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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 )

228 WHdopmaTuka 1 aBTomaTtudaumst. 2023. Tom 22 Ne 2. ISSN 2713-3192 (neuv.)
ISSN 2713-3206 (oHnarH) www.ia.spcras.ru



DIGITAL INFORMATION TELECOMMUNICATION TECHNOLOGIES

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
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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),

246 WHdopmaTuka 1 aBTomaTtudaumst. 2023. Tom 22 Ne 2. ISSN 2713-3192 (neuv.)
ISSN 2713-3206 (oHnarH) www.ia.spcras.ru



DIGITAL INFORMATION TELECOMMUNICATION TECHNOLOGIES

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

252 WHdopmaTuka 1 aBTomaTtudaumst. 2023. Tom 22 Ne 2. ISSN 2713-3192 (neuv.)
ISSN 2713-3206 (oHnarH) www.ia.spcras.ru



DIGITAL INFORMATION TELECOMMUNICATION TECHNOLOGIES

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.
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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

Informatics and Automation. 2023. Vol. 22 No. 2. ISSN 2713-3192 (print) 299
ISSN 2713-3206 (online) www.ia.spcras.ru



LUNPPOBbLIE MH®OPMALIMOHHO-TENEKOMMYHUKALIMOHHBIE TEXHONOI M

— 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:
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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
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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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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.

JIuteparypa

1. Scholz T., Conrad S. Opinion mining in newspaper articles by entropy-based word
connections. Proceedings of the 2013 Conference on Empirical Methods in Natural
Language Processing. Seattle, Washington, USA: Association for Computational
Linguistics, 2013. pp. 1828-1839.

2. Feldman R. Techniques and applications for sentiment analysis. Communications of the
ACM. 2013. vol. 56. pp. 82-89.

3. Mauldin M. Chatbot. Available at: https://en.wikipedia. org/wiki/Chatbot. (accessed:
10.11.2022).

4. Ganesan M., Deepika C., HarievashiniB., Krithikha A., Lokhratchana B. A survey on

chatbots using artificial intelligence. International Conference on System, Computation,
Automation and Networking (ICSCAN). 2020. pp. 1-5.

5. Singh S., Kaur M., Tanwar P., Sharma S. Design and development of conversational
chatbot for covid-19 using nlp: an ai application. 6th International Conference on
Computing Methodologies and Communication ICCMC). 2022. pp. 1654-1658.

312 VHdbopmaTyka u asTomaTusaums. 2023. Tom 22 Ne 2. ISSN 2713-3192 (neu.)
ISSN 2713-3206 (oHnawH) www.ia.spcras.ru



DIGITAL INFORMATION TELECOMMUNICATION TECHNOLOGIES

10.

11.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Liu F., Yang X., Wang Y. An interactive chatbot for university open day. IEEE 13th
International Conference on Software Engineering and Service Science (ICSESS). 2022.
pp. 214-217.
Rawat B., Bist A., Rahardja U., Aini Q., Ayu Sanjaya Y. Recent deep learning based nlp
techniques for chatbot development: An exhaustive survey. 10th International Conference
on Cyber and IT Service Management (CITSM). 2022. pp. 1-4.
Garg R., Riya R., Thakur S., Tyagi N., Basha K., Vij D., Sodhi G. Nlp based chatbot for
multiple restaurants. 10th International Conference on System Modeling Advancement
in Research Trends (SMART). 2021. pp. 439-443.
Wahal A., Aggarwal M., Poongodi T. Iot based chatbots using nlp and svm algorithms.
3rd International Conference on Intelligent Engineering and Management (ICIEM).
2022. pp. 484-489.
Adam M., Wessel M., Benlian A. Al-based chatbots in customer service and their effects
on user compliance. Electronic Markets. 2021. vol. 31. no. 2. pp. 427-445.
Ceuca L., Rednic A., Chifu E. Safer museum guide interaction during a pandemic and
further using nlp in human interactive museum visits: Museum guide chatbot. IEEE
17th International Conference on Intelligent Computer Communication and Processing
(ICCP). 2021. pp. 313-318.
Smutny P., Schreiberova P. Chatbots for learning: A review of educational chatbots for
the facebook messenger. Computers Education. 2020. vol. 151. p. 103862.
Purohit J., Bagwe A., Mehta R., Mangaonkar O., George E. Natural language processing
based jaro-the interviewing chatbot. 3rd International Conference on Computing
Methodologies and Communication (ICCMC). 2019. pp. 134-136.
Srivastava P., Singh N. Automatized medical chatbot (medibot). International Conference
on Power Electronics IoT Applications in Renewable Energy and its Control (PARC).
2020. pp. 351-354.
Polignano M., Narducci F., Iovine A., Musto C., De Gemmis M., Semeraro G.,
Healthassistantbot: A personal health assistant for the italian language. IEEE Access.
2020. vol. 8. pp. 107479-107497.
Kumari S., Naikwadi Z., Akole A., Darshankar P. Enhancing college chat bot assistant
with the help of richer human computer interaction and speech recognition. International
Conference on Electronics and Sustainable Communication Systems (ICESC). 2020. pp.
427-433.
Ait-Mlouk A., Jiang L. Kbot: A knowledge graph based chatbot for natural language
understanding over linked data. IEEE Access. 2020. vol. 8. pp. 149220-149230.
Makhkamova O., Lee K.-H., Do K., Kim D. Deep learning-based multi-chatbot broker
for qa improvement of video tutoring assistant. IEEE International Conference on Big
Data and Smart Computing (BigComp). 2020. pp. 221-224.
Nguyen Huu P., Do Manh C., Nguyen Trong H. Proposing chatbot model for managing
comments in vietnam,” in Industrial Networks and Intelligent Systems. Eds. N.-S. Vo,
V.-P. Hoang, Q.-T. Vien. Cham: Springer International Publishing, 2021. pp. 287-297.
Sinha S., Basak S., Dey Y., Mondal A. An educational chatbot for answering queries.
Emerging technology in modelling and graphics. Springer, 2020. pp. 55-60.
Selvi V., Saranya S., Chidida K., Abarna R. Chatbot and bullyfree chat. IEEE International
Conference on System, Computation, Automation and Networking (ICSCAN). 2019. pp.
1-5.
Miklosik A., Evans N., Qureshi A. The use of chatbots in digital business transformation:
A systematic literature review. IEEE Access. 2021. vol. 9. pp. 106530-106539.
Daniel G., Cabot J., Deruelle L., Derras M. Xatkit: A multimodal low-code chatbot
development framework,” IEEE Access, 2020. vol. 8. pp. 15332-15346.

Informatics and Automation. 2023. Vol. 22 No. 2. ISSN 2713-3192 (print) 313

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



LUNPPOBbLIE MH®OPMALIMOHHO-TENEKOMMYHUKALIMOHHBIE TEXHONOI M

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

37.

38.

Santos G., De Andrade G., Silva G., Duarte F., Costa J., De Sousa R. A conversation-
driven approach for chatbot management. IEEE Access. 2022. vol. 10. pp. 8474-8486.
Medeiros L., Bosse T. Gerritsen C. Can a chatbot comfort humans? studying the
impact of a supportive chatbot on users’ self-perceived stress. IEEE Transactions on
Human-Machine Systems. 2022. vol. 52. no. 3. pp. 343-353.

Abdellatif A., Badran K., Costa D., Shihab E. A comparison of natural language
understanding platforms for chatbots in software engineering. IEEE Transactions on
Software Engineering. 2022. vol. 48. no. 8. pp. 3087-3102.

Zhang L., Yang Y., Zhou J., Chen C., He L. Retrieval-polished response generation for
chatbot,” IEEE Access. 2020. vol. 8. pp. 123882-123890.

Ren R., Perez-Soler S., Castro J., Dieste O., Acuna S. Using the socio chatbot for uml
modeling: A second family of experiments on usability in academic settings. IEEE
Access. 2022. vol. 10. pp. 130542-130562.

The  stanford natural language  processing (nlp).  Available at:
https://nlp.stanford.edu/software/tagger.shtml. (accessed: 02.11.2022).

Nicolov N., Salvetti F., Ivanova S. Sentiment analysis: Does coreference matter. AISB
2008 convention communication, interaction and social intelligence. 2008. vol. 1. p. 37.
Kanayama H., Nasukawa T., Watanabe H. Deeper sentiment analysis using machine
translation technology. COLING 2004: Proceedings of the 20th International Conference
on Computational Linguistics. 2004. pp. 494-500.

Hu M., Liu B. Mining and summarizing customer reviews. Proceedings of the tenth
ACM SIGKDD international conference on Knowledge discovery and data mining. 2004.
pp. 168-177.

Ko M.-C., Lin Z.-H. Cardbot: A chatbot for business card management. Proceedings of
the 23rd International Conference on Intelligent User Interfaces Companion, ser. IUI
18 Companion. New York, NY, USA: Association for Computing Machinery, 2018.
Available at: https://doi.org/10.1145/3180308.3180313. (accessed: 02.11.2022).
English tense system. Available at: https://www.englishclub.com/grammar/verbtenses-
system.htm. (accessed: 10.11.2022).

Narayanan R., Liu B., Choudhary A. Sentiment analysis of conditional sentences.
Proceedings of the 2009 Conference on Empirical Methods in Natural Language
Processing. Singapore: Association for Computational Linguistics. 2009. pp. 180-189.
Liu Q., Gao Z., Liu B., Zhang Y. Automated rule selection for aspect extraction in
opinion mining,” in Proceedings of the 24th International Conference on Artificial
Intelligence, ser. IICAI’15. AAAI Press, 2015. p. 1291-1297.

Kasthuri E., Balaji S. A chatbot for changing lifestyle in education. Third International
Conference on Intelligent Communication Technologies and Virtual Mobile Networks
(ICICV). 2021. pp. 1317-1322.

Dharani M., Jyostna J., Sucharitha E., Likitha R., Manne S. Interactive transport enquiry
with ai chatbot. 4th International Conference on Intelligent Computing and Control
Systems (ICICCS). 2020. pp. 1271-1276.

Hryen XyHr Boer — npenopaBareb, BocTOYHOA3MaTCKUi TEXHOJIOIMYECKUI YHUBEPCUTET;
axynpreT MHPOPMAIMOHHBIX TEXHOJOTUH, XaHONCKUI YHUBEPCUTET HAyKH M TEXHOJIOTHIA.
O6nacTh Hay4YHBIX HHTEPECOB: MYJIbTHMEIHIIHbIE KOMMYHHKAIMH, ceTeBasi 0e30M1acHOCTb,
UCKYCCTBEHHBI!I MHTEJUIEKT, yIpaBJeHHe TPa(UKOM B CETSAX HOBOTO IOKOJEHMS, apaHTHUs
QOoE/QoS nJ1st ceTeBBIX yCIIyT, SKOJIOTHYHBIE CETH, MPHIOKEHNs. UncI0 HayYHBIX IyOIHKamii —
10. hungnv @eaut.edu.vn; Ku @y - Ku Anp, Xatunb, Beetnawm; p.1.: +84(098)911-2079.

Tan Hryen — Hay4uHBII COTpPYJHUK, BOCTOUHOA3MATCKUiI TEXHOJOTHMYECKUN YHUBEPCHUTET.

O061acTh HAyYHBIX HHTEPECOB: NPHIOKEHYIS], aHAIM3 AAHHBIX. YHCII0 HayqHBIX IMyOmMKarmii — 1.
tan25102000 @ gmail.com; Ysnr 3yHr - Tuen Jly, XbiHriteH, BeetHam; p.t.: +84(035)919-0216.

314

MHdopmaTrka n aBTomaTtndaums. 2023. Tom 22 Ne 2. ISSN 2713-3192 (neuv.)
ISSN 2713-3206 (oHnawH) www.ia.spcras.ru



DIGITAL INFORMATION TELECOMMUNICATION TECHNOLOGIES

Kyan Hryen XoHr — Hay4Hblil cOTpyIHHK, BOCTOYHOA3MAaTCKMIi TEXHOIOTMYECKUIA YHUBEPCUTET.
O06s1aCTh HAayYHBIX HMHTEPECOB: MNpPIIOKEHHs, ceTh. UMciao HayuHbIX myOiukanmii — 1.
quan31nd@gmail.com; Cyan Txaunb, Cyan XbloHr, XaHoi, BeeTHam; p.1.: +84(082)220-6919.

Xbiour Ysionr Txy — Ph.D., Dr.Sci., 3amecTurens HauvajdbHMKA OTAEJa WHKXEHEPHBIX
KOMMYHUKALMA, LIIKOJIA 3JIEKTPOTEXHUKH U 2JIEKTPOHHOH MHkKeHepry, XaHONCKUI yHUBEPCUTET
HayKW " TexHojoruil. O61acTh HayUHBIX UHTEPECOB: ceTeBasi 6€30MacHOCTb, UCKYCCTBEHHbIE
UHTeJUIEKTyaJIbHble (DYHKIUHU, YIIpaBieHue TpahHKOM B CETsX CIEYIOIEro MOKOIeH s, FapaHTUs
QoE/QoS nis1 ceTH yciryry, SKOJIOTHYHbIE CETH, Pa3BUTHE SKOCUCTEM U NpuioxkeHuit nTepueta
Beweil. Yuco HayvHbIX myOmukauuii — 84. huong.truongthu @hust.edu.vn; ymuua Jaii Ko Beer,
1, Xanoii, BoetHam; p.T.: +84(243)869-2242.

IIxat Hryen Xyy — Ph.D., npenopaBatesb, XaHOWCKMiII YHUBEPCUTET HAYKU U TEXHOJIOTHIA.
O061acTh HayYHBIX HHTEPECOB: 00paboTKa N300paXKeHNii U BUEO0, OECIIPOBOIHbIE CETH, OOJbIINE
JIaHHbIE, MHTEJUIEKTYaJIbHbII TpaHcnopT, cucteMsl (UTC), Mutepret Bemeit (IoT). Yucesno HayuHbIX
ny6mkanmii — 60. phat.nguyenhuu@hust.edu.vn; ynina J{ait Ko Beer, 1, XaHoii, BbeTHam; p.T.:
+84(243)869-2242.

Informatics and Automation. 2023. Vol. 22 No. 2. ISSN 2713-3192 (print) 315
ISSN 2713-3206 (online) www.ia.spcras.ru



LUNPPOBbLIE NH®OPMALIMOHHO-TENEKOMMYHUKALIMOHHBIE TEXHONOI M

YK 621.391 DOI 10.15622/ia.22.2.4

A.H. TPO®UMOB, ®.A. TAVEUH
AHAJIN3 3ODPEKTUBHOCTU KACKA/THOI'O KOAUPOBAHUSA
JIJIS1 MOBBILIEHUSI BBIHOCJIMBOCTH MHOI'OYPOBHEBOM
NAND ®JIEHI-ITAMSATH

Tpogpumos A.H., Tayoun @.A. AHanu3 >(PeKTUBHOCTH KACKAJHOTO KOAMPOBAHMS JJIf
TMOBBIIIEHUS] BBIHOCTUBOCTH MHOToypoBHeBoii NAND duem-namsaru.

AHHoTauus. [ToBhIICHHE IUIOTHOCTH 3allCH B coBpeMeHHbIX uunax NAND duem-
[IaMSATH, TOCTHTaeMoe KaK 3a CU4eT yMEHbINalolerocs (GU3MUeckoro pasMepa s4eiku, Tak U
Orarogapsi BO3pacTaloleMy KOJINYECTBY HCIIOIb3yEeMbIX COCTOSHHI SIEHKH, COIPOBOXKIACTCS
CHIDKEHHEM HaJeKHOCTH XPAaHEHHs JaHHBIX — BEPOSTHOCTH OIIMOKHU, BEIHOCIMBOCTH (YHCIIA
LUKJIOB MEpe3aluch) M BpeMeHH XpaHeHHsa. CTaHAAapTHBIM pPELIEHUEM, I103BOJIAIOIMM
MOBBICHTh HAJEKHOCTh XPAaHEHHS JaHHBIX B MHOTOYPOBHEBOW (MICHI-HAMSTH, SBISIETCS
BBEJICHUE ITOMEXO0YCTOHYMBOT O KOJUPOBaHHUSI. S¢ddexTHBHOCTH BBEJICHU S
NIOMEXO0YCTOHYMBOI0 KOJUPOBAHUS B CYLIECTBEHHON CTENEHU OINpPENENseTcs aJeKBaTHOCTbIO
MozenH, GpopManm3yolell OCHOBHBIE IIPOLECCHI, CBA3aHHbIE C 3aIIUCHI0 U YTCHHEM JaHHEIX. B
paboTe IPUBOJHUTCS ONHMCAHHE OCHOBHBIX HCKQKCHHWH, COINPOBOXKIAIOIMX —IIPOLECe
3anmcu/canteiBanus B NAND ¢uremn-mamsiti, ¥ SIBHBIH BUJ IUIOTHOCTEH pacIpe/eleHus
pe3ylIbTUPYIOIIEro IIyma. B kauecTBe aNNpoKCHMMalMU  HOJNYYEHHBIX IUIOTHOCTEH
pacrpeeneHus pe3yIbTUPYIOLIEro IyMa paccMaTPUBAETCs MOJIENIb HA OCHOBE KOMIIO3UIMU
rayccoBa paclpeielleHust u pacnpezeneHus Jlamiaca, JOCTaTOYHO aJeKBaTHO OTpakaromas
IUIOTHOCTH pacHpelelieHHs] pe3yJIbTHPYIOIIero IyMa Ipd OOJBIIOM 4YHCIE LUKIOB
nepe3anucu. Jlns 3TOH MOJENM INPOBOAUTCS aHAIU3 MOMEXOYCTOMYMBOCTH KaCKaJHBIX
KOJIOBBIX KOHCTPYKLMI ¢ BHEIHUM kotoM Puna-ConoMoHa 1 BHYTPEHHUM MHOI'OYPOBHEBBIM
KOJIOM, COCTOSIIIUM M3 JABOMYHBIX KOMIIOHEHTHBIX KOJOB. BBINOJIHEHHBIN aHaIM3 IMO3BOJISET
MOJIy9UTh OOMEHHBIE COOTHOILIECHHSI MEXIY BEPOSTHOCTHIO OIIMOKH, INIOTHOCTBIO 3allUCH U
YHUCIIOM LUKJIOB Iepe3anucu. I[loiyueHHble OOMEHHbBIE COOTHOLIEHHMS IOKa3bIBAIOT, YTO
MPEJIIOKEHHBIE KOHCTPYKLMHU TIO3BOJIIOT 3a CYET OYEHb HE3HAYUTEIBHOIO CHYIKEHUS
IUIOTHOCTH 3aIIUCH 00ECHEYHUTh YBEIMUEHHE IPAHUYHOI0 3HAaYE€HUs YHCIIA LIUKJIOB ME€PEe3arucu
(ompenensieMoro Mpou3BoAUTENeM) B 2—2.5 pa3a IpPH COXpPaHCHHH TPeOyeMOoro 3Ha4YeHHs
BEPOSITHOCTH OIIMOKU Ha OUT.

Karwuesble ciioBa: MHOroypoBaeBass NAND (iiem-namsith, MOJIENb HCKQKECHUI B KaHAJIE
3aIIMCH/CUNTHIBAHUS, NL pacnpeseneHue, KacKaJHoe KOJMPOBaHMUE, aHaM3
NIOMEX0YCTOHYUBOCTH, BHIHOCIUBOCTD.

1. BBenenne. DHeproHesaBucuMasi HaMsATh (non-volatile memory,
NVM) — kiacc nmaMsTH, KOTOPBIA MOIJEPKUBACT COXPAaHEHHBIC JaHHbIE
JlaKe TI0Ci€ OTKIIOYEHHMs OT HUCTOYHMKa nuraHus. CoBpeMeHHas
SHEproHe3aBHCHMas MaMsATh obecrieyuBaroT Oosee OBICTPBIA  IOCTYI
K JJaHHBIM,  IIOHIDKCHHOE  DJHEpromoTpetyieHMe W YIY4YIICHHYIO
OTKa30yCTOMYHMBOCTh IO CPABHEHHMIO C OOBIYHBIMH KECTKUMH JVCKAMH.
Kak pe3ynbraT, ycTpolicTBa Ha OCHOBE SHEPTOHE3aBUCHMOMN MAMSTH CTaJH
OCHOBHOH 3aMEHOH KECTKHX JMCKOB JUISl Pa3JInYHBIX HOBBIX HPHIOKEHHH,
CBSI3aHHBIX C XPaHEHHEM [aHHBIX, BKIOYas a3pOKOCMHYECKHE CHCTEMBI,
MIEPCOHATBHYIO 3JIEKTPOHHWKY, MOOWIbHBIE BBIYHMCICHHUS, aBTOHOMHBIE
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TPAHCIIOPTHBIE CPEJCTBA, KOPIIOPAaTHBHBIE XPAHWINING, JaTa-IEHTPHI,
BBIYMCIIUTEIbHBIE CHCTEMBl C WHTECHCHBHBIM HCIOJB30BAHMEM IAaHHBIX,
mequiuackue U loT ycrpoiictBa [1 —9]. CyliecTtByeT MHOXKECTBO THUIIOB
JHEPrOHE3aBUCUMOU MaMsTH, pasIuyaroImuxcs o CBOMM
MIOTPEOUTETHCKAM CBOWCTBAM, OOYCIIOBICHHBIM CIIOCOOOM TIOCTPOEHUS
3allOMUHAIOMNX s4YeeK, ¥ cdepam mnpumeHeHns. B Hacrosmee Bpems
HaunOosee MoIMyISIpHOI TEXHOIOTHEN SHEPrOHE3aBUCUMON MTaMSITH SIBIISIETCS
NAND  ¢uem-mamsite, IpeacTaBisiomas  co0OH  pa3HOBUIHOCTH
TEXHOJIOTUH JNEKTPUUECKU HepenporpaMmMupyeMon TIamMsITH
U TIOJUIEPKUBAIOIIAsl YTEHHWE, NPOrpaMMHUpPOBAHHE U CTHPAHHWE JAaHHBIX
B KaU€CTBE OCHOBHBIX oneparuid. KmroueBeiMu gocrouHcTBamMu NAND
(urem-amMsATH  SBJISAIOTCS KOMIIAKTHOCTH, JEIIEBHU3HA, MeEXaHWYecKas
NPOYHOCTh,  BBICOKAsi E€MKOCTb M  CKOPOCTb  paOOoTBl,  HH3KOE
sHepronoTtpebnenne. OnHON U3 OCHOBHBIX IENIEBBIX 00IMacTeli NpUMEHEeHUS
NAND ¢rnenr-namMsta  SBISIOTCS TPHIOKEHHS, B KOTOPBIX JIaHHBIE
MIOCTOSIHHO 3aIllUCBIBAIOTCSl U CTHUpArOTCA. JMama3oH TakUX NPHIOKEHUN
BECbMa IIMPOK — OT MOTPEOUTENHCKON 3JIEKTPOHUKH 10 KOPIOPATHBHBIX
LIEHTPOB 00pabOTKM MaHHBIX U1l OOJIAYHBIX MPUIIOKECHUH M COLMATIBHBIX
cereil. Od¢dexkTuBHOE (YHKIMOHMPOBAHWE TaKUX LEHTPOB Tpedyer
HaJM4uusl OBICTPBIX M HAAEKHBIX MEXaHHU3MOB XpaHEHHUs/OOHOBIICHUS
IpPOMa/IHBIX OOBEMOB JJAHHBIX, ¥ 3Ta IIOTPEOHOCTH YIOBIETBOPSETCS 32 CUET
WCIIONIb30BaHMs (pIIen-naMsaTH B BU/IE TBEpAOTENbHBIX Hakonutenel (SSD)
[1,6,9]. Ynyamenus B texHomoruu usroroBicHus NAND duem-mamsru
3a IOCJEeNHEee AECATWIETHE NPHUBEIN K CHIDKEHUIO YICIBHOW CTOMMOCTHU
W YBEJIMUYCHUIO IUIOTHOCTH 3allCH JIAaHHBIX M, TaKMM 00pa3oM, clelaliu
NAND ¢nenr-namMars npakTHdeckd Oe3aJbTEpPHATHBHBIM PELICHHEM JUIs
psAa COBPEMEHHBIX NMPUIOKEHHH.

Yurmt NAND ¢uem-mamMatu npeacraBiaser co0oi MUKPOCOOPKY U3
HECKOJIBbKUX KpUCTAIOB. Kaaplii KpuUCTaul, B CBOIO  O4Yepens,
Npe/cTaBiIsieT coOOW MaccWB siU€eK, KaxJaash W3 KOTOPBIX SBIISETCS
MOJIEBBIM TPAH3UCTOPOM C IUIABAIOIIUM 3aTBOpPOM. Takas sdeiika
XapaKTepu3yeTcss OAHUM M3  HECKOJIBKHX KOHEYHBIX COCTOSIHMI,
olpesieNIIeMbIX BEITMUMHOMN 3apsia B IJIaBarolleM 3aTBope. Diem-naMsarb
C YHCIIOM COCTOSIHHH ¢ > 2 Ha3bIBaeTcs MHOroypoBHeBoi (multi-level cell,
MLC), B orimume oT ogHOypoBHeBoi mamsTu (single-level cell, SLC), rae
BO3MOXKEH JIUIIb oluH HEHYJIEBOI YPOBEHB. Hawnbonee
pacnpoCTpaHEHHBIMH B HACTOSINEE  BpeMs  SABISIOTCS  YMUIBI
MHoroypoBaeBoii NAND curemr-namsitn ¢ 4 n 8 ypoBHSMH XpPaHHMOI'O
JIEKTPUUYECKOT 0 3apsiza B suelike. Ha cragum pa3paOoTKu HAXOASATCS YHITHI,
MTO3BOJISIFOIIIAE XPAHUTH B stueiike 4 outa [10, 11] u 5 6ur [12].
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W3BecTHO, Y4TO NOBBIIIEHHE TUIOTHOCTH 3aIIMCH COTIPOBOXKIACTCS KaK
YMEHBIICHHEM MaKCHMaJIbHO BO3MO)KHOT'O qucia LIKJIOB
nporpammupoBanust U crupanust (P/E  cycling), Tak M CHIKeHHEM
HAJEKHOCTH XpaHeHus JAaHHbIX [13,14]. B pesynpTare B THNHYHBIX
YCIOBUSIX OKCIUTyaTalldd CPOK CIYXObl YHIla MHOTOYpPOBHEBOH (hiremr-
MaMsITH BCJIEJCTBHE MOBBIIIEHHOIO HM3HOCA MOXXET COCTaBHTH BCETrO
HECKOJIbKO MecsleB [ 15]. Xopollo u3BeCTHO, YTO B PE3YJIbTATE MOBBIILICHUS
TUTOTHOCTH 3aIcy, XapaKTEePUCTUKH OCHOBHBIX rapameTpoB
MHOroypoBaeBoii NAND  ¢uem-namMsiTi — BEpOSTHOCTh  OIIMOKH,
BoiHOCIMBOCTH  (flash cell endurance) w gonroBedHOCTH XpaHEHUS
(data retention), Kak TpPaBWJIO, OKAa3bIBAIOTCS HelpHeMIIeMBbIMH. Tak,
WCXOJIHASl BEPOSITHOCTh OMIMOKM B YETHIPEXYPOBHEBOW (IIeII-TIaMsITH
(raw error rate), Jaxke NPH YMEPEHHBIX 3HAYEHHSAX YHCIIA [UKIIOB
Tepe3alycy U BPEMEHH XpaHeHHs, cocTasser mopsuka 107*...107 u Gonee
[16], Torma xak TpeOyemas BepOSTHOCTh OLIMOKH JIGKUT B IHAIa30HE
10"%...10"'°. Hanpuwmep, cormacro pexomenmauusam Joint Electron Device
Engineering Council (JEDEC), cranmaptHoe 3HaueHHe TpeOyemoi
BEPOATHOCTH OUIMOKH B TBEPIOTENBHBIX HAKONMTENSX cocraBmser 107
JUIS KIMEHTCKHX TpWIOKeHumir u 107'° i KOPHOpaTHBHEIX pelieHHit
[17, 18]. Hamee, TBepaoTenpHble Hakomurenn Ha 0aze SLC duem-mamsaru
Mornu BeiaepkuBath 150 000 HUKIOB MpOrpaMMUpPOBAHUS M CTHPAHUS,
TOrJIa KaK COBPEMEHHBIE TBEPIOTEIIFHBIE HAKOITUTENIH C YETHIPEXypOBHEBON
¢Grem-mamMATRI0O HAa OCHOBE Texmporecca 1x (T.e. 15-19 am) wMoryT
BbIAepkKaTh TONbKO 3000 nUKIOB nporpaMMupoBaHus U ctupanus [19, 20].
ITpn >ToM TpebOyemast BeTMYMHA BBIHOCIMBOCTH, T.€. JOIYCTUMOrO 4YHCIIa
IMKIIOB [ePE3antCcH, MOXKeT JOCTHraTh 3Hauernns 10°, a TpeGyemoe BpeMs
XpaHeHHs JaHHBIX cocTaBisieT 10 10 yer. B pesymbprarte, IpoU3BOAMTENN
U TI0JIb30BATEIM  MHOTOYPOBHEBOH  (iemr-mamMatd (M B YacTHOCTH,
TBEPAOTEIbHBIX HAKONUTENEH) CTaJKWBAlOTCI C TPYAHBIM BBIOOpOM
B COOTHOIICHHWH II€HBI, NPOW3BOIUTENHLHOCTH, E€MKOCTH W HaJeKHOCTH,
BKJIIOYAIOIIEM B Ka4eCTBE BAXKHOTO KOMITOHEHTa O0ECIICUeHNE YBEITHICHUS
BBIHOCJIMBOCTH MIPY COXpaHEHUH TpeOyeMoi BEPOSITHOCTH OIIHOKH.

BakHBIM ()aKTOpPOM, BIHSIOIIMM Ha BBIHOCIMBOCTDH (IICII-TIAMSTH,
SIBIISIETCS TO, YTO KOHCTPYKTHBHO unnt NAND duem-namsatu coctout, Kak
MIPAaBMJIO, W3 HECKOJBKHX JECSTKOB PACHOJIOXKEHHBIX IPYT Haa Jpyrom
CJIOEB IByMEPHBIX MAcCHUBOB sS4Y€eK, Ha3bIBaeMbIX (urem-Omokamu. dierm-
OJIOK eCTh CBOEro pojia HEAENWMas eIUHUIIA TP BBITIOIHEHUH OIepanuu
crupanus (block granularity), T.e. B HyJIeBO€ COCTOSHHUE IEPEBOIITCS
OJHOBpPEMEHHO Bce sueiikn Omoka. Kaxknmerit ¢urem-0mok  aenurcst
Ha CTPAHMIIBI, KOTOpHIE SBILIIOTCS MHHUMaJIbHBIMH (TI0  pa3mepy)
aZipecyeMbIMH BJIEMEHTAMHU IPH BBIIIOJHEHUH ONEpanuil 3alvcu W/WiH
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yreHnst (page granularity). B pe3ynprare, mpu mepesamicu HEKOTOPOH
CTpaHUIBI TpPOHUCXOXUT HeHyxHoe (unneeded) cTHpaHHMEe OCTAJIBHBIX
cTpanul] ¢urem-0yioka (C  TOCHEYIOIMM BOCCTAHOBJIIEHHEM CTEPTBIX
JaHHBIX). OToT 3ddekr — write amplification, KOTOPBIA KOJIMIECTBEHHO
orpesiessieTcs KaKk OTHOLIEHHE Ynciia (pU3NYecKy BBIOIHEHHBIX Ollepannii
3alicH K YHCITy JIOTMYECKH BBITIOJHEHHBIX 3aliCcell M MOXKET JIOCTHIaTh
BEIMYUH Topsaka 3...4, T[PUBOAMUT, OUEBUAHO, K CHIDKEHUIO
MIPOM3BOJIUTENBHOCTH TAMSTH M €€ BBIHOCIMBOCTH. MHOTr000€maronmm
WHCTPYMEHTOM,  MO3BOJSIIOIIUM  CYIIECTBEHHO  CHHU3UTh  YHCIO
«MMApa3uTHBIX»  IUKJIOB  IIEPE3allicH,  SBJISETCS  MCIOJIb30BaHUE
riepe3anucbiBaeMbIX  (re-write) KomoB, W, B uactHoctH, WOM KkomoB
[21, 22, 23]. WOM kombl XapaKTEepU3YIOTCS Te€M, YTO IpHU Mepe3anucu
TOJBKO YBEJIMUYMBAIOT YPOBEHB 3apsijia B sUeiKe; B pe3yjibTaTe CTPaHHUIA
MOXeT OBITh Iepe3amnrcaHa HECKOJbKO pa3 (10 MEHbIIeH Mepe IBaKIbl)
mepea TeMm, Kak morpeOyercs creperh Qurem-01ok. Bwmecte ¢ Tem,
mpectHele WOM  Komel HE TO3BOIIIOT  O0ECIIEUHUTh  TpeOyeMyro
BEPOSTHOCTh  OIMMOKH  IOPsIKA 102,10, a  noreHumanbHO
MIepCIIEKTUBHOE OOBEIMHEHHE IIepPE3allMChIBAEMBIX KOJOB M  KOJIOB,
WCTIPABILSIIONIMX ~ OMIMOKH, II0Ka HAaXOAWTCS B HAadaJbHOM CTaanuu
uccienoBanus [24, 25].

ITosToMy B HacTosIee BpeMsl pEIIEHUEM, TO3BOJSIOIINM YIIYUIIUTh
MOTPEOUTEIBCKAE  XapaKTEPUCTHKA  MHOTOYPOBHEBOH  (hICII-TIaMsTH,
SIBIIIETCA BBEACHUE IOMEXOYCTOHuMBOro komuposaHusa [26 —33]. Opnna
13 OCHOBHBIX nipo0iem, BO3HHUKAIOIIUX pu peanuzanun
romexoycroiunBoro kogupoBaHuss B NAND uenr-namsarty, cBsi3aHa
C HEOOXOMMOCTBIO ydeTa HaJUYMsl HECKOJbKMX HWCTOYHHWKOB IIyMa,
XapaKTEPUCTUKH KOTOPBIX H3MEHSIOTCS IMPU MU3MEHEHHWH KakK KOJMYecTBa
BBIMOJHEHHBIX IIMKJIOB MPOrPaMMHUPOBAHUS/CTUPAHUS, TaK WM BPEMEHH
XpaHeHHs JaHHBIX B mamsiTH. Kpome Toro, mapamerpsl HCTOYHUKOB IIymMa
3aBHCAT OT JaHHBIX, TaK KaK yBEIWYEHHE BEIMYMHBI 3apsijga B sUehKe
CONPOBOJKAAETCS TOTEHIMAIFHO 00Jee MHTEHCHBHBIM IIPOIIECCOM YTEUKH
3apsima. Takum oOpa3zoM, 3(QQEKTHBHOCTh BBEJCHUS IOMEXOYCTOHYHUBOIO
KOIUPOBaHUs B CYIIECTBEHHOM CTENEHU ONpPEAENsIeTCs aJeKBaTHOCTBIO
MoJIeH, (OpPMANU3YIOMIEH OCHOBHBIE MPOIECCHI, CBSI3aHHBIE C 3aIMCBHIO
U YTeHHEM JaHHBIX. B paszmene 2 TPUBOAWTCS ONMUCAHHE OCHOBHBIX
WCKa)KeHUH, CONPOBOXKAAIOMIMX Iporecc 3amnucu/cuntbiBanusi B NAND
¢uem-amsTH, W SBHBIH  BHMJ  IUIOTHOCTEH  pacIpeieseHHs
pe3yapTHPYIOLIETO IIyMa. B kadecTBe anmpoKCHMManud —IOJy4EHHBIX
IUIOTHOCTEN paclpeiielieHus Pe3yNbTUPYIOIIEro IIyMa, paccMaTpUBaeTcs
MOZENIb ~ Ha  OCHOBE  KOMIIO3MLUM  rayccoBa  pacHpeneNeHus
u pacnpeaeneHus Jlamnmaca, OCTaTOYHO — aJE€KBAaTHO  OTpaXkarollas
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IUIOTHOCTH PacCIIpeeNIeHUs] Pe3yJIbTHPYIOIIETo IIyMa IpH OOJIBIIOM YHCIIe
LIUKJIOB Tiepe3aricy. [IpuMEeHUTENbHO K 9TOH MOAEIH MCKaXeHUH CHTHaIa
B NAND dumem-namsta, Uisi psiia KacKaTHBIX KOMOBBIX KOHCTPYKIIUN
m3 [30,31,33], xpaTko mpeACTaBIEHHBIX B pasgene 3, B pasaene 4
MIPOBOJINTCS AHAJIHM3 IIOMEXOYCTOHYMBOCTH PAacCMaTPUBAEMBIX KOJOBBIX
KOHCTPYKIHWH, MO3BOJSIFONINNA HONXYYUTh OOMEHHbBIE COOTHOIICHHUS MEXIY
BEPOATHOCTBIO  OIIMOKM, IUIOTHOCTBIO 3alMCH M YWCIOM IMKJIOB
niepe3anucy. [lomydeHHble OOMEHHBIE COOTHONICHHUSI MO3BOJISIIOT OLEHHUTh
3¢ PEKTUBHOCTH WCTIONIb30BAHMS paccMaTpuBaeMbIX BapHaHTOB
MIOMEX0YCTONYMBOr0 KOAUPOBAHUS Ul YBEIUUEHUS BEIHOCIUBOCTH NAND
(urerm-niaMsATH IpH MOAJEPKAaHUN TpeOYeMOi BepOSITHOCTH OLINOKH.

Hexoropble mpenapuTensHble pe3yabTaThl JaHHON paboThl ObUTH
4acTUYHO IpexacTaBieHsl Ha XXV MexayHaponHoll — HaydyHOHU
KoH(pepeHIMN «BomHOBast sneKkTpoHWKAa W HMH(POKOMMYHHKAIIMOHHBIE
cucrembl», Cankt-IlerepOypr, 2022 [34].

2. Mopeas uckaxenuiit B NAND duaemr-namaru. K ocHOBHBIM
(axTOpam, onpeneNIOMUM HAASKHOCTD (IICII-TIaMSITH, OOBIYHO OTHOCSIT:

1) cmyvaiiHple W3MEHEHHS BENIMYMHBI 3apsija, BBOAWMOIO
B IUIABAIOIIMK 3aTBOp TpaH3MCTOpa B IIpolecce 3amucu (program
disturbance);

2) TOBTOpsIOIIMECS B IpOLEcCe  OKCIUTyaTaldd  IIHMKJIIBI
3arucu/crupanus — P/E cycling;

3) B3aumuyto uaTepdepenmmio ssueek (cell-to-cell interference);

4) yreuky 3apsja IUIaBAIOLIEr0 3aTBOpa C TEUCHHUEM BPEMEHHU
(retention problem).

OxuH W3 IOJXOJOB, IMO3BOJSIOMMX (OpMATU30BATh BIIMSIHUE
YKa3aHHBIX  (AaKTOpoB, cocrouT B ciuenyiomeM [35]. CuydaiiHoe
OTKJIOHEHHE DEAJILHOTO IOPOrOBOTO YPOBHS HANPSDKEHHS OT IENEBOTr0
ypoBHsI (target value) paccmarpuBaercs Kak cymMMa ITyMOB (CITy4aiHBIX
BEJIMYMH), TIOPOXKAAEMBIX MpOLEcCCaMH CTHpaHus (erasure noise), 3aIrmcu
B siueiiky (programming noise), nepezamucu (random telegraph noise),
cTapeHus mamsTH (retention noise) W B3aWMHOW HMHTepdepeHImen sueex
(cell-to-cell  interference,  CCI). O06o03HauuM  YNOpsAOYEHHYIO
10 BO3PACTaHUIO MOCIIEA0BATEIIFHOCTD IIEIEBBIX YPOBHEH (COCTOSHMIA)

HaIIps’)KCHUA B STYCHKEe KakK XosXiseees X, rae g — 4ucio ypOBHeﬁ 3aImcu,

q-1°
HAaUMEHBIIUH [0 BEJIUYUHE HGHGBOﬁ YPOBCHb xO COOTBCTCTBYCT
COCTOSTHHUIO «CTCPTO».

IInotHOCTH pacripeacicHd myma fe, BO3HUKAIOIICTO  IIpH

CUNTHIBAHUHM COCTOSHUS X( («CTEPTO»), XOPOIIO ANPOKCUMHPYETCs, Kak
MOKA3bIBAIOT MHOT'OUHCIICHHBIE SKCIIEPUMEHTHI [35, 36], BEIpaXKeHHUEM:
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1 &
f;’(ge)_ \/@exp 2062 H (1)

e G — IMCIEPCHS IIyMa B COCTOSIHUH «CTEPTOX.

[lnoTHOCTE pacnpenernenns wyma &, BOSHHKAIOLIETO B IPOLECCe
3amMcH, [oiaraercss paBHOMepHoW Ha  uHTepBase  [0,A], rae
A — BenMuMHA IIara npupamenus Hanpspkerns (the incremental step pulse
programming, ISPP) npu 3anmcu nieseBoro ypoBHsL:

ﬁ@ﬂ=%ﬂ£@£A @)

OTMeTHM, 9YTO TPH HAXOXIEHUU SUCHKH B COCTOSIHUH «CTEPTO»
wym &, =0.
ITnotHOCTH pacnpeseneHus mWymMa ¢&,, BO3HHMKAIOIIETO BCIIEJCTBHE

Mepe3aliuCy, XOpPOIIO AaNMpPOKCUMHUPYETCS, COrJIACHO MHOIOYUCIEHHBIM
m3MepeHusM [36], cranmapTHbIM pachpenencHueM Jlamnaca ¢ HyIeBbIM
CpelHUM:

_lal

L -5
.]Ft(gt):%e ) (3)

Ie 3HaueHWe Imapamerpa ¢  ONPENENAIOTCS  YUCIOM  IUKIIOB
samucw/ctupanuss N B Bupe: O=K,N“, rne K, U  — KOHCTaHTHI,
orpeziesieMble KOHKPETHOW TEXHOJIOrHel n3roToBieHus ynmna [36].
ITnotHOCTH pacupeneneHus myma &, BO3HHUKAIOLIETO BCIEICTBUE
CTapeHUs  IaMsATH, MOXeT OBITh C  Pa3yMHOH  TOYHOCTHIO
almnpOKCHUMUPOBaHA TIaycCOBBIM pacnpeaeneHueMm [35,36], mapamerpsl
KOTOPOI'O — CpEAHEE 3HAUYEHHUE U AUCIEPCUsi, 3aBUCAT OT LEIEBOrO YpPOBHS
HaNpspKeHUs. (COCTOSIHUSI) SIEHKH. YCIIOBHAsl IUIOTHOCTH PACIIpEeIeHUs
myma &£, BO3HUKAIOLIETO BCIIEACTBUE CTAPEHUS AMSATHU, IIPU CUUTHIBAHUU

ypoBHA X,,i=1,2,...,q—1, umeer Bux:

(& —1.(x))’
1 1x)= exp| —— 5|, 4
\/27zof (x,) 20, (x,) @
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rac:

w1 (x) ==K, (x,—x,)K,N” In 1+ L ,

L

ol (x)=K, (x,—x,)K,N*In l+Z ,

L

T — pnutenbHOCTE XpaHeHus JanHblx, K, K,, K, t, — KOHCTaHTEI,
orpezieIsieMble  KOHKPETHOW TEXHOJIOTMEH H3roToBJIeHWs unma [36].
OrmeruMm, 4ro cpeiHee 3HaueHue myma & @ 1) oIIM4HO OT Hyns

Y OTPHUIATEIHHO, YTO MOYKHO MHTEPIPETUPOBATH KaK «CKATHE)» JHATIa30HA
LENICBBIX YPOBHEW, 2) pa3mu4yHO Ui Pa3IUYHBIX IICTICBBIX YPOBHEU
1 3) Bo3pacTtaeT IMpH YyBEIWYCHHWH IIeNIeBOro ypoBHSA. [Ipu HaXoxiaeHUU
AYEHKH B COCTOSHUH X, («cTepTon), mym & =0.

Bzanmnas uHTepdepeHys s4eeKk NPOSBISIETCS B TOM, BEIMYMHA
3apsiia IMOJBEPTraroIeicsl BO3ACHCTBUIO MHTEp(EpeHIH sueikn (victim
cell) m3MeHsiercss NpH BBINONHEHWH ONEpalMi 3alliCH WM CTUPAHUS
B coceqHuX sueiikax (agressor cells). B wacTtHocTH, Ipu BBINOIHEHWUHU
olepany 3allMCH B COCEOHUX sUeiKkax wuHTepdepupyromas momexa
YBEIMYMBAET BEJIMYMHY 3apsia B siUelKe-KepTBe, TOTAa Kak IIpH
BBINOJTHEHUN ONEpanuy CTUpaHHs (B COCEHUX SUeiKax) BEMMUUHA 3apsaa
B sYelKe-KEepTBE  YMEHBUIAETCS  BCIEJACTBUE  HMHTEP(EpEHIHH.
st ocnabnenus nustHus B3anMuoi uHTepdepernuu (CCI) ucmomp3yercs
KOMITEHCAIsl MHTep(HEPEHIIMOHHON MTOMEXH B sUelKe-)KepTBE Ha OCHOBE
ylnaneHns/n00aBiIeHusT KOPPEKTHPYIOIIEro 3apsiia, BEIWYWHA KOTOpPOIro
€CTh JIMHEHHass KOMOMHAIMS BEJIMUUH 3aps/IoB COCEIHHX SYEEK C BECaMH,
onpeeNsseMbIMU €MKOCTHBIMU CBSI3SIMU Mexay siueiikamu [37]. TlnoTHOCTD
pacIipesieNieHusi OCTaTOYHOrO (IT0CIe KOMITIEHCAH) HHTEP HEePEHIIIOHHOTO
myma &, Kak IOKa3bIBalOT pe3ylbTaThl MOJEIUPOBaHUs B [37], Xxopomo

ANIpPOKCHUMUPYETCS «BIUIOTH 10 XBocToB» (down to the tails) rayccoBbim
pacIipeielieHieM C HYJEBBIM CpeIHHM. TakuM o0pa3oM, IUIOTHOCTh

pacripeeneHus HHTepGepeHIMOHHOro mymMa & . MOIEIUpyeTcs Kak:

cci

e = enp| 2|, ©)

27[ O . Gcci

cci
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rae afa. — Aucnepcus OCTaTOYHOI'O (moce KOMITCHCAITUH )

UHTEP(EPEHIIMOHHOTO IITyMa.

DKcnepuMeHTallbHbIE uccaenoBanus [38, 39] moka3pIBaloT, 4TO MPU
3¢ deKTHBHOI KOMTICHCAITUU B3aUMHOM uHTEphEep CHITNH
B MHOTOYPOBHEBOM ¢drem-nmamsaT JIOMHUHUP YIOIIIAM SIBIISICTCS
pacrpenelieHue ommoOoK, ONMM3K0e K PABHOMEPHOMY Ha MHOXKECTBE OJIOKa
sS9eeK, W T[pH OTOM He HaOmomaercs 3aMETHONW  TCHICHIIUU
K maketupoBaHuto. Ilociaemaee  OOCTOSTETBCTBO  MOXKET — CIY)KHTh
apryMeHTOM i1 (OpMambHOTO ONMMCAaHWS PACCMATPHBAEMOr0 KaHala
3aIHCH/CYUTEIBAaHHUS OJIOKa sdeeK (ICII-MaMATH KaK KaHana 0e3 MaMsTH.
[MosTOMy, B pamMKaX MPUHSTOrO JOIYIICHUS, OMUCAHUE MOJCTH CBOJUTCS
K OTBICKAHHIO IDIOTHOCTH  PACIpENeNICHUs] CHTHajla, CYUTHIBAEMOTO
U3 STYCUKA (IICTI-TTAMSTH.

VYka3zaHHBIC (haKTOPHI, OMPEACISIONINE HACKHOCTD (IICI-TTAMSTH,
XapakTepHbl, TJIaBHBIM oOpazom, s 2D (mmanaprod) NAND durem-
mamsata.  Apxutektypa 3D NAND  duem-mamsitu  —  TpexMepHoe
pacrnojokeHue siueek uuna, u ucnonbiyemas B 3D NAND rtexnomorus
nmoBymiku 3apsma (charge trap), T.e. XpaHEHHE 3apsjia B H30JIHPOBAHHOU
o0acTi SYEeHKH W3 HEMPOBOMAIICTO MaTepHaa THIA HUTPHIA KPEMHUS
(BMecTo TIOMENICHUS 3apsga B IUIABAIONIMK  3aTBOpP), IIO3BOJISIOT
CYILECTBEHHO MOBBICUTD IJIOTHOCTH 3aMMCH U CHU3UTH BEPOSTHOCTh YTEUKH
3apsifa, HO MPU 3TOM IIOPOXKTAIOT Psf JOIMONHUTEIHHBIX OCOOCHHOCTEH.
K HUM OTHOCATCS, TIPEXKAE BCETO: a) MOSBICHUE CYIICCTBEHHOTO OTIHYHUS
JVHAMHMKHA H3MEHEHMsA CpEJHEro 3HAa4eHWs M JUCIepcu Inyma &,

BO3HHKAIOIETr0 BcieACTBHE crapeHnst mnamstu (early retention loss),
1 0) BOBHUKHOBEHHE 3aBHCHMOCTH CKOPOCTH YTEUKH 3apsiia W3 sYeHKH
OT BEJIMYMH 3apsiioB, XpaHSIIMXCS B COCEMHHMX sueikax (retention
interference) [40, 41, 42]. MozaenupoBanne HHTEp(PEPEHIIMOHHBIX SBJICHUI
Mexay «charge trap»-suelikaMu W OILEHKM BIMSHHUA HHTEpdepeHInn
Ha HaJIeKHOCTh NMaMSTH OKa3bIBaeTCs BECbMa CIIOXHOM 3amaueil. [loaTromy
(dopManmzanus U anpoOupoBaHue Mozenu Imyma craperns B 3D NAND
¢urem-mamMATH TOKa, KaK IMPEACTaBIsieTcs, emé HaXo[sITcs B CTaJuH
aHaJI3a U HAKOIUICHUS DKCIIEPUMEHTAIBHBIX TAaHHBIX.

[TpuBeneHHbIE BBINIE NCTOYHUKH IITYMOB ITOJAraroTCcs aIMTHBHBIMU
U HE3aBUCHMBIMH, II0O9TOMY YCIIOBHBIE IUTOTHOCTH pacHpeeleHni
Py 1x0)s Py (V1X), 0 Py, . (¥|x,,) cuMTBIBAEMOrO M3 SHYCHKH

CHTHaJa ¥ MOXKHO BBIYHMCIHTH C MCIOIB30BaHUEM CBEPTKH paclpesesieHui
(1)—(5) ornmenbHBIX ciaraeMblXx cymMmapHoro mryma. Ecim saeiika
HaxOJUTCS B COCTOSIHMH X, («CTEPTO»), TO CUMTHIBAEMBIH M3 sA4eHKH
CHUTHAT:
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y=x+&+& +&,, (6)

T.e. CYMMapHblii mym paBeH &, +¢& +&,, TOITOMY  IUIOTHOCTB
pacnpenenenus  p, (v |x,) CUATEIBAEMOro U3 syelikn curHana (6)

BBIYHUCITICTCS C WCIONBb30BaHUEM cBepTku pacnpenencuuit (1), (3) u (5).
B pesynbraTe momygaem:

( |x)—Le% eiy;XOQ % 2% +ey7;0Q iJr—y_xo @)
P V) =5 6 o, 6 s ))

e O(z)=(1/~27) J.:O exp(—t* /2)dt, &, =0’ +c’,. Ecmu sueiika

HAXOMUTCA B IPOrPaMMMPYEMOM  COCTOsSHMU X, i=1,2,..,q9—1,
TO CYUTHIBAEMBIN U3 STYCHKH CHTHAT:

VEXHG, G+ G ®)

T.C. CYMMapHblii WwyM paseH & +& +& +¢,,, TO0ITOMY IUIOTHOCTH
pacipeneneHust  p, (y|x;) CUUTBIBAGMOr0 M3 SYCHKH CHUIHAIA (®)

BBIUMCIIACTCS C HCHOJB30BAaHHMEM CBEpPTKHM pacnpeneneHuit  (2) — (5).
B pesynbraTe nmomydaem:

(|x)—iex S\«
P V=55 P 202

(exp(yx" ;ur(xi)jQ(é‘,_'_yxi /ur(xi)]_

0 0 5,
_ _y—x,—,ur(x,.) i_y—x;—ﬂr(xi)
exp[ — 2 jQ(H —5’ }L
A—p (X)) 5[ S A-p (x) )
_y_xi_ —H X _i_y_xi_ —H X _
“’Xp( 0 JQ[H 5 ]
—-x. —A— ) 0, —-x. —A— ;
_exp(y o M(x’)jg{fy 8 u,(x,)]}

1 y-x —A-p(x) y—x — i1, (x)
G

i i
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e 8, =o.(x,)+o.,.

[Mpusenennsie Beipaskenus (7) u (9), onpepensiomue B 3aMKHYTOH
¢dopmMe TOuHOEe (B paMKax IIPUHATOM MOJAEIHM) AaHAJIUTHYECKOE
TIPE/ICTaBIICHUE YCIIOBHBIX IUIOTHOCTEH pacripeeneHust
Py, (¥1x),i=0,1,..,g—1, SBIAIOTCA BECbMAa IPOMO3JKHMH,  HYTO

3aTPyAHSET UX HENOCPEACTBEHHOE HCIONb30BaHUE KaKk IpU aHalU3e
KOZIOBBIX KOHCTPYKLMM, TaK ¥ IPH peaau3aliy IpoLeayp ACKOIUPOBAHUS
C UCITOJIb30BAaHUEM MSTKUX pelIeHUH. YKa3aHHOE 0OCTOSTENBCTBO AUKTYET
HEOOXOANMOCTh JIOCTATOYHO HPOCTHIX AaNMpOKCUMAaNWi IJIsl YCIIOBHBIX
IUIOTHOCTEH  paclpeeseHus Py, W1x),i=0,1,....,g-1, X0poio

COTJIacyIOUINXCs, TPH 3TOM, C TOYHBIMH BhIpaxeHusMu (7) u (9). Taxk,
HampuMmep, B pabore [35] ObBUIM  pPaccCMOTPEHBI  BO3MOXHOCTHU

aImpOKCUMAITUH IJIOTHOCTH pacnpeneneHus CYMMapHOro
(pe3ynapTHpYIOMIETO)  IIyMa  TayCCOBBIM  pacHpesieicHHeM, — Oera-
pacnpeneseHuem, raMmMa-pacnpeesieHueM, JIOTHOPMAJTbHBIM

pactpenenieHueM W pacmpereneHueM  BeiOymma.  Cpeam  9THX
pacrpenelieHuii IIsl pacCMOTpPEHHBIX B [35] crieHapumeB paOoTHI Quremi-
maMsTH € YMEPEHHBIM YHCIOM IMKJIOB  IIEPE3alliCH  TaycCcoBO
pacmpesienieHHe  OKa3zajloch B OONBIIMHCTBE  CIydaeB  Hamboiee
TIPEANOYTUTEIHHBIM BApUAHTOM aNIPOKCHMAIIHH.

