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UH®OPMATHU3ALIUS TPOTHO3UPOBAHUS PUCKA
CTPYKTYPHO CJIOKHBIX TEXHUYECKHUX CUCTEM C
MOMOIIBIO MOJEJEN BAMECOBCKUX CETEN
JIOBEPUSI

B.B. Boruy:kanun, H.O. lllu6aeBa

Opecckuil HALMOHAIBHBIM MOPCKOW YHUBEPCUTET,
Meunukosa 34, Onecca, 65404, Ykpaunna, e-mail: vint532@yandex.ru

IIpeanaraercss METOMUKA OIICGHKH PHCKa CTPYKTYPHO CIIOXKHBIX TEXHHUYECKHX CHCTEM,
OCHOBBIBAIOIIASICSI HA MaTeMaTHYeCKOM armapare AMHAMUYeCKUX OalecOBCKHX ceTei
nosepus. IlpoBeneHo — uccienoBaHue — pa3pabOTaHHBIX — MOJENied  OLEHKH — pHCKa
(YHKIIMOHATBHO-B3aMMOCBS3aHHBIX U B3aHMMOJICHCTBYIOIIMX MOJCUCTEM U MX 3JIEMEHTOB,
BXOJSIIIUX B CJIOXKHBIC TEXHUYECKHE CHCTEMbI TO TEKylled uHpopManuu 00 ux
BEPOSATHOCTSIX  OTKasza. [lomydeHHBIE  pe3yabTaThl  OIICHOK  pHUCKA  IMO3BOJSIOT
MPOTHO3UPOBATh 3HAYCHUS BEPOATHOCTH OTKa3a, PUCK U MOIICPKUBATH TPHHATHE
peLIeH i TIpH MOUCKe JIe()EeKTOB B OTKA3aBUIMX DJIEMEHTAaX CUCTEMBI.

KiroueBble cjioBa: OIeHKA pHUCKa, CIOXHasA TEXHUYECKAA CHUCTEMA, IPOTHO3HUPOBAHUE,
JUHaMHU4YCCKas OaifecoBCKast CeTh JAO0BEpUs.

BBenenue

B Hacrosimee Bpemsi SKcIUTyaTanusi U OOCITY)KMBaHHWE CTPEMUTEIHHO PACTYIIMX IO
Pa3MEPHOCTAM  CTPYKTYpHO  CIOXHBIX TexHuueckux cucreM (CTC) cBs3aHbl ¢
HEOOXOAMMOCThIO  OoOecriedeHus 0ojiee  JKECTKMX  TpPeOOBaHWM TIO  TIOBBIIICHHUIO
addeKTUBHOCTH UX WucHoib30BaHus [1,2]. B 3Toi cBsi3u BO3pacTaer polib METOMOB,
0asupyloUMxcs Ha COBPEMEHHOM  MPOTPAaMMHOM  OOECIeUeHUH  JUAarHOCTHKH U
nporno3upoBanus CTC. HeoOxogumma pa3paboTka HOBBIX MOJENEH TUAarHOCTUKU H
nporuozupoBanus CTC B mensx onepaTUBHOTO OOHAPY)KEHUS HEITAaTHBIX CHUTYaIluH,
ounenuBanus pucka CTC, a Ttakxke mpenocTtaBieHUss MHGOPMAIUU C BO3MOXKHOCTHIO €€
peanu3anuu B mpejesiax pecypca JOMyCTUMOTo pucka [3].

[Ipu »skcmnmyataruu CTC He HCKIIIOYEHBI CHUTYallMH, CBSI3aHHBIE C BHE3AMHBIMH,
HEIPOrHO3UPYEMBIMH OTKa3aMU (yHKIIMOHAJIbHO-B3aUMOCBS3aHHBIX U B3aUMOJICHCTBYIOIINX
nojcucTeM U ux asnemeHToB, BxoAsumx B CTC. B nensx mpoineHus cpoka sKCIUlyaTaluu
CTC HeoOXoamuMo yYUTHIBaTh, YTO HanbOoOJIee CYIECTBEHHBIN MTEPHUO BPEMEHH 3a Mpe/enamMu
TrapaHTUHHOTO CpoKa OOCTYXMBAaHUS  XapaKTEpHU3yeTCs MEIJICHHBIM  YBEIUYCHHEM
BEPOSITHOCTH OTKAa3a MOJICUCTEM U MX DJIEMEHTOB, YCWICHHEM MpoLeccoB ux crapenus. [Ipu
TOM HEOOXOJIMMO OIIEHMBATh M NPOTHO3UPOBATH (PAKTHUECKOE TEXHUYECKOE COCTOSHHUE C
y4eToM peanbHOll crienuduku konkperHoro tuna CTC 3a skcrutyaranonHbid nepuon. T.e.
COCTOSIHME, XapaKTepU3YIIlee CHCTEMY B KOHKPETHBIH MOMEHT BpPEMEHH, IpHU
HEONPEIEICHHBIX YCIOBUAX OKPYKAIOIICH BHEIIHEHM M BHYTPEHHEHW CpeAbl U C Y4YETOM
perlaMEeHTUPYEMBIX 3HAUEHUH AKCIUTyaTaimoHHbIX napamerpoB CTC [4-6].

JIJist yCHenrHoro penieHus 3a1adu 00ecreyeHrs] HaJIeKHOCTH M KOMIUIEKCHON OIICHKHU
puckoB CTC HeoOXOoauMO CHSTH PsJl HEOMPEACICHHOCTEH, KaKas M3 KOTOPBIX SIBISETCS
JIOCTAaTOYHO CJIOKHOW M 3HaunMMou. K TakuMm HeOmpeneleHHOCTSIM OTHOCSITCS: HEIMOJHOTa
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nHGOpPMAIMM O BHEIIHUX M BHYTPEHHHUX BO3JCUCTBUSX HAa CHCTEMY, O COCTOSHUU TaKUX
CHCTEM;  HEOINpPENEeNeHHOCTh B  TOBeAeHWM  cucteM. CHITHE  NEpEeYHCICHHBIX
HEOIIpEeICIEHHOCTEH JODKHO OCHOBBIBAThC Ha pemeHnH Takux 3aaad 1 CTC kak oreHka
pUCKa W €ro NPOTHO3MPOBAaHWE, pPa3padOTKa CTPATETHH TEPUOAMYHOCTH TEXHUYIECKOTO
o0CITyKHBaHUS.

Takum 00pa3oM, Bce BBINICTIEPEYHCICHHBIE MPOOJIEMBI, CBSI3aHHBIE C JKCILTyaTaluei
CTC, a uMEHHO MPOTHO3UPOBAHHE BEPOSITHOCTU OTKAa3a, PUCKA, 3aCTaBJIAIOT MCKATh HOBBIC
METO/BI pEIIeHHus TOJOOHBIX 3amady. Takue 3amadud MOTYT OBITh YCHEIIHO pEIIeHBI C
MCIIOJIb30BAHUEM MAaTEMAaTUYECKOr0 MOJCITUPOBAHMS, Pa3pabOTKON 3(P(HEKTUBHBIX METOJIOB
OLIEHKN PHCKA CHCTEM M MX aJITOPUTMOB, PEATH30BAHHBIX B BUJIE KOMIUIEKCOB MPOOJIEMHO-
OPHEHTHUPOBAHHBIX TPOTPAMM.

VYuuteiBas cnennduky CTC, cymecTByromnpe mpooieMsl o 00eCcTeueHru0 HaAe)KHOCTH
UX  OKCIUTyaTalliM  33jada  MHGOpMATH3aIMM  TPOTHO3MPOBAHUS  OLIEHKH  pHCKa
(YHKIIMOHATHHO-B3aMMOCBS3aHHBIX W B3aUMOJCHCTBYIOIINX IOJICHCTEM M HMX 3JIEMEHTOB
CTPYKTYPHO CJIO)KHBIX TEXHUYECKHX CHCTEM aKTyallbHa.

He.]]b CTAaTbU M MMOCTAHOBKA 3aJ1a4M UCCJICJOBaAaHUA

Ienvio cTaTbu SIBISIETCS TOBBINICHWE HANIGKHOCTH JKCIUTyaTaluu (hyHKIIMOHAIBHO-
B3aMMOCBSI3aHHBIX M B3aWMOJICUCTBYIOIIMX IOJCUCTEM U UX DJIEMEHTOB CTPYKTYPHO
CJIOKHBIX TEXHUYECKUX CUCTEM.

3a0aua wuccnenoBaHus — UHGOpPMATH3allkMsid W MPOTHO3UPOBAHUE OILIEHKH pHUCKa
(YHKIIMOHATTLHO-B3aMMOCBSI3aHHBIX U B3aWMOJICUCTBYIOMIMX TOJCUCTEM U HX DJIEMEHTOB
CTPYKTYPHO CJIO’KHBIX TEXHUYECKUX CHCTEM.

OcHoBHAA YaCTh

JInss OuEeHKM W TOPOrHO3MPOBAHUS 3HAYEHUs BEPOSITHOCTH  OTKa3a, pHUCKa
(YHKITMOHATTLHO-B3aMMOCBSI3aHHBIX U B3aWMOJICUCTBYIOMIMX TOJCUCTEM U HX DJIEMEHTOB
CTC no anpuopHBIM M anlOCTEPUOPHBIM JTAHHBIM, a TAKXKE MOJJICPKKH MPUHATUS PEIICHUN
MIpH TIOUCKe Te(PEKTOB B OTKA3aBIIMX 3JIEMEHTaX CHCTEMBI pa3padoTaHa MOIENb, OCHOBaHHAs
Ha JuHaMUYecKkux OaitecoBckux ceTsx aosepus (AbCI) [7.8].

Ucnons3oBanue JIBCJl mo3BossieT ¢ OOMBINONH TOYHOCTBIO orpeaensaTh dnemMeHTsl CTC
HauOojee MNpPUONMKEHHBbIE K KPUTHUYECKOMY COCTOSHUIO M BBIXOJY WX U3 CTPOSL.
[TocTaBneHHass 3ajaua pemIaeTcsi HMCIOJb30BAaHUEM ITOCTOSIHHOM CHCTEMBI OIpOCa BCEX
3JIEMEHTOB CHUCTEMBbl Ha pA3JIMYHBIX €€ YPOBHSAX 3a KOHKPETHBIA IEpPUOJ BPEMEHHU. OJTO
no3sosisier ¢ nomounpto JIBCJl MozmenupoBaTh aBapuilHble CUTYallUd U TOYHO OIPEAEIATH
KpPUTHUYECKHUE 3HAUYCHHS pUCKa Bbixojaa U3 ctpos sneMeHToB CTC. IlosBisieTcss BO3MOXKHOCTb
YCTaHABIIMBATh TIEPUOJ BPEMEHH CBS3aHHOTO C pa3pabOTaHHBIM alTOPUTMOM OIpOCca
3JIEMEHTOB CHCTEMBI, 32 KOTOPBIA MPOBOIATCS JTUHAMUYECKHE OLEHKH W IPOTHO3WPOBAHUE
3HAUEHUs BEPOSATHOCTHU OTKa3a, pucka CTC.

[Toctpoenue u uccnenopanue JIbCJ/] mpoBeneHO ¢ MCMOIB30BAaHUEM MPOTPAMMHOTO
npoxaykta GiNle [9]. Ilpumenenue cpensl GiNle mo3Bomnser:

® OCYIIECTBUTh IUHAMUYECKYIO TUAarHOCTUKY Kaxkoro snemenTa JIbCJI;

® T[POU3BECTH PETPECCHOHHBIN aHAIN3 BIMSHUS KaXXIOTO POAMTENIBCKOTO 3JIEMEHTA
CETH Ha €€ COOTBETCTBYIOIINHN JOUYEPHUI JIIEMEHT;

® OCYIIECTBHUTH rpapuueckoe 0TOOpakeHHE Pe3yIbTaTOB MIPOTHOCTUIECKOTO aHAIN3a
noseaeHus rpymnmn 35emMeHToB CTC;

® TPOU3BECTH PACUETHI 3HAYEHUSI BEPOSITHOCTH OTKa3a, PUCKA, & TAK)KE HACTYIUICHUS
KPUTHUYECKOTO COCTOSIHHS sl (DYHKIIMOHAIBHO-B3aUMOCBSI3aHHBIX M B3aWMOJICHCTBYIOIINX
MTOACUCTEM M MX 3JIEMEHTOB CTPYKTYPHO CJIOKHBIX TEXHUUECKUX CUCTEM.
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B xauectBe mpumepa mpu pa3paboTke W HCCIEAOBAHWU MOJIENIeH OIEHKH pHUCKA TIO0
TeKymeid WHOOpPMAIMK O BEPOSTHOCTAX OTKaza (YHKIMOHAILHO-B3aUMOCBS3aHHBIX U
B3aMMOJICHCTBYIONIUX MOJCUCTEM U X 3MeMeHToB, Bxoasmux B CTC, BeiOpana cymoBas
sHeprernueckas ycranoBka (COVY). Crpykrypa JABCJ COVY mnpencraBiena Ha puc. 1.
Hcnonb3yemsle yciaoBHBIE 0003HauUeHHs Ha puc. | nmpuBeneHs! B Ta0I. 1.

Puc. 1. Ctpykrypa ABCII COY

Taoauua 1.

YcnoBabie 0003HaYeHus d5teMenToB COY B JIBC/]

HaunmenoBanue >neMeHTa

VYcaoBHOE 0003HAUEHNE

BxonaHoii sneMeHT BXOH, VHOD
PydHOe ynpaBiieHHE TJIaBHBIM JIBUTATEIIEM PYT' ]I, RUGD
CucremMa C)xaToro Bo3ayxa CCB, SSV
Cuctema yrpaBiieHUs JBIKETEILHO-pYJIeBbIM KoMmIuiekcoM (/IPK) CYJIPK, SUDRK
KorenbHas ycTaHoBKa KY, KU
CynioBasi 3JI€KTPOCTAHIIMS CO, SE
[IpoTuBonokapHas cucrema I1C, PS
I'naBHBIN IBUTATENH I'1, GD
Cucrema JUCTAaHIIMOHHOIO aBTOMAaTU3WUPOBAHHOIO YIPaBICHUS JAY, DAU
(JJAY) rmaBHOTO ABUTATENS

bamacTHO-OCymIMTEIRHAS] CUCTEMA bOC, BOS
Ilepenaya MOIIHOCTH OT IJIABHOTO JIBUTATENS K JIBUKETEIIO IIM, PM
Agapuiinblii npusoj JIPK All, AP
JIBIKUTEIILHO-PYJIEBOM KOMIUIEKC JIPK, DRK
Cucrema CaHUTapHON BOJOMOATOTOBKHI CCBII, SSVP
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Crpykrypa ABCJl COY — 3T0 MHOroypoBHEBas CUCTEMa PAaCIOJIOKEHUS DIIEMEHTOB,
cocrosimiasi u3 14 3JI€MEHTOB CUCTEMBI, 7 YPOBHEH ¢ TOOABICHHEM CICIMATN3UPOBAHHBIX
NpPOMEXYTOUHBIX y310B Pl u P2, ofecneunBarommx pealn3alyio MHOTOYPOBHEBOU
cTpykTypsl cetu. s snemeHtoB cTpyktypbl JIBCJI[ COVY BepxHero ypoBHS 3a7aroTcs
YCIIOBHBIE BEPOSITHOCTH OTKa3a C y4YETOM BIMSHUA D3JIEMEHTOB CHUCTEMbI Ooyiee HU3KOTO
UEePapXUUECKOro YpPOBHS Ha 3JIEMEHTHI 00JIee BEICOKOTO HEPAPXUUYECKOTO YPOBHSI.

LleneBast ¢pyHkuusa oneHku padorocrnocodHocTH d1emeHToB COY nocpeactsom [IBCJL
uMeeT BUJ

F(f)b) = {G’M}a

rie G — anmUKIMYeCKUil HampaBieHHBIH rpad cetu; M — MHOXecTBO »neMeHToB COVY,
COCTaBJISIIOUINX CETh.

Bepmmnaamu rpaga ABIISAIOTCA (yHKIIMOHATLHO-B3aUMOCBSI3aHHBIE u
B3aUMOJICUCTBYIOMIHME 1eMEeHThI COY, KOTOphIE, C yUETOM UEpPApPXUU CETH U B COOTBETCTBUU
c [7,10], onpenensitorcs

v={/Ln, j=Lm},

rJe v — HauMeHoBaHue djieMeHTa COY;
i — HOMep OJIOKa B CETH;
1 — YUCJIO OJIOKOB B CETH,

j — HOMEp YpOBHSI B CETH;

M — YHCIIO YPOBHEH B CETH.

BeposiTHOCTH 0TKa3a TpU TPOTHO3UPOBAHMM HANEKHOCTH (PpaboOTOCIIOCOOHOCTH)
snemMeHTOB CDY  U3MEHSIOTCA B COOTBETCTBHM C  JKCHOHEHIHUAIbHBIM  3aKOHOM
pacrmpeneneHuss M UCMHOJb30BaHUEM  JIOTMCTHYECKON  perpeccuu, CrocoOCTBYOIIEH
MPEICKa3aHUI0 BEPOSTHOCTH BO3HUKHOBEHHS HEKOTOPOTO COOBITHS MO 3HAYCHUSM
MHO’KECTBa MPU3HAKOB. {11 3TOro BBOJUTCS 3aBUCHMMAsi IIEpeMeHHas, IPUHUMAIOIIAs JIUIIb
OJTHO U3 JBYX 3HaueHMi. Kak nmpaBuio, 310 uucna 0 (coOsiTre He Tpou3onuio) u 1 (coobiTue
MPOU301LI0), U MHOKECTBO HE3aBUCHUMBIX MEPEMEHHBIX (Takke Ha3bIBAEMbIX MPU3HAKAMU,
MPEAUKTOPAaMH WM pPErpeccopamu), Ha OCHOBE 3HAYEHUH KOTOPBIX BBIYUCISETCS
BEPOATHOCTH MPUHATHUS TOTO WIM HHOTO 3HAYECHUS 3aBUCUMON TIEPEMEHHOI.

ITpu mopenupoBanun JABCJ[ COVY (puc.2) nns pa3nuyHbIX 3HAUEHUN BEPOSITHOCTH
(pucka) oTKa3a BXOJHOTO JJIECMEHTA OIPECIICHbl 3HAYCHHS BEPOSITHOCTH (PUCKA) OTKa3za
(YHKITMOHATTLHO-B3aMMOCBSI3aHHBIX U B3aMMOJICHCTBYIONIUX TOJICUCTEM M UX DJIEMEHTOB 3a
20000 gacoB skcruryatannu COVY (puc. 3, 4). 3 pe3yabTaToB MPOBEACHHBIX HCCIEIOBAHUN
clelyeT, 4YTO IpPH POCTe pucKa oTKaza BxoaHoro 3nemeHnta ot 0.09 k 0.2 pacTyt 3HaueHUs
PUCKOB OTKa3za BceX Jo4YepHUX, Hrpbkectosumx asneMeHtoB JIBCI COVY B cooTrBeTcTBUU C
JTAaHHBIMU, TIPUBEICHHBIMU B Ta0II. 2.

W3 monydeHHBIX pe3yibTaTOB OLIGHOK BEPOATHOCTEM W  PUCKOB  OTKa30B
(YHKIIMOHATTLHO-B3aMMOCBSI3aHHBIX U B3aWMOJICUCTBYIOMIMX TOJCUCTEM U HX DJIEMEHTOB
CDOY omnpeneneHo BpeMs ux oTKasa (Tad:i. 3).

HeneBbim HazHauenuem npumeneHus JIBbCJl mpu oleHkax, Kak BEpOSTHOCTH OTKa3a,
TaKk U pUCKa OTKa3a SBJSETCS anoCTepHOpHBIM BbIBOA. OH 3aKiiodaeTcs B TOM, YTO MpPH
MOCTYIUICHUH HOBOHM MH(MOpManuu 00 0TKa3ax MPUPABHUBAIOTCS K HYITIO HECOBMECTHMBIE CO
CBHUJIETEIILCTBOM allPHOPHBIE BEPOATHOCTH (PUCKH) OTKa3a.
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Tabauua 2.
3HauyeHus pUCKOB OTKa3a nouepHux aementos JbCJ COY
No HaumenoBanue Puck oTkasza Ha BXOJHOM Puck oTkasza Ha BXOJHOM
B 3JIEMEHTa anemenTe 0.09 snemente 0.2
1 I1C 0.07 0.16
2 CCB 0.08 0.17
3 PYT /1 0.07 0.16
4 CCB 0.07 0.14
5 JAY 0.07 0.13
6 Co 0.08 0.15
7 'l 0.08 0.14
8 bOC 0.07 0.12
9 All 0.07 0.12
10 CYJIPK 0.07 0.13
11 KY 0.07 0.13
12 1M 0.06 0.1
13 JIPK 0.08 0.13
=l
|
s |
0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000

L

Puc. 3. BepositHOCTh 0TKa3a 31eMeHTOB COVY 1pu BEpOATHOCTH OTKa3a Ha BXoje cuctemsl 0.26

Taoauna 3.
Bpewms otkasza anemento COY
DJIEMEHT OTKa3a Bpewms otkaza, u

JIPK 10898
CCBII 14270

KY 14683

'] 15534
CYJIPK 19355
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Puc. 4. Puck otkaza snementoB COY mnpu pucke oTKasza Ha BXoJe cuctemsl (.2

3areM HOPMHUPYIOTCSI OCTaBIINECS BEPOSTHOCTU (PUCKH) OTKa3a C YYETOM alpHOPHBIX
BEPOSITHOCTEH (PUCKOB) ISl TOTO, YTOOBI MX CymMMa paBHsuiack enunuile [7]. T.e. anpuopHbie
JaHHBIE JHHAMHYECKH TIEPECUUTHIBAIOTCS U (HOPMHUPYIOT alOCTEPUOPHYIO  OLICHKY
BEPOSITHOCTH (PHCKA), KOTOpasl SBJIETCS allpuOpHON WHpOpMaNmen, 111 00pabOTKH HOBOM
uH(popManui. ATOCTEpHUOPHBIM BBIBOJI OCHOBAaH Ha TMpOLEAypax aHalu3a JIaHHBIX,
noiaydaemeix BceienctBue ucnoib3oBanus JBCJl. Ilpu peanuszanuu Takoro mnoaxoja B
UCCJIEI0BAHUSX, MOJICTUPOBAHUEM 110 alPUOPHBIM M allOCTEPUOPHBIM JIaHHBIM OIpPEIeTICHbI
noacucteMbl COY, HaUOOJIBIITUM 00pa30M BIHUSIONIME HA PaOOTOCIIOCOOHOCTh BCEH CHCTEMBI
3a pa3JIMuHbIE TPOMEXKYTKU BPEMEHH. Y CTAHOBJIEHO, YTO K TAKUM IMOJCUCTEMAM OTHOCSTCS:
CCB, CYIPK, KV, CO, I'/l, IIM, JIPK, my1st KOTOphIX HEKOTOPHIE PE3YJIbTATHI NCCIEAOBAHUI
IIPUBE/IECHBI HA pUC. 5, 6.

U3 mpoBeneHnbix wuccnenoBanuii cieayer, yto JPK, 3aBucsammii ot CO, umeer
HAuOOJBIINKA PUCK BBIXOJA U3 CTPOS M MOXET MEPEUTH B CTATyC KPUTUUYECKU YSI3BUMOTO
anementa. Ecim JIPK npoBepen vepe3 100 gacoB paboTel u mmeeT puck otkaza 0.08845, to
paboTocTocOOHOCTh MOACUCTEMBI HE HApYIIIeHa, a 3Ha4YuT, paboTtocrnocooHa Bes CTC.

Hcnons3oBanue pe3ynbTaTOB HMCCISIOBAHUN pa3pabOTaHHBIX MOACIECH B IEIAX
PETPOCTIEKTUBHOIO aHaiu3a aBapuiHbIX cuTyaruii Ha CTC mno3BONSET pemuTh 3aaady
onpezeneHuss ux npuuuH. OcoOyr0 akTyalbHOCTh ITO NMPUHUMAET, KOTJAa aHAIU3 aBapuu,
BBISIBJICHUE €€ MEPBONPUYMHBI U MPUHATHE COOTBETCTBYIOIIUX MEP IO3BOJIAET UCKIIOYUTH
WIM YMEHBIIUTH BEPOSATHOCTh MOBTOPEHUSI HEOIArONPUITHBIX COOBITHI, a 3HAYUT BBITIOJIHUTh
MOCTABIICHHYIO  3aJady, T[OBBICHTH  HAJIEKHOCTh OKCIUTyaTallMk  (yHKIIMOHAIHHO-
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B3aMMOCBA3aHHBIX U BBaHMOHeﬁCTBYIOIHHX noaACUCTEM MU HUX JJICMCHTOB CTPYKTYPHO
CJIOKHBIX TEXHUYCCKHUX CUCTEM.

0,0805

0,0804 CCB anocTepHopHan
0,0802 / /
0,0802 i
™
00,0801 %ﬂ_
G CCB anpuopHan
0,08 S puop

D :u? gg T T T T T T T T T 1

) 10 20 30 40 50 &0 70 80 o0 100
t,u

Puc. 5. Anpuopnas u anoctepuopHasi orieHkH pucka otkaza CCB CDOY npu nocryrmieHuu
uHpopmanmu o0 O0TKazax

g 00875
0,0874 C3 anocrepropHan

0,0873
/

0,0872

_;___—i

.
\\KCE} anpuopHas

0,0865 T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100

t,u

Puc. 6. AnpuopHas u anoctepuopHas OLEHKH pucka otkaza CO CDOY npu moctyrsieHuu
nHpopManuu 06 oTKazax

BriBOaBI

BrnepBrie pazpaboTaHbl METOAOJOTHUUECKHE OCHOBBI MH(DOPMAIMOHHOTO O0OeCreueHus
MIPOTHO3UPOBAHUS TEXHUYECKUX PUCKOB 0TKA3a CYAOBBIX CTPYKTYPHO CIOXKHBIX TEXHUYECKUX
cucteM, Oasupyroluecss Ha MOJeNAX OalleCOBCKUX CeTel JoBepus C  y4eToM
B3aMMOCBSI3aHHOCTH U B3aUMOJICHCTBUS MTOJICUCTEM M UX DJIEMEHTOB.

Hcnonp3oBanue pa3zpabOTaHHON METOAMKH TMO3BOJISIET MPOTHO3UPOBATh TEHICHIUHU
W3MEHEHHUsI BEpOSTHOCTH U pucka oTkazoB CTC Bo BpeMeHHM C YYETOM U3MEHEHUSs
BEPOSTHOCTH U PUCKA OTKA30B OTAENIbHBIX €€ 3JIEMEHTOB.

IIpennaraemast MeToAMKa OLIEHKH pucka oTka3a cynoBblx CTC mo3BossieT onpenenuTb
3HAUUMOCTD JICUCTBYIOIIUX B CUCTEME B3aUMOCBA3EH U B3aMMOJICCTBUM 2JIEMEHTOB CUCTEM.

[TonmydeHHble pe3ynbTaThl OICHOK BEPOSTHOCTH U PHUCK OTKa3a IO3BOJISIOT
MIPOTHO3UPOBATh 3HAUEHUS BEPOSITHOCTH M PUCK OTKa3a, MO KUBATh MPUHATHE PEIICHUN
MIPH MOUCKE AePEKTOB B OTKA3ABIINUX dJIEMEHTAX CUCTEMBI.
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IHOOPMATHU3ALIA NIPOTHO3YBAHHA PUSUKY CTPYKTYPHO CKJIATHAUX TEXHIMHHUX
CHUCTEM 3A 1O0ITIOMOI'OI0O MOJEJEU BAUECOBCKHUX MEPEK JOBIPA

B.B. Buuyxanin, H.O. [llu6aeBa

Opecbkuii HaIllOHATLHUH MOPCHKHUIN YHIBEPCHTET,
Meunukosa 34, Oneca, 65404, Ykpaina, e-mail: vint532@yandex.ru

IponoHyeTbess METOAMKA OLIHKH PH3HMKY CTPYKTYPHO CKIAIHUX TEXHIYHHX CHCTEM, SKa
IPYHTYETbCS Ha MaTeMaTHMYHOMY amnapari JWHaMiYHUX OalleCOBCKMX MeEpexX JMIOBipH.
[IpoBeneHo mociiPKEHHS PO3POOJIEHUX MOJENed OIHKM PH3UKY (YHKIIOHAJIBHO-
B3a€EMOIIOB'I3aHUX 1 B3a€MOJIIOUMX IIACUCTEM 1 iX €JIEMEHTIB, IO BXOJATH B CKJIaIHI
TEXHIYHI CHCTEMH 3a IOTOYHOIO iH(OpMalielo mpo iX HMoBipHOCTI BigMoBu. OTpumaHi
pe3yJIbTaTh OLHOK PH3HMKY JO3BOJIIOTH IPOTHO3YBaTH 3HAUSHHS MMOBIPHOCTI BiIIMOBH,
PU3HK 1 HIATPUMYBATH NPUIHATTS PIilICHb NPH MOUTYKY Ie(EKTiB B BIIMOBHIIN €IEMEHTaX
CHCTEMH.

Kuio4oBi cjioBa: oriHka pu3nKy, CKJIagHa TEXHIYHA CHCTEMA, MPOTHO3YBAHHS, THHAMITHA
OaecoBa Mepeka JIOBipH.

INFORMATIZATION OF PROGNOSTICATION OF RISK STRUCTURALLY OF THE DIFFICULT
TECHNICAL SYSTEMS BY MEANS OF MODELS OF THE BAYES NETWORKS OF TRUST

V.V. Vychuzhanin, N.O. Shibaeva

Odessa National Maritime University,
Mechnikov 34, Odessa, 65404, Ukraine, e-mail: vint532@yandex.ru

Methodology of estimation of risk structurally of the difficult technical systems, being base
on mathematical vehicle of the dynamic Bayes networks of trust, is expounded in the
article. A study of the worked out models of estimation of risk of the functionally-associate
and interactive subsystems and their elements, included in the difficult technical systems on
current information about their probabilities of refuse, is undertaken. The got results of risk
estimations allow to forecast the values of probability of refuse, risk and to support making
decision at the search of defects in the saying no elements of the system.

Keywords: risk estimation, difficult technical system, prognostication, dynamic Bayes
network of trust.
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VK 004.056:061.68; 004.3.75:061.68 Informatics and Mathematical Methods in Simulation
Vol. 6 (2016), No. 3, pp. 215-226

OINTUMAJIBHICTbh HEYCIYEHOI NOCJIJJOBHOI
IMPOIIEAYPH BAJIBJIA B 3AJIAYAX ITEPEBIPKH JIBOX
IMPOCTHUX MMPOTHO3IB HECAHKIIIOHOBAHOI'O
JOCTYITY B IHOOPMAIIMHUX MEPEKAX JTEP)KABH

B.b. I[y;mReBnql, I.P. Onipcucm”ll, ILL Tapaniok’, O.A. BaBpiqu2

"Hamuionanpauii yriepentet «JIbBIBChKa MOMITEXHIKaY,
Byn. Ct.bannepu,12, JIbBiB,79000,Ykpaina; e-mail: iopirsky@gmail.com
* HanionansHa axazemist JlepkaBHOT IPUKOPIOHHOT Ci1yk6u Yipainu iM. B.XMelTbHUIBKOTO,
By [lleBuenka, 46, M. XMenpaHUIBbKHH, 29003, Yipaina

B pob6ori MatematMdHO OOTPYHTOBAaHO Ta BHUBEACHO BHpPa3H, IO TOYHO OMHCYIOTh
TIOCITiIOBHE TpaBuiio Banbna, i B paMkax 3po0JIeHUX MPUITYIIEHb Ta JOCTiKEHb BUBEICHO
BUpa3d ONTHMAIbHOI MEPEeBIPKH JBOX HPOCTHX MPOTHO3iB, IO B CBOK Yepry I03BOJISIE
oTpUMaTH NOJaJbLUINKA  PO3BUTOK  BHPILICHHIO npobyiemMu MPOTHO3yBaHHSI
HECaHKIIIOHOBAHOTO JOCTymy. Ha OCHOBiI IOCHIKCHHS ONTUMAJIbHOCTI HE YCiue€HOTO
MOCITIZIOBHOTO ITpaBwiia Basba oTpuMaHo piBHOCTI, IO 3B’A3YIOTh HIMOBIPHOCTI HOMMJIOK 3
3aJJaHMMH [TOPOTaMH 1 MTOPOTH 3 33JaHUMH HMOBIPHOCTSIMU TTIOMIUIOK SIKi CIIPaBEIJIMBI JJIs
3arajibHOrO BUIAJKy 3aJCKHUX HCOMHOPITHHX CIOCTEPEKCHb 1 JUIS HE3AICHKHHUX
OJHOPITHUX CIIOCTEPEKECHbD.

KirouoBi cjioBa: HECaHKIIOHOBAaHMH JOCTYI, iH(OpMaIliiiHi CcHUCTeMH JepXKaBH,
npoteaypa Banpaa, mporHo3, NporHo3yBaHHs, HOPIr, ONTHMAIbHE IOCIIIOBHE MPABHUIIO,
CIIOCTEPEKCHHS

Beryn

CTBOpEHHSI IPOTHO31B — AyK€ crenudiYHUN MPoIeC, TOMY iX MepeBipKa MpeICTaBIIsIe
co00I0 BaXKHH 1 MOTPIOHMH eTam MPOrHO3yBaHHA. B 3araibHOMY BMIIAAKy 3HANTH
KOHCTPYKTUBHE PIIICHHS HE 3aBX/JW BIA€THCS HABITh B JIBOX AJIbTEPHATHBHHUX IPOTHO3aX.
ToMy OCHOBHY yBary MNpUAUIMMO BUMNAAKaM, KOIU MOOYIOBAa KOHCTPYKTUBHUX PillleHb
MOXJIUBa. Po3riisitHEMO HE TIIBKM JBOX albTEpHATHBHI, ajle 1 0araTto aJbTepHATUBHI
nporenypu. B 0ararboX NpaKTUYHMX 3aJadax 3aKOHH PO3MOALUTY HMOBIpHOCTEH
JIOCJTIJDKYBAHUX BHITAIKOBHX MPOIECIB 1 HE CIIOCTEPEIKYBAHUX CUTYAIlil BIJIOMI HE TIOBHICTIO,
a B KpamioMy BUIAJKy — 3 TOYHICTIO OO CYKYINHOCTI 3aBa)kKaloyM IapaMmeTpiB. 3amaui
MPOTHO3YBaHHs HecaHkIioHoBaHOTO noctyny (HCJ) TicHo moB’si3aHi 3 3a1a4aMi KOHTPOJIIO
MOTOYHOTO cTaHy iH(popmariiHux Mepex nepxkasu (IM/I), sk BUPIIIYIOTBCS aBTOMAaTUYHO 1
XapaKTePU3YIOThCS TMO-TIepIIe, BEIUKUM 00’eMoM 00poOIoBaHOil iH(opMarii i, mo-apyre,
3HAYHOI0 OJHOMAHITHICTIO TIOPIBHSHO HEBEJIIMKOTO YMCJIa OCHOBHHX omepalliid. Ik mokasye
JIOCBiJ], TPOTPaMH KOHTPOJIIO 1 IPOTHO3YBAaHHS MAlOTh B OKPEMHUX BUIAJIKAX TUCAYI KOMaHI, a
iX BUKOHAHHS 3BOJMTHCS 0 OaraTopa3oBHX 3BEPHEHB JI0 TaM’SITi 1 MAMPOTPaMOI0 KOHTPOIIO
1 mpornody. IlepeuncieHHi OCOOMMBOCTI [dAlOTh BUPIMIAIBHUA BIUIMB HAa MUTaHHA
paIioHATBPHOTO PO3MIIICHHS BUXIJHUX JIaHWX, TPOrpaM KOHTPOJIO Ta MPOTHO3Y B TaM’sTi
EOM 1 Ha oprasi3aiito CTpyKTypH IIPOrpam.

Takum ynHOM, TIpoOJIEMa BU3HAUYEHHS OCHOBHHUX QJITOPUTMIB MPU TIEPEBIPIll MPOTHO31B
HC/I B IM/I, a Takox po3BUTKY Teopii nmporno3yBanHs HC/] B IM/] Ha 6a3i MmaTeMaTH4HOTO
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amapary Teopii WMOBIPHOCTEH € aKTyaJbHUM 1 TNOTpedye NIeTaJbHOrO 1 MOJAIBIIOrO
HayKOBOT'O JIOCHIDKeHHs. B Hamiiii pob0oTi MU MPOJOBXKYEMO MOTIMUOIIOBATUCH Y MPOOIEMY
nporuo3dyBanHss HCJI B IMJI, BHKOpPHCTOBYIOUM, KOHKPETHO B Wil CTaTTi, Cy4acHHH
MaTeMaTUYHUHN arapaT Teopii KIMOBIPHOCTI, @ caMe BUKOPUCTOBYIOUH MpoleAypu Banba.

Memoro nanoi poOOTH € JMOCHIPKEHHS Ta aHalli3 BUKOPUCTAHHS JBOIOPOTOBOI
MOCTIZIOBHOI HEyCideHoi mporeAypu Bampaa mis mepeBipKH JIBOX TMPOCTUX IPOTHO3IB
HECAHKIIIOHOBAHOTO JOCTYMY 10 iHOpMAaLiHHUX MEPEX IepiKaBH.

OcHOBHA YacTHHA

Po3rnsiHemMo He ycidueHy MOCIHiJJOBHY MEPEeBIpKY ABOX albTEpPHATHBHUX MPOTHO3IB MpPHU
HE3aJISKHUX, MOJMJIMBO, HEOJHODPIJHUX CHOCTEPEXKEHHSIX NPH JOTPUMaHi  yMOBHU

RN(T)= min{R,? (T),R), (Tn)}, n=1,N-1,, n1d BUKOHAaHHJI $KOIO B JaHOMY BHUIAIKY
JIOCTaTHHO BUKOHATH YMOBY g, ()P, (r° >n) > 0,n — o0, N — o0, BianoBigHO 3 Teopemoro |

[1] onTuMaibHE HE yciueHe MPaBUIIO MOXKE OYTH OTPUMAHO 3 YCIUEHOTO MUISIXOM IPaHUYHOTO
nepexonxy N — oo. ToMy onTUMaibHa HEYCIUeHA MPOLEypa MAE BUTIISA;

LA, >B,,
ul(A,) = 0,A, <A, (1)
uH,An e (An,Bn),n >1,

ae noporu A,, B, 3HaxomaTbes 3 piBHAHB G, (A,)=G,;(A,).G,(A,) =G, ;(A,), B IKHX
: N
G, (A,)=limG" 1 (A,).
N—o
TakuM yuMHOM, TpU JOBUIBHIN 3aJI€)KHOCTI BTpAT BiJl HOMEpA KPOKY CIIOCTEPEKEHHS 1
HEOJHAKOBO PO3MOJIJICHUX CIIOCTEPEKEHb ONTUMalbHAa HE yCideHa MpoIeaypa MEpeBipKU
JIBOX TPOCTUX MPOTHO3IB MOJSATae B TOPIBHSIHHI BigHOUIEHHs mpasronoaioHocti (BII) 3
JIBOMa 3MIHHUMH (110 3aJI€XKATh BiJl 71 ) IOPOTaMH.
[Tpunyctumo Tenep, 10 CHOCTEpeXEeHHs omHOpiaHI (p, (x,) = p,(x,)), a (yHKIA
BTPAT Ma€ BUTTISA:

gzj(n) = qozj +C;‘jnai’j = 0)13 (2)

Jie ¢; - BapTiCTh 3aTPUMKH Y BUHECEHHI PIIICHHS Ha OJMH KPOK mpu @ =i; ¢, - BTpaTH Npu
OPUKHATTI j -TO pillieHHs B i - cuTyanii (€ =i), 1110 He 3aJIeXKHUTh BiJ 71 .

0 . N
Jns BukoHaHHA yMoBH p = p(d,) = lim p, (1, ), IOOCTaTHLO BUKOHAHHSI YMOBH
N>

nP(z’ >n)—> 0,n — ©,i=0,1. OcTaHHI BUKOHYIOTHCS y BHIAJKy KiHIEBOTO CEPEIHLOTO

pusuky (CP) p" = p(z").
[Tpunyctumo, mo onTuUMajibHI MOporu He 3anexars Bin n (A, = A,B =B). Tonui,
nigcrasisioun (2) B G, (A,) = yA,g,;(n) + g,;(n) 1

N-n 1 -
Gy (A) =22 {8, (n+ VBV (A,,n,N)+ g, ,(n+ VR (A,,n,N)},n=1,N —1;

v=l j=0

OTPUMAEMO:
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G,n(A,)=Gy(A,)+n(c, +c 7A,);
Gn/ (An) = G/ (An) + n(c() + CIZAn)a

e

G,(A,)=1N@, + @05

N o 1
Gu(A) =2 [ A (@, +cV)BY (A +(@, +c)B(A,) Jn=12,.; 3)

v=1j=0

PY(A)= [PYOA,L)p(x,dx,v 22 POA) = [ px,,)dx,
Jus J

{X n+l } X n+l

X =15, A,.) € (4/A,,B/ A}

n+l

XO = {xnﬂ :A‘(xnﬂ) S (A/An)};

n+l =

n+l —

Xl {xnﬂ :A‘(‘an)ZB/An}’
HE 3aNeXath Bif n . ONTUMabHI TOporu A 1 B NpH 1bOMY 3HaXOAATHCS 3 PIBHSAHB
G,(M)=G,(A),j=0,], 4)

1 BUSIBIIAIOTHCA TOCTIHHUMU. BiamoBigHo, pu JiHIAHINA 3aJI€KHOCT1 BTpAT BiJ HOMEPA KPOKY
CIOCTEpE)KEHHS 1 OJIHAKOBO PO3MOJUICHUX CIOCTEPEKEHb ONTHMajbHAa MOCIiIOBHA
nporenypa 6asyerbcs Ha mnopiBHsHHI BII 3 aBoma moctifiHumu moporamu. Bmeprue s
nporeaypa Oyma 3amporoHoBaHa 1 nocmipkeHa A. Bampmom [2]. Tomy B momanbIioMmy
OyZeMO Ha3UBATU JBOIIOPOTOBY MOCHIIOBHY HEYCIUCHY TPOIEAYPY

I,A, =B,
u;(An): O’An <4, (5)
u,,\, €(4,B),nx1,

npoueayporo Banbna.
[Moporu A4, B, mo Bxomsath B (5), 3amexaTh BiJ BiJHOIIEHh MiX Koe(illieHTaMu

®;-¢;>1,j =0,1, anpiopHoi ¥MoOBIpHOCTI [/ 1 CTeneHi Pi3HOMAHITHOCTI TIPOTHO3IB
(uibHOCTEH  p,(X), po(X)). 3HaiineHi moporu 3 piBHAHHA (4) B peaTbHOMY BHIJISI
MPEACTABISIIOTH COOOI0 MPooIIEeMy.

