJICHHS NKJIOBOTO CHHXPOHI3MY /,,, 1 iIMOBIPHOCTI OITOBOI MOMUIIKH p, MCHILC 3a

CyMy IMpPCACTABIICHUX HA PUCYHKY 2.4 BiI[HOCHI/IX qaCTOT BCTAHOBJICHHSA DIHMKIOBOI'O
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CUHXpOHI3MY it [ </ ief s cutyariiss oOymMOBIieHa TUM, 1110 MHOXMHA TIOJIH, 3a SKHX

B110yBa€THCS IIMKJIOBA CHHXPOHI3aIIis 32 (DIKCOBAaHOTO 3HAUCHHS KOE(IIiEHTa HAKOTTMYECHHS

[, ;» HE CKIIA/IAETHCSI 3 MHOKHH MOJIIM, 3a SIKUX BIJOYBA€THCS IIMKJIOBA CHHXPOHI3AIIS 1111

€

4ac MOCTYNOBOIO 30UIbIICHHS KoedilieHta HakormyeHus [<[, .. Tax, Hanpukiaz,

MOIIKO/>KEHHS 01Ty B YTOUHEHIHM MOCHiA0BHOCTI R, oOuuclieHiii 3a / gparmeHTamu, 3a

YMOBH, II0 B OOYHUCIEHIN 3a (1—2) ¢parmMeHTaMH YTOYHEHIM MOCTiAOBHOCTI OITOBI

MIOMUJIKM BIACYTHI, MOPOKY€ CHUTYallil0, KOJM TaKy IOAII0 BPaXxOBaHO B BIAHOCHIN

4acTOTI BCTAHOBJICHHS ITUKJIOBOTO CHHXPOHI3MY /ISl Koe(il[ieHTa HAaKOMUYEHHS (l - 2) ,

pOTE HE BPaxoBaHO IS Koe(illieHTa HAKOTTMYSHHS / .

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

BilHOCHA YacTOTa BCTAHOBIEHHS
[IHKJIOBOT'O CHHXPOHI3MY

3 9 15 21 27 33 39 45 51 57 63 69 75 81 87 93 99
KoedinieHT HAKOMHYCHHA

e p0=0,] === p0=0.2 P0=0.3 ==——p0=0.4

PucyHnok 2.5 — I'pagik 3a/1e:kHOCTI IMOBIPHOCTI BCTAHOBJICHHS LIMKJI0BOI'0

CHMHXPOHI3MY BiJ Koe(]illicHTa HAKONIMYEHHS

I'padiku 3anexHOCTEN OIIIHKK 3BEPXy WMOBIPHOCTI BCTAaHOBJIEHHA XHUOHOIO
IIUKJIOBOTO CHHXPOHI3MY BiJl KUTBKOCTI IPUHHATHX (hparMeHTiB JJis CHHXpOKoMOiHarii 1 3

Tabmuui 2.2 Ui WMOBIPHOCTI OITOBOI NMOMWIKH p, 6{0.1,0.2,0.3,0.4} HaBEJICHO Ha

PHUCYHKY 2.6.
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MmN H AN meém TN 808N ®® & e
1,0E+00
1.0E-12
1.0E-24
1.0E-36
1.0E-48
1.0E-60
1.0E-72
1.0E-84
1.0E-96
1.0E-108
1.0E-120

-

iiMOBIpHOCTI XHOHOI
CHHX] OHi3aIIii

wr

OI1iHKa

KoeimieHT HAKOMHUEHHS

PucyHok 2.6 — I'pagiku 3aj1e:xHOCTEH OLIHKY 3BE€PXy MMOBIPHOCTI

BCTAHOBJICHHS XMOHOT0 HMKJIOBOTO CHHXPOHI3MY BiJl Koe(dillieHTa HAKONTUYEeHHS

[ligx dac eKCrepuMEHTAILHOTO JOCHi/DKEHHS pPO3pOOJICHOr0 METOmy s
nepecrtaHoBk 3 3 Tabmuil 2.2 Ta 3HAYEHb IMOBIPHOCTI OITOBOI MOMMJIKH

Do 6{0.1,0.2,0.3,0.4} BUIAJIKIB BCTAHOBJICHHS XHOHOIO IIMKJIOBOTO CHUHXPOHI3MY HE

BusiBiieHO Jutst 10000 BUnipoOyBaHb.

3ayBakMMO, 110 32 TTOKa3HUKOM IMOBIPHOCTI BCTAHOBJICHHSI XMOHOTO IIUKJIOBOTO
CUHXPOHI3MY, 3B)XAIOUM Ha TOKA3HUKH 3 Tabmuii 2.3, HalOLIbll €(EeKTUBHUM €
BUKOPUCTaHHSI MepecTaHoBku 1 3 Tabmuil 2.2. Sk MATBEpIKEHHS HAa PUCYHKY 2.7
HaBeleMO Tpadiku 3aJeKHOCTEH OIIHKKA 3BEpPXy HMOBIPHOCTI BCTAaHOBJICHHS XHOHOTO
LUKJIOBOTO CUHXPOHI3MY BiJl KUTBKOCTI TPUUHATHX (PpAarMeHTIB JIsl CHHXPOKOMOIHAIIH 1,

2,3, 11 3 Tabnuui 2 U1t KIMOBIPHOCTI O1TOBOI MOMUWIIKK p, =0.4.
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1.0E+00
1.0E-01
1.0E-02
1.0E-03 ,/”‘—— ——
1.0E-04
1.0E-05
1.0E-06
1.0E-07
1.0E-08

-

MOBIPHOCTI XHOHOT
CHHXPOHI3aIIii

ws

OIiHKA

Koe@imieHT HaKOIIHYeHHS
Pucynok 2.7 — I'pagiku 3aexHocTeil OMIHKY 3BepXy IMOBIPHOCTI

BCTAHOBJICHHSI XHOHOT0 HMKJI0BOI0 CHHXPOHI3MY BiJl Koe(illicHTa HAKONUYCHHS

JUIst KMOBIpHOCTI HOMMIIKH p, = 0.4

2.5. Cucrema HUKJI0BOI CHHXPOHI3anil

CxeMy cHCTeMH ITUKIIOBOI CHHXPOHI3aIlil HaBeICHO Ha PUCYHKY 2.8.

Y
Y
Y

1 — mxepeno cuHXpoKkoMOiHaIi; 2 — KaHaJ 3B’ s3KY; 3 — MpUiiMa4 CHHXPOKOMOiHaIlii; 4
— HAKOMHWYyBau CUHXPOKOMOIHAIIIT; 5 — IpUCTPIid MonIyKy npedikcy; 6 — mpucTpiid
NOIIYKY cy(ikcy; 7 — MYUIBHUK YUCIIa UKIIB; 8 — BUpiLagbHUi npuctpiii; [13 —

CHUTHAJ «IOIIyK CHHXPOHI3MY 3aBepiieHnit»; AK — curHan « ABapist KaHay»

Pucynok 2.8 — CTpykTypHa cxemMa cMCTeMH HMKJI0BOI CHHXPOHI3anii
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[TosicHroBaTH TIPUHIUIT TOOYIOBM CHCTEMH ITMKJIOBOI CHHXpOHI3alii OymeMo Ha
MIPUKIIaJll BUKOPUCTAHHS SIK CHHXPOKOMOIHAIli TEepecTaHOBKU 7 JOBKUHM M =8

(TOCIITOBHOCTI JECITKOBUX CHMBOJIIB MHOKHUHU {0,1,2,3, 4,5, 6,7} ).

KoxeH cuMBOI 111€1 MHOXUHU MPEACTABISETHCS B IBIMKOBIM CUCTEMI YMCIICHHS,
HaIPUKJIAJI, K TTOKa3aHo B Tabymi 2.1.

[IpaBuna Ta BUMOrH moA0 GopMyBaHHS CHHXPOKOMOIHAIII] OMMMCAHO B MYHKTI 2.2
IILOTO PO3ILITY.

CdopmoBaHy TOCHIIOBHICTh 3aMHUCYIOTh Y TIOCTIMHUN 3amam’sITOByBaJbHUMN
npuctpiit (I13I1) 1, sikuit crane [pxepesoM CUHXPOKOMOIHALIT TepeaaBaibHOI CTAHIII].

Kopotkuii onuc mpouenyp, ki peani3oBaHl Ha MpUAMaibHIN cTaHIli (OUIbII
JIETAJIbHO MPOIEAYPY CUHXPOHI3allli ONMUCAHO B MyHKTI 2.2 [ILOTO PO3JLTY):

1) orpumanHs mpuiimMaueM 3 CHHXpPOKOMOIHAIli, sIKa ypa)k€Ha €0 3aBaJld B
KaHaJll 3B’ 513Ky 2 1 3CyHyTa 3a (pa3o1o 110710 MOJIOKEHHSI KOB3HOTO BIKHA;

2) 3amMc OTPUMAHMX MOCIIJOBHOCTEN OIT 3 KaHaily 3B 3Ky 2 B OydepHuii
HakonuuyBad 4. BusHaueHHs! yTOYHEHOT TOCIIIIOBHOCTI R 3a JOTIOMOTOI0 MasKOPUTAPHOT
00pOOKH HAKOTIMYCHHUX JIAHHX;

3) momyk aemmdparopoMm mpedikca 5 HUITXOM MEPEBIPKU B HaKonmuuyBadi 4
BIIMOBIHOCTI KOYKHOTO TOOITOBOTO IMUKIIYHOTO 3CYBY YTOYHEHOI ITOCIHIJIOBHOCTI R
npediKcy CUHXpOKOMOIHAIIIT;

4) momyk newmudpaTopoM cydikca 6, 3a aHAJIOTIYHHM AJITOPUTMOM, Cy(dikca
CHHXPOKOMO1HAIIIT;

5) Bumaua gemmdparopom cydikca 6 curHany «llomryk CHHXPOHIZMY
3apepienuit» (I113) 3a Baanoro 3aBepiiieHHs MpoIeyp MOIIyKy mpedikca Ta cydikea;

6) KOHTPOJIb BUKOPHUCTAHHS JIIMITY 4acy Ha MOIIYK CHHXPOHI3MY 3a JOIIOMOTOIO
JYUIBHUK YUCIIa ITAKIIIB 7,

7) dopmyBaHHs curHany «ABapis kaHany» (AK) BupimaibsHUM TPUCTPOEM 8 y

BUIAJIKY 3aKIHYEHHS JIIMITY 4acy, BIIBEIEHOTO HA MOIIYK CUHXPOHI3MY.
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2.6. BucHoBKH

Y npyroMmy po3auti po3poOJeHO METOJ IHKJIOBOI CHHXPOHI3AIlli I CHCTEM
3B’SI3KY 3 HEPO3AUILHUM (paKTOPIaIbHUM KOJTYBaHHSIM, SIKUW 32 paXyHOK BUKOPHUCTAHHS
K CHUHXPOKOMOIHAIli MepeCcTaHOBKH 3a/JaHOi JOBKWHHU, 1i MOy Ha TpediKCHY Ta
cy(hiKCHY YaCTHHH, a TAKOXX Ma)KOPUTApHOT 00pOOKH MPUUHATUX (HPArMeHTIB JO3BOJISIE
JOCSITTH ITUKJIOBOI CHMHXpPOHI3allli B yMOBaxX BIUIMBY B KaHalll 3B’S3Ky 3aBaJl BHCOKOI
IHTEHCUBHOCTI. MeTos MoXe OyTH BHUKOPHCTAHWN JJI 3MEHIIICHHSI 4acy BXO/DKCHHS B
CHUHXPOHI3M 1 IIJIBUILIEHHS CTIHKOCTI KOMYHIKAI[IHOT CHCTEMH B YMOBAaX BIUIMBY 3aBaj y
KaHaJll 3B’sI3KY.

Po3po6ieno Ta 3aCTOCOBaHO aNrOpUTM, IO peati3ye 3aporOHOBAaHUI METO]I.

TexHIYHUM pe3yibTaToM, Ha SIKUH CIPSIMOBAHO 3aCTOCYBaHHS 3alpONOHOBAHOTO
METOAY B KOMYHIKAIlIMHIM CHUCTEM1, € 3MEHILIEHHS BTPAaTH 4acy CE€aHCy 3B S3Ky Ha
BUKOHAHHS (DYHKIIII BCTAHOBIICHHS 3 €JHAHHS 1, OTXKE, 30UIbIIEHHS Yacy B CEaHCI Ha
nepeaBaHHs TaHuX KOPUCTYBaya 1, sSIK HACIHIJIOK, Ha 301IbIIEHHS POMYCKHOI 3JaTHOCTI
KaHAITy 3B S3KY.

Pazom 3 Tum, po3pobiieHuit MeTo Moxe OyTH e(peKTUBHUM JIIsI pealtizailii He TUTbKH
B CHCTEMaX 3 KOPOTKHMH IMAKETaMH Ta HEPO3MIILHUM (aKTopiadTbHUM KomayBaHHsM. Lle
MTUTAHHS € TTPSIMETOM TOJABITUX JTOCITiIKCHb.

OCHOBHI pe3yabTaTu TOCTIIKEHHS Ta po3poOKH MeToay mnpezacTasieHo B [111].
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3. METOJ IUKJOBOI CHHXPOHIBAIIIIi CUCTEM IEPEJABAHHSA
JTAHUX 3 HEPO3IIVIbHUM ®AKTOPIAJIBHUM KOJYBAHHSIM HA
OCHOBI KOPEJSINIHHOI OFPOBKH

3.1. Beryn

VY npyroMmy po3ziii MpecTaBiICHO Ta JOCTIKEHO METO/ IIUKJIOBOI CHHXPOHI3aIlil
npuiiManbHOI Ta TIepeAaBalbHOI CTAaHLIA KOMYHIKAIIMHUX CHCTEM IepeliaBaHHs
iHdopMarllli 3 HepO3AUILHUM (PaKkTOpiaIbHUM KOJYBaHHSM B yMOBax BIUIMBY B KaHai
3B’S3KY 3aBaJl BUCOKOI IHTEHCUBHOCTI, 110 3a0€3MeUyEThCS 32 PaXyHOK BUKOPUCTAHHS SIK
CUHXPOKOMOIHAIIIi MepecTaHOBKU YUCE, il MOUTY Ha TPediKCHY Ta Cy(PIKCHY YaCTUHHU, a
TaK0 BUKOPUCTAHHS MayKOPUTAPHOI 00pOOKH MPUHHATUX pparMeHTIB. OJJHAK METO]T Ma€e
JEK1IJIbKA HETOIIKIB:

1. iHTerpasbHa (QPYHKIISI Yacy BXOJDKEHHS B CHHXPOHI3M HE € ONTUMAJILHOIO,
OCKIJIbKA METO/I HEe BPaxOBY€ BC1 HAJIUIIIKOBI OCOOJIMBOCTI CTPYKTYPH KOJIOBOTO CJIOBa
HEPO3IIILHOTO (PAaKTOP1aJIbHOIO KOMY;

2. 1IMOBIpPHICTh XMOHOI CHHXPOHi3aIlli € BUCOKO. LI 0coOnMBICTh cTae OUIbII
MOMITHOIO, KOJIM MMOBIPHICTh OITOBOi MOMUJIKH 3pOCTA€, a 3HAUCHHSI HAKOMUYEeHHS /
3MEHIITY€ThCSI.

Tomy akTyallbHOIO 3aJa4ei0 € IMJBHINCHHS IIBUIKOCTI Ta JIOCTOBIPHOCTI
BCTAHOBJICHHS IIMKJIOBOI'O CHHXPOHI3MY B CHUCTEMax 3 HEPO3AUIBHUM (haKTOpiaIbHUM
KOJYBaHHSIM, Yy TOMY 4HCI, B YMOBaX BIUIMBY B KaHalll 3B 53Ky 3aBajJ BUCOKOI
IHTEHCHUBHOCTI. ¥Y 1[bOMY PO3/I1JI1 BUPIIIIEHHS TTOCTABJICHOI 3a/1a4l IOCATHYTO 32 PaXyHOK
BUKOPDUCTAHHS K CHHXPOKOMOIHAI[ll TEepecTaHOBKM, B SKOi MiHIMalbHa BIJICTaHb
XeMMiHTa 110 BCIX 1i HIUKIIYHHUX 3CYBIB € MaKCHUMAaJIbHOIO, a TaKOX 3a pPaxyHOK
BUKOPUCTAHHSA KOPEJSLINHOI Ta MaXXOpUTapHOi OOpOoOKM (parMeHTIB AaHHX, €
JTOBXKHMHA (PparMeHTa JOPIBHIOE JOBKUHI CUHXpOoKoMOiHarii. OTpuMaHO TEOPETHUYHY Ta
MPAKTUYHY OIIHKU KUTBKOCTI HAKOMTMYEHUX (PparMeHTIB, HEOOX1THHUX JIJIsi BCTAHOBJICHHS
UKIJIOBOT cuHXpoHi3awii. Kpim Toro, omiHeHO e(eKTUBHICTh 3aCTOCYBAaHHS MPOLEAYpH

nepeMilTyBaHHs HAKOMUYSHUX (PparMeHTiB.
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3.2. Onuc meToay

JIns  miABUINCHHS WMOBIPHOCTI IMKJIOBOI CHHXpOHI3AIlli Ta 3MEHIICHHS
AMOBIPHOCTI XMOHOI CHHXPOHI3aIlil B YMOBax IIyMy BUCOKOI IHTEHCUBHOCTI JJIsl CHCTEM
3 KOPOTKMMH TMaKeTaMU JaHUX, SKI BUKOPUCTOBYIOTH HEpPO3JUIbHE (haKTOpiajabHE
KOAYBaHHs, HEOOX1ITHO BUPIIIUTH HACTYTIHI 3aBIAHHS:

° PO3pOOUTH METOJ 1 BIAMOBIIHUNA aJTOPUTM ITUKIOBOT CHHXPOHI3AIli s
CUCTEM 3 KOpPOTKMMH TMaKeTaMu JaHUX 3 BUKOPUCTAHHSM  HEPO3IIHHOTO
(bakTopiaTbHOTO KOTYBaHHS,

o OI[IHUTH WMOBIPHICTh BCTAHOBJICHHS IMKJIOBOI CHHXPOHI3allli B yMOBax
IIYMY Pi13HO1 IHTEHCUBHOCTI;

o noOyayBaTH MOJEJIb, SIKa MOXKE peali3yBaTH allTOPUTM, PO3POOTICHUMN ISt
BCTAHOBJICHHS IMKJIOBO1 CHHXPOHI3allli;

o BUKOHATH MOPIBHSUIBHUI aHai3 IMOBIPHOCTI 3HAXO/KEHHSI MEX IIUKJIIIB 32
PI3HUX YMOB IHTEHCUBHOCTI IIIyMY .

Y upoMmy JociipkeHHI OyJeMO OIliHIOBaTU €(QEKTHUBHICTh METOJY IUKIJIOBOI
CHHXPOHI3aIlll Ha OCHOBI NEPECTAHOBKM B MOJICNIbHIN CHCTEeMI TepeaaBaHHs JaHUX 3

TaKUMH OOMEKECHHSIMHU.

o KaHall 3B'SI3KYy — JABIAKOBHM CHMETPUYHHI 3 HE3ICKHUMU OITOBUMH
MOMUJIKAMU;

o IMOBIPHICTB OITOBOI IIOMMJIKH B KaHAJI 3B'S3KYy p, < 0.495;

o IMOBIPHICTb BCTAaHOBJIEHHs NPaBWJIBHOI CHUHXpOHi3alli P >0.9997 114

Oy1b-AKOT0 33/1aHOT0 3HAYEHHs KMOBIPHOCTI O1TOBOI MIOMUIIKU p, < 0.495;

o IMOBIPHICTh BCTAHOBJICHHSI XUOHOT CHHXPOHI13aIlil Pfa,se <3-10™ U1 Oy ib-
SKOTO 3a/1aHOT0 3HAYEHHs! KIMOBIPHOCTI O1TOBOI IOMUIIKK p, < 0.495.

Jis  MeToqy  3ampoloOHOBAaHO BHUKOPUCTOBYBATH SIK  CHHXPOKOMOIHAIIIFO
MePECTaHOBKY, B SIKOI MiHIMajbHa BIJICTaHb XEMMIiHTa JI0 BCiX ii IUKJIIYHHUX 3CYBIB €

MakcuManbHO. Kpim TOro, uisi pos3mi3HABaHHS CHHXPOKOMOIHAIl BBEIEHO

KOpeJsIiitHy 00poOKy (parMeHTiB TaHUX, OTPUMAHUX 3 KaHAITy 3B'SI3KY.
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Metoa IMKI0BOT CHHXPOH13aIlli Ha OCHOB1 KOPEJAIIMHOT 00pOOKH peai3yeThes 3a
JIOTIOMOT'OF0 HACTYITHUX CTarliB:

1. [lepenaBad MOCTIIOBHO BHUAAE CHHXPOKOMOIHAINIO B KaHAI 3B'SI3KY.
CuHXpOKOMOIHAIl — IIe MepecTaHOBKa n JOBXKWHOKO M, ne MiHiMalbHA BiJCTaHb
XemMminra d 10 BCiX 11 MUKIIYHUX 3CYBIB € MakcuManbHOW. Hanpukmnanm, mus M =8,

TaKOI CHHXPOKOMOIHAITIEIO € MEPeCTaHOBKA 77 = (000,001,1 11,011,010,101,100,1 10) 3

TOYHICTIO JI0 il HMKIIYHOTO 3CYBY Ha KUIbKICTh OIT, KpaTHY JOBKHHI CUMBOJIY B HOTO
JBIKKOBOMY IIPEJCTAaBICHH] / =3, IHBEPCii OITIB Ta IX 3BOPOTHOTO MOPSJIKY .

2. [TpuiiMmau Hakomuuye K OJIOKiB, OTPUMAaHHUX 3 KaHaly 3B'A3Ky, IO
ckianarTbes 3 / dparmeHTiB mo n 0it. 3HaueHHs K 1 / 3MIHIOIOTBCS BiATIOBITHO
NPOLEypH, Ky Oy/i€ OMUCAHO B I[bOMY PO3LII.

3. Jnsg  KOXKHOro OJIOKy YTOYHEHI IOCHIIOBHOCTI R, J€ ke[l,K ],

pO3paxoByIOThCS camMocTiiHO. KoxkeH OIT 1€l IMOCIITOBHOCTI OOYMCIIOETHCA 3a
MaXOPUTAPHUM MPUHIUIIOM Ha OCHOBI BIJNOBIAHUX OITIB OTPUMAHUX (ParMeHTiB.
TakuM YMHOM, SIKIIO «OJUHUIN» MEPEBaXalTh y I -TUX 0iTax (parMeHTta, T0 I -TOMY
01Ty YTOYHEHOT IMOCIIIIOBHOCTI MIPHUCBOIOETHCS 3HAUCHHS «OMH». SIKIO K BOHU MICTATH
OlJIbIlIE «HYJIIB», TO HABIIAKH, IM IPHUCBOIOETHCS 3HAUYECHHS «HYJIbY.

4. JIns KOXKHOi YTOYHEHO1 ITOCTIOBHOCTI R, . OOYHCIIOIOTHCS BIJICTaHI

-
XeMMiHTa IJis1 BCIX IUKIIYHUX 3CyBIB CHHXPOKOMOIHAIT . SKIIO A1 sSIKOTOCh 13 3CYBIB
BiICTAHb MeHImIa abo jopiBHIOE d, = L(d - 1) / 2J, yTOYHEHA TMOCIIJOBHICTh
OTOTOKHIOETHCS 3 IUKIIIYHUM 3CYBOM, SIKOMY BIJIOBIJA€E 1151 BIACTaHb.

5. CuHXpOHi3allisd BCTAHOBIIOETBCA, SKIIO KOKHA 3 IOCIIJIOBHOCTEH R, , 1€
k e[l,K ], 11eHTU(DIKYETHCST OTHUM 1 TUM K€ IUKIIYHUM 3CyBOM CHHXPOKOMOIHAIIIT;

1HaKILIE orepallii 3 BUSIBJICHHS] CHHXPOKOMOIHAII1i TOBTOPIOIOTHCS, TOYMHAIOYH 3 APYTOro
IIYHKTY B IOTOYHOMY CITUCKY.
6. KinpkicTs HakonmuyeHUX PparMeHTiB MOKe Oy TH 301JIbIIIEHA TTOCITiIOBHO 0

TonepenHbo BU3HaUeHoro mopory /. (1). SIkuio cuHxpowisanis He Oysia BCTaHOBJIEHA
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MICJS JOCATHEHHsS IbOTO IIOPOry, Mpolieypa TMOIIYKY IPUIHHAETHCS 1 CUCTEMa
BUBOJIUTH TTOBIIOMJICHHS PO 3011 KaHaTy.

Haragaemo, mo KomoBi clioBa HEPO3MUILHOTO (aKTOPIATBPHOTO KOIy €
nepectaHoBkaMu [63]. KokeH CMMBOJI MEpeCcTaHOBKU 7z KOAYETHCS ABIMKOBUM KOJOM

dikcoBanoi noBxkuHH. JoBKHHA KOJIOBOTO cioBa jpopiBHioe [ =[log, M |, ne M -

JIOBKMHA TIEPECTAaHOBKH.

MeTton, sIKMi 3alpoNOHOBAHMN y IIBOMY PO3JUTL Ta METOMA, IO OMHCAHUUA Yy
MOTIEPETHBOMY PO3JIiJIi, BHKOPUCTOBYIOTH TIEPECTAHOBKY s JOBXUHOWO M sk
cuHXpokoMmOiHali. KpiM Toro, 1i METOJU BUKOPUCTOBYIOTh Ma)KOPUTApHY OOpOOKY
oTpuMaHux JaaHux. lIIpore, Ha BIAMIHY BIJ METONY 3 MOMNEPEIHBOIO PO3ALILY,
3alpOIIOHOBAHUNA METOJ] BUKOPUCTOBYE KOPEINALIMHY O0OpOOKY MNPUHHATUX 3 KaHaly
3B’SI3KY (DparMeHTiB.

B mopanpmomy, s OUIbII JIAKOHIYHOTO BHKJIAJEHHS Marepiany, OyJemo
Ha3MBaTH METOJIOM Ha OCHOBI MOJILITYy KOJOBOI'O CJI0OBA — METO]T IUKJIOBOI CHHXPOH13aII11
Ha OCHOBI MOJAUIY KOJOBOrO CJ0Ba Ha Mpe(IKCHY 1 Cy(QIKCHY YaCTUHU, ONUCAHUN B
MoNepeIHLOMY PO3/IiJIi, @ METOJIOM Ha OCHOB1 KOPEJIAIIHOT 0OpOOKH — METO/I IIUKJIOBOT
CUHXPOHI3alli1, SIKW 3alPONOHOBAHUM Y ILOMY PO3ILII.

[Tpuniun poOOTH METOMy IMKIOBOI CHHXPOHI3allli MPOJEMOHCTPOBAHO Ha
MPUKJIAAl BUKOPUCTAHHS, K CHHXPOKOMOIHAIi TEepecTaHOBKH sz JOBXKUHOIOM =8

(TTOCTIIOBHOCTI AECATKOBUX CUMBOJIIB MHOKHHU {0,1,2,3,4,5,6,7} ).

Ko’keH CMMBOJI MHOKWHU KOJYETHCSI PIBHOMIPHUM JIBINKOBUM KOJOM (p1KCOBAHOI

JOBXMHHU. JIOBKHHA KOJIOBOTO CJI0Ba CTaHOBUTh [ =[log, M |=3 (n=M -1 =24), sx

[Moka3aHo B ta0muui 3.1.

Ta6muig 3.1 — CxeMa KoTyBaHHSI CHUMBOJIIB NePeCTAHOBKH

JlecITKOBMM 3amnmc 0 | 2 3 4 5 6 7

JBiiikoBuii 3anmmc | 000 | 001 | 010 | O11 | 100 | 101 | 110 | 111
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3.2.1. Bubip cunxpokomobinayii
3BepHEMO yBary Ha T€, IO IEPECTAHOBKA sz, sIKA BUKOPHUCTOBYETHCS SIK
CUHXPOKOMOIHAIlIS, Mae 3aJ0BOJIbHATH HACTYNHY YMOBY: MiHIMajlbHA BIJCTaHb

XeMMIHra J0 BCIX 11 MUKIIYHUX 3CYBIB € MAaKCUMAaJIbHOIO.

Io3Haunmo yepe3 7,(j) TEpeCTaHOBKY 7, sIka HUKIYHO 3CYHYTa BIiBO Ha
Oit, Ta Hexail d, Oyze BincTaHHIO XeMMIiHra BIX 77; 10 ii HMKIIYHOTO 3CYyBY 7, (/). me

0<i<M!-1, 1<j<n-1. Kpim TOTO, Hexau dl:min(d..), a

i
J y

d =max(d,)= m_ax(

1

min(dij)). Tomi cuHXpokoMOiHAIll€El0 MOXe OyTH OyJIb-siKa
J

MepeCTaHoOBKa 7T; B SIKIA Vd, >d .

3ayBakenus 3.1. 3a60sxu n -nepioouunocmi iocmaneil d, 6I0HOCHO YUKIIYHUX
3CY8i8 BUNTUBAE, WO 0I5 Vik, j#£k, 1<), k<n-1, d(;zl.(j),ni(k)) > d € 8ipHoI0 0151
siocmani Xemminea d(z,(j),r,(k)) mize yurniunumu scysamu 7z, (j) ma z,(k), axuwo
d;>d ona vje[ln—1].

Teopema 3.1. SJxwo n>2, mo ne icnye nepecmanosku 7;, ons saxoi 2d, >n+1,
mobmo d <(n+1)/2.

Jloeeoenns. 3uaueHHs d, eKBiBaIEHTHE KOIOBIA BiACTaHi KOLy, B AKOMY
KOMOiHaIlli YTBOPIOIOThCS BCIMAa 7 IUKIIYHUMHU 3CyBaMH OIHApHO MPEICTaBIICHOT
NIEPECTaHOBKU 7;. BusHaunmo mexy IInoTkiHa BIZHOCHO KOMOBOI BIJCTaHI dl. TaKoTo

koxy. JlJ1s 1Iboro 3acToCy€eMO CIiBBIAHOIIEHHS, OTPUMAaH1 B X011 IOBEJIEHHA TeopeMu 3.1

(mexi ITnotkina) [68]. dns Gynb-sxoro (n,M,d)-Komy, e n — JDOBKHHA KOIOBOI
koMOiHamii, M — TOTYyXHICTh KOmy, d — WOro KOJOBa BiJCTaHb, HEPIBHICTH
M (M —1)d <nM*/2 BukoHyerbcs skmo M € napHuM guciaoM. Jlis KOLOBHX
KOMOIHAIIM y BUTJIAAI HUKIIYHUX 3CYBIB y JIBIMKOBOMY MpEICTABIICHHI MEPECTaHOBKU

7, cupasenmueo M =n. Tomi n(n—1)d, <n’/2 abo 2d,<n+1+1/(n—1) 3a n>1.

Ockinbkn 1/(n—1)<13a n>2,10 2d, <n+1.
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3a HemapHoro 3HaueHHs1 M mae wmiciie HepiBHICTH M (M —l)d Sn(M 2 —1) /2.
Axmo M =n, Toni n(n—l)dl. Sn(n2 —1)/2 abo 2d, <n+13a n>1.
TakuM 9iHOM, AKIIO 72>2,T0 d <(n+1)/2. Teopemy dosedeno.

3ayBaxenns 3.2. 3a M =8 ma n=24, nepisnicmo d <(n+ 1)/2 Habysac euensioy

d<12.
Po3mozist 3HaueHb d; I KOKHOI [IePECTAHOBKH TOBKUHOK M =8 300paeHo Ha

pUCyHKYy 3.1.

100000
5 20752
. f 13168
5 10000 4 5440
- |
S %;
= ; 912
£ 1000 SN I
o |
= |
T i 32
= |16
= 10
o I
. - = N
0 4 6 8 10 12

Minimum Hamming distance d;

Pucynok 3.1 — 3B'130K MiK PO3M0/IiJIOM YHCJIA IEPECTAHOBOK TA BiACTAHHIO d,

3 naHuX Mpo pO3MNOJUI, HaBEIEHUX Ha pucyHKy 3.1 cmiaye, mo d = max(di) =12

11 M =8 . KinbKicTh IepecTaHOBOK, s SKUX d =12, nopiBHIOE 32.
3ayBaxenns 3.3. Yucno dl., wo 8ionosioae nepecmanosyi 7;, € IHBAPIAHMOM

U000 NOCUMBONbHUX YUKIIYHUX 3CY8I68 CUMBOJLY (KOO08020 Cl08a), iHeepcii bimie ma
IXHb020 360POMHO20 NOPAOKY.

Ha ocHoBi 3ayBaxkenHs 3.3, 3HaiineHi 32 nepectaHoBKU 3 d =12 MOXyTb OyTH
BI/IMOBITHUM YMHOM OTPHUMaH1 3 OJHIET MEPECTAHOBKM, HANPHUKIIAJ, SKY HaBEIACHO B

tabmui 3.2.
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Tabmuust 3.2 — IlepectanoBka 7, st sIKOi Vd, > d

JecaTkoBuii 3anuc | J{BilikoBMii 3amuc

(0,1,7,3,2,5,4,6) (000,001,1 11,011,010,101,100,1 10)

Ha mactymHomy kpoii moOyayeMo HOpPMalli30BaHY aBTOKOPENALIMHY (YHKIIIIO
(AK®) nns mepectaHoBKM HaBefeHoi B Tabmuimi 3.2. OO0uuciauMo KoeilieHTH
aBTOKOPEJIALIl HACTYITHUM YHMHOM:

1
P :;(n—zdy.).

Ha pucynky 3.2 BimoOpaxeHno HopMaiizoBanuil rpadik AK® nns nepectaHOBKH,

mo1a”ol B Tabaum 3.2.

0,8
0.6
0,4

0,2

Autocorrelation coefficient

18 g9 20 21 22 23

-0,4

Shift §

Pucynok 3.2 — HopmanizoBanuii rpagixk AK® quis nepectaHoBKH 3 Ta0amui 3.2

Kinekicte nepexonis Big 0 1o 1 ta Bix 1 go 0, y ABIHKOBOMY 3amucl HaBEJIEHOI B
tabnuii 3.2 mepecTaHoBKH, JopiBHIOE 12. Ile Bkazye Ha Te, 10 TOKAa3HUKHU IS
BCTAHOBJICHHSI Ta MIJATPUMKHA TAKTOBOTO CHUHXPOHI3MY TPOXH HUXKYi, B TOPIBHSHHI 3
nepecTaHoBkaMu 3 Tabmii 2.2. OkpiM TOTo, 1€ 03HAYAE, MO I HAKOTIMYCHHSI TICBHOT,
3a37aJIeTiIb BU3HAYEHO1, KIJTbKOCTI 3HAYYIIUX MOMEHTIB MOJYJIALI] (BiTHOBICHHS) JJIs
nepecTaHoBkM 3 Tabmumi 3.2 moTpiOHO Ha 33% Oulblle 4Yacy TOPIBHSHO 3

nepecTaHOBKaMH, 1110 HaBeJAEeH1 B TaOuIl 2.2.
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3.2.2. Po3niznasauns cuHXpokomoinayii

JIis miaBWINEHHS HAIiHHOCTI OTPUMAaHUX JaHWX, OyJeMO BHUKOPHUCTOBYBATH
Ma)XOpUTapHY OOpOOKY, SIKy TaKOX peasi3oBaHO B MOIMEPEIHbOMY PO3/iTi. 3BEPHEMO
yBary Ha Te, IO el MeToJ OOpoOKM Tmependadae MOBTOPEHHS Ta HAKOIMWYCHHS
cuaxpokoMoOiHarii. Hexaii / Oyne koedimieHTOM HAKOMTUYCHHS, III0 BU3HAYAE KUTBKICTh
HaKOMMYEHUX OITOBUX (parMeHTiB, Je IOBXKHWHA ¢parMeHTa JOPIBHIOE JOBXKHHI
cuHxpokomoOiHamii. KpiM Toro, koedillieHT HAKONMUYCHHS € HEMapHUM YHCIIOM.
MaxopuTtapHa 00poOka BH3HAYa€ yTOYHEHY IMOCHIIOBHICTH R . BimmoBimgHo g0 1€l

IpoleypH KOXHA IOMHJIKA 3 KpaTHicTio 10 (/—1)/2 BKIIOYHO, IO BHHUKAE Y

BIJIOBIJTHUX O1Tax OTpUMaHUX (PparMeHTIB, KOPUTY€ETbCA. TaKUM YHHOM, MaKCUMajlbHa
3arajbHa KUIBKICTh OITOBMX IMOMMJIOK, SIKI MOXE BUIIPABUTH Ma)koputapHa oOpoOka,

CTaHOBUTSH ((1—1)/2)-n=((/-1)/2)- M[log, M| cepen orpumanux /n OiT.

