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H.B. Axununa, B.I'. Ilcosinn, A.H. Kosnecenkon, A.!. Taranon

TEOPHUS U IPAKTUKA IPUMEHEHUS HEUETKAX CETEX IIETPU
JJIs1 MOHUTOPHUHI'A OKOJIOI'MYECKUX PUCKOB

[IpencraBieHsl pe3yabTaThl CUCTEMHOIO AHAIN3a HEUETKUX NPOAYKIIMOHHBIX CUCTEM MOIJCPKKHU NPUHATHUS PEILICHUN B
KOHTEKCTE T'eOMH(OPMAOHHOTO MOHUTOPUHTA SKOJIOTMUECKUX PUCKOB. PaccMOTpeH criocod mpencTaBiIeHHs IPaBuIl
HEYETKUX MPOAYKIUI B HEYETKOM CUCTEME aHAlIu3a U COKPALICHUS SKOJIOTMYECKUX PUCKOB, OCHOBAHHBIM Ha MPUMEHE-
Hun HedeTkux cered Ilerpu. Ilpemmoxken crocod mpencTaBieHUs MPABWI HEUSTKUX NMPOMYKIHH MPH PEHICHUH MpH-
KIIaIHBIX 33]1a4 HEUYETKOIO MOJCIUPOBAHUS 110 SKOJIOTMYECKUM pUCKaM. B pesynbTaTe MporpaMMHOM peanu3anuy anro-
puTMa noryqmicst 3 GEeKTUBHBIN U yJO0OHBIH B IPIMEHEHUH ITPOrPaMMHEIH IPOTYKT.

KioueBble ciioBa: reonHpopmanuonHas cucrema; I'MC; mpaBmna He4eTKUX MpOAyKuuif; HedeTkue cetu Ilerpy; He-
YETKUHM JTIOTM4E€CKUN BBIBOJ; MOHUTOPHHT'; 9KOJIOTHYECKUH PHUCK.

Hapsny c xmaccuueckuMu moaxolamMu K CTpYKTypHOMY U (yHKUHOHainbHOMY noctpoernto [ UC ananu-
32 ¥ MOHMTOPWHTA JKOJOTHUYECKUX PUCKOB [1—-3] B HacTosmIel paboTe paccMaTpUBaETCs HOBBIM TTOJXOI K Op-
raHW3ally Mpolecca aHaIN3a U MOHUTOPUHIA SKOJIOTMYECKUX PUCKOB B YCIOBUSAX HEYETKOCTH, OCHOBAaHHBIH
Ha IPUMEHEHUH COBPEMEHHON TEOPUM M NMPAKTHUKU aHAJIN3a 1 MOHUTOPHHTA PUCKOB B CIIOKHBIX TPOrPaMMHBIX
npoekTax. B mpennaraemMoM monaxoze mpoluecc aHaliM3a U MOHMTOPMHIA JKOJIOTMYECKMX PHCKOB B COCTaBe
I'NC Bxmouaet B ce0st allrOPUTM, COCTOSIINHI U3 CIEAYIOMINX [IaroB:

1. UnenTudukanms 3KOIOrHIECKUX PUCKOB — OIPEeNICHHE TOr0, KAKHE PUCKH MOTYT IOBJIHMATH Ha KO-
JIOTHIO PETHOHA, U IOKyMEHTaJIbHOE 0pOpPMIICHHE X XapaKTEPUCTUK.

2. KauecTBeHHBIN aHa/IN3 3KOJOTMUECKUX PUCKOB — PACIIONIOKEHNE PUCKOB MO CTENEHU MX MPUOPUTETA
JUIsl AaJbHEHIIIero anain3a Uik oopaboTKK MyTeM OLICHKH M CYMMHPOBaHUS BEPOATHOCTEH WX BOZHUKHOBEHUS
1 BO3ZICHCTBUS Ha SKOJIOTHIO PETHUOHA.

3. KonuuecTBeHHBIN aHAIN3 3KOJIOTMUECKUX PUCKOB — KOJIMYECTBEHHBIN aHAJIN3 MOTEHINAIbHOTO BIIUS-
HUS HACHTU(QHUIMPOBAHHBIX PUCKOB Ha OOIIHME LIEIN COXPaHEHHUS SKOJIOTHH PETHOHA.

4. [InaHupoBaHME PearHpoOBaHKs Ha SKOIOIMYECKHE PUCKU — Pa3pab0TKa BO3MOKHBIX BAPHAHTOB ACHCTBUIA,
CTIOCOOCTBYIOLIMX TIOBBILICHHIO ONAarONpHATHBIX BO3MOYKHOCTEH M CHIYKEHHUIO YIPO3 SKOJIOTHH PErHOHA.

5. MOHHUTOPHHT | yIpaBlieHnEe PUCKaMU — OTCIICKUBAaHUE WACHTH(QHULINPOBAHHBIX H OCTATOUYHBIX PHCKOB,
uAeHTH(PHUKAINS HOBBIX PHCKOB, HCIONHEHHE TNIAHOB PEarnpoBaHMs Ha PUCKU U OLICHKA X AP PEKTUBHOCTH Ha
MPOTSHKEHUH KU3HEHHOTO LIMKJIA PETHOHA.

BaxHbIM 11aroM 3TOro anropuTMa SBISIETCA KaueCTBEHHBIN aHAM3 SKOJIOTHYECKUX PUCKOB, BBITIOIHSIE-
MBII SKCIEpTHBIMH MeToAaMu [4]. B pe3ynbTare Takoro aHanm3a SKcrepTaMu GOPMHUPYETCS PaHKHUPOBAHHBIN
peecTp 3KOINOrMUECKUX PUCKOB, KOTOPBIE CTPYIITUPOBAHEI 1O KATETOPHSIM:

— CIIMCOK PHUCKOB, TPEOYIOIINX HEMEJICHHOTO PEarnpOBaHuS;

— CIMCOK PHUCKOB AJIS1 IOTNOJHUTEIBHOIO aHAIN3a U pearnpoBaHus;

— CIIMCOK PUCKOB C HU3KUM MPHOPUTETOM, HYKIAIOIINXCS B HAOIOICHHH.

CdhopMHupoBaHHBI peecTp IKOJIOTMUYECKUX PUCKOB SBIISETCS OCHOBOW ISl BBIMONHEHHUS CIEAYIOMINX
9TaloB aJIropuTMa JUIs CUCTEMHOTO aHajlIN3a U MOHMTOPHHIA HKOJOrMYecKuX puckoB [5]. IIpu sToM mpormecc
KayeCTBEHHOTO aHaln3a HKOJIOTMYECKUX PHUCKOB SIBJIIETCS BechbMa TpynoeMkuM. [ms dopmamuzamuu 3Toro
Ipolecca mpeiaraercs UCIoNb30BaTh COBPEMEHHBIE METOIbI MONAEPHKKU MPUHATHUSA SKCIIEPTHBIX PEIIEHUN B
YCIIOBHUSIX HEUETKOCTH. B CBSI3UM € 3THUM B CTaThe pacCMAaTPUBAETCS MOAXOA K NMPEACTABICHUIO TPaBUII HEUETKUX
NpoAyKUHKA B HedeTkod mpoxykunonHod ['MC, mpenHa3HaueHHOM A aHamM3a U MOHUTOPHMHIA SKOJIOTHYE-
CKUX PUCKOB.



1. Onncanne MaTeMaTH4YeCKOr0 anmapara

Cy1iecTByIOIIME HEYETKUE MPOIYKIUOHHBIE CUCTEMBI MOAIEPKKHU MPUHATHS PELICHUH 1O ONPEeICHUIO
MpeIHa3HAYCHBI I pealli3aiiy MPoIecca HEUYETKOr0 BBIBOAA M CIIY)KAaT KOHIENTYalIbHBIM 0a3MCOM COBpE-
MEHHOM HE4eTKOU JIOTUKHU. JIOCTUTHYThIC YCIIEXU B MPUMEHEHUH 3TUX CUCTEM JJIS PEUICHUS HIMPOKOro Kiacca
3a/1a4 yIpaBJICHUS U MOCTYKWIM 0a30i MpHu BBIOOPE MATEMAaTUYECKOIO arnmapaTta Jjis (JopMaTu3aiyy mporec-
ca aHaJIM3a M COKPAIICHUS IKOJOTMYECKUX PUCKOB Ha OCHOBE MCIOJIB30BAHMS MOJCNIEH, METOIOB U aJTOpUT-
MOB TEOPUU HEUETKUX MHOXKECTB M HedeTkux cereil [lerpu (HCIT) [6].

Ceru Ilerpu (CII) 1 uX MHOTOYHCICHHBIE MOMU(UKAIINK SBIISIOTCS OJAHMM M3 KIIACCOB MOJIENeH, He-
OCIIOPUMBIM JIOCTOMHCTBOM KOTOPBIX SIBJISETCS BO3MOXKHOCTh aICKBATHOT'O MPEJCTaBICHUS HE TOIBKO CTPYK-
TYpPBI CIOKHBIX OPTaHU3AUOHHO-TEXHUYECKUX CUCTEM U KOMILIEKCOB, HO TAKXKE U JIOTMKO-BPEMEHHBIX OCO-
OeHHocTel mporeccoB ux pynknuonupoBanus. Ceru Ilerpu mpencTaBisioT co0oi MaTEeMAaTHYECKYIO MOJIETh
JUTS TIPEICTABICHUS CTPYKTYpPhI U aHANIW3a JWHAMUKHA (DYHKIMOHUPOBAHUS CHCTEM B TEPMUHAX «YCIOBHUEC —
coObIiTHey». OHM MOTYT OBITH UCIONB30BAHBI MIPU AHAIM3E PUCKOBBIX COOBITUIN M BBISBICHHH MOTEHITMAIBHBIX
PHUCKOB 3KOJIOTHYECKOTO MPODHIIS.

Baxnoit paznoBunHoctbio CII sBistorcs Heuerkue cetu [leTpu, mo3BoNsAOMKEe KOHCTPYKTUBHO peIlaTh
3a/1aud HEUYETKOr'0 MOJCIUPOBAHUS U HEUETKOrO YIPAaBJICHUS, B KOTOPBIX HEOMPEAEICHHOCTh UMEET HecToXa-
CTHYECKUHN WK CYOBEKTHBHBIA XapakTep. B CBSA3M C 3THM OTKPHIBAIOTCS ONPE/ICICHHBIC IMEPCIIEKTHBBI B HC-
cienoBanuy Bo3MokHocTer mpuMeHenus HCII mis onmucanus u hopManmu3anuy IpoIeccoB YIIPABICHHS PHC-
KaMH, B TOM YHCJIE AJI aHalli3a PUCKOB B YCIOBUSX HEUETKOCTH T'€OAaHHBIX [7, 8].

B pamkax mpemyaraemMoro ¢popMaar30BaHHOTO MOAX0/1a K aHAIN3Y puckoB paccMatpuBatoTess HCII, mo-
JydaeMble B PE3yJIbTAaTe BBEACHUS HEUCTKOCTH B HaYaIbHYIO MapKHPOBKY M MpaBHJia cpabaThIBAHUS MEPEXO-

noB Gazosoro opmanusma opmuHapHbix CIL 3nech nederkas cets Ilerpu Tuma C, onpenensercss Kak
C,=(N,f,h,my), rne N=(P,T,1,0) — crpykrypa HCII C,, xoropas aHaIoru4Ha CTpyKType OpJMHAPHbBIX
CII n mysa xoropot [:PxT —{0,1} u O:TxP—{0,1} — BxomHas 1 BeIXoAHasA (QYHKIUH [IEPEXOIOB COOT-
BEICTBEHHO; f =(f,,f,,...,f,) — BEKTOp 3HaueHU! (pyHKIUM NPUHAAIEKHOCTH HEUETKOrO CpabaThIBaHUS IIe-
pexonos, npu stom f; €[0,1] (Vje{l,2,..,u}); A=(A,A,,...,A,) — BeKTOp 3HaueHHH mopora cpabaTbiBa-
Hus nepexonos, npu stom A, €[0,1](Vje{l,2,...,u}); m= (m{,mj,...,m) — BEKTOp HAYaJILHOH MAPKUPOBKH,
Ka)kKJ1asi KOMITOHEHTa KOTOPOro ONpenensercs 3HaueHueM ()yHKIIUH TPHHAUISKHOCTH HEUETKOTO HAINYHS O

HOTO Mapkepa B cooTBeTcTByronlel nosuuuy nanxoii HCIT C,, npu stom m, €[0,1] (Vie{l,2,...,n}).

1
Crpykrypa N BBemenHOro B paccmorpenne noaknacca HCIT €, taxoke nMeer oObIMHbIH (HEHEUETKHI)
BHJI, OTIPENEISIEMbIi MaTPHUIIaMU BXOMHBIX / M BEIXOMHBIX O mosuruii. [lostomy rpadmaeckn HCIT C ’ H300-

pakaroTCsl OPUEHTUPOBAHHBIM JABYIOJIBHBIM rpad)oM aHamoruyHo opauHapabiM CIL
JluHamuka u3MeHeHust HavanbHOU 1 nocneayrommx MapkupoBok HCIT €, mocie MomeHTa ee 3armycka

IOMYUHSETCA ceyromum npasunam P(C ).

(R) Ilpasuno onpedenenus mexywei mapkuposku. JIioboe tekyuee cocrostane HCII €, onpenensiercs
BEKTOpOM m =(m, ,m,, ..., m, ), KOMIIOHEHTBI KoToporo (m, €[0,1]) uHTepIpeTupyroTCs KaK 3HA4eHHs (PyHK-
LUK NPUHAUISKHOCTH HEYETKOrO HAIM4Ksl OJIHOr0 MapKepa B COOTBETCTBYroUMX nosutmsx p; € P HCII C,.
Hauanenoe cocrosaue HCII onpenensercss BEKTOPOM HavallbHOM MAPKUPOBKH 11,

(P) Ilpasuno (ycrosue) axmusnocmu nepexooa. Ilepexon £, €T HCII C, Ha3biBaeTcs aKTHBHBIM

(paspelieHHbIM, BO30YKICHHBIM) MpPHU HEKOTOPOM TEKyIlel MapKHpPOBKE #, €CIU BBIIOIHEHO Cieayloliee
YCIIOBHE:!

min (m1>,, (1)

(je{l,2,...,n AU (p;, 1, )>0)



rae A, — 3HaueHus mopora cpabarbiBanus nepexonpa f;, € T'. [pyrumu cnoamu, nepexon ¢, € T HCII C,

SIBJISIETCSL AKTHBHBIM, €CITH BO BCEX €r0 BXOAHBIX IMO3HIUAX UMEIOTCS HEHYJIeBbIC 3HAUCHNSI KOMIIOHEHTOB BEK-
TOpa TeKyliel MapKUpOBKH, a MHHIMAaJIbHOE M3 HUX — HE MEHBIIE Mopora cpabdaThIBaHUs PacCMaTpUBAEMOTO
nepexona.

(By) Ilpasuno newemrxoeo cpabamvisanus nepexooa. Ecim nepexon ¢, € T HCII C, sBiusercss aktus-
HBIM TIPH HEKOTOPOW TEKYILEH MapKUpOBKe m (T.€. Ajs Hero BeINonHeHo ycioBue (1)), To HeueTkoe cpabaThl-
BaHHME JAHHOIO IIEPEXO/a, OCYIIECTBISIEMOE MTHOBEHHBIM 00pa3oM, NPUBOAUT K HOBOH MapKHpPOBKE
m, =(m,,my,...,m, ), KOMIOHEHTBI BEKTOpa KOTOPOH ONMPEAENIAIOTCS MO CIESAYIOMUM (hopMyIaMm:

— JUIS KaXKIOM U3 BXOIHBIX NO3ULUH p, € P, 1 kotopsix I(p;,t,)>0:

m; =0, (Vp, e PY)A(I(p;,1,)>0); 2)
— JUTsl K&K/IOM U3 BBIXOIHBIX MO3ULMA p; € P, st koropeix O(t, p;) >0
m; =max{ m,,min{m, f,} }, (Vp; € P)~n(O(,p;)>0), )

(ie{l,2,....,n )AL (p;, 4 )>0)
rac f , — 3HA4YCHHUC q)YHKLII/II/I MIPUHAJIC)KHOCTU UJIM MEpa BO3MOXKXHOCTH HEUECTKOI'O Cpa6aTBIBaHI/I$I (SaHYCKa)

nepexona f, €T, kotopoe 3anaercs npu onpeznenenun koukpernoid HCII C .

Ecnu HekoTOpble U3 MO3ULUN p; € P ABIAIOTCA OJHOBPEMEHHO BXOJAHBIMU M BBIXOIAHBIMHU JUIA pa3pe-
HIEHHOTO nepexofa ¢, € ', TO U1 HUX KOMIIOHEHTHI BEKTOpa HOBOM MapKUPOBKU PACCUUTHIBAIOTCS IOCIENO0-
BaTeNbHO, BHavase 1o ¢opmyie (2), a 3arem — no ¢opmyne (3). [Ipu sTom cTporoe onpeneneHne AuarpaMmbl
noctkumbix MapkupoBok HCIT €, Gasupyercst Ha OTHOLICHHAX HEMOCPEICTBEHHOTO CIIEIOBAHUS U JOCTH-

KUMOCTU MapKHUPOBOK, YTO ITO3BOJIACT ITIOCTPOUTH HCO6XOILI/IMBIC ImpaBuJia HECYETKUX HpOZ[YKL[I/Iﬁ JJIA HCUCTKOU
HpOZ[YKI_IHOHHOﬁ CUCTEMBI aHaJIM3a U MOHUTOPHUHIA 9KOJIOTHYCCKUX PUCKOB [9]

2. Crioco0 nmpencraBJieHHs NPAaBUJI HEYeTKUX MPOTYKIM T

Paccmorpennbiii Boiie cucremubiii ananmu3 HCIT C, mo3Bossier KOHKPETH3MPOBAaTh MpeiaracMblid
croco0 MpeacTaBiICHUs MPaBWII HEYETKUX MPOAYKUUH [P PELICHUH NMPHUKIAJHBIX 3a7ad HEYETKOr0 MOJEIu-
POBaHUS U BBIIIOJHEHUS Mpolecca MPUOIIKEHHBIX PACCYKICHUH MO IKOIOTMYECKUM puckam. st aToro Oy-
JIeM HCIOJb30BaTh MOAU(HUIMPOBaHHBIE HeueTkue ceru llerpu Cf =(N,f,\,m,), M1 KOTOPBIX IIPaBHIIA
B, P, Takue %e, KaKk ¥ TEOPETUYIECKH paccMoTpenHbie Boimie mis P(C,), a npasuno P, MonubuumpoBaHo u
MPUHUMAET CIEAYIOIINN BUA:

(A" Ilpu pacuere KOMIIOHEHTOB BEKTOpa HOBOM MapKUpPOBKU m Kak JUll BXOJHBIX, TAK U JUIS BBIXOA-
HBIX TIO3HIIHAHN 37IECh UCIIONB3yeTcs enuHas Gopmyna (3).

310 paBMUIIO 00YCIOBIEHO TeM o0cTosTenbcTBoM, uro HCII C_'f WCTONB3YIOT U1l MHTEPIPETaluu Map-
KEpOB B MO3ULMAX OHITHE HEYETKON UCTUHHOCTH BBICKa3bIBaHUS. 3HAUCHHE MOCIECAHErO HE CTAHOBUTCS PaB-
HBIM HYJIIO JUIs1 BBICKa3bIBAaHU B JIEBOM YaCTH MPABWJI MPOAYKIHH IOCIE MX BBHIIOIHEHHS NPH JAHHOH UHTEp-
nperaruu [10].

B mpennaraemom cmocobe ucnomb3yercs clieayromas hHTeprnperanus no3uuuid u mepexomos HCIL
[IpaBuino neuerkoit npoxykuuu Buga "[IPABUJIO i: ECJIM A, TO B" npencrasisiercsi Kak HEKOTOPBIi Tepe-
xon t;eT HCII (N, f,\,m,), Ipu 3TOM yci0BHIO "A" 3TOro mpaBuila COOTBETCTBYET BXOIHAs MO3ULMS
p; € P aToro nepexoza, a 3aKII0YEHHIO — BBIXOIHAs IO3ULHUSA p, € P 3TOro nepexona f,.

Ecnu ycnoBue npaBuiia He4eTKoOM MPOIYKIHUK COCTOMT M3 HECKOJIBKUX MOAYCIOBHH, COSAMHEHHBIX OIle-
panueil HedeTKOU KOHBIOHKIMHA A = A, A A, A...A 4,, TO BCE ITU MOMYCIOBUA NPEACTABIAIOTCA KaK BXOIHBIE

IMMO3UIIUH COOTBETCTBYIOMICTO IIEPEXO/IA.



Ecnn 3akmroyeHne npaBmila HEYETKOW MPOAYKIIUN COCTOMT U3 HECKOJBKUX IMOA3AKIIOUEHUH, COSIUHEH-
HBIX OIlEpalyell HEYETKOM KOHBIOHKIMHU B =B, A B, A...A B;, TO BCe 3T NOJ3AKIIIOUYEHHS TAKKE IPECTaB-
JIIFOTCS KaK BBIXOIHBIE MTO3UIINY COOTBETCTBYIOLIETO MIEPEXOIA.

Bonee croxHBIN cy4ail COOTBETCTBYET AU3BIOHKIMH MOTYCIOBUM M MOA3AKIIOUYeHUH. Tak, ecnu ycio-
BHE NpaBUJIa HEYETKON MPOTYKIIMM COCTOUT M3 HECKOJIBKHMX MOMYCIOBHM, COSANHEHHBIX ONepalued HEYeTKON
TU3BIOHKIMU: A=A Vv A, Vv...v 4,, TO BCe 3TH NOLYCIOBHS MPEICTaBIAIOTCS KaK BXOIAHBIE IIO3UIUN OTHEIb-
HBIX IepexofoB ¢, mus ie€d{l,2,...,/}. Ecnu e 3aKitoueHre IpaBUIa HEUYETKOW MPOTYKIUH COCTOMT U3 He-
CKOJIBKHUX IOA3AKIIOYECHUN, COSUHEHHBIX Ollepaliell HEYeTKOW MU3BIOHKINU B =B, v B, v...v B,, T0 Bce 3TH
MOA3aKIIOUEHNUS MIPEACTABIISAIOTCS KaK BBIXOAHBIE O3UIMH OTEIbHBIX MepexonoB ¢, it i € {1,2,...,[}.

Beca nnu k03 (ULMEHTH] ONpeNeneHHOCT F, IMpaBUI HEYETKHX NPOLYKIUH MpeoOpa3yroTcs B BEKTOP
f =, £y f,) 3HaUECHHH (QYHKIUHM NPUHAAIECKHOCTH HEYETKOIO CpadaThIBaHUS MEPEXOOB, a CTEIEHSIM
HUCTHMHHOCTH TIOAYCJIOBUH TMpaBUJ COOTBETCTBYIOT 3HAa4YeHUS KOMIIOHGHTOB HA4albHOM MapKUPOBKH
my=(m,mj,...,,m), KOTOpas B 3TOM CJIydae ONMCHIBACT TEKYIIYIO CHTYAIMI0 MOJCIUPYEMOi MpoGreMHoit
obnactu. Crenyer 3aMETHTh, YTO B JONOJHEHHE K 0a30BOMY (opManu3My MpaBWJl HEYETKUX MPOIYKLUUH B
HCII MOXHO y4ecTb BO3MOXKHOCTb AKTUBU3ALMU Ka)KIOrO M3 MPAaBHUI 3aJaHUEM BekTopa A =(A,A,,...,A,),

KOMITOHEHTBI KOTOPOT'O ONPEACIISIIOT 3HaYeHus! Topora cpadaTeiBanus nepexogos [11, 12].
3. Peanm3anus He4eTKOM NMPOAYKIMOHHOM CHCTEMBbI AHAJIHN32 IKOJOTHYeCKUX PUCKOB

Ha ocnoBe ucnonszoBanust monuduuupoBanabix HCII moxer ObITh pa3paboraHa sKCHepUMEHTaIbHAS
BEpCHUSl aBTOMAaTH3UPOBAHHON CHUCTEMBI MOAACPKKU MPUHSITHS PELICHUI MO SKOJOrHuecKuM puckam [13]. Ora
CHCTEMA, 110 CYHIECTBY, SIBISAETCA SKCIIEPTHON CHCTEMOM, OTpa)karollel HEYETKYIO JIOTUKY B3aMMOCBSI3H BXO-
HBIX BEJTMYHMH — DKCIIEPTHBIX OL[EHOK COCTOSHUS 3KOJIOTMH PETMOHA M BBIXOIHBIX BEINYUH — CTENEHEH NCTHH-
HOCTH BO3MOXKHBIX 3KOJIOTHYECKUX PUCKOB (puc. 1).

Basa npasun

HEUETKUX NPORYKLMiA HeueTkne nepemMeHHble,

onucbiBaloLne
OKenepTHbIE OLEHKN BO3MOXXHOCTb PUCKOB

MPEANOCHINIOK PUCKOBbIX ! ! BoO3MOXHOCTb
cuTyauwui
_ - —| puckos
| leHepaunsa _| OyHKUMOHWMPOBaHWE | » edasandukaums __L,

cTpykTypbl HCM HCM

HeueTkne nepemeHHble,

onucklBatoLLMe | HeueTkuin norn4eckunin BbIBoA, |
npeanochbINkn PUCKOB

—»] Odaszudurauua

Puc. 1. Cxema nporiecca ananmsa puckos ¢ npumenennem HCIT

OcHOBHBIMH (DYHKIHOHAJIBHBIMA MOIYJISIMH TaKOH aBTOMAaTH3UPOBAHHOM CHUCTEMBI CIIEAYET CUHUTATH:
0a3y mpaBWJI HEUETKUX MPOLYKIHH, OJOK HEUYETKOIro JIOTMYECKOTO BBIBOAA, UHTEPPEHCHBIN MOAYIb, MOAYIb
Moudukanuy 6a3el mpaBwi, Moayau (aszsuduxannu u aedazzudukanuu [14, 15].

Wnrepdeiic monp3oBatensi aBTOMaTH3UPOBAHHONW CHUCTEMBI JOJDKEH OCHOBBIBATHCS Ha IMPENCTABICHUU BCEX
JOCTYITHBIX TIOJIB30BATEII0 CUCTEMHBIX 00BEKTOB M (PYHKIMI B BUE rpaIecKux KOMIIOHEHTOB 3KpaHa. Bcee ae-
MeHTbI uHTep(elica Moip30BaTessl pa3OMBAIOTCs HA TPYIITBI HCXOAA U3 MX (DYHKIMOHATFHOTO Ha3HAYCHHMS:

— uHTepdeiic A paboThl ¢ 6a30i MPaBUI U €€ BO3MOKHOTO PEAAKTUPOBAHMUS;

— uHTepdeiic BBOJAa HCXOAHBIX TaHHBIX, XapaKTePU3YIOIIHUX TEKYLIYIO0 PUCKOBYIO CUTYAIUIO PErHOHa;

— unTepdeiic w1t npocMorpa u ananusa creaepupoBanHbix HCII mo TekyInell puckoBoii cuTyanuu pe-
THOHA;



— uHTepdeiic U1 HACTPOUKH U pelaKTUPOBaHUS (PYHKIUHI MPUHAIIEKHOCTH;

— uHTepdeiic mpeacTaBiIeHUs pe3yIbTaTOB HEYETKOTO BHIBOJA 110 SKOJIOTMYECKUM PUCKAM IIPOEKTA.

B packpsiBatoriemMcs Cucke ciieayerT BIOpaTh HEYETKYIO MEPEMEHHYIO, Il KOTOPOH HeoOXO0AUMO OT-
penakTupoBaTh (PYHKLHUIO MPUHAAISKHOCTH. Jlanee HyKHO H3MEHUTh apaMeTphl PYHKIIMH PUHAATICKHOCTH.
Bce m3menenus cpasy oroOpaxkatoTcs Ha rpaduke, pacnoloKEHHOM B HIDKHEH yacTu OkHa (puc. 2).

[Ipocmotp Heuerkoil cetn [lerpu BbIMONHACTCS ¢ MCHONBb30BaHUEM MHTepdelica, MPeaCTaBICHHOIO Ha
puc. 3. Iozum HCII, cooTBeTCTBYIOMIE BXOJHBIM U BBIXOAHBIM JaHHBIM, BBIICICHBI IIBETOM.

@ Pe nakTop hyHKLIMH NpMHan/Ie HOCTH E@@
|KBa.ﬂM¢'HKaU.MH NPorpatdrdHCT OB W |
KoopauHara Koo P ULHEHT
TeprI MAKCHMYMA K.OHUEHT pau i
s 0| B 3
Cpenu 3 2

f OfiosHaueHIA |

Puc. 3. ®opma npocmoTpa HeueTkoit cetu Iletpu



B pesynpTaTe mporpaMMHON peanu3alnyy alrOpUTMa aHadN3a SKOJIOTUYECKHX PUCKOB C MCIOIb30BAHM-
em mMatemaTtrueckoro anmapara HCII momyuwcs s dexTuBHBIN 1 yI100HBII MPOrpaMMHBIN IPOAYKT, KOTOPBIH
MpeAHa3HayeH Ayl MPUMEHEHHUS Ha IPAKTHUKE KaK CAMOCTOSITEIBHO, TaK U B cocTaBe mpombinuieHHbIX [UC.

3akjIoueHne

Hns hopmanu3zauy mporecca aHaJIN3a SKOJIOTHYECKUX PUCKOB B padoTe MPEeAyokKeH croco0 MmpeacTas-
JICHUS TIPaBUJI HEYETKUX MPOAYKUIUI B HEUETKOM CHCTEME aHaIM3a SKOJOTMYECKHX PHCKOB, OCHOBAHHBIM Ha
npuMeHeHun Heuyerkux cereil [lerpu [4]. Beimonnena nporpammuas peanu3amnys HEYETKONW MPOAYKIHOHHOMN
CHCTEMBI aHaJIN3a SKOJIOTMYECKHX PHUCKOB Ha OCHOBE HMCIOJIB30BAHUS MOJU(PHUIMPOBAHHBIX HEUYETKHX CETEeH
[lerpu [16]. IIporpaMmHBIil TPoAYKT nocTaTouHo 3¢ dexTrBeH s pemenus 3agad B coctaBe [ IC skomoruye-
ckoro MoHuTOpuHTa [17].

CoBpeMeHHBIE TEOpHS U TIPaKTHKa pa3BUTUsA reonHpopmaunonHbix cucteM (I'MC) ans ananuza u MOHU-
TOPHHTA SKOJIOTHYECKUX PHCKOB B YCIOBHSIX Pa3HOPOIHBIX MCXOJHBIX I'€OJaHHBIX YKa3bIBAIOT Ha HEOOXOIM-
MOCTb pa3paboTKi HOBBIX 3(PPEKTUBHBIX OAXOAOB U aJTOPUTMOB MOAAEPKKH MPUHATHS PELLICHUHN 10 DKOJIO-
THYECKUM PUCKaM B YCJIOBHUSIX HEUETKOCTH.
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The results of theoretical analysis of fuzzy production systems for decision support in the context of geoinformation monitoring of
environmental risks are presented. Along with classical approaches to structural and functional construction of geoinformation systems
of GIS analysis and monitoring of environmental risks, a new approach to the organization of the process of analysis and monitoring of
environmental risks in conditions of fuzziness is considered. The approach is based on applying modern theory and practice of risk anal-
ysis and monitoring in complex software projects. In the proposed approach, the process of analyzing and monitoring environmental
risks in the GIS includes an algorithm consisting of the following steps: identification of environmental risks; a qualitative analysis of
environmental risks; quantitative analysis of environmental risks; planning of response to environmental risks; monitoring and risk man-
agement. An important step of this algorithm is a qualitative analysis of environmental risks, performed by expert methods. As a result
of this analysis, experts form a ranked register of environmental risks, which are grouped by category. The established register of envi-
ronmental risks is the basis for the following stages of the algorithm for system analysis and monitoring of environmental risks. At the
same time, the process of qualitative analysis of environmental risks is a very laborious process. To formalize this process, it is proposed
to use modern methods to support the adoption of expert decisions in conditions of fuzziness. In this connection, the article considers the
approach to presenting fuzzy product rules in a fuzzy production GIS designed for the analysis and monitoring of environmental risks.

Existing fuzzy decision-making decision support systems by definition are designed to implement the process of fuzzy inference and
serve as a conceptual basis for modern fuzzy logic. The achieved successes in the application of these systems for solving a wide class
of control tasks and served as the basis for choosing a mathematical apparatus for formalizing the process of analysis and reducing envi-
ronmental risks based on the use of models, methods and algorithms of fuzzy sets theory and fuzzy Petri nets. Within the framework of
the proposed formalized approach to risk analysis, NSPs obtained as a result of the introduction of fuzziness in the initial marking and in
the rules for triggering the transitions of the basic formalism of ordinary JVs are considered.

The considered system analysis of the NSP allows us to concretize the proposed way of presenting the rules of fuzzy products in
solving applied problems of fuzzy modeling and performing the process of approximate reasoning on environmental risks. Based on the
use of modified NSPs, a pilot version of an automated decision support system for environmental risks can be developed. This system is
essentially an expert system that reflects the fuzzy logic of the interrelation of input values - expert assessments of the state of the re-
gion's ecology and output values - the degrees of truth of possible environmental risks. The main functional modules of such an auto-
mated system should be considered: a base of rules for fuzzy products, a block of fuzzy logic inference, an interface module, a rule base
modification module, modules for fuzzification and defuzzification. The user interface of the automated system should be based on the
representation of all system objects and functions available to the user in the form of graphic components of the screen.

To formalize the process of environmental risk analysis, the paper proposes a way to present fuzzy product rules in a fuzzy environmen-
tal risk analysis system based on the use of fuzzy Petri nets. A program implementation of a fuzzy production system for the analysis of
environmental risks based on the use of modified fuzzy Petri nets was implemented. The software product has a sufficiently effective appli-
cation for solving problems in the GIS of environmental monitoring. The modern theory and practice of GIS development for the analysis
and monitoring of environmental risks in conditions of diverse initial geodata indicates the need to develop new effective approaches and
algorithms for supporting decision-making on environmental risks in conditions of fuzziness. As a result of the software implementation of
the algorithm for analyzing environmental risks using the mathematical apparatus of the NRS, an effective and easy-to-use software product
has been developed that is intended for application in practice both independently and as part of industrial GIS.
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ONTUMAJIbHOE OLIEHUBAHUE COCTOSHUI OBOBIIEHHOI'O MAP-IIOTOKA
COBBITHI B YCJIOBHUAX HEITPOJJIEBAIOIIIETOCSI MEPTBOI'O BPEMEHHU

INorydeHs! sBHBIC BEIPAXKEHUSI IS alIOCTEPUOPHBIX BEPOSITHOCTEH cocTossHMIt 0000merHoro MAP-moToka cobsIThii, yau-
ThIBaomue 3p(heKT HempoIeBaIOMErocss MEPTBOrO BpeMeHH. Pa3paboTaH anropuT™ ONTHMAIBHOTO OIEHUBAHUS COCTOS-
Hui 0606meHHOro MAP-TI0oTOKa COOBITHI IIPY HETIPOPIEBAIOIIEMCS MEPTBOM BpeMeHH. [IpoBeeHs! cTaTucTHYecKue IKe-
TIEPUMEHTHI JUIS1 yCTAHOBJICHHSI Ka4eCTBA OLICHUBAHIS, TIOJyIECHBI U IPOaHATH3UPOBAHEI YHCICHHBIE PE3yIbTAThL.
KuroueBbie ciaoBa: 0600meHHbT MAP-IOTOK COOBITHI; ONTHMAlIFHOE OICHUBAHHUE COCTOSHHIA, METOA MaKCHMyMa
aTnlOCTEePHOPHON BEPOSITHOCTH; HETPOUIEBAIOIIEECS MEPTBOE BPEMSL.

HHuTeHCHBHOE pa3BUTHE KOMIIBIOTEPHOW TEXHUKH M MHPOPMAIIMOHHBIX TEXHOJOTHH MOCTYXKHUJIO CTUMY-
JIOM K CO3/IaHUIO BaXKHOW c(ephl MPUIIOKEHUI TEOPHH MacCOBOTO 0OCTYKMBAaHUSI — IPOEKTUPOBAHHUE U CO3/a-
HUE WH(HOPMAIMOHHO-BEIYUCIUTEIBHBIX CETeH, KOMITBIOTEPHBIX CETEH CBSI3H, CITyTHHKOBBIX CETEH, TEIEeKOM-
MYHHKAIIMOHHBIX ceTell U T.I. THTEeHCUBHOCTH BXOJSIIMX MOTOKOB COOBITHI B pEAIbHBIX CHCTEMax M CETAX
MEHSIETCA CO BPEMEHEM, KakK MpaBUio, CIy4ailHO, YTO MPUBOIUT K PACCMOTPEHHUIO MAaTEMaTHYECKUX MOJACIeH
JIBAX/IBI CTOXACTUYECKMX TIOTOKOB COOBITHH. J[BaXKIbI CTOXAaCTUYECKHE TOTOKM MOXKHO pa3JeliuTh Ha JBa
KJlacca: K MEPBOMY KIIACCYy OTHOCATCS MOTOKH, MHTEHCUBHOCTh KOTOPBIX €CTh HEMPEPHIBHBIN CIIy4YaliHBINA MPO-
necc [1, 2]; kKo BTOpOMY — TIOTOKH C WHTEHCUBHOCTBIO, TPEACTABIISIONICH CO00I KYCOYHO-TIOCTOSIHHEIN CITy-
YaiHBIN TPOIIECC ¢ KOHEYHBIM YnCiIoM cocTosiaui [3—5]. Otmerum, uto MAP-oToku coObITHil [6] OTHOCATCS
KO BTOPOMY KIIACCy JTBAXBI CTOXaCTUYECKUX IMOTOKOB M HanOOJIee XapaKTEPHBI TSl PEaTbHBIX TEICKOMMYHH-
KallMOHHBIX ceTeit [7].