Beaxaroun B (4) P,”(A,)=0, v=2 B"(A)=0, i#j; B"(A,)=PY(A,)=1
A, €(A,B), oTpuMaeMo NiHIHHY ampoKCHMAIilo s (yHKLii (N?H(An). OueBugHO, 110
BIJIOBIIHI i anpokcuMaltii moporu (aus. (4))

4= 0 B = Pu"%n "%
— X(@y o) X
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€ HIDKHBOIO Ta BEPXHBOIO TPAHUIISIMH BIAMOBIIHO JIJIi ONTUMAJIbHUX 3HA4eHb A, B, Tipu

qyoMy A 1 B Tum O6mk4i 10 4 1 B, unM OUIbIIe BIIPI3HAIOTHCS PO3NOAUICHHS P, (X), po(X).
PosrnsiHeMO Temep YMOBHO €KCTpeMalbHY 3a7ady, B SKii HEOOXiTHO 3HaWTH
ONTUMAJIbHE TIOCIIJIOBHE MPaBHIO u,(X), L0 MIHIMI3ye CepelHill 4Yac CHOCTEpekEeHHs

;(u(x)) =Mr(u)=Fh Z(u) +(1- P);o (u)(r_1 = M,7) B Kjacl NOCHIIJOBHUX IPaBWi, L0 MAIOTh

KIHIIEB1 Cepe/IHI JOBXHUHU 7; < 00,i = 0,1, 1 3aJOBOJIBHIIOTH OOMEKCHHS

o (u(x)) < ai,i =01, (6)

ne o,u)=Pu, (x1)=j), i#j=0,1, — HMOBIpHI NOMUJIKH pIlleHb; «; — 3ajJaHi
HMOBIpHOCTI MOMHJIKOBUX pimieHs. [lo3HaunMo Kinac Takux mpasui uepes A, a,).
[Tpunycrumo, mo icHye Gynkuia u(x) € A(e,,,), Taka, mo au(x)<ea,,i=0,1 (ymona

Cneiitepa). Toxi yMOBHO eKcTpemalibHa 3agada Moke OyTu 3BeieHa 10 Oe3ymoBHOI [1]:
L(Ay, A, uy(x)) = rr%ir)lL(/lo,/@,uo (x)), ne Aos A, - HEeBHM3HAYEH] MHO>KHUKH;

Ly Ayt () =?w(x»@mai(u(x»—af).

Homyctumo  Takox, mo  «,(u,(x)) = ai,i=0]1. Tonxi A, >0,4,>0. Craixyoun
MipKyBaHHAMH [ 1], oTpuMaemo, 110 anoctepiopHuii pusuk (AP)

Ry(A)= (4 2A) " G, =@ +[(1=RB)/ 4y + A RIA T+ M, (5, - @) (M
~ Li#j,
0 0,i= .
3BificM BUTIKae, IO pO3IJSIHYTa YMOBHO €KCTpeMalbHa 3ajjadya EKBiBaJIEHTHA
1-@,i# J,

OaiieciBebkiii  npu  Qyukuii  BTpar g, (n)=¢, +cn, i,j=0,1, ne @, = .
—a,i=j.

¢, =my/A4,,i=01, (7myy=1-m,), 1, BIANOBIAHO, TpPHU HE3ATEKHUX OMHOPITHHUX
CIIOCTEPEIKEHHAX ONTHMaJIbHE TpaBmwiIo (5) 3 moporamu A(&),&l,zzm), B(Eo,al,ﬁm), 10
3ajie’kaTh B1Jl OOMEKEeHb 1 alPIOPHOI KMOBIPHOCTI 7, .

OJHAaK BHSBISETHCS, 110 IPABIIO Baibia MiniMizyerbes B Kiaci A(ao,1) He TUIBKH

0€3yMOBHY CEpe/IHIO JOBXKHHY CIIOCTEPEKEHHsI, aJie 1 1Bl yMOBHI cepeHi AoBxuHH 7, . Cam
mo co0i 1eil ¢akT He € TPUBIAIBHUM, 1, OUEBUJHO, SKIIO BiH Ma€ MiCIle, TO ONTHMAaIbHI
noporn A = A(ao,a1), B=B(ao,1), He 3anexarb Bl anpiopHOi MMOBIPHOCTI 7.

[osnaunmo vepes A’(cro, 1) KIac NOCHIJIOBHMX HE YCIYEHHX IIpaBWi, i sAKuXx B (6)
CIpaBeIJINBI PIBHOCTI

N (ao,an) = fu(x) : a,(u(x)) = e,
)

Ti(u(x)) <0,i=01}, ai+ao<l.

[Tpunyctumo, mo s Oynb-skoro 3HaueHHs 7, € (0,1) 3maiinytees g, (7,,) >0,

go(my) >0, TaKi, 10 OaiteciBCbKe IIPaBUIIO
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1 —
u,(x)=arg %n)fAZ”ol' [gi (o), (u(x)) +7i(u (x))l ne A - KJIac pi3HHX HEPaHJIOMI30BaHUX
u(x)ed =

npaBu1, Hanexkuth knacy A’(co,on). Toni y BimmosigmocTi 3 Teopemoro 1 [1]. mpasuio

u,(X) € ONTUMAJILHUM B YMOBHO €KCTpeMaJIbHill 3agaui:

tuy(x)= inf _ 7 (u(x)),i=0,l. 9)

u(x)eA(ao,a1)

OckinpkH, sIK OyIl0 MOKa3aHO BUINE, ONTUMAILHUM 0aleCiBCHKUM TpaBUIIOM € (5), mpu
BUKOHAHHI BKA3aHOTO MPHUITYIICHHS BOHO ONTHMalibHE B ceHcl (8), ToOTO MiHIMI3ye IBi
ymoBHI cepenni moskmmM B Kkmaci A’(ao,ai). 3 icHyBaHHS HEOOXiIHHX KOHCTAaHT
g.(my,),i =0,1, Butikae i3 nemu 6 ri1. 3 moHorpadii [3], koTpa TyT He BiITBOPIOETHCH.

OTtpumani pe3yabTaTé MOXKHA CYMYBATH 1 BUTJIsI/II HACTYITHOT TEOPEMH.

Teopema 2. SIKIIO CHOCTEPEXKEHHS X,,X,,...,X,,... HE3AJIEXKHI 1 OJHAKOBO PO3MOALICHI
K IpU NporHo3i H, tak i npu H,, To: npu QyHKUii BTpaT (2) ONTUMAIBHUM O0al€CIBCHKUM
NpaBWIOM € IpaBuio Bambaa u (A) = {u*n (A,),n2 1}, 10 BU3HAYEHE CHiBBIJHOIICHHSM (6);
BEpXHS 1 HIKHS TPaHMLS JUIsI TOPOTiB BHU3HAYAIOTHCS PIBHICTIO (7); SKIIO TOCHiJOBHE
npasuino Bamema  u”(A) e A’(ao,a1)(@o + a1 >1), To BOHO MiHiMi3ye ymoBHI cepenHi

TPUBAJIOCTI crocTepekeHHa 7;,i =0,1, B kiaci (MOCHIJOBHUX 1 HEMOCHIJOBHHMX) MpPaBHII
A(EO,EI) , IO MalOTh WMOBIPHOCTI TIOMHJIOK HE OLTBIIE 33 JaHIX Q0,0 i KiHUEBi 71,0 =0,1.

Binznaunmo HacTynHi oOcTaBuHU. Bunanok 7, =co He mpenctasisie iHTepecy. OnHak
MOYKHA TOKa3aTH, 110 MpaBuio (6) onTUMalbHE 1 B I[bOMY BHIAAKY. SKio npaswio Banbaa
He Hanexuts wnacy A’(ao,q1), ane Hanexutbh A(ado,a1), TO, B KIaci A(qo,a1) MOXe
3HalTHCh Haiikpamie (9) mpaBwio. [lpuxmam Takoro pomy npuBeneHuii B [4]. Teopema
CrpaBe/UIMBa 1 Ui 3arajJbHOTO BHMAJIKY CHOCTEPEKCHHS NPOLECY X, B JAUCKPETHOMY
(te {0,1,2,...}) abo HenepepBHOMY (f € [0,00]) gaci, skmo sorapudmu BIT (JIBII) z, =InA,
Mae He3aJIeKH1 OTHOPITHI TPUPOIIICHHS.

B [3] mnokazaHo, mo B 3ajaui MEpeBIpKM MPOTHO3IB MpPO CEpEeIHE 3HAUYCHHS
BIHEPIBCHKOT'O MPOIIeCy MpaBuiio Banbaa onTuMansHe B Ki1aci

Alao,on) =u(x): Blay (), e () = Blao,an),
Bl (u), oy () = Blar,ao)

GiMBII HPOKKM, HiK A(ao,a1). Tyt
B(x,y) = (1-x)In[(1-x)/ y]- xIn[(1- y)/x] (10)

npuaomy M, z(u") =28(cr,000),Myr(u’) = 2 (cto,a1).
BusHaunMo 3B'S30K TOporiB A, B i cepemHix TpuBamocteil 7 =M, 3 3amaHuMH

HMOBIPHOCTSIMU TTIOMUJIOK o, Q1 , JI€

¢ =infln:z, g (ao,an)|=inf{n: A, & (4.B))
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- TpuBanicte Bampna (z,InA,). Iloznauumo yepes o, =z.-a,,0,=z.—a, NEPECKOKU
T T

. * « . v
noporis a,InB ,a,In 4 JIBII B MmomenT 3ynusaku 7 . [ #AMOBipHOCTEH MOMMIIOK MpaBHiIa
Banxpma maemo

* * * *ZT* ¥ T*_ _ —5, ¥ T*_ _ * .
ay= [p(xdx" = [e " p(x)dx =B [e p(x)dx] =B (1-a; —&)e;;

U =1 {u =1 U o« =1
T T T

(11)
* * * Z * * * * *
a, = J‘pl(x1 )dx] = _[ e’ py(x/)dx; =4 J‘e‘s(’po(xl )ax| =A(l-a, —&,)e,;

B
u =0 u =0 w o=l
T T T

Ie e, = Mo(e5°

u's=0)1ie =M/ ‘u*r* =1), & = P(r =) — HMOBIpHOCTI He 3aKiHUCHHS
cnoctepexkeHb. Jlomyctumo, 1m0 mpaBwio Banpga  3akiHdyeTbes 3 MMOBIPHICTIO
1:P(r" <o)=1,i=0,1 (ui ymoBM cHaOKill, 4YMM MOCTYJbOBaHi B TeOpeMi2 YMOBH
kinnesocti 7). Tomi & =0 3 (11) orpumyemMo (GOpMyIH, IO 3B’A3yIOTh HMOBipHOCTI
MOMMJIOK 3 33JJaHMMH TIOPOTaMH 1 IIOPOTH 3 3aJJaHUMHU HMOBIPHOCTSIMUA TIOMHUJIOK:

. e(l-—e4) e,A(B—e))
a,(4,B)=—"——"7"=; o,(4,B)=+r——5;
o(4.5) B—ey e A o(4:5) B—eye A (12)
- — a, - = (1-a))e
A(aoaal): _1 s B(aoaal):%' 13
(l_ao)eo 20 ( )

PisnicTs (13) 3a6e3neuye cTpori piBHOCTI @i = @, y BUNAKY, KOJH PO3NOMIIEHHS Z,
He pemriTdacte. B iHIIOMy BUMaKy MOKYTh ICHYBAaTH Taki 3HAYEHHS ¢; TIPH AKUX & i # O,

T
[To3Ha4mmo depe3 S, = D s, CyMy HE3aICKHHX OJHAKOBO PO3IOALICHHX BEIMYHH s,
n=1
e 7 — ACSKUA MOMEHT 3ynmuHkd. Skmo M |s'

[2,4]:

<o, 7 =M_<oo, TO CIIpaBeIJNBa PIBHICTb

MS. =7Ms', (14)

T

1110 HOCHTb Ha3BY TOTOXHOCTI Baiba. SIkio 0 Toro % M (s')* <o, 1o [2,4]
M(S, —TMs')’ = Ds’,

ne Ds'=M(s' — Ms')’.
Hexait z' = ln[p1 (x)/po(x)] i [,=M7z(x)#0,I,=-M,z'(x) #0, 1mo crnpaBemInBo,
KOIM Mipa TOYOK X, B AkuX p,(x)=p(x), piBHa 0. Bemuuunu [,,/, Ha3uBaroTh

iH(popManiiHuMu KinbkocTssmu (uuciamu) KymnwpOaka-Jleitonepa [5]. Bonu xapaktepusyroTh
KUIBKICTh 1H(GOpMalii , [0 MICTUTBCS B CIIOCTEPEXKEHHAX X Ha KOPUCTh MPOTHO3Y H, MpoTH

H, 1Ha xopucts H, npotu H, BinnosinHo. Hexail Takox

M| Z(x) F <o,i=0,1, (15)

220



[HOOPMATHUKA TA MATEMATUYHI METO/JI1 B MOZIEJIFOBAHHI = 2016 = Tom 6, Ne3

mo 3abe3nedye KiHIeBe [/, cepex nepeckokiB M0, Ta e,. Toxai mnst mo00ro KiHLEBOrO
MOMEHTY 7 Y BIJIMTOBITHOCTI 3 TOTOKHICTIO (14) Maemo

Mz =IMzt, M,z =1,M,. (16)
JI71st MOMEHTY 7, O4eBHIHO,

Mz . =M (a,+6

u'. =B =1) +M,(a, +6, ‘u =0)P(u’. =0). (17)
3 (16), (17) orpumyemo
7 =la (@, + 8,0+ (1 -a)a, +8)) 1 7 =-lag(a, +8)+ 1= a)ay+ 8|/ L, (18)

e é_‘y =M, (d‘u*,:i),i,j =0,1, - yMOBHI cepenHi nepeckoku. BukopucroByroun (13), 3 (18)

OTPUMYEMO 3B'A30K YMOBHHMX CEpEIHIX TpHBAJIOCTEeH TpaBwia Bampaa 3 3agaHuMu
HMOBIpHOCTSIMH ITOMHJIOK:

7 = (an,a) = |f@na0) + (1-3)@, +Ine) +& (5, ~Ine,) )/ I;

(19)
7 = (av.a) = [B(@n.a) - (1-@)(G,, - Ine,) 7,3, + Ine)) I,

ne f(x,y) - dynkuis, BusHadeHa B (10).

Hns Buxopuctanas (12), (13), (18), (19) B mpakTuyHUX poO3paxyHKax HEOOXiIHE
BU3HAYEHHS BENMYUH O,,¢;, 10 B 3aTaJIbHOMY BHIIAJIKy MIPEICTaBIsE COOOK0 BAaXKKY 3a/1ady.
Tomy JOmUIBPHO OTpUMATH AaCHUMNOTOTHYHI 1 HaOmmwkeHi (opmymu. B saxocti mepiioro
HaOMIDKEHHST MOXYTh CIYXUTH ¢Gopmynn Bampna [2], mo irHOpy:oTh e(peKT MEepecKoKy

noporis. [Ipunyckaroun B (13) 1 (19)) ¢, = 1,5, = 0, orpumyemo

A@o.a) ~—F . B@o.an) ~ 2% (20)
1—ao o
7 (a0, a0) = Blar, o)/ 1, T, (a0, ) = Blao,an)/ 1. 1)

Tounicte Gopmyn (20), (21) 3poctae mpu HaOJMIKEHHI MPOTHO3Y (MpU 3MEHIIEHHI B
cepennbomy 30utbmeHs JIBIT 3a kpok) 1 mpu 3MEHIIEHHI 3aJJaHUX HMOBIPHOCTEH MOMHIIOK.

Copasni, sxmo o, — 0, To npu BUKOHaHHI yMOBH (15) é_',, <o,e, < 13 (14), (19) BuTikae,

110 BuOip moporis mo ¢opmyni Banpaa (20) 3abe3nedye acHMITOTHYHI PiBHOCTI

ay, =ea,(1+0@,)), a; = e, (1+0(a,)), (22)
. |1n070| i, |1n071|
7= ro), 7 =——(1+o(D). 23)

['osioBHI uieHM CHIBBIAHOIIEHHS (22) mpu MalMX ¢, CHIBOAJAlOTh 3 IPaBUMHU

yactuHamH (21). Skio, 10 1boro 301MkaroThes MPOTrHO3H, TO €, — | 1, BIANOBIAHO, TOJIOBHI

wieHu (22) MOpiBHIOIOTh o 1 1. TakuM 4uHOM, TOYHICTH popmyn (21) mMoxke BUAATHCH
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32/I0BUTbHIMH HaBITh B BUIAJKY JOCTaTHBO 1HPOPMATUBHHUX CIIOCTEPEKEHBb MPH MAIUX
TaK K O, i Ine, BXoaTh B (13) MyJIBTHILTIKATUBHO.

3 ckazanoro cruigye, mo ¢dopmyaun (20) MOXYyTh BHIATHUCHh JOCUTh TPyOUMH,
3a0e3neuyroud WMOBIPHOCTI TOMUJIOK 3HAa4YHO MEHINE aHiK HeoOximHo (muB. (22)). Ix
YTOYHEHHS, 3B’ s13aHE 3 OL[IHKOIO e, , MOXe OyTH IPOBEIEHO 3 IOIIOMOI00 TEOPii BIAHOBIEHHS

[6]. PesynbraTti pobiT [3, 6] 703BOJISIIOTE 3aMUcaTH HACTYITHI aCUMIITOTUYHI TOYHI (POPMYITH:

(l; - (A,B) — IBI(I_IBOA) +0(£);
B—ﬂoﬂlA B o
a =(4,B )—M+ ( ),A—>0,B - x;
B-4,84
A, ) = =0 (0@ 0@ ™)
(25)

B(ao, o) = ﬂl(l )(1+0(0707‘)+0(0711+7°)) T — 0,

1€ KOHCTaHTH f3,y, 3ajlexaTb BiA PpO3NOALTY CIIOCTEPEXKEHHS 1 BHU3HAYAIOTHCS

CHIBBiTHOIICHHSM
¢ _(1) 9.(0)
Bo=—= i A= 26
I ONG0) 20
B skuX @=*(A) — KOMIIOHEHTHM KaHOHIUYHOi  QakTtopm3amii [6]  ¢yHKmil

p(A)=1-M, exp{/lz'(x)}((o(ﬂ,) =p+(A)p—(1)). B nmeskux Bumaakax B CIiBBiJIHOIICHHSIX

(24), (25) cumBoa o 3amiHtoeTbes Ha O [3].
3 (24) 1 (25) cnigye, 010 AKII0 TOPOTH BUOpATH 110 popmynam

Baoa) =P UM g ay=—H @7
20 (1-a)p,
TO a*l_ in , IPUYOMY TOYHICTh 3POCTA€ €KCIIOHEHLIAIBbHO IIBUIKO MPH 301IbIIEHH] |05i|. B
TOM K€ 4Yac sKmo moporn BuOpatu 1o  Qopmyram  Bampga  (20), TO
~ B, Ei,aﬁ 0(i,j=0,1,i # j). Takum unHOM, BanpaiBcbka ampokcuMmaliisi Ja€ XOpolii
pe3ysbTaTu TUIBKM B TOMY BHIAJKY, KOJIM Majla a0CONIOTHA BEIMUYUHA Nepeckoky (S =1),
T00TO paxkTnuHO mpu @, <<1. Jlna cepennix tpusanocreit 3 (18), (24), (27) npu K0cTaTHBO

MaJluX ¢, BUTIKA€ HACTYITHA allpOKCUMALis:
7 (@o.a) = |B@nan + 5 +np )1 7(ana)=|f@na)+d+ng ), — (28)

ne O, =M, - cepenHi NEpecKOKM O,+z,—a, B OJHOCTOPOHHIX IpaBHIaxX

=inf {n:zn Zal}; 7, =1Inf {n:zn Sao}, AKI MOXYTb OyTH BHYHCIEHI 3 BHUKOPHUCTaHHSIM
Teopii BiTHOBIEHHS [6].

[Tokaxemo, moO 17 YMOBHHX CepefHix TpuBamocted 7:(u)=M, (1) nOBITBHOTO

npaBuia u(x) € A(ao,al) IpHU BUKOHaHHI yMOBH (15) cripaBeasinBi piBHOCTI
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7, (1) = Blon,ao)/ 1y; T, (u) = Blao,a)/ . (29)

Jliist bOTO 3HAOOUTHCS HACTYITHA JIEeMa, TOKa3 SKOi eJIeMEHTAPHO MOXKHA 3HAUTH [5].
Jlema. Hexait (X,J) - BuMiproBaHuii pocTip, B SKOMY BU3HAY€HI B3aEMHO a0COJIIOTHO

HEeNepepBHi O -KiHIeBl Mipu P 1 ,z(x) = lnd—(x). JIyist TOBITBHUX HETIEPECIYHUX MHOKUH
u

Y eF,i>0,takux, mo UY, = X, mMae Miciie HEpiBHICTH

i20

[z > 3 PO (30)

PIBHICTb B IKOMY JOCSTa€ThCs TUIBKH B TOMY BUNaAKy , ko P(Y,) = u(Y;),i 2 0.

IMpunyckatoun cnouatrky P=HB,u=F,, anorim P=F,u=HF 1Y, :{u, =i}, 3 (30)

l

OTPUMYEMO
1 A =1 1 1-¢
Zoy 2 Z(; (u, =1) H%=al(u)ln%+(l—a(u))lnﬁ=
= Bl (u), o, ()
R _ bl =0 oy (1) B 1-a,(w) | _
Mz, < ;%(%_Z)mﬁ(u,ﬂ)_ ao(u)lnl_al(u)+(l a,(u))In )

= =P, (u),a,(w)).

CnpasemuBicts HeBipHOCTI (29) chimye Temep 3 (30), (16) i o6cTaBuHM, MO QYHKIIIS
S(x,y) € cnagHow B obnacti x+ y <1.

3 TeopeMH 2 ONTHUMAJBHICTH MpaBuia Banbaa BUTIKa€e TUIBKM B TOMY BHITAJKY, KOJH
CTIpaBeUIBi TOUHI piBHOCTI a'; =&, Sk BKasyBajoCh BHMINE, Ili PIBHOCTI BUKOHYIOTHCS JUIA
HE PEIITYaCTUX PO3MOIiIeHs TpHu BHOOpi moporiB mo Qopmymam (13), B SKHX TOYHO
BUUUCIIUTH BEJIMUUHU e; 3a3BUYall HE BIAETHCS. 3 CHIBBITHOIIECHHS (21) BUTIKA€, 10 HUXKHI
ouiHku (29) ays yMOBHHMX CEpelHIX TPHUBAJIOCTEH HAOMMKEHO IOCATAIOTHCA Ui TPaBUII
Banbna, Koiau Mo)kHa 3HEXTYBATU IepecKoKaMM MoporiB o, . OcraHHI, K BK€ BIAMIYAJIOCH,
CIpaBEAJINBI MPU PO3PI3HEHHI «OJIM3BKHX» MPOTHO3IB 1 MpU Manux &, (AuB. Takoxk (23)).
Takum umHOM, TpaBuwio Bampma 3 moporamu (20) B 1IbOMY BHUMNAAKY OJIM3BKE 10
ONTUMAIFHOTO, TPUYOMY CTCIiHb HAOMMKEHHS TUM BHINE, YUM «OJIIDKYE» IIITBHICTH
Po(x),p,(x) 1 meHme a,. Haiikpami pesynpTaTv, OJHaK, naroTh (opmynu (27), mo
BKJIIOYAIOThCS IIPU BUOOPI OPOTiB CTEMIHb CXOXKOCTI IIIBHOCTEH p,(X), p,(x).

[Tinkpecaumo, 1o piBHOCTI (20) CTarOTh TOYHUMH, KOJHM CTAlOTh BIJICYTHI MEPECKOKH
noporiB craructukoro JIBIL. Ile cmnpaBeanuBo, HampwKiIaa, KOJTM Yac CHOCTEPEKEHHS 1
tpaektopii JIBII nemepepsui. Sxmo JIBII € raycoBchkum mporiecoM 3 HE3aJICKHUMHU
OJTHOPITHUMHU TPUPOCTaMH, TO TO4HMMH € piBHocTi (21). PiBmicts (12), (13), (20)
CIIpaBeINBI Ul 3arajJbHOTO BUMAAKY 3aJIEKHUX HEOAHOPIAHUX CIIOCTEPEKEHb, B TOHM Yac sIK
(18), (19), (21), (23)—(28) — nnst HE3aNEIKHUX OTHOPITHUX CTIOCTEPEIKEHB.
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Po3risiHeMO BUMANOK 3al€XHUX CHOCTEPEKEHb X,,...,X,,..., TaKUX, L0 ICHYIOTb

B3a€EMHO OJHO3HAYHI JECKOPEIATHBHI IEPEeTBOpEHHS F (”)(x”1)={ﬂ(xk1),k=l,n}, 0 He

3aexarhb BiJl HoMepa mporuo3y i . Toxai srigHo (18), (19)

A, (x") ]‘[plk(xk; A G2, 31

ne X, =F,(x"); mimemocti p,(X,) 3anexats Bim k, Tak sk X,k >1, He OJHAKOBO
PO3MOIiIeHI.
SAxumo 1o Toro x BuKoHaHa ymoBa R'(x!)=RY(T), n=1,N, To onTuMamsHO© (B

OaileciBcbkOMY ceHcl) 3maeThest mpouenypa (1) 3 3minHuME noporamu. CTpyKTypHa cxema
ONTUMAJILHOI CHUCTEMH pO3Mi3HAHHS IMpeJcTaBieHa Ha puc. 1. s cTporoi onTuMaibHOCTI
npaBuiia Bampna (sk B OaleciBChKIM MOCTaHOBI TpH BTpatax Buay (1), Tak 1 B yMOBHO

eKcTpeManbHii  moctaHoBmi — B Kmaci  A(ao,ai)) HeoOximHo, w06  JIBII
=InA, Z (z, = ln[ﬁlk(fk)/ ﬁOk()ch)]) NPEJCTaBISIB  MPOIEC 3  HE3AICKHUMHU

oxHOpimHUME TipupocTamMu. CripaBi, MOMEHT 3yITUHKH, o BiImoBizae npasuiy Bambaa, B
cuiy (31) moskHa 3anucatyl y BUrisigi 7(u(A)) = inf {n >21:Z ¢(In4,In B)}

X, X, Z | /

— 1O » JIBII » BII —» 4

.

Puc. 1. CrpykrypHa cxema ONTHUMAalbHOI CHCTEMHM pO3MI3HAHHS JBOX MPOTHO3IB IpH
3ayIeKHUX criocTepekeHnsx: JI® — nexopenstuBHuit ¢inbtp; JIBIT — 610k dhopmyBaHHS
JIBII; BII — nBoxmoporoBuii BUpilIaJIbHUI MPUCTPIiii 3 3SMIHHUMH ITOPOTAMH.

Slkimo BeMMYMHU Zj,k >1, OfHAaKOBO po3mojiieHi (e O3HaYae OJHOPIJIHICTH
{En,n > 1,}, 3aCTOCOBYETHCSI TeopeMa 2, B BIJIMOBIAHOCTI J0 SKO1 mpaBuiio (5) onTuManbHE B
knaci A(@o,a1). B meskux 3amavax 3Ha4YeHHsS Z, OJHAKOBO pO3MoniieHi mpu k> M >2.
Tomy 3 30UIBIICHHSM Yacy CIOCTEPEKEHHS IMPOIEC {En} CTa€ OJHOPIIHMM 1 B BHUMNAIKY
BEJIMKOI CepeHbhOI TPHUBAJIOCTI mpaBwio Banpna onrtumanbre. Ilpu 1poMy crpaBemsinBa
piBaicth (29), B sxkux [, =Mz, 1,=-M 2z, (Z' =Z,,k>M), a Takox Npu «OIU3BKUX»
MPOTHO3aX 1 MAUX (o, HaOMMKeHHs piBHOCTI (21).

[[Io6 mpoimocTpyBaTH CKaszaHe, pO3MVITHEMO 3ajJady TOBIPKH JIBOX MPOTHO31B
H,:0=0,H,:0=1 po cepenHe 3HAYCHHS MapKOBCHKOT MOCJTiIOBHOCTI
{xn,n > 1}: x,+S,+n,.,0=0,1, ne S,, S, - ABl KOHCTaHTH; {n”,n > 1} 3aJJ0BOJIBHSIOTh
CHiBBiAHOWIEHHIO 77,,, =Rn +¢& .,,n=>1,1,=0,ne {fn,n > 1} - MOCIIIOBHICTh HE3aJIEXKHHUX
OJIHAKOBO PO3MOJIJIEHUX BEJIWYUH 3 HYJIBOBHUM CEPEAHIM, IO Ma€ PO3MOAUT 3 MIUIbHICTIO
f(&). JlekopenboBaHi epeTBOPEHHs MaroTh BUrIs F, (x'1) = x, — Rx, ,k > 2,F,(x,) =1; npu
oMy X, =S,(1-R)+ &,k >2;x, =X,.

X, —S,(1-R x-S
zzk’k_l f(k ( ))k_Z,leh'lf(Nl 1).
S =S(1-R) S =8p)

BiamoginHo, Z,
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3HaveHHs Z,,k > 2, He3aJexkHi i OHAKOBO PO3IMO/IICH], BEMYNHA Z, HE3aleKHa Bil

3HaYeHb Z,,k =2, 1 BIIpI3HAETBCS BiJ HHUX IO posmojineHHio. [Ipomec {En,nzl}, €
n

MapKOBCHKUM HEOHOPIIHHUM, a {gn,n > 2} — OJHOPIIHUM {5,,,23,2}. ToMy, SKIIO Tepie
2

CTHIOCTEpE)KEHHS HOCHUTh HOBHI BKJIAJ], 10 BHUKOHAHO IPHU BEIUKOMY CEPEIHHOMY YHCII
KPOKIB CIIOCTEPEXKEHHS, TO TpaBwio Bampma OMuU3bKE 10 ONTUMAIBHOIO 1 MOXKHA
KOPUCTYBaTHCh BCIMa OTPUMaHUMH Pe3yIbTaTaMH.

BucHoBku

Ha ocHOBI MaTeMaTHYHOTO OOTPYHTYBAaHHS Ta BUBEJICHHS BHPa3iB, 1[0 TOYHO OMUCYIOTh
NOCHTiI0OBHE MpaBwio Banbna i B paMkax 3poOJIeHUX MPHUIYIIEHb Ta JOCTIKEHb BUBEIEHO
BUPA3M ONTHUMAJBHOI MEPEBIPKU JIBOX NMPOCTUX MPOrHO3IB, IO B CBOK YEPry A03BOJIMIIO
OTPUMATH TOJANBIINKA PO3BUTOK BUpilIeHHIO Mpobinemu nporHozyBanHs HCJ[. Ha ocHoBi
JOCIIJKEHHSI ONTHUMAaJIbHOCTI HE YCIUeHOro IOCHTIIOBHOTO MpaBuia Bampaa oTpumaHo
PIBHOCTI, IO 3B’SI3YIOTh WMOBIPHOCTI TTOMHUJIOK 3 33JJaHUMHM ITOPOTaMH 1 TIOPOTH 3 3aJJaHUMHU
HMOBIPHOCTSIMHM MTOMMJIOK CIIPAaBEUIMBI ISl 3arajbHOTO BHUIAJKY 3aJICKHUX HEOIHOPIIHUX
CITOCTEPEIKEHb 1 JIJIS1 HE3AJICKHUX OJTHOPITHUX CIIOCTEPEIKEHb.

3 OoTpuMaHUX CHIBBiJHOIIEHh BUTIKA€, IO HIKHI OLIHKH JUIS YMOBHUX CEPEIHIX
TPUBAJIOCTEH, HAOIMIKEHO JOCATAIOTHCA A IpaBwil Bampaa, kKomum MoOXHa 3HEXTYBaTH
nepeckokaMu NoporiB O, . Takum 4MHOM, OTpUMaHe 1 JOCHiPKeHe HpaBuwio Bampna 3

MOpOoTraMy B HAIIOMY BHUIMAJKY ONH3bKE O ONMTHUMAJILHOTO, MPHUOMY CTEMiHb HAOIMKEHHS
TUM BHILE, YUM «OIMKYE» LIUIBHICTh p,(X), p,(X) 1 MeH1Ie a, .

[lpn nmesikMx yMOBax, a caMe KOJM BEIWYUHH Z,,k >1, OIHAKOBO pO3MOLICHI,
3aCTOCOBYETHCS 3alPOTIOHOBaHA HAMH Teopema 2, y BIIMOBIIHOCTI J0 AKOi mpaBwio Bampaa
(IBOmOporoBa MOCTiJOBHA HE YCiUeHa MPOIlelypa) ONTUMAaIbHE B KJIaci A(ao,al) . B nesikux
3a/1aUuax 3HA4YCHHs Z, OJHAKOBO po3monuteHi mpu k> M >2. Tomy 3 30iIbIICHHSIM 4Yacy
CITIOCTEPEIKEHHSI TIPOIIEC {En} CTa€ OJHOPITHUM 1 y BHUIIAQJKY BEIUKOI CEPEIHBOI TPHBAIOCTI

npaBuio Banpaa ontumanbHe. OTXKe, paBuiio Banpaa O1u3bKe 10 ONTUMAIBHOTO 1 MOXHA
KOPUCTYBAaTHCh BCIMA OTPUMAHUMH Pe3yIbTaTaMH.
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B pabore MmaremMaTHyeckM OOOCHOBAaHBI W BBIBEACHBI BBIPAKCHHS, KOTOPBIC TOYHO
OMHCHIBAIOT MOCJIEOBATENbHOE MTpaBmiio Banbaa. B paMkax cienaHHbIX NPEANOI0KEHUN 1
WCCIIEIOBaHUM BBIBEJICHO BBIPAXKEHUSI ONTUMATIbHONW MPOBEPKU ABYX MPOCTHIX MPOTHO30B,
YTO B CBOIO O4Yepelb MO3BOJSICT MOJMYYHThH JallbHEHIICEe Pa3sBUTHE PEUICHHUIO MPOOICMBI
nporHosupoBanuss HCJI. Ha ocHoBe wuccnemoBaHuss ONTHMAIbHOCTH HE YCEUYESHHOTO
MOCJIEIOBATENFHOTO TMpaBHiia Banmpaa mMomydeHO paBEHCTBA, CBS3BIBAIONINE BEPOATHOCTH
OmMOOK C 3aJaHHBIMH TIOPOTaMH W MOPOTH C 3aJaHHBIMH BEPOATHOCTSMH OIIMOOK
KOTOpBIE CIIPAaBEUIMBHI JUIA OOMIETO CIydas 3aBHCHMBIX HEOTHOPOITHBIX HAOIIOACHUH M
JUTSL HEe3aBUCUMBIX OHOPOIHBIX HAOIOCHUN.

KialoueBble c¢0Ba: HECAaHKIMOHMPOBAHHBIA JOCTYH, WH(MOPMAIIMOHHEIE CHCTEMBI
rocyaapcTBa, mnpoueaypa Banbna, mporsos, MNpOrHO3UpPOBAaHUE, MOPOT, ONTUMAIbHOE
MOCJIEIOBATENEHOE MIPABIIIO, HAOTIOACHUS

OPTIMALITY IS NOT TRUNCATED CONSISTENT PROCEDURES WALD IN SCAN TASKS
OF TWO SIMPLE BETS UA IN INFORMATION NETWORKS STATE
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The paper is mathematically valid and withdrawn expression that describes sequential rule
Wald. As part of the assumptions and research derived the optimal expression of testing
two simple prediction, which in turn allows you to further development addressing
unauthorized access prediction. Based on a study of optimality is not truncated serial
entitled to receive equity Wald linking the probability of errors with the set thresholds and
thresholds with given probabilities of error which are valid for the general case of
dependent observations of inhomogeneous and homogeneous for independent observations.
Keywords: unauthorized access, information system of the state, the procedure Wald,
forecast, forecasting, threshold, optimum sequence typically, observation.
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The paper presents the results of a retrospective analysis of transitional paradigm of
information security — from the data and information security to the minds and behavior
security. Formulated modern paradigms of information security. Described new problems
in critical information infrastructures security. Based on the analysis offered partial
solutions to a number of partial problems. The implementation of the identity determination
and management system will allow to lock the fullness of security mechanisms. Same way
is achieved the ability to track each transaction online. Information and psychological
security from the destructive impact of information requires the use of social psychological
methods. Offered the simple model of forming group consciousness around the idea of
cybercrime fighting. The received systematization and solving problems results allows to
increase the work efficiency of information, cyber social and psychological security
systems and formalize directions for further researches in developing effective security
systems.

Keywords: information security, cybersecurity, information & communication system,
individual & group mind, social-psychological security, legal framework, paradigm.

Introduction

The evolutionary process of development of methods and technologies of information
security characterized by drama and high rates of acceleration. According to the International
Telecommunication Union the growth of cybercrime has exponential nature [1; 2]. Number of
information security incidents is growing exponentially. Volatility of terminology also shows
that problems with information security are far from complete. The problem of this study
constitute systematization of representations in content and directions of transformation
paradigms of information security, the direction of the transformation of many paradigms of
security in the field of information security.

Review of the problems and achievements needs analysis of large volume publications.
Three stages in the development of security of state secrets systems of independent Ukraine
considered in [3]. Judging by the materials of the foreign press the problems of information
security in data processing systems were a big surprise. Since then (from 1960), when these
problems were considered as separate, approaches to their solution also went through the
initial three stages [4]. Known as periodization phases of information security of Kievan Rus,
Lithuanian-Russian state Zaporizhzhya Sich, Cossack Hetmanate and further several stages to
this day [5]. It has historical interest. When the information security problems in the Soviet
Union went out of the shadows of secrecy, the materials were published in the open press,
which became widely available for scientific and technical experts. In 1980, was translated
and published the book by L. Hoffmann [6]. An important addition was the book by D. Xiao,
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D. Kerr and S. Mednick [7]. In 1989 «Foreign electronics» journal has placed a number of
materials and a special edition of «Information Security» [8]. Later, experts learned about the
work of software security [9]. The principles presented in these publications remain almost
intact to this day. Further transformation of information security forms out of preservation and
expansion of the basic principles of all previous stages. In 1992, A. Timonin came to
conclusion that «in general, the problem of security in automated information systems refers
to not algorithmically solvable problems» [10]. However, a number of problems remain
unresolved: still remains the closed functional completeness of the set security services,
insufficient front of speakers security processes researches, needs to be expanded the
modeling of social and psychological security. The urgency of these problems stems from the
Cybersecurity Strategy of Ukraine.

The main aim of this paper is to identify the characteristics of the gradual
transformation paradigms from data and information security to behavior security, individual
and group mind, changes systematization of the information security paradigms; production
of further transformation of information security paradigms; reasoning the implementation of
identity definition and defined identity management.

Stages differentiation of information security transformation

Further stages of information security will be divided on the basis of a paradigm shift in
information security. The concept of paradigm considered as a set of values, methods,
approaches, technical skills and resources, problem solving methods accepted in the scientific
community of experts within the established scientific tradition in a certain period of time.
The paradigm is undergoing changes depending on accumulated practical experience and
research results. Terms of stages separation determine the facts of the appearance of the
relevant national legal documents. We consider the following stages of transformation
information security technologies:

Stage 1 (1992 — 1996) — the establishment of its own system for the security of
classified information in Ukraine and creation of technical security of information (TSI) in the
fields;

Stage 2 (1996 — 2000) — the creation and development of the legal framework and
integrated systems for information security in automated systems;

Stage 3 (2000 — 2004) — the development of the legal framework of security of state
information resources and harmonization of national and international regulatory framework;

Stage 4 (2004 — 2008) — further development of information resources security in all
types of public, commercial and personal data in information and telecommunication systems
and information space of Ukraine. Expanding the scope of information security on public
information;

Stage 5 (2008 — 2012) — development of information security against the backdrop of a
foreign network-centric paradigm of information and influence;

Stage 6 (2012 — 2016) — the development of cyber cyberspace state. Expanding the
scope of information security for commercial and social spheres;

Stage 7 (current) — IS update tasks as components in the plane of the information
confrontation and information warfare. The establishment of security system behavior,
individual and group mind.

The transformation is not complete, on the contrary we have the transformation
accelerating, the development of methodologies and interdisciplinary approaches.
Transformations and changes of paradigms are summarized in the Table 1.

Historically, information security paradigms successively change one another,
maintaining, improving and complementing the previous ones. Some paradigm enacted into
life simultaneously - for example, some in the public sector, and others simultaneously in the
private sector. Some paradigm implemented into action and improved for several stages.
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Historically, the first standard that has made a huge impact on the security of
information networks has become the standard US Department of Defense «Evaluation
Criteria Trusted Computer Systems» (first published in August 1983). Thus, in the mid 80 of
the last century laid the foundation of information security strategy.

Classical information security paradigm based on access control

The classic paradigm of information security based on access control was introduced on
1 phase (1992 — 1996). This is a phase of development of its own system for the security of
classified information in Ukraine and creation of technical security of information (TSI) in the
fields. Was first applied to the automated system of Class 1 — one machine and one user
complex, which processes the information to one or more categories of confidentiality [11].

Table 1.
Stages and factors of transformation in information security
Ne Paradigm Scope of security Security t001 and Basm
technologies terminology

1 | Classical, based

Information security

Ensuring the

TSI, CSI, access

on access in technical confidentiality, integrity, | control
control information availability (CIA),
processing systems | observability, guarantees

2 | Frontier Information security | CIA + access control CSM, security
security in automated systems policy, security
(perimeter (computers)
defense)

3 | Multi-layered Information security | CIA + access control + Government
information in automated systems | firewall + privacy (P) Information
security system | (computer networks) Resources

4 | Network- Information Security | CIA + access control ICS, information
centric () of information + firewall + System of space, personal

resources (IS IR) of | detection prevention and | information
technology and major | mitigation for IS
communications incidents
5 | Network- Information security | CIA + access control Critical
centric (II) of critical + firewall + System of information
infrastructures detection prevention and | infrastructure
mitigation for IS
incidents + search for
vulnerabilities

6 | Cyberspace Cybersecurity CIA + access control Cyber security,

environment, + firewall + System of state cyberspace

resources, social
capital, information
production

detection prevention and
mitigation for IS
incidents + search for
vulnerabilities + Audit,
monitoring and insurance

7 | Sociocentric,
security
behavior and
consciousness

National security,
social and
psychological
security

... + Cybersecurity +
Psychological security

Information
impact,
information war
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Control access to information organized so that only authorized person or process are
entitled to read, write, create, or delete information. The information system was autonomous
and did not extend beyond the agency or organization. An example of such a system is
autonomous personal electronic computer (the PC). The main goal of information security is
to prevent information security threats, preventing information theft and computer facilities,
disclosure, loss, destruction and distortion of information, ensure the normal production of all
departments of the facility information. The main tasks of the security were considered:
restricting who is allowed to access; creating a system of passwords and access for users to
information by categories. The theoretical basis of security systems was the theory guaranteed
secure systems [12]. The general principle of the information security is a maximum
efficiency of risk accepted not below the fixed risk when operational risk is minimal.
Organizational data security is divided into technical information security (TSI) and
cryptographic security of information (CPI).