3.2.3. Kopenayitina 06pobka

[Ticns maxkopuTapHoi 00pOoOKM, TNpuiiMay BH3HAYa€ BiJICTaHI XeMMIHTa Bijl
YTOYHEHOT MOCTITIOBHOCTI R 10 KOKHOTO ITUKIIYHOTO 3CYBY CHHXPOKOMOiHaImii. Ko
BU3HAYEHA BiJICTaHb XeMMiHra MeHIa abo JOpiBHIOE d,, /i MEBHOTO MUKIIYHOIO
3CyBY CHHXPOKOMOIHAIli, MpuiiMad iIeHTU(IKYE YTOYHEHY IMOCIHIJOBHICTE R 3 1um
3CYBOM.

Tak sixk Ay19 BUOpaHOi B SIKOCTI CMHXPOKOMOIHAIIl MepecTaHOBKH 3 Tabiuui 3.2
B1JICTAaHb XEMMIHra Mi>K CHHXPOKOMOIHAIIIEIO Ta 11 MUKIIYHUMHA 3CyBaMH He MeHIe 12,

TO KOXHA ITIOMHMJIKAa B YTOYHEHIH IOCHIJOBHOCTI R 3 KpaTHICTIO 10 d, =5 HE

IMPU3BOAUTDE 40 IIOMHIIKH.

3.2.4. Imosipuicme 6imosoi nomuiku 6 ymouHenii nociioosnocmi R
[Ipunyctrmo, 10 KaHajd 3B'A3KY JBIMKOBUNA CUMETPUYHHUIA 3 HE3AJICKHUMU
OITOBUMH MOMUJIKaMH. ToMdi pe3yibTaT Ma)KOPUTAPHOT OOPOOKH J03BOJSIE 3MEHIIUTH

HMOBIpHICTh O1TOBOT HOMMJIKU JI0 HACTYITHOTO 3HAUYEHHS:
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[
* i i [—i
Py = Z Czpo(l_po) : (3.1)
i=(1+1)/2
VY Bunankax, konu [/ >1027 (ue 3HayeHHs / HeoOXiIHE 3a BUCOKOI HMOBIPHOCTI
01TOBOT MOMUJIKH), CTaHJAPTHHUMHU 3aco0aMH BHUKOHATH OOYMCIICHHS 3a JOIOMOIOIO

dbopmynu (3.1) HemoxauBo. ToMy BU3HAYMMO aNPOKCHUMAIIIIO 32 WMOBIPHOCTI OITOBOI

TIOMHIIKH p, -

Teopema 3.2. Imosipricms 6imo6oi nomunrku nicis maxcopumapHoi oopooxu [

@pazmenmis Mod*CHA NPUOIUZHO OYIHUMU HACIYNHUM YUHOM:

=y 12200 (221} 0(x). 3.2
P () ey ) o

x £

1 _
Oe CD(x) - E j e *dt — inmezpanvna (yuxyis Jlannaca,

2

(p(x) = \/;_7; e 2 — ougepenyianvha Gynxyis Janaaca,
x==/l _957p iimosipnicmo 6imoeoi nomunxu kanany p, €(0;0.5).
Po (1 - po)

Y maxomy paszi mounicme anpokcumayii 3a0a€msbcsi HACMYRHUM YUHOM.!

] < ! . (1-2p,) 1
127p,(1-p,) (1-2)(1=3) 97p,(1-p,) ! (3.3)
1-2p, l (1-2p,) / |

+ : + - :
4\/27Tp0(1—p0) (1-2)(1-3)Ni-4 9zp,(1-p,) (I-1)(1-2)(I-3)
Jlogedenns. Po3noxin F,(x) MOXKHA anpOKCHMYBAaTH HACTYITHHM YHHOM (IIHB.

dbopmynu (36) 1 (40) 3 [112]):
93

()20 ()= 325 H(3)- ().

A€ @, — TpeTiii MOMEHT posnoxiry Yebumesa-Epmira;

H, (x) = x> -1 — mosinom Yeo6umesa-Epwmita, H, (x) = (—l)k (D(k) (x)/go(x).
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Jns posnoainy bepHymnl 3 HYyJIbOBUM CEpEIHIM Ta OAWHUYHOIO JIUCHEPCIEIO
0, =a,, ne a,=—(1-2 po)/ \Po(1—p,) — Tperiii MOMeHT (acumeTpis) po3moziy.
3Biacu BurmBae hopmyna (3.2).

OTpuMyeMO TOUYHICTb anrpokcumartii (3.3), miaCcTaBISIIOYN BUPa3 11 AOCOFOTHOTO
YEeTBEPTOro MOMeHTY (GyHKUii posnoxiny Bepuymri /[, +3=1/ ( po(l— po)), a TaKoX
BUpa3u A TPEThOTO, YETBEPTOTO Ta I’ATOr0 aOCOJIIOTHUX MOMEHTIB CTaHAapTHOTO
HOPMAJIBHOTO PO3MOALTY, MOAUIEHUX Ha 27 , B,=2/r, B, =3/ 2r, B.=8/zx Yy

bopmyiy (40) 3 pobotu [112]. Teopemy dosedero.
BukopucroBytoun popmyny (3.3), MOKEMO BU3HAYUTU Ta MPEICTABUTU OIIHKY

TOYHOCTI anpoxkcumanii (3.2) s [ 21027 3a pisHuUX 3Ha4Y€Hb p, (Tabmuis 3.3).

Ta6nung 3.3 — Ouinka TouHocTi anpokcumanii (3.2) aasa />1027

Py 0,4 0,43 045 [047]0475]048]0,485]0,49 | 0,495
le[<|1.15-10%| 1.1-10™ | 1.07-10| 1.05-107* 1.04-107

3.3. IMOBipHiCHI MOKA3HMKH BCTAHOBJICHHS HMKJIOBOI0 CHHXPOHIZMY

3.3.1. Imosipuicme npasuibHoOi CUHXPOHIZAYILT

IMOBIpHICTB TPAaBUIILHOT CHHXPOHI3aLll1 — 1€ IMOBIPHICTB IOMUJIOK B v < ¢, 01Tax

dlm

Bre(mdspo) = 2,C (p2) (1=20) (3.4)

JUnst cunxpokombinanii 3 Tabmumi 3.2, P, (24,5, py.!) ZC2V4( po) ( )24 "

'padixu P,.(24,5,p,.0) ISt

true

e{O.1,0.2,0.3,0.4,0.43,0.45,0.47,0.475,0.48,0.485,0.49,0.495} B 3aJEXKHOCTI BIJl

[=1,3,5,...,1001 300paxeH1 Ha pUCYHKY 3.3.
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B, = 0475
=
=]
=
[
N
o=
=
=]
4
= P, =0.483
w
-
[#]
I
=
=]
[#]
G
=]
2 _
= p, =049
b=
=)
=]
0
o
-
ey
P, = 0495
0
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LB == i o T e iR B B R o BT e B B i B e e R o B e B s o =R g W= I )
LR B I B e BES R R R B - s s BV I Ve RS o TR BRTo I ol Sl SN T I s W« o e )

Accumulation factor

Pucynok 3.3 — 3ajie:kHOCTI HMOBIPHOCTI NPABUJIbHOI CHHXPOHI3aLil Bij

KoediicHTa HAKONMYECHHS 32 PI3HUX IMOBIpPHOCTEH 0ITOBHX MOMMJIOK

3ayBaXUMO, 110 HWMOBIPHICTH OITOBOI MOMMJIKM ampiOpHO HE BiAOMA, TaKUM
JUHOM, IPOIeAypa IHMKIOBOI CHHXPOHI3aIlli MoBMHHA OyTH ajmantuBHOK. Ha ocHOBI
3aJIeKHOCTEH, TOKA3aHUX Ha PUCYHKY 3.3, KOE(IIIEHT HAKOTMTUYCHHS MOXKE 3MIHIOBATHUCS
B IIMPOKUX MEXKax JUIsl TOCATHEHHS 3aJaHOi WMOBIPHOCTI MPaBUJIBHOI CHHXPOHI3AL].

[HmMK croBamM, OO JOCATTH P, >0.9997 3a p, =0.1 HEOOXITHHMH KOE]ILIEHT

tru

HaKONUYeHHs [ =3, 3a p =0.3 HeoOXiguuii /=19, a3a p, =0.45 neoOxianmii / =305.

MeTton MHMKIOBOI CHHXpOHI3alii Ha OCHOBI KoOpessiiiiHoi o0poOku 3abe3mnedye
HAKOIMWYEHHS 7 -OITHUX (ParMeHTIB 3 KaHAIy 3B’SI3KYy Ta BIANOBIAHY Ma)XOPUTApHY Ta
Kopeysiiiiny o0poOky. MakcuManbHe 3HaueHHS KoedillieHTa HAKOMWUYeHHS [/
BU3HAYAETHCSI MAKCUMAJIbHUM 3HAYEHHSIM 1MOBIPHOCTI OITOBOi NOMMIIKH, Ha SKY
poO3paxoBaHa CHCTEMa CHHXPOHI3aIlii, a TaKoX 3aJaHOI0 MPH MPOCKTYBAaHHI CHCTEMHU
MIHIMQJIBHOIO WMOBIPHICTIO BCTAHOBJICHHSI CHHXPOHI3MY. SIKIII0 HEeMae CHHXpOHi3allii Ha

MakcuMyMmi / , cucTemMa CMHXPOHI3allii FeHepye CUrHai npo 301i kaHay. Sk 3a3Ha4€HO
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HIWKYE, And n=24, 4, =5, Ta 3a 3aaHUX OOMEKEHb P >0.9997 1 p, <0.495,

MaKcHUMaJlbHE 3HaueHHs Koedirienta / oomexeHo 3HaueHHs M 30603.
Kpim Toro, mig yac po3poOku mporeaypy BCTAaHOBJICHHS IIMKJIOBOT CHHXPOHI3aIlii,
HEOOX1/THO BpaxOBYBAaTH BHIIQJIKU XHOHOI CHHXPOHI3aIlil, IMOBIPHICTh SKOI 3pOCTae 3i

301IBIICHHAM HMOBIPHOCTI p, Ta 31 3MEHIICHHAM Koe(illieHTa HaKonu4YeHHs / . 3a nux

YMOB, Tpolieypa LMKJIOBOI CHHXPOHI3aIlli MOBHHHA TapaHTyBaTH, 110 HMOBIPHICTh
BCTAHOBJICHHSI XUOHOTO CHHXPOHI3MY HE MOX€ MEPEBUIIYBATH 3aJaHUN TOPIT AJis Oyab-

SKO1 JOBIJIbHO BUCOKOI MMOBIPHOCTI O1TOBOT TOMUJIKH.

3.3.2. Imogipnicms XuOHOI CUHXPOHI3AYIT

BuzHauuBim MMOBIPHICTh MPABWIBHOI CHHXPOHI3AIlll, BA3HAYUMO WMOBIPHICTb
XUOHOT CHHXPOHI3allii.

OuiHKy 3BepXy HMOBIPHOCTI XHMOHOI CHHXpOHI3allli MOXKHa pO3paxyBaTu

HpI/I6JII/I3HO HAaCTYIIHUM YHHOM:

Pfalse (n7dlim’p07l) < 1 o I)true (n’dlim’p07l) . (35)

[ ominka BioOpakae MOXKIMBICTh MEPETBOPEHHS MEpPEaHOT CHHXPOKOMOIHAITIT
dlim
B Oymb-siky 3 2" — ZC: nocaioBHOCTEH. PasoM 3 TuMm, XuOHaA CHHXpOHI3aIlis
v=0
B1JI0YBAETHCS, SIKIO 3aBajia B KaHAJI1 3B’ SI3Ky MEPETBOPIOE MepelaHy CUHXPOKOMOIHAIIIIO
y OyAb-sIKy 3 MOCIJIOBHOCTEH, pO3TAIIOBAHUX Ha BIJICTaH1 XEMMIHTa, 1110 HE TIEPEBUIILY€E

d

. » [0 BCIX MOXIMBHMX LHUKIIYHHUX 3CyBIB CHHXPOKOMOIHAIil (y TIe€OMETpHUYHINA

iHTepnperauii, y cdepax »n-BUMIPHOTO MPOCTOPY 3 LIEHTpaMU B TOYKax, IO
BIINOBIAIOTh LUKJIYHMM 3CyBaM CHHXPOKOMOIHamii Ta pamiycoM o, ). Kinbkicts

dl[m

TaKUX MOJXKJIMBUX TIOCIIJIOBHOCTEH JIOPIBHIOE (n—l)zq. Ilix yac oOuwncieHHA
v=0

d/im dlim
BIIHOIIEHHS (1 — I)ZC}: 2" — ZC; , Hampuknag, st M =8, n=24, ta 4, =5,
v=0 v=0

orpumaemo 3HadeHHs 0.076. Bpaxyemo, o Touku BcepenuHi cep paiiyca o, —He €
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PIBHOMMOBIPHUMHU 32 0 < p, <0.5. Takum umHOM, ominka 3a Qopmynow (3.5) €

HeTo4yHOt0. Jlami po3paxyeMo TOUHY HMOBIPHICTh XMOHOT CHHXPOHI3aIIii.

Teopema 3.3. Inosipnicms xubHoi cunxpouizayii

Ui d v=dytdyy, v+w e\ n—(w+v
Pfalse(n’dlimﬁpwl): Z C:l; Z C;Xdﬁ (po) (l_po) ( ) . (36)
Jj=1 v=d,-j —djj, w=0

Jlosedenns. IMOBIPHICTh IOMHIJIKM B YTOYHEHIH MOCTIAOBHOCTI R, M0 TpU3BEIL
70 HETMPaBWJIBHOTO TPHUUHSATTA PIIIEHHS Ta BCTAHOBJIICHHA XUOHOI CHHXpOHI3aIii —
HMOBIPHICTb MOSIBU B YTOUHEHIM MOCTIJOBHOCTI R OYJIb-IKOTO BEKTOPa MOMUIIKH, SIKUN
IIEPETBOPIOE CHHXPOKOMOIHANLIIO 7, y OyIb-KMH 11 HMKIIYHHN 3CYB (IS J< n—l) 3
TOYHICTIO 10 d, = OITIB.

Sk 3a3Ha4YEHO paHillle, dij — B1JICTaHb X€EMMIHTa BiJl CHHXPOKOMOIHamli 7, 1o ii
[UKIIIYHOTO 3CYBY Ha j OIT 7[1.( j), 1< j<n-—1.Y Takomy pa3i MOMHUJIKA MIEPETBOPIOE
IEPECTAHOBKY 77, B I LMKII4HMIA 3¢yB 7, ( /), AKIO BOHA MICTHTB V IIOMHJIOK B d ; 0iTax,
B AKUX Ll TOCIIAOBHOCTI BIAPI3HAIOTHCA, mpuaomy d; —d, <v<d, . Kpim Toro, B

THIITUX (n — d[.j) 01Tax, MOXJIMBA MOsIBA W OUIBIIOT KUTBKOCT1 01TOBUX MOMMJIOK, TPUYOMY

O0<wsv- (dl.j - dﬁm). OctaHHE OOMEXEHHS MOB’A3aHE 3 THUM, L0 I XHOHOI

CHUHXPOHI3aIlll IepecTaHOBKa, 3MiHEHA MTOMUJIKOIO, HE TOBUHHA BIJIPI3HATUCS OLIbIIe

HIK Ha d,OIT BiJl IMKJIYHOTO 3CYBY IIEPECTAHOBKH 77, .

IMOBIpHICTH ONKUCAHOI BUILE NO/11i BUPAYKAETHCSA HACTYITHUM YHHOM:

o [y e m)

)

Pilse ’dim’ ’Z = V=dyi+dy, . (37)
fal. (n )i pO ) ; Vdijzdhm y dZ:d C:’_di/ (p; )w (1 _ p; )n—dlj—w
w=0

I'pynytoun daxtopu B ¢opmyni (3.7), oTpumyeMo BHpa3 isi OOYHUCICHHS
HMOBIpHOCTI XUOHOIT cuHXpoHi3arlii (3.6). Teopemy dosedeHo.

3ayBakenns 3.4. /[na cunxpokombinayii i3 maoauyi 3.2 3 d, =5, 3nauenns

d; =12 sycmpiuaromecs ¢ 19 eunaokax, swauenns d,=14 sycmpiuaiomvcs y 060x
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eunaokax ma 3suavenns d; =16 3ycmpiuaiomecsi makodxc y 060x 6unaokax (ous.

Hopmanizoganuu epagix AK® na pucynxy 3.2). Taxum uqumom, nicisi epynyeaHus

000ankie hopmynu (3.6) ons cunxpokomobinayii 3 mabauyi 3.2 UKOHYEMbCA

12 v—7 - 2y
Pfazse(2495spoal):19ZC1V2 ZCS (p;) (1—]90)24 +
o . .(3.8)

14 v=9 LNV o\ 24—v—w 16 VW o\ 24-v—w
+ZZ9CIV4 ZOClvg(po) (l_po) +2chvé ZCSW(pO) (l—po) '

v=l1 w=0
3ayBamenHst 3.5. /1i0 uac UKOHAHHA YUCNIOBUX PO3PAXVHKIG OJisl UMOBIPHOCHI

XubHOi  cumxpoHizayii Pfalse(n’dlim)’ 8 MOOeNbHOMY NPUKAAOl OOCHIONCEHHA 0YIa
suxopucmana gopmyna (3.8).

I'padixu P (24,5, Dol ) IS
poe{O.1,0.2,0.3,0.4,0.43,0.45,0.47,0.475,0.48,0.485,0.49,0.495} B 3aJICKHOCTI BiJ

[=1,3,5,...,1001 3006paxeHo Ha pUCYHKY 3.4.

Accumulation factor

Lo Bt T T S T A T T = O I T T i T B T T = e A T T Sl e B
N‘:Iﬁt‘*—r‘l\Dc\rlvywr‘lv.wv—'ng—'th\t‘*—Orﬁ\DOfﬁ\DO\N\DO\
L T = = N B T e B B B T s T s i LT T T B T OO~ 0000 00 00Oy

0,08

0,07

0,06

0.05

0,04

0,03

Probability of false synchronization

Pucynok 3.4 — 3ase;kHocTi HMOBIPHOCTI XMOHOI CHHXPOHI3aWil 32 pi3HMX

iMoBipHOCTE# 0ITOBMX MOMMJIOK Bil KoedillieHTa HAKONMYEHHS
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3 anamizy rpadikiB, HaBeJCHUX HA PUCYHKY 3.4, BUIUIMBA€E HACTYIHE, IO 1] Yac
30UTBIIEHHS Koe(illieHTa HaKomu4ueHHs / , GopMyBaHHS YTOYHEHOI MTOCIIOBHOCTI R Ta
oOYMCIIeHHS BiJCTaHe BiJ HEl A0 BCIX HUUKIIYHUX 3CYBIB CHHXPOKOMOIHAIIl, MOXe
BUHHUKHYTHU CUTYallis, KOJIX 32 HEBIJOMOI KIMOBIPHOCTI 01TOBOI IOMUIIKH p, UMOBIPHICTb
XHOHOT CHHXPOHI3aIlii MEpPeBUIINTh CBOE MAaKCUMAJIBHO JOMYyCTHUME 3HAYCHHS.
Hampukiazn, sSKmio aHajmi3 yTOYHEHO! TOCIHIJOBHOCTI TOYHMHAETHCA 3 KoedillieHTa

Hakonu4eHHd [ =3 3a p, =0.4, AMOBIPHICTb XMOHOI CHHXPOHI3aIll 1)1 / =3 CTAaHOBHTH

P, . =0.046 . [lnst 3MEHIICHHS 11i€1 IMOBIPHOCTI BUKOPUCTOBYETHCSI HACTYITHUM MIAXIJ,

3.3.3. 3meHwenHs timogipHocmi XUOHOI CUHXPOHI3aAYiT
[Ipuitmau rpymnye oTpuMmaHi 3 KaHaiy 3B 3Ky ¢parmeHtd B K Ojoku 1o [/
¢parmenTiB. IloTiM yTOYHEHI NOCHIIOBHOCTI R,, 1€ ke[l,K ], 00UYHCITIOIOTHCS
HE3AJICKHO I KOKHOTO 0J0Ky. CHHXpPOHI3M BCTAaHOBJIIOETHCS, SKIIO KOXKHA 3
IOCIIIJOBHOCTEW R, BIANOBLAA€E OQHOMY 1 TOMY K LIMKJIIYHOMY 3CyBY CUHXPOKOMOIHAIII].
Tomi IMOBIPHICTH MPABUIILHOT CHHXPOHI3aIiil (uB. hopmyiy (3.4)):
dlim K

I)true(n’dlim’pO’l’K):])trKue(n’dlim’pO’l): ZC:(p;)V(l_p;)n_v : (3.9)
v=0

3 ¢opmynu (3.6) IMOBIpHICTH XMOHOT CHHXPOHI3allii 3MIHIOETHCS Ha!

K

n-1 d; v=d+djy i . \H—V—W
Pfalse(n’dlim’po’l’K): z C“;z/ Z C’ridi/ (p;) (l_po) ) (310)
J=L\ v=d;—dj;, w=0

®dopmyiry (3.10) MokHA MOSICHUTH HACTYITHUM YHMHOM. IMOBIpHICTB TIEPETBOPEHHS

epeCTaHOBKU 7, B ii uukimiunuii 3cyB 7, (j)mopiBHioe (muB. Qopmyny (3.6))

dij v_dij+d1im
Po (mdypl)= > C e (o) (=)™ | Ivosipi
Jalse j("> lim> Po> )— z d; Z n-d; \ Po — D . ImoBipHiCcTE TOTO,
v=d;—d, ‘ w=0

1110 3aBajia B KaHal 3B 3Ky IEPETBOPUTH IEPECTAHOBKY 7, B 1i LIUKIIIYHUH 3CYB 7, ( J ) y
. K o . . .
K Onokax, nopisHioe P (n,d,,py,!). Takum 4quHOM, HMOBipHiCTH XHOHOI

alse j

cuHXpoHi3alii 1ig K OJIOKiB 3a/1aHa SIK:
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Pﬁzlse(n’dlim’pO’l’K) = Pj[a{lsel(n’dlim’poﬂl)+Pf§lseZ (n’dlim’p0’1)+"'+

n—l1

+Pf1a<lse(nfl) (n’ dlim > pO’Z) = Z;P_}‘I;lsej (n’ dlim ’ pO’l)
=
Tpadixu P, (24,5, p,.l,K) ta P, (24,5, p,.1,K) 3a p,=0.4951 K €{1,2,3,4} B

3aJICKHOCTI B KoedillieHTa HAKOMMYSHHS 300pakeHl Ha pucyHkax 3.5 — 3.6.

0.9
0.8 py=0495(K=2)
0.7 Do =0.495(K =3)
0.6
o Do =0.495(K = 4)
0.4
0.3

0.2

Probability of correct synchronization

0.1

Accumulation factor

Pucynok 3.5 — 3ajie:kHOCTi HMOBIPHOCTI NPAaBUJIBHOI CHHXPOHI3aLil Bij

KoedilieHTa HaKOMMYeHHst 32 p, = 0.495 Ta pi3Hux 3Havens K €{1,2,3,4}

1.0E+00
1.0E-02 po =0.495(K =1)
1.0E-04
1.0E-06
1.0E-08
1.0E-10
1.0E-12
1.0E-14

Py =0495(K =2)

P, =0.495(K =3)
1,0E-16
1.0E-18

1.0E-20
1.0E-22

P, =0.495(K = 4)

Probability of false synchronization

1.0E-24
1.0E-26
1.0E-28

Accumulation factor

Pucynok 3.6 — 3asie:kHocTi HMOBIPHOCTI XMOHOI CHHXPOHI3auii Bia koedimieHTa

HAKONWYEHHd 32 p, =0.495 Ta pi3HUX 3HAYEHb K € {1,2,3,4}
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I'paciku 3anesxuocreit B, (24,5, p,.l,K) ta Pfalse(24,5,p0,l,K) 3a p,=0.495 1

K 6{1,2,3,4} B 3QJICKHOCTI  Bil  KUIBKOCTI  HAKONMWYCHWX  (PparMeHTiB,

L=1-K=1,3,5,...,30603 300pakeni Ha pucynkax 3.7 ta 3.8.

Po =0.495(K =1)

0.9

0.8

0.7

0.6

0,5

0.4

0.3

Probability of correct synchronization

Hblmgw.\ol‘ch\onmﬂ'w\ot“wO\O elen o WO 00 OO~ el on
(= =] (=N =Tl el e B B B B B B B B B o B B B B B B DA DA ]
OO Sl ORI el DD D e e = OOy 0
Il BT S =N ol - T - R R T I - B = =B o B L =T el - o)

L B B e B B B e B e B e B B e B B e Bl e e i |

Number of accumulated fragments

Pucynok 3.7 — 3aseskHoCTi HMOBIPHOCTI NPaBWJIBHOI CHHXPOHI3alil Bi KJIbKOCTI

HAKONWYEHHUX (PparMeHTiB 3a p, =0.495 Ta pisHUX 3Ha4eHb K € {1,2,3,4}

1,0E+00
1,0E-01 p, =0.495(K =1)
1,0E-02
1.0E-03
1.0E-04
1,0E-05
1,0E-06
1,0E-07
1.0E-08
1.08-05 D, —0.495(K = 4)
1,0E-10

Probability of false synchronization

1,0E-11
1.0E-12
1,0E-13

958
1915
2872
3829
4786
5743
6700
7657
8614
9571

10528
12442
13399
14356
15313
16270
17227
o 18184
19141
20098
21055
01
22069

W
]
-
-
—
er

Numb

f accumulated

=]
=]

ragments

Pucynok 3.8 — 3anesxkHocTi HMOBIpHOCTI XMOHOI CHHXPOHi3allil Bil KiJIbKOCTI

HAKONHYeHHX (PParMeHTiB 3a p, =0.495 Ta pi3Hux 3Hauennb K €{1,2,3,4}
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Ha pucynkax 3.6 Ta 3.8 moka3aHo, 110 3HAYCHHS Pfalse(24,5, po,l,4) <2.68-107,

P

false

(24,5, p,,1,3)<8.15-107, P..(24,5,p,,1,2)<2.48-10™, a
P (24,5, py,1,1)<7.55-107 3a p, =0.495.

Jlami BHMKOHA€MO OLIHKY 3BepXy [uli HMOBIPHOCTI Pfalse(n,dﬁm, Do-l,K )

obuncieHoi 3a gornomoror hopmynu (3.10).

Teopema 3.4. Oyinxy iimosipnocmi Xubnoi cunxpowizayii Pfalse(n,dﬁm, Do-l,K )

MOOIICHA supasunmu HACmMmynHum 4YuHom.

Pse (n,d,l.m,po,l,K) < mflx{p(n,dhm,K,s)} , (3.11)
oe
n—1 dlj vfd‘/+d1m K
p(n,d,im,K,S)z ( z C;ﬁ Z C;“dUF(n,v+w,s)J . (3.12)
=1 V:dij_dlim w=0

3a oanux ymos,
(s/Nn)""(1- S/Nn)"_(vm) N(v+w)<s;

F(n,v+w,s)= )
((S + 1)/Nn)v+w (1 — (S + 1)/Nn)n ) ,N(V + w) >s+1;
N — KinbKicmb iHmepsais, Ha AKi po30ilieHi iHmepeanu |:Z/ n;(z + 1) / n] ;
z — namypanvhe uucno, d —d,, <z <[nf2|-1;
s — namypanhe wucno, N(d —d,, )<s <[ Nn/2|-1.

Jlosedennsa. Posrnsaemo noeninky GyHkiii . I'padiku [ (n,v+ w, po) 3a n=24
Ta v+w={7,9,12,15,17} B 3anexHoCTi Bix p, 306paxeHi Ha pucyHKy 3.9, 1e nianasou
3HAUYCHb P, € (O,l) BUKOPUCTOBYETHCS JIJIS IIOKPAICHHSI Bi3yaTi3allii 3aJIe)KHOCTI.

. . * co .
Ha nacTynmHOMy KpoLl HEOOXITHO BHM3HAYMTU TOUKY p, B SKIH (QyHKIIA

* ~
f (n, v+w, po) OTPUMYE MaKCHUMaJIbHE 3HAYCHHS. Hexait

g(n,v+w,p;)=lnf(n,v+w,p;):(v+w)lnp; +(n—v—w)ln(1—p;). [Totim,
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g'(n,v+w,p;):(v+w—np;)/p;(1—p;), a g'(n,v+w,p;):O 3ap;=(v+w)/n.

Taxkum 9UHOM, OTPUMYEMO max(f(n,v + w,p;)) = f(n,v + w,(v + w)/n)

f(n.1'+u‘.p;]

5,0E-07
4,0E-07
3,0E-07
2,0E-07

1.0E-07

Pucynox 3.9 — 3anexnocti f (n,v +w, p;) Bi1 p, 3a n=24 1a

v+w={7,9,12,15,17}

JUiss  MOJenpbHOrO  MPUKIATy, MakCuMyM  QyHKIIA  f (n,v +w, p;) ,

d—d, <v+w<n/2 3HaXOOWTHCS B TOYII p;e[7/24;1/2). 3a v+w>n/2 QyHKLI

i
MOHOTOHHO 3POCTaioTh Ha inTepsani (7/24;1/2).

Koxna ynxuis £ (n,v+w, p; ) € MonoTOHHO Ha inTepanax (z/n;(z +1)/n), ne
z — matypamsie wncno, d —d,, <z<[n/2]-1. Koxen intepsan |z/n;(z+1)/n]
nimtees ma N intepsanis | z/n+i/Nn;z/n+(i+1)/Nn]0<i<N-1. Jina koxHoro

HarypanbHoro uucma S, N(d-—d,, )<s<[Nn/2|-1, Ta 3HaueHHs mnapamerpa

D, € [S/ Nn ;(s + 1) / Nn} , 34CTOCOBYIOThCSI TaKi OOMEKEHHS:
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f(n,v+ w,p;) =(p;)v+w(l—p;)n_v_w < F(n,v+ w,s), (3.13)

(s/Nn)"*(1- s/Nn)n_(vm) N(v+w)<s;

e Flmyams)= ((s+1)/Na) " (1= (s +1)/Nn) " N (v+w) 25 +1.

lim» alse

Ouinku (3.12) must p(n,d,,,,K,s) ta(3.11) ms P, (n,d,,, pol,K) dopmyroTes
MOCJTIIOBHO Ha ocHOBI criBBigHOMmEHb (3.10) Ta (3.13). Teopemy dosedeno.

JInss  MOJIENBbHOTO MPUKIAAY  PO3AUIMMO  BIIPI30K p; € [7/ 24,1/ 2] Ha
| Nn/2|-N(d—d,,)=[2-24/2]-2(12-5)=10 Bigpi3kie 3 kpokoM 1/48, Toxi
s =14,15,...,23 . I3 hbopmyn (3.11) ta (3.12) BunuBaroTh HaBeACHI B Ta0uIll 3.4 OI[IHKU

3BEepXy HMOBIPHOCTI Pfalse(24,5, Do-l,K ) st K €{1,2,3,4}.

Tabmuug 3.4 — Ouinku 3BepXy WMOBIpHOCTI XMOHOI CHHXPOHI3aWii 1A 7 =24,

d, =5

lim

K 1 2 3 4
(24,5,p0,Z,K)S 8.03-107% | 2.80-107* | 9.78-1077 | 3.42-10°

P

false

HaBesieHi OliHKM BKa3yloThb Ha Te, WO HAaBiTh 3a p, —>1/2 MoxHa oGpartn
MOYaTKOBE 3HAYEHHS K, 3a SIKOro WMOBIPHICTh XMOHOI CHHXPOHI3ALI1 3a/10BOJIbHATUME
3aIaHUM BUMOTaM.

3ayBaxxenusi 3.6. @opmynu (3.9) i (3.10), a maxooxc gopmynu (3.4) i (3.6)
BUHAYAIOMb IMOBIPHOCI NPABULLHOL MA XUOHOT CUHXPOHIZAYIL «8 mouyiy, moomo ois
OKDEeMO020 eKCnepumeHmy i3 3a0aHuMu 3HAYeHHAMU Koe@iyicuma HakonudenHs | ma

yucnaa onokie K, ienopyrouu npoyedypy nociioogHoeo 30intvuienus | ma eapiayii K .

3.3.4. Oyinku inmepsanbHux iMoGipHOCMEN CUHXPOHIZAYIT
Pe3ynbTaT cCMHXpOHI3aIli JJ1s TOTOYHOIO 3HAYEHHS / 3aJIeXKUTh BIJl PE3yJIbTaTIB
CHHXPOHI3aIiil 1jis1 monepeaHix 3HaueHb /. Ile moB's3aHO 3 THUM, IO CTAaTHCTHKA B

HaKOMMYEHUX (parMeHTax B MeKax OJHOTO OJIOKY MOXKE JEII0 BiPI3HITHUC..
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ImoBipHICTE P

e fingt TIPABAUJIBHOT CHMHXPOHI3aLIi MiCHIsl JOCATHEHHs KoedilienTa
HAKOMMYEHHS, PIBHOTO / , OLIHIOETHCS 3HU3Y WMOBIPHICTIO MPABUIIBHOT CHHXPOH13aLlii

J1s1 (DIKCOBAHOTO 3HAYEHHs / HACTYITHUM YUHOM:

P (n.d,,,pyl.K)2 P, (n.d,, p,.L.K). (3.14)

true _ final

ImoBipHicTs P, .., XWOHOI CHHXPOHI3alil CHHXPOHI3ALIl MiC/A NOCATHEHHS

KoedillieHTa HAKOMMYEHHs, piBHOTO / 3a K =1, OLIHIOETbCA 3 HABEJIECHOTO BHIIE

HaCTyYITHUM YHHOM!

K

Pfalse_ﬁna/ (n’ dlim’pO’l7K) = ZPfalse_sum (n’dlimﬂpO’lmin (i)’lmax (1)91) b (3 15)

i=l1

Jac

Pﬁzlse_sum (n’dlim’pO’Imin (i)’lmax (l)’l)S })ﬁllse (n’dlim’p()’j’i) (316)

J=lin (1)
Prise sum (n,dh.m, Dol (i ),lmaX (i ),i ) BU3HAYa€ WMOBIPHICTh XMOHOI CHHXPOHi3aIii
mst i Gmokis; [ (1)<I<1l (i); 1. (K)=1; 1. (1)=LI.
3aysawennss 3.7. F., .. (n,d,,.p,.[,K) ma Prise fnal (n,d,,, po-l.K)
paxmuuno € oyinkamu Kymyasmusnoi gynxyii posnooiny (K@P)[113] uucaa L, =Kl 0o

BCMAHOBIIEHHS NPABUTLHO20 AO0 XUOHO20 CUHXPOHIZMY 8I0N0BIOHO.

3.3.5. Bubip 3nauenv K ma [

mi 2 “max

3HaueHHs K Ta Mexi IHTepBaJiB [l in(i)l (l)} BUOMPAIOTHCS IS

3a/I0BUTBHEHHS HEPIBHOCTI Py 7 (n,dh.m, Dosl, K ) S P max> 8€ Py e — TPAHAYHE
3HAUY€HHA HMOBIPHOCTI XHMOHOI CHHXpOHI3aWii, a p, .~ — T[PaHUYHE 3HAYCHHSI

WMOBIPHOCTI OITOBOT TOMMJIKH.
Ha ocHoBi dopmymun (3.15) oOMexxeHHS [JIi OKpPEMHX  JOJIaHKIB

P

lse_final (n,d,l.m, Do.l,K ) BU3HAUYAIOThCS HACTYITHUM YHHOM:

Pfalseﬁsum (n’dlim’pO’lmin (i)’lmax (l)’l) < 7/1' ) Pfalseimax ’ (3 17)
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K
npuIoMmy , y, >0, Z}/,. =1.

i1

3BepHEMO yBary Ha Te, IO BH3HAYCHHS MEX IHTEpBAJIiB [lmin (i ),lmalx (i )J
MMOYMHAEThCA 3 1 =1.