PeanbHbBIC TEIEKOMMYHHUKAIIMOHHBIC CETH PA0OTAIOT B YCIIOBUSAX MOJHOW JINOO YaCTUYHON HEOmpee-
JICHHOCTH, T.€. KOTJa HapaMeTphbl BXOSIIEro MOTOKAa HEM3BECTHBI 00 YacTHUHO M3BEeCTHBI. COCTOSHUS XK€
MAP-10TOKa HEU3BECTHBI 110 ONPEENECHUIO.

B cBs3M ¢ 3TUM MpU HCCICOBAHUH JABAKIBI CTOXACTHYCCKUX MTOTOKOB COOBITHI BBIACISIOT JBA Kiacca
3aymay; 1) olleHWBaHUE COCTOSHUM MOTOKA (3a7a4a (pUABTpAI MHTEHCUBHOCTH MTOTOKA) B MPOU3BOIBHBIA MO-
MEHT BPEMCHU 110 HAONIOCHUSIM 32 MOMEHTaMM HACTYIUIeHUs1 coObithii [8, 9]; 2) olleHMBaHME MapaMeTpoB
MOTOKA M0 HAOJOJICHUSM 32 MOMEHTAMU HAaCTYyIUIeHus coObrthii [ 10—12].

HccnenoBanne cucTeM MaccoBOrO OOCTYKMBaHHUS, Kak MPaBHIIO, OCYIIECTBISETCA B YCIOBHUSX, KOTJa
BCEe COOBITHSI BXOJSIIEro MOTOKA JAOCTYNHBI HaOmoaeHno. OJHAKO 3aperucTpUPOBAaHHOE COOBITHE MOXKET BBI-
3BaTh MEPHOJ TaK HA3BIBAEMOI'O MEPTBOTO BPEMEHH, B TCUCHHUE KOTOPOTO APYrHe COOBITHS CTAHOBSITCS HEHa-
OmromaeMbIMH JJIs1 perucTpupytomiero npubopa (tepsitores) [13—15]. Takum obpaszom, 3¢deKkT MepTBOro Bpe-
MEHHU NPUBOJUT K MOTEPSAM COOBITHH MOTOKA, YTO OTPHULATEIHLHO CKa3bIBACTCS Ha OL[EHKE ero COCTOSHUi. 3a-
Jla4a ONTHMABHOTO OI[SHUBAHUS COCTOSHUIT MAP-moToka COOBITHII B YCIOBUSX HEMPOIJICBAIONICTOCS MEPT-
BOTO BpEMEHH pelieHa B [16].

B nacroselt ctaThe NpUBEICHBI AHAIUTUYECKUE U YUCICHHBIC PE3YNIbTaThl ONTUMATBHOI'O OLCHUBAHUS
cocTosiH 0000menHoro MAP-moroka. [Ipemiaraercst anroput™M oNTHMAaIbHOTO OLEHUBAHUS COCTOSHHM, KO-
I/la pelIeHUE O COCTOSHUHU MOTOKA BBIHOCHTCS 1O KPUTEPHIO MAKCHMYyMa allOCTEPUOPHON BEPOSITHOCTH, MPEa-
CTaBJISIOIICH HAUOOJIee MOIHYI0 XapaKTePUCTUKY COCTOSHUS MOTOKA, KOTOPYIO MOXHO MOJTYYHTh, pacroaras
TOJIBKO BhIOOpKOW Habmronenuit [17]. Cam KpuTeprii MUHUMH3HPYET MONHYIO BEPOSTHOCTb OIIMOKM BBIHECE-
HUS perieHus. [ momydeHus YUCICHHBIX Pe3yIbTaTOB OLICHUBAHUSA MTOCTPOCHA UMUTAIIMOHHAS MOJIEIb MOTO-
Ka, C IOMOLIbI0 KOTOPOM MPOBENEH PSSl CTATUCTHYECKUX IKCTIEPUMEHTOB.
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1. MaremaTn4eckasi MoJaeJb 0000 eHHOro MAP-moToka co0bITHIA

PaccmarpuBaercst 06001meHHbIii MAP-I0TOK COOBITHI ¢ MHTEHCHUBHOCTBIO, TIPENICTABIISIOMIEH coO0 Ky-
COYHO-TIOCTOSIHHBIN CTallMOHAPHBIM CIlydaHbIH mporecc A(f) ¢ ABYMSI COCTOSHUAMHU: A(f) =A; U A(f) = A,
(A1 > Ay > 0). JInurensHOCTH MpeObIBaHUS TIporiecca A(f) B i-M COCTOSIHUH, I = 1, 2, SIBJISETCS CIIy4aliHOW BEIU-

At .
© i=1,2; B MOMEHT OKOHYAHMS i-IO

YIHOM, paclpeneneHHON M0 HKCIOHEHINAIbHOMY 3aKOHY F;=1— e
COCTOSIHUS Tpolecc A(f) HEPEXOAUT C BEPOATHOCTBIO P (A; | A;) B j-€ cocTosiHUE (i #j) ¢ HACTYILUICHUEM COOBI-
THsL; MO0 C BEPOSTHOCTBIO Py (A; | A;) IepexomuT B j-€ cocTosiHue (i # j) 63 HaCTyIIeHus: COObITHSL; TMOO C BEpo-
aTtHOCTbIO P (A; | A;) ocTaercs B i-M COCTOSIHUM C HACTYIUIGHHEM COOBITHSL; THOO ¢ BEpOATHOCTBIO Py (A; | A;) ocTa-
ercs B i-M cocTosiHUM 0e3 HacTymueHus coObItust. (Pr(A; | A) + Po(A [ A) + Pi(hi [ A) + Po(hi| M) =1,4,j=1,2,
i #j). OTMETHM, YTO B CIIECTTAaHHBIX TPEIIONOKEHUX A(f) — MAPKOBCKHIA IPOLIECC.

Briounas MaTpuila HHGUHUTE3UMAIBHBIX XapakTepucTuk [18] mpouecca A(f) mpu 5TOM NPUMET BUJL

Y B 1A+ 0B (A 10)] MB (O [2y) MH(MM)J_D D|
~|D, | Dy

ME (7‘1 | 7‘2)+ ME (7“2 | 7‘2) - MA (7‘1 | 7“2) MA (7‘2 | Ay

OnemeHTaMH MaTpulbl D SBJISIOTCS HHTEHCUBHOCTH NEPEXOJ0B Ipolecca A(f) U3 COCTOSHUS B COCTOSHHUE C
HaCTyIJieHneM coObITusl. HeauaronanpHble 37eMeHThl MaTpulibl Dy — HHTEHCUBHOCTH NEPEXOJ0B U3 COCTOA-
HUS B COCTOsSIHUE 0€3 HACTYIUIEHHs COOBITHS. J(naroHanbHbIe 3MeMEeHThl MaTpuLbl Dy — MHTEHCHUBHOCTH BBIXO-
ma mporecca A(f) W3 CBOMX COCTOSHHM, B3STHIE C IMPOTHBOIIOJIOKHBEIM 3HaKOM. OTMETHM, YTO €CIH
Po(Ai | M) = Po(hz | A2) =0, To nmeer mecTo 00b1uHbIi MAP-nioTOK coObITHIA [18].

ITycts =, (t \ to) — anpHuoOpHas BEpPOATHOCTH TOr0, YTO Mpolecc A(f) B MOMEHT BPEMEHH ¢ IPUHUMAET 3Ha-
4yeHue A, i =1, 2, npu ycioBum, 4to (HyHKUHOHHUpOBaHHE 0000meHHOro MAP-oToka Hayalioch B MOMEHT
BpPEMCHU £

Jlemma 1. AnpuopHasi BEpPOSITHOCTb T l(t \ to) MEpBOro COCTOSIHUS mpouecca A(f) s 0000LIeHHOro
MAP-nioTOKa COOBITHIA YIOBIIETBOPSET INHEHHOMY HeomHoponHoMy [19] muddepernumansaoMy ypaBHEHUTO

”i(t | fo)zxz[Pl(kl %)+ Ry ‘XZ)]_nl(t | tOXXI[PI(XZ %)+ Py (g )]+ 2[R (R 12)+ By 122)]). (1)

Jlokazamenscmeo ocymectsusiercs At -meronom [20].

Jlemma 2. AnpropHBIE BEpOSITHOCTH COCTOSIHUHN Tiporiecca A(f) mist o6obmerHoro MAP-mmoToka coObI-
THH UMEIOT BU]I

T (t‘to)z 7‘2[1)1(%1\7“2)"‘1)0(7‘1\7“2)] 3
1 MR O )+ By (g )]+ 2[R0 10)+ o1y [1)]

A, |:Pl ()‘1 ‘7‘2)"'})()()‘1 “‘2)] . ef(BMBz)(t*tO)

M B 1)+ B (M [2) ]+ [ B (A [0)+ B (3 [4y)]

nz(t\to)zl—nl(t\to)
C Ha4YaJIbHbBIMHU YCJIIOBUAMHU B MOMEHT to BHUOa
nl(to \to)zn, nz(to \to)zl—n,

B =By [0+ Py (g [ 2], By = 2a[B 0y [ 1)+ By (g 2]
Jloxazamenscmeo poBOIUTCS UHTETPUpPOBaHUEeM ypaBHeHus (1).

B

CaeacrBue jJeMMmbl 2. AnpropHblie GpuHaIbHBIE BeposTHOCTH [21] cocTosHmiA npouecca A(f) anst 0600-

menroro MAP-1oToka cobbITHit IpH ¢ —> 0o (Wi t° — —0 ) HMEIOT BH
Ma[B Oy [20) + By (g [25)]
M B O [20)+ Py (s [2)]+ 2[R Oy [2)+ Py (0 5]

7[2 :1—7[1.

)

=

[locne kaxmoro 3aperucTpupOBaHHOIO B MOMEHT BPEMEHH f; COOBITHSI HAacTyMaer BpeMs (UKCHPOBaH-
HOU nuTenbHOCTH T (MEpTBOE BpeMsi), B TEUCHUE KOTOPOro Ipyrue COOBITHI UCXOMHOro 0000mennoro MAP-
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MoTOKa HemocTymHbl HabmogeHuto [22]. [lo okoHYaHWM TIeproJa MEPTBOIO BPEMEHU IEPBOEC HACTYITUBIIEE
COOBITHE CHOBA CO3JIa€T MEPHO MEPTBOTO BpeMeHHU anuTenbHocTH 7' v T.1. [IpuMep Bo3HHKarOIIEH CUTyanuu
npuBeneH Ha puc. 1, rme / u 2 — cocrosHus mpouecca A(f), ¢, t,... — MOMEHTHI HACTYIUICHHUS COOBITUN B
HaOJIFOTAeMOM TOTOKE, KUPHOH JHHHMEH 0003HAYCHBI JUIUTEIILHOCTH MEPTBOIO BPEMEHHU, YEPHBIMH KPYXKKa-
MU — cOOBITHSL 00001IeHHOr0 M AP-110TOKa, HETOCTYITHBIE HAOJTIOICHUIO.

Pi(halia) Pihalia)

T — £ oY W —

) i Ty Pl | £ 4 Py (;\zzphz) o< L dy .
E Mpouecc () : E : t
A : L - R
; - ¢ — N >
! 0B0bLWeHHBIR MAP-NdTOK cODLITIA ! ! .
T % *—O————>
1 CxeMa CO30aHUA MepPTEOro BpEMEHU 1 o t
i T ' i

9 i >

t1 fz ta wes t
Hatnooaemblid NOTOK CODLITUIA

Puc. 1. ®opmupoBanue HaOMIOIAEMOT0 IOTOKA COOBITHI

[Ipouecc A(f) npuHIMNUANEHO HeHaOMoAaeM (CKPBITHIA MAapKOBCKHI mpoliecc), a HaOI0AaeMbIMH SIB-
JISIIOTCSL TOJIBKO BpEMEHHBIE MOMEHTBI HACTYIUIEHHUS! COOBITHI MOTOKA {4, £..., TOITOMY HEOOXOAMMO MO ATUM
HaOJIIOJICHHUSIM OIICHUTh COCTOsIHHME Tporiecca A(f) (mimum o6o6menHoro MAP-1oToka) B MOMEHT OKOHYaHHS
HaAOJIOICHHUS.

PaccmartpuBaercst craiimoHapHBIN pekUM (GYHKIMOHUPOBAHUS IIOTOKA COOBITHH, IIO3TOMY IEpEXOAHBIMU
mpoleccaMy Ha HHTepBaje HaObmoaeHus (¢, ¢), Tae fp — MOMEHT Havajia HaOJIIOJCHU, / — MOMEHT BBIHECEHUS
peLIeHrsl 0 COCTOSIHUM Tponecca A(f), mpeneOperaem. Toraa 6e3 MOTepH OOIIHOCTH MOXKHO MOJIOXKHTD fo = 0.
Jlnst BBIHECEHUS PEILIeHHs O COCTOSHUU Tporecca A(f) B MOMEHT BpEMEHHU ¢ HEOOXOAMMO OIPEeNUTh arnocTe-
puopHbie BeposTHOCTH W(A; | £) = W(A; | t1, ..., tw, ), i = 1,2, TOTO, 4TO B MOMEHT BPEMEHH { 3HaUCHHUE MpoLecca
M) =A; (m — KOMUYECTBO HAONIOAEHHBIX COOBITHH 3a BpeMs f), mpu 3ToM W(A; | £) + w(\, | ) = 1. Pemenue o
COCTOSHUM Ipouecca A(f) BBIHOCHTCS IIyTeM CpaBHEHUs BeposTHocTeil: ecimu w(A; | ) >w(A; | 1), i,j=1, 2,

i #J, 70 otenka cocrosmus A(f) =\, mmaue A(t) =\,
2. AJITOPUTM ONITUMAJIBHOTO OLIEHUBAHMSI COCTOSIHMIT 000011eHHoro MAP-noToka co0bITHi

Paccmotpum unTEpBA (£, ti41), k=1, 2, ..., MEKIY COCEITHUMU COOBITUSIMU PacCMaTPUBAEMOT'0 MTOTOKA.
MoMEHT BBIHECEHUS pENIeHUs ¢ OyIeT MPUHAIISKATh dYTOMY HHTepBaly. [Ipu 3ToM a1 HaYamsHOTO WHTEPBA-
na (fy, t;) MOMEHT ¢ OyJeT IeKaTh MKy MOMEHTOM Hadaya HaOJIIOJISHHS {) © MOMEHTOM HACTYTUICHUS TIEPBO-
To COOBITHSI TTOTOKA. 3HAYCHUE JIUTETLHOCTH WHTEpBANA (4, ty+1) €CTb Tp =l — Iy, k=1, 2, ... . C apyroi
CTOPOHBI, TaK KaK HaOJIr01aeMoe B MOMEHT f; COOBITHE MTOPOXKAAET MIEPUO MEPTBOT'O BPEMEHH JUTUTEIIEHOCTHIO
T, To 1, = T + n, TOE M — 3HAUCHHE [UTUTEIHHOCTH MHTEPBAIA MEXITY MOMEHTOM OKOHUYAHUS IIEPUO/Ia MEPTBO-
ro BpeMeHH #; + T @ MOMEHTOM {41, T.€. UHTEPBAI (#;, #;+1) Pa30MBaETCS Ha JBA CMEXHBIX: TICPBBINA ITOTyHHTEP-
Ban (4, t + T, Bropoit — uaTepBan (# + 7, t;+1). [lomaepkHem, 94TO yCIOBUS HAXOXKICHUS allOCTEPUOPHON Be-
positHOocTH W(A4| f) Ha TodmyuHTepBane (I, ¢ + 7] u unrepsane (¢ + 7, t;+1) NIpUHIMOHAILHO pa3Hble. Kpome
TOTO, JUISl HAXOXKJCHUS BEPOATHOCTA W(A|f) HEOOXOIMMO TOYHO 3HAThH 3HaueHue 1 mubo, 1Mo KpaitHel Mmepe,
MIPEIBAPUTEINHHO OCYIIECTBUTH OLIEHKY 7. B MPOTHBHOM Ciy4ae OTCYTCTBHE TakKoi WH(OPMAIUH JIENaeT I10-
MBITKY CTPOTOT'0 HaXOXKJCHHS BEPOSATHOCTH W(A|| f) HEBO3MOXKHOW. 311eCh IMpeamonaraercs, 9ro 3HavueHue 1’
HU3BECTHO TOYHO.
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Paccmorpum cutyanmio, korna 7' =0, T.e. MepTBOE Bpemsl oTcyTcTBYeT. [Ipumenum meronuky [24] mo-
Jy4eHUS! peKyppPEHTHBIX COOTHOILICHHUHN ISl allOCTEpUOPHBIX BeposiTHocTel w(A,| 1), i =1, 2.
[TycTp HabMIOACHUS 32 TOTOKOM HAYWHAIOTCSA B MOMEHT BpeMeHH ¢ = 0 ¥ BpeMs ¢ U3MEHSIETCs JUCKPETHO

¢ marom At: 1Y =kAt, k=0, 1, ... . BBeileM JBYMepHBIi CIydaifHblil TIpoILece (k(k),rk) , e AP — 3Havenne
npouecca A(f) B MOMEHT BpeMeHH kAf, 7, — KOIMYECTBO COOBITHH MTOTOKA, HACTYMUBILINX HAa UHTEPBAJIE BpEMe-
HU ((k —1)At,kAt) nmurenvHOcTH At, k=0, 1, ..., m. Ilockoneky Ha nnaTepBane (—A¢, 0) HabIOICHNE 32 TIOTO-
KOM H€ IPOM3BOAUTCS, TO HONOKUM 7, =0.

O6o3naunm r,, = (7y,#,...,7, ) — IOCIEIOBATEIbHOCTh 3HAYCHNII KOJTMYECTBA HAOJIIOICHHBIX COOBITHH 3a
Bpemst ot 0 10 mAt Ha untepBanax ((k —1)At, kAt) mmrensnoctu At, k=0, 1, ..., m; p(k(k),rk | X(k_l),rk_l) -
BepoATHOCTH Tiepexona npouecca (A*), 7)) 3a omun war Af uz cocrosaust (A", r,_) B cocrosnue (A", r);
w(\") | r, ) — ycIOBHAS BEPOSTHOCTH 3HAUEHHS A" npu yenouy, 4TO HaGIIONANACH PEAN3ALIUS r, . Cay-

vainbiit mpouece (A, 7,) sBusiercs MapkoBckuM. Toraa uist ABakKIbl CTOXACTUYECKUX MOTOKOB COOBITUH ¢

ABYMsI COCTOAHUAMU CITPABCIIMBO PEKYPPEHTHOC COOTHOMICHUEC IS alTOCTEPHUOPHBIX BCPOHTHOCTeﬁ [23]
Ay
+1
%: W( (m)‘rm)p()\‘(m )’ m+1“\‘ ) m)
(}b(m+1 ) k(m =h 3
w ‘ Pl A, A, ’ ( )

k(”;— Wzl; ( )p()”(mﬂ)’rmﬂ ‘X(m),rm)

rae w(k('") |7 ) (k( )\t) w()»("“rl \ m+1)— w( i \t+At) B cBsizu ¢ tem, yto s 0o6o6menHoro MAP-

m

HOTOKa p(k('" Dy Pl \k m), ): (X(m+1 \X )p(rm 1 \k , ('"“)), PEKYPpEHTHOE COOTHOIIeHue (3) MpUHUMA-

“W(;Jm) L 20l 1200, 2 000)

Wl |1+ Ar)= i : @

%27\ 5 (m+1)_ W( ‘t)p( ) “\‘ ) (m+1 ‘)b(m)’)\‘(mﬂ))

3ameuanue 1. Komnonenra r, BekTopa HaOmroneHuil r, = (7,7, ...

€T BUJI

., 7, ) MOXET IPUHUMATb 3HAYCHHUS

r, =0 wm r, =1. Ciiydau r, =2,3,... B cuily onpeneneHust 0600menHoro MAP-notoka coObITHH UMEOT Be-

posTHOCTD 0(At) .
[Iycts B (4) r

Ty =0, T.€. Ha uHTEpBane (f,t+At), rae t =mAt, t+ At =(m+1)At, HeT coObITHIA TIOTO-

ka. Kpome Toro, B (4) monoxum )

=1, . Ilepexonnsle BeposTHOCTH Ui 00001meHHOro MAP-noToka co-
ObITHII B (4) UMEIOT BUJI
P =0 12 = g = 0100 <2 A 2 )=l =020 < 21 <1, )=
=1-2,(1=Py(x; | 1))Az +o(A¢),
0D =0 1A = Jolr g =010 =2 A0 20 )= pli =020 =, 2 =1, )=
=MPy(hy [ A)AL +0(A),
0D =0 12 =5 Jolr ey =010 =5 A0 =, )= pli =020 =, 120 2, )=
=M By (A |1y )AL +0(At),

P(k(mﬂ) =L, |7\(m) = kZ)p(rmH =0 k(m) = kzak(mﬂ) = 7\2)2 P(’”m+1 = Oak(mﬂ) =1 |7\(m) = kz)

(5)
=1-2%y (1= Py (X, | 2y))AL + 0(At).
Tornaa cripaBemnBa ciaeayromas JeMma.
Jlemma 3. Ha BpemeHHbIX uwHTepBanax (f, ) U (t, ty+1), k=1, 2, ..., amocTepuopHas BEpOSTHOCTh

w(A1| ) ynosierBopser nuddepeHInaIbHOMy YPaBHEHHIO
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W'O‘l [£)= [ (Py 0y [22)+ By (hy | hg) = 1) = My (By Oy [ 1)+ Py (b [ )= D)w? Oy [2)+
+ [ Py Oy 1) = 2o Py (g | 2) = 20, Py (b [ g )=y + 2y J(hy )+ 20 Py (hy [ 1) (6)
Lo <t<ty, ty <t<tp.,k=12,....

Hoxazamenscmeo. lloncrasisis (5) B (4), BbIIOMHAS HEOOX0AUMBIE TPe0Opa3oBaHMs U MEPEXOAs K mpe-
nery npu At — 0, momydaem auddepennuanbaoe ypaBHeHne Pukkaru (6). Jlemma okazaHa.

ITycte B (4) r,,,, =1, 4TO COOTBEICTBYET CIy4ar0 HAOIIOJEHUS OJHOIO COOBITUS IOTOKA HA MHTEpBaje
BpemeHu (¢, + At), TOITyCTUM, B MOMEHT BpeMeHH #. [ orpenenenHocTy B (4) MonoumM Alm) = A

PaccMoTpuMm 1Ba CMEXHBIX UHTepBana (z,t¢,)u (f,,¢+ At), JUINTENBHOCTH KOTOPBIX €CTb At' =1, —t U
At" =1t + At —t, COOTBEICTBEHHO. Torja ¢ yueroM cleIaHHbIX 0003HaueHuil (4) IpUHUMAET B

(kﬁ w1, — a0 = 120 (o =120 Al 2 )
Ao,

fi ( %; w1 = a0 12}l =100 20 ) |
NOECEUY

B 3101 cuTyaruu niepexoaHbpie BEpOSTHOCTH it 00001eHHoro MAP-moroka coObrtrii B (7) BRIIUIITYT-
csl B BUJIC

wk, [t, +At")= (7)

P = 120 =0 ol =1 =2 A =0 )= 0, B Oy 1) + ofAr),
p(k(m+1 =0 [0 =0 Dol =100 =0 ) =0 )= B (6, | A + 0(A),
P =, 120 =0, ol =110 =2, A0 =0 )= 2, B (1, 1, )A + o(AY),
P00 = ) =0, pl, e = 1A =0, 200 =0, )= 4, B (1, |4, )t + 0(AF). (8)
Hnst 0600menHoro MAP-nioToka coObITHI MMEET MECTO CIIeAyIoLIast JeMMa.
Jlemma 4. AniocrepuopHasi BEpOsSTHOCTh W(A;| f) B MOMEHT #4, k=1, 2, ..., HACTYIICHHUS COOBITHS MOJIY-

nupoBanHoro MAP-notoka onpenensiercst popmysiol mepecyera
_ M By Oy | 2)wlhy 2 =0)+ Ay P (A | Ay Jw(Ry |7, = 0)

w(h |2, +0)= :
a2 (o [20)+ B (o [0 )wlhy 24 = 0)+ 2 [P (kg [ 2)+ B (hy |2 )l [ 24 —0)
rae w(h, [, —0)=1-w(}, |, —0).

Joxazamenscmeo. Tlopcrasnss (8) B (7), yauteiBast ipu otom, 910 w(k, [£, — At')=1-w(), |, — Ar'),

©)

u niepexons K npeneny At —0 (A’ >0 u At" —0 ogHOBpEMEHHO), MOTYYINUM yTBEpXKICHHE JIeMMBI. Jlemma
JIOKa3aHa.

3ameuanue 2. B Touke 7, BeposTHOCTH W(A4| f) TIpeTeprieBaeT pa3pbiB (MMEET MECTO KOHEYHBIH CKavOK).
BepostHOCTs W(A4| # + 0) 3aBucHT oT 3HaueHUs W(A4| #; — 0), Tae w(l,| # — 0) — 3HaYeHune BeposiTHOCTH W(A,| £)
B MOMEHT BPEMEHH #;, Koraa w(l,| f), onpenensieMasi B ypaBHEHHH (6), U3MEHsETCS Ha HHTEpBaie (41, #;), CO-
CeTHEM C MHTepBaAIOM (¥, ty+1), k=2, 3, ... . Takum obpa3om, B 3HaueHuu w(l| #; + 0) «cocpemoToueHa» Bcs
MIPeBICTOPUS HAOMoIeHNH 3a 0000meHHsIM MAP-TT0TOKOM, HaunHast OT MOMeHTa ¢, = 0 10 MOMeHTa ;. B ka-
yecTBe HavaybHOTO 3HaueHuss WAl + 0) = w(A| t, = 0) Ha momyuHTEpBane [f), ;) BHIOMpACTCS anpHOpHAs
(uHANTBEHASI BEPOSTHOCTH MIEPBOTO COCTOSHMUS TIporiecca A(f), mpencTaBieHHas B (2).

Jlemmbl 3, 4 IO3BOJISIOT CHOPMYIMPOBATH CIIETYIOIIYIO TEOPEMY.

Teopema. [loBenenue amoctepuopHOW BeposSTHOCTH W(A(|f) Ha BpPEMEHHBIX WHTEpBanax (f, ;) U
(ti, te1), k=1, 2, ..., onpenensiercs SBHBIMU (popMyIaMu

W(k |t)= w [Wz - (7&1 |1 + 0)]_ W,y [Wl (7‘1 1, + 0)] —A(wy—wy Yt—t; ) o)
1 (7‘1 [t + 0) [ (7‘1 |t + 0)]6 Ay t=4) 2

—B—x/BZ—4AC —~B+/B*-44C

"= 24 2= 24 :

A =7L2(P0(7L2 |7L2)+P0(7“1 |7L2)_1)_7“1(P0(7“2 |7L1)+P0(7“1 |7L1)_1)¢ 0,
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B =7L1Po(7“1 |7L1)—7L2P0(7“2 |7L2)_27“2P0(7“1 |7L2)—7*1 +As,,
C =7L2Po(7“1 |7L2);
mtA=0

W(x‘l |Z)= (C+B'W(7\‘1 |Zk))eB([_[k)_C , (11)
B
to<t<ty, 4t<t<t1, k=1,2, ...; w(h| t; + 0) onpenenena dhopmymnoii (9), w(k1 |20 +0)= m,, TIe m; ompexne-
nena B (2).
BosBpatumcst K cuTyanuu, Korjaa JUIMTeabHOCTh MepTBOro Bpemenu 1 # 0 (cm. puc. 1). Torna Berumcie-
Hue BeposTHOCTH W(A | ) mo popmyne (10) cmpaBemuBo Ha uHTepBane (& + 7, t;+). [Ipu »TOM HauvambHOE
ycnoBue s w(h| f) mpuBsi3bIBacTCS K MOMeHTY BpemeHH # + 7, T.e. B ¢opmyne (10) HyXKHO 3aMEHUTH
Wt +0)ma wh|tp + D) u t, T T<t<ts1, k=1, 2, ... . Dopmyna (9) ocraercs 6e3 U3MEHEHHS, TaK KaK
npeaHa3HadeHa il BbluuciieHus w(k;|f) B MOMEHT f; HaCTYIUIEHHS COOBITHS, KOTOPOE MOPOXKIAET MEPTBOE
Bpems. Paccmorpum nomyunTepBai (4, & + 71, k=1, 2, ... . Ha aToM nomyunTepBane coObITHE HMEET MECTO B
TPaHUYHOM TOUKE #;, HA CAMOM TIOJIyHUHTEPBaJIe COOBITHSI OTCYTCTBYIOT.
YrBep:knenue. lloBenenne amocTepuopHOil BeposSTHOCTH W(Ai|f) HAa BpPEMEHHBIX MOJTYHHTEpBaIax
(tr, s+ T1, k=1, 2, ..., onpeaensiercst SBHOH (HOpMyII0i
wiky | 8)=m, +[w(h, | 7, +0)- nl]e_(ﬁl+ﬁ2)([_[k)v (12)

Pi = 7*1[1)1(7*2 %)+ Py (ks | 7*1)]’ By = 7*2[1)1(7*1 %)+ Py (2 | 7*2)]’
<tz + T, k=1,2,..; wh| t+ 0) onpenenena dopmynoii (9); m, onpeneneHa B (2).

Jloxazamenscmeo. B TeueHuie neprioia MepTBOro BpemeHu 7, T.e. Ha momymHTepBane (4, t+ 1], k=1,2, ...,
00001meHHbIt MAP-I0TOK cOOBITHI sIBIIsIeTCSl HEHAOMIOAaeMbIM. B 3TOii CBSI3M MOBeeHNE arloCTepHOPHON BEPO-
ATHOCTH W(A4| f) Ha (%, # + T] aHAJIOTUYHO MOBEIEHUIO AIIPHOPHON BEPOSITHOCTU T, (1 | t*) mepsoro cocrosHus
riporiecca A(f) mst obobreHHoro MAP-mmoToka coObITHIA (JieMMa 2); pa3HHIIA JIUIIL B 33JaHUH HAYAJILHOTO 3HA-
yeHus w(A;| f) B MOMEHT BPEMEHHU f; HACTYIICHUS COOBITHS HaOIogaeMoro moroka. HerpymHo mokaszare (Jiemma
1), ato BeposiTHOCTE W(A 4| f) Ha monmyuHTepBane (4, &+ 7], k=1, 2, ..., onpexaensercss ypaBHEHUEM

CM(;L;'t)JF(Xl[Pl(Xz %)+ By, |7‘1)]+7‘2[P1(7‘1 %)+ By (0, |7L2)])W(7‘1 |t)=>‘2[P1(7‘1 %)+ Py, |7L2)]

C HayaJbHBIM ycaoBueM W(A| t =1#) =w(h| 4+ 0), k=1, 2, ... . Uaterpupys Beinucannoe auddepeHnuans-
Hoe ypaBHeHHe, HaxoquM (12). YTBep:kIeHre T0Ka3aHo.

[ony4enusie GopMyIIbl MO3BOISIOT CHOPMYIIUPOBATh aITOPUTM pacdeTa BeposTHOCTH W(A,| ) u anro-
PUTM IPUHSTHS PELICHHs O COCTOSIHUU Tpouecca A(f) B 1000 MOMEHT BPEMEHH { (AITOPUTM ONTUMAIBHOIO
OLIEHUBAHUS COCTOSHUHN 00001eHHOr0 MAP-110TOKA):

1) BBIYMCISIETCS allprOpHAsl BEPOSITHOCTh TT; HAXOXKICHUA Ipolecca B COCTOSHUHM A; B MOMEHT Hadaja
HabmoaeHus ¢, o gopmyse (2);

2) Ha IpoMexyTKe (%o, 1) o Gopmyne (10) unu (11) B 3aBUCHUMOCTH OT 3HaUeHUs KO3 umeHTa 4 Bbl-
YHCIISIETCS allOCTEPUOPHAsT BEPOSTHOCTD W(A4| f) B 000 MOMEHT BpPEMEHHU £, T1ie B KauecTBe W(A4| £y + 0), fp —
MOMEHT Havaja HaOIIO/IeHNs1, UCIIONb3yeTCs 3HAUCHHUE Ty

3) B MOMEHT HACTYIUICHHUS COOBITHSA f; armocTepUOpHasi BEPOSITHOCTH W(A4| #; + 0) paccunuThIBaeTcs 1Mo
dhopmyne (9). 3neck B kauectBe W(A| ¢ — 0) ucnonp3yercs 3HadeHue, BeraucieHHoe mo gopmyie (10) nmm (11)
B MOMEHT BpeMeHU ¢ =t 1, k=1, 2, ..., mpu 3ToM w(A| t; + 0) 3amensiercss Ha WA | t,.; + 0), a f, —Ha 1}y

4) na npomexyTtke (#, #, + 7] anmocrepuopHas BepoaTHOCTh W(A4| f) Beruncisercs no gopmyne (12), rae
w(A1| 4 + 0) — 3HaYeHue, BEIYMCICHHOE Ha MPEABIAYILEM IIare anropurMa mno gopmyse (9);

5) na untepsane (¢ + 7, t1), k=1, 2, ..., 3Hauenue w(A4| t) paccuutsiBaercs no popmyie (10) wm (11),
rae B kauectBe w(A | t; + 0) ucnons3yercs 3HaueHue w(A4| ¢, + T), BeraucienHoe Ha mare 4. [lamee ocyrecTs-
nsiercs nepexox Ha mar 3. [laru 3—5 noBTOpSIIOTCS 10 MOMEHTa ¢ OKOHYaHHsI HAOMIOJICHUS 32 TIOTOKOM.

[apannensHO MO0 X0Omy BbIYUCIEHUS W(A4| f) B 11000 MOMEHT BPEMEHHU BBIHOCHTCS PEILICHHE O COCTOS-

Hun nponecca M{): ecmm w(ky| £) > w(k,| £), To omeHKa cocTosHusS A (£) = A, uHAYE A (f) = A,
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3. Pe3ynbTaThl YMCIEHHBIX PACYeTOB

Jns momydeHus YHMCIEHHBIX Pe3yibTaToB MOCTPOEHA HMMHUTALMOHHAS MoAeidb 0000menHoro MAP-
MOTOKA COOBITHH C ABYMsI COCTOSIHUSIMHU U TIPOBENIEH CTATUCTUYECKHUH SKcriepuMeHT. OCHOBOM 151 HOCTPOEHUS
UMUTAUUOHHON MOJENH SBJISIFOTCS NATYMKU CIy4alHBIX YKCeN U MeTo obpatHbix pynkuuit [25]. Ha mepsom
3Tane paboThl MPOrpaMMBbl CTPOUTCS peanu3anus noroka. Ha BTOpoM 3Tame Ha OCHOBaHHWHM MOTYYEHHOH BBI-
Oopku f, t; ..., t, MOMEHTOB HACTYIUICHHUS COOBITHH B HaOJIF0Ja€MOM TIOTOKE MPOUCXOAUT OLIEHUBAHUE COCTOSI-
HUH MOTOKa METOJOM MaKCHMyMa arocTepuopHOi BeposTHOcTH. Ha puc. 2 n3oOpakeHa peann3anus MOTOKa
ms =4, =1, T,=5 T=1, Pi(AM|A)=0,5 Po(M|A)=0,1, Pi(A2|A1)=0,3, Py(h2| A1) =0,1,
Pi(MA2) =03, Py(Ay | A2)=0,1, Py(M | X)) = 0,4, Po(Ah1 | A2) =0,2.

Alt)

1 j l

]
r'

| t2 t3

1 2
Puc. 2. Peanu3zanus 00600mennoro MAP-oToka coObITHI

Ha puc. 3 npuBeneno noBeaeHue anocTepruoOpHON BEPOATHOCTH W(A,| £) WIS TEX JKe 3HAYCHHUHN MapaMeTpoB.

(A1)
1

0.3 '“—-—__._____E_lh— k_‘_\\—_‘_‘_

t

Puc. 3. [loBenenne anocTepropHOit BeposiTHOCTH W(A| £)

Ha puc. 4 u3obpaskeno nopeseHue oneHku A (£) mporecca A(f). Tonkas npsiMas JTUHUS OPOBEIEHA HA TeX

BpPEMEHHBIX yJacTKax, I7ie oBeeHne A(f) 1 A (f) He COBIIajaer.

)
1

Puc. 4. [loBeneHne oreHKN 71(1)

Uro0b! yCTAaHOBUTH YaCTOTY OIIMOOUYHBIX PELICHUH O COCTOSHUM mporecca A(f), IpOBEIEHbI CTATUCTHY -
CKHE HKCIIEPUMEHTBI, COCTOAIINE U3 CIAETYIOLIMX 3TAIOB!

1) ans onpeneneHHOro Habopa mapaMeTpoB OCYIIECTBISETCS MOICITHUPOBAHIE TTOTOKA (I-i OITBIT);

2) no ¢popmynam (2), (9), (10), (12) paccuntbiBaeTcs anocTepuopHas BepossTHOCTb W(A| ) 1 IO MeTony
MaKCUMyMa arocTEpHOPHOM BEPOSTHOCTH BBHIHOCHTCS PEILIEHHE O 3Ha4YeHHH mporecca A(f) B 11000 MOMEHT
BPEMCHH f;

3) ompenensiercs 3HaYeHUE d; — CyMMapHasi IpOTSHKEHHOCTh HHTEPBAJIOB BPEMEHH, Ha KOTOPBIX IOBEe-

uue M(f) 1 A (f) He coBmazaer;
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. d;
4) BeIUUCIISAETCA A0S OIIMOOYHBIX PELICHUN p; = T—‘ ,rae T,, — BpeMs MONEIUPOBaHUS;

m
5) waru 1-4 noBTopsitoTcst N pas.
Pe3ynbTaToM OMUCAaHHOIO alIropuUTMa SIBJISETCSI BHIOOPKA P ,..., Py HOIEH OMIMOOYHBIX pelleHUi B N

o 1 N .
VICTIBITAHMSAX, HA OCHOBAHHH KOTOPOI BBIUMCIISIOTCS BHIOOpOUHOE cpempee £ = — Y p, — OIEHKA TOTHOM
izl
2 |
BEPOSITHOCTH ONTHOKM PUHATHS perieHus P,, 1 BEIOOpOUHas Jucrepenst S° = Vol Z(pl- - Po)z )
—1ia

B nepBoM SKCIIEpHMMEHTE YCTAHABJIMBAETCA 3aBUCMMOCT OLEHKH P, OT JUIMTETBLHOCTH MEPTBOrO Bpe-
menu 7. Jlannble a7t skcriepuMenTa npuseaeHsl B Ta0n. 1. KommuectBo skcnepumentoB N = 100.