Tayccoeckas  annpoxcumayus.  Ilpocreiimedt (m Hambomee
pacrpocTpaHEHHOH)  anmpoKCHUMaled  SBJISETCS  allpOKCHMAIHs
BelpakeHnit (7) u (9) rayccoBeiM pacnpenenenunem [35, 38, 43, 44].
IMpu aToM cpegHue 3HAYeHWS ©  JIUCIEPCHH  ANNPOKCHMUPYIOIIHX
TayCCOBBIX pacIpeeIeHUH MOTHOCTHIO ONPEIENSIOTCS MEPBBIM U BTOPBIM
MoMeHTamu pacrpeaeneHuii (1) — (5) oTaenpHBIX claraeMblX CyMMapHOTO
myma. Tak, uIT COCTOSHHS X, HMEEM: CpeIHee 3HaueHHE PaBHO X,

JMCTIEpCHst COCTABISET o +260° +o.,. Jlns cocrostaust x,, i=1,2,..,q—1

(mporpamMMupyemMoe COCTOSIHUE) cpenHee 3HAYCHHE paBHO
2 2 2 2

X, +A/2—-p (x;), nmucnepcuss cocrapisger 260" +A°/12+0.(x)+o0,,.

Taxum 06pa30M, rayccoBa allIpoOKCUMalg  YCJIOBHBIX IUTOTHOCTEH
pachpeacicHusa Curiaja, CYMTbIBAEMOIo M3 H‘leﬁKH, HUMECT CJ'IGHyIOHII/Iﬁ
BU. Ecmm stuetika HaXOAUTCs B COCTOSHUH X, (((CTGpTO»), TO:

2
1 (y —X )
(&) 0
Py, V]x0) = exp| — : 10
o ko \/Zﬂ(o-j+292+ofd) 2(0}2+292+‘762a) (1o
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Ecmn  Adelixa Haxomutcs B cocTOsHMHM X, i=12,..,9—1, (omHOM
U3 MIPOTPaMMHUPYEMBIX COCTOSHUIA), TO:

1

0o =
J27(20° + 87 112407 (x) + 52,

Dy,

X

(11)
(y—x—A/2+ 1, (x))
2(292 +A® /12+63(xl-)+cri,-)

exp| —

OTMeTHM, 4TO cpeqHee 3HAUCHHUE U JMCIEepPCHs CUTHAJIA, CUMTHIBAEMOTO M3
STYEHKH, HAXOIIEHCS B OJJHOM M3 IPOrPaMMHPYEMBIX COCTOSHUM, 3aBHUCST
OT D3TOr0 COCTOSHMS, II0O9TOMY paccMaTpuBaeMasl —alpoKCHMaIus
C YCTIOBHOM IUTOTHOCTBIO pacHpenesieHns, 3a7aBaeMOi COOTHOIICHUSIMHU
(10) u (11), mpencraBnser coOO TayCCOBCKYIO MOJIETh C JIHCIIEpCUeit
QUIMTHBHOTO IOyMa, 3aBUCAIICH OT 3ammcaHHOro 3HaveHus (input-
dependent additive Gaussian noise, ID-AGN).

Xapakrepu3oBaTb B LEJIOM  aJIeKBaTHOCTh  T'ayCCOBCKOM
anMpoKCUMAIUH, C Y4eToM (PaKTOpOB, OrpaHWYMBAIOIINE €€ MPUMEHEHNE,
MOXHO cienyommM obpazoM. Cpeny NMepedrclIeHHBIX BhINIE MCKaXEHWH,
BO3HMKAIOWMX B INPOLECCE  3alUCH/CYMTBIBAHUS, HMCKaXeHus &

MOpOXKAAaeMble TIPH 3aIMCH B SYEHKY (programming noise), U UCKaXKeHUs
&, TOpOXKIaeMble HAKOIUIEHHBIMM LMKIAMM nepesanucd  (random
telegraph noise), UMEIOT pacHpeneneHne, CYIIECTBEHHO OTIMYArONIeecs
oT rayccoBa. IIpy MasbIX 3HAYEHWSIX MIara IPHUpALCHUs] HapsDKeHust A,
YTO JIOCTaTOYHO THUIHMYHO, BIIMSIHUE MEPBOIO M3 OTUX JIBYX BHJIOB
MCKaXEHUH &, , HE SIBISETCS CYLIECTBEHHbIM. Biusinne xe uckaxenuit &,
BBI3BAHHBIX HAKOIUIEHHBIM KOJIMYECTBOM LIMKJIOB IIE€pE3arucH N, TOBOJIBHO
OBICTPO yCHJIMBAETCSA ¢ pOCTOM N; Tak, AUCIEPCHS CIy4aifHOW BEIMIHHEI
&, BO3pACTaeT NPONOPUMOHANBEHO N ** rge mokaszatenb o« =0.5..1.
Takum o00pa3om, MOXHO TIojaraTb, 4YTO TayCCOBCKas allpOKCHMAanus
BIIOJIHE NIpHEMJIEMA JUIS CLIEHApUs, IPU KOTOPOM BJIMSIHME MCKaXKeHUH &,

(oleHMBaeMOe, HANpUMEP, OTHOCUTENbHBIM BECOM juchepcuu 26°
i=12,.,9-1)
CPaBHUTEIHFHO HEBENHKO. [10 Mepe yBenMUeHHsT HAKOIUICHHOT'O KOIMIECTBA
OUKIOB mepe3anmucy N (M TpHONMKCHHS K TPEACTbHOMY 3HAYCHUIO,
3asBJICHHOMY TIPOHM3BOIMTENIEM), KaueCTBO TayCCOBCKOHM AaIMpOKCHUMAIIAN
mwiotHOCTeH (7) 1 (9) CYIIECTBEHHO CHIU)KACTCS, YTO OOBSICHSCTCS, TJIABHBIM

B cymmMapHOH  mucmepenu 2607 +A* /12+07 (x,)+ 0

“ci 2
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0o0pa3oM, IIOSBICHHEM AaCHMMETPUHM M  (YTSDKEIEHHEM  XBOCTOB»
B wiotHocTsix (7) m (9) [45]. [Jnsa yuera ykazaHHBIX (AaKTOPOB —
aCHMMETPHU U «YTSDKEICHUS] XBOCTOB» (BCIEICTBHE OOJBINETO BIMSIHUS
pactpenenenus  Jlarutaca B CBEpTKAax  COOTBETCTBYIOUIMX — (DYHKIMH
IUIOTHOCTU BEPOSATHOCTEN), B paboTe [46] OBLIO MPEUIOKEHO HCIOIh30BAThH
HOBYIO MOEJb, NPEACTABIAIONIYI0 CO0OH KOMIIO3WIMIO TayccoBa
pactipenenenus u pacnpenenenus Jlammaca — NL pacnpenenenue (normal-
Laplace distribution).

Annpoxcumayuss  NL  pacnpedenenuem. NL  pacnpeneneHue
TIPE/ICTaBIIsIET COOOM CBEPTKY rayccoBa paclpeAeieHHs W paclpeeeHus
Jlamraca. DTo pacnpeneneHne «IoYTH» TayccoBO B cpenxHed obnacTd,
TOrJa Kak Ha Kpasx oOmactu omnpeneneHuss NL pacrnpenesneHne «mouTH»
coBMajaer ¢ pacnpenaeneHueM Jlamnaca. AcuMMeTpust MOXeT OBITh BBeZleHa
B NL pacmpenenenre TOCPEICTBOM — HCIIONB30BAaHMSA B CBEPTKE
TIepEeKOIIEHHOr0, MJIM aCHMMETPUYHOro, pactpeaenenus Jlammaca (skew-
Laplace distribution).

OOmee BeIpaxkenue it IwiotHocth NL  pacnpeneneHus
(c BBemeHHOW acuMMerpued) umMeer cienytommii Bun. Ilycrs &E(m,o) —

rayccoBa cnyqaﬁHaﬂ BCJIMYMHA C INIOTHOCTBIO PACIIPCACICHUA:

oy L _(g-m)’
fg(g,maa)—\/ﬁexp 20_2 s (12)

IJie m — cpejiHee 3HavYeHue, o — mucnepeus. Ilycts ¢(A, 1) — caydaiinas
BEIMYMHA C aCHMMETPUYHOMN IUTOTHOCTBIO pacnpeaenenus Jlamnaca:

Au
/“_luexp(—/lé’), ¢ >0,
Ja(&3 A4, 1) = (13)

Au <
5 = Os
/,H#eXp(ﬂé) ¢

rae A>0, p>0 — napamerpsl NEPEKOIIEHHOro0 pacnpeneneHus Jlamnaca.
OueBugHO, YTO TpH A=y TOIydaeM OObIYHOE (CHMMETPHYHOE)
pactpenenenue Jlaraca Buma (3). Jlpyrume dYacTHBIE CiIydaw 4 = oo

U A= MPUBOJAT K SKCIIOHCHIUAJIbHBIM IIJIOTHOCTSM BHUJA:
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Aexp(-A¢), ¢>0,
.ﬂ, 0) =
.
L& )—{0’ o0
=BT pexp(ug), ¢ <.

ycte y =&(m,0)+¢ (A, 1) ; Torma cinydaiinas BeauuuHa y umeer NL
pacripesiesieHie ¢ INTOTHOCTHIO:

A(=2y+2m+ic?) o 2
fNL(y;m’O-,ﬂ“’/u): l/u € ? Q(_wj—i_
A+u o
1(2y—-2m+uc®) y-m + ,UUZ (14)
e 2 —_— ||

B  pabore [46] mpemmoxkeHa ~ JBa  BapHaHTa  MOJENHU
YETHIPEXYPOBHEBON  siUCHKYM  (prem-maMsT, Ha3BaHHBIC «HICATHHBIID
U «CMCIIaHHBI». B maeampHOM BapHaHTe BBIXOJHBIC 3HAUYCHUS SUCHKA
MIAMSTH 33][aHbl CICIYIONIM PaBEHCTBOM:

Xy + ¢ (4y,0), eciu OBLIO 3aIlUCaHO 3HAYEHHUE X,),
x,+£(0,0,)+ (4, 1), ecnu ObLIO 3aUCAaHO 3HAYCHHUE X, ,
x, +£(0,0,)+ ¢ (4,, 1), ecnu ObUIO 3aIIUCAHO 3HAYEHUE X, ,

X, + & (o0, 1), eciu ObLIO 3aIIUCAaHO 3HAYEHHUE X, .

C yuerom ToOro, uro x, +<&(0,00)=4&(x,0,) u x,+&(0,0,)=£&(x,,0,)
MOXHO 3aITUCaTh, YTO:

Xy + ¢ (4, 0), eciu ObLIO 3allMCaHO 3HAYEHHME X,
&(x,,0,)+¢ (A, 1), ecnu ObUIO 3aIMCAHO 3HAUCHUE X, ,

y= (15)
&(x,,0,)+ ¢ (A,, 1), eciy ObLIO 3alMCAHO 3HAUCHUE X, ,

X, + & (o0, 1), ecu ObUIO 3alIUCAaHO 3HAYEHHUE X,
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rae obosHauenuss E(m,o) m ((A,u) UCIONB3YIOTCA Ui yKa3aHUS

CIIyJalHBIX BEJMYWH, PACIpPEACICHHBIX B COOTBETCTBHHM C IUIOTHOCTSIMH
BEPOATHOCTH, 3aJaHHbIMK paBeHcTBaMH (12) m (13) coorBeTrcTBEHHO.
W3 paBencts  (15) cmemyer, 4ro yclOBHBIE (YHKIMH IUIOTHOCTH
BEPOSTHOCTH, ONpPEEISIONINE «UACATEHYIO» MOJIENb, 3aaHbl KakK:

P (1%0) = £ (v = X3 29, 0),

(ideal)

Py, W lx) =y (vsx,00,4, 1),
(ideal) . (16)
Py, %)= fu(r:x,,05, 4, 1),

(ideal)

Py W 1x3) = [ (¥ = X550, ).

B pabore [46] ykazaHo, YTO pacmpeneieHHe, Jaromee Oojee TOYHOE
COOTBETCTBHE C PE3YJIbTaTaAMH DKCIIEPUMCEHTAJIBHBIX H3MEPEHHH, MOXET
OBITh TTOJTyYEHO KaK CMECh paclpeieieH i, 3aJjaBaeMbIX paBeHcTBamH (16),
BHA!

(ideal)

py\xo (y ‘ 'xO) kOO 0 k() k03 p}"xo (y | xo)
(ideal)

P 1X) | 10 ko ky k([P 13D
P 1x)| |0 by ko || pE (] 3x) |
0

: (17)
Py 1% 0 0 T pltea(yx,)

o€ BCC BCIMYMHBI kOO’kOI""’k33 MOJIOKUTCIIBHBI, W KpPOMC TOro

ko +hoyy +hoyy =1,k +k, +k;=1, ky,+k,=1 mn k;=1. Takoe
ommMcaHue KaHaja HasbiBaercs cMmemanHod NL (mixed normal-Laplace)
Mozenpio. KoHKpeTHbIH BUI (QYHKIMH TIOTHOCTH BeposTHocTH Buaa (17)
olpezieNsieTcss 3HAYCHUSIMU TMATHAALATH IAapaMeTpOB: YEThIpeX 3HauYCHHH
YpOBHEH  X,,..X;, IUIECTH 3HAYEHMH MapaMeTpoB IUIOTHOCTEH (16)

A0, A, 1,05, 4, U TATH BECOBBIX KOIDGHUIMEHTOB kyy, Kk, k,, k5, k),
B npaBoii yactu paseHcTBa (17). B pabore [46] yka3aHbl 3HAUCHUS ITHX
[IapaMeTpoB B 3aBUCUMOCTH OT oTHomeHus N /N rae N — 4ucio

nom ?
LMKJIOB Tepe3anucd, N, . — YHCIO LUKIOB NEPE3AINNCH, TapaHTUPYEMOE
MIPON3BOJUTEIEM YCTPOWCTBA IaMSTH, WIM HOMHHAIBHOE YHCIIO [UKIIOB
nepe3anucy. JTH 3aBUCUMOCTH yKa3aHbl B Tabiune 1. 'padmku ycioBHBIX
¢..B (17) B nuHEHHOM M JOrapuMHUYECKOM Macmrade INpecTaBIICHEI
Ha pucyHKax 1 u 2.
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Ta6muma 1. ITapamerps! cMemanxoi NL Monenu siaeiiku (haenr-mamsiti

[Tapametp DyHKIMOHAIbHAS
MOJICIIH 3aBUCHMOCTD OT Z, Z=N/Nyom [ cy Co
koa 0.87 —11.89
ko 1.41 —-19.82
kia 1.63 -19.22
k13 exp(clz + Co) 0.73 -11.67
5% 1.50 -17.69
Xo 1 1.52 —-150.81
X 2% b 0.17 12.96 61.12
X2 ! 0 0.26 11.69 186.86
X3 0.39 6.83 319.38
o) ‘ 14.95
o 0 11.62
Ao 1.84 14.28
A 0.65 6.36
7\,2 iz + Co 0.53 6.48
M 0.37 5.13
N/Nrmm =0 NIN, =0
02 il T T T
0.15 H d —— Py V%)
o I 0° =Py ) |
0050 f ,."I | =P )
RS s ; N X Ao Py 955)
gOO -100 0 100 200 300 400 500 " -50 0 50 100 150 200 250 300 350 400 450
NN =1 NIN =1
0.2 T T T
015 Py V%) | Py 0%0)
o === Py V) =Py K L
. 2| mmme Py i) ey Py vixy)
0.05 H i ?
s A X A e Py ViXy)
,g(m 100 ) 100 200 300 400 500 300 350 400 450
NN, = 5 NN, =5
0.2 Gl T T
0.15 H .’ —— Py %)
o 10° RS by ) |
0.05 H ,r',. === Py Vg
’ SN R A R Py O%5)
rgOD 100 ) 100 200 o -50 o 50 100 150 200 250 300 350 400 450
N/Nmmfm N/NMMZTO
0.2 - T T T
0.15 H —_ Py Vo)
- 10° - -’\\’ ! = Py (V)
ks L, - == Py )
0.05 H ¥4 IS R T o (i)
oL s -~ - , i %)
200 -100 0 100 200 50 0 50 100 150 200 250 300 350 400 450

Puc. 1. I'paduxu ycaoBHBIX (yHKIHI IUTOTHOCTH BEPOSITHOCTH TSI CMEIIAaHHON
NL mopenu B THHEHHOM H JIorapu(pMIIecKoM Macmrabax
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3. KpaTkoe ommucaHue paccMATPHBAaeMoOl KacKaJgHOH KONOBOii
KOHCTPYKuU. OJuH W3  BO3MOXKHBIX  J(QQEKTHUBHBIX  ITOIXO/I0B
K OpraHM3allid BBEJCHUS [TOMEXOYCTOWYHMBOI'O KOJMPOBAaHHS CBS3aH
C UCIIONIb30BAaHUEM KaCKaJHbIX KOHCTpyKIMi [24]. OCHOBHOM MOTHB
LIeTIeCO00Pa3HOCTH HMCIIONIB30BAHMS KacKaJHOW CXEMBl KOAWPOBAHHS IS
MHOTOYPOBHEBOH (pIemI-mamMsiTd  COCTOMT B TOM, YTOOBI C IIOMOIIbIO
TIOAXOMAIIET0 CPAaBHUTENIBHO IPOCTOrO BHYTPEHHErO0 Koja OO0ecIednTh
Jy4llleeé COrJacoOBaHME MOIIHOIO BHEIIHETO KOJAAa C PAaCIIMPEHHBIM
KaHaJOM, BKJIIOUAIOIIMM KOJAEp U JAeKoaep BHyTpeHHero kopa. Cpenu
BO3MOXXHBIX ~ BapWaHTOB  BHYTPEHHErO KOja  CJEAyeT  BBIACIHTH
MHOTOMEpHBIE CHTHAJbHBIE MHOXXECTBA Ha OCHOBE I[EJIOYMCIICHHBIX
pemerok, oOmagaromme THOKOH CTPYKTYpOH C INHPOKMM JAWAIa3oHOM
BapbUPOBAaHUSI IAPaMETPOB M JIOIMYCKAIOIINE CPAaBHUTEIBHO IIPOCTYIO
OpPraHU3alMI0 MSATKOTO JAEKOAWPOBAHUS, YTO TIO3BOJSET CYIIECTBEHHO
MOBBICUTE  3((EKTUBHOCTh  BHEIIHEro  KomaupoBaHus.  KackamHoe
KOJIMpOBaHHE (C MHOTOMEpPHBIM CHUTHAJBHBIM MHOKECTBOM B KauecTBE
BHYTPEHHETr0 KOJa) paccMmarpuBajlioch B paborax [47,48]. B artux
TyONMKaNUsIX, PACCMaTPUBABIINX B KaU4eCTBE BO3MOKHBIX BHEIIHHX KOJIOB,
cooTBeTcTBeHHO, Kombl Puma-Comomona u LDPC  komsl, Obuta
MIPOJEMOHCTPUPOBaHa  CyllecTBeHHass 3((QEKTHBHOCTb TaKOro poja
KAacKaJHbIX KOHCTPYKLMH. BecbMa BaXXHBIM JOCTOMHCTBOM KacKaJHOU
CXeMBbl B IUIAHE peajHu3aliM SBISIETCS THOKOCTh €€ apXUTEKTYpbl, 4YTO
MO3BOJISIET, B YACTHOCTH, PpEaJIM30BaThb BHYTPEHHIOIO CTYNEHb KOAa,
HMMEIOUIYI0 HEOOJIBIIYI0 CIIOXKHOCTh, HEMOCPEJCTBEHHO Ha CTpaHUIEe
KpucTayuia (4una) QIem-namsTi, coepKalle 3ammiaemMble JaHHble (on-
chip implementation). Pacmmpenue kimacca NpuUeMIIEMBIX KOHCTPYKIMH
BHYTPEHHETO KOJAa C CONYTCTBYIOIIUM CYIIECTBEHHBIM pPACUIMPEHUEM
JMana3oHa OOMEHHBIX COOTHOIIEHUH «ITOMEXOYCTOWYHBOCTH — IJIOTHOCTh
3alUCH — CJIOXKHOCTb peaju3aluny, JOCTUTaeMoe IyTeM MCIOIb30BAHUS
MIPOM3BOJIBHBIX MOod-4 penieTrok ¥ MHOTOYPOBHEBBIX KOHCTPYKIMH OBLIO
TIpe/ICTaBIIeHO B padorax [25, 26, 28].

AHanu3upyeMmblil Jajee Kiacc KacKaJHbIX MHOTOKOMIIOHEHTHBIX
KOJIOBBIX KOHCTPYKLMI ObI1 mpemiokeH B paborax [30,31,33]. s
yao0CTBa M CBSI3HOCTH M3JIOKEHHS TPUBENEM Jajee KpaTKOe OIHcaHue
paccMaTpuBaeMOW Kjlacca KacKaJHBIX MHOTOKOMIIOHEHTHBIX KOJOBBIX
KOHCTpYKUMH. B paccmarpuBaeMoil cxeMe KackaJHOTO KOAMPOBAaHUS
B Ka4ecTBE BHEIIHETO KoJia BEIOpaH pacHMpeHHbIH (YUIMHEHHBIH HAa OfNH

cumBon) (N, K) xox Puna-Comomona (PC) maxg nmomem F,, 2°=N,.
Buyrpennunii xox, o6o3HaunM ero B,, mpencraBisieT co0O0H MHOXECTBO

MOCTICIOBATENEHOCTEH, COCTOSIIMX W3 7 CHMBOJOB Haj an(aBUTOM
A=1{0,1,...,q—1}, Tme ¢ — UKMCNO YpOBHEH 3aITUCH SYCHKU (PIICII-TIAMSITH.
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OneMeHTsl andaButa A CBS3aHBI C BXOJHBIMH YPOBHSMHU (YpPOBHSMH
3amicu)  SYeHKH TaMATH  [IOCPEACTBOM — B3aUMHO  OJHO3HAYHOTO
oroGpaxeHust / MHOXKeCTBa A Ha MHOXKECTBO {X),X,,...,X, | BUna I(i) = x;,

i=0,1,..,9—1. WNusimu cnoBamu, andaBur A mpeacraBisier coOoi

MHOXECTBO HHJEKCOB YpOBHEH 3amucu ¢g. byneMm momarate panee, 4to
m=1log,q memnoe uucio, T.e. AYEHKa IaMATH MOXKET XpaHUTb m OWT
JTaHHBIX. JIJ1s1 UCKITIOYEHHsI MTaKeTHPOBAaHUS OIIMOOK HA BHEUIHEH CTyNeHH
JIEKOANPOBAHNS, KOJOBBIE CUMBOJIBI BHEIIHETO KoAa (TIpH HEOOXOIMMOCTH)
MoABEpraroTcsl OJOKOBOMY TIEPEMEXEHHIO (PUCYHOK 2), a HMEHHO:
h mocnenoBaTenbHBIX  cNOB  koma  Puma-ComomoHa — 3ammCBIBAIOTCS
B NIPSIMOYTOJIbHYIO ~ TaONHWIly, COAEp)Kallylo / CTPOK, TIIOCIE€ Yero
TIOCJIE/IOBATENIFHO CYMTHIBAIOTCS MO CTONONAM; KaXKIbIi cTojiber >SToi
TaOIMIBI OTOOpaXKaeTCst B OJJMH CUMBOJI BHYTPEHHETO KOJIa.

CJI0BO BHEIITHETO
kona (koxa PC) \

[,..-‘ e, JECENPITN ....‘] A

anaduannunfunnafofan
ennshasnnaduanndafan
annduannnafuanafofun

tuna® Yuna wna?|vunn

CI10BO BHYTPEHHETO N
Koza (1-MepHBII P
q-V4HbIH BEKTOp) ¢ = 4

Puc. 2. CrpykTypa KackaJHOro KOfa C MePeMEKCHUEM MEXKIY CTYICHIMHI

[Mapamerp 4 onpenensiercsi 00bEMOM BHYTpEHHETO K02, 0003HAYNM
ero |B,|, u pasmepom andasura koma Puma-ConomoHa, coBnafaromum
cero IIMHOM Nj;, B COOTBETCTBHM CO CJEIYIOIIUM COOTHOIICHHEM:

" =|B,|.lpu h=1 oxuH CHMBOJ BHELUIHETO KO/IA OTOOPAKAETCS B OJHO

CJIOBO BHYTPEHHETO KOJ[a, TO €CTh HMEET MECTO OOBIYHAS KaCKaJHas cXeMa
komupoBaHmu. (OO0o03HAaUMM dYepe3 R W Ry CKOpPOCTH BHEIIHETO
Y BHYTPEHHETO0 KO/a, COOTBETCTBCHHO, OYEBHIHO, YTO0 R =K/N|,

R, =log, |B0 | /n. OOmas  CKOPOCTb  KAaCKaJHOrO  KOAd  Ropy,

OmpeIersIFoLIas 3HAYCHNUE TUIOTHOCTH 3aMUCH B TYCHKY (IIeII-IaMsTH, €CTh
npousBeienue R u Ry, T.€. R, =RR, = Klog, |BO| / (N,n) Out/dueiika.

Baytpennuii xon B, onpenensercs cieayomei hopMynoii:
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L-1 m—1
B, = ZZ’\V({aE”GJ. |1<l<exp, (k/. )})+22"\y({a§“|1 <l <exp, (n)}),
Jj=0 J=L

rIe ¥ — €cTeCTBEHHoe BiOXeHue (y-Bioxenue) [F, B n-MepHyo
LEJIOYNCIICHHYIO pemerky Z”", {aﬁ”|l§l£exp2(kj)} — COBOKYIITHOCTb

JIBOMYHBIX BEKTOPOB pasmepa k;, {aﬁ"')| 1 <I<exp, (n)} — COBOKYITHOCTB

JIBOMYHBIX BEKTOPOB pasmepa 7, Gj, — MopokaroIas MaTpuLa JIMHEHHOr o
nsonuHoro koja Cj, mmetomas pasmep kxn , j=0,1,..,L. CkopocTs

L-1
BHYTPEHHETO  MHOTOYPOBHEBOIO  KoOJa R,=(m-L)+ Z,‘:o k;/n

Kommnonentasie koasr Cy, Ci,..., C; | BHyTpEHHET0 Koma B, BHIOHparoTCs
WCXOJsl U3 OOMEHHBIX COOTHOIICHUH MEXIy CKOPOCTBIO R), MUHUMAaJIbHBIM
€BKJIN/IOBBIM PACCTOSIHUEM Op U CIOKHOCTBIO AekoanpoBaHus. OTmernm,
YTO TIPH BBIIOJIHEHNWHU psija ycloBHH, ykazaHHbIX B [30, 31], BHyTpeHHHUI
Kol By mpezncraBisier co00i KOHEYHOE MOAMHOXKECTBO pemeTkn bapHca-
VYonna, 9YTO IO3BONSIET WCIOJNB30BaTh JUIA JAEKOJUPOBAaHHUS Koia By
JOCTaTOYHO A(P(PEKTUBHYIO (XOTh M HE ONTHMAIBHYIO) IPOLEAYPY —
bounded-distance decoding (BDD). Orpannunmcs nanee paccMOTpEHHEM
JBYXYpPOBHEBBIX (L=2) KOHCTpyKuuii BHyTpeHHero Kona a1t NAND ¢aem-
TIAMSITH C YETBIPHMSI PAH)KHPOBAHHBIMH IO YPOBHIO COCTOSTHUSIMH.
[Tpumeps! KacKaIHBIX KOHCTPYKIUI C BHYTPECHHUM JIBYXYpPOBHEBBIM
KOZIOM B, mpejcTaBieHsl B TaOMMIaxX 2 U 3, KOTOPbIE YACTHYHO MOBTOPSIOT

COJIEPKIMOE COOTBETCTBYIOIINX TaOMuUI, puBeaeHHbX B [30, 31] u [33].
B Tabnuie 2 mepedncieHbl  BapUAaHTHI  KACKaTHOTO  KOJUPOBAHUA,
B KOTOPBIX BHYTPEHHHI KOJ] IOCTPOCH HA OCHOBE pemeTok bapHca-Yoiia,
a B Tabmmie 3 — HAa OCHOBE IMKIMYCCKH YCEYEHHOTO CBEPTOYHOTO
kona (tail-biting code, TB) C, m Koma ¢ TpOBEpKOW Ha HYETHOCTh
(single parity check code, SPC) C;. Homep Bapmanta B oOmei
HyMEpAaIuH MOKa3aH B IIEPBOM cronbre  Tabmw, a BEIOOp
KOHKPETHOTO BapHaHTa(-0B) W3 HECKOIIBKAX, €CIH OH  BO3MOXCH,
BBIJICIICH IONTY)KUPHBIM ~ mmpudroMm.  OmucaHue  CTPYKTYPHI  KOJOB,
MIEPEYHCICHHBIX B Tabnumax 2 u 3, 6onee moapoOoHO u3noxerHo B [30, 31]
1 [33] cOOTBETCTBEHHO.

4. AHaTU3  NOMEXO0yCTOWYMBOCTH  KOAOBOH  KOHCTPYKIIMH
VI CMEeIIaHHOH NL MO/JIeJIH. [IpuBogumbIi nanee aHaigu3
ITOMEX0yCTONIMBOCTH PACCMATPUBAEMON KOJOBOH KOHCTPYKIIUH TTO3BOJISICT
MMOJTYyYUTh OOMCHHBIC COOTHOIICHHS MEXKIY BEPOSITHOCTBIO OIIMOKH,
IUTOTHOCTBIO 3aITUCH U YHCIIOM [UKJIOB MEPE3aricH.
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Ta6numa 2. [TapameTps! KackaJHBIX KOHCTPYKIHI ¢ BHYTPEHHNM KOJOM Ha OCHOBE
pewerok bapHca-Yomna

. BosmoxHbIe
Ucxonnas O6BEM IltoTHOCTR
Pa3mepHocTh 3Ha4YeHUs h
Ne I pewerka | Koxgst Co u C) | BHyTpeHHETO 3aIcH, Rosy,
pemerki 1 A koza |By| H JUIAHEL K07 OuT/gueiika
! 0 PC N,
— N1 = 16, h=3
12 8 Eq g(’ _ Egg‘l‘; 2" Ni=64,h=2 15R
e N = 4096, h=1
Co=(8,1,8) 8 _ _
3 8 REy Ci=(8.7.2) 2 N, =256,h=1 1.0R
— N1 :16, h = 5
4 16 Ats CC(’:’ ((1166’155’82)) 2% N =32,h=4 125R
! T N, =1024, h=2

Ta6numa 3. [TapameTps! KackaJHBIX KOHCTPYKIHI ¢ BHYTPEHHIM JBYXYPOBHEBBIM
KOZIOM B\ Ha OCHOBE IMKJINYECKH YCEUEHHOTO cBepTOuHOro koma Cy 1 Koza
¢ mpoBepKoi Ha yeTHocTh C)

O06béM TT10THOCTB
Ne Koner Cou C, BHYTPEHHETO Boswoxauie snatcnus 3aIuCh,
koza |By| h w pman xoza PC M Ro6u, OUT/sIaCliKA

Co=(8,4,4) 11 _ _

5 Ci=(8.72) 2 N,=2048, h =1 1.375R
Co=1(12,3,6) 14 _ _

6 Ci=(12112) 2 N, =128, h=2 1.167 R
Co=(18,9,6) 2% _ -

7 Ci=(18,17.2) 2 N=8192, h =2 1.444 R

[lomyuennsle 4YMCIEHHBIM 00pa3oM OOMEHHBIE COOTHOLICHUS
TIO3BOJISIIOT OLIEHUTH 3(QPEKTUBHOCTH HCIIONB30BAHUS PaccMaTpPHUBAEMBIX
BAPUAHTOB  IIOMEXOYCTOMUMBOrO  KOAWPOBAHUSA I YBEJIMYEHUS
BoiHOCIMBOCTH NAND  drenr-mamstn  npu  nopnepkaHun  TpeOyemoit
BeposTHOCTH ommOKH. OIeHKa ITOMEXOYCTOWYHMBOCTH IPEICTaBICHHBIX
KacKa/IHbIX KOJOBBIX KOHCTPYKIHMH BKIIIOUaeT B ceOs JBa stama. [lepBbiid
9Tall  COCTOMT B  BBIUMCICHHWHM (OIIGHKE) BEpPOSTHOCTH  OIIMOKH
JIEKOMPOBAHUS 10 MakcUMyMy Tipasiononodust (MII) cioBa BHyTpeHHETrO
kona. Ha BTopoMm atamne BeIUUCIsIETCS (OLIEHUBACTCS) BEPOSATHOCTH OIIHMOKH
JICKOMUPOBAaHUsT ~ cloBa BHemHero koma (koma  Puma-Comomona)
C UCIIONIb30BAaHUEM  PE3YNIbTaTOB, MOMYyYEHHBIX Ha TIEPBOM  JTale.
CrangapTHas OIEHKAa BEPOSTHOCTH OMIMOKHM Ha OWT NpH JEKOIUPOBAHUH
HEJIBOMYHOI'O0 BHENIHErOo KoJa B KaHalle C HE3aBHUCHMBIMH OHIMOKaMHU
MOXKeT OBITh 3amucaHa Kak [49]:

1S i+t ., -
<N ¢ pia-p )V, 18
YN N P.(1=-p,) (18)
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i€ P, — BEPOSITHOCTD OIIMOKH JIEKOJMPOBAHMS CHMBOJIa BHYTPEHHETO KOJa
rmo MII, N — [uinHa BHEIIHETO KOoJa, ! — MaKCUMaJbHOE YHCIIO OLIMOOK,
uCrpaBisieMbIX KojoM. OcHOBHasi mpoOiema IpH BBIYMCICHHM NpaBOd
yacth oueHkH (18) cocToMT B BBYHCICHHHM QIJUTHBHOM OLCHKH
BEPOATHOCTU  OWIMOKM  JEKOJAMPOBAHHMSA  BHYTPEHHEro Koja  p,.
OHna pemraercss C HCIOJIb30BAaHMEM paHee pa3pabdOTaHHOIO —IOIX0Ja
[30, 31, 50]. itorooe BbIpa)KeHUE Il BEPXHEN MPAHHIBI BEPOSTHOCTH p,

IIpHU 5TOM IOJIYHACTCA B BUJC!

a, (19)

rae M — aucno cioB BHYTPCHHCT'O KOJa, U:

n

D(@) =Y > []e.(@;x",x"™). (20)

x' =1

3navyeHue mapamerpa B B mpaBoil wactu (19) BbIOMpaercss B HEKOTOPBIX
JIOIYCTHMBIX TIpeZesiax; XOpOIINM BEIOOPOM Uit MHOTHX ITPHMEPOB MOXKET
ciryxuts 3Hadenue B =1/2 [30, 31, 50]. B Beipaskenun (20):

cz({u; x,x") = exp(ja)z(xa x')) ) (21)

rae z(x,x)=In(p, . (v|x")/ p, (¥]x)), depra cepxy 3aech 00603HaUaCT
YCpeIHEHHE 110 PpaCIpeAeiIeHUI0, 3aJaHHOMY YCJIOBHOH IUIOTHOCTBIO
BEpOSTHOCTH p, (¥|X), a CyMMUpOBaHHE [I0 X U X' B npaBoii yactu (20)
BBIMOJHSACTCS 1O BCEM CJIOBaM BHYTpEHHEro Kojma. B kauecte
TEXHUYECKUX IPUEMOB I BBIYUCICHUS TpaHuisl (19) wmcmomp3yrores:
1) pemeryaToe TpEACTAaBICHUS BHYTPEHHEro Koja, 2) pacCMOTpPEHHE
NPOM3BEACHUS OTOM pemerkn Ha cebs, 3) pa3Merka peIIeTKH-
NIPOM3BEACHUS C  HCIOJIB30BAaHWEM  XapaKTEePUCTHYECKUX  (QYHKIMH
Buza (21), 4) nonydenue 3HaueHnidt pynkuun D(w) (20), u 5) uncneHHoe

HaXOXJIeHNs 3HaueHns uHTerpana (19) npu 3HaueHun mapamerpa S =1/2.
[onpoOHoe ommcaHue TMporecca BEYUCICHUS 3HaueHUH (QyHKIMA D(w)
naHo B paborte [50].
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Kak cnenmyer n3 onvcaHus IpUBEICHHOTO ITOIX0/1A, /ISl BBIYNUCIICHUS
OLIEHKH BEPOSTHOCTH p, TpeOyeTcs HAWTH 3HAYEHHUs XapaKTEPHUCTUYECKHX
¢ynxmii (21), KoTopble MOXXHO BBIPa3UTh Kak:

Cetirer = XP(j@2(x, X)) = [ p | x) p (010) dy,  (22)

g w=a—jf,rne 0<a <o, f=1/2 ms pa3auyHbIX YCIOBHBIX (.11.B
P, (¥ ]X), 327a101MX MOZIENb KaHasa, ¥ BCEX BXO/HBIX 3HAYCHNH KaHaia
x,x". Panee [30, 31, 50] sToT moAXOm MPHUMEHSUICA I CIy4aeB, KOTJa

BBIPA)KEHHUS JUI XapaKTeprucTHIecKnX (QyHKIHHA (22) ynaBasoch IMOTyYHTh
AQHAINTHYECKH B 3aMKHyToM Buae. K TakuM cioydasM, B 4YacCTHOCTH,
orHocurcsi W ID-AGN  Momens kananma — ¢rem-mamsTd, KoTopas
paccMatpuBanack B pabdotax [30, 31]. Jlns paccMaTpuBaeMoii B HACTOSIIIEM
HCCIeAOBaHMM cMemaHHOM NL Mojenu mMomyduTb BBIpAaXKEHUE AN
XapakTrepucTuueckux (yHkomi (22) B 3aMKHYTOM BHJE HE Yyaaercs.
ITosTOMy HMX BBIUHCIIEHUE BBIMOIHSIOCH YUCIEHHBIM METOAOM IS psija
3HAYEHWH IEpPEeMEHHOM « TP COOTBETCTBYIOIIEM BBHIOOpPE IPENEIIOB
W3MEHEHHs1 5TOH BeaW4YMHBL. Habop 3HAa4YeHWH XapaKTepHUCTUUECKUX
¢byHkmit  (22), BBIYMCICHHBIX IS 3HAYCHWH aprymeHTa w=a—jf3,

f =1/2, nanee ucnonp30Baics Npy BeIYUCICHUIX 10 popmyinam (20), (19)
u (18).

B kauecTBE mNpUMEpOB MPUMEHEHHS D3TOH TEXHUKH OLIEHKU
XapaKTEepUCTHK KOPPEKTUPYIOIIEro KOAWPOBAHUS A KaHala, 33JaHHOrO
cmentanHoi NL Mozenbio, ObUTH paccMOTpPEHBI BapHaHTHI KOJOBBIX CXEM,
nepevyrciIeHHbIX B Tabnumax 2 u 3. PesynbraTsl Beraucnenus rpanun (19)
n (18) s ceMn BapHaHTOB KOJIOBBIX CXEM, YKa3aHHBIX B Tabmumax 2 u 3,
B 3aBHCUMOCTH OT 3HAQYE€HU HOPMHMPOBAHHOIO YKCIA LIUKIOB MEpE3anucu
N/ N, TpUBeJIEHbI Ha PUCYHKaX 3 — 6.

[MpuBenennsle Ha pucyHKax 3 —6 TpadUKH B COBOKYITHOCTH
MIPE/ICTABISAIOT CcOOOH HMCKOMBIE OOMEHHBIE COOTHOIICHUS MEXAY
BEPOSTHOCTBIO OIIUOKU Pj, INIOTHOCTBIO 3alUCU R,;, U YUCIOM LUKIOB
nepezamucu  N. M3 paccMOTpeHHMs — JaHHBIX, IPEACTABICHHBIX
Ha pUCyHKax 3 — 6, caenyer:

1.  Jna xaxaod K3 PACCMOTPEHHBIX KOHCTPYKLUH, IpU YHUCIe
uukioB nepesanucu N B auana3oHe OT 0.1N,oym 10 Nyom, HE3HAUUTEIBHOE
YBEIMYCHUE IUTOTHOCTH 3amucH (3TO YBEIMYEHHE MOXKET OBITh Jaxe
HECKOJIBKO  THICAYHBIX)  COIPOBOXKAAETCS  CYIIECTBEHHBIM  POCTOM
BEPOATHOCTH OMIMOKHM (Ha MOPSIOK U OoJee).

m
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E, + PC(64, K), h =2 £, + PC(4096, K), h =1

—©— Brypeniuit kon, M, R = 1.5 Guriaueina "3 //‘i
—E— .. + PC(64,58), R = 1.3594 Gurinveiiva r/
10? [| & .. + PC(64,56). R = 1.3125 Gnisueiiva L
—P— .. + PC(64,54), R = 1.2656 Gurinveiiva //4( o
— s
10
10"
10°
10"
10° y
o /
/,4,/ / o
g8 /
| B A
10 e
/ — L
L La
o A a—] =g
= 107 — b
—©— Buympenswi kon, M, R = 1.5 Garlsiieiika
0" —8— ..+ PC(4096,4072), R = 1.4912 Gurineiica
7 —A— .+ PC(4096,40] = 1.4905 Butisieiika
T
" —P— .. + PC(4096,4068), R = 1.4897 Gurineiia
0 2 i
10 10
10" 10° 10' 10" 10" 10!
NN NNoom

a) 0)
Puc. 3. 3aBHCHMOCTH TPaHHUIIBI BEPOSATHOCTH P, OT HOPMHUPOBAHHOT'O YHCIIA IIHKIIOB
niepe3armucu N/Npyop: a) komoBas cxema Ne 1, 6) komoBas cxema Ne 2

o (8.1.8)x(8,7.2) + PC(256, K), h = 1 . Agg * PC(1024,K).h =2
10 10
’i /}
g , = f
JE e L e
10° ? 10°
s 10"

/ /i

,/"//‘
15 e s
10 = 10
= JL\/ A //
AT i
[
4 e )
-
— I "«
Lo
102 102 |t
p—r>" ~ - . | —e— Bhymenruit kon, MM, R = 1.25 Gutisueiika
—O— BryTpenmwii koa, MM, R =1 t‘)w/ﬂ«em? ] —8— . + PC(1024,1002), R = 1.2231 6urisueiika
—E— .+ PC(256,246), R = 0.96094 Gurseia | 4| —A— .+ PC(1024,1000), R = 1.2207 Garisweiva
—A— _ + PC(256,244), R = 0.95313 Gurlseiiva <« —P— .. + PC(1024,998), 2183 Gurlsuieiica
—P— . + PC(256,242), R = 0.94531 Burisieiia —<— .+ PC(1024,996), R = 1.2158 Gum/aveika
e T 107l 0 .
0 10° 10' 10 10 10
NN NNoom

a) 0)
Puc. 4. 3aBUCHMOCTH TPaHUIIBI BEPOSITHOCTH Pj, OT HOPMHPOBAHHOTO YHCIA IUKIOB
niepe3anucu N/Npyop: a) komoBas cxema Ne 3, 6) komoBast cxema Ne 4
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Puc. 5. 3aBuCHMOCTB I'paHUIIBI BEPOSITHOCTH P), OT HOPMHPOBAHHOTO YHCIIA IUKJIOB
niepe3anucu N/Npyp: a) KomoBas cxema Ne 5 (cneBa), 6) komoast cxema Ne 6

Tail-biting + SPC : (18,9,5)x(18,17,2), grg = [5 7] + PC(8192, K), h = 2
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Puc. 6. 3aBUCHMOCTH TpaHUIIBI BEPOSITHOCTH Pj, OT HOPMHUPOBAHHOTO YHCIA IUKIOB
niepe3anmucu N/ Ny, KooBas cxema Ne 7
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2. Yucno uuknoB nepe3anucu N = Nyo,m MOXET JEHCTBUTEIBHO
paccMaTpuBaThC, B OONBIIMHCTBE CIy9YaeB, KaK CBOCTO POAa TPaAaHHIHOE
3HaueHue. Cyns 1Mo MPUBEICHHBIM TpadUKaM, YBEIMYCHUE YUCIA IUKIOB
nepe3anucu N Ha nopsgok — OT 0.1N,om 10 1.0Npom, OPUBOAUT K POCTY
BEPOSATHOCTH OmMMUOKM Ha 1.5...2 mopsaka, TOrga Kak JaimbHEUIIee
YBEIMUEHUE 4YMCIa LUKIOB mepe3anmucd N Ha mopsaok — A0 10N,om,
COIPOBOXKIAETCS POCTOM BEPOSITHOCTH omiOKH Ha 12(!) 1 Oonee mopsaKoB.
OTMeTuM, 4YTO TIPH WCIONB30BAaHWM TayCCOBCKOH  aIMpPOKCHMAIUU
3aBUCHMOCTh BCPOSTHOCTH OIMMOKA OT 4YHCla IMKIOB Tepe3amlucu
N npuMepHo JHHeWHa (B Jorapu()MHUECKOM MaciuTade), MO3TOMY
BBIJICIUTH TAaKOTO POJIa TPAaHUYHOE 3HAYCHHUE B paMKaX rayCCOBON MOJICIH,
BHJIFIMO, HE TIPEJICTABIIICTCS BO3MOXKHBIM.

3. 3a cuer oYeHb HE3HAUUTENILHOTO CHU)KEHHSI TUIOTHOCTHU 3aITUCH
Ry MOXHO 00ECIEYUTb YBEIUYEHHE JOIMYCTUMOIO YHCIA IUKIOB
nepe3anucu B 2 —2.5 pa3za, OTHOCUTEIBHO BEIWUYMHBI Nyom, IpH
COXpaHCHHU TPeOyeMOro 3HAYCHHUS BEPOSATHOCTU OMUOKHM Ha OWT. SIcHO,
YTO YBENWYCHUE YHUCIA [HKIOB TMEPE3alMCH MPUBOAUT K YBEIUYCHUIO
CpOKa CIy’KOBI TIpW HEHU3MEHHOW HWHTCHCHBHOCTH OOMCHOB C TaMSTHIO,
00 K YBEITUYECHUIO WHTEHCHBHOCTH OOMEHA JaHHBIMHU IPH COXPAHCHUU
BPEMCEHHU SKCIUTYaTaI[Ml CHCTEMBI XpaHEHHs. B 00oux ciiydasx moiaydaeM
3¢¢eKT yBETHMUYEHHUS BBIHOCIUBOCTH (IICHI-MIAMATH, YTO O0CCIIEYNBaCT
3aMETHOE  VAYYIIEHHE OJKCIUTyaTal[MOHHBIX  XapaKTEPUCTHK  CUCTEM
JOJITOBPEMEHHOTO  XpaHEHUs JdaHHBIX. OJHUM W3 WILIFOCTPATUBHBIX
MPUMEPOB TAaKOro0 OOMEHa «IUIOTHOCTh 3allUCH — YHUCIO ITUKJIOB
Mepe3anuc» MOXKET CIYXUTh PUCYHOK 5, U3 KOTOPOTO CIEAYET, UYTO MpHU
CHIDKEHUH IUI0THOCTH 3amucu ¢ 1.2231 mo 1.2158 Out/sadeiika BeposSTHOCTH
omuOKH Ha OUT OCTaeTCs B Mpeenax ~ 2- 10" ipu 3HAYCHUH N/ Nyor = 2.

4. Kouctpykimn BHyTpeHHero koxa Buma TB/SPC  moryr
00eCIICYNTh BHYIIWTEIBHBIM BBIMTPHIN (O HECKOIBKHX IOPSAKOB)
[0 MPUEMJIEMOMY YHCIY LMKIOB TMEPE3aluCH, OTHOCUTEIBHO KOAOB
HAa OCHOBE pemieTok bapHca-Yomra, mpu paBHOH IUTOTHOCTH 3alHCH
Y HaJIS)KHOCTH XpaHCHUs NaHHBIX. OTMETHM, YTO 3TOT BBIUTPHIINI HMEET
MECTO KaK TPH TayCCOBCKOM aIMpOKCHMANNU WCKAKCHUH CHTHAla
3armucu/cunThIBaHug (3T0 OBLIO TOKa3aHo B pabore [28]), Tak M mnpum
cmemanHoil NL Mopenu, npudyeM B pamkax cMmemanHHod NL wmoxenu
BEBIUTPEIII MOXET JOCTUTATh HECKOIBKHUX TTOPSTKOB.

5. 3akiarouenue. B HacTosmieil pabore mpencTaBiIeHbl pe3yIbTaThl
MPUMEHCHHsT  pa3pabOTaHHBIX  aBTOpaMH  IOJXOMOB K  OICHKE
3¢ EKTHBHOCTH KOPPEKTUPYIOMIETO KOJIMPOBAHUS U KAHAIOB XPaHCHUS
JaHHBIX ~ MHOroypoBHeBod NAND  dmemr-mamsatu. D¢ dekTHBHOCTH
KOPPEKTHPYIONIETO  KOMHWPOBAaHHS ~ OIICHUBAeTCS  4Yepe3  OOMEHHoe
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COOTHOILIEHUE, CBSI3bIBAIOILEE MOBBIIIEHUE HAAEKHOCTU BOCIPOU3BEICHUS
JAHHBIX IpU MX Iepejade WA XPaHEHHM 3a CUET CHIDKEHHS CKOPOCTH
KoxupoBaHus. [IpIMEHUTENBFHO K paccMaTpuBaeMoi MOJIeIH KaHasa aer-
MaMATH OTU TIO0KA3aTENIHM BBIPAXKAIOTCS B IOBBILIEHUM YHUCIA IUKIOB
niepe3anucy (BBIHOCIMBOCTH SIYEHKH (prenr-naMsaTi) 3a CYET CHIDKEHUS
IUTOTHOCTH 3aIMCH TIPH COXPaHEHUH TpeOyeMOoro 3Ha4deHHs BEPOSTHOCTH
ommOKku. KackagHelii NPHHIMII TTOCTPOCHUS KOPPEKTHPYIOIIEro Kona
MO3BOJSIET CTPOUTH JIMHHBIE KOABI C BBICOKOM KOPPEKTUPYIOILEH
cnocobHocThi0. Ilpm 3TOM mocTuraercss BBICOKAsh KOPPEKTHPYIOIIAS
CHOCOOHOCTh NPH YMEPEHHOM CIIOKHOCTH PEalIM3ali, YTO ITOPOH HMeeT
pemiaroniee 3HaYeHHE IPU PEAM3AIMN CUCTEM KOAWPOBAHWSA JUIA (urel-
MaMSTH.

OTanunTenbHON 0COOEHHOCTHIO HACTOSINEH MyONUKAaINH SBISETCS
WCIIONIb30BAaHNE CMEIIAHHOW rayccoBo-iamtacoBod mozaenn (NL momenn)
JUIsL ONHCaHUs MCKAXKEHUM, BO3HUKAIOIMIMX INPH CUUTBIBAHWM U3 SYECHKH
NAND ¢nem-mamstu. Takas monmens ucmonb3yercst Hapsany ¢ ID-AGN
MOJIETIFIO ¥ B HEKOTOPBIX CIIy4asX OKa3bIBaeTcs Oosiee MpeArOYTUTEIbHON,
TaKk Kak JOCTaTOYHO aJEKBAaTHO OTPaXkaeT MCKAKEHHWA CHUTHaJa
3aIUCH/CYUTHIBAHUS ISl [IMPOKOrO JWana3oHa H3MEHEHHWH OCHOBHBIX
apaMeTpoB — YHUCIA LMKIOB IEPE3aluCHd U UIUTEIbHOCTH XPaHEHUS.
B xauecTBe cXeMbl KOJUPOBAHMS PACCMOTpPEHA CTAHOBSINAACS Bce Oosee
MOIYJISIPHOM KacKaJHasl cXeMa KOAUpPOBaHUs. B Hel BHYTpEHHsA CTyIEHb
TIPE/ICTaBIsIET COOOM MHOTOYPOBHEBBIN KOJI, ITOCTPOCHHBIH JINOO HAa OCHOBE
pemerok bapHca-Yomna, nub0 Ha OCHOBE NMKIMYECKH YCEUEHHOTO
CBEPTOYHOIO0 KOAa M KOJAa C IpPOBEPKOHM HAa YETHOCTh, & B KAueCTBE
BHEIIHEH cTyneHu wucnonb3yercs kox Puna-Comomona. [ns  3toit
KOH(QUTYpanuu IOAPa3yMEBACTCsl MSTKOE IEKOIUPOBAHHE BHYTPEHHETO
koma mo MII wm anrebpandeckoe NIEKOJMPOBAHWE BHEIIHETO Koja
C WCHpaBJICHWEM  CPAaBHHUTEIBHO  HEOONBIIONO  YHCIa  OMIMOOK.
PazpaboranHsbIii paHee IIOAXO0. [30, 31, 50] K aHaau3y
IIOMEXOYCTOHYMBOCTH JIEKOAIEpa BHYTPEHHEro Kofga OBII TIpUMEHEH
B HacTosIIeH padoTre /Ui aHANM3a B YCIOBHAX NPHHATON cMmemraHHoi NL
Mojend. B Xxome wWcciemoBaHWS  OKa3alock, YTO  OCOOEHHOCTH,
00YCIIOBJICHHBIE ~TIPUPOAOM HCIIONB3YeMOH MOJENH, HE IO3BOJISIOT
TIOYYUTh B SIBHOM BHJE BBIPRKEHHS UISI XapaKTEPUCTUUECKUX (YHKIIHUH,
WCTIONIB3YEeMBIX TIPH  BBIYMCICHHUM TPAHUIBI BEPOSTHOCTH  OIIMOKH
JEKOMPOBAHUS BHYTpeHHero koja o MII. Oto mpuBeno k onpenerIeHHbIM
TPYIHOCTSM BBIYMCIUTENFHOTO XapakTepa, KOTOpble OBUIM MPEOIOJICHBI,
1 B UTOre OBUIM MOJTydEeHBl B YHCIEHHOW (hopMe OOMEHHBIE COOTHOIIEHUS
MEXIY BEPOSTHOCTBIO OIIMOKH, IUIOTHOCTBIO 3allUCH M YHCIOM LHKIIOB
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nepe3anucy. IlomydeHHble OOMEHHBIE COOTHOMICHHS ITO3BOJIWIIM OLEHHUTH
3¢ PEKTUBHOCTH MCIIONB30BAHUS TPEACTaBICHHBIX BapHAHTOB KACKaJIHOTO
KOIMpOBaHMA I yBenudeHus: BoiHOcHMBOCcTH NAND drnem-mamstu npu
Toj/iep )kaHuy TpeObyeMol BepoaTHOCTH omnOKH. Cpeny MpecTaBICHHBIX
B paszene 4 KOHEUHBIX DPE3YyNbTaTOB MOXHO OTMETUTh [[BA PE3YNIbTaTa,
BaXXHBIX B NPUKIATHOM IUIaHe. Bo-mepBhiX, B pamkax cmemanHol NL
MOJIEIN MOXHO JOCTaTOYHO ONPENEIEHHO BBIIEIUTh TAKYH) BaXHYIO
XapaKTEepUCTHKY, KaK HOMHHAJIBHOE UHUCIO [HKIOB MEpe3alucHy,
TIPE/ICTABISIONIETO COOOH CBOETO poja TpaHWYHOE 3HA4YEeHHWE, NpHU
MPEBBILIEHUH KOTOPOro0 IMOMEXOYCTOHUMBOCTB PE3KO yxyamaercda. Bo-
BTOPBIX, MPEJIOKEHHbIE KOHCTPYKLIMH MO3BOISIOT 3a CYET O4YEHb
HE3HAYUTEIILHOTO CHIDKEHUS IUIOTHOCTH 3aITCH OOECIIEYHThH yBEITMUYCHHE
9TOr0 TPaHUYHOIO 3HAYEHUS YHCIAa LIUKIOB Iepe3anucu B 2—-2.5 pasa npu
COXpaHEHHWHU TPeOyeMOro 3Ha4e€HHsI BEPOSTHOCTH OIIMOKM Ha OUT.
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A. TROFIMOV, F. TAUBIN
PERFORMANCE ANALYSIS OF CONCATENATED CODING TO
INCREASE THE ENDURANCE OF MULTILEVEL NAND FLASH
MEMORY

Trofimov A., Taubin F. Performance Analysis of Concatenated Coding to Increase the
Endurance of Multilevel NAND Flash Memory.