Tomi [, (1) = min(l ) P . (n,d ims Dol ,1) > Ijtrue_min . TakrM 9YMHOM, 3a aHAJIOTIEIO 3
dbopmyoro (14), BUKOHYETHCS HaCTyIHA HEPIBHICTB:
Pm_ final (n,d ims Poslia (1),K ) > Brue_min . Jlna momenpHOTO mpuUKIamy 3 n=24, 3a
B min =0.9997 1a p, . =0.495, orpumyemo / (1) =30603.

3uaueHus /. (z) = min(l) Prse sum (n,a’h.m,po,l,lmalX (i),i) <7 P max -

3a oroMoroto 3HaueHs /. (i) BusHauaroThes BepxHi Mexi [, (i+1):

[ . (i + 1) = [Zmin (z) . (i/(i + 1))] — prisgn,

Jc

1 inakwe.

risgn= {0 if [lmin (i)- (i/(l' + 1))} - HenapHuﬁ;.

Meron, sikuii BAKOPUCTOBYEThCS JIJ1s1 BUOOpPY 3HaUeHb K , / (l) [ (i ) , 1€ [1;K ]

> “min > “max

, 3ACTOCOBY€ETBCS 10 OYIb-SIKOTO 33JAHOTO OOMEKEHHSI.
4 . . .
JAns monensuoro mpuknany Py, ... =3-107. Bignosigno mo Tabmmmi 3.4 Ta

(opmymu (3.16) orpumyemo Py, o, (24,5,0.495,1,30603,4) <1.05-107*. Takum unHOM,

3

K=4,aP,, .. (24,5,0.495,1,1max (4),4) <D Pie s (n,d,im, Porloin (1)5] e (i),i) .

i=1
Ilpumyctumo  mo  y, =1/8, y,=3/4, y,=1/8, TO;l MexXi IHTEpBAIiB
[lmin (1) (i )} NpUAMAarOTh 3HAYSHHS, 1110 HaBeJeHi B Tabmui 3.5.
KUIbKICT  HAKONWYEHUX  (parMeHTiB  CTaHOBUTh L, =KI, a KUIbKICTh

HaKoMu4YeHuX 0iTiB nopiBHIOE L = Kin.



Ta6muns 3.5 — Meski inTepBasis [lmm (1)1 0 (i )J

i 1 2 3 4
L () 30549 | 10457 | 2779 |1
Lo () 30603 | 15273 | 6971 | 2083
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Ha pucynky 3.10 nHaBemeHo rpadiku 3aJeXHOCTEH OI[IHOK, pO3paxoBaHHUX 3a

dbopmymamu (3.14) 1 (3.15), iMoBIpHOCTEH MpaBUIBLHOT Ta XUOHOI CHMHXPOHI3AIli BiJl

KUIBKOCTI HAKONMWYEHUX (parMeHTIB 3a 3aJaHuX OOMexeHb mia K :{1,2,3,4} Ta

BHU3HAYCHUX 3HAYCHb TOYOK IICPEXOAY MIK HUMH.

I'padiku 3 pucynky 3.10 BU3HAYarOTh AJAaNTUBHUN MPOIEC CHUHXPOHI3AIII 3a

HEBIJIOMOIO DPiBHA WMOBIPHOCTI 01TOBOI NOMMWIKH p, <0.495 JuId

P <3-107

Frie_foui
1.0E+00
9.0E-01
8.0E-01
7.0E-01
6.0E-01
5.0E-01
4,0E-01
3.0E-01
2.0E-01

1.0E-01

0.0E+00

Pucynok 3.10 — 3asneskHocTi O{IHOK iIMOBipHOCTEl MPABU/ILHOI TA XHOHOL

(24.5.0.495.1.K)

P,

fake _ final

-

P (24.5.0495.1.K) _ =

-
L

-

false_ final

1020
2044
3060
4084

5100

Lo Bl By |
0 ©

(=
(o e |
Number of accumulated fragments

P

ru

(24.5.0.495.1.K)
| 1.4E-03

1,2E-03
1.0E-03
8,0E-04
6.0E-04
4,0E-04
2,0E-04

0.0E+00

_>0.9997 Ta

CHHXPOHI3aMil BiJl KiTbKOCTI HAKONMUYEeHNX (PPArMeHTIB JJI PoLecy aanTHBHOI

CHUHXPOHI3awil



3.4. Ouinka epeKTUBHOCTI MeTOAY
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JI1s1 OIIHKK METOJY IMKJIOBOI CHHXPOHI3aIlli Ha OCHOBI KOPEJSIIHHOI 00pOoOKHU

po3pobieHa nporpamua Mmozaens Python st mepenaBanns iHpopmariii 3 pakTopiaTbHUM

KOJyBaHHAM JaHuX. [lapameTpu MojietoBaHHs HaBeeH1 B Ta0muIl 3.6.

Ta6muig 3.6 — IlapameTpu Mo/1e,IlOBaHHSA

Kanaun 3B'13Kky

JIBiiIKOBHI CUMETPUIHUI

BiToBi moMuiIkn

Heszanexni

HNmosipHicTs  0OiTOBOI
MOMMWJIKH

0.4< p, <0.498

KinbkicTs 10°, 10*

eKCIIePUMEHTIB

CunxpokoMOinanis 7=(0,1,7,3,2,5,4,6) =(000,001,111,011,010,101,100,110)
K 4

I (i) 3HAUEHHS

30549, 10457, 2779, 1

max

] (i) 3HAUEHHS

30603, 15273, 6971, 2083

AJTOpUTM MOJIEeNi METOy IIMKIIOBOI CHHXPOHI3allli HaBeIeHO Ha pUCYHKY 3.11.

B sxocTi cuaxpokoMOiHaIlii BUKOpUCTaHO IEPECTaHOBKY, HaBeACHY B TaOuII 3.2.

max

Mesxi intepsanis , [, (i) BusHaueni Bume jist P, >0.9997, P, < 3-107" 3a Gyns-

1

AKOTO 3aJ]aHOTO 3HAYECHHA MMOBIPHOCTI OI1TOBOI MOMMIKH p, <0.495. Kpim Toro,

npoBeseHo 10 000 ekcriepruMeEHTIB AJ1s1 TOUHOTO BU3HAYEHHS CTATUCTUYHUX MTOKAa3HUKIB

IIUKJIOBOI CHHXPOHI3aIlii.
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=D

A 4

Clean data buffer

y

Choose K and | values
I<=lmax(1)?

A

-No

st

Obtaining additional blocks of
data to the volume of K*1

v

Defining R1..Rk

A

Communication channel break

\ 4
Determining the Hamming
distances to all syncword cyclic
shifts for each refined sequence
RI..Rk

A 4

Determining the appropriate
syncword shifts for R1 ... Rk

Whether
the R1 ... Rk sequences are

associated with the same syncword
cyclic shift

No.

Yes

v

Sync occurred

A 4

=

Pucynok 3.11 — Auiroputm MeTOAy HMKJIOBOI CHHXPOHI3aWil HA OCHOBI

KOpeJsAliiHOI 00po0KHU

3.4.1. Pesynomamu ma ix 062060peHHs

Ha rpadikax 3 pucynky 3.12 HaBeAeHO 3aJ€KHOCTI BIIHOCHOI YacTOTH

/4

true

(24,5, Do, K ) BCTAHOBJIEHHS MPABWJIBHOTO LMKJIOBOIO CHUHXPOHI3MY Bij

(1KCOBaHOTO 3HAUYEHHS KOe(ill€eHTa HAKOMUYEHHs / 3a MMOBIPHOCTI O1ITOBOI MOMMIIKU
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p,=0.4 Ta KubKOCTI OnoOKiB K 6{1;2;3;4}. Koxne 3nauenns W

true

(24,5, py.1.K)

MepeBipeHo eKcrepuMeHTanbHO uepe3 1000 excriepuMeHTiB.

e =S =
L oo [t}

=S
o

=
e

Relative frequency of correct synchronization
_O (=]
L¥¥) LN

1357 9111315171921232527293133353739414345474951535557596163656769
Accumulation factor

Pucynoxk 3.12 — 3anexnocti W, (24,5, p,.1,K ) Bin pikcoBanoro snayenns /

Mapxkepu, 1110 oKa3zaHi Ha pUCYHKY 3.12, TakoXX UTIOCTPYIOTH BIJIMOBIIHI Tpadiku

TCOPETUYHMX 3AJIKHOCTEH P, Bix [ 3rigHO 3 popmynoro (3.9).

3a3HauMMoO, 110 TEOPETUYHA Ta EKCIEPUMEHTAIbHA 3aJIEKHOCTI, 10 MOKa3aHi Ha
pucynky 3.12, maioTh ogHaKoBHM po3noaiia. KpiM Toro, oTpumaHi p-3Ha4Y€HHS IO
kputepito IlipcoHa, 1HTEpHpPETOBAHOIO 3riAHO 3 METOAOJIOTiEr0, omucaHow B [114],
OnM3bKl 10 oguHULI. Takl * BUCHOBKHM Oysid 3po0JIeHI 00 HMOBIPHOCTI XUOHOI
cuaxpoHizairii. [le cBiAUnUTh PO KOPEKTHICTH MOOYI0BAHOT MOJIEIII.

Ha pucynky 3.13 HaBegeHo rpadik eKCepuMeHTaIbHO oTpuMaHoi KOP

w

true _ final

(24.5.p,.1.K)= > W,,.(245.p,., .K') 32  ximskicrio  06poGuenmx

K'I"<Kl
¢parmentis L, =K/ st p, =0.495 uepes 10 000 excriepuMeHTiB.

Ha pucynky 3.13 nyHkTupHa JiHis nokasye ominky 3Hu3y KOP , po3paxoBany 3a

dopmynoro (3.14), a IITPUXTYHKTHUPHA JIiHIS TPEACTABISE EKCIIEPUMEHTAIHHO
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Bu3HaueHy K®P mis meTomy Ha OCHOBI MOALTY KOJIOBOT'O CJIOBA, SIKUM OMHCAaHO B

JipyroMy posiii, 3a p; =0.495.

1,0E+00

W, ..(24.5,0495] K)

rue_ fina

9,0E-01 o

8,0E-01

7,0E-01
6.0E-01
Known method P. . .(24.50495 ] K)
S.OE-OI l frue _ final
4,0E-01 l/
3.0E-01 |
-~
2,0E-01 T
-
1.0E-01 o
.-
0,0E+00) ==—s—=
*O:FO“"O“"O% o o en e on o on on o0 en e el el el o
ol = O 0 O o OOOJ"Tr\DOOO(“J‘T\DOOD(“l:F\DOOD(“Jﬂ'\DOO
[= =N N el i o] 101 ¢l oo on on o <t o=k = = v v v
-—4("Ir":“l"f)‘-Dl“‘-QOG\O-HFIP"}'EI'U')\D[“*OOC\OHQIMTI'U'}\DI‘*OOC\

Pucynok 3.13 — K®P 3a iimoBipHocTi 0iToBOI NOMHIKHA p, =0.495

3ayBaxxenns 3.8. /1i0 yac excnepumeHmanvbHo20 ananizy po3pooieno2o memooy 8
10 000 excnepumenmax XubHoi CUHXPOHI3AYIL He BUABNLEHO, 3 UMOGIPHOCMI 0IMOo6oI

nomunxku p, =0.495.

I'padpiku Ha pucynky 3.13 miATBEpIKYIOTh BIJHOCHO NPHUOJIU3HY OLIHKY,
oTpumMany 3a ¢hopmyioro (3.14). Pe3ynbrat TakKoK CBIIYaTh PO TE, 1110 METOJT HA OCHOBI
KOPEJAIIMHOT 00pOOKH T03BOJISE JOCATTH 3aJaHUX IMOBIPHICHUX MOKAa3HUKIB ITUKIIOBOI
CUHXPOHI3alli1 BUIIIIE, HI’)K METOJ Ha OCHOBI MOJILTY KOJI0BOTO cioBa. [IpoTe BUu3HayeH1

Jiana3oHd 3HAYCHb KUIBKOCTI HakonuyeHux Qparmentis (L, =1...14984 Ha

HaBejJeHOMY TpadiKy), i€ BIIHOCHA YacTOTa MPaBWIHLHOT CHHXPOHI3AIli JAJIsI METOy Ha
OCHOBI MOJLTY KOJOBOT'O CJIOBA € BUIOIO. Y I[bOMY BHUIIAJKy METOJ Ha OCHOBI MOJLITY
KOJIOBOTO CJIOBA HE BIJIMOBIJa€ BUMOTraM IIOJAO WMOBIPHOCTI BCTaHOBJIEHHS XHOHOTO
CUHXPOHI3MY. 3ayBaXMMO, III0 ICHY€ MOXJIMBICTb KOMOIHOBAHOTO 3aCTOCYBaHHS SIK
METOJy Ha OCHOBI TOJITYy KOJOBOTO CJIOBA, TaK 1 METOAY HA OCHOBI KOPENSIiHOI

00poOKH, aje 11e BUXOAUTh 32 PAMKHU ITOTOYHOTO JTOCIIIKEHHS.



Heo0xigHo posrisiHnyTu noBeaiHky KOP

t
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Wrue_ﬁnal (24753p()9[’K) BiII Lfr =Kl 3a

HMOBIpHOCTI 01TOBOI MOMUIIKU p, < 0.498 (pucyHOK 3.14). Tyt 3Hauenns K Tta / Oymm

BU3HA4YEHI I p, =0.495, AK NokasaHo B Tabmumi 3.5. [ KOXKHOrO 3HAYECHHS

MoBipHOCTI 01TOBOT mommikH nposeaeHo 1000 excrepuMeHTiB.

”-.--ns__r.':.u.' {24 5‘1}0 JK )

LOE+HO0

9.0E-01

8.0E-01

T.0E-01

6.0E-01

5.0E-01

4.0E-01

3.0E-01

2.0E-01

1.0E-01

0.0E+HD

o e o e -

oo ee e e e

Number of accumulated fragments

(a)

W,

truea_ final

(24

1.0E+00

9.0E-01

8,0E-01

7.0E-01

6,0E-01

5.0E-01

4,0E-01

3.0E-01

2,0E-01

1.0E-01

o

0,0E+00

900
1804
2700
3604
4500
5404
6300

72
8100
9003
9903
10803
11703
12603
13503
14403
15303
16203
17103
o 18003

Numb

ot
o

(b)

faccumulated

18903
19803
20703
21602
22502
23402
24302
25202
26102
27002
27902
28802
29702

ragments

Pucynok 3.14 — K®P 3a: (a) p, <0.43; (b) 0.45< p, <0.498
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I'padiku Ha pucyHky 3.14 BuU3HA4alOTh IMOBIPHICHI MOKa3HUKH BCTAHOBJICHHS
MPABIJILHOTO CHHXPOHI3MY 3a JIOTIOMOTOI0 METOJy IMKJIOBOT CHHXPOHI3aIii 3a pi3HUX

3HAYECHHAX IMOBIPHOCTI OITOBOI HOMMIIKH p, .

Ha pucysky 3.14(b) moxaszaHo, 1m0 KOJIM WMOBIPHICTh OITOBOI ITOMHUIIKA

IIEPEBHUIIlyE€ TI'PAHWYHE 3HAYECHHS ([UI1 JaHOrO MOJENBHOIrO 3pasKy Le p, =0.495),

MOXYTh OyTH TOPYILIEHI BUMOTH IIOJA0 MMOBIPHOCTI MPaBUILHOT CUHXpOHi3alli. Takum

(24,5,0.496,30603,1) =0.997, W, (24,5,0.497,30603,1) =0.920,

yunoMm, W,

true _ final rue _ final

a W, i (24,5,0.498,30603,1) =0.519. 3a Takoi ymoBH BIIHOCHA 4YacToTa
BCTAHOBJICHHS XHOHOTO ITUKJIOBOTO CUHXPOHI3MY CTaHOBHTH
W ise finai (24,5,0.496,30603,1) =0.003, Wi fa (24,5,0.497,30603,1) =0.001, a

W iise finai (24,5,0.498,30603,1) =0.033. Kpim TOro, BiHOCHa YacTOTa 30010 KaHAIy
3B's13Ky (CUTYyaLis, B sKid L, = K/ =30603 CHHXpOHI3M He 3HaiineHuit) cranoButs 0.003

3a p,=0.496, 0.080 3a p, =0.497 Ta 0.465 3a p, =0.498.

BaxnuBo BIO3HAYUUTH, MO AN MaKCUMaJIbHOI €(QEKTUBHOCTI PO3pOOJIEHOrO
METO/Y, UMOBIPHICTh OITOBOI MOMMJIKM Ma€ OyTH MaKCUMaJIbHO TOYHO CIIPOTHO30BaHA.
[Ipore mpouemypa BUOOpY MOMEHTIB 1jisi 3MiHM 3HadeHb K Ta [ Moxe OyTu
aJanTUBHOIO, 3aJIEKATH BiJ IMOBIPHOCTI OITOBOi TMOMUJIKHM, 1 MOXE BHU3HAYaTHCH,
HaAIlpUKJIaJ, BIAMNOBIAHO JO CEPEAHBOI KUIBKOCTI HAKOMHYEHHUX (PParMeHTiB ISt
peasizallii IUKJIOBOT CHHXPOHI3aIIii.

Ha mpoMy erami MoXHa BU3HAUUTH Ta MNPOAEMOHCTpYBaTH (pucyHok 3.15)

3aJIEKHICTh  CEPEAHBOTO 3HAUEHHA KITBKOCTI HAKOMHYEHHUX (parMeHTiB [0

BCTAQHOBJICHHS [IUKJIOBOTO CMHXPOHI3MY L . BiJl IMOBIPHOCTI OiTOBOI IOMUIIKH p) .

Pucynok 3.15 inrocTpye €KCHOHEHLIATIbHUNM XapakTep 301IbIIEHHS CEpeIHbOro
3HAUEHHA KUIBKOCTI HAKOMWYEHUX (parMeHTIB JO BCTAHOBJIEHHS ITUKIIOBOTO
CUHXPOHI3MY (3aJI€KHO BiJ] IMOBIPHOCTI 01TOBOT MOMUIIKH). L5 3anexHicTh MOke OyTH
BUKOPHCTaHA JUIS aJallTUBHOI 3MiHM MOMEHTIB 3MiH 3Ha4eHb K 1 / B mporeci poooTH

METO/Iy IIUKIIOBOT CHHXPOHI3aIIii.
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1.0E+04

1.0E+03

1.0E+02

1.0E+01

Average number of accumulated fragments

1.0E+00
0,05 0.1 015 02 025 03 035 04 043 045 047 048 0.49 0495

Bit error rate
Pucynok 3.15 — CepenHsi KiJIbKIiCTbh HAKONIMYEHUX ()ParMeHTiB IJ151 BCTAHOBJICHHS

HUKJI0BOr0 CHHXPOHI3MY B 3aJ1€5KHOCTI BijJl iMOBIpHOCTI 0ITOBOI MOMUJIKH

3riHO 3 METOJOM IMKJIOBOI CHHXPOHI3aIlll Ha OCHOBI KOPENSAIIHHOI 00pOOKH,

SIKMH OIMCAHO HA MOYaTKy miaposuiny 3.2, yrouneni mocmizoBHocti R, ke[l K],

O0YMCITIOIOThCST  He3alexkHo. KoxkeH OIT 1uX NOCHIAOBHOCTEM OOYHMCIIOEThCS 3a
MaXOPUTAPHUM TPHUHIMIIOM Ha OCHOBI BIANOBIAHMX OITIB MOBTOPHO OTPUMAHUX
dbparmMeHTis.

VY nobynoBaHiid MoJeni, A SIKOT pe3ybTaTH NOKa3aHi Ha pucyHkax 3.13 —3.15,

(parmMenTH, AKi BH3HAYalOTh IOCIITOBHOCTI R, 3aJMINAIOTBCA HE3MIHHUMHM, KOJIH

3HaueHHA K 1 / 3MiHIOIOThCS. 31 301IbIIEHHSAM [, HOBI ()parMeHTH JIUIIE TOMOBHIOIOTh

Habopu (QparMeHTiB, AKi BU3HAYAIOTH MOCHIJOBHOCTI R, (A1 KOHCTaHTH K, KOXKHE

HACTYTHE 3HaUYCHHS [ MPU3BOAUTH J0 TOTO, 10 KOKEH Habip PparMeHTIB JOTIOBHIOETHCS
JMIIe JBOMA HOBUMH (pparmMeHTaMu). TakuMm 4MHOM, KIJIbKICTh JOMOBHEHUX (hparMeHTIB
BIJIHOCHO HeBeJNMKa, Hanpukiaa 8 ¢pparmentiB 11s [ =50 ta K =4, 1110 CTAaHOBUTS JIIIIE

4%. TakuM YMHOM, pe3yJbTaT MaXOPUTAPHOI 0OpOOKHU OITIB (PparMeHTIB Ma€ BUCOKY
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KOPEJISLIIIO 3 pe3yIbTaTOM, OTPUMAHUM Ha ONEePEeIHbOMY KPOIIl JIsl MEHILOTO 3HAUEHHSI
[ . JIns 3MeHIIIeHHsI 1Ti€1 KOpesllii MpOMOHY€EThCS HACTYITHUM T IX1/1.

3.4.2. Bnause npoyedypu nepemiuly8ants Ha OMPUMAHI pe3yibmamu.

CucteMa CHUHXPOHI3allli, OTPUMYIOUHM HEOOXIJIHY Ha MEBHOMY KpOIN KiJIbKICTh
¢dbparMeHTiB, HAKONUYYE X Y OAHOMY Oy(epi Ta BUMIaAKOBUM YHHOM MOPIBHY PO3MOILISE
MDK K OnokamMu. Y pasi, SKIIO CHHXPOHI3AII0 HAa IIbOMY KpOIll HE BCTAHOBJICHO,
npuiiMad J0JaTKOBO MpHUiiMae HOBI (PparMEHTH, 3aMHCYIOUM iX y 3araibHuil Oydep.
[TotiM cucTtema CMHXpOHI3allli 3HOBY pO3MOJLIse PparMeHTH BUIMAIKOBUM YHHOM MIX
K O6nokamu. Takuit miaxig mion0 o0podku ¢hparMeHTiB OyJeMo Ha3UBaTH 0OPOOKOIO 3
NEepeMIITyBaHHsIM, OCKUJIKM 3a3HAYEHUW BHUNAJAKOBUN pO3MOAUT (PPAarMEHTIB MK
0JIOKaMH MOXHa JOCATHYTH IEpPEMIITYyBaHHSAM (PparMeHTIB y 3arajilLHOMy MacHuBl B
oydepi.

Ha pucynky 3.16 noxkaszanuii rpadik exkcnepuMmeHTaibHO oTpumaHoi KOP
Wie fina (24,5, Dorl, K ) JUISL 3alIPOIIOHOBAHOTO MiIX0y OOpOOKHU 3 MEepEeMILTYBaHHAM Y

NOPIBHSAHHI 3 MiAX0a0M Oe3 nepeminryBaHHs. TyT ycl mapaMeTpu MOJAEINI Takl K, 5K 1 B

MO/IEJIi TOTIEPETHBOTO MPUKIIAY, PE3YIbTATH SKOI MOKa3aHO Ha pUCYHKY 3.13.

HW( 24.5.0.495.].K)
1.0E+00
9,0E-01 With interleaving ’
8,0E-01 I
-
”’
7.0E-01 7

6,0E-01
5,0E-01
4,0E-01
3,0E-01
2,0E-01
1.0E-01

0,0E+00

19941
21006
21750
22494

3238

3982
24726
25470
26214
26958
27702
28446
29190
29934

ol
f accumulated fragments

&

Pucynok 3.16 — K®P 3a p, =0.495 (3 mepeMilyBaHHIM)
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Hapeneni Ha pucynky 3.16 rpadiku cBiguath npo €(deKTHUBHICTh IPOIEAYpPHU

nepeMinryBaHHs (parMeHTiB Tepea OOYMCIEHHSAM 3HAYEHb R,. li BUKOPHCTAHHS
JI03BOJISI€ 3MEHIIUTH KUJIBKICTh MPUIHATHX 3 KaHATy 3B’sI3Ky ()parMeHTiB, HEOOXITHUX
JUIsl BCTAHOBJIGHHS CUHXPOHI3MY. SIK HACHI0K, 3MEHIIIYETHCSl YaCc BCTAHOBJICHHSI CEHCY
3B’SI3KY.

Ha pucynky 3.17 HaBeneHO 3aJ€XHOCTI CEPEIHbOrO0 3HAYEHHS KITBKOCTI
HAaKOMWYEHUX (parMeHTiB JI0 BCTAHOBJIEHHS IIUKIOBOTO CHUHXPOHIZMY L_ﬁ BIJI
IMOBIPHOCTI 0I1TOBOi NOMHMIIKH p,, [UI1 METOAY Ha OCHOBI KOPEIALIMHOI 0OpOOKH 3

nepeMilryBaHHsIM Ta 0€3 epeMilllyBaHHS.

1.0E+04

Without interleaving

T~

1.0E+03
1.0E+02

With interleaving

1.0E+01

Average number of accumulated fragments

1.0E+00
005 01 015 02 025 03 035 04 043 045 047 048 049 0495

Bit error rate
Pucynok 3.17 — CepeaHst KiJIbKICTb HAKONIMYEHUX ()ParMeHTiB IAJ151 BCTAHOBJICHHS
HMKJI0BOr0 CHHXPOHI3MY B 32JI€2KHOCTI BiJl iMOBipHOCTI 0iTOBOI MOMMJIKH (3

nepeMillyBaHHSAM)

I'padix Ha pucynky 3.17 neMoOHCTpy€e MO3UTUBHHM eeKT nepeminryBanus. Llei

edeKkT crae 0COOJMBO TOMITHUM 31 30UIBIICHHSIM HMOBIPHOCTI OITOBOT TOMHMIJIKH.
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Hanpuknan, 3a p, = 0.495 cepeliHs KIIbKiCTh HAKONTMYEHNX (PPArMEHTIB, OTPUMAHUX 3a

JIOTIOMOTOI0 T1IX0/ Ty IepeMillyBaHHsl, 3MeHIuiacs Ha 29,4%, tooto 11 060 ¢hparmenrin
MopiBHSHO 3 15 667 dhparmeHTamMu.

Opnak peamizaiiis boro e(eKkTy BUMarae JAOCTaTHIX pecypciB OydepHoi mam'ari
JUISL peatizallii 3amporoHOBaHOTO METOY IUKJIOBOI CHMHXPOHI3allil 3 MepeMilllyBaHHSIM
HakonnueHux (QparmentiB. Po3mip Oydepa, skuil BUKOPUCTOBY€EThCS i 30epiraHHs
OTpUMaHUX (pparMeHTIB, 3AICKUTH BIJl KUUIBKOCTI (hparMeHTiB. J{Jis peanizoBaHoi Mojiel
Ha MOBI IporpaMmyBaHHs Python Ha pucynky 3.18 nmokaszano po3mipu 6ydepiB, HEOOX1HI

JUTs1 301IBIIEHHS] KIJTbKOCTI HAKOITUYEHUX (PParMeHTIB.

1,0E+07
1,0E+06 With interleaving
i
=,
m
o
N 1.0E+05
]
&
A Without interleaving

s - e = = = - -
1

1,0E+03
S TSNV VY WYY G0 0000 0000000 0
OO O O O o000 00 000000 0D 0000 W VW WV VW W W Y
\D("vlW%OPJV\DWOPJW\DOOO'—‘O\F“WM'—‘O\[‘“WM'—‘O\
— o o=t GO O O =l =D 00D e D 00O O
Lan i B B e B e B B e B 2 I A IO N B O ot O A s o I A |
Number of accumulated fragments

Pucynok 3.18 — 3anexnicts po3mipy O0ydepy mam’ari Ass1 30epiranusi pparMeHTis

Bi/Jl IXHBOI KIJIBKOCTI

Takum 4yMHOM, TpolEaypa MEepEMIlTyBaHHS HAKOMMYEHUX (PpParMeHTIB J03BOJISE
BUKOHATH OOMIH MaMm’sITi Ha KUIbKICTh HEOOXIHHMX JJIi BCTAHOBJICHHS CHHXPOHI3MY

arMEHTIB 1, IK HACJIJOK, Ha YaC BCTAHOBJICHHS CEHCY 3B’ S3KY.
9 9 y y
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3.5. CucreMa NMKJI0BOI CHHXPOHI3amil

CTpyKTypHY CXeMy CHCTEMH IIUKIIOBOi CHHXPOHI3aIlll HaBeIeHO Ha PUCYHKY 3.19.

h 4
sl
Yy

10

Pucynok 3.19 — Cxema cucreMu HMKJI0BOI CHHXPOHI3alil HA OCHOBI po3p00JIeHOT0

METOAY 3 BUKOPUCTAHHAM NMPOLEAYPH NepeMilllyBaHHSA

Jlxepeno 1 opMye Ta HUKITYHO TIEpEAE B KaHaJ 3B’ SI3Ky 2 CHHXPOKOMOIHAIIIIO.
[Tpuitmay cuHXpoKoMOIiHAaLli 3 3aMKCy€e B HAKONUYYBad 4 MPUITHATI 3 KaHAITY 3B'SI3KY
2 K -1 ¢parmenTiB no 7 OIT.

Jlnst (pOpMyBaHHsS YTOUHEHHX IIOCHifOBHOCTEH R,, ke[l K], ¢parmentn 3

HakomuuyBada 4 HaAXomATh y OJOK TepeMilryBaHHS S5, A€ iX BUIAJKOBUM YHHOM
NepeMIlIyI0Th, MOPIBHY AUIATh Ha K OJOKIB 1 mepenarTh y OJIOK 6 MaKOpUTapHOI
00pOOKH.

VY Gnoui 6 MaxkopuTapHOi 0OPOOKHU sl KOXKHOTO OJOKY (PparMeHTIB HE3aJIEHKHO

OOUNCIIIOIOTE YTOYHEHY IOCHiNOBHICTE R, , k €[1,K]. Koxen 6ir miei mociigoBHOCTi

OOUYHCITIOIOTh 332 MaXOPUTAPHUM MPUHLMIIOM Ha OCHOBI BIANMOBIAHUX OIT NPUUHATUX
dbparmenTiB. TakuM YUHOM, SKIIO 7 -T1 OITH (PpAarMEHTIB MICTSITh OUIBIIE «OAUHUIIBY, i -
My OITy YTOUYHEHOI MOCIII0BHOCTI MPUCBOIOIOTh 3HAUYEHHS «OJAMHMII, B 1HILIOMY pa3l —
CHYISD.

Jam B Oroni 7 JuIs KOXKHOI YTOYHEHOI MOCHIZJOBHOCTI R, OOYMCIIOIOTH BlICTaHI

XeMMiHTa 10 BCIX LHMKJIIYHUX 3CYBIB CHHXPOKOMOIHAIII1. SIKIIO 7S IKOTOCH 13 3CYBIB IS
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BIJICTAHb HE TMCPEBUINYE 3HAYCHHS d,, =L(d —1)/2J, OpUIMAaIOTh PIIICHHS TPO

BIJIMOBIAHICTh YTOYHEHOT MOCIITOBHOCTI ITbOMY 3CYBY.
3Ha4eHHS  3CyBIB  CHHXPOKOMOIHAIli, 10  BIiAMOBINAIOTH  YTOYHCHHUM

HOCIIIIOBHOCTAM R, ,

HAJIXOIATh y OJIOK 8, i€ BUKOHYIOTh MEPEBIPKY, UM BCl 3CYBH
OJHAKOBI. SIKIO IIe Tak, CHUCTEMa ITMKIIOBOI CHHXPOHI3AIll MpUiMae PIIIEHHS IIPO

BCTAHOBJICHHs CHHXPOHI3My. Y TakoMy pasi, OJIOK 8 IlepeBIPKH Ha BIANOBIIHICT BCIX R,

OJHOMY 1 TOMY X 3CyBy CHHXpOKoMOiHawii Bujae curHan «llomyk CHHXpOHI3MY
3aepmennit» (I13). Moro BianpaBIsAOTE 3BOPOTHHM KAHANOM Ha IeEpeaBalbHY
CTaHINIO, a KaHaJl JaHWX MEPEeXOAUTh 31 CTaHy BCTAHOBIEHHS 3’€IHAHHSA B CTaH
NEPEHECEHHS MPU3HAYEHUX ISl KOPUCTYBava JaHUX.

S0 3HaYEHHS 3CYBIB  CHHXPOKOMOIHAIl, 110 BIJANOBIIAIOTh YTOYHEHHUM

IOCIIZOBHOCTAM R, , HE OJIHAKOBI, apy 3Ha4eHb K 1 / 3MIHIOIOTb, @ 3 KaHAIIy 3B 3Ky B

HaKoMmM4YyBa4 4 JOMATKOBO MPHUMAIOTh (PparMEHTH 1O TOCSATHEHHS iXHBOI KiTBKOCTI
3HaueHHa K -/. Jlami macuB 3 K -/ ¢parMeHTIB 3HOBY J1JISTh BUITAIKOBUM YUHOM Ha K
OJIOKIB 1 TOBTOPIOIOTH YC1 OTepaliii BUSBICHHS CHHXPOKOMOIHAITI.

Uuco HakonuyeHuX (parMeHTiB MOCTIAOBHO 301UIBIIYIOTh 10 JIEIKOT0, 3a3/1aJIET1 b

3agaHoro, mopory [/ (1). Ilomyk CHHXpPOHHOIO CTaHy TpHBa€ ad0 OO 3aBEpIICHHS
max

MPOLIEyPH MOIITYKY, 00 10 BUUEpHaHHs JIMITY 4acy Ha MOIIYK CHHXPOHI3MY. [IJ1st 11b0T0
CHUCTEeMa ITMKJIOBOI CHMHXPOHI3allli MICTHTh JIYWIBHUK YHCIa IUKIIB 9, BXig SKOTO
MIJKJIIOYEHO 10 BUXOAY HakomuuyBada 4, a BUXiJA — 110 Tepiioro Bxomy Osoky 10
KOHTPOJIIO Yacy BCTAHOBJICHHSI CUHXPOHI3MY. Jpyruii BXing 610ky 10 KOHTpoirO ydacy
BCTAHOBJIEHHS CHHXPOHI3MY MIAKIIOYEHO [0 BHUXOAY OJNOKy 8§ TepeBIpKH Ha

BIATIOBIIHICTE OJHOMY 1 TOMY K 3CYBY CHHXPOKOMOIHAMIi 171 BCIX R, IKUM BUBOAUTH

curdain [13. Skio micns 3akiHUEHHS JIMITY 4acy, BIABEACHOTO Ha MOIIYK CUHXPOHI3MY,
HOTO0 HE 3HAMIEHO, TO OJOK KOHTPOJO Yacy BCTAHOBJIEHHS CHHXpOHI3MY 10 dopmye
cUTHaJ «ABapis kaHaimy». [Ipoueaypy mouryKy mpunuHSIOTb.

TexHIYHUM  pe3y/lbTaToM  3aCTOCYBaHHsS  3alpOIIOHOBAHOI  CHCTEMU B
KOMYHIKAIlIfHINA CHUCTEM] € 3MEHILEHHS 4acy CeaHCy 3B'S3Ky Ha BUKOHAHHA (YHKIIii

BCTAaHOBJICHHA CI/IHXpOHiSMy 34 HUKJIaMHU.
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3.6. BucHoBKH

Y TperboMy po3auTi po3pOOJIEHO METOJ IUKIOBOI CHMHXPOHI3allli sl CUCTEM
3B'SI3KY 3 HEPO3AUIBLHUM (haKTOpiaJTbHUM KOJYBAHHSM, KU 32 PaXyHOK BUKOPUCTAHHS
AK CHHXpPOKOMOIHAIlll TEepecTaHOBKH, $Ka BOJOJI€ MAaKCUMaJIbHUM 3HAYCHHIM
MIHIMaJIBLHOI B1ICTaH1 XeMMiHTa BiJ ii JBIMKOBOI'O MPEICTABICHHS 0 BCIX 11 IUKITYHUX
3CYBIB, M&XKOPUTAPHOI 0OPOOKHU MPUIHATHX (PparMeHTIB I BUMTPABIICHHS, B TPUMHATIN
MOCJTIIOBHOCTI, TOMHJIOK Ta KOPEJISIiitHOT 00pOOKHM OTPUMAHOI MOCIIAOBHOCTI HA OCHOBI
AK01 (OPMYETHCS PIIICHHS TMPO BCTAHOBJIEHHS CHUHXPOHI3MY, JO03BOJIE JOCITTH
3MEHIIICHHS Yacy BXOJKEHHS B CMHXPOHI3M 1 MiJBUIIEHHS CTIMKOCTI KOMYHIKAI[iHO1
CUCTEMH B yMOBaX BIUIMBY 3aBaJi BUCOKO1 IHTEHCUBHOCTI.