Tabnuma 1
JlaHHBIe 1JI5 ePBOro YKCIepuMeHTa

T, =100 A1 =5;10; 15 P (A |2)=0,5 Py(M | M)=0,1 P (M| 2)=03 Py(h | M) =0,1
T=0;1;..;10 Ar=1 Pi(M]A)=0,1 Py(h [ M) =0,1 Pi(M | 2)=0,7 Po(M [ A)=0,1

Pe3ynbTathl mpogeMOHCTpUpOBaHHI B Ta0I. 2 M Ha pucC. 5.

Tabnuia 2
Pe3ysibTaThl EPBOro IKCHEPUMEHTA

}\.125 }\.1210 }\.1215
T - - n
P §%x 10° P §%x 10° P §%x 10°
0 0,22 1,0 0,13 1,0 0,09 1,3
1 0,25 2,2 0,15 1,1 0,11 1,4
2 0,26 2,3 0,16 1,4 0,11 1,3
3 0,27 2,3 0,16 1,5 0,11 1.3
4 0,27 2,1 0,16 1,0 0,12 1,2
5 0,27 2,2 0,16 1,3 0,12 1,0
6 0,27 2,5 0,16 1,2 0,12 1,1
7 0,27 2,4 0,16 1,1 0,12 1,1
8 0,28 2,1 0,16 1,2 0,12 1,6
9 0,28 2,2 0,16 1,4 0,12 1,5
10 0,27 2,4 0,16 1,3 0,12 1,5
Bo
0,30 s
0,25
0,20
Al=10
0,15
0.10 A=15
0,05
0,00 T
0 1 2 3 4 5 6 7 B g 10

Puc. 5. 3aBucuMocTh P, OT IUIMTETHHOCTH MEPTBOTO BPEMECHU

o

PCBYJ'IBTaTBI CBUACTCIIBCTBYIOT O TOM, YTO OLICHKA p o PAacCTeT C YBCIIMYUCHUCM 3HAYCHUS T, , TaK KakK CO-

ObITH B HAaOMIOAAEMOM MOTOKE HACTYIAET MEHbBILE, B PE3YJIbTATE YEro YMEHBIIAETCS KOIUYeCTBO HH(OpMa-
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LMY JUIs aITOPUTMa TIPUHATUS PEleHns 0 3HaueHuu npouecca A(f). Taxoke yeM Oolnbliie COOTHOLIEHHE A /A, ,
TEM TOYHEE OLlEHUBAHHUE, TaK KaK B 3TOM CIIy4ae COCTOSHHSI MOTOKa JJISl aJlTOPUTMa PA3IMUNMBbI JTyYIIIE.
B0 BTOPOM 3KCIIEPUMEHTE YCTAHABIMBAETCS 3aBMCHMOCTh OLEHKH P, OT IIMTENbHOCTH BPEMEHH MOJIE-

nupoBanus 1,,. JlaHHble 111 3KcTiepuMenTa npuBeaensl B Tabm. 3. KonnuectBo skcepumentoB N = 100.
Pesynbratel mponemMoHCcTpupOBaHbI B Ta0M. 4 1 Ha puc. 6, 7.

Tabnuma 3
JlaHHBI€ /151 BTOPOI0 KCIePUMEHTA

T, =5;10;...;100 A=5 P (A |2)=03 Py(M | 2)=0,1 Py (A | 1) =0,6 Py(My | A)=0

T=1 Ar=1 Pi(M|2)=0 Py(Ma|2y)=0,1 Pi(M | 2)=038 Py(M | 2y)=0,1

Tabnuia 4
Pe3ysibTaThl BTOPOro SKCNEepUMEHTa

}\.1 =5 }\.1 = 7 }\.1 = 10
Tm D ~ A
P 5% % 10° P §*x 10° P 52 x10°
10 0,22 10,0 0,18 6,4 0,12 4,4
15 0,22 6,3 0,16 4,1 0,11 2,0
20 0,22 7,3 0,16 3,4 0,12 2,3
25 0,23 3,2 0,15 3,2 0,12 2,1
30 0,20 3.4 0,15 3,3 0,11 2,2
40 0,21 3,2 0,16 2,1 0,12 1,5
50 0,21 2,0 0,16 1,6 0,12 1,1
70 0,20 2,3 0,15 1,1 0,12 1,4
100 0,20 1,4 0,15 1,1 0,12 1,2
Po
0.25
A=5
0,20
M=7
0,15
Al=10
0,10
0,05
0,00
10 15 20 25 30 40 50 70 100 Tm
Puc. 6. 3aBucumocTs }Af, OT BPEMEHH MOIECIHPOBAHHUS
82107
12,0
100 A1=5
8.0
6,0 A=7
40 A1=10
20
0.0
10 15 20 25 30 40 50 70 100 Tm

Puc. 7. 3aBucumocts S x 10° 0T BpeMeHH MOETHPOBAHS
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CornacHo pe3yiabTaTaM OLCHKa p » C POCTOM BPEMCHU MOIACINPOBAHUA IIPAKTUYCCKU HC U3MCHACTCA.

OnHako ¢ PpOCTOM BpPEMEHH MOJECTHPOBAHMS BbIOOpPOUHAs AMCIIEPCHs 3HAYUTENbHO yObiBaeT u npu 7, = 100
npubmpxaercs K 3HadeHuro 0,001. 310 o3HauaeT, 4TO OTKIOHEHHE JONU OIIMOOYHBIX PEIIEHUH p; B i-M JKC-

TIEPUMEHTE OT BBIOOPOYHOrO cpeHero P, nocratouno mano u cocrapiser vS° ~0,03. Takum 06pasoM, ¢
POCTOM BPEMEHU MOJACIIUPOBAHUSA p o CXOOUTCA K WCTHHHOMN BEPOATHOCTU OIIINOKHU MPUHATUA PEHICHUA P, 0°

Taxke pe3yIbTaThl IIOKa3bIBAIOT, YTO YeM GOIbIIE A;, TeM ObICTpee yObIBaeT S° ¢ pOCTOM BPEMEHH MOJIEIHPO-
BaHUSL.

3akjIoueHne

B cratbe npemioxkeH anropuTM ONTHMAIBHOTO OIEHUBAHUS COCTOSHUN 00001eHHoro MAP-moroka mpu
HATAYAN HETIPOJICBAIOIIETOCS MEPTBOTO BPEMEHH, TIPUBEICHBI YHCICHHBIC PE3yIbTATHI Psiia SKCIIEPUMEHTOB T10

BBIIBJICHHMIO 3aBUCHMOCTH OLICHKH p o OT U3MCHCHUS PA3JIMYHBIX IAPaMETPOB I1IOTOKA. PeBYJ'IBTaTLI OKCIIEPUMCH-

TOB MOKA3BIBAKOT, YTO OIEHKa P, BO3pacTaer ¢ yBelMYeHHEM JUTUTETHHOCTH MEPTBOIO BPEMEHH, & C YBETMYEHH-
€M OTHOILIEHUS A; K A, OLIEHUBAHNE COCTOSTHHI Tporiecca A(f) MPOUCXOIUT 3HAYUTENBHO Jrydine. C pocToM Bpe-

MCHH MOAECIIMPOBaHUA OLICHKa p o CXOIUTCA K HCTHUHHOMN BEPOATHOCTH OIIIMOKHU MPUHATUA PCIICHUA P 0-
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The paper deals with Generalized MAP (GMAP) with intensity being piecewise constant stationary process A(f) with two states:
AMt) =A; and A(#) =L, (A; > A, > 0). The duration of state i (i = 1,2) is an exponentially distributed random variable with distribution

gt

function F;=1- e ™" ,i=1, 2. When the state i ends the process switches to state j with probability P; (A, | A;) at an event, and switch-

es to state j with probability Po(A; | X)), i, j=1, 2, Zi:l (Pl (7» Ly )+ P, (7» Ly ))zl without an event. Each registered event at time

instant #; generates dead time period of duration 7" when the other occurring events of GMAP are not observable. After ending of dead
time the first occurring event again generates dead time 7. The process A(f) is not observable, only time instants of events ¢, #, ... are
observable. It is necessary to estimate states of A(7) (or GMAP) by only these time instants ¢, ¢, ... .

It is assumed that A(?) is stationary. The observation of the process is performed over the period (%, ), where ¢, is the beginning of
observation, and ¢ is the end of observation. To estimate states of A(¢) it is necessary to calculate a posteriori probabilities w(}; | f) that at

time instant ¢ the process’ state A(f) = A, i = 1, 2. If w(k; | £) 2w, | 0), i, j = 1, 2, i #, then A(#) =\, otherwise NGE Aj.

The explicit formula for a posteriori probability w(A, | ) (W(A, | £) =1 —w(A | £)) at time intervals is derived when GMAP is observ-
able. The recalculation formula of a posteriori probability at time instants #; of occurring an event is derived as well as explicit formula
for w(A, | #) at time intervals, where the GMAP is not observable, i.e. during dead time T.

The described numerical results demonstrate high quality of estimation.
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B.1O. Jlememko, C.b. Jlememko, U.B. BeperessHnkoBa

O NIPUMEHEHUWU KPUTEPUEB ITPOBEPKH OJJHOPOJHOCTU 3AKOHOB PACITPEJAEJIEHUSA

Paboma evinonnena npu noodepacke Munucmepcmea obpazosanus u Hayku P® 6 pamkax eocyoapcmeenoii pabomol
«Obecneuenue nposedenus nayunvix ucciedosanutiy (Ne 1.4574.2017/6.7) u npoexmuoii yacmu 20Cy0apcmeento2o 3a0aHusl
(Ne 1.1009.2017/4.6).

IIpoBemeH cpaBHUTENBHBINA aHAIN3 MOIIHOCTH KPUTEPHEB OTHOPOIHOCTH 3aKOHOB PACIIPEAEICHHS BEPOSTHOCTEH (KpH-
tepueB CmupHoBa, Jlemana—Po3enbmnarra, Augepcona—/lapmunra). ITocTpoeHs! MOETH MPEASIBHBIX PACIIPEACIICHHI
CTaTHUCTHK IS k-BBIOOpOUHOro KpuTepus Annepcona—/lapnuara. /larorcs peKOMEHAAINH 110 IPIMEHCHHIO KPUTEPHEB.
KiioueBble cjI0Ba: KpUTEpUHN OJHOPOTHOCTH; Kpurepuii CmupHOBa; kputepuil Jlemana—Po3enbnarra; kputepuii An-
JiepcoHa—/lapmHra; MOITHOCTD KPUTEPHSL.

C HeoOXOOMMOCTBIO pelIeHHS 3a/lad IPOBEPKU THIIOTE3 O MPUHAIISKHOCTH IBYX (M Oonee) BEIOOpOK
CIly4alHbIX BEMYMH OJHOM M TOW € TeHepaJbHOW COBOKYMHOCTH (IIPOBEPKU OTHOPOAHOCTH) MOCTOSHHO
CTaJIKUBAIOTCS TIPU aHAIM3E CIyYailHbIX OMIMOOK CPEACTB U3MEPEHHH, IPH CTATHCTHUECKOM YIPABICHUH Kaue-
CTBOM IIpolieccoB. Takas 3ajlaya €CTECTBEHHO BO3HHMKAET MPU MOBEPKE CPEACTB U3MEPEHUN, KOI/Ia IBITAIOTCS
yOeauThCsl B TOM, YTO 3aKOH pachpelelieHHs CIyYalHbIX OMIMOOK W3MEpEHHH He IpeTepren CYIIeCTBEHHBIX
W3MEHEHUH MO HCTEYEHWH HEKOTOpPOro MHTepBasa BpemeHH. [Ipu oOpaboTke pe3ynbTaTOB SKCIEPUMEHTANb-
HBIX UCCIIEIOBAHUHN TaKyIO 3a/1a4y 4YacTO MPUXOAUTCS PelaTh TEXHOIOTaM, MEINKaM, OHoioram.

3amava MpoBEpKU OTHOPOAHOCTH JBYX BBIOOPOK (hopMyiHpyercs ciaeayromum oodpazoM. [lycts nmeror-
csl IB€ YIOPsIOUYECHHBIE TI0 BO3PACTaHUIO BEIOOPKH pa3MepOM 71 U .i:

X; <Xy <.o<X, H Y <V, <.<Y,.

Jns onpeneneHHoCTH 00BIYHO MOoJaraloT, 4To m < n, HO 3TO CoBceM HeoOs3aTenbHO. [IpoBepsiercs ru-
moresa O TOM, YTO JBE BHIOOPKM H3BJICUEHBI M3 OIHOH M TOW >K€ TEHEpalbHOW COBOKYIIHOCTH, T.C.
H,: F(x)=G(x) npu mo0oMm x.

Kak mpaBuio, Ha mpaktuke ucnoib3yerca au0o kpurepuir CmupnoBa [1], nubo kputepuii Jlemana—
Pozenbnarra [1-3]. B pycckos3piuHON JuTEpaType MPakTHUECKd HE YIIOMHHAETCS O NPUMEHEHUH KPHUTEpHUs
onnoponHoctn Angepcona—apnunra [4] (Annepcona—/lapnunra—Ilerura) unu, Tem Gosee, 00 UCTOIB30Ba-
HUU MHOT'OBBIOOPOYHOI'0 BapHaHTa 3TOT0 Kputepus [5].

Hacrosimast crates siBisiercs: pa3BuTHEM paOOTHI [6], B KOTOPOii ObUIM MCCIIEIOBaHbI peajbHbIE CBOWCTBA
pacnpeneneHuii CTaTUCTUK U MOLIHOCTH KpuTepueB CmupHoBa u Jlemana—Po3eHOnaTTa npu OrpaHUYeHHBIX
o0bemax BBHIOOpOK. B maHHOM cityuae rccienoBaHus JOMOJIHEHBI aHAIM30M KpuTepreB AHaepcoHa— lapiunra
W pa3BUTHEM €ro MHOTOBBIOOpOUYHOTO BapuaHTa. [Ipu mpoBeaeHuN HcclefoBaHUN HCIIOIb30Balach METOAUKA
KOMIIBIOTEPHOTO MOJETHPOBAHUSA M HCCIEAOBAHUSA CTaTUCTUYECKHX 3aKOHOMEpHOCTeW [7], XOpolo 3apeko-
MEHJI0BaBIIAas ce0sl MPHU CPAaBHUTEIHHOM aHaJM3e KPUTEPUEB, OPHEHTUPOBAHHBIX HAa MPOBEPKY TMIIOTE3 ONpe-
nenénnoro Buaa [8—10].

1. Kputepnii CMupHoBa

Kputepuii onnopognoctu CmupHoBa npemioxkeH B padore [11]. [Ipennomaraercs, urto pyHKIuu pac-
npeaenenust F(x) u G(x) aBnstoTcs HenpepbIBHBIMU. CTaTUCTHKA KpuTepusi CMUPHOBA U3MEPSET PacCTOSHUE

MCKAY SMIINPUICCKUMU (bYHKLII/IHMI/I pacmpeacicHus, NoOCTPOCHHBIMU I10 BI:I60pKaM
G, (x) = F,(x)].

Dm,n =sup
X

HpI/I MPAKTHUYCCKOM HCITOJIb30BAHUHN KPUTCPUSA 3HAYCHUC CTATUCTUKU Dm n PCKOMCHAYCTCS BbIYHCIIATD

B COOTBETCTBHHU C COOTHOIIEHUsIMH [1]:
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D} = max {L—Fn(xr)} = max{Gm(yY)—S—_l}
? 1<s<n : n

1<r<m| m

1<r<m m 1<s<n| n

D, , = max {Fn(xr)— r_l} =max{£—Gm(ys)},

D ,nzrnax(DJr D, )

m m,n° ~m,n

s 06bEMoB BBIOOPOK M, n <20 TabIUIBI NPOLEHTHBIX TOYEK AJsl cratuctuku D, npuBonstes B [1].

n

Ecmm runoresa H, o CIIpaBcAjiiBa, TO IIpHU HCOIrpaHUYCHHOM YyBCIMYCHUHN 00BEMOB BI:I60p0K CTaTUCTHUKaA

Se=.—2p, (1)
m+n ’

B Ipezene noguunsercs pacnpenenennto Konmoroposa K (S) [1].
Henocratku kpurepust CMUPHOBA 3aKIIOUAIOTCS B CIEAYIOIIEM. Bo-TIepBBIX, IpH OrpaHUYEHHBIX 3HAYe-
ubD,

HUAX m U n cnyqaﬁHHe BCIINMYMHBI D; SABJIAIOTCA JUCKPETHBIMH, U MHOXCCTBO MX BO3MOKHBIX 3HA-

n n

YEHUW TIPEACTABIISET COOOW peleTKy ¢ maroMm 1/k, rae k — HauMeHklee ooOiiee, kpatHoe m U # [1]. I'man-
KOCTb paclpeAesieHus CTATUCTUKU 3aBUCHUT OT BeIUYMHBL k . [loaToMy mpeanoyTuTenbHee MPUMEHSITh KpUTe-
puii, Koryna 00beMbI BRIOOPOK M M 1 HE PABHBI M MPENCTABISIOT cO00M B3anMHO mpocThie uncia. [Ipu paBHBIX

00bEMax BBIOOPOK SIBHAS CTYIIEHYAaTOCTh G(SC |H o) coxpansercs naxe npu m=n=1000.

JlpyruM HemOoCTaTKOM MPHUMEHEHUS! KpUTepusi co cTaTUCTHKOH (1) siBisiercss TO, YTO pachpeneieHus
G(SC |H o) C POcTOM m | 1 MIPUOJINKAIOTCS K MpefenbHoMy pactpeneneanto K(s) cmesa. M nmpu HeOombImX
W YMEPEHHBIX 3HAYCHUSIX M U 1 PacrpeesCHHs G(SC |HO) CYILIECTBEHHO CIBUHYTO BiieBo oT K(S). B aroit

CBsI3M B [6] npemioxkeHa npocras Mmoaudukanus cratuctuky (1).

2. Kpurepuii Jlemana—Po3en0iarra

Kputepuii ognopognoctu Jlemana—Po3en6narra mpeacrasisier coOoi KpUTepuil Tuma o’ . Kpurepnit
npeuiokeH B pabore [2] u uccnenosan B [3]. Crarucruka kputepus umeer Bun [1]:

mn % 2
r= [[Gu(x)=F,(x)] dH,,,, (x),
m+n_q
rne H,,,,(x)= LGm (x)+ " F,(x) —smnupudeckas QyHKIUs paclpenelleHus, IOCTPOeHHas 0 Bapua-
m+n m+n
LUOHHOMY PAYy 00beauHEHHs ABYX BbIOOpOoK. Ctatuctka 7 mcnonbiyercs B popme [Tam xel:
1 n 2 UL 2| 4mn-1
T=——-——|ny(rn-i)y +m2(s;—j) |-———m, 2
mn(m+n){ El(l ) El(l J) } 6(m+n) @

/e 7; — MOPSAKOBBIA HOMEP (PAHT) y;; §; — IOPSAKOBBIH HOMED (PaHr) X; B O0BbEIMHEHHOM BapHaLHOHHOM

psze.
B [3] 6b110 moka3zaHo, 4To cTaTUCTHKA (2) B mpeaene pacnpenenena kak al(?) [1]. B ormmune ot kpute-

pust CMupHOBa pachpenerneHue craTUCTUku 1 ObicTpo cxomutes kK mpenensHomy al(7) [Tam xe]. Ilpu

m=n=100 pacnpenenenue G(T |HO) cratuctuku (2) npaktuuecku coBnanaer ¢ al(T'). Ilpu m,n <25 xe-

JIATENTbHO YYUTHIBATh OTKJIOHEHUE PEAIbHOTO paclpeacsICHUs G(T |HO) cratuctuku (2) ot al(T).

3. Kpurepuii Augepcona—/{apaunra

JIByxBbIOOpOUHBIH KpuTepuii AHaepcona—/lapnuHra (KpUTepuil OIHOPOAHOCTH) paccMOTpeH B pabore [4].
CraTrcTHKa KPUTEPHUS OMPEACTISIETCS] BBIPaKECHUEM
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A2= mn % [Gm(x)_}?n(x)]2
m+n_(1-H,,  (x)H,,, (x)

J171s1 BBIOOPOK HENPEPHIBHBIX CITYYaHBIX BENUYUH BBIPAKEHHUE VIS 3TOW CTATHCTUKY [IPUHUMAET MIPOCTOH BUL [4]:

dH,,,,(x)

A® =

1 min-l (Ml-(m+n)—mi)2 3

mn 51 i(m+n—i) ®)

rae M,; — 4ucio 3JIEeMEHTOB NEepBON BBIOOPKH, MEHBUINX WM PABHBIX i-My DJIEMEHTY BapHALMOHHOTO psija
00beIMHEHHOH BBHIOOPKH.

[IpenenbHBIM pacHpeneneHueM CTaTUCTHKHY (3) MpU CIPaBeINBOCTH IPOBEPAEMOM runoressl H, sBis-
ercsl TO JKe caMmoe pacnpenenenue a2(t) [4], KoTopoe SBIAETCs MpeaeabHbIM ISl CTATUCTUKH KPUTEPHS COorfia-

cus Aanepcona—/lapnunra [1].
Bonpocs! MomHoOCTH KpuTepus paccMaTpuBaiuch B [4, 12], MOITHOCTE KpUTEpUs nccienopanacs B [13].

CXoouMoCTh pacnpeneneHus G(A2|H0) cratuctuku (7) x a2(A2) MpU OrPaHUYEHHBIX 00BbEMax BBIOOPOK
Obuta uccienosaHa B [13], rae ObUIO MOKa3aHO, YTO MpH m, 7 > 45 OTKIOHEHHE (YHKLUUHW pacHpelesCHHs

G(A2|H0) oT a2(A2) He npespimaer 0,01. IIpu m =rn=100 pacnpenenenue G(A2|H0) cratuctuku (7)
NPAKTHYecKH coBrazaer ¢ a2(A°).

4. AHATTU3 MOITHOCTH ABYXBBIOOPOYHBIX KpUTEPUEB

MoIIHOCTE KPUTEPUEB MPOBEPKH OAHOPOJHOCTH HCCIEAOBANACH B CIydae Pa3IUYHBIX AIbTEPHATHUB.
B nanHOM ciyuae (U1 ONpeneneHHOCTH) IPOBEPsieMOl rumnore3e H, COOTBETCTBOBAJA IIPUHAIIEKHOCTD BbI-
OOpOK OIHOMY U TOMY K€ CTaHAAPTHOMY HOPMaJIbHOMY 3aKOHY pacIpeeseHUs C MIIOTHOCTHIO
2
@)= ———exp| -0
0,v/2n 20;
u napamerpamu casura 0, =0 u macmraba 6, =1.

[Tpu Bcex anpTepHATHBAX IMEpBasi BELIOOPKA BCEr/ia COOTBETCTBOBAJA CTAHIAPTHOMY HOPMAJIBEHOMY 3aKO-
HY, a BTOpasi — HEKOTOPOMY JPYroMy.
IIpu anpTepHaTHBE CIBUTAa U KOHKypuUpymomledl runorese /[, BTOpas BbIOOpKa COOTBETCTBOBAJA HOp-

MaJIbHOMY 3aKOHY ¢ napamerpom casura 0, = 0,1 1 mapamerpom macmrada 0, =1.

[Tpn u3menennu macmraba M KOHKypHUpyrowleil runorese f, BTOpas BbIOOpKa COOTBETCTBOBAIA HOP-
MaJIbHOMY 3aKOHY ¢ napamerpamu 0, =0 u 6, =1,1.

B ciyyae koHKypHpYIOILel runoressl /45 BTopas BEIOOpPKa COOTBETCTBOBAJIA JIOTUCTUYECKOMY 3aKOHY C

IIJIOTHOCTBIO

~(x—6p) 1+ exp ~ (x—0p)

1
f(X)_GI\/gexp 91\/5 91\/5

u napamerpamu 0, =0 u 0, =1. HopmanbHbIii ¥ TOrHCTHYECKUI 3aKOHBI O4E€Hb OJIM3KH U TPYIHOPA3IHUUMBI C

MMOMOIIBIO KPUTCPUCB COIJIACHU.
HOCKOJ'IBKy npu OrpaHUYICHHBIX o0BeMax BBI60pOK pacnpeaciaCHusa CTaTUCTUK KPUTCPUCB CYILICCTBCHHO
OTIIMYAIOTCA OT MPCACIbHBIX, OUCHKU MOIMIHOCTH HAaXOAWJIUCH IO PC3yjibTaTaM MOJACIIUPOBAHUA PACIIPEACIIC-

HUH CTaTUCTUK IPH CIPaBEUIMBOCTU IpoBepseMOd [/, W KOHKypupyoomux rumnores H;, i=1,3, npu koH-

i
KpPETHBIX 00beMax BBIOOPOK #. Konn4yecTBo SKCEpUMEHTOB HMUTALIMOHHOTO MOJEITHUPOBAHUS B KAXKAOM CIIy-
yae COCTaBWJIO BEIHYHHY N = 10°. Hexoropsie ouenkun wmomuocta kputepueB CmupnoBa (C), Jlema-
Ha—Pozen6narra (JIP), Aunepcona—/lapnunra (AZl) npu 3amaHHbIX ypoOBHSX 3HauMMoctd o =0,1 u pazmud-
HBIX 00BeMax BHIOOPOK IPEACTaBIEHBI B Ta0. 1.
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OneHKH MOUIHOCTH KPHTEPHEB OIHOPOIHOCTH OTHOCUTE/ILHO ajdbTepHaTuB H, — H,

B 3aBHCHMOCTH OT 00b€MOB BbIOOPOK (m=n, a=0,1)

Tabnwuma 1

Kpurepuit n=20 | n=50 | n=100 | n=300 [ n=500 | n=1000 [ n=2000

OTHOCHUTENIHO aJbTEPHATHBBI H

ALl 0,114 0,137 0,175 0,319 0,447 0,691 0,919

JIP 0,115 0,136 0,173 0,313 0,438 0,678 0,910

C 0,111 0,132 0,164 0,280 0,381 0,617 0,869
OTHOCHUTEINIBHO albTepHATHBB H,

ALl 0,104 0,112 0,128 0,202 0,290 0,528 0,861

JIP 0,103 0,107 0,114 0,149 0,191 0,324 0,624

C 0,105 0,108 0,120 0,150 0,186 0,297 0,551
OTHOCHUTENBHO aNbTEPHATHBBI

ALl 0,103 0,108 0,117 0,156 0,203 0,343 0,640

C 0,104 0,110 0,121 0,159 0,198 0,319 0,564

JIP 0,103 0,106 0,113 0,142 0,178 0,288 0,547

Kpurepuit Aanepcona—JlapnuHra, Kak MpaBmiio, 00IagaeT HECKOIBKO OOJBIe MONTHOCTBIO, UeM KpH-
tepuii Jlemana—Po3en61arra, o0cOOEHHO B Clydae OTIMYMS aHATU3UPYEMBIX BEIOOPOK B XapaKTePUCTUKAX pac-
cesHus. B To e BpeMs SKCIIEpUMEHTHI MTOKa3aJi, YTO OTHOCHTENBHO (04eHb) ONIM3KUX KOHKYPHPYIOLIUX TH-
MoTe3 MPH MaNbIX 00BbeMax BHIOOPOK MPEHMYILIECTBO B MOIIHOCTH MOXET ObITh 3a Kpurepuem Jlemana—
Pozenbnarra. Kputepuit CMupHOBa 3aMETHO ycTynaeT B MOIIHOCTH KpuTepusiM Jlemana—PozenOmnarra u AH-
nepcona—/lapaunra. B To jxe Bpems cienyer oOpaTUTh BHUMaHHE HAa HEIUIOXUE ToKa3aTenu Kputepus CMup-
HOBA OTHOCHUTENBHO TUIIOTE3bl /5.

5. MHoroBbsI00poYHbIi KpuTepHii AHAepcoHa—/lapJnHra

Bonpocel moctpoeHus k-BEIOOPOUHBIX KPHUTEPUEB OTHOPOJHOCTH 3aKOHOB, SIBIISIFOIIAXCS aHAJIOraMH
kputepueB ogHopoarocTrn CmupHoBa u Jlemana—Po3en6narra, paccmaTtpuBanmuch B padote [14]. OmHako Ham
HE M3BECTHO O COOTBETCTBYIOUMX PE3yJabTaTaX IMOCTPOCHUS, KOTOPbIE MOXHO ObUTO OBl pEKOMEHIOBATh K
MIPUMEHEHUIO.

3ajava MpoBEPKH OXHOPOAHOCTH k BBIOOPOK (opMynmpyercs ciaenyrommm obpasom. Ilyers x; — j-e

HAOJIOICHHUE i-i BBIOOPKH | =1,_nl., i=Lk. [pearnonoxum, 4to i-i BHIOOPKE COOTBETCTBYET HEMpPEPHIBHAS
bynxuus pacnpenenenus F(x). Heobxomumo nposeputs runoresy suna H : Fi(x)=F,(x)=...=F,(x) 06e3

yKa3aHus 00IIEro i HUX 3aKOHA pacrpe/esCHHS.
MHOroBbsIOOpOYHBIN BapHaHT KpUTEpHUS OTHOPOAHOCTH AHnepcoHa—/lapnunra mnpeanoxer B [5]. O0o-

3HAYMM SMITUPUYECKYIO (DYHKIIUIO paclpenesieHus, COOTBETCTBYIOIIYIO i-if BBIOOpKE, Kak F;, (X), a sMIupH-

k
YeCKYyI (DYHKLMIO PaCHpelercHus, COOTBETCTBYIOIIYI0 OObEAMHEHHON BBIOOPKE 00BEMOM 1= 1;, — Kak

i=1

H, (x) . CraTuctuka k-BbIOOPOUHOr0 KpuTepus AHaepcoHa—/lapnuHra onpenensercs BblpakeHHeM
2
2 k [F;'nl. ()C) - Hn ()C)]
Akn = Z n; J

-1 B (1 -H, (x))Hn (x)

rne B, ={xeR: H,(x)<1}. na k=2 coorHomenue (4) ceoaurcs k (3). B npennonoxenun o HempepbIBHO-

H,(x), “4)

ctu F;(x), ynopsaouuB oObEeAUHEHHYIO BBIOOPKY Z; < Z, <...<Z, , HENOCPEACTBEHHO U3 (4) MOXKHO IOIY-

YHUTb ITPOCTOC BBIPAKCHUEC JJI1 BBIYUCIICHUSA CTATUCTUKA

) zl k in—l(an-j—jnl-)z

A 5
“ Jn—j) ©

ni=1n; j=1
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rae M — 9ucio SIEMEHTOB B i-il BBIOOpKe, KOTOpble He Goinbiie, Yem Z;. Ilposepsiemas rumoresa H,

)

OTKJIOHSIETCS TP OOJBIINX 3HAYCHHUSX CTATHCTHKH (5).
B pabore [5] Tabmuma BepxXHMX NPOLEHTHBIX TOYEK MPEACTaBlIeHa HE Ui cTaTUCTUKU (5), a s
CTaTUCTUKU BUJA

A —(k-1)
T, =—t == (6)
" oLz

Jucnepcus cTaTUCTUKHI A,?n OTIpE/ENsEeTCS BhIpakKeHUEM [S]:

[ 2] an® +bn* +cen+d

w1 -2)(n-3)
npu
a=(4g—-6)k-1)+(10-62)H , b=(2g—4)k*> +8hk +(2g—14h—4)H —8h+4g —6,
c=(6h+2g-2)k* +(4h—4g +6)k +(2h—6)H + 4h , d = (2h + 6)k* — 4hk
rae
k1 n-11 n=2 n-1 1
H=%—, h=%-, g= —
i=17; i=1 1 i=l j=ir1(n—10)J

3aBHCHMOCTD TIPENCIBbHBIX PACIPEACTICHUA CTATUCTHKU (6) OT dYKcia CPAaBHHUBAGMBIX BBIOOPOK Kk
witrocTpupyet puc. 1. C pocToM umnclia CpaBHUBACMBIX BBIOOPOK 3TO paclpeaefieHHe MEIICHHO CXOAUTCS K
CTaHJapTHOMY HOPMaJLHOMY 3aKOHY. VcciaemoBanue pacrpeeeHnil CTATHCTHK METOJaMU CTaTUCTUYISCKOrO
MOJICTUPOBAHUS TPH KOHKPETHBIX K TIOKA3aJd0 HAJIMYME COOTBETCTBYIOIIMX MPENCTBHBIX PACIpeACICHUN.
Pe3ynbTaThl MOJCTHPOBAHMS BBISBUIM, YTO MpPU HCIOIB30BAHWU KPUTEPHS OTIMYHEM pachpeaeicHuit
CTaTUCTUK OT COOTBETCTBYIOIIMX MPEACIbHBIX MOXHO MpeHeOpeuh MpH o0beMaxX aHATHU3UPYEMbIX BBIOOPOK
n; 230.
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Puc. 1. 3aBucuMocTs MpeAeIbHBIX PacTIpeeIeHI CTaTUCTHKH (6) OT YMCiIa CPaBHUBAEMBIX BEIOOPOK

BerHI/Ie KPpUTHUYCCKUEC 3HAUCHHA MNPCACIbHBIX pacnpe):[eneHI/Iﬁ I CTaTUCTHKH (6), TMOJTYUYCHHBIC
MCTOJAAMU CTATUCTUYCCKOIO MOACIUPOBAHUA (HpI/I n; =1000 u wuyucie OKCIICPUMCHTOB HUMHUTAIITUOHHOI'O

MoaenupoBaHus N =10° ), YTOUHSIOIIME W PaCIIUPSIONIUE TaOIUIly, IPUBEACHHYIO B [5], TIpeACTaBIICHBI B
[15]. B TO ke Bpems Ui 4HcCiIa CpaBHHUBAEMbIX BBIOOPOK k =2+11 Hamu ObUIM IOCTPOEHBI MPHOIHKEHHBIC
MOJIENIM TIPEACTbHBIX paclpeneNeHnid CTaTHCTUKU (6). XOpomrMH MOJAECISIMH OKa3alHCh 3aKOHBI CeMEHCTBa
Oera-pacnpenenenuii 111 poga ¢ mIoTHOCTHIO
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x_64 90_1 1_x—94 el_l
0% 0, 0,

0;B(6,,9,) _p. The
3B(Y, Yy {1+(62_1)x 94}

fx)=

03
IpH KOHKPETHBIX 3HAYEHHUsAX MapaMeTpoB 3TOrO 3aKOHA, HAMJIEHHBIX 110 MOIYYEHHBIM B PE3yNbTaTe MOAEINPOBA-
HUs BbIOOpKaM cratucTHK. IpencraBnennsie B Tabmn. 2 mogemn B (0, 0,,0,,0;,0,) c npuBeneHHbIMU 3HaYEHH-
SMU IIapaMETPOB MO3BOJIAIOT 110 3HAYEHUAM CTATUCTUKH, BBIYMCIIEHHBIM 110 COOTHOLIEHHIO (6), HAXOUTh OLIEHKU
JIOCTMTHYTOT'O YPOBHS 3HAYUMOCTH P41, TIPH COOTBETCTBYIOLIEM YHCIIE k CPABHUBAEMBIX BEIOOPOK.

Tabnuma 2
Mopaeiu npefebHbIX pacnpene/eHHil CTAaTUCTHKH

k Monens
2 By (3,1575; 2,8730; 18,1238; 15,0000; —1,1600)
3 By (3,5907; 4,5984; 7,8040; 14,1310; —1,5000)
4 By (4,2657; 5,7035; 5,3533; 12,8243; —1,7500)
5 By (6,2992; 6,5558; 5,6833; 13,010; —2,0640)

6 By (6,7446; 7,1047; 5,0450; 12,8562; —2,2000)
7 By (6,7615; 7,4823; 4,0083; 11,800; —2,3150)

8 By (5,8057; 7,8755; 2,9244; 10,900; —2,3100)

9 By (9,0736; 7,4112; 4,1072; 10,800; —2,6310)
10 By (10,2571; 7,9758; 4,1383; 11,186; —2,7988)
11 By (10,6848; 7,5950; 4,2041; 10,734; —2,8400)
@ N(0,0; 1,0)

B Tabn. 3 mpuBeaeHBl OLIEHKH MOIIHOCTH k-BBIOOpOYHOTO KpuTepusi Anaepcona—/lapiuura npu k=4
oTHOocuTenbHO H|, H, u H,, KOorja TOIbKO OfHAa U3 k BBIOOPOK MpHHAIEKANIA KOHKYPHPYIOIIEMY 3aKOHY.
[Ipu k =2 xpurepwmii Co CTAaTUCTUKOH (6) SKBUBAJICHTEH 110 MOITHOCTH JBYXBHIOOPOUYHOMY KPUTEPUIO AHJEP-
cona—/lapnmunra co cratuctukoit (3).