Technically, the goal of information security is to implement the rules, measures and
action to prevent damage and / or loss in the case of attacks and threats to information.
Security carried out comprehensive information security system (CISS), which consists of
legal, organizational, methodological, technical, software, information and mathematical
provisions that prevent the realization of the threat or significantly impede the realization of
the attacks. The complex remedies considered as a set of functional services that combine to
create the necessary functionality profile security. Each service is a set of features that allow
you to withstand a certain set of threats. Security policy can be implemented using a variety of
services and mechanisms, alone or in combination, depending on the objects of policy. In
general arrangements belong to one of three classes, which may overlap: prevention,
registration, renewal. To provide services using security mechanisms. According to
international recommendations ITU-T [13] security network built in a hierarchical multi-
modular, security - security services - functional security services - security mechanisms.
[14].

The classic paradigm of information security was extended to automated Class 2 -
localized multimachine multiuser systems that process information for one or more categories
of confidentiality. An example of such a system is a local area network (LAN) connection
between computers which do not go beyond the controlled area or local communication
system. CISS were based on the theory guaranteed secure networking model which includes
guaranteed by components and is guaranteed by channels that connect the components
together. In communication systems to counter potential threats to international
recommendations ITU-T [15] defined tasks such security networks: confidentiality of
information that is stored or transferred; the integrity of the data, i.e. information that is stored
or transferred; the integrity of the system, in particular, the problem the operating system
security; reporting (this includes the problem of observability), where each object / subject
should be responsible for any action which he initiated; readiness (availability) is the property
of the information environment in which all legitimate objects must get correct access to
information system.

Its highest classical paradigm of information security in automated systems reached
Class 3 - Distributed multi machine and multi user complexes which process different
categories of information confidentiality and where is the need to transfer information via
unsecured environment. At this stage, the terminology has changed: instead of the term
automated systems were used correct term: Information and Communication System (ICS)
and a short — Infocommunication system. Add another important characteristic of these
systems, - Class 3 assign ICS belonging to one operator (one owner), allowing it to implement
a uniform security policy.

Examples of Class 3 are a special system of confidential communication or public
communication networks of one operator. CISS distributes its functions for network elements.
In general, the problems of CISS are to: prevent, detect, respond and scare. An adequate level
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of information security can be achieved only through an integrated approach that involves the
systematic use of physical, software and technical and organizational measures and means.
Security is required for all components of information and telecommunication systems, lines,
channels, transmission systems, hardware, software, information and personnel. The ultimate
aim is the selection of effective means to counter threats in the implementation of information
security, the cost of which, in any case, should not exceed the value of losses expected from
the sale of threats.

Paradigm of information activity objects border security

Frontier security paradigm of information objects (perimeter defense system) operated
in phase 2 (1996 - 2000) - the stage of the creation and development of the legal framework
and integrated systems for information security in automated systems. Since the mid 90"
years widely spread personal computers, local area networks and the Internet. To access the
distributed database implemented technology client - server. The situation with the
information security began to deteriorate. In 1995, the open print publications appearing on
the concept of information confrontation and information war. In response developed and
implemented this paradigm. Frontier security paradigm based on guaranteed secure core idea
around which provided several lines of circular defense and demilitarized zones [16].

Communication centers, switching centers, final system focused on a relatively small
area and security system built on a «circular defense» (defense barrier or perimeter security).
All items are secured, are located in a secure physical environment of the area that is secured.
Station equipment switching units placed on the secured object, where the full cycle of
organizational and technical measures for comprehensive information security qualified
certain level. From the theoretical positions of technical security of information known as the
weakest link, which is not blocked by institutional and / or organizational and technical or
cryptographic means, determines the resulting level security system.

When ensuring confidentiality must allocate tasks source message non-repudiation
consumer messages non-repudiation network that receives messages from source to
destination delivery. The same considerations affecting the distribution of tasks and
authentication of information interaction network in the transfer of information between
network operators, we are different.

Telecommunication networks secured «distributed by». The concept of «distributed»
systems of security applies in particular in [P-networks. The concept of channel transmission
in such networks blurred. Path cannot be secured in one message. Message divided into
packets, each of which can be transmitted to an arbitrary route. They can create virtual
channels of communication. The security level of the network route determined by the
weakest security s of all possible routes. A security route is determined by its weakest link.

To secure computer networks from unauthorized access foreign organized criminals
filtering security perimeter network using a network between screens - firewall (firewall).
Between the firewall — a set of hardware and software that monitor and filter network packets
that pass through it, in accordance with desired configuration rules. Complex of multifrontier
security provided by operating systems with multi-level security from unauthorized access,
encrypted transaction methods of cryptography, start to block access cards.

But the effectiveness of the information security of computer networks proved
insufficient. Up to 60% of all incidents of information security in networks account for
internal attackers and the human factor: errors and not enough staff qualification, malicious
actions, lack of control and so on.
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Paradigm of layered multilevel information security system

The paradigm of multi-layered information security system of information resources
and technologies appeared on stage 3 (2000 - 2004). This stage is characteristic by
development of the legal framework of state information resources security and
harmonization of national and international legal framework of information security. The
paradigm has evolved with further expansion of the use of information technology, global
distribution of Internet, mass introduction of remote access to distributed client - server
database technology. Paradigm prerequisites are the emergence of multi-operating system
secured from non-authorized access, usage of cryptography to encrypt transactions,
implementation of locking connecting devices means.

This paradigm layered, multi-level information security based on the idea of guaranteed
secure core around which provided several lines of circular defense and demilitarized zones.
The system of circular defense by multiple threats provided CISS, understood as a set of
measures and means for preventing information leaks by technical, acoustic, vibroacoustic,
electromagnetic (and aiming), laser, infrared, radiation, chemical channels that created the
main and additional (auxiliary) technical means of processing information and security
against unauthorized access to information and means of processing in automated systems.
Continuous security is provided as time - at all stages of the life cycle of information security,
the decision on security, development of technical specifications, design, creation of security,
usage and disposal after its decommissioning. From the theoretical positions of information
security is known that the weakest link, which is not blocked by means of security, determine
the resulting level of security.

A characteristic feature of this paradigm for foreign countries is the transition from
concepts of information security to the concept of information security technologies and
information resources. In addition to the main goal of information security is added to ensure
stable operation of information and communication systems, security of the legitimate
interests of enterprises from illegal encroachments, prevent theft of funds, improve service
quality and security guarantees property rights and interests of customers. Conceptual
engineering model of multi-layered information security system represented by a group of
international ISO / IEC 15408 standards [17], which determine the development of
technology security profiles and security projects. [18] In Ukraine, he is introduced as the
industry standard, for example, in the banking sector [19, 20]. Conceptual model of
information security system additionally includes a set of security services and security
mechanisms that implement services that provide monitoring functions, security and
adaptation of information resources to prevent the possibility of gradual penetration offender
detect the fact of penetration, object localization invasion and attack and neutralize expulsion
of the offender, restore lost functions of the system. New in the conceptual model is widely
used filters, firewalls that secure the perimeter. Considering that about half of information
security problems associated with the human factor, the security against internal and external
malicious intrusion detection systems, recognition of abnormal behavior, adaptive algorithms
recovery systems and facilities security are implementing.

Network-centric paradigm of information security

Network-centric paradigm of information security of information resources launched on
4 phase (2004 - 2008). It marked a further development of information resources security in
all types of public, commercial and personal data in information and telecommunication
systems and information space of Ukraine. It was expanded by the scope of information
security in open information. The paradigm stems from the wealth of modern international
experience and scientific advances in this field, with the rapid development of
infocommunication fact, the development, the complexity and the increasing role of
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communications networks as a critical public resource. Since the beginning of 2000
«information security has become directly tied to the security infrastructure of the country and
welfare of the nation» [21]. The network-centric (network-centric) paradigm of information
security began to develop. In Ukraine, this paradigm has been recognized as inappropriate.
The inertia of the previous paradigm of multi-layered information security system is not
allowed to fully appreciate the importance of the new paradigm. Proposed by the concept of
information security of telecommunication networks [22] found no significant response nor
the scientific community nor the official agencies. However, network-centric paradigm has
had a significant impact on information security business and telecommunications. For
Ukraine, this paradigm can be formulated as follows:

For Phase 4 - implementation of network-centric paradigm of information security of
the state critical infrastructure, including information and communication networks as the
most critical public resource.

For the next 5 stage - the paradigm of increasing requirements for survivability of
information systems as part of critical infrastructure and are characterized by a high degree of
resource allocation and decentralization of management to enhance the role of technical
operation in terms of requirements to preserve a minimal set of critical functions to the
survivability of information systems, security factor to the action of destabilizing factors in
the environment, including information influence. The concept of this paradigm is the main
problem of increased requirements for information systems that were characterized by
dispersed resources and decentralized management. Characteristic features of this paradigm
are: more interlocking processes of information security management utilities — energy,
transport, telecommunications, pipeline networks; access to forefront properties availability
and integrity as indicators of sustainable and effective functioning of the systems; transition to
the next stage of information security technology cybersecurity cyberspace to businesses,
organizations and users.

For example, the Law of Ukraine «About Telecommunications» are requirements for
preparedness and survivability, providing support for such properties as the reliability of the
telecommunications system, its sustainability, resource availability, integrity and
recoverability system structure. Information security of telecommunications networks should
be ensured in the integration of information and communication technologies, various types
of networks and telecommunications services, quantity and quality are constantly increasing,
and activities on the networks of different ownership forms. It is necessary to harmonize
methods of information security for the wvarious components of information and
telecommunication systems and networks, including information resources, applications, and
telecommunication protocols. An integrated approach means a need for a network
infrastructure for information security vulnerabilities as any network link can cause problems
for all involved, both for the providers and operators and consumers of services. Information
security in telecommunication systems are difficult complex task. Secure telecommunications
network should be secured from malicious and unintentional attacks, be reliable, scalable,
provide a guaranteed response time, availability of services and information, integrity of data
and equipment, accurate billing information. The security components of the
telecommunications network is critical to the security of the entire network, including
applications and services.

However, because the network combines a large number of elements, making progress
determines their ability to interact or lack of such capacity. Information security should be
implemented threats not only from each item or service, and should be provided in
collaboration tools and security features in a multimedia environment with the full
implementation of the overall security of information transfer from one end [14].

The complexity of modern telecommunication networks and information and
communication systems (ICS), management and interaction of networks leads to the necessity
and usefulness allocation separately ICS Class 4 - Global Distributed multicomputer, Multi,
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multidomain complex which processes information of various categories of confidentiality
and has different owners domains. Domain 3 includes class X, owned by one owner and has
the CISS, securing the perimeter domain, its information security management system, its
system of prevention, detection, treatment and elimination of incidents of information
security, a single domain security policy. Domains of different owners may have different
security policies.

In telecommunications information security is intertwined with: management of the
quality of communication services where security and preparedness information resources are
an integral part of assessing the quality of services; management of economic efficiency,
which is the relationship between information and economic risks; tasks in technical operation
of software requirements to preserve a minimal set of features critical to the survivability of
information systems to the security factor by the action of destabilizing factors of the
environment.

The hazard level threats target information influence is directly proportional to the level
of technological development and scale networks use computers in a network management
system, the industry and the state as a whole. For the growing importance of
telecommunication networks requirements to ensure the integrity and reliability of
information transmission, security violations routing accuracy and timeliness of information
delivery (minimum delay messages), and secure against unauthorized access to information
resources, networking and physical security infrastructure. But the fifth stage in Ukraine did
not happen.

Network-centric principle in national security system of Russia

At stage 5 (2008 - 2012) meant to be the development of information security against
the backdrop of a foreign network-centric paradigm of information and influence. Expansion
of the information security sphere was scheduled to the commercial and social sectors.
Ignoring international experience, including neglect of network-centric paradigm has led to
serious consequences for Ukraine. On the contrary, Russia reacted to carefully develop in the
US new concept of network-centric war. Its foundation is the «network» and the basic
principle is the principle of «network-centrism». The principle of network-centrism, in regard
to information system management of Russian national security lies «in addition vertical
administrative-command network structures of government by horizontal informal, self-
organized network structures of civil society in all their diversity, organized by the network
principle in historical time, geographical space, subordination and problem targeting national
security» [23]. With the principle of «network-centrism» follows the use of «organizational
weapons». «Organizational weapon - a combination of national and transnational,
sympathizing network of structures that combine small, but very influential group of
politicians, senior government officials, military, law enforcement officials, the media, big
business, political parties, etc., who are willing on whether other reasons contribute to the
promotion of Russian national interests» [23]. The use of organizational weapons can pursue
constructive and destructive purposes. The design objective is to create the necessary
conditions to create in their environment state «affective-cognitive-volitional consonance -
unity understanding and experience of voluntary departures in the majority of its membersy.
On the contrary, destructive goals — a state of «affective-cognitive-dissonance willfuly, that is
a hard conflict in the area of understanding, experience and network will in member
institutions whose activities are disgusted with the national interests of Russia. Selector
strategic and operational decisions in the field of national and military security is the use of
the totality of interacting distributed in historical time, geographical area, the subordination
and problem orientation multilateral, multi-business strategic computer games, which are
models of national security Russia.
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Consider what we did not realize at the time until 2013. That is, consider the problem of
the emergence of unfriendly and hostile information influence on Ukraine. Expanded
information war (and now too hot) with Russia based on serious scientific research,
particularly on solid mathematical training processes information influence and mathematical
modeling. The first publications in the media on the concept of information confrontation and
information war there in 1995. Published monographs [24-25] and many other publications on
this topic. Attention is drawn to the mathematical side of research. In the book [25] presented
a mathematical apparatus for research capacity systems self-studying, in terms of targeting. In
2001, D. Chernavskii published detailed results of research in the dynamic information
theory. Described model generating valuable information «can be used in various fields of
biology, linguistics, sociology and history» [26]. There are research results risks
modernization, management of regional industrial complexes, of socio-historical development
... and the language of war. Objectivity model tested and refined on the historic under-lays, in
our time tested in practice, realized in an aggressive policy of Russia. Here is a brief
description of this model.

Use mathematical apparatus of the theory of dynamical systems. The system is
composed of several types of i objects, which belong to the same set of power system N. Each
element has a type of information. Information may be language, culture characteristics,
production capacity, psychological parameters and more. Element system can occur and
disappear. The life of each i -then element of 7; is less life expectancy on the same system.
Each i-th element contributes to the objects of the same type. «We can offer in information
distributed in the space of a dynamic system type» [26]

o1
%:—ui —Zbl.juiuj —au’ +DAu,a <b, (1)
5t T. i

l

where u, — the concentration of i- type elements and each element has i-type information.
(1/7,)u, describes autocatalytic (mutually supported) by reproducing the characteristic time of

autoreproduction. buu,; describes the interaction of elements. Sign «minus» means that the

interaction is antagonistic (or competitive) nature. At a meeting of two different elements,
each of them or seeking to impose their information second or «destroy» him. au’ describes

the effect of «struggle» or destruction at the meeting of the two identical items due to
competition for resources environment. This significant member when the concentration of
the same elements becomes too large. The latter term describes the diffusion element when
the elements are moved and mixed in space. D, — elements diffusion coefficient.

Equation (1) used to describe the emergence of a single genetic code, description of the
violation of punitive symmetry to describe historical events when added to the equation (1)
members describing the geography of a territory that is modeled. The model was tested on the
description of the main events of European history, from the Middle Ages to the present day.
During the events understood the formation of new powers and disappearance of others.
Simulation shows satisfactory resemblance to the real facts of history, if choose appropriate
coefficients model. The model allows global forecast more or less distant future.

Unfortunately, this model can be used for planning the language of war. For example,
when modeling the dynamics of ethno received the following conclusion: «With increasing
migration length (which is inevitable with the development of techniques and technologies),
physical obstacles and cease to play the role of space can be considered homogeneous. Then
all clusters are driven one, which is - it is impossible to present. In other words, the world will
be global and will be managed by another state. There will be one state language and common
rules of conduct that is — clearly cannot provide ...» [26].
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In the face of all this kind of dangers and threats to Ukraine was disarmed physically
and psychologically information. Only decisive action conscious of society turned then lost its
political independence.

Paradigm of enterprises and organizations cyberspace security

The paradigm of cyber environment cybersecurity of companies, organizations and
users within 6 phase (2012 - 2016) is still in its infancy. To be implemented cyber cyberspace
development of the state and expand the scope of information security to the commercial and
social sectors. Meanwhile, the problem of cyber security has become topical in the world.
Tools cyberattacks were used to obtain advantages in information exposure and cyberwarfare.
In many countries «formed special units that have a purpose: conducting exploration work in
networks, securing their own networks, blocking and» collapse «of enemy structures using
cyberspace capabilities» [27].

Among the starting legal documents approved «Cybersecurity Strategy of Ukrainey.
Terminology and regulatory framework moves to the development stage. We know that
cybersecurity (or rather «the sphere of cyber security» in terms of specialists ICS - Ed.) - A
set of tools, strategies, security principles, security guarantees, guidelines, approaches to risk
management, performance, training, practical experience, insurance and technology that can
be used to secure cyber environment, resources, organization and person. «Resources include
user or organization connected computer devices, personnel, infrastructure, applications,
services, telecommunications systems, and the totality of transmitted and / or stored
information in cyber environment. Cybersecurity is to try to achieve and preserve the
properties of the security resources of the organization or user directed against the relevant
threats cyber environment. General security tasks include: accessibility; integrity, which may
include authenticity and non-recovery; confidentiality. Cyber environment includes users,
network devices; all software processes are stored or transit information, applications,
services and systems that can be directly or indirectly connected with the networks» [28]. In
other words, should reflect the paradigm shift from information security technologies and
important communications to various kinds of cyber security and resources cyber
environment all businesses, organizations and users. Especially emphasizes critical
information security (especially information) infrastructures. «Cybersecurity includes a social
capital, information production. In today's business environment concept perimeter
disappears. The boundaries between internal and external networks become more blurred»
[28]. Security is ensured at all levels of telecommunications networks, network access,
network, and transport levels, levels of network management and provision of services.
Among the strategic aspects of cybersecurity Ukraine formulated the problem of «Building
effective mechanisms to secure national interests and the need to develop a single vision of
cybersecurity as state bodies and business structures» [29].

Conclusions

In this paper classified transformation stages and directions of information security
paradigms, shows change relative importance of types of information security. In the second
part will be supplemented by a list of actual problems in information security, proposed
application of the definition of identity and identity management definition. The results will
improve management information systems, information-psychological and cyber security.
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TPAHC®OPMAIIIS IMMAPAJIUTM 3AXUCTY IHOOPMAIIIL, IHOOPMAIIMHOI TA

COLJAJIBHO-IICUXOJIOI'TYHOI BE3IEKHU (Yactuna 1)
C.O. I'natiox’, B.O. Thariox', B.I'. Kononosud?, .B. Kononosua’

! Hamionansuuit aBiatiiinmii YHIBEpCHTET,
npocin. Kocmonasra Komapoga, 1, m. Kuis, 03680, Ykpaina; e-mail: s.gnatyuk@nau.edu.ua
? OnechKuil HALIOHATBHHIT IO TeXHIYHIIT yHIBEPCHTET,
npoct. [leBuenko, 1, Oxeca, 65044, Ykpaina; e-mail: vl_kononovich@ukr.net
3 Onecbka HallioHaJIbHA aKaIeMist XapuOBUX TEXHOJIOT1H,
Bya. Kanartna, 112, m. Oneca, 65039, Ykpaina; e-mail: kononovich@mail.ru

Y poboTi mpencTaBieHi pe3yibTaTH PETPOCIIEKTHBHOTO aHaNi3y eTariB TpaHcdopmariii
napagurmMu cepu iHpopMaliiiHoi 6e3nekn — Bijx 3axucTy iHpopMarii Ta iHpopMaIiiHol
0e3IeKy JI0 3aXUCTy CBiIoMOcCTi Ta noseiHkHu toaeld. ChopMynnboBaHi cyyacHi mapaaurmMu
iHpopMmaniiiHoro 3axucty. Ommcani HOBI mpoOnemu 3a0e3NeUeHHs] 3aXHCTY KPUTHYHUX
iHpopMamiiHuX iHQpacTpykTyp. B pesymbraTi aHamizy 3amponoHOBaHO ~CHOCOOM
BUPIIICHHS] HU3KHM YaCTKOBUX 3a/1a4. BripoBa/ykeHHsI CCTEMH BU3HAYEHHS 1I€HTHYHOCTI Ta
YIpaBIiHHS BU3HAYCHHSIM 1ICHTHYHOCTI TaCTh MOXKJIIMBICTh 3aMKHYTH MTOBHOTY MEXaHI3MIB
3aXMCTy. THMM caMHM JOCSTA€ETHCS MOXIIHMBICTH BIJICIII/IKOBYBaTH KOXKHY TPaH3aKIiIO B
Mepexi. [HQopMaIiitHO-TICMXOJIOTIYHUH 3aXHCT BiJ JMECTPYKTHBHOTO i1HQOpMAIiHHOTO
BIUIMBY BUMAra€ 3aCTOCYBaHHS COLIaJbHO-IICUXOJIOTIYHUX MeToxiB. [IpomnonyeThes mpocTa
Mojens (OpMYyBaHHS TPYIOBOI CBIIOMOCTI HaBKOJO imei 60poTHOM 3 KiOep3IOYMHHICTIO.
OTprMaHa CHCTEMAaTH3aIlisli Ta pe3yJdbTaTH BHUPINICHHA 3a7a4 JO3BOJISE ITiABHITUTH
e(heKTUBHICTh poOOTH cHCTeM 3a0e3nedeHHs iHpopMaIliiHO1, KIOEpHETHYHOT Ta COIiaTbHO-
NICHXOJIOTIUHOI Oe3meku 1 QopMaizyBaTH HANpSMKH IOJAIBIINX IOCIIDKEHb IIOJ0
PO3pOOKH ShEKTUBHHUX CUCTEM OC3MEKH.

KaouoBi cioBa: 3axucrt iHdopmauii, indopmauniiina Oesmeka, kiGepOesreka,
iHpopMaliHHO-KOMYHIKalliiHI ~ CUCTEMHM, IHIMBiAyallbHa Ta TpyHOBa CBiJOMICTb,
COLIaJIbHO-TICUXOJIOTYHUH 3aXUCT, IIPaBOBa CHCTEMA.
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TPAHCO®OPMAIUA TAPATATM 3ALIUTHI HTHOPOPMAILINH, WH®OPMAIIMOHHOW 1
COLUAJIBHO-IICUXOJIOI'MYECKOU BE3OITACHOCTMH (Yacts 1)

C.A. rHaT}OKl, B.O. rHaT}OKl, B.I. KOHOHOBI/I‘IZ, U.B. Kononosna®

! HanmoHanbHblil aBHALHOHHEIH YHUBEPCHUTET,
npoct. Kocmonasta Komaposa, 1, r. Kues, 03680, Ykpanna; e-mail: s.gnatyuk@nau.edu.ua
? Omecckuii HALHOHAIBHEI TOHTEXHHYCCKHUIT YHUBEPCUTET,
npoc. HleBuenko, 1, Onecca, 65044, Ykpauna; e-mail: vl _kononovich@ukr.net
? Onecckast HaLMOHAIBHAS AKAIEMHUS UIIEBBIX TEXHOIOTHIL,
yi. Kanartnas, 112, m. Ogecca, 65039, Ykpanna; e-mail: kononovich@mail.ru

B pabore npescTaBieHbl pe3ysbTaThl PETPOCIIEKTHBHOTO aHAIM3a 3TAIloOB TPaHC(HOPMaIN
napagurMsel B cepe MHPOpPMAIMOHHOW OE€30MacCHOCTH — OT 3aIUThl MHOOPMALMH H
nHpOopManMOHHONH 0€30IaCHOCTH O 3aIIUTHl CO3HAHWS M TOBEICHMS JIIOACH.
CdopMyIupoBaHHbIE COBPEMEHHBIE MapagurMbl WHGOPMAIMOHHON 3amuThl. OTHMCaHbBI
HOBBIE TPOOIIEMBI 00ECTICUSHHS 3alTUTHl KPUTHIECKUX WH(POPMAIIMOHHBIX HHPPACTPYKTYP.
B pesynbraTte aHaigmM3a MpelioKeHbI CIIOCOObI PELICHUs psijia YaCTHBIX 3a1ad. BHenpeHue
CHUCTEMBI ONpeJesieHHs] WICHTUYHOCTH U YIPABJICHUs OMpe/esieHUEM HICHTHYHOCTH JacT
BO3MOXKHOCTh 3aMKHYTh TMOJHOTY MEXaHH3MOB 3allUThl. TeM caMbIM [OCTHIraeTcs
BO3MOXKHOCTh ~ OTCJIEIUTh KXY  TpaH3akuuio B  cetd. MHbopmanuoHHO-
TICUXOJIOTUYECKAsl 3allliTa OT JECTPYKTUBHOIO HMH(OPMAIMOHHOTO BIHSHUS Tpedyer
UCIIONIB30BAaHMS COLMAIBHO-TICUXOJIOTHYECKUX MeTonoB. [Ipemmaraercss mpocras MOAENb
(OpMHpPOBaHUs TPYNIIOBOTO CO3HAHMSI BOKPYT WJEH OOpHObI C KUOEPIPECTYIHOCTBHIO.
NOJyuyeHa CHUCTEeMaTH3alusi M pe3yibTaThl pPELIeHUs 3ajJad IO03BOJISIET IOBBICUTH
3 PEeKTUBHOCTE PabOTHI cucTeM olecrieueHHss WHPOPMANMOHHOHN, KHMOEPHETHYECKOH H
COLIMATIbHO-TICHXOJIOTHYECKO# 0e30MacHOCTH U (JOPMAM30BaTh HAIIPABICHUS TAJIbHENUIINX
HCCIIeTOBaHUH 1 pa3paboTKy 3PPEKTUBHBIX CUCTEM 0€30MacHOCTH.

KiroueBble caoBa: 3amura wHQOpManuMH, wHQOpMAaIMoHHAs  0E30MacHOCTD,
KknbepOe30macHOCTh, HHPOPMAIIOHHO-KOMMYHHUKAIIMOHHBIE CHCTEMbI, HHANBUIYaJIbHOE H
IPYIIIOBOE CO3HAHUE, COIIMAILHO-TICUXOJIOTHIECKast 3allnTa, IIPaBOBast CHCTEMA.
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OBOCHOBAHME ITPUMEHEHUSA ®PAKTAJIBHOI'O
HOAXOAA A5 CO3JAHUA KOMIIVIEKCA AIIITAPATYPBI
KOHTPOJIA HOAVIMHHOCTHU HUD®POBbLIX ®POHOI'PAMM

IHPU DKCIIEPTHU3E MATEPHUAJIOB U CPE/ICTB
[IU®POBOM 3BYKO3ANIUCH

O.B. Pui6anbckuii, B.1. ConoBnes, B.B. Kypasean

HarnponansHast akageMusi BHyTPEHHUX €7,
1. Comomsnckas, 1, Kues, 03056, Ykpaunna; e-mail: rybalsky ol@mail.ru

Ilokazan ¢pakTanpHBII XapakTep ONM(POBAHHOTO AHAJIOTOBOTO CHUTHAJA IIPU 3alUCH
undopmManmy Ha anmnaparype UU(pOBOH 3BYKO3almMCH U (pakTaibHBIA XapakTep
NPOSBICHUH  IApasUTHBIX  [apaMeTpoB  TAaKOW  ammaparypbl, (UKCHPYeMbIX B
MH(QOPMALMOHHBIX CHTHAJIAX W CUTHAJaX IIYMOB, 3allMCBHIBAEMBIX Ha LU(POBBIX
HocuTessix. [Ipu 3TOM mOKa3aHO, YTO Mayias BEJIMUMHA OTHX IPOSIBICHUH Tpedyer
NPUMEHEHUS!  YyBCTBHTEJIBHBIX  METOJOB  aHanm3a. [lokazaHo, 4YTO, y4HTBIBas
MYJIbTH(QPAKTAIBHOCTh 3THX IPOSBICHHUH, TakoH IMOJAX0J 0OOecreYyrBaeT HEOOXOIMMYIO
TOYHOCTh aHAJIM3a M SABISIETCS HAWIYYIIUM pEIICHHEM 33Jauyd CO3JaHHs TpeOdyeMoro
MHCTPYMEHTApUs MIPOBEICHUS KCIIEPTH3 MaTEepUaioB ¥ CPEACTB HU(PPOBOI 3ByKO3aIHCH.

KaroueBble cioBa: anmaparypa 1mudpoBoOil  3BYKO3aIUCH, aHAJIOrO-IH(pPOBOE
npeoOpa3oBaHue, Mapa3uTHBIC MapaMeTPhl ammaparypsl 3amucH, udpoBas (poHOrpaMMa,
(hpakTanbHOCThL

BBeaenue

[Ipu pa3paboTke KOMIUIEKCA ammaparypbl Il KOHTPOJIS OPUTHHAIBHOCTH U
nmoyIMHHOCTH UG POoBBIX (hoHOTpamMm (LID), mpenHasHAYCHHOW NIl MPOBEJCHUS SKCIEPTH3
MaTepualioB M CpeACTB LU(GPOBOM 3BYKO3ANUCH, TIIOCJIE MPOBEACHHOTO aHaIHU3a
KOHIIEITYaJdbHO OBLT BBIOpaH (paKTadbHBIM MOAXOJ K CO3JI@aHUI0 TaKOTO HKCIIEPTHOTO
MHCTpyMeHTapus. [Jeny cTaTbu — IOKa3aTh TEOPETHYECKOE OOOCHOBAaHWE BBHIOOPA TAKOTO
MOJIX0/1a K CO3/IaHII0 HEOOXOJMMOH armapaTypebl.

OcHoBHAA YaCTh

N3BectHo, uro ananoroBeiii curHan (AC) mnpencTaBieHHBIN, HampuMep, Kak
S(l):Am COSw,t, TOCIEe MPOXOXKICHUS dYepe3 CUCTEMY aHaJIOro-UU(pO-aHaJIOrOBOrO

npeoOpazoBanus (ALIAIT) 3anuceiBaeTCsl B BUIE COOTHOIICHUS

s ()= i rect(t_;TjAm cosa)o(nT), (1)

Ny =—0

rze n — HOMep BBIOOpKH, I — MepHoA JUCKPETH3AIMK BXOJHOTO aHaJI0roBoro curuania [1].
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9T10T CHUIrHaja, IIO cBOEH CYTHU ABJIACTCA CUTHAJIOM, MNPUCYTCTBYIOIIMM Ha BBIXOJC
nudpoananorororo npeodpaszoparens (LIAII) ammaparypsr nmudpooii 3Byko3anucu (All33)
nocjae TPOXOXKIACHUS TpakTa 3allMCH-BOCIIPOU3BENEHHUS HWHGPOPMALUU TPH  IPSIMOM
uMITysIbcHO-Ko/10BOM Monyisuuu (MKM) ucxomnoro AC. He paccmaTrpuBas mporiecchl
3aIlrCu U BOCIIPOU3BCACHHA CUTHAJIA HA HOCUTCIIb (C‘II/ITaSI X UACaJIbHBIMU U HC BHOCSAIIINMU
JOTIOTHUTEIbHBIX HMCKA)KEHUH B MCXOTHBIA CUTHAJ), PACCMOTPHUM IMPOLIECC MPOXOXKIACHUS
curnana B cucreme ALIAII 6onee moapoOHOo. Llens Takoro paccMOTpeHUs — OmpesesieHue
XapakTepa UCKaKeHHI, BHOCUMBIX B CUTHaJI Ha Bbixoze All33 nmpu npoxoxaIeHuu B CUCTEME
ALIALL

N3BecTHO, 4TO B mporiecce mpeodpa3oBaHus aHAJOTOBOTO CUTHAIA B IU(PPOBYIO GopMy
OH TIOJIBEpraeTcsi Mpoleccy AUCKPETU3AMU BO BPEMEHU U KBAaHTOBAHUS MO ypoBHIO. [[is
JTUCKPETU3AIMU 3BYKOBBIX CUTHAJIOB MMPUMEHSETCS YCTPOHUCTBO BBIOOPKH U xpaHeHus (YBX)
[1].

Takum o0pa3om, ecid paccMaTpuBaTh CUTHaI Ha Bbixone cuctembl AILIAIT ¢
TOYHOCTBIO 70 *1/2 wmmammero paspsiga kBantoBanus (MP), To camy cucremy AILIAII
MOXXHO TIPEJCTaBUTH (COTIACHO C M3BECTHBIM METONOM [2—4]), KaK JUHEHHYIO CHUCTEMY, K
KOTOPOW MpUOABIISIOTCS ITyMbl KBAHTOBAaHMS, KaK 3TO MPEACTABICHO Ha puc. 1, rme 7(t) —

*
IITyMbl KBAHTOBAHUS TI0 YPOBHIO, X () — curHai Ha Bbixose YBX, y(¢) — curHai Ha BbIXOJE
KBaHTOBATEJIS.

LN

v

1 (0)
x () y ()

Puc. 1. lIpencraBnenue ALIATII, kak TuHENHHON CUCTEMBI

[IpennoxxenHplil moaxon mo3BojsieT paccmarpuBath cuctemy ALIAIL kak nuHelHOE
YCTPOMCTBO, NOAYUHSAIOIIEECS MPUHIMITY «CYIEPIIO3ULITI.

s onpenenenus uckaxkennit AC, npoucxosmumx B cucteme ALIAIL B pabote [3] ObL1
NPEeMIOKEH MOAXOJ K AHAIUTHYECKOMY OIMCAaHHUIO MPOUCXOISANIMX B TaKOW CHCTEME
IPOIECCOB. DTOT MOAXO/ MO3BOJIMI MOIYYUTh HEOOXOIUMBIE COOTHOIICHHUS, OMMCHIBAIOIINE
IpollecChl B paccMaTpuBaeMoi cucreMe. Bocronb3yemMcs STUMH COOTHOLUEHUSMH JUIS
onucanus uckaxxennit AC, onpeensieMbIX MpoIecCaMy TUCKPETH3ALUNA U KBAHTOBAHUS.

Omneparop aerictBusa YBX

x"(t)= L{x(t)} = kiw x(nT)p(t—nT)= niw(p(t - nT)xe(t)&(t' - nT)dt' , (2)
rae
(o(t) = rect:#} ,
_(2n+1)r
(o(t—nT)=rect T2 ,
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rjie n — HOMEP BBIOOPKHU AucKpeTusupoBanHoro AC, T — nepuoa nuckperusanuu [3].
N3 (2) cnenyer, uro YBX — nuHelHOE YCTPOWCTBO M MOXKET OBITH PacCMOTPEHO B
4acTOTHOU 00JacTH.

v o *
Haiinem nepenarounyro ¢ynkiuo YBX B gactotHo#t oOmactu [3]. Curnan x (¢) Ha
€T0 BBIXOJIC OTIPEICIIUTCS BHIPAKCHUEM

% (1) = Lix()} = S x(nT)plt - nT), (3)

n=—00

a mepemarouyHas (YHKIHS OIpPENeIUTCS NpAMBIM TpeoOpazoBaHneM Dypbe BXOJHOTO U
BBIXOJHOTO TiponeccoB YBX

ol o
X' (jw)=Sa or )7 S X w-12%), (4)

2 = T
rie X (jo) nu X(jw) — ceKTphl BBIXOAHOTO M BXOJHOTO IPOIECCOB COOTBETCTBEHHO, [ —

HOMEp OTcueTa NpH Juckperusamuy, I = 27/ @, — nepuoj TUCKpETU3aIUH.

Jlnist 000011IeHHOT O OTIpeIeNIeH s CIIEKTPa CUTHANA Ha BBIXOJI€ CUCTEMBI, TOKAa3aHHOW Ha
puc. 1 He0OXOAMMO TaKkKe ONMPEIEIUTh CIIEKTP MOrPEITHOCTH KBAHTOBAHUSI.

N3BecTHO, UTO CUTHAJI HA BBIX0/1€ KBAHTOBATEIS SIBJIIETCS CYMMOM BXOJHOI'O CUTHAJIA U
IIYMOB KBaHTOBaHUS, T.€.

x,(¢)=x{e) + =(e). (5)

rae x(¢) — curHan Ha BXOJIe KBaHTOBATeNsl, z(¢) — ITyM KBaHTOBAaHHUSI.

I[Ipuy o>ToM ommOKa KBaHTOBAaHWS (YHKIMOHAILHO CBsi3aHA CO 3HAYCHUEM
npeobpazyeMoro curHana x(¢), T.e. OHa OMPEEAETCS KaK

Z(t) = l//[x(t)] =kq—x npu kq—0.5¢ <x <kq+0.5¢, (6)

rae k — HoMep MHTEpBajla KBAHTOBAHUS, ¢ — IlIar KBAaHTOBaHUA [4].
Hcnonp3ys nepuoandHOCTb l//[x(t)], 3Ty (PYHKIUIO MOXKHO Pa3oXKHUTh B psit Dypbe

wix)= ibi sin(izij, (7)

rae i — HOMEp FapMOHUKH, a
0,5¢ 0,5¢

b=-= | xsin(iz—”xjdxz—f [ xsin(izlidxzi(—l)f. (8)

q 054 q q o q I

Hcxons 3 pe3yabTaToB pa3ioKeHHs], OIMOKa KBAHTOBAHUS

[ q

z(t)zw[x(t)]:%g(‘ 1) sm[iz_”x(t)j. ©)

IIpu nomaue Ha BXxox kBaHToBarens ypoBHS (KVY) rapmonuueckoro Bo3aeiCTBHUS
x(t) = A, cos(w,t) MOrpeuIHOCTh KBAHTOBaHUS Ha €ro BbIXoJe OyaeT
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(1) =y[7()]=

§|Q

S a2 a5 o)

-1 q

Bocnosb3yeMcst ”3BBECTHBIM COOTHONIIEHUEM [5]:

0

sin(xcosp)=2Y"(~1)"J,,, ,(x)cos(2m ~1)p, (11)

m=1

27id,
, P =yt .

e x =

Torz[a IIYM KBaAHTOBaHUSA

T =1

0=23 )5 iy, 1(2’“ jcos[@m—l)wo]
1 (12)
_M s > F, cos(2m —1)ayt

T m=—0
rac
o 1 i+m—1 27Z'lA
Z e ) [—j (13)
i=1 q
rae m=1,2,3,... —nopsaok ¢yaknuu beccens.

CriekTp 1mryMa KBaHTOBAHHS IPH TaAPMOHHYECKOM BO3JICHCTBUU Ha BXOJI€ KBAHTOBATEIISI
MMoJIy4JyacTCsa MyTeM BOSI[CI;’ICTBI/ISI Ha IIYM KBAaHTOBaHUA TAapMOHHUYECKOIO CHIrHaJla
OIIepaTopoM MPSIMOTO MpeodpazoBanus Dypee, T.e.

o0

S.(jw)=2¢> F,{5lo—(2m-1)w, |+ 5o+ (2m - 1), ]} (14)

m=1

VYuureiBas, uTo curHai Ha Bxojie KY x(t): A, sin @t , B COOTBETCTBUH ¢ [3] mosyuaem

B PE3YJIbTATC MPOXOKACHHUA BXOJHOI'0 CHUIrHaljla 4Y€pe3 KBAHTOBATCJIb B BBIXOJHOM CHIHAJIC
CHUCTEMBI HOBBIC TAPMOHHUYCCKUE COCTABIAOMIUEC, T.C.

z(t)= ibl. sinwt , (15)

i=—00

rae o, =i, T.e. YaCTOThl TAPMOHUK IIIyMa KBAHTOBAHUS KPATHBI YACTOTE BXOAHOIO CUIHAJIA.
Toraa (cm. puc. 1) curHan Ha BBIX0/I€ KBAHTOBATENS

x,(t)=A,sinot+ > b sinot=A4,sinot+ Y b siniog=> b, sinnay, (16)
i=—0 i=—0 n=1

rIe

b'npui=>?2
b'= u
b+A4,npu i=1

243



0O.B. Peibansckuii, B.1. Conosses, B.B. XKypasenb

BosgeiictByss Ha 00e wactu paBeHcTBa (16) omepaTopoM mpsiMOro mpeoOpa3oBaHUS
dypbe, MoJIydaeM CIEKTp cUrHajia Ha Beixoae KY

=0 _p

X, (jo)= i b, Tsin w,it-e”’"dt = %ib;[5(a)—ia)0)+ Sw+im,)). (17)
-1

VYuuteiBas (4) u (16) B ciiyqae TapMOHHUYECKOTO BO3JCHCTBUS X(f) HA BXOJ CHCTEMBI
ATIIAIIL criexTp OTKIIMKaA OMPEACIISIETCS COOTHOIIEHUEM

_ioT o«
Y(jo)=Sa “’TT e’ Y x, w—l%” =
[=-0

—Sa(szjejz iA V4 (w—lz%—woj+§(a)—12?ﬂ+a)oj + (18)

I=—0

+2qz ,,125[60 17—(2m—1) }+§{a)—127”+(2m—1)a)0}},

[=—0

rne [ — HOMep oTcyeTa NMpHU JUCKpEeTU3aluu, m — mnopsanok gynkuuu beccens, g — mar

KBaHTOBAHUSI.

Takum o6pa3oM, mOpU NOPOBENECHUH OMNEpaluid JAUCKPETU3allMd BO BpPEMEHU U
KBaHTOBaHHUs TI0 YPOBHIO, HEeW30eXHBIX B Tmpoiecce mpeodpazoBanus AC B IUPPOBYIO
¢bopMy, BO3HHMKAIOT JOMOJHUTEIbHBIE YAaCTOTHBIE COCTABIISIIOIIME B CIEKTPE HCXOAHOTO
CUTHAJa |, CJIeIOBATEILHO, POUCXOISAT UCKAKEHHSI €T0 (POPMBI.

