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M.B.T'ooMAH, A.A. KOPHUEHKO
NPEJIEJIbHBIE BUIIOJISAPHBIE ITOCJEJOBATEJIBHOCTHU
JJSA POBACTHOI'O MAPKUPOBAHUSA HU®POBbIX
AYAUOCUTHAJIOB IO METOAY JIOCKYTA

To¢pman M.B., Kopuuenxo A.A. TlpenenbHble GUIOJISIPHBIE INOCJEI0BATEIBLHOCTH IJIsSI
Po6acTHOro MAPKHPOBAHHUS NH(POBBIX AYTHOCHTHAIOB 10 METOAY JOCKYTA.

Annotanus. OGecredeHne yCTONYMBOCTH MapKUPOBAaHUS MU(POBBIX ayJHOCHTHAIOB B
YCIOBUSX JAeHCTBUS IOMEX, Pa3IMYHBIX [peoOpa3soBaHHN M BO3MOXKHBIX aTaK SBISETCS
aKTyaJbHOH mpobieMoii. OZHEM K3 HauOoIee HCIONB3YeMBIX M JIOCTATOYHO YCTOHYHBEIX
METOJIOB MAapKUPOBAaHUS SBISETCI METOX Jockyra. Ero pobacTHOCTh obOecmednBaeTcs
IpUMEHEHHEM  PacHIUpSIONUX  OHIONAPHBIX  YHCIOBBIX  IOCIEIOBATENBHOCTEH  IpH
(opMHPOBaHMH U BHEIPEHHH MapKepa B IH(POBOH ayJHOCHTHAI H KOPPESIHOHHOTO
JICTEKTHPOBAHHUS P OOHAPYKEHHU U M3BICYCHUH MapKEePHOU MOCIEN0BATEIbHOCTH. AHAIN3
CBOWCTB OHMIIOJISIPHBIX HOCIEOBATEIbHOCTEH, pealln3yeMbIX B METO/IE JIOCKYTa, IT0Ka3al, YTO
a0COJIIOTHBIC 3HAUCHHS BEIUYMHBI OTHOIICHHS MaKCHMyMa aBTOKOPPEISIUOHHOW (GYHKIHU
(AK®) k e€ MHHHMYMy JUISi PACIIMPSIONINX OUIIOJSPHBIX IIOCIENOBATENLHOCTEH U
PACHIUPEHHBIX MapKEPHBIX I10CIEA0BATENbHOCTEH, MHCIOIb3YEMbIX HpPU TPaJULUOHHOM
MAapKUPOBAaHNUH, C BBICOKOH TOYHOCTBIO IIPUOIIIDKAIOTCS K 2. DTO MO3BOMIIO CHOPMYITIPOBATH
KPUTEPHH I HOHCKA CIENUANBHBIX PACIIMPSIONNX OHIOISPHBEIX IHOCIEN0BATEIbHOCTEH,
00JIaaIoMUX yIydIICHHBIMH KOPPEISIIMOHHBIMH CBOHCTBAMH M OOJBIICH yCTOWYUBOCTEIO. B
cTaThe pa3paboTaH MaTeMAaTHYECKHil ammapaT Ui IOMCKAa M IIOCTPOECHHS HPEIeNbHBIX
PacIIUPSIOIIX OUIOJSIPHBIX IOCIEAO0BATENBHOCTEH, HCIONIB3yEeMBIX NPU PEIICHHH 3amadd
po0acTHOrO MapKHPOBAaHHS LU(POBEIX ayIHOCHTHAIOB IO METOHNY JIOCKyTa. lIpenenbHble
OMIONSPHBIC IIOCIICHOBATEIBHOCTH OIPEAENICHB KaK IOCIECI0BATEIBHOCTH, Yy KOTOPBIX
ABTOKOPPEISIIMOHHBIE (QYHKIMU 00NaJal0T MaKCHMaJIbHO BO3MOXKHBIMH IO a0CONIOTHOMY
3HAYECHHIO OTHOIICHUSIMH MakcUMyMa K MHHHUMYMY. C(OpMyJIHpPOBaHbI U JOKAa3aHbI TCOPEMbI
W CIEACTBMS W3 HUX: O CYIIECTBOBAHMM BEpXHEH TIpaHMIbl MHUHUMAJbHBIX 3HAa4EHUH
ABTOKOPPEISIIMOHHBIX (DYHKIMH IpeNesbHbIX OHMIONSIPHBIX I10CJIEOBATEIbHOCTEH U O
3HaueHUsX nepBoro u Broporo JjenectkoB AK®. Ha »3roif ocHOBe 1aHO cTporoe
MaTeMaTHYeCKOE  ONpEJENICHUEe  MPEAENbHbIX  OUMONSPHBIX  IOCIEA0BATEIbHOCTEH.
Pa3paboranbl ~ MeToj ~ MOMCKA  MOJHOTO  MHOXKECTBA  INPEAETbHBIX  OUIOJISPHBIX
OCJIE/IOBATEIbHOCTEN HAa OCHOBE PAIlOHAIBHOTO epedopa U METO MOCTPOSHUS ITPEIETbHBIX
6l/lFIOJ'Iﬂle>lX HOCHCﬂOBaTCHbHOCTCﬁ HpOHSBOHbHOﬁ JJIMHBI C UCIIOJIB30BAHUEM IMOPOXKAAIINX
(yHkuumi. [IpeacraBiieHbl pe3ysibTaThl KOMIBIOTEPHOTO MOJCIHPOBAHHUS 10 OLIEHKE 3HAYCHHI
a0COJIIOTHOH BEJIMYMHBl OTHOLIEHHS MAaKCMMyMa K MHHUMYMY aBTOKOPPEIALMOHHON U
B3aUMHOH KOPPEJALMOHHBIX (YHKLHUI HCCIeyeMbIX OUIIONIAPHBIX MTOCIEA0BATEIbHOCTEN 11
cierioro  npuema.  Iloka3zaHo, 4YTO  NPEIJIOKEHHBbIE  NpelelibHble  OMIOJSPHBIE
ITOCJICA0BATCIIBHOCTH XapaKTCPU3YIOTCA JIy4IIMMH KOpPEIIALIHOHHBIMHA CBOMCTBAMHU B
CpaBHEHHHU C TPAAULHUOHHO HCIOJB3YyEMbIMU 6Mﬂ0HﬂprIMH IOCJICAOBATCIIBHOCTIAMU U
006J1a1a10T OOJIbILEH yCTOHUNBOCTBIO.

KiioueBble cioBa: creraHorpadus, ayJHOCHTHAJ, METOX JOCKYTa, MapKHPOBaHHE
I(POBBIX 00BEKTOB, OUIIOIIPHAS [TOCIIE0BATEIbHOCTD, KOPPEISIIHOHHAS (DYHKITHS.

1. Beegenne. Illupokoe pacrnpocTpaHEHHE U HCHONB30BAHUE
(pPOBOro ayANOKOHTEHTA OCTPO CTABUT BOIPOC O HEOOXOOUMOCTH €ro
cTeraHorpaMyeckoi 3alluThl U JIOKAa3aTeNIbCTBA aBTOPCKOI'O IIPaBa,
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LUNPPOBbLIE NH®OPMALIMOHHO-TENEKOMMYHUKALIMOHHBIE TEXHONOI M

IpaBa COOCTBEHHOCTH, BO3SMOXKHOCTH OTCJICKUBAHHMS CIIEJIOK M OIIAYeHHOMN
peKJIamMbl, KOHTPOJISI IIEIOCTHOCTH W peleHus Apyrux 3anmad [1, 2]. Oro,
B CBOIO oOuepenb, TpeOyeT pa3BUTUS POOACTHBIX METOJOB IM(POBOro
MapKHAPOBAHUS M ITOCTPOCHUS AYIHOCTErOCHCTEM, YCTOMUMBBIX K aTakam,
JISWCTBHIO TTOMEX W TpeoOpa3oBaHMsM. Lleapi0 BO3MOXKHBIX aTak MOMKET
OBITH ynaneHue, pa3pylieHre WM HeJIETHTUMHOE U3BJICUYeHNE BHEAPEHHOTO
udpoBoro Mapkepa (I(pOBOro BOISTHOTO 3HAKA).

CylecTByeT J0CTaTOYHO OOJIBIIOE KOIUYECTBO POOACTHBIX METOIOB
MapKHApOBaHUsI IM(POBBIX AYAMOCHTHAIOB, CBS3aHHBIX C IOTPYKECHHEM
mUQPOBBIX  BOASIHBIX ~ 3HAaKOB WM CKPBITHEM  IepeaBaeMoit
aymuonHpopmaru  [1,2]. OpmauM w3 Hambojee  MCHONB3YEMBIX
1 JIOCTaTOYHO YCTOMUYMBBIX SBIISIETCSI METOJ JIOCKYTa (OT aHTr. patchwork).
OTOT METOA TpeACTaBIseT COOOM CTaTHCTHYECKHH METOJ| MapKHpPOBAHHMS
dpoBsIx 006ekTOB [3, 4, 5]. [IpuHINMT MapKUpOBaHHUS METOJOM JIOCKYyTa
COCTOMT B ciemaywoomeM. B 1mudpoBoM 00bEKTe B COOTBETCTBUU
CO CTETOKJIIOYOM ~CITydailHBIM 00pa3oM BBIOMpaeTcst Iapa OJUHAKOBO
pacnpesieNieHHbIX 3JEMEHTOB. 3aTeM aMIUIMTyAa OJHOIO JJIEMEHTa
13 KQKJI0M Mapbl yBEIMUUBACTCS HA ONpPECIICHHYIO BEIWYHMHY, TOTJa Kak
aMIUIMTYa JPYroro »j€MeHTa 3TOM Hapbl yMEHbBIIAETCS Ha TaKyl K€
BennuuHy. IlyreM Takoit Moau(uKanuy aMIDIMTYJ MOXXHO 3aKOJMPOBATh,
HanpuMep, OXWH OuT BHexapseMoro uudpoBoro Mapkepa (uwdpoBoro
BOJISIHOT'O 3HaKa). DTOT MPOLECC CIy4aiHOro BHIOOpa Hap ¢ MOCIE YIOMNM
N3MEHEHHEM aMIUTUTY]l 3JIEMEHTOB MOBTOPSETCS JOCTATOUYHOE KOJINYECTBO
pa3 I TOro, 4toObl oOecreyrBajach CTaTUCTUYECKAs YCTOHYMBOCTH
BHEJIPEHHOTO Mapkepa K TIOMEXaM M IpEeANojaraéMblM — aTakaM
Ha MapKUpoBaHHBIN 1HdpoBoll 00BeKkT. Peanmzamust Mmeroma JIOCKyTa
OCHOBaHa Ha NMPUMEHEHNH OHMITOJISIPHBIX TOCIIEI0BATEIbHOCTEH.

Meron nockyTa M IPHUHIUIBIL, JIEKal[Me B €ro OCHOBE, LIMPOKO
UCTIONB3YIOTCS  JUISi MapKUpOBaHUS LU(POBBIX ayIUOCUTHAJIOB (pedyb
U My3blKa), NMOPOBBIX H300paKeHWH W BHAEO, a TaKKe B KoJax
KOMITBIOTEPHBIX MporpaMM [6 — 16]. I1pu aToM pobacTHOCT MapKUPOBAHHMS
METOJIOM  JIOCKyTa  oOecreumBaeTcsl INPUMEHEHHEM  CHEUHaJIbHBIX
OMTONSPHBIX TIOCTEOBATEIbHOCTEH NMpU (HOPMHUPOBAHUM M BHEAPEHUH

Mapkepa B TIOKpHIBAalOMIMA 00BEKT — [U(QPOBOH  ayaMOCHUTHAI,
1 KOPPEJSIMUOHHOTO JETEeKTUPOBAHUS NPH OOHApYXEHHUH W H3BIICUCHUU
Mapkepa (BBIICIIEHUT nH(OpMaIMOHHBIX 6uTOB MapKepHOi
HOCIIEZI0BATENIBHOCTH).

B MOCJICAHNUE T'OJbl TMOJYYWIO INHUPOKOEC Pa3BUTHUC MApPKHUPOBAHUEC
HI/I(l)pOBI)IX ayJuOCUTHAJIOB  MCTOAOM  JIOCKyTa C  HCIIOJIb30BAaHUEM
CIICIHAJIBHBIX paclupsArommnx 6I/IHOJ'I$[pHI)IX HOCHeI[OBaTeHBHOCTeﬁ
JUIA pCIICHUA 3a/ia4d, CBA3AHHBIX C HCIOJIB30BAHUEM HI/I(l)pOBI)IX BOJSAHBIX
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3HAKOB, CKPBITHEM nepeaaBaeMon ayauonH(pOpMalHH,
MO3ULIMOHUPOBAHUEM MAPKHUPOBAHHBIMH ayIUOCUTHAIAMH HEJIETUTUMHOIO
npueMHoro ycrpoincrsa. B cratesx [17 —21] u3noxkeH TpaaullMOHHBIMN
MOAXO0A K MapKHUPOBAHMIO IU(PPOBBIX ayANOCHUTHAJIOB MO METORY JIOCKYyTa
B yacToTHOH obOmactn @ypre, KOrga MapKHPOBaHHBIA —ayIHOCHUTHAI
MpeNoNaraeTcs nepeaaBaThb yepes BO3/YLLIHBIN ayauOKaHa
WM paJUOKaHaII. B 3TOM ciy4ae Mapkep ¢dopmupyercs
13 TICEBA0CTYJaiiHOW OMITOISPHOI YHCIOBOM MOCIIEJOBATEIBLHOCTH C MOYTH
PABHOBEPOSITHBIM  pacnpesieiiendeM  diaementoB (1l u —-1) u w3
pacimmpsoniell ee NoCIeA0BaTENIbHOCTH ONpeeeHHOro Buaa. IIpu 3tom
KOpPEISALUOHHBIE CBOICTBA pacIupeHHON MapKepHOI
MOCTEI0BATENBHOCTY IPAKTUUYECKH HE 3aBUCAT OT COOTBETCTBYIOLIUX
CBOWCTB HCXOMHOMN MOCIE0BATENBHOCTH, a ONpEeAEIAI0TCS
KOpPENSALMOHHBIMHI CBOWCTBaMU pacmmpsomen ounonsapHoit
nocienoBarensHoctd  (PBIT). OmHO ¥M3 CBOMCTB  aBTOKOPPENSIMOHHON
¢yakmmun  (AK®) pacmmpsitorieid  OUITONAPHON ITOCIIEAOBATEIIEHOCTH —
aOCcoMOTHOE 3HAYCHHE BEIMYMHBI OTHOMmIEHMS MakcuMymMa AKD k eé
MHUHUMYMY TIPY 3THX YCIOBHSAX C BBICOKOM TOUHOCTBIO MpHONMKaercs K 2.
3TO NO3BOJISIET UCTIONB30BATH TAHHOE CBOMCTBO KaK KpUTEPHH IPH BHIOOpE
cnenuanbHelx PBIT 1 mocTpoeHun Ha UX OCHOBE CHENMAIbHBIX MAPKEPHBIX
MOCIIEIOBATENBHOCTEH C YIYUIIEHHBIMU KOPPESILMOHHBIMU CBONCTBaMH,
MOBHINAIONIMMHA  Ka4eCTBO JETEKTUPOBAHU u YCTOMYHMBOCTh
MapKHUPOBaHHUS IU(PPOBIX ayJHOCUTHAJIOB.

Hpyrue ocobennocty u cpoiictBa AK® pacmmpenHoil MapkepHOH
NOCTIEI0BATENBHOCTH HaKJIabIBalOT OrpaHUYEHHUS Ha BEIOOD
pacimupsomen MOCIIEI0BATEIbHOCTH pu peleHnu 3a1aun
MO3ULMOHUPOBAHUS  MAapKUPOBAaHHBIMM  AyJUOCUTHAIAMU IPUEMHOIO
ycrpoiicta. B paGorax [21,22] moka3aHO, YTO IS OSTOH 3alavd
Hawjaydilas JAJUHAa paclIMpsIOIled MOCIEN0BaTeIbHOCTY paBHA JBYM
paspsiziaM. YBeNUUEHHME JUIMHBL PaCIIMpPSIONIENl IOCIeI0BATENbHOCTH
HEraTUBHO CKa3bIBAaeTCS HAa TOYHOCTU ONPEAEIECHUS MECTOMNONOKEHUS
HEJICTUTUMHOIO MpPHUEMHHKa C T[OMOIIBI0 @pUeMa U  Iepejadu
MapKHPOBAHHBIX ayJUOCUTHAJIOB.

B crateax [23,24] npeanaraercs METOJ  MapKUPOBaHMs
ayJAMOCUTHAIIOB C HCIOJNB30BaHWEM BBIOPAHHBIX M3 3IBPUCTHUECKHUX
COOOpakeHMH  pacIIMpSIIONIMX  OUWIONSPHBIX  IOCIEI0BAaTEIbHOCTEH
C YIYUIIEHHBIMU  KOPPENSALMOHHBIMU  CBOWCTBAMHM,  IOBBIIIAIOIIMMU
Ka4ecTBO JETEKTHPOBAaHHUS, KOTOPHIM CBOWCTBEHHO OoJblliee, 4eM JIBa,
10 a0CONIOTHOMY 3HaYCHUIO OTHOIIeHHEe MakcuMyma ee AK®D k MuHnmMymy
o1oii (yHkumu. I[loBbIIeHHE KadyecTBa JETEKTHPOBAHMS IPOMCXOAUT
BCJIE/ICTBHE TOT'O, YTO YBEJIMUEHHE aOCONOTHOTO 3HAUCHUS ITOW BETUUNHBI
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OOBIYHO MTPUBOANT K YBEIMYECHHUIO YCTOWYNBOCTH K aTaKaM, M, B YaCTHOCTH,
K arake aJJUTHUBHBIM O€NbIM I'ayCCOBCKMM MIYMOM IIpH HCITOJIb30BAaHHU
KOpPPEISALUOHHOIO AETEKTOPA.

B cBs3n ¢ 9TMM mpeacTaBisieTcsl aKTYaJbHOM 3amada pa3paboTKu
MaTEeMaTHYECKOro anmapaTa IMOCTPOSHHUS TAKUX CIHEIMAIbHBIX OMITOISIPHBIX
MOCIEN0BATENBHOCTEN € YIYUYIIEHHBIMU KOPPEISLHOHHBIMU CBOWCTBAMH,
Y KOTOPBIX 10 a0CONIOTHOMY 3HAQYE€HHWIO OTHOIICHHE MaKCHMyMa
ABTOKOPPESIIMOHHON (GYHKIMH K €€ MHHHMyMY OyAeT MaKCHMalbHO
BO3MOKHBIM.

Henpto nmaHHOW paboOTHI sIBIIAETCS pa3paboTKa METONOB IIOHCKA
Y IIOCTPOEHUSI HOBOTO KJIacca IOCIEN0BAaTEIbHOCTEH — MpPeNeNbHBIX
pacumpsIolX ~ OWIONISIPHBIX ~ TIOCJIEIOBATENIBHOCTEH, Y  KOTOPBIX
ABTOKOPPEJSIIMOHHBIE (PYHKIMM 0071aJafoT MaKCHMalIbHO BO3MOXHBIMHU
110 a0CONMIOTHOMY 3HA4YEHHIO OTHOIICHWSMH MaKCHMyMa K MUHHMYMY,
Y IpIMEHEHHE  KOTOPBIX  TOBBIIAET  YCTOWYMBOCTH  IH(POBOTO

MapKHpOBaHUSI.
J1st nocTrKeHus! 3TOM LieTu:
—  HccnenoBansl 0COOEHHOCTH AK® PpaCIIUPSAIOMNX

OWITONIAPHBIX TOCIEIOBATENBHOCTEH W CHOPMHUPOBAHHBIX HAa WX OCHOBE
MapKEpHBIX TOCIICOBATEIFHOCTEH, WCIOMB3YEMBIX MPH TPAJTUITHOHHOM
MapKUpPOBaHUN NH(GPOBBIX ayIHOCHTHANOB. [IpemoxkeHbl crenuaibHbIe
¢byakmmu s moctpoeruss PBIT ¢ ynmydireHHBIME  KOPPEISAIMOHHBIMU
CBOMCTBAMH JUIsi POOACTHOTO MAPKHPOBAHUS WM TMPEACITHHBIX OHUITONSPHBIX
mocnenoparenbHocTel, AK®  koTophix  00Magar0oT  MaKCHMAalbHO
BO3MOXKHBIMH T10 aOCOJIOTHOMY 3HAYCHUIO OTHOIICHUSMH MaKCHMyMa
Kk MuHUMYMY. CHOpPMYITHPOBAHBI U JIOKA3aHBI TCOPEMBI U CIICACTBUS U3 HIX
O CYIIECTBOBAHWH BEPXHCH TpaHUIBl MHHAMAIBHBIX  3HAYCHHUUN
ABTOKOPPEISAIIOHHBIX byHKIHIH TaKuX MOCIE0BATENbHOCTEH
U 0 3HA4YeHUsX nepBoro u Broporo jenectkoB AK®. Ha 3Toit ocHoBe naHO
CTpOro€ MATEMAaTHYEeCKOEC ONpPEACICHHE MPEICEHBIX  OHIONSAPHBIX
TOCJIEI0BATEIIBHOCTEH.

—  PaspabotaHbl 1Ba MeTOIA TOWCKA W MMOCTPOCHUS MPEACITBHBIX
OWITOJISIPHBIX TIOCJICIOBATEIBHOCTEH: C HCIIONE30BAaHUEM PAIlOHATHLHOTO
mepebOpa W HAa OCHOBE BBCICHHBIX  MOPOXKIAIONIMX  (DYHKITHIA,
(hYHKIIMOHATHFHO CBSI3aHHBIX C TAKUMH TIOCIICIOBATCIIBHOCTSIMH.

— IlpoBeneHO KOMIIBIOTEPHOE MOJETUPOBAHUE IO  OLICHKE
3HAYCHUH a0CONIFOTHOW BEITMYUHBI OTHOIICHHS MAaKCHMyMa K MUHHUMYMY
ABTOKOPPCISAIMOHHOW W B3aMHOW  KOPPEJSAIMOHHBIX  (DYHKIHH
HCCIICAYEMbIX  OHIONSAPHBIX  MMOCIEIOBATEIIEHOCTEH JUIS  HAWXYAIINX
YCIIOBHI W3BJICYCHUS MapKEPHBIX TMOCIIEIOBATEIFHOCTEH (CIenoil mpuem).
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B sTom ciryuae mckaxaronmM Bo3AeHCTBHEM (IIyMOM) CTaHOBHWJICS CaM
TIOKPBIBAIONIMH IN(POBOI ayIHOCUTHAIL.

Teopernueckuii BKJax HAcTOsMmIEH pabOThl B pEIICHHWE 3a/1a4d
pobacTHOr0 MapKUpOBaHUsI HH(POBHIX AyAHMOCUTHAIOB 110 METOAY JIOCKYTa
3aKJII0YaeTcsl B pa3paboTKe MaTeMaTHYeCKOro ammapaTta Uil HOCTPOSHUS
NPE/ICNBHBIX ~ PACIIUPSIONIMX  OWITONMSIPHBIX  ITOCJIEAOBATEIBbHOCTEH
C YIIyYIIEHHBIMH KOPPEISAIMOHHBIMU CBOMCTBaMH, Oojiee YCTOWYIHMBBIX
K JICHCTBUIO ITIOMEX W MCKaXAIOUIMX BO3ACHCTBUI Npu OOHApYXKEHHUU
1 U3BJICUCHNH IU(PPOBON MapKepHOH MOCIIET0BATEIEHOCTH.

2. TpaguuuoHHoe MAapKHUPOBaHUeE c HCI0JIb30BAHNEM
pacHMpAIUX OUMONAPHBIX HOcJIeA0BaTedabHOCTel. TpaauuoHHO
Mapkep (GopMHpyeTCs U3 IICEeBAOCITYYalHOH OWITOISIPHON YHCIOBON
MOCTIEI0BATENBHOCTH!

a=(al,a2,...,aNn),a,.e{l,—l}, (1)

rae N « — AJIMHa II0CJIC10BATCIIBHOCTH. Ilocie (bOpMI/IpOBaHI/IH

MOCIIETOBATENFHOCTH (L €€ AJIEMEHTHI pacHupsrOTCs IMyTeM IMOACTaHOBKH
BMCECTO HUX NOCJICAOBATCIIbHOCTU CIICAYIOIICTO BHU/JA:

y={1..,01,—1...,—1], )

Ny N,

n

rac Nl‘[ — HOJIOKUTECIIBHOC 1EJIOC YHCIIO0, OIMPEACIIAIOMICS TOJOBUHY JIMHBL

pacmnpﬂfomeﬁ IIOCJICA0BATCIIbHOCTH.
3arem (bOpMI/IpyeTCH MapKepHas MmocjIeaJ0BaATCIIbHOCTD:

m:(ml,mz,...,mZNnNﬂ)za@y, 3)

rie ® — OIepaTop KPpOHCKEPOBA IMPOU3BCACHU,

i-1

m = (—1){1}“"‘12 a 4)

i

rae L.X_I — OnmKaiiiee [ejI0¢, MCHBIICC WIN PABHOC YUCITY X .
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IIpexne deMm, mHepedTH K aHAIU3y KOPPEISALMOHHBIX CBOWCTB
MapKepHOM mocienoBarensHocTH, onpeaenuMm  AK®  mpousBonbHOU
BELIECTBEHHOM MOCIEN0BaTEIbHOCTH:

pz(p]ypza---apL)s (5)

KaK JUCKPETHYI0 (YHKIMIO OT [EJNIOYHCICHHOHM TepeMeHHOH £k,
YIOBJIETBOPSIOLLYIO CIEAYIOLIEMY PaBEHCTBY:

L
Tako (p,k) = Zpipi—k > (6)
=

rlie YuCa p, ABIAIOTCA BJIEMEHTAMH BEIIECTBEHHON MOCIIEN0BATEILHOCTH
P, Korna uHaeKc / € {1,2,. . .,L} , HO JUTS COKpaIleHnsT 0003HaUYeHUH OymemM
cunrath p, =0, Korma uHIEKC [ ¢ {1,2,...,L} .

Hcnonp3oBanne pacUIMpSIONIMX ITOCIEAOBATEIbHOCTEH Y BHIA,

OITMCHIBAEMOTO paBEHCTBOM (2), MpuUBOAMT K ToMy, uYto y AK®D
c(OpMHUPOBAHHOM MapKEpPHOW MOCIENIOBATEIBHOCTH M B COOTBETCTBUHU
¢ (3) mosBisOTCA OONBIIME TI0 AMIUIMTYZAE OTPHUIATENIbHBIE 3HAYCHMS.
OTo yMeHpIIaeT aOCONIOTHOE 3HAa4YeHHE OTHOIIEHWS MakcuMmyma AKD
K €€ MUHUMYMY [0 CpaBHEHHI0O C TakuM ke 3HaueHueM AKOD
JuIst OUIIOISIpHOIM — TocienoBaTenbHOCTH . [lpn 3ToM  abcomoTHOE
3HAYEHHE JTOr0 OTHOMICHMS OKa3bIBACTCS NMPHUONM3NTENHHO PaBHBIM JBa
B T€X CIy4asx, KOrja UCXOJHas ICEBAOCIyJaiiHas MOCIeN0BaTENBHOCTD O
TeHepHpyeTcs TakuM 00pa3oM, 4YTO BEPOSTHOCTH mosiBieHHs | u -1
OKa3bIBAOTCS TIOYTU PABHBIMU.