Abstract. The increasing storage density of modern NAND flash memory chips, achieved
both due to scaling down the cell size, and due to the increasing number of used cell states,
leads to a decrease in data storage reliability, namely, error probability, endurance (number of
P/E cycling) and retention time. Error correction codes are often used to improve the reliability
of data storage in multilevel flash memory. The effectiveness of using error correction codes is
largely determined by the model accuracy that exhibits the basic processes associated with
writing and reading data. The paper describes the main sources of disturbances for a flash cell
that affect the threshold voltage of the cell in NAND flash memory, and represents an explicit
form of the threshold voltage distribution. As an approximation of the obtained threshold
voltage distribution, a Normal-Laplace mixture model was shown to be a good fit in multilevel
flash memories for a large number of rewriting cycles. For this model, a performance analysis
of the concatenated coding scheme with an outer Reed-Solomon code and an inner multilevel
code consisting of binary component codes is carried out. The performed analysis makes it
possible to obtain tradeoffs between the error probability, storage density, and the number of
P/E cycling. The resulting tradeoffs show that the considered concatenated coding schemes
allow, due to a very slight decrease in the storage density, to increase the number of P/E
cycling up to 2-2.5 times than their nominal endurance specification while maintaining the
required value of the bit error probability.

Keywords: multilevel NAND flash memory, threshold voltage distribution, Normal-
Laplace mixture model, concatenated coding, performance analysis, endurance.
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JI.B. E®oAHOB, T.C. TTOrOIHA
HCCJIEJOBAHUE CBONCTB CAMO/IBOMCTBEHHBIX
KOMBHUHAIIMOHHBIX YCTPOUCTB C KOHTPOJIEM
BBIYUCJIEHA HA OCHOBE KOJIOB XOMMMHI A

Epanos  J[.B.,  Iloeoduna T.C. HccnenoBanue  CBOHCTB  €CaMOJABOICTBEHHBIX
KOMOMHAIIMOHHBIX YCTPOHCTB ¢ KOHTPOJIEM BBIYHCJIeHHii Ha 0CHOBe KO/10B XOMMMHTa.

AHHoTanus. PaccMaTprBaeTcss HOBBIN MOJXO0J K CHHTE3y CaMOIIPOBEPSEMBIX YCTPOIMCTB,
OCHOBaHHBIIl Ha KOHTPOJIC BBIYHCICHUI KOHTPOJHUPYEMBIMH OOBEKTAMH C IIOMOIIBIO KOJOB
X3MMUHTa, TPOBEPOYHBIE CHMBOJBI (KOHTPOJBHBIE OWTHI) KOTOPBIX OIHCBIBAKOTCS
caMo/IBOMCTBeHHBIMU (pyHKUIUSIMHU. [Ipr 3TOM CTpyKTypa paboTaeT B UMITYJIbCHOM PEXHUME,
410 (paKTHYECKHE OCHOBAHO HAa BHECCHHHM BPEMEHHOH H30BITOYHOCTH MpPH IOCTPOCHHU
CaMOIIPOBEPSIEMOr0 yCTpoiicTBa. DTO, K COXAJCHUIO, NMPUBOAUT K HEKOTOPOMY CHUIKEHUIO
OBICTPOJCUCTBHUS, OJHAKO CYLIECTBEHHO IOBBINIACT XapaKTEPUCTUKU KOHTPOJICHPHUIOIHOCTH,
YTO OCOOCHHO aKTyalbHO JUISi YCTPOMCTB M CHCTEM KPHTHYECKOTO NPUMEHCHHS, BXOJHBIC
JIaHHBIC JUII KOTOPBIX M3MEHSIOTCS HE CTONb 4acto. Jlaercs KpaTKuil 0030p METOI0B
MOCTPOCHUSI CXEM BCTPOCHHOIO KOHTPOJS Ha OCHOBE CBOWCTBA CaMOIBOHCTBEHHOCTH
BBIYHCIISIEMBIX (QYHKIMA. [IprBeIeHBI OCHOBHBIE CTPYKTYpPbI OPraHU3alui CXeM BCTPOCHHOTO
KoHTpois. OTMEUeHBl MpearonaraeMble MyTH Pa3BUTHS TEOPUU CHHTE3a CXEM BCTPOEHHOTO
KOHTPOJSI Ha OCHOBE TMPOBEPKH MPHHAUIGKHOCTH BBIUMCIIEMBIX (yHKIMH Kiaccy
CaMOJIBOMCTBEHHBIX OyJeBbIX (DYHKIMHA. YCTAaHOBJICHBI BCE BO3MOXXHBIC 3HAYCHHS 4YKCIA
HHPOPMAIOHHBIX CHMBOJIOB JJIsi KOAOB XAMMHHIa, KOTOpble OyayT 00iafaTh CBOHCTBOM
CaMOJIBOMCTBEHHOCTH (DYHKIUH, OMHMCHIBAIOIIMX KOHTPOJbHBIC OUTHI. KOJepbl TakuX KOIOB
XsMMuHTa OyIyT SBISITBCS CAaMOJBOMCTBEHHBIMH YCTpoMCTBaMH. Tak Kak (YHKLHH,
OIMUCHIBAIOIINE KOHTPOJIbHBIE OUTHI KOJAOB X3MMHUHIA, SABISIFOTCS JIMHEHHBIMH, TO AJISI TOTO,
4T0Obl OHHM OBUIM CaMOJBOWCTBEHHBIMH HEOOXOAMMO, 4YTOOBI B KaXJAOM W3 HHX
HCIOJIB30BAJIOCH HEYETHOE KOJIMYECTBO apryMeHTOB. Jl0Ka3aHo, YTO YUCIIO pa3psiioB KOJOBBIX
CJIOB KOJOB X3MMHHra C CaMOJIBOWCTBEHHBIMH KOHTPOJBHBIMU (DYHKIHMSIMH paBHO n=3+4/,
IEN,. TlpuBoasTCS pe3ylbTaThl MOJCIMPOBAHHS CAMOJBOMCTBEHHBIX YCTPOMCTB CO CXeMaMHu
BCTPOSHHOT'O KOHTPOJIS 110 JIBYM TMarHOCTHYECKUM MpU3HakaM B cpeae Multisim. ITpemioxen
crocod MoAUGHKAIMKA CTPYKTYPbl KOHTPOJSL BBIYUCICHHM MO JBYM JHATHOCTHYECKHM
MpU3HAKaM, TTO3BOJISIOIINI HCIOIB30BaTh 000 JMHEIHBINA OJIOKOBBINH KOJ (HEe 00s3aTeIbHO
kon XsmmuHra). OH OCHOBaH Ha JOOCHAICHHH KOJEpa YCTPOMCTBOM IpeoOpa3oBaHMs
¢yHkuuii B camonBoiicTBeHHble. DAaKTUYECKH 3TO yCTPOMCTBO [uiss (HOPMHUPOBAHHS
MoAu(GHUIUPOBAaHHOrO Kona. JlokazaHo, YTO JJIsS MOJIy4eHHsS MOIU(UIMPOBAHHOIO Koja
X3MMHHTa C CaMOJIBOWCTBEHHBIMH KOHTPOJIbHBIMH (YHKIMAMH AJs ciiydaeB n#3-+41, 1€N,
JIOCTATOYHO CIOXKHUTH I10 MOIYJII0 M=2 HeCaMOJBOWCTBEHHYIO KOHTPOJBHYIO (GYHKIHIO C
¢yHkIHeif crapuiero HHGOPMAaIMOHHOrO OUTa.

KaoueBble ciaoBa:  caMompoBepseMoe KOMOMHAI[MIOHHOE  YCTPOWCTBO,  cXxema
BCTPOSHHOTO KOHTPOJIS,, KOHTPOJIb BBIYHMCICHHH Ha BBIXOAAaX KOMOWHALIMOHHBIX YCTPOWCTB,
JIMHEWHBIN OJIOKOBBIM KOJI, KOHTPOJIb BBIYMCICHHH 110 JBYM JHArHOCTHYECKUM IpPU3HAKAM,
KOHTPOJIb CaMO/IBOMCTBEHHOCTH, KOHTPOJIb BBIYMCICHUH 110 KogaM XOMMHHTa.

1. BBenenne. [ peamn3anuyl BBICOKOHACKHBIX W OE30MMACHBIX
YCTPOHCTB aBTOMATUKHA W  BBIYHCIUTCIBRHOW TEXHHUKH Tpedyercs
CBOEBPEMEHHO OOHAPY)KHMBATH BO3HUKAIOIIUE B MIPOIIECCE MX IKCILTyaTaI[HA
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HencrpaBHOCTH (yCTOHUMBBIE OTKa3bl M COOM), a TaKKe IapupoBaTh
UX NPOSIBIIEHWS B BHAEC OMMOOK HA JIMHUSAX CXEM M HEBEPHBIX
CHTHAJIOB Ha BBIXOaX OJIOKOB W y3JOB. [l 3TOro mpoeKTUpyemble
YCTpOWCTBa pEaM3yl0T C KOHTPOJIEIPUTOIHBIMHU, CaMOIPOBEPSEMBIMH
1 OTKa30yCTOMYMBBIMH CTPYKTYPaMH, YTO TPEOyeT CIIeNHAIBHBIX OIX0/10B
K ux paspabotke [1 — 5].

Jns OOHapyXeHUs HEHUCIPaBHOCTEN B mporecce
(YHKIIMOHMPOBAHUSI HCXOMHBIE YCTpOHCTBAa (HAa30BEM HX OOBEKTaMHU
JIMaTHOCTHPOBAHMSA)  CHAOXXAIOTCS  JIONMOJHMTEIBHBIMHA  CpPENCTBAMHU
TEXHMYECKOTO0 JHAarHOCTUPOBAHUS B BHJE CXEM BCTPOSHHOTO KOHTPOJIS
(CBK) [6, 7]. CBK KOCBEHHO KOHTPOJHPYIOT B IIPOIECCE SKCILTyaTaIlH
BO3HMKHOBEHHME HEHCIIPABHOCTEH IT0 Pe3yJbTaTaM BBIYHMCICHUH 3HaYeHHH
Ha pabo4MX BBIXOAAaX 00BEKTOB AWATHOCTHPOBAHMS, JIMOO K€ B CIIENIHUAIEHO
BBIOpPAaHHBIX KOHTPOJIBHBIX ToUKax. IIpu ¢ukcanmu ¢akra BOSHUKHOBEHUS
HEHCIPaBHOCTH OTKa3aBIllee YCTPOMCTBO (OJIOK, TMojacHcTeEMa U TIp.)
OTKJIIOYAETCsl OT MOCHEAYIONMX KacKaloB, CHUTHAJIBI OJIOKHPYIOTCH,
a HEBEpHO BBIYMCIICHHBIC JAHHBIE B TMOCIEIYIOUIEM HE HCIOIb3YIOTCS.
VYerpoiictBa, cHabxkaemble CBK, ¢akrtuueckn BXomsT B cocraB Oonee
CJIOXHBIX YCTPOKMCTB, MO3BOJISIOIINX OTKIIIOYAaTh OOBEKTHI, OCYIIECTBIISATH
peKOHHUTYpalMI0  apXUTEKTYphl, a TaKKe 3allyckaTh  Iporecc
BOCCTAHOBJIGHHUsI ~ IIOCJe  mepe3arpy3kd, Ju0o peMoHTa 00BbeKTa
C BBISIBJICHHOW HEUCHPABHOCTHIO. Takoe 00ycTpOHCTBO OTKa30yCTOWIUBON
chcTeMbl TpeOyeT BHECEHHWsl CyIIecTBEHHOW u30bITouHOCTH. [Ipm 3TOM
MOBCEMECTHO HCHOJIB3YIOTCS METOAbl HMH(OPMALMOHHOTO, BPEMEHHOI0
U CTPYKTYPHOTO PE3EpBUPOBAHMSI HA PA3IMYHBIX YPOBHSAX pealn3aluu
OTKa30yCTOWYMBBIX CHCTEM: OT MHKPOYPOBHS W PE3EPBHPOBAHMS CaMHUX
9JIEMEHTAPHBIX COCTABIISIONIMX 1O MAaKpPOYPOBHS 3allMTHI LEJBIX OJIOKOB
U y3710B [8].

IMpu cuntese CBK mnpumensiorcs pa3HOOOpasHbIE MOIAXOJbI:
OT 1yONMpoOBaHUs MJIsl  COINOCTAaBJICHUS CUTHAJIOB Ha OJHOMMEHHBIX
BBIXOAA@X PAa3IMYHBIX KONUH YCTPOWCTB /O NPUMEHEHHS METO/IOB
MIOMEXO03alUIIIEHHOT0 ¥ MOMEXOYCTOMYMBOrO  KoaupoBaHus  [9].
B mpouiecce cunteza CBK opueHTHpylOTCS Ha 3apaHee YCTaHOBJIEHHYIO
MOJIEIb HEUCTIPABHOCTEN, KOTOpasi C HEKOTOPOW BEPOSITHOCTBHIO ITOKPHIBAET
peanbHOe MHOXecTBO nedexroB [10]. Hanpumep, Momenb OaWHOYHON
KOHCTAaHTHOM HEWCTPaBHOCTH (stuck-at faulf) nokpeBaer ot 80 mo 95 %
peanbHBIX QU3NYEcKUX AeeKToB NpH ucnonb3oBann KMOII-TexHonorun
TS peanu3anuu yecrpoiicts [11].

B Hacrosmei craTbe YMTATENIO MPEIJIaraloTcsi HOBBIE pe3ysIbTaThl
B uccredosaruu Merono cuHTesa CBK ¢ KOHTpojeM BBIYHCICHUH cpazy

350 WHdopmaTuka 1 aBTomaTtudaumst. 2023. Tom 22 Ne 2. ISSN 2713-3192 (neuv.)
ISSN 2713-3206 (oHnarH) www.ia.spcras.ru



MATHEMATICAL MODELING, NUMERICAL METHODS

JKE M0 IBYM JUATHOCTUYECCKAM MpPHU3HAKAM — KOHTPOIIO MPUHAIC)KHOCTH
(opMHUpYEMBIX 3HAYCHUU 3apaHee BBHIOPAHHBIM JIMHCWHBIM OJIOKOBBIM
KOlaM, a TakkKe MPUHAICKHOCTH KaXIOH peanu3syeMor (YHKIHA
YCTaHOBIICHHOMY OCOOOMY Kilaccy OyineBhIX (QyHKIuU. B kadecTtBe koma
BEIOpaHBI BCEM H3BECTHBIC KOJBI XA3MMHHTA [12], a B KauecTBe 0COOOro
KJacca OyJeBbIX ()YHKIIHH pacCMaTPUBAIOTCS CAMOABOHCTBEHHBIC (hyHKIIUU
[13]. B craree ocBemensr ocobennoctu cuuTesa CBK ¢ mpumenenuem
KO/IOB X3MMMUHTA, IPOBEPOYHBIE CUMBOJBI (KOHTPOJIBHBIE OUTHI) KOTOPHIX
OIMMCBHIBAIOTCS CAMO/IBOMCTBEHHBIMU OYICBHIMU (DYHKITUSIMH.

2. OcHOBHBIE Pe3yJbTATHI B TEOPUU CHHTE3a CXeM BCTPOEHHOT 0
KOHTPOJIA 1o NPU3HAKY CaMOJBOVCTBEHHOCTH ¢ynxnmii.
PaccmarpuBaemast B Hactosmieli paboTe 3ajada clieayer w3 Ooiee dYeM
MTOJTYBEKOBOTO OIBITA YYEHBIX BCETO MHUpA B YacTH pa3pabOTKH METOIOB
cunte3a CBK ¢ mnpumMeHeHueM BpeMEHHOr0 M MPOCTPAHCTBEHHOIO
komupoBaHus. [IlMpOKO pacmpoCTpaHEHHBIMH METOJAaMH B TPaKTHKE
cuareza CBK sBistrorcss myOnmpoBaHHE, METOIBI, IOIPa3yMEBAIOIIHE
HCIIONB30BaHUE PA3IMIHBIX OJOKOBBIX KOMOB (KOJOBBIC METOJBI), METOIHI,
OCHOBAaHHBIC Ha KOHTPOJC NPHUHAUICKHOCTH BBIUYUCISECMBIX (QYHKIHN
0co0bIM KJTaccaM OyieBbIX GyHKIHE [9]. OcTaHOBUMCS Ha KpaTKOM 0030pe
JIOCTIDKCHUI YYEHBIX-TUarHocToB B obiactu cuHTe3a CBK ¢ koHTpOnem
CaMOJIBOMCTBCHHOCTH BBIYHMCISICMBIX (DYHKIIUH.

B pabote [14] o0OCyXImaroTcsi BOIPOCH OOHAPYKCHHS OIIHOOK
B yCTpoiicTBax aBTOMATUKHU u BBIYHCITHTEITEHOM TCXHUKH
C TIOMOIIIBIO BpEMCHHOW ~ M30BITOYHOCTH M TIPUMCHCHHS  CBOWCTB
CaMOJIBOWCTBEHHBIX (DYHKUUMI. ABTOpaMH JaHHOM CTaTbU YCTaHOBIICHBI
CBOICTBAa CTPYKTYpPbI, KOTOpBIE TIO3BOJSIIOT OOHapyKWBaTh JIOOBIE
OJTMHOYHEIC HEUCIIPABHOCTH. Y CTPOWCTBA aBTOMATHKH U BBIYUACIUTEIEHON
TEXHUKH, BBIXOJBl  KOTOPHIX  ONHKCHIBAIOTCS  CaMOIBONMCTBCHHBIMU
(YHKIUSAMY, HA3BIBAIOTCS  CamMo0golicmeeHHbiMu  ycmpotcmeamu [15].
Hekoropeie THIIOBBIE YCTPOWCTBA  SIBISIOTCS  CaMOJBOHCTBCHHBIMU,
HamnpuMep, MOJHBIA CyMMaTOp WM cymMMaTop no moaynto M=2 [16]. Oun
UCCIIEAYIOTCSI U B COBPEMEHHOM IEPHUOAE PAa3BUTUS MHUKPOIJIEKTPOHUKU.
Hanpumep, B [17] MonmenupyroTcsi NpOCTEUIINE YCTPOWCTBA CIIOXKEHUS
JIBOMUHBIX uyHcen. B[18] mnokaszaHo, 4YTO JIOTMYECKHE JJIEMEHTHI,
peanu3yronife caMoABONCTBEHHbIE (DYHKIMH, MOTYT OBITH 3()(EeKTHBHO
pearn30BaHbl ¢ MPUMEHEHUEM PEKOH(UTYPUPYEMBIX HAHOTEXHOIOT .

W3pectHo [19], 4uro moOyio OyleBy (QYHKIHUIO  MOXKHO
npeoOpa3oBaTh B CaMOJABOWCTBEHHYIO C HCIOJIb30BAHHEM BCEro OJHOM
M30BITOYHON TIepeMeHHOH. [lo3TOMy IyTeM MOJCpPHH3AIMHA CTPYKTYPHI
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(pecunresa) MOXHO moboe YCTpOHCTBO peoOpa3oBaTh
B CaMOJIBOMCTBEHHOE.

Mertons! mpeodpa3oBanus OyIeBBIX (QYHKIWIA B CaMOJBOHCTBCHHBIC
onucanbl, Hanpumep, B [20,21]. OauH U3 METOAOB COCTOMT B 3aMEHE
B CTPYKTYpE HCXOIHOTO VYCTPOHCTBa HECAMOIBOWCTBEHHBIX 3JEMEHTOB
HAa CaMOJIBOMICTBEHHEIC aHaJIOTH. Hpyroii METO]T basupyercs
HA UCIIOJh30BAHUU  aNbTCPHATUBHOIO CHUTHAIA @ W  W3BECTHOTO
npeoOpazoBanus K.D. [lleHHOHA, 3aKJIFOYAIONIErOCS B TOM, YTO IHOOYIO
OymeBy (YHKIWIO MOXHO pa3lIOKUTh 1O JHOOOH  MmepeMeHHOH
o opmyie [13]:

f(x],...,xj,...,x,)= O
= xjf(xl,...,l,...,xt)vxjf(xl,...,O,...,xt), j=Lt
CamopnBoiicTBeHHAs (DYHKIHA fsp TOIydaeTcs Mo hopMmyie:
oo =af vag, @

rie f— ucxonHast QyHKIMS, a g — IBOWCTBEHHAS K HEH (DyHKIUSL.

B [20] npuBozsiTCS pUMEpPHI CaMOABONCTBEHHBIX IPEOOpa3OBaHUH,
a TaKkKe JafoTCsl pe3yJbTaThl OJKCIIEPUMEHTOB IO IPeoOpa3oBaHUSAM
TECTOBBIX KOMOHMHAITMOHHBIX cXeM [22, 23] B caMOIBOWCTBEHHBIC CXEMBI.
ITpu aTOM OTMEUaeTcs, 4TO B CpefHEM H30BITOYHOCTH CaMOIBOWCTBEHHOMH
CXeMBI BO3pacTaeT sl IIPEACTaBIeHHON BbIOOpkHM cxeMm Ha 171 %, dro
HIDKE, YeM IIPU UCIOIb30BaHnH TyonupoBanusa. OMHAKO pa3IMYHbIE CXEMBI
obnanator Pa3IUYHBIM HHJIEKCOM CaMOJIBOMCTBEHHOCTU Isp,
MTOKA3bIBAOLINUM, HACKOJIBKO HCXOAHOE YCTPOMCTBO OIIHM3KO
K CAMOJBOMCTBEHHOMY, IMO3TOMY AN YyCTpoilcTB ¢ I5p>0,5 B cpemnem
yCIOXKHEHHE Topa3fo HiKe — 146 % OTHOCHTENBEHO TIOKa3aTeNsl CIIOKHOCTH
TEXHUYECKOHN pean3aliy UCXOJHON CXEMBI.

B [19] paccmaTtpuBaercss METOJ CHHTE3a CaMONPOBEPSIEMBIX
YCTPOMCTB, KOTOpBIA MOAPAa3yMEBAE€T MCIOIb30BAHUE HWHBEPTHUPOBAHUS
JIAaHHBIX W CaMOJBOMCTBEHHOI'O MpEICTaBICHHsS (DYHKIHMH, peann3yemMbIX
YCTPOMCTBOM. ABTOpPOM JaHHOM CTaTbH pacIpOCTpaHSeTCs  unaes
CaMOJBOMCTBEHHOTO KOHTPOJIS KOMOMHAIIMOHHBIX YCTPONCTB
Ha YCTPOWCTBA € MaMSATHIO, IPH TOM YCTAHOBJICHBI YCIIOBHS, IPU KOTOPBIX
KOHEYHBIE aBTOMATHI, ONKCHIBAIOIIME YCTPOMCTBA C IaMATHIO, OyIyT
CaMO/IBOHCTBEHHBIMH; TIPUBOISATCS IPOCTEHIINEe MOAU(UKAIMN TPUTTEPOB
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u ycnosus peann3anuu CBK mist ncnonbs3oBaHust MeTOa MHBEPTHPOBAHUS
JTaHHBIX.

B npanpheituem Teopust cuHTe3a CBK Ha ocHoBe cBoOiiCTB
CaMOJBOMCTBEHHBIX GyHKIMHA ~ pa3BUBAaeTCd ~ HAy4YHOHW  IIKOJIOH
oy pykoBozactBoM  mipod. B.B. CanokankoBa u  Bn.B. CamoxxaukoBa.
B yxe ormedeHHoir Beime pabore [20] mpuBenmeHa  CTpYKTypa

opranuzauuu CBK IS KOMOMHAILIMOHHOM CXEMBI, OCHOBaHHas
HA UCIIONh30BAHUU  HUMITYJBCHOTO  peXKUMa  pabOTBl HW  KOHTPOIS
MIPUHAIJIEKHOCTH GbyHKIHH K KJaccy CaMOJIBOMCTBEHHEBIX.

Ona n3o0paxena Ha pucynke 1. C nomomsio rereparopa I popmupyercs
MMIYNbCHAas IOCIEJOBATENIBHOCTh @, KOTOpas MO3BOJSET CUTHAIBI
C K&XAOro BXoma Xj, Xz, ..., X, HpeoOpa3oBaTb B MUMITYJIECHYIO
MOCIEA0BATENBHOCTh U PEAU30BaTh CaMOJABOWCTBEHHOE YCTPOMCTBO
o hopmyie (2). KonTponb CaMOJIBOMCTBEHHOCTHU KK 01
BBIXOAHOW QYHKIMU f1, fo, ..., fu OCYIIECTBISETCS C IOMOIIBIO TecTepa
TSC (totally  self-checking checker), ¥oTopbIli, B JaHHOM ciydYae,
IIPECTABIISET coboit KackKaj TECTEPOB CaMOJBONCTBEHHOI O
curHana (TectepoB camopBoiictBeHHOCTH) SSC  (self-checking  self-dual
checker) wu camorpoBepsemoro kommaparopa. Cxema SSC mnpuBeneHa
Ha pucyHke 2 [24]. Om wumeer 1Ba Bxoma: f W a, Ha KOTOPBIH
MOAAI0TCs (PYHKIIMOHAIBHBINA M QIbTEPHATHBHBINA CUTHAJIBI COOTBETCTBEHHO.
Hnst popmupoBanuss  Ha BHyTpeHHHX  JmHMsAX  SSC nByxdasHoro
CHTHaJIa B TOUYKaX Vi ¥ V, U3 CUTHAJIA f MCHOJIB3YETCS JIEMEHT BpPEMEHHOMH
3alepKku 1. BenuunHa 3amepXKKu ONpefensercs Kak JUIMHA OJHOrO
TAKTa HMITYIbCHOM IIOCIEIOBaTeNbHOCTH a. Ha BeiXxomax z° u 2
¢dopMupyercs  KOHTpPOJIBHBIM  curHan. Ecnmm  Ha  BXomel  mojaH
CaMOJIBOWCTBEHHBIM CHTHaJ, TO Ha BBIXOJaX OyAeT IpPHCYTCTBOBAThH
napada3HbIid CUTHAI <01> nnu <10>, pu HapyLICHUU
CaMO/IBOWCTBEHHOCTH CHUTHajla Ha BXoJe f W IpH COOCTBEHHBIX
HencnpaBHocTsix SSC  Bbyiact  Hemapadasselii  curHan.  Kommapatop
peanuszyercsi B BHJE CXEMBI CXaTusl napagasHbIX CHTHAJOB Ha OCHOBE
CTaHAApTHBIX Monyinel cxarust mapadasubix curHaigoB TRC (two-rail
checker), cTpyKTYpBI KOTOPBIX NaHBI B [25]. B xadecTBe ambTepHATUBHOTO
YCTPOMCTBA AN CHHTE3a KOMIIApaTopa MOXET HCIOIb30BAThCA CXEMa
u3 [26].
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Puc. 1. KoHTpons caMOBOMCTBEHHBIX CXEM: @) CTPYKTYpa; 0) mpeICTaBICHNC
CUTHAJIOB

B [27, 28] pasBuBaercs momxon k cuHTe3y CBK ¢ koHTponem
BBIYUCIICHUH 110 TPU3HAKY CAMOIBOWCTBEHHOCTH. [IpemiokeHa CTpyKTypa
opranmzauuu CBK, ocHOBaHHas Ha NpPUHUUIE JIOTMUYECKOW KOPPEKLUU
CUTHAJIOB (Ha3BaHHOM aBTOPAaMU BIIOCICICTBUU JOSUYECKUM OONOJIHEHUEeM
[29] u pa3BuBacMoM, B TOM umcie, B paborax coBpemMeHHUKOB [30, 317),
NpUBEJCHHAs Ha pUCYHKe 3. B 1aHHOW CTpykType moJpa3yMeBaercs
mpeoOpa3oBaHue CHUTHAJIOB c BBIXOJIOB YCTpOMCTBa F(x)
B CaMOJIBOMCTBEHHBIE CHUTHAJbl C IOMOIIBIO 3JIEMEHTOB  CIIOKEHUS
o Moayio M=2 no dopmyie:

h=f®5, i=Lm, 3)

rze §; — QyHKIMU JIOTMYEeCKOH KOPPEKIUHY, BEIYUCIsieMbIe O10KoM A(X).
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Puc. 3. Crpykrypa opranuzaiyu CBK Ha 0CHOBE JIOTHUYECKOI KOPPEKIIMN CUTHATIOB

B oroii xe pabore mpuUBOMATCS METOABI pacuera (QYHKIMH
JIOTMYECKON KOPPEKIIMH, U ONHCHIBACTCSI CTPYKTYpa OpraHU3alii KOHTPOJIS
BBIYUCIEHUH II0 METORY CAMOOBOUCMBEHHO20 napumema. JJaHHbIA METOx
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MIOAAPa3yMeBaET, YTO MPEABAPHUTEIILHO CUTHANIBI CO BCEX BBIXOJOB 00BEKTa
JMarHocTupoBaHus F(x) OyAayT CKaTbhl C MOMOIIBIO CBEPTKH MO MOAYIIIO
M=2 B oOpmuH cuHTHaJI, KOTOPBIA BIOCIEACTBUM OyneT npeodpa3oBaH
B CAMO/BOIMCTBEHHBI C ITOMOILIbIO EIMHCTBEHHOH (YHKIHH KOPPEKINH
o ¢popmyne (3). B akcrmepuMeHTe € TECTOBHIMH KOMOWHAIMOHHBIMHU
cXeMaMu MOKa3aHo, 4To Takod moaxon K opranuzaumu CBK mozBomsier
MONy4YaTh  BBIMTPHIII  Jake€ 1O CPaBHEHHIO C  HCIIOJIb30BAaHHEM
TPaJULMOHHOHN CTPYKTYpbI KOHTPOJIA MO NapUTETY, ONUCAHHOM B [32].

B [33, 34] npennararorcsi pasnnuHble MOAU(MUKAINU CTPYKTYP,
OCHOBAaHHBIX Ha HCIHOJNB30BAHWHM IPUHIMNA JIOTHYECKOW KOPPEKINHU
CHTHAJIOB: CTPYKTYpPa CAMOOBOUCHEEHHO20 OYOIuposanus W CTPYKTypa
C BBIICJICHHEM TPYII BBIXOJIOB 00BEKTa JTUArHOCTUPOBAHHS CO CBEPTKAMHU
10 MO0 M=2 ¢ MOCIEAYIOIUM CaMOJBOHCTBEHHBIM ITPE0OPa30BAHUEM.
B[15] wucchemyroTrcst ~ OCOOCHHOCTH ~ CHHTE3a  CaMOIIPOBEPSEMBIX
KOMOHMHAIIMOHHBIX YCTPOWCTB C KOHTPOJEM BBIUMCICHUH MO TPH3HAKY
CaMO/IBOHCTBEHHOCTH (OPMHUPYEMBIX (DYHKITUA. ABTOpaMHU JaHHOW pabOTHI
NPEJIOKEH  METOJ  NpeoOpa3oBaHHs  CTPYKTYp  KOMOWHAIMOHHBIX
YCTPOMCTB B  3alllMIEHHbIE OT  HEUCIPABHOCTEH, OCHOBAaHHBIN
HA pealu3allid CXeM C MOHOTOHHBIM MPOSBICHUEM HEHCIIPABHOCTEH
Ha Bbixogax. B [35] wuccnegoBanbl Bompockl  peanuzauuu  CBK
JUI YCTPOMCTB C MaMATBIO.

Pe3ynbpraThl MHOTOJNIETHMX  HCCIEIOBAaHMH YYEHBIX B  YacTH
opranm3anun CBK ¢ KOHTponeM caMOABONCTBEHHOCTH BBIYHMCIISIEMBIX
¢yHKIMiI 06001IeHb! B Tpex MoHorpadusix [21, 36, 37].

JanbHeiimee xke pa3Burue MeronoB cuHresa CBK c konrponem
CaMO/IBOWCTBEHHOCTH BBIYMCISAEMBIX (YHKIMH, 1O HalleMy MHEHHIO,
CBA3aHO C IPUMEHEHHEM HECKOJIbKUX JMArHOCTUYECKUX IPHU3HAKOB —
¢ KOMOMHHpPOBaHNWEM KOJIOBBIX MeTonoB cuHTe3a CBK u Metona kKoHTpos
CaMOJIBOMCTBEHHOCTU CUTHAJIOB.

Ha pucynxke 4 nzobpaxena crpykrypa CBK, B koTopoii nmpumeHeHO
yerpoiictBo G(f) s npeoOpa3oBaHus m CUTHAIOB B k. YcrpoiictBo G(f)
SIBIIICTCS KOJACPOM 3apaHee BbIOpaHHOro OnokoBoro koma [9]. Cmemyer
OTMETUTh, YTO, (aKTUYECKH, ITPUBEACHHAas Ha pHCYHKe 4 CTpyKTypa
MOJIy4YeHa IyTeM pa3BUTUS CTPYKTypsl opranusanuu CBK mo meromy
«CaMO/IBOWICTBEHHOTO  mapurera». [lomoOHast — CTpyKTypa  MOXET
WCIIONIB30BaThCsl 0€3 2IIEMEHTOB JIOTMUECKON Koppekuuu, eciau koxep G(f)
Oyler OIMCHIBAThCS CAMOJBOWCTBEHHBIMU (DYHKIMSMH, a MOXET OBITH
MOoIu(UIIMPOBaHa B  CTPYKTYpPYy C  JIONOJHHUTEIbHBIM  KOHTPOJIEM
BBIUMCIIEHUM 1O MpU3HAKy MPHUHAAJICKHOCTH KOMOBBIX BEKTOPOB,
¢dopmupyemsbix B CBK, 3apanee BEIOpaHHBIM OJIOKOBBIM KOJIaM.
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Bxonel D yHKIIMOHAIBHEIE
x ) G >
I3 \{ f [3 m BBIXO/JIbI
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I | a0 O]
2 BBIXOJIBI

Puc. 4. Crpykrypa opranuzaryu CBK Ha 0CHOBE JTIOTHUYECKOM KOPPEKIIMN CUTHAIOB
Y IPUMCHEHHS KOJJOBBIX METOOB JIIsI KOHTPOJIISL BBIYHCIICHHUHA

B KauecTBe KOJIOB, KOTOpbIE MOT'yT IIPUMEHATHCA
JUIs Ipeo0pa3oBaHuii B CTPYKType PHCYHKa 4, MOTYT BBICTYNATh JOOBIE
O7OKOBBIE KOABl. Tak Kak pasiudHble OJIOKOBBIE KOJIBI 00JIaHatoT
Pa3IMYHBIMHM XapaKTEPUCTUKAMH OOHApYXEHHUS! OIIHOOK, TO CYIIECTBYIOT
W ONpefeNieHHble  0COOeHHOCTH WX npuMeHeHust [9].  Hampumep,
WCTIONIb30BAHUE JIMHEHHBIX OJIOKOBBIX KOJIOB ITO3BOJIIET IPHUMEHSTh
MIOMUMO CBOWCTBAa CaMOJBOMCTBEHHOCTH €IIE€ M CBOMCTBO JMHEWHOCTU
peamm3yeMblx (yHkiuid. Cpemut TakuX KOAOB MOryT 3((eKTHBHO
TIPUMEHSATHCS.  KJIACCHYECKWE KOABI XOMMHUHTIA, alredpandecKue KOJbl
U UX pasHooOpasuele  momupurammu  [12,38 —41].  Moxker  OBITH
WCIIONIb30BAHO CBOWCTBO pPEajHM3allil MOHOTOHHBIX (YHKIMH, KOTOPBIM
005IaaloT  KJIacCHUECKHe KOABl C CyMMHUpoBaHHMeM (koxmsl beprepa),
PaBHOBECHBIE KOIBI M HEKOTOphIe WX Momupukaruu [9, 42, 43]. Takum
obpazoM, cuHTe3 CBK MOXET OBITH OCYIIECTBIEH C KOHTPOJIEM
BBIUUCIICHUM cpa3y K€ II0 HECKOJBKHM IUAarHOCTUYECKHM IPH3HAKAM.
B psane crateii, HanpuMmep, B yHOMSHYTOH BbImIe [24], mpuBOIUTCS CIIOCO0
opranmsamun CBK, koTopslil moapa3yMeBaeT KOHTPOJb BBIUUCICHUN
10 PAaBHOBECHBIM KOmaM «r W3 2r» (r—Bec KOIOBOTO  CIIOBA)
C CaMOJIBOMCTBEHHON peanu3anyel Kaxaod (YHKIUH, OIHMCHIBAIOUIEH
OUTHI paBHOBECHBIX KOZ0B. OTMeYaeTcs, 4YT0 BMECTO PaBHOBECHBIX KOJIOB
MOT'YT OBITh ITPUMEHEHBI U Jpyrue OJIOKOBBIE KOIBI (IIPU 3TOM, OJIHAKO, HE
000N KO MOAXOMUT Ul dTHX Ieneid). Mcnomp3oBaHue HpU KOHTPOIIE
BBIUMCIIEHUH ABYX AMArHOCTUYECKHUX MPU3HAKOB M MMITYJIBCHOIO pEXHUMa
paboTHI IO3BOJISIET OBBILIATH YMCIIO TECTOBBIX KOMOWHAIMI JUIsi IPOBEPKH
HEHCIPaBHOCTEH, YTO OCOOCHHO AaKTyaJbHO JUIi JAWarHOCTHPOBAHUS
YCTPOMCTB C peAKO MEHSIOIMMUCS BXOAHBIMU JaHHBbIMU [44 — 46].

Hacrosmmass paGora OTHOCHTCS K  BETBH  HCCJICJOBAHHH,
OXBAaTBHIBAIOUIEH BOMPOCHI HM3Y4EHHsT OCOOCHHOCTEH NPHUMEHEHHs! KOJIOB
Xsmmunra mpu cuHtese CBK ¢ koHTponeM caMOJBOWCTBEHHOCTH
curHanoB. Ilpumenenuro komoB XoMMmuHra npu noctpoenuun CBK
TIOCBSIILIEHO JOCTATOYHO OOJBIIOE KOJIUYECTBO padoT, HANpaBIEHHBIX Kak

Informatics and Automation. 2023. Vol. 22 No. 2. ISSN 2713-3192 (print) 357
ISSN 2713-3206 (online) www.ia.spcras.ru



MATEMATUYECKOE MOAENMPOBAHWE N NMPUKNAOHAA MATEMATUKA

Ha NPAKTUYECKUE MPWIOKEHUS NPU CUHTE3€ CaMOIPOBEPAEMBIX YCTPOMCTB
[47,48], Tax W Ha UCCICIOBAaHUS XapPAKTCPUCTUK CaMHUX KOIOB,
MPOSBIISIONIMXCS Tpu  uX 1moctpoeHnn [49 —51]. OmmHako paOoTHI,
MOCBSILIICHHbIE HCCAEAOBaHUIO MpuMeHeHus npu cuHTese CBK komos
X5MMUHra, KOHTPOJIbHBIE OUTHI KOTOPBIX ONKCHIBAIOTCSA
CaMOJIBOMCTBCHHBIMH (DYHKITUSIMH, OTCYTCTBYIOT. [IpeacraBieHHas CTAaThs
BOCIIOJTHSIET JAHHBIA TPOOEIT.

3. IlocranoBka 3agauu. llenpio NpeaCTaBIEHHOrNO B HACTOALIEH
pabore nccnenoBaHus ABISIETCS N3ydeHne ocodenHocTel peanm3aiyu CBK
C KOHTPOJIEM BBEIYHCIICHUH MO MPU3HAKY CaMOIBOWCTBECHHOCTH OYIEBBIX
(YHKIUH, OMHUCHIBAIOIINX MTPOBEPOYHBIE CHMBOIIBI KOTOB X3MMHUHTA.

J1st nocTKEeHUs! LIETH PElIatoTCsl CAEAYIOIUeE 3a1auu:

1. Pagpaborka crpykrypst CBK mnmo xomam Xsmwmunra,
KOHTPOJbHBIE OWUTHI  KOTOPBIX  OITUCHIBAIOTCS ~ CaMOJBONCTBEHHBIMU
GYHKIHAMHE.

2.  HccrnenoBanue ocoOeHHOCTEH KOJOB XOMMHHIA M TOHCK TEX
JUIMH KOIOBBIX CJIOB, IIPH KOTOPBIX BCE KOHTPONBHBIC OWTHI OYyIyT
OIMUCBIBATHCS CAMOIBOMICTBEHHBIMY OYIIEBBIMH (D YHKIHSAMU.

3. MogenupoBanue  NpPOCTEHIIMX  HHU(QPOBBIX  YCTPOWCTB
C KOHTPOJICM  BBIYHACICHUH 10  JBYM  OOO3HAYCHHBIM  BBIIIC
JIMATHOCTHYECKUM TPHU3HAKAM B IEAX MOATBEPKICHUS 3()PEKTUBHOCTH B
YACTH MOBBIIIEHUS XapaKTEPUCTUK KOHTPOJIEIPUTOJHOCTH.

4. Pazpabotrka crpyktypel CBK 1o mpou3BOJNIBHBIM —KOJaM
XsMMHHTA € TIPpeoOpa3oBaTesieM CUTHAJIOB OT KOJepa B CaMOJBONCTBEHHBIE
CUTHAJIBI.

4. Koapt Xommuura. Kom XoMMuHra crpoutrcs CleAylOUIUM
obpazomM. @opmupyeTcst poBEpOUHasi MATPHLIA BUJIA:

H =l i i v | 4)

B wmarpume H, TmepedncisioTCs IOAPS ClIeBa HANpaBO BCe
BO3MOXHBIE JBOMYHBIE ymciaa oT uuciaa [00...01], mo umcma [11...11],.
Cron0Oupl, COOTBETCTBYIOIUEC TBOWYHBIM UHCIAM C JCCATUYIHBIMU

aHajgoraMm n = 2[, ie NO’ OTBOZATCA IIOA TIPOBCPOYHBIC CHUMBOJIbI

358 WHdopmaTuka 1 aBTomaTtudaumst. 2023. Tom 22 Ne 2. ISSN 2713-3192 (neuv.)
ISSN 2713-3206 (oHnarH) www.ia.spcras.ru



MATHEMATICAL MODELING, NUMERICAL METHODS

(MM COOTBETCTBYIOT CTOJOLBI C OJHMM cHUMBOIOM «1»). OcranbHbe
CTOJIOIBI  COOTBETCTBYIOT ~HMH()OPMAIMOHHBIM  CHMBOJAM. 3HAauy€HHE
bynkimu g5, j=Lk, onuceBaromeid j-blii NPOBEPOYHBIH  CHMBOI,
TIOJTY4aeTcsi, KaKk CyMMa [0 MO0 M=2 CUrHaJIOB TeX MH()OPMAMOHHBIX
OuT f;, Ha TIepecedeHNN CTOJIOIIOB KOTOPBIX C j-Oi CTPOKON CTOHT eAMHHMIIA.
Uncno NpoBEpOYHBIX CHUMBOJIOB ONpEAEIseTCS Kak Oirpkaiiiee Leloe,
yIOBJeTBOpsiIoIee HepaseHCTBY: m+1<2" —k, rme m=n-k — uucno
nH(pOpMaINOHHBIX CHMBOJIOB.

Yacto mpoBepounas Matpuna (4) s yao0cTBa mpencTaBiseTcs
B popme k x (ktm), rme dYactb, COOTBETCTBYIOUIAasl IPOBEPOUHBIM
CHMBOJIaM, OTJIEJIeHA OT YacTH, COOTBETCTBYIOIIEH WH(OPMAIIOHHBIM
CHMBOJIaM:

0 0 10 0 11
0 1 olo o 11
0 1 0 o1 1 11
1 0 .. 0 01 1 0 1

[Mpumeps! moONMydeHHs KOAOBBIX CJIOB, NPUHAISKAIIUX KOIaM
XsMMHHTa, 37I6Ch NPUBOAWTH HE OyJeM, OHH €CTh B OONBIIOM 4YHCIIE
HCTOYHUKOB, BKJIFOYas pabothl [48 — 51].

5. CTpykTypa caMonpoBepsieMOro YCTPOWCTBa € KOHTPOJIeM
BBIYHCJIEHHIA 10 KoaaM XOMMHHIa ¢ CaMoOJBOHCTBEHHBLIMH
¢pynxnusimu. PaccMOTpuUM  CTPYKTYpy, NpPHBEACHHYIO Ha pHCYHKE 5.
B otnmmune or CcTpyKTYpel pHCyHKa 4 B TPENCTABICHHOM CTPYKType
HE MCHOJIb3YeTCsl JIornueckoil koppekuuu cur"aioB B CBK. 3gecs
nogpasymeBaeTcsl ciexyroniee: koxep G(f) sBiseTcs caMOABOWCTBEHHBIM
YCTPOHCTBOM,  TpPEOOpasyromuM 71 WHQOPMAIMOHHBEIX  CHTHAJIOB
B k KOHTPOJIBHBIX. VIX MOXXHO HampsiMyl0 KOHTPOJIHPOBATH C IOMOIIBIO
Kackaja TecTepoB camonBoiicTBeHHOCTH ASSCl, mpeoOpazyrommx
k CUTHaJOB B ONMH KOHTPOJIGHBIA CHT'HAJ, a TaKKe CHAOOUTh KoOJep
kommapaTopoM kTRC1, a CBK noobopynoBats 610K0M G(x) — BBIYUCIICHUS
KOHTPOJIbHBIX (DYHKIMI 1O BXOJHBIM BO3JEHCTBHSM, BBIXO/BI KOTOPOTO
TaKkKe MONKIIOYUTH K KOMIIApaTopy. JTO TO3BOJIHUT KOHTPOJIMPOBATH
BBIUHMCIIEHHUS] IO 3apaHee BHIOPAaHHOMY KOJy, IPOBEPOYHBIE CHMBOJIBI
KOTOpPOT'O ONKCHIBAIOTCS CaMOIBOWCTBEHHBIMH OYIIEBBIMH (DYHKIUSIMU.
VYerpoiictBa  G(f) m  kTRC1 o00pa3yloT TecTep BBIOpaHHOTO Kojia
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(ycrpoiicteo 7SC). Ecnm paccMaTpuBaTh TOJIBKO 3Ty CXEMHYIO 4YacTh,
HCKJIIOYasi KackaJl TECTEpOB CaMOJBONCTBEHHOCTH M BXOAHOM KackKaj
MOTYYCHUST CAMOJBONCTBEHHBIX CHTHAJIOB, TO OyIeT MpeicTaBicHA
KIaccuaeckas ctpykrypa opranmsanuu CBK [6, 7, 9]. JlobaBieHue kackana
TECTEPOB  CaMOJBOMCTBEHHOCTH M BXOJHOTO Kackaja MOIy4EHUs
CaMOJIBOMCTBCHHBIX ~(DYHKIUH JTaeT BO3MOXKHOCTH JIOTIOIHUTEIHHOTO
KOHTPOJSl €Ille OJHOrO AMAarHOCTUYECKOro MpH3HaKa. BeIxomsl ycTpolicTB
TSC n kSSC1 mnopkmroyaroTcss K BXOAaM OJHOTO MOIYNS  CHXKaTHS
mapadasueix  curHanoB  TRC, BBIXOIBI KOTOPOT'O YXKE  SIBJISIOTCS
KOHTpOoJIbHbIMU Bbixonamu CBK.

Bxopt OyHKIMOHATIbHBIE

F(x) >
m = __: BBIXO/1bI
|

| EG&Z] !

|

1 |

|

|

|

)
>3
v

KourponbHbie
BBIXOJIBI

A4

G(x) T

Puc. 5. Crpykrypa camonpoBepsieMoro yCTpOHCTBa ¢ KOHTPOJIEM BBIYHCIICHUMA
0 OJIOKOBBIM Pa3JICIMMBIM KOJaM C CAMOABONCTBEHHBIMHA KOHTPOJIHHBIMH
GyHKIHSIMA

Ocraercsi  ompemenuTb  T€  KOABI  (31€Ch  OrpaHHYMMCS
paccMOTpeHHEeM TOJBKO KOAOB XOMMHHIA), KOTOphIe OyayT oOxanath
CBOMCTBOM CaMOABOMCTBEHHOCTH (DYHKIMH, ONMMCHIBAIOIIMX ITPOBEPOYHBIC
CHMBOJTBI.

Konpt XaMMHUHTA CTPOSITCS € MCIOIB30BaHUEM KOHTPOJIBHBIX CYMM
o MOAyN0 M=2 HEKOTOpOro NOAMHOXECTBa HH(OPMAIMOHHBIX OHT.
CaMu KOHTpONBHBIE (YHKIMH SBISIFOTCS JIMHEWHBIMH. [y jmMHEHHON
(YHKIMM M3BECTHO CIIEAyIOIIee CBOMCTBO [52].

Teopema 1. Jlwbdas juneinas Oyieea  @yHkyus  seuiemcs
CaMOOBOUCMEEHHOU  MONLKO — NpU  HEYemHOM  Hucie  ap2yMeHmos,
0m KOMOPbIX OHA 3A6UCUM CYUIECTBEHHO.

Takum o00pa3oMm, eciaM KaKAbli IIPOBEPOYHBI CHMBOJ KoOJa
XsMMHHTa ONHUCHIBaeTCSl (YHKIMEH C HEYETHBIM YHCIOM apryMEHTOB,
TO €r0 Kojxep Oyner caMOIBOWCTBEHHBIM YCTPOWCTBOM. JTO YCIIOBHE
BBINOJHSETCS HE A1 JIF000T0 yrcia nHGpOpMannOHHBIX OHT.

6. Onpenesienne uymnciaa  HHGPOPMAIMOHHBIX  OUT  KO/OB
XOMMHHTA, IS KOTOPBIX (PYHKIHMH, ONUCHIBAIOIIME IPOBEPOYHBbIE
CHMBOJIbI, OyAyT camMOABOiCTBeHHBIMH. OmpenenuM Te 3HA4YCHUs 7,

360 WHdopmaTuka 1 aBTomaTtudaumst. 2023. Tom 22 Ne 2. ISSN 2713-3192 (neuv.)
ISSN 2713-3206 (oHnarH) www.ia.spcras.ru



MATHEMATICAL MODELING, NUMERICAL METHODS

JUISI KOTOPBIX ~ CTPOATCS  KOABI XAMMHHIa C  CaMOABOMCTBEHHBIMU
(YHKIMSMH, OITMCHIBAIONIIMMH ITPOBEPOYHBIE CHMBOJIBL.

Brawane  ompenenuMm  4HMCIO  CYMMHPYEMBIX  CIAraeMbIX
TIPY BBITIOTHEHUH j-OH KOHTPOJIHOM TIPOBEpKH (NPU BBIYHMCICHWH j-TO

MPOBEPOYHOTO  CHMBOJIA), jzl,(log2 (n+l)—|, rie 71— NECATHYHBINA

SKBUBAJIEHT JBOMYHOIO 4MCJA, 3aNMCAHHOTO Ha BEPTUKAIM MAaTPHLIbL.
Hpu stom B kaxaod cymme E; Kaxoil j-Oi CTpOKM OyieM y4HTHIBATH
Y 3HAYCHUS, XapaKTePU3YIOIINe CaMU KOHTPOJIbHBIC (PYHKIUU (HATTOMHUAM
YUTATEN0, 9TO CTONOLBI MATPHIBL, U KOTOpeIX n =2, i€EN, oTBOMATCS
IO/ TIPOBEPOYHbIE CUMBOJIBI, a HYJIEBOH cTojben He ucnonbiyercs). aiee
3TOT (aKT ydTeM.

PaccmoTpum MmaTpuity, mpeacraBicHHY0 TabOmwmieit 1. OHa Moxer
CIYyXHUThb B KAauyeCTBE MPOBEPOYHOM MATpULUBl M KoJa XOMMHUHIa
(15,11, 3) mpu n=15 u mnd YKOPOYCHHBIX KOIOB XAMMHHIA C JITHHOMN
KOJIOBOT'O ciioBa 7<15 (IpwW yJajeHnu HEKOTOPOro KOJMYECTBA CTOJIOIIOB).
B meili mo Bospacratomeit or n=1 o n=15 3anmcaHbl 4YeTHIpeXOUTHBIE
IBOMYHBIE KOmOBBIe BekTopel or [0001], mo [1111],. Ompenemum,
KakK 3aIlojIHEHa MaTpuLa.

Ta6muma 1. [IprMep npoBepodHON MaTPHIB! TS Kofia XIMMUHTA
g | 1 2 3 4 5 6 7 8 9 10 | 11 | 12 | 13 | 14 | 15

g | 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1

3anojgHeHHe  MaTpullbl  OPOU3BOJUTCS C  MEPUOJUYHOCTBIO,
onpeaensseMoil BeITMYUHOM:

T, =2/ (6)

Ipu 5ToM uepeayrotcs 2’ Hyneil U CTONBKO K€ eMHHUI] B KaXKI0M
nepuone. K mpumepy, mist j=3 JuiMHA IepHOa COCTAaBIseT 7, =2° =8,

qepeayerces 2371 =4 HYJIS U CTOJIBKO K€ CAWHUIL. Hckimrouenue cocTapiser
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TOJIBKO TEPBBIA MEPUOJ /ISl KAXKIOW CTPOKH, TAK KaK OTCYTCTBYET YHUCIIO
[0000],. Bynem manee 3T0 yIUTHIBATB.
Beeznem crenyromee obosnadenue: E; — cyMMa €QMHHIL 110 j CTPOKE

npoBepo4HOil  Martpuubl.  Dopmanusyem  momydeHue  umcen  E,

JUIsl 3a1aBa€MbIX 3HAUEHUH 11 U .
Aaropurm. [locredosamenvrocme nonyuenus uucen E; :

1. Bamaercs uucino n.
2. Ompenensercs YUCIO TONHBIX MEPUOJIOB kTF IUIST 3aJJaHHOT'O
J

gucia n. OHO paBHO:

F | n+l
&, —[ 2 J (7)

K mpumepy, ans n=13 umeercsa j=1, 2, 3, 4, 4uCIO MOJHBIX

MEpHO/IOB [UISi KOTOPBIX PaBHO: k£={l3+ J=7, kg=[l3+ J=3,

2! 2?
37 {5

3. OmnpegensieTcss YUCIO SAUHULL VTSI BCEX MOJIHBIX NEPUOIOB 7.

CyMMa CAWHUL] B KaAXJIOM IIOJHOM IICPpUOAC paBHA 2j71 .
COOTBGTCTBGHHO, JUJI BCEX IMOJIHBIX MIEPUOAO0B OHA COCTABJIACT:

- | n+
2k =2 1[2—/J (8)

K npumepy, mia »n=13 u j=2 nomyuaeM B MOJHBIX HEPUOIAX

2°"'3 =6 enunmn. K cnioBy, umcno Hyneii onpesensercs aHaloOrHuHO.
4.  Ompenemnsiercst YUCIO SAWHUI B HEMIOJIHOM IIEpHOJIE.
Hemnonnenii nepuoxn BKiovyaeT B ceOs:

(n+1)-7k; =(n+1)-2 [nz—tlJ HyJIeii 1 eMHALL 9)
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K npumepy, g n=13 u j=2 noixydaem: 14—2'2/{2 =14-2"-3=14-12=2.
B HenoHOM neprozie IMeeTcsl CIeyroIee KOJIMYeCTBO HyIeH:

271 npu (I’l+1)—2'.k: >2j_l;
{( p ik (10

n+1)—rjk: npu (n+1)—rj.k§£2j’l.