Cur"an ¢ 4acTOTOM JUCKPETH3AIMU B HU3KOYACTOTHOM YaCTU CIEKTPa BBIXOJHOTO
JTUCKPETU30BAaHHOTO M KBAHTOBAaHHOTO CHUTHAlla OTCYTCTByeT. Bmecte ¢ Tem, B ero
BBICOKOYACTOTHOM 4YacTh OyAyT TpPUCYTCTBOBAaTh KOMOWHAIMOHHBIE CyMMapHble U
Pa3HOCTHBIE YACTOTHBIE COCTAaBISAIONIME, OMNpEAeNsieMbleé YacTOTOM BXOJHOIO CHUTHaja,
YaCTOTOM JUCKPETU3alldd BO BPEMEHM M YACTOTOM KBAHTOBAaHHUS MO YpPOBHIO. Takum
o0pa3oM, B CIEKTPE BBIXOJHOTO CHTHajga OyIyT MPUCYTCTBOBATH JOIMOJHUTEIHHBIE
4acTOTHBIE cocTaBisomue. [Ipu 3ToM KOMOMHAIIMOHHBIE YacTOThI OYAYT MOBTOPSATHCS BO
BCEH MOJIOCE YacTOT, 3aHMMAEMOW CUTHAJIOM, & UX YPOBEHb CHUXKATHCS C POCTOM YaCTOTBHI.
DTO CBUIETENHCTBYET O MYJIbTU(PAKTATHLHOM XapaKTepe CIEeKTpa CUTHala, MOJABEPrHYTOTO
aHAJIOTO-IIU(PPOBOMY MTPEOOPA30BAHUIO, YTO BIIOIHE MOSCHSIETCS XapaKTepPOM CIEKTPaIbHON
IUIOTHOCTU JIJISl TOCJIEOBATEIbHOCTH MPSAMOYTOJBbHBIX HMITYJIBCOB, KOTOPOH OMHCHIBAETCS
BbIOOpKA CUTHAJIa TPU AUCKpeTH3anuu [6].

N3 cootHomenus (18) BeITekaeT (pakTaIbHOCTh ONMUGPOBAHHOTO aHAJIOTOBOTO
CUTHaJa, MPEICTaBICHHOTO BO BpeMEHHOW obmacTtu. JloCTaTOYHO MPOCTO MOCMOTPETHh Ha
CTaTUYECKYyI0 XapakTepucTuky KV (cM. puc. 2), 4ToOBI MpeICTaBUTh CTYIIEHYATOCTh CUTHAJIA
Ha Beixoze LIAII, uto u onpenenser GpakTaIbLHOCTh €T0 XapaKTepa.

MynbpTudpakTanbHOCTh CTPYKTYPHl OLU(GPOBAHHOTO TAPMOHUYECKOTO CUTHAIA MOXKHO
MPOMJUTIOCTPUPOBATh €0 BEUBIET MOPTPETaMH, BHINOJHEHHBIMA C pPa3HON CTENEHBIO
JeTanu3alliy, 4TO M MoKa3aHo Ha puc. 3. Ha 3ToM puicyHke BUIHBI BETBJICHUSI CUTHAJA MU
Pa3HBIX YPOBHSX JETaU3alli{, YTO TOBOPHUT O €ro MYJIbTU(PAKTATHFHOCTH TOCIE OMH(PPOBKH
npu 3anucu Ha AL33.

Ho cam ¢akT MynpTH(QpPaKTaIbHOCTH OLMU(PPOBAHHOTO FAPMOHUYECKOTO CHUTHAIA elle
HE  SBISETCS  OCHOBaHWMEM  JUIi  TNpUMEHEHUs  (pakTanbHOTO  TMOAXOoja IS
WJIEHTU(DHUKAITMOHHBIX W JUArHOCTUYECKUX OKCIepTHhIX uccnenaoBanuii All33 u LD,
MOCKOJIBKY ISl UX TPOBEIEHUS HEOOXOMUMBI UIACHTU(DHUKAIIMOHHBIE TIPU3HAKU alIapaTypbl
3amucy, obnagarolmue psaoM cBoWcTB. K HUM OTHOCSTCS cTporas HHIMBUIYaJbHOCTb,
¢dukcupyemocts B LID, MOBTOPSAEMOCTh U JIOCTATOYHOCTH (B KOJUYECTBEHHOM CMEBICIIE C
TOYKH 3PEHUS CTATUCTHUYECKOM MPECTABUTEILHOCTH).
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Puc. 3. Beiipner-noptper MoOAyJld CHTHaJIa B Tay3e MEXAY pPEYEBbIMH CHUTHAJIaMHu,
3anuMcaHHoro u BocrpousBeneHHoro npu Y/ 8 kI'm ¢ 16-paspsaHoit  oumdpoBKOH,
MOJIydeHHBIM B mporpamme MatlLab: a — mpu manoil neranu3anuu; 0 — MPU YBEITUYCHUH
JeTalIn3alnuu

Takumu cBoWcTBaMHM 00JIaAal0OT HEKOTOphIe Mapa3uTHble mapamerpsl AL33 u, B
YaCTHOCTH,  Mapa3UTHbIE  IapamMeTpbl  OTHEIBHBIX  Y3JO0B  aQHAJIOTO-IH(POBBIX
npeobpazosareneit (ALIT) u LIATIL.

K Ttakum y3nmam otHocsaTcs Marpuilbl KY, HCTOYHMKHA ONOPHOTO HANpsOKEHUS |
OTIepAIIMOHHBIE YCHIIUTENH, Bxoasmme, kak B ALIIT mo6oro tumna, Tak u B [{ATIL

O6mas norpemHocts AL, B koTOopyto o0s3aTenbHO BXxoauT KY, MOKHO onpenenuTh,

KakK
N N S2 N
5All]7 = 50 +6{)MH +5q H (19)
A2
<2 0 9] ) o
rac 50 :—2 - CpeZ[HI/II/I KBaZ[paT CTaTUYCCKOU HOFpeIlIHOCTI/I AHH, OHpeIIeJIHeMOI/I

on

HECTaOUJILHOCTBIO BO BPEMEHU U TeMIlepaType €ro 3JIEMEHTOB, COOCTBEHHBIMHU IIyMaMU

245



0O.B. Peibansckuii, B.1. Conosses, B.B. XKypasenb

AHAJIOTOBBIX Y3JIOB, HCTOUYHOCTHIO TCXHOJOIMYCCKOI'0 H3rOTOBJIICHHUA OTACJIBHLIX Y3JIOB, B

YaCTHOCTHU KBAHTOBATCIIA,
2

- A .
2 = —%. — rucriepcns IMHaMHUYecKoit morpemsocTi AL
on
5; :lq—2 — JHcIepcHs HOrPEIIHOCTH KBAaHTOBAHUS IO YPOBHIO (IS PaBHOMEPHO

pacrnpeieieHHON ClIy4aiHON BEJTUYHHBI);
U,, —3HaueHue onopHoro Hanpspkenust AL [7].

on

[Ipoananuzupyem 3TH NOTPEIIHOCTH, C TOYKU 3PEHUS BO3MOKHOCTH UX UCIOJIb30BaAHUS
B JKCIEPTH3€ MPHU TMPOBEACHUU HIACHTU(DUKAIMOHHBIX wuccienoBanuii Al[33 u mpoBepku
noginuHHoCcTH 1D.

JluHamMuueckas MOrpelHoCTbh He MPeICTaBIseT sl HaC MHTEpeca MO JBYM MPUYHHAM:

e Bo-niepBelX, B AL, wucnomp3yromeMm YBX, Takas NOTrpemIHOCTb IPAKTUYECKH
orcyrctByeT (a mmenHo Ttakue AIIIl m mpumenstorcs B AlLI33 m 3BYKOBBIX KapTax
KOMIIBIOTEPOB);

® BO-BTOPBIX, €€ HEBO3MOXXHO OIpeAeNuTh B mpoBepsieMol (oHorpamme, u60
HEU3BECTHA UCXOHAas popMa BXOJHOTO CUTHAJA JI0 €r0 MPeoOpa3oBaHMUs.

He unTepecen myis Hac U CpeAHMI KBaJpaT MOTPEIIHOCTH KBAaHTOBAHUS MO YPOBHIO,
MOCKOJIbKY OH OTpeJeseTcs ToabKo 3HauenneM MP npeoOpa3oBanus.

Ho cratmueckas morpemnocts AL, ma wu IAIl, Bximowaromas B cels
TEXHOJIOTUYECKHEe HETOUYHOCTH u3rotoBieHus KVY, mpencraBiser nHTEpec AJis HKCIEPTHHIX
uccnenoBanuii [1; 2]. Ilosromy ee creayeTr mnoapoOHO mpoaHanu3upoBats. Cpeau
norpemtHocTeit AL, otHocsmuxcs k CX KV, koTopble MNOTEHIMATBHO MOTYT OBITh
HCII0JIb30BAaHHBIE ITPH 3KCIIEPTU3E, OTHOCSTCS JIUIIb BE, @ UMEHHO:

* OJughpepenyuanvran neruneiinocms S, cratndeckon xapakrepuctuku (JJHCX) T.e.

OTKJIOHEHHE pa3sHOCTH JBYX aHAJOIOBBIX CHUTHAJIOB, KOTOpPBIE OTBEYAIOT COCEIHUM
3HAYCHUAM KOJa, OT 3HadyeHMs eauHuibl MP. M3mepsercs B NPOLEHTHOM OTHOLIEHWM OT
MaKCHUMaJIbHOTO 3HAU€HUs IpeoOpa3yeMoro curiaia, T.e. oT 3HadeHus U,,. IIpeBbiieHue

O,; 3Hayenus +1 MP mpuBOIMT K HEMOHOTOHHOCTH CTATHYECKOW XapPaKTEPUCTHKH

npeoOpa3oBaHus;
® nemonomonnocmv cmamuyeckou xapakmepucmuxku (HCX) J,,, npeobpazoBanus —

T.€. HEMJICHTUYHOCTh 3HAKa IMPUPAILICHUS] MTHOBEHHBIX 3HAYEHUW W3MEHEHUS BXOJHOTO U
BBIXOAHOTO cuTHanoB KY X0Ts Obl Ha 0JTHOM M3 YpOBHEH KBaHTOBaHUs [7].

OTH HETOYHOCTH U3TOTOBJICHUS NIOKA3aHbl Ha pUC. 4.

C ToukM 3peHHs] BO3MOXKHOCTH BBISIBIICHUS MPU SKCIEPTU3E MHTEPEC MPEACTABIAIOT U
HCX, n JHCX KV [1; 2].

PaccmoTpuM uckaxkeHus curHana, npoucxozpsmue us-3a HCX, nmpu KBaHTOBaHUM
curHayioB o yposHio B ALIIl u obpatHom npeodpazoBanuu B LIAIl Ha npumepe Hanbosee
xapaktepHbIx cxeM ALIIT u IAII, crannaptHo ucnons3dyemsix B AL[33 n komnerorepax ais
BBoza/BeiBoa AC.

CX KV oOpa3yetcst 3a cueT NpuMEHEHHs1 pe3ucTuBHOM Marpuisl Tuna R—2R. Ha sty
MaTpHUIly MOJAETCS OMOPHOE HAIPsHKEHHUE OT CTa0MIIBHOTO UCTOYHHUKA, B PE3YJIbTAaTE YEro Ha
HEW MPOUCXOJUT JEJIEHUE BEJIMYMHBI ATOTO HAMNPSHKEHHS MPOMOPIUOHAIBHO CYMMAapHOM
BEJIMYMHE CONMPOTUBIICHUM €€ PE3UCTOPOB. ITa BEJIMYMHA 3aBUCUT OT COCTOSIHUS KIIOUEH, K
KOTOpPBIM TIOJKJIIOYEHBI PE3UCTOPHl C CONPOTHBIEHHEM 2R, ompenenseMbIM 3Hau€HUEM
JBOMYHOTO KOJIa BEJIMYMHBI MpeoOpaszyemoro curHama [1; 2; 7]. UmMeHHO pa3bpoc BemTuyuH
COIIPOTHBIIEHUH pe3ucTopoB MaTpuibl R—2R u pa3dpoc BenTMUnH COMPOTUBICHUN OTKPBITHIX
KaHaJOB KJIOYEH, yIpaBiIIeMbIX JBOWYHBIM KOJOM, IPUBOAUT K Bo3HUKHOBeHUIO JTHCX n
HCX npeoGpa3oBatens.
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a
Uxeaum.

e YyacTok ¢

HEMOHOTOHHOCTBIO

o Ugx.

Puc. 4. YuacTtku cTaTH4ecKON XapakTepUCTHKH mpeoOpazoBanus KY ¢ muddepennmansHoi
HEJIMHEHHOCTHIO U HEMOHOTOHHOCTBIO

OToT pa3dpoc 3HAYEHUH CONPOTHUBICHUHA HMMEET HHIMBUAYAJIBHBIA XapakTep U
npucyrctByer B KaxkiaoM sk3eMiuiipe ALl m IIAIL IToaTomy BenmnuMHa HHTETrpajibHOU
npeJeNbHON HETMHEHHOCTH XapaKTepUCTUKHU IMpeoOpa3oBaHUs (OTKIOHEHUS OT MPSIMOM
nunun) Beeraa Hopmupyetcss B ALIT u LHAIT u sBisieTcs X macnmopTHOM XapaKTePUCTUKOM.
OnHa u3MepsieTcss B MpoOLEHTax OT Auana3zoHa BxoaHoro (mnst ALII) wiu BeIXOAHOTO (I7Is1
IIAIT) curnanoB wiau B enuHnmiax MP u He MOJDKHA MpeBHIIATh 3HAYCHHSI, OMPEIETSIEMOTO
KJ1accoM rpeodpazosarens [1; 2; 7).

[Iposisnenne BausHua HCX u JIHCX B BbeIXOmHbIX curHainax cuctembl AILTAIL
BBIPA)KAETCsI B BOSHUKHOBEHUH B BBIXOJIHBIX CHTHAJIaX UCKaKEHUH (POPMBI B BUI€ BCIIJIECKOB
uin  npoBanoB. OHM BO3HUKAlOT HAa BCEX YPOBHSAX KBAaHTOBAaHWSA, HMEIOIIUX OTH
TE€XHOJOTMYECKHE OTKJIOHEHUS, M IOITOMY MOIYT IPHUCYTCTBOBATH BO BCEM JAMAIIa30HE
3HAYCHUH aMIUIUTYJ] MpeoOpa3yeMblx curHanoB, 3amucbiBaeMbix Ha [[® [2]. [Tockombky
Takux ypoBHel B mobom KV nocrarouno mHoro, a ux pasmenienue Ha CX npeodpazoBaress
CTPOr0  MHAMBHIYAJIbHO, TO  CO3/JaBa€Mble HMHM  HUCKAKEHHS  MOTYT  CIYKUTh
uneHTUGUKaMOHHBIME npu3Hakamu AlL33. [IposiBieHne 3TUX TEeXHOJIOTMYECKHX Ie(PEeKTOB
BO BCEM /JMana3oHE BEJIMYMH YPOBHEH CHUTHAJIOB MPHUIAET BO3HUKAKOIIUM H3-32 HHX
UCKaXeHUsIM (opMbl (a, crnemnoBaTeNbHO, M CIEKTPAa) CHUTHAJIOB MYJIbTH(PAKTAIbHBINA
xapakrep. K 3TUM HCKaXeHHsIM CUTHAJIOB CleyeT 100aBUTh ()IYKTYallMOHHbIE W3MEHEHUS
BEJIMYMHBI OINOPHOTO HANpPSDKEHHsT M KoJeOaHWs HYJIEBOTO YPOBHS ONEpallMOHHBIX
YCWIMTENIEH, TAaK)K€ HOCAIIMX WHAVUBUIAYAJIBHBIA XapakTep. Takke Ha Mpouecc nepenadu
curHanoB B Al[33 BaMAIOT MHAMBUIYyaJIbHBIE OCOOCHHOCTH pPabOTHl YCHIIUTENEH, CHUCTEM
ABTOMAaTHUYECKON PETyJIMPOBKH YCWICHHS, CHUCTEM YIPABICHUS M T.I. BCIOMOIAaTEIbHBIX
Y3JI0B aImaparypsl 3allUCU. YUNUThIBas X Majblii ypoBeHb (1t 16-paszpsanoro AL npsimoit
NKM onu Teopetndecku yexar B mnpeneiaax Munyc 90-96 nb), mpuMeHeHHne KIIacCHYECKHUX
METO/IOB aHaJIn3a (Hampumep, crekTpanbHoro Oypre-ananusa) HeappektuHbI [2]. [TloaTomy
BBISIBJICHHE  TEXHOJOTMYECKUX HETOYHOCTEH  M3TOTOBJIEHUS U (PYHKUMOHUPOBAHUS
npeoOpaszoBareneit (T.e. mapasutHeix napamerpoB All33), ¢uxcupyembix B LD, Tpebyror
0ojiee YYBCTBUTEIBHBIX METOAOB aHanu3a. K TakuM MeroaaM OTHOCHUTCS (pakTaibHBIN
aHAJIN3, a XapakTep IpPOSBICHUS BIUSHUSA NapasuTHbIX mnapameTpoB AL[33 B BBIXOJHBIX
CUTHaJlaX JaeT OCHOBaHHWS [UIsi NPUMEHEHUS (QPAKTAIbHOTO TMOAXO0Ja K IOCTPOCHHUIO
anmaparypbl Ui WACHTU(GUKAMOHHBIX M JIMArHOCTHYECKUX HKCHEPTHHIX HCCIETOBAHHMA
MaTepuasoB U CPeACTB HUGPOBOI 3BYKO3AMHUCH.

BriBoabI

[Toka3zan ¢pakTanbHbI XapakTep OUU(GPOBAHHOIO AHAJIOTOBOIO CHIHAja MpPH 3alUCH
3ByKOoBoW wuH(popmarmu Ha All33 u QpakranbHbIi XapakTep MNPOSBICHUNA Mapa3sUTHBIX
apaMeTpoB amlmnaparypbl 3alucH, GUKCUPYEMbIX B MH()OPMALMOHHBIX CUTHAJAX U CUTHAJIaX
IIYMOB, 3aIMCBIBAEMBIX Ha IU(POBBIX HOcUTENAX. [Ipu 3TOM MOKa3aHO, YTO MaJasi BETMYUHA
3TUX TPOSABICHUN TpeOyeT NPHUMEHEHHsS YyBCTBUTEIBHBIX METOJOB aHalu3a. YUHUTHIBas
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MYJIbTH(PPAKTAIBHOCTh ITHX MPOSBICHUHN, (PAKTAIBHBIA TMOAXOJ SBISETCS HAWIYUIINM
peleHreM 3a7jauil CO3aHus TpeOyeMOro HHCTPYMEHTApHsL.
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MATEPIAJIIB TA 3ACOBIB IU®POBOT'O 3BYKO3AIINCY
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Ioka3aHo QpakTanbHUIl XapakTep OLHM(POBAHOTO AHAJIOrOBOTO CHUTHANY IpU 3aIHCy
iHpopMmanii Ha anmaparypi HU(pPOBOro 3ByKO3amucy Ta (paxkTalbHUA XapakTep HpOsBiB
Napa3suTHHUX IapaMeTpiB Takoi amapatypy, mo (iKcyroThes B iHpopMamiiHUX CHTHANAX i
CHTHaJax IIyMiB, sIKi 3alIMCYIOThCA Ha nu(poBHUX Hocisx. [Ipu npomMy mokasaHo, mo Mana
BEJIMYMHA [IUX IIPOSIBIB BUMAarae 3aCTOCYBaHHs YyTJIMBUX MeTOAIB aHami3y. [TokasaHo, 1o,
BPaxOBYIOUH MYJIbTH(PAKTAIbHICTh IIUX NPOSABIB, TAaKUH MiaXin 3abe3rnedye HEOOXiIHY
TOYHICTh aHaNi3y Ta € HaWKpamM pIMIeHHSM 3a/4a4i CTBOPEHHS HEOOXiZHOTro
IHCTPYMEHTApIIO MPOBEACHHS EKCIIEPTH3 MaTepialiB Ta 3ac00iB IUPPOBOTO 3BYKO3AIHUCY.
Knrouosi cioBa: anaparypa 1uppoBOro 3ByKO3aIlNCy, aHAIOTO-IU(POBE NEPETBOPEHHS,
Mapa3uTHI MapaMeTpH armapaTypH 3amucy, udposa GoHorpama, GpaKkTaIbHICTh

JUSTIFICATION OF FRACTAL APPROACH USING TO CREATE COMPLEX EQUIPMENT FOR
CONTROL OF AUTHENTIC DIGITAL PHONOGRAMS AT THE EXAMINATION OF DIGITAL

AUDIO MATERIALS AND TOOLS
0.V. Rybalsky, V.I. Solovyov, V.V. Zhuravel

National Academy of Internal Affairs,
1, Solomenskaya Sq., Kiev, 03056, Ukraine; e-mail: rybalsky ol@mail.ru

Fractal character of the digitised analog signal at the record of information on the apparatus
of digital record of sound and fractal character of displays of parasite parameters of such
apparatus is shown, fixed in informative signals and signals noises recordable on digital
carriers. It is thus shown that the small size of these displays requires application of
sensible methods of analysis. It is shown that, taking into account the multifractal of these
displays, such approach provides necessary exactness of analysis and is the best decision of
task of creation of the required tool.

Keywords: apparatus of digital record of sound, digital phonogram, analog-digital
transformation, parasite parameters of apparatus of record, fractal
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THE FIBONACCI Q-MATRIX CODING METHOD

A.V. Sviridov, T.I. Petrushina

Odessa I.I. Mechnikov National University,
Dvoryanskaya st., 2, Odessa, 65026; e-mail: laestr.path@gmail.com

This paper presents the results of research, formalization and mathematical justification of
the Fibonacci Q-matrix coding method. This method allows finding errors in the encoded
message with high probability and correcting them in certain cases. The notes on algorithm
implementation are given. The developed “block Q-matrix” method based on the standard
method is described. The comparative analysis of the algorithms is presented.

Keywords: coding methods, Fibonacci numbers, error detection and correction, Q-matrix.

Introduction

The question of effective encoding and protection of the data in communication
channels is rather important in the modern IT sphere.

Most of the known error detection and correction codes make it possible to restore
single bits or combinations of bits [1-4], which is surely useful for many fields of application.
However, the presented “Fibonacci Q-matix” coding method uses an entirely different
approach: it allows restoring one of the predefined parts of the message — no matter how big is
— given the condition that the damage affected only that part. The flaw is that errors, even
small ones, in other parts of the message make the whole message unreadable.

However, there is an opportunity to develop new methods based on the standard Q-
matrix method. The developed “block Q-matrix method” presented in the paper divides the
message into fixed-length segments and applies the standard algorithm to them. That allows
correcting errors scattered throughout the whole message. Also, in case method fails to restore
some damaged segments, only that segments becomes unreadable.

The aim of the research is to study and evolve the coding methods based on the
Fibonacci numbers.

The task of the research is to formalize, justify mathematically and analyze the
Fibonacci Q-matrix coding method, analyze the ways to improve the algorithm, develop a
program library which implements the method and make the characteristic of its work.

«Fibonacci Q-matrix» properties

Fibonacci Q-matrix is a following square 2x2 matrix [5]:

1
2= ol (D

Property 1. There is a property which connects the Q-matrix with the Fibonacci
numbers:
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Qn_ Fn+1 Fn 2
- Fn Fn—l ’ ( )

where F; is the Fibonacci number i.
This can be proved by the induction method.

, |1+1 1+0] |2 1
n=2: Q0 = = .
1+0 1+0 11
The elements of the Q° matrix are the corresponding Fibonacci numbers: F, = F, =1,
F,=2.

Fn+l F:l +1
Assume that Q" = F and calculate Q" .

n n—1

Qn+1 Qn Q Fn+l +Fn Fn+l +O Fn+2 Fn+l
= X = = .
Fn+l+0 Fn+0 Fn+l Fn

The property is proved.
Property 2. det(Q") =(-1).
To prove it a determinant of Q-matrix can be calculated:

det(Q)=1x0—1x1=—1.

Using a property stating that a determinant of the product of two square matrixes of the
same size equals the product of their determinants [8]:

det(Q") = (=1)". 3)

Consequence. As det(Q")=F, F,_, —F’=(-1)", then for each three consecutive
Fibonacci numbers the following is true:

F . F_ —F>=(-D". 4)

n+l" n-1

Property 3. With the help of the cofactor method [8] the following presentation of the
Q™" matrix can be acquired:
Fn—l - Fn (_l)nFn,l (_1)n+1 Fn
= n+l n ) (5)
— Fn F (-1 Fn (-1 Fn+1

Q"= (—1)”{
n+l
The standard Fibonacci Q-matrix coding method

Let’s look at the standard Fibonacci Q-matrix coding method [5].
Assume there is a message M , which can be divided into 4 parts, represented in
numeric values as a 2 x2 matrix. Each element m, is a nonnegative integer number
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m, - m,
M:{ } (6)

my, m,

Encoding. An encoded message M’ can be fetched in the following way.

F,am +Fm, Fm +F1m2} {mll mﬂ 7

M':M}( "= i
¢ [F+lm3+F:1m4 Eymy+ F,m,

n

’ r|
Wl3 m4

As F, and m, are nonnegative integer numbers, then the elements m, of the encoded

matrix M’ are nonnegative as well.

The power of the Q-matrix can be a random positive number and it serves as an
encryption key of this method.

Decoding. The primal message M" can be fetched from the decoded message M’ in
the following way.

M":M'xQ‘":{mlﬂ mﬂ [( D' E,mi+ (=)™ Fmy - (=)™ Fm{+(=1)" F+1m2} )

(1Y F i+ (<) Ept, (1) Eym + (1) F
We need proof that A" = M . For this we must prove that each m equals m;, :

=(=1)"F,_m +(=1)""Fm} =
=(-)"F_F, m~+)"F_Fm+-)"Fm+(-)"FF_m,=
=(=)"F,_F, . m—(=1)'F'm +(-1)"F,F,_m,—(=1)"F.F,_m,=
=(=0)"'m(F, F,, = F))=(D)"x(=)"m =m;
=(=D)""Fm/+(=1)"F, m, =
=(-)"'EF m+)"Erm, +(-)'F, Fm +(-1)'F, F_m, =

n+l n+l

=(=D"F, Fm —(=D)"F,  Em+(D)"F, F, m,—(-1)" Fzmz

werl’
=(=0)"'my(F, F, = F}) = (=1)" x(=1)"m, = m,;
=(=1)"F,_mi+ ()" F,m, =
=(-)'F,_F, m+(-1)'F_Fm,+)"EF’m,+(1)"FF _m,=
=(-)'F,_F, m—(-1)"F’m,+(=1)"FF,_m,—(-1)'F.F _m,=
=(=1)"'my(F, F, = F) = (1) x (=1)"my =my;
my = (=1)""Fmi+(=1)"F,, m, =
=(-)""EFE m+()"EF’'m, +(~1)'F,, Fm,+(-1)"F, F _m,=

n+l n+1
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=(=1)"F, Fmy = (=1)'F, \Fm, +(=1)"F, \F, jmy— (=1)" F,/m, =

+1 +1

=(-1)'m,(F,F,_ —F)=)"x(-1)"m, =m,.

n+l" n-1

Error detection and correction

One of the features of this coding method is the possibility of detecting and correcting
the errors. From (3) it can be known that:

det(M") = (=1)" det(M) .

By passing the value of the determinant with the message, we can allow the receiver to
check whether it matches the determinant of the received matrix before starting to decode. If
the message is corrupted, one or more of the elements of the matrix will differ, and the
determinants won’t match.

As det(M') =m/m, —m,m;, we can restore the corrupted part of the message, if the

determinant and the other three parts are unharmed.

, mim} + det(M' . mm, +det(M’
m1: 2°7%3 ( ),mzz | i) ( )’

! !
my m;

! ! ! ! ! A (9)
m = mym; + det(M )’ m = miym; + det(M") .

! !
m, m,

If it is not obvious which part of the message was corrupted, the correction for each part
can be calculated. The corrected part must be integer, so with high probability there will be a
single matching result.

If no correction provides integer results, then two or more parts of the message were
damaged, and the restoration is likely impossible.

Example:
65 115 ., [13 8
M = , 0" = )
104 97 8 5
1765 1095}

M'=MxQ° =
2128 1317
det(M") = —5655.

Let’s add a «corruption» into the second part of the message, changing it to 1112:

1765 1112
ME}"V — ,
2128 1317

det(M ") = —41831 % —5655.

Let’s assume that the first part is damaged, and try to correct it:
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,  mymy+det(M')  1112x2128-5655

, : =1792.47.
m, 1317

The result is non-integer. Let’s assume the second part was damaged:

= mim; +det(M") 1765x1317 —5655

4 , =1095.
m, 2128

Let’s assume the correction is true:

o T1765 1095] [5 -8 [65 115
M"=M'xQ" = x -
2128 1317| |-8 13| [104 97 |.

So, we have restored the message, where one of the parts was corrupted.

Notes on algorithm implementation

The following notes are given for the implementation of the Fibonacci Q-matrix coding
method.

1. The encrypted parts of the message along with the determinant are translated into the
Fibonacci code [7]. Because each Fibonacci code contains only two consecutive 1-digits,
which are located at the end of the code, it can help to determine which parts of the message
were corrupted. Also, if a binary data transmission is used, we won’t have to translate the
encrypted values into the binary numeral system, because the Fibonacci code consists only of
0- and 1-digits. In this way we avoid unnecessary calculations while transforming numbers
from one numeral system into another.

2. The encrypted parts are brought to the common length by adding 0-bits to the lesser
parts. The message is increased by 1-2 bytes in most cases this way. In computer
implementation developed for this method the common length of each part is increased till it
becomes divisible by 8, so that each byte has only one corresponding part of the message.

3. The writing of encoded data is done in the following way. The size of the
determinant in bytes and its sign are written. The determinant is written. The decoded parts
are written.

4. The reading of encoded data is done in the following way. The size of the
determinant and its sign are read. The determinant is acquired by reading the number of bytes
equal to its size. The rest of the message is divided into 4 equal-sized parts, each one has its 0-
bits deleted from the end until the first 1-bit is met.

5. The data read is checked for the correct Fibonacci codes. If the determinant is
damaged, the correcting of other errors will be useless. If the Fibonacci code of the
determinant is correct, and one part of the message is damaged, that part is restored. If the
Fibonacci codes of the determinant and the encoded parts are correct, but the received
determinant doesn’t match the calculated determinant, an attempt to restore each part is made,
and an integer result is treated as a correct one. If no attempt gave the integer result, the
message is decoded with errors.

Block Q-matrix algorithm

The following algorithm has been developed on the basis of studied properties of
Fibonacci Q-matrix and the Fibonacci code.
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Assume there is a message M , which can be divided into segments 4 bytes each:

M = <{bllb12b13bl4’bZleZb23b24 ""’bnlanbn.’,bnét}’O < bi/' < 255 - (10)
Let’s encode the message M into M' by applying the standard Fibonacci Q-matrix
method for each quad of bytes

M'={B|,B,,...,B}, (11)

where B’ is a group of bytes b, b,,b,,b,, encoded with the help of the standard Fibonacci Q-

matrix method.
The power of Q-matrix n=35 is chosen for the implementation of this method. The
implementation of the standard Fibonacci Q-matrix method is done as described previously.
To decode the message, the standard Q-matrix method needs to be applied for each
encoded segments B’ . However, in order to separate B; correctly in the encoded message, the

length of these segments must be a fixed length of & bytes. To find it, we’ll calculate the
largest possible values of determinant and the elements of the encoded matrix.

The biggest value of determinant in case n=5 is achieved when
det(M") = mim), —mym; = 255%x255—-0x0=65025. Translated into Fibonacci code it will be

written as 100001000101010000001011; the length of this presentation is 24 bits, i.e. 3 bytes.
The biggest value of the element of the encoded matrix is achieved when
m,=F m +Fm, =8x255+5x255=3315. Translated into Fibonacci code it will be

written as 001010100100010011; the length of this presentation is 18 bits. All four elements
of the matrix will have their collective length no more than 9 bytes.

Therefore, considering that at least 1 more byte is needed for the sign and the size of
determinant, we can say that each encoded segment B won’t exceed k=13 bytes. If the

segment is smaller, the missing bits are filled with the values which can be ignored by the
decoding algorithm (for example, 0-bits).

So, the optimal block Q-matrix method produces 104 bits (13 bytes) of encoded
message from each 32 bits (4 bytes) on the initial message.

It is worth noting that the computer implementation, the work of which is described
later in the paper, uses the implementation of the standard Q-matrix method with more
massive amount of output data (providing divisibility by 8 for encoded parts), and each 4
bytes are encoded into 18 bytes.

Interleaving modification

The described algorithm can handle the errors in different parts of the message,
restoring each 4-byte segment if the damage affected only one byte of this segment. However,
this means that the errors must affect only single bytes, not consecutive ones. In any case, the
undamaged segments of the message will remain readable.

To increase the effectiveness, the algorithm is modified with the help of interleaving
[9]: the encoded bytes are shuffled in certain order, and the consecutive damaged bytes will
affect different 4-byte segments in the end.

In the computer implementation, the first bytes of each segment are placed at the
beginning, then the second ones, and so on, till the last bytes. This process allocates bytes of
each segment equally, and the errors will need to “guess” several bytes of each segment to
prevent it from restoration. Even if it happens, only the 4 bytes of this segment will become
unreadable in the decoded message.
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Results of the numerical experiments

A C++ library has been developed, which performs encoding and decoding with the
help of the standard Fibonacci Q-matrix method and the block method, applying the notes
listed above.

The ability to correct errors has been tested for each algorithm. The given number of
byte damages has been generated for the message: in one case the single damaged bytes were
randomly scattered throughout the message, in another case the consecutive bytes were
damaged in the random position. For each number of errors 100 tests were handled, which
calculated the number of completely restored message cases.

The message was 576 bytes long. For the standard Fibonacci Q-matrix method (n=5)
the encoded message was 1250 bytes. For the block Q-matrix method it was 2592 bytes. The
test results are shown on the diagrams on fig. 1 and fig. 2. The comparative analysis of the
work of the algorithms is presented in table 1.

120%
—— single bytes damaged
100%

consecutive bytes damaged
80%
60%

40%

20%

The cases of complete restoration

0%
1 2 3 4 5 10 20 30 40 50 75 100 125 150 175 200 300 400 500
1% 4% 12% 24% 40%

The number of damaged bytes

Fig. 1. The cases of complete restoration of the initial message in the standard Fibonacci
Q-matrix method

120%
- Single bytes damaged
100%

consecutive bytes damaged
80% -+
60%

40%

20% -

The cases of complete restoration

0%

1 2 3 4 5 10 20 30 40 50 75 100 125 150 175 200 300 400 500 600 700 800
4% 8% 19% 31%
The number of damaged bytes

Fig. 2. The cases of complete restoration of the initial message in the block Q-matrix method
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The standard Fibonacci Q-matrix method survives the considerable amount of
consecutive damaged bytes (being completely ineffective in case more than 40% of the
message is damaged), although it is useless in case of single damaged bytes in different parts
of the message. In that case the half or the whole message becomes unreadable.

The block Q-matrix method handles the consecutive damaged bytes a little worse (being
completely ineffective in case more than 31% of the message is damaged), and allows the
restoration of the scattered single error bytes (up to 4% if the message). Also, even if it fails to
correct, only the failed damaged groups remain unreadable.

Table 1.
Comparative analysis of the methods

Standard Ficonacci

Q-matrix (n=5) Block Q-matrix method

Ratio of the encoded

message size to the initial 2.1622 4.5
message size
Code rate 0.4625 0.22
Complete restoration of Up to 40% damage of the Up to 31% damage of the
consecutive error bytes message message
1 o
Cpmplete restoration of Less than 1% damage of the Up to 4% damage of the message
single error bytes message
If failed to correct all Half or all of the message is | Only the failed 4-byte segments
errors unreadable remain unreadable
Time to encode 4000
1.13 sec 1.1 sec
bytes
Time to decode 4000 465 sec 0.75 sec
bytes

The standard Fibonacci Q-matrix method doesn’t belong to linear block or
convolutional codes [2], which are widespread in coding theory for error detection and
correction, or any other category known to the authors. In terms of this it is difficult to
compare it with the work of other codes.

While the widespread codes make it possible to correct single bits and their
combinations, the Fibonacci Q-matrix allows restoring the elements of the matrix, the size of
which is theoretically unlimited. The implementation of this method, however, may require
arbitrary-precision arithmetic.

This code also allows encrypting the data, using the power of the Q-matrix as an
encryption key. This gives the code an additional advantage in cryptography.

The use of this method might prove useful for the digital signature technology. If both
the power of the Q-matrix and the determinant are present, the validation of the document can
be verified by comparing the calculated determinant with the known one.

The results of numerical experiments made it possible to calculate the rate of the code.
The code rate [3] is a relation of bits of «useful» information (primal message) to the number
of bits of redundant information (encoded message).

Using the developed library it was experimentally proved that for » =5, while the size
of the message tends to infinity, the rate of the standard Fibonacci Q-matrix code approaches
approximately 0.4625. Increasing the power n for Q-matrix will decrease the code rate,
therefore increasing the size of the encoded message compared to the primal.

For comparison, the rate of Hamming (3.1) - code is 0.333, and Hamming (7.4) - code is
0.571 [3].
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The standard Fibonacci Q-matrix coding method is quite useful if the damage took
place in only one part of the message, even if the whole part was corrupted. However, the
damage in more parts will make half of the message, or the whole message, unreadable and
uncorrectable. Interleaving isn’t effective for this method, unless we can predict which bytes
will be damaged beforehand.

Nevertheless, given that lim, F”” =@, where F, is a Fibonacci number 7, and ¢ is

the Golden ratio, there are ways to correct errors even in two or three elements in the matrix
[5,6]. However, these methods require additional study.
The developed block Q-matrix method relates to the block codes [10]. The code rate is

4 . : . . .
T =0.22 in computer implementation, and the optimized algorithm’s code rate can reach

i?) =0.307. In both cases the number of redundant bits exceeds the standard method.

With the help of interleaving this code can correct the consecutive damaged bytes a
little worse than the standard Fibonacci Q-matrix method. However, at first, it leaves the
unharmed code readable, and, at second, is able to restore single damaged bytes in different
parts of the message even without interleaving.

Both methods are inferior to most of the modern codes in speed and amount of
calculations, but their correcting ability can be high for specific types of damage.

Conclusion

This paper presents the Fibonacci Q-matrix coding method, which allows detecting and
correcting data errors. The authors have formalized, systematized and justified the existing
researches in this field. The “block Q-matrix” method has been developed on the basis of the
standard algorithm. The comparative analysis of these methods has been made.

The advantage of these methods is that they allow correcting considerably large
information units, the size of which is theoretically unlimited, instead of single bits and their
combinations. A matrix element that can be an integer of unlimited value is a minimal
information unit for the Fibonacci Q-matrix coding method.

However, both methods are inferior to most of the modern codes in speed and amount
of calculations. The standard method also cannot restore the message, if the damage is out of
limits of predefined area. This disadvantage has been amended in the block Q-matrix method.
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PRONUNCIATION QUALITY ASSESSMENT BY
COMPARISON WITH SAMPLE
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66, Zhukovskogo str., Zaporizhzhya, 69600, Ukraine; e-mail: gen.dobr@gmail.com

The task of pronunciation quality assessment by comparison with a reference example
usually requires large training set of such examples. Unfortunately, such sets even for
widely used human languages are rare. Most annotated speech corpora contain examples of
mispronunciation, without reference utterance examples. In this paper we propose an
approach to assess pronunciation quality by comparison with a reference example given
small set of reference utterance examples. Dynamic time warping with silence model
allows to compare reference utterance by teacher/native speaker with student’s utterance
and to obtain feature sets describing mispronunciation at word and phone level. Student’s
utterance is then classified as correct or mispronounced using bagging method.

Keywords: computer-aided pronunciation training, language learning, mispronunciation
detection, dynamic time warping, bagging.

Problem statement

Computer-Aided Language Learning (CALL) systems [1-2] have gained new attention
nowadays, as speech recognition technologies (SRT) widely used in human-computer
interaction with search engines can be adapted to distant language learning. Computer-Aided
Pronunciation Training (CAPT) systems respond to the demand of SRT client to be
understood. There are various technologies to teach reading, listening, and grammar, to
improve and expand vocabulary. At the same time, oral speech and correct pronunciation
training are harder to automate, and are more to the research, than to the technology, however
several pronunciation assessment services already exist [3-4].

The straightforward way to assess pronunciation is to use automatic speech recognition
(ASR) system. Current ASR systems are based on supervised machine learning techniques.
Training of ASR system requires a large corpus of annotated (manually/automatically)
reference data — audio files storing sound of a phoneme/word/phrase/text utterance of a person
in a given language. Such a prerequisite causes a bottleneck of direct adoption of ASR system
to pronunciation assessment — necessary datasets are only available for the most used
languages [5-6], whereas there are 7102 languages spoken in the world [7]. One more
bottleneck of ASR system adoption is the vocabulary used. Sufficient datasets are available
only for the most common, everyday topics (e.g. British English corpus WISCAMO [8] for
news). Specific terminology words, professional slang, rare vocabulary words will be
substituted by similarly sounding words.

Therefore, there is a need of exploring alternative approaches that do not require large
reference data, and do not perform extra operations, e.g. do not perform full ASR.

Related Work

At the early stages, pronunciation quality assessment was performed for the whole
phrase with the help of hidden Markov model. Obtained results did not depend on a teacher,
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but did not point to the error type [10-12]. To overcome this difficulty the researchers focused
on various ways of detection of “problematic” phonemes extracted from utterance examples,
and their classification as pronounced correctly or mispronounced [13-16]. The results of such
approach have shown increased precision of pronunciation assessment. Approaches to extend
ASR system with typical pronunciation errors [17] lead to increased quality of assessment.
However, they require a-priori sets of typical pronunciation errors, inherent to language
learners of different nationalities. As a result, only those typical errors could be assessed, i.e.
person-specific utterances within the same nationality are not taken into account.

Recently, comparison-based approaches to mispronunciation detection [9], [18] appear,
attempting to avoid usage of a full ASR system. They differ in the way how classification is
performed, and how feature sets of utterances are obtained. In [9] SVMs are used for
classification, and utterance feature sets extracted with Gaussian posteriograms (GP) and Mel
frequency cepstral coefficients (MFCC) are compared. In [18] classification is done with
Gaussian mixed models (GMMs), and deep neural networks (DNNs) are used for extraction
of feature sets.