Oro cBoiictBo AK®  OumonsipHOil  mOCIIeOBATENHFHOCTH,
UCTIONB3YEeMOI TIPH TPaJMIIMOHHOM MAapKHPOBAaHWH, MOXXHO OOOCHOBATh
C IOMOIIBIO  CIEAyIuX paccyxkaeHuil. Koraa B mceBaociydaiHbIX
OUIONSAPHBIX TTOCIEAOBATENBHOCTAX ¢ BEPOATHOCTH mosiBieHus 1 u —1
NpUOJIM3UTENIPHO  OJWHAKOBBIC, TOTJa MOXKHO  IIOJIYYHUTh  OLEHKY
MakcumanbHoro mnagenuss AK® wmapkepHoW mOCIEIOBATENbHOCTH M,
onupasck Ha cpegHee 3HaueHne AK®D MapkepHOH MOCIeA0BATEIEHOCTH M,
BBIUMCIIEHHOE JUISl €AMHUYHOrO CABHMIra OT LEHTpaJbHOro 3HaueHus AK®
MapKepHOM mocienoBateabHocTd m. JleiictBurensbHo, 3HaueHue AKD
MapKepHOH MOCIE0BATEIBHOCTH M , MOJIy4aeMOe IIPU €JUHUYHOM CABUIE
MapKepHOM IOCIENOBATENBHOCTY M OTHOCHUTEIBHO  ILIEHTPAIbHOIO
3naueHnss AK®, Bxitouaer B ce0s Bce IOJCTAHOBOYHBIC (PaCIIUPSIOININE)
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MOCIIEIOBATENLHOCTH (1,—1),3Ha‘H/IT, nanenue 3HaueHuss AK®D oxaxercs

MakcuManbHbIM.  CpenHee 3HAu€HHE HAa OTHEIBHYIO IOACTAHOBKY
(B3aBHCHMOCTH OT pPE3YyJIbTaTOB COCEIHMX ITOJCTAHOBOK) MOXHO
BBIUUCIIUTD, UCXOJ U3 3HAUEHUH UI KaXKJ0r0 U3 BO3MOXKHBIX BapHUAHTOB,
cocraBisiomux 3HadeHuss AK®. C yuerom cummerpuun AK® Bo3MOMKHBI
JBa BapHaHTAa COCTABIIONIMX 3HAYEHMs, KaK IOKAa3aHO Ha pPHCYHKe l.
Be3 yuera — uerblpe BapWaHTa COCTaBIAIONIMX, ABAa W3 KOTOPBIX OyIyT
JlaBaTh TakoM ke BKJIaja B 3HaueHue AK®D, kakoil Jar0T 3J€MEHTHI APYroi
Hapbl COCTaBIISFOLIUX.

(ol-L.)  (..L-L..)
(comLL) (nLLe)

X

=11, o L1
[S—] [S—

BKJIaJI B BKJIaJ B
3HavUeHIIe 3HaUeHNe
AK® AKD
paBeH -2 paeH 0

Puc. 1. Cocrasusromnue 3naucuuss AKD

Tak Kak TakWX COCTABISAIONIMX OyIET B CpPEIHEM OJMHAKOBOC
KOIIMYECTBO, TO, MCXOMS W3 HHUX, CpedHee apu(METUICCKOEe 3HAUYCHUE
OKa3bIBAE€TCS PABHBIM EIUMHUIIE CO 3HAKOM MHUHYC, YTO YKa3bIBaeT
Ha majgeHue LeHTpanbHoro 3HaueHuss AK®D B 2 pasa. To ects, ecnu
ueHTpansHoe 3HaueHue AK® mnceBpocnyuyallHOW MOCIeI0BaTENIbHOCTH

I0CJIC IIOACTaHOBKH pacmnpﬂfomeﬁ IOCJIICA0BATCIIBHOCTH (1, -1 ) N

paBHO X, TO MHHMMAJIbHOE 3HAYCHHE B CPEIHEM Oyner paBHO — X /2.
Hanpumep, nocnenoBarensHoOCTs bapkepa anuHoi 7:

a=(111,-1,-1,1,-1), 7)

T1I0CJIC ITOACTAHOBKU ITOCJIICAOBATCIIBHOCTH 7Y = (1,—1), CTaHCT MapKepHoﬁ

II0CJICA0BATCIIBHOCTBIO!:
m = (1,-11,-1,1,-1,-L1,-1,1,1,-1,-11), (8)

y xoropoil makcumym AK® paen 14, a MUHUMYM —7 H, CIE€I0OBATENbHO,

110 a0CONIOTHOM BENMYMHE NX OTHOIICHHWE PAaBHO |14 / (—7)| =2.
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Hcxonsd w3 ITUX pPacCyKAEHHII M pe3ylIbTaTOB IPOBEIEHHOTO
MOZICIIUPOBAHUS, MOXHO CJHENaTh CIEAYIOIIUE BBIBOABI OTHOCHUTENBHO
ocobenHocter  m  cBoiictB AK®  mapkepHOW  (pacmuMpeHHO#)
TIOCIIEIOBATENBHOCTH, C()OPMUPOBAHHON B COOTBETCTBHMH C paBeHCTBaMH (1)—
(3). IIpu TpamumonHOM MapkupoBaHuu 3HadeHHE 3ToH AK® okaspiBaercs
MUHUMAJIGHBIM Ha «PACCTOSHUM» OJHOTO CIBUTA OTHOCHUTEIHHO LIEHTPAIBHOTO
3HQUEHMs], YTO CBS3aHO C JUIMHOM pAaCIIMPSIONIEN MOCIEN0BATENbHOCTU

(1,—1). MaxkcumaisHoe 3HaueHne AK® MapkepHOH OCIIEN0BAaTEIBHOCTH M
3aBUCUT OT JUIMHBI PACIIUPSIEMOH IICEBIOCITyIaliHON MTOCIEA0BATENBHOCTH 0, U
OT [UIMHBl PAaCHIUPAIOIEH IOCIEI0BATENbHOCTH (1,—1). Torma kak

MUHUMalIbHOE 3HaueHne AK® MapkepHOW MOCIEAOBATEILHOCTY M TEM
OJIbKe TI0 a0COMIOTHOMY 3HAUCHUIO K TIOJIOBUHE IICHTPAIBHOTO 3HAYCHUS, YEM
OoJbIe JUTMHA TICEBJOCTYYAHONH TOCIEHOBATEIBHOCTH ¢ W 4YeM Ooree
PAaBHOBEPOSITHBIM sBiIsieTcsl nosiBiieHne 1 u —1 B Heil. Ilpu BeimoaHeHUU
MOCJIEAHEr0 YCIOBUSL, KOrJla B KaueCcTBE PACIIUPAEMOMN IMOCIENOBATENbHOCTH
0, WCIONB3YyeTcs TICEBAOCIy4YaliHAash OWIIONSApHAS —ITOCIEOBATEIIFHOCTD,
Y KOTOpoil BeposiTHOcTH mosiBiieHuss 1 u —1  moutu paBHbl, AKD
pacpeHHon IOCTIEI0BATEIBHOCTH m oyner ONPEHETATHCS
KOPPESIIMOHHBIMY CBOMCTBAMU PACHIUPSIOILEH MOCIEI0BATEIEHOCTH Y , & HE

KOPPEISIMOHHBIME  CBOMCTBAMH PACIIUPSIEMOH ITOCIIENOBaTeIbHOCTH 0., U
elle omHO BakHeiniee cBorcTBO AK® — a0bcomoTHOE 3HAYEHHE BEIMYMHBI
orHomeHusT MakciMyma AK® k €€ MHHMMYMY C BBICOKOH TOYHOCTBHIO
TpUOITIDKaeTCT K 2. JTO MO3BONISET CHOPMYIHPOBATh KPUTCPHUH TS TTOMCKA
pacIMpsIONMX — OWMONAPHBIX — IIOCHEOBaTENbHOCTEH Y, OONafaronmx

YIy4IIEHHBIMH KOPPEISIIOHHBIMH CBOHCTBAMH 1 OOJIBIIEH YCTOHYINBOCTBIO.

C yderom BbIBIEHHbIX Bblole cBoicTB AK® pacmupeHHON
OWITONISIPHON ITOCTIENOBAaTEILHOCTH W B pa3BuTHe crareil [23,24] namee
IpeJIaraeTcsl  METOA  IOCTPOEHUS  CIELUAIBHBIX  PACIIUPSIOIUX
OMIONSAPHBIX TIOCTE0BATEIbHOCTEH Ui po0AcCTHOrO MapKHUpPOBAHWMS,
TIO3BOJISTIONIMI oOecneynTs Oosbliee, yeM 2 1O aOCOITIOTHOMY 3HAYEHUIO
otHomeHne Makcumyma AK®  mapkepHOM — IOCIEIOBATEIBHOCTH
m K MUHUMYMY 3TOH (YHKIIHH.

3. IpenenbHbie  OUMONSPHBIC  MOCJEAOBATEIBHOCTH ISl
podacTHOro MapKupoBaHus. Eciny BMeCTO TpaAUIIMOHHON pacIIUpsIOmEen
MOCJIE0BATENBHOCTU y:(l,—l) B paseHctBe (3) HCIIONB30BATH

paclvpsroUyro mocjaea0BaTeIIbHOCTb BUAA:

Y=0®Y s )
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rac:

Y 1pan :(]’_1)' (10)

HpI/I 9TOM, Koraa ajisda (bOpMI/IpOBaHI/IH Y THPUMCHACTCA CIICHUAIIBHO
BBI6I/IpaGMaH 6I/IHOJ'I$IpHaH IOCJICA0BATCIIBHOCTD:

(P:(€01,€02,-~~,(/7Nw), ¢i€{15_1}7 (11)

TO MOXXHO OOECIIEYHTH TPEBHIIIAIOIEE 2 3HAUCHUE A0CONIOTHOM BEJIMYNHEI
ortHomeHust Makcumyma AK® k e€ MHUHUMYMy y  MapKepHOU
TIOCIIE/IOBATENIFHOCTH M .

Hcnons3oBanne OUITOISIPHOI 1TOCIeI0BaTebHOCTH Y Brja (9), BMECTO
OUITOISIPHON TIOCIIEIOBATENBFHOCTH Bra (2), IPHBOAUT K TOMY, YTO MapKepHas
TIOCIIE/IOBATENIFHOCTE M Y)Ke He OyaeT ompeneisTbest ypaBHeHWeM (3),
a Oymer ¢ yaetoM (1) yIOBIETBOPSITE CIICIYIOIIEMY PAaBCHCTBY:

m = (m,my,...my =0 ®, (12)
raec:
_(_p\-)moed2
O et (13)
Hanpumep, ecnu:
¢ =(-1,-1,1,-1), (14)

TO IMOJTYYUTCH paclIUpsroias nocjie10BaTCIIbHOCTb:
v=(-L1L-1L11-1,-11), (15)

y koropoir MakcumMyM AK® paBeH 8, a MUHUMYM -3, TO €CTh, B 3TOM
cydae y TIOCIEJOBAaTEIbHOCTH 7Y 3HAYeHHWE AaOCOJIOTHOW BEIMYMHBI

orHomeHuss Makcumyma AK® k €€ MUHUMYyMY paBHO |—8/3|:2.667.
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Brimonaus MOACTAHOBKY JTOU IIOCIICAOBATCIIBHOCTU Y BMECTO 3JICMCHTOB
IOCJICA0BATCIIBHOCTH BapKepa JJIWHBI 7

:(],],la_ly_lsls_l)a (16)
6yz[eT nogydcHa 6I/IHOHﬂpHaH II0CII€A0BATCIIBHOCTD HHI/IHOﬁ 56:

m = (-1,1,-1L1,1,-1,-1,1,-1,1,-1,1,1,-1,~1,1,
~11,-11,1,-1,-11,1,-1,1,-1,-1,1,1,—1,
L-1L,1L,-1,—L,1L1,~1,—1,1,—1,1,1,-1,~1,
L1,-11,~1,~1,1,1,-1),

(17)

y xoropoii Mmakcumym AK® paBen 56, a MunnmMyMm —21 (pUCYHOK 2).
CrnenoBaTenbHO, y IOCIEAOBATENIBHOCTH M aOCONIOTHOE 3HAuYCHHE
orHomieHnss Makcumyma AK® k MHHUMYMY OTOH (QYHKIMH paBHO

|—56/21| =2.667, uro Oombire Ha 33%, yeM B ciydae, eclid OBl BMECTO
nocyezoBatenbHOCTH (15) Menonb3oBanack MOCIEN0BATENBHOCTD Y, . s

IpuMeHsieMasi B TPaJUIMOHHOM MapKHpoBaHUM (pUCyHOK 3). Hamomumm,
YTO IpU TPAJULHOHHOM MOAXOJE 3HAYEHHE dTOrO OTHOLICHUS C BBICOKOU
TOYHOCTBIO TIPUOJIIKAETCS K 2.

o AL EIPII|  SETYL I L o {I I{” KA L E PN LTI I L o

s HHH S

Puc. 2. I'padux aBTOKOPPEIAIIMOHHON (yHKIINH MapKepHOH ITOCIIEA0BATEILHOCTH
(17), ocHOBaHHOI Ha CHIENMATIBFHON PACIIUPSIONICH MTOCTIeI0BATEIEHOCTH
v =(0,-1,-1,1,1,-1,-1,1).
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Puc. 3. I'padux aBTOKOPPEIAIIMOHHON (yHKIINH MapKepHOH ITOCIIE0BATEILHOCTH
(8), OCHOBaHHOI Ha TPATUIIMOHHOW PACIIMPSIONICH TOCTIEI0BATEIEHOCTH

7, =(1-1).

Takum  o0pa3oM, ¢  y4eToM  TOro, 9YTO  PACIIUPSIOIIAS
MOCIIEOBATEIBHOCTE Y B OCHOBHOM OIPENENSEeT aBTOKOPPEILIMOHHBIE
CBOICTBa pACHIMPEHHON TOCICHOBATEIBFHOCTH M, KOIZa OwmonmspHas
TOCTICIOBATENIFHOCT (L SIBJIICTCS TICEBIOCITYYaiHON, TO TpeOyercs MeTon
MOJTy4EeHHUs TaKUX MOCIIENOBATEIbHOCTH Y , Y KOTOPBIX aBTOKOPPEISILIMOHHEIE

GyHKIMM ~ WMEIOT ~ HauOOJNBIIME  MHHAMYMBI ~ CpPeId  MHUHAMYMOB
aBTOKOPPEISAIMOHHBIX (DYHKIMI BCEX MPOYHX YIOBICTBOPSIONINX PAaBEHCTBY
(9) OUITOAPHBIX TOCIIEIOBATEIEHOCTEH TAKOM JKE JUTHHEL.

Io onpenenenuto 3nauenue AKD f,, ('\{, k) TIOCTIEI0BATENILHOCTH Y,

onmckIBaeMoit (hopMyroii (9), koria cMeleHne &k TIPUHAICKUT MHOXKECTBY:
{-2N, +1,-2N, +2,...,-1,0,1,2,....2N, -1}, (18)

YAOBIIETBOPSET CAEAYIOIIEMY PABEHCTBY:

2N, k|

frko (Y’k) = Z (_l)ii1 ﬂHJH (_I)H‘k‘il ﬂmJﬂ -

= T e ey

rac |x| — a0CONIOTHOE 3HAYCHHE YHCIIa X, a Lx_l — Ommkaiiiiee ja(SA(0]X

MCHBUICC UJIKN PABHOC YHUCITY X .
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Ionesno aty AK® npencraBuTh B CIEIYIOIIEM BHIE:

2z, ,ecmn kmod2 =0,
2
frco (V:K) =3-2,, —Z{EJH,ecnnk mod2=1uk#2N, 1, (20)
2 2
—z;,_,ecmuk =2N, -1,
2

rac:

N,—j

z,=z,= Zl(pigoi”,je{o,l,...,Nq,—l}. @21

Ilpy 3TOM, Y4uTBHIBas, 4TO @, € {1,—1} , OyIeT BBINIONHATHCS CIIEAYIOIIEe

PaBEHCTBO:
zy=N,. (22)

Tak kak KOHKPETHbBIC 3HAYCHUS Z; U Z_; (mpu j e {1, 2,...,N, —1} )
OynyT OnpeaenaTbcs 3J€MEHTaMHU [OCJIEA0BATENLHOCTH 0,

HCIOJIB30BAHHOMI npu (bOpMI/IpOBaHI/II/I II0CJICAOBATCIIBHOCTU Y , TO AJIA Z/.

., Korma je{1,2,...,N®—1}, MOXXHO YKa3aTh JIMIIb MHOXECTBa

n z
-J

NOTEHIMATBHbIX 3HAYSHHL:
2z e{t(a+ j=1),x(at j+1),x(a+ j+3), (N, - j)},  (23)

raec:
a=(N,-1)mod2. (24)

CJ'IGHOBaTGJIBHO, KOJIMYECTBO Pa3IMIHbIX ABTOKOPPEIIALIMOHHBIX
(byHKHI/II\/'I, COOTBCTCTBYIOIIUX OOHOMY U TOMY IKC N 02 MCHBIIC KOJIMYCCTBA

HOCJ'IGHOBaTeJILHOCTCﬁ Y- HOZ)TOMy BCE MHOXECTBO HOCHG,HOBaTeHBHOCTeﬁ v,

COOTBCTCTBYIOIIMX  OAHOMY H  TOMY  IKC N 02 MOXHO  IIOACIIMTH
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Ha HeMepeceKaroIuecs MIOIMHOXKECTBA, B KOTOpBIE HonaayT

TI0CIIEZIOBATEIIEHOCTH, NMEIOIINE OIMHAKOBBIE ABTOKOPPEISIMOHHBIE (DYHKIMH.
Teopema 1 (O cymecTBOBAHMM BepXHell TrpaHMUbBI s

MHHUMAJIBLHOIO 3HaYeHust AK® ounossipHoii nocjie10BaTeIbHOCTH 7 ).

Cpenu Bcex OWMNONSPHBIX IIOCIIENOBATENBHOCTEH (), OIpPEACICHHBIX
paseHcTBoM (11) M UMEIOKMX OAMHAKOBYIO UIMHY N, , HET TakOH, KOTOpast

MO3BOJISIET TOJNYYUTh B COOTBETCTBHHM C mpaBwioM (9) OHIOISpHYIO
MOCIEA0BATENBHOCTE Y,y KoTopol AK®D wnMmeeT MHHUMYM, KOTOPBIH

00JIbIIIC BETUYNHEI:

N, -1
—— |- N, (25)
3
TO €CThb J4 BCEX TaKuX 6I/IHOJ'IHPHBIX HOCHeHOBaTGJ’IBHOCTeﬁ Y
OHI/IHaKOBOﬁ JJIMHBI CTIPABECAJIMBO HEPABCHCTBO!

. N, -1
rr\g{anm (y,k)S 5 -N.,. (26)

HMoxasarenbcTBo. Tak xaxk st N, =1 yciaoBue 5TOH TeOpeMbI
BBITOJIHSICTCS], [I03TOMY HIIKE [PEIaracTCst 10Ka3aTeabeTBo st N > 1.

[Mpeanonoxxum oOpaTHOE — a HMMEHHO, YTO CPEAW OWIONSAPHBIX
rocIieioBaTeNibHOCTe ¢, onpenensieMblx paBeHcTBoM (11), cymectByer
Takas IoCIeI0BaTEILHOCTh, 0003HAYNM €€ () , M3 KOTOPOil B COOTBETCTBHU
¢ mnpaBwioM (9) momydaercss OHWIIONSApHAS MOCIEAOBATENBHOCTE 7,
ykotopoii AK® wnmeer MuHHMMaIbHOE 3HAauYeHHE, KOTOpOEe OoJblie
BenmmuuHbl  (25). B TakoM ciydae aBTOKOppENSIMOHHAS —(QYHKIUSA

o (?,k) (19), (20) mocnenOBATENBHOCTH ¥, MMES MAKCUMYM, PaBHBIHA

2z, =2N,, IMEET MUHUMYM, KOTOPbIH OosbLel!:

1 . .
Tax, Hampumep, cpeay MOCHIENOBATENbHOCTER (P, JIMHOM N 0= 4 | nomwknbl GbLTH ObI

A A
CyIIECTBOBATh TaKUE€ (P , A3 KOTOPBIX MOJIYy4aIiCh OBl TOCJICA0BATCIIBHOCTH 'Y , ¥ KOTOPBIX

MHHHMAJbHOE 3HaUCHHE aBTOKOPPEIIMOHHON (GYHKIMH ObUIo OBl Oonbmie -3, TO ecCTh
PpaBHsUIOCH OBl -2 Wi -1.
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Nt
3J_@' 27)

3Haunur, mis 310l AK® 00513aTenbHO BEITONHSIOTCS CICAYIONINE [Ba
HEpaBEHCTBA:

. N, -1
fixo (7,1) =—z,—z > 3 —N@, (28)

) N, -1
faco (1,2) =22, > | =4 —| =N, (29)

Ucxonst u3 Ttoro, uro z,=N,, HepaBeHCTBO (28) mo3BOISCT

3aKJIIO4YUTh, 4YTO Z; AOJDKHO YAOBJICTBOPATH CICAYIOIIEMY HCPABCHCTBY:

N, -1
z, <— 3| (30)

Torna xak Ha OCHOBaHMH HepaBeHCTBa (29) momydaeTcs, 4To:

{MAJN
3 | e 31)
>

! 2

y4

CHGHOBaTGJ’IBHO, BCJIMYMHA Zz; AOJDKHA IIPUHAUICKATh JUAIIa30HY:

N, -1

{% FMP N, -1 32

—<Zl<{ - J (32)
2 3

HeprI[HO IoKa3aTb, 4YTO PACCTOAHHUC MCKAY npaBoﬁ U JICBOM
TpaHULlaMHU 3TOI'0 ArAlla30Ha YIOBJICTBOPSICT PABCHCTBY:
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L5 o

3 2 2

>

rac {a} — 9TO HpO6HaH YacCTh BCUICCTBCHHOI'O YMUclia a . Taxk xak B JaHHOM

CJIy4ac BBITIOJIHACTCA PaBCHCTBO!:

£y S G
{ ; }_( , —1)mod3, (33)

TO,

(34)

Taxum 06pa30M, BO3MOXHbBI TPU CUTYALIUU:

N_ -1
l+3{ ‘P3 } 1/2,ecn1/1N@e{1,4,7,...},
=4 LecmuN, € {2,5,8,...}, (35)

2 3/2,ecnuN, €{3,6,9,...}.

B mepsoM M BO BTOPOM cCllydae, KOIJa PpAacCTOSHHE MEXIy
rpaHduamMu  HepaBeHctBa (32) paBHO 1/2 m 1, COOTBETCTBEHHO,

HC CYIICCTBYCT IMOAXOAAIINX HCIOYUCIICHHBIX 3HAYCHHI zZ. OI[HaKO,

B TPETbEM CJIydae, pACCTOSIHWE MEXIy TIpaHHIlaMH HepaBeHCTBa (32)
CTAQHOBUTCsSI HAMOOJBLIMM M OKa3biBaeTcst paBHbIM 3/2 . Hampumep, korxa

N, =9 , torma —%<z1 <=2, Wiy, Korjaa N, =12, Torma —%<z1 <-3.

MOXHO MpENNnoNoKUTh, YTO, KOrAa NKD 6{3, 6,9,...}, TIOIX O ISIIITIM

3HAa4YCHUCM U zZ, SABJIACTCA:
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N, -1

, (36)

rac |Va—| — Ommkaiiiee eIoc, Ooiblliee WU paBHOC BCHICCTBCHHOMY
quciy a. HO, B TCX ClIy4asxX, KOorga 4uciio N(p YC€THO, TOraa M BCIMYMHA

(36) SBIIACTCA ‘leTHOﬁ, OJHAaKoO, B TaKOM CJIy4ac z, HC MOXCT IIpUHHUMAaTb

yerHble 3HaueHus (23). M Haobopor, koraa BennunHa (36) HeyeTHast, Toraa
M 4MCIO N, TaKKe SBISCTCA HEYETHBIM, HO B TAKOM CIlydyae z, HE MOXKET

q
NIPUHAMATh HedeTHbIE 3HaYeHus. Cle0BaTeNnbHO, BO BCEX ITUX CIydasiX z,
HE MOXXET IIPUHATH 3HAUYeHHEe paBHOe BennunHe (36).

Takum oOpa3zoM, cpean OWIONSAPHBIX IIOCIENOBATEIBHOCTEH @,
ompejensieMbix paBeHcTBoM (11), Her Takoi IOCIEHOBATENBHOCTH @,
13 KOTOPOM B COOTBETCTBHU ¢ HpaBwioM (9) momydaercs OumnosspHas
[OCIIEIOBATEIbHOCTE ¥, y Koropoii AK® wumeer munumym, OoJblie

BeNMM4uHEI (25).

Caencreue u3 Teopembl 1 (O mpeaejbHOIl BeJIM4UHE BepxHeil
TPAHHIbI OTHOLICHHUS] MO a0COJIOTHOMY 3Ha4YeHHI0 MakcumMyma AK®
OMIOJIAPHON IOC/IeI0BATEIBHOCTH Y K MHHHMYMY 3TO0il QyHKumn).

B npegeie ¢ yBCIWYCHUCM  JUTMHBL N 0 OCJICA0BATCIIBHOCTH Q,

a0COJIOTHOE 3HAYCHWE OTHOMICHMS MakcuMyma K MHHUMYMY AK®
MOCEN0BATENBHOCTU Y PABHO 3.

JlelicTBUTEIBHO, TPOBE/IS MPEOOPA30BAHNS, ITOTYINM:

§.
Il

3, (37)

rac {a} — 9TO ,up06Ha;1 4acCTh 4yucia a .

Omnpenenenune. [IpenenbHON OWUTOISIPHON ITOCIICAOBATEIEHOCTHIO
Y, YyOoBieTBopsiomel paBeHcTBY (9), Has3bBaercst Takas (0003HaUMM
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ee ¥, ), y Koropoii AKD uMeeT MHHUMAIBHOE YUCICHHOE 3HAYECHUE,

paBHoe BenmuuuHe (25):

, N -1
H@}{anKm('ka)zi‘ ¢3 J_N(p' (38)

Hcxonst u3 paBeHcTBa (38) MOXHO 3aKIIOUHTh, YTO Y NPEIEIHHBIX
TIOCJIEIOBATENIFHOCTEH Y, aBTOKOPPEIALMOHHbIE (DYHKIMH TakKue, YTO

JUIsl BceX k 13 MHOXKecTBa (18) BHIITONHAIOTCS HEPAaBEHCTBA!

N, -1
fAKq)(yw,k)Z{ ’”3 J—NW (39)

KOTOpble, ¢ y4eroM paseHcrsa (20) u  z,=N,, MOXHO cBeCTd

K crenyromuM (korxa N, >1):

N, -1
e |-N,
3 "t N, -1 (40)
fgzj_Ngu_ T _Zj—I’

rae je {1,...,Nq, —1} .

ABTOKOppEIISIIMOHHBIE (YHKIMH BCEX IIPEAEIBHBIX OHITOISPHBIX
rocIieioBaTeNibHOCTe ¥, 00JanaloT o0ImKM CBOMCTBOM, JO0KAa3aTEIbCTBO
KOTOpPOro NpHUBEIEHO aauee B Teopeme 2.