OcranbHOoe — eMHUIIBL.
K npumepy, mnms n=13 wu j=2 wumeem: (n-i-l)—r,kf =2
u 27" =2"" =2, orkyma crnenmyer, 4To uMCIO Hyneil paBHO 2, a YHCIIO
emmaun — 0; mna n=13 u j=3 wumeeM: (n+1)—z'jkf =14-8-1=6
J
u 27" =2"" =4, orxyma cnenyer, uto umciIO Hyneil paBHO 4, a 4HCIIO
€IMHUILL — 2.

OTOpocHUM 4YHCIIO HYJIEW W3 HEMOIHOrO IEpUoja, MONYYUB B HEM
CYMMY €IMHHII:

(n+1)-2’ V_"’_IJ_zﬂ npu (n+1)—rjk2 > 2/

2/ ) 11
F -1
o npu (n+1)—rjkrj <27
5. Ormpegensercs cyMMa €AUHHIL B j CTPOKE.
Wrak, cymMMa envHUII 110 j CTpOKe Oyaer paBHa:
. 1 : 1 ; . )
2/ LﬂJ +(n+1)-2/ LﬂJ—z/" mpu  (n+1)-2’ VLIJ >27
2/ 2/ 2/
E, = (12)
; | n+l D=2 n+1 <o
2 Y npu (n + )— —|<
VYnpoctum Beipaxkenue (12):
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(n+1)-2"" an—J:lJHJ mpn (n+1)-2/ V;lJ > i

E = (13)
’ n+l n+l
-1 J J-1
2/ L > J pu (n+l)—2’L7JS2’ .
K IIpUMEDY, Ui n=13 u j=3 IMEEM:
(na1) -2 [ 2N o (1341)-20 | BHL 214 5=, 2 =2 =g,
2 2

OTKyJa CJeAyeT, 4YTO Ui IIOJCYETOB HYKHO HCIIOJIb30BaTh BEPXHEE
BEIpaxkeHue B popmyie (13):

E,=(n+1)-2"" &nz—J;lJHj:(BH)—Z“ QI?IJ+1J=14—4-2=6.

B rtabmuue 2 npusomsres 3Hadyenns uvucen E, s n=0...31

(u1st IeMOHCTpALMK CBOMCTB CyMM E; paccMOTpeHO Takxke u uucio n=0,

AMEIOLLEE CMBICH JIMIIb C TOYKH 3PEHUS] HATJSAHOCTU MpPEACTaBICHUS
3aKOHOMEPHOCTH). BBIEIeHBl CTONOIBI, COOTBETCTBYIONIUE YHCIAM M,
JUIA KOTOPBIX KaXkIas KOHTPOJNBbHAs CymMMa OyAeT WMETh HEYEeTHOE
KOJIMYECTBO CIIAraeMbIX.

Marpuua, B kotopoil nosuumn n=2', ieN , OTBEIEHBI TaKKe
o1 WH( OpMAITOHHEIE CHMBOJIBI, ONUCBHIBAET  W3BECTHBIN [51]
MOMUHUIMPOBAHHBIN Ko XoMMuHTa. Takas MaTpuma COACPIKUT
B K&XKIOM CTOJIOIlE ClIEBa HAIMPAaBO BO3PACTAIONIME JBOWYHBIC YHCIA.
Kaxmprit cronbery COOTBETCTBYET HHPOPMAIIMOHHOMY CHUMBOIY.
Takum oOpa3oM, Tpu  IMOCTPOCHHH  MOIU(PHUIIMPOBAHHOTO  KOJa

X5MMUHra 3Hau€HHEe j-r0 IPOBEPOYHOr0 CHMBOJA, j = l,ﬂog2 (m + 1)]

(31eCb  MMEHHO m — pa3MEpHOCTh KOJa), IIONydaeTcs, Kak CyMmMMma
mo Mopymo  M=2 Tex WH(OPMALMOHHBIX  CHMBOJIOB,  KOTOPBIM
COOTBETCTBYIOT ~ CTOJOLBI B IIPOBEPOYHOM  Marpuie, B  KOTOPHIX
HA MEPECEUECHUN j-OM CTpPOKM 3amucaHa eauHui@a. OTMEeTHM, 4TO JIMHA

TakKoro Kojaa 6yﬂ€T paBHA n=m+ ’710g2 (Wl + 1)—‘ , a MHHHUMAJIIBHOC

paccTostane dppi,=2.
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Tabmnuma 2. 3HaueHUs YUCET E/. s n=0...31

gi| 0 1 2 3 4 5 6 7 10 | 11 | 12 | 13 | 14 | 15
g | 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
g | 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1
g | 0 0 0 0 1 1 1 1 0 0 0 0 1 1 1 1
2| 0 0 1 1 0 0 1 1 0 0 1 1 0 0 1 1
g | 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1
E‘/'
gi| 0 1 2 3 4 5 6 7 8 9 (10 {11 | 12 | 13 | 14 | 15
g | 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
g | 0 0 0 0 0 0 0 0 1 2 3 4 5 6 7 8
g | 0 0 0 0 1 2 3 4 4 4 4 4 5 6 7 8
2| 0 0 1 2 2 2 3 4 4 4 5 6 6 6 7 8
g | 0 1 1 2 2 3 3 4 4 5 5 6 6 7 7 8

g |16 | 17 | 18 [ 19 | 20 | 21 | 22 | 23 | 24 | 25 |26 | 27 | 28 | 29 | 30 | 31

g | 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1
g | 0 0 0 0 1 1 1 1 0 0 0 0 1 1 1 1
2| 0 0 1 1 0 0 1 1 0 0 1 1 0 0 1 1
g | 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1

g |16 | 17 | 18 [ 19 | 20 | 21 | 22 | 23 | 24 | 25 |26 | 27 | 28 | 29 | 30 | 31

gs | 1 2 3 4 5 6 7 8 9 [ 10|11 (12| 13| 14| 15| 16
g | 8 8 8 8 8 8 8 8 9 [ 10|11 (12| 13| 14| 15| 16
g | 8 8 8 8 9 (10|11 (12|12 |12 |12 |12 | 13| 14| 15| 16
2| 8 8 9 |10(10 10|11 |12 12| 12|13 |14 | 14| 14| 15| 16
g | 8 9 9 |10[10 |11 |11 |12 12| 13|13 |14 | 14| 15| 15| 16

Teopema 2. /s moougpuyuposantnozo koda XommuHea npu uucie
unpopmayuonnvix cumgonoe m=n=2"-2, ke{2,3,.}, ece uucua E,

aesomes Hewemubimu u pagnbimu E, =2 —1.
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Joxa3zareabcTBO. PaccMoTpuM anieMeHTapHBIN citydaid k=3 (ciydan
C MCHBIIMMH Kk HE TIOKa3aTeJbHBl, TaK Kak MOJU(UIMPOBAHHBIN
KoZ XOMMHHIA2 WMEET CMBICI CTpOWTh i k>3). i naHHOrO Citydas

cymecteyer 2°=2°=8 pasmmumbix n=0,7. Bcero mmi Kaxioi
KOHTPOJIbHOW (YHKIMH | =1,3 umeercs 2 =2""=4 HyJI U CTOJBKO
ke enuHul. MakcumanbHas cymma E, Ui KaXKIOro j HOCTHIAeTCs
s cnydas n=7 u paBHa B, =E, =E, =4. Oro umcno uernoe. Ecmu
paccMOTpeTs cilydal #n=6, TO OIS HEro ClIexyeT BBIYECTh II0 OIHOU
CAMHULE JUIs Kaxkaoro E ., Belb ACCATHYHOMY 4uClLy [7]i9 COOTBETCTBYET
nBonuHoe [111],, B koTOopoM Bce paspsipl paBHBl €AWHMIE. TakuM
obpazom, s n=6 E =E,=E,=3. Oro uucmo HeuerHoe. Ecan
paccMOTpeTs JII000€ MEHbIIEe YUCIO H, TO MOTpedyercs OTHATH
or HeuetHoro uucna E, =E, =E,; =3 g kaxaoro j pasjiuyHOE YHCIO
equuul. s n=5 st 1Byx u3 1pex E, (E, n E,, mockonbky misi n=6
JIBOMYHBIN dkBUBajeHT paBeH [110],) morpeOyercs OTHATH MO €IUHUIIE.
Ilostromy E, =3 n E, =E, =2. Jlanee, npu GOpMHUPOBAHMU CyMM 4HCIIa
n=4 HyxHO OT umucna [101], mepeiitu k uumcmy [100],, aTo moTpedyeT
orHaATh OT B, =3 u E, =2 mo equnnne: E, =E, =2 u E, =1. Yucna n<4

paccMaTpuBaTh HE CICAYCT, TaK KaK UIA 3THUX YUCCIT k=2. Takum 06pa30M,
us3 BCEX BO3MOXHBIX BAapHUaHTOB JJIsL k=3 TOJIBKO BapHaHT

m=n=2"-2=2"-2=6 npaer Bce HedeTHHIE E,. Ilpu otom,
OHU B TOYHOCTU OyRyT paBHbI E; = 2K 1=2""-1=3.

Paccmorpum mpousBonbHOE 3HaueHue k. IS HEro cymecTByeT
k pasmuunbIx cymm E ., j :I,_k. Jts KaxIol KOHTpPOJBHOW (yHKIMHU
MakcuMaibHas cymma E, = 2", D10 wetHoe umncno. Yucio n s Takoi
CyMMBI OyaeT B NBOMYHOM BHUne BHINIAAeTh Tak: [11...11],. U Tompko
Ayt qucna n—1 OIHOBPEMEHHO or Kaxporo E, = 2" Gymer otHsTa
equnnna. Hoseie E, = 2" ~1, u onu Bce Gynyr HederHbMU. Yucio n—1

B ZBoMYHOM Buzae Oyner paBHo: [11...10],. Crnemyromiee 3a HMUM YHCIIO
Mo yOBIBaHUIO n—2 B JABOMYHOM BHIe Oyner paBHO: [11...01],. Hdus ero

noxyueHus norpedyercs or Beex E, =21, xpome E, =2""' —1 orHare

1o eaunuie. HoBble cymMMbl CTaHyT paBHbIME E; = 22 je {2,3,...,k}
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u E, =2""~1. Bce uncna, kpome E,, uernsie. [Jlanee mpu nonydeHun
49HCIa n—3 M3MEHMTCA YeTHOCTh y Beex B, =2""-2, je{l,2,...k}\{2}.
Bce  umcna E =2""-3, je{3,4,. .k} OyayT  HEUETHBIMH,
a E, =E, =2"" -2 — yernpivMu. [Jlasiee nporecc NpOJOIKATCS, TaK KaK JUIs
yucna 1—4 4eTHOCTh (QYHKIMH CTapIinX pa3psiioB JODKHA ITOMEHAThCA. B

o o n
HUTOre, MPCACIbHBIM ClIydaud Jid YuCia 54—1 6y,HGT COOTBECTCTBOBATH

msomaromy uucry [10...00],, mis koroporo E, =27, j=1k-1 u

Ek =1. Ycnosue TCOPCMbI BBITIOJIHACTCA. Brmonasercs oo u JJIg Ciiydas

k+1. Teopema nokasaHa.
Teopema 2 OTHOCHUTCS K MOAUGDHUIIMPOBAHHBIM KOIaM XOMMUHIA.
IMpu  mOCTpOEHMM  KIACCHYECKMX  KOJOB  XOMMHUHIA  CTOJOI[BI

n=2', ieN,, orBOmiATCA MOA NpPOBEPOUHbIC CHMBOIBI (Tabiuua 3).
OnpenenyM 4YHCIO CYMMHPYEMBIX CJAaraéMbIX IIPU BBITIOJHEHUH j-OH

KOHTPOJIBHOM MPOBEpKH, j =1,k, U KIIACCHYECKOro KoAa XOMMHUHTA.

Ta6muma 3. [IpuMep npoBepodHON MAaTPHUIEI KoAa XOMMHUHTA C BBIACICHHEM
CTOJNIOIOB, COOTBETCTBYIOMINX KOHTPOJIBLHBIM CHMBOJIAM

g |1 2 3 4 5 6 7 8 9 10 | 11 | 12 | 13 | 14 | 15
g | 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1
g | 0 0 0 1 1 1 1 0 0 0 0 1 1 1 1
2| 0 1 1 0 0 1 1 0 0 1 1 0 0 1 1
g 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1

Yucno E; (popmyna 13) ompenenser cymmy eaumHui Oe3 ydera
0TOpACHIBAEMBIX CTUHUIL ISl YUCET /1 = 2 ieN 0-

HoBast mpoBepka MOSBISIETCSI TONBKO TOT/AA, KOraa (OpMHUpPYETCs
cronber uia gucna j. Jis kaxmaoro ymcna j TpeOyercsl yoaluTh OmHY
«INIIHIOWY» eauHuLy. Ilomydaem:

E* =E, -1 (14)

B rtabmuue 4 npusomsres 3uavenus umcen E, i n=0...31

JUISL KJIIACCUYECKOI'0 Koja XOMMUHTra. AHAJIOMYHO Tabnwuie 2, B Tabnuie 4
BBIJICTICHBI T€ CTOJOIBI, IS KOTOPBIX Ka)KIas MOTYYCHHAs KOHTPOJIBHAS
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CymMmMa 6y,HCT HMETh HEYETHOS KOJIMYESCTBO cllaraeMeix. B Ta6J'II/IIle 4,
B OTJIMYUC oT Ta6J'II/IIlI)I 2, BBIJICJICHBI YiKe Apyrue CTOJ'I6HBI,
COOTBCTCTBYIOLIUC YHUCIIAM n. Amnanms Ta6J'H/IHBI 4 mo3BOJISET YCTaHOBUTH
3aKOHOMCPHOCTD B BBIJACIICHUN CTOJ'I6HOB.

Tabmnuma 4. 3HaueHUs YUCET E/. st n=0...31 mIst KiTacCHYECKUX KOm0B XOMMHUHTa

g | 0 112 |3 | 4|56 |7 |89 ]|10]11]12]13) 14 ] 15
g [ 0]0]0]0]0J]0]0J0][0]O 0 0 0 0 0 0
g[0]0]0]0]J]OJ]O]O0O]O 1 1 1 1 1 1 1 1
g [ 0]0]071]0 1 1 1 1 010 0 0 1 1 1 1
21010 1 1 010 1 1 0]0 1 1 0 0 1 1
210 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1
EJ'
g | 0 112 |3 |4 |56 |7 |89 ]|10]11]12]13) 14 ] 15
g [ 0]0]0]0]J]O0O]J]O]J]OJO0O]O0O]O 0 0 0 0 0 0
g 0]0]0]0]J]0OJ]OJ]O0O]JO0O]O 1 2 3 4 5 6 7
g [ 0]0]0]0]O0 1 2 |3 313 3 3 4 5 6 7
[ 01070 1 1 1 2 |3 313 4 5 5 5 6 7
21010710 1 1 2 1213 314 4 5 5 6 6 7

g |16 |17 |18 |19 |20 | 21 |22 | 23 | 24 | 25| 26 | 27 | 28 | 29 | 30 | 31

g | 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
g 0]0]0]0]J]O]JO]O0O]O 1 1 1 1 1 1 1 1
g [ 0]0]07]0 1 1 1 1 010 0 0 1 1 1 1
21010 1 1 010 1 1 010 1 1 0 0 1 1
210 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1
Ej
gi |16 | 17 |18 |19 |20 | 21 [ 22 |23 |24 |25 |26 | 27 [ 28 [ 29| 30| 31
g | 0 1 2 |13 |4 516 7 8 | 9 |10 [ 11|12 ] 13| 14| 15
g | 7 717 717 717 7 8 | 9 |10 [ 11|12 ] 13| 14| 15
g | 7 717 7 18 9 (1011 (11 {1111 |11 ]12 ] 13| 14|15
o |7 71819199 (101111111213 [ 13 [ 13]14]15
a7 81819 9101011 |11 |12 1213 |13 [ 14]14] 15

Teopema 3. /[na xnaccuveckoco kooa Xommunea npu Hucie
pasps0os 6 kodoevix crosax n=3+4l, 1eN,, 6ce uucia E; aensomes

HeuemHbIMU.
JoxazarenabcTBo. PaccMoTpuM nepBoe U3 uncen n=3, 1 KOTOpOro
JIOJDKHO BBINIOJIHATHCS yciioBue TeopeMsl 3. Ilpu hopmupoBaHny Kaskaoro

— 210g2(n+1)71

us aucen E,, j=1,2, tpeGyercs cioxurs popHo E, €IMHMIL;

or mBomuHblXx umcen [l],, [10], u cobcrtBenHo uwmcma [11],. OmHako
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pu (GOPMUPOBAHUU MATPHUIBI OBUTIO OTOBOPEHO, YTO YHCIA K, PaBHBIC
CTEIeHH YUCIa 2, HE JIOJDKHBI YYUTBIBATHCA, M M3 4uCaa B Kaxapid pas
mpu J00aBIICHWM HOBON KOHTPONBHOM (YHKIMH C POCTOM 7 JIOJDKHA
BEIUUTAThCA eauuuIa. Yucna [1], u [10], ects cremenu uncia 2. Berarem
u3 kaxporo B, j=1,2, no equnnue u nonyunm E, =E, =1.

Jamee mosBIsCTCS TpyNma W3 YETHIPEX YHCEN, IS KOTOPOU
BBOJAWTCS €Il OIWH KOHTPOJBHEIA paspsm: [100],, [101]y, [110],, [111],.
IepBoe YHCIIO HCKITFOYAeTCS KaK CTETICHb qucia 2.
Jus opmuposanus Broporo uuciaa [101], myxHo nobaBurh k E, =1

equuuny u 1o %€ K E; =1. Uncno E, craner pasueiM E; =2. Oto ueTHOE
gucno. Jlanee cnenyer uncino [110],. Hyxno nobasuts x E, =1 nk E; =1
no enunune. Taxkum obpasoM,E, =E, =2.Bce Tpu cy™MMBl 4YeTHbIE.
Crnenyromee uncino (opMuUpyercs Mpu J0OaBICHUU K KaXIOW CyMMe
1o eauHuIle. Bce cyMMBbl CTaHOBSITCS HEYETHBIMU. JTO ciydal n=3+4=7.
Hanee cnemyer rpymma uwmcen [1000],, [1001],, [1010],, [1011],.
K neuernpiv umciam E, =E, =3 npu ¢opmMupoBaHuHM HOCIEIHErO
U3 MIPEJCTABICHHBIX JTBOMYHBIX YUCEN HOOABISETCS POBHO MO 2 CIUHUIIBL,
4TO He MeHsieT uX yeTHocTH. K uncny E; He npubasnsercs nuyero. Yncio

E, =1. Jecaruunoe uucio, coorBercIBymomee AsonuHomy [1011],, paBHo
n=3+4+4=T7+4=11.

Jlanee paccMaTpuBaeTcs cierylomas «4eTBepKa» grcen. Beskuit pa3
npu  (OPMHPOBAHMHM UYETBEPTOTO U3 HUX B KaKAYI0 CYMMY JIMOO
He 700aBIsIeTcss HUYEro, Ju00 N0OaBIsIeTCS YETHOE YMCIO 2, a C POCTOM
n — 6o 2, 6o 4 (tabnuma 5).

Tabmuua 5. 3nauenus uncen B, aa n = 3+4], [ e {0,1,...,15}

11 | 15 | 19 | 23 | 27 | 31 | 35| 39 | 43 | 47 | 51 | 55 | 59 | 63
0 0 0 3 7 11 | 15| 19| 23 | 27 | 31
11| 15 | 15| 15 | 15 | 15 | 19| 23 | 27 | 31
7 11 | 15 | 15| 15 | 19 | 23 | 23 | 23 | 27 | 31
11| 11 | 15 [ 15 | 19 | 19 | 23 | 23 | 27 | 27 | 31
11 | 13 |15 [ 17 | 19 | 21 | 23 | 25 | 27 | 29 | 31
11 | 13 |15 | 17 | 19 | 21 | 23 | 25 | 27 | 29 | 31

—l—m o |00 |WwW
Wlwlw|lo|lo|lo|
nlnmlwlwlo|lo
N (NI |Oo|O
V|| N|N|(w|o

B HUTOr'C, Kak BUAHO, IIPHU paCCMOTPCHNUHN KAXKAOTI0 YE€TBEPTOI'O YMCJiad
mociIc 3, YCTHOCTb CYMM E/. HC MCHACTCA. TeopeMa JOKa3aHa.
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Ormpenennm 4ucna m i TeX 71, KOTOPBIE XapaKTepH3yIOT HeUEeTHbIE
cymMbl E, JUist BCEX j, 4TO BaKHO € NPAKTHYECKOH TOUKM 3PEHUS, TaK KaK
JAI0T BO3MOXKHOCTB BBIOOpPa KOHKPETHOT'O KOJa XIMMHHTa.

3ajaya 3aKIII0YaeTCs B ONPENENCHNH YUCIa m =n—k A KaXKI0ro
cayvasd n=3+4l, [eN,.

JUi1s KasKZ10To YHcia k CyImEecTBYeT NpeiebHOE 3HaYeHHE m=m™*:

m*=(2" ~1)~k, keN. (15)

Bce 3HA4YCHUA m JIIsL JaHHOI'O k (TO €CTh quciia

m>m** = (21‘_1 —1)—(k—l)—l) MOT'YT OBITH TIOJTy4eHBI IO opMyIIE:

PR
m=m*-4l, o1, | " L (16)
4

K npumepy, nonyuum o ¢popmyie (16) Bce BO3IMOKHbIE 3HAYCHUS 1
IS KOZIOB ¢ k=5:

m*=(2"-1)-5=26,
m**=(2""-1)-(5-1) =11,

m=26-4l, 1=0,3: m=26-4-0=26, m=26-4-1=22,
m=26-4-2=18, m=26-4-3=14.

Takum oOpazom, momb3ysick ¢opmynoid (16), MOXHO IOTYy4HTh
JUIst KaKJI0r0 3HAYCHHs. k BCC BO3MOXHBIC 3HAYCHHS /M, M KOTOPbIX E,
JUIS BCEX .

MOoXXHO chenath CIEAyIOIIUe BBIBOABI. Bo-mepBbIX, He JII000H KOI
X5MMHHTa MOXET OBITh WCIIONB30BaH ISl KOHTPOJISI  BBIYMCIICHUH
HA BBIXOJAX CaMOABOMCTBEHHBIX YyCTpOHCTB. Jlns kogoB X3MMHHTa
co 3HaYeHMsIMU JUIMH n#3+4l, [eN, xonepsl He OyAyT SBIATHCH
CaMO/IBOHCTBEHHBIMH YCTpOHCTBaMH. BO-BTOPBIX, OPraHU30BaTh KOHTPOIb
BBIYHMCIICHUN Ha BBIXO/IaX CaMO/IBOHCTBEHHOT O ycTpolcTBa
TI0 TIPEJICTABIIEHHOMY METOIy MOXXHO TOJBKO IYTEM BBIICICHHS TPYII
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BBIXO/10B ¢ MomHOCThIO 1 =3+4/, [ e N, . Ilpu noctpoennu CBK BEIXozbI

ortaenpHblx CBK  gms  00pa3oBaHHBIX TpyI  BBIXOAOB HCXOIHOTO
YCTpOWCTBa MOAKIIOYAIOTCS K BXOJAaM CaMOIPOBEPSIEMOro KoMIapaTopa,
BBIXO/IbI KOTOPOT'O Y)K€ SIBJISTIOTCS] KOHTPOJIBGHBIMH BBIXOAaMH YCTPOUCTBA.

7. MogeaupoBanue  CaMOABOICTBEHHBIX  ycTpoiicTB.  [lnd
JIEMOHCTpallMK ~ OCOOCHHOCTEH  TECTUPOBAHUS  CaMOJBOMCTBEHHBIX
YCTPOWCTB C NPUMEHEHHMEM CTPYKTYpHI, IPHBEACHHOH Ha pHCYHKE 5,
MIPOBEZEM MOJEIMpOBaHWE B cpexe Multisim, MMPOKO HCIONB3yeMOH
JUIS OTTIaKM W cuMyisinun  1udpoBeix  cxem  [53,54]. s storo
paccMOTpPUM 3JIEMEHTapHOE KOMOMHAIMOHHOE YCTPOHCTBO, peaM30BaHHOE
B 0a3uce CTaHIAPTHHIX (DYHKIIMOHAJIHHBIX JIEMEHTOB (PHCYHOK 6).

1
:2""".ﬁﬁﬁ'ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁF_@)ﬁﬁ
X3 il

f2

.U11.

oy e

‘NOT:

Puc. 6. Cxema KOMOMHAIIMOHHOTO YCTPOHCTBA, peann3oBaHHas B Multisim

BriOpanHOe KOMOMHAIIMOHHOE YCTPOWCTBO MMEET TPH BXOJA X1, X2,
X3 W OJIVH JIOTIOJHUTEIbHBINA BXOM, HA KOTOPHII MOAAETCs ajbTepPHATHBHBIH
CHTHAJ g IS pealn3alid HMITYJIbCHOTO peXuMma paboThl, a Takxke
CHA0>XEHO YETBIPbMS BBIXOJAMH f1, f2, f3, fa.
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Jia peanu3anuy CTPYKTYpBl PUCYHKa 5 OBUI CHHTE3MpOBaH OJIOK
KOHTpONbHOW Joruku G(x). CamMu mIarm Mpoumeaypsl CHHTE3a 3]1ech
HE MPUBEJEHBI, TaK KaK WCIOJIb30BaHbl WU3BECTHblE MeToauku [11].
OcranbHbIe 2IEMEHTBl CTPYKTYpPhl PUCYHKA 5 SBISIOTCA TUHNOBBIMH: KOAEP
koma Xommunra G(f), Tecrepsl camozBoiictBeHHOcTH SSC W MoOIynu
okatua mapadasHeix curHagoB TRC. CHHTE3MpOBaHHOE YCTPOWCTBO
€O CXEMOW BCTPOEHHOI0 KOHTPOJIS MO ABYM JAMAarHOCTUYECKUM HpU3HAKaM
MIPUBEJICHO HA PUCYHKE 7.

Puc. 7. CamorpoBepsieMoe YCTPOHWCTBO JUIsl pacCMaTPHUBAEMOT0 IIpUMeEpa
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Ha pucynke 8 nokasana paboTta ycTpoicTBa M BBIBEIEHBI CHTHAJIBI
CTeX TOYEK, B KOTOPHIX HAONIONArOTCSl 3HA4YEHHS pPadOYMX BBIXO/IOB
yerpoiictB F(x) n G(x) m xoHTponeHbIX curHaioB B CBK. T'eneparop
KonoBbIX cioB (XWG1) HacTpanBaercss TakuM 00pa3oM, 4TOOBI Ha BXOMBI
YCTpOWCTBa B KaXIOW Iape TaKTOB ITOCTYMald OPTOrOHAJbHBIE IO BCEM
TiepeMEHHbIM BXOJHbIE KOMOMHaIMM (pucyHoK 8a). Vcnons3oBana nopava
rap BXOAHBIX KOMOWHAIMi MO BO3pAacTaromieil B MX IOCIIEA0BATENLHOCTH
or (0000, 1111) x (0111, 1000). Bcero 8 map BXOIHBIX KOMOWHAITHH.
Ha pucynkax 86 u 8B 1eMOHCTpUPYIOTCSI BpEMEHHBIE THarpaMMbl paboThI
CXeM IIpH Tojlade BceX Iap BXOAHBIX KoMOumHammii. Uuratenb MOXeT
0o0paTUTh BHUMaHME Ha TO, YTO Ha KaXIOW Mape BXOJHBIX KOMOWHaImi
3HAYeHWs Ha BBIXOJax mapada3Hel (pUCyHOK 80), Kak mapadasHbl
Y 3HaYeHUs] HAa Tapax TECTOBBIX BBIXOJOB MPOBEPSIONINX JIIEMEHTOB
(pucyHoOk 8B). DTO XapakrepusyeT paboTy HCIPaBHOTO YCTPOWCTBA.
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00000000000000000000000000000001
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Term 15
Term 16
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Clock_Qua
Togs.ov

0)
Puc. 8. MonenupoBanue paboThl CXEMBI IIPH HUCTIPABHOCTH 00BEKTA
JIMarHOCTHPOBAHMS: a) HACTPOHKa FeHepaTopa KOMOBEIX CIIOB; 0) BpeMEHHAs
nuarpaMma pabotst yerpoicts F(x), G(f), G(x); B) BpeMeHHast AuarpaMma paboThl
yerpoiictB SSCu TRC
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Ha pucynke 9 otnensHO mpuBogsrcs cxema kozaepa G(f), a Takxke
BpPEMEHHBIC JWarpaMMbl €ro padoThl B OTCYTCTBHE W IpU HAJIWIUU
HeHcIpaBHOCTH «KoHcTaHTa 0» Ha BepxHeM Bxozae ero siemenra U3.
W3 cpaBHeHus1 pucyHKOB 90 1 9B BHIHO, UTO NPH HEUCIIPABHOCTH B CXEME
Ha KOKAOW Tape BXOAHBIX KOMOHMHAIMH mapadasHOCTh COXpaHsercs,
OJHAaKO HE Ha BCeX KOMOMHAIMAX T'€HEPUPYIOTCS  KOPPEKTHBIE
KOHTpOJIbHBIE BEKTOpH! (mapel 2, 4, 6 u 8 (o0e koMOWMHamMM B mape
TECTOBBIE); 3 — IepBast KOMOWHAIUS B TTape TECTOBAs).

0
-
XWG1 ] -
T o f u1 u2 o
o o > E Gf_g1 B
o JEm XOR2 ‘ Xora 3
o o |
X oL 7
— 3 carT
X - T
x o=
5 el
R T
(P T XoR2 XOR2
v3
fsv
a)
Time (s) Time (s)
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f L e L f [ N
2 2
[ AN [ N s T Yy N S N ) JEN N N O I I B
H w
[ LN S S s I I S O S et LI LI T
ooz [ LI LIl LT e | L [ LI LI L1 1L LTI L
e [ LI LI LI L L e | LT L LI L LT
Term 8 Term 8
Term® Term 9
Term 10 Term 10
Term 11 Term 11
Term 12 Term 12
Term 13 Term 13
Term 14 Term 14
Term 15 Term 15
Term 16 Term 16
Clock_int_ HTNTILALLRTNTRRILL NIRRT AR ERTTRRLARNTYNRRANTETRAR SN TTRAARY Clock_Int _TTIRANNSITRTRLALANTYNIRLLL S TRRAARANTYNRRL TR A TTRALLRRI IR
Clock_Gua Clock_Qua,
Trigg_Qua Trigg_Qua
6) B)

Puc. 9. MonenupoBanue paboTs! Kofepa Koja X3MMHEHTA: a) cXeMa Koaepa
¢ IOAKITIOUeHHBIM aHanm3aTopoM XLA1; 6) BpemeHHas quarpaMma paboThl Kozepa
B HCIIPAaBHOM COCTOSIHUM OOBEKTa ANArHOCTHPOBAHMS; B) BpEMEHHAsI JUarpaMma
paboTHI KoZiepa NP HEUCIIPABHOCTH «KOHCTaHTa () Ha BEPXHEM BXOJIE €T0
anementa U3

Cxema TecTepa CaMOJBOWCTBEHHOCTU u pe3yabTaThl
MOJICTIMPOBaHMSI ero padoThl IpeacraBiieHbl Ha pucynke 10. Ha Bxox f
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TecTepa MOAAETCS CaMOABOWCTBEHHBIN CUTHAN, KOTOPBIM B CaMOM TecTepe
yKe TipeoOpasyercs B ABYX(Da3HEIA ¢ UCITONB30BaHUEM JIMHUH 33 ICPIKKU.

ﬁ lf XLA1l
rn -
0.5kHz 20 N
OR2 i [
= — i By
o7 z1 =
u7 us AND2 us -
3
0.5kHz - "NOT NOT T
F
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T 1.1
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C\m:k’l)ua Clock Qua
Tr\gg:ﬂua Trigg_Qua

6) B)

Puc. 10. MomenupoBaHue paboThI TeCTEpa CaMOIBOHCTBEHHOCTH: a) cxema SSC
¢ IOAKITIOUeHHBIM aHanmm3aTopoM XLA1; 6) BpemeHHast quarpamma pa6otsr SSC
B IITATHOM PEKMME; B) BpeMEHHas JuarpaMma paboThl MPH HEUCIIPABHOCTH
«koHcTaHTa 0» Ha HIKHEM BXOJie ero siaemenra U2

3anmepkka Ha dieMeHte Al BBIOMpaeTcss paBHOW OIHOMY TaKTy
HMMITYJIbCHOU MIOCE10BATENBHOCTU a, KOTOpas oJaercs
Ha COOTBETCTBYIOIUI BXOJ TecTepa. YacToTa MOCIEeA0BAaTENIBHOCTH pPaBHA

y %SKF
r= VLR e
2 2

Ha pucynke 100 mokazana pabora Tecrepa CaMOIBOHCTBEHHOCTH
B OTCYTCTBHHM HeucnpaBHocTed. Ha pucynke 10B nemMoHcTpupyeTcs pabora
[P BO3HUKHOBEHHM HEUCIPABHOCTU «KOHCTaHTa (» Ha HIDKHEM BXOJ€
anementa U2. V3 aHanm3a nuarpaMM CieayeT, YTO BTOpash KOMOWHAIUS
B Ka)XJIOH 1ape BXOAHBIX KOMOMHAIMHN SBJISIETCS] TECTOBOM.

CurHajbl ¢ OTHOUMEHHBIX BBIXOAO0B 010K0B G(f) 1 G(x) mocTymaroT
Ha Bxozabl ABYX aneMeHTOB TRC — TRC1 u TRC2 Ha cxeme pUCYHKa 7.
Tak kKak Ha OJHOMMEHHBIX BBIXOAAaX 00OMX OJOKOB pean3yroTCs

0,5 xI'm.  IloaTromy 3agepkka  paBHa
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ONMHAKOBbIE (YHKLUH, CHIHAIBI OT OJIOKa KOHTPOJBHOW JIOTHMKH
uHBepTUpYIOTCA Ha 3neMmentax U49 u US50. Bexomer TRC2 dakTtudecku
MIPE/ICTABISIOT COOOW KOHTPOJIBHBIE BBIXOABI TecTepa Koja X3MMUHTIA.
Kackan tectepoB TRC3 — TRCS ciykuT 1u1sl CKaTHs YeThIpeXx napagasHbIx
curHanioB — ¢ BbeIxoq0B SSC1 — SSC3 u TRC2. Beixonsl yctpoiictBa TRCS
TIPEJICTABIISIOT cOGOil KOHTPONBHEIE BBIXOME! z) U z' Beeit CBK mo aBym
JUATHOCTHYECKUM MPU3HAKAM.

C nenbio qeMoHcTpanyy 3G GEKTUBHOCTH UCIOIB30BAHMUS KOHTPOJIS
BBIUMCIICHUM 0O JBYM JUAarHOCTHMYECKHUM MpPHU3HAKaM IO CPABHEHUIO
C KOHTPOJIEM T10 OJHOMY M3 HHX, CMOJAEIUPYEM PadOTy BCETO YCTPOMCTBa
¢ CBK pu BO3HUKHOBCHUHU HEHUCNPaBHOCTEN B 00BeKTe
narsoctupoBanus F(x). OcoOeHHOCTBIO cXeMBbl ycTpoicTBa F(x) sBisteTcs
TO, 4TO TONBKO 1eMeHThl 1Ul...1U4 cBsi3aHBI MyTSAMU CO BCEMU UETHIPbMS
ee BBIXOJ[aMU f1, f5, f3 1 fi; OCTaJbHBIC 3JIEMEHTHI CXEMBI ITyTSMH CBS3aHBI
TOJBKO C KaKUM-JTMOO OIHUM M3 ee BBIXOAO0B. [loaToMy paccMoTpum Juis
npuMepa 0cOOCHHOCTH (PUKCALMK OIIMOOK, BBI3BAHHBIX HEHUCIIPABHOCTIMH
«koHcTaHTa 0» W KOHCTaHTa |» Tompko amementa 1U3 (pucyHOK 6).
BpemenHsle  amarpaMMbl  pa0OTBI  CaMOIPOBEPSEMOTO  yCTpPOMCTBa
MpeACTaBIeHbl Ha pPUCYHKE 11. AHanu3upyrOTCS OHM Ha KaXAOM mape
BXO/IHBIX KOMOWHanWi{, TIOKAa3aHHOW BEPTHKAIBHBIMH IYHKTHPHBIMHU
OTCEYKAMH.

Pe3ynpraThl MOmeIMpOBaHMS CBEAEHBI B TaOMUILy 6, TIE yKa3aHbI
TE BXOJHbIE KOMOMHAIIMK B KaXXJIOH Iape, KOTOpBIE SBIISIOTCS TECTOBBIMU
JUId 3alaHHBIX HeuchpaBHOcTed. IlpuBeneHBl [aHHBIE AN BBIXOAOB
ycrpoiicte TRC2 wu TRCS. Hcnomp3oBaHME KOHTPOJIA 10 OBYM
JUATHOCTHUYECKUM IIPU3HAKAM MO3BONMJIO YBEIMYUTH YHCIO TECTOBBIX
KOMOMHAIM{, YTO YIydIIaeT CBOHCTBO KOHTPOJIEIIPUTOIHOCTH CaMOro
YCTpOCTBa.

Ta6muma 6. Pe3ynsTaTbl MOAETHPOBAHIS HEHCIPABHOCTEH B CAMOIIPOBEPSIEMOM
YCTPOICTBE

Homep TecToBOI KOMOMHAIMHK B ITApe
IMapa Bxonubix komOuHamii | Homep Takta KoncranTa 0, 1U3 Koncranra 1, 1U3
TRC2 TRCS TRC2 TRCS
(0000, 1111) 1 2 2 1 1,2
(0001, 1110) 2 2 2 1 1,2
(0010, 1101) 3 2 2 1 1,2
(0011, 1100) 4 1 1,2 2 2
(0100, 1011) 5 2 2 1 1,2
(0101, 1010) 6 2 2 1 1,2
(0110, 1001) 7 2 2 1 1,2
(0111, 1000) 8 2 1,2 2 2
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IIPY BO3HHKHOBEHUH HEUCIIPABHOCTEH: ) BpEeMEHHAsl AuarpaMma paboTsI yCTpOHCTB

Puc. 11. MopenupoBaHue paboTEI CaMOIPOBEPSIEMOT0 YCTPOICTBA

F(x), G(f), G(x) npu HeucnpaBHOCTH «KoHCTaHTa 0» Ha BeIXOfE nemenTa 1U3;
0) BpemeHHas quarpamma padotsl yerpoicts SSC u TRC npy HEHCIPaBHOCTH
«xoHcTaHTa 0» Ha BbIXOJE 31eMenTa 1U3; B) BpeMeHHast auarpaMma paboTh
yerpoiictB F(x), G(f), G(x) mpu HEUCTIPaBHOCTH «KOHCTaHTa 1» Ha BEIXOfE
anementa 1U3; 1) BpeMeHHas auarpamMma padotst yerpoiicts SSCu TRC
TIPY HEHCIPABHOCTH «KOHCTaHTa 1» Ha BeIxofe aneMenTa 1U3

8. Ucnob30BaHue

o-npeodpasoBaresei
caMoABOWCTBeHHBIX (pyHKknmii. Panee ObUTO JOKa3aHO, YTO I KOIOB

X3MMHMHra CO 3HAUEHUSMU IUH 1 #3+41,

Jif 1

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

MOJTyICHUSA

[ eN, xoaepel He OymyT
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CBK Takum o0Opa3oM, 4TOOBI W IJIT HECAMOJBOWCTBCHHBIX KomepoB G(f)
OpraHu30BaTh KOHTPOJIb MO IBYM AMAarHOCTUYECKUM Ipu3Hakam. [{jst aToro
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KaXJIbI KJIacCCHYECKUH Kox XOMMHHra MoauduimpyeM B HEKOTOPBIH
0-KOZl, TIPOBEPOYHBIE CHMBOJBI KOTOPOTOo OyIyT BCErjga OIMCHIBATHCS
CaMO/IBOHCTBEHHBIMH (hYHKIIHSIMH.

Buecem crnenyiomme H3MEHEHHS B CTPYKTYpPY pPHCYHKa 5.
Bo-nepBbix, 3amenum 010k G(f) ©Ha Omox A(f), oOpa3oBaHHBII
TIOCJIE/IOBATENIFHBIM ~ COEIMHEHNEM  HCXOAHOTO  HECaMOABOWCTBEHHOT O
6noka G(f) wm mpeoOpa3oBaTenst HECaMOABOMCTBEHHOI'O  CHTHaja
B camo/BoiicTBeHHBIH A(g). YcrpolictBo A(f) daxtnueckn OyneT Komepom
MOIM(UIMPOBAaHHOTO O-Koja. Bo-BTophIX, 3ameHMM Oiok G(x) Ha OJ0K
A(x), xoTopwlii OymeT (OpPMHPOBATH MPOBEPOUYHBIC CHMBOIBI O-KOmIa
110 3HAUCHUSIM  BXOJOB Uil ycrpoiictBa F(x). OcrampHoe OCTaBUM
6e3 n3meHeHunit (pucyHok 12).

Bxonpt ~ ODyHKIMOHAIBHBIE
X f \“J f > £ ml___i__] BBIXOJIBI
- ": |
G |
1 : | [_(’(f)_l 1
T ! h
- gk
| ——y I
1 LA@ ]
Ssrd
| k!
|
| Konrponbusie
: BBIXOIbI
|

A(x)

A4

Puc. 12. CrpykTypa caMOnpoBepsieMOro yCTPOMCTBA ¢ KOHTPOJIEM BEIUHCIICHHI
10 MOU(UIIMPOBAHHEIM KOAAM B KOZIBI C CAMOJBOMCTBEHHBIMI KOHTPOIGHBIMH
GyHKIHSIMA

Iporecc cuaTe3a O10Ka A(X) HE OTIUYAETCS OT MpoIecca CHHTE3a
omoka G(x). MHTepec mpeacTaBiseT MPOIECC CHHTE3a IpeodpazoBaTems
Ag).

Teopema 4. [l moeo, umobvl QyHKyus, ORUCHIBANOWAS BbIXOO
KoOepa U UMerowas. YemHoe YUcio apeyMeHmos, Cmaid CamoO08OUCMEEHHOU
HEoOX00UMO U 0OCMAMOYHO CLOJNCUMb ee no mooymo M=2 c ¢yunkyuell,
onucwlgarowel Cmapuwull paspso 6 6eKmope apeymeHmos.

Hoxa3arteancTBo. [l paccmarpuBaeMoil (GYHKIUH ¢ YETHO.
DyHKIUS, OMUCHIBAIONIAS CTAPIIUA pa3psii B BEKTOPE apryMEHTOB —
¢byHKIWMS f], — HA TMONOBUHE HAOOpPOB paBHa 0 M HA MOJOBUHE paBHa 1.
Jns Tex HabOpoB, Ha KOTOpPBIX OHa paBHa 0, mmeeM: 0=g@® f, =g.

Jlns Tex HabOpoB, HA KOTOPHIX OHA paBHa 1, cripaBeuinBo: & = g@ f, = §
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Takum o0pa3om, IIpyM MHBEPTHPOBAHMU BCEX apryMEHTOB HMHBEPTHPYETCS
3HaueHne ¢GyHkuun. DyHKus ~ Oyaer  caMOJBOMCTBEHHOW, 4TO
U Tpe00BaJIOCH 10KA3AaTh.

W3 teopem 1 u 4 caenyroT npaBuiaa NOCTPOEHUS KOAEpa JTUHEHHOIO
0JI0KOBOTO KOJia OT /1 MEPEMEHHbIX, CHA0)KEHHOT0 kK caMOABOHCTBEHHBIMH
BBIXOJIaMU:

g =1, ®.®f ininiy€{l2,..m}, j=1k. (17)
8> ecian — HEYETHO,

f{ H ! (18)
g, 1» €CIIH g — YETHO.

Bepakenust (17) n (18) dakruueckn ONKMCHIBAIOT HPOBEPOYHBIE
CHMBOJIBI MOIM(HUIIMPOBAHHOTO O-KOAA.

®opmyina (18) mpumennma K 1060MY JTUHEHHOMY OJIOKOBOMY KOI.
[MpuBenem 3xmech mpuMep ee WCIONB30BaHUS Uil (OPMUPOBAHUS O-KOIa
13 KJIIACCHIECKOr0 KoJla XOMMHUHTA CO 3HaUYCHUEM m=06 (MaTpuIpl 4 u 5).

W3 npaBun nmocTpoeHns Kofa X3MMUHTa MOITydaeM:

§=h9LOLOS
&=/OLOLO [

(19)
&=LOLO S
g =D
B dopmyne (19) E, =4, E, =4, E, =3, E, =2.
Heobxomumo npeoOpa3oBaHue gy, g U gy
6,=8®4=4LDf,Ofs;
6,=,9 =19/, 20)
0, =g33
0,=8,9 /.

KoHTponpHble pa3psigpl 8-Koga OyIyT ONMCHIBATHCS CHCTEMOI
¢bynxmit (20).
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VYerpoiictBo A(g) sBisiercss A0BOJNIBHO TpocThiM. W comepxwut
He Oonee k snmementoB XOR. B Ttabnuie 7 NpUBOAATCS 3HAYCHUS 4YHCIIA
9JIEMEHTOB B TpeoOpaszoBatene A(g) Ul KOmoB X3MMHUHIA CO 3HAYCHUSIMHU
k=3, 4 u 5. OT™MeTHM, YTO MaKCHUMaJIbHOE KOJUYECTBO 3JIEMEHTOB XOR,
paBHOE p=k, UCHOJIB3YETCSI TONBKO B OJTHOM CJIydae YHcCia # Ul KaKIOoro

k: n=2"-2. Jlpyrumu cnoBamu, MakcHMaibHOE UHCIO 31eMeHTOB XOR
mpeobpaszoBarens A(g) Oymer mmers mpu n=6, 14, 30 uT. mn. s Bcex

OCTaJIbHBIX 3HAYCHUH 1 U0 p<k—1.

Tabnmma 7. Yucno anemenToB XOR B ipeoOpazoBarene A(g)

p

" " k 0 1 2 3 4 5
4 _ _

5 2 3 x

6 3 3 X

7 4 3 X

8 — —

9 5 4 X

10 6 4 X

11 7 4 X

12 8 4 X

13 9 4 x

14 10 4 X

15 11 4 x

16 — —

17 12 5 X

18 13 5 X

19 14 5 X
20 15 5 X
21 16 5 X
22 17 5 X
23 18 5 X
24 19 5 X
25 20 5 X
26 21 5 X
27 22 5 x
28 23 5 X
29 24 5 X
30 25 5 X
31 26 5 X

Ipumeuannst. 1. 3HakoM «x» o0003HaYeHO 4YHCIO 3eMEeHTOB XOR
JUTS KaXXIOro  n, HeoOXommmoe Uid  TmomydeHus O-koma. 2. Jlms  gmcen

n=2ie {2,3,...} , KOIbl XOMMHUHI'a HE CTPOSITCSL.
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B 3akmodueHue OTMETHM, 4YTO pabOTy CTPYKTYpHI, TPUBCACHHOU
Ha puUCyHKe 12, MOXHO TakkKe CMOAenupoBaTh B Multisim u mokasats
a¢dexTHBHOCTH e¢ PpyHKIMOoHUpoBaHus. KpoMe Toro, Kak mMoKa3aHo BHIIIIE,
B €€ OCHOBE MOXKET HCIIOJIL30BAThCS JIFOOOW JIHMHEWHBIH OJIOKOBBIA KOJI,
K KOTOPOMY  Bcerjza MOXKHO TPUMEHHTH  mpeoOpasoBanme  (18).
Oro pacmmpsier umcio  crnocoboB  oprammsammu  CBK  mo  aBym
JUarHOCTHUYECKUM MPU3HAKAM.

9. 3akarouenue. Komer XoMMmMuHra M nx MoaupHUKaldd MOTYT
a¢dexTrBHO wmcmonmb3oBatbess npu CBK mo aByM nmarHoctudeckum
MIPU3HAKAM — C KOHTPOJIEM MIPUHAISKHOCTH (POPMHUPYEMBIX KOJIOBEIX CIIOB
BEIODAaHHOMY KOy H C KOHTPOJEM CaMOIBOWCTBCHHOCTH KaXKIOU
BEUUCIsIeMor (yHKImH. [Ipm 3TOM HCIONB30BaHHE KOOB X3MMUHTA
MMO3BOJISIET OOHAPY)KUBATh OJHO- W JIBYKpAaTHBIE OMIMOKA B KOJOBOM
BEKTOpE, a JOMOJHUTEIbHBIH KOHTPOJIb CaMOABOWCTBEHHOCTH MOBBIIIAET
9HCI0 paboYuX BO3NEHCTBUI C TECTOBBIMH CBOMcTBaMHU. TakuM oOpa3om,
HCIOJIb30BaHUE TPEUIOKEHHOW HOBOM CTPYKTYpPhl CaMOIPOBEPSIEMOrO
YCTpOMCTBa €  KOHTPOJEM  BBIYUCIEHUH 1O KogaM  X3MMHMHIa
C CaMOJIBOMCTBEHHBIMHU (DYHKITUSIMH ITO3BOJISAET MOBBIIIATH XaPAKTCPUCTHKH
KOHTPOJICTIPUTOTHOCTH —  YBEIIMYMBATH YHCIO paboOYuMX  BXOIHBIX
KOMOWHAIIMIA, KOTOPHIC OMHOBPEMCHHO  SBIISIOTCS M TECTOBBIMH
JUTsl pacCMaTpUBaeMoOro kiacca HeucnpaBHocTel. C  TOUKM 3peHUs
KOHTPOJIEIPOTOJAHOCTH ~ 3TO  NPUBOJUT K  YJAYYIIEHUIO  CBOWCTBA
Ha0JII01aEMOCTH.

ITo cpaBHEHHIO C TPAAULMOHHBIM HCIOJB30BAHHEM KOJOBBIX
METOIOB IS KOHTPOJISL BEIYMCIICHUH OMUCAHHBIA B CTAThE METOM 00JIaaaeT
CJIeIyIOIIMM OCHOBHBIM HEJIOCTATKOM: 3a CUET HMCIIOJIb30BAHMS BpEMEHHOM
M30BITOYHOCTH W UMIOYIBCHOTO  pEXHWMa  pabOTBl  CHIDKACTCS
opIcTpojeiicTBUE cxeM. [ToMuMO 3TOro TpeOyeTCs HCITOb30BAaHUE TECTEPOB
CaMOJBOMCTBEHHOCTH cUTHAJ0OB. (OJHAKO 3TO HE3HAYUTEIHLHO BJIUSIET
Ha yBeNmW4eHUe CTpykrypHoi wu30biTounocty CBK.  JloctomHCTBOM
SIBJISIETCSL TIOBBILIIEHUE TOKAa3aTelel KOHTPOJICTIPUTOAHOCTH U yBEJIMYEHHE
yuciaa pabovYrx BXOJHBIX KOMOWHAINH, KOTOPBIC OJJHOBPEMEHHO SBJISFOTCS
¥ TECTOBBIMH, YTO TO3BOJISICT TPHU PEIAKON CMEHE BXOJHBIX KOMOWHAIAN
OCYILIECTBIIATH  NPOBEPKY  PabOTOCIIOCOOHOCTH  CaMOIPOBEPSIEMOro
YCTPOMCTBA. DTO SBISETCS BECOMBIM MPEUMYIIECTBOM JIa’Ke€ B TOM CiIydae,
KOrJja TpUMEHCHHWE JyOJMpOBAaHUS OKa3blBacTCsa 0Oojiee  MPOCTHIM
IO XapaKTEPUCTUKAM CTPYKTYPHOH U30OBITOYHOCTH, ITOCKOJBKY ITOBBIIIAET
MOKa3aTeI KOHTPOJICIIPUTOTHOCTH W TO3BOJACT (DUKCHUPOBATH OIIHMOKU
B BBIYHCIICHUSX Ha OONBIIEM YUCIIe pabounX KOMOUHAIINI.
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IIpencraBnenHslii B crathe mnoaxon k cuHTesy CBK mo aBym
JUarHOCTUYECKUM IIpU3HAKAM MOXKET ObITH pacnpocTpaHeH
Ha WCIIONIb30BAaHUE JPYTrUX M30BITOUHBIX KOJOB (HAampHMep, YacTo
MPUMEHIEMBIX Ul OpraHu3alMd KOHTPOJS BBIYHCIECHUNM YyCTpoicTBaMu
KooB  mapurera, Puma-Marepa, Csio, anreOpandyecKux  KO/IOB
u 1p. [55 — 62]), a Taxke MHBIX pa3fENUMBIX OJIOKOBBIX KOZOB C YYETOM
UX XapaKTEpUCTUK.
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D. EFaNov, T. POGODINA
PROPERTIES INVESTIGATION OF SELF-DUAL
COMBINATIONAL DEVICES WITH CALCULATION CONTROL
BASED ON HAMMING CODES

Efanov D., Pogodina T. Properties Investigation of Self-Dual Combinational Devices with
Calculation Control Based on Hamming Codes.

Abstract. A new approach to the synthesis of self-checking devices is considered, based
on the control of calculations in testing objects using Hamming codes, the check bits of which
are described by self-dual functions. In this case, the structure operates in a pulsed mode,
which is actually based on the introduction of temporal redundancy when building a self-
checking device. This, unfortunately, leads to some decrease in performance, however, it
significantly improves the characteristics of controllability, which is especially important for
devices and systems of critical use, the input data for which does not change so often. A brief
review of methods for constructing built-in control circuits based on the self-duality property
of calculated functions is given. The basic structures of the organization of built-in control
circuits are given. The proposed ways of developing the theory of synthesis of built-in control
circuits are based on checking whether or not the calculated functions belong to a class of self-
dual Boolean functions. All possible values of the number of data bits for Hamming codes have
been established. They will have the property of the self-duality of functions describing control
bits. En-coders of such Hamming codes will be self-dual devices. Since the functions of the
check bits of Hamming codes are linear, in order for them to be self-dual, it is necessary that an
odd number of arguments be used in each of them. It is proved that the number of bits of code
words of Hamming codes with self-dual check functions is equal to n=3+41, IENO. The results
of the simulations self-dual devices with built-in control circuits along two diagnostic
parameters in the Multisim environment are presented. A method is proposed for modification
of the structure of calculation control along two diagnostic parameters, which allows to use any
linear block code (not necessarily Hamming code). It is based on retrofitting the encoder with a
device for converting functions into self-dual ones. In fact, this is a code modification device. It
is proved that to obtain a modified Hamming code with self-dual control functions for n=3+41,
1ENO; cases, it is enough to add modulo M=2 the non-self-dual control function with the
function of the high data bit.

Keywords: self-checking combinational device, integrated control circuit, checking of
calculations at the outputs of combinational devices, linear block code, checking of
calculations by two diagnostic parameters, control of self-duality, checking of calculations by
Hamming codes.
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Zelenkov Yu. Optimization of the Regression Ensemble Size.

Abstract. Ensemble learning algorithms such as bagging often generate unnecessarily
large models, which consume extra computational resources and may degrade the
generalization ability. Pruning can potentially reduce ensemble size as well as improve
performance; however, researchers have previously focused more on pruning classifiers rather
than regressors. This is because, in general, ensemble pruning is based on two metrics:
diversity and accuracy. Many diversity metrics are known for problems dealing with a finite set
of classes defined by discrete labels. Therefore, most of the work on ensemble pruning is
focused on such problems: classification, clustering, and feature selection. For the regression
problem, it is much more difficult to introduce a diversity metric. In fact, the only such metric
known to date is a correlation matrix based on regressor predictions. This study seeks to
address this gap. First, we introduce the mathematical condition that allows checking whether
the regression ensemble includes redundant estimators, i.e., estimators, whose removal
improves the ensemble performance. Developing this approach, we propose a new ambiguity-
based pruning (AP) algorithm that bases on error-ambiguity decomposition formulated for a
regression problem. To check the quality of AP, we compare it with the two methods that
directly minimize the error by sequentially including and excluding regressors, as well as with
the state-of-art Ordered Aggregation algorithm. Experimental studies confirm that the proposed
approach allows reducing the size of the regression ensemble with simultaneous improvement
in its performance and surpasses all compared methods.