EctecTBeHHO, 4TO ¢ POCTOM KOJMYECTBAa CPABHUBACMBIX BHIOOPOK TEX K€ 00HEMOB MOIIHOCTH KPUTEPHUS
OTHOCHUTENBHO aHAJIOTUYHBIX KOHKYPHUPYIOIINX TUIIOTE3 CHUKAETCSL.

Tabnuma 3
OueHKH MOLIHOCTH A-BbIGOPOYHOI0 KpUTepHUsl OTHOPOAHOCTH AHAepcoHa—/lapiunra
OTHOCHTE/IbHO ajbTepHaTHB H, u H, B 3aBHCHMOCTH OT 06beMOB BhIGopok (K =4, n,=n)

YpoBeHb 3HAUMMOCTH O | n=20 | n=>50 | n=100 | n =300 | n=>500 | n=1000

OTHOCHTENIPHO aTbTEPHATHBBI H

0,1 | o112 | 0131 |  ole4 [ 0301 | 0433 [ 0701
OTHOCHUTENIBHO aNbTepHATHBB H,

0,1 | o144 [ o110 | 0123 | 018 [ 0254 | 0474
OTHOCHUTENBHO aNbTEPHATHBBI [

0,1 | o102 [ o106 [ o113 | o014 [ 0179 [ 0291

3aki0o4eHue

[TocTpoeHHBIE B AaHHOH paboTe MOJEIH NPEAEIbHBIX PacpeaeieHUH CTaTUCTUKY (6) IPU UCHONb30Ba-
HUHU k-BBIOOPOYHOrO KPUTEPUS OAHOPOAHOCTH AHJepcoHa—/lapnuHra Ui aHanu3a k CpaBHUBAEMBIX BBIOOPOK
(k=2+11) paroT BO3MOXXHOCTb HAXOJUTh OLEHKH P, ., YTO, HECOMHEHHO, JE€IaeT pPe3yabTaThl CTATUCTHYE-

CKUX BBIBOJIOB OoJiee HHPOPMATUBHEIME U 00Jiee 000CHOBAHHBIMHU.
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HeoOxoaumo ynmoMsiHyTh O Kputepusix ogHopomaHocTd JKanra [16, 17], KOTOpble HalOT BO3MOXXHOCTH
aHaIM3KMpoBaTh k >2 BBIOOPOK. Tpu kpurepus XKanra co cratuctukamu Zy , Z- U Z, SABISAIOTCA Pa3BUTHEM,

COOTBETCTBEHHO, KpHUTepueB onHopogHocT CwmupHoBa, Jlemana—Po3zenOmatta m Anpaepcona—/lapmunra.
[IpeaBapuTenbHble HCCIEIOBAaHUS MOKA3aldM, YTO KPUTEPUH OJHOPOAHOCTH JKaHra MMEIOT HEKOTOpoe Ipe-
HMMYIIECTBO B MOIIHOCTH 110 OTHOIICHUIO K allbTepHATHBAM MaciiTada, HO HECKOIBKO yCTYIAIT PacCMOTPEH-
HbIM Kputepusm CMupHOBa, Jlemana—Po3enOnarra u Anaepcona—/lapyivHra Mo OTHOIICHUIO K allbTepHATHBAM
casura. Hemoctatkom kputepueB JKanra, 3aTpyAHSIIONINM UX NPUMCHEHHUE B IPWIOKEHUSX, SABISICTCS 3aBUCH-
MOCTb PacHpeACIeHHI CTATUCTHK OT 00beMOB BEIOOPOK. OTHAKO MPU COBPEMEHHOM YPOBHE Pa3BUTHUS HHGOP-
MaIMOHHBIX TEXHOJOI'MI TaKOM HEJOCTATOK y:Ke HE ABJISICTCA KPpUTUUHBIM [15].
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The necessity of general homogeneity hypothesis checking, i.e. whether two (or more) samples of random variables belong to the
same general aggregate, arises constantly in the course of analysis of unbiased errors of measuring instruments. Such task arises natural-
ly in the course of measuring instruments calibration and when comparing lab tests results. Technologists, medical researchers and biol-
ogists also face the same task when processing results of experimental research.

The present paper deals with the Smirnov, the Lehmann-Rosenblatt and the Anderson-Darling two-samples homogeneity tests; sta-
tistics for these tests is given; advantages and disadvantages of the tests are discussed.

As a drawback of the Smirnov test we may mention a substantial discreteness of statistics distribution which must be taken into ac-
count when having significant values of n and equal number of m and n samples. This drawback can be overcome if we choose mu-
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tually prime integers as m and » . But even when this drawback has been remedied the real statistics distribution still differs substan-
tially from the Kolmogorov limit distribution as the checked hypothesis is true. Hence when using the latter for evaluation of the signifi-
cance level (p,,;,.) incorrect conclusions can be reached. One can avoid this only by modifying the test statistics.

As opposed to the Smirnov test, the Lehmann-Rosenblatt and the Anderson-Darling statistics distribution homogeneity tests do not
actually differ from their limit distributions when having samples values of m,n > 25.

Comparative analysis of tests powers under discussion, conducted with the help of statistic modeling methods, showed that, as a
rule, the Anderson-Darling test boasts of bigger power than the Lehmann-Rosenblatt test, especially in case of differences of samples in
their measure of dispersion. At the same time, when having rather similar yet competing hypothesis and smaller number of samples, the
Lehmann-Rosenblatt test can show advantage in power. The Smirnov test yields to the Lehmann-Rosenblatt and the Anderson-Darling
competing tests, but in certain cases it can be quite competitive.

Previously, information on distribution of statistics for k-sample Anderson-Darling homogeneity test has been available only within
a limited table of critical limits. In the present case the study of statistics distribution through statistic modeling methods with actual &
values showed the presence of corresponding limit distributions. Results of such modeling showed that when using this test we can dis-
regard the difference between the statistics distributions and the corresponding limit values while the number of samples #; > 30.

Based on the results of statistics modeling, approximate models for limit distributions of the Anderson-Darling k-samples test for
k=2+11. This paper shows the models created, represented by the laws of beta-distributions of the Illrd with particular parameter

values. Such models produced with the help of the Anderson-Darling k-sample test enable finding the values of p,,., thus making the
results of statistics conclusions more informative and more substantiated.
The possibility of using the Z hang k-sample homogeneity test with statistics of Zy , Z- and Z , is discussed, these being the ex-

tension of the Smirnov, the Lehmann-Rosenblatt and the Anderson-Darling test, respectively. The Zhang tests have some advantages in
power with reference to the scale alternatives, but they somewhat yield to the Smirnov, the Lehmann-Rosenblatt and the Anderson-
Darling tests with reference to the shift alternatives.
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OTKPBITBIE MAPKOBCKHUE CETU MACCOBOI'O OBCJIY KUBAHUSA
C KOHTPOJIBHBIMU OYEPEJIAMU U KAPAHTUHHBIM Y3JI0M

HccnenyeTcst OTKpBITast CETh MacCOBOTO OOCIY>KHBAHHS C ITyaCCOHOBCKUM BXOJSIIUM IOTOKOM. B kaxmom y3ie dop-
MHPYIOTCSI IB€ OUepeIH 3asgBOK: KOHTPOIbHAs Ouepe/ib IPOBEPKH 3asiBOK HA CTAHAAPTHOCTH M OYepe/ib Ha 0OCTyKUBa-
Hue 3as1BoK. [locTynaromye B y3/bl 3a9BKH IPUCOCAUHAIOTCA K KOHTPOJIBHOM 04epenu, B KOTOPOH MPOUCXOIAT UX CKa-
HHUPOBaHMUE, IPOBEPKA HA COOTBETCTBUE TPeOOBaHMAM ceTH. 1o pe3ympraTtaM IMpoBEpKH 3asBKH MOTYT OBITH HaIpaBlie-
HBI B KAPAaHTHUHHBIH y3€JI JUT PeIIeHus] 00HAPYKEHHOH POOIICMEI.

Ki1ioueBble c10Ba: ceTh MacCOBOrO OOCITYKHMBaHHMS, KapaHTHHHBIE OYEPEAN B y3JlaX; CTAIMOHAPHOE PACIpeieieHHe;
IProAUYHOCTb.

CucteMBbl U CeTH MacCOBOr0 OOCTYKMBAaHHMS MO3BOJISIIOT MOJETHPOBATh U aHAM3UPOBATh (PYHKIMOHUPO-
BaHHME PA3NIMYHBIX PEAbHBIX OOBEKTOB, OCYIIECTBIIONIMX OOCTY>KMBAHHE: CETH CBSI3H, TEIEKOMMYHHKAIOH-
Hble ¥ WHQOpMaMOHHBIE CETH M T.A. B Hacrosiee BpeMs BeCbMa aKTyaJbHBIM SBISIECTCS BONPOC 3aIUTHI UH-
(dbopmarym, UCIOoNIb30BaHUS aHTUBUPYCHOIO MPOTPaMMHOI0 00eCIedeHus, KOTOpoe oOHapyXHuBaeT U oOe3Bpe-
KHMBaeT BPEIOHOCHBIE OOBEKTHI U YIPO3bI ISl CUCTEM M ceTell. PaHee uccieoBaHbl CeTh MacCOBOIO OOCITYKUBA-
HUSI, TIO3BOJISIIOIIME YUUTHIBATh CUTYAllMH, KOTAa OXKHUIAIONIME B Ouepeny 3asiBKU, o0nanas HEKOTOPHIM edek-
TOM, CTAaHOBSTCS BPEMEHHO HEaKTHBHBIMH [ 1, 2] numm obcirykuBatonuyii mpubop pearupyer Ha BpeJOHOCHBIE 3a-
SIBKM CMEHOH pexkuma oOcmyxuBanus [3]. B Hacrosimel pabote UCCIEAYIOTCS CETH MacCOBOIO OOCITY>KHBaHUS,
MO3BOJISIIOIIME ONKCAaTh (PYHKIMOHUPOBAaHHE MOAOOHOTO MPOrPAMMHOTO OOECIICUEHHS C MOMOLIBIO BBEACHUS
odepeziel, B KOTOPBIX MTPOM3BOANTCS POBEPKA BCEX MOCTYNAIOMMX 00BEKTOB € TOCIEAYIOMNM 00€3BPEKUBAHU-
€M BpEIOHOCHBIX OOBEKTOB B KapaHTHHE. B pabote [4] paccMaTpuBaercs Moaeib C KApaHTUHHBIM Y3JIOM, B KO-
TOPBIN HANPaBIIAIOTCS 3asiBKH, IPU3HAHHBIE HECTAHIAPTHEIMU B OYEPENAX Y3JI0B, IPH 3TOM BO3MOKHA CUTYyalus,
Korza 3asiBKa OyZeT HampaBlieHa Ha OOCTY)KMBaHUE B y3Jie, HE yCIIEB MMPOMTH MPOBEpPKY. B HacTosimel pabore
KOHTpOJIbHAS 04epeib MPUCYTCTBYET B KayKAOM Y3JI€, UTO MO3BOJIAET YUUTHIBATH CUTYAlHIO, KOTJa BCE MOCTYTa-
IOLINE 3asBKH TPOXOIAT NPEIBAPUTEILHYIO IPOBEPKY, CKAHUPOBAHKE A0 TOTO, KaK OHH OyIyT AOMYIIEHBI K 00-
ciykuBaHuio. Vccnenyercst OTKpbITas MapKOBCKasl CeTh, B KOTOPYIO TOCTYIAET MMyaCCOHOBCKHMII MOTOK 3asBOK.
V31bI cOCTOAT U3 OBYX Oouepenel: KOHTPOJIBHOW ouepen U ouepenu Uil oOCTyKWBaHMS. 3asBKH, IOCTYymNas B
y3ell, yBENMUYMBAIOT JUINHY KOHTPOJIBHOW Ouepenn y3ia Ha euHNIly. B KOHTpOIBbHOM ouepenn ys3nia Mpou3BOANT-
Csl IPOBEpKa MOCTYNHUBILKX 3asBOK, P OOHAPY>KEHUH OMACHOCTH 3asiBKa HANpaBJseTcs B KApaHTUHHBINA y3el
JUISl yCTpaHEeHUs! PpOOJIEMBl, B IPOTUBHOM CiTydae 3asBKa MPUCOCIUHACTCS K OOBIYHON Ouepeny y3ia.

1. M30MpoBaHHBIN y3ea
1.1. H3onuposanunulii y3en ¢ KOHmMpPOaAbHOU 04epedbio

PaCCMOTpI/IM CUCTCMY MACCOBOI'O 06CJ'Iy>KI/IBaHI/I$I, B KOTOpPYIO IOCTYNacT HyaCCOHOBCKI/Iﬁ IIOTOK 3asBOK
C mapaMeTpom A. B cucreme (bOpMI/IPYIOTCH JBEC OﬂHOHHHeﬁHBIe oucpcau: KOHTPOJIbHAA O4YCPCAb U OUYCPEAb K
06CJ'IY)KI/IBEIIOH_ICMY HpI/I60py Kamnaﬂ MoCTyImaromas 3asiBKa NpuCOCAUHACTCA K KOHTpOJ'II:HOfI ouepeaun, rac
MMPOBCPACTCA SKCITOHCHINAJIbHBIM HpI/I60p0M Ha CTaHAApTHOCTb. BpeMeHa IMPOBCPKH HC3aBUCUMBI, HC 3aBUCAT
OT MIPOLCCCOB MOCTYILJICHUA, 06CJ'Iy>KI/IBaHI/I$I U UMCIOT MOKAa3aTCIIbHOC paClpeACICHUEC C MapaMCeTpoM Vv, V —
HCKOTOpAas IMOJIOKUTCIIbHAA ITOCTOAHHAA. HI/ICLII/IHIH/IHa IMPOBCPKU 3aABOK IMPOU3BOJIbHAA. Kamz[aﬂ 3asBKa I10CJIC
OKOHYaHUA TPOBCPKU mmbo ¢ BCPOATHOCTBIO p NPU3HACTCA HeCTaHZ[apTHOfI 1 NOKUJAACT CUCTCMY, mmbo ¢ BCpO-
SITHOCTBIO 1 — p NPUCOCANHACTCA K OUCPCAN CTAaHAAPTHBIX 3adBOK.
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Bpemena oOcimykrBaHHs 3asIBOK B CHCTEME HE3aBHCHMBI, HE 3aBUCAT OT MPOLIECCOB TOCTYIUICHUS, TIPOBEPKU
W UMEIOT TI0Ka3aTelIbHOE pacnpeieieHne ¢ napamerpom W Ilopsimok oOcay>KuBaHus 3asIBOK IPOU3BOIBHBIH.

OyHKIMOHNPOBAHNE PACCMATPHUBAEMON CHCTEMBI MAacCOBOTIO OOCTY)KMBaHUSI B MOMEHT BPEMEHH ¢ OTHCHIBA-
ercsl CiTydaifHbIM TiporieccoM x(¢) = (m(f), n(t)), rae m(f) — KOMMIECTBO 3aIBOK B KOHTPOJILHOH OYepeli B MOMEHT
BpEMEHH ¢, 1(f) — KOIIMUECTBO 3asBOK B OOBIYHOM Ouepear B MOMEHT BpeMeHH £. Torna x(f) — oTHOpOIHBINH MapKOB-
CKHH TPOLIECC C HEMPEPHIBHBIM BPEMEHEM M CYETHBIM IIPOCTPAHCTBOM COCTOSHHUN X = {x = (m, n): m, n > 0}.

[Ipeanonoxum, uro {p(x), x€ X} — cTaunoHapHOE pachpeercHie BEpOITHOCTEH COCTOSHUM mporecca
x(?). YpaBHeHHS paBHOBECHS ISl CTALIMOHAPHBIX BEPOSTHOCTEH UMEIOT CIEeAYIOINN BUA:

p(m,n) [k + M{wo} + VI{m#O}:| =p(m—1, ”)M{wo} +p(m,n+1)p+
+p(m+Ln)vp+ p(m+1Ln-1)v(- p)I{nio}, (m,n)e X.
Teopema 1. [Ipu BBITOTHEHNH HEPABEHCTB
by Mizp)
v H
MapKOBCKHH Tporecc x(¢) 3proauveH, a CTallMOHapHOE pacIpelesieHhe BEPOSTHOCTEH COCTOSHUN CHCTEMBI

HMEET CIETYIOIUN BUL;
) = ( j AMl-p) ( &Jl M-p)|
v u v il

HOKaSaTCJ’IBCTBO MNpOBOAUTCA CTaHAAPTHBIM 06p330M - HOZLCTaHOBKOﬁ CTallMOHAPHBIX BepOSITHOCTCﬁ B
YpaBHCHUS PAaBHOBECHUS. Vcnosue SProANYHOCTH MMOJTYUYCHO U3 3pFOILI/I‘{€CKOﬁ TCOPCMBI dDOCTepa.

1.2. H3onuposannulii KapanmuHHlii y3en

Paccmorpum cructeMmy MaccoBOro o0CIy>KHBaHUS, B KOTOPYIO MOCTYIAET [TyaCCOHOBCKHUN MTOTOK HECTaH-
JApTHBIX 3a5BOK C IIAPaMeTPOM A.

Bpemena obciyxrBaHHsI 3aBOK B CHCTEME HE3aBHCHUMBI, HE 3aBHUCAT OT MPOLECCOB MOCTYIUICHHUS U
HUMEIOT TIOKa3aTeNbHOE pacnpeneneHne ¢ mapamMerpoM L. Ilopsaok oOcayKuBaHUs 3asSBOK MPOU3BOIBHBIMN.

OYHKIMOHUPOBAHUE PACCMATPUBAEMOM CHCTEMBI MacCOBOTO OOCITYKUBAaHHUS B MOMEHT BPEMEHH ¢ OIU-
CBIBAeTCsl CIy4aHbIM IpoueccoM n(f), Tae n(f) — KOTUYECTBO 3a1BOK B CHCTEME B MOMEHT BpemeHH ¢. Torna
n(¢) — OIHOPOJHBIN MapKOBCKHI MPOLIECC ¢ HEMPEPHIBHBIM BPEMEHEM M CUETHBIM IPOCTPAHCTBOM COCTOSHUI
X={n,n=>0}.

[Ipeanonoxum, uro {p(n), ne X} — craumoHapHOe pacrpeeleHre BEpOITHOCTEH COCTOSHUI mporecca
n(?). YpaBHeHHs PaBHOBECHS ISl CTALIMOHAPHBIX BEPOSTHOCTEH UMEIOT CIIEAYIOINI BUI:

PO Mt | = POT=DA g +P(1+ DR, nEX.
Teopema 2. IIpu BBIITOTHEHNY HEPABEHCTBA

&<1

u
MapKOBCKHI mpornecc 7(f) 3proaddeH, a CTaMOHApHOE paclpeelieHHe BEPOSTHOCTEH COCTOSHUN CHCTEMBI
HMEET CIEeNyIOIUN BUL;

n

A A
pm)=|—||1-—|
u u
HOKaSaTeﬂBCTBO MPOBOAUTCA CTaHAAPTHBIM 06p330M — HOI[CTaHOBKOfI CTallMOHAPHBIX BepOHTHOCTefI B

YpaBHCHUS PAaBHOBECHUA. Vcnosue SProANYHOCTH MMOJTYUYCHO U3 3pFOZ[H‘-IeCKOﬁ TCOPCMbI ¢)OCTepa.

2. OTKpBITas ceTh

PaccMoTpuM OTKpBITYIO CE€Th, COCTOAIIYI0 M3 N Y3JI0B MEPBOrO THMA CO CTPYKTYpOH, OMMCAHHOM B
nyHkre 1.1, u (N + 1)-ro y3ma BToporo Tuma co CTpyKTypoii, onucaHHoil B myHKTe 1.2. B ceTb mocrymnaer myac-
COHOBCKHH TIOTOK 3asIBOK C IIapaMeTpoM A.
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Kaxxnmas 3asBka HE3aBUCHMO OT JPYTHUX 3asSBOK HAIPABIIACTCS B i-il y3€lI C BEPOSTHOCTBIO po; (i = 1, V).

OueBuHO, uTO Y.V, po; = 1. Kaxknas 3asska, mocTynaromas B i-ii y3e MepBoro TUIa, MPUCOETMHSAETCS K KOH-

TpOJ'IBHOﬁ oucpcau, rac npoBCpACTCSd Ha CTAHAAPTHOCTD. BpeMeHa MMPOBCPKU HEC3aBHUCHUMBI, HC 3aBUCAT OT IIPO-
HECCOB MOCTYIJICHHA, O6CJ'IY)KI/IB3HI/I$I U UMCIOT MOKA3aTCIIbHOC paCpeaACICHUC C TIapaMCTPOM V;, V; — HCKOTO-

pasi moNOXKUTeNbHAS MOCTOAHHAS (i = I,_N). Kaxxnas 3asBKa mocne OKOHYaHHS MPOBEPKH B i-M y3JI€ C BEPOSIT-
HOCTBIO p; IPU3HAETCSI HECTAHAAPTHON W HE3ABUCUMO OT JPYTHX 3asBOK MCHOBEHHO HANpPABISETCSA B OUYEPEND
(N + 1)-ro y3ma, a ¢ BEpOSITHOCTBIO | — p; IPUCOEONHSIETCS K OUepeu CTaHJapTHBIX 3asBOK B i-M y3ie. CtaH-
JapTHBIE 3asBKM OOCITY>KUBAIOTCSI HKCIIOHEHIMATBHBIM IPUOOpOM, BpeMeHa OOCITy>KUBaHHsI 3aBOK MPHOOpOM
i-TO y371a HE3aBHCHUMBI, HE 3aBHCAT OT IpoLiecca MOCTYIUIEHNS U UMEIOT MOKA3aTeNbHOE pacipeescHue ¢ ma-

pamerpom L; (i = 1, N'). Ilopsanok oOcayXuBaHUs 3asBOK MPOU3BOIBHBIMN.
Kaxxnas 3asBKa mocie 3aBepiieHus 00CTy>KUBaHHSI B i-M y3J1€ HE3aBUCHUMO OT APYTUX 3asiBOK MTHOBEHHO

HAIPaBIIAETCA B j-H y3€l ¢ BEpOATHOCTBIO Py, & C BEPOSTHOCTBIO pjy IOKUIAET CETh (Zﬂyzl pij+pio=Li=LN )

B (N + 1)-m y31e, KOTOpbIil HA30BEM KapaHTHHOM, OCYILECTBIISIETCSI BOCCTAHOBIICHHE Ka4eCTB (JIeuecHHe)
HECTaHJAPTHBIX 3asBOK MM MX 00e3BpexuBaHue. Bpems Takoro oOCIy:KMBaHHUS UMEET IOKa3zaTeIbHOE pac-
MpeAeieHre ¢ mapaMerpom Ly . [lopsmok oOcmykuBaHus mpor3BosbHBINA. Kaxkaas 3asBka mocie obciyKuBa-
Hus B (N + 1)-M y3i1e He3aBUCHMO OT APYTHX 3aBOK MIHOBEHHO HAIPABIISICTCS B OUEpeb j-TO y37a C BEpOsT-
HOCTBIO py+1j, T.€. «BBLUICYMBACTCSY U MPOAOIKAET JBUKEHUE 110 CETH, a C BEPOSTHOCTBIO py+19 00E3BPEKUBA-

€Trcs, T.C. IOKUJACT CETh (Zﬂyﬂ DN+1j T PN+io = 1).

CocTosHHE CeTH B MOMEHT BpEMCHU t XapaKTCpUu3yeTCs BCKTOPOM

x(2) = (x1(9), x2(9), ..., Xn+1(2)),

rae x,(f) = (my(¢), n(f)) — cocTosHUE y371a MEPBOrO THIIA B MOMEHT BPEMEHH £, m,(f) — YUCIIO 3aIBOK B KOHTPOJIb-
HOU ouepeaw, 7,(f) — YMCIIO 3asBOK O4epend Ha OOCIyKHMBaHHE B i-M y3JI€ B MOMEHT BpemeHH ¢ (i = L, N);

Xn+1() = ny+1(f) — amcTo 3aIBOK B KapaHTHHHOM (NN + 1)-M y371€ B MOMEHT BPEMEHU ¢,
[portecc x(f) — OMHOPOIHBINM MapKOBCKHI MPOIIECC C HEMPEPHIBHBIM BPEMEHEM M He 00JIee YeM CUETHBIM

MIPOCTPAHCTBOM COCTOSTHUN X = X X Xo X ... X Xyyp, rae X; = {x; = (my, n;): m;, ;> 0,i= LN }, Xpywr = {xp01 =
= Nys1: Ny = 05
VYpaBHeHus TpaduKa UMEIOT BU

N —_—
& =Poi T+ lej(l_pj)pji +eyPyi> = LN,
=

N
Jj=1
Beenem cienyromme 0003HAUYEHUS:
Poi = Poi>
P;i= (1- p; )pji >
PN+ = P>
Pnvii = Py

* * .. v
[Tokaxem, uro maTpuna P = Djishsj = 0, N +1) aBisieTcss CTOXaCTUYECKOMA.

N N
ZPO[ =Zpo,~ =1,
i=1 i=1

N+1

N N N
Zp_/i ZZ(I_P/)P/[ +p; =Zp_,~i —p_/zpﬁ +p; =1,
i=1 i=0 i=0 i=0

N, N
ZPNH[ = ZPNHI‘ =1.
i=0 i=0
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ByJeM Hpeanonarath, 4To0 MATPUIA MAPUIPYTH3aWun P, rae po = pons1 = 0, HEIPUBOAMMA. 3aIHCaB
ypaBHeHHUs TpaduKa yepe3 BBeACHHbIE 0003HAUEHHsI BEPOSITHOCTEH Mepexo0B, IOIyYyaeM CUCTEMY YpaBHEHUN
Tpaduka cetn J[)kekcoHa, IIsl KOTOPOH JOKa3aHO CYIIECTBOBAHHE €AMHCTBEHHOTO TOJIOKUTENBHOIO PELICHUS
MIPH YCJIOBUHU HETIPUBOAUMOCTH MaTpHIbI MapiipyTuzauuu [5]. Takum obpa3om, cuctema ypaBHeHUH Tpaduka

JJIA HCCJ’ICI{yeMOﬁ CCTHU UMCCT CANHCTBCHHOC MOJIOKUTCIIBHOC PCIIICHUEC (8[, 1, N+1 )

[Iycts {p(x), xe X} — cTaumonapHoe pacnpeneieHnue BEposSTHOCTEH COCTOSIHUN Tpotecca x(f). YpaBHe-
HUS paBHOBECHUS 715 CTAIIMOHAPHBIX BEPOSATHOCTEH MMEIOT BUJL

N N
p(X)(}ﬂ‘é uil{”i#)} + lVLN"'II{”;\/H¢0} + évil{mi¢0} j -

N N
2
=2 plx- e Mol w0y + 2 p(x+ € Wypio + POr+ ey Pyaao +

N N
2 p(x+ e —enaVipilyy, o+ X0t e = Vil= P, o) + (1)

N N N
+'21 le(x+e§ —e})ujpﬂl{miio} + le(x"'eNH _eil)l“"N+le+1[I{mi¢O}’ xeX.
i=l j= =

3nech ef — eqmHIaHBI BekToOp pasmepHocTH (2N + 1) ¢ emunmueii B (2( — 1) + k)-it nosumwmn, i = LN, k=1, 2;
en+1 — CIMHUYHBIN BekTOp pasmepHoctu (2N + 1) ¢ enunnneii B (2N + 1)-i mo3umum.

Teopema 3. [Iycth ist mo0bIX = 1, N BBITIOIHSIOTCS HEPABEHCTBA

AE. re.(1-p. p¥s

Aoy g, 2eldmp) Ao @)
Vi W M

TOrJa MapKOBCKHU mpouecc x(¢) sproauyeH, a (UHAJIbHOE CTAI[MOHAPHOE PACIpEeeHUE BEPOSTHOCTEH CO-

CTOSIHMM CeTH MMEET CIIeYIONINil BUI;

P(X) = pi(x1) paAx2)... psi(xns1), X X, 3)
rre
re ) (he, (1= )\ (. Ae, re (1-p. —
pl-(xl-){ij [—8’( pl)J [1—iJ£1——81( p’)}izl,N, @)
v, W; v, W
Ao | ey,
Pna (xN+1) = L—Nlj [1 _—Nl} Q)
N+1 l“lN+1

(&5, L, N +1) — perienue cucremMbl ypaBHEHHH TpaduKa.

Joxazamenscmeo. JlokaxxeM, 4TO MapKOBCKUH Mpomecc X(¢) 3proAnyeH NpH BHIMOTHEHUN YCIOBHi (2),
a (3) sBusiercs pemenneM ypasHeHuil paBHoBecus (1). CoriacHo sproandeckoil Teopeme Pocrepa JOCTATOUHO
J0Ka3aTh, YTO CYLIECTBYET HETPUBUAIBHOE pelieHue {p(x), x € X} CUCTEMBbl YpaBHEHHI PaBHOBECHS

r)g(x)= > p(»qg(y,x),xe X, (6)

y#EX, yeX
TaKoe, 4To sl zxe +4(x)p(x) cxonutcs. 3a€ech g(x) — HHTEHCMBHOCTD BBIXO/d M3 COCTOSHHS X.

Hoxkaxkem, uTo (3) ynoBierBopsier ypaBHeHUssM paBHoBecus (1). Bocmonszyemcss MeToI0M JIOKaJIbHOTO
Oananca. Pa3oObem (1) Ha ypaBHEHUSI JIOKAJIBHOTO PABHOBECHS

N
PL=) p(x+ eiz W, Pig + P(X+ ey My P (7)

i=1

N
P(x)(;luil{niﬂ} + HN+1I{nN+1¢0}j =
< 1 N 1 2
= EP(X +e _eN+1)VipiI{nNH¢0} + ap(x +e —e )v;(1- pl')l{nliO} ; (®)

N N
POIZViLjy o) = 2P = €)Ml w0, +
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N N N
+Zl le(x +el - e})u,»pgl{mjio} + le(x Tena~ Q})HN+1PN+1iI{mI.¢o} : ©)
=1j= 1=

Paznenum 00e yactu ypasHenus (7) Ha p(x) = p1(x) pa(x)... pa+1(x), moacraBum (4), (5), moayanm
A= 27»8 i(1-p;) AE

iPiot—HUnaPyio =
l“"i l“"N+1

N N
=X Zgi(l -pi)- Z(S_/ —Poj— 8N+1pN+l_/) +EyuPysi0 | =M
i1 =1

Paznenum o0e yactu ypaBHenus (8) Ha p(x) = pi(x) pa(x)... py+1(x), moacraBum (4), (5), moayanm

]zvluil{niO} Uyl 200 = % Wi Mt — VDl 00t
= A -1 V; A&y, N
N Ag; W;
+3 ———v,(1-p)I = SN zg +Z I
S, AL, (1_ ) ( p[) {20} = = pl {ny %0} Hilgp =01 =

N
= Zluil{ni¢0} Uyl w0
=

Paznenum o0e yactu ypaBHenus (9) Ha p(x) = p1(x) pa(x)... py+1(x), nogcraBum (4), (5), moayanm

RS TR VAN 5 et cLAT
i=1 {m=0} — = 1)\‘ 0i {m;#0} Pt 0 7\.8i i Pjit{m =0}
N e v,
+3, l“"N+1pN+1[I{ml.¢O} =

i=1 Py Mg

V

M2

N
Poi + Z e;(1=p))pji +enuPnai I{m.#O} = avil{mi¢0}'

lll Jj=1

U3 tpeboBanus Teopembl docrepa 0 cxoaquMocTu psipa Y., g(x)p(x), TAe WHTCHCHBHOCTH BBIXOJA U3

COCTOSIHUS X
N N
gx)=h+ 20l o Byl 200+ 2 Vidiy 2o
i-1 i N+1 i-1 i

yuutbiBas (3), momyuum yciosue (2). [Ipu stom (3) 3amaer enMHCTBEHHOE CTallMOHAPHOE paclpeneeHne Be-
pOATHOCTEN COCTOSIHUM ceTH. TeopeMa Joka3aHa.

3akjIoueHne

B nacrosimeit pabote ucciaeqoBaHa OTKPBITas MapKOBCKasi CETh MacCOBOr0 OOCITY>KMBAHUsI C TIOCTYTIa-
FOIIM ITyaCCOHOBCKHM IOTOKOM 3asBOK. CETh COCTOUT U3 Y3JI0B, B KOTOPBIX HAXOAATCA JABE OUEPEAN: OUepeab
JUISl TIPOBEPKH 3a5BOK Ha CTaHIAPTHOCTb M OOBIYHASA odepenb Ui oO0cHyxuBaHusi. BpeMeHa mpoBepku u Bpe-
MeHa 00CITYy)KMBaHHMSI HE3aBUCHMBI M MMEIOT ITOKa3aTelIbHOE pachpezeienue. B cetn takke mmeercs KapaH-
TUHHBIA y3€l, B KOTOPBIH HaNpaBJISIOTCS 3a4BKH, HE MPOIMIEINE MPOBEPKY. Y CTAHOBJIEHB! YCIOBUS 3PrOANY-
HOCTH M aHAIWTHYECKHH BUJ CTAIlMIOHAPHOTO pacIpenesieHHus COCTOSIHMK ceTH. PaccmaTtpuBaemas B pabore
MOJIeNb sIByIsieTcs 0000IIeHneM MOJIENN CEeTH, HCCIeayeMoil B [5] Ha cilydail HanW4Ms KapaHTHHHOTO y37a U
KOHTPOJIBHBIX OYepeie B y3/ax.
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Recently the questions of information security and using of the antivirus software are very important. Such software finds and neu-
tralizes harmful objects and threats for systems and networks. In systems and queueing networks functioning of the similar software can
be described by means of queues in which all arriving objects are checked with the subsequent neutralization of harmful objects in a
quarantine.

In this paper, the open queueing network with the Poisson input flow with a parameter A is investigated. Every customer goes to the
node i with probability py; i = 1, N, I¥, p,; =1). In each of N nodes there are two queues: control queue and a queue for service.

Every arriving customer joins control queue, in which it is scanning, checking on compliance to requirements of the network. The

times of checking have exponential distribution with a parameter v; (i = 1, N ).

After checking in the node i every customer is admitted as non-standard with probability p; and is directed to the queue of node (N+1) im-
mediately and independently from the other customers. Or it joins queue of standard customers in the node i with probability 1 — p;.
Standard customers are served by the device, service times in each node are independent and have exponential distribution with pa-

rameter 1; (i = 1,V ). After service at the node i every customer is sent immediately to the node j with probability p;;, and it leaves the
network with probability p;o (Zf;’:l Pyt po=Li= LW) .

In the node (N+1) called quarantine the restoration of qualities of non-standard customers or their neutralization is carried out. The
times of such service have exponential distribution with a parameter py.;. After service at the node (NV+1) every customer is sent imme-
diately to the node j with probability px-;, and it leaves the network with probability p-10 (ijzl P+t Pyio = 1) .

Network state at the moment ¢ is characterized by a vector

X(t) = (X](t), Xz(t),‘ “ey XN+1(t)),

where x(t) = (m(f), ni(¢)) is the state of the node i at the moment ¢, m;(¢) is the number of the customers in the control queue, n,(f) is the

number of the customers in the queue for service in the node i at the time moment 7 (i = 1, N ); xp+1(2) = ny+1(2) is the number of the
customers in the quarantine node (N+1) at the moment .

The process x(f) is homogeneous Markov process with continuous time and finite or countable states space X = X\ xXoX... XXy, THE
Xi= = (my, mp):my, n; > 0,0 = LN }, Xy = {xve1 = nver: iy 2 05

Traffic equations are following

N —_—
€& =Dt _218./(1 —PPji tEN PN L= LN,
=

N
EN+l = 'Zl €D,
J=

Let {p(x), x € X} be stationary distribution of states probabilities for the process x(¢).
We proved the following statement. If for all i = 1,7N inequalities

&<1, )\'gi(l_pi)<1, )"8N+1<1
Vi K; My
are carried out, then Markov process x(¢) is ergodic and stationary distribution of the network states probabilities has the following form

P(X) = pi(x1) pa(x2).... pyrilxn+1), X€X

pilx) = (XS] (XS"(I _p")j (1 —X‘C’fj(l J2alop) _p")j, i=LN,
Vi K Vi K

where
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ON YIELD CURVES OF THE EUROPEAN CENTRAL BANK

In this paper it is showed that the yield curve of the European Central Bank (ECB) does not satisfy the no arbitrage con-
ditions. For this it is need to add one more term to yield curve. As the state variables, it is necessary to choose a four-
dimensional diffusion Gaussian process. Fifth factor is determined from the no arbitrage conditions. The version of the
modification of the yield curve proposed in the paper differs from the earlier proposed modifications in order to ensure
the absence of arbitrage opportunities.

Keywords: yield curve; forward curve; Nelson—Siegel-Svensson model; no arbitrage conditions.

In June 1996, the Bank for International Settlements (BIS, Basel) agreed that the central banks of Europe
should submit their data to the BIS for the calculation of zero-coupon yield curves and model parameter esti-
mates. It was found that most European banks use the Nelson — Siegel approach (Italy and Finland) or its modi-
fication of Svensson (Belgium, Germany, Spain, Norway, France, Switzerland and Sweden) to model yield
curves [1].

Unfortunately, the Nelson — Siegel — Svensson (NSS) approach does not give recommendations on how
to determine the parameters of the model (only to evaluate them) and does not explain in any way whether such
a model is arbitrage-free. Therefore, it makes sense to consider this problem.

1. Dynamics of parameters change in yield (spot) rate and forward curve

Statistics of the Directorate General of the European Central Bank (ECB) publishes the euro zone's yield
curves every TARGET working day at 12 noon on Central European time [2]. In the ECB technical note [3]
formulas are given for calculating three types of yield curves: the yield curve, the forward curve and the nomi-
nal yield curve. Formulas for the first two of them have the form:

— yield (spot) rate
l_e—‘(/‘(] l_e—‘(/‘[] o l_e—‘r/‘r2 o
(1) =Py +B, +B, —e " By | e |, (1)
/1, /1, /1,
— forward curve
F@)=By+ Bre ™+ e pi—e, )
1 2

Here 1 is a term to maturity, P, T; are the parameters that are estimated on the market data. In Fig. 1 for exam-
ple, the yield curve and the forward curve from the ECB website on June 1, 2017 presented.