Teopema 2 (0 3HAYEHMAX NEPBOro M BTOPOro JenectkoB AK®
npefeabHON OumoaspHoi mociegoBarenbHocTH). AK® npeaensHON

TIOCJIEIOBATENIFHOCTH Y, SBJSIETCS TAKOW, UTO JUIs HEE BBINOJIHAETCS JINO0
PaBEHCTBO:

N, -1
fAl<c1> (Ywﬂl)z[ (P3 J_N(p’ (41)

7100 paBEHCTBO:
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N -1
fAl(cl) (700:2):" ¢3 J_ng’ (42)

HO He 00a cpasy.
HMoxaszarenbcrBo. Tak xkak it N, =1 ycioBue 3TOH TEOpEMBI

BBITIOJIHACTCA, IIO3TOMY HUIKEC NPCAJIAracTCsa 10Ka3aTCIbCTBO JIL N 0 >1.

[Mpenqnmonoxxum  obpatHoe, dYTO I JIOOOH  TpeleNbHOU
MOCJE0BATENBHOCTH Y TPU BBHIIOIHEHUU:

, N, -1
H\yknfm(vm,k){ 3 J—Nw, (43)

JIJIs BCeX k € {3,4,. .»2N, —1} BBITIOJIHAETCS] HEPABEHCTBO:

N, -1
fAKq)(yw,k)Z{ ‘”3 J_NW (44)

HO JUIS BCeX k € {1, 2} BEITIONTHACTCS JTHOO HEPABEHCTBO:

N -1
fAKq)(yw,k)>[ QD3 J_Nqn’ (45)

700 paBEHCTBO:

N, -1
fAm(yw,k)z[ (*’3 J—Nq). (46)

Eciu nns Bcex ke{l,Z} BEITIONTHSCTCS  HEpaBEHCTBO  (45),

TO B TAKOM CIy4ac z, JOJDKHO YAOBIIETBOPATH NBOWHOMY HEPaBEHCTBY
(32), s xoToporo mnpu JokasaTteiabcTBe Teopemsl | ObLIO MOKa3aHO, YTO
HE CYLIECTBYET TAaKOI'0 Z;, KOTOPBLU YIOBJIETBOPSLI Obl €MY.

Teneps, eciiu OyaeT ONMPOBEPTHYTO PABEHCTBO:
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fAKlI) (Yw’l) = fAKdJ ('szz)a (47)

TO TeopeMa Oyzner nokasaHa. [Ipeamnonoxum obpatHoe, 9TO paBeHCTBO (47)
BBINOJTHSETCS, TOT/1a BBITIOJIHAETCS ¥ PAaBEHCTBO:

—zy—2z, =22z, (48)

B takom ciyuae, ¢ yuerom paseHctBa z, = N, , Oyzer:

SR @

Tak xakx z, SIBJSICTCS LCJIbIM YHCJIIOM, TO 3TO PaBCHCTBO HC MOXKCET
BBITIOJHATHCA IJIA 3HadYeHUil N 0 HC KPpAaTHBIX 3. Torz[a, paccMOTpUM TOJIBKO

Takue 3HadyeHus N, 02 KOTOPbIC KpAaTHbI 3 — B Takux cIydadaX OTHOHICHUC

crpaBa OT 3Haka paBeHcTBa (49) Oyzmer menbM yucinoM. Bo-mepBbIX,
9TO OTHOLICHWE Oy/eT paBHO HEYETHOMY 4HCIy, Korga N, paBHO

HEYETHOMY YHCITy, KpaTHOMY 3. Bo-BTOpBIX, 3TO OTHOWmIEHHE OyIET paBHO
YCTHOMY 4YHCIy, Korja N, paBHO YeTHOMY 4YHCIy, KpatHoMmy 3. Ho mpu

HEUETHOM N, YHMCIO Z, MOXET ObITh TOJIBKO Y€THBIM (23), u, Ha00OpOT, —
Opy YeTHOM N, YHCIO 2z, MOXET ObITb TOJBKO HEYETHBIM. 3HAYMT,

paBencTBO f,q (7,..1) = fyo (V..,2) TaKKe He BHIIONHSETCS.

Caencteue u3 Teopemnl 2. Y npenenbHBIX MOCIEN0BATEIBHOCTEN
Y., korna N, >1, aBTOKOppEISLMOHHbIC (YHKIMH TaKHE, YTO:

N —1
—| —%— |1, ecnm (N, +1) mod3 =0,
3 ]
z, = 50
1 v (50)
—| —— |, unaue.
3
Jloka3zareabCcTBO. Korna JUIS AK®D MpeaeNbHOM

TI0CJICAOBATCIIBHOCTH Y BBITIOJIHACTCS PAaBCHCTBO!
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N, -1
fAKG)(’Yw’l):[ (P3 J_N(p7 (51)

TOraa:

N, -1
—Zy—2z, = 3 -N,. (52)

B rtakom cmydae, ¢ yderom paseHcTBa Z, =N,

| N, -1
zl——{ 3 J (53)

OpHAaKo 3TO PaBEHCTBO, YUHUTHIBas CBOWCTBO (23), MOXKET BBINOJHSATHCS
TOJIBKO, KOIZa YETHOCTh 4uciaa N, —1 COBIAZaeT ¢ YETHOCTBIO YHCIA

OyJeT BBINOIHATHCS
PaBEHCTBO:

N, -1
{"’T , TO €CThb paBeHCTBO (53) BBINONHIETCS TOJBKO JJISI TE€X YHCEI

N 0> JJIL KOTOPBIX BBIIOJIHACTCSA PAaBCHCTBO!

(Nq, —l)modZ = {N‘g JmodZ. (54)

TaxoeiMu  siBisifoTCst  umcna N, € {1,3, 4, 6,7,9,10,12,13,...} . Ortum

JIOKa3aHa HIDKHSIS TTOJIOBHHA KYCOYHO-ONpeieNeHHOro paBeHcTBa (50).
Tenepy nokaxkem BepxHioro nonosuHy (50). Korma mis AK®D
IpeJeIbHON NOCIEAOBATENLHOCTH Y BBIIOJIHAETCA PABEHCTBO:

N, -1
fiko (700:2) ={ ¢3 J_N@: (55)

TOraa:
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N1
L (56)

! 2

C onmHOH CTOpOHBI, TpaBas 4yacTh paBeHCTBAa (56) NpHHUMAET Lelble
3HAYEHHs, TONbKO Korma N, €{2,5,8,11,14,17,20,...}, To ecth Kora:

(N, +1)mod3 =0. (57)
C npyroif cTOpoHBI, y4uThIBast cBoiicTBO (23), paBeHcrBo (56) Moxer

BBIIIOJIHATHCA, TOJIBKO KOrjga 4Y€THOCTh 4YHCIIA N 0 -1 COBIIaJacT

C YETHOCTBIO TIPaBOH 4YacTW paBeHcTBa (56) ymciia, TO €CTh JUIS TaKHX
TIOJIOXKHUTEIBHBIX LENBIX YHceN N, , JUIsl KOTOPBIX BBIIOJIHSETCS PABCHCTBO:

N, -1

(N(P—l)mod2= @modl (58)

Ho s1o paBeHCTBO Kak pas M BBIIONHSETCS, Koraa N, YAOBIETBOPSET
pasenctBy (57). Ilpu stom, korna N, yaoBieTBopser paseHCTBY (57),

TOrJa BBITIOJHACTCA PaBCHCTBO!

2 3

N, -1
~* __|-N
{ 3 J ‘”z_{Nw—lJ_l (59)

I[eﬁCTBHTGJIBHO, €CIIH BBIYECTh U3 JIEBOM YaCTH ITOrO PaBCHCTBA IIPABYIO,
TO IMOJYYACTCH CICAYIOIICC PABCHCTBO!

N, -1 N, -1
{ 3 J_Nw N, -1 1_3{ 3 } 60
{ \ J”: (60)

2 3 2

Informatics and Automation. 2023. Vol. 22 No. 2. ISSN 2713-3192 (print) 241
ISSN 2713-3206 (online) www.ia.spcras.ru



LUNPPOBbLIE NH®OPMALIMOHHO-TENEKOMMYHUKALIMOHHBIE TEXHONOI M

rac {a} — 9TO ,up06Ha;1 4acCTh 4yucia a . HO,

ST
N (61)

korma N, ymosnerBopser paseHctBy (57). 3naumr, xorma N,

YIIOBJIETBOPSIET paBeHCTBY (57), OyIeT BHIOIHATHCS PaBEHCTBO:

1_3{A@-1}
_ L3 J, 62)

2

CrenoarensHo, korga N, ynoBieTBOpsieT paseHCTBY (57), Torxa
BBINOJNHsAETCS paBeHCTBO (59). TeM caMbIM JOKa3aHa BEPXHSS MOJIOBHHA
KYCOYHO-OIPEACICHHOr0 paBeHcTBa (50).

Cienyer oTMETUTh, 4TO ¢ (hOPMAJIbHOM TOUKH 3PEHUs], BEIUUUHA Z,
He onpezenena, korga N =1 (21). Ho ecnu npussts, uro z, =0, xoraa
N, =1, 1o (50) Oyzer BblnonHsTECS U 1ist cirydass N, =1.

4. Meton  moucKa  NOJMHOTO  MHOMKECTBA  IpeAeJIbHBIX

MOCJICOBATEIbHOCTEH HA OCHOBE PALMOHAJIBHOrO BbIOOpa. PaBeHCTBO
(50) ¢ yaerom paBeHcTBa (21) MOXKHO IPEICTABUTH B CICAYIOMICM BHJIC:

N -1
—{ 2 J—l, eCJm(N +1) mod3 =0,
3 ]

]
- , MHaYe.
3

HOZ)TOMy, OnupasAChb Ha CHGHCTBI/IC us3 TeOpGMI)I 2, MOXHO CKa3aThb, YTO IIpU
MOHCKE MNPCACIbHBIX HOCJ'IGI[OBaTeJ'IBHOCTeﬁ Y, MOXHO OI'PAaHHYHUTBHCA

N,-1
Z¢i¢i+l = (63)
i=1

TOJIEKO MHOXKECTBOM @ M3 Takmx 6I/IHOJ'I$IpHI>IX HOCHGHOB&T@HBHOCTeﬁ (0}

mmHon N 0o
paBeHCTBO (63).

C yuerom pasenctBa (21) uncna z; MOXKHO ONPEACIHUTb KaK CyMMY

JJIL KOTOPBIX  BBHIOJIHACTCA  KYCOYHO-OIIPCACIICHHOC

QJICMCHTOB MMOCJICAOBATCIILHOCTU CJIICAYIOLICTO BHU/JA:
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V= (Vv ) (64)
rac:
Vii = PiP;- (65)

Tak kak @, € {1,-1} , 10 v, , € {1,-1}.

BaHO OTMETHTb, YTO IEMEHTHI MOCIENOBATEIBHOCTH V ,, KOIZA
j>2, MOKHO BBMUCIUTE MO DJEMEHTaM JIBYX  TNPEABLIYIIHX
TOCIIEI0BATENBHOCTEH V, | M V,_, CIEYIOUIMM 06pa3om:

Vij = VijViej-2Vis, 1 (66)

JleficTBUTENbHO, TPOU3BEJNEHUE CIpaBa OT 3HAKa 3TOr0 pPaBEHCTBA
COBIIAJIACT C IIPABOI YacCTHIO0 paBeHCTBa (65):

v

i.j-1Yi

i, j-2Vieljo1 = PiPit i 1Pis1Pisis j-2Pri1 Prvie jm = (0i¢yij—l¢zil¢i+j = PPy ;-

Jlrob6oii  BekTop VvV, cBA3aH €  JByMsA  OMIIOJIAPHBIMU
nocienoBarensHocTAMU @ . Ilpu 3ToM »TH ABe mocneno0BaTEIbHOCTU
ONpENENAIOT JBE€ MOCIENOBAaTEIbHOCTH 7Y, Yy KOTOPBIX COBHAAAIOT
aBTOKOppelsiLuoHHble (PyHKIMU. Tak, Korga U3BECTEH BEKTOp V,, TOrAa
BOCCTAHOBUTh JJIEMEHTBI YHOMSIHYTBIX JIBYX OUIIONAPHBIX
MOCTEA0BATENBHOCTEN (@ , C KOTOPBIMH OH CBSI3aH, MOXKHO IO CIEAYIOIEMY
IIPaBUILY:

1) IIpsmas nocnenoBaTelbHOCTb ¢ : IIyCTh ¢, = —1, Torza:

i-1
¢ =y i€{2.3.....N,}. (67)
I=1
2) HaBeprtupoBaHHas NpsMas IOCIEAOBATEIBHOCTh @ : IIYCTh
@, =1, Torpa:
i—1
(P,-:H"z,w’e{z’?’"“’Nw}' (68)
I=1
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Takum 00pa3oM, MHOXKeCTBO @ COOTBETICTBYET MHOXKECTBY V,
U3 TaKUX IOCJIEN0BATEIBHOCTEH V,, Y KOTOPBIX CyMMa JJIEMEHTOB paBHA
YHCILy Z,, YAOBICTBOpsioleMy paBeHCTBY (50). A Tak Kak v, € {1,—1} ,

TO MOLIHOCTb MHOX€ECTBa V, paBHa OMHOMHUAILHOMY KO3 hUIUEHTY:

N“,—H—zI
|V1| =Cy 1 (69)
¢
rae:
Nw—l+z| N _1 |
Cyi1 = ( X ) .
0 N, -1+z \ N, -1-z | (70)
2 2
Ecnn HCKOTOpas II0CII€A0BATCIIbHOCTD V] S I/] CBsA3aHa

C IIOCJIICAOBATCIIBHOCTBIO (@, KOTOpass B CBOIO OYCPCAb ONPCACIISACT

NIpEeACIbHYIO ITOCICA0BATCIIBHOCT Y, TOIIa CyMMa 3JICMCHTOB Ka)KI[Oﬁ us3
HOCHeHOBaTGJ’IBHOCTeﬁ MHOXECCTBaA {Vl s Vosees Viy } YAOBJICTBOPACT
3

JIBOMHOMY HepaBeHCTBY (40).
A Tenepp, I TpUMepa BBITOJHUM TIOMCK BCEX IpEIENbHBIX
nocuenosarensHocreid y, mut N, =4. Ilonck npejcraieH B BUIe

CIeyoUIeH MOCIe 0BATEIbHOCTH NCHCTBHIA:
1) Tak kak N, =4, T0o, B COOTBETCTBMM C paBeHCTBOM (50),

BBINOJIHACTCS CIEIyIOIIee paBeHCTBO: z, = —1.
2) Tak xak N,=4 wu z =-1, TO NOMCK NOAXOASLIMX
IIOCIIC/IOBATE/IBHOCTEN vV, JUIMHOH N, —1=3, ciexyer BecTH cpeiu Bcex

TAaKUX OHITOJSIPHBIX ITOCIEIOBATENBbHOCTEH, Y KOTOPBIX CyMMa 3JIEMEHTOB
paBHa —1.
3) B coorBerctBUuM C paBeHCTBOM (69), MHOXecTBO V,

IPOBEPSICMBIX  [OC/ICAOBATENbHOCTEH Vv, mmHOH N, —1=3, wumeer

MOIIHOCTb |V] | =3.
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C y4eroM TOro, 4Yro B OTO MHOXECTBO JOIDKHBI BOUTH BCE
HOC/IE/IOBATENBHOCTH vV, JUIMHOM 3, y KOTOPHIX CyMMa D3JIEMEHTOB
paBHa —1, TO OHO OYAET CIICAYIOIINM:

V, ={(-1-L1),(-11,-1),(1,-1,-1)}.

4) Omnpenenum 1o Qopmyrne (66) It KaXIOH W3 3THUX Tpex
HOCIIEJ0BATENbHOCTE! MOCIEAYIOUE 3a HUMHU I10CIIEL0BATEIBHOCTH V,

M v, I mociefoBatensHoctH Vv, =(—1,—11), ato 6ymyr: v, =(1,-1)
uvy=1; i mocmemosarensHoctd v, =(-11,-1): v, =(-1-1)
u v, = ;i nocnegoBarensHoctn v, = (1,—1,—1) , mocreayomumu Gynyr:
v,=(-L1) mvy=1.

5) Tak Kak CyMMa SJICMCHTOB IOCIEIOBATENBHOCTH V, DaBHa

BCJIIMYHUHC z TO MOXHO TIIPOBCPUTH, OINPCACIIEICT JIM KaKasA-TO

j 2
U3 TOCIIEN0BAaTEIBHOCTH MHOKECTBA V| MPEAEIBbHYIO MOCIEI0BATEILHOCTh
Y., - YUuTbIBas, 4TO z; =—1 M, 4TO y NpPENEIbHEIX MOCIEI0BATEILHOCTEH
Y., BBIIONHSIOTCS [BOiHBIE HepaBeHcTBa (40). Cremyer mpoBepHUTh
BBINOJTHSIOTCS JIM IBa ABOMHBIX HEPaBEHCTBA!

3 3

——<z,<4, ——<z,<3-1z,.

2 2

—  BpInonHUM IIPOBEPKY I BEKTOpa V, = (—1,—1,1) .

CyMMBI DIIEMEHTOB BEKTOPOB V, M V, paBHHl z, =0 u z; =1,
coorBercTBeHHO. O0a  JBOMHBIX  HEPABEHCTBA  YHIOBJIETBOPSIOTCH.
CienoBaTeNnbHO, BEKTOP V, = (—1,—1,1) YCIICIIHO IPOXOJUT IIPOBEPKY, TaK
KaK OmpenensieT NpeieibHble MOCIeI0BATENbHOCTH Y .

—  BpInonHUM IIPOBEPKY I BEKTOpa V, = (—1,1,—1) .

CyMMBI 2J1IEMEHTOB BEKTOPOB V, M V, PaBHBl z, =—2 WU z; =1,
COOTBETCTBEHHO. IlepBoe NBOIHOE HEPABEHCTBO HE YIOBJIETBOPSIOTCA.
CrnenoBaTensHO, BEKTOp V, = (—1,1,—1) HE IIPOXOAUT IIPOBEPKY, TAK KaK HE
OIpeeNseT NpeieNbHbIE TOCIEI0BATEIBHOCTH Y .

—  BbInoNHUM IIPOBEPKY I BEKTOpa V, = (1,—1,—1) .
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CyMMBI DIIEMEHTOB BEKTOPOB V, M V, paBHHl z, =0 u z; =1,
coorBercTBeHHO. O0a  JBOMHBIX  HEPABEHCTBA  YHIOBJIETBOPSIOTCH.
CienoBaTeNnbHO, BEKTOP V, :(1,—1,—1) YCIICIIHO IIPOLIEN IIPOBEPKY, TaK

KakK OIpeacsiCT IMMPEACIbHBIC ITIOCIICA0BATCIIBHOCTH 7Y .

6) Hcnomb3yst  BeKTOpa,  KOTOpBIE  HPOUUIM  HPOBEPKY,
BOCCTaHOBUM IO mpaBmiaMm (67)—(68) OumnomnspHbIE MOCIEA0BATEILHOCTH

0
—  Jlnd BekTopa Vv, = (—1,—1,1) :
° npsiMast MOCIEA0BATENBHOCTE @, | = (—1,1,—1,—1);
®  HWHBEPTUPOBAHHAsS psiMast TOCIIEIOBATEIEHOCTh
0, = (1,—1,1,1).
—  Jms Bekropa v, =(1,-1,-1):

. IpsiMasi OCJIENOBATENBHOCTD @, , = (—1,—1,1,—1);

° HWHBCPTUPOBAHHAA npsamas IIOCJICA0BAaTCIbHOCTD
0., =(LL-11).
BI/IHHO, 4qTo IOCJIICA0BATCIIBHOCTD 0, MOJTYy4acTCs

U3 MOCJICAOBATCIBHOCTH (@, IIYTEM O6paHI€HI/I$I nopsaKka BCEX 3JICMCHTOB,
TOria Kak 1nocja€a0BaTCaIbHOCTh (P, , OJYYaCTCA U3 @, IIYTEM O6paHIGHI/IH

NnopsAAKa 3JIECMCHTOB C IMOCICAYIOIIUM HWHBCPTUPOBAHHUEM UX 3HAYCHMI.
A Tak Kak IIOCJICAOBATCIIbHOCTL @, , MOJYYaCTCA U3 MOCICAOBATCIIbHOCTH

@,, TyTeM MHBEPTUPOBAHMA 3HAYECHHUI BCEX DJIEMEHTOB, TO, MOJIYYacTCs,
YTO BCE TP MOCIENOBATENBLHOCTH @ ,, @, U (,, MOKHO IOIYYUTh
n3 Q.

7) Tenepb 1O TOCIENOBATENLHOCTAM @, @5, @, U @,,,

B COOTBETCTBMM ¢  npaBwioM  (9),  BblUuCIMM  OHUIONSpHBIE
MOCJE0BATENBHOCTH, KOTOPBIE SIBIIIOTCS IPEAEIbHBIMU:

Yoc,],] :(_191919_1,_1,1,—],])’
Yw,],z :(19_19_1,1,1,—1,1,—1),

Yw,z,l = (—1,1,—1,1,1,—1,—1,1),
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Yw,z,z = (1’_1a1a_1,_1,1,1,—1)_

Bce 3TH 4eThipe MOCIENOBATENFHOCTH HMCIOT ONHY M Ty IXKe
aBTOKOPPEIILIMOHHYI0 QYHKIUIO f, ;0 (yw , k) :

-1,2,-1,0,1,-2,-3,8,-3,-2,1,0,—1,2,-1.

5. MeTon NOCTPOCHHUS NpeAeJIbHbIX OMIONAPHBIX
MOCJICJOBATEIBHOCTEH € HCMOJIBb30BAHHEM MOPOKAANIMX (YHKIUMA.
C pocrom BenuuuHbl N, BO3pAcTacT M MOLIHOCTb MHOXecTBa V, (69)
TIOCJIE/IOBATENIbHOCTEH-KAaHINIATOB, CpEId KOTOPBIX  HAXOmATCS  Te,
KOTOpBIE CBSI3aHBI C IIPEAEIBHBIMH ITOCIeI0BaTeNbHOCTIMU Y, . [ToaTomy
€cIM HaWTH (QYHKIMOHAIBHYIO 33aBHCHMOCTb MEXKAY IPEACIbHBIMU
TIOCJIIOBATENIFHOCTAMU 1 3HAYCHUSMH CIIEIMAIBHBIX (QYHKIHH, KOTOpPBIE
Jlajiee Ha3bIBAIOTCSI TOPOXKIAIONIMMHU, TO MOXXHO OyIeT cpasy OIpeeisiTh
HEKOTOpOE MOAMHOKECTBO IPEEIBHBIX ITOCIEI0BATEIBHOCTEH ATl TF000T0
3ajaHHoro 3HadyeHust N, (6e3 HEOOXOAMMOCTH BBINOJHEHHS [OHMCKA
TIpEe/ICNIbHBIX TIOCIIEI0BATEIFHOCTEH Ha OCHOBE PAIlMOHANIFHOTO riepedopa).

Kaxmo#t Oumonsproli mocnenoBarensHocTd ¢ (11)  MoxHO

COIMOCTABUTD LICJIOC HCOTPULATCIIBHOC YUCIIO a , IO CICAYIOLICMY IIPpaBUly:

N,
“ n-i @ +1
azzlzNw [—‘/’2 j (71)

Hanpumep, OWUITONSPHON MOCIIE0BATEIIEHOCTH (p:(l,—l,—l,—l,l), Oymer
COIIOCTABJIEHO YnCciIo a =17 .

Cpenu 1enbIX HEOTPUIATENBHBIX YHCET d, B KOHTEKCTE PCIICHUS
3aJaud HAXOXJCHUS TPEIeTbHBIX ITOCIEIOBAaTENbHOCTEH 7Y, , OCOOBIi

HHTEpEC MPEICTABIAIOT TAKUE LETble HEOTPULATENbHbIE YUCIA, KOTOPBIE
COOTBETCTBYIOT ITOCJICAOBATEILHOCTAM @, JSKAmUM 10 mpaBuiay (9)

B OCHOBC TIIPCACIIbHBIX HOCHCHOBaTCHBHOCTGﬁ Yo - HaanMep, Korjga
]\/v(p =5, TOoraga TakueC ILCIbIC 4YUCIaA a O6pa3yIOT IIOCICAOBATCIbHOCTD:

5,9,11,13,18,20,22,26. BuaHo, 4TO0 MUHUMAJIbHBIM CpEAM HUX SIBISIETCS
YUCJIO S5, 3HAYUT, unMciaa ¢ | mo 4 He CBSA3aHHBI C MPEAEIbHBIMU
MOCIIEIOBATEIILHOCTSIMH.
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Ienmoe HeoTpUIATENIBHOE YHCIO @ , COOTBETCTBYIOIIEE OUITONISIPHOM
IOCJIE/IOBATENIFHOCTH (@, OlpeaeneHHoi paBeHcTBoM (11) m nmeromieit

JUIMHY N(p , KOTOpas MO3BOJIACT HOJYYUTb B COOTBETCTBUM C IPABUIIOM (9)

6I/IHOJ'I$IpHyIO MMOCJICAOBATCIIBHOCTb, KOTOpasA  ABJIACTCA HpeHCHLHOﬁ
IIOCJICAOBATCIIBHOCTBIO Y, MOXXHO BBIYHUCINUTH C ITOMOIIBIO CJ'IG,HyIOHICﬁ

PEKYPPEHTHON (yHKIUH:

f,(N, -1), ecuN, €{3,6,9,...},
2f, (N, -1), ecu N, €{4,7,10,...},

f(N, )= (72)
() 26, (N, =1)+1, ccm N, €{2,5,8,...},
0, ecu N, =1.
Hanpuwmep, nycre N, =19, torga:
a="f(19)=2f(18)=2(f(17))=2(2f (16)+1) =
(73)

=2(2(2f(15))+1) =... = 2730.

B nBOMYHOM NpeACTaBIEHUM B AEBATHAALATHPA3PSAHON TBOMYHOM CETKE
(tak kak N, =19 ) 9T0 YHCIIO BBIMTISAUT TaK:

2730,, = 0000000101010101010, . (74)
3Ha‘II/IT, HCKOMas 6I/IHOJ'IHpHa$I II0CJICA0BATCIIBHOCTD 6yﬂeT:

¢ = (_17_15_1:_17_15_17_1717_17

75
1L,-1,1,-1,1,-1,1,-1,1,-1). (75)

OToi OoCJICA0BATCIIBHOCTH (0} COOTBCTCTBYCT 6I/IHOJ'IHpHaH

IOCJICA0BATCIIbHOCTD:

Y= (_Lla_l)l)_lala_Lla_l)l)_l)la_lala
17_15_191919_17_15 15 15_19_17 17 (76)
1,—1,—1,1,1,—1,—1,1,1,—1,—1,1),
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Yy KOTOpOH aOCOJIOTHOE 3HA4YE€HHE OTHOIICHHS MaKCHMyMa K MUHHMYMY
AK® pasHo:

2N, 38
— e - =2209)
Y] 35292, (77)
N

YTO SABJACTCA MAKCHUMaJIbHO IOOCTHM)XXHMMBIM 3HA4YCHHCM, KOI'Jla ]V(p =19

B opmyne (26). 3HaUUT MOCIEAOBATENBHOCTH (76) SBISETCS TpENeTbHON
MTOCTICTOBATEIBHOCTRIO.