Keywords: ensemble pruning, regression, ensemble learning, error-ambiguity
decomposition, diversity of regressors.

1. Introduction. Ensemble learning is a method that combines
several models, which are obtained by applying a learning process to a
given problem. The main idea of this approach is that models view the
problem from different points. Therefore, their combination improves
robustness and accuracy either in classification or regression. However, the
existing ensemble learning algorithms often generate unnecessarily large
ensembles, which consume extra computational resources and may degrade
the generalization ability [1]. There are theoretical and empirical
publications that have shown that small ensembles can be better than large
ensembles [1, 2].

The ensemble learning process can be described as the overproduce-
and-choose approach [3]. The overproduction phase is aimed to produce a
large set Fy = [f;,i = 1...M,] of candidate base models f;. The choice
phase is intended to select the subset of models F S F, that can be
combined to achieve optimal performance.

In general, there are two ways to realize the choice phase. The first is
a sequential selection when the algorithm starts from an empty set and
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sequentially adds models according to some metric. Often the selection is
combined with model generation. The second is pruning, in that case, the
ensemble includes all candidate models, and the goal is to choose their
optimal subset according to some metric.

Both the selection and pruning have the potential advantage of
reducing ensemble size, and improving performance [4]. However, the
selection and pruning of classifiers, rather than regressors, has previously
received more attention from researchers [5, 6]. Some of these methods
have been adapted to the regression task [7], but there is a lack of
theoretical and empirical works dedicated exclusively to the regression
problem.

There are theories considering the specifics of regression, in
particular, these are the error-ambiguity decomposition [8, 9], which can be
applied to develop a pruning algorithm. Here we present an ambiguity-
based pruning algorithm that sequentially removes regressors with the worst
generalization ability. We compare the performance of this algorithm with a
state-of-the-art Ordered Aggregation [10] method also as with two
algorithms based on direct optimization of the quality metric.

The rest of the paper organizes as follows. After the literature
review, we introduce the mathematical condition that allows checking
whether the regression ensemble includes redundant estimators, i.e.,
estimators, whose removal improves the ensemble performance. Next, on
the basis of this approach, we propose the Ambiguity-based Pruning (AP)
algorithm. In the last part of the paper, we present the results of experiments
on real datasets that confirm that the proposed approach outperforms known
methods in terms of accuracy and model complexity.

2. Literature Review. We consider the typical regression problem,
and for a clear presentation, we establish the notation that will be used
below. Take X to be the vector space of all possible inputs, and ¥ € R to be
the vector space of all possible outputs and there exists some unknown
probability distribution over the product space X X Y. The training set
Dirain = {(X1, V1), X3, ¥2), -, Xy, ¥n)} is made up of N samples from this
probability distribution. Every X; is an input vector from the training data,
and y; is the corresponding output. The goal is to induce on the basis of the
training set a function f:X — Y that approximates an unknown true
function such as f(x)~y. The quality of the approximation is given by the
generalization error, which usually is a mean squared error:

MSE(f) = E[(f () — ¥)?].
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Because it is not possible to determine this true error of a model f,
the error is estimated on a different set of data D,,;, containing K samples:

MSE(f) ~ ¢ ZEL[(F(x) = y)I2

We will consider a regression ensemble, i.e., the combination of a
few models since this should improve robustness and accuracy. In
regression problems, ensemble integration most often is performed using a
linear combination of the base models [3, 6].

fe(X) = ?i1[Wi(X) * fi(x)],

where w;(x)’s are the weighting functions, and M is a number of models
fi(x) EF in the ensemble (models f; are often also referred to as
estimators, predictors, regressors or learners). It follows from this that the
problem of the models' selection is closely related to choosing the optimal
weights. From now on, we will use notation f instead of f(x) and w instead
of w(x) for simplicity.

Study [8] proposed the ambiguity decomposition of ensemble error
that separates the weighted average error of the individual regressors and
variability among their estimations at an arbitrary single data point:

(fe —»)? = 2w (fi —9)? = 2L, wi(f; — f)?. (1)

The first term w;(f; — y)? is the weighted error of the i-th ensemble
member. The second, w;(f; — fz)?, is the ambiguity term, measuring the
amount of variability among the ensemble member answers for this pattern.
This equation explains why the quadratic error of the ensemble is less than
or equal to the average quadratic error of the component estimators. Note
that this decomposition is valid only for convex ensembles [9], i.e., when
fe=XiLiwifiand XL, w; = Lw; > 0.

An essential assumption of ensemble learning is that the base models
should be sensitive to variations in the training set, so Decision Trees (DT)
and Neural Networks (NN) usually are used.

The most popular ensemble learning algorithms for regression are
Bagging, Random Forest, Negative Correlation and Gradient Boosting. The
Bagging algorithm [11] employs bootstrap sampling to generate many
training sets from the original training set and then trains a model for each
of those training sets. The component predictions are combined via simple
averaging for regression tasks. Bagging can be used both with DT and NN.
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The Random Forest [12] algorithm is similar to Bagging in that they both
resample the data. However, Random Forest is based exclusively on DT,
when it performs splitting, a random sample of the features is also selected.
In Negative Correlation learning [13], all the individual estimators in the
ensemble are trained simultaneously and interactively through the
correlation penalty terms in their error functions. This approach is used
exclusively with NN since in that case there is a possibility to include a
penalty in the formula for weights tuning in the backpropagation method.
The Gradient Boosting algorithm [14] on each iteration computes pseudo-
residuals and trains a new model using them as a target. Thus, each new
estimator attempts to correct the error of its predecessors. The weight of
each member is found in the process of a linear search.

The stochastic nature of Bagging and Random Forest leads to
ensembles that can be significantly improved by pruning. Many authors
used this fact in their research [7]. The family of Boosting methods
(including AdaBoost) produces more balanced ensembles in general.
However, some researchers report on successful applications of pruning
especially in case of the classification problem solved with the AdaBoost
algorithm [1, 2].

Different authors proposed different classification schemes of
pruning algorithms. In study [6] the authors classify them as partitioning-
based and as search-based. Partitioning-based methods divide the pool of
models into subgroups. Then, for each subgroup, one or more models are
selected using a given selection criterion. Search-based algorithms, in turn,
are divided into (1) exponential that search the complete space of models,
(2) randomized that use stochastic methods, such as evolutionary
algorithms, and (3) sequential that search for a subset of the original pool by
iteratively adding or removing models.

In study [1] the authors split pruning algorithms into two categories,
(1) selection-based that do not weight each model by a weighting
coefficient and either select or reject the learner, and (2) weight-based
algorithms that improve the generalization performance of the ensemble by
tuning the weight on each ensemble member.

In paper [6] the authors reviewed regression ensemble pruning
approaches published before 2008, here we will consider some recent
publications on the basis of the approach to the classification proposed in
[1]. First, we review some selection-based algorithms.

Study [5] reviewed a family of pruning methods based on modifying
the order of estimators in a Bagging ensemble. This order in the original
Bagging algorithm is unspecified, and the error of the ensemble generally
exhibits a monotonic decrease as a function of the number of estimators.
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According to pruning strategies based on ordered aggregation, from the
subensemble F,_; of size L—1, the subensemble F; of size L is
constructed by incorporating a single estimator selected from the set
Fo\F,_,, which contains the estimators from the original ensemble not
included in F;_;. This estimator is identified using a rule that attempts to
optimize the performance of the augmented ensemble F;. The ordered
ensemble that includes L < M estimators generally exhibits the error that is
below the error of the complete bagging ensemble.

Assuming that the generalization error of the regression ensemble
can be expressed as:

E=—3M ¥, Cy, Cy =~ I (i) = v) (&) = 3)]. )
where the correlation matrix C is estimated over a training dataset. In paper
[10] the authors proposed Ordered Aggregation (OA) algorithm. The
algorithm starts with an empty ensemble and then selects at each iteration
the regressor that, when incorporated, reduces the training error (2) of the
new ensemble the most.

As for the disadvantages of this method, we can state the following.
First, this approach based on the assumption that minimizing training error
leads to the minimization of generalization error but in fact, this usually
leads to overfitting. Second, time complexity grows exponentially. Third,
the number of ensemble members is an external factor; there is no internal
stopping criterion.

Later the same authors [7] proposed to use Semidefinite
Programming (SDP) introduced in [15] for the classification task. In that
case, it is necessary to find a sub-ensemble for which the sum of the
elements in the corresponding sub-matrix of C is as low as possible. Note,
that it is also NP-hard computational problem.

Authors reported that the minimum of test error obtained either with
OA and SDP-pruning is generally below the asymptotic error of the
complete bagging ensemble, and pruned ensembles obtained by retaining
only 20% of the original bagging ensemble have the best overall
performance. The main conclusion of [7] is that the key to improvement in
generalization performance is the selection of subsets of regressors whose
bias is low and whose correlations are small or negative.

Study [4] extended the OA approach using dynamic ensemble
selection technique. Their algorithm consists of two steps. First, the base
regressors are trained on bootstrap samples of the training dataset, and the
regressor order is found for every instance in the training set. In the second
stage, the regressor order that is associated with the training instance closest
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to the test instance is retrieved. To find the closest training instance the
k-Nearest Neighbors method is used. Empirical testing on several data sets
showed that in most cases this approach outperforms original OA-pruning.

There are also examples of the use of evolutionary methods for
selecting the optimal set of estimators. For example, a genetic algorithm
that searches in the space of candidate base models F;,. In that case, binary
fixed-length strings {0,1}M0 where M, = |F,| represent ensembles that
form the evolving population. The pruned ensemble includes only
estimators that have a value of 1 in the corresponding position of the coding
string. In study [16] the authors used such an approach for pruning
classification ensembles obtained by the AdaBoost algorithm.

In paper [17] the authors generalized this approach as a multi-
objective optimization problem; they proposed simultaneously to minimize
two variables — the generalization error of the ensemble and its size.

Some authors claim that weight-based pruning is a more general
approach than selection-based [1]. According to [2], the optimal weights of
the regression ensemble can be obtained as:

L€ Dy
1}?:1 Zylzl(c_l)kj.

w; =

However, in real-world applications, some estimators can be quite
similar, which makes the correlation matrix C (2) ill-conditioned [2]. The
second problem of this formulation is that the optimal combination of
weights is computed from the training set, which can lead to overfitting [1].

In paper [1] the authors presented the ensemble pruning algorithm by
expectation propagation that approximates the posterior estimation of the
weight vector. It produces a «sparse» combination of weights, most of
which are zeros. For experiments with the regression, authors used Bagging
and Random Forest algorithms with 100 Decision Trees, they reported that
the size of the pruned ensemble was reduced, on average, approximately ten
times.

In study [18] the authors explored two other weight-based pruning
techniques: one based on a cocktail ensemble (CE) algorithm [19] and the
second on stacking generalization [20].

CE that was designed for generating the ensemble of ensembles is
the following. Since the combination of multiple regressors is an NP-hard
problem, the authors of [19] proposed to use the pair-wise combinations of
estimators. Through a linear combination of models f; and f,, a new
ensemble is formed:
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X)) =wfix)+ A —-w)fb(X) wrt.w, €[0,1].

Following the error-ambiguity decomposition [8], in study [19] the
authors proved that given E; and E, as generalization errors of f; and f,
respectively, the optimal weight of f; is w; = (E, — E;)/2A + 0.5, where

A= IE[(f1 x) —f (x))2] is the squared output difference of the two

ensembles. E;, E, and A can be estimated from training data. CE algorithm
starts from the selection base model with the lowest error; then each
subsequently selected regressor is the one which reduces the combined
estimated error the most.

Stacking is a popular ensemble learning strategy, where the weights
of the base models are the regression coefficients of the meta-level
regressor [20]. The authors of [18] used the linear regression as a meta-
level; the final ensemble consists only of models with greater than zero
weight. According to the experimental results, in some cases, the stacked-
based approach provides results with less error than standard Bagging and
CE and generates the shortest ensembles [18].

Other authors use various randomized algorithms to search for the
optimal combination of weights in the ensemble. Study [2] utilized the
genetic algorithm with a floating coding scheme to represent weights.
Authors reported that their approach outperforms on regression task original
Bagging and AdaBoost.R2 algorithms with NN as the base model, an
average number of networks after pruning was less than 4.

All approaches discussed above are based on the set of models
obtained by ensemble methods that produce estimators using a single
learning algorithm. An alternative approach is the usage of heterogeneous
models. In this case, a large number of models is generated using various
learning algorithms, and the goal is to select those, which produce better
generalization. This task also can be formulated as a pruning problem, there
is an ensemble that includes all models, and it is necessary to remove non-
effective ones. Most of the works in this scientific flow are dedicated to the
selection problem [21].

To conclude this review we can note that, in general, ensemble
pruning is based on two metrics: diversity and accuracy [22, 23]. Formally
the problem is to find a subset of candidate estimators {f; } © F, with both
high accuracy (i.e., lower loss L({f;})) and maximum diversity D ({f, }):

fu = argmin; L({f;,.}) w.r.t. D({f;.}) » max.

Many diversity metrics are known for problems dealing with a finite
set of classes defined by discrete labels [22, 24]. Therefore, much work on
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ensemble pruning is focused on tasks of classification [25, 26], clustering
[27, 28], and selection of an optimal set of features [29, 30].

For the regression problem, it is much more difficult to introduce a
diversity metric. In fact, the only such metric known to date is the
correlation matrix (2) proposed in [10]. This approach is used in recent
papers: [31], but in general the number of studies on regression ensemble
pruning published after 2010 is extremely small.

We propose a new approach to regressor selection based on error-
ambiguity decomposition, which was introduced in [8], studied in detail in
[9], and generalized to all supervised learning problems in [32]. Many
authors have pointed out that this decomposition potentially opens ways of
optimizing ensembles [33, 34]. Other applications of the error-ambiguity
decomposition include, for example, adaptive sampling [35, 36].

3. Ensemble pruning on the basis of Error-Ambiguity
decomposition. Study [37] proposed the Reduce-Error pruning algorithm.
The first learner incorporated into the ensemble is the one with the lowest
error, as estimated on the selection set. The remaining estimators are then
sequentially incorporated in the ensemble, one at a time, in such a way that
the error of the partial subensemble, estimated on the selection set, is as low
as possible. This method was proposed for the classification problem, but
we can adapt it to the regression task. So, the regressor f}, that should be
incorporated into the subensemble f7~1 to construct f! is selected by the
rule:

fu=argmin ) MSEGE (U@L K RT3

(x,y)eD

Instead of the selection, we can also use a sequential reduction
process, i.e., starting from an ensemble that includes all regressors, at each
step, one of them whose removal reduces error maximally is deleted. This
regressor is selected by the rule:

fu = argmin, Z(x,y)eD MSE(f#" CO\fi(x), ), k € f. 4)

In what follows, we will refer to the algorithm presented by
Equation (3) as a Direct Reduce Error (DR), and to the algorithm
Equation (4) as a Reverse Reduce Error (RR).

Consider the conditions under which a regressor selected according
to Equation (4) must meet to create the maximum effect. Averaging the
error — ambiguity decomposition (1) for all N samples in the dataset, we
obtain the following formula:
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ELGR = )% = ) wiEI(f - )] = ) wl B[ - )
i=1 u i=1 (5)
= > Wi I~ )2 = EIG - f212D),

where wM is the optimal weight of the i-th estimator in the ensemble of
size M.

The first term E; = E[(f; — y)?] is the mean squared error of
regressors in the ensemble, and the second one AY = E[(f; — f)?] is their
ambiguity (note that its value depends on all ensemble members). Thus, to
ensure MSE(fM) = 0, it is enough to fulfill the conditions:

Vi:E, =AM, i=1,..,M. (6)

This can be explained in terms of diversity. Formula (6) means that
the i-th estimator, which satisfies this condition, differs from other members
of the ensemble (i.e., its outputs are correlated with outputs of other
members) in such a way that its error is compensated by this diversity.

Using Equation (5), we can find the condition when the removal of
one regressor will not lead to a growth of the total ensemble error, i.e.:

E[(f' —»)*] - E[(ff'* —y)?*] = 0.

Let the regressor that is to be removed have index M. Since the
ensemble can be presented as:

7 = Zinawi fi = Zitat wi' fi + wii furs

after some algebra, we get the condition that the removed regressor must
match in order not to reduce the overall performance:

M-1 M-1

D W E - A = ) Wi E - A

i=1 i=1

>0. (7)

wiy (Ey — A¥p) — [

Accordingly, this regressor must have a maximal positive value
defined by Equation (7). An essential consequence of this formula is that it
allows us to evaluate the potential of the current ensemble for pruning. If
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there are no regressors in the ensemble for which the value of Equation (7)
is positive, then the pruning of such an ensemble is impossible.

Formula (7) is derived from Equation (4), but Equation (4) presents
the algorithm that is more effective computationally since it requires just the
computation of the MSE of each regressor. It can be done once before the
pruning cycle since the errors of individual estimators do not depend on
ensemble composition. The procedure presented by Equation (7) requires
the computation of ambiguity value, which depends on the current ensemble
composition and therefore changes on each step.

The term in square brackets in Equation (7) represents the difference
between the errors of the pruned subensemble and the original ensemble,
from which the prediction of deleted regressor is excluded. This value
determines the threshold that the value of wif(E, — AM) of deleted
regressor must exceed. But, since we determine these values based on the
training set, we are not sure that this takes into account all the information
about the actual distribution of data. Thus, the assumption is reasonable that
we can omit the term in square brackets and present the rule for choosing a
regressor to be deleted as:

max;[w} (E; — A}Y) 20],i=1,.., M. (8)

On the one hand, this simplification reduces computational
complexity since we exclude the A¥~* term. On the other hand, it could
facilitate the selection of subensemble with greater generalization since it
introduces stochasticity in the selection process. In most cases, the regressor
that is selected for removal from the ensemble by rule Equation (8) will
coincide with the one chosen by Equation (4). Discrepancies can only be
observed when the ensemble is already well optimized, and differences
defined by Equation (7) tend to zero.

Since for the ensembles based on averaging like Bagging and
Random Forest w} = 1/M, this rule can be simplified as:

max[(E; —A¥) >0],i=1,..,M.
L

We can show that this is equivalent to choosing a regressor with a
maximum distance to the line defined by Equation (4) on the half-plane
E; > AM . The distance from the point M(xy,yy) to the line
determined by the equation Ax+ By+C =0 is defined as

d = |Axy + Byy + C|/VA? + B2, Substituting into this formula the
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coordinate values of the ith regressor (E;, AM) and the coefficients of the
equation of the straight line E — AM = 0, we obtain d; = |E; — AY|/~/2.

Figure 1 presents the example of the averaging ensemble of
4 regressors trained on the airfoil dataset (its parameters will be given
below). The left chart shows the values of E; and AY of these regressors; a
solid line presents Equation (6). The right graph shows the corresponding
values of the two terms of Equation (7). As it follows from the data
presented on the right graph best candidate for removing is estimator
number 2 according to Equation (7) and estimator number 0 according to
Equation (8). Corresponding points are marked by red and green circles on
the left chart, respectively. The exclusion of estimator 2 will lead to better
performance on the training set, but, as said above, it can also lead to a loss
of the generalization since the pruned model will be overfitted to training
data. The ambiguity of the remaining ensemble members changes when any
estimator is removed; therefore, the use of equations (7) and (8) can lead to
different final structures. In the next sections, we will present empirical
data, which confirms that rule Equation (8) allows us to generate more
effective ensembles.

Bagging (MSE = 0.095)
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Fig. 1. Bagging ensemble of 4 regressors

Ambugulty

The next issue that should be discussed is the data for the creation of
an initial pool of regressors and their subsequent selection. Some authors
use separated training and selection datasets. Researchers often use this
approach to avoid overfitting, but it also can lead to degradation of the
generalizing ability of the model since it reduces data available for the
model generation. On the other hand, paper [10] reported that the size of the
subensembles minimizing the error on the training data tends to be smaller
than the optimal subensembles when the error is estimated on an
independent selection set. Besides, the selection of the optimal subensemble
is an NP-hard problem and not generally feasible in practice.
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Our experiments in the preparation of this article confirm that the
separation of data into training and selection sets does not improve overall
performance. On the contrary, this often leads to a decrease in productivity
since candidate models obtained on reduced training datasets do not have
sufficient predictive ability.

We compared three different approaches. First, we divided all the
data available for training D,,,;, into independent sets: the first one for
generating models and second for selecting Dy,;. Table 1 shows the results
for cases when the size of the Dg,; includes 50% and 33% of the data
available. In the third experiment, we performed the generation and
selection on the same set D;,.4;,, Which included all available data.

Table 1. The pruning model performance for various combinations of training and
selection data

Dataset splitting Bagging | AP RR 0OA DR
[Dgeil = 0.5|Dspqinl 0.273 0.235 | 0.243 | 0.259 | 0.243
[Dgerl = 0.33|Dgrgin 0.250 0.228 | 0.226 | 0.234 | 0.219
Training and selection on Dyyqin 0.223 0.189 | 0.189 | 0.202 | 0.197

Table 1 shows the best average MSE obtained with 10-fold cross-
validation on the airfoil dataset. We used a single-layer artificial neural
network (NN) as a base estimator. At each iteration, we first optimized the
number of neurons in the NN, and then we generated the initial pool of 100
estimates using the Bagging algorithm and, finally, applied reduction and
selection algorithms. We tested two pruning algorithms Reverse Reduce
Error (RR) (4) and Ambiguity-based Pruning (AP) (8) and two selection
methods Direct Reduced Error (DR) (3) and Ordered Aggregation
(OA) [10].

As we can see, the critical factor that defines the pruned model
performance is the performance of the initial ensemble that improves when
the amount of data available for training grows. Therefore, here and below,
we propose to use the single dataset for the generating of candidate models
and the selection of optimal subsets.

Summing up the above, the proposed algorithm, which we call
Ambiguity-Based Pruning (AP), is presented in Table 2. Since instead of
using the exact expression (7) to select the regressor for reduction, we use
an approximate value (8), we must stop the algorithm when the current
MSE value begins to rise to control convergence and prevent the loss of
generalization (lines 9-13).
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Table 2. Ambiguity Based Pruning Algorithm
Training dataset Dyyqim = {(x;,¥:)}\-4, pool fy of regressors fitted

INPUT
on Dtrain'

1 Initialize e; = MSE (fg)

2 Repeat

3 ensPruned is False

4 For each f; in f; do

5 e; = wM(E; — AM)

6 End for

7 j = argmax(e)

8 fnew = fE\E

9 If MSE (frew) < €g

10 g = MSE(fnew)

11 fE = fnew

12 ensPruned is True

13 End if

14 Until ensPruned is True
RETURN f&

4. Empirical Analysis and Evaluation. In this section, we assess
the generalization performance of Ambiguity-Based Pruning (AP) and
compare this technique with other algorithms. As a state-of-art method that
sets the baseline for the performance of pruning algorithms, we use Ordered
Aggregation (OA). In study [7] the authors conducted an experimental
comparison of OA with conventional ensemble methods such as Bagging,
AdaBoost.R2, and Negative Correlation, and showed that it surpasses them
in performance. Also, according to [7], OA outperforms other known
pruning methods such as hybrid ensembles [38], GASEN [2], regularized
stacked generalization [39, 40], and performs slightly better than SDP-
pruning [7], although the difference between average ranks of OA and SDP
is not statistically significant.

In addition to OA, we also included in the set of methods for
comparing two algorithms discussed in Section 3, Direct Reduce Error
(DR), and Reverse Reduce Error (RR).

It should be noted that the authors of [7] defined the number of
estimators in the OA-pruned ensemble as an external parameter. In our
experiments, we used a slightly modified OA algorithm: the selection of
regressors continues while the error in the training data does not increase
(lines 9-13 in Table 2). Such an approach helps to identify the optimal size
of the final subensemble. A similar condition was applied to other
algorithms tested (RR and DR).
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The experiments are carried out on 20 regression problems from the
UCI-Repository and other sources. They include real-world problems from
different fields of application: industry, biology, urban management, etc.
All datasets were scaled to center around zero and have unit variance.
Table 3 displays the number of instances (N), the number of attributes (K)
and the source of the different datasets considered.

Table 3. Datasets used in the experiments

Dataset Description N/ K Source
abalone Predicting the age of abalone 4177/8 KEEL
airfoil Aerodynamic and acoustic tests of airfoil 1503/5 UCI
bank8FM Simulation of how customers choose bank 8192/8 OML
bike Count of rental bikes 17379/12 | UCI
california Median house value of the block groups 20640/8 KEEL
CASP Properties of protein tertiary structure 45730/9 UCI
CCPP Combined Cycle Power Plant 9568/4 UCI
compactiv | Computer systems activity measures 8192/21 KEEL
concrete Predicting the concrete compressive 1030/8 KEEL
egrid Electrical grid stability simulated data 10000/12 | UCI
elevators Action taken on the elevators of the aircraft | 16599/18 | KEEL
facebook Facebook comment volume 40949/53 | UCI
forestFires | Burned area of forest fires in Portugal 51712 KEEL
house Median house price in the regions of USA 22784/16 | KEEL
kin8nm Forward kinematics of an 8-link robot arm 8192/8 OML
laser Far-Infrared-Laser in a chaotic state 993/4 KEEL
stock Daily stock prices for aecrospace companies | 950/9 KEEL
supercond | Superconductors and their relevant features | 21263/81 | UCI
treasury Economic data of USA 1049/15 KEEL
wankara The weather information of Ankara 1609/9 KEEL

Data sources:

—  KEEL - KEEL dataset: https://sci2s.ugr.es/keel/datasets.php

—  OML - OpenML: https://www.openml.org/search?type=data

- UClI - UC TIrvine Machine Learning Repository:
http///archive.ics.uci.edu/ml/

The experimental protocol is the following. We used 10-fold cross-
validation to estimate the mean squared error. The experiments involve
building a bagging ensemble of M = 100 predictors. Following the work [7],
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we use the feed-forward neural network (NN) with a single hidden layer of
sigmoidal neurons and a linear unit in the output layer as a base learner. The
networks are trained during 1000 epochs using the quasi-Newton
optimization method BFGS. Before the generation of the bagging ensemble,
the optimal number of hidden units in NN was explored using Bayesian
optimization and a separate 5-fold cross-validation procedure. Once the best
architecture of NN is found, a bagging ensemble is generated using neural
networks with these hyper-parameters. Next, the bagging ensemble is
pruned using various pruned algorithms. Finally, we computed the mean
value of MSE on all testing folds for all compared algorithms, also as
bagging ensemble, to use the last as a benchmark for performance
comparison. All computations were performed using the Python
programming language and scikit-learn and scikit-optimize libraries.

Table 4 shows the average mean squared error and its standard
deviation estimated by 10-fold cross-validation for each dataset and each
prediction method.

Table 4. Average mean squared error normalized by the corresponding scaling

factor

Dataset Sf;i't':f Bagging AP DR RR 0OA

abalone 107 | 4309 (0.272) | 4.318 0.272) | 4.315 (0.272) | 4324 (0.273) | 4.319 (0.272)
airfoil 10" | 2.225(0.112) | 1.890 (0.099) | 1.973(0.104) | 1.887 (0.094) | 2.023 (0.109)
bank8FM | 107 | 3.470 (0.002) | 3.443 (0.002) | 3.440 (0.002) | 3.442 (0.002) | 3.467 (0.002)
bike 10" | 1.448 (0.091) | 1.154 (0.065) | 1.163 (0.066) | 1.155 (0.065) | 1.209 (0.071)
cadata 10" | 2.775 (0.096) | 2.685 (0.088) | 2.684 (0.089) | 2.683 (0.088) | 2.756 (0.095)
CASP 10" | 5.609 (0.012) | 5.522 (0.013) | 5.521 (0.013) | 5.521 (0.012) | 5.601 (0.012)
CCPP 107 | 5.889 (0.005) | 5.833 (0.005) | 5.833 (0.005) | 5.833 (0.005) | 5.889 (0.005)

compactiv | 102 | 1.738 (0.001) | 1.674 (0.001) | 1.672 (0.001) | 1.674 (0.001) | 1.707 (0.001)
concrete 107 | 8.629 (0.020) | 8.206 (0.019) | 8.139 (0.019) | 8.140 (0.019) | 8.333 (0.021)
egrid 107 | 4.773 (0.003) | 4.523 (0.003) | 4.528 (0.003) | 4.529 (0.003) | 4.623 (0.003)
elevators | 102 | 8.829(0.014) | 8.575 (0.013) | 8.575 (0.013) | 8.575 (0.013) | 8.754 (0.014)
facebook | 107 | 4.599 (0.188) | 4.621 (0.181) | 4.672 (0.177) | 4.659 (0.180) | 4.498 (0.181)
forestFires| 10° | 1.218 (1.664) | 1.281 (1.585) | 2.722 (2.429) | 1.408 (1.553) | 1.533 (1.614)

house 10" | 4.207 (0.057) | 4.138 (0.055) | 4.140 (0.056) | 4.140 (0.056) | 4.193 (0.057)
kin8nm 107 | 9.233 (0.008) | 8.648 (0.008) | 8.652 (0.008) | 8.646 (0.008) | 8.816 (0.008)
laser 107 | 1.362 (0.015) | 1.360 (0.015) | 1.411 (0.016) | 1.430 (0.017) | 1.369 (0.015)
stock 10" | 1.486 (0.112) | 1.498 (0.126) | 1.541 (0.128) | 1.514 (0.126) | 1.535 (0.121)
supercond | 107 | 1.759 (0.128) | 1.737 (0.123) | 1.741 (0.123) | 1.735 (0.123) | 1.754 (0.127)
treasury 10° | 4.027 (0.002) | 3.818 (0.002) | 3.822 (0.002) | 3.804 (0.002) | 4.003 (0.002)

wankara 107 | 6.099 (0.001) | 6.022 (0.001) | 6.043 (0.001) | 6.081 (0.001) | 6.152 (0.001)
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The figures displayed are scaled by a factor shown in the first column of the
table. To check whether the observed improvements in error are statistically
significant, a paired Wilcoxon test was performed on cross-validation data
for each dataset. Error values that are significantly better than bagging at an
a -value of 0.05 are highlighted in boldface. Error values that are
significantly better than OA at an a-value of 0.05 are underlined. As it
follows from Table 4, there were no algorithms that perform analysis
statistically worse than bagging and OA on the datasets selected for the
experiment.

Following the framework proposed by J. Demsar [41], we also
conducted the Friedman test to compare the overall performance of different
methods in the collection. The results obtained (Fp=59.14, the
corresponding p-value is 2E-11, and the critical value of y? distribution
is 11.07) confirm that the hypothesis of the equivalent performance of all
algorithms should be rejected at « = 0.05. If the null hypothesis is rejected,
we can proceed with a post-hoc Nemenyi test. Figure 2 displays the results
of this test for ¢ = 0.05. The differences in performance between
algorithms whose average ranks are further than a critical distance (CD) are
statistically significant. The obtained value of the CD is 1.686. In Figure 2,
algorithms whose differences in performance are not statistically significant
are connected with a solid line.

D

1 2 3 4 5 &

RR Eagging
DR 04

Fig. 2. Comparison of algorithms’ performance against each other with the
Nemenyi test. Groups of methods that are not significantly different (at « = 0.05)
are connected with a solid black line

As follows from the data presented in Figure 2, four groups of
models are distinguished, and models inside one group have statistically
comparable results. The first group includes algorithms of pruning AP, RR,
and DR, while AP has a slight advantage within this group. The second
group consists of the algorithms RR, DR, and OA, the OA; this group
showed the worst results. The third group comprises the bagging algorithm,
as well as methods for pruning the DR and OA. The fourth group is
represented only by a single-layer feed-forward neural network (NN).
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The following conclusions can be drawn from the presented results.
First, pruning methods can improve the performance of the initial set of
regressors generated using the bagging algorithm. Data n Table 4 confirms
this conclusion generally, but we should note that there are a few
exceptions, namely results for datasets: abalone, forestFires, and stock.
Second, methods based on the sequential exclusion of estimators from the
initial ensemble (AP and RR) are superior to sequential inclusion algorithms
(DR and OA). One possible explanation is that in the case of the exclusion,
the algorithm has more information about the interaction of all estimators in
the ensemble. In the case of the AP algorithm, this information is presented
explicitly in the ambiguity term (1). When the algorithm implements an
inclusion scenario, only information about the pair interaction of estimators
is available explicitly given by correlation matrix Equation (2) in the OA
algorithm.

Another critical point associated with the quality of pruning
algorithms is the size of the ensemble obtained after the algorithm
application. Table 5 presents these data.

Table 5. Average number of regressors in the pruned sub ensemble

Data NN AP DR RR OA
abalone 10.5(3.4) 12.6 (2.1) 11.2 (2.5) 11.9(1.9) 98.2 (5.7)
airfoil 10.5(3.5) 9.8 (3.0) 7.6 (1.8) 8.8 (2.3) 23.9(5.2)
bank8FM 17.1(1.8) 9.8 (2.0) 9.7 (1.9) 9.6 (2.1) 94.8 (4.0)
bike 14.9(3.1) 11.0(6.6) 7.2 (1.9) 7.7 (1.6) 22.3(3.5)
cadata 13.2(5.3) 8.8 (2.0) 6.5 (1.8) 8.0 (2.4) 65.2(10.4)
CASP 19.1(0.9) 10.8 (2.1) 10.4 (1.9) 10.3 (1.9) 89.7 (4.9)
CCPP 13.5(2.0) 5.1(1.5) 4.2 (1.5) 5.1(1.5) 99.5(1.0)
compactiv |11.2 (4.9) 9.9 (2.9) 8.5 (2.6) 8.5(2.1) 53.4(5.2)
concrete 16.1 (1.7) 14.7 (3.2) 13.5(2.5) 13.9(2.8) 27.2(5.8)
egrid 18.9(1.0) 14.4 (2.8) 11.1 (1.3) 12.4 (1.6) 34.2(5.8)
elevators 7.9 (2.6) 11.8(3.3) 6.7 (2.6) 9.7 (1.7) 70.5 (8.2)
facebook 11.9(2.4) 8.7(2.1) 8.3 (1.6) 8.1(1.4) 31.9(4.8)
forestFires |9.1 (3.1) 43.1(10.1) |13.1(9.8) 23.7(3.8) 7.9 (3.3)
house 16.2(2.3) 14.6 (3.0) 12.3 (1.9) 13.4(2.9) 60.2 (7.4)
kin8nm 18.0(0.9) 12.4(2.4) 9.3 (1.3) 11.2(1.3) 39.3(4.2)
laser 11.1(3.9) 13.8(5.5) 7.8 (2.9) 8.1(1.5) 24.0 (5.8)
stock 13.1(5.0) 12.0(3.4) 9.7 (3.4) 10.9(3.1) 28.4(3.8)
supercond |9.2 (4.4) 9.5 (2.0) 8.9 (1.7) 9.2 (1.8) 55.4(8.6)
treasury 11.8(4.4) 7.3(22.2) 5.5 (1.6) 6.7 (1.6) 45.9(7.5)
wankara 9.4 (3.7) 13.6 (3.3) 9.9 (2.2) 11.0 (1.8) 66.9 (10.5)
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The first column of Table 5 (NN) contains the mean and the standard
deviation of the number of neurons obtained during the optimization of NN
at each iteration in the process of 10-fold cross-validation. Other columns
show the mean and standard deviation of the number of base estimators
(NN) obtained from the 10-fold cross-validation for each algorithm. Better
value in each line is highlighted with bold. As we can see, the best value is
achieved by methods that directly minimize the prediction error (DR and
RR), AP creates somewhat larger ensembles, while significantly ahead of
OA.

We also conducted the Friedman and Nemenyi tests for these data.
Results confirm that the sizes of ensembles obtained with pruning
algorithms are statistically different at 0=0.05. Figure 3 presents the results
of the Nemenyi test.

The ideal pruning algorithm should reduce both the error and size of
the ensemble relative to the original bagging ensemble. This condition is
satisfied in most cases; however, Table 4 shows that pruning algorithms
increase the error for some datasets. However, this degradation is not
statistically significant (Table 4), and the pruned model can be ten or more
times smaller than the original bagging ensemble, which can be crucial for
devices with limited memory (e.g., smart sensors). Distributions of AP, DR,
and RR results are very similar (with a slight advantage of AP in terms of
error); OA in our experiments demonstrates the worst performance in terms
of error and model size.

D

DR
RE —m———————————— o}
AP

Fig. 3. Comparison of the size of ensembles with the Nemenyi test. CD = 1.364

5. Conclusions. In this work, we investigated regression ensembles
pruning methods since previous research did not pay enough attention to
this area.

The first of the main contributions of our work is the formal
condition (7), which allows estimating the potential to reduce the size of the
convex regression ensemble. If there are no regressors in the ensemble for
which the value of Equation (7) is positive, then the reduction of such an
ensemble is impossible.
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Next, we proposed an Ambiguity-based pruning algorithm based on

well-known error-ambiguity decomposition and compared its performance
with other pruning techniques such as minimization of error using direct
and reverse approaches. The results of experiments with real datasets show
that Ambiguity-based pruning outperforms in most cases other algorithms
also the state-of-art Ordered Aggregation algorithm.
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1O.A. 3EJIEHKOB
OIITUMU3AIIUA PASMEPA AHCAMBJISI PETPECCOPOB

3enenxoe FO.A. OnTuMu3anus pasmepa aHcamoJisl perpeccopoB.

AHHOTanUs. AJITOpUTMBI 00y4YeHHUS aHcaMOJIel, Takue Kak bagging, 4acTo reHepUpyT
HEONpPaBJaHHO OOJbIIME KOMIIO3UIIUHU, KOTOpPbIC, OMHMO IOTPEOJICHHS BBIYHCIHTEIbHBIX
pecypcoB, MOTYT YXYIIIHTh 0000IIar0IIy0 crocobHocTh. OOpe3ka (pruning) MOTEHIHUATBHO
MOXKET YMEHBIIUTh pa3Mep aHCaMOJss W TMOBBICHTh TOYHOCTh, OJHAKO OOJBIIMHCTBO
HCCIIEN0BAHUN CEroJHs COCPEJOTOYEHBl Ha MCIOJIb30BAHUM 3TOr0 MOAXOAA INpPU PEIIEHHU
33129 KIacCH(HKAUH, a He PErPecCHH. DTO CBSA3aHO C TEM, UTO B 00IIeM cirydae oOpeska
aHcaMOJIeil OCHOBBIBACTCSI Ha JIByX METPHKAX: pa3HOOOpa3uH M TOYHOCTH. MHOTHE METPHKH
pa3HooOpa3usi pa3paboTaHbl sl 3a]ad, CBSA3aHHBIX C KOHEYHBIM HAOOPOM KIIACCOB,
OIpEeNsIeMbIX JHCKPETHBIMH MeTKamu. IlodTomMy OompmmHCTBO padoT 1o  oOpeske
aHcaMOJIeil COCpPeIOTOYCHO Ha TakKHX MpodiemMax: Kiacch(HKalus, KiIacTepu3anus U BeIOOp
ONTUMAJILHOTO IIOJMHOMKECTBA HPU3HAKOB. [l MpoOJEMbl PErpeccuu Tropasfo CIOKHEe
BBECTH METPUKY pa3HOoOpa3us. DakTHUECKH, CIMHCTBEHHOM M3BECTHOM HAa CErOAHSIIHHUN
JIeHb TaKOW METPUKOM SIBISICTCSI KOPPEISILIMOHHAS MaTpHIla, TOCTPOCHHAS Ha MPEICKa3aHHUsIX
perpeccopoB. JlaHHOE MCCII€[OBaHHE HAIPaBJIEHO HA YCTPaHEHHE 3Toro mpobena.
IpennoxeHno ycioBue, MO3BONISIONIEE NPOBEPUTH, BKIIFOUAET JIM PErpecCHOHHbIH aHcaMOIb
N30BITOYHBIE MOJIEIH, T. €. MOJEIH, yoaleHne KOTOPBIX YJydIlaeT HPOH3BOJUTENbHOCTE. Ha
0aze 9ITOro yCIOBUS IPEIJIOKEH HOBBIH alrOPHUTM OOpEe3KH, KOTOPBI OCHOBaH Ha
JICKOMITO3ULINK OLIMOKM aHcaMOJsl PerpeccopoB Ha CyMMY HHAMBHAYaJIbHBIX OIIHOOK
pErpeccopoB M HX PaccOriacoBaHHOCTb. IIpensiolkeHHbII METOJ CpaBHUBAETCA C JABYMs
MOAXO0AaMH, KOTOpPbl€ HANPSIMYH MHHUMH3UDPYIOT OIIMOKY IIyT€M I10CJIEA0BATEIbHOrO
BKIIFOUEHUsSI M MCKJIIOYEHHsI PErPeccopoB, a TaKKe C aJrOpPUTMOM YHOPSJOYEHHOro
arperupoBanust (Ordered Aggregation). DKCIIEPUMEHTBI MOJTBEPXKIAIOT, YTO IPEIIIOKECHHBIN
METOJl TMO3BOJSET YMEHBLINTh pa3Mep aHcaMOJs perpeccopoB ¢  OXHOBPEMEHHBIM
YIIY4IIEHHEM €ro NPOU3BOAUTENBHOCTH U PEBOCXOAUT BCE CPABHUBAEMbIE METO/IbI.

KiioueBble cioBa: obpeska aHcamOIs1, aHCaMOlIb perpeccopoB, o0ydeHHe aHcamoOus,
JIEKOMITO3ULINSI OLIMOKa-pa3Hoo0pasue, pa3HO0Opa3He perpeccopos.
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KBAHTOBOM 3AITY TAHHOCTH

Cemenenko E.K., Beaoauneyxas A.I, IOpvee P.H., Anooxcany A.Il., Beccmepmuviii H.A.,
Cypoe H.A. BplsiBlleHHe SKOHOMHYECKHX CTOBOPOB METPHUKAMHI KBAHTOBOW 3aIlyTAHHOCTH.

Annoramus.  DPGPEKTUBHOCT SKOHOMUKH OOYCIIOBJIEHA ONEPATUBHOCTHIO MPECEYCHUS
HE3aKOHHOTO TIOBEJCHMS XO3AMCTBYIOIMX CyOBeKTOB. B ycioBusAX ycKopeHus .enoBoii
AKTHBHOCTH BaXKHOIl 4acTbIO JaHHOTO YCJIOBHSI CTAHOBUTCS BBISIBJICHHE PHIHOUHBIX CTOBOPOB
Ha OCHOBE CTATUCTHKM IEKTPOHHBIX CIENOB. B cTaThbe MpeacTaBiIeHO pelleHue STOH 3agadu
Ha OCHOBE KBAaHTO-TEOPETHMUYECKOIO IOAXO4a K MOJEIMPOBAHUIO IPHUHATUS peIleHHd. A
UMEHHO, KOTHUTHBHBIE COCTOSIHMS CyOBEKTOB IPEACTABJIAIOTCH KOMIUIEKCHO3HAUHBIMU
BEKTOpPaMH B NPOCTPAHCTBE, 0OPAa30BAHHOM Oa3WCHBIMH TOBEJICHYECKUMH aJIbTEPHATHBAMY,
TOTZIa KaK BEPOSITHOCTHU MPUHSTHS PELICHU ONpeesISioTCsT NPOeKIUsAMU STUX COCTOSIHHI Ha
COOTBETCTBYIOIIUE HampasieHus. COracOBaHHOCTh MHOTOCTOPOHHETO HMOBEIEHHUs IPU STOM
COOTBETCTBYET 3allyTAHHOCTH MOPOXKIAIOIEr0 KOTHUTUBHOTO COCTOSIHHS, CTENEeHb KOTOpOM
U3MepseTCs CTaHIapPTHBIMU KBAHTOBO-TEOPETUUECKUMH METPHKaMU. BricoKoe 3HaueHne MeTpUKu
CBUJIETENILCTBYET O BEPOSATHOM HAJIMYMU CTOBOPA MEXKIY PacCMaTpPUBAaEMBIMU CyOBEKTaMH.
Tlomy4eHHBIi TAKUM 0OPa30M METOJ BBISIBJICHHSI [TOBE/IEHIECKOM KOOPAMHAIIMY apOOUPOBaH
Ha OTKPBITHIX JaHHBIX 00 yJaCTUH IOPHIUIECKHX JIUI[ B TOCYJAPCTBEHHBIX 3aKyIIKaxX 3a IepUO[
¢ 2015 mo 2020 roasl, mocTymHbiX Ha (penepanbHoM noptaie https://zakupki.gov.ru. s
UCIIOJIb30BAHHO# BBIGOPKH NMOCTPOCHBI KBAHTOBBIE MOJIEIM HPUMEPHO 80 ThICAY YHUKAJIBHBIX Map
n 10 MuummoHoB yHuKanbHbIX Tpoek THH. JlocTOBEpHOCTH BhIABJIEHK CTOBOPOB OINpe/eJisIach
CpaBHEHHEM I0JJ03PEBaEMbIX C OTKPHITHIMU AaHHEIMU PeiepasibHON aHTUMOHOIIONBHOM CITyKObI
https://br.fas.gov.ru. CorracHo nosy4eHHbIM (PYHKIUAM OIMOOK, MOJIOBUHA U3BECTHBIX IAaPHBIX
CTOBOPOB BBISIBJIAETCS C JOCTOBEPHOCTBIO Oosee 50%, YTO CpaBHUMO C METOJAMHU BBISBJICHHS HA
OCHOBE KJIACCHYECKOW KOPPEJIALMHY U KJIACCUYECKOi B3auMHOM MH(popMaLuu. B TpéxcTopoHHEM
cllydae, HalpOTUB, KBAHTOBAas MOJE/Ib OKAa3bIBACTCS IMPAKTHYECKH Oe3aJIbTepHATHBHOIN B
CHUJIy OrPaHMYEHHOCTH KJIACCMYECKMX METPHK JIBYCTOPOHHEH Koppeisanuei. ITonoBuHa Takux
CTOBOPOB BBISIBIISIETCS C JOCTOBEpHOCTHIO 40%. I1omydyeHHbIe pe3yIbTaThl CBUIETENILCTBYIOT 00
9(ppeKTUBHOCTU KBAHTOBO-BEPOSATHOCTHOTO MOAXOJa K MOJEIMPOBAHUI0 MHOTOCTOPOHHETO
KOHOMUYECKOTO MOBe/IeHUs1. Pa3zpaboTaHHbIe METPUKHU MOTYT OBITh HCIIOJIb30BAHbI B KAYECTBE
MH(POPMATHBHBIX TIPU3HAKOB 715 aHATMTUYECKHUX CHUCTEM U aJITOPUTMOB MAIIMHHOTO 00y4eHHs
NO0GHOI HaNpPaBJICHHOCTH.

KuroueBble cioBa: CroBop, KapTejb, NPUHSATHE PEIISHUH, KBAHTOBas BEPOSITHOCTb,

KBaHTOBas 3allyTAHHOCTbD, IOBEAEHYECKOE MOJEIMPOBAHNE, PEKOMEHAATEIbHBIE CUCTEMBI.
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1. BBegenne. MamuvHHbI aHaIM3 JAaHHBIX C LEJbI0 00ECIIEYEHUS
NPaBOMOPSIIKa SABJISETCS aKTyaIbHON 00J1aCThIO PHUKJIAIHBIX UCCIIeJOBaHMIA.
OH ncnonb3yeTcst A BHISIBICHUS MPOILIBIX ¥ IPOTHO3UPOBAHUS OyAyIINX
aKTOB IMPOTUBOIIPABHOIO IOBEJEHHWSA HA OCHOBE aHAJIM3a Pa3sHOPOIJHBIX
MOBEJICHYECKUX JIaHHBIX, BKJIIOYAas HH(OPMAIMIO B COLUAIBHBIX CETSX,
¢puHaHCOBBIE TpaH3aKUuK U Ap. [1 — 4]. OgHa U3 TakuX 3a/1a4 — BhIsIBJICHUE
HE3aKOHHBIX CTOBOPOB MEX[y CyObeKTaMU SKOHOMHUYECKOM JIesITeJIbHOCTH, B
TOM 4HCJIE MEXKAY YYACTHUKAMU FOCYapPCTBEHHBIX 3aKyIOK TOBAPOB M YCIIYT,
ory0JIMKOBAHHBIX B e/IMHOI nH(pOpMaioHHoi cucteme https://zakupki.gov.ru;
TaKUM 00pa30M 3aKyHaloTCs, HAIPUMeEp, JIeKapcTBa U 000PyIOBaHKE, YCIYTH
Wutepnet, Tenedonun n KKX, crpoutenscTBa U peMOHTa U T.A4. B nemsx
MOBBIIIIEHNSI IPUOBUTN HEAOOPOCOBECTHBIE MOAPSUNKY JOrOBAPUBAIOTCS O
COMIACOBAHHOM IOBEICHUM Ha TOprax, BCJIEJCTBUE Yero ToBap UM yCiyra
nprobpeTaeTcs U3 OI0KETHBIX CPEJICTB TI0 3aBHIIICHHOH IIEHE.

Takoe TmOBeleHUE XO3SMCTBYIOIMX CYOBEKTOB — Ha3blBaeMOe
Cc2060poM WM KapTelleM — HE3aKOHHO U IIpecliefyeTcsl IO CTaThsAM
AIMUHHUCTPATUBHOTO U YTOJIOBHOTO KOJIeKCOB PP [5]. 17151 COKpBITHS CBOUX
JeACTBUI MpaBOHAPYIIMTEN NPUBJIEKAIOT K TOPraM MOJCTABHBIX YYaCTHUKOB,
KOTOpBIE WIpAIOT IO 3apaHee pacnpeAesiEHHbIM pOJIAM i CO3JaHUsA
BUIVMOCTH KOHKYDEHIWU. BBISIBIEHHE CIIOKHBIX CXEM COMIACOBAHHOIO
NOBEJIeHNs1 MPEeACTaBJsAeT OOJBbIIYI0 MPAKTUYECKYI0 MpodaeMy, KOTopas
000CTpsIeTCsl C YCKOPEHHEM SKOHOMMYECKOW aKTMBHOCTH [6]. Pactyinas
CKOPOCTb TpaH3aKLUI B 3JEKTPOHHOH cpeje MNpeBHILAeT BO3MOXHOCTU
Py4HOI 06pabOTKH, KOTOPbIE, OAHAKO, PACIIMPSIOTCS C IOMOIIBIO MAIIMHHBIX
CPEICTB.

IlepBasgs Mognenbp aBTOMAaTUYECKOTO BBIABICHUS CTOBOPOB, TaKxke
W3BECTHAS KAK SKOHOMETPHYECKHi CKPUHUHT, Obla npeasiokena B 2003 r. [7].
STa MOJEeJIb NT03BOJIAET PACCYUTATh ECTECTBEHHOE, KOHKYPEHTHO-PHIHOUHOE
pacnpeieieHue 3a8BOK, CHCTEMAaTHYeCKUe OTKIOHEHU OT KOTOPOTO ABNISIOTCA
NpU3HaKaMK HeIoOPOCOBECTHOTO noBeieHrst. HerocTaTkoM Mozienu sBIisieTcst
HEoOXOOMMOCTb 3HAHUS SKOHOMHYECKUX MapaMeTPOB YYaCTHHKOB TOPIOB,
MHOT'H€ U3 KOTOPBIX PEJCTABIISIOT COO0M KOMMepUecKyIo TaiiHy. B pesynbraTe
GoJIbILIast YacTh HEOOXOOUMBIX JAaHHBIX JODKHA JOTIOJIHUTENBHO ONPEesThCS
OTpacsieBbIMU KCIEPTAaMHU, YTO TIPUBOJUT K IOTEPE TOUHOCTU. AHAJIOTUYHbIH
nogxon [8] ucnons3yeT aHaIM3 aHOMaJIbHBIX JUCIEPCHUIA B paclpeaeeHun
3aABOK, IPEATIoaras, 4To OHH CJIEAYI0T paBHOMEPHOMY PaCIpeEIICHUIO.

B nocnepnue ropel pa3paboTaH psi METOLOB BBHISIBJICHHS CTOBOPOB
Ha OCHOBE MallIMHHOTO 00y4eHus1. B mepBoM ucciiejoBaHuH Takoro tumna [9]
cOo3/1aH KJ1acCU(UKATOP 3asiBOK M0 HAIMYMIO JIMOO OTCYTCTBHIO CrOBOpa Ha
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CTPOUTENILCTBE IMIBEHIIAPCKUX KeJIE3HBIX AOpor. C 4eThIppMs HOCTOBEPHO
YCTAHOBJICHHBIMH KapTeJIsIMH, Ha MaJIoii BHIOOpKE U3 584 TOProB npaBUIbHO
kyaccuduposansl 84% u3 3799 3asasok. [llnpokoe ucciaenoBaHue METOIOB
MAIIMHHOTO 00Y4YEeHNUs IIPOBEJICHO 151 OOJIBIINX MAaCCHBOB IaHHBIX O TOpPrax
u3 sty crpad [10]. YepennéHHast no crpaHaM cOalaHCUPOBAHHAS TOYHOCTh
11 paccMOTpeHHBIX aJITOPUTMOB HAXOOUTCS B Anana3oHe oT 48% mo 86%.

HepnoctaTkoM OOJIBIIMHCTBA W3BECTHBIX IOIXOJOB SBIISIETCS WX
OTrpaHUYEHHOCTD JIBYCTOPOHHUM IOBEJIEHUEM, T.€. PACCMOTPEHUEM TOJIBKO
CrOBOPOB MEXAy ABYMsl CyObeKTamu IoBejeHus. Ilomumo HambGomnbliei
MPOCTOTHI, OCHOBaHMEM [JIsI 3TOH OTrPaHUYEHHOCTH CIYXKWUT HesBHOE
NPENOoNOKEHNE O TOM, YTO MHOTOCTOPOHHHE CBSI3U CBOAATCS K KOMOMHALIMH
IBycTopoHHHX. COOTBETCTBEHHO, KJIACCHYECKHE MOHOTpa(hiH 1O CTATUCTHUKE,
NICUXOMETPHUKE, SKOHOMMKe M commosiorun [11 — 14] paccmarpuBaioT
JBYCTOPOHHM CJTy4ail KaK eJMHCTBEHHO 3aCJy KMBAIOLINI BHUMAHHUSI.

B peasnpHO# MpakTHKE COIMAIBHBIX B3aWMOAEHCTBUIL, OTHAKO, IS
TaKOro AOMYIIeHWs OCHOBaHWi HeT [15 — 18]; HampoTuB, yCTaHOBJIEHO,
YTO B KayecTBE €JUHHLBI MEXCYOBEKTHBIX OTHOLIEHHs Oojiee ONpaBIaHO
paccMoTpeHue He map, a Tpoek UHAMBUAOB [19, 20]. B mapagurme MammHHOro
o0y4yeHHsI 3Ta 3a/laya MOXET OBITh pellleHa aHAJIOTHYHO JIBYCTOPOHHEMY
ciydalo, Korja IIpU3HaKaMH KJIacCU(UIMPYEMOro OOBEKTa SIBIISIOTCS
napameTpbl MHOTOCTOpPOHHero moBejaeHusi [21]. Haxoxpenue Hambosee
MH(OPMATHUBHBIX IAPAMETPOB TAKOTO MIOBEICHUS, OHAKO, ECTh TEOPETUUECKAs
3ajava, Tpeoyloliast OTAEIbHOTO PeleHHS.