Po3pobieHo Ta 3acTOCOBAHO aITOPUTM, IO peaiizye po3poOJieHH MeToH Ha
OCHOBI KOPEJSIIHHOT 0OPOOKH .

TexHIYHUM  pe3ylbTaTOM  3aCTOCYBaHHS  3allpOMIOHOBAHOTO  METONY B
KOMYHIKAI[IfHIA CHCTeM1 € 3MEHUIEHHS 4acy CEaHCy 3B'A3Ky Ha BUKOHAHHS (PyHKIIT
BCTAHOBJICHHSI ITUKJIOBOTO CHHXPOHI3MY.

Pe3ynbpTaTi qOCHIIKEHHS CBIAYATh PO TE, 110 3a JOTOMOTOI KOPEJSIIHHOI Ta
MaKOpUTapHOI OOpOOKH po3poOJeHuid MeTod e(EKTUBHO peayli3ye IUKIOBY
CUHXPOHI3AIlI0 B CUCTEMax TEpe/laBaHHs JaHUX 32 HECTIPUATIUBUX IIYMOBUX YMOB.
[Tponienypy BuOOpY MmapameTpiB CUCTEMU CHHXPOHI3allli peasii3oBaHO B MOJIEbHIM

CHCTEMI Ilepe/laBaHHs JJaHUX 3 IMOBIPHICTIO 01TOBOI MOMUIIKH p, < 0.495, IMOBIPHICTIO
NpPaBUIBHOI CHHXpOHi3amii P >0.9997, Ta HMOBIPDHICTIO XMOHOI CHHXPOHI3aIlil
Py <3107

BusiBiieHo, 1m0 MeTOA Ha OCHOBI KOPEJNSIIHHOI OOpOOKHM 3MeHIIye 00csT
OTPUMAaHUX JaHUX, 10, Y CBOIO Yepry, CKOpOUYy€ 4yac, HEOOXiTHUI JJIsT BCTAHOBJICHHS
3'enqnanHs. Lle mpu3BoauTh 10 301IBIIICHHS Yacy MepeaaBaHHs JaHUX KOPUCTyBayva.

Kpim TOro, BUSIBJIIEHO, IO MEpeMilllyBaHHSI HAKOMUYEHUX (PparMeHTIB peanizye

MOJAJNbIIIe 3MEHIICHHS HEOOXIMHOI KITBKOCTI OTpUMaHuX (parMeHTiB IIHOIO
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30UIBLICHHS BUKOPUCTAHHS MaM’sATI Ha mnpuiimaudi. [ HaBegeHOro MNpuKIaLy 3

IMOBIPHICTIO... p, =0.495, CEPEHIO KUIBKICTh HAKONMYEHNX (PPArMEHTIB 3MEHILIEHO 3

15667 no 11 060 bparmeHTiB.

Po3po6ennii MeTo1 MKIOBOI CUHXPOHI3allli Ha OCHOBI KOPEJNALIiHOT 00poOKU
Moxe OyTH e(heKTUBHO pealli30BaHUM y CHCTEMax, SKI BUKOPUCTOBYIOTh HEPO3IiIbHE
dakTopianbHE KOAYBaHHS, ajle€ HE OOMEXKYEThCS UMM cucTeMaMu. [loTeHuiiHuM
3aCTOCYBaHHSM METOJY UMKIOBOI CHHXpPOHI3allli Ha OCHOBI IE€PECTAHOBKU €
HEOPTOroHaJbHUNM MHOXUHHMK goctyn (NOMA) [115], [116], [117], sxuii €
NEPCHEKTUBHUM METOJIOM PaJloA0CTyny B O€3ApOTOBUX KOMYHIKAIIIX HOBOIO
HOKOJIIHHS, 30KpeMa B KOHTEKCTI [HTepHET pedei.

OcCHOBHI pe3yJibTaTU AOCIHIKEHHS Ta PO3pOOKH MEeTOay OmyOJiikoBaHO B [65],

[66].
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4. METO JOCTOBIPHOI'O IIEPEJABAHHS IIEPECTAHOBOK Y
CUCTEMAX 3B’A3KY 3 HEPO3IJIbBHUM ®AKTOPIAJIBHUM
KOAYBAHHAM

4.1. Beryn

Y TperbomMy pO3aUTI JOCTIIKEHO METOH ITMKIOBOI CHHXPOHI3aIlli i CHCTEM
3B'A3KY 3 HEPO3AUIBHUM (PaKTOpiaIbHUM KOTYBAaHHSIM, Y SIKOMY CHHXPOKOMOIHALIIEIO €
MepecTaHoOBKa, B SKIA MiHIMalbHA BIJICTaHb XEMMIHIa 10 BCIX il HHUKIIYHUX 3CYBIB €
MaKCUMAaJIbHOI0. Pe3yibraTi TOCHIIKEHOT0 METOLy CB1IYaTh Mpo Te, 1110 3a JIOTIOMOTOI0
KOPEJSILIMHOI Ta MaXOpUTapHOi OOpOOKH  3ampONOHOBAaHUN  METOJ  ITUKIIOBOI
CUHXPOHI3aIl1 ePEeKTUBHO peallidye UKJIOBY CHHXPOHI3AIlI0 B CHCTEMaxX MepeaaBaHHs
JAaHUX 3 KOPOTKUMHU IMAKETaMH 32 HECTIPUSATINBUX IITyMOBHX YMOB.

O4eBUIHO, IO OJJHUM 13 TOJIOBHUX MTPU3HAYEHB Oy/Ib-5KO1 KOMYHIKAI[ITHOT CUCTEMHU
€ Ge3rocepeIHkO nepenaya KopucHoi iHdopmallii (JaHuX KOpUCTyBaya) 13 3a0e3MeYeHHIM
il nuticHocTi Ta 3axucty. Llg pobora po3misnae CUCTEMHU 3B’SI3KY 3 HEPO3AUIBHUM
dakTopiaJbHUM KOTYBaHHSIM Ta X BUKOPUCTAHHS B CEPEIOBHINAX 3 3aBaJlaMU BUCOKOT
IHTEHCUBHOCTI. TOMYy OJHI€IO 3 3a/la4 AMCEPTALINHOIO OCTIIKEHHSI € po3poOKa Ta
BUBYCHHS METONy JIOCTOBIPHOTO TIEpEAaBaHHS KOMOBUX CJiB  HEPO3IIILHOTO
(bakTopiaTbHOTO KOy — MEPECTaHOBOK — 3@ BUCOKOT KMOBIPHOCTI BUHUKHEHHS TTIOMUJIOK Y
KaHaJi.

VY dyerBepTOMYy pO3AUII TMPEACTABICHO PE3YIbTaTH PO3POOKH Ta JOCIHIIKCHHS
JIOCTOBIPHOTO METOMy TepelaBaHHs TEPEeCTaHOBOK KaHajaMH 3B'S3KYy 3 1MOBIPHICTIO
01TOBO1 MOMMIKH, Onu3bKkor0 10 0,5. Takuil TeXHIYHUN pe3ynbTaT 3a0e3MeUeHO 3aBAsSKU
BUKOPHCTAHHIO IUKJTIYHUX 3CYBIB MEPECTAHOBKU-HOCIS IS TIPEACTABIICHHS (KOTyBaHHS)
KOXKHOTO €JIEMEHTa TIepPeCTaHOBKH, IO IepenaeThes. llepecraHoBka-HOCIH Mae
MaKCUMaJIbHE 3HAYE€HHS MIHIMAJIBLHOI BIJCTaHI XE€MMIHra Bif 11 JIBIMKOBOIO
MIPEJICTABICHHS IO BCIX 11 IUKIIYHUX 3CYBIB. MaxopuTapHa Ta KopelsiiiiHa oOpoOka
(dbparMeHTiB, OTpMMaHUX 3 KaHaJy »3B'SI3KY,  JIO3BOJIIE peaii3yBaTh JIOCTOBIpHE

MepCaaBaHHA IICPCCTAHOBOK B YMOBaxX BUCOKOIHTEHCHUBHUX KaHAJILHUX 3aBan.
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4.2. Onuc meTony

Meton OCTOBIpDHOTO TIepelaBaHHS IEPECTaHOBOK Y CHCTEMaxX 3B’S3KYy 3
HEPO3IUTHbHUM (DaKTOpiabHUM KOAYBaHHSIM Mepeadadae HACTYIHI eTamu:

1)  nmepenaBau MOCIAOBHO BUJIAa€ B KaHAJ 3B'A3KY [IEPECTAaHOBKY W NOBXKUHOIO

N, iMeHOBaHy clOBOM. KOXKeH €JIeMEHT IepEeCTaHOBKHM, IMEHOBaHWH JiTepor L.,

1< j <N, € HUKIIYHUM OITOBUM 3CYBOM I€PECTAaHOBKH 77 JOBKHHOIO M , 10 BOJIOIE

MaKCHUMAaJIbHUM 3HAYEHHIM MIHIMAJIbHOI BiJIcTaHl XeMMIHra BiJ 11 77 -O1THOTO ABIMKOBOTO
MIPEJICTABICHHS 10 BCiX 11 MUKIIYHUX 3CYBIB (Hampukiam, s .M =8. mepecTaHOBKa

T= (000,001,1 11,011,010,101,100,1 10) ). O4eBuaHO, MO0 KUIBKICTh IUKIIYHHUX 3CYBIB

NEPECTAHOBKM 77 Ma€ OyTHM HE MEHIIMM 33 JOBXKHHY TNepecTaHOBKH W : n>N.
[Tpouenypi nepenaBaHHsl AaHUX IEpEAye MPOLEAypa BCTAHOBJICHHS CHHXPOHI3alli 3a
JITEpaMu, HAIPUKJIIAJ, TaK, K 3alPONOHOBAHO B TPETHOMY PO3LIL;

2)  JUId KOXHOI JITepu NpuiiMay HAKONM4Yye MPUNHATI 3 KaHaIy 3B'SI3Ky /
¢dbparmeHTiB o 7 OiT;

3) JUTS1 KOYKHOI JIITEPU HE3aJIeKHO OOYUCITIOETHCSI YTOUHEHA TTOCITIIOBHOCTEN R,
, J € [1, N ] . KoxkeH 01T 111€1 MOC11I0BHOCTI OOUUCITIOETHCS 32 MAKOPUTAPHUM TTPUHIIUIIOM

HA OCHOBI BIAMOBIIHUX OIT MPUHHATHX (parMeHTIB. TakuM YMHOM, SIKIO I -T1 OITH
(dparMeHTIiB MICTATh Oulbllle "OAWHULIB", i-My OITy YTOYHEHOI MOCI0OBHOCTI
MIPUCBOIOETHCS 3HAYCHHA "OAMHMII'", B 1HIIIOMY pa3i - "Hyms";

4) JUTSI KOYKHOT YTOYHEHOT ITOCIT1 TOBHOCTI R, 0OYHCITIOIOTHCS BlACTaHl XeMMIHra

JI0 BHKOPHCTOBYBAaHHUX JDKEpesoM JiTep. SKIIO 10 SAKOICh 13 JiTep I BIACTaHb HE

TIePEBUIIYE 3HAUYCHHS d,, =L(d —1) / 2_', J -My CHMBOJY ClioBa W BCTaHOBIIOETHCS Y

BIJIITOBITHICTB 114 JIITEPA;

5) saxmo BCi mocmimoBHocTi R, j€[l,N], Bianosimzaote pizHIM

BUKOPHCTOBYBAaHUM JIXKEPEJIOM JIITEpaM, TOOTO MPUIHSTE CIOBO € MEPECTAaHOBKOIO LIUX
JiTep, 1 1151 IepeCTaHOBKA BUKOPUCTOBYETHLCS HKEPEIIOM, CJIOBO BHJIAIOTh CITOKMBaYeBi. Y
1HIIIOMY BHITaJIKy TMOBTOPIOIOTHCA BCI Orepalii po3i3HaBaHHs CJIOBA, NOYMHAIOUU 3 1. 2

bOTO CITMCKY,
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6)  YKWCIIO HAaKOMUYEHHX (ParMeHTIB MOXKE MOCIITOBHO 30UIBIITYBATUCS 0

JESAKOTO, 3a3/aJI€T1 /b 3aIaHOTO nopora /. SIKIIo Miciis JOCATHEHHS 1IOTO MOPOra CJI0BO

HE PO3IMi3HAHO, NPOIEaypa MPUUMaHHS 3aBEPIIYEThCS, a HA BUXIJ CHCTEMH BHJIA€THCS
curHan "ABapis kaHamy".
KonoBi ci1oBa Hepo3111bHOTO (PaKTOPiaTLHOTO KOTy HaJIeXKaTh ITIAMHOKHUHI Oe311141

NEPEeCTaHOBOK {77} MOBXMHM M , CHMBOIM SKHX KOXYIOTECS PIBHOMIPHHM JIBiHKOBHM
KOJIOM 3 JIOBKMHOIO KOJJOBOI KOMOIHAMII /, = flog2 M _| [63].

[TosicHroBaTH TpUHIMI NMOOYIOBM CHUCTEMH HAIIMHOIO mnepenaBaHHs OyleMo Ha
MPUKIAJl BAKOPUCTAHHSA IMEPECTAHOBKU 77 AOBKUHU M =8 (MOCHITOBHOCTI AECATKOBUX

cuMBoIIiB MHOXHHEH {0,1,2,3,4,5,6,7} ).

KoxxeH cuUMBON 11i€i MHOXWHM KOLY€THCS PIBHOMIPHUM JBIMKOBUM KOAOM 3

I, =[log,M |=3 (n=M -1 =24), HanpuKaJ, K NOKa3aHO B Tabmmi 4.1,

Tabnuis 4.1 — Cxema KoyBaHHSI CHMBOJIIB EePECTAHOBKHU
JlecsITKOBUI 3aIuc o123 |4|5]6]|7

JIBiiikoBuUi 3ammc 000{001|{010|011{100{101|110/111

To3naunmo yepes 7, (/) WAKITIYHMIT 3CYB IEPECTAHOBKH 7, BIiBO Ha j OiT, a uepes

d,; — BIACTaHb XEMMIHTa BiJl IEPECTAHOBKY 7, 10 1i HUKIIIYHOTO 3CYBY 7, ( j ) , TIpU [ILOMY

0<i<M!-1,1<j<n-—1.Hexaii d, :mjin(d,.j), a d:m?x(di)zmax(m]in(d{j)).

]

Busnavenns 4.1. Jlimepoio L, Oyoemo Hazusamu YUKIiYHUIl 3CY8 7rl.( j) maxoi
nepecmamosKku r,, 6 AKoi eiocmani XemMMminea 00 6Cix ii YUKAIYHUX 3CY6i6 He MeHwi 3a d :
vd, >d.

3ayBaxenns 4.1. V yvomy po3oini 6 mooenvromy npuxnaoi ons oopmysanms iimep

L, oyoemo BUKOPUCMOBYBATNU nepecmanoexy

T, = {0,1,7,3,2,5,4,6} = {000,001,1 11,011,010,101,100,1 10} , OMPUMAH) 6 mMpPemboMy

PO30IL.
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Busnauenns 4.2. Crosom W 0yoemo nasusamu nepecmanogky aimep L.

3ayeasicennsn 4.2. J[na popmysanns cnosa W moscyms Oymu 6uKopucmaui 6ci abo

vacmuna nimep L. Kinekicmo nimep y cnogi eusHavae 1o2o 008H#CUHY, AKY 0y0emo
nosnavamu yepe3 N, N <n. Biocmanv Xemminea mixc L i L, 0yOemo nosnavamu yepes

d..

J
3aysasricennn 4.3. YV ypomy po3oini 0na moodenvHo2o npuxkiady 3 M =8 cnoeo W

6yoemo popmysamu 3 23 nimep L, 1< j<23.

s niosuwenns NOCTOBIPHOCTI NMPUMHATUX J@HUX BHUKOPUCTOBYBAaTHMEMO iX
MaXOpUTApHY 1 KOpeJsIiiiHy OoOpoOKy, SK 1€ peai30BaHO B METOMAl ITMKJIOBOL
CUHXpPOHI3aI[l1, IPEICTABIEHOMY B TPETHOMY PO3ALIIIL.

MaxxoputapHa o00poOka mnependadae Oaratopa3oBe IOBTOPEHHS CJIIOBa Ta
HAKOMUYEHHS pe3ynbTaTy ioro npuitomy. Koedimient Hakonuuenns [ =3,5,7... 10piBHIOE
qyuchy moBTopeHux cmiB. [IpuitmMau Hakommdye ¢parMeHTH AaHuX. JIOBKHHA KOXKHOTO
dbparMeHTa JOpIBHIOE NOBXKHHI CioBa. 3a oTpuMaHuMHU [ ¢dparmMeHTaMu (QOpMy€eThCS

MOCTTiOBHICTh R, MO CKJIA/Ia€Thes 3 N MOCTiIoBHOCTEH R, j € [1, N]. HoBxuHa KOKHOT
MOCIIIOBHOCTI R,  JIOpiBHIOE JIOBKUHI Jtitepd. KokeH OIT mocmifoBHOCTI R

OOUHCITIOETHCST 32 BIJIMOBIAHUMH OiTaMu TNpUMHATHX (PparmeHTiB. Skimo i-1i OiTH
(dbparMeHTIB MICTATh OUTbIIIE TBINKOBUX «OMUHUIILY, [ -Uid OIT MOCTIIOBHOCTI R HalyBae
3HAYEHHS «OAUHUIN, IHAKIIIE — «HYIISD.

Kopemnsmiitna oOpoOka nependadyae 0OYMCICHHS BiJIcTaHEH XEMMIHra BiJ KOXKHOI

MOCTiAOBHOCTI R, j €[1,N], 10 BCiX BUKOPHCTOBYBAHHX MEPENATIMKOM JIiTep. SIKIIO 10
SKOICh 13 JTep I BiACTAaHb HE TEPEBHINY€E 3HAYCHHS d, = L(d — 1) / ZJ, s JIiTepa
BCTAHOBJIIOETHCS Y BIJMOBIHICT TTOCITIIOBHOCTI R;.

Jis  MOAENBbHOTO TPHKIALy BifAcTaHI XeMMIHTa MDK IEepPeCTaHOBKOIO

T, ={0,1,7,3,2,5,4,6} Ta ii OITOBUMHU IUKJIIYHUMU 3CyBaMH He MeHIe d =12. 3Biacu

d

lim

=5.
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SIKIIIO0 KOKHIA 13 TOCHIIOBHOCTEN R, j e[l,N ], BIJINOBIJIAIOTH Pi3HI JITEPH

JDKepena, TPHUUHATE CIOBO € TMEPEeCTAaHOBKOI IMX JiTep, 1 I IMepecTaHOBKa

BHKOPHUCTOBYETHCA MKCPCIIOM, CJIOBO BUAAECTHCA CITOKMBAYECBI.

4.3. IMOBIpHiCHI NOKA3HUKHU PO3MI3HABAHHS CJIOBA
IMOBipHICTH 61ITOBOT MOMIWIKHM B YTOYHEH1# MOCTIAOBHOCTI R MiCIs MaKOPUTAPHOI

00poOKH / (parMeHTIB, IPUHHATHX 3 KaHATy 3B'3Ky 3 KMOBIPHICTIO O1TOBOI IOMUIIKH p,
, TOPIBHIOE
* ! i 1-i
Py = Z C/po(l_po) . (4.1)
i=(1+1)/2
Y pazi, komu [>1027, s 3HAXOIKEHHS p; JOIIBHO ~ CKOPUCTATHUCS

anpokcumaitiitHoro popmyioro (3.2).

4.3.1. ImogipHicmb npasuibHo20 Mma XUOHO20 PO3NI3HABAHHSL C/LOBA

IMOBIpHICTh TIPABMJIBHOTO PO3IMI3HABAHHS JITEPU BU3ZHAYAETHCS HMOBIPHICTIO
NIOSIBU B YTOYHEHIH MOCIIAOBHOCTI 10 d, =~ (BKIIOYHO) IIOMHUJIOK:

d/im

_ " £\V % \n—V
PL_true _ch (pO) (1_p0) . (42)
v=0
[IpaBwibHE po3Mi3HABAHHS CJIOBA JOBKHHU N BiIOyBa€ThCS TOJI 1 TUIBKU TOI,
KOJIM BC1 N JiTep po3Mi3HAHO MPaBUIILHO. IMOBIPHICTH 11€T MOIT
N
PWitrue :(PLitrue) ° (43)

I'padixu PW_m(l ) JUIS  aHAJII30BAHOTO  MOJENBHOIO  IpHUKIany 3

7,={0,1,7,3,2,5,4,6} Ta N =23 3a pi3HUX 3HAYCHb p, NPEACTABICHO HA PUCYHKY 4.1.
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1.0E-02 ]
1.0E-05
1.0E-08
1.0E-11
1.0E-14
1.0E-17
1.0E-20
1.0E-23

Probability ofreceiving a word correctly

1,0E-26
1.0E-29
1,0E-32
1.0E-38 p0=0.43  ===—=p0=0.45

1,0E-41
1,0E-44

Lo T = T o T e LT T = R o T e B T = o s T e L T R T e B T = R o T

(a2 B N el = R o B Yo T o R T S o T B A T~ . =T s T T < o e T o T " I o e

L B I B o e I I o s TR T T - A S L S T A T T B s Bt

Accumulation factor

1.0E+00

1.0E-04
1.0E-08
1.0E-12
1.0E-16
1.0E-20
1.0E-24
1.0E-28
1.0E-32
1.0E-36

—p0=0,475

Probability of receiving a word correctly

1.0E-40
1.0E-48
p0=049  ====p0=0,495
1,0E-52
1,0E-56
L B AR s e At B 2 DL S = e B T T T i O e T I il e T B o T T e I e T T I i o I
o MO Ch D O W 00 W 0D W == -0 ~ O om0 OO ol 'O
v—|1—|v—|f“lf“lf“l"1"'}"’!V!‘:FV!'V]V]V]\Og\OFFFGOGOGOGOO\O\O\

Accumulation factor

Pucynok 4.1 — I'pagdiku 3aJ1e:xkH0CTEli iMOBIPHOCTI NPABWJIBHOTO PO3MI3HABAHHS

CJ10Ba BiJ koedilicHTa HAKONMUYEHHS ISl PI3HUX iIMOBIPHOCTEl 0ITOBOI MOMUWIKH

Buxozasuu 3 XxapakTepy HaBEICHHX Ha PUCYHKY 4.1 3anexHOCTEH, 11 JOCATHEHHS
3ajaHOi MMOBIPHOCTI TPaBWJIbHOI CHUHXPOHI3alli KOe(DIIEHT HAKOMMYEHHS MOXeE

3MIHIOBAaTUCh y IIMPOKMX Mexkax. Tak, mna pgocsrmenHs B, ,  >0.999 3a p, =0.1

_true
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HeOOXiHUI KoediuieHT HakonuyeHns [ =3,3a p, =03 —[=21,3a p, =0.45 — [ =363,
asza p,=0.495 — [=36413. Tomy nponoHOBaHUH y IIbOMY PO3IUI MIAX1A 10 OOPOOKH

JaHUX Tependavyae MOCTYIOBE HAKOMUYCHHS MPUHHIATAX 3 KaHATy 3B'SI3Ky (parMeHTiB
JTOBKHHHM 71, 1X MaXOpUTapHy OOpPOOKYy 3 TOJAJbIIOK OOpOOKOI JTep 1 CIIB.
MaxkcumanbpHe 3Ha4eHHS Koe(illieHTa HAKOMWYCHHS [ BU3HAYAE€THCS MAKCHMAJILHUM
3HAUEHHSIM HWMOBIpPHOCTI OITOBOI IMOMIJIKH, HAa Ky PO3paxOBaHa CHCTEMa TepeaaBaHHS
JaHUX, 1 TAKOXK 33JIaHOI0 MIHIMQJIBHOIO HMOBIPHICTIO O€3ITOMIIIKOBOTO TIPUIOMY CJIOBA.

[Tig yac cTBOpEHHS CHCTEMH TepefaBaHHS HEOOXiJTHO BPaXOBYyBaTH MOXKIUBICTH
MOSIBM HEBUSIBJIICHOT IIOMUWJIKH Y IPUMHATOMY CJIOB1. BUBHAYMMO 1110 MOXKJIUBICTb.

Teopema 4.1. Imosipnicms noMunko8020 po3nisHaeanHs rimepu

Nl J vt o\ ()
By fuse :Zl: LW, - dZ:d C;j Zo C;de(po) (l_po) . (4.4)
J= V=a;=djp W=

de LW, — inOuxamophuil Koegiyienm, wo 6Ka3ye Ha npunanexchicmo iimepu L,
NIOMHOJCUHL Jimep, 3 K020 opmylomecst crosa. Axwo L, eukopucmogyemvcs Ons
popmysanns crosa, LW, =1, 6 inwomy sunaoky LW, =0.

Jloseoenms.

Jlnst moBesieHHS 1€l TEOPEMHU CKOPHUCTAEMOCS IT1IXOA0M, BUKOPHCTAHOMY ITiJT Yac
JIOBEJICHHS TeopemHu 3.3.

IMOBIpHICTh MOSIBU B YTOUHEHINM MOCTIAOBHOCTI R TOMWJIKH, IO MPU3BOIUTH 10
XMOHOTO pO3Mi3HABAHHS JITEPU, JIOPIBHIOE WMOBIPHOCTI BUHUKHEHHS B YTOYHEHIN
MOCIIIIOBHOCTI R Oy/ib-SIKOTO 3 BEKTOPIB MOMMJIKH, 110 NEPEBOAUTH JITEPY B Oynb-SKy
1HIITY 3 PEIITH, K1 BAKOPUCTOBYIOTHCSA 17151 popMyBaHHs ciioBa, N —1 jiTep 3 TOYHICTIO 70
d,, OIT.

Haranaemo, mo d I BiZicTaHb XEMMIHIa B JIiTepHu L, 10 jaitepu L ; (IUKIIIYHOTO
3cyBy L, Ha j 0iT). Toni moMuiika epeBOAUTSH JITEPY L, B il HUKIIYHUN 3CyB L_ ;» AKIIO

BOHA MICTHTB V MOMUIIOK B d; 0iTax, B SIKMX Iii IIOCIIZOBHOCTI BIAPI3HSIOTHCS, IPHIOMY
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d,—d,, <v<d,. Kpim Toro, B iHmmx (n—d ].) 0iTax MOXJIMBA MOsiBa 1ie W OITOBUX

MOMUJIOK, TIpudoMy 0 <w <y — (dj -d,, ) .

IMOBipHICTH 3a3HaU€HOT MOI:

3 () (7

N-1 ;
B e =2 LW, v-d,+dy, . (4.5)
L_ fal IZ_:‘ J v_djzc[”m o dZ:d C;V_d/(po) (1 p;)nd —w
w=0

I'pymyroun MHOKHUKH B (4.5), oTpuMaeMo ¢GhopMylly 3HAXOMHKEHHS WMOBIPHOCTI
XHOHOTO po3mi3HaBaHHs Jitepu (4.4). Teopemy dosedero.

3ayBaxxenus 4.4. /(11 nepecmanoexku 7, = {000,001,1 11,011,010,101,100,1 10} 3

d

lim

=35, AK NOKA3aHO 6 mpemvbomy pos3oini, snawenns d; =12 sycmpiuaiomocs 6 19
eunaoxax, suauenns d, =14 sycmpiuaiomecs y 060x eunadkax i snauenns d; =16

3YCMpiNaiomovcs  maxoxc y 080x eunaokax. 100i eupaz (4.4) oOna 3a3nauenoi
nepecmano6Ku 8 pasi BUKOPUCMAHHSL 051 (hOPMYBAHHS CLO8A 6CIX i1 24 YuKATUHUX 3C)6i6

Habyode mako2o 8uznsioy:

L_ false _19ZCIV2(ZC£( *)V+W( p;)24—v—w]+
+zzc:4(m< D) S S ) 0

v=l11 w=0

(4.6)

VY pasi BukopucTaHHs ajisi popMyBaHHS C0Ba 23 MUKIIYHUX 3CYBIB IEPECTAHOBKU

= {000,001,1 11,011,010,101,100,1 10} IMOBIPHICTh XHMOHOTO PO3II3HABAHHS JITEPH

MO>KHA OLIIHUTH 3BEPXY TaKHUM BHPA30OM:

oSS -
+22 C1V4(Z ca(p) (1= p ) W] +chv6[vzncw( ) p;)z“-v—w}

v=I1

(4.7)

VY pasi BukopucTaHHs i1 GOPMYBaHHS ClIOBa MOBUIbHOTO umcna N, 2<N <n,

LUKJIIYHUX 3CYBIB IEPECTAHOBKU 7T, = {OO0,00I ,111,011,010,101,100,1 10} HMOBIPHICTD

XUOHOTO PO3ITI3HABAHHS JITEPU MOXKHA OLIHUTU 3BEPXY TAKUM BUPA30M:
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12 v v+w «\ 24—v—w
PLJalse S(N_I)Z‘,sz Z(;Cg (p;) (1_P0)24 . (4.8)
v=T7 w=l

3ayBa:xxennsi 4.5. [1i0 yac 6UKOHAHHS YUCETbHUX PO3PAXYHKIG OJisl UMOBIDHOC

XubH020 posnizHaeanHs Jnimepu P, Y  MOOEIbHOMY NPUKIAdi Ybo20 pPO30LIY

_ false
suxopucmano gopmyny (4.7).
Teopema 4.2. [mogipricmsb XubH020 pO3NI3HABAHHS C108A
N J

N ) »
PWifalse = ZCK/ ]I;[_‘f 11 ) '] ) IDL]\in{ue s (49)
Jj=2 -

) . .
de lj= J!ZT! — cyoghakmopian wucia j .

i=0
Jloseoenms.
IMOBIpHICTh TOSIBU B CIIOBI MOMWJIKH, IO TPHU3BOJUTH [0 XUOHOTrO MHOTO
pO3Mi3HaBaHHSA, JOPIBHIOE WMOBIPHOCTI MEPECTAaHOBKU JIBOX a00 OLIBIIE JITEP Y CIIOBI.
Pemra nmitep mpu 1pOMy pO3Mi3HAIOTBCA 0€3 MOMUIIOK. Toal MMOBIPHICTH XHUOHOTO

p03Hi3HaBaHHSI CJIOBa

jo L _true >

N
PWiﬁzlse = ZCJJ\./Pderi_'PN_j (4 10)
Jj=2

ne P

Yer HMOBIpHICTh MOSIBU TOMMJIKM, IO NPU3BOAUTH JI0 IEPECTAaHOBKU O€3

HEPYXOMHX TOUOK j JITEpP y CJIOBI (MIMOBIPHICTH O€371aay 3 j JITED).
L1 IMOBIpHICTh BU3HAYAETHCA TAKUM YMHOM. IMOBIpHICTH TpaHCchOpMallii JTITEPH B

PL _ false

MEBHY 1HIIY JITEpy MIAMHOXHWHH JIITEP CJIOBa JOPIBHIOE . Kinpkicte Oe3najiB

JOBKUHU JOpiBHIOE cyOdakTopiany ! ;. Tomi iMOBIpHICTD O6e35axy 3 j JiTep JOPIBHIOE

p j
% -1j. IlincraBnsiroun mei Bupas y (4.10), orpumaemo Gopmyity 3HaAXOIKESHHS

HMOBIPHOCTI XUOHOTO po3Mi3HaBaHHA coBa (4.9). Teopemy dosedeno.

IlizicTansitoun Uisk MOJIENBHOTO TIPUKIIALy OLIHKY 3Bepxy £, ... 3 (4.7) B (4.9),

OTPUMAEMO OLIHKY 3BepXy s B, I'padixu ominox B, false(l ) U PO3IIISTHYTOTO

_ false*
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MozensHoro mpukiaxy 3 7, ={0,1,7,3,2,54,6} i N=23 3a pisHuX 3HaYCHb p,

MIPEICTABIICHO HA PUCYHKY 4.2.

1.0E+00
1.0E-05
1.0E-10
1.0E-15
1.0E-20
1.0E-25
1.0E-30
1.0E-35
1.0E-40
1.0E-45
1.0E-50
1.0E-55
1.0E-60
1.0E-65
1.0E-70

Probability of receiving a wrong word

o W R
= = i O WO -~ Oy

103
109
115
121
127
133
139
145
151

Accumulation factor

1.0E-05
1.0E-07
1.0E-09
1.0E-11
1.0E-13
1.0E-15
1.0E-17
1.0E-19
1.0E-21
1.0E-23
1.0E-25
1.0E-27
1.0E-29
1.0E-31
1.0E-33
1.0E-35

e PO=0.47 e pO=0 475
—0=).48  m—0=0 485

e PO=0 49 e ) =0 495

Probability of receiving a wrong word

601
64
681
72
761
801
841
881
921
961
1001

Accumulation factor

Pucynok 4.2 — I'pagiku 3asexHocTeii iMOBIpHOCTI XMOHOTO PO3MiZHABAHHS CJIOBA

Bi KoedinieHTa HAKONUYEHHS VISl Pi3HUX iMOBIPHOCTEH 0iTOBOI MOMMIIKH
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Bapro 3a3HaunTH, 1m0 BCi HaBeAeHI Ha PUCYHKY 4.2 rpadikd MarwTh TOUYKH

MakcumyMmy. Lli TOUKM BIAMOBIAIOTH PI3HUM 3HAYEHHSIM KOe(illleHTa HAKOMUYEHHS [ .

MaxkcumasbHi 3Ha4eHHs [, false(l ) s p, < 0.495 naseneHo B Tabimumi 4.2.

3ayBa:keHHS 4.6. s DO3NAHYMO20 MOOENbHO20 NPUKIAOY

Py e (1)£1.26580-107 ons VI npu Vp, <0.495.

Tabmans 4.2 — MakeumadbHi sHauenns £, . (7)

D 0.1 0.2 0.3 0.4 0.43
max (B, .. (1)) | 2.53101-10" | 3.44773-10° | 1.03869-107 | 1.24529-107 | 1.26329-10”
2 0.45 0.47 0.475 0.48 0.495
max (B, .. (1) | 1.26568-107 | 1.26569-107 | 1.26577-107 | 1.26578-107 | 1.26580-107

3ayBaxenns 4.7. Bupazu (4.3) ma (4.9) susnauaroms imoipHocmi npasuibHo2o ma
XubHO20 pPO3NIZHABAHHA CO6A Ol OKPEeMO20 eKCHNEepUMEHMY 3 (DIKCOBAHUM 3HAYEHHAM

Koeghiyicuma HaxonuuenHs | ma He 8paxogyoms npoyeodypy Nociio068H020 30inbuier s |

4.3.2. OyinKu CcymapHux iHMepsaibHUX IMOBIPHOCMEN NPABUILHO20 U XUOHO20

PO3NI3HABANHS CNO6A
OuiHUMO CyMapHi iHTepBaJIbHI HMOBIPHOCTI TIPABHIILHOTO (PW_m_ﬁnal(l )) T2
XHOHOTO (ow rase gt (1 )) PO3Mi3HABaHHA CJIiB 32 (PparMeHTaMH.