BajxHO OTMETHUTH, YTO 4YUCIA, IOIydaeMble U3 3HaueHus f, (Nq)),
ITyTEeM WHBEPTHPOBAHUS BCEX TBOUYHBIX Pa3psiioB, ITyTEeM OOPAIICHHUS BCEX

JABOUYHBIX Pa3psaa0B, a TAKKC IMYyTCM 06pameHI/m 1 MHBCPTHUPOBAHUSA BCCX
JABONYHBIX pas3psiaoB TAKXKE COOTBECTCTBYIOT IIOCICAOBATCIBHOCTIM @,

OMpEeNENAIOIUM MpeeNbHbIe NocaeaoBaTensHoctu v, . Hampumep, ecnn
TAKWE OIEpPAlX BBIITOJIHUTH C YUCIOM f1(19):2730: MIPEACTABIECHHOM

B 19-pa3psmHOil CETKE, COOTBETCTBEHHO IIONYYATCS CICHYIOIIUE YHUCIA!
521557, 174720, 349567 . OTuM TpeM 4duciaM, Takxke Kak u uuciy 2730
(73)—(77), cOOTBETCTBYIOT HpejeNbHBIE MOocieaoBaTenbHoCTH v, . U Bee
OHHU OYIyT UMETh OIMHAKOBEIE aBTOKOPPEISIIMOHHBIC () YHKIIHH.

Korna N(p IS {1,2, 3, 4}, TOT/Ia C TIOMOIIBI0 TOPOXKIAIOMICH (YHKIIH

fl(Nm), OIIpeAeeHHON paBeHCTBOM (72), MOXXHO TIONIYYHTH BCE

BO3MOXHBIC IIPCACIBbHBIC IOCICAOBATCIBHOCTH ¥ . O,HHaKO, Korga
th > 5, Ccpean NpCaACIbHBIX HOCHGHOB&TGHBHOCTCﬁ Y., IOSABJIAIOTCS TaKUC,
KOTOPBIC YK€ HC IMOJYy4YaroTCa C IOMOIIbBIO nopoxcz(aromef/i (byHKHI/II/I

fl(Nq,). Tak, wnanpumep, mpu N, =5 CymECTBYeT IpPEACIbHbIC

MOCIEA0BATENBHOCTH Y, CBA3aHHbIE ¢ uncnamu 9, 13, 18, 22, Ttorma kax

C IOMOIBIO Topoxatomed GyHknun f| (N(p) MOXXHO MOJIYYUTh YHUCIIA:

5,11,20,26. Yucno 9 sdBisgercs BTOPHIM 1O TMOPSIAKY B ITOU
nociefoBareabHocTH M3 8§ uyucend. Eciu mnpoaHanu3upoBaTh BTOPBIE
110 OPSIKY yncna st N, 25, MOXKHO IIOJIY49UTh BTOPYIO [OPOXK/IAIOLIYIO

G yHKIHIO:
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f,(N,-1), ecuN, €{6,9,12,...},
2f, (N, 1), ecu N, €{7,10,13,...},

fZ(Ntv):

(78)
2f, (N, —1)+1, ecu N, € {8,11,14,..},

9, ecu N, =5.

OyHKIUH f](N(p) (w1t 3HayeHuit N, e{l,...,lOOOO}) n f, (qu)

(st 3HAYeHN N, € {5,...,10000} ) YCHIENTHO MPOIUTHA IPOBEPKY HA TO, YTO
OHHM JICHCTBUTEIBHO BBIYMCIAIOT IIOAXOMSIINME YHCIA g, C IIOMOIIBIO
KOTOPBIX MOXXHO TIOJy9HTh MpeeSbHbIC MOCIEA0BaTEeNbHOCTH Y, . Takum
00pa3oM, C MOMOLIBIO NOpokKIaoIMX GyHkuui f, n f, MOXHO momydats

NpeiebHbIE MOCIEA0BATEIBHOCTH B TEX CIIYYasiX, KOIrZla BHIYMCIUTEIbHAS
CJIOXHOCTh TOMCKa NPEHENbHBIX MOCIEI0BATEIbBHOCTEH B COOTBETCTBUU
C IPEIOKEHHBIM BBIIIE METOJOM HEIIPUEMIIEMO BEJIUKA.

6. Pe3y1bTaThl KOMIBIOTEPHOTO MOJeIHPOBaHusA. Brime Obuio
JIOKa3aHO, YTO aOCONIOTHOE 3HAYEHHE OTHOIICHUS Makcumyma AK®D
MapKepHOW TMoOcHenoBaTelbHOCTA m K MuHumymy AK®, xorga
HCMONB3yeTCd MpeeNbHas MOCIENOBATENbHOCTh 7Y, HPEBBINIAET YHUCIIO

2 u B mpenene paBHO 3. B To Bpems kak abCOJIOTHOE 3HAYEHHE JTOTO
OTHOIIEHMS, KOIJa UCHONb3yeTCsd  TPAAULUOHHAS  PACHIMPSIOIIAs

oCJICA0BATCIIBHOCTD v Tpan npu MMOCTPOCHNHU MapKepHoﬁ

MOCTEA0BATENBHOCTY M, C JOCTaTOYHO BBICOKOM TOYHOCTBIO PaBHO 2.
[IpuMeHeHne  OPEUIOKEHHBIX  MPEAENBHBIX  MOCIEN0BATEIbHOCTEN
C YIYYUICHHBIMH KOPPEISIIMOHHBIMY CBOMCTBAMM II03BOJIIET IOBBICUTH
KaueCTBO JETEKTUPOBAHUS U, KaK CIECTBUE, YCTOMYUBOCTh MAPKUPOBAHUS
IU(POBBIX  AayAHOCHTHAIOB K JCHCTBHIO IIOMEX, MpeoOpa3oBaHUAM
U AE€CTPYKTUBHBIM BO3JECHCTBUIM.

Ba)xHO BBIOIHUTE HKCIEPUMEHTANBHYIO OLEHKY TOr0, HACKOJIBKO
MIPUMEHEHNE TIPE/ICbHBIX OUITONSPHBIX MOCIIEI0BATEIBHOCTEH OTpaXkaeTcs
Ha KOPPEISLUOHHBIX CBOWCTBaX W3BICKAEMOI0 U3 CTEroayAHOCHIHAla
Mapkepa s HauXyAmmxX (M YacTo peaNbHbIX) YCIOBHM Ipuema,
XapaKTepU3yIUX Npexae Bcero ciuenod mpueM. HamomHuM, uto mpu
CJIEIIOM NIPHEME ayIUOCUTHAN, B KOTOPBIM BHEAPSETCS MapKep, HEM3BECTEH
aBTOPU30BAaHHOMY IOJTydYaTemo. B aToMm ciydae B mporecce 0OHApYKEHHS
1 U3BJICUECHHSI MapKepa U3 CTEroayAnOCUTHalIa NCXOIHBIH (TTOKPHIBAIOIIHA)
ayqUOCHTHAJI ~ CTAaHOBUTCA  IOIyMOM,  BIMAIOOIMM  HAa  KadecTBO
KOPPENSAILUOHHOIO IeTEKTUPOBAHUSL.
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Jl1g 3TOrO0 HEOOXOANMO, TIPEXK/IE BCETO, OLEHUTH TO, HACKOJIBKO MPH
CIIENIOM TIpHEME H3MEHSETCS B3aUMHAasl KOPPEISLUs MEXIy HU3BICUEHHOU
13 MapKHPOBAaHHOIO ayJUOCUTHAJIA MOCIEA0BATENbHOCTBIO U BHEAPEHHON
MapKepHOH! IOCIEN0BATENBHOCTEIO M IMPU BapbHUPOBAHUHU TEX WM HHBIX
MapamMeTpoB, a TaKXXE IPOBECTH CPABHUTENBHYIO OIEHKY a0COJIOTHBIX
3HAUCHU!  OTHOIIEHWH  MakCUMyMOB K MUHHUMYMaM  B3aUMHBIX
KoppersiuoHHEIX ¢yHKIMA (BK®), xapakTepusyomux 3Ty KOppeJsIHIo,

JJIA TPpAaAUIIMOHHO I/ICHOJ'II)3yeMOI\/’I IOCJIICA0OBATCIbHOCTHU v Tpan

u npezmoxceHHoﬁ HpG,HeHBHOﬁ IIOCJICAOBATCIIBHOCTH Y .

B nmpouecce NpoBEJEHHOTO KOMIBIOTEPHOTO MOAEIHUPOBAHHUS
B KAUECTBE  MOKPBIBAIOUIMX  ayAMOCHTHAJIOB  HcHonb3oBamuck 100
MONYJISAPHBIX ~ MY3BIKQJIBHO-TIECEHHBIX ~ KOMIO3WIMHA M3  pa3lIMuHBIX
HaIlpaBJICHUH MY3BIKM. MapKUpOBaHHbBIE ayIHOCHUTHAJIBI HE ITOBEPrajrCh
HUKAaKUM JIOIIOJIHUTENBHBIM  IM(POBBIM npeoOpazoBanusM. [lostomy
WCXOIHBINH U(POBOH ayMOCHTHAII B YCIOBUSX CIIETIOr0 MPHEMa BBICTYIA
€IMHCTBEHHBIM HMCKA)KAIOIMUM Bo3JelcTBUEM (mrymoM). Bapeupyembim
mapamMeTrpoM  ObUla  CWJIa  BHEAPEHHWS  Mapkepa,  OIpeelsiomas
KO3(GHUIMEHT MacIITaONPOBAHUS AMIUIATYABI YacTOTHOH COCTaBIISIOUICH
cnektpa @Dypbe OJ0Ka OTCUETOB INPH BHEAPEHUH JIIEMEHTOB MapKepa.
OrneHNBaJINCH /1BA TIOKA3aTeNsl — OTHOLIEHHE CUTHAJI-MapKep U abCOoMoTHOE
3HAYE€HWE OTHOIIECHHWS MAaKCHMyMa B3aMMHOW KOPPETALMOHHOM (yHKIMN
kee MuHUMYMY. OOa »THUX TIIOKasaTens TIO3BOJISUIM J€NIaTh BBIBOJBI
00 ycrolunBocTH (B YCIOBHSX  CJENOr0  IIpHeMa)  MapKepHBIX
TOCIIeIOBaTeNbHOCTEH, C(OPMHUPOBAHHBIX HA  OCHOBE  IPEIEITBHBIX
MOCIEA0BATENBHOCTE Y, U TPaJULUOHHO MCIOIb3YEMBIX MAapKEpHBIX

HOCHGHOBaTeJ’IBHOCTGﬁ, OCHOBAHHBIX Ha YTpan .

Jns  BHeapeHus, OOHApyXeHHS W  HW3BJICYCHHS MAapKEepHOU
MOCIEA0BATENBHOCTY ~ METOAOM  CJIENOr0  IpPHEMa  HCIOJIb30BaIHCh
MIPOIICTyPHI, IPEATIOKCHHBIC B padote [24].

I[Ipn  ¢QopmupoBaHMM MapKepHBIX IIOCIEIOBAaTEIbHOCTEH M
JUIsL KOMIIBIOTEPHOTO MOJIEITUPOBAHUS IIOCIEN0BATENBHOCTD a
MIPE/ICTaBIsuIa CO00H OHMIONSAPHYIO ITOCIEIOBATENbHOCT JIMHON 64449
JJIEMEHTOB, MOIYYaeMYI0 B PE3YyJIbTaTe KPOHEKEpOBa MPOU3BEACHUS IBYX
IICEBIOCIYYaHBIX OCIEA0BATENbHOCTEM:

a=0q, Qa,,

rge o, —d3To OunonsApHas nociemoBarenbHocTs Kacamu — (miuHOM
1023 anemeHra), @, —3TO OUIOIApHAas IOCIENOBaTeNbHOCTh [ onza
(umHO# 63 smemeHTa). B xauecTBe pacummpsoniel 1mocieoBaTeIbHOCTH
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HCII0JIb30BaJIaCh b0 6I/IHOJ'I$IpHa$I IIOCJICAOBATCIbHOCTD v pan ?

ompezensemass paBeHcTBoM (10), cooTBercTByrOmas TpaIUIHOHHOMY
MeTony (OPMHPOBAHUS MAapKEPHOH MOCIEAOBATEIFHOCTH 10 mpaBwiy (3),
700 mpeenbHast OUMoIIIpHAs MTOCIIEA0BATEIEHOCTS!

Yo :(1,—1,—1,1,—1,1,—1,1,—1,1,1,—1,—1,1,—1,1,1,—1,—1,1,1,—1,—1,1,1—1),

COOTBETCTBYIOIIAsl IpEAIaraeMoMy poOAacTHOMY MeToAy (hopMHpOBaHUS
MapKepHOH MOCIIe0BaTENbHOCTH 1O paBuity (12).

B pesynabrare, mpu HCIONB30BAaHUM TPAJULMOHHOIO MOAXOAA K
(OpPMUPOBAHUIO  MapKEpHOH  IOCIEJOBATEIbHOCTH  BBIYHCICHHOE
abcoroTHOE 3HaueHWe oTHouleHUss MakcumMyma AK® k e€ MuHUMYMY
COCTaBHMIIO:

128598 5 001,
64417

a Iph HUCHOJBb30BAHHHU IIpCjlaracMoro Imnoaxoaa ¢ HCHOJIb30BaHUCM
MPEACIIbHBIX 6I/IHOJ'I$IpHBIX HOCHCHOBaTCHBHOCTeﬁ, 9TO OTHOILICHHEC
PaBHIOCH:

_ 1675674 ~ 1889
580009

[TockonbKy mpW cienoM IIpueMe IOKPBIBAIOIIMKA ayInOCUrHam
CTaHOBUTCS LIYMOM JUIsi NPOLECCa W3BIICUCHUS BHEIPEHHBIX MapKepoB
u BerunciacHuss BK®, To abconroTHEIC 3HaUEHUS STUX OTHOLIeHUH it BK®
OyIyT OINpEeneNsIThCs OTHOIICHHEM CHTHajJ-MapKep, KOTOpOe B CBOIO
ouepelib, 3aBUCUT OT CHJIbI BHEAPEHUS YJIEMEHTOB MapKepa.

Pe3ynpraThl  KOMIBIOTEPHOI'O  MOJCIMPOBAHMS IO  OIEHKE
a0CONIOTHON BEIMYMHBI OTHOIIEHHST MakcumMyma BK® k ee mMuHUMyMy
B 3aBUCHMOCTH OT OCHOBHBIX ITapaMETpPOB MapKHUpPOBAHHS IIPEICTABICHBI
B Tabmumax 1 u 2. IIpunATH cnexyronue 0003HAYEHHs CTONONOB TaOIHIBL:
[A] — cunma BHexpenus mapkepa; [B] — cpenHee 3HaueHHE OTHOIICHHUS
curHai-mapkep (exuHnna usmepenuss — ab); [B] — cpennee 3Hauenme
a0COMIOTHON BENMYMHBI OTHOIIEHNST Makcumyma BK® k munnMymy sT0i
(GYHKIMH,  XapakTepH3yoLled  KOppENSIMI0  MEXAy  H3BJICYCHHOM
MOCTE0BATENBHOCTHIO U BHEIPEHHON MapKEPHOU MOCIEN0BATENBHOCTBIO.

Tpamummonno cumraercs [25, 26,27, 28], 9ro, Koraa OTHOIICHHE
curHan-mapkep Oompme 20 nb, Torma axkycTuueckwe —apredakTsl,
TIOSIBJIAIOIINECS] B PE3YJIbTaTe BHEAPEHMS MapKepa B ayIHOCUTHaJ, OyayT
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HE CIBIIUMBI YEJIOBEUECKUM YyXOM. IloaToMy mpu MOAEIUpOBaHHUU
MakcuMaibHas cwmia BHeapeHus pasHsuiach 0.1, 49To oOecneuuBaer
OTHOIIEHHE CUTHANI-Mapkep Ooxbaie 20 nb.

AHanu3 TONYYEHHBIX pE3yAbTaTOB IOKA3aJ, 4YTO MpU CUIIE
BHenpeHus 0.1 abGconroTHOE 3HAUYEHHWE BEJIMYMHBI OTHOIICHHMS MaKCHMyMa
BK® x ee MUHMMYMY YMEHBUIAETCS IO CpPaBHEHHIO C OTHM K€
mokasartenaeM, monydeHHbIM a1 AK®  (2.001), mourm wa 0.12
(TpaguLMOHHOE  MapKHpOBaHWE), Torja Kak Uil poOacTHOro
MapKUpOBAHUS,  OCHOBAaHHOI'O  HAa  HCIOIb30BaHMU  IPEJEIbHOU
MOCIEN0BATENBHOCTH, 3TO OTIMYHME COCTABIIAET Bcero numb okono 0.05
(mpu 3Hayenunm g AK®, paBrom 2.889). TpamuumoHHBIH Mapkep
CTaHOBUTCS HE OTIMYMM OT O€Joro nryma, KOria CHiIa BHEApPEeHus Oyaer
Menbie 0.01, Torma xak Mapkep, NOCTPOCHHBIM Ha OCHOBE IPEIEIBbHON
TMIOCJIEIOBATENIFHOCTH, Oy/IeT HEe OTIMYMM OT OENOoro myma TOJBKO TOT/a,
Korzia cuna BHeapenus Oyner mensiue 0.003.

Takum o0pa3oMm, NpH CJIENOM IIPHEME MAapKHPOBAHHE IHU(PPOBBIX
ayJWOCUTHAIIOB ~ C  WCIIONB30BAHWEM  IIPEACIBHBIX  OHITONSAPHBIX
MOCEN0BATENBHOCTEH, 10 CPAaBHEHUIO C TPAAULMOHHBIM MapKHPOBAaHUEM,
HE TOJBKO obecreynBaeT Ooiblee MO aOCOMIOTHON BEIWYHHE OTHOIICHUE
MakcumMyma BK® x ee MuHMMyMy, HO W SIBISETCS Ha TOPSIOK Ooiee

YCTOMUUBBIM K
ayJqMOCHTHaA.

HCKaXarouiemy

BO3JCHCTBUIO

MOKPLIBAIOLICT O

Ta6muma 1. Pe3ynsraTsl MOOEIMPOBAHUS VIS CITydasi, KOTAa UCIOIB30Baach

TpaUIIIOHHAs OUITOJSIPHAS TTOCIEIOBATEIBHOCTD § = (1, —1)

[A] [5] [B]
0.1 22.6537914407729 1.89400133362661
0.09 23.5689087161114 1.88940377072308
0.08 24.5919137027463 1.88378546192023
0.07 25.7516863726654 1.87676523118745
0.06 27.0905201404766 1.86774872443684
0.05 28.6739760385219 1.85576203481233
0.04 30.6118656605248 1.83912315246444
0.03 33.1099713242667 1.80857006872274
0.02 36.6298991976145 1.66904242496330
0.01 42.6405797512073 1.22115540454256
0.009 43.5527289528179 1.17197219241071
0.008 44.5716571653026 1.12916956984856
0.007 45.7256236763519 1.09483301588215
0.006 47.0558026726118 1.06745248183093
0.005 48.6255673720736 1.04974406741366
0.004 50.5399521171489 1.03956744534308
0.003 52.9924466534771 1.03586059278761
0.002 56.4032438747814 1.03275100298008
0.001 62.0084277052975 1.03056260054767
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Ta6numa 2. Pe3ynpTaTl MOAETHPOBAHUS JUTS CITydasi, KOTAa UCIOIb30Balach

npeacibHas 6PIHOJ'I$IpHa$I TI0CIICA0BATCIIBHOCTH

Y, = (1,—1,—1,1,—1,1,—1,1,—1,1,1,—1,—1,1,—1,1,1,—1,—1,1,1,—1,—1,1,1—1).

[A] [5] [B]
0.1 22.9756767301182 2.84137761957072
0.09 23.8908264049154 2.83731141890393
0.08 24.9138766626027 2.83226677555242
0.07 26.0737153223891 2.82584064373021
0.06 27.4126506827211 2.81737334369541
0.05 28.9962748847080 2.80570558153818
0.04 30.9344738175417 2.78840201614555
0.03 33.4332456738216 2.75516799839706
0.02 36.9550626144124 2.67636860609201
0.01 42.9756178969781 2.44763217519363

0.009 43.8907537349459 2.39680709039650

0.008 44.9137846437648 2.33405951225665

0.007 46.0735950750664 2.24683845587408

0.006 47.4124869330215 2.10918146136329

0.005 48.9960389735402 1.90539412353207

0.004 50.9341050426052 1.64397752034035

0.003 53.4325898308898 1.33580638954599

0.002 56.9535867943209 1.10082579442145

0.001 62.9697239736851 1.00904942996361

7. 3akaouenue. B crarbe pa3paboraH MaTeMaTHYECKHH amnmapar
JUISt IIOUCKA i MTOCTPOCHHUS TIPEIEeITbHBIX OUITOJIPHBIX
MTOCTICTOBATENBHOCTEH, HCIONB3yEMBIX TPH PEIICHUH 33aa4d POOACTHOTO
MapKUpoBaHUs [U(QPOBBIX ayAHOCHTHAJIOB IO METOLY JIOCKYTa.
[IpenenpHple  OWMTOISIPHBIC  TOCIICJOBATCIFHOCTH — OMPEACICHBI  Kak
PACIIUPSIOIIHE TTOCIEIOBATEIIEHOCTH € YIYIIICHHBIMA KOPPEIISIIMOHHBIMA
CBOWCTBAMH, Y KOTOPBIX aBTOKOPPEISAIMOHHBIE (QYHKIUH 007IaJaroT
MaKCHUMAaJIBHO BO3MOXHBIMHU IO a0COIFOTHOMY 3HAYCHUIO OTHOIICHUSMU
MaKCcUMyMa K MUHUMYMY.

ChopMynupoBaHel W JOKa3aHBl TEOPEMBI W CIEACTBUS W3 HUX:
O CYIICCTBOBAaHWM  BEPXHEH  TpaHUIEI ~ MUHUMAJIbHBIX  3HAYCHHUU
ABTOKOPPEIISIIMOHHBIX GyHKIHN TIPEEITbHBIX OUITOJIPHBIX
MOCJIEA0OBATEIBLHOCTEN U O 3HAYEHUSIX NEPBOr0 U BTOPOro JienectkoB AK®.
Ha sToif OCHOBE IaHO CTPOroe OMpeAeiCHUE TPEACTBHBIX OHIOISPHBIX
MTOCTICTOBATENBHOCTEH M TIOKa3aHO, YTO B IpeEJeNe 3HaUCHHE aOCONIOTHON
BENMYMHBI OTHOIIeHHsT MakcumMyma AK® Takux mocienoBaTelbHOCTEH
K e€ MUHUMYMY cTpeMHuTcs K 3. Pa3pa0GoTaHbl MeTOJ IOWCKA IOJTHOTO
MHOXECTBA TPEICITBHBIX OUMONSPHBIX ITOCICIOBATEIBHOCTE HAa OCHOBE
PAIMOHATFHOTO Iepedopa U METOMI MOCTPOCHUS TPEACTBHBIX OHITONMSIPHBIX
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MIOCJICIOBATENIFHOCTE  NPOM3BOJNBHOM  JJIMHBI C  HMCIIOJIB30BAaHHEM
MIOPOXKAAIOMINX () YHKITHH.

[IpencraBnensl  pe3yabTaThl KOMIBIOTEPHOI'O  MOJEIHMPOBAHUS
IO OIIEHKE 3HAYeHWI aOCONIOTHOW BEMMYMHBI OTHOLICHUS MaKCHMyMa
K MUHAMYMY aBTOKOPPENSIIMOHHOW W  B3aUMHOH  KOPPEJSIMOHHBIX
GYHKIMHA ~ HCCIenryeMBIX — OWMONSAPHBIX — IOCTENOBATENIBHOCTEH IS
HaMXyAIIMX YCJIOBHH IMpHeMa — CIIernoro npuema. VIx ananms mokasai, 4To
NPE/IOKEHHBIE  TIpeeJIbHBIE  OWIOJSpHBIE  TOCIIEI0BATEIIBHOCTH
XapaKTepU3yIOTCS JIYIIINMH KOPPESIIMOHHBIMU CBOHCTBAMH B CPaBHEHHH
C TPaJUIMOHHO HCIONBb3YEeMBIMH OHWITONISIPHBIMH I10OCIE0BATEIBHOCTSIMHU
n 001agaroT 6oMbIIel YCTOMYMBOCTEIO.
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M. GOFMAN, A. KORNIENKO
LIMIT BIPOLAR SEQUENCES FOR PATCHWORK-BASED
ROBUST DIGITAL AUDIO WATERMARKING

Gofman M., Kornienko A. Limit Bipolar Sequences for Patchwork-Based Robust Digital
Audio Watermarking.

Abstract. Ensuring the robustness of digital audio watermarking under the influence of
interference, various transformations and possible attacks is an urgent problem. One of the
most used and fairly stable marking methods is the patchwork method. Its robustness is
ensured by the use of expanding bipolar numerical sequences in the formation and embedding
of a watermark in a digital audio and correlation detection in the detection and extraction of a
watermark. An analysis of the patchwork method showed that the absolute values of the ratio
of the maximum of the autocorrelation function (ACF) to its minimum for expanding bipolar
sequences and extended marker sequences used in traditional digital watermarking approach 2
with high accuracy. This made it possible to formulate criteria for searching for special
expanding bipolar sequences, which have improved correlation properties and greater
robustness. The article developed a mathematical apparatus for searching and constructing
limit-expanding bipolar sequences used in solving the problem of robust digital audio
watermarking using the patchwork method. Limit bipolar sequences are defined as sequences
whose autocorrelation functions have the maximum possible ratios of maximum to minimum
in absolute value. Theorems and corollaries from them are formulated and proved: on the
existence of an upper bound on the minimum values of autocorrelation functions of limit
bipolar sequences and on the values of the first and second petals of the ACF. On this basis, a
rigorous mathematical definition of limit bipolar sequences is given. A method for searching
for the complete set of limit bipolar sequences based on rational search and a method for
constructing limit bipolar sequences of arbitrary length using generating functions are
developed. The results of the computer simulation of the assessment of the values of the
absolute value of the ratio of the maximum to the minimum of the autocorrelation and cross-
correlation functions of the studied bipolar sequences for blind reception are presented. It is
shown that the proposed limit bipolar sequences are characterized by better correlation
properties in comparison with the traditionally used bipolar sequences and are more robust.

Keywords: steganography, digital audio, patchwork method, digital watermarking, bipolar
sequences, correlation function.
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C.B. IBOPHUKOB, C.C. JIBOPHUKOB, K.JI. )KETJIOB
MOMEXOYCTOMYUBOCTh CUTHAJIOB OTHOITIOJIOCHOM
MOAYJSINUA C YITPABJISIEMBIM YPOBHEM HECYHIEI'O

KOJIEBAHUA

Ueopnurxose C.B., [sopnukose C.C., JKeenos K.J|. IloMexoycTOWYMBOCTL CHTHAJIOB
0JHOMOJIOCHOI MOIY/ISIUY € YIPABJIsSeMbIM YPOBHEM HecyLIero KoJieGaHus.