HenocTtaTouyHOCTh KJIACCUYECKOW CTATUCTUKU B 3TOM OTHOIIEHHU
YKa3blBaeT HAa aKTYaJIbHOCTh PAacCCMOTPEHHs aJbTEePHATHBHBIX ITOJXOJOB
K TOBEJEHYECKOMY MOJEJIMPOBaHMI0. B Hacrosimeil pabore B KadecTBe
TAKOBOT'O HCCJIEYeTCsl Pa3BUTHI B IOCJIEAHHE NECATHICTUS MOAXOH Ha
OCHOBE KBaHTOBOH Teopuu. Cpeau Opyrux HampaBICHH COLMO(MU3UKU
[22 — 24], 3TOT MoAXO BRIAEIACTCS YIOOCTBOM MOJIEIMPOBAHHUSI CBSI3aHHOTO
TMOBE/ICHUS1, UT'PAIOLIETO KJTIOUEBYIO POJIb B JUHAMMKE COLMAJBbHBIX CUCTEM
[25]. DTO CBOWCTBO MO3BOJISIET, B YAaCTHOCTH, OIMCHIBATh KOJUIEKTHUBHOE
npuHATHe pernenuit [26, 30], HeKIaccuyeckre paBHOBeCHs B Wrpax [27-
29, 31, 32], uppalMoHaIBHYI0 JUHAMUKY (PMHAHCOBBIX PHIHKOB [33 — 40],
KOJUICKTHBHbBIE COllMalIbHbIe B30y kaeHus [41 —43], u nap. [44, 46 — 48]. [Ipu
3TOM, COIVIACOBAaHHOCTb MPUHATHS UHIUBUAYAJbHBIX PELIEHUN COOTBETCTBYET
CBOJCTBY 3anymaHHOCMy MHOTOYACTHYHBIX KBAHTOBBIX CUCTEM, HE NMEIOILEMY
aHaJIora B KJIACCUYECKHX MOBEICHYECKUX MOJEIISX.

B HacTosII€el cTaThe KBAHTOBASI TEOPHSI BEPOSATHOCTU MCIIOIB30BAHA
JUISl BBISIBJIEHUSI SKOHOMHUYECKHUX CrOBOpPOB. Pa3BrBasi HaMe4YeHHBIN paHee
nogxon [6], B paszgene 2 mpeicTaBleHa COOTBETCTBYIOIIAs MOJEIb
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MHOT'OCTOPOHHET'O MOBEEHH S, Ha OCHOBE KOTOPOIl OCTPOEH Psil KBaHTOBO-
TEOPEeTHYECKUX METPUK MOBEJEHYECKOil cornacoBaHHOCTH. B pazgene 3
OlMCcaHa METOJIUKA SKCIEepHMEHTa MO anpoOaly MOJEIM Ha OTKPBITHIX
JaHHBIX 00 y4YacTHUH IOPUAMYECKMX JIMI] B TOCYJapCTBEHHBIX 3aKymkax. B
pasjiesnie 4 IpeacTaBIeHbI Pe3yIbTaThl 9KCIEPUMEHTA, BKII0Yast JOCTOBEPHOCTb
BBISIBJICHHSI CTOBOPOB M CPaBHEHHE KBAaHTOBO-TEOPETUUYECKUX METPUK
KOPPeJIALMYU ¢ CYLECTBYIOIUMU KJIaCCUYECKMMU aHajioramu. B pasnene 5
00CYkIAI0TCSl TIEPCTIEKTUBHBIE HAIPaBJIEHHs] Pa3BUTHS IPEJCTaBJICHHOTO
nojIxoza.

2. Teopus

2.1. IlpuHnMnbl NMOBeJeHYECKOT0 MO/eJNPOBaHHsI Ha OCHOBe
KBaHTOBOIl Teopuu. B COOTBETCTBMM C TPUHLMIIAMH KBaHTOBOTO
MozaenvpoBaHusi [49], KOTHUTHUBHOE COCTOSIHUE CYObEKTa JaHHOW
MOBEJICHYECKON HEOIpPEeJeNIEHHOCTH TPEACTABISIeTCS HOPMHPOBAHHBIM
BEKTOpPOM |1) B KomiuiekcHo3HauHoM ([mibGepToBoM) mpoctpancTse H.
Basuc npoctpaHcTBa 00pa30BaH OPTOHOPMHUPOBAHHBIMU BEKTOPaMHU:

1 0 0
0 1 0

m=1{.1. =[] - M=l (1)
0 0 1

COOTBETCTBYIOIIIUMU N AJIbTEPHATUBHBIM B3aMMOMNCKJTIOYAIOIUM BapyUaHTaM
IOBEACHU . KBaHTOBO-KOrHUTHBHOE COCTOSTHIE Cy6'bCKTa TOrga OIurcCbIBacTCA
BEKTOPOM:

et
N 72
[Wy= wlky =1 .|, @)
i=k .
TN

r/ie KOMIUICKCHO3HAYHbIE KOMITOHEHTHI PA3JIOKEHHS Y), Ha3bIBAIOTCS TaKKe
amnaumyoamu (BEpOSATHOCTH). DTU aMIUIMTYIAbl MOXHO IPEICTaBUTh
B BHIE CKaJIpHOro mpousBemeHus 7, = (k[i), rme BekTOp-cTpoka
(k| ecTh KOMIUIEKCHO-COMPSUKEHHAS! TPAHCIO3WIMsI BEKTOp-cTONONA |k).
KBagpaT MOLy/Ist 9TOii BeJIMUMHBI OIpe/iesIsieT BEPOSTHOCTb OCYIIECTBICHHUS
COOTBETCTBYIOIIEH MOBEICHIECKON A/IbTePHATUBBL:

(k) = |yl =pe, k=1...N. 3)
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CoOTBETCTBEHHO, HOPMUPOBKA!

s
V2 N
Wiy =[i v - W | . [ =D =1 )
. k=1
YN

BBIPQXXAET MOJHOTY 0A3UCHOM CUCTEMBI MTOBEEHUECKHUX AIbTEPHATHUB.

Kuaccuueckas n kBaHTOBasi HeonpeaeJéHHOCTb. CocTosiHue (2)
KOPEHHBIM 00pa3oM OTJIMYaeTcsl OT HOPMHPOBAHHOTO pacrpeseieHUs
BEPOATHOCTH  [p1,P2,...PN|,  OIKCHIBAOLIEr0  HEONpeNeeHHOCTh
HaOJT0JAaeMBIX BEJIMYMH B KJIACCHIECKOU Teopur BeposTHOCTH Kommoroposa.
PacnipesiesieHust 3TOro THMA OINMKCHIBAIOT HE3HAHUE BEJIMYMHBI, OOBEKTHBHO
Haxopsmieics B oqHoM u3 N coctosiHuil. B cnyuae N = 2 npumepoM Takoii
CUTYallUM SIBJISIETCS HE3HAHUE YEJIOBEKOM TOT'0, KAKOW CTOPOHOI BBEPX JIEKUT
MOHeTa IMoJI canpeTKoi. DTa cybdvekmusHas HeonpeaeIEHHOCTh CHUMAETCST
M3MepEeHUEM, He MEHSIIONIUM 00bEKTHBHOE COCTOSIHIE BEJIMIMHBI.

Bektop coctosiHus (2), HampoTHB, ONNCHIBAET COCTOSHHE
HEYCTPAaHUMOM HEONpeJeIEHHOCTH, KOrJa BeJIMUYMHA elllEé He HaXOMUTCS
HU B OJIHOM U3 Oa3UCHBIX COCTOsIHUWiL. B oTimume OoT HeompeneléHHOCTH,
OOYCIIOBJICHHO! OrpaHUYeHHON WH(OPMUPOBAHHOCTHIO CYOBEKTa Kak
OTIMCAHO BHIIIIE, TaHHASI HEOTPEACIEHHOCTh HOCUT 00BeKMUGHbLL XapaKTep.
Nudopmanuio o e€¢ 3HAYEHNN MOKHO TIOIyYHUTh TOJBKO MyTEM SKCTIEPHMEHTA,
MPUBOJISAIIETO BEJIMUMHY B 0JHO U3 [N 6a3ucHbix coctosmii [50, 51].

B MOBEJACHYECKUX TIpoHeCCax TaKHUM I3SKCIICPUMEHTOM SABJIACTCA
KaXJblil aKT TPUHATUS pelleHUs] — CBOOOIHBIA BHIOOP YeJiOBEeKa, He
OOYCIIOBJICHHBIA ~OOBCKTUBHBIMUA  (haKTOpaMH. AJTOPUTMHUYECKHA HE
MIpeIonpeIeIEHHBIN, CIIOHTAHHBIA XapaKTep TaKUX pEeMmIeHUHA OTHOCUT
TOBe/ICHYEeCKHE HEOIPeAEIEHHOCTH B PACCMATPUBACMON 3a/jaue K KBAHTOBOMY
tuny [52, 53]. Kak m B ¢u3MKe, COOTBETCTBYIOIIME CTATUCTHUYECKUE
3aKOHOMEPHOCTU MOJICJIUPYIOTCS C MOMOIIBI0 JIMHEAHON anreOpbl BEKTOP-
COCTOSIHUII B KOMIUICKCHO3HAUHBIX ([WIhOEepTOBBIX) MPOCTpPAHCTBAX Kak
OIIMCAHO BHIIIIE.

2.2. Mogeab NpHUHATHA MHOTOCTOPOHHHUX JBYXBapPHAHTHBIX
pemenmii. B paccmarpuBaemoil 3agave CyOBEKTOM IMOBEACHUS SIBJISACTCS
rpymnmna u3 K 10puandecKux JIMil, TPUHUMAIOIINUX pPeIlleHHe OTHOCUTELHO
yqacTus «1» 6o HeydacTus «0» rocyJjapCTBEHHOM TeHIEPE Ha IMOCTABKY
TOBAPOB, OKa3aHUE YCJIYT WM BBIMOJHEHHE PaboT MO 3apaHee 0ObsBJICHHBIM B
JIOKyMeHTaIliH ycJIoBusAM (fanee Topr). B pesynsrate nmeet mecto N = 2K
B3aMMOMCKJIIOYAIOIIMX [MOBEIEHYECKUX aJIbTepHATHB, OJHA W3 KOTOPBIX
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OCYILECTBJIICTCSI B MpOLIECCE MPUHATHUS pELIeHUsA. DTU aJbTePHATHUBBI
KOJUPYIOTCs MOCJIe10BAaTEIbHOCTSAMU Hyell u eauHu. basucHoe cocTosiHue
|10), HaripuMep, COOTBETCTBYET ciydato, Korna u3 K = 2 i A u B yuactue
B TOpre MPUHSUIO TOJbKO Mo A. COornacHoO mepBoil 4acTu BepaxkeHus (2)
00LIMii BUJL KOTHUTUBHOT'O COCTOSIHHSI TAKOM TPYIIIIBI ONMCHIBACTCS BEKTOPOM:

[YaB) = Y00/00) 4+ 701|01) + 710[10) + 711[11), )

HOPMHPOBKa (4) KOTOpOro TpedyerT:
2
Zpab = Z |7ab| =1
a,b a,b

AHAJIOTHYHO, KOTHUTHUBHOE COCTOsIHME Tpymmbl u3 Tpéx ymn A, B, C
ONUCHIBAETCS BEKTOPOM:

|wABC'> = Z 7abc|abc>a Z |7abc|2 =1. (6)
a,b,c a,b,c

Kak oTmeueHo Bo BBeieHHH, 3TH JBa ciayvast K = 2 u K = 3 npeacTaBisoT
HanOOJIbIINI MPAKTUYECKUI UHTEPEC.

KomrmiekcHO3HauHble aMIUIMTYAbl Y yAOOHO TpPEeNCTaBUTh B BHUJE
Monysieit r 1 pa3oBbIX MHOXHUTENEH €' Kak:

y=re?, re [0,1], ¢ €]0,2m). @)

CormacHo (3), MOAYJIM OAHO3HAYHO OIpPENENAIOTCS BEpOSATHOCTAMU
NPUHUMAaEMBIX PEICHUH, TaK 4To JuIs cinyvas K = 2:

Nab
Tab = \/Pab, Pab = 77 (®)
TI€ 74y €CTh YHCIO pelleHudl «ab», a m = Y 7M., - TOJHOE YUCIIO

pelieHnit B IMEIIIXCs JaHHBIX. Pasbl ¢y, HATPOTHB, SBJISIIOTCS CBOOOTHBIMU
napaMeTpaMu, COCTABJISIOIMMEI 0OCOOEHHOCTh KBAHTOBOM MOJIEIIH.

2.3. MeTpHKH JBYCTOPOHHEI COrIacoBaHHOCTU. COrIacoOBaHHOCTD
yacTeil CUCTeMBl NPH pa3pelieHNHd HEeONpeaeIEHHOCTH KBaHTOBOTO THIIA
u3BecTHa B (usrke Kak (peHOMEH KBAaHTOBOH 3amyTaHHocTu [54]. B
paccmatpuBaeMoil 3ajade 3alyTaHHOCTh BHIPAXaeTCs B COINIACOBAHHOM
MPUHATAN PEIICHUN OPUANISCKUMH JIMIAMH, SIBJISTIOIMIAMUCS YacCTsIMU
pacnpeneneHHON NOBEAEHYECKON CUCTEMBI.
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3amyTaHHOCTh JBYXYAaCTUYHOTO (IBYCTOPOHHEro) COCTOSHUSA (5)
BBIPAXKACTCA B HEBO3MOXHOCTH MPEACTABUTH €0 B BUAC MTPOU3BEACHUA:

[¥a) ® [¥5) =
= (a0|04) + a1]l4)) ® (BolOp) + Bi[1B)) = )
= Oéoﬁo|00> + a061|01) + a160|10> + 04151|11>,

r7ie |Y4) 4 [1)p) ecTh MHIMBU/Ya IbHbIE KOTHUTUBHBIE COCTOsIHUsA il A u B.
CoOOTBETCTBEHHO, MEPOH 3aIly TAHHOCTH SIBJISIETCSI BEIMUNHA:

QaB = 271170 —Y01710|, 0<Q <1, (10)

HasbiBaeMas Kkoukypenc' [55]. Koukypenc oOpamaercss B HOMb Jist

¢pakTopusyembix cocTossHMHA (9), COOTBETCTBYIOIIUX HECOITTACOBAHHOMY
noBeieHHI0 CyObeKTOB A 1 B, T.e. He3aBUCUMOCTH UX peineHuii. HanGombiiee
3HaYeHUe, paBHOE E€JUHULE, JOCTUTAeTCs JJIs MAaKCUMAaJIbHO 3aIlyTaHHbIX
COCTOSIHUN:

|00) + €ei®[11)  |01) + €?|10)
V2 ’ V2 ’

ONMCHIBAIOIIMX  MAaKCUMAJIbHYI0  COIIACOBAHHOCTb  (KOppENsiLMI0 U
AQHTUKOPPEJIALMIO) JBYCTOPOHHMX pELICHUH, MOJAEIMPYEMYI0 B paMKax
KBaHTOBOI TEOpUH.

CoorHotieHus (7) u (8) no3BoisAOT Beipa3uth BeanuuHy (10) yepes
HaOJTIoJaeMble BEPOSITHOCTH Pgp'

QaB 22\/]900]311 + Po1P10 — 24/PooPo1P10P11 €Os A,
A = ¢oo + P11 — $10 — P01,

(1)

rae mapameTp A onpeneinser BiIMsAHUE (PAa30BBIX ITapaMETPOB HCXOLHOTO
cocrosiHus (5) Ha 3HayeHue () 4p. HaHHast (opMa METPUKH KOHKYPEHC
HanboJee yao0Ha 115 IPaKTUUECKOTO MCTIOIb30BaHUS.

!B kBaHTOBO# MH(OPMATHKE HCTIONB3YIOTCA U IPyTHE MEPhI ABYXYACTHYHON 3aIly TAHHOCTH,
B YaCTHOCTH 3aIlyTaHHOCTb (hopMupoBanu [58], (Jiorapudmuyeckas) oTpuLaTeabHOCTD [S9] 1
sHTponus (B3auMHast uHgopmaus) pon-Heiimana [60]. [Ins paccmaTprBaeMoii 3a1auu OTJIMYUE
9TUX BEJIMYUH OT KOHKYpeHca [61, 62] He3HaUnTeIbHO.
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Krnaccuueckumu aHamoramu KoHKypeHca (11) sBisercs Momysb
ko3 duLreHTa conpskeHHocty [11]:

PooP11 — Poi1P1o

CAB = )
v/ (Poo + po1) (poo + P10) (P11 + p1o) (P11 + Po1) (12)

0<C«<1

1 B3anMHas uHpopmarms [63]:
Io =Y paplog 22 > 0, (13)
PaPb
a,b

TAe p; = ).;Pij €CTh MApIUHAIbHBIE PACIPE]ENCHUs JBYXaCTHIHOH

BEPOSITHOCTH Pgp. Kak U B cilyyae KOHKypeHca, HauMeHbIIINe 1 HanOOJIbIIIe
3HAYEHHUs] ITUX METPUK O3HAYAIOT OTCYTCTBHE KOPpENslMM M Haubosee
CWJIBHYIO KOPPEJISLUIO, IByCTOPOHHET O NOBEIEHNU ], COOTBETCTBEHHO.

2.4. MeTpHuK# TPEXCTOPOHHEN COTJIACOBAHHOCTH. J1JIs1 UI3MepeHust
COITIACOBAaHHOCTH TPEXCTOPOHHETO IIOBEJEHMsI OblIa  HCIOJIB30BaHA
CTaHAapTHasi METPUKa TPEXUaCTUYHOM 3aIyTaHHOCTH [64]:

T =4|dy — 2ds + 4d3], (14)
raec:

d1 =Y800Yi11 + Yoor V10 + ¥o107i01 + V10070115

d2 =%000Y1117011Y100 + Yo00Y111Y101Y010+
Y000Y111Y1107001 + V0111001017010t (15)
70117100Y1107Y001 + Y101Y0107Y1107001+

d3 =Y000711071017011 + V1110010107100

Kpome Toro, 6pU1 MCHONB30BaH TPEXYACTUYHBIA aHAJIOT BBIPAXEHUS IS
KoHKypeHc (10):

Q3 = |7111’7000 - ’7001’7110| + |’7111’Yooo - 70107101\ +
|71117000 - 7100’7011| + |’7001’Yuo - 7010%01\ + (16)
|70017110 - ’71007011| + |70107101 - ’Y100’7011\ .

AHasiornyHO JAByX4actuuHomy ciyudaio (9)-(10), oOparieHre B HONb 3TOi
BEJINUMHBI TAPAHTHPYET (DAKTOPU3ALIMIO TPEXYACTUYHOTO COCTOSIHUA (6) Tpems
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VH/IMBUIYaJIbHBIMU COCTOSIHUAMM [04), [¥B), |¥c)?. Kak u nisa MeTpuku
(14), 370 3HaUEHNE COOTBETCTBYET HE3ABUCUMOMY MPUHSITHUIO PEIICHUI, T.€.
HYJIEBOH COINIACOBAHHOCTH.

B otyimume ot aByxuactuuHoro ciayyast (11), merpuku (14) u (16)
3aBHUCST OT OOJBIIOTO YnCa (pa3oBBHIX MAPAMETPOB Pgpe (7), BApPHPOBaHUE
KOTOPBIX HE TIPEJICTABISIIOCH BO3MOKHBIM B CHUTY OTPAaHHYEHHOCTH JIOCTYITHOTO
BBIUUCJIMTEHHOrO BpeMeHu. 110 3Toii nmpuyrHe Bce TaKue napameTpsl Opaiuch
PaBHBIMH HYJIIO, YTO COOTBETCTBYET NEACTBUTEILHBIM 3HAYEHUSIM aMILIUTY/L
Yabe B cOCTOSIHUM (6). AHAJIOIMYHO [BYXYaCTHMUHOMY ciydaio (8), 3Tu
BEJIMYMHBI BEIYMCIISUTIICH HA OCHOBE SKCIIEPUMEHTAIBHBIX JAHHBIX KaK:

Nabe

Yabe = \/Pabcy  Pabec = ’ (17)

n

IJie HalpuMep Nigp ©CTh IOJHOE YKCJIO TOProB, B KOTOPBIX CPeId Tpex
paccmarpuBaembix cyobekToB A, B, C' yyacTe NpUHUMAI TOJIbKO TIEPBBIiL.

He-kBaHTOBOI METPUKOI TPEXCTOPOHHEH COINTACOBAHHOCTH SIBJISIETCS
BEJINYMHA:

P111P100Po10Poo1

0123 = log ,
D110P101P011P000

(18)

WCTONB30BaHHAS Il aHaJM3a KOPpeJsAlUM HEMpPOHHBIX BCIHbIIIEK [66].
OTCYTCTBUIO KOPPEJIALIMU COOTBETCTBYET Hy/IeBasl BeJIMUMHA 3TOI METPUKH,
NPUHAMAIOIIEH KaK MOJIOKUTE IbHBIE, TAK U OTpULlaTesbHble 3HaueHus. Kak u
KBaHTOBas MeTpuKa (14), 3Ta BeJIMuMHa OTpaXkaeT MOJIMHHO-TPEXCTOPOHHIOI
KOPPEJIALMIO, HEUyBCTBUTEIBHYIO K IByXCTOPOHHUM KOPPEJIALMAM B Iapax,
BXOJSALIMX B TPOUKY (Tam xke).

3. AxcnepumeHT. [IpencTaBieHHas Mopeiab MCIOAb30BaHA JA
BBISIBJICHUSI COMIACOBAHHOTO SKOHOMUYECKOrO MOBEIEHUS IOPUANYECKUX
JIMI] Ha OCHOBE MH(OpMaIyy, oyo6MkoBaHHO B cetit iHTepHeT. CocTas n
METO/Ibl TOJyueHus1 JaHHbIX onvcanbl B Paznene 3.1. Paznen 3.2 onucbiBaeT
NpoLesypy HMX YHCIEHHOH oOpaOOTKH. Pe3ynpTaThl SKCHEpUMEHTa [Jis
JBYCTOPOHHUX U TPEXCTOPOHHMX METPHUK INpEACTaBJeHbl B CleLyloIeM
paznene 4.

3.1. Jannble. Vcronb3oBaHHbIE B pabOTe NaHHbIE ISJISTCS Ha [iBa THTIA.
[TepBblil THII - 3TO JaHHBIE 00 YYACTHU IOPUIMIECKUX JIUL B TOCYAAPCTBEHHbIX
3aKyIKax, Ha OCHOBE KOTOPBIX CTPOMTCS MOJEJb NOBEIEHHU, ONMCAHHAs B
Pazniene 2. Bropoii Tum - 3T0 JaHHBIE O (paKTaX COIIACOBAHHOTO MOBEIEHHU S,

2910 ycOBHE IOCTATOYHO, HO He HEOOXOAMMO. AJTbTEPHATHBO HCTIONB30BAHHOMY ABJIAETCS
orpejie/ieHue TPEXCTOPOHHEr0 KOHKYpPEeHca, JaHHoe B [65].
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ycraHoBlieHHbIX PenepanbHoil AHTUMOHONONBHOM Cityx60ii (PAC). DT
JIaHHBIE MCTIOIb30BaHBI B KAYECTBE SKCIEPTHOH OLIEHKH, IO3BOJIMBILIEH OLIEHUTh
TOYHOCTb pa3pabOTaHHON MOJIEIM COTIIACOBAHHOTO MOBeaeHusl. [JlaHHbIe 000HX
THITOB MPUBOAMIUCH B COOTBETCTBUE HA OCHOBE MHAUBHIYAJIEHOTO HAJIOTOBOTO
Homepa (MHH), ogHO3HAaUHO XapaKTepU3yIOIUM Kax10€ I0PUINIECKOe JIHULIO.

Jannbie cucteMmbl PAC. VICTOYHUKOM JTaHHBIX STOTO THUIA SBJISAIACH
6a3a cyaeOHbIX pelleHnit 1 mpaBoBbiX akToB PAC, pacnosyiokeHHask B OTKPHITOM
noctyne 1o aapecy https://br.fas.gov.ru. Beuin UCHIONB30BaHbI JOKYMEHTHI,
OITyOJIMKOBaHHBIE Y TIpaBJIeHEM 1o 60pbOe ¢ KapTeIsAMHU B TEKCTOBOM (hopmare,
JIOITyCKAIOIIeM aBTOMATHYeCKyIo 00paboTKy. 3a mepuon ¢ 2015 mo 2020 r.
TaKUM 00pa3oM M3BJeYeHO 734 MpOTOKOIA, CoAepX)alluX HH(POPMAIHMIO O
MOBEICHUH OpUIUYECKUX Jul oOnmmM yuciom 1457 MHH. [Insa paGoueit
BeiOOpkM THH, omicanHol B clieiyomeM maparpade, 9uciio nap Hax o AImuxcs
B cropope THH cocTasumno 2038.

JlaHHbIe CHCTEMBI IrOC3aKyNoK. [laHHbBIE TOTO TUIIA TTOYUYCHB U3
eanHoi nH(popManoHHON crcTeMs! https://zakupki.gov.ru, mpegocrasisionieit
OTKPBITHI JOCTYN K 0a3aM [aHHBIX 00 y4YacTUM IOPUIMYECKUX JIMI[ B
rocyaapcTBeHHBIX 3aKymKax uepes unrepdeiic FTP?. TlonyyeHHble JaHHbIE
uMeloT hopMar TabJIHIbl, B KOTOPOI CTPOKH COOTBETCTBYIOT oTAe bHbIM VIHH,
a CTOJIONBI - OT/AETBFHBIM TOpraM. A KaxJoil sruelike Haxoautcs unciio 1 wm 0,
obo3HavarwIIee yqactue oo Heydactre ganaoro IHH B manHOM Topre. 3a
nepuon ¢ 2015 no 2020 roa no pernony MockBa JiaHHas1 TaOJIMLIA CONCPKUT
151228 THH u 952856 Topros.

B cuity Gosbiioro o6béMa JaHHBIX, a TAKKe HEJOCTOBEPHOCTH OLIEHKU
BEpOATHOCTEH BXoAsAmux B BeipaxeHus (11) u (12) npu yucie yyacTuil MeHblle
10, ucnonb30BaHUe MOIHOM TaOJIHUIIBl YKA3aHHOTO pa3Mepa HellesiecOO0pasHo.
Pa6ouas Bei6opka THH 6bL1a copmMupoBaHa 13 Mo103peBaeMoi yacTu v (poHa.
IMonospeBaemas yacTb, coctosmas u3 210 MHH, nonydena no cieyomnmm
KPUTEPUSIM:

— KkommdecTBo yuacTtuii nanaoro UHH B Toprax 6onee 20;

— no uHdopmauuu PAC, nannsiii MTHH nHaxoautcsi B croBope Kak
MHUHHMYM ¢ ofHuM Jpyrum THH u3 BeiGopkHu.

3Ucnoms3oBarics azpec ftp://ftp.zakupki.gov.ru ¢ orunom/maponem free/free u IP-apecom
cepiepa 95.167.245.94. B kopHeBOM Katajiore B narke «fcs_regions» copepikarcs JaHHbIE 110
oraenbHbBIM pernoHam Pocenu. Karanor «protocols» copepKuT 3aapXMBHPOBAHHBIC TAKY, KakAast
U3 KOTOPBIX coiepAuT (aitsl XML copepikatiye npoTokossl Topros. Paiinst XML crpynnmupoBaHbt
o rogam no 1000 caitnoB B ogHoii nanke. Heo6xoaumas nHGOpMaIysi COAEPKUTCS B MOJIAX C
teramu 1 “purchaseNumber”  “INN”. Ha momenT oGparenns (aekadps 2021 r.) ObIIH JOCTYITHBI
naunuble ¢ Mapta 2014 . no okts6ps 2021 1.
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®onoBast yacth 13 190 MHH Obia BeIOpaHa ciiy4aiiHbIM 00pa3om
M3 OCTAaBIIUXCA NEPBUYHBIX JaHHBIX. HOJ'Iy‘{CHHaﬂ B pe3yJibTaTe Ta6ﬂPILla nu3
400 THH u 86831 Toproe coctapuia padbouyio BHOOPKY 00bEMOM 66,3 M6.
Pacnpenenenne MHH no unciy yyactuii nokazaHo Ha pucyHke 1.

801
50
60 1 25
401 0 1000 2000 3004
20

0 50 100 150 200 250
Yucno yyvacTtui

Puc. 1. Pacnpenenenue 400 MHH o yucny y4actuii B 86831 Toprax
paccMarpuBaeMoii BHIOOpKH. BeTaBka: To ke camoe 1ociie npeodpa3oBaHus TaOJULbI
y4€ToM OKpy:xeHu# (pasgen 3.2)

3.2. Metoauka. /IBycroponnmii ciay4aii. [TorxydeHHas BoiOOpKa u3
400 yuukanpasix THH no3Boniia npoanausuposats 400 « 399/2 = 79800
yHukanpHbIX tap MHH. Kaxnas Takas mapa cOOTBETCTBYET ABYM CTPOKaM
TaGJIMIIBI IAaHHBIX, OTPAXKAIOIIUX yuyacTue paccMaTpuBaeMbix THH B 86831
toprax. Kaxaplii TOpr nmpd 3TOM MMEET YEThIpE B3aMMOMCKJIIOYAIOIINAX
UCXO0[a, MpecTaB/IsieMbIX GasucHsMU coctosiHusimu |00), [01), |10), |11),
OXBaTHIBAIOIIMMY BCE BAPUAHTH COBMECTHOTO yuacTHsl. Pactipesiesienuie Topros
10 JJaHHBIM MCXOJaM OTIPEAEISIeTCS YUCIAMH Nqp, B CYMME AAIOIIMMH HOJHOE
ux qucno n = 86831.

B cootBeTcTBUE ¢ (hopMYI10ii (8), HA OCHOBE BEJIMYHH 74 OTIPEIEIIACTCS
KOTHUTHUBHOE COCTOSIHUE KaX10il mapsl cyObeKTOB (5). DTO cocTosHME aajiee
UCTIONb3YeTCs JIJIs1 BHIYMCIIEHUSI METPUKHU 3allyTAHHOCTU KOHKYpeHc (11) ma
pas3MuYHBIX 3HaYeHHi (pazoBoro mapameTpa A, B ToM urcie 0° u 180°. dus
CpaBHEHHMsI TaKKe BBIYMCIISUIMCH 3HAYEHHS KJIACCHYECKOro koppesnsropa (12)
M KJIACCUUECKO# B3arMHO# nHpopmatuu (13). TaHHbii HAOOp 3HAYSHWMIT 1151
kaxnoil mapet UHH siBnsieTcst pe3yabTaTtoM TEOpEeTUYECKOro MOJICTUPOBAHUS.
JI151 OLIEHKU TOYHOCTH BBISIBJICHUS, STH Pe3YJbTaThl CPABHUBAINCH C JAaHHBIMU
OAC, npeacrasisieMbIMU B BUe cTpoku JynHO# 79800, cocTosiei u3 Hynel u
2038 equHMLI, ONMCHIBAIIMX OTCYTCTBUE MO0 HAIMUYKME CrOBOpa AJISl JaHHON
napsl MTHH (pucyHok 2).
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a CobbITue (Topr)
1 2 3 4 5
N :
T — @ ap) = \00 \10 |01>+0\11)
S B 1
= ipoo ip10 ibo1
$ c 1 1 xe X e xe
> =J
>
© b 1 1|1
6

A 1 1 1
|Wap) = \00 \10 |01 \11
B 1 1 1

ip11

i m m
xXe 00 10 01

xXe
Puc. 2. [TocTpoeHne AByX4aCTUIHOTO KOTHUTHBHOTO COCTOSHUS (5) Cy6"b€KTOB AuB
Ha OCHOBE JaHHBIX 00 YYacTHH B IIATH Toprax. a: ba3oBblil MeTo/, TPUMEHEHHBIN K
HCXOHOM Tabmuie JaHHBIX. PaKThl y4acTHsl OTMEUEHBI eIMHUIAMH, ITyCThIe KIETKH
0003HAYAIT HeydacTre CyObeKTa B JaHHOM Topre. B cootBerctBuu ¢ (7) u (8),
aAMIUTATYJbl KOMIOHEHT COCTOSIHUS €CTh KBaJpaTHbIe KOPHU CTaTUCTUUECKUX
BEpPOSATHOCTEN COOTBETCTBYIOIINX UCXOJIOB, JOMOTHEHHBIE (ha30BBIMI MHOXHTEIISIMA
e'®ii | 6: Mogudukamms MeToa ¢ yaéToM OKpyskernit. B kaxyio ctpoky (A u B)
JNOOABJISIOTCS €JMHULIBI JITSI TOPTOB, B KOTOPBIX yYacTBOBaJ KTO-JMOO U3 OKPYKEHUit
naHHbIX cyOopekToB (C u D, coorBeTcTBeHHO). KornntusHoe coctosinue napst AB
JaJiee BBIYMCIISETCS HA OCHOBE MOAM(DUIIMPOBAHHOM TAOJIMIIBI JAHHBIX COMIACHO
6a30BOMY JITOPUTMY

st uccnenoBanusi BiusiHus (hba3oBoro napamerpa A Ha TOYHOCTh
MOJICJIMPOBaHUsI, B JOINOJHEHHE K BBIIIEYKa3aHHBIM METpUKaM TaKxke
BBIYKCJISUIOCh 3HaueHWe (Jf; METPUKH KOHKYPEHC C ONTUMHU3UPOBAHHOMN
BEJIMYUHON (pa3oBOro mapamerpa. A WMEHHO, JJIsI Hap HAXOASIIUXCS U
He HAaXOMSIIUXCs B CrOBOpe MCHONb30Bamuch 3nadenuss A = 180° u 0°,
COOTBETCTBEHHO MAaKCHMHU3UPYIOIINe 1 MUHIMHU3UPYOIINE 3HAUCHNE METPUKU
(11) ananoruuno padote [56].

Tpéxcroponnmii caydaii. Ta ke camas ucxonHast Beidopka u3z 400 MHH
no3Boyia npoanammsuposath 400 * 399 x 398 /6 = 10586800 yHUKAIBHBIX
tpoexk MHH. 1o nanueiM ®PAC, B croBope cpean HAX Mogo3pesanocs 22820
TPOEK.

AHAJIOTUYHO ABYXYACTHYHOMY CJIydYaio, paclpeleeHHe TOProB IO
BOCHMH BO3MOKHBIM MCXO/IaM ONpeNeNsseTCsl CYETUUKAMU N gpe, AAOIMMU
B cCyMMe TojHoe yucio ToproB 86831. B coorBerctBuu ¢ (17), aMIuuTyabt
Yabe TPEXCTOPOHHHUX COCTOSTHMUIA (6) ONpeessiCh Kak KBaJpaTHbIe KOPHU
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CTaTUCTHUYECKUX BeposiTHocTed. MeTpuki (16), (14) u (17) nanee BEIYUCAAIUCH
Ha OCHOBE IMOJyYEHHBIX AEHCTBUTEIbHO3HAUYHBIX AMILIUATY/L.

Momucduxanusi MeTOANKN ¢ Y4éToM OKpy:KkeHmi. HecmoTpst Ha
otceuky B 20 m Oonee ToproB mius kaxmoro MHH, maTtpuiia McXomHBIX
JaHHBIX SBJISETCS pa3pexeHHoi. Beero B HuX conepxutes 115369 coOwiTuii
ydactus, Tak uyto B matpure 400 x 86831 eguHMIAMu 3aHATO MOPSIKA
0,003 ot monHoro uucna siyeek. COOTBETCTBEHHO, B IBYXUYACTHUYHBIX U
TPEXYACTHYHBIX COCTOSIHUSAX (5), (6) momunupyoT KomnoneHTst |00) u [000),
TOrJa KaK WIEHBI C JIByMs, M TeM OoJiee ¢ TpeMsl eAMHULIAMU [TPAaKTUIeCKU
He Bcrpevatorcs. OOpallleHHe B HOJb COOTBETCTBYIOLIMX BEPOSTHOCTEH
U aMIUIMTY[ NEPEeBOAUT PaccMaTpHBaeMble METPUKHM COIIACOBAHHOCTU B
BBIPOJK/ICHHBIN PEKUM, Majo3((heKTUBHBIH IS pelaeMoii 3aJauu.

s pemieHust 3TOil  MPOOJIEeMbl  BBHIICONMCAHHAS METOIMKA
MoaudumpoBaHa crieaylomuM  obpasom. Cumraercs, 4YTO CYOBEKT
y4acTBOBaJI BO BCEX TOPrax, B KOTOPBIX y4YacTBOBAJIM BCE CYOBEKTHI, C
KOTOPBIMU OH COY4YacTBOBAJ B KAKOM-JIMOO TOPre B paMKaX paccMaTpUBaeMOii
BBIOOPKU. MHOXECTBO TAKUX COYYaCTHUKOB €CTh OKPYJHCeHUe, yIaCTBOBABLIEE
B MHOTO OOJIBILIEM YHUCJIE TOPTOB YeM MCXOJHbINA CyOBEKT - LIEHTP JaHHOTO
OKpyXkeHHs (BcTaBka Ha pucyHke 1). COOTBETCTBEHHO, Kakdas CTpOKa
WCXOJHOM MaTpHUIbl JaHHBIX NEPECEeKaeTCs CO CTPOKAMM OKPYXKEHHUs Kak
MOKa3aHO Ha PUCYHKe 2, MOCje 4Yero MpUMEHsETCs] CTaHAapTHBIA MeTO.
pacuyéra amMIuIUTYy/,.

4. Pe3yabTaThl

4.1. Pe3yabTaThl JABYCTOPOHHEr0 MOJeJHMPOBaHMsI. 3HaUEHUE
METPUKHU KOHKYpEeHC ¢ (PMKCHPOBAaHHBIM 3HaueHHeM ha30BOTO MapaMeTpa
A = 0° pns uccnenoBanubix nap MHH, oTcopTUpOBaHHBIX 1O 3TOM BEJIUYKMHE,
MIOKAa3aHOo CJIeBA Ha PUCYHKe 3(a) KpacHOH JMHUeH. BepTuKkabHbIMUY JIMHUSAMUI
OTMEUeHBI Mapbl, cocTosme B cropope mo aaHHeM PAC. Cepoit KpUBOi
MOKa3aHa IUIOTHOCTh STHX JIMHUI, pacCuMTaHHas Kak Oeryliee cpeiHee
¢ mmpuHoit okHa 500. Koppensuusa IIupcona mexay stoit dyHkuumei u
3HaueHHeM MeTpHKH cocTaBiseT 0,93. AHaNOTMYHBIA pe3ynbTaT A (assl
A = 180° noka3zan cuHeit uHueit Ha nanesu (6). st ynodcTBa cpaBHEHUS,
3HaYEHUE METPUKH B 000HX CIIy4asX YMHOXKEHO Ha IIOCTOSIHHBII KO3 hHUIMEHT
~ 8, He BAMAIOLIUI Ha BEJIMUUHY KOPPEIALMIA.

Pucynku 3(r) cooTBeTCTBYIOT B3auMHOW wuH(popmanuu (13) u
KJaccuueckoMy Koppedstopy (12). Kak u npenpiayiiye MeTpUKH, ITH
BEJIMYMHBI KOPPEJIUPYIOT C IUIOTHOCTBIO CTOBOPOB, OfHAKO KO3 (UINEHTHI
koppessiyn (0,33 1 0,73 cOOTBETCTBEHHO) YCTYMAIOT METPUKE KOHKYPEHC.

PaGora Tex xe METpUK C yYETOM OKpYXKEeHHWil NpeicTaBieHa Ha
pHUcyHKe 3 (C OKPYKEHUSAMH).
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Be3 okpyxeHuii C OKpy)XXeHusaMu
Qr=0- X8 Kopp. 0,93 Qa=0- X0.5 Kopp. 0,92
a 04 A=0 pp 08 A=0 4%
0.3 0.6
0.2 0.4
0.1 0.2
0.0+ 0.0
6 08 Qa=180" X8 Kopp. 0,92 0.6 Qa=180 X0.3 Kopp. 0,94
0.6 0.4
0.4
0.2 0.2
0.0 0.0
Ic x2000 Kopp. 0,33 Ic x1.5 Kopp. 0,97
B 0.6 c pp 0.8 c pp
0.4 0.6
0.4
0.2 0.2
0.0 0.0
C x15 Kopp. 0,73 C x0.5 Kopp. 0,95
r 08 i 0.8 PP
0.6 0.6
0.4 0.4 4
0.2 0.2 \K
0.0 0.0
5 10

o
o

5 10 15 20
Homep napsl, TbiC. Homep napsl, ThbiC.

Puc. 3. 3Hayenns MeTpuk cornacoBaHHocTH A nepBbix 20000 u3 79800 nmap MHH,
OTCOPTHPOBAHHBIX 0 3HAUSHUIO KX 10 METPUKY B IOPSIIKE YOBIBAHUSL.
BeprukanbHpiMu TMHUSAME 0TMeueHbl 2038 nap, HaXoAsIIMeECs B CTOBOPE MO JaHHBIM
DAC. JlokanbHas IVIOTHOCTH JIMHUI NOKa3aHa cepoil KpuBoil. HanmeHoBaHMS METPUK,
a TakKe MX KOPPeJIALUY C JIOKAJIbHBIMU IVIOTHOCTSIMU CTOBOPOB B KaXOM CJIydae
yKa3aHsl HaJ rpa¢ukamu. Bepxuue /Ba psjga: MmeTpuka KoHkypeHc (11) npu
(pukcupoBanHbix 3HaueHUsX Gazsl A = 0° (a) u A = 180° (6). Huxuue pspi:
B3avMHasi uHGopmanus (13) (B) u kinaccuueckuii koppessitop (12) (r). Cnea: pacuér
6e3 yuéra okpyxeHuil. CripaBa: pacuér ¢ y9€TOM OKpYKEeHUI (PUCYHOK 2)

15 20

Kak BUHO 10 pacnoyokKEeHUI0 BEPTUKAJIBHBIX JIMHUMN, FPYNIUPOBKA
CrOBOPOB Ha BBICOKMX 3HAYEHHUSIX METPUK CTAHOBWUTCSI OoJiee IIOTHOM.
[IponopuroHaIBHOCTE MEXAY METPUKAaMH M IUIOTHOCTSIMH CTrOBODOB,
XapakTepHasi JUisi ciydas “6e3 OKpyxkeHuil”’, Hapymaercs. Koppensius
KJIACCUUYECKUX METPUK (B, T) IPU 3TOM Bo3pacTaeT 10 ypoBH: 0,95 - 0,97,
MPEBOCXO/1s1 KBAHTOBO-TEOPETHIECKUE METPUKH (a, 0).

KauectBo coptupoBku nap MHH paccMmarpuBaeMbIMU METPUKAMU B
TOW e I[BETOBO KOAMPOBKE MOKA3aHO HA puCyHKe 4. JIMHNUM MOKa3bBaoOT
nosioxkeHue 2038 croBopoB B MacCUBe Nap, OTCOPTUPOBAHHOM MO KaXI0i
U3 MeTpUK. I Kaxka0i METPUKH, TOYKA C TOPU3OHTAIBHOW KOOPAUHATON
1, HanpuMep, NOKa3bIBAET MOJIOKEHUE CTOBOPA ¢ HAUOOJIBIINM 3HAYEHUEM
MeTpukH. Ha cooTBeTcTByOIIEl NaHe M pUCyHKa 3, 3TOT CrOBOP MOKa3aH
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[IEPBOl ciieBa CEpOl JIMHUEH, TOrna Kak ee MOJOXEHUE Ha ocu X €CTb
BepTHKaJbHAS KOOPAMHATA TOUKU Ha pucyHKe 4. ToyeyHas npsiMas Ha BCTaBKe
COOTBETCTBYET HMJEaJIbHOW METpUKe, KOoTopasl pacrojoxuia Osl Bce 2038
CroBopoB Ha NepBbIx 2038 NO3UIUAX B COPTUPOBKE.

80
. 6
g
0
A y
GXJGO- ] —— Qa=0° OKp.
§_ """ Qp=0°
—— Qn=180" OKp.
S a0l 121 Qa=180° OKP
s ||| S e ) Qa=180°
[} R
- 0 I OKp
E 204 A Ie
b —— Cokp
Z 0 ______ C
0 500 1000 1500 2000

Homep crosopa
Puc. 4. Pacnionoxxenue 2038 croBopos B maccuse nap MHH, orcoptupoBanHOM 10
pas3IMYHBIM METPUKaM COIVIaCOBaHHOCTHU. LBeTOBas KOIUPOBKA METPUK COBIAJAET C
pUCYHKOM 3, ciiy4au ¢ YIETOM U Oe3 yUETa OKpYKEHHI [MOKa3aHbl CIUIONTHBIMU U
MyHKTUPHBIMU JTMHUAMH. ToueuHasi mpsiMasi Ha BCTaBKE COOTBETCTBYET M/I€aJIbHON
COPTHPOBKE, pacriojaraiolieii croopsl Ha nepsbix 2038 mecrax

Jist Kax A0l METPUKY Pe3yJIbTaThl C YYETOM U 0e3 yU&Ta OKpy KEeHH
MOKa3aHbl CIUIOIIHBIMA M IMYHKTUPHBIMU JIMHUAMHU. 3a HCKJIIOYEHHEM
HeOOJIbIIOro AMana3oHa B Havajle FOPU30HTAJIBHON OCH, CIUIOLIHBIE JIMHUN
BO BCEX CJIy4yasdx PaclojaraloTcs HUXe MyHKTUPHBIX JIMHUI TOTO ke LBeTa.
Takum 00pa3oMm, y4ET OKpYKEHHI ieTaeT COPTUPOBKY OoJiee KaueCTBEHHOH,
IPYNITMPYsI CTOBOPHI B HaYajle OTCOPTUPOBAHHOTO MaccuBa nap Oosee MIOTHO.

Y4€T OKpYyXXEHUH Takxke MEHsET B3aMMHOE PaCIOJIOKEHUE JIMHUNA
Ha pucyHke 4. Be3 yuéra OKpykeHWii, HauOoJiee U HaUMeHee IUIOTHBIC
IPYNIMPOBKH TOCTHTAIOTCSI METPUKAMU KOHKypeHC ¢ dazamu A = 180°
u A = (0° COOTBETCTBEHHO, TOTA KaK KJIACCUYECKHe METPUKHM 3aHUMAIOT
MPOMEXKYTOYHOE MojoxeHne. Kak OTMedeHO BhIIIE, YYET OKpY:KEHHI
CYIIECTBEHHO yilyumaeT paOoTy IOCIeAHHUX, TaK 4TO CIUIOIIHBIE 3eJIeHast
U yépHas JIMHUM Ha PUCYHKe 4 JiexXaT HIDKe CMHEH M KpacHOH B Juara3oHe
~ 1100 — 1800. TeicA4a croBOpOB NpPU 3TOM IPYNIMPYETCS Ha MEPBBIX
~ 2000 mecTax COPTUPOBKU BCEMU METPUKAMH.

4.2. Pe3yabTaThl TPEXCTOPOHHETO MOAEJUPOBAHUS. MeTpuKu
TPEXCTOPOHHEN 3allyTaHHOCTH BBIYMCIISUIACH HA OCHOBE TPEXYACTUUYHBIX
COCTOSIHMH KaK oOmucaHo B pasjene 3.2. 3HayeHUs TPEXYACTHUHON
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MoaudpUKay MeTpUKd KOHKypeHC (16), kBaHTOBOW MeTpuku (14) u
Kyaccnyeckoil MeTpuku (18) mokasansl Ha pucyHke S5a, 56 U 5B A5 Tpoek
NHH, oTcopTUpOBaHHBIX 10 3HAYEHUIO COOTBETCTBYIOLIEH MeTpuku. s
MeTpUK (J3 W T MoKasaHsl nepsble 10 ThICAY M3 nosHOro yncia 10586800
TPOEK.

Be3 okpyxeHuii C OKpyXeHuamMu
%20 Kopp. 0,93 x0.25 Kopp. 0,75
a 06 Q3 pp 0.50 Qs PP
0.4
02 0.25
0.0 0.00
T x10000  Kopp. 0,26 T x0.6 Kopp. 0,93
6 04 PP 0.50 PP
02 K‘M& 022 N
0.0 0.00
6123 x0.1 Kopp. 0,-94 6123 x0.02  Kopp. 0,53
B 10 123 PP 0.2 123 pp
T T i T e
0s{ K 0.1 A s P AMAAN,
"0 1000 2000 3000 4000 5000
0.0+ 0.0
0 2 4 6 8 10 0 2 4 6 8 10
Homep napsbl, 10 ThIC. Homep napsbl, 10 ThIC.

Puc. 5. 3HaueHNs METPUK COIIACOBAHHOCTH s neprbix 10° w3 10586800 Tpoex
WNHH, 0TCOPTHPOBAHHBIX MO 3HAYCHHUIO KA O METPHKH B MOPsIIKE yObIBAHUSL:

a) TpexyacTH4IHas MOIU(UKaLMsl METPUKU KOHKYpeHc (16); 0) KBaHTOBasi METpUKa
(14); B) knaccuveckas merpuka (18). Kak 1 Ha pucyHke 3, BepTUKaIbHBIMU JTUHASAMUI
OTMeYeHbl TPOHKH, Haxoasmmecs B cropope o gaHasM PAC, ux ToKaIbHas
IUIOTHOCTB NOKa3aHa cepbIMU JIMHUSAMU. ClieBa: pacu€Thl 6e3 yuéta OKpYyKEeHHIL.
CrpaBa: pacyéThl ¢ y4€TOM OKpYKEHUI

Kak u B ABYCTOpPOHHEM ciydae, y4&€T OKpPYKEHHH YBEIMYHBAET
TJIOTHOCTh TPYIIIIMPOBKHU CTOBOPOB (Cephle JIMHUM) Ha BHICOKUX 3HAYCHUSIX
MeTpuK (3 u 7. IIpu 3TOM, KOppeAIHs ITIOTHOCTH CTOBOPOB CO 3HAUYCHHEM
MeTpukd ()3 magaet ¢ 0,93 o 0,75, Torna Kak Uit METPUKH T Ta K€ BEJMIMHA
BospacTtaet ¢ 0,26 mo 0,53. Kak u Ha pucynke 3, koapdumments: 20, 0,25,
10000 u 0,6, He MeHsIOIIMe 3HAYEHHE KOPPEJISLMY, TOA00paHbl I yI00CTBa
BU3YaJIbHOT'O CPABHEHU S IBETHBIX U CEPHIX JIMHUIA.

be3 yuéra okpyKeHHIi KJlacCuuecKasi MeTpUKa 123 OIpesiesieHa JINIib
s 4781 Tpoek, s KOTOpbIX 3HameHatenb (18) ormmuen ot Hynsa. Kax
MOKA3aHO Ha PHCYHKE 5B cJieBa, METpPHKa KOPpPETHpyeT C IUIOTHOCTHIO
CTOBOPOB OTpHULIATEBHO ¢ K03 duumentom [Tupcona -0,94. Yuét okpy:xenuit
YBEJIMYMBAET YUCJIO ONpeAeaEHHBIX TpoeK 10 92014, npuuém Koppesanus
MEHsIeTCSl Ha MOJIOXKUTENbHYI0 ¢ Koaddurrentom 0,53.

KauecTBO COPTHPOBKY TPEXCTOPOHHKX CTOBOPOB pACCMATPUBAEMBIMHU
METPUKAMH B TOI ke IIBETOBOI KOTUPOBKE MOKA3aHO HA PUCYHKE 6.
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Puc. 6. Ananor pucyHka 4 1151 TPEXCTOPOHHETO ClTydasi: pacrosoxenue 22820
TPOMHBIX croBopoB B Maccuse Tpoek THH, oTcopTupoBaHHBIX 110 3HaUEHUS
TPEXYACTUYHBIX METPUK COIVIACOBAaHHOCTHU. ToueyHas JIMHUSA Ha BCTaBKe
COOTBETCTBYET UIeaIbHON COPTHPOBKE, pacnonaraiomeit 10% cropopos ua 10! nepbix

MECT B COPTUPOBKE

Kak 1 Ha pucyHKe 4, CIUIOIIHbIE U ITyHKTUPHbIE IMHUM COOTBETCTBYIOT
ITOpPUTMaM € y4ETOM U 0e3 yuéTa OKpyKEHHI, COOTBETCTBEHHO. MeTpHKHN
(s (kpacHblit) u T (cuHUil) onpeeneHsl 1711 Beex 22820 TpoiHBIX CrOBOPOB,
TOr[a Kak MeTpHKa #123 (4€pHbIil) onpeaesena mist 3303 croopo 6e3 yuéra
OKpY>KeHUi 1 1151 9695 croBopoB C y4&€TOM OKpYKEHUI.

JlJ1s IepBbIX JIByX METPUK MCIIOJb30BAaHNWE OKPYKEHUIl MPUBOAUT K
YJIYHIICHHIO KauecTBa COPTUPOBKY Ha BCEM Anana3oHe 3HaueHuit. Hanmyunmii
pe3yapTaT MOKa3aH TPEXCTOPOHHMM aHAJIOTOM METPHUKH KOHKypeHC (16),
MPEBOCXOAIIEH KBAaHTOBYIO MeTpUKY (14) nis BesiBaeHus ot 15 o 20 Tic.
(70 — 90%) croBopos.

4.3. [1ocTOBepHOCTDH BBISIBJIEHHS CTOBOPOB. Pa3paboTaHHble METOBI
M3MEpEeHN s COITTACOBAHHOCTH MOBEIEHHSI MOJKHO MCIIOIB30BATh JUIS BHISIBIICHNUS
BO3MOXHBIX CTOBOPOB Ha OCHOBE OTKPBITHIX JaHHBIX. 1 3TOro Kaxaas napa
smb6o tpoiika MHH orHocutcs k kiaccy “Crosop ectb” i60 “CroBopa HeT” Ha
OCHOBE 3Ha4eHHs COOTBETCTBYIOIEI MeTpuKH. B 3TOM oTHOIIEHNN rpacuKu
Ha pUCYHKax 4 M 6 SKBUBAJICHTHBI (DyHKLIMSIM OIIHOOK (TOYHOCTD - MOJHOTA,
ROC), ucrionp3yembIM AJIs1 OLIEHKH KadecTBa OMHAPHO KaTteropusammu [67].

1A TpaKTHYECKOTO HCTOJb30BAaHHMS WHTEpPEC IpeACTaBJIseT
BEPOSITHOCTh HalM4usi croopa miisi nap / rpoek MHH, otcestHHbIX U3 0011ei
BBIOOPKM 110 KPUTEPHIO IPEBBIIIEHUsST METPUKOil HEKOTOPOTrO MOPOroBOro
YPOBHs. DTa BEPOSITHOCTh BBIYMCIISIETCSI HA OCHOBE PUCYHKOB 4 M 6 Kak
OTHOIIIEHHE HOMEpPAa CrOBOpa K MECTY B COPTHUPOBKE, TOTA KaK Pa3JIMUHbIM
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MOPOTOBBIM 3HAYEHHUSIM COOTBETCTBYIOT DPAa3JIMUHbIE TOYKM HA KPHUBBIX.
[TonyyeHHass TakMM OOpPa30M 3aBUCHMOCTb JOCTOBEPHOCTH BBISIBJICHUS
JBYCTOPOHHHUX CTOBOPOB OT UHCJIa IOA03PEBAEMBIX JJI1 COOTBETCTBYIOLIUX
METPHK IIOKa3aHa Ha PUCYHKE 7.