Hexait momis A(z’ )Z{anﬁMaq HE PO3IMi3HAB CJIOBO JIJISl BCIX j <i HAKOMHUYCHHX
dbparmenTiB}. [HmMMH croBaMu, MOMis A(i) — 1I€ HAKONHMYEHHS NpuiiMadyem I
¢bparmenrtiB. [To3Haunmo Takox yepes B (z’ ) MOJI1F0 TIPABUJILHOTO PO3Mi3HABAHHS CJI0BA 32
i Qparmentamu, a depes C(i) — momilo XMOHOTO PO3Ii3HABAHHS CIOBA 33 i

dbparmentamu. KpiM TOro, 1 miAXoay 3 MOCHIAOBHUM 30UIbIIEHHAM KoedilieHTa

HaKOMTUYEHHS D(l):UB(i) MO3HAYUMO  4Yepe3 D(l) MO0  TPAaBWILHOTO

i</
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po3mi3HaBaHHA cioBa 3a Vi</ ¢parmeHramu, a uepe3 FE (l ) — MO0 XUOHOTO
po3mi3HaBaHHA cioBa 3a Vi </ ¢parmeHTamu.
[Homis D(l ) € 00'eJTHAHHSM YCIX MOJiM MPaBUIILHOIO PO3Mi3HABAHHS CIoBa 3a i </

dbparmeHTamu:

D(1)=B(i). (4.11)

i<l
IMoBIpHICTB mOAIT D(Z ) :

P(D(1)) :P(UB(i)j. (4.12)

i</
3ayBaXkKMMO, 110 P(D(l)) :P(UB(i)j > P(B(i)) s Vi <[. OcKilbKM 3rifHO 3
i<l
pucyHkom 4.1 P(B (1)) MOHOTOHHO 3pOCTa€ 3a i, JJIs1 OUIbII TOYHOI OI[IHKU 3HU3Y

P (D(l )) JOTIUTPHO BUOpAaTH MaKCUMallbHE 3Ha4eHHS P (B(i )), i <[. llum 3HAUCHHSIM €

P(B(l)). 3 ypaxyBaHHSIM TOTO, III0 P(D(l)) =By e fina (l) i P(B(i)) =P (l) , Ma€

W true

MICIIE OLIIHKA

PW_true_ﬁnal (l) 2 PW_true (Z) (413)
Ilomia E (Z ) € IU3'FOHKTUBHUM 00'€THAHHSIM YCIX MOJIA XMOHOTO pO3Mi3HaBaHHS

cioBa 3a i</ (QparMeHTamM, MOMHOXEHUX Ha IOl HAKOMHUYECHHS MpUiiMaueM i
dbparMeHris:
E()=]1c()-A(). (4.14)
i<l

ImoBipHIicT HOAIT E (Z ) ;

P(E(1))= P(HC(Z’) : A(i)j. (4.15)
Ockinbku niofii C (i ) . A(i ) y Bupasi (4.14) HecymicHi,

P(E(l))= P(HC(:’) : A(i)j =Y P(C(i)-4(i)). (4.16)

i</ i<l
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Ockinbku P(C(i)-A(i))SP(C(i)) s Vi<l, a P(E(l)):PWiﬁzlseiﬁnal(l) i

P(C (i )) =By e (i ), CIIPAaBE/IIMBA OLIIHKA

PWifalseiﬁnal (Z) < ZPWiﬁllse(i)‘ (417)

i<l
JJIs pO3DIIHYTOrO MOJIEIBHOTO TPHKIATy HAaBEIEMO Ha PUCYHKY 4.3 Tpadiku
3anexkHocTterd  omiHok (4.13) 1 (4.17) iMOBipHOCTEH MPaBUIBLHOTO Ta XWOHOTO

PO3IMi3HAaBaHHSA CJI0Ba BiJ] KIIBKOCTI HAKOIIMYEHUX (hparMeHTiB / .

PTT'_n'rJe_ﬁmf (’) PTT'_fane_ﬁmF (.’)
1.0E+00 4.0E-04
Q_OE_OI — . T T T . 4 3 SE.O_{I
8.0E-01

3.0E-04
7.0E-01 !

5E-
6.0E-01 U 2.5E-04
!
5.0E-01 (] 2.0E-04
4.0E-01
— RT'_n'ue_ﬁmf ("?) 1,5E-04
3.0E-01

1.0E-04

2,0E-01
—-—— Pﬂ'_ﬁrfse_ﬁmf (I)

5 -05
1,0E-01 5.0E-03
0,0E+00 0,0E+D0

L T e B A e B T e B T R T e S T o I T e B T o R T i B B R T e B B )
— o W - 00O o)W 00 Oy Wi 00 Oy — o W00 O
[ B = e B o BT I e R B T T e R ol B o [Fe BTN B N sl N s BTSN e Ao |
— a0~ O M O WD T OOy D e

e T B BE BB B o B B B B o o B B B B A

Number

o

faccumulated fragments

Pucynok 4.3 — I'padiku 3a;1e:xkH0CTEl OLIHOK iIMOBIPHOCTEH NPABUJIBLHOIO i XMOHOIO

PO3Mi3HABAHHA CJI0BA Bijl KUILKOCTI HAKONU4eHUX parMeHTiB

Ha mincraBi ommcaHoro miAxomy IO pO3Mi3HABaHHSA CIlliB  C(HOPMOBAHO

3aITPOIIOHOBAHUI METOJ HA[IHHOTO TIepeIaBaHHs CIIIB-TIEPECTAaHOBOK.
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4.4. Ouinka e(peKTUBHOCTI MeTOLY
Jlnst  mepeBipkd  €eKTUBHOCTI POOOTH  PO3POOJICHOTO METOMy HaIIHHOTO
nepeaaBaHHsl TEPEeCTaHOBOK MOOYIOBAaHO MPOTPaMHy MOJENb. AJTOPUTM POOOTH

npuiiMavya JaHUX MOJIENI HaBEJCHO PUCYHKY 4.4.

=

A 4

Cleaning data buffer
Receiving 1 fragment of n bits

A 4

No 1<=Imax?

Yes

v

Receiving additional 2 fragments
of n bits

A

A 4

Defining R;...Ry

A 4

Communication channel break
\ 4

For each R;...Ry, determining the
Hamming distances to all letters
used by transmitter

A\ 4

For each R;...Ry, determining the
appropriate letter with d<d;,,

The R;...Ry sequences are
associated with different letters used by
transmitter

Na

Yes

v

A word received

\ 4

=)

PucyHnok 4.4. Aaroputm po60TH NpriiMaya
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BignoBigHo no0 3ayBakeHHs 4.3, y MOJAEIBHOMY MPUKIAAl pO3auUly cioBo W

dbopmyBatTumMeMo 3 N =23 niTep — HEHY/IHOBUX 3CYBIB L, 1< 7 <23 nepecraHoBku

JTOB’KHUHOIO M =8. 3HaueHHSI
L= (0,1,7,3,2,5,4,6) = (000,001,1 11,011,010,101,100,1 10) )

Kanan 3B's3ky y MoIenpHOMY NpHKIaaAl — JBIMKOBHM cUMeTpudyHUM. biTOBI

MOMWJIKHA — HE3AJIEXKHI.

4.4.1. ExcnepumenmanbHa nepesipka 00epicarux pe3yibmamie

I'padiku exciepumenTanbHO BU3Ha4eHUX 3a 1000 BUnpoOyBaHHAMU 3aJI€KHOCTEH
BITHOCHUX YacTOT MPaBWJIBHOIO NPHUIOMY CJOBa Ta JITEPH (PIKCOBAHOIO 3HAYEHHS

Koe(illl€eHTa HAKOIMYEHHS / JUI1 MMOBIPHOCTI 01TOBOi MOMWIKU p, = (0.4 HaBeIeHO Ha

pUCYHKY 4.5.

—_

o (=]
(=] o

=
L N

‘b-..,h.‘h

o
()

€  Prob. of a word being received correctly

Rel. Freq. of a word being received correctly

A  Prob. of a letter being received correctly

Relative frequency of a word and a letter being
received correctly
o
Ln

= = = Rel. Freq. of a letter being received correctly

Mo~ = w0 = v = v
[ B B R TS R . S T A T = B = B e L <]

Accumulation factor

~ = v
W vy

Pucynok 4.5 — I'pagiku 3a;1e:xHOCTEH BiITHOCHUX YaCTOT MPABWIBHOIO NPUIIOMY

CJIOBA Ta JiiTepH Bil GIKCOBAHOI0 3HAYEHHS Koe(illicHTa HAKONUYEeHHS

Kpim Toro, Ha pucyHky 4.5 MapkepamMu MO3HaY€HO BIAMOBIAHI Tpadhiku TEOPETHIHUX

3anexHocred P, 1 B, Bin [ BianosigHo 1o Bupasis (4.2) 1 (4.3). HaBeneHi Ha
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PUCYHKY 4.5 TEOpETHYHI Ta €KCIIEPUMEHTANIbHI 3aJIeKHOCT1 Y3TOJKYIOThCS MK COO0I0
3a kputepieM [lipcoHa 3 OIU3BKUMU 10 OJIMHMIN JOCATHYTUMHU PIBHSIMH 3HAYUMOCTI (p-
value [118]). [TogiOHa BiAMOBITHICTS TEOPETHYHUX Ta EKCTIEPUMEHTATBHUAX 3QJICKHOCTEN

CIIOCTEPIracThCs 1 A IHIIMX 3HA4€Hb p,. YCEe L€ CBIAYUTH IIPO KOPEKTHICTH
1oOyI0BaHOI MOJIEIi TIEpE/IaBaHHs IAHUX.

Ha pucynky 4.6 npencrabieHo rpadik eKCIIepuMEeHTaIbHO BU3HAYEHO1 BITHOCHO1
YaCTOTH TMPABHJIBHOTO MPUHAOMY CJIOBA 3aJIe)KHO KIJTBKOCTI HAKOMWYEHUX (parMeHTiB /
1151 iMOB1pHOCTI 61TOBOI oMUIKH p, = 0.495. Kpim Toro, misa p, = 0.495 npencrasieHo

rpadik OUIHKK WMOBIPHOCTI IIPABUIILHOTO IPUAOMY €1OBA By 0 s (l ) , 004HCIIEHOT 3a

(4.13).

1.0E+00 e

9.0E-01 -

8.0E-01

7.0E-01

6.0E-01

5.0E-01

4,0E-01

Rel. Freq. of a word being
3,0B-01 / received correctly
2.0E-01
== == Prob. of a word being

received correctly

1443
515
3587
4659
5731
6803
7875
8947
30019
31091
163
235
34307
35379

]
Ll B e B Bl B B o B B o B o o |

Number of accumulated fragments

Pucynok 4.6 — I'pagiku 3a;1e:xH0CTEH BIAHOCHOI YaCTOTH NIPABUJIBLHOIO NIPUIHOMY

CJIOBA BiJl KUIbKOCTI HAKONUYEeHUX (pparmMeHTiB

AHaJ3 TNpPONEMOHCTPOBAHUX Ha PHUCYHKY 4.6 pe3ylbTaTiB  MiATBEPIKYE
CIpaBeIMBICTh OIIHKH (4.13). Pa3oM 3 THM BapTO BiI3HAYMTH, IO 11 OI[IHKA € JIOCHUTH
rpy0oro.

3ayBa:xxennsi 4.9. Ili0 uac excnepumeHmanbHo20 OO0CHIONCEHHS PO3POONIEHO20

memooy p, <0.495 sunaoxie xubnozo posnisnasanus cnoea 01 10000 eunpobysans ne
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Ccmanocs.
HaBeneni Ha pucyHky 4.7 rpadikd BH3HAYAIOTh EKCIEPHUMEHTAIBHO BH3HAYEHI
MMOBIpHICHI TOKa3HUKH MPAaBUIBHOTO MPUAOMY CJIOBa 32 IMOBIPHOCTI OITOBOT MOMUIIKH

P, <0.495.

7

(=] (=] [l
(= -1 [==]

correctly
[=]
n

(=]
i

p0=0.05
—p0=0.15 —p0=0.2

e p0=0. 1

(=]
[¥5)

=
¥

—0=0.25 —10=0.3

Relative frequency of a word being received

0.1 —D0=0.35  e—p0=0.4

3 7 11 15 19 23 27 31 35 39 43 47 51 55 590 63 67 71 75 79
Number of accumulated fragments

a)

1,0E+00
B
L 9.0E-01
3
©  8.0E-01
2
2 7.0E-01
=)
E 6.0E-01
=] et
Sz
-]
(HES.OE-OI
Q5
(¥}
&~ 4.0E-01
g
& 3.0E-01
2 2.0E-01 —0=0.47 —0=0.48
=]
<
E 1.0E-01 —n0=0.49 —p0=0.495
0,0E+00
oW = o W e [ o O W e [ o O WG e [ o O W e o0 O WG [
I"‘-Vl(’"low'lMF‘M\DMF!O\\D%F!O\F‘*P!O\FV}(‘IO[’\VMDW
— o W~ 00 O v Sy ] 00 Oh v o W D00 O 0 W Oy e
el s w00 D A S WO 00O~ Cloem W 00D S W
LB B B B B B B B B B B B I B I o I e TS o T S I o T4 )

0)
Pucynok 4.7 — I'pagiku 3a;1e:xHOCTEH BIITHOCHOI YaACTOTH NPABUJIBLHOIO IPUIOMY

CJIOBA BijJ KiIbKOCTi HaKonu4YeHuX ¢pparmenTis aias p, <0.495
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PosmsineMo cutyarito, Ko HMOBIPHICTB 01TOBOI OMMIIKH nepesuinye p, = 0.495
, @ CHCTeMa IepelaBaHHs po3paxoBaHa Ha p, < 0.495 1 BuIac cUrHaia BIIMOBHU KaHaIly

3B'5[3Ky 32 HEMOKJIUBOCTI pOSHiSHaTI/I nepcaadc CI0BO AJII MAKCUMAJIBHOTO KOG(biHi€HTa

HakonW4eHHA [ . Y MojenbHOMY Ipukiaml posmimy [ =36413 obOuucinene ais

3abesnedenns £, >0.999 3a p, =0.495.

_true
[Tomani Ha pucyHKy 4.8 3aJIe)KHOCTI BU3HAYaIOTh EKCIIEPUMEHTAJIbHO BU3HAYEHI
MMOBIpHICHI TOKa3HUKH MPAaBUIBHOTO MPUAOMY CJIOBa 32 HIMOBIPHOCTI OITOBOT MOMUIIKU

P 20.495.

1,0E+00
=
o 9.0E-01
=
3
&  8.0E-01
2
'S 7.0E-01
0
=
5] 6.0E-01
==
L=
o W
¥l -
w § S5.0E-01
SERS)
- O
% 4.0E-01
=
o -
o 3.0E-01
=]
L 2,0E-01
k=
it 1.0E-01
a1
0.0E+00
L T e B A T R T e B I B T e e BT o R I i L T e R I S B T R T e I L)
ﬂmwrvahwov—'mwrwr»wO\'—‘Ngva\owom—'mmva\owoxo
[ B = e R B o DL T i e B s LU T o W ol B o [ BT s N = N By BTSN e+ A o |
[ B T Y= s =T T R SRR B B o R I e B L e = B e W B R o B B
IR I R B IR B B B e B e B B e BT B B T

Number of

@
o
o

ccumulated fragments

Pucynok 4.8 — I'pagiku 3aj1e:xH0CTEH BiAHOCHOI YACTOTH NIPABUJIBLHOIO IPUIHOMY

CJIOBA Bijl KiJIbKOCTi HaKONU4YeHHX ¢parMeHTiB auas p, = 0.495

Pucynok 4.8 cBiquuTh, 10 3 TEPEBUIICHHSIM IMOBIPHOCTI OITOBOI MOMIJIKH

TPAaHUYHOIO 3HAYECHHA (U PO3MISHYTOIO MOAEIBHOIO mpukiany p, =0.495) Bumoru

1010 UMOBIPHOCTI NPAaBWJILHOTO MPUHOMY CIlIOBa MOPYIIyIOThea. Hampukiaz, BiiHOCHA

4acToTa IPAaBUIBHOIO NpPUIOMYy ciloBa Uil KoedimieHTa HakonuueHHa [ =36413

nopiBHioe 0.9966 nna p, =0.496 1 0.5454 ma p, =0.497. s p, =0.498 ta 10000
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eKCIIEPUMEHTIB BUIAJIKIB MPABUIBHOIO MPUHOMY NIEPEIAHOTO CJIOBA HE CIIOCTEPITranocs.

3a3HauMMO TakoX, o it p, =0.496, p, =0.497 1 p, = 0.498 BunankiB XMOHOTO

posmizHaBaHHs cjoBa st 10000 BunpoOyBaHb HE BIOYIOCH.
Busznaunmo 1 HaBememMo Ha pUCYHKY 4.9 cepeaHio KUIbKICTh HAKOMWYCHHUX
dbparmMeHTiB, HEOOX1THOI JIJII MPaBUILHOTO MPHMOMY CJIOBa, 3aJIEKHO BiJ IMOBIPHOCTI

OITOBOI IOMMIIKU p), .

1.0E+04

1.0E+03

1.0E+02

1.0E+01

Average number of accumulated fragments

1.0E+00
0.0 01 015 02 025 0.3 035 04 043 045 047 048 0.49 0.495

Bit error rate
Pucynok 4.9 — I'pagik cepeHb0ro 3Ha4eHHs KUIBKOCTI HAKONIM4YeHUX parMeHTis,

HeOOXITHOI VISl MPABWIBHOTIO NMPHUIIOMY €JIOBA, BiJl iMOBIPHOCTI 0iTOBOI MOMUWIKH

I'padix pucynky 4.9 cBigUHTH MPO EKCIIOHEHIIIAILHUN XapakTep 30UTbIICHHS

CEpEIHBOr0 3HAYEHHS KIJIBKOCTI HAKOMMYEHUX (PParMeHTIB.

4.4.2. Ob2060penHss OMpUMAHUX pe3yTbmamis

EdexTuBHICT MeTOMYy HaAIMHOIO MEpelaBaHHs MEPEeCTaHOBOK MIATBEPIKEHO
PO3MIISTHYTUM MOJISTFHUM TPHUKIIAIOM peainizaiii merony st M =8, n=24, N =23,

B, ;20999 3a MakcHMManbHO JOIyCTUMOI HMOBIPHOCTI OITOBOi ITOMMWJIKH

_true__ fina

p,=0.495,1 =36413.

max
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Pa3om 3 TuM, 1iJ1 4ac MPOEKTyBaHHS CUCTEMU MOXKYTh OyTH 3aJlaHi 1HIII 3HAYEHHS
JTOBKUHU N TepecTaHOBKH, IO TMEPEJAEThCA, a TaKOXK MIHIMaJbHOI MMOBIPHOCTI ii
IIPaBUIILHOTO IIpuiiomy F, .

VY mpoMy BUMAIKy sIK 6a30Ba nepecTaHoBKa A (opMyBaHHs N JiTep Moxe OyTu

o0paHa IepecTaHoBKa 7 JoBkuHOWO M, ne |[log, M |-M >N. Ilpu upomy

MIepeCcTaHOBKA 77 TTOBMHHA BiIMTOBITATH BUMOTAaM BU3HA4YCHHS 4.1.

ImoBipHICTE B, 3a onoMoror Gopmynu (4.3) BUBHAYUTh TPAaHUYHE 3HAYCHHS

_true

Koe(ili€HTa HAKONWYECHHSA [ .

Ockinekn P, , <1, 3 ¢opmymun (4.3) BummBae, mo F, 3poctae 3i

_true _true

3MeHIIeHHsAM N . Tomy BUMOTH 111070 3a0€3MeUeHHs 3a/1aH0i UMOBIPHOCTI MTPaBUIIBHOTO

NpUAOMY IE€PECTaHOBKM F, =~ MOXyTb OyTM JOCATHYTI Jisi  Oy[b-sIKOro

M:l_logzM—|-M2N.
Bubip ontumalibHUX 3HAYEHb {N M } JUTSL TOCSATHEHHSI HEOOX1THUX IMOBIPHICHUX

MOKA3HUKIB CHUCTEMH TE€peJaBaHHS JaHUX BHUXOOUTh 3a PAMKH PO3MIALY IHOTO
JTOCHIIKEHHS.

Kpim Toro, merom HamiiHOTO TmepeJaBaHHA TMEPECTAaHOBOK Yy YacCTHHI
MPEICTaBIICHHA KOXHOI JIITEpU CJIoBa JESKOK OITOBOIO MOCIHIJOBHICTIO CXOXHHA Ha
OPUHIUI MOOYI0BY IIYMOMOMIOHOTO CUTHATY TiJ] Yac BUKOPUCTAHHS METOMY MPSIMOi
MOCTIIOBHOCTI JiJ1s1 po3tiupeHHs crekTpy (DSSS).

[TopiBHsIEMO MMOBIPHICHI XapaKTEPUCTUKU LIUX JABOX METO/IB.

JIns po3MISIHYTOTO MOJEJIBHOTO IPUKIAAy KOXHE CJIOBO W € mepecTaHOBKOKO

TOBKMHU N =23 1 KOAYeEThCS MOCHIIOBHICTIO 3 23-24 =552 0it. Ilpu upomy mis

saGesnedenns B, . 1020999 (B i <3.6:107) 3a p, =0.495 neolxinmuii

xoeQinieHT HakonudeHHsA [ =36413. Takuii Koe]ilieHT HAaKONMYEHHA IOTpeOye
nepenaBanus 552 -36413 =20099976 Oir.
VY Bunanky BukopuctanHs DSSS koxkeH OIT mepecTaHOBKH NEepPeAacThCs Y KaHall

K TTOCTIIOBHOCTI 3 B uiniB. Hexait cuMBOIM iepecTaHoBKU W KOMYIOTHCS pIBHOMIPHUM
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konoM. Jlms N =23 noBkuHA KOAOBOI KOMOiHAIl KOKHOTO CHMBOJIY TEPECTaHOBKHU

CKJIazie |_10g2 23—|:5 0iT. Tomi NMOBXKHMHA MEPECTaHOBKK cTaHoBUTHUME 115 OiT. s

3a0e31eueHHs OHAKOBOT KaHAJIBHOI IMIBUIKOCTI Tepeaadl KokKeH OIT mepecTaHoBKku W

nist meroay DSSS niperncrasisietsest B =20099976/115=174782 ginamu.

Buznaunmo 3aBagoctiiikicte Metomy DSSS 13 3amanuMu mapamerpamu.
Hexaii mim wyac mepemaBaHHS BHKOPHCTOBYETHCS JBOTMO3HWINIMHA —(a3oBa
MaHImyssist. IMOBipHICTH 01TOBOT MOMUJIKY B KaHAJl 3 aIMTHBHUM O1TMM TayCiBCHKUM

IITYMOM OOYHCITIOETHCS 32 (OPMYIIOIO:

o =0(\2E,/N,), (4.18)

< L
ne Q \/_ Ie ? dt — KoMIUIEMEHTapHa raycoBa (yHKIis HOXUOKH; E, — eHeprisd Ha

oiT; ENO — CHEKTpajbHa HIUIbHICTh MOTYKHOCTI IIyMy. IMOBIpHICTh O1TOBOI TOMUJIKH B

cioBi W nopiBHIOE pO(W):Q(1/2BEb/NO).

3a iimMoBIpHOCTI O1TOBOI MoMunku p, =0.495 BingnosigHo no (4.18) 3HaueHHA

2E, [N, =12.53-107 . Toni p,(W)=0(2BE,/N,)=80.34-10""

CnoBo W Oyne mpuiHSTO BIPHO TOM1 1 TUIBKH TOA1, KOJU BCl MOTO OITH OyIyTh
115 -6
BIPHO TIPUAHSTI. IMOBIPHICTD Wi€l HOAIT B, .. psss (1 pO(W)) =1-9-10".

3ayBakMMO, 110 L HMOBIPHICTh MEpEBULIYyE BUMOTY P

W v it = 0-999, SKIA
BU3HAYCHO 3HaueHHd [ =36413.

Boxuouac ouinka £, .. ;.. € 1OCHTb Ipy0oIo0.

BusHaunBImIM 32 €KCHEPHMEHTAIbHO MOOYJOBAaHOK KPHUBOKO BIIHOCHOI 4acTOTH

MPABWJIBHOTO PO3MI3HABAHHS CJIOBA PUCYHKa 4.6 MiHIMajabHE 3HAYCHHS [, 3a SKOTO IIs

. -6
BiZHOCHA dyactora mocsrae 3HaueHHs 1—9-107, orpumaemo [=29123. 3a Takoro

Koe(iIieHTa HAKOMMYEHHS BIIHOCHA YaCTOTa MIPABUIILHOTO PO3IMi3HABAHHS CJIOBA JIOCSTAE

sHayenns 1 —4.6-107",
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Koeditient HaKOIMYEHHSI [ .. =29123 norpedye nepeaaBaHHs

552-29123=16075896 Oit. Tom mig 3a0e3neyeHHs OIHAKOBOI KaHAJIBLHOI IIBHUIKOCTIL

nepeaBaHHs, KUIbKICTh YilliB HA KOXKHUHM OIT mepectanoBku W nnsa merogy DSSS mae

JIOPIBHIOBATH B=16075896/115=139791. B bOMY BUMAJKY

po(W)=0(J2BE, [N, ) =1.3910°,a B, .. pess=(1-p,(W)) " =0.9998.

OtpumaHi pe3yiabTaTH CBiYaTh MPO BHUINY 3aBaJOCTIMKICTH 3alPONOHOBAHOIO
METOy TOPIBHIHO 3 MeTooM DSSS mist po3missHyTOT0 MOACIBHOTO NpUKIIaLy. Pazom 3
THUM, JIJI1 OCTaTOYHHUX BHUCHOBKIB IOPIBHSHHS 3aBaJIOCTIMKOCTI IIUX METOJIIB MOTPiOHI

JTOAATKOBI JOCIIKEHHS.

4.5. BucHOBKH

VY derBeproMy poO3Aial  poO3pOOJSIEHO METOJ JIOCTOBIPHOTO TEpeaaBaHHS
NEPECTAHOBOK, AKHI 3a PAaxXyHOK IOJaHHSA KO)KHOTO €JIeMEHTy (JIiTepu) NepenaHoi
NEPECTAHOBKH (CJIOBA) Y BUIVISIAI LMKIIYHOTO JBIMKOBOTO 3CYBY NEPECTAaHOBKHU-HOCIA,
[0 Ma€ MaKCHMaJbHE 3HAYE€HHS MIHIMAJBHOI BlAcTaHl XeMMIHTra Bij 1i JABIMKOBOTO
MOJIaHHS J0 BCIX i1 UKJIIYHUX 3CYBIB, a TAKOX 32 PaXyYHOK BUKOPUCTAHHS MaKOPUTAPHOT
Ta KOPEJALINHOI 00pOOKH MPUUHATHX 3 KaHaly 3B'S3Ky (pparMeHTIB, JOBKHUHA SIKUX
JIOPIBHIOE IOBXKUHI JIITEPH, JO3BOJISE peali3yBaTy HalliHE MIepeIaBaHHs CJI0OBa B yMOBaxX
BIUTMBY B KaHaJl 3B'sI3Ky 3aBaJl BUCOKOT IHTEHCUBHOCTI.

Po3pobsieno mMaremarnyHy MOJENb MPOLECY MepeaBaHHs MEePEeCTaHOBKU-HOCIS.
HaBeneno anamiTu4Hi BUpas3u AJisi OOUMCICHHS WMOBIPHOCTI MPABWJILHOTO Ta XUOHOTO
NpUiioMy TEepecTaHOBKH. Po3po0ieHO Ta peanizoBaHO alroOpuTM, SIKUA 3aCTOCOBYE
3aMpONOHOBAHUIN METO/I.

Po3pobnenunii meton Moxke OyTH BHUKOPUCTAHUM Ui MiJBULIECHHS CTIHKOCTI
KOMYHIKaIlIITHOT CUCTEMH 10 BIUIMBY 3aBajl.

Bukonano moOymoBy iMiTaIliiiHOI MPOTrpaMHOi MOJEN CHCTEMH TIepeaBaHHs
JaHuX. AHali3 OTPUMAHKUX PE3yJIbTaTIB ii poOOTH CBiIYATh PO KOPEKTHICTh HABEJIEHUX
TEOPETUYHUX OLIHOK. KpiM TOro, mNOpIBHSAHHA EKCIEPUMEHTAIIBHO OTPUMAHOI

WMOBIPHOCTI TIpUMMaHHS TEPECTAHOBKU 0O€3 TMOMUIIOK JJISI PO3pPOOJICHOTO METOMy 3
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BIJIMOBIHOIO WMOBIPHICTIO 1711 MeToay DSSS 3a o/1HakoBO1 IIBUJIKOCTI MEpeIaBaHHs Ta
MMOBIPHOCTI 0I1TOBOI MOMUIIKK B KaHaml 3B'A3Ky p, = 0.495 miaTBepmxKye e(peKTUBHICTD
PO3pOOICHOTO METO/TY.

OcCHOBHI pe3ynbTaTd AOCTIIKEHHS Ta PO3poOKM MeTomy mpeactasieHo B [119],
[120].
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S. EKCIIEPUMEHTAJIBHA TTOPIBHAJIBHA OINIHKA ECEKTUBHOCTI
PO3POBJIEHUX METO/IB IUKJIOBOI CUHXPOHI3AIIIL B 3AJIEXKHOCTI
BIJI SIKOCTI KAHAJLY 3B’SI3KY TA TAPAMETPIB CUHXPOHI3AIIII

5.1. Beryn

VY npyromy Ta TpeThbOMY PO3iJIaX PO3pOOJIEHO, OMMCAHO Ta JOCIHIIKEHO METOIU
IIMKJIOBOI ~ CHHXpPOHI3alii cHUCTeM mepenaBaHHA 1HGopMalili 3  HEPO3IUIBHUM
(dhakTopiaJIbHUM KOJYBaHHSM: METOJY Ha OCHOBI BUKOPHCTAHHS SIK CHHXPOKOMOIHAIIIT
MepPEeCTaHOBKY YUCeN 3 ii moautoM Ha mpedikcHy Ta cypiKCHY YaCTUHHU, Ta METOMY, IO
BUKOPUCTOBYE SIK CHHXPOKOMOIHAIIIO MEPECTaHOBKY, 110 Ma€ MaKCHUMaJbHE 3HAYEHHS
MIHIMaJIbHOI BiJICTaHl XeMMIHTa BiJ ii ABIMKOBOIO MPEACTABICHHS 10 BCIX 11 ITUKIIIYHUX
3CYBIB. Y KOXKHOTO 3 3allpOIIOHOBAaHUX METOMIB € CBOi IepeBaru Ta HeaoiKu. Tomy B
NI YaCTUHI I[HOTO PO3JILITY BUKOHAHO €KCIIEPUMEHTATbHE MOPIBHAHHS €(DeKTUBHOCTI
IIUX METOMIB B 3aJICKHOCTI BiJl SKOCTI KaHAIy 3B 3Ky Ta HaJaHO PEKOMEHAAIli 11010
3aCTOCYBaHHS JJII KOKHOTO 3 HUX.

JIsist boro po3poOJIeHO Ta OMUCAHO CTPYKTYPHI CXEMH IMITAI[iHHUX MOjenen
CUCTEMHU TIEpEaBaHHS JaHWUX JJIs KOXKHOTO 3 3alpOIIOHOBAHWUX METOMIB ITUKJIOBOI
CHHXpOHi3amii. OnucaHo cepeqoBHINe PO3POOKH Ta MapaMeTpU armapaTHOi YaCTUHU, Ha
K1 BUKOHYBajiocs MojentoBanHsa. [1o0y1oBaHo mporpaMHi iMiTaIliiiHi MO/l CUCTEM
NepenaBaHds JaHUX, Yy SKHX peali30BaHO aJITOPUTMH BCTAHOBJICHHS ITUKIIOBOTO
CUHXPOHI3MY JUIsl KOXKHOTO 3 HaBeAeHUX MeTofiB. OOIpyHTOBAaHO OCHOBHI MOJYJI, SIKi
BUKOPHUCTOBYBAJIMCS SIK JUIsI peajtizallii MoJese, Tak 1 IJisl IHTepIpeTailii pe3ysbTariB.

VY npyriii 4acTMHI UBOTO PO3AUTY OTPUMAHO OIIHKY €()EKTUBHOCTI LHKIOBOI
CHUHXPOHI3aIli HEPO3MUTbHUX (HaKTOpiaThbHUX KOMIB y 3aJIeKHOCTI BiJl IMapaMeTpiB
CUHXpOHi3amii. {11 HbOro BUKOHAHO pealli3allil0 MPHUHIIMIIB BCTAHOBJIEHHS IMKJIOBOT
CHUHXPOHI3AIlT HEPO3AUIbHUX (DAKTOPIAILHUX KOMIB, a TAKOXK 3aCTOCOBAHO OIEPAIliio
NepeMilllyBaHHS OTPUMAaHUX 3 KaHaly »3B’sI3Ky (parMeHTiB Jid  MiJABHUINCHHS
¢(EKTUBHOCTI 3HAXOKCHHS MEXK IMEePECTAaHOBOK. 3aCTOCOBAHO aJTOPUTM BCTAHOBJICHHS

IIUKIJIOBOTO CHHXPOHI3MY 3 MapamMeTpaMy, BUSHAYCHUMH 32 BEPXHBHOI MEXK1 WMOBIPHOCTI



131

01TOBOT MOMMJIKH B KaHaJll 3B’ 3Ky Do max = 0,495, nyst cepeoBUIIL 3 IMOBIPHICTIO O1TOBO1

nOMUIKH  p, <0.495. Bu3HaueHO mapamMeTpu aJIfOPUTMY BCTAaHOBICHHA LIHUKIOBOIO

CHHXPOHI3MY 3a BEpPXHbOI MeXi HMOBIpHOCTI OITOBOI MOMUJIKM B KaHall 3B’SI3KYy

Po wax =0,4. OLIHEHO e(QEKTUBHICTD BUKOPUCTAHHA Omepanli IepeMillyBaHHA

OTpUMaHUX 3 KaHally 3B’s3Ky (¢parmeHTiB. llopiBHSHO edeKTUBHICTH peami3allii
aJITOPUTMIB BCTAHOBJICHHSI LIMKJIOBOTO CHHXPOHI3MY 3 IMapaMeTpamy, BU3HAYCHUMH 3a

BEPXHBOI MEKI HMOBIPHOCTI OITOBOI NMOMMIKHM B KaHam 3B’s3ky p, . =0,495 Ta
Po wax =0,4, 10 cepenoBuill 3 IMOBIpHICTIO OitoBoi momumiku p, <0,4. Hanano

pexoMeHAamii 10 BUOOpY MHapaMeTpiB aJrOpUTMy CHUHXPOHI3alli, SKI MOXYTb OyTH
BUKOPUCTAH1 I MIJBUIICHHS €(QEKTUBHOCTI QJITOPUTMIB BCTAHOBJIEHHS ITUKIIOBOTO
CUHXPOHI3MY IIIJl 4Yac MPOEKTYBaHHS KOMYHIKAIIMHUX CHUCTEM 3 HEPO3ALUIBHUM
(bakTopiaJTbHUM KOAYBaHHSM JIAaHUX B YMOBAX Jiii B KaHaJI1 3B’ 13Ky MIPUPOIHUX a00 MITYIHO

CTBOPCHHUX IHTCHCHBHHX 3aBal.

5.2. ExcniepuMeHTa/IbHe NMOPIiBHAHHA e€(QeKTHBHOCTI pPO3po0JIeHHNX MeTOdiB
HMKJI0BOI CHHXPOHI3aLil B 32JI€2KHOCTI BiJl IKOCTI KaHAJY 3B’ A3KY

BukoHaemo OIlIHIOBaHHS TOKAa3HUKIB €(PEKTUBHOCTI METOMIB  ILUKJIOBOI
CUHXPOHI3allli, OMUCAHUX Yy po3auiax 2 1 3, /uisi KOMYHIKAI[IHHUX CUCTEM IMepeaBaHHs
iHopmMarii 3 Hepo3AUIbHUM (PakTopialbHUM KOMYBAaHHSIM Ha OCHOBI IMITAI[IfHOTO
MOJICTIIOBaHHS Ta JOCIHIKEHHS O0JIacTi 3aCTOCYBaHHS NJisi KOXKHOTO 3 3a3HAYCHHX
METO/IIB.