AnnoTanus. OHOIOIOCHAS MOMYIIAIHS aKTUBHO HCIIONIB3YIOTCS IIPU OPTaHU3AIHU CBI3U
IIOCPEACTBOM HMOHOC(EpHOro KaHala B JEKAMETPOBOM JHUANla3oHE pAIHOBONH. OTO
00yCIOBIEHO, TEM, YTO Iepeadd ¢ OJHOIOIOCHOH MOIYJISIUH ITO3BOJIIIOT MHHIMH3HPOBATh
IIOJIOCY YacCTOT IIPH COXPAaHEHHH CKOPOCTH Ilepeladyd HMH(POPMAIlMd M IPH 3TOM IOBLICHTH
[IOMEXOYCTOIUMBOCTE IIPHEMa 10 OTHOLICHHIO K IepefadaM C aMIUIUTYJHONM M 9acTOTHOH
aHaJOroBOi Moxmyisiueil. BMecte ¢ TeM IMpokoe MpUMEHEHHE TEeXHOIOIHH KBaJpaTypHOrO
CHHT€3a OTKPHUIM HOBBIE BO3MOXKHOCTH IO ()OPMHUPOBAHHIO IIepefad C OJHOIOJIOCHOM
MoXysiueld 0e3 HEeINOCPEACTBEHHOrO IPUMEHEHHs mpouenyp GuibTpanuu. AHaIM3
0COOEHHOCTEH peanu3allii MeTOJa KBAaJpaTypHOTO CHHTE3a CHTHAJIOB C OIHOIIOJIOCHOM
MOJyJIUEeH OKa3al, YTO BBEJCHHE B COCTaB €ro MPOLEAyp IONOIHHTEIFHOrO Hapamerpa
MIO3BOJIUT PEryJIMPOBATh OCTATOUHBIN YPOBEHb HECYIIEro KOJIeOaHUs H TeM CaMbIM YIPaBIATh
[IOMEXOYCTOHUMBOCTEIO IpreMa. OTKpPBIBIIMECS BO3MOXHOCTH IO3BOJIIIM pa3paboraTh
Crocod M peanu3ylolee ero yCTpoicTBo (pOpMHPOBAHHS CHIHAJIA OJHOIOJIOCHOW MOMYISIIHA
C peryaupyeMblM ypOBHEM HeCyLIero konebanus. PaccMOTpeHB! TEXHOJIOIHH KBAaJApaTypHOTO
CHHTE€3a CHUTHAJIOB aMIUIATYJHON MOMYJSILMH U OIHOIOJIOCHOH MOIYJIMHU C HOJIAaBICHHOM
Hecylled Kak Ha YpPOBHE AQHAIMTHYECKOTO MOIEIMPOBAHWS, TaK M C IPHMEHEHHEM
CTaHAAPTHOTO KBaJApaTypHOro MoxymsiTopa. OOOCHOBaHa HEOOXOAMMOCTH IIepexoja K
aHAIUTHYeCKOH (opMe MpencTaBiIeHHsT MOLYJMpYIOLIEro curxana. IlokasaHa pons M MecTo
npeobpasosatens ['mibbepra npu (pOPMHPOBAHUM CHTHAJIOB C OIZHOIOJIOCHON MOMYJIALMEH.
PaccMOTpeHBI H3BECTHBIC TEXHOIOTHU (OPMUPOBAHHS CHIHAJIOB OJHOINOJIOCHON MOIYJISILIMH C
COXpaHEHHBIM IWJIOT-CHTHaJIOM. OOOCHOBaHAa BO3MOXKHOCTh YIPAaBJICHUsS BEIHYHUHON
COXPaHEHHOr0 IWJIOT-CHTHAJa Ha ypOBHE IPOLEAYp KBaJpaTypHOro cHHTe3a. Pazpaborana
aHAINTHYeCKask MOJENb M Ha ¢ OCHOBE CTPYKTypHas CXeMa, M03BOJsIolas (hopMUpOBATh
CHTHAlbl  OJHONOJOCHOM MOAY/SIIMM C  PEryJIUPYEeMBIM  YPOBHEM  IHIJIOT-CHIHAJIA.
JIeMOHCTPUPYIOTCSL pe3yJIbTaThl aHATUTHYECKOTO MOJEIMpOBaHMA. PaccuMTana BeqnuuHa
00€eCreyBaeMOro HEPreTHYEeCKOro BBIUIPHINIA B PE3ybTaTe PEryINPOBAHUS OCTATOYHBIM
YPOBHEM  HECyLIero  KoyieOaHHMS. [IpoaHamu3upoBaHBl ~ IOAXOABI K  OLCHKE
MOMEXOYCTOHYMBOCTH Iiepejad ¢ OJHOIMOIOCHON Moy isiuuei. [1penoxen nmoaxon Kk pacuery
BEPOSITHOCTH OMTOBOM OIIMOKM Iepesiad ¢ OAHONOJOCHOW MOLYJISILMEH, MAHUITYJIMPOBAHHBIX
JAACKPETHBIMHA KOHCGaHMﬂMM 110 pe3yJibTaTaM INEPEPACIIPEACIICHUS SHEPIrUU MEXAY HECYIIUM
KojnebaHueM M OOKOBOW MOJIOCOH, ONpEEeNIIeMOro OCTaTOYHBIM YPOBHEM IHJIOT-CHI'HAA.
CoopMynHpoBaHbl BBIBOABI M NPEATIOKEHHS O MPAKTHYECKOH peaan3aluy IOIydeHHBIX
Ppe3yJIbTaToB.

KiioueBble c€JI0Ba: OTHOMOJOCHAST MOIYJILMS, yIpPaBlICHHE YPOBHEM MHIOT-CHTHAA,
CHHTE3 CUI'HAJIOB OJIHOIOJIOCHOH MOYJISILIMK, TOMEX0YCTOWYMBOCTD MEpe/iay ¢ OJJHOMOJIOCH Ol
MOJLYJISIHEH.

1. Benenne. OpnomnonocHas moxymsanust (OM), B aHITIMICKOM
Bapuanre single-sideband modulation (SSB), momydumna cBoe pa3BUTHE
Omaromapst uccienoBarenbekoit padore k. P. Kapcona (marent Ha crmoco6
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mepefayn  CUTHANOB ¢ A((EKTHBHBIM HCIIONB30BAaHUEM KaHAIIBHOTO
cnekrpa) [1]. C Toro momenTa nepenaun ¢ OM aKTHBHO UCTIONB3YIOTCS PU
OpraHM3alLMH CBSI3M ITOCPEICTBOM MOHOC(EPHOro KaHajla B JEKaMETPOBOM
JIMana3oHe paJuoBoiH [2 — 4].

OcHOBHOE NpeuMyiecTBo curHaioB OM B KaHajlax JIE€KaMeTpOBOM
PaAMOCBS3H, TIepeN JAPYTUMH BHIaMU MOMAYJSIIUM COCTOUT B TOM, UTO HX
MIPUMEHECHHE MTO3BOJISCT MUHUMHU3UPOBATH TIOJIOCY YacTOT IPU COXPAHCHHUU
ckopoctu mepemaun  uHpopmamum [5,6]. Teopermdeckne OCHOBBI
¢dopMupoBanuss u o0paborkm curHamoB OM  J0CTaTOYHO XOpPOIIO
popabOTaHbl, YTO IO3BOJWIIO IOMYYUTh UM IMUPOKYIO IMPAKTHICCKYIO
anpo0amMio HE TONBKO B JEKaMETPOBOM JHANa3oOHE pPaJHOBOJH,
HO W B onTHKe [7, 8].

OnHako OCHOBHOE IIpUMeHeHHe nepefaun ¢ OM npeumyniecTBEHHO
HaxoJsIT Ha JIMHUSAX KOPOTKOBOMHOBOM cBs3u [9, 10], a Takxe
B ammapaType, HCIONB3YIOMIEH  TEXHOJIOTMHA  MYJIbTHILICKCHPOBAHUS
C 4acTOTHEIM pasnueneHuem kaHamoB (YPK) [11, 12], B aHrmwmiickom
BapuaHre frequency-division multiplexing (FDM) [8)]. HaunHas ¢ cepenuHb
50rr. XX Beka OAHONOJOCHAas MOAYNISLUS TNPUMEHSAETCS B KadecTBE
OCHOBHOI'O CTaHJapTa ISl CBSI3U C BO3AYIIHBIMU CYAaMHU B BO3JIyXE€.

Bmecre ¢ Tem, HECMOTpS Ha IIIyOOKYIO IPOPAOOTKY TEOPETUUECKUX
aCIeKTOB, CBA3AHHBIX ¢ nepegadamMu OM IO pas3IMYHBIM KaHalaM CBSI3H,
NPOBEACHHBIN aHamM3 MyOJMKAlMOHHOW aKTUBHOCTU TIOKa3ald, YTO
B HacTosiIee BpeMsi HaOJIroaeTcs ONpeAeeHHbI peHeccaHC TEeXHOJIOTui
SSB, BbBBaHHBIA IEepexoJOoM K IM(PPOBBIM METOAaM KBaapaTypHOU
00paboTku curHaoB [13 — 15]. YkazaHHBIE OOCTOSATEIECTBA OMPEICISIOT
aKTyaJIbHOCTb JAHHOI'O HaIPaBJIEHUS UCCIEOBAHNUS.

B cBsA3u ¢ 3TMM, B HacTosllEell cTaThe NMPENCTABIEHBI PE3YNbTaThl
HCCIIEIOBaHMS IO pa3paboTke crocoda M peau3yIomero ero yCcTpoicTBa,
no3Bosisironiero  opmupoBath curHaisl OM ¢ peryiupyeMbIM ypOBHEM
Hecymiero koseOaHus. JlaHHOe HampaBjieHHE NpEACTaBIsieT COOOH
JlanbHEeIee pa3BUTHE TEXHOIOTHMHU CHHTe3a curHanoB OM, nony4yuBmieit B
AHTJIOA3BIYHON JIUTEpaType Ha3BaHue single-sideband suppressed-carrier
modulation (SSB-SC) [16].

2. Teoperuueckue 0CHOBBI cuHTe3a curHajioB OM. B aHanorossix
MOIYASATOpax (QopMupoBaHue CcHUTHAIOB OM OCYIIECTBISIIOCH ITyTEM
COOTBETCTBYIOIIEH (QHUIBTpALlK MTPEABAPUTENHLHO (POPMUPYEMBIX CHTHAJIOB
ammutynHod Moxynsiipn (AM). B pesynmbrare ykazaHHBIX TIPOLELYD
OCYIIECTBIISUICST BBIOOp BEpXHEH WM HW)KHEH OOKOBOM MOJIOCHI CIIEKTpa
curHana AM, npu HEoOXOIMMOCTH, C YAaCTHYHBIM COXPAaHEHHEM IHIIOT-
curHana [6]. OueBUIHO, YTO Takasi TEXHOJOTUS JOCTATOYHO CJIOXKHA
B CBOGH peanu3alM, IIOCKOJNBKY IIpefnojaraeT HaJudue CHCTEMBI
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BBICOKOJTOOPOTHBIX (DMIIBTPOB C JOCTATOYHO Y3KOW ITOJIOCOH MPOITyCKAaHUS
Y HU3KUM YpOBHEM OOKOBBIX JiemecTkoB [17, 18].

Pa3zButre mudpoBBIX TEXHOJIOTHHA OTKPHUIO BO3MOXKHOCTH CHHTE32a
curnaioe OM Ha OCHOBe WX KBajaparypHod oOpabotku [19],
MIPEJIONAraromieii mepexo K aHaTUTHICCKOH QopMe MpercTaBICHUS
obpabaTeiBaeMoro curaana [20, 21].

C y4eToM TOro, 4To MpOIeayphl cHHTe3a curHanoB OM 0a3upyroTcs
HAa TEXHOIOTHH (POPMHUPOBAHUS CHUTHAIOB AMIUTUTYIHOW MOJYJISIIVH,
MIEPBOHAYAIIEHO PACCMOTPUM CcHUTHAT AM, KOTOpPBIA B TepMHHAX
KBaJIpaTypHOI 00pabOTKY MPECTABUM B CIICAYIOIIEM BHIE:

S ()= %{1+mAMs(t>]cos(wot)+%[1+mAMs<t>]sin(wot>, (1)

Tae m,,, — HMHICKC aMIUIMTYIHOM MOIyIsauMu; s(¢) — MOIYIUPYIOIIUH
CUTHAN, o, = 27f,, f, — HEeCyIllas 4acToTa.

3amernM, uto Qopmyna (1) Moxker OBITH yNpOIIEHA, HO JAHHBIN
BapHaHT IIPE/CTABIICH B TEPMHUHAX KBAJAPATypHOI'O CHHTE3a, HEOOXOAUMOr0
JUTS TaTbHEHIIEr0 HCCIIeI0BaHMS.

Ha pucynke 1 nemMoHCTpHpyeTCs CTpYKTypHasl cxemMa MOIyJsTopa,
TIO3BOJISIIOIIETO  OCYIIECTBIATH KBAAPATypHBIH CHHTE3 CHTHAIOB AM,
B COOTBETCTBHH ¢ popmyroi (1).

1+ m,,s(2))
(1) M) /\< v (L+ (1)) cos(o1)
cos(m,t)
SAM (t)
MI DC
/2
N
—>
(14 m,y,s(t))sin(o,t)
Puc. 1. CrpykrypHas cxemMa MOAyIsITopa CUrHAIOB AM sa)\(7) (CXeMa mpeoxeHa
aBTOPaMH)
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Ha pucynke 1 BBenmensl cieayrome O0OO3HAUEHMS: TE€HEpaTop
(dopMupoBanust 3HaueHus1 uHAekca Monyisauuu (MI — modulation index);
reHeparop (popMHpOBaHMS €JMHUYHOTO YPOBHS HANPSHKEHHUS MOCTOSHHOTO
toka (DC — direct current); m/2 — dpa3oBpamaTesb.

VYHHKaIbHOCTh  TPEIOKEHHOTO  MOAYISATOpa B TOM, YTO
OH NMO3BOJSIET ~ IIyTEM  M3MEHEHWs  HampsbkeHHs  reHepatopa MI
(bopmupoBath curHAIBI AM ¢ 3aJJaHHBIM YPOBHEM TJIYOUHBI MOYJISALHH.

B xauecTBe npumepa Ha pUCyHKe 2 MOKa3aHbl curHaisl AM: curHan
slam(?), chopmupoBaHHbIi T1pH  m,,, =1, u curHan  s2am(%),

copmupoBanHslii ipu m,,, = 0,5.

sLa (0) R
A PN LA A\
v Y v vy v Y\ v vy
' Y
s2, (¢
- . Al
A A A A A A A A

=

——
—
I
—_——

—
o
——

h—

-
<

| L
v

Puc. 2. Curnanst AM npu pa3sHBIX HHICKCAX MOTYIISIIAN

Ha pucynke 3 npescTaBieHsI CIEKTPBI CUTHAIIOB S 1 Ap(7) 7 52 am(7).

Uy
ot

82,0, ()1 FST o (D1

|
| \

| |

| \ f
| |

1 \

——

e
|
——

|
I\ | A
[\ | AR

Puc. 3. Crexrpsl curaanioB AM npu pa3HBIX HHAEKCAX MOMYIISIIN
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AHanu3 CHEKTpPOB, IMPEACTABICHHBIX HAa PHCYHKE 3, yKa3bIBaeT
Ha TO, YTO U3MEHEHUE HHJIEKCAa MOAYISIUM JUI1 CUTHainoB AM,
c(OpMHUPOBAaHHBIX ~ METOJOM  KB3JIpaTypHOI'O  CHHTE3a, HE  BEJIET
K IIepepacnpeieNeHHI0 SHEPTHH MEX/y IWIOT-CUTHAIOM M OOKOBBIMHU
MOJIOCaMH, COJAEep)KallMMH HMH(GOPMAIMIO, a JIMIIb CHIKAET 3HEpPTuio
HOCHEeOHUX. OTO  HOATBEPXKAAETCS  pe3yabTaTaMU  UCCIENOBaHMUA,
MpeCTaBIeHHOro B [22].

HelicTBuTensHO,  corylacHO — BeIpaxeHuro (1), B Kaxmom
13 KBaJIpaTypHBIX KAHAJIOB HCIOJIB3YETCA OJUH M TOT XK€ MOAYJIUPYIOIIUN
curHai s(f), TOITOMY B pE3YIbTHPYIOMIEM CHEKTPE aMIUINTYIHOMN
MOJYIISIIMM JieBass W TpaBas OOKOBBIE IOJOCHI MMEIOT OJHO U TO K€
nHpopManMOHHOE HaroJHeHWe. B pe3ynbraTe »HEpPrus, NpHUXOISIIAsT
Ha NMWJIOT-CUTHAJI, KOTOPbI HE YyYacTBYyeT B Hepenadd HH(GOpMAINH,
B YETHIpE pas3a BBINIE, YeM JHEpPIusl KaxIod N3 OOKOBBIX IOJIOC CIIEKTpA.
Nmenno IIO3TOMY aMIUIMTyJHAS MOAYIALUSL OTHOCHUTCS
K HU3KOPHEPTeTHYECKUM MOAYJSINOHHBIM (opMmaram.

Ho cama wuaed KBaapaTypHOrO CHHTE3a OTKPBIBA€T HOBBIE
BO3MOXKHOCTH 110 (popMHpOBaHHIO curHaioB OM, UCIIONIB3ysl aHAJIOTUYHBIH
MOJXOJ.

B wuHTepecax pacKphITUS CYIIHOCTH KBaJpaTypHOrO CHHTE3a
CHTHAJIOB OM paccMOoTpuM (dhopMupoBaHue CHUrHajia OM,
MOJIyJIMPOBAHHOIO HU3KOYACTOTHOM rapMOHMKON. C MO3ULIMHA BBIPAXKCHUS
(1) — 91O YacTHBIN ciydyai, TP KOTOPOM BMECTO CIIOXKEHHMS ITPOHCXOIUT
BBIUUTAHUE KBaJpaTypHbIX COCTaBJISIOLIUX, pu ycJ10BUY,
YTO MOAYJIUPYIOIIUN CUTHAJ IPUBE/IEH K AaHAJTUTUYECKOMY BUAY:

s(t)cos(w,t) iLs* (t)sin(w,?) » (2)

1
SOM(I):E \/5

rae s(t) — MOOYNUPYIOMMI CUrHAN; * — 3HAK KOMILUIEKCHOTO CONPSIKEHHUS
no [unsbepty; o, = 27fy; f, — HECYIIast YaCTOTA.

VIMeHHO wuCIIONB30BaHME IMPOLEAYPHl KOMIUIEKCHOTO COTPSDKCHUS
B BEIpaXeHHH (2) obecneynBaeT NEpPEeXoA K aHAJIUTHYECKOH Qopme
NPECTABJIEHUA CUTHaNA s, (f), COIIACHO KOTOPOH B Pe3ylbTUPYIOIIEM

cnektpe S (f)  HabmIOJalOTCd  TONBKO  JIMIUbL  IOJOXKHTENIbHBIE
COCTaBIISIOLIHE:
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28(f), />0
S.(f)=18()), [f=0; 3)
0, /<0,

rne S(f) m S,(f) — COOTBETCTBEHHO, CIIEKTPAJIbHBIC IIPEACTABICHHS
UCXOJIHOTO CUTHaNA s,(¢) U €ro aHaIUTHYECKOH GopMEI s(¢), TIONyYEHHBIE

B pe3yiabTaTe npeodpasoBanus Dypoe.

VY4uTEIBasl, YTO CHEKTP AaHATUTUYECKOrO CUTHANIA COAEPKUT TOJIBKO
TIOJIOKUTEIIBHBIE COCTABIISIONINE, TO COOTBETCTBEHHO IpeoOpa3oBaHne
®ypre dynxuum casura S, (f —f,) OyAeT cozmepxaTh TOJBKO OJHY

U3 4aCTOTHBIX Mojoc crnekrpa S(f), HOpH YCIOBUM, YTO B KaydecTBE

MOAYJIUPYIOIICTO CHUTHAJIa HCIIOJBb30BAHO TapMOHHUYCCKOC KOJ'Ie6aHI/I€
[23, 24]:

Som (O + json (1) = @S, (f = fu)} = 5, () exp(j2nf1) . (4)

B ¢opmyne (4) @' — npomemypa o6paTHOro mpeobpazoBaHMs
®dypre; j — 3HAK MHUMOH eIUHUIIEI [24].

Crnenyer OTMETHUTD, 4TO B (hopmyIie (2) HCHONB3YeTCsl IBOHHOM 3HAK.
Hcnonp3oBaHue 3HaKa MUHYC IO3BOJIUT MONY4UTh curHas OM c BepxHel
OOKOBOI1 MOJIOCOM, a 3HAK IUTIOC — C HIXKHEH OOKOBOIA.

CrpykTypHast cxema Moxymsatopa curHaioB OM, B COOTBETCTBUH
¢ Gopmynoii (2), Oyzer UIMeTh BUA, IPEJICTABICHHBI Ha PUCYHKE 4.

s(?)

Vv

N
cos(mgt)

Sou(?)

HT /2

Puc. 4. CrpykrypHas cxema Moayisitopa curaasioB OM son(?)
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OcHoBHOe ommune Moxyisropa OM  or wmoaymstopa AM
B HaJMUUM npeodpazoBarens [mnpbepTa, B anrmiickom Bapuanre (Hilbert
Transformer — HT), koTopblii Kak pa3 m oOecrieunBaeT (OPMHUPOBAHHE

KOMILIEKCHO-COIPSDKEHHOM GOpMBI 5™ (f) MOILYIUPYIOLIEro curHama s(f).
Cam wMoxmynatop OM  HOCTpOEH 1O  KIaCCUYECKOH  TEXHOJIOrMH
KBaJpatypHoro cuHresa [10].

Jlns Goree NETanbHOrO PACKPBITUA CYIIHOCTH paboOThl MOAYJIATOpa
Ha PUCYHKE 5 TNpEJCTaBIEHO BPEMEHHOE NpejcTaBieHue curHanos OM
C HIKHEH OOKOBOH 1ONOCOH sy, (f) ¥ BepXHEH OOKOBOH 52, (7) -

¢ (1)
)

D

EARAA ¥ AR

| I l

-]
=
-
>
=3

PEE Y

—
——
—

—
——
—

I
—

——
e
—

YU\ RIRARIAIRIRIATRTEI R

/
[
[
v UVU v v v vV vy

Puc. 5. Curnanst OM ¢ HIDKHEH 1 BepxHel OOKOBBIMU MOJIOCAMH

1 A

l Iy
NI NI

: VUV

-

3aMeTHM, YTO CHHTE3 CHTHAJOB Ha OCHOBe Monyisitopa OM
(puCYHOK 4), IPUBOAUT K TMOJHOMY IMOJABJICHHIO ITUJIOT CUTHAJA, KOTOPOE
obecreunBaeTcss 3a CYET KBAAPaTYpHOH KOMIICHCAL[MHM  HECYILEro
KoJIe0aHus Ha cyMMarope.

[IpaBOMEpHOCTh PACCMOTPEHHBIX MPOLEAYP MOXXHO J0Ka3aTh
AHAJMTHYCCKU, UCTIONB3ys (Gopmyny (4), myTeM MPOBEACHHS CIEAYIOLINX
peoOpa30oBaHM:

Som (1) = Re{s, (1) exp(j2mf,1)} =

= Re{[s(t) + js" (O)][cos(2fy) + j sin(2mfyt)} = (5)
= s(t) cos(2nfyt) —s* (1) sin(2mf;t) .
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Jlns  Oonee [NETANbHOIO PACKPBITHS CYIIHOCTH KBaJApaTypHOU
KOMIICHCAIIMY HECYILETO KONEeOaHusl pacCMOTpUM CHHTe3 curHaia OM mpu
HCIONB30BaHUM B KayecTBE  MOIYIUPYIOIEro  curHaia  s(f)
HU3KOYaCTOTHOM FapMOHUKU BUAa s(¢) = Acos(€d¢) ¢ HyIEBBIM 3HAUYECHHEM
HavabHOH (asbl, T1e A — aMIDIMTYA KOIeOaHusL.

Ecnmm  monmcraBute  3TO0  3Hauenne B dopmyny  (2)
U TIPEIIONIOKNTE, YTO aMIUTUTy[a Hecymiero Konebanusi pasBHa U,
a conpsokeHHas 1o ['mimsbepry ¢opma s (1) = Asin(Qt), To ¢ yderoMm

W3BECTHOTO  TPUTOHOMETPHYECKOTO  NpeoOpa3oBaHMs  HOIYYUM — —
cos(o+p) =cosacosP —sinosinf:

Som (1) = s(®) cos(®,1) — 5™ (1) sin(w,t) =
= Acos(Q)U, cos(w,t) — Asin(Qe)U, sin(w,t) = (6)
= AU, cos([o, +Q]t).

3aMeTHM, U4TO B COOTBETCTBHH C BBIpaXKEHHEM (6) pe3ynbTHPYIOMNi
curHan  OM  cozmepKUT TONBKO JMIIb OJHY KOCHHYCOMJAJIBHYIO
COCTAaBJISIOLIYIO.

Ilony4deHHBI pe3ynbTaT COOTBETCIBYET CHUHTE3y curHaisa OM
¢ BepxHel OOKOBOH MOJIOCOH.

Cunre3 curnana OM ¢ HwkHel OOKOBOH IOJIOCOH BO3MOXKEH IpH
nepexofie K MOAYIMpYIOIIEeMYy KonebaHuio Buma s(¢) = Asin(Q¢) w,

COOTBETCTBEHHO,  s' ()= Acos(Q). VIckoMmBlif  pe3ymbTaT  Oymer
OTIPENICNATHCS CICIYIOIUM TPUTOHOMETPHUYCCKIM BBIPAXKCHUEM

cos(o.—B+n/2) =sinacosf—cosasinf .

Crnenyer OTMETHUTh, 4YTO [JIi PACCMOTPEHHOrO Cllydas, KOrjaa
B Ka4eCTBE MOYJIHUPYIOUIET0 CHIHaja MCHOJIb30BaHa HHU3KOYAaCTOTHAS
TrapMOHMKA, CHEKTpel curHatoB OM  He3aBHCMMO OT  criocoda
(dopmupoBaHus (HIDKHSS OOKOBasi MOJNOCA WIIM BEpXHssl OOKOBas IOJIOCa)
OyIyT WMeTh OJMHAKOBYIO CTpyKTypy. Ilpm wmcnomnb3oBanum Oonee
CJIOXHBIX MOAYJIHUPYIOUINX CUTHAIIOB (OPMHUPYEMBIE CIIEKTPHI OYIIyT UMETh
3epKAJIBHYIO CTPYKTYPY OTHOCHUTEIBHO HECYIIETO KOJIeOaHusI.

Taxk, Ha pucyHke 6 peAcTaBIeHbl CIEKTPhl curHaioB OM ¢ HxHeN
OokoBo#  s3,,(f) H  BepxHed  OOKkoBOM  s4,,(f)  HOIOCOH,

MOAYJIUPOBAHHBIX CJIOKHBIM MHOT'OKOMITOHCHTHBIM KoJie0aHHEM.
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I 1S3 ()]
154, ()]

Puc. 6. Criexrpsr curaanoB OM CII0XKHOH CTPYKTYpHI

Pe3yneTHpyromue creKTpbl UIMEIOT SIBHO 3€pKaIbHYI0 CTPYKTYpY.