Aim of the paper

In this paper, we propose to use bootstrap aggregating (bagging) algorithm to improve
classification of example utterances, taming the problem of small reference datasets. The
approach is inspired by the previous success in application of dynamic time warping (DTW)
with silence model [9] to mispronunciation detection. However, in [9] support vector
machines (SVM) are used in classification of example utterances, which require a large
reference dataset for classifier training. Bagging algorithm allows starting pronunciation
assessment with a small reference dataset, incrementally adding new references. Such an
environment is inherent to a socially-oriented on-line language learning system, where
teachers/native speakers can add their utterances of sample phrases, and the system
reclassifies students’ pronunciation accordingly.

Results

Mispronunciation quality assessment simplified method is based on the following
assumptions:

e if a phrase uttered by a student similar to a phrase uttered by a teacher, then the
student has a good pronunciation;

e similarity criterion is a distance function between correspondent features’ values of
conditional phonemes utterance by teacher and student;

e uttered phrase is split into conditional phonemes in assumption that features of the
sound change essentially between different conditional phonemes, rather than inside one
conditional phoneme;

¢ silence and pauses between words are not taken into account.

Claimed that student’s pronunciation is well-trained if his/her phrase is similar to a
teacher phrase. This allows at the beginning only a small set of teacher sample utterances. The
benefit of such an approach is its simplicity, incremental pronunciation quality assessment
improvement as more correctly pronounced samples (e.g. by students) are put into a sample
set.
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Sound file preparation stage

Sound file preparation stage is traditional for speech recognition (see Fig.1). First, low-
frequency component is removed as not important for speech recognition by means of signal
smoothing:

x,=a-x,+(1-a)x,, |a<], (D

where « - is a parameter, regulating the level of smoothing.

Then, the signal amplitude is mapped to the segment [-1, 1] and the signal is split into
frames, F (see Fig. 1). Frames are overlapping fragments of the sound file, having length
depending on the frequency of the sound. In our case, as sound was recorded at 22 kHz, and
fast Fourier transformation requires 2" discrete signal values in a frame, frame length was
23 ms (512 values), and overlapping window was 11 ms (256 values).

-220 0.230 0.240 0.250 0.260 0.270 0.280 0.290 0.300 0.310 0.320 0.330 0.340 0.350 0.360 0.370 0.380 0.390

W
23mc

Fig. 1. Dependency of a sound signal on time and frame size explanation

For each frame ¢ of F we calculated MFCC [19] feature set, and additionally energy,
entropy, and their first and second derivatives, resulting in a feature set f, of 42 features.

Hamming Fast Fourier
window P | Transformation

\NL\AN Frequency Splitinto

—p filter » frames

\ 2
Information, MFCC
Energy
Calculation
Feature set Discrete cosine <
+— P transformation
-

E={fir S}

Fig. 2. Sound file preparation steps

For a frame ¢ its energy is evaluated as biased estimate of the variance of the input
signal:

N—-

L
NS

—

E,=—>(x-%),1=1T, 2)

where X, - is an average value of signal in a frame ¢, N — quantity of amplitude values in a

frame, ¢ — frame number, 7 — total quantity of frames.

To evaluate entropy we obtain amplitude sweep [a ], the resulted segment is

min ? amax

and a, =a,,, , and for each

max *

split into R parts [a,,q,], [a,,a,], ..., [a,,az], where a, =a,;

n
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frame we calculate the quantity of amplitudes, belonging to the segment and obtain frequency
histogram. Then, using Shannon’s definition of information entropy, we obtain:

I:_pr ln(pi)7 (3)

i=1

where p, —is a signal amplitude share, belonging to the segment [a, ,,a,].

Usage of Mel Frequency Cepstral Coefficients (MFCC) is one of the standard
techniques to obtain features of a sound in ASR systems [19]. MFCC features are obtained
with the help of a set of frequency filters, taking into account the peculiarity of a human ear to
have different sensibility in different parts of the audio spectrum — almost linear for
frequencies below 1 kHz and logarithmic for higher frequencies.

At the first step we calculate signal energy logarithm upon application of each filter

S(t,m) = ln(Nz_l|X(t,n)|2H(m,n)j,t =1,T,m=0,M -1, (4)

where X (¢,n) —is a n-th component of Fourier image in the frame ¢, H(m,n) —is a n-th
component of m -th Mel-Frequency filter, N — window size, M — predefined quantity of
Mel filters, 7 — quantity of frames. Usually in ASR systems M =20, but M =12 is also
acceptable.

At the second step we perform discrete cosine transformation of S(¢,m) values:

M-1 _
c(tom)= Y S(tm,) cos(W}r LT, m=0,M 1, )

m1:0

We also calculate first and second derivatives to take into account human ear reaction to
the spectrum changes in time:

de(t,m)=c(t+2,m)—c(t—2,m),

d’c(t,m)=c(t+1,m)—c(t —1,m). ©)
The same derivatives are calculated for energy £ and information entropy / as well.
Values (2), (3), (5), (6) form a feature set f, for each frame ¢, resulting in a feature set

of 42 features

£, ={ct,m),de(t,m),d*c(t,m), E,dE,d’E, I,dl,d’I) (7)

Preparation of samples

To detect silence we seek frames with minimal information entropy values [20] that are
considered as noise. Frames contain informative speech, if its Mahalanobis distance to any of
frames considered as noise exceeds a given threshold [21].

Sequence of frames, F, is then separated into conditional phonemes, by pair wise
comparison of Euclidean distances between correspondent MFCC values of each two
neighbor frames f,, f,_,. We assume that sound characteristics change essentially between two

different conditional phonemes, rather than within the same phoneme. To calculate Euclidean
distances we use MFCC features of the same nature (energies, frequencies etc). Conditional
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phonemes set may not coincide with the traditional sound set of the language, and for each
specific phrase may differ.

Separation of a sample phrase into words may be performed manually or with the help
of some ASR system.

Comparison with sample

After sample and student utterances are prepared as shown in Fig.3, DTW algorithm is
used to align two frame sets (see Fig.3).

Given sample FT ={fi,.., ft,} and student’s FS ={fs,,..fs, }frame sets, DTW
distance matrix @ is constructed as

q)(i,j):D(ﬁi,fS'j),izl,,n’j :1..1’1’1,

where D —is Euclidean distance between sample/student frames.
As student utterance is uncertain, with pauses, we use DTW with modified distance
function, taking silence frames into account, as in [9].

Silence vector @, keeps average distances from each frame of FS to each frame of
FT , marked as silence,

b)) =~ S Ok,

where r —is a quantity of frames in F7 marked as silence.
Modified distance matrix is then obtained as

o', j) =1 (PG (). i€ B
oG, ), ieB ,

where ¢, (j) — average distance between j-th frame of FS and frames of F7, marked as

silence, i — sample frame index, j — student frame index, B — set of sample frames, where
student can (or is allowed to) make a pause.

\M\’\AI\I\ Split into

Silence conditional Split into words
sample_> detection phonemes
utterance

\I\I\N\/\I\ Feature sets

= » y

student
utterance = DTW with silence

model

Measures
Statistics on (1)-(7) for

F, ¢W_I ,phoneme, word, measures (1)-(7) phonemes, words,
’ phrase

A

measures (1)-
(7),statistics

Fig. 3. Comparison steps
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Ideal
utterance

Missing
phoneme

student frame index

i &0 b0 150 i =0 i i)
sample frame index

Fig. 4. Sample (ideal) and student utterances of a phrase “This woman has got a good dress”

Given ¢, ¢ — begin/end indexes of frames of a particular conditional phoneme of

fmin * " max

sample utterance, ¢, . ,¢, _— of student utterance, we obtain the following set of measures:

smin >~ S max

— max/min indexes of student frames ¢ given the index of sample frame ¢,

SO (tt) = min(ts | tt))

(8)
$,(t,) = max(, [1,);
— max/min indexes of sample frames 7, given the index of student frame ¢,
t,(¢,) =min(z, | ¢,),
o(s)_ | ‘). ©)
4(t,) = max(t, | ,);
— average angle of a slope of the graph of a linear function (see Fig. 4)
t - .
K — S max Smin ;
tt max tlmin (10)
— deviation from the graph of a linear function
C = max(|s, () —¢-K|s, () - K] ) (11)
— maximal deviation from the graph of a linear function
D= max (maXQSO(Z)—t-K,Sl(t)—t-KD), (12)

tmin <1<t max
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— maximal quantity of student frames correspondent to one sample frame
S =max(s,(t) —s,(1)),t, <1<t (13)
— maximal quantity of sample frames correspondent to one student frame

S =max(¢,(s) —t,(5)),¢ <t . (14)

Smin

Enlisted measures aim at evaluation of the pronunciation speed and duration of a
phoneme utterance.
To measure similarity of utterance of two phonemes of the same length (in frames) we
Umax  51(2) ,
used Euclidean distance between each pair of phonemes R = ) > ®(ts), and
1=ty in $=50 (1)

ltmax

R,= > @ (t,t-K).

t:tfmin

Classification

Given a feature set f, and measures set (8)-(14), it is possible to classify student

utterance as correct or mispronounced. Classification task was formulated as follows: given a
small set of sample utterances and an example utterance, obtain pronunciation quality as

similarity measure. Each sound file is presented as two-dimensional array: F = { f },t = I,_T,
where ¢ —is a frame number, f, —set of 42 features (7), calculated for the frame ¢.

To compare different recordings, their durations were equalized with DTW, hence all
the sounds were presented as two-dimensional arrays of the same size.
Let classifier be presented with an unknown function %: F — {—1,4+1}, where “-1” and

“+1” are classes correspondent to “mispronounced” and “pronounced correctly”. Function £
is selected such that if 4(F) <0, an example utterance is considered as mispronounced, and if

h(F) >0 — as pronounced correctly.

The main problem for mispronunciation detection task was the small set of samples.
Most machine learning techniques (Bayesian classifiers, neural networks, hidden Markov’s
models) require large training sets. Usage of small training sets leads to overfitting problem —
classifier simply stores the whole training set, without learning and generalizing, so even
slight modification of the sample leads to errors. However, modifications are unavoidable,
because sample utterances can be recorded by different people, having different recording
devices.

Therefore, only simple classifiers, such as support vector machines (SVM) dealing with
small training sets, can be applied. SVM classification technique seeks for hyper plane
separating two clusters in multidimensional space, where the most important points are the
closest to the borders of clusters. However, in our task it is unknown if such a hyper plane
exists, because it is possible, that there is not a plane, but a complex surface (parabolic etc.).
We conducted a set of experiments with SVM, as in [9], but on a small training set, and
obtained unsatisfactory results.

Hence, we concluded at selection of machine learning ensemble meta-algorithm
Bootstrap Aggregating (Bagging) [22].
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Bagging

As the sample set is relatively small, classifiers like SVM cannot be used due to large
training set required, we propose to use bootstrap aggregating, or bagging algorithm [22] to
generate training set for classifier.

The main idea of bagging is to create an ensemble of simple classifiers, each of which is
trained on a randomly selected training subset

h,(F,z,),q=1,0,

where O — number of classifiers, z, — some adjustable parameters, F'— audio file feature set.

Q is either predefined or adjusted depending on the training results.
After training, we obtain a set of /%, , on average behaving as a 4(F) we seek for, and

the resulting classifier is averaging all the 7, :

WF) =éisign(hq (F.z,).

g=1

that is a value of comparison between a sample and an example.

Training set construction for bagging

To create training sets three consequent random generators were used. First generator
selected a feature index m, from the feature set f, (integer from 1 to 42), second —a moment

of time 7, . Third generator worked several times — it selected indexes of elements from the set

of all utterances, both sample and students’, {/ gl i=L1.
Training subset is a set of pairs

(Eq My [lq[ ]7 czass[lqi ])

where class(l, =1, if F, , [l,] is correctly pronounced, class[l,]=~1, if F,_, [[,] is

mispronounced.
As functions &, (F[/,],z,) we selected linear functions

h(Fll,)z)=F, , [l]+2,, (15)

where qu,mq [/,/] is a real number — the value of m,_ for feature set ftq , for [, -th utterance, z,

- some real number.
To train each classifier 4, (F,z,) it is necessary to find z,, minimizing the error

1
ERR, =Y

i=1

class[l,]— Sl'gl’l(hq7 (th,mq [Z,:).2, ))‘

Classifiers (8) are simple, easy to create and to train. For each classifier 4 (F,z,)

calculated is the frequency of errors, and the most precise classifiers remain, others are
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removed. The selection assumes each classifier decided its dominant class, “-1” or “+1”, and
then class number is averaged.

The benefits of bagging are: there is no overfitting, adding “noise” is a step of
classifiers creation; best features are selected automatically at the classifiers selection stage;
rather complex surfaces, not just planes in the feature space, can be dealt with bagging.

Experiments

To assess pronunciation quality, calibration of results is needed. To calibrate the system,
we use small additional set of utterances by students with good pronunciation grades,
confirmed by a teacher. This additional set was used to obtain minimum and maximum
permissible values of each feature.

Phoneme or word considered as mispronounced if any of measures (8)-(14) go beyond
permissible values. A phrase is considered as mispronounced if any of phonemes or words
was mispronounced.

Examples of pronunciation quality assessment are shown in Table 1, where “-f” —
female student, “-m” — male student.

Table 1.
Grades of pronunciation quality assessment for the phrase “This woman has got a good
dress”
Example | Worst word grade | Worst conditional phoneme | Expert grade
students with good pronunciation grades
2-f 0.250 0.250 good
3-f 0.250 0.250 good
4-f 0.250 0.389 good
5-f 0.250 0.250 good
6-f 0.250 0.250 good
7-m 0.250 0.250 good
8-m 0.250 0.250 good
9-m 0.250 0.250 good
students
06-f 1.499 1.033 weak accent
00-m 1.887 3.764 strong accent
05-f 3.949 6.386 strong accent
07-f 3.748 2.499 strong accent
08-f 5.936 6.440 strong accent
08-f 4.343 6.814 strong accent
09-m 2.017 3.976 strong accent
01-f 2.191 9.836 strong accent
03-f 5.247 3.582 missed word
04-f 3.106 7.746 other phrase
10-f 25.487 25.487 one word instead of phrase
11-m 2.666 2.666 one word instead of phrase
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Concluding remarks

The paper discusses the possibility to adopt known algorithms, used in ASR systems, to
a comparison-based CAPT system. The proposed combination is MFCC-based sound feature
set, DTW with silence model and bagging for creation/training pronunciation classifiers given
a small sample set. Training is performed for each sample utterance separately, and allows for
a small sample set. Adding a new sample does not require the whole system rebuilding, hence
the solution is scalable.

Proposed approach evaluates both correctness of pronunciation and duration/number of
phonemes. To define proper pronunciation a small training set is enough — nearly 10 samples
of each phrase, uttered by different voices and at different rate of speech.

Directions of future work are seen as follows. First, to compare the quality of results on
other corpora possessing both sample and student utterances. Second, to apply other classifier
types that are tolerant to small sample sets.
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OLIHKA SIKOCTI BUMOBU METO/JOM IOPIBHSHHS 3 ETAJIOHOM
I".A. do6poBonbebkuii, O.0. Togopiko, H.I'. Kebepie

3anopi3bKuil HalliOHAILHUN YHIBEPCUTET
ByIL. JKyKkoBcbKoro, 66, M. 3amopixoks, 69600, Ykpaina; e-mail: gen.dobr@gmail.com

3amaga OIIHKK SIKOCTI BHMOBH 3a JIOTIOMOTOIO TOPIBHSHHS 3 ETAJOHHOIO BHUMOBOIO
3a3Br4ail NoTpeOye BeJIMKOI KITBKOCTI eTayoHiB. Ha »xanb, nigibpaTn HeoOXiAHY KUIbKICTh
€TaJOHIB HAaBITh JJIs PO3MOBCIOJKCHOT MOBH Ba)KKO, OCKUIBKM MEpPEBaKHA OLIBIIICTH
aHOTOBAaHMX KOPIYCiB MICTHTh JIMIIE Ha0OpW IPUKIAJIB HEKOPEKTHOI BHUMOBH, 0e3
€TaJOHHUX MPHUKIAMIB. Y JNaHifl CTAaTTi 3alpPONOHOBAHO OJIUH MIAXiM IO OLIHKK SKOCTI
BUMOBH METOJIOM TOPIBHSHHS 3 €TaJOHOM B YMOBaX HEBEJIHMKOI KiTBKOCTI C€TAJIOHHHX
BuMoB. Meton DTW 3 ypaxyBaHHSIM THIII JTO3BOJSE CIIBCTABUTH €TAJIOHHY (pasy, Ky
BHMOBHWB BUHTEJIH/HOCIH MOBH, 13 (pa30r0 y4Hs, Ta OTPUMATH HAOIp BIACTHBOCTEH BUMOBH
piBHS cioBa i ponemu. Ha oMy Habopi BIacTHBOCTEH BUKOHY€ETHCS Kiacudikamis ¢pasu
SIK KOPEKTHO/HEKOPEKTHO BUMOBJICHOT 32 JIOTIOMOTOI0 METOIy bagging, skuii He moTpedye
BEJIMKOI KiTBKOCTi €TAIOHIB [T HABYAHHSL.

KarouoBi ciioBa: koMI’'roTepru30BaHe HABYaHHS BHUMOBI, BUBYEHHS MOBH, BH3HAUCHHS
MTOMIJIOK y BUMOBI, dynamic time warping, bagging

OLEHKA KAYECTBA NTPOU3HOUWEHUSA METOAOM CPABHEHUS C 9TAJIOHOM
I'.A. To6poBonbckuii, O.A. Togopuko, H.I'. Kebepne

3anopoKCKUH HAITMOHATIBHBI YHUBEPCUTET
yi1. J)KykoBckoro, 66, . 3amopoxse, 69600, Ykpanna; e-mail: gen.dobr@gmail.com

3ajaya OlEHKH Ka4eCcTBa MPOM3HOILICHUS yTEM CPABHEHHMS C ITAJOHHBIM MPOU3HOLICHUEM
00BIYHO TpeOyeT OONBIIOr0 KOJMYECTBa 3TaloHOB. K coxaneHuio, momo0path HYKHOE
KOJIMYECTBO OTAJOHOB Jaxe Ui I[IHPOKO paclpOCTPaHEHHBIX S3BIKOB TPYIHO,
MOJIABJISAONICe OOJBIIMHCTBO AHHOTHPOBAHHBEIX KOPIYCOB COJCPKAT JIMIIb HAOOPHI
MIPUMEPOB HEMPABUIBHOTO MPOU3HOIICHHUS, HO HE TaJIOHHBIC MPUMEPHL. B MaHHOM cTaThe
npeaiaraeTcss OJMH TOAXOJ K OIEHKE KadyecTBa IPOM3HOLICHUS METOJOM CpaBHEHHS C
STAJIOHOM IIPH YCJIOBHM HEOOJBLIOTO KoJIMdecTBa 3TaioHOB. Dynamic Time Warping c
y4eTOM THUIIMHBI TI03BOJSIET  CONOCTABUTH OJTAJOHHYIO (pasy, IPOU3HECCHHYIO
YUYUTENEM/HOCUTETIEM S3bIKa, C (pa3odl yYeHHWKa, H TOIYyIUTh HA0Op CBOKWCTB
MPOM3HOLICHUs] YpOBHA cjoBa u (onembl. Ha ocHoBaHum 3TOro Habopa CBOICTB
BBINOJIHSAETCS Kiaccupukanus ¢pasbl Kak MPaBHIbHO/HENPABHIBHO IMPOM3HECEHHON ¢
MIOMOIIBI0 MeToAa bagging, KOTOpEIH He TpeOyeT OONBIIOr0 KOJMYECTBA 3TAJOHOB IS
00yJeHHS.

KaioueBble cj10Ba: KOMIIBIOTEPU3NPOBAaHHOE 00yYEHHE POU3HOLIEHUIO, N3yYECHHUE SI3bIKA,
orpejieTieHne oIMOOK B MpOU3HOIIeHNH, dynamic time warping, bagging
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BbBIBOP DOPEKTUBHOI'O BA3OBOI'O OCHOBAHUA
MOAYJISAA TIPU MHOI'OKPATHOM INPOPE’KUBAHUU
MMPOBHBIX 3HAYEHU B METOJE ®AKTOPU3 AU

OEPMA C HEPABHOMEPHBIM HIAT'OM

E.B. MakcuMeHKO

WHCTHTYT cHielMaTBHOM CBA3H U 3alUTH HH(popMarmu HanmoHambHOTO TEXHHYECKOTO YHUBEPCUTETA
VYkpaunbl «KneBckuii MONIUTEXHUUECKUA HHCTUTYT»,
yi. Bepxuekmouenas, 4, Kues, 03056, Ykpaunna; e-mail: iszzi@i.ua

Paccmorpena 3amaga momcka ©0a30BOro ocHOBaHHMS Moxayns (bb) mpm MHOTOKpaTHOM
MPOPEXKUBAHUN TIPOOHBIX 3HadeHHWA B Merone depma ¢ HepaBHOMEpHBIM Imarom. Jlimst
JOCTIDKEHHSI MaKCUMAITBHOTO KO3((HUIIEHTa YCKOPEHUS IPH M3BECTHOM OTPAaHWICHUHU Ha
o6veM mamsT OBM, ucnons3yemMoii s XpaHeHHs JOIMYCTHUMBIX MPOOHBIX 3HAYCHUH X,
chopMynHpoBaHa MaTeMaTHUYECKas MOCTAHOBKA TAaKOM 3amaull M MPEMJIOKEH CIoco0 ee
pelIeHUs] Ha OCHOBAaHMH YCTAHOBIICHHOTO COOTHOIICHHS JUIS MHUHUMAJBHBIX 3HAYCHHMA
k03 dunueHToB yckopenus. [lokazaHo, 4TO MOCICIOBATEIIFHOCTh MPUPANICHUN TPOOHBIX
X TEPUOJUYECKU MOBTOPSICTCA M CyMMa DJIEMCHTOB TaKOW MEPUOJIMYCCKON YACTH MOXKET
OBITh 3HAYNTEIHHO MEHBIIUM 4YeM bb, Moo, ecnu bb nenutcs Ha 4 6e3 ocTaTKa, MEHBIITHUM
yeM bb/2. OOCy)IaroTcsi BOIIPOCHI pEIleHUs 3a1aun monucka 3¢ dexTuBHOrO bb B ciryuyae
(ukcupoBanHoro N, korna 3HaueHrue Nmodbb MOKET MEHATHCS TIPU U3MEHEHUH bb.

KaioueBbie ciioBa: (I)aKTopI/I?;aIII/IfI, METO d)epMa, IMMPOPCIKMBAHUEC, YCKOPCHUEC.

BBenenune

B uH(bOpMaImmoHHO-TeIeKOMMYHHKAITMOHHBIX CHCTEMax IS ieJiel Kpunrorpadudeckon
3amuThl UHGopManuu npuMmeHsietcss RSA  anroputm, 4YTO BBI3BIBAET HMHTEPEC K €ro
Kkpunroananuszy. B pabdote [1] moka3zaHo, 4TO W3BECTHBIE MPUMEPHI KoMIpomeTaruu RSA
arOpUTMa HE SABISIOTCA d(PexTHBHEN 3amnaun (akropuzanuu. [losToMy Ha cOBpeMEHHOM
JTarne aKkTyalbHbIM SIBJISIETCS pelleHue 3afaud ¢aktopuzanuu. OCHOBHBIE HCIOJIb3yeMble
METO/BI pelIeHUs 3a7aun (paKkTOpHU3aluu MpeacTaBieHbl B paboTtax [2-4]. B pabore [5] mus
pemieHust 3a7auu (PaKTOPU3ALMKN YHCEN MPEAJIOKEH MOIXO0/, CBA3AHHBIA C IMPOpPEKMBAHNEM
MPOOHBIX 3HAYEHHI C HEPaBHOMEPHBIM IIArOM IMpPH HCIOIb30BaHUHM 0a30BOr0 U MHOKECTBA
JIPYTUX OCHOBAaHW MOIyJsi. Tam ke OBbLIM MPHUBEACHBI IPUMEPHI BEIOOpA pa3HBIX BAPHAHTOB
6a30BOr0 OCHOBAHMSI MOJYJISl U HA OCHOBAHWHU YHMCIIEHHBIX SKCIIEPUMEHTOB YCTAHOBJIEHO, YTO
BpeMs pEelICHHUs 331a4d (PaKTOPU3AIMH METOJ0M MPOPEKHUBAHUS CYIIECTBEHHO 3aBHCHUT OT
BBIOOpa 6a30BOTO OCHOBAHUS, YTO TPEOYET CIEINATLHOTO UCCIICTOBAHMS.

ITocTaHoBKAa 3agaun

ITycTp 3a71aHO COCTAaBHOE HEYETHOE 4YUCIO N = pg, KOTOPOE CIEAyeT pa3IoXKHUTh Ha
MHOXHTEIH, II€ p M ¢ HEKOTOpble HEUYETHbIE YHCla, HE O00sA3aTeNbHO SBISAIOLINECS
npocteiMU. CorjzacHO MCXOJHOMY BapuaHTy Mmetoga Pdepma A OIpeneieHus p U g
pELIaoT ypaBHEHHE
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X*=N+Y?, (D

rie X U Y — neinble NoJIOKUTEIILHBIE YUCIIA.

Ecimm B (1) HemsBectHytro X mpencraButh B Buae X = (l\/ﬁ J+ l)+ X=Xx,+x, TO
pemenue ypasHenus (1) momyuaror nepedbopom npoOHbIX 3HaueHui x = 0,1,2,..., 10 Tex mop,
T0Ka 0CTaTOK X ° — N He OKaKeTcs IOMHBIM KBaAPaTOM IIeJI0ro YUCIa.

Ha3zoBem gomycTuMbIMU T€ MPOOHBIE 3HAUYEHUSI X IO MOJYJII0 HEKOTOPOIO OCHOBAaHUS
b, ipu KOTOPHIX pasHocTh (X° — N)modb siBnseTcs KBaAPATHYHBIM OCTATKOM II0 MOJIYJIIO

b, M HegOMyCTUMBIMH oOcCTajbHbIe. VCKIIOUueHHE HEAOMYyCTUMBIX MPOOHBIX 3HAUYEHUU X
OyneMm Ha3bIBaTh MX MpopekuBanueM. Kak mokazaHo B pabote [5], mpu peuieHWH 3aadu
dakTopuzanuu 1eaecooOpazHo UCIONb30BaTh MHOXKECTBO Pa3IMYHBIX OCHOBAHUM MOAYIISI, HO
P ATOM 0co0asi Pojib OTBOAMTCS 0a30BOMY OCHOBAaHHMIO MOAYJs (B nanmpHenieMm bb ),
KOTOPOE€ UTpaeT poJib MEPBUYHOrO MPOCEUBAHMS 0 JAIbHEHUIIEro aHaiIu3a Ha JOMYyCTUMOCTh
3HAYEHUU X TP JIPYTUX OCHOBAHUSIX MOJYJIS.

B paGorte [5] Ha OCHOBaHMM YHCIICHHBIX SKCTIEPUMEHTOB NP COTIIACOBAaHHBIX YCIOBHAX
JUISL psifia BApUaHTOB (paKTOPU3YEMBIX YHCEN ObLIO OMpEeNIeHO BpeMs pacuera IMpH pa3HbIX
3HaYeHHUAX 0a30BOro ocHoBaHHs Momyis. Oxazanoch, 4TO MO CpPAaBHEHHIO C 0a30BBIM
ocHoBaHueM bb=277200 B cmywae bb=25200 (25200=277200/11) Bpems pacuera
yBenuuuiock B 1.74+1.78 pa3a (B cpennem B 1.77 paza). lns oGecrieueHuss CpaBHUMOCTH
pe3yabTaTOB CYMMAapHOE YHCIIO MPOCTHIX YUCET B JIOMOJHUTEIBHBIX OCHOBAHUSAX MOJYJEH
YBEJTMYMIIOCH Ha €IMHUILy 32 CYET 3aMeHbI OCHOBanus b, =109 na b, =1199=109-11. [pu
WCIIOJIb30BAaHUM 3HA4YeHHUs OCHOBaHUs Moxayis bb=3600(3600=27720/11/7) Bpems
pacuera yBenuuuiocsk B 3.06 +3.17 pasa (B cpeaneM B 3.11 paza).

CrnenoBatenbHO, 1isi MeTosna depma ¢ MpopekUBaHUEM MPOOHBIX 3HAYECHHH 0a30BOE
OCHOBAHUSI MOJIyJIE bb SBISETCS CYIIECTBEHHO BIIMSIONIUM IMapaMeTpoOM, U CIocoOam
BBIOOpa 2((HEKTUBHOTO bb TOCBSAIIEHO HACTOAIIEE UCCIICTOBAHHE.

XapakrepucTuku, onpeneasirommue 3¢gGeKTUBHOCTH OCHOBAHUS MOLYJIsI

[Tycte KN(b,N) - 9uciio AONMYCTUMBIX 3HAYCHUH X JUIsl OCHOBAaHWS b , IJIT KOTOPBIX
OCTaTOK (x2 -N )modb SBIIETCS KBaJPAaTUUYHBIM OCTaTKOM Mo moaymwo b, MK(b) -

MHOXecTBO uucen k ot 1 no b-1, nnsa xoropeix HOM (k,b) =1, a n,, — 4uCIO 31EMEHTOB
mHokecTtBa MK (b). IlycTh Takxke Kak u B [5]:

|r(b)|mm— MUHHMAJIBHOE YHCJIO JJIEMEHTOB MHOXKECTBA JOMYCTUMBIX X CpPEIU BCEX

3HaueHnit N modbd , He UMEIONTUX OOIIMX JETUTENCH ¢ b : |r|min = kmilgb)(KN (b,k)),
eMK
|r(b)|maX — MaKCHUMaJIbHOE TaKO€ YHCJIO PJICMEHTOB: |r|max = kma)(ib )(KN (b,k)),
eMK

r(b),, — cpeaHee 3HAYEHHUE YHCIIA IIEMEHTOB: |r|c = Y KN(b,k)/ ny .
keMK (b)

Onpenennm K03HPUIMEHTHI YCKOPEHHUS:

z.. (b)y=b/ |r(b)|max — K03 PUIMEHT MUHUMATHLHOTO YCKOPEHUS,

z (b)y=b/ |r(b)|min — K03 (PHUITMEHT MAaKCUMAIIBHOTO YCKOPEHUS,

z,,(b)=b/ |’”(b)|c,, — YCpeIHEHHOE 3HAYeHUE K0P PUITUEHTA YCKOPEHUSI.

B paborax [6, 7] mns kospduumenta z,, (b) dKCIEPUMEHTAIILHO YCTAHOBIIEHO:
1. (24):ch(24):2 (2*)=4,

z min max
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2. z,(2°)<6 npu k>4,
3. z,(ch)=2,(c) z,(D),ecnu ¢ u b B3aUMHO NPOCTHIE,
4. z,(b)=2,ecmu b npocToe YKCIIO.

CpoiicTBa 2 U 4 HE BBIMOJHAIOTCS s z . (b), a BBIMONTHEHUE (MU HEBBITIOJHEHNUE)

min

cBoiicTBa 3 TpeOyeT obocHOBaHUs. Ha OCHOBaHMM YMCIIEHHBIX SKCIEPUMEHTOB B pabote [6]
OIpPEETICHO, YTO Ul cilydas mpocTelx b z_. (b)=2b/(b+1). B pabore [5] Ha ocHOBaHMU
TaKOI'0 PABEHCTBA IOJy4eHa OLeHKa i z . (b), korna b sBiseTcs NPOU3BEICHHEM IBYX
npocteix uncen. Kosdduuuent z . (b) onpexpenser yciaoBUsT MaKCUMalbHO CIIOXKHOI'O
BapHaHTa ISl METOJa MHOTOKPAaTHOTO TNPOPEKHMBAHUS, KOTOPBIM Ui Ciydas MeToja
¢dakropuzanmu depma Oyner nmpu tex Nmodb, mpu KOTOPHIX KOIPPHUIMEHT YCKOPEHUs
Oyner MuHUManbHbIM. [ToaTOMY IpH BEIOOpE b Ba)KHO UMETH OLEHKY Ui z, . (D).

Ucxonss w3 cootHomenuss z . (b)=2b/(b+1), nnsg ciaydas TPOCTBIX b MOXKHO

min
HPEANONOKUTE, YTO yBeNUUYeHUs z,. (bb) MOXKHO JOOUTHCS 3a CUET YMHOKEHUU HCXOIHOTO
OCHOBaHWsI bb Ha TPOCThIE 4YHCIA, KOTOpBIE €IIe HE SBISIOTCS €ro MHOXHTEISMH.
DneMeHTapHbIe BBIYMCICHHS [OKA3bIBAIOT, YTO YHCIO TAKHX TPOCTHIX MHOXXHTEICH HE
MOXET OBITh OOJNBLIMM, MOCKOJBbKY OYEHb OBICTPO pacTeT HUX MPOU3BEACHHE U, Kak
Clle/icTBUE, TpeOyeMasi onepaTHBHAsl MaMAITh KOMIIbIOTEpA U XpPaHEHUsS JOIMYCTHMBIX X.
[TosToMy mpu BEIOOpE 6a30BOr0 OCHOBAHUS MOJYJIS LI€I€CO00Pa3HO UCIIOIB30BATh U CTETICHH
IPOCThIX Yuces. B Tabn. 1 mpuBeneHs! pe3yabTaThl YUCIEHHOIO omnpeaeneHus z . (b) mis

creneneit m =1,2,3 mpocThIX uncen p < 24, a Takke uncna 4 =27,

Tabauna 1.
3Ha4yeHus KodPPUIUEHTOB YCKOPEHUS
Z Zmin Zmax p

m 1 2 3 1 2 3 1 2 3
p=3 1.5 3 3 3 4.5 6.75 2 3.6 4.154
p=4 2 4 4 2 4 8 2 4 5.333
p=5| 1.667 2.5 2.5 2.5 3.571 4.032 2 2.941 3.086
p=17 1.75 2.333 2.333 2.333 | 3.0625| 3.236 2 2.649 | 2.711
p=11| 1.833 2.2 2.2 2.2 2.630 | 2.683 2 2.396 | 2.418
p=13| 1857 | 2.167 | 2167 | 2.167 | 2.522 | 2.558 2 2.331 2.346
p=17| 1.889 | 2.125 2.125 2.125 2.388 | 2.407 2 2.249 | 2.257

Kak cnexyer u3 nanubix tadi. 1, a1 mpocTeix p > 2
" 2pl(p+1),m=1
o )={2p/(p_1)’m>1. @)

p— m —
A B citydae cocTaBHOro yucia p =4 npu m >1 zmin( )— 4.

[Tockonbky i TPOW3BOJNBHOTO bb cymecTByeT k = Nmodbb, miis KOTOpOTO
|r|max = KN(b,k), To 3amada moctpoeHuss 3(pPeKTUBHOTO bb, TapaHTHUPYIOMIETO 3aJTaHHOE
ycKopeHue He3aBUCHMMO OT N modbb, cBOAMTCS K 3ahade MOCTPOSHHs] HauMeHbluero bb ,

o0ecreynBaIIero 3aJaHHOe MHUHHMaJbHOE ycKopeHue. Jlns pemieHus Takod 3anadu
ompeneauM oOITyi0 CTPYKTYpy bb .
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OO0wmas crpykrypa bb ¥ oueHKa 3HAYEHMHA Z,_. (bb)

CorinacHo OCHOBHOH Teopeme apu(METHKH IPOU3BOJBHOE IIEJI0€ YHCIO MOXKHO
€IMHCTBEHHBIM CIIOCOOOM NPEACTaBUTh B BHUJE HPOM3BEICHUS NMPOCTBHIX YHCEN (C y4eTOM
NEPECTAaHOBKM MHOXXHTENIEH U UX 3HAKOB). [loaTomMy obmiast crpykrypa 0a30BOr0 OCHOBAHUS
MOZIYJIS MOXKET OBITh 3aIiCcaHa B BU/IE

n(bb)

bb=[]pi"*, (3)
k=1

rae n(bb) — KOIUYECTBO MPOCTHIX YMced — MHOXUTeNeH bb, p, (k =1+n) — npoctele yncna
— MHOXutenu bb, m, (k=1+n) — nokazarenu creneneu c, . [Ipu 3TOM, cormacHo JaHHBIM

Tabis. 1, UMeeT CMBICI HCIIOJIb30BAaTh CTENEHU MPOCTHIX YHCENl He OoJbliie BTOPOM, a A
yucna 2 — yerBeptoi. Ecinu miig nmpousBeaeHUs] B3aMMHO MPOCThIX yucesl pl U p2 BEepHO

COOTHOIIIEHUE
Zmin(pl'pz)zzmin(pl).zmin(pz)’ (4)
TO Ui Z, . (bb) OyIeT JOCTOBEPHOH OIICHKA

n(bb)

Zmin(bb)Z Hzmin(pl’cnk)‘ (5)

[Tokaxem, 4To cooTHOUIEHHE (4) CIpaBEUIMBO ISl IPOU3BOJIBHBIX B3aMMHO IPOCTBIX
yucen pl m p2. ]l 3TOro nepBOHAYAIBHO JOKaXEM, 4TO CyllecTByeT N Takoe, 4To
KOJIMYECTBO 4Mcesn ) B auanazoHe oT 0 mo pl:-p2-—1, aud KOTOpbIX (y2 -N )mod pl n
(y2 -N )mod P2 OIHOBPEMEHHO  ABIAIOTCA  KBAaJApPAaTUYHBIMU  OCTaTKaMH, pPaBHO
NPOM3BEACHUIO Z, . ( pl)- Zpin ( p2).

JleicTBUTENBbHO, 111 MPOM3BOJBHBIX pl W p2 CyIIECTBYIOT zmm(pl) u zmm(pZ).
Torma cymectBytor umcna kl(O0<kl<pl) wu k2(0<k2<p2) Takme, UTO
r(pD)|__=KN(pLkl) u |[r(p2) =KN(p2,k2).

OueBugHo, uto ecau i Hekoroporo x1(0< xl< pl) (xz—kl)mod pl aBisgercs
KBaJIpaTUYHBIM OCTaTKOM IO MOAYIIO pl, TO TakUM e KBaJApPAaTUUYHBIM OCTAaTKOM II0
mMonyito pl Oyayr uucna x, =x1+ pl-i qia i =20.

[Iycte MPK(pl, p2,t) — MHOXECTBO 4YHCEN {(t + pl-i)mod pZ}j”zzo_1 . MHOXecTBO
MPK (pl, p2,t) copepxut Bce uucna ot 0 1o p2—1. Eciu 661 370 OBLIO HE TaK, TO HALUIUCH
IBa paBHBIX 3HaueHus (f+ pl-il)modp2 =(¢+ pl-i2)modp2, rae il <i2. CiaenoBaTenbHO,
pPa3HOCTh (t+p1-i2)—(t+ pl-il): pl-(i2—il) nmemunace Obl Ha p2. Ho i2-il< p2,
OTKYyZa cieoBajo Obl, 4T0 pl W p2 UMEIOT OOUMil nenuTenb OOJbIINN eIWHUIIBI, T.€. HE
SIBIISIFOTCS] B3AUMHO TPOCTBIMHU.
= max (KN(p2,k))=KN(p2,k2), tne 0<k2< p2. TlockonbKy

max ke MK(p2)

Ilycts |r(p2)

MHOkecTBO MPK (pl, p2,t) conepxut Bce uucma or 0 mo p2—1, TO cpenu dIEMEHTOB

}KN(pZ,kZ)

o , Ui

MHOECTBA {t+ pl-i}f’ 20_1 Ooyner poBHo KN(p2,k2) 3HadeHuit {tj =t+pl-i,

KOTOPBIX (t/z - k2)mod p2 OyayT KBagpaTHYHBIMH OCTAaTKaMH 1o Moaymo p2 . Tak kak 3To
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BEpHO ISl NMPOM3BOJIBHOTO ¢ B mpenenax oT 0 mo pl—1, To BepHO W 11 Bcex X, IJA

KOTOPBIX (x2 - kl)mod pl ABISIETCS KBalpaTUYHBIM OCTAaTKOM.
CoryacHO KHUTalCKOW TeopeMme 00 OCTaTKax CYIIECTBYET €IWHCTBEHHOE 3HaueHue N
takoe, yTo N mod pl =klmod pl, Nmodp2=k2modp2 u 0< N < pl: p2. IlosTOoMy 1Is

npou3BoibHOTO X1 (0< X1 < pl), M1 KOTOPOTO (x2 —kl)mod pl sBRseTcs KBagpaTHUYHBIM
}KN(pZ,kZ)

ocTaTKoM 1Mo monynro pl, cymecrByer KN(p2,k2) ducen {xj =xl+ pl-i o

, IS

KOTOPBIX (xf -N )mod pl dABAseTcd KBAaJpaTMYHBIM OCTAaTKOM IO Moayaw pl, a
(xf -N )mod P2 — KBaJpaTUYHBIM OCTATKOM TIO MOAYI p2. A C y4eToM TOro, 4To IMpH

pasHbix 3HaueHusx x1 (xl, m xl,) mHoxectBa MPK(pl,p2,x1,) u MPK(pl,p2,x1,) He
MEPECEKaAI0TCsl, TO CyMMapHO€ KOJIMYECTBO 4YHcesl B juamazone or 0 mo pl-p2-1, nns
KOTOPBIX (y2 —N)rnod pl un (yZ—N)mod P2 OJHOBPEMEHHO SBISIIOTCS KBAaJpaTUYHBIMU
OCTaTKaMH, PABHO IIPOU3BENEHUIO Z . ( pl)- zZ . ( p2), YTO U TpeOOBAJIOCH 10KA3aTh.

Ilycts Temepp myst B3aumMHO mpoctoro ¢ pl u p2 uymcna N (0<N < pl-p2)

r(pl- p2)

x(0<x< pl-p2), mist KOTOPOTO (x2 -N )mod( pl- p2) saBasercs KBaJApaTUYHBIM OCTAaTKOM

= max 2)(KN(pl -p2,k))=KN(pl- p2,N). Ilokaxem, 4YTO mJI1 KaXKIOTO

max keMK(pl-p

110 MOAYJIO pl- p2, BBINOJHEHHI YCIOBHUSA:
. (x2 -N )mod pl sBAsETCS KBaAPAaTUYHBIM OCTATKOM 110 MOAYJIO pl,
. (x2 -N )mod P2 sABISETCS KBAAPAaTUYHBIM OCTATKOM I10 MOJYJIIO p2.
[Tockonbky (x2 -N )mod( pl- p2) saBusercs KBaAPAaTUYHBIM OCTAaTKOM IO MOJYJIFO
pl- p2, 1o cymectByet y (0< y< pl- p2),dro (x2 - N)rnod(pl - p2) =y’ mod(pl- p2).
Torna y*=c-pl-p2+r0, THe ¢ — HeKoTOpoe HaTypanbHoe umciao uma 0, a

r0 =y’ mod(pl- p2). Ecmu r0 mpexncraButh B Bume r0=clpl+rl, rae ¢l — HekoTOpoe
HaTypajbHoe yucio win 0, a 0 — HaTypaigbpHOE yucio, To 71 =r0mod pl. CnenoBarensHo,
y*mod pl = (c- pl- p2+cl- pl+r0)mod pl =70, a 11 x 3HaueHME (x2 - N)modpl SIBJISIETCS
KBaIpaTUYHBIM OCTaTKOM I10 MOJYyJ0 pl .