JI1st 1bOTO HEOOX1AHO BUKOHATH HACTYITHI 3a]1a4i:

— noOynyBaTd IMITaliiiHy MOJENb CHUCTEMHU IiepelaBaHHs i1Hpopmalii 3
HEPO3AUIbHUM (PaKTOpIaIbHUM KOJTyBaHHSIM;

— y OJIoKax MUKJIOBOI CHHXPOHI3allli MpHiiMadiB peai3yBaTd alrOPUTMH,
noOyI0BaHi1 3a OMMMCAHUMHU METOJaMU;

— BUKOHATH JIOCIIDKCHHS Yacy BXOPKCHHS B IUKIIOBUM CHHXPOHI3M IS

PI3HHX TIapaMeTpiB KaHaTy 3B 3Ky (3HaYeHb OITOBOT TOMMJIKHM B KaHAJ1 3B’ S3KY);
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— BUKOHATH TIOPIBHSUIBHMM aHaIi3 OTPUMAHHUX MTOKA3HHKIB Yacy BXOKECHHS B
IIUKJIOBUI CHHXPOHI3M;

— chOpMyITIOBaTH PEKOMEHJAIN] 100 BUKOPUCTAHHS METOMIB ITUKIIOBOL
CHUHXPOHI3aIIT JJIs1 KOMYHIKaIlIHHUX CUCTEM IepeaBaHHs 1HpopMarlii 3 HEPO3AUIbHUM

(bakTopiaTbHIM KOTYBaHHSIM.

5.2.1. Onuc ocHo8HUX 8IOMIHHOCIEN MEMOOIE

VY poszainax 2 Ta 3 neTanbHO JOCHIIKEHO J1Ba METOJAM BXOJKCHHS B LIMKJIOBUMN
CUHXPOHI3M I KOMYHIKAI[IMHUX CHUCTEM MepeaaBaHHs 1H(GOpMaIlii 3 HEpPO3AUIBHUM
dakTopiadbHIM KOAYBaHHSM B yMOBax BIUIMBY B KaHadl 3B'SI3Ky 3aBajJ] BHUCOKOI
IHTEHCHUBHOCTI.

Jiist OLTbII JIAKOHIYHOTO BUKJIAJCHHS Marepiaiy B MOAAIBIIOMY Oy/leMO Ha3UBaTu
NEPIIUM METOAOM METO/ Ha OCHOBI BUKOPUCTAHHS SIK CHHXPOKOMO1Hallli IepecTaHOBKU
qucen 3 11 mojijoM Ha pediKCHY Ta Cy(DIKCHY YaCTHHU, OMMCAHUH B APYyTrOMy PO3Jiii, a
JPYTUM METOJIOM — METO/I, IKHi1 BUKOPUCTOBYE SIK CHHXPOKOMO1HAII1I0 IEPECTAHOBKY, 1110
Ma€ MaKCHUMaJjibHE 3HAaye€HHS MIHIMaAJbHOI BiacTaHl XeMMIHra Bia 11 ABIMKOBOIO
MpEACTaBIEHHS JI0 BCIX ii IMKIIYHUX 3CYBIB, OMUCAHUM Y TPETHOMY PO3JILIL.

KopoTko HaragaeMo 0CHOBH1 OCOOIMBOCTI peasi3allii AJi1 KO)KHOTO 3 METO/IIB.

[Tepmmit meTox nependayae BUKOHAHHS TaKUX KPOKIB:

1) popMyBaHHs IepEeCTaHOBKU 7 JOBKHUHU M , BIAMOBIIHO /10 MPaBUJI T4 BUMOT,
K1 OTMCaH1 B APYTOMY PO3JILIL;

2) Hakomu4YeHHs1 (parMeHTIiB OTPUMAaHOI 3 KaHaly OITOBOi MOCHIIJOBHOCTI,
MOYMHAIOYHU 3 TPHOX;

3) ¢popmyBaHHS yTOYHEHOI MOCTIAOBHICTh R, 32 MOXKOPUTAPHUM MPUHITUATIOM;

4) nepeBipka HasBHOCTI IaOJOHHOI KOMOIHAIIIT B YTOYHEHIH MOCI1JOBHOCTI R ;

5) mOpiBHAHHS YTOYHEHOI TOCTIIOBHOCTI R 3 CHHXpPOKOMOIHAIli€l0 7 Ta
3aBEepIEHHs TMpoIeaypu UUKIOBOTO ¢asyBaHHs (dhopmyBanHs curHany «llomryk

CUHXPOHI3MY 3aBepiieHuii» (I13)) y Bunaaxy ix 301riB 3 TOUHICTIO 10 OJHOTO 3 CUMBOJIIB;
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6) nepexina A0 1. 3 3a HEBUKOHAHHS YMOB I1. 5 Ta JI0aTKOBE HAKOMIUYEHHS 11I€ IBOX
(dbparmMeHTiB.

[Ticast TOCSATHEHHS ACSIKOTO 33/1aHOTO MOPOTY KIIBKICTh HAKOMUYEHUX (PparMeHTiB
He 3MiHIoeThed. [Ipolec Monryky CHHXpOHI3MY TpHUBa€, IOKU abo He Oyae 3HalaeHui
CUHXPOHI3M, 200 HE 3aKIHYUTHLCS JIMIT 4acy Ha BUKOHAHHS TOITYKY CHHXPOHI3MY.

Hpyruii meton nepeadayae BUKOHAHHS TaAKUX KPOKIB:

7)  dopmyBaHHS TIEPECTAHOBKH 7 JIOBXKWHU M , BIANOBIIHO JO MpPaBUJI Ta
BHIMOT, SIK1 OTIMCAaHI B TPETHOMY PO3JILII;

8)  HaKOMMYEHHS MPUUHATHUX 3 KaHAIy 3B's13Ky K OJIOKIB, IO CKJIAIalOThCs 3 [
(dparMeHTiB 1o 7 O1T. 3M1HA 3Ha4eHb K 1 / BIJAMOBIJIHO JI0 OMCAHOI B TPETHOMY PO3.LI1
METOTUKH,

9)  oOuucieHHs A KOKHOIO OJIOKY HE3aJIEKHO YTOYHEHOI NOCIIIOBHOCTI R,
k €[1,K], 3a Ma)xopUTapHUM MIPUHITUTIOM;

10) oOuucneHHs U KOKHOI yTOYHEHOI MOCIIJOBHOCTI R, BiACTaHl XeMMIHIa
0 BCIX 1i IUKIIYHUX 3CYBIB CHHXPOKOMOIHAIli 7 Ta MOIIYyK iX BIAMOBIIHOCTI
BIJIMOBIJTHUM LMKIJIITYHUM 3CYBaM 3a MPUHLUIIOM KOPEISALIHHOT 00pOOKH;

11) TpudHATTS pilIEHHS MPO BCTAHOBJICHHS CHHXPOHI3MY 3a BIAMOBITHOCTI
OIHOMY 1 TOMY K 3CyBy CHHXPOKOMOIHamIi BCiX mocaioBHoCcTed R, , k €[1,K];

12) NOBTOpPEHHS BCIX OMepalliil BUABIECHHS CUHXPOKOMOIHALT, TOYHMHAIOYH 3 II.
2 3a HEBUKOHAHHS YMOB MOMEPEIHBOTO MTyHKTY.

Yuciio HakomuueHUuX (PparMeHTIB MOKE MOCHIIOBHO 301IBIITYBATUCS IO JIESKOTO,
3a3/ajeriap 3aJaHoro TOPOory.

Sk 3a3HaYE€HO B TPETHOMY PO3/ILTI, IEPIINH METOI MA€ HACTYTHI HEJOIKH:

1)  i”TerpaspHa (YHKIIiS YaCy BXOIKEHHS B CHHXPOHI3M HE € ONTUMAIIBHOIO;

2) 31 30UIBIICHHSIM IMOBIPHOCTI OITOBOI MOMHUJIKMA Ta 3a HEBEJIMKUX 3HAYCHB
Koe(]iIieHTa HAKOMTMYCHHS] IMOBIPHICTh BCTAHOBJICHHSI XMOHOTO CHHXPOHI3MY BITHOCHO
BEJIHKA.

3a mpencTaBICHUMH B TPETHOMY PO3LTI TECOPETUIHUMHU OI[IHKAMU JPYTHUI METO.

Ma€ Kpaill KUIbKICHI MOKa3HUKW TPOIEAYPH BCTAHOBICHHS IHMKJIOBOTO CHHXPOHIZMY
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KOMYHIKAIHHUX cucTeM mepenaBaHHs iHGopmarliii 3 ®KBJ] B ymoBax BIUIMBY B KaHai
3B'SI3Ky  3aBaJ] BHCOKOI I1HTEHCHBHOCTI. 30Kpema, TMIJBUIIYEThCS HMOBIPHICTh
BCTAHOBJICHHS IIMKJIOBOTO CHHXPOHI3MY JIJIsI 33JaHOTO Koe(ilieHTa HAKOTIMYEHHS, 8 TAKOXK
3MEHIIIYEThCSI HMOBIPHICTh BCTAHOBJIEHHSI XMOHOTO CHHXPOHI3MY.

HaBenennit Ha pucyHky 3.13 rpadik CBiIUUTH MpO OUIBII IIBUAKE TOCSTHEHHS
BITHOCHOIO YacTOTOIO BCTAHOBIICHHS MPABHIBLHOTO CHHXPOHI3MY 3a/IaHOTO TIOPOTOBOTO
3HAUEHHS JJIs IPYTOTO METOAY TIOPIBHSIHO 3 MEPIIMM METOJ0M. Pa3oM 3 THM, iCHYIOThH
Jiarma3oHd 3HAYeHb KUTBKOCTI HAKOMMUYEHUX (parMeHTiB, J€ BIJHOCHA YacToTa

BCTAHOBJICHHA IIPAaBHUIJIbHOI'O CI/IHXpOHiSMy AJI TICPIIOro MCToAy BHUIIIA.

5.2.2. [lobyoosa ma onuc imimayiinux mooenetl

Bukonaemo noOynoBy iMiTariiHux mojeneit cucreM nepenaBanus nanux (CI1/) 3
OKB/I.
PosrnssHemo cTpykTypHy cxemy imitariinoi moxemi CIIJ[ i3 3actocyBaHHSM

MEPIIOT0 METOY ITUKIIOBOI CUHXPOHI3alli (pUCyHOK 5.1).

Bk BCTAHOBNSHHA CUHXPOHIZMY Mowyk
CHHXpOHIZMy

| 2aeepuero
Aewngpatopa }—P Jewndpatopa cydikca >

npedinca

> Hakonwnuysay

Mepenaeay }—D KaHan z8'A3ky

Agapin

Hauany
»
»

NiunnbHWK yucna > BupiwwysansHuit
UMKNIB npwCTpin

Pucynok 5.1 — CrpykrypHa cxema imitaniiinoi moxeJi CII i3 3acTrocyBaHHAM

MepLIOoro MeToAy HUKJI0OBOI CHHXPOHI3amLil

JUIst bOTO METOy CHUHXPOKOMOIHAIllg MICTHTh Npedikc, 110 BHUSBISLE MEXKI
cumBoiB. [Ipukimamom Takoi cuaxpokoMmOiHarii ;s M =8 moxke OyTH mepecTaHOBKa
7 =(000,111,001,010,100,110,101,011).
OOpaHa nocJOBHICTh 3aMMCYETHCS B MOCTIMHUI 3amaM’ ITOBYBaJIbHUM MPUCTPI

(IT3I1) nepenapaua, sIKUH € JHKEPEIOM CUHXPOKOMOIHAIIT MepelaBaIbHOT CTaHIIIi.
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VY npuiiMay HaaXOAUTh CHHXPOKOMOIHAIIIS, ypakeHa JI€10 3aBajl Y KaHaIl 3B’ SI3KY
1 3cyHyTa 3a (ha3010 MO0 MOJIOKEHHSI KOB3HOTO BiKHA (BUKOHAHOTO y BUIVISIAL pericTpa
3cyBy). [Ipu 11bOMy HI IHTEHCUBHICTB 3aBa/id, Hi 3CYB KOB3HOTO BikHa (BemndynHa (Pa3zoBoi
HEY3To/KEHOCTI IUKIIIB MepeaBadya Ta mpuiiMada) arnpiopHO HEBIJIOMI.

[Tig wac crapTy mpoleaypH MOUIyKy CHHXPOHI3MY BCTAHOBIIOETHCS MiHIMalbHE
3HaYeHHS KoediienTa HakonuyueHHs [ =3 . Y OydepHuii HakOMM4yBay 3aMUCYIOThCS TPU
dbparMeHTH NPUUHATOT 3 KaHATY 3B’ 513Ky MOCI1TOBHOCTI. JlOBXKHHA KOKHOTO (hparMeHTa
JIOPIBHIOE JOBXHMHI CHHXpOKOMOIHaIlli. 3a MU TpboMa (parMeHTaMH Ma)KOPUTAPHO
OOYHCITIOETHCS] YTOUYHEHA TTOCITIIOBHICTD R.

Y HakonuyyBayl BHUKOHYEThCA TOOITOBMM IUKIIYHUI 3CyB  yTOYHEHOI
nocaigoBHOCTI R . [lemudparop npedikca miciisi BAKOHaHHS KOXKHOTO 3 3CYBIB IEpPEBIpSIE,
YK BUSBIJICHO Mpedikc CHHXpOoKoMOiHaIii. AKiIo npedikc BUSIBICHO, TO AeHdpaTropomM
cy(ikca mnepeBipseTbesa cydikc. Ko oOWABI TEPEBIPKU 3aBEPIICHO IMO3UTUBHO,
CUHXPOHI3M BCTaHOBJICHO. Y IbOMY BHUNAAKY, nemudparop cydikca hopMmye cUTHAIT
«Ilomyk CHHXpOHI3MY 3aBeplieHHI». BiH HajCWIaeTbcsi 3BOPOTHUM KaHAJIOM Ha
nepenaBalibHy CTaHIIIO.

Sxmo x pemmdparopoM npedikca He BUSBICHO Tpedikca CHHXPOKOMOIHAIIT a00
nemdparopom cydikca He MIATBEPAKEHO IIIICHICTh CHHXPOKOMOiHAIlli, TO B
HAKOMMYYyBa4 JOJATKOBO 3alHUCYIOThCS 1€ JABa (PparMeHTH OTPUMAHOI 3 KaHamy
nociIoBHOCTI O1T. [1icist 11bOT0 3HOBY MOBTOPIOIOTHCS OMKCAHI BUIIE JTii: 0OYMCITIOETHCS
yTOYHEHA TMOCIIIOBHICTh, 3a sikOl0 Jaemudparop mpedikca 1 gemudparop cydikca
BUKOHYIOTh BHUSIBJICHHS CHHXPOKOMOiHaIlli. Takuil MOIIyk CHHXpPOHHOTO CTaHy TPUBAE
a00 70 yCHIIIHOTO 3aBEPILIEHHS MPOLIETYPHU MOIIYKY, a00 10 BUYEPIIaHHS JIIMITY Yacy Ha
MOIITYK CUHXPOHI3MY. J[JI1 IbOTO cHCTEMa ITUKIJIOBOI CUHXPOHI3AIlli MICTUTh JIUUJIBHUK
yyclia UUKIB. SIKIIO micas 3akiHYeHHsI JIIMITY 4Yacy, BIJBEICHOTO Ha TOUIYK
CUHXPOHI3MY, BIH HE 3HAWJIEHUI, TO BUPILIyBaJIbHUN IPUCTPIid PopmMye curHai « ABapis
kaHaiy». [Iporienypa muKI0BOI CHHXPOHI3AIli IPUTTUHSAETHCA.

Posmsinemo crpykTypHy cxemy imitamiiHoi momeni CIIJ[ 13 3actocyBaHHSM

JPyroro MeToy LIMKJIOBOI CHHXPOHI3alii (pPUCYHOK 5.2).
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Mowryk
Bnok nepesipku |cp1pr0Hi3M\,n'

signosigrocti Rk-of
Bnok obumcnerHa AnosiAy | 3aBEDU-IeF.ILO

> Hakonnaysau . . ) nocAigoBHOCTI OOHOMY »>
BigcTani Xemminra i Tomy 3 scyBy |

CMHXPONOCAIA0BHOCTI

MNepenapay }—P Kanan 28'aaky

Agapin

KaHany
»
»

Niunneruk yucna :
»

LMKAIE

Bnok koHTponto vacy

Pucynok 5.2 — CrpykrypHa cxema imitauiiinoi moxgenai CII/I i3 3acTocyBanHsM

JAPYroro MeToay IUKJIOBOI CHHXPOHi3alii

CHUHXpOKOMOIHAIIEI0 € TIEPeCTaHOBKA 7 JOBXKMHU M , IO Ma€e MaKCUMaJllbHE
3HAYEHHsI MIHIMAJIbHOI BiJICTaHl XeMMiHra Bij i1 JIBIHKOBOTO MPEICTABICHHS 10 BCIX ii
MUKIIYHUX 3CyBIB. J[nsi M =8 Takoro CHUHXpOKOMOIHAIiT Moke OyTH IepecTaHOBKa

7 =(000,00L,111,011,010,101,100,110). Iz cuuxpoxomGiHariisi 3amucyerbcs B I13I1
nepeaaBayda, Ikl CTaHe JHKepesoM CUHXPOKOMO1HAITT MepelaBaIbHOT CTaHIIII.

VY HakonuuyBaul nMpuiiMaya HaKOMMYYIOTHCS MPUIHATI 3 KaHATy 3B'sa3Ky K OJIOKIB,
1110 MicTATh | pparmenTiB 110 n 0iT. 3HaueHHs K 1 [ 3MIHIOIOTHCS BIJIMOBITHO /0 METOIMUKH,
sKa 3a0e31euye TOTPUMaHHs 3a/1aH01 UMOBIPHOCTI XMOHOTO (hazyBaHHS. Y HaKONUYyBaul
TaKOXk U1 KOXKHOTO OJIOKY HE3aJIe)KHO OOYMCIIOETHCS YTOYHEHA IOCIIIOBHOCTEH R, ,
ke[lLK].

V 61011 00uKcaeHHS BiACTaHl XeMMIHIa I KOJKHOI yTOYHEHOI TOCIIIOBHOCTI R,
OOYHCITIOIOTHCS BIJICTaHI XEMMIHTa JI0 BCIX IUKIIYHUX 3CYBIB CHHXpOKOMOIHAIIi. SIKIIo
IS SIKOTOCh 13 3CYBIB III BIICTaHb HE MEPEBHIIyE 3HAYECHHS d,, = L(d - 1) / 2J ,
MPUIUMAETHCS PILLIEHHS PO BIAMOBIIHICTH MPUWHATOI MOCTITIOBHOCTI IIbOMY 3CYBY.

V Onowui nepeBIpKU BIAMOBITHOCTI R, -0i MOCIIOBHOCTI OJHOMY 1 TOMY K 3CyBY
CHHXPOIIOCIIIOBHOCTI BUKOHY€TBhCA IEpEBIpKa, YM BCl mocimigoBHocTi R, , ke[l,K],
BIJIMOBIAAIOTH OJTHOMY 1 TOMY K 3CYBY CUHXPOIOCIIIJIOBHOCTI. SIKIIIO 1€ TaK, TO CUCTEMOIO
IIUKJIOBOI CHHXPOHI3AII MPHUIMAETLCS PIIICHHS TPO BCTAHOBJICHHS CHUHXPOHI3MY. Y
bOMY BHUNAJAKY, OJOK TMEpEeBIpKM Ha BIAMOBIAHICTE OJHOMY 1 TOMY X 3CYBY

CHUHXPOKOMO1HaIIi A BCiX R, gopmye curHan «Ilomyk CMHXpOHI3MY 3aBEpIICHUI.
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Bin HazcuIaeThes 3BOPOTHUM KaHAJIOM Ha TIEpeaBaibHy CTaHIliI0. Y 1HIIOMY BUTIAJIKY
MTOBTOPIOIOTHCS BC1 OTepallii BUSBICHHS CHHXPOKOMOIHAIII1.

Sk 1y BUMaAKy 3 MEPIIMM METOMOM, MOITYK CHHXPOHHOTO CTaHy TpUBa€E abdo 10
YCHIIIHOTO 3aBEPIICHHSI MPOLIEAYPH MOIIYKY, a00 10 BUUEPIaHHSI JIMITy 4acy Ha TOITYK

CHHXPOHI3MY.

5.2.3. Onuc suxopucmano2o npocpamHo2o ma anapamuozo 3abe3neuenHs

ImiTamiitni  mMozeni  po3pobieHo MoBOw mporpamyBanHs Python [121] 3
BUKOPHUCTAHHSIM I1HTErpoBaHOro cepenoBuina po3podku PyCharm community edition
2020.3 [122].

PyCharm [122] — ue iHTerpoBaHe CepeOBUIIE PO3POOKH MOBU MPOTPaMyBaHHS
Python [121]. 3a0Ge3neuye iHCTpyMEHTH aHaNI3y KOAY, TpadiyHui HaIaromaxyBady, 3amycK
MOJIYILHOTO TECTyBaHHS Ta MIATPUMKY BeO-703BoiB it Django. PyCharm [122]
ctBOproeThes JetBrains Ha ocHoBi IntelliJ IDEA. PyCharm [122] € kpocmuiarhopmeHum
cepenoBuiieM po3podku, cymicaum 3 Windows, macOS, Linux. PyCharm Community
Edition (Oe3komToBHa Bepcisi) JineH3yeThesi 3a Jinensiero Apache, a PyCharm
Professional Edition (maTHa Bepcisi) € BIaCHUM MTPOTrpaMHUM 3a0€31EUEHHSIM.

[Tix yac po3poOKK MoJENl BUKOPUCTAHO HACTYIHI Moayii Python:

. collections [123], [124], [125], [126] — Hanmae cniemianizoBaHi TUIIN JaHUX Ha
OCHOBI CJIOBHHKIB, KOPTEK1B, HAOOPIB, CIHMCKIB. 3 IbOIO MOAYJIS B pOOOTI BUKOPUCTAHO
collections.Counter — CBO€pITHUN CIIOBHUK, KU TO3BOJISIE TIApPaxXyBaTh KUIbKICTh
HE3MIHHUX O00'€KTiB (B OUIBIIOCTI BUMAJAKIB PsiAKiB). Moayiab 3acTOCOBaHO Jist
MOJIETIICHHS pOOOTH 3 pe3yJabTaTaMHu €KCIEPUMEHTIB (TIpoLec, BUX1N);

. multiprocessing [124], [127], [128] — mo3Bossie CTBOPIOBATH MPOIECH TaK
caMo, fK 1 I1J] 4ac CTBOPEHHS IMOTOKIB 3a JOMIOMOTOK MOJYJIsl TOTOKOBOI 00poOku. Ilei
monynb no3poisie o6iviti GIL (Global Interpreter Lock), sike mo3Bossie muiie ogHOMY
MOTOKY KepyBaTH iHTeprperatopoM Python, 1 ckopucTaTics MOXIMBICTIO BAUKOPUCTAHHS

JIEKUIBKOX (BC1X) MPOLIECOPIB HA KOMIT t0Tepl. MOy b BUKOPUCTAHO AJISI PULIBUIIICHHS
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BUKOHAHHS €KCIIEPUMEHTIB 32 PaXyHOK pO3MapaseltoBaHHsI BUKOHAHHS €KCIIEPUMEHTIB
Ha BCIX MOXKJIMBHUX MMOTOKaX BUKOPUCTOBYBAHOTO IIEHTPAIHLHOTO MPOIIECOPa;

. random [121], [123] — nmnsg cTBOpeHHS OJOKYy MaHUX 13 3aJaHOIO
HMOBIPHICTIO O1TOBOI TOMUJIKH Py ;

. os [121], [123] — nmns oTpuMaHHS B CHUCTEMH KUIBKOCTI TIOTOKIB
BUKOPHCTOBYBAHOTO IIEHTPAILHOTO Tporiecopa. Lle 3HaueHHS BHKOPHUCTOBYETHCS IS
MOIYJIBHOT 6araTonpoiecopHoi 00poOKH;

Po3pobxka mporpamMuoi Moziesi Bii0yBaiacs Ha epcoHaIbHOMY KOMIT 10Tepi hopM-
¢dakTopa HOYTOYK 3 HACTYITHUMH TTapaMeTPaMH:

. OC- Windows 10;

. LIIT - Intel Core 15-8250U;

. O3V 8gb (2x4gb dual channel 2133Mhz);

. Bineokaprta - nVIDIA GeForce MX150 2gb;

. Cxouie - INTEL SSDSC2KW256G8L (256 I'6, SATA-III).

5.2.4. Ompumani pe3yromamu

ImiTaiiiine MOIEIIFOBaHHS Majlo0 Ha METI BU3HAYEHHSI HACTYITHUX MTapaMeTpiB:
— HIBUKICTh BXOPKEHHSI B CHHXPOHI3M B 3aJIEKHOCTI BiJl IMOBIPHOCTI O1TOBO1

NOMHIKU p,. Llell NOKa3sHMK OTPUMAHO HUISAXOM BHU3HAYEHHS CEPEIHBOIO 4Yacy
BCTAHOBJICHHSI CHHXPOHI3MY JJISl PI3HUX 3HAYEHb P, ;

— BIJIHOCHY YacTOTy XHUOHOTO (pa3yBaHHS B 3aJIEKHOCTI BiJl IMOBIPHOCTI

01TOBOI MOMUIKH p, . Llel TOKa3HUK OTPUMAHO IILIAXOM BH3HAYEHHS KUIBKOCTI XHOHUX

dazyBaHb, TOMIIEHOI Ha 3arajbHy KUIBKICTh BHKOHAHUX €KCHEPUMEHTIB s

KOHKPETHOTO 3HAUYEHHS P, .

‘—Iepes 3Ha4YHE 301IbIICHHS qaCy BUKOHAHHA CKCIICPUMCHTY IJIA BCIIMKHUX 3HAYCHb

IMOBIPHOCTI O1TOBOT MOMUJIKH ( Do 2 0.48) KUIBKICTh €KCIIEPUMEHTIB He OyJia OJHAKOBOIO

JUISL BCIX 3HAUCHB Py

JUISL KOYKHOTO 3HaueHH:A p, < 0.48 nposoxunocs 10000 excriepuMeHTiB;
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- IUISL KOJKHOTO 3HaueHHs p, = 0.48 mposoxuiiocs 1000 ekcriepuMeHTIB.

VYci  ekcriepuMeHTH TpoBOAWIMCS B mporpamHoMmy cepeposuini  PyCharm
Community Edition [122] Ha mepcoHallbHOMY KOMIT't0Tepi (opM-(hakTopa AECKTOI 3
HACTYITHAMH TTapaMeTPaMU:

. OC- Windows 10;

. LT - Intel Core 15-10400F;

. O3V 32Gb (2x16Gb dual channel 3200Mhz);

. Bineokapra - GeForce GTX 1650 4Gb;

. CxoBuie - SSD M.2 2280 1'TB Samsung.

PesynbraTti BUKOHAHHS €KCIIEPUMEHTIB Ta 00pOOKHU iX pe3ysbTaTiB MPEACTABICHO
B Ipa(I4yHOMY BUIJISII.

Tak, Ha pucyHky 5.3 300pakeHo rpadikd 3alie)KHOCTI CEpPEeAHBOTO Yacy
BCTAHOBJICHHS CHUHXPOHI3MY BIJ IMOBIPHOCTI OITOBOi MMOMWJIKH JJIi KOXKHOTO 3

PO3TIISIHYTUX METO/IB.

1.0E+02
= 1-uii meTon
T 1.0E+01
=)
5]
2 2 1.0E+00
g o 1.0E-01 -ui MeToJ1
S B
= 5 1.0E-02
=
5,
& 1.OE-03
&)
1.0E-04
E N & DA DA e D E D e D
QY DT QY QY 7 P QP P QP (P

IMOBIPHICTE GITOBOI MOMHIKH

Pucynok 5.3 — I'pagiku 3aj1e5KkHOCTEH CepeHbLOr0 YaCy BCTAHOBJIEHHS

CHHXPOHI3MY Bil iMOBIpHOCTI 0iTOBOI MOMMWIKH
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Ha pucynky 5.4 300paxkeHO rpadiky 3ajeHOCTI BITHOCHOI YacCTOTH XHUOHOTO
(da3yBaHHS BijJ IMOBIPHOCTI 01TOBOI MOMMJIKU. Taki 3aJIe’KHOCTI JIO3BOJISIFOTh BUKOHATH
OIIHKY HAAIHOCTI (IOCTOBIPHOCTI) BCTAHOBJICHHS CHHXPOHI3MY JIJISI KOYKHOTO 3 METOIIB.

AHaJ1i3 pe3ysbTaTiB eKCIIEPUMEHTIB CBIIUUTH MPO Te, II0:

— y KaHajax 3 piBHEM 01ToBOi MOMMWIKU p, < 0.495 MIBUAKICTH BCTAHOBJICHHSA

IIUKJIOBOTO CHHXPOHI3MY € BHWIIOIO JJIA peami3allii Imepimoro MeTomy, JUisl KaHaiB 3

D, > 0.495 — i peanizanii Jpyroro MeToxy;

— peaizallis Mepioro MeToay Mae BHUIII 3HAYEHHS WMOBIPHOCTI XHMOHOTO

(dazyBaHHs.

1.0E-02
9.0E-03
8.0E-D3 1-nit meTon /
7.0E-03
6.0E-03
5.0E-03
4.0E-03
3.0E-03
2.0E-03
1.0E-03
0.0E+00

BiadocHa yacToTa XHOHOTO
(a3yBaHHA

2-UHA METOL

P T R R IR - IR AR N SR SR
‘\ . - 0 . )
QY QTN T QY T T M M N T T P F P

IMOBIpPHICTE OITOBOT MOMHIKH

PucyHnok 5.4 - I'pagiku 3aj1e5kHOCTel BIAHOCHOI YacTOTH XHOHOT0 (pa3yBaHHA Bij

IMOBipHOCTI 0iTOBOI NOMUJIKH

3a3HaveH1 pe3yJabTaTH MOSACHIOIOTHCS HACTYITHUM:

— napaMeTpu B peaiizailii APyroro MeTOay IUKJIOBOI CHUHXpOHI3allli HE €
ONTHMAJIBHUM JUIS BCIX 3Ha4€Hb O1TOBOI NOMMIIKU p, , @ BU3Ha4eH1 11 p, = 0.495. lns
MaKCUMaJIbHOI €()eKTUBHOCTI APYTOro METOAY HMOBIpHICTH OITOBOI MOMMIJIKH B KaHaJ

Mae OyTH CIPOTHO30BaHAa MaKCHUMaJlbHO TOYHO. 3 IHIIOTO OOKY, IMpoleaypa BHOOPY
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MOMEHTIB 3MIHU 3Ha4eHb mapaMeTpiB K 1 / moxe OyTd aJanTHUBHOIO Ta 3aJIeKaTH BiJ
IMOBIPHOCTI BUHUKHEHHS 01TOBOI ITOMUJIKU B KaHaJ1 3B'SI3KY;

— napaMeTpH JPyroro METOMy ITMKIOBOI CHHXPOHI3aIlii JOPMYIOTHCS BUXOITIN
3 BUMOI' J0 3a0e3le4yeHHs JOTPUMaHHS 3aJlaHOi WMOBIPHOCTI XHOHOTO (ha3yBaHHs,

JIO3BOJISTFOYM BU3HAYMTH 11 HA €Tarll MPOEKTYBaHHs CUCTEMH ITUKIOBOI CHHXPOHI3aLlli.

5.3. Omuninka edeKTHBHOCTI LHMKJIOBOI CHHXPOHI3alii HEPO3ALIbLHMX
(pakTopiaJIbHUX KOAIB Yy 32J1€5KHOCTI Bill MapaMeTpiB CHHXPOHI3alLil

OnucaHuii y TpeTbOMY PO3UTL APYTU METOJ J03BOJSIE peani3yBaTH ITUKIOBY
CHUHXPOHI3aIIII0 JIJII CUCTEM MEpeaBaHHs JaHUX 3 KOpOTKUMU maketamu [129], [130],
[131], [132], [133], 30KkpemMa, MOOYIOBaHUX HAa OCHOBI HEPO3ILIBLHOTO (DaKkTOpiabHOTO
KoJyBaHHS JaHuX. [IpoBenene mocmipkeHHs mATBepAMIo e(eKTUBHICTh 3aCTOCYBaHHS
PO3p00JIEHOr0 METOMY ISl KaHAJIIB 3 BUCOKOIO IHTEHCUBHICTIO 3aBa/l.

Pa3zom 3 TuM, mapaMeTpu anropuTMy LMKJIOBOI CHHXPOHI3aIlii 0OMEKEHO OJJHUM

Bunagaxom i p, =0,495.

Metoro Apyroi 4aCTMHU IILOTO PO3IAUTY € JOCTIKEHHS €(EKTUBHOCTI JIPYTroro
METOAY LMKJIOBOI CHHXPOHI3allili HEPO3AUILHOrO0 (akTOpiaibHOTO KOOy IUIAXOM
BU3HAUEHHS Ta aHali3y MOKA3HUKIB CHHXPOHI3AIl] 3 MapaMeTpaMu, OOUYUCICHUMU IS
PI3HMX IPaHMYHMX IMOBIPHOCTEH OITOBOI IIOMUNIKH P, .

EdekTtuBHICTh METOAY LMKIOBOI CHHXpOHI3alli OyAeMO OLIHIOBATH Ha JABOX
MOJIEJIbHUX CHUCTEMaX NepeAaBaHHs JaHUX 13 HACTYITHUMU OOMEKEHHIMMU:

— JIOBKMHA CUHXPOKOMOIHAIIII-IepeCTaHOBKHU M =8, JIOB)KUHA
CUHXpOKOMOIHalii B JABIMKOBOMY BHIVISIII 3a PIBHOMIPHOTO KOIYBaHHS CHMBOJIIB
MIEPECTAHOBKU — 1 = 24;

— KOMYHIKAIIWHUN KaHa € JABIMKOBUM CUMETpUYHUM [134] 3 HeszaleKHUMH

OITOBMMU ITOMMIJIKAMH;
— IMOBIPHICTH O1TOBOI IIOMUJIKM B KaHAJIl 3B'I3Ky p, OOMEXEHO 3Ha4YCHHAMU

0,49510,4;
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- IMOBIPHICTh BCTaHOBJICHHS IIPaBHJIBHOTO CHHXPOHI3MY P~ HE IOBUHHA OyTH

tru

MeHIIa 3a 3HaseHHs 0,9997 (P, >0,9997) it Gymb-sKOTO 3a/jaHOTO 3HAYCHHS

HMOBIpHOCTI 6ITOBOi TOMUJIKH;

- IMOBIPHICTh BCTAHOBJICHHS XMOHOTO CHHXPOHI3MY P,

use 'HC TIOBHHHA

nepeBHUIIyBaTH 3HadenHs 3-107 (Pfalse S3-104) 111 OyIb-SKOr0 33aJaHOrO 3HAYEHHS

HMOBIpHOCTI GITOBOi TOMUJIKH.

5.3.1. Bubip napamempie cunxpoHizayii
3nadenns K rta / nna p, ., =0,495 BusHaueHo B po3aini 3 (Tabmuud 3.5).
Jns BuzHadeHHs 3HadeHb K Tta [ gnda p, . =0,4 cxopucraeMocs METOAMKOIO,

Ky HaBEICHO B TPETbOMY PO3I1II.

Haramaemo, mo BIAIOBIAHO 10 Il€l METOAMKH MOYATKOBE 3HAYEHHS KUIBKOCTI

omokiB K Ta Mexi iHTepBaiiB [lmin (i);lmaX (l)] BUOMPAIOTBCS TaKUM YWHOM, 00

WMOBIpHICTh XMOHOT CHHXPOH13a11i{

K

Pﬁzlse_ﬁnal (n’dlzm’pO’l’K) = szalse_sum (n;dlim;po;lmin (i);lmax (Z)’Z) < Pfalse_max b (51)
i=1

A€ N — DOBXHWHA CUHXPOCJIOBA,

d,, — MakCHMMaJlbHa KPaTHICTb OITOBHMX ITOMHIJIOK, IO HE NPH3BOIATH 10 XUOHOI
1eHTU(]IKAIIT CHHXPOCJIOBA;

3aJlaHe TpaHWYHE 3HAYEHHS WMOBIPHOCTI XHWOHOI KaapoBOl

false _max
CHUHXPOHI3aIIiT;

— IMOBIPHICTh MIOMWJIKOBOTO (pa3yBaHHS MPH MOCIHITOBHOMY 301IbIIICHH1

false _sum
3HaueHb KoedilienTa Hakormyaenns 3 (i) no [, (i) mwis i Gnokis:

Linax (1)
Prise sum (n;a’h.m;po;lmin (i);lmax (i);i)S ()Pfalse(n;dlim;po;j;i) ) (5.2)
J=lmin (i
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f’ﬁlse(n;dhm; Dos j;i) — IMOBIPHICTh XMOHOI CHHXPOHI3AIll Y BUITAJIKy TPHUHOMY 3

KaHaTy 3B's13Ky [ OJIOKIB, 110 MICTATh j (j — HemapHe) (parMeHTiB 1o 71 OIT.
OOMekeHHsT U1 OKpEMHX JOJaHKIB Pfalse_ﬁnal(n;dlim; DoslsK ) MOXKHA 3aJaTH B

TaKOMY BI/II‘JIHI[iI

Pfalse_sum (n’dlim’pO’lmin (i)’lmax (l)’l) < }/i ) Pfalse_max ’

K
npuaomy y, 20, Zj/,. =1.

i=1

max

BusHaueHHs Mex BiIpI3KiB [Zmin (i );Z (i )] NOYMHAEThCA 3 1 =1.