I[lo orHomenmio k curHamaMm AM, dHeprus  OOKOBOU
nH(popMannoHHOH cocTaBistomel y curaainos OM Bo3pacTaer B Ba pasa.

HecMmoTpss Ha O4Y€BHIHYIO MPOCTOTY PEATHU3ALUU PACCMOTPEHHOIO
noaxoxa, curHansl OM He MOy4YHIIM IUPOKOTr0 NPUMEHEHHST BBHY TOTO,
YTO NPUEM TaKHX CHUTHAJIOB CBSI3aH C ONPEAEIEHHBIMHU CIOKHOCTSIMH.

Tak, mns Toro, 4roObl 0O0ECHCUUTH IIeperady CoOoOIeHHus Oe3
WCKa)KEHUS, TPUEMHHUK JOJDKEH OBITh TOYHO HACTPOEH Ha YacTOTY
nepenarynka. OJHAKO B CHIIYy HECTaOMJIBHOCTH OIIOPHBIX TI'€HEPaTOPOB
U KQHAJIBHBIX MCKaXEHUU 3TO JOCTAaTOYHO CIOXKHO pemaemas 3afada [25].
B pesynbrare nepemaun Ha ocHoBe OM 0e3 Hecymero xojeOaHus mocie
JIEMOAYJIALUY Ha MPHEME MOT'YT 3By4aTh Ha NPHEME OYEHb HEECTECTBEHHO
C IJIOXOW pa300pUMBOCTHIO PEUH.

3. Curnansl OM c¢ coxpaHeHHOWl Hecywleid. JIisi CHUKEHHS
HETaTUBHBIX IOCIEACTBUN AaHHOTO 3((dexTa Ha MPAKTHKE HCIIOIb3YIOT
curHanel OM ¢ 9acTHYHO COXpaHEHHOH (momaBiieHHON) Hecymel (OM-
ITH). Takue curHabl, Kak OTMEYAIOCh paHee, NoTydmin HazBaHue SSB-SC
[26]. Hammume y Takux CHTHAJOB HECyIIEro KoiiebaHHe oOecrednBaeT
Ha IpUEME BO3MOXKHOCTb YaCTOTHOH MOACTPOMKH OIOPHOIO TeHepaTopa
MIPUEMHUKA.

ITo cBoelt cytu nepenaun SSB-SC ananoruuHsl nepenayam ¢ AM,
HO TPH 3TOM ISl Tepefadr MH(GOPMALMH HCIONIB3YeTCs I10JI0ca 4YacTor,
KOTOpasl B JiBa pa3a yxe, 4yeM TpeOyercst i mepenad ¢ aMIUIATYIHON
Moxymsiuedd. [loaTomy pexum paboThl € IOJHOM WM YacTHYHO
MOJABJIEHHON HECyIled MOJy4nl Ha3BaHUE PpEXHMa, OSKBHUBAJIEHTHOIO
aMIUTUTYTHOW MOAYJISILIMH, B aHTJIMHCKOM Bapuante amplitude modulation
equivalent (AME) [27].

TexHonmornyecku (B pamMKax aHAJIOTOBOrO CHHTe3a) pexum AME
He siBisieTcss 2(PQEeKTUBHBIM, XOTSI €r0 NMPHMEHEHHE KaK pa3 M MO3BOJSIET
COXPaHUTh JOMYCTUMOE KauecTBO M TpeOyeMyro pa300p4MBOCTD DPEYH.
Tak, npu peanuzauuu pexuma AME rapMOHHYECKHE HCKAXKEHUS MOTYT
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JIOCTATaTh BEIMYMHBI mopsiaka 25% [27], a BO3HMKAIOIIME ITOITYTHO
MHTEPMOJYJIALIMOHHBIE UCKAXKEHUsI 110 CBOEM BEIMYMHE HAMHOIO BBIIIE,
4YeM B TpPAAUIUOHHBIX pexuUMax ¢ AM, HO B LEIOM CIIOBECHAs
Ppa3bopUnBOCTE OCTAaeTCs Ha ypOBHE Hopsaka 95% u qaxe BBILIE.

B Teopum u mpaxkTHKEe MIUPOKOE NPUMEHEHHE MOIYYUIH JBA
aHaJIOTOBBIX criocoba peann3anuu pexnma AME.

IlepBBIii  crtoco®0 OCHOBaH Ha COBMECTHOM  HCIIONB30BaHHUU
aMIUTUTYTHOW M (a30BOM MOIYIALNM, B aHIVIMICKOM BapuaHte compatible
single sideband (CSSB) [27]. Ho Takoii moxxon mpeaycMaTpuBaeT HaJldue
BBICOKOCTAOMIIBHOTO  (ha30BOr0 KOHBEPTOpa C IOCTOSHHOHM  (hazoBoit
XapaKTePUCTHKOM Ha BCEX YACTOTaX B MpeAenax IMOJIOCHl MPOIMYCKAHUS
MIPUEMHOI'0 TPaKTa.

BMecte ¢ TeM y Takoll CHCTEMBI MMEETCSI CEPbE3HBIM HENOCTaTOK,
3aKII0YaroIIuics B BO3HUKHOBEHUH BBICOKOT'O YPOBHS
MHTEPMOIYJIALMOHHBIX KOMIIOHEHTOB BTOPOrO MOpsAAKa IpH HHAEKCE
Moy sd may < 100%.

CrpemiieHHEe KOMIIEHCAllUM STOr0 HETaTUBHOIO SBJICHMS, [axe
C Y4ETOM COBPEMEHHBIX TE€XHOJIOTHU, IPUBOJUT K ACUMMETPUU CTPYKTYpPBI
OOKOBBIX TIONIOC. B pe3ynbraTe BO3HMKAET CMEIIEHHE CHEKTPAJIbHBIX
KOMIIOHEHT CHTHaJIa, U MCKOMBII CIEKTp MPOSIBISAETCS TOJIBKO B Mpeaenax
HEKOTOPOM YacCTH BBIIEIEHHOM IMOJIOCHI 4acTOT NMPUEMHOro Tpakra. M3-3a
TaKOro  CMEIIEHHs  NPOMCXOAUT  MOJABJIEHHE  BBICOKOYACTOTHBIX
COCTaBIISIIOIUX CIEKTpa B CTaHAApTHOM monoce kaHana 3,1 kI'm mourn
Ha 20 1b 1o OTHOIIEHUIO K €r0 HU3KOYaCTOTHBIM COCTaBIISIOIIUM.

Jlpyras 0coOEHHOCTb aHAJOTOBOW peayu3alid JaHHOTO PeXHMa
CBS3aHA C TEM, 4TO /ISl JONOJHUTENbHOW (a3oBOH MOMYJSIINU
UCTIONB3YyeTCs Jtorapupmudeckas GyHKINS, XapakTep MOBEICHUSI KOTOPOi
CYIIECTBEHHO 3aBHCUT OT ypoBHs Hecyuieil. IloaTomy mpu odeHb MaioM
uHIEeKCce MOYIAuu curHaln CSSB CTaHOBUTCS MO CBOCH CTPYKTYpe OIU30K
K curHanaM OM, 4To MPUBOIUT K NOTEPE CUHXPOHU3ALMU Ha IIPHUEME.

Bropoii cnioco6 paspaboran Jleomapnaom P. Kanom [28], xoTopsiid
NpEeUIOKIWI B HUHTEpecax CHIDKEHUS YPOBHA HHTEPMOIYJISLMOHHBIX
KOMIIOHEHTOB BTOpOT'O nopsiaka HCIIOJIb30BaTh HPOLEaYPHI
TIPE/IBapUTEIBHOTO0 HWCKaKeHus. [yt aToro oH paspaboTal MOmyJIsTop
Ha OCHOBE (YHKIMII arcsin.

Ho Takas peanusainus AOCTaTOYHO CIOXHA B TEXHUYECKOM ILIAHE,
TaKk Kak /sl TeHepaldd TOYHOH (OpMBI CHrHala arcsin HeoOXOAMMO
UCIIONIb30BaTh OOpaTHYIO CBSI3b C HECKOJIbKMMH KOHTYpamMH  Kak
B MoayJsiTope 1pu (OPMUPOBAHUM CHTHAjJa, TaK U B JIEMOIYJSATOPE IpHU
ero npueMe. HecMoTpst Ha 3T0, JaHHAs TEXHOJIOTHS MOJIyYMIIa Pa3BUTHE KaK
Meton STR-84 [27].
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Bmecre ¢ TeM mpoBeneHHbIE AHAJIUTHUYECKHE HCCIICIOBAHUS
MOKa3alM, YTO CMeHa 3Haka B BblpakeHnH (1) (kak B BeIpakeHu® (2))
IpUBEET K cCUHTEe3y curHana SSB-SC:

Sonn () = [1+ ms(©)]cos(@ot) £[1+ my,s™ (0)]sin(oyf) . (7

Ha pucynke 7 mpezncraBieHbl SIIOPbI BPEMEHHBIX (parMeHTOB
curHaia AM u curnana OM-H, KOTOpbIil CHUHTE3UPOBAaH B COOTBETCTBUU
¢ dhopmymoii (7).

JUis najpHEeWIIero MCCiieoBaHusl ONPENeNUM CHUTHAN Som.p(f) Kak
CHTHAJ OJHOIIOJIOCHOH MOJIYJAIMM C COXPAaHEHHOW Hecymeil (muiior-
curraiom) (OM-H).

SAM(t)
i}
\f\ /\‘ \A A \I\ A \f\ I\l
VAN V) VT VA
I | I
nSOM—H(I) . . ﬂ h
A Nn Nadl \NAN
TATACAY! [V VY [V VI [V VY
v v v v v IR v
 § ¥ u ]

Puc. 7. Bpemennoe npencrasinenne curaaioB AM sav(f) 1 OM-H soum(?)

OtmetnM, uto curHanel AM u OM-H uMeroT OJu3KyI0 CTPYKTYpY.
Ho ecmm y curHama AM 1npu CcMeHE MOILYIUPYIOIIEH MOCBUIKA
NIPOMCXOJUT MHBepcust  ¢a3pl, To y curHaoB OM-H  ¢aza
0CTaeTcsl HEMPEPHIBHOM o Bcel JUITMTEIBHOCTU CUTHAJA.
Jlannubiit 3¢ deKT 00bsACHACTCS HAJMYUEM JIMIIb OIHOM OOKOBOH ITOJIOCHI
y.S'OM_H(t).

Ha pucynke 8 mokazaHbl MOAYJIM CIEKTPOB CHTHAJIOB Sowm-u(?)
1A () | S50yt ()| 1S5, () -
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[SSonu ()] 156, ()]

JiPAanN AN

Puc. 8. Crexrpsr curaanoB OM-H 1 AM cnioxHOH CTPYKTYpHI

B ¢dopmyne (7) 3HaK IDTFOC WM MUHYC ONpEJEIseT BEIOOp BEepxXHEH
WIN HIDKHEH OOKOBOH morockl. Jpyroii BakHOM 0COOEHHOCTBIO (OPMYJIBI
(7) sBasiercs TO, 4TO B oTiMuKe OT (hopMyusl (1) MOTYNIUPYIOMMHA CHTHAT
B cMH(A3HOM YacTW TpeACTaBiIseT COOOW KOMIUIEKCHO-CONPSDKEHHYIO
o 'mis0epTy Komuio ucXoaHoro curaana. I103ToMy CHHTE3 CHTHANA S
u(f) mpearnonaraer Hamuumue npeodpaszoBatens [mnpbepra. Cxema Takoro
YCTpOWCTBa ITPEACTaBIICHA HAa PUCYHKE 9.

(1+my,s(t)) cos(mgt)

s(0)

1+ myso) T

cos(,t)

Somas (£)

HT /2

sin(mt)

(14 m 5™ (7)) sin(o,t)
Puc. 9. CrpykrypHas cxema Moayisitopa curaanoB OM-H soy.u(?)

OJEMEHTbl CTPYKTYpHOH CXEMBl MOJIYIATOpA CHIHAIOB Som-u(?),
IO CBOUM  (DYHKIMAM  aQHAJOIMYHBl  JJIEMEHTaM, IPEJCTaBICHHBIM
Ha pucyHkax 1 u 4.

CortacHO pe3ynbTaTaM pUCYHKa 8, CUTHAIBI Som.u(f) B Sam(f) ©MEoT
OJIMHAKOBYIO CTPYKTYPY HECYLIETO KojneOaHus (IMIOT-CUTHAJa), IPU TOM,
YTO JHEprus OOKOBBIX IOJIOC y CUTHAJIa aMIUIUTYIHOH MOXLYNALMU B JBa
pasa menbme. IIpu 3TOM CIEAYyET OTMETUTBb, YTO CHEKTP |S5.,, . (f)]
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HE UMEEeT HU WCKAXEHWH, HU CMCIICHWH, BO3HHMKAIONIMX MpHU
(OpMHpPOBAaHNM  AHAJOTMYHBIX CHTHAJOB Ha OCHOBE AHAJIOTOBBIX
TexHosorui B pexxume AME.

4. Curnansl OM c¢ ynpasasieMoii Hecymeil. OdeBHUOHO, YTO
SHEpreTHKa, IPUXOAAIIAsCcS Ha MHPOPMAMOHHBIE COCTABIISIONINE CIIEKTPa
Y CHTHAJIOB Sonm.y(f) CYIIECTBEHHO BBIMIE, YeM Y Sam(?). OmHAKO Hamudne
TAKOW MOIIHOM Hecymed He SBISETCS IOJOXKHUTEIFHBIM MOMEHTOM.
[MosToMy HEoOXOIMM TMOMCK BO3MOXKHOCTH YIIPABJICHUS €€ YPOBHEM
B 3aBUCHMOCTH OT Ka4eCTBa KaHaJa.

[IpoBenenHble WMCcNEIOBaHUS ITOKA3aHM, YTO OJWH W3 IIOXO/IOB
pemieHust 3TOW 3ahaud, oOecHeYMBAIONIMN JOCTH)KEHHE JKEJIaeMOro
s¢dekra, 3axiovaercss BO BBeneHHE B (GopMmyny (7) IOMOIHUTENEHOTO
TapameTpa Moy, KOTOPBIH KaK pa3 M IMO3BOJISET PEryIHpOBaTh OCTATOYHBIN
YPOBEHb HECYIIETO KoJIeOaHusl.

[MomyueHnslii yKka3aHHBIM 00pa3oM CHTHAJI ONpPENeNIMM KaK CHUTHajl
OJHOITOJIOCHOH MOIYJISIIMU C YIpaBIIsieMbIM yPOBHEM HeCymIed (mmior-
curraiom) (OM-VY).

Torma wWckomMoOe BBIpOKEHHE ISl CHHTE3a CHUTHala Sowm.y(?)
MIPE/ICTABUM B CJIEYIOIIEM BUJIE:

Sony (B) = [y + My s(@)]cos(@ot) £ [moy +m s (H)]sin(m,l) . (®)

Crnenyer OTMETHTb, 4TO PEryJHPOBAHHE MAapaMETPOM  Mom
B Ipeziesiax OT HyJIS 10 SAMHUIBI He BEACT K IepepacipeielIeHUI0 YHEPTHH,
a JIMIIb YMEHbBIIAET ypOBEHb HECYIIEro Koiebanus. J{is cuaTe3a CUrHaIoB
Som.y(f) B MogynsaTop (pucyHOK 9) HeoOXomuMo reHepaTop (HOPMHUPOBAHUS
CIMHUYHOTO YPOBHS  HAIPSHKEHUS  IOCTOSIHHOTO  TOKa  3aMEHUTH
Ha resepaTop (GopMupoBaHus ypoBHs nwioT-curHana (PS — pilot signal)
(pucynok 10). Ha pucynke 11 1eMOHCTPHPYIOTCSI CIIEKTPHI CHTHAJIOB Sop-
v(f) ipu 3HaYeHUU Moy paBHOM 1, 0,7 1 0,3.

V3meHeHne 3HaUCHNUS Moy BEIET HE TOJIBKO K YMEHBIICHHUIO YPOBHS
MWIOT-CUTHAjla, HO W W3MEHSAET CTPYKTypy C€aMoro CHTHaJIa,
XapaKkTepu3yeMylo CHIDKEHUEM BEJIMYHMHBI IHK-(PaKTOpa:

E
1—[2 — max , (9)

rne E.x — MakcuMaibHOEe (TIMKOBOE) 3HAYeHHWE OJHepruu; FEy— cperaHee
3HAYCHUE SHEPTHU.

Informatics and Automation. 2023. Vol. 22 No. 2. ISSN 2713-3192 (print) 273
ISSN 2713-3206 (online) www.ia.spcras.ru



LUNPPOBbLIE NH®OPMALIMOHHO-TENEKOMMYHUKALIMOHHBIE TEXHONOI M

1+ m,y,s(t))cos(w,t)

s(1)

1+ myse) T

Somy ()

1+ m,y,s™(¢))sin(w,t)

Puc. 10. CrpykrypHas cxema Moxyinstopa curaanoB OM-H so.y(?)

B Tabmume 1 NPENCTABIECHBl  PE3yAbTaThl  HUCCICAOBAaHUSA
3aBUCHMOCTH U3MCHCHUS 3HAYCHUS MHUK-(PaKTopa OT U3MCHCHUS BETUIUHBI

mMom- PeByJ'H)TI/IpyIOHII/IM I10Ka3aTcjIeM 3J1€Ch paccMaTpuBaCTCA
OTHOCHUTCJIbHaA BCJIMYMHA U3MCHCHUA ITUK q)aKTopa, paccuuTbiBacMas Kak:

_m

SH—H—i.

(10)

B ¢opmyne (10) I1; — 3Hayenue muk-(akropa npu mom = 1;

I1. — 3HaueHne NUK-(PakTopa NpH BAPHATHBHON BETHUUHE Moy

[ STomy (] 1S20my ()] 1S3omy ()1

AL '

Puc. 11. Crextpsl curaanos OM-Y mpu pa3muaHOM 3HAYCHUH Moy
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Tabmuma 1. 3aBHCHMOCTD OTHOCHTEIIFHON BETMUMHBI MUK-()aKTOpa OT BETHINHEI
K09 HIIEHTA YIIPABICHHS BEIHINHON YPOBHS MIJIOT-CHTHANIA

Mmom 1 09108107106 |05]|04] 03] 02]|0,1

dn 1 0,99 | 0,98 | 0,97 | 0,98 1 1,05 | 1,13 | 1,28 | 1,53
Pesynbrartsl, Npe/ACTaBiIeHHble B Tabmmne I, MOJTY4CHBI
MPH UCTI0JIL30BaHUH B KayecTBe MOJYJIHUPYIOLIETO CHUrHaJIa

TApPMOHHUYECKOT0 KOJICOaHusI.

Tax, 10 BEeMUUUHEI Moy > 0,5 CUTHANBL Sop.y UIMEIOT 00J1ee BHICOKHI
MoKa3aTedh NMHK-(aKTopa IO OTHOIICHUIO K CHUTHAJIaM Som.y, HECMOTPS
HA TO, YTO OHH OONamaroT Oojee HU3KUM YPOBHEM ITHAJIOT-CHUTHAJNA.
A, HauuHas ¢ moy < 0,5, y CUTHAJIOB Sop.y MPOUCXOOUT CTPEMUTEIBHOE
CHIDKEHUE BEIMIMHEI ITUK-(aKTopa.

B MOATBEPKACHUE MOJTy4E€HHBIX pacYeTHBIX 3HAYCHU I
Ha pucyHke 12 TIPEICTaBICHBI (bparMeHTHI curHaioB  Slom.y(?)
TIpY 3HAYCHUU Moy = 1, U s20Mm.y(¢) TIpu 3HAYECHUH Moy = 0,3.

AHanu3 SHI0pOB BPEMEHHOI'0 W CHEKTPAJIbHOrO MPEACTABICHUS
YKa3aHHBIX CHTHAJIOB ITOKA3bIBACT, YTO CHIKCHUE BEIMIWHBI Moy HE BEACT
K TepepacnpeieiieHnto Oo0mel 5SHEepPruM CUTHAIA MEXTy OOKOBOH
COCTABJISIFOIICH W HECYIIUM KoJieOaHHEM. YMEHBIIACTCS TONBEKO YPOBEHB
mutoT-curHana. OJHAKO eCi yKa3aHHBIM 00pa3oM (GopMUpOBATh CHTHAI
JI0 €ro MHojJauyd Ha YCWIHUTENIb MOIIHOCTH, TO PACCMOTPEHHBIA MOIXOJ
00ECIICYNT MOBBINICHUE YHEPTETUICCKOrO MOTCHIMANA WH(POPMAIIMOHHBIX
COCTaBIIIOIIMX HA BBIXOJE YCWIMTENS IO OTHOLIEHUIO K CHUCHAIy
0€3 U3MECHEHHOT'O YPOBHSI ITIOT-CUTHAJIA.

Somy ( -l
i\ i A [ LA | I\ Nl
NAafL NAAN] \Aall] HAAN]
[RYRAYTA JATAAAY. UVVU RVARYAN
IRV V| | V)L '8 \ V
u v v ¥ "U v
¥ ¥ V 7
nszoMry(t)d | A 7 \ A A A A
Nan! Rapall Nanll {AAa Al
IAVAYAY] IAVAVANL! IRUAYAY; (IRUAVANA
IRVAAY [RVR'AVA [V VY UVV\H
ARSI ARSI UARSR Ll N AR

Puc. 12. BpeMeHHOE IIPEACTABICHNE CUTHAIOB Sop.y(f) TIPH Pa3THIHBIX 3HAYCHHSIX
mom
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HaGnromaemeiii  3pekt gocTuraercs 3a CYeT TOro, UYTO TIpHU
KBaJpaTypHOM CHHTE€3€ IMPOUCXOJUT B3avMHAas KOMIIEHCALUsl JHEPIUU
cuH(pa3HOH 1 KBajpaTypHOU coctaBistomux. [Ipu moy = 0 curHan sowm.y(?)
BBIPOXKIACTCS] B OOBIYHBIN CUTHAT Sop(f). BO3MOXKHOCTh M3MEHEHHUS YPOBHS
MMUJIOT-CUTHAJIA TIO3BOJISET YIIPABJIATH SHEPIETHICCKUM OamaHCOM OOKOBOM
TIOJIOCHI, CoeprKaIIeii MHPOPMAIMOHHOE HATIONTHEHUE, H OTKPHIBACT HOBBIC
BO3MOXHOCTH O OpTaHU3aLUHN PAJUOCBS3H.

Tak, Ha TmEpBOHAYAILHOM JTale IIEeIeco00pa3HO HCIOIH30BAThH
curHan som.y(f) ¢ moy=1. A 3aTeM, TpU YCTAHOBICHUU >KECTKOU
CUHXpPOHM3alU{, YMEHBIIATh YPOBEHb MWIOT-CUTHAJIA, TEM CaMbIM
TTOBEIIIAS YHEPTETHUYCCKHUIA OamaHc OOKOBOM TOIOCH.

B rtabmume 2 mpeicTaBicHA — 3aBUCHMOCTh  OTHOCHUTEIBEHOT'O
M3MEHEHHUS DPHEPTUU B CHTHAJE Som.y(¢) Of:

Oy = > (11)

rne Ey — dHeprus, mpuxoisieiics Ha WH(OPMAIMOHHBIC COCTABIISIONINE,
Epc — sHeprus, npuxomsmiieiics Ha MIIOT-CHTHAIL.

B Tabmmie 2 mpenacTaBieHBI  Pe3yIbTATBl  FCCIICIOBAHUS
3aBUCHMOCTH OTHOCHTEIBHOTO W3MEHCHHS DJHEPTUH TMPH  Pa3IMIHBIX
BapHaIUAX BETHYUHEI Moy, PACCIMTAHHON coracHO (opmyne (11).

Tabnuma 2. 3aBUCHMOCTD OTHOCHTEIIFHOTO H3MEHEHHS SHEPT UM,
npuxozAmeiicss Ha HHPOPMAMOHHBIE COCTABIISIONIE K SHEPIHHU IIJIOT-CHTHAJIA,
IPY U3MEHEHUHN BEIUYHHBI KO3 (UIIMEHTa YIPaBICHHs BETMYMHON YPOBHS MTHIIOT-

CUTHAJIa
Mom 1 091081071061 05]|041]03]02]0,1
Or 0,5 | 0,62 0,78 1 1,4 | 20| 3,1 | 56 |12,5] 5,0

Torma, c¢ yderoM JaHHBIX B TaOMUIE 2, MOXHO OLEHHUTH
PE3yNIBTHP YOI SHEPreTHIECKUH BBIMTPHIL, TIPUXOSIIIUHCS
Ha MHQOPMAIMOHHBIE COCTABIISIONINE B CHTHAJE Som.y(f) TPU pa3iIn4IHON
BeNMMunuHEe Moy (Tabmuma 3) 6e3 ydera NHK-(QakTopa, B COOTBETCTBUHU
C BBIPAXKEHHUEM:

_ Byt Enc(1=moy)
EE

3y (12)
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Ta6numa 3. Pe3ynsTupyromuii SHepreTHIECKUH BBIMTPBII, TPUXOASIIICHCS
Ha MH(OPMAIMOHHEIE COCTABIISIONINE, IPH N3MEHEHNH BETMINHEI Kodddurmenrta
YTIPABJICHUS BEJIMYMHON yPOBHS IMAJIOT-CUTHATIA

Mom 1 09(081(07]06]|05]|04]|031]02] 0,1

ds 1 1,2 | 14| 1,6 | 1,8 2 22 124 | 26| 28

OKOHYATENbHBI YHEPIeTUUECKUHA BBIUTPHIII C Y9E€TOM H3MEHEHUS
miK-(akTopa (Tabnuma 1) npencrasieH B Tabnuie 4.

Tabnuma 4. OKOHYATETBHBINA SHEPreTHUECKUH BRIUTPBIT, TPUXOSIINICS Ha
HH(pOPMAIFIOHHBIE COCTaBIISIONINE, IPH H3MECHCHUH BEIIMIUHBI KO3 QUIHMECHTA
YIIPaBJICHUS BEJIMUUHON yPOBHS IMAIOT-CUTHATA

Mmom 1 09(08107]061|05]|04]|03]02]0,1

On 1 L,L19| 1,37 | 1,55 | 1,76 | 2 | 2,312,771 | 3,33 | 4,28

Janapie  TaOnuie 4 MOXHO —paccMaTpuUBaTh KaK — PE3YIbTArT,
XapaKTepU3YIOIUH  JHEPTeTUYSCKUA  BBIMTPHIIN,  O0CCIICYNBACMBIN
MIEPEXOOM OT CUTHAJIOB Sopm.p(f) K CUTHAIAM Sop.y (7).

5. ITomexoycTOIYHUBOCTD Mepeaay ¢ OAHONOJIOCHOH MOy asiluei.
TpaauuuoHHO noMexoycToWuuBoCcTh mepenad OM  paccmaTpuBaercs
C TIO3UIMH BBIUTPEIIIA, 00CCIICYNBAEMOT0 B TIOMEXOYCTONYHBOCTH MIpHAEMa
10 W0y 1 mocie W™ gy 1eMOIYNIATOpa B CPAaBHEHUH C JIPYTHMH BHIAMH
Moy [29].