On the ECB website the curves are shown for term to maturities T from 0 to 30 years. In contrast to this,
in order to show these curves "whole" for the entire range of values of T from 0 to o, on Fig. 1 we used the
mapping of the positive semiaxis T € (0, «) of terms to maturity to an unit interval of new variable u € (0, 1)
by means of nonlinear transformation u = 1 — ¢ **. The parameter p was chosen in such a way that the interval
of maturities T € (0, 30) corresponds to the values of u € (0, 0.9) , i. e. p = In10/30 = 0.07675. It is relevant to
note here that the curves always start from one common point y(0|B) = f(0|B) = #(¢), current value of short-
term interest rate, and for T — oo always tend to one common limit value y(oo |B) = f( |B) = Bo.

Because the yield curve is to be time-varying (as it obviously is) and following [4], [5] let us here recog-
nize that the Nelson—Siegel-Svensson (NSS) parameters [, 1, B2, B3 must be time-varying too.
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Fig. 1. The yield curve (the lower curve) and the forward curve (the upper curve)
from the ECB website on June 1, 2017. Parameter values: o = 1.7810, 3, = —2.5350,
B2=23.2948, B3 =—27.6452, t; = 1.5822, 1, = 1.7081

Thus in the NSS yield models the yield curve y(t) = y(t | Bo, B1, B2, B3) and the forward curve f{t) = f{t | Bo, P1,
2, B3) are determined by following relations

- I-e " . 1-e7%
y(T[B) = Bo(t) + P1(?) e Bz(f)( m— ! ] + Bz(f){ 5 ¢ ], 3)
S @IB) = (1 Bo(r))+ Pu(®) exp (= y1) + Pa(7) yT exp (= y7) + Ps(?) 8t exp (=67). “4)

For convenience, some rename have been made here: y = 1/1;, d = 1/1,. The parameters [, 1, B2, B3 now depend on
the current time . The dependence of the parameter B, on the current time is somewhat different: By(7T — ¢) = By(7),
where 7 is the maturity date. The need for this will be clarified later. Prime means derivative with respect to the term
to maturity t=T7 —¢. In this case the state of the market can be described by a set of parameters {B:(¢), B(?), Bs(¢)}
and each of the parameters considered as a component of the state vector B(¢#). Whether such yield curves satisfy the
no arbitrage conditions? In order to clarify this it at first it is need to determine how the dynamics of the state varia-
bles B(¥) are described. At present the diffusion stochastic processes are most often used to describe the dynamics of
these variables, the mathematical model of which is the stochastic differential equation
dB(?) = w(P)dt + o(B)dW(v),

where p(B) is a state drift vector, o(B) is a state vector volatility matrix, W(¥) is a vector of Wiener processes.
In order to the arbitrage opportunities to be absent, it is necessary that the price of the zero-coupon bond P(¢, T,
B) = exp[—ty(T, B)] on a fixed date # satisfies the so-called term structure equation [6]:

ap(;’tT’B) +H(B)T ap(g,;,ﬁ)-+%tr[c(ﬁ)j- yl;(;ﬁgzw’mc(ﬁ)}_r(t)l)(t,]",ﬁ) —
=20 o) LR s

Here r(¢) is short-term interest rate, A(¢, B) is a market risk price vector on some fixed date ¢. The equation must
be supplemented by boundary conditions: B¢(0) = 0, y(0, B) = r(¢) (because of definition of short-term interest
rate). It is possibly establish an more explicit relationship between the state variables {Bi(¢), Ba(2), Bs(¢)} and
short-term interest rate from limiting relation ITIB} W(T —t, B) = r(t). Indeed for any time ¢

lim 97— 1, B) = lim [Bo(®) + Bu() ' = + Bz(r)(l‘e” WJ +

—e
YT YT

ot
e

—eﬂ 1=PBu(®) =), (6)
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as Po(0) = 0. Thus the economical meaning of component 3,(¢) of the state vector B(¢) is short-term interest
rate r(t).

Let us introduce additional notation facilitating analysis corresponding to the state vector B(¢) = (B1(?),
Ba(7), Bs(£))". Since the yield curves characterize the term structure of interest rates for some fixed value of the
current time ¢, we will consider ¢ to be a fixed value that does not change in the analysis, and for brevity we
omit it in the notation. We introduce the vector of the term structure functions B(t) = (B,(t), B(t), B3(1))":

—vT -yt -0t
Bit= 2" Br)= (l_e ! —te”J, Biy(t) = (l_e —seSTJ. (7)
Y Y )
Then the yield curve y(t, B) and forward curve f{(t, B) in (3), (4) will have representations
(1, B) = [t Bo(t) + BO)'B(D] / 7, Az, B) = [t Po(x) + B(®)' B(D)]" ®)

Because the price of the zero-coupon bond are represented in the form P(¢, T, ) = exp[—ty(7, B)] it is more
convenient to write the term structure equation not for the price P(¢, 7, B) but for yield y(r, B)

OB | - LlW@y(; B, { . [ ay(nﬁ)[ay(nﬁ)j i azyu,ﬁ)}c(m}ro

loks op oB 0 Bz
Taking into account that y(t, B) = [t Bo(t) + B'B(1)] / T, we can write
SR 5 PO o) - BT B(0)+2 B 0B o(B) B:) = 9)

Consider the class of Volatlhty matrices o(f3) that do not depend on the current state of the market, i.e.
o(B) = o. In this case the market risk price vector A(3) does not depend on the current state of the market too,
A(B) = A. Such models of the dynamics of state variables 3 can naturally be called extended Vasic¢ek models.
Then the term structure equation reduces to following

a(TBO(T)) " KTGTB(T)+lB(T)TGGTB(I)= B 53(’5)
ot 2 0

. ——+uP) B(o) +r. (10)
The left-hand side of the equation does not depend on the state variables 3, while on the right-hand side each
term depends on them (we recall that » = 3;). Since this equality must hold for any vectors § and for any terms
to maturity T, it splits into two equations: the left-hand side gives the equation for the function Bo(t), and the
right-hand side determines the drift function u(p).

W+ Aot B(1) +%B(T)TGGTB(T) =c(1), (11)
T
W) B = e(o) + BT 2 p, (12)
where so far ¢(t) is an undefined function that can be zero. Thus
By (1) =1j(c(s) — AT B(s) —%B(S)TGGTB(S)}ZS. (13)
T
0

As for the drift function p(p3), since the right-hand side (12) is an affine function, the drift function must also be
an affine function too. Define it as w(p) = KP + & where the matrix K and the vector & are do not depend on t

and satisfy to relation (12) or
§B() - e(0) = B [ag“)
T

The left-hand side of equality (14) defines a function c(t): ¢(t) = &'B(t). The right-hand side of equality (14)
defines the requirement which the matrix K must satisfy to be fulfilled the no arbitrage condition:

i [aB © kB )J B.. (15)

K'B(z )J B . (14)

Ioks
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In the scalar form condition (15) is equivalent to the system of equations

P T _ ot
e_yr—k“ 1 ¢ _k21 1 ¢ _Te_yr _k3l L—Te_& :1,
Y Y 0

P T _ ot
yte "=k, Ll —ky, Ll —te " |—ky, I-e —1e% |=0, (16)
Y Y 0
_o T e _ ot
STe_ST_k13 I-e _k23 I-e —‘Ee_YT _k33 I-e _Te_ST :0,
v v 0
where {k;} are the elements of matrix K. The first equation is satisfied by ki, = — v, k21 = k3, = 0. The second

equation is satisfied by ki» =y, k2o = — v, k32 = 0. However in order to satisfy the third equality there does not
exist any constants {ki3, ka3, k33}. Therefore if the volatility matrix ¢ does not depend on the state variable [3,
the yield curve y(t, B) does not satisfy the no arbitrage condition (15). Thus, the yield term structure of the ECB
(1) does not ensure the fulfillment of no arbitrage conditions if the volatility matrices o(j3) do not depend on the
current state of the market, i.e. 6(}) = o.

Suppose now that the volatility matrix and the corresponding vector of market risk prices are such that
matrix o(B)c’ (B) and vector o(B)L(B) are affine functions of the state variable B, i.e.

o(B)s'(B) = o+ D, 0B, S(BILB) =no +Mip,

where wp, m;, A; are matrices and A, is vector with constant elements. Note that matrices {®;} are symmetric.
Such models of the dynamics of state variables 3 are the Duffie—-Kan models (with square-root volatility) [7].
Then equation of term structure (9) becomes

OB, g1 B 15 43 p— (P B() + 2B 0B +5 Y B 0B@ B =r. (1)

ok ok

From the form of equation (17) it follows that the drift function p(p) must be an affine too, u(p) = Kp + &. Then
equation (17) can be written as follows

OGP, () &) B+ B 0B = BT(<K—M)TBm)—%—cp(r)}Bl. (18)

ot 2 ot
Here for brevity it is denoted @(t) is vector with components @,(t) = 0.5 B(t)" ®; B(t). In equation (18) the left-
hand side does not depend on the state variables 3, while each term on the right-hand side of the equation de-
pends on these variables. This makes it possible, on the one hand, to determine the function 3(t) and, on the
other hand, to find the no arbitrage conditions to which must satisfy the set of elements of the matrices K, w,

@, M3, Aq. For this from equation (18) it is possible to obtain two following equalities

mm%?((xo —é)TB(S)—%B(S)TwoB(S)jds, (19)
0
BT[(”Z(;) —(K—x1>TB<r>+<p<r>j=Bl- (20)

If there exist matrices K, ®;, w,, m3, A; that satisfy the equality (20) then for the yield curve (1) the no-arbitrage
conditions satisfy too. The equality (20) must hold for any set of state variables {B;, B, B3} and any term to
maturity t € (0, ). Therefore, equating to zero the coefficients for different variables 3, it is possible to obtain
three following equalities

5381 @) —B(0)T(K-2,), +0.5B(t) w,B(1) =1,
T
83692 o ~B' (1)K =1), +0.5B(1) 0,B(1) =0, @)
T
8883 (T)‘—BT(T)(K ~)3 +0.5B(1)" 03B8(1) =0,
T
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where (K — A;); is i-th column of matrix (K — A;). If at least one of these three equalities is not satisfied, then the
yield curve ECB (1) does not ensure the performance of the no arbitrage condition. Let us check the third
equality. We substitute into this equality the explicit form of the vectors and matrices entering into it. As a re-
sult, the left-hand side of the equality will be a linear combination of thirteen linearly independent functions

—TY —-18 -2t —TY — 2Ty — 10 — 2198 — 2Ty 2t 3
b b b

2 —ty-18 _ —ty-10
e e % e te N, te N 1e " te "0 T e e e

) o
TY’ e ,Te ,T e

e ryfr:S’

2 -
,T e
and constant. In order for this linear combination to be zero for any term to maturity t, the coefficients at all
linearly independent functions and the constant must be equated to zero. This leads to unrealizable equality (if
0> 0): tdexp[—1d] = 0. It means that the ECB term structure of interest rate (1) does not ensure the fulfillment

of the no arbitrage condition in this case too.
2. Modification the yield curve

The question arises how to modify the yield curve (1) so that it satisfies the no-arbitrage condition. We
add one more term to the expression (3):

1—e T 1—e 7" 1-e% 1-e™
@ B) = Bo(®) + Bul) —— + Bz(f)( —— “] + Bs(t)( e Sf] ——.  (22)
i vt ot ot
which corresponds to the fact that an additional state variable B4 is introduced together with the additional func-

tion of the term structure corresponding to it By(t) = (1 —e

ponents (B, B2, B3, P4)" and the vector of the term structure functions B(t) = (Bi(t), Ba(1), Bs(t), Bi(1))" will
have following components

T T _ o1 _
Bim =" = |12 e |, By = | L2 e By = =€
Y Y ) )

The yield curve y(t, B) and forward curve f{t, B) in this case will have representations (8) too

(T, B) = [t Bo(v) + B() B()] / T, fit, B) = [t Bo(t) + B(D)' B(D)]"

The term structure equation for yield y(t, ) will be the same as (9). However, the short-term interest rate r

)/8 . Then the state vector B will have four com-

-0t

(23)

here will be determined differently. Indeed for any time ¢ we have lTim WT —t,B)=r.
-t

. . - 7" (l—eyt - t]
lim (T — ¢, B) =lim [Bo(t) + B1(?) + Ba(?) e "+
T—t =0 YT YT
1— 6761 ¢ 1— 6761
RO 5 e | RO 1= B1(®) + Ba(r) = (1), (24)
T ot

as Bo(0) = 0. Thus the economical meaning of sum component [3,() and P4(¢) of the state vector B(¥) is short-
term interest rate r(¢). Further, for volatility matrices o(p) that do not depend on the current state 3 of the mar-
ket, i.e. o(B) = o, the equations (10) — (11) will be true in this case too. And for W(B) = KP + & equation (15) can
be written as follows

BT[%—KTB@)}W B. 25)

So system (16) becomes

~ l—e Tt l—e T ~ 1— -4t ~ 1— -4t
e 'Y‘f_kll j _kZI[ ¢ —T1T€ ’YT)—k?)l( Z —T€ 61}—](41 e :1,

y 1)
_ - l—e ™ —e —e
yte "~k © —kzz[ © e yr}"‘n[l S e 61) k421 g =0, (26)
. l—e " —e —e %" —e
Ste 61—k13 e —k23[1 e Cte YTJ_kB(l e —Te_STJ k431 g _0,
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e 61_[(14 ¢ —k24 ¢ —T1T€ s —k34 ¢ —Te ot —k44 ¢ =1.
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This system is satisfied for following matrix K

-y v 0 O

0 - 0 0
K= ! . @7

0 0 -5 O

0 0 o -9
The variable Bo(t) is determined by formula (19) where @y = 66"
1 1
Bo(®)=— j (( Ao —8)" B(s) —EB(S)T GGTB(s)jds : (28)
0

This variable determines the long-term yield interest rate for big values t. In particular
Aoptrhpp =86 -§&; 4 Aoz troa =& -84
)

4 2
_lZ(Gil"'GiZ +Gi3+6i4J . (29)
243 Y o

Here &;, A, oy are the elements of &, A, G respectively.
Thus, the yield curve (22) ensures fulfillment of the no arbitrage condition unlike the ECB yield curve
(1). The verification of the no arbitrage condition by the Duffie — Kan model (with square-root volatility) leads

lim y(t, B) = lim Bo(t) =

to the fact that matrices m; = w, = w3 =4 = A; = 0 (the derivation of this here is not presented because of the
bulkiness) and the model reduces to the four-factor Vasic¢ek model, which we just considered.

The four-factor Vasi¢ek model free of arbitrage generates a yield curve that completely coincides with
the yield curve (22). So the NSS model (plus additional term as in (23)) is a particular case of the affine model,
when the dynamics of the state variables B = (B1, B2, B3, P4)" are determined by the equation

dp(t) = K(B(¢) — 0)dt + cdW(t), (30)
where matrix K is the same as (23), matrix ¢ has constant elements, and © = — K '& is a vector of the stationary
mathematical expectations of state variables 3. Within the class of affine systems of the term structure of inter-
est rates the price of a zero-coupon bond is presented in the form P(t, B) = exp{A(t) — B'B(t)}, where function
A(7) and vector B(t) satisfy the initial conditions: 4(0) = 0 u B(0) =0.

Note that for a bond price in this form, the short-term interest rate (1) takes the form
T
—InPep) . B BOH-A®) _ T dB(v)|  dA(v)|
T

T pr ’
=B"B'(0)—4'(0), 31
lm P2 R IR CRVIORICD

»(0,p) = lim
0

and is also an affine function of the vector . Note that the state of the financial market is usually characterized
by the values of interest rates, in other words, the components of the vector 3 are quantities that have the mean-
ing of interest rates. When interest rates are zero, there is no bond yield, so in (31) we should put 4'(0) = 0. We
denote B'(0) = ¢. The vector ¢ = (¢1, do, §3, ¢s)" can be regarded as a vector composed of weights that are as-
signed to one or another component of the state vector 3 when determining the short-term rate (0, B(¢)) =
=B (D)0 = B1(O)d1 + Ba(H)d2 + P3(D)ds + Pa()ds = r(2). In our case Bi(f) + Pa(?) = r(f) according to (24), i.e. ¢, = 1,
2 =0, ¢3 =0, ¢,= 1. Substituting such bond price in equation (5), one can obtain a system of differential equa-
tions for the functions of the term structure 4A(t) and B(t) in the form

A'(t) = (6 — KB)'B(1) + B(t) 66" B(1)/2, A(0) =0, (32)
B'(t)= ¢ + K'B(t), B(0)=0. (33)
Here A is a constant vector of market prices of risk. Solution of equation (33) is the following
l—e T l—e " —yre V" l—e "
B =t — Bt =+ —.
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If we take into account that ¢, =1, ¢, =0, ¢35 =0, d4= 1 then the obtained functions of the term structure have no
differences from the functions (23). The function A(t) is equivalent to function 1 3 ¢(t) as it follows from equa-
tions (19) and (32) because from definition oA + KO =4y — &, (A = Ao, §{ =— KO).
So far we have considered the yield curve. As for the forward curve, it is linked in a one-to-one manner
with the yield curve by the relations

Y& B = 5, Bids, f(x )=y By e 22D
' ot

or
S (@, B) = (T Bo(r)"+ Pa(?) exp (= y7) + Pa(?) YT exp (= 1) + Pa(?) 5T exp (=57) + Pa(?) exp (= 57),  (34)

which leads to the fact that function (34) also differs from (4) only by one additional term.

Since the result is an affine model of the time structure with a constant volatility matrix, the state varia-
bles are a four-dimensional stochastic process with a Gaussian distribution. We note that a detailed analysis of
the properties of the Nelson—Siegel-Svensson model and its connection with affine Gaussian models is pre-
sented in [8] and [9].

Before proceeding to the conclusions, we cite an extensive quotation from [4. P. 89] which relates to the
subject under consideration:

“The Filipovi¢ [10] critique of NS (Nelson—Siegel), namely that it would not be arbitrage-free if dynam-
ized, also applies to the four-factor DNSS (Dynamic Nelson—Siegel-Svensson) model just introduced. One
would hope that, in parallel to AFNS (ArbitrageFree Nelson—Siegel) and DNS (Dynamic Nelson—Siegel), one
could derive an arbitrage-free approximation to DNSS. However, as the mechanics of Proposition AFNS of
Chapter 3 make clear, an arbitrage-free Gaussian version of DNSS cannot exist, because it would require that
each curvature factor be paired with a slope factor with the same rate of mean reversion, which is impossible
with the single slope factor present in DNSS. (It is technically possible, however, to create an arbitrage-free
version of DNSS if one leaves the Gaussian class, as in the model of Sharef and Filipovic [11], which has Cox
et al. [12] square-root volatility.) Hence in the next subsection we add a second slope factor to match Svens-
son’s second curvature factor, and we ask whether risk-neutral restrictions can be found that make the five-
factor model arbitrage-free.”

The results described above do not fully coincide with the statements contained in this quote.

Conclusion

The following conclusions can be drawn from the text of the paper:

— The yield curve of the ECB (1) does not satisfy the no arbitrage conditions.

— To construct a no arbitrage yield curve, we need to add one more term in the same way as in the formu-
la (22).

— As the state variables, it is necessary to choose factors {1, B, B3, B4}, which form a four-dimensional
diffusion Gaussian process (30).

— The factor By(t) is determined from the no arbitrage condition (28).

— Application of no arbitrage conditions to the Duffie-Kan model (with a square-root volatility), into
which the Vasicek and Cox—Ingersoll-Ross models are being embedded, gives preference to the four-factor
Vasicek model.
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O xpuBbIX J0X0aHocTH EBpomneiickoro neHTpaaLHOro 6aHka.

KitioueBble cji0oBa: KpUBBIE JOXOTHOCTH; (hopBapaHBIE KpuBbIe; Mozens Hembcona—3urens—CBEHCCOHA; YCIOBHS OTCYTCTBHS apOHT-
paxa.
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INoka3zano, 4T0 KpHBEIE NOXOAHOCTH EBpomeiickoro meHTpasbHOro GaHKa HE yIOBICTBOPSIOT YCIOBHSIM OTCYTCTBHS apOHTpaxa.
UTo0BI CKOHCTPYHPOBATh 0e3apOUTPAXKHYI0 KPUBYIO JOXOJHOCTH, HEOOXOIMMO T00AaBUTH €Ie OAHO CIIaraeMoe K CYIIECTBYIOIIEMY
BEIPXKCHUIO KPUBOH MOXOAHOCTH. UTO KacaeTcs MEePEeMEHHBIX COCTOSHUS, HEOOXOAUMO HCIIONIB30BaTh YETHIPEXMEPHBII IayCCOBCKUI
muddysnonnsnii mporece. IsaTeiit daxrop ompenensercs U3 yCIOBHH OTCYTCTBHS apOurpaxka. IIpemmaraemast Bepcust MOAMGUKAIIN
KPHUBOH JTOXOJHOCTH OTJIMYACTCSI OT MOXOXKHX MOAMGUKAINN, paHee MPEUIOKECHHBIX B JINTEPAType, Ul TapaHTHPOBAHUSI OTCYTCTBHS
apOHUTpakHBIX BO3MOXHOCTeH. [Ipumenenne ycnoBuit orcyreTBus apourpaxka k mopenu laddr—Kana (c BOIaTHIBHOCTBIO C KBagpaT-
HBIM KOpHEM), B KOTOPYIO BIIOXeHBI Mojien Bacnueka u Kokca—Murepcomna—Pocca, otnaer npennouTeHne 9eTbIpexpakTopHOI Moze-
11 Bacuueka.
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PEAJIMBAIIUA PEITIO3UTOPUA ERM-MOJEJIN B CASE-CUCTEME ORACLE DESIGNER

OrnycaHbl OCHOBHBIEC IPUHIMIIBI I apXUTEKTypHBIE 0coOeHHOCTH peanu3anun npororuna CASE-peno3uropus, co3gan-
HOro Juist anpobanuu nocrynaroB u uaer ERM-monenn. B xozne anammsa 6a30BBIX CPECTB B KAYECTBE MUIATGOPMBI IS
co3manus penosuropusi ERM-cxem 6puta B3sita CASE-cncrema Oracle Designer. OToT BEIOOpP ITO3BOJIIII B CXKATHIE CPO-
K1 pa3paboTaTh UCCIe0BATEIbCKUI MPOTOTHII PEHO3UTOPHS, TO3BOJISIIONINH Pa3BEPHYTh TECTHPOBAHHUE U OTIAJIKY pe-
aIBbHOM PabOTHI MHOTHIX APYTHUX moacucTeM ucciaenoBarensckoro CASE-mncrpymenta mst ERM-mopenn.

KuaroueBbie cioBa: ERM-monens; penosuropuii; CASE; Oracle Designer.

Pa3BuTHIO MHCTPYMEHTAJIbHBIX CPEICTB, METOJAOB M METOIUK Pa3pabOoTKh WH(POPMALMOHHBIX CHCTEM
(UC) Bcerma ynensnoch u yaensiercs 00JblIoe BHUMaHue. B KOHIe MPOIIIOro cTojeTHs MOSBUINCH U aKTHBHO
HCTIOJIB30BAINCH TPEUMYIIIECTBEHHO MpH cozaanuu cucteM 0a3 nannbix (B/1) Tak HazeiBaemble CASE-cuctemsl
(CASE — Computer Aided System Engineering) — mporpaMmMHble HHCTPYMEHTBI aBTOMATH3aLMH TIpoLiecca pas-
paborku MC. MeTonpl cHCTEMHOTIO aHaIM3a M MPOCKTUPOBAHMS, MCHONb3YIOIINECS B TAKUX WHCTPYMEHTAX,
TpeOYIOT BHICOKOH MAaTEMaTH4YECKOH W MHUPOBO33PEHUECKOW KYIBTYPHI, 8 TAKXKE ONPEACTCHHBIX CaAMOIUCIIH-
TUTHHBI M TYHKTYaIbHOCTH. JTO 00CTOATENBCTBO, HAPSALY C OONBIION CTOMMOCTBIO TAKHX CPEICTB, MPHUBEIO K
TOMY, 4TO IIHPOKOI'0 PAcIpOCTPAHEHUI OHHM HE MOIy4UIIH. YTO KacaeTcs CHCTEMHBIX METOAOB aHaIn3a U Ipo-
EKTHPOBAHUS, TO UX YIPOILICHHBIE BAPUAHTHI C YCIIEXOM HCTIONB3YIOTCS P «PYYHOI» pa3paboTke.

OpHako uccie0BaTeN METOIOB aHAJIM3a U MPOEKTUPOBAHUS HE MPEKPATUIN CBOUX YCHIIMN B pellICHUH
3aJaud aBTOMaTH3UpOBaTh TpyA paszpadorurkoB UC [1-4]. Onu uayt mo nytu yBenudeHus ornaun CASE-
CHCTEM B IJIaHE MOBBILIEHNS CTEIIEHH aBTOMAaTH3aLUH, IPOU3BOIUTENBLHOCTH TPYIa, @ TAKXKE KauecTBa pe3yib-
tata [1, 5]. JAns DOCTHOKEHHS MOCTaBICHHBIX MEPed STUMH HCCICAOBAaHHUSIMH LieJied HeoOX0IUMO COBEpLICH-
CTBOBaTh MCIOJIb3YEMbIC MOACIH aHANN3a U MPOCKTUPOBAHUS, & TAK)KE HHCTPYMEHTHI MEXMOAEIBHOr0 MPeoo-
pa3oBaHUs U OKOHYATEIbHOW T'eHepaly UCIOMHAEMBIX apTedakToB. TecTUpoBaHNHE U OTJIa/lka BHOBb Mpeia-
raeMbIX CpeICTB HEBO3MOXKHBI 0€3 co3maHus uccieqoBarensckoro npororuna Oyaymeit CASE-cuctemsl, 9To
caMmo 1o cebe MpeacTaBisieT JOCTaTOYHO CIOXKHYIO 3afady. Hacrosmmas cratesa mocBsiieHa paspaboTke siapa
TAaKOW CHCTEMBI — peno3uTopust. OTINUNTETBHON 0COOEHHOCTBIO CTaTbU SBJIAETCS OPHEHTALMs Ha MCIOIb30-
BaHHUE Ul WH(POPMALMOHHOTO MOACTHPOBAHUS CEMaHTUYECKOW Monenu AaHHBIX «CymHocTb — CBsa3b — OT00-
paxenue» [2].

1. Haznauenne peno3uropusi B CASE-cucremax u Tpe6oBanus
K paspadaTbiBaeMOMY Pelo3UTOPUIO

Webster's Dictionary onpenenser TEpMUH «PEMo3UTOPUi» KaK «IIpeIMeT WIH 4YelIOBEK, BOCIIPUHUMAE-
MBI/ B KaYeCTBE LIEHTPa aKKyMYJsuy nHpopmanuu win xpanunuia» [6. C. 181]. «Eme B HenaBHel nucropuun
pa3pabotku nporpammuoro obecnedenus (I10) pons penmo3uTopust MOT UTPaTh JUIIE YETOBEK — IPOrPAMMHUCT,
KOTOPBIN TOJKEH ObUT MOMHUTH PACIoONoKeHNe Beel nH(popMannu, OTHOCSIIEHCs K poekTy paszpabotku [10,
3HATH ellle HUTJIE He 3alMCaHHyI0 HHPOPMAIMIO ¥ BOCCTAaHABJINBATh MOTEpsAHHYI0 nH(popManuio. Mcmnons3oBa-
HUE YeJIOBeKa B KauecTBE “IEHTPa aKKyMYISLIUN WHPOPMAIUHN M XPaHWINIIA HE AaBajio XOPOLIMX Pe3yibTa-
ToB. CerofHs peno3uTopuil ABJISIETCS MPEIMETOM — 0a30M JaHHBIX, KOTOPas CIY>KUT M LIEHTPOM aKKyMYJISIIAN
nHpOpMaLuK, U XpaHuIuileM nHpopmauuu o paszpadotke [10. Ponpio yenoBeka (paspadorunka I[10) tenepn
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SIBJIAETCS] B3aUMoOJIeicTBHE ¢ penosuTopueM nocpenctsoM CASE-cpencTBa, HHTETPUPOBAHHOTO C 3THM PETIO-
suropuem» [6. C. 182].

Penosuropuit CASE-cucteMsl — 3T0 MHOXKECTBO HHCTPYMEHTOB U CTPYKTYp JaHHBIX, C IIOMOIIBIO KOTO-
PBIX JOCTUTAIOT MHTETpalli AaHHBIX W JHAJOTOBBIX CPEACTB, a TAaKKe JAHHBIX PA3IUYHBIX MHCTPYMEHTOB
Mexkay coboi. OH obecrieunBaeT oueBuaHbIe QyHKIUU B/, HO TOMOTHUTENBFHO PENO3UTOPUIN BBITIONHSACT HIIN
CHOCOOCTBYET BEITIONHEHUIO CIEAYOMUX QyHKIui [6]:

1) mopnep:kKa HEIOCTHOCTH JTaHHBIX, KOTOpas B Clydae Pero3uTOpHUs IpeACcTaBiIsIeT co0oi odecrieueHue
HenpotuBopeunBoctu cxeM UC;

2) pacmpeneneHne HHPOpPMAMK MEXKIY HECKOIBKHMH pa3pa0OTUYMKaMH, CHEHUANTU3UPYIOIIUMHCI Ha
CO3JJaHUH PA3IMYHBIX apTe(aKTOB MPOEKTa;

3) B3auMozeiicTBrE TaHHBIX PEIO3UTOPHS U AUATOTOBBIX HHCTPYMEHTOB;

4) B3auMOACHCTBHE TAaHHBIX PENIO3UTOPHS], CO3JAHHBIX B Pa3INYHBIX HHCTPYMEHTAX;

5) mopnepikKa OrpeaesieHHOW METOANKY aHali3a U IPOSKTUPOBAHUS;

6) cranmapTU3aLMsl JOKyMEHTaluu (rpaduueckoil 1 TEKCTOBOI);

7) XpaHEeHHE U yIpaBIeHHE JaHHBIMHU CIOKHON CTPYKTYPBI B YCIOBHUSAX HOpMaJIM30BaHHON cxeMbl B/I;

8) obecrieueHre BEICOKOYpOBHEBOTO (OOMbIIEH YacTbio — rpaduieckoro) naTepdelica ¢ moab30BaTeAMHY;

9) ympaBieHue mporeccoM pa3padoTKu;

10) TpaccupoBka TpeOOBaHHI Ha 0OBEKTHI PEIO3UTOPHS;

11) mognep»Ka BEpCHOHHOCTH AaHHBIX PENIO3UTOPHS;

12) mouck 3aBUCHMOCTEH B JAHHBIX U YIIPABJICHUE N3MEHCHUSIMH;

13) ayaut uaMeHeHui.

Koneuno, uccnenoBaTeabCKuid MPOTOTHIT PEMTO3UTOPHS HE 00s3aH 00eCIeYnBaTh BHIOTHEHNE BCEX yKa-
3aHHBIX (YHKIHH, OOJbIIas YacTh KOTOPBIX CBsI3aHa C MOAJEPIKKON HEMOCPEICTBEHHOW paboThI 110 MPOEKTaM.
OnHako ecii MHOTHE U3 3TUX (QYHKUIUH OyIyT peann3oBaHbl B 0a30BBIX HHCTPYMEHTaX pa3paboTKu, 3TO OyIeT
TMIOJIE3HO.

Hapsny c¢ ykazanHbIME (YHKIHOHAIBHBIMU TPEOOBaHUSMH Y HUCCIIEAOBATENBCKOTO MPOTOTHIIA PEMO3U-
TOPHSI €CTh PSIIl BXKHBIX HE(YHKIMOHAIBHBIX TPEOOBAHHMIA:

— cHcTeMa JIOJDKHA MMETh IPOorpaMMHBIN HHTepdelic, mo3Bomsiomuii padboraTts co cxemamu MC nocpen-
CTBOM BHELIHHMX NpUIOKeHUN. TakoBbIMU OyayT siBIsAThCA rpadudeckuii penakrop ERM-cxem, reneparop pe-
JSIUOHHBIX CXEM U IPYTHEe HHCTPYMEHTHI, KOTOpBIE B IOCENYIOMEeM OYAyT peaan30BaHbL;

— cHucTeMa JOJDKHA UMETh YHHUBEPCANbHBIH MOJIb30BATENBCKII HHTEpQEC, MPeIoCTaBIAIONNN JUaI0ro-
BBI JOCTYI KO BCeM 00beKTaM peno3utopus. UHpopMaLuio o TeKyIIeM COCTOSIHUU PEMOo3UTOpusi, 0OBEKTax,
accoluanusaX, CBOWCTBaX XpaHUMBIX DJIEMEHTOB 3a4acTyl0 yZoOHee MOoiy4aTh IMOCPEICTBOM HEKOTOpPOro
BCTPOEHHOT'0 AMAJIOTOBOrO MHCTPYMEHTA;

— mockonbky ERM-Mozens (U1 moanep K KOTOPOi B MEPBYIO OYepeab CO3MAeTCsl PENO3UTOPUI) aK-
TUBHO pa3BUBAETCs, ee MeTacxeMa OyAeT 4acTo U3MeHAThCs. ClienoBaTenbHO, apXUTEKTypa MPOTOTHIIA TOTIK-
Ha OBITh THOKOH M MPEeJOCTaBIsATh BO3MOXXHOCTH ITOBTOPHOT'O MCIIONB30BaHUS pPaHee pa3padOTaHHBIX KOMIIO-
HEHTOB.

2. BapuanTtsl co3nanusa ERM-penosutopus

[ockonbky pazpabaTbiBaeMasi CiCTeMa OPUEHTUPOBaHA HA XpaHEHUE U MIPEJOCTaBlICHHE AOCTyNa K aHa-
JUTUYECKOH M MPOEKTHONH MH(OPMAIMH, a TakKe JODKHA OCYIIECTBIIATH B3aUMOAEHCTBHE MHOTOYMCIICHHBIX
Pa3paboTUYMKOB U APYTHX MPUIOKEHUH, MOXKHO BBIICTHTD JBa aJbTEPHATHBHBIX criocoba ee peanu3anuu. [lep-
BBI croco0 3akiodaeTcs B CO3JaHUU COOCTBEHHOI'O PEMO3HTOPHS «C HYJSD» Ha OCHOBE JOJITOBPEMEHHOTO
XpaHWJIHILA JaHHBIX. B KauecTBe XpaHWIMINA JaHHBIX MOXET BBICTYNAaTh, Hampumep, pemsuuonnas CYB/I.
Bropoii crtoco6 3akirodaeTcst B pacIMpeHuH Kakoro-nmuoo yxe umetorierocs CASE-cpencTra.

B mepBom cityyae npencTOUT peraTh BCe 3a4a4M PErNo3uTOpHs, KpoMe yIpaBiieHHs TaHHbIMH. [la 1 mo-
clieflHee MPUETCS OCYILECTBIATh HE B TEPMUHAX METaMOAENH PEIO3UTOpHUs, H yXK TeM Ooliee He B TepPMUHAX
ERM-Mopneny, a ¢ UCIIONb30BaHUEM MOHITUH, CTPYKTYP U SI3BIKOB, MOJJICPKUBACMBIX 0a30BOH (Kak MpaBHJIO,
pemsiunonnoit) CYBJ. IMoxanyii, eqMHCTBEHHBIM HEOCIIOPUMBIM MPEHUMYILECTBOM 3TOrO CIIOCO0a SIBISETCS
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MOTEHI[UAIbHAS BO3MOXXHOCTh CO3J]aHUSI MaKCUMAILHO 3P GEeKTUBHOIO (IO pacXoiaM MaMsiTH U CKOPOCTH pe-
aKIIU1) PEO3UTOPHSI.

Bropoit monxon npeanonaraeT HaIMYUE HEKOTOPOTO TOTOBOI'O PEMO3UTOPHS, B CXEME KOTOPOro YiKe,
KaK MpaBWIIO, pean3oBaHbl MetacxeMbl ER-Monenu u pensuuonnoit mogenu. [locnenansist HeoOXoauma B JIFO-
6om CASE-peno3utopuu, IOCKOIBKY HMEHHO PEIAIMOHHAS MOJETh MmoanepxkuBaercs oonpimuacTBoM CYBJ]
U TIOTOMY SIBJsiETCs LenaeBoil st ucnonnsemoit cxemsl BJ[. KpoMe Toro, B 3TOM peno3suTopuu yx’e MOTyT
OBITh pEIIeHb MHOTHE (SCITH HE BCE) YHHUBEPCAIBHEIC 33/1aul, YIOMSHYTHIE paHEe U CTOSIIUE Iepe TOBIM
PEIO3UTOpUEM, KaKyr0 ObI CEMaHTHYECKYFO MOJICTh IAHHBIX OH HU MOIICPKUBAL.

Bropoii BapuaHT sBisiercs OoJiee MPeMmOYTHTEIBHBIM JUIsl UCCIIEAOBATEIBCKOT'O MPOTOTHIIA, TIOCKOIBKY
MHOTHE PYHKIIHH, HEOOXOIMMBIC PEIIO3UTOPUIO, yIKE UMEIOTCS B 0230BOM HHCTPYMEHTE, OCTACTCS TOJILKO pea-
JI30BaTh B HEM MOMAJIEPKKY AONOMHUTENbHOU MeracxeMbl ERM-Monenu. JIeCTBUTENBHO, €CIHM CYHIECTBYET
TakKoi MHCTPYMEHT, KOTOPBIN MPH HEOONBIINX TOPAOOTKAX YAOBICTBOPHUT ITOCTABIICHHBIM paHee TPEOOBaHUSM,
mporiecc pa3paboTku OyIeT 3HAYUTEIHHO COKpalleH. A TPOUTPHII B 3PPEKTHBHOCTH, HEM30EKHO COMYTCTBY-
IOIIKK TAKOMY PEIICHUIO, HE UTPAET CYIIECTBEHHON POJIU JIsl HCCIENOBATEIBCKOI0 MPOTOTHIIA.