MakcumaiibHe 3HaYeHHs / (1) BUOMPAETHCS SIK MiHIMaJIbHE 3HAYEHHS / , 32 SIKOTO

max

AMOBIPHICTh MPaBWJIbHOI CUHXpOHI3alil 11 K =1 He mMeHma 3a 3ajaHe P, TOOTO

true _min >

L ()=min(): B, (n;d,,;py;l;1) > P

true _min *

Jst MonenbHOro npuknany 3 n=24, d, =5 nna P,

true _min

=0,9997 i Py o =0,4

3Ha4YeHHS [ (1) =75.

max

Hwxni Mexi Bimpi3KiB [lmin (i);lmaX (l)] 3HAYeHb KoeilieHTa HaKOMWYeHHs /,
BIJIMIOBIJHUX KUIBKOCTI OJIOKIB #, BUOMPAIOTHCS K MIHIMaJIbHI 3HAY€HHS lmin(i), IS
SIKHAX BUKOHYETBHCS yMOBa (5.2), TOOTO
Lin (l) = min(l) “Plsse sum (n;dlim;po;l;lmax (i);i) <7 Price max -

Bepxni Mexi Bimpiskie [, (i+1) obumcimororbes 3a  3HadeHnsmu [ (i)
HacrymauM  amHoM: [ (i+1)= [Zmin (i) (i/(i + 1))} , SAKIIO [lmin (i)- (i/(i + 1))} -
nemapue, ta [, (i+1)= [lmm ()-(i/(i + 1))] —1, sxuio [lmin (i)-(if (i + 1))] — mapHe.

. . 4
J11st aHaITi30BaHOTO B PO31TI MOACIIBHOTO IpHUKiIany P =3-10".

false _max

Busnauatn 3nauennss K Oymemo BiamoBigHO 10 Bupasy (5.1) sk MmiHIMajgbHE

[75/K ]
3HAYEHHs, 3a AKOro cyma Z Pﬁdse(24;5;0,4; 7K ) S Puge mx» J — Hemapue. Taki cymu
j=1
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75

it K ={1;2;3} piBHi: D P (24:50,4;j;1)=2,56-10"",
j=1
37 25
ZPfa,se(24;5;O,4;j;2) =3,96-107" i ZPfalse(24;5;O,4;j;3) =7,99-107". 3Bizncu crinye,
Jj=1 J=1
2
o K=3 X Pﬁzlse_sum (24’ 5’ O’ 4;1;lmax (3)’3) < ZPfalse_sum (n;dlim;po;lmin (i);lmax (l)’l) .

i=1
Ipuiimemo y, =1/4, y, =3/4. Toni Mexi Bimpi3kis [lmin (i);lmaX (1)] HaOyBaroTh

3HA4YCHb, HABEACHUX y Tabmui 5.1.

Tabmuus 5.1 — Mexki Bigpiskis [Zmin (i );lmaX (i ):'

i 1 2 3
Loin () 59 5 1
Lo (1) 75 29 3

KinbkicTs HakomuueHnx ¢parmeHtiB L, = K/, a KUIbKICTh HaKONMYCHHX OIT —
L=Kin.

HaBenemo Ha pucyHky 5.5 rpadiku 3aleKHOCTEM OLIHOK WMOBIPHOCTEH
MPABWJIBHOT Ta XMOHOT CHHXPOH13a1lii BiJl KIIBKOCTI HAKOMTMYEHUX (PparMeHTIB 3a 3aJaHUX

oOMexeHb i K = {1; 2;3} Ta BUBHAYCHUX 3HAUYEHBb TOUOK MEPEXOIY MK HUMHU.
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P

true _ final

(24:5:0,4:1:K) Pre ms (245:0.4 1K)

1.0E+00 3.0E-04

9.0E-01
2.5E-04
8.0E-01
7.0E-01
2,0E-04

6.0E-01
5.0E-01 1.5E-04

4.0E-01
1,0E-04

3.0E-01
e Pfalse final (24:5:0.4:1:K)
2.0E-01
5.0E-05

— 50 41K
1.0E-01 Ptrue_final (24:5:0.4:1:K)

0.0E+00 0.0E+00

3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60 63 66 69 72 75
Number of accumulated fragments

Pucynok 5.5 — I'padiku 3a;1exxH0CTEl OLIHOK IMOBiIpHOCTEH MPABUJIBLHOI Ta XUOHOI
CHHXPOHI3alil Bii KUIbKOCTI HAaKONMU4YeHUX parMeHTiB sl ATANTUBHOIO MPOLECY

CHUHXPOHi3anil

5.3.2. Excnepumenmanvni pezyiomamu ma ix 062080peHHs.
Ha pucynky 5.6 mnpencraBieHo Tpadik eKCIEPUMEHTAIbHO BU3HAYEHOI
IHTErpaJIbHOT (PYHKIIIT YaCy BXO’KEHHS B CHHXPOHI3M (B1IHOCHOT YaCTOTH BCTAHOBJICHHS

IPaBUIBHOTO IUKJIOBOTO CHHXpOHI3MY) W, . ﬁna,(24;5; Posl;K) B kinbkocti

tr
HaKomMYeHNX (parmMeHtiB L, = Kl (3 ix mepeMiulyBaHHsM) sk HMOBIPHOCTI OiTOBOT
nomunku p, =0,4. Kpim Toro, Ha pucyHkKy 5.6 HaBeIeHO TaKok rpadik T€OPETUYHOI

OIIIHKY 3HU3Y UMOBIPHOCTI IPABWJIBHOI CHHXpOHI3aMii P

true _ final

JUTS TApaMEeTPiB CUCTEMU

CHUHXpOH13amii3 p, . =0,4.
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1.0E+00

9.0E-01

8.0E-01

7.0E-01

6.0E-01

5,0E-01

4.0E-01

== == Ptrue_final (24:5:0.4:;1:K)
3.0E-01

2.0E-01 e Witrue_final (24:5:0.4;1K) with

parameters for p0<=0.4 (with

1.0E-01 interleaving)

Relative frequency of correct synchronization

0.0E+00
3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60 63 66 69 72 75

Number of accumulated fragments
Pucynoxk 5.6 — I'padiku 3aj1eskHOCTE BITHOCHOI YaCTOTH BCTAHOBJICHHS

LHMKJI0BOI0 CHHXPOHI3MY BiJl KiJIbKOCTI HAKOIIMYEHHUX (pparMeHTiB (3 Ix

nepeMilryBaHHSAM)

3ayBaxkeHHs1 5.1. [1i0 uac excnepumenmanbHo20 OO0CNIONCEHHS PO3POOLEHO20
Memooy 3a 2paHuyHoi umosiprocmi 6imosoi nomuaku p,=0,4 ecmanosenenns xubHo2o
yuk06020 curnxpouizmy ons 10000 sunpobysanv mpanisinocs 6 cepeouvomy 1 pas. s
100000 makux sce sunpobysans KilbKicmb GUNAOKIE 8CHAHOBNIEHHS XUOHO20 YUKII0B020

cunxpouizmy ckaradana 16-18 paszis. Taka cumyayis nouicmio 8i0n08io0Ac GU3HAUEHILL

ymoei P, <3- 107,

AHaJi3 IpoAEeMOHCTPOBAHUX HA PUCYHKY 5.6 pe3ysbTaTiB MiATBEPIKYE BITHOCHO

rpyOy ouiHky F,,, ;.. 13 TPEThOro po3ainy. BoaHouac ouiHka € CripaBeuIMBOIo.

HaBenemo Ha pucyHKy 5.7 Ta HOpiBHIEMO €(EKTUBHICTE OTepallii nepeMinryBaHHS

(dbparMeHTiB nepe]] KOKHUM HACTYITHUM €TarnoM (opMyBaHHS OJIOKIB.
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1.0E+00

9.0E-01

8.0E-01

7.0E-01

6.0E-01

5.0E-01

4.0E-01

== == Ptrue_final (24:5:0.4:1:K)

3.0E-01 -

e Wirue final (24;5;0.4:1:K) with parameters
for p0<=0.4 (without interleaving)

s Wirne_final (24;5:0.4;1;K) with parameters
for p0<=0.4 (with interleaving)

2.0E-01

Relative frequency of correct synchronization

1.0E-01

0.0E+00
3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60 63 66 69 72 75

Number of accumulated fragments

Pucynoxk 5.7 — I'padiku 3aj1e;kHOCTE BITHOCHOI YaCTOTH BCTAHOBJIEHHS
HHMKJI0BOI0 CHHXPOHI3MY Bil KIIbKOCTI HAKONIMYEHUX parMeHTis 3

nepemMinryBaHHaM Ta 0e3 nepemimysanns (s p, <0,4)

Ananiz rpadikiB pUCYHKY 5.7 CBIIUMTH, IO 3aCTOCYyBaHHS oOIlepairii

nepeMillyBaHHs (PParMeHTIB, SK 1 1JI BUNAAKy 3 p, .. = 0,495, nae nosutuBHuUii eexT.

BcraHoBIEHHST MEX MEPECTaHOBOK 13 3aCTOCYBAHHSM IEPEMIITyBaHHs OyJie HIBUIIINM,

OCKUIBKH BUMAara€ MEHILIOI KIIbKOCTI HAKOITMYCHNX (parMeHTiB L, (CepeaHs KiIbKICTh

dbparmentiB 31,57 3 nmepemitnyBaddsaM ¢parmMenTiB npot 33,01 6e3 nepeminryBaHHs).

BusznaunMo Ta mpeactaBUMO Ha PUCYHKY 5.8 3aJIeKHICTh CEPEIHbOrO 3HAYCHHS

KUIBKOCTI HAKOMUYCHUX (DPAarMEeHTIB 710 BCTAHOBJICHHS IIUKJIOBOTO CHHXPOHI3MY L p BIJT

1MOBIPHOCTI 01TOBOI NOMHIKH p, < 0,4.
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30 e—yithout interleaving for 0.4

e yith interleaving for 0.4

25

20
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Average number of accumulated fragments

0,05 0.1 0,15 0.2 0,25 0.3 0,35 0.4
Bit error rate

Pucynok 5.8 - I'pagiku cepeaHbOi KiTbKOCTI HAKONMMYEHUX (PPArMeHTIB 10

BCTaHOBJIEHHS IMKJIOBOIO CHHXPOHI3MY L, BiJ iMOBIpHOCTi 0iTOBOI MOMMJIKH

P, <04

3 rpadikiB Ha PUCYHKY 5.8 BHUAHO, IO PI3HUIST MK CEPEIHBOI KUIBKICTIO
HAKOMUYEHUX (parMeHTIiB L_ﬁ JUIS aJTOPUTMY 3 TEPEMIIIyBaHHS Ta alrOpuTMy 0€3
nepeMillyBaHHs 30UIbIIYEThCA 31 30UIbIIEHHAM IMOBIPHOCTI OITOBOi MOMWJIKHM 1 AJis
P, = 0,4 nocsrae cBOro MakCUMaJIbHOTO 3Ha4eHHA B 1,44 (parMeHTH.

Bukonaemo nopiBHSHHS MOKa3HUKIB CUCTEM IIMKJIOBOI CHHXPOHI3AIlli 3 MOMEHTaMH

3MiHM 3HaueHb K 1/, Bu3Hauenummu g p, . =04 1111 p, . =0,495.

Pucynok 5.9 y mopiBHSHHI 3 pUCYHKOM 5.7 JIONMOBHEHO rpadikoM BIJTHOCHOI
YaCTOTH BCTAHOBJICHHS IIMKJIOBOTO CHHXPOHI3MY BIJ KUIBKOCTI HAaKOMUYEHUX

(parmenTiB L, IS CHCTEMHU CHHXPOHI3aLlii 3 TepeMilllyBaHHsIM (PparMeHTIB, TapaMeTpy

K01 BU3HaueHo g p, .. =0,495.
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1.0E+00

9.0E-01

8.0E-01

7.0E-01

6,0E-01 == == Ptrue_final (24:5;0,4::K)

5.0E-01

e Witrue_final (24:5:0,4;1;K) with
parameters for p0<=0.4 (without
interleaving)

— Witrue_final (24:5:0,4;1;K) with
parameters for p0<=0.4 (with
interleaving)

e Wtrue final (24:5:0,4;1;K) with
parameters for p0<=0.495 (with
interleaving)

4,0E-01

3.0E-01

2.0E-01

Relative frequency of correct synchronization

1.0E-01

0.0E+00

Pucynok 5.9 — I'pagiku BiZHOCHOI YaCTOTH BCTAHOBJICHHS LIUKJI0BOIO

CHHXPOHI3MY BiJl KUIbKOCTI HAKONMUYeHUX parvMeHTiB

Hageneni rpadiku cBig4yath mpo Te, 1m0 3HauyeHHS K Ta [/, a TaKoX MOPSIOK iX
3MIHHU BIJIITPAIOTh BAXKIIMBY POJIb B IIBUJIKOIT QJITOPUTMY CHHXPOHI3AITII.

Bu3HAYNMO PI3HHUIIF0 MK MiHIMAIBHOO KUTBKICTIO HAKONMYEHUX (pparMeHTiB L,

JUTSl CHCTEMHU CUHXPOHI3allli 3 IepeMilllyBaHHAM ()parMeHTiB, MapaMeTpH K0T BU3HAYEHO

mis p, .. =0,495, Ta cucremMu CHHXpOHI3alli 3 MEPEMINIyBaHHSAM (DparMeHTis,

napamMeTpH KOl BU3Ha4eHO 11 p, .. =0,4, 3a AKOi 10CATA€TECSA 3HAYCHHS B1THOCHOI

yactotu W,

true _ final

(24,5,0.4,1 K ) =0,9997. ¥V nepiioMy BHITaIKy L, =172,y npyromy —

L

4 =69. TaknM YHHOM, PI3HHLIS B HCOOXiIHIN KUIBKOCTI HAKOTTMYCHHUX (DPArMeHTIB 1

JOCSITHEHHS BiTHOCHOI YaCTOTH BCTAHOBJICHHSI MPaBUILHOTO CHHXPOHI3MY Ha 3aJaHOMY
piBai 0,9997 nopisHioe 103 dparmenTH, a ix BigHOwEeHHs — 2,49. Yac BCTaHOBIEHHS
CUHXPOHI3MY, OY€BHMJIHO, Oyae 3HAYHO MEHIIMM JJsi CHCTEMHM CHHXpOHI3amii 3

nepeMillyBaHHAM (PParMeHTIB, HapaMETPH SIKO1 BU3HAYeHO 1t p, . =0,4.

Pucynox 5.10 umocTpye 3al€KHICTh CEPEAHBOTO  3HAYEHHS  KUIBKOCTI
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HAKONMYEHUX (ParMEHTIB O BCTAHOBJICHHSA [MKIOBOIO CHHXPOHI3MY L, Bil

IMOBIPHOCTI 01TOBOI MOMUIKH p, < 0,4 U cCHCTeM CHHXpOHi3anii 3 mapamerpamu K Ta
[, BusHauemumu s p, . =0,495 1 p, . =04, 3 mepemimyBaHHAM 1 0e3

nepeMilTyBaHHSI HAKOITMYECHUX (hparMeHTiB.

100

90 e yithout interleaving for 0.495

with interleaving for 0.495
80
e ithout interleaving for 0.4

70

eith interleaving for 0.4

60

50

40

30

20

Average number of accumulated fragments

10

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Bit error rate

Pucynok 5.10 — I'pa¢ixu cepeaqHb0i KUIbKOCTI HAKOMMYEHUX PparMeHTiB s

P, <04

3 rpadikiB Ha pucyHKY 5.10 BUIHO, 1110 PI3HULISI MIXK CEPEAHIM 3HAYEHHSIM KIJTbKOCT1
HAKOMUYEHUX (parMeHTiB Ui CHUCTEM CHHXPOHI3AIli 3 TMepeMillyBaHHAM 1 0e3
NepeMilllyBaHHS HaKOMUYEHUX (DparMeHTIB 30UIbIIYETHCS 31 30LIBIIEHHAM IMOBIPHOCTI
O0iToBOi moOMUIKU. Tak, U PpI3HMULS s CHUCTEM CHUHXpOHI3alli 3 MapaMeTpaMu,

BU3HaYeHUMU it p, . =0,495 nopisutoe 4607 dparmentam 3a p,=0.495, 9.1

¢parmentam 3a p, =0.4 12.6 pparmentam 3a p, =0.35. /g cucreM CUHXpOHI3aMIi 3

napaMeTpamMy, BU3HA4YeHUMH 11 p, .. = 0,4, BIINOBIAHI 3HaY€HHA AOPIBHIOIOTH 1,4 1

0,4. 1Ii moka3HUKM TaKOX CBIIYaTh MPO T€, IO MEPEMIUTYBAHHA Ma€ OUIbII 3HAYHUI

NO3UTUBHUN €(EKT Ul CUCTEMH CUHXPOHI3alli 3 mapamerpamu s p, . = 0,495.
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Buxinni gani g noOymoBu rpadikiB pucyHky 5.10, BH3HauamTh Te, IO 3a

MMOBIpHOCTI 01TOBOI moMuiKu p, =0,4 A7 BCTaHOBJIEHHSA LMKIOBOIO CHHXPOHI3MY

CHUCTEMOIO CHHXPOHI3allii 3 IepeMIIllyBaHHIM HaKOMUYEHUX (PparMeHTIB 1 IapamMeTpamH,

BU3HaUeHUMU Ui p, . =0,4, moTpiOHO B cepeqHbOMY Ha 52,5 (hparMeHTH MEHIIE, HIXkK
JUIA CUCTEMHU 3 IIapaMeTpaMu, BUSHaUeHUMH i p, . =0,495.

[TopiBHIOIOUM OTpHMaH1 pe3yJbTaTH PIZHUIN CEPEIHbOI KITLKOCTI HAKOIMMYEHUX

¢parmentiB gna cucrem 3 p, =04 1 p, . =0,495 3 BUKOPHCTaHHAM

HepeMiIHYBaHHH 1 0e3 HbOI'0, MOJXHA 3a3HAYUTH, IO BHUKOPHUCTAHHSA TOYHOI'0 3HAYCHHA

MMOBIPHOCTI O1TOBOI TOMMJIKH ( Do max = 0,4) ISl BASHAYEHHS OCIJOBHOCTI 3Ha4eHb K

1 [/ pgae B 1bOMy NpHKIAAl OUTbIIMKA €(EeKT, HI)K BUKOPUCTAHHS IEPEMIIIyBaHHS

(bpaFMeHTiB 1 CUCTCMHU CHHXpOHiBaI_[i.l' 3 HapamMmeTpaM, BUSHAYCHUMHU JIXI HCTOYHOI'O

3Ha4EeHHs MMOBIPHOCTI OITOBOI IIOMUIIKH ( Lo max =05 495). Pasom 3 ThM, 1Lie He O3Hayae
CIIPABEIMBICTh TAKOTO TBEPKCHHS JUIA 1HIINX 3HAYEHb p, 1 p, ..., TPOTE€ MAKCUMAJIBHO

TOYHE 3HAHHSI UMOBIPHOCTI OITOBOI MOMMJIKM B KaHaJll 3B’S3KY J103BOJUTH MaKCUMAJILHO
e(eKTUBHO BU3HAYUTH NPOIEAYPY 3MiHU 3HaUeHb K 1 /.

VY BuUMaaKy, KOJIM WMOBIPHICTH OITOBOI MOMIJIKHM B KaHaM1 3B 3Ky HE € MOCTIIHOIO,
JIOIITBHO OPIEHTYBATHCA Ha ii MakCMMajbHE 3HaueHHsA. BUKOpUCTaHHS kK aJanTHUBHOI
MIPOLIEIyPH 3MIHH IMapaMeTpIB CHCTEMHM CHHXPOHI3aIlii B 3aJie)KHOCTI Bij 3aBajoBOi
CUTYyallli B KaHaJll 3B’ 513Ky MOKE JIO3BOJIUTH MIJBUIIMTH €(PEKTUBHICTh CUCTEMHU KaJIPOBOi
CUHXpPOHI3aIlll, MPOTE€ B LOMY BHUINAAKYy NOTPIOHO BPAaXOBYBATH PU3BHUK 30UIBLICHHS
4acTOTH XUOHOI CUHXPOHI3AIlil BHACIIOK 301IbIIIEHHS! HMOBIPHOCTI OITOBOI MOMUJIKHU Ta

1HEPLIMHOCTI NPOLECY 3MIHU NTapaMETPIB.

5.4. BucHoBKkM

VY m’aromy po3auii JucepTaliitHOro 0CI1IKeHHS:

- npeAcTaBieHo MoOydoBaHI IMITAIiiHI MOJEN CHUCTEM TMepelaBaHHs
iHdopmartii 3 HeposaubHUM KB/ 13 3acTOoCyBaHHSM METO/IB ITUKIOBOT CHHXPOHI3AIi1

OKB/I, onucanux y IpyroMy Ta TpeTbOMY pO3/LIax;
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- peai3oBaHO aJTOPUTMU POOOTH IMITAIIMHUX Mozened, moOydoBaHi 3a
ONMKMCAaHUMU METOJaMU;

- BUKOHAHO OIIHIOBAHHSI MOKAa3HMKIB €(EeKTUBHOCTI IIMX METOMAIB ITUKJIOBOI
CHUHXpOHI3alii (4acy BXOIKCHHS B IMKJIOBUW CHHXPOHI3M JJsi PI3HHUX MapaMmeTpiB
KaHaly 3B’S3KY);

— BHMKOHAHO TOPIBHSJILHUI aHal3 OTPUMaHUX [MOKA3HUKIB Yacy BXO)KEHHS B
[UKIOBUNA CHHXPOHI3M, MPOJEMOHCTPOBAHO OCOOJIMBOCTI Ta IMEpeBard KOXKHOTO 3
METOAIB, C(hOPMYIBOBAHO PEKOMEHALIT 100 IX 3aCTOCYyBaHHsS. 30KpeMa, BU3HAUYECHO,
110 33 [TapaMeTPiB HUKIOBOi CHHXPOHI3aLlli, BUSHAYCHUX UL p, .. = 0,495, BHIKICTH
BCTAHOBJICHHSI LIUKJIOBOIO CHHXPOHI3MY i p, =0.495 BuIa a1 METOLy Ha OCHOBI
MOJILTy CUHXpOKOMOIHAIIi Ha TipediKCHY ¥ cy(iKCHY YacTHUHH, B cepenHbomy, Ha 11,83
%, ane BiIHOCHA YacToTa XUOHOTO (pazyBaHHsI, y IboMy pa3i, 1opiBHIO€e 0.006103662 Ta

€ BUIIIOIO TTOPIBHSIHO 3 METOJIOM Ha OCHOBI KOPEJIAIIMHOT 00pOOKH JIJIS IKOTO 11€ 3HAYEHHS

nopisaioe 0, 3a 10000 excnepumentiB. A i p, =0.496 IMBHUAKICTH BCTAHOBJICHHS

IIUKJIOBOTO CUHXPOHI3MY BHIIIA JJIsI METOIY Ha OCHOBI KOpEAIIiHOI 00poOKu Ha 56,94%.

Paszom 3 TuM, 3a mapaMeTpiB LMKJIOBOI CHHXPOHi3amlii, BU3HaYeHUX uid p, =0.495,
IIBHJKICTh BCTAaHOBJIEHHS IMKIOBOIO CHUHXPOHI3MY 1 p, <0.495 € Bumoro aus
METOIY Ha OCHOBI MOALTY CUHXpOKOMOiHaIlli Ha TpedikCHY U Cy(dIKCHY YaCTUHHU, a IS
P, > 0.495 — 11 MeToy Ha OCHOBI KOPEJALINHHOT 00pOOKH, 1110 M ATBEPIKYIOTh rpadiku
300pakeH1 Ha PUCYHKY 5.3. Pa3om 3 TuM, 3TiJIHO 3 HaBeJeHUMU rpadikaMi Ha PUCYHKY
5.4, peanizauis NepIIOro METOY Ma€ BUIL 3HAYEHHS] KMOBIPHOCTI XMOHOTO (ha3yBaHHS

3a p, > 0.3, 1m0 MoXke HE 3aJ0BOJIBHATH HEOOX1THUM YMOBAM;

- BUKOHAHO JOCJIDKCHHS €(PEeKTUBHOCTI METOMY IMKJIOBOI CHHXPOHI3AIli
HEPO3AUILHOTO (haKTOPIAIBHOTO KOy Ha OCHOBI KOPEJSIIHHOT OOpOOKH ILISIXOM
BHU3HAUEHHS Ta aHali3y MOKA3HUKIB CHMHXPOHI3ALll 3 MapamMeTpaMu, OOUMCICHUMU IS

rpaHUYHUX IMOBIpHOCTEH OiToBOi mommnku p, . =0,4 1 p, =0,495, Ta

HACTYIIHUMHU yMOBaMH: IMOBIPDHICTb IpaBWJIBHOI CHHXpoHizamii P >0,9997,

IMOBIPHICTh XHOHOT CHHXpOHI3aIli1 Pfalse <3.107™, [TinTBEepmKEHO, 110!
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° PI3HHIIE MDK CEpPeNHIM 3HAYEHHSM KUTBKOCTI  HAKONMMYCHUX
dbparMeHTIB JJI1 CUCTEM CHHXPOHI3aIlli 3 MepeMilllyBaHHAM 1 0e3 MepeMillyBaHHs

HAKOIIMYEHHUX (PparMeHTIB 3 IapaMeTpaMu, BU3HaueHumu i1 p, . = 0,495,

nopiBHIOoe 4607 ¢parmentam 3a p, =0.495, 9.1 ¢parmenram 3a p,=0.4 1 2.6
¢parmenram 3a p,=0.35. Jnd cucTeM CHHXpOHI3amli 3 IapaMeTpaMy,

BU3HaueHUMHU 11 p, .. =0,4, BIINOBIAHI 3Ha4yeHHA nopiBHIOOTH 1,4 1 04.

OTpuMaHi TMOKa3HMKHM CBiYaThb MpPO Te, IO BUKOPUCTaHHS MpPOLEIypU
NepeMillyBaHHs OTPUMAHUX 3 KaHAITy 3B’ sI3Ky ()parMeHTIB Ma€ MO3UTUBHUHN e(DEKT,
3HAYYIIICTh SIKOTO 3POCTa€ 31 30UIBIICHHSIM IMOBIPHOCTI OITOBOI MOMMWJIKK Ta 3i

30UIBIICHHSAM I'PAHUYHUX IMOBIPHOCTEN OITOBOI MOMHUIIKU p,, ., HA OCHOBI SKHX

1 BU3HAYAIOThCA MapaMEeTPy CUCTEM CUHXPOHI3alli;

o PI3HHI MK MIHIMAJIBHOO KiIbKICTIO HAKOIUYEHUX (DparMeHtis L,

JUISl CUCTEMH CUHXPOHI3allil 3 MepeMillyBaHHSAM ()parMeHTiB, MapaMeTpu SIKOi

BU3Ha4eHO WA p, . =0,495, Ta cucTeMH CHHXpOHI3alil 3 IepeMINIyBaHHAM

(pparMeHTIB, mapaMeTpy SKOi BU3HAYCHO Wi p, .. = 0,4, 3a sAKOI HOCATAETHCS

(24,5,0.4,1,K)=0,9997, nopismioe 103

3HA4YCHHAA BiI[HOCHOI yactotu W,

true _ final
dparmentu, a ix BimHomeHHs — 2,49. Sk pe3ynbrar, HEOOXiAHUN dYac s
BCTAHOBJICHHS CHHXPOHI3MY 3HAYHO MEHIIWH /I CHUCTEMH CHHXpOHI3amii 3

nepeMillyBaHHAM (PparMeHTiB, HapaMeTpu SIKOi BU3Ha4eHo nus p, . =0,4.

TakuM yuHOM, JUTsl MIABUIICHHS €()eKTUBHOCTI CUHXPOHI3allii TOIIJIBLHO J10/IaTKOBO
BUKOPHCTOBYBAaTH MPOLEAYPY MEPEMIITYBaHHA OTPUMAHUX (pParMeHTIB Ta MAaKCUMAIbHO
TOYHO BU3HAYaTH WMOBIPHICTH OITOBOi MOMWJIKM B KaHall 3B’SI3KY. Y BHUIIAJKY, SIKITIO
WMOBIpHICTh OITOBOi MOMMJIKA HOCHTHb 3MIHHUM XapakTep, JOLLILHO OpIEHTYBAaTHCS Ha
MaKCHUMaJIbHO MOKJIMBE 3HAYCHHS.

VY m’siToMy pO3/iIi AETAIBHO OMTMCAHO CEPEOBUIIE pO3POOKH Ta OCHOBHI MO,
Kl BUKOPUCTOBYBAJIMCS [JIs peaji3allii ajropuTMiB BCTAHOBJICHHS LMKJIOBO1

cunxponizamii s GKBJ/I.
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3acToCyBaHHS aJalTUBHOI IPOIEAYPH 3MiHH ITapaMeTPiB CHCTEMHU CHHXPOHI3aIlii B
3aJIe)KHOCTI BiJl 3aBaJIOBO1 CUTYyallli B KaHaJIl 3B’SI3Ky MOXKE OyTH HaAIpsIMOM IOAABITUX
JTOCHiKeHb. KpiM TOro, MO)XXKHA 3a3HaYMTH, M0 TMOTCHIIHHO I1CHY€ MOXKIIUBICTH
KOMOIHOBAaHOTO BHKOPHCTaHHS 3a3HAUYEHUX METOJIB, OJHAK IICH HamNpsSMOK BUXOIUTH 3a
paMKH IILOTO JOCITIHKCHHSI.

OcCHOBHI pe3y/lbTaTH MOPIBHAJIBLHOTO aHali3y €()EeKTHMBHOCTI METOMIB IUKIIOBOI

CUHXPOHI3aIlii, BUKJIJCH] B I[bOMY PO3/I1JIi, Ipe/icTaBiieHo B npatrsix [135], [136].
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BUCHOBKHA

VY nucepramiifHiii poOOTI BUPIIIEHO aKTyaJbHYy HAyKOBO-TEXHIUHY 3adady, IO
noysirae B 3a0e3IedYeHHl JIOCTOBIPHOCTI TiepedaBaHHs 1Hdopmallli Ha OCHOBI
BUKOpPUCTaHHS (haKTOpiaJbHOTO KOJAyBaHHA JaHuX. L[ 3amada nepenbayae HEOOX1AHICTD
CTBOPEHHSI METOJIIB BCTAHOBJICHHS IIMKJIOBOI CHMHXpOHi3allii Ta METOJYy JOCTOBIPHOTO
NepelaBaHHsl MEePEeCTaHOBKM 3 BUKOPUCTAHHSM HEPO3IUIBHOTO  (aKTOPiaIbHOTO
KOJYBaHHS B KaHajax 3B’ A3Ky 3 BUCOKOIO HMOBIpHICTIO OITOBOT IOMUIIKH.

Hait61s1p111 3HaUyIII1 pe3yabTaTd POOOTH MOJIATaI0Th Y HACTYITHOMY:

1. Bnepmie po3poOneHo MeTox IMUKIOBOI CHHXPOHI3AIli HEpO3IUIBHUX
(dakTopialbHUX KOMIB, SKHM 3a paxyHOK BHKOPUCTaHHS $IK CHHXPOKOMOIHAIi
NepPeCTaHOBKH YUCE, ii MOJUTYy Ha npedikcHy Ta Cy(iKCHY YaCTHHH, a TAKOX 32 PaXyHOK
MaXOpUTapHOi OOpPOOKH MPUIHATUX (pParMeHTiB, J03BOJISIE 3a0€3MEUUTH LIHUKIOBY
CUHXPOHI3aIlI0 MPUUMAIIbHOT Ta TEpelaBaJibHOI CTAHI[IA KOMYHIKAIIMHUX CHUCTEM
nepenaBaHHs 1H(opmarlii 3 Hepo3AUIbHUM (haKTOpiaTbHUM KOIyBaHHSAM. Po3polieHo
CTPYKTYpPHY CXeMY IPHCTPOIO [IMKIOBOI CUHXpOHi3aii. [I00y1oBaHO mporpaMHy MOAEIb
nepeaBaHHs JaHWX, B SKIA peai3oBaHO PO3POOJICHUN aNTOPUTM BCTAHOBJICHHS
IUKJIOBOTO CUHXPOHI3MY MeToj gae 3Mory Jjisl IepecTaHOBKH 3 8 ejneMeHTIB (24 0iT) y

KaHajax 3B 3Ky 3 IMOBIPHICTIO 0iTOBOi moMmnku p,=0,495 orpumarn 3HAYCHHA

BIJTHOCHOI YaCTOTH BCTAHOBJIEHHS MPABUIILHOTO CUHXPOHI3MY W =~ =0,993 Ta BiZHOCHOT

true

4acTOTH XWOHOI CcUHXpoHi3auii W

e = 0,006 ST MakCUManbHOTO — KOC(ilieHTy

HakonmueHHs [ =90603 (2174472 6it). KpiMm Toro, meron nae 3MOry 3a0e3neduTH

BCTAHOBJICHHSI CHUHXPOHI3MY, B cepeAHboMy, micis oTpumanHsa 4, 7, 15, 54, 14526
dbparmentiB (96, 168, 360, 1296, 348624 06itr) 3a MOBIpHOCTEH OITOBOI IOMUJIKH .
2, =0,1;0,2;0,3;0,4;0,495, BianosinHo.

2. HalyB noganpimoro po3BUTKY METO/ IIUKIIOBOI CHHXPOHI3a11ii HEPO3ALITEHUX
(dakTopiaIbHUX KOMAIB, SIKMH 3a pPAaXyHOK BHUKOPHUCTAHHS $IK CHHXPOKOMOIHAIIi1
IIepeCcTaHOBKH, sIka Ma€ MaKCUMaJIbHE 3HAYCHHS MIHIMAJIbHOI BiJIcCTaHI XeMMIHTa BiJ il
JBIMKOBOTO TMPEACTABICHHS A0 BCIX 11 HUMKIIYHHUX 3CYyBIB, a TaKOX 3a paxyHOK

KOpEJSAUIAHOT Ta MaKOpPUTApHOI OOpPOOKH (parMeHTIB JaHUX, II0 MepearThes



156

KaHAJIOM 3B'S3Ky, /i€ JOBKHMHA (parMeHTa JOPIBHIOE JIOBXKHMHI CHUHXPOKOMOIHAIIli,
JI03BOJISIE 320€3MEYUTH IUKIOBY CHUHXPOHI3AII0 B CUCTEMaxX Iepe/laBaHHsS JaHHUX 3
HEpO3MUIbHUM (aKTOpiaIbHAM KOAYBaHHSIM 3a HWMOBIPHOCTI OITOBOi TMOMUJIKH,
omu3bpkoi 10 0,5. Po3po0sIeHO CTPYKTYpHY CXeMy MPHUCTPOIO IUKIOBOT CHHXPOHI3aIIii.
[loOynoBaHo mporpamMHy MOJeNb IE€pelaBaHHA JaHUX, B SKIH peasi30BaHO
PO3pO0JIEHUI aIrOPUTM BCTAHOBIIEHHS IIUKJIOBOTO CUHXPOHI3MY. Po3pobiieHuii meTox

3a0e3nedye HMOBIPHICTh NPaBHIBHOI CHHXpOHI3amii P >0,9997 Ta iMOBIpHICTB

tru
. . 4 .o .
xuOHO1 cumxponizamii P, <3-107 y MomenbHid cucTemi mepenaBaHHs JaHUX 3
HE3aJe)KHUMM OITOBUMH IOMWJIKAMH 3 IMOBIPHICTIO iX mosBH p,=0.495 s

CUHXPOKOMOIHAIIi-NepecTaHOBKM 3 &8 eneMeHTiB (24 OITiB) 3a MaKCHMaJbHOIO

koeQiuieHTy HakonuueHHa [ =30603 (734472 0Oir) Ta 3a cepelHbOi KUIBKOCTI

OpUNHATUX (parMeHTiB, MO HEOoOXiJHA JiI BCTAHOBJICHHS CHHXPOHI3MY, 15787
dbparmenTiB (378888 06ir). Po3pobieHO Ta MOCHIIKEHO aITOPUTM IEPEMIlTyBaHHS
HAKOIMMYEHUX (PparMeHTIB, 1110 JI03BOJISE JOJATKOBO 3MEHIITUTH iX HEOOX1HY KUTBKICTh:
PI3HHIIST MDK CEepeIHIM 3HAYEHHSIM KIJTBKOCTI HAKOMMYEHUX (PparMeHTIB ISl CUCTEM
CUHXPOHI3allil 3 MepeMilTyBaHHsIM 1 0e3 MmepeMillyBaHHs HAKOMMMYEHUX (ParMeHTiB 3

napaMeTpamMy, BU3Ha4eHUMH i p, . =0.495, Ta NOBKUHM CHHXPOKOMOIHAIIi-

nepectaHoBkH 8 enemeHTIB (24 Oita) nopiBHioe 4607 pparmentam (110568 Gitam) 3a

P, =0.495, 9.1 pparmentam 3a p, =0.4 12.6 pparmenram 3a p, =0.35, mo 3MeHITYyE

HEOOXITHUN dYac BCTAHOBJIEHHS CHHXpOHI3MY. Po3poOieHuii metonm Moxe OyTu
e(eKTUBHUM JJIs peajizallii He TUIbKA B CHCTEMaXx 3 HEepO3JIUIbHUM (haKTOpialbHUM
KOJYBaHHSIM, a M y KIIACHYHUX CHUCTeMax IepefaBaHHs JaHUX, /16 BUKOPUCTOBYETHCS
CTaHJIAPTHUN PO3IIILHUK MK KaJIpaMH.