Taxk, cpemssis MomHOCTH curaana OM Ha BXoje MpHEMHUKa Oyaer
OTPENIENATHCS CPEIHEH MOITHOCTEI0O MOIYIHPYIONIETO CHUTHANIA szM(t)
U CpeTHEel MOIIHOCTH HEeCYIIero KoIeOaHus U%:

2 ¢ UZ
P, =—SM(2) 0 (13)

Beipakenue (13) coorBeTcTBYeT Harpy3ke BenmuuuHoi 1 Om.
C yd4eroM TOro, YTO OCHOBHOE 3HaueHMe IHK-(akropa II° Gymer
OIIPEIEIIATECSL  XapaKTepOM MOAYIHPYIOIIEro KoyebaHWs, a 3HaueHHe

MMMKOBOM MOIITHOCTH — HEeCyliuM KOJ'I€6aHI/ICM, TO PéM MOXHO 3aIlluCaThb
B BUJC!:
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Us

2
P =

(14)

BX

C yuerom storo orHomenue curtan/mym (OCII) W, Ha Bxone
JIEMOAYNATOpa OYIET ONpeACIIThCS KaK:

2 2
Pou _ U,

2 AF 2AF T12°
vBX BX VBX BX

Wom = (15)

rae AF,, — 3aHMMaeMas O0JIOCA YACTOT; V' — CIEKTpalIbHas IUIOTHOCTb
MOIIIHOCTH IIIyMa Ha BXOJI€ TPaKkTa 00paboTKH.
Ha BrIXOzE AeMoaynsTOpa, COOTBETCTBEHHO, 3HaueHue OCILL:

Pou __ U
VAAF, VA AF, TT>

BBIX BBIX

BBIX __
WOM -

(16)

Torpma, mokasatenb OOOOIIEHHOrO SHEPreTHYECKOTrO BBIMIPHINIA,
obecrieunBaeMoro B pe3ynbrare oOpabotku mepemad OM, Oynmer paBeH
equHuUIE [29]:

WBX
on = 2L =1, (17)

BBIX
WOM

B

HckoMblil pe3ynbTaT HOIYYEH C YYETOM TOrO, YTO XapaKTep IIyMOB
HA BBIXOJIE V'yy OYJNET aHAIIOTMYEH BXOIHBIM IIyMaM V. A 3aHMMaeMas
I10JI0Ca YaCTOT HEe M3MEHUTCH, T.C. AFy = AF ..

3aMeTnM, YTO 3Ha4yeHWe, paBHoe eauHune B ¢opmyne (17),
YKa3bIBaeT Ha TO, 4yTo nepegadyd OM 00s1a1aloT MOTEHIMAIEHO BO3MOXKHON
(TOCTHXHUMOI) TOMEX0YCTOHYNBOCTBIO ITPHUEMA.

Hanpumep, y mnepemad ¢ aMIUIMTYOHOM MOXYJISALUEN, TakKou
TIOKa3aTesb Oy/IEeT CYIIECTBEHHO 3aBUCETh OT BEIMYHMHBI MUK-(hakTopa [29]:

1

"y a8

AM

u TOoraa, ydmTbiBas, 4TO AJid pCUU 3HAYCHHUC HI/IK-(l)aKTOpa A0CTUTACT
3HA4YCHUA H2 ~ 3,3, TO MOKHO TII0Ka3aTb, OTHOCHUTCIBbHYIO BCIWYUHY
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OHEPIreTUICCKOro BbIMI'PbIIIA, 00ecreurBaeMoro O,HHOHOJ'IOCHOﬁ
MO,HyJIHHHeﬁ 110 OTHOIICHHUIO K aMHJ'IPITyZ[HOfI MOAYJIAIUN.

B,y ~11,8B,,, - (19)

OueBUIHO, YTO TAKOH CIIOCOO OIIEHKH MMEET MECTO M MCIOJIb3YeTCs
IPU XapaKTEPUCTUKE AHAJIOTOBBIX cHcTeM cBa3u [28]. OpnHako Takas
OLIEHKA SBIISICTCSI OTHOCHTEIHFHOH M TOJNBKO B OOIIEM XapaKTepH3yeT
MIOMEX0yCTONYUBOCTb NEpeaad.

Bmecre ¢ tem B [30] mpencraBIeHO BBIPAXKEHUE JUIS OLIEHKU
BEPOATHOCTH OWTOBOH OIIMOKM JUIsI TpUEMa CHUTHAJIOB OHMHApHOMN
aMmmmatynHoi Manunysiiuu  (binary amplitude shift keying — BASK),
TIPE/ICTABIISIONINX COOO0H Pa3HOBUIHOM aMIUTUTYJHOH MOIYIISIINH:

Py =0 (VA /2). 0)

B ¢dopmyne (14) h* — oTHOImIECHHE SHEPTHH, IPUXOIIIEiics Ha OHT,
K CIIEKTPAIGHON IUIOTHOCTH MOIIHOCTH IIyMa (Jajiee paccMaTpHBaeM Kak
OCII); O(*) — rayccoB nHTErpaj OmHUOOK.

VYuureias, uro nepexox or AM xk OM-H mno3sonmur B z1Ba pasa
TIOBBICUTD DHEPTHIO, PUXOAANIYIOCS Ha HH(POPMAIMOHHBIE COCTABIISIOIINE,
a npumeHenue curHaioB OM-Y npu mov=03 u moy=0,1
COOTBETCTBEHHO IIOBBICUT 3Hepruo B 2,71 u 4,28 pasa (tabmuna 4),
1o oTHOomeHnto K curHaiamMm OM-H, mMoxHO Ha ocHOBe Qopmynsl (14)
TIOCTPOUTH  CIEAyYIOIUe TIpaduuecKue 3aBUCHMOCTH, MPEACTaBICHHBIE
Ha pucyHke 13.

5 BW0)

0.1 o (1)

Somy (1) mpu-Moy = 0,3

\)g\sowy(t) HpH | Mgy = 0,1
1x10°3 \ \ X \
1x107°
6l
2 3 4 5 6 7 8 9 10 11 12 13 14 1

1x10"
0 1 5 16

Puc. 13. BeposTHOCTHAs OIEHKA OMEXOYCTOHYMBOCTH IIPUEMa CUTHAIOB Sam(7),
somu(?) ¥ som.y(?) ipr moy = 0,3 1 mon = 0,1
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Ilony4yeHHble pe3yabTaThl CIEAYET PAcCMATPHUBATH CO CIEIYIOLIUX
no3unui. Tak, mepexol K TEXHOIOTMH OHONOJIOCHOW MOAYJALUU
NIPUBOAMT K IEpepacrpeelCHUI0 CUTHAIBHONW DPHEprun B Oonee y3KOM
mosioce  4acToT. B pe3ynbrare NpoOHCXOmUT (AKTUUECKOE HW3MEHEHHE
BemmunHbl OCIII B kanane ayst oopabarbiBaeMoro cumBoia curHaina OM-Y
no otHouieHHo kK curHaty OM-H. To ecTes npemioKeHHBIH MOAXOA
(aKTHYeCK W3MEHsEeT IIOMEXOYCTOMYMBOCTh TIpHeMa He 3a CHeT
HU3MEHEHHUS CTPYKTYpPbI CHMBOJIA KaK TAKOBOI'O, @ 3@ CUET JONOIHUTEIBHOIO
MOBBIIIEHUS SHEpIuH, MPUX O EHCS Ha nH(pOPMaIIOHHBIE
COCTaBIISIIOIUE, B pE3yabTaTe €€ IepepaclpenieieHuss MexXay Hecyllen
1 OOKOBOH ITOJIOCOH, oOecreynBaeMoOil IyTeM W3MEHEHHsS MHAEKCA Mo
IMosTomy mikama aOcuuicc Ha pHUCYHKe 13 oTOOpaskaeT SKBHBAJIEHTHOE
3nHaueHre OCII, xapakTepHOe TOJIBKO ISl cCMMBoOJa curHaiga AM.

B kauectBe npuMepa Ha pUCyHKE 14 TeMOHCTPHUPYIOTCS (pparMeHTsI
curHaioB  BASK sam(f) w OM-Y  somy(f) 1pu  moy =0, mocie
repepacnpeeIeHIs MOITHOCTH (T.€. TIOCIIE YCIITUTENS).

Sam(0)

-
-
-
-
-
-
-
-
-
-
=
<
=
=
<
=
=
-
=
-
-
-

Puc. 14. ®parmentsr curaanoB BASK, copMrpoBaHHEIX Ha OCHOBE aMIUTUTYIHOM
MOZYJISIIUH S ap(f) ¥ HA OCHOBE OFHOIOJIOCHOH MOLYJISIIUHN C YIPaBIISIeMbIM
YPOBHEM HecyieH som.y(?) mpu moy = 0,3

Od4eBHIHO, YTO MOCNIE MEpPepaclpeeNeHuss MOIHOCTH SHEPreTHKa,
npuxojsmasics Ha HWHOOPMALMOHHBIE COCTaBISIONINE, CYIIECTBEHHO
BO3pocia. B pe3ynbrate npu OAMHAKOBOM MHTEHCHUBHOCTH IIIyMOB, TEKYILEE
3nayeHne OCII anst curHanoB OM-Y cymecTBeHHO OyzeT BhIIIE, YeM JUIs
curHaios AM.

[TomyueHnsle pe3yabTaThl B IOMEXOYCTOMYMBOCTH JUIS  Sowm.y(?)
n Sam(#f) COMOCTaBUMBI € pe3yiabTaTamH, omnpenensembie dopmynoi (13)
s nepeaad OM u AM, MOy IHpOBaHHBIX aHAJIOTOBOM PEYbIO.
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JlanHbIil (haKT yKaspIBa€T HAa COCTOSITEIBHOCTH IIPEIOKEHHOI'O
MoAX0Ja K OLEHKE IOMEXOyCTOMYMBOCTH IpueMma curtaaos OM
Pa3IUYHBIX BUJIOB.

7. 3axiouenune.  [lomydeHHblEe — pe3ynbTaThl  UCCIIEIOBAaHUS
MOKAa3aJId, 9YTO MPUMEHEHHE TEXHOJIIOTUI KBaApaTypHOrO CHHTE3a CUTHAJIOB
nepefad ¢ OJHOIOIOCHOW MOAYIALUEH OTKPHIBAET HOBBIE BO3MOXKHOCTHU
10 UX MPUMEHEHHIO B JIEKAMETPOBBIX KaHANaX PaguoCBs3U. Bo3MOXKHOCTH
VIpaBieHUs]  HalpsDKeHWEM  Hecyllero  KojebaHusi — oOecrieunBaer
YCTOHUMBOE BXOXKJEHHE B CBS3b HAa YPOBHE NIYMOB, NPH KOTOPBIX
He BO3MOXKHa 0e3 HMCKakeHHs Iepejada COOOLIEHWH NMpU HCIIOIb30BAaHUU
curHanoB OM-H. U nocne ycTaHOBIEHHS CUHXPOHM3AlMH, CHIDKCHHEM
3HAYCHUS TapaMeTpa PEeryIUpOBaHMs BETUUUHBI MMIOT-CUTHATA, TIOBBICUTh
9HepreTuKky OOKOBOH  COCTaBisfOLIEHd Ui YCTOHYMBOH  PabOTHI
pamuonuanu. Takolf momxonx obecneyrBaeT HSHEPreTUYECKUH BBIMTPHIII
Ha ypoBHe nopsiaka 7 ab.

OO6ocHoBaHHass B paboTe aHamuTHYeckass Mojenb curaaiga OM
C ypaBIsieMbIM YpOBHEM NHJIOT-CHTHajJa W pa3paboTaHHAs Ha €r0 OCHOBE
CTPYKTYpHasi CXeéMa MOAYJIATOpa IMO3BOJAT PEaau30BaTh NPEIOKEHHBIN
croco0 Kak Ha MPOrpaMMHOM, TakK | alllapaTHOM YPOBHSIX.

JlanbHelme uccieqoBaHUS aBTOPHI CBA3BIBAIOT C IPUMEHEHHEM
METOJIOB  COBMECTHOWH  4YacCTOTHO-BPEMEHHOWH 00pabOOTKM  CHTHAJIOB,
IpeUIoKeHHbIX B [31], mpu pemeHun 3amady AEMOLYIALMH Iepenad
C OZJHOMOJIOCHOM MOAYNIALUEH.
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S.V. DVORNIKOV, S.S. DVORNIKOV, K. ZHEGLOV
NOISE IMMUNITY OF SINGLE-SIDEBAND MODULATION
SIGNALS WITH A CONTROLLED CARRIER LEVEL

Dvornikov S.V., Dvornikov S.S., Zheglov K. Noise Inmunity of Single-Sideband Modulation
Signals with a Controlled Carrier Level.

Abstract. Single-sideband modulation is actively used in the organization of
communication through the ionospheric channel in the decameter range of radio waves. This is
due to the fact that transmissions with single-sideband modulation make it possible to
minimize the frequency band while maintaining the information transfer rate and at the same
time increase the noise immunity of reception in relation to transmissions with amplitude and
frequency analog modulation. At the same time, the widespread use of quadrature synthesis
technologies has opened up new possibilities for the formation of transmissions with single-
sideband modulation without the direct use of filtering procedures. An analysis of the
implementation features of the method of quadrature synthesis of signals with single-sideband
modulation showed that the introduction of an additional parameter into its procedures will
allow you to control the residual level of the carrier wave, and thereby control the noise
immunity of the reception. The opened opportunities made it possible to develop a method and
a device for generating a single-sideband modulation signal with an adjustable level of the
carrier wave that implements it. The technologies of quadrature synthesis of signals of
amplitude modulation and single-sideband modulation with the suppressed carrier are
considered both at the level of analytical modeling and using a standard quadrature modulator.
The necessity of transition to the analytical form of representation of the modulating signal is
substantiated. The role and place of the Hilbert converter in the formation of signals with
single-sideband modulation are shown. Known technologies for generating single-sideband
modulation signals with a stored pilot signal are considered. The possibility of controlling the
value of the stored pilot signal at the level of quadrature synthesis procedures is substantiated.
An analytical model and, based on it, a structural diagram have been developed that allow one
to generate single-sideband modulation signals with an adjustable pilot signal level. The results
of analytical modeling are demonstrated. The value of the provided energy gain as a result of
regulation by the residual level of the carrier wave is calculated. Approaches to assessing the
noise immunity of transmissions with single-sideband modulation are analyzed. An approach is
proposed for calculating the bit error probability of SSB transmissions manipulated by discrete
oscillations based on the results of energy redistribution between the carrier oscillation and the
sideband, determined by the residual pilot signal level. Conclusions and proposals for the
practical implementation of the results obtained are formulated.

Keywords: single-sideband modulation, pilot signal level control, single-sideband
modulation signal synthesis, noise immunity of single-sideband modulation transmissions.
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BUILDING A CHATBOT SYSTEM TO ANALYZE OPINIONS OF
ENGLISH COMMENTS

Nguyen H.V., Tan N., Quan N.H., Huong T.T., Phat N.H. Building a Chatbot System to Analyze
Opinions of English Comments.

Abstract. Chatbot research has advanced significantly over the years. Enterprises have
been investigating how to improve these tools’ performance, adoption, and implementation to
communicate with customers or internal teams through social media. Besides, businesses also want
to pay attention to quality reviews from customers via social networks about products available
in the market. From there, please select a new method to improve the service quality of their
products and then send it to publishing agencies to publish based on the needs and evaluation of
society. Although there have been numerous recent studies, not all of them address the issue of
opinion evaluation on the chatbot system. The primary goal of this paper’s research is to evaluate
human comments in English via the chatbot system. The system’s documents are preprocessed and
opinion-matched to provide opinion judgments based on English comments. Based on practical
needs and social conditions, this methodology aims to evolve chatbot content based on user inter-
actions, allowing for a cyclic and human-supervised process with the following steps to evaluate
comments in English. First, we preprocess the input data by collecting social media comments,
and then our system parses those comments according to the rating views for each topic covered.
Finally, our system will give a rating and comment result for each comment entered into the system.
Experiments show that our method can improve accuracy better than the referenced methods by
78.53%.

Keywords: chatbot, offensive comments, behavioral culture, online, ontology, opinion
mining, sentiment analysis.

1. Introduction. Many people use the Internet these days to
communicate information. Information disseminates often, and many people’s
thoughts and comments are expressed. Therefore, taking into account and
comprehending these remarks are beneficial. Therefore, there are numerous
researches on user opinions in online journals [1] and numerous programs
to study people’s psychology and ideas can use with social networks like
Twitter and Facebook [2]. For instance, keeping an eye on a particular brand’s
reputation on social media might give candidates an insight into the ambitions
of voters, allowing them to adapt their speeches and actions. Financial market
analysis can also use the comment analysis system, so similar to the stock
market.

Nowadays, a ChatBot is a computer program that conducts an instant
messaging conversation [3]. It can automatically answer questions and handle
situations. In a ChatBot, the creators’ algorithm determines the scope and
complexity of the chatbot. It uses in various applications such as e-commerce,
customer service, healthcare, banking and finance, and entertainment.
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From another perspective, artificial intelligence and Natural Language
Processing (NLP) integrated with machine learning algorithms play a
significant role in today’s technology. The survey on artificial intelligence in
chatbots is based on a computer program that uses artificial intelligence to
mimic human decision-making while providing various services [4]. In [4],
the paper provides a survey based on multiple platforms used to build a chatbot
to deliver various services to various users. The designed techniques used to
create the chatbot are determined by the services that will be provided to the
users. The chatbot will gain experience by learning from previous experiences
and employing various algorithms. The data can be trained to the chatbot,
allowing it to check with the knowledge base and to provide accurate answers
to the user’s query via client-side applications.

The research [5] on the structure of a chatbot using artificial intelligence
(AI) aims to assess, diagnose, and recommend immediate safety and prevention
measures for patients who have been exposed to nCOV-19 and acts as a virtual
assistant to assist in measuring the severity of the infection through symptom
analysis and connecting with competent medical facilities as it moves into the
severe stage . In addition, some researches use Natural Language Processing
(NLP) and Deep Learning (DL) techniques to develop a chatbot that can engage
in interactive conversations with visitors during the MPU opening day [6],
or Al-based chatbots to engage customers [7]. The authors Orecommend
Restaurant Chatbots [8], Chatbot Using Al in the Healthcare Service Market
[9], and Conversational Al [1] in the restaurant, medical, or communication
industries. Furthermore, in the art exhibition, a group of authors presented an
NLP-based solution for conversational agents [11]. In general, the authors have
mentioned a lot of words, all of which have produced significant results, but
using NLP to analyze and evaluate opinions has yet to be mentioned, and the
evaluation analysis still needs to be improved in terms of comment evaluation.

With its clear benefits, Chatbot has become more and more popular.
With the advent of technology 4.0, people have integrated more into the virtual
and real world. Because of the rapidly increasing needs of society, it requires
a large amount of manipulation, but choosing a large number of valuable
comments for ourselves is essential. In this article, we propose a chatbot
system that performs the following tasks:

— First: Collect and identify positive comments and remove negative
ones;

— Second: Use many comments to evaluate the quality of the words;

— Third: Utilize an evaluation method to choose valuable comments
for businesses.
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The remaining paper is as follows. Section 2 gives an overview of the
related work. The theory background is described in Section 3, followed by
criteria for evaluating comments in Section 4. Next, the proposed model is
presented in Section 5. Section 6 provides an evaluation. Finally, the paper is
concluded in Section 7.

2. Related Work. According to the findings, chatbots are being
expanded into almost every field, such as [12], an educational chatbot for
the Facebook Messenger platform. Similarly, in a study [13], the software
would also ask questions based on the candidate’s previous responses, using
a Natural Language Processing (NLP) model, which is very useful in this
process. Following the interview, the software would analyze the data gathered
to determine the best candidate for the offered position. As a result, the project
JARO chatbot aims to simplify the hiring process. On the other hand [14],
conversationally built with technology in mind, automated medical chatbots
have the potential to reduce healthcare costs while improving access to
medical services and knowledge. The method created a diagnosis bot that
converses with patients about their medical questions and problems to provide
an individualized diagnosis based on their diagnosed manifestation and profile.
A practical method for determining discoverability and features such as
language, subject matter, and developer platform [12]. Or for the patients, a
framework that acts as a virtual assistant is created using ML algorithms. It
can predict symptoms, recommend doctors, and investigate patient treatments
by interacting with them — efficient patient health care with encouraging
results [15].

On the one hand, the system creates a chatbot for academic purposes
using NLP and ML that various educational institutions can use. There are
two modes available: audio and text. Instead of being placed on the inquiry
disk’s waiting list, users can interact with the bot. The same question is asked
in various forms to test accuracy [16]. As a result, the plan is to combine
intent classification and natural language processing to create an interactive
user interface and a chatbot. The model is intended to recognize user’s queries
and generate SPARQL queries [17]. Deep learning techniques were used to
develop an online video lecture assistantm that improves Q&A data quality
by incorporating multiple chatbots from various perspectives for a single
video [18].

On the other hand, another approach is building a Chatbot model for
Vietnamese comment management [19]; the author has also mentioned some
changes to the algorithm proposal and significant improvements. However,
this method is limited to this study’s scope — Vietnamese language research.
In this work, our approach is more extensive, and we develop an assessment
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based on the views of all the social network members. In addition, our method
is based on the analysis of reviews and personal opinions about one or more
products that are extended on social networks.

Furthermore, one report indicated that the chatbot design is primarily
based on the device learning the rule. There are three steps to enforcing this
chatbot. Raw records are pre-processed at the start. As a result, a data set
is created. The splitting process occurs during the second step [20]. Some
other techniques are used, such as [21]. The authors use an academic website,
for example, how the system quickly calculates the bully word or no longer.
In [21], various techniques are used here, including device mastery, fuzzy
judgment, sample matching, and sentiment evaluation.

Recently, according to a survey by [22], there are 74 articles suggested
chatbots. The studies mainly focused on application, methodology (methods
used, sample size, sample type, and countries studies), and bibliometrics
(publishing, citation, and spotlight agency). The main objective is to conduct a
systematic review of high-quality journal research articles to summarize the
current state of research on chatbots to identify their role in digital business
transformation. On the contrary, we conducted a deep dive to assess the
views of the English commentaries, from which to evaluate and give helpful
information for businesses when promoting products on social networks.

As described in [23], a Chatbot application is a direct communication
channel between the company and the end user in various fields, such as e-
commerce or customer service. The authors used Xatkit in this paper. Xatkit
solves these issues by providing a set of platform-independent Domain-specific
Languages for defining chatbots. Xatkit also includes a runtime engine that
deploys the chatbot application and manages the defined conversation logic
on selected platforms. However, evaluating our opinion with this application
is difficult because Xatkit depends on the accompanying tool, whereas our
method is independent and has strong analytical and adaptive capabilities. The
same experience-based research using Evatalk[24] is still limited when it only
focuses on measuring people’s satisfaction, not analyzing the human point of
view carefully.

In addition to the articles on application development, there are a
few articles on the exploratory potential of chatbots in providing online
emotional support to people based on stress triggers. That is quite exciting; the
authors have developed a social interaction agent based on empirical research
to converse with stressed people seeking mental support. The author also
addressed chatbot questions in helping users deal with stressful situations in
[25]. In a similar study [26] the authors used queries developed on QA forums
by Software Engineering practitioners. Both of the primary research methods
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are very intriguing. Nonetheless, both investigate the Software Engineering
practitioner’s feelings or processing.

Chatbot communication research [27], in which robots communicate
with humans in natural language in an open domain, has made significant
progress. However, it still has several unsolved issues, such as a need for more
diversity and contextual relevance. Based on the retrieved prototype, the author
proposed a retrieval polishing model (RP) to generate feedback polishing.
The method relies on the response receiver and is focused on selecting the
prototype for contextual retrieval. However, while this method improves
improve fluency, contextual relevance, and response diversity significantly
based on the number of prototypes, it results in a too complex system when
dealing with a large sample flow. However, the authors wanted to know
howl/if the usability of the significantly improved method [28], based on the
SOCIO chatbot prototype model, had changed. The author also attempts an
empirical evidence-based evaluation of the usability of SOCIO V1 to the
updated version, which necessitates comprehensive verification of test results
to change performance, efficiency, satisfaction, and quality. That is feasible
when evaluating with a small margin for error for experimentation, but there
are still many risks when measuring only one parameter without measuring
another.

In general, with the parsing technique of English sentences and words,
with a recommendation system, we have improved the accuracy up to 78.53%.

3. Theory background. Natural Language Processing (NLP) literature
with a variety of language analysis techniques, which only a small subset has
been observed with regularity in sentiment mining. The most common is part
of speech tagging [29], but there are also papers detailing classifiers using
resolution [30] and even using a full syntactic parse tree [31], or Nasukawa et
al [31] proposes a method to apply parsing to sentiment analysis.

In this part, we conduct Natural Language Processing (NLP) as
follows:

— First: We analyze sentences and divide the comment sentences into
words;

— Second: We use The Penn Treebank POS tags are divided into three
categories: adjectives, nouns, and verbs;

— Third: Using SentiWordNet can be tweaked by using these tags to
look at the meaning of words that match their POS tags.

Finally, to evaluate a comment, we also do a grammatical analysis to
assess the statement. From there, we analyze and, based on the collected words,
consider other people’s comments online in society to conclude. We analyze
and rewrite the sentence based on the conditions listed in Table 1.
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Table 1. Meaning of the symbols

Type Meaningful Type Meaningful
S Sentence RP Particle

NP Noun Phrase LST | List marker

PP Prepositional Phrase PRT | Particle

VP Verb Phrase ucp Unlike Coordinated

Phrase

cc Coordinating conjunction | SYM | Symbol

CD Cardinal number T0 to

DT Determiner UH | Interjection

EX Existential there VB Verb, base form
Fw Foreign word VBD | Verb, past tense

IN PrePositipm subordinate VBG Verl?, .gerund/present

conjunction participle
JJ Adjective VBN | Verb, past participle

Verb, non-3rd ps.

JJR | Adjective, comparative VBP .
sing. present

JJS | Adjective, superlative VBZ Yerb, 3rd ps.
sing. present

LS List item marker WDT | wh-determiner

MD | Modal WP | wh-pronoun

NN Noun, singular or mass WP$ | Possessive wh-pronoun
NNP | Proper noun, singular WRB | wh-adverb
NNPS | Proper noun, plural PRP | Personal pronoun

NNS | Noun, plural PRP$ | Possessive pronoun
PDT | Predeterminer RB Adverb

POS Possessive ending RBR | Adverb, comparative

RBS | Adverb, superlative

Our system is designed to use many comments to evaluate the quality
of comments for better analysis and evaluation using the comments entered
into the system. Furthermore, our system provides an evaluation method to
select valuable opinions for businesses, thereby bringing quality products to
users. For example, we can see that we will rewrite the sentence in a parsed
form in Figure 1, and the sentence above is rewritten in the form of TreeBank
in Figure 2.
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s — NP VP DT —the
DT NNS children

NP — DT NN NNS — students
NP PP Mountains
VP PP slept

VP - VBD VBD — {me }
VBD NP saw

l

in
P — INNP IN { of}
NN —  cake
Fig. 1. Parsing by sentence

S

/\

NP
DT NS S VI BD
\
the s t'udems ate

NP

Av A
/\
RN

D

\
the children in

the mcuuta ins

Fig. 2. Treebank

4. Design of Criteria for Evaluating Comments. The evaluation of
emotions is quite essential to work, based on the general assessment of a
specific topic is very reasonable when the opinions are more and more popular
on social networking sites. The evaluation is always essential in the analysis
for practical applications later. Based on this, we build a plan (Figure 3) to
evaluate comments on social networks to find reasonable solutions for suitable
products that society wants in the future.
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Assessing the comments is a big challenge for Chatbots. Within the
research scope of this paper, our system evaluates based on the parsing of the
sentence and then evaluates the content and, finally, the commenter’s evaluation
conclusion. However, the problem encountered is that many comments need
to be corrected; for example, short comments, acronyms, or grammatically
incorrect, etc. Based on this content, we evaluate the comments to conclude
whether they are negative or positive through previously trained vocabulary.