AHaJIOTUYHO HOKa3BIBACTCS, UTO (x2 -N )mod p2 SBISETCS KBaJIpaTUYHBIM OCTATKOM
o MOAyJo p2.

W3 nokazaHHOrO cieayeT, 4To B ciydasx N , Korja MakCUMajibHbIM Oy/leT KOJTHYECTBO
3HaueHul x (0 <x < pl-p2), nas KOTOPBIX (x2 -N )mod( pl- p2) saBigeTcs KBaJpaTHYHBIM
OCTaTKOM 10 MOy pl-p2, Takoe KOJIMYECTBO HE TMPEBOCXOAUT YHUCIA TEX

x(0<x< pl-p2), nasg KOTOPBIX (x2 -N )mod pl sABISETCS KBaJApPAaTUYHBIM OCTATKOM IIO

Moaymo pl, a (xz -N )mod p2 — KBaJApaTUYHBIM OCTAaTKOM IO MOIyI0 p2.
CnenosarensHto, |r(pl- p2)| =< |r( ph_ r(p2)  .a
pl-p2 pl p2
z (pl-p)=—2L"L" >z (p)-z. (p2)= . ,
min (p p ) |r(pl . pz) . min (p ) min (p ) |7"(p1) . r(pz) .

YTO JIOKa3bIBACT CIPABEAIMBOCTb OLEHOK (4).
Jlns oueHKu cooTHoweHus Mexnay z.. (pl-p2) u z_. (pl)-z,. (p2) OblIM NpOBEAECHBI
P YUCIIEHHBIX SKCIIEPUMEHTOB U HEKOTOPbIE U3 UX PE3yIbTaTOB MPUBEACHBI B Ta0. 2.
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Ta6auna 2.
CpaBHHTENbHBIE JaHHBIE 0 KO PUIIMEHTaX YCKOPEHUs
Y P 2 3 s |7 ]3| Hawe | zu®D)

m 4 2 2

1 3600 - (") 4 3 | sn 30 30
m 4 2 2 1

2 25200 - (") 4 3| 52| 74 52.5 52.5
m 4 2 2 1 1

3 277200 - (") 4 31 50| 74l 116 96.25 96.25
m 4 2 2 1 1 1

4 3603600 - (") 4 3 | 52| 74l 116] 13/7 178.75 178.75

B T1abi. 2 cuMBoNIOM P 0003HaYEHbI MMPOCTBIC YHUCJIa, CUMBOJIOM 7 — IOKA3aTCJIn UX
crerenedt, a [ | z,;, — 210 npomssenenue z,, (p").

B namnpix Tabn. 2 3Hauenue <z, (bb) B cooTHomeHuH (5) B TOYHOCTH PAaBHO
n(bb)
[1zmn (). Hostom 6

min (€1F) y ISl OlleHKH (G ()EeKTUBHOCTH 0a30BOr0 OCHOBAHHS MOYJS BMECTO
k=1

n(bb)

z,., (bb) nmomyctumo ncnonb3oBatk nponssenenue | [z, (c;").
k=1

3Hauenue z,. (bb) TO3BONAET OHpPEAENUTh pa3Mep ONEpPaTUBHON  MaMsATH,
HEOOXOIMMOW Uil XPAaHEHUS MAaKCHUMAalbHO BO3MOJYKHOTO KOJIMYECTBA JIOMYCTHMBIX X,

paBHOIO |r(b)|malx =bb/z_. (bb). Takue naHHble Ui BapuUaHTOB bb, TPEICTABICHHBIX B

min
Tabn. 2, nmpuBeaeHsl B Tabu. 3. Crmeayer OTMETUTh, 4TO bb yBEIWYUBAETCS 3HAYMTEIIHHO
osicTpee, yeM KodduimeHT yckopeHus. CienoBaTebHO, OBICTPO pacTeT 00bEM JAaHHBIX O
JOMYCTUMBIX X , YTO SIBIISIETCSI OTPAHUYEHUEM U YTO CJIEyeT YUUTHIBATH MPU BBIOOpE bb .

Taoauna 3.
JlaHHBIE O KOJTUYECTBE AOMYCTUMBIX X JJIsI BADUAHTOB bb , IpecTaBICHHBIX B Ta0M. 2

Bapuant bb bb Zin (BD) r(b)], . =bb/z,, (bb)
1 3600 30 120
2 25200 52.5 480
3 277200 96.25 2880
4 3603600 178.75 20160

MartemaTudeckasi NOCTAHOBKA 3a/1a4u BbIOOpa 3¢ dexTuBHoOro bb

bazoBoe ocHoBaHume Moayns OyaeMm cuuTaTh S(PPEKTUBHBIM, €CIH OHO IO3BOJISET
o0ecreynTh MaKCUMalbHOE YCKOpEHHE IMpH 33aJaHHOM OTpaHMYeHMH Ha o0beM TpeOyemoi
onepatuBHON nmamsaTu DBM st XxpaneHust ”HGOPMAIUHU O JTOMYCTUMBIX MPOOHBIX 3HAUYECHUSIX
X 175 mpou3BosibHBIX N mod bb , monarasi mpu 3TOM BBINOJIHEHHE PABEHCTBA B COOTHOIICHUH
(5).

CormacHo ompeaeneanto  dpdextuBHOCTH 111 bb  MOXHO chopmMyTupOBaTh
CJICAYIONIYIO 3a7]auy HEJIMHEHHOT O MPOTrPaMMHUPOBAHHMSL:
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n(bb)

Hzmin (Clznk ) — max > (6)
k=1
n(bb)
bb/ [ zpn(ci*)<S, (7)
k=1

rae S — HeKOTopoe 3aJJaHHOE 3HAYCHHUE.

[Mpu pemenuu 3amaun (6)-(7) menecooOpa3HO ydeCcTh HEKOTOPHIE COOTHOIICHUS U
n(bb)

OLICHKH JUIsl OTHOWIeHHs ¢, /z . (¢;") , ABIsIOIErocs cocTaBHOM yactbro bb/ [ ]z, (¢;*).
k=1

Jlis  TpOW3BOJBHOTO TMPOCTOTO YHWCHa p >2 ONpeAeuM 3HayeHHe OTHOLICHHS

¢,z (c/*) mma m,=1 m m, =2, SBIAIOMErocs MHOXHTEIEM JUIi JIEBOH YacTH

HepaBén}lIHCTBa (7):
{p/zmm (p)=p/2plp+1)=(p+1)/2
P’z (P =P 12p(p-1D)=p(p-1)/2

Ecnu ipu atom pl > p2>2, 10

{pl/zmm(pl):(p1+1)/2>(p2+1)/2:p2/zmin(p2), ®

PV 2 (p1?) = pl(pl=1)/2> p2(p2=1)/2 = p2*/ 2,5, (p2?).

CrenoBatenbHo, oTHomeHHe c,*/z_. (c/*) Oyger TeM MEHBIIMM, 4YeM MEHbBIINM
OyzeT mpocToe YUCo ¢, .
Kpowme Toro, mpu pl > p2>2, nna tl= pl*- p2 u 2= pl- p2*

11z () —12/z. (2) = pl(pl=1)/2-(p2+1)/2 = (pl+1)/2- p2(p2—1)/2 =
=(pl’ p2+ p1* — plp2— pl)—(p2° pl+ p2* - plp2 - p2) = ©)
=(pl=-p2)(plp2 - pl-p2-1)>(pl-p2)2pl-pl-p2-1)=

=(pl-p2)(pl-p2-1)>0.

min

Cormacno cootHomenuto (9) pl*-p2/z . (pl*-p2)< pl-p2*/z_ (pl- p2*), eciu
pl> p2>2. CrnenoBarenbHo, B pemieHud 3amaun (6)-(7) moka3aTeiau CTENEeHH MPOCTHIX
qycesl He MOT'YT YBEJIMUMBATHCS IPU POCTE 3HAUEHUS IPOCTOrO YKCIia B pou3BeieHuu (3).

W3 cootHomenuii (8) u (9) coenyer, 4To eciiv MHIAEKC k JUId IOPOCTBIX YHCENI C, B
dopmyne (3) o3HayaeT MOPSAIKOBHII HOMEpP NPOCTOrO HYHCIA, MpHYeM (KaK HCKIIOYCHHE)
¢, =4, To B pe3ynbrare pemenus 3anadu (6)-(7) nomyuurcs bb cremyromero Buaa:

n(bb)  n2(bb)
bb=T1]c¢- [1e» (10)
=1 =1

rae n2(bb) — HEKOTOpPOE YKCIO, He npeBbimatoiiee n(bb).

Ucxonst u3 cTpykrypsl bb , ipeactaBieHHoi ¢opmynoi (10), pemenue 3amaun (6)-(7)
OyneTr coctosiTh B mepebope BapuaHTOB 3HaueHui n(bb) m n2(bb) u BBIOOpE JIydIIero w3

HHX.
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Paccmotpum mpumep 3anaun (6)-(7).
[TycTh pacnonaraemelii 00beM ornepaTuBHON mamsaTH DBM s xpanenus nadopmanuu

O JIOMyCTMMBIX 3HadeHMsAX x orpanuued 10° umcmamu. Heobxomumo ompenenuts bb,
o0ecreynBaoIee MaKCUMAIbHOE 3HAYEHWE MUHUMAIBHOTO YCKOpPEHHs, HpU KOTOPOM

KOJIMYECTBO JTOMYCTUMBIX X |r(bb)|mlx He npesbimaer 10°.

Pe3ynbTaThl pacyeToB NI pa3HbIX BapuaHTOB bb B 3aBucuMocTH OT n(bb) u n2(bb),

BenuuuHbl z, . (bb) n |r(bb)|max MpeJICTaBICHBI B Ta0M. 4 s cirydas |r(bb)|maX <10°,

Taoauna 4.
Pesynbratel pacueroB aiist mpumepa 3anaqu (6)-(7)
bb, z_. (bb) n
n2
CL. 4 5 6 7 8
bb 420 4620 60060 1021020 19399380
0 z 8.75 16.0417 29.7917 56.2731 106.919
r 48 288 2016 18144 181440
bb 1680 18480 240240 4084080 77597520
1 z 17.5 32.0833 59.5833 112.5463 213.838
r 96 576 4032 36288 362880
bb 5040 55440 720720 12252240 | 232792560
2 z 35 64.1667 119.167 225.0926 427.6759
r 144 864 6048 54432 544320
bb 25200 277200 3603600 61261200
3 z 52.5 96.25 178.75 337.6389
r 480 2880 20160 181440
bb 176400 1940400 25225200 | 428828400
4 z 70 128.33333 | 238.33333 | 450.18519
r 2520 15120 105840 952560
bb 21344400 | 277477200
5 z 154 286
r 138600 970200
[Tomyyennoe pemenne 3amadu  (6)-(7) BeimeneHo B Tabn. 4 KypcHBOM, TIie
bb = 428828400 =2*-3%.5%.7*.11-13-17.
Kak crnenyer w3 ganHbiXx Ta0m. 3 wu 4, ObICTpBIA pocT bb  compoBOXKITAETCS

OTHOCHUTEIBHO MEJUIEHHBIM pOCTOM Zz,.. (bb) U, clieioBaTenbHO, OBICTPEIM POCTOM TpeOyeMoi
namatu DOBM mns XpaneHus: nHPOpManMu O JOMYCTUMBIX X . [1o3TOMy mpencTaBisiOT
UHTEpEC CIIocoObl coKpaleHust oobema Tpedyemoii mamsatu IBM 6e3 motepu HHGpOpMALIUU O
JIOMYCTUMBIX X JIMOO yBennueHHs: Kod(pQHUIMEeHTa yCKOpeHus 0e3 yBenuueHus odbema
Tpebyemoit mamatu DBM. DT BOpoCkl pacCMaTPUBAIOTCS HUXKE.

Coxpanienue odobema Tpedyemoii namsatu IBM s 3¢ dexTuBHOro bb

Cormacao Qopmyne (10), ompenenstomeir CTpykTypy dddexTuBHOro 6a30BOTO
OCHOBaHUsI Monyisi, bb Bcerma Hameno aenutcs Ha 4. [loaTomy B ciiydae IOIMyCTHMOTO
x<bb/2, nmonmycTUMBIMH OKXyTCS Takxe 3HaueHus: bb/2-x, bb/2+x, bb—x.
JleliCTBUTEIIBHO,
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(bb/2—x)> modbb = (bb> /4 —bb-x + x*)modbb = (bb(h/ 4 — x)+ x*)mod bb = x* mod bb
(bb/2+x)* modbb = (bb* / 4+ bb - x + x*)mod bb = (bb(b/ 4+ x) + x*)mod bb = x* mod bb,
(bb—x)> modbb = (bb> —2bb - x+ x*)mod bb = (bb(b—2x) + x*)mod bb = x> mod bb .

CrnenoBatenbHO, €CIM ONpPEAeTUTh HEKOTOPOe HayallbHOE JOMYCTHUMOE 3HAU€HUE X U
MpUpAIICHHs] JUTsl OMPEISICHUs CICAYIOIMMX JOMYCTUMBIX X, TO TMOCIEIOBATEIHHOCTh
npupaiieHnii 0yneT moBTopsAThes depe3 KN(bb,N)/2 3HaueHwil, Tie CyMMa IpUpaIIeHUAN
paBHa bb/2 . Ilosromy B maMat IBM 10CTaTOYHO XpaHHUTH TaHHBIC TOJIBKO O MPUPAIICHHSIX
JUIS JOIYCTUMBIX X , CyMMa KOTOPbIX paBHa bb/2.

B npanbHelimeM g NEPUOAMYECKOW MOCIEIOBATEIIBHOCTH MPHUPALEHUM, CyMMma
NEPUOINYECKON YacTH 3JEMEHTOB KOTOPOW paBHAa HEKOTOpOMY 4Hciay P, OyneM roBOpUTH,
YTO TakKas MOCJIe0BaTeIbHOCTh 00 jaeT MePUOIOM UIMHBI P BHE 3aBHUCHUMOCTH OT YHCIIa
AJIEMEHTOB ee mepuoanyeckoil yactu. [lpu aToM nns nmpousBosbHOTO b HezaBUCHUMO OT N
nrHa nepuona P = bb . B ciyqae xe, korma bb nenutcs 6e3 ocratka Ha 4, P=bb/2.

CnenyeT OTMETUTh, YTO NPU HEIHAUUTEIHHOM YCIOXKHEHHH MPOrpaMMHOrO Koja
MOXKHO COKpaTHTh 00BEM XpaHMMOH MH(OpMAIUU €Ille B JBa pa3a, €CIu BOCHOJIb30BATHCS
YCIIOBHEM, UYTO BMECTE C X JIOIIYCTUMBIM siBJIsieTcss bb/2 — x .

JlanpHeiimee cokpaiieHne oobema Tpedyemont mamsaTd IBM Bo3MOXKHO 17151 OT/IETTBLHBIX
ciydaeB uyncen N , KOrjaa JjIMHA nepuoja P MOXKeT ObITh MeHbIeH ueM bb /2, uto TpedyeT
Oosee TIyOOKOTro aHanu3a CTpyKTypsl N u bb .

BriBoabI

[IpoBeneHHBIC HCCIENOBaHUS MMOKA3allM, YTO 3a/ady BbIOOpa 3¢ (eKTUBHOTO 0a30BOTO
OCHOBAHUS MOJYJIS CIIETyeT pacCMAaTPUBATh B IBYX ITOCTAHOBKAaX:

1. xak 3agady moucka bb Takoro, 4to He3aBUCUMO OT N modbb OyAeT BBITTOJIHEHO
OTpaHMYEHUE HA MaKCHUMAaJbHO BO3MOXHBIH 00BeM mamsatu OBM, HeoOxomaumoit s
XpaHeHus: UHGOpMAMK O JONMYCTUMBIX X, U TOTJa MaTeMaTHYecKas IOCTAaHOBKa 3aJauu
CBOAMTCS K 3ajade JWHAMHUYeCKoro mporpammupoBanus (6)-(7), KOTOpyw, € Y4ETOM
noydeHHoro obmiero Buga bb (dhopmyna (10)), MOKHO pemuTh mepedopoM HEOOIBITOTO
qyclia BAPUAHTOB;

2. Kak 3ajady nmoucka 3pGeKTUBHOTO bb NJis pa3lIoKEHUs HA MHOKHUTEIN U3BECTHOTO
N , koraa npu usMeHeHun bb moxxketr MeHsAThCst N mod bb . Toraa oOmast mocTaHOBKA 3a/1a4d
moricka 0a30BOro OCHOBaHUSI MOJYJsS, OOECIEUMBAOIIETO MAaKCHMalIbHOE YCKOpPEHUE IMpHU
BBITIOJIHCHUM OTpaHUYEeHH Ha o0BeM Tpebyemoit mamsatu DOBM ¢dopmaasHO MOXeT
COOTBETCTBOBATH 3aaaue (6)-(7). Ho mpu 3ToM He OyayT BBIOJHATHCS COOTHOIICHUS (4), (8),
(9), a ee pemeHne BO3MOXKHO Ha OCHOBE Mepe0opa BapHWaHTOB IIOKa3aTelIeH CTemneHei
MPOCTHIX YHCET, KOTOPhIE MOTYT MPEBHIIIATh 3HAUYCHUE 2.
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BUBIP EOEKTUBHOI BA30BOI OCHOBH MOJIY.JISI [IPU BATATOPA3OBOMY
MMPOPIA’KYBAHHI ITIPOBHUX 3HAYEHDb B METOAI ®PAKTOPU3ALIUN ®PEPMA 3
HEPIBHOMIPHUM KPOKOM

€.B. MakcumeHKo

[HCTHTYT crieniaTbHOTO 3B 53Ky Ta 3aXHCTy iHpopManii HamioHamTsHOro TEXHIYHOTO YHIBEPCHUTETY
VYkpainn «KuiBChbKHiA O TEXHIYHAN THCTHTYT
ByII. Bepxuboxirouosa, 4, Kuis, 03056, Ykpaina; e-mail: iszzi@i.ua

Posrisnyto 3agmady mnomyky 0Oa3oBoi ocHoBM Monyns (bb) mnpu  OaratopazoBomy
NpOpi/KyBaHHI NPOOHMX 3HaueHb B Meroldi (Depma 3 HepiBHOMIpHMM KpokoM. Jlms
JOCSITHEHHSI MaKCHMAaJIbHOTO Koe(illieHTa NMPUCKOPEHHS HPH BiJOMOMY OOMEXEHHS Ha
obcsar mam'sti EOM, sika BUKOPHCTOBYETHCS sl 30€piraHHsl JOIMYCTUMHX TNPOOHUX
3HAYCHb X, cPOPMyJIbOBaHA MaTEMaTHYHa IIOCTAaHOBKA TAKOTO 3aBJAHHS 1 3aIIPOIIOHOBAHHN
croci® ii BHpIlIEHHS Ha TMiJACTaBi BCTAHOBJIEHOTO CITIBBiAHOIICHHS JUISI MiHIMAJIbHUX
3HaueHb KOePIIieHTIB MpUCKOpeHHs. [loka3zaHo, 10 TMOCTiOBHICTh 301IbIIEHb IPOOHUX X
MEePIOUIHO TIOBTOPIOETHCS 1 CyMa €JEMEHTIB TaKoi IMEpPiOJUIHOT YaCTHHH MOXe OyTH
3HaYHO MEHIHUM 3a bb, abo, sxmo bb mimutbcs Ha 4 0Oe3 3amMIIKy, MEHIIMM 3a bb/2.
OOroBOPIOIOTECS TIUTAHHS BHPINICHHS 3aBIaHHS TMOIMIYKY eQeKTHBHOTO bb B pasi
(ikcoBanoro N, xoyi 3Ha4eHHsI Nmodbb Moxke 3MIHIOBATHCS TIPH 3MiHi bb.

Karouosi ciioBa: dakropuzanis, meron ®epma, npopipKyBaHHS, IPUCKOPEHHSI.

SELECTION OF EFFECTIVE BASIC BASIS OF MODULE WITH MULTIPLE THINNING TRIAL
VALUE IN THE FACTORIZATION FERMAT'S METHOD WITH IRREGULAR PITCH

Ye. Maksymenko

Institute of Special Communication and Information Protection of National Technical University of
Ukraine "Kyiv Polytechnic Institute",
4, Verhnyoklyuchova st., Kyiv, 03056, Ukraine; e-mail: iszzi@i.ua

The task of searching the basic module basis (bb) with repeated thinning test values in the
Fermat's method with irregular pitch was considered. To achieve the maximum acceleration
rate during a known restriction on the limited amount of computer memory used to store
the valid test values of x, the mathematical formulation of this problem is formulated and
proposed a way to solve it on the basis of the established relations for the minimum values
of the acceleration coefficient. It is shown that the sequence of test increments of x
periodically repeated and the sum of elements of the periodic part can be significantly
smaller for bb, or if divided by 4 bb without a residue for less bb/2. The issues with the
problem of search effective bb in the case of fixed N, when Nmodbbd value can change with
bb are discussed.

Keywords: factorization, method of Fermat, thinning, acceleration.
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OPTIMIZATION OF PARAMETERS IN

SELF-ORGANIZATING SYSTEMS
E.D. Franzheva

Odessa National Polytechnic University,
Shevchenko Ave., Odessa, 65044, Ukraine; e-mail: franjeva.lena@gmail.com

In article there are reviewed models of systems with self-organization, which use system’s
conditions in previous moments of time. The conditions are included in system as linear
combinations with coefficients, which are determined. Such linear combinations could be
reviewed as stabilizing controls according to the principle of feedback. As the controls
could be chosen not in one way, it is necessary to give additional conditions on controls’
properties as criteria of optimization. There is offered a new criteria for parametric
optimization of modeling of self-organizing nonlinear systems. There is shown an
algorithm for constructing such parametric controls in the low-order systems. There are
given examples.

Keywords: nonlinear dynamic systems, optimal stabilization, self-organization, modeling

Introduction

One of the fundamental properties of self-organization [1] (in technical, biological,
economic, social systems, etc.) is the ability to copy or reproduce completed structures in the
process of evolution. Such versatility suggests the copy process is caused by relatively simple
properties of systems which generate it. It also gives hope to building a relatively simple
model of the studied phenomenon by using nonlinear dynamical systems of a special type.
Error can accumulate if templates are reproduced many times, this error leads to partial or
complete loss of templates due to nonlinearity of dynamical system. We can achieve that the
template will start to recover, if enter accounting of prehistory of system structure. Prehistory
is taken into account as a linear combination or mixing with the given parameters in a special
way. The template can be considered as the position of equilibrium of the system, and
prehistory — as control according to principle of feedback which aims to stabilize the
unknown position of equilibrium. One of the most efficient methods among many ones of
local stabilization of unknown cycles or positions of equilibrium (e. g. the review [2]) is the
Pyragas method [3]. However it has significant disadvantages [4]. A modification of the
Pyragas method is proposed in [5]. Note that the set of admissible stabilizing controls
generally consist in more than one element. That is why it is advisable to add criteria in the
form of additional requirements for controls.

The goal of this paper is a constructing a mathematical model of systems with self-
organization, in which disturbed (for whatever reason) process of reproducing stationary
forms that would be restored with the greatest speed.

The task. Construct an algorithm for computing the model parameters for which the
value of the recovery rate of original template adopted as the optimality criterion would be the
maximum under given constraints. It is assumed that the evaluation of the rate of template
loss is known.
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Main part

We assume that the copy of template in the system without self-organization is carried
out due to dynamic system of the form:

xn+1 :f(xn)a (1)

where x, e R", f:4— Ac R", is a continuous vector function given on the invariant set

A. It is known [6] that a set is called invariant one for system (1) if x, € 4 implies

f(x,)eA.

Exact reproducing of template means that if x,=X then x =f(x)=2X,
X, =f(x)=X forall i=12,.... Thus, x, =X 1is a position of equilibrium of system (1)
and the correct copying means local asymptotic steadiness of this position of equilibrium. In
this turn, local asymptotic steadiness of under review of position of equilibrium means that all
of eigenvalues of the Jakobi matrix f'(X), called as multipliers, are contained in the central
unit circle. If this condition breaks down then any arbitrarily small error in determination of
intermediate copies x, after a few steps will lead to the fact that the system cannot reproduce
the template. Moreover, this template can be lost totally.

To ensure the local asymptotic steadiness of the position of equilibrium in original

system we can use the structure with self-organization which recovers the template by
principle of feedback. For example:

N N
X =fQax, ;.,),a;20, j=1,...,N,Ya =1 2)
J= j=1
N
If x, ,,=X, j=1...,N, then Z;a X, =X, as convex combination with weights
=

a;, j=1,...,N,n f(X)=X.
The values of parameters a, and the value N are determined ambiguously and depend

on system’s multipliers. In [7] it is suggested an algorithm of this values’ choice which
minimize the number N . The article suggests an improvement of this algorithm such that
maximizes the rate of process of template’s recover. This algorithm is presented for case
N = 2. Le. when system (2) has form:

x.,=f(ax,+a,x, ), a20,a,20, a,+a,=1. 3)

n

To illustrate the algorithm idea let us at first consider simple linear system of the form:

X, =2x,. 4)

n+

System (4) has the position of equilibrium x, =0.
Without using of control solutions of this system form a divergent sequence {Z”xo} with

rate of increasing is 2" . (Fig. 1, a).

If we enter a control with parameters g, = %, a,

= % , then the system takes the form

xn+1 = xn + ‘xn—l : (5)
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Xy 10004 ' * 10004

3004

a b
Fig. 1. Behavior of dynamical system: a - x,,, =2x,;b - x,,, =—2x,

I.e. solutions (5) form famous Fibonacci sequence which diverges with lower rate:

(\/5—1 \/§_1<2'

2 2

n
j , because

Choosing different values for a, and a, we can minimize the rate of divergence of

process but we can't make it convergent.
The situation will change principally if system (1) has the form

X, =—2x,. (6)

n+l

Let’s find a common solution of equation (6): x, = (-2)"x,. The sequence {(—2)”x0} is
illustrated in Fig. 1,(b).

In this case, if we chose parameters q, =%,a2 =§ then the sequence of solutions of
. 1 2 o 1 . .
equation x,,, =—2 gxn+§xn_l will diverge, although more slowly, then original (Fig. 2, a).

: 1 1 . .
If we enter control with parameters a, = &= the sequence of solutions of the equation

x,., =—x,—x, , will be bounded (Fig. 2, b). By choosing parameters q, =§,a2 =%, we will
get a sequence of solutions of the equation x,,, = —2(§xn+%xn_lj which will be convergent
(Fig. 3).

Thus, the use of averaging over time of the linear system (path) reduces the rate of
divergence and for (6) makes a divergent process from vergent.

For realization of suggested idea of averaging over system’s path, in common case of a
nonlinear system, let us apply a method of linearization [6]. For research of stability of
position of equilibrium x, = X of system (2) let us consider the linearized system

N
xn+1 = f'(x)zl ajxn—jﬂ H (7)
J=
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where f'(X) is the Jakobi matrix, which is calculated at position of equilibrium X .

x* * xn D34 *% %% K% ®k KT Kk KK KT XK KT KK Kk wE
1501
02
1001 17
. ' ’ 10 20 30 10 1
50 . . 014
. T Ty -024
e 'Tb' s P *3‘0 w0
. . 03
ERTIE 044
. 03
-100
. 06dy r r r * w ox * *r T ¥ * r ¥
a b
. . . 1 2 1 1
Fig. 2. Using of control with parameters for system (6):a- @, =—,a, =—;b- a,=—,a, =—
3 3 2 2
06
P
1.2
044
|
02 * |
«' . I
0 ML LI S n I
w o, Tt 30 10 |
. |
02 . |
|
04 « I
|
Tl
064« 7

Fig.3. Using of control with Fig, 4. Comparison of dependency p on | y| with
2 1
parameters a, BERCAE) for system i fferent values a,,a,: 1 —with a, =2, a, =l, 2-
3 3
(6) |
with a, =a, =5 3 —with g, =31, a, =2-43.

The characteristic equation for linearized system in a neighborhood of the equilibrium
position X of system (3) can be written as [8]:

N
det /'LNE—f'(X)Zaj}LN‘j}:O. (8)
j=1
For our case, N =2, we get

@[/12 —p, (@A +a,)|=0. )
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where p;,j=1,...,m are the eigenvalues of matrix f'(X).

Let any of the multipliers f'(X) be more than 1. Let us chose it as g, . In this case the
equation

/12—,ul(a1/1+a2):0 (10)

has necessarily a root greater than 1, because the left side of equation at 4 =1 that is less than
0, and at A=2y we can estimate the left side in the following way:
4’ — p(a,2u, +a,) > 2ul — u,, because a,2u, +a, <24, +1.

Then 24 —pu, >0 at g >1 and, by Rolle’s theorem, we get that on the interval
(1.24,) the equation (10) has a root greater than 1. That’s why it is inexpedient for this task to
consider the case u, >1. If all of x ,e(-L1l), then the position of equilibrium is stable
without the use of control. If x, e(-3,-1), j=1,...,m, then there exist [6] a,,a,, such that
the equation (3) at these a,,a, has all of its roots in the central unit circle, i.e. there exist
a,,a, such that if A —u(aA+ay)=0, p, €(-3,-1), then |/1| <1. It will, for example, at

2 1

a,=—,a,=—.

3 3
Let 4 be the largest among all absolute values of eigenvalues of Jakobi matrix f'(X),

which is calculated in position of equilibrium X . x’ is called the spectral radius of matrix
f'(X).The value x defines the template loss rate.

The convergence rate of perturbed solutions to position of equilibrium is defined by the
maximum value of the modules of the roots of characteristic equation (9). If 1" ~ -3 then the

. 2 1 . e .
coefficients are q, zg,az zg Then the maximum root of characteristic equation (9) at

module, for example, at # =-2.99 equals 0.998, and the convergence rate therefore equals
1

0.998
Let us define p as distance from the origin to the most distant root of characteristic

~1.02.

equation (9) then let us accept that the rate of template recover equals p ' .

Let us define a dependence of this value on value of the template loss rate x" and
parameters of the system a,,a, (a,+a, =1). In case N =2 we will get a quadratic equation
which we can solve explicitly and find a function p(u). Considering that g <0 we will use
the function p(|4]).

We have

Ji=an, | <252

i) - e )
Hafud + Jaiu® —a0-aul) Juf= 220

1

Let us note that for N larger than 4, it is impossible to write out the dependency p(| ,u|)
explicitly.
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. . 1
Figure 6 shows a chart p(],u|) at a, =§,a2 =% by a dotted line, at a, =a, =3 by

points and at a, = V31, a,=2- /3 by a solid line.
Let us note that if | y| >3 then at N =2 it will necessarily need pq ,u|)> 1, that’s why in

this case in a system with self-organization N must be larger than 2. The coefficients

a, = z,a2 =% provide the template recover for any of ‘ ,u*‘ <3 but not always with maximum

3
rate (Fig. 4).

Let us formulate the task in the following way: the evaluation of template loss rate
HE (— ,u*,—l] is given and desired recovery rate p~' is given too. Find the minimum N and

coefficients a,,---,a, which provide the template recovery with the recovery rate p~' at

known loss rate of a template " and for any of u e (— ,u*,—IJ.
We can give an alternative formulation of the problem. Let x#° and N be given. It is

necessary to maximize the template recovery rate o~ through coefficients a,,--+,a, choosing
N

them from the set {aj >0,j= 1,---,N,Zlaj = 1}.
=

Let us proceed to solving problems.
So, let p(| y|) be modulo the maximal root of the equation

A —u(ad+a,)=0, u<0. (12)

Let us define the value

o= max {p(u)}-

It is required to minimize Hp(,u*)u by parameters a,,a, choosing them from the set
{(al,az): a,+a,=lLa 20,a, 2 O}.

At N=2 Hp(,u*)u =p(u’) we get the minimum of the value p(x’) at condition of

equality of equation roots (12), i.e. when the correlation x = bzal) is performed.
Then 1
o = rg?p(ﬂ*) _ /4(1 ;1;11)2 _ 2(1;1 a,) ’ (13)
where from
a, = *2 (14)
p +2
Since
a, =1-a,, then (15)
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P
a, =—; 16
2= 0 (16)
Put (14) in (11):
s s 2 9 g P
p = |u 1———), where from p~ =y |— s
p +2 p +2
then:
H=p2+2p . (17)
From (17) follow that

P =—1+41+u. (18)

Thus we explicitly get dependency of the maximal template recovery rate 1* on loss

rate of template 4"

1 1 1 *
—*=—*=—*(1+V1+# j, (19)
P —1+1+u H

and formulas for optimal coefficients too

L 2(=1+4/1+ ") S 1 =2(=1++1+u") 20)
ﬂ* s ﬂ* .

1 2

Examples

As an example of applying the algorithm with the use of self-organized system let us
consider the system with logistic function f(x)=x — 4x(1—-x) which keeps point X =0.75

on any step of the copying (Fig. 5). Herein u" = |f’(0.75)| = |— 2| = 2. Let us consider that the

value of point step i was defined with on error, i.e. for example x, =0.7500001. Then last

copies will be much different than the template.
The system of self-organization must recover the lost template. If we accept parameters’

values as q, = %,az :% then from (11) it follows that the rate of template recovery equals

—~1.225. Let us find values of parameters a,,a,, in which the template is recovering with
P

maximal rate. From (18), (19) in " =2 we will get a, = V3-120.732, a, = 2-+/3~0.238,

Pt =0.732, :%(H\@) ~1.366>1.225 .
P

The exact recovery of template occurs on the interval n €[1,10]. It is expected that the
value of x,, is defined with an error of 1077 . Thus on interval n €[10, 40] the process of full
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template loss is demonstrated. The control is activated at the moment n =40 in form of
system of self-organization. On interval n €[40, 60] the process of template recovery occurs.

. . 2 1 .
For self-organization the following parameters are used a, = g,az = 3 (process is shown by

V3-1, a,=2-3

asterisk) and a, (process is shown by circle). It is seen that

parameters’ values a, = V3-1, a, =2- \/3 are more efficient than values a, = %,az =% in
the sense of the rate of convergence.

X, » Xp10 * ®

0.9 * 0.9 ¥ N

0.8 . ’ 0.8 ' o v,

AR R RN AT RN RN T baererrereresr e, 02200099395'.50

0.7 * 0.7 * o ot

0.6 0.6 o

0.5 * 0.5 Y

0.4 0.4

0.3 T 03 e

0.2 02

0.1 0.1 *

. . . ,

10 50 60
Fig. 6. The dynamic of copy process which
described by the equations (1) and (2)

Fig. 5. Result of the copying without errors

and with the error 10~ which occurred on
10 step of the copying

In the next example let us consider the tent map [9] f(x)=x > —2|x —% +1 in which

the point X =§ is kept (Fig. 7). Wherein x = -2, the point’s value is defined with an error
e.g. x, =X +0.0000001.

Xn * xn e,
»

0.0+ * 0.94 o

1 0.84
0.8 . ., .

. .
07 y

0.7 . . 1 * * T

e rwrwrr e Ny sy .aqam“""

* 0y O

0.6

0.3

0.4

0.3

0.2

0.1

¥ I
40

30

0.6

0.4

0.3

0.1

Fig. 8. The dynamic of copy process which
described by the equations (1) and (2) for
the tent map

Fig. 7. The result of the copying without

errors and with the error 107" which
occurred on 10 step of the copying for the
tent map
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Let’s consider the vector case model of Markov-Ferhulst [10]

{xnﬂ =c, f(x,)+c, f(,),
Yun =Cuf (x,)+cnf(3,),

0.7 03
position of equilibrium of the system (21). Wherein x" =|/"(0.75)|=|-2|=2. We use the

i 03 0.7 0.75) .
where f(x)=4x(1-x), ¢, are elements of matrix C = . The vector 0.75 is the

control with parameters for self-organization a, = NE) -la, = 2-3 (Fig. 9) — process is

: o 2 1
shown by symbols ® and the control with parameters for self-organization a, = E,az = 3

process is shown by symbols *.

Fig. 9. The dynamic of the copy process for a vector case: ®- with parameters a, = V3 -1,

a, :2_\/5; * - with parameters q, =§, a, =%

The convergence of the template recovery process occurs with a larger rate for values of
parameters a, = NC la, =2~ NCR

Conclusion

This paper introduces an algorithm of definition of parameters’ values in system of self-
organization, which provide the maximal rate of recovering of the damaged template. The
structure of a mathematical model is suggested for describing of systems of self-organization.
For choosing of model’s parameters is suggested a criteria: the maximum of rate of the
convergence of recovering the template. The limit value of convergence rate is defined by
scatter of system’s multipliers. The algorithm is formulated for definition of system’s
parameters which optimize the rate of recovering the template with given value of scatter of
multipliers. In particular for the logistic map we found the optimal coefficients and we show
that the rate of recovering the template could be increased by 11.5%. The same result was
obtained the Markov-Ferhulst model.
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ONTUMI3AIISA TAPAMETPIB B CHCTEMAX OIITUMM3AIII 3 CAMOOPT AHI3AIIIETIO

0.[. ®panikeBa

Opecbkuii HaIllOHATLHAHN MOJIITEXHIYHUI YHIBEPCHUTET,
np. llleBuenka, 1, M. Oneca, 65044, Ykpauna; e-mail: franjeva.lena@gmail.com

VY craTTi po3MIAIAI0TECS MOJICINI CHCTEM 3 CAMOOPTaHi3alli€lo, B SKHX BUKOPHUCTOBYIOTHCS
CTaHW CHCTEMH B IMONEpeNHi MOMEHTH 4acy. L[i cTaHW BXOISTH B CHCTEMY Y BHTIISAIL
JMHIHHUX KOMOiHamii 3 KoedilieHTaMu, IO WiAMATAIOTh O3HadeHHro. LI miHiAHI
KOMOiHAIlil MOYKHA PO3TIIAAATH SIK CTAOUTI3YIOUl YIIPABIIHHS 32 TPUHIIUIIOM 3BOPOTHLOTO
3B’s3ky. Tak K Il ynpaBIiHHS MOKHAa OOMpaTH HE €AWHHM CIIOocoO0M, HEOOXiITHO
HaKJIQJaTH JTOTIOMI>KHI YMOBH Ha BJIIACTUBOCTI yNPaBJIiHb y BUTIISAI KPUTEPIiB ONITUMI3AIIii.
3anponoHOBaHO HOBHH KpUTEPiM MapaMeTpHUYHOI ONTHUMI3allii MOJIETIOBaHHS HENIHIHHUX
CHCTEM, [0 CaMOpraHi3yloThCs. BKka3aHO  ajlroputM  KOHCTPYIOBAaHHS  TaKUX
MapaMeTPUYHUX YIPABIIiHb B CHCTEMAaX MaJMX MOPSIKiB. [[puBeieHi mpuKiau.

KirouoBi ciioBa: HemiHIfHI  JUHAMIYHI ~ CHCTEMH, ONTHMajbHA  cTaOimi3arfis,
caMOOpraHi3ailis, MOJICIIOBAHHS

ONITUMM3AIUA TAPAMETPOB B CAMOOPTAHU3YIOIINXCSA CUCTEMAX

B

E.Jl. ®pan:xeBa

Onecckuil HAIMOHANBHBIHN MOTUTEXHUUECKUH YHUBEPCUTET,
mp. HleBuenko, 1, r. Onmecca, 65044, Ykpauna; e-mail: franjeva.lena@gmail.com

CTaTb€ paccMaTpuBarOTCA MOJACIA CHUCTEM C CaMOOpFaHH?,aHPIeﬁ, B KOTOPBIX

HCTIONB3YIOTCS COCTOSTHUSI CHUCTEMBI B MPEIIICCTBYIONINE MOMEHTHI BpPEMEHH. OTH
COCTOSIHUSL BXOZST B CHCTEMY B BHUJC JIMHCHHBIX KOMOWHAIMA ¢ Ko3dduuueHramuy,
MOJICKANUME ONPEACICHHUIO. DTU JIMHCHHBIC KOMOMHAIIMU MOXHO PacCMaTpUBATh Kak
CTAOWIIM3UPYIONINE YIPABICHUS 110 TIPUHITAITY 0OpaTHOW CBs3HM. Tak Kak 3TH yNpaBICHUS
MOXXHO  BBIOMpAaTh HE  €JIMHCTBEHHBIM  00pa3oM, HEOOXOJMMO  HAaKJIaJIbIBaTh
JIOTIOJTHATEIFHBIC YCIOBHS HAa CBOWCTBA YIIPABJICHWH B BHIE KPUTEPUEB ONTHMH3AIUH.
IlpennoxxeH HOBBIM KpUTEpUM MapaMEeTPUYECKOW ONTUMM3AUUU  MOJEIUPOBAHUS
CaMOOPTaHM3YIOIINXCA HEJIMHEHHBIX CHCTEM. YKa3aH alTOPUTM KOHCTPYHPOBAHHSA TaKUX
rapaMeTpUIeCKUX yIpaBIeHUH B CHCTEMaX MajbIX MOPsAKOB. [IpuBeIeHbI MpUMEPHI.
KinrwoueBble ¢jI0Ba: HEIMHEHHBIC JUHAMHUYECKHE CHCTEMBI, ONTHMAJbHAs CTaOMIM3aIus,
CaMOOpraHu3aIusl, MOJICIIUPOBAHUE
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BILJINB HEJITHIMHOCTI HEMPOHA HA IUKJITYHY
CUCTEMY YIIPABJIIHHSA

B.I'. KononoBuy, O.1O. Ko3zunosa, O.10. Kynssinckui

Opnecbkuii HAIlIOHAJIBHUH MTOJIITEXHIYHUI yHIBEPCUTET
npoct. [leBuenko, 1, Oxeca, 65044, Ykpaina; e-mail: vl_kononovich@ukr.net

JocnimkyeTbcsl ToBeIiHKa HEHpOHA, SKMH € OCHOBHHMM €JIEMEHTOM HEHPOHHHX MEpEK.
PosrisinaeTbess JoricTiduHa MOJENb HEWpOHA SIK HAMNPOCTINIMN HEJNIHIMHUI elIeMEeHT.
[IpencraBnena mMaTeMaTHYHa MOJEIb HEWpOHA B LMKIIYHOMY YHpaBIiHHI IJIS BHIALy 3
BXIJHMM TIOTOKOM. BU3Ha4eHI YMOBH i XapaKTep MOMIIHBHX HEPETY/SIPHUX KOJIUBAHb Y
HelpoHi. OTpUMaHi pe3ynbTaTh JO3BOJISIOTH I IBHITUTH €()EeKTUBHICTh POOOTH MHUKITIYHUX
CHCTEM YIIPaBJIiHHS.