3. Onucanue penozutopus Oracle Designer

B kauectBe 6a3oBoil mimaTdopmMbl st co3ganus penosutopusi ERM-cxem Obuia B3sita CASE-cuctema
Oracle Designer (OD) [7]. LleHTpanbHO#1 4acTBIO 3TOH CUCTEMEI SBISICTCS PEMO3UTOPHIA, COACPIKAIINI CIICITH-
(uKaMy MPOEeKTa Ha BCEX €ro dTamnax U 00ecrneynBaloInil COrlacoBaHHYIO paboTy BCeX ero yYaCTHHKOB, Ka-
Kre Obl POJIM OHM HH UTPajiil B mpoekrte. s JocTyna K perno3uTOpUIO U YIPaBIeHUs UM KpOMeE CIIeuaIn3u-
POBaHHBIX AUATOTOBBIX HHCTPYMEHTOB MMEETCSl YHUBEPCAJIbHOE CPEICTBO — HABUTATOP MO OOBEKTaM PEMO3U-
topust (Repository Object Navigator — RON), no3Bosnsomuii mpocMaTpiuBaTh 1 MOAN(GUIMPOBATH MPaKTHYE-
CKH BCE 00BEKTHI, XpPaHAIIMECS B PEO3UTOPHH [7].

OcHOBHBIM JOCTOMHCTBOM AaHHOT0 CASE-MHCTpyMEHTa B KOHTEKCTE pElIaceMOM 3aJauu SIBISETCS BO3-
MOXHOCTh U3MEHEHUS CTPYKTYPBI €0 PEO3UTOpHS, MPHUEM ISl 3TOr0 He TpedyeTcs mucaTh Kakoh-1u0o mia-
T'HH — MEXaHHU3M MPEJOCTABISETCS B TOTOBOM BHJIE M paboTaer B JMajioroBoM pexxume. PesynpraTom ero pado-
THI SIBJISIFOTCS TIOJIB30BATEIbCKUE pacIIUpeHust (user extensions) — JOMOJHHUTEIBHBIE CBOMCTBA WM THIIBI, KO-
TOpBIE 100ABIAIOTCS B CyLIECTBYIOUMNA peno3utopuii [Tam xe].

Penosutopuii OD, kak u m000i Ipyroi peno3uTopuil, HMEeT CBOE METaollucaHne (WM METacxeMy) —
COBOKYITHOCTH ONHMCAHHUH THUIIOB, HX CBOKMCTB, a TAKXKE CBsI3eH MeXIy 00beKTaMu 3TuX TUIMOB [8]. Bece cTpykTy-
PBl IaHHBIX, HAXOISIINXCS B PEMO3UTOPUH, MOXKHO Pa3leiuTh Ha TPH OCHOBHBIX THNA (METaTWUIa), COCTAaBIIA-
romx Meramoaens OD.

1. DnemenTHbIe TUIH (aHTIL. element types) — THIIBI BO3MOKHBIX OOBEKTOB, KOTOPBIE MOT'YT COJEP)KaTh-
cs B penozutopur. CTaHAapTHBIMU dIeMeHTHBIME THIIaMu OD gBnstoTcs GyHKINH, MOIYJH, CYIIHOCTH, Ta0-
JIUIIBI, KOMIOHKU U mp. KasKaplil 2IeMeHTHBIN THIT COCTOUT M3 HaOOpa CBOWCTB — IMCKPETHBIX XapaKTEPHCTHK
JAHHOTO THIIA.

2. AccounaTuBHBIC THIIBI (aHTJ. association types) — THIIBI BO3MOXHBIX OMHAPHBIX OTHOLICHUH MEXAY
00BbeKTaMH TeX HJIM MHBIX 3JIEMEHTHBIX THIOB. CTaHAAPTHBIMU accOUMaTUBHBIMU THnamu OD sBnstOTCS HC-
MOJIB30BAHUE CYIIHOCTEH B (DYHKIMSX, HCIIOIb30BaHHE MOIYJEH OpraHM3allMOHHBIMH €JUHALAMH U mp. Tak
e KaK U 3JIeMEHTHBIE THIIbI, OHU COCTOAT M3 Ha0Opa OnpeesieHHbIX CBOICTB.

3. TekcToBble TUTIBI (aHTIL. text types) — CTPYKTYpHI JaHHBIX JJIsl OONBIINX TEKCTOBBIX CBOMCTB AJIEMEHT-
HOT'O WJIM acCOLMATUBHOro Tuna. CTaHAapTHBIMU TEKCTOBBIMH THIaMH OD SBISIOTCS Takue TUIBI KaK Omuca-
HUe, IpUMeYaHue U Jp. B aumanore TeKCTOBBIM TUI MpeAcTaBisieT co00i onHy 00IacTb, COAEpIKAIIyIO He-
CKOJIBKO CTPOK C TEKCTOM. TekcToBble THIBI oToOpakatoTcs B RON kak cBoiicTBa 3JIeMEHTOB M accOMAaLUi,
HO KOHIENTYaJIBHO 3TO OTJENbHbIE TUIIBI [7].

Eme ogaum mmocom CASE-cuctembr Oracle Designer siBisercs TO, 4TO IPU CO3AaHUU TOJIB30BATEINb-
CKUX PacCUIMpPEHHI aBTOMaTHYECKH T'€HEepUpyeTcs MEXaHM3M JAocTyna K uX sk3eMmiuripaMm. B nannoit CASE-
cucTeMe 3TH MexaHu3Mbl HocaT HazBanue APL. OD API — sto mabop npencraBienuii 6a3bl JaHHBIX U TTAKETOB
s3b1ka nporpammupoBanus PL/SQL B cxeme Biagenbiia perno3uTopusi, KOTOpble 00eCeunBaloT BO3SMOXKHOCTh
0e30macHOro AOCTyNa K AaHHBIM penozutopus. Tot ¢akt, uto OD API moctynen as BHeceHHs] H3MEHEHHH, B
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MOCTIYIOIIEM ITO3BOJIUT BHEAIPUTHh HA YPOBHE ATOro mHTEpdetica Mexanusm nposepkn ERM-cxem Ha Hemnpo-
TUBOPEYUBOCTh. CTOUT OTMETUTH, 4TO MakeThl APl — 3TO eMHCTBEHHBII Cc110cO0 3amvcu HH(POpPMAITUU B PErio-
3UTOpPUH, U BCE WHCTPYMEHTAIbHBIC CPEICTBA MUCIOIB3YIOT X HE3aBHCUMO OT TOT'0, BXOHSAT ATH CPEICTBA B
coctaB OD unu Her [7].

4. Peammzanusi ERM-peno3ntopust kak paciunpenus OD-penosutopus

[Ipexnae yem onpenensts B Meracxeme OD-penosuropuss ERM-Meracxemy, penieHo ObUTo cHavaja pea-
JM30BaTh ee B BHUJE penaunonHol B/l u mpoBeputs paboTocrocoOHOCTh MOTYYEHHBIX CTPYKTYP Ha peajibHBIX
npumepax ERM-cxeM M THIIMYHBIX TpaH3aKUUAX WX u3MeHeHHs. [IpoekThpoBaHue U peanuzanus 3TOH TeCTOo-
Boii B/l ocymiecTBIsIHCE B COOTBETCTBUU C METOAMKOM pa3paboTku, peann3oBaHHoi B OD, — coznanue ER-
cxembl B HoTaumu bapkepa (puc. 1), aBTomaTrueckas TpaHchopMaIus ee B PeIILUOHHYIO CXeMY, TeHepalus 1
BBINIOJIHEHNE KOMaH] si3bIKa onpenaenenus ganusix SQL. [Ipu aToMm B Xone peann3auny yIYUTHIBaJINCh OCOOCH-
HOCTH MEXaHHM3Ma MOJIb30BATENbCKUX PACIIMPEHUN, B YACTHOCTH MOJEPKKA aCCOLMATHBHBIX THUIIOB, UMEIO-
mux atpuOytel (aHanoru B ER-monenn bapkepa — MmHOXecTBa cBs3eld, aTpuOyToB He UMeloT). B mpornecce mo-
ctpoenust ER-auarpaMMbl Takue CTpYKTYpBl IPeoOpa30BBIBANIKCE BO MHOMKECTBA CYIIIHOCTEH.
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Puc. 1. ERM-meracxema B HoTarmu bapkepa

[Tonmy4yeHHBIE B XO/I€ TECTOBOM pealii3aliiid OTHOIICHUST ObUTM MPpeoOpa30BaHbl B HAOOPHI AIIEMEHTHBIX H
ACCOIMATUBHBIX THUIIOB U YCIICIIHO J00aBICHBI B METACXEMY PEMO3UTOPHUS C TIOMOIIBIO yTHMThl Maintain User
Extensions uactpymenTta Repository Administration Utility [7]. BHOBb cO3/1aHHBIC THIIBI PEITO3UTOPUS CPa3y Ke
cTanu pocTynHsl B quaniore RON (puc. 2), 4To MO3BOJMIIO 3aHOCUTD B Peo3UTOprii oTianounsie ERM-cxeMsl.
ABTOMaTHYECKU CreHepupoBaHHbl API mo3Bonui caenaTs 3TO B TAKETHOM PEXUME MAaCCOBOH 3arpy3Ku.

Kax Obu10 OTMEUEHO paHee, IPH ONPEACISHIUN MOJb30BATEILCKAX PACIIMPEHUN aBTOMATUYECKH CO3J1a-
torcst APl mocryma k o0bekraM 3Tux THNOB. OMHO W3 TPEOOBAHUM, MPEIBSIBIIEMBIX K pa3padaThiBaeMOl CH-
CTeMe, 3aKIII0YaeTCs B TOM, YTO JIOJDKHA ObITh 00ecTieueHa BO3MOXKHOCTE Pa0OTHI C PEMO3UTOPHEM DPslia IPY-
T'UX, BHEITHUX MPHIOKEHNH. TeopeTnyeckn STH MPUIIOKEHUS MOTYT pa0OTaTh M MOCPEACTBOM CTAaHIAPTHOTO
reraepupyemoro OD API, onmHako ecTh psii HEJOCTATKOB, BOSHUKAIOIIUX IIPU ATOM MOAXOIE.

[TepBrIif HemocTaTOK 3akitouaercs B ToM, uTo ctaHgapTHbli OD API umeer gocTaTOUHO CIOXKHYIO
cTpykTypy. llepen coBepiieHneM HEMOCPENCTBEHHO ONMEpalud HaJ OOBEKTOM HEOOXOAWMO BBHIMOIHUTH PAI
BCIIOMOTATEIbHBIX ACUCTBHUM, TAKMX KaK YKa3aHHE TEKYIIErO KOHTEKCTa, WHUIMAIM3AIUs CECCUU, ITPOBEPKa
TpaH3akuu u 00padoTka omuoOoK. Bee 3TH MeiicTBUS MOMKHEI Oy IyT MPOU3BOAUTHCS BHEITHUM MPUIOKECHU-
em. K ToMy ke mpencraBieHus, yepe3 KOTOPhIC YUTAIOTCS TaHHBIE 00 00BEKTaX, HMEIOT JJOCTATOYHO CIOXKHBIC
Y 3aIlyTaHHBIC CBSI3U C OMMCAHUSAME MPHUKIATHBIX CUCTEM, B paMKaxX KOTOPBIX OHHU CO3MaHbL. Bce 3T 00cTos-
TENBCTBA CYIIECTBEHHO YCIIOXKHST MPOIECC pa3pabOTKH HOBOTO WJIM MHTETPAIUH yXKe CYIIECTBYIOIIETO CTO-
POHHEr 0 NpUIoKeHUS. [ITNTENEHOCT Pa3pabOTKU TAKOTO MPHIIOKEHHUS TaKKe Oy/IeT yBEITUICHA.
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Puc. 2. inanor RON 1o co3mganmio nmokazaHHoro ¢gparmenta ERM-cxemsr

Bropoii HemocTaTok 3akio4aercs B TOM, 4TO JOTHKa paboThl ¢ HEKOTOPBIMH CJIOKHBIMH CTPYKTYPHBIMU
cymuoctsimu ERM-Monenu BEIXOAUT JaJIeKO 32 PaMKU IPOCTOTO N0OaBJICHHS, U3MCHEHHS WM yIaJeHus Ka-
KOro-nmubo oOwvekTa penosutopus. Hampumep, accomuanisi MHOXKECTBA CYIIHOCTEH ¢ MHOXECTBOM CBSI3€H C
TOYKH 3peHus rpadudeckoil HoTauuu ERM-mMozmenn conmpoBoxmaercsi COeAMHEHHEM OAHUM pedpoM COOTBET-
CTBYIOIIMX BepuMH Tpada. OmHAKO B PEMO3UTOPUHU UISA Ka)KIOT0 MHOXKECTBAa CYLIHOCTEH OyayT IOMOIHH-
TENFHO CO3JaHBbl OOBEKT AIEMEHTHOI'O THIA «POJIb», KOTOPBIH OyaeT XpaHUTh COOTBETCTBYIOIINE MUHHUMAIb-
HBbIE ¥ MaKCHMaJbHbIC KapIUHAJIbHBIC YHCIIa, U [Ba 00bEKTa acCOLMATHUBHBIX THIIOB. Eciin BHeNIHee mpuiioxe-
Hue OyaeT ucnonb3oBaTh reHepupyeMoe API, oTBeTCTBEHHOCTH 3a CO3/1aHUE U CBOEBPEMEHHOE yIaJleHHE BCEX
3THX 00BEKTOB JSDKET MMEHHO Ha Hero. Takum oOpa3oM, Joruka paboThl CO CTPYKTYpHBIMU 00bekTamMu ERM-
MoJenH OyJeT CYIIECTBEHHO YCIOKHEHA M K TOMY K€ pa30uTa 1Mo HECKOJIBKUM apXUTEKTYPHBIM CIIOSIM.

Tperuit HEMOCTATOK 3aKIIOYAETCS B TOM, YTO B YCIOBHSIX, KOT/Ia JIOTMKA 3aBHCUMOCTEN MEXIY CTPYK-
TypHBIMH 371eMeHTaMu ERM-Moznenu pacripenenesa o pa3HbIM CIIOSM CUCTEMBI, CYILIECTBEHHO YCIOXKHIETCS
BO3MOXKHOCTh BHECEHHS B 3Ty JIOTHKY KaKHX-THOO KOppeKTuB. Ilpm M3MEHEHHH CEMaHTUKH HEKOTOPOTO
cTpykTypHoro sinementa ERM-Monenu (a Takoe He MCKIIIOYAETCS B YCIOBHAX DBOJIOLHMU MOJIEIH) COOTBET-
CTBYIOILINM M3MEHEHUSM MOJBEPTHETCA ero oO0paboTka Kak Ha ypOBHE PEMO3UTOPHS, TaK M HAa YPOBHE BCEX
BHEIIHHUX MPUJIOKEHNH, €T0 UCTIONB3YIOIINX, YTO YCIOXKHUT MPOLECC MOIIEPHKKH CHCTEMBI.

VYuuTeiBas BhIIIECKa3aHHOE, OBUIO MPHHATO pelIeHHe 000COOUTH JIOTHKY paboThl CO CTPYKTYPHBIMU
cymoctsiMiu ERM-mozenu B oraensHbIN nakeT npouenyp u pyakuuit (ERM_API), ocymectBustonmx go6aB-
JIeHne, U3MEHEHHe, yaleHUe U BRIOOPKY OOBEKTOB 3ToH Mozenu. MexaHu3M J0CTyIa HHKAIICYIHpyeT B cede
obpamienue k pernosutopuio uepes OD API. Kaxxaplil BbI30B TOI Mian MHON Hpouenypsl Win GyHKIUU MeXa-
HU3Ma TOPOXKIAaeT OIUH WM Oolsiee BBI30BOB creHepupoBaHHoro OD API, mpeaBapuTenbHYI0 MOATOTOBKY K
HUM, a TaKXKe MOCIeAYIONIyI0 00paboTKy U BO3BpAT pe3ynbTaToB (puc. 3).

Kak yxxe ObuTO cka3aHO, MEXaHHM3M JOCTyNa NpPEACTaBiIseT co0oi makeT mpouenyp u ¢GyHkuuid. s
Ka)X/I0OTO THIIa CTPYKTYpHBIX cymHocTed ERM-Mozaenu ectb deTsipe o0s3aTelbHbIE Onepalui — Jo0aBleHue,
W3MEHEHUE, yaalleHne 1 BEIOOpKA AaHHBIX. J{JIsl HEKOTOPBIX THUIIOB CTPYKTYPHBIX OOBEKTOB CO3JaHbI ONEepalty,
MPEAOCTABIISIONINE AOCTYN K AOMOIHUTEIBHON HHPOPMALNK, CBI3aHHOH ¢ 00BEKTOM (Hampumep, AJs orepa-
MU HaJ KJlacCaMH — CIIMCOK KJIaCCOB-OMEpaHIoB H Ap.). Taxke B makeTe MPUCYTCTBYET Psi MPOLENyp, JOoKa-
TU3yIoMKX obpaiieHue K crenepupoBanHomy OD APIL

OnHolt M3 KITIOYEBBIX B paMKax paboT MO CO3AaHUIO PENO3UTOPHS SBISIETCS 3ajada peain3aldd Mexa-
Hu3Ma npoBepku ERM-cxem Ha HempoTtuBopeunBocTh. HeoOxommumo, 4ToObl B 11000 MOMEHT BpEeMEHH aHa-
JUTHYECKUE U TPOCKTHBIC TaHHBIE, XpaHUMBIE B PEIIO3UTOPUH, OBLIIH ETOCTHBIMHA U HEPOTHBOPEUYUBBIMHU.
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BaxHbIM BOIIPOCOM SIBIISIETCS PACIONOXKEHUE MEXaHH3Ma NPOBEpKH B cucreme. s obecrieueHus 1ie-
JIOCTHOCTH XPaHHUMOM B PENO3UTOPHH MH(OpMAIMK MPOBEPKa AOJKHA IPOU3BOANUTHCA MPH padboTe ¢ JF0OBIMU
WHCTPYMEHTaMH, OCYLIECTBIISIFOIIMMH U3MEHEHHUS! XPaHUMBIX B PETIO3UTOPUH NaHHBIX. Pabora BHemHNX ERM-
MPUIIOKEHUH OCYLIECTBIIICTCS MMyTeM oOpalleHns K GyHKIUSAM cCO3AaHHOro Mexanusma gocryna ERM_API, a
BoT nHcTpyMeHT RON o6pamaercs HenocpeactseHno k OD API. HamomHuM, 4TO UMEHHO STOT KOMIIOHEHT
OD npumensiercs s auanoropoit padotsl ¢ ERM-penosutopuem. CiaenoBaTenbHO, pacloioKeHUEe MEXaHU3-
Ma MPOBEPKU CXEM Ha HEMPOTHBOPEUMUBOCTH IOJKHO OBITH He BhIlIe ypoBHSI OD APIL

Q0D Repository

paduyeckuin pegaktop
CospaHHble
npeacTaBneHuaA

Repository Object Navigator
MNpeacrasneHua OD

T
|
|
: ERM_CHECK |
|
|
|

Puc. 3. Apxutexrypa ERM-penoznTopust

BrimeykazanHbie 00CTOATENBCTBA 3aCTaBUIIM peaIn30BaTh NMakeT GyHKIuil npoBepok ERM-cxem Ha He-
nporuBopeunBocth (ERM_CHECK) kak pacmmpenue makera OD APIL JlocTynHOCTh MCXOIHOTO Kona Mo-
CIIEIHEr0 TO3BONMIIA T00aBUTh B HETO 00palleHUs! K QYHKIMSIM BepHU(PHUKALUU CXEM peno3uTopus. Takum o0-
pa3oM, MEXaHHU3M MPOBEIET MPOBEPKY N3MEHEHUH, COBEPIIEHHBIX KaK BO BHEIIHEM MHCTPYMEHTE, UCIOIb3Y-
tomeM OD API, tak u B ctangapTHeIx nHCcTpyMeHTax OD, Takux kak RON.

[TogpoGHee o perieHnH MPoOIEMbl HEMTPOTUBOPEUUBOCTH CXeM JaHHBIX B ERM-penosuropun peds mou-
JIeT peyb B MOCIEAYIOINX CTaThAX aBTOPOB.

3akjIoueHne

B cratbe onmcaHbl NpUHIKUIIEL, apXUTEKTypa U peanusauus nporotuna ERM-penosutopus. Ero co3ga-
HUE MO3BOJIIIIO Pa3BEPHYTh TECTUPOBAHHUE U OTJIAJIKY PEeaIbHON pabOThl MHOTHX APYTHX TMOACHUCTEM HCCIIEI0-
Batenbckoro CASE-uncrpymenta nnst ERM-monenu, KOTOpBIM AOMKEH CTaTh MPAKTUYECKUM JO0Ka3aTelb-
CTBOM aKTyaJIbHOCTH U pabOTOCIIOCOOHOCTH ToCieqHel. BaxkHeH MY U3 HUX SBIISIOTCS TpadudyecKuil penak-
top ERM-cxem, peanusytomuii metoguky ERM-MoznenupoBanusi, 1 MakCUMaiibHO 3¢ (GEKTUBHBIA TPaHCIISATOP
ERM-cxem B penduroHHyto Monenb, reHepupyronuii momumo komann CREATE TABLE komanasl co3nanus
MPEACTaBICHUN U TPUTTEPOB.
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Recently researchers of the automated means for information system development pursue the goal to increase of automation degree,
developer labor productivity, and also quality of the result received by means of CASE-systems. For achievement of these purposes it is
necessary to improve analysis and design models, tools of intermodel transformation and final generation of executed artifacts. Testing
and debugging of the newly proposed means are inconceivable without creation of a research prototype of the future CASE-system. This
article is devoted to development of a kernel of such system - a repository. Distinctive feature of this development is orientation to use
the semantic data model «Entity - Relationship - Mapping» (ERM-model) for information modeling.

Along with the traditional functional requirements demanded for automated development tools, the research prototype of a reposito-
ry has a number of important nonfunctional requirements:

- the system should have the program interface allowing to work with schemes by means of external applications, such as the graph-
ic editor of ERM-schemes, generator of relational schemes and other tools which will be realized in the future;

- the system should have the user interface giving dialogue access to objects of a repository;

- as the ERM-model actively develops, its metascheme will be frequently changed, hence, the architecture of a prototype should be
flexible and give possibility to reuse of earlier developed components.

It is possible to distinguish two alternative ways of the ERM-repository realization. The first way consists in creation of own reposi-
tory «from scratch» based on of permanent data store. Relational DBMS can acts as data store, for example. The second way consists in
expansion of any already available CASE-mean. During the analysis of base means CASE-system Oracle Designer (OD) is taken as a
platform for creation of the ERM-scheme repository.

The central part of this system is the repository containing project specifications at all its stages and providing coordinated work of
all its participants, whatever roles they played in the project. For access to the repository and management of it Repository Object Navi-
gator is available as well as specialized dialogue tools. It is a universal instrument, allowing looking through and modifying almost all
objects stored in a repository.

Before defining the ERM-metascheme in the metascheme of an OD-repository, it has been decided to realize this metascheme in the
form of a relational database at first, to check up working capacity of the received structures on real examples of the ERM-schemes and
typical transactions of their change. The relations received during test realization have been transformed to sets of element and associa-
tion types and successfully added in the metascheme of a repository by means of Maintain User Extensions utility of Repository Admin-
istration Utility tool.

During repository designing the decision to isolate logic of work with structural ERM-model entities in a separate package
(ERM_API) was accepted. Its procedures and functions carry out adding, modifying, deleting and retrieving objects of this model.
The access mechanism encapsulates calls to a repository through standard OD API. Each call of any procedure or function generates one
or more calls of OD API, preliminary preparation for them, and the subsequent processing and return of results.

The problem of realization of the ERM-scheme checks on consistency is one of key on repository creation. It is important, that at
any moment the analytical and design data, stored in the repository, were complete and consistent. For maintenance of check inevitabil-
ity at any changes it has been decided to realize a package of the ERM-scheme check functions (ERM_CHECK) as expansion of pack-
age OD API, in appropriate way having changed the last.
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Timely creation of the ERM-repository has allowed developing, testing and debugging of many other subsystems of the research
CASE tool for ERM-model which should become the practical proof of an urgency and working capacity of the last. Major of these
subsystems are the graphic editor of ERM-schemes realizing a technique of ERM-modeling, and as much as possible effective compiler
of ERM-schemes in the relational model, generating besides CREATE TABLE commands of view and trigger creation.
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M.K. I1aBiukoB

METO/J ABTOPU3AIIUY KJIMEHTCKAX NMPUJIOKEHUI B TETEPOTEHHOM
PACHPEJIEJEHHOM ITPOTPAMMHOM CUCTEME, IOCTPOEHHOM
HA OCHOBE ITPOTOKOJIA HDP

[Ipemioxken MeTon aBTOpU3ALMU IPUIOKCHUN B PACHPEICICHHON MPOrpaMMHON CHUCTEME, IOCTPOCHHOH Ha OCHOBE
nporokona HDP. /lanHslii MeTON MO3BOIMI IOJNYYHUTh LECHTPAIU30BAHHOE YIPABICHUE aBTOPU3ALMEH Ul MPOrpaMM-
HOHM CHCTEMBI, TIOCTPOCHHOH M3 MHUKpPOCEPBHCOB. lcronp30BaHMe METOMa IO3BOJIIIO MOBBICHTH O€30IACHOCTH 3allly-
IIEHHBIX JaHHBIX, IPHOOPECTH TOIEPAHTHOCTH CUCTEMbI K M3MCHEHHIO MEXaHH3Ma aBTOPU3AaUH U CHU3UTH BPEMEHHBIS
3aTpaThl Ha pa3padOTKy MUKPOCEPBHCOB. JlaHBI ONMMcaHue METOAA M €T0 CPAaBHEHUE C APYTHMH ITOAXOAAMH K aBTOpH3a-
UM KIIMEHTCKUX IPUI0KECHUM B PACIpPEICICHHOM TPOrpaMMHOI cUCTEME.

KioueBsble ciioBa: HDP; pacripenenennast mporpaMMHas CHCTEMa; aBTOpU3amys B Iporpammuoii cucreme; OAuth.

ABTOpI/IBaLII/IH — 3TO NPCAOCTABJIICHUC IIPpAaB HA BBIMTOJHCHUC onpe):[eneHHOﬁ onecpanuvu U MpoBEpKa TaKUX
IIpaB IIPU BBIITOJHCHUU OIICpalvun. B MMpOrpaMMHBIX CUCTCMAxX aBTOpHU3allUA H606XOI[I/IM3 UId AoCTyna K 3a-
H.IHH.ICHHOfI I/IH(l)OpMaLII/II/I M MCTOJAAaM MOJYUCHU:, arperaiuun BaHlHHleHHOﬁ I/IH(l)OpMaLII/II/I. B Cllyqa€ MOHO-
JIMTHOT'O IMPUIIOKCHUSA TI)YI[HOCTCI;’I B pcajiM3allii aBTOpHU3aluU OOBIYHO HE BO3HHUKACT, TaK KaK CYHICCTBYCT
JOCTAaTOYHO MHOI'O I'OTOBBIX peH_ICHI/Iﬁ I[aHHOfI 3aJa4u. B PAa3JIMYHBIX A3BIKaAX MPOrpaMMUPOBAHUA U (bpeﬁM—
BOpPKaX HAKOMWJIOCHh JOCTATOYHO MHOI'O 6I/I6J'II/IOTCK, KOTOPBIC paCHINPAOT A3BIKOBBIC BO3MOKHOCTH 10 aBTO-
pu3alvm KJIMCHTA.

B CJIydac C BBICOKOHArpy>KCHHbBIMHU MMPOCKTAMH, 4YaCTO MOCTPOCHHBIMHU 110 MHKpOCCpBHCHOfI APXUTCKTY-
pe, OAHO MPUJIOKCHUC PA3HOCUTCA MO MHOIOYMUCICHHBIM Y3JIaM HpOFpaMMHOﬁ CHUCTCMBI, IIPUYCM HpOoLCAYPY
aBTOpHU3allun HCO6XOZ[I/IMO mojy4aTthb K 60J'II>H.II/IHCTBy TaKUX CEPBUCOB. Peanmaunﬁ CTaHAapPTHBIX peH_ICHI/Iﬁ oo
aBTOpH3alluy NPUBOAUT K KaTaCTpO(l)I/I‘-IeCKOMy IIY6HI/Ip0BaHI/IIO KOJa, pCain3yromiero OAHOTUIIHYIO JIOTHKY.
B cjlydqac HOTpe6HOCTI/I BHECCHHUS HM3MCHCHHUN B JaHHYIO JIOTUKY 3TOT HNPOLECC HCBO3MOXHO pPCaIM30BaTh
MI'HOBCHHO, TaK KaK B OJWH MOMCHT BPCMCHU OOHOBUTEL BCE MHKPOCCPBUCHI 0e3 BBIKIIIOUEHUS CHUCTEMBI U3
OKCIUTyaTalluid HCBO3MOKHO. Taxxe BO3HHUKAIOT BOIIPOCHI OT3bIBAa IpaB y IOJb30BATCIISA, KOTOPBIC HJOJIKHBI
BCTYIIUTH B CUJTY Ha BCCX MHUKPOCCPBUCAX B Z[aHHOf’I CUCTEMC, U BO3HUKAIOT HpO6J'IeMI:I Ha3HA4YCHUSA onpcac-
JICHHOMY ITOJIB30BATC/II0 IpaB Ha HECKOJIBKO onepaunﬁ, KOTOPBIC BBIITOJIHAIOT PAa3JIMYHbIC MUKPOCCPBHUCHI.

1. IIporokoa aBropuszanun OAuth u 0ocoGeHHOCTH €r0 NPUMEHEeHHUs

Ha cerognsmuuii 1eHb caMblii MOMYJSPHBIA MPOTOKOJI aBTOPH3ALHUU MEKAY ABYMS HMPUIOKECHHUSIMUA —
310 OAuth. JlaHHBIH MPOTOKOI MO3BOJISET MIPUIIOKEHUIO MOTYYUTh aBTOPU3ALUIO Y MUKPOCEPBHCA, UCTIONB3YS
HTTP 3ampocsl. OCHOBHOE MPEUMYLIECTBO MOIXO0AAa COCTOUT B TOM, YTO KIMEHT HE MEpPEeNaeT AOBEPEHHOMY
MIPHJIOKEHHIO JIOTHH M MapoJib OT CBOEr0 aKKayHTa, a JHIIb Ha3HA4aeT ONpeAeieHHbIE IIpaBa, KOTOpPhIE OTpa-
YKAIOTCS B OJIy4aEMOM TOKEHE.

Kak Bugno u3 puc. 1, OAuth ucnons3yer BzaumMoaeicTBre yepe3 Opaysep Moab30BaTeNsl U MPsIMOe B3a-
UMOZACHCTBHE MEKIY NPOrPaMMHBIMH CHCTEMaMH, YTOOBI BBHIMOJHUTH MOMHBIA MpoLEecC aBTOPH3ALMU. OTO
MPHUBOAUT K TOMY, YTO HEOOXOAMMBIH ISl aBTOPU3ALMU TOKEH JOJDKEH OBITh MONMyYeH BPYUYHYIO, B IPOTOKOJIE
HE 3aJI0’)KEHO BO3MOXHOCTH aBTOPU3ALMHU MOITYyUEHHS C LEbl0 oOecneueHns 0e30MacHOCTH MOJIb30BaTEls, TaK
KaK TOCIIEAHUN JOJIKEH MOATBEPANUTh CBOE HAMEPEHHE TepeaaTh ONpPENENeHHbIE MTpaBa ONpPEAEICHHOMY IIPH-
JIOXKEHHI0. DTO AOIMYCTUMO, KOTAa MOJIb30BaTENh X0UET IPEAOCTAaBUTh NpaBa CBOEMY JOBEPEHHOMY MPUIIOXKE-
HUIO, HO ucnonb3oBanne OAuth cTaHOBUTCS HEBO3MOXKHBIM Ul aBTOMAaTH3aLUN B3aUMOACHCTBUS IBYX HIIH
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[puvnoxeHue

PeampekT Ha cTpaHMLy

Oonee npunoxkenunit. Ko Bcemy npouemy, amns B3aumozneicTBus no nporokory OAuth Tpebyercss Hanuume mo-
CTOSTHHO 3aITyILIEHHOT'O CEpBEpa aBTOPH3ALMH HA HEKOM y3JI€ IPOrPpaMMHOMN CHCTEMBI.

CepBuc

Janpoc NoATES prHgeHMA

ABTOP M3 LM BbIAFHI MpaE
FPe EKT Ha NP H MW 8 0Ly
Janpoc access token - e P =
CTREH MLy
1
|
|
1
e - Brioada access token
|
|
1
AocTyn K SalwMWweHHER - — — — — — — — = = —
pECYPCa
1
|
|
1
U .

—— = EsalwodgHcTEME Hepes Bpaysep NOoNeS0EaTena

— — — = [lpamoe BZMMOOEHCTEME

Puc. 1. [Ipuanun B3anMoneHCTBHS IPHIIOKESHUH TIPH aBTOPHU3AIMH C TOMOIIBI0 poTokona OAuth

Crout ynmomsiHyTh TIpO MexaHu3M ayreHTudukanuu OpenlD, KoTOpHIA, B CBOIO 04Yepe/b, SBJISAETCS OT-
JIENTbHBIM MPOTOKOJIOM, He cBsi3aHHbIM ¢ OAuth, TeM He MeHee B cirydae ¢ OpenlD monb30BaTenb yIocToOBEpseT
MPWIOKEHHE, YTO BBIIAET ceOs 32 TOro, KeM U SIBIISETCS, HO JaHHBIM MPOTOKOJ HE MO3BOJISICT Ha3HAYATh OIpe-
JICTICHHBIC TpaBa U KOHTPOIUPOBATh UX. [IoMHUMO OTCYTCTBHS aBTOMATHU3WPOBAHHOW aBTOpPU3AILMU U3 HEIO-
cratkoB OAuth crout orMeTuTh TO, uTOo Oe3omacHocTh OAuth ocHoBaHa Ha SSL, a 3T0 cepbe3HO TOBHINIACT
TpeOOBaHUS K pecypcaM U MOPOM CTAHOBUTCS MPEMSATCTBUEM K HCIOIL30BAHUIO MPOTOKONA B BHICOKOHATPY-
XKEeHHBIX cuctemax. Hecmotps Ha To, uyro OAuth 2.0 6pu1 mpunHsaT B 2006 T., B crienuUKAIMIO €IIe BHOCATCS
M3MEHEHUS, MTOPTOMY HEBO3MOXKHO OBITh YBEPEHHBIM, YTO B OYyIyIlleM HE MPOW30MAET M3MEHEHUN 0e3 moj-
JIEPKKU 00paTHOW COBMECTUMOCTH.

2. Metox aBTOpH3alH KINEHTCKUX npuiaoxenuii B HDP

HDP (Heterogenous Data Protocol) mpencraBiser co0oii mMpoTOKoN i 0OMEHA TeTepOoreHHBIMU JIaH-
HBIMHM B pacopeneiacHHON mporpaMMHoi cpere. HDP ucnonb3yer KecTKo CTpYKTYpHpPOBAaHHBIE AAHHBIE B
¢dopmare JSON co crienuaibHBIMU CITY>KeOHBIMH METKAMH COTJIACHO CTICHU(HUKALINN TPOTOKOIA.

V¥3en B pacnpeneneHHoN cucTeMe, KOTOPhIi JKenaeT NMPeAoCTaBUTh JOCTYI OcTalbHBIM y31aMm no HDP,
00s13aH chopmupoBats ¢paitn HDP-cepBuca, B KoTOpoM OyIyT MepednciieHbl JOCTYIHbBIE KITHEHTaM (DyHKLUH C
YKa3aHHEM BXOAHBIX TAPaMETPOB U BBIXOAHOM cXxeMbl JaHHBIX. [10 Ka’kaoMy BXOJHOMY MapaMerpy JOIMYyCTUMO
yKa3bIBaTh 3HAUYEHUS 110 YMOIYAHHUIO, IPaBUJIa MPOBEPKU AAHHBIX 3TOTO MMapaMeTpa U Jp.

[IpoToKo MO3BOMISIET TETEPOreHHBIM MPOrPAMMHBIM CUCTEMaM OCYIIECTBUTH OOMEH JaHHBIMHU C TapaH-
THEl LEITOCTHOCTH AaHHBIX, BO3MOYKHOCTBIO MX NMPOBEPKH, IIOCTPOECHUS pPACIPEAEICHHON CEpBUCHON apXUTeEK-
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TypHI Ha CTOPOHE TpoBaiiziepa naHHbIX. [IpoToKON HMeeT cOOCTBEHHYIO Criel(UKAINIO, TTOITOMY OOMEH JaH-
HBIMU MEXY Pa3IU4YHBIMU MPUIOKEHUSIMH HE BBI3BIBACT MPOTUBOpEUMil. Jlomyckaercss mpOou3BOIBLHOE KOJIU-
4ecTBO (hOpMaTOB CepUaU3aliui NaHHBIX, npemiaras JSON kak ocHOBHOW. Ho HE3aBHUCHMO OT IPOTOKOJIA H
ero crenudukanuy MpoBanep MaHHBIX MOXET BBHIOpATh JKeMaeMbIi opMaT cepruaau3aliuyl TaHHBIX, B KOTO-
POM OH OyJIeT MoNy4aTh JaHHBIC OT KIUCHTOB.