3. Po3pobneHo MeToa AOCTOBIPHOTO IMEpeaBaHHS IEPECTaHOBOK, SIKUM 3a
pPaxyHOK TOJ@aHHS KOXKHOTO E€JIEMEHTY IEepPECTaHOBKH, IO TMEPENacThbCs, Y BUIISIIIL
IIUKJIIYHOTO JIBIHKOBOTO 3CYBY IE€PECTAaHOBKH-TICPEHOCHHKA, IO Ma€ MaKCHMallbHE
3HAUEHHS MIHIMaJIbHOI BiIcTaHl XeMMIHra Bif i JBIMKOBOTO MPEICTABICHHS /10 BCIX il
[UKJIIYHUAX 3CYBIB, J03BOJISIE 3a0e3meuuTH 1HQOpMaIiiHui OOMIH 3a WMOBIPHOCTI

6iToBOT MoMMIIKH, OnM3bkoi a0 0,5. [[ns migBUINEHHS AOCTOBIPHOCTI MEpeaaBaHHS
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MEePECTaHOBOK METOJ] TAaKOK BUKOPUCTOBYE Ma)KOPUTApHY Ta KOPEJALiiHYy 0OpoOKy
(parmMeHTiB, OTpUMaHMX 3 KaHaTY 3B's13Ky. Po3po0iieHo MaTeMaTHUHy MOJENb CHCTEMH
nepenaBanHs qaHux. Po3pobnenuii Mmeton nae 3Mory 3a HMOBIPHOCTI G1TOBOT TOMUJIKU

P, =0.495 gnocarrm  ¥MMOBIPHOCTI TNpUMMaHHA NEPECTAHOBOK 0€3 IMOMHIIOK

P

W e gnar 2 0:999 1 AMOBipHiCT HeBUsBIEHOT IOMUIKHA B, ) 4 $3.6- 107 . Oxpim
TOTO, Pe3yAbTaTH MOOYI0OBAHOI IMITAIIIHOT IPOTPAMHOT MOJIEN CUCTEMH TepeIaBaHHs
JAHUX TJITBEP/KYIOTh €(PEKTHUBHICTh PO3POOJICHOTO METOAy B TIOPIBHSIHHI 3
TpaauuiiauM merogoM DSSS: nmist gocarHeHHs 3amaHOi MMOBIPHOCTI HpUAMaHHS
MepecTaHOBOK 0€3 MOMMUJIOK 1 UMOBIPHOCTI HEBUSIBIEHOT MOMUJIKH, 1110 BKa3aHi BUIIIE,
meton DSSS norpebye npuitmanns [ =36413 ¢parmentis (20099976 06it), B Toii yac,
K po3poOieHui meroa, norpedye [ =29123 ¢parmentiB (16075896 6iT).

4.  JHocmimxeHo €(EKTUBHICTh METOAIB IMKJIOBOI CHHXPOHI3allll CHCTEM
nepenaBanHs iHGoOpMaIil 3 HEPO3AIILHUM (PaKTOpialbHUM KOAYBAaHHSIM: METONY Ha
OCHOBI BUKOpPUCTaHHS SIK CHHXPOKOMOIHAIl MEPEeCTaHOBKM 4HMCEN 3 ii MOALIOM Ha
npedikcHy Ta CyPiKCHY YaCTUHU, Ta METOMY, 1110 BUKOPUCTOBYE SIK CHHXPOKOMOIHAIIIIO
MepecTaHOBKY, 1[0 MAa€ MaKCUMaJIbHE 3HAYEHHS MIHIMaJIbHOI BificTaHl XeMMIHTra BiJ il
JBIMKOBOTO MPEACTABICHHS 0 BCIX ii HUKIIYHUX 3CyBiB. Po3pobieHo pexoMeHanii
I10JI0 3aCTOCYBaHHS PO3POOICHUX METO/IIB [IMKIIOBOT CHHXPOHI3aIlli B KaHAJIaX 3B’ S3KYy
3 BHCOKOIO HMOBIPHICTIO OITOBOi MOMMJIKH 3 BHUKOPUCTAHHAM HEPO3ALIBHOTO
(akTOpiaIbHOTO KOAYBaHHS. 30KpeMa, MPOJEMOHCTPOBAHO, MI0 3a TMapameTpiB

IUKJIOBOI CUHXPOHI3aIlli, BUSHAYCHUX JJIS Do max = 0,495, IMOBIPHICTh MPABUIBHOT
CUHXPOHI3aIli1 € BUIIIOIO /I METO/TY Ha OCHOBI O[Ty CHHXPOKOMO1HAITT Ha TpeiKCHY
i cydikcHy vactunHu 3a p, <0.495 1 BUIIOIO 171 METOLY Ha OCHOBI KOPEJALIMHOI
00poOku 3a p, >0.495. Pasom 3 TuM, BapTO BpPaxoByBaTH, 110 peaizalis METOly Ha
OCHOBI MOAUTY CHUHXpOKOMOiHalii Ha OpeiKCHYy ¥ CypiKCHy YaCTUHHU Ma€ BHILI
3HAYCHHs1 MMOBIPHOCTI XHOHOTO (ha3yBaHHs 3a p, > (0.3 y NMOpIBHAHHA 3 METOIOM Ha
OCHOBI KopeJsiiiitHoi o0poOku. Jyis npukiaay, MBUAKICTE BCTAHOBJICHHS IIUKIOBOTO

CUHXpOHI3MY 3a p,=0.4 Ta p,=0.495 BHmA An1 METOLYy HA OCHOBI IOALLY
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CUHXpOKOMOIHallli Ha TpediKCHY U Cy(pIKCHY YacTHMHH, B cepeaHboMy, Ha 73.29% Ta
11,83 % BianmosigHo, a 3a p, =0.496 - BHIIa A METOLY HAa OCHOBI KOPEIALINAHOI
00poOKH, B cepeaHboMy, Ha 56,94%; y Tol >ke yac, BIJIHOCHA dYacToTa XHOHOI

cuHXpoHi3auii 3a p, =0.4, p,=0.495 ta p, =0.496 € MeHIIOIO 111 METOAY HA OCHOBI

kopensiaoi 06pooku (0 st 10000 excriepruMeHTIB) TOPIBHSIHO 3 METOJOM Ha OCHOBI
MOJIUTY CHHXpOoKoMOiHaIii Ha nipedikcHy # cydikcHy gactunu (0.003, 0.006 ta 0.008
BiamoBinHO, Mg 10000 excriepumenTiB). J[oBeAeHO BaXKJIIMBICTh MPABUILHO OOpaHUX
napaMeTpiB JJII METOAY LIMKJIOBOI CMHXPOHI3allli Ha OCHOBI KOpeJsiiitHOT 0OpoOKH B
3aJIEKHOCTI BiJI IMOBIPHOCT1 O1TOBOT MOMMIIKH: PI3HULIA MK MIHIMaJbHOIO KIJIBKICTIO

HAKONMYCHUX (parMeHTiB L, JUIi CHCTEMH CHHXpPOHI3allil 3 MNepeMilllyBaHHAM
(parMeHTiB, NapaMeTpH AKOi BU3HauUeHo s p, . = 0,495, Ta cucteMu CHHXpOHI3aLii
3 IIepeMIIIyBaHHAM (parMeHTiB, HapaMeTpH Kol BU3HauYeHo Wit p, .. =0,4, 3a gKoi

JIOCATAETHC 3HAYECHHS BIIHOCHOI 4acToTu W,

e gina (24,5,0.4,1,K')=0,9997, nopisHioe
103 dparmentu, a ix BigHomeHHS — 2,49. SIk pesynprar, HEOOXiTHUN dYac st
BCTAHOBJICHHSI CHHXPOHI3MY 3HAYHO MEHIIMI JUIsi CUCTEMH CHHXpPOHI3aulli 3

HepeMILTyBaHHAM ()parMeHTIB, IAPAMETPU SIKOI BU3HaueHo g p, . =0,4.
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JTOJIATKH



Jonarok A. JIlicTHHIY PO3paxXyHKOBO-eKCIIEPUMEHTAJBHUX MOJeIei

174

A.1. JlicTuHr iMiTaniiiHO-POrpaMHol MoJeJi MeTOay HUKJI0BOI CHHXPOHi3auii Ha

OCHOBI MOy CHHXPOKOMOiHaWii HA nmpedikcHy Ta Cy(PiKCHY YaCTUHU

from random import random
from collections import Counter

from multiprocessing import Process

import os
import time

globals()

def tobin(x, s):

bin_list = [(x >> k) & 1 for k in range(0, s)]
last_el =bin_list.pop(2)
first_el = bin_list.pop(0)
bin_list.append(first_el)
bin_list.insert(0, last_el)

return bin_list

def bin24 to dec8(bin_list):
bin24 to dec8 table = {'000'": 0,

list8 dec =[]
list8 bin3 =[]

'001": 1,

010’
011
'100'
101
'110'
"T1r
}

12
:3
24
5
16
27

2
2
2

b

b
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for 1 in range(8):

list8 bin3.append(str(bin_list[3 * i]))

list8 bin3[i] += str(bin_list[3 * i+ 1])

list8_bin3[i] += str(bin_list[3 * i + 2])

list8 dec.append(bin24 to dec8 table[list8 bin3[i]])
# print("dec final3 : ", list8 bin3)
# print("dec final: ", list8 dec)

return list8 dec

def compare r list(r_list):
sequence =[0,7,1, 3, 2,4, 6, 5]
list r dec =bin24 to dec8(r_list)
counter_repetitions =0
n=0
m=0
for 1 in range(len(list_r_dec)):
for j in range(len(list_r_dec)):
ifi==j:
continue
if list r dec[i] == list_r_dec[j]:
counter_repetitions += 1
n=i
m=]
counter_repetitions /=2
counter_equal dec=0
if int(counter repetitions) == 1:
for 1 in range(8):
if i==n) or (i==m):
continue
if sequence[i] == list_r_dec[i]:

counter_equal dec +=1

return counter_equal dec
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def shift left(input list):
new list shifts =[]
new list shifts.extend(input_list)
first el =new _list_shifts.pop(0)
new_list shifts.append(first_el)

return new_list_shifts

def shift left for list(input list):
shifts list =]
new_list shifts = input_list

for i in range(24):

first el =new _list_shifts.pop(0)
new_list shifts.append(first_el)
shifts_list.append(new_list shifts)
new_list shifts =[]

new_list_shifts.extend(shifts_list[i])

return shifts_list

def find need_ value(first_list, second_list):

# print("Temporary list =", first_list)

# print("Next_list =", second _list)

xor_list =[]

sum mod 2=10

for i in range(24):
xor_list.append(first_list[i] * second list[i])
sum_mod 2 +=xor _list[i]

return sum_mod_2
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def find R(received data):
sum_bit list =[]

list R=[]

for i in range(24):
sum_bit_list.append(0)
# print("sum_bit list ", sum_bit list)
for 1 in range(len(received data)):
for j in range(24):
sum_bit_list[j] += received_datal[i][j]
# print("sum_bit_list ", sum_bit_list)
for 1 in range(24):
if sum_bit_list[i] >= int((len(received data)+1)/2):
list R.append(1)
elif sum_bit_list[i] < int((len(received data)+1)/2):
list R.append(0)

return list R

def create error received block():

bin_list 24=10,0,0,1,1,1,0,0,1,0,1,1,0,1,0,1,0,0,1,1,0, 1,0, 1]
output_list =[]
count_error =0
foriin bin_list 24:
probability value = random()
# print("Probability[", 1, "]: ", probability value)
if probability value <= 0.495:
# print("Error is true")
count_error += 1
ifi==0:
output_list.append(1)
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else:
output_list.append(0)
else:
output _list.append(i)
# print("Output list: ", output_list)
# print("error count =", count_error)

return output_list

def main_func():
bin24 to dec8 table = {'000": 0,

'001" 1,
'010" 2,
'011": 3,
100" 4,
1015
110" 6
1117

}

cells = 8 # number of elements

2

2

list min_value =[]

list_of null =[]

sequence =[0,7, 1, 3,2,4,6,5]

p0=10.01, 0.05, 0.1, 0.2, 0.3, 0.4, 0.495] # add 0.495
count_error_bit =[12, 60, 120, 240, 360, 480]
size_of block =24

num_of experiment = 13

counter_bit = 24

#bin_list 24=10,0,0,1,1,1,0,0,1,0,1,1,0,1,0,1,0,0,1,1,0,1,0, 1]
bin_list 24=10,0,0,1,1,1,0,0,1,0,1,0,1,0,0,1,1,0,1,0,1,0, 1, 1]

compare _sequence =[1,0,0,0, 1,1, 1, 0]

# print("List of decimal", sequence)



# start experiments

list counter received blocks =[]
list counter received blocks with error =[]

false_phasing_error count=0

for 1 in range(num_of experiment):

print("Number of experiment =", 1)

# create input dat=a with error (50 blocks)

received data =[]

counter_received blocks =0

received data.append(create error received block())

counter received blocks += 1

while True:
received data.append(create error received block())
counter received blocks +=1
received data.append(create error received block())
counter_received blocks +=1
if counter received blocks == 90605:
print("1 > 90603")
break
# for block in range(len(received data)):
# print("block[{0}:]".format(block), received data[block])
new R list = find R(received data)
# print("R_list: ", new_R_list)
# compare_r_list(new_ R list)
new_list for shifts =[]
new list for shifts.extend(new R _list)
list of shifts = shift left for list(new list for shifts)
# print("list_of shifts", list of shifts)
# for shifts in range(len(list_of shifts)):
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# print("shift[ {0} :]".format(23-shifts), list of shifts[23-shifts])
count_equal block =0
number_shifts =0
for compare list in list of shifts:
count equal bit=0
# print("compare list", compare_list)
# print("compare sequence", compare sequence)
for k in range(8):
if compare list[k] == compare sequence[k]:
count_equal bit +=1
# print("{0} == {1}".format(compare list[k], compare sequence[k]))
# print("count_equal bit = {0}".format(count_equal bit))
if count_equal bit==8:
count_equal block +=1
list which_equal = compare_list
number_shifts saved = number_shifts
# print("number_shifts: ", number_shifts)
# print("count_equal block =", count_equal_block)

# print("compare_list: ", compare list)

number_shifts += 1

# print("Count equal =", count_equal block)

counter_repetitions = 0

if count_equal block == 1:

final compare_list = shift left(list which equal)

# print("final list equal: ", list which_equal)

# print("Final compare_list", final compare list)
counter_repetitions = compare r_list(final compare list)
# print("dec final: ", bin24 to_dec8(final compare list))
# print("default sequence:", sequence)

# print("bin list", bin_list 24)
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count _equal bit=0
for k in range(size_of block):
if bin_list 24[k] == final compare list[k]:
count equal bit+=1

# print("count_equal bit=", count equal bit)

if (count_equal bit == 24) or (counter_repetitions == 6):
# print("count_equal bit == {0}, counter repetitions = {1}\n "
# "and received sequence is equal need sequence,"
# " go to next experiment".format(count _equal_bit, counter repetitions, ))
# print("final compare list: ", final compare list)
# print("new_ R list: ", new R _list)
# print("dec final: ", bin24 to dec8(final compare list))
# print("dec new_ R _list: ", bin24 to dec8(new R _list))
# print("default sequence:", sequence)
# print("number_shifts saved: ", number_shifts_saved)
if number_shifts saved == 22:
# print("phasing successfully done")
list counter received blocks.append(counter received blocks)
else:
# print("phasing error")
list counter received blocks with error.append(counter received blocks)
break
# else:

# print(" add 2 blocks")

# received data.append(create error received block())
# counter_received blocks += 1
# received data.append(create error received block())
# counter_received blocks +=1

# print(received data)

print("Count blocks =", list counter received blocks)

print("len count blocks =", len(list_counter received blocks))
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print("Count blocks with errors =", list counter received blocks with error)
print("len count blocks with errors =", len(list_counter received blocks with error))
# print("max =", max(list_counter received blocks))

# print("min =", min(list_counter received blocks))

# the end of experiments

letter counts = Counter(list_counter received blocks)

print("letter counts =", letter counts, "TYPE OF letter counts: ", type(letter counts))
# df = pandas.DataFrame.from_dict(letter counts, orient="index")

# print("df =", df, "TYPE OF df: ", type(df))

# df.plot(kind='bar")

# plt.show()

' '

if name ==' main_ "

start_time ALL = time.time()

processes = []

for 1 in range(os.cpu_count()):
print('registering process %d' % 1)

processes.append(Process(target=main_func, args=()))

for process in processes:

process.start()

for process in processes:

process.join()

finish_time = time.time() - start_time ALL
print("finish_time:", finish_time)
print("avg_time:", finish_time)

print("End program")
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A.2. JlicTHHT iMiTaUii{HO-MPOrPaMHOI MOJeJi MeTOAY HUKJI0BOI CHHXPOHi3anii Ha

OCHOBI KopesiiiiHoI 00po0KHn

from random import random

from collections import Counter
from multiprocessing import Process
import os

import time

def shift_left(input_list):
first_el = input_list.pop(0)
input_list.append(first_el)

return input_list

def find need value(first_list, second _list):
xor_list =[]

sum mod 2=0

for 1 in range(24):
xor_list.append(first_list[i] * second list[i])
if xor_list[i]:
sum _mod 2 +=1

return sum_mod 2

def find need value list(r_lists, shifts_list):
i=0
length Ham =[]

index_list shifts for compare =[]

forr listinr_lists:



length Ham.append([])

for j in range(24):
length Ham[i].append(find need value(r list, shifts list[j]))

if min(length Ham[i]) <= 5:
index_shift = length Ham[i].index(min(length Ham[i]))
index list shifts for compare.append(index_shift)

else:
return False

i+=1

return index list shifts for compare

def find R(received data):
list R=1]

for i in range(24):
counter true =0
for block in received data:
if block[i]:

counter true +=1

if counter_true >= int((len(received data) + 1)/ 2):
list R.append(True)
elif counter_true < int((len(received_data) + 1)/ 2):

list R.append(False)

return list R

def create error received block(p0, bin list 24):

output_list =[]

count_error =0
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foriin bin_list 24:

probability value = random()

if probability value <= p0:

count_error += 1

ifi==0:
output _list.append(True)
else:

output_list.append(False)

else:

output_list.append(i)

# Amount_of create error.append(count_error)

return output_list

def compare index_shifts list(index_shifts):
len_list index = len(index_shifts)

count _equal list=0

if len_list index == 1:
return True

elif len_list index > 1:

for r in range(1, len_list_index):
if index_shifts[r] == index_shifts[0]:

count_equal list+=1

if count_equal list == (len_list index - 1):
return True

else:
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return False

def unpacking received data(received data):

result data =[]

while len(received data) !=0:
result data.extend(received data.pop(0))

return result data

def func_for pO(composition, count _iter, p0):

#print("composition, count_iter, p0", composition, count_iter, p0)

bin_list 24 = [False, False, False, False, True, True, False, False, True, True, False, True, False, True,
False,
True,
True, False, True, True, True, True, False, False]
# Amount_of create_error = []
size_of block =24
num_experiments = 126
dict_table = composition

frequency print =15

# creating loop shifts
first_list bin =bin_list 24
temporary list =bin_list 24
length Ham =[]

list_of shifts = [first list bin]

for j in range(size_of block - 1):
next_list =[]

next_list.extend(temporary _list)
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next list = shift left(next list)
list_of shifts.append(next_list)
length Ham.append(find need value(first list bin, next list))

temporary list = next list
k 1 list result =[]
k 1 list result err =[]

sum_time =0

count err phase =0

count_good phase =0

for experement in range(num_experiments):

last_time = time.time()

# if (experement%frequency print) == 0:

#  print("!!! --- ")
p0 _iter = count_iter

k=4

1=0

len_previous =0
len_max = len(dict_table[k])

old received data =[]

for iter in range(p0_iter):
received data =[]

for r list=1[]

if iter == len_max:
k=1
len_previous = len_max

len_max += len(dict_table[k])

1 = dict_table[k][iter - len_previous]



for block in range(k):
received data.append([])
for subblock in range(l):

if len(old received data) == 0:

received data[block].append(create error received block(p0, bin list 24))

else:

received data[block].append(old received data.pop(0))

for r list.append(find R(received data[block]))
H oo

index_lists for compare = find need value list(for r list, list of shifts)

if index_lists_for compare:
if compare index shifts list(index lists for compare):
# print("d<=5, lists_for _compare EQUAL, go to next experiment")
if index_lists_for compare[0] == 0:
k 1 list result.append("K={0}, 1={1}".format(k, 1))
# print("Good, index =", index_lists_for compare[0])
# print("For: K={0}, I={1}".format(k, 1))
count_good phase += 1
else:
# print("Error phasing, index =", index_lists for compare[0])
# print("For: K={0}, I={1}".format(k, 1))
k 1 list result err.append("K={0}, I={1}".format(k, 1))
count_err_phase += 1
# break
if iter == (p0_iter - 1):
k 1 list result.append("Error")
break

old received data =unpacking received data(received data)

time for exp = time.time() - last_time

sum_time +=time_for exp
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print(" Amount of good phasing =", count_good phase)

print("Amount of error phasing =", count_err_phase)

print("Time for p0 one experiment avg : ", sum_time / num_experiments)

letter counts = Counter(k 1 list result)

print("letter counts for p0 =", p0, " =", letter counts, "TYPE OF letter counts: ",

type(letter _counts))

letter counts err = Counter(k 1 list result err)
print("letter counts_err for p0 =", p0, " =", letter counts_err, "TYPE OF letter counts err: ",

type(letter _counts_err))

return True

if name ==' main_ "

print("start program")

dict_table = {
#0.05: {4: [1, 2083], 3: [2779, 6971], 2: [10457, 15273], 1: [30549, 30603]},
#0.1: {4: 1, 2083], 3: [2779, 6971], 2: [10457, 15273], 1: [30549, 30603]},
#0.15: {4:[1, 2083], 3: [2779, 6971], 2: [10457, 15273], 1: [30549, 30603]},
#0.2: {4:1,2083], 3: [2779, 6971], 2: [10457, 15273], 1: [30549, 30603]},
#0.25: {4: [1, 2083], 3: [2779, 6971], 2: [10457, 15273], 1: [30549, 30603]},
#0.3: {4:[1,2083], 3: [2779, 6971], 2: [10457, 15273], 1: [30549, 30603]},
#0.35: {4:[1, 2083], 3: [2779, 6971], 2: [10457, 15273], 1: [30549, 30603]},
#0.4: {4: 1, 2083], 3: [2779, 6971], 2: [10457, 15273], 1: [30549, 30603]},
#0.43: {4:[1, 2083], 3: [2779, 6971], 2: [10457, 15273], 1: [30549, 30603]},
#0.45: {4:[1, 2083], 3: [2779, 6971], 2: [10457, 15273], 1: [30549, 30603]},
#0.47: {4:[1, 2083], 3: [2779, 6971], 2: [10457, 15273], 1: [30549, 30603]},
#0.48: {4:[1, 2083], 3: [2779, 6971], 2: [10457, 15273], 1: [30549, 30603]},
#0.49: {4:[1, 2083], 3: [2779, 6971], 2: [10457, 15273], 1: [30549, 306031}
0.495: {4:[1, 2083], 3: [2779, 6971], 2: [10457, 15273], 1: [30549, 30603]},
#0.496: {4:[1,2083], 3: [2779, 6971], 2: [10457, 15273], 1: [30549, 30603]},
#0.497: {4:[1,2083], 3: [2779, 6971], 2: [10457, 15273], 1: [30549, 30603]},

[
[
[
[
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#0.498: {4:[1,2083], 3: [2779, 6971], 2: [10457, 15273], 1: [30549, 30603]},
#0.499: {4:[1,2083], 3: [2779, 6971], 2: [10457, 15273], 1: [30549, 30603}
}
#p0_const =[0.2, 0.3, 0.4, 0.43, 0.45, 0.47, 0.475, 0.48, 0.485, 0.49, 0.495]
p0 iter list =[]

last time ALL = time.time()

global size max_buffer =[]

for p0 in dict_table:
p0_iter=0
for k in dict_table[p0]:
if len(dict_table[pO][k]) > 1:
dict_table[pO][k] = [I for | in range(dict_table[pO0][k][0], dict table[pO][k][1] + 1) if 1 % 2 ==
1]
pO_iter +=len(dict_table[p0][k])
else:
pO_iter +=1
pO _iter list.append(p0_iter)
# func_for pO(dict_table[p0], pO_iter, p0)
processes = []
# print("dict_table[0.495] =, p0_iter list[0] =", dict _table[0.495], p0_iter list[0])
for 1 in range(os.cpu_count()): # os.cpu_count()
print('registering process %d' % 1)

processes.append(Process(target=func_for p0, args=(dict_table[p0], p0_iter, p0, )))

for process in processes:

process.start()

for process in processes:

process.join()

time for ALL = time.time() - last_time ALL
print("MAX SIZE", global size max_buffer)
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print("Time for ALL iteration: ", time for ALL)
print("End program")



A.3. JlictuHr imiTaniiHoO-mporpamMHoi

nepeaaBaHHA NEPECTAHOBKU

from random import random
# from random import shuffle
from collections import Counter

import time

def shift _left for list(input list):
shifts list =]
new_list shifts = input_list

for i_bit in range(24):

first el =new _list_shifts.pop(0)
new_list shifts.append(first_el)
shifts_list.append(new _list shifts)
new_list shifts =[]

new _list_shifts.extend(shifts_list[i_bit])

return shifts_list

def find r new(received data, RO list, R1 list):

count block = len(received data)

for block in range(count_block):
for let in range(23):
for index 1 in range(24):
if received data[block][let][index i]:
R1 list[let][index i] +=1
else:

RO list[let][index 1] +=1

MoaeJIi
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MeTOAy AOCTOBipHOIO



# print("sum_bit list ", sum_bit list)
list R=1]
for let in range(23):
list letter R =]
for index i in range(24):
if R1_list[let][index i] > RO _list[let][index i]:
list_letter R.append(True)
elif R1_list[let][index i] <RO list[let][index i]:
list letter R.append(False)
else:
print("ERROR!!! R1=R0")
return EOFError
list R.append(list_letter R)

return list R

def find need value(first_list, second_list):
xor_list =]
sum mod 2=0

for i_bit in range(24):

xor_list.append(first list[i_bit] * second list[i_bit])

sum_mod 2 +=xor _list[i_bit]

return sum_mod 2

def find need value list(r word, alphabet sub):

i let=0

length Ham =[]

index_list shifts for compare =[]

forr_letter in r_word:

length Ham.append([])
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for j in range(23):
length Ham[i_let].append(find need value(r letter, alphabet subl[j]))

if min(length Ham[1 let]) <= 5:
index_shift = length Ham[i let].index(min(length Ham[i_let]))
index_list shifts for compare.append(index_shift)

else:
return False

1let+=1

return index_list_shifts for compare

def create_error_received block(p0O err, bin_list 24):
output_list =[]

count_error =0

for bit in bin_list 24:

probability value = random()

if probability value <= p0_err:

count_error += 1

if not bit:
output_list.append(True)
else:

output_list.append(False)

else:

output_list.append(bit)

# Amount of create error.append(count_error)

return output_list



def function pO(pO_sub, num of experiment sub, alphabet sub, create word sub):

num_of experiment with error associate =0

num_of experiment not unique =0

num_of experiment good =0

num_of experiment_error =0

num_of experiment many blocks =0

count received list =[]

if num_of experiment sub == 1000:
frequency_print = 100

elif num_of experiment_sub == 10000:
frequency print = 100

elif num_of experiment sub == 100:
frequency_print = 10

else:

frequency print = 100

for exp in range(num_of experiment sub):
if (exp % frequency print) == 0:
print(f"'Start {exp}-th experiment!!!")
print(f'num_of experiment good for {exp} experiments with p0={p0_sub} "
f"{num_of experiment good}")
print(f'num_of experiment error for {exp} experiments with p0={p0 sub}: "
f'"{num_of experiment error}")
print(f'num_of experiment with error associate for {exp} "
f'experiments with p0={p0_sub}: {num_of experiment with error associate}")
print(f"'num_of experiment not unique for {exp} "
f"experiments with p0={p0 sub}: {num_of experiment not unique}")
print(f'num_of experiment many blocks for {exp} "
f'experiments with p0={p0_sub}: {num_of experiment many blocks}")
List with_count received block = Counter(count received_list)
print(
f"List_ with_count received block for {exp} experiments with pO={p0 sub}:"
f"\n {List with count received block}")
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# receiving data
received word all =]
# adding bir error
received word =[]
fori_let in range(size of alphabet):
received word.append(create error received block(p0 sub, create word subl[i_let]))
received word_all.append(received word)
# print(f"Received word: {received word}")
CHECK DONE = False

count_received = 1

RO list =]
R1 list=]
for let in range(23):

RO list.append([])
R1 list.append([])
for ind in range(23):
for jek in range(24):
RO _list[ind].append(0)
R1 list[ind].append(0)

while not CHECK DONE:
# if count_received == 36413:
# num_of experiment many blocks += 1
# break
# adding new data
for block in range(2):
received_word =[]
for j in range(size of alphabet):
received word.append(create error received block(pO sub, create word[j]))
received word_all.append(received word)
# print(f"Received word: {received word}")

count_received +=2
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# print(f"Before RO _list: {RO list}")
# print(f'Before R1_list: {R1 list}")
R result = find r new(received word all, RO list, R1 list)
# print(f"After RO list: {RO list}")
# print(f"After R1 list: {R1 list}")
# print(f"Received word R:{R result}")
received word _all.clear()
index choose received = find need value list(R result, alphabet sub)
if index choose received:
if len(set(index_choose received)) !=23:
num_of experiment not unique += 1
# print("letter(s) not unique!!!")
continue
# print(f" index origin : {index random_choose}\n index choose : {index choose received}")
count_of equal letters =0
fori_let in range(size of alphabet):
if index choose received[i_let] == index_random_choose[i_let]:
count of equal letters += 1
if count of equal letters == size_of alphabet:
num_of experiment _good +=1
# print("GOOD PHASING!!!")
CHECK_DONE = True
count received list.append(count received)
else:
num_of experiment_error += 1
print("ERROR PHASING!")
print(f" index  origin : {index_random_choose}\n  index  choose
{index_choose received}")
CHECK DONE = True
else:
num_of experiment with error associate += 1
# print("ERROR WITH ASSOCIATE PROCEDURE!!!")
# print("NEED MORE DATA!!!")

# print(f"Count of received block data = {count received}")
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# print(f"End {exp}-th experiment!!!")

print(f'num_of experiment good for {num of experiment sub} experiments with p0={p0 sub} "
f'"{num_of experiment good}")
print(f'num_of experiment error for {num of experiment sub} experiments with p0={p0 sub}: "
f'{num_of experiment error}")
print(f'num_of experiment with error associate for {num_of experiment sub} "
f"experiments with p0={p0 sub}: {num_ of experiment with error associate}")
print(f'num_of experiment not unique for {num of experiment sub} "
f"experiments with p0={p0 _sub}: {num of experiment not unique}")
print(f'num_of experiment many blocks for {num_of experiment sub} "

f"experiments with p0={p0 _sub}: {num of experiment many blocks}")

global error count.append(num_of experiment error)
List with count received block = Counter(count received list)
print(
f"List_ with_count received block  for  {num_ of experiment sub}  experiments  with
p0={p0_sub}:"
f"\n {List with count received block}")

return List with count received block

if name ==" main ":

# letter dec=1[0,1,7,3,2,6,4,5]

# letter = [0, 0,0,0,0,1,1,1,1,0,1,1,0,1,0,1,1,0,1,0,0, 1,0, 1]

# letter dec=10,7,1,3,2,6,4, 5]

# letter =[0,0,0,1,1,1,0,0,1,0,1,1,0,1,0,1,1,0,1,0,0, 1,0, 1]

# letter dec=1[0,7,1,3,2,5,4,6]

# letter=[0,0,0,1,1,1,0,0,1,0,1,1,0,1,0,1,0,1,1,0,0, 1, 1, 0]

letter = [False, False, False, False, False, True, True, True, True, False, True, True, False, True, False,

True, False, True, True, False, False, True, True, False]

p0_const=[
#0.05,0.1,0.15,
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#0.2,

#0.25,0.3, 0.35,

#0.4,

#0.41,0.42, 0.43, 0.44,

#0.45,

#0.46, 0.47,

#0.48,

#0.49,

#0.495,

#0.490,

#0.497,

0.498
]
num_of experiment = 10000
global bad_count =[]
global good count =[]
global error count =[]
global_bad_let_count =[]
global good let count =[]
global error_let count =[]
global p0 result =]
global_many_blocks =[]
# create alphabet
size_of_alphabet =23
size_of letter =24
temporary_list =[]
temporary_list.extend(letter)

alphabet =[]
alphabet.extend(shift left for list(temporary list)[0:size of alphabet])

# print(f"Create alphabet: ")
# for let in alphabet:
#  print(let)
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# print(f"Create alphabet len = {len(alphabet)}")

# create data to send

# index random choose =[]

# index random choose.extend(range(23))
# shuffle(index random_choose)

index random_choose =[15, 11,6, 3,2,7,21,22,0,1,5,8,20,17,9, 10, 14, 19, 12, 18, 13, 16, 4]

create word = []
temporary_alphabet = []
temporary alphabet.extend(alphabet)

for index in index random_choose:

create_word.append(temporary alphabet[index])

# print(f"Create word: ")

# for let in create_word:

#  print(let)

# print(f"Create word len = {len(create_word)}")

# print(f"Create word: ", create_word)

result list =[]
for p0 in pO_const:
#if p0 <= 0.4:
# num_of experiment = 1000
# else:
# num_of experiment = 1000
my_time = time.time()
result_list.append(function_pO(p0, num_of experiment, alphabet, create_word))

print(f'Result time: {time.time()-my_time}")

# for 1 in range(len(p0_const)):
# print(f'num_of experiment error for {num_of experiment} experiments with

p0={p0_const[i]}:"
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# f'{global error count[i]}")

# print(f'List_with count received block for {num of experiment} experiments with
p0={p0_const[i]}:"

# f"\n {result_list[i]}")

print("The end!!!")
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Advanced Computing Systems: Technology and Applications (IDAACS),
(Cracow, Poland, September 22-25) — nucTtaH1iiiHa y4acTh;

VI MixkHapoaHiii HayKOBO-TIpaKTHUHIN KoHbepeHIii «IHpopMmalliitHi TeXHOJIOT1 B
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O4YHa y4acCThb.