5e3 oKpy)XeHui C oKpyXeHnsmun
1.0 1.0
0.8 0.8
il
G
© 0.6 0.6
I
=
x
804 0.4
(]
[aa]
0.2 0.2
0.0

0.0
0 500 1000 1500 2000 0 500 1000 1500 2000
Yuncno nogospesBaembix Yuncno nogospesBaembix

Puc. 7. IocToBEpHOCTH BbISIBJICHHUSI IBYXCTOPOHHHX CTOBOPOB IIPK OTOOpE
OIpe/Ie/IEHHOTO YKCIIa TI003PEBAEMBIX Map ¢ HAMOOJIBIIMM 3HAYCHHEM METPUK.
[IBeroBas KOAUPOBKA Kak Ha PUCYHKaxX 3 u 4

Be3 yuéTta OKpy}eHUil U JUisi HeOOJBIIIOr0 YMCIa MOJ03PEeBaEMBIX
HauOOJIBIIYI0 TOYHOCTh IIOKa3bIBAET METOJ Ha OCHOBE KJIACCHYECKOTO
KoppeJiATopa (Y€pHasi IMHUS Ha JieBoi naHenu). 350 croBopuBIIMXCS HIap, T.€.
17% oT moHOro Yncaa AByCTOPOHHUX CTOBOPOB, HAIIPUMED, MOXHO BBIIBUTD
¢ A0CTOBepHOCTHIO OKoJI0 80%. B cityuae, korna TpedyeTcsi peKOMeHAaIus
O OJIHOM TPETH OT MOJIHOTO YHCJIa CTOBOPOB U Oosiee, OOJIbIIYI0 TOYHOCTh
MOKa3blBaeT METPUKa KOHKYpeHC ¢ ¢dazoit A = 180° (cuHsis JHHUSA).
Mertopbl Ha OCHOBE KOHKYpeHca ¢ (azoit A = (° 1 KJIacCHYeCKOii B3aMMHOI
nH(pOopManuy (KpacHas ¥ 3eJ1eHast TMHAH) MEeHee JOCTOBEPHBI.

ITpn yu€re OKpyKEHMH NpPEINOYTUTEBHOCTh METPHUK MEHSETCS.
Hau6osbIilylo TOYHOCTh BBISIBJICHHsI O YETBEPTU CrOBOPOB ITOKA3bIBAIOT
METOJIbl Ha OCHOBE KOHKYpeHca ¢ ¢azoil A = 0° U KJ1acCHYEeCKON B3aUMHOI
nHdopmanm (KpacHast U 3ejeHasl JIMHUM), NMPUYEM ISl Majoro 4ucia
MOI03PEBAEMBIX JIOCTOBEPHOCTh CTpeMHTCs K enuHune. Kiaccmueckmit
KOppeJIATOp, HANPOTHUB, CTAHOBUTCS BBITOAEH IJIs OOJIBLIOTO YHCIIa
MOA03PEBAEMBIX, TO3BOJIAS BBISIBUTH JJBE TPETU CTOBOPOB C JOCTOBEPHOCTHIO
okosio 50%.

AHaJIOTMYHBIH Pe3yJIbTAT AJIsl TPOHHBIX CTOBOPOB ITOKa3aH Ha PUCYHKE 8.
B cooTBercTBMM C pPHCYHKOM 6 KBaHTOBO-TEOPETHUYECKHE METPHKH ()3
U T TIOKa3bIBAIOT CXOJHYIO JOCTOBEPHOCTh. [IOMHMO OTMEUYEHHOTO BBHIIIE
HeOOJIbIIOrO MPEUMYIIECTBa MepBoii B quana3one 15-20 ThiC. CrOBOpOB, Ha

Informatics and Automation. 2023. Vol. 22 No. 2. ISSN 2713-3192 (print) 433
ISSN 2713-3206 (online) www.ia.spcras.ru



MATEMATUYECKOE MOAENMPOBAHWE U NPUKNAOHAA MATEMATUKA

JAHHOM rpaduKe BUJEH enié OuH MOoJOOHBIA uHTepBan 10 1.5 thic. (6%)
CrOBOPOB.

1.0 — Qs 0kp
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P —— ToOKp
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Puc. 8. TpéxcTOpOHHUIA aHAIOT PUCYHKA 7: IOCTOBEPHOCTD BbISBJICHUS
TPEXCTOPOHHUX CTOBOPOB TIPX OTOOPE OIpe/Ie/IEHHOTO YHCIIa HOJ03peBaeMbIX Hap ¢
HauOOJIBIIMM 3HaUeHHEM MeTpHK. LIBeToBast KOAMPOBKA KaK HA PUCYHKAX 5 1 6

B oTiMume OT KBaHTOBBIX METPHK, KJIACCUYECKas BeJTHMUuHA 0193
MOKA3bIBAET JIYUIIYI0 JOCTOBEPHOCTh Oe3 yuéTa OKpykeHHil. B wacTHOCTH,
g0 2000 croeopoB (10% OT MOAHOTO 4YMCIIA) MOTYT OBITh BBISIBJICHBI C
JoctoBepHOCTHI0 Oonee 75%. Bonee 3303 (14%) croBopoB, 0IHAKO, C TOMOLIBIO
JAHHOI METPUKH BBISIBUTH HEBO3MOKHO B CHJTY 0OpallieHHsI B HOJIb 3HAMEHATE IS
B (18). B maHHOM JTMana3oHe ONTUMAaJIbHBIMU SBJISIOTCS PACCMOTPEHHBIE BHIIITE
KBaHTOBO-TEOPETUIECKUE METPUKH.

CroBop ¢ 3aka34ukoM. [ToMrnMo paccMOTPEHHOTO CrOBOpa MEXKIY
WCTIONIHUTEJISIMH, PAcTIPOCTPAHEHHBIM IPABOHAPYIIEHUEM SBJISAETCS CTOBOP
MEJK/y UCTIONHUTEIEM M 3aKa3uiKOM. [Ipr 3TOM 3aKa34uK OOBIYHO YCIOKHSIET
YCJIOBUSI TOPra ¢ TeM, YTOObI OHH MOXO/IUIA TOJNBKO JIJIS1 IIPEANOIaraeMoro
noApsiurka. B cuimy oTkpeiTocTH MH(MOpMAIUK 00 YYaCTHUKAX, BHISIBIICHUE
CTOBOPOB 3TOTO THIA JOCTATOYHO MpocTo. Ecim B Topre yyacTByeT, Harpumep,
€IMHCTBEHHBII MOAPAIUYMK, TO IO 3aKOHOAATENbCTBY PP s 3akinoueHus
rOCyIapCTBEHHOTO KOHTpakKTa HeoOXomumo moayunth cortacue PAC,
MpeaycMaTpUBalolee WHAUBUAYATbHOE PACCMOTPEHUE KaxXJOoro ciydas B
“pydHOM” pEKUME.

VIMeHHO TTI03TOMY YYaCTHHUKU CTOBOpA YacTO BRHIOMPAIOT TaKOM CIIOCO0
COKPBITHS CBOEH JOTOBOPEHHOCTH, KaK NMPHBJICYCHUE APYTHX yYACTHUKOB
ToproB. B menax co3gaHus BUOUMOCTH KOHKYPEHTHOH CHUTyallud, 3TH
YYaCTHUKM UTPAIOT MO 3apaHee pacrlpelei€HHbBIM poJisiM, KOTOpbIe, KaK 1
COCTaB YYaCTHUKOB, MOTYT MEHAThC [6]. Pa3spaGoTaHHbIl MeTO HaNpaBJieH
MMEHHO Ha 3TOT THIT CTOBOPOB, HanOoJIee TPYIHBII 111 0OHapyxeHus. CroBop
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MEsK1y NOAPAMYMKAMU IIPH STOM YaCTO YKa3bIBAET U HA CTOBOP C 3aKA34YUKOM,
4TO TaKKe TPEOYET OT/AEIbHOIO PACCMOTPEHUS B KAX/OM Cilydae.

5. Oé6cyxaenne. [IpencraBieHHble  pe3y/bTaThl  ITOJTBEPKIAIOT
3(p(EeKTUBHOCT, METOAOB aHANM3a [JaHHBIX [JI BBIABICHUS CKPBITHIX
0COOCHHOCTE(l KOJUIEKTHBHOTO moBeAeHus. VH(opmanus, W3BlIeKaeMas
U3 OTKPBITBIX JAHHBIX C MOMOILBIO CPABHUTEJBHO IPOCTHIX aJIrOPUTMOB,
MOXET OBITh UCIIOJIb30BaHa B LEJSIX MH(POPMAIMOHHOTO MTPOTHBOOOPCTRA,
KOHKYPEHTHOI pa3BeikM M oOecredyeHHs] OOIIECTBEHHOI 0e30MacHOCTH
[68 — 73]. Pa3zpaboTaHHBIil aNTOPUTM pacIMpsieT CEMEHCTBO TAKMX METOIOB
Ha HOBYIO TIPEJMETHYI0 00/1acTh.

CpaBHEHHME KJIACCHMUYECKMX M KBAaHTOBO-TEOPETHYECKUX METPHK
COIJIACOBAaHHOCTH MOBEJICHUSI HE BHISIBUIIO Oe3YCJIOBHOM NPEIIIOYTUTEILHOCTA
TeX WU Opyrux. [j1s JBYCTOPOHHEro ciay4asi, B YAaCTHOCTH, ONTHUMAJIbHBIN
BHIOOp 3aBHCUT OT JOJIM TIO/I03PEBAEMBIX M KEJAEMOIl JI0CTOBEPHOCTH
OUEHKU (pUCYHOK 7). BbisiBIeHHE TPEXCTOPOHHUX CBS3€H, HAIpPOTHB,
B OOJBIIMHCTBE CJIyYaeB OKa3aJoCh 3HAYMTEJILHO Oojiee TOYHBIM IIPH
WCTIONB30BaHNM KBAHTOBBIX METPHK (pUCYHOK 8&). JlaHHBI pe3ysibTaT
yKa3bIBaeT Ha IEPCIIeKTUBHOCTD AaJIbHENIIel pa3paOoTKi KBAHTOBBIX MOJEJIei
KOJIJIEKTUBHOTO MoBeAeHus. JlJisi MoeIMpoBaHus 3allyTaHHBIX COCTOSIHUMN
MHOTOYaCTUYHBIX aHCaMOuIeil pa3paboTaHbl OTKpBIThIe Onbmoreku [74,75],
NPeIOCTABIAI0INNE MUPOKUA BHIOOP KBAaHTOBO-TEOPETUYECKHX METO/IOB
aHaJIN3a JaHHBIX.

B pasBuTHe MpeaCcTaBIEHHOIO IMOAXO/Aa HHTEpec IpeaCTaBiIsdeT,
BO-TIEPBBIX, BO3MOXHOCTb ICHXOJOTMYECKOH HHTeprnpeTanuu (a3oBbIX
MapaMeTpoB TOBeJIeHYeCKUX cocTostHuil (5), (6), B HacTosmel padote
UCIIONb30BaBIIMXCS  (popMasibHO.  [laHHBIE TMapamMeTpsl MOTYT — OBITH
WCIIONB30BaHbl ISl KOOUPOBAHUS SMOLMOHAIBHO-CMBICIIOBBIX COCTOSIHHM
CyObEKTOB TNPHUHATUS pelleHuid [76], Wrpaioimx BaXKHEHIIYI0 pojlb B
KOJUIEKTUBHOM IoBeieHuH [77]. Kak moka3aHo B 3ajauax OLIEHKH CMBICJIOBOM
GJIM30CTH SA3BIKOBBIX NOHSATHI [56] M CEeMaHTHYECKOro aHaJIN3a YMCIIEHHBIX
JaHHbIX [78], ucnonp3zoBaHue (pa30BbIX MapaMETPOB MO3BOJIAET CYILIECTBEHHO
MOBBICUTh TOYHOCTb pe3yJbTara. JJaHHOe HamlpaBjeHHE TaKuM 00pa3oM
COMpATaeTcs ¢ 3afa4aMyi MOJEIMPOBAHUA KOJUIEKTUBHBIX IICUXOJIOTHYECKUX
npoueccos [42,79, 80]. CemanTrndeckas UHTEpIpeTalys KBAHTOBON (hbasbl,
B YaCTHOCTH, MO3BOJIAET MCMOIBb30BaTh AJIsI 9TOHU 1€ CYyIIECTBYIOIIME
mozenu u Metoasl [81, 82]. Kpome Toro, untepec rpencrapiisieT BBeleHUE B
MOJIEJTb TOTIOJHUTEBHBIX TAPAMETPOB, OMKCHIBAIOIINX CYOBEKTHOCTh AKTOPOB
paccmarpuBaeMoro nosegeHuss. COOTBETCTBYIOLIME CTENEHN CBOOOIB! TAKXKe
HMEIOTCS B KBAHTOBBIX MOJCJISAX NPUHATHS PELLICHUIA.
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E. SEMENENKO , A. BELOLIPETSKAYA , R. YURIEV , A. ALODJANTS,
1. BESSMERTNY , I. SUROV
DISCOVERY OF ECONOMIC COLLUSION BY METRICS OF
QUANTUM ENTANGLEMENT

Semenenko E., Belolipetskaya A., Yuriev R., Alodjants A., Bessmertny 1., Surov I. Discovery of
Economic Collusion by Metrics of Quantum Entanglement.

Abstract. An effective economy requires prompt prevention of misconduct of legal entities.
With the ever-increasing transaction rate, an important part of this work is finding market
collusions based on statistics of electronic traces. We report a solution to this problem based
on a quantum-theoretical approach to behavioral modeling. In particular, cognitive states of
economic subjects are represented by complex-valued vectors in space formed by the basis of
decision alternatives, while decision probabilities are defined by projections of these states to the
corresponding directions. Coordination of multilateral behavior then corresponds to entanglement
of the joint cognitive state, measured by standard metrics of quantum theory. A high score of
these metrics indicates the likelihood of collusion between the considered subjects. The resulting
method for collusion discovery was tested with open data on the participation of legal entities in
public procurement between 2015 and 2020 available at the federal portal https://zakupki.gov.ru.
Quantum models are built for about 80 thousand unique pairs and 10 million unique triples of
agents in the obtained dataset. The reliability of collusion discovery was defined by comparison
with open data of Federal antimonopoly service available at https://br.fas.gov.ru. The achieved
performance allows the discovery of about one-half of known pairwise collusions with a reliability
of more than 50%, which is comparable with detection based on classical correlation and mutual
information. For three-sided behavior, in contrast, the quantum model is practically the only
available option since classical measures are typically limited to the bilateral case. Half of such
collusions are detected with a reliability of 40%. The obtained results indicate the efficiency of the
quantum-probabilistic approach to modeling economic behavior. The developed metrics can be
used as informative features in analytic systems and algorithms of machine learning for this field.

Keywords: collusion, cartel, decision making, quantum cognition, quantum entanglement,
behavioral modeling, recommendation systems.
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E.[. KvIAKOB, A.C. MUXAJEB, A.B. CAPEHKOB, A.J[. IIYTAJIEB,
A.E. ®EJIOPEEB
AJITOPUTM KOPPEKTHUPOBKH IOJIOKEHUA KYCTOBBIX
IMJIOIAAOK IMTPU PEHIEHUUA 3AJIAYU PABPABOTKHU
HE®TSAHBIX MECTOPOXKJIEHUN

Kynaxoe EJ., Muxanes A.C., Capenxos A.B., Illymanes A.J]., @edopees A.E. Anropurm
KOPPEKTHPOBKH MOJI0KEeHHS] KYCTOBBIX IJIOHIAJOK IPH PeIleHHH 3aJa4H pa3padoTKu
He(TAHBIX MECTOPOKICHHUIA.

AnHHoTanus. JlaHHas CTaThs NOCBSIIEHA IPOOIEMe aBTOMATH3AIMH dTana 00bEANHECHUS
CKBXMH B KYCTBI, PacCMaTpPHBaeMOro B paMKaX MpPOILECca IPOSKTHPOBAHMS Pa3pabOTKH
He(TAHBIX MECTOpOXK/IeHNH. Penenne 3a/1aun 00beIMHEHNS CKBAKHH B KYCTBI 3aKJIFOYAETCS B
Onpe/eNeHuH HAMITYYNIEr0 PACHOJIOKEHUS] KyCTOBBIX IUIOMAMO0K H PAaCHpeNeNeH sl CKBAaXKUH
0 KycTaM, TIPH KOTOPBIX OyIyT MHHUMH3MPOBAHBI 3aTPATHl HAa Pa3paboTKy W 00CITyKHBaHHE
He(TIHOTO MECTOPOXKIEHUS, a OXHIAeMbIH JeOUT MakcuMu3upoBaH. OmHuM U3
HCHOJIb3YEMBIX HA CETOAHSINHUN J€Hb IIOAXOMO0B SABIISETCS NPUMEHEHHE ONTHMU3ALUOHHBIX
anropnt™MoB. ITpu 3TOM NaHHas 3ajada BiedeT 3a COOOH ydeT TEXHOIOTHYECKHX OrpaHUYEHUH
IpH  TOMCKE ONTHMAJBHOTO BapHaHTa  pa3paboTKM  HE(TIHOrO  MECTOPOXKIEHHS,
OOOCHOBaHHBIM B TOM 4HCJIE JEHCTBYIOIIMMHM B OTPACliM pErJaMEHTaMH, a HMEHHO
MHHHMMAJbHOE U MAaKCHMaJbHOE JONYCTUMOE KOJMYECTBO CKBAXHMH B KYCTe, a TaKxke
MHHHMAJBEHO  JONYCTHMOE pPACCTOSHHE MEKAy JBYMsS KYCTOBBIMH  ILIOINAJKAMH.
HMcnonb30BaHKeE alropuTMOB ONTUMHU3ALHMU HE BCET/IA TAPAHTHPYET ONTHMAJbHBIA Pe3yNIbTar,
IIpH KOTOPOM COONIOJAI0TCS BCE 3aJaHHBIE OrpaHMYeHHs. B pamMkax JaHHOTO MCCleIOBaHUS
TIPEJUIOKEH aJIrOPUTM, KOTOPBIH MO3BONIsAET 00pabaTHIBATh 1OJTy4aeMble TPOSKTHBIE PEIICHHUS
C IHeNbl0 YCTPaHEHHs HapyLIEHHBIX OrPaHMYEHMH Ha STale ONTHMM3alMH. AJTOPUTM
I0CJIEZIOBATEIFHO PEIIACT CIIEAYIOIIME PoOIeMbl: HapyIlIeHHe OrpaHMYEHUH Ha CBEpXMalioe
U CBEPXOOJIBIIOE KOJIMYECTBO CKBAXMH B KyCTe€; HECOOTBETCTBUE YHCIIA KYCTOB C 3aJaHHBIM;
HapylleHWEe OrpaHMYEHMs] Ha CBepXOJM3KOe pacrosiokeHue KycTo. Jlis uccienoBaHus
3 dexTHBHOCTH pa3pabOTaHHOrO MOJX0/a ObLI IIPOBEJICH BEIYMCIHTEIbHBIA SKCIIEPUMEHT Ha
TPEX CreHEpPHUPOBAHHBIX CHHTETMYECKUX MECTOPOXKJEHHAX C pa3HOH reomerpueil. B pamkax
SKCMIEPUMEHTA  CPAaBHUBAJIOCh  KayeCTBO  pabOTHl  ONTHMH3ALMOHHOIO  METOJa M
MPENJIOKEHHOTO aJrOPUTMA, KOTOPBIH SBIAETCS HAJACTPOMKOH K ONTUMU3ALHOHHOMY.
CpaBHeHHE TNPOBOJAMIOCH HA Pa3IMYHBIX 3HAYEHHAX MOIIHOCTU ONTUMM3AlMH, KOTOPOE
0003HaYaeT MaKCHMAaJlbHOE KOJMYECTBO 3alycKoB IieneBoi (yHkimu. OneHka KkadecTsa
paboThl CpaBHMBAEMBIX MOAXOIOB ONpEEIIeTCs BEIMYNHOH mTpada, KoTopas 0003HAYaeT
CTENEeHb HapyLIEHUs 3HA4eHUH OCHOBHBIX orpaHuuenuil. Kpurepusmu sddextuBHOCTH B
JTaHHOI paboTe SABJAIOTCA: Cpe/jHee 3HaYeHHe, CPeIHEKBAIPATHYHOE OTKIOHEHHE, MEAUaHa,
MHUHHUMAJIBHOC W MaKCHUMaAJIbHOC 3HAYCHUA BCIIMYUHBI Lu’rpacba. 3a cYeT HCIOJb30BAHMS
JIAHHOT'O JITOPUTMa BEJIMYMHA wTpada s NEPBOro U TPETbEro MECTOPOXKICHUH B CPEAHEM
yMeHbLIaeTcss cooTBeTcTBeHHO 10 0.04 u 0.03, a 1 BTOPOro MECTOPOXKAEHHUs aJrOpUTM
H03BOJIMJI TIOJIYYUTh NPOEKTHBIE pelleHus 6e3 HapyuleHus orpanudeHuil. ITo pesynpTaTam
NPOBEJIEHHOTO  MCCJIEOBAHUs  CIENaHO 3aKJIIOYEHHE OTHOCHTENbHO 3(deKTHBHOCTH
NpUMEHEHHs] Pa3pabOTaHHOTO MOAXOJAa MpPH pelIeHMH 3aJayd  pa3paboTKu HeDTIHBIX
MECTOPOXKIEHHH.

KiioueBble c10Ba: HeTIHOE MECTOPOXKICHHE, pa3paboTKa HE(TIHBIX MECTOPOXKICHUH,
He(TsAHAs CKBaXHHA, KyCTOBOe OypeHHe, HapylleHHe MPOEKTHBIX OrpPaHHYCHUH,
KOPPEKTHPOBKA MOJIOKEHHUS KYCTOBBIX IIOMAIOK.
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1. Benenne. CoriacHo mporHo3am, Ha Ommwkadmme 20-30 jer
mpon3BojACcTBO  HepT B Poccum IpakTHYecKH 0OecrieueHo  yxKe
pasBenaHHbIMH 3aracaMu [1]. OpHako MO OIEHKaM SKCIEPTOB OCHOBHAS
YacThb MpPUPOCTa HEPTAHBIX 3aMacoB NPUXOAWTCS HA  PECYPCHI,
HeapdektuBHBIe IS paszpabotku [2 —5]. TlosTtoMy B cpeaHECpOUHOM
neprose Poccust MOXeT CTONKHYTbCS C HpOOJIEMOH  IOzIep KaHus
JOCTUTHYTBIX 00BEMOB 0ObIMH. /[l pa3pabOTKM HOBBIX Y4acTKOB
moTpedyeTcst OCBaMBaTh SKCTPEMaJbHbIE KIMMATHYECKHE 30HBI, IIEIb()
W IpyTMe  Y4acTKW, yJaJIEHHble OT  CYIIECTBYIONIMX  OOBEKTOB
UHQPACTPYKTYpbl, 4YTO  IOBHIIIAET CTOMMOCTH HMX  BOBJICUCHUS
B pa3paboTKy.

CoBpeMeHHBIH YHEPreTHIECKNi PHIHOK OTIIMYAeTCs] HeCTaOMIbHOCTHIO
U KonmeOaHWeM IeH, CBS3aHHBIX B IIEPBYIO OYEpENb C IEONOIUTHYECKOM
O0opp0Ol  JHIMPYIOIMX JepKaB IUIaHETHI [6— 8] ¥ HEONArONMpPHATHON
SMUIEMHOIOTMYECKOl  00cTaHOBKOH B mupe [9]. IlpmaToM moNHOIEHHOM
aIbTEpPHATHBBl HE(PTH HET, W OHA EIIE JONro OyAeT OJHMM M3 BayKHEHIIHX
pecypcoB Uil (GYHKITMOHUPOBAHUSI M Pa3BUTHSI YeJIOBEUECTBA.

ITo 3amacam Hedtm M raza Poccus omepexaer Apyrue CTpaHsbl,
OJJHAKO OTCTaeT IO 00BEMY I€0JIOropa3BeI0OYHbIX Pa0dOT U TEXHUYECKOMY
ocHanieHuto. C yuéTOM MEHSIOIIENCS CTPYKTYPBI 3al1acoB Ul COXPAHEHUS
peHTabenbHOCTH  HeTeAOOBIBAIOIINE KOMIIAHWM JIOJDKHBI W3BICKUBATh
BO3MOXKHOCTH ~ COKpallleHHs  W3JEpXKeK W TIOBBIIIEHHS  CBOEH
3¢ GEKTUBHOCTH. Y CKOPHUTH MpoIecc A0ObYH HEe()TH TOMOXKET TOJIBKO
WHBECTHPOBAHUE CPEJCTB B MACIITA0HYIO T'€OJIOrOPa3BEIAKY M IIOJHAs
nudposu3alms HeQreqoosBatomiei orpaciu [10 — 14].

IMox nmpoueccom nmdpoBu3anyy B JaHHOM Cllydae UMEETCs B BUAY
aBTOMATH3alysl BCEX COCTABIIONIMX JTaloB pa3pabOTKW W OCBOCHHS
HeTSHBIX ~ MecTopoXkaeHWH.  BHenpeHwe — mMQpPOBBIX  peIICHUI
B He(pTenOOBIBAIONIYI0  OTPAcib  MO3BOJHMT  3HAYHUTEIBHO  IOBHICUTH
3¢ PEKTUBHOCTh TPOU3BOACTBEHHBIX MPOLECCOB B KOMIIAHMM 3a CYET
ONTHUMHU3AIMA M aHajW3a JI@HHBIX, a TaKXKe COKPaTHTh BIIUSIHUE
YeJI0BeYEeCKOro (hakTopa Ha IPUHUMAaeMbIe IIPOSKTHBIE PELICHUSL.

[loTeHnManpHBIE ~ TPUPOCT  M3BIEKAEMBIX  3aracoB  HepTH
Ha Tepputopun Poccuu MoXer cocTaBUTh 6.8 MHUIIIMAPAOB TOHH 3@ CUET
TEXHOJIOTUYECKOTO pa3BUTHA OTpaciu [15]. Hudposuszarms
HedTemoOBIBAIOIIEH OTPaciii  MOXKET MO3BOJUTh HAPACTHTh JIOOBIYY
k 2035rony no 607 MHUIMOHOB TOHH C YY€TOM 3KOHOMHYECKUX
1 MHOPPACTPYKTYPHBIX OrpaHH4eHui [16].

Ha peanm3zanuio npoeKTHBIX pelIeHui Mo 00yCTPOHCTBY HEPTSHBIX
MECTOPOXKICHUH MOXeT npuxoauthest 10 80% u Oomee obmiero odvema
KalMTAIbHBIX ~ BJIOXKeHWH.  O4eBHAHO, YTO B  TakOM  ciy4ae

448 WHdopmaTuka 1 aBTomaTtudaumst. 2023. Tom 22 Ne 2. ISSN 2713-3192 (neuv.)
ISSN 2713-3206 (oHnarH) www.ia.spcras.ru



MATHEMATICAL MODELING, NUMERICAL METHODS

TIPY TIPOEKTUPOBAHUH TPeOyeTcsl YASIITh BHIMAHNE TIOMCKY ONTHMaJIEHOM
CXEMBI pa30ypHBaHUSI MECTOPOXKICHUSL.

B cBmu ¢ 3tuM Ha ortane 1mdpoBM3anMM HEPTIHOM OTpacin
MIEPBOOYEPETHON CTAHOBUTCA 33jJaya aBTOMATH3ALMM ATala IUIAHUPOBAHMS
He(TSHBIX ~ MECTOPOXIEHWH  3a  CYeT  BHEAPEHHS  TEXHOJIOTHH
WHTEJUIEKTYaJIbHOTO aHall3a JIAHHBIX, MAIIMHHOTO OOY4EeHHWS W METOJIOB
onruMu3zanmu [17 —19].

B pamkax naHHOM HaydyHOWH pabOTBI paccMarpuBaercsi HambOoiee
pacrpocTpaHEHHBIM  crieHapuii pa3paboTku MectopoxieHnss YBC —
C HCIOJIB30BaHMEM KycToBoro OypeHus. Jlaizee Oyder IpeacTaBIeHO
OITCaHue KyCTOBOro OypeHusl.

2. Onucanne KycToBoro Oypenusi. Pemenne 3amaun pa3paOboTKu
HeTSHBIX MECTOPOXKICHUH 3aKIII0YaeTcsl B TOM YHCIIE B BEIOOpe Hambosee
s¢pdekTuBHOr0 Merona pa3dypuBanus. Cpely CYIIECTBYIOIIMX METO/IOB
Hanbonee 5((EeKTHBHBIM Ha CETONHSIIHUNA JIEHb SIBISETCS KyCTOBOE
Oypenue [20 — 24].

KycroBoe OypeHme mpencraBiseT co0OW COOPYKCHHE CKBaKUH
(B OCHOBHOM HAaKJIOHHO-HAIIPaBJICHHBIX), YCThSl KOTOPBIX TPYIIHPYIOTCS
Ha OJIM3KOM pPAacCTOSHUM Jpyr OT JApyra Ha oOweld OorpaHN4YeHHOH
uroniaaxe (OCHOBaHUH).

[Mpumenenne wmeroma KycTOBOro OypeHHsS HMEET CIEAYIOLIHe
npeumymiecrsa [25 — 27]:

—  COKpalleHWe  MaTepHallbHBIX M TPYAOBBIX  3aTpaT
Ha MH)XEHEPHOE 00YCTPOMCTBO IIOMIAJIOK 0]l CKBAYKHHBI;

—  yMeHbIIEHHE 00BEMOB ITEPEBO30K;

—  TIOBBIIICHHWE PEHTA0CIBFHOCTH Pa3padOTKH;

—  YIpOUICHHE NPOLECCOB JOOBIUH U €€ aBTOMATH3alNH;

—  YMEHBIIEHHE TEXHOTE€HHOTO BO3JCHCTBUS Ha OKPYXKAIOILYIO
MIPUPOAHYIO CPENy.

Hcronp3yloT MeTox KYyCTOBOTO OYypeHHs B TaKuX HPUPOIHO-
KJIMMAaTHYECKUX YCIIOBUSIX, IIPU KOTOPBIX CTPOUTENHCTBO U OOCITy)KHBaHUE
Ha 3HAYUTENFHOM YAAJIEHUHM JpYr OT Jpyra HE(PTIHBIX COOPYXEHUH,
KOMMYHHUKaIH{ U J0pOr OyIeT CTOMTh CBEPXOOIBIINX KalUTaJIOBIOKECHHUH
[28]. Tak, HanpuMep, KycTOBOE OypeHHE HCIIONB3YEeTCsl B YCIOBHSAX MOpS
Ha TEPPUTOPHH IIETHPOBBIX MECTOPOXKACHUH. Takke yKa3aHHBIH BBIIIE
METO/I HCHIOJIB3YIOT B TOPHOM, JIECHOH U OOJIOTUCTOH MECTHOCTSIX.

OOblYHO TpM  TPUMEHEHWH METOAa KYCTOBOrO  OypeHwus
CTaJIKMBAIOTCS CO CIEIYIOMINMH OCHOBHBIMH ITPOOJIEMaMH:

—  OIpeAerneHue KOJIMYECTBa KYCTOBBIX IIJIOIMIAOK;

—  ompejerncHue PacroNoKeHHs KYCTOBBIX TUTOIIAIOK
U pacnpeAeeHUs CKBaXXKUH MEXIY HUMU.
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Uucno ckBaXMH B Kycre MOxeT npocrurath 24 wmrtyk. HMcxons
Y3 MAHUMAJTBHOTO W MAaKCHUMAaJbHOTO KOJHYECTBA CKBAXKHH B KYCTE
1 O0IIEro KOJIMYECTBA CKBAXKUH HA TEPPUTOPUU MECTOPOKIICHHUH, DKCIICPT
OTpeNeNsaeT JOMYCTHUMBIN JHANa30H KOJNHYECTBA KYCTOBBIX IUTOMIAJIOK.
Ho 3auactyro mpu pemeHnn 3ajaddl paclioiOKEHHUsS KYCTOBBIX ILUTOIIAIOK
U pacmpeielicHusT CKBOKUH MEXKIYy HHMH TPUXOAWUTCS CTaKUBATHCS
C TAKIMH CXEMaMH  pPa3pa0OTKH  MECTOPOXKICHUS, TIPU  KOTOPBIX
UX peanmusanys Ju00 OyIeT CTOUTH B pa3bl OOMNbINE KAIMTAIOBIOKCHUH,
mubo Oymer BOOOIIE HEBOSMOXKHA. B CBA3M € 3ITHM TOSBIISETCS
HEOOXOIUMOCTh  ONPENCICHUS ONTHMAaJIbHOTO JHMAlla30Ha KOIMYECTBa
KYCTOBBIX TUTOIIAJIOK JUTS PA3IMIHBIX CXEM pa3pabOTKU MECTOPOXKICHUM.

[Ipu mnpoekTUpoBaHWU HEPTIHBIX MECTOPOXKICHUH IPUXOTUTCS
(hopMHUpPOBATH 3HAYUTEIHHOEC YHUCIO WCXOMHBIX IPOCKTHBIX BapHUAHTOB,
U3 KOTOPBIX BIIOCTIEICTBUY BHIOMpAETCS ONTHUMAJBHEIA. [l03TOMY B Takmx
cnydasx — TpeOyercs  JONONHATH  3HAHUSA, ONBIT W HHTYHIIHIO
MIPOCKTHP OBIITUKOB OOITBIIIM 00BEeMOM T'€0JIOTO-IIPOMBICIIOBOU
WHPOPMAIIMU W 3HAYUTEIBHBIM OOBEMOM pACUCTHBIX JAHHBIX, YTO
MIPUBOJIUT K HEOOXOJUMOCTH MPUMEHCHHS CPEACTB aBTOMATH3UPOBAHHOTO
MIPOCKTHPOBAHUS.

B cnemyromem paszzmene OyneT NPHUBEICH JUTEPATYPHBIA 0030p
CYIIECTBYIOIIUX PEIICHUN 3a]]a9i KYCTOBAHUS CKBAYKUH.

3. Jluteparypubiii 0030op. Ha cerogusimnHuii AeHbp 3agade
ABTOMATH3AIMK Pa3MCIICHUS KYCTOBBIX IUIOMIAJOK W PACHpPEACICHUS
CKB2)XUH MEX]Ty HUIMH MTOCBSAIICHO MaJIo PadoT.

B cratbe [29] nmpennoxeHsl [BEe MOAENU IS PELICHUS
MTOCTaBJICHHOW 3a/layd, KOTOpPhIC OTJIMYAIOTCS HAOOpaMU HCXOTHBIX
JMaHHBIX. B mepBoil Mopenu 3ajada pa3MEIICHUS KYCTOBBIX ILUTOIIAJIOK
CBOJMTCSA K 3aJladye IEIOYUCICHHON onTUMu3aiuu. Bo BTOpoil Momenu
QITOPUTM TIOWCKA HAWIYYIIET0 PACIOIIOKEHUS KYCTOBBIX ILIOIIAIOK
MIPEJCTABIISAET COOON MTEPAIMOHHYIO MpoueAypy. [Ipu 3TOM Ui perieHus
3a/1auu TIpe/yIaraercst HCTOJIE30BaTh METO, OCHOBaHHBIN
Ha «IaHrpawxkeBoi penakcaimm» [30%]. B ocHoBe o00eux Mmogpeneit
3aJI0KeHa HJies] MUHHUMH3AIUN CYMMAapHOT'O KBaJPATHYHOTO OTKIOHCHHS
CKBaXXHMH OT KYCTOBBIX IDIOMAIOK, IIPEICTABICHHAS B TUCKPETHOM BHJIE.

B pa6ore [30] mpemmaraeTrcs METOMUKA KYCTOBAaHUS CKBa)KUH
JUTS Pa3JINYHBIX BApUAHTOB CHCTEM pa3paboTKu. 3ajady OmpeeiieHUs
MTOJIOKCHHS KYCTOBBIX IUIOIIAJOK TMpPEJIaraeTcs peliath, Kak 3agaqy
I00AIBHOM ONTUMU3AIMH. B KauecTBe KPUTEPHEB ONTHMAIBHOCTH aBTOPBI
CTaThU WCIONB3YIOT MHHUMH3AIMIO CYMMAapHOH MPOXOAKH TpPU OypeHHU
Y TEXHUKO-3KOHOMUYECKHI ITOKa3aTellb, KOTOPBIA YUHUTHIBACT IMOTCHITHAT
JOOBIBAIOIINX CKBKUH M CTOMMOCTHBIC XapaKTEPUCTUKH OOHCKTOB.
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ABtopbl pabotel [31] mpeanararoT UIS peIIeHUs] MOCTABICHHOM
3a7a4d  METOJ ~ ONTUMHU3alUM HAa  OCHOBE  HMHTEIUIEKTYaJIbHOU
TIOCJI/IOBATENIFHOM  BBIOOPKHM, COIJIACHO KOTOPOM OTOOp 3JIeMEHTOB
TeHEpaJbHONM COBOKYNHOCTH INPOBOAUTCS MOCIENOBATEIbHO, HA KaXKAOM
JTare cobWpaercs M aHANM3MpYyeTcss WHPOpPManys M NPUHAMAETCS
pemieHHe O  JIONOJHHUTENIBHOM  OTOOpE  3JIEMEHTOB  I'eHEpabHOM
coBOKyNHOCTU. [Ipensiaymiyie BBIYUCICHUS aIrOPpUTMa YUUTBHIBAKOTCS MPHU
BbIOOpE cremyromel BBIOOPKH, YTO B CBOIO OYEpe/Ib ITO3BOJISIET 00ECTIeunTh
Ooryiee BBICOKYIO CXOJMMOCTH IO CPaBHEHHMIO C aHajloramMu. B kadecTBe
1eNIeBO (YHKINHY MCIONTB30BAJICS YUCTHIN TMCKOHTHPOBAHHBIN T0X0J 3a 5
JeT.

ABTOpsl  cratbu  [24] nOpemiaraloT  MOAXOJ  ONpPENEICHUS
ONTUMANBHOIO PACNpeNeeHUs] CKBaXXMH MEXIy KyCTaMH Ha OCHOBE
riepebopa rpyNIUpOBOK BCeX CKBaXKHH. [Ipu oTOope HamydIero BapuanTa
KYCTOBaHMsI CKBAYKUH KIJIFOUEBBIMU MTOKA3aTENSIMU ABIISIOTCS:

—  obwem no0buM HedTH;

—  HaKOIUICHHBIH 00beM 0ObIH HeTH;

—  YHUCTBIA AUCKOHTHPOBAHHBIN TOXO.

B cratee [32] 3agaua KycTOBaHUS CKBa)XXMH CBOJUTCA K 3a7aue
Knacrepuzanuy. [IpeioxKeHHbIH TOaX0/ MpeAcTaBisieT co0oi coueTanue
KJIACCUYECKOr0 alNrOpUTMa KJIACTEpU3alM U METOAa ONTHMHU3ALUU.
B skcnepumeHTax B KadecTBE METOAA ONTUMHU3ALUM HCHOIb30BAJIUCH
TEHEeTHUUYECKUI aJITOPUTM U METOJ Posl YacTHLl. B naHHOM moaxope Takxke
MIPUMEHSETCS METOJ[ IOMCKAa aCCOLMATUBHBIX IPAaBUI IS BBISIBICHUS
3aKOHOMEPHOCTEH MEXy CKBaKMHAMH JJIS BBISIBJICHUS] HAMOOJIee CHITBHBIX
KYCTOB.

ABTOpBI cratbu [33] HCIONB3YIOT MOAM(PHUIMPOBAHHBIN AITOPUTM
KJIacTepu3aluy K-CpemHuX Uil HaXOXICHUS ONTUMAJIbHOW CXEMBI
KYCTOBaHMsI CKBaKMH. B KauecTBe OCHOBHOIO KPUTEpHUS ONTHUMAJIBHOCTU
JUId alropurMa KJIacTepHU3allud BBICTYNAET MHHUMU3ALMS CyMMapHOU
IIPOXOJIKHA HAKJIOHHBIX M FOPU30HTAJIBHBIX CKBAXKMH C Y4ETOM CIIOXKHOCTU
UX TPAECKTOPHIL.

PaccMmoTpennble moaxoabl Ui pEIICHUs ITOCTAaBIEHHOW 3aJauu
OOBIYHO 3aKIIIOYAIOTCS B CBEACHMHM €€ K ONTHMHU3ALMOHHOMY BHIY.
[Ipu BEIOOpE  ONTHUMAJIBHOIO  pa3MEIICHUS]  KYCTOBBIX  IUIOMIAJIOK
YUUTBIBAIOTCS CIAEAYIOIME BO3MOXKHBIE TIOKA3aTEH:

—  CyMMAapHO€ KBaJpaTUYHOE OTKIOHEHHE CKBAXKMH OT KYCTOBBIX
IUIOIAA0K;

—  CyMMapHas IpoXojKa Ipu OypeHuw;

—  YHUCTBIA AMCKOHTUPOBAHHBIN 10XO;

—  obwem no0buM HETH.
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PaccMoTpenHble  mOKazaTenau  SIBJISIIOTCSL  TOJNBKO — TEXHHUKO-
SKOHOMHYECKUMH, TP ITOM PEHICHHE MTaHHOTO Kiacca 3amad TpeOyer
HEOOXO0JUMOCTH YUHUTHIBATH KOHCTPYKLUHUOHHbIE 0COOEHHOCTH.
B paccmaTpuBaemoll craThe Hpenigaraercsl Moaxoll, YYUTHIBAIOIIUN TaKKe
1 OCHOBHBIE€ TEXHOJIOIMUECKHE OrPaHUUEHUS K IOCTABJICHHOM 3aaue.

B crnenyromem pasgene Oyaer mpuBEICHA ITOCTAHOBKA 3aadd
[OMCKA ONTHUMAJbHOW CXEMbl pa3MEUIeHHsT KYCTOBBIX  IUIOMIAJIOK
U pacnpeeseHus] CKBaXXUH MEXy HUMU NPU 33JIaHHBIX OTPaHUYCHUSX.

4. [locTanoBKa 3amaum. 3a7ada KyCTOBAaHUS HE(PTSIHBIX CKBaKUH
SIBIIICTCS ~ YACTHBIM  CIydaeM  3aJadydl  TPYIIHAPOBAaHUS  OOBEKTOB
npu Hanmuny  orpaHmueHnit  [34]. Tlpm 3ToM menmeBas  QyHKIHS
MPEACTAaBIAET COOOW CyMMYy  pacCTOSHHH  MEXKAY CKBaKHHAMU
Y OCHOBAHUSIMU KYCTOB, K KOTOPBIM OHH MPUHAIJIEKAT:

[i]

Z((xi,yi)—(xf,yf))z, (1)

1 i=1

K
I =
k=
rae K — KOJIIMYecTBO KyCTOB;

s, — k-BIi KyCT, cofep KaIlui |s,| CKBaXKHH;

(x[ s y[) — KOOPJIMHATHI I-0 CKBaKUH;
(xf s yf) — KOOpAMHATHI KyCTOBOH IUIOMIAIKK k-OT0 KYCTa.

K OCHOBHBIM  OrpaHuMuYeHHsSIM JAHHOW  3aJadyd, KOTOpHIE
OIIPEIEIISIIOTCST CBOJIOM TPABMII 00YCTPOWCTBA HEPTAHBIX MECTOPOXKICHUH
[35], otHOCATCS:

—  MHUHUMaJIbHOE ¥ MaKCHMAaJbHOE JIOIYCTHMOE KOJIMYECTBO
CKBQ)XUH B KYyCTE;

—  MakcHMaJlbHas BEJIMYMHA OTXOAA;

—  MHUHUMaJIBHO JONMYCTHMOE PpAcCTOSHUE MEXIy JABYMS
KYCTOBBIMH TIJIOIIAAKAMH.

Ha naHHBIN MOMEHT, yKa3aHHBIC BBIIIE OTPAaHUYEHHS, YIUTHIBAIOTCS
IpY TIoMoIY MeToza mrpadHbX GyHKmid [36, 37], KoTopsIii Ipeobpasyer
HCXOJHYIO 33/1a4y C OPaHUYEHUSAMH B 337a4y O€3yCIIOBHOW ONTHMHU3AINN.
Hapymenne kakoro-nmm0o n3 orpaHMYEeHUI IPUBOAUT K CO3AaHMIo mrpada,
KOTOpBIi 100aBIsieTCs K 3HAUYCHHUIO IIEJIEBON (QYHKINH.

B  pamkax gaHHOrO  HCCleOBaHWS ~— 3HaudeHHe  ITpada,
0003Hayalomas CTENeHb HapyIICHWs 3HAYEHHH OCHOBHBIX OTpaHHMYCHUH
OyIeT UMEeTh CIEAYIOIIMHA BUI:
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V i +V +V tween +Vi\'t
wza. min max Kbe dis , (2)

rae K — KOoIM4ecTBO KyCTOB;

Vnin — KOJIMYECTBO KYCTOB, Y KOTOPBIX YHUCJO CKBa)KMH MEHBIIE, YeEM
MHHUMAaJIbHO-A0NYCTUMOE;

Vax — KOTMYECTBO KYCTOB, Y KOTOPBIX YHCIO CKBAXKHH OOJNBINE, YeM
MaKCUMaJIbHO-JIOIYCTUMOE;

Vbetween — KOIIMYECTBO KYCTOB, HapyLIAOMIUX OrpaHUYEHUE
Ha MUHUMAJbHO JONYCTUMOE pPACCTOSIHUE MEXAY ABYMSI KYCTOBBIMHU
IJIOUIaIKAMU;

Viiss — KOMAYECTBO ~KYCTOB, HKMEIOUIME CKBAXKUHBI, HapyLIAIOLINX
OrpaHUUYEHUE HA MAKCUMAJIbHYIO BEIMUMHY OTXO0/a;

0. — MIOJIOXKUTENbHAS BEJIMYUHA, o >1.

JaHHast onTUMHM3aUMOHHAs 3ajJaya OTHOCHTCS K KaTeropuu
NP tpymusix 3amad [38]. OcHoBHas mpobiemMa TakuX 3amad 3aKIIF0YacTCs
B TOM, YTO OHM HE MOTYT OBITh PEIICHH 32 TOJIWHOMHAIBHOE BpPEMS.
CnenoBarenbHO, Uil KPYHHBIX MECTOPOXKICHUN pelIeHuEe 3aJayu
KYCTOBaHHsI C MOMOIIBI0 ONTUMHU3ALMOHHBIX AJITOPUTMOB HE rapaHTUPYET
MONy4YeHHE pe3yibTaTta 0e3 HapyIIeHUs yKa3aHHBIX orpaHmdeHuil. Taxum
00pa3oM, BO3HHKAET HEOOXOMUMOCTh MOMUGUKAIMHA CYIICCTBYIOIINX
BO3MOXHBIX MOAXOJOB K PEUICHWIO JaHHOMU 3ajaud. B pamkax gaHHOM
CTaTbU TpeIIaraeTcs IMOAXOoa K oOpaboTke pe3ynbTaToB  pabOTHI
ONTHUMH3ALMOHHBIX METOJAOB HA OCHOBE HTEPAaTHUBHOIO  aJIrOpUTMa
YCTpaHEHUS HapYIIECHUS 3aJaHHBIX OTPAaHUYEHUI.

5. [Ipepnaraemoe pemeHue. AJITOPUTM BBITIOIHAET KOPPEKTUPOBKY
B3aMMHOTO  PACIONIOKEHHWS  KYCTOBHIX  IUIOIAJOK Ha  o0jacTu
MECTOPOXKJEHUS C LIEIbI0 YCTPAHEHUS] BOSHUKIIUX HAPYHIEHUH MPOEKTHBIX
OrpaHUYCHUM, CBS3aHHBIX C PACIOJIOKEHHEM KYCTOBBIX IUIOIIAJOK
Y CKBOXMH BHYTpH HuX. JlaHHBIA moaxom padoTaeT C MpoOJICMHBIMU
KYCTaMH M UX cocesaMHu. 1101 mpoOIeMHBIM ITOHUMAETCS KYCT, Y KOTOPOro
Hapymnaercst XoTsi Obl OZIHO OrpaHUYECHHUE U3 CIISYIOIIEr0 CIHUCKa!

—  MUHUMAJIbHOE W MAaKCHUMAaJIbHOE JOMYCTUMOE KOJIUYECTBO
CKBa)XHH B KYCTE;

—  MUHUMAJbHO JONYCTUMOE PACCTOSIHUE MEXIYy JBYMS
KYCTOBBIMH IUIOIIAIKAMH.

JanHbBIi  moAXxon HEe  oOpabaThIBacT  Cilydaw — HApYIICHUS
OrpaHUYEHUs Ha BEIMYMHY OTXOJa, MOCKOJBbKY BBIIOJHEHUE OCTaJIbHBIX
OrpaHUYEHUH U MPABUIBLHO 3a/IaHHBIE [10JI30BATENIEM apaMeTPhl CUCTEMBbI
pa3pabOTKM  aBTOMATHYCCKA  HCKIIOYAOT  HApPYIICHHE  JTAaHHOTO
OrpaHUyECHHUsI.
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Jis paboThl TpeiyiaraeMoro peuieHds HEeOOXOIUM  CIEYIOIIN
Ha0bop MmapamMeTpoB:

—  uH(bOpPMAIH O PACHOIOKECHNH CKBAXIH;

—  3HAYCHUS MOJIH30BATEIBCKUX OrPaHUICHUH;

—  TeKyIlee NOJIOKeHNE KYCTOBBIX IUIOMAIO0K;

—  uHbOpPMAIUs IO TNPHHALIECKHOCTH CKBAKHH K KyCTOBBIM
TUTOIIAIKAM;

—  MaTpHla pacCTOSHUH MEXTY KyCTOBBIMH IUIOMIAAKAMHY;

—  MaTpHuIla CMEXHOCTH KYCTOBBIX IIJIOMIA/IOK.

Ha ocHOBe fJaHHBIX MapaMeTpoB  IpoOLmECcC  YCTpaHEHHs
HapyIIEHUs 3aJaHHBIX OTPAaHMYCHUH MOXKET OBITh NPENCTAaBICH B BHIE
ITOPUTMA KOPPEKTUPOBKH ITOJIOKEHHUS ITPOOJIEMHBIX KYCTOBBIX IIIOMIA/I0K
n ux coceneil. [lceBgokox anropurMa npeacTaBieH B anroputme 1.

Anroput™ 1. AITOPUTM KOPPEKTHPOBKY MTOIOKECHUSI KYCTOBBIX IUIOMA0K M UX
cocenen

Bxon: wuHbOpMamus O pPACIONOXKCHHM CKBAXUH Wwells, TOIB30BaTEIbCKHUE
OrpaHMuCHHS resf, TEKyllee TIIONOXKECHHE KYCTOBBIX IUIOMANOK bushes,
MH(pOpPMAIMS 10 NPHUHAVICKHOCTH CKBAKMH K KYCTOBBIM IUTOIIAAKaM clusters,
MaTpHIla PAcCTOSHHA MEXIy KyCTOBBIMH IUIOMIAAKAMH distance, MaTpHIa
CMEXHOCTH KYCTOBBIX IDUIONMIAJOK ddj, MAaKCHMAJIFHOE KOJIMYECTBO HTEpAIHi
max_iter

BbIX0[: TMOJOXKEHHE KYCTOBBIX IUIOMANOK  bushes, yHOBIETBOpSIOIICE
MOJIF30BATEIBCKUM OTPAHIUICHUSIM

IFunction EliminateClusterViolations(wells, rest, bushes, clusters, distance, adj,
max_iter)

iteration «— 0
D> current _best — 3HaueHUE METPUKH JUIS 33IaHHOTO bushes

current_best < TargetFunction(bushes, rest, clusters)
P> EstimateBestResult — mpouenypa oOmpeaeneHust JydIIEro pPaclONOKEHHUS
KYCTOBBIX IUIOIIAI0K MCXOS U3 3HAYCHUS MCTPHKHU

best < EstimateBestResult(current_best, None)
> ChangePosition — mnpoueaypa mnepeonpeneieHnsi MOJOKEHHS KYCTOBBIX
MUIOIIA/IOK MCXO/IS U3 IIEHTPA MACC CKBAXKHH B KOXKIOM KyCTe

bushes < ChangePosition(wells, bushes)
P> deque — oyepenp MPOOIEMHBIX KYCTOB, y KOTOPBIX HAPYIICHHUS 10 KOJIUYECTBY
CKBaXXHMH
while True do

while len(deque) # 0 do

D> intruder — epBblii B 04epe IPOOIEMHBII KyCT

D> intruder.size — KOMM4YECTBO CKBaXKHH B KyCTe intruder
D> rest.min — MUHUMAaJIBHO-IOIIYCTMOE KOJIMYECTBO CKBAXKHH B KYCTC
if intruder.size < rest.min then
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> EliminateMinCountWells — Meton ycTpaHeHHsI HApYIICHWsS Ha CBEPXMAloe
MHCIIO CKBayKHH.

bushes «— EliminateMinCountWells(wells, rest, bushes, clusters,
adj, intruder)

D> rest.max — MakCUMaJIbHO-/IOILYCTHMOE KOJTMYECTBO CKBAYKHH B KyCTE

else if intruder.size > rest. max then

P> EliminateMaxCountWells — MeTos ycTpaHeHUsI HAPYIICHHS Ha CBEPXOOIIBIIOe
MHCIIO CKBAKUH

bushes < EliminateMaxCountWells(wells, rest, bushes, clusters,
adj, intruder)

bushes < ChangePosition(wells, bushes)

current_best < TargetFunction(bushes, rest, clusters)

best < EstimateBestResult(current_best, best)

B> RecoveryCountClusters — mpouenypa NpPHBEACHHS 4YHCIA KYCTOB K

FICXOTHOMY
bushes < RecoveryCountClusters(bushes, rest, clusters)
D> EliminateExtraNearbyBushes — MeTonq ycTpaHeHHs HapylICHUS

CBEpPXOIM30CTH KYCTOB
bushes < EliminateExtraNearbyBushes(bushes, rest, adj, clusters)
current_best < TargetFunction(bushes, rest, clusters)
best < EstimateBestResult(current_best, best)
D> best.count violations — oOliee YHCIO HAPYIICHUH Y PacHOIOKCHHS
KYCTOBBIX ILIOIIAaI0K
if best.count violations = 0 then
break
if iteration > max_iter then
break
> ompezeneHre HOBOI oYepe/ i MPOOIEMHBIX KYCTOB deque ucxoms u3 bushes
iteration < iteration + 1
return best

B xauecTBe BcrioMoraTesbHBIX METO/IOB BBICTYIIAIOT:

— mpouenypa pacuyera neneBoi ¢ynkumm TargetFunction,
KoTopast Obuta onucana B popmyste (1);

—  Tpouenypa OLEHKH ONTHUMAJIbHOCTH IOJYYEHHOT'O PELICHUS
EstimateBestResult ncxoxast n3 3nauenust neneBoit GpyHKIUM;

—  GyHKIMS IepeonpeeNieHus MOIOKEHUs KYCTOBBIX IIIONIAI0K
ChangePosition, ucronb3yromnas pacieT LeHTPa MacC CKBaX1H;

—  WITOPUTMBI  yCTPaHEHWS  HApyIIEHWS Ha  KOJIMIECTBO
CKBAaYKUH B KyCTe! EliminateMinCountWells (anroput™ 2),
EliminateMaxCountWells (anroputwm 3);

—  Tpouenypa TPHUBEACHHS KOJMYECTBA KYCTOBBIX IUIOIIAJOK
K 3aganHoMy umcity RecoveryCountWellPads (anropurwm 4);
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—  aNTOpUTM YCTPAaHCHUS HAPYIICHUS Ha  CBEpPXONHU30CTH
kyctoBbIx momanok EliminateNearbyWellPads (amroputum 5).