Meron aBTOpHU3aIMK KIUEHTCKUX MPHIOKEHUM B pacnpeeleHHON MPOrpaMMHOIM CUCTEME, TOCTPOCH-
HOI Ha ocHOBe nporokonia HDP, mpencraiser co0ol 3aJI0KEHHYIO B PO MPOTOKOJIA BO3MOXKHOCTh XpaHe-
HUS ¥ MPOBEPKH TOKEHA: YHUKAIbHAS CTPOKA, HICHTU(UIMPYIOIIAs 3aJaHHbIH Ha0op mocTymHbIX poneit. Co-
riacHo crenuukarmu nmporokoida HDP Bcs GyHKIIMOHATBEHOCTH TIpOBaiifiepa JaHHBIX JACIUTCS Ha OTIACIBHBIC
(YHKITMM MHKPOCEPBUCOB. KaXKIIblii MUKPOCEPBHUC BIIPABE CAMOCTOSTEILHO T'€HEPUPOBATh U BBHIJIABATH TOKEHBI
C y4eTroM uX cpoka xu3Hu. [Ipu 3ampoce kK GyHKIMH cepBuca, KoTopas TpeOyer aBTopu3aiwu, HDP crauana
MPOBEPSICT HAMYUE TAKOTO TOKCHA B YX€ UCIIONBb3YyEMBbIX U CPaBHUBAET €ro CO CPOKOM rogHoctu. B cimyuae
€CITN JICHCTBUTEILHBIN TOKEH HalJIeH, 3ampoc OyeT HanpaBlieH K MUKPOCEPBHCY, HHAYe OYJET BBIaH OTBET C
HTTP 3aromoskom 401 u 3armpoc Ha MEKPOCEPBUC OTIPABIICH HE OYET.

KnueHtckue npunoxeHus HDP MwukpocepBUChI
npoBaiifepa AaHHbIX

3anuch TOKEHa B Co3faHne HoBoro
XpaHwnie TOKeHOB TOKEeHa

MpoBepka
3anpoc hyHKuUK, Ba/IMHOCTY TOKEHA B
Tpe6ytoLweit XpaHunuie ans Bblgada faHHbIX
aBTOPM3ALMIO MO TOKEHY 3anpoLLeHHoiA
hyHKUMN

Mony4yeHne goctyna K
3allULLEHHBIM pecypcamM

Puc. 2. [IpuHnun B3anMOISHCTBHS IPHIOKECHUH TIPH aBTOPHU3AIMH C TOMOIIBI0 MeToa aBropu3aru HDP Auth

Kax BugHO M3 puc. 2, KaXIaplii MUKPOCEPBHC B MPOM3BOJIBHBIM MOMEHT MOXKET 3aHOCUTh M YIpPaBIATh
TOKeHaMH B xpaHunuiie cepsuca HDP, aist sToro Heo6XonumMo oTHpaBUTh TOKEH C YKa3aHHEM CPOKa TOAHOCTH
Ha ompeneneHHbld nportokonoM aapec. HDP, momyuyas naHHBIA 3ampoc, CKIaAbIBaeT MOCTYNMUBIINI TOKEH B
CBOE XPAaHWJIHIIE, U TIOCJIEAYIOIME OT KIMEHTOB 3alpOChl C TaHHBIMU TOKEHaMH MPU3HAIOTCS KOPPEKTHBIMH.

JlaHHas JOTWKa MO3BOJISET CHU3UTH BHIYMCIUTEIBHBIE CIOKHOCTH, 00beMbl B KoimnyecTBo HT TP 3ampo-
COB K MUKPOCEpPBHCAM, YTO TOJIOKUTEIBHBIM 00pa30M CKa3bIBaeTCsl Ha OOIIel Harpy3Ke, KOTOPYIO UCTIBITHIBA-
eT mporpaMMHas cucrema. [lonp30BaTens MOMTHOCTBIO OTCYTCTBYET B JAHHOM METOJE aBTOPHU3AIMH, YTO MO03-
BOJISIET aBTOMATU3UPOBATh 100aBJIEHNE U yOalleHHE HOBBIX MUKPOCEPBHCOB. KaXkaplii TOKEH MOXKET OBbITh BBI-
JlaH Ha OTPaHMYECHHBINA MJIM HEOTPaHUYEHHBIN CPOK ACHCTBHSI KaK Ul OJHOM, TaK U sl HECKOIBKUX (YHKIHUH,
YTO NMpPUBHECET TMOKOCTh B TaHHBIM METO aBTOpH3aLMKi. MUKPOCEPBUC, BHIIABIIUI TOKEH B JIIOOOH MOMEHT,
MOJKET OTO3BATh €T0, NAXKE €CIN €r0 CPOK FOJHOCTH HE M3MEHMUJICS; JOMyCTUMO MEHATh U CPOK TOAHOCTH A
TOKEHa, KOTOPBIN Y€ HaXOIUTCS B XPaHUIIUILE TOKEHOB.

Onucanue MeTosa B3aUMOJCHCTBHS IPOrpaMMHBIX Y3JI0B NpHU aBTopu3anuu uyepe3 HDP aBropusanmon-
HBIN MOJYJIb.

1. [TocTaBIIMK AaHHBIX PETUCTPUPYET MpaBUiIa COOTBETCTBHS ToKeHa Ha cepBepe HDP.

2. MuKpocepBUC TOCTaBIIMKAa AaHHBIX CO3AAeT CIICLUAIBHBIA TOKEH Ui BBHIOPAHHOIO KIMEHTa WM
IPYIIIBI KIMEHTOB U / WK TIOb30BaTENCH.

3. MukpocepBHUC MTOCTAaBIINKA JaHHBIX PETUCTPUPYET AaHHBIN TokeH Ha cepBepe HDP mocpencrtsom ot-
npasku POST 3ampoca Ha angpec /hdpauth/setToken.
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4. Monynb aBTOpU3alluy, OJYYUB TOKEH, IPOBOAUT €TI0 MPOBEPKY, COrNIACHO MpaBUiiaM, 3aperucTpupo-
BaHHBIM B ITyHKTE 1.

4.1. B cny4ae ecnu mpoBepka Obuia ycnemHo npoiinena, HDP Auth seimaer HTTP otBer ¢ komom 200 u
YBEIOMIISIET O TOM, YTO TOKEH OBLI YCIICIITHO 3aPETUCTPUPOBAH.

4.2. lnayue HDP Auth Beimaer HTTP otBer ¢ komom 400 1 yBemoMisieT 0 TOM, YTO TOKEH He ObLT 3ape-
TUCTpUpOBaH. B 3TOM ciiydae MUKpOCEpBUC 3aHOBO T'€HEPUPYET TOKEH COMIACHO MpaBUIaM, 3apErucTpUpOBaH-
HBIM B paMKax MyHKTa 1, U nanee JeHCTBYeT aHAIOTMYHO, HAYMHAs C TIyHKTa 2.

5. Kaxnplii moctynaromumii KITMEHTCKUAHN 3aIllpoc K 3allMIIeHHBIM ToKeHamMu pecypcam HDP Auth Beimon-
HSIET IPOBEPKY:

5.1. Ecnu mpuiienmii TOKeH Hal[ieH B XpaHWINIIE TOKEHOB U Y JAHHOTO TOKEHA HE MUCTEK CPOK T'OJJHOCTH,
3aIpOC CUMTACTCS KOPPEKTHBIM M TIPOJIOIDKAETCS ero 00paboTKa coriacHo crerpdukarn mporokoina HDP.

5.2. Ecnu npumienmvii TOkeH He ObUT HaiiicH B XPaHIUIUIIE TOKEHOB WIIH Y HET'0 UCTEK CPOK T'OTHOCTH,
to HDP mpekpamiaer o0paboTKy 3ampoca, youpaeT UCTEKIINH TOKEH M3 XpaHwiiina u Bo3spamaer HTTP ot-
BeT ¢ kogom 401.

B mo0oii MOMEHT SKCILTyaTallii CHCTEMbI MUKPOCEPBUC MUMEET BO3MOXKHOCTH 3alPOCHUTH CITHCOK BCEX
JISHCTBYIONIMX TOKCHOB IO HEKOW 3allUIICHHOW (PYHKIHMHM W yJaJIUTh TOKEH, KOTOPBIM YyTpaThi HEOOXOIu-
MOCTb B HAXOXJCHUU B XPaHWIHUIIIE.

[Ipumep perucrpanuu KOppEeKTHOrO TOKEHA!

POST /hdpauth/setToken HTTP/1.1

Host: auth.hdpexample.com

Content-Type: aaplication/x-www-form-urlencoded

token=8unl847d5jyy5mOguf5pgk4101jg5ab95317&function=£f&expires in=0

OTtBer

HTTP/1.1. 200 OK

Content-Type: application/json

{

“status” : “ok”

}

[Ipumep peructpanvu HEKOPPEKTHOI'O TOKEHA:

POST /hdpauth/setToken HTTP/1.1

Host: auth.hdpexample.com

Content-Type: aaplication/x-www-form-urlencoded

token=17&function=fé&expires in=0

OTtser

HTTP/1.1. 400 Bad request

Content-Type: application/json

{

“status” : “error”,
“message” : “Insufficient token length, must be greater than 10”7

}

[Ipumep oT3bIBA TOKEHA!

POST /hdpauth/removeToken HTTP/1.1

Host: auth.hdpexample.com

Content-Type: aaplication/x-www-—form-urlencoded

token=8unl847d5jyy5mOguf5pgk410ljgbabwcd4r5317&function=~f

OtBer

HTTP/1.1. 200 OK

Content-Type: application/json

{

“status” : “ok”
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O1BerT, eciIi JaHHBIA TOKEH He ObLI HaliIeH
HTTP/1.1. 404 OK
Content-Type: application/json
[Ipumep 3ampoca TOKEHOB MO (QYHKITUH:
POST /hdpauth/getToken HTTP/1.1
Host: auth.hdpexample.com
Content-Type: aaplication/x-www-form-urlencoded
function=f
OTtser
HTTP/1.1. 200 OK
Content-Type: application/json
{
“status” : “ok”,
“tokens” : [“8unl847d57yy5mOgufb5pgk4101ljg5abSwc4r5317”,
“dwg83d5]yy5bmOgufbpgk4101jg5ab9wecdr53117]
}
[Ipumep KIHEHTCKOTrO 3ampoca K (PyHKIUHU B clTydae KOPPEKTHOI'O TOKCHA:
POST /authclosed/function HTTP/1.1
Host: clientapp.com
Content-Type: aaplication/x-www—-form-urlencoded
updatedparam=newvalue&token=8unl847d5]jyy5mOguf5pgk4101jgbabcd4r5317
OTtser
HTTP/1.1. 200 OK
Content-Type: application/json
{
“status” : “ok”,
}
[Ipumep KIHEHTCKOTO 3ampoca K PyHKIUU B ClTydyae HEKOPPEKTHOI'O TOKCHA:
POST /authclosed/function HTTP/1.1
Host: clientapp.com
Content-Type: aaplication/x-www-form-urlencoded
updatedparam=newvalue&token=8u0ljgb5ab9wcd4r5317
OTtBer
HTTP/1.1. 401 Unauthorized

3akioueHne

B pabote Obu1 IpoBeeH aHANM3 MPOOIEMBl aBTOPHU3AIMN KIIMEHTCKUX MPHIOKEHUH B PACIIPEACIICHHOHN BBI-
COKOHArpy»Ke€HHO! MPOrpaMMHON CHCTEME, YKa3aHbl JOCTOMHCTBA M HEJOCTATKH CYIIECTBYIOIMX METOMOB, MPEA-
JIO’KEH METOJI LICHTPAIM30BAHHOTO YIPABJICHHS aBTOPU3ALMOHHON (PYHKIIMOHAIBHOCTBIO. JIaHHBIA METO T03BOJISI-
€T TIPEIOCTaBUTh BCEM 3aITyLIEHHBIM MUKPOCEPBUCAM EMHYIO BXOJHYIO TOUKY aBTOPHU3ALIUH, YTO MOTOKUTEIBHBIM
00pa3oM CKa3bIBaeTCsl Ha CKOPOCTH Pa3padOTKU BBICOKOHATPYKEHHOM CHCTEMBI, CHUKAET BO3MOYKHOE YHCIIO OLIH-
OOK B aBTOPH3ALOHHON (DYHKIIMOHAIILHOCTH U MOBBIIIAET TONEPAHTHOCTh CUCTEMBI K N3MEHEHHUIO aBTOPH3AIHOH-
HO# oruku. B Oymyiiem naHHBI METOI MOJKET MOJCTParBaTHCs IO HOBBIE TPEOOBAHUS K MEXaHU3MY aBTOpHU3a-
L1H, HATIPUMED, Pa3IUYHbIC YCOBEPLICHCTBOBAHUS IS MOBBILICHNS YPOBHsI 0€30MaCHOCTH TIPH IOCTYIIE K JJaHHBIM.
[IpennosxeHHpIi METON pa3yMHO MCIONB30BaTh B PacIPEACICHHBIX BEICOKOHATPYXEHHBIX CHCTEMaX, IIOCTPOEHHBIX
Ha ocHOBe npoTtokoina HDP, rae uMeercst BHyIIUTENbHBIN 00beM 3alIMILEHHON HH)OPMALIUH.
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In this paper, the authorization of client applications in a software system built on the basis of the HDP protocol is considered. Au-
thorization is the granting of rights to perform a certain operation and checking such rights when performing an operation. In computer
systems, authorization is necessary to access protected information or methods of obtaining, aggregating secure information. In the case
of a monolithic application, there are usually no difficulties in implementing authorization, because there are many ready-made solutions
to this problem. In various programming languages and frameworks, a lot of libraries have accumulated, which expand the language
capabilities for client authorization.

To date, the most popular authentication protocol between two applications is OAuth. This protocol allows the application to get au-
thorization from the service using HTTP requests. The main advantage of the approach is that the client does not transfer the login and
password from its account to the trusted application, but only assigns certain rights that are reflected in the received token. OAuth uses
interaction through the user's browser and direct interaction between the software systems to perform the full authorization process. This
leads to the fact that the token necessary for authorization must be received manually, the protocol does not provide for the possibility of
authorization of receipt in order to ensure the security of the user, as the latter must confirm its intention to transfer certain rights to a
particular application. This is acceptable when the user wants to grant rights to his trusted application, but using OAuth becomes impos-
sible to automate the interaction of two or more applications. In addition, OAuth requires a constantly running authorization server on a
certain node of the software system.

The method of authorization of client applications in a distributed system built on the basis of the HDP protocol is the possibility of
storing and checking a token embedded in the core of the protocol. According to the specification of the HDP protocol, all the function-
ality of the data provider is divided into separate functions of the microservices. Each microservice may independently generate and
issue tokens with regard to their lifetime. When requesting a service function that requires authentication, HDP first checks the availabil-
ity of such a token in the ones already used and compares it to the expiration date. In the event that a valid token is found, the request
will be forwarded to the microservice, otherwise a response will be issued with the HTTP header 401 and the request for the micro-
service will not be sent.
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This paper presents a fault-tolerant synchronous sequential circuit design based on self-checking system with low over-
head. The scheme has only one self-checking sequential circuit, normal (unprotected) sequential circuit and not self-
testing checker. It is proved the reliability properties of the suggested scheme both for single stuck-at faults (SAFs) at
gate poles and path delay faults (PDFs), transient and intermittent. It is supposed that each next fault appears when a
previous one has disappeared. Estimations of the schemes complexity are discussed.

Keywords: fault-tolerant scheme; sequential circuit; self-checking circuit; stuck-at fault; path delay fault; soft error.

In modern military, space, medical, etc. computer systems requirements for hardware reliability are in-
creased. Continuous improvements in CMOS technology entering the nanometer scale has resulted into quantum
mechanical effects creating many technological challenges for further scaling of CMOS devices. Nano-scale de-
vices are limited by higher defect rates and increased susceptibility to soft errors (transient or intermittent).

High performance integrated circuits have to be protected not only for single stuck-at faults (SAFs) (transi-
ent or intermittent) at gate poles but also for delays that arise in a circuit operation. Delays may be caused by a
high level of circuit integration, low voltages and high frequency operation. One of the most widespread and use-
ful in practice delay models is a model of a path delay fault (PDF). In this model, it is considered that for small
delays in path elements and connections between its elements a delay in propagating a change in a signal value
may exceed an admissible level for a circuit as a whole. This leads to incorrect operation of an entire circuit.

One of the approaches to increase reliability of the system is fault tolerance. A fault-tolerant system is
one that can continue the correct performance of its specified tasks in the presence of faults. Fault tolerance is
assumed to add some of the redundancy: hardware redundancy, software redundancy, information redundancy
or time redundancy.

One of the most common techniques providing the fault-tolerant property is triple modular redundancy
(TMR) [1-4]. The basic idea of TMR is to triplicate the circuit and perform a majority vote to determine the
output of the system. The main difficulties with TMR are the voter (if the voter fails, the complete system fails)
and high area overhead.

In the paper [5] a finite state machine (FSM) based fault tolerance technique for sequential circuits is
proposed. The technique is connected with adding redundant equivalent states to protect states with high proba-
bility of occurrence. The added states guarantee that all single faults appearing in the states variables of highly
occurring states or in their combinational logic are tolerated.

In [6] the use of duplication with self-checking for one-hot encoding FSM is suggested. This approach
ensures that any single error will not lead to an incorrect next state. However, it might lead to an erroneous out-
put. The area overhead of this approach is large as two sets of selectors are used and each selector set has N
flip-flops, where N is the number of states.

In the work [7] the synthesis of totally self-checking synchronous sequential circuits that are able to re-
cover after an occurrence of soft errors is proposed.
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A fault-tolerant system that is based on two replicas of a self-checking circuit and on error-masking in-
terface has been suggested in [8]. They use two checkers and rather complicate error-masking interface contain-
ing flip-flops.

In the paper [9] was suggested a fault-tolerant sequential circuit design also based on two self-checking
circuits for soft Path Delay Faults (PDFs) of the circuit. It includes two self-checking circuits, one self-testing
checker and more simple error-masking interface than one in [8].

In [10] a fault-tolerant scheme based on totally self-checking system with low overhead in comparison
with architectures suggested in [9] is considered. In contrast with these schemes it has only one self-checking
combinational circuit and another circuit is conventional one. Such scheme implements the correct behavior of
a combinational circuit when any permissible (among SAFs) soft fault (transient or intermittent) occurs.
The reliability of the proposed scheme is higher than TMR systems or fault-tolerant systems based on two self-
checking circuits.
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Fig. 1. Fault-tolerant scheme

In this paper we propose a fault-tolerant sequential circuit design based on architecture suggested in [10].
The scheme consists of one self-checking sequential circuit, one normal (unprotected) sequential circuit, not
self-testing checker and multiplexor. Such scheme implements the correct behavior of a sequential circuit when
any permissible (among SAFs and PDFs) transient or intermittent fault occurs.

This paper is structured as follows. In Section 1 the fault-tolerant scheme construction is described. Sec-
tion 2 gives the analysis of the fault-tolerant properties for suggested scheme. In section 3 some estimations of
the scheme complexity are discussed.

1. Fault-tolerant architecture

We have the State Transition Graph (STG) description of a synchronous finite state machine behavior.
It is necessary to derive sequential circuit masking single stuck-at faults at gate poles of the circuit and delay
faults.

We assume that each fault is transient or intermittent, and a next fault appears after a previous one has
disappeared, and only one module of the fault-tolerant architecture can be faulty.

We suggest applying the architecture of fault-tolerant scheme [10] for sequential circuits. The architec-
ture is based on using only one self-checking circuit.

The implementation of a fault-tolerant sequential circuit shown in Fig. 1.

Here SCSC, is a self-checking sequential circuit. Assume that all outputs (primary output lines and next

state lines) of combinational part ( K, ) of sequential circuit are under observation.

We may use any technique providing the unidirectional error manifestation for combinational part of se-
quential circuit. Single stuck-at faults in combinational part of sequential circuit can be detected if results in
unidirectional errors at the outputs and the outputs are encoded using a unidirectional error detecting code, for
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example, (k, [)-code (here [/ — length of code word and k& — weight of code word) or Berger code. One of that
technique is suggested in [11].

Here we consider the technique described in [12]. We encode FSM states with (£, /)-code words and then
change each 0 value in a code word for don’t care. As symbols of an output alphabet have already been encod-
ed we add output variables to encode sequential circuit outputs also by the proper (&, /)-code words.

This encoding provides the unidirectional manifestation of single stuck-at faults at gate poles of a combi-
national part of sequential circuit when using the proper circuit design.

Let we have STG description of FSM represented by Table 1.

Table 1
STG description of FSM

XXy X3 9 q' NYV2Y3V4Ys
(input cubes) (current state) (next state) (output vectors)

0—- - 00010
-0 - 00010
11 10010
- - 00110
10110
01000
11000
11000
01001
11001
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S =
|
|

(=}

|
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After encoding states ((1, 4)-code) and outputs ((3, 7)-code) we get Table 2 representing the system of
incompletely specified Boolean functions.

Table 2
System of incompletely specified Boolean functions

X1XpX3 21252324 | Z1292'32'q | M1V2V3VaVsVeVq
0—- - 1000 1 000 0001011
-0 - 1000 1 000 0001011
11— 1000 0100 1001010
--=0 0100 0100 0011001
-—-1 0100 0010 1011000
10— 0010 0010 0100011
0—- - 0010 0001 1100001
-1- 0010 0001 1100001
--=0 0001 0001 0100110
-—-1 0001 1 000 1100100

Changing 0 values for don’t cares we get minimized system of Boolean functions (Table 3). This chang-
ing keeps FSM behavior and originates partially monotonous system of Boolean functions [12].

Table 3
Representation of partially monotonous system of Boolean functions
XN\XpX3 | 21232324 | 21222324 | NV2V3VaYsVelq
0—— 1 --- 1 000 0001011
-0- 1 --- 1 00O 0001011
11- 1 --- 0100 1001010
——0 -1-- 0100 0011001
-1 -1-- 0010 1011000
10— -—-1- 0010 0100011
0—— -—-1- 0001 1100001
-1- -—-1- 0001 1100001
——0 -—-1 0001 0100110
-1 -—-1 1 000 1100100
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Derive from Table 3 the system F of partially monotonous (on state variables) functions. For that include
cubes of Table 3 marked with 1 value in the same column in the sum of products (SoP) of the corresponding
function. The system F for example from Table 3:

z'\= )c_lz1 \% gzl V X324,
Z'y = X1 Xy2; V x_322 ,
Z'3=X32, V xlx_223 ,

z' =)c_lz3 V X,23 vyc_3z4 ,

VI = X2,V X3Zy VX 23V Xy Zy V XaZy
V2= XXpZ3 VI3V T V Xz V Kz,
V3 =X7 VX5,

Ya = X3V NIV NX5 VKT, VKT,
Vs = X324V X2,

Yo = X2V XpZ V MXZ| V X XpZ3 V Xy,

V7 = X121V X2 V X325 V X XpZ3 V X 23V XpZ3 .

We apply a multilevel synthesis method from [13]:

1. It is based on dividing of SoPs (system F)) to get more simple system F*,

2. Each function (it is presented as SoP in general case) of system F* is represented by sub-circuit from
two inputs NAND gates and NOT gates. All these sub-circuits form virtual circuit named Subject graph.

3. Subject graph may be covered by sub-graphs corresponding to gates of any real gate basis during
technology mapping.

It is proved that any single stuck-at fault at gate pole of the Subject graph and also at gate pole of the circuit
in any real gate basis obtained in above mentioned way from system F manifests itself on circuit outputs as unidi-
rectional one. This means that the fault changes the values of a sub-set of circuit outputs from 0 to 1 (from 1 to 0)
on a test pattern. (If one circuit output changes its value from 1 to 0 then another output cannot change its value
from 0 to 1.) Thus we get from table like Table 3 self-checking combinational part of sequential circuit.

Considering sequential circuit as a whole (Fig. 1) we admit single stuck-at faults on flip-flop poles.
These faults also manifest themselves as unidirectional ones. Actually, as we use above mentioned synthesis
method we get circuit keeping the system /. We mean that if we move from the circuit outputs to inputs substi-
tuting instead of internal circuit variables the proper gate functions (depending on gate inputs), so that any sim-
plification of Boolean algebra is forbidden, we get exactly system F. As F'is partially monotonous on state var-
iables stuck-at 1 fault at a pole of flip-flop originates increasing on-sets of some functions from F, single stuck-
at 0 fault at pole of flip-flop originates decreasing on-sets of some functions from F. Thus the considered faults
manifest themselves as unidirectional one. It means that SCSC, is self-checking sequential circuits for single
stuck-at faults at gate poles of its combinational part and the same faults at flip-flop poles.

SC, is a sequential circuit realizing STG description of FSM. It has the same encoding states (like

SCSC) ), but has no additional outputs that are used for providing unidirectional error detection. In the example
considered (Table 3) the additional outputs are marked with y,, y,. K, is a combinational part of sequential
circuit SC,, implementing the system of partially monotonous Boolean functions (without functions corre-

sponding to additional outputs). The circuit is derived by using any method that provides low cost realization.
For increasing reliability properties of the system it is desirable applying different synthesis methods for
SCSC, and SC,. Such approach allows decreasing a probability of appearance of identical faults [14].

Variables y',....,y",,, ("} ,...,»",,) correspond to outputs of sequential circuits; variables y', .| ,..., ",

correspond to additional outputs for SCSC, providing (k, /)-code words; variables z'|,...,z', are state ones, and

p
d',..d', (d",..d",) are flip-flops corresponding to these variables.
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Ch is an arbitrary (k, /)-code checker. It may be not self-testing. It is supposed that each next fault ap-
pears when a previous one has disappeared. If checker fault manifests itself, it is masked by correct outputs of
SC, . This fault does not effect on any next transient or intermittent fault.

'

»-
Here we suggest using not self-testing monotonous checker that has low cost realization. The checker has

two outputs (u;,u,): “10” if both SCSC, and Ch are error-free; “00”, “01” and “11” if an error in one of these

circuits is detected.

The checker detects erroneous code words on outputs of K;: ¥'j ..., ¥, Vst sees Vipass 21502

MUX is a multiplexor with control inputs u;, u, and data inputs »',,...,»",, z'| ,...,Z'p, V' Vs

n

z 1,...,2"p. The MUX connects lines y',,...,»",, 2|, 2

, with lines yy,...,¥,,, z,....z, when checker out-

wZp

n n

puts have “10” values otherwise the MUX connects lines y"|,..,»",, z",...,z", with lines y,...,»,,,

p

Zl""’Zp .

2. Fault-tolerance analysis

We consider single stuck-at faults at gate poles of the combinational parts of sequential circuit SCSC;
and its flip-flops, and single path delay faults of SCSC,. As for SC, and Ch their faults may be arbitrary but

any fault keeps circuit as combinational one. All above mentioned faults must be transient or intermittent, and a
fault occurs one at a time and a next fault from permissible set can appear only after a forgoing fault has disap-
peared. Only one circuit among SCSC,, SC,, Ch, MUX may be faulty.

2.1. Stuck-at faults

Notice as Vgege, a set of permissible faults of SCSC,. Vgege, consists of single stuck-at faults at gate
poles and single stuck-at faults at inputs and outputs of flip-flops. All these faults manifest themselves as unidi-
rectional ones on outputs of sub-circuit K. In the presence of any fault from VSCSC1 circuit SCSC, may pro-
duce non-code word at the outputs of combinational part K, that will be detected by checker and multiplexer
will use erroneous free outputs from K, .

Let V) be a set of arbitrary faults of the checker. The fault-free checker for code words on inputs gen-

erates signals “10”, for non-code words — “00”, “017, “I11”. In presence of any fault from V, the checker can
produce arbitrary signals (“00”, “117, “01”, “10”) at the outputs that drives multiplexer switching between error
free outputs from K, or K,.

Let Vg, bea set of arbitrary faults of circuit SC,. It is supposed only one module of the system may be
faulty. This means that other modules are fault-free and the multiplexor uses error free outputs from X .
Let Vjx be a set of permissible faults of the multiplexer. These faults can change connection of some

n

lines y'y,....»",, 2'1...,2'), for corresponding lines y",,...,»",, z"|.....,z", . In this case K, and K, are fault

free and both have error free outputs.
Faults on primary inputs (x;,x,,...,x,) and primary outputs ()}, V,,...,»,,) are not considered.

Note V'=Vscse, W Ven YV sese, Y Vaux -

Proposal 1. The scheme of Fig. 1 keeps correct functioning in the presence of any fault from V.

2.2. Path delay faults

Consider a combinational circuit in which at time moment ¢ vector v, of values of input variables of a

circuit is replaced by another vector v, . Let T be a maximal admissible path delay in the circuit. If in time peri-
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od 1 after the time moment ¢, the expected value of vector v, on the circuit output does not appear, we say that

the circuit has path delay faults for some paths. We say that a pair (v;,v,) detects such fault, and the fault mani-

fests itself on this pair.

Take into consideration, that path delays for opposite (inverse) changes of signal values on outputs of
path gates may be different.

We call a pair that detects a delay of a signal on a circuit output changing from 0 to 1 as a test for a rising
transition; a delay of a signal on the circuit output changing from 1 to 0 as a test for a falling transition.

They distinguish single and multiple path delay faults, meaning faults of one or several paths, but we
consider only single PDFs.

If a test pair detects the path delay fault regardless of delay faults of other paths of a circuit, we call this
pair a robust test for this fault and the fault itself is called robust testable.

If a test pair detects the path delay fault in the considered path only on the assumption that other paths of
a circuit are fault-free, this pair is called a non-robust test for the fault, and the fault itself is called non robust
testable.

It’s possible to reduce construction of a test pair for a PDF to testing the constant fault in the correspond-
ing literal of the equivalent normal form (ENF) originated by the sub-circuit that contains the path considered.
Dealing with a single literal fault we mean either turning the literal to constant 1 which leads to this literal dis-
appearing from ENF products (bp-fault) or turning the literal to constant 0 which leads to disappearing all
products that contain the literal (ap-fault).

A test pattern for this literal is vector v, of a test pair. Note that a PDF manifests itself on this test pat-

tern only if previous vector v, differs from v, by a value of the variable marking the beginning of this path and
possibly values of other variables. Otherwise this PDF does not manifest itself on the circuit output.

Note that only vector v, in a test pair indicates if the test pair is robust or non-robust. This vector does
not directly affect PDF manifestation; it only provides manifestation of the PDF on vector v, .

Thus a PDF (robust and non-robust testable) differs from the corresponding literal constant fault by man-
ifestation not on each test pattern for the literal.

Take into consideration that disappearing of literal from ENF products increases on-set of the sub-circuit
function, and disappearing of ENF products decreases on-set of the sub-circuit function. This means that a lit-
eral constant fault manifests itself in a combinational part K; of the scheme as a single stuck-at fault of this
sub-circuit, but on the only sub-circuit output.

Masking PDFs we don’t need to know what path is fault. That is why we do not differ robust testable and
non-robust testable PDFs and, consequently, we have to pay attention only to the literal originated by the path.

Note that for any path opposite delays of signals are feasible at the same time. Test patterns for constant
1 and constant O fault of the proper ENF literal are different. Consequently, opposite delays of the same path
manifest themselves on different input vectors.

Thus when PDF of a falling transition occurs, we observe 1 value instead of 0 value on the certain test
pattern for bp-fault, and for a rising transition — 0 value instead of 1 value on the certain pattern for ap-fault.

As we consider transient or intermittent PDFs we may observe these faults only during time 7, 7> .
During time 7T path delay may manifest itself several times both for rising and falling transitions, but only on
the same circuit output.

Let Vppp = Vfé%gl UVARE. . Here VS%%ZI is a set of single path delay faults in SCSC, . These faults mani-
fest themselves changing only one output of the combinational part K, and a non-code word appears on inputs
of the checker. V25F is a set of path delay faults in checker (Ch ) and K,. If Ch has a PDF then combina-

tional parts K| and K, are fault free. If K, has a PDF then K| is fault free. Both cases provide correct out-

puts.
Proposal 2. The scheme of Fig. 1 keeps correct functioning in the presence of any fault from V.
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3. Experimental results

For experimental results we use MCNC sequential benchmarks [15, 16]. Appreciating a complexity of
the schemes we do not consider complexities of MUXs, voting circuits and flip-flops.

For state assignment of the TMR scheme we use the encoding with the shortest code words. For encod-
ing states of the FSMs (SCSC, and SC, ) is used one-hot encoding.

Encoding outputs of a self-checking sequential circuit we add minimal number of output variables to get
the proper (, /)-code.
For deriving structural realization of the circuits ( K; and K,) we use a multilevel synthesis method [13]

based on dividing of SoPs and using two inputs NAND gates and NOT gates. For synthesis of the not self-
checking monotonous two inputs AND and OR gates are used. The complexity of schemes and their sub-
circuits are estimated by the number of NOT gates and two inputs gates.

Table 4 illustrates the area overhead reduction of the proposed scheme as compared to TMR scheme and
scheme from [9]. Use the following notations:

Table 4
An estimation of the complexity of different fault-tolerant schemes
Name n m s Lyyr Lysc Lige HRpyr (%) | HR 50 (%)
bbara 4 2 10 714 449 418 41,46 6,9

bbtas 2 2 6 300 325 242 19,33 25,54
beecount 3 4 7 471 427 405 14,01 5,15
dk14 3 5 7 1149 992 891 22,45 10,18
dk16 2 3 27 2202 1510 1198 45,59 20,66
dk17 2 3 8 567 436 368 35,1 15,6
dk27 1 2 7 216 142 110 49,07 22,54
dk512 1 3 15 558 323 255 54,3 21,05
donfile 2 1 24 1965 917 867 55,88 5,45
ex2 2 2 19 1209 794 618 48,88 22,17
ex3 2 2 10 483 474 350 27,54 26,16
ex5 2 2 9 414 370 298 28,02 19,46
ex6 5 8 8 1032 786 644 37,6 18,07
ex’7 2 2 10 528 420 332 37,12 20,95
sl 8 6 20 2754 2213 1876 31,88 15,23
s1494 8 19 48 8121 7311 8635 9,98 15,33
s208 11 2 18 2091 1696 1451 30,61 14,45
s420 19 2 18 2124 1758 1452 31,64 17,41
s510 19 7 47 2244 2275 1857 17,25 18,37
$820 18 19 25 4371 3956 3397 22,28 14,13
s832 18 19 25 4929 4458 3794 23,03 14,89
shiftreg 1 1 8 288 150 118 59,03 21,33
tma 7 6 20 1290 1293 1072 16,9 17,09
trainl | 2 1 11 501 281 241 51,9 14,23
Average 33,79 16,76

Note. Name — the name of benchmark circuit; n — the number of inputs; m — the number of outputs; s — the number of states; Ly, —
the number of gates for TMR scheme; L,q. — the number of gates for fault-tolerant scheme based on two self-checking sequential cir-
cuits, L~ — the number of gates for the proposed fault-tolerant scheme; HR;,,, — the area overhead reduction of the proposed scheme

as compared to TMR; HR,- — the area overhead reduction of the proposed scheme as compared to scheme from [9].

As seen from the last two columns, the proposed method provides an average saving of 33,79% concern-
ing TMR implementation and 16,76% concerning method described in [Ibid.].

Conclusion

In this paper we have proposed a fault-tolerant sequential circuit design based on a self-checking system
with low overhead. The suggested scheme masks not only transient (intermittent) single stuck-at faults at gate
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poles but path delay faults as well. The experimental results show that the proposed technique provides an av-
erage saving of 33,79% overhead concerning TMR implementation and 16,76% overhead concerning previous
technique based on two self-checking modules.
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Mampocosa Anocena FOpvesua, Ocmanun Cepeeii Anexcanoposuu, Kupuenxo Hpuna Eezcenvesna, Huxonaesa Examepuna Anexcan-
dposra (Tomckuil rocynapcTBeHHbIN yHHBepeuTeT, Poccuiickas Penepanus).

IIpoexTHpOBaHHNe 0TKA30yCTOHYMBBLIX MOCIEA0BATEJbHOCTHBIX CXeM /ISl KOHCTAHTHBIX HeHCNIPABHOCTeil M HencHpaBHoOCTeil
3a/iepiKeK MyTei.

Ki1ioueBble c10Ba: 0TKa30yCTOHYMBAS CXEMA; ITOCIEA0BATEIIFHOCTHAS CXEMa; CaMOIIPOBEpsieMast CXeMa; KOHCTaHTHasI HeHCIIPABHOCTE;
HEHCTPABHOCTH 3aIeP>KKU ITyTH; HEPETYIIpHas OIINOKa.