4.1. Negation. Negation is used to indicate that the comment is
negative. In general, negative reviews will bring benefits to businesses.

In this paper, our Chatbot system will analyze comments based on the
content and language processing analysis. The comments that our system
evaluates can benefit businesses when the system can be a yardstick to assess
products on social networking sites. We use categorical phrases to show
negative comments through negative words. Such as "bad," "terrible," etc., in
a sentence. For example, "This computer is terrible", the word "terrible" here
indicates that the comment is negative. Here, we do not analyze whether the
sentence is negative [32].

In natural terms, the evaluation is based on the proposed algorithm to
determine the positive or the negative. The algorithm is based on a training
dataset to make comment conclusions.

4.2. Positivity. Positivity is used to indicate that the comment is
positive. We use categorical phrases to show positive comments through
positive words. Such as "good," "excellent," etc., in a sentence. For example,
"This computer is excellent," the word excellent here indicates that the comment
is positive. Again, keep in mind that we do not analyze whether the sentence is
positive [32].

Recently, many businesses often ignore responding to positive reviews
because they think it is unnecessary, but in reality, you need to respond to all
user experience reviews. That shows the brand’s professionalism and effectively
builds customer trust and loyalty. Using the following article [33] to learn how
to respond to positive comments with Chatbot is to improve your business’s
customer service.

Moreover, through customer reviews, the enterprise can expect to
increase or expand its production scale. On the other hand, mass-creating
products without regarding to customers will directly impact the business and
the company’s interests.

5. Our proposed model. In this section, we propose a system structure
in which the system is divided into several main parts, including Ontology and
Preprocessing as described in Figure 3.
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Chatbot system

Preprocessing

Entity building

| Grammar structure
module

i

Sentence splitting

Sentence Input
Dataset

.

Word lists
I..

Classes.

- [
Onthology Sentence Sentence
Conclusion Classification

Response Finish

Fig. 3. Proposed System Structure

5.1. Ontology. In this part, we create a module (called: Entities
building module) to take the product type as input. This module is in charge of
retrieving the knowledge base from Ontology and extracting all entities from
the corresponding branch of the product.

The entity is a critical component in the spam detection system, serving
as the foundation for the search process and matching Ontology. A sentence
can contain a single entity, multiple entities, or none. Preprocessing modules
will perform and recognize this entity and save the entity identified in data
preprocessing to assist the algorithm in identifying spam reviews. The entity
here is not just the named entities but all entities in a sense defined by the
researchers. We describe an entity as the word meaning, which brings specific
knowledge in the reviews, to use these entities to find the product knowledge
contained in the reviews. This definition states that adjectives and nouns are
two types of words we have chosen to filter into the desired entity.

An ontology cannot cover all meaningful aspects of a field, so specific
objectives are used for identifying spam reviews. Extracted entities are focused
on product components or properties. As a result, the entity will be collected
and distributed to the class groups based on their common characteristics
following the statistics.

First, the system’s input is a sentence, which is responsible for receiving
a sentence to process and analyze whether that sentence is positive or negative.
Next, the input data will pass through an Ontology used to create an entity
(Entity building module), assisting the system in evaluating the words that the
system has previously processed. This is the foundation for the search process.
Ontologies search and match.
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Furthermore, a sentence may contain one or more entities, or none,
which can be understood as critical keywords to support faster and more
accurate processing and assessment of sentence properties. The preprocessing
modules will recognize these entities, calculate and save the probability results
determining the positive or negative of the entity to support the matching of
entities in the sentence.

5.2. Preprocessing. The preprocessing module analyzes the content
and title of the review and produces the data required by the classification
model. Figure 3 depicts the division of preprocessing work.

The essential input to the model is the content of the review. As a result,
normalizing must be completed before proceeding with the other processing
steps to create standard data sources and avoid error analysis.

There are numerous methods for extracting words from a text. We chose
the way n-gram models of unigram, combined with the POS tagging model, for
this study. Stanford University’s POS tagging tools (Stanford POS Tagger) have
a relatively large database and have been widely used in the study of language
processing. We chose this tool for the word-splitting module because of its
high accuracy and processing performance. To do this, we did the following
simulation:

First, the dataset here includes Comments collected from sources on
the Internet such as forums, social networks, websites, etc. Then, through
Grammar Structure, label POS for each element of the sentence through the
POS labeling model (Stanford University’s POS tagger has a sizeable available
database and has been applied extensively in natural language processing
research courses). We chose this tool in processing word decomposition in
sentences and structural analysis of components in sentences because it has
relatively high accuracy and has been applied in many places in analyzing
nature processing language.

Second, the processing of sentences after they have been separated into
words will match with WordLists and Classes used to classify what type of
sentence the sentence belongs. Our system divides into five sentence types:
simple, conditional, comparative, compound, and special sentence. Depending
on the type of sentence, the system has different ways of processing words in
the sentence to get accurate results. Specifically, after being decomposed into
words and labeled through the POS model, the sentence will be sorted into an
array to browse each word in the sentence, from which the system will evaluate
whether each word is in it. How likely it is that the word has such a character
depends on whether the word is positive or negative. After evaluating each
word in the sentence, the system will classify positive or negative comments.
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A specific generative grammar aims to provide a set of rules that
generate (or, more abstractly, license, predict, etc.) all phrase structure trees
that correspond to English grammatical sentences. This means that only the
word sequences standardized by a linguist and a syntactic structure description
(phrase structure) would be considered correct and complete sentences. The
rules also include claims about the constituent structure of English.

5.3. Database design. Many languages are used to write social
networks. As a result, it must apply to all languages and libraries. It must be
constantly updated and expanded to ensure the chatbot’s effectiveness. There
are two factors required to ensure:

— The number of English words must be large enough to avoid
confusion.

— The program can handle frequent updates without requiring
cumbersome manipulations.

For example, English is challenging to evaluate due to its large area of
vocabulary and grammar. Specifically, it contains 12 tenses [34] and complex
structures. Moreover, with the number of comments increasing, we focus on
assessing the opinions of the comments. Thus, a dictionary can break sentences
into meaningful words and phrases. We calculate and draw opinion conclusions
based on evaluation and analysis based on meaningful words or phrases.

5.4. System model. The opinion analysis system consists of 3 main
components in Figure 3:

— Data set: Includes comments collected from sources on the Internet
such as forums, social networks, websites, etc.

— Sentence classification in Figure 4: it is the function of classifying
sentences commenting on their sentence types, such as simple sentences,
compound sentences, negative sentences, comparative sentences, etc.

Conditional
sentence

sentence

Compound
sentence

Special Sentence

Fig. 4. Sentence classification model
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— Result: The final feature will decide which group the comments
belong to, positive, negative, or neutral.

The classification model has five classification features of basic
sentence types, including simple sentences, conditional sentences, comparative
sentences, compound sentences, and special sentences. In addition, for each of
the above categories, there is a negative test in the sentence.

On the one hand, in the chatbot system, there is an equally important
part of machine learning training.

Read data. The system reads data from the existing data file and adds
data to lists. Word is a list containing POS-tagging for each word in a sentence,
and classes is a list containing the classification type of the sentence here is
positive. And the negative document is a list that includes both words and
classes. In addition, there are ignore-words, a list of elements that can ignore
in a sentence, and it does not affect the evaluation of sentence classification.

Word tokenization. In this step, we will look at each token (i.e., word
by word of a sentence) and try to predict the phrase type of this token. It can be
anoun, a verb, an adjective, and so on. Knowing each word’s role in a sentence
can help determine the meaning. The original part-of-speech model is trained
by feeding millions of English sentences with each word of speech tagged,
reproducing those behaviors. Note that, this model is purely based on statistics
- it needs to understand what these words mean, as humans do. It only knows
how to guess a part (i.e., a comment) of speech based on similar sentences and
observations it has seen before.

Text lemmatization. Lowercase each word and remove duplicate
comments. Lemmatization is to bring words to their original format by using a
lookup table of the actual vocabulary of the words in the sentence. There may
be rules for dealing with comments we can have never seen before.

Create training model. The prepared dataset is forwarded to the
sequential build model to the respective weight of the process. Then the system
will save the trained model of the system for deployment. Below is a detailed
description of the proposed algorithm.

— Step 01: Layer 1, 128 neurons, dropout(0.01). Layer 2, 64 neurons,
dropout(0.01).

— Step 02: Compile the network with parameters to train the network
to evaluate the optimization.

— Step 03: Learning Rate = 0.001.

On the other hand, we define classify sentences in the Chatbot system
as follows:
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5.4.1. Simple sentences. Simple sentences express a straight point of
view, in which the sentence can contain at most one verb (or possibly none,
e.g., good or bad). Example sentences are as follows: Samsung is good.

After going through the POS tagging system, this sentence will give
the following results: Samsung_NN is_VBZ good_JJ. The sentence contains
one subject (Samsung), one verb (is), and one adjective (good).

The sentence above is positive because we see that there is the adjective
good, which is a positive word.

Therefore, to determine the point of view on a single sentence, we need
to identify the adjectives (or adverbs) in the sentence that indicate positive or
negative. Currently, we use two dictionaries with more than 6,800 adjectives
expressing opinions (1 set of positive adjectives and 1 set of negative adjectives).

For this type of sentence, we build a Chatbot system that handles the
following steps in turn:

— Step 01: Label sentences (POS tagging).

— Step 02: Find adjectives.

— Step 03: Find out which order the adjective belongs to
(positive/negative).

— Step 04: Conclude.

Negative on a simple sentence. Let’s consider the example "The Dell’s
sound quality is not pretty good" in a sentence containing the adjective good.
This is a positive word, so with the steps above, we would conclude that this
is a positive opinion sentence, but it is clear that the above sentence has the
exact opposite opinion. As we have seen in the above sentence containing the
negative word (not), this is the key word to determine the point of view of the
above sentence. Without it, the above sentence is entirely positive, so we need
to check if it contains a negative word. We have to reverse the point of the
sentence.

5.4.2. Conditional sentences. Conditional sentences are sentences that
describe hypothetical effects or situations and their consequences. In English,
various conditional joins can be used to form sentences. A conditional sentence
consists of two clauses: A conditional clause and a consequential clause,
which depend on each other. This relationship has important implications for
describing the opinions of sentences. For the sake of simplicity, comment
words (also known as opinion words) (e.g., great, beautiful, bad) alone cannot
determine the opinion in a sentence. A conditional sentence can contain many
comment words or phrases but may not express an opinion [35].

About here, we will describe a few examples to parse this sentence
form:

Informatics and Automation. 2023. Vol. 22 No. 2. ISSN 2713-3192 (print) 301
ISSN 2713-3206 (online) www.ia.spcras.ru



LUNPPOBbLIE MH®OPMALIMOHHO-TENEKOMMYHUKALIMOHHBIE TEXHONOI M

Example 1: "If someone makes a beautiful and reliable car, I will buy
it" expresses the opinion that there is no sympathy for any car, even though
"beautiful" and "reliable" are two words that mean positive comments. However,
this does not mean that a conditional cannot express opinions/comments.

Example 2: "If you are looking for a phone with good voice quality,
don’t buy this Nokia phone." It has a negative connotation with the "voice
quality" of "Nokia phone," although here there is a positive comment "good"
in the conditional on complementing "voice quality." However, according to
the above sentence, the point of view is the opposite.

Furthermore, we noticed that most conditional sentences contain the
word If. However, there are also many other dependent join words such as:
even if, unless, in case, assumption/supposing, as long as, etc. Corresponding
to each word (phrase) also gives different evaluation conditions.

For this type of sentence, we analyze some assessment skills as follows:

Firstly: Find the position of the commented words/phrases.

Secondly: POS tags comment words; comment words can use in some
of the following cases, not all sentences containing an opinion, for example, I
trust Motorola, and He has a trust fund both contain the word trust. But only
the previous sentence has an idea.

Thirdly: Find words that do not indicate an opinion; similar to how
to find comment words related to an idea, here are some words that imply
the opposite. Words like wondering, thinking, and debating of the user ask
questions or expresses doubt.

Fourthly: Tense patterns and basic tenses use to create a set of features.
We identify the first word in both conditional and consequential clauses by
searching for related words using POS tags. Fifthly: In sentences with or
without the characters *?” and ’!.

Sixthly: Conditional associations used in sentences (if, even if, unless,
only if, etc.) are considered a feature.

Seventhly: Conditional clause length and consequences. Using simple
punctuation rules in the language, we automatically segment sentences into
conditional and consequential clauses. Usually, the conditional is very short
and does not affect the statements of opinion.

Eighthly: The use of negative words like not, don’t, and never, etc.,
often change the opinion of a sentence; for example, adding negative words
before comment words can change the idea of a sentence from positive to
negative.

In addition, to handle more complex sentences, we propose to analyze
and perform the following in Table 2:

If the condition contains VB/VBP/VBZ — 0 conditional;
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If consequent contains VB/VBP/VBS — 0 conditional;
If the condition contains VBG — 1% conditional;
If the condition contains VBD — 2" conditional;
If the condition contains VBN — 3" conditional.

Table 2. Tenses to identify comparative sentence types

Type Linguistic Condition POS tags | Consequent POS tags
o | f+simplepresent — VB/VBP/VBZ VB/VBP/VBZ
simple present
1 I +sim present = | yp v pp/vBZ/VBG MD+VB
will + bare infinitive
2 If + past tense = VBD MD+VB
would + infinitive
3 If + past perfect — VBD/VBN MD+VBD
present perfect

5.4.3. Comparative sentences. A helpful note about comparative
sentences is that in each such sentence, there is usually a comparative (e.g.,
“better,” “worse,” and —er ) or superlative (e.g., “best,” “worst,” and the
word —est). The objects to compare often appear on either side of the word
comparison. An excellent sentence can have only one entity, e.g., “Camera X
is the best.” For simplicity, the author uses comparative words (sentences) and
superlative words (sentences).

The comparative words mainly identify the preferred entities in a
comparative sentence in the sentence. Some comparative words explicitly
indicate user preferences, for example, “better,” “worse,” and “best.” We call
such words opinionated comparative words. For example, given the following
sentence: “the picture quality of Camera X is better than that of Camera Y,”
Camera X is a popular product due to its comparative point of view word
“better.”

However, many comparators do not have a specific point of view, or their
opinion (positive or negative) depends on the context or the application domain.
For example, the word "longer" does not hold the conventional wisdom to show
that the length of some feature of one entity is greater than that of another.
However, it can represent a desired (positive) or undesirable (negative) state in
a particular context. For example, given the following sentence: "the battery
life of Camera X is longer than Camera Y," "longer" clearly wants to represent
the desired state of "battery life" (although the object in the sentence does not
support a clear opinion). "Camera X" is also the favorite with "battery life"
among the compared cameras. The opinions in the above sentence are called
implicit opinions.
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Sentences with opinion words (for example, "better" and "worse") are
usually easy to deal with. The key to solving our’s problem is to identify the
opinions (positive or negative) of the context-dependent comparative words.
To conclude, two questions arise: (1) what is context, and (2) how can context
be used to help determine the opinion of a comparative word?

The simple answer to question (1) is the whole thing. However, the
entire sentence and the context could be more straightforward because much
irrelevant information, which can confuse the system. Intuitively, we want
to use the most accurate context that can confirm the point of view of the
word comparison. So, the context must have entity features to compare and
find the comparison word. To answer the second question (2), we need more
information or knowledge because there is no way a computer program can
solve the problem by analyzing the sentences themselves. In this article, we
propose to use customer evaluation information on the Chatbot system to help
solve the problem.

5.4.4. Compound sentences. A compound sentence is a sentence that
contains the following words: but, although, however, and nevertheless. For
this type of sentence, the meaning will often be the opposite of the user’s
original desire.

Example: This is great. However, I hate it; although this is good, I won’t
buy it, etc.

For this type of sentence, we propose to evaluate according to the
following steps:

— Step 01: Identify sentences containing but, although, however, and
nevertheless, not.

— Step 02: Split the above sentence into simple sentences.

— Step 03: Processing simple sentences.

— Step 04: Conclusion.

5.4.5. Special sentences. Special sentences are sentences that contain
special words or contain dichotomous words. For example:

— Dell has a fast processor.

— Dell has a fast battery.

We can see that fast here is fast, which is fine if you have a fast processor,
but it is terrible for battery life. As for how to deal with this, we have established
a dictionary of associated words and their views. Here, we can understand that
"processor+fast->Positive", "Battery+fast->Negative".

6. Evaluation

6.1. Experimental Settings. In this section, we proceed to install and
test. The experiment was written in Python and tested on a 64-bit Windows
11 Pro computer with the following configuration: 16384MB of RAM and
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an 11th Gen Intel(R) Core(TM) i5-11400H 2.70GHz, 2688 Mhz, 6 Core(s),
12 Logical Processor(s). Besides, we use negative and positive words with
6800 words [32]. The data we collect are products, including computers (531
sentences), routers (879 sentences), and Speakers (689 sentences) [36] to test.

When working with text data, we must perform various preprocessing
steps on the data before building a machine learning or deep learning model. We
must apply various operations to preprocess the data based on the requirements.
Tokenization is the most fundamental and first thing you can do with text data.
Tokenizing is dividing a large text into small parts, such as words. We iterate
through the patterns, tokenizing the sentence with the nltk.word tokenize()
function and appending each word in the words list. We also make a class list
for our tags. We will now lemmatize each word and remove any duplicates
from the list. Lemmatizing converts a word to its lemma form and creates a
pickle file to store the Python objects used during prediction.

Furthermore, in Table 3, we also test with ten comments that we give
manually and evaluate and compare our system prices.

Table 3. Result of evaluation between the system Chatbot and Human

N. |Some English comments on social networks Evaluates Conclusion
Our
ChatBot| 1m0
1 |Hardware with very stable performance. Positive | Positive True

This program contains suspicious,
malicious code.

2 Negative | Negative True
3 [More memory will run smoother. Positive | Positive True
4

If I leave this computer here for a month, it
will malfunction.

In terms of performance, this year’s gaming
computer is better.

This program performed worse than
expected compared to the previous run.

It’s been a long time since he used

7 |his calculator, but it still works fine Positive | Positive True
with minor repairs.

He tried to remove malicious programs

Negative | Negative True

Positive | Positive True

Negative | Negative True

8 |from his computer, but it failed and even Negative | Negative True
crashed his computer.
9 |Fantastic, it works without problems! Positive | Positive True
10 | Dammit, the laptop is so old! Negative | Negative True
Informatics and Automation. 2023. Vol. 22 No. 2. ISSN 2713-3192 (print) 305

ISSN 2713-3206 (online) www.ia.spcras.ru



LUNPPOBbLIE MH®OPMALIMOHHO-TENEKOMMYHUKALIMOHHBIE TEXHONOI M

The results show that the system we evaluated correctly with our manual
evaluation reached 100%. To calculate the above result, we use the following
formula [19]:

T hecorrectnumbero f comments

e))

Correctdetectionrate =
Totalnumbero f comments

— Correct detection rate: Accuracy of comments on the system.

— The correct number of comments: The correctly evaluated
sentences that the input already knows.

— Total number of comments: The total number of whole sentences
tested.

In this part, the proposed is compared with two reference methods, A
Chatbot for Changing Lifestyle in the Education method (called ACCLE) and
Interactive Transport Enquiry with Al Chatbot (called ITEAI). A summary of
those reference methods is described as follows.

— ACCLE [37]: The author proposes a Chatbot system to serve to learn
between teachers and students. The system is implemented by having students
ask questions in the Chatbot in the form of text. Then the system processes
it through natural language processing and deep learning technology. Finally,
the system processes to answer the student. However, this system only serves
schools and has yet to analyze the respondents’ emotions.

— ITEAI [38]: Similar to the ACCLE method, this method also builds
a Chatbot system that confirms the user’s current location and final destination
by asking some questions. The design of this method checks the user’s query
and extracts the appropriate entries from the database. This approach aims at
the receiver to get all the information about the bus name and number. Them
so that the person can safely move to the desired location.

Although the methods used have their strengths, our approach has been
evaluated based on training, information extraction, and evaluation based on
human emotions to assess the overall and give good results for the desired user.

Based on the dataset used and having the correct sentence classification,
we conducted a test with 230 (Negative: 67, Positive: 163) sentences with the
data file Computer.txt, with Router.txt with 222 (Negative: 81, Positive: 141)
sentences, and Speaker.txt with 284 (Negative: 63, Positive: 221) sentences
rated as standard negative and positive (Figure 5).
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== CHATBOT SYSTEM — X

PROPOSED

You: In terms of performance, this year's gaming comp
uter is better.

Bot: This is positive

You: This program performed worse than expected co
mpared to the previous run.

Bot: This is negative

You: It's been a long time since he used his calculator,
but it still works fine with minor repairs.

Bot: This is positive

Fig. 5. GUI - The proposed

In this paper, we have referenced two related works. Unfortunately, our
system gives better results than the two referenced methods in Table 4.

Table 4. Performance of the proposed and reference methods

Type ACCLE| ITEAI |The proposed
The number of negative sentences| 368 271 290
The number of positive sentences 2 290 288
Total number of comments 736 736 736
Rate of the positive sentence 50.27% | 76.22% 78.53%
Build finished in 1 minute 10s 55s 46s
Build finished in 70.0679s|55.1462s|  46.2025s
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The results in Table 4 show that the proposed method always accounts
for a higher percentage than the remaining methods when considering 736
sentences. The ACCLE approach shows low results when it comes to the
average at 50.27%, while the ITEAI method gives results of 76.22% or more.
The proposed method reached the lowest level at 78.53%.

7. Conclusion. We have built a Chatbot model to deal with some simple
sentences, such as simple sentences, and comparison sentences with conditional
and compound sentences, which are reliable, but for memorable sentences
because there needs to be more time to solve the problem.

The paper has built an automatic evaluation model of opinion mining
over a Chatbot system. This concept developed in response to the current
issues that businesses face as social networks grow, but quality values remain
limited. A series of document reviews to ensure consistency in all work, and
the chatbot was determined to be the best model to meet the requirements.
Chatbot research draws connections to learn more about emerging transient
technologies and compatible algorithms such as Artificial Intelligence, Machine
Learning, Python, and Natural Language Processing (NLP). The results show
that our proposed method is up to 78.53%.
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LUNPPOBbLIE MH®OPMALIMOHHO-TENEKOMMYHUKALIMOHHBIE TEXHONOI M
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X.B. HryeH, H. TaH, H.X. KvaH, Y.T. XbIOHT , H.X. [IXAT
CO3JAHUE CUCTEMbBI YAT-BOTOB JI1 AHAJIM3A MHEHUN
AHIJIOA3BIYHBIX KOMMEHTAPHUEB

Hzyen X.B., Tan H., Kyan H.X., Xvionz 4.T., ITxam H.X. Co31aHe CHCTEMBI YaT-00TOB /ISt
aHaJIM3a MHEHHI aHIJIOA3bIYHBIX KOMMEHTapHeB.

AHHOTaDUs. HccnenoBanusi 4aT-00TOB 3HAUMTENIBHO TMPOABUHYIUCH 32 3TU TOMBL.
IpeanpuaTus U3yyaiT, Kak YIy4llUTh NPOU3BOJUTEILHOCTD, NPUHATHE W BHEJPEHUE ITHX
MHCTPYMEHTOB, YTOOBI OOIATHCS C KIMEHTAMH WM BHY TPEHHUMH KOMaHJaMH Yepe3 COLMaIbHbIe
cetu. KpoMe Toro, npeAnpusTHs Takke XOTSAT 0OpaIiaTh BHUMaHHE Ha KaueCTBEHHBIE OT3bIBBI
KJIMEHTOB B COLIMAJIBHBIX CETSAX O MPOAYKTaX, AOCTYNHbIX Ha pbiHKe. OTTyna, moxanyiicra,
BBIOEpHTE HOBBII METOJ UIs YIy4IIEeHHs KauecTBa 0OCIIy )KUBaHUs CBOMX IPOLYKTOB, a 3aTeM
OTIIPABbTE €ro B M3/IaTEJIbCKIE areHTCTBA AJIs MyOJIMKALMKA Ha OCHOBE MOTPEOHOCTEM U OLIEHKH
obmuiectBa. HecMOTpst Ha To, YTO B MocJieHee BpeMs ObUIO MTPOBEJCHO MHOKECTBO MCCJICI0BAHUI,
He BCE M3 HHUX 3aTParrBaioT BONPOC OLIEHKM MHEHHil 0 cucTeme 4aT-00ToB. OCHOBHasI 1iejb
HCCJIeIOBaHUSI B 3TOU CTaThe — OLIEHUTh YEJIOBEUECKIEe KOMMEHTAPUH Ha aHIJIMICKOM sI3bIKE
C MOMOIIBI0 CHCTEMBI 4aT-00TOB. JJOKYMEHTBI CHCTEMBI IPEBAPUTENIBHO 00pabaThiBalOTC 1
COMOCTABISIIOTCST MHEHHsI, YTOObI MPEJIOCTABUTH 3aKJIOYEHHsI HA OCHOBE KOMMEHTAPHEB HA
AHIVIMICKOM s13bIke. OCHOBaHHAsl Ha MPAKTUYECKUX MOTPEOHOCTSIX M COLMAIIBHBIX YCJIOBHSX,
3Ta METOJOJIOTHsI HAMPABJICHA HA PAa3BUTHE KOHTEHTA 4aT-00Ta Ha OCHOBE B3aUMOJEHCTBUS C
T0JIb30BATENIEM, UTO MO3BOJISIET OCYILIECTBIISITh UKJINUECKUI U KOHTPOJIUPYEMBIN Y€JIOBEKOM
MPOLIECC CO CIICAYIOIIMMU TallaMy OLIEHKM KOMMEHTapUEB Ha aHIIMHACKOM s3blke. CHayasia Mbl
NpeBapUTENILHO 00pabaThIBAEM BXO/IHbIE JaHHbIE, COOMpPas KOMMEHTAPUM B COLIMANIBHBIX CETSIX, &
3aTeM Hallla CUCTEMa aHAJIM3UPYET 3T KOMMEHTApUH B COOTBETCTBUM C PETHHIOM IPOCMOTPOB
0 Kak/10ii 3aTpoHyTO# Teme. HakoHell, 1aHHas cucteMa Oy[eT JaBaTh PEUTHHT U Pe3yJbTaT
KOMMEHTapUeB IJIsI KaX10r0 KOMMEHTAapHs1, BBEJCHHOTO B CHCTEMY. DKCIIEPUMEHTHI IIOKa3bIBAIOT,
YTO JaHHBIA METOJ MOXET MOBBICUTh TOYHOCTD Ha 78,53% mnydile, 4yeM yHOMSIHY Thie METO/IbL.

KuroueBsble ciioBa: 4aT-00T, OCKOpPOUTEIbHBIE KOMMEHTapHH, KYJIbTypa MOBEACHHUS, OHJIANH,
OHTOJIOTHS1, AaHAJIN3 MHEHUH, aHAJIU3 HACTPOCHHUI.
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