KaouoBi cmoBa: HeipoH, mpouecH YIpaBiIiHHS, HENIHIMHUA eJIeMEHT, HeJiHiliHa
JTUHAMiKa, KOMIT T0TepHE MOJICTIOBAHHS, THHAMIYHIH Xaoc, Oidypkarrii.

Beryn

JIisi OCTYNMOBOTO MOJIMIIEHHS PI3HUX BHUJIB JiSUIBHOCTI 3aCTOCOBYIOTH IPOLIECHO-
OpIEHTOBaHI MiaXoau 10 ymnpapmiHHA. [Ipn aBTOMatH3anii NMEBHUX €TaImiB 3aCTOCOBYIOTH
AITOPUTMU IITYYHOTO 1HTENEKTY, HEHPOHHI MepeXi 3 HEeNIHIHHUMH eJeMEeHTaMH. Y TOH e
yac, HeJiHIHHA AWHAMIKa Ta CHUHEPreTHKa JA0Th MPUKIAAA CKIAAHOI TMOBEAIHKH CHUCTEM,
CKJIaJICHUX 3 MPOCTHX HENIHIHHUX eJEeMEHTIB, 3JaTHUX T'eHEepyBaTH JWHAMIYHUH Xaoc.
Bunukae npoGnema BUBYCHHS YMOB BIUIMBY HEJIHIMHUX SBHIN Ha CHUCTEMH, y SIKI BXOISATH
HENIHIAHI €JeMEHTH — B HAIlOMY BHIAAKYy, HeHpoHiB. IIpobremaM NpUIHATTS pilieHb,
YIpaBIiHHS Ta 3aCTOCYBAHHS HEHPOHHUX MEPEXK MPUCBAUEHO TITaHTCHKUN 0OCHT JIiTepaTypH.
Bkaxkemo neski 3 HUX. Mojieni Ta Teopist CUCTeM NPUHHATTS pillleHb npenacTasieHi B [1, 2].
[Ipuknanyn aBTOMaTH3alii ympaBiiHHS O€3MEKOI0 Ta 3aCTOCYBAaHHS HUKIIYHHUX TMPOIEIYP
yrnpapninHs HaBeneHi B [3, 4]. XopommM MOCIOHMKOM 10 HEHPOHHHM MepexaMm Ta
Helipokom’totepaM € [5]. OgHa 3 HOBITHIX MOJeNnel HelpokoMIT toTepa Xomdiiaaa onucaHa
B [6]. Bce mmpine 3acTOCOBYIOTHCS CHHEPreTHYHI METOAH. AJie JUHAMIYHI BIACTHBOCTI
MOjIeJll HelpoHa Ta MOXIJIMBA HOTO CKJIaJIHA MOBEIIHKA JOCII/HKEH] e HEOCTAaTHRO 1 JlaHa
TeMa € aKTYaJIbHOIO.

Memorw naHoi poOOTH € JOCHIKEHHS MPOIECIB TMOBEIIHKKA MOJIETl HEeWpoHa SK
HEJIIHIHHOTO eJIeMEHTa y CKJIaJi HelipoMepeki abo HEHpOKOMIT I0Tepa Ta BU3HAYEHHS HOTO
HOPMAJIbHUX PEKHUMIB.

Huxaiuni npouecu B cucremMax ynpapJliHHSA

[uxmivH1 porecH MOBCIOJHO MOMUpPEHi y nmpupoai. [{ukimm BakauBi pu BHUpPIMIEHHI
NPaKTUYHUX 3a1ad. L{MKIi9HICTE 1 TpPOTHO3YBAaHHS 3a JOMOMOIOI0 MHHYIMX IIHKIIB
MalOyTHIX CTaHIB CKJIAJaloTh CYTh CYYacCHOTO TMIiAXOAYy O TPOIECHO-OPIEHTOBAHOTO
ynpaenins. [1in npoyecro-opienmosanum nioxooom po3yMitoTh 1IeHTU(DIKAIIIIO MPOIECIB Ta
yopaBiniHH HuUMH. [lepemyciMm, 3a0e3medyeThcs B3aeMOJis mporeciB. ldenmudgbikayis
OCHOBHMX TIPOIIECIB MpPEJACTaBIsi€ COOOI iX Tepenik, BH3HAYCHHS MEX, CTpaTeriyHoi
3HAYMMOCTI KOJKHOTO TIPOIIECY Ta aHai3 MOTpeOu ixX onmTumizaii.
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VY cragmapti ISO 9001:2008 chopmynboBaHi BHUMOTH O CUCTEMH MEHEIKMEHTY
SKOCTi, IIOAO TIOCTIHHOTO TIONIMIICHHS T1i pPEe3yJbTaTUBHOCTI HAa OCHOBI MPOIIECHO-
opienToBaHoro migxoxy [7]. IlporecHo-OpieHTOBaHMI MiIXiA A€ MOXJIHBICTH B yMOBax
00OMEXEHOCTI 3aco0iB Ta pecypciB JocATaTd MOTPIOHMX pE3yJNbTaTiB 3 MiHIMAIBHUMHU
BUTpaTamMu. BciMm mpomecam BHpOOHMIITBA MPOIYKIIIi YK MOCITYr B OpraHi3amii mpuTtaMaHHi
MEBHI BIIXWICHHS BiJ 3aJaHUX 3HAYEeHb BHACHIIOK OaraThoX mpuuuH. [ 3HWKEHHS
BIIXWJIEHb BUPOOHHMITBA 3aCTOCOBYIOTh B YIpaBIiHHI, Hampukian, kouuenmiro PDCA
(urany#t (Plan), poou (Do), mepeBipsii (Check), miit (Act)). Pe3ynpTaTUBHICTH TpOIIECIB
3a0e3MeuyeThCsl  YNPaBIAIOYUM 3BOPOTHHUM 3B’S3KOM 10 KpHUTEpPil0, SKHH HEOOXiIHO
TIOJIIHIINTH 13 3aJaHO0 TOYHICTIO.

OcnoBHumu enementamu ukiay PDCA saBnsitotbes (puc. 1):

P — Bu3HaueHHs nIeld Ta MPUHUHATTS PIlICHHS MO0 HEOOXITHUX 3MiH (po3poOeHHS
IUIaHY);

D — 3aiticHeHHs 3MiH (BTIJICHHS TIJIaHY);

C — BUMIpIOBaHHS Ta aHaNi3 pe3yabTaTiB (KOHTPOJIb BUKOHAHHS IUIAHY);

A — ipoBeNieHHsI HEOOXITHUX JiH, AKIIO pe3yabTaTH HE BIMOBINAIOTH 3aIJTAHOBAHUM,
abo crapmapTHU3alis Jiil y BUNIAAKy yCIiXy (BHIIPaBICHHS IJIaHY).

A — BINIMBaHHS,

/ piteHHs
P — mianyBaHHs, C — nepeBipsHHS,
YIpaBITiHHS BUMIPIOBaHHS, B SxicThb
pecypcamu aHai3 ! 3aJI0BLIbHA?
Bxin D — Mis. Buxin
Bumoru Bunyck » Ilponykmiss ———»
MPOTYKITI{

Puc. 1. [Iuxa mocTiifHOTO MOJIMIIIEHHS CHCTEMH MEHEIKMEHTY SIKOCT1

Y wmibkHapomgHoMy cranaapti ISO 9000 nmano Take BusHaueHHs: «[Ipoyec — 1ie
CYKYIHICTb B3a€MO3B’S3aHMX a00 B3a€EMOJIIOUMX BHUJIB [ISUIBHOCTI, SIKI IE€PETBOPIOIOTH
BXOJIM y 3aIJTaHOBaH1 BUXOAW». [Ipoyec ynpasninnsa — 1ie IeBHA CYKYITHICTh YIPABIIHCHKUX
Niil, sKi HampaBJIeHI Ha JOCATHEHHS I[UIeH NUISXOM MEPeTBOPEHHS PECypCiB Ha «BXOJI»
(inaHCOBI, MaTepiaJbHO-TEXHIYHI Ta KaJapoBl) y MOTPIOHUN pe3ynbTaT 3a0e3MeUeHHS
KUTTEISTTBHOCTI Ha «BUXOJI1» CUCTEMH. B cepeHi mporiecy BiIOyBaeThCs 3aCTOCYBAHHS Ta
nepepoOka MatepiaibHuX a00 (hpiHAHCOBUX MOTOKIB, IH(POpMAIIii B 1HIII MOTOKH a00 MOCTYTH.
AmHati3 Ta MOMINIIeHHS BUKOHYIOTh 110 BiIHOIIEHHIO JI0 MPOIECY B LIJIOMY IJISl TOCSTHEHHS
1171l B YMOBaX, IO CKJIAJIUCS.

VYce, 110 OTpUMaNy Ha BUXO/Ii MPoLecy, Mae OyTH nepeBipeHo. /s npuiHATTS pileHHs
BJIACHUK TIPOIIECY TOBHHEH OTpUMATH 1HGOpPMAII0 PO XiJ MPOIecy, MpPOo pe3yiabTaTH
mporecy Ta iHopMarliio BiJl CrOXKMBayda, MIOAO CTENEeHi HOro 3aJ0BOJCHOCTI MPOIYKTOM.
BracHuk mporiecy KOHTPOJIIOE 13 BCTAHOBJICHOIO TMEPIOJAMYHICTIO X1/ MPOIECy Ta MpuiiMae
pillleHHs y BUMAKax BIAXWIEHHS XOAY MpOIecy BiJl HOpMalbHOro. BracHUK mporecy B X0l
ynpaBmiHHsA T1iaHye  (Plan) posmoxmim  pecypciB It JOCSATHEHHsI IUIEH mporecy 3
MakcuManbHOW edexTuBHicTIO. B X011 BukoHanHs (Do) npouecy Biacuuk nepeipsie (Check)
X1JT TpoIlecy Ha OCHOBI iHGoOpMaIlii, sika TOCTyIae B pe3yJbTaTi BUMIPIOBAHHS IapaMeTpiB
nporecy. BiacHuk mporecy Bele omepaTHBHE YIPaBIiHHS MPOLECOM, KOpUryiouu (Act),
3MIHIOIYH XiJ Tporiecy. JisUTbHICTh BIIAaCHHWKA TPOIECY HOCHTHh MUKIIYHUN XapakTep Mpu
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HOPMaJbHOMY XOJIi Mporecy ado amepioAuyHUil — y BUNAJAKAX BUHUKHEHHS MPOOJIEMHHUX
CUTYyaIlii, sKI BHUMaralTh TEPMIHOBOTO BTpydaHHs. IIpomec — 1e Momens peanbHOI
aisuibHOCTI. OKpeMi KpOKHM KOHTYPY VIIPaBIIIHHS MpPOIECOM MO>KHAa aBTOMATH3yBaTH 13
3aCTOCYBaHHSIM HEHPOHHUX MEPEXK.

3acTocyBaHHs HeilipoMepeKHUX TeXHOJIOrii

OpHa 13 YMCIeHHUX CTPYKTYPHHUX CXeM HelpoHa [8] mokas3aHa Ha puc. 2, 1e: X,,...,X

n

BXIIHI CUTHAJIH; W,,..., W

' — BaroBl KoeQiuieHTH; b — 3MmimgyBaHHs; S — cymartop; F —
dbyHKIis akTUBalii HelpoHa; Y — BUXIIHMIA CUTHAN HeuWpoHa. Ha pwc. 2 BXigHI cHrHamm

X5...,X,, SIKI TIOCTYNAIOTh y HEWPOH, MOMHOXYIOTHCS 3a JONOMOTOI0 ITOMHOXXYBadiB Ha
BaroBi KoeQILi€HTH W,,...,W,, IOTIM pe3yibTaT MiJCYMOBYETbCA B Oyoui S, 1 monajzae Ha

BXiJl ()YHKIIOHAJILHOTO TIEPETBOpIOBAYa, SKUH peanizye (YHKIIIO akTHUBaIlii HelpoHa F .
JloaBaHHS HaBYAJBLHOTO 3MINIyBaHHS b HEWPOHY J03BOJISIE 3CyBaTH IIOYATOK BIJIIKY
joriunoi (yHKHil, mo nae edekT, aHaIOTIYHUI HaNalITyBaHHIO IOpora HEHpoHa, Ta
MPUBOJIUTH J0 MPUCKOPEHHS MPOIECY HaBYaHHS. 3MIIyBaHHS b TiJICYMOBYEThCS 3 Baror0 w
1 TPUBOAMTH JI0 3MIIIYBaHHS apryMeHTY (DYHKIIIT akTUBAIlii HA BETUYUHY b

W Heipon

Mo Sk
W, S F

% OB

w3 Y

1, O

. Wl’l

xno;‘;k)—b

b —»

v
v
O

Puc. 2. CtpykTypHa cxeMa HelpoHa

['onmoBHOIO BIACTHBICTIO HEWPOHHOI Mepeki € ii BIACTHUBICTH 10 HaBuaHHs. [Iporec
HABYaHHS 3BOJAMTHCS JI0 3MIHIOBAHHSI BaroBux KoediiieHTiB w. OAHIE0 13 337124 Ta TOJIOBHOIO
ocoOnuBicTIO HeHWpoHHHX Mepex (HM) sBmsieTbcs 3MaTHICTH O HABYAHHS IO JESIKUM
MPUKIIAZaM, sIKi CKJIAJIal0Th HaBYaJIbHY MHOKMHY. HaBuansauii mporiec HM nipencraBnseTsbes
SK HaJalITyBaHHS apXiTEKTypH Ta BaroBUX KOE(QIIlI€EHTIB CHHANTHYHUX 3B S3KIB Yy
BiJIMOBIHOCTI 3 TaHWMH HABYAOUOT MHOXKHMHH TakK, 100 MOCTaBlieHa 3a7a4da Oylia BUpilIeHa
edexTuBHO [9].

Ha Buxoni cymaTopa CHUTHal1 BpaxoBY€ 3HAU€HHS BXIJHMX CHUTHAJiB 1 Barosi
koedimienTy. BenmuunHa cUrHay Ha BUXO/Il CymMaTopa PO3paxoBYEThCS TaK:

S=xw +x,w, +x;Ww, +...+x, W, . (1)

OTtpumaHuii BiJi cymaTropa CUTHaI nepegaerbes A0 (yHKuii aktuBauii. Pesymprar nux
00YHCIICHb SBISIETHCS BUXIJIHUM CUTHAJIOM HeipoHa Y . AkTuBamiiHi (QyHKIT BBOIITH Y
HEHPOHHY MepeXy HeNiHiiHICTh. be3 HenmHIHHOCTI MpUXOBaHi Mapu y Mepexi He 3MOXKYTh
JaBaTH KOPHUCHOTO €(eKTy, Y MOPIBHSIHHI 3 MPOCTO JIHIMHUMH TEpCenTpoHaMU (BOHH HE
MaroTh NPUXOBAHUX IIAPiB, TUIBKU BX1HUH 1 BUX1IHUI). BUXigHMI cUrHANI HEHPOHY
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Y=F(S)=F(xw +x,w, + x;w; +...+x,W,). (2)

BpaxoByroun 3mintyBanHs (yHKIisE cymaropa OyJie BUTIISIIaTH TaK:
Si=zwi'xi+bi’ 3)
i=1

Jie, I — HOMep ILIapy HeHpoHa.

Y HM BUKOPUCTOBYIOTbCA TJIaJKI HENiHIMHI (yHKUii Ui 30UIbLIICHHS MOTYXKHOCTI
MEePCENTPOHY: TIMepOOIYHUNA TaHTE€HC a00 KJIIACUYHUN CUTMOIA. Y BHITQJIKy TinepOOIidYHOrOo
tanrescy [10]

dy,
ds.

J

=1-57, @)

ne S — BuXig cymaropa HeMpoHa.
HaiiuacTime y sKocTi akTHBAIiHHOI (YHKIII BHKOPHUCTOBYIOTH CHTMOIN, SKHH Mae
Takux Burisa [11]:

1
Hs,)= o™ ()
CHrmMoin Mae mpocTy MOXiTHY
dy;
L =S (1-5). (6)
de J J

CurmoinanbHi QyHKIIIT MOHOTOHHO 3pOCTar04i, BOHM MalOTh MOXiAHI, SKi BIAMIHHI Bij
HyJIA MO BCid oOnacti BM3Ha4yeHHS. [Ipu 3MeHIIEHHI mapaMeTrpa « CHUTMOIJ CTa€ OLIbII
MOJIOTHM, BHPOJUKYIOUHCh Y TOPU3OHTANbHY JiHiI0 Ha piBHI 0.5 npu « = 0. [Ipu 30i1b1IeHH]
o curmoin Bce Oinmpine HaOmMKaeTbes 10 (YHKIIT OAMHUYHOTO ckauka. JlaHi
XapaKTEePUCTUKH 3a0€31eUyI0Th IPaBUIbHE HaBYaHHS Ta (YHKIIOHYBaHHS Mepexi [9].

M j _ , (D (n=1) : 9
HOXHHUK =y, Y — BHXiJ HEHpOHY momepenHboro mapy. [IpoBememo
i
3aMiHy
o :_O’E ._dyj (7)
J
&, ds,

1 OTpUMAEMO pPEKypCHBHY (HOpMyny JUIsl pO3pPaxyHKIB BETUYMH 5;”) mapy n i3 BEJIWYHMH

S 6inbu crapuroro mapy n+1.

n n+ n+ dy
i R ®

J

Jlnst BUXigHOTO TIIapy
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n n di
5" = (| >—d,-)-d—“z- )

1

[Ipoananizyemo OUTBII I€TaIHO MOBEIIHKY aKTUBAIIHOI (yHKLIT (6).

Hocainxenns noBeaiHKu QyHKIII akTUBaILiL

Icnye Hemano peamizamiii Mozeni HEHpoHY, SIK amapaTHUX Tak 1 mporpamHux. Hac
IIKaBJIATh TMPOTPAMHI peanizaiii, B SkuX (yHKIII peani3yroTbes 1udpoBumu metoaamu [12].
Hexait HM wMae curmoiganeny ¢yHKIIO akTuBi3amii. bynemo posrmsgatu mepexinHuii
IpoIeC Bl MOMEHTY Yacy, KOJIM Ha MOYaTKy LMKy YNpaBlIiHHA B MOMEHT #, Ha BXig HM
TOJIaBABCA BEKTOP BXiMHMX CHrHAmB X, = {X,,,Xy,,...}, OOUHCIEHA CyMa S,, Ha Buxoxi HM
MaeMo BuxigHuit curHan Y, (S,). Ilpumyctumo, mo cyma S Ta BuxigHuil curHan Y, (S,)
3amamM’ITOBY€eThCs y cucTteMi. CaMe Taka BUMOTa HeoOXiaHa, 00 iHTeNleKTyallbHa JTUHAMIYHA
cucteMa He «3alyBaja» CBOIO, NMPUHAWMHI HaWOMMxk4y, ictopiro. Jlami BUKOHYIOThCS il
BiANOBiAHUX eneMeHTiB 1ukiay PDCA. ®yHKuioHal NepeTBOPEHb y LBOMY LHKII Ham
HeBiomuid. 11100 BuBYMTH BKIJIa QyHKINIT akTHBAIlIi B TIPOIIEC YIIPaBIIiHHS, OyIeMO BBaXKaTH,
1110, y HAUMIPOCTIIIOMY BUIAAKY, Bl iHIII nepeTBopeHHs y mukii PDCA onHo3HauyHi, MatOTh
AIUTUBHUN XapaKTep Ta JIHIMHI 3 TOYHICTIO 10 KOHCTAaHTH. TOMdl, B KiHI[I UKy yIpPaBIiHHSI
PDCA B MOMEHT 4acy ¢, micis 3aKiHUE€HHsS MEepeXiTHUX IMPOLECiB, MAaEMO BEKTOp BXITHUX
curHaiis X, = {xll,xlz,...}, BCTAHOBIIIOETHCS cyMa S|, Ha BUxoai HM mMaeMo BUXIJHMNA CUTHAI
Y, (S,) . Sxmo Ha erani Bumycky npoxykuii B nukiai PDCA (qus. puc. 1) Hema BiAXWIEHb, TO
S, =8, 1 Y(S)=Y,(S,). ¥V nporuBHomy paszi S, =S,+s
BIUTMBOM TOTOKY yrpaBiiHHA. [IoTik ynpaBiiHHS Moke OyTH MOCTIMHUM, KOJH YIpPaBIiHHSI
CIpsIMOBaHE Ha TIOCTIHE MIABUIIEHHA O00CATY TpOAyKIii abo SKOCTI MPOMYKIIII;
MEPIOUIHUM 31 3MIHOIO 3HAKa; XaOTUYHUM a00 IIyMOBHUM, TOIIIO.

IIpaBuno mepexony Bin Y (S,) mo Y (S,) 3amaerbcs B audepeHmianbHiil popmi

ae s, — 3MIHA cymu S Hif

in 2

BupaszoM (7). Lle nae MmoxxnuBicTh 3MiHU cymu S B ogHoMy 1ukii PDCA 3anucatu Tax:

dy
S, =$:aso(l—so)+sm. (10)

[IpoBiBmN iTeparlii, y 3aralLHOMYy BUTJISAII OTPUMYEMO (HOPMYITy

S, =aS (1-8,)+s,, (11)

n+l

7€ n — HOMeEp iTeparlii, sike MO)KHA BBaXKaTH MOJCIEHUM 9acoM.
OtpumMaHe OJHOMIpHE BiIOOpa)KeHHs 13 BXIIHUM MOTOKOM. Skmo s, =0, To MaeMo

OJTHOMIpHE BiOOpa)keHHs, SIKE HA3UBAIOTH JIOLICIMUYHUM BI000pAXNCEHHAM 1 SKE PETeNbHO
MpoaHali30BaHe y YUCICHHUX myomikaiiax [13, ri. 7]. 3okpeMa BiloMo, 110 MPU HEBEITUKHUX

3HaueHHIX o (0<a <1) S, = 0 npu n — oo . HesanexHo Big Bubopy S, . IcHyI0Th HepyxoMi

TOYKH, IJIS1 SIKMX CIpaBEAINBa PiBHICTb

%

S =as"(1-5") (12)

IIpu « <1 kBajgpaTHe piBHAHHA (6) Mae OfMH He Bix emMHuii kopiab S = 0. Hepyxoma
Touka criiika. IIpn o >1 He Bix’emuux KopeHiB aBa: S =01 S =(a—-1)/a. Ipu a=1

294



[HOOPMATHUKA TA MATEMATUYHI METOJI1 B MOZIEJIFOBAHHI = 2016 = Tom 6, Ne3

(came 11e 3Ha4YeHHs BKazyeThes A7l popmynu (6) y OUTBIIOCTI MOCIOHUKIB) HEpyXoMa TOUKa
S =0 BTpauae CTiliKicTh, a HOBAa HEpyXOMa TOUKa CTAa€ CTiliKOIO. AHaJi3 OJHOMipHOTO
JIOTICTUYHOTO BiJOOpakKeHHS 13 BXIJHUM TIOTOKOM 3YCTpPidarOThCsA HE dYacto. Jlocmimumo
MOBEJIIHKY HEWpPOHA y 3aJIEKHOCTI BiJl KoedilieHTy pocTy o 3a BupazoM (12). Lli piBHIHHS
MokasaHi Ha puc. 3, BianoBiaHo: 4a —npu « =3.551;460 —npu a =3.8.

~ S mh i

Yoo {filll 14} I I |

0.

..[.:I

—_l__

TCTrefreT

" ITeparlrii

,, #Y #l b1 11
U|| M”\ Il "1'-4 U--- |

=ITeparii ]

0
Puc. 3. Curnan Ha Buxozai HM y 3a5ie’kHOCTI BiJ TP 3HAYEHHS TTapaMeTpy o

[Ipy BenmMKUX 3HAYCHHSX KOEQIIIEHTY POCTY BUHUKAIOTH CIOYATKYy peryJspHi
KOJIMBaHHSI, a TPH 301IBIICHH] TapaMeTpy @ — IeTepMiHOBaHMM xaoc. [Ipn Manux 3HaYeHHSIX
Koe(iIieHTy pOCTy HEKOJIMBAJIBLHUN XapakTep mepexigHoro mnporecy. [lpu momaasmomy
30UTBIIIEHH]I « 3MIMCHIOIOTHCS BUHUKAIOTh HACTYyMHI Oidypkarii MmoaBoeHHS mepioay 3a
cueHapieM Deirenbayma Ta xaoc.

BucnoBxku

B pesynbTati g0OCHiPKEHHS MPOLIECiB MOBEAIHKY HEHpOHA K HEIIHIMHOTO eleMeHTa y
CKJIaJi HehpoMmepexi abo HEHpOKOMII'oTepa, 3HaiijieHa MaTeMaTHYHa MOJENb HeWpoHa B
UKITIYHOMY YIpPaBIiHHI I BHIAJKy 3 BXIIHUM IIOTOKOM, BH3HaueHa O0JIaCTh HOro
HOPMaJIbHUX DPEXHUMIB, 3HaleHl yMoBH Oidypkamiid. [Ipm meBHUX ymMoBax HEUpPOH MOXKeE
MEPEUTH B PEKUM PETYISIPHUX Ta HEPEryJIsIpHUX KOJIWBaHb 1 xaocy. OTpuMaHi pe3ynbTaTu
JIO3BOJISIIOTh  MIBUIIUTH  €(PEKTUBHICTH POOOTH NHUKIIYHUX CHCTEM YIPaBIiHHA Ta
dbopManizyBaTi HaMpsIMKA TONATBIINAX JOCIIHKEHb MO0 PO3POOKU €(PEKTUBHUX CHUCTEM
VOpPaBITIHHSA 3 BUKOPUCTAHHSM METOMIB HEIIHIWNHOI JUHAMIKH. Y PO3TJISIHYTOMY BHIIAIKY
npocToi MojeNi HeHpoHa 3pUB KOJIMUBAHb POOUTHCS TPOCTO — PO3PHUBAOTHCS JIAHIIOTH
3BOPOTHOTO 3B’SI3KY JUIs cymaropa. J{Jsi IIbOro JOCUTh TOYHHATH PO3PaXOBYBATH ITIICYMOK Y
KOKHOMY IIHKJII 3aHOBO. AJie PO3TIISHYTa HEMHINHICTh MOXe OyTH TPUCYTHS Y OYyAb-IKOMY
nukin PDCA. Tomy y monansIiiomMy He0OXiTHO TTPOJIOBKHUTH JTaHy TEMATHKY JOCIITKEHb.
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BJUSHUE HEJITMHEMHOCTHU HEMPOHA HA IIUKJIMYECKYIO CUCTEMY YIIPABJIEHUS

INFLUENCE OF NON-LINEARITY OF NEURON ON CYCLIC SYSTEM MANAGEMENTS

B.T". Kononosuy, O.10. Koznosa, O.1O. Kynsuckuit

Opnecckuil HAlIMOHATBHBIN MOJUTEXHUYECKUI YHUBEPCUTET,
npoct. Hlesuenko, 1, Oxecca, 65044, Ykpauna; e-mail: vl kononovich@ukr.net

Hccenenyercs noBeneHue HEMpoHa, KOTOPBIM SBJISAETCS OCHOBHBIM 3JIEMEHTOM HEHPOHHBIX
cereii. PaccmarpuBaeTcss Jjoructhueckas MOJENb HEMpoHa KaKk ~ HaWMPOCTEHIINI
HenuHeWHbIN 3emeHT. [IpencraBnena matemaTudyeckas MOJAEIb HEHPOHA B HHUKIMYECKOM
YOpaBIIEeHUW ISl Clydas CO BXOJHBIM TOTOKOM. OTpeneneHbl YCIOBHS M XapaKTep
BO3MOXKHBIX HEPErYJISIPHBIX KoJjicOaHMit B HelipoHe. [lonydueHHbIE pe3ynbTaThl MO3BOJSIOT
MOBBICHTB 3P PEKTHBHOCTH Pa0OTHI IIUKINISCKUX CUCTEM YIIPABICHUS.

KuoueBble cji0Ba: HEWPOH, MPOLECCHl YIPABICHUs, HEIMHEHHBIA 2JIEMEHT, HeJlMHEHHas
JIMHAMUKA, KOMITBIOTCPHOE MOJICTUPOBAHKE, TUHAMUYICCKHIA Xaoc, Oudypkanuu

V.G. Kononovich, O.U. Kozlova, O.U. Kunjanskij

Odessa National Polytechnic University,
Shevchenko Ave, 1, Odessa, 65044, Ukraine; E-mail: vl kononovich@ukr.net

Behavior of neuron that is the basic element of neural networks is investigated. The
logistic model of neuron as most simple nonlinear element is examined. The
mathematical model of neuron is presented in a cyclic management for a case with an
input stream. Terms and character of possible irregular vibrations are certain in a neuron.
They got results allow increasing efficiency of work of cyclic control system.

Keywords: neuron, control processes, non-linear element, non-linear dynamics, computer
simulation, dynamic chaos, bifurcation
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DEVELOPMENT OF EFFECTIVE VOCABULARY
STRUCTURES FOR THE SPEECH RECOGNITION TASKS

D.V. Zahanich, I.LE. Mazurok

Odessa I.I. Mechnikov National University,
Dvoryanskaya st., 2, Odessa, 65026, Ukraine; e-mail: igor@mazurok.com

In this paper we describe a speech recognition method, which is optimized for mobile
devices with limited computing power. This article is focused on reducing the size of a
necessary dictionary and development of method of finding dictionary strings that match
the input speech data. The proposed approach allows to solve the problem of speech
recognition on mobile devices offline.

Keywords: speech recognition system, dictionary structure, fuzzy search.

Introduction

In recent decades mankind faced the problem of creating effective tools for data input.
Keyboards and touch screens don't solve the problem efficient enough, because these tools are
not natural for humans. Today personal computers are used not only by specialists, who are
capable of fast typing, but also by regular users with poor computer skills. To solve this
problem, various techniques and special devices for rapid data entry were developed. For
example, sign writing received a new life and many devices allow you to enter words with
line drawing on the touch screen. However, the core problem remains the same, because such
methods also require special skills.

There are cases in which a user can't perform data input with regular tools or it is very
difficult to do so. For example, it is quite difficult to type a message while driving a car.
Moreover, the number of such scenarios increases with the spread of portable devices such as
smartphones, automobile navigation devices, "smart home" systems, etc.

Conventional data input methods require performing some actions by user’s hands and
often prohibits user from performing others tasks at the moment of data input. However,
speech recognition methods don’t have these disadvantages. It took almost half a century to
improve speech recognition systems for widespread usage [1]. Researchers and developers of
such systems had to solve a lot of problems [2]:

o the problem of the extraction of the desired information from an audio signal;

o the problem of the classification of the extracted information from an audio signal;

e necessity of extensive training of speech recognition systems because of a large
number of words pronunciation variants;

e low overall performance of speech recognition systems.

In recent years, speech recognition systems have become much more popular than
before. This trend started due to progress made in speech technology area and accumulation
of large amounts of data in the Internet. However, modern speech models require a
considerable memory capacity and computation power. In this regard, the modern speech
recognition systems perform most of calculations on the server side with multi-core
processors and CPU/GPU clusters with great computational power [3]. Thus, the problem of
low performance of speech recognition systems has not been solved yet. This becomes the
major problem in case of mobile devices that can't be constantly connected to the Internet.
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The primary goal of this article is to develop speech recognition method, which is
capable of running on the mobile device with limited computational power. We focus on
reducing the size of the dictionary, which is the key component of every speech recognition
system.

Article

A proposed method of speech recognition is based on fuzzy string search. Thus, the
speech recognition is achieved by searching the recognized phonetic transcription of the
spoken word in the phonetic dictionary.

Speech sounds are infinitely varied. Accurate physical analysis may reveal that a person
never produces exactly the same sounds. For example, the “k” sound in the word “kit” and
“k” sound in word “skill” are not identical. However, these sounds are still represent the same
phoneme /k/.

There are many sets of phonemes that are used in speech recognition tasks. In this
article we use the following set of phonemes of the English language, based on Arpabet [7].
Arpabet is phonetic transcription code developed by Advanced Research Projects Agency
(ARPA) as part of their Speech Understanding Project (1971-1976). This code represents each
phoneme in the American dialect of English language as a distinct sequence of ASCII
characters. The current phoneme set contains 39 phonemes (or more accurately, "phones").
Basically, "phones" are more or less similar classes of sounds.

Table 1.
Phones of American dialect of English and their corresponding examples of pronunciation

Phoneme Example Phoneme Example
AA odd L lee
AE at M me
AH hut N knee
AO ought NG ping
AW COW oW oat
AY hide 0)4 toy

B be P pee
CH cheese R read
D dee S sea

DH thee SH she
EH Ed T tea
ER hurt TH theta
EY ate UH hood
F fee UWwW two
G green \Y vee
HH he \ we
IH it Y yield
IY eat Z zee
JH gee ZH seizure
K key

Example 1. Phonetic transcription of word “University” is represented in the form of
code"YUWNAHVERSAHTIY"

To recognize a spoken word we acquire set of spoken phones and compare it with the
phonetic transcriptions of the words, which are presented in the dictionary.
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Human speech is a complex phenomenon. Variants of pronunciation of even the same
word may be quite different from each other depending on a speaker, a speaker accent, level
of external noise, and many other factors. In this regard, even completely correct set of
recognized spoken phones will rarely be the same as conventional phonetic transcription of
actually spoken word. To solve this problem, every word in the dictionary is represented as a
set of possible pronunciations variants in form of phonetic transcriptions. Phonetic
transcriptions of the words are encoded as ASCII characters, so we can use methods of fuzzy
string search.

However, we must take into account the phenomenon of coarticulation. It leads us to the
necessity of storing a large number of possible pronunciations of every word, which differ in
similar-sounding phonemes.

To solve this problem we provide phonetic encryption algorithm based on Soundex.

In this modification of Soundex, similar-sounding phonemes are replaced to ASCII
characters, and then every sequence of the similar characters is reduced to one character. The
resulting line is called phonetic hash string.

Table 2.
Similar phonemes and their encoding characters

Character Phonemes

AA, AO, HH, OW, AY, OY

B, P

F, TH

K

S,SH, Z,ZH

G,JH

V, W

D, DH, T, CH

L

M, N, NG

ER, R

R | ZiC 1< | Qlwn|R| | W >

EH, EY, AH, AE

Example 2. Pronunciations "Y UW N AH VERS AHTIY" and "UW NEH VR S EH
T IY" of word “University” are encoded into the same phonetic hash string "INEVRSETI".

The proposed phonetic encryption algorithm allows us to present all known
pronunciations of the word in the dictionary as theirs phonetic hash strings, greatly reducing
the size of dictionary.

The final stage of the proposed speech recognition method consists in searching an
encoded phonetic string of spoken word in the dictionary. We use fuzzy string search
algorithm, which is known as the FB-Trie algorithm (Eng. Forward-backward trie). It was
described in the "Fast approximate search in large dictionaries" [4].

The task of fuzzy string search in the dictionary is to choose for a given search query W
subset P of all the words from the dictionary D, which has distance p to the search query
and p does not exceed a certain threshold N :

P={P|P.eDNp(P.W)<N}
We use the Damerau—Levenshtein distance because it is capable of detection up to 80%
of all human misspellings.
The Damerau—Levenshtein distance is the distance between two strings, i.e., finite
sequence of symbols, given by counting the minimum number of operations needed to
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transform one string into the other, where an operation is defined as an insertion, deletion, or
substitution of a single character, or a transposition of two adjacent characters.

FB-Trie algorithm is based on the concept of universal Levenshtein automaton and it
applies a dictionary structure in the form of direct and reverse prefix tree in conjunction with
splitting of keyword W into two approximately equal parts W1 and W2. Reverse trie contains
inversions of all the vocabulary words.

The choice of this algorithm is based on the comparative analysis in “Indexing methods
for approximate dictionary searching” [5]. According to this research, the FB-Trie algorithm
provides a linear search time depending on the length of the search query and dictionary
structure consumes only 300% of the memory, which is occupied by the raw dictionary.
Pronunciation dictionary of 20,000 words, which corresponds to the number of the most
frequently used words in the English language, requires amount of memory that does not
exceed 5-6 megabytes.

For comparison purposes, we take the statistics of RAM limit for applications on the
Android mobile platform. According to the document "Android Application Memory Limit"
[6], to support all possible device configurations speech recognition system should not
consume more than 16 megabytes of RAM. Thus, the proposed method of speech recognition
can be implemented even on the weakest of modern mobile devices.

Conclusion

This paper presents a method for speech recognition, which is based on fuzzy string
search in pronunciation dictionary. The main advantage of this method is relatively small
amount of memory, which is consumed by dictionary component, so it could be implemented
on the devices with small computing power. The second advantage is simplified training
process, which can be done even without recorded audio data. Efficiency and a small amount
of memory required to build the software allow the implementation of the proposed algorithm
for mobile communication devices and low-power computers. However, the proposed method
doesn’t take into account context of speech and language grammar model, so it may show
high error rate it continuous speech.

The proposed solution to speech recognition task can be used effectively in cases where
the speech recognition system has limited computational resources and is not supposed to
recognize complex grammatical structures. Such cases may include remote control systems
with a small vocabulary of control commands.
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PO3POBKA E@QEKTUBHUX CTPYKTYP CJIOBHHUKA JJIs1 3AJAY PO3III3BHABAHHSA
MOBJIEHHAA

J.B. 3aranuy, 1.€. Ma3zypok

Opnecpbkuii HamioHANBHUK yHiBepcuTeT iM. [.I. Meunukosa,
ByIL. JIBopsiHCEKa, 2, Oneca, 65026; e- mail: igor@mazurok.com

VY cTarTi MponmoHyIOThCS MOAMMIKaIlii aNroOpUTMiB PO3Mi3HABAHHS MOBH, ONTHMi30BaHUX
JUTs peaizalii Ha MOOLTBHUX MPHUCTPOSX 3 00MENKEHOI0 00UNCIIOBATIBHOIO MOTYXKHICTIO.
l'osioBHa yBara npuaiIs€TbCs CKOPOUSHHIO PO3MIpPY HEOOX1HOTO CIIOBHUKA 1 aJITOPUTMY
MIOUIYKY BBEICHUX MOBHUX JIaHHMX. 3aIIPOIIOHOBAHMH IMiIXi JO3BOJISIE BUPIIIyBaTH 3a1adi
pO3Mi3HaBaHHs MOBH Ha MOOIJTBHUX IPHCTPOSX Y aBTOHOMHOMY PEXKHMi.

KaiouoBi ciioBa: cucrema po3ni3HaBaHHS MOBH, CTPYKTYpa CJIOBHHKA, HEHITKUI MOIIYK

PA3PABOTKA D®®EKTUBHOMN CTPYKTYPHI CJIOBAPS B 3AJTAYE PACIIO3HABAHUS PEYH
J.B. 3aranmn4, 1.E. Ma3zypok

Opecckuil HalMoOHaNBHBIH yHUBepcuTeT uM. .M. Meunukosa,
yi. JIBopsickas, 2, Onecca, 65026; e-mail: igor@mazurok.com

B cratee mpemmararotrcs  MOAM(UKAMK  QITOPUTMOB  PACIO3HABAHWS — PCYH,
ONTUMU3UPOBAHHBIC IS peallu3allii Ha MOOWIBHBIX YCTPOWCTBAX C OrPaHUYCHHOU
BBIYMCIUTENbHON MOIIHOCThIO. OCHOBHOE BHUMAaHHE YJIENAETCS COKpAIEHUIO pa3zMepa
HEOOXOIWMOTO CIIOBaps ¥  alNrOpUTMy TIOMCKa BBOOUMBIX PEUYECBBIX  JaHHBIX.
[IpemmosxeHHBIN TOAXOX MMO3BOJSET pemaTh 3adaull Paclo3HaBaHUS PeYd Ha MOOWIBHBIX
YCTPOWCTBAX B aBTOHOMHOM pPEXKHME.

KiroueBble cJji0Ba: crucTeMa paclio3HaBaHUS PEUH, CTPYKTYpa CIIOBApPs, HEUETKUH ITOMCK
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CPABHEHUWE CBOMCTB HOMUHAJLHOI'O TUITA
OBBEKTOB PA3JIMYHBIX IPEJMETHBIX
MOJOBJACTEM B PEJIALIMOHHBIX BA3AX JIAHHBIX

M.I'. T'naBa

Opnecckuil HALIMOHATBHBIN MOJUTEXHUUYECKUI YHUBEPCUTET,
mp. HleBuenko, 1, Onecca, 65044, Yxpanna; e-mail: glavamaria@mail.ru

PaccmatpuBaercss mpobimema oObemuHEHHs Mojenei mpeametHod obmactu  (IIpO).
Ipemnaraercss conocTaBiaTh 00bekThl [IpO Ha OCHOBE 3HAUCHHI CBOWCTB 3K3EMILISPOB
9THX OOBEKTOB. METOJBI CONMOCTABJICHUS CBOWCTB PAa3IMYarOTCS B 3aBHCUMOCTH OT THIIA
IKaJ, B KOTOPBIX M3MEPSIOTCS MX 3HaueHHs. [Ipelaraercs MOCTPOUTh OHTOJIOTHYECKYIO
MOJIeTIb JJIsi CBOMCTB HOMMHAIBLHOTO THIIA W 00paboTaTh €€ KOHILENThI C MOMOIIBIO
MOCTPOCHHUS TaOJHIIBI COMPSDKEHHOCTH MPHU3HAKOB M METO/[a aHAJIN3a COOTBETCTBHI.

KiioueBbie cioBa: MOACIIb Hpe[[MeTHOfI 06J'IaCTI/I, npeamMeTHasn HOHO6J’I3CTB, CBOIiCcTBa
HOMMHAJIBHOI'O THIIA, Ta6JII/ILIEl CONMPSAKEHHOCTHU TPU3HAKOB, aHAJIN3 COOTBETCTBHIA.