[Ipemaraercs MeTo CUHTE3a OTKA30yCTOMYUBBIX IOCIEIOBATEIBHOCTHBIX CXEM, OCHOBAHHBIM Ha HCIIOIB30BAHUM CAMOIIPOBEpsie-
MOH CXeMBI M CXeMBI 0€3 IONOIHUTENBHBIX CBOICTB, pealn3yIoieil OCHOBHYIO ()YHKIMOHAIBHOCTD, JUIS OJMHOYHBIX KOHCTAHTHBIX
HEWCTPABHOCTEH W HEUCIIPABHOCTEH 3aeprkeK ITyTeH, KpaTKOBPEMEHHBIX M HepemMeskaromuxcst. OTKa30yCcTOHINBEIE CBOMCTBA MPEa-
JIO)KEHHOM apXUTEKTYPHI 00€CIIeUNBAIOTCS B IPENIONOKECHUH, YTO B TEKYIIMIT MOMEHT BPEMEHH MOXKET OBITh HEHCIIPABEH TONBKO ONH
(yHKIMOHANBHBIH O10K. PaccMaTpuBaroTCst KpaTKOBPEMEHHBIE W MIEPEMEIKAIONIUECs HEUCIIPABHOCTH, IPUYEM JIOITYCKAETCs MOSBICHNE
OUYEPEHON HEUCIPABHOCTH TOJIBKO I1OCIEC MCYE3HOBEHUS IOCIEACTBUM OT MPEabLIyIell HEUCIPaBHOCTHU. JI0Ka3bIBAaeTCs, YTO MPOSIBIIC-
HUC OJMHOYHBIX KOHCTAHTHBIX HEHCIPABHOCTEH U HEHUCIPABHOCTEH 3aJEpiKeK IyTeil B MPEUIOKCHHON apXUTEKType MAacKUpYeTcs B
paMKax 3aJaHHBIX OTPAaHWYCHHH, T.€. CXeMa SBISIETCS 0TKAa30yCTOWYMBOH. DKCIEPUMEHTANBHBIC PE3YAbTAThl ITOKA3aJIM, YTO HPEIo-
YKEHHBII METOZ MO3BOJISICT COKPATHUTH AIMapaTypHyIo H30BITOYHOCTE B cpeqHeM Ha 33,79% 1o CpaBHEHHUIO ¢ METOIOM TPOHHOTO pe3ep-
BHpPOBaHMS Moxynel u Ha 16,76% 1o CpaBHEHHIO C OTKa30yCTOMYMBBIMU CXEMaMH, OCHOBAHHBIMHU Ha HCIIOJIb30BAHUH JIBYX CaMOIIPO-
BEPSICMBIX MOJIYJICH.
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CUHTE3 CUCTEM ®YHKIINOHAJIBHOTI'O KOHTPOJIA
MHOT'OBBIXOJAHBIX KOMBUHALIMOHHBIX CXEM
HA OCHOBE METOJA JJOTHYECKOI'O JOIIOJIHEHU A

PaccMaTpuBaroTcss 0COOCHHOCTH OpraHU3AINH CHCTEM ()YHKIIMOHAIBHOTO KOHTPOJISI KOMOMHAIIMOHHBIX CXEM Ha OCHOBE
METOZIa JIOTHYECKOTO JTOMOIHEHUS IO PAaBHOBECHBIM KoaaM. [IpoaHanm3upoBaHBI CIOCOOBI TEXHHUYCCKOW pearu3alii
HEU3MCHAEMBIX YacTe CXeM KOHTPOJIS,, CHHTE3UPOBAHHBIX TI0 METOY JIOTMIECKOTO JOMOTHEHUS [UTS JIOTHYECKAX CXEM
C TIPOM3BOJIBHBIM KOJMYECTBOM BBHIXOAOB. [Ipemiosker 3 GeKTHBHBIA METOJ CHHTE3a CHCTEM (PYHKIMOHAIEHOTO KOH-
TPOJISI MHOTOBBIXOTHBIX KOMOMHAITMOHHBIX CXEM, OCHOBAHHBIN Ha BBIACIICHUH MOAMHOXECTB KOHTPOJIHPYEMBIX BBIXO-
JIOB ¥l KOHTPOJIE KaXKJIOr0 U3 HUX TI0 PABHOBECHOMY KOY C TECTEPOM C HEOOJBIION CIIOKHOCTBIO TEXHUYESCKON peatu-
3alii U MJIBIM KOJIMYECTBOM TECTOBBIX KOMOHMHAIMN, HEOOXOMUMBIX ISl TIOTHOM IMPOBEPKU MCIIPABHOCTH. Y CTAHOBJIC-
HO, 9TO pa30MCHUE BBIXOZOB KOHTPOIHPYEMOH CXEMBI Ha YETHIPEXDJIEMEHTHBIC OAMHOKECTBA C KOHTPOJIEM KaXKII0ro
Y3 HUX Ha OCHOBE PaBHOBECHOTO KO/a <2 W3 4» WM CaMOIPOBEPSIEMOT0 MOIYIS CKaThs Mapada3HbIX CUTHAIOB JacT
MUHHMAJBHYIO TI0 CIIOKHOCTH HEU3MEHSIEMYIO YacTh CXEMbI KOHTPOJIS.

KuroueBblie cj10Ba: KOMOMHAIIMOHHAS CXEMa; CHCTEMa KOHTPOIIS; METOJ] JIOTHIECKOTO JIOMOTHCHHUS; PAaBHOBECHBIC KO-
11, Kot «1 13 3»; kox «1 U3 4»; Kom «2 u3 4»; caMOIpOBEPIEMOCTb.

[Ipu cruHTE3€ HaEKHBIX JUCKPETHBIX CHCTEM aBTOMAaTHMKU M BBIYMCIHUTENBHOW TEXHUKH HCIONB3YIOT pa3-
HOOOpa3HbIe MOIXOABI, OCHOBAaHHbIE HAa BHECEHHM alllapaTHOW W IporpaMMHON m30eiTouHoctu [1-3]. OTo
MO3BOJISIET HA MPAKTHUKE ONEPaTUBHO OOHAPYKUBATh Ae(EKTHl U HEBEPHBIC PE3yIbTAaThl BHIYUCICHHUH, a TaKkKe
MapupoBaTh UX 10 peajii3alliid OTBETCTBEHHBIX TEXHOJIOTMYECKUX MpoueccoB [4—6]. Hanmpumep, ykazaHHBIMH
0COOCHHOCTSIMH 00J1aJ1al0T YNPABIIAIONINE KOMIUIEKCHI CHCTEM OOECIIEUECHHUS IBMXKEHHS I0E37I0B Ha MHUKPO-
MPOLIECCOPHOM OCHOBE [7-9].

OnHuM 13 TOAXOAOB K 00ECIEeYeHNIO HalIeKHOCTH Pa0OThl JUCKPETHBIX YCTPONCTB SIBJISIETCS] MCIIOJIB30Ba-
HHUE CaMOITPOBEPSEMBIX CXEM BCTPOEHHOTO KOHTPOJIS, MM cucTeM (QYHKIMOHaIBHOrO KoHTpois [10, 11]. Onn
MO3BOJIAIIOT OOHApyXuBaTh Ae(EKTHl B CTPYKTypaX OOBEKTOB AMAarHOCTUPOBAHMSA, BBIIABATH KOHTPOJILHBIC
CHUTHaJIBI O HAJIMYMU HEHCIIPABHOCTH U CO3/1aBaTh YCIOBHS IS MPENOTBPAIEHNS HCIIOIb30BaHUS HEBEPHO BBI-
YHUCJICHHBIX TaHHBIX B 3a/1a4aX YIPaBICHMUS.

[Ipn opranmzanmu cucreM (YHKIHOHAIBHOTO KOHTPOJS MOTYT OBITH HCIIOJNIB30BaHBI JIBE€ OCHOBHBIE
CTPYKTYpHBIE CXEMBbI, OCHOBaHHBIE Ha MPUMEHEHUN ITOMEXOYCTONYHUBBIX KOJOB C BBICOKOH KOAOBOM CKOpPO-
CTBIO M OpPUEHTHPOBAHHBIC, KaK MPaBUIIO, Ha OOHApYKEHHE MCKaKEHHWW, a HEe Ha MX HcIpasieHue [12-14].
IlepBas cTpyKTypHas cxeMa CHHTE3HPYETCs Ha OCHOBE METOJIa BBIUMCIIEHHUS KOHTPOJBHBIX Pa3psioB U MO3-
BOJISIET JIOTIOJHUTH HH()OPMAIIMOHHBIA BEKTOp, (POpMHUpYEeMBIld Ha BBIXOAaX 0OBbEKTa AMarHOCTUPOBAHUS, 10
KOJIOBOT'O CIIOBa 3apaHee BEIOPAHHOTO MMOMEXOYCTOWYMBOro koaa [15, 16]. Hampumep, yacTo B 3amayax op-
TaHU3alHUK CUCTEM (YHKLIHMOHAIBLHOTO KOHTPOJSI MCIONB3YIOT KOJBI C MOBTOpEHHEM, Koabl beprepa, Koabl
napurera 1 MoAM(HUUUPOBaHHBIE KOIBI C cyMMHpoBaHHeM [17-22]. XapaKkTepuCTHKH CHCTEMBI (yHKIHO-
HAJIBHOTO KOHTPOJIS TIONMHOCTBIO OMPENEISIOTCS CBOMCTBAMH KOJIa, BRIOPaHHOI'O B Ka4eCTBE €¢ OCHOBHI. BTo-
pasi CTpYKTYpHas cXxeMa CHUCTeMbl (yHKIHOHAJIBHOTO KOHTPOJS MO3BOJISIET MPeo0pa3oBbIBaTh HH(pOpMALU-
OHHBIH BEKTOpP, POpPMHUPYEMBIH Ha BBIXOAaX 00BbEKTa AUATHOCTHPOBAHHUS, B KOJOBOE CIOBO 3apaHee BHIOpaH-
HOT'0 KOJIa IMyTEeM JIOTMUECKOT0 JonoaHeHus [23].

Lenbio nanHON pabOTHI SIBIISIETCS U3IOKEHUE PE3YIHTATOB UCCIEIOBAHUS PUHIIMIIOB OPTaHU3AMH CHCTEM
(YHKIMOHATBHOTO KOHTPOJISI MHOT'OBBIXOJHBIX KOMOWHAIIMOHHBIX CXEM Ha OCHOBE METO/a JIOTMYECKOTO J0-
TIOJTHEHMS.
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1. CTpykTypHas cxeMa cHcTeMbl (PYHKIMOHAIBHOT0 KOHTPOJISI HA OCHOBE MeT0a
JIOTHYeCKOTI0 X0MO0JTHEeHHSA

B cTpykrypHOli cxeme cucTeMbl QPyHKIHOHAIBFHOIO KOHTPOJIS Ha OCHOBE METOAA JIOTMYECKOTO JIOTMOJI-
HeHHs BhIIensercs deTbipe Onoka (puc. 1). biok ocHoBHO#W normku F(x), wiu ncxomHash KOMOMHAIMOHHAsS
cxema, SIBJIeTcs OOBEKTOM JUAarHOCTHPOBAHUS M BBIUMCISET 3HAUCHHUS pa3psroB MHPOPMAIIIOHHOTO BEKTOPA
<fu fu1 --- 2 f1>. B mpolecce skcruryatauu cucteMbl (yHKIMOHAIBHOTO KOHTPOJISI HEUCIIPABHOCTU B OJIOKe
OCHOBHOM JIOTUKHU F(X) MPOSIBIAIOTCS B BUAE HCKAKEHUN Pa3psAaoB HHPOPMAIMOHHOTO BEKTOPA, YTO (PUKCUPY-
ercsl C MOMOIIBIO CXeMbl KOHTPOJIs. B cxeMy KOHTpOJIS BXOAUT TpH OJIoKa: OJIOK KOHTPONbHOM Joruku G(x),
OJIOK JIOTHYECKOro JONOTHEHUs U camonpoBepsieMbiid Tectep 7.SC. Biiok KOHTPONBHON JTOrMKH BBIYHUCIISIET CH-
CTEMY CIICHUAIBHBIX KOHTPOIBHBIX QYHKUUH g1, 2, - .., En-1, m, TPEOOPAZOBHIBAIOIINX B OJIOKE JIOTHIECKOT'O
JOTIOTHEHUSI 3HAUCHUS Pa3psAaoB HHPOPMAIMOHHOTO BEKTOpa <fy fu-1 ... f2 f1> B 3HaUCHUS Pa3pAAOB KOJOBOTO
CIIOBa 3apaHee BEIOpaHHOr0 Kofa. biok morndeckoro gononHeHus oOpa3oBaH JUHUEH CyMMATOPOB 10 MOIYJTIO

JIBa, HA BBIXOJIE KAXKJIOTO U3 KOTOPHIX (opmupyercs 3HaueHue QyHKuuu h, = f, Dg,, j =1,m. Tecrep TSC

npoBepsieT GakT MPUHAAISKHOCTH MOCTYMAIOUIEr0 KOAOBOIO CJIOBA 3apaHee BHIOPAHHOMY KOIY U B Cllydyae
HAIMYHS YKA3aHHOTO COOTBETCTBUs (hOPMHpYeT mapadyasHbli KOHTPONbHBIN curHan z'z' = <01> umm <10>.
Hapymenune napadasHocTH Ha KOHTPOJIBHBIX BBIXOAX CBHAETEILCTBYET O HAJMYUH HEHCIPABHOCTH B OAHOM
u3 OJIOKOB CUCTEMBI (DYHKIMOHAJIBHOTO KOHTPOJIS.

[Ipu opranmzanuu cucteMbl QYHKIHOHAIBHOTO KOHTPOJS MO CTPYKTYPHOH cXxeMme pHc. | HCIONB3YyIOT,
KaK IpaBUIIO, KakoH-TnO0 Hepa3aenuMelid kof [24] nubo ske OCyIIeCTBIIOT peobpa3oBaHue padounx QpyHK-
uuil B cucreMy QyHKUWH, HaleIEHHBIX, HATIPUMEp, CBOMCTBOM CaMOJBOWCTBEHHOCTH, M KOHTPOJIUPYIOT HaJM-
YHe 3TOr0 CBOICTBa CIEHHAIBLHBIM TECTEPOM CaMOABOMCTBEHHBIX CUTHAJIOB [25]. OcoOeHHOCTH OpraHHu3aluu
crcTeMbl (PYHKIMOHAIBHOTO KOHTPOJA C MPeoOpa3oBaHUEM CHUTHAIOB B CUTHANBI CIICHUAIBHOTO BHIA XOPOLIO
W3y4YeHBI U MPEACTaBICHBl B OOJBIIOM KoiuuecTBe padbot [26—31]. Bompock! ke opranu3anuu cucreM (pyHK-
LMOHAJIEHOTO KOHTPOJIS M0 METOAY JIOTHYECKOTIO AOMOTHEHHS] HA OCHOBE HEPa3AEIMMBIX KOJAOB B HACTOSIIEE
BpeMs1 CCIIeJOBaHbI HE MOTHOCTHIO M MPEACTABIISIIOT HHTEPEC [T Pa3paboTYHKa TUCKPETHBIX CHCTEM.
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Puc. 1. CrpykTypHast cxema CHCTeMBI (DYHKIIMOHAIEHOTO KOHTPOJIS
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B kadecTtBe Hepa3genmuMoro Koja MOXKET OBITh MCIIONB30BaH JIFO00N paBHOBECHBIN KOI (KO « U3 m»,
WJIH 7/m-KOJI, TAE ¥ — BEC KOJIOBOT'0 CJIOBa, a m — 00IIIee KOJIMYECTBO Pa3psoB), HO TOPA30 MPOIe CHHTE3UPO-
BaTh CAMOMPOBEPSAECMYIO CXEMY KOHTPOJIS TP Pa30MEHUU BBIXOJIOB CXEMBI Ha TTOJMHOXKECTBA U OpraHU3aIliH
MTOJICXEM KOHTPOJIS TPYIII BBIXOIOB HA OCHOBE PABHOBECHBIX KOJIOB C HEOOBIIIMM KOJTMYECTBOM KOJOBEIX CIIOB
Y TIPOCTHIMH CTPYKTypaMH TeCTepoB. boiiee Toro, B 0JIOKE TOTHYECKOro JOMOIHEHHS He MOTpedyercs mpeoo-
pa3oBaHus Bcex pabounx (yHkmid. [1Iupoko n3BecTHBI 6a30BBIC TTOXO/BI, UCIOIL3YIOIINE B KAYECTBE OCHO-
BBl TaKHE PaBHOBECHBIC KOABI, Kak 1/3-kox, 1/4-xon u 2/4-kox [32—41]. Kpome 3THX KOAOB, KaK albTepHATHBA
MOKET WCIOJIh30BaThCSI KOHTPOJIb TPYIIT BBIXOJOB Ha OCHOBE MOAYJEH CkaTus mnapadasHbix curHainoB 7RC
[42, 43].

2. Oco0eHHOCTH TPHMEHEHHS PABHOBECHBIX KOJOB NPH OPraHu3anuu
cucreM (PYHKIMOHAIBHOTO KOHTPOJIS

Cucrema (bYHKLII/IOHaHI:HOI‘O KOHTPOJIA KOM6HH3HHOHHOﬁ CXEMBI C m BBIXOJaMH MOXCT OBITH OpraHu3o-
BaHa Ha OCHOBE JTI000r0 PaBHOBECHOI'O r/m—Koz[a. HpI/I 9TOM CYHICCTBYCT ABAa NOAXOAA K pcain3alliil CUCTCMbI
(bYHKLII/IOHaHI:HOI‘O KOHTPOJIA. HepBBIfI 6a31/1pyeTc51 Ha KOHTPOJIC BCEX BBIXOJAOB Ha OCHOBC r/m—Koz[a. HaHHBIfI
CII0c00 moApasyMeBacT Npu pcain3aliu CXEMbl KOHTPOJIA npeo6pasoBaHHe 3HAYCHUH KakK MHUHUMYM m—F BbI-
X0a0B KOHTpOHpreMOfI CXCMBI. OTCIOI[a CJICAYCT, UTO 010K KOHTpOJ'II:HOﬁ JIOTUKHU 6YI[CT HUMCTb m—r BbIXOO0B,
a OJIOK JIOTHYeCcKOro AOMOJHCHUA — m—7 3JICMCHTOB CJIOKCHHA 1O MOAYJIIO [IBaA. BBIXOZ[BI TECTCpa 6YZ[YT SAB-
JIATBCA U KOHTPOJIbHBIMU BBIXOAaMHU CHCTCMbI (bYHKLII/IOHaHLHOI‘O KOHTPOJIA. BTOpOfI noaxon K pcain3anuun
CUCTEMBI (bYHKLII/IOHaHLHOI‘O KOHTPOJIA Tpe6yeT p336I/IeHI/I$I BBIXOZ0OB Ha IMOJAMHOXECTBA U KOHTPOJIA Ka)KI[OfI
Tpynnbl BBIXOAOB Ha OCHOBC PABHOBCCHBIX KOJAOB C MCHBIIICH I[J'II/IHOI;’I KOOOBOI'o CjioBa, 4YE€M IJIMHA BCKTOpaA,
(l)OpMI/IpyeMOFO Ha BbIXOAax KOHTpOJ'IpreMOfI KOM6HH3HHOHHOﬁ CXCMBI. KOppeKTHOCTB BBIYMCJICHHH B KaX-
)_'[0171 rpynmne BbIXOAOB IMPOBEPACTCA COOTBCTCTBYIOIIMUM TCCTCPOM PABHOBCCHOI'O KOJd, a BBIXOJAblI OTACIBbHBIX
TCECTCPOB 06’I>CI[I/IH$IIOTC$I Ha BXOJax CaMOITPpOBEPACMOro KoMIiapaTtopa, p€ajin3dyeMoro Ha OCHOBC CTaHJAPTHBIX
Monyneﬁ cXKaTtud Hapa(l)a?)HBIX CUTHAJIOB.

HOCKOHBKy HU3BCCTHO MHOKCCTBO PABHOBCCHBIX KOAOB, BO3HUKACT €CTECTBCHHEIN BOIPOC: MMpU KaKOM
KOJIMYCCTBC KOHTPOJIUPYCMBIX I'PYIII BBIXOAOB U C MMOMOIIBIO KaKUX PABHOBCCHBIX KOIAOB 6yz[eT pcajm30oBaHa
MOJIHOCTBIO CaMOIIPOBCpACMasa CUCTEMA (bYHKLII/IOHaHI:HOI‘O KOHTPOJIA C MHHHMMAJIBHOHN CI0KHOCTBIO TEXHHYE-
CKOi1 peannsaum/l? AKTyaJ'II)HOCTB AaHHOI'0 BOIPOCAa MOKCT OBITH MNPOWJITIOCTPUPOBAHA ABYMS IIpUMCpaMU
OpraHu3anuv CUCTEM (bYHKLII/IOHaHLHOI‘O KOHTPOJIA, NpUBCACHHBIMU HAa pHUC. 2u3.
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Puc. 2. Korrpons cxemsr ¢ m = 10 BeIxogaMu Ha OCHOBE 2/5-koza
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Puc. 3. Korrpons cxemsr ¢ m = 10 BeIXogaMu Ha OCHOBE 2/4-Kozia

B mepBom ciyyae mpu opraHu3anuy KOHTPOJISL cxeMbl ¢ m = 10 BbIxogamu OBLIO BBIIEIEHO ABA TOA-
MHOJKECTBA BBIXOJIOB IO IATH AJIEMEHTOB B KaXJIOM, @ KOHTPOJIb Ka)KJOW MOIYYEHHOM TPyl OCYLIECTBIICH
Ha ocHOBE 2/5-koma. Beixomel nByx TectepoB 2/5-TSC moakirodeHbl KO BXogaMm omHoro monyns TRC. brok
JIOTHYECKOTO JIOTOIHEHHS TP 3TOM OyZIeT HMETh 6 SIEMEHTOB CI0XKEHHUS M0 MOAYII0 1Ba. Bo BTopoMm ciydae
BCE BBIXOZBI Pa3OMTHI HA TPU MOJMHOMKECTBA IO YETBIPE DJIEMEHTa B KaXKIIOM, @ KOHTPOJIb Ka)KAOW TPYIIIBI
OCyLIECTBICH Ha ocHOBE 2/4-kona. Beixonpsl Tpex Tectepos 2/4-TSC oObenuHEeHBl HA BXOIaX camMoOIpoBepsie-
MOT'0 KOMIIapaTopa, peain30BaHHOTO ¢ MOMOLIbI0 KaCKaJAHOTO MOIKIIOUEHHsSI ABYX MOIYJel cxxatus napadas-
HBIX CUTHANOB. BJIOK JTOTHYecKOro MOMONHEHHS BKIIIOYAET B ce0sl TakKe 6 DIEMEHTOB CIOKEHHS 10 MOIYITIO
nBa. Takum oOpa3oMm, B 000uX citydasix OJ0K KOHTPOJIBHOW JIOTHKH G(X) MMEeT 0IMHAKOBOE KOIUYECTBO BBI-
x0710B. CJI0O)KHOCTD TEXHUUECKOH peau3allii CXeMbl KOHTPOJISI ONPEACISIETCS] CI0KHOCTBIO peaan3anni O1oKka
G(x) ¥ CIOKHOCTBIO peanu3alyy OJI0Ka JIOTHYECKOTO JIOMOTHEHUS U CHCTEMbI TeCTepOB (HEM3MEHIEMOM YyacTu
CXEMBI KOHTPOJIS).

CHOXXHOCTH peayin3aluy OJOKOB KOHTPOJBHOM JOTUKU B CTPYKTYpax puc. 2 U 3 MOTYT CYIIECTBEHHO
OTJINYATHCS M ONPEACISIOTCS KaK TOMOMOTHEH KOHTPOIMPYEMOH cxeMbl F(x), TaK U CIOCOOOM J0OIpeaeTeHHS
(YHKUMH JTOrMYECKOT0 JOMOTHEHHUS ¢ YIETOM OOECIEUeHHs CaMONPOBEPSIEMOCTH OJIOKa JTOrMYECKOTO JO0MOJI-
Henus [38, 39]. Ha ciiosKHOCTD TEXHHUECKOH peau3alii CUCTEMbI (PYHKIIMOHATBHOTO KOHTPOJISI BIUSET TaKkKe
U CyMMapHasi CIOKHOCTb TECTEpOB U KOMIapaTtopa. Y CTaHOBHM, KaKOW W3 BapHaHTOB OKa3bIBaeTcsl Oolee
MPEANOYTUTENBHBIM.

Ha puc. 4 npuBeneHsl CTPYKTypHBIE CXeMBI ()YHKINOHAJIBHBIX AJIEMEHTOB, C TIOMOIIBIO KOTOPBIX peaju-
30BaHO KOHTPOJBHOE 00OPYAOBaHHE CHUCTEM (PYHKIMOHAIBLHOTO KOHTPONIS M3 paccMaTpUBAEMbIX MPHUMEPOB.
CHOXKHOCTh TEXHHYECKOH peann3alyy MOJOOHBIX CTPYKTYP MPHUHATO OLEHHWBATH KOMUYECTBOM BXOAOB BHYT-
PEHHHX JIOTUYECKUX AJIEMEHTOB — BelnMunHON L [44, 45]. Jns TecTepoB paBHOBECHBIX KOAOB M CTaHIAPTHBIX
3JIEMEHTOB aBTOMAaTHKH JaHHBIE MMOKa3aTenu cBeleHbl B Tabm. 1. KoHTponbHas cxema mepBod CHCTEMBI AHa-
THOCTUPOBaHHS (CM. puc. 2) ctpoutcs mo gopmyne 2x2/5-TSC+TRC, a Bropo#t (cMm. puc. 3) — mo ¢opmyie
3x2/4-TSC+2xTRC. B oboux cinydasx Tpebyercs Mo IIecTh SIEMEHTOB CIIOKEHHS 110 MoAymio Ba (6XXOR) B
0JI0Ke JIOTMYEecKOro AOMOoiHEeHUs. Takum oOpa3om, peanu3anis NepBOH HEM3MEHSEMON YacTH CXEMBI UMeEET
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cinoxkHocTh 104, a BTopoil Hen3sMeHseMol 9acTu cxeMbl — 60. Hensmensemast 4acTb BTOpOH CTPYKTYPHOM cxe-
MBI B 1,7 pa3a mporie Hen3MeHsaeMor 4YacTH MepBoil cxeMbl. PaccMaTpuBasi Apyrue noka3aTen JIEMEHTOB aB-
ToMaTHKH (cM. Tabxn. 1), Takue kKak OBICTPOJCHCTBHUE ¢, OLIEHUBAEMOE MO KOJIWYECTBY YPOBHEH BHYTPEHHHUX
JIOTHYECKUX DJIEMEHTOB, & TaKKe KOHTPOJENPUTOJHOCTD, OLIEHUBAEMYIO 1O KOJMYECTBY TECTOBBIX KOMOHMHA-
Ui, HeOOXOJUMBIX ISl IOJTHOW MPOBEPKH OJMHOYHBIX KOHCTAHTHBIX HEUCIIPABHOCTEH YCTPONCTBA, OTMEUaEM
MPHOPUTET BTOPOH CTPYKTYpHOM CXEMBlI HaJ MEpPBOM: OHAa HMMeeT OoJjbliee ObICTponeiicTBHE M TOTpedyeT
MEHbLIee KOJTMYECTBO TECTOBBIX KOMOWHAIMN 1715 IOTHOM IPOBEPKH Ka)XI0TO TecTepa.
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Puc. 4. CrpykrypHble cxeMsl TecTepos: a — 2/4-TSC; 6 — TRC; ¢ — 2/5-TSC
Tabnuma 1
XapakTepucTHKH (YHKIHOHAJIbHBIX 3JIEMEHTOB
DyHKIIMOHAJIBHBIHN C0XHOCTh BricTponeiictBue,
TecroBbele KOMOMHAIINN
JJIEMEHT peanuzanuy, L q
XOR {00; 01; 10; 11} 6 2
1/3-TSC {001; 010; 100} 18 3
1/4-TSC {0001; 0010; 0100; 1000} 14 3
2/4-TSC {0011; 1100; 1001; 0110} 12 2
TRC {0101; 0110; 1001; 1010} 12 2
1/5-TSC {00001; 00010; 00100; 01000; 10000} 22 3
2/5-TSC {10100; 01010; 01001; 00101; 11000; 00110} 28 5
1/6-TSC {000001; 000010; 000100; 001000; 010000; 100000} 24 3
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Ecnu Ob1 ipu opranu3anuy KOHTPOJS cxeMbl ¢ m = 10 BeIXomamMu ObLIM IPUMEHEHBI APYTHe PaBHOBEC-
HBIE KOJIbI, HApUMep KoAbl «1 U3 m», 3T0 OBl TOIBKO YCIOKHHUIIO OJOKH KOHTPOJIBHOM JIOTHKH M JIOTHYECKOTO
nononHeHus. Ha puc. 5 mpuBeaeHsl CTpYKTYpHBIE CXEeMbl HauboJee MPOCTHIX TECTEPOB AJIsl YacTO UCHOIb3Ye-
MBIX TIPY OPTaHU3aLNH CUCTEM ()YHKIIMOHAIBHOTO KOHTPOJIS paBHOBECHBIX KO#OB. [Ipu 3TOM Tectephl mpuBe-
JEHHBIX KOJOB MMEIOT HE CTONb OOJBIIYIO CIOXKHOCTh, a TAKXKe TPEOYIOT Ul CBOEW MOJIHOW NMPOBEPKU He-
OoMbIIOE KOMTMYECTBO TECTOBBIX KOMOMHAanuMi (cM. Tabn. 1). Ciaegyer oTMETHTh, YTO paBHOBECHBIE 1/m-KOIBI
MOTyT 3(p(peKTUBHO IPUMEHATHCSI IPH OpTaHU3aLUN KOHTPOJIS KOMOMHAIIMOHHBIX CXeM, 0COOEHHO, ITPH MaJIOM
KOJIMYeCTBE BBIXOJ0B [38, 41].
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Puc. 5. CrpykrypHsie cxemsl Tectepos: a — 1/3-TSC; 6 — 1/4-TSC; 6 — 1/5-TSC; e — 1/6-TSC
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B Tabmn. 2 npuBeaeHs! onmucaHusA pa3HO00pa3HBIX CIIOCOOOB peann3alid HEM3MEHSIEMBIX YacTel CXeM KOH-
TPOJISL TUCKPETHBIX YCTPOUCTB ¢ m = 3+6 BeIxomamu. J{ns kaxkaoro crmocoda ykasaHa (opMmyiia pean3anui,
CIIOKHOCTh HEU3MEHSEMOI JacTH (C yU4eToM CIOKHOCTH OJIOKa JIOTHYECKOTo JOTOTHEHUsT), a TAKXKe JOMS CIOXK-
HOCTH TEXHUYECKOH pean3annil HeM3MEHsIEMOI YacTH CXeMbI 0T HarTy4iero crocoda (koaddurment vy, %).

Tabnuia 2
Cnoco0bl peaju3anuy HEU3MEHsIEMbIX YacTell cXeMbl KOHTPOJISI

m dopMyna peanu3aliu CXEMbl KOHTPOISL KommaectBo BerxomoB 610ka G(x) L Y, %
3 1/3-TSC 2 30 100
4 1/4-TSC 3 32 228,571
4 2/4-TSC 2 24 100
4 TRC 2 24 100
4 2 x1/3-TSC+ TRC 4 60 250
5 1/5-TSC 4 46 100
5 2/5-TSC 3 46 100
5 3 xTRC 4 60 130,435
5 2 x2/4-TSC+ TRC 4 60 130,435
5 1/4-TSC + 2/4-TSC + TRC 5 68 147,826
5 2 x1/4-TSC+ TRC 6 76 165,217
5 2 x1/3-TSC+ TRC 4 72 156,522
6 1/6-TSC 5 54 100
6 3 xTRC 4 60 111,111
6 2 x2/4-TSC+ TRC 4 60 111,111
6 1/4-TSC + 2/4-TSC + TRC 5 68 125,926
6 2 x1/4-TSC+ TRC 6 76 140,741
6 2 x1/3-TSC+ TRC 4 72 133,333

HpI/I MaJIbIX 3HAYCHUAX 71 3(1)(1)CKTI/IBCH KOHTPOJIb CXCM B BHUJIC IIOJIHOM TPYIIIbI BBIXOJAOB U OAHOI'O TECTCpa
PaBHOBCCHOI'O F/m-KOZ[a. O,Z[HaKO C YBCIIMYCHUCM JIMHbI I/IH(i)OpMaLII/IOHHOFO BCKTOpA MPHUOPUTCTHEC OKA3bIBACTCA
HCIOJIb30BAHNEC KOHTPOJIA BBIXOAOB 110 T'PYIIIIAM. OTO BO3HHUKACT IMOTOMY, 4YTO C YBCIIMYCHHUEM 3HAYCHUS 11 PpaCTCT
CJIO’KHOCTB TCCTCpa PaBHOBECHOI'O KOJAa JI1 KOHTPOJIA BCEX BBIXOJ0B, a TAKIKC YBCIIMYUBACTCA KOJIMYCCTBO BbIXO-
J0B O1oka KOHTpOJ'II:HOﬁ JIOTHKU U KOJIMYECTBO AIeMeHTOB XOR B OJI0KE JIOTHYECKOro JOIIOJTHCHU .

B Ta0m. 3 MPUBCACHBI HAWTYUIIINC CIIOCOOBI pcasm3ai HCM3MCHACMBIX YacTel cxem KOHTPOJIAA UIA pas-
JIMYHBIX 3HAYCHUH /1.

Tabnuia 3
BapuanTsl peaju3anuu HeU3MeHsIEMbIX YacTell cXeMbl KOHTPOJISI ¢ HAUMEHbIIIeil CJI0KHOCThIO

m ®dopmyna Tecrepa Kommiectso
BEIXOI0B O110Ka G(x)

3 1/3-TSC 2

4 2/4-TSC, TRC 2

5 2/5-TSC 3

6 1/6-TSC 5

7 3 xTRC, 2 x 2/4-TSC + TRC, 2/4-TSC + 2 x TRC 4

8 3 xTRC, 2 x 2/4-TSC + TRC, 2/4-TSC + 2 x TRC 4

9 2/5-TSC + 2/4-TSC + TRC, 2/5-TSC + 2 x TRC 5

>10 {ﬂ—‘x2/4-TRC+Uﬂ—‘—1]><TRC, [2@1—1}@% 2@1

4 4 4 4

Oka3pIBaeTCsl, HAMTYUILIHM BapUAaHTOM IPH KOJMYECTBE BHIXOAO0B 71 > 10 siBsieTcst pa3OneHne X Ha TPYIIIBI
T0 YeThIpe BBIXOJA B KaXKOM M KOHTPOJb KKIOH TPYMIIBI I100 Ha OCHOBE 2/4-Koza, mnbo Ha ocHoBe Moayist TRC.
CnoXHOCTH pealii3alluil Il CIydaeB KOJIMYECTBa BBIXOJOB cxeM m=p+ 1, p+2, p+3 u p +4, tae p — uuco,
KpaTHOE YeThIpeM, paBHBI. [IpH KaXkIoM yBEIMYEHHN Ha «YETBEPKY» CIOKHOCTh PEATM3alMM BO3PACTAET HA BENU-
YHHY CIIOKHOCTH moficxeMbl peannzaimu 2/4-TSC + TRC + 2 x XOR =36 (puc. 6).
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KonuuecTBo BBIXOI0B KOMOMHALIMOHHOW CXEMBI, /71

C0XHOCTB peanusanii KOMIIOHECHTOB CXEMBI

= e CI0KXHOCTh peaH3alliy TecTepa
e e oJs+ CIOKHOCTH pEATU3AIIH OJIOKA JIOTUIECKOTO JOTIOTHEHUS

=== CII0’)KHOCTb HEH3MEHSIEMOI 9aCT! CXEMbI KOHTPOJIS

Puc. 6. CIOXHOCTh TEXHIIECKOH PeasIN3aliy HEM3MEHIEMBIX KOMIIOHEHTOB CXEMbI KOHTPOJIS
U pa30MEeHNN UX Ha TPYIIEI KOHTPOIIS 0 YETHIPE BEIXOAA

3akjIoueHne

[Ipu oprann3anuu KOHTPOJIS MHOTOBBIXOIHBIX KOMOMHAIIMOHHBIX CXEM Ha OCHOBE METOJIa JIOTHYECKOT O
JIOTIOJTHEHUS ¢ TOYKH 3PSHMSI CIIOKHOCTH TEXHUYECKOW peaan3allii CXeM KOHTPOJS M MPOCTOTHI 00eCTIeUeHUS
CBOICTBA TMOJTHOW CaMOMPOBEPSIEMOCTH UX CTPYKTYpP 3((PEKTUBHO HUCIOIB30BATh PAaBHOBECHBIE KOJBI C MaJIOi
JUTHHOHM KOIIOBBIX CIIOB (m < 6). Jnist cxeM ¢ HeOOIBIIUM KOJIMYECTBOM BBIXOJIOB YAOOHO MPUMEHSThH KOJIBI 7/m
Y KOHTPOJIMPOBATh BCE BBIXOJBI KaK OAHY Tpymimy. JJis MHOTOBBIXOJHBIX CXEM IIelIeco00pa3Ho MpU OpraHu3a-
1MW KOHTPOJISL pa30MBATh BBIXOBI HA YETHIPEXAIEMEHTHBIC MOJIMHOXKECTBA M KOHTPOIMPOBATh KaX YO MOITY-
YEHHYIO TPYIITy Ha OCHOBE 2/4-Kolla WJIM MOIyJsl CKaThs nmapadasHbIX CUTHAJIOB, BBIXOJIBI K€ TECTEPOB MPH
ATOM CIIEAyeT OOBECIUMHATh Ha BXOJ[aX CaMOITPOBEPSIEMOro KOMITapaTopa.
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One of approaches to the logical combinational circuits reliability increase is addition of fault detection means and organization of
concurrent error detection systems. Two basic structures are often used for this purpose. First, one realizes the idea of check bits calcula-
tion: outputs of diagnostic object correspond to the data vector; test circuit is built by the principle to add the data vector with the check
vector of previously chosen error detection code. Second, one realizes the idea of logical complement of the vector formed on the out-
puts of diagnostic object to the code word of previously chosen non-separable code. The second structure has an advantage: it allows
transformation of any number of the original vector bits; thereby it gives the possibility to minimize the structural redundancy of diag-
nostic system and achieve the self-checking property simpler.

The paper is devoted to the features of synthesis of concurrent error detection systems of multioutput combinational circuits based
on Boolean complement method. The features of technical implementation of unchangeable test circuit parts are analyzed; they are syn-
thesized using Boolean complement method for combinational circuits with any number of outputs. It is shown that the most effective
approach for the circuits with lot of outputs is distribution of them by groups with subsequent check using constant-weight codes with
small code vector lengths (m < 6). It is determined that the way of technical implementation with minimal redundancy of unchangeable
test circuit part is the distribution of outputs on four-element subsets; every subset is checked using constant-weight code “2-out-of-4” or
self-checking two-rail checker. Features of technical implementation of concurrent error detection system based on constant-weight
codes are stated.
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