AJroputM™ 2. ANTOPUTM yCTPAaHEHHUS HAPYIICHHUS Ha CBEPXMAoe KOJIIMIECTBO
CKB@KHH B KyCT€

Bxon: wuHbOpMamUs O PACIONOKCHUN CKBAXWH Wwells, TIOIh30BATEIILCKIEC
OrpaHUYCHHS resf, TEKyllee TOJOKCHHE KYCTOBBIX IUIOMANOK bushes,
mH(pOpMAIHA MO MPHUHAIICKHOCTH CKBXKHH K KYCTOBBIM IUIOIIAAKaM clusters,
MaTpuIla CMEXHOCTH KYCTOBBIX IUIOIIAJOK adj, HOMEp TMPOOJIEMHOr0 KycTa
intruder BbIX0A: HOBOE TOJOXKEHHE KYCTOBBIX IUIOMIANOK bushes, B KOTOpOM
intruder He UMeeT HapYIICHUS

IFunction EliminateMinCountWells(wells, rest, bushes, clusters, adj, intruder)
D> intruder.size — KOMTMYECTBO CKBaXKHH B KyCTe intruder
D> count_add — xonn4ecTBO CKBaXKHH, KOTOPBIE HAJ0 100aBUTH K intruder
count_add «— rest.min — intruder.size
D> neighbours — cuncok cocenied Kycra intruder, y KOTOPBIX HET HAapyIICHUS
CBEPXMAJIOT0 YHCIIa CKBAXHUH
D> count donor — KOIMYECTBO CKBaXUH Y coOceled intruder, KOTOpBIC
BO3MOXKHO TIepeAaTh eMy 0e3 HapyIIeHHs OrpaHMICHUH
count_donor «— — len(neighbours) * rest.min
for i «— 0 to len(neighbours) — 1 do
count_donor < count_donor + neighbours[i).size
if count_donor > count_add then
D> npoGieMa peraercs U3bsITHEM CKBKHH y coceeit
D> candidate_wells — ciICOK CKBa)XHH KYCTOB U3 neighbours
for i < 0 to len(candidate_wells) — 1 do
if count_add = 0 then
break
D> index_bush — xycr nust candidate_wells[i] ckBaKMHBI
if index_bush.size — rest.min > 1 then
D> ckBaxkuna candidate_wells[i] npuHae)uT Kycry intruder
count_add «— count_add — 1
D> mepeornpezelicHIE TONOKEHUS KycTa intruder Ha OCHOBE IIEHTpa Macc
CKBaXXMH
else
D> npoGiiema pemaercs 00bEANHEHUEM KyCTa HApYLIUTENs C OJHUM H3
ETO cocener
D> neighbours — cnucok coceneil Kycra intruder, y KOTOPBIX HET
HAPYIIEHHS CBEPXOOIBIIOro YHC/Ia CKBAXKUH
D> index_bush — HOMep Kycrta W3 neighbours, OT KOTOPOrO MHHHMAJIbHOES
paccrostHuE 1O intruder
D> oObeauHeHue KycToB index_bush i intruder
D> onpeneneHue MOJNOKEHHS HOBOTO KyCTa Ha OCHOBE LICHTpa Macc
CKBaXXMH
return bushes
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Anroput™ 3. ANTOPHUTM yCTpaHEHUS HAPYIICHHUS Ha CBEPXOO0IBIIOE KOIMIECTBO
CKB@KHH B KyCT€

Bxoa: nH(OpMALHS O PACIIONIOKCHHN CKBaXXHH Wells, OIB30BAaTEIbCKUE OTPAHUYCHHUS rest,
[feKylIee IMOJIOKEHHE KYCTOBBIX IUIOMANOK bushes, MHpOpMAuUus [0 NPHHAUICKHOCTH
CKBaXXMH K KyCTOBBIM IUIOLIAJKaM clusters, MaTpHIia CMEXHOCTH KYCTOBBIX ILIOIIANOK adj,
HOMep NpoGJIeMHOro Kycra intruder BBIXOA: HOBOE IIOJOXKEHHE KYCTOBBIX ILIOIIAIOK
bushes, B KOTOpOM intruder He UMEET HapyLICHHS

[Function EliminateMaxCountWells (wells, rest, bushes, clusters, adj, intruder)
D> intruder.size — KOJIMYECTBO CKBaXXHH B KycTe intruder
D> count sub — KOMNYECTBO CKBaXKHMH, KOTOPBIE HAI0 100aBUTH K intruder
count_sub «— intruder.size — rest.max
D> npobniema pemraercs pa3adeil CKBaXKUH KycCTa intruder €ro cocensm
D> recipient_wells — OTCOPTHPOBAaHHBI CIHCOK CKBaXHH Kycra intruder mo
BO3paCTaHUIO PACCTOSHHS JO KyCTOBOMH IIIOMIAIKH
for i < 0 to len(recipient_wells) — 1 do
if count sub = 0 then
break
D> neighbours — crnucok cocefeil Kycra intruder, y KOTOPBIX HET HapyLICHUS
CBEpXOOIIBIIOro YUCIa CKBAXKUH
D> recipient_wells[i].distance — paccTosHHEe OT CKBaXXKUHBI JO KyCTOBOH IIIOMIAJKH
intruder
D> candidate_owner — Gmmxaiimmii u3 chmcka coceell neighbours X CKBaXXuHe
ecipient_wells[i]
D> distance — paccrosHue ot candidate_owner 1o recipient_wells[i]
if distance < 1.1 * recipient_wells[i].distance then
D> ckBaxkuHa recipient_wells[i] mpuHAIUIOKUT KyCcTy candidate_owner
count_sub «— count_sub — 1
if intruder.size > rest.max then
D> mpobiiema pemaercs pas3eleHueM KycTa intruder Ha J{Ba OTAEIbHBIX KyCTa
> C — neHTp Macc KycTa
> D — nanbonee ynanennas ckpaxuna ot C
> Pacuer ypaBHenus npsmoit CD
D> Pacuer ypaBHeHUs HepHeHIUKyIsIpa npsamoi CD, mpoxozsimero B Touke C
> Ha ocHoBaHuH ypaBHeHHs HepreHaukyisipa k CD pa3sjencHue CKBa)XXHH Ha JBe
[PYILIIBL.
D> B kaxI0if rpynme pacdeT IOJIOXKEHHS KyCTOBOH IUIOIIAJKH Ha OCHOBE IEHTpa
Macc CKBa)KHH
return bushes

Ilocne  BBINOJIHEHWMM ~ QJITOPUTMOB  YCTPAHEHUs]  HAPYILEHUS
Ha CBEPXOOIIBIIIOE M CBEPXMAIIOE KOJIMYECTBO CKBAKHH B KYCTE HE UCKIIIOUCHO,
YTO KOJIMYECTBO KYCTOB HA MECTOPOXKIECHUN MOXKET OTIINYATHCS OT 33JaHHOTO.
Ha oror cmywall, ecnmm O MONB30BaTeNs O4YEHb BaKHBIM  SIBIISIETCS
YCTaHOBJIEHHOE 3HAYEHHE KOJIMYECTBA KYCTOB, ObUIa pazpaboTaHa Iporenaypa
MPUBEICHNS KOIMYECTBA KYCTOBBIX IUIOHMIAAOK K 3aJaHHOMY. Ilpemtaraemsiit
TOXOA pemiaer mpodiieMy HECOOTBETCTBHSI TEKYHIEr0 4HWCiIa KyCTOB
1 33aHHOr0. Ero NceBnoKos NpeACTaBieH B arOpUTME 4.
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Anroputy 4. [porenypa npuBeIeHNs KOMMIECTBA KYCTOBBIX IUIOIIAIOK
K 33JaHHOMY

Bxoa: 3ajaHHOE YHCIO KYyCTOBBIX IUIOMIANOK original N, TeKymee 4HCIo
KYCTOBBIX IUIOMIAZOK current N, TeKyliee MOJIOKEHHE KyCTOBBIX IDIOMIAJIOK
bushes, MaTpuIa CMEXHOCTH KYCTOBBIX IUTOMIATIOK adj

BbIX0[: HOBOE IIOJIOKCHHE KYCTOBBIX IUIOIIANOK bushes, COOTBETCTBYyIOIIEE
BaJlaHHOMY KOJIMYECTBY KYCTOB

IFunction RecoveryCountWellPads (original N, current N, bushes, adj)
count < original N — current N
if count > 0 then
D> npobnema perraercs 100aBICHHEM HOBBIX KYCTOB
D> graph — HeopueHTHPOBaHHBIN Tpad HA OCHOBE MAaTPHIBI CMEKHOCTH
adj
D> Tlouck B graph UMKIOB, KaXIblii U3 KOTOPHIX MMECT MUHUMYM 4
BEpIIMHBI U HE COEP>KUT BEPIINH BHYTPHU ceOs
D> cycles — ciucok LUKIIOB, HaiiIeHHBIX B graph
if len(cycles) < count then
D> 1u1st Ka)KJOro LMK BBIYUCISIETCS €ro LEHTP MacC KOOPAMHAT €ro
BEPIIVH
D> mas_centers — mycTol cMCOK, pasMepHocTH len(cycles)
for i < 0 to len(cycles) — 1 do
D> position — UEHTp Macc KOOpAUHAT BepIuuH cylces[i]
mas_centers[i] «<— position
D> mas centers — CIHCOK, KB 3JIEMEHT KOTOPOro LEHTP Macc
COOTBETCTBYIOILETO IUKIIA U3 cycles
for i < 0 to count — len(cycles) — 1 do
D> position — ciy4aiiHO CreHEpPUPOBAHHOE TONIOKCHUE KycTa Ha
MECTOPOXKICHIN
D> k mas_centers nobasnsercs position
else
D> i KaKIOro LKA BBIYMCISAETCS MOKAa3aTeNb LEIeco00pa3sHOCTH
ITo0aBIIeHHUSI B IIEHTPE HEr0 HOBOH KYCTOBOH INIOMIAAKH 110 hopmyiie 2
D>  coprupoBka cmHcKa cycles 1O  yObIBaHHMS ~ HOKa3aTess
renecoodpasnocTH (popmyna 2)
D> mas_centers — ycTOl CIMCOK, Pa3MEPHOCTH count
for i < 0 to count — 1 do
D> position — UEHTp Macc KOOpAUHAT BepIuuH cylces[i]
mas_centers[i] «<— position
D> UnionLists — ¢yHKIust 00beAMHEHHUS ABYX WK OOJIee CIIUCKOB
bushes < UnionLists(bushes, mas_centers)
else
D> npobieMa peraercs yaaJeHUeM JIMIIHUX KYCTOB
D> [ KaXAoro Kycra BBIYHCIISCTCS MOKa3aTeb 3HAYMMOCTH KYyCTOBOW
MUIOIaAKY 1Mo opmyrie 3
D> copTupoBKa cnucka bushes MO BO3PACTAHUIO MOKA3aTENsl 3HAYHMMOCTH
¢dopmyina 3)
for i < 0 to 1 — count do
D> u3 bushes ynansiem nepBblii 2IEeMEHT
return bushes
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B paMKax TMPCACTABJICHUA HNPOUCAYPbI HNPUBCACHUA KOJIUYCCTBA
KYCTOBBIX IUIOMIAJIOK K 3aIaHHOMY ObLIU MPpEAIOKCHBI KPUTCPHUHU 0T60pa
IUKJIOB BCPIIHWH U KYCTOBBIX IUIOMIA/I0K.

Iloka3arens HeJ'IeCOO6pa3HOCTI/I ,HO6aBJ'IeHI/IH B LCHTPE €ro HOBOI1
KYCTOBOﬁ IIomaakyu UMECT CJ'IGZ[yIOHII/Iﬁ BU:

. 1 &
metrics,,,,, = m;szze, , 3)

rAe n — 4YUCJI0 KYCTOB B ITUKIIC,
size,- — KOJIMYECTBO CKBAKUH B i-OM KYyCTC LIUKJIA.
Iloka3zatenbs 3HAYMMOCTH KYCTOBOﬁ IUIOMAaaKu I HG(bTHHOFO
MCCTOPOXJACHHA B paMKaX OTCCHBAHUA JIMIIHUX KYCTOB OHNPCACIACTCA
CJICAYIOINM 06pa30M:

n
metrics,,, =— Zsize,. +size; |, @)
n\ iz

IZie j — HOMEP KYCTa,
7 — 9UCII0 coceliel j-To KycTa;
Size;— KOIIMYECTBO CKBAXKHH B j-OM KYyCTE IUKJIIA.

Cnenyromasi KOMIIOHEHTa MpEeAJaraeMoro IojAxojAa  peuiaer
mpo0JIeMy CBepXOIM30CTH KycToB. JlaHHas mpobOiiemMa pemaeTcs IBYMS
criocobamu:

—  mpomenypa B3aUMHOTO OTTaJKUBAaHHS IPOOIIEMHBIX KYCTOB
J10 TIPUEMIIEMOT'O PACCTOSIHUSI MEXKY HUMU;

—  Tpouexypa ONIpENeNeHHS HOBOTO TIOJOXKEHHUS IPOOIEMHBIX
KYCTOB.

[Ipennaraemblii  aqropuT™M BHAvalle ONUPAETCS Ha IEPBYIO
TIpOLEAYPY U B CIydae HapyIICHHs CBEPXOJIM30CTH KYCTOB C COCEISIMH
3alyckaeT BTOpYK IHpoueaypy. Bo BTopoll mnpoueaype HCHONIb3yeTcs
paccrostane  Xaycmopda [39].  TlceBmokom maHHOH  KOMIOHEHTEHI
MpEICTaBIIEH B AJITOPUTME 5.

AnTOopuUTM yCTpaHEHUs HApYIICHUS HAa CBEPXOJIM30CTH KYCTOBBIX
IUTOIA0K CTPOUTCS HA WCIOIB30BAHUU OOJACTU JUIS pa3MEIIeHHs Taphl
KyCTOB 0€3 HapylieHus orpaHuueHWid. JlaHHas 0O0JacTh TPEICTABISET
€000l TeOMEeTpUIEcKOe MECTO TOUEK, B KOTOPOM PAaCCTOSHHE OT KYCTOB
U3 CIIUCKA COCEICH TEKYIEeH maphl MPOOJIEMHBIX KYCTOB JIIS KaXKIOH TOUKH
Oymer OonbIle, YeM MHHUMAIIEHO-JIOMYCTUMOE PACCTOSTHHE MEKIY Mapon
KYCTOBBIX IUIOMIANOK  distance. 3adacTylo 0e3  JIONOJHUTENBHBIX
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OTpPaHMYCHUHN Takas OOJAcTh OyAeT He NPUMEHHMA IS JaIbHEHIIero
HCIOJIb30BAaHUS B CHJIY CBOEHM HEOrPaHUUEHHOCTH.

Jnst mpecedeHUs OIMMCAHHOTO BBINIC CIIydas HCIONB3YIOTCS
CIIEIYIOIINE JOTOTHUTELHBIC OTPAHIY CHIIS:

— mobas ToYka JODKHA OBITH B Tpenenax — oOmacTd
MECTOPOXKJEHHUSI,;

— nyctb 1Ba Kycta P u Q U3 criucka cocefieil sIBIsitoTcst coceisiMu
MexIy coboit, a paccrossaue PQ Oombire, yem 2*distance. C — cepemuna
OTpe3ka MEXIY KYCTOBBIMH IUIOMIATKAMH TEKYIIeH Taphl IPOOIEMHBIX
kycroB. Torma, mpu pasfeleHud IDIOCKOCTH mpsmoit PQ, mobas Touka
3 'MT nmomxkHa OBITE B TOH K€ TONYIDIOCKOCTH, 9TO U BepiuHa C.

AJropuTM™ 5. ANTOPHUTM yCTpPAaHEHUS HApYIICHUSI Ha CBEPXOIM30CTh KYyCTOBBIX
IUTOMIATOK

Bxon: wuHbOpMamUs O PACIONOKCHUN CKBAOXXUH Wells, TIOIh30BATEIILCKIEC
OrpaHMuCHUS resf, TEKyllee TIIONOXKECHHE KYCTOBBIX IUIOMANOK bushes,
MH(pOpPMAIMS 10 NMPHUHAIICKHOCTH CKBAXKMH K KYCTOBBIM IUIOIIAAKaM clusters,
MaTpHI[a CMEXHOCTH KyCTOBBIX IUIOIIAI0K adj

BbIX0[: HOBOE IOJIOXKEHHE KyCTOBBIX IUIOIIANOK bushes, 0e3 HapymleHHS Ha
CBEpXOIM30CTh KYCTOBBIX IUIOMIAJOK

IFunction EliminateNearbyWellPads (wells, rest, bushes, clusters, adj)
D> deque — ouepenp mMpoONEMHBIX Tap KYCTOB, Y KOTOPBIX HapyIICHHs Ha
CBepX0IM30CTh
while len(deque) # 0 do

D> tuple — Texyiuas napa npoOJEMHBIX KYCTOB

D> A u B — KOOpMHATHI KyCTOB M3 tuple

C— (4+B)/2

D> e — eMHNYHBIN BEKTOp NpsIMOit AB

D> pacuet nonoxenus Touek D u E Ha npsamoii 4B
D> rest.distance — MUHUMAITbHO-IOMYCTUMOE PACCTOSHUE MEKLY Mapoil KYCTOBBIX
MUIOIIAa 10K

D «— C+ e * rest.distance/2

E — C— e * rest.distance/2

D> neighbours — Bce cocemHue KycThl Uil A ¥ B, MCXOm W3 MaTpPHILbI
CMEXXHOCTH adj

D> pacuer Bce paccrosHuit mas_distances ot D u E 1o KycToB u3 neighbours

> All — onieparop and juist GyneBoii TOCIeI0BaTEILHOCTH

if All(mas_distance > rest.distance) then

> touku D u E — HOBBIE monokeHust KycToB A 1 B
else
D> pacuer o0Onacté region, B KOTOPOH MOXKHO Pa3sMECTHTh KyCTOBBIC

MUIOIA/IKY U3 TEKyIIeH mapsl 0e3 HapyIIeHHs OrpaHUICHUS
D> points — cIMCOK TOYEK TPAHHULIBI F'egion
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for i < 0 to len(points) — 1 do
D> pacuer paccrosHus Xaycnopda distance mexny points[i] u
rpaHuLeil region
if distance >= rest.distance then
R — points|i]
D> Touka T — To4Ka Ha rpaHule region, |RT| = distance
break
S—R+D)/2
D> e — eqMHUYHBINA BeKTOp HpsiMoit RT
D> pacuer nonoxeHus Touek X U Y Ha npsmoid RT
X — S+ e * rest.distance/2
Y — §—e * rest.distance/2
D> Toukn X 1 Y — HOBBIC TIOJIOXKEHHS KycTOB A 1 B
return bushes

IMpumep Ttakolf 00MacTH € JONONHUTEIBHBIMH OTPAaHHYCHUSIMH
IIPEJCTaBIIEH HA PUCYHKE 1.

Iocne 3aBepiIeHNs OMUCAHUS NPEUIOKEHHOIO MOAXO0a OTAEIbHBIX
NOsICHEHHH TpeOyeT crocod HaXOXKICHHUE MATPHUIBI CMEKHOCTH KYCTOBBIX
wromanok. MrepaTuBHas cxemMa HCIONB3YyeMOW B paboTe IpOLEAypHI
pacueTa MaTpUIbI CMEXHOCTU KyCTOBBIX IJIOIIAJOK IPEACTaBICHA HIDKE.

e [paHVLa oBnacTu

= = = [paniua HehTAHOo MeCTopoKaEHUA

Puc. 1. [Ipumep obmacty, B KOTOPYIO MOXKHO PAa3MECTHTH ITapy KyCTOBBIX
IUIOMAI0K
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IMar 1: Pacuer MaTpumbl paccTOSHUN MEXKAY KyCTOBBIMU
omagkamMu  distance, 'y KOTOPOM KaXAbIH D3JEMEHT PpacCUUTAETCS
CIIEIYIOIM 00pa3oM:

distance, , = ‘(xi,yi)—(xj,yj) , I,je [I,K] , (5)
rae K — KONH4EeCTBO KYCTOB;
(xi , y;) — KOOpPMHATHI KYCTOBOI ILIOMAAKY i-Or0 KycTa.

ITar 2: Pacuer paccTOSHUS MEXAY KyCTOBBIMU ILIOLIAJKAMU
U MX CaMBIMH yJaJIeHHBIMHM CKBaXMHaMH (Jlanee — paanyc 30HBI BIMSHUS
Kycra) radius:

radius, = mflx‘(xﬁ,yi)—(xl,y, )‘, ie[LK], (6)

rie K — KOIMYecTBO KyCTOB;
(xj, , y:) — KOOPJMHATHI KYCTOBOH ILTOIAIKH i-0r0 KYyCTa;
(x,,y,) — KOOPAWHATHI /-0l CKBaXXUHBL, [ € [1,|Sl,|] ;
Si
Mar 3: O6xox kaxoit mapsl KyctoB. Eciu condition (7) Gonblie

nnu paseH 0, To mapa KycToB i W j ABISIOTCA COCEISIMHU, B MHOM Cllydae
rapa KycTOB I U j HE ABIAIOTCS COCEASAMMU.

S, — i-Blii KYCT, COEpKaIui

CKBa’>XHH.

condition = radius, + radius; — A-distance, ;, @)

rie radius; — pagiyc 30HbI BIUSHHUS i-TO KYCTa;
distance; j — PaCCTOSIHHE MKy I-OH U j-Ol KyCTOBBIMM IIIOIIA/IKAMH;

A — monpaBo4HBI Kodddument, A € (O, 1) (B pamkax wuccnemoBaHus

aBTOpaMH HCIIOb30Baics A paBHBIM 0.83).

B mnemom mnocne 3aBepmenus Illara 3 mnponenypa Haxomur
MaTpHIly CMEKHOCTH  KYCTOBBIX IDIOmAanok. Ho Takas wmarpuua
CMEXHOCTH 3a4acTyl0 ~HE  YAOBJETBOPSET  YCIOBHIO  IUIAHAPHOCTH
(pucyHOK 2),  KOTOpOE  HEOOXOOUMO IS aJeKBAaTHOM  paboTHI
CJI/IYIOIIETO JTana aBTOMAaTH3alnN nporecca MIPOEKTUPOBAHUS
pa3paboTKu HEPTIHOTO MECTOPOXKICHHUS, a IMEHHO IJIAHWPOBAHUS BBOJA
B OKCIUTYaTalIHIo MECTOPOXKICHUSL. IMostomy  namee ormcaHa
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YacCTb NpoueAypbl, MHNOCBALICHHASA IPUBCACHUIO rpa(ba, HOCTPOCHHOI'O
Ha OCHOBC MAaTpHILbl CMCKHOCTH, K INTAHAPHOMY.

10000

3000 —

G000

4000

L

2000

% —t—————f—————t——— =X
-2000 0 2000 4000 6000 000 10000

Puc. 2. [Ipumep paboTs! mporexypsl HaXOKACHHUS MaTPHULBI CMEKHOCTH

Ilar 4: O6xox mo BceM kyctam. /s i-oro kycrta neighbours —
CIIMCOK €ro cocesei.

[ar 5: O6xoxm Mo BceM cocelsiM i-0r0 KycTa. common_neignbors —
CNHUCOK 00LIMX coceliell i-oro u neighbours; xyctos. Jlanee i-plif xycr
Oyner uMeHoBaThes A, a neighbours;Kycr — B.

IITar 6: Pacuer paccrosiHusA MeX Iy KycTaMu A u B.
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Iar 7: O6xom Bcex obmux coceneit kyctoB 4 u B. Texkymmii
obmmit cocen kyctoB 4 u B Oymet umenoBatbest C. Pacuer paccrosamii 4C
u BC.

ar 8: Ecnu yrom HampoTuB CTOpOHBI AB Oojble WM paBeH
90 rpamycoB (KOCHHYC yria HAPOTHUB CTOPOHEI AB value (8) MeHbIe win
paseH 0), To U mapel i-oro U neighbours; KycToB 3aBepHIaeTcsi 00XOJ
ux obmmx coceneit. [lepexon k mrary 9. MHaue mepexon k mary 5.

BC? + AC? — ABR?
value = . 3
2-BC-AC

IMar 9: Econ y kycta A win Kycta B HET CKBaXKUH, TO MEPEXOA
K wmary 5.

Iar 10: PacyeT NONUrOHAIBHBIX CTPYKTYpP BOKPYT CKBAXKUH KYyCTa
A ¥ CKBaXMH KycTa B.

MHar 11: ITycte OyaeT MOCTpOEH OTPE30K MEXAy Kyctamu A U B.
Torna Touka P — nmepeceueHue OTpe3ka AB M MOIUTOHATIBHOI CTPYKTYPHI
kycra 4, a Touka () — mepeceueHHe OTpe3ka AB M NOIUrOHAIBHOU
CTPYKTYpHI KycTa B.

Iar 12: Pacuer paccrosHus Mexay KyctoM A u Toukod P. Pacuer
paccTosiHuS. MeXAY TOUKod O U KycToM B.

Iar 13: Pacdyer oTHOWIEHMS ratio MeXNy AAMHAMU CTOpoH PQ
uAB.

[lar 14: Ecmu pmuea AP < radius; m nnvaa QB < radius;,
TO nepexop k mary 14. Muaue nepexon k mary 15.

IMar 15: Touku P m Q HaxomaTcss BHYTPU COOTBETCTBEHHO 30H
BiusHUA KycToB A u B. Ecim ratio > 0.15, To He00X0ANMO yIaIUTh CBS3b
MEXIY i-bIM U neighbours; xycramu. Ilepexon k mary 4.

lar 16: Kak muHuMMyM ogHa u3 Touek P u (Q Haxoadrcs
3a IpefenamMu  30HBl BIUSHHA cBoero Kkycra. Ecmu ratio > 0.13,
TO HEOOXOMMO YIalUTh CBA3b MEKAY i-bIM W neighbours; Kyctamu.
Iepexon k mary 4.

Hcnonp3yemble moOporoBele 3Ha4deHHs Uil KodddumueHra ratio
B marax 15 u 16 npouenypsl HaXOXKACHUSI MATPULBI CMEKHOCTU KYCTOBBIX
IUTOIIAOK OBUIM YCTAHOBJIEHBI OIBITHBIM ITyTEM B IPOLECCE HACTPOHKH
paboTHI IPOLEYPEIL.

6. YucieHnbie JKCIePUMEHTDI. Jns HCCIIEI0BaHU
pa3paboTaHHOI'O  ajNropuTMa KOPPEKTHPOBKM IOJOXKEHHS KYCTOBBIX
TUTOIIA 0K OblIa pa3paboTaHa cieayromas cxema:

—  Tloxmroroska TECTOBBIX HedTIHBIX MECTOP OXKIACHUI
JUISI IPOBEICHUSI HCCIIEAOBAHMUS;
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— Pa3memenue KycTOBBIX IUIOIANOK C  HCIONB30BAHUEM
OINITUMHU3AIIOHHOTO AIITOPUTMa HA TECTOBBIX MECTOPOXKACHUAX. DuKcarus
pe3yIbTaTOB pa3MEILECHMUS;

— 3amyck pa3pabOTaHHOTO aIrOpUTMa Ha OCHOBE KaXKAOI'0
COXPAaHEHHOI' 0 Pe3yabTaTa Pa3sMEIEHHs] KyCTOBBIX IUIOMA0K IPU MOMOILIH
OINITUMHU3AIMOHHOT0 ajaroputMa. ®ukcanust pe3yabTaTOB KOPPEKTUPOBKH
MOJIOXKEHHS KYCTOB.

B paMkax co3maHHs TECTOBBIX HE(TSIHBIX MECTOPOXIEHHH OymyT
paccMOTpeHBl ~ pa3Hble  TeOMETpUYecKHe  (UTYyphl,  MOTEHIUAIBHO
OXBATbHIBAIOUINE OOJBIIYI0 YacTh CHEKTPa BO3MOXHBIX KOH(UIypaIuii
3ajie’keld  yriaeBOJOPHOTO ChIpbs. sl MOATOTOBKM TECTOBBIX HE(TIHBIX
MECTOPOXKJCHUH OBUI OINpEeAeseH CIMCOK XapaKTepHBIX IPHU3HAKOB,
KOMOHMHAIMN KOTOPHIX (POPMHUPYIOT BO3MOXKHBIE KOH(DHUTYpaIN 3aIeKeH:

—  HempaBwiIbHas (opMa KOHTYpa;

—  BBITAHYyTas QopMa KOHTYpa;

—  3aJIeXb C OOIIMPHOI 30HOH OTCYTCTBUS KOJUIEKTOPA;

—  HECKOJBKO HECBSI3aHHBIX OJIOKOB 3aJICKH.

Bcero amns sxcneprMenTa ObLIO MOATOTOBIEHO TPU CHHTETHYECKUX
TECTOBBIX HE(QTSIHBIX MECTOPOXIEHHS, KIIOYEBBIE XapaKTEPUCTHKH
KOTOpPBIX TpeAcTaBieHbl B Tabmume 1. BHemHuMid BUX  TECTOBBIX
MECTOPOXKIECHUN MPOJEMOHCTPUPOBAH HA PUCYHKAX 3 — 5.

OCOOEHHOCTBIO TIEPBOTO  MECTOPOXKACHHS  SIBIISICTCSl  HAJIMUHE
5 pa3BeZOUHBIX paHee MPOOYPEHHBIX CKBa)KWH, KOTOpHIE HE MOAJIeXar
00BEAVHEHNIO B KYCTBI M, COOTBETCTBEHHO, HE YJacTBYIOT B IIpoIiecce
KycroBaHus. OCOOEHHOCTBIO K€ ITOCIIEAHETO MECTOPOXKJICHHUS SIBISIETCS
TOPU3OHTAJIBHBIA THUN CKBaXHWH. J[IMHA CTBONIA M a3WMYT COCTaBIISIOT
450 M u 65 rpaTycoB COOTBETCTBEHHO.

Tabmuma 1. XapakTepuCTHKU TECTOBBIX MECTOPOXKACHHUIT

XapaxtepucTain 1 Homep TCCTOBOF;) MECTOPOKICHHS -
Thromane (KMz) 172.03 76.04 368.92
Konmaectso 3anexeit 2 4 1
KonudecTBo 100bIBArOIIIX 350 320 336
CKBKHH
KonumyecTBo HarHeraTelIbHBIX 169 303 373
CKBKHH
OO0111e€ KOJTMYECTBO CKBAXKHH 521 625 759
Tl COTKH CKBASKHH obpaieHHas obpaleHHas maxmaTtHas

CEMHTOUYEYHAs MATHTOYEYHAS psiHas
Tur ckBaKuH BEPTUKAIBHBIN BEPTUKAIBHBINA | TOPU30HTAIBHBIH
PaccrosiHuEe MEXTy CKBaKHHAMHU 600 500 700
(M)
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Puc. 4. Cxema mpeacTaBieHUs] BTOPOTO CHHTETHYECKOTO MECTOPOKICHHS
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CrenyromuM 3TaroM HEOOXOMUMO 3aIlyCTHTh 3a7ady pa3sMEICHUS
KYCTOBBIX TUTOIIAIOK W CKBAXXHH MEXKY HUMH MPHA TMOMOIIHU TII00aTHHOTO
Merona  omruMmu3armuu.  J[ms  3TOro  HEOOXOOMMO  OMpPEHCITUTCS
CO 3HAYCHUSIMHU OCHOBHBIX OTPAHWYCHUH, a TAKXKE C METOIOM TIIOOATBHOM
ontuMu3anuu. B kadecTBe anropurMa TIIO0ANBHONH ONTHMHU3ANUU OBLT
BEIOpaH METOJ POST YaCTHUI], KOTOPBIA YCIICITHO MPUMEHSIETCS TIPH PEIICHUI
MPUKIAAHbIX 3a1a4 [40 — 42].

Uro0Bl OrpaHUYUTh HCIONB30BAHUE BBIYMCIUTEIBHBIX PECYPCOB
P PEUICHUH 3aJ][ad ONTUMHU3AIUHN TPEOYeTCsl BBECTH IOHITHS MOITHOCTH
onTUMM3auu N, JlaHHoe TOHATHE 0003HAYaeT MaKCHUMAalbHOE
KOIIMYECTBO  3aIyCKOB  IENEeBOM  (QyHKIuu. [  momymsIumOHHBIX
aJTOPUTMOB MOIIHOCTh ONTHMH3AIMNA MOXHO OIPEICIUTE CICTYIOIIHM
obpazom:

Nmax = NP'Itermax > (9)
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rae NP — pa3Mep NOMyJIsILHY;
Iter,,,, — KOMMYECTBO IOKOJICHHMM.

B pamkax gaHHOM 3amaum, 1eneBas (QYHKIUS — OIKCaHA
B (hopmyse (2). B kauecTBe BXOAHBIX MapaMETPOB BBHICTYIAIOT KOOPMHATEI
mo ocsM X u Y pasMmeniaeMelXx KyCTOBBIX IuTomanok. CrenoBaTenbHO,
pasMep TONYISIUUA ONTHMH3AIMOHHOTO QJITOPUTMAa JUIS  PEIICHUS
TIOCTAaBJICHHON 3ajadd OyJer paBeH YABOGHHOMY YHCIY KYCTOBBIX
IUIOIIAOK.

OrHomeHne pasMepa MOMYIAIUM U KOJIMYECTBA MOKOJIEHWM
B paMKax JaHHOTO MCCJIEIOBaHMS Oy/leT BEITMYMHON IMOCTOSHHOW M Oyner
paBHO oauMH K JBYM. Takum o00pa3oMm, BBIOpaB 3HA4YEHHE MOIIHOCTH
ONTUMU3AIIH U Pa3MEIICHUS 7 KYCTOBBIX IUIOMAJ0K, aBTOMATHYCCKH
OIIpeIeNIAETCs pa3Mep MOMYISANNH U KOTUYECTBO MOKOJIECHHH.

Jlanee TpeOyeTcs OmpeNeNnuTh 3HAUYEHHS OCHOBHBIX OTpaHUYCHUH,
KOTOpBIE MIPEICTABICHBI HIXKE:

—  MUHUMAJBHOE JIOIYCTHMMOE KOJIIMYECTBO CKB)XMH B KyCTe —
10;

—  MakCHMajbHOE JIOITyCTUMOE KOJINYECTBO CKBaXXHH
B KycTe — 24;

—  MakKcuMalbHas BeauduHa orxoxa — 2500 m.;

—  MHUHUMAIbHO JONYCTHMOE pAcCTOSHHE MEXAYy JABYMS
KycTOBbIMH IuTomiaakaMu — 1000 M.

CpaBHEHHE pPE3yNIbTaTOB PA0OTHI ONTHMHU3AIMOHHOIO aJIrOpUTMa
W pa3pabOTaHHOrO alropuTMa KOPPEKTHPOBKM IOJOKEHHS KYCTOBBIX
TUTOIIAJIOK IOCJIE BBINOJHEHMS! ONTHMHU3AIMOHHOTO aJTOpUTMa OyJner
MPOBOJIUTHCSI HA OCHOBE aHalIM3a BEJMUUHEI IITpada, KoTopas 0003HavYaeT
CTEIeHb HApYIICHNS 3HAYCHUIH OCHOBHBIX OIPaHUYEHHH.

CTOHUT OTMETHTH, UTO JJI CPaBHEHHs Oepercs BenmdyuHa mTpada
JIO yMHOXKEHMsI Ha «. Takas BeIUYMHA COCTOUT U3  CPEAHEro
apu(MeTHUECKOro 4Ymcia KycTOB MO KaXIOMY W3  HapylmIeHUH
orpaHundeHuil. Ho, mpu 3TOM OOMH M TOT € KYCT HE MOXKET HMETh
OJJHOBPEMEHHO HapyIICHHs Ha CBEpXMaJIOE M Ha CBEpXOOJBIIOE YHCIIO
ckBaxuH. CrenoBaTenbHO, AOMYCTUMBIM JMara3oH BEJIWYMHBI mTpada
Oyner pasew [0, 3].

JUIs  KaXIIoro TECTOBOTO MECTOPOXKJICHUSI OBUIM  OIpeJesICHbI
KOJIMYECTBO KYCTOBBIX IUIOMIAZ0K, KOTOpbIe HEOOXOIMMO pa3MeCTHTh,
U TIepeueHb NPUHUMAEMBIX 3HAYEHUII MOLIHOCTU ONTUMU3aLUH. JlaHHbBIE
MOKa3aTedu TMpeAcTaBieHsl B Tabmune 2. J[mg Kakgoro BBIOpaHHOrO
3HAYEHMs] MOIIHOCTH ONTHMHU3AIMU OBLIO ONPEAEICHO YHCIIO peaan3anui
pasHoe 50.
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Tabmnuma 2. KonuuecTBeHHBIC ITOKA3aTeIN IS ONTHMHU3ALMOHHON 3a1aun

Homep TecToBOro MeCTOpOKICHUS
Ilokazarenu
1 2
KonuuecTBO KyCTOBEIX
¥ 25 30
TIJIOIIATOK
MuHuManbsHOE IPUHUMAEMOE
3HAYCHHUE IJISI MOIIIHOCTH 4000 4800 5600
ONTUMU3ALNHI
MaxkcuManbHOE IPUHEMAEMOE
3HAYCHHE JJISI MOIITHOCTH 84000 100800 117600
ONTUMU3ALIHI
IIar mis MOIHOCTH
AU MOTIL 10000 12000 14000
ONTUMU3ALNHI
Jnst  TpoBeNeHWS ~ WCCICAOBAaHWA B paMKaX  ITyOJIHKAIUU

WCTIONIB30BAJICS NIPOrPaMMHBINA TPOAYKT, pa3paboraHHBINH aBTOpamu [43].
OxcrepuMenT npoBoawics Ha OBM ¢ OIl Windows co ciemyromumu

XapaKTepUCTUKAMU:
- 03V:327%0;

—  KOJIMYECTBO fA1ep: §;
— TakroBas yacrora: 3700 I'ri.

Pe3yJ'II>TaTBI OKCIICPUMCHTOB NPCACTABJICHBI
BI/I3yaJ'H/13aHI/IH JaHHBIX B Ta6m/1uax NpeaACTaBJICHA HAa PUCYHKAX 6-—8.

Tabmuma 3. 3rauenust mrpada Ui IepBOro TECTOBOI0 MECTOPOXKICHHUS

B Tabmumax 3 — 5.

3HauCHUsI MOITHOCTH ONTHMH3AIHHA

4000 ‘ 14000 ‘ 24000 ‘ 34000 ‘ 44000 ‘ 54000 ‘ 64000 ‘ 74000 ‘ 84000

METOJ ONITUMHU3AUUN

min 1 0,6 044 | 048 | 044 | 028 | 048 | 048 0,4
median | 1,28 0,9 0,78 | 068 | 0,72 0,7 0,76 | 064 | 0,72
mean | 126 | 091 077 | 072 | 075 | 068 | 075 | 068 | 0,73
max | 1,56 1,2 1,04 1,08 1,08 | 0,96 1,04 1,08 1,08
sd 012 | 015 | o014 | o014 | 014 | 016 | 015 | 014 | 0,14

METOA ONTUMU3ALNHA C AJITOPUTMOM KOPPEKTUPOBKU

TIOJIOKCHHUS KYyCTOBBIX INIOIIAI0K

min 0 0 0 0 0 0 0 0 0
median | 0,04 0,04 0,04 0,04 0,04 0,04 0,04 0 0,04
mean | 0,04 0,04 0,04 0,03 0,03 0,04 0,04 0,03 0,03
max 0,2 0,2 0,16 0,24 0,12 0,2 0,16 0,12 0,16
sd 0,05 0,04 0,04 0,05 0,03 0,05 0,05 0,04 0,04
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Ta6numa 4. 3nauenust mrpada Ui BTOPOro TECTOBOTO MECTOPOXKICHHS

3HauCHUsI MOITHOCTH ONTHMH3AI[HHA

4800 ‘ 16800 ‘ 28800 ‘ 40800 ‘ 52800 ‘ 64800 ‘ 76800 ‘ 88800 ‘100800

METOJ ONITUMHU3AUUN

min 0,5 0,23 0,07 0,1 0,07 0,07 0,1 0,07 | 0,07
median | 0,7 0,4 027 | 023 0,2 0,2 0,2 0,2 0,17
mean | 0,7 039 | 027 | 022 | 0,19 021 0,2 0,2 0,16

max 0,9 0,57 0,4 0,37 0.4 037 | 033 0,43 0,37

sd 0,08 | 008 | 008 | 005 0,07 007 | 006 | 007 | 007

METOA ONTUMU3ALNHA C AJITOPUTMOM KOPPEKTUPOBKU ITOJI0KCHHUSA KYCTOBBIX INIOIIAI0K

min 0 0 0 0 0 0 0 0 0

median 0 0 0 0 0 0 0 0 0

mean | 0,01 0,01 0,01 0,01 0,01 0,02 | 0,01 0,01 0,01

max | 007 | 0,13 0,1 0,13 0,1 017 | 007 | 017 | 007

sd 0,02 | 0,03 0,02 | 0,03 0,02 004 | 002 | 003 0,02

Tabmuma 5. 3nauenust mrpada Ui TPEThEro TECTOBOTO MECTOPOXKICHUS

3HaYCHHS MOLTHOCTH ONTHMHU3AIUU

5600 ‘ 19600 ‘ 33600 ‘ 47600 ‘ 61600 ‘ 75600 ‘ 89600 ‘ 103600 ‘ 117600

METOJ ONITUMHU3ALUUN

min | 0,83 037 | 026 | 023 0,17 0,11 014 | 0,14 | 0,14

median | 097 | 0,66 | 043 037 | 034 029 | 029 | 029 | 029

mean | 097 | 0,65 044 | 037 | 033 031 0,28 03 0,29

max | 1,14 | 0091 0,74 0.6 0,51 049 | 046 | 043 0,54

sd 0,08 | 0,11 0,09 | 007 | 007 0,08 | 007 | 007 | 008

METOJ ONTUMU3ALNHA C AJITOPUTMOM KOPPEKTUPOBKU ITOJI0KCHHUSA KYCTOBBIX INIOIIAI0K

min 0 0 0 0 0 0 0 0 0

median | 0,03 0,03 0 0,03 0,03 0,03 0,03 0,03 0,03

mean | 0,03 0,03 0,02 | 002 | 003 0,03 0,03 0,03 0,02

max | 0,11 014 | 0,14 | o011 0,17 0,17 | 0,11 0,2 0,09

sd 0,03 0,03 0,03 0,03 0,04 0,04 | 0,03 0,04 | 0,02
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7. O0cyxneHne ¥ BbIBOABI. B pamkax pemeHus 3anadu
pasMelleHnss KYCTOBBIX IUIOMIAJ0K Ha HE(PTSIHOM MECTOPOXKACHHU OBLIO
NPOBEACHO  CpaBHEHHME  pabOTOCHOCOOHOCTH  ONTUMH3ALHMOHHOTO
aJropUTMa METONA POsl YaCTHUI] U HAJCTPOUKA HAJ HUM, MPEACTABIISIONICE
co00ll anropuT™M KOPPEKTUPOBKH MOJIOKEHUS KYCTOBBIX IUIOIIAIOK.
Jlis mpoBeieHnsT  SKCIIEpUMEHTa OBUTH  TIOJITOTOBJICHBI TPH TECTOBBIX
CHHTETHYECKUX HE(PTAHBIX MeCTOpOXJeHUs. CpaBHUBAEMBIM ITOKa3aTelleM
SIBIUIACH BENWYWHA INTpada 3a HapyIIeHHEe OCHOBHBIX OTrpPaHUICHUN
3aaum.

Boma BBeseHa MOIIHOCTE  ONTUMM3ALUM, IIOHSATHE, KOTOpOE
OIpaHWYMBACT BBIYMCIUTENBHBIE BO3MOXKHOCTH METOJA ONTHMH3ALHH.
JIId KaKIoro  TECTOBOTO MECTOPOXKICHUS Obuta orpezeneHa
TIOCJIE/IOBATENIFHOCT,  NIPUHUMAEMBIX ~ 3HAUEHWH  3TOro  Iapamerpa,
1 OTHOCHTENBHO HUX OBUI MPOBE/EH 3aITyCK PacCMaTPUBAEMBIX IOIXOJIOB.
[MonydeHHbIE  pe3ymbTaThl  OBUIM  TPEACTaBICHBI B TaOJIHMIHOM
u rpaduueckoM (opmarax.

Ha mpuBeneHHBIX Tpadukax s BU3yalTH3allMd PE3yIbTaTOB ObLIa
BbIOpaHa JuarpaMMa «SIIUK C ycaMu», KOTopas OTJIMYHO JAEMOHCTPUPYET
3HAYEHHWsT MeIWaHbl W MAaTeMaTHYECKOro OXHIAaHWS, MUHHUMaJIbHbBIC
W MakCUMaJbHbIC 3HA4YEHMs, a TaKxKe OToOpaXkaeT BBIOpOCH. Takum
00pazoM, ISl KaKJ0ro NPUHUMAEMOro 3HAYEHHS MOITHOCTH OIITUMH3aIUH
Ha TpaduKe TPHUBOIATCS COOTBETCTBYIOIIME CTATHYECKHE I1OKA3aTeIH
OTHOCHTEJIFHO BEJTMYHMHBI IITpada.

[MpumeneHne ONTHUMHU3ALMOHHOTO IOJXOJAa JUII BCEX TECTOBBIX
He(TSHBIX MECTOPOXKICHWH HEe TO03BOJIMJIO IMONYYUTHh  pEIICHHE,
YIIOBJIETBOPSIIOIIEE  IIOJIb30BATEIILCKMM ~ OTPAaHMYEHHSIM B paMKax
MOCTaBIEHHON 3ajaud. [IpelyiokeHHBI B paMKax JaHHOW CTaTbU
ITOpPUTM B OOJIBIIMHCTBE CIIy4aeB HAaXOAWT ONTHMAJIbHOE pellieHue 0e3
HapyIIeH!s 33aJJaHHBIX OrPaHUYEHUH.

[MomyueHHsle  pe3yabTaThl MOXKHO  CBsi3aTh C TEM, 4YTO
NIPE/ICTaBJICHHOE PEIICHHE SIBJISIETCS HAACTPOMKOM HaJ ONTHMHU3AIMOHHBIM
METOJIOM. AJITOPUTM KOPPEKTHPOBKU HCIIONB3YET B KauyecTBE BXOJHOM
nHpopManuy pacroyaokeH!e KYCTOBBIX IUIONIAJIOK, KOTOPOE ONpPEAeNseTcs
B XOll¢ pabOThl METOoNa ONTUMM3AIMU. B cuily ciydailHOro XapakTepa
pasMelieHuss KyCTOBBIX  IUIOMIAJIOK METOA  ONTHMH3AIUMH  MOXET
TeHEpHPOBaTh pEIICHUS, TPH KOTOPHIX YCTPaHEHHE HapylIeHWH 00
HEBO3MOXXHO, JIMOO Oyzmer TpeOoBaTh OOJNBIINX  BBMUCIUTENBHBIX
pecypcoB. [IpumMepbl HEKOTOPBIX TAKUX CHTYAIHH:

—  KycToBas TUTOIIA KA HaXOANTCS 3a npenenamMmu
MECTOPOXKICHUSI U HE IMEET COCEIEeH;
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—  KycToBas IUIOHNIaJKa M €€ COCeIM HUMEIOT HapylICHUS
10 OrpaHUYEHHUIO0 MaKCUMAJILHOTO YHCIIa CKBAXHH;

—  KycToBas IUIOHNIaJKa M €€ COCeIM HUMEIOT HapyIICHUsS
10 OrPaHNYEHUIO MUHUMAJILHOTO YNCIIa CKBAXKHH.

B nmemom crnoxuBOIyIOCS MPOOJIEMY MOXHO PEIINTh  JBYMS
criocobamu:

—  3aMeHa ONTUMM3ALMOHHOIO MO/IX0/1a Ha JPYTHeE PEIICHHS;

—  cO37aHHe HOBOTO CAMOCTOSITEIBHOI'O aJTOPUTMAa pa3MeELIeHUs
KYCTOBBIX IIJIOIIA/IOK.

HoBoe pemenne  fmaHHOW  3aJauyll  MOXET  3aKJIIOYATHCS
B NPE/ICTABJICHUH €€ B BHJIE 3aJa4H yIaKOBKH.

Taroke BO3MOXKHa 3aMEHA TEKYIIEro MeToja posl YacTHL[ IPYTUMHU
OINITUMHU3AIIOHHBIMHY TOX0J[aMH, TIO3BOJISIONINE peIaTh 3a1a4y yCIOBHON
ONITUMHU3ALHH.

8. 3aki0uenue. B paMkax TaHHOTO MCCIEOBAaHMS OBUT IPEIOKEH
aITOPUTM KOPPEKTUPOBKH ITOJIOKEHHUSI KyCTOBBIX IUIOMIAJIOK TIPH PEIICHUH
3a/1au pa3pabOTKH HEPTSHBIX MECTOPOXKICHHH.

[MpennaraeMplii MOAXOA OCHOBAaH HAa WJAEH M3MEHEHHS B3aWMHOIO
PpacIIONOKeHNsI KyCTOBBIX IUTONIAJ0K Ha 00JIACTH MECTOPOXKICHUS, C IIENbI0
YCTpaHEHWs] ~ HAapyIIEHWH  TPOEKTHBIX  OTPAaHWYEHHUH,  CBA3aHHBIX
C IUTAaHUPOBAHMEM MECTOPOXK/IEHHMs. B KauecTBE BXOAHBIX JIaHHBIX
TIPE/ITIOKEHHOE PEIIEHHE HCIONB3YeT pPe3yibTaT pasMeIIeHHs] KyCTOBBIX
IUTOIIAI0K, KOTOPBIM OBLI MOJYYeH IIPH ITOMOIIM METONA ONTHMH3AIHH.
B nenom 3a cyer uCIONb30BaHMS [AHHOIO IIOAXOJa NPH pa3paboTKe
MECTOPOXKICHUSI MOXKET OBITh JIOCTHTHYT pe3yibTaT, IPH KOTOPOM
KOJIMYECTBO CKBAXKMH JUII KaXIOr0 M3 KYCTOB OyleT B Tpezenax
JOITYCTUMBIX HOPMAaTHBOB, a PAaCCTOSHHE MEXIY KyCTaMH — HE MEHbIIe
3aJIJaHHOTO.

B paMkax 4HCICHHBIX SKCHEPUMEHTOB OBLIM C(HOPMHPOBAHEI
CHHTETUYECKHE MECTOPOXIEHHS, KOTOpBIE OTIMYAIOTCS APYr OT Apyra
reoOMeTpHUet, KOJIMYECTBOM 3alieKell M KOH(Urypaluued CETKH CKBa)KWH.
Ha Hux ObIIO MpoBeneHO pa3MeleHHe KyCTOBBIX IUIOMA0K MPH ITOMOLIH
QITOPUTMA ONTHUMH3ALNN «METOA posi yacTulp. CleaylonuM maroM Obut
3aIyIieH ajJrOpUTM KOPPEKTHPOBKH ITOJIOKEHHUSI KYCTOBBIX IIIOIIAIOK.
Takum 00pa3oM, BBHIIIONHSUIOCH CpaBHEHHE IITPaHOrO MOKa3aTess Mocie
3aBeplieHUss pabOThl ONTUMM3ALMOHHOIO METOAa W  IpelaraeMoro
noaxona. B Xxone aHamm3a MNONYyYEHHBIX pE3YyJIbTATOB OBUIM ClIEJIaHbI
BBIBO/IBI O TOM, YTO IPEAJIOKEHHBIH aJTOPUTM B OOJIBIIMHCTBE CITydacB
MOJKET CIPABIIATHCA C IIOCTABJICHHOM 3a1auei.

B nanpHeiimeM B pamkax pelleHUs] TaHHOW 3aqaudl IUTaHHUPYEeTCs
BHEJpEHHE TMPE/ICTaBICHHOIO TMOAXOJa B CaM IIPOLECC pPEeHIeHUs
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ONTUMU3ALUOHHON 3aJaud Kak JOMNOJHHUTEIbHBIN 3Tall, NO3BOJIIONIUI
BBIIOJIHATh ~ KOPPEKLMIO HAHJEHHBIX pEIIeHUH I1OoJ  HMMEIOIIUecs
orpaHudeHus. JI[pyroe BO3MOXHOE HalpaBIECHUE UCCIEIOBAHUN B paMKax
pelIeHus 3aJaudl aBTOMAaTH3aluy Mpoliecca MPOSKTUPOBAHUS pa3pabOTKH
He(TSHBIX MECTOPOXIEHHWH OymeT 3aKiodaThesi B (POPMUPOBAHHH HOBOM
METOJIOJIOTUM  Pa3MEIIEHNs] KYCTOBBIX IUIOMIAJIOK 0€3 HCIIOJIb30BaHUS
IJI00aJTBHBIX ONTHMHU3AIMOHHBIX AITOPUTMOB.
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E. KULAKOV, A. MIKHALEV, A. SARENKOV, A. SHUTALEV, A. FEDOREEV
POSITION CORRECTION ALGORITHM OF WELL PADS WHEN
SOLVING THE PROBLEM OF DEVELOPING OIL FIELDS

Kulakov E., Mikhalev A., Sarenkov A., Shutalev A., Fedoreev A. Position Correction
Algorithm of Well Pads When Solving the Problem of Developing Oil Fields.

Abstract. This article is devoted to the problem of automation of the stage of combining
wells into clusters, considered as part of the process of designing the development of oil fields.
The solution to the problem of combining wells into clusters is to determine the best location
of well pads and the distribution of wells into clusters, in which the costs of developing and
maintaining an oil field will be minimized, and the expected flow rate will be maximized. One
of the currently used approaches to solving this problem is the use of optimization algorithms.
At the same time, this task entails taking into account technological limitations when searching
for the optimal option for the development of an oil field, justified, among other things, by the
regulations in force in the industry, namely, the minimum and maximum allowable number of
wells in a pad, as well as the minimum allowable distance between two well pads. The use of
optimization algorithms does not always guarantee an optimal result, in which all specified
constraints are met. Within the framework of this study, an algorithm is proposed that allows
us to work out the resulting design solutions in order to eliminate the violated restrictions at
the optimization stage. The algorithm consistently solves the following problems: violation of
restrictions on the ultra-small and ultra-large number of wells in a pad; discrepancy between
the number of pads with a given one; violation of the restriction of the ultra-close arrangement
of pads. To study the effectiveness of the developed approach, a computational experiment
was conducted on three generated synthetic oil fields with different geometries. As part of the
experiment, the quality of the optimization method and the proposed algorithm, which is a
raise to the optimization method, were compared. The comparison was carried out on different
values of optimization power, which denotes the maximum number of runs of the target
function. The evaluation of the quality of the work of the compared approaches is determined
by the amount of the fine, which indicates the degree of violation of the values of the main
restrictions. The efficiency criteria in this work are: the average value, the standard deviation,
the median, and the minimum and maximum values of the penalty. Due to the use of this
algorithm, the value of the penalty for the first and third oil fields is reduced on average to 0.04
and 0.03 respectively, and for the second oil field, the algorithm allowed to obtain design
solutions without violating restrictions. Based on the results of the study, a conclusion was
made regarding the effectiveness of the developed approach in solving the problem of oil field
development.

Keywords: oil field, development of oil fields, oil well, cluster drilling, violation of
design restrictions, adjustment of the position of cluster pads.
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