BBeaenue

Ha ceromusimnuii neHp paboTa 1000 opraHu3anuu Jro00i chepbl AesTeNbHOCTH He
BO3MOXXKHA 0€3 HCIOJIb30BaHUs HWH(OPMALMOHHBIX TeXHOJOTUH. OTPOMHBIN MOTOK JaHHBIX
XpaHUTCS U 00pabaThIBaeTCsl C TOMOIIBIO 0a3 W XPaHWIHIN JAaHHBIX, YTO CYIIECTBEHHO
YIPOIIAET yNpaBiIeHUE U KOHTPOJIb JEeSTeNbHOCThIO. Y UUTHIBAas YKOHOMUYECKOE MOJIOKEHUE
CTpaHbl ¥ aHAIW3HUPYS PHIHOK, TOJBEPKEHHBI pPEOpPraHU3alN TPEIIPUITUNA, MOXKHO
C/IeNIaTh BBIBOJ O CYLIECTBOBAHUH MPOOIeMbl 00beIMHEHUSI THPOPMAITMOHHBIX CUCTEM.

JlpyruM acmeKkToM, MOATBEPKAAIONIUM aKTyallbHOCTh JAaHHOW MPOOJIEMbI, MOXKHO
Ha3BaTh peQopMbl, MPOBOJMMBIE B YKpauHe, HalpaBlieHHble Ha WH(OpMAaTHU3alMIO ydeTra
MMYIIECTBEHHBIX IPaB, HAJOTOBOK pedOpMbI U T.J. BICKYyIIHE 32 COOOM CO3MaHME €IUHBIX
MH(OPMALIMOHHBIX XPaHWIIUI CTPaHbl, 00beINHss 0a3bl JAaHHBIX PETHOHOB.

[Tockonbky mocTpoeHue 000 MH(GOPMAIMOHHONW CHCTEMbl HAYMHAETCS C OMUCAHUS
npeameTHoi obnactu (IIpO) u mocTpoeHUs: ee MOAENIH, PEIICHUE TTOCTABICHHOW MPOOIeMbI
cBomuTcs K oObenuHeHuto mojeneir [IpO paccMarpuBaeMblXx WHGOPMAIMOHHBIX CHCTEM.
Pesynbrarom o0benunenust moaenei [IlpO Oyaer monxens IIpO Gonee Beicokoro (j+1)-ro
nopsAKa, a Mojenu Oojiee HU3KOro Mopsiaka j OyldeM HaszbIBaTh MOJEISMHU IPEIMETHBIX
nonobnactet  (IIpI1O). Jlns momydenus wmonenu (j+1)-ro mopsiaka, aaeKBaTHON
uccienyemoit I[IpO [1], HEOOXOAMMO OTpenenuTh O0BEKTHI, HAXOASAIIUECS HA MEePECEUCHUN
oowenuusembix [IpllO, T.e. ompenenuTs MOAOOHBIE OOBEKTHI, OMHUCHIBAEMBIE TMOJIOOHBIMHU
cBoiictBamu.  [IpemyiOKEHHBIM  MOAXOJ  TMO3BOJIUT  HM30€kaTh  M3OBITOYHOCTH U
HecornacoBaHHOCTH AaHHbIX IIpO  (j+1)-ro mnopsaka, a Takke TIOTEPU JAHHBIX,
HapaOOTaHHBIX 33 TEPHUOJ CYIIECTBOBAHUS OOBEIUHSEMBIX MH(POPMAIMOHHBIX CHUCTEM, 3a
CUET BBIICICHUA/00bEINHEHNA MOJOOHBIX OOBEKTOB/CBONCTB OOBEKTOB Y JOIOJHEHUSI
moaenu [IpO ornuvaromumucs oowekramu [IpllO.

B pabGorte [2] mpemyioxkeHa TEXHOJOTHS TOHWCKA MpoeKuil oguux u Tex ke [IpllO
(o6bexToB IIpIlO), B KOTOPO MpeasaraeTcsi COMOCTaBIATh OOBEKTHl Ha OCHOBE 3HAUCHUU
CBOMCTB JK3EMIUIIPOB OTUX OOBEKTOB. AJTOPUTMBI COIMOCTABICHUS pPA3IUYaAlOTCS B
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3aBHCHMOCTH OT THIIa JaHHBIX KOHKPETHOrO cBoiicTBa. B nanmHoi pabore mpeanaraercs
AJITOPUTM COIIOCTABJIEHUS CBOWCTB HOMUHAJIBHOIO THUIIA.

CornacHo TNpEATOKEHHON TEXHOJIOTMH OOBEKTHl MOTEHIHMAIbHO MNoA00HBIX [IpIIO
HEOOXOIUMO TOATOTOBUTH K COINOCTaBICHHUIO: BBIIEIUTH CYIIECTBEHHbIE CBOWCTBA,
OCHOBBIBASICh Ha KOJMYECTBE HH(POPMALMU KaXJOTO CBOHCTBA M OLEHKE HKCIEPTOB;
MIPOPAHKUPOBATh IO 3HAYMMOCTH OO0BEKTHI KaKaou cpaBHHBaeMoil I1pl10O, ocHOBBIBasICh Ha
KOJINYECTBE U CTENEHH BAKHOCTHU CBS3€H OIpeNesIeHHOr0 O0BEeKTa C JIPYrMMHU B 3TOH ke
IIpI[IO, wm KoJMYEeCTBE 3HAYUMBIX CBOWMCTB, H3MEPAEMBIX OIPEACICHHON IIKAJION
(MOpsIAKOBOM, HOMHUHAIBHOM, YHCIOBOM); OTCOPTHUPOBAaTH KOPTEXH 10 3HAYCHUSIM
MOPSIIKOBBIX 1 HOMHUHAJIBHBIX CBOMCTB, COOJII0/1ast MTOJyYEHHBIN paHee paHT CBOMCTB.

A.]'[l"OpHTM COIOCTABJIEHUSI CBOMCTB HOMHHAJIBLHOI0 THIIA

AJNTOpPUTM COMOCTaBJICHHSI CBOWCTB HOMHHAJILHOIO THUIIA BBIMIOJHSAETCS TOCJE aHaIn3a
MOPSIKOBBIX CBOWCTB. MOXHO TPEANONOXKUTh, YTO MPEIbIAYIIHE Iard CONH3WIH PaHT
MOTEHITMAIBHO TOMOOHBIX OOBEKTOB M HMX CBOWCTB. A B CcHUiIy palOThl aaropuTMa
COIIOCTABJICHUSI CBOMCTB TOPSIIKOBOTO THIA, NPUOJIM3UIOCHE COOTBETCTBUE KOpPTEXKEH
CpPaBHMBAaeMbIX OOBEKTOB, COOTBETCTBEHHO, 3HAUEHHS CBOWCTB HOMHHAJIBHOIO THUIIA
COIIOCTABJIAKOTCS JUIL BBIPOBHEHHBIX MOIIHOCTEM MHOXECTB Koprexed. Ilox paHrom
MOHMMAeTCsd MeCTO OOBEKTa/CBOMCTBA B  MOCIEAOBATEIBHOCTH  paccMaTPUBAEMBIX
00BEKTOB/CBOMCTB, OIpEIeIIEMOe IPY TTOMOIIH ITOPSIKOBON IIKAJIBI.

[Tockonbky wuHpOpMANHIO 00 OJHOM U TOM XK€ OOBCKTE WIM JCHCTBUU MOXKHO
NPEACTaBUTh  Pa3HbIMU  HOMUHAJIBHBIMH  3HAQYEHHUSIMH, [IOCMMBOJBHOE  CpaBHEHUE
oTkyoHsieTcsl. CpaBHEHHE CEMaHTHUECKUX 3HAYEHHM SK3EMIUIIPOB CBOWCTB JJISi PELICHUS
NPEJCTaBICHHON MpoOIeMbl SABNSETCS HETPUBHAIBHON 3ahadeidl M MPaKTUYECKH HE
BBITIOJITHUMOM B CHJTy CBOEH CIIOHOCTH U 00beMa paboThl. A TakKe CEMaHTHUYECKUN aHAIIN3
UCKITIOUAeT YHHBEpCAIbHOCTh TexHoJoruu comnoctasieHust [IpIlO, mockonbKy moTtpedyer
OTPOMHBIX YCHJIMH U 3aTpaT BpeMeHHU dKcepToB B KoHKpeTHOU [IpO/TIpIIO.

Jlig conocTaBieHUsl CBOMCTB HOMMHAJIBHOTO THIA MPEUIaraeTcs MOCTPOUTh MOJAEIb
OHTOJIOTHH, KOTOpasi XapakTepu3yeT JitoOble HOMUHAIbHbIE CBOWCTBA.

Ha ceropusmnuii JeHb TEPMUH «OHTOJIOTHS» HE UMEET YCTOSIBILETOCS OIpEAesICHuUs,
HO B UWH(MOPMALMOHHBIX TEXHOJIOTUAX Yalle BCEro HCIONb3YeTCS OIpeleleHue,
chopmynupoBarroe T. P. I'pyGepom: «OHTONOTHS — 3TO CHEIU(PUKAIUS KOHIICTITYTH3AIHI)
[4]. Ilomg xoHuenTyaliu3alMedl TOHUMAETCS  MPEJICTABICHUE TMOHSITHH, KOTOpPBIE
kiaccupuupyroT 00sekThl [IpO U cBSI3M MeX 1y HUMHU.

Brigensitor ciemyronue TUIBI OHTOJOTUN [5—7]: MEeTaoOHTOJIOTHSI (OHTOJIOTUSI BEPXHETO
YPOBHSI) — OMEpUPYET OOIIMMHU KOHIIETITAMH W OTHOIIECHUSMH, KOTOpPHIE HE 3aBHCAT OT
kKoHKkpeTHOUM [IpO; mnpeamMeTHass OHTOJOTHUS — COJEPKUT TOHSATHUS, OIHCHIBAOIINE
KOHKpeTHYI0 [IpO U OTHOIIEHUS MEXAY HUMH, OHTOJOTHS 33/ad — COACPKHUT (YHKITUH, C
MOMOIIBIO0 KOTOPBIX MPOU3BOAUTCS MPEOOPa30BaHNE BXOIHBIX JAHHBIX B BHIXOJHBIE.

Jlnist pereHrst moCTaBIEHHOM 3a/1aun Oy/1eM UCTOIb30BaTh METAOHTOJIOTHIO, TIOCKOJIBKY
HE0OX0oaMMO co3/1aTh TexHoJyorHio contoctabyienus [Ipl1O, nezaBucsmyro ot camux [IpIlO.

[Ipouecc co3ganust METAONIMCAHUI TaKKE HA3bIBAlOT aHHOTHPOBAHUEM, KOTOPOE MOYKET
MPOUCXOJUTh KaK C MOMOUIbIO YelIOBEKa, TaK U C MOMOMIbIO CIENUAIbHBIX alTOPUTMOB,
pean30BaHHBIX IPOTPAMMHO [8].

B MetaonucaHusix BBIIENSAIOT TPU THUIA: CHCTEMHBIE (Clly)keOHbIE) MeTaJaHHble —
npenHa3HaueHbl UIs (YHKIIMOHUPOBAHUSI MH(POPMAIIMOHHBIX CHCTEM U CHUCTEM YIPABICHUS
3HAHUSAMU; CTPYKTYPHBIE METaJaHHbIE — COJIEPXKAT CIPABOYHYIO MH(POPMAIHIO 00 00BEKTaX,
T.€. OMUCAHUS, UCTIONB3YIOIIHUECs MTPU UICHTU(UKAIIUY U KaTErOpU3alui 00HEKTOB B TEX WIH
UHBIX  LIENsAX; CEeMaHTHYeCKHEe  METAONMUCaHWs —  BKJIIOYAIOT  KOHIENTyaJlbHOE
(aHHOTHPOBAHHOE) U3NIOKEHHE COJIEPKAHUS U CMbIca HH(popMalu 00 00beKTe.
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MJTI. I'maBa

OcTaHOBMMCSI Ha CTPYKTYPHBIX METAJaHHBIX MOCKOJBKY MaHHBIM MOJITHII MO3BOJHUT
CO3/1aTh MOJIEIb OHTOJIOTMM HOMMHAJIBHBIX CBOMCTB, HE 3aBUCAIIYI0O OT KOHKPETHOMN
[TpO/TIpIIO, T.€. MO3BOIUT U3MEPUTH OIM30CTH (TT01001E) CBOMCTB 00beKTOB pa3HbIX [IpIIO.

Jlis pelieHusl TOCTaBICHHOM 3aJayd K CTPYKTYPHBIM METaJaHHbIM HOMMHAJIBHBIX
CBOWCTB OTHECEM, HAlPHUMEp, KOJIMUYECTBA POOETIOB B 3HAYCHUSAX CBOMCTB, IPOMUCHBIX OYKB,
3HaKa MYHKTyallMd «.», 3HaKa TYHKTYallud «,», 3HaKa IYyHKTyallUd «-»; HaJu4due
ab0peBuaTyp; HAIUYKNE KaBbIUEK; YACTh PEUU U T.1.

Ha craenyromem mare HeoOxomumo o00paboTaTh KakJa0o€ HOMHHAIBHOE CBOWCTBO
KaX/10T0 00beKkTa moTeHIHanbHO Moao0HbIX [IpIIO, 3amonHuB MHAMBUABL (IK3EMILISPHI)
KOHIENTOB (KJIACCOB) OHTOJIOTMM. MOIIHOCTh MHOKECTBAa KOHIENTOB OHTOJOTHH OyJneT
paBHAa KOJIMYECTBY HOMHUHAJIBHBIX CBOMCTB, y4acCTBYIOIIMX B COIOCTaBJICHHWU. MOIIHOCTh
MHO’KECTBa MHJIMBUJIOB B KaX/I0M KOHILIETITE OHTOJIOTUHU OyJIeT paBHAa MOIIHOCTH MHOKECTBA
KOpTEeXel COOTBETCTBYIOIIETO CBOMCTRA.

Jlanee mpenaraercsi COMOCTaBIATh MOMAPHO  KOHLENTHI  OHTOJOTHUU  ABYX
cpauuBaembix IIplIO d; u d, B mNOpAIKE, ONPENEICHHOM Ha OTale PaHKUPOBAHUA

O0OBEKTOB M MX CBOMCTB METOJAaMHM, NpPEACTaBIECHHbIMU Huke. [Ipu BBIABICHMHM HU3KOU
CTENEHU COOTBETCTBMSA, CPaBHUTH Tekymuil konuent IIpIIO d,, co ciaenyroomuM mo pasry

xonuenroM IpllO d; mnst uckinroueHns omuOKku B Boibope panra csoictsa. Ecim ke n Ha

9TOM JTall€ MCpa HOI[O6I/I}I HHU3Kasd, TO UCKIIIOYUTh JaHHBIC CBOMCTBA U3 PacCMOTpPCHU.

[Tocne oTOGopa CBOWMCTB C BBICOKOW W CpEIHEH MEpOou Mojo0us, aHATU3UPOBATh UX C
IIPUBJICYCHUEM DKCIIEPTOB, ITOCKOJIBKY IPOIPAaMMHBIA METOJ HE AACT FapaHTUU UCKIFOYECHUS
OlMOOK MpH aHajdn3e HOMUHAIBHBIX CBOMCTB, HO 3HAUUTEIHHO COKPATUT BpeMsi pabOThI
HKCIIEPTOB U CHU3UT BEPOSTHOCTH OIMMUOOK 1-T0 posa.

MeToab1 00padOTKH KOHIIENTOB OHTOJIOTHU

s ompeneneHuss Mephl TOJ00MS CBONCTB HEOOXOAMMO 00padoTaTh WHIAWBHIBI
KOHIIETITOB OHTOJIOTHM W COCTaBUTh TAaOJHUIYy CONMPSHKEHHOCTH (WJIM KPOCCTAOIHILy) IO
CJIETYIOIIUM TIPU3HAKAM:

KomunuecTBo npo6enos = 0; 0 < KomuvectBo nmpobenos < 3; KonudectBo nmpobdenos > 3;
KonnyectBo mponucHbeix OykB = 0; 0 < KonmmuecTBo mpomnucHbix OykB < 4; KomuuecTBo
nponucHBIX OykB > 4; KommdecTtBo 3Haka myHkTyamuu «.» = 0; 0 < KommdecTtBo 3HaKa
NyHKTyaun «.» < 3; KonuuecTBo 3Haka MNyHKTyauuu «.» => 3; KonuuecTBo 3Haka

nyHkTyamuu  «,» = 0; KomuyecTtBo 3Haka myHKTyanuu <«,» = 1; KonmyecTBo 3Haka
NyHKTyauuun «,» > 1; KommyectBo 3Haka mnyHkTyauuu «-» = 0; KonuuecTtBo 3Haka
MyHKTyanmuu «-» > 1; Hamuuwe aGOpeBmatyp = «ecTh»; Hamnuume abOpeBuaTyp = «HETY;
Hamuune xkaBpiuek = «ecTby»; Hanuume xaBbruek = «HeT»;, Yactb peun = «MsA

CYLIECTBUTENbHOE»; YacTh peun = «uMs MpuiiaraTesibHoe»; YacTs peun = «riaroi». Tabmuna
COIPSDKEHHOCTH WJIM KPOCCTaOyISAIUN — 3TO TabJIHMIIa COBMECTHOTO PACHpEeNeHHs] YacTOT
JBYX U 00Jiee HOMUHATUBHBIX ITPU3HAKOB, M3MEPEHHBIX HA OJHOU Tpyniie 00bekToB [9].

Mepa cxoxcTBa MeEXIy KOHIENTAMH OHTOJIOTHH, a, COOTBETCTBEHHO, M MEXIY
HOMHUHAJIBHBIMH CBOMCTBAMU MO KOMIUIEKCY MPHU3HAKOB, aHAIM3UPOBAIACh CIEAYIOIIUMU
MeTtogaMu: TakcoHommuueckuit ananmu3z E. C. CmwmpnHoBa [10], xo3¢d¢unueHt B3auMHOM
conpskenHocTH Iupcona [11], kputepwuii cornacust y° Iupcona [12].

Takconomunuecknii anaau3s E. C. CvmupHoBa. B TakCOHOMHYECKOM aHau3e
E.C. CmMupHOBa mpeamnonaraercsi, 4Tro BEC MOJAIbHOCTEH IPU3HAKOB pa3IM4YeH B
3aBHCHMOCTH OT 4acTOT UX BCTpEUaeMOCTH. YeM perke BCTpedaeTcss MOJAaIbHOCTh B BBIOOPKE,
TeM e€ Bec Oosbine u Ha00opoT. IIpu 3TOM pa3nnyaroT Beca 1Mo MPUCYTCTBUIO U OTCYTCTBHIO
OJTHOM U TOW ke MomanbHOCTH. Cle0BaTeNbHO, YUUTHIBAIOTCA COBMAJEHUS HE TOJBKO IO
MPUCYTCTBUIO TE€X WJIM UHBIX MOJAIBHOCTEM MPU3HAKOB, HO U MO MX OTCYTCTBUIO. Besikomy
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HCCOBIIAACHUIO JIBYX O6’bCKTOB Mo MOJAJIBHOCTAM TPHUITUCBIBACTCA OOAUH U TOT KE€ BCC «1».
Kosdpuuuent cxoxcrsa 7, Mexny i-mu Kouuentamu outosnorui IIpIlO d; u d; pasen

g
1 M
T, = HZ w,,Tae M — ofliee KOJIMYECTBO MOAAIBHOCTEH [0 BceM IpU3HAKaM; w, — Bec k -
' k=1
i MOAATBLHOCTH JKOO MO MPHUCYTCTBUIO €€, TUOO0 MO OTCYTCTBUIO, TUOO 110 HECOBMACHHIO HX.
Bec 1o npucyTcTBHIO & -0i MOJQIBHOCTH W, , OIPEIeNsIoT o Gopmyne: w, =n, /N, ,
a BeC MO OTCYTCTBUIO W, : w, =N, /n,, tne N, — 4MCIIO KOHLENTOB, y KOTOPHIX IaHHAas
MOJAJIbHOCTb MIPUCYTCTBYET; /1, — YUCIIO KOHIENTOB, Y KOTOPBIX MOAAIbHOCTh OTCYTCTBYET.
Koapduunentol B3anmmMHoil conpsizkeHHocTH Ilupcona m Yynposa. Paccmorpum

MeTo/ pacueTa Kod(¢uiueHta B3auMHOU conpsbkeHHocTH Ilupcona K. Koaddunumenr

B3aMMHON comnpsbkeHHOCTH [lupcoHa mpuMeHsieTcs, eciu HEOoOXOJUMO OLIEHHUTh TECHOTY
CBSI3M MEXJy HEaIbTePHATUBHBIMU IpHU3HAKaMH (T.e. UMEIOIIMMHU Ooiee 2-x TpyIm B
TabJIMIe COMPSHKEHHOCTH), KOTOPbIE MOTYT MPUHUMAThH JIF000€ YHCIO BApUAHTOB 3HAUCHUI;

K, =@ / il +¢’ i, rae @° — MoKa3aTesb B3aHMMHOM CONPSKEHHOCTH, ¢ ONpe/eNnseTcs KaK

CyMMa OTHOIIEHUH KBaJpaToOB YacTOT KAXKAOH KJIETKU TaOJIMIbI K MPOU3BEIEHUI0 UTOTOBBIX
YacTOT COOTBETCTBYIOLIETO CTONOIA M CTPOKU. Bbrumras u3 3Toi cymMMmbl 1, moiaydum

BenmunHy @ . Uem 6mmke Ko DHUIMEHT B3aMMHOM conpskeHHOCTH IIupcoHa K 1, TeM cBs3b
o L2 2
nokasaresneu 6ospie: ¢ = any / (nxny)—l .

Hapsiny ¢ koaddunuentom B3auMHON cCoNpsiKeHHOCTH [Iupcona miis omnpenencHus
TECHOTHI CBSI3M HOMHUHAJIBHBIX MPHU3HAKOB HCIOJB3YIOT AHAJIOTMYHBIN K03 UIeHT
Uynposa, KOTOPBIN pacCUUTBIBAETCS o (N (13% 011571 bopmye:

K, :\/goz(Kl -D)7"(K,-1)", tme K, u K, — 4ucno rpynmn mepBoro W BTOPOTO TpH3HAKA
COOTBETCTBEHHO. VIHTepmperanust pesynbraTa pacyera KoddduuueHTa CONpsHKEHHOCTH

Uymnpora ananorununa koddduimenty [Iupcona, yem Ommke 3HaueHue koddduimenta x 1,
TeM OO0JIbIIe CBS3h MMOKA3aTelNeH.

Kpurtepuii cornacusi y°-kBaapar Ilupcoma. Kpurepnmii cormacus Xu-KBaapaT

[lupcoHa — 3TO HemapamMeTpUUYECKUH METOJl, KOTOPBIA MO3BOJISET OLUEHHUTh 3HAYMMOCTH
paznuunii Mexay (aKTHYECKUM (BBISIBICHHBIM B PE3yJbTaTe€ HMCCICIOBAHUS) KOJIMYECTBOM
MCXOJIOB MJIM KaueCTBEHHBIX XapaKTEPUCTUK BBHIOOPKH, MOMAJAIOIINX B KAKIYIO KaTETOPHIO,
U TCOPCTUUCCKUM KOJUYCCTBOM, KOTOPOC MOXKHO OXHAAaThb B HU3YYACMBIX TPYIIIIaX IpHU
CIPaBeIIMBOCTU HYJIEBOM T'MIOTe3bl. TO €cTh, METO/ MO3BOJIIET OLEHUTh CTATUCTHUECKYIO
3HAYMMOCTb Pa3INYUi ABYX WJIM HECKOJBKMX OTHOCUTENBHBIX NTOKa3aTesen (4acToT, A0JIeH).

Jlns  pacuera KpuTepus y° HEOOXOJUMO pAcCUMTAaTh OKUIAEMOE KOJIHYECTBO

HAOIOZICHUH I KKJIO0W W3 sUeeK TaOJUIIBI COMPSHKEHHOCTH IYTEM MEPEMHOXEHHUS CyMM
PSAZIOB ¥ CTONOIIOB C MOCIEIYIOIIUM JISJICHHEM TOTy4eHHOTO TIPOM3BEICHUS Ha 00IIee YHCIIO

HaOmIofeHni. 3HaueHMe KpHTepHs y°  HAXOAUTCA 1O  cledyromeid  dopmyie:
) r c ) . )
2°=2.2.(0,-E,) /El.j ,Tae i — HoMmep cTpoku (oT 1 10 7), j — HOoMep cTonbua (ot 1 g0
i=1j=1 '

¢), O, — (dakTnyecKoe KOIMYECTBO HAONOACHUN B sueiike ij, E; — 0XKUAaEMOE YHUCIO

ij
HaOmroieHuil B siueiike ij . Jlist MPUHSTHS PElIeHUs] O 3aBUCUMOCTH NPU3HAKOB HEOOXOAUMO

CpaBHHUTb 3HAUCHUC PACUCTHOI'O KPUTCPUA Zz C KPUTUYCCKHUM 3HAUYCHUCM IIpU YHUCIIC
creneHerd cBoboael  f. Uuciao cremeHeld CBOOOBI pacCUMTHIBACTCS 1O  (opMyie:

f =(r-1)x(c—1). Kputnueckoe 3HaueHHMe KpUTepus y°-KpajapaT IlupcoHa ompenensercs
nmo Ttabnuume. B TOM ciydae, eciu IOJy4eHHOE 3HAYEHME KpuUTepus y° Ooiblie
KPUTHUYECKOTO, TUIIOoTe3a H |, OTKIOHAETCS M NPUHUMAeETCs anpTepHaTuBHas H,. B xauectBe
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runore3sl /4, Kak IpaBWJIO NPUHUMAaETCs HauOoJiee BEPOSTHBIM McxoA. B mocraBneHHoOU

3alaye MpEAroIaraeTcsi, 4YTo CBOWCTBA MOAOOHBI, COOTBETCTBEHHO THUIIOTE3bI HMEIOT
clieAyrolue 3Hauenus: H, — cBoiicTBa nofgo0HbI; [, — CBOWCTBA pa3IMUHBI.

Anpodauus npeaioKeHHbIX METO/10B

[TpoBepuM pabOTOCIIOCOOHOCTD MPEIOKEHHBIX METOAOB Ha IMPUMEpax.

[Ipennonoxum, nano 4 HomuHalbHBIX cBoMcTBa: PUO |, DUO,, 'opoa, Opranuzamus.
He O6ynem yuuteiBate IIpIIO, 0OBEKTBI M paHTU CBOMCTB ISl TOTO, YTOOBI TMPOBEPUTH
KauyecTBO pabOThl MPENJIOKEHHOrO TMOAX0/Aa, CPaBHUB 3aBEAOMO MOAOOHBIE W pa3HbIe
CBOMCTBA. 3aloJIHUM WHIUBUIBI (IK3EMIUISIPbI) KOHLENTOB (KJIACCOB) OHTOJIOTMHM TIO
MPEACTaBICHHBIM CBOMcTBaM. [locTpoM TaOIMIly COMPSIKEHHOCTH —(KpOCCTAONHUILY),
MOJICYUTAB KOJIWYECTBO MHAUBHIOB KOHIIETITA OHTOJIOTHH, TTOJXOSAIINX O] ONPeAeTeHHBIN
MPU3HAK TaOJIUIBI COMPSKEHHOCTH.

Taxkconomuueckuii anaaus E. C. CmupnHoBa. OmnpenennmMm Mepy CXOJACTBA MEXIY
KOHIIENITAMH C MOMOIIbI0 TakcoHOMUYeckoro aHanu3a E. C. CmupHoBa. BbINMoaHUM MOJIHBIN
nepebop KOHIIETITOB JUIS OIpEAeNCHUS MaKCUMalbHOW M MHUHHMAIBHOM MEphl MOI00MUS.
[Ipu3Haky, Mo KOTOPBHIM 3HAYEHUS COBIMAJAIOT, OTOpachiBaloTCa. OTMETUM, UYTO B JAaHHOM
METOJIE pacyeT MOJAIBHOCTEH Il JBYX KOHIIETITOB HE IIEIeCOO0pa3eH B CHUIy CBOEH
cnenuduku. KoaddurmenTtsr cxoacTpa Tl.j MpeACcTaBjeHBI B Ta0M. 1.

Tadnauua 1.
KoaddutmeHTs! cX01CTBa KOHIIETITOB

®UO; u I'opox -0.3333
®UNO; u Opranuzanus -0.5333
®UO;, u I'opox 0.0000
®UO;, n Opranuzanus -0.6000
l'opon n Opranuzanus -0.5333

[Ipoananu3upoBaB MOJyYECHHBIEC PE3yJAbTAThl, MOXKHO CJIEIaTh BHIBOJ, YTO HanOOJbIIIEE
CXOACTBO MeX1y coboi umeror cBoiictBa DO, u ®UO,; ®UO, u I'opoa. [locneanee, kak
BUIHO, JTOHO. Hammensiiee cxoactBo uMeroT coiictBa MO, u Opranuzanus; PUO; u
Opranuzanus; ['opon m Opranmzamus. OTmeTuM, 4To Mepa momoOusi cBoiicte ®UO; u
Opranmsanus;, PO, u Opranuzamnus OJU3KH, YTO MOKHO OTHECTH K TITIFOCaM METO7a.

Koagpduunentsr B3aumHoii conpsikeHHocTH Ilmpcona m Yymposa. Paccumtaem
Ko3QpuuueHTsl B3auMHOM conpsbkeHHocTH Ilupcona K, m UynpoBa K. Crpoku co

3HAYEHUSIMU MPU3HAKOB PaBHBIMU HYJIO, OTOpackiBaeM. Jljig ynoOcTBa pacueToB pa3MecTUM
JaHHBIE B TaONMIle, MPOCYMMHPOBAB KOJMYECTBO 3HAYCHUU MPU3HAKOB IO CTPOKAM U
cToJ01aM. 3aTeM paccuMTaeM YacTHOE OT JIEJICHHs KBaJapaTa 3HaAUYeHUS KaxXJI0ro mpu3Haka Ha
MIPOU3BEICHNE CYMM B COOTBETCTBYIOIINE CTPOKE U CTOJOIIE.

JIns HAXOXKIEHUs. @ HEOOXOAMMO ITPOCYMMUPOBATH TIOTyYeHHbIE HTOTH U BHIYECTH 1:

@* =0.5019+0.5019 —1=10.0038, K, =+/0.0038/(1+0.0038) = 0.0614,
K, =4/0.0038/((11-1)(2 1)) = 0.0195.

Paccuntaem ko3¢dduuments B3auMHON conpspbkeHHocTH I[lupcona m YUympoBa uis
ApYyTuX nap KOHLENTOB. J{J1s aHanu3a pe3ysabTaToB CBEAEM Pe3yibTaThl PACYETOB B TA0I. 2.

306



[HOOPMATHUKA TA MATEMATUYHI METOJI1 B MOZIEJIFOBAHHI = 2016 = Tom 6, Ne3

Tabauua 2.
Koaddurnmentsr B3anmHoM conpsikeHHOCTH [Irpcona u Uynposa
CaoiicTBa Ky K,
OUO; u PUO, 0.0614 0.0195
OUO,; u T'opon 0.5360 0.1914
®UO; u Opranuzanus 0.4635 0.1351
®OUO; u I'opon 0.5319 0.2093
®UO; u Opranmzanus 0.4652 0.1357
['opon n Opranm3anus 0.4912 0.1456

Koaddumuentsr y map cBoiictB ®UO; u T'opon, PO, u I'opox nmpubau3uTebHO
PaBHBI, YTO MOATBEPKAAET HE CIyYaHHOCTD MOJTYYEHHOI'O PE3yJIbTaTa. JTHU XKE Mapbl CBOMCTB
UMEIOT HamOosee BeIcOKHE KoddduimenTel. Haumensime ko3 GuIMmeHTsl y mapsl CBOMCTB
OUO; u ®UO,, npudyeM 3HAYUTEITHHO OTIMYAOIIHECS OT KOI(PPHUIMEHTOB APYruUx map.
CoriacHO HWHTEpHpeTaIy pPe3yJabTaToB, 4em Ommke kKoddduimentsl kK 1, Tem BbIme
3aBUCUMOCTh Tpu3HAaKoB. Jlisg mocraBieHHOW 3agaud  Kod()UIMEHTHI  B3aUMHOMN
conpsbkeHHOCTH [Tupcona n UyrnpoBa ar0T JOKHBIN pe3yJibTarT.

Kputepuii cornacust xu-kBagapar Ilupcona. Onpenenum Mepy CXOACTBa MEXIY
KOHIIENTAMH C OMOIIIBIO KPHTEPHS cormachs )~ IInpcoHa.

Paccuntaem oxujaeMble 3HaUCHHs MMPHU3HAKOB, MPEABAPUTEIHLHO OTOPOCHB CTPOKU C
HYJIEBBIMH 3HAYEHUSMHU MTPU3HAKOB.

Orpe/ieiM 3HaueHHe * COrTacHo GopMyre:

, 50-50 50-50 49-49.5 50-50 50-50 50-50
X = + + +

+ +...+ =3.0303.
50 50 49.5 50 50 50

UYucno creneneit csobonasl 6yaer (11-1)(2—-1)=10. Kpuruueckoe 3HaueHHme y°
pactpenieneHnus mpu ypoHe 3HauuMoctu o = 0.05 cocrasmusier 18.307. CpaBHUB MOTY4YEHHOE
3HayeHMe y° pacrpesieieHHsl U KPUTHUECKOe, MOKEM CleJIaTh BBIBOJI O TOM, YTO THIIOTE3a
H, o nogo6un xonunenros ®MO; u ®UO, npuHUMAETCs ¢ BEPOSTHOCTHIO CTaTUCTHUECKOMN

OLIMOKH MEepBOTo poja He 6oiee 5%.
BBINOTHMM pacyeTsl Il IPYTHX Map KOHIIENTOB U Pe3yJIbTaThl CBeleM B Ta0I. 3.

Taoauua 3.
PacueTHBIe M KPUTHUECKUE 3HAUECHUS ¥ paclpe/eleHus

KoHtenTst 7 pacu 2 ipum Yo creneHeii cBOOOIbI
DOUNO; u DUO, 3.0303 18.307 10
®UO; u T'opox 282.1724 19.675 11
®UO,; u Opranusanus 218.9259 24.996 15
®UO, u T'opox 276.1068 16.919 9
®UO, u Opranuzanus 220.9956 24.996 15
Topon u Opranusanus 222.5498 24.996 15

[Ipy cpaBHEHMHM [PYrUX Tap CBOMCTB IMONY4EHHOE 3HAYeHHE y~ pacHpejieseHus
3HAYUTEIBHO IIPEBBIIACT KPUTHUECKOE 3HAYCHHe, CcJeloBaTelbHO, Trumoresa H,
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OTKJIOHSIETCS, UCXOJI1 M3 Yero MOXKEM CJAENaTh BBIBOJ O TOM, YTO 3TO aOCOJIOTHO pa3HbIE
CBOMCTBa, MOCKOJILKY HaOI0JaeMble U 0KUAA€MbIE YACTOTHI 3HAUUTEIHHO OTINYAIOTCS.

Meton «AHaiau3 cooTBeTcTBMi». Hambonee nHOpMATHBHBIM U3 MPEIOKEHHBIX
METOJIOB OKazajcsi KpuTepui corjacusi xu-kBaapat [lupcona. Ha ocHoBe »TOro kpurepus
pa3paboTaH MeTo «AHAIIN3 COOTBETCTBUIY.

AHaJIN3 COOTBETCTBUM — 3TO Pa3BEIOYHBIN METOJ] aHAIN3a, TO3BOJISIIOIIUN BU3YAJIbHO U
YHCIICHHO UCCIIEI0BATh CTPYKTYPY TabJIHIl CONPSKEHHOCTH 00IbIIoi pazmepHoctu [13].

Ctpoku U CTOJOLBI MCXOMHOM TaONUIBI MPEACTaBISIOTCS TOYKAMHU IMPOCTPAHCTBA,
MEXIYy KOTOPBIMH BBIYHCIISIETCS paccTOsHUE XU-KBajpar. Jlamee TpeOyercs HalTh
MPOCTPAHCTBO HEOOBILION pa3MEPHOCTH, B KOTOPOM BBIYHCIIEHHBIE PACCTOSHUS MUHUMAIBHO
HCKaXXalOTCsA, U B 3TOM CMBICJIE MaKCUMaJbHO TOYHO BOCIPOU3BECTU CTPYKTYPY MCXOJIHOM
TaOJINIIBI C COXPAaHEHHEM CBSI3€ MEXy MPU3HAKAMHU.

CpaBHUM KOHIENTHl OHTOJOTHH HCHONB3Ys (YHKIUIO MPOTPAMMHOIO OOeCIeUeHHs
STATISTICA xomnanuu StatSoft [14].

[ToaroToBMM JaHHBIE AHAJOTUYHO MPEIBIAYIINM MeToAaM. VICKIIOYMM H3 TaOIHIIbI
COTPSI’KEHHOCTH CTPOKU CO 3HAYCHHUSIMU TPU3HAKOB PaBHBIMU «0» MO 00OMM KOHIIETITaM.
CozmaauM TaOMUIly JAHHBIX B TIpOTpaMMe WM HMIIOPTUPYEM TMOJTOTOBIICHHYIO 3apaHee,
HanpuMmep, u3 Excel. Ha Bkimagke «Ananu3» BeiOepeM «MHOTOMEpPHBINH aHaMHM3 -> AHaIN3
COOTBETCTBHI». B TOsSBHUBIIEMCS OKHE B KAaueCTBE BXOJHBIX JaHHBIX BBIOEpEM ITYHKT
«YactoTel 0e€3 TpYyNIUPYIOUUX MEPEMEHHBIX», T.K. HCXOJHbIE JaHHbIE MPECTaBICHbI
Ta0JIUIIel CONMPSKEHHOCTH, U HaxkmeM KHONKY «OK». Ha skpaHe mosSBUTCS OKHO C KPaTKHM
pe3yabTaToM.

CornacHo meTony aHanm3a coorBercTBUil cBoiicTB MO, u ®UO, 3HaueHue p-value
3HauuTenbHO Oosbiie 0.05, cinenoBarenbHO, TUnoresy H, O MoJoOMH CBOMCTB ClEAyeT

npuHATh. Bee npyrue mapbl uMeroT 3HaueHue p -value paBHoe 0, 4TO TOBOPUT O TOM, YTO

runoresy H, clienyer OTKIOHUTS, T.€. CPEIU CBOUCTB 1101001€e HE HalIeHO.

BriBOA

Hcxons u3 pe3ynbTaToB TECTUPOBAHMS NMPEAJIOKEHHBIX METOJOB JUIsl COMOCTaBICHUS
HOMHWHAIIBHBIX CBOWCTB OOBEKTOB PA3MMYHBIX MPEIMETHBIX MOJ00JIACTe Mpeamaraercs
UCIIOJIb30BaTh MOJIEJIb OHTOJIOTMM W METOJl «AHadu3 COOTBETCTBUN» B KOMILIEKCE C
MOAXOJaMu, MpPEUIOKEHHBIMU B TEXHOJOTWMH, omnucaHHod B [2]. Ho npnsa yrounenus
MOJIYYEHHBIX pEe3yJlbTaTOB HEOOXOAMMO TIPOBECTH JOMOJHUTENIbHBIE HCCIETOBaHUS Ha
JIPYrUX HOMHHAJIBHBIX CBONCTBax. BO3MOXHO, AJisi MOBBIIMIEHUS JOCTOBEPHOCTH JaHHBIX,
HE00XO0IUMO JJIsl CONOCTABJICHHS CBOMCTB MPUMEHSTh HECKOJIBKO MPEATI0KEHHBIX METO/IOB.

[IpuMeHeHne NpeIoKEeHHOI0 MOIX0/la aBTOMAaTU3UPYET MOCTABICHHYIO 3a7ady, 4TO
3HAYUTENIBHO COKpPAaTUT BpeMs paboThl AJis JIHIA, MPUHUMAIOIIETO pPElIeHUuEe, U CHU3UT
BEPOSTHOCTH OIIMOOK 1-ro poja B OTIHYKE OT aBTOMATHYECKOTO PEIICHHS 3a/1a4H.
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MOPIBHAHHSA BJACTUBOCTEI HOMIHAJILHOT'O TUITY OB'EKTIB PI3HUX IMMPEIMETHHX

MIJTOBJIACTEM B PEJISLUMHUX BA3AX JAHUX
M. I'naBa

OnechKuii HAITIOHATHLHUH MO TEXHIYHUN YHIBEPCHTET,
mp. HleBuenko, 1, Onmeca, 65044, Ykpaina; e-mail: glavamaria@mail.ru

Posrnsgaersest mpobiema 00'eqHanHs Moaenei npeamerHoi oonacti (IIpO). [Ipononyetbes
sicraBinsatn 00'extn [IpO Ha OCHOBI 3HAa4YEeHb BIIACTHBOCTEH EK3EMIUIIPIB IUX O0'€KTIB.
Meroau 3icTaBICHHS BIACTHBOCTEH PO3PI3HSIOTHCS 3aJ€KHO BiJ TUIY IIKal, B SKHX
BUMIPIOIOTECSL X 3HaueHHs. [IpomoHyeTbcss mOOYyIyBaTH OHTOJIOTIYHY MOJENb JUIs
BJIACTHBOCTEH HOMIHAIBHOTO TUIY 1 00poOMTH ii KOHLENTH 3a JOMOMOTrOI0 TOOYIOBH
Ta0JINIII CIIPSDKEHOCT] 03HAK 1 METO/TY aHaJIi3y BiJTIOBITHOCTEH.

KurouoBi cjoBa: Momenb mpeaMeTHoi 00JacTi, MpeaMeTHa Imimo0JacTh, BIACTHBOCTI
HOMIHQJILHOTO THITY, TAOJIHIIS CIIPSDKEHOCT] O3HAK, aHAJi3 BiMOBITHOCTEH.

COMPARISON OF THE NOMINAL TYPE PROPERTIES OF OBJECTS OF DIFFERENT SUBJECT

SUBDOMAINS IN RELATIONAL DATABASES
M. G. Glava

Odessa National Polytechnic University,
1, Shevchenko Ave., Odessa, 65044, Ukraine; e-mail: glavamaria@mail.ru

This article discusses the problem of the subject domain (SD) models merge. It is proposed
to compare SD objects on the basis of the properties values of the tuples of these objects.
The methods for comparing the properties of objects differ depending on the type of scales
in which their values are measured. It is proposed to construct the ontological model for the
nominal type properties and process its concepts by constructing contingency tables and
correspondence analysis method.

Keywords: subject domain, model of subject domain, nominal type properties, contingency
tables, correspondence analysis.
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